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I. I N T R O D U C T I O N 

Our present theoretical descript ion of the leptonic 
interaction of the ordinary particles is summarized by 
the so-called Puppi tr iangle supplemented by the rules 
of lepton conservat ion and the assignments of neutr ino 
helicity (v = v L , v = v^), and the hypothesis tha t the 
ji and e neutr inos are the same objects. 

A charged and a neutra l particle appear always 
together at the vertices, a n d never two charged par
ticles. Hence processes like 

and 

e + / i -+e +e~ 

are not supposed to occur. 

( 1 ) 

(2) 

There are no experimental facts in contradic t ion 
with this description, bu t it is the experimentalist 's 
task to check all the observable consequences of this 
very appeal ing unified description with ever increasing 
accuracy. 

Perhaps the more significant lacking piece of experi
mental evidence was the consequence of lepton con
servation. Tha t is, in the decays 

one should observe 

, + (-) _ 

(one has in /? decay = eR(L)), bu t to slow down 
process (3) and in part icular its electron analogue, the 
jit has to be produced with the " u n w a n t e d helici ty". 

Fig. 1 The Puppi triangle. 

/i~ wants to be l e f t - h a n d e d 

Fig. 2 JU and v helicity. 

An elegant experiment by Al ikhanov and co
workers 1 ] presented at this Conference seems to 
check Eq. (4). This experiment consisted in studying 
the Moller scattering of polar ized cosmic ray /J'S of 
either sign from polarized electrons. The observed 
polarizat ions are. 

(*) Editor 's Note : This is a revised version of Dr . Telegdi's talk sent to us after the conference. 
(**) N S F Senior Fellow, 1959/60, on leave from the University of Chicago, Chicago, Illinois. 
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(with + cor responding to right, and — to left). 

Averaging over bo th signs of charge \P\ = 0 . 3 8 ± 0 . 1 5 . 

This magni tude of P is no t in disagreement with 

theoret ical est imates. The experiment will no doub t 

be cont inued to obta in better statistics. A similar 

experiment, in progress at C E R N with /i 's from the 

P ro ton Synchrot ron will p robab ly be performed before 

the next meeting. 

The Russian helicity experiment is of par t icular 

interest, because an al ternative way to measure JA~ 

helicity me t with serious difficulties. (Via the polar

izat ion of the B recoil nucleus in the process : 

p robab ly due to processes tending to depolarize B 1 2 

dur ing its 20 ms lifetime.) The positive results of 
the Carnegie g roup , discussed in Al ikhanov ' s Kiev 
repor t , have in the mean t ime been retracted 2 ) . 

The non-existence of processes of the type (1) 
a n d (2) has been reinvestigated dur ing the last year 
with greatly increased accuracy. One of these investi
gat ions was described in a cont r ibuted paper from 
Be rke l ey 3 ) . A very similar experiment was performed 
by a R o m e g roup 4 ) at C E R N . The results of b o t h 
experiments will be summarized in a following section 
of this repor t . 

A very fundamenta l problem is the identity of the 
neutr inos appear ing at the two b o t t o m vertices of 
the Pupp i triangle. This problem, to my knowledge 
first raised by Nishijima, has recently become the 
object of intense speculation. It can clearly be settled 
only by observing whether the neut r ino associated 
with one vertex can induce the direct p roduc t ion of 
the charged lepton associated with the other vertex. 
Such experiments, a l though very difficult, are in 
active prepara t ion and were discussed at this Con
ference by M a r k o v and by B e r n a r d i n i 5 ) . They need 
no further discussion here. 

We shall discuss recent experimental evidence 
concerning the three sides of the Puppi triangle in 
inverse order to the a m o u n t of knowledge which is 
a lready available concerning the per t inent processes. 
This should enable the r appo r t eu r to cover in the 
limited t ime available at least those sections which 
conta in mos t new informat ion. 

II. T H E (NP){/JLV)-L£G : / . " A B S O R P T I O N 

(a) Absorption rates in complex nuclei 

This is a field where our ignorance is such tha t we 
have jus t barely obta ined experimental evidence tha t 
par i ty is no t conserved. N o t only do we ignore the 
magni tude of x\ defined as 

(where A, K are effective coupl ing constants) . We 
have little p roof tha t the Fermi (V) coupl ing is present 
at all ! The ma in difficulty which one encounters 
over and over again is caused by the fact tha t between 
us and the t ru th lies the barr ier of nuclear physics. 
The fundamenta l process 

p + \T ->« + v (7) 

has no t been s tudied so far. The si tuat ion in J I cap
ture is similar to the one we would face in /? decay 
if the free neu t ron decay were no t accessible to s tudy 
and if the super-al lowed t ransi t ions with a priori 
known matr ix elements did not exist. 

