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The reaction ete~ — yn® — yvi is considered. It is shown that this reaction
possesses a clear signature, producing in the resonance region practically monocro-
matic photons, which can be easily distinguished from background bremsstrahlung
photons. Since the cross section of the reaction is proportional to the square of
the neutrino mass, such a reaction can be used as a probe for neutrino mass.

PACS: 12.15.-y, 14.60.-z

The question of neutrino mass is one of the most important problems facing
both particle physics and cosmology. In the case of particle physics, neutrino
mass provides a clue to understanding the origin of the mass of all particles.
In the so-called grand unified theories, based on the standard electroweak theory,
nonzero neutrino masses are expected on general backgrounds since in these theories
strong, electromagnetic and weak interactions are unified at a large energy scale
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and neutrinos acquire masses which are inversely proportional to this scale. There
are a lot of intriguing hypotheses on the role of massive neutrinos in cosmology
and astrophysics. The big bang theory predicts the existence in the Universe of a
relic neutrino background similar to a cosmic microwave background radiation. If
neutrinos have masses in the range of several to several dozen electron volts, then
they could give a significant contribution to dark matter in the Universe. In the
case of much smaller masses, neutrino oscillations could deplete the flux of solar
eleciron neutrinos by converting some of them into other neutrino species, thus
permitting to solve the solar neutrino puzzle.

However, until now there is no experimental evidence from direct searches for
nonzero neutrino mass. They set only upper limits on respective neutrino masses.
The analysis of the endpoint in nuclear (-decay gives the formal upper limit 1]

m(ve) < 5.1 eV. (1)

Particle physics limits for the masses of muon neutrino and tau neutrino come
:espectively from the measurement of the muon momentum in the 7 — uy, decay
and from the kinematical analysis of tau-lepton decay modes:

m(v,) < 0.27 MeV (1], m(v:) < 24 MeV [2]. (2)

In this article we consider the possibility to improve the upper limit on the
neutrino mass from an experimental investigation of the process

ete™ — 2% — Yo, (3)

In the #° decay into neutrino and antineutrino, momentum and angular-momentum
conservations imply that the helicities of both final particles must be the same.
Because the probability to change the helicity is proportional to the neutrino mass,
the 7° decay will occur only in the case of massive neutrinos (or/and if lepton
number is not conserved) with the amplitude proportional to neutrino mass (see
for example [3,4]). In the following, we shall consider the standard electroweak
model minimally extended to include a nonzero neutrino mass.

e (p,) [

e=(p) V(ky)

The Feynman diagram for the process (3)

Let us calculate the cross section for the reaction (3) assuming a nonvanishing
neutrino mass. The Feynman diagram corresponding to the process (3) is shown
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in Figure. In this case the amplitude of the process is:

gaa iez
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where €*7 is the polarization vector of the outgoing photon, G is the Fermi
constant, a is the fine structure constant, f, is the pilon decay constant, D,
is the w-meson propagator. All other notations are shown in Figure. Standard
straightforward calculations give us the differential cross section

2,.3,.2 342, /1 — 4m2/q2
do  _G’a’m wzq d m?/q (1427 5)
dw-dz 16725 [(¢® — m2)% 4+ I'?mZ]

where w 1s the photon energy, z = cos6,8 is the angle between the electron
momentum and the photon momentum, m and m, are the neutrino and pion
mass respectively, /S is the total energy in the center of mass of the reaction (3),
T is the total pion width, ¢>=5—2v/Sw. As is seen from equation (§), the process
(3) exhibits a resonant behavior: the cross section (5) increases significantly in the
resonance region at g2 ~ m2, leading to a production of practically monochromatic
photons with energy

wo = (1 —m2/S) , AwzxT 1.7V . (6)

In this case the resonance region gives a dominant contribution to the total cross
section. Carrying out the integration over this region and a trivial integration over
z (|z| € z0, where zp is the experimental cutoff), we obtain

