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Neutrinos are the least known particle in the Standard Model of elementary particle physics.
They play a crucial role in cosmology, governing the universe’s evolution and shaping the large-scale
structures we observe today. In this chapter, we review crucial topics in neutrino cosmology, such
as the neutrino decoupling process in the very early universe. We shall also revisit the current
constraints on the number of effective relativistic degrees of freedom and the departures from its
standard expectation of 3. Neutrino masses represent the very first departure from the Standard
Model of elementary particle physics and may imply the existence of new unexplored mass generation
mechanisms. Cosmology provides the tightest bound on the sum of neutrino masses, and we shall
carefully present the nature of these constraints, both on the total mass of the neutrinos and on
their precise spectrum. The ordering of the neutrino masses plays a major role in the design of
future neutrino mass searches from laboratory experiments, such as neutrinoless double beta decay
probes. Finally, we shall also present the futuristic perspectives for an eventual direct detection of

cosmic, relic neutrinos.

I. NEUTRINO DECOUPLING IN THE EARLY
UNIVERSE

Neutrinos have contributed to the evolution of the uni-
verse since its earliest times. They play an important role
in several processes, and their presence leaves a charac-
teristic imprint on several observables.

When the temperature of photons was above a few
MeV during radiation domination, neutrinos were cou-
pled to the electromagnetic plasma due to their weak
interactions with electrons and positrons. When these
interactions fell below the expansion rate of the universe,
neutrinos decoupled from the thermal plasma at a tem-
perature around 2 MeV and started to propagate freely
until today. These neutrinos constitute the Cosmic Neu-
trino Background (CvB), which we will discuss in more
detail later on. As neutrino decoupling nears its end,
electrons and positrons start to become non-relativistic,
transferring their energy density to photons while anni-
hilating away. Since neutrinos with the highest momenta
are still interacting with the thermal plasma at this stage,
they receive a small fraction of this entropy, causing their
momentum distribution function to be slightly distorted
from the equilibrium Fermi-Dirac distribution.

After these two processes are complete, Big Bang Nu-
cleosynthesis (BBN) occurs until the photon temperature
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drops below approximately 0.05 MeV, leading to the pro-
duction of light nuclei. Finally, after the end of radiation
domination (at T ~ 1 eV), the last scattering of pho-
tons occurs (T ~ 0.3 eV), and the Cosmic Microwave
Background (CMB) radiation is produced. The presence
of neutrinos affects all of the above-mentioned processes
through their contribution to the total radiation energy
density, which controls the expansion rate of the uni-
verse during radiation domination. Observations of BBN
abundances or the CMB spectrum, therefore, can provide
us with information about the neutrino contribution to
early universe physics.

The last two particles that remain relativistic after
electrons and positrons disappear are neutrinos and pho-
tons. In case other relativistic particles exist, as we will
discuss in the following, they are normally categorized
under the name ”dark radiation,” since they do not take
part in electroweak interactions.

The amount of the radiation energy density, pr, is com-
monly parameterized in terms of the effective number of
relativistic degrees of freedom, Neg, by

7 4 4/3
PR = Py (1 t3 (11) Neff) ; (1)

where p, represents the photon energy density. Here,
Nog includes the contribution of all relativistic parti-
cles besides photons. If we consider the simplest three-
neutrino case, with an instantaneous decoupling process,
Neg would be equal to 3. A value Neg # 3, however,
would be the consequence of either new degrees of free-
dom which have nothing to do with standard neutrinos,
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or a non-standard momentum distribution for the three
neutrinos.

Even in the case with three neutrinos, the value of
N.g deviates from 3 because of non-instantaneous de-
coupling. The deviation can be computed numerically by
taking into account the full framework of neutrino oscil-
lations, interactions with electrons and positrons, Finite-
Temperature corrections to Quantum Electro-Dynamics
(FT-QED), and the expansion of the universe. The
momentum-dependent calculation is numerically chal-
lenging but can be solved to a very high level of pre-
cision. The standard value for Neg is computed to be
Nefrsta = 3.044 [IH3], see also [ 5]. This number was
previously claimed to be a bit higher [6] [7], but state-of-
the-art calculations confirm that the (theoretical and nu-
merical) error on Neg stq is at the level of 1074, including
variations of the fundamental constants of physics and
the effect of neutrino oscillation parameters within the
currently allowed observational range by terrestrial ex-
periments. Even in the presence of three neutrinos, this
number can vary due to non-standard interactions (NSI,
see e.g., [8]) between neutrinos and electrons [9) [10]. The
effects of NSI on N.g are rather small and do not sig-
nificantly impact the Hy value through its correlation
with Neg, see also the incoming section for more de-
tails. The precision that next-generation CMB measure-
ments [11], [12] will achieve, however, will be sufficient to
test some of these scenarios. Also, the presence of addi-
tional neutrino states alters the standard value of Neg,
see e.g., [13L[14]. We will discuss constraints on additional
neutrino species in the upcoming section.

After they decouple as relativistic particles, their mo-
mentum distribution function maintains the same shape
until today, while the temperature of relic neutrinos de-
creases according to the expansion of the universe. Nowa-
days, CvB neutrinos are expected to have a tempera-
ture of approximately 1.9 K or 10~* eV, which is smaller
than the temperature of CMB photons by a factor of
~ 1.4. Given the small temperature and the existence of
neutrino oscillations (see e.g., [I5HIS]), which implies a
mass above at least ~ 8 meV and 50 meV for the sec-
ond and third neutrino mass eigenstates respectively, at
least two out of three CvB neutrinos are non-relativistic
today. This means that they must have undergone a
non-relativistic transition at some point during the mat-
ter domination epoch, thus leaving an imprint on the
growth of structures, as we will discuss in the following.

If we use their temperature to compute the neutrino
number density in empty space, we obtain that the CvB
neutrinos are the second most abundant particles in the
Universe, with a number density of 56 cm ™ per degree
of freedom. Since non-relativistic neutrinos feel the grav-
itational attraction of local structures, local overdensities
can grow with respect to the average value of their num-
ber density. The overdensity depends on the mass of each
neutrino and on the total gravitating mass in the local
object. The neutrino clustering in the neighborhoods of
Earth has been computed by means of N-“one-body”

simulations, see e.g., [I9H22]. Early studies considered a
simplified spherically symmetric scenario with the Milky
Way as the only local source of gravitational attrac-
tion [I9H2T], while more recently a back-tracking method
allowed for a study that also takes into account the ef-
fect of the Virgo cluster and the Andromeda galaxy [22],
which however have been proven to be secondary with
respect to the contribution of the Milky Way. Although
in the past, large overdensities were claimed to be pos-
sible by incorrectly interpreting the results of [19], in
more recent times it has been clarified that for values
of the neutrino mass allowed by terrestrial experiments
(see e.g., [23]), the increase with respect to the number
density in vacuum cannot exceed a factor of a few units.
For neutrino masses allowed by cosmological constraints
(see section , instead, the overdensity cannot differ
from the empty value by more than ~ 50%. Experi-
mental constraints on the local number density of relic
neutrinos, however, are very far from the theoretical pre-
diction, see e.g., [24] 25]. The value of the local neutrino
overdensity is very important when determining the per-
spectives for the direct detection of relic neutrinos, which
we will discuss in section [Vl

II. BOUNDS ON THE NUMBER OF
NEUTRINO SPECIES, Ng

If we consider the presence of additional particles (ax-
ions [26H29], sterile neutrinos [30H33], and so on) or more
complicated neutrino interactions, for example with dark
matter [34H38], one would expect larger contributions to
Neg than those related to the decoupling process [39],
and therefore they could be testable by current and fu-
ture cosmological measurements.

Cosmology provides bounds on the relativistic degrees
of freedom Ncg based on two distinct epochs: the BBN
epoch, which occurred during the very first three minutes
of the universe’s evolution, and the CMB epoch, which
took place when the age of the universe was four hundred
thousand years old, when electrons and protons combined
to form neutral hydrogen for the first time. The effective
number of neutrinos also affects the fluctuations of the
matter perturbations, albeit in a subdominant manner.