Exper imenta l observat ions concerning Eq. (7) could 
clearly be interpreted directly in terms of the funda
menta l coupl ing cons tants . However , mos t experts 
were unti l recently of the opinion tha t " molecular " 
p roblems—the format ion of jU-mesic molecules or 
mulecules in l iquid H 2 — w o u l d no t present a satis
factory interpretat ion. Recent theoret ical work at 
Berkeley, in par t icular by S. Weinberg 6 ) , has shed 
much light on this mat ter . A capture experiment in 
l iquid H 2 appears now bo th feasible and interprétable , 
and we shall discuss this mat te r below. 

We summarize a few useful no t ions . The m u o n 
can exist in the Is Bohr orbit a b o u t a p r o t o n in two 
states F = 0, 1. It would be na tu ra l to define the 
coupl ing cons tan t in terms of the absorp t ion rates 
A0, Ai in these s ta tes—the only two operat ional ly 
defined quanti t ies for unpolar ized / I ' S . However , this 
is not the t radi t ional way, and one has (neglecting 
consistently the effective pseudoscalar in teract ion 
specified by a cons tant P). 
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Note that A1 = A0 for a spin-independent interaction 
(A = 0), and tha t A1 = 0 for x' = 0 (the V—A inter
action). The spin dependence of the interaction can 
be studied in principle by measur ing 

x = 1.25 in /?-decay 

the x' dependence of bp being illustrated by Table I 

Table I 

With polarized // 's one can study the angular dis
t r ibut ion of the emitted neu t ron . Clearly, for x' = 0, 
all the ju's are absorbed from a F = 0 state, and their 
angular distr ibution will be spherically symmetric. 
The simplest V—A interact ion predicts isotropic 
neut ron distr ibutions. F o r b o u n d pro tons , nuclear 
physics can only decrease the observed asymmetry. 

The two hyperfine states (here F= 1 and 0) and 
their analogue in complex nuclei, may convert into 
each other at a rate R. Suitable a tomic processes 
exist bo th in the case of liquid H 2 and of solids con
taining complex nuclei. 

where y is the v phase space and recoil correction. 
A (1,1) is the p ro ton absorpt ion ra te ; P(n) is the Pauli 

Z 
is the fractional 

n A — 
inhibition P(n) = 1 — d \ n = 

2 ^ 
« excess. Primakoff estimates y with ± 2 0 % uncer
tainty; /̂ = 3.15 from e x p e r i m e n t 8 ) which also gives 
A(Z, A) directly. A (1,1) can be calculated from 
assumed coupling constants . 

This last case can just barely be excluded. The best 
agreement is given by the canonical s e t 7 ) . An inter
esting effect of P(n) is tha t two isotopes could exhibit 
appreciably different capture rates. 

For / l ( C l 3 7 ) / y l ( C l 3 5 ) Eq. (10) predicts a value of 
0.83, e.g. 1 7 % effect. A recent Carnegie Tech. 
experiment described in a p a p e r 9 ) gave the result 

in reasonable agreement with Primakoff 's formula. 
It would be of interest to see whether shell model 
calculations (mentioned elsewhere in this report in 
another context), could match experiment better. 

(b) Spin dependence and hyperfine effect 

As first pointed out by Bernstein, Lee, Yang and 
Primakoff ( B L Y P ) 1 0 ) a measurement of the difference 
in the capture rates of the two incoherent h.f. levels 
of a mesic a t o m with non-zero spin nucleus—the 
analogue of ôp defined in Eq. (9) for the free p ro ton— 
could yield valuable information on spin dependence. 
Eq. (9) is readily generalized to 

Fig. 3 The hyperfine structure in /.i capture by H 2 . 

