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Abstract

A number of anomalous results in short-baseline oscillation may hint at the existence of
one or more light sterile neutrino states in the eV mass range and have triggered a wave
of new experimental efforts to search for a definite signature of oscillations between
active and sterile neutrino states. The present paper aims to provide a comprehensive
review on the status of light sterile neutrino searches in mid-2019: we discuss not only
the basic experimental approaches and sensitivities of reactor, source, atmospheric, and
accelerator neutrino oscillation experiments but also the complementary bounds arising
from direct neutrino mass experiments and cosmological observations. Moreover, we
review current results from global oscillation analyses that include the constraints set
by running reactor and atmospheric neutrino experiments. They permit to set tighter
bounds on the active-sterile oscillation parameters but as yet are not able to provide a
definite conclusion on the existence of eV-scale sterile neutrinos.
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1 Introduction

The Standard Model (SM) of particle physics foresees three (originally massless) neutrinos
coupling to the W and Z bosons of weak interactions. While not contained in its minimal
version, the SM does as well not constrain the existence of further inactive neutrino states
that form singlets under the weak interaction (see the reviews in Refs. [1,2]). In fact, these
sterile neutrinos are featuring naturally in many of the proposed SM extensions, and —
provided relatively small mixings — can be realized over a wide range of masses with the
three active neutrino states.

The present paper singles out sterile neutrinos on the eV mass scale. Serious interest
in their possible existence was sparked by a number of anomalous results in short-baseline
oscillation experiments. Since the discovery of flavor oscillations two decades ago, the knowl-
edge on neutrino mixing parameters has been continuously improving (see the recent global
fits in Refs. [3H5]). Still, the current data of solar, atmospheric, and long-baseline neutrino
oscillation experiments leave some room for additional (few) percent-level mixing amplitudes
to sterile states [6]. (In this case, the 3 x 3 PMNS mixing matrix is not unitary.) Using
this gap, a number of existing unexpected rate deficits and appearance results at very short
baselines can be elegantly explained by an additional fourth sterile neutrino accompanied by
an eV-scale mass eigenstate.

The existing anomalies are currently under investigation by a row of dedicated neutrino
oscillation experiments, providing exciting new and partially contradictory data on active-
sterile mixing. However, oscillation experiments are not the only approach to search for
eV-scale sterile neutrinos: the most recent generation of direct neutrino mass measurements,
in particular the KATRIN tritium-decay experiment that has recently come into operation,
will be sensitive to the fourth mass state due to a notable deformation close to the spectral
endpoint. Moreover, observational cosmology sets stringent limits to the number and mass of
relativistic neutrino states in the early Universe and in fact strongly disfavors an additional
eV-scale neutrino, unless its early thermalization is impeded by some secondary mechanism.

Several reviews have already been published on the phenomenology of light sterile neu-
trinos since the observation of the LSND anomaly in the 1990ies |7H14] and even before
(e.g. [15,/16]). This review aims at presenting the current status of light sterile neutrinos
with an emphasis on the detailed discussion of past, present, and future experiments. At the
time of writing, the eV-scale sterile neutrino hypothesis is called into question by new oscil-
lation results and stringent cosmological limits. We compare the old and new experimental
constraints with the parameter space preferred by the original anomalies, aiming to provide
the reader with a comprehensive overview of the current status of the field.

In preparation, Sec. [2| lines out the possible signatures for the existence of eV-mass
sterile neutrinos. The experimental hints triggering the renewed interest in light sterile
states are described in Sec. 8] The bulk of the paper is formed by an overview of the on-
going experimental efforts ordered by their basic methodology: results as well as upcoming
experiments are presented both for the field of very short baseline experiments (Sec. [4]) and
absolute neutrino mass measurements (Sec. . As synthesis to the prior sections, Sec. |§]
reviews the status of the field in the light of new limits and novel evidences for sterile
neutrinos. These are compared to the existing and future cosmological limits on light sterile
neutrinos in Sec. [7



2 Impact of sterile neutrinos

The left-handed active neutrinos flavors v, v, and v, are identified by the charged leptons e,
i, and 7 that are generated in their corresponding charged-current weak interactions. From
the LEP measurement of the decay witdth of the Z boson into invisble particles Z — v [17],
we know that there are three of these flavor eigenstates. In contrast to the charged leptons
e*, u* and 7 which are heavy and therefore well aligned with their mass eigenstates [18],
actwe neutrinos v,, v, and v, are light and can be generated as coherent quantum-mechanical
superpositions of the mass eigenstates v, 15 and v3. This simplest and standard case in which
the neutrino mixing matrix U relating mass and flavor states is not diagonal explains the
flavor oscillations observed in solar, atmospheric, and long-baseline neutrino experiments.

However, it is possible that there are additional massive neutrinos that have very small
mixing with the three active neutrinos and large mixing with new sterile neutrinos that
are right-handed and do not take part in weak interactions. In this review we consider the
simplest case of one additional fourth mass eigenstate v, at the eV scale which corresponds
to a sterile neutrino v, in the flavor basis. This has consequences not only for neutrino
oscillations, but also for direct neutrino mass experiments and cosmology as briefly outlined
below.

2.1 Oscillation searches

The well-established phenomenon of neutrino oscillations [19] proceeds via a quantum-
mechanical interference effect. The flavor eigenstates |v,),a € {e, u, 7} are superpositions
of the mass-eigenstates |v;),i € {1,2,3}. In the standard picture with three flavors, the
mixing is described by a unitary 3 x 3 matrix U

Ve Uel Ue2 Ue3 151
VM = U,ul U'ug ng 1%} . (1)
Vr UTl U’T2 UT3 V3

Due to the unitarity requirement U'U = 1 which ensures that the overall normalization of
the wavefunction is conserved, the complex elements U,; can also be described in terms of
consecutive rotations of the orthogonal mass eigensystem (v;|v;) = d;; into the orthogonal
flavor eigensystem (v,|vg) = dup by three Euler angles 615,613 and 653 (c.f. Fig. [1)) and one
complex phase d3 in the standard parameterization [19|

1 0 0 C13 0 6_16813 C12 S12 0
U=10 Co3 So3 | X 0 1 0 X | —S12 Ci2 0 s (2)
0 —s93 €93 —6_16813 0 C13 0 0 1

where cq, = cosf,, and s, = sinf,,. We neglected possible additional Majorana phases
that are irrelevant for neutrino oscillations (see the review on “Neutrino Masses, Mixing, and
Oscillations” in Ref. [19]).

In a weak interaction, a neutrino flavor eigenstate is thus generated as a superposition of
mass eigenstates. Due to their different masses, these mass eigenstates evolve with different
phase velocities such that the resulting neutrino vector does not remain aligned with a
flavor eigenstate. This results in the phenomenon of neutrino oscillations. The transition
probability P (v, — v3) for a neutrino of energy E generated in flavor state v, to be observed
in flavor state v after propagating for a distance L can be calculated as
2, |2

P — ) = [{v3(L) v (0)) 2 = ZUBU’” 3)
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Figure 1: The superposition of  Figure 2: Survival probability P(v, — v,) as a func-
neutrino flavor eigenstates (dashed)  tion of the ratio distance L over energy FE in a 2-flavor
from the neutrino mass eigenstates  model. The amplitude of oscillations is governed by
(solid) can be described by three  the mixing angle while the frequency is determined
mixing angles 615, 613 and 6o3. by the mass splitting. At high values of L/E, the

rapid oscillations can not be resolved experimentally.
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The oscillatory behavior is driven by the phase terms exp <—i”;iL>, which result in

Am?j L
2F

interference terms exp ( ) with the squared mass splittings

2 _ 2 2
For a given distance L and energy F the oscillatory behavior is typically dominated by one of
the mass splittings. For many cases, the phenomenology of neutrino oscillations can therefore
be well approximated by the two-flavor scenario, in which the oscillation probability reduces
to

P(v, = vg) =~

2
Sap — sin’(20) sin” (Am L)

4F

()

Sas — Sin2(20) sin? (1.27Am2/ eV L/ [km]> ‘

AE/[GeV]

Phenomenologically we can thus subdivide the observable oscillation effects into three regimes (see

Fig. :
e 4F > Am?L: the oscillatory term vanishes and there is no observable effect;

e 4E ~ Am?2L: the oscillatory behavior is observed as a function of energy (or distance);
the frequency of oscillations is driven by the mass splitting Am?, while the amplitude
is governed by the corresponding mixing angle sin®(26).

e 4F < Am?L: the oscillations become increasingly rapid until the experimental reso-
lution is no longer sufficient. The observable flux of the appearing (or disappearing)

neutrinos then averages out at ’6aﬁ - %sin2(29)‘.

The mixing angle sin*(26) only depends on absolute values of the complex mixing matrix
Am2L
iE

elements |Uy|*. The oscillation term sinZ( ) is invariant under the transformation
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Am? — —Am?. In a 2-flavor scheme and in the absence of other effects such as neutrino
matter interactions, the oscillations signatures are therefore insensitive to the sign of the
mass splitting and we will hence not differentiate between different ordering of the mass
eigenvalues.

In this paper, we consider the so-called (3+1) neutrino mixing scheme [16,20-23], that
is the simplest extension of standard 3v mixing with the addition of a non-standard massive
neutrino at the eV scaldll

To embed the fourth mass eigenstate 4, the unitary mixing matrix has to be expanded
to a 4 X 4 matrix

Ve U U Uz Ues \ (11
Vu | _ UnUwpUu U Uy (6)
Vr U U Urs Ury V3
Vs U Usa Usz Ugy Vy

The new state v, is associated with right-handed neutrinos, and hence does not participate
in the weak interactions. Lacking any other coupling, the sterile state v, itself as well
as its associated mixing parameters U, with the active neutrinos are generally considered
experimentally non-accessible. This is in contrast to the mass eigenstate v,: if it is fully
aligned with the flavor eigenstate v (i.e. when Ugy =1 and Uy; = Uy = 0 for ¢ € 1,2, 3 and
« € e, i, T), it can only be observed through gravitational effects and will not affect neutrino
oscillations.

If however like the other states, v4 is not aligned with its corresponding flavor state, the
active neutrinos will be generated with a v4 component. Following Eq. [3, this will affect
neutrino oscillation phenomenology as this new mass eigenstate will propagate with yet
another phase velocity compared to the other mass eigenstates. This scheme is allowed by
the existing experimental neutrino oscillation data if the non-standard massive neutrino v,
is mostly sterile, i.e.

Uaal* <1 (a€{e,p7}). (7)

Since my is at the eV-scale, my > mg3, my, m; and the corresponding mass-splittings
Amj, ~eV? (Vi€ {1,2,3}) (8)

are all similar and also greater than the solar and atmospheric mass splittings. Thus, for
experimental configurations where 4E ~ Am?, L and the oscillatory behavior due to sterile
neutrinos is observable, the atmospheric and solar mass splittings terms are not effective.

In some cases (as in Eq. (22)) it is useful to adopt a parameterization of the mixing
matrix. The best choice is to extend the standard three-neutrino parameterization in Eq.
by adding the additional rotations generated by the new mixing angles 614, 024, and 634 on

1 More complicated schemes with sterile neutrinos have been also considered in the literature: (3+2)
[24H31], (3+3) |26], (3+1+1) [32}36], and (1+3+1) |37,/38]. There are also studies of schemes with sterile
neutrinos and other non-standard effects: neutrino non-standard interactions [39-43| and radiative sterile
neutrino decays [44l[45].



the left of the mixing matrix, leading to (see, for example, Ref. [14])

—is —ié
C12€13C14  S12€13C14 C14813€ 13 Sya€” 014
C13C24523 Ciis
(s s 14524
—513514594€"147013)
U= C13C23C34 ) (9>
i(814—6 —is
—(coa813514€ (614=013) C14C4834€" 34
—is
+ C13523524) 5346 0%
C14C24C34

where the dots replace the elements with long expressions that are not relevant for short-
and long-baseline neutrino oscillations. Note that there are two new CP-violating phases
014 and 34, and we neglected (as in Eq. ) possible additional Majorana phases that are
irrelevant for neutrino oscillations. The parameterization (9) has the advantage of having
the first row, which gives the mixing of v, as simple as possible. Also, the second row,
which gives the mixing of v, is simpler than the third. This is convenient, because the vast
majority of experimental data concern v, and v, oscillations. There is also the advantage
that the long-baseline probability of v, — v, oscillations is independent of the mixing
angle 034 and the associated phase d34.

As active neutrino oscillations are not effective at distance L and energy E where flavour
exchange with the new sterile state occur, again, an effective 2-flavor approximation (Eq.
can be employed [21] to describe the oscillation probability:

P(vy — vp) =

Am?2L
6a5 — sin2(2«9a5) sin2< s )

4F

: (10)
where Am? ~ 1eV?, and
$in? (2005) = 4|Uaal* 005 — [Uail?|. (11)

Only the absolute magnitude of the matrix elements appear, so that the oscillatory effect will
not differentiate between neutrinos and antineutrinos. As the oscillatory behaviour depends
on the ratio L/E it can be accessed experimentally in a large variety of configurations
using different neutrino sources such as radioactive elements, reactors, accelerator neutrino
beams, and atmospheric neutrinos. Figure |3| gives an overview of the experiments discussed
in this paper and the energy and distance ranges they cover. Using Eq. [I0} we can further
classify searches for sterile neutrinos into two broad categories: disappearance and appearance
searches.

2.1.1 Neutrino dissappearance: Active-to-sterile mixing

Active-to-sterile neutrino disappearance searches regard same-flavor oscillation channels v, —
ve and v, — v,. For these, the oscillation probabilities are driven by the mixing angles

sin*(20ce) = 4Uea|® (1 = |Uea]?) = sin*(26014) (12)
of v, disappearance, and the amplitude
sin®(26,,) = AUl (1= |Uyal?)
= Sil’l2<2¢924) COS2(614) + sin2(2814) sin4(824) ~ sin2(2924) (13)
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Figure 3: Neutrino oscillation probability P(v, — v,) for a simplified 2-flavor model with
one active (v,-like) and one sterile neutrino mixing with a strength of sin*(26) = 0.1 at
Amg = 1eV. At high energies / small distances no oscillatory behaviour occurs. At low
energies / large distances the assumed experimental resolution of o(L/E) = 30% averages
out the oscillation effect to a constant disappearance effect of P(v, — va) =1 — & sin® (20).
For energies above E, > 1TeV, matter effects become important (see Sec. , leading
to a strong enhancement of the disappearance for neutrinos crossing the earth. Lines and
shaded areas indicate the energy and distance ranges accessible to the various oscillation
experiments discussed in this paper: radioactive sources and reactor neutrinos (green, Sec.
and Sec. ; accelerator neutrinos at Los Alamos (purple, Sec. ; the Booster Neutrino
Beam (red, MiniBooNE (Sec. [3.3.2)), the Short Baseline Neutrino program SBN (Sec. [1.4.1))),
and the NuMI beam (orange, Sec. at Fermilab. The pink and blue shaded areas
indicate the sensitive regions to earth-crossing atmospheric neutrinos of Super-Kamiokande
and IceCube(DeepCore) (Chapter [4.3])



of v, disappearance, where we considered the approximation of small mixing angles given
by the constraint to obtain cos?(f4) ~ 1 and sin*(fy4) ~ 0.

For electron (anti-)neutrino disappearance, not only powerful radioactive sources but
in particular nuclear reactors provide intense MeV neutrino fluxes. However, earlier exper-
iments using radioactive sources were based on chemical extraction schemes and thus they
were neither position nor energy sensitive (Sec. , while early reactor experiments were
situated too far away from the reactor core or had insufficient resolution (Sec. [3.1)). In both
cases only a general reduction in the observed rate is expected as a consequence of the ex-
istence of a sterile neutrino, making the approach rather sensitive to precise knowledge of
the source intensity and detection efficiency. The current follow-up experiments have been
devised to provide a clear oscillation signature: Placement of radioactive sources close to or
even inside a large liquid-scintillator or a segmented gallium detector allows the determina-
tion of position and energy of individual neutrino interactions (Sec. . Similarly, a new
generation of reactor experiments described in Sec. [4.I|relies on segmented detectors located
sufficiently close to the reactor core to probe the oscillatory behavior for baselines of ~ 10 m.

Artificial muon neutrino beams from accelerators require highest intensities to provide good
sensitivity in the muon neutrino disappearance channel. The best limits on sin® 6y,
from disappearance experiments are thus provided by experiments at Fermilab’s NuMI
beam (Sec. 4.4.2). The huge water-/ice-Cherenkov detectors Super-Kamiokande and Ice-
Cube exploit the ubiquitous flux of atmospheric muon neutrinos (Sec. yielding compa-
rable sensitivities [46].

V67VM7VT l/evyuaVT 1. AZAYS -
\/ ,f‘ “/ \ Am}, =1.0eV?
e . 2
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Z7 -g solid : v
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Figure 4: Feynman graphs contribut-  Figure 5: Atmospheric muon neutrino disappear-
ing to the forward elastic scattering of  ance probability for neutrinos crossing the center
neutrinos in matter. of the earth. At E, ~ 3TeV the resonance con-

dition is reached, strongly enhancing the dissap-
pearence probability for anti-neutrinos. [47]

For Super-Kamiokande and IceCube-DeepCore, which are sensitive up to several tens
of GeV, this search is limited to the unresolved reduction regime 4E < Am?2L. However,
the sensitivity of the IceCube detector extends into the TeV region where 4E ~ Am?L
for Earth-crossing neutrinos and the oscillatory behavior can be probed. In this setup the

10



uncertainty on the overall normalization and shape of the atmospheric neutrino flux limits the
sensitivity in this search. On the other side this experimental configuration profits strongly
from an enhancement of the oscillation signature for neutrinos crossing the earth core. All
active neutrino flavors can undergo elastic forward scattering with nucleons and electrons in
matter in neutral current interactions, with an additional contribution for electron neutrinos
from charged current interactions (c.f. Fig. . In contrast sterile neutrinos will not interact
with the earth matter at all. The additional potential V(N) = /2GpN provided by the
matter number density N only to the active neutrinos affects the phase velocity of the v,
waves, resulting in a modified Hamiltonian when the neutrinos traverse matter. In a two-
flavor model with one active and one sterile flavor and constant matter density, one can solve
the Schrédinger equation explicitly [48]. The resulting oscillation probabilities

_ _ 1. . o CAM2L
PMSW (Va — l/lg) = (5,15 — E S1H2(29a5) Sln2 <4E> (14)
strongly resemble those in vacuum, but with a matter potential modification factor
W(N)EN?
C(N) = (COS(Q@ag) - Am?) + sin*(26,3). (15)

This has the implication that for 2V(N)E = cos(20,5)Am? the effective mixing angle
2sin®(20,5) = 1. In other words, the system is in a resonant mode where the mixing
is maximal independent of how small the values U,4 of the mixing matrix are. While the
situation is more complex when three active neutrino flavors are considered, the full calcula-
tion in Fig. [5] shows that the flux of atmospheric anti-muon neutrinos is strongly suppressed
when the resonant condition is reachedE] This strongly enhances the sensitivity of IceCube

in the search for anti-muon disappearance into sterile neutrinos as discussed in Sec. [£.3]

2.1.2 Neutrino appearance: Active-to-active mixing

Another important channel to search for sterile neutrinos is via the impact of the fourth mass
eigenstate on the active-to-active neutrino oscillations. For (accelerator) experiments where
the resonance condition 4E ~ Am?2L is met for eV-scale sterile neutrinos, 4F > Am?jL for
the mass splittings Am2,, Am2,, Am3, of the active neutrinos. In other words, the 3-flavor
oscillation of the active neutrino are not effective for these energies, and no flavor transitions
are expected. In the presence of a fourth mass eigenstate, electron neutrinos can still appear
from a muon beam (and vice versa) via the mixing matrix elements |U|? and |U,4|?, which
determine the amplitude

sin2(29w) = sin2(29ﬂe) = 4]U€4]2\Uu4\2 = sin2(2914) sin2(924) (16)

of v, <+ 1, transitions via the fourth mass eigenstate.

As in the absence of a sterile neutrino, no electron neutrinos are expected from a muon
beam this is a powerful probe to search for a fourth flavor, as is detailed in Sec. [£.4.1 More-
over, these searches provide a most important verification, as they link the electron- and
muon-neutrino disappearance searches, which depend on only |U.4|? or only |U,4|* respec-
tively. Any sterile signature in the electron neutrino disappearance channels must therefore
be compatible with the limits set by the combination of muon neutrino disappearance and
electron-neutrino appearance searches, as we discuss in detail in Sec. [6.2]

2A similar condition can be reached for neutrinos if Am? = m? —m? < 0, i.e. if the fourth neutrino
is lighter than the active neutrinos. While the simplest of these so called (1+43)-scenarios are ruled out by

cosmological limits on ). m; < 1eV, these can be reconciled in models with new physics [49-51].
=123
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2.2 Neutrino mass experiments
2.2.1 Direct neutrino mass measurements

Direct neutrino mass experiments solely rely on the kinematics of single beta decay. Close
to the kinematic endpoint of the decay, a small amount of energy is taken by the rest mass
of the neutrino reducing the maximal kinetic energy of the beta electron. The correspond-
ing signature of the neutrino mass is a reduction of the endpoint and more importantly a
characteristic distortion of the spectral shape in the close vicinity of this endpoint.

