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Abstract

The intersection of the cosmic and neutrino frontiers is a rich field where
much discovery space still remains. Neutrinos play a pivotal role in the hot
big bang cosmology, influencing the dynamics of the universe over numerous
decades in cosmological history. Recent studies have made tremendous
progress in understanding some properties of cosmological neutrinos, primarily
their energy density. Upcoming cosmological probes will measure the energy
density of relativistic particles with higher precision, but could also start
probing other properties of the neutrino spectra. When convolved with results
from terrestrial experiments, cosmology can become even more acute at
probing new physics related to neutrinos or even Beyond the Standard Model
(BSM). Any discordance between laboratory and cosmological data sets may
reveal new BSM physics and/or suggest alternative models of cosmology.
We give examples of the intersection between terrestrial and cosmological
probes in the neutrino sector, and briefly discuss the possibilities of what
different laboratory experiments may see in conjunction with cosmological
observatories.
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1. Introduction

Neutrino physics is both the most elusive corner of the Standard Model
of particle physics and a rich field of potential ground-breaking discoveries
for the coming decade. To elucidate the origin of neutrino masses, neutrino
nature, mass ordering, and interactions represents a major endeavor of a
wide spectrum of research fields in physics, and a multi-avenue approach is
key to study the neutrino sector. A huge effort is put forward by laboratory
searches such as neutrino flavor oscillation experiments, beta-decay and
neutrinoless double-beta decay (0v25) experiments. A program is also under
way to directly detect the cosmic neutrino background (CNB), i.e., remnant
neutrinos from the Big Bang. Neutrino telescopes looking for signatures
of astrophysical neutrino sources are spanning the energy range from low
scales (O(keV)) up to ultra-high energy events (beyond O(PeV)). In this
vibrant landscape, cosmology holds promising chances to be the first to
make landmark measurements of neutrino properties in this decade. Any
cosmological detection will have to be confirmed in the laboratory in order to
claim a robust discovery.

In this article, we provide a snapshot of this multi-probe investigation
of neutrino properties and advocate for the need for strengthening the links
and foster collaboration opportunities across diverse fields. We present the
observational windows of the various probes of neutrino properties and sum-
marize the individual constraining power. We clearly discuss the two main
scenarios we might be facing in the coming decade: 1) a concordance scenario
where all probes provide results that are in overall agreement; 2) a scenario
where two or more probes provide results that are in tension with each other.
We stress how, in both scenarios, the comparison and — where statistically
allowed — combination of diverse probes is key to unveil still unknown neu-
trino properties. What is more, the synergic approach we advocate for is the
primary tool we have to convince ourselves of the robustness of experimental
findings, especially those that are more prone to model-dependency and/or
instrumental systematic issues.

The aim of this article is twofold. First, provide an easy-access document
to inform different communities on strengths and opportunities in disparate
fields. Second, advocate for support to networking and cross-cutting research
activities.

The structure of the article is as follows. We begin with an overview of
the outstanding issues in the theory of neutrinos in Sec. 2. In Sec. 3, we



focus on the cosmological imprints of neutrinos and summarize cosmological
constraints on the sum of neutrino masses, the number of neutrino families
(including possible sterile states), as well as a variety of beyond-standard-
model properties, such as neutrino interactions beyond weak and gravitational
couplings. In Sec. 4, we turn to laboratory probes of neutrino physics. We
review the status of neutrino flavor oscillation, beta-decay and neutrinoless
double-beta decay experiments and summarize experimental results from
these searches on the neutrino mass scale, mixing parameters and interactions.
In Sec. 5, we bring together the information presented in the previous sections
and discuss at length the possible scenarios mentioned above. We draw our
conclusions in Sec. 6.

2. Outstanding issues in the theory of neutrino physics

Neutrinos were introduced as massless fermions in the Standard Model
(SM) of particle physics. In particular, left-handed neutrinos appeared in
SU(2) doublets together with the corresponding leptons.! At the time, since
there was no direct indication for their mass available, right-handed neutrinos
were not introduced (not even as gauge singlets). As such, no gauge invariant
renormalizable mass term can be constructed. Therefore, within the SM
picture, there is no leptonic mixing nor charge parity (CP) violation.? However,
as we will discuss at length in Sec. 4.1, the observation of neutrino flavor
oscillations firmly establishes that neutrinos are massive particles, leaving a
variety of open issues in the theory of neutrino physics.

In the SM extension to incorporate massive neutrinos, neutrinos are
produced and observed in a given interaction (flavor) state, which is a quantum
superposition of massive eigenstates. The mixing of different mass states
is described via the Pontecorvo-Maki-Nagakawa-Sakata (PMNS) matrix U,;
(equivalent of the CKM mixing matrix in the quark sector):

3
Vo = Z Uotiyi? o= (6,,&,7‘); (1)
=1

IHelicities are swapped in these considerations for antineutrinos.

2CP violation is of intense interest in its connection to the Baryon Asymmetry of
the Universe, where CP-violating interactions are one of the three necessary Sakharov
conditions to produce such an asymmetry in the early universe [1].



Over the last two decades, the measurements of neutrino oscillation
parameters (mixing matrix elements and squared mass differences) have
entered from the discovery phase into precision phase. Albeit unable to tell
the absolute mass scale, data from neutrino oscillation experiments constrain
oscillation parameters at a few percent level or better and put a lower bound
to the allowed mass sum of ~ 0.06eV (see Sec. 4.1 for details) [2, 3, 4]. On
the other hand, measurements of the end-point spectrum of beta-decay allow
for an upper bound on the mass sum® of ~ 2.4¢eV [5], which can be further
reduced by cosmological observations down to ~ 0.12¢V [6].

Current data posts the following theoretical puzzles: (i) Why neutrino
masses are so much smaller compared to the charged fermion masses; (ii) why
neutrino mixing angles are large while quark mixing are small? A variety of
approaches based on different new physics frameworks have been proposed
to address these challenges. In addition to addressing the neutrino mass
generation and flavor puzzle, these models can also afford solutions to other
issues in particle physics and have implications for cosmology.

The scale of new physics at which neutrino mass generation occurs is
still unknown. It can range from the electroweak scale all the way to a
grand-unified-theory scale. Depending on the new physics, it is possible to
obtain naturally small neutrino masses both of the Majorana type and of the
Dirac type. If one assumes that the Standard Model is a low energy effective
theory, the dimension-5 Weinberg operator turns out to be the lowest higher
dimensional operator. Given that the Weinberg operator breaks the lepton
number by two units, neutrinos are Majorana fermions. There are three
possible ways to UV-complete the Weinberg operator depending on whether
the portal particle is a SM gauge singlet fermion, a complex weak triplet
scalar, or a weak triplet fermion. These are dubbed the Type-I [7], IT [8, 9],
and IIT [10] seesaw mechanism, respectively. Beyond the three types of seesaw
mechanisms, small neutrino masses can also be generated radiatively [11, 12],
or through the R-parity breaking B-term in the minimal supersymmetric
model [13, 14], in addition to the so-called inverse-seesaw mechanism [15].

For Dirac neutrinos, it is also possible to generate their small masses
naturally. In fact, in many new physics models beyond the SM aiming to

3This number is obtained as three times the current upper bound from KATRIN on the
effective electron (anti)neutrino mass, which only negligibly differs from the mass of an
individual eigenstate in the quasi-degenerate mass region probed by KATRIN.



address the gauge hierarchy problem, suppression mechanisms for neutrino
masses can be naturally incorporated. These include warped extra dimension
models [16], supersymmetric models [17], and more recently the clockwork
models [18]. Even though in some of these models [19], neutrinos are Dirac
fermions and all lepton number violating operators with AL = 2 are absent
to all orders, having been protected by symmetries, there can exist lepton
number violation by higher units, leading to new experimental signatures [20].

To address the flavor puzzle, generally there are two approaches. One
is the so-called “Anarchy” scenario |21, 22| which assumes that there is no
parametrically small parameter, and the observed large mixing angles and
mild hierarchy among the masses are consequences of statistics. Even though
at low energy the anarchy scenario appears to be rather random, predictions
from UV physics, such as warped extra dimension [16, 23| as well as heterotic
string models where the existence of some O(100) right-handed neutrinos
are predicted [24], very often can mimic the results of anarchy scenario [25].
An alternate approach is to assume that there is an underlying symmetry,
whose dynamics governs the observed mixing pattern and mass hierarchy.
The observed large values for the mixing angles have motivated models based
on non-Abelian discrete flavor symmetries*. Symmetries that have been
utilized include Ay (26, 27|, A5 [28], T" [29], S5 [30], Sy [31], A(27) [32],
Z7 x Z3 |33] and Q(6) [34]. Certain non-Abelian discrete symmetries also
afford a novel origin for CP violation. Specifically, CP violation can be
entirely group theoretical in origin [35], due to the existence of complex
Clebsch-Gordan coefficients in certain non-Abelian discrete symmetries [36].
In addition, these discrete (flavor) symmetries may originate from extra
dimension compactification [37, 38]. More recently, models based on modular
flavor symmetries [39] have been proposed to understand the pattern of
neutrino mixing. This approach has been shown to be promising due to its
improved predictivity as compared to the traditional flavor symmetries.

In addition to predictions that can be tested at particle physics experi-
ments, models of neutrino masses and mixing also have interesting implications
for cosmology. In particular, baryogenesis via leptogenesis is closely connected
to the neutrino mass generation mechanisms. The realization of leptogenesis

4The three generations of neutrinos transform under the discrete symmetries, which give
rise to relations among the entries of the neutrino mass matrix, and thus enable non-trivial
predictions for the mixing parameters.



depends on whether neutrinos are Majorana or Dirac fermions: for Majorana
neutrinos, leptogenesis proceeds through the decays of right-handed neutri-
nos [40, 41|, where for Dirac neutrinos, the so-called Dirac leptogenesis [42] is
achieved due to the late-time left-right equilibration of neutrinos, as dictated
by the small neutrino Yukawa couplings. In addition, the amount of the
generated asymmetry is sensitive to the scale of neutrino mass generation,
and may be correlated with other neutrino oscillation parameters, including
the CP phases and mixing angles, in predictive models of neutrino masses,
such as those based on symmetries.

In addition to leptogenesis, new physics associated with neutrino masses
may also have its imprints in cosmic neutrino background. Specifically, if
neutrinos are Dirac fermions, there can exist non-thermal contribution to
the cosmic neutrino background, in addition to the standard thermal back-
ground, with compatible number density [43]. Such non-thermal relic neutrino
background might be detected by future experiment, such as PTOLEMY [44].

To answer all the questions still open in neutrino theory, it is of paramount
importance to corner unknown regions of the neutrino parameter space from
different phenomenological and experimental angles.

3. Cosmological probes

3.1. Cosmological imprints of neutrinos

Cosmology provides a unique window into the physics of neutrinos due to
the existence of the cosmic neutrino background. Cosmic neutrinos decoupled
from the thermal plasma just seconds after the onset of hot Big Bang expansion
when the temperature of the plasma was around 1 MeV. Cosmic neutrinos
accounted for a significant fraction of the energy budget of the universe
until non-relativistic matter came to dominate about 50000 years later. The
cosmic neutrino background has left observable imprints in the primordial
abundances of light elements, the fluctuation spectra of the cosmic microwave
background (CMB), and the formation of cosmic structure.

Shortly after neutrino decoupling, neutrinos were diluted relative to pho-
tons primarily due to the transfer of entropy from electron-positron pairs to
photons (which the bulk of the neutrinos did not share). The energy density
p, of the cosmic neutrino background is commonly expressed in terms of the
effective number of neutrino species,

8 (11\"? p,
Ng=-(—] &, 2
! 7(4> P~ @
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where p., is the energy density of photons. The normalization is chosen
such that if the three families of Standard Model neutrinos had decoupled
instantaneously prior to electron-positron annihilation, then N.g = 3. In fact,
Eq. 2 can be extended in such a way to quantify the contribution of any very
light and inert dark radiation species: p, — prad —p~, With praq = p+p,+p0R-
Clearly, since p, is well known from COBE-FIRAS measurements of the CMB
average temperature [45, 46|, Neg provides information about the energy
density of decoupled relics, including neutrinos. In the Standard Model, Nqg
can be accurately computed by explicitly solving for the process of neutrino
decoupling in the early Universe when T' ~ 2MeV [47]. The most recent
analysis [48] gives N5M = 3.0432(2), with the very tiny uncertainty (much
smaller than current and forecasted experimental sensitivity, see Sec. 3.5)
coming from the contribution of three factors in quadrature: numerical
accuracy, measurement errors in the determination of the solar mixing matrix
elements, radiative corrections in neutrino-electron scattering rates [49, 50].
Previous analyses did not include radiative corrections in the ete™ — v
reactions and reported N5M = 3.0440(2) [49, 51, 52, 53]. A measurement
of N.g that differs from the Standard Model prediction could indicate the
presence of additional neutrino species or a deviation from the standard
thermal history [54].

The primary pathway by which cosmic neutrinos impact cosmological
observables is through their gravitational influence. Their mean energy density
contributes to the expansion rate, and this contribution plays a particularly
important role during the radiation-dominated evolution of the early universe.
The energy density of cosmic neutrinos affects the relationship between time
and temperature in the early universe, and thereby impacts the yield of
primordial light element abundances [55, 56, 57| and the scale of diffusion
damping of acoustic fluctuations seen in the CMB and the matter power
spectrum [58, 59, 6]. Additionally, since cosmic neutrinos freely stream after
decoupling, perturbations to the cosmic neutrino density propagate at the
speed of light while they are relativistic. Neutrino fluctuations therefore travel
at a speed exceeding the sound speed in the photon-baryon plasma, leading
to a characteristic phase shift in the spectra of acoustic oscillations |58, 60,
61, 62, 63, 64|. A measurement of this phase shift can be used to place limits
on neutrino self-interactions [65, 66| or couplings of neutrinos to other fields.

Cosmology also offers a means to measure the absolute mass scale of neu-
trinos. While cosmic neutrinos were relativistic at early times, the low present
temperature of the cosmic neutrino background (7, o = 1.95 K) implies that

10



at least two neutrino mass eigenstates are non-relativistic today [67]. Assum-
ing a standard thermal history, the total energy density of non-relativistic

neutrinos is Z
Oh2 =62 x10°* (=" 3
8 (58 mev ) (3)

where ¥m,, is the sum of the individual masses of the neutrino mass eigen-
states:
Ym, = my +ma +ms . (4)

Along with a measurement of the total matter density [6], this implies that non-
relativistic neutrinos make up about 0.4 to 1 percent of the total matter density
today. Cosmology thereby acts as a natural source of a significant density
of non-relativistic neutrinos, offering an opportunity to study neutrinos in a
regime where the effects of their rest mass have observational consequences.
A universe with massive neutrinos experiences a suppression of cosmic
structure growth on small scales compared to a universe with massless neu-
trinos. Massive neutrinos act like hot dark matter; while non-relativistic
neutrinos redshift like matter in the late universe, their velocity remains
sufficiently large to prevent them from falling into the gravitational wells
created by cold dark matter on scales smaller than their effective Jeans scales.
Non-relativistic neutrinos contribute to the matter density and the expansion
rate but not to the clustering of matter, so probes of density fluctuations on
scales smaller than the Jeans scale will exhibit a smaller amplitude of clus-
tering when compared to a universe with massless neutrinos [68, 69, 70, 71].
Observational probes of this clustering include gravitational lensing of the
CMB [72], clustering of large-scale-structure tracers and weak lensing of
galaxies |73, 74], and the number density of galaxy clusters [75, 76, 77].
Before moving to discuss the cosmological phenomenology of neutrinos
in detail, a few words concerning sterile neutrinos in cosmology are in order.
BSM physics required to explain the origin of neutrino masses may include the
existence of right-handed neutrino states that are sterile, i.e., not participating
in standard interactions. At present, there is neither theoretical limitation to
the number of possible sterile states, nor to their mass [78]. The cosmological
phenomenology of sterile neutrinos is very similar to that of active states. Once
the production mechanism and mass of sterile neutrinos are specified, their
possible contribution to Ng or to the total matter density can be assessed.
Depending on their mass, sterile neutrinos can modify structure formation as
well by suppressing small-scale features in a similar way as active neutrinos
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do. Decaying and annihilating sterile neutrinos during specific cosmological
epochs can inject radiation and deplete the amount of matter density, thus
providing additional observational handles of their phenomenology. In this
article, we will briefly review the main aspects of active neutrino cosmology,
keeping in mind that similar considerations also apply to sterile neutrinos,
unless otherwise stated.

3.2. Big Bang Nucleosynthesis era and light elements abundances

The synthesis of the primordial light elements is highly sensitive to the
expansion rate of the Universe at the time of Big Bang Nucleosynthesis (BBN),
10keV < T < 1MeV, see [79, 80, 81]. At T'> Tp ~ 0.075MeV (threshold
for deuterium photodissociation [82], also known as “BBN bottleneck”), the
baryonic sector of the plasma essentially consists of free neutrons and protons
but as the Universe expands and T' < T)p deuterium nuclei are not dissociated
anymore. With the accumulation of significant amount of deuterium, the
BBN chain can proceed rapidly and, eventually, all the free neutrons bind to
form helium-4 and very small quantities of deuterium, helium-3, and lithium.
The number of free neutrons n,, is strongly sensitive to the age of the Universe
at the time, n, oc e /™, where 7, is the neutron lifetime. Therefore, BBN
represents a powerful probe of the number of ultrarelativistic species at the
time of nucleosynthesis, since ¢ o< P;ii/ 2,

Cosmological neutrinos (including possible sterile states) influence the
production of the primordial light elements in two ways. First, v, and v,
directly participate in the charged current weak interactions which rule the
neutron/proton chemical equilibrium:

(@) ve+n—e +p, (d) ve+p—e"+n
(b) e +p—=ve+n () n—e +V.+p (5)
(c) et +n—v.+p, (f) e +Ue+p—n

To get an accurate theoretical prediction for light-element abundances, the
processes (a) — (f) require a careful and accurate treatment. Since v, and
v, enter the BBN equations at a fundamental level, any change in the neu-
trino momentum distributions (e.g., non-zero chemical potentials, spectral
distortions) can shift the neutron-to-proton ratio freeze-out temperature and
then modify the primordial *He abundance. Second, cosmological neutrinos
of each flavor gravitate and contribute as relativistic species to the total
radiation energy density that governs the expansion rate of the Universe

12



before and during BBN epoch. As seen in Sec. 3.1, this effect is encoded into
the parameter Nog. Changing the expansion rate alters the n/p ratio at the
onset of BBN and hence the light element abundances.

