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Abstract. We review the status of light sterile neutrino searches, motivated by the original
Short BaseLine (SBL) anomalies. Here, we discuss how sterile neutrino properties can be
constrained by different types of neutrino oscillation experiments (considering appearance
or disappearance probes in different oscillation channels) and non-oscillation measurements.
These latter include experiments aiming at obtaining a value for the absolute scale of neutrino
masses (β decay probes) and the indirect constraints that we could obtain from cosmological
observations.

1. Anomalies
Neutrino oscillations certify us that neutrinos are massive particles, that can be described
according to the way they interact (flavor eigenstates) or propagate (massive eigenstates). These
two descriptions are related by a mixing matrix. Considering three neutrinos, our kwnoledge
of neutrino oscillations is nowadays quite good, see e.g.[1]: we have reached a percent precision
on several mixing parameters and most experiments are in agreement with the theoretical
predictions. On the other hand, there are still some unknowns, such as the value of the Dirac
CP violating phase, the mass ordering (i.e. the sign of ∆m2

31
1 ) and the octant of the θ23 angle.

Despite the level of precision, not all the experimental results are successfully described in
the context of a three-neutrino paradigm. In particular, four anomalies have been thoroughly
debated and investigated over the last twenty years (see e.g. [2, 3]):

• the LSND experiment [4] observed an excess appearance of ν̄e events in a beam of ν̄µ, with
a significance of ≈ 3.8σ;

• an anomalous disappearance of electron neutrinos was observed during the calibration of
the Gallium solar experiments GALLEX and SAGE [5], with a significance of almost 3σ;

• after the new evaluations of the reactor antineutrino fluxes by Huber [6] and the
Mueller group [7], a discrepancy between the predicted electron antineutrino rate and the
observations at several reactor experiments emerged, with a significance of ≈ 3σ [8];

• the MiniBooNE experiment [9], originally built to check the LSND anomaly, finally reported
an excess appearance of events with a significance of almost 5σ. The excess is mainly present
at the lowest energies probed by MiniBooNE, i.e. below 400 MeV.

There is a common aspect in all these experiments: they observe neutrino oscillations at Short
BaseLines (SBL), where “baseline” indicates the ratio between travelled distance and neutrino

1 We define ∆m2
ij = m2

i −m2
j .
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energy (L/E). None of these experimental results can be explained in the context of three-
neutrino oscillations, which cannot develop at the L/E tested by these probes, and researchers
have been trying to find a solution to these anomalies for many years.

When considering the standard model of particle physics, we know that the number
of neutrinos which have interactions with the Z boson, also named “active neutrinos”, is
three [10, 11], but the theory actually allows the presence of an unlimited number of “sterile”
species, intended as right-handed singlets, which cannot have weak interactions. These sterile
neutrinos would however oscillate with active neutrinos, and in such way they can have an
impact on the observables we test at experiments.

For several years, a model with three active and one sterile neutrino, separated by a mass
splitting of approximately ∆m2

SBL ∼ 1 eV2, has been considered a possible solution to the
abovementioned SBL anomalies, although, as we will see, nowadays it is difficult to explain
all the currently available experimental results within this scenario. In any case, here we will
consider the so-called “3+1” scenario, where the fourth neutrino is mostly mixed with the sterile
flavor (the “+1”) and it is much heavier than the first three mass eigenstates, mostly mixed
with active neutrino flavors and characterized by a mass much smaller than 1 eV. Despite this,
we denote the sterile neutrino as “light”, since its mass, at the eV scale, is still much smaller
than the mass of the other known fermions and bosons in the Standard Model. Sterile neutrinos
with larger masses, see e.g. [12], are beyond the scope of the present discussion.

