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We show that sterile neutrinos with masses & 1 eV, as motivated by several short-baseline oscil-
lation anomalies, can be consistent with cosmological constraints if they are charged under a hidden
sector force mediated by a light boson. In this case, sterile neutrinos experience a large thermal
potential that suppresses mixing between active and sterile neutrinos in the early Universe, even if
vacuum mixing angles are large. Thus, the abundance of sterile neutrinos in the Universe remains
very small, and their impact on Big Bang Nucleosynthesis, on the Cosmic Microwave Background,
and on large-scale structure formation is negligible. It is conceivable that the new gauge force also
couples to dark matter, possibly ameliorating some of the small-scale structure problems associated
with cold dark matter.

PACS numbers: 14.60.Pq, 98.80.-k, 95.35.+d

INTRODUCTION

Several anomalies in short baseline neutrino oscilla-
tion experiments have spurred interest in models with
more than three neutrino species. In particular, the ex-
cesses of electron neutrino events in LSND [1] and Mini-
BooNE [2], as well as the unexpected electron antineu-
trino disappearance at short baselines [3–6], could be
explained in models with extra “sterile” neutrinos, i.e.
light (m ∼ 1 eV) new fermions that are uncharged un-
der the Standard Model (SM) gauge group and mix with
the three known neutrino species. On the other hand, a
number of other neutrino oscillation experiments that did
not observe any anomalous signals put such models under
pressure [7–10], and a vigorous experimental program is
currently underway to resolve the tension by either con-
firming the anomalies, or by providing a definitive null
result.

It is often argued that the tightest constraints on ster-
ile neutrino models come from cosmology. Indeed, the
simplest models — with just one or several sterile neutri-
nos, but no other new particles — are disfavored by the
Big Bang Nucleosynthesis (BBN) and Planck measure-
ment of Neff, the number of relativistic particle species
in the early Universe [11, 12]. For sterile neutrino masses
of ∼ 1 eV, or larger, even tighter constraints are obtained
from large-scale structure formation [13], where the pres-
ence of extra neutrino species would lead to a wash-out of
structure due to efficient energy transport by neutrinos.

In this paper, we show that these constraints are
evaded if sterile neutrinos have hidden interactions medi-
ated, for instance, by a new gauge boson A′ with a mass
M . MeV. As discussed below, gauge forces of this
type are also interesting in dark matter (DM) physics,
and are probed in many cosmological and astrophysi-
cal searches [14]. We will show that at non-zero tem-

perature the sterile neutrinos feel a Mikheyev-Smirnov-
Wolfenstein (MSW) potential that suppresses mixing be-
tween active and sterile neutrinos in the early Universe,
thus preventing sterile neutrino production in the early
Universe. We will discuss constraints on this scenario
from cosmology and particle physics. In the last part of
the paper we will also discuss the possibility that A′ cou-
ples also to the DM in the Universe, possibly easing the
disagreement between small-scale structure observations
and cold DM simulations.

HIDDEN STERILE NEUTRINOS

We assume the Standard Model (SM) is augmented
by one extra species of light (∼ eV) neutrinos νs, which
do not couple to the SM gauge bosons but are charged
under a new U(1)s gauge symmetry. We assume that νs
have relatively large (∼ 10%) vacuum mixing with the
active neutrinos and is thus capable of explaining the
short baseline oscillation anomalies.

The sterile sector is expected to be coupled to the SM
sector through high-scale interactions, and the two sec-
tors decouple at temperatures & TeV. Our results re-
main qualitatively correct even for decoupling tempera-
tures as low as 1 GeV, i.e., just above the QCD phase
transition. After decoupling, the temperature Ts of the
sterile sector continues to drop as Ts ∼ 1/a (a being the
scale factor of the Universe), while the temperature in
the visible sector, Tγ , drops more slowly because of the
entropy generated when heavier degrees of freedom (un-
stable hadrons, positrons, etc.) become inaccessible and
annihilate or decay away. By the BBN epoch, the num-
ber of effective degrees of freedom of the visible sector,
g∗, decreases from ∼ 106.7 to ∼ 10.75. Taking the sterile
sector temperature as Ts = (g∗,TeV/g∗,Tγ )1/3Tγ , the ad-
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ditional effective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A′, is

∆Nν ≡
ρνs + ρA′

ρν
=

(gνs + gA′)T 4
s

gν T 4
ν

(1)

=

(
7
8 × 2 + 3

)
×
(

10.75
106.7

)4/3(
7
8 × 2

)
×
(

4
11

)4/3 ≈ 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
∆Nν = 0.66+0.47

−0.45 [11]. Up to 3 generations of sterile
neutrinos could be accommodated within ∼ 1σ.

