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Sterile Neutrino

Motivation for sterile neutrino,

-  to explain neutrino mass for explaining the oscillation of 
the active neutrinos

-  to explain possible anomalies in the neutrino oscillation in 
the short baseline experiments

-  to explain the asymmetry of matter-antimatter in the 
Universe through leptogenesis
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Neutrino Mass Measurement



The only EM neutral and stable particles in SM, neutrino, is hot dark matter
with small fraction.

Neutrinos decouple from a relativistic thermal bath at T~ 1 MeV in the 
early Universe with a relic density today for non-relativistic ones (at least two)

With observational constraints

[Planck 2018]

The fluctuations are damped if smaller than the neutrino free streaming scale 

30

A. Types of dark matter

1. Hot Dark Matter

If the dark matter particle is collisionless, then they
can damp the fluctuations from higher to lower density
regions above the free-streaming scale. This hot dark
matter consists of particles which are relativistic at the
time of structure formation and therefore lead to large
damping scales (Bond and Szalay, 1983).
The SM neutrinos are the simplest examples of hot

dark matter. In the early universe they can be decoupled
from a relativistic bath at T ∼ 1 MeV, leading to a relic
abundance today that depends on the sum of the flavor
masses:

Ωνh
2 =

∑
i mνi

90 eV
. (188)

Various observational constraints combining Ly-α for-
est, CMB, SuperNovae and Galaxy Clusters data leads
to (Fogli et al., 2008; Seljak et al., 2006):

∑
mν <

0.17 eV (95 % CL). Similar limits can be applied to
any generic hot dark matter candidate, such as ax-
ions (Hannestad et al., 2010) or to hot sterile neutri-
nos (Dodelson et al., 2006; Kusenko, 2009). The free-
streaming length for neutrinos is (Kolb and Turner,
1988):

λFS ∼ 20

(
30 eV

mν

)
Mpc. (189)

For instance, the universe dominated by the eV neutri-
nos would lead to suppressed structures at 600 Mpc scale,
roughly the size of supercluster. Furthermore, hot dark
matter would predict a top-down hierarchy in the forma-
tion of structures, with small structures forming by frag-
mentation of larger ones, while observations show that
larger galaxies have formed from the mergers of the ini-
tially small galaxies.

2. Cold Dark Matter

The standard theory of structure formation requires
cold dark matter (CDM), whose free-streaming length is
such that only fluctuations roughly below the Earth mass
scale are suppressed (Bertschinger, 2006; Green et al.,
2004, 2005; Hofmann et al., 2001; Loeb and Zaldarriaga,
2005). The CDM candidates are heavy and non-
relativistic at the time of their freeze-out from thermal
plasma. The current paradigm of ΛCDM is falsifiable
whose predictive power can be used to probe the struc-
tures at various cosmological scales, such as the abun-
dance of clusters at z ≤ 1 and the galaxy-galaxy corre-
lation functions have proven it a successful and widely
accepted cosmological model of large scale structure for-
mation.
The N-body simulations based on ΛCDM provide a

strong hint of a universal dark matter profile, with the

same shape for all masses, and initial power spectrum.
The halo density can be parametrized by:

ρ(r) =
ρ0

(r/Rs)γ [1 + (r/Rs)α]
(β−γ)/α

, (190)

where ρ0 and the radius Rs vary from halo to halo. the
parameters α, β and γ vary slightly from one profile to
other. The four most popular ones are:

• Navarro, Frenk and White (NFW) pro-
file (Navarro et al., 1997), where α = 1, β =
3, γ = 1, and Rs = 20 Kpc.

• Moore profile (Moore et al., 1999), where α =
1.5, β = 3, γ = 1.5, and Rs = 28 Kpc.

• Kra profile (Kravtsov et al., 1998), where α =
2, β = 3, γ = 0.4, and Rs = 10 Kpc.

• Modified Isothermal profile (Bergstrom et al.,
1998), where α = 2, β = 3, γ = 0, and Rs =
3.5 Kpc.

Amongst all the four profiles, the scales where devia-
tions are most pronounced (the inner few kiloparsecs) are
also the most compromised by numerical uncertainties.
The power-law index value, γ, in the inner most regions is
part of the numerical uncertainties and still under debate,
as all four simulations provide different numbers. The
simulations hint towards a cuspy profile, as the density in
the inner regions becomes large, while from the rotation
curves of low surface brightness (LSB) galaxies point to-
wards uniform dark matter density profile with constant
density cores (Gentile et al., 2004). In our own galaxy
the situation is even more murky, as the observations
of the velocity dispersion of stars near the core suggests
a supermassive black hole at the center of our Galaxy,
with a mass MSMBH ≈ 2.6×106M" (Ghez et al., 1998).
Many galaxies have been found to host supermassive
blackholes of 106 − 108M". It has been argued that
if supermassive blackhole exists at the galactic center,
the accretion of dark matter by the blackhole would
enhance the dark matter density (Peebles, 1994). To
alleviate some of these problems, dark matter with a
strong elastic scattering cross section (Dave et al., 2001;
Spergel and Steinhardt, 2000), or large annihilation cross
sections (Kaplinghat et al., 2000) have been proposed.
There are further discrepancies between observations

and numerical simulations. The number of satellite ha-
los as predicted by simulations exceeds the number of
observed Dwarf galaxies in a typical galaxy like Milky-
Way (Klypin et al., 1999; Moore et al., 1999). However
recent hydrodynamical simulations with ΛCDM, includ-
ing the supernovae induced outflows suggest a fall in the
dark-matter density to less than half of what it would
otherwise be within the central Kpc.

Tremaine-Gunn bound (1979):  minimal mass for fermion DM (if it is 100%)

It is too small amount!

It is too hot! top-down structure formation
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Neutrino in cosmology

⌧ ⌦DMh2
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It is too light!
 is around 400 eV due to exclusion principle.

Planck Collaboration: The cosmological legacy of Planck

Fig. 25. Temporal evolution of constraints on the reconstructed
primordial power spectrum. Using the same methodology as in
Fig. 24, we compare the (marginalized) Planck 2018 reconstruc-
tion with versions based on earlier likelihoods (see text).

suppress large-scale power. The overall e↵ect is thus a broad
suppression of the matter power spectrum at fixed CMB ampli-
tude. Planck has moved us into a new regime, where the neu-
trino mass constraints come not from their small e↵ect on the
primary anisotropies, but from the measurement of the late-time
potentials through gravitational lensing. Current upper limits27

on
P

m⌫ correspond to an O(1 %) suppression of power on sub-
degree scales.

Even tighter constraints can be obtained when combining
Planck data with lower-redshift probes, in particular those that
measure H(z). Increasing

P
m⌫ while holding the angular scale

of the acoustic peaks fixed reduces the expansion rate at low z

(and increases it at high z). For fixed ✓⇤ this lowers the Hubble
constant and increases the distance to z ' 0.5–1, which is tightly
constrained by BAO. It is a testament to the incredible precision
of modern cosmological observations that neutrino masses can
be constrained through such tiny e↵ects on the late-time expan-
sion history.

With the improvement in the low-` data of this final Planck

release, which helps break degeneracies with As and ⌧, the neu-
trino mass limits have improved. Unlike in earlier years, all three
e↵ects of massive neutrinos – changes in the distance to zdec, in
the smoothing of the temperature and polarization spectra, and
in the shape of the lensing spectrum – contribute to the constraint
in mutually reinforcing ways. Thus the combination of acoustic
oscillations in the early and late Universe with the gravitational
deflections of light across cosmic time provide a tight constraint
on the sum of the neutrino masses:
X

m⌫ < 0.12 eV (95 % CL). (8)

Note that this implies that the inverted mass hierarchy is begin-
ning to be disfavoured by robust, cosmological data.

27Unfortunately, Planck is not sensitive to mass splittings between
the neutrinos.

For this (very restricted) range of neutrino masses the im-
pact on other cosmological parameters is small, but not com-
pletely negligible given the precision of the existing constraints.
As discussed in detail in Planck Collaboration XIII (2016), in-
cluding m⌫ as an additional parameter can change the allowed
values of ⌦m, h, and �8. However, all of the changes are cor-
related, so large areas of parameter space are still excluded. In
particular, one needs to include massive neutrinos and one other
parameter (e.g., Ne↵) in order to simultaneously have low val-
ues of �8 and high values of h. Low values of �8 also go with
higher values of ⌦m and lower values of h, so neutrinos do not
o↵er a solution to the discrepancy with some (but not all) of the
weak lensing or cluster count data (see, e.g., the discussion in
Planck Collaboration VI 2018).

As well as neutrino mass, the CMB also gives sensitivity to
the number of types of neutrino. The density of non-photon ra-
diation in the Universe is usually parametrized by an e↵ective
neutrino number

⇢rad =
7
8

 
4
11

!4/3

Ne↵ ⇢�, (9)

specifying the energy density when the species are rela-
tivistic, in terms of the neutrino temperature, assuming that
three flavours of neutrinos instantaneously decoupled. In
the standard model Ne↵ ' 3.045–3.046 (Mangano et al. 2002;
de Salas & Pastor 2016). As with m⌫, at Planck sensitivity the
best constraints on Ne↵ come from the distance scale. Increasing
Ne↵ at fixed acoustic scale (✓⇤) and fixed zeq increases the ex-
pansion rate before recombination. This changes the sound hori-
zon (approximately linearly with the age at recombination) and
the scale of photon di↵usion (approximately as the square root
of the age). The combination allows us to constrain additional
relativistic species (e.g., Hu & White 1996b). A tighter con-
straint is obtained if we include BAO data. The increase in Ne↵
(at fixed ✓⇤ and zeq) increases the expansion rate at low z as
well. Although the sound horizon at the end of the baryon drag
epoch, rdrag, also decreases, the combination of Planck+BAO
data still provides a strong constraint: Ne↵ = 3.01 ± 0.35 (95 %
CL). Imposing the constraint Ne↵ � 3.046, the 95 % CL upper
limit on �Ne↵ = Ne↵ � 3.046 is 0.3. This mildly disfavours any
light, thermal relics that froze out after the quantum chromody-
namics phase transition (which predicts �Ne↵ = 0.3 per degree
of freedom).

The combination of robust cosmological probes has grown
su�ciently constraining that we are also able to provide limits
on additional massless relics, on top of the three active neutri-
nos. Even allowing for non-minimal neutrino masses, Ne↵ < 3.29
(95 % CL; Planck Collaboration VI 2018) thus excluding one
thermalized sterile neutrino at the 3� level.

The above summary shows that Planck provides evidence
for a cosmic neutrino background at very high significance.
Since the neutrinos make up a non-negligible fraction of the to-
tal energy density near recombination (⇢⌫ ' 0.1 ⇢tot) the CMB
is highly sensitive to their properties, and in particular to
their anisotropies (Hu et al. 1995; Hu 1998; Trotta & Melchiorri
2005). The Planck data provide compelling constraints on the
neutrino anisotropy for the first time, showing that both the
speed of sound in the neutrino reference frame and the neu-
trino anisotropic stress are consistent with standard predic-
tions, c

2
e↵ = c

2
vis = 1/3 (to within 2 % and 10 % respectively,

Planck Collaboration XIII 2016); this limits non-standard neu-
trino interactions.

34

⌦⌫h
2 =

P
i m⌫i

94eV
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✓
T⌫

T�

◆3

=
4

11
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The neutrinos decoupled in the early Universe exist around the Universe, 
which make background today in the same way as the CMB for photon.

9

Cosmic Neutrino background (CNuB)
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where Vr = hvri is the averaged velocity of DM in the

radial direction with its relation to the velocity disper-

sion w as w2
= h(vr � hvri)2i, and � is the gravitational

potential. G is Newton’s constant and
�q
�t is the rate of

the specific heat injection (energy per DM mass and per

time).

In the hydrostatic equilibrium, we can neglect the LHS

of the Euler equation in Eq. (3) and rewrite the equations

in the Lagrangian formulation as

continuity equation :
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(4)

where M(r, t) is the fluid mass enclosed within the ra-

dius r of DM halo at time t, satisfying r2 @�
@r = GM , and

(
@
@t )M =

@
@t + Vr

@
@r . This is is a good approximation

when the gravitational time scale tG = (4⇡G⇢)�1/2 '
0.1Gyr(0.011M�/ pc3/⇢)�1/2

is shorter than the heating

time scale theat defined as the RHS of the entropy equa-

tion in Eq. (4) [11],

theat ⌘
✓

1

w2

�q

�t

◆�1

. (5)

III. DARK MATTER HEATING BY COSMIC
NEUTRINO BACKGROUND

The cosmic neutrinos have decoupled from the ther-

mal plasma at the cosmic temperature around MeV and

travel around with momentum redshift due to the expan-

sion of the Universe, which is similar to the cosmic mi-

crowave background. In the standard Big Bang Universe,

the number density of the background neutrino per one

flavor is n⌫,0 = n⌫̄,0 = 56(1 + z)3 cm
�3

with redshift z,
assuming negligible lepton asymmetry of neutrino. Then

the neutrino number density for one flavor is

n⌫ = n⌫,0 + n⌫̄,0 = 112(1 + z)3 cm
�3, (6)
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FIG. 1. The ratio of the integrated heating and the ini-
tial NFW velocity dispersion (�qtotal/w2

NFW)�1 at radius
r/rs during the evolution by the time tage = 13.8Gyr for
M200 = (109, 1012, 1014) M�, with orange, green, and red col-
ors, respectively. Here we used m� = 0.1 keV, m⌫ = 0.1 eV,
and ��⌫ = 2 ⇥ 10�31 cm2. The dashed line represents for
negative �qtotal.

where the redshift is related to the cosmic time as

(1 + z)3 =

✓
tage
t

◆2

, (7)

in the matter-dominated Universe and tage = 13.8Gyr is

the present age of the Universe.

The mean velocity of these non-relativistic neutrino

background is [20]

hv⌫i ' 1.6 ⇥ 10
3
(1 + z)

✓
0.1 eV

m⌫

◆
km/s, (8)

and the average kinetic energy is

T⌫ =
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2
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0.1 eV
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◆
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(9)

where we used
⌦
v2⌫
↵

' hv⌫i2. This can be compared with

the average kinetic energy of DM in the galaxies,

T� =
1

2
m�

⌦
v2�

↵
' 1.7 ⇥ 10

�12
keV

⇣ m�

0.1 keV

⌘ w2

(1 km/s)2
,

(10)

where v� = |v�|, and in the last equation we used
⌦
v2�

↵
=

3w2
for DM in the isotropic distribution and quasi-static

equilibrium.

The scatterings of DM with the cosmic neutrinos ex-

change kinetic energy between them. We can average this

over all the initial neutrino directions and final scatter-

ing angles to obtain the average energy gain of the DM

(or equivalently, energy loss of the neutrino), which is

Background neutrino number density (for one flavor)
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III. DARK MATTER HEATING BY COSMIC
NEUTRINO BACKGROUND

The cosmic neutrinos have decoupled from the ther-

mal plasma at the cosmic temperature around MeV and

travel around with momentum redshift due to the expan-

sion of the Universe, which is similar to the cosmic mi-

crowave background. In the standard Big Bang Universe,

the number density of the background neutrino per one

flavor is n⌫,0 = n⌫̄,0 = 56(1 + z)3 cm
�3

with redshift z,
assuming negligible lepton asymmetry of neutrino. Then

the neutrino number density for one flavor is

n⌫ = n⌫,0 + n⌫̄,0 = 112(1 + z)3 cm
�3, (6)
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We present the results of the light sterile neutrino search from the second KATRIN measurement
campaign in 2019. Approaching nominal activity, 3.76⇥ 106 tritium �-electrons are analyzed in an
energy window extending down to 40 eV below the tritium endpoint at E0 = 18.57 keV. We consider
the 3⌫ + 1 framework with three active and one sterile neutrino flavor. The analysis is sensitive
to a fourth mass eigenstate m2

4 . 1600 eV2 and active-to-sterile mixing |Ue4|2 & 6⇥ 10�3. As no
sterile-neutrino signal was observed, we provide improved exclusion contours on m2

4 and |Ue4|2 at
95% C.L. Our results supersede the limits from the Mainz and Troitsk experiments. Furthermore,
we are able to exclude the large �m2

41 solutions of the reactor antineutrino and gallium anomalies
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for Tritium decay

inverse beta decay, the neutrino can be captured by tritium, and produce 3He and e
�:

⌫i +
3H !