The primordial element abundance that is most sensitive to N.g is the
helium abundance, typically parameterized by the fraction of the mass in
baryons in the form of *He: Yp. The theoretical prediction for the primordial
helium abundance is free from nuclear reaction uncertainties® and is very
sensitive to Neg, while being only logarithmically dependent upon the baryon
energy density. Another primordial element abundance that can be of rele-
vance to determine Ng is the deuterium abundance, typically parameterized
by the number ratio of deuterium with respect to hydrogen, D/H. In contrast
to Yp, the predicted primordial deuterium abundance does depend strongly
upon the baryon energy density, D/H o w; "® [83], and its prediction is
currently limited by the lack of detailed knowledge of two nuclear reactions —
see [84, 85, 86] for recent global analyses and [87| for a recent experimental
result from the LUNA collaboration that helped significantly reduce the
theoretical uncertainty.

We note that sterile neutrino states produced before the decoupling of
active neutrinos could acquire quasi-thermal distributions (depending on their
temperature) and behave as extra degrees of freedom at the time of primordial
nucleosynthesis. This would anticipate weak interaction decoupling leading to
a larger neutron-to-proton ratio, eventually resulting into a larger *He fraction.
Furthermore, sterile neutrinos can distort the v, phase space distribution
via flavor oscillations with the active ones, leading to a possible effect on
the helium and deuterium abundances. The decay and/or annihilation of
sterile states around the BBN epoch would also affect the production of light
elements via e.g., photodissociation by high-energy photons injected in the
primordial plasma [88, 89, 90].

3.3. Recombination era and the CMB

Neutrinos make up 41% of the radiation density in the standard model of
cosmology and, therefore, also that amount of the energy budget of the uni-
verse during the radiation era before recombination. Consequently, relativistic
neutrinos have a significant gravitational influence on the expansion of the

5The “He abundance basically depends on the neutron number at BBN. As such, the
dominant source of uncertainty in the predicted amount of primordial helium comes from
measurements of the neutron lifetime.
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universe and the perturbations, in particular in photons and baryons (see e.g.
the recent reviews [91, 92, 93]). Since the evolution of both the background
and the fluctuations are imprinted in the CMB and the distribution of matter
after recombination, we can extract this influence of neutrinos from cosmo-
logical datasets. In this way, neutrinos contribute through (i) their mean
energy density [55, 56, 59, 58| and (ii) their fluctuations, which propagate at
the speed of light in the early universe due to the free-streaming nature of
neutrinos [58, 61].

Neutrinos lighter than about 0.6 eV are still relativistic at recombination,
so their effect on the primary anisotropies (those generated directly at the
last scattering surface) is mainly independent of their mass. A finite neutrino
mass can still affect the primary anisotropies through projection effects, i.e. by
changing the distance to the last-scattering surface. These effects are however
small and easily degenerate with other parameters that affect the late-time
evolution and, therefore, provide very limited constraining power in this mass
range. Secondary anisotropies, on the other hand, are more directly affected
by neutrino masses. In flat ACDM models, the additional energy density
provided by massive neutrinos at late times can be compensated by a change
in the density associated with the cosmological constant. This will induce
a late-time integrated Sachs-Wolfe (ISW) effect, which is however visible at
the largest scales where the error budget is dominated by cosmic variance.
This therefore again provides very little constraining power for current and
future experiments. The effect that neutrinos have on structure formation
at late times, due to their free-streaming nature, is much more important.
Affecting the clustering of matter, neutrinos leave an imprint on the weak
lensing of the CMB. We discuss this and other late-time effect related to the
large-scale structure of the Universe in Sec. 3.4. In the remainder of this
subsection, we neglect the effects of neutrino masses and focus instead on
the effects related to the neutrino energy density at early times, when these
particles were relativistic.

At the level of the background cosmology, relativistic neutrinos contribute
to the radiation density, i.e. their presence increases the expansion rate at
a given photon temperature. This affects the CMB anisotropies through
changes to the damping and sound horizon length scales. When fixing
the scale of matter-radiation equality and the location of the first acoustic
peak (quantities that are well measured), the effect on the damping tail
is the dominant imprint of relativistic particles, such as neutrinos (see the
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Figure 1: Effect of free-streaming radiation on the CMB temperature power spectrum
(adapted from [92]). To illustrate the sensitivity of the Planck 2018 temperature data,
we also display their 1o error bars [95]. Left: Variation of the CMB temperature power
spectrum DI T = (¢ +1)/(27) CFT as a function of Neg for fixed angular size of the sound
horizon f5. The dominant exponential damping of D7 T is clearly visible and would be the
same if the radiation was non-free-streaming, in contrast to the phase shift illustrated in
the right panel. Right: Variation of the undamped CMB temperature power spectrum
Ke= dzl’D[TT7 with exponential damping function dy, as a function of Neg. Following [60],
the physical baryon density wy, the scale factor at matter-radiation equality deq = Wi /wy,
the angular size of the sound horizon 65 and the angular size of the damping scale 6p are
held fixed in the second panel. In addition, the spectra are normalized at the fourth peak.
The remaining variation is the phase shift ¢ with a zoom-in shown in the bottom panel.
We refer to [92] for additional details.

left panel of Fig. 1) [59]. They modify the damping tail through their
contribution to the Hubble rate, which, in turn, changes the amount of
photon diffusion in the pre-recombination universe resulting in an exponential
suppression of short-wavelength modes [94]. This effect is degenerate with
other cosmological parameters (in particular the helium fraction Yp) in the
CMB temperature power spectrum [58|, but the degeneracy with Yp can
be broken by including BBN information and/or CMB polarization data.
While this is the leading effect to constrain additional radiation in the CMB,
it does not discriminate between free-streaming (i.e. non-interacting) and
non-free-streaming (i.e. interacting) neutrinos since the Hubble rate only
depends on the background energy density [61].

Perturbations in neutrinos and other free-streaming radiation also affect
the photon-baryon fluid in the early universe through their gravitational
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influence leading to imprints that allow to distinguish between free-streaming
and non-free-streaming radiation: a shift in the amplitude, frequency and the
phase of the acoustic oscillations, A(k)sin(wk + ¢), in both temperature and
polarization (see the right panel of Fig. 1) [58]. First, the presence of free-
streaming radiation leads to a suppression of the superhorizon gravitational
potential which implies that more energy in free-streaming radiation reduces
the initial amplitude of adiabatic fluctuations |58, 96|. This effect is however
somewhat degenerate with the primordial power spectrum amplitude. The
frequency can be affected by many physical processes. The third imprint
is however not degenerate with other cosmological parameters |58, 61| and
is unique to free-streaming radiation, providing a direct connection to the
underlying particle properties [61]. The key property of standard neutrinos
that distinguishes them from non-free-streaming radiation is their supersonic
propagation: while sound waves in the photon-baryon fluid travel at ¢, ~
1/4/3, SM neutrinos free-stream at nearly the speed of light. The neutrinos
therefore propagate ahead of the sound horizon of the photon-baryon fluid
and exert a gravitational pull that shifts the photon and baryon perturbations
to larger distances. In the CMB temperature and polarization power spectra,
this effect manifests itself as a phase shift of the CMB peaks to larger physical
scales (i.e. to smaller multipoles ¢) [58, 61]. While this shift is ¢ ~ 20
at high multipoles in the standard model of cosmology [61, 97|, it can be
smaller or larger in models with non-free-streaming neutrinos or additional
free-streaming radiation, respectively. This phase shift from neutrinos has
been directly measured in the Planck temperature data [60] (see [61, 98, 99|
for complementary analyses) providing the most direct evidence to date for
free-streaming radiation consistent with the cosmic neutrino background.
Putting all effects of relativistic and free-streaming neutrinos on the
temperature and polarization power spectra together, the Planck satellite
has resulted in a 6% constraint on their energy density of Nog = 2.927015 [6].
Future high-resolution maps of the CMB could realistically achieve up to a
1% constraint of 0(Neg) = 0.03 in the coming decade [100, 101, 102], with
additional improvements possible with more futuristic CMB experiments (see
e.g. |61, 103]). When considering Yp independent of BBN or separate bounds
on free-streaming and non-free-streaming radiation, these free-streaming
density constraints are less stringent [6, 61, 99, 98] due to the discussed
degeneracies. For future experiments like CMB-S4, the constraints on Nyg
are anticipated to relax by a factor of approximately three for free-streaming,
and two for non-free-streaming radiation (see e.g. [61, 98, 104, 105]). At the
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same time, it will be possible to constrain the helium fraction with a similar
sensitivity as the direct measurements of light element abundances, along
with much stronger bounds on the non-free-streaming radiation density.

3.4. Late times and the large-scale structure

For the mass range of ordinary neutrinos consistent with CMB measure-
ments Y m, < 0.2 eV, neutrinos become non-relativistic around z,, ~ 100
as the average momentum (p,) ~ 37T, drops below the individual mass m,,.
Therefore neutrinos are almost fully relativistic until the CMB is emitted, but
are non-relativistic while the large-scale structure of the Universe is formed.
However, as we will see their large thermal velocities still lead to a characteris-
tic phenomenology. On subhorizon scales, the growth of matter perturbations
dm is well-described by the Newtonian growth equation (overdots refer to
derivatives with respect to conformal time)

Om + 2H by, — 4G b, = 0, (6)

where we assumed that the pressure vanishes. Neutrinos affect the growth of
perturbations in two distinct ways:

e Through the change in the background expansion discussed above,
which enters the drag term. This is a global effect on growth in neutrino
cosmologies.

e Neutrinos have considerable thermal velocities, and move over cosmolog-
ical distances during the age of the Universe. Concerning the growth of
structure, the effect of the large thermal velocities is usually expressed
in terms of the neutrino free-streaming scale [68, 106|

1 >om
= 0.04 h Mpc™! “ .
b = 0.04h Mpe ™ 7 (58meV) (7)

which is comparable to the size of the horizon at the redshift z,, when
neutrinos become non-relativistic. The free-streaming scale behaves
similar to a Jeans length. All perturbations below kgrg are dampened,
since for these wavenumbers neutrino perturbations are erased and
gravitational potentials given by the Poisson term in Eq. 6 are only
sourced by the combined perturbations in the cold dark matter and
baryon components, d. + dp.

17



The scale-dependent growth for modes k < kps and k > kpg is characteristic
for neutrinos and cannot be easily mimicked by other effects [106]. Unfor-
tunately, for a sum of the standard neutrino masses close to the minimal
value Y m, = 0.06 eV, the free-streaming scale is too large to be observed
by near-future large-scale structure experiments such as Euclid and the Vera
Rubin Observatory. However, these experiments will still be sensitive to
neutrino masses due to their imprint on scales smaller than the free-streaming
scale. The total suppression of power on scales affected by free streaming
today is approximately given by [107]

1+ 2
1+ 2z

6
PY(k > kps, 2) = (1 —2f, — gf,, log ) P(k > kgs, 2), (8)
with the fractional neutrino contribution f, = ,/Q,,, and P"(k,z) and
P(k,z) denote the power spectrum in a cosmology with either massive or
massless neutrinos, respectively. The suppression has a very mild redshift

evolution, which is unlikely to be relevant for most large-scale structure probes.
It saturates at z=0 at [73]

PY(k>> kps, 2 = 0) & (1 — 8f,) P(k > kps, z = 0) (9)

for neutrinos becoming non-relativistic at z,, &~ 100, as is the case for the three
ordinary neutrino species. In Fig. 2 we show the effect of massive neutrinos
on the matter power spectrum. Note that in the above discussion we consider
linear evolution to hold up to very small scales. Of course, this is not true
in reality. The growth of structures eventually enters the non-linear regime
(with small scales being affected earlier than large scales) making it necessary
to employ beyond-perturbation-theory approaches. We comment later on this
point in the text. For the moment, we just notice that the suppression factor
in (9) is enhanced from 8 to 10 when accounting for non-linear evolution of
small scales.

Various observables of large scale structure are sensitive to the matter
power spectrum on different length scales and at different times, thereby
providing multiple methods to search for the suppression of power caused
by massive neutrinos. Sensitivity to the matter power spectrum P(k, z) as
a function of wavenumber k and redshift z is shown in Figure 3 for the
CMB lensing power spectrum, the angular power spectra of galaxy density,
and number counts of galaxy clusters N;. The contributions of P(k,z) to
each observable are shown weighted by the signal-to-noise ratio with which
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Figure 2: Left: Suppression of the matter power spectrum at z = 0 for varying neutrino
mass relative to a reference cosmology with massless neutrinos. Large-scale structure
experiments have little sensitivity at scales & < 1072h/Mpc and can mostly resolve the
suppressed part of the spectrum. Right: Evolution of the suppression of the matter power
spectrum for fixed neutrino mass Y m; = 60 meV with redshift. The evolution is mild and
the suppression slightly increases with time as neutrinos dampen the growth of structures.
All comparisons are made keeping physical densities Q;h? and h fixed.

those observables will be measured in upcoming surveys. The weightings
are calculated based on forecasts for CMB-S4 lensing reconstruction [104,
101}, Rubin Observatory galaxy density probes [108], and counts of clusters
with mass greater than 104 A= M, corresponding roughly to the detection
threshold from the thermal Sunyaev-Zeldovich (SZ) effect as observed by
CMB-S4. It can be seen that clusters and low-redshift galaxies are primarily
sensitive to the non-linear regime of the matter power spectrum, while CMB
lensing and the galaxy density at high redshift are sensitive to the linear
matter power spectrum.

3.4.1. Galazxy clustering

Galaxies are a biased tracer of the underlying dark matter field. On large
scales, the bias allows us to relate the observed power spectrum of galaxies to
the power spectrum of matter fluctuations via

Py(k,z) = b2 (k, 2)Pn(k, 2), (10)

with the bias b(k, z), noting that when including massive neutrinos we should
only consider the baryon and dark matter power spectrum P, instead of
P,, [109, 110, 111, 112, 113]. Even in the absence of neutrinos, scale and
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redshift dependence of b is the major challenge for galaxy clustering surveys.
Perturbative treatment of biasing leads to an expansion in terms of local
operators formed out of the density and tidal field up to a given order
in perturbation theory [114], which gives rise to a number of physically
motivated parameters that can be marginalised over when fitting for the
shape of the galaxy power spectrum [e.g. 115]. Note, however, that since the
high momenta of neutrinos permit them to travel over cosmological distances,
the bias expansion will depend on the history of the matter and neutrino

6 ‘\ = : Linear [ Nonlinear
H V= H H
P V= o : T I! CMB Lensing
Rl \ : ,H_\ N BN Galaxy Density
51 o \ ) R=2 |
= \‘ . RS LS I B Cluster Counts
: \ H : !
4 A
Qg ]
2 4
1 4

Figure 3: Contributions of the matter power spectrum P(k,z) to various large scale
structure observables. The contributions are weighted by signal-to-noise ratio anticipated
for each observable: the CMB lensing power spectrum using the lensing reconstruction
expected from CMB-54, the angular power of galaxy density using observations from the
Vera Rubin Observatory gold sample, and number counts of clusters with mass greater
than 104 h=' M. The CMB lensing weighting is multiplied by an additional factor of 3
relative to the others in order to make the CMB lensing contributions more visible despite
the very broad lensing redshift kernel. The values of wavenumber k and redshift z that
contribute to a given angular scale £ in the Limber approximation are shown by the black
dotted lines. The purple dashed line shows the free-streaming scale kgs(z) from Equation (7)
for standard neutrinos with Y m, = 58 meV; massive neutrinos suppress the amplitude
of P(k,z) to the right of that line. Nonlinear corrections to the matter power spectrum

are expected to be non-negligible to the right of the red dash-dot line. Figure reproduced
from [107].
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density fields at cosmological distances as well. This fact causes the bias
parameters to acquire a scale-dependent feature at scales near and beyond
the neutrino free-streaming scale [111, 116, 117]. This feature is both a signal
and, if not properly accounted for, a systematic to future measurements of
neutrino mass from galaxy clustering [118, 119, 120].

Current generation galaxy surveys such as BOSS and DES covered the
redshift range up to z ~ 1, while currently running (DESI) and upcoming
surveys (Euclid, Rubin Observatory, Roman Telescope) will map redshift
regions as far as z ~ 3. With increased survey volumes, galaxy surveys
are pushing the signal to noise [121] on all scales, including well beyond
k > 0.1 h/Mpc. To take full advantage of the information content brought
by these surveys (see Fig. 3), it thus becomes more and more important to
accurately model non-linear scales and baryonic physics. Many approaches
exist, making use of perturbative theoretical models [122, 123, 124, 125, 126,
127], simulations [128], simulation emulator approaches [129, 130, 131, 132,
133], or hybrid methods based on the halo model with simulation input [134,
135]. Note, however, in all cases it is crucial to account for uncertainties in the
theoretical modeling in order to avoid biases in the parameter estimation [136,
137, 138, 139, 140|.

