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Chiral EFT: Foundations

 rigorous proof that finite-cutoff chiral EFT approach to NN scattering is 
renormalizable in the EFT sense (at least to NLO) 

mixing dimensional (to derive  
3N) and cutoff regularization  
(in the Schrödinger equation)  
violates chiral symmetry 

➡ 3N interactions & currents  
beyond N2LO need to be  
re-derived 

 novel path-integral approach  
using the gradient flow method
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Bochum

Gasparyan, Epelbaum, PRC 105 (2022);  PRC 107 (2023)

! Chiral expansion of the 3NF
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cutoff regularization
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Epelbaum, Krebs, arXiv:2311.10893 (2023)
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Chiral EFT: Applications

 Low-Energy Nuclear Physics International 
Collaboration (LENPIC): bringing together chiral 
EFT developers and many-body practitioners  

 semilocal momentum-space regularized chiral 
interactions: NN up to N4LO+, 3N at N2LO 

 application in range of many-body methods:  
few-body, NCSM, IM-NCSM, and IM-SRG 

 correlated Bayesian uncertainty quantification
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Bochum 
Bonn/Jülich 
Darmstadt

Maris, Roth, Epelbaum, et al.; PRC 106, 064002 (2022) 
Maris, Epelbaum, Furnstahl et al.; PRC 103, 054001 (2021)

NUCLEAR PROPERTIES WITH SEMILOCAL … PHYSICAL REVIEW C 106, 064002 (2022)

chiral EFT order of the 2NF chiral EFT order of the 2NF
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FIG. 1. Predictions for the neutron-deuteron total cross section at 70 MeV (left panel) and 135 MeV (right panel) based on the semilocal
momentum-space regularized chiral interactions at different orders (shown by solid symbols with error bars). Three-nucleon force is included
at N2LO only. Error bars show the EFT truncation uncertainty calculated using the Bayesian model C̄650

0.5−10 from Ref. [26] [68% degree of belief
(DoB) intervals]. For the incomplete calculations at N3LO and N4LO, the quoted errors correspond to the N2LO truncation uncertainties. Gray
open symbols without error bars show the results based on the two-nucleon forces only. Horizontal bands are experimental data from Ref. [30].

the cutoff ! show larger deviations from the data at high
energies, which is most pronounced for ! = 400 MeV. In-
cluding higher-order corrections to the NN force up through
N4LO+, the results for σtot tend to converge to values that
underestimate the cross-section data by ≈4% (≈7%) at E =
70 MeV (E = 135 MeV). These observations are in line
with the systematics found using high-precision phenomeno-
logical NN potentials [30], which should not come as a
surprise given the nearly perfect description of NN data
at N4LO+ [20].

The discrepancy between the predicted Nd scattering ob-
servables based on NN interactions only and experimental
data are expected to be resolved by the 3NF. In line with the
chiral power counting, the leading 3NF at N2LO indeed brings
the calculated total cross-section in agreement with the data
within N2LO truncation errors. Also the magnitude of the 3NF
effects appears to be consistent with the expectations based on
the power counting; see also Ref. [23] for a related discussion.
These findings are consistent with the results shown in Fig. 2
of Ref. [27].

The cutoff dependence of the obtained predictions also
reveals interesting insights into the convergence pattern of the
chiral expansion. In particular, one observes that the rather
significant ! dependence of the N2LO results at the larger
energy of E = 135 MeV is mostly absorbed into the “run-
ning” of the N3LO NN contact interactions. The remaining
cutoff dependence of the predictions at N3LO and N4LO+,
both with and without the 3NF, is significantly smaller than
the N2LO truncation error. This might be explained by the
expectation for the residual cutoff dependence to be taken care
of by short-range 3NF operators that appear at N4LO.2

2Notice, however, that the strength of some of the short-range terms
is enhanced by a factor of m/!b [33], where m and !b refer to

