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Extension of Standard Model with heavy neutral leptons
Asaka & Shaposhnikov’05. Review: Boyarsky+’09

⇒

Can this be a unified Standard Model of particle physics and
cosmology

Sharing success of the Standard Model at accelerators and resolving major BSM problems:

Neutrino masses and oscillations; Baryon asymmetry of the Universe; Dark matter
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Type l seesaw model

Majorana mass term

LSeesaw Type I =LSM + i N̄ /∂N + Y N̄(H̃ ·L) +
1

2
N̄MNc + h.c.

Dirac mass term

Neutrinos are light because
mDirac�M :

mν '
(mDirac)2

M
= U2M

active-sterile mixing angle

U =
mDirac

M
� 1

The new particle is called“Sterile neutrino” or “heavy neutral lepton” or HNL
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HNL parameters and neutrino oscillations
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For every point in the white region, HNLs with such

mass/interaction that can explain the

phenomenology of neutrino oscillations

N HNLs bring 7×N −3 new
parameters

With the full knowledge of
PMNS and active neutrino
masses/phases we will be able
to determine

7 out of 11 parameters (N = 2)
9 out of 18 parameters (N = 3)

Undetermined parameters are:
N Majorana masses + some
ratios of Yukawas (for example,

one replace YαI ↔ YαJ(MI /MJ)1/2

for some pairs I 6= J. )
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Properties of sterile neutrinos

Heavy neutral lepton inherits the interactions from neutrinos

Charged current-like: L̃CC =
g U√

2
ēγ

µ (1− γ5)NcWµ

Neutral current-like: L̃NC =
g U

cosθW
ν̄γ

µ (1− γ5)NcZµ

Typical values of parameters

Yukawa coupling∼
(
MNmν

〈Φ〉2
)1/2

≈ 4×10−8

(
MN

1 GeV

)1/2

Mixing angles U2 =
mν

MN
≈ 5×10−11

(
1 GeV

MN

)

�� ��GF −→ U×GF

N

µ−

ν̄µ

e+

Ue × GF
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How to search for HNLs
Shrock+’80s; Gronau+’84; Gorbunov & Shaposhnikov’07; Atre et al.’09
Review: SHiP Physics Case’15

MN < few MeV – only Ue mixing can be probed
(kink searches)

O(10)MeV .MN .MK – intensity frontier
experiments (peak searches)

O(100)MeV .MN .MB – intensity frontier
experiments (fixed target experiments)

MN & few GeV – LHC searches (displaced
vertices; multilepton final states; same sign same
flavour leptons, . . . )
Helo+’15-’16; Izaguirre & Shuve’15; Ng+’15; Antush+’15-’16; Dib & Kim’15;

Gado+’15; Dev+’15; Cvetic+’15-’16

Z-factories (FCC-ee)
Blondel+’14
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Figure 1: Current (shaded) and future limits in the heavy neutrino mass-mixing

plane for the electron flavor. For details and for limits in other flavors, see 4, 7).

with the run-II phase of the LHC, as shown by ‘LHC14’ in Fig. 1 for 300 fb�1

luminosity. Further improvements by another order of magnitude are possi-

ble at the proposed 100 TeV pp collider, as shown by the ‘VLHC’ curve for 1

ab�1 luminosity. The corresponding limits for opposite-sign dilepton signal are

expected to be weaker due to the larger SM background. It is worth empha-

sizing here that the W� vector boson fusion processes 8) become increasingly

important at higher center-of-mass energies and/or higher masses, and must

be taken into account, along with the usual Drell-Yan production mechanism

with an s-channel W boson so far considered in the experimental analyses of

the LHC data.

Note that the LFV processes (such as µ ! e�) put stringent constraints

on the product |V`NV ⇤
`0N | (with ` 6= `0), but do not restrict the individual mixing

parameters |V`N |2 in a model-independent way. Similarly in the electron sector,

the 0⌫�� constraints are the most stringent for a large range of the heavy

neutrino masses, but are subject to a large uncertainty due to the unknown

CP phases in the seesaw matrix, and hence, do not necessarily render the

direct searches redundant. The current exclusion limits from various other

experiments are shown by the shaded region in Fig. 1 4, 7).

[1601.01658]
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Accidental suppression of mixing angles
Shaposnikov’06; Asaka et al.’11; Ruchayskiy & Ivashko’11; Drewes et al.’16

Already with two HNLs accidental
suppression of some of the flavour mixing
angles is possible, given unknown phases in
PMNS matrix

Therefore it is important to target channels,
governed by different mixing angles Uα (at
SHiP, NA62, LHC, . . . )
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Mass of heavy neutral leptons?

