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Neutral Weak Interaction Currents
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The consequences of postulating that the strangeness-conserving weak interactions are symmetric in
isotopic spin space (i.e., the leptons paired in isotopic spin doublets) are traced, with special attention to
the resultant neutral weak currents and possible experiments to detect such currents. Far from being
excluded experimentally, this theory in fact leads generally to only very difFicult-to-detect effects such as
elastic neutrino-nucleon scattering (order 6 in amplitude). Circular dichroism (microwave frequencies)
of erst excited hydrogen is expected. Other possible experimental subjects are also discussed.

I. INTRODUCTION

'HE apparent success in assigning symmetries" to
the strongly interacting particles emphasizes the

paradoxical lack of success (or at least, nonacceptance)
of similar assignments for the weakly interacting par-
ticles, the leptons, It is for the weak interactions, to-
gether with electromagnetism and gravitation, that
apparently accurate calculations can be performed with

perturbation theory; yet this computational abiHty has
not revealed any apparent unifying symmetries for the
leptons. The spin (-', ) and. charge assignments ap-
parently exhaust the electromagnetic properties (the
anomalous magnetic moment being in experimental
agreement' with quantum electrodynamics alone). The
weakness of the gravitational coupling precludes (at
least at present) any sophisticated experiments, and no
direct involvement in the strong interactions has been
indicated for the leptons. For the weak interactions, the
success of the "Puppi' triangle" (Fig. 1) in elucidat-

ing the decay schemes together with the quantitative
success of the couplings' (ey„avr) and (py„@vs) at the
lepton vertices, requires any symmetry scheme to yield
these couplings. From our standpoint, the symmetry
schemes are descriptions of the couplings, or vice versa.
Thus, any symmetries, in addition to those required in
allowing (evi), (pvs) and forbidding {eve), {pvi), should

result in additional observable (at least in principle)

effects, otherwise all sets of symmetries satisfying the
above criteria are indistinguishable. We wiI1 frequently
suppress, as above, the explicit structure (y„a) of the
universal Fermi interaction and write out only the
particles involved.

It is our intent here to suggest and discuss several
experiments which appear promising in the search for
additional observable cGects by means of which the
over-all lepton symmetries might be determined. We
select here a very naive working hypothesis for the
lepton symmetries, which we describe and discuss
below.

II. PROPOSED LEPTON SYMMETRIES

A. This Theory

Let us first simply state the assignment and then ex-
amine the reasoning behind this scheme. The leptons e
and v~ are taken to be an isotopic spin doublet as are p
and v2, and the two lepton doublets are distinguished by
a quantum number X. The isotopic spin assignment is
made 1n such a way as to prcscrvc isotopic spin 1n thc
strangeness-conserving weak interactions. Thus the
beta-decay couPling is assumed to be (a= sr (1+spa)j

2 I G()i,'y @~le,) (g'y g~+)

and conservation of charge then requires the isotopic
spinor to be

FIG. 1. The Puppi triangle. A
schematic representation of the
fermion pairs that interact via
the (strangeness-conserving) weak
interactions.

' C. N. Yang and H. Mills, Phys. Rev. 96, 192 (1954).' M. GeH-Mann, California Institute of Technology Report No.
CTSL-20, 1961 (unpublished); Y. Ne'eman, Nucl. Phys. 26, 222
(1961).' G. Shapiro and L. M. Lederinan, Phys. Rev. 125, 1022 (1962).

G. Puppi, Nuovo Cimento 6, 194 (1949).
'R. P. I'"eynman and M. Gell-Mann, Phys. Rev. 109, 193

(1958).
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where the subscripts to / indicate the leptonness, X.
The assignment X=o to dectrons and ) = 1 to muons

is somewhat arbitrary, in much the same way that the
specihc values of strangeness are arbitrary. That is, any
value of strangeness could have been chosen for the
nucleons, and any numerical difference could have been
chosen for the strangeness difference between the Z-
particles and the nucleons. Equations (1) and (2) give
the known strangeness-conserving beta-decay processes.
In addition, these equations yield processes hitherto
undetected, and thereby provide the test of this sym-
metry assignment. Since the isotopic spin assignments
of Eq. (2) are equivalent to charge conservation, they

408



NEUTRAL WEAK INTERACTION CURRENTS B 409

that violate that symmetry. A symmetry has little
meaning unless preserved by some interaction. For ex-
ample, if the neutron and proton entered only into the
(isotopic spin violating) electromagnetic interactions,
then the assignment of isotopic spin would be no more
than a bookkeeping technique. The implicit assumption
of symmetry assignments from the above quantum
number violations is, therefore, that a new interaction
exists'4 conserving S and I analogous to (but distinct
from) thestronginteractions. Thisnoteislessambitious
in that the symmetry assignments made here are simply
descriptions of the weak interactions themselves.

