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Progress in Ab Initio Calculations
[ cf. HH, Front. Phys. 8, 379 (2020) ]
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Many-Body Methods: Paradigms
• Coordinate Space 
• Quantum Monte Carlo

• Lattice EFT


• Configuration Space: Particle-Hole Expansions 
• Many-Body Perturbation Theory (MBPT)

• (No-Core) Configuration Interaction (aka Shell Model, 

(NC)SM)

• Coupled Cluster (CC)

• In-Medium Similarity Renormalization Group (IMSRG)

• Self-Consistent Green’s Functions (SCGF / ADC)


• Configuration Space / Coordinate Space: Geometric 
Expansions 
• deformed HF(B) + projection

• projected Generator Coordinate Method (PGCM)

• symmetry-adapted NCSM
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Many-Body Methods: Paradigms
• Coordinate Space 
• Quantum Monte Carlo

• Lattice EFT


• Confi
• Many-Body Perturbation Theory (MBPT)

• (No-Core) Confi


• Coupled Cluster (CC)

• In-Medium Similarity Renormalization Group (IMSRG)

• Self-Consistent Green’s Functions (SCGF / ADC)


• Confi

• deformed HF(B) + projection

• projected Generator Coordinate Method (PGCM)

• symmetry-adapted NCSM
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Recent(-ish) Reviews: 
HH, Front. Phys. 8, 379 (2020)

S. Gandolfi, D. Lonardoni, A. Lovato and M. Piarulli, Front. Phys. 8, 117 (2020)

D. Lee, Front. Phys. 8, 174 (2020)

V. Somà, Front. Phys. 8, 340 (2020)


also see  
“What is ab initio in nuclear theory?”, A. Ekström, C. Forssén, G. Hagen, G. R. Jansen, W. Jiang, T. 
Papenbrock, Front. Phys. 11, 1129094 (2023)



In-Medium SRG Methods 
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Many-Body Methods: Configuration Space

construct particle-hole excitations of a reference 
state - usually an optimized mean-field Slater 
determinant
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Decoupling in A-Body Space

• identify the parts of the operator H which couple reference state to excitations

• eliminate them with unitary (IMSRG) or general similarity transformations (CC) 
• efficient: polynomial scaling, no need to construct matrix !

|Ǫ� |Ǫa
i � |Ǫab

ij � |Ǫabc
ijk �

|Ǫ
ab

c
ijk

�
|Ǫ

ab ij
�

|Ǫ
a i�

|Ǫ
�

�
Ǫ

��H
��Ǫ� �

|Ǫ� |Ǫa
i � |Ǫab

ij � |Ǫabc
ijk �

|Ǫ
ab

c
ijk

�
|Ǫ

ab ij
�

|Ǫ
a i�

|Ǫ
�

�
Ǫ

��H(�)
��Ǫ� �

U(s)HU†(s)

s � �

1D, spanned by  
reference state



H. Hergert - 2026 Workshop on Progress in Ab Initio Nuclear Theory (PAINT), TRIUMF, Vancouver, Feb 26, 2026

Correlations in Nuclei
𝜀 CCSD 

IMSRG(2)
CCSDT 

IMSRG(3)
CCSDTQ 
IMSRG(4)

CCSDTQ… 
IMSRG(5)

. . . 

Collective (aka static) correlations, e.g.

due to intrinsic deformation:
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Symmetry Breaking and Restoration
projected w.f.

difference from spherical w.f. 
with same basis size /length scale

deformed configurations

Additional projections  
for other broken symmetries (e.g., 

particle number) - significant  
overhead!