§ No information from neutrino oscillations

What can other BSM phenomena tell us about the HNLs mass?
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Dark Matter in the Universe

Astrophysical evidence:

Stellar Disk

Dark Halo

Observed

Gas

M33 rotation curve

Expected: v(R) ∝
1√
R

Observed: v(R)≈ const

Expected:
masscluster = ∑massgalaxies

Observed: 102 times more
mass confining ionized gas

Lensing signal (direct mass
measurement) confirms
other observations

Cosmological evidence:

Jeans instability turned
tiny density fluctuations
into all visible structures
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Neutrino dark matter

Neutrino seems to be a perfect dark matter candidate: neutral, stable, massive,
abundantly produced in the early Universe

Cosmic neutrinos

We know how neutrinos interact and we can compute their primordial
number density nν = 112cm−3 (per flavour)

To give correct dark matter abundance the sum of neutrino masses, ∑mν ,
should be ∑mν ∼ 11eV

Tremaine-Gunn bound (1979)

Such light neutrinos cannot form small galaxies – one would have to put
too many of them and violated Pauli exclusion principle

Minimal mass for fermion dark matter ∼ 300−400eV
If particles with such mass were weakly interacting (like neutrino) – they
would oveclose the Universe (Ω∼ 3!)
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Two roads from neutrino dark matter

Dark matter cannot be light and weakly interacting at the same time

Alternatives:

Light and necessarily super-weakly
interacting — HNL

Heavy and weakly interacting —
WIMP

. . . and of course other, completely orthogonal ideas, like axions

HNLs as dark matter

Can be light (down to Tremaine-Gunn bound)

Can be warm (born relativistic and cool down later)

Can be decaying (stability is not required)

Can be produced in correct amounts (via mixing with neutrinos)
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Parameter space of HNL dark matter I
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Excluded by X-ray observations

– Non-observation of decay line
N → γ + ν

– Lifetime � Age of the
Universe (dotted line)

– Contribution to neutrino
masses

m� ∼ U2M

[Asaka+’05; Boyarsky+’06]
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Parameter space of HNL dark matter II
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Production via non-resonant mixing

– Production via non-resonant
mixing
[Dodelson & Widrow’93; Asaka, Laine,

Shaposhnikov’06]

– Liouville bound (neglecting
feedback from baryons)
[Boyarsky, O.R. et al.’08;

Gorbunov+’08]

– Lyman-α bound
[Boyarsky, Lesgourgues, O.R., Viel’08]

Production via mixing and decay signal depend on the same mixing angle U2

X-ray bounds grow very fast with mass (flux ∼M5
N)
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Parameter space of HNL dark matter III
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– White region: production via
resonant mixing
[Shi & Fuller’93; Laine &

Shaposhnikov’08]

– Requires: lepton asymmetry
exceeding ηbaryon by many
orders of magnitude at
T ∼ 100−500MeV

In summary

HNL DM is light (1−50 keV) if there are no other particles

Yukawa of HNL DM are tiny (O(10−10) or below)
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Searches for radiatively decaying dark matter
For overview see e.g. [1602.04816] “A White Paper on keV Sterile Neutrino Dark Matter”
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Reminder: 3.5 keV line story
Two groups reported an identified feature in the X-ray spectra of dark matter-dominated objets

ApJ (2014) [1402.2301]

PRL (2014) [1402.4119]

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

Lifetime: ∼ 1028 sec (uncertainty: factor ∼ 3)

Possible origin: decay DM→ γ + ν (fermion) or DM→ γ + γ (boson)
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Galactic center – a non-trivial consistency check
Boyarsky, O.R.+ PRL 115, 161301
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Observation from M31 puts a lower bound on the GC flux

Non-observations from the Milky Way outskirts puts an upper bound on the
GC flux

The observed signal fits into the range
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Subsequent works
For overview see e.g. [1602.04816] “A White Paper on keV Sterile Neutrino Dark Matter”

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+

6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4 7.5
ms  [keV]

10-11

10-10

si
n

2
2θ

H14 M31

M14 Dwarfs

T15 Perseus

MOS Clusters
M31

Perseus

[1507.06655]

A common explanation for every detection
and non-detection?

When comparing bounds from different objects one should be careful — dark

matter content in each of them uncertain by a factor 2−3
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Line in NuStar
Milky Way halo. Neronov & Malyshev [1607.07328]. Also Ng+ [1609.00667]

The 3.5 keV is present in the
spectrum with 11σ significance

The spectrum of NuStar ends at
3 keV, so this is a lower edge of
sensitivity band

The 3.5 keV line has been previously
attributed to reflection of the
sunlight on the telescope structure

However, in the dataset when Earth
shields satellite from the Sun the
line is present with the same flux
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Line in Chandra
Cappelluti+’17

Most recently: 10 Msec of Chandra
observation of Chandra Deep Fields

3σ detection of a line at ∼ 3.5 keV

If interpreted as dark matter decay
– this is a signal from Galactic halo
outskirts (∼ 115◦ off center)

Chandra has mirrors made of
Iridium (rather than Gold as XMM
or Suzaku) – absorption edge origin
becomes unlikely

8

Fig. 4.— 1� (continuous line) and 2� (dashed line) limits on the
expected 3.5 keV line flux as function of the angular distance from
the GC by assuming a NFW profile with parameters from Nesti
& Salucci (2013). The profile is compared with our measurements
from the deep fields (black filled circles) and with the NuSTAR
results (red/blue filled circles). The downward � black arrow
represents the 3� limit derived from simulations. The downward�
blue arrow represents the 3� sensitivity to the 3.5 keV line with 50
Ms Chandra.

and shape are still highly debated (Bland-Hawthorn &
Gerhard 2016).