Besides the smooth (broadband) component of the matter power spectrum,
significant cosmological information is contained in the oscillatory spectrum
of baryon acoustic oscillations (BAO). The former mainly depends on the
background evolution and the latter captures the cosmic sound waves that
we also observe in the CMB anisotropies. In the BAO spectrum, a change
in the radiation density leads to shifts in the frequency, amplitude and
phase of the BAO spectrum. The BAO frequency corresponds in Fourier
space to the BAO scale, which is the size of the sound horizon at the drag
epoch, and, therefore, depends on the background expansion history. This
is the quantity that most BAO analyses extract (see, however, [141, 142]
for alternative methods) and use to constrain cosmology. As discussed in
Sec. 3.3, the amplitude and phase shifts originate from the evolution of the
neutrino perturbations in the early universe (see the right panel of Fig. 4).
While the amplitude is affected by gravitational nonlinearities, the phase
shift due to the supersonic propagation of free-streaming species should be
robust to these late-time complications [62, 64|. This allows us to extract a
non-zero phase shift from the distribution of galaxies observed by the Baryon
Oscillation Spectroscopic Survey (BOSS) [63, 105], with ongoing and future
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Figure 4: Variation of the matter power spectrum P(k) (left) and the BAO spec-
trum PV (k)/P™ (k) (right) as a function of Neg (adapted from [92]). The BAO spectrum
is the ratio of the oscillatory part PY (k) of the matter power spectrum and its smooth
broadband part P™ (k) = P(k) — P% (k). To visualize the shift in acoustic peaks, the
physical baryon density, wy, the physical sound horizon at the drag epoch, rg, the scale
factor at matter-radiation equality, aeq, and the BAO amplitude A at the fourth peak
are held fixed in the second BAO panel. This panel and the bottom zoom-in show the
remaining phase shift induced by free-streaming relativistic species. We refer to [92] for
additional details.

galaxy surveys® significantly improving on this first measurement [105]. At
the same time, it provides a way to constrain the free-streaming nature of
neutrinos independent of, yet complementary to, the CMB.

The broadband shape of the matter power spectrum responds to a larger
radiation density with a shift in the location of the turn-over towards larger
scales and a suppression of power on small scales (see the left panel of
Fig. 4). Both effects are due to matter-radiation equality occurring at a
later time. In contrast to the BAO spectrum, the broadband shape therefore
cannot distinguish between free-streaming and non-free-streaming radiation.
Although these effects are clearly visible in the linear matter power spectrum,
they are limited by uncertainties related to gravitational nonlinearities and
biasing. This is why a combination of planned spectroscopic large-scale
structure (LSS) surveys and Planck could improve the CMB-only constraints

SFor an indicative comparison of the redshift coverage (hence available volume) and
performance on BAO measurements of current and upcoming surveys, see Fig. 2.9 of [143].
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on the radiation density by a factor of 2-3, while the potential improvements
when combining with a CMB experiment achieving o(Neg) =~ 0.03, such as
CMB-S4 [101, 144], will be much more modest [105, 145]. Having said that,
very large-volume and high-resolution LSS surveys, such as the proposed
experiments MegaMapper [146] and PUMA [147], can reach a comparable
sensitivity to the CMB if nonlinear effects can be controlled [105, 148, 149,
150].

In addition, the power spectrum is expected to provide excellent neutrino
mass constraints for a survey such as Euclid [137, 138] or Rubin Observa-
tory, especially when combined with future CMB surveys such as CMB-S4
or LiteBIRD [145], due to a favorable breaking of degeneracies by comple-
mentary surveys [151]. However,the evolved large-scale structure is highly
non-Gaussian and contains plenty of information beyond the power spectrum.
The imprint of neutrinos on higher order correlations of the galaxy distribution
is a promising avenue, and probes such as the bispectrum [152] or the density
PDF [153] have been shown to be highly sensitive to the total neutrino mass.

3.4.2. Grauvitational lensing

Weak gravitational lensing allows the direct measurement of the total
matter fluctuations. The shapes of galaxies are coherently deformed by the
effect of foreground matter, leading to a measurable correlation of galaxy
ellipticities. The effect can be expressed in terms of the integrated density
along the line of sight, the lensing convergence,

k(D) = /dz W (2)0m(x(2)n, 2), (11)

with the comoving distance x and an appropriate weighting function W"(z)
which depends on survey specifications [154, 155|. Together with the observed
galaxy field d,, the addition of gravitational lensing allows to construct
three distinct two-point functions: cosmic shear (kk), the lensing effect of
foreground galaxies on background shapes (galaxy-galaxy lensing) (d %) and
galaxy-galaxy clustering (d,0,) also discussed in Sec. 3.4.1. The combination
of the three angular power spectra is known as 3x2 analysis and set tight
constraints on cosmological parameters [156, 157].

3.4.3. Galaxy clusters
Clusters of galaxies form from the highest peaks in the density field and
are the largest gravitationally bound objects in the Universe, with masses
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reaching up to 10 M. The abundance of galaxy clusters is a sensitive probe
of the amplitude of matter fluctuations. The total number of clusters detected
by a survey in bins of redshift Az can be written as

dv = dn

AM S (M, 2) /A _Axp(x|M) - (12)

N(Az AX) = [ a5
(Az )/Azzdzo aM

where X is any direct observable used to identify the cluster, such as galaxy
richness, SZ amplitude or X-ray emission. The sensitivity to the power
spectrum comes through the halo mass function dn/dM, which expresses
the density of dark matter halos hosting a galaxy cluster as a function of
the total halo mass. Most models for the halo mass function are based on
N-body simulations [158, 159]. In the high-mass tail, the mass function
depends almost exponentially on the variance of the density field o2. Since
the size of galaxy clusters is below the free-streaming scale for neutrinos, only
baryons and dark matter take part in the formation which leads to a stronger
suppression of the overall cluster abundance than would be expected from
the matter power spectrum alone [160, 161].

The main challenge in cluster cosmology is to obtain an accurate mapping
between the observable X and the underlying halo mass M, characterized
by the conditional probability distribution p(X|M) in Eq. 12. Large surveys
covering a considerable fraction of the sky also allow to detect the clustering
of clusters. Similar to galaxies, they are biased tracers of the underlying
matter power spectrum

Poo(M,k,2) ~ b2(M, k, 2) P (k, 2) (13)

where the effective cluster bias parameters are linked to derivatives of the mass
function [162, 163, 114] or have to be determined from N-body simulations.
Utilizing the additional information from the cluster two-point function can
greatly help to improve the constraining power of galaxy clusters [164, 165].

3.4.4. Late-time Hg measurements

Since the the neutrino mass parameter » - m, and the current expansion
rate Hy are approximately degenerate for CMB observations, additional
measurements of the late-time expansion rate help to shrink the error bars for
the total neutrino masses. The tightest currently available constraints on the
total neutrino mass combine CMB measurements with observations of BAOs
in the galaxy distribution [166], which mainly help to constrain Hy. Direct
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measurements of Hy with Type Ia supernovae can play a similar role, but are
currently in tension [see e.g. 167, for a discussion| with CMB observations
depending on the adopted calibration of the supernova luminosities [168, 169].

Other late-time measurements of the expansion rate exist, e.g. from
strong lensing [170], from the dispersion of fast radio bursts [171] or from
interferometric observations of gravitational wave events [172], but are not
yet accurate enough to provide an auxiliary Hy prior better than methods
based on BAOs.

3.5. Cosmological constraints on neutrino properties

The Planck satellite has been the leading CMB experiment of the past
decade. Data collected by Planck in 2009-2014 provided unprecedented
measurements of the CMB fluctuations in temperature (cosmic-variance-
limited down to 7 arcminutes/angular multipole of ~ 1600) and in polarization
over a wide range of angular scales [95]. The observations of CMB temperature
anisotropies from the Planck satellite, without the addition of any external
data, constrain ¥m, already at the 0.6eV level [6], which is basically the
same as the expected sensitivity of the currently running S-decay experiment
KATRIN [173]|. Combination of temperature, polarization and CMB lensing
data from Planck yields ¥m, < 0.24eV [6], at the same level or better than
the ones from 023 searches. Planck data are consistent with the standard
value of N.g = 3.044 and exclude at 95% CL the presence of light thermal
relics decoupling after the epoch of the QCD phase transition (~ 200 MeV).
BSM neutrino properties have been tested against Planck data, finding no
significant deviations from the standard model within current uncertainties.

From the ground, the Atacama Cosmology Telescope (ACT) [174] and the
South Pole Telescope (SPT) [175] collaborations have been complementing the
reach of satellite missions with high-sensitivity, high-resolution measurements.
These latest advances in CMB observations signal that we are getting closer
to the stage at which CMB polarization data will become more powerful
than temperature measurements in constraining cosmological parameters,
including neutrino parameters. The upcoming Simons Observatory [100] (to
start collecting data in 2023) and the next-generation CMB-S4 and LiteBIRD
experiments [101, 104, 144, 176] (late 2020’s) will revolutionize the field.
Moreover, for the first time, current and upcoming LSS surveys (Euclid
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7, Rubin®, DESI?, Roman!?, SPHEREx!!) have reached or will feature a
competitive level of sensitivity with CMB experiments. With more refined
polarization measurements, the combination of complementary satellite and
ground-based observations, as well as the combination and cross-correlation of
CMB and LSS surveys, appear as the most promising path towards unveiling
the most mysterious corners of cosmological and particle physics models.

In what follows, we will review the status of current constraints on neutrino
properties, as well as provide prospects for the future.

3.5.1. Cosmological constraints on the sum of neutrino masses ¥Xm,,

Currently, cosmological neutrino mass constraints can be divided into
constraints from CMB data alone, those obtained with CMB observations
in combination with other data, and those inferred from low-redshift data
alone. The Planck Collaboration reports an upper limit of > m, < 0.12 eV
(95% CL) for the combination of CMB and BAO data [6]. Similarly, the ACT
collaboration reports an upper limit of > m, < 0.27 eV (95% CL) for the
combination of ACT CMB, Planck lensing potential measurements and BAO
data [174]. The tightest bound to date on the sum of the neutrino masses is
> > m, < 0.09 eV (95% CL), computed by means of CMB, BAO, SNIa and
growth rate measurements of large scale structure [177].

An important role may be played by the phenomenological lensing param-
eter Ay, that rescales the amplitude of the lensing-induced smoothing of the
acoustic peaks in the primary CMB anisotropies [178]. Whereas the primary
Planck dataset preferred Ajens # 1 at 2.80 6], ACT found no preference
for Ajens # 1 [174]. It has been shown that allowing Aje,s to vary as a free
parameter in the analysis significantly weakens cosmological neutrino mass
limits [179, 180, 181, 182].

It is also possible to constrain the total neutrino mass with cosmological
data without including CMB data. For example, several analyses based on
the effective field theory of large scale structure reported neutrino mass limits
between Y m, < 0.6 (95% CL) and Y m, < 1.2 eV (95% CL) [183, 184, 185]
from BOSS DR12 and eBOSS data, respectively, combined with a BBN

"https://www.euclid-ec.org
Shttps://www.lsst.org
‘https://www.desi.1lbl.gov
10https://roman.gsfc.nasa.gov
"Unttps://spherex.caltech.edu/index.html
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prior for the baryon density. These results are an important cross-check for
CMB-independent constraints.

The cosmological neutrino mass bound can be modified for some extensions
of the A Cold Dark Matter (ACDM) model. Some possibilities include a
time-varying dark energy [186], an effective number of neutrinos different
from the canonical one, additional hot dark matter candidates, such as
axions [187, 188, 189|, a curvature component [190, 180] or interacting dark
sectors [191, 192, 193].

In order to allow for a potential absolute neutrino mass detection at the
Karlsruhe Tritium Neutrino (KATRIN) Experiment, the cosmological neutrino
bound would need to be relaxed above > m, = 600 meV, as KATRIN has a
projected lower sensitivity of 200 meV (90% CL) for the electron neutrino
mass [173]. There are only a few cosmological models that can achieve such
a high neutrino mass bound, and an absolute neutrino mass detection at
KATRIN would therefore have major implications for cosmology. For example,
neutrino decays [194, 195, 196, 197|, time-varying neutrino masses [198, 199|,
non-standard neutrino distributions [200, 201, 202, 203, or long range neutrino
interactions [204] have been discussed in this context. Upcoming large scale
structure observations are expected to put tight limits on some of the extended
models mentioned here.

There are also some analyses in the literature that show a preference
for a non-zero value of the neutrino masses [181, 187, 205, 206, 207]. A
recent combined analysis on the map-level with Planck 2018 CMB, KiDS-
1000 weak lensing and BOSS DR12 galaxy clustering data finds > m, =
0.517021 eV at 2.30 [181]. In this context, including cross-correlations between
CMB (lensing) and weak lensing and galaxy clustering power spectra is a
promising avenue to achieve a cosmological neutrino mass detection in the
near future [208, 209, 210, 211].

We conclude this section with prospects from upcoming and next-generation
surveys. Simons Observatory (data taking to start in 2023) will be able to
measure the sum of neutrino masses at the 1o sensitivity level or more (de-
pending on the true value of ¥m,, ) with three different combinations of probes
(i.e., CMB lensing reconstruction, thermal SZ power spectrum, and SZ cluster
count, combined with either BAO data or weak lensing measurements) [100],
therefore providing a robust handle of this important parameter. These
figures will be improved once cosmic-variance-limited measurements of CMB
large-scale polarization will be available with e.g., the next CMB space mission
LiteBIRD (expected launch in 2029) [176]. In any case, different combinations
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of next-generation surveys, both CMB-oriented and LSS-oriented, will push
the sensitivity of cosmological probes down to ~ 4 — 50 even in the case of
¥m, = 0.06 eV (minimal mass expected in normal ordering) [101, 145].

3.5.2. Cosmological constraints on the effective number of relativistic degrees
of freedom N g

Estimates of Neg can be inferred both from CMB and BBN observations.
As discussed in Sec. 3.3, the most genuine effect of an increased N.g on the
CMB temperature and polarization power spectra is a reduction of power
at high multipoles, which correspond to small angular scales on the sky,
see |59, 68, 71]. At present, the most robust bound on N from CMB
observations comes from Planck legacy data. Within the framework of
ACDM, using the full legacy data including polarization and lensing, the
Planck collaboration reports [6]:

Neg = 2.89+£0.19 [68% CL — Planck] . (14)

In addition, constraints on N.g can be improved by adding BAO data. This
yields [6]:

Neg = 2.99 +0.17  [68% CL — Planck+BAO] . (15)

Importantly, recent, independent and competitive measurements of N.g are
available from ACT [174] and SPT [212] CMB observations:

Neg = 2.42+0.41 [68% CL — ACT-DRA4], (16)
Net = 3.55+0.58 [68% CL — SPT-3G 2018] , (17)

which are consistent with the theoretical prediction at the 1 — 20 level (for a
discussion on the low value of Ng preferred by ACT, see Ref. [174]). Further
improvements are expected from the ongoing analysis of additional data
collected by both experiments over the past years and not included in the
above analyses.

Finally, the effect of N, on the CMB spectra is partially degenerate with
that of the Hubble constant, Hy. At present, there is a large 40—60 discrepancy
between direct measurements of Hy and the value of Hy predicted within the
framework of ACDM [169, 213, 214]. Although enhancing N.g cannot explain
the Hubble tension 215, 216], it is nevertheless interesting to consider the
values of N.g that one would infer using information from local measurements
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of Hy too. From this exercise (using Hy = 73.48 £ 1.66 km/s/Mpc as a prior),
the Planck collaboration reports [6]:

Neg = 3.27+0.15  [68% CL — Planck+BAO-+H, prior] . (18)

From all these measurements we can draw a very important conclusion:
current CMB observations are broadly compatible with the Standard Model
prediction of N.g. This is a success of the standard models of both particle
physics and of cosmology, and as we discuss below represents a stringent test
on many of their extensions.

Taking the very precise baryon energy density from Planck CMB obser-
vations, standard BBN predicts the helium abundance to be [217]: Yp =~
0.2471(2). Determining the primordial helium abundance with high precision
is not easy and its extraction requires modeling various physical quantities
such as the electron density and temperature of the regions where Yp is
inferred, see e.g. [218, 219|. At present, there are a handful of determinations
of Yp with ~ 1% precision [219] and which are in agreement between them. In
this context, the PDG review recommends using Yp = 0.24540.003, which we
can clearly see is in good agreement with the Standard Model prediction for
Yp. From the observational perspective, the primordial deuterium abundance
is measured with high precision and with systematic uncertainties below
current statistical ones. The currently recommended value by the PDG on
this quantity is D/H = 107> x (2.547 + 0.025) [219].

By taking into account all relevant nuclear reaction rates governing BBN,
the primordial light element abundances can be predicted and several groups
present global analyses reporting constraints on Neg [83, 84, 217|. By consider-
ing the measured values of Yp from [220] and D/H from [221], the constraints
on Neg that can be derived read as follows [84]:

Neg = 3.0040.22 [68% CL — D/H + wi™MB], (19)

Neg = 2.90 £0.28 [68% CL — Yp + D/H]. (20)
where in the first equation the value of w, = 0.0222440.00022 as reconstructed
by Planck CMB observations is used as an input. Note that the constraint in
Eq. (20) is governed solely by the Yp abundance while the information from
D/H is used to constrain wy. In addition, combining the direct measurements
of Yp, D/H and CMB observations of wy, Neg, and Yp, Ref. [86] finds a

combined inference of:

Neg = 2.9140.15 [68% CL — BBN+CMB]. (21)
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From these numbers we can clearly see that current BBN determinations
of Neg are compatible with the Standard Model prediction of N5M = 3.044.
Importantly, from Eq. (19) we can appreciate that D/H measurements supple-
mented with CMB determinations of wj, can yield competitive Nog constraints
compared to those that can be obtained from the primordial helium abun-
dance.