3He + e
�
. (1)

This process can happen even with non-relativistic neutrinos and their energy is converted
to the kinetic energy of the electron in the final stage Ke = Ee � me. This energy is
displaced from the tritium beta decay endpoint Kend [18]

Kend =
(m3H � me)2 � (m3He +m⌫)2

2m3H

. (2)

For m3H ' m3He � me � m⌫ , the electron energy fromm C⌫B is

K
C⌫B
e ' Kend + 2m⌫ ' Kend,0 +m⌫ , (3)

where Kend,0 ' 18.5988 keV is Kend for massless neutrino.
PTOLEMY-like experiment [17] has been proposed to probe the background neutrinos

using the inverse beta decay by measuring precisely the energy spectrum of the final
electrons. The energy resolution of � ⇠ 0.15 eV is expected to be obtained with a 100 g
sample of tritium, which is the order of the neutrino mass.

Considering the energy resolution �, the electron spectrum is convoluted with a Gaus-
sian envelope of FWHM � = 2

p
2 ln 2� ' 2.35�, with � the standard deviation of the

Gaussian. The observed spectrum after convolution [18],

d�̃

dEe
=

1
p
2⇡�

Z
+1

�1
dE

0
e
d�

dE0
e
(E0

e) exp


�
(E0

e � Ee)2

2�2

�
, (4)

where d�
dE0

e
(E0

e) is the true spectrum of electron. This has two contributions from the beta
decay and the cosmic neutrino contributions. The sterile neutrino background can give
additional contribution to these, which will be the main subject in this paper.

The beta decay spectrum is given by

d��

dEe
(Ee) =

3X

j=1

|Uej |
2
�̄

⇡2
H(Ee,m⌫j )NT , (5)

where Uej is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [], �̄ is the capture
cross section of the electron neutrino defined in [18] and for non-relativitic limit

�̄ ' �ev⌫ ' 3.834 ⇥ 10�45 cm2
, (6)

and

H
�
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�
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1 � m
2
e/ (Eem3H)�

1 � 2Ee/mH +m2
e/m
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3H
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s
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y +

2m⌫jm3He

mH

!
y +

m⌫j

m3H

�
m3He +m⌫j

��
.

(7)
Here y = me +Kend �Ee and NT = mT /m3H is the approximate number of the nuclei in
the sample.

The electron spectrum from the cosmic neutrino background is given by

d�C⌫B

dEe
= �C⌫B �[Ee � (Eend + 2m⌫)], (8)

3

2

to a great extent. The latter has recently been rea�rmed by the BEST collaboration and could
be explained by a sterile neutrino with large mixing. While the remaining solutions at small �m2

41

are mostly excluded by short-baseline reactor experiments, KATRIN is the only ongoing laboratory
experiment to be sensitive to relevant solutions at large �m2

41 through a robust spectral shape
analysis.

I. INTRODUCTION

The Karlsruhe Tritium Neutrino (KATRIN) exper-
iment [1, 2] is designed to determine the absolute
neutrino-mass scale via the kinematics of single �-decay
of molecular tritium

T2 !
3HeT+ + e� + ⌫̄e (1)

with an unprecedented sensitivity 0.2 eV (90% C.L.) af-
ter five years of measurement time [1]. This is achieved
by measuring the integrated �-electron spectrum in a
narrow energy interval around the tritium endpoint at
E0 = 18.57 keV. The three known neutrino mass eigen-
states mi lead to a reduction of the maximal observed
electron energy as well as to a slight spectral shape dis-
tortion. As the mass-squared splittings �m2

ij are known
to be small compared to the energy resolution of KA-
TRIN [3], the observable is the squared e↵ective electron
antineutrino mass1

m2
⌫ =

3X

i=1

|Uei|
2m2

i , (2)

where Uei are the elements of the Pontecorvo-Maki-
Nagawa-Sakata (PMNS) matrix [3]. To date, KATRIN
provides the most stringent upper limit from a direct
measurement of m⌫  0.8 eV (90% C.L.) [4] following
its limit of m⌫  1.1 eV (90% C.L.) [5] from the first
measurement campaign.

Using the same data sets, this work investigates the
existence of a fourth neutrino mass eigenstate m4 with
active-to-sterile mixing2 |Ue4|

2. Based on the measured
width of the Z0 resonance, it is well established that
there are only three light active neutrinos [6]. Therefore,
m4 would be mostly composed of a sterile neutrino flavor
that does not participate in the weak interaction. The
signature of a sterile neutrino in KATRIN is a kink-like
spectral distortion, that is most prominent at electron
energies around E0 �m4. Since the neutrino-mass cam-
paigns focus on measuring the �-spectrum in the vicinity
of the endpoint, our sterile-neutrino analysis is restricted
to light sterile neutrinos at the eV scale. An extension
of the measured energy range to the complete tritium

⇤
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†
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‡
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1
In this work we use the convention c = 1.

2
Here, we use active-to-sterile mixing as shorthand for the mixing

of the electron flavor eigenstate with a fourth mass eigenstate.

�-decay spectrum would o↵er the opportunity to search
for keV-scale sterile neutrinos with KATRIN. The TRIS-
TAN project plans to extend the KATRIN setup with a
novel detector system after completion of the neutrino-
mass campaigns to handle the high rates involved in such
a measurement [7].
Light sterile neutrinos are motivated by accumulating

anomalies in short-baseline neutrino oscillation experi-
ments. Studying the appearance of ⌫e from an accelerator
⌫µ beam, the results from LSND and MiniBooNE suggest
evidence for non-standard neutrino oscillations involving
a new neutrino mass eigenstate [8, 9]. Moreover, the
gallium anomaly (GA), observed by both GALLEX and
SAGE and recently rea�rmed by BEST, describes a ⌫e
deficit from 37Ar and 51Cr electron capture decays [10–
12]. Additionally, a significant discrepancy between the
predicted and observed ⌫̄e flux from nuclear reactors, de-
noted as the reactor antineutrino anomaly (RAA), has
been found [13]. These neutrino disappearance anomalies
could be explained with the existence of a & 1 eV sterile
neutrino. However, due to di�culties in assessing sys-
tematic uncertainties, these anomalies are debated. The
recent > 3� claim on a ⇠ 2.7 eV sterile neutrino with
large active-to-sterile mixing by the Neutrino-4 ⌫̄e reac-
tor experiment kindled a controversial discussion [14].
KATRIN o↵ers an approach complementary to short-

baseline neutrino oscillation experiments, to search for
light sterile neutrinos. Being sensitive to the same pa-
rameters that could explain the GA and the RAA, KA-
TRIN is able to probe both anomalies in an independent
way. This was first demonstrated with data from the
first science run (KNM1), in which parts of the parame-
ter space covered by the sterile-neutrino anomalies could
be constrained [15]. Here, we present the results of the
second measurement campaign (KNM2) as well as the
combination of the first two campaigns, improving with
respect to the previous KATRIN exclusion bounds.

II. EXPERIMENTAL SETUP

The prerequisites to measure the subtle imprints of m2
⌫

andm2
4 in the tritium �-decay spectrum are a high source
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I. INTRODUCTION

The Karlsruhe Tritium Neutrino (KATRIN) exper-
iment [1, 2] is designed to determine the absolute
neutrino-mass scale via the kinematics of single �-decay
of molecular tritium

T2 !
3HeT+ + e� + ⌫̄e (1)

with an unprecedented sensitivity 0.2 eV (90% C.L.) af-
ter five years of measurement time [1]. This is achieved
by measuring the integrated �-electron spectrum in a
narrow energy interval around the tritium endpoint at
E0 = 18.57 keV. The three known neutrino mass eigen-
states mi lead to a reduction of the maximal observed
electron energy as well as to a slight spectral shape dis-
tortion. As the mass-squared splittings �m2

ij are known
to be small compared to the energy resolution of KA-
TRIN [3], the observable is the squared e↵ective electron
antineutrino mass1

m2
⌫ =
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|Uei|
2m2

i , (2)

where Uei are the elements of the Pontecorvo-Maki-
Nagawa-Sakata (PMNS) matrix [3]. To date, KATRIN
provides the most stringent upper limit from a direct
measurement of m⌫  0.8 eV (90% C.L.) [4] following
its limit of m⌫  1.1 eV (90% C.L.) [5] from the first
measurement campaign.

Using the same data sets, this work investigates the
existence of a fourth neutrino mass eigenstate m4 with
active-to-sterile mixing2 |Ue4|

2. Based on the measured
width of the Z0 resonance, it is well established that
there are only three light active neutrinos [6]. Therefore,
m4 would be mostly composed of a sterile neutrino flavor
that does not participate in the weak interaction. The
signature of a sterile neutrino in KATRIN is a kink-like
spectral distortion, that is most prominent at electron
energies around E0 �m4. Since the neutrino-mass cam-
paigns focus on measuring the �-spectrum in the vicinity
of the endpoint, our sterile-neutrino analysis is restricted
to light sterile neutrinos at the eV scale. An extension
of the measured energy range to the complete tritium
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�-decay spectrum would o↵er the opportunity to search
for keV-scale sterile neutrinos with KATRIN. The TRIS-
TAN project plans to extend the KATRIN setup with a
novel detector system after completion of the neutrino-
mass campaigns to handle the high rates involved in such
a measurement [7].
Light sterile neutrinos are motivated by accumulating

anomalies in short-baseline neutrino oscillation experi-
ments. Studying the appearance of ⌫e from an accelerator
⌫µ beam, the results from LSND and MiniBooNE suggest
evidence for non-standard neutrino oscillations involving
a new neutrino mass eigenstate [8, 9]. Moreover, the
gallium anomaly (GA), observed by both GALLEX and
SAGE and recently rea�rmed by BEST, describes a ⌫e
deficit from 37Ar and 51Cr electron capture decays [10–
12]. Additionally, a significant discrepancy between the
predicted and observed ⌫̄e flux from nuclear reactors, de-
noted as the reactor antineutrino anomaly (RAA), has
been found [13]. These neutrino disappearance anomalies
could be explained with the existence of a & 1 eV sterile
neutrino. However, due to di�culties in assessing sys-
tematic uncertainties, these anomalies are debated. The
recent > 3� claim on a ⇠ 2.7 eV sterile neutrino with
large active-to-sterile mixing by the Neutrino-4 ⌫̄e reac-
tor experiment kindled a controversial discussion [14].
KATRIN o↵ers an approach complementary to short-

baseline neutrino oscillation experiments, to search for
light sterile neutrinos. Being sensitive to the same pa-
rameters that could explain the GA and the RAA, KA-
TRIN is able to probe both anomalies in an independent
way. This was first demonstrated with data from the
first science run (KNM1), in which parts of the parame-
ter space covered by the sterile-neutrino anomalies could
be constrained [15]. Here, we present the results of the
second measurement campaign (KNM2) as well as the
combination of the first two campaigns, improving with
respect to the previous KATRIN exclusion bounds.
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We present the results of the light sterile neutrino search from the second KATRIN measurement
campaign in 2019. Approaching nominal activity, 3.76⇥ 106 tritium �-electrons are analyzed in an
energy window extending down to 40 eV below the tritium endpoint at E0 = 18.57 keV. We consider
the 3⌫ + 1 framework with three active and one sterile neutrino flavor. The analysis is sensitive
to a fourth mass eigenstate m2

4 . 1600 eV2 and active-to-sterile mixing |Ue4|2 & 6⇥ 10�3. As no
sterile-neutrino signal was observed, we provide improved exclusion contours on m2

4 and |Ue4|2 at
95% C.L. Our results supersede the limits from the Mainz and Troitsk experiments. Furthermore,
we are able to exclude the large �m2

41 solutions of the reactor antineutrino and gallium anomalies
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to a great extent. The latter has recently been rea�rmed by the BEST collaboration and could
be explained by a sterile neutrino with large mixing. While the remaining solutions at small �m2

41

are mostly excluded by short-baseline reactor experiments, KATRIN is the only ongoing laboratory
experiment to be sensitive to relevant solutions at large �m2

41 through a robust spectral shape
analysis.

I. INTRODUCTION

The Karlsruhe Tritium Neutrino (KATRIN) exper-
iment [1, 2] is designed to determine the absolute
neutrino-mass scale via the kinematics of single �-decay
of molecular tritium

T2 !
3HeT+ + e� + ⌫̄e (1)

with an unprecedented sensitivity 0.2 eV (90% C.L.) af-
ter five years of measurement time [1]. This is achieved
by measuring the integrated �-electron spectrum in a
narrow energy interval around the tritium endpoint at
E0 = 18.57 keV. The three known neutrino mass eigen-
states mi lead to a reduction of the maximal observed
electron energy as well as to a slight spectral shape dis-
tortion. As the mass-squared splittings �m2

ij are known
to be small compared to the energy resolution of KA-
TRIN [3], the observable is the squared e↵ective electron
antineutrino mass1

m2
⌫ =

3X

i=1

|Uei|
2m2

i , (2)

where Uei are the elements of the Pontecorvo-Maki-
Nagawa-Sakata (PMNS) matrix [3]. To date, KATRIN
provides the most stringent upper limit from a direct
measurement of m⌫  0.8 eV (90% C.L.) [4] following
its limit of m⌫  1.1 eV (90% C.L.) [5] from the first
measurement campaign.

Using the same data sets, this work investigates the
existence of a fourth neutrino mass eigenstate m4 with
active-to-sterile mixing2 |Ue4|

2. Based on the measured
width of the Z0 resonance, it is well established that
there are only three light active neutrinos [6]. Therefore,
m4 would be mostly composed of a sterile neutrino flavor
that does not participate in the weak interaction. The
signature of a sterile neutrino in KATRIN is a kink-like
spectral distortion, that is most prominent at electron
energies around E0 �m4. Since the neutrino-mass cam-
paigns focus on measuring the �-spectrum in the vicinity
of the endpoint, our sterile-neutrino analysis is restricted
to light sterile neutrinos at the eV scale. An extension
of the measured energy range to the complete tritium
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�-decay spectrum would o↵er the opportunity to search
for keV-scale sterile neutrinos with KATRIN. The TRIS-
TAN project plans to extend the KATRIN setup with a
novel detector system after completion of the neutrino-
mass campaigns to handle the high rates involved in such
a measurement [7].
Light sterile neutrinos are motivated by accumulating

anomalies in short-baseline neutrino oscillation experi-
ments. Studying the appearance of ⌫e from an accelerator
⌫µ beam, the results from LSND and MiniBooNE suggest
evidence for non-standard neutrino oscillations involving
a new neutrino mass eigenstate [8, 9]. Moreover, the
gallium anomaly (GA), observed by both GALLEX and
SAGE and recently rea�rmed by BEST, describes a ⌫e
deficit from 37Ar and 51Cr electron capture decays [10–
12]. Additionally, a significant discrepancy between the
predicted and observed ⌫̄e flux from nuclear reactors, de-
noted as the reactor antineutrino anomaly (RAA), has
been found [13]. These neutrino disappearance anomalies
could be explained with the existence of a & 1 eV sterile
neutrino. However, due to di�culties in assessing sys-
tematic uncertainties, these anomalies are debated. The
recent > 3� claim on a ⇠ 2.7 eV sterile neutrino with
large active-to-sterile mixing by the Neutrino-4 ⌫̄e reac-
tor experiment kindled a controversial discussion [14].
KATRIN o↵ers an approach complementary to short-

baseline neutrino oscillation experiments, to search for
light sterile neutrinos. Being sensitive to the same pa-
rameters that could explain the GA and the RAA, KA-
TRIN is able to probe both anomalies in an independent
way. This was first demonstrated with data from the
first science run (KNM1), in which parts of the parame-
ter space covered by the sterile-neutrino anomalies could
be constrained [15]. Here, we present the results of the
second measurement campaign (KNM2) as well as the
combination of the first two campaigns, improving with
respect to the previous KATRIN exclusion bounds.

