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A series of experiments studying neutrinos from intense radioactive sources have reported a
deficit in the measured event rate which, in combination, has reached a statistical significance
of ~ 50. In this paper, we explore avenues for explaining this anomaly, both within the
Standard Model and beyond. First, we discuss possible biases in the predicted cross section
for the detection reaction v, + "'Ga — e~ + "' Ge, which could arise from mismeasurement
of the inverse process, "' Ge decay, or from the presence of as yet unknown low-lying excited
states of "' Ga. The latter would imply that not all ! Ge decays go to the ground state of "' Ga,
so the extraction of the ground state-to-ground state matrix element relevant for neutrino
capture on gallium would be incorrect. Second, we scrutinize the measurement of the source
intensity in gallium experiments, and we point out that a ~ 2% error in the branching ratios
for ' Cr decay would be enough to explain the anomaly. Third, we investigate the calibration
of the radiochemical germanium extraction efficiency as a possible origin of anomaly. Finally,
we outline several new explanations beyond the Standard Model, including scenarios with
sterile neutrinos coupled to fuzzy dark matter or to dark energy, as well as a model with
decaying sterile neutrinos. We critically assess the viability of these scenarios, and others
that have been proposed, in a summary table.

Contents

1. Introduction

2. Detection: The Cross Section for Neutrino Capture on Gallium-71

2.1. The Measured Germanium-71 Decay Rate
2.2. Germanium-71 Decay to New Excited States of Gallium-717

3. Source: Chromium-51 Branching Ratios
4. Calibration of the Radiochemical Germanium Extraction Efficiency

5. Ideas Beyond the Standard Model

5.1. Sterile Neutrinos Coupled to Fuzzy Dark Matter or Dark Energy
5.2. A Decaying Sterile Neutrino

6. Conclusions

References

2 vedran.brdar@cern.ch

b julia.gehrlein@cern.ch
¢ jkopp@cern.ch

16

18

20


mailto:vedran.brdar@cern.ch
mailto:julia.gehrlein@cern.ch
mailto:jkopp@cern.ch

1 INTRODUCTION

Neutrino detection using the reaction v, + "Ga — e~ + "'Ge has an eventful history: the
GALLEX experiment was the first to achieve a measurement of the solar pp neutrino flux in 1992
[1, 2] using this method, followed shortly thereafter by the SAGE experiment [3]. SAGE — the
“Soviet—American Gallium Experiment” — was also seen as demonstrating the power of scientific
collaboration in building bridges between politically antipodal countries. Later, SAGE was caught
in the crossfire of the Chechen war, with skirmishes taking place directly outside its host laboratory
near Baksan, Russia. Currently, a new gallium-based neutrino detector is operating in that same
laboratory: carrying the assertive name “BEST” (Baksan Experiment for Sterile Transitions),
the goal of this experiment is to probe a purported ~ 20% flux deficit of neutrinos from intense
radioactive sources. Such a deficit had been reported in measurements carried out in GALLEX
and GNO, albeit with a combined statistical significance of only < 3¢ [4-14]. Intriguingly, BEST
has recently confirmed this result, dubbed the “gallium anomaly”, at the > 40 level [15-18]. The
current status of the discrepancy, commonly expressed through the ratio of the number of measured
to predicted events, is R = Nmeas/Npred = 0.803 = 0.035.

One explanation that has been put forward for the gallium anomaly is mixing between active
neutrinos and hypothetical sterile states [9, 10]. In fact, for some time, reactor experiments ap-
peared to support this hypothesis by reporting a similar deficit [19-27]. More recently, however,
it has emerged that the apparent deficit in the reactor neutrino flux was most likely caused by
imperfections in the measured beta spectra from nuclear fission that are used as input to reactor
neutrino flux calculations [28-31].

It is therefore more imperative than ever to search for explanations of the gallium anomaly
within the Standard Model (SM). This is the main goal of the present paper. We will discuss
several attack vectors, in particular the measured "'Ge decay rate which serves as input to the
calculation of the v, + "'Ga cross-section (Section 2), the calorimetric measurement of the source
intensity (Section 3), and the calibration of the radiochemical germanium extraction efficiency
(Section 4). While, at face value, none of these potential single points of failure can be responsible
for the anomaly, our study quantifies the degree to which supporting measurements would need
to be off to resolve it. In the second part of the paper (Section 5), we explore what it would take
to explain the gallium anomaly in scenarios beyond the Standard Model (BSM). We entertain the
possibility that resonant active-to-sterile neutrino conversion, driven by sterile neutrino couplings
to a fuzzy dark matter (DM) condensate or to dark energy, efficiently depletes electron neutrinos
at the energies relevant to gallium experiments using a °'Cr source. In addition, we elaborate
on scenarios where sterile neutrinos with eV-scale mass are produced but quickly decay to active
neutrinos. We conclude in Section 6 with a comprehensive summary table that also encompasses
other BSM explanations from the literature.

2 DETECTION: THE CROSS SECTION FOR NEUTRINO CAPTURE ON
GALLIUM-T71

Already after the first anomalous measurements of the neutrino capture rate in radioactive
source experiments, the cross-section, o (v, + 1 Ga) for the detection process

ve+ 1Ga = e + "Ge, (1)

has been called into question [8]. o (v, + "*Ga) has been thoroughly studied by Bahcall [32] and
Haxton [33] (see also refs. [13, 34, 35]), and more recently by Barinov et al. [36] as well as Semenov
[37]. There are two contributions: transitions to the ground state of "'Ge (for which the nuclear



matrix element is the same as for the well-studied inverse process, electron capture decay of "'Ge)
and transitions to excited states of "' Ge, which can only be calculated theoretically, with sizeable
uncertainties. Crucially, the anomaly persists even when the latter contribution is set to zero [18].

The most important ingredient for the prediction of o (v, + "' Ga) is therefore the measured "' Ge
half-life. In the following, we discuss the robustness of this measurement.

2.1 The Measured Germanium-71 Decay Rate

The most precise and comprehensive measurement of the "' Ge half-life dates back to Ref. [38],
published in 1985. In that reference, six different measurements were carried out, using two different
experimental techniques, and all yielding consistent results. The adopted value for the "' Ge half-life
is

Ty /5(" Ge) = 11.43 £ 0.03 days . (2)

To fully explain the gallium anomaly, this value would need to be larger by at least 2days (670),
and a reduction of its significance to below 3¢ would still require an increase of Tj /2(71(}6) by
about one day (330) [18].

"LGe decays via electron capture from the K, L, or M shell, so the only observable signal are
the X-rays emitted when the electron shell of the nucleus relaxes after the decay, plus possible
additional photons from internal bremsstrahlung. As Ref. [38] is very concise, it is difficult to
assess in detail the robustness of the measurements reported there. We outline here a few potential
pitfalls that may be worth checking, even though the authors of Ref. [38] were likely aware of them.

1. The measurement from Ref. [38], which is the most precise one to date, disagrees with other,
previous measurements. This has been previously emphasized in Ref. [39]. Two publications
dating back to the 1950s have reported half-lives of 12.540.1 days [40] and 10.540.4 days [41],
respectively,! and a third measurement from 1971 has resulted in a value of 11.1540.15 days
[42]. These statistically significant discrepancies have never been explained, though the two
more recent measurements (Refs. [38, 42]) are in agreement with each other at the 1.90 level.
It is noteworthy that if we took the half-life from Ref. [40] at face value, the significance of
the gallium anomaly would be reduced to < 3o [18].

2. The fact that precision measurements of electron capture decays in general and of "' Ge decay
in particular are challenging is highlighted by the reported evidence for a 17keV neutrino in
this decay [43]. The infamous and ill-fated 17keV neutrino had first been “discovered” in
1985 in tritium beta decay studies [44, 45], but the fact that it was falsely “confirmed” using
the internal bremsstrahlung spectrum in "*Ge decays [43] is certainly a testament to the
difficulty of such measurements. (One may argue, though, that a measurement of a decay
rate is less error-prone than an investigation of internal bremsstrahlung spectra.)

3. One could speculate whether cosmic rays, or cosmic ray-induced radioactive decays, could
mimic the "'Ge decay signal, leading to a spuriously large decay rate measurement. The
authors of Ref. [38] comment on possible radioactive impurities, but judge them to be irrel-
evant. (They do not explicitly comment on radioisotopes produced during the measurement
campaign.) Spurious events due to cosmic ray activity would alter the shape of the decay
curve. In particular, the extracted instantaneous decay rate would not asymptote to zero in

! We have been unable to access Ref. [41], neither online nor via the University of Uppsala library, therefore we rely
here on the results from that reference quoted in the literature.
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FIG. 1. Statistical significance of the gallium anomaly as a function of the "'Ge half-life, T} /2 ("Ge), and
the fraction of "' Ge decays ending up in the ground state of "'Ga, £&. The 1o, 30, 50, and 60 regions are
shown as colored bands. The measurement of T} 5("*Ge) from Ref. [38] is included as a black vertical line,
and the 1o confidence intervals from previous measurements of this quantity are shown in gray (see text for
a discussion of the discrepancies between these measurements). For parameter points within the green band,
the anomaly is fully resolved; we see that this would require either £ to be ~ 20% smaller than previously
thought, or the measured half-life to be off by a similar amount (2-3 days).

this case. Ref. [38] does not provide enough information to judge if such deviation appears
in the data, but it is clear that an effect as large as required to explain the gallium anomaly
would not have gone unnoticed.

2.2 Germanium-71 Decay to New Excited States of Gallium-717

It is generally assumed that electron capture in "' Ge goes to the ground state of the daughter
nucleus, "'Ga. In fact, the lowest-lying known excited state of 'Ga has an energy of 389.94 =+
0.03keV, which is above the Q-value of ' Ge decay, 232.49 + 0.22keV [46].

Here, we speculate on the possibility that there is an additional, yet undiscovered, low-lying
excited state of 'Ga. If a ~ 20% fraction of "' Ge went into this state, the nuclear matrix element
for ground state-to-ground state transitions (which enters the calculation of o(v. + "*Ga)) would
have been overestimated by the same amount. Correcting for such a bias could resolve the gallium
anomaly. Of course, it is unclear how the existence of such an excited state could have been missed,
when the state at ~ 390keV has been observed in numerous nuclear reactions, including "' Ge decay
[46].

In Fig. 1 we show the statistical significance of the gallium anomaly as a function of T} /2(71 Ge)
(the ™Ge half-life) and ¢ (the fraction of 'Ge decays that go to the ground state of "'Ga).
Our estimates are based on the cross-section calculations by Bahcall [32], and on the statistical
procedure proposed by Giunti et al. in Ref. [39] (with a small modification described below). More



precisely, we define the test statistic

fuazny{§j<ﬁfégﬁf+xﬂ, 3

exp

where R is the fitted ratio between the observed and predicted event rates, Rexp is the mea-
sured value of this ratio in a particular experiment denoted by the subscript “exp”, AReyp is the
corresponding uncertainty, and exp € { GALLEX-1, GALLEX-2, SAGE-Ar, SAGE-Cr, BEST-inner,
BEST-outer}. The nuisance parameter 7 accounts for the cross-section uncertainty which is corre-
lated between experiments. The philosophy here is that R is the ratio of measured and predicted
event rates in a particular scenario (possibly including new effects like the ones described here, or
BSM physics), normalized to the SM prediction assuming the central value from the Bahcall model
for the neutrino—gallium scattering cross-section. n parameterizes the wiggle room in the pre-
dicted event rate afforded by the cross-section uncertainty. Note that the values for ARy, quoted
by the experimental collaborations (except SAGE-Cr) include the systematic uncertainty in the
neutrino-gallium cross-section (based on Bahcall’s cross-section calculation). As we include this
uncertainty separately through 1 we need to remove it from ARy, to avoid double-counting. We
do so by replacing ARey, with [ARgxp — (Rexp X AoBanhcall/ JBahcaH)Q]l/ 2. The nuisance parameter
n is constrained by the pull term?