The agreement between CMB and BBN measurements of N.g and its
Standard Model prediction represents a very powerful constrain of an array
of extensions of the Standard Model of particle physics, see [222] for a recent
comprehensive review. For example, current N.g measurements preclude the
existence of massless particles that were once in thermal contact with the
SM plasma at temperatures 7' < 100 MeV, see e.g. [223|. These types of
particles are predicted in an array of extensions of the Standard Model that
address open problems in fundamental physics, see e.g. [224, 225, 226, 227|
for some examples. In addition, N.g measurements can be used to constrain a
myriad of other, not necessarily massless, BSM states. These include, but are
not limited to, dark matter particles [228, 229|, new force carriers [230, 231],
axions [232|, and eV-scale sterile neutrinos [233, 234]. These cosmological
constraints are highly complementary to those that can be derived from
laboratory experiments [235].

Given that N,z measurements constrain important aspects of particle
physics models, it is relevant to consider how they can be improved in the
near future. Regarding CMB observations, the Simons Observatory [100]
is expected to deliver Nog measurements with o(Neg) =~ 0.07 precision in
~ b years. This will represent a precision a factor of ~ 2.5 better than
current Planck constraints. In order to go beyond this precision, two distinct
types of ultrasensitive CMB experiments are on the table: ground based
experiments, such as CMB-S4 [104, 101, 144], or satellite missions, such as
PICO [102] or CORE [236]. In either case, these types of experiments could
reach sensitivities at the level of o(Neg) =~ 0.03.

On the BBN front, it would be desirable to promote further studies of
the extraction of the primordial helium abundance as it is the most sensitive
element to Neg and current measurements are dominated by systematic effects.
In addition, provided that the baryon energy density is taken from CMB obser-
vations, deuterium measurements are already providing relevant constraints
on Neg (see Eq. (19)). This is important because D/H measurements are not
dominated by systematic effects. However, the current bottleneck is on the
theory uncertainty in the predictions of D/H which is as of today dominated
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by the experimental knowledge of the d +d — n +*He and d +d — p + 3H
nuclear reaction rates at the energies of interest for BBN [84, 85, 86]. Clearly,
it is would be desirable to develop experiments that could measure these
reactions better [87, 237|. The pay off will be large, as demonstrated by the
recent measurements from the LUNA collaboration [87]. This would readily
yield improved Ng constraints.

Finally, it appears imperative to improve CMB and BBN measurements
on N simultaneously. This is desirable for two main reasons: 1) if a
measurement of Neg that is discrepant with N5M is reported from any of
these probes, one would ideally like to have another complementary and
equally sensitive probe to test its consistency. This is important and timely,
for example, in the context of the Hubble tension as discussed above. 2) CMB
and BBN measurements of N.g provide measures of the expansion rate of the
Universe at different epochs. Therefore, it is important to measure N.g at
both epochs with the highest precision possible in order to extract the most
information about the early Universe. This is also relevant because many
scenarios beyond the Standard Model predict contributions to NSME but not
to NEBN see e.g. [238].

3.5.8. Direct detection of the cosmic neutrino background

BBN and CMB observations give us indirect evidence that the Universe
should be filled with a Cosmic Neutrino Background (CNB). Its direct detec-
tion, however, remains elusive because of the very low energy of such neutrinos,
TY ~ 1.95K. Nevertheless, in recent years the community has taken seriously
the possibility to actually detect the CNB. In particular, the PTOLEMY
collaboration [44, 239] has considered doing so via neutrino capture on beta
decaying nuclei, in particular on tritium. Such measurement faces several
experimental and physical challenges that may be overcome in the future,
see [240, 241, 242, 243] for very recent studies on these issues. Clearly, directly
detecting the CNB would be extremely rewarding and could potentially hold
surprises, as it would correspond to a laboratory measurement of a cosmolog-
ical background which need not be the one expected in the Standard Model,
see e.g. [244]. We also mention that recent works have pointed out how a
direct measurement of the CNB could help distinguish between the Dirac
and Majorana neutrino nature [245, 246]. It appears clear that detecting the
CNB is a task that merits to be pursued. It also represents a problem where
collaboration between cosmologists, particle physicists, nuclear physicists,
and material scientists is needed. In parallel, new bold ideas to detect the
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CNB would be most welcome, see [247, 248, 249| for some old suggestions
and [250, 251, 252, 253, 254| for some more recent ones. Finally, we note
that searches for the CNB have been performed in neutrino mass experi-
ments [255, 256, 257], but they are sensitive only to very exotic scenarios
where the neutrino number density on Earth is ~ 10'% times larger than the
value expected within the standard cosmological model, nSM ~ 112 cm™3.

3.5.4. Constraints on nonstandard neutrino cosmologies

In this section, we collect a summary of cosmological constraints on a
variety of beyond-standard-picture neutrino models and properties. In what
follows, we will briefly summarize the cosmological bounds for: sterile neutrino
properties (mass and mixing angles); neutrino non-standard interactions;
neutrino chemical potential; neutrino lifetimes; neutrino magnetic moments;
and low-reheating temperature scenarios. For the sake of clarity, we will
discuss separately bounds for different ranges of sterile masses, from the
lightest to the most massive. By reading this section, it will be clear how
a synergic approach that combines information from multiple observational
sources is often key to constrain the parameter space spanned by these BSM
models.

3.5.4.1. Sterile neutrinos in the eV-mass range. Sterile neutrinos with masses
of O(eV) have been proposed as an explanation for anomalous results observed
in short-baseline and reactor neutrino experiments [258, 259, 260, 260, 261,
262, 263, 264, 265, 266, 267|. For the mass and mixing parameter preferred
by laboratory anomalies, eV sterile neutrinos would be copiously produced
in the early universe via oscillations and contribute to N.g an additional
degree of freedom [268]. However one fully thermalized sterile neutrino is
strongly disfavored by BBN computations and observations [83, 221, 234,
269, 270|. From a purely phenomenological point of view, the inclusion of an
additional light sterile neutrino family in the early Universe would impact
both estimates of Neg (via the contribution to the energy density at early
times) and of the total matter density (via the contribution at late times, after
transitioning to non-relativistic regime). The combination of the full suite
of Planck data and BAO measurements is compatible with the presence of
an additional light sterile neutrino provided that Neg < 3.34 (95% C.L.) and
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that the effective mass of the sterile!? is meg < 0.23eV (95% C.L.) [6]. These
limits can be converted into constraints on physical properties of the sterile
neutrinos (physical mass and mixing parameters) — thus allowing comparison
with terrestrial constraints from e.g., flavor oscillation experiments — once a
production mechanism for populating the sterile state is specified. Recently,
a consistent framework to set limits on light sterile-three active neutrino
couplings in the early Universe has been developed [233]. With the full
suite of Planck data, it was found that the 3+1 active-sterile mixing matrix
elements |U,4|?, with (a=e,u,7) must be smaller than 1073 [234], confirming
severe tension between cosmology and a subset of anomalous short-baseline
neutrino oscillation results.

Further investigations are needed, as the tension between the the eV-scale
anomalies and cosmological bounds could imply yet other manifestations and
hints of new physics. Different mechanisms have been proposed to suppress the
sterile abundance and consequently their thermalization. A class of solutions
involve the existence of non-standard interactions in the neutrino sector
(vNSI). Constraints on vNSI are presented in the dedicated paragraph below.
Another proposed mechanism involves a neutrino-antineutrino asymmetry
L, in the evolution equation for the active-sterile system, via a in-medium
suppression of the mixing angle [271, 272|. In recent studies, it was found
that a value of L, ~ 1072 can block the active-sterile flavor conversions,
keeping the sterile contribution to N.g more in agreement with the value
preferred by BBN. However, the inclusion of the neutrino asymmetry shifts
the active-sterile oscillation at lower temperatures. For values of L, ~ 1072,
the conversions start about the time of the active neutrino decoupling [273].
This causes a depletion of active neutrinos since the active species oscillated
in the sterile one are not repopulated by collisions anymore. Distortions in
the electron (anti-)neutrino spectra then emerge, impacting the production of
the BBN yields. As a result, the tension between BBN predictions and the eV
interpretation of the oscillations anomalies remains [274]. More so, cosmology
prior to BBN is unknown and in motivated theories could be significantly
distinct than the standard cosmology typically assumed. As demonstrated in
Ref. [275, 276, 277, 278, 279|, the cosmological sterile neutrino bounds are

12The effective mass is a phenomenological parameter that quantifies the contribution
of the sterile state to the matter density. Similarly to the case of active neutrinos, it is
defined in terms of the non-relativistic neutrino energy density, normalized to the case of
instantaneous neutrino decoupling, meg = Q,h?(94.1) eV.
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not robust to these uncertainties and laboratory sterile neutrino searches may
constitute a sensitive probe of the pre-BBN epoch.

3.5.4.2. Sterile neutrinos in the keV-mass range. O(keV) sterile neutrinos
became of interest as dark matter candidates [280, 281] and also in relation to
a possible mechanism for generating pulsar kicks [282, 283|. Constraints on
sterile neutrinos strongly benefit from a multi-probe approach; see e.g. [284,
285] and refs. therein. Potential signals of keV sterile neutrino dark matter
arise from their radiative decay [286] as observable by current and future X-ray
space telescopes. Complementary, albeit model-dependent, bounds can be
obtained from probes of cosmological structure formation [287, 288|. Indeed, as
warm dark matter candidates, keV sterile neutrinos would suppress structure
formation on scales that are accessible via observations of Lyman-alpha forests,
strong lensing and dwarf/satellite galaxies; see e.g. [289, 290, 291, 292]. The
model dependency of these bounds stems from the fact that their interpretation
in terms of the sterile neutrino parameters relies on the knowledge of the
distribution function, and thus ultimately on the mechanism producing sterile
neutrinos in the early Universe. A model-independent constraint m, > 0.13eV
(95% CL) can however be obtained from observations of cosmic structures
through phase-space arguments [293], in the spirit of the classic Tremaine and
Gunn argument.’® Figure 5 shows the parameter space of mass and mixing
angle relevant for sterile neutrino dark matter where it comprises all of the
dark matter [294, 295|. The prediction of the Dodelson-Widrow (DW) [280]
model, in which sterile neutrino dark matter is produced through non-resonant
oscillations from the thermal bath of active neutrinos, is shown. The DW
mechanism is now exclude by a combination of X-ray observations and probes
of structure formation. Other models — either based on production through
oscillations, or through other mechanisms—exist in the remainder of the
parameter space.

Constraints can also be placed on the keV-mass scale from supernovae
dynamics, thanks to: 1) the feasibility of depleting the energy supply stored
in active neutrino flavors via the sterile-active neutrino conversions that could
thwart an explosion [310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 321|;
2) modification of the active neutrinos, electrons, and nucleons chemical

13Due to the exclusion principle, the number of fermions in a given phase-space volume
is limited. Therefore, light neutrinos cannot account for the total virial mass of cosmic
structures.
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Figure 5: Shown is the full parameter space for sterile neutrino dark matter, in the case of it
comprising all of the dark matter, independent of its model of production. Among the most
stringent constraints at low energies and masses are constraints from X-ray observations
M31 Horiuchi et al. [296], stacked dwarfs [297], 99% upper limit from 51 Ms of blank
sky data from Chandra [298], and the claimed 95% limit from blank sky XMM-Newton
data [299]. Also shown are constraints from the diffuse X-ray background [300], and
individual clusters “Coma+Virgo” [301]. At higher masses and energies, we show the limits
from NuSTAR [302], Fermi GBM [303] and INTEGRAL [304]. The signals near 3.55
keV from M31 and stacked clusters are also shown [305, 306]. Also shown is the forecast
sensitivity of the planned XRISM and Athena X-ray Telescope [307], and the potential
optimistic-case reach of the WFM instrument aboard the eXTP X-ray Telescope [308, 309].
The vertical constraint at low masses comes from observations of small-scale structures
and specifically applies, as shown, to the Dodelson-Widrow model being all of the dark
matter, labeled “DW”. Together with the model-independent X-ray bounds, this shows
how Dodelson-Widrow sterile neutrinos are now excluded as all of the dark matter. The
Dodelson-Widrow model could however still produce sterile neutrinos as a fraction of the
dark matter. Other production mechanism can be similarly constrained by observations of
small-scale structures, see e.g. [289, 290, 291, 292] (not shown in the figure).
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potentials [313, 314, 315, 319, 320, 321|. Figure 6 illustrates the prospec-
tive bounds on the keV sterile neutrinos from core-collapse supernovae
from a multi-zone simulations [320, 321] together with several other lim-
its [296, 300, 303, 322, 323] and future sensitivities [324] from astrophysical
observations, as well as, the region potentially excluded by the future ex-
periment KATRIN/TRISTAN [325]|. The left panel shows the limits on the
sterile neutrino dark matter from the SN1987a cooling argument (v, — v
mixing limits are shown with a dash-dotted red line and v, — v with a dashed
blue line) obtained without incorporating of the feedback coming from the
sterile-active neutrino conversions, in the core of a collapsing star. The right
panel shows the limits simulated including the feedback effects. The inclusion
of the feedback effects challenges some of the previous sterile neutrino bounds
and leaves the sterile neutrino mass-mixing angle parameter space relevant
for dark matter searches unconstrained.

3.5.4.83. Sterile neutrinos in the MeV-mass range and above. Sterile neutrinos
with larger masses emerge naturally in theories beyond the Standard Model,
like low-scale seesaw models in the Neutrino Minimal Standard Model in
connection with the origin of the neutrino mass, and with the baryon asym-
metry in the early Universe [326, 327|. Depending on their mixing with the
active species, the parameter space of sterile neutrino in MeV mass range is
strongly constrained by collider and beam-dump experiments [328], searches
of decays of D mesons and 7 leptons [329, 330]. Additional constraints
can also come from astrophysical environments such as core-collapse super-
nova [331, 332, 333] and from cosmological observations and in particular from
BBN data. Indeed, sterile neutrinos produced in the early universe via mixing
with active neutrinos and in presence of collisions, can decay into lighter
species injected into the primordial plasma with consequent effects on both
Neg and the abundance of the primordial yield [88, 89, 90, 334, 335, 336, 337|.
Early decays of sterile neutrinos with ~ MeV mass have been also studied
in connection with tensions in cosmological data. As an example [90, 338|,
a sterile neutrino with mass Mg = 4.35 £ 0.13 MeV (at 95% c.l.) and a
decay time 7¢ = 1.8 £2.5-10° s (at 95% c.l.) is allowed by a combination
of cosmological, astrophysical and laboratory data and is able to account
for the so-called Lithium problem (the disagreement between predicted and
measured abundance of primordial “Li). The required abundance of sterile
neutrinos in this scenario is however at odd with the standard thermal history
of the Universe, requiring e.g., a low reheating temperature scenario. To make
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Figure 6: Existing and prospective bounds on the sterile neutrino dark matter. The
existing limits come from the constraints set by the observations of the M31 galaxy in
X-rays [322, 296] (NuSTAR+Chandra - blue region), the constraints from the observations
of the diffuse X-ray background [300, 323] (solid light purple region), the Fermi Gamma-
Ray Burst Monitor all-sky spectral analysis [303] (solid red region), the overproduction of
the sterile neutrinos according to the Dodelson-Widrow mechanism [280, 294] (solid grey
region); The prospective sensitivities of ATHENA [324] and KATRIN/TRISTAN [325]
experiments are depicted as the hatched regions. The SN exclusion limits derived in
Refs. [320, 321] without dynamical feedback are plotted as a blue dashed (red dash-dotted)
line for the v, — v (V7 — vs) mixing on the left panel and on the right panel — the results
obtained in case of the calculations with the feedback. The (sin® 26, m,) parameter space
turns out to be unconstrained for the v, — s mixing case (and nearly unconstrained for
the v, — v mixing) once the dynamical feedback originating from the production of sterile
neutrinos is included in the simulations.

another example, additional radiation produced just before BBN by decay of
sterile neutrinos with mass my O(10) MeV would increase the value of Neg
and thus assist in alleviating the Hubble parameter tension [336]. Such sterile
neutrinos, if primarily coupled to v, and/or v,, would be within reach of the
Super-Kamiokande, NA62 and DUNE experiments.
The absolute reheating scale of the Universe could be as low as ~5 MeV [339].

