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Abstract: To study the oscillations of active neutrinos in the framework of the model with three
active and three sterile neutrinos, the analytical expressions are obtained for the appearance and
survival probabilities of different neutrino flavors taking into account the decaying sterile neutrinos
contributions. In the framework of the considered phenomenological neutrino model, we make
an interpretation of the experimentally detected XENON1T-excess of electronic recoil events in the
energy range of 1–7 keV as a result of the radiative decay of a sterile neutrino with a mass of about
7 keV. Estimations of the decay parameters for the radiative decay of Majorana sterile neutrinos
due to the magnetic dipole transitions into the active neutrino states are made. The value of the
parameter of active and sterile neutrinos mixing has been derived from the Baksan Experiment on
Sterile Transitions (BEST) experimental data. The graphical dependences for the probabilities of
appearance and survival of muonic and electron neutrinos at short baseline (SBL) are presented with
the use of that gained from the experimental data estimations of the model parameters.

Keywords: neutrino oscillations; short baseline; decaying sterile neutrino; electronic recoil event;
dipole portal; XENON1T anomaly; Baksan experiment on sterile transitions (BEST)

1. Introduction

As is known, the oscillations of solar, atmospheric, reactor, and accelerator active
neutrinos can be described by mixing three mass neutrino states using the Pontecorvo–
Maki–Nakagawa–Sakata matrix UPMNS ≡ U = VP, with ψL

a = ∑i Uaiψ
L
i , where ψL

a,i are
left chiral fields with flavor a or mass mi, a = {e, µ, τ} and i = {1, 2, 3}. For three active
neutrinos, the matrix V is expressed in the standard parametrization [1] through three
mixing angles θij and the CP-phase δ ≡ δCP associated with CP violation in the lepton sector
for Dirac or Majorana neutrinos, while P = diag{1, eiα, eiβ}, where α ≡ αCP and β ≡ βCP
are phases associated with CP violation only for Majorana neutrinos. At the present time,
using experimental data, the mixing angles θij and the differences of the squared neutrino
masses ∆m2

21 and ∆m2
31 are found [1–3] (where ∆m2

ij = m2
i −m2

j ), but the value of ∆m2
31 is

still known only up to a sign. Therefore, the absolute values of the neutrino masses can
be ordered in two ways, namely, as m1 < m2 < m3 or as m3 < m1 < m2, which are called
the normal order of neutrino masses (NO) or the inverse order of neutrino masses (IO),
respectively. The use of non-zero neutrino masses leads to a Modified Standard Model
(MSM) to replace the original Standard Model (SM) with zero neutrino masses. In what
follows, we will consider only the NO-case of the neutrino mass spectrum at δCP = 1.2π.
Thus, our particular choice of the preferred mass ordering and the δCP value is coming
from recent experimental results (in particular, the results of the T2K experiment) [1,2].

Along with the measured standard oscillation data, the indications are obtained on
anomalous data for neutrino fluxes in a number of processes that cannot be explained by
using the oscillatory parameters for only three active neutrinos. These anomalies include
LSND (or accelerating) anomaly (AA) [4–6], reactor antineutrino anomaly (RA) [7–12],
and gallium (or calibration) anomaly (GA) [13–18]. Anomalies manifest themselves at
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small distances, more precisely, at such distances L from the source when the value of the
parameter ∆m2L/E is of the order of unity, where E is the neutrino energy. AA, RA, and
GA, that is, three types of neutrino anomalies on small (or short baseline (SBL)) distances,
can be explained by the presence of at least one or two additional neutrinos that do not
interact directly with gauge bosons of MSM; therefore, they are called sterile neutrinos
(SN). The characteristic mass scale of SN that is suitable for explaining the SBL anomalies
is 1 eV (see, for example, [19–22]).