Lee and Yang" propose neutral currents (via neutral
intermediate bosons) among the baryons. In order to
forbid theinteractionn+n~A+A, theywereforced to
postulate two neutral currents; interference between the
two then eliminates n+n —+ A.+A. The same difhculty
would be present in the present scheme, if mediated by
neutral vector bosons coupled to (An), since n+W'=A
and We=W' (e.g., ~'=pro), therefore, n=A+W'=A
+W'and altogether n+n=A+A. Two neutral bosons
can be arranged such that each leads to n+n~A+A
except with opposite sign for the amplitude, Since the
quantum numbers of the particles generating the neutral
currents (considered here) do not change, the above
considerations do not rise. The above examples do not
exhaust the possibilities, '6—"but for our purposes we
will remain content with Eq. (2).

can be justified only if the additional couplings pre-
dicted are found, and found with the correct strength.

B. Other Theories

Numerous authors have examined the possibility of
assigning quantum numbers (other than charge and
spin) to the leptons. Several such schemes~a now lack
force in that they assume three leptons, while at present
there are apparently at least four. ' The isotopic spin
assignments by Bludman" fall in this category, but
otherwise are quite similar to the proposal made here.
His isotopic spin doublets are (v,e) and (v,p) and, other
than the unusual idea of associating a single particle (v)
as being a projection (in isotopic spin space) of two
distinct particles (e,p), the assignments are identical to
Eqs. (1) and (2). A mathematical consequence of
setting v~= v2= v is complete destructive interference
between the interactions (ee)(vv)+ and (ev)(ve)+, a pre-
diction of some importance to "neutrino astronomy, "
since the latter assigns special significance to the process
e+e- v+v in stellar interiors" (at temperatures of
order 10' 'K, the equilibrium concentration of electron-
positron pairs becomes significant in producing an ap-
preciable neutrino luminosity). In the present work we
do not accept the possibility of interference between v&

and vs, with the result that the amplitude for e+e —&

v&+v&isreducedby-, '(therefore, the crosssectionby sr),

instead of completeinterference. From Eqs. (1) and (2),
the process e+e-+ vs+vs should enjoy the same ampli-
tude (with phase —1) as e+e~ vr+vt, where the for-
mer proceeds only via theneutral current ', (ee)—(v-svs)+

while thelatter results from ——', (ee)(vtvt)++(evt)(evt)+.
The total cross section for neutrino production would,
therefore, be half that derived from the charged current
theory alone, and equal numbers of v& and v2 are pro-
duced. In Bludman's theory, the neutrinos are not
distinguished, and the cancellation is therefore complete.

Yet others have attempted to assign both strangeness
and isotopic spin quantum numbers. Such assign-
ments"" usually appeal to the ~d,S~=1and ~AIba=st
rules inferred from the nonleptonic decays of the strange
particles. In general, these authors have not been able
to exclude, in a natural way, unobserved processes such
as IP —& p+e or p-2e+e. Furthermore, it is dificult
to assign symmetry only on the basis of interactions

C. Leptonness

In the present scheme, the quantum number
(leptonness) is conserved at each vertex, and this con-
servation serves to forbid decays such as w

—at e+vs,
while allowing vr ~ e+vt. More importantly, the de-
cays p-+2e+e and p~e+p violate leptonness and,
therefore, cannot enter via any order of perturbation
theory. %e could formally avoid referring to isotopic
spin by inventing a special name for that symmetry
when applied to the leptons;however, Eq. (1) explicitly
identifies this symmetry as isotopic spin, since the
scalar product of two vectors is essentially meaningless
unless both vectors lie in the same Hilbert space. It is
perhaps worthwhile to note that an assignment of sorts
has already been implicitly made when the strangeness-

conserving�decays(e.

g. , n —+ p+e+v&) arereferred to as
being "AI=O, AI, =+1" (i.e., the leptons are assumed
tobe coupled into an I=1state).

'4 This interaction cannot be the weak interaction (assumed in
these schemes to violate isotopic spin and strangeness), the
electromagnetic interaction (violates isotopic spin), the strong
interactions (no direct coupling), nor the gravitational interaction
(independent of these symmetries)."T.D. Lee and C. N. Yang, Phys. Rev. 119, 1410 (1960).

16.P. Roman, Nucl. Phys. 2, 651 (1957)."I.Saavedra, Nucl. Phys. 10, 6 (1959).
1g A. Ramakrishnan, A. P. Balachandran, N. R. Ranganathan,

and N. G. Deshpande, Nucl. Phys. 26, 52 (1961)."R.W. King, Phys. Rev. 121, 1201 (1961).
2o G. Feinberg and F. Gursey, Phys. Rev. 128, 378 (1962); G.

Feinberg, F. Gursey, and A. Pais, Phys. Rev. Letters 7, 208
(1961).

6O. Klein, Arkiv Fysik 16, 191 (1959). A. Gamba, R. E.
Marshak, and S. Okubo, Proc. Nat. Acad. Sci. (U. S.) 45, 881
(1959).

7 S. L. Glashow, Nucl. Phys. 22, 579 (1961).
8 E. Johnson, Nucl. Phys. 36, 688 (1962).
9 G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N.

