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i. Properties and interactions of light nuclei and multinucleon systems
ii. Precision calculations of nuclear matrix elements for fundamental symmetries 
iii. Neutrino and electron interactions in nuclei and dense matter
iv. Nuclear structure and properties of nuclei
v. Nuclear fission



Connecting DOE facilities and SciDAC Institutes

Lots of NP and AM/CS connections



Who is NUCLEI?

2023 in Knoxville, TN

2024 in Berkeley, CA
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Gamow Shell Model (GSM) Code 
for Many-Body Calculations of Nuclear Open Quantum Systems

• Gamow Shell Model (GSM) has been developed to study the many-body 
states occurring at the limits of the nuclear chart, i.e. drip-line nuclei

• GSM is a configuration interaction model based on Berggren basis, which 
contains bound, resonant and scattering states 

• GSM requires the diagonalization of complex symmetric matrices, which 
present difficulties for numerical methods

GSM Code by N. Michel et al.1,2 is a scalable parallel implementation of GSM

• Resonant states targeted with GSM are situated in the middle of scattering 
states, hence require finding the interior eigenpairs

• Jacobi-Davidson (JD) method, which can directly target the interior 
eigenvalues and eigenvectors, is used in the GSM code

• Preconditioning and angular momentum projection techniques are 
implemented to ensure rapid convergence;  hybrid MPI/OpenMP 
parallelization and 2D decomposition are adopted for scalability

• Demonstrated scaling to hundreds of cores; currently limited to CPU 
architectures only
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1. N Michel, W Nazarewicz, M Ploszajczak, T Vertse, J. Phys. G: Nucl. Part. Phys. 36 (2009) 013101.
2. N Michel, HM Aktulga, Y Jaganathen, Comp. Phys. Comm. 247 (2020), 106978

Numerous nuclear physics applications under 
NUCLEI, including the recent study of the nested 
nucleus 9N:  Phys. Rev. Lett. 131, 172501 (2023)
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Neural-network quantum states
Neural networks can provide a compact and efficient representation of the nuclear many-body wave function, 
capturing correlations more efficiently than traditional QMC methods.

• Training leverages the variational principle  

• Hilbert space sampled with VMC methods

• Code entirely developed over the last three 
years in Python - JAX 

• Efficiently scales up to ~1,000 GPUs
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Successfully applied to both finite nuclei and infinite systems

Neural-network quantum states

Goal: reach medium-mass nuclei and neutron-star matter with high-resolution interactions

Phys. Rev. Res. 5 (2023) 3, 033062Phys. Rev. Res. 4 (2022) 4, 043178
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• In-Medium Similarity Renormalization Group Codes
• IMSRG & Multireference IMSRG (Hergert)
• Valence-Space IMSRG (Stroberg)
• In-Medium Generator Coordinate Method (Hergert & Yao (external))

• Languages: C/C++, Fortran, some Python

• Libraries:
• SUNDIALS (ODE Solvers) – FastMATH SciDAC Institute
• Linear Algebra: Armadillo, (vendor) BLAS,  (vendor) LAPACK 
• GNU Scientific Library, GNU Multiprecision Library, HDF5

• Current Target Platforms:
• Intel/AMD – typical university clusters & NERSC

• Future Plans: 
• Platforms: leadership class CPU/GPU systems (with next-gen IMSRG(3) and more 

complex GCM calculations)
• Automatically scalable code (e.g., through Kokkos?)

In-Medium Similarity Renormalization Group
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Objectives
• The observation of neutrinoless double beta decay 

(NLDBD) would yield profound insights into the nature of 
neutrinos, their mass, and it might help explain the 
dominance of matter over antimatter in our universe.

• We perform ab initio calculations of the nuclear (decay) 
matrix elements (NMEs) in 76Ge, which are necessary to 
reliably extract the neutrino mass scale from 
experimental data, and identify the primary drivers of 
theoretical uncertainties in current systematic state-of-
the-art approaches.

Ab Ini8o Uncertainty Quan8fica8on of Neutrinoless 
Double-Beta Decay in 76Ge

Impact (as of now)
• We combine strong and electroweak interactions from 

(chiral) Effective Field Theory, complementary many-
body methods – Valence-Space In-Medium Similarity 
Renormalization Group (VS-IMSRG) and In-Medium 
Generator Coordinate Method (IM-GCM) –  and novel 
emulators to achieve the first comprehensive ab initio 
uncertainty quantification of the 76Ge NME.

• Multioutput Multifidelity Deep Gaussian Processes are 
introduced as an emulator for general data and applied 
to ab initio results from different model space sizes. 

• The application of IM-GCM to nuclei with triaxiality and 
shape coexistence also yields the first ab initio results for 
the structure of collective states in 76Ge and 76Se.