2
(1=n)opancan —
2 ( AO'Bahcall for "7 - T]Crlt 9 4
X"7 - OBahcall “0gs 2 + (1-n) JBahcaH*(UBahcall*Ugs) 2 for < ) ( )
AoBancall Adgs n Tlerit, -

The first line of this expression is a standard pull term that constrains the nuisance parameter to
remain within the stated uncertainty, Acpancall, Of the cross section calculated by Bahcall, ogancai-
This uncertainty is dominated by the uncertainty in the excited-state cross-section o(v 4 "'Ga —
e+ Ge*). However, since this contribution to the total cross-section cannot be less than zero,
it is inappropriate to use its uncertainty at small n. In that regime, the first term in the second
line of Eq. (4) accounts for the bias in the excited-state cross-section needed to set it to zero,
and the second term constrains any additional bias to be within the much smaller uncertainty
Aogs of the ground-state cross-section, ogs. The critical value, 7, is determined by equating the
expressions in the first and second line of Eq. (4). It is simply 7crit = 0gs/0Bahcall. The numerical
values of the parameters appearing here are oz = 5.539 X 10~ cm?, Aogs = 0.019 x 1074 cm?,
OBahcall = 9.81 X 10~4 cm2, AoBaheall = 0.16 x 10~% c¢m? [39]

In order to account for a possible bias in the measurement of Tj /2(71 Ge) and for the possible
existence of excited states in "'Ga, we rescale both Rexp and AReyp in Eq. (3) by a factor

Ty \7!

1+0.051) x { 0.051 —_—— 5)
(1 0051) (0051 + € 7t ) )
where 0.051 represents the contribution from the transition into the excited states of "'Ge (this
number is also obtained in [39]) and TIH/IQ{ is the standard value of the germanium lifetime from the

measurements by Hampel and Remsberg [38], quoted in Eq. (2).
Figure 1 confirms that, with the most recent measurements of T /2("'Ge) [38] and with the
standard assumption & = 1, the significance of the gallium anomaly is ~ 50. The plot also illustrates

2 While this is a consistent approach in searches for BSM physics, one could argue that it is not quite appropriate
when we consider modifications to the event rate due to changes in T1/2(71Ge) or £ because by postulating such
changes we effectively claim that the estimate for the amount of wiggle room, AoBahcan, which enters Eq. (4) is
incorrect.



the conclusions from Section 2.1, namely that the statistical significance would be reduced to below
1o if the true half-life were larger, T} /2(71 Ge) ~ 14 days. Finally, we clearly observe how a reduction
of ¢ has the same effect. If only 80% of the "'Ge decays contributing to the event sample in Ref. [38]
were ground state-to-ground state decays, the gallium anomaly could be explained.

Given that the main purpose of the gallium experiments GALLEX and SAGE was the mea-
surement of the solar pp neutrino flux at the 10% level, a reduction of the neutrino capture cross
section on gallium would impact this measurement as well [47-50]. In particular, a decrease of
the cross section by ~ 20%, as suggested by the gallium anomaly, would lead to a commensurate
increase in the extracted pp neutrino flux, in potential tension with the tight constraints on this
flux from the observed total luminosity of the Sun [50]. However, the tension would only be at
the ~ 20 level, so solar neutrino measurements are not in statistically significant conflict with the
possibility that the neutrino capture cross section on "'Ga is smaller by ~ 20%. This conclusion
does not change when the more recent measurement of the solar pp neutrino flux by Borexino is
included [51].

3 SOURCE: CHROMIUM-51 BRANCHING RATIOS

A second crucial ingredient in the experiments at the origin of the gallium anomaly is the
prediction of the neutrino flux emitted by the source. Most experiments to date have employed
a %1Cr source, which is produced by neutron irradiation of chromium metal enriched in *°Cr [52].
’1Cr decays via electron capture,

lCr4+e” =2V 4, (6)

with a half-life of 27.704 4 0.004 days [53]. Only SAGE has also used an 37Ar source (electron
capture decay to 37Cl, T} /2 = 35.011 4 0.019 days [54]). However, this measurement plays only a
subdominant role in the overall evidence for a neutrino deficit and hence we focus here on °'Cr
sources.

The source intensity in these experiments is measured calorimetrically [55], and since the decay
is via electron capture, the main heat sources are X-rays from the de-excitation of the electron
shell and gamma rays from the de-excitation of the daughter nucleus, with the latter contribution
dominant by far. In fact, ~ 10% of all ®’Cr decays populate the first excited state of >V at
320.0835 £ 0.0004 keV instead of the ground state. And as almost all the heat production comes
from the ~ 320keV de-excitation gamma rays, we see that the measurement of the source intensity
is based on only ~ 10% of all decays. In other words, if the true branching ratio for decays to the
excited state, BR™¢ = BR(*!Cr — 51V*), was larger by only ~ 2%, the source intensity would
have been overestimated by ~ 20%, enough to explain the gallium anomaly.

This is illustrated in Fig. 2, which shows the significance of the anomaly as a function of BR*¢
on the horizontal axis, and the energy of de-excitation gamma, E,, on the vertical axis. This plot
is based on an analysis similar to the one underlying Fig. 1 above (see again Eq. (3)), but with
Rexp and AReyp, rescaled by

BR™E,, + 5.03keV @
36.75keV

In the denominator of this expression, 36.75 keV is the average total visible energy output per ' Cr
decay, including X-rays, internal bremsstrahlung, and gamma rays, and accounting for the relative
probabilities for K, L, and M capture, as well as the branching ratio, BR®¢ = 0.0991, into the
excited state of 21V" at E, = 320.0835keV [56]. In the numerator, the first term describes the
contribution to the visible energy from °'V* de-excitation under the assumption of modified BR®*



and E.,, while the second term (5.03keV) describes the energy release from X-rays and internal
bremsstrahlung, which is present in all ' Cr decays, including those to the ground state of 5'V.

At the established values E, ~ 320keV and BR®™¢ ~ 10%, indicated by gray bands in Fig. 2,
the anomaly is at ~ 50 significance. The figure confirms that increasing BR*¢ to ~ 12-13% would
lower the significance to below 1o. We note that different measurements of BR* differ by 0.5%
[17] (as shown by the width of the gray vertical band in Fig. 2), but are consistent with each
other at the 3o level, see Ref. [53] and references therein. Pursuing the hypothesis of a branching
ratio mismeasurement further, one would therefore need to explain why more than ten different
measurements should show the same systematic bias.

Another avenue for attaining larger energy per decay is increasing F, while keeping BR®™¢ ~
10%; if the energy of the excited state was 360keV instead of 320keV, the significance of the
anomaly would drop from ~ 50 to ~ 30. But since measurements of nuclear excitation energies
are rather robust, the only reasonable way to achieve such a large shift would be to postulate the
existence of another, yet undiscovered, excited state in 'V with an energy larger than 320keV, but
below the Q-value of ®’Cr decay, 752.39 keV. In fact, there is weak evidence for a state at 470keV
[53, 57], with hints for it observed also in 5'Cr decay [58]. However, these observations from the
1960s and 70s have not found further support in more recent measurements. Moreover, Ref. [5§]
suggests that the relative intensity of the 470keV line is < 1075, which would be too faint to
explain a 2-3% bias in the calorimetric source intensity measurement in the gallium experiments.
Nevertheless, the potential relevance of an extra excited state for our understanding of the gallium
anomaly calls for a renewed effort to establish or conclusively refute its existence.

An alternative avenue to increase E, is to envision a new heat source that is presently unac-
counted for. But while it may be possible to conceive an extension of the SM featuring such a heat
source in *'Cr decay, it would most likely also impact other radioactive decays. Given the amount
of energy that would need to go into this new channel, it is hard to imagine that it would have
been missed so far. For one, a new heat source in nuclear beta decays would impact the energy
output of nuclear reactors. Typically, around 6.5% of the total heat in a reactor originates from
beta decay of fission products. The additional heat required to explain the gallium anomaly would
constitute an =~ 0.5% correction to this. Given the long history of reactor monitoring, and the in-
dustry’s excellent understanding of reactor cores, such an additional heat source would most likely
have been noticed. Furthermore, possible BSM realizations in which photons carry the additional
heat (such as a sterile neutrino which decays to a photon and an active neutrino via the transition
magnetic moment portal [59]) suffer from strong constraints.

4 CALIBRATION OF THE RADIOCHEMICAL GERMANIUM EXTRACTION
EFFICIENCY

If any experimental technique in the history of physics deserves to be described as a search for
a needle in a haystack, it is certainly radiochemical neutrino detection. Extracting O(100) "*Ge
nuclei from more than 47 tons of liquid gallium, as done in BEST, seems to be a formidable task.
Nevertheless, the GALLEX, SAGE, and BEST collaborations have rather convincingly demon-
strated their ability to pull off this feat. In particular, SAGE [60] and BEST [17] have deliberately
added small (< O(pmol)) amounts of stable germanium with well-defined isotope ratios to the
detection volume. The amount of stable Ge, while tiny, still exceeds the number of "'Ge nuclei
produced in neutrino interactions by many orders of magnitude. After each run of the experiment,
the extracted germanium is studied via mass spectrometry to verify that the amount and the iso-
tope ratios of the extracted stable germanium match the known properties of the germanium that
was added to the detector before the run. As the chemical behavior of different Ge isotopes should
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FIG. 2. Statistical significance of the gallium anomaly as a function of BR®*°, (the branching ratio for >Cr
decay into the lowest-lying excited state of 51V), and the energy of the de-excitation gamma rays, E,. The
1o, 30, 5o, and 60 regions are shown as colored bands. The measured values for both parameters (with 1o
uncertainties) are shown in gray.

be identical, the extraction efficiency determined this way (which is close to 100%) can be assumed
to hold also for unstable "'Ge.

A second indication that germanium extraction seems to be well understood is the fact that
measurements of the solar neutrino flux in GALLEX and SAGE agree with other solar neutrino
measurements. However, as we discussed at the end of Section 2, such measurements still suffer from
O(10%) uncertainties; this means that an overestimation of the germanium extraction efficiency
by this amount would not be excluded by solar data.

In fact, if the true extraction efficiency "¢ was different from the estimate from calibration
measurements, € ~ 0.95, the ratio of the observed to predicted event rate in gallium experiments
would change by a factor

60al

etrue : (8)

To account for such a bias, we rescale Rexp and AReyp in Eq. (3) by the factor in Eq. (8). The
result is illustrated in Fig. 3, which shows the statistical significance of the anomaly as a function of
€T Tt is clear that resolving the anomaly would require the calibration to be off by around 20%,
namely 7' ~ 0.75. Barring an analysis error, this would imply the existence of an unidentified
route for (stable) germanium to enter the detector. The amount of extra germanium needed may
seem small (< pmol), but still corresponds to ~ 107 atoms. This is more than can be realistically
produced by cosmic rays for instance. (Even though a route for cosmic ray-induced production of
a small number of stable germanium atoms may exist via neutron capture on "'Ga, followed by
B~ decay to stable "Ge.)

