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INTRODUCTION - DARK MATTER

Observations of galaxies, gravitational lensing phenomena  
and large scale structures 

provided hints about the features of a good DM candidate

Combined cosmological and astrophysical  
observations made us aware  

of the content of the universe

3

DARK MATTER represents 
a PUZZLE historically arisen AT LARGE SCALES  

but  
likely requiring SOLUTION at very small scales, 

coming FROM PARTICLE PHYSICS

VELOCITY DISPERSION 

IN GALAXIES

ROTATION CURVES

OF GALAXIES

GRAVITATIONAL 

LENSING

LARGE SCALE STRUCTURES

FORMATION

                                  

(Borrowed from J. Cham and Daniel Whiteson)
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STERILE NEUTRINO DARK MATTER

• NO EM nor STRONG INTERACTION 

• MASSIVE 

• STABLE on time scales comparable       
with the age of the universe 

• produced in the early universe with     
LOW ENOUGH VELOCITIES  to be 
compatible with the l.s.s. formation

GOOD DARK MATTER CANDIDATE keV STERILE NEUTRINO

V   by definition 
    
V    

V   depending on its mixing  
     with the active species 

V   depending on the  
     production mechanism

.

O(keV)

.
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⌫s = ⌫RH
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FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
mass of ms = 10 keV and an unphysical large mixing angle of
sin2 ⇥ = 0.2 on the tritium b-decay spectrum.
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].

(Borrowed from S. Mertens lecture in Bad Honnef)

Troitsk
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ECHo domenica 6 dicembre 2020
• These particles could provide solutions to a number of open questions in particle 

physics and cosmology, but in particular they satisfy very well the conditions 
required to DM candidates, indeed… (list)


Searches in terrestrial experiments

• In the last … years, a number of experiments has been built to investigate 

properties of the SM neutrinos and eventually also to look for signal of the 
existence of sterile neutrinos. In our study we focused on:


• KATRIN, based in Karlsruhe,  for which the signature of sterile neutrino dark 
matter would be a kink in the spectrum of electrons collected from beta decay of 
tritium in case that electron neutrinos are sufficiently coupled to sterile neutrinos


• Troitsk, based in Moscow, operating with the same principle and process as 
KATRIN
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IMPORTANT: THE SUCCESS OF ALL THESE EXPERIMENTS  

IN DETECTING KEV STERILE NEUTRINOS  

DEPENDS ON THE MAGNITUDE OF THE MIXING  

BETWEEN STERILE AND ACTIVE NEUTRINOS, THAT NEEDS TO BE QUITE LARGE

[M. Drewes, JCAP 1701 (2017) 025]

http://old.inspirehep.net/author/profile/Drewes%2C%20M.?recid=1421898&ln=it
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Hp:   Production through oscillation and collisions:
the neutrino fields oscillate between the electron and the sterile  
state while propagating in the plasma; when they interact with the  
other fields in the bath, the wave function has probability                 
to collapse in the sterile state
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FIG. 2: Lowest order contributions to a propagating active
neutrino’s self energy. Red lines are thermal propagators. In
(a), f is any species with weak charge. In (b), f = ⌫↵,↵
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.

Re(!⌫↵)

Im(!⌫↵)

E⌫↵ = |p⌫↵ |
V L + V th

�/2
V L � V th

FIG. 3: Matter potentials for massless neutrinos in the
plasma’s rest frame: filled and un-filled circles are poles at
finite and zero temperature, respectively. See Sec. IV for the
imaginary shift.

III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥
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1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥
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ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:
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� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥
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In the Dodelson-Widrow case the production peaks at .
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NEW SCALE in the primeval universe

LOW REHEATING TEMPERATURE 
The production of sterile neutrinos started at lower temperatures  

than the peak one because the universe never reached T_max
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• PHASE TRANSITION CASE : 

.

m(T>Tc)
s = 0 .
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [321–323, 359, 563–565]
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [321–323, 359, 563–565]
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Upper bounds on mass and mixing angle  
from the X-rays observations 
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X-ray Constraint Relaxation - DM Cocktail

OBSERVABLE : Flux of photons F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))
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The first possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  

ONLY A FRACTION OF THE DARK MATTER content of the universe  
is CONSTITUTED BY STERILE NEUTRINOS

.

⇢s < ⇢DM
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Secondary advantage:  
multicomponent dark matter allows in principle more freedom also 
from other constraint coming for example from large scale structures
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X-ray Constraint Relaxation - Reduced Decay Rate

OBSERVABLE : Flux of photons F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))

<latexit sha1_base64="sSCs6FdmEYmLN5oTCC89qqP3EfQ="></latexit>

The second possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  

the DECAY RATE determined by the mixing angle and the mass  
IS REDUCED

3

and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1
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, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓

10�10

◆⇣
ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
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which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.
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corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
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This can be achieved if we consider the contribution of two diagrams  
with the same initial and final state and such that 

where

.

