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For over 30 years, a ~20% deficit, now exceeding 5o, has persisted between measured and predicted
neutrino capture rates on ''Ga, as observed in radioactive source experiments (namely GALLEX, SAGE,

and more recently BEST) using >'Cr and 3’Ar. This long-standing discrepancy, referred to as the gallium
anomaly, has posed a significant challenge to our understanding of both experimental methods and
theoretical predictions. In this Letter, we revisit the theoretical calculation of the neutrino capture cross
section by moving beyond the standard treatment of the leptonic wave functions, revealing limitations in
the commonly used factorization approach based on the detailed balance principle. Incorporating
phenomenologically constrained Gamow-Teller transition densities, able to correctly reproduce the
precisely measured half-life of 7'Ge, we find that the revised cross section can be significantly reduced,
potentially resolving the gallium anomaly without invoking new physics.
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Introduction—Among the open questions in the neutrino
sector, a particularly persistent and peculiar anomaly is
associated with the response of 71Ga to electron neutrinos,
commonly referred to as the “gallium anomaly” [1,2]. The
anomaly originates from the charged-current (CC) inter-
action v, +''Ga—"'Ge +e~, a reaction historically
exploited for solar neutrino detection. It was originally
observed in the GALLEX [3-6] and SAGE [7,8] calibra-
tion campaigns, which reported measured neutrino capture
rates on ''Ga significantly lower than theoretical expect-
ations when using >'Cr and 3’Ar artificial neutrino sources.
More recently, the BEST experiment [9,10] has further
confirmed and strengthened the anomaly at the ~5¢ level
[11]. Taken together with other short-baseline neutrino
anomalies [12—15], this result has prompted renewed
discussions of possible new physics scenarios beyond
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the standard model [16-26]. However, the simplest and
most considered explanation, consisting of short-baseline
active-sterile neutrino oscillation, is in tension with the
results of reactor antineutrino experiments [14,27-30], with
the solar neutrino bound [31,32], the recent results of
MicroBooNE using accelerator neutrino beams [33] and
the KATRIN neutrino mass measurement [34]. The gallium
anomaly, especially, continues to stand out as a stubborn
inconsistency that seems to call for explanations other than
sterile-neutrino scenarios [35]. Thus, a careful reassessment
of the assumptions underlying the calculation of the
theoretical cross section for the inverse beta decay (IBD)
reaction v, +'! Ga—"! Ge + e~ is in order.

The theoretical prediction of the cross section, initiated
in the foundational work of Bahcall [36], has undergone
several refinements over the years [11,37-42]. Despite
these efforts, a full resolution of the anomaly has remained
elusive. Building upon the framework developed in
Ref. [11], here we extend the theoretical treatment by
critically reassessing the use of the detailed-balance (db)
principle [43—45]. Under microscopic reversibility (time-
reversal invariance), the latter relates a process and its
inverse once phase-space and spin-degeneracy factors are
properly included. This symmetry has historically allowed
hard-to-predict rates to be inferred from their inverse
reactions. However, in high-precision applications,
uncritical reliance on the detailed balance could introduce
biases. In the context of IBD, the detailed-balance approxi-
mation, which assumes a strict correspondence between

Published by the American Physical Society


https://orcid.org/0000-0002-3974-1995
https://orcid.org/0000-0002-6515-5850
https://orcid.org/0000-0002-2571-5067
https://orcid.org/0009-0002-1698-3710
https://orcid.org/0000-0003-2281-4788
https://orcid.org/0009-0003-1854-0339
https://ror.org/03paz5966
https://ror.org/003109y17
https://ror.org/003109y17
https://ror.org/01vj6ck58
https://crossmark.crossref.org/dialog/?doi=10.1103/5pvf-mcr1&domain=pdf&date_stamp=2026-09-24
https://doi.org/10.1103/5pvf-mcr1
https://doi.org/10.1103/5pvf-mcr1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 137, 131805 (2026)

neutrino-induced reactions and electron capture rates [46],
has been so far used assuming a factorization of nuclear and
leptonic matrix elements. Our Letter shows that this
factorization may introduce significant bias in the theo-
retical prediction, even when accurate bound and con-
tinuum lepton wave functions and nuclear dynamics are
accounted for. Our alternative approach aims to provide a
more accurate and self-consistent theoretical framework for
interpreting gallium-based and, more broadly, neutrino CC
interaction experiments, potentially solving the gallium
anomaly without invoking new physics.