Mistry, M. Schwartz, and J. Steinberger, Phys. Rev. Letters 9, 36
(1962).I S. A. Bludman, Nuovo Cimento 9, 433 (1958), see also V. N.
Baier and I. B. Khriplovich, Zh. Eksperim. i Teor. Fiz. 39, 1374
(1960) /English transl. : Soviet Phys. —JETP 12, 959 (1961)g."F.Hoyle and W. A. Fowler, Nature 197, 533 (1963).

~T. Okabayashi, S. Nakamura, and Y. Nisiyama, Progr.
Theoret. Phys. (Kyoto) 25, 701 (1961).; T. Okabayashi, ibid 20, .
583 (1958).

» W. Krolikowski, Nucl. Phys. 33, 261 (1962).
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Leptonness, as used here, is to the weak interactions
as strangeness is to the strong interactions (e.g. , the
associated production of strange particles is taken to be
analogous to the production of I I with 8). We have ex-
plicitly associated isotopic spin with the leptons, via
their charge, in assuming charge symmetry of the beta-
decay interaction. The analogous association of lep-
tonness with strangeness can be made confidently only
if strangeness-changing (but conserving) isotopic-spin
violating couplings exist Le.g., (X,n)(p, 8) $. Since no
interaction is known to have this property Le.g., the
decay E'~ y+8 should occur at a rate 0.26)& 10'/sec if
coupled as in Eq. (1), and therefore should have been
observed in E20 decayj, the above association requires
the postulation of a new interaction rather than ex-
tension Li.e., Eq. (1)] of known interactions and is
therefore beyond the intended scope of the present
work.

We must also set aside discussion of the known
strangeness-violating interactions, since the extension of
the postulated isospin-conserving interaction to the
manifestly isotopic-spin violating interactions (e.g. ,
h. —+ so+I') cannot be prescribed on the basis of the ex-
tended isotopic spin symmetry of Eq. (1).Consider the
phenomenological coupling (X,P) which, together with
(n,p), qualitatively describes the strangeness-violating
interactions. Does the transformation in isotopic spin
space (n,p) —+ (n,e) lead to (X,p) —+ (X,e)P Since the
latter couplings violate the symmetry properties under
which the transformation is de6ned, the question cannot
be answered in the absence of a deeper understanding of
the mechanism. for violation. Pontecorvo" argues that
"symmetry" forbids (X,II) currents; however, this sym-
metry does not forbid the (charged) strangeness-
violating weak decays, and therefore has less force than
might be desired.

Experimentally the coupling of (X,e) to the neutral
lepton currents appears to require a very much smaller
coupling than the other weak interactions, since the
processes

A-+ n+8+8,
EIO, E20 +8+8, —

~P+P~

have not been reported. In particular, the decay
E,'~11+p can be estimated from the E +p+r2 rate- —
to have a lifetime of the order 0.5)&10 sec while the
observed E2' lifetime22 is 5.6&10—' sec and, therefore,
the decay should have been observed. We are then
forced to assume (as discussed above) that the coupling
(X,e) Lor equivalently (Z,e)] is not required by the
postulation of Eq. (1).

» 3.Pontecorvo, Phys. Letters I, 287 (1962).
22 A. H. Rosenfeld, A. Barbara-Galtieri, W. H. Barkas, P. L.

Bastien, J.Kirz, and Matts Ross, Rev. Mod. Phys. 36, 977 {1964).
The experimental lifetimes for elementary particle decays quoted
herein are taken from this reference.

D. Leyton Masses

Finally, we should mention the large p,—e mass
difference. Again, unlike the strongly interacting par-
ticles, the masses of the leptons are far from suggestive
as far as symmetry groupings are concerned. We offer no
speculation here to resolve this question, but merely
note that the charged weak interactions are affected only
kinematically. It is implicitly assumed here that the
n8utra/ weak interactions (if any) are similarly inde-
pendent of the lepton mass.

E. Extended Theory

For the strangeness-conserving weak interactions we
write

L;„(——2 "GJ'„J„+,
where

J„=(ly„a~1)+ (Ey„a~lV)+pionic terms

and thereby further extend the theory. Thus, for ex-
ample& tile collpllllg (8rqo8)(8r~II8) . ls RntIclpatcd) R11d

the photon coupling to the electron charge should be
corrected as shown in Fig. 2. The strangeness-changing
currents enter into Eq. (5) asymmetrically, apparently
coupled only to the charged currents.

III. ELECTROMAGNETIC EFFECTS

A. Electromagnetic Coupling Corrections

The most general gauge invariant (q„J„~' '=0)
electromagnetic current of the electron is

~' =(4 )'" (8I~I(q')V+P (q') .q.
+Il3(q')yIu„„q, +Il4(q')iy5(q'y„—2rlq„) l8), (6)

where Ii i, F2 are the charge and magnetic moment form
factors. The remaining couplings violate parity, as is
permitted by the corrections in Fig. 2. We expect, how-
ever, that F3—=0 since this coupling leads to time-
reversal noninvariant eBects, and such are not expected
from this coupling of Eq. (2).

