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I. QUALITATIVE CONSIDERATIONS

We wish to give here some physical arguments in favour of
the idea that large amplitude and probably large length neut-
rino oscillations might be expected naturally in some schemes
with Majorana mass neutrinos. Thus the observation of large
amplitude oscillations might indicate the presence of Majorana
mass necutrinos. Due to the high sensitivity of neutrino oscil-
lation cxperiments /1'#/, this is of special significance if
neutrino masses are smaller than a few eV, since in such a case
the classical way to search for Majorana mass neutrinos - the
neutrinoless double B ~decay /3]/is impracticable(the correspond-
ing decay rates being too small to be observed). From this point
of view cosmic’/45/ and solar’®/ neutrino investigations are of
the utmost importance. We present at the beginning some quali-
tative and intuitive remarks. Let us first discuss oscillations
with Dirac mass neutrinos/7/ whereby there are possible only
"flavour oscillations" (the total lepton number must be conser-
ved whereas electron, muon, tauon... lepton number are not con-—
served scparately)*. For the sake of simplicity and of explana-
tion of our point of view a definite oscillation between two
neutrino states is considered below. Guessing the value of the
mixing angle 6 from general considerations is impossible. It
might be close to the value n/4 (maximum mixing), but that
would look, at least to us, like an accident in the case of Di-
rac mass neutrinos. This statement comes about if one recognizes
that e , u ,7 are particles of widely different masses (and so
would be presumably the neutrinos of definite masses). In other
words the lepton mixing angle reminds us of the Cabibbo mixing
angle and is not expected to be large for Dirac mass neutrinos.

On the other hand the situation might be different in the.
case of Majorana mass neutrinos. If neutrinos have a Majorana
mass one should not be very surprised facing special situations,
whereby one definite neutrino oscillation has an amplitude close

*PC-invariance in the lepton sector is assumed. There are used

tie notations vis Vg » Vg,... for particles of definite masses
and ve , vy , ¥r ,... for the "phenomenological” particles under-
going the usual weak interaction. Among the neutrinos which have
no definite masses,those which do not undergo the usual weak in-
teraction will be called sterile(for example the right handedv,
and the left handed v

e ° VeR (ster) » Vel (ster)’etc')'
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to the maximum one. We moved from an analogy with the K°-K°

and n +T/9/ oscillations (if any), where oscillation amplitudes
are large. Under PC-invariance in the case of such oscillations
the particles with definite masses are neutral particles-desc-
ribed by PC-eigenstates having opposite PC-values. As a matter
of fact this means maximum mixing., The analogy for Majorana mass
neutrinos is in no way full for the following reasons:

a) The mass difference (m,-m,) may be comparable with, and
even larger than, the mass of the less heavy neutrino (in K 2K°
and n;gﬁ oscillations Am <<m,,mg, the notations being obvious).
The requirement that m; and m, must be positive, leads to the
possibility that in certain cases there result two PC- elgenva—
lues of equal signs, in other cases of opposite 51gns/ 10/ The im-
portance of this point for the neutrinoless double B —decay has
been emphasized by L.Wolfenstein/11/.Incidentally, it should be
noted that for Majorana fermions PC-eigenvalues,are pure imagi-
nary /12/and only relative PC-eigenvalues have physical meaning.

b) The presence of at least a substantial neutrino helicity
leads to effects typical only of neutrinos, effects which do
not take place in the case of neutrons, the interaction of
which is parity conserving. This can be seen right away by put-
ting the question: how about the neutrino oscillation amplitude
in the case of two Majorana neutrinos with different masses
(four states) whereby the mass term is entirely right-left sym-
metrical? The answer is: the oscillation amplitude is maximum.

2. SOME APPLICATIONS

We would like to emphasize here that there are known only
a few charged leptons: e , ¢ , r. Therefore there is a relative
small number of conceivable oscillations between neutrino sta-
tes 718/ : v, TV, Ve Ve, Vo2 VeL(ster), Vet uL(ster), Yer—2'rL(ster)s

Wa=2vr s Yy uL(ster) s Vet VeL(ster)’ V= 7L(ster)9

"“rL(ster) »Vr 2

Vr 72 Vel (ster) ’Vr1=LVuLstH The gssumptlon lﬁ made thﬁt fo? eve-
ry exper1menta1 fac111ty there is only one "relevant'" oscillati-
on. So are defined oscillations of substantially large amplitudes
and of effective oscillation length adequate (that is smaller or
about equal to the distance source—detevtor)

) Below 1) Ve_"ueL(ster)’ 2) vy VuL(ster)> D ve Yy oscilla-
tions* will be considered in schemes wilth MaJorana mass eigen-

