Nuclear Structure Starting at the Quark Level
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Life has some bizarre twists
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Outline

l. Nuclei from Quarks
- start from a QCD-inspired model of hadron structure
— calculate change in structure in relativistic mean-fields
- develop a quantitative theory of nuclear structure

Il. Observable effect of change in hadron structure in-medium
— EMC effect

lll. Recent results for finite nuclei, including SHE (Z.ge.100)

IV. Axion field variation: effects on a decay rate
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l. Insights into nuclear structure

- what is the atomic nucleus?

There are two very different extremes....
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Quark Structure matters/doesn’t matter

* Nuclear femtography: the science of mapping the
quark and gluon structure of atomic nuclei is just
beginning (EIC motivation)

« “Considering quarks is in contrast to our modern
understanding of nuclear physics... the basic
degrees of freedom of QCD (quarks and gluons)
have to be considered only at higher energies. The
energies relevant for nuclear physics are only a few
MeV”
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Why? What we know

Since 1970s: Dispersion relations = intermediate range
NN attraction is a strong Lorentz scalar

In relativistic treatments (RHF, RBHF, QHD...) this
leads to mean scalar field on a nucleon ~300 to 500 MeV!!

This is not small — up to half the nucleon mass

Largely cancelled by large vector mean field BUT these
have totally different dynamics: w? just shifts energies,
o seriously modifies internal hadron dynamics
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Suggests a different approach : QMIC Model

(Guichon, Saito, Tsushima et al., Rodionov et al., Stone
- see Saito et al., Prog. Part. Nucl .Phys. 58 (2007) 1 and
Guichon et al., Prog. Part. Nucl. Phys. 100 (2018) 262 for reviews)

« Start with quark model (MIT bag/NJL...) for all hadrons

* Introduce a relativistic Lagrangian
with o, w and p mesons coupling
to the confined non-strange quarks

* Hence, initially only 4 parameters
(mc! gowP q)
- determine by fitting to:
Po E/A and symmetry energy

- same in dense matter & finite nuclei
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« Must solve self-consistently for the internal structure of

baryons in-medium
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Self-consistent solution for confined quarks in
a hadron in nuclear matter

[ivH0, — (mgq — 9595) — ¥Ogu9@]y = O

Source of o

mean field fBag dﬂE(F)w(’F)

changes:
SELF-CONSISTENCY
and hence mean scalar field changes...
and hence quark wave function changes....

THIS PROVIDES A NATURAL SATURATION MECHANISM
(VERY EFFICIENT BECAUSE QUARKS ARE LIGHT)

source is suppressed as mean scalar field increases
(i.e. as density increases)
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Quark-Meson Coupling Model (QMC):

Role of the Scalar Polarizability of the Nucleon

The response of the nucleon internal structure to the
scalar field is of great interest... and importance

MH(r) = M—gaa(_r)-:-%(gaa(.r )Y

Non-linear dependente through the scalar polarizability
d~0.22 Rin original QMC (MIT bag)

At mean-field level, this is the ONLY place the response
of the internal structure of the nucleon enters
= three-body force!
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Application to nuclear structure
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Derivation of Density Dependent Effective Force

AUSTRALIA

Physical origin of density dependent forces of Skyrme
type within the quark meson coupling model

P.A.M. Guichon >*, H.H. Matevosyan ™, N. Sandulescu »%°,
A.W. Thomas"®

Nuclear Physics A 772 (2006) 1-19

Start with classical theory of MIT-bag nucleons with
structure modified in medium to give M ¢ (o).

Quantise nucleon motion (non-relativistic),
expand in powers of derivatives

Derive equivalent, local energy density functional:
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Derivation of EDF (cont.)

