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The Majorana theory applied to the muon’s neutrino predicts lepton-nonconserving phenomena with a
small probability of second order in m,, the neutrino mass, and ¢, the deviation from ¥V — 4 theory. In par-
ticular, in the coupled reactions r — u+v,, v,+Z — Z’'-+u, where Z and Z’ are nuclei, there is a small
probability that the muon produced in the second reaction has the same sign as the original x. This prob-
ability is computed to lowest order in @ and m,. It may be as great as 8/100, consistent with present experi-
mental upper limits on ¢ and m,. If we assume ¢=0, the probability goes as m,* and cannot be more than

1/200.

If a small lepton-nonconserving effect were to be observed, the problem might arise of distinguishing
between nonvanishing ¢ and nonvanishing m,. This might be done by an improved measurement of the
high-energy part of the electron spectrum in u decay. To this end the electron spectrum is calculated exactly
as a function of energy, angle, m,, and a. It is seen that m, has an enhanced influence on the high-energy
part, whereas the influence of ¢ is of the same order of magnitude at all energies.

HE Majorana theory of neutral leptons treats a
particle » as indistinguishable from its anti-
particle #. If » is massless and interacts only with a
factor (141s), the Majorana theory is identical to the
lepton-conserving theory, in which » and » are distinct.
However, Case! has pointed out that if » has a mass m,
or if it interacts with a factor [1++vs+a(1—~s)], the
Majorana theory predicts effects, such as neutrinoless
double B8 decay, which violate the law of lepton con-
servation. The likelihood of these effects would be
proportional to m,? or a?.

This consideration is particularly noteworthy for
the muon’s neutrino, »,, which has been shown to be
not identical to the electron’s neutrino.? For the
muon’s neutrino, the experimental upper limits to m,
and || are still rather high. Therefore it is conceivably
possible to observe phenomena that do not conserve
leptons. Consider the coupled reactions

at—uttv, wtZ—Z+u 1)

and also
T p v, vt Z— 2" ut (2)
=t vtz Z e 3)
rmt—uttv,, v,+Z— ZV+ut. 4)

(Z, Z', and Z" represent nuclear species.) If leptons
are conserved, then (3) and (4) are absolutely for-
bidden, since the net effect is to produce two muons of
the same sign. But under the Majorana theorv, (3)
and (4) are possible unless ¢ and m, both vanish.
Lepton conservation is then replaced, for u and »,, by
a weaker restriction, that the net change in the total
number of u*, u~, and v, present must be even.

Let Ry, - -+, R4 be the relative rates of reactions (1)
through (4). An experiment could measure the branch-
ing ratios Rs/R; and R3/R,. These ratios cannot be
computed theoretically since we do not know the

1 K. M. Case, Phys. Rev. 107, 307 (1957).

2 G. Danby, J. M. Gaillard, K. Goulianos, L. M. Lederman,
N. Mistry, M. Schwartz, and J. Steinberger, Phys. Rev. Letters
9, 36 (1962).

matrix elements for Z— Z’ and Z— Z”. However,
(1) and (3), which involve the same nuclear transition,
can be compared theoretically; so can (2) and (4).
The product R3Rs/R1R; can thus be obtained from both
theory and experiment.

Let us now designate the helicity of the neutrino by
a subscript R or L. Reactions (1) proceed mainly as
follows:

=t ), )tZ—Z'+um. (la)
Reactions (3) proceed in any of three ways:
==+ @), (it Z— 2+ (3a)
= u+@)r, W)+ Z—Z+u;  (3b)
=+ e, r+Z— Z'4um. (3c)

[In (3b), the neutrino is right handed in the = rest
system but left handed in the lab system. This is
possible if m,70, since the helicity of a massive particle
is not Lorentz-invariant. ] Thus we may write

R3= R3.+ Rap+ Rs.. (5)

(In the following formulas we assume that g is real, as
required by time-reversal invariance.)

