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1. I N T R O D U C T I O N

T H E t w o - c o m p o n e n t n e u t r i n o t h e o r y i s m o r e t h a n

s a t i s f a c t o r y . At w o r s t i t r e p r e s e n t s an a s t o n i s h i n g l y

good a p p r o x i m a t i o n t o r e a l i t y . It i s n e v e r t h e l e s s not

w i t h o u t i n t e r e s t t o c o n s i d e r c e r t a i n n e w p r o p o s a l s f o r

n e u t r i n o e x p e r i m e n t s , d e s i g n e d t o t e s t w h e t h e r t h e n e u -

t r i n o i n d e e d p o s s e s s e s fully t h e p r o p e r t i e s w h i c h a t t h i s

t i m e a r e u n i v e r s a l l y a c c e p t e d . I s h a l l t o u c h on s e v e r a l

p r o b l e m s , w h i c h a r e t r a d i t i o n a l l y l i t t l e d i s c u s s e d a t

c o n f e r e n c e s on h i g h - e n e r g y p h y s i c s , in o r d e r of i n c r e a s -

ing d e g r e e of r e m o t e n e s s . It t u r n s out t h a t , in p r i n c i -

p l e , t h e q u e s t i o n s c a n b e a n s w e r e d by c a r r y i n g out n o t

t o o " f a n t a s t i c a l " e x p e r i m e n t s .

2 . WHAT IS T H E N A T U R E O F " D I A G O N A L "

P R O C E S S E S ?

R e c e n t l y G e l l - M a n n , G o l d b e r g e r , K r o l l , and L o w ' 1 '

have p r o p o s e d t h e i d e a t h a t t h e " d i a g o n a l " a n d " n o n -

d i a g o n a l " t e r m s in t h e w e a k - i n t e r a c t i o n s H a m i l t o n i a n

h a v e n o r e l a t i o n t o e a c h o t h e r a n d m a y h a v e a n e n t i r e l y

d i f f e r e n t n a t u r e . Whi le t h e " n o n d i a g o n a l " w e a k p r o c e s -

s e s h a v e b e e n r a t h e r w e l l s t u d i e d , i n f o r m a t i o n on t h e

" d i a g o n a l " t e r m s of t h e H a m i l t o n i a n for t h e w e a k i n t e r -

a c t i o n s i s r a t h e r s c a r c e . F i r s t of a l l it r e f e r s t o the

n u c l e o n p a r t of t h e H a m i l t o n i a n and i s b a s e d on e x p e r i -

m e n t s s t u d y i n g p a r i t y n o n c o n s e r v a t i o n e f f e c t s in n u c l e a r

t r a n s i t i o n s ' - 2 1 . S e c o n d l y , s o m e i n f o r m a t i o n on t h e t e r m

(eue)(vee) in t h e H a m i l t o n i a n i s o b t a i n e d f r o m e x p e r i -

m e n t s w i t h h i g h - e n e r g y n e u t r i n o s ; f o r t h e e f fec t ive

c o u p l i n g c o n s t a n t Gv one f i n d s [ 3 ] t h a t G 2, < 4 0 G 2 ,

* Report at the XV International Conference on High Energy Phy-
sics, Kiev, August 1970.

w h e r e G = \QT /M2—is t h e F e r m i c o n s t a n t . T h i r d l y , a s

w a s n o t e d m o r e t h a n t e n y e a r s ago a t t h e Kiev c o n f e r -

e n c e on h i g h - e n e r g y p h y s i c s ' - 4 1 , t h e e x i s t e n c e of t h e

v-e s c a t t e r i n g p r o c e s s , p r e d i c t e d by t h e u n i v e r s a l

t h e o r y , g i v e s r i s e t o i m p o r t a n t a s t r o p h y s i c a l c o n s e -

q u e n c e s , t h e a n a l y s i s of w h i c h c a n , i n p r i n c i p l e , t e s t

t h i s p r e d i c t i o n 1 - 5 ' . T h e t h e o r e t i c a l s t u d i e s of t h e a s t r o -

p h y s i c a l d a t a [ 6 ] i n d i c a t e t h a t G 2 , = 1 0 ο ί 2 G 2 . F o u r t h l y ,

t h e r e a r e a t t h i s t i m e b e i n g c a r r i e d o u t ' 7 ' and p l a n n e d 1 · 8 ]

e x p e r i m e n t s on t h e s tudy of t h e r e a c t i o n s ve + e — ue

+ e u t i l i z i n g a s a s o u r c e of Pg a p o w e r f u l u r a n i u m r e a c -

t o r . T h e r e s u l t s o b t a i n e d by R e i n e s and G u r r 1 - 7 ' g ive

Gle < 4 G 2 .