𝜀
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Correlations in Nuclei

AMP-CCSD 
MR-IMSRG(2) + GCM (aka IM-GCM)

. . . 

expansion
included through 

symmetry breaking  
and restoration
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In-Medium Similarity Renormalization Group

• IMSRG can be used to build specific types of correlations into RG-
improved interactions and operators


• ideally, IMSRG captures correlations that are complementary to target 
method


• mean-field or correlated reference state(s) for a specific nucleus 
define(s) operator basis for IMSRG evolution


• diagnostic: flow is unitary if all relevant operators are included 


• examples: 

• (MR-)IMSRG(2) aka In-Medium HF / PHFB 


• Valence-Space IMSRG for Shell model / VS-CI 


• In-Medium No-Core Shell Model / NC-CI


• In-Medium Generator Coordinate Method (IM-GCM) 

XYZ 
define


reference

IMSRG 
evolve


operators

XYZ 
extract


observables

HH et al., Phys. Rept  621, 165; Phys. Scr. 92, 023002 
S. R. Stroberg et al., Ann. Rev. Nucl. Part. Sci, 69, 307 

J. M. Yao et al., PRC 98, 054311; PRL 124, 232501  



Selected Applications



pseudospin symmetry in the low-resolution nuclear shell
structure. Notably, Fig. 1(d) demonstrates that the value of
μ approaches μ ¼ 0.5, where the pseudospin doublets
become degenerate [74]. In short, Fig. 1 illustrates a
transition from spin to pseudospin symmetry as λ
decreases, causing the emergence of both traditional magic
numbers and pseudospin symmetry in the single-nucleon
spectrum. We note that genuine observables, such as
ground-state energies, remain invariant under changes in
the resolution scale (see Refs. [57,73] and SM).
To test the robustness of the transition picture, we

repeated the calculations using additional chiral inter-
actions: the EM interactions of [51], as well as SRG-evolved
versions of the Δ-full N2LOGO(394) interaction [50].
As shown in SM, for the EM family interactions, the
results exhibit a similar trend to those obtained with the
NN+3N(lnl) interactions, albeit somewhat weaker. Since
the N2LOGO(394) interaction is inherently of low reso-
lution, the SRG evolution does not significantly alter the

shell structure as λ decreases to 1.8 fm−1, but the expected
pattern is observed.
Connection between nuclear forces and shell structure—

Previous studies [70,75] have demonstrated that NN forces
account for approximately half of the SO splitting in p-shell
nuclei, while the other half arises from higher-body forces.
Specifically, 3N forces play a crucial role in explaining
the shell structure in calcium isotopes [45,76–78] and the
oxygen drip line [44,79,80] in a low-resolution picture. The
contribution of chiral 3N forces to the SO part of the EDF
has also been studied in Refs. [81–83], showing that this
contribution increases with the density of nuclear matter, and
a recent study [84] suggests that the vector component of the
3N force is mainly responsible for enlarging the SO splitting
of the p orbitals.
In our framework, we can identify how each component

of Hλ contributes to the ESPEs as a function of momentum
resolution. As shown in Fig. 2(a), the dominant contribu-
tion arises from the NN interaction, which provides the

(a)

(b)

(c) (d)

FIG. 1. Nuclear shell structure in 132Sn for the chiral NN+3N(lnl) interaction. (a) Schematic illustration of the nuclear potentials in
the 3S1 channel in both momentum space and coordinate space, with the momentum resolution scale varying from high to low regimes.
(b) ESPEs of protons as functions of λ, relative to the 1s1=2 state. The leftmost column shows Nilsson model results with empirical values
for comparison. The labels d̃ and f̃ indicate states with l̃ ¼ 2 and 3, respectively. (c),(d) Strength parameters ðℏω0κ; μÞ of the Nilsson
model, determined by mapping to the results of the chiral NN+3N(lnl) interaction at different energy scales. The error bars represent
the statistical uncertainty in the fitting process. See the main text for details.

PHYSICAL REVIEW LETTERS 136, 052501 (2026)

052501-3
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Evolution of Effective Single-Particle Energies

• Mean-field / Shell model is 
inherently a low-momentum 
picture


• empirical density functionals/
Shell model interactions are 
“effective” parameterizations 
of low-resolution nuclear 
forces (+ correlations) 

• SRG + IMSRG can be used to 
quantitatively bridge high- and 
low-resolution descriptions of 
nuclear forces and correlations

C. R. Ding et al., PRL 136, 052501 (2026)
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Evolution of Effective Single-Particle Energies

• low-resolution interactions already exhibit much of the expected features & 
symmetries at the mean-field level


