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SUPERPOSITION OF NEUTRINO EIGENSTATES
AND NEUTRINO OSCILLATION

0.A.Zaimidoroga*

The possibility exists that the weak interaction between neutrino and antineutrino produces
states which are superpositions of left-handed neutrino and right-handed antineutrino. This new
states do not have well-defined lepton number. The peculiar properties of neutrinos and their
oscillation in this case most probable are indicative of the Majorana nature of neutrinos.

The investigation has been performed at the Laboratory of Particle Physics, JINR

Cynepno3uuus coGCTBEHHBIX COCTOAHHIA HEHTPHHO
H OCIULIAILIMM HEHTPHHO

0.A.3aiimuodopoza

Iokaszano, uTo B pesynsTate c1aboOro B3AHMOIEHCTBHS MEXy HEHTPHHO H aHTHHEHTDHHO
BO3MOXHO CYIUECTBOBaHHE TAKUX COCTOAHHI, KOTOpbIE SBIAIOTCS CYNEepro3HIIMeii JIEBOTO HeitT-
PHHO Y NIPABOTO aHTHHEHTPUHO. DTH HOBbIE COCTOSAHHA He HMEIOT ONPEIENEHHOIO JENITOHHOIO
uucna. CBOHCTBA STHX HEHTPMHO M MX OCHWLISHHMH HauGolee BEPOSTHO CBUAETENBCTBYIOT O
MailOpaHOBCKOIt MPHpOJe HENTPUHO.

PaBora srnostnena » JlaGoparopuu csepxssicokux sHepruit OUSIH.

One of the fundamental questions in modern physics is: under what conditions can
neutrino oscillation occur in the vacuum?

The phenomenon of neutrino oscillation arises from a mismatch between the weak
eigenstates and the eigenstates of neutrino mass [1]. In the case of possibly massive neu-
trinos the relative phase change between the mass eigenstates with time can show an oscil-
lation pattern [2]. This oscillation is extremely sensitive to the mass of the neutrino and the
mixing angle.

In this paper the study of neutrino oscillation is made taking into consideration the
superposition of neutrino and antineutrino eigenstates. Analogously to K-meson mixing,
this oscillation is not sensitive to the mass of neutrino but to the mass difference of the new
states produced :and not having a well-defined lepton number.

Let’s consider a two-state quantum-mechanical system having identical quantum num-
bers, characterized by a Hamiltonian H. The initial states S, and S, will develop in time

following the evolution equation:
95, , _ 95,
th‘ét—=H131 and th“aT=H252.

The solutions of these equations are:
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Sl = kl exp (- iHlt/h), 82 = k2 exp (- int/h).

Each of those states would phase-rotate in its own cigenstate. Let’s now assume an inter-

action term in the Hamiltonian in the form:
as aS

h-é-—HS +aS and ih— FY —HS +aS

The amphtndes of states S, and S, starting from a state S,(t=0) are given by:

1(t) = exp (— iHt/ h) cos (at/ h) S. ,(t) = exp (— iHt/ h) sin (at/ h). The new states (S, +5,)
and (S, —S,) will have different elgenvalucs (H + a, H—a). This system will permanently
move from state S, to S, and back.

Let’s now consider two states having different quantum numbers. If an interaction
exists between these states, the time evolution of the system will be described by a linear
superposition of states and will not have a well-defined relevant quantum number. A more

familiar example is that of X 0 and K %-oscillation [4]. Under the action of weak interaction
the original strong interaction eigenstates of K 0 and K %-mesons are mixed. The weak eigen-
states in this case are the linear superpositions of K ° EO(KI, K,). If both K, and K, mesons
were stable particles, then K, and K, would each evolve with respect to its own Hamil-

tonian and after time ¢ the relative phase K| and K, (present in the original X 0 K Ostates)

would have changed. The new states would thus be the new linear combination of K 0,

K9 and these states would also not have well-defined strangeness. The relative phase chan-
ge of K, K, with time will be the result of this oscillation. In reality the weak interaction

also causes the decay of X, K,,. Due to the action of the weak interaction K, K, mix and -
CP-violation occurs. Owing to the decays of X|, X, the relative amplitude of K, K, present

in the original X 0 K% mesons would change with time. So not only the relative phase but
also amplitude of X, K, in K 0, K° mesons change with time. Under the weak fermion

interaction a pair of s-quarks converts into a pair of d-quarks and back. The CP-non-
invariant interaction gives rise to K, K, mixing, while the CP-invariant part of this inter-

action contributes to the mass difference.

An important aspect of the phenomenon is that the interaction connecting two neutral
states with different quantum numbers violates the conservation laws involved and, due to
that the superposition transition can appear. The mixing may not take place if interaction is
forbidden. For instance, conservation of electrical charge forbids the oscillation between a
proton and an antiproton.

Thus, the superpositional states will appear if the base states are neutral and are of
equal masses and an interaction between this states violates those quantum numbers that
aren’t their eigenvalue. This is not the case for the neutrino. Electron-type of neutrino
cannot be coupled to a muon-type of neutrino, unless an interaction exists, which violates
lepton numbers. This interaction would play for neutrinos the same role as weak interaction
plays for kaons. But we know that lepton numbers conserve to a vety high degree. Now
one needs to clarify which kind of coupled states could be between two neutrino states
taking into account the fact that neutrinos are fermions. The weak eigenstates of neutrinos
do not coincide with the mass eigenstates, and due to that the components of weak eigen-
states can be expressed in terms of the mass eigenstates as:
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*
V=2 v, (1)