H e r e we would l ike t o e m p h a s i z e t h e p o s s i b i l i t y in

p r i n c i p l e of s t u d y i n g t h e r e c o i l e l e c t r o n s p e c t r u m in

Pg-e s c a t t e r i n g . T h e p o i n t i s t h a t m e a s u r e m e n t of the

s p e c t r u m i s not m u c h m o r e dif f icult t h a n t h e d e t e c t i o n

of t h e i ^ - e s c a t t e r i n g p r o c e s s i t se l f , and t h e r e s u l t i n g

i n f o r m a t i o n i s r i c h . In t h e w o r k of B a r d i n , B i l e n k i l , a n d

P o n t e c o r v o ' 9 ' t h e ?-e s c a t t e r i n g p r o c e s s w a s d i s c u s s e d

u n d e r a v a r i e t y of a s s u m p t i o n s a b o u t t h e n e u t r i n o - e l e c -

t r o n i n t e r a c t i o n . We c o n s i d e r t h e fol lowing p o s s i b i l i t i e s :

1. T h e ve-e s c a t t e r i n g p r o c e s s i s d e t e r m i n e d by t h e

f o u r - f e r m i o n w e a k i n t e r a c t i o n (V - A, V(A), S ( P ) ) .

2. T h e Pg-e s c a t t e r i n g p r o c e s s i s due t o t h e

" a n o m a l o u s " e l e c t r o m a g n e t i c i n t e r a c t i o n of t h e n e u -

t r i n o , i . e . , a n a n o m a l o u s e l e c t r o m a g n e t i c r a d i u s o r

a n o m a l o u s m a g n e t i c m o m e n t .

T h e s p e c t r a of t h e r e c o i l e l e c t r o n s in t h e p r o c e s s

Pg + e — Pg + e w e r e c a l c u l a t e d f o r t h e known s p e c -

t r u m ' 1 0 ' of t h e i n c i d e n t Pg f r o m t h e u r a n i u m r e a c t o r .

It w a s s h o w n t h a t t h e m e a s u r e m e n t of t h e r e c o i l e l e c -

t r o n s s p e c t r u m u n d e r t h e s e e x p e r i m e n t a l l y - r e a l i s t i c

c o n d i t i o n s would l e a d t o i m p o r t a n t c o n c l u s i o n s on t h e
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c h a r a c t e r of the " d i a g o n a l " (eve)(vee) interaction. The
spect ra for the five cases (V - A, V, S, e lectromagnetic
radius , magnetic moment) a r e shown i n [ 9 ] in the form of
a table in the recoi l-e lectron energy regions from
1 to ~ 7 MeV. It is sufficient here to reca l l that the
recoi l-e lectron spectrum falls with increasing energy
much faster for the V - A version than for the other
vers ions of the four-fermion interaction: even a ra ther
rough measurement of the recoi l-e lectron spectrum in
the p r o c e s s Pg + e — Pg + e, using r e a c t o r antineutrinos,
would allow us to distinguish the V - A version from the
other interaction vers ions .

As r e g a r d s the anomalous electromagnetic interac-
tion of the neutrino, the calculations, also c a r r i e d out
for the spectrum of incident antineutrinos from the r e -
actor, show that the recoi l-e lectron spectrum in this
p r o c e s s is substantially softer in the case when the
interaction is due to the magnetic moment of the ant i-
neutrino than in the case when the interaction is due to
the electromagnetic radius . The necessi ty for mounting
experiments on the measurement of the recoi l e lectron
spectrum in the ue - e scatter ing p r o c e s s with r e a c t o r
antineutrinos is obvious.