• behavior is consistent in non-relativistic and relativistic approaches

3

where fk;n and gk;ñ are the basis expansion coe�cients, Y and
Ỹ are spinor spherical harmonics
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, (10b)

where ˜̀ is the “pseudo” orbital angular momentum, j is the
total angular momentum of single-particle state. C

jmj

`m` ,1/2ms

is
the Clebsch–Gordan coe�cients for the coupling of orbital
angular momentum ` and spin 1/2. Y`m` and |1/2msi are the
spherical harmonic function and the Pauli spinor, respectively.
More details about the RHF calculations for finite nuclei start-
ing from the potentials VOBEP⇤ can be found in Ref. [17].

FIG. 3. Evolution of the ESPEs in Sn132 . a. Same as Fig. 1b. in the
main text, but with the EM family interactions. b. Same as Fig. 1b. in
the main text, but with the N2LOGO(394) interactions.

FIG. 4. The strength parameters ~!0 and µ in the Nilsson model
mapped to the results of Sn132 by chiral interactions with di↵er-
ent �. a. Same as Fig. 1c, but with the EM family interactions. b.
Same as Fig. 1c, but with the N2LOGO(394) interactions. c. Same as
Fig. 1d, but with the EM family interactions. d. Same as Fig. 1d, but
with the N2LOGO(394) interactions.

FIG. 5. Di↵erent contributions to the energy splittings of SO dou-
blets of protons. a. For (0p1/2, 0p3/2). b. For (0d3/2, 0d5/2).

4

FIG. 6. Di↵erent contributions to the energy splittings of pseu-
dospin doublets of protons. a. For (1p3/2, 0 f5/2). b. For
(1d5/2, 0g7/2).

FIG. 7. Evolution of energy splittings �" for SO and pseudospin
doublets of protons in Zr90 with the OBEP⇤ potentials. a, The en-
ergy splitting of the SO doublets (0 f7/2, 0 f5/2) and pseudospin dou-
blets (1p3/2, 0 f5/2) as functions of the momentum cuto↵ ⇤. b, Evolu-
tion of the radial wave functions of the lower component of the Dirac
spinors for the pseudospin doublets (1p3/2, 0 f5/2).

FIG. 8. Evolution of the ESPEs of protons in Zr90 . a. The results
from the RHF calculations based on the OBEP⇤ potentials with the
momentum cuto↵ parameter ⇤ = 2, 3, 4, 5, 1, respectively. b.
The results from the HF calculations based on the non-relativistic
chiral NN+3N(lnl) interactions with the energy scale � = 2, 3, 4, 1,
respectively.

FIG. 9. The SO splittings of 0p and 0d doublets for protons in Ca
isotopes by di↵erent chiral Hamiltonians. a, The SO splittings by
the EM1.8-2.0 interaction. b, Same as (a), but by the NN+3N(lnl)
interaction with � = 1.8 fm�1. c, Same as a, but by the N2LOGO(394)
interaction with � = 1.8 fm�1.

⇤ Contact author: yaojm8@sysu.edu.cn
† Contact author: hergert@frib.msu.edu
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Shape Coexistence: 32Mg
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Shape Coexistence: 32Mg

• Dynamic correlations captured by IMSRG… 

• bring absolute energies close to experiment (E=-249.7 MeV (AME) vs. -249.5 MeV 

(extrapolated theory))

• reveal prominent prolate deformation of the ground state
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N=20 Island of Inversion: 32-34Mg

• shape 
coexistence 
comes with 
shape mixing


• caveat: 
(collective) wave 
functions are not 
observable - 
compare with 
care!
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N=20 Island of Inversion: 33Mg

• shape and K mixing 
have notable impact 
on 33Mg spectrum


• boosts lifetime of  
state - predicted to 
be a shape isomer 


• related to 32Na shape 
isomer measured at 
FDSi in 2023 ?            
[Gray et al., PRL 130, 132501]
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cf. AMP-CCSD

