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Abstract The possibility of dark matter being a particle involved in the generation
of neutrino mass has been of interest for over 25 years. Sterile neutrinos—or in
the contemporary parlance—dark fermions, are among the simplest and most cited
particles which can provide a mechanism for neutrino mass. If one particle of this
class has a small mixing, it can be quasi-thermally or nonthermally produced in the
early Universe, affect cosmological structure formation, and be detected by X-ray
telescopes or laboratory nuclear experiments. A candidate line was detected in 2014,
and I review the status of the line and its implications for galaxy formation, proposals
for future observations, and laboratory detection.

1 Introduction

One of themost significant discoveries in the past two decades in particle physics was
that neutrinos havemass and oscillate between flavor states [1]. The presence ofmass
requires a mass generation mechanism, and many mechanisms have been proposed
[2]. One of the simplest and prevalent mechanisms has been the introduction of
Majorana and Dirac type mass terms into the Standard Model Lagrangian:

L ⊃ −hαi LαNiϕ − 1

2
Mi j Ni N j + H.c., (1)

where hαi are the Yukawa couplings for the flavor states α = e,μ, τ and Mi j =
Mji (i, j = 1, 2, ...) are the Majorana masses. The extra particles involved in this
mechanism were labeled “sterile neutrinos” due to the lack of their involvement in
Standard Model interactions. In a sense, the introduction of these sterile neutrinos
was one of the first instances of invoking dark fermion fields to solve a problem in
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particle physics. In the contemporary parlance, they would be referred to as “dark
fermions” from a “hidden sector” and I interchanged these names below.

This mechanism can be embedded in what is described as the seesawmechanism,
where the smallness of neutrino mass is due to the generation of Majorana masses

mi j = λi j 〈H〉2
MN

∼ m2
D

MN
. (2)

For MN large, mi j � mD , providing small neutrino masses, as observed relative to
charged lepton masses. The high-scale completion of this mechanism determines
the type of seesaw mechanism [3]. The relation in Eq. (1) can be considered simply
phenomenologically, and this is dubbed the “new Standard Model” or “neutrino
StandardModel” (νSM) [4] or the “neutrinoMinimal StandardModel” (νMSM) [5].
In this mechanism, there are only two “heavy”MN required to produce the observed
atmospheric and solar oscillationmass scales. If there is a symmetry in flavor between
the “dark sector” fermions (sterile neutrinos) and the Standard Model fermions, we
get an extra MN for free. This dark fermion (sterile neutrino) can have arbitrary mass
and mixings, except for where there are constraints on sterile neutrino mixings. In
fact, the mixing for this dark fermion (sterile neutrino) can be arbitrarily small, since
the lightest mass eigenstate, mα of the neutrinos may be arbitrarily small

θ ∼
√

mα

MN
� 1. (3)

The arbitrarily small mixing angle is of interest because production and the candidate
signals in X-ray indicate mixing angles of order 10−7–10−10. Note that the simplest
models of this form cannot accommodate both dark fermions (sterile neutrinos) being
dark matter as well as a short baseline neutrino [5]. More complicated models can
accommodate both [6].

2 Sterile Neutrino/Dark Fermion Dark Matter: Production
and Indirect Detection

It was realized in 1992 that such an extra dark fermion could be dark matter [7],
via scattering induced production in mixing with an active neutrino—dubbed the
Dodelson-Widrow case. In 1998, this was extended to use a Mikheyev-Smirnov-
Wolfenstein resonant production method in universes that could have a nontrivial
lepton asymmetry in active neutrinos—dubbed the Shi-Fuller case [8]. Nonresonant
Dodelson-Widrow production occurs at temperatures of approximately 100 MeV,
where above that temperature the scattering rate to Hubble expansion rate decreases
with increasing temperatures as Γ/H ∝ T−9 and below that temperature, the rate
of production decreases again as Γ/H ∝ T 3. In the resonant Shi-Fuller case, there
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can still be some production via the nonresonant production, but the production is
enhanced by resonance at higher temperature due to the presence of lepton asymme-
try. Therefore, the Shi-Fuller case can produce the requisite total dark matter density
with even smaller mixing angles.

