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Abstract. We show that decay products from sterile neutrino dark matter in extra U(1)
models are detectable in both direct dark matter detection experiments and neutrino telescope.
The sterile neutrino dark matter interacts with a light gauge boson and decays into neutrinos.
Those neutrinos could scatter off nuclei with a large enough recoil energy in direct dark matter
detection experiments as WIMPs do.

1. Introduction

The total amount of material in our Universe has been measured by a variety of methods.
These provide compelling evidence that dark matter (DM) is the dominant component of
non-rerelativistic matter in the Universe. Many candidates for DM in models beyond the
standard model (SM) of particle physics have been proposed. Among them, sterile neutrino
is an interesting DM candidate if its lifetime is long enough, since it is massive and electrically
neutral. For a recent review, see Ref. [1] for example. The introduction of sterile neutrinos is
highly motivated to explain non-vanishing neutrino masses by the so called seesaw mechanism
with gauge singlet right-handed (RH) neutrinos [2, 3, 4, 5]. The RH neutrino extension of the
SM seems to be simple and economical from the viewpoint of the simultaneous explanation of
tiny neutrino masses and DM. This model is called the vYMSM [6, 7].

Gauge singlet sterile neutrinos as dark matter could be generated in the early Universe by
the so-called Dodelson-Widrow (DW) mechanism through the mixing between active and sterile
neutrinos [8, 9]. However, the stringent X-ray background limit now excludes the sufficient
mixing for the DW mechanism [10, 11].

This brought us to consider other mechanisms to generate the sufficient amount of sterile
neutrinos. One way is a nonthermal production, sometime called “freeze-in mechanism”, of
sterile neutrino DM. For example, if RH neutrinos have interactions through an extra U(1)
gauge interaction, the sterile neutrino DM can be generated nonthermally [12, 13, 14].

Sterile neutrino DM has been probed by astrophysical observations such as X-ray background
as mentioned above. In addition to the X-ray signal, an extra U(1) interacting sterile neutrino
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may decay into a lighter neutrino and the extra gauge boson, followed by the decay of the extra
gauge boson into a pair of neutrinos. This decay mode opens a new possibility to probe sterile
neutrino DM. We show that detection of light neutrinos as the decay product is possible with
the Super-Kamiokande (SK) and future experiments of direct dark matter detection [15].

2. Model

We consider the extension of the SM by imposing extra U(1l) gauge symmetry, such as
U(1)p—r [16, 17, 18] or U(1)g [19] gauge symmetry, where B and L are the baryon and lepton
number, and R represents right-handed chirality, respectively. The fermion sector of the SM has
to be extended with three RH neutrinos v for anomaly cancelation. We introduce one complex
scalar S charged under the extra U(1) symmetry. After the scalar fields develop the vacuum
expectation values (VEVs), the masses of the gauge bosons and fermions are generated. The
mass of the extra gauge boson X is approximately given by

mk = q§9%v8, (1)

where vg is the VEV of S, gx is the gauge coupling constant of U(1)x, and g¢g is the extra
U(1)x charge of S. For the exact formula, see for example Ref. [15, 20]. Masses and mixings
of light neutrinos can be reproduced by the type-I seesaw mechanism with two RH neutrinos.
We identify the remaining RH neutrino, suppose vg,, as the DM sterile neutrino v, with tiny
active-sterile mixing, 6,

vs = VR, +sin0U,17,, (2)

where U is the MNS matrix [21]. The superscript ¢ stands for charge conjugation, and the index
a runs over e, f, and 7.

3. Sterile neutrino dark matter

3.1. Cosmological abundance

We consider the case of a very small extra gauge coupling gx and mass spectrum 2m,,, > mx.
For a very small gx, vs never reaches thermal equilibrium. The DM abundance can be explained
by a so-called freeze-in mechanism, where DM are produced through scattering processes from
the thermal bath. The abundance of the sterile neutrino v; DM is estimated by solving the
Boltzmann equation

dny,

dt

+3Hn,, = Z(av(z’j — Vglg))inj, (3)
0,

where n,,, is the number density of DM sterile neutrino vs, H is the Hubble parameter, (ov)
is the thermal averaged product of the cross section and the relative velocity for production
processes and n;(;) is the thermal abundance of a SM particle in initial states [13].

3.2. Constraints

3.2.1. The X boson mass One stringent constraint on a light gauge boson comes from the e —v
scattering experiments such as GEMMA [22], BOREXINO [23] and TEXONO [24]. Various
beam dump experiments such as CHARM [25, 26] and NOMAD [27] and electron colliders such
as KLEO [28] and BABAR [29] constrain wide range of the X boson mass for mx > 2m.
where X decays into an electron and positron pair [30]. Lighter mass region of mx < 0.3 MeV
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is constrained by the stellar cooling in globular clusters [31, 32, 33]. The unconstrained mass
ranges of the X boson are summarized as

0.3MeV S myx < 1MeV, (4)
100 MeV < my, (5)

for gx = O(107°) [13].