At lower temperatures, relevant for CMB and structure
formation, g∗ further decreases to ∼ 3, making Ts/Tγ
even smaller. Also, A′ may become nonrelativistic, and
not contribute to Neff any more. The thermal abun-
dances of A′ and νs therefore remain well below the abun-
dance of Standard Model neutrinos, and the impact of
A′ and νs on the Neff measurements using the CMB, and
their impact on structure formation, is negligible. We
will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” effects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW effect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, a neutrino with energy E experiences a potential
VMSW ∝ G2

FET
4
γ due to their own energy density [15].

This is not zero even in a CP symmetric Universe.

A similar, but much larger, potential can be generated
at high-temperature for sterile neutrinos, if they couple
to a light hidden gauge boson A′. There are two types of
processes that can contribute to this potential — the ster-
ile neutrino can forward-scatter off an A′ in the medium
(left diagram in Fig. 1), or off a fermion f that couples
to A′ (right diagram in Fig. 1).

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial Veff :

E = |k|+ m2

2E
+ Veff , (3)

where E and |k| are the energy and momentum of the
sterile neutrino.
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Figure 1. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an effective “matter” potential.
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Figure 2. Matter potential for sterile neutrinos of energy
E ∼ Tγ as a function of the photon temperature Tγ , for
κ = 0.1. Black curves show |Veff| for different values of
the gauge boson mass M , with solid lines corresponding to
Veff > 0 and dashed lines indicating Veff < 0. Thin (Thick)
lines show exact numerical (approximate analytical) results.
The green line is the vacuum neutrino oscillation frequency
between active and sterile flavors for ∆m2 = 1 eV2. As long as
∆m2/(2Tγ) � |Veff|, oscillations are suppressed. The QCD
phase transition and active neutrino decoupling epochs are
annotated. Red lines show the contribution to Veff from an
asymmetric DM particle with mχ = 1 GeV. The small kinks
in the curves are due to changes in g∗, the effective number
of degrees of freedom in the Universe.

We calculated Veff using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E �M ,

Veff ' −
7κ2Eπ2T 4

s

45M4
, (4)

similar to the potential for active neutrinos [15], but with
the replacement MZ → M , and with κ being the U(1)s
gauge coupling. In the high-temperature limit, Ts, E �
M , the potential is

Veff '
κ2T 2

s

8E
, (5)

similar to the result for hot QED [16]. We have assumed
that there is no asymmetry in νs, which may be interest-
ing to consider [17, 18].

These analytical results are plotted in Fig. 2 (thick
black lines). For comparison, we also calculated the po-
tential numerically (thin black lines), and found excellent
consistency with the analytical approximations in their
region of validity. The potential is small only in a very
small range of temperatures Ts ∼ M , where the poten-
tial changes sign and goes through zero. Note, that the
potential is always smaller that |k| and vanishes at zero
temperature.
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In the presence of a potential, it is well known that
neutrino mixing angles are modified. In the two-flavor
approximation, the effective mixing angle θm in matter
is given by [19]

sin2 2θm =
sin2 2θ0(

cos 2θ0 + 2E
∆m2Veff

)2
+ sin2 2θ0

, (6)

where θ0 is the vacuum mixing angle, and ∆m2 = m2
s −

m2
a is the difference between the squares of the mostly

sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum
oscillation frequency, i.e.,

|Veff| �
∣∣∣∣∆m2

2E

∣∣∣∣ , (7)

then θm can be tiny, and oscillations of active neutrinos
into sterile ones are suppressed.

This is confirmed by Fig. 2, which summarizes our
main results. For a typical neutrino energy E ∼ Tγ and
M . 10 MeV, we see that condition (7) is well satisfied
down to temperatures Tγ . 1 MeV, i.e., until after the
time of neutrino decoupling, when their thermal produc-
tion becomes impossible. Note that in Fig. 2, we have
conservatively taken sterile neutrino decoupling to occur
at the same temperature, Tγ ' 1 MeV, as the decoupling
of active neutrinos. In reality, sterile neutrino production
ceases when Γs ∼ sin2 θsG

2
FT

5
γ drops below the Hubble

expansion rate H ∝ T 2
γ , which happened at temperatures

around 1 MeV/(sin2 θ)1/3.