Note however that in one extraction of the SAGE experiment, an anomalously large amount
of stable Ge (about 10 times larger than expected) was found [60]. At the time, this result was
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FIG. 3. Statistical significance of the gallium anomaly as a function of the "' Ge extraction efficiency, et™°.
The gray band indicates the nominal extraction efficiency and its standard deviation, ¢! = 0.95 + 0.016,
based on calibration measurements in BEST [17].

attributed to an unidentified experimental accident and the corresponding data point was discarded.
But no source for the apparent contamination has been identified. Nevertheless, this occurrence
illustrates that there appear to be pathways for sizable amounts of extra germanium to enter a
liquid gallium detector. We cannot rule out the possibility that such contamination (albeit at
a smaller level) has occurred in many runs of the SAGE and BEST experiments, and that the
germanium extraction efficiency has therefore been overestimated.

5 IDEAS BEYOND THE STANDARD MODEL

In the previous sections we have discussed several possible explanations for the “gallium
anomaly” within the SM. Nevertheless, the observed deficit and its high statistical significance
could also provide an intriguing hint for new physics. The “usual” BSM interpretation of the
gallium anomaly features eV-scale sterile neutrinos which mix with electron neutrinos [9, 10].
However, given that the large mixing angle required in this scenario is heavily constrained by solar
and reactor data [18, 29] it is tempting to explore other possibilities. In this section we will inves-
tigate several such scenarios which have not been discussed in the literature before. We will begin
in Section 5.1 with a model in which oscillations between active and sterile states are stimulated
by a Mikheyev-Smirnov-Wolfenstein (MSW) resonance [61, 62] or a parametric resonance [63, 64].
This will be followed by a decaying sterile neutrino scenario in Section 5.2. Other new physics
efforts that have been proposed over the last decade will be brought up in Section 6 where we will
present a summary table.

5.1 Sterile Neutrinos Coupled to Fuzzy Dark Matter or Dark Energy

Solar and reactor constraints on the mixing between active and sterile neutrinos do not allow
for the O(20%) v, disappearance that would be required to explain the gallium anomaly. Avoiding
these constraints is challenging because neutrinos produced in the Sun and in nuclear reactors
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have energies similar to those emitted from %' Cr decay. In the following, we will circumvent this
problem by invoking a sharp resonance — either an MSW resonance or a parametric resonance
— whose position coincides with two of the four neutrino lines in ®!Cr decay. The energies and
relative intensities of these lines are 747keV (81.63%), 427keV (8.95%), 752keV (8.49%), and
432keV (0.93%) [10]. (For the 37 Ar source used in some SAGE runs, the neutrino energies and line
intensities are 811keV (90.2%) and 813keV (9.8%) [65]). These energies are above the cutoff of the
solar pp neutrino flux at ~ 420 keV, but below the energy of solar "Be neutrinos at 861.8 keV; other
components of the solar neutrino flux are subdominant in this energy range. Further, neutrinos
with sub-MeV energies cannot be recorded via inverse beta decay, which is the typical detection
channel for reactor neutrinos. Therefore, if active—sterile mixing is locally enhanced around the
neutrino energies emitted by ! Cr, there may be no observable effect at other neutrino experiments.

5.1.1 MSW resonance from Interaction with Fuzzy Dark Matter

A straightforward way to realize a sharp resonance is the MSW effect which neutrinos experience
as they travel through background matter [61, 62]. Working in the effective two flavor (electron
neutrino v, and sterile neutrino vs) framework, the mixing angle in matter, 925{, is given by

Am? _: vac
in 2611 — 2B, sin207;
)
¢ (V _ Am? 9 vac)2 T (Am2 )2 : 229vac
2E, COS ed 2F, Sin ed

(9)

where 0¥3¢ is the vacuum mixing angle, Am? is the mass squared difference between the two

neutrino mass eigenstates in vacuum, F, is the neutrino energy, and V is the difference between
the matter potential felt by v, and v;. The mixing angle is resonantly enhanced for

2

V pu—
2[Eres

cos 2073, (10)

as can be easily seen from Eq. (9).

Unfortunately, the SM matter potential generated by the weak interaction does not suffice
to achieve close-to-maximal active-sterile mixing at energies as low as those probed by gallium
experiments. It is suppressed by the Fermi constant, Gg, which induces MSW resonances only
at higher energies. We therefore need to introduce a new interaction, which we choose to be an
interaction with an ultralight DM particles, in particular an ultra-light vector boson ¢* [66, 67].3
The relevant part of the Lagrangian reads

LD gsd"vsyuvs - (11)

Here, v, is the sterile neutrino field and g, is a dimensionless coupling constant. The interaction
in Eq. (11) leads to an effective MSW potential [67]

1

V=35,

(2(py - 9)gs + g20%) - (12)

We treat ¢ as a classical field which coherently oscillates in time, i.e. ¢ = ¢po&* cos(mget), where
&M is a polarization vector. We assume that the DM field is uniformly polarized over macroscopic
regions of at least several meters (the size of the gallium experiments), see ref. [67] for a discussion

3 Couplings to an ultralight scalar do not lead to a new MSW resonance, but rather to an energy-independent
correction to neutrino masses and mixing angles [67-69], see also next subsection.
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of this assumption. Without polarization, fuzzy vector DM would affect neutrino oscillations in
the same way as scalar DM, that is, it would not induce an MSW resonance, but merely an energy-
independent correction to neutrino masses. We discuss such a scenario in the next subsection.
It is crucial that the cos(mgt) term has remained nearly constant over the last ~ 30 years when
gallium experiments have been operating (for simplicity, we will use cos(mgt) = 1 in the following;
for smaller values, the coupling constant g, would need to be rescaled accordingly); otherwise,
detuning of the MSW resonance would have occurred, moving it away from the ®'Cr emission line.
This imposes the constraint mg < 10724 eV, which appears to be in conflict with, for instance,
Lyman-« forests [70, 71]. To evade this type of constraint while keeping mg low, we assume
that fuzzy DM constitutes only ~ 1% of the total DM energy density in the Universe. Lyman-
a constraints become insensitive if the fuzzy DM fraction drops below 0.2 for mg < 1072%2eV
[70], and other large scale structure-related observables sensitive to the fuzziness of DM should
weaken in a similar way. Given that the local DM density is 0.3 GeV/cm? [72], we hence take
pe == 0.003 GeV /cm?3.

The oscillation amplitude of the fuzzy DM field is given by

oo = V22 (13
me
We choose the sign of the sterile neutrino-DM coupling, gs, such that the new MSW resonance lies
in the neutrino sector, while antineutrino mixing is never resonantly enhanced. As a result, neu-
trinos produced at gallium experiments as well as solar neutrinos could experience enhancements,
as illustrated in Eq. (9), while antineutrinos would not be significantly affected.

The interaction between ultralight DM and active neutrinos in the context of neutrino oscil-
lations has been extensively studied for instance in Refs. [67-69, 73, 74]. In Ref. [67], bounds on
ultralight vector DM coupling to active neutrinos were derived using accelerator neutrino data
from T2K, solar as well as reactor data. For the case considered here, where DM only couples
to sterile neutrinos, the situation is more involved. First, at baselines where standard oscillations
matter, we can no longer work in the two-flavor approximation. Instead, let us generalize the above
scenario to three sterile neutrinos, which we take to be mass-degenerate for simplicity. We assume
each sterile neutrino to mix with exactly one of the mostly active mass eigenstates, and that the
three corresponding mixing angles are all identical. Finally, we take the couplings of the three
sterile neutrinos to DM to be identical.* In this case, constraints from terrestrial experiments are
significantly alleviated. This is because we are interested in an MSW resonance that is strongly
peaked in energy. This implies small §}7¢ as the resonance width is given by AE}® = E7* tan 2073°
[61, 62]. With a small vacuum mixing angle, active-to-sterile neutrino oscillations are suppressed
away from the resonance, which renders reactor and accelerator experiments, which probe energies
higher than the ones accessible in 'Cr decay, insensitive to the existence of the sterile neutrino.
In the case of accelerator constraints, there is extra suppression because at energies far above the
MSW resonance, the denominator of Eq. (9) is ~ V and the effective mixing angle, sin20¢f, is
further reduced by a factor ~ Am3"**/(2E, V) compared to sin 20¥3°.

Similar arguments can be made for solar neutrinos: the high-energy part of the spectrum
remains largely unperturbed thanks to the small 673¢, supported by moderate MSW suppression.
Low-energy pp neutrinos, whose energy is below the MSW resonance, still benefit from the small

mixing angle in vacuum 6Y3°. The most critical component are the “Be neutrinos, from which

a limit of 6}3° < 4.5° can be derived, based on the requirement that the resonance should be

4 With only one sterile neutrinos, or with multiple sterile neutrinos whose mixing structure is not the same as the
one of the SM neutrinos, the effective mixing angles between active neutrinos would be distorted. This may not
be a fundamental problem as the changes could be absorbed into a redefinition of these mixing angles as long as
the DM field is constant over the time and distance scales over which neutrino oscillation experiments have been
carried out.
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sufficiently narrow not to affect the "Be lines: AE'® < Erp, — Fsic, ~ 120keV. These arguments
are based on the assumption that the DM density in the Sun is similar to the one in the rest of the
solar system, so that no adiabatic flavor transitions occur as neutrinos travel out of the Sun. This is
reasonable based on the weakness of the “gravitational focusing” effect that the Sun’s gravitational
field has on the local DM density (see Ref. [75] for the case of ordinary WIMP DM, and Ref. [76]
for fuzzy DM).5 If there was an overdensity of DM inside the Sun, adiabatic conversion would still
affect only pp neutrinos. This is because at higher density, the resonance moves to lower energies.
pp neutrinos could then cross it, while all other components of the solar neutrino flux have energies
that are above the resonance both inside and outside the Sun.

For these reasons, we can use the solar neutrino constraint on 674 from the literature at face
value, assuming no additional resonances in the Sun. The correction to the (high-energy) solar
electron neutrino survival probability due to the existence of a fourth neutrino flavor is oc (6)* [67],
which for 03¢ < 5° is at the sub-per mille level, far below experimental sensitivities. For example,
the "Be neutrino flux, with an energy closest to the neutrinos from ®'Cr, has been measured with
an impressive, but in this case insufficient, uncertainty of 3.5% [51]. The survival probability of
lower-energy solar pp neutrinos is only modified by terms of order (032)2, but this is still small
enough to be compatible with current experiments.

With the above constraints in mind, we have constructed a benchmark point which satisfies all
of them. The benchmark point features an MSW resonance at E;* ~ 750keV and an oscillation
length L < 1m (smaller than the baseline of gallium experiments) for active-to-sterile transitions
at this energy. It thus successfully explains the gallium anomaly. The benchmark point reads

G°=0.2° mi~Am?=100eV?, (14)

where my is the mass of the mostly sterile mass eigenstate. The matter potential at the benchmark
point is V = 6.7 x 107° eV, which corresponds to gs/mg = 0.311 eV~ 1. In Fig. 4, we show in purple
the electron neutrino survival probability as a function of F, for this benchmark scenario. It reads

2
P(v, — v.) = 1 — sin” 20T sin? <ME’HL) , (15)
4F,
where Am2e = Am? (sin 20¥5¢/ sin 26¢). (We have checked that electron neutrino survival proba-
bility in the 2-flavor picture matches the one in the full 6-flavor picture; in other words, Eq. (15)
suffices here.)