3.2.2.  Lifetime and cosmic ray background bound For the mass spectrum m,, > myx, the
sterile neutrino mainly decays into one neutrino and the X boson through active-sterile mixing,
followed by the decay of X. Since its rate is proportional to the squared of the mixings as

m3

I'(vs — Xv) o g% sin® 0

e (6)
the lifetime can be long enough for a very small mixing 6. If the X boson is heavier than 2m.,
the lifetime of v, decay into v and X has to be longer than 10%7 second [34]. In this case, we
will not observe signals we will discuss in following due to the too long lifetime. Thus, for our
interest, we will examine the mass range (4) only and will take mx = 0.5 MeV. In the following
analysis, we use the lifetime 7 as an input parameter instead of the mixing 6.

In addition, the constraints from X-ray background is more stringent for sterile neutrino DM
than that from the lifetime compared with the age of the Universe. The decay rate by the SM
processes is given as [35]

9rern G2
7;;27 4F m‘zs sin’ 4, (7)
with qey, = €2 /(47), G being the Fermi constant and e being the fundamental electric charge.
This constraint can be avoided for a sufficiently small 6.

3.8. Detection of neutrinos from sterile neutrino DM decay

The flux of light active neutrino has two sources. One comes from the sterile neutrino decay
d¢s /dE, and the others, we call the background, include solar, atmospheric and diffuse
supernova neutrinos d¢®*8/dE,. The resultant flux is given by

do _ g™ | do"

dE, dE, dE,’ (8)
do”s B dN J )
dE, dE, AnT, my, ’
J:/ dsppmdS, (10)
l.o.s

where J is the J factor of the decay of the DM with the integration of the DM mass density
ppM along the line of sight (l.o.s) and the solid angle 2. The value J = 7 x 10?2 GeV/cm?
is taken for the whole Milky Way galaxy halo [36]. For the decays of the sterile neutrino DM
and the X boson, the energy spectrum of the generated neutrino dN/dE,, depends on the mass
spectrum. If the mass of v; and X are degenerate, one is given by E, = m,, — mx and the
other is given by E, ~ mx /2. On the other hand, if the X boson is much lighter than v, one
is given by E, ~ m,, /2 and the others from from the X boson decay form ”the box-shape”
spectrum [37, 38, 39] as dN/dE, ~ 2/m,, for m%/(2m,,) < E, < m,, /2.
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Figure 1. The flux of benchmark points Figure 2. The nucleus recoil energy

of sterile neutrino DM decay and bounds
from DSN searches and the measurement of
atmospheric neutrino at the SK.

spectrum of solar and atmospheric neutrino
as well as that of neutrinos generated by the
sterile neutrino DM decay.

Figure 1 shows the limits on the neutrino flux by SK and predicted neutrino flux for some
benchmark points of sterile neutrino DM. The limits come from the null results in diffuse
supernova neutrino (DSN) from SK I/II/III data (gray) [40], SK IV (brown) [41] and the
measurement of atmospheric neutrino (purple) [42]. The red and blue curves are predicted
neutrino spectrum for benchmark points and the values associated with each curves stand for the
mass and the lifetime of the sterile neutrino DM. The spectrum with one sharp peak originated
from E, ~ m,, /2 and continuous component from the X decay is a prediction of the model.

We describe the prospect of the signals from the sterile neutrino decay in direct DM detection
experiments. The event rate of recoils is expressed as

dE (11)

dR /E"‘ d¢ do
NT 1)
pwin dE, dE,

dE,

where Np is the number of the total target particles such as nucleus or electrons, do/dE, is the
differential cross section with respect to the recoil energy [43], EI}** is the maximal energy in
the neutrino flux, and E™" is the minimal energy of neutrinos to generate a given recoil energy
E,.. The expected event rate with its spectrum in nucleus recoil scattering off a Xenon nucleus
is shown in Fig. 2. In this plot, the benchmark points are the same as in Fig. 1. The black
and purple curves represent the contribution of what is known as the neutrino floor induced by
the solar and atmospheric neutrino, respectively. Some parameter sets predict more neutrino
flux than the background. Thus, these light neutrinos may be detected by future experiments
of direct dark matter detection [44, 45, 46].

4. Conclusion

We have examined the possibility of indirect research on sterile DM neutrinos. An extra U(1)
interacting sterile neutrino DM, at the tree level, can decay into three lighter neutrinos via on-
shell the extra gauge boson decaying into two neutrinos. If m,, is of the order of tens MeV, the
produced neutrinos are of sufficient energy to be detected in the SK and direct DM detection
experiments. If the lifetime is shorter than about 10%! second, the expected event rate in direct
DM searches is larger than those by atmospheric neutrinos. Similarly, those neutrinos would be
detected by the SK experiment as a by-product of DSN neutrino searches.
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