Detailed-balance approximation—The ground-state (gs)
IBD cross section for the v, +’! Ga—"! Ge + e~ reaction
is as follows [36,46—48] (please note that natural units with
h = ¢ =1 are adopted throughout):

_ G%‘|Vud|2gf21 Z jEj|HlBD|2B(Ej) (1)
6gs_ﬂ'(2JGa+1) jpe e|llt; e)s

where G denotes the Fermi constant, V,,;, = 0.9743 is the
Cabibbo-Kobayashi-Maskawa matrix element [49], and
gy = 1.2764 is the axial-vector coupling [50]. Here, the
emitted electron’s momentum and energy are indicated by
p. and E,, respectively, Jg, = 3/2 is the nuclear spin of the
ground state of 7'Ga, and H'BP is the IBD process transition
amplitude. The sum spans all possible electron energies El,
each weighted by the branching ratio B(EJ) of the neutrino
source.

Following the detailed-balance principle, as discussed in
Ref. [11], 64 can be determined exploiting the nearly exact
inverse process, namely the e, + ' 'Ge — 'Ga+v,
electron capture (EC), taking advantage of the well-deter-
mined half-life 7, , of "'Ge [51-54]. Under this assumption,
the IBD cross section is given by [36,37,46—48]
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where Jg. = 1/2 is the nuclear spin of the ground state of
"1Ge, while fpc is the phase space factor for an allowed
electron capture and depends mainly on the 1s shell bound
electron wave function [46,47]. Finally, F(E,, Z, ry) is the
Fermi function [55], which corrects for the distortion of
the outgoing electron wave function mainly due to the
Coulomb potential of the daughter nucleus, with Z being
its atomic number while ry is often selected as the
origin, ro = 0.

Invoking the detailed-balance principle is useful to avoid
the complicated calculation of H'BP, which requires knowl-
edge of both the leptonic wave functions, y, and the nuclear
ones, ¥, namely

HE = [ o) g 0wl (0P, (). (3)

with A denoting the Gamow-Teller (GT) Hamiltonian. In
order to do so, the approximation that the leptonic wave
functions, w,,(r), can be factorized out is necessary,
invoking the fact that they are expected to be almost
constant within the nuclear environment. This allows
one to isolate the IBD nuclear matrix element, MBP after
factorizing the lepton and nuclear parts,

HI oyl (ro )yl () / Wi (0) B Wng, (r)dr
= wi(ro)yfi(ro)ML%?. (4)

Exploiting the detailed-balance principle, the IBD nuclear
matrix element can be equated with that of the inverse
reaction, namely

db
M P= Ml (5)

The advantage of this procedure lies in the fact that the
latter can be easily extracted from the averaged measure-
ment of the germanium half-life /75 = 11.465 +0.003 d
[11,51-54].

In Ref. [11], we performed a comprehensive evaluation
of the IBD ground-state cross section under the detailed-
balance framework using this factorization procedure,
implementing, for the first time, nuclear-density-averaged
electron wave functions for both the IBD and EC processes.
For these calculations, we developed a dedicated numerical
tool based on the RADIAL package [56], which has been
cross-checked with other available tools like, e.g., GRASP
[57], enabling precise evaluations of both bound and
continuum electron wave functions for finite-size nuclei.
While doing so, we incorporated the most recent inputs,
including the measurement of the ’'Ge nuclear charge
radius [58], updated atomic-shell capture probabilities
[52,59], and the revised Q value of the transition [60].
Despite these improvements, a significant anomaly
remains: namely, 4.76(5.50) depending on the excited-
state contribution that is considered [61,62].

Beyond the factorization scheme—In this Letter, we
stress that separating the leptonic wave functions from
the nuclear part is rigorously justified only in the limit
where the leptonic wave functions can be treated as
spatially constant over the nuclear volume. Once this
approximation is relaxed, the amplitude no longer factor-
izes into a purely nuclear matrix element times a leptonic
factor: the leptonic radial functions remain inside the
nuclear-volume integral, so an isolated M!ED cannot be
defined as in Eq. (4). As a consequence, the detailed-
balance relation invoked in Eq. (5) cannot be applied in its
standard form to map the IBD nuclear matrix element onto
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that extracted from EC. Moreover, electron capture is not
the exact time-reversed process of neutrino capture, most
notably because it involves a bound initial-state electron
rather than an outgoing continuum electron, so '8P cannot
be simply inferred from the EC decay rate.

