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Interactions of keV sterile neutrinos with matter
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A sterile neutrino with mass of several keV is a well-motivated dark-matter candidate, and it can also
explain the observed velocities of pulsars via anisotropic emission of sterile neutrinos from a cooling
neutron star. We discuss the interactions of such relic particles with matter and comment on the prospects
of future direct detection experiments. A relic sterile neutrino can interact, via sterile–active mixing, with
matter fermions by means of electroweak currents, with the final state containing a relativistic active
neutrino. The recoil momentum impacted onto a matter fermion is determined by the sterile neutrino mass
and is enough to ionize atoms and flip the spins of nuclei. While this suggests a possibility of direct
experimental detection, we calculate the rates and show that building a realistic detector of the required
size would be a daunting challenge.
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I. INTRODUCTION
Both cosmology and the supernova physics suggest the
possible existence of a sterile neutrino with mass of several
keV [1]. Such a particle could be produced in the early
Universe from active–sterile-neutrino oscillations [2–4] or
from some other mechanism [5–7] in an amount consistent
with the measured dark matter density. The same particle,
emitted anisotropically from a cooling neutron star born in
a supernova explosion, would cause a neutron star recoil,
large enough to explain the observed velocities of pulsars
[8–11]. Particle physics models can readily accommodate
sterile neutrinos with keV masses [6,7,12–15], and, in the
models with three light sterile neutrinos (dubbed MSM),
the neutrino oscillations can explain the baryon asymmetry
of the Universe [16,17].
The X-ray observations make use of the predicted radiative decay s ! a  of a sterile neutrino [18,19], which
occurs on the time scales much longer than the age of the
Universe, but which can yield a non-negligible flux from
concentrations of dark matter in astrophysical systems,
such as, e.g., galaxies, clusters, and dwarf spheroidal galaxies [1,20–27]. The photons form this two-body decay
make a narrow spectral line, broadened only by the velocity dispersion of dark-matter particles. The decay photons
produced during the ‘‘dark ages’’ in the early Universe
could have affected the formation of the first stars [28–34].
Recent X-ray observations have reported some evidence of
the decay line from a sterile neutrino with mass ms 
5 keV and the mixing angle squared sin2   109 [27], as
well as a ms  17 keV sterile neutrino with sin2  
1012 [35]. The inferred number densities are consistent
with a part or all of dark matter made up of sterile neutrinos. The Lyman- constraints [36–39] allow up to 40%
of dark matter [40] to be in the form of 5-keV sterile
neutrinos produced in the Dodelson-Widrow (DW) sce-
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nario [2], which generates relatively warm dark matter,
while the rest of dark matter is ‘‘colder’’ than the DW
component (made up of other species or of sterile neutrinos
with the same mass but produced with smaller freestreaming lengths than the DW population). The samemass sterile neutrinos produced by the resonant ShiFuller oscillations [3] make up a colder dark matter than
the DW scenario, and the sterile neutrinos produced from
the Higgs decays [6,7] are even colder for the same mass
[6,7,41–44]. Since the warmness of dark matter, measured
by the free-streaming length, can vary by a factor 3
depending on the production mechanism, the Lyman-
bounds do not preclude that all of dark matter is made up
of, for example, 5-keV sterile neutrinos (assuming that DW
mechanism is not the dominant mode of production).
Apparently, no Lyman- constraints apply to masses
above 10 keV [40], including the 17-keV sterile neutrinos
[35]. Moreover, the observations of dwarf spheroidal galaxies appear to show some evidence of warm dark matter,
apparently in contradiction with the stated Lyman-
bounds [45]. (For our purposes, it will not make a difference whether sterile neutrinos make up all dark matter or
only 40%.)
It is of interest, therefore, to examine the interactions of
such particles in matter with the idea of possibly using
them for direct detection of relic sterile neutrinos.
Unfortunately, the mass and the mixing angle inferred
from the X-ray observations, the dark matter abundance,
and the pulsar kicks, leave little hope of discovering these
particles in neutrino oscillations experiments because the
mixing angle squared sin2   109 is too small. The
prospects of a nuclear decay experiment with complete
kinematic reconstruction proposed in Refs. [46–48] as a
means to search for a sterile neutrino are also complicated
by the smallness of the mixing angle.
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In this paper we will examine the interactions of relic
sterile neutrinos with matter, specifically scattering of
sterile neutrinos and matter particles, with the idea of their
potential applications to direct detection experiments.
Since the initial-state sterile neutrino is nonrelativistic
but the final state is a relativistic active neutrino, the
kinematics of this scattering differs from that of any other
interactions considered in the literature, making this an
interesting problem, regardless of its possible applications.
The momentum transferred from the sterile neutrino to a
target particle is of the order of sterile-neutrino mass (p 
5 keV), and the kinetic energy imparted to the target
electron is, therefore, Te  p2 =ð2me Þ  25 eV, which is
enough to ionize the atoms—a potentially observable feature. This is in contrast with the case of the ordinary relic
neutrinos, whose scattering off the matter fermions cannot
generate a momentum transfer of more than 104 eV.
If the target particles are polarized in an external magnetic field, then it is also possible that the scattering may
flip the spin of the matter fermion, and the return of the spin
to its ground state can be accompanied by the emission of a
(low-energy) photon. We calculate rates of both these
processes, and find that to detect one such event, the
exposure of 1 yr kton of background-free detector is
required. Thus, we conclude that direct experimental detection of relic sterile neutrinos will be very challenging
even for the future generation of experiments.
II. ELECTRON RECOIL AND IONIZATION OF
ATOMS
Let us consider a scattering process between sterile
neutrino dark matter and a single electron: s e ! e e ,
which is described by the Feynman diagram in Fig. 1. The
kinematically relevant case for the relic sterile neutrinos
interacting in matter corresponds to the two nonrelativistic
fermions in the initial state. This process is suppressed by
mixing angle between sterile neutrinos s and electron
νe, µ, τ
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Z