II. EXPERIMENTAL SETUP

The prerequisites to measure the subtle imprints of m2
⌫

andm2
4 in the tritium �-decay spectrum are a high source

activity O(1011 Bq), a low background rate O(0.1 cps),
and an eV-scale energy resolution. To achieve this,
the 70m long KATRIN experiment combines a Win-
dowless Gaseous Tritium Source (WGTS) with a high-
precision Magnetic Adiabatic Collimation and Electro-
static (MAC-E) filter [1, 2]. An overview of the experi-
mental setup is displayed in Fig. 1. High-purity molec-
ular tritium gas (> 95%) is continuously injected at the
center of the 10m long WGTS, keeping the source activ-
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Karlsruhe Tritium Neutrino Experiment
Figure 1: The expected event rate in terms of observed electron energy for sterile neutrinos

using benchmark values of ms = 2 eV, |Ue4|
2 = 5⇥10�4

in PTOLEMY with 100 g of tritium and

energy resolution � = 150 meV. For comparison, we plot �-decay background and Majorana

C⌫B signal with m⌫ = 0.2 eV.

where for the non-relativistic neutrinos, the rate �C⌫B is given by [18] for Dirac neutrinos,

�D

C⌫B = �̄n0NT , (9)

and for Majorana neutrinos,

�M

C⌫B = 2�̄n0NT , (10)

with the cosmological average of the neutrino number density n0 = 56 cm�3. Here we
assumed that clustering effects for the neutrino is negligible and also used the unitarity of
the PMNS matrix

P
i |Uei|

2 = 1.
In Fig. 1, the expected event rate is shown with the dotted line for the beta decay and

the blue solid line for the inverse beta decay of background neutrino. To distinguish the
signal of the neutrino capture from the tritium beta decay, the energy resolution � should
be smaller than half of the neutrino mass, � . m⌫/2.

KATRIN exp: KATRIN use 100 µg target of tritium. The sensitivity investigates the
energy region around 30 eV while an energy resolution of � = 1 eV is close to the tritium
�-decay endpoint E0 = 18.575 keV [45]. The sterile neutrino background peak should be
away from the �-decay spectrum, it depends on the resolution, � . ms/2.
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Beta decay spectrum
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where Kend,0 ' 18.5988 keV is Kend for massless neutrino.
PTOLEMY-like experiment [17] has been proposed to probe the background neutrinos

using the inverse beta decay by measuring precisely the energy spectrum of the final
electrons. The energy resolution of � ⇠ 0.15 eV is expected to be obtained with a 100 g
sample of tritium, which is the order of the neutrino mass.
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Here y = me +Kend �Ee and NT = mT /m3H is the approximate number of the nuclei in
the sample.
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Here y = me +Kend �Ee and NT = mT /m3H is the approximate number of the nuclei in
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Observed spectrum after convolution with resolution
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Spectrum from CnuB capture

Figure 1: The expected event rate in terms of observed electron energy for sterile neutrinos

using benchmark values of ms = 2 eV, |Ue4|
2 = 5⇥10�4

in PTOLEMY with 100 g of tritium and

energy resolution � = 150 meV. For comparison, we plot �-decay background and Majorana

C⌫B signal with m⌫ = 0.2 eV.

where for the non-relativistic neutrinos, the rate �C⌫B is given by [18] for Dirac neutrinos,
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and for Majorana neutrinos,
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C⌫B = 2�̄n0NT , (10)

with the cosmological average of the neutrino number density n0 = 56 cm�3. Here we
assumed that clustering effects for the neutrino is negligible and also used the unitarity of
the PMNS matrix

P
i |Uei|

2 = 1.
In Fig. 1, the expected event rate is shown with the dotted line for the beta decay and

the blue solid line for the inverse beta decay of background neutrino. To distinguish the
signal of the neutrino capture from the tritium beta decay, the energy resolution � should
be smaller than half of the neutrino mass, � . m⌫/2.

KATRIN exp: KATRIN use 100 µg target of tritium. The sensitivity investigates the
energy region around 30 eV while an energy resolution of � = 1 eV is close to the tritium
�-decay endpoint E0 = 18.575 keV [45]. The sterile neutrino background peak should be
away from the �-decay spectrum, it depends on the resolution, � . ms/2.

�C⌫B = NT

X

i

|Uei|
2

Z
dE⌫,i�v⌫,i

dn⌫,i

dE⌫i
' NT (�v)0

X

i

|Uei|
2
n⌫,i ' NT (�v)0n0. (11)

where the thermally averaged cross section is

(�v)0 =

R
dE⌫�v⌫

dn⌫
dE⌫

n⌫
, (12)

4

for Dirac neutrino

for Majorana neutrino

Figure 1: The expected event rate in terms of observed electron energy for sterile neutrinos

using benchmark values of ms = 2 eV, |Ue4|
2 = 5⇥10�4

in PTOLEMY with 100 g of tritium and

energy resolution � = 150 meV. For comparison, we plot �-decay background and Majorana

C⌫B signal with m⌫ = 0.2 eV.

where for the non-relativistic neutrinos, the rate �C⌫B is given by [18] for Dirac neutrinos,

�D

C⌫B = �̄n0NT , (9)

and for Majorana neutrinos,

�M

C⌫B = 2�̄n0NT , (10)

with the cosmological average of the neutrino number density n0 = 56 cm�3. Here we
assumed that clustering effects for the neutrino is negligible and also used the unitarity of
the PMNS matrix

P
i |Uei|

2 = 1.
In Fig. 1, the expected event rate is shown with the dotted line for the beta decay and

the blue solid line for the inverse beta decay of background neutrino. To distinguish the
signal of the neutrino capture from the tritium beta decay, the energy resolution � should
be smaller than half of the neutrino mass, � . m⌫/2.

KATRIN exp: KATRIN use 100 µg target of tritium. The sensitivity investigates the
energy region around 30 eV while an energy resolution of � = 1 eV is close to the tritium
�-decay endpoint E0 = 18.575 keV [45]. The sterile neutrino background peak should be
away from the �-decay spectrum, it depends on the resolution, � . ms/2.

�C⌫B = NT

X

i

|Uei|
2

Z
dE⌫,i�v⌫,i

dn⌫,i

dE⌫i
' NT (�v)0

X

i

|Uei|
2
n⌫,i ' NT (�v)0n0. (11)

where the thermally averaged cross section is

(�v)0 =

R
dE⌫�v⌫

dn⌫
dE⌫

n⌫
, (12)

4

Figure 1: The expected event rate in terms of observed electron energy for sterile neutrinos

using benchmark values of ms = 2 eV, |Ue4|
2 = 5⇥10�4

in PTOLEMY with 100 g of tritium and

energy resolution � = 150 meV. For comparison, we plot �-decay background and Majorana

C⌫B signal with m⌫ = 0.2 eV.

where for the non-relativistic neutrinos, the rate �C⌫B is given by [18] for Dirac neutrinos,

�D

C⌫B = �̄n0NT , (9)

and for Majorana neutrinos,

�M

C⌫B = 2�̄n0NT , (10)

with the cosmological average of the neutrino number density n0 = 56 cm�3. Here we
assumed that clustering effects for the neutrino is negligible and also used the unitarity of
the PMNS matrix

P
i |Uei|

2 = 1.
In Fig. 1, the expected event rate is shown with the dotted line for the beta decay and

the blue solid line for the inverse beta decay of background neutrino. To distinguish the
signal of the neutrino capture from the tritium beta decay, the energy resolution � should
be smaller than half of the neutrino mass, � . m⌫/2.

KATRIN exp: KATRIN use 100 µg target of tritium. The sensitivity investigates the
energy region around 30 eV while an energy resolution of � = 1 eV is close to the tritium
�-decay endpoint E0 = 18.575 keV [45]. The sterile neutrino background peak should be
away from the �-decay spectrum, it depends on the resolution, � . ms/2.

�C⌫B = NT

X

i

|Uei|
2

Z
dE⌫,i�v⌫,i

dn⌫,i

dE⌫i
' NT (�v)0

X

i

|Uei|
2
n⌫,i ' NT (�v)0n0. (11)

where the thermally averaged cross section is

(�v)0 =

R
dE⌫�v⌫

dn⌫
dE⌫

n⌫
, (12)

4

average neutrino density

[PTOLEMY, 1808.01892]

inverse beta decay, the neutrino can be captured by tritium, and produce 3He and e
�:

⌫i +
3H !

3He + e
�
. (1)

This process can happen even with non-relativistic neutrinos and their energy is converted
to the kinetic energy of the electron in the final stage Ke = Ee � me. This energy is
displaced from the tritium beta decay endpoint Kend [18]
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(m3H � me)2 � (m3He +m⌫)2

2m3H

. (2)

For m3H ' m3He � me � m⌫ , the electron energy fromm C⌫B is

K
C⌫B
e ' Kend + 2m⌫ ' Kend,0 +m⌫ , (3)

where Kend,0 ' 18.5988 keV is Kend for massless neutrino.
PTOLEMY-like experiment [17] has been proposed to probe the background neutrinos

using the inverse beta decay by measuring precisely the energy spectrum of the final
electrons. The energy resolution of � ⇠ 0.15 eV is expected to be obtained with a 100 g
sample of tritium, which is the order of the neutrino mass.

Considering the energy resolution �, the electron spectrum is convoluted with a Gaus-
sian envelope of FWHM � = 2
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e) is the true spectrum of electron. This has two contributions from the beta
decay and the cosmic neutrino contributions. The sterile neutrino background can give
additional contribution to these, which will be the main subject in this paper.
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Here y = me +Kend �Ee and NT = mT /m3H is the approximate number of the nuclei in
the sample.

The electron spectrum from the cosmic neutrino background is given by
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= �C⌫B �[Ee � (Eend + 2m⌫)], (8)
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additional symmetry-breaking sector in these models. That makes it difficult to explain m⌫ in
terms of a simple symmetry and a small number of parameters, and interest in anarchic mod-
els [235] with random values has grown. A more detailed overview of models that incorporate
sterile neutrinos with keV masses that could act as DM candidates is given in section 6. In
the following we briefly review the main features of the probably minimal and most studied
mechanism for neutrino masses, the (type I) seesaw mechanism. Is particularly important in
the present context because i) it predicts the existence of heavy sterile neutrinos, ii) these
heavy particles mix with ordinary neutrinos (which is the basis for many experimental and
astrophysical searches) ans iii) the type I seesaw is implemented in many theories of particle
physics, such as grand unified theories based on SO(10) or any other theories that involve a
(spontaneously broken) gauged B � L symmetry.

1.5.2 The seesaw mechanism

The type-I seesaw model is defined by adding n RH neutrinos ⌫R to the SM, i.e., singlet
fermions with RH chirality to the SM that couple to the SM neutrinos ⌫L in the same way
as the RH and LH components of the charged leptons. The Lagrangian reads

L = LSM + i⌫R /@⌫R � `LF⌫R�̃ � �̃†⌫RF †`L � 1

2
(⌫c

R
MM⌫R + ⌫RM †

M
⌫c

R). (1.25)

Here, flavor and isospin indices have been suppressed. LSM is the Lagrangian of the SM,
`L = (⌫L, eL)T are the LH lepton doublets, � is the Higgs doublet and �̃ = ✏�⇤, where ✏
is the antisymmetric SU(2)-invariant tensor, and F is a matrix of Yukawa interactions. An
explicit Majorana mass term MM is allowed for ⌫R because the ⌫R are gauge singlets. This is
a specific realization of the term mS in (1.21). It is often assumed that the eigenvalues MI of
MM are far above the electroweak scale. Then the ⌫R are experimentally unobservable. The
only effect they have on low energy physics is mediated by the dimension-5 operator [236]:

Le↵ = LSM +
1

2
¯̀
L�̃FM�1

M
F T �̃T `cL, (1.26)

as obtained by integrating out the fields ⌫R instead of (1.25). The Higgs mechanism generates
a Majorana mass term ⌫Lm⌫⌫c

L
, with m⌫ is given by

m⌫ = �v2FM�1
M

F T , (1.27)

where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
240], low-scale seesaw (e.g. [220–222]), or Coleman-Weinberg type models [216], see also
section 6. The full neutrino mass term after electroweak symmetry breaking reads
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where mD ⌘ Fv and v = 174 is the Higgs field vacuum expectation value. For MI � 1 eV
there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
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there is a hierarchy mD ⌧ MM , and one observes two distinct sets of mass eigenstates: one
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`L = (⌫L, eL)T are the LH lepton doublets, � is the Higgs doublet and �̃ = ✏�⇤, where ✏
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explicit Majorana mass term MM is allowed for ⌫R because the ⌫R are gauge singlets. This is
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as obtained by integrating out the fields ⌫R instead of (1.25). The Higgs mechanism generates
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, with m⌫ is given by
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where v = 174 GeV is the Higgs field expectation value. This case is not interesting in
the context of this review because superheavy ⌫R are too short-lived to be DM candidates.
However, experimentally the magnitude of the MI is almost unconstrained, and different
choices have very different implications for particle physics, cosmology and astrophysics, see
e.g. [67, 159]. There are several scenarios that predict eigenvalues of MM at or below the
electroweak scale, including the inverse seesaw [237] and linear seesaw [238], the ⌫MSM [239,
240], low-scale seesaw (e.g. [220–222]), or Coleman-Weinberg type models [216], see also
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The hierarchy gives mass eigenvalues with

 three light active neutrinos and three heavy sterile neutrinos.

1.4 Sterile Neutrinos – General Introduction (Author: P. Langacker)

Sterile neutrinos, also known as singlet or right-handed neutrinos, are SU(2) ⇥ U(1)-singlet
leptons. They therefore have no ordinary charged or neutral current weak interactions except
those induced by mixing. Most extensions of the original standard model involve one or
more sterile neutrinos, with model-dependent masses which can vary from zero to extremely
large. One usually defines the right-chiral component of a sterile neutrino field as ⌫R, i.e., ⌫R
annihilates a right-chiral state, where chirality coincides with helicity in the massless limit.
The CP-conjugate field is then

(⌫R)c ⌘ C ⌫R
T , (1.19)

where we are following the notation in ref. [67]. In Eq. (1.19), C is the charge conjugation
matrix, given by = i�2�0 in the Weyl representation, and ⌫R ⌘ (⌫R)†�0 is the Dirac adjoint.
Note that the CP conjugate in Eq. (1.19) is always well-defined, independent of whether CP
is violated, and that (⌫R)c is the field which annihilates a left-chiral antineutrino.7

In contrast, an active (or doublet or ordinary) neutrino is in an SU(2) doublet with a
charged lepton, and it has conventional weak interactions. There are three known left-chiral
active neutrinos ⌫L,↵, where the flavor index ↵ = e, µ, ⌧ denotes the associated charged lepton.
The CP-conjugate (⌫L)c ⌘ C ⌫LT (suppressing the flavor index) is the field associated with a
right-chiral antineutrino. The number n of right chiral neutrinos is unknown (and could even
be zero, as there are alternative explanations of neutrino masses, see section 1.5.1). In the
remainder of this subsections we use an illustrative toy model with only one LH and one RH
neutrino flavour.

⌫L $ (⌫L)c and ⌫R $ (⌫R)c each describe two degrees of freedom and are known as
Weyl spinors. Fermion mass terms describe transitions between left and right-chiral states.
There are two possible types for neutrinos. A Dirac mass term connects the left and right
components of two different Weyl spinors. These are typically active and sterile, such as

LD = �mD (⌫L⌫R + ⌫R⌫L) , (1.20)

where we have chosen the phases of the fields so that mD is real. LD allows a conserved lepton
number L, but violates weak isospin by 1/2 unit. It can be generated by the Higgs mechanism,
as in fig. 6, and it is analogous to the quark and charged lepton masses. That is, mD = yDv,8
where v = 174 GeV is the expectation value of the neutral Higgs field. If eq. (1.20) is the
only neutrino mass term, then ⌫L and ⌫R can be combined to form a four-component Dirac
spinor ⌫D ⌘ ⌫L + ⌫R, with CP conjugate (⌫D)c ⌘ (⌫L)c + (⌫R)c.

Unlike quarks and charged leptons, neutrinos are not charged under any unbroken gauge
symmetries. They may therefore have Majorana mass terms, which connect a Weyl spinor
with its own CP conjugate. These could be present for either active or sterile neutrinos,

LM = �1

2
mT

�
⌫L⌫c

L + ⌫c

L
⌫L

�
� 1

2
mS

�
⌫R⌫c

R + ⌫c

R
⌫R

�
⌘ �1

2
mT (⌫a⌫a) � 1

2
mS (⌫s⌫s) , (1.21)

where ⌫a ⌘ ⌫L + (⌫L)c and ⌫s ⌘ ⌫R + (⌫R)c are active (a) and sterile (s) Majorana two-
component spinors. They are self-conjugate, i.e., ⌫a = C ⌫aT and ⌫s = C ⌫sT . Both mT and
ms violate lepton number by two units. The mass mT also violates weak isospin by one unit.
It can be generated by the expectation value of a Higgs triplet �T = (�0

T
, ��

T
, ���

T
)T , i.e.,

7Some authors use alternative notations, such as ⌫
c
R,L for C ⌫R,L

T .
8In the minimal seesaw model, (1.25), the number yD is to be identified with the matrix F .
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Three RH neutrinos with Majorana mass and Yukawa couplings.

[Asaka, Blanchet, Shaposhnikov, 2005]

(See-saw mechanism)
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negligible, however in the cosmological scale they may change the evolution of the Universe.

