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It is pointed out that neutrinos with a finite mass could be unstable. We discuss the con-
sequences of this possibility for solar-neutrino experiments.

It is generally assumed in textbooks on nuclear
physics or elementary particles that neutrinos
are stable particles. This assumption is neces-
sary for the validity of the astrophysical conclu-
sions that have been drawn' from the unexpected-
ly low counting rate in the currently operating
Brookhaven solar-neutrino experiment. In the
context of solar-neutrino problems, it is conven-
ient to adopt a limited definition of "stability";
we shall call a neutrino stable if the lifetime of a
1-MeV particle (typical energy expected for solar
neutrinos) exceeds -5x102 sec (the Sun-to-Earth
light travel time). We show by examples that our
present knowledge of neutrinos is insufficient to
establish whether or not neutrinos are stable
even in the very limited sense defined above.
Our results provide a new possibility' for the in-
terpretation of the "Cl experiment of Davis and
his associates'; future experiments with solar
neutrinos (see Table I) can determine whether the
low counting rate in the "Cl experiment is due to
neutrino decay or astrophysical uncertainties.
We note in passing that our examples showing
that v, need not be stable apply equally well to v»
but we concentrate on v, since it is of most di-
rect interest for solar-neutrino experiments.

Possible decay modes. —In order for a neutrino
to be unstable, it must have a finite mass which
may, however, be tiny. We assume for simplici-
ty that the masses for all the decay products of

v, are identicaBy zero. The simplest example of
a possible decay mode for v, is

r (E) = (16~5/g'mc')E/mc'.

The dimensionless coupling constant g can be
written conveniently in terms of the relevant
physical variables' as

y4 E 60 eV ' 500 secg-=1.7x10 '
1 MeV mc' r(1 MeV)'

(2b)

Although the above value of g suggest a rather
weak interaction, an interaction of the same
strength that allowed p, -e + y would lead to a par-
tial lifetime shorter than the total observed muon
lifetime and must be excluded. If v' is identical
to v& or is unrelated to muon neutrinos, this ex-
clusion can be achieved by known selection rules.
If v' is identified with v&, then the exclusion of
the p, -e + y coupling requires an ad hoc assump-
tion. We note also that values of g' orders of
magnitude larger than 10 "are possible without

v~ ~v +p~

where y is a massless scalar or pseudoscalar
boson' and v' is some other neutrino that could be
related to v& or v&. If the coupling is of the form

(2a)

the mean decay lifetime for a neutrino of energy
E and rest mass m is

8'Bb capture rate v-e scattering

TABLE I. Implications for future experiments (see Bef 8). All counting rates are expressed in units of 10 3

captures per target atom per second.

Assumed 3'Cl
capture rate Assumed explanations 'Li capture rate

0.4

Standard solar models
incorrect

Most neutrinos decay
fT(1 MeU) = 88 sec]

Standard solar models
very wrong

Almost all neutrinos
decay [T(1 MeV) =18
sec]

15+ 1 (Bef. 1) gx 10'

4x 102

Px 10

Mostly low-energy neu-
trinos are scattered

Mostly high-energy
neutrinos are scattered

Only low-energy neutri-
nos are scattered

Orally high-energy BB neu-
trinos are scattered:
intensity very low
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violating any known experimental results, per-
mitting much smaller values of T or m than 500
sec or 60 eV.

More complicated decay schemes than Reaction
(1) are ln principle possible, e.g. , (1) v~ v + pg
+ p„ (ii) v, - v ' + V; and (iii) v, —v, + v, + v„
where t/' is a massless vector particle and y; and

v; are other massless scalars and neutrinos, re-
spectively. Process (iii) can be ruled out since
it would require (for a v, unstable in our sense)
a muon partial lifetime (via p, +-s'+P„+v, +v,
+ v,} that is much shorter than the observed total
lifetime. From a cursory examination of muon

decay data, ' we estimate that if v, is unstable
through processes (i) or (ii) then 7(1 MeV) ~ 10 '
sec, so that we cannot exclude the possible role
of (i) or (ii} in solar-neutrino experiments.