3. OTHER NEUTRINO SOURCES?

In all experiments on high energy neutrino physics it
is supposed that pions and kaons a r e the only source of
neutr inos . Correspondingly all neutrino high energy
experiments a re c a r r i e d out by giving the pions and
kaons a chance to decay in flight. It is legit imate to ask
whether there exist other neutrino sources . It seems to
me that as a search experiment (Stanford, Serpukhov,
Batavia) one should attempt to detect neutrinos with the
help of a c lass ical high-energy neutrino detector, with-
out giving the pions and kaons a chance to decay in flight.
This means that the proton or photon (electron) beam
should fall directly on the shield behind which the neu-
tr ino detector is located. For i l lustration one may
justify the organizing such experiments in t e r m s of a
search for the intermediate meson or a search for
heavy leptons, which decay " i n s t a n t a n e o u s l y " produc-
ing a neutr ino. I have been informed that such a p r o -
posal was also made by Schwartz. Of course in these
cases the intensity will be r a t h e r smal l , but the neu-
tr inos should be of the electronic and muonic type in
approximately equal amounts (in contrast to the neu-
tr ino of pionic nature) or belong altogether to a differ-
ent type. By the way, the low intensity of neutrino p r o -
duction to be expected in the proposed experiment will
be partly offset by a significantly better detection effi-
ciency,· due to the smal ler distance between the neutrino
source and detector of v.

The organization of such experiments is of phenom-
enological interest independently of the justification
which might be dreamed up for them.

I shall not discuss in detail the possible background
in such experiments . Suffice it to say that it is due to
the decay in flight "against our w i l l " of pions and kaons,
and, obviously, the length character i s t ic of these decays
is approximately equal to the typical hadronic length
(a few cm in heavy dense substances) 2 ' .

*According to the kind information of Yu. D. Prokoshkin (Decem-
ber, 1970) an experiment of this type is already being mounted by the
Schwartz SLAC group.

4. IS THE LEPTONIC CHARGE CONSERVED? DOES
THE NEUTRINO MASS REALLY VANISH?

The question of the possible nonconservation of the
leptonic charge (or leptonic charges) is quite timely. I
shall discuss the t rend which has been developed in the
Soviet Union in recent y e a r s on this question and has not
been discussed at high-energy physics conferences.

In all experiments relevant to the question of poss i-
ble nonconservation of leptonic charge, one searches for
the probability or c r o s s section for some p r o c e s s
(μ* — e* + y, v^ + ρ — μ+ + η, double β decay, . . . ) , i .e.,
one m e a s u r e s the square of the amplitude for the p r o c -
e s s in question.

Even before Davis, H a r m e r , and Hoffman have organ-
ized the first experiment on observation of solar neu-
trinos ' · 1 1 1 using as the detector the reaction ve + Cl 3 7

— Ar 3 7 + e " [ 1 2 ] , I called a t tent ion [ 1 3 ] to the fact that:
1) the problem of possible nonconservation of leptonic
charge can be studied at a new level of sensitivity by
methods of neutrino astronomy of the sun and 2) such a
problem is of the highest priority for the astrophysical
interpretation of f irst observations of solar neutrinos.

The sensitivity of the method is due to the large d i s-
tances character i s t ic of the solar system and is based
on the possibility of measur ing the amplitude for the
process , and not the square of the amplitude. As every-
body knows, it i s precisely such a c ircumstance that
gave r i s e to the wonderful possibil it ies in the studies of
neutral kaons. The nonconservation of leptonic charge
leads to the possibility of oscillations in the vacuum
between different neutrino s tates . Since some of the
neutrino s tates a re unobservable (for example, the low-
energy ν μ) and, moreover, the oscil lations generally
speaking average out, the noneonservation of leptonic
charge under certain reasonably general conditions,
about which we shall speak below, gives r i s e to the fol-
lowing effect: the intensity of solar neutrinos measured
at the surface of the ear th will be half the intensity ex-
pected for an exactly conserved leptonic charge. But
how a r e we to est imate with sufficient accuracy the ab-
solute value of this lat ter intensity ? Our knowledge of
the sun i s insufficient to predict the number of events
due to solar neutrinos to an accuracy better than a fac-
tor of two [ 1 4 ] (except for the case when the events a re
due to solar neutrinos produced in thermonuclear r e a c -
tions p + p — d + e + + ^ e and e~ + ρ + ρ — d + ve, but
these neutrinos a re precisely of low energy and t h e r e -
fore difficult to detect). Thus the absolute determination
at the e a r t h ' s surface of the intensity of events due to
solar neutrinos is at this t ime not good enough to draw
the important conclusion concerning the e lementary-
part icle-physics question of interest to us . However,
this is so for the t ime being. In the future, astronomic
m e a s u r e m e n t s will provide an incomparably m o r e sen-
sitive method for the study of the conservation of lep-
tonic charge than the class ical methods of elementary
part ic le physics.