The coupling with coefFicient Il4 does not seem to be
excluded by the conservation laws; it appears to be
rather artificial, however, since the relative coefIicients
of I'r~'rg Rlld le'rg Illllst bc 111 flic flxcd I'Rtlo q /2tÃ lf
gauge invariance is to be maintained. In any event one
can show by direct calculation that the lowest order
terms in Fig. 2 give connections (of order Gm'=3
)(10-12)only to Ii I and Fm. We can, therefore, regard the
fundamental electromagnetic coupling to be unaltered

FIG. 2. Weak interaction correc-
tion of the electromagnetic inter-
action. A correction analogous to
vacuum polarization in which the
weak neutral currents produce an
electron-positron pair (not possible
to order 6' in the conventional
charged theory).
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B. Electromagnetic Competition

The neutral currents predicted from Eq. (2) have the
property that the total number of particles (particles
minus antiparticles) of given quantum numbers (e.g. ,
protons) is unchanged. For example, beta decay of the
neutron

1$ ~p+e+ vl

is a readily detectable process since (1) the neutron
(neutral) becomes a proton (charged), (2) an electron
is created where none was present before, and (3) the
process is exoergic. The analogous process involving
neutral currents would be

X-+S+e+e.
Although an electron-positron pair is created, "reaction
(9) is endoergic. Furthermore, reaction (9) is almost
always in competition with the reactions

E~ &7+AD ~E+e+ e,

which enjoy much larger probabilities in general.
The reaction

(10)

(11)

must (a posteriori) result from the neutral weak inter-
actions; however, detection of the emitted neutrinos
(the absence of subscripts on v indicates that either
neutrino may be emitted) is at present beyond experi-
mental capabilities unless reaction (11) is extraordi-
narily intense.

The reactions (9) and (11) can be exoergic if the
nucleons make up an excited state of a nucleus. As-

23 J.Bernstein, M. Ruderman, and G. Feinberg, Phys. Rev. 132,
1227 {1963).

'4 Va. B.Zel'dovich, Zh. Eksperim. i Teor. Fiz. 33, 1531 (1957)
LEnglish transl. : Soviet Phys. —JETP 6, 419 (1958)g.

25 V. H. Solov'ev, Zh. Eksperim. i Teor. Fiz. 33, 537 (1957)
/English transl. :Soviet Phys. —JETP 6, 419 (1958)].

26'We will frequently write virtual processes as if they could
proceed spontaneously; thus (9) as it stands cannot occur, but
this reaction can occur for bound nucleons as shown in Eq. (12c).

by Eq. (4). The neutrinos would also have electromag-
netic properties via corrections shown in Fig. 2, as
discussed by Bernstein et al.23 Zel'dovich'4 has referred
to the interaction (rr V'&&H) ~ (rr j) as being due to an
"anapole" moment if j is the electromagnetic current.
The above interaction was apparently invented as a
counter-example to the conjecture" that CI' invariance
plus gauge invariance lead to conservation of spatial
parity in the electromagnetic interactions. The con-
jecture is indeed incorrect as can be seen explicitly: The
coupling Eq. (6) with coefficient P4(qs) leads to a term
in the interaction between two particles, A and 8, of the
form

g~'Pt(q')P4(q') (A IiVsVvq'I A)1/q'(B
I Vv I

B)
—8rl ePt (q') P4 (q') (A (

i y s'y„ t A) (B ( y„(B) (7)

and the nonrelativistic expression for the spatial product
p(=x, y, z) of Eq. (7) is just rr j&' &.

suming the excited state stable to fission or particle
emission, the possible decay modes are

and

A*~ A+y,
—+ A+v+ p,

—+ A+e+e.

(12a)

(12b)

(12c)

Reaction (12b) can always compete with (12a) while
(12c) contributes, of course, only if Q) 1.02 MeV. The
radiative de-excitation (12a) typically has a lifetime of
the order 10 " sec for E1 transitions, while neutrino
pair production will at best be of the order of allowed
beta decay, or about 10' sec. The possibility is, there-
fore, quite remote that neutrino pair production ever
competes importantly, and, in addition, the resultant
small branching fraction Lroughly 2&(10 "E' (MeV) j
apparently precludes direct detection of the neutrinos.

It might be possible to detect the recoil from a nuclear
decay A*~ A+v+9, which could be distinguished
from A*~ A+y or other decay modes via anticoinci-
dence techniques. Due to the small branching ratio
(order 10 ") for the neutrino processes, both high
detection efficiency (for the normal decay mode) and
extraordinarily long runs would be required. It is rather
easy to estimate the branching fraction, since the decay
rate for (vv) is just the beta-decay rate [for neutrino
pair emission, the Fermi factor f is simply (E /30m') j.
We must then search for states with large "beta-decay"
rates but small gamma-ray decay rates; explicit nuclear
models are required for such a search and a very similar
problem is discussed in Ref. 27.