Accomplishments (as of now)
• Published in PRL 132, 182502 (2024)

Comparison of NLDBD NMEs in 76Ge from nuclear models and ab initio 
calculations. (a) NMEs from phenomenological models and results from VS-
IMSRG and IM-GCM using different chiral interactions. Error bars of 
phenomenological NMEs reflect the discrepancy between calculations from 
different groups. (b) Posterior distribution function of the NME using a 
novel VS-IMSRG emulator with 8188 non-implausible chiral interactions 
from which confidence intervals are extracted.

truncation in light nuclei [25]. This difference is somewhat
larger than what was found in 48Ca [26,27]. This can be
understood from the fact that the low-lying states in 48Ca
and 48Ti are relatively simple and the quadrupole collec-
tivity of 48Ti is adequately captured in both methods. In
contrast, the low-lying states of 76Ge and 76Se exhibit
strong shape coexistence and collectivity, including sig-
nificant triaxiality [72–74]. While these collective degrees
of freedom are difficult to capture within the VS-IMSRG
and other ab initio methods starting from spherical
references [75,76], they are efficiently incorporated within
the IM-GCM, as can be seen from the predicted excitation
spectra and electric multipole transitions [72,73]. We
expect that future systematic improvements to the many-
body truncations will improve the agreement between the
two methods.
The errors ϵOP from the transition operators can be

separated into three sources: the use of the closure
approximation for the intermediate odd-odd nucleus, the
determination of the LEC of the SR transition operator, and

the truncation of contributions beyond LO in the operator
expansion. The potential error stemming from the closure
approximation has been assessed with phenomenological
nuclear models [77,78] to be around 10% of the LR NME.
This finding aligns with the expectation that contributions
depending on the excitation energies of intermediate states
belong to the N2LO [79]. Recent nuclear shell-model
calculations [80] of the N2LO corrections to the closure
approximation also found that they reduce the matrix
elements by ∼10%. Eventually, these contributions will
need to be tackled explicitly in our methods as well as we
improve the precision of our NMEs. Figure 1(a) presents
different contribution to the 0νββ-decay operators at LO
and N2LO, noting that there is no contribution at NLO.
Figure 1(b) displays the convergence of the NMEs at LO
and N2LO with respect to eMax, the number of harmonic
oscillator major shells in the basis, in the IM-GCM
calculation [37]. The value of the LEC for the SR transition
operator is determined by fitting the transition amplitude
of nn → ppe−e− process following Ref. [81]. The SR

FIG. 2. Comparison of 0νββ-decay NMEs in 76Ge from nuclear models and ab initio calculations. (a) The NMEs from
phenomenological models, including the interacting-boson model (IBM-2) [9,62], energy-density-functional (EDF) methods [8,11],
quasiparticle random-phase approximation (QRPA) [12,63,64], interacting shell model (ISM) [7,10], ISM with generalized contact
formalism (ISM-GCF) [65], realistic shell model (RSM) [13], and EFT [66], are compared to the results of the VS-IMSRG and
IM-GCM using different chiral interactions. The error bars of phenomenological nuclear models reflect the discrepancy of calculations
from different groups and the bands shows results with the SR contributions included [65,67]. (b) The posterior distribution function of
the 0νββ NME using the MM-DGP emulator of the VS-IMSRGwith 8188 nonimplausible samples of chiral interactions from which the
confidence intervals are extracted.

PHYSICAL REVIEW LETTERS 132, 182502 (2024)

182502-4
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https://link.aps.org/doi/10.1103/PhysRevLett.132.182502
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Nuclear Coupled Cluster Oak Ridge (NUCCOR)

• Modern Fortran, MPI, OpenMP
• BLAS and Nuclear Tensor Contraction Library (CUDA, HIP)
• Runs at scale on Frontier
• Libraries: HDF5, SUNDIALS (for time evolution & symmetry projection)



Valida&on

Neutron skin of 208Pb

Posterior predictive distribution for the neutron skin in 208Pb 
(experiments: electroweak (purple), hadronic (red), 
electromagnetic (green), and gravitational waves (blue) probes)

The size of the neutron skin of 208Pb 
constrains the size of neutron stars.

Parity-violating e– scattering (via Z boson) 
couples dominantly to neutrons.

Ab initio prediction more precise (and 
smaller) than experiment. Theory used 
history matching and Bayesian inference.



Density Functional Theory: Infrastructure

DEFTNESS
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Large-amplitude dynamics
TDGCM

PO
U

N
De

rS

O
pt

im
iz

at
io

n 
so

ft
w

ar
e 

st
ac

k

Courtesy of N. Schunck



Thou Shalt Not Extrapolate: 
Quantifying the Unknown

Impact
• We proved that simple estimates of the model bias based 

only on proton and neutron numbers are unstable and 
lead to uncontrolled extrapolation errors

• Our feature learning approach gives robust estimates of 
model bias and is potentially generalizable to other 
observables and models

Accomplishments
• R. Navarro Perez and N. Schunck, “Controlling extrapolations of nuclear properties with feature selection”, Phys. Lett. B 833, 

137336 (2022)

Objectives
• Predictions of nuclear properties far from stability are 

based on theoretical models that must be corrected for 
systematic bias

• We developed a feature-learning novel method to 
compute reliable estimates of the model bias even in 
nuclei where experimental information is not available

Positive (negative) values of the improvement index indicate the model 
bias correction has improved (degraded) predictions. Without feature 
selection (DA), fitting the model bias can degrade predictions while with 
selected-feature learning (SPA), predictions are systematically better

With feature learning, the model bias has learned the 
characteristic patterns of closed shells even outside the 
fitting range.
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Summary

• Several different codes / solvers 
• coupled cluster method, exact diagonalization (NCSM), similarity 

renormalization group (IMSRG) nuclear lattice EFT, quantum 
Monte Carlo

• Maintained by few individuals / groups
• Some openly shared, some shared upon request

• Many benchmarks
• Interesting and impactful physics results
• Most codes/solvers run at scale on leadership computing facilities