In this paper, we consider the magnetic moments between the right-handed sterile neu-

trinos in the context

II. MODEL

We consider a model with Lagrangian of standard model (SM) LSM and additional one

containing three right-handed neutrinos L⌫R as

L =LSM + L⌫R , (1)

where

L⌫R = �
1

2
⌫
c
RiM⌫Rij

⌫Rj + y⌫↵iL↵
e�⌫Ri + Cij⌫

c
Ri[�

µ
, �

⌫ ]⌫RjBµ⌫ + h.c.. (2)

Here Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ in the SM, L↵ are lepton

doublets with ↵ flavor, and � is the Higgs doublet and e� = ✏�⇤ with the superscript c and ⇤

for charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the above

dipole interaction is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by high

energy scale ⇤5 with anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫
c
Ri =(⇥†

U)ij⌫j + ⌫
c
si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and

Z-boson. We denote the mass eigenvalues of the light and heavy neutrinos as (m1, m2, m3)

and (ms1, ms2, ms3), respectively. Here, msj ' M⌫Rj due to the mass hierarchy.

The left- and right-handed neutrinos mix with each other parameterized by the mixing

matrix

⇥ = mDM
�1
⌫R

⌧ 1, (6)

3

After electroweak symmetry breaking, the mass eigenstates are

and the mixing parameter
with the Dirac mass (mD)↵i = y⌫↵iv/

p
2. In the right-handed side, ⌫i and ⌫si are the mass

eigenstates of light active neutrinos and heavy sterile neutrinos, respectively. The mass of

the light neutrinos are generated through the seesaw mechanism [1–4], and given by

m⌫ ' �mD
1

M⌫R

m
T
D = �⇥M⌫R⇥T

. (7)

The typical magnitude of the left-right mixing can be estimated as

⇥2
⇠

m⌫

M⌫R

. (8)

For the lightest sterile neutrino ⌫s ⌘ ⌫s1 being DM candidate, its lifetime should be long

enough compared to the age of the Universe. This is obtained when y⌫↵1 is practically zero

so that we consider the Yukawa coupling

y⌫ =

0

BBB@

0 y⌫e2 y⌫e3

0 y⌫µ2 y⌫µ3

0 y⌫⌧2 y⌫⌧3

1

CCCA
. (9)

However, with this Yukawa couplings, it is still possible to reproduce the light neutrino

masses to explain the observed neutrino oscillations [39]. Following the parametrization

of Casas and Ibarra [27], the Dirac mass term or the neutrino Yukawa coupling can be

expressed as

y⌫↵i
v

p
2

= iU(mdiag
⌫ )1/2⌦(M⌫R)1/2, (10)

with U
†
m⌫U

⇤ = diag(m1, m2, m3) = m
diag
⌫ and ⌦ being a complex orthogonal matrix with

⌦⌦T = 1. As an example, if we take the masses

M⌫R =O(M⌫R1 , 1, 10)GeV, (11)

with M⌫R1 ⌧ 1 GeV, and m1 = 0 assuming normal hierarchy, and ⌦ = I, we find Yukawa

matrix in the form of Eq. (9), with non-vanishing values of the order of O(10�7), and mixing

⇥ ⇠ 10�6. Explicitly,

y⌫ =

0
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, (12)
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and the light active neutrino mass
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Figure 1. What is known about the square of the neutrino masses for the two atmospheric mass
orderings.

The mass splittings of the neutrinos are approximately [84]:

�m2
32 ' ±2.5 ⇥ 10�3eV2 and �m2

21 ' +7.5 ⇥ 10�5eV2, (1.4)

and the sum of the masses of the neutrinos satisfies
q

�m2
A

' 0.05 eV <
3X

i=1

mi < 0.5 eV. (1.5)

So the sum of neutrino masses ranges from 10�7 to 10�6 times me, however the mass of
the lightest neutrino, m, could be very small. If m ⌧

q
�m2

� ⇠ 0.01 eV2, then this is an
additional scale to be explained by a theory of neutrino masses and mixings.

The standard representation [85] of the PMNS mixing matrix is given as follows:

U =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A =

0

@
1 0 0
0 c23 s23

0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0

�s12 c12 0
0 0 1

1

A

0

@
ei↵1 0 0
0 ei↵2 0
0 0 1

1

A

=

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s13s23ei� c12c23 � s12s13s23ei� c13s23

s12s23 � c12s13c23ei� �c12s23 � s12s13c23ei� c13c23

1

A

0

@
ei↵1 0 0
0 ei↵2 0
0 0 1

1

A , (1.6)

where sij = sin ✓ij and cij = cos ✓ij . The Dirac phase, �, allows for the possibility of CP
violation in the neutrino oscillation appearance channels. The Majorana phases ↵1 and ↵2

are unobservable in oscillations since oscillations depend on U⇤
↵i

U�i but they have observable,
CP conserving effects, in neutrinoless double beta decay. If the neutrinos are Dirac, then
neutrinoless double beta decay will be absent and the Majorana phases in the PMNS matrix

– 6 –

with PMNS matrix U

seesaw mechanism

Here, Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ, L↵ are lepton doublets with

↵ flavor, � is the Higgs doublet and forms e� = ✏�⇤ with the superscript c and ⇤ for

charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the dipole

interaction above is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is a dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by a

high energy scale ⇤5 with an anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫c
Ri = � (⇥†U)ij⌫j + ⌫c

si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and Z-

boson. ⌫i and ⌫si are the mass eigenstates of light active neutrinos with the mass eigenvalues

mi and those of sterile neutrinos with the mass eigenvalues msi, respectively. Here, i runs

from 1 to 3, and we have msj ' M⌫Rj due to the mass hierarchy. mi are eigenvalues of the

mass matrix of the light neutrinos, which is generated through the seesaw mechanism [1–4]

as

m⌫ ' �mD
1

M⌫R

mT
D = �⇥M⌫R⇥T , (6)

in the flavor basis. Those are related as mdiag
⌫ = diag(m1, m2, m3) = U †m⌫U⇤ through

the PMNS matrix U [36, 37]. The mixing between left- and right-handed neutrinos are

parameterized by the mixing matrix

⇥ = mDM�1
⌫R

⌧ 1, (7)

with the Dirac mass (mD)↵i = y⌫↵iv/
p

2. Naively, the typical magnitude of the left-right

mixing can be estimated as

⇥2
⇠

m⌫

M⌫R

. (8)

For the lightest sterile neutrino ⌫s ⌘ ⌫s1 being the DM candidate, its lifetime should be

long enough compared to the age of the Universe. This is obtained when y⌫↵1 is practically

4
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Interaction of RH Neutrino

RH sterile neutrinos can interact with SM sector through

- Mass mixing after electroweak symmetry breaking

- Yukawa interaction with Higgs and LH neutrino

The interaction induces

- Decay of sterile neutrinos into SM neutrino and photon (X-ray)

  

Sterile neutrinos as dark matterSterile neutrinos as dark matter

4   Sterile neutrinos are fermions and obey the exclusion principle. It is

     not possible to have an arbitrarily large ns number density.

     The observed DM density in dwarf galaxies implies a lower limit
     on the DM mass. 

5   Sterile neutrinos are not absolutely stable

X

negligible, however in the cosmological scale they may change the evolution of the Universe.

In this paper, we consider the magnetic moments between the right-handed sterile neu-

trinos in the context

II. MODEL

We consider a model with Lagrangian of standard model (SM) LSM and additional one

containing three right-handed neutrinos L⌫R as

L =LSM + L⌫R , (1)

where

L⌫R = �
1

2
⌫
c
RiM⌫Rij

⌫Rj + y⌫↵iL↵
e�⌫Ri + Cij⌫

c
Ri[�

µ
, �

⌫ ]⌫RjBµ⌫ + h.c.. (2)

Here Bµ⌫ is the gauge field strength of U(1)Y gauge field Bµ in the SM, L↵ are lepton

doublets with ↵ flavor, and � is the Higgs doublet and e� = ✏�⇤ with the superscript c and ⇤

for charge conjugation. The Majorana mass of ⌫R are taken to be diagonal, real and positive

as M⌫Rij
= diag(M⌫R1

, M⌫R2
, M⌫R3

) without loss of generality. We also note that the above

dipole interaction is the most general form for ⌫R because of the identity �5PR = PR. The

dipole interaction is dimension-5 operator and the coupling Cij = cij
⇤5

is suppressed by high

energy scale ⇤5 with anti-symmetric coupling cij of the order of unity.

After the electroweak symmetry breaking, with the vacuum expectation value (VEV)

v = 246 GeV of the SM Higgs field �, the B gauge boson and neutrinos are decomposed

into the mass basis as

Bµ =cWAµ � sWZµ, (3)

⌫L↵ =U↵i⌫i + ⇥↵i⌫
c
si, (4)

⌫
c
Ri =(⇥†

U)ij⌫j + ⌫
c
si, (5)

where cW (sW ) is cosine (sine) of the Weinberg angle, and Aµ and Zµ are the photon and

Z-boson. We denote the mass eigenvalues of the light and heavy neutrinos as (m1, m2, m3)

and (ms1, ms2, ms3), respectively. Here, msj ' M⌫Rj due to the mass hierarchy.

The left- and right-handed neutrinos mix with each other parameterized by the mixing

matrix

⇥ = mDM
�1
⌫R

⌧ 1, (6)

3

zero so that we consider the Yukawa coupling

y⌫ =

0

BBB@

0 y⌫e2 y⌫e3

0 y⌫µ2 y⌫µ3

0 y⌫⌧2 y⌫⌧3

1

CCCA
. (9)

Even with this vanishing Yukawa coupling between the lightest sterile neutrino and the

active neutrinos, it is still possible to reproduce the light neutrino masses to explain the

observed neutrino oscillations [7]. Following the parametrization of Casas and Ibarra [38],

the Dirac mass term or the neutrino Yukawa coupling can be expressed as

y⌫↵i
v

p
2

= iU(mdiag
⌫ )1/2⌦(M⌫R)1/2, (10)

with ⌦ being a complex orthogonal matrix with ⌦⌦T = 1. For the normal ordering of

neutrino mass, an expression of the orthogonal matrix is

⌦ =

0

BBB@

1 0 0

0 cos ! � sin !

0 sin ! cos !

1

CCCA
, (11)

with ! being a complex parameter. If the imaginary values for the complex orthogonal

matrix are large, the components of Yukawa couplings (10) and mixings (7) can be enhanced

as

|⇥|
2 =

��(mdiag
⌫ )1/2⌦(M⌫R)�1/2

��2 ⇠
m⌫

M⌫R

exp(2Im!), (12)

which can be much larger than Eq. (8).

By substituting the decomposition in Eqs. (3), (4) and (5) into the Lagrangian, we obtain

5

⌫s ! 3⌫
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width

� ' 0.50 ⇥ 10�6 g2
N

4
g2
⇤f

g2
⇤

ḡ1/2
⇤

M2
2

MPl

 
1 keV

M1

!2

. (32)

At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge

27
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Figure 4: The central region of Fig. 3, M1 = 0.3 . . .100.0 keV, compared with regions excluded
by various X-ray constraints [22, 25, 30, 31], coming from XMM-Newton observations of the Large
Magellanic Cloud (LMC), the Milky Way (MW), and the Andromeda galaxy (M31). SPI marks the
constraints from 5 years of observations of the Milky Way galactic center by the SPI spectrometer on
board the Integral observatory.

dark matter simulations, which have not been carried out with actual non-equilibrium spec-

tra so far. Nevertheless, adopting a simple recipe for estimating the non-equilibrium effects

(cf. Eq. (5.1)), the results of refs. [34, 35] can be re-interpreted as the constraints M1 >∼ 11.6

keV and M1 >∼ 8 keV, respectively (95% CL), at vanishing asymmetry [12]. Very recently

limits stronger by a factor 2–3 have been reported [36]. We return to how the constraints

change in the case of a non-zero lepton asymmetry in Sec. 5. We note, however, that the

most conservative bound, the so-called Tremaine-Gunn bound [52, 53], is much weaker and

reads M1 >∼ 0.3 keV [54], which we have chosen as the lower end of the horizontal axes in

Figs. 4, 6.

In Fig. 5 we show examples of the spectra, for a relatively small mass M1 = 3 keV (like

in Fig. 1), at which point the significant changes caused by the asymmetry can be clearly

identified. The general pattern to be observed in Fig. 5 is that for a small asymmetry, the

distribution function is boosted only at very small momenta. Quantities like the average

momentum 〈q〉s then decrease, as can be seen in Fig. 6. For large asymmetry, the resonance

affects all q; the total abundance is strongly enhanced with respect to the case without a

resonance, but the shape of the distribution function is less distorted than at small asymmetry,

so that the average momentum 〈q〉s returns back towards the value in the non-resonant case.

Therefore, for any given mass, we can observe a minimal value of 〈q〉s in Fig. 6, 〈q〉s >∼ 0.3〈q〉a.
This minimal value is remarkably independent of M1, but the value of asymmetry at which

15

18 K.N. Abazajian / Physics Reports 711–712 (2017) 1–28

to accurate characterizations of WDM particle mass limits in general. For the case of resonantly-produced Shi–Fuller sterile
neutrino dark matter the quasi-thermal momentum space distribution of Eq. (53) is invalid, with the momentum space
distribution highly nonthermal and ‘‘cooler’’ than thermal (Fig. 4). Therefore, the full momentum space distribution must be
employed in its effects on structure formation [104] and that then used for structure formation constraints [173,137].

One of the most potentially powerful constraints on the matter power spectrum at small scales affected by WDM is the
clustering of gas as measured along the line of sight to distant quasars in the Lyman-↵ forest [170,172–181]. The claimed
level of the most recent constraints by Ir≤i£ et al. [181] place an approximate limit on the ideal Dodelson–Widrowmass (Eq.
(55)) when mapped from the thermal WDM limits of mthermal � 5.3 keV to be mDW,ideal � 41 keV (95% CL). When combined
with X-ray limits, they strongly exclude Dodelson–Widrow sterile neutrino dark matter from being all of the dark matter.
These are considerably weakened when sterile neutrinos are only partially the dark matter [182]. The Lyman-↵ forest is a
potentially very powerful tool to measure the small-scale matter power spectrum. It relies on mapping the clustering of
neutral gas in one dimension to the 3-dimensional full matter power spectrum. For some time, this has been known to have
potential systematic problems in entangling the thermal history of the intergalactic medium – via the thermal broadening
and Jeans pressure-support of the gas – with the underlying matter power spectrum [183]. This has become more apparent
with very high resolution hydrodynamic simulations like those in Kulkarni et al. [184], where pressure support in the gas
was shown to greatly affect the flux power spectrum at high redshift, and the recovered nonlinear flux power spectrum
at late time varied greatly from the linear theory methods typically used in cosmological analyses like that done to probe
WDM. Kulkarni et al. also show the temperature –density relation has a dispersion that is highly non-Gaussian and that
temperature–density relation should be augmentedwith a third pressure smoothing scale parameter �F . The Lyman-↵ forest
is argued further to be best used as a probe of the epoch of cosmological reionization [185].

A potentially strong probe ofWDMvs. CDM is the formation of structure at high redshift probed by galaxy number counts
[186] as well as reionization [187]. The limits from reionization from the optical depth to the cosmic microwave background
as measured by Planck are at the level of mthermal & 1.3 keV [186], while recent limits from the luminosity function of high
redshift galaxies are at the level ofmthermal � 2.5 keV at 2� [156]. The sensitivity of the JamesWebb Space Telescope (JWST) to
galaxy counts at even higher redshift, which are even more sensitive to WDM suppression of structure formation, will push
to sensitivities to even higher thermal WDM particle masses [186]. JWST is planned to launch in October 2018.4 Detailed
observations of reionization, the Lyman-↵ forest and high-redshift galaxy counts could differentiate between the variations
of the shape of the suppression scales of different WDM production scenarios [188].

In studies of the formation of the small scale structure as probed in the Local Group of galaxies and the cores and central
densities of galaxies, there remain too-low of a central density profile compared to that expected in CDM of dwarf galaxies
that are satellites as well as in the field—i.e., not gravitationally bound to another galaxy [189]. This has been dubbed the too-
big-to-fail problem, and it can be alleviated byWDM of the proper free streaming scale, at approximately the free streaming
scale provided bymthermal ⇡ 2 keV [190,130]. Very significantly, itwas pointed out that this free streaming scalewasmatched
by sterile neutrino dark matter in the region of parameter space consistent with the 3.5 keV candidate dark matter decay
signal in the X-ray, discussed below [158,191]. Resonantly-produced Shi–Fuller sterile neutrino dark matter in the 7 keV,
sin2 2✓ ⇠ 10�10 region produce a range of cutoff scale consistent with 1.5 keV . mthermal . 3.0 keV [158,104].

