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Nuclear structure mctlvatlons

| See talks by, e.g., Nicole Vassh,
| Francesca Bonaiti
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Theory predictions with quantified uncertainties essential!



Nonlinear King plot
In ytterbium isotope shifts

Delaunay et al., PRD 96 (2017)
Counts et al., PRL 125 (2020)
Allehabi et al., PRA 103 (2021)
Hur et al., PRL 128 (2022)
Figueroa et al., PRL 128 (2022)
Ono et al., PRX 12 (2022)

and more




Nonlinear King plot in ytterbium

* |sotope shift in atomic transition frequencies
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Nonlinear King plot in ytterbium

* |sotope shift in atomic transition frequencies

* | eading order: |
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* |Leads to linear King plot

* Nonlinear behavior due to other effects: - O ! }
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Nonlinear King plot in ytterbium
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Ab Initio nuclear structure theory



ADb Initio nuclear structure
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ADb Initio nuclear structure

H|W) = E|¥)

A nucleons / l
Nuclear forces Many-body methods
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Chiral EFT for nuclear forces

effective field theory
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Nuclear forces are uncertain

Chiral EFT:
Low-energy expansion of QCD

Free couplings to fit to data
Systematically improvable

Uncertainty quantifiable



Many-body expansion methods
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Reference state Ground state



Many-body expansion methods
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Reference state Ground state

More complete at greater computational cost

 Systematically improvable expansion around reference state | (ID)

 Tractable computational cost in larger nuclel

* Approximate many-body solution with quantifiable uncertainty



excitations

reference state

The IMSRG

iINn-medium similarity renormalization group
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excitations

reference state

The IMSRG
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Tsukiyama et al., PRL 106 (2011)
Hergert et al., Phys. Rep. 621 (2016)
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The IMSRG
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 IMSRG(3) for precision and uncertainty quantification
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Understanding the nonlinearity
with ab Initio nuclear structure




Analyzi ng the non linearity
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Describe 4 data points as vector: X

Decompose in basis of 4 vectors: 1, 7,

A, A_
linear part nonlinear part

F=K1+FD 4+, A, +A_A_

Nonlinear contribution described by
coefficients 1, A_

Assuming 1 dominant nonlinearity,
slope A_/A, is same for all transitions

— same underlying nuclear-structure
effect responsible for nonlinearity
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Impact of nucl

ear structure effects

* Nonlinearity analysis suggests
single dominant higher-order term

—I—l—.

TN 1« (r*)? and new boson incompatible
' ' with observed nonlinearity

. Theory predictions for (*) required!

: — |t to transitions 7
BEEEEL <T2>2: Expt.

| === New boson
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Impact of nuclear structure effects

e ‘ _________ ‘~~~ —_
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* Nonlinearity analysis suggests
single dominant higher-order term

. (r*)? and new boson incompatible
with observed nonlinearity

. Theory predictions for (*) required!
 Our input: VS-IMSRG calculations of Yb

 [wo Hamiltonians, two valence spaces

« IMSRG(3) to probe many-body uncertainty
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Impact of nuclear structure effects

5 MIT

—I—l—.

..... <r2>2:
- {r?):
):

(r

— <r4>: Ab initio

= New boson

- = it to transitions T

.—.—.
——
" e e . ]
o e
L

Expt.
1.8/2.0 (EM), VS1
1.8/2.0 (EM), VS2

0 1 2 3 4

* Nonlinearity analysis suggests
single dominant higher-order term

. (r*)? and new boson incompatible
with observed nonlinearity

. Theory predictions for (*) required!
 Our input: VS-IMSRG calculations of Yb

 [wo Hamiltonians, two valence spaces

« IMSRG(3) to probe many-body uncertainty

Nuclear theory: (r*), not new boson,
IS leading source of nonlinearity!
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Reed, MH, et al., arXiv:2505.00828

Improving global
mean-field models

* AD initio calculations have global reach

Stroberg et al., PRL 126 (2021) 25-
Hu et al., PLB 855 (2024)
Sun et al., PRX 15 (2025)

* Including description of heavy nuclel

and nuclear matter
Miyagi et al., PRC 105 (2022), Hu et al., Nat. Phys. 18 (2022)

Hebeler et al., PRC 107 (2023) |
Arthuis et al., arXiv:2401.06675 |- \

* ldea: Fit mean-field models to 5|
microscopic pseudodata :
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 Discrepancies between ab initio input
and mean-field predictions can guide

Improvement of functionals

Stroberg et al., PRL 126 (2021)
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Improving global
mean-field models

Ab Initio calculations have global reach

Stroberg et al., PRL 126 (2021)
Hu et al., PLB 855 (2024)
Sun et al.,, PRX 15 (2025)

Including description of heavy nuclel

and nuclear matter

Miyagi et al., PRC 105 (2022), Hu et al., Nat. Phys. 18 (2022)
Hebeler et al., PRC 107 (2023)
Arthuis et al., arXiv:2401.06675

Idea: Fit mean-field models to
microscopic pseudodata

Discrepancies between ab initio input
and mean-field predictions can guide
Improvement of functionals

Arthuis et al., arXiv:2401.06675 o
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Conclusion and outlook

Significant progress on reach, : :
precision, and applications of 12 .
ab Initio nuclear structure calculations :

Nuclear structure input with

quantified uncertainties essential
to understand Yb King plot

;_—k- 1.8/2.0 (EM), VS1 Ab initio
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not new physics
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Remarkable reach to provide input for

new physics searches in heavy nuclel
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