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Sterile Neutrino Dark Matter

STERILE NEUTRINO

• def: νs = νRH = PR ψν = I+γ5

2 ψν ;

• singlet under SU(3)C × SU(2)L × U(1)Y
→ sterile and (almost at all) invisible to our searches;

• based on the value of ms, νs can play a role in: the active να masses
generation, the baryonic asymmetry in the universe, and the existence
and nature of dark matter (DM).

DARK MATTER

• one of the major components of our universe (∼ 27%) together with
ordinary matter (∼ 5%) and dark energy (∼ 68%) [1];

• currently observed only thanks to its large-scale gravitational effects, all
we know about its particle nature are few necessary conditions that it
must fulfill

General DM Candidate Sterile Neutrino

no electromagnetic interaction no electromagnetic interaction
no strong interaction no strong interaction

massive mass of O(keV)
perfectly stable or with τDM > tU τνs > tU if mixing small enough

PRODUCTION THROUGH OSCILLATION AND COLLISIONS
If there is mixing νs↔ νe and νs↔ νe,

h2 Ωs = h2 Ωνs + h2 Ωνs =
s0ms

ρc/h2

1

g∗s(Tf )

(
45

4π2

)∫ ∞
0

dr r2
[
fνs(r) + fνs(r)

]
,

where r = p/T , can be generated in the early universe through non resonant
(Dodelson-Widrow) [2] or resonant (Shi-Fuller) [3] production.
fνs (fνs) is solution of the Boltzmann equation

∂T

∂t

∂

∂T
fνs(p, T ) − H p

∂

∂p
fνs(p, T ) ≈ Γe

2
〈Pm(νe → νs; p, T )〉fe(p, T )

≈ Γe
4

sin2(2θM ) fe(p, T )

where the νe interaction rate in the plasma is Γe = c(p, T )G2
FT

4p,
the mixing angle in matter is

sin2(2θM ) =

(
m2
s

2p

)2

sin2(2θ)(
m2
s

2p

)2

sin2(2θ) + Γe
2 +

[
m2
s

2p cos(2θ)− Vνs
]2

and the difference between non-resonant and resonant production is encoded in
the definition of the potential Vνs (Vνs).

Overproduction and Critical Temprature

[S. Mertens, J. Phys.G Nucl. Part. Phys. 46 (2019) 065203]

Troitsk

KATRIN

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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would be a superposition of the standard spectrum, with the endpoint governed by the
effective electron neutrino mass mβ, and a spectrum with a significantly reduced endpoint
corresponding to the decay into a sterile neutrino of mass ms. The amplitude of the additional
decay branch would be governed by the active-sterile mixing amplitude sin2Θ. Hence, sterile
neutrinos would manifest 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 β-decay of tritium is well suited
for a keV-scale sterile 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
neutrino signature would be a distinct feature in the otherwise fully smooth tritium β-decay
spectrum [15].

2. The TRISTAN project

The idea of the TRISTAN project is to utilize the unprecedented tritium source luminosity of
the KATRIN experiment for a high-precision keV-scale sterile neutrino search, by extending
the experimental setup with a novel detector and read-out system.13

KATRIN’s prime goal is a direct probe of the absolute 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 molecular tritium source with a high-resolution (ΔE∼1 eV) spectro-
meter. The β-electrons are guided along magnetic field lines from the so-called windowless

Figure 1. Imprint of a heavy, mostly sterile, neutrino with a mass of ms=10 keV and
an unphysical large mixing angle of sin2Θ=0.2 on the tritium β-decay spectrum. The
red dotted line depicts the decay branch into a sterile neutrino, the red dashed-dotted
line shows the regular decay branch into a light active neutrino. The solid red line is the
resulting superposition of the two spectra, which includes a kink-like distortion. As a
comparison, the black dashed line shows a spectrum without a sterile neutrino.

13 The KATRIN experiment has the potential to search for light sterile neutrinos without any hardware modification
[20–22]. In contrast to keV-scale sterile neutrinos, the signal of an eV-scale sterile neutrino could be rather large
(1%), would however appear close to the endpoint, where the signal rate is low.
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In the terrestrial experiments of the near future, for the detection of a
sterile neutrino DM signal, recognizable in a kink in the electron or
Holmium energy spectra, a large value of the mixing angle is required.
In the standard scenario, where the production of sterile neutrinos starts at
very high temperatures, this leads to overproduction (Ωs > ΩDM). This
problem does not affect scenarios in which sterile neutrinos are not produced
until the universe reaches a critical temperature Tc < Tmax ≈ 133

(
ms
keV

)1/3,
where Tmax identifies the peak of the production through oscillation and col-
lisions [2]. If the production is delayed, the values of ms and sin (2θ)
needed for Ωs = ΩDM are larger, and the line that represents the
latter condition in the parameter space shifts towards the sensitivity
region of the experiments.

CRITICAL TEMPERATURE
Tc, at which the production of sterile neutrinos started, can be associated:

• to the reheating temperature of the universe TRH:
if it was sufficiently low (lower bound Tc = TRH ≤ 4.7 MeV [4]), the early
production of sterile neutrinos was suppressed because the universe never
reached Tmax;

• to the scale of a dynamical change of ms:
due to the structure of sin2(2θM ), both m(T>Tc)

s = 0 (related to a phase
transition) and m

(T>Tc)
s � mtoday

s (related to a misalignment mecha-
nism) [5] suppress the early production at high temepratures.

The effect of the presence of such critical temperature is evident in the shift
of the coloured lines towards smaller sin2(2θ), in the first plot on the right.