Concerning BBN bounds, they are based on the abun-
dances of the first light nuclei (heavier than the light-
est isotope of hydrogen), which were synthesized in the
very early universe. The abundances of these BBN ele-
ments therefore provide a cosmological laboratory where
to test extensions to the minimal ACDM scenario involv-
ing, in general, additional relativistic species contribut-
ing to Neg. Indeed, these additional contributions to the
dark radiation of our universe will increase the expan-
sion rate H(z) and will anticipate the period of weak
decoupling, implying a larger freeze-out temperature of
the weak interactions. In turn, this will lead to a higher
neutron-to-proton ratio, and consequently to a larger
fraction of primordial Helium and Deuterium (as well as



to a higher fraction of other primordial elements) with re-
spect to hydrogen. This makes BBN a laboratory where
to test for additional contributions to Neg, present in
beyond-the-Standard Model physics frameworks: given
a concrete model, by means of the resolution of a set
of differential equations governing the nuclear interac-
tions in the primordial plasma (see e.g., [40H42]), it is
possible to compute the light element abundances and
compare the results to the values inferred by astrophys-
ical and cosmological observations. Given current un-
certainties, the standard BBN predictions show a good
agreement with direct measurements of primordial abun-
dances of both Deuterium and Helium [43H46], limiting
ANeg < 0.3 — 0.4% at 95% CL. BBN predictions for
the Helium abundance (Y,*PN) also play a role in the
CMB angular spectra, as the baryon energy density can
be computed via the simple formula [47]:
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where 1719 = 10%n;/ n. is the baryon-to-photon ratio to-
day, Tomp is the CMB temperature at the present time,
and YpBBN = 4nye/nyp is the final Helium nucleon frac-
tion, defined as the ratio of the 4-Helium number density
to the total baryon one.

Concerning the CMB temperature power spectrum,
first of all, varying Neg changes the redshift of the
matter-radiation equivalence, zeq, inducing an enhance-
ment of the early Integrated Sachs Wolfe (ISW) effect
which increases the CMB spectrum around the first
acoustic peak. Namely, in the fully matter-dominated
period, the gravitational potentials are almost constant
in time and therefore the ISW effect, which is sensitive to
the time variation of the gravitational potentials, will be
very small. Right after recombination, there is still a ra-
diation component present in the universe, and assuming
a vanishing anisotropic stress and evaluating the Bessel
function at recombination (7,.), the early ISW effect leads
to a CMB temperature perturbation which reads as:

@Z(k) ~ 2j€(77r) [‘I)(kﬂ?m) - (D(k7 777“)] ’ (3)

where the gravitational potential @ is evaluated in the
matter-dominated regime, 7,,, and j, refer to the Bessel
functions. Notice that this early ISW effect adds in phase
with the primary anisotropy, increasing the height of the
first acoustic peaks, with an emphasis on the first one,
due to the fact that the main contribution of the ISW
effect is at scales k ~ 1/7,, i.e., around the first acoustic
peak. In addition, the early ISW effect will be suppressed
by the square of the radiation-to-matter ratio oc [(1 +
zr) /(1 + z¢q)]?, i-e., a larger (smaller) matter component
will result in a smaller (larger) ISW amplitude due to
the larger (smaller) value of z,.. The enhancement factor
of the ISW effect amplitude when ANy > 0 makes this
effect an excellent observable to identify extra relativistic
particles present at recombination. Nevertheless, this is a

sub-dominant effect in the overall impact of the effective
number of relativistic degrees of freedom on the CMB.
Ref. [48] provides a detailed explanation concerning
the most relevant impact of changing Neg. Indeed, its
main effect is located at high multipoles ¢ rather than at
the very first peaks, i.e., at the CMB damping tail. If
ANeg increases, the Hubble parameter H during radia-
tion domination will increase as well. This will induce a
delay in the matter-radiation equality and will also mod-
ify the sound speed and the comoving sound horizon:

7—/ a d
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proportional to the inverse of the expansion rate, i.e.,
re o< 1/H. Overall, there will be a reduction in the angu-
lar scale of the acoustic peaks 05 = ry/Da, where Dy is
the angular diameter distance, causing a horizontal shift
of the peak positions towards higher multipoles. In ad-
dition, Silk damping will affect the height of the CMB
high multipole region. Baryon-photon decoupling is not
an instantaneous process, leading to a diffusion damp-
ing of oscillations in the plasma. If decoupling starts at
7q and ends at 75, during A7 the radiation free streams
on scale \g = ()\AT)l/ % where ) is the photon mean free
path and A4 is shorter than the thickness of the last scat-
tering surface. As a consequence, temperature fluctua-
tions on scales smaller than \q are damped because on
such scales photons can spread freely both from overden-
sities and underdensities. The overall result is that the
damping angular scale 83 = rq/ D4 is proportional to the
square root of the expansion rate 64 o V'H and conse-
quently it increases with ANyg, inducing a suppression
of the peaks located at high multipoles and a smearing
of the oscillations that intensifies at the CMB damping
tail.

The three aforementioned effects caused by a non-zero
ANeg (namely, the redshift of equivalence, the size of the
sound horizon at recombination, and the damping tail
suppression) can be easily compensated by varying other
cosmological parameters, including the Hubble constant
Hy [39]. Notice that the horizontal shift towards smaller
angular scales caused by an increased value of Neg can
be compensated by decreasing D, which can be auto-
matically satisfied by increasing Hy. The effect of Neg on
the damping tail is, however, more difficult to mimic via
Hy, as it is mostly degenerate with the helium fraction
which enters directly in rq, i.e., the mean square diffusion
distance at recombination via n., the number density of
free electrons.

Nevertheless, there is however one effect induced by
Neg which cannot be mimicked by other cosmological pa-
rameters: the neutrino anisotropic stress [49, [50], related
to the fact that neutrinos are free-streaming particles
propagating at the speed of light, faster than the sound
speed in the photon fluid. This leads to a suppression of
the oscillation amplitude of CMB modes that entered the
horizon in the radiation epoch. The effect on the CMB



Cosmological model Neg
+Negt 3.08 £0.17
+Negt + > my DH 3.06 +0.17
NH 3.11 +£0.17
IH 3.154+0.17
+Neg + Qi 3.04+£0.19
+Negr + 05 3.03 +0.19

+Ner + mgi <341

+Negr + Y, BN 3171927

+Negt + wo 2.99 +0.18
+Negr + (wo > —1) 3.1240.17
+Negr + wo + waq 2.91 +0.18

model marginalized 3.07701%9

TABLE I. Constraints at 68% and upper limits at 95% CL, for
the ACDM model plus Neg model and its extensions (adapted
from Ref. [32]).

power spectrum is therefore located at scales that cross
the horizon before the matter-radiation equivalence, re-
sulting in an increase in power of 5/(1+ 5% f,) [51], where
fv is the fraction of radiation density contributed by free-
streaming particles.

All in all, our current knowledge confirms that Neg is
close to 3 as measured by CMB observations (Neg =
2.9979-3% at 95% confidence level (CL) [52]) or BBN

abundances (e.g., Nog = 2.87103] at 68% CL [41]) inde-
pendently. Furthermore, the above constraints have been
shown to be extremely robust against different fiducial
cosmologies. Ref. [32] reported very similar constraints
on extended cosmologies (see Tab. , adapted from the
very same reference. In Tab. [l Qj refers to the curva-
ture component in the universe, as to a possible run-
ning of the scalar spectral index, m,‘fi to the mass of a
sterile neutrino state, YPBBN to the BBN primordial He-
lium fraction, wy to the dark energy equation of state,
and w, to a possible time-variation of the former, i.e.,
w(a) = wg + we(1 — a). The different possible neutrino
mass eigenstate spectra are represented by DH (degen-
erate spectrum), NH (normal mass ordering, where the
lightest mass eigenstate is m; and the atmospheric mass
splitting is positive), and TH (inverted mass ordering,
where the lightest mass eigenstate is mg and the atmo-
spheric mass splitting is negative). As can be noticed, the
largest departure concerning the uncertainties in Nog ap-
pears in models that consider also the Helium fraction to
be a free parameter, due to the degeneracy among Ng
and YPBBN previously discussed when describing the Silk
damping effect.

III. COSMOLOGICAL BOUNDS ON
NEUTRINO MASSES

Relic neutrinos with sub-eV masses represent a good
fraction (if not all) of the hot dark matter component in
our current universe. These hot thermal relics leave clear
signatures in the cosmological observables, see e.g., [63-
57], which can be exploited to put constraints on neutrino
properties.

On the other hand, neutrino oscillations measured at
terrestrial experiments indicate that at least two mas-
sive neutrinos exist in nature. Experiments measure
two squared mass differences, the atmospheric |[Am%,| =
|m3 — m2| =~ 2.55- 1073 eV? and the solar Am3, =
m3 —mi ~ 7.5-107° eV? splittings [I5, [16]. Since
the sign of |[Am3,| is unknown, two possible mass or-
derings are possible, the normal (Am32; > 0) and the
inverted (Am3; < 0) orderings. In the normal order-
ing, > m, 2 0.06 eV, while in the inverted ordering,
> m, 2 0.10 eV. As we shall see, current cosmological
limits are approaching to the minimum sum of the neu-
trino masses allowed in the inverted hierarchical scenario,
see Fig. Cosmology can therefore help in extracting
the neutrino mass hierarchy [G8461], which is a crucial
ingredient in future searches of neutrinoless double beta
decay [62], 63]. In the following sections, we shall review
the main effects of neutrino masses in the different cos-
mological observables and the current bounds.

