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Two sides of the same coin: sterile neutrinos and dark radiation.
Status and perspectives.
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Abstract: The presence of light sterile neutrinos is one of the unanswered questions of particle physics.
The cosmological counterpart is represented by dark radiation, i.e. any form of radiation present in
the early Universe besides photons and standard (active) neutrinos. This short review provides a
comprehensive overview of the two problems and of their connection. We review the status of neutrino
oscillation anomalies, commenting on the most recent oscillation data and their mutual tensions, and we
discuss the constraints from other terrestrial probes. We show the shortcomings of translating light sterile
neutrinos in cosmology as additional thermalised relativistic species, produced by neutrino oscillations,
and we detail alternative solutions, specifically focusing on neutrino non standard interactions, and on
their link to the Hubble constant problem. The impact of a new force leading to dark radiation — dark
matter interactions is also discussed in the realm of new physics in the dark sector.
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1. Introduction

High-precision observations of the Cosmic Microwave Background (CMB) radiation
realized by the Planck satellite [1] indicate that most of the energy density of the current
universe is provided by some unknown components, commonly denoted as dark matter and
dark energy. Dark matter represents approximately 26.8% of the current universe content
and it is non-relativistic (see e.g. [2-5]), while dark energy is phenomenologically very similar
to a cosmological constant and it is responsible for the recent acceleration of the Universe
expansion (see e.g. [6-11]). While we have solid evidence that dark matter and dark energy
exist, although we ignore their nature, they may not be the only non-standard “dark” com-
ponents of the Universe. Indeed, despite being subdominant nowadays, new relativistic
species could have affected the evolution of the universe in the past. It is therefore worth
exploring the phenomenology of additional relativistic components, coined “dark radiation”,
that would have an impact on the thermodynamics of the early Universe and on cosmological
observables.

One possible way to constrain the existence of dark radiation is to put bounds on the
effective number of relativistic species, Nqg, which measures how much radiation energy
density comes from relativistic particles different from photons. In the standard scenario,
only three neutrino families contribute to N, and since their decoupling does not take place
instantaneously, they provide Ngg = 3.044 [12-14] (see also [15,16] for the effect of neutrino
asymmetries). Any additional contribution to N would be due to non-standard neutrino
properties (see e.g. [17-19]) or to dark radiation.

Over the last decade, a variety of dark radiation candidates has been studied. In this
short review we will focus on one of them, especially interesting given our current knowledge


https://orcid.org/0000-0003-4952-9012
https://orcid.org/0000-0002-4160-6987
https://www.mdpi.com//1/1/0?type=check_update&version=1
https://doi.org/10.3390/1010000
https://doi.org/10.3390/1010000

20f18

of particle physics: light sterile neutrinos !. Indeed light sterile neutrinos have been proposed
for many years as a possible solution of the Short Baseline anomalies [20-25]. We discuss
them in details in section 2, firstly listing the constraints we obtain from terrestrial probes,
and secondly analysing the impact of sterile neutrinos on cosmology. In section 3 we focus on
neutrino non-standard interactions as a mean to accommodate sterile neutrinos in cosmology,
also in light of the infamous Hubble constant problem [26,27]. In section 4, then, we extend the
discussion to the case of dark radiation as part of some new physics extension of the standard
model (see e.g. [39-47]), which may also be connected to dark matter within a complex dark
sector. Finally, section 5 summarizes our conclusions.

2. Light sterile neutrinos
2.1. Status of oscillation searches

In this section we briefly summarize the status of sterile neutrino searches at oscillation
experiments. For a more extensive review, see for example refs. [20-25]. We will discuss the
different probes according to the oscillation channel they involve: electron (anti)neutrino
disappearance, muon (anti)neutrino disappearance, and neutrino appearance.

e  Electron (anti)neutrino disappearance 217/()3 DIS) includes probes at reactors and Gallium
experiments. The Reactor Antineutrino Anomaly (RAA) [48] has been discovered in
2011, and it is related to the fact that observed reactor rates are smaller than the predicted
ones. Neutrino disappearance due to active-sterile oscillations has been proposed as a
possible explanation to the anomaly. The current status of the RAA has been recently
summarized in ref. [49], where the authors have shown that the anomaly disappears if one
considers recent calculations of the reactor antineutrino flux [50,51]. The indications in
favor of active-sterile neutrino oscillations, however, are also investigated using “model-
independent” studies, which observe the reactor antineutrino flux at different distances
in order to constrain the effect of oscillations separately from that of the absolute flux
normalization and shape. The current combined preference in favor of a sterile neutrino
from such probes is currently below 20 for a mass splitting Am3; = 1.3 eV? and mixing
angle sin? 26, = 0.026 (upper limit |U,4|?> < 0.015 at 30) [52], if one ignores the debated
results by Neutrino-4 [53] (see also [54-56]). Concerning Gallium, the original anomaly
was discovered by Gallex and SAGE, and was quantified to be around 3¢ [57]. The
significance decreases a bit when computed according to more recent cross-section
estimates [58], but it is revived by the very recent BEST results [59]. Notice that the
best-fit parameters preferred by the Gallium anomaly are in tension with the RAA best-fit
[49].

*  Muon (anti)neutrino disappearance é{/;, DIS) probes involve atmospheric or accelerator
neutrinos. In the former category we mainly find IceCube [60-62], which in the most
recent data release points out a weak preference in favor of active-sterile oscillations
over the standard three-neutrino case, with Am?; ~ 4.5 eV2. Accelerator experiments
include MINOS/MINOS+ [63,64], which provides the strongest bounds (| Uy4/* < 1072

at 30) within the(f/;, DIS channel for a wide range of mass splittings, and NOvA, which
recently published the first constraints on active-sterile mixing from a long-baseline (LBL)
experiment [65]. Although current probes cannot reach the required precision, future
LBL experiments will be crucial to study the effect of the two additional Dirac CP phases
associated to the U,4 and U, 4 matrix elements [66].

1 The case of axions or Axion-Like Particles (ALPs) will not be discussed in this review. Indeed, axions od ALPs are more frequently considered as possible

dark matter candidates [28-30], while they contribute to dark radiation only if produced in thermal processes (see e.g. [31-38] and references therein).
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*  Appearance (APP) experiments, finally, test the presence of electron (anti)neutrinos in a
beam of muon (anti)neutrinos produced at accelerators. The first anomalous appearance
of events was observed by LSND [67], with a significance of approximately 4c. The
presence of an anomaly was later confirmed at almost 5¢ by MiniBooNE [68], whose
best-fit results are however in tension with those from ICARUS [69] and OPERA [70].
The combination of these experiments indicates a preferred region with effective mixing
angles 1073 < sin? 26,, < 1072 and mass splittings 0.3 < Am3;/ eV? < 1.5, at 30. The
very recent results [71,72] published by MicroBooNE [73], however, exclude the presence
of an electron neutrino excess at low energies, by discarding the possibility that the
MiniBooNE excess is due to single-photon events at 95% CL [71], while at the same time
ruling out electrons as the sole source of the excess at more than 97% confidence [72].
MicroBooNE also reports that its measurements are inconsistent with a v, interpretation
of the MiniBooNE excess, that however remains unexplained.

A combination of the above mentioned probes is problematic because of the discrepancy
between appearance (excluding MicroBooNE) and disappearance constraints, which indicate
very different regions for the effective mixing angle sin’ 26,y it should be larger than approx-
imately 103 for APP probes, but smaller than few 10~* according to DIS constraints. The
discrepancy, called APP-DIS tension, was already strong few years ago [22,74,75], for this
reason a global combination of APP and DIS probes is statistically meaningless because the
datasets are in tension. One possible explanation for the strong discrepancy is that LSND and
MiniBooNE observed a signal that is not related to sterile neutrinos, so that their results must
not be considered in the global analysis: at that point, the APP-DIS tension disappears [75].
This thesis may be supported by the recent results published by MicroBooNE [72].

2.2. Status from other terrestrial probes

The existence of a light sterile neutrino would affect also different kinds of measurements,
for example determinations of the absolute neutrino mass scale which exploit the kinematics
of B decay [76]. While the lightest neutrino mass generates a shift of the endpoint of the
energy spectrum, the presence of heavier neutrinos is visible through kinks in the energy
spectrum. The study of each kink gives access to information on the mass and mixing of the
heavier neutrinos: for the ith mass eigenstate, the kink is located at a position equal to the
endpoint energy minus the mass m;, and its amplitude is proportional to the mixing between
the neutrino mass eigenstate and the electron flavor, |U,;|2. Experiments such as KATRIN [77],
besides probing the neutrino mass scale [78], are therefore also capable of testing the mass
and mixing of additional neutrino states. The KATRIN collaboration, in particular, published
constraints on the sterile neutrino parameters in [77] (see also [79]), where they show that no
kink has been observed, and derive upper limits on the mass 14 and mixing |U,;|*: current
95% CL limits constrain the effective mixing angle sin?(26..) < 0.43 at Am3, = 10 eV? or
sin?(20,.) < 0.06 at Am3, = 400 eV2. The final bounds by KATRIN are expected to either
confirm or rule out the results from several oscillation probes, as the projected final sensitivity
covers part of the preferred regions by Neutrino-4 [53], by the reactor [49] and the Gallium
anomaly [59].

If neutrinos are Majorana particles, the existence of sterile neutrinos would also be
observable in neutrinoless double § decay (electron creation) probes [80-82]. This is a very
rare process, whose half-life is proportional to the inverse, squared, of the effective Majorana
mass [83] mpg = }_; Ue;m;. Notice that in the previous formula there is no absolute value
around U,;: this means that the Majorana phases enter the calculation. Because of the Majorana
phases, the contributions from the different mass eigenstates may cancel with one another,
and even if neutrino is a Majorana particle, the half-life of the process can be arbitrarily close
to infinity. The picture, however, is different if we consider only three or four neutrinos: a
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detection of the Majorana mass in specific ranges may be a smoking gun that there are more
than three neutrinos [80,81]. When using available upper limits on the effective Majorana
mass to derive constraints on the mass and mixing of the fourth neutrino, the extension of the
allowed 20 region is similar to that of 8 decay probes [84].

2.3. Cosmological constraints

The discovery of neutrino oscillation anomalies paved the way for the search of new
relativistic particles in the cosmos. These new forms of radiation, coined “dark radiation”, are
characterised by an equivalent number of neutrinos Neg:

4
145 (1) Neff] : 0
where Nog = stl}’[ + AN with Ng'fM = 3.044 [12-14], pr and p,, are, respectively, the radiation
and the photon energy density. The ratio between the neutrino temperature and the photon
temperature T, /T, = (4/ 11)1/ 3 comes from entropy density conservation g, sT® = const.,
with g, g number of degrees of freedom at temperature T. The new radiation component
AN, can be due to any additional light species, e.g., besides light sterile neutrinos, hot dark
matter axions [31,32] (for recent reviews on axions see [29,85]), dark photons [86], or extra
light bosons [87,88]. The contribution of new relativistic species to Ny¢ depends on their
decoupling temperature Tpr and internal number of degrees of freedom g, pr:

Pr = Py

4
_ PDR _ 8+DR ( TDR
ANeff = 0y~ 7/4 ( TV) . )

In the case of a sterile neutrino, it has been shown that its decoupling temperature is equal
to that of active neutrinos [89], but its internal number of degrees of freedom depends on the
thermalisation process, which is driven by neutrino oscillations. Its momentum distribution
function, in particular, emerges from non-resonant processes and it is therefore proportional
to that of active neutrinos [90], with a coefficient equal to ANg. In any case, the study of
active-sterile neutrino oscillations in the early Universe shows that the values of the additional
mixing angles (614, 624, 034) and mass squared difference (Amil) preferred by terrestrial
experiments point towards a full thermalisation of the additional sterile species [89,91], thus
implying ANgg ~ 1 or Neg ~ 4.