IV. NEUTRAL WEAK CURRENT EFFECTS

A. Nuclear

For the J=O~ J=O transitions in nuclei, reaction
(12c) may be allowed although (10) is forbidden. In
transitions of the type 0+ —+0+, the pair production
must compete with an electromagnetic process giving
the same Anal particles and any effects will be small
(order 10 '). Consider for definiteness the prototype
decay

0"*(6.06 MeV) ~ 0" (ground)+e+e, (13)

which occurs at the rate 1.4&(10 sec . From Fq. (1)
we see that the lepton pairs must be emitted in a
(T,T,)= (1,0) state; however, the above states of 0"are
both predominantly (99+~) T= 0, hence the decay must
involve the admixed T=1 states. Furthermore, the
allowed Fermi matrix element" (1) is identically zero
between two distinct states of the same system (Ors) via
orthogonality. That the transition matrix element for
reaction (13) tends to vanish is essentially due to the

'r F. C. Michel, Phys. Rev. 155, 3529 (1964).
'8 The conventional beta-decay terminology may be used, since

correction for the mass and charge differences among the leptons
is straightforward, and the nuclear matrix elements are essentially
unchanged.
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j.'zo. 3. The electromagnetic decay
0 ~0++g+e.

r = 1.5)&104 sec. (15)

Any interference effects (e.g. , longitudinal polarization
of the electrons) will have amplitudes of the order

amplitude for proton decay being nearly equal and
opposite to the amplitude for neutron decay. The decay
must, therefore, take place either via the second-
forbidden matrix elements i(n r)q/3 (relativistic-vec-
tor) or —r'q'/6 (ordinary vector). Note that a small
parity impurity of the nuclear states plays no role (a
little 0 in one of the 0+ states leads to an interfering
e+e process only in much higher order, as is discussed
below). We can estimate roughly the transition value of

(—sr't, ) as = s ((r )„,„„,»—(r')», «»). Due to the
Coulomb forces, the proton shells are more widely
spaced than the neutron shells (in violation of isotopic
spin symmetry), and for a harmonic oscillator potential
(r') 13/6P, where P=2MEs and Es is the spacing be-
tween the s and p states (=16 MeV). Thus we obtain

(——,'r't. )= 135Es/72%Esp, (14)

where 8Eo=proton spacing minus the neutron spacing
( 2 MeV). For the 6.06-MeV Q value, the transition is
therefore weaker by a factor of 4X10 than that of a
corresponding allowed Fermi transition (logft 3.5);
hence, a lifetime (f=4X10')

from the isotopic-spin symmetric theory LEq. (2)] that
only the conventional charged current theory is in-
volved in the (lowest order) decays.

On the other hand, the neutral pion can decay via

s.s -+ y+y,~ e+e+p,
electromagnetic~ 2e+2e,

~ e+e,

(17)

s' —& e+e, neutral weak.

The neutral weak interaction decay s.s —my+ p is
energetically forbidden, and s -+ v+v is forbidden by
helicity requirements. "The decay rate for s. —+ e+vt
is about 1.24X10 ' that for s. —+ p+vs, or 4.9X10'/sec.
Rotating the former interaction in isotopic spin space
gives a factor of =„while the helicity restriction is re-
laxed by a factor of 2. The reduced phase space is
negligible for our purposes, giving

h(s" ~ e+e; nwc) 4.9X10'/sec. (18)

The competing electromagnetic decay computed from
Fig. 4 is logarithmically divergent, but can be argued"
to have a branching ratio

X(s' —& e+e; em)/X(a' —+ y+y) =10 '. (19)

Adopting ) (s' —+ y+y) =5.6X10"/sec gives

h(7r'-+e+e; nwc)/h(s' —&e+e; em)=0.9X10 '. (20)

The effective coupling is I', -, (epse) q for both decays, +
and therefore no observable interference effects (e.g. ,
electron polarization) result.

As has been discussed earlier, the analogous decay

F=Lr(em)/r(nwc) 1't' 7 X10 ' (16) &s'~ p+P (21)

(em—=electromagnetic, nwc= neutral weak current) and,
hence, be quite difFicult to detect.

In a nuclear transition 0 —& 0+ (or vice versa), the
electron-positron pair must be in a 0 state (i.e., the
'So state, electrons and positrons having opposite in-
trinsic parity), a,nd CP invariance forbids a single
intermediate photon from producing such a pair. The
decay to an electron-positron pair must proceed in
higher order" as shown in Fig. 3 and will, therefore, be
much slower than the electromagnetic decay 0+~ 0+
+e+e which requires only one virtual photon. The
experimental difficulty is to find a nucleus with a 0
excited state displaced from a lower 0+ state by more
than 1 MeV, that does not decay almost exclusively to
states other than the 0+ state (or vice versa).

B. Elementary Particle Decay

An alternative to examining nuclei in a nucleus is to
consider "bound systems" such as the pion. Since the
charged pion has isotopic spin projection +1, it follows

~ J. Zichler, Z. Physik 160, 333 (1960).