As the emitted electron-flavor neutrino is a quantum mechanical superposition of neu-
trino mass eigenstates, also the beta-decay spectrum is in fact a superposition of spectra
with different endpoints corresponding to the neutrino mass eigenstates. Due to the tiny
mass splitting of the active neutrinos this superposition cannot be resolved by any cur-
rent direct neutrino mass experiment, therefore the incoherent sum of the neutrino masses
m3 =3, |Uei|*m; is measured.

0.30 1 —— No sterile
m(vs)=1eV, sin%(6)=0.3

Differential electron rate [eV~1s71]
it
w

18573.0 18573.5 18574.0 18574.5 18575.0
Electron energy [eV]

Figure 6: Signal of sterile neutrino with a mass of 1eV and a mixing angle of sin?6;4, = 0.3

If the electron-flavor neutrino contains a small admixture of a fourth neutrino mass
eigenstate v4, with a mass my significantly larger than the absolute neutrino mass scale, the
beta decay spectrum g—g contains a new decay branch with an endpoint reduced by my, and

an amplitude governed by the mixing |U|? = sin? 64

32’ = cos? 04 jg (m%) + sin® 614 32, (mg) (17)

Due to the large mass splitting between mg and my4, m4 cannot be considered as part of
the effective electron neutrino mass. In contrast, the imprint of a forth neutrino mass eigen-
state would be a characteristic kink-like signature at my4 below the endpoint, as displayed in
Fig. |§| This phenomenon has been extensively discussed in literature, for example in [52-58].

An experimental search for a sterile neutrino signature in beta-decays is highly com-
plementary to neutrino oscillation experiments. First of all, the observable a beta-decay
experiment is the squared mass of the sterile neutrino m? itself, whereas an oscillation ex-
periment is sensitive to the squared mass difference Am?, of the active and sterile neutrino.
Moreover, short-baseline experiments are typically sensitive to rather small sterile neutrino
masses, as too large masses would imply very small oscillation lengths, which could not be
resolved by current experiment. In a beta-decay experiment, in contrast, the larger the
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sterile neutrino mass the further away from the endpoint the signal occurs. Thus, for larger
sterile neutrino mass the signal rate and hence the statistical sensitivity is increased. On the
other hand, a number of systematic uncertainties increase in a region further away from the
kinematic endpoint.

2.2.2 Neutrinoless double-beta decay

The search for neutrinoless double-beta decay (0vff3) is generally regarded as the most
straight-forward experimental access to determine the Dirac or Majorana nature of the neu-
trino mass (see the recent review in Ref. [59]). Next to phase space and nuclear matrix
elements, the expected decay rate crucially depends on the effective Majorana mass |mgg|.
The predicted ranges for |mgg| change dramatically in case of the existence of light sterile
neutrinos [31,/60-69). In a (3+1) scenario, the Majorana mass can be written to

Imag| = |11 + 2" + pze™™® + e, (18)

where the px = |Uek|*my, describe the partial contribution of the massive Majorana neutrino
v, with mass my, «aj are the Majorana phases and U, are the elements of the 4x4-mixing
matrix (Eq.[9) [69]. Since the new mass value my associated with the sterile neutrino is likely
to be considerably larger than the values m; 2 3 mostly associated with active neutrinos, the
effective value of |mgg| can vary considerable depending on the relative alignment of the
Majorana phases «y.

Predictions for the possible range of |mgg| can be displayed as a function of the effective
electron neutrino mass mg (sec. [2.2.1). Since the coherent sum depends on the allowed
ranges of the oscillation parameters ¢;; and Am?i as well as the experimentally undetermined
Majorana phases ay, each value of mgz can be associated with a broad range of allowed |mgg|
values. Figure [7| contrasts the allowed parameter spaces for the standard 3-flavor and an
extended (3-+1) scenario [69]. For both normal and inverted mass ordering (of the three active
neutrinos), the accessible parameter range is greatly increased. Noteworthy, the range of mg
for which total cancellation of the terms in |mgs| becomes possible for normal ordering is
shifted to larger values, while — unlike for the 3-flavor case — complete cancellation becomes
possible as well for inverted ordering.

The increased variability of |mgg| is of no direct consequence for on-going Ov/3/ exper-
iments. However, if Ov3/5 were observed returning a value for |mgg|, mg or the sum of
mq 23 were determined by direct mass searches or cosmology, and the mass ordering were
measured by oscillation experiments, the combined information could be used to determine
the existence of a light sterile neutrino [69].

2.3 Effects on cosmology
2.3.1 Cosmological background of sterile neutrinos

In standard cosmology, active neutrinos are produced after inflation and remain in thermal
equilibrium with most other particles as long as the temperature in the thermal bath exceeds
their decoupling temperature Ty.. ~ 1 MeV. Active-sterile oscillations before and after that
time can produce a population of nearly sterile mass eigenstates, with an efficiency depending
mainly on active-sterile mixing angles and squared mass differences. In the simplest (3+41)
models, v4 neutrinos are produced by non-resonant oscillations in the early universe. They
acquire a Fermi-Dirac distribution similar to that of active neutrinos, possibly rescaled by
a normalization factor y < 1 in the case of incomplete thermalization. Once oscillations
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Figure 7: Predicted ranges for the Majorana neutrino mass |mgg| as a function of the
effective electron neutrino mass mg: While left and right panels distinguish normal and
inverted neutrino mass ordering, the different-color bands illustrate the different allowed
ranges in case of 3-flavor and (3+1) scenarios [69).

freeze out, x remains constant over time and determines the relic number density of v4. This
production mechanism is often named after Dodelson and Widrow .

The first calculations of the relic density of sterile neutrinos were performed in pioneering
papers by Barbieri & Dolgov [71] and Kainulainen |72, who pointed out the importance of
taking into account the coherent interactions of neutrinos with the primeval plasma. An
updated calculation of the relic density of v4 as a function of the mixing angles sin?(26;,),
of the square mass difference Am?,, and of the mass hierarchy between the four mass eigen-
states has been presented in [73| (see also ,). Like all previous studies, this work
confirms that a (3+1) scenario with (|Am3,]|,sin?*(2614)) ~ (1eV,0.1) leads by far to a full
thermalization of v4, and thus to y = 1. The same conclusion is actually reached for any
value of (JAm?|,sin?(2614)) compatible with DANSS+NEOS [76], assuming either normal
or inverted hierarchy.

More complicated production mechanisms will be mentioned in Sec. [7.3] They usually
aim at preventing thermalization by delaying or suppressing active-sterile oscillations in the
early universe. This can be achieved by invoking a large leptonic asymmetry or non-standard
interactions in the neutrino sector.

The population of v4 neutrinos can play various roles in cosmological mechanisms that
are tested with observations, like Big Bang Nucleosynthesis (BBN, Sec. , the formation
of Cosmic Microwave Background (CMB, Sec. anisotropies, and that of the Large
Scale Structure (LSS, Sec. of the universe.

2.3.2 Big Bang Nucleosynthesis

Big Bang Nucleosynthesis takes place when the expansion of the universe is dominated by
the energy density of relativistic species

7 74N\
PR = E (1 + Neﬂg <ﬁ> ) T,;L 5 (19)
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where T, is the photon temperature, and the effective neutrino number N.g represents the
density of relativistic relics other than photons expressed in units of one family of instan-
taneously decoupled neutrinos. In the minimal cosmological model, Ngg is given by the
number of active neutrino families plus small corrections due to the fact that neutrinos
decouple gradually: the most recent and precise calculations give Ng = 3.045 [77].

Predictions for the abundance of light elements produced at BBN mainly depend on: (i)
the exact value of the temperature of Deuterium formation, which is roughly of the order of
0.07 MeV, and (i) the ratio of neutron-to-proton number densities at that temperature. In
turn, these two quantities are affected by the number density of baryons relative to photons
in our universe, by Neg (which enters the relation between temperature and proper time),
and by the chemical potential y,, of electron neutrinos (which take part in S-decay).

In the simplest (3+1) scenarios, the only effect of the light sterile neutrinos on BBN
comes from an increase of Nog by ANy, defined as the energy density of the state v, during
the BBN epoch expressed in units of one family of instantaneously decoupled neutrino. An
increase in Nz enhances the primordial abundance of helium and deuterium relative to
hydrogen. Thus, for these scenarios, BBN simply constrains the efficiency of active-sterile
neutrino oscillations in the early universe.

We will see in Sec. that a fully thermalized population of v, (with ANy ~ 1 and
Neg ~ 4) is in significant tension with the measured helium and deuterium abundances,
and in even stronger tension with CMB data} This motivated the investigation of more
complicated models in which the production of v, is suppressed and N.g is closer to three.
Some of these models can have a more subtle effect on BBN than a modification of N.g. For
instance, if one assumed a large primordial leptonic asymmetry residing in any of the four
flavor states, neutrino oscillations in the early universe would redistribute the asymmetry
between these states and inevitably alter the chemical potential p,, at BBN. This may
affect the efficiency of -decay before Deuterium formation and spoil the final outcome of
primordial abundance calculations |79|.

2.3.3 Cosmic Microwave Background

Depending on their mass my4 and phase-space distribution, v4 neutrinos could become non-
relativistic before or after photon decoupling. For instance, a population of fully thermalized
or Dodelson-Widrow neutrinos v, with a mass in the range 0.57 eV < my < 1.5 eV would
become non-relativistic at a time comprised between radiation-to-matter equality and photon
decoupling. For smaller masses, it would still be relativistic at photon decoupling.

A population of v4 neutrinos could affect the spectrum of primary CMB anisotropies in
temperature and polarization through: its contribution to the relativistic or non-relativistic
background density before photon decoupling; the gravitational interactions between v, and
photon overdensities; and the contribution of v, particles to the expansion rate between
photon decoupling and today. These effects are complicated and intricate. We provide here
a very simplified description and refer to reference [80] for details.

Through their contribution to the background density, sterile neutrinos could change the
overall amplitude of the peaks in the CMB spectrum (in the same way as a shift in the time
of equality between matter and radiation), as well as the position of the peaks (through
a shift in the angular diameter distance to the last scattering surface). Depending on the
sterile neutrino model, these effects may or may not be degenerate with other cosmological
parameters affecting the background history, such as the Hubble rate H.

3Until 2013, cosmological data were less precise and still compatible with Neg ~ 4. This value was even
slightly preferred over Neg ~ 3 around 2011, see e.g. |78 and the related comments in Sec.
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Gravitational interactions between photon and sterile neutrino overdensities can also have
very relevant effects, like an enhancement of the “gravity boost” that increases the amplitude
of acoustic oscillations, raising all the peaks, and of the “neutrino drag” that shifts the CMB
peaks to slightly larger angular scales. However these effects would be very different if the
sterile neutrinos were not free-streaming but self-interacting, a case that we will encounter
in scenarios with “secret interactions” in the neutrino sector. Then, sterile neutrinos would
have more contrasted density fluctuations, leading to even more “gravity boost”, and a sound
speed smaller than ¢ even when they are relativistic, leading to less “neutrino drag”.

Our image of the last scattering surface is distorted by weak lensing effects caused by the
surrounding large scale structures (like galaxy clusters). Through this effect, the observed
CMB spectra receive additional corrections coming from the matter power spectrum, which
is also affected by sterile neutrinos, as described in the next Sec. [2.3.4] This increases the
sensitivity of the CMB e.g. to the sterile neutrino mass.

Fortunately, in each given scenario, all these intricate sterile neutrino effects are consis-
tently taken into account when fitting CMB data, thanks to appropriate modifications of the
Einstein-Boltzmann solvers used to predict the theoretical spectrum of CMB anisotropies.
Possible degeneracies with other cosmological parameters are also taken into account, since
the quoted CMB bounds on neutrino parameters are always marginalized over all cosmo-
logical parameters. Still, CMB bounds are unavoidably derived in the framework of a given
cosmological model, with a given number of free parameters (by default, the minimal ACDM
model with six parameters). One should keep in mind that extended models could result in
looser bounds. With the precision of current CMB data, many bounds are however nearly
model-independent. For example, we will see in Sec. that CMB bounds on the density
parameter Nyg of free-streaming particles are very robust.

2.3.4 Large Scale Structure

Several LSS observables allow us to reconstruct in a more or less direct way a fundamental
quantity, the two-point correlation function of density fluctuations in the recent universe,
expressed in Fourier space. This quantity is called the matter power spectrum. It can be
inferred from lensing corrections to the CMB temperature spectra, from a direct extraction of
the CMB lensing spectrum from CMB maps, from surveys of galaxy redshifts and positions,
from surveys of the deformation of galaxy images by weak lensing, from the analysis of
the Lyman-alpha forest in quasar spectra, and from the monitoring of the 21 ¢cm Hydrogen
emission line across the sky. Sometimes, instead of the full matter power spectrum, people
try to measure some partial information with higher precision: for instance, the scale of
Baryon Acoustic Oscillations (BAOs), which appear as an oscillatory modulation feature in
the matter power spectrum. All these quantities can be affected by the properties of relic
active and sterile neutrinos [80].

The contribution of additional relics to the background density of relativistic species in
the early universe produces an overall distortion of the smooth part of the matter power
spectrum, as well as a shift in the scale and amplitude of BAOs. Thus LSS data is sensitive
to the contribution of sterile neutrinos to N.g, but that sensitivity is usually smaller than
with CMB observations. More interesting is the distinct effect of active and sterile neutrino
masses on the matter power spectrum. When massive decoupled particles like neutrinos
propagate with high velocities in the recent universe, they cluster on large scales but not
on small scales, simply because their speed exceeds the escape velocity from small-scale
gravitational potential wells. As a consequence, the balance between gravity forces and
Hubble friction is broken on small scales, and the other non-relativistic matter components
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(dark matter and baryons) cluster at a reduced rate. Thus the free-streaming of massive
neutrinos suppresses the matter power spectrum on small scales.

It is not straightforward to infer constraints on sterile neutrino masses from this effect,
because it depends jointly on the mass and phase-space distribution function of all massive
neutrino states. For instance, the effect of the mass of sterile neutrinos with a small number
density would be weighted down compared to that of active neutrinos. The effect would
further decrease for species that would be self-interacting instead of free-streaming due to
non-standard neutrino interactions.

Thus each new model would in principle deserve a dedicated fit of all its neutrino-
related parameters to CMB-+LSS data. However, the literature often refers to a reference
model, that provides a very good approximation to many others. In this model one assumes
three standard active neutrinos contributing to N.g by 3.045, with a total active neutrino
mass » My active that can be fixed or floated. On top of these, one introduces a fourth
free-streaming neutrino v, with a Dodelson-Widrow phase space distribution of pre-factor
ANsg = ANy = x and a mass my. After fitting this model to the data, one could quote
bounds on (ANeg, my4), but they would be rather specific to the Dodelson-Widrow scenario.
To extend the range of validity of the results, it is more useful to report bounds on param-
eters that are directly controlling the effects on cosmological observables, and that can be
computed in any other model.

The best suited pair of parameters matching this goal are: (i) the sterile neutrino density
in the early universe, in the relativistic regime, compared to that of other relativistic relics,
and (7i) the sterile neutrino density today, in the non-relativistic regime. In first approxima-
tion, the cosmological effects described in this section and in the previous one are governed
by these two quantitites.

For the first quantity, we already have a convenient parameter: AN.g = AN,. For the
second quantity, we could quote the current energy density of vy, p,, (t), or equivalently the
dimensionless density parameter w,, h%. But following the same logic as for A N.g, people usu-
ally express the sterile neutrino density today in terms of that of standard active neutrinos.
This is achieved by defining mﬁiterﬂe, the effective mass such that standard active neutrinos

with a total mass Y- 1, active = mlegterﬂe would have today a total density equal to p,,(to).

A fully thermalized population v4 would have m¢L .. = my4, while a Dodelson-Widrow
population would have m¢L, . = ANeg my. For other models, it is always possible to com-

pute the density in the relativistic and non-relativistic regime and infer (ANeg, Mg e )-
In Sec. we will report bounds on these effective parameters, remembering that they ap-
ply exactly to the case of thermalized or Dodelson-Widrow neutrinos, and approximately
to many other models. However, for very specific cases, like models with self-interacting
neutrinos, this parametrization is inaccurate. In such situations we will report results from

dedicated analyses in Sec. [7.3]

3 Experimental hints for eV-mass sterile neutrinos

3.1 Reactor antineutrino anomaly

The reactor antineutrino anomaly (RAA) [81] constitutes an observed rate deficit in reactor
experiments, which could be explained by oscillations into a sterile neutrino state on the
eV mass scale. Over the past decades, reactor neutrino experiments provided important
contributions for the understanding and determination of neutrino oscillation parameters
in the three-flavor framework. The KamLAND experiment improved our knowledge on the
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“solar” mixing parameters ;5 and especially Am2, [82] for which it provides the most precise
determination. The smallest of the three known neutrino mixing angles, 6,3, was confirmed
to be non-zero and determined by the ~1 km baseline experiments Double Chooz [83], Daya
Bay [84], and RENO [85]. At the same time these experiments are sensitive to the effective
mass-squared difference |Am3,|, partly with a precision comparable to that of accelerator-
based experiments [86].

The RAA arose in the context of the 6,3 experiments, once the neutrino flux predictions
at nuclear reactors were re-evaluated [87,88|. These new calculations revealed an increase of
the flux prediction of few percent as compared to the Schreckenbach et al. predictions |89,
90|, which provided the reference spectra and thus rate predictions until then. Whereas
experimental data were in good agreement with earlier predictions, an electron antineutrino
rate deficit of more than 6% is observed for neutrino experiments operated 6—100 meters from
the reactor when compared to the updated predictions. The rate ratios between experimental
data and expected rates are shown in Fig. [§| for several experiments. The significance of
this deficit knwon as the RAA is about 2.80. The four main isotopes contributing to the
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Figure 8: Ratios R of reactor data over predicted flux [87,88] as function of the reactor-
detector distance L [91].

energy production in a nuclear reactor are 2°U, 28U, %Py, and ?'Pu. The antineutrino
spectra for 23U and the two Pu isotopes are obtained by a conversion method based on
the beta spectra [92] measured in the early 1980ies during exposure of Pu and U target
foils with thermal neutrons at the Institut Laue-Langevin (ILL), France. In this approach,
the measured electron spectra are described by a sum of virtual S-decay branches. The
conversion to the antineutrino spectrum is then accomplished by the subtraction of the
electron energy from the endpoint energy in each branch. By construction, this procedure
reproduces the experimental electron spectrum. The 238U contribution is typically obtained
either from the Mueller et al. computation [87] or from a recent measurement from Haag et
al. |93 using fast neutrons at the FRM-II in Garching, Germany.

The upward shift of the normalization in the new calculations due to the harder neutrino
spectra was the main contribution to the difference to previous model predictions. However,
there are additional effects which enhanced the overall rate normalization increase in the
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simulation models. Among those are the addition of non-equilibrium effects in the calcu-
lations and a shift of the measured neutron lifetime within the last 30 years. The neutron
lifetime is an input parameter in the cross-section calculations for the neutrino interaction,
the inverse beta decay, and therefore has an impact on the predicted signal rate as well.

To be independent of the measured ILL beta spectra, a complementary way to determine
the expected antineutrino spectrum is to perform a computation that is just using data-base
information. These “ab initio” summation methods allow for detailed studies of the spectrum
and its contributions from the individual fission products. However, the uncertainties on such
summation spectra are known to be sizeable, since they lack of experimental data, which
have to be replaced by theoretical assumptions. For some important fission fragments, data
bases do not provide reliable fission yields and branching ratios.

While the RAA triggered the search for oscillations involving sterile neutrinos as an
exciting scenario, alternative explanations based on nuclear physics are discussed as well.
The converted antineutrino spectrum depends on some assumptions. For example, ~30% of
the aggregate spectra are from forbidden transitions, for which the corresponding corrections
to the spectral shapes are rather uncertain |94]. Moreover, there is a critical dependence
on Z for the virtual branches and how the corrections from nuclear finite size and weak
magnetism are implemented [95].

In case v, disappearance due to short-baseline oscillations provided the explanation of
the RAA, the observed rate suppression should depend only on the neutrino energy but
be independent of the emitting fission isotopes. This assumption was tested in Daya Bay
by studying the neutrino rate for different time bins during reactor fuel evolution [96]. A
similar analysis was also done for RENO data [97]. Hence the observed neutrino deficit can
be investigated for different fission fractions for the Pu and U fuel isotopes. The experiments
observe a fuel-dependent variation of the inverse beta decay yield with respect to theoretical
predictions. This finding disfavors the oscillation hypothesis as sole source of the RAA as
well as a common mis-modelling of all fission isotopes by almost 30. However, a combined
analysis together with global rate data shows a preference for oscillations with respect to
individual isotope-dependent suppression of the mean cross section per fission [98/99|. Hybrid
models with neutrino oscillations and a prediction bias for specific fission isotopes in addition
are also possible.

