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Predictive nuclear structure modeling 
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forecasting

“People that do forecasting 
usually don’t care about the model 
but only about the prediction”

quote from anonymous statistician



1. The nucleus is a complex many-body system. Exact quantitative 
nuclear models do not exist. 

2. While all (physics) models are wrong, models that know when and how 
they are wrong are useful. (after G. Box) 

3. Bayesian methods are particularly useful for assessing uncertainties in 
nuclear physics. 
• Upcoming book by cf, R.J. Furnstahl, D. R. Phillips:  

Learning from data for physicists 
https://nucleartalent.github.io/LFD_for_Physicists/ 

4. Ab initio models have an inferential advantage.  

5. Multidisciplinary efforts are needed for tackling problems involving 
complex computer models.

Setting up for this talk
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▸ Model the strong interaction at low-energy 
- At the most fundamental level, the strong interaction  

is described by Quantum Chromodynamics (QCD); 
- Atomic nuclei can presumably be described with relevant  

low-energy degrees of freedom—nucleons and pions—and residual interactions; 
- Effective field theories (EFTs) offer a systematic approach to this problem. 
- Specifically: infer low-energy constants (=LECs) of chiral EFT from low-energy 

observables such as NN scattering phase shifts, few-nucleon observables, etc. 

▸ Universal framework for few- and many-nucleon modeling 
- Universal framework for the modeling of strongly- 

interacting few- and many-nucleon systems.  
- Solving the many-nucleon problem with controlled  

approximations. 

▸ Predictive power 
- Linking nuclear structure and observables to fundamental forces. 
- Reliably predict scientifically relevant nuclear observables.

Scientific goals in ab initio nuclear theory
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Steps to predictive nuclear structure modeling
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▸Some relevant dimensions:

Learning from data via Bayes

▸ dim( ) = From 2 at leading order (LO)  
                 to  at next-to-next-to-leading order (N2LO)  
                 and  at N3LO 

▸ dim( ) = A few 1000s of NN scattering data split into  
                       different observable types and  
                      a few 100 different scattering energies. 

▸ dim( ) = A handful of few-body bound-state observables  
                          (binding energy, radius, transition strength for  systems) 

α
≳ 15

≳ 30
𝒟NN

Ny ≈ 20

𝒟few−b
A = 3,4

pr(α |𝒟NN, 𝒟few−b, I)

Highly correlated



Bayesian workflow for nuclear 
structure “forecasting”
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▸Model calibration via Bayes’ theorem

Learning from data via Bayes

▸ The prior encodes our knowledge about parameter values before analyzing the data 

▸ The likelihood is the probability of observing the data given a set of parameters 

▸ The marginal likelihood (or model evidence) provides normalization of the posterior. 

▸ The posterior is the inferred probability density for the parameters.

Posterior
Likelihood Prior

Marginal likelihood

pr(α |𝒟, I) =
pr(𝒟 |α, I)pr(α | I)

pr(𝒟 | I)

yexp = ỹ(α) + δyEFT + δymethod + δỹem + δyexp

▸Statistical modeling (for ab initio methods)

▸ Likelihood-free approaches; avoiding full probabilistic modeling. 

▸ Handling of correlated errors; effective data sets and more realistic error quantification. 

▸ Strategic choices of heavy computations; synergies in emulator training.
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Interlude: calibration and model 
discrepancy

10



Selected history of 𝛘EFT NN calibration

yexp = y(α) + δyexp

Pioneering 
optimization efforts

Fit first to phase shifts and then to 
actual data (χ2 minimization)

Machleidt & Entem (2011)



Pioneering 
optimization efforts

1st gen. 
discrepancy model

Simultaneous fit to actual data (χ2 

minimization) and Cov(𝛂*) error 
propagation

yexp = y(α) + δyEFT + δymethod + δyexp

δyEFT,i ∼ 𝒩(0,CQν+1
i ), Qi = pi/Λb

Carlsson et al (2016)

