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The quenching of the weak axial-vector coupling strength, gA, in nuclear
β decays is reviewed. The quenching is discussed for both the Gamow–
Teller decays and the forbidden β decays of different variants. Both the
historical background and the present status are reviewed and compared
with each other. Possible new measurements are urged, whenever relevant
for determining the amount of gA quenching.
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1. Introduction

The issue of the quenching of gA in the context of neutrinoless double
beta (0νββ) decay has recently surfaced [1]. The related decay rates are af-
fected by the available phase space (Q values), the nuclear matrix elements
(NMEs) and the value of gA in its fourth power [2–5]. The 0νββ decay
relates to Majorana neutrinos and their mass scale, as also to the breaking
of the lepton-number symmetry and to the baryon asymmetry of the Uni-
verse [6]. A number of nuclear models, including configuration-interaction-
based models such as the interacting shell model (ISM) and the proton–
neutron quasiparticle random-phase approximation (pnQRPA), and various
mean field models have been adopted for the calculations. The resulting
computed NMEs have been analyzed in the review articles [5, 7, 8].

A lot of attention has been paid to the calculation of the NMEs related
to the 0νββ decay. Less attention has been paid, at least in the theory com-
munity, to the possible (large) quenching of gA and its possibly disastrous
impact on the sensitivities of the present and planned 0νββ-decay experi-
ments [1]. This deviation (usually quenching) from the free-nucleon value
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gA = 1.27 can arise from the nuclear medium effects and the nuclear many-
body effects. The former contain quenching related to the presence of spin-
multipole giant resonances [9], non-nucleonic degrees of freedom (like the ∆
isobar [10, 11]) and meson-exchange-driven two-body weak currents [12–14].
The latter relates to deficiencies of the nuclear many-body approaches used
to compute the wave functions involved in the decay transitions. This means
that the effective values of gA can vary from one nuclear model to the other.
The renormalization of gA can also depend on the process in question. For
the zero-momentum-exchange processes, like β decays, the renormalization
can be different from the high-momentum-exchange (∼ 100 MeV) processes,
like 0νββ decays.

The effective value of gA relates to the renormalization factor q (in the
case of quenching, it is called quenching factor)

q =
gA

gfree
A

, (1)

where
gfree

A = 1.2723(23) (2)

is the free-nucleon value of the axial-vector coupling measured in neutron
beta decay [15] and gA is the value of the axial-vector coupling derived from
a given theoretical or experimental analysis. This derived gA can be called
the effective gA so that from (1) one obtains for its value

geff
A = qgfree

A . (3)

This effective value of gA for β decays will be studied below in several dif-
ferent contexts.

2. Quenching of gA in Gamow–Teller β decays

Gamow–Teller decays are mediated by the Pauli spin operator σ [16] and
they thus change the initial nuclear spin Ji by one unit. In the renormal-
ization studies, the simplest Gamow–Teller transitions are selected, namely
the ground-state-to-ground-state ones. Traditionally, the renormalization of
the axial-vector coupling strength has been studied in the framework of the
interacting shell model (ISM) in a number of calculations of the Gamow–
Teller β decays of very light (p-shell), light (sd-shell), and medium-heavy
(pf -shell and sdg-shell) nuclei. In these calculations, it appears that the
value of gA is quenched. As indicated by the ISM results collected in Ta-
ble I and depicted in Fig. 1, the quenching factor (1) is roughly a decreasing
function of the nuclear mass number A, implying stronger quenching with
increasing nuclear mass.
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TABLE I

Mass ranges and effective values of gA extracted from the works of the last column.

Mass range geff
A Reference

Full 0p shell 1.03+0.03
−0.02 [17]

0p–low 1s0d shell 1.18± 0.05 [18]
Full 1s0d shell 0.96+0.03

−0.02 [19] (see also [20])
1.0 [21]

A = 41–50 (1p0f shell) 0.937+0.019
−0.018 [22] (see also [20])

