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INTRODUCTION

As early as 1948 the great similarity in the strength
of the coupling constants in beta decay, muon decay,
and muon capture had tempted several authors™* to
postulate a universal Fermi interaction. This view
was later reviewed extensively in a series of lectures®
by Fermi. However, any universality should imply
not only the equality of the coupling constants, but
also the similarity of the structure of the interactions.
For a long time there was no conclusive evidence to
substantiate the latter. Then came the discovery of
the nonconservation of parity in beta decay and also
in u decay in 1957. Following the tremendous activity
of that period, overwhelming evidence showed that
the interaction form of four fermions such as in nu-
clear beta decay and muon decay can be represented
by a (V-A) interaction.®™® Recent evidence indicates
strongly that this also holds for muon capture.”
Furthermore, from experiments on the 0% — 0
transition in O™, the vector coupling constant gy in
beta decay was found to be very nearly (within 1%,
or 29%,) equal to that of the Fermi constant g, of u
decay. The excellent agreement is by no means a
blessing, but rather a puzzle! In beta decay one ex~
pects strong renormalization effects from the virtual
emission and reabsorption of pions and baryons. On
the other hand, the renormalization effect does not
occur in muon decay because no pionic effect exists
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there. Then, why should this agreement be so good?

To explain this unexpected good agreement, Feyn-~
man and Gell-Mann,* and earlier Gershtein and
Zeldovich,** proposed the conserved vector current
theory (CVC theory) based on its analogy in electro-
magnetism where the observed coupling strength ‘‘e”
with electromagnetic field is the same for all particles
coupled. This universality of electric charge follows
from the fact that the electromagnetic current is con-
served. If the weak vector current is similarly con-
served, then the vector coupling constant would be a
universal constant.

Because of the fundamental importance of the
CVC theory, several types of experiments have been
proposed, designed, and executed to verify the valid-
ity of the CVC hypothesis. So far, all the results are
strongly in favor of the CVC theory.

In this paper we discuss only experimental results
concerning beta decay. First, we show the theoretical
formulation of the (V—A) fermi interaction. The re-
quirements of the continuity equation of the electro-
magnetic current are discussed in order to lead to the
formulation of the CVC theory and the unique prop-
erties arising from it. Then we examine the present
status of the question of equality between gv and g,.
Finally, we present and discuss the four different
types of experiments and their results.

THEORETICAL FORMULATION OF THE (V-4)
FERMI INTERACTION

If the interaction were pure (V-4),2 it would be
interesting to explore some possible theoretical argu-
ments which would lead to such a linear combina-
tion. In fact, the (V-A4) form has been reached inde-
pendently by three different theoretical approaches,
all based on the principal idea of representing the 4-
component spinor ¢ in terms of two 2-component
spinors ¢+ and ¢-. To allow only one of the two 2-
component spinors to appear in the interaction, dif-

(191)155). Feynman and M. Gell-Mann, Phys. Rev. 109, 193
128, S. Gershtein and J. B. Zeldovich, Zh. Eksperim. i Teor.
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18 This 1s not exactly correct in nuclear beta decay where
the axial vector coupling is slightly stronger (V-1.24), prob-
ably due to mesonic effects.
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ferent hypothetical principles were proposed to
justify its restriction.
These theoretical approaches are:
(1) The chirality invariance conjectured by Sudar-
shan and Marshak."*
(2) The two-component formulation of Dirac
spinors by Feynman and Gell-Mann s
(3) The mass-reversal invariance proposed by
Sakurai.'®

(1) Chirality Invariance

The word “chirality”’ (pronounced as kirality) was
derived from the Greek word “chir”’ (hand). There-
fore, it can be used to imply handedness.

The chirality transformation is defined as ¢ — ys.
For a particle of a given momentum, the Dirac equa-
tion has four solutions, each of them a 4-component
spinor. Now for a mass zero particle, e.g., a neutrino,
of these four solutions, two have positive chirality,
ie., ¥ = ¢, and two have negative chirality
v = —y. ‘

Next let us consider the case m = 0. Here, of
course, the general Dirac spinor is not an eigenstate
of the operator v;. However, it can be expanded in
terms of such eigenstates.

We can write

¥ =dst v,

where ¢, = 1 (1 & vs)¥. ‘
In terms of 2-component spinors 7, ¢, £, we have

v=(_7 70
and
- (04879 +4(219) 0

Thus
b= (2), wav= (%),

where ¢, = 3 (¢ =& £).
To express this in words; if one projects with the
positive chirality. operator, one obtains the 2-com-
ponent spinor ¢-; using the negative chirality op-
erator yields the 2-component spinor ¢..

At this point, Sundarshan and Marshak made a
bold conjecture that the total 4-fermion interaction

(1
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should be invariant under a vs transformation on any
of the ¥'s, ¥ — sy

The interesting consequence of this assumption of
chirality invariance is that the interaction is now
uniquely determined to be (V,4).

Consider the 4-fermion interaction

9= O Y1) (Y4 O o) .
Make the transformations
Yi— vl and ¥ — —¥vs. 3)
Then chirality invariance implies ¥y O ¥; = —¥vs

O vs¢; where O is any operator. We have
Ovs =0and —y; 0 = Oor[O,ys}+ = 0.

That means O and v; anticommute.

Of the five operators (S, V, T, 4, P) only V and 4
anticommute with vs. S, 7', and P commute with vs.
Therefore, the operator O must be a linear combina-
tion of V and 4,

O = av, + bvuvs .
From the condition

Ov: =0, O =ayws+ byu = av, + bvuvs.

This gives a = b or O = av,(1 + vs).
The interaction is thus

g{Pevu( + vo)tn} {(Yavu(l + vs)¥s} . 4

Of course, we could have retained (1 — v;)¢ instead
of (1 4+ vs)¢; then we would have (S, T, P) instead
of (V, A). Theoretically, these two possibilities are
equally good. It is the experimental evidence which
has the final say.

(2) The Two Component Formulation of the
Dirac Spinors!®

As we have shown that for m £ 0, the ¥, and ¢
cannot be decoupled in the Dirac equation, it is
rather mystical to write down the interaction involv-
ing only ¥, and not ¢- for every particle. The great
contribution by Feynman and Gell-Mann in this re-
spect is to explain this situation by showing that the
Dirac equation can also be expressed in terms of the
2-component wavefunction. However, the 2-com-
ponent wavefunction must satisfy a second-order
Klein—Gordon equation. Once one accepts this view-
point, then the hypothetical principles which were
proposed to restrict the interaction term to (V,4)
seem to be more reasonable.

Let’s write down the first-order Dirac equation for
the 4-component field ¢ in terms of Dirac matrices,

HY = a-pp + pmy . ®)



620 REviEws oF MopERN Puysics - APRIL 1964

We can express the 4-component wavefunction ¢ in
terms of the 2-component spinors ¢ and £. Then

Hé =o-pt+m¢p, Hi=o-pp—mé. (6)
Adding and subtracting these equations, we obtain
H¢y = o-pp+ + mo-, H¢- = —o-pp- + mos, ™)

where the ¢ and ¢~ were defined above.

If m = 0, these equations are decoupled, so the
functions ¥+, ¥—, which are eigenstates of the chirality
operator vs are also eigenfunctions of the Dirac equa-
tion. For m £ 0, the two equations are coupled. How-
ever, the ¢ and ¢- satisfy the Klein-Gordon equa-
tion since

¢+ = (1/m)(H + o-p)¢-, 8)
we have .
m¢- = m(H — op)p+ = (H — o-p)(H + o-p)¢-
= [H* — (o-p)l¢- = (H* — p*)¢-, )
or

[(8°/087) — V2 + m?|p- = 0. (10)

This is the well-known Klein—Gordon equation. In
other words, although ¢. does not appear in the
theory explicitly, nevertheless it appears implicitly
via BEq. (8), expressed in terms of ¢- and its deriva-
tives. This implies that the whole theory can be ex-
pressed in terms of a 2-component wavefunction,
either ¢- or ¢+, which, however, must satisfy the
K-G equation.