We can overcome this limitation by having in hand the
exact radial solutions of the Dirac-Hartree-Fock-Slater
equation for the electron wave function and avoiding
factorization. In this sense, one should reconsider the full
matrix element in Eq. (3), and notice that a more accurate
treatment should account for the dependence of the full
IBD transition amplitude on the so-called weak transition
density, prp(r), defined as

prp(r) = T:IGe(r)HGTlP”Ga(r)' (6)

The latter describes the part of the nuclear wave functions
involved in the transition process, effectively converting a
neutron into a proton. This allows for a more rigorous
integration of the leptonic contribution with the nuclear
matrix element, without the need to separate the two.
Without invoking the db principle, the ground-state IBD
cross section reads as in Eq. (1). Writing out the Gamow-
Teller Hamiltonian Hgp, for the specific 7'Ga — 7'Ge
process, as well as the leptonic wave functions, we can
recalculate the full transition amplitude in Eq. (3) readapt-
ing the formalism developed for the f-decay process in
Refs. [63-66]. Retaining only the dominant axial-spatial
component relevant for an allowed transition, one gets

[HEPP = (4x)* (|11 + |12), ()

where

= [ dr (o) o (intar) + 5120t
)

and

L= [ dr o[ f0ian -0 0ian]. - ©

with j, and j; being the spherical Bessel functions of order
0 and 1, respectively, describing the neutrino wave func-
tions and ¢ the neutrino momentum. Furthermore, g, (7)
and f.(r) are the large and small Dirac electron wave-
function radial components, respectively, for a given
eigenvalue x, which assumes values x = +1 for allowed
decays, as defined in Ref. [66].

This procedure significantly improves the rigor of the
neutrino-induced cross-section calculation. However, it
requires a precise knowledge of the transition density from
nuclear theory. Unfortunately, a first-principles calculation
with controlled uncertainties remains challenging [67].

The same formalism can also be applied to the electron-
capture rate, which is related to the germanium half-life as
[48,59,68-70]

1 _ G%|Vud|2.g/24

— P+ P
= e TA (Bl HECR |1 4 M
5Y0) ftln2(2JGe_|_1>( 2 M [ +

Py
(10)

where E¢ is the neutrino energy corresponding to a 1s shell
electron capture and Py y; x are the experimentally measured
electron-capture probabilities for the L, M, and K shells
[52,59,71]. (Here, as well as in the IBD cross section, we
account for radiative corrections and the weak magnetism
contribution following Ref. [37], despite not being explicitly
written.) Here, HEC is the EC matrix element, which for an
allowed electron capture involving 1s shell electrons,
restricted to the leading axial-spatial component, is

(P2 =\ [ arasron {gl (P)jolar)

2

, (11)

+%fls(r>jl(qr>:|

with g;; and f;, being the large and small bound electron
wave-function radial components. Being the EC transition
density the same as that of the IBD 7'Ga(v,,e™)"'Ge
reaction (up to a trivial overall phase), the EC process
serves as a crucial validity test. Indeed, since the "'Ge half-
life is experimentally well-constrained, any phenomenologi-
cal ptp capable of resolving the gallium anomaly must
simultaneously reproduce the observed germanium half-life.

Here, we assess the impact of the proposed approach
using different data-driven phenomenological parametriza-
tions for the transition density. By constraining these
models to the precisely measured "'Ge half-life, we
demonstrate their potential to resolve the gallium anomaly.