Assuming the 3+1 scenario, the 4 × 4 neutrino mixing matrix can be described by a total
of 6 mixing angles (including three new angles θ14, θ24, θ34, which are assumed to be small), 3
Dirac CP violating phases (including two new phases) and 3 Majorana phases (including one
new phase). For SBL oscillations, we are mostly interested in the last column of the mixing
matrix, which can be written as |Uα4|2 = [s2

14, c
2
14s

2
24, c

2
14c

2
24s

2
34, c

2
14c

2
24c

2
34] 2, where in this case

α ∈ [e, µ, τ, s]. When considering SBL neutrino oscillations, the transition probability between
some flavor α at the source and a flavor β at the detector can be written as a function of the |Uα4|2
mixing matrix elements alone, where α ∈ [e, µ, τ ]. The effect of the Dirac phases is not visible
at SBL and must be studied at Long BaseLine experiments (see e.g. [13]). The assumptions
that m4 � mi (i ∈ [1, 2, 3]) and that the angles θ14, θ24, θ34 are small are required in order
not to spoil the phenomenology of three-neutrino oscillations: the fact that ν4 is heavier than
the other states implies that the new oscillation channels generate very fast oscillations, that
are only visible at small L/E, while they are averaged out at large distances. The amplitude of
the oscillations, proportional to the matrix elements, is instead required to be small so that the
transition probabilities of three-neutrino oscillations are almost unchanged at large distances,
where the new mixing angles enter mostly through their cosine (which is close to one).

Notice that the latter assumption is not automatically verified. The MiniBooNE experiment,
for example, prefers maximal mixing between active and sterile neutrinos [9]: the best-fit of the
most recent data is obtained for values of the effective angle sin2 2θeµ ≈ 1. Since this mixing
angle is proportional to the product of |Ue4|2 and |Uµ4|2, MiniBooNE measurements are not
compatible with the assumption that |Ue4|2 and |Uµ4|2 are small. Moreover, even considering
maximal active-sterile mixing, the observations in the low-energy bins exceed the theoretical
prediction, so that a full sterile neutrino solution to MiniBooNE appears unlikely. The origin of
the MiniBooNE low-energy excess is under investigation at MicroBooNE, see e.g. [14, 15].

2. Beta decay probes
The existence of any neutrino mass eigenstate is in principle visible in the kinematics of processes
such as β decay. If one considers an atom of tritium, for example, the β decay process takes place
when the tritium atom decays into a light Helium, emitting one electron and one antineutrino.

2 We define sij = sin θij and cij = cos θij .
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The two leptons carry away most of the available kinematic energy. Using the fact that the
minimum antineutrino energy depends on its mass, one can describe the end-point of the electron
energy spectrum using the Kurie function [16]:

K(T ) =

[
(Qβ − T )

N∑
i=1

|Uei|2
√

(Qβ − T )2 −m2
i

]1/2

, (1)

where T is the electron kinetic energy, Qβ is the Q-value of the reaction and mi, |Uei|2 are the
mass of the i-th massive eigenstate and its mixing with the electron neutrino flavor. Since the
shape of the electron spectrum at the endpoint depends on the neutrino masses and mixings of
the N neutrinos, therefore, experiments such as KATRIN can access to the absolute scale of the
neutrino masses [17], and also study the presence of additional mass eigenstates.

The KATRIN collaboration published their first constraints on the mass splitting and mixing
of one light sterile neutrino with the electron flavor in [18], see also [19]. The results mostly
constrain mass splittings ∆m2

41 between a few eV2 and approximately 103 eV2, because of
the observed energy window around the endpoint of the electron spectrum. Although current
constraints are not yet competitive with probes at reactor experiments (see section 5), the
final KATRIN sensitivity is expected to probe mixing angles a factor 10 smaller than current
bounds. Such level of precision will be sufficient to either confirm or reject the preferred region
by Neutrino-4 [20].

3. Cosmology
Despite the fact that it cannot interact with the standard model particles through weak
interactions, the sterile neutrino can be efficiently produced in the early universe thanks to
its oscillations with active neutrinos. Neutrino oscillations, however, cannot take place while
interactions are sufficiently frequent to maintain neutrinos in the flavor eigenstates: this happens
when the density of the thermal plasma is very high. Consequently, in the very early universe the
sterile neutrino cannot be produced, until oscillations generated by ∆m2

41 are no longer blocked
by the matter effects of the thermal plasma. In particular, neutrino oscillations corresponding
to higher mass splittings start to occur earlier.