In principle, the number of additional neutrinos can be arbitrary [23–25]. Phenomeno-
logical models containing SN are usually denoted as (3+N) models or, in more detail, as
(k+3+n+m+. . . ) models, where k is the number of new neutrinos with masses less than
masses of active neutrinos, and n and m are the numbers of new neutrinos with masses
large and significantly larger, respectively, than the masses of active neutrinos, etc. Prop-
erties of SN, if they really exist, have yet to be determined using experimental data and
phenomenological models. For example, data from the XENON1T experiment were re-
cently publiished that are related to electronic recoil events in the energy range between
1 keV and 210 keV [26], in which one can see an excess of electronic recoil events in the
energy range between 1 keV and 7 keV compared to the calculated background. By now, a
large number of works devoted to various options for explaining this effect have appeared
(see, for example, [27–34]). In this work, we will hold to the interpretation of the observed
effect as a result from sterile neutrino decays [31]. Thus, we take into account the possibility
of decay of sterile neutrinos in the framework of the (3+3) neutrino model with three active
and three sterile neutrinos [19]. This SN property allows us to explain the XENON1T-excess
too, and for some values of the SN decay width, as is shown in this work, preserve the
interpretation of SBL anomalies as an effect of sterile neutrinos. Note that such important
characteristics of models with sterile neutrinos as mixing parameters of active and sterile
neutrinos, obtained in different experiments in the framework of the simple (3+1) model,
significantly disagree (see, for example, [35–37]). In the present work, we use the latest
results of the Baksan Experiment on Sterile Transitions (BEST) [18] for estimating the value
of the main mixing parameter of active and sterile neutrinos (parameter ε) in the framework
of the considered (3+3) model.

The paper is organized as follows: Section 2 contains the main propositions of the used
(3+3) neutrino model, which are based on the results presented earlier in [19]. Section 3
provides a short description of data related to the excess of electronic recoil events in the
XENON1T experiment and their interpretation within the framework of the used (3+3)
model. In Section 4, analytical expressions for the appearance and survival probabilities for
different flavors of stable and decaying neutrinos are given. In Section 5, the value of the
main parameter related to the mixing of active and sterile neutrinos is obtained taking into
account the last data of the experiment BEST. On the basis of the found values of the model
parameters, the graphs of the appearance and survival probabilities of electron neutrinos
and the survival probabilities of muon neutrinos are presented and discussed. In the final
Section 6, it is noted that the results of this work can be used to interpret both the data
obtained from the SBL experiments on the search for sterile neutrinos and the data from
the XENON1T experiment, as well as some astrophysical data.

2. Phenomenological (3+3) Model of Neutrinos

Phenomenological neutrino (3+N) or (k+3+m+n+. . . ) models are used to describe SBL
anomalies as well as some astrophysical data, where N = k + m + n + . . . is the number
of additional neutrinos. Usually, models with a minimal number of N are used, such as
(3+1) and (3+2) models [38]. In papers [39–41], taking into account left-right symmetry of
weak interactions, the (3+3) model was considered, which will be used below. The (3+3)
model includes three active neutrinos νa (a = e, µ, τ) and three new (sterile) neutrinos: light
sterile neutrino νs, hidden neutrino νh, and dark neutrino νd [19]. Thus, this model contains
six neutrino flavor states and six neutrino mass states. Therefore, to describe neutrino
oscillations, it is necessary to use the generalized 6× 6 mixing matrix Umix, which can
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be called the generalized Pontecorvo–Maki–Nakagawa–Sakata matrix UGPMNS ≡ Umix.
We represent Umix as the matrix product VP, where P is a diagonal matrix containing the
Majorana CP-phases φi, i = 1, . . . , 5, that is, P = diag{1, eiφ1 , . . . , eiφ5}. Hereinafter, we will
not use the general form of the matrix V, but employ only its particular forms. Preserving
the continuity of notations, we denote the Dirac CP-phases as δi and κj, and the mixing
angles as θi and ηj, and, in doing so, δ1 ≡ δCP, θ1 ≡ θ12, θ2 ≡ θ23 and θ3 ≡ θ13.

For compactness of formulas, we introduce symbols νb and νi′ for sterile left flavor
fields and sterile left mass fields, respectively. Fields νb with index b contain fields νs, νh
and νd, and i′ will denote a set of indices 4, 5 and 6. A total 6 × 6 mixing matrix Umix can
be represented in terms of 3 × 3 matrices R, T, V, and W in the following way:(

νa
νb

)
= Umix

(
νi
νi′

)
≡
(

R T
V W

)(
νi
νi′

)
. (1)