Assuming that all the intervening dark matter is asso-
ciated with a cold component that can be modeled with
an NFW profile (Navarro et al. 1997) given by:

⇢DM =
⇢⇤

x(1 + x)2
(4)

where x = r/rH ; here we adopt the parameters measured
by Nesti & Sallucci (2013): and therefore use d=8.02±0.2
kpc, rH=16.1+12.2

�5.6 , ⇢⇤=13.8+20.7
�6.6 ⇥ 106 M�/kpc3 and

SDM,GC=0.63±0.11 ph/s/cm2/sr. Using Eq. 2 we cal-
culated, with Monte Carlo integration, the 1� and 2�
confidence levels of the flux from DM decay along the
line of sight as a function of the angular distance from
the GC. This is shown in Fig. 4, wherein we overplot our
measurement and the NuSTAR measurement. The two
fields investigated here are basically at the same angular
distance from the GC of ✓ ⇠115 deg. Remarkably, our
measurements are consistent at the 1� level with such a
profile. This means the ratio of fluxes at ✓=115 and ✓=0
is consistent with the NFW DM decay model.

In terms of constraints on the number of neutrino
species (allowing one additional species of a sterile neu-
trino along with the 3 other usual flavors), Planck Col-
laboration et al. (2015) report that with the CMB tem-
perature data alone it is di�cult to constrain Ne↵ , and
data from Planck alone do not rule out Ne↵ = 4. At the
95% C.L. combining Planck + WMAP + high l experi-
ments they obtain Ne↵ = 3.36+0.68

�0.64. The Planck collabo-
ration has only investigated an eV mass sterile neutrino
as a potential additional species. So other than saying

that Ne↵ = 4 is permitted, there are no concrete CMB
constraints on keV sterile neutrinos.

Performing the line integral through the halo of the
Milky Way taking into account the f.o.v and given that
all 3 deep fields included in this analysis are at roughly
115 degrees, we compute the surface mass density along
the line of sight. Similar to our assumption adopted
above, the MW halo is once again modeled with an NFW
profile and the current best-fit parameters are adopted
from Nesti & Salucci (2013). Using the formulation de-
veloped in Abazajian et al. (2007), we use the measured
flux in the line to constrain the mixing angle sin2 2✓. Al-
though we use the integrated surface mass density of dark
matter in the Milky Way halo integrated out to the virial
radius, the dominant contribution comes from the inner
region - from within a few scale radii - of the density
profile due to the shape of the NFW profile. Using the
higher bound and the lower bound estimates for the total
mass of the Milky Way, we obtain the following values
for ⌃ the integrated surface mass density of DM:

⌃DM,High = 0.0362 gmcm�2;

⌃DM,Low = 0.0109 gmcm�2. (5)

Using these values and the equation:

sin2 2✓ ⇥ (
m⌫

1 1 keV
)4 ⇥ ⌃DM

gm cm�2
=

(
I⌫

1.45 ⇥ 10�4
) photons cm�2 s�1 arcsec�2,

(6)

we obtain that sin2 2✓DM,High = 6.92 ⇥ 10�10 and
sin2 2✓DM,Low = 2.29 ⇥ 10�10. Furthermore, we can now
estimate the lifetime ⌧ for this sterile neutrino species,
using equation 2 of Boyarsky et al. (2015):

⌧DM = 7.2 ⇥ 1029 sec(
10�8

sin2 2✓
) (

1 keV

m⌫
)5 (7)

and find that it is ⌧DM,High = 6.09 ⇥ 1027 sec and
⌧DM,Low = 1.83⇥1027 sec respectively. These mixing an-
gle estimates are in very good agreement with Figures 13
and 14 of Bul14. They can also be overplotted and seen
clearly to be consistent with Figure 3 of Iakubovskyi et
al. (2015).

However, despite concordance with parameters ex-
tracted from other observational constraints obtained
from X-ray data of stacked galaxy clusters and the Galac-
tic center, due to the significance of our detection only at
the 3� level, we cannot conclusively claim that this ob-
served 3.51 keV line originates from decaying dark mat-
ter. It would require a non-detection with at least 50 Ms
of Chandra observations to rule out this hypothesis (see
Fig. 4).

6. SUMMARY

In this paper, we have presented a 3� detection of an
unidentified emission feature at ⇠3.5 keV in the spec-
trum of the CXB with extremely deep integration time.
Examining the sources of possible origin for this feature,
we conclude that the line does not have a clear known
instrumental origin. The intensity and the energy of the
line is consistent with previous measurements that were

By now the 3.5 keV line has been observed with 4 existing X-ray telescopes,
making the systematic (calibration uncertainty) origin of the line highly unlikely
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Next step for 3.5 keV line: resolve the line

Astro-H/Hitomi – new
generation X-ray
spectrometer with a superb
spectral resolution

Launched February 17, 2016

§ Lost few weeks later

Before its failure observed
the center of Perseus galaxy
cluster

The observations was in
calibration phase (additional

filters block most of X-ray below

3 keV)

Perseus center spectrum [1607.07420]
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What did we learn with existing Hitomi data?