3G G G 3G
Ho+Hs = [ £+ T - - + m}
32 (L +dpGy)’| 2(1+dpGs) 8
5G G
_ 2 2 o
+ (Pn = Pp) [ % o }
G Gg Gy Go G Go
Heors = P _ + + ) n‘l'( ? + ) i|rn
eff [(Srﬂp2 2me?  2me?  AMy? £ 4m% 2M§r Fr
+ p < n,

3G 3G, 3G, G,
Hiin = £ — -
fin [(32%2 g2 | gm. SMNZ)’D”'

16;‘1*1;(;,2 D2ing?  2mig? AM N

z)pp}vz(pn) +p < n,

—3G 3Gu(—1+ 2ps 3G,(—1+2 ) )
Hso=V- Jn[( ; — ( 3 ) _ 305! 3 MU)) » | Spin-orbit
SMy SMy 32MpN "force
—Gg Ge(1 _2#5)) i| i |
+ n +pon. predicted!
(4MN2 PTYRERN Al -

IIIIIIIIIIIIIII
llllllllllll

.
**

UNIVERST SUBATE@Q)MIC
L iy " Adelaide %
University Note the totally new, subtle density dependence B¥%



Overview of 106 Nuclei Studied — Across Periodic Table

J.R. Stone, P.A.M. Guichon, P. G. Reinhard & A.W. Thomas:
( Phys Rev Lett, 116 (2016) 092501 )

Element Z N Element Z N
C 6 6-16 Pb 82 116 - 132
0 8 4-20 Pu 94 134 - 154
Ca 20 16 - 32 Fm 100 148-156 |
Ni 28 24-50 No 102 152 - 154
Sr 38 36 - 64 Rf 104 152 - 154 Not
Zr 40 44 -64 Sg 106 mime ] [
Sn 50 50 - 86 Hs 108 156 - 158
Sm 62 74 -98 Ds 110 160 ]
Gd 64 74-100
N Z N Z
20 10 - 24 64 36- 58
28 12 - 32 82 46 -72
40 22 - 40 126 76 - 92
CEl GversiTy Adelaide
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Superheavy Binding : 0.1% accuracy
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Giant Monopole Resonances
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FIG. 13. GMR energies for *®Pb, "¥Sm. '"®Sn, and *°Zr from experiment and for the QMCzx-II and SVmin models. Experimental data
are taken from Table 1 of Ref. [24].
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Deformation of Gd isotopes
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Overview of Initial Work on Finite Nuclei
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The effective force was derived at the quark level based
upon the changing structure of a bound nucleon

Has many less parameters but reproduces nuclear
properties at a level comparable with the best
phenomenological Skyrme forces

Looks similar to standard nuclear forces

BUT underlying theory also predicts modified internal
structure and hence modified

— DIS structure functions

— elastic form factors......
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The EMC Effect: Nuclear PDFs

*  Observation stunned and electrified the
HEP and Nuclear communities 40 years ago

 What is it that alters the quark momentum in the nucleus?

: e SLAC E139 (Fe)
1.2 F * EMC (Cu) .

E [ 1 J. Ashman et al., Z.

B BT IT ¥ Phys. C57, 211 (1993)
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< -k E? bl % . : J. Gomez et al., Phys.

© : 55 jf Rev. D49, 4348 (1994)
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Theoretical Understanding

Still numerous proposals but few consistent theories

Initial studies used MIT bag’ to estimate effect of
self-consistent change of structure in-medium
- but better to use a covariant theory

For that Bentz and Thomas? re-derived change of
nucleon structure in-medium in the NJL model

This set the framework for sophisticated studies by
Bentz, Cloet and collaborators over the last decade

' Thomas, Michels, Schreiber and Guichon, Phys. Lett. B233 (1989) 43
2 Bentz and Thomas, Nucl. Phys. A696 (2001) 138 ...
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EMC Effect for Finite Nuclei

(There is also a spin dependent EMC effect - as large as unpolarized)
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empirical data is from Ref. [31].
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UB. The  FIG. 9: The EMC and polarized EMC effect in Al The
empirical data is from Ref. [31].
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Approved JLab Experiment

@ Effectin “Liis slightly suppressed because it is a light nucleus and proton
does not carry all the spin  (simple WI: £, = 13/15 & F, =2/15)