1p0f shell 0.98 [21]
56Ni 0.71 [21]
A = 52–67 (1p0f shell) 0.838+0.021

−0.020 [23]
A = 67–80 (0f5/21p0g9/2 shell) 0.869± 0.019 [23]
A = 63–96 (1p0f0g1d2s shell) 0.8 [24]
A = 76–82 (1p0f0g9/2 shell) 0.76 [25]
A = 90–97 (1p0f0g1d2s shell) 0.60 [26]
100Sn 0.52 [21]
A = 128–130 (0g7/21d2s0h11/2 shell) 0.72 [25]
A = 130–136 (0g7/21d2s0h11/2 shell) 0.94 [27]
A = 136 (0g7/21d2s0h11/2 shell) 0.57 [25]

g A
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Fig. 1. Ranges of averaged effective values of gA from the pnQRPA calculations
(light-hatched regions) plotted against the ISM results of Table I. The ISM results
come from [24] (Honma et al.), [25] (Caurier et al.), [26] (Juodagalvis et al.), [23]
(Kumar et al., dark-hatched regions), and [21] (Siiskonen et al.).
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In Fig. 1, the ISM results are contrasted against those obtained by the
use of the proton–neutron quasiparticle random-phase approximation (pn-
QRPA) in [28–30] (see also [31]). The pnQRPA results constitute the light-
hatched regions in the background of the ISM results. The hatched regions
are indicative of the effect of the leading proton–neutron configurations that
change from one region to the other. For example, a displacement is seen
between A = 70–78 where the dominating proton–neutron configuration of
the nuclear wave functions shifts from the 1p orbitals to the 0g orbitals. As
can be seen in the figure, the ISM results and the pnQRPA results are in
surprisingly good agreement with each other, considering the quite different
bases of these two different many-body frameworks.

3. Quenching of gA in forbidden unique β decays

The forbidden unique β transitions are the simplest ones that medi-
ate β decays between nuclear states with angular-momentum difference ∆J
larger than 1. In particular, if one of the states is a 0+ state, then for a Kth

forbidden (K = 1, 2, 3, . . .) unique beta decay, the angular momentum of the
other involved state is J = K + 1. At the same time, the parity changes in
the odd-forbidden and remains the same in the even-forbidden decays [16].
The change in angular momentum and parity for different degrees of forbid-
denness of the unique transitions obeys the simple rule

(−1)∆Jπiπf = −1 . (4)

In fact, also the Gamow–Teller decays obey rule (4) if one of the involved
nuclear states has the multipolarity 0+.

The forbidden unique beta transitions relate to the possible quenching
of these intermediate multipole transitions in the GT-type of 0νββ NME.
In a simplistic approach, this quenching can be condensed into an effective
axial coupling, geff

A,0ν , multiplying the 0νββ GT-type of NME

M
(0ν)
GTGT =

(
geff

A,0ν

)2∑
Jπ

(
0+

f ||O
(0ν)
GTGT(Jπ)||0+

i

)
, (5)

where O(0ν)
GTGT denotes the transition operator mediating the 0νββ transition

through the various multipole states Jπ, 0+
i denotes the initial ground state,

and the final ground state is denoted by 0+
f . The effective axial coupling

relevant for 0νββ decay is denoted as geff
A,0ν to emphasize that its value may

deviate from the one determined in single β and 2νββ decays. The virtual
transitions corresponding to the A = 116 case are depicted in Fig. 2.
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Fig. 2. The 0νββ decay of 116Cd to 116Sn via the virtual intermediate states in
116In. The transitions between 116Cd (116Sn) and 116In constitute the left-leg
(right-leg) transitions.

The remarkable feature of Eq. (5) is that the effective axial coupling
strength is raised to 2nd power making the value of geff

A,0ν play an extremely
important role in determining the 0νββ-decay rate which is (neglecting the
smaller double Fermi and tensor contributions) proportional to the squared
NME and thus to the 4th power of the coupling

0νββ − rate ∼
∣∣∣M (0ν)

GTGT

∣∣∣2 = g4
A,0ν

∣∣∣∣∣∑
Jπ

(
0+

f ||O
(0ν)
GTGT(Jπ)||0+

i

)∣∣∣∣∣
2

. (6)

3.1. First-forbidden unique β decays

The first-forbidden unique β transitions are mediated by a rank-2 (i.e.
having angular-momentum content 2) parity-changing spherical tensor op-
erator. In the quenching studies, it is advantageous to use the simplest
first-forbidden transitions, namely the ground-state-to-ground-state ones. In
Fig. 3, there are depicted the first-forbidden unique ground-state-to-ground-
state β− and β+/EC transitions between even–even 0+ and odd–odd 2−

ground states in the A = 84 Ge–As–Se and A = 82 Se–Br–Kr isobaric
chains. Shown is the lateral feeding from a middle odd–odd nucleus to adja-
cent even–even ground states. In the figure, the transition NME is denoted
by ML (MR) in the case it is to the left (right) of the central nucleus.
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Fig. 3. First-forbidden unique beta decays in the A = 76 Ge–As–Se and A = 82

Se–Br–Kr isobaric chains.