In the present state of the art, it is enough to restrict ourselves only to a minimal
number of parameters of the mixing matrix Umix, which allows interpretation of the
available (still rather heterogeneous) experimental data. The transition to the full matrix
with all parameters should be done later on, when reliable experimental results related to
the revealed anomalies will be obtained. That is, only a few special cases of matrices R, T,
V, and W are used below. Let us choose the matrix R in the form of R = κUPMNS, where
κ = 1− ε and ε is a small value, while T in Equation (1), most likely, is a small matrix
as compared to the well-known unitary 3× 3 mixing matrix UPMNS of active neutrinos
(UPMNSU+

PMNS = I). Thus, when choosing the appropriate normalization, the oscillations
of active neutrinos are described, as it should be in MSM, with using the Pontecorvo–Maki–
Nakagawa–Sakata matrix UPMNS. Below the notation, UPMNS ≡ U will be used. Since,
according to available astrophysical and laboratory data, the mixing between active and
sterile neutrinos should be small, we choose matrix T in the form of T =

√
1−κ2 a, where

a is an arbitrary unitary 3× 3 matrix (aa+ = I). In this case, the matrix Umix can be written
in the following form:

Umix =

(
R T
V W

)
≡
(

κU
√

1−κ2 a√
1−κ2 bU κc

)
, (2)

where b is also an arbitrary unitary 3× 3 matrix (bb+ = I), and c = −ba. Under these
conditions, the matrix Umix will be unitary too (UmixU+

mix = I). Indeed, this structure of
matrix Umix is unambiguous, under the choice of matrix R as κU and from the requirement
of its unitary. In particular, we will use the following matrices a and b:

a =

 1 0 0
0 cos η4 sin η4

0 − sin η4 cos η4

×
 cos η3 0 sin η3

0 1 0
− sin η3 0 cos η3

×
 cos η2 sin η2 0
− sin η2 cos η2 0

0 0 e−iκ2

, (3a)

b = −

 cos η1 sin η1 0
− sin η1 cos η1 0

0 0 e−iκ1

, (3b)

where κ1 and κ2 are the mixing phases between active and sterile neutrinos, while η1 and
η2, as well as η3 and η4 are the mixing angles between them. Matrix a of the form (3a),
but in the particular case at η3 = 0 and η4 = 0, was used in the paper [41]. In some
cases, it is desirable (as is seen below from the formula (8)) to have the values of the
elements of the bottom (3rd) line of the resulting matrix with maximal modulus (for known
fixed parameters η2 and κ2). The remaining elements of the matrix Umix are obtained in a
standard way.

Let us specify the neutrino masses using a normally ordered set of values {m} = {mi, mi′}.
For the masses of active neutrinos, we take the estimates of the neutrino masses proposed
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in [40–42] for the NO case (in units of eV), which do not contradict to up-to-date experi-
mental data:

m1 ≈ 0.0016, m2 ≈ 0.0088, m3 ≈ 0.0497 . (4)

The values of mixing angles θij for active neutrinos, which define the Pontecorvo–Maki–
Nakagawa–Sakata matrix, are calculated from the relations sin2 θ12 ≈ 0.318, sin2 θ23 ≈ 0.566
and sin2 θ13 ≈ 0.0222. These relations are obtained on the basis of processing of experimen-
tal data for the NO-case and are given in the paper [2]. Concrete values quoted above of
masses and mixing angles for active neutrinos are within known experimental bounds [2].
The selection of these values is the admissible and convenient method of carrying out
the following numerical calculations for the analysis of active neutrino oscillations at
short baseline.

In the paper [19], a specific version of the (3+1+2) model was considered for the next
values (in units of eV) of masses m4, m5, and m6 (specified in [19] as the LMO1 option):

{m}LMO1 = {1.1, 1.5× 103, 7.5× 103}. (5)

However, to reproduce the electron energy spectrum observed in the XENON1T
experiment (in which, in the region of several keV, one can actually see one maximum
at 3.5 keV), and also taking into account the values of the SN masses used to explain
MiniBooNE anomaly in [43], we will further use somewhat larger values of m5 and m6
masses than the corresponding mass values given in [19] and also above in the relations (5).
To do this, let us take out m6 from the keV range. It is necessary because only one maximum
at 3.5 keV has been observed in the XENON1T experiment. Thus, if one considers the
radiative decays of ν5 (see Section 3), then the ν5 mass should be approximately equal to
7 keV. The value of the mass m4 from the relations (5) is practically left unchanged (taking
into account the experimental results of [18], its refined value is 1.14 eV). This value of
mass m4 satisfies the current restrictions [44,45], but we note that for this work the change
of its value in the square from 0.1 eV2 up to 10 eV2 is not essential, and all of the following
results substantially remain valid. Thus, in this paper, we will further use the following
eV-values of the masses m4, m5, and m6:

{m} ≡ {m4, m5, m6} = {1.14, 7× 103, 1× 106}. (6)

Therefore, the considered (3+3) model is actually the (3+1+1+1) model. Note that
sterile neutrinos in the mass range from 1 keV to 10 keV are currently being used to interpret
some astrophysical data [46], which is consistent with our choice of mass m5 equal to 7 keV.

To make the calculations more specific, we will use the following trial values of the
new mixing parameters:

κ1 = κ2 = −π/2, η1 = 5◦, η2 = ±15◦. (7)

The general motivation for this choice is that the mixing between active and sterile
neutrinos should be small, so that the mixing angles as well as the value of the parameter ε
should not be quite large. However, for the crucial parameter η2 responsible for the effects
considered in the present paper, its model value was still fitted by visually comparing the
oscillation curves of active neutrinos in the channels νe → νe and νµ → νµ (see Section 5).
The value of the parameter ε will be found below in Section 5 using the experimental results
of [18], which was obtained for the internal volume of the target filled with gallium.

3. The Excess of Electronic Recoil Events in the XENON1T Experiment and Its
Interpretation in the Context of the (3+1+1+1) Model

The data from the XENON1T experiment on the observation of the excess of electronic
recoil events in the energy range between 1 keV and 7 keV were presented recently [26].
The XENON1T experiment is being carried out underground in INFN National Laboratory
in Gran Sasso. This experiment uses a time projection chamber filled by liquid xenon
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with a mass of the order of 1 ton. The experiment was originally intended to detect dark
matter from weakly interacting massive particles (WIMP). Interaction of different particles
inside the detector leads to the appearance of both fast scintillation signals and delayed
electroluminescent signals. These light signals are detected by a system of photomultipliers
above and below the working volume, and their readings determine the released energy
and coordinates of events. The time relationship between electroluminescent signals
and fast scintillation signals is used to determine electrons recoil that is produced, for
example, by gamma rays or beta electrons, and which is compared with the nuclear recoil
that is produced, for example, by neutrons or WIMPs. This procedure is essential for
particle identification.

As a result of the measurements that have been carried out on determination of the
number of electrons recoil events and subsequently comparing it with the background
calculated for the given setup, the excess of such events was obtained in the region 1–7 keV
with a maximum near 3 keV. If we take into account the additional contribution to the
background due to tritium, then this maximum shifts to 3.5 keV [26]. Checking the detected
anomaly will continue both in the XENON1T experiment and in future experiments of
this type.

Let us dwell upon the possibility of a description of the electronic recoil event ex-
cess observed in the XENON1T experiment within the framework of the neutrino model
considered in Section 2. We assume that this excess is due to the interaction of elec-
trons with photons arising as a result of decays of hidden neutrinos that are captured
by the Earth and are omnipresent in a laboratory with non-relativistic speeds, being in a
dynamic equilibrium with dark matter particles and cosmic background neutrinos and
photons [24,27,28,32,36,37]. Below, we will consider sterile neutrino decay mechanisms
with a photon emission. Other possible decay mechanisms of hidden neutrinos, for ex-
ample, with the help of dark bosons, are not being considered in this work due to their
hypothetical nature [47,48].

First, let us consider and evaluate, in accordance with the method of the paper [49], the
radiative decay widths of sterile neutrino mass states, which occur through the exchange
by W±-bosons and Higgs bosons. According to the results of [49], the decay width of the
Majorana massive neutrino with mass mi into Majorana massive neutrino with mass mj
under the condition mi � mj can be approximately calculated by the formula:

Γij ≈ (1029 yr)−1
[ mi

30 eV

]5
· 2(1− 2x2)

∣∣∣Ũ∗τiŨτ j

∣∣∣2, (8)

where x = mj/mi � 1. For sterile neutrinos with masses of the order of several keV, an
estimate of the width of their decay in energy units leads to an extremely small result
Γij ∼ 10−42 eV (which corresponds to the estimate in time units as Γij ∼ 10−20 years−1).