Eigenstates of neutrinos in the limit in which the neutrino mass is degenerate would be
coherent and could therefore interfere. If the masses of the different eigenstates were too
far apart, then the velocities would so differ that the states could lose the interference
picture. The time evolution of the neutrino can be described by the coherent sum:

N
. 2 2 *

V() =-21 exp (- i \p +m) 0 v, Q)

] =
One does not detect the individual terms in (2) but their linear combination corresponding
to certain weak eigenstates. Only eigenstates of v and V preserve the interference pattern.
The way to detect neutrinos and possible neutrino oscillations is through its weak inter-
action. So, two neutral degenerate levels of neutrino and antineutrino of definite flavour
under the action of weak interaction can be described by a linear superposition of states
neutrino and antineutrino. This system will continuously move from the left-handed state to
the right-handed and vice versa. So, a neutrino of definite flavour, produced at ¢ =0, with
respect of (1) can be expressed by a linear superposition of the left-handed neutrino and
right handed antineutrino. These new states will not have a well-defined chirality, since
they are linear combinations of left and right chiral projections. However, they -can be
eigenstates of helicity (o * p/p). Obviously, for zero mass, helicity and chirality eigen-
states coincide. If the mass is non zero the chirality will differ from the helicity by the term

m% /E 2 In the case of Dirac type of neutrinos the opposite chirality transitions between

neutrino and antineutrino are suppressed by a factor m3 /E 2 The suppression is related to

the helicity and fermion number conservation [5]]. For the Majorana type of neutrinos there
is no helicity violation because the Majorana condition requires a neutrino to consist of a
left-handed 2-spinor together with a charge conjugate right-handed one. The mixing of two
degenerate levels in the vacuum must result in level splitting. These new levels would have

definite CP-parity. vov

v—vﬂ"V and v, =
1= \2 2 2 -

Those states after a time t will have:

V% [v, exp (- imt— I‘lt/2) +V, exp (- imyt — F21/2)].
If both states were stable (1“1 = F2 =0), then after t=m/ 8m12 the beam of neutrino

would consist of antineutrinos. After another time interval the beam of antineutrinos would
change chirality and would consist of neutrinos. The new states thus reached could now be
a new linear superposition of neutrino and antineutrino. Experiments of this type make it
possible to detérmine the mass difference 8m12. Two states v, and v, are eigenstates of

CP-parity. If they were both unstable, then under the action of the weak interaction they
could be mixed with and violate the CP-parity. Such oscillations would be suppressed by
exponential damping due to I',, # 0. The probability will be:

1 ,
PV1 o Vz(t) =21 {exp (=T 1) + exp (- L)+ 2exp [- (T + ) t/2] cos 5’"12’ }.
The mass difference 5m12 does not depend on the mode of decay. Because of small phase space

available for the v, vz—decays, one expects the width', (I“1 + F2) 2> 8m12, to enhance transition.
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So, the transformation of left-handed neutrinos to right-handed antineutrinos and vice
versa forms the objects having only two independent components. This transition violates
lepton number by two units and conserves CP-parity. The Majorana nature of neutrino
oscillation is most probable. Recently there was observed semileptonic decay of tau-lepton
claimed for the Majorana type of neutrino {6].

From the foregoing consideration, it is seen that two Majorana neutrinos v, and v,

probably would have a tiny mass difference as a resuit of AL =2 transition. For the detec-
tion of v-oscillation one considers the so-called «appearance experiments» to look for the
presence of antineutrinos in v-beam or vice versa. It is obvious that the ability to detect
v-oscillations depends on the mass difference of Majorana neutrinos v, and v, and they

would be stable or unstable particles. If neutrinos v, v, were stable, then after time
n/ Am, , two fluxes will appear: of neutrino and of antineutrino. The aim is to measure the

flux of neutrino of opposite sign at different distances from the source. The mass difference
can be measured directly in this case. To perform an experiment the detector has to be
sensitive to both signs of neutrino. For example: if source is the source of antineutrino, then
one needs to detect the flux of antineutrino at given distances via inverse beta reaction:
V+pon+e
and elastic scattering
V+e—oV+e

If no oscillation is present, then the ratio Nvp/Nve will be constant for any distances. If
oscillation is present, then the ratio NVp/(Nve + Nve) would be function of Am, ,. To
verify this, v-oscillation can be detected in laboratory from high-intensity beta source or
accelerator. Another possibilities are in solar neutrino detection. Antineutrinos are not pre-
dicted by any solar model, thus observation of antineutrino would be of major significance.
To explain deficit of solar neutrino flux, the mass difference has to be
< 10717 MeV-10""° MeV. Study of v—V oscillation can be also done with short- or long-
baseline neutrino experiments. If v,, v, are unstable particles, the yield of neutrinos of

opposite sign would depend upon branching ratio of decay mode to different types of
neutrinos and I"/Am, ratio.

This work was supported by the LLN.F.N. of Milano, Italy under contract number
003709.1 would like to acknowledge Prof. G.Bellini for his kind hospitality and support. I
wish to thank P.Ratcliff and V.Strakhovenko for their critical reading of the manuscript.

References

.1. Cabibbo N. — Phys. Rev. Lett., 1953, 10, p.532.
. Pontecorvo B. — Sov. JETF, 1957, 33, p.549;
Bilenky S., Pontecorvo B. — Phys. Rev., 1978, 41C, p.255.
. Majorana E. — Nuovo Cimento, 1937, 14, p.171.
. Okun L. — Leptons and Quarks, North-Holland Publishing Company, 1987.
. Bahcall J., Primakoff H. — Phys. Rev., 1978, D18, p.3413.
. Bartelt J. et al. — Phys. Rev. Lett., 1994, 73, p.1890.

N

N bW

Received on September 19, 1995.





