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ABSTRACT

Title of Thesis: Strange Particle Decays and the Nature of Weak
Interactions

Jogesh Chandra Pati, Doctor of Philosophy, 1960

Thesis directed by: Dr. Joseph Sucher, Assistant Professor of
Physics, University of Maryland.

In this thesis an attempt is made to provide a natural expla-
nation of the approximate validity of the |ATX \ = 3 - rule as
well as the slowness of the leptonic modes of strange particle -
decays compared to the nonleptonic ones. The simplest scheme of
weak interaction, namely the Gell-Mann-Dellaporta tetrahedron scheme,
which introduces the primary weak interactions only among the lep-
tons, the nucleons and the \ ~hyperon, is adopted. It is shown
ih chapter II that for A—=> N4T -decays a new set of diagrams,
satisfying the strict |L¥§ \ =3 - rule is much more important
than the "usually" considered diagram, which contains appreciable
amount of |AT | = 3/2 transitions in addition to ]JAT| = 2-
ones. This makes it easier to explain the approximate validity of
the |AT | = % - rule. Furthermore, the inclusion of this new set
of diagrams, which contribute only to nonleptonic modes provides a
consistent explanation of the "slower" rate of the leptonic modes
and the "faster" rates of the nonleptonic ones, if we associate the
strangeness violating current with a weaker coupling constant than

the strangeness conserving one.



The relative rates of the various k+ and K,?z ~ decay
modes are estimated in chapter III with the mechanism of A . - decay
developed in chapter II both by perturbation theory and by approxi-
mate form - factor calculations. It is shown that the inclusion
of the new class of diagrams for /\ = N +Tr -=decays (mentioned
above) leads to lmproved agreement with experiments for all the

'
relative rates of K -meson decay modes. We assume phenomenological-

iy a slight damping of the matrix element ~( evaluated in the lowest
order perturbation theory) for each pion emission from a closed bar-
yon - antibaryon loop. This seems plausible due to the observed
rate of M= P.-k)) —-decay. It is shown that;by including the new
class of diagrams for A -—>N4T -decays one can explain the pre-
viously unexplained ratios N (R~ fr'-*-'lTo)/w C;ﬁ—» 2T) and

W CK+—> "n°+€++'>)) / W (K = 2T ete. without the introduc—
tion of final state T -T -interaction; one can also exrlain the
fact that the final state in K = TT+T + 17  -decay is predomi-
nantly summetric between the three pions. T'he nature of agreement
obtained with experiments may indicate that the final state w-1
interaction is perhaps not as important as has been suggested by
other workers.

We finally examine in chapter~IV the possibility that the four
fermion interactions may be mediated by a charged vector boson. It
is pointed out that the immediate objection to such a possibility
due to the slowness of ‘L—)e-\")’ ~decay can be removed by assign-
ing opposite lepton numbers to M~ and € and adopting a "re-

stricted” four component theory of the neutrino. The various



possible effects of this nonlocality in the four fermion inter-
actions are discussed. It is pointed out that accurate measure-
ment of the pion spectrum in )<e3 ~decay may serve to distinguish
between local and nonlocal Fermi-interactions. Furthermore the
effect of the intermediate boson on the A-> N+ -decays is ex-
amined. It is shown that the matrix element of the new class of
diagrams (whose local limit is discussed in chapter II) is such
that we can not explain the observed sign of the asymﬁetry para—
meter of A—>|P+T -decay in the framework of V-A-interaction,
unless the intermediate boson is extremely heavy. This may be
regarded as an evidence against the intermediate boson hypothesis.
However the sign of the asymmetry parameter can be explained if

we adopt V 4-A - interaction for - A -decay.
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CHAPTER I.
INTRODUCTION*
A. Nature of Interaction of Elementary Particles

The advent of new high-energy machines has revealed a host of new
particles (the heavy mesons and the heavy baryons) with a number of
"curious" properties. The experimental study and the theoretical under-
standing of their behaviour are of great current interest,

Prior to the discovery of these new particles, one lnew the exist-
ence of the photon, the electron, the muon, the pions and the nucleons.
The existence of the neutrino was known indirectly. These particles had
already revealed the three basic types of forces (leaving aside gravita-
tional forces) known to us so far, which in order of their strength are:

(1) The Strong Interactions:

A typical example is the pion-nucleon interactions, presumably
proceeding through the virtual yukawa process N-N 4T . The strength

of this process may be measured by the dimensionless coupling constant:

q2.
EQWKC ~ 15

# Parts of Chapters II and III of this thesis have been reported by the
author in the University of Maryland Physics Department Technical Report
Nos. 160 and 171 respectively with Drs. S. Oneda and B. Sakita as co-
authors. The former is to be published in the July 1, 1960 issue of
Physical Review and the latter ih Nuclear Physics. Part of Chapter IV
has been reported by the author in the University of Maryland Physics
Department Technical Report No. 126 with Dr. S. Oneda as coauthor and
has been published in Physical Review Letters 2, 516 (1959) .

i,_J



1)

In general the strong interactions are churacterised by Coupling Con-
stants of the order of unity.
(2) The Electromagnetic Interactions:
A typical example is the virtual emission cr abscrption of
a photon by any charged particle. The 5trenéth is characterized by
the universal fine structure constant
2 N
6/17\@ Az T—i;‘}"
(3) The Weak-Interactions:
The typical exaanples are the interactions involved in }3-
decay and }k -decay. The strength of such interactions is character-
ized by:
£ =
%ﬁc)z(ﬁyh\]‘rc)‘} a iQ
At the moment the purely electromagnetic phenomena are very well
understood in the framework of guantum electrodynamics. Arny such at-
tempt to have a profound understanding of the strong interactions is
however frustrated, since the perturbation series in the S-matrix for-
malation becomes useless for coupling constants of the order of unity.
The axiomatic approach of field theory (leadigg to dispersion-integrals)
have to take recourse to a number of simplifying assumptions from the
point of view of practicability. The difficulties in understanding
the weak processes are even worse in a sense, since all the observ-
ed weak processes, (except the decay of the muon) involve strongly
interacting particles, so that one has not only to search for the true
nature of the bare weak-interactions but one must worry about handling
the strong virtual processes occuring in the weak-decays.
The theories of botna strong and weak-interactions have developed

in very close analogy with the framework of cuantum electrodynamics.



Yukawa postuluted thet the e.change of pions play the same role ir
miclear forces as that of photons in electromagnetism. The theory of
fb -decay, first proposed by Fermi(l), is based on the idea that the
decay takes place by the interaction of the nucleonic-current —(Ei3¢70
with the leptonic current(€¢;¥) at a point (through the exchange of a

(2)

boson of infinite mass </, if one likes to say so), just as the elec-
tromagnetic currents of two charged particles interact with each other
through the exchange of a photon.

Being guided by such analogies, the observation that the coupling
constant of all elementary particles to the electromagnetic field is
either zeroc or the universal parameter lez' and not any fractions or
multiples of it, is quite suggestive. It may indicate that all the
elementary-particle interactions probably divide themselves into a
few groups, and each group tries to maintain a hierarchy of universal-
i&z. Such a viewpoint leads in the case of strong interactions to the
hypotheses of "Global Symmetry"(B) for the pions and the "Cosmic Sym-

metry"(h) for the kaons and in case of weak-interactions to the propo-

sition(5) of "Universal Four Fermion Interaction."

1

E. Fermi, Z. Phys. 88, 161 (1934).

2

The possibility that the weak-interactions are intermediated by a
boson of finite mass is an interesting possibility and has yet to be
checked by experiments. This will form the subject matter of the dis-
cussion in Chapter IV. However, as will be shown later, the effect of
the existence of such an intermediate particle is negligible for pro-
cesses like P -decay with low momentum transfer. So, for a while we
will assume that the Four-Fermion Interactions are local.
3

M. Gell-Mann, Phys. Rev. 106, 1296 (1957).
A

J. Sakurai, Phys. Rev. 113, 1679 (1959).
5

G. Puppi, Nuovo Cimento 5, 505 (1948).

0. Klein, Nature 1561, 897 (1948).

J. Tiomno and J... Wheeler, Rev, Modern Phys. 21, 144 (1949).

Lee, Rosenbluth and Yang, Phys. Rev. 75, 905 (1949).



There will not be any occasion to discuss the symmetries of the strong
interactions in the present work. However, since a good deal of subsequent
discussion will rest heavily on a scheme of four fermion interactions; a
brief discussion on thé experimental and theoretical backgrounds of

"Universal Fermi Interactions" will be givien in the next two sections.



B. Experimental Foundation of Universal Four-Fermion
Interactions Between Nucleons and Leptons

1. Preliminary Discussion

The three main weak processes involving nucleons and leptons are:
(N > pre” +2
) h>e +v+>
D) W=+

060 experiment days these three processes had already revealed

Bven in the preC
a number of similarities among themselves. First of all, these three processes
involve four fermions directly. Secondly. it was recognised(S) that the coup~
ling constants involved in all of these processes are;ulo-h9erg cm.3o Thus it
was natural to extend the hypothesis of FB-decay interaction into P.—decay and
}L -capture.

Relativistic invariance prescribes five possible forms of interactions

involving four fermions. For the above three processes they are:

. — o } ' .

St _.>P+€._+;.) - Hﬁ\vdecc.y = Z’L— ( P@\-“) (e Cry [-C'L +Cz-{:¥5]2)> (1)
- . v, ‘

Wosern® | Hudey = 2 (B0R)(E LD +Diwp) P

brbonan o Hpeetlon = T (NO;P) (D 0 LE LEAIK) (3
Where the sum i goes over scalar, vector; tensor, axial vector and pseudo-

scalar forms of interactions with the corresponding 04 given by:

Oy =1
C3y' =VK}L

OT = %(Xpﬁy—ﬁyﬁp)

(L)



Thus the above three processes involve in general 30 unknown coupling
constants. If we assume time-reversal invariance (hence CP-invariance by
the TCP theorem) of weak-intersctions, then thess con

, then either

s

Further, if we could assume invariance under space-reflection P
all the primed or all the unprim=d coupling constants are zero for each of

the above three interactions. f
§

Fortnuately enough the numerous experiments done in the past few years
have greatly restricted the forms of the abbve interacticns and the relation-
ships between the various coupling oonstaﬁtso

In particular the various recent experiments on several aspects of ﬁi"
decay, PL ~-decay, P-—capture and M->H-> e -decays reveal that:

(1) These processes are non-invariant under space-reflection(P) and charge=-
conjugation{C). They are, however., consistent with the hypothesis of CP(@
invariance and T-invariance, thus satisfying the more general invariance
property, the TCP-invariance.

(2) The four-fermion iateractions invelved in each{T) of the above mentioned
processes has Vector-Axial Vector (V-A) form.

(3) The bare coupling constants for the vector and axial-vector paris are

v

“presumably"(s) the same for any one of these processes.

6It was first proposed by Landau that "Combined Parity" (CP-Invariance)
should be considered as the fundamental symmetry law of nature instead of

C and P invariance seperately. See L. D' landau, J. Exptl. Theoret. Phys.
(U+S.S.R. )32, Lh05(1957), Soviet Phys. JETP 5. 336(1957). See also T. D. lee
and C. N. Yang, Phys. Rev. 10L, 25L(1956). ~

TThe situation is not vet completely clear for $l,~captureo
80ne says "presumably®, because whatever differences a re found between the

coupling constants, although small, are presumed to arise due to the effects
of the strong virtual processes.



(L) The bare coupling constants for the processes (i), (ii) and (iii) listed
before are "presumabliy" equal to each other, which implies & scheme of

"Universal Weak Interactions" in processes invelving nucleons and lepions.

_—

S —
(5) The antineutrine(gf involved in P -decay is always right handed

Q.?__Ei_ = 41 ) and the neutrinc invcoived in Pt‘decay is always left
| 551 1Bs) '

handed ( %=+ LH{:SWJ) 7.

(6) If one assumes the usual assignment of lepton numbers (i.e. 2, e, R

= * . .
are leptons and ¥, e¥, |1 are anti-leptons) then neutrinc appears in rature

in only two-component form.

s ROy
We will give below a list of some of the key=exper'1me‘nts<‘w) leading

to the above conclusions:

9By definition the neutral massless s pin-—%-particle accompanying electron in

?' -decay is called "Antineutrino®" (). Hence the corresponding companion
of positron is PT-decay is called "Neutrino® (2). Once we have dsfined
neutrino and antineutrino as above, whether a > or 2 accompanies W™ in 17—
decay, depends upon whether E‘_ has the same leptonic charge as e7. and whebt-
her leptonic charge is conserved. - T

10For a detailed review of ,¥he various key-experiments and their analysis.
see C. S. Wu, Rev. Modern Phys. 31, ®5(1959); E. J. Konopinski, Ann. Rev.
Nuclear Sci. 9, 99(1959); Ya. Smorodinskii, Soviet Physics (USPEKHI) Vol. 2,
(67), 1, L(19%9). B



2. TFxperiments on Invariance Properties in Weak Interactions

(1) FB -Asymmetry from Polarised Nuclei:

The first experiment that revealed the violation of P and ¢ invariance
. . . ) 60 L , . (i1)
in weak-interactions is the famous CO experiment performed by Wu, et.al.
The experiment essentially consisted of aligning tﬁe spins of CO60 nuclei
élong a certain direction and to determine that the electrons were emitted
1
preferentially in the direction opposite to Phat of nuclear spin. Thus it

showed that P -decay does not conserve parity and charge-conjugation-

invariance.
(2) Experiments on T~ € Chains:

The e~ and e emitted in }l_ and FUV decays are found(lz) to be distri-
butéd'asymmetrically about the direction of motion of the mucn. In particu-
lar both e¥ are found(13) to be emitted perdominantly antiparallel to the
}L: momentum in the yest frame of the parent pions. Furthermore, the~
measurements(lh) of circular polarisation of the Y-rays emitted by the high

energy e; show that the high energy‘gj is left handed and Eﬁ is right handed.

Direct measurements of the helicities of P§ have yet to yield conclusive(ls)

results.

IIWu, Ambler, Hayward, Hopes; and Hudson, Phys. Rev. 105, 1413(1957).
12§0rd0n,‘Verley and Lederman, Phys. Rev. Letters 2, 56(1956).

