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Summary. — [ give an overview of some of the several anomalies appearing in
neutrino oscillation experiments, setting particular focus to the reactor antineutrino
anomaly and the Gallium anomaly. I will discuss these two anomalies in some
detail and, in particular, compare their explanation due to neutrino oscillations in
presence of a light sterile neutrino among each other and also with the bounds from
the analyses of reactor spectral ratio data, S-decay data, and solar neutrino data.

1. — Introduction

The possible existence of light sterile neutrinos is a hot topic of current research in
high-energy physics. It was motivated by anomalies found in short-baseline neutrino
oscillation experiments: the Gallium Anomaly, the Reactor Antineutrino Anomaly, and
the LSND and MiniBooNE anomalies (see the reviews in refs. [1-4]). Most puzzling is
the large Gallium Anomaly, which has been recently revived by the results of the BEST
experiment [5,6]. Here, we discuss the status of short-baseline v, and 7. disappearance
and we compare the neutrino oscillation explanation of the Gallium Anomaly with the
constraints from other experiments.

The standard paradigm in the phenomenology of massive neutrinos is the three-
neutrino mixing scheme in which the three well known active flavor neutrinos v, v,
and v, take part in the weak interactions of the Standard Model and are unitary su-
perpositions of three massive neutrinos vy, v», and 3 with respective masses my, mo,
and ms. The two independent squared-mass differences Am3, ~ 7.4 x 107°eV? and
|Am3,| ~ 2.5 x 10~%eV? (with Amﬁj = mj —m3) generate the oscillations observed
in solar, atmospheric and long-baseline neutrino oscillation experiments (see for exam-
ple ref. [7]). Short-baseline (SBL) oscillations that could explain the Reactor Antineu-
trino Anomaly and the Gallium Anomaly require the existence of at least one additional
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squared-mass difference Am2g; > 1eV?. In the minimal 341 scenario that we consider
here there is a non-standard massive neutrino v4 with mass m4 2 1eV which gener-
ates the short-baseline squared-mass difference AmZp; ~ Am3,. In the flavor basis,
the new neutrino corresponds to a sterile neutrino v, which does not take part in the
weak interactions of the Standard Model. In this framework, the effective short-baseline
survival probability of electron neutrinos and antineutrinos relevant for reactor and Gal-
2 AL%L The effective mixing

lium experiments is given by P, ~ 1 — sin’29,, sin
angle J.. depends on the element U,y of the 4 x 4 mixing matrix U through the relation
sin®20¢e = 4|Uea|*(1 — [Uea|?).

Currently, the Reactor Antineutrino Anomaly is regarded to be resolved or, at least,
diminished with the new refinements of reactor flux models [8,9], but the Gallium
Anomaly is reinforced by the new measurements of the BEST experiment [5,6]. There-
fore, it is desirable to pay special attention to the Gallium Anomaly, and look for possible
viable solutions.

2. — The Gallium Anomaly

The Gallium Anomaly was originally [10-12] a deficit of events observed in the
GALLEX [13-15] and SAGE [10, 16-18] source experiments aimed at testing the solar
neutrino detection done in these experiments through the process v, +"*Ga — e~ + "1 Ge.
Two source experiments have been done by the GALLEX collaboration using an intense
artificial 5! Cr radioactive source placed inside the detector. This source emitted electron
neutrinos through the electron capture (EC) process e~ + °1Cr — 1V + v,. The SAGE
collaboration performed a source experiment with a ! Cr radioactive source and another
with a 37 Ar radioactive source, which emitted electron neutrinos through the EC process
e~ +3"Ar — 37Cl + v,. The deficits of the observed rates with respect to the rates
calculated from the well-measured activity of the sources and different cross sections
for the detection process have been discussed in many papers. The measurements from
GALLEX and SAGE have been recently confirmed in the BEST experiment [5,6], which
was using also a °'Cr radioactive source.