In the first astronomic experiment no solar neutrinos
have so far been observed. In the p r o c e s s it was
found'•11] that the number of events of the reaction
ve + Cl 3 7 — Ar 3 7 + e", due to neutrinos, is at least two
t imes more than e x p e c t e d c i 4 ] . Of course I do not believe
that the discrepancy is r e a l and due to the fact discussed
above, but simply wish to call attention once more to the
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fact that it is not possible today to draw a very impor-
tant conclusion concerning e lementary-part ic le physics
simply owing to our insufficient knowledge of the s t ruc-
ture of the best known star—the sun.

The description of t rans i t ions in the vacuum between
different s tates is of interest for elementary part ic le
physics for its own sake.

I n [ 1 3 ] , and also in the unpublished paper of
I. Kobzarev and L. Okun', the possible {i>e — ΐ*1^),
(ι/μ =r Ρμ), and (ve τ= ν μ) oscil lations were discussed.
As was shown in the paper of V. Gribov and B. Ponte-
c o r v o [ 1 5 ] , the first two types of oscillations should not
be considered, if it is postulated that only four types of
neutrino s tates exist in nature . It was for this case that
the conditions under which the oscillations take place
were discussed i n [ 1 5 ] . We suppose, following V. Gribov,
that in zeroth approximation (V - A theory) there exist
four neutrino states with z e r o m a s s , describable by two
two-component spinors ve and ν μ. In this approximation
it is convenient to speak of two strictly conserved lep-
tonic charges, electronic and muonic. Nonconservation
of these charges gives r i se to rea l or virtual t ransi t ions
between neutrino s tates . All possible t ransi t ions may be
described with the help of the interaction Lagrangian

Lint = m-ev'eve + m f t -ν> μ + mi^\'vye + a. c ,

w h e r e v' = T>C i s t h e c h a r g e - c o n j u g a t e s p i n o r . We d e -

n o t e t h e c h a r g e - c o n j u g a t e s p i n o r by v' r a t h e r t h a n v,

in o r d e r n o t t o confuse it wi th v.

For simplicity we suppose below that m g e , m -η, and
m e u . a r e r e a l > i- e·) CP conservation is assumed. In the
general case the discussion becomes somewhat m o r e
involved and we shall not stop to talk about it. The
interaction is easily diagonalized. The diagonal s tates
a r e given by

<Pi = (ve + v.) cos ξ + (νμ + v̂ ) sin ξ,

φ 2 = (ν, -ί- νί) sin ξ — (νμ + v'u) cos ξ,

where tan 2 ξ = These s tates correspond

to two Majorana neutrinos with m a s s e s m x and m 2

(altogether we have four s tates when the spin direction
is taken into account):

(If m 2 < 0 t h e n t h e r e a l s t a t e wi th p o s i t i v e m a s s m 2 i s

φ'2 = ys<P2). In this case the two-component spinors ve

and î n no longer descr ibe m a s s l e s s par t ic les and
should be expressed in t e r m s of four-component
Majorana spinors ψι and φ 2 '•

νμ = -j- (1 + Ve) [<Pisin I — ft cos I].

T h e l e p t o n i c c u r r e n t m a y in t h i s c a s e be w r i t t e n in

t h e u s u a l way:

The different m a s s e s of the Majorana neutrinos ψι and
<p2 give r i s e to ve χα

conventional notation v

and v'e zz ν'μ oscil lations (in

If at the t ime t = 0 an

electronic neutrino was produced, then the probability
of observing it at the time t has the form

.(*)|· = |ν.(0)|·{^

where m. = - m^^, Δ = ^- (ml - ml)

= (m e e - + m p - + 4 m | - p / 2 p , and ρ is the neutrino

momentum.
Let us emphasize that the oscillations take place

only if m e ^ and at least one of the quantities m e e - or
m u u a r e n o t z e r 0 · Physically this means that for the
existence of the oscillation it is necessary that the
probability of the decay μ — e + γ should not vanish and
that at least one of the c r o s s sections for the p r o c e s s e s
v> + η — e" + ρ and ι/μ + ρ — β* + η should not vanish.