Having a mass of approximately 1 eV, the fourth neutrino would be relativistic at the time of
neutrino decoupling and Big Bang nucleosynthesis, and possibly until matter-radiation equality.
This means that it contributes to the total amount of radiation (relativistic particles) in the early
universe. It is convenient to parameterize the contribution of neutrinos to the total amount of
radiation by means of the effective number of relativistic species, Neff , which accounts for the
number of neutrino-equivalent particles. Due to the fact that neutrino decoupling does not take
place instantaneously, active neutrinos contribute with Neff = 3.044 [21, 22, 23], slightly larger
than three because of the entropy transfer from electron to high-momentum neutrinos. The
sterile neutrino, if in full equilibrium with the active species, would raise such number to ∼ 4.

The thermalization of the additional neutrino, as already mentioned, depends on the SBL
mass splitting and on the new mixing angles (or the mixing matrix elements |Uα4|2, with
α ∈ [e, µ, τ ]). The dependence of Neff on the mixing parameters has been studied for several
years. While the first results were obtained using some kind of approximation, for example
considering a simplified 1+1 (one active plus one sterile neutrino) scenario [24, 25], the most
recent numerical calculations [26] can fully take into account a 3+1 case and the effect of each
mixing angle appropriately. This is done by means of the numerical code FortEPiaNO3, which
allows to compute Neff as a function of all the mixing parameters. Our results show that, for
large mass splittings ∆m2

41, Neff is almost independent of the mixing angles between active and

3 Publicly available at https://bitbucket.org/ahep_cosmo/fortepiano_public.

https://bitbucket.org/ahep_cosmo/fortepiano_public
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sterile neutrino, and confirm that cosmology is practically insensitive to neutrino flavors. For
a wide fraction of parameter space, the thermalization of the sterile neutrino is complete, and
Neff ' 4. Moreover, oscillations are more effective when more than one active-sterile mixing
angle is different from zero, since oscillation channels work in parallel and more easily bring the
fourth neutrino in equilibrium with the standard ones.

The amount of radiation energy density is very well constrained by observations of the Cosmic
Microwave Background (CMB). The most recent measurements by the Planck experiment
exclude Neff = 4 at a significant level [27]: this means that the presence of a fully-thermalized
sterile neutrino is disfavored. Using CMB constraints, therefore, it is possible to derive bounds
on the mixing matrix elements and mass splitting between active and sterile neutrino: the most
recent cosmological constraints translate into bounds |Uα4|2 . 10−3 [28], which is significantly
stronger than the bounds obtained by terrestrial experiments, as we will discuss in what follows.

4. Disappearance, muon channel
Disappearance of muon (anti)neutrinos can be probed using atmospheric neutrinos or neutrino
beams produced at accelerators. Since the involved energies are typically much larger than those
achieved at reactors, the considered distances are also much larger. Simple SBL oscillations in the
(−)
νµ disappearance channel would mostly probe the |Uµ4|2 mixing matrix element, but accelerator
and neutrino experiments generally have a limited sensitivity also on |Uτ4|2. Moreover,
Long BaseLine (LBL) measurements considering accelerator neutrinos have access to the two
additional Dirac CP phases associated to the Ue4 and Uτ4 matrix elements [13], which however
are not discussed here.

One of the most important experiments probing
(−)
νµ disappearance is MINOS/MINOS+ [29,

30], detecting neutrinos at distances of ≈ 500 m (near detector) and ≈ 800 km (far detector)
from the beam source, which emits neutrinos at energies of a few GeV. The most recent MINOS+
observations, obtained by performing a full fit of the data collected by the two detectors, put
strong bounds on |Uµ4|2, which is constrained to be smaller than approximately 10−2 (90% CL)
over a wide range of mass splittings.

Atmospheric neutrino observations, on the other hand, consider neutrinos crossing the entire
atmosphere and the Earth, from all the possible direction: they have access to a variety of
possible distances. One of the main experiments is IceCube, consisting in several strings of
spherical optical sensors inserted in the ice, in Antarctica. IceCube puts constraints on active-
sterile neutrino mixing thanks to two types of observations: high energy events (& 300 GeV) [31],
which are detected using the full size of the experimental apparatus, plus neutrinos at energies
O(10 GeV) [32], which instead are tested by the inner and denser section of the detector, called
DeepCore. The results published until 2020 showed no sign of active-sterile neutrino oscillations
and put bounds on the mixing parameters, which in the case of |Uµ4|2 are comparable with the
ones from MINOS/MINOS+ at mass splittings of a few 0.1 eV2. The most recent results [33],
obtained studying 8 years of neutrino data, suggested instead the existence of active-sterile
neutrino oscillations, although with a mild significance. This was the first time a signal in favor
of sterile neutrinos has been observed in the muon (anti)neutrino disappearance channel.