M ! M1 +M2 .
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where g and mW are weak coupling and W boson mass, respectively, Uei is the element in the first
row of the leptonic mixing matrix and throughout the calculation we have consistently ignored
sub-eV active neutrino masses.

To demonstrate that �R in eq. (4) can be greatly reduced, we introduce a scalar doublet ⌃ =
(�0

,�
�) ⇠ (1, 2,�1). The relevant part of the Lagrangian involving this state and ⌫s reads

L � � ⌫̄s⌃
†
Le + �

0
ēR⌃̃

†
Le + h.c. , (5)

where with Le we denote lepton doublet of the first generation2. With these two Yukawa interac-
tions one can construct Feynman diagram given in the right panel of fig. 1, where sterile neutrino
decays via exchange of charged particle from ⌃ doublet. Such interaction was already studied in
the context of sterile neutrinos and the 3.5 keV line in [31]. By following again [29], we find
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where me is the electron mass which appears in the amplitude due to the chirality flip (see again
right diagram in fig. 1) that is necessary to preserve gauge invariance. Note that due to the
Majorana nature of initial and final state fermions, one needs to include the complex conjugated
process to the amplitude and this yields non-zero �L. Still, already by using eq. (4) and eq. (6)
one can for instance obtain the condition for the complete cancellation between the amplitudes of
two considered diagrams
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Taking m⌃ ⇠ 1 TeV and sin ✓ ⇠ 10�4, which is in the ballpark of KATRIN sensitivity, eq. (7)
yields ��0

' 10�6 for ms ⇠ 1 keV.
Let us estimate the size of the coupling � required to avoid the thermalization of ⌫s with the

SM bath. If ⌫s thermalized, its abundance would enhance the measured value by 1 � 2 orders of
magnitude [30, 32]. The first term in eq. (5) facilitates (inverse) decays �±

$ e
±+⌫s. The rate for

this process should be smaller than the Hubble rate at T & m⌃ and this yields � . 10�7. Clearly,
setting the coupling to such values does not allow su�cient relaxation of the ⌫s decay rate as it
would force the coupling �

0 to very large, practically unperturbative values. This suggests that
eq. (7) can be satisfied only with sub-TeV reheating temperature, scenario in which these processes
would be absent due to lack of energy to produce �± after inflation. We should note that sub-TeV
reheating is also consistent with our central assumption that the production mechanism for sterile
neutrinos stems from active to sterile neutrino oscillations at T . 100 MeV.

Finally, while eq. (7) is the condition for the full cancellation (which corresponds to the complete
absence of the X-ray signal), we will only require reduction of the decay rate which makes parame-
ter space accessible by KATRIN consistent with X-ray data. While this still requires a certain fine
tuning of the parameters involved, it is a viable possibility. We would also like to emphasize that
⌃ doublet introduced in this section is not the only option for generating additional diagrams for
⌫s ! ⌫i�, but only one model that we employed in order to demonstrate the e↵ect. Several other
scenarios that can be used are discussed in Ref. [31] (see also [33]).

(iii) Hidden sector decays

2 For simplicity we assume ⌃ interacts only with the leptons of the first generation.
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and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓

10�10

◆⇣
ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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RESONANT PRODUCTION - SHI-FULLER CASE

Hp:           
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CPT VIOLATION CASE

Hp: because of CPT symmetry violation, 
              mixing but 
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DARK MATTER composed by ONLY STERILE ANTINEUTRINOS 
that experienced a suppression of the production in presence  
of a lepton asymmetry that on the contrary would enhance 
the production of sterile neutrinos.

Hp: 

.

L⌫e 6= 0 .
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CONCLUSIONS
❖ Constraints coming from the X-ray observations and measured         can 

cause problems in the detection at TERRESTRIAL EXPERIMENTS of keV 
sterile neutrino dark matter produced through oscillation and collisions 

❖ It is possible to efficiently RELAX THE X-RAY BOUND both in the Dark 
Matter Cocktail scenario and in the case of two (or more) decay channels 
for the keV sterile neutrino 

❖ The introduction of a CRITICAL TEMPERATURE, in a non standard 
cosmological scenario or related to a new scale concerning the sterile 
neutrino mass, allows to have larger values of mixing angles 

❖ The combination of these two methods sets available again the region of 
the parameter space in which we expect the TERRESTRIAL EXPERIMENTS   
to become sensitive in the near future to signals of keV sterile neutrino 
dark matter produced through both the Dodelson-Widrow and the       
Shi-Fuller mechanism.
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h2 ⌦s > h2 ⌦DM = 0.1186
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