135, 1. Friedman and V. L. Telegdi, Phys. Rev. 105, 1681(1957).
Garwin, Lederman and Weinrich, Phys. Rev. 105, 1L15(1957).

1hMarcq, Crowe and Haddock, Phys. Rev. 112, 2061(1958).

1SA preliminary measurement by Love et.al. (Love, Marder, Naaelhaft, Siegel
and Taylor, Fhys. Rev. Letters 2, 107(1959)) consisted of detectinz the
asymmetry of {3 -decay of BlZ produced by polarised muons via the reaction
‘1'4(ﬁ24>5§2n+3)o Preliminary results indicated that negative muons are
emitted with positive helicity. Continued measurements (love et.al., Phys.
Rev. Letters li, 382(1960)) show however, that the results are not conclusive.



The fact that the &% are distributed asmmetrically with respect to the
directi £ motion of Fin the t frame of the parent 3 togeth

irection of moticn of W in the rest frame of the paren pions  hogether
with the conseguent deduction that muons must have been polarised in pion-

decay implies that P and G are not conserved in both W =decay and }& =decay.

In fact, just from the observation of opposite heliciiies of high energy
e; coming via muons from positive and negative pions, 1t follows that the

involved weak=interactions are not invariant und=r charge conjuzation.

It is easy to check; tae fact that both e are emitted predominantly

. ivF R . a5 nas . .
antiparallel to the }i..momentum with opposite helicities is consistent

(16)

with CP-invariance

(3) Experiments on Time-Refelection Invariarce in P -decays

173 3
As suggested by Jackson, Treiman<i(’ and Wyld, there have been experimenté*jg
7 e - ] -»‘d,v-
to detect the coefficient D of the term <~3ﬂ>, Pe < P3 in the distri-
bution of the decay products of oriented nuclei with polarisation ¥ °

The results show D = =0.0L X 0.07 o This indicated that medecay inter-

action is invariant under time=-reflection.

16This can be checked by performing the following operations:
Undewwe P! P—-P ;, & — ¢ ; Pattcl > Pactrei
= - . -

UY\C{QK ¢cLsP—>P ) E? —>q , Pastticle > AV Pedlide

17Jackson, Treiman and Wyld, Phys. Rev. 106, 517(1957).

18Burgy, Krohn, Novey and Ringo, Phys. Rev. Letters 1, 321(1958).
Clark, Robson and Nathans, Phys. Rev. Letters 1, 100(1958).



3. PExperiments on Nature of §5~de@ay Interactions:

(1) Flectron-Neutrino Angular Correlation Coefficients:

It used to be believed only a few years ago that Eﬁcdecay interaction
must be consisting of (S,T) combination rather than (V,A). A strong evidence
for such belief came from the results of the 016(1%) Heéw(em:U) angular cor-
relation experiment. The e xperiment however has been repreated more care-

$
fully and has revealed completely different results. It has been fcund(Qo)

that the angular correlation coefficient >\2‘~‘Oe39 ¥ 0,02, which certainly
favors axial-vector coupling in Gamow-=Teller transition. Similar experi-
ments(21) on ASS2 which involves primarily Fermi transition, strongly
supports, at the moment, vector rather than scalar-interaction.

‘The e=-2) anzular correlation experiment in

. . g -
3Ll “’>,E£$-+€m+l)

g I IS

at California(zz) Institute of Technology sets the upper limits of tensor

mixture in G-T interaction to be less than 10%.

Thus the (e-) angular correlation experiments strongly faver (V,A)

combination for  -decay interaction.

195, N. Rustad and S. Ruby, Phys. Rev. 97, 991(1955).

goHerrmannsfeldtg Burman. Stahelin, Allen and Braid, Phys. Rev. Letters 1,
61(1958)°

lyerrmannsfeldt, Maxson, Stahelin and Allen, Phys. Rev. 107, 6L1(1957).

22Lauritsen, Barnes, Fowler and Lauritsen, Phys. Rev. Letters 1, 61(1958),
Barnes, Fowler, Girsenstein, Lauritsen and Nardberg, Phys. Rev. Letters 1.

328(1958).

]
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(2) Beta-decay of Polarised Neutronss

Burgy(za)eto al. have studied the correlation coefficients A

= -
and B of R} and R9 respectively with the spin of polarised neutron.
They find:

A =-0,11%0.02, B = 0.88%x 0,15,

from which they conclude that the EB -decay-interaction is pre-

dominantly V=A and the helicity of the emitted antineutrine is

positive.
(3) Electron Capture in Eui’é
(24) ) e
Goldhaber et. al. measured the circular polarisation of

3*
7{ -rays emitted from Sm.l52(lf)

%*
capture of electron in Eu

which was produced via the k-

152(0“)° The scheme of the reaction is

as follows:

52
e+ B o) = SE T (1)

—~ 152 +
L———> SM (o) +f

They observed that the helicity of the -ray is negative
(Sﬂ%;: -0.67 = 0.10) from which they conclude that:

The neutrino emitted in electron-capture has negative helicity

and hence the Gamow-Teller interaction in e -capture is predominant-

1y axial-vector and not tensor.

23
Burgy; Krohn, Novey Ringo and Telegdi, Phys. Rev. 110, 1214(1958).

24
Goldhaber, Grodzins and Sunyar, Phys. Rev. 109, 1015(1958) .



(L) Decay of picn to (e +) and { px+:0)z

Present experiments (contrary tc old ones) reveal<25) the

following branching ratic for pion-decay:

R = Wilm—ew) ={1.03 r0.20) xio !
W (T )

From the theoretical standpoint, since the pion decaying to
(e + ) or (}2+39) is a 07> 07 transition, 6nly pseudoscalar
and axial-vector interactions can contribute., The computed(26)
values of R, taking radiative corrections into account, are 1.20 x
JLO'I+ and 5.4 for the axial-vector and pseudoscalar interacticns
respectively. Hence the observed valus of R proves:

The pion-decay proceeds predominantly through axial-vector

and not pseudo-scalar interaction.

25
Anderson, Fujii, Miller and Tau, Phys. Rev. Letter 2, 53(1959).

Further references can be found here,

26

The calculations involve divergent integrals in both W=e+» and
> M+ -rates. Bub their ratio is finite. The theoretical value
quoted above presumes the same strength at the weak vertices of wop+»

and Te+»-decays.



Lo Experiments on Naure of LL ~Decay and }A_-C apture Intsractions
L]

(V) asymeetry Coefficient in %x ~Decay:

The angular distribubicen of the decay electrons with respect

to the muon-momentum has besn measured, Frcem the cbhserved asymme-

(28)

try coeffchank‘7 he usual assignment of lephon numbers 5
and the assumption of two component theory of neutrino (i.e. ) is

always left-handed and by right-handed}, it fcllows that [\ -deca

interaction has predominantly V-A-form with nearly egual strength

for vector and axial~vector parts.

(2) Hyperfine Effect in %i ~Caphbures

When }X -mesons are captured by nuclei with non-zerc spins

the probabilities of capture from the twc hyperfine %ltﬂDESiQ

atom states are different if the relevant weak-interaction is spin=

dependent. This would imply that the rate of appearance cf the

-

decay electrons coming from bound decay will not foliow a simple

exponential law as a functicn of time., I% was shown by Telegdi(z9)

that, in particular a negative curvature in the piot of logarithm

of the rate of appearance of the decay electrons as a function of
time can occur only if the capture from the lower level of the hy-

perfine structure is greater than that from the upper level.

27
Bardon, Berley and Lederman, Phys. Rev., Letters 2, 56(1959).

28
The usual assignment of lepton number

is: 7, M and 2 are
leptons; e%, 1x* and Y. sre antilento %

-

\JJ w

29
V.L. Telegdi, Phys. Rev. Letters 3, 59(1950). See alsc Bernstein,
Lee, Yang and Primakoff, Phys. Rev. III, 313(¢958)

13

PLI,



a4 negative value of the curvature was, in fact, observed(Bo)
by Lathrop, et. al., for %l‘ capture in A1270 Since magnetic moment
of A127 is positive; this would imply that the probability of'gul'm
capture 1s greater for antiparaliel hyperfine spin state than
parallel hyperfine-spin state, which in ’ourni implies, assuming that

the main part in &vi-v-capture in 41°7 is played by one extsrnal

proton, that the basic interaction for | -capture is V-h.
¥

30

Lathrop, Lundy, Swanson, Telegdi, See 4A.I. Alikhanov Kiev-Con-
ference Report (1959).



5. IExperiments on the Nature of Neutrinos

(31)

There are several experiment 5 which set the upper limit

on the mass of the neutrino to be less than 1/2000 me (me = mass

of the electron), and they are all consistent with the mass of the
neutrino being zero. We will assume for subsequent discussion

that m, = Q0. The fact that the mass of the neutrinc is zero per-
mits cne to postulate an invariance under the chirality transfor-
mation \E);—):ti‘é.s \_l?» if one give up the hypothesis of invariance
under space reflection F. Such an invariance will lead to the ap-
pearance of only left-handed (right-handed) neutrinos and right-

handed (left-handed) antineutrinos in nature. Right at the time,

when parity conservation was guestioned in FB-—decay, such a possi-

2
bility for "handedness" of neutrino was suggested by Landau(B ) and
(33)
Salam > and also by Lee and Yang. This is referred to as the

"Two—Component Theory of the Neutrino."

We will first cite below a few typical experiments, which pro-
vide evidences for the fact that the neutrinos(Bh) involved in ]3+;
decay are left-handed and the antineutrinos involved in f5_—decay

are right-handed.

31

See for instance L.M. Langer and R.J.D. Moffat, Phys. Rev. 88,
689 (1952).
32

L, Landau, Nuclear Phys. 3, 127 (1959),
33

A. Salam, Nuovo Cimento 5, 299 (1957) and T.D. Lee and C. N. Yang
Phys. Rev. 105, 1671 (19575,
34

For definition of neutrino () and antineutrino (2 ) see footnote 9.

15



(1) Capture Cross Section for the antineutrincs { 3 p.o>n +e*):

By a detailed balancing method, it is easy to check that the
cross section for the reaction Dp-»n e is twice as big if the

antineutrino have only one spin-state than Jf they have both. The
]

t
observed(35) cross section of capture of antinsvtrino (emitted bty

neutrons in a rsactor) in hydrogen is in agreoement with the two-

component theory of neutrinc.

(2) Electron-Capture in Eu 152

. i X150 (24) _
The electron-capture-experiment in BEu 152 by Goldhaber b eto

al; described before, show that the neutrinc emitted in electron-

capture has negative helicity.

(3) Directicnal Aymmetry in cob0 Experiments

(36)

The %%vaasymmetry~ A in the decay of polarized COéO which

o
involves a transition 5 -3 47, was found{37) to be nearly -1 to
within a systematic uncertairty not larger than 20%. This, to=-
gether with the information from (e -2}) angular correlation ex~

periments (mentioned before) that F5wdecay interaction involves

(V,A) combination, implies thats

35

F. Raines and C.L. Cowan, Phys. Rev. 92, 830(1953).
3% .

The distribution of P in the decay of polarised COéO mucleus can
be put in the form 1 - At nq}'_‘ whera & denctes the angle be-
tween the spin (F°) of COCO ﬁuCLeus and the direction of motion of
P~ s & denotes the velocity of the electron.

37
Wu, Ambler, Hayward, Hoppes and Hudson, Phys. Rev. 105, 1413(1957).




which shows that the axial vechor part in ‘E}—decay interacticn

the two-component structure of reutrino,
Thus from the above experiments one can conclude that the nesu-

P’y . - s ; \ Y < °
trinos () involved in B ~decay are left-handed and antineutrinos
(4

(-7—)) involved in

B -decayv are right-handed,

To say whether only left-handed neutrinos and right-handed
antineutrinos exist in nature, one hus to eizmine the other neu-
trino involving reactions like }L —capture, plomdecay and muon-
decay, ebc. At the moment, the experiments are consistent with
either of the following two possibilities:

(i) Only left-handed neutrinos and right-handed antineutrinos
exist in nature; &, W and ) are leptons with lepton no. ¢ z{gijéz*
“" — _ s LN = "
P»and py)} are antileptons with lepton no. 1 = -1 and lepton
number is conserved in alil reactions.
-+4(38) o : n
(ii) The neutrino has four components like any other Dirac par-
. - + - 1 14 + - ) 5
ticle, e7, f& and 2) are leptons, while e~ , M7 and D)  are
antileptons, lepton number is conserved in all reactions, and the
weak interaction hamiltonian is such that the neutrinos associated
with €7 and }l*' have opposite helicities.,
We will mention in chapter IV some experimental means of dis-

tinguishing between the above two possibilities.

38

This possibility, which we will discuss in chapter IV, has been
pointed out by a number of people particularly in connection with
the forbiddenness of Pﬁ?Gﬂ&X ~decay in the framework of interme-
diate vector boson theory for four fermion interactions. See for
instance, S. Oneda and J.C, Pati, Phys., Rev. Lett. 2, 516 (1959).
LM, Lipmanov (See rerort by R.E. Marshak at Kiev, 1959); T.D. Lee
and C.N. Yung Fhys. nev. (Tobe publiishned).
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However the discussion in chapters IT and IITI will ke the sume for

either of the above two possibilities. So we will assume for the

—rme  a—ces

purpose of discussion in the next btwo chapters that (iz holds. .

In order to see hcw (i) is consistent with processes involving
¥k- decay and ¥i~capture, we will examine thel TIoM-—¢€ chain ex-
periments and the value of the michel-parameter{?%

If (1) holds; then in WoP+» decay,lr” and 3 should both
be rignt-handed in the yest frame of the decaging pilon in order
to conserve both linear and angular momentum:‘ At the high~energy
end of the P:'spectrum the neutrino and antineutrino are emitted
together in the opposite direction from the Pi.particle. Since
neutrinos have two-components, therefore 3 and 20 emitted together
with high~energy e~ cancel each other's spin. Therefore the high-
energy Fy'carriesl?he angular momentum of the right-handed parent}(:
Since B~ are foé&j) to be emitted predominantly antiparallel to
the muon-momentum in the yvest frame of the pion, therefore the
high~energy ﬁJ is expected to be left-handed. Correspondingly the
high~energy f3+ coming fromﬁgpggéhain is expected to be right-
nanded. These are confirmed by experiments mentioned beforeo(lh)

Furthermore, if (i) hol's, then in Ftadecay & neutrino and
an antineutrino with opposite helicities should be emitted. The

(39)

michel parameterﬂyhich characterises the electron spectrum in

’..Jn

muon-~decay, is B/A for such & situation. In the framework of two~

component theory of neutriro fD = 0, if two neutrinos or two antineu-

40)

trinos are emitted in muon decay. The recently observed values of

53 varies between 0.72 to 0.82, which are consistent with the value

39
L. Michel, Proc. Phys. Soc. 463, 514 (and) 1271 (1950),
L0
See 4.l, Alikhanov, Kiev Conference Report{(L95%) — Table I.
18
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3/L. Thus if one assumes the two-component theory of neutrino,
with usual assignment of lepton numbers (i.e. &7, P" and 2J) are
leptons), then the observed value of f’ confirms the hypothesis of

lepton number conservation and vice versa.