A. CMB temperature, polarization and lensing
bounds

Traditionally, the main effects on the CMB of neutrino
masses are those imprinted via the early ISW effect (pre-
viously described) and also that induced via changes in
the angular location of the acoustic peaks, similarly to
that discussed above for the case of Neg. Concerning
the ISW effect, the transition from the relativistic to the
non-relativistic neutrino regime will get imprinted in the
gravitational potential decays. As we have already ex-
plained, a larger (smaller) matter component will result
into a smaller (larger) ISW amplitude. Therefore, an in-
crease in the neutrino mass will induce a decrease in the
height of the first CMB acoustic peak. There will also
be a shift in the angular location of the acoustic peaks,
that will move towards lower multipoles as we increase
the value of the neutrino masses. Nevertheless, as in the
case of Neg, these two effects are strongly degenerate
with other cosmological parameters such as the Hubble
constant Hy, in such a way that a larger neutrino mass
can always be compensated with a lower value of Hy. But
of course, we know that the CMB sets strong constraints
on »_ m,, how is this possible? The answer is via a sec-
ondary source of anisotropies, CMB lensing. The CMB
photon path will be distorted by the presence of matter
inhomogeneities along the line of sight between us and
the last scattering surface. Lensing produces a remap-
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FIG. 1. Theoretical predictions and current bounds for the sum of neutrino masses > m. as a function of three quantities

characterizing the neutrino masses: the lightest neutrino mass Miightest, beta-decay (mg) and neutrinoless double beta decay
(mgpg) effective masses are depicted in the left, middle and right panels respectively. The hatched regions in the right panel
reflect the effect of uncertainties in the nuclear matriz elements in the bounds from neutrinoless double beta decay searches.
Figure adapted from [15]; see the reference for further information.

ping of the CMB anisotropies. The deflection angle in-
duced by CMB lensing is proportional to the gradient
of the lensing potential, which is sensitive to both the
geometry of the universe and also to the matter cluster-
ing properties via the power spectrum of matter fluctu-
ations. Neutrinos with sub-eV masses are hot thermal
relics with very large velocity dispersions, and therefore
they reduce clustering at scales smaller than their free
streaming scale:

0.677 ( My i

o~ 1/2 —1
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where ., refers to the total matter component in the
universe. If we replace a massless neutrino component
with a massive neutrino, the expansion rate increases and
the growth of structure is suppressed. The net suppres-
sion of the power spectrum is scale-dependent and the
relevant length scale is the Jeans length for neutrinos,
which decreases with time as the neutrino thermal ve-
locities decrease. Of course, this suppression of growth
does not happen at scales larger than the neutrino free
streaming scale. The net result is no effect on large
scales and a suppression of power on small scales reduc-
ing, consequently, the lensing power spectrum [64, [65].
Therefore, CMB lensing helps enormously in constrain-
ing neutrino masses and the Planck collaboration sets a

bound ) m,, < 0.24 eV at 95% CL from measurements of
temperature, polarization, and lensing of the CMB [66]
within the minimal ACDM model. For neutrinos with
degenerate masses, this implies that siz million neutri-
nos cannot weigh more than one electron. Albeit current
neutrino mass limits are very stable against extensions
to the minimal ACDM cosmology (as we shall shortly
see), since CMB bounds mostly rely on lensing effects,
the neutrino mass exhibits a non-negligible degeneracy
with the lensing amplitude A, MH

B. Large scale structure constraints

Despite having non-negligible signatures in the CMB,
it is precisely in large scale structure where the free

1 The amount of lensing is a precise prediction of the ACDM
model: the consistency of the model can be checked by artifi-
cially increasing lensing by a higher amplitude factor Az, [68]
(a priori, an unphysical parameter). If ACDM consistently de-
scribes all CMB data, observations should prefer A;, = 1. The
so-called lensing anomaly [52] [69] is due to the fact that Planck
CMB temperature and polarization observations prefer Ap, > 1
at ~ 3o.



streaming nature of neutrinos plays a major role. The
information contained in the matter clustering in the
universe can be interpreted in terms of measurements of
the full-shape galaxy power spectrum or in terms of the
Baryon Acoustic Oscillation (BAO) signal. A devoted
study has found that the constraining power of the BAO
signal is more powerful than that of the extracted power
spectrum [70], as it is less subject to e.g. non-linearities.
Therefore, for constraining the neutrino mass, the BAO
and the Redshift Space Distortions (RSD) are the usually
exploited large scale structure observables. In the context
of spectroscopic observations, the BAO signature can be
exploited in two possible ways. Along the line of sight
direction, BAO data provide a redshift dependent mea-
surement of the Hubble parameter H(z). Instead, across
the line of sight, BAO data at the redshift of interest can
be translated into a measurement of the angular diameter
distance, which is an integrated quantity of the expansion
rate of the universe H(z). In addition, anisotropic clus-
tering in spectroscopic BAO measurements can also be
exploited to extract RSD [71]. This effect, due to galaxy
peculiar velocities, modifies the galaxy power spectrum
and allows for an extraction of the product of the growth
rate of structure (f) times the clustering amplitude of
the matter power spectrum (og), the well-known fog ob-
servable. Analyzing current cosmological data from the
Planck CMB satellite, the SDSS-IIT and SDSS-IV galaxy
clustering surveys [72], [73] and the Pantheon Supernova
Ta sample, Ref. [74] found one of the most constrain-
ing neutrino mass bounds to date, Y m, < 0.09 eV at
95% CL, mostly due to RSD analyses from the SDSS-
IV eBOSS survey (see also Ref. [75] for a similar limit).
Such constraint on the sum of neutrino masses, when one
considers neutrino oscillation constraints on the mass dif-
ferences, implies that one electron is heavier than at least
nine and a half million of the heaviest neutrinosﬂ We de-
pict these limits in Fig. [T} together with present and fu-
ture sensitivities from beta decay laboratory experiments
and searches from neutrinoless double beta decay probes.
More recently, the DESI collaboration provided new ob-
servations of the BAO scale, which strengthen the limit
on the sum of the neutrino masses to > m, < 0.072 eV
(95% CL) when combined with CMB data [70].

Firstly, we would like to remark that these neutrino
limits are extremely robust and solid, and therefore very
stable against fiducial cosmologies. Table [[T] depicts the
limits on > m, in a number of different underlying cos-
mologies. Notice that the limits obtained within the min-
imal ACDM model remain almost unmodified except for
some particular models, such as when the lensing ampli-

2 Given the limit 3> m, < 0.09 eV and AmZ; ~ 251073 eVZ,
the heaviest neutrino has a mass Mpeaviest < 53 meV, while
the lightest one corresponds to mijghtest < 17 meV. Notice that
based on the value of Amgl alone, the heaviest neutrino cannot
have a mass smaller than ~ 50 meV, obtained when the lightest
neutrino is massless.

tude is a free parameter, due to the large impact of neu-
trino masses on CMB lensing. The model-marginalized
limit obtained in Ref. [32] is 0.1 eV, extremely tight and
very close to the expectations within the inverted order-
ing for the minimum value of the sum of the neutrino
masses. Current neutrino mass limits are therefore very
difficult to avoid within the ACDM framework and its
extensions, and to relax them one would need to search
for non-standard neutrino physics, such as exotic beyond
Standard Model interactions or decays, and/or modified
gravitational sectors.

Secondly, as the upper bound on the neutrino mass
approaches the minimal prediction within the inverted
ordering scenario, one might claim the rejection of the
former at a given significance level. Plenty of debate and
various studies in the literature have been devoted to set-
tling this issue, see e.g. [68|, [7H81]. Recently, in [81], the
authors quantified the current preference for the normal
mass ordering versus the inverted one using the Bayes
factor. None of the cases explored by the authors (i.e.,
using terrestrial data alone or current cosmology without
terrestrial data) show a particularly significant preference
for the normal mass ordering. The same reference indi-
cates that future cosmological experiments, expected to
achieve a 1o precision on Y m, at the level of 0.02 eV,
will not provide a strong preference in favor of the normal
ordering (if nature has chosen this scenario), reaching a
2 — 3o significance at most.

IV. FORECASTS FOR FUTURE
EXPERIMENTS

In the near future, constraints on the total neutrino
mass and the number of neutrino species will significantly
benefit from data from the CMB and Large Scale Struc-
ture observations.

