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Plenty of interests: 82 H
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* Nuclear forces
« Emergence & evolution of shell struct : 126
« Emergence of shape

9 Pe 50 :

50
28 J-lf Many opportunities for interdisciplinary studies!
= » Astrophysics
x 28 « Particle physics
20 .

2

: . B stable nuclei

known nuclei

Neutron number



Motivations e

Backgrounds:

https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/r01.html . ) | eri G o2
[Double beta decay] g2 N- N

= : N= N+a,ce
Nucleus ' 4 N =Y N

F. S. Queiroz, arXiv:1605.08788.

EEE
Double beta decay Neutrinoless —+-
which emits anti-neutrinos double beta decay
L 1
()] i { I
0
I
E : 9
- ] 1 ’/
p 28 T
C [
S F , » Astrophysics
-~
o H
= s * Neutron star
= . sl
SeSsaamas 7 * Nucleosynthesis
ions, electrons .
/ = m— FRDM2012 =— HFB22 DZ33 UNEDF1
R HFB27 —_ WS3 —— SLY4 =—— ETFSI
-4—— electrons, neutrons, nuclei ° Pa rt|C| e phySI CS
1073F Bt
i s e L SO ¥ » Neutrinoless double-beta decay
few % electron Fermi gas £10-5 ++
l *  WIMP neutrino-nucleus scattering
quark gluon plasma? - 10-7 . l | |
120 220 240




BB F

Motivations @ HENEMREY Y —

Center for Computational Sciences

= EM observables can be used
+ to investigate nuclear structure (shell structure, shape, ...)
+ to test nuclear ab initio calculations

= To test ab initio calculations we need:

+ (precise) experimental data H]\I;) — E]xI;)
+ reasonable starting nuclear Hamiltonian(s) Ornt ~ (V| Oppi | T)

+ controllable many-body method(s)

+ higher-order contribution of EM operators

= Once the methods are tested, making predictions for the unknown are more convincing.



Nuclear ab initio calculations
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Quarks & gluons

LO (@)

NLO (Q2)

N2LO (Q9)

NSLO (Q¥)

N4LO (@%)

>< e 2

Non-perturbative
s =
1
!
:
1
' @
' ?
1 ¥
: o
1
1
|
1
Two-nucleon force Th ucleon fi F | f

@
@

eI
AR 7y
¥ i

A

AR
¥ 3
e
Ty @
oy

o,

Nuclear many-body problem

+ Green'’s function Monte Carlo

+ No-core shell model

+ Nuclear lattice effective field theory

+ Self-consistent Green’s function

+ Coupled-cluster

+ In-medium similarity renormalization group

+ Many-body perturbation theory



Chiral Effective Field Theory
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Weinberg, van Kolck, Kaiser, Epelbaum, Glockle, Meil3ner, Entem, Machleidt, ...

= Lagrangian construction
+ Chiral symmetry
+ Power counting
= Systematic expansion
+ Unknown LECs
+ Many-body interactions

+ Uncertainty estimation
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Figure is from E. Epelbaum, arXiv: 1510.07036




Nuclear currents from ChEFT
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= Electroweak properties are related to current operators.

= Chiral EFT allows us a systematic expansion for charge and current operators.
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= Electroweak properties are related to current operators.

= Chiral EFT allows us a systematic expansion for charge and current operators.
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Valence-Space In-Medium Similarity Renormalization Group

Outside Valence Core

Core Valence Outside

evolution
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: frozen core

— : valence

Core Valence Outside

Similarity transformation
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- : outside
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H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016).

S. R. Stroberg, H. Hergert, S. K. Bogner, and J. D. Holt, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019).
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I, : frozen core
@ ' m v\, —1:valence H. Hergert, Front. Phys. 8, 1 (2020).
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H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk and K. Tsukiyama, Phys. Rep. 621, 165 (2016).
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S. R. Stroberg, H. Hergert, S. K. Bogner, and J. D. Holt, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019).
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Key developments: 32 H
« NN + 3N interactions from XEFT 82
» Polynomial scaling many-body methods B. Hu et al., Nat. Phys. 18, 1196 (2022).
 CC, SCGF, IMSRG, MBPT, ... H 126
_| * New scheme for SNMES — -
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H TM et al., Phys. Rev. C 105, 014302 (2022). 58 own nuclei
2 K. Hebeler et al., Phys. Rev. C 107, 024310 (2023) 11
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Range of applicability

Proton number

Key developments:
* Many-body techniques
» Valence-space problem

« Improved reference states
Open-shell systems are accessible!*
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i S. R. Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017).
g J.M. Yao et al., Phys. Rev. C 98, 054311 (2018).

G. Hagen et al, Phys. Rev. C 105, 064311 (2022).
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*does not mean all nuclei are accessible
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Ground-state enerqies i "k
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S. R. Stroberg et al., Phys. Rev. Lett. 126, 022501 (2021).
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@ Experiment —e- VS-IMSRG 1.8/2.0(EM) -+~ DFT HFB without time-odd fields - - - DFT HF without time-odd fields
(O Experiments in VS-IMSRG N2LOg, —s— DFT HFB with time-odd fields —— DFT HF with time-odd fields
literature
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A. R. Vernon et al., Nature 607, 260 (2022). 14



Nuclear moments in Sb isotopes
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= Comparison with
phenomenological Cl results

= Magnetic moments

+ Operator (eff params.)

= Quadrupole moments
+ Operator (eff. params.)

+ Wave function

VS-IMSRG (sdg) — - VS-IMSRG (sdg7 + eff) [ This work
VS-IMSRG (sdg7) Shell model V Literature
A A
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.- / /
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154 (@ v
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S. Lechner et al., Phys. Lett. B 847, 138278 (2023).