The ratio R3q/R, is, to lowest order in @ and m,, the
probability that the neutrino from 7-u decay has the
“wrong” helicity :

—m VQ; (6)

where m., m, are the rest masses of 7 and .
The ratio Ry/R; is given by

Rs/Ry= (1—C05¢)/(1+C05¢)1 (7)

where ¢ is the angle, in the neutrino rest system,
between the velocities of the lab and the pion. This
angle is related to 0, the angle between the », velocity
as seen from the = rest system and the 7 velocity in
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the lab system, by the formula

(E<E,+ p«p» cosd)?

mim,?

j 2

sing=— sino[

Mx

1]“”2, ®)

where E., p, are the energy and momentum of = in the
lab system, and E,, p, are the energy and momentum
of v, in the 7 rest system. If we assume that ¢ is small
and that p,>>>m.,% we can write

Ry My sin%@
—=1 sin’p=~ m,> .
Ry (me2—m2)?  (14cosh)*

9)
In practice, ¢ and 6 are not fixed sharply but are
spread out over a range. Thus (9) must be replaced by

Ry

—_—

My?
~—m,’s, (10)
Ry (mg2— m2)?

where s is some weighted average of sin’6/ (14 cos6)?
= (1—cosf)/ (1+cosb), the weighting to be determined
by the geometry of the experiment. As an estimate, we
may take the average uniformly over the solid angle
defined by 8 between 0 and some 8yax <. Then

2 2
s= In
14 cosfmax

= 1. (11)
1—cosfmax

It is reasonable for 8..x to be quite large, since in the
lab system the », angular distribution is ‘“‘folded”
forward. If @nax=m/2, (11) gives s=2In2—1=0.4.

The ratio Rj./R; is obtained by comparing cross
sections for the same nuclear reaction produced by a
neutrino of “wrong” and “right” helicity. To lowest
order it is a polynomial homogeneous of second degree in
a and m,. It is easily seen that the coefficient of a2 is 1,
regardless of what nuclear process is involved. The
coefficients of m,a and m,? however, depend strongly
on the likelihood that the u helicity is opposite that of
the neutrino. This in turn depends on the nuclear
matrix elements, which at energies of several hundred
MeV are quite unknown. At such high energies,
retardation cannot be neglected ; the matrix elements
are therefore not the same as in 8 decay, nor can the
Fermi or Gamow-Teller selection rules be used. More-
over, several different processes may contribute to the
cross section, including nuclear breakup and pion
emission. It can be shown, however, that the coefficients
of m,a and m,? in Rs./R; are almost certainly smaller
than the corresponding coefficients in R3./R; by factors
of order of magnitude m.m,/E,E, and m.%/E.z,
respectively. (E, is the energy of the muon that comes
from the nuclear reaction.) Therefore we neglect these
terms and write

Rac/Rl’f?'vd?'. (12)

MUON'S NEUTRINO

Combining (5), (6), (10), and (12), we have

R; 2m,*
—=20?——m,a
R, mu(me2—m,?2)

2

Mt m,>
<1+—2s>m,2, (13)

m,2(m2—m,*)? m

where s is as discussed following (10). Since this
formula does not involve the nature of the transition
Z — 7', it holds equally for Rs/R,.

If phenomena such as (3) and (4) should be observed
in the laboratory, the problem would arise of determin-
ing the two unknowns, ¢ and m,. Equation (13) gives
one relation between the two; a second is needed. For
example, if R3/R;=107% it might signify either that
a=0 and m,~1.6 MeV, or that ¢=0.022 and m,=0.
It is not much help to vary s by changing the geometry,
or to vary the material used to capture the neutrinos,
since the effect on R3/R; of either of these changes is
small and hard to estimate. An entirely different
phenomenon must be studied.

Such a phenomenon is u decay. Consider a positive
muon at rest, with mass 7, and polarization P, decay-
ing into a positive electron and two neutrinos. Let the
electron have mass m,, momentum p, and energy E.
Let the electron’s neutrino be massless, and the muon’s
neutrino have mass m,; and let the relevant term in
the interaction Lagrangian be

G yavo (147vs)+a(1—xs) Wb,
X (1+75)’Y¢z74¢c- (14)

The probability per unit time that the electron is
emitted into an energy interval dE and solid angle dQ
is then (we take i=c=1)

RAEdQ= (1/47)G2| p| m,(1—b)?
X{[(14b+2a2) E(Wo— E)
+3(1420)p*— am,(E—m2/m,) ]
+p-PLA(142) (E—m2/m,)
—31(1—b—6a2) (Wo— E)—am, J}dEdQ, (15)

where W= (m,2+mz2)/2m,, b=m,*/2m,(W,— E). This
formula is exact except for radiative correction and
holds for either the Majorana or the lepton-conserving
theory. On integration over Q it yields the isotropic
spectrum given by Michel® [In his equation (45), set
g1=ga=gs=0, g2=\/ZG(1+a), g4=VZG(1—a).] For
m,=0 it yields the asymmetry formula given by
Bouchiat and Michel* [set Q= (8/7)G*(1+4a?), »
={(1+a), 9=0, a=a*(1+a*)7, f=1(1+a»7, and
replace m2/E by m2/m, in the coefficient of 8]. For
a=0 it reduces to the formula of Bahcall and Curtis.5
[If, in their Eq. (10), G? is the same as ours, then W,
should be replaced by m, in the definition of 4.]