The capture rates in complex nuclei are well de
scribed by the Pr imakof f 7 ) formula 

(As Z - > 1 , the two last terms go to unity.) If one 
cannot distinguish operat ionally the two capturing 
states, then the plot of the electron decay rate 
A = ^ d e c a y + ^ c a p t u r e h a s a curvature K~ S2 and 
one does not learn which state decays faster. 
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It has been po in ted out n ) tha t e.g. in Al there 
exists a rapid conversion mechanism (by magnet ic 
Auger effect) f rom the upper (F = 3) to the lower 
(F = 2) h.f. level. I n n ) the conversion ra te R 
(<0.5At in Al) was est imated and it was shown tha t 
the curvature K9 defined as 

becomes negative when R is sufficiently large (>AA), 
a n d <S'>0 (when the F ( " singlet ") state decays faster). 
Prel iminary results of the Chicago group were pre
sented at Kiev, a n d the reliable results are now avail
able for bo th Al and P . We shall discuss them a n d 
show tha t they indicate an interact ion of the type 
V—x'A in \x~ c a p t u r e 1 2 ) . By fitting the da t a to 
an expansion abou t a mean exponential plus back
g round (like) 

one obta ins the Figs. 4 a n d 5 for Al and P respectively. 

Fig. 4 Aluminium hyperfine data. 

Fig. 5 Phosphorus hyperfine data. 

Fig. 6 Curvature versus conversion rate for BLYP calculations 
of F ± 1.25/4. 
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The negative curvature found experimentally is 
quite p ronounced . In fact. 

Al K = - ( 4 . 4 + 1 ) x 1 0 " 3 

P K = - ( 6 . 9 + 2) x l O " 3 

Decision between (V-\-x'A) a n d (V—x'A) could be 
done by appeal to Fig. 6 compu ted using x' = 1.25; 
ô = A A/A, was taken from B L Y P . Ù b e r a l l 1 3 ) has 
computed 8' on the shell model a n d finds larger 
values than BLYP. 

Figs, la and lb show pairs of values of r = R/At 

and 5 = AA/At compat ib le with experiment. The 
predict ions by B L Y P (Al, Ô = 0.10; P , <5 = 0.20) 
and Ûberal l (Al, 5 = 0 .17; P, ô = 0.32) are indicated 
using x' = — 1.46. Ei ther model gives for x' — + 1 . 4 6 
very small ô's compat ib le with experiment only for 
an unreasonably high conversion rate . 

Thus one can see independent ly of any model and 
of the canonical magn i tude tha t x' < 0 . 

Fig. 7 Values of R and ô compatible with observed curvature. 
(a) for Al; (b) for P. 

(c) Asymmetry of the neutron distribution 

The neu t rons p roduced in the capture of polarized 
/i 's by complex nuclei m a y have an asymmetry distri
but ion of the form 1 + a P ^.k^ where P M specifies 
the \x polar izat ion ( | P J < 1 ) a n d k„ is a unit vector 
in the direction of neu t ron emission. The coefficient 
a depends on the type of coupl ing as well as on 
nuclear physics. 

The interest of determining a is twofold. 

(1) a 0 is a direct p roof of pari ty non-conser
vation ; 

(2) F o r x'& — 1, a vanishes. The induced pseudo-
scalar coupling, P, a higher order effect in some 
aspects of p physics, domina tes a, and in fact (for 
xf&-l) the sign of a depends on the sign of the 
ratio A/P. This latter sign can be predicted theore
tically 14> 1 5 ) . 

The experimental s i tuat ion looked confused dur ing 
the last year. W . F . Baker and C. Rubb ia found 
for M g a n d S positive values of a which were within 
one s t andard deviat ion equal to zero 1 6 ) . A Liver
pool g roup 1 7 ) found (in S) 

a P ^ = - ( 4 . 5 + 1 . 5 ) x 1 0 " 2 . 

The techniques used in these two experiments were 
very different. Baker a n d Rubb ia used sandwich 
counters to discriminate against the (probably iso
tropic) x-rays, and delayed gates to see the precession. 
The Liverpool g roup used a Brooks- type counter to 
achieve the same discr iminat ion and displayed the 
precession as a function of t ime. Fig. 8 shows this 
result. 

z 
O 2400 

Fig. 8 Neutron asymmetry data of Astbury et al. 
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Recent work at Chicago 1 8 ) has revealed an asym
metry in bo th S a n d Mg, and thus confirmed the work 
of the Liverpool group . The Chicago experiments 
were done with effectively the same technique as 
used at Liverpool . The " precession " of the y-rays 
a n d of neu t rons of energy greater t han 5 MeV was 
however recorded simultaneously, and the back
g round condi t ions were cleaner than in Liverpool . 

Fig. 9 Comparison of gamma and neutron time distributions 
for pr in sulfur. 

