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Overview

O A long-standing challenge in nuclear physics
is to simultaneously describe nuclear
phenomena across a wide range of energies
and mass numbers starting from nuclear forces
with roots in quantum chromodynamics.

O In this talk, I will highlight some recent

developments in ab initio nuclear structure
calculations, focusing on the use of Bayesian
methods for uncertainty quantification. I will
also discuss some of the challenges that we are
facing.
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Main takeaways

We put forward an interpretation of ab initio in nuclear theory. This
approach is making impressive strides towards heavier-mass and
deformed nuclei.

The nucleus is a complex quantum many-body system. Exact
quantitative nuclear models do not exist. We are uncertain about their
predictions.

Uncertainty quantification informs your decision making, and Bayesian
statistics provides a powerful and principled approach. Can we better
guide where to make future measurements?

[t's an exciting time in nuclear science—our challenges meet new tools
from computational statistics and applied mathematics;

e.g. Bayesian inference & Emulators.
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Ab initio (latin adv. & adj. from the beginning}
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Ab initio: we put forward our interpretation

Nuclear ab initio: a systematically improvable approach for quantitatively describing nuclei
using the finest resolution scale possible while maximizing its predictive capabilities.

we therefore let nucleons define the beginning

H(a)|Y) = E|'Y)
yEF1 to approximate A-body methods with
low-energy QCD \ controllable approximations
H(a) =T+ VO(d o)+ V(@ )+ V(@ p) + ... |P)=]|D0)+|dD) 4+ |DP) + ...

This systematicity creates an inferential advantage. We can test our assumptions
about the model and the model discrepancy as we increase the model fidelity.

Vexp(®) = V(@3 %) + 8y, (@3 F) + 8Yexp(®)
| 'Model |

5/26  A.Ekstrom, C.Forssen, G.Hagen, G. R. Jansen, W. Jiang, and T. Papenbrock, Frontiers (2022)




Why uncertainty quantification?

100 ‘bayesian’ on arXiv [nucl-th] ,—

e Predicting future data y from past data y is uncertain. 80| //
e Quantifying this uncertainty with probability: 60| /

- enhances transparency and communication of results | 40| -

- informs decision-making and helps model assessment 5ol | /

0 B ///\/
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Why Bayesian inference?

The probability for y given y is called the posterior predictive distribution, and this quantity
is central to Bayesian inference.

p(y |y, 1)

Here, I denotes your background knowledge. To enable quantitative * statements, we
construct a model M. Any model comes with uncertain parameters o .

p(yly,M,I) = [p@’\ a,M,p(a|y,M,I)da

6/26 D. V. Lindley, The Statistician (2000)

Bernardo and Smith, Wiley (1994)



Progress in ab initio predictions (2010)
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B Stable
Atomic mass evaluation 2020

B Energy density functional (Gogny D1M)
B Ab initio 2010

Data taken from:
M. Wang et al., Chin. Phys. C 45, 030003 (2021)

S. Goriely et al., EPJA 52, 202 (2016)
H. Hergert (private communications)

Nuclear chart from B. Bally



Progress in ap initio predictions: 15 years later

Breakthroughs in

- effective field theory
- many-body methods
- statistical inference

see talks by Barbieri, Hupin Li, Marino, it

_ 82 —=gm
Porro, Soma, Zurek, Girlanda, ...

Proton number Z (up to 118)

Neutron number N (up to 258)

—
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Progress in ap initio predictions: 15 years later

A lens to explore symmetries

Engel Annu. Rev. Nucl. Part. Sci. (2025) t
Constraining neutron star matter
C P T

o Ny @

Breakthroughs in
- effective field theory
- many-body methods @

Huth, Pang, Tews, Le Fevre, Schwenk, et al Nature (2022)
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Chiral eftective field theory (yEFT)

- Weinberg power counting (WPC)

2N Force 3N Force 4N Force 5N Force

ame XH

EFTs promise a very useful systematicity
NLO >< . k

H(a) =T+ VO(d o) + V() + V(D o) + ...

