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We place unprecedented constraints on recoil corrections in the β decay of 8Li, by identifying a strong
correlation between them and the 8Li ground state quadrupole moment in large-scale ab initio calculations.
The results are essential for improving the sensitivity of high-precision experiments that probe the weak
interaction theory and test physics beyond the standard model. In addition, our calculations predict a 2þ

state of the αþ α system that is energetically accessible to β decay but has not been observed in the
experimental 8Be energy spectrum, and has an important effect on the recoil corrections and β decay for the
A ¼ 8 systems. This state and an associated 0þ state are notoriously difficult to model due to their cluster
structure and collective correlations, but become feasible for calculations in the ab initio symmetry-adapted
no-core shell-model framework.
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Introduction.—The left-handed vector minus axial-vec-
tor (V − A) structure of the weak interaction was postulated
in the late 1950s and early 1960s [1,2] guided in large part
by a series of β-decay experiments [3–5], and later was
incorporated in the standard model of particle physics.
However, in its most general form, the weak interaction can
also have scalar, tensor, and pseudoscalar terms as well as
right-handed currents.
Today, β-decay experiments continue to pursue increas-

ingly sensitive searches for additional contributions to the
weak interaction. Various experiments [5–8] have con-
strained the tensor part of the interaction, although the
limits are less stringent compared with the other nonstand-
ard-model terms [9,10]. While these experiments have
achieved remarkable precision, further improvements
require confronting the systematic uncertainties that stem
from higher-order corrections (referred to as recoil-order
terms) in nuclear β decay. These terms are inherently small
compared with the allowed β decay terms; however, current
experiments have reached a precision where even subtle
distortions matter. Measurements of recoil-order terms are
also interesting in their own right as they can test additional
symmetries of the standard model, such as the existence of
second-class currents [11–13] and the accuracy of the
conserved vector current (CVC) hypothesis [12,14–16].
The β decay of 8Li to 8Be, which subsequently breaks up

into two α particles, has long been recognized as an

excellent testing ground to search for new physics
[11,14,17] due to the high decay energy and the ease of
detecting the β and two α particles. Recently, by taking
advantage of ion-trapping techniques, high-precision mea-
surements of β − ν̄ − α correlations [7,8,18] have been
performed that set the most stringent limit on a tensor
contribution to date [19]. However, in this type of experi-
ment, one of the largest uncertainties comes from the
several different recoil-order corrections that contribute to
the decay. A number of other experiments have taken
advantage of the presence of certain recoil-order terms in
the β decay of 8Li (Fig. 1) to perform CVC tests by studying
β − α angular correlations [15,20] and β-spin alignment
correlations [13,16]. In addition, these terms have been
deduced from γ decays of the doublet 2þ states near
17 MeV in the 8Be spectrum, which contain the isobaric
analog of the 8Li ground state (g.s.) [12]. Due to their small
size, and the fact that there are several terms that contribute
to decay observables, most of the experimentally extracted
recoil-order terms have large uncertainties.
In this Letter, we report the first ab initio calculations of

recoil-order terms in the β decay of 8Li. These calculations
achieve highly reduced uncertainties compared with the
experimentally extracted values of Ref. [16]. They help
decrease the systematic uncertainties on the tensor-current
estimates in the weak interaction reported in Ref. [19], and
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are of interest to experimental tests of the CVC hypothesis
[12]. We also provide evidence that the β-transition strength
of the 8Li decay is affected by a disputed low-lying 2þ state
(sometimes referred to as an “intruder” state) below
16 MeV in the 8Be spectrum. Our calculations in unprec-
edentedly large model spaces support the existence of low-
lying states with a large overlap with the αþ α s and d
waves. Indeed, a very broad 2þ state along with a lower 0þ
were initially proposed by Barker from the R-matrix
analysis of αþ α scattering and the β decays of 8Li and
8B [21–23]. Even though such states have not been directly
observed experimentally, some earlier theoretical studies
have predicted them in the low-lying spectrum of 8Be [24–
26]. Furthermore, there has been a recent experimental
indication in favor of intruder states below 16 MeV [27].