The hypothesis of a fully thermalised cosmological component associated to the neutrino
oscillation anomalies was still viable as of early 2013 [92? ,93]. Planck results [94], however,
showed that a fully-thermalised sterile neutrino is disfavoured by cosmology with high-
statistical significance: the value obtained by fitting temperature (TT), E-mode polarization
(EE), and their cross correlation (TE) to a ACDM model with varying Negs is Negt = 2.921“8:%9
(95% CL, Planck TT,TE,EE + low E). Cosmological probes, therefore, can be interpreted to put
strong constraints on active-sterile neutrino oscillations in the early universe [84].

The incompatibility of light sterile neutrinos with cosmological data is twofold: on the one
hand, as we have just discussed, they imply a larger number of relativistic degrees of freedom
(Negs ~ 4), on the other hand they also require a value of the hot dark matter density of the
Universe way beyond the current bounds. Indeed, the CMB-only upper bound ) m, < 0.24
(95% CL, Planck TT,TE,EE + low E + lensing) becomes even more stringent with the inclusion
of external data: Baryonic Acoustic Oscillations (BAO) lower the limit to ) m, < 0.12 eV (95%
CL, Planck TT,TE,EE + low E + lensing + BAO) [94], Lyman-« data or new DR16 BAO further
improve it to ) m, < 0.09 eV (95% CL, Planck TT,TE,EE + low E + lensing + BAO + Lyman-a
[95], or Planck TT,TE,EE + low E + lensing + BAO DR16 [96]). Notice that, when combining
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Planck TT,TE,EE + low E + lensing with the most recent prior on the Hubble constant by the
SHOES team [26], the 95% CL bound reaches the minimum value allowed in the neutrino mass
Normal Hierarchy ) m, < 0.06 eV, due to the well known anti-correlation between }_ m, and
Hy [? ]. However, this result should be interpreted cautiously for it is obtained by means of
a joint fit of incompatible data. Independently on the Hubble constant, the neutrino mass
bounds summarized above indicate that eV sterile neutrinos violate not only the constraints
on Ngg, but also the bounds on Y m,,.

This double tension motivated the search for physics beyond the Standard Model that
could accommodate light sterile neutrinos in cosmology, as we will discuss in the next Section
3.

3. Neutrino non-standard interactions

One attempt to solve the N, tension is by means of a primordial neutrino asymmetry
[97,98], which delays the active-sterile neutrino oscillations, and, thus, reduces the sterile
neutrino contribution to Neg. The asymmetry required to obtain a value of Ny compatible
with Planck constraints, however, is so large (|L,| > O(1072)) that it leads to distortions in the
distribution function of active neutrinos, which modifies the Big Bang Nucleosynthesis (BBN)
predictions of the abundances of the primordial elements. Moreover, the lepton asymmetry
does not prevent a partial thermalisation of sterile neutrinos after decoupling (Tgec. ~ 1 MeV),
thus it cannot solve the tension with the }_ m, bounds.

A lower value of Neg can also be achieved in low reheating scenarios [99]. The drawback
of this scenario is that the temperature required to efficiently suppress the sterile neutrino
production is few MeV [100,101], thus neutrinos do not have enough time to thermalise before
decoupling, once again inducing relevant changes in BBN.

Recently, neutrino non-standard interactions (NSI) have proven to be a way to accom-
modate sterile neutrinos in cosmology. Non-standard interactions among standard active
neutrinos were already studied to understand the free-streaming properties and in connection
with their impact on the neutrino mass bounds [102-104], and recently to estimate their effect
on the calculation of Ngg [19]. The extension to the sterile neutrino sector devises a new hidden
interaction mediated by either a vector boson (see the seminal papers [105,106]) or by a pse-
duoscalar (see the seminal paper [107]). The new interaction acts as an additional matter-like
term in the quantum kinetic equations governing neutrino oscillations in the early Universe.
Thus, NSI suppress the mixing angle, delaying the sterile neutrino production. The degree of
thermalisation of sterile neutrinos depends on the efficiency of this mechanism, which in turns
depends on the coupling constant (G or g): the contribution of sterile neutrinos to N can
be adjusted by tuning the coupling constant. This early Universe phenomenology is common
to both the vector boson model and the pseudoscalar model. However, at late times, the two
models differ: while in the case of a vector boson mediator the interaction strength decreases
during the evolution of the Universe, much like standard weak interactions, in the case of a
pseudoscalar mediator the interaction strength increases yielding a rich phenomenology at low
redshift. Hence, the interaction is still efficient when sterile neutrinos become non-relativistic
(z = znr), and sterile neutrinos with a mass much larger than the mediator annihilate into the
pseudoscalars, (almost) disappearing from the cosmic neutrino background. In this scenario,
the energy density of sterile neutrinos does not enter the hot dark matter budget measured
at z < zpr, and, as a consequence, it does not violate the cosmological bounds on }_m,. On
the contrary, the vector boson model cannot avoid the neutrino mass bounds because of the
absence of this late time phenomenology [108,109].
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Besides accommodating sterile neutrinos in cosmology, neutrino non-standard interac-
tions mediated by a light (pseudo)scalar are also investigated as a way to solve the Hubble
constant problem [110-117] 2.

—5F == r,[Mpc|
D [Mpd]
—6F === 74 [Mpc]

% variation wrt Neg = 3.044

3.00 325 350 375 4.00 425 450 475 5.00
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Figure 1. Percentage variation of the distances rs (blue solid line), D (orange dashed line), and ryq
(green dot-dashed line) at recombination with respect to their reference values for Ngg = 3.044. The
distances are computed fixing 65, therefore s and D show similar variations.
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Figure 2. Marginalized 68% CL and 95% CL contours in the H()—rsdrag plane (left panel) and in the 84-7¢
plane (right panel) obtained by fitting Planck TT,TE,EE + low E to a pure ACDM model (blue filled
contours), and to a model with varying N (black empty contours with points coloured according to
the value of Ng). Larger values of N get closer to the Hy value preferred by SHOES [26,27] (gray band)
(left panel). However, this implies a smaller value of rs, which is correlated with a larger value of 64
(right panel). Note that here the comoving sound horizon is computed at the end of baryon drag, which
is slightly after recombination; therefore rg "8 is slightly larger than the rs of Figure 1.

It is well known that adding relativistic degrees of freedom reduces the size of the
sound horizon at recombination 7, thus, increasing Hy and apparently solving the tension.
However, in order to keep the angular scale to the sound horizon 6s = 15/ D fixed at the
value accurately measured by CMB, the angular diameter distance D4 must decrease by

2

For recent reviews on the Hubble constant problem and its solutions see [118? ? —125].
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15F -==== Planck 2018 bestfit (Neg = 3.046) .
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Figure 3. Percentage variation of the CMB temperature power spectrum with respect to Planck 2018
best fit. The spectra are computed fixing 65, (), and zeq, and increasing Ne¢ by adding one additional
species that behaves either like standard neutrinos, i.e. free streaming (fs, blue solid line), or like a fluid
(orange dashed line). The shift of the acoustic peaks with respect to the reference (Nog = 3.046) is out of
phase in the two cases. The damping is reduced when the additional species behaves like a fluid. Planck
2018 measurements are shown for reference (black points with error bars). Notice that here the reference
value is Nggs = 3.046, rather than the updated Ny¢ = 3.044, for consistency with the best fit provided by
the Planck Collaboration.

the same amount as rs. As a consequence the damping angular scale 83 = 4/ D, increases,
because the decrease in the damping scale r4 is not as fast as the one in 75 (and in D) [125]
(see Figure 1 and Figure 2). Because of this excess of damping, additional thermal relativistic
species are disfavoured by CMB. Thus, simply varying N.¢g has proven to be unsuccessful
both for solving the Hubble problem and for accommodating sterile neutrinos in Planck data
[110].

The impact of additional relativistic species on the CMB changes in the presence of
neutrino non-standard interactions. Indeed, as long as the interaction is efficient, neutrino
free-streaming is negligible. The absence of free streaming counteracts the aforementioned
background effects of a larger N (e.g. the damping excess) by modifying the neutrino
behaviour at perturbation level. Indeed the gravitational tug due to free streaming neutrinos
leads to a phase shift of the CMB acoustic peaks towards larger scales (smaller ¢), and to an
overall suppression of their amplitude [126]. In the absence of free streaming these effects
disappear, compensating the background effects due to additional neutrino species (see Figure
3). Depending on whether the interaction is confined to the sterile sector or extended to the
active one, the absence of free streaming affects, respectively, only the additional sterile species
(see Figure 4 of Ref. [110]), or all neutrinos (see Figure 1 of Ref. [115]).

In some models of NSI, the combination of these background and perturbation effects
allows not only to accommodate sterile neutrinos in cosmological data, but also to solve
the Hubble constant problem [110-112,115? -117]. Looking at model comparison, the NSI
models fit cosmological data better than ACDM only when the prior on the Hubble constant
is included in the analysis. On the other hand, the fit of CMB-only data is worse than in
ACDM, particularly for Planck E-mode polarization, where the peak structure is less affected
by additional effects such as the Doppler effect [110]. However, replacing Planck data with
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Atacama Cosmology Telescope (ACT) data yields a negative Ax? of the pseudoscalar model
with respect to ACDM, pointing to a mild preference of ACT for the pseudoslacar [127].
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Figure 4. Contribution to ANe¢s from new light particles with different spin: a Goldstone boson (blue line),
a Weyl fermion (orange line), and a massless Gauge boson (green line). Vertical grey rectangles indicate
the temperature of QCD phase transition (~ 200 MeV) and the temperature of neutrino decoupling
(~ 1 MeV). Current Planck bounds already exclude the existence of particles decoupling after the QCD
phase transition. Upcoming CMB and Large Scale Structure (LSS) surveys will improve by two orders of
magnitude the limit on the decoupling temperature of new Gauge bosons and of new Weyl fermions.
Finally, the sensitivity of future cosmological surveys, including 21 cm surveys, will allow to exclude the
presence of new light particles for any decoupling temperature and for any spin.

Future galaxy surveys (Euclid [128], Vera Rubin Observatory [129]) and CMB surveys
(CMB Stage-4 [130]) will improve the sensitivity to Ng, thus, shedding light on scenarios,
such as NSI, that require new light mediators [131]. As shown in Equation 2, the contribution
of new particles to Ny depends on their freeze out temperature Ty. Current bounds on
ANggt (ANegs < 0.3 [94]) already rule out particles that decoupled below the QCD phase
transition T ~ 200 MeV. The sensitivity of Euclid to N can reach o (Neg) = 0.046 [132] in
combination with Planck, and ¢(Ngg) = 0.03 [132] in combination with CMB S4 [133,134];
finally the inclusion of future 21 cm intensity mapping can further improve the sensitivity to
0(Negr) = 0.01 [135,136] (see Figure 4). Notice that the minimum value of AN allowing for
the presence of new light particles is 0.027, i.e. the asymptotic value at high temperature for a
scalar boson. Therefore, future limits on N will open the window on the thermodynamics of
the Universe back to the reheating temperature. In the near future, many cosmological models
entailing new particles in the form of dark radiation might be excluded with high significance.