Therefore, let us consider other possible mechanisms of sterile neutrino decay [43],
which can result in much larger decay widths. In Refs. [50–52], the interaction of neutrinos
with an electromagnetic field due to anomalous dipole moments of neutrinos is considered
(dipole portal). We restrict ourselves in this work to taking into account the magnetic
dipole moments for decaying sterile neutrinos as Majorana particles. In this case, the
intrinsic magnetic moments of SN are equal to zero, and nonzero are only off-diagonal
matrix elements of the magnetic dipole moment (transient magnetic moments) responsible
for electromagnetic transitions between different mass states of neutrinos [53]. Part of the
Lagrangian, which contains the kinetic part of the Lagrangian of the electromagnetic field
and also its interaction with anomalous magnetic moments of SN, has the form:

L′ = −1
4

FµνFµν − Σijµijν̄iσ
µννjFµν, (9)

where
Fµν = ∂µ Aν − ∂ν Aµ, σµν = i[γµ, γν]/2. (10)
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Then, due to the term with the interaction between neutrinos and photons in the
formula (9), the decays of νj → γ + νi are possible. In particular, photons with energies
approximately equal to 3.5 keV, i.e., about one half of the ν5 neutrino mass, will be emitted
from the decay of ν5 into the active neutrino mass states i (i = 1, 2, 3). Using the results of
work [53], it is possible to relate the neutrino decay width Γ5 due to such radiative decays
with an effective transient magnetic moment of neutrinos:

Γ−1
5 ≈ 0.19

(
1 eV
m5

)3( µB
µeff

)2
c, (11)

where µeff =
√

Σiµ
2
5i is the effective transition magnetic moment of heavy neutrino ν5. To

show the influence of decaying keV-range neutrino on oscillation characteristics of active
neutrinos, we will use the phenomenological value of the decay width Γ5 ∼ 10−7 eV, which
in time units corresponds to the value Γ5 ∼ 108 c−1. This value of Γ5 allows us to conserve
the oscillations of active neutrinos with a small effect from ν5 decay. Then, for the mass
value m5 = 7 keV, it is possible to obtain from relation (11) that it corresponds to the
value of the effective transient magnetic moment µeff of neutrino ν5 of the order of 0.01µB.
For massive neutrino ν6, if its width is Γ6 ∼ 10−5 eV, it must have the effective transient
magnetic moment ∼5 · 10−5µB. At the same time, even if the transient magnetic moment
of a light sterile neutrino ν4 estimates by a value of the order of µB (or less), then the width
of its decay Γ4 due to a magnetic-dipole interaction should not exceed the rather small
value 10−14 eV. In this paper, we do not consider other possible mechanisms leading in
some cases to sufficiently large values of µeff, which may also include the contributions of
interactions in the dark sector.

4. Analytical Expressions for the Appearance and Survival Probabilities of
Neutrino Flavors

In this section, we present a generalization of the analytical expressions for the proba-
bilities of transitions and conservations of various neutrino flavors, which were obtained
in Ref. [25] in the case of stable neutrinos, to the case of decaying neutrinos. Using equa-
tions for propagation of various neutrino flavors (see, for example, [19]), it is possible to
obtain analytical expressions for the transition probabilities of various flavors of stable
neutrinos/antineutrinos in a vacuum as a function of distance L from neutrino source. If
Ũ ≡ Umix is a generalized 6× 6 mixing matrix in the form of expression (2), and if one uses
notation ∆ki ≡ ∆m2

ikL/(4E), then, following [25], it is possible to calculate the transition
probabilities from να to να′ , or from να to να′ by the formula

P(να(να)→ να′(να′)) = δα′α − 4 ∑i>k Re(Ũα′iŨ∗αiŨ
∗
α′kŨαk) sin2 ∆ki

± 2 ∑i>k Im(Ũα′iŨ∗αiŨ
∗
α′kŨαk) sin2 ∆ki (12)

where the upper sign (+) corresponds to neutrino transitions να → να′ while the undersign
(−) corresponds to antineutrino transitions να → να′ . Note that the flavor indices α and α′

(as well as the summation indices i and k over mass states) are applied to all neutrinos, that
is, to active and sterile neutrinos. Moreover, as follows from the Equation (12), the relation
P(να → να) ≡ P(να → να) is fulfilled exactly due to the CPT-invariance condition [25].

