PHYSICAL REVIEW LETTERS 136, 182501 (2026)
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f-decay rates of extreme neutron-rich nuclei remain largely unknown experimentally, while they are
critical inputs for r-process nucleosynthesis. We present first ab initio calculations of total $-decay half-
lives, with a focus on N = 50 nuclei. Starting from nuclear forces and currents based on chiral effective
field theory, we use the in-medium similarity renormalization group to consistently derive valence-space
Hamiltonians and weak operators, from which we calculate the nuclear states involved and the Gamow-
Teller transition strengths, without phenomenological adjustments. In addition, we explore effects of first-
forbidden contributions. Our results show that the inclusion of two-body currents increases the total half-
lives, which then show good agreement with the existing experimental data, thereby validating the

predictive capability of our approach.
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Introduction—The rapid neutron-capture process (or r-
process) is responsible for generating over half of the heavy
elements beyond iron in our Universe [1-3]. Although
essential for r-process simulations, the f-decay half-lives
of neutron-rich nuclei along magic neutron numbers N =
50,82, 126, ... (known as r-process waiting point nuclei)
remain largely unknown experimentally (see, e.g., Ref. [4]).
For these extreme neutron-rich nuclei, r-process calculations
depend on theoretically predicted half-lives. Evaluating the
half-lives of r-process waiting point nuclei is, therefore,
critically needed.

Existing half-life calculations for r-process waiting point
nuclei are largely based on the quasiparticle random-phase
approximation (QRPA) [5-12] or the nuclear shell model
[13—18] using phenomenological interactions and correc-
tions. For example, it is known that QRPA underestimates
many-body correlations [10], while a recent extension of
QRPA to account for the coupling between single-particle
and collective degrees of freedom yielded improved results
[12]. On the other hand, the nuclear shell model provides a
better agreement with the available data [2]. However,
phenomenological shell-model calculations require ad hoc
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adjustments by quenching the axial-vector coupling g, to
reproduce experimental Gamow-Teller (GT) strengths.

In the past decades, the development of nuclear forces
from chiral effective field theory (EFT) [19,20] combined
with powerful many-body approaches [21,22] has made it
possible to perform systematically improvable ab initio
calculations. Recently, the g, quenching puzzle in GT
transitions was successfully explained in ab initio calcu-
lations [23] by taking into account many-body correlations
and consistent two-body (2B) currents from chiral EFT.

In this Letter, we present first ab initio calculations of
total f-decay half-lives using the valence-space in-medium
similarity renormalization group (VS-IMSRG) [24-28].
We focus on the astrophysically relevant N = 50 waiting
point nuclei, which are also an active target of experiments
[29-32]. Our results are based on chiral nucleon-nucleon
(NN) and three-nucleon (3N) interactions, with a particular
focus on the role of 2B currents in the many GT transitions
for the total rates. We find good agreement with experiment
without phenomenological adjustments and make predic-
tions for the half-lives at Z = 24-26, exploring also the
effects of first-forbidden (FF) contributions.

Theoretical framework—The total f-decay half-life T’ /,
of a nucleus in the initial state i (the ground state in our
case) is obtained by summing over the partial half-lives to
all possible final states f:77}, = 3¢ #5'. For allowed GT

transitions, g reads [33] (using 2 = ¢ = 1) as follows:

i = B(LT)/W" AWF(Z, W)p,W(Wo - W)2, (1)
1

! K

with electron energy W, maximum electron energy W, and
electron momentum p, = vV W2 — 1, all in units of electron
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mass, and k = 6144.48 £ 3.7 s [34]. F(Z, W) is the Fermi
function, which takes into account the Coulomb distortion
of the electron wave function near the final nucleus (with
proton number Z) as well as the finite nuclear size [35,36].
We neglect the contributions from Fermi transitions, as they
are expected to be small because they predominately
involve isobaric analog states, which are very high-lying
for the initial states considered in this Letter. Therefore,
we only consider allowed GT transitions and will discuss
FF transitions later. The GT transition strength B(GT) is
given by

B(GT) = [{FIGTI[)

27+ 1) " @)

where J; is the total angular momentum of the initial state.
The GT operator is given by the spatial axial-vector current
J. Since the momentum transfer q is very low in f-decays,
we can evaluate the axial-vector current at vanishing
momentum transfer. For = decay, GT = J, + iJ, with
isospin components J, and J,. Up to next-to-next-to-leading
order (N’LO) and at |q| = 0 the axial-vector current has
contributions from the leading one-body (1B) and leading
2B currents [37-40], J = Jp + IS5 + J1%, with