Concerning the sterile neutrino, the 2¢ limits mentioned above may also be translated
into constraints on active-sterile mixing parameters. Figure 5 shows the dependence of the
sterile neutrino contribution to N, ANeg, on the new mass splitting Amil and mixing matrix
elements, in particular |U|? varies in the plot, while different combinations of fixed |Uj4|?
and |Uy4|? correspond to different line styles as indicated in the legend. Colored lines represent
different iso-A N contours: mixing parameters corresponding to a fully thermalised state
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correspond to lie in the region to the right of the cyan lines (N ~ 4); the current 95% CL limit
from Planck TT, TE,EE+lowE+lensing+BAO [94] (obtained marginalising over ms < 10 eV) is
shown in green; finally, blue and red lines represent future 20 sensitivities from future stage
IV CMB and LSS surveys, and from future 21 cm surveys, respectively. Notice that these latter
probes may correspond to an order of magnitude stronger constraints on the mixing matrix
elements between active and sterile states with respect to current bounds.

102

ANeff'= 0.02
ANggs = 0.06
ANggs = 0.25
ANggs = 0.95
|Upal? = [Uwa|* =0
[Upal? = 1073, U] =0
|Upal? = |Ua|? = 1073

10t

10°

AmZ, [eV?]

1071

10-° ' 103

[Ueal?
Figure 5. Sterile neutrino contribution AN, as a function of the active-sterile mixing parameters, for
different values of the mixing matrix elements. Colors represent different levels of N as follows:
ANegs = 0.02 (red, 20 future surveys [135,136]), ANeg = 0.06 (blue, 20 stage IV CMB and LSS surveys
[132]), ANegs = 0.25 (green, 95% CL limit from Planck TT,TE,EE+lowE+lensing+BAO, for ms < 10 eV
[94]), and ANgg = 0.95 (i.e. Nggr ~ 4, cyan, practically fully thermalised sterile neutrino).

4. Interacting dark radiation

Dark radiation, sterile neutrinos, and non standard interactions, can be seen as different
aspects of a more complex dark sector, including also dark matter. Interactions between dark
radiation and dark matter are motivated not only by the cosmological tensions, i.e. the Hy
problem and the o tension 2, but also by the lack of detection of dark matter in the form of
Weakly Interacting Massive Particles, and by the debatable mismatch between Cold Dark
Matter predictions and observations on very small scale 4.

Recently, several particle models of dark matter — dark radiation interactions were
proposed and tested in the literature [144-154]. The variety of the underlying microphysics
of the different models (e.g., non-Abelian dark matter [146,147,150,152], atomic dark matter
[144], dark matter interactions mediated by new bosons [145]) can be mapped into few
phenomenological parameters (ETHOS [148? ]), and categorised according to the temperature
dependence of the scattering rate (I' < T"). When I' > H, being H the Hubble rate, the drag
force of dark radiation on dark matter is efficient and prevents dark matter clustering. The
delay of clustering after the decoupling of the interaction ensures a suppression of power on
small scales, and thus a possible solution to the Cold Dark Matter small scale crisis. As an

The o3 tension refers to the ~ 20 deviation between CMB observations and weak gravitational lensing data on the clustering of matter at scales of
8 h/Mpc [137].

About the so-called Cold Dark Matter small scale crisis [138] notice that, at the state of the art, baryonic feedback can solve some of the problems
[139-141], but there is no consensus yet on the ability of baryons to solve all the problems [142].
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example, we show in Figure 6 (orange dashed line) the power spectrum of dark matter-dark
radiation interactions with a temperature dependence n = 4 of the comoving interaction rate.
This would be the case of dark matter particles interacting with light sterile neutrinos through
a new massive boson. We notice a series of dark acoustic oscillations, due to the relativistic
pressure counteracting the gravitational collapse [87], and an exponential suppression with
respect to the equivalent ACDM spectrum (blue solid line). Concerning the cosmological
tensions, only models where the interaction rate has the same temperature dependence of the
expansion rate seem to alleviate the Hy problem and the og discrepancy [153,154], although
the choice of priors on the interaction parameters might nullify this possibility [155].

—— ACDM, equivalent Neg
) ) n=4, £ = 0.5, aga = 107 Mpc™!
103 F ~~ ~—_ J
&
o
&
= 10t 1
S
2 1071t -
[a W
1073 L
107! 10°
k [h Mpc™]

Figure 6. Matter power spectrum for ACDM (blue solid line) with the same N, as in the interacting
dark matter-dark radiation case (orange dashed line) where the amount of dark radiation is defined
by the temperature ratio ¢ = Tpr/T, = 0.5. The index n denotes the temperature dependence of the
comoving interaction rate, while the parameter a4, represents the strength of the interaction; in order
to show the impact of the interactions we chose a value of a4, much larger than the current limits. The
plot is made with the CLASS version publicly released with Ref. [153].

Bounds from linear scales (CMB) and mildly non-linear scales (Baryonic Acoustic Oscilla-
tions) have greatly reduced the allowed range of values of the interaction strength. However,
the most relevant features of these models are located at very small non-linear scales, such as
those probed by Lyman-« data [153]. Therefore, future data constraining the matter power
spectrum on small scales, and a better understanding of the modelling of the non-linear
clustering on those scales, will be crucial to further constrain models of dark matter — dark
radiation interactions.

5. Conclusions

In this article the case of light sterile neutrinos, favoured by some neutrino oscillation
anomalies, has been reviewed in connection with their cosmological interpretation in terms of
dark radiation.

Concerning neutrino oscillation anomalies, several experiments are currently taking
data, either using neutrinos from nuclear reactors, radioactive sources, accelerated beams or
interactions in the atmosphere. Each set of experiments constrains a different mixing channel
and only their combination can provide global information on active-sterile neutrino mixing
parameters. Unfortunately, several disagreements are found between different experiments
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or classes of probes. The most statistically significant tension emerges between appearance
(mostly by LSND and MiniBooNE) and disappearance (primarily reactor and Gallium experi-
ments, IceCube, MINOS/MINOS+) observations, which have been incompatible with one
another since many years. Such strong tension is under investigation by several planned or
ongoing experiments, such as MicroBooNE, whose recent results suggested that the Mini-
BooNE excess may not be due to neutrino oscillations, therefore disfavoring the existence of a
sterile neutrino. In the coming years, the data we expect to receive from these experiments
will help us to understand better current results, potentially either confirming or excluding
the sterile neutrino hypothesis.

Besides oscillation experiments, sterile neutrinos would have an impact on several other
observables. From the terrestrial point of view, we discuss the constraints obtained from
decay kynematics and neutrinoless double 8 decay probes.

When we turn to cosmology, eV sterile neutrinos would be too many (Neg ~ 4) and
too heavy (}_m, ~ 1 eV) to fit cosmological data both at high redshift (Cosmic Microwave
Background, CMB) and at low redshift (Large Scale Structure, LSS), if one assumes the
standard production mechanism through neutrino oscillations.

If future short baseline experiments will confirm the presence of sterile neutrinos, the
inconsistency with cosmology could be solved by means of neutrino non standard interactions
(NSI). NSI prevent thermalisation, thus lowering the contribution of sterile neutrinos to Neg,
and making it consistent with the CMB bounds. Moreover, the pseudoscalar case of NSI can
also prevent the contribution of the sterile neutrino mass to the hot dark matter density of
the Universe, thus the LSS bounds on }_m;, do not apply. At the same time, NSI can also
alleviate the Hubble constant problem by modifying the neutrino behaviour at perturbation
level: indeed, in the presence of NSI, neutrinos do not free stream.

New interactions require the presence of a new mediator, which also represents a form of
dark radiation contributing to Neg. Current limits on AN, still leave room for the presence of
these new particles, of course depending on their thermal history. However, the endgame for
a new mediator, and, thus, for new interactions, might be within reach of the sensitivity of
upcoming and future cosmological surveys.

Author Contributions: All the authors contributed equally to this work at all stages. All authors have
read and agreed to the published version of the manuscript.

Funding: SG acknowledges financial support from the European Union’s Horizon 2020 research
and innovation programme under the Marie Sklodowska-Curie grant agreement No 754496 (project
FELLINI).

Acknowledgments: In this section you can acknowledge any support given which is not covered by
the author contribution or funding sections. This may include administrative and technical support, or
donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.

References

1.  Aghanim, N.; others. Planck 2018 results. I. Overview and the cosmological legacy of Planck. As-
tron.Astrophys. 2020, 641, Al, [arXiv:astro-ph.CO/1807.06205]. doi:10.1051/0004-6361/201833880.

2. Bergstrom, L. Dark Matter Evidence, Particle Physics Candidates and Detection Methods. Annalen
Phys. 2012, 524, 479-496, [arXiv:astro-ph.HE/1205.4882]. doi:10.1002/andp.201200116.

3.  Bertone, G.; Hooper, D. History of dark matter. Rev.Mod.Phys. 2018, 90, 045002, [arXiv:astro-
ph.CO/1605.04909]. doi:10.1103/RevModPhys.90.045002.

4. de Swart, J.; Bertone, G.; van Dongen, ]. How Dark Matter Came to Matter 2017. [arXiv:astro-
ph.CO/1703.00013]. doi:10.1038/s41550-017-0059.


http://xxx.lanl.gov/abs/1807.06205
https://doi.org/10.1051/0004-6361/201833880
http://xxx.lanl.gov/abs/1205.4882
https://doi.org/10.1002/andp.201200116
http://xxx.lanl.gov/abs/1605.04909
http://xxx.lanl.gov/abs/1605.04909
https://doi.org/10.1103/RevModPhys.90.045002
http://xxx.lanl.gov/abs/1703.00013
http://xxx.lanl.gov/abs/1703.00013
https://doi.org/10.1038/s41550-017-0059

12 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Luminet, ].P. The Dark Matter Enigma 2021. [arXiv:physics.pop-ph/2101.10127].

Copeland, E.J.; Sami, M.; Tsujikawa, S. Dynamics of dark energy. Int.J.Mod.Phys. 2006, D15, 1753~
1936, [arXiv:hep-th/hep-th/0603057]. doi:10.1142/S021827180600942X.

Sola, J. Cosmological constant vis-a-vis dynamical vacuum: bold challenging the ACDM.
Int.].Mod.Phys. 2016, A31, 1630035, [arXiv:astro-ph.CO/1612.02449]. doi:10.1142/50217751X16300350.
Huterer, D.; Shafer, D.L. Dark energy two decades after: Observables, probes, consistency tests.
Rept.Prog.Phys. 2018, 81, 016901, [arXiv:astro-ph.CO/1709.01091]. doi:10.1088/1361-6633/aa997e.
Lahav, O. 100 years of the Cosmological Constant: what’s next? 2017.  [arXiv:astro-
ph.CO/1704.00069]. doi:10.1007/978-3-319-51700-1-13.

Novosyadlyj, B. Century of A. Eur.Phys.].H 2018, 43, 267-280, [arXiv:physics.hist-ph/1712.09845].
doi:10.1140/epjh/e2018-90007-y.

O'Raifeartaigh, C.; O'Keeffe, M.; Nahm, W.; Mitton, S. One Hundred Years of the Cosmological Con-
stant: from "Superfluous Stunt’ to Dark Energy. Eur.Phys.]. H 2018, 43, 73-117, [arXiv:physics.hist-
ph/1711.06890]. doi:10.1140/epjh/e2017-80061-7.

Froustey, J.; Pitrou, C.; Volpe, M.C. Neutrino decoupling including flavour oscillations and
primordial nucleosynthesis. JCAP 2020, 12, 015, [arXiv:hep-ph/2008.01074]. doi:10.1088/1475-
7516/2020/12/015.

Akita, K.; Yamaguchi, M. A precision calculation of relic neutrino decoupling. JCAP 2020, 08, 012,
[arXiv:hep-ph/2005.07047]. doi:10.1088/1475-7516/2020/08/012.

Bennett, J.J.; others. Towards a precision calculation of N in the Standard Model II: Neutrino
decoupling in the presence of flavour oscillations and finite-temperature QED. JCAP 2021, 04, 073,
[arXiv:hep-ph/2012.02726]. doi:10.1088/1475-7516/2021/04/073.