Z. H. Sun et al., arXiv:2409.02279 &  

PRX 15, 011028; G. Hagen et al.,  
PRC 105, 064311

EM1.8/2.0, ℏω = 12 MeV, emax = 8
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Shape Coexistence: N=20 Island of Inversion Region

IM-GCM survey of the island-of-
inversion region 

• even-even and odd-A - odd-odd 
nuclei now also possible 


• IM-GCM spectra are spread too 
wide, but this will (at least in part) be 
addressed through 


• improved IMSRG (working on 
MR-IMSRG(3) variants)


• more degrees of freedom in GCM: 
cranking, full triaxiality, explicit 
quasiparticle excitations, …

E. F. Zhou et al., arXiv:2603.xxxx
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Shape Coexistence: N=20 Island of Inversion Region
E. F. Zhou et al., arXiv:2603.xxxx
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support state identification

and offer ab initio insights into 

intrinsic shapes
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Shape Coexistence: N=20 Island of Inversion Region

IM-GCM survey completed, will be submitted within next couple of weeks
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76Ge / 76Se Structure

• IM-GCM spectra too extended (common)


• E2 transitions (and static moments) in excellent agreement 
with experiment… 


• …although EM1.8/2.0 underpredicts radii by a few percent

EM1.8/2.0 NN+3N interaction, ℏω = 12 MeV, emax = 10

A. Belley et al., PRL 132, 182502 (2024)
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Time-Dependent Response from the IMSRG

• Linear response of  to a perturbation , with IMSRG improvement ( ):





• fix , expand time-dependence (=time evolution due to ) & Fourier transform


A B U = U(s)

RAB(t, t′￼) = ⟨Ψ0 | [A(t), B(t′￼)] |Ψ0⟩ = ⟨Φ0 |UA(t)U†, UB(t′￼)U†] |Φ0⟩

t′￼ = 0 H(s)

RAB(t) = ∑
m

(2 − δm0)im+1Jm(2at)μm , μm ≡ ⟨Φ0 |[[UHU†, UAU†](n), UBU†] |Φ0⟩

Aryan Vaidya
+ Scott Bogner, Jon Engel, …

Pre
lim
ina
ry

Pre
lim
ina
ry
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IMSRG Emulators
J. A. Davison et al., in prep.

• non-invasive ROM 
emulator based on 
Dynamic Mode 
Decomposition


• NNLOGO, NN+3N, 
, 


• O(10M) samples 


• effort reduced by 
~O(105) 

• DMD doesn’t work 
well for Magnus 
formulation - switch 
to PMMs 

• access to H(s) may 
allow workaround

Δ
emax = 12 E3max = 14

VS-IMSRG  
with emulated Hamiltonians 

(in progress)
see poster by


B. Clark
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PMMs for IMSRG Equation of State Calculations

LECs	ci

Flow	Parameter	
s

Density	 

and


s.p.	basis	size	

ρ

n

M	( ,	s,	 ,	 )ci ρ n

Model-Driven:	Affine	Eigenvalue	PMM

Data-D
riven:	

Regres
sion	P

MM	
̂f (ρ, n)

Model-	and	Data-Driven:

Regression	PMM	with	a	functional	form

̂s = e−bsa+c + d

E	( ,	s,	 ,	 )ci ρ n

And it’s differentiable!

Partly data-driven (emulation in ) 

and physics-informed (emulation in )  

ρ, n
s, ci

Patrick Cook Kang Yu
+ Scott Bogner, Christian Drischler



Outlook
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What’s Next?

• improved truncations: (MR-)IMSRG(3) + factorized approximations, tailored operator bases                                                                                     


• full MR-IMSRG(3) worked out, but scaling is prohibitive at present


• IM-NCSM (see talk by P. Gysbers)


• (MR-)Equation of Motion IMSRG (see poster by M. Gajdosik)


• replicating closed-shell results (EM & charge changing) of Parzuchowski et al. with new code


• next: response, correlated reference states, particle attachment/removal


• model reduction, compression & tensor factorization for IMSRG, EOM & IM-GCM (see 
poster by B. Clark) 

• DMD and PMM emulators for uncertainty quantification / sensitivity analysis 

• applications  
• IM-GCM (+enhancements) for multiple experiments (see poster by S. Blade)