@ Experiment now approved at JLab [E12-14-001] to measure spin structure

functions of "Li
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Spin EMC measurement is critical as the proposed
explanation in terms of SRC through the

tensor force gives NO spin EMC effect (arXiv:1809.06622)
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More Nuclear Structure QMC-113

(Publications in preparation: with Kay Martinez/Paglinawan)
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QMC 13

 More sophisticated representation of o in terms of p

« Just 5 parameters™: m_, quark couplings to o, w and p
and A; - the strength of o3 term

G, (1 —dug)?
I’
ey ( 4m2 4m~ ) Z "

m

G - o
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e Tensor term included:
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J
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« Pairing interaction (simple BCS) derived in the model
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Binding Energies — All Known Even-Even Nuclei
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Charge Radii

@ | -.:-' . 0.04
N BD B ",."/J"’ | == - | 7 E
— - - -4 002 &
. 5
2 R
S i F
o 002 £
o i =
vd
-0.04
]
K
N L 108 §
é | ©
- 4 06
2 3
=
S Tk o0a S
D [
= o
- ] 02
o0 L | | | | | | | o0
0 20 40 60 80 100 120 140
Neutron number, N Model rms residual (fm) rms % deviation
OMCr-III 0.024 0.50
OMCr-11 0.029 0.66
QMCrr-I 0.028 0.65 |
QMC-I 0.030 0.66 i bl
: SUBAT(E)MIC
P ADELAIDE . SV-min 0.024 0.61
=) veRsiTy V Adelaide UNEDF1 0.029 0.65

S

[E2]) ) nusrauia . h
” University DD-ME$ 0.035 0.78 s




Deformation
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The Superheavy Region

First study:

PHYSICAL REVIEW C 100, 044302 (2019)

Physics of even-even superheavy nuclei with 96 < Z < 110 in the quark-meson-coupling model

J.R. Stone’
Department of Physics (Astro), University of Oxford, Keble Road OX1 3RH, Oxford, United Kingdom
and Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA

K. Morita®
Department of Physics, Kyushu University, Nishi-ku, Fukuoka 819-0395, Japan
and RIKEN Nishina Center, RIKEN, Wako-shi, Saitama 351-0198, Japan

P. A. M. Guichon*
CEA/IRFU/SPhN Saclay, F91191, France

A. W. Thomas®
CSSM and CoEPPF, Department of Physics, University of Adelaide, SA 5005, Australia

Updated and expanded here (in preparation)
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Deviation from total B.E.
(Total binding is of order 2 GeV for Z 2 100)

1 1 1 1 1 || ] || 1 2
118 F i .
116 | QMCrTt-lI -
N 114 F 41 =
o 112 F EE )
O >
£ 110} BN - =
2 40 T
S 108} N 4 3
(@] wn
g 106 4 &
Q@ 104 F {1pH-1 &
102 F 4
1()(:]-I ] ] ] ] [ [ [ ] a
2

142 146 150 154 158 162 166 170 174
Neutron number, N

rms % deviation | rms residual (MeV)

OMCrr-II1 0.03 0.52

OMCr-1I [54] 0.11 2.04

OMCrr-1 [53] 0.12 242

QMC-I [8] 0.08 1.50

FRDM [23] 0.11 2.25

SV-min [24] 0.36 6.99

e eLADE . UNEDF1 [28] 0.07 1.31
LI |\ IVERSITY U Adelaide DD-MES$ [66] 0.12 2.28

[E2]) ) nusrauia . h
= University



Trends Along Chains: 1% Fermium and 92 Nobelium
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Two neutron separation energies

Shows shell closures at N=152 and 162
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Shape co-existence — e.g. Flerovium
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Figure 12. Proton (top panels) and neutron (bottom panels) density distributions at the oblate
(left), spherical (middle), and highly prolate (right) energy minima of 2{Flig4. Densities are

normalized to their maximum value.
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o Decay: Oganesson
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Axions and nuclear binding
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RadioAxion Experiment at Gran Sasso
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FIG. 5. Constraints on the axion decay constant as a function of the axion mass. The exclusion limits derived in
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Assuming Misalignment 0 varies with time

0(t) ~ (_)n cos(m,t)

