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I. GENERAL R E V I E W 

1. Introduction 

In these discussions we shall try to review some general pa t te rns of the inter
actions between various elementary particles and to study some general questions 
concerning the symmetry properties of these particles. T h e first natural question that 
one would like to ask is, what precisely constitutes an elementary particle? Suppose a 
new particle is observed, how do we know tha t it is an e lementary particle and not 
merely a composite system consisting of some already known elementary particles? 
The answer is tha t we do not know. Nevertheless, the term "elementary particle" is 
well defined in a negat ive sense. We believe we u n d e r s t a n d w h a t is mean t by an 
atom, a molecule, and a nucleus. Any small particle that is not an atom, not a mole
cule, and not a nucleus (except the hydrogen nucleus) is called an e lementary 
particle. 

At first sight these so-called elementary particles form a very inhomogeneous 
group. The mass of a particle may be large (as M^ s 1321 Mev) or may be very small 

(as the mass of y = 0). T h e lifetime may be very short (as the lifetime of 2° ^ 10"^" 
sec) or may be very long (as in the case of a proton which has infinite lifetime). The 
particle may be electrically charged or may be neutral . Except for a very few of 
them, we do not know the spin and parity of these particles. Again except for those 
between a very few of these particles, we do not know their interactions. In fact there 
is still confusion as to the identity of the particles that have already been observed. 
Some of these particles that look very different may turn out to be the same particles. 
Some of t hem tha t look very similar may indeed be several different particles. In 
spite of this almost complete lack of understanding, some general patterns and gen
eral rules have been found. These properties will be our main topics of discussion. 

2. Review of the Classifications of Interactions 

We find tha t the interactions between these elementary particles fall into four 
distinct groups: 

(i) Strong interactions. This group includes the forces responsible for the pro
duction and the scattering of nucleons, pions, hyperons, and A^-mesons. It is charac
terized by a coupling constant of the order of magnitude 1 {f^/hcSil). 

(ii) Electromagnetic interactions. These are characterized by the coupling con
stant, «V^c= 1/137. 

(iii) Weak decay interactions. These are characterized by a dimensionless coup
ling constant, g - / ^ c = i o ^^ 

[(iv) Gravitational interactions. The gravitational interaction can be character
ized by a dimensionless coupling constant Gm'/hc^ly^lQ ^^ with G as Newton's 

1 
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gravitational constant and m chosen to be the mass of the proton. The gravitational 
interaction will not be further discussed.] 

Among these three interactions only the electromagnetic interaction is well un
derstood. About the other two groups, the strong interactions and the weak decay 
interactions, we know really very little. Nevertheless, we believe they possess certain 
symmetry properties. 

3. Invariance Properties and Conservation Laws 
that are USUALLY Accepted as Exact 

We shall now list those symmetry properties and conservation laws that were, 
before the end of 1956, generally accepted to be valid for all three groups of inter
actions. These are: 

(i) Conservat ion of energy and momen tum. This follows from the invariance 
under translations in the four-dimensional space. T h e infinitesimal translations in 
space are represented by the energy-momentum operators P^. Thus , the homogeneity 
of space implies the conservation of energy and momentum. 

(ii) Invariance under the proper Lorentz transformation. A proper Lorentz 
transformation is a Lorentz transformation without either space inversion or time re
versal. This invariance implies, among other things, the conservation of angular 
momentum. 

(iii) (?) Invariance under space inversion P (or, the conservation of parity). P is 
a transformation which changes r ^ —r; t^ + t; and particles -^ particles. 

(iv) (?) Invar iance under time reversal T (i.e., r ^ + r; t^—t; and particle - ^ 
particle). 

(v) (?) Invar iance under charge conjugation C. T h e charge conjugation oper
ator C changes a particle to its antiparticle, but leaves r ^ - | - r and t-^-\-t. 

(vi) Conservation of charge Q,. This conservation law is related to the invariance 
under gauge transformation. 

(vii) Conservation of heavy particle number N. 
Because of our belief that these invariance principles and conservation laws are 

valid for all interactions, strong, electromagnetic, and weak interactions, the most 
important characteristics of an elementary particle are its mass, spin, parity, charge, 
and heavy particle number . T h e question of its detailed dynamica l behavior, such 
as scattering cross sections, production cross sections, decay modes, and lifetimes, is 
usually studied under specific assumptions about these intrinsic characteristics of the 
particle. 

However, recent experiments^''^ have led to a different picture of these symmetry 
principles. In par t icular , they show tha t the invariance under space inversion and 
charge conjugation are not valid in certain weak interact ions. W e shall re turn to 
these questions in detail in our later discussions. 

>C.S. Wu, E. Ambler, R.W. Hayward, D.D. Hoppes, and R.P. Hudson, Phys. Rev. 105, 1413 
(1957). 

-R.L. Garwin, L.M. Lederman, and M. Weinrich, Phys. Rev. 105, 1415 (1957); J.I . Friedman 
and V.L. Telegdi, Phys. Rev. 105, 1681 (1957). 
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vari 4. Invariance Properties That Are Approximately True 
new 
the It has been found that in addit ion to the above symmetry principles there are 
isoti some further approximate invariance principles. These are the conservation of iso-
spac topic spin / and the conservation of/^ (or strangeness S).'''' We shall discuss the prop-
acti erties of these approximate conservation laws. 
cha 

A. PION-NUCLEON SYSTEM 
func 
a sy W e review briefly the concept and the validity of isotopic spin in a system con-
give sisting of pions and nucleons. We describe the proton and the neutron as a spinor in 
seqi the isotopic spin space: 

whe p '/2 V2 (1.1) 
n V2 — V2 . 

stroi 
T h e pions are considered as forming a vector in the isotopic spin space according to 
the assignments: 

hav( 
77* 1 1 

7!-" 1 0 (1.2) 
TT 1 - 1 . 

For 

and T h e total isotopic spin of a pion-nucleon system is given by the q u a n t u m me-
hav( chanical sum of the isotopic spin vectors of all particles. If the total isotopic spin I is 

conserved, then all physical observables are left invariant under a rotation in the iso
topic spin space. We find that for the strong interactions this is indeed true. 

whc] 
, Role of the Electromagnetic Field 

(7^)^ From the assignments (1.1) and (1.2) we find the following empirical relation 
ham between the charge () and I^for a pion-nucleon system: 

corr 
byE 

^ = 7 +{N/2) (1.3) 

where N is the heavy particle number (7V= 1 for p and «; .A^= 0 for 77). Because of this 
relat ionship the electromagnetic field destroys the invar iance unde r arbi t rary iso-

By c topic rotations except along the z axis. Thus the total isotopic spin quan tum number 
7 is not conserved in the electromagnetic interaction, while 7̂  is still conserved. T o 
see this in detail let us represent the field of the nucleon by a two-component spinor 

In a function 

othe t^=f^y 
stror ^ V'n / 

'M GeW-Mann, Phys Rev 93,933(1953) 
'K Nishijima, Pro^r Theoret Phys (Japan) \2,\Q1 {\9b'i) 
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T h e corresponding isotopic spin operator for a nucleon is then given by 

Inucle„„=('/2)/>/'+Y4T>^rfV ( 1 . 4 ) 

with T representing the 2 x 2 Paul i matrices. T h e electromagnetic field is described 
by the Hamil tonian 

Hy=-Sj,A,dh (1.5) 

where A^, is the electromagnetic potential a n d j ^ is the electric current given by 

J,={V2)ie[ry.y,(l+r,)^P]. (1.6) 

We therefore immediately find that 4 commutes with Hy, 

[I.,Hy]=0, (1.7) 

which means tha t I^ is conserved in the electromagnetic interactions. O n the other 
hand, I^,ly, and P {= I^^+Iy^+I^^) all do not commute with Hy. In fact, under a ro
tation in the isotopic spin space the noncommuting part in Hy behaves like the third 
component of an isotopic spin vector. Consequently, we find that the electromagnetic 
interactions can violate conservation o f / b y 

A / = 0 , ± 1 , (1.8) 

whereas /^ is still conserved, i.e., 

A / , = 0 . (1.9) 

Similarly, we can apply the above arguments to any pion-nucleon system and 
obtain selection rules identical to Equat ions (1.8) and (1.9). T h e breakdown of the 
total isotopic spin by the e lectromagnet ic fields accounts, at least in a quali tat ive 
sense, for the mass difference between the neutron and the proton (Am=2.5OT;,) and 
the mass difference between 77- and 77" (An7^9mg). 

B. CONSERVATION OF / SPIN IN SYSTEMS INVOLVING 
OTHER ELEMENTARY PARTICLES 

It is na tura l (in fact, it is almost necessary) to assume that / s p i n is conserved for 
all strong interactions. Let us, as an example, consider the following strong interaction: 

^^+p^Ao + K\ (1.10) 

Suppose, for the sake of a rgument , tha t this reaction does not conserve the isotopic 
spin vector I. By going t h rough the vir tual processes of emission a n d absorpt ion 
of A° + A"", we would find that isotopic spin is not a good q u a n t u m n u m b e r for the 
77"+/) system. Since the reaction (1.10) is a strong interact ion, the violation of iso
topic spin conservation in the pion-nucleon system will be strong. From our previous 
discussions we know tha t this is not the case. Consequently, react ion (1.10) is 
expected to conserve the isotopic spin. Similarly, we expect that the conservation law 
of isotopic spin should be valid for all strong interactions. 

Accepting,then, tha t isotopic spin is conserved in all strong interactions, what 
must be the isotopic spin assignment of each of the other elementary particles in the 



5 

various strong reactions, and what will be the relationship between /^ and Q,for these 
new particles? Consider a particle A which is involved in the strong interactions. As 
the strong interact ions conserve isotopic spin, we must assign to the particle A an 
isotopic spin q u a n t u m n u m b e r / and its z component I^. By a rotat ion in the / sp in 
space, we generate 2 / -|- 1 states that are degenerate with respect to the strong inter
actions. We shall show that these isotopic spin multiplets are expected to be states of 
charges differing from each other by unity. 

Let us consider the charge Q, of one of these states. It is easy to see that if Q. is a 
function of/^ then it must be a linear function ofl^. This follows from the fact that in 
a system of these part icles A, the total charge Q_and the total /^ of the system are 
given, respectively, by the linear sum of the () and /^ of the individual particles. Con
sequently () can at most be a linear function ofl^, i.e., 

(I=aj,+ irj2) (1.11) 

where a^ and T^i are quantities independent of/^. 
We want to demonst ra te tha t the constant a^ must be 1. Let us consider a 

strong interaction of the form 

pions + nucleons ̂  yl + fi . (1-12) 

From Equat ion (1.3) and the assumption that /^ is conserved in reaction (1.12), we 
have 

(Q)t„ta. =( / . ) to ta l+[(^) to ta>/2] = a ^ + !2«- (1-13) 

For simplicity, suppose that 

IA=IB = V2, 

and consider first the state where the z components of both / sp ins are up {^A){^B)- We 

have then (/j)totai = 1- The total charge Q,is 

(i=mA)+mB) (1-14) 

where QIIA) and QIIB) are the charges corresponding to the states | ^ and fg- Since 
the total / spin is conserved, we must have also the corresponding state with 
('^^)totai = 0 , which is ( 1 / V 2 ) ( t A i B + i.4TB)- Fur the rmore , by consider ing the left-
hand side of the reaction (1.12) and by using Equat ion (1.13) we conclude that the 
corresponding total charge for this state, {Iz)toisLi = 0, must be () — 1 with Q^given 
by Equat ion (1.14). Hence we have 

QiU)+i(iaB)=QiiA)+<Z{U)=Q.-^ • 

By comparing with (1.11), we have 

a.4 = 0=8 = 1 • 

In a similar way, this result a^ = a^ = 1 can be generalized to particles o f /va lues 
other t han V2. It therefore follows tha t for all the strange particles^ which interact 
strongly with the pion-nucleon system, we must have the relation. 

^The term "strange particle" is again defined in a negative sense. It applies to any elementary 
particle which participates in the strong interactions but is not a nucleon or a pion. 
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Q = 7 , + ( r / 2 ) (1 15) 

where 2" is a quanti ty independent of 7̂  
From this relation. Equat ion (1 15), there follow a n u m b e r of consequences 

which we list below 
(i) In all these discussions we shall assume that there does not exist a doubly charged 

particle Consequently from (1 15), 7 is limited to the values 

7=0, ' /2 ,1 (116) 

for a single particle _ 
(ii) If we assume as consistent with experimental evidence that there are no 

charged particles of about the same mass as the A", then we must have 

/ A = 0 (117) -

(ill) Consider again the reaction 

,7+jb^A''-t-A"» (110) 

The total isotopic spin of the left-hand side is (7 )t„tai ='/2 or 3/2 By using the above 
properties (i) and (u) we conclude 

IK = V2, (118) 

and for the 7̂  component 

( / . ) « = - ' / 2 (119) 

From Equat ion (115) the corresponding particle with 7^= -{-Vz must be a positively 
charged particle K By applying the charge conjugation operator C to A' , TT", we 
generate two other A'-particles, K and K'^, with 

IK = '/2 , {h)-K. = V2, a n d (7 , )^ = - ' / 2 (1 20) 

Thus we uniquely determine the 7 spin of the A'-particles and deduce that there must 
be at least four such particles 

(iv) In a manne r entirely analogous to the above, we can use the reaction, say, 

tr + / ) - ^ 2 +K (1 21) 

By comparing the 7̂  value on both sides we conclude that 

( / . ) . = - l 

Assuming that there is no doubly charged particle we have 

(/)z = l , (122) 

which implies a triplet 2 and 2° 

Role of Electromagnetic Interactions 

Now since we have determined the relationship between charge and 7 ,̂ Equa
tion (1 15), for all the strange particles, we can apply the same argument concerning 
the role of electromagnetic interaction as that used in the pion-neucleon system In 
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an entirely similar way it can be shown tha t the e lec t romagnet ic interact ion con
serves I„ but not the total isotopic spin 7 T h e selection rule is 

A7=0, ± 1 (1 23) 
and 

A7, = 0 (1 24) 

Consequently, for example, 2 " is unstable against y emission 

2 -^Ao-I-Y (1 25) 

Since 7̂  is conserved in the electromagnetic interaction as well as in the strong inter
actions and since the charge (3 and the heavy particle n u m b e r N are known to be 
conserved in all these interactions, any linear combinations of these three quantities 
will be conserved in both the strong and the electromagnetic interactions In partic
ular. It is useful to define 

5 / 2 = ^ - 7 , - ( 7 V / 2 ) , and r=S+N (1 26) 

Because of the conservation of 7 , it follows that both S and T arc conserved in the 
strong as well as the electromagnetic interactions T h e quant i ty S is called the 
strangeness q u a n t u m n u m b e r ^ * From the assignment of 7̂  for various particles we 
find 

(S), = ( 5 ) z = - l , 

(S),={S)^={S)^=-l (127) 

Both S and T do not vary with respect to different 7 components in the same 7mul-
tiplets 

Let us consider now the assignment of 7 to the cascade particle H The produc
tion of the S with two neutra l TT-mesons has been observed '^ However , we do not 
know whether these 7f-mesons are K 's or A""'s Since S is conserved in production 
processes, it follows tha t the 5 of S is either zero or ± 2 depending on the nature of 
these A^-mesons For E , the charge () is — 1 and the heavy particle number Â  is -|- 1 
From Equation (1 26) we have 

(7,) ,=-(3/2)-( ' /2)(5) 

In order that there be no doubly charged particle observed, we must have \I^\ ^ 1 
Consequently, the isotopic spin assignment to S is 

{!,)-=-V2 and 7 -= 1/2 (128) 

Thus there should exist another S" with (7j)-„= + '/2 

In Tab le 1 are listed various q u a n t u m numbers together with the masses and 
lifetimes for these particles 

"JD Sorrels R B Leighton and C D Anderson Phys Rev 100,1457(1955) 
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Table 1 

Spm, 
Particle 

r 

2 
2-
2° 
A" 
P 
n 
K 
K" 
K" 
K 
•JT* 

77° 

f»* 
e' 
V, V 

7 

Lifetime (sec) 

(4 6<T<200)X10 " 
1 6 XlO '" 
0 69x10 " 

« 1 ) X 1 0 " 
3 XlO '" 

10' 
1 2 XlO "> 
0 95x10 " 
0 95x10 "' 
1 2 XlO-" 
26 XlO" 

10 ' = 
22 XlO" 

Mass (Mev) 

1321 ( ± 3 
1196 65(±0 
1189 7 ( ± 0 
1188 65(i) 
1115 
938 
939 
494 
494 
494 
494 
140 
135 
106 

051 
0 
0 

5) 
35) 
25) 

Parity 

1/2 

1/2 

0 
0 
' /2 

1/2 

1/2 

1 

/ 

1/2 

1 

0 
1/2 

1/2 

1/2 

1 

/. 