6. TExperiments On Nature of Weak Interaction Constants.

It has been pointed cut in *the previous subsection that F5_decay interactions
gives rise to only left-handed neutrinos and right-handed antineutrinos. This
implies -

i
Cy =C
Ca = (:A
where the Cé 's have been defined in eq. (1). THe vector-coupling constant in
f5 -decay has been(hl) determined from the deca&_rate of Olh, which yields, (in
the units;'h =¢=1)
J2C, =(l.04 to.oi)xtés/m"\o (5

The ratio Cp/Cy has been determined principally by two methods. By compar-

ing the neutron half  1ifdl2) (11.7 £ 0.3 min.) with the O £t value®3), one

gets:

} 2
[Cal = 1.42 + ©0.08
|Cvl2 .

From the asymmetry in the distribution of electrons from polarised neutrons(uh),

one obtains:

ical?
ICvi?

1.6 + 0-14

By comparing ol decay rate with the muon lifetime it turns out that

~CV ~ Dy Cwithin 2%)

hlBrbomley, Almquist, Gove, Litherland, Paul and Ferguson, Phys. Rev. 105, 957(1957)

thosnovskij, Spivak, Prokofiev, Kutikov and Dobrynin, Proceedings of the CERN
Conference Cn High Energy Fhysics, 1958.

L3s. B. Gerhart, Fhys. Rev. 109, 897(1958).

thurgy, Krohn, Novey, Ringo and Teledgi, Phys. Rev. 110, 121L(1958).

20
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Similar comparison between }5 ~decay and H ~-sapture coupling constants is

hard to make due to the uncertainities in the evalustion of the nuclear matrix

(L5)

elements. However, the CERN-group (among cthers) has measured the prova=-

, . | o R
bility of a P -meson capture in a gle nucleus with the preduction of a BA2

-

er 19
nucleus and that of the transition of B2 to ot

by P»u-de:ayo They found the

ratio of these probabilities to be equal to 312 % 18, from which they conclude

2

52 | Eal
| Car2

2
where é denotes the ratio of mairix elements of P’-meson capture and P'decay

~ 0.724% 6.C5

involved in the above mentioned ftransitions. According to the calculations of
Pujii and Primakors(6) 8¢ 0,612, This shows that th - value of Cy and Ey are
in agreement withthe hypothesis of strict equality of bare coupling constants
of P -decay and }i -capture.

An indireect check on the equality of ?-»decay and Pmcapture(h?) coupling
constants comes by comparing the observed and the calculated values of the ratio
of the rates of TW->€+Yand Tf—)}ii-))-decaysa The cbserved value(25) of the
ratio is, as mentioned before, (1.03 * 0.20) X 10-L and the calculated value
for (V-A)-interaction is 1.20 X 10k, This close agreement is consistent with

the hypothesis of universal coupling fer "3 ~decay and P- capture.

hsBurgman', Ficher, Leontic, Lyndby, Meunier, Street and Teja, Phys. Rev.
Letters 1, 1169(1958" .

Léa. Fujii and H. Primakoff, Nuovo Cimento 12, 327(1959).

L7Here one must assume that TM=>p+>» and W=R+» decays involve P.-capture
and ‘deecay respectively as wirtual processes,



7. Cecnclusion

From the experiments discussed above, it can thus be concluded that all
the present experiments involving weak-interactions of nucleons and leptons

are consistent with a scheme of Universal V-A Interaction

(ev)-

Fz9.-4

with identical strength in all the processes. The situation can therefore
very well be pictured in terms of a triangle (originally suggested by Tiommo
and Wheeler (h8)) drawn in fig. 1, with the currents (fAp), (8) and (ilQJ )
placed at its three vertices. Experiments suggest that the three legs of this
triangle, giving rise to the three main processes: (1) P ~decay, (ii)P.— decay

and (i:i.:'.)‘-l -capture, possess beautiful symmetry in form and strength.

. .
4SJ.Ti'omnoand J. Ao Wheeler, Rev. Modern Phys. 21, 1LL(1949).

22



C. Theoretical Frareoilork of Universal V-A-~
Four-Fermion Interaction

The idea that the fundamental weak-interacliions should be represented
by a universal V-A law was nroposed by Sudarshau and I"I:anrsha‘;c(h”‘e indepen-

(51)0 The first

dently by Feynmarn and Gellmann(ge) and also by Sakursi
aunthors chose the point of view that the covariant four-fermion interactions
should be invariant under the chirality transformation \LL%; Qﬁ{ssQ)
Feynmann and Gellmann liked to represent all spind% particles by two-compo=-
nent pauli spinnors satisfying a second order differential equation with

the additional requirement that the interaction hamiltonian contains no
gradients of these spinnors. Sakurai preferred to adopt the point of view
that the four-fermion hamiltonian should be invariant under seperate rever-
sal of the sign of the mass in the Dirac equation for each fermion. It is

rather attractive that all these principles lead rather elegantly and essen-

tially(ge) uniquely to the interaction density:

S L { Ao i) B {E0ang) Dy w1 (o)

where §_ denotes the coupling constant and A, B, C, D are the field
F’

operators of four Dirac particles.

h9E, . G. Sudarshan and R. E. Marshak, Report to Padua Venice Conference.
Mesons Newly Discovered Particles (Italy, September 1957) and Phys. Rev.
109, 1806(1958).

50R. P. Feynman and M. Cellmann, Phys. Rev. 109, 193(1958).

513. J. Sakurai, Nuove Cimento 7, 6L9(1958).

52To choose between V-A and ViA-law. one has to appeal to the experimental
fact that the electrons are emitted in gB—decay with left hand pclarisation.

23
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In order to write the total weak interaction hamiltonian-density in a
form analogous to electromagnetism, one is tempted to conjecture that, it

has the form

X
H weak = J:‘:LJM +H.C.

where ;g; is a sum of charged(53)positfve—chiralacurrents2

(7)

:E

{é By (H—C&s))) -\—FL?&Ci-ﬁ—‘%‘Ss)D) _\.—'Y_\“(d(m—tgs)p.f...}
274

(8)

Ji

This idea of a charged chiral current coupled to itself has certain new
éonsequenceso In addition to the usual phenomena of FB-decay, }l-decay,
¥L -capture and related processes it predicts, for example, electron neu-
trino scattering with a cross-section =« 10““5 cm2 (nearly equal to the
cross section of absorption of antineutrinos by nuclei) and a parity non-
conserving nuclear force arising from the (np)(pn) termof the weak-coupling,
which will lead to an anplitude & 10"'7 times that of the parity conserving
term. These possibilities may be checked eventually by experiments.
There is one puzzling feature of the universal scheme yet to be dis-
cussed. Starting from a universal scheme of fare four-fermion interactionss

it is rather puzzling as to why the observed coupling constants for [3-decay

should agree so well with those of }k -decay. The decay of the muon offers
an example of pure weak-interaction, except for electrodynamic corrections,
which are finite and have been taken into account(Sh)a On the other hand

F5 ~decay coupling constants are expected to be modified due to the strong

53The possibility of neutral currents is not so attractive, since from the
absence of processes like K= e+€+Q K> T+u+>, the presence of neutral
leptonic currents is not permitted.

54T, Kinoshita and A. Sirlin, Phys. Rev. 107, 593(1957).
S. Berman, Fhys. Rev. 112, 267(1958).
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virtual effects between the nucleons. However. the axial-vector coupling
constant in ?mdecay is only about 25% larger than that of P. ~decay and
the vector-coupling constant in ? ~decay (evaluated from Glj"rate) agrees
with the I.L -decay coupling constant with 2 J,/O The renorliisation. only
by a factor ~z 1.25. in case of the former is hard to understand at the
moment. It is even more striking that the latier agrees so well indeed.
Struck by the above observation. Feymman and fellmann(55) (see also
earlier work by Gerstein and Zeldovich)(%) have put forward the hypothe-

sis that the vector part of the strangeness conserving current should

satisfy the conservation law: (except for electromagnetic corrections)
bTH (as=0) _
>t

So that, including the interaction of the nucleons with pions, hyperons

(9)

\Y
and K-mesons, 3;(45 =C) has the form:

autes=oy - Ve [Rgp +& QL7 v 3k

+"-XH‘:’ -\—\r- CZ 7{}“2 ~ Z°XHZ*)
+-(bx/3xu10 ﬂ‘k+'3k xh) J] (10)

The virtue of such a conserved vector current is that it guarantees
non-renormalisation of the vector.- Coupling constant in Fmdecay, Just

as the conservation of the electromagnetic current explains why all

charged elementary particles have the same charge Te.,

S5R. P. Feynman and M. Gellmann, Phys. Rev. 109, 193(1958).

56S. 3. Gerstein and J. B. Zeldovich, Zhur. Eksptl i Theoret. Fiz, 29,
698(1955).



The occurrence of the additional terms in the above equation has
consequences, which are in principle, observable. The simplest is the
E5 ~decay of pions ]el»ngfgﬁﬁa Howsver, the branching ratio compared to
the TF;;PtRQ-mode is nearly 1.0 % 0.2 X 10”0, which is too small to be
detected at present. The cther conseqguences are in the Edeecay—spectra
(57)for example of B2 and N2 and also in the P - and }3w6p»correlations
(58), etc. The experiments are not yet accurate enough to judge the truth
of the theoretical predictions.

To sum up the situation with regard to the weak-interactions of
nucleons and leptons: the success of the universal V-A theory has been
enormous indeed. Its intial disagreements with the He6 recoil experiment
and the > @+>).experiment have been removed by redoing the experiments.,
Subsequent experiments have confirmed the universal V-A theory more and
more. These are, of course, problems yet to be understood. For example,
one would like to know the truth of the hypothesis of "“conserved vector-
current". One would also like to understand(59) quantitatively‘why‘fhe
axial vector part in F}mdecay ig renormalised by a factor =1.2. It is
also of interest to know whether the four-fermion interactions are

strictly local, or whether they are intermediated by a charge vector

boson.

5TM. Gellmann, Phys. Rev. 111, 312(1958)

8
5 J. Bernstein and R. R. Lewis; Phys. Rev. 112, 232(1958).

59The static model applied to the axial=vector current predicts that its
strength should be reduced by renormalisation effects. However, it is
generally believed that nucleon pair effects may account for the observed
strength.



One would next ask; Does the same theory hold when extended to hyperons?
In the next section we will briefly review the present situation

concerning the strange particles.



D. The Strange Particles

The heavy mesons {the K-mesons) and the heavy baryons (the hyperons)
were produced in high-energy nuclear collisions with cross sections of the
order of millibarns. This implied that the ¥-mesons and the hyperons must
interact stronglv with the nucleons an? the pionss On the other hand the
decays of these particles to systems of pions and‘nucleons exhibited life
times of the order of 10"10 S€C., extremely‘siow cn the nuclear scale.

\
This strange relationship between their production and decay behaviour led

to their designation as "The Strange Particles'.

A single interaction (like APT) with a large momentum dependence could
probably account for the strong /\-production and the slow decay-process,
since the decay process involves low momentum while the momentum in the
energetic collisions for production are large. However this éossibility is
excluded by the observation that the A-life time is not sensibly althered
by the presence of neighboring nucleons, although pions of high momenta are
available in their clouds. Thus it was believed that the production and the
decay processes of the "Strange Particles" must proceed through distinct

'

interactions.

This led Pais(éo) to propose the hypothesis of associated production of

strange particles; according to which the processes involving at least two
strange particles, as in production ( W+P—>A,+K®), are fast and those

involving only one, as in the decay processes ( A>P+T~ ) are slow.

60A. Pais, Phys. Rev. 86, 663, (1952).

28
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( . . .
It was realised\él) that in order to understand why processes which
are observed do occur and those which are not observed do noﬁj & new

quantum number "S" is needed in addition to the isotoepic spin I for each

particle, which would be linearly related to the charge @, baryonic num-
ber N and 7 component of isotopic spin (I.) such that Aiqziiﬂ . if and
only if ASac. The selection rule, which then decides whether the pro=

cess is governed by strong or weak interactions is:

A S =0 = The process is governed by strong and electromagnetic
interactions only(62).

A S # 0 => The process must involve weak interaction.

S is called the strangeness quantum number and is determined by:

N
QgIZ"'?f"Z'S; (»ll)

The usual scheme, known as the Gelimann-Nishijima Scheme, of assigne
ment of isotopic spin and the grouping of the various particles into iso-
topic multiplets is shown in Table I. A word of caution, however, is in
order. Such a grouping into isotopic multiplets, apart from being based
on the observed mass~-spectrum, of course presumes that the particles belong-

ing to the same multiplet have identical space-time properties, like spin

61M. Gellmann, Phys. Rev. 92, 833(1953).

_ T. Nakano and K. Nishijima, Prog. Theoret. Fhys. (Kyoto) 10, 581(1953).
K. Nishijima, Prog. Theoret. FPhys. (Kyoto) 13, 285(1955).”
R. G. Sachs, Phys. Rev. 99, 1573(1955).

62pprovided the process is not forbidden by other conservation laws like
conservation of charge. angular momentum, parity or total isotopic-spin, etc.
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and parity etc. If it turns out to be false, one may have to alter

the Gellmann-Nishijima scheme. For instance, as pointed out by Pais(és)
if the relative parity of K~ and K® are found to be odd, one may have
to go to a representation in four dimensional isctopic spin space in

order to maintain the usual assignment of* § (Table I), which is consise

tent with experiments.

630, Pais, Phys. Rev. 112, 621(1958).