Hansen, R.S,; Shalgar, S.; Tamborra, I. Neutrino flavor mixing breaks isotropy in the early universe.
JCAP 2021, 07, 017, [arXiv:astro-ph.CO/2012.03948]. doi:10.1088/1475-7516/2021/07/017.
Froustey, J.; Pitrou, C. Primordial neutrino asymmetry evolution with full mean-field effects and
collisions 2021. [arXiv:hep-ph/2110.11889].

Luo, X.; Rodejohann, W.; Xu, X.J. Dirac neutrinos and N, ff- Part II. The freeze-in case. JCAP 2021,
03, 082, [arXiv:hep-ph/2011.13059]. do0i:10.1088/1475-7516/2021/03/082.

Du, Y; Yu, ].H. Neutrino non-standard interactions meet precision measurements of N,¢¢. JHEP
2021, 05, 058, [arXiv:hep-ph/2101.10475]. doi:10.1007 /JHEP05(2021)058.

de Salas, P.F; Gariazzo, S.; Martinez-Miravé, P,; Pastor, S.; Tértola, M. Cosmological radiation
density with non-standard neutrino-electron interactions. Phys.Lett.B 2021, 820, 136508, [arXiv:hep-
ph/2105.08168]. doi:10.1016/j.physletb.2021.136508.

Gariazzo, S.; Giunti, C.; Laveder, M,; Li, Y.E; Zavanin, E.M. Light sterile neutrinos. ].Phys.G 2016,
43, 033001, [arXiv:hep-ph/1507.08204]. doi:10.1088/0954-3899/43/3/033001.

Giunti, C.; Lasserre, T. eV-scale Sterile Neutrinos. Ann.Rev.Nucl.Part.Sci. 2019, 69, 163-190,
[arXiv:hep-ph/1901.08330]. doi:10.1146/annurev-nucl-101918-023755.

Diaz, A.; Argtielles, C.; Collin, G.; Conrad, J.; Shaevitz, M. Where Are We With Light Sterile Neutri-
nos? Phys.Rept. 2020, 884, 1-59, [arXiv:hep-ex/1906.00045]. do0i:10.1016/j.physrep.2020.08.005.
Boser, S.; others. Status of Light Sterile Neutrino Searches. Prog.Part.Nucl.Phys. 2020, 111, 103736,
[arXiv:hep-ex/1906.01739]. doi:10.1016/j.ppnp.2019.103736.

Dasgupta, B.; Kopp, J. Sterile Neutrinos. Phys.Rept. 2021, 928, 63, [arXiv:hep-ph/2106.05913]. doi:
10.1016/j.physrep.2021.06.002.

Gariazzo, S. Light Sterile Neutrinos. 2021, [arXiv:hep-ph/2110.09876].

Riess, A.G.; others. A Comprehensive Measurement of the Local Value of the Hubble Constant
with 1 km/s/Mpc Uncertainty from the Hubble Space Telescope and the SHOES Team 2021.
[arXiv:astro-ph.CO/2112.04510].

Riess, A.G.; Casertano, S.; Yuan, W.; Bowers, J.B.; Macri, L.; Zinn, J.C.; Scolnic, D. Cosmic Distances
Calibrated to 1% Precision with Gaia EDR3 Parallaxes and Hubble Space Telescope Photometry
of 75 Milky Way Cepheids Confirm Tension with ACDM. Astrophys. ]. Lett. 2021, 908, L6,
[arXiv:astro-ph.CO/2012.08534]. doi:10.3847/2041-8213/abdbaf.

Kawasaki, M.; Nakayama, K. Axions: Theory and Cosmological Role. Ann.Rev.Nucl.Part.Sci. 2013,
63, 69-95, [arXiv:hep-ph/1301.1123]. doi:10.1146/annurev-nucl-102212-170536.

Marsh, D.J.E. Axion Cosmology. Phys. Rept. 2016, 643, 1-79, [arXiv:astro-ph.CO/1510.07633]. doi:
10.1016/j.physrep.2016.06.005.


http://xxx.lanl.gov/abs/2101.10127
http://xxx.lanl.gov/abs/hep-th/0603057
https://doi.org/10.1142/S021827180600942X
http://xxx.lanl.gov/abs/1612.02449
https://doi.org/10.1142/S0217751X16300350
http://xxx.lanl.gov/abs/1709.01091
https://doi.org/10.1088/1361-6633/aa997e
http://xxx.lanl.gov/abs/1704.00069
http://xxx.lanl.gov/abs/1704.00069
https://doi.org/10.1007/978-3-319-51700-1-13
http://xxx.lanl.gov/abs/1712.09845
https://doi.org/10.1140/epjh/e2018-90007-y
http://xxx.lanl.gov/abs/1711.06890
http://xxx.lanl.gov/abs/1711.06890
https://doi.org/10.1140/epjh/e2017-80061-7
http://xxx.lanl.gov/abs/2008.01074
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2020/12/015
http://xxx.lanl.gov/abs/2005.07047
http://xxx.lanl.gov/abs/2005.07047
https://doi.org/10.1088/1475-7516/2020/08/012
http://xxx.lanl.gov/abs/2012.02726
http://xxx.lanl.gov/abs/2012.02726
https://doi.org/10.1088/1475-7516/2021/04/073
http://xxx.lanl.gov/abs/2012.03948
https://doi.org/10.1088/1475-7516/2021/07/017
http://xxx.lanl.gov/abs/2110.11889
http://xxx.lanl.gov/abs/2011.13059
https://doi.org/10.1088/1475-7516/2021/03/082
http://xxx.lanl.gov/abs/2101.10475
https://doi.org/10.1007/JHEP05(2021)058
http://xxx.lanl.gov/abs/2105.08168
http://xxx.lanl.gov/abs/2105.08168
https://doi.org/10.1016/j.physletb.2021.136508
http://xxx.lanl.gov/abs/1507.08204
https://doi.org/10.1088/0954-3899/43/3/033001
http://xxx.lanl.gov/abs/1901.08330
http://xxx.lanl.gov/abs/1901.08330
https://doi.org/10.1146/annurev-nucl-101918-023755
http://xxx.lanl.gov/abs/1906.00045
https://doi.org/10.1016/j.physrep.2020.08.005
http://xxx.lanl.gov/abs/1906.01739
http://xxx.lanl.gov/abs/1906.01739
https://doi.org/10.1016/j.ppnp.2019.103736
http://xxx.lanl.gov/abs/2106.05913
https://doi.org/10.1016/j.physrep.2021.06.002
https://doi.org/10.1016/j.physrep.2021.06.002
http://xxx.lanl.gov/abs/2110.09876
http://xxx.lanl.gov/abs/2112.04510
http://xxx.lanl.gov/abs/2112.04510
http://xxx.lanl.gov/abs/2012.08534
http://xxx.lanl.gov/abs/2012.08534
https://doi.org/10.3847/2041-8213/abdbaf
http://xxx.lanl.gov/abs/1301.1123
https://doi.org/10.1146/annurev-nucl-102212-170536
http://xxx.lanl.gov/abs/1510.07633
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1016/j.physrep.2016.06.005

13 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Dentler, M.; others. Fuzzy Dark Matter and the Dark Energy Survey Year 1 Data 2021. [arXiv:astro-
ph.CO/2111.01199].

Archidiacono, M.; Hannestad, S.; Mirizzi, A.; Raffelt, G.; Wong, Y.Y.Y. Axion hot dark matter
bounds after Planck. JCAP 2013, 10, 020, [arXiv:astro-ph.CO/1307.0615]. doi:10.1088/1475-
7516/2013/10/020.

Archidiacono, M.; Basse, T.; Hamann, J.; Hannestad, S.; Raffelt, G.; Wong, Y.Y.Y. Future cosmological
sensitivity for hot dark matter axions. JCAP 2015, 05, 050, [arXiv:astro-ph.CO/1502.03325]. doi:
10.1088/1475-7516/2015/05/050.

Di Valentino, E.; Giusarma, E.; Lattanzi, M.; Mena, O.; Melchiorri, A ; Silk, ]. Cosmological Axion
and neutrino mass constraints from Planck 2015 temperature and polarization data. Phys.Lett.B
2016, 752, 182-185, [arXiv:astro-ph.CO/1507.08665]. do0i:10.1016/j.physletb.2015.11.025.

Di Valentino, E.; Gariazzo, S.; Giusarma, E.; Mena, O. Robustness of cosmological axion mass limits.
Phys.Rev.D D 2015, 91, 123505, [arXiv:astro-ph.CO/1503.00911]. do0i:10.1103/PhysRevD.91.123505.
Di Valentino, E.; Gariazzo, S.; Gerbino, M.; Giusarma, E.; Mena, O. Dark Radiation and Inflationary
Freedom after Planck 2015. Phys.Rev.D D 2016, 93, 083523, [arXiv:astro-ph.CO/1601.07557]. doi:
10.1103 /PhysRevD.93.083523.

Mazumdar, A.; Qutub, S.; Saikawa, K. Nonthermal axion dark radiation and constraints. Phys.Rev.
D 2016, 94, 065030, [arXiv:hep-ph/1607.06958]. doi:10.1103/PhysRevD.94.065030.

Carenza, P.; Lattanzi, M.; Mirizzi, A.; Forastieri, F. Thermal axions with multi-eV masses are
possible in low-reheating scenarios. JCAP 2021, 07, 031, [arXiv:astro-ph.CO/2104.03982]. doi:
10.1088/1475-7516/2021/07/031.

Giare, W.; Renzi, F; Melchiorri, A.; Mena, O.; Di Valentino, E. Cosmological forecasts on thermal
axions, relic neutrinos and light elements 2021. [arXiv:astro-ph.CO/2110.00340].

Heo, ].H.; Kim, C.S. Light Dark Matter and Dark Radiation. J.Korean Phys.Soc. 2016, 68, 715-721,
[arXiv:astro-ph.HE /1504.00773]. d0i:10.3938/jkps.68.715.

Ko, P; Tang, Y. Residual Non-Abelian Dark Matter and Dark Radiation. Phys.Lett. 2017, B768,12-17,
[arXiv:hep-ph/1609.02307]. doi:10.1016/j.physletb.2017.02.033.

Bringmann, T.; Kahlhoefer, F.; Schmidt-Hoberg, K.; Walia, P. Converting non-relativistic dark matter
to radiation. Phys.Rev. D 2018, 98, 023543, [arXiv:astro-ph.CO/1803.03644]. doi:10.1103/Phys-
RevD.98.023543.

Masina, I. Dark matter and dark radiation from evaporating primordial black holes. Eur.Phys.].Plus
2020, 135, 552, [arXiv:hep-ph/2004.04740]. doi:10.1140/epjp/s13360-020-00564-9.

Krnjaic, G. Dark Radiation from Inflationary Fluctuations. Phys.Rev. 2021, D103, 123507,
[arXiv:hep-ph/2006.13224]. doi:10.1103/PhysRevD.103.123507.

Giovanetti, C.; Lisanti, M.; Liu, H.; Ruderman, ].T. Joint CMB and BBN Constraints on Light Dark
Sectors with Dark Radiation 2021. [arXiv:hep-ph/2109.03246].

Aloni, D.; Berlin, A.; Joseph, M.; Schmaltz, M.; Weiner, N. A Step in Understanding the Hubble
Tension 2021. [arXiv:astro-ph.CO/2111.00014].

Niedermann, F; Sloth, M.S. Hot New Early Dark Energy: Towards a Unified Dark Sector of
Neutrinos, Dark Energy and Dark Matter 2021. [arXiv:hep-ph/2112.00759].