.....

2 ‘
(Q/Ay) H ----- ll o Order-by-order expansion in a dimensionless ratio (Q/A,)

constructed from the separation of scales. A soft scale (Q ~ m_)
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>< >-< dynamics of the nuclear interaction.
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Chiral eftective field theory (YEFT)

- Weinberg power counting (WPC)

2N Force 3N Force 4N Force 5N Force
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Chiral eftective field theory (YEFT)

- Weinberg power counting (WPC)
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o Order-by-order expansion in a dimensionless ratio (Q/A,)

constructed from the separation of scales. A soft scale (Q ~ m_)
and a hard scale (A)( ~ mMy), separating the resolved and unresolved
dynamics of the nuclear interaction.
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Chiral eftective field theory (YEFT)

- Weinberg power counting (WPC)

2N Force 3N Force 4N Force 5N Force — —_ —_ —
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Theoretical modeling ik
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Theoretical modeling P
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Ab initio modeling challenges:
5 8 - computationally expensive likelihood

- multimodal and high-D parameter space
- ab initio method errors difficult to quantify
- YEFT in Weinberg PC not renormalizable
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Ab initio modeling challenges:

8 gl
7 ‘.".."F: .
5 8 - computationally expensive likelihood —+ - emulators
@ - multimodal and high-D parameter space —+ - history matching / HMC -
. - ab initio method errors difficult to quantify —— - method comparisons =
- yEFT in Weinberg PC not renormalizable —— - RG-invariant proposals
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Theoretical modeling
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- ab initio method errors difficult to quantity

- YEFT in Weinberg PC not renormalizable
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the strong force and atomic nuclei.

Ab initio modeling challenges:

- computationally expensive likelihood
- multimodal and high-D parameter space

- emulators
- history matching / HMC ‘o0

- method comparisons =

- RG-invariant proposals
see 0. Thim talk (Tuesday)



Computing nuclei: a computationally expensive problem

Solving the Schrodinger equation for many nucleons requires substantial
computing resources that grows exponentially with nucleon number and
basis size. Polynomially scaling methods exist but are still
computationally expensive.
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Alfio Quarteroni
Andrea Manzoni
Federico Negri

rigenvector continuation educed Bss

Methods for

a reduced basis method (RBM) artal Difeenta
quations
&n\lntrodu‘ction y ‘~ X
H(a) = Hy+ aH, PR
continuous parameter Y o

The key insight is that while an eigenvector resides in a linear space with
enormous dimensions, the eigenvector trajectory generated by smooth
changes of the Hamiltonian matrix is well approximated by a very low-

dimensional manifold in many applications.

D. Frame, et al. Phys. Rev. Lett. 121, 032501 (2018)

13726 T. Duguet, A. Ekstrom, R. J. Furnstahl, S. Konig, D. Lee Rev. Mod. Phys 96, 031002 (2024)



RBM emulators for bound & scattering states!
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Recent development:
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Parametric matrix models
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" Check for updates

We present a general class of machine learning algorithms called parametric
matrix models. In contrast with most existing machine learning models that

imitate the biology of neurons, parametric matrix models use matrix equations
that emulate physical systems. Similar to how physics problems are usually

solved, parametric matrix models learn the governing equations that lead to

H(6) Y) =E |¢) Snapshots ¥(8;)

(a) Np x Nj Np N Np X np

Projection (after orthonormalizing snapshots)

|
1
I —

(b) np x Np N, x Np Nyn X np Ny X ng
Emulation (E ~ E)
H®) 6 =ENB
- . ;
! 1 _(,’\'; 4 AA
(c) All size-n, operations

C. Drischler, et al. Front. Phys. 10:1092931 (2023)
tutorials at https://dr.ascsn.net
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Emulator speedup: 20 years vs 1 hour!
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Plot of 100,000 predictions of the radius
& energy of '°0 for different LEC values of
a chiral NNLO interaction.

Using emulators, we generated the results
on a laptop in just a few minutes.