On experimental grounds, we know that the 4-
fermion interaction formulated in terms of ¢’s is
linear in the fields and does mot contain derivatives.
(This was the reason that the Konopinski-Uhlenbeck
modification was rejected.) Now, an arbitrary inter-
action form, even if it is linear in the ¢, in general,
involves both ¥ and y-, or in terms of 2-component
wavefunctions, both ¢_ and ¢.. If expressed in terms
of ¢- alone, the interaction must contain terms pro-
portional to ¢ and also to pé- ~ d¢/dz. If, however,
we insist that no such derivative terms should ap-
pear, then the interaction, formulated in terms of the
¥, must contain only ¥, and not ¥—, i.e., only ¢- not
¢+ (or vice versa). This requirement is identical with
that resulting from chirality invariance.

(3) Mass-Reversal Invariance
Consider the behavior of the Dirac equation

VP = 1my (11)
under the transformation ¢y — vysy.
Since vs anticommutes with each v,, we have
Yupu(ys¥) = —im(vs¥) . (12)

Thus, vs¢ is not an eigenfunction of the Dirac equa-
tion, unless we also make the transformation
m — —m. The Dirac equation is then invariant under
the combined ‘“mass reversal”’ transformation

Y=y, (13)

When one applies this transformation to each of the
four fermions simultaneously and demands that the
interaction be invariant, then it is equivalent to vs
invariance.

m-— —m.

(4) Connection with the V-A Interaction

All these hypotheses discussed above are equiva-
lent to the assumption that the beta interaction oc-
curs only in states of positive chirality, i.e., negative
helicity. The requirement of negative helicity, i.e.,
left-handed polarization for both neutrinos and elec-
trons (in positive energy states) implies the existence
of a (V,A) combination in beta decay, even though
the coefficients are arbitrary. If we also require that
the nucleons involved are left-handedly polarized (if
their rest mass could be neglected), then the inter-
action is uniquely fixed as V-A.

By using the relations vs(1 + vs) = (1 + vs)vs =
(1 + vs), the interaction can be rewritten as follows:

g{\l'/zv,.(l + ’Ys)l//x} {J/-&’Yu(l + ’Ys)\ba}
= g{[(‘pﬂﬁl)(‘/—/ﬁu(l + vs)¥s)]
+ [(avvstn) @avwrs(L + va)¥s)l}

since v, and 7y,ys are usually the vector and axial
vector operators, respectively, we then have the
(V-A) combination. This universal (V-A4) 4-fermion
interaction gives the unique combination (V-4),
yields 2-component neutrinos of negative helicity,
leads to the conservation of leptons, and is invariant
under the combined inversion of “CP”.

The universal (V-A) interaction differs from the
vector interaction originally proposed by Fermi

oy ey ibs) (15)

only by the presence of the extra factor (1 4 vs). It
is remarkable how close Fermi came to the correct
beta decay interaction long before the understanding
of beta decay was as far advanced as it is today.

(14)

THE CONSERVED VECTOR CURRENT HYPOTHESIS

As we mentioned in the introduction, because of
the strong coupling between the nucleons and pions,
the coupling constants in the old theory of beta decay
need renormalization. Nucleons can emit and absorb
virtual pions suchasn —»n + 7 - p + 7 —> n
+ 7% + 7o 4. --. Therefore, a neutron exists for



only a fraction of its lifetime as a bare neutron; the
rest of its life it exists as a proton surrounded by a
negatively charged pion cloud or as a neutron sur-
rounded by a neutral pion cloud, ete. The neutron in
the latter state is called a dressed or physical neutron
to differentiate it from a bare neutron. In the old beta
theory, only the bare nucleon is assumed to undergo
beta decay, not the dressed nucleon. Therefore, a
nucleon undergoes beta decay for only a fraction of
its lifetime. In the old theory, therefore, the effective
coupling strength of a nucleon must be proportion-
ately reduced or renormalized by the fraction of time
spent as a dressed nucleon.

On the other hand, a muon does not have strong
interactions. Its Fermi interaction strength needs no
renormalization. Therefore the effective coupling
constant in muon decay should equal the intrinsic
one. What mystified people was that the effective
interaction strength of the vector couplings in both
beta decay and muon decay were found to be equal
within ~29%, (see the section on gy = g,). Therefore
the question rose: why is no renormalization re-
quired between the effective and the bare interaction
strength in beta decay? To explain the unexpectedly
good agreement, Feynman and Gell-Mann’s ap-
proach to explaining the equality of vector g-inter-
action strength in nuclear 8 decay and u decay is to
assume that the pions carry with them the beta inter-
action strength when they are virtually emitted from
the nucleons (Fig. 1) and that the vector part of the

' 1
n 9, (bare) n P [ n [) [

Fi1c. 1. Feynman diagram of the decay of the physical
neutron.

nuclear beta interaction is so arranged as to have no
renormalization effects.

(1) Analogy With Electromagnetism

The fact that the vector interaction in beta decay
appears to be unaffected by pionic corrections has its
analogy in electromagnetism. The electron is be-
lieved to be a simple Dirac particle with no charge
distribution, i.e., essentially a point charge (except
for small radiative corrections of order /2w ~ 107%),
while the proton is a very complicated object con-
taining a meson cloud surrounding a bare nucleon
core. Yet the total charge of the proton, which one
measures in electron—proton scattering at very low
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energies, is the same as the proton charge one would
measure if there were no pion interaction. As a matter
of fact, all interactions are arranged in such a way
that the equality between the physical electric charge
and the bare charge is not disturbed, so that the
electric charge of the proton is the same as the electric
charge of the positron (of course in the presence of
pion interactions, the charge of the nucleon core alone
is not the same).

How is this equality achieved in electromagnetism?
First, electric charge conservation holds in the process

psn+ o,

i.e., the =+ has the same charge as the proton. Sec-
ondly, even while the proton is in the “dissociated”
state, the interaction of the =* with the electromag-
netic field is the same as that of the proton (Fig. 2).

p
+
o ™/ %
€ ! 1 ! 1

\\,,+ \\,,4-
P n 3 P n P

Frc. 2. Feynman diagram of the I-M interaction of the
physical proton.

Mathematically, the vector potential 4, couples to
the conserved charge current which consists of the sum
of the p and #* currents.

Of course, if the pion interaction with the electro-
magnetic field were different from the proton inter-
action, such as happens for the magnetic moment,
this conservation law would not hold. Thus the mag-
netic moment of the physical proton differs from that
of the bare proton.

(2) The Conserved Electromagnetic Current

The charge current for a proton is a polar vector
whose four components are given by

Ty = Yy = p(v,/c) forp =123

= Wt = 1p
in units of the electric charge e.
In covariant notation we have, apart from a factor ¢,

1n

Of course, for neutrons there is no charge current.

We can combine the results for proton and neutron
in terms of isotopic spin operators. For proton and
neutron, we have, respectively, 7. = 41, and —1.
Thus

foru =4, (16)

7:;& = ‘pp'Yu‘l/p .

in = &N‘YI‘% (1 + Tz)‘PNa (18)
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where yx represents a general nucleon wavefunction.
The nucleon current can be decomposed into an
isotopic spin scalar and isotopie spin vector

y 7 .S sV
T = S Unvby + FUnvirdy = G+t .
1SOSCala;r isovector

(19)

The isoscalar term satisfies the continuity equa-
tion:

95y/0%, = V15 + 3p/dt = 0. (20)

The conservation of isoscalar current implies the con-
servation of the number of nucleons. However, the
second term which is the z component of an isotopic
spin vector is not conserved by itself, but only if it is
supplemented by the pion term, i.e.,

J; = %KZN'YMTA&N + [r X @n/dxy)]. 4+ .