For comparison, in Fig. 4, we also show in green the region in which the gallium anomaly can be
explained; to draw this band we have adopted the union of the allowed 3¢ regions given different
models for the cross section to excited states of "'Ge [18]. In dashed we also show the survival
probability of solar electron neutrinos, computed using the adiabatic approximation. The energies
of neutrinos from the ®'Cr and 37 Ar sources used in gallium experiments are indicated by vertical
lines, and those of solar neutrinos are shown as well. As the resonance is narrow, we choose to
center it around the energy of the dominant neutrino line from the ' Cr source at ~ 750 keV. As
can be seen from the figure, this implies that we cannot simultaneously explain the anomalous
results for the 3”Ar source; this does not seriously limit the model’s ability to explain the gallium
anomaly as the deficit observed with the 37 Ar source is statistically not very significant [8].

Let us finally comment on early Universe observables, which in general tightly constrain eV-scale
sterile neutrinos with large active-sterile mixing. Considering only vacuum mixing, our scenario
is safe from these constraints because sterile neutrinos will never thermalize thanks to their small

5 This argument would be invalidated if DM had substantial self-interactions, or interactions with ordinary matter,
as in this case the Sun could capture DM and accumulate it at its center.
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FIG. 4. The electron neutrino survival probability as a function of energy for the scenario from Section 5.1.1,
where a new MSW resonance enhances active-to-sterile neutrino oscillations near the >'Cr emission lines.
The solid purple line, for which we have used a baseline of L = 50 cm, corresponds to the gallium experiments,
while the dashed purple line shows the solar neutrino survival probability. We use the benchmark parameter
point from Eq. (14), which explains the gallium anomaly while being consistent with all constraints. We
show in cyan and orange the monochromatic neutrino energies from ! Cr and 37 Ar sources. The BOREXINO
measurements of the "Be and pp neutrino fluxes, including their 1o uncertainties, are shown as red data
points with error bars [51]. The blue and red arrows at the bottom of the plot indicate the energy ranges of
CNO and pp solar neutrinos, respectively. The survival probability range preferred by the gallium anomaly
[18] is shown in green.

mixing angle [77].° The presence of the MSW resonance, however, may change this picture. To
see if the active-sterile mixing angle in the early Universe is resonantly enhanced we calculate the
redshift-dependence of the MSW potential and compare it to the neutrino energy. In the early
Universe, the DM density is increased according to p(z) = po(1 + 2)3, where z is the redshift and
po is the fuzzy DM density today. The increased fuzzy DM density shifts the resonance to lower
energies such that at the time of Big Bang Nucleosynthesis (BBN) — the earliest epoch that can
be constrained observationally — the resonance is at EX*(BBN) ~ 10~ eV, which is much smaller
than typical neutrino energies at this redshift, £, ~ O(MeV). Therefore, active-sterile mixing is
suppressed at BBN. However, at a redshift of z ~ 7000, the average neutrino energy matches the
resonance energy. Neutrinos are already decoupled from the plasma at this point, so the resonance
leads to the production of sterile neutrinos via adiabatic conversion of active ones, without affecting
the total energy density in the neutrino sector. By the time of recombination, sterile neutrinos
have turned non-relativistic, implying that analyses of the cosmic microwave background (CMB)
would measure an effective number of relativistic neutrino species, Neg, well below the SM value.
Moreover, sterile neutrinos would act as warm DM, which would unfavorably affect structure
formation. One possibility of avoiding these constraints is to introduce a new decay channel for
the sterile neutrino, with an active neutrino and an auxiliary scalar in the final state.” This new
scalar would need to be light enough to act as radiation at least until recombination, or it would
need to quickly decay into fuzzy DM or active neutrinos before the temperature of the Universe
drops to T' = 100eV to avoid CMB constraints.

6 Note that the fact that our sterile neutrino interacts with DM does not change this conclusion, unlike in other
scenarios in which sterile neutrinos possess “secret interactions” [78-84]. In these scenarios, frequent hard scatter-
ings enhance the production of sterile neutrinos, whereas in ours, the tiny coupling between neutrinos and DM,
gs = 0.311 x 1072* x (m4/1072* V), such scattering is negligible.

" Due to the small coupling between sterile neutrinos and DM of g ~ 0.331 x 1072 x (mg/107** V), decays
involving the DM particle would be too slow.
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The small active—sterile mixing angle at our benchmark point also suppresses any potential effect
of neutrino-DM interactions on neutrino free streaming — the cross section for such scatterings is
proportional to g2.

In summary, the scenario presented here appears to successfully explain the gallium anomaly,
while being consistent with all terrestrial and, with a small extension of the model, also with cos-
mological probes. Nevertheless, its success comes at the expense of moderate fine-tuning between
the MSW resonance energy and the energy of the dominant ' Cr emission line. In the future, our
scenario could be probed by making use of CNO neutrinos (which have been recently observed for
the first time [85, 86]), given that their energies extend over the whole range of interest for the
required resonance. In addition, a precise measurement of neutrinos from a %Zn source at BEST
[87] would be illuminating. Our prediction is that no neutrino deficit should be observed with such
a source as the neutrino energy of 1.35 MeV is well above the MSW resonance energy. The same
would be true for an experiment with an 37Ar source.

5.1.2 MSW resonance from Interaction with Dark Energy

The scenario introduced above, namely an interaction between sterile neutrinos and fuzzy DM,
is not the only option for realizing an MSW resonance aligned with the °’Cr emission lines. An
alternative is a coupling between sterile neutrinos and dark energy in the form of a vector field
[88-90]. The equations of motion from Ref. [89] show that the value of the dark energy field today
would need to be ¢ > 107 eV. Looking at our Eq. (12), the MSW potential reads approximately
$gs, so our benchmark point with V = 6.7 x 107> eV would correspond to gs < 107, With such
a tiny coupling in the dark sector and in the absence of kinetic mixing between the SM photon
field and the field representing the dark energy, the presented scenario is experimentally viable.
As in Section 5.1.1, cosmological constraints again require that the field value, ¢, was larger in
the early Universe than it is today to avoid abundant production of sterile neutrinos before BBN.
Production after BBN may then still be a problem, but could be resolved in the same way as in
Section 5.1.1 by introducing a new decay mode for vs.

5.1.8 Parametric resonance

Another avenue for enhancing oscillations between active and sterile neutrinos is through a
parametric resonance [63, 64]. Such resonances have recently been discussed in the context of
neutrino couplings with ultralight DM in Ref. [91]. Unlike in Section 5.1.1, we assume here that
DM is not a polarized vector boson, but either an ultralight scalar, ¢, or an unpolarized vector
field, ¢*. As far as the phenomenology of neutrino oscillations is concerned, the two cases are
equivalent [67] and we will derive all expressions assuming a scalar field. In the neutrino mass
basis, the Yukawa interaction between the active () and the sterile (v4) state is off-diagonal with
a coupling strength y:

LD yopvyy or LDyprvyw. (16)

Here, we work for simplicity in the 2-flavor approximation, see below for a discussion of this
assumption. Equation (16) effectively modifies the neutrino mass matrix. In particular, it induces
flavor transitions between active and sterile neutrino even in the absence of vacuum mixing. This
effect is similar to Rabi oscillations in atoms subject to an oscillating electromagnetic field. In our
case, the role of the external oscillating field is played by ultralight DM. In such a scenario, the
active—sterile mixing can even be taken to vanish completely in the absence of the DM background
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and only be non-zero when a resonance condition is realized. This condition reads [91]

2
myg m¢
= — . 17
4F, 2 (17)

In other words, the oscillation frequency, m2/(4E,), should equal half the oscillation frequency of
the scalar field, m/2. In this case the quantity

2y /2
6¢El7% (18)

ms Mg

controls the height of the resonance peak, i.e. the maximum transition probability. In the two-flavor
approximation, and assuming zero vacuum mixing, the latter is given by [91]

L
s sin? <6¢TZ¢ > , (19)

where L for gallium experiments is around 50 cm. This expression follows from the full transition
probability (without vacuum mixing) [91]

63)(1—55;)2 . 9 <m¢L

= e 201 — 2 2
P.3 63)(1 ~op 402 sin 1 \/€¢>(1 or) —|—45E) (20)

in the limit g = 1 — m?2/(2E,my) — 0.

As in Section 5.1.1, we choose the resonance energy such that it coincides with the dominant
1Cr lines at E'* =~ 750 keV. Roughly, we need 20% neutrino disappearance to explain the gallium
anomaly, and Eq. (19) then suggests that e;mgL ~ 2. At the same time, we also require the width
of the resonance (which is AE*™ = E}*¢, [91]) to be < 10keV in order not to induce significant
disappearance of reactor and solar neutrinos. A benchmark point where these requirements are
satisfied is given by

€4 =001,  mgL=170. (21)

For this benchmark point, ms; ~ 10.0eV (see Eq. (17)), y ~ 0.0016 (see Eq. (18)) and mg ~
6.7x107°eV. In Fig. 5 we show the electron neutrino survival probability (one minus the transition
probability from Eq. (20)) at this benchmark point.

To discuss terrestrial and solar neutrinos, we will once again need to go beyond the 2-flavor
approximation. As in Section 5.1.1, we extend the model to include not one, but three, sterile
neutrinos to avoid unacceptable modifications to the active neutrino mixing angles. If we do
so, the DM-induced time-dependent active—sterile mixing angle at our benchmark point is never
larger than 0.57°, which implies that, outside the narrow parametric resonance region, oscillation
probabilities remain the same as in the SM.

We note that the neutrino-DM interaction which we introduce here induces invisible decays of
Z bosons and mesons involving the ultralight DM field, which are constrained [92, 93]. We have
checked that our benchmark point satisfies these limits. In addition, the parametric resonance
scenario faces cosmological constraints. Notably, the Yukawa interaction from Eq. (16) with the
sizeable Yukawa coupling at our benchmark point could lead to efficient production of v4, in
violation of constraints on the effective number of relativistic degrees of freedom, Neg. To avoid
such constraints, one could invoke the dynamics of ¢ in the early Universe: assuming that the dark
matter we observe today is produced via the misalignment mechanism [94-96], we can postulate
that, at BBN, ¢ was still rolling down its potential. Its field value during the BBN epoch could then
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FIG. 5. The electron neutrino survival probability as a function of energy for the scenario from Section 5.1.3,
where a parametric resonance enhances active-to-sterile neutrino oscillations near the ®!Cr emission lines.
The solid purple line corresponds to the gallium experiments (L = 50cm), while the dashed purple line
shows the solar neutrino survival probability. We use the benchmark parameter point from Eq. (21), which
explains the gallium anomaly while being consistent with all constraints. We show in cyan and orange the
monochromatic neutrino energies from ®'Cr and 37Ar sources. The BOREXINO measurements of the "Be
and pp neutrino flux, including their 1o uncertainties, are shown as red data points with error bars [51]. The
blue and red arrows at the bottom of the plot indicate the energy ranges of CNO and pp solar neutrinos,
respectively. The survival probability range preferred by the gallium anomaly [18] is shown in green.

have been much larger than today, rendering v4 very heavy through a coupling of the form ¢ v4vy
[97]. After ¢ has settled down at its present-day value, sterile neutrinos could still be produced,
but only at the expense of the energy density stored in the by-then decoupled active neutrinos.
After the temperature has dropped below ms =~ 10 eV, sterile neutrinos will quickly decay back to
active neutrinos and relativistic ¢ particles, so that Neg at recombination will again be close to
its SM value. Let us also point out that the value of the Yukawa coupling y at our benchmark
point is sufficiently large (y > 1075) to prevent neutrinos and DM particles from leaving a hot
proto-neutron star unhindered. They will remain trapped and therefore will not lead to significant
anomalous cooling, meaning that limits from supernovae are evaded.