Transition density parametrization—In general, each
transition density parametrization will depend upon a
certain set of parameters O, in addition to the radial
dependence, such that pp(r, ®). We investigate whether
(and which) values of ® can produce transition densities
that lead to a theoretical ground-state cross section that
solves the gallium anomaly, i.e., consistent with the values

of O-Z,I;ICr = (444 +£0.33) x 10 cm? and agg%r =

(5.21 £0.72) x 10~% c¢m?, for the 3'Cr and *’Ar neutrino
sources, respectively. These values have been obtained
averaging the experimental results reported by the
GALLEX, SAGE, and BEST experiments (as listed in
Table IV of Ref. [11]) separately for each neutrino source.
To isolate the ground-state contribution, we subtract the
excited-state component A, ), assigning to it a
conservative uncertainty of £5%. [This value is used to
include both the ~9% contribution obtained from (*He,> H)
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reaction data [62] as well as the possible absence of excited
state contributions.] Based on forward- angle (p,n) scatter-
ing data [61], we adopt the values A, ;) = 5.3% and 5.8%

for the 3!Cr and *’Ar sources, respectlvely.

In this Letter, we tested different parametrizations,
namely a single Gaussian (SG), a double Gaussian
(DG), and two combinations of polynomial powers of r
and Gaussian functions, which we refer to as modified
double Gaussian (mDG) and modified triple Gaussian
(mTG), defined as

3(r. %) = Aer 2,

RS (r,@P0) = Ag=(r=ral'/2 _ po(r=n)*/26
PIDG (1, @MPC) = Are=(rra)’/24 | Bp2e=(r=rn)*/20
/)?SG(F, @mTG) Are” (r—ry)?/2a* + Br e—(r )2/ 2b?

+ C}"3€_<r_r") /2c? , (12)
where the parameters that are fitted for are 5% = {A, r,, a},
OPS ={A,B,a,b,r,,r,}, ©"C = {A B,a,b,r,, r,}, and
"¢ = {A,B,C,a,b,c,r,, 1}, 1.}, respectively.

Here, the radii and standard deviations are expressed in
[fm], while the amplitudes are such that pp is in units of
[fm~3]. The SG and DG forms provide minimal one- and
two-lobe descriptions. The mDG and mTG forms were
introduced as they mimic, in a minimal analytic way, the
typical polynomial-Gaussian structure of products of single-
particle wave functions, as for the case of harmonic-
oscillator radial wave functions [72]. The powers r, r2,
and 3 should therefore not be interpreted as a one-to-one
assignment to specific shell-model orbitals, but as a compact
analytic way of enforcing regular behavior near the origin.

In the fpg valence space [39,73], the dominant p3,, —
P12 component is not the only allowed radial structure by
the GT operator. The latter connects proton and neutron
single-particle components with the same orbital angular
momentum (£), such as fs5, = fs5/5 or go;» = gosp. In
principle, these additional components present in this space
may interfere coherently with the leading contribution and
thereby produce compact nodal profiles, so that the radial
transition density is not sign definite. This possibility is
motivated by the configuration mixing and shell evolution
observed in neighboring Ga and Ge isotopes [74,75] and by
charge-radius systematics indicating shape-polarization
effects in germanium isotopes in the same region [58].
We stress that the mDG and mTG forms should not be
interpreted as microscopic shell-model transition densities.
They are physics-guided phenomenological surrogates
designed to test whether compact, radially structured GT
densities can make the EC and IBD projections differ.
Demonstrating this is the primary goal of the present Letter,
while a microscopic calculation of prp (r) for 'Ga < 7'Ge
is left to future nuclear-structure work.

Fit results—To find the best set of parameters to solve or
alleviate the gallium anomaly, given a certain parametriza-
tion, we perform a fit using the least-squares function

&SP 2
x — (1 +11)045x(O)
Xisp(© +Z< = 5 exp . (13)
Gng
where X = (°!Cr,*’Ar) indicates the neutrino source,

S0g.x is the uncertainty on the corresponding experimental
cross section (considering the aforementioned excited state
contribution), and 5, = 0.003% takes into account the
small uncertainty associated to the free electron wave-
function calculation as detailed in Ref. [11].

To make the model more realistic, we constrain the
Gamow-Teller transition density in Eq. (6) so that it
reproduces the measured "'Ge electron-capture half-life.
In this case, we define the following y:

175 — (14 nm +13) X 112(0) ?
73c(©) = ( :

5[1/2
2 2
FRE
. (14)
5712 5'73

where £’} = 11.465 d and 1, ,(®) is obtained from Eq. (10)

exp

using Eq. (11). Moreover, 67, , = 0.003 d is the uncertainty

on the experimental half-life of 7'Ge, and #, and 75 represent
nuisance parameters with uncertainties §,, = 0.007 and
0y, = 0.005, where the former includes the contribution
due to the exchange and overlap corrections (the effect due to
the neutrino energy and the electron-capture probabilities is
found to be negligible), while the latter takes into account the
uncertainty associated to the bound electron wave-function
calculation as detailed in Ref. [11].