Table I

Isotopic Spin and Strangeness Juantum Nvmbers of the Strongly Interacting

Particles in the Gell-Mann- Nishijima scheme.
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e feneral Teatures of Strange Particle Decays

Table IT gives the list of familiar decays of the K-mesons and the
hyperons with the respective branching ratios and life times. vOnly K+

(S = +t) and not K'{S = -1) decay modes have bezen listed, since the decay

properties of K~ meson are knowr in much less detail than those of Kt meson.

The ¥~ mesons, when stoppsed in matiter, are usually captured by the nucleus

through streng interactions before having a chance to decay (a fact which

bears its cause to the strangeness quantum pumber of K~ being -1). The few
registered K~ events are essentially decays in filight and within the limits
of experimental errors the obselved K”ié&) and K¥ decay modes do satisfy the
particle-antiparticle-relationship prescribed by TCP invariance; ige equali-
ties of masses, life times and branching ratios., eiec.

The general features of the strange-particle decays may be said to be
the followings

(a) Their life times are of the order of 10-%. 10710 sec., which implies
that the strength of the interactions; responsible for their decays
must be weak. ie of the same order of wmagnitude as in ¥3mdecay or
FL ~decay.

(b) The strange particle decays exhibit the same parity violating character-
istics as the decays of nonstrange particles like neutron or muon. The
well known (@-T) paradox was the starting point of the Lee-Yang inves-
tigation of the bresk down of reflection invariance in weak interactions.
A more direct evidence of treak dowm of parity in strange particle decays

comes from the observation of up-down asymmstry in the distribution of

decay products of polarised A (/\-}N-HT) and Z¥( =% P+re),

6hFreden: Gilbert and White, Thys. Rev. 118, 5&6L(19
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# The data presented in this table haven been compiled from (i)

M. Gell-Mann and A.H. Rosenfeld - ann. Rev. Nuclear Sci. 7, 407
(1957), (ii) L. Okun - Ann. Rev. Nuclear Sci. 9, 61 (1959), and

(1ii) Lectures on "Strange Particle Physics" - CERN-59-35. The

data obtained by more recent experiments are nearly the same as

those quoted in the above three references, ;xcept for a consider—
able change in the values of K?—-#:Z‘ﬂpi and K?-—%ﬁ?* —\T‘ -
branching ratios, which we have taken frqm Crawford, Cresti, Douglass,
Good, Kalbfleisch, Stevenson and Tiche - Phys. Rev. Lett. 2, 266
(1959) . The Leptonic modes of hyperon decays have not been listed

in the above table. They are given separately in Table IV,
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Since these two general features of strange particle decays are identical
to those of the weak processes involving nucleons and lepitons, and since the
latter are very well represented by an universal scheme, symbolised by the
triangle in fig. 1s» it is certainly attracti&e to hope that nature believes
in simplicity and ;niversality and thus one may prokably extend the triangle
(fig. 1) to a tetrahedron or a polyhedron, involving hypercns, which would
provide a mechanism for strange particle decays. This was first proposed by
Gellmann(ég) and Dallaporta(éé), who suggested for simplicity that only the
(,\ p) vertex be added to the triangle involving nucleons and leptons.

An extension of the theoretical proposals' of Sudarshan and Marshak, or
Feynman and Gellmann or Sakurai would, of course imply an universal V-A form
of four fermion interaction involving hyperons also. It is consequently of
great interest to establish the truth in such an extension. Unfortunately
experimental information regarding the strange-particle decays is much poorer
than that involving weak-decays of nucleons and leptons. It is not yet pos-
sible to do angular correlation experiments in /\—beta—degay as in nuclear
‘3 -decay, since only two events of [\ -beta-decay have beeﬁ observed so far.
Hence a direct determination of the nature of the interaction involved in
strange particle decays is not possible at the moment. One way to judge the
validity of the theory may, of course, be to compare the various theoretical
results (based on some form of interactions) with the corresponding experi-
mental ones. Such arguments, however, cannot be conclusive; since not only

is there a scope for several alternatives regarding the scheme of interac-

tion (i.e. the structure of JP ). but also we do not have a reliable way

to tackle the strong virtual effects.

65M. Gellman. Proceedinzs of the Hth Annial Rochester Conference on High
Energy Physics (1956)

66y. Dallaporta, Nuovo Cimento 1, 962(1953)
G. Costa and N. Dallaporta, Nuovo Cimento 2, 519(19°%)
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One, therefore, has to try to obtain insight into the structure of the
interaction by looking for any consistent regularities, like symmetry princi-
ples, selection rules. correlations between different types of decay modes
ete. in strange particle decays. All the observed freatures ofv strange par-

ticle decays seem to exhibit three such regularities:
1
1. The 1AS] = 1-Rule

All the observed decays of strange-particdes seem to involve change of
strangeness by one unit only. One has not féund so far any event of
- N+T -decay (AS = 42), ‘although the Q value for this process is rather
(
large. The measurement"é'?) of the mass difference between Ki, and XJ shows

2
that it is ~105 ev, which means (if one believes the experiment) that the

transition K°— K° (or K.i-) Kg) is second order in weak-interaction and not
first order. These results seem to indicate (although the number of &-
ex(ents is too few at the moment to draw definite conclusion) that 1AS1 = 1
is probably a good selection rule for strange particle decgys, considered as
first order processes in weak interactions.

This suggests that currents involving 1ASl = 2 (1like (ng )) do not
enter‘ into JP~ [eq (8)] o Admitting charged(53 )éurrents only; one may add .to
Jp such currents as (PA),(R g7), (=) etc. (satisfying ASpa=t1)
and currents such as ($+m), (g‘v’Z"’) etc. (satisfying ASsaq=-1)
ngever, if one 1ikes to maintain the form of the interaction (JPL* JP‘ ) then
fhe coupling between currents satisfying AS/AG::- + 1 and %g- = =1 would

lead to a net chamge of strangeness by two units in the first order of weak

interaction. Since the presence of 49 z -1 currents is required due, to

AR

67Boldt, Caldwell and Pal, Phys. Rev. Letters 1, 150(1958)

Muller et.al., Fhys. Rev. Letters L, h18(196?55.
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observation of processes such as /\_>p+e‘+55, this suggests(és)that one should
reject the presence of any current in JfJL satisfying ﬁ=-i .

From eq.(11)
= AS Since AB=0)
AQ = ALZ -+ LD ( \NCE

Hence;

% -+4 (  assuming |AQi=1) =>AL=*3
While;

45 .4 ( oessumng [AQI=L)=> AF=T 3 (12)

AQ

Hence from (12), a strangeness vidlating current which behaves as a spinor in
isotopic spin sapce (we will call such a current, following the terminology

of Okubo(69)et.al, an I = Z-current) will automatically satisfy AS/AQ = .

There are direct consequences of the hypothesis of such a I = 5-current

particularly for leptonic modes, which can be tested. It predicts for example:

s T © * * __
. NC\(O'_)T( +PpFE) = W CKz-%T\' + M)
= 2W (K> T+ p++2) (13)
There exist similar relation for electron modes. It also predicts:

=t An+etiy

'Bothb of these seem to be consistent with present experiments(7o)’ (71).

e
68Thi.s is consistent with absence of any Z”Y\*etv-decay so far. However
absence of any = ~-»n+€+>-decay also makes the situation a 1little ambiguous.
It is to be noted. that if Zton+€+>- decay is observed, then one has to allow
currents such as (£+m) in Jp « However, one may still forbid processes in-
volving 1A Sl = 2 by decoupling ‘%(% = 4l-currents from ﬁ—; =-1-currents.

6901;11};0, Marshak, Sudarshan, Teutsch and Weinberg, Phys. Rev. 112, 665(1958)
T0¢rawtord e.al., Phys. Rev. Letters 2, 361(1959)
Tlleitner et.al., Bull. American Phys. Soc. Series II, Vol. L, 356(1959).



2. The 1AIl = 3-Rule

An interesting feature of strange-particle decays is the observation
that they seem to procesed through ll_‘}g}. = %-channelg whereA,g denotes the
vector difference between the isotooic Dp:mo of the final and the initial
systems. The suggmtwnw ) of the approviméte validity of the 1%1 = %——
rule - stemmed initially from the chservation that 'gthe rate of Kt = 21 is
anomalou'slyr slow compared to that of Kg -3 2 . At the moment there seems
to be increasingly more evidence in favour 'oi} the approximate validity of
the above rule.

The branching ratios of K — 2W , k" — 3w s KS ~> 30 A= NS4,
ZI-—aﬁ + T -and the asymmetry parameters of A and Zi: decays seem to be con-
sistent with the 14Tl = % rule. FExcept for the decay rates and asymmetry
parameters in Z—f-) N+ decays(73)3 the 1AIl = %.rule is sufficient to
guarantee all the above mentioned relations concerning the various branching

ratios and asymmetry parameters etc. However it is not necessary for all of

them. In Table III, we give some of the theoretical predictions of the

AT = % rule and the corresponding experimental observations.

It is clear that the experimental facts show that if the 1Al = % rule
is at all meaningful for all the strange particle decays, it cannot be a
strict rule. Otherwise K¥— 2Wwould be an unobserved process. However
an approximate 1ATl = % rule (presumably with a minor superposition of
1AT1 = % component; nearly 5% in amplitude) certainly seems to be in agree-

ment with present experiments. This may suggest that:

72M. Gell=Mann and A. Pais, Proceedings of the International Conference on
High Energy Physics (pergamon, London, 1955)

73‘?or‘ Z--; N 4+TW-decays, one has to azzumc & certain ameunt of parity vicla-

tion (corresponding to S¥-P-interference-term) in one of f‘be three modes of

s¥— N +T-decays. Then the rest is prescribed by 14J1 = 5-rule. (See for

instance, M. Gell-Mann and A, H. Rosenfeld, Ann. Rev. Nuclear Sci. 7, L07(1957))
38



B ke e s

Various Features of the 1] | = s-Rule¥
No. Principle Expected Values Cbserved Values
Strict 18T 1= 3 W QA 27 ) !
1 and nearly 5% | —————p———"" B ~ -
AT | =3, AR Seo
above " P YT
2 Same &s above NQK" > ZM *Z = R,Wher«a (7¢)
SYQSEST 0.2V 041
O 2L RLC.38
ek F (77)
3 Strict |AL =3 W “"m’”"’W) 31@705) 3.32 £0.05
W (KT ar)
4L Strict iL\I -;% W CKp —> 3T ) o 3 e
I CKS > 3T ) >
KQ ..,5.. ) (76)
{ Ko ST4Tr 47 consistent with
5 Strict IAE&:: l;:i] C K"a’__;. :g“_\ 5 expected value
_ - T Fe)
. Strict JAL I:% WA= P ) o~ 2 o, 627+0.031
W C/\%- N4TD 3
1 x¥ex (78)
i A = Y+
; Strict | ;.1;_‘ 5 AL (A—> T[') -1 +4.22 *0.2
ot (N> P+)
o . + ]
Strict IATI=4 | | (Zhprrr) £ IWN (Fonei) C79)
with specific a4 A
amount of parityle) (e Y 44 el
8 violation in one SN LZ T )= L 1:4
of T¥ SN+ -~~~ =~ -~ - m e =" "
decay modes(€0) GEZ“" L ~O 9%_,“4_11: = 6.5z %0.47]
e nar ~ =
o i "}%;, naf P = C.0z+0cH
L R B o =
[ rapam | 21 e py§ P-0. 70107
# See next page for foot nots
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% In the above table (2), (3), (4), (&), (7), and (8) are consis-
tent, but do not imply the lA;l = A-rule.

## The factor o~z 1.3 arises due to difference in phase space
factor of ﬁ§| and 13' -modes. We have not inserted such fac~
tors in the other ratios.

e OC denotes the pion - asymmetry parameter'in the correspond-

ing decay process (see Appendix II).

76

Crawford et al. Phys. Rev, Lett. 2, 266(1959)
77

Birge et al. Nuovo Cimento &, 478 (1957)
78

( Cro?in et al. Bulletin American Phys. Soc. Series II, Vol. 5, 11
1960

79
See table in M. Gell-Mann and A.H. Rosenfeld - Ann. Rev. Nuclear
Sci., 7, 407 (1957)

80
( M.'?ell—Mann and A.H. Rosenfeld - Ann. Rev. Nuclear Sci., 7, 407
1957

8l
Cool et al. - Phys. Rev. 114, 912 (1959) '
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(1) FEither, the decay-interastion hamiltonian of strange-particles transforms
in the isotopic spin space as a spherical tensor of rank %; but the deviations
from the strict 1A Tl Z £ rule take place to the desired extent by some pos-
sible mechanism. One(7h) possible mechanism may be the nature of symmetry and
strength involved in fyery" and "moderately" strong interactions. Another
alternative(75) may be the infludence of final state interactions in addition
to electromagnetic ones.

(i) or, the decay-interaction does not satisfy the strict 1A Il = % rule.

However, in the decays of strange particles, the 1AIl = % -component predom-
inates by some possible mechanism, A possible(76) means is the special impor-
tance of a set of diagrams, which satisfy the strict 1A;El = £-rule.

It is the second alternative that we shall be concerned with in the

preseﬁt work (see Chapter II).
3. The Slowness of lLeptonic Modes

The leptonic modes of strange particle decays seem to be rarer than pre-
dicted by the simplest extension of universal fermi interaction, by an order
of magnitude.

a *

So far only two decays of (A - P4e"t3) and no leptonic decays of X

have been observed. Altogether, nearly 1500 A's and 2000 Z's have been
produced by high energy pions and slow K= in the hydrogen bubble chamber and
decayed under conditions, which would have permitted efficient detection of
leptonic decays. Table IV gives the experimental upper limits and the theo-

retical predictions for leptonic decays of hyperons. These show that the

observed rates are smaller than the universal rates by an order of magnitqde.

