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Numerous investigations discuss neutrino properties from low to ultra high energies. This review
discusses several topics that are investigated in present day experiments. The first section covers
the detection of T-neutrinos of cosmic origin and describes the significance of the results. The sec-
ond topic points out that the reported reduction of the antineutrino flux in reactor experiments may
be created by short wavelength oscillations where the detector averages over several wavelengths
and observes only an average reduction of the antineutrino flux. In many theories the propagating
particles are Majoranas and have an anapole moment; they scatter on atomic electrons with a
distinct signature in vV, + e~ — V, + e~ scattering.
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1. Searching for Cosmic v;’s

The discovery of ultra-high energy cosmic neutrinos [lII, @] opens a unique window to test neu-
trino properties and mixing at high energies [B]. Determining the lepton flavor composition of the
flux is significant for understanding mechanisms of their generation, propagation and interaction.
At the production point the ratios of flavors are the following,

in pion and kaon decays: V,: vy :v;=1:2:0 (1.1)

in neutron decays: V,: Vv, :v;=1:0:0. (1.2)

These ratios are modified in the propagation of states over cosmological distances. The os-
cillation between the states modifies the ratio among the three flavors generating a substantial
component of T-neutrinos arriving on earth.

The large neutrino telescopes are tuned to detect T-neutrinos with results reported already by
the IceCube collaboration. One analysis [B] computed the cross sections for the various flavors
assuming similar energy and angular distributions for the three flavors and a functional form for
the flux. The sum of contributions from the three flavors is compared with the observed number
of events. Their results are shown in figure 1 with the colors indicating the degree of exclusion.
Blue indicates the most excluded regions and red the preferred flavor composition on earth. The
areas outside the curves are excluded at 68% and 90% confidence level. The black cross indicates
the best fit for the composition on earth. This topic is just beginning to evolve and it is useful to
consider additional criteria for identifying the component of tau neutrinos.

An alternative method for identifying T-neutrinos in a large range of energies uses the decay
T — uv:Vy,. This can be done by identifying events which contain hadronic showers and long
tracks from muons. The T-neutrino component is identified by measuring the energies Egpoyer
and E, and then plotting the events as a function of the ratio ' = Eguower/(Eshower + Ey). Since
the leptonic decay of 7 includes to missing neutrinos, the muon energy in the charged current
interactions of v is expected to be, on the average, lower. Alikhanov and myself carried out the
detailed calculation [B] by adopting the quark-parton model [B] since the reactions we consider take
place at very high energies. For experimental reasons the events will be averaged over the cosmic
flux from a minimum and a maximum energy and normalized to the total number of T-events in
this range. We found

1 dNUHY) 1
NV T dy  12(1+Br)yS
x [Br (3y” = 3y" + 14y — 132y/2 +-96/)
—3Br (y* - 24y? + 60y’ —32)log (1 —Y') +9"° (> =2/ +2)], (1.3)

where Br = 0.17 is the branching ratio for T — uv;v,. We also took an average for incident
neutrinos and antineutrinos, because in that case the quark distribution functions drop out in the
ratios. In figure 2 is plotted the yield as a function of y’ for three incident fluxes v, : v; = (1:0),
Vy:ve=(1:1)and v, : vy =(0:1). We note that for y’ > 0.60 the three cases can be distinguished.
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Figure 1: Exclusion regions for astrophysical ratios (f, : f : fz) observed in the South Pole (from refer-
ence [@]).

The distribution of events demonstrates that more v;-induced events populate the y' > 0.60
region. In the same region the muon-induced events decrease monotonically as y’ — 1. Thus it will
be useful to determine the different shapes of the curves and separate the v; and v, components.
Up to now the reported number of events do not suffice to carry out a statistical analysis, however
more events will be accumulating in the coming years in the running and in new experiments.

2. The reactor Anomaly

In addition to the ultra-high energy neutrinos there are also several anomalies at lower energies
which are explained by introducing additional states. The standard paradigm introduces three right-
handed neutrinos being singlets under SU(2),. The general Lagrangian is written as

L =L+ L+ Lo, 2.

where %, is invariant under the electroweak group, .%; is invariant under the strong group and .%,
is a mass term generated through a soft breaking of SU(2).. Denoting by v; = (Ve, Vy,V;) and
Ng = (Ng1,Ng2,Ng3) left- and right-handed neutrinos, respectively, we can write the mass term

Ly 0 mp [ VE
.zm_z( LNR>(mIT)M)<NR)+h.c. 2.2)
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Figure 2: Production spectra as a function of the visible inelasticity (' = Esuower/ (Eshower + Ey))- In the
figure we show three flavor compositions of the neutrino flux: v, : v; = 1:0 (dashed), v, : v; = 1: 1 (solid)
and vy : v; = 0: 1 (dash-dotted).

We seek solutions when the elements of mp are small relative to those of M so that an expan-
sion in mp/M is possible. The unitary matrix that diagonalizes the mass matrix is

(a=any g Usg 0
U‘( —J5 (1=377) )\ 0 Uy @3

1 1
with J = mp— and Uy and U, diagonalize the submatrices mp—m? and M, respectively. The
Majorana mass terms split the Dirac neutrinos into pairs of Majorana particles. The light particles

1
have masses of order mD—mIT) and the heavy ones of order M.
For simplicity I restrict the discussion to two families of electrons and muons. The flavor states
are given in terms of mass eigenstates y;(¢)

4
Ve(t)) = Y Ueiwi(t) 2.4)
i=1
with the coefficients given by

. 1o
Ua =[1 - 5(” )itlce + §<JJ )1256 (2.52)

(- (-
Uer = [L =5 (W tlso — 5 (I 1ace (2.5b)
Ues = J11cy — J128y (2.5¢)
Ues = J115y +J12¢y, (2.5d)
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and similar formulas for U,,; with i =1,...,4 [0@].