2 m 2

o~ 2.4 1074 20(1 + %0)(;5)2(1 - TP em? (7)
where m, is the electron mass. We pote that in deriving eq.(7) it was assumed
that S > m2 in order to be in the resonance region. Therefore, in the special but
reasonable case 6y = 30° and S =10m2, we find the following value of the cross
section:

o~ 2-107*(m/m,)? cm? . 8)

Of course for v, the cross section (8) is completely negligible, but this is not
the case for v, and especially for v,. In the nearest years at accelerators a
luminosity of about 103* cm~2.sec™! will be reached. There are also discussions
about the construction of accelerators with the luminosity 10%¢ cm~2.sec!. For
such accelerators we could expect about 15 events in a year due to the reaction
(3) in the case of the existence of tau neutrino with mass near the present
experimental limit [2]. Moreover, although the cross section (7) is very small, the
signature of the process (3) is very clear. Photons are produced in reaction (3)
practically at the fixed energy (6), and can be therefore easily distinguished from
the 1/w behavior of the background bremsstrahlung spectrum. Let us compare
the result (7) with the prediction for the neutrino counting experiment with a
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bremsstrahlung photon in the final state

+

eTe” —yZ — yvb . 9

The cross section for this process, far from the Z-pole, is given by [5,0]

do  _ [(z22%/4) + (1 — z/2)?)

T 3“? = )(1-2)G*VS[N (g% +9%)+2gv +94)+2], (10)

where z = 2w/\/§, gv = 2sin’6w — 1/2, g4 = —1/2, N =3 is the number of
light neutrino species. Carrying out the integration in eq.(10) over |z| < v/3/2 and
wo—T < w < wp+T, we find that the reaction (3) can be seen over the background
reaction (9) in the case of a neutrino mass m > 10 KeV. Even if we choose the
wide region of photon energies Aw/w < 0.01, the process (3) dominates over the
process (9) for m > 15 MeV. Let us note that it follows from egs.(7), (10) that
the cross section (7) of the reaction (3) depends weakly on the total emergy, while
the cross section (10) grows like /S and therefore the ratio signal/background
decreases with increasing total energy. So the investigation of the process (3)
could be carried out at accelerators at small energies VS < 1 GeV, where the
background conditions are more favorable and where also the number of secondary
particles in the final state is small.

The background processes like ete™ — yv, yyy and ete” — x° - 44, in spite
of their large cross sections, are not very dangerous because they produce photons
with a completely different signature and in some of them there are additional
photons which can be detected. The resonance process ete™ — 7% — yv& produces
photons with completely different kinematical characteristics. The resonance process
ete~ — 419 — 49+ seems more important, but in this case we have three detectable
photons with fixed energies.

In conclusion, in this article we considered the application of the resonance
reaction (3) to the determination of the neutrino mass. This process possesses
three important features: 1) the cross section is proportional to the square of
the neutrino mass; 2) the cross section has a resonant behavior; 3) the photons
in reaction (3) are produced practically monochromatically. Of course there are
problems with the luminosity (due to the small value of the cross section) and
with the need to have highly monochromatic electron and positron beams, but
these are technical problems which possibly could be solved in the future.

We should also note that even the search for the neutrino mass in the region
1 — 50 MeV is useful, first, because it can give an independent confirmation of
the upper limit on the neutrino mass (there are indeed some problems with upper
bounds from kinematical methods; see e.g. [1]). Second, even setting the upper
bound on neutrino mass at 1 MeV is important, because it allows to rule out
or confirm some popular models (for example, an unstable tau neutrino with life
time 0.1-100 sec and mass in the range 1-10 MeV can play a basic role within
the cold dark matter scenario, in order to get agreement between the spectrum of
density perturbations and the observed one).

In the past, the search for the decays 7% — vo [8,9], 7 — yvi [10] were
proposed to probe the neutrino properties. However, the process (3), in comparison
with these decays, offers a clear signature and could be experimentally easier to
study in spite of its small cross section.
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