(3) The Formulation of the Conserved
Vector Current Theory (CVC)

For a conventional vector beta interaction, the
nucleon current is given by

(1)

Iy = (1/V2)¥xyasby for B decay, (22)
where
Tl = (7 + 17/ V2 = V20,
¥ =0, (23)
and similarly
Jp = (1/V2)wyur—y for g decay. (24)

These currents are very similar to the electromag-
netic isovector current J%. The J}, Ji, Ji are the
three components of one and the same isotopic spin cur-
rent J ,.

It was suggested by Feynman and Gell-Mann'
that, just as for electromagnetism, we must supple-
ment the nucleonic current by a pionic term, i.e.,
that not only J%, but also J7 and J; contain a pionic
vector current,

o= /V2)nvursbn + [w X (97/0,)]e + -+ - . (25)

Physically, this is equivalent to attributing the same
beta interaction strength to the direct pion-lepton
as to the baryon-lepton vertex, as shown in Fig. 1.
Since the strong interactions are charge-independent,
we have conservation of isotopic spin 7', a generaliza-
tion of conservation of charge, i.e., of 7'.. Thus the
Feynman—Gell-Mann hypothesis amounts to the as-
sumption that the total isotopic spin current includ-
ing both nucleonic and pionic terms, is conserved.
It is interesting to recall here the comments which
Gershtein and Zeldovich'? made at a time when the

Fermi part of the beta interaction was believed to be
scalar rather than vector. They wrote that “It is of
no practical significance but only of theoretical in-
terest if the interaction is vector type; then g (bare)
= gy (effective). No renormalization can be foreseen
by analogy with Ward’s identity for the interaction
of a charged particle with the electromagnetic field;
in this case, virtual processes involving particles do
not lead to charge renormalization of the particle.”

The analogy between the 8 interaction and electro-
magnetism is illustrated by the following corre-
spondences.

TasBLeE I. Correspondences between beta interaction and
electromagnetism

Electrodynamics Vector-type 8 interaction

Coupling constant e (1/4/2)g,,
Current Ji J*
Field potential A, Yev(1 + Y5,
Interaction -
Hamiltonian eJu A, (1/vV2)gp T fbevu(l + vs ),

CONNECTION BETWEEN WEAK AND
ELECTROMAGNETIC FORM FACTORS

The conserved vector current theory relates the
isovector weak interaction form factors uniquely to
the well-known isovector electromagnetic form
factors which have been extensively measured by the
electron scattering experiments.

Now the matrix element of the isotopic vector part
of the electromagnetic interaction between two
nucleons can be written as

ME_M = €elUg [Fg—M(qz)'Yu + ‘upz-;uﬂ" ﬁ'{_M(Qz)a'“,,q,,]ul;

(26)

¢ is the momentum transfer; o = 3 (vuv» — V¥4
ps and pg are the anomalous magnetic moments of
the proton and neutron; u¢ =2 1.79 and u2 = —1.91
nuclear Bohr magneton. FZ~ and F5™ are the well-
known isovector parts of the charge and magnetic
form factors for the nucleon. In the limit ¢* — O,
FE10) = 1 and FE(0) = 1.

In analogy, the matrix element for the conserved
vector current in weak interaction is given by

MY = (gv/V2mI (O )vu + 2 (owa ), (27)

where fY(¢%) and f¥(¢?) are the form factors in the
vector part of the weak interaction. The unique cor-
respondences between these two sets of form factors
bring out significant consequences.



(1) Renormalizability of the Vector Current

f1(¢*) should behave like F£=*(¢?). Since FZ(0)
= 1, which is the static limit of the charge, we should
also have fY(0) = 1. This implies that the vector
coupling constant of the weak interaction in the
CVC theory need not be renormalized.

(2) “Weak Magnetism Term”

f¥(¢*) should behave like (ug — u2)/2MFE(¢?).
This implies that the anomalous magnetic term
which is due to the pion cloud must also appear in
weak interactions. In fact, a relation between f¥(0)
and fY(0) in weak interactions can be obtained from
the corresponding relation in electromagnetic inter-
action:

Weak Interaction EM Interaction

O w—wd/eM

7(0) 1 '
Since the relation of the term f¥§ to the term f¥ in
weak interactions is equivalent to the relation of the
magnetism term to the charge term in the electro-
magnetic interaction, the f¥ term is the correspond-
ing magnetism term in weak interactions and has
been called ‘“Weak Magnetism” by Gell-Mann. This
second relation enables one to interrelate beta-decay
transitions to electromagnetic transitions in nuclei.
The investigation of the triad B'2, C*?, and N® is
interpreted mainly by this relation.

It can also be seen that, in high-energy neutrino
processes where high ¢ values enter, one can actually
determine the form factors by measuring the high-
energy neutrino-capture cross section. Preliminary
results from CERN (reported at International Con-
ference on the Fundamental Aspects of the Weak
Interactions at Brookhaven National Laboratory,
September, 1963, and Sienna Conference, October,
1963) appear to be consistent with the form factors
deduced from electron scattering.

28)

THE CONSEQUENCES OF THE CVC HYPOTHESIS
AND THE SIGNIFICANT EXPERIMENTAL EVIDENCE

We now review the observed evidence from the

five different types of experimentation. These are

1. The equality of the coupling constants gy in 8
decay and g, of u decay.

2. The equivalence of the weak vector form factors
and the electromagnetic form factors. A possible
evidence can come from a study of the beta
spectra of B2 and N*.

3. Determination of the absolute decay rate of
ot — 7° 4+ et + ..
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4. (8 — «) angular correlation measurements in
Li® and B® and

5. B — v (circularly polarized) correlation of the
mirror transitions Na? 8=, Mg%™ 8+ Al

All these experiments are extremely difficult ones but
their results are all strongly in favor of the CVC
hypothesis.

(1) Equality of gv and g,

How good is the equality between gy for 8 decay
and ¢, for u decay? At present, it appears that the
two coupling constants are indeed nearly equal, with
g, perhaps 29, to 39, larger. However, the accuracy
of some of the small theoretical corrections is not
beyond question.

The situation can be briefly summarized as follows.

Fermi Coupling Constant in Beta Decay gv

ft values: ,

The constant gy can be deduced from the ft values
of a series of superallowed 0t — 0* transitions by the
following relation

gv|M#*ft = 22°K (In 2) /mac’ . (29)

The |Mg|? for 0% — 0* transitions is equal to 2 in the
absence of charge-dependent effects. In order to cal-
culate the f{ values accurately, one must have:

(a) Accurate measurements of maximum beta energy
and halflives of these transitions: Five of these transi-
tions (0%, AI**, CI**, V*, and Co™) have been care-
fully determined by measuring nuclear @ values.'” 5
These results are summarized in Table II.

() F functions: To calculate the value f, one must
integrate the 8 spectrum. To do this one has to rely
on the computed tables of the Fermi function 7. Un-
fortunately, the widely used Fermi function tables®
by the National Bureau of Standards (NBS) were
computed based on a point charge nucleus and re-
taining only the leading term in the expansion of the
Fermi function. For precision results, several addi-
tional factors must be taken into account in evaluat-
ing the Fermi function, such as the finite charge dis-
tribution of the nucleus, the orbital electron screen-
ing, etc. The nuclear size correction has been recently

17 R. K. Bardin, C. A. Barnes, W. A. Fowler, and P. A.
Seeger, Phys. Rev. 127, 583 (1962). (O14).

18'J, Janecke, Phys. Letters 6, 69 (1963) (V).