B. Nucleon-deuteron elastic and breakup scattering

Let us now turn to other observables in the elastic Nd scat-
tering process. In this case predictions obtained at N2LO with
2N and 3N interactions for lower incoming nucleon kinetic
energies (E = 65 MeV and E = 135 MeV) were shown in
Ref. [27]. Having at our disposal the N4LO+ NN interaction,
we decided to investigate a higher energy case, which we
choose to be E = 200 MeV. In the top panel of Fig. 2, we
compare these new predictions, obtained with the N4LO+ NN
interaction supplemented by the N2LO 3NF, with the strict
N2LO results. In addition, we show predictions solely based
on the N2LO and N4LO+ NN interactions. For the differential
cross section, taking into account higher terms in the NN
interaction slightly modifies predictions at the center-of-mass
scattering angles θ > 80◦. The effects of the 3NF only indi-
rectly (through the values of the LECs cD and cE ) depend on
the order of the chiral NN force used, and the whole difference
between N2LO and N4LO+ NN predictions transfers to those
for NN+3N forces. The data remain underpredicted in both
cases, which is similar to the observations made for phe-
nomenological forces [36]. Among all possible polarization
observables, which are more sensitive to details of the nuclear
interactions, various situations can be found. In Figs. 2(b) and
2(c), we show two examples: for the vector analyzing power
AY (d), the 3NF acts in a similar way if combined with the

the nucleon mass and the breakdown scale of chiral EFT in the
few-nucleon sector, respectively. This is because for the SMS NN
interactions of Ref. [20] a specific choice was made to remove the re-
dundant (off-shell) N3LO contact interactions. However, the largely
universal results for the Nd total cross section based on a broad class
of different high-precision NN potentials seem to indicate that this
observable is almost insensitive to off-shell ambiguities of the NN
force.
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6He(2+) 6Li(3+) 10Be(2+)1
10Be(2+)2

10B(1+)1
10B(1+)2

10B(2+)

⇤ = 450 MeV

LO 3.5(0.9)(⇤) 5.3(0.8)(⇤) 7.7(2.1)(⇤) 6.1(1.7)(⇤) �6.7(1.6)(⇤) 0.2(1.7)(⇤) �0.6(1.8)(⇤)
NLO 1.10(0.31)(1.6) 2.90(0.17)(2.0) 3.5(0.8)(5.8) 4.6(0.9)(5.8) �1.4(0.8)(6.9) 1.8(0.8)(5.8) 2.1(0.6)(5.8)
N2LO 2.10(0.15)(0.5) 2.40(0.07)(0.6) 3.3(0.5)(1.7) 6.3(0.6)(1.7) 1.7(1.0)(2.1) 1.4(0.5)(1.7) 3.4(0.5)(1.8)
N3LO 2.09(0.18)(0.5) 2.41(0.09)(0.6) 3.4(0.6)(1.7) 5.6(0.7)(1.7) 0.8(1.0)(2.3) 1.4(0.6)(1.7) 3.3(0.6)((1.8)
N4LO 2.07(0.17)(0.5) 2.40(0.08)(0.6) 3.4(0.6)(1.7) 5.6(0.7)(1.7) 0.8(1.0)(2.3) 1.5(0.6)(1.7) 3.3(0.6)((1.8)
N4LO+ 2.07(0.18)(0.5) 2.42(0.09)(0.6) 3.4(0.6)(1.7) 5.6(0.7)(1.7) 0.8(1.0)(2.3) 1.4(0.6)(1.7) 3.3(0.6)((1.8)

⇤ = 500 MeV

LO 3.6(1.0)(⇤) 5.1(9)(⇤) 8.1(2.5)(⇤) 6.6(2.0)(⇤) �7.0(2.0)(⇤) 0.2(2.0)(⇤) �0.8(2.1)(⇤)
NLO 2.08(0.23)(1.7) 3.93(0.14)(2.0) 3.4(0.7)(6.8) 4.2(0.7)(6.8) �1.6(0.6)(7.7) 1.6(0.7)(6.6) 1.6(0.5)(6.9)
N2LO 2.08(0.09)(0.5) 2.41(0.07)(0.6) 3.2(0.5)(2.2) 6.2(0.6)(2.2) 2.2(1.0)(2.5) 1.9(0.5)(2.2) 4.1(0.5)(2.3)
N3LO 2.10(0.14)(0.5) 2.35(0.08)(0.6) 3.4(0.6)(2.2) 6.0(0.7)(2.2) 1.3(1.0)(2.5) 1.8(0.6)(2.2) 3.8(0.6)(2.3)
N4LO 2.08(0.14)(0.5) 2.34(0.07)(0.6) 3.3(0.6)(2.2) 5.9(0.7)(2.2) 1.3(1.0)(2.5) 1.7(0.6)(2.2) 3.8(0.6)(2.3)
N4LO+ 2.09(0.13)(0.5) 2.37(0.08)(0.6) 3.3(0.6)(2.2) 6.0(0.7)(2.2) 1.3(1.0)(2.5) 1.7(0.6)(2.2) 3.7(0.6)(2.3)