Niedermann, F; Sloth, M.S. Hot New Early Dark Energy 2021. [arXiv:hep-ph/2112.00770].
Mention, G.; Fechner, M.; Lasserre, T.; Mueller, T.A.; Lhuillier, D.; Cribier, M.; Letourneau, A.
The Reactor Antineutrino Anomaly. Phys.Rev.D 2011, 83, 073006, [arXiv:hep-ex/1101.2755]. doi:
10.1103 /PhysRevD.83.073006.

Giunti, C.; Li, Y.; Ternes, C.; Xin, Z. Reactor antineutrino anomaly in light of recent flux model
refinements 2021. [arXiv:hep-ph/2110.06820].

Estienne, M.; others. Updated Summation Model: An Improved Agreement with the Daya
Bay Antineutrino Fluxes. Phys.Rev.Lett. 2019, 123, 022502, [arXiv:nucl-ex/1904.09358]. doi:
10.1103 /PhysRevLett.123.022502.

Kopeikin, V.; Skorokhvatov, M.; Titov, O. Reevaluating reactor antineutrino spectra with new
measurements of the ratio between U235 and Pu239 p spectra. Phys.Rev.D 2021, 104, L071301,
[arXivinucl-ex/2103.01684]. doi:10.1103/PhysRevD.104.L071301.

Giunti, C. Statistical Significance of Reactor Antineutrino Active-Sterile Oscillations. Phys.Rev. D
2020, 101, 095025, [arXiv:hep-ph/2004.07577]. doi:10.1103/PhysRevD.101.095025.


http://xxx.lanl.gov/abs/2111.01199
http://xxx.lanl.gov/abs/2111.01199
http://xxx.lanl.gov/abs/1307.0615
https://doi.org/10.1088/1475-7516/2013/10/020
https://doi.org/10.1088/1475-7516/2013/10/020
http://xxx.lanl.gov/abs/1502.03325
https://doi.org/10.1088/1475-7516/2015/05/050
https://doi.org/10.1088/1475-7516/2015/05/050
http://xxx.lanl.gov/abs/1507.08665
https://doi.org/10.1016/j.physletb.2015.11.025
http://xxx.lanl.gov/abs/1503.00911
https://doi.org/10.1103/PhysRevD.91.123505
http://xxx.lanl.gov/abs/1601.07557
https://doi.org/10.1103/PhysRevD.93.083523
https://doi.org/10.1103/PhysRevD.93.083523
http://xxx.lanl.gov/abs/1607.06958
https://doi.org/10.1103/PhysRevD.94.065030
http://xxx.lanl.gov/abs/2104.03982
https://doi.org/10.1088/1475-7516/2021/07/031
https://doi.org/10.1088/1475-7516/2021/07/031
http://xxx.lanl.gov/abs/2110.00340
http://xxx.lanl.gov/abs/1504.00773
http://xxx.lanl.gov/abs/1504.00773
https://doi.org/10.3938/jkps.68.715
http://xxx.lanl.gov/abs/1609.02307
https://doi.org/10.1016/j.physletb.2017.02.033
http://xxx.lanl.gov/abs/1803.03644
https://doi.org/10.1103/PhysRevD.98.023543
https://doi.org/10.1103/PhysRevD.98.023543
http://xxx.lanl.gov/abs/2004.04740
https://doi.org/10.1140/epjp/s13360-020-00564-9
http://xxx.lanl.gov/abs/2006.13224
http://xxx.lanl.gov/abs/2006.13224
https://doi.org/10.1103/PhysRevD.103.123507
http://xxx.lanl.gov/abs/2109.03246
http://xxx.lanl.gov/abs/2111.00014
http://xxx.lanl.gov/abs/2112.00759
http://xxx.lanl.gov/abs/2112.00770
http://xxx.lanl.gov/abs/1101.2755
https://doi.org/10.1103/PhysRevD.83.073006
https://doi.org/10.1103/PhysRevD.83.073006
http://xxx.lanl.gov/abs/2110.06820
http://xxx.lanl.gov/abs/1904.09358
https://doi.org/10.1103/PhysRevLett.123.022502
https://doi.org/10.1103/PhysRevLett.123.022502
http://xxx.lanl.gov/abs/2103.01684
http://xxx.lanl.gov/abs/2103.01684
https://doi.org/10.1103/PhysRevD.104.L071301
http://xxx.lanl.gov/abs/2004.07577
https://doi.org/10.1103/PhysRevD.101.095025

14 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Serebrov, A.; others. Search for sterile neutrinos with the Neutrino-4 experiment and mea-
surement results. Phys.Rev.D 2021, 104, 032003, [arXiv:hep-ex/2005.05301]. do0i:10.1103/Phys-
RevD.104.032003.

Andriamirado, M.; others. Note on arXiv:2005.05301, 'Preparation of the Neutrino-4 experi-
ment on search for sterile neutrino and the obtained results of measurements’ 2020. [arXiv:hep-
ex/2006.13147].

Serebrov, A.; Samoilov, R. A Comment on the note arXiv:2006.13147 on arXiv:2005.05301, "Prepa-
ration of the Neutrino-4 experiment on search for sterile neutrino and the obtained results of
measurements” 2020. [arXiv:hep-ex/2006.13639].

Giunti, C.; Li, Y.; Ternes, C.; Zhang, Y. Neutrino-4 anomaly: oscillations or fluctuations? Phys.Lett.B
2021, 816, 136214, [arXiv:hep-ph/2101.06785]. doi:10.1016/j.physletb.2021.136214.

Giunti, C.; Laveder, M. Statistical Significance of the Gallium Anomaly. Phys.Rev.C 2011, 83, 065504,
[arXiv:hep-ph/1006.3244]. doi:10.1103/PhysRevC.83.065504.

Kostensalo, J.; Suhonen, J.; Giunti, C.; Srivastava, P.C. The gallium anomaly revisited. Phys.Lett.
2019, B795, 542-547, [arXiv:nucl-th/1906.10980]. doi:10.1016/j.physletb.2019.06.057.

Barinov, V.; others. Results from the Baksan Experiment on Sterile Transitions (BEST) 2021.
[arXiv:inucl-ex/2109.11482].

Aartsen, M.; others. Searches for Sterile Neutrinos with the IceCube Detector. Phys.Rev.Lett. 2016,
117, 071801, [arXiv:hep-ex/1605.01990]. doi:10.1103/PhysRevLett.117.071801.

Aartsen, M.; others. Search for sterile neutrino mixing using three years of IceCube DeepCore data.
Phys.Rev.D 2017, 95, 112002, [arXiv:hep-ex/1702.05160]. doi:10.1103/PhysRevD.95.112002.
Aartsen, M.; others. eV-Scale Sterile Neutrino Search Using Eight Years of Atmospheric Muon
Neutrino Data from the IceCube Neutrino Observatory. Phys.Rev.Lett. 2020, 125, 141801, [arXiv:hep-
ex/2005.12942]. doi:10.1103/PhysRevLett.125.141801.

Adamson, P; others. Search for Sterile Neutrinos Mixing with Muon Neutrinos in MINOS.
Phys.Rev.Lett. 2016, 117, 151803, [arXiv:hep-ex/1607.01176]. doi:10.1103/PhysRevLett.117.151803.
Adamson, P.; others. Search for sterile neutrinos in MINOS and MINOS+ using a two-detector fit.
Phys.Rev.Lett. 2019, 122, 091803, [arXiv:hep-ex/1710.06488]. doi:10.1103/PhysRevLett.122.091803.
Acero, M.; others. Search for active-sterile antineutrino mixing using neutral-current interactions
with the NOvA experiment 2021. [arXiv:hep-ex/2106.04673].

Palazzo, A. Exploring Light Sterile Neutrinos at Long Baseline Experiments: A Review. Universe
2020, 6, 41. doi:10.3390/universe6030041.

Aguilar-Arevalo, A.; others. Evidence for neutrino oscillations from the observation of 7, appear-
ance in a 7, beam. Phys.Rev.D 2001, 64, 112007, [arXiv:hep-ex/hep-ex/0104049]. doi:10.1103/Phys-
RevD.64.112007.

Aguilar-Arevalo, A.; others. Updated MiniBooNE neutrino oscillation results with increased
data and new background studies. Phys.Rev.D 2021, 103, 052002, [arXiv:hep-ex/2006.16883]. doi:
10.1103 /PhysRevD.103.052002.

Antonello, M.; others. Search for anomalies in the v, appearance from a v, beam. Eur.Phys.].C
2013, 73, 2599, [arXiv:hep-ex/1307.4699]. doi:10.1140/epjc/s10052-013-2599-z.

Agafonova, N.; others. Final results of the search for vy — V. oscillations with the OPERA detector
in the CNGS beam. JHEP 2018, 06, 151, [arXiv:hep-ex/1803.11400]. doi:10.1007/JHEP06(2018)151.
Abratenko, P; others. Search for Neutrino-Induced Neutral Current A Radiative Decay in Micro-
BooNE and a First Test of the MiniBooNE Low Energy Excess Under a Single-Photon Hypothesis
2021. [arXiv:hep-ex/2110.00409].

Abratenko, P.; others. Search for an Excess of Electron Neutrino Interactions in MicroBooNE Using
Multiple Final State Topologies 2021. [arXiv:hep-ex/2110.14054].

Acciarri, R.; others. Design and Construction of the MicroBooNE Detector. JINST 2017, 12, P02017,
[arXiv:physics.ins-det/1612.05824]. doi:10.1088/1748-0221/12/02/P02017.

Gariazzo, S.; Giunti, C.; Laveder, M,; Li, Y.F. Updated Global 3+1 Analysis of Short-BaseLine Neu-
trino Oscillations. JHEP 2017, 06, 135, [arXiv:hep-ph/1703.00860]. do0i:10.1007/JHEP06(2017)135.
Dentler, M.; others. Updated Global Analysis of Neutrino Oscillations in the Presence of eV-Scale
Sterile Neutrinos. JHEP 2018, 08, 010, [arXiv:hep-ph/1803.10661]. doi:10.1007/JHEP08(2018)010.
Shrock, R. New Tests For, and Bounds On, Neutrino Masses and Lepton Mixing. Phys.Lett.B 1980,
96, 159-164. doi:10.1016/0370-2693(80)90235-X.


http://xxx.lanl.gov/abs/2005.05301
https://doi.org/10.1103/PhysRevD.104.032003
https://doi.org/10.1103/PhysRevD.104.032003
http://xxx.lanl.gov/abs/2006.13147
http://xxx.lanl.gov/abs/2006.13147
http://xxx.lanl.gov/abs/2006.13639
http://xxx.lanl.gov/abs/2101.06785
https://doi.org/10.1016/j.physletb.2021.136214
http://xxx.lanl.gov/abs/1006.3244
https://doi.org/10.1103/PhysRevC.83.065504
http://xxx.lanl.gov/abs/1906.10980
https://doi.org/10.1016/j.physletb.2019.06.057
http://xxx.lanl.gov/abs/2109.11482
http://xxx.lanl.gov/abs/2109.11482
http://xxx.lanl.gov/abs/1605.01990
https://doi.org/10.1103/PhysRevLett.117.071801
http://xxx.lanl.gov/abs/1702.05160
https://doi.org/10.1103/PhysRevD.95.112002
http://xxx.lanl.gov/abs/2005.12942
http://xxx.lanl.gov/abs/2005.12942
https://doi.org/10.1103/PhysRevLett.125.141801
http://xxx.lanl.gov/abs/1607.01176
https://doi.org/10.1103/PhysRevLett.117.151803
http://xxx.lanl.gov/abs/1710.06488
https://doi.org/10.1103/PhysRevLett.122.091803
http://xxx.lanl.gov/abs/2106.04673
https://doi.org/10.3390/universe6030041
http://xxx.lanl.gov/abs/hep-ex/0104049
https://doi.org/10.1103/PhysRevD.64.112007
https://doi.org/10.1103/PhysRevD.64.112007
http://xxx.lanl.gov/abs/2006.16883
https://doi.org/10.1103/PhysRevD.103.052002
https://doi.org/10.1103/PhysRevD.103.052002
http://xxx.lanl.gov/abs/1307.4699
https://doi.org/10.1140/epjc/s10052-013-2599-z
http://xxx.lanl.gov/abs/1803.11400
https://doi.org/10.1007/JHEP06(2018)151
http://xxx.lanl.gov/abs/2110.00409
http://xxx.lanl.gov/abs/2110.14054
http://xxx.lanl.gov/abs/1612.05824
https://doi.org/10.1088/1748-0221/12/02/P02017
http://xxx.lanl.gov/abs/1703.00860
https://doi.org/10.1007/JHEP06(2017)135
http://xxx.lanl.gov/abs/1803.10661
https://doi.org/10.1007/JHEP08(2018)010
https://doi.org/10.1016/0370-2693(80)90235-X

15 of 18

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Aker, M; others. Bound on 3+1 Active-Sterile Neutrino Mixing from the First Four-Week Science
Run of KATRIN. Phys.Rev.Lett. 2021, 126, 091803, [arXiv:hep-ex/2011.05087]. doi:10.1103/Phys-
RevLett.126.091803.