Due to its super energy resolution, Hitomi can distinguish between atomic
line broadening (thermal velocities ∼ 102 km/sec) and decaying dark matter
line broadening (virial velocity ∼ 103 km/sec)

Even the short observation of Hitomi showed that Potassium, Clorium, etc.
do not have super-solar abundance in Perseus cluster ⇒ 3.5 keV line is not
astrophysical

Bounds much weaker for a broad (dark matter) line ⇒ not at tension with
previous detections

This does not seem to be astrophysics (Hitomi spectrum)

This does not seem to be systematics (4 different instruments)

???
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Future of decaying dark matter searches in X-rays

Another Hitomi

JAXA is planning to send a replica of Hitomi satellite (within about 2 years)

Microcalorimeter on sounding rocket (2017)

Large field-of-view and very high spectral
resolution

Can resolve narrow lines from diffuse sources

Flying time ∼ 102 sec
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Large ESA X-ray mission (2028) with X-ray spectrometer (X-IFU)

Very large collecting area (10× that of XMM)

Oleg Ruchayskiy (NBI) News about heavy neutral leptons TH Institute (CERN) 23 / 48



Warm dark matter

Particles are born relativistic ⇒ they do not cluster

Relativistic particles free stream out of overdense regions and smooth
primordial inhomogeneities

University of Durham 

Institute for Computational Cosmology 

The dark matter power spectrum 

Free streaming à 
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– Particle velocities means that
warm dark matter has effective
pressure that prevents small
structure from collapsing
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At non-linear scales

Halo properties in the COCO WDM simulation 5

Figure 2. Redshift evolution of the projected dark matter density in COCO-COLD (left) and the 3.3 keV COCO-WARM Universe (right). From top to bottom,
the top three panels show snapshots at z = 10, z = 6, z = 1 of the projected mass density in cubes of side 2 h�1 Mpc, centred on the most massive group
at z = 0. The bottom panels show zooms of a 5 ⇥ 1010 h�1 M� halo at z = 0 in a cube of side 150 h�1 kpc. The emergence of small haloes at early
times is apparent in the CDM case, when the WDM distribution is much smoother. The formation of large haloes occurs at roughly the same time in the two
simulations and the subsequent growth of these haloes is similar in the two cases. In the zoom shown in the bottom panel, the lack of substructure in the WDM
case compared to its CDM counterpart is stark.

MNRAS 000, 1–16 (2015)

Halo properties in the COCO WDM simulation 5

Figure 2. Redshift evolution of the projected dark matter density in COCO-COLD (left) and the 3.3 keV COCO-WARM Universe (right). From top to bottom,
the top three panels show snapshots at z = 10, z = 6, z = 1 of the projected mass density in cubes of side 2 h�1 Mpc, centred on the most massive group
at z = 0. The bottom panels show zooms of a 5 ⇥ 1010 h�1 M� halo at z = 0 in a cube of side 150 h�1 kpc. The emergence of small haloes at early
times is apparent in the CDM case, when the WDM distribution is much smoother. The formation of large haloes occurs at roughly the same time in the two
simulations and the subsequent growth of these haloes is similar in the two cases. In the zoom shown in the bottom panel, the lack of substructure in the WDM
case compared to its CDM counterpart is stark.
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COCO Warm simulation Bose+’15

HNL dark matter:
Same structures as in CDM
Universe at scales of Mpc
and above ⇒ no signatures
in CMB or galaxy counts

Decreasing number of small
galaxies around Milky Way

Decreasing number of small
satellite galaxies within
Milky Way halo

Can help with “too big to
fail” or “missing satellites”
problems
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Satellite number and properties

Warm dark matter erases substructures – compare
number of dwarf galaxies inside the Milky Way with
“predictions”

Simulations: The answer depends how you “light
up” satellites

Observations: We do not know how typical Milky
Way is

10 M. R. Lovell et al.
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Figure 8. The abundance of galaxies for the satellite systems as a function of M200. We define the Local Group mass as the sum of the

MW/M31 M200 values. The satellites tally includes all satellite galaxies of M⇤ > 105M� within 300 kpc The left panel uses satellites with

M⇤ > 105M�, and the right panel subhaloes with Vmax > 15 kms�1, irrespective of whether the subhalo hosts a galaxy. The black squares,

blue circles, and red triangles denote the CDM, LA10, and LA120 systems respectively. The dashed green lines show the number of

observed satellites within the stellar mass and radius limits as compiled by McConnachie (2012); the dashed orange lines show the same

quantity for the M31 satellites. We assume that the census of these bright Milky Way satellites, as compiled by McConnachie (2012), is
complete.
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Figure 9. The abundance of galaxies for the Local Groups as a function of the Local Group mass. We define the Local Group mass

as the sum of the MW/M31 M200 values. The Local Group galaxy count features all galaxies within 2 Mpc of the M31-MW barycentre,

including the MW and M31 satellites. The left panel uses satellites with M⇤ > 105M�, and the right panel subhaloes with Vmax > 15 kms�1,

irrespective of whether the subhalo hosts a galaxy. The black squares, blue circles, and red triangles denote the CDM, LA10, and

LA120 systems respectively. The dashed green lines show the number of observed galaxies within 2 Mpc of the Local Group barycentre

within the stellar mass and radius limits as compiled by McConnachie (2012). We do not correct for incompleteness, and therefore these

measurements are lower limits on the complete galaxy abundance.

become large enough that their distributions no longer over-
lap; LA10 similarly peels away below 10 kms�1although this
will also be in part due to resolution e↵ects. The detection
of a large population of dark substructures, e.g. by means
of lensing (Vegetti et al. 2014; Hezaveh et al. 2016; Li et al.
2016) or stellar stream disruption (e.g. Carlberg & Grillmair
2016; Erkal et al. 2016), could rule out this sterile neutrino
model.