Expt. 1.80 2.19 3.37 5.96 0.72 2.15 3.59

TABLE V. Excitation energies of low-lying normal parity states in 6He, 6Li, 10Be and 10B obtained in the NCSM for di↵erent
chiral orders and cuto↵s, SRG evolved to ↵ = 0.08 fm4. Numbers in parenthesis are first the maximum of the estimated
extrapolation uncertainties in the excited-state and ground-state energies and then the correlated chiral truncation uncertainties
at the 95% confidence level, (⇤) indicating no chiral truncation uncertainties at LO.
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FIG. 9. (Color online) Excitation energies of low-lying
states in 10B with SMS interactions from NLO (gray) to
N4LO+ (purple) with ⇤ = 450 MeV (left-hand panel) and
⇤ = 500 MeV (right-hand panel), both using ↵ = 0.08 fm4.
Error bars indicate the NCSM model-space uncertainties and
shaded bands indicate the chiral truncation uncertainties at
the 95% confidence level. Horizontal lines show the experi-
mental excitation energies.

those of the ground state energies. For almost all of the
excited states shown in Table V, this uncertainty esti-
mate is reduced by at least a factor of two compared
to that of the corresponding ground state energies; the
exception is the first 1+ state in 10B. Furthermore, the
excitation energies of most of these states are almost in-
dependent of the chiral order of the NN potential starting
at N2LO, again with the exception of the first 1+ state
in 10B, and, at ⇤ = 450 MeV, the second 2+ state in
10Be. Finally, note that for all of these excited states our
results agree with experiment within the 95% confidence
interval, starting at NLO.

Both from Table V and in Fig. 9, we see that the energy

FIG. 10. (Color online) Excitation energies of low-lying
states in 12B with SMS interactions from NLO (gray) to
N4LO+ (purple) with ⇤ = 450 MeV (left-hand panel) and
⇤ = 500 MeV (right-hand panel), both using ↵ = 0.08 fm4.
Error bars and bands are the same as in Fig. 9. Horizontal
lines show the experimental excitation energies.

level of the first 1+ state of 10B is not actually strongly
correlated to the ground state energy, but jumps around
relative to the ground state: this state is the ground state
at LO and NLO; at N2LO including 3NFs it becomes the
second excited 1+ state (without the 3NFs it remains the
ground state at N2LO [27]); and it drops down again to
become the first excited 1+ state if we use higher chiral
orders for the NN potential.

Also in 12B we see that the chiral truncation uncer-
tainty estimate in the excitation energies is reduced by
more than a factor of two compared to that of the corre-
sponding ground state energy, due to strong correlations
between the ground state and the excited states, see Ta-
ble VI. And, like in 10B, the lowest states jump around a
bit at the lower chiral orders: at LO, the 0+ is the low-
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Nuclear Lattice EFT: Applications

 combining chiral EFT with lattice methods: 
complementary ab initio avenue 

 excitation spectrum of 12C and emergent 
geometry and duality 

 insight into the intrinsic structure of 
individual state (shell-model/cluster)

5

Bonn/Jülich 
Bochum

Shen et al., Nature Comm. 14, 2777 (2023)

 transition form factor from excited 0+ to 
ground state 0+ in 4He 

 'minimal' nuclear interaction provides 
correct excitation energy  

 excellent description of MAMI data
Meißner et al., arXiv:2309.01558 (2023)
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Nuclear Lattice EFT: Extensions

 extension to larger nuclei: 
sign problem gets severe   

 wave function matching: 
map short-range wave 
function to that of easily 
computable problem  
→ tame sign problem 

 fit 3N interaction to set of 
energies from A=3 to 40 

 ground-state energies and 
charge radii very well 
reproduced

6

Elhatisari et al., arXiv:2210.17488 (2022)

10Nuclear Lattice Effective Field Theory II
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• A new method to go to larger systems:

wave function matching

→ at some radius R, match the chiral Hχ

to a simple Hs free of sign oscillations

Elhatisari et al., [arXiv:2210.17488 [nucl-th]]

• Fit the 3NFs to various energies (open boxes)

• This allows for a prediction of the charge radii

→ B.E.s and radii come out consistent!