Double Chooz, Daya Bay, and RENO observed as well distortions in the neutrino spec-
trum known as the reactor “shape anomaly” [100-102]. The main feature of this distortions
is an excess in the measured reactor neutrino spectrum as compared to the predicted shape
around 5 MeV. A similar pattern was also observed in the NEOS data [103]. However,
the spectral shape measured in the Bugey 3 experiment [104] seems inconsistent with the
aforementioned experiments and exhibits a flat data-to-model ratio spectrum, thus in good
agreement to the prediction. For comparison, the normalized data-to-prediction spectral
ratios are shown in Fig. [0 [105] for several experiments.

Sterile neutrinos would not explain the shape anomaly, which is more likely attributed
to nuclear and reactor physics. It was suggested that a residual non-linearity in the energy
response of the similarly designed detectors (see Sec. could also explain the observed
spectral features [106]. The new generation of experiments might be able to identify if this
shape distortion is common to all fission isotopes or caused by only part of them. Some
experiments are operated at highly enriched uranium (HEU) reactors, in which mainly #*°U
fissions contribute. Other experiments use commercial power reactors with low-enriched
uranium (LEU) fuel assemblies in which several U and Pu isotopes contribute to the neutrino
flux. If the neutrino spectra of HEU and LEU reactors are compared, it might show if the
5 MeV excess is solely due to the **U contributions or similar for all isotopes [107].
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Figure 9: The normalized data-to-prediction spectral ratio is shown for several experi-
ments [105].

3.2 Gallium anomaly

A rate deficit of detected neutrinos as compared to the prediction is also observed in the cal-
ibration of radiochemical experiments using radioactive sources, known as the gallium (Ga)
anomaly. The solar neutrino experiments GALLEX [108] and SAGE [109] tested the per-
formance of their detectors using intense neutrino sources from the decays of °'Cr and 37Ar.
GALLEX and the subsequent GNO experiment [110] measured low-energy solar electron-
neutrinos at the Gran Sasso Underground Laboratory (LNGS) in Italy from 1991 until 2003.
As detection reaction the inverse beta decay on ™Ga producing "'Ge was used. In the
GALLEX/GNO detector 30.3t of gallium in the form of a concentrated GaCls-HCl solution
were exposed to the neutrinos. The neutrino-induced "'Ge as well as some inactive germa-
nium (Ge) carrier atoms, which were added to the solution at the beginning of a run, were
extracted from the tank in form of volatile GeCly by a nitrogen gas stream. The nitrogen was
then passed through a gas scrubber where the GeCly was absorbed in water. The GeCly was
finally converted into GeH, and introduced into miniaturized proportional counters. There
the number of "'Ge atoms was counted by the detection of its electron capture reaction with
a half-life of about 11 days.

The neutrino reaction channel and detection principle in the SAGE experiment was
similar to the one in GALLEX. However, in SAGE the "*Ge was extracted from metallic Ga.
The solar phase of the experiment started in 1990 and took data for almost 20 years with
a target mass of about 60t. The Ge in the SAGE experiment was extracted from the Ga
metal into an aqueous solution by an oxidation reaction. By vacuum evaporation the volume
of the aqueous solution was reduced by a factor of 8. The Ge was swept from this solution
as volatile GeCly by a gas flow and trapped in 1 liter of water. By a solvent extraction the
Ge was concentrated into a volume of 100 ml. Finally, GeH, gas was synthesized and moved
into a proportional counter in which the decays of " Ge were counted.

In GALLEX, two intense ®'Cr neutrino sources were produced by neutron capture on
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S9Cr. TIsotopically enriched chromium (Cr) was irradiated in the core of the Siloe reactor
in Grenoble for this purpose. The energies of the emitted neutrinos are about 750 keV
(90%) and 430 keV (10%). Several different methods were used to accurately determine
the source activities and a rather conservative approach was applied to estimate the sys-
tematic uncertainties. The best estimates for the source activities were (63.4115) PBq and
(69.1733) PBq [111].

In the SAGE experiment two different sources were used for calibration: a ®'Cr source
as in GALLEX and in addition an intense source of 3"Ar. In the first calibration in 1995 a
(19.114:0.22) PBq source of 5'Cr was placed at the center of a 13.1t target of liquid Ga [112].
The source was produced by irradiating a sample of enriched °Cr with neutrons from the
high-flux N-350 fast breeder nuclear reactor in Aktau, Kazakhstan. The activity was deter-
mined by calorimetry. Cross-checks from direct measurements of characteristic y-lines with
Ge-counters and transport calculations of the reactor neutrons showed consistent results.
Almost ten years later, in 2004, the second calibration was performed with a 37Ar source,
which was produced in the (n, «) reaction on *°Ca [113]. Calcium oxide was irradiated in the
fast neutron breeder reactor at Zarechny, Russia. The "Ar in the target was first dissolved
in acid. After collection from the solution it was purified, sealed, and set up next to 13t
of Ga. The initial activity of this source providing neutrinos with energies of 811 keV was
estimated to be (15.13 & 0.07) PBq. The number is obtained from the average of different
activity determination including calorimetric, counting, and mass/volume measurements.
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Figure 10: Ratio of measured to predicted neutrino-induced signal rate in the gallium ex-
periments GALLEX and SAGE.

If the calibration runs of GALLEX and SAGE are averaged and compared to the predicted
neutrino signal of the sources, a deficit of about 15% is observed with a significance of 3o, see
Fig.[10[[13]. This mismatch is known as the gallium anomaly. For each of the calibrations, the
experimental uncertainty on the measured production rate is statistically dominated. Since
the time of the first three of the four calibration runs, the deficit as well as its significance were
continuously increasing. In the late 1990ies, the combined result of two runs in GALLEX
as well as the first Cr calibration in SAGE were each compatible with the prediction within
less than 1o. With the Ar calibration in SAGE the combined deficit already reached the
20 level. The tension increased after a re-analysis of the GALLEX data [114] and updated
estimates on the contribution of transitions to excited states of "'Ge [115].

The ratio of the observed-to-predicted signal in the Ga calibration runs contains two
non-trivial factors to the systematic uncertainty: the neutrino interaction cross section and
the chemical recovery yield of the produced isotopes. The neutrino interaction cross section
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on "'Ga has contributions from excited states which were originally estimated from (p, n)
reactions and found to be about 5% with a large uncertainty . More recent measurements
resulted in an increasing and more precise value for these contributions of (7.2+2.0) % ,
amplifying the significance of the anomaly to the current 3o level. If these excited states
would not be populated as strongly by the weak interaction mechanism [117], the anomaly
would reduce again to less than 20. At least until the RAA was reported, a smaller than
expected contribution of these excited states was regarded as the most likely cause for the
deficit, in particular by SAGE and GALLEX experts [114,[118]. The high relevance of the
knowledge on the cross sections is underlined by the most recent theoretical estimates. These
new calculations reduce the predicted values for the cross sections by 2.5-3% weakening the
significance of the Ga anomaly from 3.0 to 2.30 [119].

In GALLEX, the extraction efficiency was validated by the addition of "*As in the detector
decaying into of "'Ge . In this test the extraction yield was found to be very close to
100%. There were also independent checks of the efficiencies in SAGE . Overall no
indications of experimental effects lowering the results of the source experiments could be
found.

3.3 Short-baseline appearance searches
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Figure 11: Results fOT(I;L %(ﬂi—appearance oscillations in the very short baseline oscillations
LSND and MiniBooNE. Panel (a) shows the excess of 7, events as observed by the LSND
experiment [121], while (b) illustrates the results of MiniBooNE neutrino and antineutrino
modes. A relatively small but significant v,-like appaearance signal is observed on top of
large beam-induced backgrounds [122|. Panel (c) demonstrates that both results can be
described by oscillations featuring a consistent L/FE pattern [122].
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3.3.1 LSND anomaly

The oldest of the anomalies related to sterile neutrinos was found in the Liquid Scintillator
Neutrino Detector (LSND) experiment: the result can be interpreted as the appearance of
v.’s in a very pure 7, beam [121].

LSND was realized as a beam dump experiment at the Los Alamos Meson Physics Facility
(LAMPF). Protons of 800 MeV were aimed at a fixed target to generate low-energy charged
pions that were stopped within the target material before decaying. The overwhelming
majority of pions (and subsequent muons) decaying were bearing positive charge, producing
relatively low-energy v.’s, v,’s, and 7,’s but crucially no .’s. The corresponding decay of
77 ’s is strongly suppressed by capture on the target atoms. The residual 7, background flux
is only on the level of ~ 8 x 107* of the 7, flux.

The LSND detector was erected 30 m downstream from the beam dump. The cylindrical
detector held 167t of low light-yield liquid scintillator and was equipped with 1220 8-PMTs.
The diluted scintillator allowed for a simultaneous read-out of scintillation and Cherenkov
light, the latter an essential asset for particle discrimination. The energy resolution at
50 MeV was 7%, relatively poor for a scintillation detector. LSND detected 7,’s via the
inverse beta decay (Eq. , utilizing the delayed coincidence of neutron captures to achieve
a substantial suppression of background.

LSND observed an unexpected excess of 7.-like events that can be interpreted as v, — 7,
appearance oscillations, but at a high Am? that is incompatible with our present 3-active-
flavor oscillation picture. As illustrated by Fig. [I1f(a), the 7. event number and spectrum
detected significantly surpass the background expectation. Background events mostly arise
from the small beam contamination of 7.’s in the beam and mis-identified muons from
Uy +p — n+ pt events. The number of excess events observed, 87.9 +22.4 £+ 6.0, is 3.80
over the background-only expectation [121],/122].

It should be noted that the KARMEN experiment operating in a similar setup but
featuring overall lower statistics did not observe a corresponding excess. While at a shorter
baseline of only 17m, KARMEN data does exclude a major part of the allowed parameter
space when interpreting the LSND result as 7, — . appearance oscillations [123|. However,
a combined analysis of both experimental results leaves a considerable range of allowed

oscillation parameter space (Fig. [122].

3.3.2 MiniBooNE anomaly

The Mini Booster Neutrino Experiment (MiniBooNE) was conceived to a great part to test
the surprising result of the LSND experiment. In order not to be haunted by the same
systematic uncertainties, both the neutrino source and the experimental conditions were
changed compared to the earlier experiment. However, the L/F ratio, that determines the
sensitivity to the oscillation frequency and thus to Am?, was kept constant.

MiniBooNE [124] used a conventional muon-neutrino beam setup: protons with an energy
of 8 GeV from the Fermilab Booster inpinged on a fixed beryllium target, producing charged
m’s and K’s. The mesons are focused by a 60 cm-long magnetic collimator and decay in
flight in an evacuated decay tunnel 50 m long. Polarity of the mesons can be selected by
the magnetic field of the collimator, allowing operation in neutrino and antineutrino modes
to search for v, — v, or v, — . appearance oscillations, respectively. The resulting broad
energy spectrum reaches a maximum energy of 1250 MeV.

The spherical MiniBooNE detector tank is located at a distance of 541 m. With a diame-
ter of 12.2m, it holds 800 t of mineral oil. The Cherenkov and scintillations photons from the
charged particles in the final states of v interactions are registered by 1280 8”-PMTs. The
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main information for the neutrino oscillation search is derived from charged-current quasi-
elastic (CCQE) interactions. The neutrino energy is reconstructed from the visible energy
of the outgoing muon or electron track and its angle relative to the beam direction [124].

As in LSND, the signature of v, /v, appearance oscillations is an excess in the number
of v, /v.-induced CCQE events over background. Resulting event spectra for neutrino and
antineutrino modes are illustrated in Fig. [1I[b). The vast majority of events are from
beam-related backgrounds [124]: in both modes, the decay of charged muons and kaons as
well as K-longs in the decay tunnel leads to a sizable intrinsic contamination of the beam
with electron-flavor neutrinos. Due to decay kinematics, this neutrino background is evenly
distributed over the entire energy range. Contrariwise, the second-largest background of
misidentified 7°’s from neutrino neutral current interactions is concentrated towards lower
energies. Further backgrounds result from misidentified muons and v,-induced events.

Both in neutrino and antineutrino mode, an excess of electron-like events was discovered
in the low-energy region most beset by background. Fig. [1Tj(b) shows that only the lowest
4-5 energy bins are concerned that correspond to an initial muon neutrino energy of less
than 500 MeV. This is somewhat low (but compatible) with the L/E ratio preferred from
the LSND result that would the oscillation signal have appear around 500 MeV, while the
maximum excess in the MiniBooNE data is found in the energy region between the analysis
threshold of 200 MeV and 350 MeV. In a sequence of results reported on the neutrino and
antineutrino mode, the significance of the result steadily increased [122}/124-126|. In 2018,
the collaboration presented a new result including data taken with a new beam target. The
excess was corroborated, placing the significance of the anomaly at 4.70 [122].

When expressed in terms of an oscillation signature, the putative oscillation signal trans-
lates to a slightly lower value of L/FE than favored by the LSND result. However, as il-
lustrated by Fig. [L1](c), the two results are marginally consistent [122]. The overlap of the
preferred oscillation parameter regions for both experiments are displayed in Fig. . Best
agreement is found for two islands: either a small oscillation amplitude sin?(26) < 1072 at
high Am?2, ~ 5eV? or considerably larger amplitudes for lower values of Am?, < 1eVZ
The significance of the combined LSND and MiniBooNE anomalies has been determined to
6.00 [122].

The difficulty of explaining the MiniBooNE low-energy excess of electron-like events with
neutrino oscillations compatible with the constraints of other experiments has prompted
several studies of alternative explanations. One possibility is that the excess is not due to
ve-induced electrons, but to photons that could have been produced by the decay of 7%’s
generated by neutral-current v, interactions in the detector [127-130], and cannot be distin-
guished from electrons in the MiniBooNE detector. This possibility will be investigated in
the Liquid Argon Time Projection Chamber (LArTPC) detectors of the SBN program (see
Section , that can distinguish electrons from photons. Another possibility is that the
MiniBooNE low-energy excess is generated by non-standard particles produced in the Mini-
BooNE target or in the MiniBooNE detector. The first case has been excluded in Ref. [131]
by noting that non-standard particles produced in the MiniBooNE target must decay in the
MiniBooNE detector producing a visible electron-like signal that is rather strongly peaked in
the forward direction and cannot fit the angular distribution of the MiniBooNE electron-like
excess [122]. The remaining possibility is the production in the MiniBooNE detector of a
non-standard heavy particle that decays producing an electron-like signal. The existing hy-
potheses involve a heavy neutrino v4 with a mass my larger than about 40 MeV, that is mostly
sterile and is produced in the detector by neutral-current v, interactions through a small
mixing U,4. The possibility of a radiative decay of the heavy v4 [132/{134] is excluded by the
angular distribution of the MiniBooNE electron-like excess [135]. Recent studies [136/139)
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considered the possibility of a heavy v, that is charged under a new U(1)" gauge group. The
corresponding gauge boson Z’ can have kinetic mixing with the standard hypercharge gauge
boson that lead to electromagnetic interactions of the Z’, which can produce a collimated
ete™ pair that is misidentified as a single electron-like event in the MiniBooNE detector. If
the 7’ is lighter than the vy, it can be produced by v, decay into a lighter neutrino and it can
subsequently decay into a eTe™ pair. this case was proposed in Ref. [136] and shown to be
compatible with the energy and angular distributions of the MiniBooNE electron-like events.
The parameter space of the model has been recently restricted in Ref. [138] to a region around
|Uual? = 107® and my between about 40 and 250 MeV (for mz = 30 MeV) by considering
MINERvA [140] and CHARM-IT [141] neutrino-electron scattering measurements. On the
other hand, the authors of Ref. [137] considered a Z’ that is heavier than the v, and mediates
the decay of the v, into a lighter neutrino and a e*e™ pair. This model can fit the energy
and angular distributions of the MiniBooNE electron-like events for m, between about 100
and 200 MeV, m larger than about 1 GeV, and mixings |U,4]* ~ 107% and |U4|* ~ 1073
Such a large value of |U.4|> can be probed in atmospheric neutrino experiments, where it
generates an excess of neutral-current events in the up-going sample [139).

3.4 Preferred parameter regions of the anomalies

If the anomalies detailed above are interpreted in terms of active-to-sterile neutrino oscilla-
tions, the measured rate deviations and spectral distortions of the underlying neutrino data
can be interpreted to obtain the preferred regions of the oscillation parameters shown in the
four plots in Fig. 12| [81}]121},/122,/142].

Panels (a) and (b) display the allowed parameter space of the reactor and gallium anoma-
lies, respectively. Their interpretation as sterile neutrino oscillations relies on electron (anti-
)neutrino disappearance. Therefore, they are sensitive to the mixing amplitude sin?(2614),
corresponding to the mixing matrix element U4, as well as the corresponding mass square
splitting Am?,. While the gallium anomaly prefers slightly larger values for both mixing
parameters, there is a broad region of overlap with the reactor anomaly.

On the other hand, panels (c) and (d) indicate the preferred parameter regions for the LSND

and MiniBooNE (I;L — (Dé appearance searches. The agreement between the results is well
recognizable in the overlay of panel (d). While the effective mixing angle in this case cor-
responds to the product of mixing matrix elements |U|?|U,4|?, the observed Am? can be
almost directly related to that of the v, disappearance anomalies. In fact, all four results
are very well described under the assumption of a (3+41) oscillation framework including
one additional sterile neutrino. Compared to the mass eigenstates associated to the active
flavors, the preferred Am?, is large and of order 1eV?.

At the time of publication of the reactor neutrino anomaly in 2011, the explanation of the
anomalies in the (3+1) framework appeared very compelling. The consistent picture result-
ing from fully compatible v, — v, and v, — v. mixing parameters was somewhat disturbed
by the non-observation of the disappearance of muon neutrinos. As detailed in Sec. [6] an
amplitude of comparable level to v, — v, disappearance would be required to maintain a
large enough conversion in v, — v, appearance channel [143]. Moreover, even before the
release of the PLANCK data |144] the cosmological limits on the sum of the neutrino masses
disfavored a new mass eigenstate on the eV-scale. On the other hand, the existing limits
on N.g were easily compatible with (and at times seemed to favour) a fourth relativistic
neutrino state (Sec. [7) [78].
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This slightly ambiguous situation provided the starting point for a broad, worldwide
experimental program that aimed to verify or disprove the explanation of the anomalies in
terms of eV sterile neutrino oscillations. Since the observation of the characteristic L/FE-
dependence would provide a bullet-proof confirmation of the oscillation hypothesis, most
experiments concentrated at very short baselines from their respective neutrino sources. The
results and limits of this present generation of experiments as well as their final sensitivities
form the content of Sec. [l

4 Oscillation experiments

4.1 Reactor experiments

Experiments search for sterile neutrinos at nuclear reactors by checking for oscillation effects
in the energy spectrum, in the neutrino rate at different baselines or both. Nuclear reactors
are intense, continuous, and pure sources of electron antineutrinos. These particles are
produced in the $-decay of the neutron-rich fission fragments in the reactor core. An isotropic
flux of more than 10%° neutrinos per GW of thermal power in every second is provided. For
a good neutrino flux prediction, a precise knowledge on the thermal power and the time-
dependent fractional fission rates is needed. However, the main uncertainty in the flux
models is coming from the predicted neutrino energy spectra of the different fission isotopes
(see Sec. [3.1).

One can distinguish between two types of nuclear reactors, research reactors and power
reactors. The latter have the advantage that they provide typically an about two orders of
magnitudes higher flux. Spectral studies require high statistics samples, therefore an intense
flux is mandatory given the tiny cross sections for neutrino interactions. On the other hand,
it is often simpler to get access at short baselines for research reactors. Moreover, the fuel
in research reactors are often highly enriched in ?*U. Therefore, contributions from the Pu
isotopes and ?*®U to the total neutrino flux are negligible. Moreover, there are normally more
frequent and longer periods with the reactor turned off for research reactors. During those,
valuable measurements can be performed to obtain a good understanding of the background
sources and rates. Since the oscillation length required to explain the RAA is on the meter
scale and baselines are very short, a compact reactor core is advantageous.

The standard reaction used to detect the electron antineutrinos is the inverse beta decay
(IBD) on protons, typically in organic liquid scintillator (LS) detectors:

v+ H" — et +n. (20)

In this reaction, a coincidence signal of a prompt positron and a delayed neutron event
is produced. Since the neutron is heavier than target proton, the IBD interaction has a
kinematic threshold of 1.8 MeV. The prompt positron deposits its kinetic energy in the
neutrino detector and finally annihilates with an electron producing two 511keV gammas.
The “visible energy” Epyompt is directly correlated with the incident antineutrino energy £y, :

Eprompt ~ By, — 0.784 MeV, (21)

in which the offset results mostly from the difference between the 1.8 MeV, absorbed from
E;, in order to make the IBD kinematically possible, and the energy released during the
positron annihilation.