F=i.1X10 '. (23)

Alternatively, we can estimate the rate for

(24)
'0 In the rest system of the pion, the outgoing neutrino (spin

antiparallel to its momentum vector) and antineutrino (spin
parallel to its momentum vector, hence parallel to the neutrino
momentum vector) form a spin-1 system into which the spin-zero
pion cannot decay."S. D. Drell, Nuovo pimento 11, 693 (1959)."The most general scalar plus pseudoscalar coupling is
(e~F&(q')&5+Fs(q')qys+Fs(q')+F4(q')iq~e) which reduces to
(Fr+2mFs)(e~ys(e)+F3(8~1~e), and time-reversal invariance for-
bids both couplings from appearing together.

is not seen experimentally and cannot be predicted
from the isotopic-spin symmetric theory.

The decay
-+ A+e+e (22)

does not have the limitation that the effective coupling
is the same for the electromagnetic transition as for the
neutral weak current transition. We can derive the
admixing from the estimate given at the end of Sec.
III B to be of the order
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of Ref. 27 with the replacements

FIG. 4. The decay m' ~ e+e showing the
intermediate 2y state.

2( ' -'+ -"+')~ ~ "' (" ') = —1,

(for electron-proton interaction), and

8't'G ) pi ps yV;.i=+ (ei-es)
i

—
i, b(1,2)

16 (Mi Mr)

yi ps)+i (e, x e,) —
~, 5 (1,2)

Mi Ms)
(27)

to be roughly 6X10'/sec; thus, reaction (22) should
proceed via the neutral weak currents at the rate
3X10'/sec. For the decay

Z' —+ tijou, (25)

we adopt the rate" 0.9X10'%ec. The branching ratio
for electron-positron pair production is roughly" one in
184 giving altogether a rate 5X10is/sec for reaction
(22); hence,

J =7X10-7. (26)

Comparing (23) and (26), we see that the possibility for
detection of the neutral weak interaction current effects
in reaction (22) is quite remote. See Ref. 35 for a dis-
cussion of the decay (22) for charged weak interactions.

C. Parity Impurity of Atomic States

Several authors"" ' have examined theoretically the
expected parity impurity of nuclear states due to a
(charged) current coupling (np) (np)+. The weak inter-
actions "remind" the nucleons of their intrinsic handed-
ness, and thereby lead to slight parity impurities. Such
impurities do not affect the static electromagnetic
multiple moments of the nucleus, "and since the elec-
trons, to an excellent approximation, interact only with
the static electromagnetic moments of the nucleus, the
electronic states should themselves remain parity pure
(in the absence of external fields). On the other hand,
parity impurity of the atomic states may arise from
neutral currents"; therefore, detection of such impurity
would indicate the presence of neutral weak currents.
Interaction (1) also has a parity conserving part, but
the (tiny) effects from that part of the interaction
should be difhcult to detect in the presence of the
enormously stronger electromagnetic forces.

Quantitatively, we can take over the results of Eq. (6)
"J.Dreitlein and B.W. Lee, Phys. Rev. 124, 1274 (1961).
~ G. Feinberg, Phys. Rev. 109, 1019 (1958)."I. V. Lyagin and E. K.h. Ginzburg, Zh. Eksperim. i Teor. Fiz.

41, 914 (1961) LEnglish transl. : Soviet Phys. —JETP 14, 653
(1962)j."L.Kriiger, Z. Physik 157, 369 (1957).

'" R. J. Blin-Stoyle, Phys. Rev. 118, 1605 (1960)."R.J. Blin-Stoyle, Phys. Rev. 120, 181 (1960)."R.J. Blin-Stoyle and R. M. Spector, Phys. Rev. 124, 1199
(1961).

4' Ya. B.Zel'dovich and A. M. Perelomov, Zh. Eksperim. i Teor.
Fiz. 39, 1115 (1960) /English transl. : Soviet Phys. —JETP 12,
777 (1961)g.
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(Z—'l') {p,5s(r))+ (29)

The atomic levels of hydrogen would be parity impure,
while those of deuterium would be pure'; thus quite
different impurities are expected for very nearly iden-
tical atomic states, a situation useful in eliminating
systematic experimental effects.

ZS State of Hydrogen

An atomic state likely to have a comparatively large
parity impurity is the 2S state of hydrogen. This state
is nearly degenerate with the 2I' state, and, provided
(2S~ V~ 28) is not anomalously small, these two states
should be more strongly intermixed than the other
atomic states of hydrogen.