- 1 / 2 

- 1 
-1-1 

0 
0 
1/2 

- 1 / 2 

1/2 

- 1 / 2 

1/2 

- 1 / 2 

±1 
0 

(S) 

- 2 
- 1 
- 1 
- 1 
- 1 

0 
0 
1 
1 

- 1 
- 1 

0 
0 

C. WEAK INTERACTIONS 

If we examine the weak interact ions in detail , we find t ha t they are divided 

distinctly into two groups: 
(i) Those which are characterized by a nonconservation of/^ with 

A / , = ± i /2 . (1.29) 

The neutrinos are not involved in these reactions. As examples of these reactions we 
have the decay of all hyperons, the K^^, the /f.^3, etc. 

(ii) Those which involve neutrinos, such as the fi decay, the ju decay, the 77 de
cay, the Ki^2, etc. 

These two groups seem to have completely different characteristics. Yet they 
share a remarkable common feature which is that the strengths of the coupling con
stants for these two groups seem to be about the same. Of course, we do not really 
know how to calculate these coupling constants, because only for very few of these 
weak interactions, like ^ decay and jti decay, do we know something about the de
tailed dynamics of the decay reaction. In most of the decays we do not know how 
the various fields are coupled. Consequently, we can only est imate these coupling 
constants in a very crude way. For cases where the detailed interaction is unknown, 
we use the formula (with H=c= 1) 

l/r=2^<S\l/RYP, (1.30) 

where p^ is the number of final states per unit energy. 
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Table 2 

Lifetime (sec) O'XlO" 

3 XlO 1° 16 
1 6 XlO 1" 12 
095x10 ' ° 28 
26 XlO" 0 3 
22 XlO " 2 
12 XlO " 0.02 

R represents a characteristic length of these decays; and fl = (477/3)/?^ The total 
number of the particles in the decay product is n, and p „ /s, are their corresponding 
momenta and energies. In T a b l e 2 are listed the various lifetimes a n d the corre
sponding coupling constants for several of the decay interactions in both group (i) 
and group (ii). In all these reactions we use 

R=fi/m^c (1.31) 

for simplicity. These results of course have significance only in their c rude order of 
magni tude . For the purpose of comparison we include in Tab le 2 also ji decay cal
culated in the same way, even though we do know a great deal about its coupling.' 

We observe from T a b l e 2 the r emarkab le fact tha t a l though the lifetimes of 
these particles vary over a wide range from IQ-i" sec to 10 '' sec the corresponding 
coupling constants Q^ seem to be much more stable. 

O n the other hand, as remarked before, these decay interactions are separated 
into two distinct groups. In the first group, (i), the neutr inos are not involved; in
stead there is a nonconservation of / j . In the other group, (ii), every reaction contains 
some neutrinos. Fur thermore , these reactions are between many particles for which 
isotopic spin seems to play no role. The fact that they share approximately the same 
strength in coupling constants does suggest strongly a deep c o m m o n origin for all 
weak interactions. As we shall see later, these weak interactions may share another 
significant feature, namely the violation of invar iance under space inversion and 
charge conjugation. 

'The coupling constants for /8 decay and fi capture are not included in Table 1 It is well 
known that they have the same order of magnitude as that for ja decay See, e g., E. Fermi, Ele-
mentary Particles, Yale University Press, 1951 

A°->/) + 77 
2 -^n + 'TT 

IT'-^H' + V 

jx' ^fe' + v-\-v 
K^^li^ + v 



II. THE e-T PUZZLE 

Among the various interesting phenomena concerning elementary particles, we 
would like to discuss specifically first the d-T puzzle, because it was due to this puzzle 
that a re-examination of the experimental basis of our various supposedly exact con
servation laws was made In Tab le 3 are listed the recently measured values of the 
mass, a b u n d a n c e , and lifetime of the various decay modes of charged A"-mesons ^ 

Table 3 

Mass of K 

Type Abundance from primary particle from secondary particles Lifetime 

966 1±0 7 (1 19±0 05)X10 " 

965 8±2 4 (1 24±0 02)xl0 " 
9 6 2 8 ± 1 8 (1 21±002)X10 ' 

(0 88±0 23)xlO ' 
(1 44±0 46)X10 ** 

We see that the masses are extremely close to each other and the lifetimes agree with
in the experimental error of — ± 5 % About three years ago, Dalitz pointed out that 
bv plotting the angular and energy distribution of the three 77-mesons from the decay 
of the T-meson {z^K^^), it is possible to determine the spin and parity of the T In the 
following discussion of the 0-T puzzle, we shall assume that both spin and parity are absolutely 
conserved 

1. Review of the Spin-Parity Determination 
of Q and T(Dalitz's Analysis^) 

Let us consider first a ^-meson T h e ^-meson is defined to be a A'-particle which 
can decay, among other modes, into two 7r-mesons, e g , 

(9+^77*-I-77" (2 1) 

Assuming tha t both the spin and pari ty are conserved in reaction (2 1), the parity 

••R W Birge, D H Perkins, J R Peterson, D H Stork, and M N Whitehead, .A'MOTO «m««<o 4, 
834 (1956), V Fitch and R Motley, P/iyi Rev 101, 496 (1956), L W Alvarez, F S Crawford, 
M L Good, and M L Stevenson, PA î Rev 101, 503 (1956), J Orear, G Harris, and S Taylor, 
Phys Rev 104, 1463 (1956) 

R Dahtz, Phil Mag 44, 1068 (1953), Phys Rev 94, 1046 (1954), E Fabri, JVUOOT cimento 11, 
479(1954) 

T 5 56±0 41 966 3±2 1 
T' 2 1 5 ± 0 47 967 7±4 

K^ 58 2 ± 3 0 967 2±2 2 
A„ 28 9 ± 2 7 966 7±2 0 
A",, 2 83±0 95 969 ± 5 
A",, 3 23±130 

10 
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of the 0 is uniquely determined by its spin value. Let J be the spin of the 6-particle. 
Because each 77-meson is a pseudoscalar, we have 

Pe={-\r (2.2) 

where 7'g= parity of the ^-meson. Thus , the spin-parity assignment of ^ can only be 
(0 + ) , ( l - ) , ( 2 + ) ,e tc . 

O n the other hand, the possible spin-parity assignments for a r-meson are quite 
different. T h e r -meson is defined to be a A^-meson which can decay, among other 
modes, into three 77-mesons, e.g., 

r'^77'-|-77*-|-77 . (2-3) 

T h e final decay state of a r-meson is characterized by two momenta in its center-of-
mass system. We may choose these two momenta to be: 

(i) The relative momentum, p, between the two 77* mesons. 

(ii) The momentum, k, of the 77" in the center-of-mass system of the r-meson. (It 
may differ by a factor 3 /2 , if the m o m e n t u m is chosen to be t ha t of the 77" with re
spect to the center-of-mass system of the two 77* system.) 

Let J be the spin of the r-meson; then 

J = L, + L̂  (2.4) 

where Li and L,, are respectively the orbital angular m o m e n t u m of the 77 and the 
relative angular m o m e n t u m of the two 77*. If the spin of the r is zero, then the final 
state of the three pions must consist of states with L/ = L^'. Hence the pari ty of the 
final state must be — 1. However , if the spin of r is not zero t hen the par i ty of the 
final state can be either -j- 1 or — 1. Consequently the spin-parity assignments for r 
a r e ( 0 - ) , ( l ± ) , ( 2 ± ) , e t c . 

It is easy to see the following simple conclusions: 
(i) If the spin of r is zero and if parity is conserved in the decay, then 0Z;ILT. 
(ii) If there exists a zero energy pion (77+ or 77 ) in the 377 state of r decay and if 

parity is conserved in the decay, then dz^Lr. 
(iii) If there exists a zero energy 77 in the 377 state of the r decay then the spin of 

r must be even. If, further, pari ty is conserved, the parity of r must be odd. 
Of course, in reality it is not possible to observe a zero energy pion. But quite a 

few low energy ( — '/s Mev) 77 and 77* have been observed. Thus , even without de
tailed statistical analysis, it is to be expected that most probably the spin of r is even, 
and that if parity is conserved in the decay process then r and 6 are two different par
ticles. T o evaluate the exact meaning of the likelihood it is necessary to perform a de
tailed statistical analysis. 

Let us character ize the system by an angle 9 and a pa r ame te r e defined to be 

6l = ^(p,k) and e = ik/k^,,y . (2.5) 

If ip (p,k) represents the final state wave function of the 377 in the r decay then the 
probabili ty distribution function P{0,e) is 

P{6,E) CC |;|/(p,k)|^ ^/e(l-e)de rf(cos^) . (2.6) 
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Experimentally with an energy value ranging from ~' /3 Mev to ~ 5 0 Mev and with 
a total of —1000 events, Dalitz and others find that 

\^P\'=l (2.7) 

is an extremely good fit to these data. From the above conclusion (ii) we see that if T 
is the same as 6, then \\p\^ must be zero if, say, e = 0. In fact, it is possible to prove the 
following rigorous statements concerning the behavior of xp at various limiting 
regions. 

(iv) If T is the same as 0 and if parity is conserved in the T decay, then 

a s e ^ O , \xp\''-^ e" ( « > 1 ) ; 

a sE-^1 , | i / / | - -^ ( 1 - e ) " ( m > 2 ) ; 

and as ^ ^ 0 , | i | /p -^ sin^^ . (2.8) 

T o prove (iv), we consider first t he simple case t ha t the spin of T is 1. 
From Equat ion (2.2) we see that if T is the same as 0 then the pari ty of T is — 1. Con
sequently the orbital pari ty due to k and p must be - | - 1 . Thus , xp should be an axial 
vector. Fur thermore , xp must be an even function of p because of the Bose-statistical 
property of the two 77^-mesons. Hence it is easy to deduce that 

i=(kxp){k.p)f[k\{k.py,p^]. 
Or, 

|^ |^cce^(l_e)^sin^(9cos^^|/ |^ (2.9) 

T h e function / is expected to be a regular function of its arguments. (This is the case, 
e.g., if the decay of T can be represented by a local field theory with decay interaction 
involving derivative couplings to any high, but finite, orders.) Hence we see that the 
wave function xp satisfies the conditions given by Equat ion (2.8). Similarly, by going 
over the same type of arguments of forming various tensor functions with 2 vectors, 
k and p, one can easily prove (2.8) for any other spin values. 

From (2.9) we see that it is very difficult to pick a function / such that in all ob
served regions in (^,e) space |\//|^=1 so as to be compatible with experimental results. 
In fact, there are good arguments to expect the function / to be near 1. T h e reason 
is, as pointed out by Dalitz, tha t these pions are very low in energy, and an expan
sion o f / i n t o powers of^^ andp^ may be legitimate, 

f=l+0{k'R^) + 0{p'R^)+ . . . . (2.10) -

From dimensional grounds we expect R to be some length that characterizes the T-
meson. For low energy pions we may neglect the terms 0(k'R^) and 0( p^R^) and we 
have 

/ = ! • (2.11) 

By using the condi t ion / = 1 in t h e distr ibution function xp, we can calculate the 
probabil i ty that one obtains |i//|^ = 1 from experimental events if;// is actually given 
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by Equat ion (2 9) This probability will be extremely small ( < 1 0 '"') i" Similar 
conclusions can be obtained for other spin values (except for very high ones) Thus, 
we conclude tha t it is extremely improbable that T and 0 are the same particle (under , of 
course, the framework that pari ty is conserved) T h e most probable spm-parity as
signments of T are 0— and 2 — 

O n e may question how good is the a p p r o x i m a t i o n / = 1 The average kinetic 
energy of 77 in the T decay is ~ 2 6 Mev If/? is taken to heh/m^c where m^ is the pion 
mass, then 

{k'R')^Vi, 

which IS not very small However the region where the distribution function Ixpl' 
[Equation (2 8)] deviates most from the experimental situation is precisely the region 
(e g , k-^0 or p-^0) where the relevant expansion parameter is small Consequently, 
one expects t ha t the conclusions of Dali tz are statistically very significant Thus, 
there seem to be two particles of different spin-parity values T h e difficulty is, then, 
why should they have, withm experimental error, the same mass and the same life
t i m e ' This IS the famous 0-T puzzle 

2 . P r e v i o u s A t t e m p t s t o S o l v e t h e 0-T P u z z l e 

Main ly for historical reasons we shall review some a t t empts tha t have been 
made to solve the 0-T puzzle Al though the Dal i tz analysis was m a d e more than 
three years ago, at tha t time various different masses of A"-mesons were reported In 
fact there were indicat ions tha t there might be a big mass difference be tween the 
various /T-particles Also, the statistics of Dahtz 's analysis at that time were not very 
good No one was greatly alarmed that there probably existed a A'-particle (r-meson) 
which was different from the ^-particle There were too many A"-particles anyway 
However, about the spring of 1955, the situation was changed The experimental mass 
values gradually converged, though still with large probable error The Dalitz plot 
had more points and seemed to indicate convincingly tha t the T is a (0 —)-par-
ticle Also, at about the same time people started to measure the lifetime Before the 
lifetime measurements were done , some physicists specula ted abou t wha t would 
happen if the lifetimes turned out to be the same At first sight it seemed that , if the 
lifetimes of K^^ and K,^^ are measured to be the same, then this evidence would be 
used to argue that 0 must be the same particle as T and that the conclusion of Dahtz's 
analysis is probably a manifestation of some statistical fluctuations Later the experi
ments on lifetimes indeed showed that the observed decay constants for K^^ and K,,^.^ 
are about the same ** 

Nevertheless, with all the available evidence at that time (1955) it was not diffi
cult to find schemes which could be made compatible with (i) the results of Dahtz's 
analysis, (11) the apa ren t identity of lifetimes, a n d (111) the approximate equality of 
masses In describing these attempts we shall assume that the conclusions concerning 
Dahtz's analysis are correct and that T and 0 are two different particles 

'"See, e g , Proc Sixth Ann Rochester Conf, Interscience, New York, 1956 
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A. APPARENT LIFETIME EQUALITY 

One such hypothesis, proposed to explain the apparent identity in lifetimes, is 
the so-called cascade process ^' T h e idea is that r and 6 are two different particles 
with two different lifetimes, say, 10 ** sec and 10 " sec (On phase space arguments, 
one expects K^,* to live longer than K,j^2^ ) The long-lived one, say r, is assumed to 
have a heavier mass In addition to its other decay modes, r decays into the light one, 
0, by y radiations Under the experimental conditions m these lifetime measurements, 
only the long-lived 7f-mesons would be observed Thus this cascade process can ac
count for their apparen t equality of lifetimes If the spin-parities of r and 6 are 0— 
and 0-1-, then the cascade process is 

T^(9-h2Y (2 11) 

In order to make the branching ratio correct a mass difference m^ —m^ = 10 Mev is 
required 

B. MASS DEGENERACY' 

By taking analogy with isotopic spin invariance, a mass degeneracy means pos
sibly a new symmetry property This , for example , is the case of mass degeneracy 
between a proton and a neutron The only difference is that we now have degeneracy 
between states with different pant ies , instead of between states with different 
charges If one regards this mass degeneracy between r and 9 to be not an accident, 
then It means, just as m the case for isotopic spin, that the strong interaction must be 
invariant under a new symmetry operator This operator, denoted by Cp, when act
ing on a ^-particle changes it into a r, and when acting on r converts it into a 9 The 
operator Cp is called "pari ty conjugation" by analogy with "charge conjugation " 

Cp|^ )= i r ) , C,\T)=\9) (2 12) 

T h e approx imate mass degeneracy now follows from the assumption that C, 
commutes with the strong part of the Hamil tonian 

[Cp,77,,,„„,] = 0 (2 13) 

Because of Equat ion (2 13) it follows that all strong interactions should be invariant 
under the operation of Cp In part icular , let us take an example, say, 

77-j-jO^Ai'-f-^" (2 14) 

Under the operation Cp, there is no change m 77 -\-p but 9° becomes r" Therefore the 
A° must be a parity doublet, which we shall denote by A," and A " Equation (2 14) 
becomes 

77 -\-p^K "-|-r° (2 15) 

under Cp 
We conclude therefore that there must be a parity doubling not only of the K-

mesons but also of hyperons The re will be two A's of opposite parity and two 2 's 