Ground-based CMB telescopes [82] currently represent
the proposals with the highest likelihood of realization.
However, they must be complemented by measurements
at large angular scales (such as those from Planck or fu-
ture experiments) and a thorough understanding of fore-
grounds to effectively narrow the uncertainties in the neu-
trino sector.

The Simons Observatory (SO) [83] will be the first ex-
periment poised to enhance neutrino constraints. It aims
to measure the total neutrino mass with an uncertainty
of o(> > m,) = 0.04 eV when combined with DESI BAO
data [76], [84] and weak lensing data from the Rubin Ob-
servatory [85]. By leveraging LiteBIRD’s [86] forthcom-
ing cosmic variance-limited measurements of the optical
depth to reionization 7, SO can achieve a precision of
o(>_m,) = 0.02 eV for the total neutrino mass. Fur-
thermore, SO aims to determine the number of neutrino
species, Neg, with an accuracy of o(Neg) = 0.07.

Next-generation Stage IV CMB experiments, such as
CMB-S4 [87], are aiming to determine Neg with an un-
certainty of < 0.06 at the 95% CL. When combined with



Cosmological model > m,[eV]
+> my DH < 0.0866
NH <0.129
IH <0.155
4+ m, +Neg  DH < 0.0968
NH <0.131
IH <0.163
+ 3 my + DH <O0.111
NH <0.143
IH <0.180
+Y mu + as DH < 0.0908
NH <0.128
IH <0.157
+> m,+r DH < 0.0898
NH <0.130
IH < 0.156
+ > my, + wo DH < 0.139
NH <0.165
IH < 0.204
+> mu + (wo > —1) DH < 0.0848
NH <0.125
IH <0.157
+>Y my+wo+w, DH <0.224
NH <0.248
IH < 0.265
+> m, + AL DH < 0.166
NH <0.189
IH < 0.216
model marginalized DH < 0.102

TABLE II. Constraints at 68% and upper limits at 95% CL,
for the ACDM+} " m, model and its extensions (adapted from
Ref. [32]).

BAO measurements from DESI and the current Planck
measurement of the optical depth, CMB-S4’s observa-
tions of the lensing power spectrum and cluster abun-
dances will yield a constraint on the sum of neutrino
masses of o(>_m,) = 0.024 eV. This constraint would
improve to o(d>_m,) = 0.014 eV with more accurate fu-
ture measurements of the optical depth.

Alternatively, upcoming proposals for future CMB
telescopes, such as PICO [88], when combined with BAO
data from DESI or Euclid [89], are expected to achieve
an accuracy of o(}_m,) = 14 meV. This corresponds
to a 40 detection of the minimum total neutrino mass,
as anticipated for the NH. Additionally, these telescopes
should constrain ANyg < 0.06 at the 95% CL. A CMB
telescope stands out as the sole instrument capable of
precisely measuring all these neutrino properties, along
with the optical depth, using a single dataset. This
approach avoids the challenges associated with cross-
calibration.

Finallyy, CMB-HD [00] represents a futuristic
millimeter-wave survey that is anticipated to achieve
an uncertainty on Neg of ~ 0.014 at the 68% CL and
o(>_m,) = 0.013 eV (a minimum 50 detection for the
sum of neutrino masses). This precision will be attained
through measurements of the gravitational lensing of the
CMB and the thermal and kinetic Sunyaev-Zel’dovich
(SZ) effects on small scales.

V. DIRECT DETECTION OF THE RELIC
NEUTRINO BACKGROUND

As we discussed in the previous sections, we have
rather clear indirect evidence of the existence of the CvB
due to cosmological observables constraining Neg to be
very close to the expected value Neg tq. However, these
results cannot definitively tell us that the amount of ra-
diation energy density observed in the universe is truly
associated with standard model neutrinos. Such confir-
mation would only come from a direct detection of the
CvB, which would demonstrate the presence of neutrinos
with the expected momentum distribution and tempera-
ture.

As we mentioned in Section [I} relic neutrinos are pre-
dicted to have a momentum distribution function that is
a slightly distorted Fermi-Dirac distribution, with a tem-
perature of approximately 0.1 meV. Consequently, the
average neutrino energy would be ~ 0.5 meV. Neutrino
interaction cross sections, however, decrease rapidly with
their energy, making the detection of such relic neutrinos
an extremely challenging task. In the past, several au-
thors studied the problem of direct detection of the CvB
and proposed various experimental methods which can,
in principle, allow us to observe a signal from relic neu-
trinos. A detailed review of all the methods can be found
in [91], and here we summarize the main proposals.

A. Neutrino capture on beta-decaying nuclei

In 1962, Weinberg [92] proposed a method to detect
the presence of “a shallow degenerate Fermi sea of neutri-
nos” that fills the universe. During those times, neutrinos
were believed to be massless, and the proposed method
required using a beta-decaying nucleus, which could de-
cay and emit an electron if capturing a neutrino from
the CvB: the process is therefore called “neutrino cap-
ture on beta-decaying nucleus”. The original proposal
considered a possible depletion in the electron (positron)
energy spectrum due to a large chemical potential of the
neutrino. The process has no energy threshold, so it is
not a problem if neutrinos have very small energy. In
2007, the authors of [03] revisited the original proposal
to properly describe the effect of neutrino capture in the
absence of large chemical potentials but in the presence
of neutrino masses, and discussed which beta-decaying
nuclei can best serve the purpose. One of the crucial



points is that the neutrino capture process is related to
standard beta-decay, with the difference that the neu-
trino (or antineutrino) is in the final state and the en-
ergy of the electron can exceed the end-point value Egy of
the beta-decay spectrum. Therefore, in order to build a
successful experiment, it is crucial to be able to distin-
guish neutrino capture events with energy above Ey from
beta-decay events with energy below Fy. This is no easy
task, because the energy separation between beta-decay
and neutrino capture events is equal to twice the neu-
trino mass, see e.g. [94], and the amount of background
versus signal events is hugeﬂ The authors of [93] con-
sider the half-life and cross section of different nuclei and
determine that the best chances to build an experiment
emerge when adopting tritium: it provides a reasonably
large event rate for neutrino capture together with a suf-
ficiently small contamination of the signal region by beta-
decay background events.

Based on this result, the first experimental attempt at
detecting the CvB by neutrino capture on tritium is be-
ing developed at Gran Sasso Laboratories in Italy. The
PTOLEMY proposal [96, 97] plans to reach a final setup
with approximately 100 g of tritium and a final energy
resolution in the ballpark of 0.1eV in order to detect ~ 5
neutrino capture events per year if their separation from
the beta-decay spectrum is sufficiently large. According
to the first set of simulations, this setup could guarantee a
30 observation of the CvB in one year if neutrino masses
are above 0.2eV [98]. Even if this is not true for standard
neutrinos, PTOLEMY could still detect the presence of
sterile neutrinos in the CvB. In the case of sufficiently
good energy resolution, the number of signal events could
be enhanced by a larger local number density of relic neu-
trinos [20], non-standard neutrino interactions [99} [100],
or if neutrinos are Majorana particles [TOTHI03].

B. Elastic scattering on macroscopic targets

Another way to detect relic neutrinos makes use of
their elastic scattering on macroscopic targets. Under
this category, we can find two separate effects. The
first one was proposed by Stodolsky [104] and revisited
by [I05]. In the presence of a background of relic neu-
trinos, the two spin states of the electron are modified
by the presence of either an asymmetry between neutri-
nos and antineutrinos [I04], or if there is a net helicity
asymmetry in the CvB [I05]. It is important to notice
that the Stodolsky effect is proportional to the Fermi
constant G g, while normally neutrino cross-sections are

3 If the energy resolution is not sufficiently good, it has been shown
that a direct detection of the CvB is still possible if one can detect
the periodicity of the signal, generated by the peculiar motion of
the laboratory in the CvB rest frame [95], over the beta-decay
background. However, the required number of observed events
is still far from any proposed realization of the experiment.

suppressed by G%. The energy split of the spin states
generates a torque on electrons. In the case of a ferro-
magnet, the effect will generate a torsion that, in princi-
ple, can be measured with a torsion balance. Although
Cavendish-style torsion balances are not sensitive enough
to measure the extremely small torque that could be as-
sociated with the CvB, torsion balances where the test
masses are suspended by superconducting magnets could
provide much better perspectives, see e.g. [01] and refer-
ences therein.