A particular concern is the propagation of astrophysical neutrinos. Notably, scattering of ultra-
high energy neutrinos from distant cosmic ray sources on the relic neutrino background could
significantly reduce the neutrinos’ optical depth. Since neutrino point sources at cosmological
distances have been observed [98, 99|, this is disfavored. At our benchmark point, this could be a
problem if the dark matter is scalar, but not if it is a vector field, given that the cross section for
the process vv — v4v4 in the latter case is significantly smaller [67].

5.2 A Decaying Sterile Neutrino

Another interesting scenario, which has already been studied to explain the LSND [100] and
MiniBooNE anomalies [101-103], is a decaying sterile neutrino. The idea there is that the sterile
neutrino gets produced via mixing with muon neutrinos and then subsequently sources active
neutrinos (mainly electron neutrinos) via its decay [104-108].

The idea in the context of gallium anomaly would be to invoke a very short-lived sterile neu-
trino state which decays just outside of the detector in gallium experiments. This way, gallium
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experiments can experience a sizeable deficit of active neutrinos, but the “missing” flux is quickly
regenerated, alleviating the otherwise strong constraints from reactor and solar experiments. The
baselines of gallium experiments are ~ 50 cm in BEST [17], ~ 70cm in SAGE [7], or 1.90m in
GALLEX [4], while the reactor experiments with the shortest baselines are located 2 8 m from the
reactor core [109-112].

The maximal neutrino energy achievable in 5'Cr (or 37Ar) decay presents a kinematic upper
limit on the sterile neutrino mass of around 750 keV.® Sterile neutrinos are also severely constrained
by searches for kinks in beta decay spectra [18, 119-122]; to avoid these limits, we need to resort
to sterile neutrino masses of < 10eV. In this mass range, the decay rate of the sterile neutrino
into three active neutrinos via Z boson exchange is too small to allow for the short decay lengths
< 10m that we are interested in. Therefore, we need to introduce a new decay channel to allow
for faster decays.

To do so, we extend the model with a very light scalar mediator, S, which couples to sterile
neutrinos, v, via a Yukawa interaction of the form y, STsv,. Via mixing, the sterile neutrino
can then decay to S + v, with a decay rate o (y2m/1672)sin? f.4. For simplicity, we have here
assumed that s mix only with electron neutrinos. We assume that, unlike in the model introduced
in Ref. [105], S cannot further decay into active neutrinos due to its small (or even vanishing) mass.
Therefore, the constraints from the non-observation of solar antineutrinos do not apply [108]. For
ys < 1, it is now possible to achieve sterile neutrino decay lengths as short as 1.9m to 4m. The
fraction of vs that survive out to ~ 10m is then already < 0.1. The total flux of active neutrinos
passing through a typical detector at a reactor site would hence be similar to the flux in the SM.

However, there are two effects which nevertheless put the model in tension with reactor data.
Firstly, the energy of active neutrinos from sterile neutrino decay is smaller by approximately a
factor of two than the energy of the primary v, and since the detection cross section scales with
E2, this implies a suppression in the measured event rate. Secondly, around 80% of the reactor
antineutrino flux are at neutrino energies below ~ 3.5 MeV; for sterile neutrinos produced in this
energy range, the regenerated active neutrinos would typically have energies below the threshold
for detection via inverse beta decay (~ 1.8 MeV). In the end, the regeneration effect is therefore
only at the level of 1% (relative difference between event rates with and without regeneration
for a reactor neutrino detector at a distance of 10m). Clearly, this does not resolve the tension
between gallium and reactor data. By similar arguments, also the tension with solar data is only
mildly alleviated. On the other hand, the decaying sterile neutrino scenario would engender a mild
improvement in the global fit when compared to the vanilla eV-scale sterile neutrino scenario.

Unlike the model from Refs. [104-106, 108], the scenario discussed here is less constrained by
perturbativity arguments thanks to the lower neutrino energies which allow fairly short decay
lengths even for Yukawa couplings < 1. On the other hand, we require lighter sterile neutrinos to
accommodate O(10-20%) mixing in view of constraints from beta decay spectra. The large mixing
implies that active neutrinos feel the new interaction mediated by S with only mild suppression, so
they start free-streaming relatively late in cosmological history, in conflict with CMB observations.
Additional new physics would be required to resolve this problem [83]. Supernova constraints, on
the other hand, are evaded for the same reason as in Section 5.1.3: the new interaction is so strong
that neutrinos and S particles cannot free-stream out of a supernova core.

8 Heavier sterile neutrinos, which are kinematically inaccessible, would lead to a non-unitary mixing matrix [113, 114].
To explain the gallium anomaly in this way, the normalization of the first (electron flavor) row of the leptonic
mixing matrix would need to different from unity by 15-20%, but has been constrained to be smaller than O(1%)
[115-118].
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6 CONCLUSIONS

For the past decade, several anomalies have kept the neutrino community on their toes. But
with the reactor anomaly fading away and reactor experiments consequently shifting their focus to
other opportunities [28—-31] and the situation surrounding the MiniBooNE anomaly more puzzling
than ever [123-127], the gallium anomaly now takes center stage, with a = 4o effect claimed by
BEST [15] and a 2 50 effect emerging when all gallium experiments are combined [39]. In the
present work we have scrutinized several possible ways to explain the gallium anomaly, both within
the SM and beyond. All of them are summarized, and rated, in Table I, where we also list previous
attempts from the literature.

As a leading candidate for the explanation of the gallium anomaly within the SM, we regard a
possible problem with the measurement of the radiochemical "'Ge extraction efficiency.

Regarding BSM explanations, we have identified several promising scenarios consistent with all
constraints, but requiring a fine-tuned MSW or parametric resonance.

Future probes of the proposed solutions will hopefully be able to shine light on the origin of
the gallium anomaly. A probe of the proposed SM solution involving the translation of the heat
output of the Cr source to the neutrino flux could come from using a different source. A more
precise measurement with an Ar source or involving a %Zn source at BEST [87] does not require
the knowledge of BR(*!Cr — 51V*) and can therefore test a bias in the translation of heat output
to neutrino flux. On the other hand, SM explanations which involve neutrino capture on Ga and
extraction of Ge will remain viable explanations if future measurements using different sources
confirm the anomaly. Only a real-time measurement (like the ill-fated SOX experiment at the
BOREXINO detector [128]) or a radiochemical experiment using a different target isotope (for
instance 3"Cl in combination with a %Zn source) could resolve those.

Finally, an interesting complementary probe of the proposed SM solutions consists of using a
1Cr source and a Ga doped scintillation detector as proposed in [129]. As in this case, in addition
to the neutrino capture signal, also elastic neutrino—electron scattering processes can be recorded,
the source strength can be determined from the latter process, and by comparing the event rates
an incorrect capture cross section could be excluded. This method also does not rely on the
radiochemical germanium extraction efficiency as the measurement is done in real time.

Regarding extensions of the SM, the scenarios involving a resonance were tuned such that
the resonant enhancement of the oscillations happens at the energies of the dominant Cr lines.
Therefore, such scenarios can be probed using a different source which emits neutrinos with a
different energy. Our prediction is that no neutrino deficit should be observed in such an experiment
with, for example, a Zn or Ar source. Furthermore, the BSM scenario of a sharp resonance could
be probed by making use of CNO neutrinos as their energies extend over the whole range of interest
for the required resonance.

In summary, we have put forward new avenues for explaining the gallium anomaly both in
the SM and beyond, and we have provided an overview of previously proposed BSM solutions.
We encourage new experimental efforts exploring these avenues in the future. A discovery of an
explanation beyond the SM would clearly constitute a major revolution in particle physics; but
even if a SM explanation for the gallium anomaly is uncovered, we will still have learned important
lessons that may guide the design and interpretation of future experiments.
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TABLE I. A summary of explanation attempts for the gallium anomaly. The first part of the table explores
solutions within the SM, the second part contains potential solutions that require new physics. Besides the
scenarios discussed in the present paper, we also include proposals from the literature. (We do not include
star ratings for the latter.)

scenario comments our rating

Explanations within the Standard Model

increased "'Ge half-life would lead to smaller matrix element for v + "1Ga; but the dkvrirs
(Section 2.1 and Ref. [39]) "lGe half-life has been measured many times with different

methods in [38], all of which yield consistent results. So it is

hard to imagine a bias in these measurements.

new "'Ga excited state would imply a bias in the extraction of the v + "'Ga matrix ddk v
(Section 2.2) element from the measured "'Ge half-life. Some very old ex-
periments claim the existence of such a state, but this has not
been confirmed in more recent observations.

increased BR(®!Cr — 51V*)  would cause a bias in translating the heat output of the source JkJ v
(Section 3) to a neutrino production rate. Measurements of BR(*!Cr —

51V*) show some tension, but it is far less than the shift re-

quired to explain the gallium anomaly.

"1Ge extraction efficiency one of SAGE’s calibration runs has revealed a large bias. k%%
(Section 4) Could a small, unnoticed, bias have been present in all gal-
lium experiments?

Explanations beyond the Standard Model

v coupled to ultralight DM  several exotic ingredients; somewhat tuned MSW resonance; %% v¢
(MSW resonance, Sec. 5.1.1) new vy decay channel required for cosmology.

vs coupled to dark energy several exotic ingredients; somewhat tuned MSW resonance; % vrvc
(MSW resonance, Sec. 5.1.2) cosmology similar to the previous scenario.

vs coupled to ultralight DM several exotic ingredients; somewhat tuned parametric res- Yk %k
(param. resonance, Sec. 5.1.3) onance; cosmology requires post-BBN DM production via

misalignment.
decaying v difficult to reconcile with reactor and solar data; regeneration kvryrsc
(Section 5.2) of active neutrinos in vs decays alleviates tension, but does not
resolve it.
vanilla eV-scale v, preferred parameter space is strongly disfavored by solar and *vr¥rvrvx
(Refs. [17, 18]) reactor data.
vs with CPT violation avoids constraints from reactor experiments, but those from
(Refs. [130]) solar neutrinos cannot be alleviated.
extra dimensions neutrinos oscillate into sterile Kaluza—Klein modes that prop-
(Refs. [131-133]) agate in extra dimensions; in tension with reactor data.
stochastic neutrino mixing based on a difference between sterile neutrino mixing angles at
(Ref. [134]) production and detection (see also [135, 136]); fit worse than
for vanilla v,.
decoherence non-standard source of decoherence needed; known experimen-
(Refs. [137, 138]) tal energy resolutions constrain wave packet length, making an

explanation by wave packet separation alone challenging.

vs coupled to ultralight scalar ultralight scalar coupling to v4 and to ordinary matter affects
(Ref. [139]) sterile neutrino parameters; can not avoid reactor constraints




20

ACKNOWLEDGMENTS

We are grateful to Ivan Esteban, Carlo Giunti, Wolfgang Hampel, and Gilad Perez for useful
discussions.

GALLEX Collaboration, P. Anselmann et al., Solar neutrinos observed by GALLEX at Gran
Sasso., Phys. Lett. B 285 (1992) 376-389.