Jipi = g_Ao'iTi’ (3)
2
Is.1 = —di (6171 + 0,7,) — dyo, Ty, (4)
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The 1B current depends on the axial coupling g4 = 1.27 and
the spin and isospin operators of the ith nucleon, 6; and 7;.
The short-range contact (ct) 2B current depends on d;, d,,
which upon antisymmetrization is given by the single
contribution ¢, = —4(d; + 2d,)F2A, [37,39,41,42] taken
consistently from the N’LO 3N interaction. Here, F, =
92.2 MeV is the pion decay constant and A, = 700 MeV.
Moreover, 6, = 6| X6, and similarly for the isospin
operator 7,. The one-pion-exchange (1z) 2B current
depends on the couplings c¢3, ¢, that we take consistent
with the NN and 3N interactions. k; = p;—p, is the
difference of the final and initial ith nucleon momenta,
and m, = 138.04 MeV and m = 938.92 MeV are the
(averaged) pion and nucleon mass, respectively. The 2B
currents are regularized with nonlocal regulators of the same
form as used for the 3N interactions.

For calculating the structure of the initial and final nuclear
states and the GT transitions, we use the VS-IMSRG. The
IMSRG [24,26] starts from the full Hamiltonian with NN
and 3N interactions, normal ordered with respect to a
reference state, and uses flow equations (or equivalently a

continuous series of unitary transformations) to decouple
particle-hole excitations from the reference state. In the case
of the VS-IMSRG [25,27,28] the flow equations are used to
decouple a valence-space Hamiltonian from excitations
beyond the valence space. After the VS-IMSRG evolution,
the valence-space Hamiltonian is subsequently diagonalized
to include the low-lying correlations in the valence space.

We use the 1.8/2.0 (EM) NN + 3N interaction [43] for
our main result, as it has been successfully used for
energies (see, e.g., Ref. [44]) and for calculations of
p-decays [23]. The 1.8/2.0 (EM) interaction is fit to NN
scattering, the *H energy, and the “He radius. To test the
sensitivity to the input Hamiltonian, we also consider the
AN?LOgo (394) NN + 3N interaction [45], which is fit to
lower energy NN scattering, A =3, 4 properties, and
informed by heavier nuclei and nuclear matter. For each
nucleus, we use a Hartree-Fock basis calculated from the
NN + 3N interaction in 15 major harmonic-oscillator shells
[emax = max(2n + [) = 14] with ~Aw = 16 MeV and three-
body matrix elements restricted to Ej ., = 24. This is
sufficient for converged results for A < 100 [46]. The NN
and 3N interaction and the GT 2B current matrix elements
are obtained using the NuHamil code [47].

In this Letter, we explore the N = 50 waiting point
nuclei from A = 74-82. We take the valence space to
consist of the {0f7/5.0f5/2.1p3/2.1p1/2} proton orbitals
and the {Ofs/5, 1 p3/2. 1p1/2.099)2, 1ds ), } neutron orbitals
on top of a *Ca core. Compared to [16], we include the
1ds;, neutron orbital, given that this is the lowest above
0gg/> in our VS-IMSRG calculations, and because neutron
particle-hole excitations have important contributions to the
first 2% state of 73Ni [48].

For the VS-IMSRG, we take the state-of-the-art VS-
IMSRG(2) truncation with ensemble normal ordering [27].
The VS-IMSRG(2) keeps up to normal-ordered 2B contri-
butions to the interactions and currents in the evolution.
Three-body-operator contributions are expected to contribute
1%-2% to the correlation energy [49] [for the 7®Ni ground-
state energy this corresponds to 2—4 and 3-6 MeV for the
1.8/2.0 (EM) and AN?LOgo (394) interactions, respec-
tively]. We use the arctan variant of the White generator with
A =5 MeV for our multishell valence space [50], and the
VS-IMSRG unitary transformation is realized via the Magnus
formulation [51]. Moreover, we use a modified Hamiltonian
H' = H + fH.,, with center-of-mass (c.m.) Hamiltonian
H._ ., andf = 3 to remove spurious c.m. effects [50,52]. The
1B and 2B current operators are consistently transformed,
keeping up to normal-ordered 2B contributions. Finally, the
total f-decay half-lives are computed using the Lanczos
strength-function method [53,54] to efficiently generate the
final states. The VS-IMSRG calculation is performed using
the IMSRG++ [55] and KSHELL codes [56].