• nuclear observables for BSM physics (beta decays for CKM unitarity, Schiff moments, …)
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Zwei-Nukleon-Kraft

Führender Beitrag 

Korrektur 1. Ordnung

Korrektur 2. Ordnung

Korrektur 3. Ordnung

Drei-Nukleon-Kraft Vier-Nukleon-KraftTwo-nucleon force Three-nucleon force Four-nucleon force

LO (Q0)   

NLO (Q2)

N2LO (Q3)

N3LO (Q4)

accurate description of NN at 
least up to Elab ~ 200 MeV

converged 

higher orders in progress

not yet converged 

impact on few- & many-N 
systems?

converged ??
presently out of reach for 
few- & many-N studies

Nuclear forces up to N3LO
dimensional analysis counting
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Chiral Effective Field Theory

• organization in powers  allows systematic improvement


• low-energy constants fit to NN, 3N data (future: from Lattice QCD (?))

• consistent NN, 3N, ... interactions & transition operators by coupling to gauge fields

(Q/Λχ)n

[figure by H. Krebs]nucleon

pion

contact force



H. Hergert - 2026 Workshop on Progress in Ab Initio Nuclear Theory (PAINT), TRIUMF, Vancouver, Feb 26, 2026

Decoupling
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non-perturbative    
resummation of MBPT series      

(correlations)

off-diagonal couplings    
are rapidly driven to zero



H. Hergert - 2026 Workshop on Progress in Ab Initio Nuclear Theory (PAINT), TRIUMF, Vancouver, Feb 26, 2026

Decoupling

• absorb correlations into RG-improved Hamiltonian:





• reference state is ansatz for transformed, less correlated reference state:
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Symmetry Breaking and Restoration

• break spherical symmetry to capture 
static correlation from deformation


• restore symmetry by constructing (specific) 
superpositions of all rotations of intrinsic 
state (aka projection)
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IM-GCM: Reshuffling of Correlations

• s-dependence is a built-
in diagnostic tool for IM-
GCM (not available in 
phenomenological 
GCM)

• if operator and wave 

function offer sufficient 
degrees of freedom, 
evolution of observables 
is unitary 

• need richer references 
and/or IMSRG(3) for 
certain observables

M. Frosini et al., EPJA 58, 64 (2022)
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Quenching of Gamow-Teller Decays

• empirical Shell model calculations require quenching factors of the weak axial-vector couling 


• VS-IMSRG explains this through consistent renormalization of transition operator, incl. two-body 
currents

gA

P. Gysbers et al., Nature Physics 15, 428 (2019) 
LETTERSNATURE PHYSICS

of 2BCs in A ≤ 7 nuclei is similar to what was found in the Green’s 
function Monte Carlo calculations of ref. 26. We find a rather sub-
stantial enhancement of the 8He Gamow–Teller matrix element due 
to the 2BC. Let us mention, though, that this transition matrix ele-
ment is the smallest of those presented in Fig. 2. We note that, for the 
other Hamiltonians employed in this work, the 2BCs and 3N were 
not fit to reproduce the triton half-life; nevertheless, the inclusion of 
2BCs for most of these cases also improves the agreement with data 
for the light nuclei considered in Fig. 2 (see Supplementary Fig. 9 
for results obtained with NNLOsat and NN-N3LO + 3Nlnl). The case 
of 10C is special because the computed Gamow–Teller transition is 
very sensitive to the structure of the Jπ = 1+ state in the 10B daughter 
nucleus. Depending on the employed interaction, this state can mix 
with a higher-lying 1+ state, greatly impacting the precise value of 
this transition. We finally note that benchmark calculations between 

the many-body methods used in this work agree to within 5% for 
the large transition in 14O. For smaller transitions discrepancies can 
be larger (see Supplementary Information for details).