The expressions (12) given above are directly generalized to the case of decaying
neutrinos with allowance for their decay widths Γk for the k-th neutrino mass state. For
this, in the original equations for propagation of neutrino flavors [19], it is necessary to
substitute the complex quantity Ek − iΓk/2 instead of neutrino energy Ek, that in a result
permits us to take into account a possibility of decay with a decay width Γk for any k-th
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mass neutrino state. Then, the probabilities of transitions from να to να′ , or from να to να′ ,
will be calculated as follows:

P(να(να)→ να′(να′)) = δα′α + 2 ∑i>k Re(Ũα′iŨ∗αiŨ
∗
α′kŨαk)(Tki cos2 ∆ki − 1)

± 2 ∑i>k Im(Ũα′iŨ∗αiŨ
∗
α′kŨαk)Tki sin2 ∆ki (13)

where Tki = exp{− L
2 (Γk + Γi)}. The upper sign (+) corresponds to neutrino transitions

να → να′ , and the lower sign (−) corresponds to antineutrino transitions ν̄α → ν̄α′ . For this,
(∆m2

ikL)/(4Eh̄c) is equivalent to 1.27(∆m2
ikL)/E, if ∆m2

ik is given in eV2, E is given in MeV,
and L is given in meters. Respectively, L(Γk + Γi)/2h̄c is equivalent to 0.253 · 107L(Γk + Γi),
if L is given in meters, and Γk and Γi are given in eV.

5. Evaluation of Mixing of Light and Heavy Neutrinos by the BEST Experimental
Result and Calculations of the Appearance and Survival Probabilities for
Active Neutrinos

Let us now estimate the value of the parameter ε for the mixing matrix Umix, with
using the experimental result [18] obtained for the internal volume of a target in the form of
a sphere filled with gallium. This experiment uses neutrino radiation from radioactive 51Cr
to calibrate the detector. The spectrum of 51Cr is well known and consists of two dominant
monoenergetic components and two subdominant monoenergetic components. The source
with 51Cr is placed in a cylinder, which is in turn inserted into a sphere filled with gallium.
This sphere forms the inner target volume, while the outer volume consists of a large
cylinder also filled with gallium. The inner radius of the sphere is Lin = (52.03± 0.18) cm,
and a cylinder with a radius of about rcyl = 4.3 cm is inserted into this sphere, so one end
of this cylinder is hsource = 5.4 cm below the center of the sphere, while the other end of the
cylinder reaches the edge of the sphere. Integrating over the interior of the sphere without
a cylinder, first with probability according to the formula (13), then with a unit probability,
and, taking the ratio of the results obtained, we obtain the value of the averaged value Rin,
which, according to [18], should be equal to Rin = 0.791± 0.050. In this, with sufficient
accuracy, the influence of the cylinder can be neglected, the proportion of which in the
working volume is less than 1%. It should be also taken into account that electron neutrinos
in 81.63% cases are emitted with an energy of 747 keV, in 8.95% cases, they are emitted with
an energy of 427 keV, in 8.49% cases, they are emitted with an energy of 752 keV and, in
0.93% cases, they are emitted with an energy of 432 keV. After the performed calculations,
the estimate of the value of the parameter ε is 0.087, if we use value η2 = 15◦.