The determination of the significance of the Gallium anomaly depends on the theoreti-
cal prediction of the detection cross section for which there are several model calculations.
The difference between these cross section models is the contribution to the cross section
coming from the transitions from the ground state of ' Ga to excited states of "' Ge.
The ground-state to ground-state cross section is known with a very small uncertainty
from the measured lifetime of "'Ge [19], whereas the transitions to the excited states are
obtained from theoretical calculations. These relative contributions are expected to be
at the few % level, with the exact value depending on the cross section model. The cross
section models that we consider here are a “Ground-state model” where no contribution
from the excited states is considered and the calculations from Bahcall [19], Kostensalo
et al. [20] and Semenov [21]. It has been shown that the statistical significance of the
Gallium Anomaly is large, about 5-60, for all the cross section models [22,23]. The
Gallium Anomaly can be explained by short-baseline neutrino oscillations in the 3+1
active-sterile neutrino mixing framework described briefly in Section 1. Figure 1 shows
the 20 allowed regions in the (sin?29.., Am?,) plane obtained from the analyses of the
Gallium data with the different cross section models. One can see that in all cases there
is a clear indication of a relatively large value of sin?20., for Am?, > 0.6eV2,
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Fig. 1. — Left: Contours delimiting the 20 allowed regions in the (sin®21.., Am3;) plane obtained
from the Gallium data [22] with different cross sections compared with those obtained in ref. [9]
from the analysis of short-baseline reactor rate data. The best-fit points are indicated by crosses.
Right: Contours delimiting the 1o, 20, and 3¢ allowed regions in the (sin®29.., Am3,) plane
obtained from the Gallium data with different cross sections compared with those obtained
from the two analyses of reactor spectral ratio data discussed in the text. The best-fit points
are indicated by crosses.

3. — The reactor rates constraints

The phenomenology of reactor neutrinos focused on the Reactor Antineutrino
Anomaly in 2011 [24], after the reevaluations of the predicted reactor antineutrino fluxes
by Mueller et al. [25] and Huber [26] (HM model), which led to a deficit of about 2.50 of
observed event rates in short-baseline reactor neutrino experiments with respect to the
predictions. Recent theoretical and experimental developments led to new reactor flux
models with enhanced (HKSS model of Hayen, Kostensalo, Severijns, and Suhonen [27])
or diminished (EF model of Estienne, Fallot et al [28] and KI model of Kopeikin et
al. [29]) Reactor Antineutrino Anomaly. In particular, the EF and KI flux models give
average ratios of observed and predicted events that are only about lo smaller than
unity, hinting at the demise of the Reactor Antineutrino Anomaly [8,9]. Here we use
the results of the analysis in ref. [9], where it was shown that all the reactor flux models
imply upper bounds for the 3+1 active-sterile neutrino mixing parameter sin®2J.. that
are smaller than about 0.25 at 2¢. This bound is in tension with the large values of
sin?20.. which are required to explain the Gallium Anomaly, as discussed in sect. 2.

Figure 1 (left panel) shows a comparison of the 20 allowed regions in the
(sin®29,.., Am3,) plane obtained from the analyses of reactor rates and Gallium data.
One can see that there is only a small overlap of the reactor and Gallium regions for
some models.

Table 2 of ref. [22] shows the x? difference Axp of the parameter goodness of fit
test [30] between the reactor rates and the Gallium data corresponding to the models in
fig. 1. Also shown are the corresponding values of the parameter goodness of fit GoFpc,
which quantifies the tension between the fits of reactor rates and Gallium data in the
different models. Considering the extreme case of Ground State Gallium cross section
model, the largest tension is obtained with the KI reactor flux model (GoFpg = 0.26%).
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Indeed, one can see from fig. 1 that the corresponding 20 allowed regions have only a
very marginal overlap for Am?, ~ 1eV2. The more realistic Bahcall, Kostensalo, and
Semenov cross section models give larger tensions between the reactor rates and Gallium
data. If we consider as severe a tension with a GoFpg smaller than 1%, for the Bahcall
and Kostensalo cross section models there is a severe tension between Gallium data and
reactor rates for all reactor flux models, except the HKSS model, while for the Semenov
cross section model there is a severe tension for all of the reactor flux models. One can
also notice that the KI reactor flux model gives the maximal tension for all Gallium cross
section models and it is always severe. The EF reactor flux model gives a severe tension
for all the Gallium cross section models, except for the Ground State model, where it is
a marginal 1.1%.

Since the EF and KI reactor flux models are those that may have solved the Reactor
Antineutrino Anomaly and are currently believed to represent reliable replacements of
the standard HM model, we conclude that the tension between Gallium data and reactor
rates is a serious issue in the framework of 3+1 active-sterile neutrino oscillations(!).

4. — Short-baseline reactor spectral ratios

Short-baseline oscillations of reactor antineutrinos can be probed in a model-
independent way by comparing the spectra measured at different distances from the
reactor antineutrino source. This is the approach adopted by the recent DANSS [32,33],
PROSPECT [34, 35], and STEREO [36, 37] experiments. Important results have been
obtained also by the NEOS collaboration [38] and by a joint analysis of the RENO and
NEOS collaborations [39]. In 2017 [38] the NEOS collaboration published the results
of the comparison of NEOS data at about 24 m from the reactor source with the pre-
diction obtained from the neutrino flux measured in the Daya Bay experiment [40] at a
distance of about 550 m from the reactor source, where the short-baseline oscillations
are averaged. Recently, the RENO and NEOS collaborations published a joint paper [39]
with the results of the comparison of NEOS data with the prediction obtained from the
neutrino flux measured in the RENO experiment at a distance of about 419 m from the
reactor source, which is in the same reactor complex of NEOS. This comparison allowed
the RENO and NEOS collaborations to reduce the systematic uncertainties with respect
to the NEOS/Daya Bay analysis.