19J, M. Freeman, J. H. Montagne, D. West, and R. E.
White, Phys. Letters 3, 136 (1962). J. M. Freeman, R. E.
White, J. H. Montagne, G. Murray, and W. E. Burcham, in
Proceedings of Second International Conference on Nueclidic
Masses, Vienna, 1963.

20 T'gbles for the Analysis of Beta Spectra, National Bureau
of Standards, Applied Mathematics Series No. 13 (U. S.
Government Printing Office, Washington, D. C., 1952).
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TasLE II. The five accurately measured 0 A% O0* transitions and their calculated f¢ values: (ft)r a point charge nucleus;
(ft)ur with nuclear size effect, Rose’s screening formula and radiative correction from (30). The values for Ol Al126*% and CI3¢
from (22); (ft)ix with nuclear size effect, Reitz’s screening correction, and radiative correction from (30).

0+ g+ 0o+ ft

Transition 1 (see) Ernax(keV) I IT III Ref.
g1 — ;N1 71.36 + 0.09 1812.6 + 1.4 3066 + 10 3127 3173 17,22
13A126% — 1, Mg26 6.374 + 0.016 3208.0 + 2.3 3015 + 12 3086 3135 19,22
17C134 — 14534 1.565 + 0.007 4460 + 4.5 3055 + 20 3140 3176 19,22
23 V4 — 5, Ti46 2.424 + 0.002 6041 + 7 3011 + 25 3138 3172 18,30
27C0% — 26 Febt 0.1937 + 0.0010 7229 + 5 2966 + 18 3134 3165 19,30

calculated by several authors® % and the results are
all in good agreement. There is no such accord for
the screening corrections given by the detailed cal-
culations of Reitz* and the approximate method of
Rose.® The discrepancy in ft values resulting from
screening corrections varies from 29, in O™ to 19, in
Co*. This screening correction is now being re-
examined by several authors.?®

(¢) Radiative corrections®?: Because of various
radiative processes—photon emission and absorp-
tion, both virtual and real, bremsstrahlung, etc.—
one must also apply radiative corrections in the B
decay. Unfortunately the theory diverges,

A

——— 30
" Ty (30)

A is infinity, if you integrate to infinity. Fortunately
the nucleons have a structure so the upper limit may
be in the neighborhood of a proton mass. Kinoshita
and Sirlin used the proton mass as the cut off of the
integral and obtained

(Aft)ors/ (f)0re = +1.7%,
or
Agv/gv = —0.8%, .

Finally, relativistic corrections,”® competition from

21 B. S. Dzhelepov and L. N. Zyrianova, Influence of Atomic
Electrical Fields on Beta Decay (Izvestia Akademii Nauk
SSSR, Moscow, 1956), in Russian.

22 L. Durand, L. F. Landovitz, and R. B. Marr, Phys. Rev.
130, 1188 (1963).

2 C. P. Bhalla and M. E. Rose, Table of Electronic Radial
Functions at the Nuclear Surface and Tangents of Phase Shifts.
(ORNL 3207, 1961). Also Phys. Rev. 128, 774 (1962). A more
complete table is in press.

24 J. R. Reitz, Phys. Rev. 77, 10 (1950).

25 M. E. Rose, Phys. Rev. 49, 727 (1936).

25a Note added in proof. The electron screening corrections
to beta decay spectra have been reinvestigated recently by
L. Durand IIT and are found to be in agreement with those
obtained by Rose and by Longmire and Brown, but in marked
disagreement with those obtained by Reitz. The latter results
appear to be incorrect. The author wishes to thank Dr. Durand
IIT for communicating his results to her prior to its publica-
tion.

26 T, Kinoshita and A. Sirlin, Phys. Rev. 113, 1652 (1959).
( ;ng) M. Berman and A. Sirlin, Ann. Phys. (N. Y.) 20, 20

1 .

28 A. Altman and W. M. MacDonald, Phys. Rev. Letters 1,

456 (1958). :

K capture, and contributions from second forbidden
matrix elements® were estimated and found to be too
small to be relevant.

To compare the magnitude of these different cor-
rections, Freeman et al.* calculated the f¢ values for

(ft)r a point charge nucleus;

(f)u with nuclear size effect, Rose’s screening
formula, and radiative correction of Kino-
shita, Sirlin, and Berman;

(ft)1r with nuclear size effect, Reitz’s screening cor-
rection, and radiative correction of Kinoshita,
Sirlin, and Berman.

These three different calculations of ft values are
listed in Columns 4, 5, and 6 of Table II, respectively.
It is interesting to note the extreme uniformity of the
ft values of the five transitions (within 29,) in spite
of the large range of Z. Apparently the atomic num-
ber has very little effect on the matrix element.

(d) Impurity corrections to |Me|?>: We have men-
tioned that for 0% — 0% transitions, |M¢|? = 2. This
is true only for perfect isotopic spin states. It is ex-
pected that the Coulomb interaction between pro-
tons, which violates isotopic spin conservation, will
distort the nuclear wavefunctions to some extent, so
that the nuclear matrix element is decreased. De-
tailed calculations of this effect®*? indicate that the
effect in O" is likely to be very small. The upper
limit of A|M|*/|M|* < % 9%. However, Weiden-
miiller® pointed out that, should an appreciable con-
figuration mixing of higher states be present at the
1p-shell states involved in the decay, then the
Coulomb effects may be boosted up to 1 to 29%,.
However, there have been no experimental demon-
strations of the presence of such mixing yet. Mean-
time, the introduction of a small percentage of
charge-dependent nuclear potential (i.e., different

29 B. J. Blin-Stoyle, V. Gupta, and J. S. Thompson, Nuel.
Phys. 14, 685 (1960).

30 J. M. Freeman, R. E. White, J. H. Montagne, G. Murray
and W. E. Burcham, Phys. Letters 8, 115 (1964).

31 W. M. MacDonald, Phys. Rev. 110, 1420 (1958), and in
Nuclear Spectroscopy, edited by F. Ajzenberg-Selove (Aca-
demic Press, Inc., New York, 1959).

32 H. A. Weidenmiiller, Phys. Rev. 128, 241 (1962).



p-p and p-n potential of electromagnetic but non-
Coulomb origin), was investigated by Blin-Stoyle and
Le Tourneux.® It was shown that even a very small
departure from charge symmetry could lead to cor-
rections of the desired amount in the matrix element.
However, MacDonald and Altman® calculated the
possible magnitude of the charge-dependent nuclear
potential from the existing experimental data and
found it to be too small to give the required reduction
of the nuclear matrix element. So the question is by
no means resolved yet.

If |Me* = 2 is assumed and the unweighted av-
erage ft value from O, AI** CI*, V* and Co* is
used in calculation, Freeman et al.*® obtained

(1) with Rose’s screening formula:

(ft)aw = 3125 & 10 sec ;
gv = (1.4029 4= 0.0022) X 107 erg cm?;

(2) with Reitz’s screening corrections (see foot-

note 25a):
(ft)ar = (3164 = 8) sec ;
gv = (1.3943 £ 0.0017) X 10™*° erg cm®.

gu of Muon Decay

To obtain g,, one can use the muon lifetime equa-
tion
1/T, = gimpc'/192 ©°H"
where the latest measurements®*® gave
m, = (206.768 = 0.003)me ,

T, (uncorrected) = 2.198 4= 0.001 p sec .

(31)

The radiative correction was estimated®* to be
AT,/T, = —0.429, or Agu/g. = +0.219, .
Therefore g, with the radiative correction is
g, = (1.4350 &= 0.0011) X 107 erg cm?®.
Discussion

From the values of gv and g,, we obtain

Gu — 9v)/9: =22 £ 0.15) %

using Rose’s screening correction,

=(28£012)%
using Reitz’s screening correction.