Historically, the most extensive evidence for the quenching 
of Gamow–Teller β-decay strength comes from medium-mass 
nuclei14,16,27, and we now show that our calculations with these 
consistent Hamiltonians and currents largely solve the puzzle here 
as well. We use the valence-space in-medium similarity renor-
malization group (VS-IMSRG) method8 (see Methods for details) 
and compute Gamow–Teller decays for nuclei in the mass range 
between oxygen and calcium (referred to as sd-shell nuclei) and 
between calcium and vanadium (lower pf-shell nuclei), focusing on 
strong transitions. Here, we highlight the NN-N4LO + 3Nlnl interac-
tion and corresponding 2BCs.

Figure 3 shows the empirical values of the Gamow–Teller tran-
sition matrix elements versus the corresponding unquenched 
theoretical matrix elements obtained from the phenomenological 
shell model with the standard Gamow–Teller στ operator and the 
first-principles VS-IMSRG calculations. Perfect agreement between 
theory and experiment is denoted by the diagonal dashed line. The 
results from the phenomenological shell model clearly exemplify 
the state of theoretical calculations for decades13–16,27; as an example, 
in the sd-shell shell, a quenching factor of q ≈ 0.8 is needed to bring 
the theory into agreement with experiment14. The VS-IMSRG cal-
culations without 2BCs (not shown) exhibit a modest improvement, 
with a corresponding quenching factor of 0.89(4) for sd-shell nuclei 
and 0.85(3) for pf-shell nuclei, pointing to the importance of con-
sistent valence-space wavefunctions and operators (Supplementary 
Fig. 10). As in 100Sn, the inclusion of 2BCs yields an additional 
quenching of the theoretical matrix elements, and the linear fit of 
our results lies close to the dashed line, meaning our theoretical pre-
dictions agree, on average, with experimental values across a large 
number of medium-mass nuclei.

Another approach often used in the investigation of Gamow–
Teller quenching is the Ikeda sum-rule: the difference between the 
total integrated β− and β+ strengths obtained with the στ∓ operator 
yields the model-independent sum-rule 3(N – Z). We have com-
puted the Ikeda sum-rule for 14O, 48Ca and 90Zr using the coupled-
cluster method (see Methods for details). For the family of EFT 
Hamiltonians used for 100Sn we obtain a quenching factor aris-
ing from 2BCs that is consistent with our results shown in Fig. 3  
and the shell-model analyses from refs. 14–16,27. (Supplementary 
Fig. 7). We note that the comparison with experimental sum-rule 
tests using charge-exchange reactions28,29 is complicated by the 
use of a hadronic probe, which only corresponds to the leading 
weak one-body operator, and by the challenge of extracting all 
strength to high energies. Here, our developments enable future 
direct comparisons.

It is the combined proper treatment of strong nuclear correla-
tions with powerful quantum many-body solvers and the consis-
tency between 2BCs and three-nucleon forces that largely explains 
the quenching puzzle. Smaller corrections are still expected to 
arise from neglected higher-order contributions to currents and 
Hamiltonians in the EFT approach we pursued, and from neglected 
correlations in the nuclear wavefunctions. For beyond-standard-
model searches of new physics such as neutrino-less double-β-
decay, our work suggests that a complete and consistent calculation 
without a phenomenological quenching of the axial-vector coupling 
gA is called for. This Letter opens the door to ab initio calculations of 
weak interactions across the nuclear chart and in stars.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-019-0450-7.
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Fig. 3 | Gamow–Teller strengths in medium-mass nuclei. Comparison 
of experimental30 and theoretical Gamow–Teller matrix elements for 
medium-mass nuclei. a,b, Plots of Gamow–Teller matrix elements: sd-
shell (a) and lower pf-shell (b). Theoretical results were obtained using 
phenomenological shell-model interactions16,31 with an unquenched 
standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
factor. Experimental uncertainties, taken from ref. 30, are shown as vertical 
error bars.
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of 2BCs in A ≤ 7 nuclei is similar to what was found in the Green’s 
function Monte Carlo calculations of ref. 26. We find a rather sub-
stantial enhancement of the 8He Gamow–Teller matrix element due 
to the 2BC. Let us mention, though, that this transition matrix ele-
ment is the smallest of those presented in Fig. 2. We note that, for the 
other Hamiltonians employed in this work, the 2BCs and 3N were 
not fit to reproduce the triton half-life; nevertheless, the inclusion of 
2BCs for most of these cases also improves the agreement with data 
for the light nuclei considered in Fig. 2 (see Supplementary Fig. 9 
for results obtained with NNLOsat and NN-N3LO + 3Nlnl). The case 
of 10C is special because the computed Gamow–Teller transition is 
very sensitive to the structure of the Jπ = 1+ state in the 10B daughter 
nucleus. Depending on the employed interaction, this state can mix 
with a higher-lying 1+ state, greatly impacting the precise value of 
this transition. We finally note that benchmark calculations between 