Even for M slightly larger than 1 MeV, sterile neutrino
production remains suppressed until the BBN epoch, but
it is interesting that in this case Veff crosses zero while
neutrinos are still in thermal equilibrium. This implies
that there is a brief epoch during which sterile neutri-
nos could be produced efficiently. However, as long as
its duration is much shorter than inverse of the sterile
neutrino production rate Γ−1

s ∼ [sin2 θsG
2
FT

5
γ ]−1, only

partial thermalization of sterile neutrinos will occur. In-
terestingly, at the MSW resonance, i.e., ∆m2 ≈ −2EVeff ,
one may get some active-to-sterile neutrino (or antineu-
trino) conversion, depending on the adiabaticity of this
resonance. This implies that, for M ∼ 10 MeV, we pre-
dict a fractional value of ∆Neff. A study of the detailed
dynamics during this epoch is beyond the scope of our
present work.

As a final remark, we would like to emphasize that,
while Fig. 2 is for E = Tγ , it is important to keep in
mind that active neutrinos follow a thermal distribution.
We have checked that even for E different from Tγ , the
value of Veff does not change too much. Therefore, our
conclusions regarding the suppression of sterile neutrino
production remain valid even when the tails of the ther-
mal distribution are taken into account.

COUPLING TO DARK MATTER

If a new gauge force of the proposed form exists, it
is conceivable that not only sterile neutrinos, but also
DM particles couple to it. This of course leads to an
additional contribution κ2/(2M2)nχ (see Appendix A)
to Veff , through the tadpole diagram in Fig. 1. As long as
DM is CP-symmetric, nχ = 0 and this extra contribution
vanishes. Even for asymmetric DM [20], we see in Fig. 2
(red lines) that it is usually subleading for mχ & 1 GeV.

The extra gauge interaction of DM does, however, lead
to DM self-scattering, which has received considerable at-
tention recently as a way of solving [21–23] the existing
disagreement between the observed substructure of DM
in the Milky Way and N-body simulations of galaxy for-
mation. In particular, self-interacting DM can solve the
“too big to fail” problem [24, 25], i.e., the question why
very massive DM subhaloes that are predicted to exist in
a Milky Way type galaxy have not been observed, even
though one would expect star formation to be efficient in
them and make them appear as luminous dwarf galax-
ies. Similarly, DM self-interactions could be the reason
why the Milky Way appears to have fewer dwarf galax-
ies than expected from simulations (the “missing satel-
lites” problem [26]). Finally, it may be possible to ex-
plain why the observed DM density distribution in Milky
Way subhaloes appears to be exhibit a constant density
core [27, 28] rather than a steep cusp predicted in N-
body simulations [29] (“cusp vs. core problem”). While
all these problems could well have different explanations
— for instance the impact of baryonic feedback on N-
body simulations is not yet well understood — it is in-
triguing that the self-scattering cross sections predicted
in the scenario discussed here has exactly the right prop-
erties to mitigate these small-scale structure issues.

In our model, the “energy transfer cross section” in
the center of mass frame, σT =

∫
dΩ dσ/dΩ(1− cos θ), is

given by [30]

σT '
κ4

2πm2
χv

4
rel

[
log(1 +R2)− R2

1 +R2

]
, (8)

with R ≡ mχvrel/M . Here, vrel is the relative velocity
of the two colliding DM particles. It is easy to see that
σT is velocity independent for vrel � M/mχ and drops
roughly ∝ v−4

rel for larger vrel �M/mχ. This implies that
the velocity-averaged cross section per unit DM mass,
〈σT 〉 /mχ, can be of order 0.1–1 cm2/g in galaxies (vrel ∼
O(100 km/sec)), as required to mitigate the small-scale
structure problems [22, 23], while remaining well below
this value in galaxy clusters (vrel ∼ O(1000 km/sec)),
from which the most robust constraints are obtained [31].
In computing 〈σT 〉, we assume the DM velocity distri-
bution to be of Maxwell-Boltzmann form, with velocity
dispersion vrel.
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Figure 3. Constraints on DM self-interactions from the re-
quirement that σT /mχ . 1 cm2/g in galaxy clusters and that
production of 1 eV sterile neutrinos is suppressed. We also
show the favored parameter region for mitigating small-scale
structure problems.