↪→ a big problem for other ab initio methods

• plus many other results in the pipeline

" carbon and oxygen driplines

" clustering in nuclei & nuclear matter

" hypernuclear physics & neutron matter EoS w/ hyperons

IAS-4 – Strong interaction theory – Ulf-G. Meißner – FZJ/VS, 25.01.2023 · ◦ ! < ∧ " > # •
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• A new method to go to larger systems:

wave function matching

→ at some radius R, match the chiral Hχ

to a simple Hs free of sign oscillations

Elhatisari et al., [arXiv:2210.17488 [nucl-th]]

• Fit the 3NFs to various energies (open boxes)

• This allows for a prediction of the charge radii

→ B.E.s and radii come out consistent!

↪→ a big problem for other ab initio methods

• plus many other results in the pipeline

" carbon and oxygen driplines

" clustering in nuclei & nuclear matter

" hypernuclear physics & neutron matter EoS w/ hyperons

IAS-4 – Strong interaction theory – Ulf-G. Meißner – FZJ/VS, 25.01.2023 · ◦ ! < ∧ " > # •

Bonn/Jülich 
Bochum
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Valence-Space In-Medium SRG

 in-medium SRG as a tool to derive Hamiltonians for valence-space shell model 
in ab initio spirit using the same chiral EFT inputs  

 ab initio is advancing to global theories, limited by input NN+3N interactions
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Darmstadt
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Electroweak Observables

 electroweak operators from chiral EFT 
with two-body current contributions 

 successful applications to quenching of 
Gamow-Teller matrix element in 100Sn 

magnetic dipole moments of selected 
odd-A nuclei in valence-space IM-SRG 

 inclusion of two-body currents always 
improves agreement with experiment 

 similarly: precision NCSM study of M1 
observables for 6Li

8

Darmstadt 
Mainz

Miyagi et al.; arXiv:2311.14383 (2023)

Gysbers et al., Nature Phys. (2019)

Friman-Gayer et al.; PRL 126, 102501 (2021)
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Valence-Space DMRG

 replace diagonalization in a 
valence-space shell model 
setting with density matrix 
renormalization group  

 efficiently sample correlations 
and reduce model space 
dimension by factor ~100

9

Darmstadt

Tichai et al., PLB 845, 138139 (2023)

 information entropy as useful 
diagnostic for shell structure
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Coupled Cluster

 coupled cluster theory combined with Lorentz integral transform method to 
address collective response in nuclei 

 ab initio calculation of dipole polarizability in Ca isotopes for constraining EOS 

 new development: spectral function from coupled cluster theory for describing 
electron- and neutrino-nucleus scattering cross sections  

10

Mainz

Fearick et al.; Phys. Rev. Research 5, L022044 (2023)

Sobczyk, Bacca; arXiv:2309.00355 (2023)
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In-Medium No-Core Shell Model

multi-reference in-medium SRG as a tool accelerate NCSM convergence  

 decoupling of NCSM model space high-lying states, development of more 
general active-space scheme in progress 

 study of Ne isotopes with nonlocal chiral NN+3N interaction up to N3LO 

11

Darmstadt

Frosini et al.; EPJA 58, 63 (2022); EPJA 58, 64 (2022)
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Hypernuclear No-Core Shell Model

 structure of light hypernuclei in 
NCSM with full inclusion of Λ and 
Σ degrees of freedom in model 
space and Hamiltonian   

 Λ-Σ conversion plays critical role 

 optimization of the chiral YN 
interaction using selected p-shell 
energy levels 

 prediction of binding energies 
and spectra towards neutron-
rich hypernuclei 

 artificial neural networks for 
prediction of converged energies 
and many-body uncertainties
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Darmstadt

Knöll, Roth; PLB 846, 138258 (2023)
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Figure 6: Same as Fig. 5 but for the ⇤He isotopic chain. Experimental values
are taken from [44–46, 48–50, 52].

however, the dependency on the nucleonic interaction also be-
comes much stronger compared to the lighter systems. This can
already be seen for the ground-state energies of 12C which dif-
fer by about 10%. Thus, one can hardly make a quantitative
statement whether the underbinding is a deficiency of the YN
or the NN+3N interaction.

Let us now explore the ⇤He isotopic chain in order to inves-
tigate more nuclei beyond the optimization set. The extrapo-
lated excitation spectra and hyperon separation energies for the
⇤He isotopes and their parent nuclei are shown in Fig. 6.