Results for "8Ni—We first consider "®Ni to test the
structure calculation and quantify the uncertainties from
our theoretical choices. Figure 1 shows our VS-IMSRG
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FIG. 1. Total p-decay half-life (top), low-lying excited states

(middle), and ground-state energy (bottom panel) of 7®Ni calcu-
lated using the VS-IMSRG with the 1.8/2.0 (EM) NN + 3N
interaction. We compare our main result (second column) to the
experiment (left column) [31,59]. Note that the experimental
ground-state energy is not known and taken from the adopted
AME 2020 value [60]. The third to eighth columns show the very
weak dependence of our main result to relaxing the occupation
constraint for the 1d; 2 orbital, to A variation, to the single-
particle basis e, to the E5 ,, restriction of 3N matrix elements,
and to the choice of # and A, respectively. For T, /, we show the
impact of 2B currents (from orange up to blue down triangles)
and the negligible dependence on evolving the current operators
with respect to the initial or final reference nucleus.

results for the total f-decay half-life, the 0" ground-state
energy, and the 2 and 4 excitation energies based on the
1.8/2.0 (EM) interaction. Our main results (also for the other
N =50 nuclei) are with 7w =16 MeV, e, = 14,
Espnax =24, p=3, A=5 MeV. In addition, we use a
truncation to limit the number of neutrons in the 1ds, orbital

1d. . . .
t0 Mmar. = 3, given that the valence-space dimensions for

most nuclei studied in this Letter are larger than 10°. In

Fig. 1, we show in detail that the dependence on these

.. . . . 1d .
choices is very small, including relaxing the Nmad” truncation

to perform the full diagonalization, which is possible for
8Ni. We use this variation to estimate an uncertainty for the
ground-state energy of 2.3 MeV (shown as gray band in
Fig. 1) with a similar estimate of 2.2 MeV for "*Cu.
However, the uncertainty estimated from this simple varia-
tion is likely underestimated, and the full contributions from
Hamiltonian uncertainty and many-body uncertainty are not
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FIG. 2. Ground-state energies of neutron-rich N = 49 (left) and
N = 50 isotones (right panel) calculated from the VS-IMSRG
based on the 1.8/2.0 (EM) and A N?>LOg, (394) interactions and
in comparison with experiment [59]. The gray band for the
1.8/2.0 (EM) interaction estimates the uncertainty from the
model-space convergence and does not include interaction or
IMSRG(3) uncertainties.

taken into account. We note that the spectrum is similarly
well-reproduced as for other VS-IMSRG calculations
[57,58], where a different valence space (not applicable
for f-decays) was used.

Moreover, Fig. 1 clearly shows the important impact of
2B currents, which is to decrease the GT strength and thus
increase the half-life in all cases. This 2B current effect is
significant for all theoretical choices in Fig. 1 and does not
depend on whether the initial reference nucleus is used for
the operator evolution (for our main results) or the final
nucleus. Once 2B currents are included, the total half-life
agrees very nicely with experiment, without the need for
phenomenological adjustments. For a complete uncertainty
quantification, we need to take into account the uncertainty
due to the input Hamiltonian and operators. This will be
explored in the following, albeit in a more limited way,
using the AN?LOgo (394) interaction and studying the
impact of FF contributions.

Results for N = 50 waiting point nuclei—In Fig. 2 we
show the ground-state energies of the N = 49 and N = 50
isotones for the two Hamiltonians considered. Our calcu-
lations mildly overestimate the ground-state energies where
experimental data exists, by 1% for the worst case for the
1.8/2.0 (EM) interaction. This is within the VS-IMSRG
uncertainties discussed above.

Our main results for the N = 50 total -decay half-lives
calculated from 1.8/2.0 (EM) interaction are presented in
Fig. 3. We find that the inclusion of 2B currents leads to
longer total half-lives for all N = 50 nuclei studied, leading
to a very good agreement with experiment for Z = 28-32
and reproducing the trend down to Z = 27. We emphasize
that no adjustments to half-lives or GT transitions have
been made. The results are obtained only by using the given
Hamiltonian with consistent 2B currents. The effect of the
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FIG. 3. Total f-decay half-lives of N = 50 waiting point nuclei

calculated from the VS-IMSRG, including 1B and 1B + 2B
current contributions for the 1.8/2.0 (EM) interaction (triangles,
our main result) and for the A N2LOgq (394) interaction (crosses)
in comparison with experiment [31,59].

2B currents can be understood by analyzing the GT
transition strength in the left panel of Fig. 4. The inclusion
of 2B currents systematically reduces the B(GT) across the
whole energy region, resulting in a longer half-life. This is
consistent with the general arguments for the reduction of
GT contributions from 2B currents [61] and with the
studies of the quenching puzzle [23]. However, so far no
ab initio calculations of total p-decay half-lives that
proceed through many states have been made.