Κ the oscil lations a re absent, then the following two
possibil i t ies can occur. If m g - = 0 then ξ = 0, and we
have two Majorana neutrinos (without oscil lations). If
m - = m,,TT = 0 and mo77 * 0, then it is natural to a s -
cribe to e~ and μ' opposite leptonic charge L ' (only one
kind) and consider (in place of the degenerate states
and φ'2 - ^
ite leptonic charge ψ = ve + ν' , ψ
component neutrino theory with parity nonconserva-
t i o n t l 7 ] ) . If meji and one of the quantities m - or m e e -
a r e not zero, i.e., if the oscillations do occur, then the
case when m e e -, m „- <K m e ^ is part icular ly at tract ive.
In that case

with m a s s m = m e ^ ) the s tates with defin-
ψ' = v'e + ν (the four-

φ,;

4 '
1

(2)

In that case the character of the oscillations is fully
analogous to the K° = K° oscil lations, and φ ι and φ 2 a re
analogous to K? and K?. According to the expression ( l) ,
the depth of the oscillations is maximal in this case.
Two spin s tates ^ l e f t and ^ r i K n t approximately coincide
with the observed "phenomenologica l " s tates ve and v'
(or νμ). Analogously vleft « ν and F r i g h t « v'e « vQ.
An equally simple oscillation picture, analogous to the
oscil lations of the neutral Κ mesons, occurs when m e g
and m - a r e not necessar i ly smal l in comparison with

m ee

e ~ * μ)·

m e - , however μ - e symmetry is present, i .e.

= π ί μ μ . In that case ξ = 4/π and the re lat ions (2) are
exact.

I n [ 1 3 ] , a s well a s in the unpublished work of Kobzarev
and Okun', the possibility was discussed that the neu-
tr ino oscil lations a r e due to so called milliweak inter-
action, which, besides PC, also violates lepton conser-
vation. We shall mention here also the other point of
view, according to which the oscil lations could be due to
a superweak interaction of the first kind, changing the
leptonic charge by two u n i t s C l 8 ] . This interaction r e -
minds one of the superweak interaction of Wolfen-
s t e i n [ 1 9 ] , which changes s t rangeness by two units and
it could be closely related to it. Certain ideas on the
possible values of the oscillational length 1/Δ can be
found i n t l 3 ] , and also i n [ 2 0 ] . Unfortunately however,
nothing definite can be said about the values of m e g ,
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mlT\i > a n d m e i i > ^a n d> consequently on the oscillation
length 1/Δ), even if they were to be connected with
definite (milliweak, superweak) interactions, since the
cut-off parameter is unknown: information on the os-
cillation length and hence on the value of the mass m
can be obtained only by detecting solar neutrinos (see
below).

Returning to neutrino astrophysics, we shall con-
sider here only the simplest cases, when the oscillations
are similar to the K° zr K° oscillations, say, when m e ^
= ΐ η μ μ ·

In such a case the intensity of the observed neutrinos
with momentum ρ at a distance R from the source will
be simply

1 / ^m

= jI0(R, ρ) ^1+cos —

-R (3)

where Io is the intensity which would be observed if the
leptonic charge were conserved (more precisely, if
m e e m e u = °̂ · T n e m a i n effect connected with a non-
vanishing value of m e gm e ^, namely the decrease by a
factor of two (in comparison with the expected) of the
intensity of neutrino-caused events, has been already
mentioned. This effect is due to averaging of the os-
cillations. I. Ya. Pomeranchuk noted the possibility of
detecting at the earth's surface of temporal variations in
the solar neutrino intensity, these variations being due
to a change in the distance between the earth and the
sun. This proposal is unlikely to be carried out, for
owing to the smallness of the relative change in this
distance (AR/R « 0.04) one would require either neu-
trino detectors with fantastic energy resolution or ex-
tremely precise measurements of neutrino intensity.

As was noted in [ 1 5 ] , utilizing a detector of monoener-
getic neutrinos could, in principle, lead to a decrease of
the observed neutrino intensity relative to the "calcu-
lated" one by even more than a factor of two. Bahcall
and Frautschi [ 2 0 ] have discussed the detection of solar
neutrino lines from the reaction e ~ + p + p — d + ve,
where it is important that the calculation of Io be suffi-
ciently reliable to detect a possible discrepancy between
Io and the absolutely measured intensity I.

Under what conditions then can one nevertheless ob-
serve the oscillating term in (3) by performing relative
measurements? Clearly, the oscillations do not occur
when meginejj = 0, and the oscillating term cannot be
observed when m e e -m e ^ is so large (i.e., when the os-
cillation length ~p/meeTne7[ for a neutrino of an arbi-
trary relevant momentum is so small) that the neutrino
source (the sun region which effectively produces the
neutrino) cannot be considered as a point source. Some-
where between these limits one may attempt to observe
the oscillations: for values of m e gin e p "uncomfortably
small" (I/Io — 1) one must detect "soft" solar neu-
trinos, and for values m e - m e ^ "uncomfortably high"
(I/Io — 1/2) one must detect relatively " h a r d " solar
neutrinos.