The neutron produced in the IBD reaction thermalizes within several ps and is then
mainly captured on hydrogen for the case of an unloaded LS. In this delayed event, a 2.2 MeV
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Figure 12: Best-fit regions of the anomalies. @ The regions allowed by the reactor anomaly
[81]. The blue and green lines enclose the regions allowed at 90% and 95% CL. The red line
excludes the region on the right at 99% CL. @ The lines enclose the regions allowed by
the gallium anomaly [142]. The shaded regions are allowed by the LSND anomaly [121].
@ The lines with the colors indicated in the legend enclose the regions allowed at different
CL’s by the MiniBooNE anomaly [122].

gamma is emitted after a mean capture time of about 200 us. To improve the probability for
neutron captures and for better background discrimination, the LS is sometimes doped with
gadolinium (Gd). In this case the gamma energy upon neutron capture is increased to about
8 MeV. Moreover, due to the very high cross section for thermal neutron capture for %*Gd
and 1°"Gd, the coincidence time is significantly reduced. For typical Gd-concentrations at
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Experiment | Py, [MW] L [m|] Depth [mwe] M [t] Technique S/B
NEOS 2700 25 20 1 Gd-LS 22
DANSS 3100 10-12 50 0.9 Gd-PS ~20
Neutrino-4 100 6-11 5-10 1.5 Gd-LS <1
STEREO o7 9-11 10 1.7 Gd-LS 0.9
SoLid 80 6-9 10 1.6 Li-PS 0.3
PROSPECT 85 79 <1 4 SLi-LS >1

Table 1: Comparison of sterile neutrino experiments at reactors including the thermal power
of the reactor (Py,), baseline (L), overburden, target mass (M), detection technique, and
signal-to-background ratio (S/B). All of the experiments in the table except NEOS are using
segmented detectors.

the order of 0.1 wt.%, the mean capture time is shortened to less than 30 us. For improved
event localization Li can be used instead of Gd. The °Li isotope decays into a triton and
an alpha particle after neutron capture. To test the sterile neutrino hypothesis as origin
of the RAA, the general requirements on the detector are low background environment,
high energy resolution, precise energy scale knowledge, and a baseline in the 10 m range
or even below. Segmentation and modularity also help to improve the sensitivity. Table
summarises several of the most important parameters for the different experiments discussed
below.

4.1.1 NEOS

The NEOS detector |103] was installed close to the reactor unit 5 of the Hanbit Nuclear
Power Complex in Yeonggwang, Korea, the same reactor complex being used for the RENO
experiment. It is a commercial LEU reactor with a thermal power of 2.8 GW. The active
core size is 3.1 m in diameter and 3.8 m in height. The detector has an unsegmented target
volume consisting of about 1 m? of 0.5% Gd-loaded organic liquid scintillator (Gd-LS). Tt is
located at a baseline of 24m and 10m below ground level. In addition with the building
structure directly above, the minimum overburden corresponds to 20 m water equivalent
(mw.e.). The signal to background ratio at this detector site is 22. The systematic error on
the energy scale is estimated from the difference of calibration data and simulations. It was
reported to be 0.5% only [103].

In the years 2015 and 2016, the experiment took data for 8 months with 6 months of
reactor ON. The rather high statistics of almost 2000 antineutrinos per day in the detector
allowed NEOS to confirm the spectral distortion around 5 MeV with high significance. Con-
cerning the search for sterile neutrinos, the measured prompt energy spectrum is compared
with the Daya Bay unfolded spectrum [145] as shown in Fig. From an analysis of this
spectral ratio, the NEOS collaboration reported an exclusion of the parameter space below
0.1 for sin?(2614) in a Am?, region ranging from 0.2eV? to 2.3eV? with a confidence level
of 90% |[103]. This exclusion area already disfavours some of the best fit points in global
analyses. The minimum y? value in a (3+1) hypothesis was found for the pair (sin?(2614),
Am3,) = (0.05,1.73 €V?). Since the spectra in NEOS and Daya Bay were obtained at differ-
ent reactors, some spectral modelling is required. The anomalous behavior of the measured
shape and its unknown origin might therefore have an impact on the analysis. Overall no
strong evidence for (3+1) neutrino oscillations were observed in this experiment. After a
longer break the NEOS collaboration restarted data taking using the same detector at the
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same site. The plan is to cover one full burnup cycle with this new phase-II data.
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Figure 13: (a) The NEOS IBD prompt energy spectrum and comparison to Daya Bay.
(b) Ratio of the NEOS spectrum to the Huber/Mueller flux prediction assuming no sterile
neutrinos. The predicted spectrum is normalized to the data excluding the 5 MeV excess
region. (c) Ratio of the data to the expected Daya Bay spectrum. The solid green line shows
the best fit of the data including a 4th neutrino state. The dashed red line corresponds to
the RAA best fit parameters [103].

4.1.2 DANSS

The DANSS experiment [146] is operated at the 3.1 GW LEU reactor of the Kalinin nuclear
power plant in Russia. The high power of the industrial reactor in combination with a rather
short baseline that can be varied between 10.7-12.7m provides a high statistics neutrino
signal of almost 5000 IBD events per day. Three other reactors at the site are at distances
of few hundred meters. They contribute with less than 1% to the measured rate. The
reactor core is 3.7 m high at a diameter of 3.2m, leading to some smearing of a hypothetical
oscillation pattern.

After a prototype phase with the DANSSino detector, the full scale experiment started
data taking in 2016. The highly segmented detector including 1m3 of plastic scintillator
is installed below the reactor core. The whole setup can be moved in vertical direction.
The positions are changed typically 3 times per week to study the antineutrino spectrum
at distances of 10.7 m (top), 11.7m (middle) and 12.7m (bottom). By the comparison of
the IBD positron energy spectra that have been taken at these positions, it is possible to
exclude a wide range of the sterile neutrino parameters. The DANSS approach minimises
the dependence on the predicted shape and normalization of the neutrino spectrum as well
as on detector effects.

The site has an overburden corresponding to a 50 mw.e. shielding which reduces the
cosmic muon flux by a factor of 6 and limits the cosmic background to ~5% of the neutrino
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signal. The DANSS detector consists of 2500 plastic scintillator strips (1 x 4 x 100 cm?),
which are co-extruded with a white layer for light containment. This polystyrene-based coat-
ing does not only serve as light reflector, but contains 6% of Gd oxide (0.35 wt.% pure Gd) to
capture the IBD neutrons. Light is collected using a combination of Silicon photomultipliers
and ’classical’ photomultiplier tubes (PMTs) providing a total response of 38 photoelectrons
per MeV. This implies some limitations as regards the energy resolution (about 34% at
1 MeV) as compared to other experiments.
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Figure 14: Ratio of positron energy spectra in DANSS measured at the bottom and top
detector positions (statistical errors only) [147]. The flat dashed curve is the prediction for
the three active neutrino case, the red solid curve corresponds to the best fit in a (3+1)
neutrino scenario and the black dotted curve is the RAA expectation.

The recently published oscillation analysis in DANSS is based on almost a million antineu-
trino events [147]. With this data, the parameter space for a mass splitting from 0.5 —2.5eV?
is excluded for mixing angles with sin?(26,4) above 0.01 — 0.1 at 95% CL This exclusion area
includes the best fit point of the RAA. The result is driven by the ratio of positron energy
spectra at the bottom and top detector positions as shown in Fig. The middle position
adds only little to the sensitivity. The data points in Fig. can be fitted with a straight
line (3v scenario) resulting in a x? of 35 for 24 dof. The best fit for a (3+1) neutrino case
would give a parameter combination with a rather low value of sin?(26;4) = 0.05 and a mass
splitting of Am?%, = 1.4 eV? (x* = 22). In an analysis update including more events and
a full set of systematic uncertainties [148], the Ax? between the best fit point and the 3v
case diminished notably. The significance of a neutrino oscillation signal around the new
best fit parameters is less than 20. DANSS has the highest neutrino interaction rate of all
the reactor experiments listed here and a very good signal to background ratio. Therefore,
the experiment has very high potential in terms of sensitivity towards small mixing angles,
given the collaboration can control the systematic uncertainties.

Concerning the shape anomaly including the observed 5 MeV excess in other experiments,
the DANSS spectrum so far exhibits no significant distortions as compared to the model
predictions. However, for a quantitative spectral analysis further studies on the systematic
uncertainties and improvements in the Monte Carlo simulations are required.
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4.1.3 STEREO

The STEREO experiment at the Institut Laue-Langevin (ILL) in Grenoble, France, is mea-
suring neutrinos 10 m away from a compact 58 MW HEU research reactor. The neutrino
target volume of the detector [149] is segmented in six identical cells filled with a 0.2% Gd-
LS. The more than 1800 liters of neutrino target are surrounded by another 2100 liters of
Gd-free LS to detect escaping gammas. The produced scintillation light is collected by a
set of 48 photomultiplier tubes (PMTs) of 8 inch diameter which are separated from the LS
by an acrylic buffer and mineral oil. In STEREO, neutrino oscillation involving an eV sterile
state would manifest itself in relative distortions of the neutrino energy spectra in the cells
at different baselines.

Due to the nearby reactor and the surrounding neutron beam lines, the STEREO envi-
ronment has a rather high background level of neutrons and gammas. For that reason a
heavy shielding made of B4C, lead and borated polyethylene surrounds the detector. In
addition, a water-Cherenkov veto on top of the detector tags cosmic muons at the shallow
depth of this site. The STEREO experiment started data taking in November 2016 and de-
tects 400 neutrinos per day in reactor ON phases with a signal-to-background ratio of about
0.9.
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Figure 15: STEREO sensitivity and exclusion contour of the oscillation parameters [150].

The exclusion contour shown in Fig. was obtained from a raster scan method.
The 2D oscillation parameter space is divided into slices for different Am3?, bins. For each
slice, the x? is computed as a function of sin?(2014). The Ax? values are obtained from
the minimum value of each slice. The 90% CL exclusion contour in Fig. [15] corresponds to
the parameter space where the Ay? is higher than the value giving a one sided p value of
0.1 in the probability density function obtained from pseudo-experiments for each bin. The
oscillations in the contour line are due to statistical fluctuations. Before the data fit, the
corresponding sensitivity contour was computed in a similar way.

The final sensitivity of the experiment is expected to improve significantly with the
envisaged total statistics of about 300 days at nominal reactor power and a similar reactor
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OFF period. With the current 66 days of analysed STEREO reactor ON data, the original
RAA best fit can already be excluded at 97.5% CL [150].

4.1.4 PROSPECT

The antineutrino source in PROSPECT |[151] is the 8 MW High Flux Isotope Reactor
(HFIR) at the Oak Ridge National Laboratory in the US. As in STEREO, the cylindrical HEU
reactor core (diameter = 0.435m, height = 0.508 m) provides a pure 23U spectrum (fission
fraction >99%). This spectrum is measured with a fixed detector position in a baseline
range of 7-9m using a 4000 liters (3000 liters fiducial volume) segmented LS detector loaded
with 0.1% of 5Li. The rectangular target volume consists of 154 optically isolated segments
(14.5 x 14.5 x 117.6 cm?) including double-ended 5 inch PMT readout.

Similarly to the other short baseline experiments, one of the key challenges of PROSPECT
with an overburden of less than 1mw.e. is the background reduction. The experiment
achieves efficient background suppression by using vertex information and a powerful pulse
shape discrimination (PSD) technique. There is a good separation of electron/gamma-like
events and the ones from the heavy recoils in the delayed events. This way, a signal to
background ratio of better than 1:1 could be accomplished. After background subtraction
the measured IBD rate is 771 events/day.
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Figure 16: PROSPECT sensitivity and neutrino oscillation exclusion contour with 33 live-
days of reactor-ON data [152].

Also here, the existence of sterile neutrino oscillations is tested by the comparison of the
measured prompt energy spectra at different baselines to a common reference. First results
with 33 days of reactor ON and 28 days of reactor OFF data are in good agreement with
a no-oscillation hypothesis. A significant part of the sterile neutrino oscillation parameter
space can be constraint at 95% CL as shown in Fig. [16] The best fit of the RAA is excluded
at 2.20 CL |152]. The sensitivity so far is statistically limited. In the oscillation analysis of
PROSPECT, a global minimum is found for the parameter combination sin?(26,4) = 0.35 and
Am3, = 0.5 V2 With the compact reactor core and the rather short baseline PROSPECT
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has one of the best prospects concerning the sensitivity to the parameter region at higher
mass splittings.

Moreover, the PROSPECT collaboration recently published first results on the measured
235U antineutrino energy spectrum [153]. With 3426 MW-days corresponding to 40.2 days
of reactor-ON, the experiment detected 31678 + 304 (stat.) neutrino-induced IBDs. The
spectrum is broadly in reasonable agreement with the Huber prediction, in particular in the
5 MeV region where most LEU reactor experiments observed an event excess. However, due
to the limited statistics the spectrum is within uncertainties also consistent with the shape
of other experiments like Daya Bay.

4.1.5 Neutrino-4

The Neutrino-4 experiment [154] is running since 2016 at the compact (35 x 42 x 42 cm?
core size) 100 MW SM-3 HEU reactor in Dimitrovgrad, Russia. The neutrinos interact via
the IBD reaction inside a 0.1% Gd-LS detector with a total volume of 1.8m? divided in
10 x 5 sections. The first and the last of the 10 detector rows are used as active shielding
reducing the fiducial volume to 1.42m3. The detector is mounted on a moveable platform
on rails providing a baseline range from 6-12m. It is surrounded by 60t of passive shielding
including layers of steel, lead, and borated polyethylene. Nevertheless, due to the lack of
PSD capabilities, the S/B ratio in Neutrino-4 is about 0.5 only.
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Figure 17: The plot shows the L/E dependence for the Neutrino-4 data points (blue triangles)
compared to the expected oscillation signal for the best fit values (red dots) [154].

The analysis is performed by comparing the spectra recorded at the various distances of
each detector section to an averaged spectrum. Compared to the simulation predictions, this
averaged spectrum shows an excess at the lowest energy bin (1.5 MeV) and a deficit (about
20%) compared to the model around 3 MeV energy. The experiment reported an oscillation
signal with about 3o significance at sin?(26;4) = 0.39 and a rather large mass splitting of
Am?, = 7.3eV% Fig. 17 shows the corresponding L/E behavior. This analysis is based on a
data set with 480 days of reactor ON and 278 days of reactor OFF with the reactor switched
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on and off 58 times. However, the quoted result is in tension with the limits obtained by the
other measurements.

4.1.6 SoLid

The sterile neutrino search in the SoLid experiment [155] is performed at baselines from
6-9m from the BR2 HEU reactor in Belgium at surface level (10 mw.e. overburden). The
reactor core with a height of 90cm and 50 cm diameter provides up to 80 MW thermal
power. The novel detector technology applied in SoLid was first tested in a 288 kg prototype
module [156] deployed at the research reactor during reactor ON and OFF phases. The
construction and commissioning of the Solid Phase 1 detector with a sensitive mass of 1.6t
was then completed in February 2018. It is enclosed in a shielding of water filled PE tanks
at the sides and a 50 cm PE ceiling on top. The setup is cooled to 10°C for reduction of the
dark count rate in the silicon photomultipliers.

The experimental concept is based on precise localisation of the IBD events combined
with a high neutron-gamma discrimination capability. To achieve this goal, a composite
scintillator design is applied. The neutrino target is made out of 5cm cubes of polyvinyl
toluene (PVT) scintillator, which are optically isolated by reflective Tyvek wrapping. In the
phase 1 there are 10 PV'T layers each consisting of 16 x 16 cubes. The energy depositions of
annihilation gammas in neighbouring cubes can be used to tag the prompt positron of the
IBD interaction. On two faces of each PVT cube there is a 250 um thick neutron sensitive
layer of °LiF:ZnS(Ag). After thermalization in the PVT cube, the IBD neutron can be
captured on a SLi nucleus in these layers within a coincidence time of about 60 us. Most of
the produced alpha and triton energy is deposited inside the ZnS(Ag) inorganic scintillator.
The time profile of the photon production in the ZnS is much slower (us scale) than the
one of PVT signals (ns scale). These characteristic time signatures can be used for effective
background discrimination. The IBD efficiency in SoLid was found to be about 30% with a
signal to background ratio of 1:3.

4.1.7 Medium-baseline experiments

Beyond the new generation of short baseline experiments, there are also the 6,3 experiments
Double Chooz [83], Daya Bay [84], and RENO [85] with some sensitivity for sterile neutrino
oscillations. These experiments are based on a concept with near and far detectors searching
for the disappearance of electron antineutrinos. Whereas the far detectors are positioned
at the km scale from the reactor, the near detectors are placed at baselines of few hundred
meters. Due to the these longer baselines, the experiments are sensitive towards lower mass
splitting as compared to the very short baseline experiments.

The detector concepts are similar for the three experiments with identically designed
near and far detectors consisting of concentric cylinders. The central target volumes contain
several tons of liquid scintillators with a Gd-loading of about 0.1% in an acrylic vessel. The
target cylinders are surrounded by metal-free liquid scintillators in the second volume and a
mineral oil-like transparent buffer liquid in the third zone. The scintillation light produced
in the neutrino signal is observed by PMTs mounted on the inside of the steel walls of the
buffer.

An oscillation including a sterile neutrino might manifest itself in relative differences
of the measured spectra for the different baseline configurations or in deviations from the
predicted spectrum. The sterile neutrino search in Daya Bay is conducted via both analy-
ses [157]. The antineutrino rates and energy spectra are compared for their eight detectors
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v type | Isotope Lifetime Decay FE, [MeV]  Production
Ve °ICr 40 d EC 0.75 (90%) °Cr irradiation in reactor

0.44 (10%)
Ve 3TAY 35d EC 0.811 Ca oxide irradiation in reactor
Ve Ce-%Pr | 411d B~ < 2.996 Extraction from reactor spent fuel
U, 106Ru-19%Rh | 538 d B~ < 3.54 Extraction from reactor spent fuel
Ve 0890y 40 y B~ < 2.28 Extraction from reactor spent fuel
Ve 8Li 868 ms [~ <129 Beam-generated neutrons on “Li

Table 2: Possible isotopes that could be used as (anti)neutrino sources in the search of light
sterile neutrino. The ®'Cr and 37 Ar neutrino sources were used in the 90ies by the Gallex and
SAGE collaborations to calibrate their radiochemical detectors measuring solar neutrinos.
The first three antineutrino sources were suggested in [159]. The IsoDAR style ®Li source
have been suggested in [160-162).

distributed in three experimental halls. In each of the two near underground halls, data
was taken with two detectors, whereas the far hall has four identical detectors. The Daya
Bay configuration of multiple baselines allowed to explore a mass splitting range over three
orders of magnitude between 2-107% < Am?2, < 0.3 eV2. Both of the applied analyses yield
consistent results and no indication for the existence of sterile neutrinos could be found [157].
A similar study was performed in RENO with comparable findings [158§].

4.1.8 Outlook

All of the short-baseline experiments described above continue to take data or even plan
upgrades of their setups. Therefore, the sensitivity will further improve and should cover
all of the preferred parameter space suggested by the RAA and Gallium calibration data.
From the predicted final sensitivities, very high potential is expected from the DANSS and
PROSPECT experiments. DANSS will profit from high statistics samples at different base-
lines combined with a good signal-to-noise ratio. PROSPECT has the advantage of a much
higher energy resolution in their detector segments.

All reactor neutrino experiments so far used the IBD reaction for detection. Currently
several running and upcoming experiments investigate the possibility to detect the neutrinos
by coherent elastic neutrino nucleus scattering. In this reaction, the cross-section is about
two orders of magnitude higher than the one of the IBD. Therefore, the mass of the detector
could be strongly reduced given the energy threshold is low enough. This new approach
might open the possibility for a new set of reactor experiments with modular design at very
short baselines. They might provide complementary insights on the reactor anomalies, in
particular for the high energy part of the antineutrino spectrum.

4.2 Radioactive source experiments

An alternative way to search for v, — v, disappearance due to oscillations of MeV-scale
neutrino at meter-scale baseline is to apply strong artificial radioactive sources emitting (l;é
next to (or even inside) large-volume neutrino detectors. Sterile neutrinos of eV mass would
cause a deficit in the measured interaction rate of electron-flavor neutrinos. In addition, in
case of large neutrino detectors, a smoking gun signature would be the observation of an
continuous oscillation pattern across the target volume. This approach is fully complemen-
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tary to other oscillation experiments searching for sterile neutrinos. Comparing to the very
short-baseline reactor experiments (Sec. , the advantage here is certainly the fact that
the neutrinos originate from a single isotope and their energy spectrum is thus less complex.
The fact that source experiments can be placed in deep underground laboratories is funda-
mental for the suppression of cosmogenic background, typically dominant background for
shallow reactor experiments. In addition, the irreducible background (neutrons, gammas)
is much smaller compared to the environment next to reactors. Furthermore, it is not pos-
sible to place large-scale detectors at meter-scale distance from reactors. The typical size
of the radioactive sources is smaller with respect to the cores of nuclear reactors and thus
the systematics related to the uncertainty about the origin of emitted neutrinos is smaller
in source experiments. An obvious disadvantage is the limited neutrino flux compared to
nuclear reactors, as well as a limited measurement time due to the short lifetime of some
isotopes. Intrinsic is the complexity of the source production, considering very high activity
and radio-purity levels that are required. Non-negligible is also the factor of administrative
difficulties related to the permissions for transport and usage of the source.