p,n,e
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e

νs
W

e
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FIG. 1. The Feynman diagrams describing interactions of sterile neutrinos in matter via charged and neutral currents.

neutrinos e , sin. Except for this extra suppression factor,
the effective Hamiltonian for this process is the same as an
ordinary neutrino-electron scattering e e ! e e , and it
is
H

eff

¼

GF sin
pﬃﬃﬃ  e  ð1  5 Þs e
  ðcV  cA 5 Þe; (1)
2

where cV ¼ 1=2 þ 2sin2 W , cA ¼ 1=2, and sin2 W ¼
0:23 is the weak-mixing angle. Following the standard
procedure, the matrix element squared is evaluated, and
it is, after summing over final-state spins and averaging
over initial-state spins,
1X
jMj2 ¼ 4G2F sin2 ½ðcV þ cA Þ2 ðs  m2e Þðs  m2e  m2s Þ
2 spin
þ ðcV  cA Þ2 ðu  m2e Þðu  m2e  m2s Þ
þ 2ðc2V  c2A Þm2e ðt  m2s Þ;

(2)

where s ¼ ðps þ pe Þ2 , t ¼ ðp0e  ps Þ2 , u ¼ ðpe 
p0e Þ2 are the Mandelstam variables, and p (p0 ) is the
initial-state (final-state) four momentum of a particle .
For evaluating the scattering cross section in a frame
where the target electron is at rest, we only leave the
leading term in both the matrix element and phase-space
integral. In this approximation and for ms  5 keV 
me , the momentum transfer is the same as the sterileneutrino mass jp0e j ¼ jp0e j ¼ ms , and e is emitted isotropically. The Mandelstam variables are s  m2e þ m2s þ
2me ms , t  m2s , and u  m2e  2me ms . As the result,
one obtains the following expression for the scattering
cross section:
 X

2
2
1
1
2 ¼ GF sin  m2 ðc2 þ 3c2 Þ
jMj
s e ¼
s V
A
2 2
v
16vme spin




ms 2 sin2 
v 1
¼ 7:0  1055 cm2
; (3)
5 keV 109 103
where v is the relative velocity (here the velocity of the
dark-matter particle).
Since the momentum transfer to the electron is jp0e j 
ms , the electron kinetic energy in the final state is Te 
m2s =2me ¼ 25 eVðms =5 keVÞ2 , which is sufficient to ionize the atom. If one can measure the electron spectrum
resulting from this interaction, it should peak sharply at
25 eV minus the atomic binding energy. While this is,
obviously, a great experimental challenge, the well-defined
prediction for the energy spectrum can be useful to reject
potential backgrounds.
For the parameters of interest, the scattering of a sterile
neutrino off the electrons in an atom is coherent. Because
the momentum transfer of the order of ms  5 keV corresponds to the Compton wavelength on the order of the
size of atom, 108 cm, the sterile neutrino scatters coherently off all the electrons in the atom. Let us consider an
atom of atomic number Z and mass number A as a target.
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Then the scattering cross section with this single atom is
s A ¼ Z2 s e ;

