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1. Introduction

In the early universe, when the temperature dropped below O(MeV), electroweak interactions
keeping neutrinos coupled to the cosmic plasma stopped being effective. Then, neutrinos started
free-streaming, forming the so-called cosmic neutrino background.

The contribution of such neutrinos to the radiation energy content of the universe is generally
parametrised in terms of the effective number of neutrinos N.g, which relates the ratio between
the radiation energy density in the form of photons, p,, and neutrino, p,, shortly after neutrino
decoupling. The theoretical prediction for the Standard Model of particle physics is expected to be
Neg =~ 3. Such prediction is in good agreement with the recent determination of the parameter from
Planck 2018 (TT, TE, EE + lowE + lensing + BAO) at 95% C.L., Nt = 2.99%03%. In the years
to come, Simons Observatory [1] and CMB-S4 [2], could significantly improve this measurement
to o (Neg) = 0.02 — 0.03. With such unprecedented precision, it will be possible to test some
non-standard scenarios of neutrino decoupling [3, 4].

2. Neutrino decoupling in the standard scenario

For three neutrino families, departures from N.g = 3 are due to neutrino Standard-Model
interactions and finite-temperature corrections to Quantum Electrodynamics (QED). Besides that,
one can include the effects of neutrino flavour oscillations, which also result in subleading contri-
butions. At present, detailed calculations taking into account such effects yield a benchmark value
of Neg = 3.0440 = 0.0002 [5-7]. The dominant sources of uncertainties in this calculations are
related to the numerical solution procedure, the uncertainty in the determination of the solar mixing
angle sin” 012 [8], and radiative corrections in ete~ «— v¥ cross-section [9].

3. Neutrino decoupling in non-standard scenarios

3.1 Non-unitary three neutrino mixing

In many extensions of the SM accounting for neutrino masses, the particle content is extended
to include heavy neutral leptons (HNL). In those cases, the lepton mixing matrix is enlarged to
include the mixing between the three light neutrinos and the » — 3 HNLs. Then, the 3x3 lepton
mixing matrix, /N, is no longer unitary and it can be parameterised as as

a;; O 0
N=|ay an 0 |U, (D

@31 @32 @33

where U is the usual unitary parametrisation of the lepton mixing matrix in terms of three mixing
angles and one CP phase. Then, departures from unity in the diagonal elements or from zero in the
off-diagonal ones would indicate a non-unitary three-neutrino mixing.

At low energies and considering that only the three light states lie below the energy scale of
interest for neutrino decoupling, the Lagrangian accounting for charged-current (CC) and neutral-
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Figure 1: Left panel: Predicted value of Ng as a function of the diagonal a;; parameters. The black line
corresponds to the standard benchmark value and the grey band is the expected sensitivity from CMB-S.
Right panel: Predicted value of Neg for non-zero values of the NSI parameters £, and eL_. Vertical bands
correspond to limits from terrestrial experiments.

current (NC) interactions between neutrinos, electrons and positrons reads

3
Lnu =-2V2Gp Z Z [(5XL(NT)ieNej +8X(NTN)U) (viy¥Prvj)(eyuPxe)| . (2
i.] X=L,R

Here, the subindex X = {L, R} denotes the chirality of the projector, Py, G ¢ is the Fermi constant,
gx are the SM coefficients, and the Latin subindices indicate the neutrino mass eigenstate. Notice
here that, in the presence of a non-unitary three-neutrino mixing matrix, the strength and flavour
structure of both CC and NC interactions are modified and hence, one would expect the predictions
for Neg to change accordingly.

In the left panel of Figure 1, we display the dependence on the predicted value of N.g when the
diagonal parameters are allowed to vary individually. The observed departures from the benchmark
value are mainly due to the changes in the interaction rates of scattering and annihilation processes
involving neutrinos, electrons and positrons. Then, it is possible to derive current limits from
Planck (sensitivity projections for CMB-S4 at 90% C.L. :

aip >0.07(0.29)  and  a» > 0.15(0.50). 3)

3.2 Non-standard interactions between neutrinos and electrons

Neutrino non-standard interactions (NSI) are also a common prediction from many neutrino
mass models or scenarios involving light mediators. The effect of neutral-current NSIs with
electrons can be studied from the following Lagrangian:

Lnsie = —2V2Gr Z Z &g (Fay"PLvg) (eyuPxe) . 4)
X a8

Here, the Greek subindices indicate the flavour of the neutrinos involved and we have introduced the
dimensionless coefficients siﬁ which are related to the strength of the interaction. Non-standard
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interactions can either increase or decrease the interaction rate between neutrinos and the rest of the
cosmic plasma, resulting in an earlier or delayed decoupling. This can be seen in Figure 1, where
we show how the predicted Neg changes as a function of the value of two NSI parameters.

4. Discussion

In the forthcoming years, the precision expected from cosmological observations would allow
us to determine precisely the contribution of neutrinos to the radiation energy density of the universe
in the MeV era. Such achievement would open the door to further study of neutrino properties
from cosmology using a complementary approach to terrestrial experiments. In particular, an
accurate measurement of N.g would allow to test the standard scenario of neutrino decoupling
and test it against other non-standard possibilities, including the existence of non-standard neutrino
interactions with electrons or the non-unitarity of the three-neutrino mixing matrix.
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