Fig. 9 shows the observed t ime dependences of the 
" y " and " neu t ron " counts f rom S. The difference 
between the two shows tha t the neutron asymmetry 
is unlikely to be due to experimental causes. Figs. 10 
and 11 show the precession curves for p decay electrons 
and neu t rons for S and Mg. The compar i son of 
these two eliminates the magni tude of ; the neu t ron 
asymmetry is seen to be almost the same as the electron 
asymmetry (where a ^ — 1 / 3 ) , b o t h in magni tude and 
in sign. The large magni tude and the negative sign 
of a (assuming the helicity of \i to be positive) bears 
out the theoretical predict ion tha t P/A>0. 

Fig. 10 Neutron and electron asymmetries for IR in sulfur. 

Fig. 11 Neutron and electron asymmetries for p~ in magne
sium. 

(d) //-Capture in H 2 

In view of the difficulties which the correct predic
t ion of nuclear matr ix elements etc. presents , it is 
our opinion tha t /^-absorption experiments with 
complex nuclei, even if greatly improved, will reveal 
a t best only the quali tative features of the effective 
interact ion. The investigation of the fundamenta l 
process 
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had appeared most desirable for a number of years. 
For the actual absorpt ion experiment, liquid hydrogen 
usually was contemplated, because of its density. 
After the discovery of muon-induced fusion, people 
realized the complicated atomic and molecular situa
tions in which muons find themselves in liquid—even 
if pure—hydrogen, and the possibility of correctly 
interpreting the observed absorpt ion rates in terms of 
the long-sought coupling constants appeared remote. 

The questions which one has to answer, granted 
the availability of isotopically and chemically pure H 2 , 
are at least the following ones : 

1) what fraction of their lifetime do the /T ' s 
spend as (pp~) a toms, and what fraction as (ppp) 
" molecules " ? 

2) what are the populat ions, of specified relative 
p-p spin orientations S, (S = S M + S p = 0,1) in the 
relevant //-atoms and molecules, at the instant of 
capture ? 

3) what are the exact probabilities, |iA(0)|2, for 
finding the muon at the proton(s) in the systems of 
interest ? 

F r o m a practical point of view, the following 
questions are of interest if hydrogen of the required 
purity is not available : 

4) what is the perturbing role of the deuterium 
contaminat ion of hydrogen of normal isotopic 
composition ? 

5) what is the perturbing role of impurities other 
than dl 

It would be improper to discuss the hydrogen 
problem, so far an entirely theoretical one, in this 
report were it not for the fact that one now knows 
reasonably accurate, encouraging answers to most of 
the questions listed above. This is the merit of many 
workers in " molecular physics ", and particularly of 
S. Weinberg of Berkeley, who has recently evaluated 
the whole problem critically 6 ) . We summarize now 
Weinberg's conclusions briefly. 

The right-hand side of Fig. 12 illustrates the fate 
of a fi~ stopped in pure liquid H 2 ; the left-hand 
side of that figure indicates an addit ional sequence 
of reactions which occur when the hydrogen is not 
isotopically pure. At normal isotopic ^-concentra
tion, probably ^ 3 0 % of the muons emerge in that 
sequence. 

According to Fig. 12, the F = 1 (pp)- a toms 
are rapidly converted (by collisional exchange, 
the Gershtein-Zeldovitch mechanism) into F = 0 
(/?/!)- a toms. These become rapidly (within —^1/10 
muon lifetimes) ( / ^ J - m o l e c u l e s in the ortho, L = 1 
state (proton spins parallel). According to Weinberg's 
estimate, the conversion to the para , L = 0 state is 
negligibly slow. 

Fig. 12 Evolution of a /r" captured in liquid H 2 . 

The total spin, S, of the muon and the two protons 
in the or tho molecule could be either 1/2 or 3/2. 
Because of hyperfine interactions with L, S is however 
not a good quan tum number ; the five hyperfine states 
of the molecule are specified by the total angular 
momentum F= 1/2(2), 3/2(2), 5/2(1). This impor
tant point was brought out by Weinberg. 

The absorpt ion rate in the or tho molecule is given bv 

when the parameter I satisfies 

and is perfectly calculable from the known molecular 
wavefunctions. If A0 is the singlet a tomic absorption 
rate (Ai4A0 for any (V—A) type coupl ing!) ; one 
has to an excellent approximat ion 

where y is the ratio of m u o n density at one of the 
protons of the or tho molecule to the corresponding 
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density in the singlet a tom. Numerically, 2y = 1.165 
with fair confidence. Thus the result of a m u o n 
absorpt ion experiment in isotopically pure hydrogen 
is the singlet absorption rate A0, expressend in terms 
of the calculable molecular parameters £ and y. The 
main uncertainty comes from our uncertainty in the 
fraction of time spent by the muon in an F = 0 
(/?/i)-atom. 