Table [2] summarizes the basic properties of the isotopes that have been considered in
the search for light sterile neutrinos. Electron-capture decays of >Cr and 3"Ar produce
sub-MeV mono-energetic v,.’s. Such sources have been actually produced and have been
used in the calibration of the radiochemical experiments detecting solar neutrinos [111H113],
as described in Sec. [3.2] Isotopes decaying via B~ process produce 7, with continuous
spectra. The *1Ce-"Pr, 1%Ru-1Rh, and PSr-2Y systems have been identified in [159].
The IsoDAR (Isotopic Decay At Rest) experimental program aims at the application of the
very short-lived 8Li isotope [160-162], continuously produced via irradiation of the “Li target
with neutrons produced by a proton beam impinging on ?Be target.

So far, no experimental results are available with this experimental technique. In Sec.[4.2.1]
we describe the SOX [163] project, that was approved to apply the source below the Borexino
detector at Laboratori Nazionali del Gran Sasso (LNGS) in Italy. In spite of the fact that
the project was cancelled due to the problems with the source production, a discussion of
its sensitivity may be valuable for similar experiments. In Sec. we briefly describe the
BEST experiment [164}/165] in Baksan in Russia: the new ' Ga radiochemical experiment
plans to apply 3 MCi ®'Cr neutrino source fron July 2019. In Sec. we review the po-
tential with source application at JUNO 20kton liquid scintillator detector [166| planning
to start data taking in Jiangmen in China in 2021, including IsoDAR@JUNO.

4.2.1 SOX

The SOX (Short distance neutrino Oscillations with BoreXino) project [163] considered the
deployment of >'Cr and *4Ce-'*Pr sources close to the Borexino detector [167] at LNGS in
Italy. The main advantage with respect to the Gallium calibration experiments (Sec. ,
observing only the deficit of the integrated rate above the experimental threshold, is the
ability to reconstruct the energy and position of each individual interaction. This means,
in principle, a possibility to observe an oscillation pattern across the detector. The project
was the only approved experiment of this kind and the production of the **Ce-*4Pr source
via the extraction from the spent nuclear fuel had been contracted with FUSE PA Mayak
in Russia. Due to significant delays in the production of the source with requested activity
and radiopurity, the project has been closed in January 2018.

Borexino is an extremely radio-pure detector filled with 280t of liquid scintillator held in
a thin nylon sphere with 4.25 m radius. Borexino detects about 500 photoelectrons per MeV,
resulting in the energy resolution of 5% at 1 MeV. The position of each event is reconstructed
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Figure 18: SOX project: Left: expected signature as a function of baseline (L) over recon-
structed antineutrino energy (E = Ej,) for 125 kCi *4Ce-'*Pr source underneath Borexino.
Right: 95% CL exclusion limits for a 100-150 kCi source in the Am2, - sin®(26;4) plane
compared to the preferred regions of a global fit to the anomalies [13]|. From [170].

by the time-of-flight method with the resolution of 10 cm at 1 MeV. Borexino is taking data
since May 2007 with the main aim to measure solar neutrinos [168| via elastic scattering off
electrons. It has detected as well geo-neutrinos, i.e. 7.’s from the 238U and 2*?Th decay chains
occurring inside the Earth [169], via the IBD interaction (Eqn. 20). The same mechanism
was to be applied for detection of #,’s from the **Pr source.

The life-time of 44Pr is way too short to allow the fabrication of a pure **Pr source. The
parent '**Ce nucleus has a much longer life-time (half-life of 250 days) which fits the needs.
Only the 7, emitted from *4Pr extend above the IBD kinematic threshold. The required
total activity of the source was 100-150kCi, corresponding to order of 10* IBD events in
1.5 years of data taking, with an expected antineutrino background of about 6 geoneutrinos
and 12 reactor antineutrinos. About 4kg of CeO, were to be pressed into a stainless steel
capsule of 170 mm height. With about 0.7% branching ratio, **4Pr decays to an excited state
of 1*4Nd, accompanied by the emission of a 2.2 MeV gamma. A 19cm thick tungsten-alloy
shielding, attenuating this gamma by a factor of 10'? had been already produced at Xiamen
Ltd. in China. The total power emitted by the source, a key ingredient in the analysis, was
to be measured by the two redundant calorimeters already constructed. Their performance
was proven to be better than the required 1% precision for the decay heat emitted by the
source.

The electron - and therefore also the 7, - spectrum of the main “*Pr decay branch
follows a non-unique first forbidden decay that cannot be directly determined from the theory
and the published measurements show large disagreements. An uncertainty in the spectral
shape can affect as well the transformation of the calorimetrically measured source power to
the activity. Therefore, two table-top measurements of 4Pr electron energy spectrum are
ongoing.

In the analysis, almost all scintillator could serve as the fiducial volume, thus providing
the baselines L between 4.25 and 12.75m. Fig. shows in its left part the Monte Carlo
simulations [170] of the expected signal (L over reconstructed 7, energy) for different oscil-
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lation parameters. The lower pad gives the ratio between the oscillation hypothesis and the
no-oscillation hypothesis. For Am?, ~0.5 - 5eV?, the smoking-gun oscillation wave could be
observed across the detector, being referred to as "shape analysis".

The 95% CL exclusion limits [170] for a (3+1) sterile neutrino model are shown in the
right part of Fig. [I§ A rate (in red) and a shape analysis (in blue) can be performed
independent from each other. For oscillation lengths smaller than the spatial resolution
(high Am?,-values), only an average rate deficit can be measured. This explains the drop
in the shape sensitivity, but the remaining stable sensitivity in the rate analysis. Also for
oscillation lengths larger than the detector size (small Am3,-values), the sensitivity of a
shape analysis is lost, but still the rate deficit can be analyzed. For the combination of a
rate and shape analysis (in black) almost the whole best-fit region [13] of the anomalies can
be excluded. In this analysis the expected main systematic uncertainties have been taken
into account.

Employment of a 5*Cr source has been also considered. Since v, detection via elastic
scattering off electrons does not provide the golden channel of delayed coincidences as IBDs
and has nearly two orders of magnitude smaller cross section, the requested activity is much
higher, about 2-4 MCi, in order to overcome the backgrounds from radioactivity and solar
V’s.
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Figure 19: BEST sensitivity to electron neutrino disappearance based on a single run with
a ?*Cr source [165].

4.2.2 BEST

A new gallium experiment, BEST, has been proposed for the Baksan Neutrino Observa-
tory [164,(165]. BEST aims to provide a definite experimental test of the gallium anomaly
(Sec.3.2). Similarly to the source calibration runs of the SAGE and GALLEX experiment
that are at the heart of the gallium anomaly, BEST plans to measure the rates of mono-
energetic neutrinos from a *'Cr electron-capture (EC) source of 3MCi interacting with the
isotope "'Ga in a gallium target. Differently from the former experiments, BEST foresees a
measurement, using not one but two concentric vessels filled with a total of 50t of metallic
gallium. This allows to sample the rate at two different distances from the source, at 0.4 m
and 0.8m. At the time of writing, the *°Cr source material is irradiated at the SM-3 reactor
in Dimitrovgrad. Measurements are due to start in July 2019 [171].
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Figure 20: Left: sketch of the JUNO detector [172]. Right: sensitivity of a 7, disappearance
search at JUNO to the oscillation parameters Am?, and sin?(26;4) assuming a 50 kCi ***Ce-
144Pr source at the detector center with 450 days of data taking [166].

Like for solar neutrinos, electron neutrinos from the ®'Cr source will interact in the
target by inducing the conversion of the isotope ' Ga to "*Ge. The germanium is chemically
extracted and the v, flux can be determined via the measurement of the number of the "'Ge
re-decays. Given the finite half-life of the *'Cr of 27.7 d, measurements are to be limited to
ten extraction cycles, each 9 days in length. In the first run, the combined event rate in both
gallium vessels is expected to be ~65 per day. Based on the statistics expected for the total
exposure, the v, neutrino flux crossing both vessels can be determined with an accuracy of
4.2% [165]. Fig. |19 shows the corresponding exclusion contours in case of non-observation
of oscillations.

While this sensitivity is relatively low compared to many of the running short-baseline
reactor antineutrino experiments, BEST is nevertheless very interesting because it is sensitive
to the disappearance of electron neutrinos (instead of antineutrinos). Assuming not one but
two source runs, the second potentially with a %Zn neutrino source, the authors state that
they can exclude the gallium anomaly at a 5o significance level [165).

4.2.3 JUNO and IsoDAR

The Jiangmen Underground Neutrino Observatory (JUNO) [166] will be a next generation
multi-purpose detector currently under construction in Jiangmen in China. It plans to start
data taking in 2021. The central detector (left part of Fig. will contain 20 kton of liquid
scintillator. The main goal of the project is to determine the neutrino mass hierarchy within
six years of run time with 3-4¢ significance by measuring reactor 7.’s at 53 km baseline. In
order to achieve this goal, the unprecedented energy resolution of 3% at 1 MeV is required.

Similarly to the SOX project (Sec. , the JUNO detector could be for a sterile
neutrino search employing radioactive neutrino sources. Thanks to its large dimensions,
JUNO’s sensitivity both to Am32; and sin®(26y4) is largely superior with respect to SOX.
The right panel of Fig. demonstrates the sensitivity of a 7, disappearance search with
a 50kCi 41Ce-1*Pr source at the detector center with 450 days of data taking [166]. The
background by reactor antineutrinos is considered. A spatial resolution of 12cm at 1 MeV
is assumed. Other systematic effects considered are a 2% uncertainty for detector efficiency,
and 2% and 3% for the source and reactor normalization, respectively.
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Figure 21: Left: a scheme of the IsoDAR target and surrounding volumes [162]|. The dots
represent 8Li creation points, obtained with 10° 60-MeV protons simulated on target. Right:
the red and blue curves indicate Am?2, and sin*(2614) (0. = 014) boundaries where the null
oscillation hypothesis can be excluded at 5o with [soDARQKamLAND and IsoDAR@QJUNO
experiments, respectively, for five years of data taking. Also, shown by the light (dark) gray
areas are the 99% allowed regions for the reactor anomaly [81] (global oscillation fit [24]).
The purple area corresponds to the Am3; and sin®(26,,,) allowed region at 99% CL from a
combined fit to all 7, appearance data [10]. From [173].

The IsoDAR (Isotopic Decay At Rest) experimental program aims at the application of
the ®Li isotope (see Table [2) with an existing large-volume neutrino detector. Its advantage
is a high end-point of the antineutrino energy spectrum (12.9 MeV) and the mean energy of
6.4 MeV, well above the 1.8 MeV threshold of the IBD interaction. Due to its short lifetime,
8Li has to be continuously produced via irradiation of the "Li target with neutrons, in
turn produced by a proton beam impinging on a Be target. This technical complication
has the advantage that the data taking can be extended to several years, impossible with
"traditional" neutrino sources. This kind of source has been considered in |160}/161], while
Ref. [162] suggests a specific design of the IsoDAR source applied in combination with the
KamLAND detector.

The main idea of this kind of source can be described as follows: Firstly, a 60 MeV /amu
cyclotron accelerates 5mA of H?+ ions. The 60 MeV proton beam impinges on a cylindrical
9Be target (see Fig. , left) that is 20 cm in diameter and 20 cm long and produces copious
neutrons. These are then moderated and multiplied by a surrounding 5cm thick layer of
D,0. Secondary neutrons enter a cylindrical sleeve of solid lithium (“Li enriched to 99.99%),
150 cm long and 200 cm in outer diameter, enveloping the target and D,O layer. Fig.
shows this geometry as well as the Monte Carlo simulation of the production of about 1500
v, from 8Li decay. As suggested in |173], using deuterons instead of protons gives an enhanced
v, rate by a factor 2.7.

Fig. (right part) shows the 5o exclusion curves of the null-oscillation hypothesis for
I[soDAR@KamLAND and IsoDARQ@JUNO, assuming five years of data taking [173]. Iso-
DAR@JUNO would provide a sensitivity not only covering the reactor anomaly [81] but
also the entire short-baseline appearance allowed region [10]| at 50. This represents a deci-
sive test of the LSND and MiniBooNE appearance signals within all models that are CPT
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invariant [173].

4.3 Atmospheric neutrino experiments

Atmospheric neutrinos are created in abundance by the ubiquitous flux of highly energetic
charged cosmic rays that interact with the atomic nuclei in the earth atmosphere [174-177].
In the ensuing hadronic air shower that develops through the atmosphere neutrinos are
predominantly created in the decay of light charged mesons such as pions or kaons

p+ N — X+75 K+
+
[

+
e+ Vet

resulting in a ratio of v, : v, ~ 2 up to energies of 1 GeV. At higher energies, the muon
neutrino flux becomes increasingly abundant as more and more muons reach the ground
instead of decaying in the atmosphere. Due to energy redestribution in the hadronic shower,
the spectrum of atmospheric neutrinos is steeper than the spectrum of cosmic rays with a
spectral index of ®(v) oc E,37.

Due to the rather large (and potentially maximal) mixing angle sin®(2653) ~ 1 [5], the
atmospheric mass splitting Am2, ~ Am32, ~ 2.5-1073eV? dominates the oscillations of
atmospheric muon neutrinos. At GeV energies, the oscillation length is many hundreds or
thousands of kilometers. Oscillations are either studied by long-baseline accelerator neutrino
beams (see Sec. or based on the atmospheric neutrino flux itself, where they are not
observed for neutrinos from interactions in the atmosphere above the detector, but only for
neutrinos that travel a significant distance through the earth. For distances of the order of
the earth radius the variations in neutrino production height become negligible, which has
the advantage that the zenith angle under which the neutrino is observed becomes a direct
measure of the neutrino propagation distance. A good understanding of the atmospheric
neutrino flux is thus required in these two key observables: the energy and the zenith angle
distribution.

While the flux of cosmic rays is homogeneous in its arrival direction at the 1072 level (
[178] and references therein) over the energy range of interest, neutrinos from zenith angles
closer to the horizon stem from air showers with a larger slant depth. Hence in these showers
the mesons and muons have more time to decay, enhancing both the neutrino flux as well
as the muon-to-electron neutrino abundance towards the horizon. While at energies above
~ 10GeV, this effect is symmetric around the horizon, for lower energies this symmetry
is broken. This is due to the geomagnetic field: low energy cosmic-ray particles are bent
significantly by the geomagnetic field, and only cosmic-ray particles above certain rigidity
(i.e. energy-to-charge ratio) can enter into the atmosphere. Together with the magnetic field,
this depends on the position in the earth and on the direction of the cosmic-ray particles and
hence neutrinos. Furthermore the flux is affected by the density and density variation of the
atmosphere which changes the fraction of mesons that interact instead of decaying. Detailed
models are therefore required to determine the neutrino flux at each specific location [174].
The sensitivity of atmospheric neutrino experiments such as Super-Kamiokande and IceCube
benefits from the fact that the zenith- and energy-dependence of the systematic effects are
different from the pattern induced by neutrino oscillations and their results are among the
most constraining to the so-called atmospheric mixing angle A3 and the atmospheric mass
splitting Am2, [179,[180].
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Figure 22: Two simulated
events displayed for the
Super-Kamiokande detector.
Due to the spread of shower
particles, the Cherenkov
ring of the electron event
(bottom) is more fuzzy than
for the muon case (top).
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Figure 23: Graphical representation of the IceCube detec-
tor at the geographic South Pole. While the majority of
modules is deployed with a horizontal spacing of 125 m and
a vertical spacing of 16.6 m, the eight more densly packed
strings in the center that form IceCube-DeepCore extension
provide a volume with reduced energy threshold.
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4.3.1 Super-Kamiokande

The Super-Kamiokande detector [181] located in the Kamioka mine in Japan consists of
a cylindrical stainless steel tank filled with 50 kton pure water. More than 11,000 photo-
multiplier tubes with the largest available diameter of 20 inch monitor this water volume
for neutrino interactions. Charged particles with velocities above the Cherenkov threshold
are generated in both charged and neutral current interactions of neutrinos. The emitted
Cherenkov light is observed under the Cherenkov angle 6. = arcsin% ~ 42° in water, lead-
ing to a characteristic ring-like pattern. Muons generated in charged current interactions
of v,’s can be well separated from the electromagnetic and hadronic showers generated by
charged current interactions of v, and v, and neutral current interactions: at the energies
discussed here, the muons travel in a straight line, so that the light emitted by the muon
and its secondaries forms a sharper ring-like structure than for showers in which multiple
scattering of the particles creates a more fuzzy ring (Fig. 22). The rock overburden with a
height of 1,000m (corresponding to 2,700 m water equivalent) provides excellent shielding
against atmospheric muons and reduces their flux to 6 x 1078 cm=2s~tsr~!. To discriminate
the atmospheric and radioactive backgrounds (mostly radon), a fiducial volume is defined
2m inside from the physical wall§’] For the atmospheric neutrino analysis, events are clas-
sified in three categories: fully contained, partially contained and up-going muon-like. The
sub-GeV fully contained events with energies from few hundred MeV to about 10 GeV domi-
nate the sample with a rate of ~ 25 uHz per 22.5 kton for muon-like and electron-like events
each. While the muon sample reaches a purity of 95% for v, charged current events, the
purity of the electron sample is reduced to 89% due to contamination with neutral cur-
rent events |183]. A different event categorization is used for the multi-GeV fully contained
sample which contributes another 20 uHz. At a few %, the energy resolution in these fully
contained samples is rather good, but the directional resolution is limited by the kinematic
angle between neutrino and outgoing lepton and becomes as large as 100° for the lowest
energies. In contrast, the partially contained events (~ 7 pHz) and particularly the upgoing
events (~ 16 uHz) are almost exclusively v, charged current induced. While in partially
contained events with the interaction vertex inside the fiducial volume the energy resolution
is degraded due to outgoing muons leaving the detector, the directional resolution is im-
proved due to the longer muon track. Finally, for upgoing muon events with a vertex outside
the detector, only a lower limit can be set by the energy deposited in the detector. On
the other hand, due to the much larger energies of 10-1,000 GeV, the directional resolution
improves to few degrees. In combination with the propagation baselines which vary from few
to 12,800 km for earth-crossing neutrinos, these data samples allow to probe a wide range of
L/E values ranging from 1 — 10*km/GeV, thus covering well the first oscillation maximum
of the atmospheric mixing at L/E ~ 500km/GeV.

4.3.2 IceCube

The IceCube detector [184] employs the natural glacial ice sheet at the geographic South
Pole as a neutrino detection medium. Holes are drilled to a depth of 2,500 m in which a
total of 5,160 Digital Optical Modules (DOMs), each containing a 10 inch photomultiplier
and readout electronics, are deployed (Fig. in the range between 1450-2450m. The
bulk of the detector consists of 86 strings arranged in a triangular grid with a horizontal
spacing of 125m and a vertical spacing between DOMs of 16.6 m. This sparse instrumen-

4Newer analyses |182] expand this volume using a new likelihood selection technique which has not been
employed in the search for sterile neutrinos yet.
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tation results in an energy threshold of ~ 100 GeV, but provides an instrumented volume
of 1km?® ~ 10%kton. However, this threshold is to high to observe oscillations even for at-
mospheric neutrinos crossing the full diameter of the earth, with a first v, dissappearence
minimum at 25 GeV. In the central part of the detector the eight additional strings of the
subarray IceCube-DeepCore |185| reduce the horizontal spacing to 40-50m. At the same
time, the 480 DOMs on these strings are equipped with photomulitpliers featuring a 35%
higher quantum efficiency and are spaced at a vertical distance of 6 m. While at trigger
level, the resulting effective volume is still ~ 10 Mt, the very sparse sampling of the emitted
Cherenkov light, scattering of the photons in the ice and the huge abundance of atmospheric
muon background results in a rather low purity at this level. A series of harsh event se-
lection criteria are required to reject the muon background to below 1% and select well
reconstructed events [186]. For the same reason, no direct flavor identification is possible
and events are categorized only in track-like when the muon track from a v, charged current
interaction can be identified and cascade like for all v,, v, and neutral current interactions.
For track-like events, the neutrino direction can be estimated from the direction of the muon
which is well aligned with the neutrino at the energies discussed here. The median neutrino
zenith resolution is 12° at 10 GeV and 6° at 40 GeV. On the other hand, only a rather
poor estimate of the direction is possible for electron neutrinos, so that they are neglected
in the analysis E] At the final selection level, v, charged current events are identified at a
rate of 100 uHz with a v, contribution of 18 uHz and a v, fraction of 5 yHz estimated from
simulation in the range from 6 — 56 GeV. The energy resolution, which is mainly based on
the length of the muon track emerging from the shower at the neutrino interaction vertex,
is about 25% over most of the energy range. While the narrower energy range compared to
Super-Kamiokande only allows to probe L/E in the range from 10-2,000 km/GeV, the first
muon neutrino dissappearence maximum is still well covered in this range.