In [32], 19 first-forbidden unique ground-state-to-ground-state β-decay
transitions were studied. The interesting transitions are the ones where
both ML and MR NMEs are known experimentally. In this case, one can
use the geometric mean

M̄GT =
√
MLMR (7)

of the left and right NMEs in the analysis, making the analysis more stable.
The obtained values in [32] were

geff
A ≈ 0.57 (8)

for the effective axial-vector coupling strength using the pnQRPA wave func-
tions. The average of the values of the leading two-quasiparticle NMEs gives
in turn

geff
A (2qp) ≈ 0.23 , (9)

implying the ratio

k =
M̄pnQRPA

M̄qp
= 0.4 (10)

and thus a drastic nuclear many-body effect when going from the two-
quasiparticle level of approximation to the pnQRPA level. The 2qp-NME
to pnQRPA-NME comparison offers a clean separation between the nuclear-
medium effects and the nuclear-model effects, the nuclear-model effect being
responsible for the (in this case large) shift in the values of the NMEs.

4. Higher-forbidden unique β decays

The 0νββ decays proceed via virtual intermediate states of all multipo-
larities Jπ due to the multipole expansion of the Majorana-neutrino propa-
gator (see, e.g., [2, 4, 33–38]). In [39], 148 potentially measurable second-,
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third-, fourth-, fifth-, sixth- and seventh-forbidden unique beta transitions
were studied. The aim of the work [39] was to shed light on the magni-
tudes of the NMEs corresponding to the high-forbidden unique 0+ ↔ Jπ =
3+, 4−, 5+, 6−, 7+, 8− virtual transitions taking part in neutrinoless double
beta decay, as shown in Fig. 2.

In [39], the ratio k of the NMEs, calculated by the pnQRPA, MpnQRPA,
and a two-quasiparticle model, Mqp, was studied and compared with earlier
calculations for the allowed Gamow–Teller 1+ [28] and first-forbidden spin–
dipole (SD) 2− [32] transitions. Based on this comparison, the expected half-
lives of the studied β-decay transitions were obtained, one example being
the expected half-lives of fourth- and seventh-forbidden β decays shown in
Fig. 4.

136
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−β−) =

(2.20± 0.06)× 1021 a 2.2(8) × 1032 a

t1/2(EC) =
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Fig. 4. Predicted half-lives and their error estimates (in parentheses) for β− and
EC (electron-capture) transitions in the isobaric chain A = 136. The spin-parity
assignments, decay energies (Q values) and life-times of the nuclear ground (gs)
and isomeric (isom) states are experimental data and taken from [40]. The 2νββ

half-life is taken from [41]. In addition to the half-lives, the degree of forbiddenness
and the leading single-particle transition are shown.

Based on the analysis of [39], the ratio k is, in the gross, independent
of the degree of forbiddenness and thus the (low-energy) forbidden unique
contributions [obeying the simple rule (4)] to the 0νββ NME (6) should
be roughly uniformly quenched. If these conclusions can be generalized to
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include also the non-unique β transitions, obeying the rule

(−1)∆Jπiπf = +1 , (11)

one can then speak about an effective axial coupling, geff
A,0ν , in front of the

0νββ NME in (5), at least for “low” excitation energy in the intermediate
nucleus, “low” being still an undefined notion that has to be investigated in
future works.