In the presence of deuterium, one has a convenient 
moni tor of the times pent by the muon in any step of the 
left branch of Fig. 12 in the number of observed 
" fusions " or " rejuvenated muons ". At low deu
terium concentrations, secondary encounters may be 
neglected, and one can measure the absorpt ion rate 
as a function of deuterium concentration and extra
polate linearly to zero 1 8 ) . By observing the fusions, 
one can readily check the assumed linearity of the 
concentration dependence. 

To suppress molecular formation, one would have 
to go to a gas of, say, 1/50 the density of the liquid. 
In such a medium, the F = 0-^F = 1 conversion 
would still be so rapid that one would effectively be 
observing only A0. Thus the gas experiment, while 
technically difficult, would not appear to be more 
rewarding—as we unders tand the situation after 
Weinberg 's work—than that done with liquid hydrogen 
depleted of its normal deuterium contaminat ion. 

The problem of chemical, rather than isotopic 
impurities is an altogether different one. R. H. Hilde-
brand and M. Schiff have experimentally explored this 
p r o b l e m 1 9 ) by direct observation in a purposely 
contaminated hydrogen bubble chamber. They find 
that He contaminat ion, such as, e.g., found in normal 
" pure " hydrogen, is not necessarily very dangerous. 
On the other hand their studies with Ne reveal that 
impurities such as Ne (or, say N 2 ) in concentration 
of a few parts per million must absolutely be avoided. 

It must be remarked that we ultimately want to 
know the magnitude of three effective coupling con
stants ; A, V and P. The hydrogen experiment, as 
discussed above, yields us only one linear combination, 
that appearing in A0. Unfortunately, this linear 
combination is ( as long as xf « - 1 ) rather 
insensitive to the small effects (weak magnetism, P) 
in which one is most interested. Ax is far more 
sensitive; in fact A0/A1 — oo for an exact V—A 
coupling, while A0/A1 ^ 50 for the presently antici
pated " canonical " set of coupling c o n s t a n t s 7 ) . Un

fortunately, A Y would be accessible to experiment 
only at very low gas pressures. 

One can consider //-absorption by H 2 or H e 3 to 
get sufficient information to determine the coupling 
constants. It is not clear that wavefunctions of these 
nuclei are sufficiently well known to ensure that this 
goal could be reached even if the relevant absorption 
rates were readily measurable. 

III. THE frv)(ev) I N T E R A C T I O N 

(a) / i + lifetime 

This quanti ty has been during the last year the 
object of precision measurements by the Chicago, 
Carnegie Tech. and Liverpool groups, with the 
following results : 

These values are in reasonable agreement with 
each other and with the old value of (2 .22±0.02) //sec 
of Bell and Hincks. The mean of the experimental 
values reported above appears to differ by several 
per cent from the theoretical value predicted, using 
the latest value of the vector coupling constant of 
beta decay and applying all radiative corrections. 
We refer to Feynman ' s report in Session S 4 for a 
detailed discussion of this matter. 

The accuracies claimed by the various groups for 
their results listed above are certainly very high as 
compared to most lifetime determinations of ordinary 
nuclear beta decay. The agreement between the 
results obtained should therefore perhaps not be 
taken as the ult imate proof that they are necessarily 
exempt from systematic biases of unknown or ig in 2 2 ) . 

(b) Q value 

This parameter for the decay of negative muons was 
determined, using stops in a helium bubble chamber, 
in a collaboration experiment between Bologna, Duke 
and Milano Unive r s i t i e s 2 3 ) . 

4300 decay electrons were measured of which 
2279 met the selection criteria used to eliminate poorly 
measured events without biasing the spectrum. The 
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measured momentum of each electron was corrected 
for ionization and bremsstrahlung loss. A prelimi
nary statistical analysis of 2279 electrons gave 
p = 0 .764±0.032 where the error includes the au thor ' s 
estimate of the systematic error (0.21 %) . This result 
should be considered tentative as the data seem to 
indicate that a systematic error, which is considerably 
larger than that estimated, was made in the calibration 
of the momentum scale. 