We conclude our discussion of satellite abundances with
the radial distributions. WDM haloes are less dense than
their CDM counterparts (as discussed in Subsection 3.1),
and therefore the position of subhaloes around the main

halo may di↵er due to dynamical friction and tidal stripping.
In Fig. 11 we plot the median distance to the main galaxy
of satellites with M⇤ > 105M�, which we denote r50 p.c., for
CDM and our sterile neutrino models as a function of the
host halo virial mass. However, the sterile neutrino mod-
els are much more varied; this may also be a consequence of
small number statistics in the smallest host haloes. All three
models consistently predict median r50 p.c. larger than that
measured for the MW satellite system. The median concen-
tration is also related to the free-streaming length: 130 kpc
for CDM, 150 kpc for LA10, and 170 kpc. However, the
most concentrated system is a LA120 halo (albeit with only

MNRAS 000, ??–?? (2016)

Lovell, Boyarsky, O.R.+ [1611.00010]
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Current status of structure formation bounds from the
Local Universe

Connection “dark structures” ↔ “visible structures” depends on (yet
unknown) way to implement baryonic feedback

Simulation to simulation (or even halo-to-halo) scatter is quite large and
affects the conclusions

We do not know how typical is our Galaxy, our Local Group, etc.

You cannot “rule out” your warm dark matter model with these observations

You can only check that your model fits the data under “reasonable”
assumptions about baryonic physics
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Lyman-α forest and power spectrum

Oleg Ruchayskiy (NBI) News about heavy neutral leptons TH Institute (CERN) 28 / 48



Lyman-α forest data
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⇒
Warm dark matter predicts
suppression (cut-off) in the
flux power spectrum derived
from the Lyman-α forest data
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Suppression in the flux power spectrum
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All of the above discussion applies to NRP sterile neutrinos in the DW framework, as their
phase-space distribution function is quasi-thermal and thus exhibits thermal-like features notably in
the matter power spectrum transfer function. Resonantly-produced (RP) sterile neutrinos on the
other hand, such as produced in an MSW3-like resonance introduced by Shi and Fuller [20], feature a
non-Fermi component in their velocity-space distribution [21] and therefore display a di↵erent transfer
function from the one illustrated in Fig. 1. Incorporating this resonant component requires running
a dedicated Boltzmann code to compute the RP neutrino’s phase-space distribution and transfer
functions, which is beyond the scope of this work. The authors of [22] have derived RP constraints
from Ly-↵ forest data by approximating their transfer function at the relevant scales with a mixed Cold
+ Warm Dark Matter model, where the relative abundance of the cold and warm species encodes
the lepton asymmetry parameter L. We plan on following their method in a forthcoming study.
Refs [21, 23] provide an extensive overview of sterile neutrinos as dark matter and their impact on
cosmology given several production mechanisms.

3 Flux Power Spectrum from the Ly-↵ Forest

Figure 3. Dimensionless Ly-↵ flux power spectra �2
'(k) = P'(k) ⇥ k/⇡ from our selected sample in BOSS

DR9. Color encodes redshift bin. Solid lines are the simulation results in each redshift bin from our benchmark
model described in Sec. 4.

This work is based on the one-dimensional flux power spectrum measured using the first release
of BOSS quasar data [24]. From a parent sample consisting of ⇠ 60, 000 SDSS-III/BOSS DR9
quasars [12–14, 25–27], we select the 13, 821 spectra that have high signal-to-noise ratio, no broad
absorption line features, no damped or detectable Lyman-limit systems, and an average resolution
in the Ly-↵ forest of at most 85 km s�1, where the Ly-↵ forest is defined as the region spanning
1050 < �RF /Å < 1180, i.e., bounded by the Ly-↵ and Ly-� emission peaks of the background quasar.
The spectra in this sample are used to measure the transmitted flux power spectrum in 12 redshift bins
from hzi = 4.4 to 2.2, each bin spanning �z = 0.2, and in 35 equally-spaced spatial modes ranging
from k = 10�3 to 2.10�2 s km�1 (cf. Fig. 3). To reduce correlations between neighboring z-bins, we
split the Ly-↵ forest of each quasar spectrum into up to three distinct redshift sectors. Each sector

3Mikheyev-Smirnov-Wolfenstein

– 6 –

BOSS Ly-α [1512.01981]

In Lyman-α spectra higher spectral
resolution means smaller scales

No suppression of flux power spectrum in SDSS/BOSS datasets ⇒ only lower
bound on WDM mass have been put Seljak+’06;Viel+’06;Boyarsky+’08
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Suppression in the flux power spectrum

All of the above discussion applies to NRP sterile neutrinos in the DW framework, as their
phase-space distribution function is quasi-thermal and thus exhibits thermal-like features notably in
the matter power spectrum transfer function. Resonantly-produced (RP) sterile neutrinos on the
other hand, such as produced in an MSW3-like resonance introduced by Shi and Fuller [20], feature a
non-Fermi component in their velocity-space distribution [21] and therefore display a di↵erent transfer
function from the one illustrated in Fig. 1. Incorporating this resonant component requires running
a dedicated Boltzmann code to compute the RP neutrino’s phase-space distribution and transfer
functions, which is beyond the scope of this work. The authors of [22] have derived RP constraints
from Ly-↵ forest data by approximating their transfer function at the relevant scales with a mixed Cold
+ Warm Dark Matter model, where the relative abundance of the cold and warm species encodes
the lepton asymmetry parameter L. We plan on following their method in a forthcoming study.
Refs [21, 23] provide an extensive overview of sterile neutrinos as dark matter and their impact on
cosmology given several production mechanisms.