To gain insight into the interaction uncertainty, we have
performed calculations with the AN?LOgo(394) interac-
tion for Z = 24, 28, and 32. The effect of the nucleon
excitation to the A isobar in the 2B currents has been taken
into account by appropriately shifting the low-energy
constants c¢3 and ¢4 [42]. As shown in Fig. 3, the 2B
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current contributions also increase the half-lives, with again
an overall reduction across the whole energy window in the
left panel of Fig. 4. Moreover, we find consistent results for
the total half-lives with 2B currents at Z = 24 and 32 for
both interactions. However, for "®Ni the AN?LOgq(394)
interaction leads to a longer half-life. To analyze this
further, we show in the right panel of Fig. 4 the running
sums of the inverse partial half-lives. For 78N, we observe
quite different running sums for two different interactions,
as one can expect from the different B(GT) distributions in
the left panel. However, the phase space factors given by
the integral in Eq. (1) are also different, and the spectrum is
more compressed for the AN?LOgo(394) interaction. This
shows the intricate interplay of the B(GT) and the phase
space factors for the total half-life. For 2Ge(Z = 32), the
running sum also has a different behavior for the two
interactions, but the final total half-life is more similar. This
shows that the similarities at Z =24 and 32 may be
accidental and assessing the Hamiltonian uncertainty will
require significantly more work, necessitating emulators for
these complex total half-life calculations.

Phenomenological shell-model calculations have shown
that FF transitions are non-negligible for the N = 50
isotones from Z = 24-27 [16], as the 0f7/, proton orbital
is not fully occupied in the naive shell-model filling. To
explore the role of FF transitions in our calculations, we
also investigate FF contributions for our VS-IMSRG
calculations. For these, B(GT) in Eq. (1) is replaced by
a W-dependent shape factor C(W) in the integral [36]. We
use the same expressions for C(W) as in [16]. There are
nine different operators for the FF contributions. To
estimate their effects, we do not evolve them consistently
in the VS-IMSRG but include them later, either as bare
operator (“free FF”) or with phenomenological quenching
from [16]. The total FF transition rate is obtained by
summing over the 20 lowest final states for each J¢, which
is sufficient for converged results.
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FIG. 4. Left panel: distribution of GT transition strength B(GT) with and without 2B current contributions for ®Ni(04;) — "*Cu(17)
as a function of excitation energy in the final nucleus. VS-IMSRG results are shown for the 1.8/2.0 (EM) interaction (left, our main
result) and for the A N?LOgq (394) interaction (right). The shaded area is the kinematically allowed energy region for f-decay. Right
panel: running sums of the inverse partial half-lives for 7*Ni(0g) — "*Cu(1") (left) and ¥Ge(0g;) — %*As(1") (right). VS-IMSRG
results are shown for both interactions including 2B currents in all cases.
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FIG. 5. Total p-decay half-lives of N = 50 waiting point nuclei

calculated from the VS-IMSRG for the 1.8/2.0 (EM) interaction
with 2B currents compared to experiment [31,59]. In addition, we
show the impact of FF transitions assuming a bare operator (“free
FF”) or with phenomenological quenching (“quenched FF”). The
inset shows the percentage of FF contributions to the decay rate.

Our results for the total f-decay half-lives with 2B
currents and FF contributions are shown in Fig. 5. We find a
reduction due to FF transitions, which is most pronounced
for the free FF case. Because the FF operators are not
evolved consistently in the VS-IMSRG, we consider the
results shown in Fig. 5 as an uncertainty range for the half-
lives. In our calculations, we find a rather smaller propor-
tion of FF transitions for Z < 26 and a larger proportion for
Z > 27 due to the additional 1ds,, neutron orbital in our
valence space compared to [16].

Summary and conclusions—We have presented first
ab initio VS-IMSRG calculations for the total f-decay
half-lives of N =50 waiting point nuclei, starting from
chiral NN and 3N interactions and consistent currents,
without phenomenological adjustments. The available
experimental half-lives are well described once 2B currents
are included. Our exploratory study of FF contributions
suggests that they are smaller below Z = 27. This Letter
shows that ab initio calculations can provide important
input for astrophysics applications and guidance for f-
decay experiments at the neutron-rich extremes. Future
work should include more detailed studies of the EFT
interaction uncertainties and a consistent inclusion of FF
contributions with 2B currents as well.
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