" T D Lee and J Orftat,Phys Rev 100,932(1956) 
' T D Lee and C N Yang, Phys Rev 102, 290 (1956) 
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of opposite parity, etc In fact, there must be a parity doublet for all strange particles 
with odd strangeness q u a n t u m number The commutation relation between Cp and 
the Hy (electromagnetic interaction) is not known A natura l choice, of course, is to 
take advantage of the above explanation for the lifetimes and to assume that Cp does 
not c o m m u t e with Hy This can in t roduce a large mass difference a n d make the 
cascade process possible Combining these two possibilities, it seemed that one could 
have an explanation for the 9-T puzzle However, withm half a year,** the mass meas
urements have been greatly improved, with the result tha t the mass difference can 
at most be —1 or 2 Mev, which makes process (2 11) very unlikely A direct search 
for such y-rays was pe r fo rmed" and it also led to negative results 

In the early part of 1956 it seemed that the true sloution of the 6-T puzzle might 
in fact he in something quite different Thus , an investigation of the experimental 
basis of the law of conservation of pari ty was made " We shall discuss now m some 
detail the conclusions reached through such an investigation 

" L Alvarez,/"roc Sixth Ann /?ocA«rf«r Co«/", Interscience, New York, 1956 
" T D Lee and C N Yans„Phys Rev 104,254(1956) 



III . E X P E R I M E N T A L LIMITS ON T H E VALIDITY 
OF PARITY CONSERVATION 

In this section we shall try to discuss the limit on the validity of parity conserva
tion in various fields of physics If parity is not a rigorously conserved quantum 
number then eigenstates \p of the entire Hamil tonian are, in general, not eigenstates 
of the pari ty operator Thus we expect 

;P = t^p+F>/.p 

where xp^ and ^ p are of opposite parity and 

F = probability ampli tude for parity mixing (3 2) 

It IS useful to know from the various evidence in atomic and nuclear physics exactly 
what IS the upper limit one can impose on the magnitude of F 

1. Atomic Spectroscopy 

From the various parity selection rules concerning the radiative transitions for 
an atomic system, we find an upper limit for F 

\F\Lon.<(i) = 1 0 ^ (3 3) 
\ A / a t o m 

for a typical atomic transition In (3 3), r is the radius of the a tom and A the wave
length of the radia t ion In principle, by studying transitions involving photons of 
long wavelengths it is possible to make this upper limit m u c h smaller t han 10 " (It 
may not be impossible to reach the limit |F|atom^ 10 '*') 

2. Nuclear Spectroscopy 

While the above condition sets a limit on parity nonconservation in atomic 
interactions, the same limit cannot be applied directly to nuclear interactions 
Nevertheless, by using the various parity selection rules in nuclear spectroscopy, say 
P decay, it is possible to put a corresponding limit for the nuclear system, 

1^ | n u c l e u s < ( Y ) ^ 1 0 * 
\ A / nucleus 

3. Nuclear Reactions 

The measurement by Chamber la in et al '^ on the double scattering of protons 
offers a very direct test of pari ty conservation In this experiment, a beam of incom-

" O Chamberlain, E Segre, R Tripp, C Wiegand, and T Ypsilantis, Phys Rev 93, 1430 
(1954) 

(3 1) 

(3 4) 
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ing protons with momen tum p^ is scattered by a first target into momen tum p^ and 
is further scattered by a second target into m o m e n t u m p j . If pari ty is conserved, the 
cross section should be independent of such a quantity as (p iXpj ) • Pt- The measure
ment shows the absence of such terms, giving directly an upper limit on 7̂ . From the 
measurements one can conclude 

\F\'<:iO\ (3.5) 

4. Static Electric Dipole Moment 

If pari ty is conserved then the static electric dipole moment of any eigenstate 
of the Hamil tonian must be zero. Thus a measurement on the absence of such elec
tric dipole momen t for e lementary particles gives also an upper limit oi F. Smith, 
Purcell, and Ramsey"' have measured the electric dipole moment of the neutron and 
found it to be smaller than 5 X 10'-" cm X electronic charge. If one takes the natural 
size of the neutron to be 10 '^ cm, this gives a very severe limit on F: 

| 7 ^ | - ' < 3 X 1 0 " . (3.6) 

This limit applies directly to the structure of the neutron. 
However , it is possible to show tha t if time-reversal invariance holds then the static 

electric dipole moment must still be zero even though parity may not be conserved. This is so be
cause if pari ty is not conserved then the wave function i// is a mixture of states with 
opposite parities t/zp and î _p as indicated by Equat ion (3.1). But if t ime reversal is 
invariant then t/zp and t// p will be 90° out of phase. Thus they cannot contribute to 
the d iagonal e lement of the electric dipole m o m e n t which is a real quan t i ty . We 
shall give a formal proof of the impossibility of having a static electric dipole if time 
reversal is invariant. 

Consider a particle A with spin J . T h e state function \A)„ describes the particle 
A at rest \M\xhJ^ = m. The time reversal operator Tis represented by 

T = UT X complex conjugation (3-7) 

where Uf is a uni tary operator. If invariance under t ime reversal is assumed, then 

T\A)^ = Ur\A')„^e'''^\A) „ (3.8) 

where * represents a pure complex conjugation, and «'*" is a possible phase factor. 

Let D be the electric dipole moment , 

D=j:e,r,. (3.9) 

The average value of D must be proportional to that of J . 

( ^ | D | ^ ) „ = r ( ^ i J | ^ ) „ (3.10) 

where Tfis a real numerica l constant . If we take the complex conjugation of both 
sides in Equation (3.10) and replace 1 by UJ^UT, Equation (3.10) becomes 

" E M Purcell and N F Ramsey, Phys Rev 78, 807 (1950), Smith et al as quoted in N F 
Ramsey, Molecular Beams, Oxford University Press, 1956 
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{A'\U/UrB'Ur^UT\A*)„ =A"*(/l*|[/r+[/j.J'[//f/j.|^*)». • 

From (3.8) and the properties that 

r j r ' = f / j , J * f / / = - J and TrT' = Urr'Ur^=+r, (3.11) 

we have 

( ^ | D | A ) , „ = - A - 0 | J | / 1 ) _ (3.12) 

Comparison of (3.10) and (3.12) shows that 

(^|D|^),„ = 0 . (3.13) 

Thus , the static electric dipole moment must be zero if time reversal is invariant. '^ 
However, the matrix elements of r between two different states of dominantly the same 
parity are, in general, not zero if time reversal invariance holds but parity is not con
served. (Here the term "same par i ty" refers to that part de termined by the strong 
interactions.) 

Thus , if t ime reversal invar iance holds, the most severe limit on par i ty non-
conservation is given by spectroscopic evidence and experiments of the nuclear 
double scattering type. These limits are already quite strong and thus demand that 
the strong interact ions a n d the e lectromagnet ic interactions both must conserve 
parity. However, these limits throw no lighton the invariance properties of the weak 
interactions. 

5. (i Decay Experiments 

Prior to the recent experiments on jS angular distribution from polarized nuclei 
and on the longi tudinal polarizat ion of/8-rays, there already existed an immense 
body of knowledge in the field of/8 decay. These previous experiments"* consist of 
(i) spectra (allowed, forbidden, etc.) a n d / / values, (ii) jS-neutrino correlation, (iii) 
ji-y correlation, (iv) polarized nuclei and the angular distribution of secondary y-
rays, and (v) /S-y-y' angu la r correlation. We shall show tha t these experiments (i) to 
(v) are not relevant so far as the question of parity conservation in weak interactions is concerned. 
They neither prove nor disprove the conservation of parity in /S decay. 

The most general form of the interaction Hamil tonian for nonconservation of 
parity is 

77,„.= E(VO.>/ '«KC,;^/0 . t | / , + C , V O , y , t P , ) , i = S,T,V,A,P, (3.14) 

where 0i, = y4, 0^ = y4y^, 0^.=-[l/{2^J2)]y^{y^y^-y^y^), 0^=-iy^y^y.„ and Op= 
y4yr,. In Equa t ion (3.14) der ivat ive couplings are not included. T h e conclusions 
[Equat ions (3.18) and (3.20) below] are correct even if there are such derivative 
coupling terms. We have now ten complex coupling constants. Any observed quan
tity will be related to the sum of the absolute squares of cer ta in mat r ix elements. 

"By the CPT theorem (see Chapter IV) the same is true if C-Pis invariant. That the static 
dipole moment must be zero if C- P is mvariant was first pointed out by L. Landau [Nuclear Phys 
3, 127(1957)] 

'"See, e.g., K Siegbahn, Beta- and Gamma-Ray Spectroscopy, Interscience, New York, 1955. 
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E I ^ N ( E / , . C , * C , + c . c . ) + ( i : / , / C , * C / + c.c.)+(2:^?. ,C,*C/+c.c.) (3.15) 

where / , , , / , / and g,, are certain functions of the measured momenta and spins. It is 
well known that, as the neutrino has zero mass, it satisfies not only the familiar Dirac 
equation 

but also the equation 

Thus , one has'''' 

/ „ = / , / . (3.18) 

Furthermore, we can show that the ^, , must be pseudoscalar quantities. To see this, 
let us consider the foliowingyorMa/ transformation: 

C - ^ C , , C ' - ^ - C (3.19) 

together with r ^ — r ; p-^ —p; and spin s-^-|-s. This formal mathematical trans
formation leaves the Hamil tonian 77, „, invariant. Thus it must also leave Equation 
(3.15) invar iant . It then follows tha t unde r this formal t ransformat ion the inter
ference terms ^jJ must transform as 

^, ,(p,s, . . . ) - > 5 , X - P > + s, . . . ) = -^u(P>s> ••• )• (3.20) 

Consequently g,, transform like pseudoscalar quantit ies. This means tha t in order 
to answer the question of parity conservation it is necessary to observe, experimen
tally, a pseudoscalar quanti ty. To observe a pseudoscalar quant i ty one must meas
ure at least three linear momenta p , , p^, p., or a spin s and a m o m e n t u m p so as to 
form quanti t ies like ( p i X p j ) • PJ or S • p , etc. In the experiments on the spectra, fi-v 
correlation and /i-y correlation, it is clear that no such pseudoscalar quanti ty can be 
formed. With the parity nonconserving Hamil tonian Equat ion (3.14), the theoret
ical results for these experiments are identical with that of the conventional parity 
conserving Hamil tonian provided one replaces C,*C, in the old formulas: 

C;C,^iC:C,-\-CrC,'). (3.21) 

In the measu remen t of polarized nuclei and the angu la r dis t r ibut ion of the 
secondary y-ray it is possible to form pseudoscalar terms like 

( s - P y ) . (3.22) 

However, since y interaction conserves parity and since the multipole y radiation in 
nuclear transitions has very accurately defined parities, the observed angular dis
tribution must be invariant under the transformation 

'Tt is important to note that in general (3.15) is invariant under the mathematical transfor
mation C,—>C,' and C,'^>C,. This property can serve as a good check for the correctness of vari
ous expressions [cf Equations (5.3), (5.11), etc.]. We wish to thank Dr. Pauli for a communica
tion on the usefulness of this transformation. 
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P y ^ - P y (3 23) 

Thus terms of the form (3 22) cannot exist ̂ ^ 
In the case of ^-y-y' angular correlation measurements, one can easily form 

pseudoscalar quantities that are also invariant under transformation (3 23), such as 

P . - (PyXPy)(Py-Py) (3 24) 

These terms cannot be ruled out by using the parity conservation property of the 
y radiation However, if time reversal is invariant for the strong interactions (in
cluding y interactions), then such terms must all vanish [This follows immediately 
from Equation (4 29)] Consequently the absence of such terms can be used to prove 
the invariance of time reversal for strong interactions and electromagnetic inter
actions but not for the invariance properties of the weak interactions We can sum
marize as follows The previous accurate measurements of P decay (i) to (v) do not 
throw any light whatsoever upon a possible nonconservation of parity in the decay 
process In order to detect possible parity nonconservation terms we must try to per
form other experiments such as to measure s • p^, etc 

'"The nonexistence of terms like s • p^ and Pc • (Py X Py ) can also serve as evidence for the parity 
conservation for the strong interactions (including y interactions) in a nuclear system, but not for 
weak interactions 



IV. SOME GENERAL DISCUSSIONS ON THE 
CONSEQUENCES DUE TO POSSIBLE 

NON-INVARIANCE UNDER P, C, AND T 

1. The CPT Theorem."' Equality of Mass and Lifetime 
Between a Particle and its Antiparticle'' 

Before we discuss in detail the various tests on the conservation of parity 7", 
charge conjugation C, and time reversal T in weak interactions, it is useful to re
call a general theorem concerning the interrelationship between these operators C, 
P, T and proper Lorentz invariance. 

The CPTTheorem: If a local Lagrangian theory (which may contain deriva
tive couplings to any high but finite orders) is invariant under the proper Lorentz 
t ransformations, it is invar ian t unde r the product of CPT (and its permuta t ion 
PCT, etc.) a l though the theory may not be separately invariant unde r each one 
of these three operators C, P, and T. 

It follows from this theorem that if P is not conserved in the weak interactions, 
then at least one of the other invariances C or 7" should not be conserved. In the fol
lowing discussions we shall assume that the general framework of field theory, under 
which the CPT theorem is proved, is valid. At first sight it seems that the observed 
equality of lifetimes in the decay of TT*, 77 and the similar equality for the fi , fi may 
already form a proof that C is conserved in weak decays. As we shall see, the equality 
of the masses and lifetimes for a part icle and its ant ipar t ic le follows directly from 
proper Lorentz invariance and the C P T theorem. It does not prove at all tha t Cis 
invariant. We shall state these consequences of the C P T theorem in the form of two 
theorems. Let 77 be the complete Hamil tonian which may be separated into two parts 

H=H, + H„ (4.1) 

where 77, represents the strong interactions together with the y interactions, and 77„ 
the weak interact ions. We assume tha t bo th 77, and 77„ are inva r i an t u n d e r the 
proper Lorentz transformation. Consequently, 77, and 77„ are both invariant under 
the compound operation of PCT, i.e., 

PCT77T 'C'P-' = PCUrH'Ur''OP = 77 (4.2) 

where P, C, f/j. are all un i ta ry operators [cf Equat ion (3.7)]. We shall further as
sume that 77, is invariant under the separate operation of each one of these three 
operators C, P, and T while 77„ may or may not be invariant under C, P, and Tsep
arately. (The operators C, P, T a r e defined by using the invariance properties of 77,.) 

-'See W Fault's article in Niels Bohr and the Development oJ Physics, Pergamon, London, 1955, 
J Schwinger, Phys Rei 91, 720, 723 (1953), 94, 1366 (1953), G Luders, Kgl Danske Videnskab 
Selskab, Mat -fys Medd 28, No 5 (1954) 

- T D Lee, R Ochme, and C N Yang, Phys Rev 106, 340 (1957) 
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Theorem 1:*̂ '' If a is a stable particle, then 

M, = M„- (4 3) 

where M^ and M^ are the masses of a and its antiparticle a Equation (4 3) is valid to 
all orders m 77^ 

Proof: Consider a particle a at rest 

H\a)=M„\a) or 77*|a*) = A/„|a*) (4 4) 
and 

PCf / r77>*} = M, .PC[/^ |a*) (4 5) 
Let 

\a)=PCUr\ct) (4 6) 
We then have 

771a )=M, | a ) (4 7) 

by using Equa t ion (4 2) From the definitions of P, C, T [see C h a p t e r I, section 3, 
and Equat ion (3 8)] we know that if |«) represents a particle at rest with spin y and 
its z component J^, then \a), defined by Equat ion (4 6), represents its antiparticle 
state also at rest a n d with its spin along z component —J^ T h e o r e m 1 follows im
mediately from Equat ion (4 7) 

Remarks: W h a t we have proved is actually more than just the equality of 
masses By taking | a ) to be any eigenstate of the total Hamil tonian 77 we can gen
erate another state | a) by (4 6) which has the same eigenvalue Thus the complete 
energy spec t rum for a group of particles is identical with that of a corresponding 
group of antiparticles By considering the energy spectrum of a particle, say a proton 
p, in a magnetic field, one can prove the equality of the magnitude of magnetic mo
ment oip and ;& (again to all orders of 77^) 

Theorem 2: Consider the decay of ^ via 77„, 

A^B and A-^ B (4 8) 

(with the states B ^B), ' then, to the lowest order in 77„, 

(lifetime of ^ ) = (hfetime of J ) (4 9) 

Proof: Since we are only interested m the lowest order in 77„, the states | ̂  )„ , 
I B )„,, I ^ )„, I fi)m can be taken to be eigenstates of 77, with z component SY>^nJ^ = m 

Furthermore, since 77, is invariant under T a n d C, we have [cf Equation (3 8)] 

\A)„=C\A),,, \B),„ = C\B),„ , (4 10) 

T\A)„=e''-^^^\A) ,, T | P ) „ = . ' « » ' « ' | 7 ? ) „ , (4 11) 

and similar equations for | ^ ) „ and |P )„ under time reversal The states |P)„ and 
\B)rn are taken to be stationary states consisting of standing waves (including all the 
strong interactions) 

" T D Lee and C N Yang, Phys Rev 105, 1671 (1957) 
^This condition S?^Bapplies to cases, e g , where A and A have opposite charges ±Q_ 

or opposite heavy particle number ±N, etc General discussions concerning cases where B may 
be the same as fi (e g , in the decay of A" and K ) will be found in Chapter V, section 9 
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We separate 

H,, = H,+H with H=h,H„±PH„P^] . (4.12) 

Hence 

PH^F=±H^. (4.13) 

The matrix elements {B\HJ\A) are related to (P|77.|y4) by the CPT theorem, 

(P|77.M)„*= {B\T'THS'T\A),„ 

= (B\TH^T'\A) „e">={B\C^Pm^PC\A) ,„e"> = ± (B\H\A) „,e'' (4.14) 

where ^ = 5„( / l ) —5„(7?). In the expression for the lifetime of ^ , no pseudoscalar 
quantities can be formed. From arguments similar to those used in the previous 
chapter , we conclude tha t there can be no interference te rm between 77, and 77 . 
Thus we have 

(lifetime),, = i:(I (P|77,|^) J ' + | (5|77 |^)„|- ').(phase space)^ . (4.15) 

Equation (4.15) is clearly independent of the m value. From (4.14) we have 

(lifetime of .4) = (lifetime of A). 