Thgee ror instance, M. Gell=Marn, Rev. Modern Phys. 31, 83L(1959)

75M. L. Good and W. G. Holladay, Phys. Rev. Letters L, 138(1960)



Table IV

Branching Ratios of Leptonic Decays of Hyperons¥

Leptonic Mode Berkely Data| World Data [Theoretical
; Prediction of
UFY
(Z) (&) ( &)
A=>b+e +D <. 5 ' .2 1.6
A — . 0.2
A>pi+d | <ot o1 4
- - - 2.
Z >N+ Lo.4 O < 25
_ 5.9
Z‘_>’ﬂ+ e+ <0- 4 ©-=
st s+ v+ £0.6 0.4
FH e N+ £o.5 o3 .
T (| <t -
+ . — -
=zt A +{e+} + <oz

# The above table has been taken from D.A. (Qlaser - Kiev Conference
Report (1959)
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The observed slowness of the leptonic decays of hyperons is also consis=-
tent with the rates of the leptonic decay modes of K-meson. The absolute
transition rate of Kj o (Wkp;ﬁ; h.8x1C7 sec"l) is nearly equal to that Of]ﬁxz
(h&ﬁuzzs L4.0%107 sec™l), in spite of the bigger phase space in case of the
férmer, This might, of course, be due to the smallness of the K-meson baryon
coupling constant; compared to the pion baryon coupling constant. However,
adopting a plausible value gi /gﬁ“xi% s a disperion theoretic calculation
(simila? to Goldberger Trieman's Calculation of W%>P&iu) by Sakita(Bz)and
Albright(BB) shows that the observed rate of kaz can be explained only by
adopting a smaller coupling constant for the weak vertex (by a factor of 5
nearly) than the universal strength. Roughly the same conclusion is reached
by the recent dispersion theoretic calculation of Ke3 and K%A_3 rates by
Sawyér(sh). It is pertinent to notice that only the axial vector part con-
tributes to Kilz and only the vector part to KpL3 or Kg3; assuming K meson
parity relative to (hyperon, nucleon) system is odd. (For even parity the
reverse situation holds). Hence we have an indication for weaker strength
of both the vector and the axial vector part of the strangeness violating:
vertex than the universal strength.

The slowness of the leptonic decays of the hyperons is not likely to
arise as an accident from damping due to strong virtual effects (these
effects are quite small in n => p 4+ e~ +Xdecay), since(85) no V.4 inter-
ference_term appears in the rate and the damping must occur for both V and

A interactions seperately. Moreover the damping must exist to nearly the

same extent in A, ¥ and K-meson decays.

82p, Sakita, Thys. Rev. 11k, 1650(1959)
8¢, n. Albright, Phys. Rev. 11k, 1648(1959)
8lg, . Sawyer, R,ys. Rev. (To be published)

853. Weinberg, Phys. Rev. 115, L81(1959)
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If one accepts that the discrepancy between the universal rates and the
observed rates of the leptonic modes of strange particle decays is real, and
is not solely due to renormalisation effects, then, probably one should asso-
ciate the strangeness violating current with a weaker coupling constant than
the strangeness-conserning one. Then one m%y adopt the point of view(aé)
that the strength of the weak coupling ccnstant QOes in fact depend upon the
change in strangeness. This would serve to explgin the observed rates of
the leptonic modes of strange particle decays-.

Can one then still explain consistently the observed rates of the non-

leptonic modes of strange-particle decays?

This will form the subject matter of our discussion in Chapter II.

8688e for instance, S. Oneida, J. C. Pati and B. Sakita (Phys. Rev. July 1,
1960 -~ to be published)



(1)

(2)

(3)

(L)

(5)

45

F. A List of Problems

The foregoing discussion raises the following interesting problemss

Does the universal V-A four-fermion interactions. sstablished so well
for the nucleons and the leptons extend also to the hyperons in form

and strength?

Should one treat all the hyperons as equally basic (subject to suitable
selection rules) in the primary four~fermion interactions, or should one
single out one hyperon (say the/\) as basic for the primary weak-inter-

actions, like in the Sakata(87)model?

Can one explain the approximate validity of the 1ATIl = % rule, borne

out experimentally in the various decays of the strange-particles?

If one assumes that the strangeness violating current may be a ssociated
with a weaker coupling constant than the strangeness ¢onserving one, as
is indicated by the slowness of the leptonic modes of the strange-par-
ticle decays; can one still® explain the observed rates of the nonlep-
tonic modes?

In parﬁicular; does there exist a correlation between the slowness
of the leptonic modes and the explanation of the approximate validity

of the 1A I1 = 3 rule?

Iast, but not the least; are the four-fermion interactions strictly

local, or are they intermediated by a charged vector boson?

87s. Sakata, Prog. Theoret. Fhys. (Kyoto), 16. 686(1956).

# The rates of non-leptonic modes, like those of A= I %Tr-decaysg calculated
on the basis of the usual set of diagrams (Fig. L), with a universal weak
coupling constant are nearly half the observed values.
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. 88
Closely related with the above :estion, (dus to the slownegs )

(29

of the M—>€+Y ~decay) i the guestion:

Is the &k” a lepton 1like €7, or is it an antilepteon?

Correspondingly, is the missless neutrino to be represented by
a two component theory or a "restrictsd! (to hy be explained later)
four~compenent theory?

The work in tiis thesis will be largely concerned with the

+

sbeove five problems. We assume the simplest scheme of wealk-inter-
action, namely the Gell-Mann-Dellaporta-tetrahzdron scheme, which
introduces the primary weal interactions only among the leptons,
the nucleons and the f\ ~hyperon (more or less in the spirit of
the Sakata model) and try to pursue the possible successes of
this scheme. We discuss the mechanism of /A ~hyperon decay in
Chapter II in connection with problems (3) and (A) and show a
natural way of explaining the approximate @Aﬁlaﬁ = 3-rule as
well as the slowness of the leptonic modes of strange-particle
decays compared to the non-leptonic cnes. The various modes of
K-meson-decays are discussed in chapter III, and their relative
rates are compared with experiments. It is shown that the mechansim
of [\ -decay, developed in chapter II, leads to improved agree-
ment with experiments for all the relative rates cf K-meson deéay
modes. We finally discuss in chapter IV the possibility that the
four fermion interactions may be mediated by a charged vector bo-
son (Problem (5)).
a8

See for instance Davis and Zipf, Pnys., Rev. Letters 2, 211 (1959).

89
G, Feinberg, Phys. Rev., ilO 1482 (1958).
S. Oneda and J.2. Pati ;

G

s

Aot
F,\
O

o
i.v

W}

N

3 raTr T v d o E
Ve LTLUSrE oy



CHAPTER II
THE DECAY OF THE /\ -HYPERON

Abstract

In this chapter the decay of the A -hyperon will
be discussed in the framework of the V-A interaction extended to
the Gell-Mann - Dellaporta tetrahedron scheme. It is shown that
a new class of diagrams, which contribute only to non-leptonic pro-
cesses like A->N+T - decays etc. and which satisfy the strict
]A}:\:é— - rule are much n;ore important than the usually consider-
ed diagrams containing appreciable amount of \A;[:% - transitions
in addition to lA§\=$-part. This makes it easier to explain the
approximate validity of the (A_l:l=-ii_»rule and also leads to a
consistent explanation of the slower rates of leptonic giedes and
the faster rates of nonleptonic modes of strange particle decays,
provided one associates the strangeness violating current with a

weaker coupling constant than the strangeness conserving ones.
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A, Scheme of Interaction

The weak-interaction phenomena involving nucleons and leptons
seem to be well understood in terms of an universal V-A four-fermion
interaction involving the self-coupling of a charged positive chiral
current with itself. The extension of this scheme to hyperons is
by no means clear, One does not know whether to treat all the hy-
perons as equally basic (subject to selectioy rules) for the pri-
maTy weak-interactions. It is also not clgar whether the univer-
sality should extend in form and strength to the hyperons., One
does not also know, whether to include or excude the neutra§9tgr—
yonic currents whose existence has been conjectured by many.

Under these circumstances, undoubtedly one has to keep an
open mind regarding the various possibilities and speculations,
until a completely reliable method of judging their validity be-
comes available. In this thesis we consider, more or less in the
spirit of Sakata-model, the simplest possibility, namely the

2
Tetra-hedron-Scheme, which introduces the primary weak interactions

only between leptons, nucleons and the f\»hyperon and pursue the

possible successes of this scheme.

91

It has been recognised by many people that, to construct a four-
‘fermion interactiongyhich satisfies the strlct AT |=)/z-rule, one
needs to 1htroduce aryonic currents in addition to charged currents
(See M. Gell-Mann, “Rev. Mod. Phys. 31, 834, 1959). It is also known
that there are no immediate objections to introducing such neutral
baryonic currents. However due to the absence of processes like
Hoerere ,KoThhere and K>T+D ete.;, one ought to exclude neutral
leptonic currents. This is however rather unaesthetic, since the
interaction would then contain neutral baryonic currents, but no
neutral leptonic currents.
92

M. Gell-Mann, Proceedings of the 6th Annual Rochester Conference
on High-Energy Physics,1956. N. Dallaporta, Nuovo Cimento 1, 962(1953)

L8
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We will assume in the present chapter that the four-fermion
interactions are local, (The effect of non-locality in four-fermion
interactions on A -decay will be investigated in chapter V). We
will also assume that the slowness of the leptonic modes of strange-
particle decays is not sclely due to rencrmalisation effects. The
cénsistency of this slowness (See chapter IE) in the ‘P-—decays of
/\ and Z—as well as in K\&Z’ K“Sand Kegdecays seem to Jjusti-
(93) tnat

fy this assumption. Thus we will adopt the point of view

the strength of the weak-interaction does in fact depend upon the

change in strangeness.

Fig. 2

93

In this sense we are giving up the concept of strict universality.
However, this may be compared with the situation in strong inter-
actions, where the K-mesons seem to possess a slightly weaker coup-
ling constant than [T -mesons.
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So we will associate the (PQD) - vertex with a coupling constant

f! (Referring to the dotted lines in Fig. 2) different form f, which
is associated with the other three vertices of the tetrahedron
(Referring to the solid lines in Fig. 2). ({f' is expected to be
smaller than f +o explain the slowness of 1gptonic mcdes)). We

will assume further that the weak interaction current j , is com-

A
posed of charged positive chiral currents onlyo(QW) The weak-inter-
s
action, thus has the form:
*
Hueark = ;);(‘JQ—C + H.C. (15)

where ;Zb has the unique form:

&L= F[Dx,a+ivs)e + D (s + Py, (N +*}Dc EUHWsﬁ\J
(16)

The coupling constant f is related to the usual fermi-coupling con-
stant fp (j;FTﬁ;z \65 ) by §2= fF/\{—i- o

Perhaps it is worthwhile to point out somé of the immediate
virtues of the abcve choice of ;Zb o
(1) First of all it is probably the simplest choice, which can,
at least qualitatively, explain all the observed weak processes.
It is also consistent with the known invariance properties (Invari-
ance under proper ortho-chronous Lorentz transformation, CP and T-

invariance) and conservaticn laws{conservation of baryons and leptons

94

By definition a currect composed oftwo Fermi-particle-field-opera-
tors 4 and B is suid to huve positive chiral foras, if it has the
structure A ¥, (1+{§x)B, or its hermitean conjugate. We confine our-
selves to only those charged current for which Gy Qpl= 1 -
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as well as electric-charge) in weak interactions. It is noninvari-
ant under C and P.

(ii) 1If one adopts the view-point of the sakata model for strongly
interactiing Particle, which considers only the proton; the neutron
and the s\ -hyperon as truely elementary and the other strongly in-
teracting baryons and mesons as composite (See Table -V); and also
if one admits only charged positive chiral currents, then the above

choice of the interaction is unique.

«< .
(iii) The interaction satisfies the ‘j—_afqz-»current " rle for the

strangeness violating current (mentioned earlier. See Chapter IE)

and hence the %:-\— ﬂ_-rule(95); In so far as no & —->N+6'4 )~

decay has been observed so far and the predicted relationships (See

L

Chapter IE) between the rates of Kez and K;S or Msand KO},LS

are consistent with present experiments, the above rule seems to

be a rather good choice,

(iv) Within the framework of the Sakafa-model, the vector part of
cuvrrent s ‘ (96)

the strangeness conserving automatically conserved without the

N
addition of any pionic or Kaonic—currents etc, This would imply

97)

in the limit of low-momentum transfer(' to the emitted lepton pair,

95
It is to be noted that within the frame-work of Sakala-model it

is_impossible to obtain //(Q'icurrentso Hence occurrence of
§3-»“+e¥v~decay or any other evidence for AS4=-{ - currents will
be rather fatal to Sakais model.
96

L. B. Okan, Report to CERN Ann. Intern. Conf. High-Energy Phys.
Geveva, Switzerland, (1958).
97

For the case, where momentum transfer is large, one can conclude
that the form-factors of the strangeness conserving weak vector in-
teraction, resulting from strong virtual processes should be the
same as the Isotopic-vector form factors of electromagnetic inter—
action, whose current also satisfies the conservation law,



Table V

The Sakata Model®

Structure of [T , K, 7 and =

MESONS ) T B AR‘{ONS S T
]
M= PN 0 1 AN -1 1
T=Ppn o 1 Z=PpnA | -1 1
©_ 1 (chy 1 % =Lppmn| -1 1
T=gPpm) | © G
K =PA -4 16 T :bAA -2 1%
Ke = A -1 14, = =MAA -2 1
K™ = PA +1 s
Ko = 'Yl-/—\. +1 ' 5/2_

# Table taken from L. Okun, Annual Rev. Nuclear Sci. 9, 61(1959)

S = Strangeness; I = Isotopic Spin

52



4]
W

that the coupling constant for the strangeness conserving vector-
interaction should not be renormalised under the influence of strong
interactions. This is consistent with the experiments on H-—decay

and B ~decay of Ol4,



B. Preliminaries on /\-Decay

It has been est,ablished(98) rather conclusively at the moment

that the spin of the /\—hyperon is —L?_ » The most common modes of

decays for the /\—hyperon are:

A= P
AN =N+

In addition, out of nearly 1500 /\—decays, two leptonic-decays of
/\ -hyperon (A>p+e+> ) have been observed. We will confine our
discussion for a while to the wvarious feature of the above two non-
leptonie decay modes.,

Since the parent particle has spin—'-é ; the final pion- nucleon
system, which is produced by the decay of /\ -hyperon, must neces-
sarily be in Sor P-state in the rest frame of the decaying A-
hyperon. (A simultaneous presence of both S and P states is possible
if reflection invariance fails to hold in the decay mechanism of A ).
Each of these S and P states can in turn be composed of a certain
linear combination of T= 1% and 3% -states, whereI denotes the
total isotopic-spin of ﬁhe final T -N system. Hence there are
four different channels for the decay of A\ to T -N system.