SA-NCSM framework.—For this Letter, we employ the
ab initio symmetry-adapted no-core shell model
(SA-NCSM) [28–30]. The use of chiral effective-field-
theory interactions [31–34] enables nuclear calculations
informed by elementary particle physics, while the sym-
metry-adapted (SA) basis allows us to achieve ultralarge
model spaces imperative for the description of challenging
features in the 8Be states, such as clustering and collectivity.
It uses a harmonic oscillator (HO) basis with frequency ℏΩ
and a model space with an Nmax cutoff, which is the
maximum total HO excitation quanta above the lowest HO
configuration for a given nucleus. These parameters are
related to infrared (IR) and ultraviolet (UV) cutoffs [35],
which can be understood as the effective size of the model
space in which the nucleus resides, and its grid resolution,
respectively. The calculations become independent of
ℏΩ at Nmax → ∞, providing a parameter-free ab initio
prediction. The SA-NCSM results exactly reproduce those
of the NCSM [36,37] for the same nuclear interaction.
However, by utilizing the emergent symplectic Spð3;RÞ
symmetry in nuclei [29], the SA-NCSM can expand the
model space by a physically relevant subspace, which is
only a fraction of the complete NCSM space, thereby
including localized-α degrees of freedom within the inter-
action effective range [38].
We adopt various chiral potentials without renormaliza-

tion in nuclear medium: N3LO-EM [33], NNLOopt [39], as
well as NNLOsat [40] with the three-nucleon (3N) forces,
hierarchically smaller than their nucleon-nucleon (NN)
forces, added as averages [30]. For comparison, we present
results with the soft JISP16 phase-equivalent NN inter-
action [41]. We use ℏΩ ¼ 15–25 MeV for N3LO-EM,

FIG. 1. Decay scheme for β decay of 8Li g.s. to the broad low-
lying 2þ state in 8Be. Energies, in MeV, are relative to 8Be g.s. A
small β-decay branching is observed to the doublet 2þ states due
to their resonant nature.
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FIG. 2. (a) Ab initio 8Li g.s. quadrupole moment Qð2þÞ compared with experiment [46] (denoted as “Expt.”). Calculations use the
NNLOopt NN for different model-space sizes and resolutions (open symbols), along with the infinite-size extrapolated value (dashed
line) and the corresponding many-body uncertainty (shaded area). (b) Calculated j2=A2c0 and j3=A2c0 (squares and triangles,
respectively) and their predicted values (upper and lower horizontal lines, respectively) for the 8Li β decay to 2þ1 in 8Be vs the calculated
8Li Qð2þÞ. The first (second) set of the uncertainties in Eq. (2) is shown as the line thickness (gray bands). Calculations use the
NNLOopt, NNLOsat, and N3LO chiral potentials, and the JISP16 NN, in Nmax ¼ 6–12model spaces. Inset: subset of calculated j2=A2c0
vsQð2þÞ for selected IR (in fm)/UV (in MeV) many-body cutoffs across all interactions, and for two interactions across several cutoffs.
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NNLOopt, and JISP16, and ℏΩ ¼ 16 and 22 MeV for
NNLOsat, unless otherwise stated. The NNLOopt is used
without 3N forces, which have been shown to contribute
minimally to the three- and four-nucleon binding energy
[39]. Furthermore, the NNLOopt NN potential has been
found to reproduce various observables, including the 4He
electric dipole polarizability [42]; the challenging analyz-
ing power for elastic proton scattering on 4He, 12C, and 16O
[43]; along with BðE2Þ transition strengths for 21Mg and
21F [44] in the SA-NCSMwithout effective charges. For the
purposes of this study, the quadrupole moment of the 8Li
g.s., Qð2þg:s:Þ, for which SA-NCSM calculations with the
NNLOopt NN are extrapolated to an infinite model-space
size, is shown to reproduce the experimental value within
the many-body model uncertainties [Fig. 2(a)]. The result is
in close agreement with the extrapolated value of Ref. [45]
that uses renormalized NNþ 3N chiral potentials. The

