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We discuss the properties of neutrinos in a class of gauge theories characterized by manifest left-right

symmetry and spontaneous genesis of parity nonconservation. Topics discussed in detail include: currents

with anomalous Lorentz structure (herein called, class III currents), electromagnetic properties of neutrinos,

and rare processes involving neutrinos which are forbidden in the two-component theory. Calculations of the
relevant coupling parameters and reaction rates a're presented agd compared to the best limits available from

terrestrial experiments and astrophysical considerations. Some cosmological implications are also discussed,

and it is suggested that all long-lived low-mass neutrinos have been discovered.

I. INTRODUCTION

During the last few years, a number of authox's
have investigated the possibility that weak inter-
actions admit of invariance under the operation of
left-right conjugation and that parity-nonconserva-
tion effects stem from the spontaneous breakdown
of this left-right symmetry. ' ' Within the frame-
work of the conventional procedure, using kine-
matical Higgs fields, for constructing unified gauge
models of weak and electromagnetic interactions, 4

the notion of spontaneous parity nonconservation
can be implemented in a vast variety of ways. For
a given gauge group, these various realizations
are expected to merge into one at very short dis-
tances', however, at low frequencies they are very
different indeed.

Our purpose in this note is to discuss some prop-
erties of neutrinos in a particular class of left-
right-symmetric gauge theories, those which em-
body the principle of manifest left-right (LR) sym-
metry. ' In such theories the physical left-handed
and right-handed currents are obtainable from
each other via a y, flip; more precisely,

~hrcical ~hicsical(y y )

+ finite loop-level corrections

(manifest realization).

Qur discussion of neutrino properties begins
with the observation that Eq. (1.1) is incompatible
with the two-component neutrino theory; to achieve
manifest left-right symmetry one is perforce ob-,
liged to have four-component neutrinos. With four-
component neutrinos it is necessary to reconsider
a variety of effects that were legislated away by
the two-component theory and which have not been
fully discussed in the context of renormalizable
gauge theories. ' We should also point out that al-
though our motivation for considering this possi-
bility is derived from the concept of,manifest left-
right symmetry, our analysis is applicable to any
gauge theory which incorporates four-'component
neutrinos.

This paper is organized as follows: In Sec. II
we consider the present limits on neutrino masses
and in Sec. III we discuss the genesis of what we'
call class III currents (i.e. , currents involving
the S, P, T covariants). Sec. IV is devoted to a
discussion of electromagnetic properties of neu-
trinos. In Sec. V we discuss some rare processes
which are exactly forbidden in the two-component
theory. We conclude (Table I ciec. VI)with a re-
view of neutrino parameters as gleaned fr'om the-
ory, terrestrial experiments, and astr ophysical
considerations, and a brief discussion of the cos-
'mological implications of four-component neu-
trinos.

Here p is a Minkowski index and we have omitted
internal indices. Equation (1.1) is to be distin-
guished from the corresponding relationship in
nonmanifest realizations of LR symmetry:

Jhhxciccl ~hysical(y y )L, p Rsp

+ tree-level corrections

(nonmanifest realization).

II. NEUTRINO MASSES

With four-component fields in the game, there
is no reason to believe that the neutrino cannot
acquire a mass either at the tree level via a Higgs
tadpole or through loop effects. (We remind the
reader that two-component neutrinos are automat-
ically massless provided the theory conserves
lepton number. ') Indeed if any of the neutrinos
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m(v, ) & 35 eV,

m(v, ) &510 keV,

m(v, ) &450 MeV.

(2.1)

(2.2)

(2.3)

In addition to these laboratory bounds, there exists
a well-known cosmological argument" against the
existence of stable neutrinos with masses greater
than about 40 eV and less than about 2 GeV.

III ~ CLASS III CURRENTS

By class III currents we mean currents of the
form vv, vy, v, and vo~ v; without a two-component
constraint their participation in weak processes
is no longer precluded by any general principle.
Couplings involving class III currents may be ex-
pected to give rise to anomalous features in neu-
tral-current processes. ' However, if the under-
.lying theory is a renormalizable gauge theory,
such couplings are finite and calculable and —as
we shall seeMurn out to be rather small.

We consider the process v+f - v+f where f, for
the sake of definiteness, is taken to be a spin- —,

'
hadhon. Also, we assume that all the Higgs fields
in the theory are characterized by zero baryon
number. We may then parametrize the v finter--
action arising from class III currents, at low en-
ergies and momentum transfers, in terms of a
phenomenological Lagrangian:
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turn out to be exactly massless, this masslessness
would be a rather miserable experimental fact,
i.e. , "unnatural" in the technical jargon of gauge
theories.