I discuss next the reactor experiments where a beam of electron-type antineutrinos is generated
and is detected at a distance of less than a few kilometers [B, B]. In this situation there are three
types of interference terms.

Am,L
(i) The mixing of the two lighter eigenstates y; and y; is proportional to sin’ <’Z:1EZ> which for

distances of kilometers or less is very small and will be omitted.
(i) The mixing between the two heavier states, w3 and g, is of O(J*) and will also be neglected.
(ii1) Finally there is the mixing of the heavier with the lighter states which produces the terms

. E;—E
Py,v, = 1 = 4{|Uss > + |Ues|?} sin? (321L) , (2.6)

where I assumed E3 — E| =~ E4 — E|. The energy differences are very likely large enough to produce
oscillations with short wavelengths which cannot be resolved in the detectors. Thus they observe
an average over several wavelengths with the consequence of replacing the sinus square term by
1/2.

Pyv, =1=2 (VI + |712]) . 2.7

This result is a candidate for the reactor and Gallium discrepancy. Attributing the decrease of
the reactor fluxes to —2 (|/11|* +|Ji2|?) implies that either |J11| or |Ji2| or both are approximately
~0.10.

In the formalism described in this section, the physical states yyq,. .., ys are Majorana neutri-

nos. Ordinary (vj and (v;z beams produced in the laboratories oscillate according to equation (IZ4)
and develop Majorana components. The Majorana neutrinos have only two electromagnetic form-
factors, an electric dipole moment and an anapole moment. We denote the electromagnetic current
by Jju (p2, p1) which interacts with the electromagnetic field Ay as follows Hj,, = eAH j,,. We are
looking to find consequences of this interaction without making any particular assumptions con-
cerning the origin of the formfactors.

Let u(p;) and u(p;) be spinors of the initial and final neutrinos. The current is given in terms
of two formfactors [[]

2
*(p2,p1) = i(p2) iS“vaBGaﬁCIvF3(612)+ <61“ - Y“) Y5F4(6]2)} u(p1). (2.8)

2my,

F3(q?) is the electric dipole moment which is odd under time-reversal and parity transformations.
Up to now nobody measured F3(g?) for any value of ¢>. This not surprising as we expect this
formfactor to be small by time reversal invariance. The second formfactor F4(¢?) was introduced
by Zeldovich [[] and is known as the anapole. In the non-relativistic limit the anapole interaction
reduces to [[]

- - OE
VXB——

HYR < F,(0)G -
4(0)o 5

int

(2.9)

Recalling the Maxwell equations, the term in the square brackets is proportional to electric current,
i.e. in the absence of an electric current it vanishes. Consequently the anapole term contributes
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when it interacts with virtual photons. Under time reversal the anapole term is even but parity
violating.
An attractive reaction to search for an anapole term is
Vot+e —V.+e . (2.10)

In the scattering of the antineutrinos the recoiling electrons emerge close to the direction of the
incoming particle (very small scattering angle). The cross section differential in the electron energy

do i\’ E\?
— =Gma| =) |14+(1-=¢
=) |1+ ()

with m the mass of the electron and E, the energy of the recoiling electron. The cross section

has the form

(2.11)

decreases monotonically as E, — E, but not as fast as background. The background originates
from charged and neutral current reactions of the electroweak theory. This cross section is
do  G*m |1 EL\?
=22 1005 (1—6) ] 2.12)

dE! ~ 4m |4 Ey

where I replaced the weak couplings gy and g4 by their values. It also decreases as E, — E, by a

larger factor and reaches the limiting value % The TEXANO experiment [[2, 3] observed the
decrease. However, the experimental errors are still very large to determine the limiting value or
possible deviations (see figure 16 in reference [[2A]). The cross section in equation (ZZT) appears
smaller but we should keep in mind that the factor (Fj/my)? is still unknown and can assume a
large value. A similar analysis is possible for the reaction v, +e~ — v, +e~ and also in neutrino
scattering on the Coulomb field of nuclei. A careful analysis must include also precise estimates of
the neutrino flux.

3. Summary

Neutrino telescopes with large volumes of water began detecting astrophysical neutrinos. The
flavor content of the cosmic flux is of great interest and I described a new method to identify the v;
component.

In the low energy experiments, models with right-handed neutrinos always develop into Majo-
rana particles whose interactions may become evident in electromagnetic interactions. Their scat-
tering on atomic electrons will be a direct signal for identifying them. For such states I describe
properties and results from the anapole formfactor.

An anapole moment has been considered as a coupling to WIMPs [[4] and other dark matter
particles [[3]. I considered here the possibility that Majorana neutrinos when they propagate, they
interact through the anapole moment. The new coupling will modify the recoil spectra of electrons
for the reaction in equation (ZZI0). An analysis of neutrino interactions with general couplings
appeared after the conference [[[A]. Their comparisons agree with the standard model calculations.
Thus the studies so far indicate that we need accurate data for neutrino—electron elastic scattering.
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New results will be coming from present experiments [[4], from beam-dump experiments [[R] and

from the European Spallation Source [[9].
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