The Milky Way’s Local Group satellite galaxy counts can also provide limits on the free streaming scale since the
free streaming suppresses dwarf galaxy formation [192,193,191,173]. As dwarf galaxies are discovered by deep all-sky
observations, the limits have increased to place tension with WDM suppression scales in the region consistent with
resonantly-produced 7.1 keV sterile neutrino dark matter in the region of the 3.55 keV signal [137]. This tension may make
more attractive the scenariowhere 10% to 20% of the darkmatter is Dodelson–Widrow sterile neutrino darkmatter, with the
rest being some other form. A 10% to 20% fraction of Dodelson–Widrow sterile neutrinos can produce the 3.55 keV signal,
with a mixing angle that is commensurately approximately five to then times larger, in order to continue to match the
observed flux in the signal with a smaller sterile neutrino dark matter mass in the field of view [29]. This case, where there
is a mixed cold plus warm dark matter, escapes constraints from galaxy counts and the Lyman-↵ forest [182], and may still
alleviate small-scale structure challenges [130].

7. keV sterile neutrino dark matter detectability in X-ray observations

7.1. Methods & current results

The fact that a light, neutral lepton, like a sterile neutrino, would have a radiative decay mode was first pointed out and
calculated by Shrock [194] and independently by Pal & Wolfenstein [195]. For the Majorana neutrino case, the decay rate is

�� (ms, sin2 2✓ ) ⇡ 1.36 ⇥ 10�30 s�1
✓
sin22✓
10�7

◆⇣ ms

1 keV

⌘5
, (56)

where ms is the mass eigenstate most closely associated with the sterile neutrino, and ✓ is the mixing angle between the
sterile and active neutrino. For the case of a Dirac sterile neutrino, the decay rate is reduced by a factor of two. The decay of
a nonrelativistic sterile neutrino into two (nearly) massless particles produces a line at energy E� = ms/2.

4 https://jwst.nasa.gov.

Tremaine-
Gunn bound

Dodelson-Widrow

Lyman-alpha
disfavored

Shi-Fuller with
Lepton asymmetry

angles and small lepton asymmetry, the mixing angle can be approximated as

sin θm ≈
sin θ

1 + 0.27ζ
(

T
100MeV

)6 (keV2

∆m2

)
(16)

where ζ = 1.0 for mixing with the electron neutrino, and ζ = 0.30 for νµ and ντ .

Obviously, thermal effects suppress the effective mixing significantly for temperatures T >
150 (m/keV)1/3MeV. If the singlet neutrinos interact only through mixing, all the interaction
rates are suppressed by the square of the mixing angle, sin2 θm. It is easy to see that these
sterile neutrinos are never in thermal equilibrium in the early universe. Thus, in contrast
with the case of the active neutrinos, the relic population of sterile neutrinos is not a result
of a freeze-out 2 .

In the relevant range of parameters, one can roughly approximate the numerical results for
the amount of dark matter produced in this scenario [21,23,24,26,97,152]:

Ωs ∼ 0.2

(

sin2 θ

3× 10−9

)

(

ms

3 keV

)1.8

. (17)

The range of the masses and mixing angles consistent with dark matter and with the X-ray
bounds discussed below forces the mass of the sterile neutrino to be as low as 1-3 keV. The
much improved state-of-the-art calculations [30,152] reinforce this conclusion. However, the
Lyman-α bounds [91,92,123,101,94] appear to disfavor this mass range for the production via
neutrino oscillations 3 .

4.2 Lepton asymmetry and the Shi–Fuller scenario

The production scenario proposed by Dodelson and Widrow [21] is altered in the presence
of a lepton asymmetry of the universe, in which case the production of relic sterile neutri-
nos can be enhanced by MSW effect [148,149]. Shi and Fuller [22] showed that the MSW
resonance makes the production more efficient for small missing angles, hence opening up
some additional parameter space that is less constrained by the X-ray data. In addition, the
momentum distribution of non-thermal sterile neutrinos produced in this case is colder than
in the case of zero lepton asymmetry. [22,28,158]. This helps ameliorate the tension with the

2 One immediate consequence of this observation is that the Gershtein–Zeldovich bound [153,154]
and the Lee–Weinberg bound [155] do not apply to these sterile neutrinos.
3 Since different production mechanisms can can generate sterile neutrinos with very different free-
streaming properties for the same mass, the mass bounds from Refs. [92,123,94] do not apply to
models that consider production by other mechanisms, different from Dodelson–Widrow mecha-
nism. For example, if sterile dark matter is generated at the electroweak scale, the corresponding
mass bounds are relaxed by more than factor 3 [17,33,156,157].
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aggressive limits ⇠1% more stringent than the aggres-
sive Chandra constraints. Notably, at m⌫s ⇠ 7 keV, our
conservative constraints are just outside the collective
1� error range of the Bulbul et al. (2014), Boyarsky et
al. (2014), and Boyarsky et al. (2015) detections, pro-
viding evidence against the 3.5 keV line’s decaying DM
interpretation. However, even our aggressive constraints
remain consistent with Hofmann &Wegg (2019)’s detec-
tion, which means our results do not entirely eliminate
the 3.5 keV line’s decaying DM interpretation, though
Foster et al. (2021)’s results (which are stronger than
ours at m⌫s ⇠ 7 keV) are outside even the Hofmann &
Wegg (2019) 1� error range. The overall DM origin of
the 3.5 keV line also remains feasible in frameworks be-
sides the sterile neutrino that may be observed in clus-
ters but not galaxies (e.g., Cline et al. 2014; Cline &
Frey 2014a; Cline & Frey 2014b; Finkbeiner & Weiner
2016). While the Foster et al. (2021)’s XMM MWH
constraints are also more stringent overall than ours,
towards the aggressive end of our limits we were able
to match the XMM-Newton constraints at several m⌫s

values and improve upon XMM-Newton’s around ⇠6.7
and ⇠12 keV.
Therefore, the edge of the overall X-ray limits is now

formed by constraints from Swift in this work, XMM
in Foster et al. (2021), and NuSTAR in a combination
of Neronov et al. (2016a), Perez et al. (2017), Ng et al.
(2019), Roach et al. (2020), and Roach et al. (2022). To-
gether, these X-ray constraints have eliminated most of
the parameter space that remains above the big bang nu-
cleosynthesis (BBN) lower limits, which are theoretical
limits based on lepton asymmetry in the early Universe
(see Dolgov et al. 2002; Serpico & Ra↵elt 2005; Laine &
Shaposhnikov 2008; Boyarsky et al. 2009; Venumadhav
et al. 2016; Roach et al. 2020). According to Dekker
et al. (2021b), this small remainder of the parameter
has been ruled out nearly entirely up to m⌫s ⇠ 20 keV
based on that work’s study of small-scale structure for-
mation around the MWH, though those results are de-
pendent on systematics such as MWH mass, NFW pa-
rameters, and the extended Press-Schechter formalism
(EPS; Schneider 2015; Cherry & Horiuchi 2017).

4.3. Closing Thoughts

We have found no evidence of sterile neutrino DM
in the Swift-XRT MWH observations, and have used
our non-detections to constrain the 3.5 keV line’s galac-
tic intensity profile, as well as the sterile neutrino DM
sin2(2✓) vs. m⌫s parameter space. Our 3.5 keV line pro-
file upper-limits are the strongest to date across ⇠1/4
of the galaxy and our parameter space limits marginally
improve upon existing X-ray constraints. Swift has now

Figure 4. Constraints on the sin2(2✓) vs. m⌫s parame-
ter space. The red “MW Sat.” region represents Dekker et
al. (2021b)’s study of small-scale structure, the dark gray
“XMM” region indicates Foster et al. (2021), and the green
“NuSTAR” region represents Neronov et al. (2016a), Perez
et al. (2017), Ng et al. (2019), Roach et al. (2020), and Roach
et al. (2022). Dashed gold represents the conservative Sicil-
ian et al. (2020) Chandra constraint, while solid gold is the
more aggressive constraint, with the gap between them rep-
resenting NFW uncertainty. As described in the text, our
Swift constraints are plotted in a similar way, with the un-
certainty region appearing translucent while the region above
the dashed conservative limit is solid. Purple and cyan data
points show notable ⇠3.5 keV line detections. Adapted from
Ng et al. (2019), Roach et al. (2020), and Sicilian et al.
(2020).

joined Chandra, XMM-Newton, and NuSTAR on the
list of major X-ray observatories whose vast archives
have been harnessed in the search for decaying DM
emission lines in the MWH. Since the constraints ob-
tained from these observatories are fairly consistent, it
appears we have collectively pushed existing technology
and data to their limits, suggesting recent or future X-
ray missions such as XRISM will be necessary to resolve
lingering uncertainty on this topic. This sentiment is
evidenced by Dekker et al. (2021a)’s simulations indi-
cating eROSITA will achieve the required sensitivity to
do so. Until then, the door will remain nearly closed,
yet undeniably ajar, on sterile neutrino dark matter.

Now, Sterile neutrino 100% DM is ruled out?

[Dekker etal, 2111.13137]

[Sicilian etal, 2208.12271]

structure formation
of WDM

X-ray constraints
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Sterile neutrino DM in nuMSM

To explain the two mass differences in the neutrino observations, 
two RH neutrinos are enough. The third RH neutrino, the lightest one 
around keV, can be DM candidate. 

[Dodelson, Widrow, 1994] [Dolgov, Hansen, 2002] [Asaka, Blanchet, Shaposhnikov, 2005]

Production of DM

Decay rate of DM

- Dodelson-Widrow mechanism (Non-resonant production)

- Shi-Fuller (Resonant production) with lepton asymmetry
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to accurate characterizations of WDM particle mass limits in general. For the case of resonantly-produced Shi–Fuller sterile
neutrino dark matter the quasi-thermal momentum space distribution of Eq. (53) is invalid, with the momentum space
distribution highly nonthermal and ‘‘cooler’’ than thermal (Fig. 4). Therefore, the full momentum space distribution must be
employed in its effects on structure formation [104] and that then used for structure formation constraints [173,137].

One of the most potentially powerful constraints on the matter power spectrum at small scales affected by WDM is the
clustering of gas as measured along the line of sight to distant quasars in the Lyman-↵ forest [170,172–181]. The claimed
level of the most recent constraints by Ir≤i£ et al. [181] place an approximate limit on the ideal Dodelson–Widrowmass (Eq.
(55)) when mapped from the thermal WDM limits of mthermal � 5.3 keV to be mDW,ideal � 41 keV (95% CL). When combined
with X-ray limits, they strongly exclude Dodelson–Widrow sterile neutrino dark matter from being all of the dark matter.
These are considerably weakened when sterile neutrinos are only partially the dark matter [182]. The Lyman-↵ forest is a
potentially very powerful tool to measure the small-scale matter power spectrum. It relies on mapping the clustering of
neutral gas in one dimension to the 3-dimensional full matter power spectrum. For some time, this has been known to have
potential systematic problems in entangling the thermal history of the intergalactic medium – via the thermal broadening
and Jeans pressure-support of the gas – with the underlying matter power spectrum [183]. This has become more apparent
with very high resolution hydrodynamic simulations like those in Kulkarni et al. [184], where pressure support in the gas
was shown to greatly affect the flux power spectrum at high redshift, and the recovered nonlinear flux power spectrum
at late time varied greatly from the linear theory methods typically used in cosmological analyses like that done to probe
WDM. Kulkarni et al. also show the temperature –density relation has a dispersion that is highly non-Gaussian and that
temperature–density relation should be augmentedwith a third pressure smoothing scale parameter �F . The Lyman-↵ forest
is argued further to be best used as a probe of the epoch of cosmological reionization [185].

A potentially strong probe ofWDMvs. CDM is the formation of structure at high redshift probed by galaxy number counts
[186] as well as reionization [187]. The limits from reionization from the optical depth to the cosmic microwave background
as measured by Planck are at the level of mthermal & 1.3 keV [186], while recent limits from the luminosity function of high
redshift galaxies are at the level ofmthermal � 2.5 keV at 2� [156]. The sensitivity of the JamesWebb Space Telescope (JWST) to
galaxy counts at even higher redshift, which are even more sensitive to WDM suppression of structure formation, will push
to sensitivities to even higher thermal WDM particle masses [186]. JWST is planned to launch in October 2018.4 Detailed
observations of reionization, the Lyman-↵ forest and high-redshift galaxy counts could differentiate between the variations
of the shape of the suppression scales of different WDM production scenarios [188].

In studies of the formation of the small scale structure as probed in the Local Group of galaxies and the cores and central
densities of galaxies, there remain too-low of a central density profile compared to that expected in CDM of dwarf galaxies
that are satellites as well as in the field—i.e., not gravitationally bound to another galaxy [189]. This has been dubbed the too-
big-to-fail problem, and it can be alleviated byWDM of the proper free streaming scale, at approximately the free streaming
scale provided bymthermal ⇡ 2 keV [190,130]. Very significantly, itwas pointed out that this free streaming scalewasmatched
by sterile neutrino dark matter in the region of parameter space consistent with the 3.5 keV candidate dark matter decay
signal in the X-ray, discussed below [158,191]. Resonantly-produced Shi–Fuller sterile neutrino dark matter in the 7 keV,
sin2 2✓ ⇠ 10�10 region produce a range of cutoff scale consistent with 1.5 keV . mthermal . 3.0 keV [158,104].

The Milky Way’s Local Group satellite galaxy counts can also provide limits on the free streaming scale since the
free streaming suppresses dwarf galaxy formation [192,193,191,173]. As dwarf galaxies are discovered by deep all-sky
observations, the limits have increased to place tension with WDM suppression scales in the region consistent with
resonantly-produced 7.1 keV sterile neutrino dark matter in the region of the 3.55 keV signal [137]. This tension may make
more attractive the scenariowhere 10% to 20% of the darkmatter is Dodelson–Widrow sterile neutrino darkmatter, with the
rest being some other form. A 10% to 20% fraction of Dodelson–Widrow sterile neutrinos can produce the 3.55 keV signal,
with a mixing angle that is commensurately approximately five to then times larger, in order to continue to match the
observed flux in the signal with a smaller sterile neutrino dark matter mass in the field of view [29]. This case, where there
is a mixed cold plus warm dark matter, escapes constraints from galaxy counts and the Lyman-↵ forest [182], and may still
alleviate small-scale structure challenges [130].

7. keV sterile neutrino dark matter detectability in X-ray observations

7.1. Methods & current results

The fact that a light, neutral lepton, like a sterile neutrino, would have a radiative decay mode was first pointed out and
calculated by Shrock [194] and independently by Pal & Wolfenstein [195]. For the Majorana neutrino case, the decay rate is

�� (ms, sin2 2✓ ) ⇡ 1.36 ⇥ 10�30 s�1
✓
sin22✓
10�7

◆⇣ ms

1 keV

⌘5
, (56)

where ms is the mass eigenstate most closely associated with the sterile neutrino, and ✓ is the mixing angle between the
sterile and active neutrino. For the case of a Dirac sterile neutrino, the decay rate is reduced by a factor of two. The decay of
a nonrelativistic sterile neutrino into two (nearly) massless particles produces a line at energy E� = ms/2.

4 https://jwst.nasa.gov.

angles and small lepton asymmetry, the mixing angle can be approximated as

sin θm ≈
sin θ

1 + 0.27ζ
(

T
100MeV

)6 (keV2

∆m2

)
(16)

where ζ = 1.0 for mixing with the electron neutrino, and ζ = 0.30 for νµ and ντ .

Obviously, thermal effects suppress the effective mixing significantly for temperatures T >
150 (m/keV)1/3MeV. If the singlet neutrinos interact only through mixing, all the interaction
rates are suppressed by the square of the mixing angle, sin2 θm. It is easy to see that these
sterile neutrinos are never in thermal equilibrium in the early universe. Thus, in contrast
with the case of the active neutrinos, the relic population of sterile neutrinos is not a result
of a freeze-out 2 .

In the relevant range of parameters, one can roughly approximate the numerical results for
the amount of dark matter produced in this scenario [21,23,24,26,97,152]:

Ωs ∼ 0.2

(

sin2 θ

3× 10−9

)

(

ms

3 keV

)1.8

. (17)

The range of the masses and mixing angles consistent with dark matter and with the X-ray
bounds discussed below forces the mass of the sterile neutrino to be as low as 1-3 keV. The
much improved state-of-the-art calculations [30,152] reinforce this conclusion. However, the
Lyman-α bounds [91,92,123,101,94] appear to disfavor this mass range for the production via
neutrino oscillations 3 .