As for the missing satellites problem, it was shown
in [32, 33] that DM–neutrino scattering can delay kinetic
decoupling of DM and increase the cut-off in the struc-
ture power spectrum to the scales of the dwarf galaxies.
Quantitatively [33],

Mcut ≈ 1.7× 108

(
Tkd

keV

)−3

MSun , (9)

where

Tkd =
0.062 keV

Ns
1/4κ

(
Tγ
Ts

)1/2

kd

( mχ

TeV

)1/4
(

M

MeV

)
. (10)

Thus, the cut-off can be raised toMcut ∼ 109−1010MSun,
as required to solve the missing satellites problem [33].
Ns is the number of sterile neutrinos, assumed to be 1
here, that only weakly impacts the result. Note that
in contrast to Ref. [33], we obtain a small Ts/Tγ , from
decays of heavy Standard Model particles after the de-
coupling of the sterile sector.

In Fig. 3, we show the region of parameter space fa-
vored by these considerations. We see that for M .
10 MeV, DM masses mχ ∼ 1–100 TeV, and αχ ≡
κ2/(4π) ≈ 10−3 (see Appendix B for dependence on
αχ), it is possible to mitigate the cusp vs. core and
too big to fail problems, as well as the missing satel-
lites problem, while remaining consistent with the clus-
ter constraint and simultaneously suppressing sterile neu-
trino production to evade BBN and CMB constraints.
This potentially interesting solution to enduring prob-
lems with small-scale structures was first shown in a sce-
nario with active neutrinos [33], which has since been

constrained using laboratory data, BBN, and large-scale
structure [34–36], and a qualitative extension to sterile
neutrinos was suggested therein.

The DM relic abundance may be produced by
Sommerfeld-enhanced annihilations of DM into A′ pairs
that decay to sterile neutrinos. However, unlike in [33],
we do not use separate couplings of DM and ν to do this,
so this should identify the preferred value for DM mass
in the range mχ ∼1–100 TeV. As long as DM chemical
freeze-out happens well above Tγ ∼GeV and the sterile
neutrinos have time to rethermalize with ordinary neu-
trinos (and photons) via high-scale interactions, our sce-
nario remains unaltered by DM annihilation.

DISCUSSION AND SUMMARY

We now discuss the possible origin of a new gauge force
in the sterile neutrino sector, and on further phenomeno-
logical consequences. In [37], Pospelov has proposed
a model with sterile neutrinos charged under gauged
baryon number. He has argued that the model is con-
sistent with low energy constraints, in particular the one
from K → ππνν, even for κ2 sin θ/M2 ∼ 1000GF . This
is precisely the parameter region in which sterile neutrino
production in the early Universe is suppressed, as we have
demonstrated above. In [37–39], the phenomenological
consequences of this model have been investigated, and it
has been shown that strong anomalous scattering of solar
neutrinos in DM detectors is expected. As an alternative
to gauged baryon number, sterile neutrinos could also be
charged under a gauge force that mixes kinetically with
the photon [38]. In this case, M & 10 MeV is preferred
unless the coupling constants are extremely tiny. Once
again in this model interesting solar neutrino signals in
DM detectors can occur. Finally, while we have focused
here on new gauge interactions, it is also conceivable that
the new interaction is instead mediated by a scalar. We
do not expect our conclusions to change qualitatively in
this case.

In summary, we have shown that eV-scale sterile neu-
trinos can be consistent with cosmological data from
BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)s gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [15, 16, 43, 44].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

Σ(k) = (m− a/k − b/u)PL . (11)

Here, PL = (1 − γ5)/2 is a chirality projector, m is the
sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k − Σ(k)) = 0 , (12)

which, in the ultrarelativistic regime, k0 ≈ |k|, gives

k0 = |k|+ m2

2|k| − b (13)

to linear order in the coefficients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,

k0 = |k|+ m2

2|k| , is modified by an effective potential

Veff ≡ −b . (14)