Aker, M,; others. First direct neutrino-mass measurement with sub-eV sensitivity 2021. [arXiv:hep-
ex/2105.08533].

Giunti, C.; Li, Y.; Zhang, Y. KATRIN bound on 3+1 active-sterile neutrino mixing and the reactor an-
tineutrino anomaly. JHEP 2020, 05, 061, [arXiv:hep-ph/1912.12956]. doi:10.1007/THEP05(2020)061.
Giunti, C.; Zavanin, EM. Predictions for Neutrinoless Double-Beta Decay in the 3+1 Sterile
Neutrino Scenario. JHEP 2015, 07, 171, [arXiv:hep-ph/1505.00978]. doi:10.1007 /JHEP07(2015)171.
Giunti, C. Light sterile neutrinos and neutrinoless double-beta decay. Proceedings, Matrix
Elements for the Double beta decay Experiments (MEDEX'17): Prague, Czech Republic, 2017, Vol.
1894, p. 020009. doi:10.1063/1.5007634.

Huang, G.y.; Zhou, S. Impact of an eV-mass sterile neutrino on the neutrinoless double-beta
decays: a Bayesian analysis. Nucl.Phys. 2019, B945, 114691, [arXiv:hep-ph/1902.03839]. doi:
10.1016/j.nuclphysb.2019.114691.

Dolinski, M.].; Poon, A.W.; Rodejohann, W. Neutrinoless Double-Beta Decay: Status and Prospects.
Ann.Rev.Nucl.Part.Sci. 2019, 69, 219-251, [arXiv:nucl-ex/1902.04097]. doi:10.1146/annurev-nucl-
101918-023407.

Hagstotz, S.; de Salas, PF; Gariazzo, S.; Gerbino, M.; Lattanzi, M.; Vagnozzi, S.; Freese, K.; Pastor,
S. Bounds on light sterile neutrino mass and mixing from cosmology and laboratory searches 2020.
[arXiv:astro-ph.CO/2003.02289].

Di Luzio, L.; Giannotti, M.; Nardi, E.; Visinelli, L. The landscape of QCD axion models. Phys. Rept.
2020, 870, 1-117, [arXiv:hep-ph/2003.01100]. doi:10.1016/j.physrep.2020.06.002.

Alonso-Alvarez, G.; Cline, ].M. Sterile neutrino dark matter catalyzed by a very light dark photon.
JCAP 2021, 10, 041, [arXiv:hep-ph/2107.07524]. doi:10.1088/1475-7516/2021/10/041.

Buckley, M.R.; Zavala, J.; Cyr-Racine, EY.; Sigurdson, K.; Vogelsberger, M. Scattering, Damp-
ing, and Acoustic Oscillations: Simulating the Structure of Dark Matter Halos with Relativistic
Force Carriers. Phys. Rev. D 2014, 90, 043524, [arXiv:astro-ph.CO/1405.2075]. doi:10.1103/Phys-
RevD.90.043524.

Feng, J.L.; Tu, H.; Yu, H.B. Thermal Relics in Hidden Sectors. JCAP 2008, 10, 043, [arXiv:hep-
ph/0808.2318]. doi:10.1088/1475-7516/2008/10/043.

Gariazzo, S.; de Salas, P.F.; Pastor, S. Thermalisation of sterile neutrinos in the early Universe in
the 3+1 scheme with full mixing matrix. JCAP 2019, 07, 014, [arXiv:astro-ph.CO/1905.11290]. doi:
10.1088/1475-7516/2019/07/014.

Dodelson, S.; Widrow, L.M. Sterile-neutrinos as dark matter. Phys.Rev.Lett. 1994, 72, 17-20,
[arXiv:hep-ph/hep-ph/9303287]. doi:10.1103/PhysRevLett.72.17.

Hannestad, S.; Tamborra, I.; Tram, T. Thermalisation of light sterile neutrinos in the early universe.
JCAP 2012, 07, 025, [arXiv:astro-ph.CO/1204.5861]. doi:10.1088/1475-7516/2012/07/025.
Calabrese, E.; others. Cosmological parameters from pre-planck cosmic microwave background
measurements. Phys. Rev. D 2013, 87, 103012, [arXiv:astro-ph.CO/1302.1841]. doi:10.1103/Phys-
RevD.87.103012.

Riemer-Sorensen, S.; Parkinson, D.; Davis, T.M. What is half a neutrino? Reviewing cosmological
constraints on neutrinos and dark radiation. Publ. Astron. Soc. Austral. 2013, 30, €029, [arXiv:astro-
ph.CO/1301.7102]. doi:10.1017/pas.2013.005.

Aghanim, N.; others. Planck 2018 results. VI. Cosmological parameters. Astron. Astrophys.
2020, 641, A6, [arXiv:astro-ph.CO/1807.06209]. [Erratum: Astron.Astrophys. 652, C4 (2021)], doi:
10.1051/0004-6361/201833910.

Palanque-Delabrouille, N.; Yeche, C.; Schoneberg, N.; Lesgourgues, J.; Walther, M.; Chabanier,
S.; Armengaud, E. Hints, neutrino bounds and WDM constraints from SDSS DR14 Lyman-« and
Planck full-survey data. JCAP 2020, 04, 038, [arXiv:astro-ph.CO/1911.09073]. doi:10.1088/1475-
7516/2020/04/038.

Di Valentino, E.; Gariazzo, S.; Mena, O. Most constraining cosmological neutrino mass bounds.
Phys.Rev.D 2021, 104, 083504, [arXiv:astro-ph.CO/2106.15267]. doi:10.1103/PhysRevD.104.083504.
Saviano, N.; Mirizzi, A.; Pisanti, O.; Serpico, P.D.; Mangano, G.; Miele, G. Multi-momentum and
multi-flavour active-sterile neutrino oscillations in the early universe: role of neutrino asymmetries


http://xxx.lanl.gov/abs/2011.05087
https://doi.org/10.1103/PhysRevLett.126.091803
https://doi.org/10.1103/PhysRevLett.126.091803
http://xxx.lanl.gov/abs/2105.08533
http://xxx.lanl.gov/abs/2105.08533
http://xxx.lanl.gov/abs/1912.12956
https://doi.org/10.1007/JHEP05(2020)061
http://xxx.lanl.gov/abs/1505.00978
https://doi.org/10.1007/JHEP07(2015)171
https://doi.org/10.1063/1.5007634
http://xxx.lanl.gov/abs/1902.03839
https://doi.org/10.1016/j.nuclphysb.2019.114691
https://doi.org/10.1016/j.nuclphysb.2019.114691
http://xxx.lanl.gov/abs/1902.04097
https://doi.org/10.1146/annurev-nucl-101918-023407
https://doi.org/10.1146/annurev-nucl-101918-023407
http://xxx.lanl.gov/abs/2003.02289
http://xxx.lanl.gov/abs/2003.01100
https://doi.org/10.1016/j.physrep.2020.06.002
http://xxx.lanl.gov/abs/2107.07524
https://doi.org/10.1088/1475-7516/2021/10/041
http://xxx.lanl.gov/abs/1405.2075
https://doi.org/10.1103/PhysRevD.90.043524
https://doi.org/10.1103/PhysRevD.90.043524
http://xxx.lanl.gov/abs/0808.2318
http://xxx.lanl.gov/abs/0808.2318
https://doi.org/10.1088/1475-7516/2008/10/043
http://xxx.lanl.gov/abs/1905.11290
https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1088/1475-7516/2019/07/014
http://xxx.lanl.gov/abs/hep-ph/9303287
http://xxx.lanl.gov/abs/hep-ph/9303287
https://doi.org/10.1103/PhysRevLett.72.17
http://xxx.lanl.gov/abs/1204.5861
https://doi.org/10.1088/1475-7516/2012/07/025
http://xxx.lanl.gov/abs/1302.1841
https://doi.org/10.1103/PhysRevD.87.103012
https://doi.org/10.1103/PhysRevD.87.103012
http://xxx.lanl.gov/abs/1301.7102
http://xxx.lanl.gov/abs/1301.7102
https://doi.org/10.1017/pas.2013.005
http://xxx.lanl.gov/abs/1807.06209
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
http://xxx.lanl.gov/abs/1911.09073
https://doi.org/10.1088/1475-7516/2020/04/038
https://doi.org/10.1088/1475-7516/2020/04/038
http://xxx.lanl.gov/abs/2106.15267
https://doi.org/10.1103/PhysRevD.104.083504

16 of 18

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

and effects on nucleosynthesis. Phys. Rev. D 2013, 87, 073006, [arXiv:astro-ph.CO/1302.1200]. doi:
10.1103 /PhysRevD.87.073006.

Mirizzi, A.; Mangano, G.; Saviano, N.; Borriello, E.; Giunti, C.; Miele, G.; Pisanti, O. The strongest
bounds on active-sterile neutrino mixing after Planck data. Phys. Lett. B 2013, 726, 8-14,
[arXiv:astro-ph.CO/1303.5368]. doi:10.1016/j.physletb.2013.08.015.

Gelmini, G.; Palomares-Ruiz, S.; Pascoli, S. Low reheating temperature and the visible sterile
neutrino. Phys. Rev. Lett. 2004, 93, 081302, [astro-ph/0403323]. do0i:10.1103/PhysRevLett.93.081302.
Gelmini, G.; Osoba, E.; Palomares-Ruiz, S.; Pascoli, S. MeV sterile neutrinos in low reheat-
ing temperature cosmological scenarios. JCAP 2008, 10, 029, [arXiv:astro-ph/0803.2735]. doi:
10.1088/1475-7516/2008/10/029.

de Salas, P.F; Lattanzi, M.; Mangano, G.; Miele, G.; Pastor, S.; Pisanti, O. Bounds on very low
reheating scenarios after Planck. Phys. Rev. D 2015, 92, 123534, [arXiv:astro-ph.CO/1511.00672].
doi:10.1103/PhysRevD.92.123534.

Beacom, J.F; Bell, N.F,; Dodelson, S. Neutrinoless universe. Phys. Rev. Lett. 2004, 93, 121302,
[astro-ph/0404585]. do0i:10.1103/PhysRevLett.93.121302.