3 Flux Power Spectrum from the Ly-↵ Forest

Figure 3. Dimensionless Ly-↵ flux power spectra �2
'(k) = P'(k) ⇥ k/⇡ from our selected sample in BOSS

DR9. Color encodes redshift bin. Solid lines are the simulation results in each redshift bin from our benchmark
model described in Sec. 4.

This work is based on the one-dimensional flux power spectrum measured using the first release
of BOSS quasar data [24]. From a parent sample consisting of ⇠ 60, 000 SDSS-III/BOSS DR9
quasars [12–14, 25–27], we select the 13, 821 spectra that have high signal-to-noise ratio, no broad
absorption line features, no damped or detectable Lyman-limit systems, and an average resolution
in the Ly-↵ forest of at most 85 km s�1, where the Ly-↵ forest is defined as the region spanning
1050 < �RF /Å < 1180, i.e., bounded by the Ly-↵ and Ly-� emission peaks of the background quasar.
The spectra in this sample are used to measure the transmitted flux power spectrum in 12 redshift bins
from hzi = 4.4 to 2.2, each bin spanning �z = 0.2, and in 35 equally-spaced spatial modes ranging
from k = 10�3 to 2.10�2 s km�1 (cf. Fig. 3). To reduce correlations between neighboring z-bins, we
split the Ly-↵ forest of each quasar spectrum into up to three distinct redshift sectors. Each sector

3Mikheyev-Smirnov-Wolfenstein

– 6 –

BOSS Ly-α [1512.01981]

In Lyman-α spectra higher spectral
resolution means smaller scales

The suppression of the flux power spectrum is visible in high-resolution
HIRES/MIKE dataset
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Warm dark matter or warm hydrogen?
Garzilli, Boyarsky, Ruchayskiy [1510.07006]

Suppression in the flux power spectrum may be due to

Temperature at redshift z (Doppler broadening) – increases hydrogen
absorption line width

Pressure at earlier epochs (gas expands and then needs time to recollapse even if it

cools)

Warm dark matter

Data prefers cold intergalactic medium around
redshift z = 5 ⇒ Observed Lyman-α power
spectrum suppression is due to something
else?
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High-resolution Lyman-α forest and HNL dark matter
Garzilli, Boyarsky, Ruchayskiy [1510.07006]

– Best fit thermal relic mass
= 2.1 keV

– Corresponds to resonantly
produced sterile neutrino with
MN = 7 keV and lepton
asymmetry L = 11×10−6

– 3.5 keV line, interpreted as
sterile neutrino DM, gives
range of lepton asymmetries
L = 8−12

By accident (or maybe not) the HNL dark matter interpretation of 3.5 keV
line predicts exactly the amount of suppression of power spectrum observed in
HIRES/MIKE (and fully consistent with all other structure formation bounds)
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Future of Lyman-α on

The high-resolution Lyman-α
spectra show suppression – due to
thermal effects or due to warm dark
matter

We have only crude information
about the reionization history and
temperature of gas at reionization
epoch

The measurement of gas
temperatures at redshifts z & 5
has high discovery potential

This can be done (work in progress)
Antonella Garzilli - Leiden University

⇥
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Garzilli, Theuns, Schaye MNRAS 450, 2 (2015)
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(Garzilli, Theuns, Schaye’15)
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Summary: Heavy neutral leptons as dark matter

HNL DM is light
(1−50 keV)

Yukawa of HNL DM are
tiny (O(10−10) or
below)

Large (∼ 106ηbaryon)
late-time lepton
asymmetry is required if
we want to resolve BSM
problems only with
heavy neutral leptons
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Structure formation bounds (satellite counts / Lyman-α)

have still uncontrolled systematics and no numbers from

them can be taken “at face value”
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Baryogenesis with HNLs

Heavy neutral leptons provide

Additional sources of CP-violation

Out-of-equilibrium conditions (decays or oscillations)

Violation of the lepton number (and B−L)

Wide class of scenarios known as leptogenesis

Thermal leptogenesis: MN ∼ 1012 GeV
Fukugita & Yanagida’86

Resonant leptogenesis: MN1
≈MN2

>MW and |MNI −MNJ | �MN

Pilaftsis, Underwood’04–’05

Leptogenesis via oscillations: 2 or 3 HNLs, MN <MW and |MN1
−MN2

| �MN1,N2

Akhmedov, Smirnov & Rubakov’98

Asaka & Shaposhnikov’05

. . .
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Leptogenesis via oscillations
Akhmedov+’98; Asaka & Shaposhnikov’05; Canetti & Shaposhnikov’11;Asaka+’08-’16;
Canetti+’12; Abada’15; Hernández+’15-’16; Drewes+’12,’15,’16; Hambye & Teresi’16
Rates: Laine+’08,’14,’15,’16 3