Now, one can plot the appearance and survival probabilities for various neutrino
flavors in the considered model. Figure 1 shows the probabilities of appearance of νe (a and
b) as a function of the ratio of the distance L from the source to the neutrino energy E in the
beams of νµ for stable (a) and decaying (b) sterile neutrinos for the neutrino mass spectrum
considered in this paper and for the decay widths of sterile neutrinos Γ4 = 10−14 eV,
Γ5 = 10−7 eV and Γ6 = 10−5 eV. Motivation for the choice of such test values for decaying
widths of sterile neutrino states is given in Section 3, and, for the matrix Umix, the values
ε = 0.087 and η2 = π/12 were taken. The value of ε was obtained above in this section
based on the result of work [18]. Furthermore, in all the figures, the gray area corresponds
to the exact calculations of fast oscillations caused by the presence in the model of the fifth
keV-range neutrino, while the solid line shows probability values averaged over a small
spatial scale. In Figure 2, similar results for stable (a) and decaying (b) sterile neutrinos are
given for P(νµ → νµ) ≡ P(νµ → νµ) for the same model parameter values. Figure 3 shows
similar results for stable (a) and decaying (b) sterile neutrinos for P(νe → νe) ≡ P(νe → νe).
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Figure 1. The probability of appearance of νe depending on the ratio of the distance L from the
source to the neutrino energy E in the beams of νµ for stable (a) and decaying (b) sterile neutrinos
with masses m4 = 1.14 eV, m5 = 7 keV and m6 = 1 MeV and with decay widths Γ4 = 10−14 eV,
Γ5 = 10−7 eV and Γ6 = 10−5 eV. For matrix Umix, ε = 0.087 and η2 = 15◦ (η3 = 0 and η4 = 0).
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Figure 2. The survival probabilities for νµ depending on the ratio of the distance L from the source to
the neutrino energy E in the beams of νµ for stable (a) and decaying (b) sterile neutrinos with masses
m4 = 1.14 eV, m5 = 7 keV and m6 = 1 MeV and with decay widths Γ4 = 10−14 eV, Γ5 = 10−7 eV and
Γ6 = 10−5 eV. For matrix Umix, ε = 0.087 and η2 = 15◦ (η3 = 0 and η4 = 0).
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Figure 3. The survival probabilities for νe depending on the ratio of the distance L from the source to
the neutrino energy E in the beams of νe for stable (a) and decaying (b) sterile neutrinos with masses
m4 = 1.14 eV, m5 = 7 keV and m6 = 1 MeV and with decay widths Γ4 = 10−14 eV, Γ5 = 10−7 eV and
Γ6 = 10−5 eV. For matrix Umix, ε = 0.087 and η2 = 15◦ (η3 = 0 and η4 = 0).

As can be seen from the results presented in these figures, the very small width of
light sterile neutrino Γ4 has practically no effect on oscillation characteristics of active
neutrinos. However, the width of Γ5 of a keV-range neutrino already affects fast oscillations
from keV-range sterile neutrinos, which are visually represented by a gray background in
Figures 1–3. As a result, for excluding the initial part of small values of the L/E ratio, the
contribution of sterile neutrinos has the character of smooth oscillations corresponding to
oscillations on smooth averaged curves in Figures 1a, 2a and 3a for stable sterile neutrinos.
These oscillations in the range of values L/E < 10 m/MeV are less pronounced in the initial
part for accelerating anomaly corresponding to Figure 1, but it remains clearly expressed
for reactor and calibration anomalies, which gives these anomalies preference for research
on the search for sterile neutrinos.

In Figure 4, the survival probability for electron neutrinos P(νe → νe) as a function of
distance L from the source is shown specifically for the conditions of the BEST experiment
corresponding to the experimental value Rin = 0.791 for the values of the model parameters
η2 = 15◦ and ε = 0.087. When decreasing the value of η2, the parameter ε will increase,
while the influence of a light sterile neutrino in the channel νµ → νµ will decrease more.
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Figure 4. The survival probabilities for νe depending on the distance L from the neutrino source with
parameter values η2 = 15◦ and ε = 0.087 for the conditions of the Baksan Experiment on Sterile
Transitions (BEST) [18].
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Thus, with mass values from Equations (4) and (6) for active and sterile neutrinos
given in Section 2, respectively, it remains possible to interpret the neutrino data anomalies
at small distances [54,55] as the sterile neutrino effect in the case of decaying sterile neu-
trinos [31] (see Figures 1–3) provided that the largest period of oscillations among sterile
neutrinos is much less than the smallest half-life among these sterile neutrinos. In this work,
we focus principally on how the presence of decay widths of decaying sterile neutrinos
can affect the oscillatory characteristics of active neutrinos. A comparison of the results
of our model with the results of a simple (3+1) model, which are obtained on the basis
of available experimental data, was made in Ref. [19] and shows that it is most probably
that all SBL anomalies data cannot be described with the usual simple formula of the (3+1)
model depending on the same value of characteristic parameter ∆m2

41.