33 R. J. Blin—Stoyle and J. Le Tourneux, Ann. Phys. 18, 12
(1962); R. J. Blin-Stoyle and S. C. K. Nair, Phys. Letters 7,
161 (1963).

3¢ A. Altman and W. M. MacDonald, Nucl. Phys. 35, 593

1962).
( 35 G. Charpak, F. J. M. Farley, R. I. Garwin, T. Muller,
J. C. Sens, and A. Zichichi, Phys. Letters 1, 16 (1962).

36 F. J. M. Farley, T. Massam, T. Muller, and A. Zichichi,
in Proceedings of International Conference on High Energy
Physics (CERN, Geneva, 1962), p. 415.
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Indeed, if the equality of gy = g, is required by the
CVC theory, then the observed discrepancy of 2%,
3% may appear to be in contradiction to the CVC
theory. On the other hand, the f¢ values of the four
transitions (O, CI*, V¥, and Co*) are so remark-
ably constant, it makes one wonder how reliable the
radiative corrections to the g8 decay or the impurity
corrections to the |My|? are. After all, the radiative
correction for 8 decay is calculated purely for bare
nucleon and not for nucleons inside of a complex
nucleus. How justified is this assumption? On the top
of all these uncertainties, one now discovers that one
also needs a more accurately computed Fermi func-
tion with proper electron screening corrections. Some
time ago, it was also suggested that if the inter-
mediate vector boson W does exist, then the lifetime
of the muon is modified depending on the mass of the
intermediate vector boson.’” The effect due to the
existence of W particle can be expressed by

[T]w = [T,] X {1 - % (%)2 + <3f> In <:Z—:)

ol ()]},

The term O[(my/mw)2a] has been evaluated recently
and found to be extremely small of the order of 0.19,
or less.® The second term £ (m,/mw)? could have
saved the situation if the mass of the vector boson is
only slightly heavier than the K meson. However,
the recent CERN high-energy neutrino experiments
have shown that the mass of the vector meson prob-
ably lies between 1.25-1.65 BeV.®» Therefore the
correction due to this term is now reduced to 0.2—
0.49%, on the lifetime of muon decay, corresponding
to only 0.1-0.29, on the muon coupling constant.
This certainly does not help the matter as one would
have hoped for.

In view of these uncertain theoretical corrections
involved in comparing gv = g,, one probably should
not be lightly discouraged by the existing discrepancy
of ~29,.

On the other hand, some intriguing ideas to ex-
plain this observed discrepancy have been suggested
by Cabibbo® based on an analysis of leptonic decays
using unitary symmetry for strong interactions.

37T. D. Lee and C. N. Yang, Phys. Rev. 119, 1410 (1960);
S. Oneda and J. C. Pati, Phys. Rev. Letters 2, 125 (1959).

38 (a) T. D. Lee (private communication). (b) CERN High
Energy Neutrino Experiments. Proceedings of International
Conference on Weak Interactions, Sept., 1963, at Brook-
haven National Laboratory. Also Sienna International Con-
ference on Elementary Particles, Sept. 30-Oct. 5, 1963 (in

press).
39 I)\T Cabibbo, Phys. Rev. Letters 10, 531 (1963); 12, 62
1964).
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Since this is outside of the scope of this review, I do
not go into the details of Cabibbo’s proposal. The
general idea may be stated as follows. It is assumed
that the weak current J, of strong interacting par-
ticles consists of two parts. One part is due to the
strangeness conserving current of AS = 0, AQ =
and the other is due to the AS = AQ = 1 current.
Their isospin selection rules are, respectively, Al = 0
or 1 and Al = %. The relations between these two
currents are expressed in terms of a parameter “6.”
The vector coupling constant for 8 decay which rep-
resents only AS = 0 decay, is, therefore, not the
coupling const g but g cos 6 where 8 is determined
from leptonic hyperon decays. Since 6 determined
from experimental data is around 0.26, this gives a
correction of 6.6%, to the ft values of Fermi transi-
tions in the right direction to eliminate the discrep-
ancy between gy and g,. While this is only a tenta-
tive exploration, it does seem to explain both (1) the
smaller g for AS = 1 transitions and (2) the ap-
parent g, > gv. However, further developments are
required for its justification.

One should now turn to an examination of the
evidence for the CVC theory from other experi-
mental investigations. ,

(2) The B'*>-C'>-N!? Experiment

As we have pointed out, the CVC theory relates
the nucleon current in the vector part of the beta
interaction to the charge current in electromag-
netism. Although the effective coupling strength is
not renormalized by pionic corrections, a nucleon also
possesses a magnetic moment which is greatly altered
by the pion cloud. Physically, for a given charge, the
bare pion carries a larger magnetic moment, on ac-
count of its smaller mass. This is responsible for the
anomalous nucleon magnetic moment. The CVC
theory implies that such anomalous magnetic mo-
ment terms must also appear in beta decay.

(a) Theoretical Expectation

A very ingenious way to test the effect of the CVC
theory in beta decay was suggested by Gell-Mann*
and was successfully observed in various labora-
tories.*™* This test involves the beta and gamma

40 M. Gell-Mann, Phys. Rev. 111, 362 (1958).

( 41T) Mayer—Kuckuk and F. C. Mlchel Phys. Rev. 127, 545

1962

(1;2N W. Glass and R. W. Peterson,- Phys. Rev. 130, 299
63).

#Y. K. Lee, L. W. Mo, and C. 8. Wu, Phys. Rev. Letters
10, 253 (1963) The Fig. 4 shown in this paper is recalculated
by using Bhalla and Rose’s? new table of Fermi functlons and
the new end-point energy of N12.5

transitions in the A = 12 nuclei as indicated in Fig.
3. There are three transitions from the three levels
of an isotopic multiplet 77 = 1, I = 1 to the common

g2 N'2
el 17.3422?; I+
P - R s
3
13.369 Mev
3"~ 1+

F1a. 3. Energy levels and decay schemes of B12-C12-N!2 triad.

ground state of C': the 8~ transition from B®, the
corresponding B+ transition from N'?, and the v
transition from C*.

Let us consider the ™ transition from the 7, = —1
level. The dominant contribution should come from
the axial vector current, in allowed order. Its effective
matrix element is

gaMer{etal(1 + v5)/V 20} . (32)

Now we consider the forbidden corrections from both
V and A interactions. However, the matrix element
of the V interaction of J} from the T, = —1 state is
now uniquely related to that of J% of the analogous
electromagnetic transition from the 7. = 0 state.
For the v transition (Al = —1, no), one expects
magnetic dipole effects to dominate and since
AI = —1, only the isotopic vector part of electro-
magnetic current will contribute. All orbital currents
are negligible as shown by the detailed calculations
of Weidenmiiller.*

Therefore
Mo = —(ue/2M)(V x A),, (33)

where u is the transition magnetic moment in units
of the proton Bohr magneton (¢/2M) and V x A is
evaluated at the nucleus.

The matrix element from the vector 8 interaction is

N gv o+ 14+ v )
—\/22M p I:V x (e e 5" V>l. (34)

It is important to point out here that the forbidden
vector interaction is now determined by the transi-
tion magnetic moment g in the analogous gamma

44 H. Weidenmiiller, Phys. Rev. Letters 4, 299 (1960).



transition. The transition magnetic moment x can be
calculated from the observed radiation width r, of
the 7 = 1 state in C'2 by the relation T, = [u?/3(137)]
X (W?3/M?), where W is the gamma ray energy, M
is the mass of nucleon, and Iy = 53 & 11eV.%* This
gives u = 2.2. It is also important to demonstrate
that the anomalous magnetism plays a dominant
role in this M1 transition. This can be shown by
using the relation

= (1/\/5)(,“?—1%)-[{ .