0 , 50
\/l + sztanz;]

Then the pion mass varies:  1/2(6) = MZcos

N2
and so does the o coupling: Go(0) = G4 (0) (1.4 — 0.4;\{’” ()9})
(Donoghue 2006) Mz

™

Then many authors employ crude ideas of nuclear structure
to estimate changes in nuclear binding

Radio Axion put limits on change in Am a-Decay Rate: 2602.18392
And hence on axion properties
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QMC is ideal for this task

This is because it is built explicitly on a
physical picture employing the relativistic
scalar and vector mean fields

The predictions are verv dlfferent
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Summary

 Intermediate range NN attraction is STRONG Lorentz scalar

* This modifies the intrinsic structure of the bound nucleon
— profound change in shell model :
what occupies shell model states are NOT free nucleons

» Scalar polarizability is a natural source of three-body
forces (NNN, HNN, HHN...)
- clear physical interpretation
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Summary

 Need empirical confirmation of changing baryon structure:
- Response Functions & Coulomb sum rule
— EMC effect; spin EMC (not too long...)

- Change in A decay rate in nuclei?

+ Initial systematic study of finite nuclei very promising
With just 5 parameters:

- Binding energies typically within 0.29% across periodic table

— Super-heavies (Z > 100) especially good: 0.03%

- Systematics of charge radii, deformations, shell and subshell
closures pretty good

 QMC ideally suited to explore nuclear limits on axion

properties
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Special Mentions......

Krein

Guichon Tsushima
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Latest papers

QMC 13;
Martinez et al., Phys Rev C102 (2020) 034304

Review:
Guichon et al., PPNP 100 (2018) 262

SHE:
Stone et al., arXiv: 1901.06064

Systematic application to finite nuclei:
Stone et al., Phys Rev Lett 116 (2016) 092501
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Key papers on QMC

 Many-body forces:

1. Guichon, Matevosyan, Sandulescu, Thomas,
Nucl. Phys. A772 (2006) 1.
2. Guichon and Thomas, Phys. Rev. Lett. 93 (2004) 132502

* Built on earlier work on QMC: e.g.

3. Guichon, Phys. Lett. B200 (1988) 235
4. Guichon, Saito, Rodionov, Thomas,
Nucl. Phys. A601 (1996) 349

* Major review of applications of QMC to many
nuclear systems:

5. Saito, Tsushima, Thomas,
Prog. Part. Nucl. Phys. 58 (2007) 1-167 (hep-ph/0506314)
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References to: Covariant Version of QMC

* Basic Model: (Covariant, chiral, confining version of NJL)
‘Bentz & Thomas, Nucl. Phys. A696 (2001) 138

* Bentz, Horikawa, Ishii, Thomas, Nucl. Phys. A720 (2003) 95
» Applications to DIS:

» Cloet, Bentz, Thomas, Phys. Rev. Lett. 95 (2005) 052302
 Cloet, Bentz, Thomas, Phys. Lett. B642 (2006) 210

» Applications to neutron stars — including SQM:

- Lawley, Bentz, Thomas, Phys. Lett. B632 (2006) 495

- Lawley, Bentz, Thomas, J. Phys. G32 (2006) 667
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Heaviest Nuclei

TABLE 6.2: Comparison of total BE residuals for Z > 112 from dif-
ferent QMC versions.

Element Z N OMC-I OQMCr-I QMCr-II QMCr-111I

Cn 112 164 -1.8 -1.2 2.7 0.2

112 166  -1.7 -1.9 2.5 -0.8

112 168 -14 -2.5 1.5 -0.6

112 170  -0.8 2.8 1.0 -0.6

112 172 -04 -3.4 0.4 -1.1

Fl 114 170 -1.2 -1.7 1.6 0.3

114 172 -05 2.0 1.4 0.2

114 174 0.1 2.4 1.0 -0.6

Lv 116 174 -04 -1.2 2.4 -0.3

116 176 0.3 -1.6 2.1 -1.3

Og 118 176 -07 -0.8 3.5 -0.8
5’%%&:- 3l ADELAIDE SUBAT MIC
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Subshell Closures: Neutron Shell Gaps
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FIGURE 6.5: Two-neutron shell gaps plotted against neutron num-

ber from various QMC versions. Experimental data are taken from
the differences of S, in Ref. [38]. Subshell closures at N = 152 and
N = 162 are indicated with dashed lines. Plot legend is located in

the top right panel.