6. Discussion and Conclusions

In this paper, the phenomenological (3+3) neutrino model with three active neutri-
nos and three decaying sterile neutrinos is used for a description of oscillations of active
neutrinos at small distances. Generalization of formulas for the probabilities of appear-
ance and survival of various neutrino flavors taking into account the contributions of
decaying neutrinos is obtained. In addition, estimates are made for some parameters of
the used model, which are based on the latest XENON1T and BEST experimental data,
and the test parameter values are chosen when the experimental data are not known
well enough. With the selected parameter values, the calculations of the probabilities are
made, and the corresponding figures are presented taking into account the contributions
of decaying sterile neutrinos (Figures 1–3). Suppression of oscillations due to decaying
light sterile neutrinos turns out to be insignificant, but the decay of keV-range neutrino
suppresses fast oscillations associated with this neutrino state, and, for the reactor and
gallium anomalies, the oscillations are quite pronounced practically over the entire range
of values L/E < 10 m/MeV. Since the most predictable theoretical dependence of the
neutrino spectrum on L/E is known namely for the gallium anomaly (as is known, there
are still problems with calculating the fluxes of reactor antineutrinos and comparing their
values with really existing ones (see, for example, [56–59])), thus the experimental confir-
mation of this anomaly at the 4σ level obtained in the experiment BEST [18] is of great
importance. Using the results of [18], the value of the mass m4 of the light sterile neutrino
was refined, and the value of the parameter ε for the mixing matrix Umix, which is the main
parameter of mixing between light and heavy neutrinos in the considered (3+3) model, was
evaluated. At the same time, note that, although first MicroBooNE results do not confirm
the MiniBooNE results for acceleration anomaly (AA), they do not exclude the possible
existence of a light sterile neutrino [60].

The exclusion of the existence of a light sterile neutrino can follow from data for
the effective number of relativistic particles Ne f f , which contribute to the total amount of
radiation in the early Universe. If light sterile neutrinos are in complete thermal equilibrium
with other relativistic particles, then Ne f f ∼ 4. Thus, light sterile neutrinos can not
be in complete thermal equilibrium either due to the small mixing between active and
sterile neutrinos or due to non-standard neutrino interactions, or for both reasons (see,
for example, [61])—insofar as conclusions drawn from astrophysical or cosmological data
depend on the models and datasets used, so in some cases changing the dataset or the
model can lead to a different result, in particular, for Ne f f ∼ 4.

In this work, the excess of electronic recoil events in the energy range of 1–7 keV found
in the data of the XENON1T experiment [26] is interpreted as the result of the interaction
of electrons with photons, which are emitted during the decays of sterile mass states. In
this case, the decay of a sterile state with mass ∼7 keV into the active neutrino states with
masses mi (i = 1, 2, 3) leads to the appearance of an almost aggregate peak at 3.5 keV for
electronic recoil events. Such a consequence of the adopted interpretation is consistent
with available data from XENON1T and can be verified both in the ongoing XENON1T
experiment and in future experiments, such as XENONnT [26] and LZ [62].



Universe 2022, 8, 97 11 of 13

If we assume that, thanks to the results of further observations, the existence of
three sterile neutrinos will be confirmed, then it can lead to a significant change in the
interpretation of a number of phenomena both in neutrino physics and in astrophysics. For
example, it becomes possible to explain neutrino data on short distances for the gallium
anomaly, as well as the appearance of a line near 3.5 keV in gamma spectra of a number of
astrophysical sources. As is shown in this work, to describe the SBL neutrino anomalies,
the variant of a (3+3) neutrino model given by Equation (6) with decaying sterile neutrinos
is applicable (see Figures 1–3). At the same time, these figures also show that the procedure
for determining the mass of the lightest sterile neutrino on the base of the data of accelerator
experiments at L/E on the order of 1 m/MeV can be ambiguous, and the results may not
agree with the results obtained for the gallium anomaly. This means that a simple (3+1)
neutrino model with a stable light sterile neutrino can be poorly applicable for a general
(global) description of the valuable data for all SBL neutrino anomalies. At the same time,
the (3+3) neutrino model with decaying sterile neutrinos, which is considered in the present
paper, is a suitable working scheme for the interpretation and description of available SBL
neutrino data, as well as some astrophysical observations.
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