The best experimental limits on the masses of
the three neutrinos' that have so far been observed
are as follows':

Z"'= G",'(vv)(ff)+ Gg(v v, v)(f y,f)
+ Gr (vga(, v)(f g" f). (3.1)

Gg = G„(g~ v2 )(m,m, /m, ')+O(G",'),

.G'r)'& (0.1 —l)G~' mm~+ O(G~'m„m~),

(3.2)

(3 3)

(3 4)

where I and f' belong to the same weak isotopic
doublets as v and f, respectively. In deriving Eq.
(3.3) we have used the neutral current of Ref. 3 in
the limit p = 0 (no trimuon production) and y= 0 (no
parity violation in atomic physics). Also, in Eq.
(3.4), we have used the bound' m~ ' ~ 10m)(,

For m, as large as 150 keV (say), the largest
class III coupling is the m'-exchange contribution
in Eq. (3.3):

I-

G~~ = G~ (12m„ /m, ) -10 'G~ (m„= 150 keV).

(3.5)

IV. ELECTROMAGNETIC PROPERTIES

A. Preliminary considerations

In writing Eq. (3.1) we have only assumed CP in-
variance; however, for couplings of class III cur-
rents CP invariance actually implies invariance
under both C and I'.

To second order in the semiweak coupling, g,
the parameter G~ vanishes; the first contribution
arises in order g" through graphs of the type de-
picted in Fig. 1(a). However, Gz and G~ need not
vanish in order g' [Figs. 1(b) and 1(c)]. If the
same Higgs field, (()), couples to both v and f, G~
will receive its major contribution from the ex-
change of the physical Higgs particle" described
by the field: (I)):. Furthermore, Gz can also arise
from the normal (cia.ss I) selfinteraction of the
neutral axial current; indeed, iff admits of a Yuk-
awa coupling to m' (as we assume hereafter), we
expect G~ to be determined largely by the one-pion
exhange graph, in much the same way as is the
pseudoscalar term in muon capture. "

Our estimates of class III couplings, based on
the above considerations, are as follows:
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The matrix element of the electromagnetic cur-
rent between invariantly normalized neutrino states
may be expressed in the form

(v5„~.) ~~; (o) IvV. , ~,))

(c)
FIG. 1. Graphs contributing to class III couplings.

The crosses in (a) indicate mass insertions.

=~„(('.)( [+(s')+ &G.(s') 1&' (g,.— '.".
)

+ W.((I')+&G (4")]Io„,(I'Q, V ) (4 1)
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Here p denotes the momentum and X denotes the
helicity of the neutrino, q =-p, —p, . The E, and G,
are invariant form factors. Their values in the
neighborhood of q2 =0 determine the "static" elec-
tromagnetic properties of the neutrino.

The charges carried by left-handed and right-
handed neutrinos may be identified with E,(0) +G, (0)
and E,(0) —G, (0), respectively. Hence the neu-
trality conditions:

(a)

W),

E,(0) = G, (0) = 0. (4.2)

Furthermore, if time-reversal invariance is as-
sumed to be gogd, the neutrino cannot have an el-
ectric dipole moment, i.e. ,

GB(0) =0.

Thus, the most important static parameter is
the magnetic moment; following customary prac-
tice'"" we express it in units of Bohr magnetons:

Wp

Wp i

E,(0) = «„(e/2m, ), (4.4)

~„being a dimensionless number.
The next important parameters are the radii

(y 2) =+6E((Q), (4.5)
(~„')=+ 6G,'(Q).

Unfortunately the radii do not easily lend themselves
to measurement. In terrestrial scattering experi-
ments, for example, they are masked completely by
weak-neutral-current effects; in astrophysical pro-
cesses the typical values of q' are much too small
to probe finite-radius effects. In spite of these
shortcomings, one can infer from the observed
neutral-current cross sections (for v, and v„)
that""4 (r') s 10 "-10" cm'. This is to be com-
pared with the usual range of values found in gauge
theories": (r')-10 "-10"'4cm'. (These values
are independent of m„and valid for two-component
neutrinos. )

B. Theoretical value of the magnetic moment

The magnetic moment may be readily calculated
in any of the available gauge models". We focus
on a U(1) SSU(2) i@SU(2)„model" with six lep-
tons: (v, , e ), (v„, p ), and (v„r ) The lept.ons
and Higgs fields are assigned to representations
of the gauge group in such a way that the left-
handed charge raising leptonic current is