If instead we consider the fact that the de Broglie
length A, of relic neutrinos is very large due to their
tiny momentum, we can have a strong enhancement of
neutral current scattering of relic neutrinos on the nuclei
in the test mass, see [106, 107]. It can be shown that
for relic neutrinos, the enhancement of the cross-section
is proportional to the number of target nuclei within a
volume with a side equal to the de Broglie length, which
has macroscopic values of O(mm) given their tiny energy.
As a consequence, the coherent scattering cross-section
is significantly larger than its microscopic (scattering off
single nuclei) coherent counterpart. In addition, neutri-
nos can also coherently scatter off electrons in the target
mass: in this case, too, the cross-section is significantly
enhanced, but the recoil of electrons may not be trans-
ferred completely to the target atoms. Despite the co-
herence factor, the acceleration generated by relic neu-
trinos on the test mass is extremely small. To detect
such accelerations, it has been proposed to measure the
tiny strains on laser interferometers used to detect grav-
itational waves [107, [T08] because they have much more
precision at detecting small variations of distances.

C. Neutrino capture on accelerated ion beams

We discussed how we must consider thresholdless pro-
cesses to detect relic neutrinos. An interesting idea con-
sidered in [T09] makes use of accelerated ion beams. By
colliding the ions with CvB particles, one can meet the
threshold required for certain neutrino capture processes
in the center-of-mass frame of the system and avoid the
thresholdless requirement. In this way, one can also tune
the neutrino energy to hit a resonance and enhance the
neutrino capture cross-section. Once the ionized beam
hits the CvB, the neutrino capture process converts the
original ion into an unstable one. As a consequence, it
may be difficult to estimate the performance of the ex-
periment by the neutrino capture rate, because the pres-
ence of the unstable daughter states decreases over time,
and the conversion rate from the original state to the
decaying state quickly reaches a maximum if the decay
rate equals the neutrino capture rate. For this reason,
a better idea involves nuclei that can undergo a 3-state
resonant bound beta decay:

2P +v. — %..D+e” (bound)
— %.oF +2¢~ (bound) + 7, (5)



where A and Z are the mass and atomic number of the
parent state P, while D and F' are the daughter and fi-
nal states, respectively. If F' is a stable state different
from D and P, after D decays, it remains indefinitely in
the F' state, which can be easily measured. To maximize
the detection perspectives, it can be shown [91], [T09] that
processes with low () values are preferred. Even with
Q@ values on the order of tens to a few hundred keV,
beam energies of hundreds to several thousand TeV are
required. The perspectives can be improved by consider-
ing excited states in the beam, which reduce the required
energy threshold, but at the expense of beam stability
and increased experimental challenges.

VI. SUMMARY AND CONCLUSIONS

Neutrino physics plays an important role in the evo-
lution of the universe. Neutrinos influence the late
phases of radiation domination and govern the amount
of light element abundances obtained from BBN. As
relativistic particles, their presence affects the matter-
radiation equality epoch and the formation of the CMB.
When they become non-relativistic particles, their free-
streaming properties impact the growth of structures in
the late universe. Here, we discussed the contribution
of neutrinos to all these processes, starting from how
neutrinos decouple from the thermal plasma and what
their momentum distribution function is, and then de-
tailing how cosmological observables can help us to learn
more about these elusive particles. For instance, cur-
rent cosmological measurements confirm that there are
approximately three neutrino-like relativistic particles in
the early universe, providing us with an indirect probe
of their existence. After their decoupling during radi-
ation domination, neutrinos redshift and their temper-
ature decreases, until eventually, most of them become
non-relativistic at some point during matter domination.
Following the non-relativistic transition, neutrino free-
streaming imprints a characteristic signature on the mat-
ter power spectrum, allowing us to derive strong bounds
on their total energy density, largely arising from large-
scale structures. Such bounds can be converted into lim-
its on the sum of the neutrino masses, assuming that

neutrinos are stable and their mass remains constant over
the lifetime of the universe. Under such conditions, the
cosmological bound on neutrino masses is much stronger
than the limits obtained by terrestrial experiments nowa-
days. Cosmological probes, however, seem to prefer a
null value for the sum of the neutrino masses, possibly
in tension with requirements imposed by the existence
of neutrino oscillations. We also comment on the capa-
bilities of incoming and future cosmological observation
in constraining the amount of neutrinos in the universe.
Non-relativistic neutrinos also feel the gravitational at-
traction of matter structures and may cluster at small
scales, so their number density is not constant through-
out the entire universe. Instead, there are overdensities
where large distributions of dark matter and baryons are
located, such as within galaxies or clusters of galaxies, in-
cluding at our position in the Milky Way. Finally, we dis-
cuss how the relic neutrinos from the early universe could
be detected in terrestrial experiments. The direct detec-
tion of relic neutrinos would firmly confirm that the rela-
tivistic degrees of freedom we observe through CMB and
BBN observables are truly the standard model neutri-
nos, but the extreme difficulty of direct detection experi-
ments (especially due to the tiny energy distribution relic
neutrinos have and the consequently feeble cross section)
makes this goal still quite distant. Efforts in developing a
suitable direct detection experiment, however, are ongo-
ing, such as the PTOLEMY proposal. A direct detection
of relic neutrinos would revolutionize our understanding
of the early universe in several ways: we would be cer-
tain about the existence and stability of neutrinos across
the entire universe history, and we would learn if devia-
tions from the standard cosmological model occurred at
epochs that the CMB cannot test. We might also be
able to study whether neutrinos behave in the expected
way in the gravitational potential of local structures and
how they cluster in the local neighborhood. Cosmologi-
cal neutrinos are therefore critical to establishing a robust
link not only between the predictions from both standard
and non-standard neutrino scenarios and particle physics
but also between the canonical growth of structure and
the different models for the large scale structures we ob-
serve today in our universe.

[1] K. Akita and M. Yamaguchi, JCAP 08, 012 (2020),
arXiv:2005.07047 [hep-ph].

[2] J. Froustey, C. Pitrou, and M. C. Volpe, JCAP 12, 015
(2020), [arXiv:2008.01074 [hep-ph].

3] J. J. Bennett et al, JCAP 04, 073
arXiv:2012.02726 [hep-ph].

[4] M. Cielo, M. Escudero, G. Mangano, and O. Pisanti,
Phys.Rev.D 108, L121301 (2023), farXiv:2306.05460
(hep-ph].

[6] M. Drewes, Y. Georis, M. Klasen, L. P. Wiggering, and
Y. Y. Wong, (2024), arXiv:2402.18481 [hep-ph].

(2021),

[6] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti,
and P. D. Serpico, Nucl.Phys. B729, 221 (2005),
arXiv:hep-ph/0506164 [hep-ph].

[7] P. F. de Salas and S. Pastor, JCAP 07, 051 (2016),
arXiv:1606.06986 [hep-ph].

[8] Y. Farzan and M. Tortola, Front.in Phys. 6, 10 (2018),
arXiv:1710.09360 [hep-ph].

9 Y. Du and J.-H. Yu,
arXiv:2101.10475 [hep-ph].

[10] P. F. de Salas, S. Gariazzo, P. Martinez-Miravé, S. Pas-
tor, and M. Tértola, Phys.Lett.B 820, 136508 (2021),

JHEP 05, 058 (2021),


https://doi.org/10.1088/1475-7516/2020/08/012
http://arxiv.org/abs/2005.07047
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2020/12/015
http://arxiv.org/abs/2008.01074
https://doi.org/10.1088/1475-7516/2021/04/073
http://arxiv.org/abs/2012.02726
https://doi.org/10.1103/PhysRevD.108.L121301
http://arxiv.org/abs/2306.05460
http://arxiv.org/abs/2306.05460
http://arxiv.org/abs/2402.18481
https://doi.org/ 10.1016/j.nuclphysb.2005.09.041
http://arxiv.org/abs/hep-ph/0506164
https://doi.org/10.1088/1475-7516/2016/07/051
http://arxiv.org/abs/1606.06986
https://doi.org/10.3389/fphy.2018.00010
http://arxiv.org/abs/1710.09360
https://doi.org/10.1007/JHEP05(2021)058
http://arxiv.org/abs/2101.10475
https://doi.org/ 10.1016/j.physletb.2021.136508

arXiv:2105.08168 [hep-ph].

[11] P. Ade et al. (Simons Observatory), JCAP 02, 056
(2019), |arXiv:1808.07445 [astro-ph.CO].

[12] K. N. Abazajian et al. (CMB-S4),
arXiv:1610.02743 [astro-ph.CO]\

[13] S. Gariazzo, P. F. de Salas, and S. Pastor, JCAP 07,
014 (2019), [arXiv:1905.11290 [astro-ph.CO]L

[14] S. Gariazzo, P. Martinez-Miravé, O. Mena, S. Pastor,
and M. Tértola, JCAP 03, 046 (2023), arXiv:2211.10522

(2016),

[hep-ph].
[15] I. Esteban, M. Gonzalez-Garcia, M. Maltoni,
T. Schwetz, and A. Zhou, JHEP 09, 178 (2020),

arXiv:2007.14792 [hep-ph].