From theorems 1 and 2, we conclude that the equality of the masses and lifetimes of 
a particle and its antiparticle cannot be used as evidence for the invariance under the charge con

jugation operator C. Rather, it may serve as evidence for the validity of the CPT theorem. Indeed, 
as we shall see later, the opera tor C is not conserved, at least in some of the weak 
interactions. 

2. General Remarks Concerning Invariance 
or Non-invariance Under Time Reversal 

Consider the weak decay of a particle 

A^B (4.16) 

through the weak interaction 77^. Let 77^ be written as a sum of many terms (with 
C, as coupling constants), 

77„, = £ C . 7 ^ . , (4.17) 

such that under a time reversal operation T 

T77„ T ' = 2:C,*77. and T77. T ' = 77. . (4.18) 

Thus , if Tis invariant then C, are all real and vice versa. T h e proof or disproof con
cerning the invariance under time reversal, then, rests completely on the possibility 
of measuring the relative phases between these C,. We consider first case A. 
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A. CASE IN WHICH THERE ARE NO STRONG INTERACTIONS 
BETWEEN VARIOUS DECAY PRODUCTS IN THE FINAL STATES 

In this case the final state is given as 

^P=i:(p,s\H„\A).\p,s) (4.19) 
p,s 

where | p , s ) represents free particle states of momenta p i , p^ . . . and spins s,, 
S2 . . . in the final state B. By assumption |p, s) is an eigenstate of H^. From (4.17) 
we can write 

;// = E C . M . ( p , s ) . | p , s ) (4.20) 
where 

M,{p,s)=ip,s\H,\A). (4.21) 

Using (4.18) and the property [cf Equat ion (3.11)] 

T |p , s ) = | - p , - s ) , (4.22) 
we have 

M . * ( p , s ) = M , ( - p , - s ) . (4.23) 

Now let us consider the measurement of an observable 0 which is a function of 
the momenta p , a n d spins s, of some of the particles in the final state. Using (4.20), 
we obtain 

mo\^p)=j:c:c,o,, (4.24) 
where 

0 . , = I : M . - ( P , S ) M , ( P , S) (P, S | 0 | P , S) . (4.25) 

It is clear that 

o,;=o„. 
Let us separate various observables 0 into even and odd functions p and s 

(see Tab le 4). We denote by 0+ the even functions and 0_ the odd functions. Hence 

(p, s |0 , |p , s) = ± ( - P , - s | 0 , | - p , - s ) , (4.26) 
and 

TO,T-' = ±0,. (4.27) 

Using (4.25), (4.22), and (4.27) we have 

( 0 , ) , , = ( 0 , ) „ = real and ( 0 _ ) „ = - ( 0 _ ) , , = imaginary. (4.28) 

Table 4 

Some Examples of 0^ and 0_ 

0, O 

p , -p . s-(p,xp2) 
s-p Pi-CP.Xps) 
s,-s, s,-(s,Xs,) 
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Thus, the diagonal elements of 0^ are related to the real and imaginary parts of 
Gj C j , I.e., 

{4'm^) = j:m,,iC:C, + C,C;) and {4,\0_\^) = U0-)^,{C:C,-C,C;). (4.29) 

Consequently, we reach the conclusion that if in the final state there are no strong 
interactions between the various decay products then the existence of any observables of the form 0_ 
serves as a proof that H„ is not invariant under time reversal. 

Next we consider case B. 

B. CASE IN WHICH THERE ARE STRONG INTERACTIONS 
BETWEEN VARIOUS DECAY PRODUCTS IN THE FINAL STATE 

In this case |p,s) is not an eigenstate of the strong Hamiltonian H^. Let 
\B) be an eigenstate of//,. Furthermore state \B) is chosen to be a stationary state. 
Since H^ is invariant under T, we have [cf. Equation (3.8)] 

T\B)„ = \B)_„ (4.30) 

where J^=m. For simplicity we have absorbed the phase ^'*" in the definition of 
\B)_^. The final state in the momentum representation is now 

\^)= E (p,s | f i - ' ) ( i? | / / . |^) . |p ,s) (4.31) 
B,p,S 

where the sum also extends over various final states B. The state 15°"') is the out
going wave part of the stationary states \B). The state |fi°"') contains a phase factor 
e^'^B with TJB as the phase shift due to the final state interactions. Thus, by using (4.30), 
(4.22), and (4.18) we can write Equation (4.31) as 

|;^| = X : Q . " ' » M . ^ ( P , S ) . | P , S ) (4.32) 
with 

M / ( p , s ) = ^ . « ( - p - s ) . (4.33) 
Similar to (4.24), we have 

(,/.|0|^) = EC/C/-""'-"">0,«,,^. (4.34) 
and 

0.«.,B. = i:Ar,/(p,s)M,5,(p,s)(p,s|0|p,s) . (4.35) 
P s 

Again, as in case A, we separate 0 into two different types, 0+ and 0_. Similar to 
(4.29), their matrix elements are respectively 

m,\-^) = Y.{0,\B„B\{C:C, + C,C;)cos{i]s-r]B') + 

^(C/C , -C .C/ ) sin(r,«-T,«,)] (4-36) 
and 

i{C:C, + C,C;)sm{-r]B-y]B')] • (4.37) 

Also, as in the case of (4.28) we can prove 
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(0+),B.,B =rea l and (0_) ,B_,B-=imaginary . (4.38) 

It is easy to see that if there are no final state interactions (T)B = T)B == . . . = 0 ) 
then Equat ion (4.37) reduces to (4.29). In the present case measurements on both 0^ and 
0_ may serve as tests on time reversal. T h e terms {C^Cj — C'C,) sin(r)B —T)B) in 0+ and 
the terms (C,'C, — C,*C^) COS(T)B —•'7B') in 0_ can be used to detect possible violation 
of time reversal invariance. As examples we list, for fi decay, terms of the form 
(Pe • Pi')-^! (S • Pe)Z, and s • (P J Xp>/)- (For detailed discussions see Chapter V, sections 
1 to 3.) 

3. Remark on Invariance Under Charge Conjugation 

In this section we shall make only a general remark concerning invariance 
under charge conjugation. If we separate H„ into the pari ty conserving par t H^ and 
the parity nonconserving part H^ [cf Equation (4.12)], 

H^ = H,+H,_ (4.39) 
with 

PH,P^=H, and PH^P-^=-H,. (4.40) 

Fur thermore, we decompose H^ and / / j into the sum of various terms as in Equation 
(4.17), 

//, = X:(C,),(//0>, H,= Y.{C,)IH,), (4.41) 

with 
T{H,),T-' = {H,), ( a = l , 2 ) . (4.42) 

Thus , ifTis invariant, ( C J , and (€2)^ must all be real. From the CPT theorem it follows 
now tha t if charge conjugation C is conserved then (Cj), must be real while (C2), must be 
imaginary. 

4. Summary 

We summarize the above discussions [cf Equations (4.36) and (4.37)]. 
(i) Let 0^ be a scalar and be even in p and s (e.g., pi • p.^)- T h e observation of 

such a term in the form 

(OJ , , „ a . = EO.B. ,s(C,*C, + C.C/)cos(T,B-r]«.) (4.43) 

does not violate the invariance under P, nor under C, nor under T; while the pres
ence of a term in the form 

(a)scaia. = i : ^0 ,B . ,« ' (C ,*C, -C,C/ ) sin(T,«-T,B.) (4.44) 

violates the invar iance unde r C and T, but not under P [e.g., the p^ • p , ) Z t e r m in 
Equat ion (5.3)]. 

(ii)^- Let 0+ be a pseudoscalar bu t still be even in p and s (e.g., s • p) . The ob
servation of such a term in the form 
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( O J , . = E O , B . , B ( C / C , + C . C ; ) C O S ( T , « - T , B , ) (4.45) 

violates the invariance under P and C, but not under T [e.g., the Z independent term 
of S ' P J in Equation (5.11)]; while the presence of a term in the form 

{0,),, = ^IO,S.,B{C:C-C,C;) sin(r,8-77B0 (4.46) 

violates the invar iance u n d e r P a n d T, but not unde r C [e.g., the (s • Pe)Z term in 
Equation (5.11)]. 

(iii) Let 0_ be a scalar and be odd in p and s [e.g., s • (piXp2)]- The observation 
of such a term in the form 

(0_),eau. = EO.B , ,B . (C ,*C , -C ,C ; ; COS(T,B-T,B.) (4.47) 

violates the invariance under T a n d C, but not under P; while the existence of a term 
in the form 

R).„a .ar = E^O.«,,B(C,*C, + C,C;)sin(7,«-r ,B0 (4.48) 

does not violate the invariance under P, not under C, nor under T. A particular ex
ample of (4.48) is the existence of the usual production of polarized nuclei by a single 
scattering. Because of t ime reversal invar iance it follows tha t such polarizat ion is 
zero in the Born approximation. 

(iv) Let 0_ be a pseudoscalar a n d be odd in p and s [e.g., p , • (pz Xpa)]- The 
observation of such a term in the form 

( 0 _ ) , , = 1 : 0 . B , , S . ( C / C , - C . C ; ) C O S ( T , B - T , B , ) (4.49) 

violates the invariance under P and T, but not under C; while the existence of a term 
like 

{0_),, = Y.I0.B.,B{C:C, + C,C;) sin(r,B-7]B-) (4.50) 

violates the invariance under P and C, but not under T. 



V. VARIOUS POSSIBLE EXPERIMENTAL TESTS^^ 
ON INVARIANCE UNDER P, C, AND T 

IN WEAK INTERACTIONS 

L Electron-Neutrino Correlation in ̂  Decay 

We take for the ji decay Hamiltonian 

H=y:i^p;0,^l^^)[C,i^p;0,^|^,) +C /(i^/O.y.V^,)] (5.1) 

where ? runs over the usual S, V, T, A, and P types of interactions with 

Os = 74, Oy = Y4Y,x, OT = - [ z / ( 2 V2) ] 74(7x7^ - Y^Tx). 

OA- -tjiyf^ya, and Op-y^y,. (5.2) 

T h e angu la r energy distr ibution of the electron for the allowed transit ion is 
given by"" 

M{w,e)dw sine de = - ^ F{z, w) pw{w„-w)-

x[l+^cos6{a+a'^) + ̂ ]smede (5.3) 

where 

(|C,|^ + |C^r + |C,r + |C/|0|M«,|^, (5.4) 

4 = ('/3)(|C,|^-|C^|^ + | C , r - | C / | = ^ ) | M « , | ^ -

i\C,\'-\Cy\' + \C.T-\CvT)\M,\', (5.6) 

fl'|=(^/3)(C^C/-C,C/ + C / C / * - C / C / ' ) | M e ^ | ^ + 

2(C/Cs-Cs*C^+C/'C/-C, '*C/)|M^p, (5.7) 

b^ = y{C,*Cy+C,Cy'+C,"Cy' + C,'Cy'*)\M,\- + 

Y(C/C^ + C / a + C/*C/ + C/*C/)|Me^|^. (5.8) 

^^Smce January 1957 a large number of experiments have been performed to test the non-
conservation properties of P and C in weak decays For a review of these numerous experimental 
works, see, e g , Proc Seventh Ann Rochester Conf, Interscience, New York, 1957 

"̂Cf Equation (A 4) of reference 14 The existence of the term a'Ze' /hep was pointed out by 
M Morita and R Curtis 

28 
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In the above expressions, all unexplained notations are identical with the standard 
no ta t ions . " Equat ions (5.4) to (5.8) can be obtained directly by applying the gen
eral rules. Equat ion (3.21), to the corresponding "o ld" expressions calculated pre
viously under the assumption that parity is conserved. 

We notice that the term containing 

a 'Z (p , .p , ) (5.9) 

in (5.3) is of the form described by Equat ion (4.44) with the phase shifts due to the 
Coulomb effect (p^, p , are respectively the momenta of ^ and v). Thus , the presence 
of this term would violate the invariance under C and T. 

2. E x p e r i m e n t s w i t h j8 D e c a y f r o m P o l a r i z e d N u c l e i " 

We consider first the experiment on angular distribution for allowed ji transi
tion from polarized nuclei. Let 6 be the angle between p^ and direction of the spin J 
of the polarized nuclei. The angular distribution is, in general, of the form 

1 + a c o s ^ . (5.10) 

The corresponding expression a for J -^ J — 1 (no) transition is 

with 

^ = i ? . [ ± ( C , C / - - C , C r ) + ^ | ^ ( C . C / * + C / C / ) j ^ ^ ^ _ | _ _ | M « , r (5.11) 

F o r y - ^ y - l - l ( n o ) , a is given by 

« = - / 8 / . / ( y + l ) . (5.12) 

F o r y - ^ y ( n o ) , the corresponding a is''* 

a = fi^l +ji' J' ^ (5.13) 

7(7+1) ^ V7(7+i) 
where 

P'=Re\{C,'C,' + C,'*C,-Cy'C/-Cy'*CA)± 

'''See, e g , the article by M E Rose in Beta- and Gamma-Ray Spectroscopy, Interscience, New 
York, 1955, pp 271-91 

"Equation (5 13) has been independently calculated by many authors M Morita (private 
communication), R Curtis and R Lewis (private communication), J D Jackson, S B Treiman, 
and H W Wyld [Phys Rev , in press) In deriving Equation (5 13) we assume that the strong 
interactions are invariant under time reversal Consequently the nuclear matrix elements M^ 
and MQT are real quantities If the strong interactions are not invariant under time reversal then 
the product {MpMcr) should be replaced by [M/M^^) and set mside the square brackets 
together with the coupling constants It may be emphasized that the condition P' = 0 can be used 
as evidence of invariance under time reversal for both the weak and the strong interactions 
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In Equat ions (5.11) to (5.13) the upper signs are for ^" emission and the lower signs 
for e* emission. 

T h e detection of aî ^O gives definite proof tha t P is not conserved. W e notice 
further tha t in the expression for yS [Equat ion (5.11)] there are two different terms 
of the forms of J • p^ and ZJ • p^. Compar ing with Equations (4.45) and (4.46) we see 
that the presence of the first term violates the invariance of P and C while the pres
ence of the second term violates the invariance of P and T. 

T h e first conclusive exper imenta l evidence on the nonconservat ion of parity 
in weak interact ions was done by W u , Ambler , H a y w a r d , Hoppes , and Hudson ' 
using polarized Co"". T h e decay scheme for Co"" is 

Co'"' -^ Ni'^°-|-r-|-J^ (5.14) 

w i t h y = 5 ^ / = 4 ( n o ) and 1)^/^=0.65. W u et al. obtained for the asymmetry param
eter j8. 

j 8 s - 0 . 7 . 