Selected history of 𝛘EFT NN calibration



Pioneering 
optimization efforts

1st gen. 
discrepancy model

Correlated 
discrepancy model

Construction of a correlated EFT error 
model

yexp = y(α) + δyEFT + δymethod + δyexp

Melendez et al (2019)

y(α; x) = yref(x)
k

∑
n=0

cn(x)Q(x)n, δy(x) = yref(x)
∞

∑
n=k+1

cn(x)Q(x)n

cn(x) ∼ 𝒢𝒫(μ, c̄r(x, x′￼; l))

Selected history of 𝛘EFT NN calibration



Pioneering 
optimization efforts

1st gen. 
discrepancy model

Bayesian inference 
with correlated errors

Correlated 
discrepancy model

Bayesian inference with a correlated 
EFT error model

I. Svensson et al. (2024)

Correlations from Σσtot

Neff ≈ Ndata /4

Selected history of 𝛘EFT NN calibration



Pioneering 
optimization efforts

1st gen. 
discrepancy model

Bayesian inference 
with correlated errors

Correlated 
discrepancy model

The construction of a correlated EFT 
error model on scattering amplitudes

Gen Z 𝛘EFT NN calibration

▸ Scattering parametrized by five 
complex amplitudes 

▸ These determine 25 linearly indep. 
scattering observables (E,𝜃) 

▸ Apply the correlated EFT error on 
these amplitudes  
(see McClung et al, 2025)



Gen Z 𝛘EFT NN calibration

Abrahamsson et al (in prep)

▸ Propagate errors to observables => 
Both (E,𝜃) and cross-type correlation



Predictive modeling
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Prior  
specification

Our (current) Bayesian workflow for predictions

Likelihood 
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Challenges: Predictive (Bayesian) inference for high-cost models

▸ Likelihood-free methods 

▸ History matching allows model 
exploration without full 
probabilistic specification (linear 
Bayes). 

▸ Easier to claim implausibility than 
to quantify posterior probability

I2
M(α) ≡ max

zi∈𝒵

𝔼 [ f̃i(α)] − zi
2

Var [ f̃i(α) − zi]

IM(α) > cM =>    implausible



Challenges: Predictive (Bayesian) inference for high-cost models

▸ Likelihood-free methods 

▸ History matching allows model 
exploration without full 
probabilistic specification (linear 
Bayes). 

▸ Easier to claim implausibility than 
to quantify posterior probability 

▸ Posterior sampling 

▸ Posterior updates with importance 
resampling. 

▸ Full sampling enabled with 
emulators.

W. Jiang et al.  (2024)
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▸ Many-body method errors 

▸ Ongoing efforts (see Isak’s talk) 

▸ EFT truncation errors for many-body observables 

▸ Correlation structures over A and observable type; cutoff 
dependence, expansion parameter, irregular convergence patterns

T. Djärv et al (2022)

A=4,6 binding energies

δyk( ⃗x) = yref

∞

∑
n=k+1

cn( ⃗x)Qn

Challenges: Predictive (Bayesian) inference for high-cost models



Challenges: Predictive (Bayesian) inference for high-cost models

Sun et al.  (2024)

Scalesi et al.  (in prep)

Hu et al.  (2022)

Superfluidity in nuclei

Deformation in nuclei

208Pb neutron skin



▸ It is natural to strive for accuracy in theoretical modeling; but actual 
predictive power is more associated with quantified precision. 

▸ Ab initio methods + 𝝌EFT + Bayesian statistical methods in 
combination with fast & accurate emulators is enabling predictive 
nuclear modeling.  

▸ Future frontiers of ab initio nuclear structure theory:  
▸ Symmetry-breaking and restoration schemes for open-shell / 

deformed nuclei. 
▸ Efficient handling of many-body forces for converging heavy 

(A>200) nuclear systems. 
▸ Predict scientifically relevant nuclear structure observables across 

the nuclear chart with quantified uncertainties 

Summary and future


