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A mechanism for generating the relic density of sterile neutrinos, which could serve as dark
matter, is discussed. In the described scenario, a population of “heavy” sterile neutrinos is
initially produced via scattering-induced decoherence of active neutrinos. Subsequently, this
population is transferred to one (or more) lighter sterile neutrinos through scatterings and decays
mediated by (“secret”) self-interactions among sterile neutrinos. These lighter neutrinos exhibit
either very weak or no mixing with active neutrinos and have the potential to serve as dark matter
with masses ranging from approximately 10 keV to 1 GeV. As such, they can bypass existing

constraints; however, they might still be detectable in future observations.
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1. Introduction

The identity of dark matter (DM) remains one of the central issues in physics and astronomy.
Among the various particle candidates, sterile neutrinos represent a compelling possibility. How-
ever, traditional mechanisms for generating DM-relevant densities of sterile neutrinos tend to be in
tension with X-ray and large-scale structure data. In Ref. [1], on which this proceedings is based,
we propose an alternative scenario that could bypass current limits while remaining detectable by
future experiments.

The conventional Dodelson-Widrow model [2] relies on mixing between sterile and active
neutrinos, leading to DM production via active neutrino scattering at early-universe temperatures.
Yet, this same mixing also causes radiative decay of sterile neutrinos, producing X-rays that place
stringent observational constraints [3]. Other models have, for instance, suggested DM production
via decays of heavier particles [4, 5], dilution of their initial overabundance [6], or via mixing
enhanced by cosmic lepton number asymmetry [7-9], each requiring additional new physics.

A promising approach involves leveraging secret sterile neutrino (self-)interactions, i.e., beyond-
the-Standard-Model interactions typically exclusive to the sterile neutrino sector. It has been shown
that self-interacting sterile neutrinos can boost production, achieving the needed DM relic abundance
at lower mixing angles [10-12]. Our proposed mechanism combines active neutrino scattering-
induced decoherence with self-interactions among sterile species, potentially involving multiple
sterile states within a dark sector.

2. Dark Population Transfer Mechanism

The scenario we propose involves three key steps: (1) Heavy sterile neutrinos, which mix
slightly with active neutrinos, are produced via scattering-induced decoherence; (2) Before these
neutrinos can decay back to the Standard Model (SM), self-interactions transfer this population to
lighter sterile neutrinos; (3) These lighter sterile neutrinos persist as DM until today, provided they
have minimal mixing with active species.

The evolution of the SM plasma and dark sector follows energy conservation equations, where
a small energy transfer from the SM to the dark sector occurs [1]. The Hubble parameter governs
the overall dynamics, and energy injection into the dark sector via scattering-induced decoherence
depends on the active-sterile mixing. Self-interactions help the dark sector reach thermal equilib-
rium, allowing simplification of the system’s evolution without needing detailed solution of the full
Boltzmann equations. The temperature of the dark sector can then be determined assuming initially
empty dark sector and subsequent energy conservation during its thermalization. For a detailed
discussion we refer the reader to Ref. [1].

To illustrate the mechanism on a specific example, we consider a dark sector composed of two
sterile neutrinos, Nj (heavy) and N, (light), interacting via a scalar mediator ¢,

ij

gy _
£ 2N Nig+he, (1)

where i, j = 1,2. For simplicity, we assume all couplings g;f are equal to g4 and consider the
heavy-mediator limit, for which the effective interaction strength is G4 = g%p / m%p. This keeps the
discussion more general, as the ultraviolet (UV) origin of the self-interaction can in principle vary.
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Figure 1: The top panel depicts the rates of different processes and the colored bands illustrate the variation
in rates as the dark sector undergoes thermalization. Parameters used are my, = 1 GeV, sin2(20) =101,
Gy = 0.1GF, @ =electron, with p = 3T setin calculation of all rates. The bottom panel displays the evolution
of energy densities for both the active and sterile neutrinos in dependence on the SM plasma temperature
Tsm- In this scenario, the thermal equilibrium in the dark sector is attained together with the population
transfer from the heavier sterile neutrino (N) to the lighter one (V) by a combination of 2-to-2 scatterings
and 1-to-3 decays happening concurrently. Taken from Ref. [1], where more details can be found.