Since i(e~xe)=P'(e„—e), where I" is the spin
exchange operator, and E'( 'Ss) = —

~
'Se), the transition

where 3 (1,2) =P (ri —rs) and the subscripts 1 and 2 label
an electron and a proton respectively. The curly bracket
with a subscript (+) is the anticommutator while the
square bracket with the subscript (—) is the commu-
tator. For an electron and a neutron the sign of the
interaction changes. Since the electrons repel electro-
magnetically, the probability density for two electrons
being within the same spatial volume —+0 as the vol-
ume —& 0. The weak interaction (27) of electrons with
electrons, is, therefore, different from zero only in that
the delta function potential is only approximate. How-
ever, the range of the weak interaction is expected'7 '~ to
be only of the order 10 " cm and therefore negligibly
small on an atomic scale ( 10 ' cm).

The neutral weak interaction is, therefore, important
only between an electron and the nucleus, giving

81/26
V=+ t (e—e„) {y,h'(r))+

16m
+i(e xe„) Py, 3'(r)] ]r, (28)

where r„=+1 (protons), —1 (neutrons). The coordi-
nates refer to the electron relative to the nucleus (ap-
proximated as being fixed: p„=0). For a symmetrical
nucleus having filled proton and neutron shells (e.g., 0")
the interaction (28) becomes



F. CURTIS M I CH EL

matrix element (2'So
I
V

I
2'Po) becomes

Further making use of the relation

(3o)

time to 20 yr. Although the reduction in the total
lifetime of the 25 state is negligible, the enhance-
ment of the distinctive single photon decay is con-
siderable. It seems appropriate at this point to recall the
Stark splitting from the random thermal motion in the
magnetic Geld. The electric field seen is given from
E=v x B where v =300 m/sec in a gas at room tempera-
ture, 8=1.3X10 ' W/m', and, therefore, E=40
V/m; the Stark interaction is then of the order

where (e~—s) r" I2'Po)=2I2'So) (except for the radial
spin dependence, which is still that for I2'Po)), thus
further reducing Eq. (30) to

hence
(r)eE= ageE = 2 X 10 ' eV,

V(Stark)/V(pnc) =2 X10'.

(37)

with

8"'G 8 1+1)
U„=— (R, lb'(r)i —+ IIR„)

4m ar r I
(32)

1
R, (x=2)= e""(1 ',—r) R (—e=-2)= re ""

v2 2+6

in units of (mn) '. The integration is trivial since

giving

P(r) = 8(r),
4m-r'

Un= — Gm'n4= (—i)4.84X10 "R
327r

(33)

The observed splitting between these levels is 1057
Mc/sec giving

The Stark. interaction therefore imposes rather stringent
monochromatization requirements on, say, an experi-
ment employing atomic-beam techniques even if a
compensating electric Geld is used to cancel the —v x B
field at the central velocity.

P=2EIi, (39)

Circular Dichroism in Hydrogen

Consider the 3f1 transition 2P3~2 —&2P~/2, such an
M1 transition is extremely weak, while an E1 transition
between these states is parity forbidden (of course, the
E1 transition 2P'3/2 —& 15'/2 is allowed and has a lifetime
of 1.6X10 ' sec). The E1 transition matrix element is
nonzero, however, if the 2P~~2 state contains an admix-
ture of the 25~/~ state. The photon from the transition
2P8»~ 2P~»(2S~~2) will then be circularly polarized
(via interference between the M1 and E1 amplitudes)
with

iF= V2g/hE= (i)1.51X10—". (34)
where

Since angular correlations, photon polarization, etc. , are
proportional to Ii, detection of such a small impurity
requires considerable experimental sensitivity. The life-
time of the 2S state, due to the parity nonconserving
admixture, is

t2s(pnc) =t~~/IF I'= 7X10'0 sec. (35)

Indeed quite long, this decay mode (single proton) is
already much longer than the 3f1 decay lifetime"
(via small components of the Dirac wave functions) of

2 X10' sec; furthermore, the two-photon decay
lifetime is estimated4' to be 0.14 sec and, therefore, the
total decay rate is negligibly affected.

If a magnetic field is present, the Zeeman splitting of
themagneticsubstates brings the 25»2 ~~2 and 2Pi~2 ~/2

states together at 8=1300 G. The value of F does not
increase unrestrictedly however, due to the finite width
of the level (I'=h/t=99. 8 Mc/sec). Thus,

I
F

I
& V/I' = 1.60X 10 ', (36)

and, in principle, the value of Ii can be increased an
order of magnitude, hence reducing the t2s(pnc) life-

4' G. Breit and E. Teller, Astrophys. J. 91, 215 {1940).

&2Pv»» I
~1

I 2Pw»»&
(40)

using El =z, 3II1= (o,+t,)/2m, and the tabulated wave
functions, we find

or
R = —6(6')'"/u= —357 (41)

(42)

Since the transition is in the experimentally convenient
microwave region ( 3 cm), perhaps this small but
signiGcant polarization can be detected (e.g. , in the
differential attenuation of right- versus left-hand circu-
larly polarized waves). If we now recognize that the
Stark splitting due to thermal motion in a magnetic
field cannot give such circular dichroism, then it be-
comes clear that a magnetic 6eld can be applied to
increase that dichroism by an order of magnitude.