4.2 Lepton asymmetry and the Shi–Fuller scenario

The production scenario proposed by Dodelson and Widrow [21] is altered in the presence
of a lepton asymmetry of the universe, in which case the production of relic sterile neutri-
nos can be enhanced by MSW effect [148,149]. Shi and Fuller [22] showed that the MSW
resonance makes the production more efficient for small missing angles, hence opening up
some additional parameter space that is less constrained by the X-ray data. In addition, the
momentum distribution of non-thermal sterile neutrinos produced in this case is colder than
in the case of zero lepton asymmetry. [22,28,158]. This helps ameliorate the tension with the

2 One immediate consequence of this observation is that the Gershtein–Zeldovich bound [153,154]
and the Lee–Weinberg bound [155] do not apply to these sterile neutrinos.
3 Since different production mechanisms can can generate sterile neutrinos with very different free-
streaming properties for the same mass, the mass bounds from Refs. [92,123,94] do not apply to
models that consider production by other mechanisms, different from Dodelson–Widrow mecha-
nism. For example, if sterile dark matter is generated at the electroweak scale, the corresponding
mass bounds are relaxed by more than factor 3 [17,33,156,157].
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Production of sterile neutrino

Boltzmann equation

neutrino becomes non-relativistic and TNR can be written in terms of its mass and the
temperature of the sterile neutrino as

TNR = Ts,NR

✓
TNR

Ts,NR

◆
'

ms

3

✓
T

Ts

◆
, (24)

where Ts,NR is the temperature of the sterile neutrino when it becomes non-relativistic,
which is Ts,NR = ms/3 for thermally produced case, and in the second equality we used
that the temperature ratio of the sterile neutrino and the background does not change
after it becomes non-relativistic. Finally, by equating Ts,NR = Tw,NR, we can find the
relation

ms

Ts
=

mw

Tw
. (25)

Using the known relations

⌦wh
2 =

✓
Tw

T⌫

◆
3
mw

94 eV
,

Ts

T⌫
=

✓
10.75

g⇤(TNR)

◆
1/3

, (26)

we obtain the one-to-one correspondence between the lower bound on ms and the lower
bound on mw as

m
L�↵
s = 4.46 keV

✓
m

L�↵
w

keV

◆4/3✓
10.75

g⇤

◆
1/3✓ 0.12

⌦sh
2

◆
1/3

, (27)

where m
L�↵
w is given in Eq. (23).

5 Production with Dodelson-Widrow mechanism

In this section, we consider a popular model for the production of sterile neutrino called
Dodelson-Widrow mechanism [10], which demonstrates that oscillations between active
and sterile neutrinos can yield a sterile neutrino population abundant enough to comprise
all or part of the dark matter. In this mechanism, the sterile neutrinos are produced when
the active neutrinos are in thermal equilibrium (T � MeV). The Boltzmann equation for
the evolution of the distribution function of the sterile neutrino fs(E, t) is given by []

@fs(E, t)

@t
� HE

@fs(E, t)

@E
=

1

4
sin2(2✓M )�↵(f↵ � fs) (28)

where H =
p

⇡2g⇤/30T 2
/Mpl is Hubble parameter and in the radiation-dominated Uni-

verse, with reduced Planck mass Mpl = 2.4 ⇥ 1019GeV and g⇤ the effective degrees of
freedom of the relativistic particles in the thermal equilibrium. Here, the effective mixing
angle in the matter between the sterile and electron neutrino [40,52]

sin2(2✓M ) =
sin2(2✓)

sin2(2✓) + [cos(2✓) � 2E VT (T )/m2
s]
2
, �↵ ⇡ 1.27 ⇥ G

2

FT
4
E, (29)

with mixing angle ✓ in the vacuum and []

VT = �BT
4
E, and B ⇠

(
10.88 ⇥ 10�9 GeV�4

T > 2me

3.04 ⇥ 10�9 GeV�4
T < 2me

. (30)
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with mixing angle in the matter and the interaction rate with thermal particles
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potential in matter

The maximum production rate happens at 

For fixed y ⌘ E/T , the equation is simplified as

HT

✓
@fs(y, T )

@T

◆

y⌘E/T

= �
1

4
sin2(2✓M )�↵(f↵ � fs)

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
, (31)

where the partial derivative about T in the left-hand side is evaluated for fixed y ⌘ E/T ,
to see the change due to the interaction in the RHS other than cosmic expansion. The
distribution function of the active neutrino f↵ is assumed to be in the thermal equilibrium
and constant with time for fixed E/T as f↵ = (exp(y) + 1)�1.

We can find the general solution for fs by redefining fs = f↵(1� e
�fs,0/f↵) in Eq. (31)

and solving differential equation for fs,0 which is given by

HT

✓
@fs,0(y, T )

@T

◆
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1

4
sin2(2✓M )�↵f↵

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
. (32)

The integral solution for fs,0 is

fs,0(y, T ) = �f↵

Z T

1

1

4HT
sin2(2✓M )

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
�↵dT. (33)

In fact, fs approaches to fs,0 for fs ⌧ f↵, which corresponds to the case when the sterile
neutrinos mixing is small enough. Here, we count g⇤ of the thermal particles in the standard
model [] and neglect the contribution from the sterile neutrino, which is subdominant. We
checked that our result is consistent with that using the program LASAGNA [].

Since the mixing in the matter is suppressed at high temperature, the sterile neutrino
is maximally produced at a temperature Tmax [10]

Tmax ' 108 MeV
⇣
ms

keV

⌘
1/3

, (34)

with ms the mass of the sterile neutrino. The numerical coefficient is slightly different
from that in [10] due to the change of the number in Eq. (30). Therefore, for T � Tmax,
the abundance becomes independent of the temperature and the relic density of the sterile
neutrino at present is given by [3, 11]

⌦sh
2

⌘
⇢sh

2

⇢c
⇡ 0.1

✓
sin2 ✓

3 ⇥ 10�9

◆⇣
ms

3 keV

⌘
1.8

, (35)

where ⇢s =
R
fs(y, T0)dy at present temperature T0 and ⇢c ⌘ 3M2

PH
2

0
' 10�5GeV cm�3

and the present Hubble parameter H0 = 100h km/(sec Mpc).
Once the present relic density of the non-relativistic sterile neutrino is given, we can

estimate the number density in the early Universe when the sterile neutrinos are relativis-
tic,

ns(a) =
⌦s⇢c

ms

⇣
a0

a

⌘
3

, (36)

where a is the scale factor and a0 is its value at present. Since the number density of the
active neutrino can be obtained in the same way we can write �Neff as

�Neff =
ns(a)

n⌫(a)
=

⌦sh
2
/ms

⌦⌫h
2/m⌫

< �N
max

eff , (37)
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[Abazajian, Fuller, Pate, 2001]
[Dodelson,  Widrow, 1993]
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However, 
sterile neutrino as small fraction of DM 

is still viable! 

- Reduced constraints from X-ray observation

- Smaller mass is also viable, safe from the structure formation

- CMB constraints can be reduced

We focus on eV - 100 eV sterile neutrino
with fraction less than 10% of DM energy density



Electron peak spectrum from CSNuB

Figure 1: The expected event rate in terms of observed electron energy for sterile neutrinos

using benchmark values of ms = 2 eV, |Ue4|
2 = 5⇥10�4

in PTOLEMY with 100 g of tritium and

energy resolution � = 150 meV. For comparison, we plot �-decay background and Majorana

C⌫B signal with m⌫ = 0.2 eV.

where for the non-relativistic neutrinos, the rate �C⌫B is given by [18] for Dirac neutrinos,

�D

C⌫B = �̄n0NT , (9)

and for Majorana neutrinos,

�M

C⌫B = 2�̄n0NT , (10)

with the cosmological average of the neutrino number density n0 = 56 cm�3. Here we
assumed that clustering effects for the neutrino is negligible and also used the unitarity of
the PMNS matrix

P
i |Uei|

2 = 1.
In Fig. 1, the expected event rate is shown with the dotted line for the beta decay and

the blue solid line for the inverse beta decay of background neutrino. To distinguish the
signal of the neutrino capture from the tritium beta decay, the energy resolution � should
be smaller than half of the neutrino mass, � . m⌫/2.

KATRIN exp: KATRIN use 100 µg target of tritium. The sensitivity investigates the
energy region around 30 eV while an energy resolution of � = 1 eV is close to the tritium
�-decay endpoint E0 = 18.575 keV [45]. The sterile neutrino background peak should be
away from the �-decay spectrum, it depends on the resolution, � . ms/2.
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inverse beta decay, the neutrino can be captured by tritium, and produce 3He and e
�:

⌫i +
3H !

3He + e
�
. (1)

This process can happen even with non-relativistic neutrinos and their energy is converted
to the kinetic energy of the electron in the final stage Ke = Ee � me. This energy is
displaced from the tritium beta decay endpoint Kend [18]

Kend =
(m3H � me)2 � (m3He +m⌫)2

2m3H

. (2)

For m3H ' m3He � me � m⌫ , the electron energy fromm C⌫B is

K
C⌫B
e ' Kend + 2m⌫ ' Kend,0 +m⌫ , (3)

where Kend,0 ' 18.5988 keV is Kend for massless neutrino.
PTOLEMY-like experiment [17] has been proposed to probe the background neutrinos

using the inverse beta decay by measuring precisely the energy spectrum of the final
electrons. The energy resolution of � ⇠ 0.15 eV is expected to be obtained with a 100 g
sample of tritium, which is the order of the neutrino mass.

Considering the energy resolution �, the electron spectrum is convoluted with a Gaus-
sian envelope of FWHM � = 2

p
2 ln 2� ' 2.35�, with � the standard deviation of the

Gaussian. The observed spectrum after convolution [18],

d�̃

dEe
=

1
p
2⇡�

Z
+1

�1
dE

0
e
d�

dE0
e
(E0

e) exp


�
(E0

e � Ee)2

2�2

�
, (4)

where d�
dE0

e
(E0

e) is the true spectrum of electron. This has two contributions from the beta
decay and the cosmic neutrino contributions. The sterile neutrino background can give
additional contribution to these, which will be the main subject in this paper.

The beta decay spectrum is given by

d��

dEe
(Ee) =

3X

j=1

|Uej |
2
�̄

⇡2
H(Ee,m⌫j )NT , (5)

where Uej is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [], �̄ is the capture
cross section of the electron neutrino defined in [18] and for non-relativitic limit

�̄ ' �ev⌫ ' 3.834 ⇥ 10�45 cm2
, (6)

and

H
�
Ee,m⌫j

�
=

1 � m
2
e/ (Eem3H)�

1 � 2Ee/mH +m2
e/m

2

3H

�
2

s

y

✓
y +

2m⌫jm3He

mH

!
y +

m⌫j

m3H

�
m3He +m⌫j

��
.

(7)
Here y = me +Kend �Ee and NT = mT /m3H is the approximate number of the nuclei in
the sample.

The electron spectrum from the cosmic neutrino background is given by

d�C⌫B

dEe
= �C⌫B �[Ee � (Eend + 2m⌫)], (8)

3

with 100 g of Tritium

ms = 2 eV
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Local density of sterile neutrinos 
due to gravitational clustering

3 Capture rate of Sterile neutrino as Dark Matter

The sterile neutrinos are produced in the early Universe and comprise a component of
hot, warm or cold dark matter. Once the sterile neutrino exists as a background in our
Milky Way, it can be captured by the tritium through mixing with the electron neutrino
Ue4. This small mixing suppresses the capture rate of the sterile neutrino compared to the
active ones and makes it more difficult to probe the sterile neutrino background. The relic
density of the sterile neutrino is also different from that of the active neutrinos depending
on the production models and the evolution of the early Universe.

The capture rate of the sterile neutrino can be obtained using the equations for the
active neutrinos, except the mixing angle and the relic number density. The capture rate
�C⌫B in Eq. (8) should be modified to the rate for sterile neutrino �C⌫sB with

�C⌫sB = NT |Ue4|
2

Z
dE⌫4�ev⌫4

dn⌫4

dE⌫4
' NT |Ue4|

2
�̄ns,loc, (13)

where we assumed that �ev⌫4 is energy-independent for low velocity and approximates to
be �̄ and ns,loc =

R
dE⌫4

dn⌫4
dE⌫4

is the local number density of the sterile neutrino near the
Earth, given by

For massive sterile neutrinos, their number density near the Sun in the Milky is larger
than that of the cosmological relic density due to the gravitational clustering. The clus-
tering effect near the Earth is often parameterized with a parameter fc given by

ns,loc = (1 + fc)ns = ns + ns,cls, (14)

where ns is the global number density before clustering. The number density due to the
clustering should be smaller than the bound from the local phase space constraint, which
will be discussed later in Sec. 4.4.

The clustering fc may depend on the mass and momentum distribution of the sterile
neutrino. In the case that they are produced thermally in the early Universe, the distri-
bution function can be the same form as the thermally produced particles such as active
neutrinos [14, 15, 23, 52, 53]. In this case, we set a new fitting function of clustering factor
given by

fc(ms) = fc,DM

"
1 +

✓
a

keV

ms

◆b
#�2.21/b

, (15)

where fc,DM = 2.4 ⇥ 105 is clustering factor of cold dark matter, and a = 0.038, and
b = 2.45 obtained by the optimization method.

We use a parameter ! to denote the fraction of the energy density of the sterile neutrino
in the total dark matter. For the fraction in the global cosmological energy density

!s =
⇢s

⇢DM

=
msns

mDMnDM

. (16)

For the fraction in the local DM density near the Earth, we use

!s,loc =
⇢s,loc

⇢DM,loc
= !s

fc

fc,DM
. (17)

5

3 Capture rate of Sterile neutrino as Dark Matter

The sterile neutrinos are produced in the early Universe and comprise a component of
hot, warm or cold dark matter. Once the sterile neutrino exists as a background in our
Milky Way, it can be captured by the tritium through mixing with the electron neutrino
Ue4. This small mixing suppresses the capture rate of the sterile neutrino compared to the
active ones and makes it more difficult to probe the sterile neutrino background. The relic
density of the sterile neutrino is also different from that of the active neutrinos depending
on the production models and the evolution of the early Universe.

The capture rate of the sterile neutrino can be obtained using the equations for the
active neutrinos, except the mixing angle and the relic number density. The capture rate
�C⌫B in Eq. (8) should be modified to the rate for sterile neutrino �C⌫sB with

�C⌫sB = NT |Ue4|
2

Z
dE⌫4�ev⌫4

dn⌫4

dE⌫4
' NT |Ue4|

2
�̄ns,loc, (13)

where we assumed that �ev⌫4 is energy-independent for low velocity and approximates to
be �̄ and ns,loc =

R
dE⌫4

dn⌫4
dE⌫4

is the local number density of the sterile neutrino near the
Earth, given by

For massive sterile neutrinos, their number density near the Sun in the Milky is larger
than that of the cosmological relic density due to the gravitational clustering. The clus-
tering effect near the Earth is often parameterized with a parameter fc given by

ns,loc = (1 + fc)ns = ns + ns,cls, (14)

where ns is the global number density before clustering. The number density due to the
clustering should be smaller than the bound from the local phase space constraint, which
will be discussed later in Sec. 4.4.

The clustering fc may depend on the mass and momentum distribution of the sterile
neutrino. In the case that they are produced thermally in the early Universe, the distri-
bution function can be the same form as the thermally produced particles such as active
neutrinos [14, 15, 23, 52, 53]. In this case, we set a new fitting function of clustering factor
given by

fc(ms) = fc,DM

"
1 +

✓
a

keV

ms

◆b
#�2.21/b

, (15)

where fc,DM = 2.4 ⇥ 105 is clustering factor of cold dark matter, and a = 0.038, and
b = 2.45 obtained by the optimization method.

