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Abstract. An extension of the minimal standard model by three right-handed neutrinos with
masses smaller than the electroweak scale (the YMSM) allows to explain simultaneously neutrino
oscillations and dark matter in the universe. We show how to fix the absolute values of the
active neutrino masses in this model.

Perhaps, a simplest extension of the Minimal Standard Model (MSM) which allows to explain
neutrino oscillations is the one in which several right-handed SU(2) singlet fermions with zero
weak hypercharges are added. These fermions can be called sterile or right-handed neutrinos. It
has been demonstrated recently [1, 2] that if the number of sterile neutrinos is three! and their
Majorana masses are smaller than the electroweak scale (for this specific choice of parameters this
model was dubbed “the ¥YMSM”) this model can explain neutrino oscillations, dark matter and
baryon asymmetry of the universe. Moreover it can also explain the pulsar kick velocities [3]. In
this talk I will review the general motivation for the choice of scales of the Y MSM and the results
of [1] where it was shown that the absolute scale of active neutrino masses can be determined
in this model as well.
The most general renormalizable Lagrangian of the YMSM has the form

_ _ M;
Lunrsar = Larsar + Niidy " Ni — Fop Lo Ni® — 71 N¢N + hec., (1)

where Ljsgps is the Lagrangian of the MSM, ® and L, (o = e, u, 7) are the Higgs and lepton
doublets, respectively, and both Dirac (MP = f*(®)) and Majorana (M) masses for neutrinos
are introduced. We have taken a basis in which mass matrices of charged leptons and right-
handed neutrinos are real and diagonal. In comparison with the MSM, this model contains 18
new parameters: 3 Majorana masses of new neutral fermions N;, and 15 new Yukawa couplings
in the leptonic sector (corresponding to 3 Dirac neutrino masses, 6 mixing angles and 6 CP-
violating phases).

Let us discuss in general terms what kind of scale for Majorana neutrino masses M; one
could expect. If Dirac neutrino masses (MP),; = Farv (where v = 174 GeV is the vacuum
expectation value of the Higgs doublet) are much smaller than the Majorana masses My, the
see-saw formula for active neutrino masses

1
m, = —MDE[MD]T (2)

! Interestingly, in this case the leptonic sector has the same structure as the quark sector.
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is valid. Though it is known that the masses of active neutrinos are smaller than O(1) eV, it
is clear that the scale of Majorana neutrino masses cannot be extracted out of eq.(2). This
is simply because the total number of physical parameters describing m, is equal to 9 (three
absolute values of neutrino masses, three mixing angles and three CP-violating phases), which
is two times smaller than the number of new parameters in the vMSM.

A most popular proposal [4] is to say that the Yukawa couplings F' in the active-sterile
interactions are of the same order of magnitude as those in the quark and charged lepton
sector. Then one has to introduce a new energy scale, M; ~ 10'° — 105 GeV, which may
be related to grand unification. This model has several advantages in comparison with the
MSM: it can explain neutrino masses and oscillations, and give rise to baryon asymmetry of the
universe through leptogenesis [5] and anomalous electroweak number non-conservation at high
temperatures [6]. However, it cannot explain the dark matter as the low energy limit of this
theory is simply the MSM with non-zero active neutrino masses coming from dimension five
operators. On a theoretical side, as a model with two very distinct energy scale it suffers from
a fine-tuning hierarchy problem Mj > My .

Another possibility is to say that no new energy scale is introduced, and M; < Myy. In this
case the Yukawa couplings must be much smaller than those in the quark sector, F < 1076.
Clearly, no internal hierarchy problem appears for this choice. Also, the neutrino masses
and mixing can be easily incorporated. In addition, all the parameters of the vYMSM can be
potentially determined experimentally since only accessible energy scales are present.

Let us discuss the problem of dark matter in the ¥MSM?2. Though this model does not offer
any stable particle besides those already present in the MSM, it contains a sterile neutrino with a
life-time exceeding the age of the universe, provided the corresponding Yukawa coupling is small
enough [8, 9, 10]. The decay rate of Nj to three active neutrinos and antineutrinos (assuming
that N7 is the lightest sterile neutrino) is given by

2 A[3..,2
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For example, a choice of myg ~ O(1) eV and of M; ~ O(1) keV leads to a sterile neutrino
life-time ~ 1017 years.

The mass of the sterile dark matter neutrino cannot be too small. An application of the
Tremaine-Gunn arguments [11] to the dwarf spheroidal galaxies [12] gives the lower bound
M; > 0.5 keV . Even stronger constraint (based on the assumption that the sterile neutrino was
produced in active-sterile neutrino oscillations in the early universe and plays a role of the so-
called warm dark matter (WDM)) comes from the analysis of the cosmic microwave background
and the matter power spectrum inferred from Lyman-a forest data [13, 14]: M; > 2 keV .

Yet another constraints on the parameters of dark matter sterile neutrino come from the
observation that a radiative decay N1 — vy, suppressed in comparison with N; — 3v by
a factor O(a) («a is a fine structure constant), leads to diffuse X-ray background [9] and to
emission of X-rays from clusters of galaxies [15]. The corresponding analysis can be found in
[9, 15, 16].

Sterile neutrinos can be produced in the early universe by the processes which correspond
to the physics beyond the vMSM, for example in inflaton oscillations or anything else one can
imagine. Then the computation of their cosmic abundance 2y requires the knowledge of the
physics at high energy scale. Under the assumption that they were not produced in this way
and that the physics of the MSM (without v in the name of the model!) correctly describes
the universe at temperatures below 1 GeV, the concentration of sterile neutrinos, produced in

2 The problem of the baryon asymmetry in this model is discussed in [7].
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active-sterile neutrino oscillations, can be computed and expressed through the parameters my
and M (the traditional parametrisation is My and 6 = 732) [8, 9, 10]:

6> My \?
fhy ~ 02 (10—8) (1 keV) ’

which leads to determination of the parameter mg related to Dirac neutrino masses [1],

mo ~ 0(0.1) eV. (4)

The analysis of egs. (2,4) together with experimental input from the neutrino oscillation
experiments, and the lower bound on the dark matter sterile neutrino mass, carried out in [1],
reveals that the minimal number of sterile neutrinos, which can explain the dark matter in the
universe, is N' = 3. In addition, only one sterile neutrino can be the dark matter. Moreover,
there is an upper bound on the lightest neutrino mass, m, < m3/M; ~ O(107°) eV. Since this

bound is much smaller than 1/Am§01 ~ 1072 eV, where Amgo1 is the solar mass square difference,
the masses of other two active neutrinos should be given by

me = \/Am2Z,, mg=\/Am2, (5)

or by
mp =~ ma = Amgtmv m% - mg = A’rns?ol ) (6)
if the hierarchy is inverted. The experimental numbers are [17]: Am2, = (7.2 — 8.9) -

107° eV2,  Am2,, = (1.7 —3.3) - 1073 eV? . The errors correspond to 99% confidence level
range of 2.580.

In fact, the assumptions leading to (4) are not true if the reheating temperature of the
Universe is just above the nucleosynthesis scale [18]. However, it has been shown in [19] on the
basis of X-ray constraints discussed above, that the predictions (5,6) remain in force provided
M; > 1.8 KeV, if the diffused X-ray background constraint [16] is taken , and even for M; > 0.8
KeV if the Virgo cluster constraint [15] is incorporated.
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