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A number of short baseline neutrino experiments have found anomalous results throughout the
past decades. These can be interpreted as oscillations between the active neutrinos and a sterile
neutrino with a mass around 1eV. However, in the early Universe such a sterile neutrino would
be thermalised through its oscillations with Standard Model neutrinos. A fully thermalised sterile
neutrino is incompatible with observations of the cosmological microwave background (CMB),
large scale structures (LSS) and primordial abundances of the light elements leading to a tension
between cosmology and the short baseline neutrino. A new hidden interaction for the sterile
neutrino mediated by a vector boson is capable of suppressing oscillations in the Early Universe
and delay the production of sterile neutrinos until the Standard Model neutrinos have decoupled.
This removes the tension with the light element abundances, but bounds on the neutrino mass
from LSS and CMB observations still give tension with the model. Contrarily, a model with a
pseudoscalar mediator coupled to the fourth neutrino mass state might relieve all the tension.
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1. Introduction

Throughout the past two decades, a few anomalies related to short baseline neutrino experi-
ments have arised and still persist [1].

The hypothesis of a sterile neutrino, νs, can be constrained in several different ways. If it
mixes with νµ as the LSND anomaly requires [2], νµ disappearance should also be seen in long
baseline experiments. The lack of such νµ disappearance puts strong limits on the mass and mixing
parameters of the sterile neutrino [3]. A similar disappearance of νµ should also be seen for atmo-
spheric neutrinos in ICECUBE [4]. Although the νµ disappearance experiments are powerful in
constraining the LSND anomaly, ν̄e disappearance must be constrained in order to directly address
the other anomalies (e.g. [3, 5]). Some of these experiments are already running, while others will
start taking data within the next few years. The current picture when combining all the data is that
the LSND/MiniBooNE best fit point is excluded, but parts of the viable parameter space still remain
unprobed. The parameters that are still allowed require a mass squared difference ∆m2

41 ∼ 1.5eV2

and mixing sin2 2θ ∼ 0.05 [1, 6].
A sterile neutrino can also be produced in the early Universe and contribute to the energy den-

sity. In this proceeding, we will discuss some of the issues regarding its production and constraints
that arise from cosmology.

2. Cosmological bounds

In the early Universe, the neutrinos were in equilibrium with electrons until T ∼ 1MeV. As
a result, the neutrinos are mostly decoupled at electron-positron annihilation, and the neutrino
temperature is lower than the photon temperature. The effective number of relativistic species is
therefore defined as

Neff =
ρrel

ρν0

=
8
7

(
11
4

)3/4
ρrel

ργ

, (2.1)

where ρν0 assumes no heating from electron-positron annihilation. Including heating and QED
effects, the Standard Model value of Neff is 3.045 [7].

It is often assumed that νs is not produced at high temperature and that νs is only produced
in the oscillations with active neutrinos, νa. The condition for efficient production is that the
production rate is larger than the Hubble expansion rate, and this affects Neff if it occurs before
νa decouples. For the parameters considered here, production of sterile neutrinos is dominated
by an interplay between oscillations and collisions, where the oscillation rate is larger than the
collision rate, Γosc � Γcoll. The oscillations average out between each collision, such that the
neutrino is in the sterile state with a probability 1

2 sin2(2θ). The thermalisation rate is therefore
Γtherm = 1

2 sin2(2θ)Γcoll. Taking the matter background into account, the effective mixing angle is

sin2(2θeff) =
sin2(2θ)

(2EVeff/∆m2
41− cos2 2θ)2 + sin2 2θ

, (2.2)

where Veff is the potential from forward scattering on the background. Calculating Γ/H at the
temperature where it is maximal gives Γ/H ∼ 103 sin2 2θ(∆m2

41/eV2)1/2. For the relevant mixing
parameters Γ/H� 1 at T > 1MeV resulting in ∆Neff = Neff−3 = 1.
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Figure 1: Interactions suppress νs production. Degree of thermalisation depending on the two coupling
constants GX and gX . The three lines indicate boson masses of 100, 200 and 300MeV. From [10].

A value of ∆Neff = 1 is in tension with the bound from Planck which give Neff < 3.7 at
95% confidence [8] when combining measurements of the cosmological microwave background
anisotropies, lensing and measurements of baryon acoustic oscillations (BAO). Additionally, the
bound from Big Bang nucleosynthesis is Neff < 3.2 at 2σ confidence [9]. Apart from the bounds on
Neff, νs would also be dominating ∑mν because of its mass. Since νs could be partially thermalised,
the effective mass can be defined as meff

s = (Nνs)
3/4ms where Nνs = ρνs/ρν0 . In this parameterisa-

tion, the combined Planck bounds are meff
s < 0.52eV at 95% confidence [8] when data on BAO are

included. This is also in tension with ms ∼ 1eV and full thermalisation.