In the following we consider both the NEOS/Daya Bay and NEOS/RENO data,
because it is obviously unknown which one of the Daya Bay and RENO neutrino spectra
is more accurate. Note that in this analysis we do not consider the controversial results
of the Neutrino-4 experiment: the Neutrino-4 collaboration claimed a 2.90 evidence
of short-baseline neutrino oscillations with large mixing (sin?2d.. = 0.36 + 0.12) at
Am3, = 7.3 4 1.17 [41]. However, these results were criticized in refs. [42-45].

In the following we discuss the compatibility of the results of the fits of reactor spec-
tral ratio data with the neutrino oscillation interpretation of the Gallium data and we
perform combined fits with other experimental results. For convenience, we introduce
the following notation:

RSRF(N/DB) combined reactor spectral ratio fit of the NEOS/Daya Bay, DANSS,
PROSPECT, STEREO, and Bugey-3 data.

(*) Note that recently another new model has been suggested, ref. [31], which should also result
in a reduced significance of the reactor rate anomaly.
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RSRF(N/R) combined reactor spectral ratio fit of the NEOS/RENO, DANSS,
PROSPECT, STEREO, and Bugey-3 data.

As shown in the right panel of fig. 1, these combined fits of the data of reactor
spectral ratio experiments favor short-baseline neutrino oscillations at values of Am?;
which are compatible with the neutrino oscillation interpretation of the Gallium data
discussed in sect. 2, but the required values of the mixing angle are smaller. Therefore,
there is also a tension between the results of reactor spectral ratio experiments and those
of the Gallium experiments. For all the four Gallium detection cross section models,
the parameter goodness of fit is well below 1% for RSRF(N/DB), whereas it is slightly
above 1% for RSRF(N/R) as indicated in table 3 of ref. [22]. The larger compatibility of
RSRF(N/R) with the Gallium data may seem contradictory with the smaller statistical
significance of short-baseline neutrino oscillations of RSRF(N/R) (2.60) with respect
to RSRF(N/DB) (3.10). However, one can see from the right panel of fig. 1 that the
30 allowed region of RSRF(N/R) extends to large values of sin®29,,. for large values of
Am3,, leading to a relative compatibility with the Gallium allowed regions. On the other
hand, the 3¢ allowed regions of RSRF(N/DB) are closed and lie at values of sin®29,,
that are incompatible with the Gallium allowed regions.

5. — Global v, and 7, disappearance analysis

In this section we present the results of the global analysis of the v, and 7, disap-
pearance data in the framework of 341 active-sterile neutrino mixing. The data that
we consider are the reactor rates and the reactor spectral ratio data discussed above.
We include also the Tritium limits and the solar bound discussed in detail in ref. [22].
We will discuss the global tension between the data that we consider and the Gallium
data if the Gallium Anomaly is considered as due to 341 active-sterile neutrino mixing.
Since the tension is very strong, we cannot include the Gallium data in a global fit in
the framework of 341 active-sterile neutrino mixing, and we presume that the Gallium
Anomaly is due to other reasons.

The results of the global fits that we obtained with different data sets (NEOS/Daya
Bay or NEOS/RENO) and different reactor flux models are listed in tables 7 and 8 of
ref. [22]. One can see that the goodness of fit is high. There is a 3.1-3.30 indication in
favor of 341 active-sterile neutrino mixing in the global fits with the NEOS/Daya Bay
data. The indication decreases to 2.6-2.8¢ if the NEOS/RENO are used. The values of
the best-fit points are in all cases around sin®2i., ~ 0.02 and Am3, ~ 1.3 eV

Figure 2 shows the 3¢ allowed regions in the (sin?20.., Am3,) plane obtained from
the global fits with different neutrino flux models and considering either the NEOS /Daya
Bay [38] spectral ratio or the NEOS/RENO [39] spectral ratio.

The restrictions of the solar neutrino constraint increase the tension with the results
of the Gallium experiments in the framework of 341 active-sterile neutrino mixing. From
table 8 of ref. [22], one can see that the global fit gives values of parameter goodness of
fit that are well below 1% for all the fits with different data combinations.