T. A. Kirsten, Solar neutrinos: the pioneering experiments, in International Conference on History
of the Neutrino: 1930-2018, 2019.

SAGE Collaboration, J. N. Abdurashitov et al., Results from SAGE, Phys. Lett. B 328 (1994)
234-248.

GALLEX Collaboration. Collaboration, P. Anselmann et al., First results from the Cr-51
neutrino source experiment with the GALLEX detector, Phys.Lett. B342 (1995) 440-450.
GALLEX Collaboration Collaboration, W. Hampel et al., Final results of the Cr-51 neutrino
source experiments in GALLEX, Phys.Lett. B420 (1998) 114-126.

D. Abdurashitov, V. Gavrin, S. Girin, V. Gorbachev, T. V. Ibragimova, et al., The
Russian-American gallium experiment (SAGE) Cr neutrino source measurement, Phys. Rev.Lett. 77
(1996) 4708-4711.

SAGE Collaboration Collaboration, J. Abdurashitov et al., Measurement of the response of the
Russian-American gallium experiment to neutrinos from a Cr-51 source, Phys.Rev. C59 (1999)
2246-2263, [hep-ph/9803418].

J. Abdurashitov, V. Gavrin, S. Girin, V. Gorbachev, P. Gurkina, et al., Measurement of the response
of a Ga solar neutrino experiment to neutrinos from an Ar-37 source, Phys.Rev. C73 (2006) 045805,
[nucl-ex/0512041].

C. Giunti and M. Laveder, Short-Baseline Active-Sterile Neutrino Oscillations?, Mod. Phys. Lett. A
22 (2007) 24992509, [hep-ph/0610352].

M. A. Acero, C. Giunti, and M. Laveder, Limits on nu(e) and anti-nu(e) disappearance from
Gallium and reactor experiments, Phys.Rev. D78 (2008) 073009, [0711.4222].

F. Kaether, W. Hampel, G. Heusser, J. Kiko, and T. Kirsten, Reanalysis of the GALLEX solar
neutrino flux and source experiments, Phys. Lett. B 685 (2010) 47-54, [1001.2731].

C. Giunti and M. Laveder, Statistical Significance of the Gallium Anomaly, Phys.Rev. C83 (2011)
065504, [1006.3244].

J. Kostensalo, J. Suhonen, C. Giunti, and P. C. Srivastava, The gallium anomaly revisited, Phys.
Lett. B795 (2019) 542-547, [1906.10980].

J. Kostensalo, J. Suhonen, and S. Tikka, The gallium anomaly reassessed using a Bayesian approach,
2001.10064.

V. V. Barinov et al., Results from the Baksan Experiment on Sterile Transitions (BEST), Phys. Rev.
Lett. 128 (2022), no. 23 232501, [2109.11482].

V. Barinov and D. Gorbunov, BEST impact on sterile neutrino hypothesis, Phys. Rev. D 105 (2022),
no. 5 L051703, [2109 . 14654].

V. V. Barinov et al., Search for electron-neutrino transitions to sterile states in the BEST
experiment, Phys. Rev. C' 105 (2022), no. 6 065502, [2201.07364].

C. Giunti, Y. F. Li, C. A. Ternes, O. Tyagi, and Z. Xin, Gallium Anomaly: critical view from the
global picture of v. and U, disappearance, JHEP 10 (2022) 164, [2209.00916].

T. Mueller, D. Lhuillier, M. Fallot, A. Letourneau, S. Cormon, et al., Improved Predictions of
Reactor Antineutrino Spectra, Phys.Rev. C83 (2011) 054615, [1101.2663].

G. Mention, M. Fechner, T. Lasserre, T. Mueller, D. Lhuillier, et al., The Reactor Antineutrino
Anomaly, Phys.Rev. D83 (2011) 073006, [1101.2755].

P. Huber, On the determination of anti-neutrino spectra from nuclear reactors, Phys.Rev. C84
(2011) 024617, [1106.0687].

S. Gariazzo, C. Giunti, M. Laveder, and Y. F. Li, Updated Global 3+1 Analysis of Short-BaseLine
Neutrino Oscillations, 1703.00860.


http://www.arxiv.org/abs/hep-ph/9803418
http://www.arxiv.org/abs/nucl-ex/0512041
http://www.arxiv.org/abs/hep-ph/0610352
http://www.arxiv.org/abs/0711.4222
http://www.arxiv.org/abs/1001.2731
http://www.arxiv.org/abs/1006.3244
http://www.arxiv.org/abs/1906.10980
http://www.arxiv.org/abs/2001.10064
http://www.arxiv.org/abs/2109.11482
http://www.arxiv.org/abs/2109.14654
http://www.arxiv.org/abs/2201.07364
http://www.arxiv.org/abs/2209.00916
http://www.arxiv.org/abs/1101.2663
http://www.arxiv.org/abs/1101.2755
http://www.arxiv.org/abs/1106.0687
http://www.arxiv.org/abs/1703.00860

21

M. Dentler, A. Herndndez-Cabezudo, J. Kopp, M. Maltoni, and T. Schwetz, Sterile Neutrinos or
Fluz Uncertainties? - Status of the Reactor Anti-Neutrino Anomaly, 1709.04294.

M. Dentler, A. Hernédndez-Cabezudo, J. Kopp, P. A. N. Machado, M. Maltoni, I. Martinez-Soler,
and T. Schwetz, Updated global analysis of neutrino oscillations in the presence of eV-scale sterile
neutrinos, 1803.10661.

M. H. Moulai, C. A. Argiielles, G. H. Collin, J. M. Conrad, A. Diaz, and M. H. Shaevitz, Combining
Sterile Neutrino Fits to Short Baseline Data with IceCube Data, 1910.13456.

C. Giunti, Statistical Significance of Reactor Antineutrino Active-Sterile Oscillations, Phys. Rev. D
101 (2020), no. 9 095025, [2004.07577].

J. M. Berryman and P. Huber, Sterile Neutrinos and the Global Reactor Antineutrino Dataset,
2005.01756.

C. Giunti, Y. F. Li, C. A. Ternes, and Z. Xin, Reactor antineutrino anomaly in light of recent fluzx
model refinements, Phys. Lett. B 829 (2022) 137054, [2110.06820].

J. M. Berryman, P. Coloma, P. Huber, T. Schwetz, and A. Zhou, Statistical significance of the
sterile-neutrino hypothesis in the context of reactor and gallium data, JHEP 02 (2022) 055,
[2111.12530].

A. Letourneau, V. Savu, D. Lhuillier, T. Lasserre, T. Materna, G. Mention, X. Mougeot, A. Onillon,
L. Perisse, and M. Vivier, Origin of the Reactor Antineutrino Anomalies in Light of a New
Summation Model with Parametrized 8- Transitions, Phys. Rev. Lett. 130 (2023), no. 2 021801,
[2205.14954].

STEREO Collaboration, H. Almazén et al., STEREO neutrino spectrum of *3® U fission rejects
sterile neutrino hypothesis, Nature 613 (2023), no. 7943 257-261, [2210.07664].

J. N. Bahcall, Gallium solar neutrino experiments: Absorption cross-sections, neutrino spectra, and
predicted event rates, Phys. Rev. C 56 (1997) 3391-3409, [hep-ph/9710491].

W. C. Haxton, Cross-section uncertainties in the gallium neutrino source experiments, Phys. Lett. B
431 (1998) 110118, [nucl-th/9804011].

N. Hata and W. Haxton, Implications of the GALLEX source experiment for the solar neutrino
problem, Phys. Lett. B 353 (1995) 422-431, [nucl-th/9503017].

D. Frekers et al., Precision evaluation of the "t Ga(ve, e~ ) solar neutrino capture rate from the
(3He,t) charge-exchange reaction, Phys. Rev. C 91 (2015), no. 3 034608. [Erratum: Phys.Rev.C 100,
049901 (2019)].

V. Barinov, B. Cleveland, V. Gavrin, D. Gorbunov, and T. Ibragimova, Revised neutrino-gallium
cross section and prospects of BEST in resolving the Gallium anomaly, Phys. Rev. D 97 (2018),

no. 7 073001, [1710.06326].

S. V. Semenov, Cross Section of Neutrino Absorption by the Gallium-71 Nucleus, Phys. Atom. Nucl.
83 (2020), no. 11 1549-1552.

W. Hampel and L. P. Remsberg, Half-life of Ge-71, Phys. Rev. C' 31 (1985) 666—667.

C. Giunti, Y. F. Li, C. A. Ternes, and Z. Xin, Inspection of the detection cross section dependence of
the Gallium Anomaly, 2212.09722.

A. Bisi, E. Germagnoli, L. Zappa, and E. Zimmer, On the energy distribution and the emission
probability of internal bremsstrahlung in 32 71 Ge, Il Nuovo Cimento 2 (Aug., 1955) 290-300.

G. Rudstam, Spallation of Medium Weight Elements. PhD thesis, University of Uppsala, 1956.

H. Genz, J. P. Renier, J. G. Pengra, and R. W. Fink, Multiwire-Proportional-Counter Measurement
of the ML Orbital-Electron-Capture Ratio in Ge-71 Decay, Phys. Rev. C'3 (1971) 172-179.

I. Zlimen, A. Ljubicic, S. Kaucic, and B. A. Logan, FEvidence for a 17-keV neutrino, Phys. Rev. Lett.
67 (1991) 560-563.

J. J. Simpson, Fvidence of Heavy Neutrino Emission in beta Decay, Phys. Rev. Lett. 54 (1985)
1891-1893.

D. R. O. Morrison, The rise and fall of the 17-kev neutrino, Nature 366 (Nov, 1993) 29-32.

K. Abusaleem and B. Singh, Nuclear Data Sheets for A = 71, Nucl. Data Sheets 112 (2011) 133-273.
SAGE Collaboration, J. N. Abdurashitov et al., Solar neutrino flur measurements by the
Soviet-American Gallium Experiment (SAGE) for half the 22 year solar cycle, J. Exp. Theor. Phys.
95 (2002) 181-193, [astro-ph/0204245].

SAGE Collaboration, J. N. Abdurashitov et al., Measurement of the solar neutrino capture rate
with gallium metal. III: Results for the 2002-2007 data-taking period, Phys. Rev. C 80 (2009)


http://www.arxiv.org/abs/1709.04294
http://www.arxiv.org/abs/1803.10661
http://www.arxiv.org/abs/1910.13456
http://www.arxiv.org/abs/2004.07577
http://www.arxiv.org/abs/2005.01756
http://www.arxiv.org/abs/2110.06820
http://www.arxiv.org/abs/2111.12530
http://www.arxiv.org/abs/2205.14954
http://www.arxiv.org/abs/2210.07664
http://www.arxiv.org/abs/hep-ph/9710491
http://www.arxiv.org/abs/nucl-th/9804011
http://www.arxiv.org/abs/nucl-th/9503017
http://www.arxiv.org/abs/1710.06326
http://www.arxiv.org/abs/2212.09722
http://www.arxiv.org/abs/astro-ph/0204245

22

015807, [0901.2200].

M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, Direct determination of the solar neutrino
fluzes from solar neutrino data, JHEP 05 (2010) 072, [0910.4584].

J. Bergstrom, M. C. Gonzalez-Garcia, M. Maltoni, C. Pena-Garay, A. M. Serenelli, and N. Song,
Updated determination of the solar neutrino fluzes from solar neutrino data, JHEP 03 (2016) 132,
[1601 . 00972}.