4.3.3 Low-energy oscillation searches

The addition of a sterile neutrino state modifies the neutrino oscillations in two ways that
are relevant for the atmospheric neutrino analyses presented here [187,|188].

The first is the disappearance signature where active neutrinos oscillate into s ster-
ile state (Sec. 2.1.1). For Am2 ~ 1eV? the first oscillation minimum is at a value of
L/E ~ 1km/GeV, outside the range covered with high statistics by Super-Kamiokande
and IceCube-DeepCore. The signature of this vacuum oscillations-like disappearance is
hence only observable in the unresolved regime in a change of the overall flux normaliza-
tion. Hence sin? (Am2L/FE) = 0.5 is used in good approximation for Am? > 0.1eV? for
Super-Kamiokande. The IceCube-DeepCore analysis uses a fixed value of Am? = 1eV? but
demonstrates that the result only depends weakly on this choice in the range from 0.1eV?
to 10eV2. In both cases no constraint on Am? is possible though.

The second effect is caused by the different effective matter potential experienced by ster-
ile and active neutrinos when crossing the Earth. In their propagation, the active neutrinos
feel a potential due to neutral current interactions with electrons and nuclei with an addi-
tional potential for electron neutrinos due to charged current interactions with the electrons
of the Earth’s matter (Fig. [d). In contrast, sterile neutrinos have no interactions with the
earth matter. This modifies not only the energy but also the amplitude of the oscillation
minimum with a strength proportional to the amount of matter along the neutrino trajec-
tory. The effect is therefore most pronounced for neutrinos crossing the Earth’s core, i.e.

®More recent anlyses [179] using a more sophisticated likelihood approach for the event reconstruction
include cascade-like events.
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Figure 24: Atmospheric v, survival probability without sterile neutrinos (left) and with a
sterile neutrino (right). Standard v, charged current matter effects in the earth core create a
distortion around a few GeV in the most upward-going zenith angles cos(f,) < —0.8. In the
presence of a sterile neutrino with coupling to v, (|U,|* > 0) and v, (|Ur4|* > 0), the amount
of v, disappearance reduces for the most upward-going bins in the tens of GeV region. There
is also a small amount of extra disappearance on top of the standard oscillations introduced
by the nonzero |U,4| which is most visible in the slight darkening of the right part of the
plot corresponding to the overall v, — v, disappearance effect.

zenith angles cosf, < —0.8. Note that even in the absence of sterile neutrinos, a distortion
of the oscillation pattern in the Earth will be observed due to the charged-current interaction
potential only present for electron neutrinos. However, sterile neutrinos modify the pattern

and extend it to higher energies (Fig. .

In both analyses, |Uu|” = 0 is chosen such that the new sterile state does not couple to
electrons. This is mostly motivated by the reduced sensitivity to electron neutrino oscillations
because of the smaller value of sin? (20;3) < sin? (263), but generally somewhat improves
the constraints obtained for the remaining two parameters of the model |U,4|* and |U4|>.
Figure 25 shows the resulting constraints on these parameters. We note that in [187] the
further no-v, approximation is made by setting the mixing parameters of the active neutrinos
to the electron sin®(265) = sin®(26,3) = 0. This reduces the oscillations to an effective two-
flavor system, allowing to solve the oscillation probabilities analytically even in the presence
of a matter potential. This also eliminates the normal v, matter effects in the absence of a
sterile neutrino (compare Fig. 2(b) in [187]). Because v, are present at a few percent level,
matching the overall normalization to the observed data thus introduces a systematic bias
towards lower measured |U,4|*. In contrast, in [188] the neutrino oscillation probabilities are
determined by numerically solving the Schrédinger equation using the GLoBES software 189,
190] and a 12-layer approximation of the earth density model [191]. This more realistic
treatment results in a modified shape of the exclusion contour, in particular at |UT4|2 = 0.
We also note that choosing the inverted hierarchy (Am3, < 0) reduces the sensitivity for
the analysis in [188] as it moves the matter effect for the active flavors from neutrinos to
antineutrinos. While IceCube can not distinguish between neutrinos and antineutrinos and
their atmospheric flux is roughly equivalent, the cross-section for neutrinos is larger by about
a factor of two, thus enhancing the event rate and sensitivity to the matter effects.

45



0.30 F——r—r—rrrrT

===+ SK (2015), 90 % C.L.
SK (2015), 99 % C.L.

<

)

&
L]

Q?j sentt === |ceCube (2016), 90 % C.L. |7
B == |ceCube (2016), 99 % C.L.
S et -

= 0.20} “ ]
N .

> .
C\]I/) -

8 :

- 0.15 . i
5

>
(]

g

5]

=
—

o
T

|UT4|2
o
xR

1073 1072 1071

9 :
\Uul” = sin® @y - cos? 0y,

Figure 25: Constraints from Super-Kamiokande [187] and IceCube-DeepCore [188] on the
mixing of a fourth mass state to muon and tau neutrinos assuming |Ue4|2 = 0 and normal
hierarchy (Am3, > 0).

Constraints from the water-Cherenkov neutrino detector ANTARES located in the Medit-
eranean sea are in preparation |192] and expected to yield comparable constraints. In order
to significantly improve on these results though, improved energy resolution and statistics in
the few-GeV energy region is required. Both of these may be provided by the next genera-
tion of neutrino telescopes that are planned or even under construction in the Mediteranean

(ORCA [193]), underground (Hyper-Kamikande [194]) and at the South Pole (PINGU [195]).

4.3.4 High energy Earth-Core resonance searches

Another option to search for a fourth mass eigenstate using atmospheric neutrinos is by
looking for the signature of v, disappearance. Due to uncertainties in the hadronic interac-
tion models |176],/196], the overall normalization of this flux is rather poorly constrained for
such a search. It is therefore best carried out in the oscillation regime with a first oscillation
minimum at a few TeV for Am, ~ 1eV2[]

While the uncertainty on the shape of the flux from both hadronic interactions and
primary cosmic rays systematically limits the sensitvity of this approach, the earth-core
resonant effect discussed in Sec. 2.1.1) which makes the disappearance nearly maximal for
Earth crossing neutrinos, significantly boosts the sensitivity of this search. Fig. shows
the fractional disappearance of the neutrino flux in the absence and presence of a sterile
neutrino.

With its large volume the IceCube neutrino telescope is very well suited to perform

6Using the same approach, constrained have also been obtainted for so-called (1+3)-models where Am?2 <
0, i.e. the fourth eigenstate is lighter than the active mass eigenstates. Note that unless new physics are
involved, these models are strongly constrained by the bounds on ¥m; from cosmology.
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Figure 26: Disappearance fraction of atmospheric muon neutrino flux. Left for three active
neutrinos, right in the presence of an additional mass eigenstate at Am? = 1eV2. Despite
sin? (26094) = 0.1, the earth core resonance effect makes the dissapearance at the first oscil-
lation maximum at £ ~ 3TeV nearly maximal for cos(f,) < —0.8. The dissappearence of
upgoing neutrinos at £ > 10* GeV is due to neutrino absorption in the earth.

this search. In the study presented in [197], a sample of atmospheric neutrinos passing
an event selection developed for a search for diffuse astrophysical muon neutrinos [198] is
used. At energies ranging approxmitely from 320 GeV to 20 TeV, the muons emerging from
charged current v, interactions travel many hundred meters in the glacial ice. As these
muons are essentially co-linear with the neutrino direction due to the kinematic boost the
directional resolution reaches below 1° at the highest energies. This not only yields and
excellent path length estimate for the oscillation, but also makes the sample essentially
background free by restriciting the search to upward going tracks, eliminating the abundant
flux of downward going atmospheric muons. Because the events are not contained within
the detector, the energy has to be estimated from stochastic losses [199] which become
more frequent with higher energies. The resulting muon energy resolution is approximately
o(log,y £,/ GeV) ~ 0.5.

Care has to be taken to consider all systematic effects that affect the shape of the ob-
served flux spectrum. In addition to detector effects such as the efficiency of the DOMs, the
modelling of scattering and absorption in the ice and particularly in the drill holes, uncer-
tainties in the atmospheric flux model also have to be taken into account. Using the MCEq
cascade equation technique [200| variations in the primary spectral index, v/v ratio and
7/ K production ratio, hadronic interactions and atmospheric models all can be propagated
to uncertaintes in the flux at affordable computational effort. Figure shows the result
from an analysis [197] using 20,145 reconstructed up-going muon events collected in one year
of operation of the full IceCube detector. Strong exlusion limits are obtained in the range
of Am? = 0.02 — 0.3eV? corresponding to the energy range with the highest statistics in
the sample. As due to the nearly maximal mixing of v, and v,, oscillations of v, — v lead
to additional disappearance, the conservative choice of sin® (26s4) = 0 was assumed in this
study.

While proper treatment of the systematic errors is challenging, this analysis is still statis-
tics limited. Figure 28 shows the obtained limit compared to the band in which 68% and
95% of the pseudo-experiments fall. The large width of this sensitivity band and the stronger
than average constraints obtained over some range of Am? is mostly the result of volatility to
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constraints from accelerator long-baseline  from [197]).

disappearance searches (purple) [47].

statistical fluctuations in the chosen statistical approach. The low-energy search described
in Sec. works in the unresolved regime and is thus independant of Am?. While more
data will be collected with IceCube, stronger constraints in particular at higher values of

Am? are expected mostly from the next generation of underwater- and underice neutrino
telescopes KM3Net [193] and IceCube-Gen2 [201].

4.4 Accelerator experiments

Accelerator neutrino experiments use a beam of GeV muon or muon antineutrinos produced
by high-energy protons from an accelerator complex as a very directed source of neutrinos
primarily for oscillation experiments. These experiments are also sensitive to sterile neutrinos
in two different baseline regimes. On so-called short baselines of a few 100 m, the experiments
are looking for active-to-active neutrino appearance v, — v, (see Sec. and also active-
to-sterile disappearance v, — v, (see Sec. 2.1.1). The Short Baseline Neutrino (SBN)
Program which is going to operate at these baselines is described in Sec. £.4.1 SBN is
directly following up on the LSND and MiniBooNE results discussed in Sec. [3.3.1] and [3.3.2]

Long-baseline neutrino oscillation experiments are primarily designed for precision mea-
surements of the three-flavor neutrino mixing parameters. Such experiments operate on
baselines of a several 100 km and are sensitive to active-to-sterile disappearance of muon
neutrinos produced in the neutrino beam (see Sec. . The long-baseline experiments
which have performed searches for sterile neutrinos are discussed in Sec.

4.4.1 Short Baseline Neutrino Program at Fermilab

The Short Baseline Neutrino Program (SBN) [202,[203] is a three-detector setup aiming to
search for light sterile neutrinos causing v, appearance and v, disappearance in a muon
neutrino beam, and in particular to probe the result of the MiniBooNE experiment (see
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Sec.[3.3.2)). Thus, SBN has intentional commonalities with MiniBooNE such that it is located
in the same neutrino beam line at Fermilab. The three-detector experiment is designed to
be able to confirm or exclude the allowed parameter space in Am? and sin®20,. by the
MiniBooNE and LSND results with 50 confidence (see Fig. B1).

All detectors are located in the Booster Neutrino Beamline (BNB) [204]. The neutrino
beam is created by accelerated protons hitting a beryllium target and producing neutrinos
through the decay of secondary particles in the beamline. Fermilab’s Booster synchrotron
delivers protons with 8 GeV kinetic energy to the target at 5 Hz. The beryllium target is
embedded within a pulsed electromagnet (the “horn”) that produces a toroidal magnetic
field to focus positive secondary particles and defocus negative secondary particles emerg-
ing from proton-beryllium interactions to obtain a v,-enhanced beam. The polarity of the
horn current can be changed to produce an antineutrino-enhanced beam as was done in the
MiniBooNE experiment. The secondary particles decay in a 50 m long decay tunnel followed
by an absorber, and a beam of neutrinos with an average energy of 800 MeV remains. In
neutrino-mode, the flux is dominated by v,,’s (~93.6%), with a 5.9% wrong-sign contamina-
tion of 7,’s. The contamination of intrinsic v,’s and 7,’s, which is an important background
in the appearance search, is at the level of 0.5% at energies below 1.5 GeV [202].

The three detectors are positioned at 110m, 470 m, and 600 m from the proton target,
respectively (see Fig. 29). With a baseline of 470m, the MicroBooNE experiment [205] is
located closely to the MiniBooNE experiment, which operated at a baseline of 541 m. The
far detector ICARUS, which previously operated in the CNGS neutrino beam [206, 207]
and was later refurbished and moved to Fermilab in 2017, is five times more massive than
MicroBooNE and will collect higher statistics. At 110m from the proton target, the near
detector SBND will observe an unoscillated neutrino spectrum, and provide the necessary
flux and cross section constraints for the SBN program.

The near detector will in particular enable a v, disappearance search, which is of interest
since while there are hints on sterile neutrinos from v, appearance experiments, only exclusion
limits have been reported in v, disappearance searches (see Sec. . The analysis of both
channels within the same experiment will therefore provide very important insights to this
tension. The SBN program will be able to increase the sensitivity to v, disappearance by
an order of magnitude compared to the MiniBooNE + SciBooNE measurement (see Fig.
and [35(a)]).

All three detectors are liquid argon Time Projection Chambers (LArTPC). The liquid
argon serves as target for the neutrino interactions as well as detection medium. Secondary
charged particles produced in the neutrino-argon interaction ionize the argon atoms, and
ionization electrons are drifted to one side of the detector by an electric field, where they
leave a projected image of the interaction as they deposit charge on the anode plane wires.
The benefit of this technique is its superior imaging capability providing mm-resolution
views of the interaction that allow to track even short secondary particles such as protons
emerging from the nucleus [208-210|. In this particular application of a v, appearance search,
the advantage is that the discrimination of signatures produced by a single electron from a v,
interaction against the signature of photons produced for example in the decay of secondary
7% is superior to the Cherenkov technique used in the MiniBooNE experiment (see Fig. .

The challenges for the v, appearance analysis are backgrounds from various sources: a
large background are beam-intrinsic v,’s and single photon backgrounds from v, interactions.
The near detector will help to constrain these with its flux and cross section measurements.
Cosmic rays are another background since the SBN experiments are operating on the surface
and the LArTPC technology requires a rather long readout window of order ms. All detectors
use external cosmic tagging systems to reject cosmic events.
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Figure 29: The graphic shows the positioning of the SBN experiments SBND, MicroBooNE,
and ICARUS in the BNB. The beam direction follows from right to left in the above picture.
The plots show a stacked histogram of simulated signal and backgrounds for an idealized
version of each detector and illustrate the expected event distribution assuming an oscilla-
tion signal of Am? = 0.43 eV? and sin®26,, = 0.013. The expected signal from a sterile
neutrino (white) increases with the baseline and is largest in the ICARUS T600 detector.
The background of electromagnetic signatures from +s produced in v, interactions (brown)
is greatly reduced compared to the MiniBooNE experiment by the LArTPC technology. The
main background are electromagnetic showers from interactions of v, and 7, intrinsic to the
beam (green). Note, that the plots are taken from the SBN design proposal and serve

illustrative purposes. They will be superseeded once fully developed calibration and event
reconstruction is available for all three detectors.
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Figure 30: Left: this LArTPC event display from MicroBooNE shows the interaction of
a v, producing a 7° [211]. The distinct signature of the 7° is the gap between the start
point of the showers (indicated by the cones) from the interaction vertex caused by the
neutral and unseen s produced in the decay of the 7° — ~+. The color represents a
measure of the deposited charge. Right: demonstration of e/ separation in LArTPCs by
the ArgoNeuT experiment [212]. ArgoNeuT was a smaller-size experiment advancing the
LArTPC technology. Electrons and ~s are categorized by an observed gap between the
interaction vertex and the start of the electromagnetic shower in data and simulation. For
both sub-samples, the energy loss distribution is shown. Photon showers are characterized
by twice as much energy loss than an electron induced shower due to the shower starting
with pair production (7 — ete™).

MicroBooNE started neutrino beam data taking in October 2015, ICARUS and SBND
are expected to start physics running in 2020 and 2021, respectively. During the years Micro-
BooNE has been operating without the near and far detector, the experiment is studying the
spectrum of electromagnetic events — the analogous measurement to the MiniBooNE result
but with LArTPC detection technology providing separation power between electron and
photon induced event signatures. MicroBooNE by itself will be able to confirm or exclude
an electromagnetic event excess as seen in MiniBooNE, and determine if the excess is indeed
caused by electrons, which is imperative to linking the observation to the hypothesis of sterile
neutrinos. With SBND and ICARUS, the SBN Program will perform v, appearance and v,
disappearance searches and reach its full sensitivity covering the favored parameter regions
of the LSND and MiniBooNE results (see Fig. [31)).

4.4.2 Constraints from long-baseline experiments

Long-baseline neutrino accelerator experiments are built with the purpose to take precision
measurements of three flavor neutrino oscillations. However, these experiments also provide
sensitivity to sterile neutrinos by studying the disappearance of muon neutrinos from a
neutrino beam similar to experiments studying v, disappearance with atmospheric neutrinos
(see Sec. . No anomalies have been observed in v, disappearance measurements, and the
MINOS/MINOS+ as well as the NOvA experiments have been able to set exclusion limits
in the phase space of Am?2, and sin® (o).

MINOS/MINOS+ and NOvA both operate in the Fermilab NuMI beam [213], which pro-
duces few-GeV muon neutrinos. The energy spectrum of the beam is configurable. MINOS
is a steel-scintillator sampling calorimeter made out of alternating planes of magnetized steel
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Figure 31: Sensitivity plots for the combined v, appearance (left) and v, disappearance
(right) analyses of all three detectors in the SBN program (SBND, MicroBooNE, ICARUS)
[203]. The solid red line corresponds to a 3o, the dashed red line to a 5o sensitivity to a
light sterile neutrino. The LSND preferred regions at 90% confidence level (blue shaded)
and 99% confidence level (gray shaded) are shown for comparison. The 30 global best fit
regions are shown in green [91].

and plastic scintillators [214]. It consists of a near and far detector of identical technology.
While the far detector weighs 5.4 kt and is located underground in Soudan mine in Northern
Minnesota at a baseline of 735 km, the near detector is with 980t much smaller and located
on Fermilab site. Both detectors are situated on-axis in the NuMI beam. From 2005 to
2012, MINOS operated in a 1-6 GeV muon neutrino beam studying three flavor oscillations.
The upgrade MINOS+ operated from 2013 to 2016 in a broader and higher energy beam
(4-10 GeV), which improves the sensitivity to sterile neutrinos wrt MINOS.

The NOvA experiment is located in the same neutrino beam but 14 mrad off-axis [215].
NOwvA consists of a near and far detector, both made of cells filled with liquid-scintillator.
The far detector is located in Minnesota at 810 km baseline and has a total mass of 14 kt.
Again, the NOvA near detector is located on Fermilab site. Due to its operation in the off-
axis beam, the neutrino flux at the NOvA far detector peaks at 2 GeV and has a more narrow
energy spectrum that the on-axis flux. NOvA’s main purpose is to measure v, appearance
in the three flavor oscillation paradigm.

The MINOS sampling calorimeter is best suited to measure muons from v, charged-
current interactions, but can also detect products of neutral-current interactions. In the
charged-current v, disappearance channel, a hypothetical oscillation due to Am3; would
be observed on top of the three-flavor oscillation. The observed neutral current rate is
unaffected by three-flavor oscillations but sensitive to sterile oscillations. The effect of sterile
oscillation strongly depends on the mass of the sterile neutrino. For light sterile neutrinos
with Am?, < 1eV? the effects are seen in the far detector. For larger masses, the oscillations
become more rapid and start to be seen in the near detector. MINOS/MINOS+ published
several iterations of the sterile neutrino analysis with MINOS and MINOS+ neutrino and
antineutrino beam data [216]. Exclusion limits are shown in Fig. |35 and are discussed in
the context of global v, disappearance fits in Sec. [6.2, The NOvA sterile neutrino analysis
utilizes the neutral current channel with improved event reconstruction and identification,
and background rejection compared to MINOS. The results are consistent with three-flavor
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oscillations and no hints on sterile neutrinos are found |216|. Future analyses with additional
data will increase the sensitivity of the analysis.

4.4.3 Implications for future long-baseline experiments

The possible existence of light sterile neutrinos have potential implications for long-baseline
experiments [217-231|, especially concerning the search of CP violation. The key observation
is that although long-baseline experiments are not sensitive to the value of Am?, because
the corresponding oscillations are averaged at long distances, the averaged terms in the
oscillation probabilities depend on the mixing angles that connect the active flavor neutrinos
to v4 and on the related CP-violation phases.