Let us denote the amplitudes for the decays into the four

possible channels as follows:

98
Crawford, Cresti, Good, Stevenson and Ticho, Phys. Rev. Lett. 2,
114 (1959).
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Final state of T -N system

Amplitude
2%, i LI=3 =
2s,, » L1=3% | >3
2P 5 ) TI=, i
2p, » T=% B (17)
Using the standard Clebsch-Gordon coefficients(99) the ex-

pansions of \Pﬁ’> and \Y\ﬁ‘)— systems in isotopic-spin space are
given by:

s -V i
P> ={!s Y, -3 Y,

X = )2 e V2
Inf> =335 Ya. +08 Y
34 2
(18)
™M
where Y;J' behaves like a spherical tensor T{JM) .under rotation.

Denoting the net transition-operators for the decays

and A>n+7° by t and +° respectively, we have form (17) and
(18):

t-
t

{'\K;_é Si+% SS% “'{'\r;.—é P+ {5 E}gﬁf

Y

{@Sf' 355,35 + {U_g"m@; RI& A (9

99

See "Theoretical Nuclear Physics" by J.M. Blatt and V.F. Weisskopf
(John Wiley and Sons).

55

N=>Par™
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-
where Pn- denotes a unit vector along the momentum of the pion

ﬁ 5 2 o 2
and & denotes the Pauli spin operator. SJ‘. ’SB’ Pl and P3 are in
. = o ps
general complex numbers and are functions of Pﬂ’ s which is fixed
for the two-body decay wmode.

The decay rates, given by {(19) ave {Ses' Appendix II)s

W(N->P ) e {% NS “5352“‘2 \S?Q Re (5%.55)}

i *

(20)
WAy cef 151513515172 Bo Re (55)]
+ {1BIRI+251R1 2 B8 Re(RR))

(21)

If the /\whyperon is polarised in the production mechanism
and if the final [ -N system is produced as a mixture of S and P
states, it is easy to check that there will be an up-down agsymmetry
iﬁ the distribution of the decay picns {consequently in the dis-
tribution of the decay nucleons) with respect to the plane of pro-

duction of the /\-l’xyperono
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Let us denote the angular distribution of the decay-pions by W(E )d§ 5

where

éﬂ = Con @

© being the angle between the mémentum-vector of the decay-pion
and the Z-axis, which is chosen along the normal to the plane of
production of the /\ -hyperon. (For the case, in which A is

- S)
produced by the reaétion‘[l_+\’>-—>/\+\< s the Z-axis is chosen along
— _, __a>0 __>
\%_m;g ]3/\ See, Fig. 3 , where P‘Wcm and P/\ denote the momentum—

vectors of the incident pion and the A -hyperon respectively).

P\_oduc{io\? Plare
of A

T Cout)

(fig. 3)
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The final T -N system, originating from the decay of a A\
with spin-projection m (m =-ry2) on the Z-axis can be written as

& linear combination of S and P-states as follows:

T - (22)
A =AS, B, =
2 )

It is then easy to show (See Appendix II) that the angular distri-

bution of the decay pions is proportional to:

WE) = 1 +dLPcose (23)

VaY
2Re(AB)
where, oe = S S (24)
IR+ Rl
s (100) '
and P denotes the polarisation of the /\ -hyperon, with

the Z-axis chosen as the axis of quantisation for the spin of /\ °

100

It may be remarked that if parity is conserved in the production
mechanism of A -hyperon, TW4P->Ao+K® which involves unpolarised
proton target, then /\ can not have any component of polarisation
in its plane of production. It can only be polarised in a direc-
tion normal to the production plane.
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OC is called the "PION - ASYMMETRY - PARAMETER". Let us denote
these parameters for the charged and neutral-modes of A -decay by

o _ and ofc respectively. By egs. (19),(22) and (24) we have:

dn, - = 2 Re {‘CS\B"‘\EZ—S;,)*C’EB - \Y—Z_‘-R)B
‘ 2
1S;-325,1° +18-{z R -

2 Re {Csl“'ESB)*CP\ 4 \X‘;—-P?')L
1S, + T, 4 | Pam R

de =

It is clear that, since the polarisation may in general be a
function of the angle of production of the A -hyperon (although a
slowly varying function) we should replace P in eq. (23) by E, where
P denotes the hyperon-polarisation averaged over production angles.
vaiously by studying the distribution of the pions with respect
to the Z-axis, which has been chosen along the normal to the pro-
duction-plane of the hyperon, one can only measure the productdfso
Since \T5|<j19 this will enable us to assign a lower limit to the
hagnitude of d. . Such measurements in the hydrogen-bubble-chamber

, (101) |
in Berkely yeild the result

d.P=073+014 (26)
L. > c.Y3 * 0. 14

Hence

101
D.A. Glaser Kiev Conference Report (1959)
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Since P is unknown, one can not measure the sign of  _, nor
can one determine its exact value by the above experiments. An-
other method for measuring ({’_ is based on the fact that the longi-
tudinal polarisation of the protons from the decay of unpolarised
/\ 's at rest is equal to .-OC__(See Appendix fl) . If the A -
hyperons decay in flight with respect %o the labora;tory system; then
the decay protons possess a transverse componer:b of polarisation
in the laboratory system, so that the sign oi"ol)-» can be determin-
ed by noting the left-right asymmetry in the distribution of the
protons, when they are scattered against nuclei., Such messurements
have recently been carried ouél?li the propane bubble chanber in
Berkely by inJjecting high-energy K -beam into the chamber. From

37 favorable cases of the scattering of protons from /\ -decay it

is concluded that:

d- >o (27)

(103)
i.e. the proton has negative helicity.

As regards the asymmetry-parameter ofc of the /\—9Y\+T\‘0-decay mode,
(104)

a measurement has been done recently by Cronin et. al.

102

‘R.W. Birge and W.B. Fowler - Bull. Ami. Phys. Soc., Series II,
vol. 4, Noi 6, 355(1959).
103

This confirms the result of previous measurement by Boldt, Bridge,
Caldwell and Pal, Phys., Rev.Lett. 1, 256 (1958).
104

Cronin, Cork, Kerth, Wenzel and Cool, Bull Am. Phys. Soc. Series II,
vol. 5, No., 11 (1960).,
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They produced A -hyperons by 1 ‘?.‘.éfiq\— in the reaction T 4+ck> K+ NAetP.
The asymmetries in the charged and neutral decay modes of A's were
measured by counter-arrangements, which detected separately charg-

ed pions and +y's from TTO“s° Their measurements yield

Hence one obtains:

d‘"'/c{'o =+1.22+0C.24 (28)
Apart from the rather difficult measurements of the asymmetrry

parameters in A -decay, a pertinent fact is its branching ratio.

Measurements by Crawford(lo5)et° al. in hydrogen bubble chamber
yield:
= Py
R = W (A > P+TT) = 0. 627 F 003!
A- AW A
_ WOASNE) | .43 % 004
Rho AL A

(29)

Measurements by other groups of workers also confirm this result.

105
Crawford, Cresti, Douglas, Geod, Kalbfleish); Stevenson, Sticho,
Phys. Rev. Lett. 2, 266 (1959).



Finally it is of interest, that only two B-decays of the /4 -
10
hyperon have been observed out of nearly 1500 }:_‘“s produced.
This leads to a branching ratio:

N o 5 2 =S ) o
Q@[_\ A= \W\d@:@y L e O (30)
AR A

To sum up; the facts that one would like to explain about A

decay are mainly the followings

(1) WA>pr1) = O0.627 2 0.03| (31)
W A=>n+1)
(2 o 2 073 £ 014 (32)
v — 4+ O.24
(3) °f’/o€o = +1.22 % (28)
W WAW>N+T) 2 058 X185 sec! (33)
(5) W (A —>.p+e_+3)gbsefm N (34)

|
WN>Pre3) e ©

106
Crawford, Cresti, Good, Stevenson, and Ticho, Phys. Rev. Lett.

2, 506 (1959).
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C. Previous Work (The OMS-Analysis) and Successes

The decay of the A -hyperon has been discussed by a number
(107)

of workers, in particular by Okubo, Marshak and Sudarshan
(referred to as OMS-inalysis). In this section we will briefly

outline the main content of their work and its successes. In th:

[~

L]

next section we will peint out the short-comings of their view-
point and a possible remedy.
Experimental value for the branching ratic of charged and

neutral modes of A\ -decay is given by eq. (31). Adopting the

value

W(A=>b+T")
W (A= P+ ) +W (A->0+TE)

= 2 (35)
3

we have from eq. (20) and (21) the following most general condition

for the validity of eq. (35):

*
232 Re (§S5+P. P) = - (IS5 1R)%) (36)

81,53,F) and P3 are in general complex numbers of unknown
phases. However, if we assume invariance of the theory under time
reversal or under CP, then their phases are determined(los) in

terms of pion-nucleon phase shifts and we can write:

107

S. Okubo, R.E. Marshak and E.C.G. Sudarshan, Phys. Rev. 113,
94k {(1659) Referred to hereafter as OMS
108 |

F. Coester Phys. Rev 89, 619 (1953); E. Fermi, Nuovo Cimento 2,
Suppl. 1, 54 (1955); M. Gell-Mann and KiM. Watson, Ann. Rev.
Nuclear Science 5, 219 (1954) .
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AT ™ 180y
S\:+ \5.\6 ) \\=+\'R\e
1% 1%33
= ‘_l’_ \53\@‘ 2 ) %;:‘: \Pﬂe (37)

Sa

where the &'s denote the usual pion-nucleon phase shifts in the

(109)

4
usual notation at the energy available for A -decay (v 37 wev.).
\
At such energies the §'s are quite small, so that they may be all
set equal to zero. Then Sl’SBQPl and PB can be treated as real

numbers, and eq. (36) becomes:

22 (5,S3+ R ) =-(§+ ) (38)

If the lAI\:%-rule holds, then

S3= % =0 (39)
In this case eq. (38) is satisfied most trivially. It is further-
more clear from eq. (25) that eq. (39) will imply 0’?—/050 =+1
as is required by experiments {eq. (28)).

- Okubo, Marshak and Sudarshan have pointed out however that

eq. (39) is not the only solution of eq. (38 ). In otherwords

AT | ._._\.2-rule is sufficient but not necessary to guarantee eq. (38).

109
'"Mesons and Fields' - Vol II by H. Bethe and F. De Hoffmann
(Row, Peterson and Company) .
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There exists another possible solution:

8y=-232 S, , B=-232 R (40)

It is interesting that eq. (40) not only implies eq. (38), but also
leads to the desired value for the ratic of the asymmetry
N .
parameters ;cL7420=*4 .
{109)

Let us considernow, what does our choice of the inter-

action for /\ -décay {(E/\) m P)+H~C'} tell us about the iscto-
pic spin selection rule, The tensor dscomposition of the above

interaction in isotopic spin space is as follows:

Ha =< [Pr(mPy+hHcd
= L [{20Pa@ P) - (A (AW + H-C)
LT {PRGER + B @n] +Hc]
(1)

(The 1{ -matrices leading to V-A-interaction have been suppressed

for convenience)

109 - —

It is to be noted that the choice 1 (PAYMP)+HCY adopted in
the present work for the decay interaction of /\-hyperon is the
same as that of OMS.
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The term insids the first squere~brackes cn RHS of eg. (41) trans-
forms as an I = 3/2 -- ent3iy under rcratics inisc-space, while

that inside the

i

ecord square brackst tounsforns ss an iso-spiner.

Thus ths cheice of the interacticn ziven by eq. (41) is ob-

viously expected to wiolats tkuaklﬁélé#k;fseleétion rule. It leads

to appreciable amount of Lﬁlglz';gutra:aitlsns in;uddition te

[FAYII I é - ones., OMS have shown howsvsr t,"‘at‘ thiz need not be
disturbing from the experimental stand~puint‘au lzacst as far as

/\ ~decay is concernzd. They have pointed ocut that the interaction
(41) leads in the lowsst crder {fig. 4) of weak and strong inter-—
action to eq. (AO), and hence explains the observed branching ratio
as well as the ratio c¢f the asymmetry parameters of the charged
and neutral mcdes of J\-decay. The same diagram further leads to
the right sign and magrnitude of the asymmeiry-parameter and explains
reasonably the absolute rate for A-»>Nsw decaw if one assugies uni-
versal strength for weak interactions. We will give below a brief
discussion on the contributicon from the lowest crder diagram and

its successes.

The Lowest Order Diagram for /N\=N+T . decays:

The lowest crder diagram for A-N+Tr - decay is shown in
fig. 4. Fig. 5 has the same structure as fig. 4, except for the
strong virtual prccesses in side the loop included in the former.
In fact it is equivalent to fig. 4 in all respects (i.e. it gives

the same asymmetry parameter branching-ratio and pcssesses the same
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isotopic transformation preperty as fig. &4 except for a gonstant

scale~factor, which is material only for the &bsoiute decsay-rate.

Thus wher. we refer tc "the lowest-order diagram" we will often bear

i

in mind fig, 5 rather than fig. 4.

__._,_,9_____
-
N N
Fig. 4 Fig. 5

By Lorentz-Invariance, the matrix elements of /\—)\’J-e—‘n‘"

and A= ~decays represented by Fig. 5 must have the form:
_ . 4 | e — .
MA=>P+T) = (2“)46(‘R'\%"‘§.X¥§\1‘5%)\A EF;THP Ful+iys) A\ (12)
/
oM | —_
o < . - _ ]
M(AsneR) =D R-RRe) (F5 ) A 1Ry NN )

gﬂ denctes the rencrmalised picn-nucleon ccupling constant

2
(q“/éh'rz lS'),A and A' are dimensionless-scalare representing the
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contribution of the black-tox in fig. 5, and are functions only of
2 = . . . .
\F%, and lF%o respectively; using the charge independence of pion-

nucleon interactions we have:
i
A = A (L)

Let Ay represant the corresponding contribution of the reduced
diagram (fig. 4) without radiative cgrrecti%ns inside the bubble.
Clearly egs. (42) and (43) yield the desired 2:1 branching
ratio (eq. (31)) for the charged and neutral mecdes of A=>N+TT - de-
cays. also from egs. (42) and (43) the asymmetry parameters for
(110)

the corresponding decay modes are obtained to bes

Y

d. = Lo ~+r0. 89 (45)

The problem of evaluating the contribution from fig. 5 to the
absclute rate of A->N+T- decays can be solved, if we could
evaluate A reliably. For the strictly lowest order diagram (fig.k);
Ay 1s logarithmically divergent, but can be evaluated readily by
using a Feynman cutoff N . We will first sketch below the evalu-
ation of A . Since there isnc way of evaluating A reliably; we

will subsequently evaluate it from the known rate of T>fi+dD-decay.

