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Abstract:
Neutrino oscillation anomalies, hinting at the presence of light sterile neutrinos, are inconsistent with up-
to-date cosmological results. If confirmed by forthcoming neutrino oscillation experiments, the presence of
these additional light species will be a new open problem in cosmology. The intent of this Letter of Interest
is to elaborate on this potential tension between particle physics and cosmology, as a motivation to devise
new physics in the form of sterile neutrino non-standard interactions. The ultimate goal is to indicate a
multi-disciplinary strategy to detect this new hidden sector.
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Science Motivation: SBL experiments vs. cosmology
Short-baseline (SBL) neutrino oscillation experiments have consistently exhibited a number of anoma-
lies1–5, which might be attributed to the presence of one or more light neutrinos beyond the three predicted
by the standard model. Such additional neutrino species are required to be singlets under the standard model
interactions, but since they mix with the active neutrinos they can affect neutrino oscillation experiments,
and they also have an impact on cosmology.

Precision data from Cosmic Microwave Background (CMB) and large scale structure surveys have al-
ready put very tight constraints on the presence of such particles. High redshift CMB measurements from
Planck6 have constrained the number of relativistic degrees of freedom (Neff = 2.92+0.36

−0.37, 95% c.l., Planck
TT,TE,EE+lowE) to be consistent with the standard scenario of three active neutrinos (NSM

eff = 3.0457),
leaving no room for extra light species relativistic at decoupling. Moreover, CMB augmented with Bary-
onic Acoustic Oscillations (BAO)8–10 have set very tight upper bounds on the sum of neutrino masses
(
∑
mν < 0.12 eV, 95% c.l., Planck TT,TE,EE+lowE+lensing+BAO), which are at odds with the eV scale

indicated by SBL anomalies.

However, the cosmological constraints are derived assuming the neutrino momentum distribution predicted
by the standard model. This assumption reflects the fact that the mixing angles favored in global fits of
SBL anomalies imply full thermalization between active and sterile neutrinos in the early Universe11;12, i.e.
Neff = 3 + 1. New physics efficient in the early Universe may prevent such thermalization, inducing a
deviation of the sterile neutrino distribution from the Fermi-Dirac.

Model Overview: sterile neutrinos with non-standard interactions
Non-standard interactions among sterile neutrinos mediated either by a vector boson13–15 or by a light
pseudoscalar (φ)16 can lead to this partial thermalization. They induce a new matter effect that suppresses
the mixing angle and, thus, delays the production of sterile neutrinos in the early Universe (T ∼ 10 MeV).
If the coupling between sterile neutrinos and the mediator is large enough (g > 10−6), sterile neutrinos are
produced only after active neutrino decoupling (T ∼ 1 MeV), and their phase space distribution remains
non-thermal. Therefore, the contribution of one sterile neutrino to Neff turns out to be much smaller than
one.

The low energy phenomenology of the pseudoscalar model17 can also reconcile eV sterile neutrinos with
the sub-eV cosmological neutrino mass bounds. Indeed, once sterile neutrinos go non-relativistic, they
annihilate into the light mediator, disappearing from the cosmic neutrino background18. As a consequence,
the CMB+BAO bound on the neutrino mass sum applies only to the sum of the active neutrino masses, while
the eV sterile neutrinos can evade this bound.

At the state-of-the-art, sterile neutrinos with self-interactions mediated by a light pseudoscalar19;20 are
marginally consistent with CMB data: compared to the standard ΛCDM model, they degrade the fit of
Planck temperature and polarization measurements at high multipoles. On the other hand, the pseudoscalar
model points to a value of the Hubble constant fully consistent with the local distance measurements21,
solving the H0 problem22;23. As for the agreement with the SBL anomalies, the cosmological constraints
on the pseudoscalar model still leave room to accommodate light sterile neutrinos provided that their mass
is . 1 eV.

Future directions: a multi-disciplinary approach
The rationale behind neutrino non-standard interactions comes from the interconnection between different
fields. Therefore, the existence of such new physics can be scrutinized from different angles:

• Cosmology. Forthcoming cosmological survey, both CMB (Simons Observatory24, CMB-S425) and
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galaxy (Euclid26, Vera Rubin Observatory27), will increase the sensitivity to
∑
mν and Neff . The

sensitivity to
∑
mν will allow a & 3σ evidence of a non-zero neutrino mass in the minimal normal

ordering scenario (
∑
mν = 0.06 eV)28. The precision on the determination of Neff will shed light

on the presence of new light particles, such as the mediators of neutrino non-standard interactions. If
future cosmological bounds confirm that Neff = 4 is excluded, and, at the same time, they indicate
a deviation (either positive or negative) from NSM

eff = 3.045, this will be a compelling evidence for a
new hidden sector.

• Astrophysics. Future supernovae explosions might improve the constraints on neutrino self-interactions29

overcoming the current uncertainty due to the modeling of neutrino oscillations inside the supernovae.
The constraints are based on the energy loss due to the annihilation of sterile neutrinos into pseu-
doscalars. Moreover, astrophysical neutrinos scattering off neutrinos from the cosmic background
can also induce a detectable signal in the future upgrade of IceCube30.

• Experimental Particle Physics. Future measurements of neutrinoless double-beta decay with the
emission of a pseudoscalar, which practically behaves as a Majoron, would be a clear hint of the
pseudoscalar model. Additional signatures of the presence of a pseudoscalar would be an increased
invisible decay width of the Z-boson due to the process Z → νa + ν̄4 + φ; and small corrections
in neutrino oscillations due to scattering between ν4 and φ. Finally, it should be noted that here the
discussion is focussed on non-standard interactions confined to the sterile sector; several additional
experimental bounds can indeed constrain non-standard interactions if extended to active neutrinos31.

Although none of the aforementioned effects alone represents a smoking gun, they demonstrate how the
discovery of new physics such as sterile neutrinos with non-standard interactions can be triggered by a
multi-field action plan.

Summary
In the next decade a wide program of neutrino oscillation experiments32–35 is set to provide the definitive
answer about sterile neutrinos. Taken at face value, the existence of additional neutrino species would cause
a new cosmological problem, whose solution requires physics beyond the standard model. Non-standard
interactions represent an elegant way to accommodate sterile neutrinos in cosmology. In the near future
the complementarity of cosmological surveys and astrophysical observations, as well as particle physics
experiments, will be essential to proving the presence of this new hidden sector.
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