The value of (u, — w.) deduced from the empirical
f o = 0.8 and p = 2.2 is ~4.0, which agrees fairly
well with the difference u, — u, = 4.7. Since in the
old theory of beta decay the pions were not coupled
to leptons and therefore possessed no B-emitting
power, the large anomalous magnetic moments com-
ing from the pion clouds had no claim to be in beta
decay.

For completeness, one must also consider the low-
est ‘“forbidden” corrections coming from the axial
vector current, for example, corrections due to the
gradient of the lepton fields. Summing up, *-transi-
tion matrix element in the above cases is made up
from the allowed A interaction plus forbidden cor-
rections from the A interaction plus or minus a for-
bidden matrix element, from the V interaction.

—gaMorie* (o — ta(k x @) — bkys).[(1 + vs)/V2)},
/ N

T
allowed interference  correction
A term  term between in A term
Aand V
(35)
where
a=—H2_|or| 1
VoM | ga | Mgr®

The spectrum can be represented by the standard
allowed shape, multiplied by a correction factor

8 ( _&_mz) 2 ( _mi)
1+3aE B oK +3bE’o 7/

(36)

For fast 8~ particles, the b term fortunately does not
contribute to the spectrum shape. One reduces the
correction factor to

1 +LaB).

For the g* transition, one obtains the same result ex-
cept the sign in front of the energy term changes to
negative. The correction factor is (1 — § aE) for 8*.

4 E. Hayward and E. G. Fuller, Phys. Rev. 106, 991 (1957).
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This change of sign comes about because the co-
efficient ““a@’’ results from a (V — A) interference
which changes sign from 8~ to 8* transition. There-
fore the ratio of the B and N*? correction factors is

R(E) =1+ LaE.

More extensive calculations on the spectral devia-
tion from the allowed Fermi shapes for B'* and N**
were also carried out by Morita,*® Gell-Mann and
Berman,” and Huffaker and Greuling.*® All the con-
tributions due to weak magnetism, electromagnetic
correction, finite de Broglie wavelength effect and
second forbidden matrix elements of various co-
ordinate and momentum types were included. These
calculations turned out to be in very good accord.
The curves showing correction factor vs energy in
Morita’s and Huffaker’s calculations exhibit very
slight curvatures. The slopes a~(B") and a*(N*) are
about equal and opposite in sign. The final theoret-
ical factors

A(CVC) = a=(B®?) — a*(N**) = (1.10 = 0.17)%
per MeV ,
A (Fermi) = = (.10 per MeV .

The A (Fermi) is the calculated correction factor
ratio based on old Fermi theory. The expected dif-
ference between A(CVC) and A(Fermi) is very
striking. This experiment, therefore, is a very suit-
able test for the CVC hypothesis.

(b) Experimental Confirmation

The shape factors for the 8 spectra of B*? and N*?
have been measured by several laboratories. The B*
and N*? nuclei are produced on electrostatic ac-
celerators using the reactions B"(d,p)B** and B"
(He?,p)N*, respectively. .

The first measurements were made by Mayer-
Kuckuk and Michel at California Institute of Tech-
nology*! and by Glass and Peterson at Los Alamos.*?
Both groups found a ratio 4 in general agreement
with the CVC, ie., 1.30 = 0.319%,/MeV and 1.62 =
0.289,/MeV, respectively. However, the deviations
of the shape factors of the individual spectra were
not accurately determined in the early measurements.

Recently, Lee, Mo, and Wu* at Columbia Uni-
versity have measured the two spectra with their
iron-free intermediate-focusing magnetic spectrom-
eter and found that the deviation of the shape

46 M. Morita, Phys. Rev. 113, 1584 (1959).

47 M. Gell-Mann and S. M. Berman, Phys. Rev. Letters 3,
99 (1959).

48 J. N. Huffaker and E. Grueling, Trans. N. Y. Acad. Sci.
24, 591 (1962). ‘
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TasLE III. The experimentally determined Shape correction factors for B2 and N2 and their ratios.

Lee, Mo, and Wu#

Mayer-Kuckuk
and Michel#

Glass and Peterson4?

Theoretical prediction#—48

_ +0.55 + 0.109% (narrow)
a~(B12) 405210 09%‘; (wide) +1.82 £+ 0.08% +0.55 + 0.129,
—0.52 + 0.069%, (narrow) _ .
a*(N12) —05 %0 09%‘; (wide) +0.52 + 0.209% 0.55 + 0.129,
a~(B2) 1.07 + 0.249, (narrow)
A _a*'(Nl?) 10250 24‘7:;(wide) 1.30 +£ 0.319 1.62 + 0.289, 1.10 + 0.179,

factor for the B* spectrum is +0.55 &+ 0.109, per
MeV and for the N2 spectrum —0.52 == 0.069, per
MeV, as shown in Fig. 4. As predicted, the deviations

106 T T 1 T T T 1

Narrow Slit (3/16-inch) [0.55%0.10] % per Mev
" %
/% —
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1.02

o
o

o
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o
©0
)

Shape Correction Factors

N'2 ~[0.5240.06] % per MeV

0.94— _

| | | | | ] ] |
0.92 6 7 8 9 10 i 12 13 14

Beta Energy in MeV
(a)

LS 1 [ B i [

Wide Slit (3/8-inch) }
1.04|— B2 —]

P
nN
I

Shape Cerrection Factors
o -
© o
T o
—0—t

| | | | | | | |
0.92 6 7 8 9 10 i 2 13 149
Beta Energy in MeV

(b)
F1a. 4. The measured shape correction factors a~(B!?) and
a*(N12): (a) for the narrow annular slit (3% in.), and (b) for
the wide annular slit ($ in.).

are in opposite directions to each other. The ratio of
the two shape factors is 1.07 =4 0.249, per MeV,
which compares favorably with the theoretically pre-
dicted value of 4 + 64 = 1.10 =& 0.179, per MeV.
Furthermore, these curves have also been run with

different slit systems and the same conclusions were
obtained. The evidence, thus, strongly supports the
theory of conserved vector current.

The results are summarized in Table III.

(¢) ft Values of B and N**

The careful study of the 8 decays of B2 and N'2 has
led to the possible discovery of some new unexpected
effects. From the very accurate measurements of de-
cay energies and lifetimes for these 8 transitions®®%
it is possible to calculate the ft values quite accu-
rately. On this basis it is found that ft = 117 000
for B and 12900 for N') the uncertainties are
0.5% to 1%). Thus, the ft value for N*? is 109, larger
than that for B**. This difference has not yet been
satisfactorily explained.

It might appear that the weak magnetism term
which changes the spectrum shape for 8~ and g* de-
cay in opposite directions could also change the ft
values, but this is not the case. For the average of £
(integrated over the allowed spectrum) is in fact
just § Eo; thus the correction in the shape factor [Eq.
(36)] averages 0. Consequently, in the approxima-
tion considered above, there is no difference between
ft values. However, there exist other correction terms
besides the weak magnetism term, the ‘“‘induced
couplings,” (e.g., the induced pseudoscalar coupling
and possibly also an induced tensor coupling). These
terms might conceivably account for the difference
of ft values,*® though they have negligible effect on
allowed spectrum shapes.

3) The #* — #° 4+ ¢* + v Decay

An important consequence of the CVC theory is
the predicted occurrence of decay of #* into =°.
As was pointed out above, according to the CVC

49 T. R. Fisher, Phys. Rev. 130, 2388 (1963).
( °°R) W. Peterson and N. W. Glass, Phys. Rev. 130, 292
1963

51 W. Whaling and T. R. Fisher, Bull. Am. Phys. Soc. 8,
598 (1963).

52 8. Weinberg, Phys. Rev. 112, 1375 (1958).
( 53 I) N. Huffaker and E. Gruelmg, Phys. Rev. 132, 738
1963



theory, pions are endowed with B-interaction
strength. Thus charged »* should be able to decay
into #°. For example we can have

at— a4+ et + .