110
S.A. Bludman, Phys. Rev. 115, 468 (1959).
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Evaluation cf A,

Dencting the internal momentum of Fig. 4 byl . and comparing

with eq. (42), we have:

™Mo AR T {2?4._Yd RTK{YH (+is) (- ﬂn} 185 {Gn’az -¥)- mé
X(—>\/ﬁ:§‘>\z>
MR
=D (e T (0 XA
(2“' (\R mP)L( Q"'\Pﬂ‘) \'“P

(46)

This yields:
2
L (M) [ v toq Vi
~ u 2 2 2_ydp 0 N -4 (47)
B 41fe i/ LA % ]
The values of Ao for a few values of >\ are tabulated belows

Taeee - VI

X — | mp 1.5Mp | 4.8Mp | 2vnp

13

=
O

-
=

2 -
o ). 0.9
AT<A—>| ©50 2




Evaluation cf A

As mentioned before;, we will estimate A (the contribution of
the black-box in fig. 5) from the known rate of W= M+ decay.
It is to be noted that, apart from electrcmagnetic corrections the

pion-decay matrix element (fig. 6)

>

is rigorously given by:

M@E9) = sl k.- llg;)(fzq?gw)m p D IE’Pp Y)Y (4

Comparing figures 5 and 6, we may put
A =B

The value of B can be evaluated from the observed rate of T—|L+d-

decay, which, thus yields:

ATL A ~ 0-2954 (49)



absclute Rate for /\*‘> N-HT ~decays

For convenience, we shall define a parameter @/\ in terms of
A. Let us denote the effective decay-interaction for /\—)F-HT'

decay (Fig. 5) bys

Gin

Y, O+ A (50}
M2 bdq}ﬁ P .

The matrix element of fig. 5 for /\._§P+1r1decay is then given by
2mist T e AL
I b ) Gy Dy

Comparing egs. (51) and (42), we haves

G = I ENdG) (Mrhnd A
N
(zm*

= ($/6) (B ) () A
' (2rf (52)

2 al - 2 -
where we have used j: = j'):/\{g o Pubting &F mP = ggswe haves

=2 ) 2 _ .
Sp o = (38) (4260 310 4| (53)
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The rate for /\«érF>+TT:aecay9 caleculated from the matrix-element

(51) is given by:(llo)

) =Ga. (MPAER) oy, it ] W
W>prr) =G (2B [yt i T

Ep is the total energy and q the magnitude of the momentum of the
proton in the rest-frame of the parent-hyperopn. It is easy to

check from the kinematics involved in A\ |4y “-decay that

Ep » 041 Wep

and qv/m/\% 0, C89E (55)

2 . 2
Using the values of<:KP> and <3§MLKé>»given by Bludman(llO),

&4) -
and using tabel VI, egs. (h9),(53)5Aand (55), the rates of A-» p~+Tr
decay cbtained from fig. 4 (for different values of the cut off PN )

and fig. 5 are as given in table VII,

110
S.A. Bludman - Phys. Rev. 113, 468 {1960).



Tabla VII

(560> W (bt W (AP
Figure P { calculalked) | (Observed)
; Numbey Per Sec.|Number R S

‘mp - O-BO x\(é)g
1.5 Mp G757 x 18"
. Yo}
4 i 8 Mp 1. 234 x1& | 0.25x0

2.6 Mp | 1.544 <3’

e e A m .

Estimaked by
5 TRkl o joqx8

¥ The rabe of N\ >N+ -dscay L balf that of A> P4 -decay.

Thus it is clear from >he above table that if we adopt univer-
sal strength for i1l the vertices of the tetrahedron (fig. 2).i.e. if
we put £ = f), fig. 4 as well as fig. 5, zan =xplain the observed

rate of A—>P4Jy “-decay reasonably well (within a factorar 4 —5).
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So it appears that the merits of fig. 4 and § to explain the

various observed featurssof  A-decay are surprisingly many?

(1) It explaine the desired 2°4  branching ratic for A-»psw™
and /\«ayy+x10,, medes,
(1i) It explains the cbeerved signs and magnitudes d? the asymmetry
parameters of the A N4T-decays.
(41i) If one assumes strictly urdversal cmupliné (i.e. £F = ),
then one can also explain the absclute r;te of A->N+Tr-decays.
The perturbation calculation for fig. 4 does serve to explain
(i) and (ii) independently of the choice of the cut-off, while as
far as (iii) is concerned, it tends to yield slightly higher rates
(within a factor =~ 5) than the cbserved rate for reasonable choice
of the cut-off ( A ~Wlp«sl.BMp) . This is expected since the dis—
persion theoretic calculation by Goldverger and Treiman(111) on
'TYf>FLFv-decay exhibits that the virtual strong processes inside

the loop of fig. & will lead to a damping of the matrix element,

Henceforth we will refer to only fig., 5 as representative of the

class of diagrams given by fig, 4 and 5.

Being motivated by the above suscesses of fig. 5 whose matrix

element can be put in the factorised forms

P[RR AY s <PIGAIAY T HERISS (5

111
M.L. Goldberger and S.B, Treiman Phys, Rev. 110, 1178, (1958).
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OMS have been tempted to speculate that the above factorisation is
in fact a good approximation for /\ -decay, i.e. fig. 5 is in fact
the dominant diagram for A-»N«T0 -decays.

In order %o strengthen their specclations they have consider-

ed
T o7
7
P
~
-~
rd
<
\ \
\
\\
A
A\
\\ -
A N N
Fig. 7 Fig. 8

Some special classes of higher order diagrams (Fig. 7 or more
generally Fig. 8) in perturbation-thecry as well as by dispersion
technigques. In the latter case they have treated the A -field
in perturbation and have included only the T{ -N intermediate
state (Fig. 8) for the evaluation of the absorptive part of the

decay transition amplitude. They find that the inclusion of such

complications in addition to the "Born-approximation" (Fig. 5) does

not lead to any essentially different result, as far as the observ-

ed features of f\ ~decay are concerned, althcugh the ratio of S
and P wave amplitudes does get altered by such improvements over

the Born-term.
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It is at this point that one nees to be rather critical about
the above mentioned speculation of OMS. In spite of the remerkable
successes of the class of diagrams given by Fig. 5 to explain the
observed features of /\-—->N+‘|T ~decays, it will be shown in the
next section that there are a number of draw-—b"acks in regarding
Fig. 5 as the dominant class of diagrams for /\—§;N+-TT‘ - decays,
so that the virtues of Fig. 5 are to be regarded as accidental and

'
one needs a "new look" for the mechanism of \ /\-5 N+ ~decays.



D. Nseds for New Look

The drawbacks of consideéring the class of diazorams given by
fig. 5, as the dominant diagrams for A=> N+ 1T -decays are

the following:

(i) The diagrums shown in fig. 5, stronly viclate the QAI\=é -rule .
They lead to appreciable amount of RL\I:' \ . 3/2 -transitions

in addition to (A'_El = 5 -cnes. Hence, even trouzh they dc serve
to explain the observed features of A —> N+ ~dzcays, (for which,
it is sufficient but not necessary to adopt |ATL | = = % -rule),
they fail to explain the observed features of ]A; \ - L —rule

in K-meson decays (See I.E) if one presumes that the K-meson decays
proceed through /\—-7 N +Trdecays as virtual processes. In fact
fig. 5 will lead to comparable rates for K+—>2TT and K:—ygn‘ -

decays, wnere as the observed rates are in the ratic 1:500. There

is then no wa§'112) to explain this big ratio, unless one is inclin-
ed to believe in an unreasonably large suppression of |AT | = 3/2-
part compared to |AT | =} part by higher order corrections.

(ii) If we accept fig. 5 as the main mechanism for A=> N+TT -
decays then it has been shown (See Table VII) that the cbserved rates

can be explained reasonably by putting f' ~ £,

112

Okubo and Marshak (Piys. Rev. 100, 1809 1955) have suggested
that adopting fig. 5 as the dominant mechanism of A—> N+TT -
decays , the extremely slow rote of K¥—> 2T compared to that of
K\o—»zﬂ' can be explained, if there exists a strong attractive
final state TV-TT interaction in T= 0, J= O state, so that K\ >>2m
gets enhanced over Kt 21T . Apart from the fact that it is rather
artificial to expect such a large efiect due to firal state interactim
(leading to a factor 100 in the decay rate), there seems to be an
objection to the above hypothesis from considsration of the effect of
the same final state interaction on the rate of Yy, -decay (See
Chadan & Oneda - Phys. Rev., - to he published).

o2
7
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However with this chiice of £+ we run into difficuities in explain-
ing the slowness of the leptonic modes of strange particle decays,
so that, accepting fig. 5 as the dominant didgram for A —=N-+IT-
decays there does not seem to be anyway to explain consistenly the
observed rates of the leptonic as well as non-leptonic medes of
strange particle decays, unless we attribute this dicrepancy sole-
ly to renormalisation effects.

The above two reasons strongly suggest that fig. 5, may not
be the dominant class of diagrams for f\«a NAT - decays and that

one mpst look for a new class of diagrams. which are missing so

far from the discussion of /\-decay. These diagrams should be

such that:

(a) They are much more important than fig. 5.

(b) They satisfy the laLl = 3‘2 -rule and hence, because
of (a) serve to explain the approximate validity of the
I‘xgz | = i/(2 ~rule in strange particle decays.

(¢) They contribute only to the mon-leptonic modes in the
first order of weak-interaction. Hence, due to (a);
they serve to explain consistantly the slower rates of
the leptonic modes along with the faster rates of the
non:-leptonic modes, if one associates the strangeness
violating current with a weaker coupling constant than

the strangeness conserving ones (f'< f).



E. A New Class of Diagrams

1. Diagramatic Expansion in Terms of Intermediate States

The diagrams, that we are looking for are readily obtained by
asking the following question. What are the pcessible intermediate
states that are relevant for the decay f\;y?ﬁﬁﬁijsubject to the
necessary conservation laws. (i.e. conservation of charge and
baryon number for all interactions and conssrvation of isotopic
spin and strangeness only for strong interactions)?

Let us try to answer the abcve guesticn by expanding the
black box of the mechanism for NA—> N+T[ -decay in terms of inter-
mediates states in order cf increasing mass. The expansion can be
represented diagramatically as shown in fig. 9.

The usual diagram (Fig. 4 and 5) discussed before clearly
belongs(113: to the class shown in the fourth diagram on the right

hand side of (57) with (NNN) intermediate state. However the low—

est mass~intermediate state is just a single neutron intermediate

state (the 1st term on the right side of {57)).

113
The fourth diagram on the right hand side of (57) can be expand-
ed further as follows:

4 s St 7 S T N s
= :->-+ ;\?‘%%

It is the first diagram on the right hand side of the above expan-
sion, which can be identified with fig. 5 if we consider box-l as
a point. The square box on the right hand side represents effects
in which there is no spectator nuclegn in the final (‘T N)-produc-
tion process,
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+ T+N), (N+K), and (2m+X)-

Intermediate States .

Fz9.-9
The box S contains only strong interacticns. 7Tne box W contains

weak interaction only once in addition to streng interactions.
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It is furthermore interesting that such class of diagrams do satis-
fy the criteria (b) and (c) mentioned before in Section D, namely,
they satisfy the IANI\s % ~rule strictly and contribute only to
non-leptonic modes in the first order of weak interaction. Hence

it is pertinent to examine the importance of these class of dia~-

grams compared to the class shown in fig. 5.

Next to the single-neutron intermediate state are <the (T N)
and then the (¥ ) intermediate states. The contribution from
the (TWK)-intermediate state, as mentioned before is expected to
be small owing to the smallness of the relevant (T N)-phase shifts.
The analysis of OMS more or less leads to the same conclusion. In
the pr‘esent work we will omit any further consideration of the (W N)-
intermediate state. We shall also omit any discussion of ( TTX)
or any other higher mass intermediate states, mainly for reasons

of simplicity.



2. A Dispersion Theoretic Discussion

The fact that the single-neutror intermediate state is expeét-
el to be significant also follows by appealing to the usual disper—
gion theoretic approach. In the present work no attempt will be
made to pursue a detailed dispersion theoretic investigation. How-
ever much insight can be gained by a preliminary discussion, which
we will present below following OMS.

In the dispersion theoretic approach; as is well known, one
can, following the standard reduction techniéue of LSZ(llh) (bvased
on general assumptions such as validity of the asymptotic behavior
of fielioperators in the time component of their arguments; the
correct transformation properties of the operators under inhomogenous
Lorentz group etc.) eonvert the particles in the state-vectors
into field-operators; so that the transition amplitudes can be
expressed in terms of fiekloperators. If one wishes they may be
completely reduced to vacuum expectation values of appropriate
products of field operators.

The S-matrix element in terms of Heisenberg field operators
for the decay A->P+T , considered in the first order of weak
interaction can be written as:

S (A>pa1) o <P | fHau D YIA>
= e S 87T YIS

W' ®R-k- ) LPr IHEI A

n

(58)

Lehmann, Symanzik and Zimmerman Nucve Cimento L, 205, {1955),
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H,,(0) denoctes the weak interaction hamiltonian density taken
at the origin. Dropping the factor (2'[\'}4 840‘3,\-\\’{; an-) and
using the above menticned reduction techrnique, the transition

amplitude can be written as:

(A Pr) o0 L PT | HLO LA
oc Wy {doc %% p_&yT

(Y0, e @A (s9)

where —:Dx = -ix“ép +Mp (60)

so that F.D):CPPCX) = Jp(® (61)

T denotes the wick-time.ordering operator. It is easy to

check that

T (WO RLD) = 000 [h,00, Hy HEDWI(62)

where © (x) =1 for xo> 0 and = 0O for X, < 0., The secord
term on the righthand side does not contribute to physical
A} —decay, since inserting the second term on right hand side

of (62) into (59) we have:

W, § ot S < Mg o0 IA>

=T, fortx BT 5 7 | H@ IS Tp O LA
M

=W, ¥ Ho (o> i TpCed | > &' (IR +17-1R)
"
(63)
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The intermediate states contributing to the sum in (63)
should have 4-momentum ‘PY\ -_-IPA.- “Dp = n?n_, sc that \R:‘:n\jﬁ- o
There exists however no intermediate state, satisfying “é;:Yﬁ;
and having strangeness -1, so that 4“\3'\3(0){&—.—01‘01“ '[P:\'—.-m?r— 0
Hence the second term oh the right-hand bide of (62) does not
contribute to physical A ~decay and can be dropped.