Sy, rms residual (MeV)

0oy rms residual (MeV)

QMC 7111 [55] 0.39 0.51
QMC I [54] 0.46 0.44
QMC -1 [53] 0.51 0.34

QMC-1 [8] 0.62 0.37 i
FRDM [23] 0.44 0.36 SUBAT,
P ﬁﬁfn\z‘éé%fw SV-min [24] 0.24 0.29

UNEDF1 [28]

0.31

0.26




Proton and Neutron Drip Lines
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Proton number, Z

Proton number, Z
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FIGURE 6.10: Comparison of logyy(T1,2) predictions from FRDM,
SV-min and QMC7-1IT along with values obtained from available
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Very large scalar mean-fields are a fact

1970 R. BROCKMANN AND R. MACHLEIDT

TABLE II. Results of a relativistic Dirac-Brueckner calculation in comparison to the
tential B. As a function of the Fermi momentum kg, it is listed: the energy per nucleon
vector potentials Us and Uy, and the wound integral «.

Relativistic
kg 6/ A4 Us U, K
(fm ) (MeV) M/M (MeV) (MeV) (%)
0.8 —7.02 0.855 —136.2 104.0 23.1
0.9 —8.58 0.814 —174.2 134.1 18.8
1.0 —10.06 0.774 —212.2 164.2 16.1
1.1 —11.18 0.732 —251.3 195.5 12.7
1.2 ~12.35 0.691 —290.4 225.8 11.9
1.3 —13.35 0.646 —332.7 259.3 12.5
1.35 —13.55 0.621 —355.9 278.4 13.0
1.4 —13.53 0.601 —374.3 2934 13.8
1.5 —12.15 0.559 —413.6 3284 14.4
1.6 —8.46 0.515 —455.2 371.0 15.8

‘;*‘ ADELA"%E
AN UNIVERSITY
E, AUSTRALIA

L/

‘ ,TTER@ Brockmann and Machleidt, Phys Rev C52 (1990) 1965




Summary : Scalar Polarizability

« Consequence of polarizability in atomic physics is

many-body forces:
V=V, + Vo +V13'@

— same is true in nuclear physics

* Three-body forces (NNN, HNN, HHN...)
generated with NO new parameters
— critical in neutron stars
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Systematic approach to finite nuclei

J.R. Stone, P.A.M. Guichon, P. G. Reinhard & A.W. Thomas:
( Phys Rev Lett, 116 (2016) 092501 )

» Constrain 3 basic quark-meson couplings (9,9, 9,,% 9,%) so
that nuclear matter properties are reproduced within errors

17 <E/A < -15 MeV
0.14 < p, < 0.18 fm?3
28 < S, < 34 MeV
L > 20 MeV
250 < K, < 350 MeV

 Fix at overall best description of finite nuclei
with 5 parameters ( 3 for the EDF +2 pairing pars)

 Benchmark comparison: SV-min 16 parameters (11+5 pairing)
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Neutron distributions
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For the EIC: Polarized Gluon EMC Effect

Xuangong Wang et al.

J. Phys. G: Nucl. Part. Phys. 49 (2022) 03LT01 W Letters
Unpolarized Polarized
1.2 T T T I,;J-I 1.2 T |r}
1 I
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Figure 3. (Left panel) Unpolarized EMC ratios for the structure functions
Foa(x)/Fon(x) (solid) and the unpolarized gluon distributions g, (x)/g,(x) (dashed).
(Right panel) Polarized EMC ratios for the structure functions g;,(x)/g;,(x) (solid)
and polarized gluon distributions Ag, (x)/Ag,(x) (dashed). The empirical data points
are the unpolarized nuclear matter results for the EMC ratio from reference [53].
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New Observation on SRC and EMC Effect