model uncertainties are based on variations in the model-
space size and resolution, and extrapolations use the
Shanks method [29].
Recoil-order corrections.—The recoil-order form factors

are generally neglected in β-decay theory since they are of
the order of q=mN or higher, where q is the momentum
transfer (typically several MeV=c) and mN is the nucleon
mass [14]. Thus, for most β decays, the recoil effects are
typically less than a percent of the dominant Fermi and
Gamow-Teller (GT) contributions (for an example, see
Ref. [47]). However, for measurements of sufficiently high
precision, these terms must be included in the analysis
especially when the leading contributions are suppressed or
the recoil-order terms are unusually large. These recoil-
order form factors include the second forbidden axial
vectors (j2 and j3), induced tensor (d), and weak magnet-
ism (b), and along with the GT (c0), are given in the
impulse approximation (IA) as

c0ðq2Þ ¼ ð−ÞðJ0−JÞ gAðq2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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X
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�
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τ�i σijjJi þ gVðq2ÞhJ0jj
X

A

i¼1

τ�i LijjJi
�

; ð1Þ

where gVð0Þ ¼ 1, gAð0Þ ≈ 1.27, and gMð0Þ ≈ 4.70 are the
vector, axial, and weak magnetism coupling constants; A is
the mass number; and JðJ0Þ is the total angular momentum
of the initial (final) nucleus. The τi=2, σi=2, Qi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

16π=5
p

r2i Y2μðr̂iÞ, and Li are the isospin, intrinsic spin,
quadrupole moment, and angular momentum operators,
respectively, of the ith particle.MGT is the conventional GT
matrix element. The matrix elements in Eq. (1) are
computed translationally invariant in the SA-NCSM.
These recoil-order form factors, usually reported as the
ratios j2;3=A2c0, d=Ac0, and b=Ac0, enter into the expres-
sion of the β-decay rate for nuclei undergoing delayed
α-particle emission [8,14,19,48].
Remarkably, we identify a strong correlation between

j2;3=A2c0 and the 8Li g.s. quadrupole moment based on
calculations across several interactions, Nmax and ℏΩ
parameters [Fig. 2(b), using Nmax ¼ 6–12 for NNLOopt,
6–10 for N3LO-EM and JISP16, and 6–8 for NNLOsat]. As
can be seen in the Fig. 2(b) inset, the linear dependence is
observed regardless of any errors that may arise from the

many-body truncation and from the higher-order effects
(e.g., Refs. [49,50]) associated with various interactions.
An identical spread is found for j3=A2c0 due to the strong
correlation between j2 and j3 (see Supplemental Material
[51]). A linear regression along with the combination of the
correlation to Qð2þg:s:Þ and its experimental value of 3.14(2)
e fm2 [46] lead to reduced uncertainties on our predictions:

j2
A2c0

¼ −966� 13� 33;
j3

A2c0
¼ −1546� 19� 40:

ð2Þ

Here, the first set of uncertainties uses the quadrupole
moment experimental uncertainties given the linear regres-
sion slope, and the second set arises from the regression
uncertainty using Student’s t distribution and a 99% con-
fidence level. This correlation is important, as we can
reduce the problem of calculating a matrix element that
depends on cluster physics in 8Be to a bound state
observable in 8Li.
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Most significantly, with the values in Eq. (2), the
uncertainty from the recoil-order corrections on the tensor
current contribution to the weak interaction presented in
Ref. [48] is reduced by over 50% [19]. The recoil-order
terms, including the b and d terms, for the lowest four SA-
NCSM 2þ states, are summarized in Table I. The d=Ac0
prediction for 2þ1 is based on a correlation similar to the one
for j2;3=A2c0 (see Supplemental Material [51]). These
predictions can be used in future experiments to constrain
beyond the standard model tensor currents, while these b
weak magnetism predictions are of interest to experiments
that test the CVC hypothesis, and d is of importance to
determining the existence of second-class currents [12].
New final state for β decays to 8Be.—The experimentally