Similar to the previous results we find very little depen-
dence of the excitation spectra on the YN interaction as both
the results from the middle and right columns are consistent
within their respective uncertainties. This is in contrast to the
results obtained with di↵erent NN+3N interactions in the left
columns, which deviate much more for most excited states. The
exception is 10

⇤He, where both e↵ects are of similar size. Con-
trarily to the hypernuclei discussed before, the changes in the
spectra of hypernuclei for the di↵erent nucleonic interactions

NNEM+3NN[53, 54] NNEMN+3NH[21]
—————————–

YNP YNP YNopt Expt.
3
⇤H 0.11(1) 0.095(5) -0.092(5) 0.41(23)

4
⇤He 2.43(6) 2.638(11) 1.940(21) 2.39(3)
5
⇤He 4.42(4) 4.726(8) 3.348(10) 3.12(2)
6
⇤He 5.43(4) 5.510(33) 4.151(22) 4.18(10)
7
⇤He 6.24(11) 6.131(79) 4.701(73) 5.68(25)
7
⇤Li 6.89(6) 6.506(44) 5.049(39) 5.58(3)
8
⇤He 7.46(10) 6.69(41) 5.07(38) 7.16(70)
9
⇤He 8.78(9) 7.89(38) 6.41(29) –
9
⇤Be 8.50(50) 7.11(77) 5.69(49) 6.59(15)

10
⇤He 9.46(25) 9.39(32) 7.29(21) –
13
⇤C 14.5(11) 12.08(102) 9.95(72) 11.69(12)

Table 1: Predicted hyperon separation energies B⇤ for various hypernuclei with
many-body uncertainties from ANN predictions. Results are given for the opti-
mized YN interaction (YNopt), the unmodified YN interaction (YNP) and from
previous work [12]. Experimental data is given for comparison and taken from
[44, 45, 48–52].

do not always correspond to the shifts of the excited states in
the non-strange parent nuclei. New experimental data for spec-
tra of neutron-rich hypernuclei would be needed to assess the
quality of the predictions with the optimized YN interaction.

We now turn to the hyperon separation energies in the bot-
tom panel of Fig. 6. We observe that the optimized YN inter-
action reproduces the experimental separation energies remark-
ably well for the light isotopes, while for heavier isotopes the
separation energies tend to be underestimated. Simultaneously,
the dependence of B⇤ on the nucleonic interactions notably in-
creases for neutron-rich isotopes. Note that the odd Helium
isotopes above 4He are unbound and, therefore, di�cult to de-
scribe within the NCSM. This discrepancy might translate to
the corresponding hypernuclei or be reflected in the hyperon
separation energies since they depend on both, parent and hyer-
nucleus. Similar reasoning applies to 9

⇤He and 10
⇤He which are

themselves unbound.
Overall, we find a much better description of hyperon sep-

aration energies in 5,6
⇤He and 7

⇤Li with the optimized YN inter-
action, while the excitation spectra remain mostly unchanged
and are in good agreement with experiment. When turning to
the heavier or unbound hypernuclei 7,8

⇤He and 13
⇤C the modi-

fied interaction tends to underbind the hyperon, but at the same
time dependencies on the nucleonic interactions increase. A
summary of the numerical values for the hyperon separation
energies is given in Table 1.

Conclusions. In this work we have shown the potential of hy-
pernuclear structure data as additional constraint for the deter-
mination of chiral hyperon-nucleon interactions, supplement-
ing the scarce scattering data available. With the adjustment of
only two LECs in the YN interaction at LO, we have been able

6
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FIG. 7. Input data and network predictions for the ground state and
excitation energy of 7Li with ~⌦ = 14, 16, 20, and 24 MeV (gray to
red), analogous to Fig. 6

quencies and L = 4 subsequent model space truncations Nmax.
The resulting distribution tends to be approximately normal-
shaped, so that we can once again simply fit a Gaussian to
obtain the prediction for the excitation energy and its uncer-
tainty from the mean and standard deviation the Gaussian.

The lower panels of Fig. 5 show the result of the above
mentioned procedure for the 3+ excitation energy on the right-
hand side. The excitation energy sequences in the left-hand
panel are only shown to give an impression of the conver-
gence of the actual observable, as they are not used as input
data for the networks. We observe that the excitation energy
predictions are remarkably stable for the di↵erentNmax, given
that this observable is a lot more challenging to predict, as
slight variations in the prediction of the absolute energies has
larger e↵ects on the excitation energy. For this reason, we
use the aforementioned sample-wise subtraction method in-
stead of just taking the di↵erence of the whole distributions.
This way, we can make exploit of correlations in the conver-
gence pattern of di↵erent states for the same HO frequency.
Typically, this improves the prediction and leads to smaller
uncertainties.