In such a scenario, the keV-scale sterile neutrino can have a much larger mixing
angle and still be consistent with X-ray and structure formation bounds, while
being detectable in the laboratory with HUNTER or KATRIN/TRISTAN
experiments. See Fig. 7. In that figure, the constraints from all of the under-
lying processes are cosmological model-dependent, depending on the unknown
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Figure 7: The parameter space of interest for low-reheating temperature Universes and
keV-scale neutrinos is shown (7'~ 5 MeV) . This is an update to the limits from [294],
with the X-ray limits reflecting production at the given mass and mixing angle parameter
space, with projected limits from the HUNTER experiment’s proposed phases [340], and
from KATRIN/TRISTAN [325]. The diagonally hatched region refers to the double beta
decay limit mentioned in the text. The red region in upper right is from CMB distortion
limits. The purple region is from diffuse x-ray background observations.

temperature of post-inflation reheating, the magnitude of any primordial
lepton number asymmetry, the assumed content of the sterile neutrino sector,
and other factors. See for example the five models considered in Figs. 1 and
2 of Ref. [278]. The reach of HUNTER Phase 3 is free from cosmological
constraints in several early Universe models, and even the reach of Phase 2 and
possibly Phase 1 could be free of constraints (e.g., in cosmologies with large
lepton asymmetry, low reheating temperature and/or neutrino non-standard
interactions) considering all the relevant uncertainties [275, 276, 277, 279].
Heavy neutral leptons with masses greater than O(MeV) are a common
ingredient in many neutrino mass models. Their admixture with the three
light active neutrinos would alter the flavor structure and strength of neutral-
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current and charged-current interactions with matter. In turn, this would
modify the picture of neutrino decoupling [341].

3.5.4.4. Cosmological constraints on v NSI. Cosmological observables are not
only sensitive to the background evolution of neutrinos but also to their
perturbations, which are affected by neutrino free-streaming, as explained in
Sections 3.3 and 3.4. At present, measurements are broadly in agreement with
the SM value of N.g = 3.044 and the three SM neutrino species are constrained
to be non-interacting. Nonetheless, a multitude of studies of non-standard
neutrino interactions have been performed in the context of cosmological
data. These studies have addressed, for example, models with neutrinos
interacting with a majoron (342, 343, 344|, neutrino self-interactions [345,
346, 347, 348, 349|, and self-interacting dark radiation |61, 98, 99, 350, 351|.
A major conceptual difference between these works are the assumptions
about the temperature scaling of the interaction, the number of neutrinos
undergoing interactions and the presence or absence of additional radiation.
In the following, we frame the discussion of these results around the mass
of the particle mediating these interactions.'* We refer the reader to the
dedicated Snowmass white paper on non-standard neutrino interactions [355]
for further discussions.

The scattering reactions mediated by a particle with mass larger than
about 1keV can be described by a new Fermi interaction with an effective
Fermi constant G = 9; / mi for the purposes of CMB physics, as described
in Sec. 3.3. The constant GG can be vastly larger than the electroweak Fermi
constant G for small mg. This kind of interaction was first analyzed in [65],
with several follow-up studies using more sensitive CMB data and additional
cosmological datasets [66, 345, 346, 347, 348, 356, 357, 358|. The latest results
from [347, 358] constrain G' < 10~3* MeV 2 when all three neutrinos interact.
This corresponds to neutrino decoupling at z > few x 10°. Interestingly, it
was already found in [65] that the Planck CMB temperature data supports a
“strongly-interacting” (SI) neutrino mode, a region of parameter space with
G ~ 1072 MeV 2 (corresponding to neutrino decoupling at z ~ 10%) and
significant departures in the other cosmological parameters from the ACDM
best-fit values. The SI mode is preferred compared to the non-interacting

14While we focus on interactions among neutrinos, we note that additional free-streaming
and non-free-streaming radiation that is relevant for cosmological observables can easily
arise independently of neutrinos (see e.g. [352, 353, 354] for illustrative examples).
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regime if allowing for additional free-streaming radiation and only considering
the Planck temperature power spectrum (in conjunction with a prior on
the Hubble constant from recent local distance ladder measurements, which
is significantly discrepant with CMB ACDM measurements, but without
polarization data) [346] and would provide an interesting avenue for resolving
the Hubble tension. It is to be noted that cosmologies with SI neutrinos
significantly deviate from the preferred fit in ACDM. This signals that the
effects of SI neutrinos on the CMB temperature spectrum can be compensated
for by appropriately adjusting other parameters with similar impacts (e.g.,
the scalar spectral index n,, the number of relativistic species N.g, the
baryon density wyh?). CMB temperature alone is not able to efficiently break
the degeneracy chain between parameters that arise in the presence of the
SI mode. Analyses that include Planck polarization data however find no such
preference [347, 348, 358]. A recent analysis of ACT-DR4 data [359] finds
an analogous preference for a SI mode driven by intermediate-scale E-mode
data. As commented in the text, this can be explained with an upward
fluctuation of residuals in that region of angular scales. The final ACT-DR6
data release will be able to either confirm or rule out the significance of the
SI mode preference. In any case, it is worth stressing that minimal models
that implement such strong neutrino self-interactions are strongly constrained
by various laboratory probes and BBN [360).

So far, we have assumed that all three neutrino species are subject to
the novel self-interaction. It is however plausible that certain flavors or
mass eigenstates have significantly stronger or weaker scattering rates. This
possibility was recently considered in [348, 358|. Since fewer neutrinos do
not free-stream, the departure from the standard cosmology is less drastic,
leading to weaker constraints on the interaction strength and the decoupling
redshift.

The temperature dependence of the neutrino interaction rate determines
which multipoles in the CMB spectra are impacted by the novel dynamics. In
the heavy-mediator scenario considered above, all distance scales smaller than
the horizon size at neutrino decoupling (equivalently all multipoles larger than
some /) are affected by the non-free-streaming of neutrinos, while larger scales
evolve as in the standard model. The situation is qualitatively different if the
mediator mass is light. If the scattering is larger than the Hubble rate at one
time, it will remain so until the neutrino temperature becomes comparable to
the mediator mass. If this occurs well after recombination, then the neutrinos
are always fluid-like for the purposes of the CMB and BAO. This limiting
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scenario was considered in [61, 98, 99, 348|, where free-streaming and non-free-
streaming radiation scenarios were distinguished at high significance (cf. [361,
362 for earlier works), with the latest Planck and BAO scale data implying
that at least 80% of the neutrino energy density must be free-streaming/non-
interacting [99].1°

A more complicated situation arises if the mediator is light, but the
coupling is so small that I' < H at early times. In this regime, the neutrinos
can recouple with the rest of the SM bath as I'/H grows over time, eventually
becoming cosmologically relevant. This model was explored in [370, 371, 372].
Unlike the “heavy” mediator case, the posterior is unimodal with no hints of a
strongly-interacting mode. The reason is that larger scales are affected by the
neutrino non-free-streaming after recoupling, whereas they are ACDM-like
in the heavy-mediator scenario. The current constraint on the dimensionless
coupling in the scattering rate I' o< gf;T is g5 < 2x1077 [372]. This corresponds
to neutrinos ceasing to free-stream only after matter-radiation equality, when
they are already a subdominant component of the universe.

A final note on the ability of cosmological models with vNSI to alleviate the
Hubble tension. In this context, models with an eV-scale majoron interacting
with neutrinos right before recombination (342, 343, 344| appear to be a good
fit to the CMB observations while being able to substantially relax the Hubble
tension [216]. Along similar lines, strongly interacting dark radiation models
also seem to provide a good fit to CMB observations while are somewhat less
successful in ameliorating the Hubble tension [216|. On the other hand, it
has been shown that self-interacting neutrinos cannot ameliorate the Hubble
tension [216, 347, 348|. Importantly, in either of these scenarios, one expects
substantial differences in the CMB power spectrum as compared with ACDM,
particularly at small angular scales, or alternatively high ¢. This clearly
highlights the relevance of upcoming ultrasensitive CMB experiments in
testing these models, which could well be related to the origin of the small
neutrino masses and baryogenesis [344].

A model based on new “secret” interactions among sterile neutrinos only
has been proposed [373, 374] in order to reconcile cosmological observations
with the sterile neutrino interpretation of the anomalies observed in oscillation

15Tn the past, there have been attempts to parameterize and constrain free-streaming
radiation in terms of a viscosity parameter (see e.g. [363, 364, 365, 366, 367]), but the
fiducial choice is not equivalent to free-streaming radiation and significantly differs from
ACDM (345, 368, 369].
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experiments. This is achieved through the suppression of sterile abundance
due to a matter term. Different choices for the mediator of the new interac-
tion can be probed with cosmological data. In particular, BBN information
strongly constrain the mass Mx of a vector mediator. Indeed, in analogy with
the case of neutrino asymmetry discussed before, while the active—sterile neu-
trino mixing in the early universe is suppressed down to lower temperatures
lowering the sterile contribution to to N.g, the momentum spectra of active
neutrinos will be distorted due to delayed oscillations affecting the production
of deuterium [375]. The new interaction would also change the free-streaming
properties of sterile neutrinos, leaving distinct imprints in cosmological ob-
servables, as detailed in the previous sections. In fact, further considering
additional information from CMB and LSS observations, it is found that this
model is strongly disfavored with respect to ACDM [376, 377, 378|.

Non-standard interactions between neutrinos and charged leptons are
also a general prediction in extensions of the Standard Model accounting
for neutrino masses. In particular, NSI with electrons would significantly
alter the decoupling of neutrinos from the cosmic plasma, either advancing or
delaying it and thus modifying Neg [379, 380, 381].

3.5.4.5. Cosmological constraints on neutrino chemical potential. While the
baryon and charged lepton asymmetries are tightly constrained by observa-
tions of light element abundances and the charge-neutrality of the universe
to be of O(107%) [382], the cosmic neutrino-antineutrino asymmetry is much
less well known.' This means that the neutrino chemical potential (pa-
rameterized by the dimensionless quantity £ = /7)) can be large. A large
chemical potential modifies the neutrino phase-space distribution and this
has potentially observable effects on BBN and the CMB. The effects of a
potential neutrino degeneracy on BBN were already considered by Wag-
oner, Fowler and Hoyle [383|, with many updated analyses since then (see
e.g. [80, 217, 384, 385, 386, 387, 388, 389, 390, 391, 392, 393]). At the begin-
ning of BBN, a neutrino chemical potential shifts the equilibrium ratio of
protons and neutrons, and changes the neutrino energy density at a given
temperature which modifies the expansion rate. The former effect is linear
in the chemical potential, while the latter is quadratic which implies that
the modification to n/p dominates for small values of £. This ratio is key in

16The chemical potential of a species is non-vanishing if there is a difference between the
number density of particles and antiparticles.
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determining the primordial “He abundance, Yp, whose measurement should
therefore provide a strong constraint on the neutrino asymmetry. The ob-
served light element abundances constrain |£| < 0.032 (20) [217]. The CMB
is also sensitive the neutrino chemical potential [394, 395, 396]. A recent
analysis yields the constraint || < 0.11 (95% c.l.) [397]. These results from
BBN and CMB analyses correspond to bounds on the neutrino asymmetry
L, = (n,—nz)/ny of |L,| <0.24 (20) and |L, | < 0.085 (95% c.l.), respectively.
Finally, very recently, the EMPRESS collaboration has analyzed a new set of
extremely metal poor systems and reported a value of the primordial helium
abundance that is smaller than the one predicted in the Standard Model by
30 [398|. Although this measurement needs to be confirmed by independent
groups it could be interpreted as signal of a large lepton asymmetry in the
electron neutrino flavor, L, ~ 0.01, see [399, 400]. Improved determinations
of the helium abundance, such as those projected from CMB-S4 [83, 101] and
direct measurements from metal-poor galaxies [401] will shed light on this
issue and further constrain the lepton asymmetry.

3.5.4.6. Cosmological constraints on neutrino lifetime. Neutrinos are stable
particles in the standard models of cosmology and particle physics. We in
particular assume that neutrinos have lifetimes larger than the age of the
universe when cosmologically measuring their masses (see Sec. 3.5.1). However,
decaying neutrinos are actually a characteristic feature of many BSM models
that describe the origin of neutrino masses. This includes the minimal
SM extension in which the non-renormalizable Weinberg operator generates
the masses [402, 403, 404, 405, 406]. While minimal scenarios typically exhibit
neutrino lifetimes that are much longer than the age of the universe, this is not
necessarily the case in more general models where neutrino masses are related
to the spontaneous breaking of global symmetries [407, 408, 409, 410, 411, 412|
(see also [197, 413, 414]). This means that neutrinos could potentially decay
or annihilate into lighter states on a shorter timescale than the age of the
universe (202, 415, 416, 417|, which would evade the standard cosmological
neutrino mass limits.

The astrophysical, cosmological and terrestrial limits on the neutrino
lifetime depend on the final states, but are generally dominated by cosmic
measurements. If the decay products contain photons, the leading bounds
come from limits on CMB spectral distortions and are in excess of the age
of the universe [418]. On the other hand, decays to invisible final states
are less constrained. While limits have been placed using astrophysical and

43



terrestrial data from Supernova 1987A [419], solar neutrinos [420, 421, 422,
423|, astrophysical neutrinos measured at IceCube [424, 425, 426, 427, 428,
429|, atmospheric neutrinos and long-baseline experiments [430, 431, 432, 433|,
these bounds are much weaker than cosmological bounds. When neutrinos
decay into dark radiation while they are relativistic, the decay and inverse
decay processes prevent neutrinos from free-streaming which results in a limit
on the lifetime of 7, > 4 x 10°s (m,,/0.05eV)® from CMB anisotropies [194,
195, 231, 356, 370, 434]. In the case of non-relativistic decay, the current
neutrino mass limits from CMB and LSS observations are relaxed to ) m, <
0.42eV (95%c.l.) [196, 199, 435, 436]. In all cases, future cosmological
measurements of the CMB spectrum, the CMB anisotropies and the large-
scale structure of the universe are forecasted to result in improvements by
orders of magnitude over the current bounds on the neutrino lifetime.

3.5.4.7. Cosmological constraints on neutrino magnetic moments. In the
Standard Model of particle physics, neutrinos are electrically neutral and do
not possess electric or magnetic dipole moments. However, in many extensions
of the theory, neutrinos acquire non-zero (and even sizeable) electromagnetic
properties via quantum loop effects. In particular, the interactions resulting
from non-vanishing dipole moments flip chirality and have the potential to
significantly alter the cosmological history of the universe. For instance, in the
presence of non-zero magnetic moments, neutrino interactions with charged
leptons would be enhanced, delaying neutrino decoupling, leading to a larger
Neg and altering the abundance of primordial elements [437, 438, 439, 440).
For Dirac neutrinos, magnetic moment-mediated interactions such as electron-
positron annihilation and elastic scattering on electrons would result in a
population of (sterile) right-handed neutrinos [47, 441, 442|. In the early
universe, it is also relevant to consider the spin-flip process undergone by
left-handed neutrinos, which results from non-vanishing magnetic moments
and external electromagnetic fields [443, 444]. Finally, non-vanishing magnetic
moments would lead to neutrino radiative decays too (see previous discussion
on neutrino lifetime).

3.5.4.8. Cosmological constraints on low-reheating temperature scenarios. The
constraints discussed so far assume that the Universe underwent a standard
thermal history; in particular, that it was radiation-dominated since well
before the time of neutrino decoupling. This implies, among other things, that
neutrinos had enough time to come to equilibrium with the electromagnetic
plasma.
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This situation can be modified in low-reheating scenarios, in which the
latest reheating!” episode in the history of the Universe results in a reheating
temperature Try, i.e. the temperature at the beginning of the radiation-
dominated era, as low as a few MeV [339, 445, 446, 447, 448, 449, 450]. For
values of Try close to the neutrino decoupling temperature, the thermalization
of the neutrino background would be incomplete, and neutrino spectra would
not present an equilibrium form at the same temperature as photons. In
particular, the energy density of neutrinos would be smaller with respect
to the standard scenario, resulting in Neg < 3.044. This change in the
effective number of relativistic species, as well as, more in general, distortions
in the neutrino spectra caused by the incomplete thermalization, can be
used to constrain Try from cosmological observations. Measurements of
the abundances of light elements limit the reheating temperature to be
> 4.1 MeV, while CMB anisotropies provide the slightly tighter bound Tgy >
4.7MeV [339].

Another interesting feature of low-reheating scenarios is that the con-
straints on neutrino masses can in principle be relaxed. The number density
n,, of neutrinos is reduced if thermalization is incomplete, and since cosmolog-
ical observations do in fact constrain €, A2, i.e. the product n,m,, this allows
for larger values of the neutrino mass. Ref. [339] has however shown that for
Planck 2015 data the effect, while present, is marginal for the values of Tgry
allowed by observations.

4. Laboratory probes of neutrino properties

Laboratory experiments allow for a more direct and controlled probe of
neutrino properties. In this sense, they are complementary to cosmological
observations.

Flavor oscillation experiments have provided the first evidence that neutri-
nos have a mass. To date, the best information that we have on the neutrino
mixing matrix, as well as the squared neutrino mass differences, comes from
oscillation experiments. These properties can hardly, if not at all, be measured
through cosmological observations. Despite providing information about the
mass splittings of neutrinos, oscillation experiments paradoxically do not

1"Tn this context, the term denotes generically the thermalization of the decay product
of a massive particle, and is not necessarily related to the reheating process at the end of
inflation.
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provide any information on the absolute scale of neutrino masses other than
imposing a lower limit.

This absolute mass scale can be probed, for example, by measuring the
endpoint in the energy distribution of electrons emitted in the §-decay of
tritium. Albeit less sensitive than other probes, such as cosmology or searches
for neutrinoless double 3-decay, such a “direct measurement” has the attractive
feature of being model independent, relying simply on energy conservation.
Searches for the lepton-number violating 0v25 decay, on the other hand,
provide more stringent limits on the neutrino mass scale, at the price of
model dependency, as will be detailed more in the following. An observation
of 0v23 decay would also indicate that neutrinos are Majorana particles.
Note that even if f-decay experiments, 0v2( searches, and cosmological
observations are all able to probe the absolute mass scale, nevertheless they
do so by measuring distinct combinations of the mass eigenvalues and of
the elements of the mixing matrix. This adds another fundamental layer of
complementarity to these classes of experiments.