Dashed lines show experimental data.

Emulator error is 1%.

20! ‘emulator’ on arXiv [nucl-th
15|
10| -
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History matching: exploring the parameter space

- excluding parts of parameter space that do not reproduce data

Easier to claim implausibility than to quantify posterior probability

1 1implausible

p(a |y,M,I) vs. O(a’), where O(a) =

0 non — implausible

Implausibility measure: y Yexp €exp  Emodel  Emethod

E(H) —2.2298 00 0.5  0.0005

| | 2 @H) 39030 0.0 002  0.0005

| E[yD(a)] — y? k Q(2H) 027 001 0003 0.0005

12(7) — max th eXp E(3H) ~8.4818 0.0 0.7  0.0005

— 0 (i) — Q) E(4He) -28.2956 0.0 055  0.0005

O | yep€y  Var[yg'(a’) — yexp] r2 (*He) 21176 0.0  0.045 0.0005

> S | E(1%0) 127.62 0.0 0.75 1.5
MRV 2(160) 6660 00 016  0.05
2.4 & o AE(2160)  -34.41 00 04 0.5

C1S0 i/ ; . —_ —

2o 11/ o — Iteratively rule out o for I(a’) > 3 AE@4220)  -635 00 04 05

1.8

—7 : 240) 4.79 0.0 0.5 0.25
Pukelsheim Ea-
e ( ) AE(25.240) 0.77 0.02 0.4 0.25

16/26 Ian Vernon et al, Bayesian Analysis (2010) Y. Kondo et al. Nature (2023)



Sampling the posterior predictive distribution

Analyzing the first observation of the 280 energy

Bayesian posterior pdf
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e History matching identifies the parameter region where
we expect the LEC posterior distribution to reside.

e MCMC + emulators to draw 10° samples of the LEC
posterior at ANNLO with NN+3N interaction.

e We assume uniform prior + uncorrelated normal
likelihood

p(a|A=2—24)

e Informative to update the parameter posterior with
AE(250,240). Subsequently draw 121 parameter samples
that we employ in our prediction of oxygen-27/28.

a~ p(alA=2—25)

17/26 Y. Kondo et al. Nature (2023)



Posterior predictive distributions for

28() separation energies

e From theory, we claim with 98% certainty that
28() is unbound with respect to 240:

e The experimental data point (red star) is away from

the posterior maximum. This suggests that only a

few finely-tuned chiral interactions are able to

reproduce low-energy and exotic oxygen structure

208ph pneutron skin-thickness

n.b. similarly curated history matching data

e We predict a small skin thickness 0.14-0.20

fm in mild (1.50) tension with electroweak
(PREX) measurement.

Electroweak
Hadronic
Electromagnetic
Gravitational Waves
Heavy Ion Collisions

0.1 0.2 0.3
Rskin(*°°Pb) [fm]

R, (*®°Pb) (fm)
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B. Hu et al Nature Physics (2022)



The challenge of ab initio multiscale nuclear physics

Degrees of Freedom Energy (MeV)
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State in in O Deformation is a collective effect and allows rotation.
0.043 O Rotational energies are minuscule (sub-%) on the scale
sate vt of nuclear binding, and collective modes are built from

many-particle-many-hole excitations.
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Ab initio can capture multiscale nuclear physics

s\ == Spherical, CCSD =~ Deformed, CCSD
. L+ Spherical, CCSD+(T) == Deformed, CCSD+(T)

O Symmetry-breaking Hartree-Fock plus
few-particle-few-hole excitations
using coupled-cluster theory to
Bk e ORE e 3 capture the bulk of the binding
energy.

O Symmetry projection adds long-range
(static) correlations via many-
particle-many-hole excitations,
essential for collective structures.
Contributes little to the binding
energy.