This decay is very similar, in principle, to a nuclear
0* — 0% transition such as for example, the O* — N™*
decay. In both cases the decaying particle has spin 0
and isotopic spin 7" = 1, and 7', changes from 41 to
0. As in nuclear beta decay, we find

1 mc G

== 5;;lﬂflf-

TR ®7)

Now expressing the dimensionless coupling constant
in terms of the gv and using

P = [1p =2,
and
fngs Wefor Wo> 1, (38)

where W, = maximum energy in units mc?, the elec-
tron rest energy, we obtain

1/7 = gv(m®c* /") (Ws/30x°) . (39)

The decay energy = (m.+ —m,®) ¢ = 4.6 MeV.
We find

1/7 = 0.43 sec™ (40)
and a branching ratio
+ 0 +
R="21T t" T2 _ (1.07 2 0.02) X 10°°.
T —u +v
(41)

Actually this process could have also occurred in
the old form of the theory, i.e., by

1r+—>p+;z-—>{£j__;}—l—e++v—>1r°+e++v.
(42)

In this theory the calculation of the decay rate is
beset with mathematical difficulties due to the strong
coupling of pions to nucleons, and divergent in-
tegrals. The calculated R is between 5 X 107 and
1078 depending on the assumptions made.* It should
be pointed out that the processes, [Eq. (42)] as well
as direct decay, are included in the CVC calculation,
since the beta-decay current is the same for a bare
pion or a nucleon—antinucleon pair, just as for the
vector part of nuclear beta decay.

The =+ — #° + et + » decay can be detected by
observing the following series of events: A slow

5 B. Feenberg and H. Primakoff, Phil. Mag. 3, 328 (1958).
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neutral #° is created after a positive pion 7 is stopped
and decays. The #° immediately decays into two 70-
MeV v rays. Meanwhile, the ¢* produced in the =*
decay annihilates into two 0.5-MeV v rays. This se-
quence of events, two 70-MeV v rays and two 0.5-
MeV « rays created practically simultaneously, is so
typical that it is possible to distinguish it by multiple
coincidence experiments from the tremendous back-
ground (by factor 10®) of normal = — u — e decays.
Even the rare 7 — ¢ + » decays occur 10* times as
frequently ! Several laboratories have carried out ex-
periments to measure this ratio. The reported results
are summarized in Table IV. It can be seen that the

TasLe IV. Recent measurements of the decay rate of
7t 570 + et + v,

R Events observed
CERN= (1.15 £ 0.22) X 10°8 52 + 3
(1.08 + 0.22) X Reve -
Lawrence Labb (2.0 +0.6) X 1078 10
Dubnac (1.30 £ 0.35) X 1078 40 + 8
Columbiad (1.0 £0.3) X108 33

s :5 %’( 1Igéa%’)ommier, J. Heintze, C. Rubbva, and V. Soergel, Phys. Letters

b R. Bacastow, T. Elliott, R. Larsen, C. Wiegand, and T. Ypsilantis,
Phys. Rev. Letters 9, 400 (1962).

o A. F. Dungitsev et. al. (reported by I. V. Chuvilo) in Proceedings of the
International Conference on the Fundamental Aspects of Weak Inter-
actions at Brookhaven National Laboratory, September, 1963.

0 ';P(.lgéz‘ir)tlett, S. Devons, S. Meyer, and J. Rosen, Bull. Am. Phys. Soc.

measured ratio is in good agreement with the ratio
predicted by the CVC theory.

(4) The Beta—Alpha Angular Correlations
in the Li® and B® Beta Decays

Another test of the CVC theory, similar in prin-
ciple to that for the A = 12 nuclei, can be made by
studying the -« angular correlation in the decays
of L and BS.

Although the radiations following allowed 8 decay
of unoriented nuclei are uncorrelated in direction
with 8 rays, forbidden effects may produce correla-
tions of the form

W(0ga) = 1 4+ B cos? g, (43)

where the small coefficient B depends on the details
of the matrix elements involved. Bernstein and
Lewis® and Morita® suggested that second forbidden
vector interference terms should lead to deviations
from isotropy in the 8—« angular correlations of the
Li® and B? beta decays [Li®# (8~,v7)Be®** (a)He' and

B(8*,»)Be** (a)He']. These mirror nuclei decay pri-

5 J, Bernstein and R. R. Lewis, Phys. Rev. 112, 232 (1958).
5 M. Morita, Phys. Rev. 113, 1584 (1959).
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marily by an allowed Gamow-Teller transition to
the 2.90-MeV level of Be® which promptly decays
into two alpha particles. The mass-8 triplet is illus-
trated in Fig. 5 where the dashed line represents the

B®

.8 1764 1%r=n| 17980 Js2*

0,19 |5°I6;J=2‘ &“—:ﬂgu

LiT+d-p !

I
1
1
i

2.90 /%z‘,'r-o

J=0%4T20

He' + He* Bé

F16. 5. Energy-level diagram of the mass-8 triad. The Li8
electron decay and the B8 positron decay are followed by the
a-particle breakup of the 2.90-MeV Be8* level.

Li®+He3-n

M1 gamma transition to the 2.90-MeV level of Be?
from the I = 2*, T = 1 level, analogous to the Li®
and B® ground states.

Due to the recoil of Be®* from the 8 decay, the
B-a angular correlation transformed from the Be®*
rest system to the laboratory system is of the form

W(fsx) = 1 + A cos g + B cos® Oger, (44)

where 4 is equal to —Wjg/pac to the first order. Wy
and p, are the electron total energy and the alpha-
particle momentum, respectively. The coefficient B
may be represented by B = aWp, where a is defined
by Gell-Mann:

a = (u/V2M ) (gv/gs) - (45)

The situation here is similar in principle to that for
the 4 = 12 sequence, but is not possible to draw as
definite conclusions. ,

First of all, the radiation width of the M1 v ray
is not known experimentally. It has been calculated
theoretically by Weidenmiiller** and Kurath® using
the intermediate coupling shell model. Weiden-
miiller’s estimate gives I, between 1 and 4 eV, while
Kurath estimates it to be between 3 and 5 eV.

Proceeding similarly as for the A = 12 sequence
and using Weidenmiiller’s result, it can be shown
that the anisotropy parameter B is given by

0.0025W < B < 0.0045W for CVC,
and 0.0005W < B < 0.002W

for conventional Fermi theory ,

57 D. Kurath, Phys. Rev. Letters 4, 180 (1960).

for Li® and with the same magnitude but opposite
sign for B®.

The coefficient B is extremely small indeed. This
difficult comparison has been carried out by Nord-
burg, Morinigo, and Barnes® with high precision.
Their measurements were made by counting coinci-
dences between « particles detected in a gold-silicon
surface-barrier detector and electrons or positrons
detected in a plastic scintillator which could be ro-
tated about the target to positions of 0°, 90°, or 180°,
relative to the alpha detector. The alpha-particle
pulse-height spectra in coincidence with electrons
from the Li® beta decay and B® beta decay at various
angles are shown in Figs. 6 and 7, respectively. The
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F1a. 6. The a-particle pulse-height spectra in coincidence
with electrons from the Li® beta decay at various angles. A
prominent feature of the curve is the energy shift with angle
which is the result of the Be8* recoil from the beta decay. This
experiment measured the total areas of the curves to de-
termine the coefficients of the angular distribution, W(8g,) =
1 4+ A cos g + B cos? 6g,. The points marked “098"" were
the response of the gold—silicon detector to the electrons.

total areas of the curves are used to determine the
coefficients A and B in Eq. (43). Their final results
were

By = (0.00316 = 0.00060)W; ,
and

By = (—0.00386 &= 0.00100)W5 .