More exotic possibilities can also be explored in the laboratory. For exam-
ple, signatures of nonstandard neutrino interactions can possibly contribute
to flavor oscillations, to the amplitude for 02/ decay, or to coherent neu-
trino scattering. Similarly the existence of a sterile neutrino might affect
the pattern of neutrino oscillations (and indeed, some anomalies observed in
oscillation experiments have been interpreted as a hint in this direction), the
kinematics of S-decay, or the 0v25 signal. These searches for nonstandard
interactions and sterile neutrinos are complementary to cosmological probes,
as they explore different ranges in terms of mass, energy, and couplings.

In the following sections we will review in more detail these laboratory
probes of neutrino properties.

4.1. Neutrino flavor oscillations

Neutrino flavor oscillations have been robustly established by the data
from solar, atmospheric, reactor and long baseline neutrino experiments,
unambiguously proving that neutrinos are massive particles and thus providing
the first laboratory departure from the SM of particle physics. For this reason,
the Royal Swedish Academy of Sciences awarded the 2015 Nobel Prize in
Physics to Takaaki Kajita and Arthur B. McDonald for the discovery of
neutrino oscillations, which shows that neutrinos have mass. [...] New
discoveries about the deepest neutrino secrets are expected to change our
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current understanding of the history, structure and future fate of the Universe,
see Refs. [451, 452, 453, 454, 455, 456].

The most economical way to accommodate these observations is via the
three-neutrino oscillation framework. Neutrino oscillations are described by
seven parameters: two mass squared differences'® (Am3, and Am3,), three
Euler angles (612, 63 and 6;3), one Dirac CP phase (dcp), and the mass
ordering. The neutrino flavor transition probabilities have an oscillatory
behavior: the oscillation length is L ~ 47E/Am? and the amplitude is
proportional to the elements of the three-neutrino PMNS mixing matrix in
Eq. (1). Notice that the neutrino oscillation physics is only sensitive to the
squared mass differences Am?; and not to the total neutrino mass scale, as is
the case for cosmological or direct kinematic searches.

Depending on the neutrino energy (F) and the distance between the
source and the detector (L), oscillation experiments focus on one or several
possible neutrino sources, such that E/L ~ Am?, see Tab. 1. Terrestrial
(accelerator and reactor) neutrino oscillation experiments are usually further
classified as short-baseline experiments (SBL) and long-baseline experiments
(LBL). SBL experiments are characterized by detection distances of L ~ one
hundred meters to several kilometers, while LBL experiments instead make
use of distances L ~ several hundred or thousand of kilometers.

In many extensions to the SM, the lepton sector may violate CP. If SM
leptons do not obey CP symmetry, then processes involving neutrinos and
antineutrinos will have measurable differences in the laboratory. If only three
neutrinos exist with distinct masses and unitary mixing, then all CP violation
in the lepton sector is described by three complex phases, two of which are
unphysical (i.e., they can be re-absorbed with field redefinitions) if neutrinos
are Dirac fermions.!® In the PMNS parameterization of the neutrino mixing
matrix, the third phase is indeed the Dirac dcp discussed above.

The standard way to connect the solar, atmospheric, reactor and accelera-
tor data with some of the oscillation parameters listed above is to identify the
two mass splittings and the two mixing angles which drive the solar and atmo-

18Amfj =m? — m?

19Tn the case of Majorana neutrinos, all three phases are instead physical. However,
two of the CP-violating phases can only be measured in processes where the neutrino
mass is relevant and where lepton number is not preserved, for instance if neutrinoless
double-beta decay is observed. Thus, there is still only one phase that is relevant for

oscillation phenomenology.
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Experiment | L (km) | E (MeV)
solar 107 1
atmospheric | 10 — 10* | 10* — 10°
reactor 1071 - 10 1
LBL 102 — 103 10*

Table 1: Order of magnitude of the neutrino energy, E, and baseline of the experiment, L,
for different neutrino sources and/or experiments.

Parameter | Main contribution Other contributions

012 Sol KamLAND
013 Reac Atm+LBL and Sol+KamLAND
O3 Atm+LBL -
dcp LBL Atm

Am3, KamLAND Sol

|AmZ, | LBL+Atm+Reac -
MO LBL-+Reac and Atm -

Table 2: Summary of the set of experiments contributing to the determination of each of
the oscillation parameters in the three neutrino picture.

spheric transitions with (Am3;, 612) and (|Am2,|, 6a3), respectively. Table 2
(extracted from Ref. [2]) show where our current experimental knowledge of the
oscillation parameters is coming from, namely, from solar (Sol), atmospheric
(Atm), short-baseline reactor (Reac), long-baseline accelerator experiments
(LBL) as well as the long-baseline reactor experiment KamLAND [457]. As a
result of matter effects in the Sun, we know that Am2, > 0.2 In practice, the
atmospheric mass splitting Am2, is only measured via neutrino oscillations

20Note that the observation of matter effects in the Sun constrains the product
Am3, cos 2015 to be positive. Therefore, depending on the convention chosen to describe
solar neutrino oscillations, matter effects either fix the sign of the solar mass splitting
Am3, or the octant of the solar angle 5, with Am2, positive by definition.
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in vacuum. These oscillations are only sensitive to the absolute value of the
atmospheric mass gap. Consequently, the sign of Am2, is still unknown and
the two possibilities have been dubbed as normal ordering (NO, Am32, > 0)
and inverted ordering (10, Am2%, < 0). Current oscillation data can be
remarkably well described with a solar mass splitting of Am3, ~ 7.5-107° eV?
and an atmospheric mass splitting of |Am3,| ~ 2.5 -1073e¢V? [2, 3, 4], see
Sec. 4.4.1 for details.

Since neutrino oscillation data measure the two above distinct mass gaps,
we know that there must be, at least, two massive neutrinos in nature: these
two neutrinos should have a mass above \/Am3, > 0.008 V. In addition,
one of these two neutrinos should have a mass above /|Am3,| > 0.05 eV.
Consequently, neutrino oscillation measurements impose a bound on the sum
of the neutrino masses, which reads as

Z mY© = my + \/m% + Am3, + \/m% + Am2, 2 0.06 eV, (22)

Sml® = my ot fmd | Amdy| + y/md 4 [Amd| + Amd, 2010 &V

Despite the high precision of current measurements of the neutrino oscillation
parameters, there are still a number of crucial unknowns in the leptonic
mixing sector. Specific remaining unknowns are the value of the leptonic CP
violating phase (dcp), the ordering of the neutrino mass spectrum (MO), and
the octant of the atmospheric mixing angle. For a discussion of these and
other aspects of the current status of our knowledge, see Section 4.4.1.

4.2. Absolute scale of neutrino masses

As we have seen in Sec. 4.1, neutrino oscillations are not sensitive to the
absolute mass scale. Other laboratory probes can be employed to get a handle
of this fundamental property of neutrinos, as we shall see in the following.

4.2.1. Kinematic measurements

Kinematic measurements of weak decays involving a neutrino or anti-
neutrino provide the only model-independent information on the absolute
neutrino mass scale [458]. These measurements earn the term “direct mea-
surements” as they only rely on energy and momentum conservation to derive
their neutrino mass constraint. The effect of neutrino mass is most clearly
exhibited at the endpoint of the electron energy spectrum of the decay, as
demonstrated in the early 1930’s by the work of Perrin [459] and Fermi [460].
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The relevant observable is the electron-weighted neutrino mass:

(23)

where U,; are elements of the 3 x 3 unitary neutrino PMNS mixing matrix
and m; are the masses of the individual neutrino mass eigenstates. This
parameter, mg, is also commonly referred to as the effective electron neutrino
mass or just the electron neutrino mass, the latter of which is a misnomer as
the flavor or interaction eigenstates lack well-defined mass.

The incoherent sum over the mass states naturally yields a lower bound
for the allowed values of mg based on the oscillation measurements of Am;.
This bound is dependent on the mass ordering, but sets the ultimate target
for direct searches of mg > 9meV/c* (mg > 40meV/c?) for the normal
(inverted) mass ordering [219]. Due to CPT symmetry, no distinction is
made between the neutrino and anti-neutrino masses, as these are assumed
to be equivalent,?! although this can be experimentally verified by measuring
different appropriate decays.

Direct neutrino mass experiments measure the decay electron spectrum in
the region of the endpoint. Here the beta spectrum can be approximated:

%me e —m3 (24)
where € is defined as the energy away from the endpoint (Ey — F). Two
experimental signatures become evident: a shift in the endpoint energy and a
distortion in the spectrum shape.

In the experimental limit of exceptional energy resolution, the spectrum
will exhibit distinct contributions from each neutrino mass state individually.
These “kinks” in the spectrum can be utilized to constrain or validate the
mass ordering simultaneously with measuring the mass scale [463]. Additional
physics searches for sterile neutrinos is also possible by searching for kinks
at relevant energies in the spectrum, either in the vicinity of [464] or more
distant from [465] the endpoint.

21For a CPT-violating analysis of neutrino oscillation data see Refs. [461, 462]
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4.2.2. Neutrinoless double-beta decay searches

Neutrinoless double beta decay (0v23) provides a model-dependent con-
straint on the neutrino mass scale, but with the powerful interpretation of the
fundamental nature of the neutrino [466, 467|. Neutrinos are unique among
the fundamental fermions in their ability to be Majorana fermions, due to
their lack of electric charge [468]. Demonstration of the Majorana nature of
neutrinos [469] would be a profound discovery, both shedding light on the
disparate mass generation mechanism of neutrinos and introducing lepton
number violation (AL = 2).

The experimental signature of 0v23 is a mono-energetic peak at ()gs, the
total decay energy of a nucleus that can undergo double-beta decay. This
arises from the kinematics of the decay and is in stark contrast to the Standard
Model allowed process, 2023 (double beta decay accompanied by the emission
of two anti-neutrinos) [470], wherein the neutrinos carry away energy giving
rise to a broad continuum spectrum akin to the standard single $-decay. An
experimental measurement of 0r2/5 will measure the rate of decays in the
Qs peak, or place a limit thereon.

Interpreting this rate into a constraint on the neutrino mass scale intro-
duces theoretical model dependence. Any observation of 02§ does require
new physics, and generically the decay rate is related to the mass scale of that
physics. The standard paradigm involves light Majorana neutrino exchange,
giving rise to the relation:

2
— v 2 [ Mpgp
= (22)' .
where T} is the measured decay half-life, G% is the phase space factor, My,

is the nuclear matrix element (NME), and mgg is the effective Majorana mass
of interest. The Majorana mass is the coherent sum over the neutrino mass

eigenstates:
3
Z 2
Uezml
i=1

where the PMNS matrix must now be extended to add two additional Ma-
jorana CP-violating phase terms. Additional theoretical uncertainties are
also introduced in this interpretation due to discrepancies in calculations
of the nuclear matrix element (M,) [471] and treatment of g4 quench-

mps = 7 (26)
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ing [466, 467, 472].22 The M, variation leads to at least a factor of two
to four range in mgg based on a T}/, measurement. The g4 impact is typically
excluded from quoted mpgs values, with the free value assumed.

Again the oscillation measurements of Am?; impose bounds on the al-
lowable range of values. In the inverted ordering scenario, mgs > 18meV,
although the unknown Majorana phases broaden the allowed mgg values for
a given set of neutrino masses. Due to the coherent nature of the summation,
mgg may become arbitrarily small in a small mass range allowed in the normal

mass ordering for appropriate fine-tuning of the Majorana phases [219].

4.3. Beyond the three-neutrino paradigm

Going beyond the standard three-massive-neutrinos paradigm, laboratory-
based experiments are sensitive to a number of SM extensions, including
whether neutrinos are subject to additional interactions with SM matter
beyond the weak interactions and whether additional light, neutrino-like parti-
cles exist in nature. In the following, we summarize the current understanding
of these questions and how upcoming experiments plan on improving on this
understanding and — if fortunate — making a new discovery.

4.8.1. Non-standard neutrino interactions

Many theories of physics beyond the SM introduce new force mediators,
including those that couple neutrinos to other SM fermions. If they exist,
they give rise to new neutrino interactions other than the weak interactions,
often characterized as Non-standard Neutrino Interactions (NSI). Neutrino
oscillation experiments have exquisite sensitivity to NSI due to the many
possibilities for neutrino interactions with matter along the path of their prop-
agation. Other laboratory experiments, specifically those studying coherent
elastic neutrino-nucleus scattering (CEvNS), are also sensitive to neutral-
current NSI. We refer the reader to the dedicated Snowmass white paper on
non-standard neutrino interactions [355] for further discussions.

4.8.2. Sterile Neutrinos
As we have already seen in Sec. 3, the possibility that additional neutral
fermions exist beyond the three neutrinos of the SM has been studied for

22The “quenching” is a renormalization in the weak axial-vector coupling g4 from its free
value of 1.27. The introduction of this “effective” g4 is needed to account for discrepancies
between calculation and measurement, particularly of 8 and 2123 decays [473].
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decades now, with a variety of motivations. While cosmology is sensitive to
such additional species through their effects on the background and pertur-
bation evolution, terrestrial experiments have the possibility of discovering
such species through their coherent interactions with active neutrinos and
production in rare decay processes. The discovery of such a new particle would
drastically modify our understanding of the universe and require re-evaluation
of our knowledge of early-universe physics.

If the new sterile states are light enough so that they can be produced in the
neutrino source, i.e. if kinematically accessible, they can directly participate
in flavor oscillations. The simplest and most popular scenario considers one
additional sterile neutrino and is referred to as the 3+1 picture. In such case,
they can manifest in the form of additional oscillation frequencies determined
by the mass-squared differences between the active and sterile states and with
amplitudes determined by the mixing. Additionally, depending on their mass,
sterile states can also manifest as additional kinks in the beta-decay spectrum
probed by kinematic measurements [325, 464, 474, 475]. If neutrinos are
Majorana particles, sterile states can also contribute to the definition of the
allowed parameter space for 0v23 searches (474, 476, 477|.

Finally, if heavy sterile neutrinos exist, they can resonantly contribute to
the decay of 7 leptons and heavy mesons [478, 479]. Additional laboratory
signatures of heavy sterile neutrinos can be identified in hadron collisions [480]
and high-energy electron-muon scattering. We refer to Ref. [481] for earlier
studies.

4.4. Summary of experimental results

In this section we summarize the current status of laboratory measurements
of neutrino properties. We will mainly focus on the parameters of the three-
neutrino framework, namely: mass squared differences, elements of the PMNS
mixing matrix and absolute mass scale. We will also briefly comment on
measurements probing physics beyond the three-neutrino framework, e.g., the
existence of sterile neutrino states. Before reporting constraints from specific
experiments, let us briefly recall what information each class of experiments
provides.

In Sec 4.4.1, we summarize the determination of neutrino masses and
mixing from the global analysis of solar, reactor, atmospheric, and accelerator
neutrino experiments performed in the context of three-neutrino framework.
Neutrino oscillation experiments are only sensitive to a subset of the param-
eters involved in the phenomenon. Global fits to oscillation data exploit
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the complementarity between the different experiments in order to break
degeneracies and hence provide more precise oscillation parameter determina-
tions |2, 3, 4]. Such analyses can be extended with the addition of information
from other laboratory probes, mainly beta decay and neutrinoless double
beta decay experiments|2, 4].

The three neutrino picture provides a description of flavor oscillations
which is consistent with data. As a result, the mass splitting, mixing angles
and the Dirac CP-phase have been determined with increasing precision in
the last years. Nonetheless, as it is discussed in Section 4.4.1, there are still
some open questions which are being targeted by current and next-generation
experiments.

Kinematic measurements, such as those based on observations of single
decay discussed in Sec. 4.4.2, will soon provide an extremely robust constraint
on the absolute scale of neutrino masses. If neutrinos are assumed to be
Majorana particles, the non-observation of 0v2f5 can be used to provide
complementary information on the mass scale, see Sec. 4.4.3. Constraints
from kinematic measurements are model-independent, but less tight than
those from 0v23 (and cosmology). Conversely, inferences on neutrino masses
from Ov2( searches have to rely on theoretical assumptions, like the already-
mentioned Majorana nature of neutrinos, or the fact that there is a direct
relationship between the mass mechanism and the 0v23 decay rate.

Oscillation results and direct neutrino mass probes, such as 3 decay,
neutrino-less double 3 decay and cosmological observations, can all be used
to obtain information on the mass ordering. In the case of flavor oscillations,
the ordering affects the oscillation pattern, as detailed in Sec 4.4.1 below. In
the case of probes of the absolute mass scale, the sensitivity comes from the
fact that part of the relevant parameter space is only available in the case of
NO.