3 L. Michel, Proc. Phys. Soc. (London) A63, 514 (1950).
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& J. Bahcall and R. B. Curtis, Nuovo Cimento 21, 422 (1961).
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Since the parameter 4 in (15) approaches 1 as the
electron energy approaches its maximum Wo—m,?/2m,,
the relative sensitivity of u decay to ¢ and m, is different
from that of processes (3) and (4). To take the example
of the last paragraph but one, if ¢=0 and m,=1.6
MeV, the parameter b would affect both the energy
spectrum and the asymmetry, for electron energies
near the maximum, by an amount that might be
observed by an improvement of existing measurements.
But if ¢=0.02 and m,=0, the parameter a? in (15)
would be quite negligible. Thus, an improved measure-
ment of the tail of the electron spectrum in u decay
might be combined with a measurement of the branch-
ing ratios for (3) and (4) to give an estimate of both
a and m,.

The preceding considerations are theoretical. In the
immediate future, however, there is little hope of
observing reactions (3) and (4) unless the branching
ratio R3/R; is at the least 0.01. Such a large effect
could not be produced by m, alone and could only be
interpreted as evidence that ¢*>0. Indeed, it is known
from the energy-momentum balance in m-u decay® that

¢ W. H. Barkas, W. Birnbaum, and F. M. Smith, Phys. Rev.
101, 778 (1956).
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m, <38 MeV. From Eq. (13) it follows that if a=0,
R3/R; is at most about 1/200.

An upper limit on a®> may be obtained from the
isotropic energy spectrum of the electrons in u decay.
If we neglect m,, the p value from Eq. (15) is (1442
Plano’s” experimental value is 0.78040.025. If this is
taken literally it is too high even if ¢?=0. Let us
therefore allow two standard deviations; then p>>0.730,
a2<0.027, and R3/R,X5%/100.

The maximum conceivable value of R3/R; is obtained
by letting a be positive and giving m, and ¢* their
maximum values. Let us neglect the influence of m,~ 33
MeV on the p value in u decay, so that we can retain
our maximum of 0.027 for a2. Then the maximum value
for R3/R; is about 8/100.
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The differential cross section and recoil-proton polarization in #—-p elastic scattering at 310-MeV
incident-pion energy has been measured. The differential cross section was measured at 28 angles in the
angular region 25 < 61,5 < 160 deg. The fractional rms errors were typically 3%,. The reaction was observed
by counting the scattered pions emerging from a liquid-hydrogen target with a counter telescope consisting
of scintillation and Cerenkov counters. Simultaneously, the recoil-proton polarization was measured at
four angles in the angular region 114 <6,.m. <146 deg. The recoil protons from the liquid-hydrogen target
were scattered from a carbon target and the left-right asymmetry was measured. Scintillation counters
were used throughout to detect the particles.

I. INTRODUCTION pecially in the region near 300 MeV. The experiments

HE pion-nucleon interaction has been experiment-

ally studied for some time. In the majority of the
experiments performed, differential and total cross sec-
tions for the elastic scattering of positive and negative
pions on protons have been measured. Although there
exists a reasonable amount of data, most of it lacks
completeness and accuracy at any single energy, es-

* This work was done under the auspices of the U. S. Atomic
Energy Commission.
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described herein are a part of a continuing effort at
the Lawrence Radiation Laboratory to obtain accurate
and complete data on the =-N interaction at 310 MeV.
Previously Rogers et al.! had made accurate measure-
ments of the differential cross section for =+-p elastic
scattering, and Foote ef al2 had obtained recoil-
proton polarization for the same reaction. However,
investigation of #*-p scattering leads only to informa-
tion about the isospin 3/2 state of the =-NV system. To

1 E. H. Rogers, 0. Chamberlain, J. Foote, H. Steiner, C. Wie-
gand, and T. Ypsilantis, Rev. Mod. Phys. 33, 356 (1961).
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