Since from the He*̂  recoil experiment^" we know that 

\CAY+\CA'Y A 
\CrY + \CTj ^ 3 

(5.15) 

(5.16) 

and since for Ni*̂  
Z«V^<;=0.2 , 

the second term in the expression for j8 [Equation (5.11)] has an upper limit 

2{vJc)Re\i{ZeVhcp){CACr"^C^C^')\ 

|CJH|C/H + ICJH|C/p 
<0.23 . (5.17) 

Thus from the observed magni tude [Equation (5.15)] we conclude that in 
yS decay both C and P are not conserved. By more accurate measurement to study the Z de
pendence oi p dependence of the asymmetry parameter fi and P' one can obtain in
formation concerning t ime reversal invariance. 

3. Other j8 Decay Experiments 

T h e r e are o ther exper iments in ji decay which can serve as tests for possible 
non-invariance under P, C, and T. We list the following: 

A. ^-Y CORRELATION AND THE CIRCULAR POLARIZATION 
OF THE y-RAY» 

Consider a successive yS,y decay scheme 

A->B*+e^-\-v and B*^B-\-y (5.18) 

^"B.M. Rustad and S.L. Ruby, Phys Rev. 97, 991 (1955). 
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Figure 1 

m which the initial nucleus A is not polarized (see Figure 1) Because of the noncon
servation of parity, the intermediate nucleus B* will be polarized along the momen
tum pe of the yS-ray T h e polarization of the B* can then be detected by measuring 
the direction of the y-ray with respect to p^ and the state of circular polarization of 
the y-ray The magni tude of the polarization of B* can be easily deduced from 
Equation (5 10) 

B. POLARIZATION OF e 

By measuring the longitudinal polarization of the electron (a- p,) from unpolar-
ized nuclei one can also obtain a test of parity conservation "' By a detailed study of 
Its possible Z dependence it is also possible to obtain information on t ime reversal 
invariance (See Chapter VI , section 2, for a more detailed discussion ) 

C. POLARIZED NUCLEI AND RECOIL EXPERIMENTS" 

From the experiments of Wu et al , it is proven that parity and charge conjuga
tion are not conserved in yS decay The next important question is, of course, on the 
invariance under time reversal T (By C P T theorem this is equivalent to the invari
ance under C-P) In the above mentioned experiments, by a careful study of Z 
dependent terms such as 

( J . p , ) Z and ( p , - p , ) Z , (5 19) 

information on T invariance can be obtained While their presence would prove that 
we do not have invariance under t ime reversal, their absence may be due to other 
reasons For example, in Equations (5 7) and (5 11), if 

C4 = C, ' = 0 and C, = C , ' = 0 

T O Lee and C N Yans,, Phys Ret 105, 1671 (1957), L l^anAaxx, Nuclear Phys 3,127(1957), 
J D Jackson, S B Treiman, and H W Wyld, Phys Rev 106, 517 (1957) R B Curtis and R R 
Lewis, PAjVi Rev 107,543(1957) For a summary of the various measurements on the longitudi
nal polarization of yS particles see, e g , Proc Seventh Ann Rochester Conf, Interscience, New York, 
1957 

'J D Jackson, S B Treiman, and H W Wyld, Phys Rev 106, 517 (1957) 
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then these terms [Equation (5.19)] would also vanish. A critical test is then to meas
ure possible t ime reversal nonconservat ion terms tha t are due to the interference 
terms between Cs and Cj.. O n e such possibility has been pointed out by Jackson, 
Tr ieman, and W y l d . " 

Let us consider, for example, the neutron decay from polarized neutrons 

n -^p-\-e -\-v . (5.20) 

A simultaneous measurement of p^ and the recoil proton can give a measurement of 

a „ - ( p . X p . ) . (5.21) 

From the previous general a rgument , Equat ion (4.47), we see that the Z independent 
term of this quantity violates the invariance under T and C. T h e coefficient of this term is 
proportional to 

Im(C,Cr*-C,C/-i-C,'Cr-Cy'CA"). (5.22) 

4 . 77 D e c a y " -^ 

Consider the reaction for 77̂  decay 

7r*-^ix*-^v. (5.23) 

T h e pari ty nonconservat ion for this reaction can be established by measuring the 
longitudinal polarization of the ju-meson. If the jii-meson has spin V2, its polarization 
state is described by a density matrix 

^+A,a,-p, (5.24) 

where p^ is a unit vector along the momentum of/i. Assuming that jU and v have no 
strong interactions between them, from Equation (4.45) we see that the presence ofA^ 
violates the conservation laws ofP and C. 

The density matrix for the polarization of the jU from the corresponding IT 
decay, 

TT^jU - t - j ' , (5.25) 

is 
l + ^ - a , . p , . (5.26) 

By C P T t h e o r e m , the final result must be invariant unde r the operat ion oiC-P-T. 
Since there are no final state interactions, we see that 

A,= -A . (5.27) 

5. n Decay" '3 

The easiest way to analyze the spin state of the ju,*-meson from v decay is to use 
the possible parity nonconservation terms in ju decay 

H^-*e- + v-\-v. (5.28) 
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If the ju-meson is polarized with spin a^, the angular distr ibution of « would be of 
the form 

l + 5 . a ^ - p , (5 29) 

where p,. is a unit vector along the momentum of« Similar to (5 27), we have ̂  

B,= -B (5 30) 

Combining (5 24), (5 26), and (5 29), in the decays 

the angular correlation between p^ and p^ is of the form 

l+ap^-p, (5 31) 

with p^ measured in the rest system of 77* and p^ in the rest system of/i. Further
more, from (5 27) and (5 30), we have 

a, = a (5 32) 

The observation of a , proves that P and C are not conserved in both <n decay and fi decay 
Experiments*^ on ir-fi-e decays give for a+ 

a = - 0 2 6 ± 0 02 (5 33) 
with fj,* stopped in carbon and 

a s - 0 16 (5 34) 

with n* stopped in emulsion The difference between these two numbers is, of course, 
due to the large depolarization effect in emulsion 

The longitudinal polarization of the jU-meson from TT decay offers a natural pos
sibility for measuring the magnetic moment of the /j.-meson This was first measured 
by Garwm et al ^ Their result gives a g value^' for jU,*, 

^ = - | - 2 0 0 ± 0 10 (5 35) 

This value strongly indicates that the spin of jU is V2 A more accurate measurement 
of this IS of part icular interest because it may give a very severe test of validity elec
trodynamics at a much smaller distance (—^10 '^ cm) t han that tested by previous 
experiments with electrons 

6. K- Decay 

We consider first the decay of ^^2 

K^-^H +v (or P) (5 36) 

As in the •jr-n-e decay, one would expect that here again the /x-meson could be 
polarized along its direction of motion, and then the fx-e decay would be an analyzer 

^ If in the fi decay two neutrinos are emitted, fi -^e +2v, then the corresponding /i decay is 
|U -^e -\-2v In this case Equation (5 30) is still correct 

•"̂ More recently T Coffin et al [Phys Rev 106 ,1108 (1957)] measured the _(j value for fi using 
the magnetic resonance technique They found ^^ =-|-2 0064 ± 0 0048 
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of the polarization through measurements of the distribution of p^ • p^. We will show 
later, in a special two-component theory of the neutrino, that this electron distribu
tion is ident ical with the dis tr ibut ion from the 'TT-ji-e decay if the A"-meson spin is 
zero. Therefore in this special theory the K-iJ.-e decay distribution may offer a way to 
obtain some information about the spin of the A'-meson-' (cf Chapter VII , section 1). 

Next we consider the decays oiK.^^ and K^^: 

K-^-jT^ + n" (5.37) 
and 

K^-^-TT -1-277+. (5.38) 

In the decay oiK.,^, only one independent m o m e n t u m can be measured in the 
rest system of K, a n d in the decay of K.^^ only two i n d e p e n d e n t momen ta can be 
measured. In ne i ther case can one form a pseudoscalar quan t i t y out of these ob
served momenta . Thus , if the A'-meson has zero spin (or if it is unpolarized) it is im
possible to observe any interference t e rm between the even a n d odd states in the 
decay of A".__, and /T^ ĵ. The strongest evidence for nonconservation of parity in this case is pre
cisely the present d-r problem, namely, the K-meson can decay into a 277 system and a 377 sys
tem with the same lifetime and same mass 

T h e de terminat ion of the spin-parity of the A^-meson through the angular en
ergy distr ibution of 377 mode (Dalitz 's analysis) can still be used. The distribution 
function is now given by 

[|i/.,,(k,p)|-' + a|iP, (k,p)|- ']Ve(l-e)rferf(cos^) (5.39) 

where ip, and ip, are the wave functions for a 377 system with total angular momen
tum y and pari ty -|-1 and —1 respectively [cf Equat ion (2.6)]. T h e constant a is a 
real positive n u m b e r . It is to be expected tha t ^ = 0 or 2 would still be favorable. 

7. A" Decay and 2 Decay 

Information concerning parity nonconservation can be obtained by studying 
the decay of hyperons. '^ We consider as an example the following reactions: 

77 4-/7-^2 +A"+ (5.40) 
and 

2 -^« + 77 . (5.41) 

T h e first react ion (5.40) can be thought of as the polarizer of S . Since it is a 
strong interaction, in order to produce a polarized 2 it is necessary to measure the 
direction of two momenta , say p,n, the m o m e n t u m of the incoming pion, and 
Px, the m o m e n t u m of 2 . T h e spin s^ of the 2 then will be polarized along the 
direction (pmXpz) . In the subsequent decay (5.41), if in the angular distribution of 
Pout ( the m o m e n t u m of the decay pion in the rest system of 2 ) a term of the form 
Ss'Pout is observed, then par i ty is not conserved. Because wha t one measures is a 
quanti ty of the form Pom • (PmXPi) , it is necessary to exclude cases where p,n is 
parallel to p^. 
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We shall give a more detailed consideration of processes (5 40) and (5 41) by 
further assuming tha t (i) the spin of 2 is V2, (11) the spin of A is zero, and (in) in the 
production process only .y and p waves are important ^* Under these assumptions, the 
differential product ion cross section per uni t solid angle dO, (m the center-of-mass 
system of production) of the 2 produced is given by 

/(l9) = |a+*cos6'|^-|-|c| sin^^ (5 42) 

where ^ = Z l ( p , n , P z ) 
The corresponding polarization P{0) is 

P(e)=[I{e)] '2sme-Im[c'{a-\-bcose)] (5 43) 

where P{6) is defined to be the average spin of the 2 in units oi{V2)h It is important 
to notice that if/(^) = (1 ±cos^) then P{9) = 0 at all angles 

Because of the possible nonconservation of parity in the decay process (5 41) the 
polarization P{6) can be measured Let R be the projection of p^ut m the direction of 
PinXps T h e distribution function for R at an angle 6 of production is given by 

W{e,^)dad^=I{e)d2-(V2) [l-\-ap(e}^]a^ (5 44) 
where 

^ = /? / (maximum value of i?)ssi?/(100 Mev /c ) 

In terms of the coefficients a, b, and c, defined in (5 42), W{6,^) can be written as 

W{e,i)didU = (\a + bcoseY-^\cYi!.irr'e){V2)didQ+ 

a smO Imlc^a + b cose)]^d^d Q (5 45) 

T h e existence of a non vanishing a constitutes an unambiguous proof of parity non-
conservation in 2 decay In such a case the final state of («-|-77 ) m process (5 41) is 
a mixture of Si/2 and pi , states with amplitudes, say, A and B respectively The 
asymmetry parameter a is related to these amplitudes by 

2ReiA*B) ^^^^^ 

If t ime reversal leaves invar iant the decay process of 2 then (cf Chap te r IV, sec
tion 2) 

_^ 2\A\-\B\ ,0, 5, , 
«=±P^ :^g^cos (5 , -S , ) , (5 47) 

where d^ and S, are, respectively, the phase shifts of (n-|-77 ) scattering in thej&i/2 and 
Si/ states at about 117 Mev m their center-of-mass system If the decay interaction is 
invariant under charge conjugation then (cf Chapter IV, section 3) 

' 2 ' ^ ' - ' ^ l - s i n ( 5 , - 5 . ) (5 48) 
1̂1 +1̂ 1 

" T D Lee, J Steinberger, G Feinberg, P K Kabir, and C N Yang, Phys Rev 106,1367 
(1957) 
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Thus a large observed value of a means that both C and P are not conserved in the 
decay of 2 . Similar considerations can easily be applied to the productions and de
cays of other hyperons. 

8. H Decay 

Another example of a possible test of par i ty nonconservat ion is t h rough the 
decay of the S-par t ic le ." 

H -^A''- |-77 (5.49) 
and 

A o ^ ^ + w . (5.50) 

As in the case oiir-fx-e decay, if parity is not conserved in both (5.49) and (5.50), then 
the distribution of the m o m e n t u m of the A", p^, and that of the pion, p.,r, may 
contain odd powers of 

( P i - P ^ ) (5.51) 

where p ^ is measured in the rest system of A° and PA in the rest system of H . 
We shall i l lustrate the calcula t ion of such a dis t r ibut ion by considering the 

special case that the spins of A" and E' are both V2. Let <|)g be the initial spin state of 
Z at rest. T h e wave function of the corresponding A" in the decay (5.49) can be 
written as 

4>^=M^-<})g (5.52) 
where 

M^=A-\-Ba-p^ 

with p ^ a uni t vector a long p^ a n d A, B the relative probabi l i ty ampl i tudes of the 
two final states of opposite pari ty (|A|--|-|B|^ = 1). The subsequent wave function of 
p in (5.50) is 

<l>p=M,-<^, (5.53) 
where 

M,=a + bo-p^, (|a|^ + | b | ^ = l ) 

with p ^ a unit vector along p.^. 
The final distribution of p.^ and p \ for an unpolarized Z is 

C/2)EI <t'p\' = ('/2) tr. [Af J M / A f p M J = 1 -l-a cos (9 (5.54) 
where 

^ = Z ( p ^ , p ^ ) and a = {a'-b-\-b'-a){A*B-\-B'-A). 

In Equa t ion (5.54), the sum extends over the two initial spin states of (J)g ( = 14)-
Thus the observation of a nonvanishing value for a shows that P is not conserved in 
both i decay and A° decay. 

9. K\ K" Decay^^ 

As a final example we consider the decay of neutral A-mesons. The existence of 
two neutral A"-particles of different lifetimes and many of their properties were pre-
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dieted and discussed'^ under the assumption that the decay of the A'-meson is strictly 
invariant under charge conjugation C. Although there is as yet no explicit proof 
tha t C is not conserved in the decay of the A"-particle, the var ious recen t experi
ments^^ on parity and charge conjugation nonconservations in other weak interac
tions do give a strong indication tha t C is probably not invariant in K decay. As we 
shall see, the curious behavior of A"" and K" turns out to be remarkably insensitive to 
any possible nonconservation of P, C, or T. From the strong production processes we 
know that there must exist two diffisrent states, K" and K", of opposite strangeness 
q u a n t u m n u m b e r [Equat ion (1.27)]. Thus , independent of any assumption about 
the invariance or non-invariance properties, there should exist, in general , two life
times for their decay. We shall discuss the A"-A" decay in some detail u n d e r the fol
lowing two possibilities. 

A. THE DECAY PROCESSES ARE INVARIANT UNDER T 

First we consider the various consequences if unde r t ime reversal T t h e decay 
processes are invariant. It follows, then, from the CPT theorem that C-P is conserved, 
although C m a y not be conserved. We define the states | Aj) and jAg) by 

|A,) = ( l /V2) ( |A-« ) + C.P|A-°» and \K2)^(1/^2){\K<>)-C'P\K'')). (5.55) 

Thus, |Ai )and jAz) are eigenstates of C*/" with eigenvalues -|-1 and —1 respectively. 
If C-P is strictly invariant, | Ki) and | Aa | each will decay exponentially in time. T h e 
lifetime of |Aj) is, in general, different from that of [Aj). Furthermore 

Ai''^77+-|-77- (5.56) 

in addition to its other possible modes of decay. [For example, if (spin)^o=0, 2, 
4 . . . , then A"/ also —> 277°.] O n the other hand K^" cannot decay into a 277 system. 
This follows from the fact tha t a 277 system with total spin J is always an eigenstate 
of C-P with eigenvalue - | - 1 . From phase space arguments, it is expected tha t A / has 
a shorter lifetime. 