(4)

which is enhanced by a factor of 103 compared to the
single-electron cross section.
Let us now consider the event rate of s A scattering. It is
given by Rs A ¼ s A vns NT , where ns is the number
density of sterile neutrino dark matter, and NT is the
number of target atom A in the detector. Assuming that
the local mass density of dark matter is 0:4 GeV cm3 and
it is only made of sterile neutrinos, their number density is
ns ¼ 8  104 cm3 ðms =5 keVÞ1 . The number of target
atoms is NT ¼ ð6  1029 =AÞðMdet =tonÞ, where Mdet is the
mass of a detector. Therefore, the scattering rate is
 2 

ms
sin 
4
1
Rs A ¼ 4:0  10 yr
5 keV 109

 2  1
Mdet Z
A

:
(5)
1 ton 25 50
According to Eq. (5), a kton-scale detector can expect
about one interaction per year due to dark-matter sterile
neutrinos. Detecting a spectral line of 25 eV energy electrons is a formidable challenge in view of the various
backgrounds. The relic sterile neutrinos could also interact
with nuclei via the neutral currents. However, these interactions give nuclear recoils of negligible energy. Still, the
same interaction flips a spin of a nucleus in an external
magnetic field in a magnetic resonance experiment, as we
detail in the next section.
III. SPIN FLIP OF A NUCLEUS
The interaction cross section [Eq. (3)] does not depend
on the target electron mass. As the electron is always
nonrelativistic, the same expression should also be applicable to the sterile-neutrino–nuclei scattering. (We note,
however, the values of cV and cA are different, because of
internal structure of nuclei as well as absence of chargedcurrent interaction.) Although the kinetic energy imparted
to a nucleus is not sufficient to yield detectable signal, the
flip of nuclear spins due to the interaction might be observed, if they are initially aligned in an external magnetic
field, similar in some sense to the nuclear magnetic resonance experiments.
One might expect that part of the axial-current term
depending on c2A of Eq. (3) is the spin-flip cross section,
and it is indeed true. In this section, we show this explicitly
in the case of scattering between sterile neutrino and
spin-1=2 nuclei for simplicity. We follow the notations of
Ref. [49].
To leading order, it is enough to regard sterile neutrinos
and target nuclei as nonrelativistic
and take their fourpﬃﬃﬃﬃ
component spinors as u ¼ mð; ÞT , where m is the
particle mass and  is the corresponding two-component
spinor. On the other hand, the final-state (left-handed)

neutrino is relativistic, so the spinor is given as ue ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Ee ðe ; 0ÞT with neutrino energy Ee . We choose the
z-axis in the direction of incident s , and  denotes the
scattering angle of the final-state neutrino e . Then the
two-component spinors of neutrinos are s ¼ ð0; 1ÞT and
e ¼ ð sinð =2Þ; cosð =2ÞÞT .1 The initial-state nucleus is assumed to have spin up along direction ðs ; s Þ,
where s is the angle between z-axis and spin axis and
s is the azimuthal angle measured from the plane of
scattering. Then N ð"Þ ¼ ðcosðs =2Þ; ei s sinðs =2ÞÞT .
For the spin-flip process, the final-state nucleus has
spin down along the same direction: N ð#Þ ¼
ðei s sinðs =2Þ; cosðs =2ÞÞT .
The spin-flip matrix element is
iMð"!#Þ ¼ 

iGF sin
pﬃﬃﬃ u e ðp0e Þ ð1  5 Þus ðps Þ
2

 u #N ðp0N Þ ðcV  cA 5 Þu"N ðpN Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 4iGF sincA mN Ee ms




2 s
i s
 e cos sins :
 2 sin cos
2
2
2

(6)