Role of 2BCs: magnetic moments
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EM 2BC significantly improves magnetic moments.

TM et al., Phys. Rev. Lett. 132, 232503 (2024).

Yy
%J
p
| --=- splimit ______ o __]
O
- O Mig+ MU2B
| —— Exp.
i o
_O'D'_ ooo o
o~ _ _ o Q
L 0002———_ -
Oo o
" o co0©%9"~o
Oo0o0®©
- oo
50 54 58 62 66 70 78
N

170(5/21) |

17F(5/27)
37C1(3/23)
39K(3/27)
¥ca(3/2})
3ca(3/2})
“1Ca(7/27)
415¢(7/27)
131|n(9/27)
1335(7/27)
207T)(1/27)

209Bj(9/27)

1
A splimit Q0 i
O (s
| O g+ M2 Ep -
* Exp
B A O (o] * -
s A o) * -
L Q oA
R pA O -
I ag )
i o ]
! ogA i
N Nl o * i
R * A
. o -
1.8/2.0 (EM) *

1 i 1 L
—1.0 —0.5 0.0 0.5
(Hcalc — Mexp)/[Mexpl
Exlp :U;B + ;Ule I I.Ulal ISp limit
- D o A -
- O O A -
[~ 1 o 1 1 1 1 1 1 DA 1 .

0.8 1.0 1.2

u(¥’Ca; 3/27) (un)

I
) —

Sciences

16



BB F

@ STENEAEEY Y —

Center for Computational Sciences

Deformation

= Collective deformation cannot be captured by 1p1h and 2p2h excitations from the spherical reference.

= One can begin with a deformed reference.

Dynamical correlation energy

Static correlation energy

1.75F 7 F 3
Sph MF : :
1.50 LVSDMRG CC  LSSM 4t :
ph. rer. Def. ref. ]
1.25 47 E
— 47 4+ 3
< 1.00 4+ o
© + ]
LL Def MF 2 - 4 ]
—_ E 0.75 - 4+ At 2+ 1
CC, IMSRG, ... CEM. -~ 0-50 ’;0+ 27 2% 2% 2"
1280_22 ‘ 1 294745 530 15023 3‘1 ]
Exact 0.00 o+t ot o+ 0t ot _¥Y_ot ot y 07t 0t ]
"°Fe 74Cr 727

B. S. Hu et al,, Phys. Lett. B 858, 139010 (2024).
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Deformation

= A possible way to improve

+ As a first step, try to tune single-particle energies.

+ 79Cu and 79Zn low-lying spectra

SPE (MeV)
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See also J. A. Purcell et al., Phys. Rev. C 111, 044313 (2025).
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Developments in ChEFT and many-body techniques enable us to perform nuclear ab initio
calculations.

+ Heavier systems
+ Open-shell systems

EM 2BCs are needed for the magnetic moment reproductions.

E2 observables are significantly underestimated
+ Improvements in many-body methods are required.

It seems a posteriori SPE tuning captures the deformation.
+ Perturbative correction of SPEs may solve the issue?
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Neutron skin of 2°8Pb

L (MeV)

140 4 w
b *
120 ; " "'t;‘;;*
RCNP ’:ﬁ
100 CNF,, %
Ce A
g0 L GW170817 A
[T
«* Rel. MF
401 .
——— BB A Non-rel. MF
0] b 4 ab initio
o A
OA.lO O.iS 0.'20 O.'25 0.50 0.:35
Rskin 208pp (fm)
Neutron skins
Observable  median 68% CR 90% CR
Reiin(*8Ca) 0.164  [0.141,0.187]  [0.123,0.199]
Raan(*°*Pb)  0.171  [0.139,0.200]  [0.120,0.221]

B. Hu. W. Jiana. T. Mivaai. et al.. Nat. Phvs. 18. 1196 (2022).

17 parameters
NN scattering
few-body + 60
10° — 34

Sampling/Importance
resampling

Theory — experiment
total error
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E/A(**Ca) | |
1 (BCa) | e
a5(2°°Pb) — e
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R... (°®Pb) (fm)
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= 2BC makes agreement worse.

= Activating the #°Ca core explains the magnetic moments better.

—0— S1d3pf2p32(B=3) —— pf

The radii are not explained. Further investigations are needed! —5— S1,032F72P32(B = 4)

1 ] | | L] 0.3
1.0 :__E) ______ -é- . === sp limit |
-} = EXp. | —
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0.0 ] S
3 < o1 - = |
S _osfp 327 712" | - O
|
-1.0 o fq—:-
~ 0.0_ 4
S NG
-15 [ O o O 'B' il “
O
—20E 1 B S R R R —-0.1 ' : , | .
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ACa 23
A
Ca VS-IMSRG(2), 1.8/2.0 (EM) TM et al., Phys. Rev. Lett. 132, 232503 (2024).



Mass dependence of 2B contribution
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2B __ 2B 2B
#77 = Pintr T|HMSachs P'%Echs X Z(R"Lj X rij)VOPE (Tij)

= The size of 2BC contribution is larger in heavier systems. i<i

Dominant in heavy systems

= The simplest configuration limit is 0" core + 1 particle (or hole)

TNl ~ > F(ipr dg D pa « I|pllpg : T)

- e

w1 < A4 N fian lhAaAamiia~n AF RiAK A\lnlﬁnnne potential

g&core |

:f, \\\ ;'l
I A T
7oy
I R Y
! / \\

q rpgS1-2 fm

P (high I)

qu ~ roA” 3

H;SJS'ChS o (Rpg X Tpg) V™ (Tpq)

The peak position moves to larger R for
heavier systems.

24
TM et al., Phys. Rev. Lett. 132, 232503 (2024).
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