Figures 6 to 9 as well as Table I give a comprehensive
overview of the performance of the networks for ground-state
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FIG. 8. Input data and network predictions for the ground state and
excitation energy of 8Li with ~⌦ = 14, 16, 20, 24, and 28 MeV
(gray to red), analogous to Fig. 6.

energies and the lowest few excitation energies of 6Li, 7Li,
8Li, and 9Be. These NCSM calculations for p-shell nuclei
have been discussed in detail in Ref. [33] and we reuse these
NCSM outputs here to benchmark the performance of the net-
works [34]. In these figures, the ground-state energy is shown
in the lower panel, while the excitation energy results are in
the upper panel. Additionally, classical extrapolations for both
observables are depicted as a red bar, with the corresponding
uncertainty as a red band around it.

One major observation we want to highlight is that the ANN
predictions for the ground-state energies are remarkably stable
with increasing model-space sizes and generally significantly
outperform the classical extrapolations at Nmax = 8 across all
considered nuclei when compared with the values obtained for
large Nmax. The classical extrapolations are more susceptible
to a systematic downwards trend with increasing model-space
size, which has its roots in the fact that the convergence of
ground-state energies is not quite exponential. The networks
do not su↵er from such a systematic, which facilitates a robust
and accurate prediction of the converged energy in smaller
model spaces.

Excitation energies are slightly more di�cult, since the cor-
relation between the convergence of the ground and the ex-
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cited state are relevant. Furthermore, excited-state energies,
especially for more loosely bound states, converge slower than
the ground-state energy. Together, this makes the prediction
of the converged value much more challenging, especially
at Nmax = 8. Nevertheless, the ANN results for excitation
energies are generally very robust, in particular for the low-
est excited states. Higher-lying, more loosely bound excited
states like the 2+ state in 6Li or the 7

2
� state in 7Li require

Nmax = 10 to give accurate results. However, in these cases,
the convergence behavior of the sequences changes signifi-
cantly within the lower Nmax data points, so a slight influ-
ence on the ANN predictions is expected. For this reason,
we recommend checking for the robustness of the predictions
by comparing with predictions for other Nmax if available.

VIII. RESULTS FOR RADII

As already mentioned, the extrapolation of NCSM se-
quences for rms radii is very challenging, as their convergence
behavior is far less constrained than for the ground-state en-
ergy. As a result a larger variety of convergence patterns can
be observed and the networks have to learn to cope with the
di↵erent patterns. Obviously, we have to train a new set of
networks to pick up the convergence patterns inherent to the
radius. We use the same network topology and input mode
(MINMAX) as for the ground-state energy training, but train
on data for mass rms radii instead. The evaluation step is per-
formed analogous to the ground-state energies.

The application of the radius networks to 2H, 3H, and 4He
is illustrated in Fig. 10 and the final ANN predictions are sum-
marized in Table I. The NCSM data for the mass rms radius,
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FIG. 10. Mass rms radii input data and resulting network predictions
for few-body systems. The left hand panels show the NCSM data
for ~⌦ = 12, 14, 16, 20, 24, 28, and 32 MeV (gray to red), while
the right hand panels show the ANN predictions for Nmax = 8, 10,
and 12, with the green line indicating the fully converged value ob-
tained at a large Nmax.

which is fed into the networks, is shown in the left-hand pan-
els, while the ANN predictions are depicted on the right side,
together with the fully converged values (green lines). As be-
fore, we use the semi-local NN+3N interaction at N2LO with
⇤ = 450 MeV [24, 32] and ↵ = 0.08 fm4 for this evaluation,
which is not included in the training set.

We first observe that the convergence patterns for the radii
are really very di↵erent from the ground-state energies. The
radius is not constrained via the variational principle, which is
evident from the fact that convergence is not monotonous. De-
pending on the selection of HO frequencies, whole sequences
can converge from or from below. The convergence itself is
also significantly slower compared to energies, and some se-
quences show a jagged pattern, particularly at Nmax values.

Despite of these characteristics, the ANN predictions for
the 2H and 4He mass rms radius are in very good agreement
with the fully converged value, even at Nmax = 8. These two
nuclei also demonstrate the two extremes of possible conver-
gence patterns: With a selection of HO frequencies around
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