In order to detect any difference between the present case and the case when C 
is conserved it is necessary to measure a pseudoscalar quanti ty. For example, in the 
decay of the long-lived A-particle, K^", 

K^o ^-TT*-\-e--\-V , (5.57) 

the electron may be longi tudinal ly polarized and its polar izat ion (0 • p)e-may be 
measured. T h e corresponding quant i ty (0 • p)e+ for the positron in the decay, 

Aj" ^ 77- -I- «+ -I-»», (5.58) 

is expected to be of opposite sign from that of (0 • p)^-. However in a measurement 
which does not involve a pseudoscalar quant i ty , the nonconservat ion of C can not 
be tested. For example, let r be the branching ratio 

M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955). 
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rateofA2°-^77^-f.-+»^ 

rateofA2''^77-+«"-|-J' ' ^ '̂  

We should expect r = 1 in the present case. 

B. K" AND K" DECAY PROCESSES MAY NOT BE INVARIANT UNDER T 

Next we consider the more general case tha t under t ime reversal T t h e decay 
processes may not be invariant. We define | A") to be 

\K'>)=C-\Ko) (5_60) 

where the charge conjugation operator C is defined through the strong interaction. 
Suppose at t = 0 a A-particle is produced. At a later t ime its wave function can be 
described as 

^P{t)^a{t)\K«)-\-b{t)\K"), (5.61) 

or simply as 

^«=(?(o)- '̂-''̂  
T h e differential equation for \p{t) can be written as 

-d^P/dt = {T-\-lM)^P, (5.63) 

where 

with 

r , , = r 2 2 = i : r a , = i : r . , , r ,2=r2i*=i:(r„ , r , , )>/v*. (5.64) 

r„ , = 277|//„,|^X (density of states per unit energy); 

r j , = 277|//6,|'X(density of states per unit energy); and 

«'«'= phase oi{H,,/H„); 

where / /„ , and H,,, are the matrix elements of the Hamil tonian for the decay proc
esses, a and b refer to states |A") and |A") respectively, a n d j refers to any possible 
decay state (consisting of standing waves) that is an eigenstate of//,,rong- Thus state 
\j) has a definite spin, charge, and parity. T h a t F j , = r22 follows from 

H,; = ±H,j, (5.65) 

with \j) = C\j). Equation (5.65) is an immediate consequence of the CPT theorem [cf 
Equation (4.14)]. 

Similarly, we have for the mass operator M, 

M^ =M and M „ = M 2 2 . (5.66) 

Equation (5.63) can now be readily solved. Its eigenstates, defined by 

ir-\-iM)xp,=x,^^_, 
are 

'^.-(^^)(i/'r^+i?rr'% (5.67) 

with the corresponding time constants 
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K = Tii + iMii±{pq), (5.68) 

where/? and q are two complex numbers given by 

p' = ri2-\-iMi2 and q' = T^i + iM^i^T^;+ 1M12 • (5.69) 

If at / = 0 a A"-particle is produced, then at a later time the state function i// can 
be expressed in terms of these two eigenstates i//̂  as 

m^[^/{2p)]{\pY + \q\y'\^i^,e ^*'/̂ +tp e ̂  ''^). (5.70) 

It is convenient to separate the real and imaginary parts of A». Without loss of gener
ality we may write 

A , = y , and A = y „ + 2zA, (5.71) 

where y+, y are two real numbers representing the reciprocal lifetimes of the short
lived ones and the long-lived ones respectively, and A is the mass difference between 
these two eigenstates. O n e notices tha t these two eigenstates i/'+ and \p do not in general 
represent the states A, and K, introduced in (5.55). In fact they may not be orthogonal to each 
other. 

The fractional number of A-mesons that decay at time t after production is 
given by 

N(t)dt=-d{^p^^P). (5.72) 

Using (5.63) one easily shows that 

By using Equations (5.67) to (5.70), Equation (5.72) becomes 

J\f{t)={V2){l-^a) '{y,e -^ '-\-y e^ '-\-ae '^ -^ "^'[{y^+y ) cosA<-2A sinA^]} , (5.73) 

where 
a = ̂ p,^={\p\^-\q\^){\p\' + m' (5.74) 

is a real n u m b e r represent ing the non-orthogonal i ty of these two eigenstates. The 
four real numbers y+, y , A, and a characterize the decay of the A-particle. They sat
isfy the inequalities 

y . > 0 and a'<^-, , "'"t"̂  , . , (5.75) 
' (y. + Y )--i-4A- ^ ^ 

which follow from the fact tha t F is a positive Hermi t i an matrix. These conditions 
also insure that 7V(/) ̂  0 for all t. 

Experimentally M{t) is measurable. From N(t) one can in principle determine 
all four constants y+, y , A, and a. Indications from existing exper imen t s" show that 
probably {yjy ) > 100. Equat ion (5.75) then shows that a - < 4 ( y / y j < 0 . 0 4 

The above discussion also leads easily to a determination of the branching ratio 
of the long-lived component (and the short-lived component) into the various decay 

'̂•K Lande, E.T Booth, J Impeduglia, and L M hedevman, Phys Rev 103,1901(1956) 
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modes. If time reversal is invariant the long-lived component is an eigenstate oi C-P. 
As discussed in par t A above, its decay into charge conjugate channels such as 
IT*-\-e~-\-v and 77 -\-e*-\-v must be equally probable. If t ime reversal is not strictly in
variant, decays into 77*-)-« -\-v and 'n~-\-e*-\-v may have different probabilities for the 
long-lived component . 

We consider first the following decay channel of the A-particle: 

K^^e+'n'+v. (5.76) 

T h e final product may be in states with either pari ty = -|- 1 or pari ty = — 1. Let us 
denote the matr ix elements for the decay process into these two types of states hyf 
andf. Similarly, we denote the matrix elements for 

A»^^*-|-77 +V {b.ll) 

with the final state having parity = -|- 1 and parity = — 1 by ̂ , and ^2-
By using the C P T theorem and Equat ion (4.14), the corresponding matrix ele

ments for the decay of A, 

A"^«--H77-h>', (5.78) 

are related to tha t of (5.76). These elements a re / ,* and —f- Similarly the matrix 
elements for 

K"-^e ^-n^-W (5.79) 

are gi' and —gz*. Let i//+ represent the long-lived component A+ of the A-particle. The 
matrix elements for the decay of A^, 

A , ^ « -|-77*-|-j;, (5.80) 

into the two different final parity states are proportional topf-\-qgi' andpf—qg^*, 
respectively, while the corresponding elements for 

A,^«*-1-77 -\-v (5.81) 

are proport ional io pgi-\-qf' and pg^—qf*. T h e branching ratio r for the decay of 
A+ into e -I-77" -|-p and «*-|-77 - | - j ' is therefore, 

\Pg.+qKY+\pg.-qLr ^ ̂  ^ 

A detection of y:?^0 would establish the non-invariance of A° decay under time 
reversal. However, from (5.82), we see that if |/>| = |9| then r = 0 . Also, if a = 0 , the two 
eigenstates ;̂ +, i// are orthogonal and \p\ = \q\. (This is the case if the mass operator M 
is negligible.) In this case the decays of long-lived components into charge conjugate 
channels such as 77+ -|-^ +i' and 77 -|- ̂ * -f»' are equally probable. Furthermore we recall 
that because the strong interaction conserves f, the behavior of | A") under a charge 
conjugation opera tor cannot be determined within a phase factor e'''^. If î + is or
thogonal to 1// , by choosing this phase factor to be that oi{p/q) these two eigenstates 
v//+ andi// can be made to be identical wi th |A,) and IA2), Equation (5.55). From 
experimental results on the two lifetimes of 1//+ and ip we know that a*^<^0.04. Thus 
the branching ratio r may be quite small even though time reversal may not be con
served. 
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As a final remark we note that because of the largeness of phase space volume 
for 277 decay it might be expected tha t in the F matr ix [Equat ion (5.63)] only the 
matrix elements due to the decay into a certain 277 mode are of dominant importance. 
If in the calculat ion of the mass opera tor Af the vir tual processes via the same 277 
mode give also the dominant contributions, then we should expect without further 
assumptions that the lifetime ratio y+/y should be large; that the short-lived one ^ 
and the long-lived one î + should be almost identical with A", a n d Aj respectively; 
and that \p should decay mostly into that 277 mode while \p^ should decay dominantly 
to other modes such as 77+ + ? -\-v, etc. 



VI. A TWO-COMPONENT THEORY OF THE NEUTRINO" 

The various exper imental results on nonconservation of pari ty and charge 
conjugation in ^ decay, 77 decay, and ft decay can be expressed in a particularly 
simple and appealing way by using a two-component theory of the neutrino 

1. The Neutrino Field 

Consider first the Dirac equat ion for a free spin V2 particle with zero mass 
Because of the absence of the mass term one needs only three anticommutme; 
Hermi t i an matrices Thus the neutr ino can be represented by a spinor function<f)^ 
which has only two components T h e Dirac equat ion for ^^ can be written as 
{h=c=\) 

{a-p)<}),= i4>, (6 1) 

where a,, 02, Oj are the usual 2 x 2 Fault matrices The relativistic invariance of this 
equation for proper Lorentz transformations (1 e , Lorentz transformations without 
space inversion and time inversion) is well known In part icular for the space rota
tions through an angle 6 around, say, the z axis, the wave function transforms in the 
following way 

(j), - » e x p ( —20)^/2 )<^, 

T h e a matrices are therefore the spin matrices for the neutr ino For a state with a 
definite momentum p, the energy and the spin along p (defined to be the helicity 3C) 
are given respectively by 

H={a-p) and 3 C = ( 0 - p ) / | p | (6 2) 

They are therfore related by 

H=\p\a, (63) 

In the c number theory, for a given momentum the particle therefore has two states 
a state with positive energy, and with V2 as the spin component along p, and a state 
with negative energy and with — V2 as the spin component along p 

It IS easy to see tha t in a hole theory of such particles, the spin of a neutrino (de
fined to be a part icle in the positive energy state) is always parallel to its momentum 

'' The possibility of a two-component relativistic theory of a spin V2 particle was first discussed 
by H Weyl [Z Physik 56, 330 (1929)] However, in such a theory parity is not manifestly con 
served, therefore, in the past it was always rejected (Cf W Pauli, Handbuch der Physik, Verlag 
Julius Springer, Berlin, 1933, Vol 24, pp 226-7 ) The possible use of this two component theory 
for expressing the nonconservation property of parity in neutrino processes was independently 
proposed and considered by T D Lee and C N Yang, Phys Rev 105, 1671 (1957), A Salam, 
jV«o!>o awOTto 5, 299 (1957), and L l^andau, Nuclear Phys 3,127(1957) 

42 



43 

while the spin of an antineutrino (defined to be a hole in the negat ive energy state) is 
always antiparallel to its momentum (i.e., the m o m e n t u m of the an t ineu t r ino) . Many 
of the exper imenta l implications on nonconservation of pari ty and charge conju
gation can be directly related to this correlation between the spin and the momen
tum of a neut r ino . With the usual ( r igh t -handed) conventions which we adopt 
throughout this paper , the spin and the velocity of the neutr ino represent the spiral 
motion of a r igh t -handed screw (3C„= + 1 ) , while the spin and the velocity of the 
ant ineutr ino represent the spiral motion of a left-handed screw (3CJ; = — 1). 

We shall now discuss some general properties of this neut r ino field under the 
further assumption that the law of conservation of leptons is valid. "" 

A. T h e mass of the neut r ino and the ant ineutr ino in this theory is necessarily 
zero. This is true for the physical mass even with the inclusion of all interactions. To 
see this, one need only observe that all the one-particle physical states consisting of 
one neutr ino (or one ant ineutr ino) must belong to a representat ion of the inhomo-
geneous proper Lorentz group identical with the representat ion to which the free 
neutrino states discussed above belong. For such a representation to exist at all the 
mass must be zero. 

B. Tha t the use of such a theory fits natural ly into the nonconservation 
property of parity is well known. We see it also in the following way: Under a space 
inversion P, one inverts the momentum of a neutrino but not its spin direction. Since 
in this theory the two are always parallel, the operator P applied to a neutrino state 
leads to a nonexistmg state. Consequent ly the theory is not invar ian t under space 
inversion. 

C. By the same reasoning one concludes that the theory is also not invariant 
under charge conjugation C which changes a particle into its ant ipar t ic le but does 
not change its spin direction or momentum. 

D. It is possible, however, for the theory to be invariant under the operation CP, 
as this operat ion changes a neut r ino into an an t ineu t r ino and simultaneously re
verses its momen tum while keeping the spin direction fixed. By the CPT theorem it 
follows that the theory can be invariant under time reversal T. 

For the free neutr ino field, as described by (6.1), one can prove that the theory 
is indeed invariant under time reversal and under CP. 

2. P Decay 

To discuss the y8 decay phenomena with the two-component neut r ino theory 
and to compare the present results with those calculated previously, it is convenient 
to indicate how one can use the conventional four-component formalism of the 
neutrino (with nonconservation of parity) and obtain the same results as the present 
theory. 

We start from Equat ion (6.1) and enlarge the matrices by the following defini
tions: ( 1 = 2 x 2 unit matrix) 

'"If the law of conservation of leptons is not valid then the mass of a two-component neutrino 
is, in general, not zero In a special case even parity may still be conserved See footnote 39 and 
K M Case, Phys Rev 107,307(1957) Cf alsoA Salam, Muovo cimento 5, 299 (1957) 
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^^=Co)' (6-5a) 

y=-i/ia, y 4 = / ? , Y5=YiY273Y4 = ( ' Q ^ V (6.6) 

An immediate consequence of these definitions is 

Y5>/'. = ->/'. • (6.7a) 

The free neutrino part of the Lagrangian is, as usual, 

•^H'^^y- ^'-'^ 
where i//̂ ^ = Hermi t i an conjugate of ip,. The most general interaction Lagrangian 

with no derivative couplings for the process 

n^p-ire'-\-P (6.9a) 

is exactly as usual; namely, it is the sum of the usual S, V, T, A, and P couplings: 

+ Z, ,„, = - / / , „ . = i : - 0 . i^P,W,^P„){^P,W,^P,) (6.10a) 

where i runs over S, V, T,A, and P; and Os, Oy, etc. are given in Equation (5.2). 
It is not difficult to prove that Equations (6.5a) and (6.7a) are consistent with a 

relativistical theory even in the presence of the interaction (6.10a). Another way of 
proving this is to start from the conventional theory of the neutr ino with the inter
action Hamil tonian given in Equation (5.1) and observe that when 

Q s = - C / = ('/2)®s and Cy=-Cy' = {V2)(Sy, e t c . , (6.11a) 

the neutr ino field ^pv always appears in interactions in the combinations (1 — ys) i// .̂ 
In the explicit representation we have adopted above this means that only the first 
two components of i//, contribute to the interaction. All calculations using the conventional 
theory of the neutrino with the Hamiltonian Equation (5.1) concerning fi decay therefore give the 
same result as the present theory if we take the choice of constants (6.1 la ) . There exists, how
ever, the possibility that in the decay of the neutron a neutrino (defined to be a right-
handed screw) is emitted, 

n^p-ire-\-v. (6.9b) 

T h e corresponding general form (not including derivatives of the fields) of the 
Hamil tonian is 

i / ,„ . = i : ® . ' (i/'/o,i|/„) {^:o,^p:) (6.10b) 

where 0 , has been defined in Equat ion (5.2). The field vp/ is a four-component spin
or defined in terms of the two-component neutrino field ^^ by 

' ^ - (02V) - '̂-''̂  
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From Equation (6.6) we see that 

y,^p; = -^-^;. (6.7b) 

It can be shown that (6.5b) and (6.7b) are consistent with a relativistic theory 
even in the presence of interaction (6.10b). It can also be proved that one can use again the 
Hamiltonian Equation (5.1) for the conventional theory of the neutrino with the choice of the 
coupling constants 

( ' /2)®/ = C,.= C / , {V2)®y'=Cy = Cy', CtC. (6.11b) 

and obtain the same result as the present theory 
The two possible choices (6.11a) and (6. l i b ) depend on whether, in the ^ decay 

of the neutron process, (6.9a) or (6 9b) prevails, i.e., whether an ant ineutr ino 
(3Cp= — 1 , a left-handed screw) or a neutrino (3C^=-|-1, a right-handed screw) is 
emitted. We shall see that experimental ly it will be easy to decide which of the two 
choices is appropriate. [In this section we do not consider the possibility of the simul
taneous presence of both (6.9a) and (6.9b).]''^ 

A. ANGULAR DISTRIBUTION OF )S-RAYS FROM POLARIZED NUCLEI 

The experimental results of W u et al. show that in the decay of 

Co™ ^ Ni''"-I-^ + r , 7 = 5 ^ / = 4 , (6.12) 
(no) 

the angular distribution oi e is 
1-l-acos^ (6.13) 

with 

a^-O.jUjl (6.14) 

and 

This result is consistent with the coupling constants assignment 

Cj.'=-Cr, C / = - C ^ ^ O . (6.15) 