We use a parameter ! to denote the fraction of the energy density of the sterile neutrino
in the total dark matter. For the fraction in the global cosmological energy density

!s =
⇢s

⇢DM

=
msns

mDMnDM

. (16)

For the fraction in the local DM density near the Earth, we use

!s,loc =
⇢s,loc

⇢DM,loc
= !s

fc

fc,DM
. (17)

5

The local number density of sterile neutrino with clustering

3 Capture rate of Sterile neutrino as Dark Matter

The sterile neutrinos are produced in the early Universe and comprise a component of
hot, warm or cold dark matter. Once the sterile neutrino exists as a background in our
Milky Way, it can be captured by the tritium through mixing with the electron neutrino
Ue4. This small mixing suppresses the capture rate of the sterile neutrino compared to the
active ones and makes it more difficult to probe the sterile neutrino background. The relic
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clustering effect:

3 Capture rate of Sterile neutrino as Dark Matter

The sterile neutrinos are produced in the early Universe and comprise a component of
hot, warm or cold dark matter. Once the sterile neutrino exists as a background in our
Milky Way, it can be captured by the tritium through mixing with the electron neutrino
Ue4. This small mixing suppresses the capture rate of the sterile neutrino compared to the
active ones and makes it more difficult to probe the sterile neutrino background. The relic
density of the sterile neutrino is also different from that of the active neutrinos depending
on the production models and the evolution of the early Universe.

The capture rate of the sterile neutrino can be obtained using the equations for the
active neutrinos, except the mixing angle and the relic number density. The capture rate
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global number density:
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Capture rate of CSNuB in DW model

Oscillation experiments

Beta-decay experiments

X-ray telescope

Phase space bound

CMB, BBN: Neff bound

Lyman-alpha: structure formation

Constraints

Dodelson-Widrow model
less than 0.1 events per year
with 100 gram Tritium
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Figure 2. Left: The fraction of local energy density !s,loc of sterile neutrino DM in the

Dodelson-Widrow model near the Earth with blue dashed lines for corresponding mixing |Ue4|
2 =

10�8
, 10�6

, 10�4
. Right: Contour of the capture rate of the sterile neutrino DM in the PTOLEMY-

like experiments for the Dodelson-Widrow model on the plane of ms and |Ue4|
2
. The contour repre-

sents the number of captured event per year. Constraints: The constraints described in Sec. 4 are

shown: the phase space bound (yellow), the Lyman-↵ bound (red) [32], the CMB (dark cyan) [51],

and the X-ray (green) [32], the tritium beta decay (grey) [44–48, 57], and Short Base Line and

DayaBay+Bugey3 experiments (olive). Blue star represents the best-fit point from neutrino oscilla-

tion experiments short base line experiments [6, 8, 9]. The orange line shows the expected sensitivity

of PTOLEMY by detecting kink and distortion of the � decay spectrum [17].

in the PTOLEMY-like experiments for the Dodelson-Widrow model on the plane of ms and
|Ue4|

2. The contour represents the number of captured event per year with 100 g Tritium.
The Constraints described in Sec. 4 are shown: the phase space bound (black dashed region),
the Lyman-↵ bound (red) [32], the CMB (dark cyan) [51], and the X-ray (green) [32], the
tritium beta decay (grey) [44–48, 57], and Short Base Line and DayaBay+Bugey3 experiments
(olive). Blue star represents the best-fit point from neutrino oscillation experiments [6, 8, 9].
The orange line shows the expected sensitivity of PTOLEMY by detecting kink and distortion
of the � decay spectrum [17].

For the sterile neutrino produced in the standard Dodelson-Widrow mechanism, the
mixing is constrained mostly by the CMB and Lyman-↵. The most probable capture rate is
0.01-0.1 per year for the mass of the sterile neutrino around 1 eV - 100 eV, which is quite
difficult to see in the real experiments. However, this result may change in different production
mechanisms of the sterile neutrino, that we will show in the next Section.

6 Sterile neutrino DM in the model of low reheating temperature

When the temperature of the early Universe is lower than Tmax, Eq. (5.8) cannot be applied
any more. In this case, the production of the sterile neutrino is suppressed and the cosmo-
logical and astrophysical constraints can be relaxed [35, 36, 40]. This can happen when the

– 10 –
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with the degrees of freedom of gs.
Near the Earth of the Milky, pmax = msvesc with the escape velocity vesc ' 550km/s for

non-relativistic DM, the maximum number density of clustered sterile neutrino is bounded

ns,cls  gs
(msvesc)3

6⇡2
. (4.6)

4.5 Constraints from early Universe

Even though the sterile neutrinos are non-relativistic in the present Universe, they can be
relativistic in the early Universe, since their momentum redshift with the expansion of the
Universe. The relativistic component may affect the the big bang nucleosynthesis (BBN),
cosmic microwave background (CMB), and the small scale of the structure formation in the
early Universe.

The extra relativistic component is usually parameterized by �Neff from the relation

⇢s = �Neff
7

8

✓
4

11

◆
4/3

⇢� , (4.7)

where ⇢� = ⇡2

15
T
4
� . The upper limit from BBN and CMB [50] gives �Neff < 0.180 (2�).

However the extension of the ⇤CDM parameters may broaden this constraint to �Neff <

0.5 [51]. Below we use the maximum value as �N
max
eff = 0.5.

For the constraints from the Lyman-↵ observations, we use the constraints on the thermal
warm dark matter (WDM) [32], where the constraints are given on the parameter space of
the WDM mass mw and the relic density ⌦w,

mw & m
L�↵
w ⌘ 7.2 keV

✓
⌦w

⌦DM

� 0.1

◆
. (4.8)

For the same relic density of the sterile neutrino as WDM, we can find the corresponding mass
of sterile neutrino which gives the same free-streaming scale, and then that is the lower bound
for the given relic density from the Lyman-↵ observation [31]. Note that the free-streaming
scale is determined by the background temperature TNR when the sterile neutrino becomes
non-relativistic and TNR can be written in terms of its mass and the temperature of the sterile
neutrino as

TNR = Ts,NR

✓
TNR

Ts,NR

◆
'

ms

3

✓
T

Ts

◆
, (4.9)

where Ts,NR is the temperature of the sterile neutrino when it becomes non-relativistic, which
is Ts,NR = ms/3 for thermally produced case, and in the second equality we used that the
temperature ratio of the sterile neutrino and the background does not change after it becomes
non-relativistic. Finally, by equating Ts,NR = Tw,NR, we can find the relation

ms

Ts
=

mw

Tw
. (4.10)

Using the known relations

⌦wh
2 =

✓
Tw

T⌫

◆
3
mw

94 eV
,

Ts

T⌫
=

✓
10.75

g⇤(TNR)

◆
1/3

, (4.11)
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Additional relativistic decoupled particles is parameterized by �Ne↵
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Big Bang Nucleosynthesis (BBN) and cosmic microwave background (CMB)
constrains �Ne↵
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with the degrees of freedom of gs.
Near the Earth of the Milky, pmax = msvesc with the escape velocity vesc ' 550km/s for

non-relativistic DM, the maximum number density of clustered sterile neutrino is bounded

ns,cls  gs
(msvesc)3

6⇡2
. (4.6)

4.5 Constraints from early Universe

Even though the sterile neutrinos are non-relativistic in the present Universe, they can be
relativistic in the early Universe, since their momentum redshift with the expansion of the
Universe. The relativistic component may affect the the big bang nucleosynthesis (BBN),
cosmic microwave background (CMB), and the small scale of the structure formation in the
early Universe.

The extra relativistic component is usually parameterized by �Neff from the relation
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� . The upper limit from BBN and CMB [50] gives �Neff < 0.180 (2�).

However the extension of the ⇤CDM parameters may broaden this constraint to �Neff <

0.5 [51]. Below we use the maximum value as �N
max
eff = 0.5.

For the constraints from the Lyman-↵ observations, we use the constraints on the thermal
warm dark matter (WDM) [32], where the constraints are given on the parameter space of
the WDM mass mw and the relic density ⌦w,
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For the same relic density of the sterile neutrino as WDM, we can find the corresponding mass
of sterile neutrino which gives the same free-streaming scale, and then that is the lower bound
for the given relic density from the Lyman-↵ observation [31]. Note that the free-streaming
scale is determined by the background temperature TNR when the sterile neutrino becomes
non-relativistic and TNR can be written in terms of its mass and the temperature of the sterile
neutrino as

TNR = Ts,NR
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where Ts,NR is the temperature of the sterile neutrino when it becomes non-relativistic, which
is Ts,NR = ms/3 for thermally produced case, and in the second equality we used that the
temperature ratio of the sterile neutrino and the background does not change after it becomes
non-relativistic. Finally, by equating Ts,NR = Tw,NR, we can find the relation

ms
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=
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. (4.10)

Using the known relations
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For subdominant WDM component, the constraints on the mass
is relaxed, 

[Hooper etal, 2206.08188]

Convert the constraints on WDM to the constraints on sterile neutrino DM
for the same amount of relic density, we obtain the one-to-one correspondence between the lower bound on ms and the lower bound

on mw as

m
L�↵
s = 4.46 keV

✓
m

L�↵
w

keV

◆4/3✓
10.75

g⇤

◆
1/3✓ 0.12

⌦sh
2

◆
1/3

, (4.12)

where m
L�↵
w is given in Eq. (4.8).

5 Production with Dodelson-Widrow mechanism

In this section, we consider a popular model for the production of sterile neutrino called
Dodelson-Widrow mechanism [10], which demonstrates that oscillations between active and
sterile neutrinos can yield a sterile neutrino population abundant enough to comprise all or
part of the dark matter. In this mechanism, the sterile neutrinos are produced when the
active neutrinos are in thermal equilibrium (T � MeV). The Boltzmann equation for the
evolution of the distribution function of the sterile neutrino fs(E, t) is given by [10, 52]

@fs(E, t)

@t
� HE

@fs(E, t)

@E
=

1

4
sin2(2✓M )�↵(f↵ � fs) (5.1)

where H =
p

⇡2g⇤/30T 2
/Mpl is Hubble parameter and in the radiation-dominated Universe,

with reduced Planck mass Mpl = 2.4 ⇥ 1019GeV and g⇤ the effective degrees of freedom of
the relativistic particles in the thermal equilibrium. Here, the effective mixing angle in the
matter between the sterile and electron neutrino [53–55]

sin2(2✓M ) =
sin2(2✓)

sin2(2✓) + [cos(2✓) � 2E VT (T )/m2
s]
2
, �↵ ⇡ 1.27 ⇥ G

2

FT
4
E, (5.2)

with mixing angle ✓ in the vacuum and

VT = �BT
4
E, and B ⇠

(
10.88 ⇥ 10�9 GeV�4

T > 2me

3.04 ⇥ 10�9 GeV�4
T < 2me

. (5.3)

For fixed y ⌘ E/T , the equation is simplified as

HT

✓
@fs(y, T )

@T

◆

y⌘E/T

' �
1

4
sin2(2✓M )�↵(f↵ � fs), (5.4)

where the partial derivative about T in the left-hand side is evaluated assuming constant g⇤.
The distribution function of the active neutrino f↵ is assumed to be in the thermal equilibrium
and constant with time for fixed E/T as f↵ = (exp(y) + 1)�1.

We can find the general solution for fs by redefining fs = f↵(1 � e
�fs,0/f↵) in Eq. (5.4)

and solving differential equation for fs,0 which is given by

HT

✓
@fs,0(y, T )

@T

◆

y⌘E/T

' �
1

4
sin2(2✓M )�↵f↵. (5.5)

The integral solution for fs,0 is

fs,0(y, T ) ' �f↵

Z T

1

1

4HT
sin2(2✓M )�↵dT. (5.6)
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[Viel etal, 2005]

:mass larger than 7.2 keV or abundance smaller than 10% of DM



Other scenarios 
for the sterile neutrino production



Capture rate of CSNuB in Low-TR model

When the reheating temperature is smaller than 

where ⌦⌫h
2 = m⌫

91.4eV is the energy density of the non-relativistic neutrino at present, with
h ' 0.7.

The local density of the sterile neutrinos near the Earth is enhanced due to the clus-
tering by the gravitational interaction. Using the clustering effect in Eq. (13), the local
number density of the sterile neutrino in the DW mechanism is given by

ns,loc =
⌦s

⌦DM

1 + fc(ms)

fc,DM

⇢DM,local

ms
,

=�Neff(1 + fc(ms))n⌫ ,

(38)

where n⌫ = 112/cm3 is the global number density of the active neutrino in the present
Universe. Therefore, the total event rate for the sterile neutrino from Eq. (10) becomes

�s ' NT �̄�Neff|Ue4|
2(1 + fc(ms))n⌫ . (39)

In Fig. 2, we show (Left) the fraction of local energy density !s,loc of sterile neutrino
DM in the Dodelson-Widrow model near the Earth with blue dashed lines for correspond-
ing mixing |Ue4|

2 = 10�10
, 10�8

, 10�6
, 10�4, and (Right) contour of the capture rate of the

sterile neutrino DM in the PTOLEMY-like experiments for the Dodelson-Widrow model
on the plane of m4 and |Ue4|

2. The contour represents the number of captured event per
year with 100 g Tritium. The Constraints described in Sec. 4 are shown: the phase space
bound (black dashed region), the Lyman-↵ bound (red) [32], the CMB (dark cyan) [51],
and the X-ray (green) [32], the tritium beta decay (grey) [44–48,53], and Short Base Line
and DayaBay+Bugey3 experiments (olive). Blue star represents the best-fit point from
neutrino oscillation experiments [6,8,9]. The orange line shows the expected sensitivity of
PTOLEMY by detecting kink and distortion of the � decay spectrum [17].

For the sterile neutrino produced in the standard Dodelson-Widrow mechanism, the
mixing is constrained mostly by the CMB and Lyman-↵. The most probable capture rate
is 0.01-0.1 per year for the mass of the sterile neutrino around 1 eV - 100 eV, which is
quite difficult to see in the real experiments. However, this result may change in different
production mechanisms of the sterile neutrino, that we will show in the next Section.

6 Sterile neutrino DM in the model of low reheating

temperature

When the temperature of the early Universe is lower than Tmax, Eq. (35) cannot be applied
any more. In this case, the production of the sterile neutrino is suppressed and the
cosmological and astrophysical constraints can be relaxed [35, 36, 40]. This can happen
when the reheating temperature after inflation is very low or the phase transition for
generating the neutrino mass occurs very late.

6.1 Low reheating temperature

When the reheating temperature TR is smaller than Tmax, TR ⌧ Tmax, the abundance
of the sterile neutrino cannot reach the value in Eq. (35). By solving Eq. (31) up to the
temperature TR ⌧ Tmax, the distribution function of sterile neutrinos can be obtained as

fs(E, T0) =

Z T0

TR

@fs

@T
dT ' 0.13 |Ue4|

2

✓
10.75

g⇤

◆
1/2✓

TR

MeV

◆
3
✓
E

T0

◆
f↵(E, T0), (40)
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the production is suppressed compared to DW values,
and it depends on the reheating temperature.
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Figure 2: Text and Labels larger, use ms Left: The fraction of local energy density !s,loc

of sterile neutrino DM in the Dodelson-Widrow model near the Earth with blue dashed lines

for corresponding mixing |Ue4|
2 = 10�10, 10�8, 10�6, 10�4

. Right: Contour of the capture

rate of the sterile neutrino DM in the PTOLEMY-like experiments for the Dodelson-Widrow

model on the plane of m4 and |Ue4|
2
. The contour represents the number of captured event

per year. Constraints: The constraints described in Sec. 4 are shown: the phase space

bound (black dashed region), the Lyman-↵ bound (red) [32], the CMB (dark cyan) [51], and

the X-ray (green) [32], the tritium beta decay (grey) [44–48, 53], and Short Base Line and

DayaBay+Bugey3 experiments (olive). Blue star represents the best-fit point from neutrino

oscillation experiments [6, 8, 9]. The orange line shows the expected sensitivity of PTOLEMY

by detecting kink and distortion of the � decay spectrum [17].

wehre |Ue4|
2

' sin2 ✓. The number density of sterile neutrinos becomes

ns ' 51.2 |Ue4|
2

✓
10.75

g⇤

◆
1/2✓

TR

5 MeV

◆
3

n⌫ , (41)

and the relic density is [35, 40]

⌦sh
2

' 0.5

✓
|Ue4|

2

10�3

◆✓
10.75

g⇤

◆
1/2 ⇣

ms

keV

⌘✓
TR

5 MeV

◆
3

. (42)

Compared to the standard Dodelson-Widrow relic density, a large mixing is needed for
small TR to obtain the given relic density of the sterile neutrino. Accordingly, the cosmo-
logical and astrophysical constraints are also relaxed in the (ms, |Ue4|

2) plane to the large
mixing. Therefore, the large mixing angle |Ue4|

2 . 10�3 now survives from the constraints,
and a large capture rate can be viable in the future PTOLEMY-like experiment.