D. Scattering

In general it is difFicult to isolate very small eGects in
scattering experiments (i.e., experiments with incident
and outgoing free particles) unless the other interactions
are either absent or easily distinguishable. Since neu-
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trinos interact only via the weak interactions, several
interactions falling into the above classification are the
following:

(43a)v+E~ 1V+v,

vx+p ~A+vs,

v2+o ~ o+ v2

v+v~ v+vq

while the interactions

and

(43b)

(43c)

(43d)

(44a)

vi+8 + 8+vi (45)

is reduced by a factor of 2 from that expected if only
charged currents contribute; however, this cross section
is rather dificult to measure directly. Note that the
cross sections quoted in Ref. 5 refer to unpolarized
neutrinos; since only left-handed neutrinos interact and
since only left-handed neutrinos are produced in nature,
the cross sections for the latter are twice as large as
those given in Ref. 5.

The neutrino-nucleon scattering could be detected
directly either via the nucleon recoil or via the excitation
of a complex nucleus. Since usefully intense beams of
high energy neutrinos (v2) are apparently available, o an
experiment designed around reaction (43a) might be
feasible. The cross sections are of the order [calculated
for J„~=(X~7„a~N)j

and

co d0
o(v+X)=op, —=go

1+2M dE
(46)

1 do' $1++—e)
o(v+&) =oo— 1——;—=oo~ ), (47)

(1+2(o)' de k (o j
where oo ——2G'M'/~=2. 8X10—"cm' co=neutrino en-

ergy/M, o is the nucleon recoil energy/M, and M is the
nucleon mass. At present the experimental data, " sug-

gest a cross section somewhat smaller than that given

byEq («)
V. OTHER CONSEQUENCES

Feinberg et u/. " have proposed an experiment to
detect the transition in muonium

(~o) ~ (~o) (48)

which could be detected via the high-energy electrons

4' J. S. Bell, J. Lgvseth, and M. Veltman, Proceedings of the
Siennu Internutionul Conference on Elementury Purticles, 1963,
edited by G. Bernadini and G. P. Puppi (Societi, Italiana di
Fisica, Bologna, 1963).

4' G. Feinberg and S. Weinberg, Phys. Rev. 123, 1439 (1961).

n+p-+p+n (44b)

are somewhat marginal (there being, of course, the
electromagnetic interaction of the electron or muon
with the neutron's magnetic moment). The cross section
for interactions such as

given off in the decay of the latter system. We do not
expect this transition on the basis of Eq. (4) (leptonness
is violated), and therefore a de6nitive experiment on
this system may reflect directly on the validity of Eq.
(4) and indirectly on Eq. (1).

The nucleon-nucleon self-interaction terms give rise
to parity impurity of nuclear states via (np) (np)+. Some
uncertainty arises in calculating with such an inter-
action" because the isotopic spin dependence (r+'r '
+&—7+ ) is not symmetric in isotopic spin space: Pionic
corrections should lead to a more complicated isotopic
spin dependence. If this weak internucleon interaction
contains, additionally, couplings such as (pp) (nn)+ and
is in fact symmetric in isotopic spin space (i.e., ~'~'),
then pionic corrections only alter the magnitude of the
coupling.

The conserved vector current (CVC) theory remains
unchanged under the above so far as its predictions for
the charged weak-current interactions are concerned.
Since the CVC theory can be written symmetrically in
isotopic spin space, '4 there is no ambiguity in extending
it to include neutral weak interactions; however, there
do not seem to be any consequences of the CVC theory
that lead to exceptionally sensitive experiments.

VI. SUMMARY

We have analyzed several possible experiments to test
the idea that the leptons are arranged in isotopic spin
doublets coupled such that the strangeness-conserving
weak interactions are charged symmetric. These experi-
ments are difFicult and the effects are rather small.

The weak neutral interaction could be observed
directly via elastic scattering experiments; on the other
hand, this interaction seems to have little role in the
decay of the elementary particles. Experiments in-

volving atomic nuclei are complicated via the parity-
nonconserving features of the charged weak interactions
[unless self-self terms such as (pn) (pn)+ are absent):
Only for 0 —+ 0 transitions can parity nonconserving
interference effects be unambiguously attributed to the
neutral currents. Parity violating effects are expected in
several experiments involving the m= 2 states of hydro-

gen, although these experiments appear to be quite
dificult.

The major weak points in the assignment of isotopic
spin to leptons, as in Eq. (2), are: (1) no way is offered
to extend the analysis to strangeness-violating inter-
actions, and (2) the idea that leptons have isotopic spin
should, if combined naively with the Yang-Mills theory
and/or the variations popular today [e.g., SU(3)j,
predict that the leptons are strongly interacting. Thus
experimental verification or rejection of lepton isotopic
spin may lead to theoretical consequences far beyond
the possible existence of neutral weak interaction cur-
rents. On the other hand, it would be equally curious if
no other interaction with the leptons existed, thereby
leaving their symmetries indeterminate and ambiguous.
"M. Gell-Mann, Phys. Rev. 111,362 (1958).