the many-body methods used in this work agree to within 5% for 
the large transition in 14O. For smaller transitions discrepancies can 
be larger (see Supplementary Information for details).

Historically, the most extensive evidence for the quenching 
of Gamow–Teller β-decay strength comes from medium-mass 
nuclei14,16,27, and we now show that our calculations with these 
consistent Hamiltonians and currents largely solve the puzzle here 
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culations without 2BCs (not shown) exhibit a modest improvement, 
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and 0.85(3) for pf-shell nuclei, pointing to the importance of con-
sistent valence-space wavefunctions and operators (Supplementary 
Fig. 10). As in 100Sn, the inclusion of 2BCs yields an additional 
quenching of the theoretical matrix elements, and the linear fit of 
our results lies close to the dashed line, meaning our theoretical pre-
dictions agree, on average, with experimental values across a large 
number of medium-mass nuclei.

Another approach often used in the investigation of Gamow–
Teller quenching is the Ikeda sum-rule: the difference between the 
total integrated β− and β+ strengths obtained with the στ∓ operator 
yields the model-independent sum-rule 3(N – Z). We have com-
puted the Ikeda sum-rule for 14O, 48Ca and 90Zr using the coupled-
cluster method (see Methods for details). For the family of EFT 
Hamiltonians used for 100Sn we obtain a quenching factor aris-
ing from 2BCs that is consistent with our results shown in Fig. 3  
and the shell-model analyses from refs. 14–16,27. (Supplementary 
Fig. 7). We note that the comparison with experimental sum-rule 
tests using charge-exchange reactions28,29 is complicated by the 
use of a hadronic probe, which only corresponds to the leading 
weak one-body operator, and by the challenge of extracting all 
strength to high energies. Here, our developments enable future 
direct comparisons.

It is the combined proper treatment of strong nuclear correla-
tions with powerful quantum many-body solvers and the consis-
tency between 2BCs and three-nucleon forces that largely explains 
the quenching puzzle. Smaller corrections are still expected to 
arise from neglected higher-order contributions to currents and 
Hamiltonians in the EFT approach we pursued, and from neglected 
correlations in the nuclear wavefunctions. For beyond-standard-
model searches of new physics such as neutrino-less double-β-
decay, our work suggests that a complete and consistent calculation 
without a phenomenological quenching of the axial-vector coupling 
gA is called for. This Letter opens the door to ab initio calculations of 
weak interactions across the nuclear chart and in stars.
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shell (a) and lower pf-shell (b). Theoretical results were obtained using 
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standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
factor. Experimental uncertainties, taken from ref. 30, are shown as vertical 
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(IM-)NCSM for Super-Allowed Decays
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(IM-)NCSM for Super-Allowed Decays
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Requires nuclear theory

Hardy et al. PRC 102, 045501 (2020)

Particle Data Group. PRD 110, 030001 (2024) and references therein
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Super-Allowed Beta Decays

• Super-allowed beta decays constrain
in the CKM matrix 

• Precision treatment requires radiative 
corrections that are sensitive to nuclear 
structure:  and   


• ab initio calculations of  decays in 
light nuclei using NCSM and QMC [Gennari et 
al., PRL 134, 012501; Cirigliano et al., PRC 110, 055502; King 
et al., arXiv:2509.07310] 


• use IM-NCSM to extend mass range , 
, …


• benchmarks for CC, IM-GCM, VS-IMSRG, …


• test exact sum over intermediate states vs. 
new EFT approach
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