Archidiacono, M.; Hannestad, S. Updated constraints on non-standard neutrino interactions from
Planck. JCAP 2014, 07, 046, [arXiv:astro-ph.CO/1311.3873]. doi:10.1088/1475-7516/2014/07/046.
Cyr-Racine, FY.; Sigurdson, K. Limits on Neutrino-Neutrino Scattering in the Early Universe. Phys.
Rev. D 2014, 90, 123533, [arXiv:astro-ph.CO/1306.1536]. doi:10.1103/PhysRevD.90.123533.
Hannestad, S.; Hansen, R.S.; Tram, T. How Self-Interactions can Reconcile Sterile Neutrinos
with Cosmology. Phys. Rev. Lett. 2014, 112, 031802, [arXiv:astro-ph.CO/1310.5926]. doi:
10.1103/PhysRevLett.112.031802.

Dasgupta, B.; Kopp, J. Cosmologically Safe eV-Scale Sterile Neutrinos and Improved Dark Matter
Structure. Phys. Rev. Lett. 2014, 112, 031803, [arXiv:hep-ph/1310.6337]. doi:10.1103/Phys-
RevLett.112.031803.

Archidiacono, M.; Hannestad, S.; Hansen, R.S.; Tram, T. Cosmology with self-interacting sterile
neutrinos and dark matter - A pseudoscalar model. Phys. Rev. D 2015, 91, 065021, [arXiv:astro-
ph.CO/1404.5915]. doi:10.1103/PhysRevD.91.065021.

Chu, X.; Dasgupta, B.; Dentler, M.; Kopp, J.; Saviano, N. Sterile neutrinos with secret interac-
tions—cosmological discord? JCAP 2018, 11, 049, [arXiv:hep-ph/1806.10629]. doi:10.1088/1475-
7516/2018/11/049.

Mirizzi, A.; Mangano, G.; Pisanti, O.; Saviano, N. Collisional production of sterile neutrinos via
secret interactions and cosmological implications. Phys. Rev. D 2015, 91, 025019, [arXiv:hep-
ph/1410.1385]. doi:10.1103/PhysRevD.91.025019.

Archidiacono, M.; Gariazzo, S.; Giunti, C.; Hannestad, S.; Tram, T. Sterile neutrino self-interactions:
H)j tension and short-baseline anomalies. JCAP 2020, 12, 029, [arXiv:astro-ph.CO/2006.12885]. doi:
10.1088/1475-7516/2020/12/029.

Brinckmann, T.; Chang, J.H.; LoVerde, M. Self-interacting neutrinos, the Hubble parameter
tension, and the cosmic microwave background. Phys. Rev. D 2021, 104, 063523, [arXiv:astro-
ph.CO/2012.11830]. doi:10.1103/PhysRevD.104.063523.

Blinov, N.; Marques-Tavares, G. Interacting radiation after Planck and its implications for
the Hubble Tension. JCAP 2020, 09, 029, [arXiv:astro-ph.CO/2003.08387]. doi:10.1088/1475-
7516/2020/09/029.

Das, A.; Ghosh, S. Flavor-specific interaction favors strong neutrino self-coupling in the early uni-
verse. JCAP 2021, 07, 038, [arXiv:astro-ph.CO/2011.12315]. doi:10.1088/1475-7516/2021/07/038.
Ghosh, S.; Khatri, R.; Roy, T.S. Can dark neutrino interactions phase out the Hubble tension? Phys.
Rev. D 2020, 102, 123544, [arXiv:hep-ph/1908.09843]. doi:10.1103/PhysRevD.102.123544.
Kreisch, C.D.; Cyr-Racine, FY.; Doré, O. Neutrino puzzle: Anomalies, interactions, and cos-
mological tensions. Phys. Rev. D 2020, 101, 123505, [arXiv:astro-ph.CO/1902.00534]. doi:
10.1103/PhysRevD.101.123505.

Blinov, N.; Kelly, KJ.; Krnjaic, G.Z.; McDermott, S.D. Constraining the Self-Interacting Neu-
trino Interpretation of the Hubble Tension. Phys. Rev. Lett. 2019, 123, 191102, [arXiv:astro-
ph.CO/1905.02727]. doi:10.1103/PhysRevLett.123.191102.


http://xxx.lanl.gov/abs/1302.1200
https://doi.org/10.1103/PhysRevD.87.073006
https://doi.org/10.1103/PhysRevD.87.073006
http://xxx.lanl.gov/abs/1303.5368
http://xxx.lanl.gov/abs/1303.5368
https://doi.org/10.1016/j.physletb.2013.08.015
http://xxx.lanl.gov/abs/astro-ph/0403323
https://doi.org/10.1103/PhysRevLett.93.081302
http://xxx.lanl.gov/abs/0803.2735
https://doi.org/10.1088/1475-7516/2008/10/029
https://doi.org/10.1088/1475-7516/2008/10/029
http://xxx.lanl.gov/abs/1511.00672
https://doi.org/10.1103/PhysRevD.92.123534
http://xxx.lanl.gov/abs/astro-ph/0404585
http://xxx.lanl.gov/abs/astro-ph/0404585
https://doi.org/10.1103/PhysRevLett.93.121302
http://xxx.lanl.gov/abs/1311.3873
https://doi.org/10.1088/1475-7516/2014/07/046
http://xxx.lanl.gov/abs/1306.1536
https://doi.org/10.1103/PhysRevD.90.123533
http://xxx.lanl.gov/abs/1310.5926
https://doi.org/10.1103/PhysRevLett.112.031802
https://doi.org/10.1103/PhysRevLett.112.031802
http://xxx.lanl.gov/abs/1310.6337
https://doi.org/10.1103/PhysRevLett.112.031803
https://doi.org/10.1103/PhysRevLett.112.031803
http://xxx.lanl.gov/abs/1404.5915
http://xxx.lanl.gov/abs/1404.5915
https://doi.org/10.1103/PhysRevD.91.065021
http://xxx.lanl.gov/abs/1806.10629
https://doi.org/10.1088/1475-7516/2018/11/049
https://doi.org/10.1088/1475-7516/2018/11/049
http://xxx.lanl.gov/abs/1410.1385
http://xxx.lanl.gov/abs/1410.1385
https://doi.org/10.1103/PhysRevD.91.025019
http://xxx.lanl.gov/abs/2006.12885
https://doi.org/10.1088/1475-7516/2020/12/029
https://doi.org/10.1088/1475-7516/2020/12/029
http://xxx.lanl.gov/abs/2012.11830
http://xxx.lanl.gov/abs/2012.11830
https://doi.org/10.1103/PhysRevD.104.063523
http://xxx.lanl.gov/abs/2003.08387
https://doi.org/10.1088/1475-7516/2020/09/029
https://doi.org/10.1088/1475-7516/2020/09/029
http://xxx.lanl.gov/abs/2011.12315
https://doi.org/10.1088/1475-7516/2021/07/038
http://xxx.lanl.gov/abs/1908.09843
https://doi.org/10.1103/PhysRevD.102.123544
http://xxx.lanl.gov/abs/1902.00534
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1103/PhysRevD.101.123505
http://xxx.lanl.gov/abs/1905.02727
http://xxx.lanl.gov/abs/1905.02727
https://doi.org/10.1103/PhysRevLett.123.191102

17 of 18

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Archidiacono, M.; Gariazzo, S.; Giunti, C.; Hannestad, S.; Hansen, R.; Laveder, M.; Tram, T.
Pseudoscalar—sterile neutrino interactions: reconciling the cosmos with neutrino oscillations.
JCAP 2016, 08, 067, [arXiv:astro-ph.CO/1606.07673]. doi:10.1088/1475-7516/2016/08/067.
Freedman, W.L. Measurements of the Hubble Constant: Tensions in Perspective. Astrophys.]. 2021,
919, 16, [arXiv:astro-ph.CO/2106.15656]. doi:10.3847/1538-4357 /ac0e95.

Shah, P; Lemos, P; Lahav, O. A buyer’s guide to the Hubble Constant 2021. [arXiv:astro-
ph.CO/2109.01161].

Efstathiou, G. To HO or not to HO? Mon. Not. Roy. Astron. Soc. 2021, 505, 3866-3872, [arXiv:astro-
ph.CO/2103.08723]. doi:10.1093/mnras/stab1588.

Schoneberg, N.; Franco Abellan, G.; Pérez Sanchez, A.; Witte, S.J.; Poulin, V.; Lesgourgues, J. The
Hy Olympics: A fair ranking of proposed models 2021. [arXiv:astro-ph.CO/2107.10291].

Di Valentino, E.; Mena, O.; Pan, S.; Visinelli, L.; Yang, W.; Melchiorri, A.; Mota, D.F,; Riess, A.G.;
Silk, J. In the realm of the Hubble tension—a review of solutions. Class. Quant. Grav. 2021,
38,153001, [arXiv:astro-ph.CO/2103.01183]. doi:10.1088/1361-6382/ac086d.

Riess, A.G. The Expansion of the Universe is Faster than Expected. Nature Rev. Phys. 2019, 2,10-12,
[arXiv:astro-ph.CO/2001.03624]. doi:10.1038/s42254-019-0137-0.

Verde, L.; Treu, T; Riess, A.G. Tensions between the Early and the Late Universe. Nature Astron.
2019, 3, 891, [arXiv:astro-ph.CO/1907.10625]. doi:10.1038/s41550-019-0902-0.

Knox, L.; Millea, M. Hubble constant hunter’s guide. Phys. Rev. D 2020, 101, 043533, [arXiv:astro-
ph.CO/1908.03663]. doi:10.1103/PhysRevD.101.043533.

Bashinsky, S.; Seljak, U. Neutrino perturbations in CMB anisotropy and matter clustering. Phys.
Rev. D 2004, 69, 083002, [astro-ph/0310198]. do0i:10.1103/PhysRevD.69.083002.

Corona, M. A ; Murgia, R.; Cadeddu, M.; Archidiacono, M.; Gariazzo, S.; Giunti, C.; Hannestad,
S. Pseudoscalar sterile neutrino self-interactions in light of Planck, SPT and ACT data 2021.
[arXiv:astro-ph.CO/2112.00037].

Laureijs, R.; others. Euclid Definition Study Report 2011. [arXiv:astro-ph.CO/1110.3193].

Abell, P.A.; others. LSST Science Book, Version 2.0 2009. [arXiv:astro-ph.IM/0912.0201].
Abazajian, K.N.; others. CMB-54 Science Book, First Edition 2016. [arXiv:astro-ph.CO/1610.02743].
Park, M.; Kreisch, C.D.; Dunkley, J.; Hadzhiyska, B.; Cyr-Racine, FY. ACDM or self-interacting
neutrinos: How CMB data can tell the two models apart. Phys. Rev. D 2019, 100, 063524,
[arXiv:astro-ph.CO/1904.02625]. doi:10.1103/PhysRevD.100.063524.

Sprenger, T.; Archidiacono, M.; Brinckmann, T.; Clesse, S.; Lesgourgues, ]. Cosmology in the era of
Euclid and the Square Kilometre Array. JCAP 2019, 02, 047, [arXiv:astro-ph.CO/1801.08331]. doi:
10.1088/1475-7516/2019/02/047.

Baumann, D.; Green, D.; Wallisch, B. Searching for light relics with large-scale structure. JCAP
2018, 08, 029, [arXiv:astro-ph.CO/1712.08067]. doi:10.1088/1475-7516/2018/08/029.
Brinckmann, T.; Hooper, D.C.; Archidiacono, M.; Lesgourgues, J.; Sprenger, T. The promising
future of a robust cosmological neutrino mass measurement. JCAP 2019, 01, 059, [arXiv:astro-
ph.CO/1808.05955]. doi:10.1088/1475-7516/2019/01/059.

Castorina, E.; others. Packed Ultra-wideband Mapping Array (PUMA): Astro2020 RFI Response
2020. [arXiv:astro-ph.IM/2002.05072].