X-ray Bound and Cancellation
Sterile neutrinos with ms < 2me and mixed with active να, can decay

• at tree-level through νs→ να νβ νβ:
this process determines the lifetime of νs [6];

• at one-loop level through νs→ να γ with decay rate

Γνs→ναγ =
9αG2

F

1024π4
sin2(2θ)m5

s ' 5.5× 10−22 θ2
( ms

keV

)5

s−1.

The non-observation, in the spectra of DM dominated objects, of monochro-
matic photons in the X-ray band expected from the latter process sets a strong

upper bound on ms and θ: θ2 ≤ 1.8× 10−5
(

keV
ms

)5

[7].
The observable related to the latter process is the flux of photons

FX-rays =
Γνs→νγ
4πms

∫
dl dΩ ρs(l,Ω),

where ρs is the sterile neutrino DM energy density, l the distance along
the line of sight and Ω the solid angle, and its expression suggests that this
constraint has not to be considered in the full glory, but rather relaxed, both
in the case of Ωs < ΩDM and in the case of reduced decay rate [8].

REDUCED DECAY RATE
Being Γνs→νγ ∝

∫
dPphase space|M1|2 ∝ sin2 2θm5

s, where M1 comes from
the contribution of the usual diagram in the left panel of the figure below,
larger values of ms and θ are allowed by the same value of the flux, if
|M1|2 is reduced by replacing M1 → M = M1 +M2, where M2

gives a contribution related to the diagram represented in the right panel, in
disruptive interference, so that |M|2 < |M1|2.

νs νi

WL

γ

νs νi

γ

σ±

eL eL eR

Simplest realization
With the introduction of a new scalar particle Σ = (σ0, σ−), with quantic
numbers (1, 2, -1) under SU(3)C × SU(2)L × U(1)Y , as the mediator of the
decay process interacting with the leptonic sector according to

L ⊃ λ ν̄sΣ†Le + λ′ ēR, Σ̃
†Le + h.c.

the suppression of the signal can be partial (as shown in the plots on the right
in different shades of purple) or even complete, if the parameters introduced
together with the new scalar (λ, λ′ and mΣ) satisfy the relation

sin θ =

(−4λλ′

3g2

)
me

ms

m2
W

m2
Σ

[
Log

(
m2
e

m2
Σ

)
+ 1

]
.

Production through Dodelson-Widrow Mechanism
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ASSUMPTIONS:

• νs↔ νe and νs↔ νe mixing

• primordial Le =
nνe−nνe

nγ
= 0

• Vνs = +
√

2GF
2 ζ(3)T 3

π2
ηB
4 −

8
√

2GF p
3m2

Z
(ρνe + ρν̄e)− 8

√
2GF p

3m2
WL

(ρe− + ρe+) ,

Vνs = −
√

2GF
2 ζ(3)T 3

π2
ηB
4 −

8
√

2GF p
3m2

Z
(ρνe + ρν̄e)− 8

√
2GF p

3m2
WL

(ρe− + ρe+)

RESULTS:

- an eventual signal of sterile neutrino DM can be found at KATRIN, if the
production of sterile neutrinos started at temperatures around 50 MeV or
lower, thanks to the shift related to Tc of the line representing the condition Ωs = ΩDM
towards larger sin2(2θ), and thanks to the relaxation of the X-ray bound (in different
shades of purple) due to reduced decay rate;

- also the Troitsk experiment would be sentitive to sterile neutrino DM in the future, in
case of very large values of the mixing angle and very low critical temperatures, in a
less conservative consideration of Milky Way satellite counts constraint.

Production through Shi-Fuller Mechanism
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ASSUMPTIONS:

• νs↔ νe and νs↔ νe mixing

• primordial Le =
nνe−nνe

nγ
< 0 and L = |Le|

• Vνs = +
√

2GF
2 ζ(3)T 3

π2
ηB
4 −

8
√

2GF p
3m2

Z
(ρνe+ρν̄e)− 8

√
2GF p

3m2
WL

(ρe−+ρe+)+ 4
√

2ζ(3)
π2 GF T

3Le,

Vνs = −
√

2GF
2 ζ(3)T 3

π2
ηB
4 −

8
√

2GF p
3m2

Z
(ρνe+ρν̄e)− 8

√
2GF p

3m2
WL

(ρe− +ρe+)− 4
√

2ζ(3)
π2 GF T

3Le

RESULTS:

- due to Le < 0, the primordial lepton asymmetry, the production of sterile antineu-
trino dark matter is enhanced, requiring smaller mixing angles;

- due to Le < 0, the production of sterile neutrino dark matter is suppressed,
therefore we do not consider the possibility to detect these DM candidates in ECHo

- in case of detection, a further cross-check on the value of Tc will be required to
discriminate between the resonant production case and the non-resonant one.

Production in presence of CPT violation
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ASSUMPTIONS:

• only νs↔ νe mixing (νs ↔ νe suppressed due to CPT violation)

• primordial Le =
nνe−nνe

nγ
> 0 and L = |Le|

• Vνs does not contribute becuse νs are not produced,
Vνs = −

√
2GF

2 ζ(3)T 3

π2
ηB
4 −

8
√

2GF p
3m2

Z
(ρνe+ρν̄e)− 8

√
2GF p

3m2
WL

(ρe− +ρe+)− 4
√

2ζ(3)
π2 GF T

3Le

RESULTS:

- the production of sterile neutrino dark matter is suppressed because, due to CPT viola-
tion, νs does not mix with νe;

- the production of sterile antineutrino dark matter is also suppressed due to the primordial
lepton asymmetry;

- the overproduction is avoided for large mixings even without invoking a
delay in the beginning of the production.
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