Recently, the NOνA collaboration also published constraints on active-sterile mixing [34].
Although their bounds on |Uµ4|2 and |Uτ4|2 are not competitive with those obtained by other
experiments, it is the first time that the a LBL experiment is able to constrain such properties.

5. Electron (anti)neutrino disappearance
The electron (anti)neutrino disappearance channel is the one where most of the activity has
been concentrated in the last years. Two anomalies enter this category: the reactor antineutrino
anomaly (RAA) and the Gallium anomaly.
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As already mentioned, the RAA finds its origin in the 2011 calculations of the reactor
antineutrino fluxes by Huber [6] and the Mueller group [7], denoted “HM” model in the following.
The RAA was discovered when comparing existing reactor observations with the predictions
obtained using the HM fluxes: the original anomaly indicated a disappearance of electron
antineutrinos, with a significance of about 3σ [8]. Notice that the RAA only takes into account
the observation of the rate of antineutrinos by a number of experiments, most of which could
only observe the total rate, but not the shape of the spectrum.

While at first the RAA was explained by assuming that the observed rates were reduced due to
active-sterile neutrino oscillations, in the following years one important question started to arise:
do we trust the theoretical antineutrino fluxes enough to trust the anomaly? The doubt was
legitimate, in particular after the observations, by different experiments, of a shape distortion
that affects the antineutrino spectrum at energies between approximately 4 and 6 MeV: this
excess of events is known as the “5 MeV bump” or “shoulder” [35, 36, 37]. Since its discovery,
several studies have been devoted to understand the 5 MeV bump, but a conclusive explanation
has not been found yet. One of the possibilities is of course that there is something wrong in
the theoretical calculation of the HM fluxes. If that is the case, we should not trust the RAA
at the time of constraining sterile neutrino properties.

The theoretical study of the reactor antineutrino flux has been revisited by several authors
after the publication of the HM fluxes. Such studies are normally performed in two ways. The
method adopted by [6] is called “conversion method”, and it is based on measurement of the
electron energy spectrum in order to reconstruct the neutrino one. The conversion method takes
into account the sum of a number of virtual β-decay branches, described by parameters which
can be obtained by fitting the available electron data. Each virtual β branch is later converted
into the corresponding neutrino branch according to nuclear theory. This method needs as an
input the measurement of the total β spectrum from reactors, which in the case of Ref. [6] was the
spectrum measured at ILL in the 1980s [38, 39, 40]. On the other hand, [7] used a method called
“ab-initio”, which aims at reconstructing the total reactor energy spectrum by summing up the
energy spectra of all the known β-decays of Uranium/Plutonium and of their decay products,
weighed according to the corresponding yields. The very recent paper [41] analysed how the
significance of the RAA changes when different theoretical fluxes are considered. By taking into
account all the available rate measurements from reactor experiments, the authors quantify the
RAA computed using the HM fluxes to have a significance of ∼ 2.5σ. When considering the
spectrum obtained by [42], which uses a conversion method based on the same ILL data also
employed by [6], but allowing for forbidden transitions, the RAA reaches a larger significance of
2.9σ. Using the ab-initio method, the authors of [43] obtained a reactor antineutrino spectrum
which is denoted as EF, for which the significance of the anomaly decreases to 1.2σ, meaning
that the expectations are almost in agreement with observations. The agreement between theory
and expectation is improved even more when one considers the very recent calculation of the
reactor spectra by [44], based on the conversion method applied on new Kurchatov Institute
(KI) measurements [45] of the electron spectrum. Due to the discrepancy between the new KI
measurements and previous ones at ILL, indeed, the anomaly significance is reduced to 1.1σ. If
these last evaluations of the RAA are correct, there is no need to advocate the presence of a
sterile neutrino in order to reconcile theory and observations.