Here we would like to mention a new (albeit remote)
possibility of detecting the relative effect due to the os-
sillating term: the measurement of the spectrum of the
solar neutrinos in the high energy region with the help
of electronic methods for detecting neutrino events. It
can be shown that for favorable values of megme7j; the

change in the spectrum of the observed solar neutrinos
due to the oscillations as compared to the known neu-
trino spectrum from the decay of B8 could be detecta-
ble3».

A neutrino detector based on electronic methods for
detecting particles and appropriate for neutrino astron-
omy does not exist as yet, but, as was proposed in [ Z 1 ' ,
it could be constructed in the future by further develop-
ment of liquid counters.

What are the desirable properties for such a solar
neutrino detector ?

1. The setup should detect electrons from the ve - e
scattering process or electrons from the inverse β decay
with energy of the order of MeV.

2. The sensitive part of the detector should weigh no
less than 10 tons.

3. The setup should give information on the direction
of incidence of the detected neutrino.

4. The setup should give some information on the
energy spectrum of the electrons produced by the neu-
trino.

5. It would be desirable for the setup to discriminate
sufficiently between electrons of "neutrino nature" and
background electrons.

6. It would be desirable to produce a film-less
instrument, which is "always ready."

It would appear that to a large extent these require-
ments could be satisfied by a liquid chamber, construc-
ted, for example, according to the principles of the
Dolgoshein counter [ 2 2 ] (new liquid counter). By the way,
a large liquid counter would probably be useful also for
the detection of reactor antineutrinos.

I would now like to make more precise the assertion
that the observation with the help of solar neutrinos is
incomparably more sensitive than other methods for
studying questions such as: is the (average) neutrino
mass finite and is the leptonic charge conserved? We
may express the sensitivity of a given method (study of
the β spectrum of tritium, double β decay, solar
neutrinos ...) in terms of the (average) neutrino mass
or in terms of an upper limit for such a mass, which the
given method can determine. According to formula (1),
in the observation of solar neutrinos one may detect
absolute or relative effects, due to oscillations, if, say

or, making the simplifying assumption on μ - e symme-
try (which does not change the main conclusions), if

For solar neutrinos of energy ~10 MeV, for example,
the effects due to oscillations would be observed at the
earth's surface (R ~ 1.5 x 1013 cm), if

It is useful to recall that the masses mi and m2 of the
two Majorana neutrinos Vi and Vz are given in our case
by the expressions

The same proposal is also discussed by D. Kocharov and B. Ferberg,
Preprint A. F. Ioffe Phys.-Tech. Inst., No. 299, Oct. 1970.
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and that the m a s s of the "phenomenolog ica l " par t ic les
ve and νμ is given by (mi + m 2 )/2. It can be seen that
the sensitivity of the astronomic method is bet ter by
seven o r d e r s of magnitude than the sensitivity of the
class ical method 4 ' involving the study of the Η3 β spec-
trum, which is capable of giving an upper limit of
» 10 eV for the ve m a s s .

5. IS THERE A NEUTRINO-NEUTRINO INTERACTION?

It is usually assumed that the sole neutrino in terac-
tion is i ts c lass ica l weak interaction. The question may
be ra i sed whether the neutrino possesses some other
interact ions. Bardin, Bilenkii and Pontecorvo [ 2 3 ] d i s-
cussed the question of a v-v interaction. Clearly there
exists a v-v interaction due to second-order per turba-
tion theory in the weak-interaction coupling constant G.
We considered a new hypothetical v-v interaction. To
our s u r p r i s e it turned out that the existing experimental
data a re not in contradiction with the possibility of a
r a t h e r strong v-v interaction. We have also discussed
p r o c e s s e s whose experimental study yield information
on the interaction between neutr inos. After the conclu-
sion of our work we found that already in 1964
E. Bialynicka-Birula discussed the question of neutrino-
neutrino interactions'- 2 4 1 and made certain conclusions
and proposals analogous to ours .

If a sufficiently strong neutrino-neutrino interaction
exists, it is obvious that it will manifest itself in all
p r o c e s s e s involving the neutrino.