By comparing (6.15) with (6.1 la ) and ( 6 . l i b ) we see that in the fi decay a i' (with a 
left-hand helicity,3C,= — 1) is emitted, while in the fi* decay a v (with a right-hand 
helicity, 3C„= -|-1) is emitted 

^"If the conservation law of leptons is valid then (6 9a) and (6 9b) cannot be simultaneously 
present It is of interest to note that if reactions (6 9a) and (6 9b) were simultaneously present 
with exactly equal ampli tude, the angular distribution of /S-rays from polarized nuclei, for ex
ample, would appear to be symmetrical In such a case the theory is identical with the conven
tional Majorana theory of the neutrino with a parity conserving Hamiltonian This, of course, is 
not the case that occurs in nature The general relationship between the present two-component 
theory and the Majorana theory with a parity nonconserving Hamil tonian and, possibly, non
zero mass has recently been investigated by K Case, Phys Rev 107,307(1957) 
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B. LONGITUDINAL POLARIZATION OF ^-RAYS 

As remarked before, if pari ty is not conserved the electrons can be longitudi
nally polarized.'" We shall see that with the two-component theory of the neutrino all 
fi emitters can be used as almost perfect polarizers for the /S-rays. The degree 
of polarization depends on v/c of the /S-rays. Let us consider a coupling term between 
e' and v, 

with 0 , given in Equat ion (5.2). By using Equat ion (6.7a), together with the com

mutat ion relations 

0 , y 3 = ± y , 0 . 

with the plus sign ior i=V, A, and the minus sign for i—S, T, P, we obtain 

4,;0,^,=^P^W,xP, \ii=V,A; 

=xP,W,^p, li i = S,T,P; (6.16) 

where 

i / /„=(y2)( l -y , ) ip , and i//̂  = (y2) ( 1 + y , ) ^ „ . (6.17) 

If the electron is extremely relativistic, v/c= 1, then ipR and î ,̂ are both eigenstates of 
the free Hami l ton i an of the electron, provided the mass term is neglected. In this 
case if the coupling ( 6.16) is ^ a n d / o r T a n d / o r Pthe electron will be 100% polar
ized with its spin ant ipara l le l to its m o m e n t u m (i.e., with a left-handed helicity), 
while if the coupling is F a n d / o r A the electron is also 100% polarized but with its 
spin parallel to its momentum (i.e., with a r ight-handed helicity). 

In general for relativistic or nonrelativistic electrons the term (1+y ,)/2 acts as 
a projection operator for the longitudinal polarization. T h e helicity 3C can be cal
culated as 

50., =(a-p,) ^,= ±v/c (6.18) 

where p^ is a uni t vector along the m o m e n t u m oi e . In E q u a t i o n (6.18) the plus 
sign is for V, A couplings and the minus sign for S, T, P couplings. Thus we see that in 

n -^ p -\- e -[- V 

if vector and axial vector couplings are absent the electrons will be longitudinally polarized with 

3C, .= - y A . (6.19) 

Equat ion (6.19) is true for any fi emitter independent of whether the nuclei are po
larized or not, and is independent of whether the fi decay is allowed or forbidden. 
T h e possible deviation from (6.19) can then be used as a measure for the strengths of 
vector and axial vector coupling constants. In deriving Equations (6.18) and (6.19) we 
have not included possible depolarization effects due to a Coulomb field. However, 
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•Nl^°+e-+i / [a p)g - -^ 

m-5-

Figure 2 

liv/c = 1 then it is easy to see tha t these results of longitudinal polarization cannot 
be effected by any Coulomb field ''" 

Similarly for any fi emission, 

p -^n-ye -\-v , 

the positions are longitudinally polarized with 

K.,=-yv/c (6 20) 

provided V and A couplings are zero 
Because of these properties it is possible to unders tand in a simple way that in 

the decay of Co''", Equation (6 12), if v is emitted the electrons are emitted pre
dominantly antiparallel to the spin direction of Co'" [i e , a < 0 in Equation (6 14)] 
T o unders tand the sign of a, let us neglect the A coupling, and consider the special 
case with 

(7,)e„» = 5 ^ ( 7 , ) s . = 4 

m the C o " decay The e and i 'emitted are both left-handed particles (i e , spin anti-
parallel to m o m e n t u m ) T a k e the par t icular case that p^, p„ are all parallel to the 
±z axes In this case the orbital angu la r m o m e n t u m along the z axis is zero In 
order to conserve J„ both e and v must be emitted predominant ly parallel to each 
other with both of their momenta p, and p^ along the —z axis (cf Figure 2) By using 
(6 19), It IS easy to see that in this case with C^ = 0 the relative probabilities are 

\—{v/c) for cos ^ = + 1 
and 

l-[-{v/c) for cos ^ = — 1 

According to Equations (511) and (6 11a) the complete formula of a for 

*"This may be proved in the following way Consider the motion of a charged particle in a 
coulomb field U, 

(a-p-i-Pm-i-Lr)4, = E\p 

Except for the fim term the Hamiltonian commutes with (1 ± y ) Thus if the final expression for 
(a-p) IS expanded in a power series oi{m/E) the term with zeroth power in (m/E) is independ
ent of the presence of f/ i e 

(a-p), =-I-1-I-o(m/£) 
for V, A couplings and 

((j.p) =-\^o(m/E) 
for S,A,Pcouplings 
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y + l ^ y ( n o ) (6.21) 

o V \CrY-\CAY + {2Ze^/hcp)Im{CACr') , . _ 
'^- c \C,Y+\CAY • ^ ^ 

In (6.22) the Fierz term is put to be zero. The minus sign in the coefficient of |C |̂*' is 
of course due to the fact that e is emitted with a right-hand helicity via the axial 
vector coupling. 

By a similar argument, for the corresponding simple case oi fi~ decay in 

7 ^ 7 + 1 (no) (6.23) 

the {e ,v) system should carry a (Ay^) = — 1. Thus the electrons are expected to be 
emitted predominantlyparallel to p̂ r and both of these momenta are parallel to the 
spin direction of the nuclei. The general formula for (6.23) is 

— - ^J^y-fi (6.24) 
(7+1) 

with /8 given by (6.22). The difference of sign in (6.24) and (6.21) is completely 
expected. 

In the decay 

J-^y(no) , (6.25) 

let us first consider the contribution due to the tensor coupling in the Gamow-Teller 
matrix element alone. Even if one takes the special case of the completely polarized 
nuclei J^ =J the ch ange of z component nuclear angular momentum can be 0 or 1. 
In the first case of Ayj = 0 no asymmetry is present. In the second case, the e and v 
should carry a Ay^ = -f- 1 which causes the asymmetry parameter a to be negative, 
a < 0 . Thus we expect in the transition (6.25) iiMp=0 and C^ = 0 the sign of a should 
be negative but with its magnitude greatly reduced. The general formula for^-^ 
y(no) is 

«= + _LZiL ^+ <̂ '> fi', 
7(7+1) V7(7+i) 

/ S ' = - i ? . [ c / C , - C / C , + . ^ ( C s * C , - C / C , ) ] ^ | ^ ^ (6.26) 

with I and b given in Equations (5.4) and (5.8). 
Similarly it is easy to see that for fi* decay the asymmetry parameter due to 

tensor coupling (or due to the axial vector coupling term alone) must change its sign. 
The complete formulas can be easily obtained from Equations (5.11) to (5.13). 
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3. Capture Cross Sections for the Neutrino 

An exper iment such as the one being carried out by Cowan et al *' measures 
the cross section for neutrino absorption, which can be calculated in both the present 
theory and the usual theory Now one determines the magni tude of the yS coupling 
constants to give the observed lifetimes of nuclei against jS decay T h e calculated 
value of the cross section turns out then to be twice as great m the present theory as m 
the usual theory using the four-component theory and conservation of parity This 
follows from the following simple reasoning T h e neutr ino flux is an experimental 
quant i ty independent of the theory If the neutrinos in a given direction have only 
one spin state instead of the usual two, by a detailed balancing a rgument they must 
have a cross section for absorption twice as great as the usual ones Actually from the 
experiments of W u et al ' one expects the neutrino emitted to be longitudinally 
polarized T h u s a n increment of cross section is expected if we use the hermiticity 
property of the //„eak This eflfect should be present even if the neutr ino is described 
by a four-component theory with parity nonconservation 

4 . IT D e c a y 

In the decay of 77-mesons at rest let us consider the component of angular mo
mentum along the direction p^, the momentum of the ju-meson T h e orbital angular 
momentum contributes nothing to this component The /i spin component is there-, 
fore completely determined (irrespective of its total spin) by the spin component of 
the J' or »> There are then two possibilities (1) 

•n*^li,*-\-v, [X* spin along p î = -|- V2, 

77 -^[x ->rV, [i spin alongp^=—'/2, (6 27) 

or (11) 

77+^/x -\-v^ /x+spin alongp^=—'/2, 

•n -^jj, -|-J', |U, spin along p^ =-I-V2 (6 28) 

In each case the ;U,-mesons with fixed jb^ form a polarized b e a m Furthermore, 
the polarization is complete (1 e , m a pure state) In this theory of the neutrino the 
77-/X decay is then a perfect polarizer of the /x-meson, a n d ofTers a n a t u r a l way to 
measure the spin and the magnetic moment of the ju,-meson (It turns out that the /x-e 
decay can serve as a good analyser, as we shall discuss in the next section ) 

The choice of the two possibilities (6 27) and (6 28) will be further discussed in 
Chapter VI I 

" C L Cowan J r , F Reines, F B Harrison, H W Kruse, and A D McGuire, Science 124, 103 
(1956) 
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5. /i Decay 

For the /x -e decay the process can be 

li-^e+v+v, (6 29) 

or 
li.^e+2v, (6 30) 

or 
li-^e+2v (6 31) 

Consider process (6 29) first T h e decay interaction (without derivative coupling) 
can be written with the notations defined in Equation (5 2) ""̂  

^•nt = i:G,('/'e^0.iP„)(V'/0.;^,) (6 32) 

We have assumed m wri t ing (6 32) tha t the spin of the |U,-meson is '/a 
Becuse of the subsidiary condition (6 7a) satisfied by the neutr ino field ;^„ the 

5-coupling t e rm m the H a m i l t o m a n (6 32) gives a result identical to tha t of the P-
couphng term, the K-coupling term is the same as the ^-coupl ing term, and the T-
coupl ing t e rm is identically zero Thus , m (6 32) there are only two independent 
constants, 

^ i = G s - G p and g^^G^+G^ (6 33) 

T h e electron (or positron) emitted from a jU-meson decay at rest will be longi-
tundinally polarized with a helicity 3C given by 

3C, = - | and 3C, = - h ^ (6 34) 
where 

l = ( U i r - 4 b r ) ( U i M + 4U,|^)^ (635) 

and the helicity 3C is defined by 

3C=(o .p) / |p | (6 2) 

with a and p the spin and momentum vectors of the electron (or positron) Equation 
(6 34) is independent of the polarization state of the ju,-meson 

For a ju, at rest with spin completely polarized, the normalized electron distri
bution IS given by 

"^In reference 23 the Hamiltoman for ju decay is written as 

I V A 

The /s and / , are related to G, of (6 32) by 

{V2){G,-G,) = f^ + fy and G, + G, = f^-fy 

It IS also possible to write the Hamiltoman for ;LI decay in the form 

/ /=EG. ' (^ /0 .^ / ) (^ / to . ;^^) 

where \p/ is given by (6 56) The G,' are related to G, by 

(V2)(G,-G,) = Gy' + G^ and G,-(-G^ =-( ' /2)(Gs ' -G/) 
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(dN), =2x^[{2,-2x)+£,co%e{l-2x)]dx d^{^-jT) ' (6.36) 
where 

x= / ( / (maximum electron momentum) , 

0= angle between the electron momen tum and the spin direction, 

(Kl= solid angle of electron momen tum, 

and ^ is given by (6.35). The corresponding distribution of «* from a completely 
polarized /x* at rest is 

{dN),, = 2x\{?,-2x)-i,cose{l-2x)]dxd^{4:-n) ' (6.37) 

The decay probability per unit time is (fi=c=l) 

A = m , X | ^ i | ^ + 4 | ^ , n ( 3 x 2 ' V ^ ) . (6.38) 

The energy spectrum of the electron (or positron) is 

dM=2x^{3-2x)dx. (6.39) 

T h e spec t rum (6.39) is charac ter ized by a Michel parameter ' '^ p = % which is not 
inconsistent with bu t seems to be slightly higher t h a n the present exper imenta l 
v a l u e " p = 0.68. 

Integration of (6.36) and (6.37) over the energy of e* gives for the over-all angu
lar distribution 

(<^7V),. = [l±(i/3)f]aX2(477)-'. (6.40) 

T h e mass of the electron (or positron) is neglected in all the above formulas (6.34) 
to (6.40). 

T h a t in (6.37) the angular distribution depends sensitively on the energy of the 
electron can be understood in a simple way. By using (6.16) to (6.18), we expect for 
the hehci ty off? [cf. (6.35)] 

3C, = - 1 if only ^ 1 ^ 0 

and 
3C,,= -|-1 if only ^ 2 ^ 0 . (6.41) 

Consequently, there is no interference t e rm between j-i and^2-
Let us first discuss the case that only^i^^O (̂ 2 = 0). The e emitted is of left-hand 

helicity. Consider the special case that p^, p^,, p^ ,and o^ are all along the +z or —z 
axis. F rom conservation of angu la r m o m e n t u m along the z axis it is easy to show 
that if a ^// +z axis then for x=\, 

pj/—zaxis (6 42) 
and for x<^V2, 

p , / / + z a x i s (^,;^0,^2 = 0). (6.43) 

" L Michel, Proc Phys Soc (London) A63, 514 (1950) 
" C P Sargent, M Rinehar t , L M Lederman, and K C Rogers, Phys Rev 99 ,885(1955) 

These authors give p = 0 6 8 ± 0 10 More recent measurements by L Rosenson {Phys Rev , in 
press) and by K Crowe, Bull Am Phys Soc 2, 206 (1957), give the same value for p bu t with a 
smaller error A slight deviation of p value from 0 75 may indicate that there is a possible "non
local" effect in the \i decay Lagrangian 
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CASE A| g2=0 
X =1 

CASE A j ' g2=o 
X < 1/2 

CASE B| g , =0 
X =1 

CASE B2 g , =0 
X < 1/2 

Figure 3 

This can be seen directly by inspection of Figure 3 (case Aj and case Aj). Further
more for x=l all three momenta p^, p^, and p;;must be colinear. Thus , from (6.42), 
the corresponding angular distribution must be of the form 1 — cos 0 (with x=l and 
^2 = 0), which means that the asymmet ry is max imum. For other values of A : ( < 1 ) 
these three m o m e n t a may not be col inear a n d the asymmetry does not a t ta in its 
m a x i m u m value. A comparison between (6.42) and (6.43) explains the energy de
pendence (1 —2x) in the cos^ term in (6.37). In an entirely similar way one can apply 
the above considerations to the case tha t^ i = 0 and ^27^ 0 (cases B, and B2 of Figure 3). 

Experimental ly , the angu la r distr ibution ofe* has been measured^ ^̂  with re
spect to the momentum of the /x-meson from TT decay. The experimental results seem 
to agree quite well with the distr ibution function (6.37). T h e results for ju* stopped 
in carbon were discussed in C h a p t e r V, section 5. From Equa t ion (5.33), it can be 
concluded that the parameter ^, (6.35), must lie within the limits 

1 > | | | > 0 . 7 8 . (6.44) 

The algebraic sign of | depends on whether in 77 decay the helicity of/x is -|-1 or — 1. 
Equation (6.44) gives only a lower limit of | . T h e actual value depends on the degree 
of depolarization of/x^. The precise value and sign of | can be obtained more directly 
by a measuremen t of the helicity for e^ from fi decay. Equa t ion (6.34). This point 
will be further discussed in connect ion with the law of conservation of leptons in 
Chap te r VI I . 

