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A model of HNLs
Reviews: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part. Sci. (2009), [0901.0011]

Heavy neutral leptons

Heavy neutral leptons (HNLs) are particles with neutrino-like interactions
suppressed by flavour-dependent mixing angles Ue ,Uµ ,Uτ � 1

HNLs are a natural generalization of neutrino dark matter
(Dodelson&Widrow’93; Shi&Fuller’98; Abazajian+’00; Asaka,Laine&Shaposhnikov’06;

Shaposhnikov&Tkachev’06; Kusenko+’06; Laine&Shaposhnikov’08; . . . )

HNLs responsible for neutrino masses are not dark matter
(Asaka & Shaposhnikov’05; Boyarsky+’06)

Minimal model should include at least 3 HNLs

The same model can be responsible for leptogenesis ⇒
Neutrino Minimal Standard Model (νMSM)

(Asaka & Shaposhnikov’05; Asaka, Blanchet, Shaposhnikov’05)
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Predictions of the νMSM

Predictions of the νMSM

1 Lightest neutrino mass is (almost) zero and therefore sum of the neutrino
masses is equal (1−2)matm (depending on mass ordering)

2 Warm and decaying dark matter in keV range

3 Two HNLs with masses in MeV–GeV region and lifetimes that can be as long
as seconds

4 No new physics above electroweak scale
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Neutrino masses in cosmology
Lesgourgues & Pastor [1212.6154]

Neutrinos act as radiation in the early Universe
and later as matter ⇒ affect background
evolution of the Universe at late times

While relativistic – neutrinos free stream
erasing primordial density perturbations ⇒
affect CMB peaks and slow down growth of
structures

From top to bottom: effect of

neutrinos with

∑mν = 0.05 . . .0.5 eV

You need O(5%) precision measurement of the matter power spectrum in the
range from 0.1 . . .10 1/Mpc
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Ultimate neutrino mass measurement
Recall: to detect ∑mν = 0.06 eV at 3σ you need precision σmν

∼ 0.02 eV. See [1801.08331]

[1610.09852]
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Primordial nucleosynthesis

Reminder: primordial Helium-4
abundance is measured with high
statistical precision (the
measurements are systematics
dominated)

Primordial Helium abundance, Yp is
the interplay of two effects:

Yp = 2Xne
−t/τn

where neutron abundance Xn is
the result of freeze-out of weak
reaction (at t ∼ 1 sec)

pe→nν
pν→ne
peν→n
nν→pe

ne→pν
n→peν
H
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HNLs and primordial nucleosynthesis
Most recent BBN bounds on HNLs: [2006.07387] (below mπ ) and [2008.00749] (above mπ )

MeV-GeV scale HNLs can be sufficiently
long-lived to survive till BBN epoch
(t ∼ 0.1−102 sec)

Such HNLs affect primordial Helium
production in a number of ways:

1 Change expansion rate
2 Change n↔ p conversion rates by injecting

weakly interacting decay products (e±, νe ,
ν̄e)

3 Change n↔ p conversion rates by injecting
strongly interacting decay products (π±,
K−, K0, .etc)

Strong interaction rates dominate by orders
of magnitude ⇒ drives HNL lifetime to be
much below 0.1 sec

π
−+p→ n+ π

0/γ

π
+ +n→ p+ π

0

[1006.4172]
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BBN bounds for HNLs
. . . and “bottom” line for Intensity Frontier searches

Previous searches

Seesaw line

SHiP

BAU

Excluded by BBN

DUNE

Produced out of equilibrium
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This work
Ruchayskiy et al.
Dolgov et al.
Sabti et al.
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Boyarsky, Ovchynnikov, Ruchayskiy, Syvolap [2008.00749]

BBN bounds about mπ have been untouched for 30 years

Accounting for strong interactions strengthens them by a factor ∼ 5
(Similar results for scalar: Pospelov & Pradler [1006.4172])

SHiP now can reach the “bottom” for masses below ∼ 1 GeV
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Searching for keV-scale sterile neutrinos
See our review “Sterile neutrino dark matter” [1807.07938]

We can search for monochromatic
X-ray line originating from sterile
neutrinos dark matter decays
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Detection of An Unidentified Emission Line

Bulbul et al. ApJ (2014) [1402.2301]

Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]

Energy: 3.5 keV. Statistical error for line position ∼ 30−50 eV.