It is straightforward to take the absolute value squared of
Eq. (6), but one must average over the directions of the
incident sterile neutrinos, that is over the relative angle
between z-axis and spin, ðs ; s Þ. After taking the average
over this angle, the matrix element squared is


cos
: (7)
jMð"!#Þj2 ¼ 16G2F sin2 c2A m2N ms Ee 1 
3
One must integrate over the phase space. We assume
that, in an external magnetic field B, the spin up state is the
ground state and the spin down state is the excited state,
while the energy difference is given by 2N B, where N is
the magnetic moment of the nuclei. In the limit of infinitely
heavy nuclei, the neutrino energy is given by Ee  ms 
2N B. Since ms is in the keV scale, it is always possible
to neglect N B in the above expression, for any realistic
values of B. Thus the kinematics of the scattering is the
same as the case of B ¼ 0 (Ee  ms and neutrinos are
emitted isotropically), and we have the same phase-space
integral as before. Therefore, for the spin-flip cross section,
we obtain
Z1
1
ð"!#Þ ¼
d cos jMð"!#Þj2
32vm2N 1
¼

G2F sin2  2 2
ms cA ;
v

(8)

a similar expression as the axial-current term in Eq. (3).
1
Thanks to the active-sterile mixing, the left-handed component is part of the ‘‘sterile’’ mass eigenstate (suppressed by the
small mixing angle).
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Although B does not appear in the cross section, the
magnetic field is important to arrange the directions of
nuclear spins, and it can be adjusted such that the transition
from excited to ground state emits photons of appropriate
wavelength. The degree of polarization of the initial state
also depends on the temperature.
As the sterile neutrino changes the nuclear spin, there is
no Z2 coherence enhancement in this process. Therefore,
the event rate is even smaller than the case of ionization of
atoms. Still, it is perhaps worth keeping this interaction in
mind, since it is not clear which of these processes come
out to be experimentally feasible in the far future.
We note that the cross section for opposite transition ð#
!"Þ is the same as Eq. (8). It is also straightforward to
show that the total cross section ð"!"Þ þ ð#!#Þ þ ð"
!#Þ þ ð#!"Þ is given by Eq. (3).
IV. DECAY OF STERILE NEUTRINOS
Finally, relic sterile neutrinos can decay inside the detector volume into the lighter neutrino and an the X-ray
photon via reaction s ! a [18]. The radiative decay
width is equal to [18,19]
9
EM G2F sin2 m5s
2564


ms 5
1
2
sin
¼
:
keV
1:8  1021 s

s !a ¼

(9)

For the local dark-matter density, this process would produce 4  109 decays per cubic meter per year. Obviously,
in a terrestrial lab, the interactions of sterile neutrinos with
liquid or solid matter occur much more frequently than
decays in the same volume. Of course, the decays produce
X-rays, which can ionize hundreds of atoms per decay.

25-eV kinetic energy, which is enough to ionize the atom,
but the expected rates of interactions are as low as one per
kiloton per year, even if the scattering cross section is
coherently enhanced. A scattering off a nucleus can flip
the nuclear spin. The cross section of this process is given
by a similar expression (if nuclear spin is 1=2) as that of
scattering with electrons, and the rate is also very small.
In addition to small interaction rates, an experiment
would face the challenge of rejecting the backgrounds,
which, in general, depend on the experimental techniques
employed for detection. One feature of our signal that can
help in background rejection is a narrow width of the 25eV line, E=E  103 . If the experiment can measure the
direction of the electron recoil, it can be used to reject the
solar neutrino background. The flux of solar neutrinos at
the relevant energies is 108 cm2 s1 , with a power-law
spectrum, and their arrival directions are determined by the
position of Sun. The flux of 5 keV sterile neutrinos must be
F  3  1012 cm2 s1 if they are to account for the local
dark matter density DM  0:4 GeV cm3 , and their interactions (suppressed by the mixing angle) produce a narrow
spectral line in the spectrum of the recoil electrons. If the
experiment can distinguish between solar and antisolar
directions, it will be able to reject the solar background.
As for the experimental techniques, several proposals
that have been put forth for detecting relic active neutrinos
[50–52] could be useful for an admittedly futuristic detector [53]. Such proposals include interactions with free
electrons, tritium beta decay, superconductors, transition
edge sensors, and interactions with nanometer size granules [52–54]. Although, at present, neither of these proposals seems to provide the basis for a feasible experiment
capable of detecting relic sterile neutrinos, one can hope
that an opportunity may arise in the future.

V. DISCUSSION AND CONCLUSIONS
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