5. Quenching of gA in forbidden non-unique β decays

The shape functions of forbidden non-unique beta decays are complicated
combinations of different NMEs and phase-space factors. Furthermore, their
dependence on the weak coupling strengths gV (vector part) and gA (axial-
vector part) is very non-trivial. In fact, the shape factor C(we) can be
decomposed into vector, axial-vector and mixed vector-axial-vector parts in
the form of [42]

C(we) = g2
VCV(we) + g2

ACA(we) + gVgACVA(we) . (12)

In [42], it was proposed that the shapes of β-electron spectra could be
used to determine the values of the weak coupling strengths by comparing
the computed spectrum with the measured one for forbidden non-unique
β decays. This method was coined the spectrum-shape method (SSM). In
this study, also the next-to-leading-order corrections to the β-decay shape
factor were included. In [42], the β-electron spectra were studied for the
4th-forbidden non-unique ground-state-to-ground-state β− decay branches
113Cd(1/2+) → 113In(9/2+) and 115In(9/2+) → 115Sn(1/2+) using the mi-
croscopic quasiparticle-phonon model (MQPM) [43] and the ISM.

The work of [42] was extended in [44] to include an analysis made by us-
ing a third nuclear model, the microscopic interacting boson–fermion model
(IBFM-2) [45]. It was noticed that the β spectrum shapes of both transitions
are highly sensitive to the values of gV and gA, and hence comparison of the
calculated spectrum shape with the measured one opens a way to determine
the values of these coupling strengths. As a by-product, it was found that
for all values of gA, the best fits to data were obtained by using the canonical
value gV = 1.0 for the vector coupling strength. A striking feature of the
SSM analysis was that the three models yield a consistent result, gA ≈ 0.92,
when the SSM is applied to the available experimental β spectrum [46] of
113Cd. The result is illustrated in Fig. 5, where the three curves overlap
best at the values geff

A = 0.92 (MQPM), geff
A = 0.90 (ISM), and geff

A = 0.93
(IBFM-2).
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Fig. 5. Comparison of the computed β spectra of 113Cd with the experiment. The
next-to-leading-order corrections to the shape factor have been included, and only
the best matches are shown in the figure. The canonical value gV = 1.0 is used for
the vector coupling strength. The areas under the curves are normalized to unity.

The works [42, 44] were continued by the works [47] and [48], where
the evolution of the β spectra with changing value of gA was followed for
a number of highly-forbidden β− decays of odd-A nuclei (MQPM and ISM
calculations) and even-A nuclei (ISM calculations). In Fig. 6, a compar-
ison of the MQPM (left panel) and ISM (right panel) calculations [48]
for the β spectrum of the second-forbidden non-unique decay transition
99Tc(9/2+)→ 99Ru(5/2+) is shown. There is clear sensitivity to the value
of gA. Remarkably, the spectrum shapes computed by the two nuclear mod-

Fig. 6. (Color online) Normalized electron spectra for the second-forbidden non-
unique ground-state-to-ground-state β− decay of 99Tc as computed by using the
MQPM (left panel) and the ISM (right panel). The value gV = 1.0 was assumed
and the color coding represents the value of gA.
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els agree almost perfectly, giving evidence in favor of the robustness of the
SSM. Experimentally, the branching to this decay channel is practically
100% so that the β spectrum is potentially well measurable.

6. Conclusions

The issue of gA renormalization is far from being solved and lacks a
unified picture thus far. There is not yet a coherent effort to solve the
issue, but rather some scattered attempts here and there. The most critical
issue may be the nuclear many-body deficiencies that hinder a quantitative
assessment of the nuclear-medium effects in light, medium-heavy and heavy
nuclei. Only gradually this state of affairs will improve with the progress in
the ab initio nuclear methods extendable to nuclei beyond the very lightest
ones. The hope is that in the future the different studies would point to
one common low-energy renormalization of gA for the β decays and that we
would have some idea about the renormalization mechanisms at work in the
case of the neutrinoless ββ decays.

In a promising new method, the spectrum-shape method, the compari-
son of the computed and measured β spectra of high-forbidden non-unique
β decays is exploited. The robustness of the method is based on the ob-
servations that the computed spectra seem to be relatively insensitive to
the adopted mean-field and nuclear models. Measurements of such electron
spectra for certain key transitions are encouraged. Also the relation of the
quenching of the Gamow–Teller strength and forbidden unique β transitions
is pointed out.

This work was supported by the Academy of Finland under the Finnish
Center of Excellence Program 2012–2017 (Nuclear and Accelerator Based
Program at JYFL)
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