In Fig. 3, we show the local DM fraction of the sterile neutrino near the Earth and the
capture rate in the scenario of the low reheating temperature with TR = 5MeV (upper

11

For fixed y ⌘ E/T , the equation is simplified as

HT

✓
@fs(y, T )

@T

◆

y⌘E/T

= �
1

4
sin2(2✓M )�↵(f↵ � fs)

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
, (31)

where the partial derivative about T in the left-hand side is evaluated for fixed y ⌘ E/T ,
to see the change due to the interaction in the RHS other than cosmic expansion. The
distribution function of the active neutrino f↵ is assumed to be in the thermal equilibrium
and constant with time for fixed E/T as f↵ = (exp(y) + 1)�1.

We can find the general solution for fs by redefining fs = f↵(1� e
�fs,0/f↵) in Eq. (31)

and solving differential equation for fs,0 which is given by

HT

✓
@fs,0(y, T )

@T

◆

y⌘E/T

= �
1

4
sin2(2✓M )�↵f↵

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
. (32)

The integral solution for fs,0 is

fs,0(y, T ) = �f↵

Z T

1

1

4HT
sin2(2✓M )

 
4g⇤ +

dg⇤
dT T

8g⇤ +
dg⇤
dT T

!
�↵dT. (33)

In fact, fs approaches to fs,0 for fs ⌧ f↵, which corresponds to the case when the sterile
neutrinos mixing is small enough. Here, we count g⇤ of the thermal particles in the standard
model [] and neglect the contribution from the sterile neutrino, which is subdominant. We
checked that our result is consistent with that using the program LASAGNA [].

Since the mixing in the matter is suppressed at high temperature, the sterile neutrino
is maximally produced at a temperature Tmax [10]

Tmax ' 108 MeV
⇣
ms

keV

⌘
1/3

, (34)

with ms the mass of the sterile neutrino. The numerical coefficient is slightly different
from that in [10] due to the change of the number in Eq. (30). Therefore, for T � Tmax,
the abundance becomes independent of the temperature and the relic density of the sterile
neutrino at present is given by [3, 11]

⌦sh
2

⌘
⇢sh

2

⇢c
⇡ 0.1

✓
sin2 ✓

3 ⇥ 10�9

◆⇣
ms

3 keV

⌘
1.8

, (35)

where ⇢s =
R
fs(y, T0)dy at present temperature T0 and ⇢c ⌘ 3M2

PH
2

0
' 10�5GeV cm�3

and the present Hubble parameter H0 = 100h km/(sec Mpc).
Once the present relic density of the non-relativistic sterile neutrino is given, we can

estimate the number density in the early Universe when the sterile neutrinos are relativis-
tic,

ns(a) =
⌦s⇢c

ms

⇣
a0

a

⌘
3

, (36)

where a is the scale factor and a0 is its value at present. Since the number density of the
active neutrino can be obtained in the same way we can write �Neff as

�Neff =
ns(a)

n⌫(a)
=

⌦sh
2
/ms

⌦⌫h
2/m⌫

< �N
max

eff , (37)
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Thus, larger mixing angle is required to produce the same amount.

Therefore, the constraints CMB, BBN, Lyman-alpha, which depends on
 the number density only, change accordingly to larger mixing values.

More possibility to capture the CSNuB

which depends on mixing angle as well as number density.



Probing cosmic sterile neutrino
in the Low-reheating Temperature
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Figure 3: Same as Fig. 2 but for the low reheating temperature model with TR = 5 MeV (upper

window) and TR = 10 MeV (lower window).

window) and TR = 10MeV (lower window), respectively. Due to the suppression of the
production in the early Universe, the fraction of DM and cosmological constraints appear
at large mixing angles, where the capture rate in the beta-decay experiment increases for
the same amount of DM fraction in the standard DW mechanism. We find that, for each
case, the capture rate increases up to 10 events, or a few events per year, respectively, at
the mass around 10 eV. The future experiments may probe these models.
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Figure 3. Same as Fig. 2 but for the low reheating temperature model with TR = 5MeV (upper

window) and TR = 10MeV (lower window).

Tc, the hidden sector scalar � develops VEV and gives a Majorana mass to the RH neutrino
M = �h�i.

To get the sterile neutrino abundance in this model, we can integrate the Boltzmann
equation Eq. (5.4) about background temperature T , from TR to the present temperature T0.
For the temperature T < Tc < TR, the sterile neutrino can be produced from the oscillation
using the mixing angle in Eq. (5.2). However, for Tc < T < TR, there is no mixing angle since
M = 0, and the sterile neutrino can be generated through the Dirac mass term. Therefore
the abundance of the sterile neutrino has two contributions

⌦s = ⌦s,c + ⌦s,R, (6.5)

with ⌦s,c from the generation at the temperature between (T0, Tc) and ⌦s,R between (Tc, TR).
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Tc, the hidden sector scalar � develops VEV and gives a Majorana mass to the RH neutrino
M = �h�i.

To get the sterile neutrino abundance in this model, we can integrate the Boltzmann
equation Eq. (5.4) about background temperature T , from TR to the present temperature T0.
For the temperature T < Tc < TR, the sterile neutrino can be produced from the oscillation
using the mixing angle in Eq. (5.2). However, for Tc < T < TR, there is no mixing angle since
M = 0, and the sterile neutrino can be generated through the Dirac mass term. Therefore
the abundance of the sterile neutrino has two contributions

⌦s = ⌦s,c + ⌦s,R, (6.5)

with ⌦s,c from the generation at the temperature between (T0, Tc) and ⌦s,R between (Tc, TR).
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CSNuB in late time phase transition6.2 Late time phase transition in the hidden sector

In this section, we consider a hidden sector where the phase transition for generating
Majorana mass occurs very late after reheating. Before the phase transition, the Majorana
mass is vanishing and neutrinos comprise Dirac fermion.

We consider a Lagrangian in addition to the standard model [40]

L = iN̄ 6 @N + Y⌫H ⌫̄↵N +
�

2
�N̄ cN + h.c., (43)

where N is the right-handed (RH) neutrino with Yukawa interaction with Higgs H and
the left-handed (LH) neutrino ⌫, and also couples to the hidden sector scalar � which give
Majorana mass to the RH neutrino after the phase transition with h�i. Before the phase
transition and after electro-weak symmetry breaking, the RH neutrino becomes Dirac
fermion with LH neutrino with Dirac mass MD = Y↵hHi. After the phase transition at
temperature Tc, the hidden sector scalar � develops VEV and gives a Majorana mass to
the RH neutrino M = �h�i.

To get the sterile neutrino abundance in this model, we can integrate the Boltzmann
equation Eq. (31) about background temperature T , from TR to the present temperature
T0. For the temperature T < Tc < TR, the sterile neutrino can be produced from the
oscillation using the mixing angle in Eq. (29). However, for Tc < T < TR, there is no
mixing angle since M = 0, and the sterile neutrino can be generated through the Dirac
mass term. Therefore the abundance of the sterile neutrino has two contributions

⌦s = ⌦s,c + ⌦s,R, (44)

with ⌦s,c from the generation at the temperature between (T0, Tc) and ⌦s,R between
(Tc, TR). When Tc ⌧ Tmax, we can approximate ⌦ch

2 as in Eq. (42), with replacing TR
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
produced from the chirality flip in the Dirac mass term which is proportional to / M
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6.2 Late time phase transition in the hidden sector

In this section, we consider a hidden sector where the phase transition for generating
Majorana mass occurs very late after reheating. Before the phase transition, the Majorana
mass is vanishing and neutrinos comprise Dirac fermion.

We consider a Lagrangian in addition to the standard model [40]

L = iN̄ 6 @N + Y⌫H ⌫̄↵N +
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2
�N̄ cN + h.c., (43)

where N is the right-handed (RH) neutrino with Yukawa interaction with Higgs H and
the left-handed (LH) neutrino ⌫, and also couples to the hidden sector scalar � which give
Majorana mass to the RH neutrino after the phase transition with h�i. Before the phase
transition and after electro-weak symmetry breaking, the RH neutrino becomes Dirac
fermion with LH neutrino with Dirac mass MD = Y↵hHi. After the phase transition at
temperature Tc, the hidden sector scalar � develops VEV and gives a Majorana mass to
the RH neutrino M = �h�i.

To get the sterile neutrino abundance in this model, we can integrate the Boltzmann
equation Eq. (31) about background temperature T , from TR to the present temperature
T0. For the temperature T < Tc < TR, the sterile neutrino can be produced from the
oscillation using the mixing angle in Eq. (29). However, for Tc < T < TR, there is no
mixing angle since M = 0, and the sterile neutrino can be generated through the Dirac
mass term. Therefore the abundance of the sterile neutrino has two contributions

⌦s = ⌦s,c + ⌦s,R, (44)

with ⌦s,c from the generation at the temperature between (T0, Tc) and ⌦s,R between
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where we used p ' E for the sterile neutrino since we focus Tc � M . By integrating this
equation, we obtain

fs

f↵
= �

Z Tc

TR

1

2

M
2

D

E2

�↵

2HT
dT ⇡ 0.2

G
2

FMplM
2

Dp
g⇤(TR)

TR

y

⇡
4 ⇥ 10�7

|Ue4|
2

y

✓
10.75

g⇤(TR)

◆
1/2 ⇣

ms

keV

⌘
2
✓

TR

5 MeV

◆
.

(47)

where we used |Ue4|
2 = M

2

D/m
2
s. The number density of sterile neutrino is obtained as

ns,R =
g

2⇡2

Z 1

0

dyT
3
y
2
fs

'4 ⇥ 10�7
|Ue4|

2

✓
10.75

g⇤

◆
1/2✓

Ms

keV

◆
2
✓

TR

5 MeV

◆⇣
g

2⇡2

⌘
T
3

Z 1

0

dyyfs,

(48)

13

6.2 Late time phase transition in the hidden sector

In this section, we consider a hidden sector where the phase transition for generating
Majorana mass occurs very late after reheating. Before the phase transition, the Majorana
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We consider a Lagrangian in addition to the standard model [40]
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equation Eq. (31) about background temperature T , from TR to the present temperature
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mixing angle since M = 0, and the sterile neutrino can be generated through the Dirac
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In this section, we consider a hidden sector where the phase transition for generating
Majorana mass occurs very late after reheating. Before the phase transition, the Majorana
mass is vanishing and neutrinos comprise Dirac fermion.

We consider a Lagrangian in addition to the standard model [40]

L = iN̄ 6 @N + Y⌫H ⌫̄↵N +
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2
�N̄ cN + h.c., (43)

where N is the right-handed (RH) neutrino with Yukawa interaction with Higgs H and
the left-handed (LH) neutrino ⌫, and also couples to the hidden sector scalar � which give
Majorana mass to the RH neutrino after the phase transition with h�i. Before the phase
transition and after electro-weak symmetry breaking, the RH neutrino becomes Dirac
fermion with LH neutrino with Dirac mass MD = Y↵hHi. After the phase transition at
temperature Tc, the hidden sector scalar � develops VEV and gives a Majorana mass to
the RH neutrino M = �h�i.

To get the sterile neutrino abundance in this model, we can integrate the Boltzmann
equation Eq. (31) about background temperature T , from TR to the present temperature
T0. For the temperature T < Tc < TR, the sterile neutrino can be produced from the
oscillation using the mixing angle in Eq. (29). However, for Tc < T < TR, there is no
mixing angle since M = 0, and the sterile neutrino can be generated through the Dirac
mass term. Therefore the abundance of the sterile neutrino has two contributions
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with ⌦s,c from the generation at the temperature between (T0, Tc) and ⌦s,R between
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
produced from the chirality flip in the Dirac mass term which is proportional to / M
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fermion with LH neutrino with Dirac mass MD = Y↵hHi. After the phase transition at
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
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where we used |Ue4|
2 = M

2

D/m
2
s. The number density of sterile neutrino is obtained as

ns,R =
g

2⇡2

Z 1

0

dyT
3
y
2
fs

'4 ⇥ 10�7
|Ue4|

2

✓
10.75

g⇤

◆
1/2✓

Ms

keV

◆
2
✓

TR

5 MeV

◆⇣
g

2⇡2

⌘
T
3

Z 1

0

dyyfs,

(48)

13

1MeV . Tc < TEW
<latexit sha1_base64="NeS5t/czgZmZmuIBfond+X1Irss=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GwCGE3ClpYBEWwESLkBdmwzE5ukiEzu8vMrBCW/ICNv2JjoYitvZ1/4+RRaOKBC4dz7uXee4KYM6Ud59vKLC2vrK5l13Mbm1vbO/buXl1FiaRQoxGPZDMgCjgLoaaZ5tCMJRARcGgEg+ux33gAqVgUVvUwhrYgvZB1GSXaSL595GKvkHpS4Duo4xH2OCilmMBVn15W/fSmMfIKvp13is4EeJG4M5JHM1R8+8vrRDQREGrKiVIt14l1OyVSM8phlPMSBTGhA9KDlqEhEaDa6eSbET42Sgd3I2kq1Hii/p5IiVBqKALTKYjuq3lvLP7ntRLdvWinLIwTDSGdLuomHOsIj6PBHSaBaj40hFDJzK2Y9okkVJsAcyYEd/7lRVIvFd3TYun+LF++msWRRQfoEJ0gF52jMrpFFVRDFD2iZ/SK3qwn68V6tz6mrRlrNrOP/sD6/AHSwpoo</latexit>

Tc < T < TEW
<latexit sha1_base64="UGtLJ6QxsQplm2c0e3gr4ai0t00=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQQ89FEXwWCH9gDaEzXbTLt1swu5GKKF/w4sHRbz6Z7z5b9y2OWjrg4HHezPMzAsSzpS27W+rsLG5tb1T3C3t7R8cHpWPTzoqTiWhbRLzWPYCrChngrY105z2EklxFHDaDSZ3c7/7RKVisXD1NKFehEeChYxgbaSB65OG23D97L4788sVu2ovgNaJk5MK5Gj55a/BMCZpRIUmHCvVd+xEexmWmhFOZ6VBqmiCyQSPaN9QgSOqvGxx8wxdGGWIwliaEhot1N8TGY6UmkaB6YywHqtVby7+5/VTHd54GRNJqqkgy0VhypGO0TwANGSSEs2nhmAimbkVkTGWmGgTU8mE4Ky+vE46tapzVa091ivN2zyOIpzBOVyCA9fQhAdoQRsIJPAMr/BmpdaL9W59LFsLVj5zCn9gff4ALFCRHw==</latexit>

T < Tc
<latexit sha1_base64="DDucIyBHAQk/Zh3ppzL7GGTUqhU=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MYyQr4gOcLeZi9Zs7d77O4J4ch/sLFQxNb/Y+e/cS+5QhMfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJneZ33miSjMpmmYaUz/CI8FCRrCxUrt5g5oDMihX3Ko7B1olXk4qkKMxKH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE177KRNxYqggi0VhwpGRKHsdDZmixPCpJZgoZm9FZIwVJsYGVLIheMsvr5J2repdVGsPl5X6bR5HEU7gFM7Bgyuowz00oAUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4Anm+OgA==</latexit>
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where N is the right-handed (RH) neutrino with Yukawa interaction with Higgs H and
the left-handed (LH) neutrino ⌫, and also couples to the hidden sector scalar � which give
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equation Eq. (31) about background temperature T , from TR to the present temperature
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oscillation using the mixing angle in Eq. (29). However, for Tc < T < TR, there is no
mixing angle since M = 0, and the sterile neutrino can be generated through the Dirac
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For temperature Tc < T < TR, there is no mixing term, however sterile neutrino can be
produced from the chirality flip in the Dirac mass term which is proportional to / M
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where we used p ' E for the sterile neutrino since we focus Tc � M . By integrating this
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Figure 4: Same as Fig. 2 but for the late phase transition and low reheating temperature model

with TR =?? MeV and Tc =.
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The abundance ⌦s,R generated between Tc < T < TR is quite suppressed and subdominant
to ⌦s,c for 5 keV < Tc < TR ' 5MeV.

In Fig. 4, we show the fraction of the sterile neutrino and the capture rate in this model
with Tc = 1MeV, and TR = 10MeV. Since the production between Tc < T < TR is much
suppressed in Eq. (49), it does not contribute for TR . 100GeV.
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proportional to TR, however Ref. [40] finds that it is proportional to Tc.
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Discussion

Sterile neutrino may exist as a background around Milky Way,
with subdominant component of cold or warm DM.

In standard Dodelson-Widrow, it may not be possible to probe 
in the near future.

In scenarios with low-reheating temperature or late-phase 
transition, the suppressed production rate of the sterile neutrinos 
requires a large mixing and thus enhance the capture rate in the 
beta decay experiment. Therefore it becomes possible to probe 
them in the near future.
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