IV. THE {np)(pv) INTERACTION 

(a) Redetermination of the Fermi coupling constant 

The ft-value of O 1 4 has been the subject of detailed 
re-investigations during the past year. Both the end-
point of the decay spectrum (now quoted as 
(1810.6±1.4) k e V 2 4 ) ) and the half life (now quoted 
as (71.1 ± 0 . 3 ) s e c . 2 5 ) ) were found to differ from the 
previously quoted values, but in such a way that the 
final result 

/ / ( O 1 4 ) = (3071±16) sec 

still remains close to the previously accepted value, 
and to those for the super allowed Fermi transitions 
in A l 2 6 * ((3100±53) sec) and C I 3 4 ( (3100±110) sec), 

(b) Miscellaneous o ther exper iments 

The " weak magnetism " effects predicted by Gell-
M a n n 2 6 ) on the basis of the conserved vector current 
hypothesis for the beta spectra of the outer members 
of an isotopic spin tr iad have been now investigated 
experimentally, albeit with no conclusive result. For 
the A = 12 triad, Hilton and c o w o r k e r s 2 7 ) at Cal. 

Tech. performed two different experiments, finding in 
one a null result, and in the other an effect of twice 
the magnitude of that predicted theoretically. The 
positive results for the ,4 = 8 tr iad are as yet not 
readily interprétable, because the strength of the 
electromagnetic transition in Be 8 is so far not available 
from experiment. 

A new type of experiment, involving the comparison 
of beta-gamma circular polarization correlations in 
the A = 24 multiplet, has been proposed by Bou-
c h i a t 2 8 ) as a test of " weak magnetism ". 

V. " FORBIDDEN " PROCESSES 

(a) A+p- -> A + e -

The neutrinoless conversion of a muon into an 
electron has recently been reinvestigated, using muons 
stopping in Cu, by a group at Berke ley 3 ) and by 
a group from Rome working at C E R N 4 ) . The 
Berkeley group used a magnetic spectrometer set at 
92 MeV to detect the expected " conversion " elec
trons, while the Rome group used a calibrated coin
cidence counter telescope for the same purpose. The 
" conversion " process sought could occur either 
coherently (without excitation of the residual nucleus 
A) or incoherently (with excitation of A). The 
Berkeley experiment, involving the selection of mono
chromatic electrons, could only detect the coherent 
process, while the C E R N - R o m e experiment, involving 
the continuous registration of a differential electron 
range curve, would detect both . In terms of the 
branching ratio, R, of the " conversion " process to 
ordinary muon capture in Cu the results of these 
experiments are given in Table II : 

Table II 

(*) assuming a mean excitation of 20 MeV of the residual nucleus. 
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It mus t be emphasized tha t the Berkeley g roup 
actually observed 3 events which, if no t a t t r ibuted to 
the " conversion " process sought , could be explained 
only in te rms of fluctuations in the accidentals. 

The Berkeley g roup also briefly investigated whether 
the " Yovanovi tch " effect (see Section VII) could 
no t be a t t r ibu ted to an anomalous ly h igh p roduc t ion 
of " convers ion " electrons in Fe . Subst i tut ing an 
F e target for the Cu target used in their ma in experi
ment , they observed tha t in a t ime when a b o u t 55 
electrons should have been registered (if the Y o v a n o 
vitch effect were to be explained this way) none were 
found. 

(b) Other effects 

p+ -+3e 

This process has been investigated by Lee and 
S a m i o s 2 9 ) , finding for the b ranch ing ra t io with 
respect to the n o r m a l decay m o d e an upper limit 
o f ( l ± l ) x l 0 ~ 5 . This process is interesting inasmuch 
as the same devices which can be used not to rule 
out the existence of the in termediate heavy vector 
boson (on the basis tha t the process p->e+y is absent) 
can p robab ly at the same t ime no t be used to abolish 
this p r o c e s s 3 0 ) . 

p~+e+-+2y 

This possible annihi la t ion m o d e of m u o n i u m was 
investigated by York , K i m and K e r n a n 3 1 ) . Such an 
experiment yields interesting informat ion if one makes 
some plausible assumpt ions a b o u t the format ion of 
m u o n i u m in the s topping mater ia l used (based on 
experience wi th posi t rons) . A n experimental lower 
limit of ( 2 . 5 ± 0 . 4 ) sec for the annihi la t ion ra te was 
found. 