Lifetime: ∼ 1027−1028 sec

Can this be. . .

. . . (sterile neutrino) decaying dark matter?
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Subsequent works

Subsequent works confirmed the
presence of the 3.5 keV line in some
of the objects
Boyarsky O.R.+, Iakubovskyi+; Franse+;

Bulbul+; Urban+; Cappelluti+

challenged it existence in other
objects
Malyshev+; Anderson+; Tamura+;

Sekiya+

argued astrophysical origin of the
line
Gu+; Carlson+; Jeltema & Profumo;

Riemer-Sørensen; Phillips+
Figure 6: X-ray line detections consistent with sterile neutrino dark matter are shown here. The dark colored regions are 1, 2
and 3 � from the MOS (blue) and PN (red) stacked clusters by Bulbul et al. [28], the Bulbul et al. core-removed Perseus
cluster (green), and M31 (orange) from Boyarsky et al. [29]. Also shown are the 1 and 2 � regions of the detection in the
Galactic Center (GC) [199] as well as the >2� 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. [204]. 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 [205]. The lines show constraints at the 90% level from Chandra observations of M31 (14) [159], stacked
dwarf galaxies (M14) [193], and Suzaku observations of Perseus (T15) [194]. Stars mark the models shown in Fig. 4.

the exposure was equivalent to 70 ks of normal operations, which was far short of what would be needed
to be highly sensitive. Ref. [211] analyzed XMM-Newton MOS data in the fame field of view as the Hitomi
data, and found the MOS data to have a higher flux within that field. Hitomi excluded the central value of
the new MOS detection by 3�. The prior detections were not appreciably constrained by the Hitomi data,
as shown in Fig. 6.

The NuSTAR telescope was found to be su�ciently sensitive to 3.5 keV photons, with a wide field of
view, ⇠37 deg2, from “zero bounce” photons allowed into the detector because the design of the telescope’s
optical bench allows for these photons in without passing through the telescope’s optics [213, 214]. This was
used by Neronov et al. [213] to place constraints in the high mass range of sterile neutrino decay parameters
space with NuSTAR data toward the COSMOS and CDFS empty sky fields. A few unidentified lines that
could be due to instrumental e↵ects were also detected. A line at 3.51 ± 0.02 keV was detected at 11.1�
in that work, which is consistent with flux expected from previous detections given the dark matter in the
field of view. The response of NuSTAR is very poorly known at the lower energies near 3-4 keV, and it
is thought that the line is likely instrumental since the line is seen in Earth occulted data [214]. Perez et
al. [214] placed constraints from observations of the Galactic Center, which are shown in Fig. 5.

The Deep Field exposures of the Chandra telescope were studied to be potentially very sensitive to dark
matter decays, and placed limits on the parameter space [215]. Recent work by Cappelluti et al. [205] used

24

[1705.01837]

for reviews see

– “Sterile neutrinos in cosmology” [1705.01837]
– “Sterile Neutrino Dark Matter” [1807.07938]
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What can this be?

Statistical fluctuation? – Detections in many objects

Milky way & Andromeda galaxies, Perseus cluster, Draco dSph, distant clusters.
COSMOS & Chandra deep fields

Systematics? – Detection with 4 different telescopes

Different mirror coating (Au vs. Ir)

Different detector technologies (CCD vs. Cadmium-Zinc-Telluride)

Astronomical line?
Hitomi observation of the Perseus galaxy
cluster ruled out the interpretation as
Potassium or any other narrow atomic line.
Sulphur ion charge exchange? (Gu+ 2015 &

2017)
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Signal from the Milky Way outskirts

We are surrounded by the Milky Way halo on all sides

Expect signal from any direction. Intensity drops with off-center angle

Surface brightness profile of the Milky Way would be a “smoking gun”
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Strong line in the Milky Way
Boyarsky, Ruchayskiy, et al. [1812.10488] + update