Z, = 2 [v, (y1 —y, )e + v„y,(1 —y, )p. + v,y,(1 —y, )7 ],
(4.6)

and the right-handed current satisfies Eq. (1.1).
Calculation of v„ then entails calculation of the

four graphs in Fig. 2. (We ignore possible contri-
butions involving physica/ Higgs fields. ) The inter-

FIG. 2. Graphs contributing to magnetic moment of
neutrinos.

mediate boson fields W, and 8'„ in these graphs,
are eigenstates of the mass matrix with predom-
inantly left-handed and right-handed couplings,
respectively. ' In the notation of Ref. 2

8; = S'~cosf —8'~sing, (4.7)

(4.8)W2 = 5'~sing+ 5"„cosg,

where 8'~ and 5'„are fields with pure V-A. and
V+A couplings, respectively, and f is a mixing
angle. Evaluation of the graphs in Fig. 2 yields"

0.12
„ i (, G, ;= 2.6 x 10' (~

e
(4.10)

C. Experimental limits on magnetic moments (terrestrial)

Neutrino-electron scattering experiments have
been used to set bourids on x„. The Reines-Cowan
experiment, on p +e - p +e, yielded"

I
'., I

( 1.4 && 10 ' (4.11)

2 2

(4.9)
All gauge models will yield expressions of this
form. The term proportional to m, is due to left-
right mixing in the physical charged current. ' Of
course, z„, vanishes for a two-component neutrino
as is obvious from (4.1). Using the analysis of
Ref. 2, to bound (1 —m 2/m ') sin2$ in Eq. (4.9),
we obtain the upper limits (for m„small)

Vg
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whereas the Gargamelle measurement of v„+e- v„+e yielded"

I
~„ I&8.1 x10-'. (4.12)

D. Astrophysical limits on magnetic moments

The best known example of a dynamical Higgs
mechanism in operation is the acquisition of mass
by photons propagating through a dense plasma.
These massive "photons, " commonly called plas-
mons, "may clecay into vv pairs thereby providing
a mechanism for energy loss from the plasma.
Thus any known bound on the rate of energy loss
from a hot, dense, plasma is convertible into a
bound on I4„provided the plasma frequency (effec-
tive photon mass) exceeds 2m, .

The plasma-neutrino process in stellar interiors
has been widely discussed in the astrophysical
literature. " The systems most convenient for
our purpose are the objects known as degenerate
dwarfs; in these objects the plasma frequency
may be as high as 50 keV, thus permitting us to
glean information about neutrinos as massive as
-10 keV. The energy-loss bounds envisaged by
Sutherland et al. ,

"based upon the theoretical evo-
lution of degenerate dwarfs, imply

I ",I
«»&10 " («r ~„,&1o keV} (4»)

where I could be e, p, , 7, or any other, as yet un-
discovered, lepton '9

Another interesting result emerges in the (pos-
sibly hypothetical) situation in which e, p, and r
numbers are not separate constants of the motion
and only the total lepton number is a conserved
entity. " For then, phase space permitting, the
pl 0 may i c "o )~ )2 o g2 g~ pairs
and one may set a bound on the transition magnetic
moment operative in the process v,,- v, , + y:

I K„. . .I

& 6.0 && 10 " [for —,'(m„, +m„)& 10 keV ].
(4.14)

This bound limits the allowable decay rate for any
light neutrino, "i.e.,

m 2~ m 2 3 g 2~ V1'(v v + y) = t2 "tz "88
8 m - m '

Vr2 e

mv2 —m(3 3xl0"
V)2

(4.15)

+ H.c. . (4.16)

Then the calculation" that led to Eq. (4.9) along
with the astrophysical bound for )(:„, Eq. (4.13),
implies

Is& I
& 0.05 (for m, =1.9 GeV, m„& 10 keV) .

(4.17)

Thus if the mass of v, is of the order of 10 keV
or less, the v, —v current is either almost pure
V'-A (b=0) or almost pure V+A (a=0). A pre-
liminary analysis of the so-called p,-e events
indicates that the former solution is preferred to
the latter. ~

V. SOME RARE PROCESSES

A variety of decay processes, forbidden exactly
in the two-component neutrino theory, become
possible if the neutrino fields are endowed with
four components. As examples we consider
m'-v7t and v„- v, +y, the latter being of course
still forbidden if muon number is indeed a constant
of the motion.

In the framework of the model of Ref. 3 and on
the basis of considerations similar to those that
led to Eq. (3.4) for G~, we find

4m' '~'
F(»'- & 8) = G*»&,f.'m„* ((—,"—

, (8.()

f being the usual pion decay constant. Hence the
branching ratio"

)'(»"-»8) (8»G f,')'(»& )'( 4».„')'&'

=1.2 x10 7 " 1-," . 5.2

there is little experimental evidence to uphold this
assumption, and it seems prudent to keep open the
possibility. that. e- p, universality may not general-
ize into e- p,-7 universality. We find it worthwhile,
therefore, to take note of a constraint on r coupl-
ings that emerges from Eq. (4.13).