1.210%2=4 GeV? —— free nucleons
nucleons in SRC
] .04 - . best fit for SRC
Use simple = 08| 7
AdS/QCD model % 46/ Fit SRC-modified F, and
of Maji and W o041 then calculate modified
Chakrabati < 02 elastic form factors
PRD 94 (2016) 0.0
—-0.2 . . .
0.0 0.2 0.4 0.6 0.8 1.0
1.0 3.0
—— free nucleons free nucleons
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Refs: Wang et al., PRL 125 (2020) 262002 and
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Shape Co-Existence

TABLE 7.5: B, values corresponding to the locations of the first

and second deformed minima for symmetric nuclei obtained from

QMC7-1II. Also added for comparison are experimental data which

are only available in absolute values [52], as well as FRDM re-
sults [23].

Zor N Expt. QMCr-III FRDM | Zor N Expt. QMCr-III  FRDM

1st  2nd 1st 2nd
8 0.36  0.00 - -0.01 30 - 0.22 -0.14 0.16
10 0.73 046 -0.16 0.36 32 - 0.22 -0.22 0.21
12 0.61 050 -0.24 0.39 34 - -0.26 0.22 0.23
14 0.41 -0.28 - -0.36 36 - -0.34 - -0.37
16 0.31 0.10 - 0.22 38 - 0.46 - 0.40
18 0.26 -0.18 0.08 -0.26 40 - 048 -0.20 043
20 0.12 0.00 - 0.00 4?2 - -0.22 - -0.23
22 0.27 0.14 0.00 44 - -0.22 014 -0.24

24 0.34 030 -0.14 0.23 46 0.16 -0.16 0.00

26 - 0.24 -0.12 0.12 48 - 0.10 -0.06 -0.02
28 0.17 -0.02 - 0.00 50 - 0.00 - 0.00
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Separation energies: Drip Lines
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TABLE 7.3: Comparison of rms residuals for separation energies (in
MeV) from QMC and from other nuclear models.

Model Szn SZp 52}1 (SQP Qxx

QOMCr-III 097 095 124 128 1.07

OMCr-II 1.03 1.08 1.20 1.25 1.19

SV-min  0.77 0.82 0.87 1.00 0.79

UNEDF1 0.74 082 0.85 090 0.80

AOELALGE DD-MEs 1.01 1.05 1.12 1.11 1.30

CS ()N VERSITY FRDM 050 0.55 0.61 0.75 0.61
LL!Q, AUSTRALIA
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Binding Energies

10 T T T
8 — —
6 - -
%: 4r x X i
= X X . X a a X % ‘
= X ; s . & X x 2 5 a X XX %
S 2f x * ¢ ¥ 4 x % « A X x X a x X x a7
o] a & , K X & oA g o ox g a
D X 4 v x 0 X s g g X ¥ *
v e s ® o O 4 & » 8 * ’ X a . .
W o| ° e s Ve 127 4. . b
@ SN s * $ 32 o * .
+ F ¥ . .
+ * .
2t FRDM = © © & -
SVmin-HFBTHO R S S T
DD-MEdelta  x - N
-4 - UNEDF1 + + 4
QMCr-1l  » + F N
QMCr-lll = + +
-6 1 1 1 1 | 1 1 1 1
250 255 260 265 270 275 280 285 290 295
Mass number, A
TABLE 6.1: Comparison of rms percent deviations and rms residuals
from QMC and from other nuclear models for SHE with available
data.
rms % deviation | rms residual (MeV)
OMCr-TIT 0.03 0.52 (o) :
utstanding agreement
QMC -1 [54] 0.11 2.04 gag
QOMCrm-1[53] 0.12 242
QMC'I [8] 0.08 1.50 SPECIAL RESEARCH
FRDM [23] 0.11 2.25 SU BAT
'3 ADELAIDE ° SV-min [24] 0.36 6.99
) vesiTy < Adelaid UNEDF1 [25] 0.07 131
T Uni ers' DD-MES [66] 0.12 2.28
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