L↵ NI

H�

L�NJ

coherent
oscillations

Y�L1
= 0

P
↵

Y�L↵
= 0

Y�L2, Y�L3 = 0

Y�L1
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Y�L2, Y�L3 < 0
P
↵

Y�L↵
= 0

L↵ NI

H�H

Y�L1
> 0

Y�L2, Y�L3 < 0
P
↵

Y�L↵
6= 0

time

FIG. 1. The basic stages leading to the creation of a total lepton asymmetry from left to right: out-of-equilibrium scattering
of LH leptons begin to populate the sterile neutrino abundance at order O(|F |2); after some time of coherent oscillation, a
small fraction of the sterile neutrinos scatter back into LH leptons to create an asymmetry in individual lepton flavours at
order O(|F |4); finally, at order O(|F |6), a total lepton asymmetry is generated due to a di↵erence in scattering rate into sterile
neutrinos among the di↵erent active flavours.

lowing inflation, there is no abundance of sterile neutri-
nos, and out-of-equilibrium scatterings mediated by the
Yukawa couplings begin to populate the sterile sector, as
shown on the left side of Fig. 1. The sterile neutrinos
are produced in a coherent superposition of mass eigen-

states1 and remain coherent as long as the active-sterile
Yukawa coupling remains out of equilibrium, since in the
minimal model there are no other interactions involving
the sterile neutrinos.

Some time later, a subset of the sterile neutrinos scat-
ter back into LH leptons, mediating L↵ ! L� transi-
tions as shown in the centre of Fig. 1. Since the sterile
neutrinos remain in a coherent superposition in the in-
termediate time between scatterings, the transition rate
L↵ ! L� includes an interference between propagation
mediated by the di↵erent sterile neutrino mass eigen-
states. The di↵erent mass eigenstates have di↵erent
phases resulting from time evolution; for sterile neutri-
nos NI and NJ , the relative phase accumulated during a
small time dt is e�i(!I�!J ) dt, where

!I � !J ⇡ (MN )2I � (MN )2J
2T

⌘ (MN )2IJ

2T
. (3)

In the interaction basis, this CP -even phase results from
an oscillation between di↵erent sterile neutrino flavours,
and explains the moniker of leptogenesis through neu-
trino oscillations.

When combined with the CP -odd phases from the
Yukawa matrix, neutrino oscillations lead to a di↵erence
between the L↵ ! L� rate and its complex conjugate,

�(L↵ ! L�) � �(L†
↵ ! L†

�) /
X

I 6=J

Im


exp

✓
�i

Z t

0

M2
IJ

2T (t0)
dt0

◆�

⇥ Im
⇥
F↵IF ⇤

�IF ⇤
↵JF�J

⇤
. (4)

1 This is true assuming generic parameters with no special align-
ment of the sterile-neutrino interaction and mass eigenstates.

In the absence of e�cient washout interactions, which is
ensured by the out-of-equilibrium condition, this di↵er-
ence in rates creates asymmetries in the individual LH
lepton flavours L↵.

Denoting the individual LH flavour abundances (nor-
malized by the entropy density, s) by YL↵

⌘ nL↵
/s and

the asymmetries by Y�L↵
⌘ YL↵

�YL†
↵
, we note that the

processes at order O(|F |4) discussed thus far only convert
L↵ into L� , conserving total SM lepton number,

Y�Ltot =
X

↵

Y�L↵ = 0 at O(|F |4). (5)

Since sphalerons couple to the total SM lepton number,
it follows that no baryon asymmetry is generated at this
order as well, Y�Btot

= 0. Total lepton asymmetry is,
however, generated at order O(|F |6): the excess in each
individual LH lepton flavour due to the asymmetry from
Eq. (4) leads to a slight increase of the rate of L↵ ! N†

vs. L†
↵ ! N . The result is that active-sterile lepton scat-

terings can convert individual lepton flavour asymmetries
into asymmetries in the sterile neutrinos. But, since the
rates of conversion, �(L↵ ! N†), are generically di↵erent
for each lepton flavour ↵, this leads to a depletion of some
of the individual lepton asymmetries at a faster rate than
others, leading to an overall SM lepton asymmetry and
an overall sterile neutrino asymmetry. Because Ltot �N

Shuve & Yavin’14

Out-of-equilibrium CP-violating oscillations of HNLs allow to generate
effective lepton number in the active neutrino sector

Generation of lepton asymmetry continues down to T ∼ O(10)GeV, reaching
levels � ηbaryon

Shaposhnikov’08
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Possible range of masses
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Canetti+’12

Leptogenesis via oscillations can occur for masses down to tens of MeV

Requires degeneracy in masses ∆M/M̄ � 1
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HNL masses from leptogenesis

HNLs responsible for neutrino masses and leptogenesis can be as light as
10 MeV or as heavy as 1012 GeV

There exists only one mechanism (leptogenesis via oscillations) that
generates significant lepton asymmetry below sphaleron freeze-out times

Large lepton asymmetry is required if we want to explain dark matter,
baryogenesis and neutrino oscillations with three HNLs only

The evolution of lepton asymmetry in the primordial plasma is under
investigation

We need to identify the parts of the parameter space where not only correct
baryon asymmetry but also large lepton asymmetry is produced
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SHiP sensitivity to HNL models

Different baryogenesis models require different patterns of Ue : Uµ : Uτ

Existing sensitivity curves (SHiP TP) assumed certain patterns of
Ue : Uµ : Uτ and cannot be translated to other models

We will generate a grid of simulations and interface that would allow to
estimate SHiP sensitivity for any HNL model

A project run by SHiP Theory group (K. Bondarenko, A. Boyarsky, D. Gorbunov,
M. Shaposhnikov, O. Ruchayskiy) together with SHiP Physics group (Nico Serra)
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How many simulations do we need?