[16] P. de Salas et al,
arXiv:2006.11237 [hep-ph].

[17] F. Capozzi et al., Phys.Rev.D 104, 083031 (2021),
arXiv:2107.00532 [hep-ph].

[18] M. C. Gonzalez-Garcia, M. Maltoni, and T. Schwetz,
Universe 7, 459 (2021), arXiv:2111.03086 [hep-ph].

[19] A. Ringwald and Y. Y. Y. Wong, JCAP 12, 005 (2004),
arXiv:hep-ph /0408241 [hep-ph].

[20] P. F. de Salas, S. Gariazzo, J. Lesgourgues, and S. Pas-
tor, JCAP 09, 034 (2017), |arXiv:1706.09850 [astro-
ph.CO]J.

[21] J. Zhang and X. Zhang, Nature Commun. 9, 1833
(2018), larXiv:1712.01153 [astro-ph.CO].

[22] P. Mertsch et al, [JCAP 01, 015
arXiv:1910.13388 [astro-ph.CO|.

[23] M. Aker et al. (KATRIN), Nature Phys. 18, 160 (2022),
arXiv:2105.08533 [hep-ex|.

[24] M. Aker et al. (KATRIN), Phys.Rev.Lett. 129, 011806
(2022), |arXiv:2202.04587 [nucl-ex].

[25] Y.-D. Tsai, J. Eby, J. Arakawa, D. Farnocchia, and
M. S. Safronova, (2022), arXiv:2210.03749 [hep-phl].

[26] C. A. J. O’Hare, PoS COSMICWISPers, 040 (2024),
arXiv:2403.17697 [hep-ph].

[27] F. D’Eramo, E. Di Valentino, W. Giare, F. Hajkarim,
A. Melchiorri, O. Mena, F. Renzi, and S. Yun, JCAP
09, 022 (2022), jarXiv:2205.07849 [astro-ph.CO].

[28] A. Notari, F. Rompineve, and G. Villadoro, Phys. Rev.
Lett. 131, 011004 (2023), farXiv:2211.03799 [hep-ph].

[29] W. Giare, E. Di Valentino, A. Melchiorri, and
O. Mena, Mon. Not. Roy. Astron. Soc. 505, 2703 (2021),
arXiv:2011.14704 [astro-ph.CO].

[30] D. Wang, (2024), |arXiv:2404.06796 |astro-ph.CO].

[31] S. Pan, O. Seto, T. Takahashi, and Y. Toda, (2023),
arXiv:2312.15435 [astro-ph.CO.

[32] E. di Valentino, S. Gariazzo, and O. Mena, [Phys. Rev.
D 106, 043540 (2022), arXiv:2207.05167 [astro-ph.CO].

[33] E. Di Valentino, S. Gariazzo, C. Giunti, O. Mena,
S. Pan, and W. Yang, Phys. Rev. D 105, 103511 (2022),
arXiv:2110.03990 [astro-ph.CO].

[34] P. Brax, C. van de Bruck, E. Di Valentino, W. Giare,
and S. Trojanowski, [Phys. Dark Univ. 42, 101321
(2023), |arXiv:2305.01383 [astro-ph.CO].

[35] W. Giare, A. Gémez-Valent, E. Di Valentino, and
C. van de Bruck, Phys. Rev. D 109, 063516 (2024),
arXiv:2311.09116 [astro-ph.CO]\

[36] M. R. Mosbech, C. Boehm, S. Hannestad, O. Mena,
J. Stadler, and Y. Y. Y. Wong, JCAP 03, 066 (2021),
arXiv:2011.04206 [astro-ph.CO]\

[37] J. Stadler, C. Beehm, and O. Mena, JCAP 08, 014
(2019)\, |arXiv:1903.00540 [astro-ph.CO].

JHEP 02, 071 (2021),

(2020),

10

[38] E. Di Valentino, C. Bgehm, E. Hivon, and
F. R. Bouchet, Phys. Rev. D 97, 043513 (2018),
arXiv:1710.02559 [astro-ph.CO].

[39] S. Gariazzo and O. Mena, (2023), [arXiv:2306.15067
[astro-ph.CO|.

[40] O. Pisanti et al., Comput.Phys.Commun. 178, 956
(2008), |arXiv:0705.0290 [astro-ph].

[41] R. Consiglio, P. F. de Salas, G. Mangano, G. Miele,
S. Pastor, and O. Pisanti, Comput.Phys.Commun. 233,
237 (2018), [arXiv:1712.04378 [astro-ph.CO].

[42] S. Gariazzo, P. F. de Salas, O. Pisanti, and R. Con-
siglio, |Comput.Phys.Commun. 271, 108205 (2022),
arXiv:2103.05027 [astro-ph.IM].

[43] C. Pitrou, A. Coc, J.-P. Uzan, and E. Van-
gioni, |Mon.Not.Roy.Astron.Soc. 502, 2474 (2021),
arXiv:2011.11320 [astro-ph.CO|.

[44] V. Mossa et al., Nature 587, 210 (2020).

[45] O. Pisanti, G. Mangano, G. Miele, and P. Mazzella,
JCAP 04, 020 (2021), arXiv:2011.11537 [astro-ph.CO].

[46] T.-H. Yeh, K. A. Olive, and B. D. Fields, JCAP 03,
046 (2021), [arXiv:2011.13874 [astro-ph.CO].

[47] P. D. Serpico et al., JCAP 12, 010 (2004), arXiv:astro-
ph/0408076 [astro-phl.

[48] Z. Hou, R. Keisler, L. Knox, M. Millea, and
C. Reichardt, Phys.Rev.D 87, 083008 (2013),
arXiv:1104.2333 [astro-ph.CO].

[49] S. Bashinsky and U. Seljak, [Phys.Rev.D 69, 083002
(2004), larXiv:astro-ph/0310198 [astro-ph].

[50] S. Hannestad, |[JCAP 02, 011 (2005).

[61] W. Hu and N. Sugiyama, Astrophys.J. 471, 542 (1996)),
arXiv:astro-ph/9510117 [astro-ph].

[52] N. Aghanim et al. (Planck), Astron.Astrophys. 641, A6
(2020), |arXiv:1807.06209 [astro-ph.CO].

[53] J. Lesgourgues, G. Mangano, G. Miele, and S. Pastor,
Neutrino Cosmology (2018).

[54] J. Lesgourgues and S. Pastor, Phys.Rept. 429, 307
(2006), larXiv:astro-ph/0603494 [astro-ph].

[55] M. Lattanzi and M. Gerbino, Front.in Phys. 5, 70
(2018), |arXiv:1712.07109 [astro-ph.CO].

[56] P. F. De Salas, S. Gariazzo, O. Mena, C. A. Ternes,
and M. Tértola, Front.Astron.Space Sci. 5, 36 (2018),
arXiv:1806.11051 [hep-ph].

[57] S. Vagnozzi, (2019), arXiv:1907.08010 [astro-ph.CO].

[58] S. Gariazzo, M. Archidiacono, P. F. de Salas, O. Mena,
C. A. Ternes, and M. Tértola, [JCAP 03, 011 (2018),
arXiv:1801.04946 [hep-ph].

[59] S. Roy Choudhury and S. Hannestad, JCAP 07, 037
(2020), larXiv:1907.12598 [astro-ph.CO].

[60] S. Hannestad and T. Schwetz, JCAP 11, 035 (2016),
arXiv:1606.04691 [astro-ph.CO|.

[61] M. Lattanzi, M. Gerbino, K. Freese, G. Kane, and J. W.
Valle, JHEP 10, 213 (2020), arXiv:2007.01650 [astro-
ph.COJ.

[62] M. Agostini, G. Benato, and J. Detwiler, Phys.Rev.D
96, 053001 (2017), arXiv:1705.02996 [hep-ex|.

[63] A. Giuliani et al., (2019), arXiv:1910.04688 [hep-ex].

[64] M. Kaplinghat, L. Knox, and Y.-S. Song,
Phys.Rev.Lett. 91, 241301 (2003).

[65] J. Lesgourgues, L. Perotto, S. Pastor, and M. Piat,
Phys.Rev.D 73, 045021 (2006).

[66] N. Aghanim et al. (Planck), Astron. Astrophys. 641, A6
(2020), [arXiv:1807.06209 [astro-ph.CO].