The following topics were studied:
a) new decays (see, for example, the diagram in

Fig. a);
b) new p r o c e s s e s involving a high-energy neutrino

beam (see, for example, the diagram in Fig. b);
c) neutrino " f o r m f a c t o r s " (diagram in Fig. c).
The v-v interaction under consideration would give

r i s e , obviously, to the appearance along with the con-
ventional decays with the emission of a neutrino and a
charged lepton, of decays with the emiss ion of an addi-
tional neutrino-antineutrino pai r . In detail the p r o c e s -
ses π* — e+ + i>e + ue + ve and K* — e+ + ve + ve + i>e

were considered; for the sake of concreteness , the
effective Hamiltonian describing the ve-ue interaction
was chosen in the form H,, „ = F,, „ (ναγηνα)ΰ/αγηυα).

The electron spectrum in these decays is expressed,
naturally, in t e r m s of Fj, „ and other known constants

(the weak interaction constant G = 10~5/M2 the pion de-
cay constant | ί π | = 0.92ηιπ or the Κ decay constant |f^|
= 0.25Ηΐπ, the electron m a s s and the pion or kaon m a s s ) .
Therefore, to obtain an upper l imit on the constant

j , jy ,
it is necessary to study the positron spectrum

in it* or K+ decays. The maximum number of e lectrons
from ττ* — e+ + or K+ —
decays in the appropriate energy interval may be ob-
tained from an analysis of the background in experi-
ments on the study of π* —- e+ + ^ e

[ 2 5 ] and K+ — e+

+ ve

i26l decays. An analysis of the pion and kaon decays
gives respectively F,, v < 107 G and F,, v < 2 χ 10β G.

This is an amazingly large number, but further s e a r c h e s

The cosmologjcal method proposed by S. Gershtem and Ya.
Zel'dovich (ZhETF Pis. Red. 4, 174 (1966) [JETP Lett. 4, 120 (1966)]
is also less sensitive than methods of solar neutrino astronomy.

for the K+ — e+ + ve + vQ + ve decays, aimed at improv-
ing the upper l imit on Fu v , a r e fully possible. The
observation of the p r o c e s s K+ — μ* + υ + ν + ι > ,
aimed at information on Fv „ , presents a more diffi-
cult problem 5 ' owing to the large background caused by
the reaction Κ' — μ* + νμ + γ (the decays τι* — e* + ve

+ γ and K* -~ e* + ve + γ a r e strongly suppressed for
the same reason as the suppression of the decays
•n* — e* + ve and K* — e* + ve).

Decays of muons, nucleons and hyperons a r e less
interest ing from the point of view of studying the ve - ve

or νμ - νμ interaction, then the above considered decays
of charged pions and kaons. We note in conclusion that
the existence of a ve - ve interaction would lead to an
additional diagram of a new type in the matr ix element
for the conventional double β decay (with lepton charge
conservation).

Decays with the emission of an additional neutrino-
antineutrino pair a r e strongly suppressed by the small-
ness of the corresponding phase-space volumes. For
this reason of great interest a re p r o c e s s e s involving a
high-energy neutrino beam.

If a sufficiently strong ν - ν interaction exists (let
us emphasize that it can be entirely different from the
ve — ve interaction), then the following p r o c e s s e s will be
observed (see the diagram in Fig. b):

νμ + η - * (
νμ + />-*!

μ, Ί (4)

etc.
F r o m the experimental point of view p r o c e s s e s of the

type (4) (in which, owing to the interaction of high en-
ergy muon neutrinos with nucleons, muons with
" i n c o r r e c t " sign of the charge a r e produced) are of
greatest interest . Such p r o c e s s e s , simulating violation
of leptonic charge, a re most simply identified experi-
mentally in the case when the final state contains no
charged pions.

We have calculated the c r o s s section for the process
(4) at various values of the incident neutrino energy in
the interval from 0.5 GeV to 50 GeV. Here we have a s -
sumed that the νμ - ν μ interaction is c a r r i e d by a vec-
tor part ic le x, whose m a s s m x was set in numerical
calculations equal to 1 GeV (the interaction Hamiltonian
SB= iV2Fy ^~™-χνμΎανμ'1ία)· Let us note that this model
was chosen just as a method for introduction of c o r r e -
sponding form factors . We have also used in the calcula-
tion nucleon form factors obtained from the analysis of
data on elastic neutrino p r o c e s s e s t 2 7 ] . The resu l t s of

(b)

*I t may be that this assertion is incorrect. I have found o u t recently

that in Berkeley the Stining group proposed to search for the decay K+ -»•
μ* + ι>μ + ι/μ + νμ using a clever experimental setup which very effectively
suppresses detection of decays of the type K+ -* μ* + ν + y, K+ -» μ+ +
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Cross section for the Reaction
va + Ρ — μ+ + η + ν u + ua