VI . P I O N D E C A Y 

The pion lifetime has been redetermined by Ashkin 
et a l 3 2 ) , wi th the result T ( T T + ) = (25 .46±0 .32) ns. 
As a by-produc t of their work on n-e decay, Ander 
son et a l 3 3 ) ob ta ined the value i(n+) = ( 25 .6±0 .8 ) ns . 
Fig. 13, essentially t aken over from Ashkin et a l 3 2 ) , 
(with po in t (9) f rom r e f . 3 3 ) ) summarizes our present 
knowledge of T(p+). 

Fig. 13 Summary of all existing Ji-lifetime data. 

The work of Anderson et al, a l though repor ted at 
Kiev last year, is now available in definitive form. 
The observed branch ing rat io 

is in good agreement with the theoret ical value 

calculated for pure ^ - in te rac t ion a n d corrected for 
rad ia t ion effects. It mus t be emphasized once again 
tha t this close agreement is our best evidence to date 
tha t the GT-couplings in beta decay a n d / /-capture 
are b o t h A a n d essentially of the same strengths. 
They appea r to have, within exper imental error , the 
same s t rength at 4 - m o m e n t u m transfer q equal to 
the p ion rest mass mn (whereas one normal ly compares 
/?-decay q&0 and / i-capture at q&m^). 

A R u m a n i a n g r o u p 3 4 ) has cont inued their investi
ga t ion of the spatial proper t ies of 7i-/x decay. They 
used (307 ± 10) M e V n + f rom the react ion p+p~>d+n+, 
and state on the basis of 17,321 complete n-fi-e 
decays a t rest t ha t the an iso t ropy earlier repor ted 
by them persists, in spite of careful checks for sys
temat ic errors . In te rms of the projected angle (j) with 
respect to the p ion b e a m direction they obta in with 
a dis t r ibut ion 

a bet ter fit (Px2~2x 1 0 ~ 3 ) t han with the assumpt ion 
y = 0 (Px2<\0~5) or of i so t ropy (Px2<4l0~5). Dis
agreement wi th the results of earlier workers is 
a t t r ibuted (a) to their lack of sufficient statistics 
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and (b) to the different pion beams used by these 
workers. 

N o effects at tr ibutable to transverse polarization 
are found by the Ruman ian group. They at tr ibute 
their results to longitudinally polarized " pions " with 
spin J ^ 0; the required presence of higher powers 
of (j) than c o s 2 (j) would require J> 1. 

This interesting contr ibut ion, which certainly de
serves critical evaluation, reached the rappor teur too 
late to enable him to reach his own conclusions. 

VII. NON-WEAK PROPERTIES OF THE MUON 

(a) Mass and magnetic moment 

Two independent measurements , both using the 
critical absorpt ion of the 3D^2P transition in the 
jU-mesic P-atom, have appeared in 1960. The first 
of these (I) used N a l as a detector, the second (II) a 
Xe-filled proport ional counter . The results were 

I : m ^ ( 2 0 6 . 7 4 ± n > c

3 5 ' 4 5 ) 

I I : m ^ ( 2 0 6 . 7 6 d = n 3 K 3 6 ) 

while the mass value predicted from quan tum electro
dynamics and the magnetic moment measured by a 
Columbia group 3 7 ) is 

The anomaly, (g^/2 —1), computed from the Columbia 
freauencv m e a s u r e m e n t 3 7 ) and II is 

Electric dipole moment (EDM) of the m u o n 

Using equipment designed essentially for a measure
ment of (g/2—1), a C E R N group 3 8 ) has obtained 
a new lower limit for this quanti ty, viz 

As is well known, a violation of time reversal sym
metry would be a necessary condition for E D M ^ 0. 

(b) Depolarization 

It is well known that negative muons suffer a great 
deal of depolarization when brought to rest. For 
spin-zero nuclei, this is mostly at t r ibuted to the spin-

orbit coupling in the orbits of the mesic a tom; for 
nuclei with finite spin, there is an addit ional depolariza
tion by the muon-nucleus interaction. In addit ion 
to these effects, there may be a depolarization due 
to a coupling between the \T and unsatura ted electron 
spins (" paramagnet ism " ) . A D u b n a group 3 9 ) has 
now obtained evidence for this latter mechanism. 
They find that while Pd depolarizes completely 
( a<0 .01 ) , Pd-hydride P d H 0 6 gives a ~ - 0 . 0 4 5 ± 0 . 0 1 . 
Cr, W and M o all give essentially zero asymmetry. 
All these elements have predominant ly even-even 
isotopes with zero spin. 