[67] F. Capozzi, E. Di Valentino, E. Lisi, A. Marrone,
A. Melchiorri, and A. Palazzo, Phys. Rev. D 95, 096014


http://arxiv.org/abs/2105.08168
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1088/1475-7516/2019/02/056
http://arxiv.org/abs/1808.07445
http://arxiv.org/abs/1610.02743
https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1088/1475-7516/2019/07/014
http://arxiv.org/abs/1905.11290
https://doi.org/10.1088/1475-7516/2023/03/046
http://arxiv.org/abs/2211.10522
http://arxiv.org/abs/2211.10522
https://doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
https://doi.org/10.1007/JHEP02(2021)071
http://arxiv.org/abs/2006.11237
https://doi.org/10.1103/PhysRevD.104.083031
http://arxiv.org/abs/2107.00532
https://doi.org/10.3390/universe7120459
http://arxiv.org/abs/2111.03086
https://doi.org/10.1088/1475-7516/2004/12/005
http://arxiv.org/abs/hep-ph/0408241
https://doi.org/10.1088/1475-7516/2017/09/034
http://arxiv.org/abs/1706.09850
http://arxiv.org/abs/1706.09850
https://doi.org/10.1038/s41467-018-04264-y
https://doi.org/10.1038/s41467-018-04264-y
http://arxiv.org/abs/1712.01153
https://doi.org/10.1088/1475-7516/2020/01/015
http://arxiv.org/abs/1910.13388
https://doi.org/ 10.1038/s41567-021-01463-1
http://arxiv.org/abs/2105.08533
https://doi.org/ 10.1103/PhysRevLett.129.011806
https://doi.org/ 10.1103/PhysRevLett.129.011806
http://arxiv.org/abs/2202.04587
http://arxiv.org/abs/2210.03749
https://doi.org/10.22323/1.454.0040
http://arxiv.org/abs/2403.17697
https://doi.org/ 10.1088/1475-7516/2022/09/022
https://doi.org/ 10.1088/1475-7516/2022/09/022
http://arxiv.org/abs/2205.07849
https://doi.org/10.1103/PhysRevLett.131.011004
https://doi.org/10.1103/PhysRevLett.131.011004
http://arxiv.org/abs/2211.03799
https://doi.org/10.1093/mnras/stab1442
http://arxiv.org/abs/2011.14704
http://arxiv.org/abs/2404.06796
http://arxiv.org/abs/2312.15435
https://doi.org/10.1103/PhysRevD.106.043540
https://doi.org/10.1103/PhysRevD.106.043540
http://arxiv.org/abs/2207.05167
https://doi.org/ 10.1103/PhysRevD.105.103511
http://arxiv.org/abs/2110.03990
https://doi.org/ 10.1016/j.dark.2023.101321
https://doi.org/ 10.1016/j.dark.2023.101321
http://arxiv.org/abs/2305.01383
https://doi.org/10.1103/PhysRevD.109.063516
http://arxiv.org/abs/2311.09116
https://doi.org/ 10.1088/1475-7516/2021/03/066
http://arxiv.org/abs/2011.04206
https://doi.org/10.1088/1475-7516/2019/08/014
https://doi.org/10.1088/1475-7516/2019/08/014
http://arxiv.org/abs/1903.00540
https://doi.org/10.1103/PhysRevD.97.043513
http://arxiv.org/abs/1710.02559
http://arxiv.org/abs/2306.15067
http://arxiv.org/abs/2306.15067
https://doi.org/10.1016/j.cpc.2008.02.015
https://doi.org/10.1016/j.cpc.2008.02.015
http://arxiv.org/abs/0705.0290
https://doi.org/ 10.1016/j.cpc.2018.06.022
https://doi.org/ 10.1016/j.cpc.2018.06.022
http://arxiv.org/abs/1712.04378
https://doi.org/10.1016/j.cpc.2021.108205
http://arxiv.org/abs/2103.05027
https://doi.org/10.1093/mnras/stab135
http://arxiv.org/abs/2011.11320
https://doi.org/10.1038/s41586-020-2878-4
https://doi.org/ 10.1088/1475-7516/2021/04/020
http://arxiv.org/abs/2011.11537
https://doi.org/10.1088/1475-7516/2021/03/046
https://doi.org/10.1088/1475-7516/2021/03/046
http://arxiv.org/abs/2011.13874
https://doi.org/10.1088/1475-7516/2004/12/010
http://arxiv.org/abs/astro-ph/0408076
http://arxiv.org/abs/astro-ph/0408076
https://doi.org/ 10.1103/PhysRevD.87.083008
http://arxiv.org/abs/1104.2333
https://doi.org/10.1103/PhysRevD.69.083002
https://doi.org/10.1103/PhysRevD.69.083002
http://arxiv.org/abs/astro-ph/0310198
https://doi.org/10.1088/1475-7516/2005/02/011
https://doi.org/10.1086/177989
http://arxiv.org/abs/astro-ph/9510117
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
https://doi.org/10.1016/j.physrep.2006.04.001
https://doi.org/10.1016/j.physrep.2006.04.001
http://arxiv.org/abs/astro-ph/0603494
https://doi.org/10.3389/fphy.2017.00070
https://doi.org/10.3389/fphy.2017.00070
http://arxiv.org/abs/1712.07109
https://doi.org/ 10.3389/fspas.2018.00036
http://arxiv.org/abs/1806.11051
http://arxiv.org/abs/1907.08010
https://doi.org/10.1088/1475-7516/2018/03/011
http://arxiv.org/abs/1801.04946
https://doi.org/10.1088/1475-7516/2020/07/037
https://doi.org/10.1088/1475-7516/2020/07/037
http://arxiv.org/abs/1907.12598
https://doi.org/10.1088/1475-7516/2016/11/035
http://arxiv.org/abs/1606.04691
https://doi.org/ 10.1007/JHEP10(2020)213
http://arxiv.org/abs/2007.01650
http://arxiv.org/abs/2007.01650
https://doi.org/10.1103/PhysRevD.96.053001
https://doi.org/10.1103/PhysRevD.96.053001
http://arxiv.org/abs/1705.02996
http://arxiv.org/abs/1910.04688
https://doi.org/10.1103/PhysRevLett.91.241301
https://doi.org/10.1103/PhysRevD.73.045021
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
https://doi.org/ 10.1103/PhysRevD.95.096014

(2017), [Addendum: Phys.Rev.D 101, 116013 (2020)],
arXiv:2003.08511 [hep-ph].

[68] E. Calabrese, A. Slosar, A. Melchiorri, G. F.
Smoot, and O. Zahn, Phys.Rev.D 77, 123531 (2008),
arXiv:0803.2309 [astro-phl.

[69] P. Motloch and W. Hu, Phys.Rev. D 97, 103536 (2018),
arXiv:1803.11526 [astro-ph.CO].

[70] S. Vagnozzi et al., Phys.Rev.D 96, 123503 (2017),
arXiv:1701.08172 [astro-ph.COJ.

[71] N. Kaiser, Mon. Not. Roy. Astron. Soc. 227, 1 (1987).

[72] K. S. Dawson et al., Astron.J. 151, 44 (2016),
arXiv:1508.04473 [astro-ph.CO].

[73] S. Alam et al. (eBOSS), Phys.Rev. D103, 083533
(2021), larXiv:2007.08991 [astro-ph.COJ.

[74] E. Di Valentino, S. Gariazzo, and O. Mena, Phys.Rev.D
104, 083504 (2021), [arXiv:2106.15267 [astro-ph.CO].

[75] N. Palanque-Delabrouille et al., JCAP 04, 038 (2020),
arXiv:1911.09073 [astro-ph.CO].

[76] A. Adame et al. (DESI), (2024), [arXiv:2404.03002
[astro-ph.CO].

[77] P. F. De Salas, S. Gariazzo, O. Mena, C. A. Ternes,
and M. Tértola, Front. Astron. Space Sci. 5, 36 (2018),
arXiv:1806.11051 [hep-ph].

[78] F. Simpson, R. Jimenez, C. Pena-Garay, and L. Verde,
JCAP 06, 029 (2017), [arXiv:1703.03425 [astro-ph.CO].

[79] R. Jimenez, C. Pena-Garay, K. Short, F. Simpson, and
L. Verde, JCAP 09, 006 (2022), larXiv:2203.14247 [hep-
phl

[80] S. Gariazzo et al.,
arXiv:2205.02195 [hep-ph].

[81] S. Gariazzo, O. Mena, and T. Schwetz, Phys.Dark Univ.
40, 101226 (2023), larXiv:2302.14159 [hep-ph].

[82] C. L. Chang et al.,, (2022), arXiv:2203.07638 [astro-
ph.COJ.

[83] M. H. Abitbol et al. (Simons Observatory), Bull. Am.
Astron. Soc. 51, 147 (2019), arXiv:1907.08284 [astro-
ph.IM].

[84] A. Aghamousa et al. (DESI), (2016), arXiv:1611.00036
[astro-ph.IM].