Sailer, N.; Castorina, E.; Ferraro, S.; White, M. Cosmology at high redshift — a probe of fundamental
physics 2021. [arXiv:astro-ph.CO/2106.09713].

Lemos, P.; others. Assessing tension metrics with dark energy survey and Planck data. Mon.
Not. Roy. Astron. Soc. 2021, 505, 6179-6194, [arXiv:astro-ph.CO/2012.09554]. doi:10.1093/mn-
ras/stab1670.

Bullock, J.S.; Boylan-Kolchin, M. Small-Scale Challenges to the ACDM Paradigm. Ann. Rev. Astron.
Astrophys. 2017, 55, 343-387, [arXiv:astro-ph.CO/1707.04256]. doi:10.1146/annurev-astro-091916-
055313.

Burger, ].D.; Zavala, ]. SN-driven mechanism of cusp-core transformation: an appraisal 2021.
[arXiv:astro-ph.GA /2103.01231]. doi:10.3847/1538-4357 /acla0f.

Governato, F.; Zolotov, A.; Pontzen, A.; Christensen, C.; Oh, S.H.; Brooks, A.M.; Quinn, T.; Shen,
S.; Wadsley, J]. Cuspy No More: How Outflows Affect the Central Dark Matter and Baryon
Distribution in Lambda CDM Galaxies. Mon. Not. Roy. Astron. Soc. 2012, 422, 1231-1240,
[arXiv:astro-ph.CO/1202.0554]. doi:10.1111/].1365-2966.2012.20696.x.


http://xxx.lanl.gov/abs/1606.07673
https://doi.org/10.1088/1475-7516/2016/08/067
http://xxx.lanl.gov/abs/2106.15656
https://doi.org/10.3847/1538-4357/ac0e95
http://xxx.lanl.gov/abs/2109.01161
http://xxx.lanl.gov/abs/2109.01161
http://xxx.lanl.gov/abs/2103.08723
http://xxx.lanl.gov/abs/2103.08723
https://doi.org/10.1093/mnras/stab1588
http://xxx.lanl.gov/abs/2107.10291
http://xxx.lanl.gov/abs/2103.01183
https://doi.org/10.1088/1361-6382/ac086d
http://xxx.lanl.gov/abs/2001.03624
https://doi.org/10.1038/s42254-019-0137-0
http://xxx.lanl.gov/abs/1907.10625
https://doi.org/10.1038/s41550-019-0902-0
http://xxx.lanl.gov/abs/1908.03663
http://xxx.lanl.gov/abs/1908.03663
https://doi.org/10.1103/PhysRevD.101.043533
http://xxx.lanl.gov/abs/astro-ph/0310198
https://doi.org/10.1103/PhysRevD.69.083002
http://xxx.lanl.gov/abs/2112.00037
http://xxx.lanl.gov/abs/2112.00037
http://xxx.lanl.gov/abs/1110.3193
http://xxx.lanl.gov/abs/0912.0201
http://xxx.lanl.gov/abs/1610.02743
http://xxx.lanl.gov/abs/1904.02625
http://xxx.lanl.gov/abs/1904.02625
https://doi.org/10.1103/PhysRevD.100.063524
http://xxx.lanl.gov/abs/1801.08331
https://doi.org/10.1088/1475-7516/2019/02/047
https://doi.org/10.1088/1475-7516/2019/02/047
http://xxx.lanl.gov/abs/1712.08067
https://doi.org/10.1088/1475-7516/2018/08/029
http://xxx.lanl.gov/abs/1808.05955
http://xxx.lanl.gov/abs/1808.05955
https://doi.org/10.1088/1475-7516/2019/01/059
http://xxx.lanl.gov/abs/2002.05072
http://xxx.lanl.gov/abs/2106.09713
http://xxx.lanl.gov/abs/2012.09554
https://doi.org/10.1093/mnras/stab1670
https://doi.org/10.1093/mnras/stab1670
http://xxx.lanl.gov/abs/1707.04256
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1146/annurev-astro-091916-055313
http://xxx.lanl.gov/abs/2103.01231
http://xxx.lanl.gov/abs/2103.01231
https://doi.org/10.3847/1538-4357/ac1a0f
http://xxx.lanl.gov/abs/1202.0554
http://xxx.lanl.gov/abs/1202.0554
https://doi.org/10.1111/j.1365-2966.2012.20696.x

18 of 18

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Zolotov, A.; Brooks, A.M.; Willman, B.; Governato, F.; Pontzen, A.; Christensen, C.; Dekel, A.;
Quinn, T.; Shen, S.; Wadsley, J. Baryons Matter: Why Luminous Satellite Galaxies Have Reduced
Central Masses. Astrophys. ]. 2012, 761, 71, [arXiv:astro-ph.CO/1207.0007]. doi:10.1088/0004-
637X/761/1/71.

Oman, K.A,; others. The unexpected diversity of dwarf galaxy rotation curves. Mon. Not. Roy.
Astron. Soc. 2015, 452, 3650-3665, [arXiv:astro-ph.GA /1504.01437]. doi:10.1093/mnras/stv1504.
Diamanti, R.; Giusarma, E.; Mena, O.; Archidiacono, M.; Melchiorri, A. Dark Radiation and
interacting scenarios. Phys. Rev. D 2013, 87, 063509, [arXiv:astro-ph.CO/1212.6007]. doi:
10.1103 /PhysRevD.87.063509.

Cyr-Racine, EY.; de Putter, R.; Raccanelli, A.; Sigurdson, K. Constraints on Large-Scale Dark Acous-
tic Oscillations from Cosmology. Phys. Rev. D 2014, 89, 063517, [arXiv:astro-ph.CO/1310.3278].
doi:10.1103 /PhysRevD.89.063517.

Chu, X.; Dasgupta, B. Dark Radiation Alleviates Problems with Dark Matter Halos. Phys. Rev. Lett.
2014, 113, 161301, [arXiv:hep-ph/1404.6127]. do0i:10.1103/PhysRevLett.113.161301.

Buen-Abad, M.A.; Marques-Tavares, G.; Schmaltz, M. Non-Abelian dark matter and dark radiation.
Phys. Rev. D 2015, 92, 023531, [arXiv:hep-ph/1505.03542]. d0i:10.1103/PhysRevD.92.023531.
Lesgourgues, J.; Marques-Tavares, G.; Schmaltz, M. Evidence for dark matter interactions in cos-
mological precision data? JCAP 2016, 02, 037, [arXiv:astro-ph.CO/1507.04351]. doi:10.1088/1475-
7516/2016/02/037.

Cyr-Racine, FY.,; Sigurdson, K.; Zavala, J.; Bringmann, T.; Vogelsberger, M.; Pfrommer, C.
ETHOS—an effective theory of structure formation: From dark particle physics to the matter
distribution of the Universe. Phys. Rev. D 2016, 93, 123527, [arXiv:astro-ph.CO/1512.05344]. doi:
10.1103 /PhysRevD.93.123527.

Schewtschenko, J.A.; Baugh, C.M.; Wilkinson, R.J.; Boehm, C.; Pascoli, S.; Sawala, T. Dark mat-
ter-radiation interactions: the structure of Milky Way satellite galaxies. Mon. Not. Roy. Astron. Soc.
2016, 461, 22822287, [arXiv:astro-ph.CO/1512.06774]. doi:10.1093 /mnras/stw1078.

Krall, R.; Cyr-Racine, EY.; Dvorkin, C. Wandering in the Lyman-alpha Forest: A Study of Dark
Matter-Dark Radiation Interactions. JCAP 2017, 09, 003, [arXiv:astro-ph.CO/1705.08894]. doi:
10.1088/1475-7516/2017/09/003.

Archidiacono, M.; Bohr, S.; Hannestad, S.; Jergensen, ].H.; Lesgourgues, J. Linear scale bounds
on dark matter—dark radiation interactions and connection with the small scale crisis of cold dark
matter. JCAP 2017, 11, 010, [arXiv:astro-ph.CO/1706.06870]. doi:10.1088/1475-7516/2017/11/010.
Buen-Abad, M.A.; Schmaltz, M.; Lesgourgues, J.; Brinckmann, T. Interacting Dark Sector and
Precision Cosmology. JCAP 2018, 01, 008, [arXiv:astro-ph.CO/1708.09406]. doi:10.1088/1475-
7516/2018/01/008.

Archidiacono, M.; Hooper, D.C.; Murgia, R.; Bohr, S.; Lesgourgues, J.; Viel, M. Constraining
Dark Matter-Dark Radiation interactions with CMB, BAO, and Lyman-«. JCAP 2019, 10, 055,
[arXiv:astro-ph.CO/1907.01496]. doi:10.1088/1475-7516/2019/10/055.

Becker, N.; Hooper, D.C.; Kahlhoefer, F.; Lesgourgues, ].; Schoneberg, N. Cosmological constraints
on multi-interacting dark matter. JCAP 2021, 02, 019, [arXiv:astro-ph.CO/2010.04074]. doi:
10.1088/1475-7516/2021/02/019.

Diacoumis, J.A.D.; Wong, Y.Y.Y. On the prior dependence of cosmological constraints on some
dark matter interactions. JCAP 2019, 05, 025, [arXiv:astro-ph.CO/1811.11408]. doi:10.1088/1475-
7516/2019/05/025.


http://xxx.lanl.gov/abs/1207.0007
https://doi.org/10.1088/0004-637X/761/1/71
https://doi.org/10.1088/0004-637X/761/1/71
http://xxx.lanl.gov/abs/1504.01437
https://doi.org/10.1093/mnras/stv1504
http://xxx.lanl.gov/abs/1212.6007
https://doi.org/10.1103/PhysRevD.87.063509
https://doi.org/10.1103/PhysRevD.87.063509
http://xxx.lanl.gov/abs/1310.3278
https://doi.org/10.1103/PhysRevD.89.063517
http://xxx.lanl.gov/abs/1404.6127
https://doi.org/10.1103/PhysRevLett.113.161301
http://xxx.lanl.gov/abs/1505.03542
https://doi.org/10.1103/PhysRevD.92.023531
http://xxx.lanl.gov/abs/1507.04351
https://doi.org/10.1088/1475-7516/2016/02/037
https://doi.org/10.1088/1475-7516/2016/02/037
http://xxx.lanl.gov/abs/1512.05344
https://doi.org/10.1103/PhysRevD.93.123527
https://doi.org/10.1103/PhysRevD.93.123527
http://xxx.lanl.gov/abs/1512.06774
https://doi.org/10.1093/mnras/stw1078
http://xxx.lanl.gov/abs/1705.08894
https://doi.org/10.1088/1475-7516/2017/09/003
https://doi.org/10.1088/1475-7516/2017/09/003
http://xxx.lanl.gov/abs/1706.06870
https://doi.org/10.1088/1475-7516/2017/11/010
http://xxx.lanl.gov/abs/1708.09406
https://doi.org/10.1088/1475-7516/2018/01/008
https://doi.org/10.1088/1475-7516/2018/01/008
http://xxx.lanl.gov/abs/1907.01496
http://xxx.lanl.gov/abs/1907.01496
https://doi.org/10.1088/1475-7516/2019/10/055
http://xxx.lanl.gov/abs/2010.04074
https://doi.org/10.1088/1475-7516/2021/02/019
https://doi.org/10.1088/1475-7516/2021/02/019
http://xxx.lanl.gov/abs/1811.11408
https://doi.org/10.1088/1475-7516/2019/05/025
https://doi.org/10.1088/1475-7516/2019/05/025

	1 Introduction
	2 Light sterile neutrinos
	2.1 Status of oscillation searches
	2.2 Status from other terrestrial probes
	2.3 Cosmological constraints

	3 Neutrino non-standard interactions
	4 Interacting dark radiation
	5 Conclusions
	References