The coefficient b can then be obtained according to the
relation

b =
1

2k2

[
[(k0)2 − k2]tr /uΣ(k)− k0tr /kΣ(k)

]
. (15)

So, the remaining job is to calculate Σ(k).
We assume a Lagrangian Lint = κf̄γµPLfA

′
µ, and at

lowest order, Σ(k) receives contributions from the bub-
ble and tadpole diagrams shown in Fig. 1. In the real
time formalism, these diagrams are calculated using the
unitary gauge thermal propagators for the fermion,

S(p) = (/p+m)

[
1

p2 −m2
+ iΓf (p)

]
, (16)

and the gauge boson

Dµν(p) = (−gµν + pµpν/M2)

[
1

p2 −M2
+ iΓb(p)

]
.

(17)

The thermal parts are given by

Γf (p) = 2πδ(p2 −m2)ηf (p) , (18)

Γb(p) = 2πδ(p2 −M2)ηb(p) , (19)

respectively, with the distribution functions

ηf (p) = [e|p·u|/Ts + 1]−1 , (20)

ηb(p) = [e|p·u|/Ts − 1]−1 . (21)

The form of S(p) and Dµν(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual νs and A′ in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 1 are given by

Σbubble(k) = −iκ2

∫
d4p

(2π)4
γµ PL iS(p+ k) γν iDµν(p) ,

(22)

Σtadpole(k) = iκ2γµ PL iDµν(0)

∫
d4p

(2π)4
tr

[
γν PL iS(p)

]
,

(23)

where κ is the U(1)s gauge coupling. Since we are in-
terested in the leading thermal corrections, we evaluate
only terms proportional to one power of Γf or Γb.

The leading thermal contributions to the bubble dia-
gram are

κ2

∫
d4p

(2π)4
γµ(/k + /p)γ

νPL

(
− gµν +

pµpν
M2

)
×
[
iΓf (k + p)

p2 −M2
− iΓb(p)

(k + p)2 −m2

]
. (24)

We evaluate this expression by first using the δ-functions
in Γf and Γb to carry out the p0 integral. The remain-
ing 3-momentum integral can be evaluated in spherical
coordinates, with the z-axis defined by the direction of
k. In this coordinate system, the integral over the az-
imuthal angle is trivial, and the second angular integral
can be evaluated. We have checked that at this stage
our results agree with those of [44] if we neglect the con-
tributions of longitudinal polarization state of the gauge
boson, as these authors have done.

The remaining integral over |p| can be carried out nu-
merically, but we derive analytical approximations for
the two important limiting cases. In the limit of small
temperatures, |k|, Ts � M , we expand to leading order
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in |p|/M , and obtain

b =
7κ2|k|
6π2M4

∫ ∞
0

d|p| |p|3
(
ηf + ηf̄

)
(25)

=
7κ2|k|π2T 4

s

45M4
. (26)

In the opposite limit of high temperature, |k|, Ts �M ,
we can drop subleading logarithmic terms in |p|, and the
linear term gives

b = − κ2

4π2|k|

∫ ∞
0

d|p| |p|
(
ηf + ηf̄ + 2ηb

)
(27)

= −κ
2T 2
s

8|k| . (28)

Note that the potential |b| � |k|, thus the neutrinos are
still ultrarelativistic, and we can replace |k| ≈ k0 = E,
inside the potential.

Thus we arrive at,

V bubble
eff '


−7κ2π2ET 4

s

45M4
for Ts, E �M

+
κ2T 2

s

8E
for Ts, E �M

(29)

which is the result used in the main text.
Similarly, calculating the tadpole diagram gives

V tadpole
eff =

κ2

2M2
(nf − nf̄ ) , (30)

in terms of terms of the number density of background
fermions. It is straightforward to see that Σtadpole(k)
vanishes when there is no fermion asymmetry. In this
work, we have assumed that νs does not have an asym-
metry, but instead consider the possibility that A′ cou-
ples to asymmetric DM χ, with a net number density,
nχ, which can provide this potential.

Appendix B

In Fig. 4 we show that the DM results, shown in the
main text, are valid over a reasonable range of values for
the coupling αχ. We find that the favorable value for the
coupling increases with larger mχ. The mediator boson
mass remains in the MeV range. Note that, in the bottom
panel of Fig. 4, the neutrino oscillation constraints are
below the range of the figure.
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