Due to the lack of confidence on the absolute reactor antineutrino flux, one of the best ways to
study the presence of neutrino oscillations at SBL reactor experiments is to take measurements
at different distances, and then consider the ratio between the various observed fluxes. In such
way, the absolute neutrino flux can be factorized out and the results are model-independent, in
the sense that oscillation constraints are not affected by the theoretical calculations of the reactor
antineutrino flux. Over the last few years, several experiments explored this direction, working
in different ways: using multiple detectors (for example NEOS normalizes its observations
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using results from DayaBay [46] or RENO [47]) using segmented detectors (PROSPECT [48],
STEREO [49]) or a single detector which can be moved at different positions (DANSS [50] and
Neutrino-4 [20], see also [51, 52, 53]). Over the years, several among these experiments claimed
a preference in favor of active-sterile oscillations over the three-neutrino scheme, although the
various experiments are not always in agreement with one another: the best-fit values obtained
by Neutrino-4 [20], for example, are incompatible with the bounds obtained by PROSPECT [48].
The statistical significance of the model-independent results from reactor experiments at SBL
has also been strongly debated. A recent paper [54] demonstrated that even if the true number of
neutrinos is three, it is possible that the best-fit to the observations indicates active-sterile mixing
parameters different from zero, because the statistical fluctuations of noise can be better fitted
by an oscillating pattern rather than by a constant. For this reason, the statistical significance is
overestimated if the limits on the oscillation parameters are computed using the Wilk’s theorem
instead of the true χ2 distribution. Since this must be obtained by simulating toy experiments
several times, the process can be computationally expensive. When the χ2 is properly taken into
account, from a combination of all the SBL results that are not in tension with one another it
emerges that the analysis prefers active-sterile oscillations versus the three-neutrino case, with
a best-fit at ∆m2

41 ' 1.3 eV2, |Ue4|2 ' 0.007 and significance of something less than 2σ [54].
The second anomaly in the electron (anti)neutrino disappearance channel is the Gallium

anomaly, from the calibration of the GALLEX and SAGE experiments [55, 5]. The
original significance of the anomaly, based on cross-section calculations from [56, 57], was
approximately 2.9σ. When revisiting the experimental constraints using more recent cross
section estimates, the significance decreases to approximately 2.3σ [58]. In any case, recent
evaluations of the Gallium anomaly, including data from the BEST experiment [59], are in
tension with the RAA constraints on the active-sterile mixing matrix element |Ue4|2 [41].

6. Global fits
In order to understand the viability of the light sterile neutrino as a possible solution of the SBL
anomalies, we must perform combined analyses where we consider all the available experimental
constraints at the same time. Among the last “global analyses”, we find [60, 61], which however
are a few years old. The reason for which there are no recent global fits is related to what we
will discuss in the rest of this section: the so-called appearance-disappearance tension.

Before attempting a global analysis, let us consider separately the classes of experiments that
observe the same channel, starting from the appearance case. As we have already mentioned,
two of the SBL anomalies come from appearance probes: by the LSND [4] and MiniBooNE
[9] experiments. These two are in partial agreement on the preferred mixing parameter space,
but part of the best-fit region is actually in tension with other observations. These include
ICARUS [62] and OPERA [63], which exclude large active-sterile mixing angles by not observing
anomalous appearance of electron neutrinos in a muon neutrino beam. As a consequence,
the combination of appearance probes indicates a favored region at effective mixing angles
10−3 . sin2 2θeµ . 10−2 and mass splittings 0.3 . ∆m2

41/eV2 . 1.5 at 3σ. Recall that the
effective mixing angle sin2 2θeµ is proportional to the product of |Ue4|2 and |Uµ4|2.