The population transfer and thermal equilibrium in the dark sector can be established using
different combinations of processes mediated by the self-interactions. Specifically, by 2-to-2
scatterings, 1-to-3 decays, and alternatively also 2-to-4 scatterings. The heavy-scalar-mediator
scenario is captured in Fig. 1 for specific values of parameters. We denote I'y x_.y a rate of a
process mediated by ¢ with X (Y) sterile neutrinos in the initial (final) state. The rates I's »_,» and
"¢ 24 show bands where the upper and lower edges represent scenarios without and with internal
thermalization in the dark sector, respectively. This is reversed for I'y 1_,3. Initially, population
of Nj is obtained via scattering-induced decoherence, and the dark sector is not yet in thermal
equilibrium due to the absence of number-changing processes. Once I'g 1,3 surpasses the Hubble
rate H, this process boosts the number of sterile neutrinos, and the faster 2-to-2 interactions help
N and N; reach equilibrium with similar number densities. Decays of N; into the SM particles
are marginal compared to dark decays for these parameters. As thermalization progresses, the
rate positions switch across the bands, unless a freeze-out (I'y < H) interrupts the process. In
the end, the population of N becomes non-relativistic and is transferred (while being Boltzmann-
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Figure 2: On the left, the contours depict the mass (in MeV) of the dark-matter (lighter) candidate sterile
neutrino, N, in the parameter space spanned by the mass my, and active-sterile mixing angle, sin’(20),
of the heavy sterile neutrino. On the right, in the same parameter space the contours representing the dark
sector temperature relative to the Standard Model temperature are shown, under the assumption that the dark
sector thermalizes with itself. See Ref. [1] for more detailed discussion.

suppressed) into N, species. The 1-to-3 decays, which later outpace the 2-to-2 interactions, facilitate
this transfer even more with N, surviving as a DM component until today. Another approach to
achieve internal thermalization in the dark sector would be through 2-to-4 processes, which are
primarily effective at high temperatures and cover a narrower range of parameter space compared
to the previous mechanism, but, on the other hand, can accommodate smaller masses of N;. For
more details please refer to the original Ref. [1].

3. Sterile-Neutrino Parameter Space

Assuming internal thermalization of the dark sector, Fig. 2 illustrates the parameter space where
all DM is produced. The left panel displays the required mass my, to account for all DM, based
on the temperatures in the right panel. The right panel captures the ratio between final dark sector
temperature and the SM temperature. It remains below unity because of the weak active-sterile
mixing and the heating of the SM plasma as particles become non-relativistic. While results assume
conversion of N to N, via 2-to-2 scattering, they hold similarly for 1-to-3 decays if number density
is conserved.

The upper boundary of the colored region in Fig. 2 arises from DM free streaming constraints.
The lower boundary is set by the requirement m y, > 3my,, allowing N to decay into three N,. The
Nj mass is capped at 10 GeV to ensure that during scattering-induced decoherence Tsy > my;,,
thus production of N is relativistic.

4. Discussion and Summary

As highlighted earlier, the new mechanism proposed in Ref. [1] stands out by allowing a broader
range of sterile neutrino DM masses, especially at the higher end. Typically, the mass of sterile
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Figure 3: The allowed parameter space for the sterile neutrino DM candidate N, is shown in terms of its mass
and mixing angle with active neutrinos. In the standard Dodelson-Widrow mechanism of scattering-induced
decoherence, sterile neutrino production is limited to masses around the keV scale due to constraints from
free streaming and lifetime, and is largely excluded by X-ray data. In contrast, the newly proposed mechanism
can operate across a wide range of mixing angles not restricted by these observations and supports a broader
mass spectrum, from about 10 keV to 1 GeV.

neutrino DM is limited by the requirement that it does not decay too rapidly due to active-sterile
mixing. However, in this scenario, the relic abundance is not dependent on the mixing angle,
which can be extremely small. As a result, the mechanism expands the potential for detection
across a wider range of masses and mixings for current and future X-ray and y-ray observations,
see Fig. 3. Depending on the mass of N;, the DM candidate N, can vary between ~10 keV
and ~1 GeV. Upcoming missions like ATHENA and XRISM, along with existing telescopes like
NuSTAR, HEX-P, Fermi-GBM, and INTEGRAL-SPI, will continue to probe this parameter space,
including higher energy ranges (for all the references please see Ref. [1]).

The lower mass limit for sterile neutrino DM is governed by the need to preserve small-scale
cosmic structure, ensuring that the particles do not have excessive kinetic energy. With internal
thermalization in the dark sector keeping Tps < Tsm, the average energy of sterile neutrinos can be
lower than in standard scattering-induced scenarios, resulting in a less stringent lower mass bound.
Observations of small-scale structure set a minimum mass of 9.7 keV (95% C.L.) [13] for thermal
DM, which is significantly weaker than the 92 keV limit for the Dodelson-Widrow mechanism [14].

In the end, upcoming particle-physics experiments as well as astrophysical surveys may shed
more light on (sterile) neutrinos, and potentially, reveal a related rich dark sector, unravelling the
nature and origin of dark matter.
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