Beyond the three-neutrino paradigm, there are anomalous results that
could be interpreted as a consequence of the existence of eV-scale sterile
neutrinos, with potentially significant consequences in particle physics and
cosmology. These are originating from measurement of neutrinos from accel-
erators, nuclear reactors, and from radioactive sources. In analogy with the
three-flavor neutrino results, there are sterile neutrino global fits designed to
incorporate relevant experimental evidence. These are discussed in further
detail in Sec. 4.4.4. In the same section, we also address current constraints
on nonstandard neutrino interactions.
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4.4.1. Neutrino masses and mixing from oscillation experiments

Global fits to experimental data |2, 3, 4, 482] combine solar, atmospheric,
short-baseline reactor, long-baseline accelerator experiments as well as the long-
baseline reactor experiment KamLAND), see Table 2. As previously detailed
(see Sec. 4.1), flavor oscillations are described, within the three-neutrino
picture, in terms of six parameters: two mass-squared differences, Am3, and
Am?,, three mixing angles, 62, 013 and 3, and a phase accounting for possible
CP violation in the neutrino sector, cp. The sign of the mass splitting AmZ,
determines the mass ordering (MO), which can be normal (NO) or inverted
(I0), for Am3, > 0 and Am3; < 0, respectively. Among these oscillation
parameters, four of them are currently well measured. First of all, the solar
parameters 0, and Am2,, are well determined through the combination of
the data from KamLAND [457] and solar neutrino experiments [483, 484,
485, 486, 487, 488, 489, 490, 491, 492|. KamLAND is sensitive to sin® 2615
and thus, it is nearly insensitive to the octant of the solar mixing angle ;5.2
Nonetheless, solar neutrino experiments are sensitive to sin® ;5 through the
adiabatic flavor conversion that takes place in the Sun, allowing to exclude
the solution in the second octant. Regarding the mass splitting Am3,, its
determination is dominated by KamLAND. The preferred value of AmZ
from solar neutrino experiments used to be in slight tension with the one
from KamLAND. However, with the latest solar neutrino results from Super-
Kamiokande, the agreement has improved [493|. The next-generation medium
baseline experiment JUNO will lead to a more accurate determination of both
parameters [494].

Two other parameters, 613 and Am3;, have already been measured with
great precision in oscillation experiments. Our current knowledge of the
value of the reactor mixing angle ;3 is dominated by short-baseline reactor
data [495, 496, 497|. Actually, the contribution from KamLAND, long-baseline,
atmospheric and solar experiments is unimportant. Concerning the absolute
value of the atmospheric mass-splitting Am2,, its measurement comes from
the combination of reactor and long-baseline experiments {498, 499, 500, 501],
although atmospheric experiments [502, 503, 504] also contribute significantly.

Currently, there are still three open questions in the three neutrino picture.
The first one is the octant of the atmospheric mixing angle 693. Its measure-

23 Actually, the small matter effects in KamLAND vaguely lift the degeneracy, but the
012 octant sensitivity from KamLAND-only analyses is very mild.
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ment results mainly from the study of muon (anti)neutrino disappearance
in atmospheric and long-baseline experiments. Since this channel depends
on sin? 26,3, it is not sensitive to whether sin? 63 < 0.5 or sin?fa3 > 0.5, i.e.
to the octant of the mixing angle. Actually, the degeneracy is not exact due
to matter effects, which can manifest as a preference for one octant over the
other in atmospheric experiments and, to a smaller extent, in long-baseline
experiments too. Both kinds of experiments are also sensitive to electron
(anti)neutrino appearance, which is directly sensitive to sin?f53. From these
two facts, global fits to oscillation data used to show a preference for the second
octant (sin” 3 > 0.5). Nevertheless, recent Super-Kamiokande atmospheric
results seem to have shifted the preference to the first octant [505].

The second unknown parameter is the CP phase dcp, which induces oppo-
site shifts in the electron neutrino and antineutrino appearance probabilities,
v, — v and 7, — 1,.2* Consequently, it is accessible in long-baseline and
atmospheric neutrino experiments. Currently, the best measurements of
dcp come from long-baseline (hundreds of kilometers) neutrino oscillation
experiments with ~ few GeV muon-neutrino beams.?® In 2019, the Tokai to
Kamioka (T2K) experiment announced a measurement of CP violation at
nearly 30 confidence [507|. However, with more recent data included, this
confidence has decreased to 20 confidence [508|. Concurrently, the NuMI
Off-Axis v, Appearance (NOvA) experiment has demonstrated capability
of measuring long-baseline v, — v, oscillation probabilities. NOVA results
to date have no strong preference for any specific value of dcp [509]. Com-
bined analyses of these long-baseline experiments (and those including other
oscillation results) find no strong preference for either CP conservation or
violation [2, 3, 510] and an accurate determination of dcp is not possible yet.
Moreover, whereas for inverted ordering both experiments point to similar
values close to dcp ~ 1.5, their preferred values of dcp for normal ordering
show an important disagreement.

This fact is related to the last unknown of the picture: the mass ordering,
i.e. the sign of Am3,. Atmospheric neutrino experiments are sensitive to

24Due to neutrino-electron and antineutrino-electron interactions along the path of
propagation, these two oscillation probabilities can be different even if 6 = 0, 7 and CP is
preserved in the lepton sector.

25Measurements of atmospheric neutrinos with Super-Kamiokande have demonstrated
mild sensitivity to dcp to date [506].

56



the mass ordering through matter effects?® and both Super-Kamiokande and
DeepCore prefer normal ordering. Concerning long-baseline experiments, T2K
and NOvVA are modestly sensitive to the ordering, also due to matter effects,
and the individual analyses show a small preference for normal ordering too.
Nonetheless, due to the above mentioned disagreement in the determination
of dcp, which happens only for normal ordering, the overall preference for
normal ordering over inverted ordering is penalised, though still present.

In any case, determinations of the octant of o3, dcp and the mass ordering
remain inconclusive to date and they will be targeted by next-generation
experiments and forthcoming efforts to perform global fits to neutrino data.
As for the current status [2], the best fit values for the oscillation parameters,
together with the confidence intervals, are summarized in Table 3. For
completeness, the Ax? profiles for each of the parameters are shown in Figure
8 for normal and inverted ordering, normalised to the overall minimum of the
fit.

Future challenges to address the neutrino oscillation unknowns are briefly
described in what follows. Large underground and underwater neutrino
observatories, such as Hyper-Kamiokande, DUNE and the future extensions
of KM3Net and IceCube are currently under construction or design. The
approved Deep Underground Neutrino Experiment (DUNE) [511, 512| in
the USA will use accelerator neutrinos to study neutrino oscillations with
unprecedented accuracy. Similarly, the Hyper-Kamiokande [513] detector in
Japan will also be exposed to accelerator neutrinos.

In the longer term, DUNE will provide far better mass ordering deter-
mination, thanks to its 1300 km long baseline between neutrino production
and detection locations. After 2 (10) years of operation, DUNE alone will
determine the neutrino mass ordering with a significance of at least 5 (10)
standard deviations. Likewise, the determination of the CP phase will be a
specific goal for the next-generation experiments DUNE [511, 514], Hyper-
Kamiokande and IsoDAR [515]. If operated as planned, dcp will be measured
at high confidence in the next decade or so.

26The transition probability for propagation in matter has a resonance when the matter
potential is equal to a given combination of the (Am%;) mass splitting and mixing angle
(MSW effect). For the resonance to appear in the (anti)neutrino transition probability,
Am3, must be positive (negative). Therefore, the observation of a resonance in the
(anti)neutrino transition probability allows to unveil the mass ordering.
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parameter best fit + 1o 20 range 30 range

Am2,[107%eV?] 7501028 7.12-7.93 6.94-8.14

|Am2,|[1073eV?] (NO) |  2.55700; 2.49-2.60 2.47-2.63
|AmZ,|[1073eV?] (10) 2.45T002 2.39-2.50 2.37-2.53

sin?01,/1071 3.18 £ 0.16 2.86-3.52 2.71-3.69

sin® f53/10~! (NO) 5.744+0.14  5.41-5.99 4.34-6.10
sin® f53/1071 (1I0) 5.78101% 5.41-5.98 4.33-6.08

sin® 013/1072 (NO) 2.20079:9%9  2.069-2.337  2.000-2.405 d
sin® 613/1072 (10) 2.22570060  2.086-2.356  2.018-2.424

§/m (NO) 1.08%5 15 0.84-1.42 0.71-1.99
§/m (10) 1.58T0 1% 1.26-1.85 1.11-1.96

Table 3: Neutrino oscillation parameters summary determined from the frequentist global
analysis in [2] (the Bayesian analysis also discussed in the same Ref. gives very similar
constraints). The intervals quoted for inverted ordering refer to the local minimum for this
neutrino mass ordering. See also [4, 482, 516] for similar analyses in both Bayesian and
frequentist frameworks.

4.4.2. mg in tritium end-point experiments

The experimental challenge of an endpoint measurement is to acquire
sufficient statistics in the endpoint region of the spectrum. Due to the spectral
shape, the neutrino mass sensitivity scales approximately as the fourth root of
the number of events. The energy resolution must be excellent to not smear
out the spectral distortion, and backgrounds must be low so as not to bias
the neutrino mass extraction [458].

Tritium has been the workhorse isotope for direct neutrino mass measure-
ment for over seven decades [458]. Tritium has an 18.6 keV endpoint energy
and a 12.32yr half-life. The decay of tritium is super-allowed,?” resulting in

27TA super-allowed decay (also known as Fermi decay) is a transition with the two emitted
particles having anti-parallel spin (S = 0), implying conservation of the total angular
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Figure 8: Ax? - profiles summarizing the status of the determination of the oscillation pa-
rameters. Blue and pink lines correspond to normal and inverted mass ordering, respectively.
Adapted from [2].

a spectral shape that is exactly calculable with no theoretical uncertainty.
Even for an excellent candidate isotope like tritium, the branching ratio for
decays into the last eV of the spectrum is only 2 x 10713,

The current state-of-the art in the field is the KATRIN experiment [517,
173]. KATRIN employs a magnetic adiabatic collimation with electrostatic
(MAC-E) filter spectrometer with an intense windowless gaseous molecular
tritium source. KATRIN released their first results from tritium commission-
ing data in 2019 [518| and have since achieved the first sub-eV neutrino mass
limit, mg < 0.8eV/c? [519]. With the five (calendar) year run fully underway,
KATRIN will continue to drive down towards its ultimate design sensitivity
of 0.2eV/c2.

Project 8 is a next-generation experimental concept targeting sensitivity
down to 40meV /c? [520], covering the inverted mass ordering allowed region.
The collaboration is developing the frequency-based Cyclotron Radiation

momentum (AI = 0).
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Emission Spectroscopy (CRES) technique [521], which relies on measuring the
~ 1fW of radiated cyclotron power (at 18keV and 1 T field strength) to extract
the decay electron energy with high precision. This will be combined with an
atomic source to circumvent the systematic associated with molecular final
state uncertainty, which presently limit at the mg ~ 0.1eV/c* level. Project
8 has demonstrated CRES both on the mono-energetic calibration electrons
from ®¥"Kr [522] and at low-statistics on the last few keV of the tritium
spectrum [523, 524]. The coming years are dedicated to R&D demonstrating
the key technologies for scaling the technique and establishing the atomic
production, cooling, and trapping in preparation for a conceptual design of
the ultimate experiment [525].

An alternate isotope under investigation is **3Ho, which decays via electron
capture with a Q-value of 2833(34) eV [526]. A neutrino is produced in the
final state, the mass of which modifies the available phase space akin to beta
decay, and thus a distortion is observed near the endpoint. Microcalorimeters
are the chosen technology to study this decay process, which collect all the
energy avoiding final state effects, but at the cost of some pileup background.
The ECHo [527] and HoLMES [528] collaborations are pursuing multiplexed
arrays to validate this concept towards a next-generation experiment.

4.4.3. mgg in Ov23 experiments

The experimental challenge of neutrinoless double beta decay searches
is to measure the mono-energetic peak at (Jgs to high significance. With
every successive generation of experiments, increased exposure and decreased
backgrounds are required to optimize the sensitivity. In the extreme low-
background limit, sensitivity scales linearly with exposure, whereas at even
modest background levels sensitivity only scales with the square root of
exposure [529].

The first experimental constraint is that the isotope of interest must be
compatible with the detector technology employed. The 2023 process has been
measured directly in only nine isotopes with half-lives of ~ 10?° yrs [530]; com-
petitive sensitivity to the rarer Ov2( process requires an integrated source as
detector configuration. The experiments discussed here employ between 10 kg
(for smallest current-generation) and 10 tonnes (for largest next-generation) of
the isotope of interest, typically enriched to ~ 90%. Reduction of backgrounds
is also critical, with particular attention paid to cleanliness of materials and
employing self-shielding where possible. Finally the energy resolution plays
an important role in background rejection by reducing the region of interest
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thereby limiting the impact of the surrounding background spectral features.
Additionally the 2025 may become an irreducible background for technologies
with poorer energy resolution.

The best published limits to date exceed a half-life of 10%% yrs, with both
KamLAND-Zen and GERDA crossing that threshold. KamLAND-Zen em-
ploys a large enriched '3¢Xe-loaded liquid scintillator detector to achieve the
most stringent limit*® on mgg of 36 — 156 meV [531]. GERDA employs an
array of enriched point contact "®Ge detectors to achieve the greatest half
life sensitivity and limit, 71/ > 1.8 x 10* yr [532]. Other experiments cross-
ing the 10% yr sensitivity threshold include CUORE operating a bolometer
array measuring the decay of *°Te [533], EXO-200 operating a single-phase
enriched *%Xe time projection chamber (TPC) [534], and the MAJORANA
DEMONSTRATOR operating an enriched *Ge detector array [535].

Several additional experimental efforts are in the commissioning phase or
taking data targeting sensitivity beyond 10%¢ yrs. KamLAND-Zen 800, an
upgrade of the previous detector, has been taking data since early 2019 [536].
LEGEND-200, a successor to the GERDA and MAJORANA "Ge programs, is
commissioning a new detector array to begin operation in spring 2022 [537|.
SNO-, a liquid scintillator detector utilizing the former SNO detector will
begin loading the *°Te compound later in 2022 [538].

The next generation experiments target a sensitivity covering the inverted
mass ordering allowed range, with half-life sensitivities up to and exceeding
10%® yrs [539]. These “tonne-scale” experiments are necessarily built on the
success of current generation results. CUPID exchanges the TeOs bolometers
of CUORE for scintillating Li;MoO, (1°Mo-enriched) bolometers with dual
signal readout [540]. LEGEND-1000 takes a modular upgrade path allowing
a staged deployment of larger-mass detectors in an enhanced underground
liquid argon active veto [537]. nEXO scales to 5t of xenon, taking advantage
of the self-shielding of the monolithic xenon volume and improved material
cleanliness [541].

Beyond next generation concepts are being pursued to chart the future
sensitivity into the normal mass ordering band. Drastically scaling the
sensitive exposure of the experiments (kton-scale detectors) is critical to
achieve order(s)-of-magnitude improvement in the half-life reach [542, 543].

28The interval of values in the quoted upper limit reflects the uncertainty on the calculation
of the nuclear matrix elements, see Sec. 4.2.2.
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Optimizing the discovery potential requires incredible suppression of all
backgrounds, with daughter-ion identification a key enabling technology [544].

4.4.4. Constraints on neutrino properties beyond the standard paradigm
4.4.4.1. Laboratory constraints on sterile neutrinos. Several anomalous ex-
perimental results in the last decades have motivated the search for sterile
neutrinos with masses in the eV range in the 3+1 framework. For instance,
the observation of a deficit in the flux of electron neutrinos from radioactive
sources of **Cr and 3"Ar at GALLEX and SAGE [260, 484, 545] has been
recently confirmed by the BEST experiment [546| and can be interpreted as
due to the existence of a sterile neutrino with a mass of the order of O(1-10
eV?). These results are normally referred to as the Gallium anomaly. A mis-
match between the observed reactor antineutrino flux and the prediction from
several theoretical models has also be regarded as an indication of electron
antineutrino disappearance due to oscillations involving eV sterile neutrinos.
This is the so-called reactor antineutrino anomaly (RAA) [261]. Nonetheless,
recent studies have shown that, depending on the theoretical input, there is
no such anomaly concerning reactor neutrinos [547].

Note that the amplitude of the oscillations involved in both the RAA
and the Gallium anomaly is set by the parameter |U.|* where U is the
extended mixing matrix. However, |Uy|? is already constrained by solar
experiments [548|. Aiming to further explore the 3+1 picture, several very-
short baseline reactor experiments have searched for electron antineutrino
disappearance. These include STEREO [549], PROSPECT [550], NEOS [551,
552], DANSS [553] and Neutrino-4 [554]. Over the last years, there have
been claims of a preference for the light sterile neutrino hypothesis over the
three neutrino picture. However, not only they do not agree on their results
but also the preferred regions in parameter space reported were excluded by
other experiments. As a consequence, the statistical methods required and
the possible overestimation of the significance of the results have been the
subject of heated discussion, see [548, 555, 556, 557|.

These are not the only anomalies motivating the 3-+1 scenario. Two short-
baseline reactor experiments, LSND [258] and MiniBooNE [558], reported
an excess of v.-like (and 7.-like) events which, if addressed as arising from
v, — V. (and 7, — 7.) oscillations, would be pointing to the existence of
a sterile neutrino with a mass m? ~ 0.1-1 eV? and a large mixing with the
active states. In particular, both experiments are sensitive to the product
|U,4)?|Ues]?, which would be required to be considerably large. Nonetheless,
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the parameter space involved has been scrutinised by experiments looking
at muon (anti)neutrino disappearance, which are sensitive to |U,4[*. Long
baseline accelerator experiments, for instance MINOS/MINOS-+ [559, 560,
have set strong limits on |U,4|. Similarly, atmospheric neutrinos studied at
IceCube [561] have also constrained active-sterile mixing. ?* It is important to
remark that the study of muon (anti)neutrino disappearance has also allowed
to constrain |U,4|%.