BOREXINO Collaboration, M. Agostini et al., Comprehensive measurement of pp-chain solar
neutrinos, Nature 562 (2018), no. 7728 505-510.

S. N. Danshin et al., Production of the artificial > Cr neutrino source in the BEST project, JINST
17 (2022), no. 08 P08029, [2207.10928].

J. Wang and X. Huang, Nuclear Data Sheets for A = 51, Nucl. Data Sheets 144 (2017) 1-296.

J. Cameron, J. Chen, B. Singh, and N. Nica, Nuclear Data Sheets for A = 37, Nucl. Data Sheets
113 (2012) 365-514.

V. N. Gavrin, T. V. Ibragimova, J. P. Kozlova, V. A. Tarasov, E. P. Veretenkin, and A. I. Zvir,
Measurement of neutrino source activity in the experiment BEST by calorimetric method, JINST 16
(2021), no. 04 P04012, [2105.05120].

E. P. Veretenkin, V. N. Gavrin, S. N. Danshin, T. V. Ibragimova, A. A. Kalashnikova, J. P. Kozlova,
and A. A. Martynov, Calorimetric system for high-precision determination of activity of the 51cr
neutrino source in the best experiment, Journal of Physics: Conference Series 798 (jan, 2017)
012140.

P. N. Maheshwari, U. C. Gupta, and C. St-Pierre, Study of the 48ti(a,p)51v and 50ti(3he,d)51v
reactions, Canadian Journal of Physics 49 (1971), no. 8 1053-1065.

G. Mathé, Investigation of the decay scheme of cr51, Nuclear Physics 46 (1963) 236—240.

V. Brdar, A. Greljo, J. Kopp, and T. Opferkuch, The Neutrino Magnetic Moment Portal:
Cosmology, Astrophysics, and Direct Detection, JCAP 01 (2021) 039, [2007.15563].

B. T. Cleveland, V. N. Gavrin, V. V. Gorbachev, T. V. Ibragimova, T. V. Knodel, Y. Malyshkin,
I. N. Mirmov, and E. P. Veretenkin, Use of enriched isotopes to measure efficiency of chemical
extraction in the SAGE solar neutrino experiment, Int. J. Mass Spectrometry 392 (2015) 41-44.
L. Wolfenstein, Neutrino Oscillations in Matter, Phys. Rev. D 17 (1978) 2369-2374.

S. P. Mikheyev and A. Y. Smirnov, Resonance Amplification of Oscillations in Matter and
Spectroscopy of Solar Neutrinos, Sov. J. Nucl. Phys. 42 (1985) 913-917.

S. T. Petcov, Diffractive - like (or parametric resonance - like?) enhancement of the earth (day -
night) effect for solar neutrinos crossing the earth core, Phys. Lett. B 434 (1998) 321-332,
[hep-ph/9805262].

E. K. Akhmedov, Parametric resonance of neutrino oscillations and passage of solar and
atmospheric neutrinos through the earth, Nucl. Phys. B 538 (1999) 25-51, [hep-ph/9805272].

P. M. Endt, Energy levels of A = 21-44 nuclei. 8., Nucl. Phys. A 521 (1990) 1-400.

A. E. Nelson and J. Scholtz, Dark Light, Dark Matter and the Misalignment Mechanism, Phys. Rev.
D 84 (2011) 103501, [1105.2812).

V. Brdar, J. Kopp, J. Liu, P. Prass, and X.-P. Wang, Fuzzy dark matter and nonstandard neutrino
interactions, Phys. Rev. D 97 (2018), no. 4 043001, [1705.09455].

A. Berlin, Neutrino Oscillations as a Probe of Light Scalar Dark Matter, Phys. Rev. Lett. 117
(2016), no. 23 231801, [1608.01307].

G. Krnjaic, P. A. N. Machado, and L. Necib, Distorted neutrino oscillations from time varying
cosmic fields, Phys. Rev. D 97 (2018), no. 7 075017, [1705.06740].

T. Kobayashi, R. Murgia, A. De Simone, V. Ir§i¢, and M. Viel, Lyman-a constraints on ultralight
scalar dark matter: Implications for the early and late universe, Phys. Rev. D 96 (2017), no. 12
123514, [1708.00015].

K. K. Rogers and H. V. Peiris, Strong Bound on Canonical Ultralight Azion Dark Matter from the
Lyman-Alpha Forest, Phys. Rev. Lett. 126 (2021), no. 7 071302, [2007.12705].

Particle Data Group Collaboration, R. L. Workman et al., Review of Particle Physics, PTEP
2022 (2022) 083CO01.

G. Alonso—Alvarez, K. Bleau, and J. M. Cline, Distortion of neutrino oscillations by dark photon
dark matter, 2301.04152.


http://www.arxiv.org/abs/0901.2200
http://www.arxiv.org/abs/0910.4584
http://www.arxiv.org/abs/1601.00972
http://www.arxiv.org/abs/2207.10928
http://www.arxiv.org/abs/2105.05120
http://www.arxiv.org/abs/2007.15563
http://www.arxiv.org/abs/hep-ph/9805262
http://www.arxiv.org/abs/hep-ph/9805272
http://www.arxiv.org/abs/1105.2812
http://www.arxiv.org/abs/1705.09455
http://www.arxiv.org/abs/1608.01307
http://www.arxiv.org/abs/1705.06740
http://www.arxiv.org/abs/1708.00015
http://www.arxiv.org/abs/2007.12705
http://www.arxiv.org/abs/2301.04152

23

G.-y. Huang, M. Lindner, P. Martinez-Miravé, and M. Sen, Cosmology-friendly time-varying neutrino
masses via the sterile neutrino portal, Phys. Rev. D 106 (2022), no. 3 033004, [2205.08431].

S. K. Lee, M. Lisanti, A. H. G. Peter, and B. R. Safdi, Effect of Gravitational Focusing on Annual
Modulation in Dark-Matter Direct-Detection Experiments, Phys. Rev. Lett. 112 (2014), no. 1 011301,
[1308.1953).

H. Kim and A. Lenoci, Gravitational focusing of wave dark matter, Phys. Rev. D 105 (2022), no. 6
063032, [2112.05718].

S. Hannestad, I. Tamborra, and T. Tram, Thermalisation of light sterile neutrinos in the early
universe, JCAP 07 (2012) 025, [1204.5861].

S. Hannestad, R. S. Hansen, and T. Tram, How Self-Interactions can Reconcile Sterile Neutrinos
with Cosmology, Phys. Rev. Lett. 112 (2014), no. 3 031802, [1310.5926].

B. Dasgupta and J. Kopp, A ménage a trois of eV-scale sterile neutrinos, cosmology, and structure
formation, Phys.Rev.Lett. 112 (2014) 031803, [1310.6337].

N. Saviano, O. Pisanti, G. Mangano, and A. Mirizzi, Unwveiling secret interactions among sterile
neutrinos with big-bang nucleosynthesis, 1409 .1680.

X. Chu, B. Dasgupta, and J. Kopp, Sterile neutrinos with secret interactions—lasting friendship with
cosmology, JCAP 10 (2015) 011, [1505.02795].

F. Forastieri, M. Lattanzi, G. Mangano, A. Mirizzi, P. Natoli, and N. Saviano, Cosmic microwave
background constraints on secret interactions among sterile neutrinos, JCAP 07 (2017) 038,
[1704.00626].

X. Chu, B. Dasgupta, M. Dentler, J. Kopp, and N. Saviano, Sterile neutrinos with secret
interactions—cosmological discord?, JCAP 11 (2018) 049, [1806.10629].

F. Forastieri, M. Lattanzi, and P. Natoli, Cosmological constraints on neutrino self-interactions with
a light mediator, 1904.07810.

BOREXINO Collaboration, M. Agostini et al., Experimental evidence of neutrinos produced in
the CNO fusion cycle in the Sun, Nature 587 (2020) 577-582, [2006.15115].

BOREXINO Collaboration, S. Appel et al., Improved Measurement of Solar Neutrinos from the
Carbon-Nitrogen-Ozxygen Cycle by Borexino and Its Implications for the Standard Solar Model, Phys.
Rev. Lett. 129 (2022), no. 25 252701, [2205.15975].

V. N. Gavrin et al., Neutrino-Oscillation Searches in the Short-Baseline Gallium Ezxperiment
BEST-2 with a® Zn Source, Phys. Atom. Nucl. 82 (2019), no. 1 70-76.

C. G. Boehmer and T. Harko, Dark energy as a massive vector field, Eur. Phys. J. C 50 (2007)
423-429, [gr-qc/0701029].

G. Tasinato, Cosmic Acceleration from Abelian Symmetry Breaking, JHEP 04 (2014) 067,
[1402.6450).

G. Tasinato, A small cosmological constant from Abelian symmetry breaking, Class. Quant. Grav. 31
(2014) 225004, [1404.4883].

M. Losada, Y. Nir, G. Perez, 1. Savoray, and Y. Shpilman, Parametric resonance in neutrino
oscillations induced by ultra-light dark matter and implications for KamLAND and JUNO,
2205.097609.

N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott, Constraining the Self-Interacting
Neutrino Interpretation of the Hubble Tension, Phys. Rev. Lett. 123 (2019), no. 19 191102,

[1905 . 02727}.

V. Brdar, M. Lindner, S. Vogl, and X.-J. Xu, Revisiting neutrino self-interaction constraints from Z
and T decays, Phys. Rev. D 101 (2020), no. 11 115001, [2003.05339].

J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the Invisible Axion, Phys. Lett. B120 (1983)
127-132.

L. F. Abbott and P. Sikivie, A Cosmological Bound on the Invisible Azion, Phys. Lett. B120 (1983)
133-136.

M. Dine and W. Fischler, The Not So Harmless Azion, Phys. Lett. B120 (1983) 137-141.

Y. Farzan, Ultra-light scalar saving the 3 + 1 neutrino scheme from the cosmological bounds, Phys.
Lett. B 797 (2019) 134911, [1907.04271].

IceCube Collaboration, M. G. Aartsen et al., Neutrino emission from the direction of the blazar
TXS 0506+056 prior to the IceCube-170922A alert, Science 361 (2018), no. 6398 147-151,
[1807.08794].


http://www.arxiv.org/abs/2205.08431
http://www.arxiv.org/abs/1308.1953
http://www.arxiv.org/abs/2112.05718
http://www.arxiv.org/abs/1204.5861
http://www.arxiv.org/abs/1310.5926
http://www.arxiv.org/abs/1310.6337
http://www.arxiv.org/abs/1409.1680
http://www.arxiv.org/abs/1505.02795
http://www.arxiv.org/abs/1704.00626
http://www.arxiv.org/abs/1806.10629
http://www.arxiv.org/abs/1904.07810
http://www.arxiv.org/abs/2006.15115
http://www.arxiv.org/abs/2205.15975
http://www.arxiv.org/abs/gr-qc/0701029
http://www.arxiv.org/abs/1402.6450
http://www.arxiv.org/abs/1404.4883
http://www.arxiv.org/abs/2205.09769
http://www.arxiv.org/abs/1905.02727
http://www.arxiv.org/abs/2003.05339
http://www.arxiv.org/abs/1907.04271
http://www.arxiv.org/abs/1807.08794

[99]

[100]

[101]
[102]

[103]

[104]
[105]
[106]
[107]
[108]

[109]

[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]

[124]

24

IceCube Collaboration, R. Abbasi et al., Evidence for neutrino emission from the nearby active
galaxy NGC 1068, Science 378 (2022), no. 6619 538-543, [2211.09972].