49 Msec of quiescent Milky Way regions (10′ to 45◦)

The data split into 6 radial bin

Line is detected in 4 bins with > 3σ and in 2 bins with > 2σ significance

Good background model in the interval 2.8−6 keV plus 10−11 keV
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Dark matter profile of the line
Boyarsky, Ruchayskiy, et al. [1812.10488] + update
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The signal is not astrophysical
Boyarsky, Ruchayskiy, et al. [1812.10488] + update
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The radial profile of the 3.5 keV line is significantly more shallow than radial
profiles of nearby astrophysical lines
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Near future

XRISM

Hitomi demonstrated that the origin of the line
can be quickly checked with spectrometers

Hitomi replacement – XRISM is scheduled to be launched in 2021–2022

Micro-X

Microcalorimeter flew on the sounding rocket in July 2018

Modification for DM searches: increase the field of view from 11′ to 33◦

Short (300 sec) flight on a sounding rocket can probe the origin of the signal

[1908.09010] see also [1908.08276]
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More distant future

[1607.07328]

Athena+ (2028)

Large X-ray missing – combination of spectrometry and imaging

Era of dark matter astronomy begins
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X-ray spectroscopy and future of decaying dark matter
searches

With X-ray spectrometer one can

Check the width of the line (for Perseus cluster the difference in line broadening

between atomic lines (v ∼ 180 km/sec) and DM line (v ∼ 1000 km/sec) is visible)

See the structure (doublets/triplets) of lines (if atomic)

Check exact position of the line (Redshift of the line is Perseus was detected at

2σ with XMM – easily seen by XRISM)

Confirm the presence of the line with known intensity from all the previous
detection targets: Milky Way, M31, Perseus, etc.

If confirmed – the era of dark matter astronomy begins
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Conclusion

Previous searches

Seesaw line
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DUNE
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Cosmology and astrophysics can tell us a lot about particle physics
and in particular about HNLs ©
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Backup slides
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Dessert et al. Science (March 2020) [1812.06976]

Quantity sin2(2θ) – sterile neutrino DM mixing angle – is proportional to dark matter decay width

This mixes physical limit (flux) with their assumptions about DM distribution in the Galaxy§
Ignoring all this, dark matter interpretation has sin2(2θ) & 2×10−11 give or take a factor of few

Deep exposure dataset (30 Msec) of
Milky Way regions 5◦−45◦

Self-invented complicated statistical
analysis instead of a standard fitting
approach, used by the X-ray
community

At face value this rules out dark
matter interpretation by a factor
∼ 10
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Dessert et al. Science (March 2020) [1812.06976]

Quantity sin2(2θ) – sterile neutrino DM mixing angle – is proportional to dark matter decay width

This mixes physical limit (flux) with their assumptions about DM distribution in the Galaxy§
Ignoring all this, dark matter interpretation has sin2(2θ) & 2×10−11 give or take a factor of few

Deep exposure dataset (30 Msec) of
Milky Way regions 5◦−45◦

Self-invented complicated statistical
analysis instead of a standard fitting
approach, used by the X-ray
community

If you read inside the paper the
do not rule out dark matter
interpretation at all

Oleg Ruchayskiy (NBI) HNLs from cosmos September 01, 2020 22 / 25

https://arxiv.org/abs/1812.06976


Dark matter content

[1411.0311]
[1911.04557]

Dessert et al. assumes ρ� = 0.4GeV/cm3

To rule out “mixing angle” as inferred in our work from the center of M31 you
should marginalize over uncertainties in DM densities of M31 vs. Milky Way
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Proper modeling at narrow interval
Boyarsky et al. [2004.06601]; also Abazajian [2004.06170]
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The background is
non-monotonic at the
interval of energies
3.3-3.8 keV where they
perform search

There are other lines in this
interval
As shown by [1812.10488;

2004.06601] and most recently by

[2008.02283]

Not including them into the
model artificially raises
the continuum ⇒ reduce
any line

Blue data points: lines with ≥ 3σ significance

Magenta data points: lines with ≥ 3σ significance (4σ for E = 3.48 keV)
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Bounds are consistent with previous detections
Abazajian [2004.06170]

Does not include
proper modeling of
effective area

Does not account
for wider interval of
energies

Should be correct
within a factor of
few
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