CP violation is not observable in short-baseline experiments, because the effective os-
cillation probabilities in Eq. depend on the absolute values of the fourth column of
the mixing matrix. This is due to the fact that in short-baseline experiments oscillations
are driven by only one squared-mass difference, Am?,, since the source-detector distance is
too short for the emergence of the oscillations driven by the other two squared-mass differ-
ences Am3, (the atmospheric squared-mass difference) and Am3, (the solar squared-mass
difference). Hence, the effective short-baseline oscillation probabilities in Eq. have a
two-flavor form without CP violation effects. Since CP violation is a property of mixing
only for more than two flavors, it can be observed only when the oscillations driven by more
than one Am? are operative and appear in their interference. This is what can occur in
long-baseline experiments, which are sensitive to standard three-flavor CP violation through
the interference of the oscillations driven by Am32, and Am2,, and can be sensitive to the
new CP-violation phases in four-flavor mixing through the interference of the oscillations
driven by AmZ; and Am3,, even if the oscillations due to Am3?, are averaged.

The exact oscillation probabilities in long-baseline experiments are very complicated and
can be calculated numerically, taking into account also the matter effects for neutrino beams
propagating below the Earth surface. However, one can understand the physics involved by
considering the following approximation of the long-baseline probability of v, — v, tran-
sitions, that is the main observable sensitive to CP violation in long-baseline experiments.
Since the global fits of short-baseline neutrino oscillation data (see Section indicate that
\Uea| ~ |Upa| ~ |Ues| ~ & ~ 0.15 and Am3, /|AmZ;| ~ 0.03 ~ €%, we can calculate the leading

terms of the vacuum probability PJ;B_I;% in an expansion over ¢. At order £3, we obtain

PLBL

o A i .2 . 9
e 4 sin” 013 sin” O3 sin® A3y

+ 2sin 013 sin 2012 sin 2023(O[A31) sin A31 COS(A{}Q + 513)
+ 4 sin 913 sin 914 sin ‘924 sin 923 sin Agl Sin(Agl + 513 — (514), (22)

where o = Am3, /|Am3,| and Ay; = Amg;L/4E. The first term in Eq. (22) is the dom-
inant one, of order €2, and gives the main sensitivity of long-baseline experiments to the
measurement of ;3. The second term, of order €2, is subdominant and gives the sensitivity
of long-baseline experiments to the standard three-flavor CP-violating phase d13. The third
term is proper of four-flavor mixing and depends on the new mixing angles 6,4 and 94, and
on the new CP-violation phase §;4. Since also the third term is of order €3, its effect in the
determination of CP violation can be as large as the second term and must be taken into
account in the analysis of long-baseline data in the case of 3+1 mixing. The indication in
favor of a large d;3 around 37 /4 obtained from the data of the current long-baseline exper-
iments T2K and NOvA (taking into account the reactor constraints on 6;3) in the case of
three-flavor mixing persists in the 3+1 scheme [221],226], but the precise determination of
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013 in the future dedicated experiments DUNE and Hyper-Kamiokande may be affected by
the presence of 014 [217-220,222,223|225|,228-231].

5 Direct neutrino mass experiments

As described in Sec. 2.2.1], direct neutrino mass experiments are a complementary way of
searching for light sterile neutrinos. These experiments are based on single 3 decays, where
an electron neutrino favour eigenstate is created, which is a superposition of mass eigenstates.
Correspondingly, also the spectrum is given as a superposition of the spectra corresponding
to each mass eigenstate m,,, weighted by their mixing amplitude |Us;| to the electron favour.
As a result, a fourth mass eigentstate, with a mass significantly different to the three light
mass eigenstates, will imprint itself as a kink-like signature in the beta decay spectrum, see
Fig. [6]

A challenge of direct neutrino mass experiments is that the signal rate close to the
endpoint (where the signal of the neutrino mass and also the signal of a light sterile neutrino
is maximal) is extremely low. The key requirements are thus 1) an ultra-strong radioactive
source, 2) an extremely low background level, 3) a high energy resolution of about 1 eV, and
4) a precise understanding of the spectral shape.

Currently, the super-allowed decay of tritium with a half-life of T}/, = 12.3 years and
a kinematic endpoint of E; = 18.6 keV and the electron-capture decay of **Ho (with
T/ = 4500 years and Ey = 2.8 keV) are considered. In the following the working prin-
ciples of the major experimental approaches: KATRIN [232], Project-8 [233], ECHo [234]
and Holmes [235], and their sensitivity to light sterile neutrino will be discussed. Fig.[32[sum-
marizes the expected sensitivity of KATRIN, ECHo, and future tritium- and holmium-based
experiments.

5.1 KATRIN

The Karlsruhe Tritium Neutrino (KATRIN) experiments is designed to measure the neutrino
mass with a sensitivity of 200 meV (90% CL) [232]. It performed its first commissioning run
with tritium in 2018 and stared neutrino mass data taking in 2019. Its tritium source strength
and spectroscopic quality allow to extend the physics program of KATRIN to also perform a
competitive search for light sterile neutrinos without any hardware modification [237-239).

KATRIN combines a ultra-luminous gaseous molecular tritium source with the well-
established magnetic adiabatic collimation and electrostatic (MAC-E) filter technology [240),
241|. The 70m long beamline starts with the so-called windowless gaseous tritium source
(WGTS) which contains about 30 pug of tritium, providing an ultra-high and stable decay
rate of 10! decays/s. The WGTS beam tube is situated in a magnetic field, which is oriented
in beam direction. All S-electrons that are emitted in the forward direction are guided along
the field lines out of the WGTS and towards the spectrometers. The spectrometers work as
MAC-E filters allowing only those electrons with enough kinetic energy to be transmitted. By
counting the transmitted electrons as a function of the filter potential, the integral tritium
spectrum is determined. The MAC-E Filter technology allows to combine high angular
acceptance with ultra-sharp energy filtering.

A first tritium measurement campaign in 2018, demonstrated the integrity of the entire
beamline, the stability of the system and a good understanding of the obtained tritium
spectra. The first tritium data was also successfully used to perform a first sterile neutrino
search in a mass range of 100-1,000eV. Based on a 14-day data set, a sensitivity to the
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Figure 32: Prospective sensitivity of tritium and holmium-based direct neutrino mass ex-
periments to light sterile neutrino. In dashed blue the sensitivity of a 3-year KATRIN mea-
surement is shown, based on the design parameters [232]. The small decrease in sensitivity
at sin?(20) = 5- 1072 stems from the specific choice of the measurement time distribution
assumed for this study. A future atomic tritium experiment with increased statistics (10
beta decays), and with a differential energy measurement with a resolution of 1 eV (Full-
Width-Half-Maximum) could, from a statistical point-of-view, reach the sensitivity depicted
with the yellow dashed line. The green solid line depicts the sensitivity the ECHo-1M could
reach. A possible upgrade to higher statistics (10'® decays) would increase the sensitivity
accordingly (red line) [236].

mixing angle of sin*(2614) < 1072 could be reached (details of this preliminary result, will
be subject of a different publication).

Figure [32 shows the sensitivity, KATRIN could reach with a 3-years data taking phase,
based on the design parameters [232]. Recent studies have shown that an elevated back-
ground can strongly affect the KATRIN sensitivity. KATRIN successfully applied methods
to reduce radon-induced backgrounds [242], however, further measures are needed and are
being explored to reach the design background rate of 10 meps.

5.2 Project-8

Project-8 has demonstrated a new idea of a precise measurement of the S-decay electrons
via Cyclotron Radiation Emission Spectroscopy (CRES) [233]243]244]. This technique may
allow to superseed the KATRIN sensitivity, based on the following advantages: 1) the scaling
to larger tritium activity may be technically more feasible, 2) it is planned to make use of
an atomic tritium source, which will overcome a limiting uncertainty in a molecular-based
tritium-based experiment, 3) an essentially background-free setup may be feasible, 4) the
technique provides access to the differential beta decay spectrum.
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The general idea of this technique is to measure the coherent electromagnetic cyclotron
radiation of the (-electron. As opposed to KATRIN, where the electron has to be extracted
from the gaseous tritium source to measure its energy, here, the tritium source is transparent
to the cyclotron radiation. The cyclotron frequency depends on the kinetic energy via the
relativistic v factor.

The technical realization of this approach consists of a magnetic trap inside of an antenna
array or wave guide. The magnetic field determines the frequency range and radiated power
of the p-electrons. For instance, for 18.6-keV electrons in a 1-T magnetic field the cyclotron
frequency is 27.009 GHz and the radiated power is approximately 1.2 fW at a pitch angle of
90°. The density of tritium gas in the trap cell is limited, since scatterings of the electron
with the background gas would lead to angle changes and hence a breaking of the storage
condition. Consequently, the desired amount of tritium, the allowed tritium density, and the
acceptance angle determine the size of the experiment. As compared to size of the KATRIN
apparatus, the latter could in principle be smaller while reaching the same neutrino mass
sensitivity.

Most importantly, concepts for an atomic tritium source are being developed by the
Project-8 collaboration. This would allow to avoid the inevitable broadening of the beta-
decay spectrum due to the rotational and vibrational excitation of the daughter molecule.

Similarly to the KATRIN experiment, the Project-8 data obtained for a neutrino mass
measurement can also be used to search for light sterile neutrinos. This measurement will be
highly complementary to a MAC-E-Filter result, as the systematic uncertainties will be com-
pletely different. In Project-8 major systematics arise from inhomogeneities and inaccurate
knowledge of the magnetic field. It will be a challenge to keep these uncertainties at an ac-
ceptable level, especially when scaling the experiment to a large-volume trap. The expected
sensitivity of the final phase of Project-8 is expected to exceed the KATRIN sensitivity both
for neutrino mass and sterile neutrinos. Figure [32|shows the statistical sensitivity of a future
atomic tritium experiment, with an energy resolution of 1 ¢V and a total statistics of 10"
decays.

5.3 ECHo and Holmes

Currently, two experiments explore the approach of using electron capture of '*3Ho to probe
the neutrino mass: ECHo [234,245] and HOLMES [235,[246|. These experiments are comple-
mentary to tritium-based techniques both from a technical point-of-view and the fact that in
this case an effective electron neutrino mass (as opposed to an effective electron-antineutrino
mass) is studied.

The basic idea is to place the 1%Ho source inside an absorber material with low heat ca-
pacity. X-rays and electrons emitted in the de-excitation of the 1%*Dy* daughter atom create
phonons in the absorber material and cause a small temperature increase. This temperature
change is detected by ultra-sensitive thermometers such as transition edge sensors (TES) or
magnetic metallic calorimeters (MMC).

The calorimetric concept avoids a number of systematic effects as compared to the MAC-
E-filter technology. In particular energy losses due to scattering during the extraction of the
electron from the gaseous tritium source are completely circumvented. Furthermore, the
intrinsic energy broadening due to the final state distribution of molecular tritium is not
present.

However, the micro-calorimetric technique involves a different class of systematic effects
and technical challenges. As opposed to the KATRIN experiment where only the electrons
close to the endpoint are considered, in these experiments every single decay is detected.
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The total decay rate is typically twelve orders of magnitudes higher than the decay rate only
in the last few eVs away from the endpoint. Hence, pile-up becomes a serious concern. To
limit pile-up 1) a fast rise time is needed and 2) the source needs to be spread over a large
number of detectors. To operate such a detector array in a cryogenic environment, however,
a sophisticated multiplexed read-out technology is necessary. These topics are subject of
active research and development of the ECHo and Holmes experiments.

Again, the neutrino mass data of a holmium-based experiment can be used to perform a
search for light sterile neutrinos. As demonstrated in [236] with a total statistics 10'¢ decays
a sensitivity comparable to KATRIN can be achieved. Figure [32shows the sensitivity of the
targeted ECHo-1M-stage with 10** decays and the sensitivity of a possible future upgrade
with 10 decays, which would allow to cover the entire allowed parameter space of the
reactor anomaly:.

6 Global status of active-sterile neutrino oscillations

The numerous experimental results obtained so far in the search of light sterile neutrinos need
to be analyzed in a consistent framework that can take into account the positive indications
and the constraints following from the negative results.

In the following, we discuss first the current status of (1_/2 disappearance in Section
and then the results of global fits of (l;L — 9 appearance and 7. and (EL disappearance in

Section [6.21

6.1 Electron neutrino disappearance

The study of short-baseline electron neutrino disappearance due to active-sterile neutrino
mixing was originally motivated by the reactor and Gallium anomalies described in Sec-
tions and [3.2] respectively. However, the discovery of the 5 MeV excess in the reactor neu-
trino spectra of the RENO [102], Double Chooz [100], and Daya Bay [101] experiments with
respect to the theoretical predictions based on the Huber-Muller fluxes [87,88| raised strong
doubts on the Huber-Muller fluxes and their estimated uncertainties (see Refs. [95]247]).
Since the reactor antineutrino anomaly [81] follows from the comparison of the experimental
reactor neutrino rates with the theoretical predictions based on the Huber-Muller fluxes, an
increase of the uncertainties of the Huber-Muller fluxes lowers the statistical significance of
the anomaly. Lacking a reliable indication in favor of the reactor antineutrino anomaly, the
Gallium neutrino anomaly cannot be considered as a sufficient indication in favor of short-
baseline electron neutrino disappearance, because it is based on only four data points with
large uncertainties. Therefore, at present, in the study of short-baseline electron neutrino
disappearance we can rely with some confidence only on data that do not depend on an
absolute rate measurements. Indeed, the new experiments are designed for the investigation
of the oscillations by measuring the neutrino interaction rate at different distances. Com-
paring the rates or, better, the energy spectra measured at different distances from a source
gives model independent information on neutrino oscillations or other distance-dependent
phenomena. At present, there are several reactor neutrino experiments operating with this
method, as described in Section [4.1]

The currently most intriguing result is obtained from the combined fit of the NEOS/Daya
Bay spectral ratio [103]| and the ratio of the spectra measured at 10.7 and 12.7 meters from
a reactor in the DANSS [147| experiment. These experiments already achieved a sensitivity
to very small values of |Ugy|?, of the order of 1072, for Am?2, ~ 1eV?.
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Figure 33:  Allowed regions in the |U|?>~Am3, plane obtained in Ref. |76| from the combined
analysis of the NEOS /Daya Bay and DANSS spectral ratios. In both panels @ and @ the
shaded regions are allowed by the combined NEOS/Daya Bay and DANSS fit, with the
best-fit point indicated by a cross. The red and blue lines in panel @ enclose, respectively,
the NEOS/Daya Bay and DANSS 20 allowed regions. The blue and red lines in panel
delimit, respectively, the reactor and Gallium anomaly allowed regions at 20 (solid) and 3o
(dashed; without a lower Gallium limit on |Ul|?).

Figure shows the allowed regions in the |U.4|>*~Am3, plane obtained in Ref. |76]
from the NEOS/Daya Bay and DANSS spectral ratios. There is a remarkable overlap of the
allowed regions of the two sets of data for

|Ues|? = 0.012£0.003 and Am?, = (1.29 £ 0.03) eV?, (23)

that determine the best-fit region of the combined analysis (with two other regions at Am?, ~
0.4eV? and Am?2, ~ 2.5¢V? that are allowed only at 3¢). The combined NEOS/Daya Bay
and DANSS allowed region is confronted in Fig [76] with the regions preferred at 2
and 3 ¢ by the reactor antineutrino anomaly and the Gallium neutrino anomaly. There is
a tension at 20 that indicates that the reactor and Gallium anomalies have been somewhat
overestimated.

Figure [143] shows the regions in the |U.4|>~Am3, plane that are allowed by the
fit presented in Ref. [143] of all reactor neutrino data, including the NEOS/Daya Bay and
DANSS spectral ratios, with and without fixing the neutrino fluxes at the Huber-Mueller
prediction. The best-fit allowed region around |Uy|? ~ 0.01 and Am?, ~ 1.3eV? is similar
to that in Fig. and it is almost independent of the assumption on the neutrino fluxes
(free or fixed). This happens because the NEOS/Daya Bay and DANSS spectral ratios
dominate the fit. Moreover, Fig. [143] shows that the best-fit region remains stable
when the following constraints are also taken into account: the solar neutrino bound on |U4|?
[381/63,/911/248-251]; the ratio of the KARMEN [252] and LSND [253] v, 4+ '2C — Ny + e~
scattering data at different distances from the source [38}254}255|; the atmospheric neutrino
constraint on |U.|? [26,[143] from the data of the Super-Kamiokande [256], DeepCore [186],
and IceCube [197] experiments.
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Figure 34:  Allowed regions and exclusion curves in the |U.4|*~Am3; plane obtained in
Ref. [143] from the analysis of different v, and v, disapperance datasets. The allowed regions
and exclusion curves in panel @ are at 95% CL. The blue shaded regions are allowed by
the fit of all reactor data with free fluxes (with the best-fit point indicated by a white star).
The magenta lines enclose the regions allowed by a fit of all reactor data with the Huber-
Mueller fluxes (with the best-fit point indicated by a magenta star). The light-shaded areas
are allowed by the “old” reactor data (i.e. without NEOS, Daya Bay and DANSS) with
fixed Huber-Mueller (light orange) and free (light green) fluxes. Also shown are the Daya
Bay [157] (black) and NEOS/Daya Bay [103] (green) exclusion curves. The allowed regions
and exclusion curves in panel [(b)] are at 95% (dark shaded regions and thick curves) and
99% (light shaded regions and thin curves) CL. The blue and red shaded regions are allowed,
respectively, by the combined fit of all reactor and all(ﬂé disappearance data (with the best-fit
point indicated by a black star). Also shown are the solar exclusion curves (black dashed).
the Super-Kamiokande+DeepCore+IceCube (SK+DC-+IC) exclusion curves (green solid),
and the v,—12C (C12) scattering exclusion curves (dark red dash-dotted). The analysis of
Gallium data yielded the 95% allowed yellow region and the 99% CL yellow exclusion curve.

From Figs. 33| and [34] (see also the discussions in Refs. [76}/143|), we conclude that there

is an intriguing model-independent indication in favor of short-baseline <1;; disapperance due
to active sterile mixing with the parameters in Eq. . Let us however emphasize that
this indication depends crucially on the agreement of the NEOS/Daya Bay and DANSS
spectral ratios and needs to be checked in other experiments, as the ongoing STEREO [150],
PROSPECT [152], SoLid [257], and Neutrino-4 [258] reactor experiments.

6.2 Global appearance and disappearance fit

Besides the indication of short-baseline v, disapperance discussed in the Section there

are indications of short-baseline (DL — (E; oscillations found more than 20 years ago in the
LSND experiment [121,262] and more recently in the MiniBooNE experiment [122,/124,263|

(see Section . In order to fit the short-baseline v, disapperance and (DL —', data in the
framework of active-sterile neutrino mixing, one must take into account also the data of the
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Figure 35: Exclusion curves and allowed regions obtained in Ref. |143| from short—baseline(ﬂL

disappearance and <§L —>(§i appearance data. Panel shows the 99% CL exclusion curves
in the |U4/*~Amj, plane obtained from the data of the CDHS (light green solid),
SciBooNE-MiniBooNE [260,261] (dark green dashed), MINOS&MINOS+ (blue solid),
and Super-Kamiokande+DeepCore-+IceCube [186l[197)256] (cyan solid) experiments, and the

total combined exclusion curve (black solid). Also shown are the allowed regions inferred

from the combination of 7, disappearance and (DL %) appearance data with free (red) and
fixed Huber-Mueller (pink) reactor fluxes. Panel shows the regions in the sin®(26,.)-

Am?, plane allowed at 99.73% CL (i.e. 30) by (1;L — U, appearance data with (red) and
without (pink) LSND decay in flight (DIF) data [121]. Also shown are the combined (13;

and (IZL disappearance exclusion curve with free (blue solid) and fixed (cyan dashed) reactor
fluxes.

experiments that searched for short-baseline (I;L disappearance, on which there is currently

no positive indication. Actually, the negative results of short-baseline (&L disappearance
searches imply stringent bounds on |U,4|* that generate a strong appearance-disappearance

tension [10}/13}/14,20-221[26128/30136}38}/91}|143/[25526411267| due to the approximate relation

sin®(20,,,) ~ i sin®(20,.) sin®(20,,,) (24)

between the amplitude in Eq. of (EL %) oscillations and the survival amplitudes of 7
and <§L in Egs. 1) and , respectivel.
Figure [35(a)| [143] compares the exclusion curves in the |U,4|>~Am3, plane with the

allowed regions inferred from the combination of <§; disappearance and (I;L —>(13; appearance
data. The appearance-disappearance tension is clear from the fact that these allowed regions

lie in the area that is excluded by the (ﬂL disappearance experiments.
Figure [35(b)| [143] shows the appearance-disappearance tension in the sin®(26,,.)-Am?,

7 Note that the appearance-disappearance tension cannot be alleviated by considering more than one
sterile neutrino, because there are relations of the type for each additional sterile neutrino [268|.
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plane, where the region allowed by <§L —)?i appearance data lies in the area excluded by the

combined 7, and <§L disappearance data.