Summing up, the 3+1 scenario is in crisis due to tensions between the
existing datasets [264, 265]. On the one hand, muon (anti)neutrino datasets
constrain |U,4|%, and so do electron (anti)neutrino datasets for |Ug|*. It
follows from those limits, that the product |U,4|*|Ues|? is not large enough
to explain the electron neutrino appearance anomaly reported by LSND and
MiniBooNE. This incompatibility between the three datasets is often referred
to as the ‘appearance - disappearance tension’ and strongly undermines the
sterile neutrino hypothesis. Nonetheless, important efforts are still being
made by the scientific community to shed light in this issue, like the Short
Baseline Neutrino Program, which includes MicroBooNE. 3°

We now turn to the alternative case of heavy “sterile” neutrinos. This is the
preferred scenario in view of the seesaw picture of neutrino mass generation [8|.
It is important to note that some of the experimental bounds derived on
active-sterile mixing, though generally discussed for light sterile neutrinos
with masses of the order of the eV, can also constrain heavier ones. However,
the physical picture for neutrinos with masses so large that they can not be
produced in the source is completely different. In such case, their existence
would be inferred through the non-unitarity of the 3 x 3 lepton mixing
matrix [566]. Strong bounds on this scenario have been derived from global
analysis of neutrino oscillation data [567, 568, 569|. The parameter space of
heavy sterile neutrinos has been more or less severely constrained via searches
for rare leptons and mesons decay, as well as via hadron collisions. A summary
of experimental constraints can be found in, e.g., [479, 570, 571, 572, 573|.

Finally, we refer to [234, 325, 464, 475, 574| for results from searches of
sterile neutrinos in beta-decay and to [234, 477, 575, 576] for studies of the

29Note, however, that in their latest analysis [562], a very mild preference for non-zero
mixing is found.

30MicroBooNE recently presented their first results which were found to be consistent
with the nominal electron neutrino interactions expected [563]. Its impact on the fits to
the 3+1 scenario has been explored in [564, 565].
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sensitivity of neutrinoless double-beta decay experiments to sterile neutrinos.

4.4.4.2. Laboratory constraints on non-standard neutrino interactions. To
date, modulo a couple of possible hints [577, 578|, oscillation data provide
no strong preference for additional neutral-current neutrino interactions [579,
580]. Similar to prospects for CP-violating measurements, next-generation
oscillation experiments, especially DUNE [581, 582], will improve the current
picture drastically with excellent discovery potential.

The COHERENT collaboration, with their first demonstrated measure-
ments of CEvNS [583, 584], has gone on to place complementary constraints
on NSI to those from oscillations [579, 585]. With more measurements of
CEvNS (including those on different target nuclei) expected on the horizon,
these constraints will continue to improve. We refer the reader to the dedi-
cated Snowmass white paper on non-standard neutrino interactions [355] for
further discussions.

5. Synergy between cosmology and laboratory experiments

In the preceding sections, we have reviewed the constraints that cosmo-
logical and laboratory probes can provide, each on its own regard, about
neutrino properties. In this section, we aim at giving an insight on how much
can be gained by combining the information coming from different obser-
vational /experimental channels. We will first concentrate on what we dub
“concordance” scenarios, in which the signals from the different experiments
are in agreement, when interpreted under a minimal set of assumptions (to be
better specified in the following). We will see that in this case one can expect,
for example, to have precise measurements of the neutrino masses and/or
information on the neutrino hierarchy. Then we will discuss the, perhaps
more interesting, case of signals that cannot be interpreted consistently3!
unless one gives up some of the usual assumptions about, e.g., the standard
cosmological model, or the mechanism behind 0r2/3 decay, just to make two
examples. This would signal the presence of new physics — or, to put it more
precisely, of unexpected new physics.

31Tt should be understood that, in the following discussion, we are implicitly assuming
that experimental systematics are under control and that tensions should be ascribed to a
failure in the theoretical modeling of the observed phenomena.
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5.1. General considerations

We start by making some general considerations on the sensitivity of next-
generation experiments, and their implication for neutrino properties. For
the following discussion, the reader might want to refer to Fig. 9, showing the
possible combinations of the neutrino absolute mass parameters introduced in
the previous sections. In more detail, the figure shows the possible values of
¥m,, mg and mgg once the oscillation parameters (mass squared differences
and mixing angles) are fixed to their best-fit values. Note that taking into
account the uncertainty associated to the oscillation parameters would slightly
widen the curves shown in Fig. 9; this is however not relevant given the
qualitative nature of the following discussion. The widening of the curves in
the plots involving mgg is instead due to the uncertainty in the Majorana
phases. In the figure we also show the constraints ¥m, < 0.120meV (95%
CL) from Planck + BAO [6] and mgs < 61 — 165meV (90% CL)*? from
KamLAND-Zen, where the interval reflects the uncertainty on the calculation
of the nuclear matrix elements. Finally, we indicate with dots two models
that might lead to different detection scenarios discussed further below.

Next-generation cosmological observations are expected to provide a sta-
tistically significant measurement of the absolute scale of neutrino masses,
even in the worst case of normal ordering and vanishing mass for the light-
est eigenstate (yielding ¥m, ~ 60meV). In particular, a combination of
satellite observations of the CMB anisotropies at large scales with satellite
measurements of galaxy clustering and cosmic shear will allow for a 40 de-
tection of ¥m, = 60meV, ie., 0(X¥m,) = 15meV in the framework of the
simple one-parameter extension ACDM+Ym, model [145]|. Considering also
CMB observations at small-scales from the ground, or intensity mapping
data from radio telescopes, will further improve the sensitivity. In particular,
adding either the small-scale CMB or intensity mapping datasets will bring
the sensitivity down to o(Xm,) = 12meV, while adding both would yield
o(¥m,) = 8meV, corresponding to a 7.5¢ detection of ¥m, = 60 meV [145].
As mentioned in Sec. 3.5.1, the sensitivity can degrade in extended cosmo-
logical models. Brinckmann et al. [145] consider some simple extensions of
the base ACDM model and find that the worst sensitivity is obtained for a
time-varying dark energy equation of state. Even in this case, however, the

32For the sake of coherence, in Fig. 9 we show the corresponding 95% CL, calculated
assuming a Gaussian distribution.
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combination of datasets described above will allow to reach a detection at
the > 30 level. The implication of these numbers is that a non-detection of
neutrino masses in next-generation cosmological experiments will imply, by
itself, a failure in our theoretical assumptions. This failure might be related
to our modeling of the cosmological dark sector, albeit as we have seen simple
modifications to ACDM are not necessarily able to explain the absence of a
cosmological signal of neutrino masses; or it could be more directly related
to the neutrino sector, requiring for example the existence of nonstandard
interactions.

Another interesting issue to address is whether cosmological observations
will be able to pinpoint the mass ordering. The analyses of, e.g., [586, 587,
588, 589, 590, 591, 592, 593, 594| shows that the sensitivity of next-generation
experiments on the ordering mostly comes from the fact that the region
¥m, < 100 meV is only allowed in the case of normal ordering. This creates
an asymmetry between the two orderings: the determination of the normal
hierarchy would be a byproduct of a measurement of ¥>m, < 100 meV, with
a significance that becomes stronger the closer ¥m, is to 60 meV, while if
Ym,, > 100 meV cosmology cannot discriminate between normal and inverted
ordering.

In any case, the neutrino mass ordering will be determined by neutrino
oscillation experiments without relying on any other experimental facility,
thanks to matter effects and/or precise determination of the electron antineu-
trino survival probability [589]. As an example, we expect DUNE to provide
a bo detection of the neutrino mass ordering with 7 years of data [511].

Next-generation 02/ searches, exploiting different isotopes, aim at reach-
ing sensitivities to the half-life T}/, in the 10*” — 10*®* yrs ballpark. An
observation of 0v2 decay would imply, through the black-box theorem [409],
that neutrinos are Majorana particles. Inputs from nuclear theory are required
to translate T; /5, and the corresponding sensitivity, into a Majorana mass
mgag, see Sec. 4.2.2. This conversion, and in particular the computation of
reliable nuclear matrix elements, is thus nontrivial and affected by theoretical
uncertainties. In spite of this, an approach combining experiments using dif-
ferent isotopes is expected to cover all the region in parameter space spanned
by the inverted ordering (mgs > 18 meV), as well as a significant fraction of
the parameter space for normal ordering [539]. Exploring the smallest values
of mgg allowed by normal ordering will however likely require an improve-
ment in sensitivity only achievable by beyond-next-generation experiments.
Concerning theoretical uncertainties, significant advances have been made in
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the last few years in reducing the nuclear physics uncertainties, and further
advances would certainly help in increasing the constraining power of 0v203
searches.

As far as kinematic measurements are concerned, the currently running
KATRIN experiment is expected to reach its sensitivity threshold of mg <
0.2eV (90% C.L.) or a 50 discovery of mgz = 0.35¢V in the next few years
(i.e., after ~ 5 years of data). If taken at face value, current cosmological
bounds are already a factor of 5—6 more stringent than the expected KATRIN
sensitivity. Therefore, as we shall comment in more details in the next sections,
we do not expect an observed signal from kinematic measurements if the the
total mass sum is confirmed to be < 0.12eV. Next-generation experiments,
such as Project8, aims to reach a sensitivity of mg < 40meV (90% C.L.), fully
covering the range allowed in inverted hierarchy. With this sensitivity, we
might expect a detection from kinematic experiments in some of the scenarios
described in the following sections.

To conclude, we would like to acknowledge that a more precise assessment
of the viability of the scenarios to be discussed in the next sections would
obviously require a more detailed statistical analysis, taking into account the
sensitivities of next generation cosmological, 0v23 and oscillation experiments.

5.2. Concordance scenarios

Let us start by discussing the possibility that all observations can be
interpreted in terms of three families of active neutrinos with only weak
interactions. Whenever needed for the discussion, we will also assume that
the ACDM model correctly describe the evolution of the Universe, and
that the amplitude for neutrinoless double § decay is dominated by the
mass mechanism, i.e., by the exchange of massive neutrino states. In this
framework, these are some of the possible scenarios:

1. Cosmological observations and 0v2f3 searches allow to measure nonzero
>m, and mgg, respectively. The two determinations are consistent
once information on the mixing matrix and mass differences from flavor
oscillation experiments is taken into account. A model example of this
scenario is indicated with a red dot in Fig. 9. The observation of 0v20
decay implies that neutrinos are Majorana particles. If cosmological
observations indicate, with enough statistical significance, that ¥m, <
100 meV, hierarchy is normal. If instead ¥m, > 100meV (a possibility
presently challenged by cosmological data, but still not excluded), as
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Figure 9: Neutrino mass parameters ¥m, (Eq. 4), mgg (Eq. 26) and mg (Eq. 23) for NO
(blue) and IO (orange). The shaded gray and yellow regions are excluded by cosmological
observations (Planck + BAO [6]) and 0v20 searches (KamLAND-Zen [595]), respectively.
Note that these constraints are in both cases model-dependent. The red and green dots
correspond to the two “concordance” scenarios discussed in Sec. 5.2. The widening of the
contours in the panels involving the effective Majorana mass mgg is due to the uncertainty

on the Majorana phases. The oscillation parameters are fixed to their best-fit values from
Ref. [2].
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in the model shown in Fig. 9, cosmology alone will not be able to
discriminate the hierarchy, but the measured value of mgs might give
a hint in either direction. In this case, the mass hierarchy has to be
determined by oscillation experiments. N.g is measured to be 3.044
within uncertainty.

2. A nonzero value ¥m, > 60meV is inferred from cosmological obser-
vations, but no signal is observed in 0r23 decay experiments. This
could happen either because i) neutrinos are Dirac, or ii) neutrinos
are Majorana, but the Majorana phases arrange to reduce the 0v2p3
transition amplitude below the sensitivity of 0v23 experiments. The
latter possibility only exists in the case of normal ordering, and for small
enough values of the mass of the lightest eigenstate, or, equivalently, of
¥m,. A model example is indicated with a green dot in Fig. 9. This
can be excluded if oscillation experiments determine that the hierarchy
is inverted; it can thus be concluded that neutrinos are Dirac particles.
If instead hierarchy is found to be normal, the Majorana/Dirac nature
is undetermined. A caveat to this statement is that, if ¥m, is large
enough®?, it might not be possible to bring the 0v24 signal below the
detection threshold; in that case we would again be forced to conclude
that neutrinos are Dirac particles. Ng is measured to be 3.044 within
uncertainty.

In both scenarios, a signal in a [ decay experiment with a 90% sensitivity
of 40 meV is expected in the case of inverted mass ordering, or in the case of
normal ordering if ¥m,, 2 140 meV.

~Y

5.3. Beyond concordance

Another possibility is that measurements of different neutrino properties
will somehow be in tension, i.e., that the complete set of observations cannot
be consistently interpreted in terms of three families of active neutrinos
with weak interactions, of the ACDM model for cosmology and of the mass
mechanism for 0v23 decay. Such discrepant measurements might point to
nonstandard scenarios in either the particle physics or cosmological sector, or
in both. In the following, we discuss a few interesting examples:

33The precise value of ¥m, that would make this explanation viable depends on the
sensitivity of future experiments and might lie in a region already disfavored, albeit not
excluded, by present data.
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1. A signal is observed in 0v2 searches (implying that neutrinos are Majo-
rana particles), but there is no detection of ¥m,, # 0 from cosmological
observations. As explained above, the non-observation of ¥m,, from
cosmology is a problem per se. It is thus likely that the problem lies
in the fact that ACDM with massive neutrinos is not the right cosmo-
logical model. Assuming that the mass mechanism is behind the 0v203
signal, the measurement of the Majorana mass can be used, together
with information from oscillation experiments, to infer an allowed range
for ¥m,. A successful alternative cosmological model (for example
one involving modifications to gravity) should be in agreement with
this value. Alternative cosmological models involving modifications to
the neutrino sector, like e.g., models introducing new interactions that
might lead to a “neutrinoless Universe”, can be further tested in the
laboratory. The new interaction might itself contribute to the 0v2p3
signal, or be probed by coherent neutrinos scattering. Provided that
the true value of the mass scale is large enough, a measurement of mg
from next-generation [-decay experiments will strengthen evidence for
a failure in the ACDM model.

2. Signals are observed from both cosmology and 02/, but they are discor-
dant, i.e., they lie outside the contours in the ¥m,, mgs plane defined
by oscillation experiments. The discordance might origin from either
the cosmological model or the assumptions on the mechanism behind
0v23. Kinematic measurements might be the key to understanding
where the incorrect assumptions are more likely to lie. For example, a
light sterile neutrino eigenstate could contribute to the amplitude for
0v2[3, altering significantly the prediction for the Majorana mass [596].
Such a sterile neutrino might also affect cosmological observables, for
example giving a detectable contribution to N.g. Both oscillation ex-
periments and kinematic measurements could be able to confirm or
rule out this hypothesis. If instead a heavy sterile neutrino dominates
the 0v2f rate [477, 597|, this could also explain the observed tension
with cosmology. In this case, one does not expect a nonstandard value
of N.g, although the new state might still leave an imprint on cosmo-
logical observables, nor in flavor oscillation experiments. In general, a
discordant Or2( signal might appear in several exotic scenarios, since
the exchange of massive Majorana neutrinos is not the only element
of physics beyond the Standard Model that can induce 0v2f decay.
Such exotic contributions might arise, to make just a few examples, in
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left-right symmetric models, R-parity violating super symmetry or in
models with leptoquarks. See e.g. the reviews [598, 599| for discussion
of specific models, including the ones just mentioned, as well as [600] for
a systematic study of the possible diagrams contributing to the 0v2p3
amplitude.

In general, discordant signals between two or more of the different probes
of neutrino masses - cosmology, 0v25 and single 8 decays - would support
the hypothesis that BSM mechanisms are at play in 0v2( decay, and/or that
the currently accepted cosmological model has to be revised.

6. Conclusions

In this article, we have stressed the complementarity of cosmological,
astrophysical and laboratory probes of neutrino properties. By reviewing
the state of the art of the constraints on neutrino properties from a wide
range of experimental searches, we have shown that each search is sensitive
to specific imprints of neutrino properties on the relevant observable. As
such, a complete picture of the neutrino sector can be obtained by combining
information from multiple sources. This will not only allow to overcome
limitations and systematic effects of individual searches, but will also increase
our confidence on the robustness of the constraints.

In fact, by looking at future prospects in all the aforementioned areas of
research, it is clear that significant — if not transformational — improvements
are expected in the coming decade from both cosmology and laboratory
searches. The constraining power of both cosmological and terrestrial searches
will be competitive. This is key to allow for cross-checks of the results. If the
different probes described in this article are to provide results in agreement
with each other, our confidence on a concordance scenario in the neutrino
sector will be strong. On the other hand, if any of those probes is to provide
unexpected results that are in tension with the rest, this will signal a need
for a revision of our current understanding of the neutrino sector.

We note that none of the two scenarios described above (i.e., concordance
versus disagreement) can be explored with one experimental probe. On
the contrary, only the synergic approach can enable such a comprehensive
investigation of the neutrino sector.

Therefore, with this article, we advocate for pursuing such a synergy in
the next decade. Interactions between different communities (cosmological
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and terrestrial, theorists and instrumentalists) have to be fostered. Networks
of researchers with diverse background must be welcomed in order to favor
cross-cutting projects. Critical discussions as well as out-of-the-box interpre-
tations of results are needed as a testbed of putative detection claims and/or
controversial results. As concrete examples, we strongly encourage the orga-
nization (and participation) of extended workshops on topical teams open to
different communities (in the vein of the Aspen workshops or GGI workshops);
we advise funding agencies on continuing supporting specific calls devoted
to multi-disciplinary approaches to topical teams, like e.g., the COST-EU
Actions or the ERC-Synergy grants. On a smaller scales, we strongly support
individual agreements between institutions to establish dedicated exchange
programs for students and researchers, as well as joint PhD programs to
create a culture of collaboration across groups and disciplines.

We hope that this manuscript can serve the purpose of bridging between
different communities and catalyze joint efforts towards the understanding of
neutrinos.
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