A

*0f course, instead of v,—»v, oscillations, vg2¥r oscillati-
ons might be more important. Oscillations ¥y;*¥r also might be
relevant.Oscillations into sterile states of different flavour
(v *VuL(swr)’ etc.) are not considered here, as they are pro-
bably of less importance.
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states.! The main application of the oscillation modes 1), 3)

is in solar neutrino experiments: as we have stated large os-
cillation amplitudes are expected, and, as far as the effective
oscillation length is concerned, either the "Sun-Earth facility"
is adequate or the oscillations at issue will never be observed.
The modes V=2 v,e , V“h;ﬂq, ug::VML(Sm,)are of importance also
in the analysis of cosmic ray neutrino experiments, whereby the
"atmospheric" v, intensity is measured underground and compa-
red with the intensity expected in the absence of oscillations
(see especially the Chudakov group experiment)’/6/. A similar
statement can be made onv, experiments of the Dumand type /14/
and also on v, experiments which will be the byproduct of the
investigations in which proton decay is searched for in multi-
kiloton detectors /15/.

In solar neutrino and atmospheric ¥, experiments a clear
signature for oscillations may be discovered only if the oscil-
lation amplitudé’is large. Hence the importance of Majorana mass
schemes, which might just accomodate such a large amplitude.The
solar experiments and atmospheric v, experiments, in addition,
are quite sensitive from the point of view of the well known
parameter/Z/M2 =|m®-m2| (that is the experiment is adequate if
M2 > 10712ev 2 ig the solar case and if M 2> 107 eV? in the
case of atmospheric cosmic v, ).

How about accelerator and reactor neutrino experiments? The
main interest of such experiments is due to the possibility of
getting information on small amplitude oscillations if the os-
cillation length is adequately small. Therefore the present note,
dealing with oscillation lengths much larger than the distance
source — neutrino detector in such experiments, is of no rele-
vance for them.

We have been discussing essentially schemes with two Majorana
massive neutrinos, Let us examine the situation with oscillati-
on amplitudes in two concrete examples.

3. EXAMPLE 1, TWO MAJORANA MASS NEUTRINOS,
PURE MAJORANA MASS TERM

Let us ‘consider the case of two Majorana mass neutrinos, the
masses of which are not both identically equal to zero. We shall
assume a purely Majorana mass term. This implies that the neut-
rino field components which are present in the mass term are
also present in the ordinary weak current. There are no sterile
neutrinos. The striking two component weak current structure is
fully preserved and the oscillations which arise are of the
type, say, Ve—~+vﬁq0{ If we wish to preserve the notion of lep-
ton charge (useful even in the case considered, where it is
violated), we must recognize that there is only one lepton
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charge*, which has opposite signs for e~ and u™. But this is the

scheme proposed by Zeldovich/18/and by Konopinsky and Mahmoud’17/,

(renewed in connection with lepton charge non conservation),
according to which e and u* are particles with identical lep-
ton charge. Maximum mixing appears to be very natural in this
scheme. As a matter of fact the charged lepton current is

N

e =200 yaeL)*(ERyaVR)] : ()

All the four components of the neutrino field (only one!) are
present in the current on the same footing.

Within the framework of the scheme considered here, it is
natural to assume that vy and vpare present symmetrically also
in the neutrino mass term. Such a term of the Lagrangian has
the form

m Bm\ / Vc
om m / \

where m and 8m are real parameters, andy °=C7 Tis the charge
conjugate spinor. After diagonalization we have

—‘E = (ljch) ' (2)

- = 2 mynov, . 3
1.2 i 3)
Here v, VIV 4nd m, .=m8m. The analogy with the case of

1,27 JZ 1,2

neutral kaons is evident. As mentioned above, the analogy is
limited by the possibility that 8m may be not small in compari-
son with m. For example, if my<0, the neutrino field of mass -
m g isvi =y5 vy, as it was remarked by V.Gribov/1%{In such
a case neutrinos of definite masses have equal PC parities,
and not opposite PC parities, as in the case when m, and m, are
positive /117,

The physical reason why the Z-K-M scheme yields naturally
a maximum mixing amplltude can be seen also as follows. In
such a scheme there is one flavour shared by the electron and
the muon and the oscillations v gov, are, in fact, particle —
antiparticle oscillations, similar to neutral kaon oscillations.
Incidentally, one would expect the oscillations considered here
to have a quite large oscillation length (small &m ).