Concerning the muon (anti)neutrino disappearance channel, the constraints from all the
available observations agree in setting a rather strong bound on |Uµ4|2, which must be smaller
than approximately 10−2 at 3σ over a wide range of mass splittings. The constraints are
dominated by MINOS/MINOS+ [29, 30] in most of the considered range for ∆m2

41. The analysis
does not take into account the most recent results from IceCube [33], which were released to
the general public only a few days before the publication of this proceeding, in the form of a
two-dimensional χ2 table as a function of ∆m2

41 and |Uµ4|2. Although not important for our
discussion of the appearance-disappearance tension, muon (anti)neutrino disappearance probes
also set constraints on the |Uτ4|2 matrix element.
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The last set of oscillation results includes reactor and Gallium probes of electron
(anti)neutrino disappearance. In this case, as we discussed extensively in section 5, the situation
is nowadays rather unclear. We have some probes claiming a strong preference in favor of a large
|Ue4|2 (such as Neutrino-4 [20] and BEST [59]), while other probes exclude these results (mostly
reactor experiments such as PROSPECT [48] and the recent evaluations of the RAA from [41]).
Combining all the reactor constraints that are not in tension with one another, the preferred
best-fit point [54] has ∆m2

41 ' 1.3 eV2 and |Ue4|2 ' 0.007 (the upper limit at 3σ is around 0.015
at the best-fit value of ∆m2

41).
Once we combine these three series of results, we easily see that the constraints on |Ue4|2

and |Uµ4|2 cannot be simultaneously satisfied: if we consider the upper limits obtained by
disappearance probes, we have a very small sin2 2θeµ . 7×10−4. Such bounds are in tension with
appearance constraints which prefer a large mixing, in particular LSND [4] and MiniBooNE [9].
This incompatibility has been called the “appearance-disappearance tension”, and has nowadays
a statistical significance that goes well beyond “strong” [61, 64].

When going beyond oscillation data, there is also a problem with cosmological data. As
we have discussed in section 3, CMB observations prefer an incomplete thermalization for the
sterile neutrino. On the other hand, the theoretical predictions for Neff point towards a fully
thermalized sterile state, regardless they are computed considering the mixing parameters that
emerge from the analysis of reactor data, of appearance constraints or the recent hints from
IceCube. In other words, given a standard thermalization procedure due to neutrino oscillations,
the cosmological bounds prefer mixing matrix elements |Uα4|2 . 10−3 (α ∈ [e, µ, τ ]) [28], much
smaller than any of the hints we obtain from oscillation experiments.

7. Conclusions
Given our current knowledge of neutrino oscillations and cosmology, the situation is not favorable
for the light sterile neutrino. Non-oscillation probes such as kinematics of tritium β decay and
cosmology only put strong constraints on the existence of a new neutrino species. Many hints in
favor of its existence were proposed by a number of different experiments. Some of these hints are
more significant than others, reaching a significance of nearly 5σ in some cases, but few of them
are in agreement with one another. We observe these tensions between different experiments
(Neutrino-4 and PROSPECT, LSND/MiniBooNE and ICARUS/OPERA) or different classes of
probes (the reactor anomaly versus the Gallium anomaly, the appearance-disappearance tension,
the incompatibility between cosmological and oscillation constraints).

Whatever we are observing, we most likely need some kind of new physics to explain all the
results. Such new physics may be something we still miss in our theoretical models or some
problem with the interpretation of observations. In any case, as of today, it appears that such
new physics may be something else than a sterile neutrino with a mass of about 1 eV, and we
need future experiments to guide us towards a deeper understanding of theory and observations.
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[64] Diaz A, Argüelles C, Collin G, Conrad J and Shaevitz M 2020 Phys.Rept. 884 1–59 (Preprint 1906.00045)

1101.2663
1101.2755
2006.16883
hep-ex/0509008
1912.02067
1602.04816
https://doi.org/10.3390/universe6030041
1612.05824
2110.00409
2105.08533
2011.05087
1912.12956
2005.05301
2005.07047
2008.01074
2012.02726
hep-ph/0308083
1204.5861
1905.11290
1807.06209
2003.02289
1607.01176
1710.06488
1605.01990
1702.05160
2005.12942
2106.04673
1406.7763
1508.04233
1511.05849
2110.06820
1908.08302
1904.09358
2103.01684
1610.05134
2011.00896
2006.11210
1912.06582
1804.04046
2006.13147
2006.13639
2101.06785
2004.07577
nucl-ex/0512041
1906.10980
2109.11482
1703.00860
1803.10661
1307.4699
1803.11400
1906.00045