In fig. 2 one can notice the curious approximate coincidence of the values of Am?,
for the global best-fit points ((Am3,)ns. = 1.3eV?) and the Gallium best-fit points
((Am3,)p.s. = 1.3eV? for Bahcall, Kostensalo and Semenov, and (Am3, ). = 1.2eV? for
Ground State). This coincidence has no meaning in the framework of 3+1 active-sterile
neutrino mixing, because the best-fit values of the unique mixing parameter sin®24.. are
too different and the 30 allowed regions are well separated for Am?, ~ 1.3eVZ,
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Fig. 2. — Comparison of the contours delimiting the 30 allowed regions in the (sin®29.., Am3;)
plane obtained from the combined analysis of the data of the reactor rate experiments with
different flux models, the spectral ratio experiments,reactor the Tritium experiments, and the
solar bound with those obtained from the Gallium data with different cross sections. Also shown
is the 30 bound obtained from the combination of the Tritium and solar bounds. The figures
differ by the use of NEOS/Daya Bay [38] or NEOS/RENO [39] spectral ratio data. The best-fit
points are indicated by crosses.

6. — Summary and conclusions

We have discussed in a systematic way the results of v, and 7, disappearance ex-
periments which are relevant for the hypothetical existence of short-baseline neutrino
oscillations due to 341 active-sterile neutrino mixing. We started in sect. 2 with the
analysis of the results of the Gallium source experiments, motivated by the recent results
of the BEST experiment [5,6], which revived the Gallium Anomaly confirming the results
of the GALLEX [13-15] and SAGE [10,16-18] experiments. We have shown that the ex-
planation of the Gallium Anomaly in the framework of 3+1 active-sterile neutrino mixing
requires rather large values of the mixing between v, and the new massive neutrino vy
for all the cross section models of neutrino detection in the Gallium source experiments.
This means that v4 is not almost entirely sterile, as it would be required for considering
341 active-sterile mixing as a perturbation of standard three-neutrino mixing. This is
required for the explanation of the neutrino oscillations observed in solar, atmospheric
and long-baseline neutrino oscillation experiments.

We also considered the results of reactor neutrino experiments and we presented the
results of 3+1 fits of the measured rates and the ratios of spectra measured at different
distances. In sect. 3, we have shown that the measured reactor rates imply upper bounds
for active-sterile mixing that are in tension with the results of the Gallium experiments
for all the cross section models of neutrino detection in the Gallium source experiments
and all the reactor neutrino flux models.

In sect. 4, we presented the results of a global fit of the most recent available data of the
reactor neutrino experiments which measured the ratio of the neutrino spectra at different
distances in order to probe neutrino oscillations independently from the absolute values
of the neutrino fluxes. We have shown that the results depend significantly on the choice
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to consider either the NEOS/Daya Bay [38] or NEOS/RENO [39] spectral ratio data.
In the case of the NEOS/Daya Bay, there is a 3.10 indication in favor of short-baseline
oscillations with best-fit parameter values sin?21,, = 0.022 and Am3, = 1.29eV?, which
is driven by the overlap of the surrounding allowed regions of NEOS/Daya Bay and
DANSS [33]. On the other hand, the overlap of the NEOS/RENO and DANSS allowed
regions is smaller and leads to an indication in favor of short-baseline oscillations of only
2.60 with best-fit parameters values sin®20., = 0.017 and Am3, = 1.32eV?. Although
the NEOS/RENO comparison may be favored by the smaller systematic uncertainties
which were estimated by the NEOS and RENO collaborations using the fact that the
two experiments detect neutrino fluxes from similar reactors in the same complex, we
think that we cannot dismiss the NEOS/Daya Bay data, which should be considered as
a different measurement based on the Daya Bay neutrino flux measurement. Since we
cannot combine the two measurements because the NEOS data would be double counted,
we remain with the ambiguity of the two different results which hopefully will be solved
by future measurements.

We have also shown that the results of the reactor spectral ratio experiments are
in tension with the neutrino oscillation explanation of the Gallium Anomaly and the
tension is stronger when the NEOS/Daya Bay data are considered, with about 0.15%
parameter goodness of fit for all the Gallium detection cross section models, whereas
considering the NEOS/RENO data we obtain about 1.3%. Finally, we discussed in
sect. 5 the results of the global fit of the v, and v, disappearance data. We have shown
that the tension is dramatic in the case of the global fit, with values of the parameter
goodness of fit well below 1% for all the cases with different data choices (NEOS/Daya
Bay or NEOS/RENO), different reactor flux models, and different Gallium detection
cross sections.

In conclusion, we think that the results presented in ref. [22] show the present status of
our knowledge on short-baseline v, and v, disappearance in the framework of 341 active-
sterile neutrino mixing and the dramatic tension between the the neutrino oscillation
explanation of the Gallium Anomaly and the results of the other experiments(?). We
conclude that it is very likely that the Gallium Anomaly is not due to neutrino oscillations
and some other explanation must be found.
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