*If there were two lepton charges, which are not conserved
exactly, we would be faced,with eight objects, and not with four,
as we should. Thus the Ze1d0v1ch and Konoplnsky—Mahmoud scheme
is not far fetched. It is required by our assumptions.
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4. EXAMPLE 2, TWO MAJORANA MASS NEUTRINOS,
COEXISTENCE OF MAJORANA AND DIRAC MASS TERMS

*

This example seems to be at a first glance quite unrealistic,
but it serves the purpose of 111ustrat1ng the situation with
oscillations to and from a sterile particle, which are implied
by the coexistence of Majorana and Dirac mass terms’/13{We may
think of dealing with only one type of neutrinos, let us say
Ve s and putting ourselves the questlon as to whether oscilla-
tions vee= —*VeL(ster) My have a maximum amplitude. The oscilla-
tion picture is fully described by 3 parameters having the di-
mensions of a mass, Mgact; act » Meter; ster » Mactster» Which are
present in the lepton number violating mass term:

—c
~£=7 V VoL Mact; act™ eRVeL Weter; ster +
(4)
v peyc .C.
M (VeRVeL + VeRVeL )mact; ster+h
If the equality
M act; act™ Wster; ster (5)

holds, the Lagrangian (4) has the form (2) (with the obvious
replacement M—M, o cpor and Sm—m, cti_act ). The Majorana neut-
rino fields with masses my, 2~mactsm,_nuﬂt act are vy o=(rotv)/\/2,

The oscillation ”ezZL%L(swr)has maximum amplitude.

5. CONCLUSIONS

Of course the oscillations of the type v ””’VeL@tu)’ =
‘“*VuL(swr% which we have just been dlscu331ng for the case
of Majorana mass eigenstates, are not possible in the case of
Dirac mass eigenstates.

Oscillations of the type v —»u#,whlch we have been discussing
in the case of two Majorana mass elgenstates (four neutrino sta-
tes), instead, can take place also in the case of two Dirac
mass eigenstates/7/ (eight neutrino states). It is instructive
to compare the conditions for maximum oscillation amplitudes for
Majorana and, Dirac mass eigenstates. In the Majorana case the
mass term can be written as /10/

-8=v

M+v vemM o

" RYL M

Sy
R"L
(6)

~c ¢
+(VRVL+V uL)m +h.c.

and the condition for maximum amplitude is

~
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Mee = Myup 7)

a symmetry which we have found plausible on physical grounds

(the renewed ZKM scheme, implied in the case at issue, see §3).
In the Dirac case the mass term can be written as
b - D
—-S‘.’:veRVeLm + VR Vun Wt
(8)
- o
+ VoR VuLmeu+ V#R Ve M ue+ h.c.

and the conditions for maximum escillation amplitude are*

lngg =KDJZ '
9)
mP-mP
ept pe

The parameters m, andm,, physically, are the "bare" mas-
ses of the electron and the muon neutrinos and it is hard to
expect them to be equal.

Thus the "true neutrality" of Majorana mass neutrinos (at
a variance with the case of Dirac mass eigenstates), seems to
make plaugible the full analogy between neutrino oscillations
and K°~—K° Re==0 oscillations. This analogy in fact implies
maximum oscillation amplitude.

We would like to thank S.Bunyatov,

I.Kobzarev, M.Shchepkin and
S.Petcov for useful discussions.
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llpuBoasTCA apryMeHTH B MONL3Y TOrO, YTO B cllyyae HeHTPHHO
C MaHODaHOBCKHMM MACCAMH JIHOHDYIONME OCUMIUIANHM MEeXLYy OBYMA
HEHTPHHHBEIMH COCTOSHHIMH XapaKTepH3VIOTCA 6Oobmoh aMIIUTY O O0H
H, BO3MOXHO, OOIIBWOH OJIMHOH OCHMIUIAUMH. B ¢BAsSH ¢ 3TOH ruUnore-

30# NOJAUEDKHBAETCs 0C08asi PONb OMbTOB C CONMHEYHbMH M KOCMHYye—
CKHMH HeHTPHHO.
1

PaGora snmonHeHa B JlaBopaTopuu spepHsX npo6iem OUSIH.

NpenpuHT 06BEAMHEHHOTO MHCTUTYTa AAepHbX uccreposaHui. [JybHa 1982
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Large Amplitude Neutrino Oscillations with Majorana Mass
Eigenstates? -

Arguments are given in favour 6f the hypothesis that,
for Majorana mass neutrinos, a leading oscillation between
two neutrino states could well be characterized by a large
amplitude (and probably a large oscillation length): hence
the great importance of solar neutrino and cosmic ray neutrino
observations. .

The investigation has been performed at the Laboratory
of Nuclear Problems, JINR.
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