AstrophysicaL consequences. The m—ajor astro-
physical consequences of our considerations are
illustrated in Table I. We consider two general
classes of explanation for the unexpectedly low
counting rate in the '"Cl experiment: (1) Some-
thing is wrong with the theory of solar models
(see Ref. 1 for specific possibilities); and (2)
most of the neutrinos produced in the sun decay
before they reach the Eaxth. In order to make
our discussions more definite, we have calculat-
ed the expected counting rates for three kinds of
targets ('Li, "Rb, and v-e scattering) that have
been proposed as po881ble solar-neutr1no detec-
tors; our calculations are given for two assumed
levels of counting rates in the "Cl experiment,
namely, the 1.5-SNU (1 solar-neutrino unit = 10"
captures per target particle per second) level
tentatively reported by Davis, Rogers, and Rode-
ka' and ~ 0.4 SNU (which represents approximate-
ly the ultimate sensitivity of the experiment}.
We calculated rows 2 and 4 of Table I assuming
that the standard solar models are correct and
that the failure to observe the px'edicted 9 SNU is
due entirely to neutrino decay. For rows I and
3, we have made the opposite assumption, name-
ly, that neutri. nos are stable. We adopted for row
I the suggestions for modifying the standard
solar models given in Ref. I. To obtain row 3,
we assumed that only p-p and p-e-p neutrinos
are produced in the Sun. The predicted rate for
such low-energy neutrinos is practically model
independent'9 and should contribute 0.3 SNU to
the "Cl experi. ment.

Note that the expected capture rates 1n the d1f-
ferent experiments considered depend strongly on
whether the discrepancy between theory and ob-
servation for the '7Cl experiment is ascribed to

the solar models or neutrino decay. This differ-
ence is easily understood. The low-energy neu-
trinos from the basic p-p and p-e-p reactions'
are most strongly affected by decay; on the other
hand, the flux of high-energy '8 neutrinos is
most sensitive to changes in astrophysical param-
eters' but is least affected by decay. The ratio
of neutxino flux at Earth to neutrino flux near the
px'oduct1on x'eglon ln the Sun is a very sensltlve
function of energy if decay is important since

y n h(E) = y „„,(E) exp[- (500 sec)/7'(E)]. (3)

The exponential dependence upon neutrino lifetime
in Eq. (3) suggests that a ratio of y„», /ya~h
-a few is unlikely and that the most likely out-
come of the "Cl experiment, if neutrino decay is
important, is an unmeasurably low capture rate.

Finally, we note that there is even a possibility
that one of the decay products of v„ i.e., t',
could be detected in v'-8 scattering' experiments.
This possibility adds to the physical as well as
astrophysical interest of electron-neutrino scat-
tering experiments.
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We study nv scattering in the reactions n p nx+~ aud n+n -pn+v at 7 GeV/c using
the RbsolptioB. -modified one-pion-exchaHge formalisIQ. Fitting the 'rF RIlgular distribu-
tions %'8 obtain 8 s I g Rnd D %'Rve lt'F phase shifts RIld lllelasticities for 0.6&PI(1f2f)& 1.5
GeV/c2. We find an I=0 S-Wave resonance with M =1.25 +0.04 aud 1 =0.3 +0.1 GeV/c2.
Support for our phase shifts in the f mass region is obtained from data on n+n pA+E
and n+n-pron at 7 GeV/c.

%bile r& scattering in the po resonance region
has been studied by many authors, ' there have
been relatively few such studies in the f' mass
region. Previously, Oh ef, aE.2 determined &r
phase shifts for 0.6 ~M(») ~ 1.4 GeV/c' by fitting
the sm angular distribution in &N -Ns& at 7 GeV/
c. Beusch e I, aE. ' have studied the I= 0 S wave
(5s') in the S*(1060) mass region by examing in-
elastic && scattering in the reaction ~ p -IKt, n
at 4 and 6.2 GeV/c. The Aachen-Berlin-CERN
collaboration of Beaupre et aE.' determined 5,
near the f'peak in &'p-4 n & at 6 GeV/c. In

m p -nm'm, 4191 events;

z+d -p,p~+n, 6654 events.

(1)

(2)

this work we direct our attention to the di-pion
mass range 1.0-1.5 GeV/c' where we observe an
8-wave resonance at 1.26 GeV/c' near the f'
peak.

Our data were obtained from two exposures of
the Midwestern Universities Research Associa-
tion-Argonne National Laboratory 30-in. bubble
chamber to 7-GeV/c pions. These experiments
yieMed 10845 &+r events in the channels