deduced values presented in Ref. [16], j2=A2c0 ¼
−490� 70, j3=A2c0 ¼ −980� 280, d=Ac0 ¼ 5.5� 1.7,
and b=Ac0 ¼ 7.5� 0.2, are comparable but different from
our predicted values. These experimental results were
obtained through a global fit to β-spin alignment [16]

and β − α angular correlation data [20] from 8Li and 8B β
decays. Because of the small size of higher-order effects
and relatively large statistical uncertainties, the j2;3=A2c0
and d=Ac0 were assumed in Ref. [16] to be independent of
the 8Be excitation energy. Thus, the results were averaged
over the entire β-decay spectrum. In contrast, the SA-
NCSM wave functions are for individual states; hence, the
predictions in Eq. (2) are for the lowest 2þ state only, which
is the dominant transition for the 8Li β decay. The SA-
NCSM reveals large differences between the recoil-order
terms to the lowest 2þ1 and higher-lying states, the most
notable being for the jK=A2c0 terms where the values differ
by almost 2 orders of magnitude (see Table I). Hence, the
angular-correlation experiment in Ref. [19] minimizes the
sensitivity to the higher-lying states by restricting their
analysis to decays centered on the broad 2þ1 state.
Importantly, the SA-NCSM indicates the existence of

another 2þ state below 16 MeV—accessible to the 8Li or 8B
β decays through allowed transitions—and a corresponding
lower 0þ state that largely overlaps with the αþ α system
(Fig. 3, see also Supplemental Material [51]). In the SA-
NCSM, these states quickly decrease in energy as the
model space increases [Fig. 3(a)] regardless of the realistic
interaction used, similar to the Hoyle-state rotational band
in 12C [56]. The extrapolations are performed using the
three-parameter exponential formula from Ref. [57].
Notably, 0þ3 converges to 20.1� 1.5 MeV and has a
structure similar to the doublet 2þ states and isospin
T ¼ 1. This state is not seen in the currently available
experimental spectrum, and it is likely to be the isobaric
analog of the low-lying 0þ state in 8Li predicted by recent
ab initio calculations [45,58].

TABLE I. The recoil-order terms from SA-NCSM. Results for
the 2þ1 j2;3=A2c0 and d=Ac0 are based on the correlation to
Qð2þg:s:Þ; all other calculations use NNLOopt and have error bars
from variations in ℏΩ by 5 MeV and in model-space sizes up to
Nmax ¼ 16 (12) for j2;3=A2c0 (d=Ac0 and b=Ac0).

j2=A2c0 j3=A2c0 d=Ac0 b=Ac0

2þ1 −966� 36 −1546� 44 10.0� 1.0 6.0� 0.4
2þ2 ðnewÞ −10� 10 −80� 30 −0.5� 0.5 3.7� 0.4
2þ3 ðdoublet 1Þ 12� 5 −60� 15 0.3� 0.2 3.8� 0.2
2þ4 ðdoublet 2Þ 11� 3 −65� 11 0.2� 0.2 3.8� 0.2
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FIG. 3. (a) Calculated 8Be low-lying 0þ state energies illustrated for the NNLOopt chiral potential (ℏΩ ¼ 15 MeV) vs the model-space
size, together with the extrapolation values (dotted lines) and uncertainties (bands). Extrapolations use complete model spaces up to
Nmax ¼ 12 and do not include the Nmax ¼ 14 and 16 SA selected model spaces shown with uncertainties determined by the selection.
The measured 0þg:s: energy is −56.5 MeV [59]. Inset: αþ α s wave for 0þg:s: (blue solid) and 0þ2 (orange dashed). (b) Ab initio low-lying
states from extrapolations for 8Be, compared with experiment (Expt.). The extrapolation uncertainties (error bars) for the 0þ2 and 2þ2
states (dashed levels) are based on variations in the model-space size and selection. For NNLOopt, α width estimates (shaded areas) for
the lowest two 0þ and 2þ states are shown with uncertainties (lighter shades) determined from the energy extrapolation uncertainties; the
small 0þg:s: width (not shown) is estimated to be 5.7 eV, compared with 5.57 eV [60].
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The calculated low-lying states in 8Be are in good
agreement with experiment [Fig. 3(b)]. The NNLOsat
results include the average 3N contribution determined
for a given isospin (for 8Be, the contribution to the binding
energy in Nmax ¼ 12 is 1.51 MeV, resulting in a total
extrapolated binding energy of 56.8 MeV). The extrapo-
lations determine the energies of 0þ2 and 2þ2 between 5 and
15 MeV above the g.s., corroborating earlier estimates
[21,22,24].
For NNLOopt NN and the case of the fastest energy