LSND Collaboration, C. Athanassopoulos et al., Evidence for anti-muon-neutrino —>
anti-electron-neutrino oscillations from the LSND experiment at LAMPF, Phys. Rev. Lett. 77 (1996)
3082-3085, [nucl-ex/9605003].

MiniBooNE Collaboration, A. A. Aguilar-Arevalo et al., The Neutrino Flux prediction at
MiniBooNE, Phys. Rev. D 79 (2009) 072002, [0806 . 1449].

MiniBooNE Collaboration, A. A. Aguilar-Arevalo et al., Unexplained Excess of Electron-Like
Events From a 1-GeV Neutrino Beam, Phys. Rev. Lett. 102 (2009) 101802, [0812.2243].
MiniBooNE Collaboration, A. A. Aguilar-Arevalo et al., Significant Excess of ElectronLike
Events in the MiniBooNE Short-Baseline Neutrino Ezperiment, Phys. Rev. Lett. 121 (2018), no. 22
221801, [1805.12028].

S. Palomares-Ruiz, S. Pascoli, and T. Schwetz, Fzplaining LSND by a decaying sterile neutrino,
JHEP 09 (2005) 048, [hep-ph/0505216].

M. Dentler, I. Esteban, J. Kopp, and P. Machado, Decaying Sterile Neutrinos and the Short Baseline
Oscillation Anomalies, Phys. Rev. D 101 (2020), no. 11 115013, [1911.01427].

A. de Gouvéa, O. L. G. Peres, S. Prakash, and G. V. Stenico, On The Decaying-Sterile Neutrino
Solution to the Electron (Anti)Neutrino Appearance Anomalies, JHEP 07 (2020) 141, [1911.01447].
V. Brdar, O. Fischer, and A. Y. Smirnov, Model-independent bounds on the nonoscillatory
explanations of the MiniBooNE excess, Phys. Rev. D 103 (2021), no. 7 075008, [2007 . 14411].

M. Hostert and M. Pospelov, Constraints on decaying sterile neutrinos from solar antineutrinos,
Phys. Rev. D 104 (2021), no. 5 055031, [2008.11851].

H. Kwon, F. Boehm, A. A. Hahn, H. E. Henrikson, J. L. Vuilleumier, J. F. Cavaignac, D. H. Koang,
B. Vignon, F. Von Feilitzsch, and R. L. Mossbauer, Search for Neutrino Oscillations at a Fission
Reactor, Phys. Rev. D 24 (1981) 1097-1111.

1. Alekseev et al., DANSS: Detector of the reactor AntiNeutrino based on Solid Scintillator, JINST
11 (2016), no. 11 P11011, [1606.02896].

PROSPECT Collaboration, J. Ashenfelter et al., The PROSPECT Physics Program, J. Phys. G
43 (2016), no. 11 113001, [1512.02202].

STEREO Collaboration, N. Allemandou et al., The STEREO FEzperiment, JINST 13 (2018),

no. 07 P07009, [1804.09052).

S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B. Gavela, and J. Lopez-Pavon, Unitarity of the
Leptonic Mizing Matriz, JHEP 10 (2006) 084, [hep-ph/0607020].

P. B. Denton and J. Gehrlein, New oscillation and scattering constraints on the tau row matriz
elements without assuming unitarity, JHEP 06 (2022) 135, [2109.14575].

S. Parke and M. Ross-Lonergan, Unitarity and the three flavor neutrino mizing matriz, Phys. Rev. D
93 (2016), no. 11 113009, [1508.05095].

S. A. R. Ellis, K. J. Kelly, and S. W. Li, Current and Future Neutrino Oscillation Constraints on
Leptonic Unitarity, JHEP 12 (2020) 068, [2008.01088].

S. A. R. Ellis, K. J. Kelly, and S. W. Li, Leptonic Unitarity Triangles, Phys. Rev. D 102 (2020),
no. 11 115027, [2004.13719].

Z. Hu, J. Ling, J. Tang, and T. Wang, Global oscillation data analysis on the 3v mizing without
unitarity, JHEP 01 (2021) 124, [2008.09730].

A. Atre, T. Han, S. Pascoli, and B. Zhang, The Search for Heavy Majorana Neutrinos, JHEP 0905
(2009) 030, [0901.3589].

P. D. Bolton, F. F. Deppisch, and P. S. Bhupal Dev, Neutrinoless double beta decay versus other
probes of heavy sterile neutrinos, JHEP 03 (2020) 170, [1912.03058].

KATRIN Collaboration, M. Aker et al., Improved eV-scale sterile-neutrino constraints from the
second KATRIN measurement campaign, Phys. Rev. D 105 (2022), no. 7 072004, [2201.11593].

A. M. Abdullahi et al., The present and future status of heavy neutral leptons, J. Phys. G 50 (2023),
no. 2 020501, [2203.08039).

V. Brdar and J. Kopp, Can standard model and experimental uncertainties resolve the MiniBooNE
anomaly?, Phys. Rev. D 105 (2022), no. 11 115024, [2109.08157].

MicroBooNE Collaboration, P. Abratenko et al., Search for an Excess of Electron Neutrino
Interactions in MicroBooNE Using Multiple Final-State Topologies, Phys. Rev. Lett. 128 (2022),


http://www.arxiv.org/abs/2211.09972
http://www.arxiv.org/abs/nucl-ex/9605003
http://www.arxiv.org/abs/0806.1449
http://www.arxiv.org/abs/0812.2243
http://www.arxiv.org/abs/1805.12028
http://www.arxiv.org/abs/hep-ph/0505216
http://www.arxiv.org/abs/1911.01427
http://www.arxiv.org/abs/1911.01447
http://www.arxiv.org/abs/2007.14411
http://www.arxiv.org/abs/2008.11851
http://www.arxiv.org/abs/1606.02896
http://www.arxiv.org/abs/1512.02202
http://www.arxiv.org/abs/1804.09052
http://www.arxiv.org/abs/hep-ph/0607020
http://www.arxiv.org/abs/2109.14575
http://www.arxiv.org/abs/1508.05095
http://www.arxiv.org/abs/2008.01088
http://www.arxiv.org/abs/2004.13719
http://www.arxiv.org/abs/2008.09730
http://www.arxiv.org/abs/0901.3589
http://www.arxiv.org/abs/1912.03058
http://www.arxiv.org/abs/2201.11593
http://www.arxiv.org/abs/2203.08039
http://www.arxiv.org/abs/2109.08157

[132]

[133]

[134]

[135]

[136]

[137]

138

[139)]

25

no. 24 241801, [2110.14054].

C. A. Argiielles, I. Esteban, M. Hostert, K. J. Kelly, J. Kopp, P. A. N. Machado, I. Martinez-Soler,
and Y. F. Perez-Gonzalez, MicroBooNE and the ve Interpretation of the MiniBooNE Low- Energy
Ezcess, Phys. Rev. Lett. 128 (2022), no. 24 241802, [2111.10359].

P. B. Denton, Sterile Neutrino Search with MicroBooNE’s Electron Neutrino Disappearance Data,
Phys. Rev. Lett. 129 (2022), no. 6 061801, [2111.05793].

K. J. Kelly and J. Kopp, More Ingredients for an Altarelli Cocktail at MiniBooNE, 2210.08021.
Borexino Collaboration, G. Bellini et al., SOX: Short distance neutrino Oscillations with
BoreXino, JHEP 08 (2013) 038, [1304.7721].

P. Huber, Testing the Gallium Anomaly, 2209 .02885.

C. Giunti and M. Laveder, Hint of CPT Violation in Short-Baseline Electron Neutrino
Disappearance, Phys. Rev. D 82 (2010) 113009, [1008.4750].

P. A. N. Machado, H. Nunokawa, F. A. P. dos Santos, and R. Z. Funchal, Bulk Neutrinos as an
Alternative Cause of the Gallium and Reactor Anti-neutrino Anomalies, Phys. Rev. D 85 (2012)
073012, [1107.2400].

M. Carena, Y.-Y. Li, C. S. Machado, P. A. N. Machado, and C. E. M. Wagner, Neutrinos in Large
Extra Dimensions and Short-Baseline v. Appearance, Phys. Rev. D 96 (2017), no. 9 095014,

[1708 . 09548}.

D. V. Forero, C. Giunti, C. A. Ternes, and O. Tyagi, Large extra dimensions and neutrino
experiments, Phys. Rev. D 106 (2022), no. 3 035027, [2207.02790].

E. M. Zavanin, M. M. Guzzo, P. C. de Holanda, and O. L. G. Peres, Confronting the stochastic
neutrino mixing mechanism with the sterile neutrino hypothesis as a solution to the short baseline
neutrino anomalies, Phys. Rev. D 91 (2015), no. 11 113009, [1502.05948].

K. S. Babu, V. Brdar, A. de Gouvéa, and P. A. N. Machado, Energy-dependent neutrino mixing
parameters at oscillation experiments, Phys. Rev. D 105 (2022), no. 11 115014, [2108.11961].

K. S. Babu, V. Brdar, A. de Gouvéa, and P. A. N. Machado, Addressing the short-baseline neutrino
anomalies with energy-dependent mizing parameters, Phys. Rev. D 107 (2023), no. 1 015017,
[2209.00031].

C. A. Argiielles, T. Bertélez-Martinez, and J. Salvado, Impact of Wave Packet Separation in
Low-Energy Sterile Neutrino Searches, 2201.05108.

J. M. Hardin, I. Martinez-Soler, A. Diaz, M. Jin, M. W. Kamp, C. A. Argiielles, J. M. Conrad, and
M. H. Shaevitz, New Clues About Light Sterile Neutrinos: Preference for Models with Damping
Effects in Global Fits, 2211.02610.

H. Davoudiasl and P. B. Denton, Sterile Neutrino Shape-shifting Caused by Dark Maitter,
2301.09651.


http://www.arxiv.org/abs/2110.14054
http://www.arxiv.org/abs/2111.10359
http://www.arxiv.org/abs/2111.05793
http://www.arxiv.org/abs/2210.08021
http://www.arxiv.org/abs/1304.7721
http://www.arxiv.org/abs/2209.02885
http://www.arxiv.org/abs/1008.4750
http://www.arxiv.org/abs/1107.2400
http://www.arxiv.org/abs/1708.09548
http://www.arxiv.org/abs/2207.02790
http://www.arxiv.org/abs/1502.05948
http://www.arxiv.org/abs/2108.11961
http://www.arxiv.org/abs/2209.00031
http://www.arxiv.org/abs/2201.05108
http://www.arxiv.org/abs/2211.02610
http://www.arxiv.org/abs/2301.09651

	Towards Resolving the Gallium Anomaly
	Abstract
	Introduction
	Detection: The Cross Section for Neutrino Capture on Gallium-71
	The Measured Germanium-71 Decay Rate
	Germanium-71 Decay to New Excited States of Gallium-71?

	Source: Chromium-51 Branching Ratios
	Calibration of the Radiochemical Germanium Extraction Efficiency
	Ideas Beyond the Standard Model
	Sterile Neutrinos Coupled to Fuzzy Dark Matter or Dark Energy
	MSW resonance from Interaction with Fuzzy Dark Matter
	MSW resonance from Interaction with Dark Energy
	Parametric resonance

	A Decaying Sterile Neutrino

	Conclusions
	References