[85] L. S. Collaboration and P. A. A. et al., “Lsst science
book, version 2.0,”  (2009), jarXiv:0912.0201 [astro-
ph.IM].

[86] M. Hazumi et al. (LiteBIRD), [Proc. SPIE Int. Soc. Opt.
Eng. 11443, 114432F (2020), arXiv:2101.12449 [astro-
ph.IM].

[87] K. Abazajian et al.,
ph.IM]J.

[88] S. Hanany et al. (NASA PICO),
arXiv:1902.10541 [astro-ph.IM].

JCAP 10, 010 (2022),

(2019), |arXiv:1907.04473 [astro-

(2019),

11

[89] R. Laureijs et al. (EUCLID), (2011), |arXiv:1110.3193
[astro-ph.CO].

[90] S. Aiola et al. (CMB-HD),
[astro-ph.CO].

[91] M. Bauer and J. D. Shergold, JCAP 01, 003 (2023),
arXiv:2207.12413 [hep-ph].

[92] S. Weinberg, Phys.Rev. 128, 1457 (1962).

[93] A. G. Cocco, G. Mangano, and M. Messina, |[JCAP 06,
015 (2007), jarXiv:hep-ph/0703075 [hep-ph].

[94] A.J. Long, C. Lunardini, and E. Sabancilar, JCAP 08,
038 (2014), |arXiv:1405.7654 [hep-ph].

[95] E. Akhmedov, JCAP 09, 031 (2019), |arXiv:1905.10207
(hep-ph].

[96] S. Betts et al., in Proceedings, Community Summer
Study 2013: Snowmass on the Mississippi (CSS2013):
Minneapolis, MN, USA, July 29-August 6, 2013 (2013)
arXiv:1307.4738 [astro-ph.IM].

[97) E. Baracchini et al. (PTOLEMY),
arXiv:1808.01892 [physics.ins-det].

(98] M. Betti et al. (PTOLEMY), JCAP 07, 047 (2019),
arXiv:1902.05508 [astro-ph.CO|.

[99] M. Arteaga, E. Bertuzzo, Y. F. Perez-Gonzalez,
and R. Zukanovich Funchal, |JHEP 09, 124 (2017),
arXiv:1708.07841 [hep-ph].

[100] I. K. Banerjee, U. K. Dey, N. Nath, and S. S. Shariff,
(2023), larXiv:2304.02505 [hep-ph].

[101] E. Roulet and F. Vissani, JCAP 10, 049 (2018),
arXiv:1810.00505 [hep-ph].

[102] B. Hernandez-Molinero, R. Jimenez, and C. Pena-
Garay, JCAP 08, 038 (2022), arXiv:2205.00808 [hep-
phl

[103] Y. F. Perez-Gonzalez and M. Sen, Phys.Rev.D 109,
023022 (2024)} [arXiv:2308.05147 [hep-phl.

[104] L. Stodolsky, [Phys.Rev.Lett. 34, 110 (1974), [Erratum:
Phys. Rev. Lett.34,508(1975)].

[105] G. Duda, G. Gelmini, and S. Nussinov, Phys.Rev.D 64,
122001 (2001), larXiv:hep-ph/0107027 [hep-ph].

[106] J. D. Shergold, JCAP 11, 052 (2021), [arXiv:2109.07482
[hep-ph].

[107] V. Domcke and M. Spinrath, JCAP 06, 055 (2017),
arXiv:1703.08629 [astro-ph.CO].

[108] C.-H. Lee, C. S. Nugroho, and M. Spinrath,
Eur.Phys.J.C 80, 1125 (2020), larXiv:2007.07908 [hep-
phl

[109] M. Bauer and J. D. Shergold, (2021),|arXiv:2104.12784
[hep-ph].

(2022), larXiv:2203.05728

(2018),


https://doi.org/ 10.1103/PhysRevD.95.096014
http://arxiv.org/abs/2003.08511
https://doi.org/ 10.1103/PhysRevD.77.123531
http://arxiv.org/abs/0803.2309
https://doi.org/10.1103/PhysRevD.97.103536
http://arxiv.org/abs/1803.11526
https://doi.org/10.1103/PhysRevD.96.123503
http://arxiv.org/abs/1701.08172
https://doi.org/10.3847/0004-6256/151/2/44
http://arxiv.org/abs/1508.04473
https://doi.org/ 10.1103/PhysRevD.103.083533
https://doi.org/ 10.1103/PhysRevD.103.083533
http://arxiv.org/abs/2007.08991
https://doi.org/10.1103/PhysRevD.104.083504
https://doi.org/10.1103/PhysRevD.104.083504
http://arxiv.org/abs/2106.15267
https://doi.org/ 10.1088/1475-7516/2020/04/038
http://arxiv.org/abs/1911.09073
http://arxiv.org/abs/2404.03002
http://arxiv.org/abs/2404.03002
https://doi.org/ 10.3389/fspas.2018.00036
http://arxiv.org/abs/1806.11051
https://doi.org/10.1088/1475-7516/2017/06/029
http://arxiv.org/abs/1703.03425
https://doi.org/ 10.1088/1475-7516/2022/09/006
http://arxiv.org/abs/2203.14247
http://arxiv.org/abs/2203.14247
https://doi.org/10.1088/1475-7516/2022/10/010
http://arxiv.org/abs/2205.02195
https://doi.org/10.1016/j.dark.2023.101226
https://doi.org/10.1016/j.dark.2023.101226
http://arxiv.org/abs/2302.14159
http://arxiv.org/abs/2203.07638
http://arxiv.org/abs/2203.07638
http://arxiv.org/abs/1907.08284
http://arxiv.org/abs/1907.08284
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/0912.0201
http://arxiv.org/abs/0912.0201
https://doi.org/10.1117/12.2563050
https://doi.org/10.1117/12.2563050
http://arxiv.org/abs/2101.12449
http://arxiv.org/abs/2101.12449
http://arxiv.org/abs/1907.04473
http://arxiv.org/abs/1907.04473
http://arxiv.org/abs/1902.10541
http://arxiv.org/abs/1110.3193
http://arxiv.org/abs/1110.3193
http://arxiv.org/abs/2203.05728
http://arxiv.org/abs/2203.05728
https://doi.org/10.1088/1475-7516/2023/01/003
http://arxiv.org/abs/2207.12413
https://doi.org/10.1103/PhysRev.128.1457
https://doi.org/10.1088/1475-7516/2007/06/015
https://doi.org/10.1088/1475-7516/2007/06/015
http://arxiv.org/abs/hep-ph/0703075
https://doi.org/10.1088/1475-7516/2014/08/038
https://doi.org/10.1088/1475-7516/2014/08/038
http://arxiv.org/abs/1405.7654
https://doi.org/10.1088/1475-7516/2019/09/031
http://arxiv.org/abs/1905.10207
http://arxiv.org/abs/1905.10207
http://arxiv.org/abs/1307.4738
http://arxiv.org/abs/1808.01892
https://doi.org/10.1088/1475-7516/2019/07/047
http://arxiv.org/abs/1902.05508
https://doi.org/10.1007/JHEP09(2017)124
http://arxiv.org/abs/1708.07841
http://arxiv.org/abs/2304.02505
https://doi.org/10.1088/1475-7516/2018/10/049
http://arxiv.org/abs/1810.00505
https://doi.org/10.1088/1475-7516/2022/08/038
http://arxiv.org/abs/2205.00808
http://arxiv.org/abs/2205.00808
https://doi.org/10.1103/PhysRevD.109.023022
https://doi.org/10.1103/PhysRevD.109.023022
http://arxiv.org/abs/2308.05147
https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevD.64.122001
https://doi.org/10.1103/PhysRevD.64.122001
http://arxiv.org/abs/hep-ph/0107027
https://doi.org/10.1088/1475-7516/2021/11/052
http://arxiv.org/abs/2109.07482
http://arxiv.org/abs/2109.07482
https://doi.org/10.1088/1475-7516/2017/06/055
http://arxiv.org/abs/1703.08629
https://doi.org/10.1140/epjc/s10052-020-08692-3
http://arxiv.org/abs/2007.07908
http://arxiv.org/abs/2007.07908
http://arxiv.org/abs/2104.12784
http://arxiv.org/abs/2104.12784

	Neutrinos in Cosmology
	Abstract
	Neutrino decoupling in the early universe
	Bounds on the Number of neutrino species, Neff
	Cosmological bounds on neutrino masses
	CMB temperature, polarization and lensing bounds
	Large scale structure constraints

	Forecasts for Future experiments
	Direct detection of the relic neutrino background
	Neutrino capture on beta-decaying nuclei
	Elastic scattering on macroscopic targets
	Neutrino capture on accelerated ion beams

	Summary and conclusions
	References