HeflTPHHO
BjiaO. CHCTe-Me, Γββ

0 . 5

1

2

3

5

1 0

2 0

5 0

(7/(ninF) , in
units bf 10""

cm1

5.9-10-·
1.4-10-*
1.1-10-»
3.2-10-»
9.0-10-»
2.7-10-2
6.0-10-2
1.5-10-1

<jlo<./(tnpF)',in
units of 10"40

cm1

6.7-10-e
1.9-10-4
2.2-10-»
7.8-10-»
3.0-10-2
1.5-10-1
6.1-10-1
3.8

I n t h e s e c o n d c o l u m n t h e c r o s s s e c t i o n a i s

g i v e n f o r t h e c a s e w h e n t h e v^-v^ i n t e r a c t i o n i s

carried by a vector particle χ with mass m x = 1
GeV (interaction Hamiltonian 3f = i \/5F
τηχν^ανχα)- ' n the third column the cross section
σΐοβ is given for a local iy, -ι>μ interaction with ef-

fective constant F.

the calculations a r e given in the table. In the second
column of the table values a re given for the c r o s s sec-
tion σ, divided by the dimensionless p a r a m e t e r
(m 2 F ) 2 for the model with a vector part ic le .

Ρ νμνμ
For comparison we also give in the third column of

the table the c r o s s section for p r o c e s s (4) in the case of
a local νμ - ν μ interaction.

The upper l imit on the constant F,, v may be es t i -
mated from the CERN data on possible nonconservation
of leptonic c h a r g e [ 2 8 ) . Taking into account the spectrum
of the incident neutrino beam we find F;, v s 2 χ 10β G.

It can be concluded from the table that the study of
react ions of the type (4) for high energy incident neu-
tr inos would give information on the existence of a
sufficiently s trong v^ - v^ interaction. The experimen-
tal difficulties, connected with the admixture of anti-
neutrino^in the neutrino beam (at present 1- 2 8 ' the admix-
ture of ΐ/μ in the ν μ beam does not exceed 1%), will be
substantially reduced when experiments become poss i-
ble with pract ical ly monoenergetic neutrino beams.
Obviously, all that has been said above applies as well
to the m o r e complex experiments with electron neutrinos
of high energy, allowing the study of the ve - ve in terac-
tion.

A strong vQ - ue (ι/μ - i O interaction would give
r i s e to a modification of the v% - e {νμ - μ)-scat ter ing
amplitude (see diagram in Fig. c). Should there exist
also a sufficiently strong ve - ν μ interaction, then the
c r o s s section for ι/μ - e scatter ing could turn out to be
substantially la rger than the c r o s s section calculated on
the bas i s of the conventional V—A theory 1- 2 9 ' . The inter-
action between electron and muon neutrinos would lead
to p r o c e s s e s of the type ν μ + η — ρ + e~ + ve + νμ,
simulating violation of muon charge conservation. The
magnitudes given in the table re ferr ing to the high en-
ergy region apply to the c r o s s section for this p r o c e s s
too. Using the data of experiments'- 3 0 ' on the study of
possible violation of muon charge conservation, we find
that F,, v =s 106 G. Let us note that this l imit is below

the upper limit for the constant Fv „ , which may be

obtained from an analysis of the e lectron spectrum in
muon decay. In the presence of a ue - v^ interaction the
p r o c e s s νμ + ρ — e+ + η + ν μ + i>e a lso becomes poss i-

ble. The study of this p r o c e s s may be substantially
simplified experimentally by the smal lness of the back-
ground due to the admixture of ve in the ι/μ beam.

In conclusion we would like to make the following r e -
m a r k s :

a) a strong neutrino-neutrino interaction would give
r i s e in the case of pure leptonic p r o c e s s e s to cut-off
p a r a m e t e r s many t imes smal ler than the so-called
unitarity l imit;

b) a strong ν — ν interaction would have important
astrophysical and cosmological consequences;

c) the neutrino-neutrino interaction i s the sole non-
weak neutrino interaction which is not excluded by the
existing experimental data; the assumption of a strong
interaction between the neutrino and hadrons or charged
leptons is inconsistent with experimental data.

I express deep gratitude to D. Yu. Bardin, S. M.
Bilen'kii, V. N. Gribov, I. Yu. Kobzarev and L. B.
Okun', together with whom the work here reported was
car r ied out.
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