Performing a combined fit, obtained by summing the y>
functions in Eqgs. (13) and (14), one may find a transition
density parametrization that simultaneously reproduces the
experimental half-life of germanium and resolves or alle-
viates the gallium anomaly by reducing the ground-state
cross section up to ~20%. The results of the combined fit
are listed in Table I and the corresponding transition
densities are shown in Fig. 1. In the latter, we also report
the outcome obtained by adopting a two-parameter Fermi
(2pF) shape [76],

polc, a)

2pF
prp (r ©FF) = A~ "+ otoTa’

(15)
i.e., by effectively identifying the weak transition density
with the nuclear electric charge distribution. While this
ansatz may look reasonable at first sight, it is conceptually
unjustified because a charge density is a ground-state
electromagnetic observable, whereas prp is a weak transition
quantity. Notably, even in the case of superallowed Fermi
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TABLE I.  Numerical values of the theoretical IBD ground state cross section oy, >'Cr(©) and o, >’Ar(®) for the 3'Cr and *’Ar
sources, respectively, and of the half-life of "'Ge #/,(©) obtained with the best fit parameter values in the second column for different
transition density parametrizations. For completeness, we report the corresponding y2’s, as defined in Egs. (13) and (14). For

comparison, the experimental IBD ground state cross section and half-life of germanium are aZZﬂlCr[IO‘“ cm?] = 4.44(33),

UZ:%7Ar[10‘45 em?] = 5.21(72), and #{}5[d] = 11.465(3). In the last column we indicate if the corresponding parametrization is able

to solve the gallium anomaly (GA).

6g5.5lCr(®) Ggs.37Ar(®)
Model Best fit parameter values © (107 ecm?]  [107% em?] 11,,(0)[d]  xfsp sic  GA solved
SG {0.00094, —0.005,3.42} 5.27 6.30 11.515 8.68 0.24 No
DG {-0.0231,-0.0802,3.5119, 1.855,2.16,2.16} 442 5.13 11.462  0.014 0.0005 Yes
mDG  {-0.1498,0.3462,1.192,1.3793,2.6192,0.466 405 } 4.50 5.24 11.465  0.037 0.00003 Yes
mTG {3.514009, 4.535 67, —1.5007, 1.9457, 1.3809, 439 510 11463 0044 0.0002 Yes

1.140 85, 0.0029, 0.8595, 1.513}

transitions, where the conserved vector current hypothesis
relates weak and electromagnetic currents, recent theoretical
studies have shown that the charged weak density distinc-
tively deviates from the electric charge distribution, for

T T T T T T T T T T

pro(r) [a.u]

LI S S B B B B
T T T T T B B

amr? pro(r) [a.u.]

L

OTTTTTTTTTT
N
AR
o)}

oo '
N

o

-_—

N

-—

N

r [fm]

FIG. 1. Shape of the transition densities corresponding to the
best fit parameters in Table I from the IBD + EC combined fit for
the single Gaussian (SG), the double Gaussian (DG), the
modified double Gaussian (mDG) and the modified triple
Gaussian (mTG) parametrization, as well as the two-parameter
Fermi (2pF) one. For graphical reasons, the plot is shown in
arbitrary units in order to compare the different results on the
same y scale. The vertical line indicates the box radius of

germanium, Ry, = /5/3Ry,-

instance by exhibiting a more pronounced surface peaking
due to nuclear structure effects [77-79]. Consequently,
relying on the charge distribution to describe the weak
transition density is conceptually unjustified and potentially
inaccurate, a conclusion that holds even more strongly for
Gamow-Teller transitions where no underlying symmetry
relates the two distributions. We therefore include it only as a
benchmark to quantify the impact of this common simplify-
ing assumption. (The most appropriate baseline for a GT
operator is expected to be a surface-peaked transition density
rather than the total charge density. We include the 2pF
charge distribution only as a conventional reference, corre-
sponding to the simplifying assumption underlying the
standard factorized treatment, and not as our best esti-
mate of the physical GT transition density.) We fix
O°PF ={A=0.588,c=4.56fm,a=0.52fm}: ¢ and a repro-
duce the experimental "'Ge charge radius, Ry, = 4.032 &
0.002 fm [58], while A is chosen to match MES, within the
detailed-balance-based approximation. This choice corre-
sponds to the transition-density assumption underlying the
latest IBD cross-section prediction in Ref. [11]; hence, that
prediction is recovered only insofar as prp(r) is taken to
follow the given 2pF 7'Ge charge density. In contrast, when
confronted with our combined constraints, the resulting
ground-state IBD cross section is significantly larger than
the experimental one.

