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shown that theνµ −ντ ratio is relatively insensitive to the theoretical uncertainties and therefore

this ratio is the key ingredient to look for the signatures of the sterile neutrino scheme.
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Signatures of sterile neutrino mixing Osamu Yasuda

High energy cosmic neutrinos from cosmologically distant astrophysical sources, such as Ac-
tive Galactic Nuclei (AGN) or Gamma Ray Bursts (GRB) have attracted much attention because
ongoing or future experiments are expected to observe them. Observation of these high energy
neutrinos has advantage because low backgrounds of atmospheric neutrinos are expected and it is
believed that e,µ, τ flavors can be distinguished for energy higher than106 GeV by looking for
shower events, muon track events and "double bang events" [1], respectively.

It has been known [1] that, if the initial flavor ratio of the neutrino flux isΦ0
e : Φ0

µ : Φ0
τ =

(1 : 2 : 0) which is expected from pion decays, then the ratio observed on the Earth becomesΦe :
Φµ : Φτ = (1 : 1 : 1) in the standard three flavor framework with oscillation parametersθ23' π/4,
|θ13| ¿ 1. In Ref. [2] possible deviation of the flavor ratio from that of the three flavor case was
studied for a sterile neutrino scenario called the (2+2)-scheme, which was allowed at that time. The
sterile neutrino scenarios, which were mainly introduced to account for the LSND anomaly [3] in
terms of neutrino oscillations, is now strongly disfavored (see, e.g., Ref. [4]) irrespective of whether
the mass pattern is of (2+2) or (3+1) type.

However, if we do not impose the LSND data, then we can still have sterile neutrino scenarios
which are consistent with all the negative experimental data. Since it is known that (2+2)-schemes
are inconsistent with combined results of the solar and atmospheric neutrino data, the only pos-
sibility is (3+1)-schemes whose mixings are small enough to satisfy all the experimental results
except LSND. In fact, such a scenario was studied in Ref. [5] and the present bound on the mixing
angles of a (3+1)-scheme was given.

Taking into consideration of the allowed regions for the mixing angles which were obtained in
Ref. [5], deviation of the flavor ratio fromΦe : Φµ : Φτ = (1 : 1 : 1) was studied [6]. The result is
depicted in Fig.1 (a).

On the other hand, it was pointed out in Ref. [7] that there are theoretical uncertainties in the
predictions for the flavor ratio and also an energy dependence is induced in the neutrino flavor
fluxes. To illustrate their point, a detailed discussion of the energy dependence of neutrino flavor
fluxes originated from GRB was given in Ref. [7] based on the model by Waxman and Bahcall [8].
Using the results in Ref. [7], it was found in Ref. [6] that the flavor ratioΦe/Φµ suffers strongly
from energy dependence while the energy dependence of the ratioΦτ/Φµ is small (see Fig.1 (b)–
(e)), so the ratioΦτ/Φµ is the key ingredient to look for the signatures of the sterile neutrino
scheme.

Statistical requirements to look for the signatures of the sterile neutrino oscillations were also
discussed in Ref. [6]. After 10 years of data taking at a km3 detector, it is expected that we get
O(100) νe andνµ events andO(30) ντ events from GRB’s. Introducing the notations for the flavor
ratios of the number of eventsreµ ≡ (Ne + N̄e)/(Nµ + N̄µ) and rτµ ≡ (Nτ + N̄τ)/(Nµ + N̄µ), we

found that the expected flavor ratiosrτµ for three and four family schemes arer(3−fam)
τµ ' 0.30±

0.03(theo)±0.06(stat) andr(4−fam)
τµ ≥min(r(4−fam)

τµ ) ' 0.2, respectively. Thus, as far as neutrinos
from GRB’s are concerned, statistics at a km3 detector are unfortunately not large enough to look
for the signatures of the sterile neutrino. However, if other sources such as AGN’s are found with
a bigger neutrino flux, there may be a chance for the next generation of neutrino telescopes to
observe or to constrain the four-family mixing model.
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Figure 1: (a): The allowed region of the flavor ratioΦe : Φµ : Φτ in the triangle representation [2] for
the three flavor case (bounded by the red thin line) and the (3+1)-scheme at 90% CL (bounded by the blue
thick line; the allowed region at 3σ CL is bounded by the green line). The standard ratio of the initial flux
Φ0

e : Φ0
µ : Φ0

τ = 1 : 2 : 0is assumed. (b),(c): The observed ratios(νe+ ν̄e)/(νµ + ν̄µ) and(ντ + ν̄τ)/(νµ + ν̄µ)
for neutrinos from a GRB source as functions of the neutrino energy when the two sets of the reference
values(α = 2,β1 = 1,β2 = 2.4) and(α = 2.4,β1 = 1,β2 = 2) are taken for the parametersα andβ in the
proton and photon energy spectrum (cf. Fig. 14 of Ref. [7]). The five cases (the three flavor case with the
best-fit oscillation parameters; the three flavor cases which give the maximum and minimum ratios; the four
flavor cases which give the maximum and minimum ratios) are considered for each reference parameter set.
(d),(e): The same as (b),(c) when the effect of the synchrotron losses of high energy muons are taken into
account with the reference valueεµ = ∞ and3, whereεµ is a parameter which characterizes the magnetic
field (cf. Fig. 15 of Ref. [7]).
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