In my collaboration with Fuller and Patel, we explored the full parameter space
of mixing, mass, and lepton number, where the latter is what connects the two mech-
anisms of Dodelson-Widrow and Shi-Fuller [9]. (As the lepton number approaches
zero, Shi-Fuller becomes Dodelson-Widrow.) We included the effects of the quark-
hadron transition that occurs during peak production of the dark matter in much
of the parameter space. That work also explored all of the constraints on the dark
fermion/sterile neutrino dark matter, including structure formation constraints due
to the “warmness” of the dark matter, the cosmic microwave background spectral
distortions due to decay, big bang nucleosynthesis, the diffuse X-ray background,
and supernova cooling. The strongest constraint was found by Abazajian, Fuller,
and Patel to be likely from X-ray emission as observed in relatively local struc-
tures like galaxies and clusters of galaxies observed by the contemporary X-ray
telescopes Chandra and XMM-Newton. This is due to the radiative decay of the dark
fermion/sterile neutrino, which has no GIM suppression:

Γγ(ms, sin
2 2θ) ≈ 1.36 × 10−30 s−1

(
sin2 2θ

10−7

) ( ms

1 keV

)5
, (4)

for theMajorana case. This decay was first pointed out and calculated by Shrock [10]
and independently by Pal &Wolfenstein [11], and for theMajorana case by [12]. The
level of constraints from Virgo Cluster XMM-Newton observations were explored in
Abazajian et al. [13]. In that work, we also explored future sensitivities by the at the
time proposed Constellation-X mission, as well as pointing out that an equivalent
exposure to that largemission “could be obtained by a stacking analysis of the spectra
of a number of similar clusters.” In the subsequent thirteen years, there was a long
history of searches for the line in X-ray data, with no conclusive evidence (for a
review, see [14]).

In 2014, Bulbul et al. [15] used a stack of 73 clusters to search for dark matter
decay lines, and discovered a ≈5σ line in the sample, in several subsamples, with
both detectors aboard XMM-Newton. They also saw evidence for the line in Chan-
dra observations of the Perseus Cluster. This detection was followed up in several
searches, with evidence for the line from Andromeda [16], the Milky Way Galactic
Center (with XMM-Newton) [17], with SUZAKUX-ray Space Telescope data toward
Perseus [18], in 8 more clusters at >2σ significance [19], and in NUSTAR [20] and
Chandra [21] deep fields’ exposure to the Milky Way Galactic Halo, as shown in
Fig. 1.

The line was not detected in claimed sensitive observations of stacked galaxies,
though the systematic uncertainties in the continuum were of order the signal [22].
It was also not detected in MOS observations of Draco, though the authors of the
analysis state the observations do not exclude a darkmatter decay interpretation [23].
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Fig. 1 The full parameter space for sterile neutrino dark matter is shown, for the case where it
comprises all of the dark matter. Constraints arise fromM31 Horiuchi et al. [24], as well as stacked
dwarfs [25]. Also shown are constraints from the diffuse X-ray background [26], and individual
clusters “Coma+Virgo” [27]. At higher masses, we show the limits from Fermi GBM [28] and
INTEGRAL [29]. The signals near 3.55 keV from M31 and stacked clusters are also shown [15,
16]. The vertical mass constraint only directly applies to the Dodelson-Widrow model being all
of the dark matter, labeled “DW,” which is now excluded as all of the dark matter. We also show
forecast sensitivity of the planned Athena X-ray Telescope [30]. This figure is from Ref. [14]