Remarkably, the DG, mDG, and mTG transition den-
sities demonstrate the capacity to fully resolve the gallium
anomaly while strictly satisfying the stringent constraint
imposed by the precise germanium half-life measurements.
This result is intimately connected to the presence of at least
one node in the transition density. Thus, as expected, the SG
does not solve the tension. As clearly visible in Fig. 1, the
DG parametrization extends significantly beyond the ger-
manium nuclear radius. In contrast, both mDG and mTG
resolve the anomaly with compact transition densities
localized around the ordinary nuclear surface region, graphi-
cally indicated by the 2pF curve and by the vertical line.
Therefore, mDG and mTG provide solutions more in line
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with standard nuclear-structure expectations, whereas the
extended DG solution should be regarded only as an
illustrative limiting case. Importantly, the compact mDG
and mTG examples show that the mechanism does not
require anomalously long-ranged transition densities.

A comparable suppression effect has recently been pro-
posed in the context of both p-decay [66,80] and electron
capture processes [81], where the use of refined lepton wave
functions combined with particular weak transition densities
(TDs) was shown to decrease transition rates by up to 40%—
50% in heavy nuclei. These findings lend additional support to
the significant cross-section variations reported in this Letter.

Although the transition densities adopted here are not
unique and rely on specific modeling assumptions, our
primary goal is to provide a proof of principle: we
demonstrate that physically reasonable transition densities
can induce cross-section modifications large enough to
remove the gallium anomaly, without violating the tight
experimental bounds on the germanium half-life. It is
important to emphasize that identifying alternative para-
metrizations or parameter sets capable of mitigating the
anomaly’s statistical significance, even if only partially,
would already constitute a substantial achievement.

As a last remark, we note that under the mechanism
proposed here, the (p,n) charge-exchange data used to
normalize excited-state contributions are referenced to the
ground-state matrix element inferred from electron capture.
If the present scenario is correct, this normalization would
need to be revisited in a dedicated analysis. However, we do
not expect this to qualitatively affect our conclusions. A
quantitative reassessment is left to future work.

Conclusions—In this Letter, we critically reassess the
validity of the detailed-balance principle in relation to the
gallium anomaly, abandoning the usual factorization
between leptonic and nuclear currents in the Gamow-
Teller transition amplitudes for both the inverse beta decay
and the electron capture processes. As the detailed balance
is no longer applicable, the nuclear part of the interaction
can be described by phenomenologically motivated weak
transition densities. By employing exact Dirac-Hartree-
Fock-Slater electron wave functions alongside data-driven
transition densities, we identify different parametrizations
that yield a substantial reduction (~20%) in the charged-
current neutrino capture cross section on ''Ga compared to
previous estimates, while still preserving consistency with
experimental measurements of the electron capture lifetime
on "'Ge. This reduction offers a viable solution to the
gallium anomaly, eliminating the need to invoke beyond
the standard model mechanisms such as sterile neutrinos,
which at the moment are very disfavored in light of the
recent MicroBooNE and KATRIN results.

We emphasize that going beyond the standard factori-
zation approximation by using precise lepton wave func-
tions integrated together with the nuclear transition density
constitutes a necessary but not sufficient condition to

account for the observed reduction of the neutrino-capture
cross section. Such a reduction is achieved only if the
transition density has sufficient radial structure, in particu-
lar at least one sign change. Importantly, the compact mDG
and mTG examples show that the required sign-changing
profile need not be anomalously long-ranged. For these
reasons, we strongly encourage the nuclear physics com-
munity to intensify efforts toward a reliable and accurate
determination of transition densities in these processes,
both theoretically and experimentally.
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