Both the spin-orbit interaction and the nuclear h.f. 
coupling are too strong to be decoupled by fields 
readily attainable in the laboratory. A Rumanian 
group 4 0 ) have investigated, in fields of 150 and 10 4 

gauss respectively, the asymmetry parameter a for 
\T — e~ decays from rc's s topped in nuclear emulsion. 
They report 

H = 150 gauss a_ = - (2 .5±2 .8 ) x 1 0 " 2 

H - 10 4 gauss a_ = - ( 1 1 ± 2 . 8 ) x 1 0 " 2 . 

Rose 's prediction of depolarization by coupling 
between electron cloud and pT is supposedly confirmed 
by their experimental observation. 

(c) Radiationless 2p—1s transitions in //-mesic atoms 

In continuation of work presented last year at Kiev, 
a D u b n a group 4 1 ) has continued to study the deficiency 
of KX-rays in the heaviest mesic a toms (Th, Bi, U) . 
This deficiency is now, a l though the measurements 
were done with rather poor resolution, well established 
for U, with a difference for U 2 3 5 and U 2 3 8 . The 
" conversion " could take place by one of three 
channels : (a) fission, (b) neut ron emission, and (c) 
nuclear excitation followed by gamma emission 
(" Raman effect " ) . Indirect arguments of the Russian 
group, based on threshold energy considerations, 
point to mechanism (c). This is supported by direct 
observation at Chicago 4 2 ) that no p rompt neutron 
emission from muons in either isotope of U is seen. 
The shape of the mesic X-ray " lines taken with 
good resolution in Chicago, varies greatly from one 
isotope to the other, thus lending support to the 
hypothesis of a quadrupole excitation of low-energy 
nuclear levels. 
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(d) Yovanovltch effect in \i- decay 

Yovanovi tch 4 3 ) has firmly established tha t the b o u n d 

fi~ decay rate Ad(Z), differs, presumably t h rough 

effects of a tomic binding, from the vacuum decay 

rate 4,(0). F o r Z > 3 0 , R = Ad(Z)/Ad(0)<l9 as one 

would predict from elementary a rguments . In the 

range 2 0 < Z < 3 0 , R>19 and in par t icular exhibits 

for Fe a peak value R=1A5. N o reasonable 

theoretical explanat ion has so far been advanced for 

either the magni tude of this " speeding u p " of the 

decay and yet less for its sharp Z-dependence. 

In Yovanovi tch ' s measurements , precaut ions were 

taken so tha t nuclear y-rays of energy Ey<\0 MeV 

would be counted with < 1 0 ~ 3 efficiency. A n in

crease in the n u m b e r of decay electrons could thus 

only be simulated by p h o t o n s with Ey>10 MeV. 

Keuffel has presented prel iminary evidence at this 

C o n f e r e n c e 4 4 ) that , at least in Fe , y-rays u p to 20 M e V 

are emitted in fair numbers . T o explain the Y o v a n o 

vitch effect, it remains to be proved tha t these y-rays 

(which present a mystery from the nuclear physics 

point of view) are absent in Cu. 

It is a pleasure for the rappor teur to t h a n k Prof. 

H . Primakoff for many enlightening discussions dur ing 

the p repara t ion of this report . 
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DISCUSS ION 

BERNSTEIN : It has been pointed out by you and 

other people that the rate R is, in principle, measurable 
directly from the time variation of the asymmetry of 
electrons in \i decay. Wha t is the experimental 
status of the measurement? 

TELEGDI : We are discussing a diagram in which 

there is one unknown quantity. Bernstein points out 
that this could be measured. Assume that you have 
something like P with spin l / 2 . In the F = 1 state the 
m u o n precesses, but in the F = 0 state it does not . 
When it converts from the upper hyperfine state, the 
precession amplitude decays. The decay rate thus 
indicates the conversion rate. All I can say is that 

Ignatenko and his group in Russia have found that 
in P / i-mesons get depolarized twice as much as 
they do in C. (This is jus t what you would expect 
for a spin l / 2 nucleus.) The Chicago group has 
looked at the precession of muons in P and find no 
asymmetry at all. When there is no asymmetry, we 
cannot see the precession; perhaps this means the 
conversion is very rapid. The Russian experiment has 
appeared in print, and therefore I consider it more 
trustworthy than ours, which we have done only 
once. It is quite clear that this question should be 
settled by direct measurement of the conversion rate. 
But let us hope that the hydrogen experiment will be 
done first. 