The appearance-disappearance tension has always been present in the analyses of short-
baseline neutrino oscillation data [10}13}/14}20-22,26,28,30,36-38}91}[143},255,264-267| with
alternating strength since the discovery of the LSND anomaly in 1995 [262|. The tension
was increased in 2016 [91] by the NEOS [103] limits on |Ug,|? and by the MINOS [269]
and IceCube [197] bounds on |U,4[%>. The confirmation of a small value of |Ug,l?* by the
DANSS experiment [146] and the very stringent MINOS&MINOS+ [216] limits on |U,4)?
led to a further dramatic increase of the tension in 2018 [76}/143|, that is quantified by an
appearance-disappearance parameter goodness-of-fit [270] smaller than 107° |14,143|. This
result disfavors the neutrino oscillation explanation of the LSND and MiniBooNE anomalies.
However, since it has been obtained with a combined analysis of many experimental data
in the specific framework of (341) active-sterile mixing, it cannot be considered to be a
definitive conclusion on the LSND and MiniBooNE anomalies, that need to be checked
directly. This will be done in the Short-Baseline Neutrino (SBN) program [271] and in the
J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source (JSNS?) experiment
[272].

7 Cosmology

The situation on the side of oscillation experiments is thus rather inconclusive, and other
hints are worth exploring. We remember from Sec. that the existence of light sterile
neutrinos normally implies the presence of a new population of relic particles in the universe,
with consequences on cosmological observables such as the abundance of primordial elements,
the spectrum of CMB anisotropies and the distribution of Large Scale Structures. We
will now review the constraints on sterile neutrinos that can be inferred from cosmological
observations.

7.1 Bounds on the sterile neutrino density alone

A fit of BBN predictions to the measured abundance of primordial elements gives bounds
on the density of relativistic relics when the Universe had a temperature T ~ 0.07 MeV,
and thus on the parameter N.g (see Sec. . The contribution of the nearly sterile state
vy, ANy, should be at least smaller than the total N.g. If active neutrinos thermalize in
the early universe (as expected in the standard cosmological model), they contribute to Neg
by 3.045 [77], and we can further assume that ANy < (Neg — 3.045), where the inequality
accounts for the possibility of other light relics (e.g. light axions).

BBN bounds on Ngg (and thus on AN,) are mostly sensitive to primordial helium abun-
dance measurements, but one needs to combine helium and deuterium data to remove the
degeneracy between the two parameters of the standard BBN model, w, and Ngg. There are
small controversies on the modelling of systematic errors in helium and deuterium measure-
ments and on theoretical errors in BBN codes. For this work, we first computed bounds on
Neg based on helium data from [273] and deuterium data from [274], and then checked their
dependence on various observational and theoretical uncertainties described in [144]. The
results are always compatible with the conservative bounds

Neg =2.9+0.5, (95%CL, Helium + Deuterium + BBN) (25)
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that also agree very well with [275]. Note that these bounds are marginalised over the
baryon abundance, and are completely independent of any other cosmological parameter
and of neutrino masses. They only assume the validity of the standard BBN model, with a
negligible chemical potentials for the electron neutrino |u,, | < 7T, (this asumption will be
released in some of the models discussed in Sec. . In conclusion, a conservative treatment
of standard BBN and primordial abundance data tells us that a fully thermalized population
of v, neutrinos is excluded at the 40 level.

CMB temperature and polarisation data from the Planck satellite give us a completely
independent measurement of Nz in the framework of the minimal ACDM cosmological
model [144],

Neg =2.924+0.37, (95%CL, CMB+ACDM) (26)

excluding Neg = 4 at the 5.80 level. Finally, the combined CMB+BBN bounds presented in
eq. (77) of |144] raise the exclusion level to 7o or even 8o.

One may think that CMB bounds on N4 are not as model-independent as BBN bounds,
and could easily be evaded in extended cosmological model. This is however far from obvious.
References [276,277] fitted Planck data with many additional cosmological parameters at the
same time, accounting for neutrino masses, a dark energy equation of state, a running of
the primordial spectrum index, primordial tensor modes, etc. They still find Neg = 2.93705
(95%CL) even with Planck 2015 data alone. The authors of |278] went even further. They
tried to see whether Nog = 4 could be reconciled with cosmological data by paying the highest
price: on top of floating the minimal ACDM parameters plus (Neg, . 7y active, M), they
assign full freedom to the primordial spectrum of fluctuations (instead of the conventional
power law assumption). Despite of this effort, their marginalized bound remains Neg < 3.53
(95%CL, Planck 2015+BAO).

It is worth noticing that direct measurement of the Hubble parameter from superNOvAe
luminosity are in significant tension with other cosmological data. If the tension is not caused
by underestimated systematics in one of the data sets, the current standard cosmological
model is ruled out at 4.4¢ [279]. When this tension first emerged around 2011, it raised hopes
that a higher value of N.g could reconcile the data sets, because N.g and Hy have partially
counter-acting effects on the time of radiation-to-matter equality and on some characteristics
of the CMB temperature spectrum. Thus, Neg ~ 4 became slightly prefered over Nog ~ 3
at some point (see e.g. [78]). However, all recent studies agree that such a simple solution
does not work when more recent and precise CMB data are taken into account: it cannot
solve the tension without raising other ones, at least when the ACDM model is extended in
a straightforward way with a free Neg plus active and/or sterile neutrino masses [144]. It
remains nevertheless possible that more complicated extensions with more subtle physical
ingredients do resolve the tension. In principle, they could be compatible with a high N,
and maybe with a population of sterile neutrinos. We will actually review one example of

such models [49] in Sec. [7.3|

7.2 Joint cosmological bounds on density and mass

In Sec. , we defined the effective parameters (Neg, meh, ;.). Fig. [36 presents the joint
bounds on these parameters obtained by the Planck collaboration when using only CMB
data [144]. The density of points reflects the posterior probability on these two parameters
(marginalized over all other model parameters). The black dashed lines correspond to fixed
values of the particle mass for a model of little relevance to sterile neutrinos (namely, early
decoupled thermal relics). However the thinner lines show the same fixed values of the mass
for the Dodelson-Widrow model, my = m$ /AN,. The vertical axis only extends up to

v, sterlle
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N.g = 3.8 and does not include the case of thermalized sterile neutrinos with AN, = 1 and
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Figure 36: Joint CMB bounds on (Ng, m<i

v,sterile )

and lensing data (figure taken from [144]).

from Planck 2018 temperature, polarization

As expected, the upper bound on m&i, .~ cets stronger when Nt increases, since the

mass effect is weighted by AN,. No bound on the particle mass can be inferred from this
analysis, since for an arbitrary small number density and small AN, (i.e. Neg —> 3) some
arbitrarily large physical masses are compatible with CMB data. Models with too high
masses are irrelevant in the context of light sterile neutrino scenarios. The region close to
the Neg = 3 axis rather corresponds to models of warm or cold dark matter, whose mass
is unconstrained by CMB data. Thus this region can be excluded when computing sterile
neutrino parameter bounds. In the Planck analysis this is achieved by cutting the grey
shaded region, which would correspond to a particle mass above a threshold of about 30 eV
for the Dodelson-Widrow scenario. After removing this area, the individual constraints on
each of the two parameters read

Neg <331, mE . <067eV, (95%CL, CMB) (27)

v,sterile

including Planck 2018 data from temperature, polarization and lensing [144], as in Fig. [36]
This confirms that a sterile neutrino with a mass in the eV range can only be accommodated
by cosmological data if ANy < 0.3 (95%CL), at least if its phase-space distribution is not
dramatically different from a Dodelson-Widrow distribution.

One additional interesting conclusion can be derived from Fig. [36], where the points
have been colored according the value of the Hubble parameter in each allowed model.
As expected, there is a trend to obtain larger H, values for larger N.g. However, with a
bound of Nz < 3.3, the high value preferred by direct measurement experiments (Hy ~
74 km/s/Mpc [279]) is still out of reach.

The bounds on (Ng, meE presented in take into account the impact of sterile

Disterile)
v,sterile

neutrinos mentioned in both Sec. 2.3.3] (impact on CMB) and Sec. (impact on LSS),
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since they include CMB lensing information, which is a probe of the matter power spectrum
in the recent universe, and thus of the formation of large scale structures. However, at
the moment, the bounds on m‘;‘fﬁterﬂe are dominated by information from primary CMB
anisotropies, rather than probes of the small-scale matter power spectrum suppression due
to the free streaming of massive v, neutrinos. Indeed, removing CMB lensing data and
adding instead BAO data, which is blind to neutrino free-streaming, one gets approximately
the same constraints [144]. The information contained in current galaxy and weak lensing

surveys does not strengthen current bounds, but it will certainly do so in the future (see

Sec. [7.4)).

7.3 Avenues for reconciling light sterile neutrinos with cosmology

The results of the previous two sections have shown that in order to reconcile the (3+1) sce-
nario with cosmology, one should reduce N.g with respect to 4. This requires an incomplete
thermalization of v, and/or of active neutrino.

Following [280,[281], a large primordial lepton asymmetry of the order of L ~ 1072
would be sufficient for blocking active-to-sterile neutrino conversion in the early universe by
effectively suppressing the mixing angle in the primeval plasma. Such an asymmetry would be
very large compared to the one in the baryon sector, but a priori, still small enough to comply
with BBN and CMB constraints on the chemical potential of active neutrinos [282,283].
The authors of [74] find that this mechanism can be efficient enough to reduce the density
of v4 neutrinos down to AN, =~ 0.1 when assuming (Am?2,,sin®(20,4)) ~ (1,0.1). However,
reference [79| revisited this model taking into account the possibility of different primordial
asymmetries in each (active and sterile) flavor, and studying their evolution with time due to
neutrino oscillations in the early universe. They stress that when the primordial asymmetries
are sufficient to prevent sterile neutrino thermalization, the chemical potential of electron
neutrinos at the BBN epoch has to be significantly different from zero, in such a way that
primordial abundances could be in tension with observations. However this issue is still not
precisely settled.

One can also question the fact that active neutrinos are fully thermalized and contribute
to Neg = 3.045 as in the Standard Model. To avoid this, one may assume that reheating after
inflation takes place at an extremely low temperature Try, of the same order of magnitude as
the neutrino decoupling temperature. Then, neutrinos can never reach thermal equilibrium
with photons. This solution has been proposed in the context of light sterile neutrinos
in [284]285|. For instance, with Try ~ 3 MeV, each neutrino would be produced at the
level of AN, % [286], leaving room for four species summing up to Neg ~ 3. It is also
possible to reduce the density of active and sterile neutrinos relative to that of photons by
invoking some entropy production taking place in the small lapse of time between neutrino
decoupling and BBN [287]. In both cases, Neg can be adjusted to about three, but should
not get much smaller in order to comply with the lower bound from BBN and CMB. Then,
the problem is that in these models, active-sterile neutrino oscillations with sin®(26,4) ~
0.1 should be efficient and lead to an equal share of N.g ~ 3 between the four neutrino
states, and thus to AN, ~ % Strictly speaking, the constraints on (N, mﬁffsterﬂe) seen
in Sec. are not directly applicable here because they assume Neg active = 3.045. To
derive cosmological bounds on these models, one would need a dedicated analysis with at
least three free cosmological parameters related to the neutrino sector: (Neg actives Neff steriles
mleffsteme). However the results can be roughly approximated by those of Sec. with Neg =
Nett active + Nettsterite and me o = my/AN,. Then models with Neg ~ 3, ANy ~ 2 and
my ~ 1 eV would give roughly mﬁiterﬂe ~ % eV, in 2.50 tension with CMB constraints.

64



We see that this category of models is only marginally consistent with current cosmological
bounds.

Finally, v4 neutrinos could be coupled through “secret interactions” to some (vector or
scalar) boson belonging to a dark sector. Through finite temperature effects, the interaction
generates an effective potential that suppresses active-sterile mixing in the early universe
and may achieve AN, < 0.3 [50,[288-291].

At low temperature, the effective potential becomes irrelevant and active-sterile oscilla-
tions are efficient again (at least for the large mixing angle values suggested by anomalies in
the oscillation data, sin?(26;4) ~ 0.1). This could be problematic, especially in the case of
interactions between a massive gauge boson and the sterile neutrino flavor state [292-295].
In this scenario, at neutrino decoupling, N.g is still close to 3 and distributed equally among
active neutrinos. Then, if active-sterile neutrino oscillations become efficient, N.g gets redis-
tributed almost equally between the four mass eigenstates. In absence of secret interactions,
this would take place with a constant N.g ~ 3. However, the efficient interactions mediated
by the gauge boson would force this redistribution to take place in thermal equilibrium be-
tween all neutrino mass states, since they all contain at least a small sterile component [292].
Then entropy conservation would lead to an overall reduction of the temperature of the neu-
trino sector and bring N.g close to 2.7, which is still compatible with BBN bounds. With
ANy ~ 2.7/4 = 0.675, the effect of a mass my ~ O(1eV) on CMB and LSS observables is
marginally compatible with CMB bounds: approximating the impact of this specific model
in terms of the parametrization of Sec. , one gets mffgterﬂe ~ 0.675 eV for my ~ 1 €V,
close to the 20 CMB upper bound. However, in this model, the relic neutrinos are not
free-streaming like in ACDM: due to secret interactions, they behave at least partially as a
relativistic fluid. CMB data disfavor the combined effect of N.g < 3 and of self-interacting
relativistic relics at a significant level [292-295|.

The scenario of [49,289,296| assumes instead a non-standard interaction between the
mainly sterile mass state 14 and a pseudoscalar field in a dark sector with a mass m, << my.
Assuming a pseudoscalar rather than a scalar boson allows to evade fifth force bounds. Like
in the previous model, an effective potential suppresses active-sterile oscillations in the early
universe, helping to pass BBN tests. There is a range in which the interaction is strong
enough for such effects to take place and weak enough to avoid bounds from superNOvAe
energy loss [297|. Interestingly, this model differs from the one with heavy gauge boson
mediators at the level of the late time cosmological evolution. Indeed, a significant population
of light pseudoscalars is produced in the late universe, when the secret interaction is efficient.
At times relevant for CMB and LSS, Neg remains typically in the range from 3 to 3.5, and
accounts for two populations of relativistic relics beyond photons: first, free-streaming active
neutrinos, and second, a self-coupled fluid of v, and ¢ particles. Initially, at temperatures
T > my, the second fluid is composed of both relativistic v, neutrinos and relativistic
pseudoscalars. Then v4 neutrinos annihilate into lighter pseudoscalar particles, and one is
left with a fluid of very light relics ¢ with a mass m,, fulfilling bounds on m;’fgterﬂe. The fact
that part of the relativistic species are self-interacting at CMB times is not in contradiction
with Planck data, because of a partial cancellation between the impact on CMB observables
of a high Nz > 3 and of self interactions (due to modified “neutrino drag” and “gravity boost”
effects, see Sec . This cancellation works better when Hj is also high. Thus this model
could help to resolve the tension between CMB data and direct measurements of Hy [49)].
The dedicated cosmological analysis presented in the last reference shows that this scenario
is compatible with recent cosmological data. The collisional nature of the extra relativistic
degrees of freedom during the CMB epoch offers an opportunity to test it specifically with
more precise CMB experiments.
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Reference [295] gives some hints of other types of secret interactions, based on even more
specific assumptions, that may also evade BBN, CMB and LSS bounds.

7.4 Sensitivity of future cosmological data

Spectacular improvements on the sensitivity to the mass and density of a fourth neutrino
mass state can be expected from the next generation of CMB and LSS experiments (see
e.g. [298,[299]). Forecasts on these parameters have been performed in the framework of a
ACDM cosmology with nine free parameters: the usual six parameters of the minimal ACDM
model, plus the sum of active neutrino masses Y. m, active, and the parameters (Neg, mffgterile)
defined as in Sec.[2.3.4land [7.2] The current bounds reported in Sec. [7.2] neglected the effect of
> My active, DUt this approximation would be inappropriate at the level of precision of future
experiments. In sensitivity forecasts, final bounds on Neg and mS ;. are marginalised over
all other parameters including >~ m, active-

Combining Planck CMB data with future LSS data will not change significantly the
sensitivity to Neg and ANy, but will vastly improve constraints on mfgterﬂe, thanks to a
direct sensitivity to the free-streaming effect of v, neutrinos. According to [299], galaxy
and weak lensing surveys from the DESI [300] and Euclid [301] collaborations should have a
sensitivity o (mgh.q.) =~ 0.06 €V.

Some even more spectacular progress can be expected from future CMB experiments.
An hypothetical satellite mission like CORE-M5 would bring the sensitivity down to

o(ANy) ~0.05,  o(mgme) ~ 0.04eV, (28)
using only temperature and polarisation information [299] (thanks to CMB lensing extrac-
tion, one could obtain even better numbers). The CORE-M5 satellite project was not ac-
cepted by ESA in 2017, but these sensitivities are representative of what could be expected
in general from a next generation of CMB satellite like PICO [302] or CORE, covering both
large and small scales. Very similar numbers could be obtained by combining a satellite
like LiteBird [303] covering large scales with a ground-based experiment like CMB-S4 [304]
covering small scales.

With such numbers, and assuming the existence of a fourth neutrino mass state with
my ~ O(1eV), one could accurately test most of the models summarised in Sec. For
instance, scenarios with an (ad hoc) low reheating temperature or entropy production could
be confirmed or ruled out, since they predict mffgterﬂe ~ O(1eV); secret interactions mediated
by gauge bosons would be probed for the same reason, and also because they tend to achieve
Neg < 3. Future CMB data will also have an enhanced sensitivity to the assumption that
all or part of relativistic relics could be self-interacting [299]. This should provide a strong
test of models with secret interactions between sterile neutrinos and a light pseudoscalar.

All these bounds assume a plain ACDM cosmology - and thus, implicitly, that the current
tension with direct measurements of Hy will disappear after taking into account some yet
unknown systematic effects. If this is not the case, and if the solution to this problem really
requires new physics (either related to sterile neutrinos or totally different), the previous
forecasts might be inapplicable, but future prospects will be equally exciting.

8 Conclusions

Since eV-mass sterile neutrinos have been pointed out as a consistent explanation of the
short-baseline anomalies detailed in Sec. [3, considerable effort has been taken to either
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disprove or consolidate this hypothesis, exploring not only a puzzling consistency between
the anomalous results but also a possible window to physics beyond the Standard Model.

The anomalies have triggered a wave of experimental activity to search for a more un-
ambiguous signature for the existence of sterile neutrinos: informed by the global best fit
values of the original anomalies, an excellent testing ground is the exploration of the shape
regime (Sec. [2)) of short-baseline oscillations where sterile neutrinos are expected to leave a
distinctive pattern at an L/F ratio corresponding to Am3, > 1eV?.

Since 2011, a variety of new results has led to greater experimental sensitivity for both the
) — ') and (EL — (EL disappearance channels: reactor antineutrino experiments (Sec.
have been able to rule out a large fraction of the parameter space originally favoured by
reactor and gallium anomalies, although current results point towards a new best-fit region at
similar Am3; but smaller amplitude. Also the limits on the v, — v, disappearance amplitude
have grown significantly tighter (Sec. and Sec. . Contrariwise, recent results from
MiniBooNE even increase the significance of the anomalous v, — v, appearance signature
(Sec. . Thus, it seems that the current inconsistency between (negative) disappearance
and (positive) appearance data will only be resolved when the reactor searches will have
reached their full sensitivity and the Fermilab SBN program will provide an independent
and more sensitive test of the appearance anomaly (Sec. . A disappearance search
based on radioactive v, sources would provide a cross-check of the gallium anomaly and
CPT invariance (Sec. |4.2)).

(

Direct neutrino mass experiments offer an interesting alternative handle to investigate the
light sterile neutrino problem (Sec. [5). KATRIN is sensitive to the characteristic kink that
eV-scale sterile neutrinos would leave in the tritium decay spectrum close to the endpoint.
KATRIN started data taking in 2019, and hence first relevant results can be expected in a few
years from now. For a value of my ~ 2eV, the expected sensitivity of KATRIN corresponds
to a matrix element of |Ug|? = 0.1 (90 % CL), while for larger masses the sensitivity increases
significantly. Hence, the KATRIN data will provide information relevant to the best-fit values
of the original anomaly. Future tritium- and holmium-based experiments, such as extensions
of KATRIN, Project-8, ECHo, and Holmes, are planned to surpass this sensitivity, being
able to test the current best-fit values for |Ug|?. However, more than a decade will pass
before these results become available.

Meanwhile, the joint bounds on the number and combined mass of light neutrinos that
are derived from observations of the Cosmic Microwave Background (CMB), Large Scale
Structures (LSS) and Big Bang Nucleosynthesis (BBN) strongly disfavour an additional
light neutrino state on the eV-mass scale (Sec. . It should be noted, though, that the
restrictions posed by this standard interpretation of cosmological data can be somewhat
alleviated if additional physics mechanisms are added, e.g. by avoiding the thermalization
of the sterile neutrino state in the early Universe (Sec. [7.3)).

While recent results from reactor and atmospheric neutrino searches have considerably
tightened the limits on the active-sterile mixing parameters, the parameter space preferred
by the original anomalies is not yet fully tested. However, a much more complete picture is
expected to emerge only a few years from now: the running reactor/source experiments and
the SBN program at FNAL are very likely to deliver a definite answer on the occurrence of
active-sterile oscillations in the 1-eV? range. Absolute mass experiments and cosmological
observations will provide a complementary set of constraints, limiting the mass and number
of light neutrino species. Therefore, a definite conclusion on the existence of an eV-scale
sterile neutrino seems well within range!
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