We do not commit ourselves to any specific gauge
model but merely assume that the buR of the weak
interaction is mediated by a single pair of inter-
mediate boson fields, 5"and 5' ', and that the
effective v'v, S" coupling is of the form

8&=—v,y, »( ') 8&( ') & )8'&"

E. A constraint on v. couplings

In the foregoing discussion we assumed that the
couplings of the r lepton are isomorphic to those
of the electron and the muon. However, at present

o'(2y- vv)
~(2y-2y) ' (5 3)

Equation (5.2) provides a crude order-of-magni-
tude estimation of the ratio
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Hence,

m 4m ~

m 1"(v - v + y) &v+' v e 8 & ee

, m„4&1.3 x10 ' "u MeV/sec,
m

(5.5)
the last inequality'4 following from the bound in
Eg. (4.14).

The bound in Eq. (5.5) may be compared to the
best bound available from terrestrial experiments":

m„ I'(v„- v, + y}& 3.3 x 10 ' MeV jsec. (5.6)

We note that in its region of validity (m„&10 keV),
the bound in (5.5) is at least 10 ' times smaller
than in (5.6). This is because the indirect method
used in (5.4) and (5.5) takes advantage of phase-
space limitations while direct observation cannot.

VI. CONCLUDING REMARKS

The bounds on the various parameters are sum-
marized in Table I. It is evident that if one endows
neutrino fields with four components in order to

the estimate being, of course, exact at energies
such that one is at the pion pole."

The rate for the process v„-v, +y can be ex-
pressed in terms of the relevant transition mag-
netic moment:

2 2 3 2-
mp —mp Kp

Z'(p p +y)= — u ". ~ . (5 4)8 m
V~ e

satisfy the principle of manifest left-right symme-
try in the context of a renormalizable gauge the-
ory, the extra components do not disturb the equi-
librium of the situation too much. Qualitatively
new effects that show up in neutrino physics, at
"moderate" energies are sharply limited in mag-
nitude by the smallness of (a) the neutrino mass
and (b) the mixing angle f introduced in Ref. 2 and
Eqs. (4.7} and (4.8). This is in sharp contrast to
the situation, considered by several authors, ' in
which one simply introduces four-component neu-
trino fields in an ad Roc manner without reference
to any underlying gauge theory; quantities such as
G~, G» G~, and ~„are then free parameters.
However, the theory —at this time —does not pro-
vide any explanation for the smallness of m„and
g. As noted elsewhere, "' decisive tests of the
theoretical ideas are expected to become feasible
at superhigh energies which probe distances
-O((10' GeV) '). At such energies, weak inter-
actions become parity conserving arid one can, in
principle, set up a factory for manufacturing right-
handed neutrino s.

It is amusing to note that, since the energy re-
quired to switch off parity nonconservation was
naturally available in the early stages of the "big
bang, " we may well be immersed in a hitherto un-
perceived sea of right-handed neutrinos. Equally
amusing is the possibility that weak interactions,
in some sectors of the universe, froze" into a
predominantly (V+A) pattern; nuclear reactions
going on in such sectors would continually feed
"fresh" neutrinos of the wrong helicity into the
background sea.

Finally, we note that considerations based op

TABLE I. Currently available upper bounds on neutrino parameters. The magnetic mo-
ments and the transition magnetic moments are expressed in units of Bohr Inagnetons.

Kv ~v

Gauge theory with
manifest left-
right symmetry

2.6 xlp &4

5.4xlp ~2

9.7 xlp ~~

Upper bound

Experiment
(terrestrial)

35 eV

510 keV

450 MeV

1.$ xlp" ~

8.1 xlp" ~

1.4 x].0-~

Astrophysics

40 eV

40 eV

40 eV

8.5 xlp «

8.5 xlp ~~

8.5 xlp &&

6.p xlp "
6.p xlp-&&

6.0 xlp "
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helium production, "in the standard bj.g-bang cos-
mology, put an upper limit on the number of light
(m„(300 keV) metastable (t„)3 min2a) four-com-
ponent neutrinos; the maximum number of such
neutrinos is three. " Hence, if the masses and
lifetimes of v„v„and v, satisfy the above bounds
we may infer that all stable and metastable light
neutrinos have been discovered; other neutrinos
that might be lurking around would have to be
either short-lived or—if stable —have masses ig
excess of 2 GeV io
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