If in the /x* decay process 

li.^e-\-2v 

H^e+2v 

(6.30) 

(6.31) 
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prevails, the corresponding energy spect rum is character ized by a Michel param
eter''^ p = 0 which is not consistent with experiments.' '* 

6. Remarks 

In the above sections we have seen that the various efTects due to nonconserva
tion of parity and charge conjugation in jS decay, 77 decay, and /x decay can be con
veniently described by the use of a two-component theory of the neutr ino. Never
theless, as we have noticed before (cf. footnote 39) the mere use of a two-component 
theory does not preclude, for example, the possibility that in addition to 

n^p+e~+v (6 9a) 
we may also have 

n^p+e-+v. (6.9b) 

From the exper imental results on the slowness of the ra te for double /8 decay proc
esses a n d the largeness of asymmetry in the /8 angular distr ibution from polarized 
nuclei, we know that reaction (6.9b), if it exists at all, must be described by a much 
smaller coupling constant than that of reaction (6.9a). Recently K. Case**^ was able 
to show that by using the Majorana theory with a Hamil tonian which does not con
serve pari ty it is possible to generalize the equat ion of motion [Equat ion (6.1)] for 
the neutrino field and to construct a two-component theory with, possibly, 

m^j^O . 

In the special case t ha t m^ = 0, his general izat ion reduces to the present two-com
ponent theory discussed in this chapter. However, in the general case, if the mass of 
the neut r ino m^ jLO then the ra te of double /3 decay process canno t a t ta in its mini
m u m value and the asymmetry of the j8 angular distribution from polarized nuclei 
canno t reach its m a x i m u m value. Yet exper imenta l ly , the mass of the neutr ino 
OT,=0, the rate of double ;8 decay process ^ 0 , and the asymmetry of the fi angular 
distribution = its max imum value. These three facts seem to be strongly suggestive 
of the possible existence of a law of conservation of leptons.'"' It can be shown easily 
that the existence of a conservation law of leptons together with the use of a two-component theory 
of the neutrino necessitates (i) m^ = Q, (ii) rate of double fi decay = its minimum value, and (iii) 
parity must be nonconserved and the observed asymmetry due to such nonconservation can attain its 
maximum value. In the next chapter we shall analyze in some detail the various con
sequences of such a conservation law of leptons. 

" K Case, Phys Rev 107,307(1957) 
"The concept of a possible conservation law of leptons was first considered by E Konopinski 

and H M M.ahmond, Phys Rev 92,1045(1953) Some discussions on analyzing the conserva
tion law of leptons together with the use of a two-component theory of the neutrino are given m 
T D Lee and C N Yang, Phys Rev 105, 1671 (1957) 



VII. POSSIBLE LAW OF CONSERVATION OF LEPTONS 
AND THE UNIVERSAL FERMI INTERACTIONS 

I. Law of Conservation of Leptons^'' 

The law of conservation of leptons states that to each particle it is possible to 
assign a leptonic number / (/^O for leptons) and the sum of leptonic numbers must 
be conserved m all reactions From our previous discussions we know that j8 decay 
and /x decay are represented by*" 

n -^p-\-e -\-v (7 1) 
and 

ft -^e +V+V (7 2) 

Consequently, the assignments of / must be chosen as 

/=same (say, /= — 1) for e , v, and ju , 

/= -|-1 for e*,»', and jx* , and (7 3) 

/=0 for 77, y, K, and all heavy particles *** 

The conservation law of leptons then necessitates for the 77 decay 

IT-^jx -{-v and •R*^fx*+v (7 4) 

Equation (7 4) implies that the hehcities 3C of jU, m the rest system of 77-mesons are 

3 C ^ = - 1 and 3C,=-\-l (7 5) 

where 3C is defined to be 

3C = ( a .p ) / | p | (7 6) 

with a, p the spin and momentum vectors The measurement of the hehcities of fx 
and fx* from 77* decay can serve as a test for the validity of the conservation law of 
leptons 

Next we consider the hehcities oie* in the fx decay As we have discussed before, 
the hehcities of « measured m the rest system of the /x-meson are given by [see (6 34) 
and (6 35)] 

3 C , = - $ and 3C, = + | (7 7) 

^'Throughout this chapter we use the two component theory for the neutrino 
**That the leptonic number / for all heavy particles can be chosen as zero is evident Both 

pion and photon can be created singly, thus their leptonic numbers must both be zero If the 
number of leptons is absolutely conserved, then, because of the existence of decay modes K^2 
and AVs, the leptonic number / for K mesons must also be zero 
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where | is related to the coupling constants for /i decay by (6.35) and (6.33). By com
par ing the theoretical angu la r distr ibution for e with the observed value we have 
already found that 

1 > | ^ | > 0 . 7 8 . (6.44) 

Now if the law of conservation of leptons is correct, by using (7.5) we conclude that 

- K K - 0 . 7 8 . (7.8) 

T h e minus sign for ^ is a consequence of the conservation law of leptons. Thus the 
measurement of the hehcities of ^" and e* from \x decay can also serve as a test of the 
validity of the conservation law of leptons. 

T h e conservation law of leptons also has a direct efifect on the hehcities of/x* 
from Kf^i* decay. From the assignments o f / m (7.3), the ^"^2* decay should be de
scribed by the reactions 

tip.i^li'-\-v and K^^^^ix'-^v. (7.9) 

Thus if the spin of A" is zero the helicities of/x* in the rest system of K are respectively*" 

3 C ^ = - 1 and 3C^+=-|-1 . (7.10) 

2. U n i v e r s a l F e r m i I n t e r a c t i o n s 

In this section we shall analyze the possibility of the so-called universal Fermi 
interactions by comparing the Hamil tonians for /x decay, y8 decay, and \x capture 
processes.'" We represent these three processes b y ' ' 

Hi = Y,G, (;^/ 0 , ^,) (;/',•'• 0 , i/^) -\- hermitian conjugate , 

H, = Y.®, (i/zp+O, ;^„) (>/// 0, \p,) -f hermitian conjugate , 
and 

^ 3 = E 9 . ('/'.' 0 , i/.,) (xp„^ 0, V'p) + hermitian conjugate , (7.11) 

respectively 
From (7.8) and the lifetime of the /i-meson we have for the coupling constants 

G, of/t decay (cf. Chapter VI, section 5) 

''"The application of the conservation law of leptons to ^^j decay is of interest because 
It gives a result opposite to that obtained by using the "a t t r ibu te ru le" proposed by R G 
Sachs [Phys Rev 99, 1573 (1955)] Cf also W G HoUaday, Phys Rev , in press 

^Tor references to previous works on the various Fermi interactions see, e g , E Fermi, Ele
mentary Particles, Yale University Press, 1951, L Michel, Revs Mod Phys 29, 159 (1957) 

°'In the present discussion of universal Fermi interactions we group the spmor fields ip^, \p^, 
and 4'ii in a part icular form which is compatible with the idea of the conservation law of leptons 
H a d we grouped, for example, the /i decay interaction / / in a different way (cf footnote 42), 
many of the following conclusions about the similarity between the /8 decay coupling constants 
and the /i decay coupling constants would be changed These changes can be easily obtained by 
using the relationship between G, and G,' given in footnote 42 (Compare especially G,' with 
(^.) 



56 

and 
|Gs-Gp|^-|-4|G^-hG^| ' = (7 .5x 10-" erg-cm^ 

(7.12) 

(7.13) 

The r ight-hand side of (7.12) is only a lower limit. The actual value of TJ is probably 
much larger than this limit. For example, T J = 5 if in the measurement of 77-/x-« decay 
90% of the /x-mesons stopped in carbon are polarized and T)—>co if only 80% of the 
stopped /x-mesons are polarized. 

The corresponding values for the various coupling constants for ji decay have 
been extensively studied.^^ These results may be summarized^'' as follows:'^^ 

(i) From the absence of a Fierz term it can be concluded that 

and 

= 0 . 0 0 ± 0 . 1 0 

:0.00±0.04 . 

(7.14) 

(7.15) 

(ii) From the ^-v angular correlation experiment on He*" it can be concluded that 

®A 

®. < ; (7.16) 

that 

and 

(iii) F rom the ji-v angular correlation experiment on Ne '" it can be concluded 

0 (7.17) 

\ . (7.18) 
( 

0 
V 

S 

2 

'<1 .4 

< 3 if 

if e 

(iv) From the P-X diagram it can be concluded that 

\®A\'+\®T\ 
r = 0.79. (7.19) 

(v) From theft value of O'* and (7.19), the absolute magnitudes of | ®s|^ + | ® F | 
a n d l ® J H | ® , P a r e 

and 
|@,|2 + |®^|^ = ( 2 . 0 x l 0 - " e r g - c m ' ) ^ 

| ® ^ p + | ® , | ^ = (2 .5xl0-* ' ' e rg-cm^)^ 

It should be noted that ® , is related to C, and C,' in (5.1) by [cf. (6.11a)] 

® , = 2 C , = - 2 C / . 

(7.20) 

(7.21) 

(7.22) 

^^For detailed references on these experimental works see, e.g., K. Siegbahn, Beta- and Gamma-
Ray Spectroscopy, Interscience, New York, 1955; L. Michel, Revs. Mod. Phys. 29, 159 (1957). 

^'These results, (7.14) to (7.21), on various (^, for |S decay were compiled by C.S. Wu. We are 
grateful to Professor Wu for her permission to quote these results here. 
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(vi) Thus , if the /S decay interact ion is invar iant unde r t ime reversal T, then 

®v=0 and ® ^ s O . (7.23) 

By comparing ® . [(7.20), (7.21), and (7.23)] with G, [(7.12) and (7.13)] we see that 
the fi decay coupling constants ® , are very different from the fx decay coupling con
stants G,. In this case the idea of universal Fermi interactions seems to be difficult to 
m a i n t a i n . " 

(vii) If j8 decay interaction is not invariant under t ime reversal then the limits 
on ® J are those given by (7.20), (7.21), and the inequalities (7.17) and (7.18). In this 
case the ji decay coupling constants may not be incompatible with the /x decay coup
ling constants. 

In conclusion we wish to remark that to give a definitive s tatement on the uni
versal Fermi interaction it is necessary to obtain a much sharper limit on | ® y/ ®s|^ 
than that in (7.17) and (7.18). Because of the nonconservation of parity this can now 
be ob ta ined by a direct measu remen t on the helicities of e- from any ji transition 
tha t has a large Fermi ma t r ix e lement Mp [cf. (6.18)]. As we shall see in the next 
section, because of the nonconservat ion of par i ty it is also possible to measure the 
various g for /x" capture processes. 

3. jLi Capture Process^* 

In this section we shall study in detail the capture of/x" by nuclei, 

lx--\-p-^n + v. (7.24) 

The Hamil tonian for this process is given by 

Hs = j:Q,(^n'0,^p,) {WO,^P,) (7.25) 

where \p, is the two-component neutr ino field. We list the following results for cap
ture of/I in hydrogen. 

(i) The rate for process (7.24) in hydrogen is 

(l/T),,p=j&/g/277^fl^ (7.26) 
where 

^ = l 8 . + 9vr + 3| S . + 9r|% (7.27) 

p^ is the m o m e n t u m of the neut r ino and a is the Bohr radius of the / i -mesic atom. 
(ii) If in the cap tu re process (7.24) the /x" is completely polarized, the angular 

distribution of the neutron is of the form 

1- l -acos^ , (7.28) 
where 

e.=L{o„p„) (7.29) 

representing the angle between the spin of the /x~-meson and the m o m e n t u m of the 
neutron. The asymmetry parameter a is given by 

K. Huang, C.N. Yang, and T.D. Lee, Phys. Rev., in press. 
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«^=-iSs+s.r+is.+ 9rr (7.30) 
(iii) The transition probability {I/T)^^^ for the radiative capture process of/t" in 

hydrogen, 

IX -\-p-^n-\-v-{-y , (7.31) 
is 

( lA) . ad= - 6 ^ ( 1 / T ) e a p (7.32) 

where 
' ? = l 9 s | ^ + I S F r + 3 | S . r + 3 | g , p . (7.33) 

(iv) In process (7.31) the y-ray is circularly polarized. The polarization param
eter ji may be defined as 

where NR and Ni^ are respectively the number of r ight-handed and left-handed 
y-rays. The parameter yS is given by 

y8T,=i8«r- i8 . r -3 |8, r+3|g,p. (7.35) 

Equa t ion (7.35) is i ndependen t of ei ther the state of polar izat ion of the captured 
\x -meson or the energy of the y-rays. 

(v) For the radiative capture of a 100% polarized \x the angular distribution of 
the y-ray is of the form 

l-|-/8cos^2 (7.36) 

where /8 is given by Equation (7.34) and 

^ 2 = Z ( a „ p , ) (7.37) 

where py is the momentum of the y-ray. 
(vi) In the radiative capture process (7.31) the angular distribution of the y-ray 

with respect to the momentum of the neutrino p^ is 

l-t-ycos^3 (7.38) 
where 

0Z= L (p., Py) 
and 

y T / = - | 8 . r + l 8 v | - | 8 . r + l 8 r r (7.39) 

In all the above expressions we neglect v/c terms for the nucleon wave function 
and we replace v//̂  by its value at the origin. 

(vii) In (7.24) we assume that the law of conservation of leptons is valid. Other
wise instead of (7.24) and (7.31) we may have 

\x -Vp-^ n-\-v (7-40) 
and 

[x +p-^n-\-v+y. (7.41) 
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In the measurements of (1/T)cap, (l/'7)rad) ^i, O2, and 63 for reactions (7.40) and 
(7.41) the corresponding parameters ^, T), a, ji, y are replaced by ^' i}', a', ji', and y' 
where 

r = | , r)' = r], a' = -a, ji'=-ji, and y ' = - y . (7.42) 

(viii) If the /x" capture process is invariant under t ime reversal then all g , are 
real. T h e measurement of a, ji, y, 7], ̂  affords a complete de terminat ion of the four 
coupling constants g F, g s, g A, g T plus a check on the validity of the conservation 
law of leptons. (It may also give a test on time reversal invariance.) 

The above considerations can be extended to pr capture in heavy nuclei. How
ever, the uncertainty in the nuclear matrix elements would make the corresponding 
formulas less definite. 



VIII. TIME REVERSAL INVARIANCE 
AND MACH'S PRINCIPLE 

From various recent measurements we know that P as well as C are not conserved, 
at least in some of the weak interactions There remains unanswered a very funda
mental question which is whether C.Pis invariant or not Or , by the CPT theorem 
we may ask whether T ( t i m e reversal) is invariant or not If it turns out that T m a y 
or may not be conserved, what will then be the implication'^ This leads us naturally 
to a discussion of Mach 's principle 

Should we follow the spirit of Mach's principle, we would believe that the laws 
of physics cannot depend on the geometrical coordinate system tha t we happen to 
choose There should exist no absolute system The present asymmetry may then be 
made compatible with this interpretation of Mach's principle in two ways 

(i) If T is invar iant , then C-P is invariant The right-left symmetry m space is 
retained by changing particle to antiparticle as we change from a right-handed 
system to a left-handed system ̂ ^ 

(u) If, experimentally, the weak mteractionsare found to be not invariant under 
T, the over-all symmetry may still be mainta ined by conjecturing the existence of 

two different kinds of elementary particles with the same masses, charges, and spins, 
but exhibiting opposite asymmetries under a space inversion In such a picture, the 
observed right-left asymmetry is ascribed not to a basic non-invariance under space 
inversion but to a cosmologically local preponderance of one kind of the elementary 
particles over the other kind Consequently, in this broader sense P is still conserved 
By the CPT theorem, all interactions are also invariant under C- T Thus, the time 
reversal symmetry can also be retained by changing particles to antiparticles as we 
reverse the chronological order of any sequence of events 

If this IS the case, then there must exist two types of protons, J&R andj&i, the right-
handed one and the left-handed one At the present t ime, the protons in the labora
tory must be p redominan t ly of only one kind, say pR, which accounts for the 
observed asymmetry and the observed Fermi-Dirac statistical characters of the pro
tons This means that the free oscillation period between pR and p,^ must be longer 
than the age of the universe They could, therefore, both be regarded as stable 
particles It is reasonable to assume that there exists only one kind of electromagnetic 
field Thus , in an experiment on pair productions by y radiation we expect the same 
cross sections for 

y^pR+pR (8 1) 

*''C N Yang, International Congress on Theoretical Physics, Seattle, Sept \95() [Revs Mod 
Phys 29, 231 (1957)], T D Lee and C N \a.ns„ Phys Rev 105,1671(1957) This possibility was 
also independently considered and particularly emphasized by L Landau, Nuclear Phys 3, 127 
(1957), and by E P Wigner, Bull Am Phys Soc 2, 36 (1957) 
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and for 

y-^pL+h- (8.2) 

The pi, would appear to be a stable negative particle with a mass equal to that of a 
proton. The detection of such particles, if produced, may not be difficult. 