O We predict shape coexistence in 30Ne

Spherical Deformed Exp 20/26 7. H. Sun, et al. Phys. Rev. X 15, 011028 (2025)



Reproduction of data without effective charges

E(27,47)(MeV)

20

RN

w

(-

—

 (a) Ii

=
-
p—
—
—
p—
—
-

I

implausible points from 28-0 study

PPDs from importance resampled non- «

{yr(a) + emB + €EFT : @ ~ (| Dear) } i
. !
R
¥ exp.

| | 1 | | |

47 ANNLO
I
2 " ANNLO

N

o

f.(b)ﬂ
=

§ 1.8/2.0 (EM)

v
e
_"?-_"

: - . = (3.
! = ’ ¥ ' ' !
T . *-l-l = |
- ' R S
ZOII\Ie 22;\le 24;\|e 26Ne 28;\|e 30|l\|e 32|l\|e 34;\|e
21/26

We predict 3234Ne
B(E2) with quantified
theory uncertainties

Rigid rotor R,, = 10/3
JJ+ 1
E(J) = (J+ 1)
21

Z. H. Sun, et al. Phys. Rev. X 15, 011028 (2025)



y (%)

Sensitivit

Linking deformation and chiral nuclear forces

1 million deformed Hartree-Fock emulations

100
—~ e Adding short-range repulsion appears
75 to increase deformation, probably via
= reduced pairing.
& 50 e Increasing medium-range 27
’g ~ 50 % of deformation -exchange increases deformation,
k> 25 presumably by adding attraction in
— higher partial waves
) | _
Two-pion S-wave P-wave Three-nucleon
medium-rangel contact contact  short range
40 - [R42 main effects] “Ne L
30 - 0 *2Ne
20 - B Mg |
10 - I
04 =il m_ = A
oS o & o d 3.0 32 34 36 38
C)% R42

Z. H. Sun, et al. Phys. Rev. X 15,011028 (2025)



N3LOrexas : predicting energies, radii, excited states in A=16-208
- towards the n-dripline in Ca

Ba/A (MeV)
00)
o

Baishan Hu et al, in preparation

More than 30 parameters in this N3LO interaction. A calibration challenge!

~
o

-3+ N3LOrexas, IMSRG(2)

—8— N3LOrexas, IMSRG(3fy)+Triple
O 1.8/2.0(EM), IMSRG(2)
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Need informative experimental data, powerful ab initio methods, and emulators

1.8/2.0(EM), Stroberg et al.
+ N3LOTexas, VS'IMSRG
ke N3I—OTexas, CC

N
o

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

Zn-dripline 71-Ca
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Mass Number A




Where is the pairing in ab initio?

odd-even staggering of masses

N
Ay = S BV 1) - 2B + BV - 1) _
i
Insufficient A®) at low-order polynomial cost = 2
Agreement with experiment when opening <1
the 40Ca core (28Si) and VS-IMSRG(2). 0

Deteriorates with IMSRG(3).

ACa, emax=12, e3max=18, hw=12, A-NNLO,(394)

AB) [MeV]
> N W

Alberto Scalesi, in preparation

interaction: 1.8/2.0(EM)
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- EXp.

priv comm: He, Miyagi, Stroberg (in preparation)
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and a bound di-neutron.

Enhanced S-wave attraction induces pairing




Outlook

We are quantifying posterior predictive distributions and sensitivities of nuclear observables
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Outlook

We are quantifying posterior predictive distributions and sensitivities of nuclear observables

Next, we should try to utilize them in our decision making process
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A. Boehnlein et al Rev. Mod. Phys. 94, 031003 (2022)



Summary

O Ab initio nuclear methods are reaching heavy-mass and deformed nuclei. High-
order and realistic yEFT is challenging, but we are making progress (N3LOTexas).

O We achieve multiscale predictions of binding energies, excitation energies, and
transition probabilities, with quantified theory uncertainties, in neutron-rich neon
and magnesium isotopes.

O Emulators are essential tools for uncertainty quantification, Bayesian inference, and
enable us to do experimental design.

O Global sensitivity analysis reveals that S-wave contacts strongly impact nuclear
deformation in chiral effective field theory.

thanks to all my collaborators!
thank you for your attention!
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