A model with 2 HNLs has 8 relevant phenomenological parameters
(M1,M2, |Uα 1|, |Uα 2|)
For most of the cases production via different flavours |Uα I |2 is
independent
Number of events in the detector are proportional to |Uα I |2 but never to
Uα IUα J (no coherent effects):
So, for 2 HNLs with M1 ≈M2. . .

D− → N1,2 + e−

↪→ π+ + µ−

. . . total number of events in the detector is proportional to

Nobs ∝ |Uµ 1|2|Ue 1|2 + |Uµ 2|2|Ue 2|2

= Nobs,1 + Nobs,2

holds when cτγ � LSHiP !

We can simulate 1 HNL and translate the results to all HNL models
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HNL@SHiP project

Summary

if ∆M > 10−8 eV
Number of events in the decay volume scales with |Uα |2 as following

Nevents [M|U2
e ,U

2
µ ,U

2
τ ] = ∑

α,β

Pαβ (M)|Uα |2|Uβ |2

holds when cτγ � LSHiP !

Grid Pαβ

(
M(i)

)
contains all the necessary information

(scan over O(100)MeV≤M(i) ≤ 5 GeV)

Interpolate for other sets of HNL parameters (MN ,Uα I )
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Neutrinoless double beta decay

If neutrinos have Majorana mass, the
neutrinoless double β -decay is possible

Neutrino oscillations define the value of

m
(ν)

ββ
=
∣∣∣∑
i

miV
2
ei

∣∣∣
 (eV)lightestm
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[Phys. Rev. Lett. 117, 082503 (2016)]

where Vei is the elements of the PMNS matrix, connecting charge (flavour)
and mass (propagation) neutrino states:

|να〉= ∑
i

Vα i |νi 〉

mi are the masses
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0νββ and Heavy Neutral Leptons
Bezrukov’05; Benes+’05; Blennow+’10; Asaka+’11; Mitra+’12; Lopez-Pavon’12; Asaka &
Eijima’13; Faessler+’14; Hernández+’16; Drewes & Eijima’16; Asaka+’16
Review: Dell’Oro+’16

Effective Majorana mass in type-I seesaw

m
(seesaw)

ββ
=

∣∣∣∣∣
ν

∑
i

miV
2
ei +

HNL

∑
I

fβ (MI)
〈Φ〉2Y 2

αI
MI

∣∣∣∣∣

f (MI) is the nuclear matrix element, approximately (c.f. Faessler+’14)

f (MI)≈
〈p〉2

〈p〉2 +M2
I
, 〈p〉 ∼ 100MeV

Seesaw relation in these terms

light

∑
i

miV
2
ei +

heavy

∑
I

〈Φ〉2Y 2
αI

MI
= 0
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HNLs enhancing 0νββ signal

Hernández+’16

Figure 4: The blue points correspond to values of M̄ and m�� that are consistent with
successful leptogenesis and the constraints on the low scale seesaw summarised in Ref. [20].
The red band shows the upper limit on m�� from the KamLAND-Zen experiment [81], where
the width of the band comes from the theoretical uncertainty in the nuclear matrix elements
that a↵ects the translation from a bound on the lifetime into a bound on m�� . The upper
plot is for normal mass ordering, the lower for inverted mass ordering.

14

Drewes & Eijima’16

Due to the freedom in active-sterile Yukawa matrix, several HNL (even close

in mass) can enhance the rate of 0νββ decay as compared to the m
(ν)

ββ
while

still satisfying requirements of successful baryogenesis
Hernández+’16. Also Drewes & Eijima’16, Asaka+’16
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Conclusions

+ =
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Backup slides

Analysis of Draco dSph
Ruchayskiy+ MNRAS (2016) [1512.07217]

Dwarf spheroidals are “galaxies swallowed by
our Galaxy”

Perfect observational targets:

dense
dark (M/L∼ 102−103)
compact (typical sizes 5′−30′)
nearby (distances 30−100 kpc)

The line is detected in the spectrum of
Draco dSph with low significance
(∆χ2 = 5.3)

Line flux/position are consistent with
previous observations

The data is consistent with DM
interpretation for lifetime
τDM > (7−9)×1027 sec
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Standard Model is consistent up to very high scales

[1609.02503]
 [GeV]tm
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CMS 2010, dilepton
-1JHEP 07 (2011) 049, 36 pb

 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 
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It
is expected that the difference
between the MC mass definition
and the formal pole mass of the
top quark is up to the order of 1
GeV (from “First combination of
Tevatron and LHC
measurements of the top-quark
mass” [1403.4427])

Bezrukov+ “Higgs boson mass and new physics” [1205.2893]

Degrassi+ [1205.6497] Buttazzo+ [1307.3536]; Bednyakov [1609.02503]
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