3 Galaxy Formation

There has been considerable interest in this candidate because of the “warmness”
of sterile neutrino dark matter, which may alleviate problems in galaxy formation,
namely the central density or Too Big To Fail problem [32, 33]. This was explored
in ranges of the parameter space of the signal, showing how sterile neutrino/dark
fermion dark matter could be differentiated from thermal warm dark matter in dark
matter only simulations [34, 35], as well as recent full hydrodynamic simulations
[36]. It should be emphasized that the fraction of dark matter need not by 100% in
order to produce the candidate line but could be as little as 7 × 10−4 in low reheating
universe scenarios [14]. In the case of a small fraction of the dark matter being the
signal producing sterile neutrino/dark fermion, the dynamics of galaxy formation
would be dominated by the predominant form of dark matter, whether it is cold dark
matter, self-interacting dark matter, or anything else (Fig. 2).
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Fig. 2 X-ray line detections consistent with sterile neutrino dark matter are shown here. The dark
colored regions are 1, 2 and 3 σ from the MOS (blue) and PN (red) stacked clusters by Bulbul
et al. [15], the Bulbul et al. core-removed Perseus cluster (green), and M31 (orange) from Boyarsky
et al. [16]. Also shown are the 1 and 2σ regions of the detection in the Galactic Center (GC)
[17] as well as the >2σ line detections in 1. Abell 85; 2. Abell 2199; 3. Abell 496 (MOS); 4.
Abell 496 (PN); 5. Abell 3266; 6. Abell S805; 7. Coma; 8. Abell 2319; 9. Perseus by Iakubovskyi
et al. [19]. Numbers in the plot mark the centroid of the regions, with MOS detections in orange
and PN in purple. We also show, in purple, the region consistent with the signal in Chandra Deep
Field observations, with errors given by the flux uncertainty, i.e., not including dark matter profile
uncertainties [21]. The lines show constraints at the 90% level from Chandra observations of M31
(14) [24], stacked dwarf galaxies (M14) [25], and Suzaku observations of Perseus (T15) [31]. Stars
mark models studied in Ref. [32]. This figure is from Ref. [14]

4 The Future

Several follow-up observations and experiments are planned. On the laboratory
experiment side, the KArlsruhe TRItium Neutrino (KATRIN) experiment has sen-
sitivities down to mixing angles of ∼10−8 at ms ≈ 7 keV [37], and the atom trap
experiment Heavy Unseen Neutrinos from Total Energy-momentum Reconstruction
(HUNTER) aims to be even more sensitive via energy-momentum reconstruction of
K-capture 131Cs [38].

Future searches on the sky include theMicro-X and XQC sounding rocket exper-
iments, which can be sensitive to the signal parameter space, with campaigns that
could occur from the southern hemisphere in the summer of 2019 [39]. Large mis-
sions such as ATHENA [30] and the X-ray Surveyor will be very sensitive to the
candidate signal parameter space, but are a decade or more away from launch (2028
launch for ATHENA and later for X-ray Surveyor). Sooner would be the replacement
mission for Hitomi, the X-ray Recovery Mission (XARM), which is scheduled for
launch in March 2021, and would be sensitive to the velocity broadening of the line
[15].
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A very exciting development that was initiated by this Symposium was the pro-
posal for a CUBESAT mission by a team at Fermi National Accelerator Laboratory
led by S. Timpone, and presented by Roni Harnik at the Symposium. The mission
would use newly designed CCDs from Fermilab that are sensitive to 3.5keV photons
on a CUBESAT in order to search for the line from exposure to a large fraction of
the sky. Such an experiment is roughly estimated to have ∼20σ sensitivity to the
3.5keV signal, with a mere 90 min exposure. I was able to connect the instrumen-
talist team at Fermilab with space mission specialists at Jet Propulsion Lab, led by
Olivier Doré, to help draft a more robust proposal to NASA for funding what would
be an exceedingly high-impact CUBESAT mission.

On the physics theory side, Alex Kusenko and I started a new project at the
Symposium which studies a number of production mechanisms besides Dodelson-
Widrow and Shi-Fuller, which could be responsible for the decay line and be all of
or a fraction of the dark matter. These models include production by the decay of
a gauge singlet in the Higgs sector [40], and mechanisms in the split seesaw model
[41]. This collaboration is ongoing thanks to the Symposium.
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