3. Secret interactions

One way to suppress the production of sterile neutrinos is to suppress the effective mixing
angle. This can be done by introducing a large background potential as Equation (2.2) shows. A
secret interaction that is only felt by the sterile neutrinos can achieve this [10, 11]. In the case of
a Fermi-like interaction with the coupling GX = g2

X/M2
X , where gX is the dimensionless coupling

constant and MX is the mediator mass, the background potential and collision rate as functions of
momentum, are

Vs(p) =
16GX

3
√

2M2
X

puνs , Γs(p) = G2
X pTνsnνs , (3.1)

where uνs is the energy density and nνs is the number density of sterile neutrinos. Including
these in a numerical calculation, it is found that a sufficiently light mediator can indeed suppress
∆Neff as Figure 1 shows. As previously mentioned, the thermalisation rate can be estimated as
Γtherm = 1

2 sin2(2θeff)Γcoll. When both θeff and Γcoll are dominated by the secret interaction, the
thermalisation rate is Γtherm ∝ ΓsV−2

s . This combination only depends on MX which explains the
behaviour of ∆Neff as a function of GX and gX in Figure 1.

The Fermi-like interaction is only valid, when T,E�MX . In the opposite limit where T,E�
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MX , the background potential and collision rate are given by [11, 12]

Vs ∼
g2

X T 2
νs

E
, Γs ∼

g4
X

M2
X

nνs . (3.2)

As for the high mass region, the thermalisation rate depends only on MX when combining the
potential and collision rate from (3.2). The result is that there is both an upper and a lower mass
bound on MX in the limit where Vs and Γs dominate Veff and Γcoll.

In the intermediate mass range, the region where ∆Neff can be suppressed is confined to MX ∼
0.01− 10MeV and gx & 10−3 [12]. However, the same study also show that even when ∆Neff =

0, the sterile neutrinos are still produced at temperatures below neutrino decoupling. This has
implications for the neutrino mass bound [13]. A simple estimate assumes that Neff is equally
distributed between the three active and the sterile neutrino. Then the effective mass is meff

s & 0.8eV
which is in conflict with the mass bound from Planck and BAO.

4. Pseudoscalar mediator

The secret interaction considered in the previous section was introduced for νs and mediated
by a vector boson like the weak interaction in the Standard Model. In this section we will instead
look at a secret interaction mediated by a very light pseudoscalar, φ , that couples to the fourth mass
state, ν4.

The coupling to ν4 implies that the active neutrinos are also coupled to the new pseudoscalar,
although the coupling is suppressed by the mixing angle. This leads to the bound gφ . 5× 10−5

from supernova cooling [14].
The background potential and collision rate are very similar to the expressions for a very light

vector boson in Equation (3.2). A mass mφ � 1eV results in a very large collision rate. In a plasma,
this divergence is regulated by screening effects, and using the estimate mscreen ∼ T gives Γs ∼
g4

φ

T 2 nν4 [15]. This is much smaller than the collision rate from weak interactions for the interesting
parameters, so the suppression depends only on the size of Vs. The condition for dominating the

Hamiltonian is Vs > ∆m2
41/T , and at T = 1MeV, the condition gives gφ >

√
∆m2

41/T ∼ 10−6. A

numerical calculation finds that there is significant suppression at gφ & 3× 10−6 [16] in good
agreement with the order of magnitude estimate.

Although ν4 and φ recouple at lower temperatures, this does not affect the Standard Model
neutrinos as they propagate as mass states which do not mix with ν4. Therefore additional νss are
not produced in the way they were produced in Section 3.

While the interaction between ν4 and φ at lower temperatures does not lead to additional
production of νs, it changes how νs affects the CMB anisotropies [17]. The interaction prevents ν4

from becoming free-streaming, and once T < mν4 , ν4 starts to annihilate into φ . The annihilation
leads to an increase in the energy density of the ν4-φ plasma and to a temporary change in the
equation of state parameter [17]. In Figure 2 these effects have been taken into account when
fitting CMB data, and the consequence is that Nfluid ∼ 0.5 is preferred, and ms can be consistent
with the hints from short baseline experiments. The annihilation of ν4 to φ also relaxes any bounds
from structure formation that takes place at T � 1eV.1

1The lack free-streaming for ν4 can also be found in models with a vector mediator and might relax the bounds
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Figure 2: Fit of the pseudoscalar model to cosmological data. 1 and 2σ contours when including
CMB temperature data from Planck (TT), local measurements of H0 (HST) and baryon acoustic oscilla-
tions (BAO). The values of three parameter are indicated: The mass of νs (ms), the combined contribution
from ν4 and φ to Neff (Nfluid) and the Hubble constant (H0 in the colour scale). From [15].

5. Conclusions

The sterile neutrino interpretation of the short baseline anomalies is quite constrained by vari-
ous experiments, although the final verdict will have to wait until the results from the next genera-
tion of dedicated experiments. When the sterile neutrino is introduced to cosmology, it contributes
too much to Neff and with a too large effective mass meff

s .
The large contribution to Neff can be avoided by introducing a secret interaction that is only

felt by νs. In this model, the mediator can have a range of masses from 10keV to 10MeV, but
the production of νs might only prevented until νa decouples, and there could be a significant
production at lower temperatures. If this is the case, the bound on neutrino masses still excludes
almost all of the parameter space.

A model with a light pseudoscalar coupled to ν4 might circumvent the mass bound because
(i) production after decoupling of νa is not possible, (ii) ν4 and φ form a tightly coupled fluid
which prevents free-streaming from affecting CMB, and (iii) ν4 annihilates to the much lighter
pseudoscalar and therefore leaves no significant imprint on large scale structure formation.
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