convergence of the 0þ2 and 2þ2 states (ℏΩ ¼ 15 MeV), we
estimate α widths [Fig. 3(b)] by projecting the Nmax ¼ 16
SA-NCSM wave functions onto αþ α cluster states and
considering the exact continuum Coulomb wave functions
outside of the interaction effective range, following the
procedure of Ref. [38]. For this, the 8Be and 4He states are
expressed in the Spð3;RÞ basis, associated with intrinsic
shapes [29]. For 8Be, we consider three dominant prolate
shapes with contributions of 75%, 4%, and 3% to 0þg:s:
(totaling 82%), and 46%, 15%, and 11% to 0þ2 (totaling
72%), and similarly for the 2þ states (see Supplemental
Material [51]). These shapes extend to 18 HO shells and
start at the most deformed configurations among those in
the valence shell: 2ℏΩ and 4ℏΩ excitations. Except for the
0þg:s: width that uses the experimental threshold of −92 keV
relative to the 8Be g.s., all the widths use the αþ α
threshold estimated at −104 keV from the SA-NCSM
extrapolations of the 4He and 8Be binding energies with
NNLOopt. These widths are in good agreement with
experimentally deduced values [60] and earlier theoretical
studies [61–63].
Intruder 0þ and 2þ states in the low-lying spectrum of 8Be

were proposed in the late 1960s by Barker from concurrent
R-matrix fits to scattering, reaction, and decay data asso-
ciated with the 8Be nucleus [21,22]. The inclusion of an
intruder 2þ state below 16 MeV in the R-matrix fits of β
decays in Ref. [64] results in a decrease of the extractedMGT

for a decay to 2þ1 by almost 1.5 times, which yields a closer
agreement with the SA-NCSM MGT (see Table II; the
calculated MGT are not used in the experimental analysis
of Ref. [19]). Note that, depending on the interaction, two-
body axial currents may significantly affect MGT [65];
however, here we are interested only in the IA part.
Because of the large uncertainty on the 2þ2 state in the
calculations, we provide only the lower limits on the logðftÞ
based on the convergence pattern. The energies from
Barker’s R-matrix fits for the intruder 0þ and 2þ states
are ∼6 MeV and 9 MeV, respectively, with α widths
> 7 MeV. These excitation energies agree with the SA-
NCSM extrapolated results given the error bars [Fig. 3(b)], as
well as with the predicted widths. The strong excitation-
energy dependence of the recoil-order terms due to the
presence of 2þ2 has a small effect on the weak tensor current
constraints in the low excitation-energy range (see systematic

uncertainty in Table I in Ref. [19]), but is imperative to
consider in analyses over the entire β-decay spectrum.
Summary.—The ab initio SA-NCSM has determined the

size of the recoil-order form factors in the β decay of 8Li. It
has shown that states of the αþ α system not included in the
evaluated 8Be energy spectrum have an important effect on
all j2;3=A2c0, b=Ac0, and d=Ac0 terms, and can explain the
MGT discrepancy in the A ¼ 8 systems. The outcomes
reduce—by over 50%—the uncertainty on these recoil-
order corrections, and help improve the sensitivity of
high-precision β-decay experiments that probe the V − A
structure of the weak interaction [19]. Furthermore, our
predicted b=Ac0 and d=Ac0 values are important for other
investigations of the standard model symmetries, such as the
CVC hypothesis and the existence of second-class currents.
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