A recent independent determination of the Li® g—a
correlation® gives Bry = (0.0037 =+ 0.0010)W; in
good agreement with the results of Nordberg et al.
Thus one may conclude that the measured value lies
within the range of the theoretical values of B for
the CVC theory and disagrees with the prediction of
the old Fermi theory.

58 M. E. Nordburg, F. B. Morinigo, and C. A. Barnes, Phys.
Rev. 125, 321 (1962).

59 W. Gruhle, K. H. Lauterjung, and B. Schimmer, Nucl.
Phys. 42, 321 (1963).



(5) B-v (circularly polarized) Correlation of the
Mirror Transitions: Na2t f5 Mg24 f+ Al

The ingenious experiment suggested by Bouchiat®®
was stimulated by the observation of the large dis-
crepancy between the experimentally determined
Fermi matrix element M» and the theoretically es-
timated isotopic spin impurities in the case of Na*,
It is well known that the isotopic spin selection rule
for the Fermi type of @ interaction is given by
AT = 0; where T is the total isotopic spin. There-
fore, in B transitions, where AT = 1 and ATz = =1,
only two possible sources other than AT = 0 can
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Fia. 7. Same as Fig. 6, except this is for BS.

contribute to the Fermi part of 8 interaction. One is
the already mentioned isotopic spin impurity which
is introduced by the charge dependent forces in
nucleon—nucleon interaction such as the Coulomb
interaction between the protons. Such an asym-
metrical potential clearly violates the charge-inde-
pendent condition for the total isotopic spin T to be
a good quantum number. Therefore the charge-de-
pendent potential perturbs and mixes states of dif-
ferent isotopic spins. The other source oceurs only in
the conventional theory of 8 decay where the pion
current does not take part in the interaction, so the
virtual pions in the physical nucleon state can induce
a Fermi transition with AT = 0. However, as was
pointed out by Wigner,**® under the CVC theory,
the contribution of virtual pion states to the AT = 0
Fermi transition is strictly zero as it is required that
the B-interaction Hamiltonian commute with the
total isotopic spin operator. Thus the observed
deviations from the AT = 0 selection rule in Fermi
transitions have to be explained only in terms of
isotopic spin impurities.
60 C. C. Bouchiat, Phys. Rev. Letters 3, 516 (1959).

61 . P. Wigner, in Proceedings of the Welsh Foundation
Conference on Chemical Research, 1957 (unpublished).
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Let us take the case of 8 decay from the 7' = 1,
J = 4% state of Na* tothe 7' = 0, J = 4* state of
Mg**. This is a case of AT = 1. However, the con-
tribution of M as determined by B—y (circularly
polarized) angular correlation is found to be less than
107® while the theoretical estimate by j — j coupling
shell model yields a value of (1.3 — 1.7) X 10725263
an order of magnitude larger.

There are two possible explanations of this dis-
crepancy:

(1) The Coulomb matrix element has possibly
been overestimated by using j—j coupling

- model wavefunctions; or

(2) The CVC theory may break down in the com-
plex nuclei; then the virtual pion currents do
induce Fermi transitions. Furthermore, the
mesonic term and the Coulomb term inter-
fere and cancel each other in Na*, thus re-
sulting in a much smaller value of M ».

In order to make a choice between these two possi-
bilities without having to use any nuclear model, the
following mirror experiment was suggested by
Bouchiat.

Let us consider the 7 = 1 multiplet which consists
of the ground state of Al** and Na* and of the 9.5-
MeV level of Mg**. The 8~ decay of the ground state
of Na* has a 99.9% branch to the T = 0, J = 4"
level of Mg®*, and the 8+ decay of Al* has a 109,
branch to the same level:

- Na(4%,1) &5 Mg*(4+,0) % Mg*(0%,0),
Al(4%, 1) £5 Mg™*(4+,0) X, Mg*(0%,0) .

The angular distribution of the circularly polarized
v ray of Mg** relative to the direction of emission
of the g* particles is given by

W*0,7) =14+ A*(v/c)r cos b ; (46)

the + sign is for the 87, the — sign for the analogous
B* transition. The asymmetry coefficient A* which
is determined by the f—y angular correlation contains
essentially the ratio of M» to Mgr. Under charge
conjugation (i.e., 8% <> 87), Mer is odd and charges
sign. If the CVC theory is valid, M is even because
the contribution comes solely from the Coulomb im-
purity. The contribution to Mz from the mesonic
effect would be odd, but it only exists in conventional
theory of beta decay.
Thus the CVC theory predicts that exactly

At 4+ 4" =0. A7)
This difficult experiment has now been performed

62 C. C. Bouchiat, Phys. Rev. 118, 540 (1960).
63 R. J. Blin—Stoyle and L. Novakovic, to be published.
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independently by two different groups.®-% Their re-
sults are in substantial agreement:

A*(Na®): ++ 0.104 & 0.026 (63) ;

+ 0.091 + 0.017 (64) ,
A~(AI): — 0.089 + 0.057 (63) ;

— 0.086 % 0.054 (64) .

Therefore, it implies that 8 decay in complex nuclei

64 B. L. Hasse, H. A. Hill, and D. B. Knudson, Phys. Letters
4, 338 (1963).

65 I.. G. Mann, S. O. Bloom, A. Scott, R. Polichas, and J. R.
Richardson, in Proceedings of the Manchester Conf. on Low-
and Medium-Energy Physics, 1963; and also Phys. Rev. (to
be published).

is consistent with CVC theory well within experi-
mental error. However, it is not necessary to imply
that it is in disagreement with the old Fermi theory
since the Fermi matrix element, due to mesonic ef-
fect, could be very small. On the other hand, the
isotopic spin purity seems to be definitely better than
theoretical estimate by the j— coupling model.
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Electromagnetic Interactions of a Yang—-Mills Field
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1. INTRODUCTION

Since it is possible that the weak interactions are
mediated by vector bosons, associated with a con-
served vector current, it is of some interest to investi-
gate a possible genetic relationship between these
hypothetical particles and the photon. In particular
it has been conjectured that the photon is the neutral
member of a multiplet which embraces the charged
W-mesons.! Since one is then faced with a parity vio-
lating generalization of quantum electrodynamics, it
is perhaps also natural in such speculations to ex-
amine the possibility of magnetic poles which, like
the W-mesons, may also violate parity? and may also
be produced only at very high energies. In a theory of
this kind it is clear that the existence, or the non-
existence, of magnetic poles would have important
implications for the structure of the weak inter-
actions.

The Maxwell equations may be written

" = J, (A)
89, F* =0, (B)

where F** is the dual field:
F* = 1 &%, . (1.1)

The conservation of electric current follows from

1 A. Salam and J. Ward, Nuovo Cimento 11, 568 (1959).
( 2N5 Cabibbo and E. Ferrari, Nuovo Cimento 23, 1147
1962).

the first equation since F*# is antisymmetric. Equa-
tion (B) directly expresses the nonexistence of
magnetic poles and permits the usual representation
of the six-vector field Fug in terms of the four-vector
A..

Fog = 3,45 — 04 . (1.2)

This representation is invariant under gauge
transformations:

AL = A+ A . (1.3)

In this way the nonexistence of magnetie poles leads
to the gauge group. If one generalizes either by
allowing magnetic poles or by expanding the gauge
group, the single 4-vector potential must be replaced
by a field with more degrees of freedom.

2. GEOMETRICAL BASIS

Since the electromagnetic field is so important for
determining our present ideas about physical space
time, one would expect any generalization of the
former to have important geometrical implications;
or turning the argument around, one might seek a
geometrical basis for generalizing Maxwell’s equa-
tions. In the context of general relativity this has
often been done, but until recently without reference
to the weak interactions.

In this paper we postulate a local gauge group
which is non-Abelian, compact, and contains the
electromagnetic gauge transformation. Therefore a
general vector field may be'designated by A,y where