Inserting the first term on the right hand side of (62)

into (59) and using (61), we haves

U

+ (AsP+T )00 Uy fdioce T ‘{‘if&m’) [0, Hiel

+ Q (%) [ Tp(0), Hco(o)]} \ />
(64)

The first-term involving the equal time commutator can
be identified with the Born-term. In fact if we treat the
/\ ~field in perturbation, so that we may express the physi-
cal state(l/\>) as bj_\(“a\)\(» then using the usual commtation

115

relations it is easy to check that we can express the

equal time commw tator-term as follows:

Tp fd'oc 8% 7 |38 0ood L0, HateD A

- (&?‘N’;% Wp BpuCrids) Un <T7] O WB it 4OID>
(2m 7?2

(65)

115

See "Mesons and Fields" Vol I by Schweber, Bethe and De
Hoffman (Row, Peterson and Company



clearly, the right-hand side of {65) can be identified as the
matrix element of fig. 5.

Writing ©CXe) ;b;g_ﬂ_ﬁzg where C(Ye¢)=-+1 for Xo > C and
-1 for x,«£ O, we can break up t into the Born-tsrm (B), the

dispersive (real), and the absorptive (imaginary) parts, i.e.

1 = B+DFLA (66)

where;
B ——g -'UHD«.‘)C_—LB . \

Ocupj X e <Tr|,t. ¥ 80xe) L4000, Hey(al] /\> (67)
D oe W, fdix T 180 (3500, HyCoi) \/\> 68)

A oe Wy, fdoe X7 14 300, Hu@B) > (69)

The transition amplitude can be considered as a funtion
of the invariant \R\..\P',=))(Say)., If the dispersive and ab-
sorptive parts are "well behaved" in the upper half complex-
plane, then by virtue of the causal properties of the transi-
tion amplitude, its real and imaginary parts can be express-—
ed as hilbert transforms of each other,so that one has the

usual dispersion relation:

(d Im (»-P6Y

0 fb -p-1e

Re (Ao - BGY) +19mt® =?‘l"

LA

+Q0 |
L | -
or, ‘tC))) = BC)))“’ TT_ jwdy 3‘)-3>_L€ (70)
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Thus to evaluate t, one needs to evaluate A()‘)) for all values
of }l.) on the real-axis. A(D')) is evaluated in the usual way
by inserting in it a complete set of states. Inserting such
a set into (69), noting that the Hw(o')vj;gx)-’term does not con-
tribute for reasons mentioned before, agd treating the N -

field in perturbation we haves

-URs X ek abpXx
Acw—%wfdxg {@qe;wmel®>

<Y“ Hw(())i /\>S

| (R o 4- =
= 3 V5 Uy [ 2 <l Jolixnl o1

Y OB R | W, (72)

where 3— ©) = [ ° HU"?S (72)

The lowest mass intermediate state contributing to the sum in

(71) is clearly a SINGLE-NEUTRON INTERMEDIATE-STATE. The next

one is a ( TT-N )-intermediate state, and so on. Thus again
we arrive at the same situation as we discussed before in terms
of fig. 9. We can not have the ( Ffr )-intermediate state (as
drawn in fig. 9) im the right-hand side of (71), since we are

treating A -field in lowest order perturbation theory .



From now on, we will not have any further discussion of the
role of the single neutron-intermediate state from the point

of view of dispersion theory.



3. The Single Neutron Intermediate State

The simplest Feynman diagram involving the single-neutron inter-
mediate state is shown in fig. (10). This diagram involves no virtual
emission and reabsorption of pions or kaons dyring the transformation

of N ton.

Fig. 10

It turns out however, as will be clear from the discussion in the
next section, that the bare four-fermion interaction having the form
Kﬁ X},\(H (,'65) A\ )(ﬁ K‘*(\“:("ﬁ{,)P)fH.C;}‘with identical strengths for vector
and axial vector-parts does not give rise to such a transformation of
/\ to n. However if we introduce the virtual exchange of pions
and kaons between the four fermions taking part in the four-fermion
interaction, the above interaction does lead to the transformation

of A ton.
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This is checked most simply by letting the proton and the anti-
proton, created by the four fermion interaction annihilate each
other to a 'np and letting the ﬂf be absorbed by the neutron

also created by the four-fermion interaction (See }igc (11)). Thus
fig. (11) is the simplest Feynmen diagram involving a s&nglemneutron

intermediate state which has a non-vanishing matrix elament.
'

WV
SV T

N

'

Fig. (11) Fig., (12)

In general the transformation A —> n via the weak four fer-
mion interaction involves the exchange of virtual pions and kaons
between the four fermions A ,P,?, and n in a complicated way.
However, in order to make the problem tractable, we will consider
such exhanges only between the A and P-lines and between the n and

P lines, as shown in fig. (12). This will amaurt 2 modifying the

bare (r3ﬁ~) and (IWFD) - vertices independently of each other,
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The corresponding Feynman diagram for Al—»n -~ transformation i

given by fig. (13-1). We are hereby cmitting considerations of dia-
grams of the type shown in fige. (13-Z) ana (13-3) for A->n-trans-
formations. The effect of such corrections is hard tolestimate. How-

ever, as long as they do not cancel the effect of fig. (13—;)9 the
¥

\>445ﬁ55 Lo N i SURTA N oexls X
v /.n P 7 rd .‘&\ . LS AUV
A A o . s

Fig. (13-1) Fig. {(13-2) Fig., (13-3)

¥
gualitative nature of our conclusion, to be discussed in the next
two sections, will not be altered,

The matrix elements of fig. (13-1) ¢an clearly be represented

by
PR)
— A -1
o Uy ()] Jd R (R0 (R-m T (RRJUR)



Y&

{
Hevs f"‘ and f; are modified vertex functions, defined symbolical~
iy

where the first terms on the right hand aﬁu ot the above expansion
of r’: and m‘ correspond to the bare vertices f ¥ju (1+ {75 )ana
;'1“0*“‘) respectively. ‘

By invariance arguments the modified vertex functions f”_"_ and r’i
in general have the forms

f{.(h, n) = § [O..‘f” +Q, Oy Uy + 1Ay + b ¥ul¥s

+ bl Gy + kit 9] ()
fﬁﬁi»m - f. L wu +G 8 q, +Caqy, + o Buits

+ da Gy W5 Gy +icly 185 ] (75)
m%o h.h o four messntum transfer at the repsctive vertices.
The 8;,8(,9; and 4 are invariant functions of q,P and are real,
4f time veversal iavariancd holds.
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In the limit of very low momentum transfer, as in 7j3-decay

of neutron, the terms involving Qe do not contribute. The ﬁg-v
f . AY
L1l6)

decay experiments further reveal that for low momentum btrans-

fers:

Qo) =~ 1 | bloy=41.25 (76)

For the purpose of crientation, since we have no reliable way of

dealing with strong-interactions sc as fo be able to evaluate the

above form-factors, we wi

form factors &p,83,02,k3,¢2,¢3.d2 and d3 are small and negligible.

Thus we will assume, mcre or less phsnomenclogically; that the

(AP) and (Pn)-vertices in fig. {313-1) may be rep&aced(ll7) bys
(/\P')"___% p?g’oz Cire CATg) A
(pr)— § ¥ %, O+iBY)P

(171

116

To conclude aq (0) & 1 from experiments, one assumes the same
bare coupling constaﬂta for 13 ~decay as for k& -decay.,
117

It should be noted that such a phenomenological methed of taking
account of the strong virtual effects at the vertices is similar in
spirit to Feynman and Speisman's method (Phys. Rev. 94, 500, 1954)
of evaluating neutron«pgebon mass dlife"ewggby introducing the magne-
tic moment term.
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We have chosen the bare coupling constant - f to be the co-
efficient for the (Pn)-vertex by assuming conservation of the vec-
tor part of the (nP) current. We could have chosen a constant £V
different from the bare coupling constant f! for the (/\ P)-vertex.
However, this is not material for our discussion, since we are going
to choose f' anyway to explain the observed rate of /\)—decayo In
this sense f' may be thought of as a renormalised coupling constant.
Moreover, it is also not impossible to expect that the vector part

of (3/\)— current may approximately be conserved.



F. Evaluation of the Matrix-Element of the New Diagram

Under the approximations mentioned in the previous sec-

tion the matrix-element for fig. 14 is given(lls) by

p (IR b (IR

Fig. 14
N(A>pait) = § _514? 95 & (Pthpy) Ui 55 An-Twd Hdr
[, e LB85) (-, C1+LATS) ] U

(78)

118

As a convention we will denote throughout this work the matrix-
elements of diagrams involving fig. 14 by N to distinguish them
from those involving fig. 5, which we will denote always by M.

9y



We have assumed pseudo-scalar pion nucleon coupling whizh accouhts
for {591‘,(}"65 in the above matrix element. Toc evaluate N we need

to evaluate the integral:

T = [ 'R %, C+iBYs) Cla-vn) g, (i ATs)

[oe [AMp{ (1-A B+ (A-)T5 }-21 (wAB)-1 (B+A)FYR]
D

(79)

The/ﬁ—term in (79) does not contritute due to symmetrical integra-

tion over R. The first term in (79) involves the integral

which is quadratically divergent. Hence to evaluate it, we intro-
2

duce a covariant quadratic cut off factor <=>§ﬁz7—_,;€)o Thus using

the Standard Feynman - techniques. we have

a -4 2 2.
T = 4Mp{(-AR+L(A-B) 15} Sel IR (- )

1
= AR+ L(A-BTsT ) 2xdx]dR .Y
40 AR+ 5}§> f e OE ey
t ) de OV
= 4 10-ARAL(A-BYst | 2 = , x
Y“P{ 3} jo > {CXZ'“}P)LY-*'“&P}

= 4MG-AR)+1(A-BTJ(AT)( 352 nte) [ 1.- W5 2 ip Log, vt

(80)
Thus by egs. (78), (79) and (80)
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NP =35 @908 CR-R ) fam, ity (sznp)

[ by > -— el
[L- b & l_ogQfoﬂ Wit {0-AB)+{(A-BVsfUn
(81)

Using IPA—: IPPHP“, , and the Dirac equation for the free field
-Iip@sp —Mp) = O, and neglecting proton neutron‘ mass—difference, we

have:

_ ) 4 ! o2 il e
N(/\_>p+1() =C1) \Eqng C“i_lPP'|PTT ) {6‘\5— meZTr) m%()%-hi‘p)mp

(1 Vg 109500 i) Bt L) + 3 ARG
(82)

The magnitude of N depends on the choice of A and B. In par-
ticular if we neglect the pionic and laonic corrections at the (?/\)
and (n p) vertices, then A = B = 1, in which case (as mentioned be-
fore) N vanishes. However; as will be shown below, the inclusion
of pionic and kaonic corrections at the above' two vertices leads to
a rather large magnitude of N( A> P4 ) compared to that of
M(A—=> P+ ) (matrix element of fig. 5)

There is no reliable way of calculating magnitude of the above
mentioned corrections from first principles., We shall therefore
estimate their effect phencmenologically as follows: We shall assupe
that the bare-vertex -j: TN XO(C\+(X5)P in fig., 14 is modified

due to the above corrections to-j:\—r\_ B i\»ZSD;)P as in P-decay,



(119)

(We here assume the conservation of the vector-part of the

(fip) ~current), i.e, we will assume:
B o=+ 25 (83)

The question of modification of the bare vertex §B E?&(H—Lb’g)/\
in fig. 14, due to strong virtual effects is alsc problematic,
In this case, we do not even have any experimental information on
the modification of the above vertex in the‘Psdecay of A -hyperon,
as we do for the modification of (fip)-vertex in the PB-decay of neu-
tron. However, as mentioned before, we have tentatively assumed
that the above vertex is modified to jﬁ“FXJC \M?%),\ by the
pilonic and Kaonic corrections.

The question which comes up next iss What value should one
choose for A? Fortunately, it turns out that with the choice of
B given by (83), the choice of A is rather limited, if one requires
that the calculation also yields correctly the sign and magnitude
of the asymmetry parameter of A->P+Ti -decay,(ol_ 2 0.73%¢.g).
From eq. (82), it follows that the asymmetry given by the matrix

element N is:

> Re T CB-AF (AB-DLADL Fplfs> ]
1B-A L2 RO AR U8 D™

)

d -

(8L)

119

As mentioned before, such a conservation is automatically quaran-
teed in the framework of Sakata model for strongly interacting par-
ticles without invoking the pionic and ¥aonic currents etc.
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Taking B = + 1.25, it 1s easy to check that in order to obtain the

desired sign and magnitude cf the asymmetry parameter of /\f>F)+TF;

N o .. (120) .
decay from (84) the choice of a is resnrlcted(l2 " to the values:

+0.93 < A <4.1Y7 (85)

Eq. (85) shows that, within the frame werk of this calculation,

the modification of the axial-vector part due to the strohg virtual
effects in the (PA )-vertex can not be very large. It is even small-
er than the corresponding modification at the (Tip)-vertex, which
also is rather small (25%). In as much as the CpA))uvertex can be
modified only through exchange of at least two pions or two waons,
while a single pion-exchange can lead to a modification of the
(Tip) -vertex; the rencrmalisation effect at the (PA)-vertex may be
expected to be smaller than that at the (np)-vertex, It is there-
fore comforting that the restriction (85) impcsed on the choice of
A by considering the experimental value (sign and magnitude) of of -
does confirm the above expectations.

For the purpose of further conputations it is therefore reason-

(121)
able to choose:

120

In as much as we are going to show that the contribution of fig. 14
is much more important than that of fig. 5, it is necessary that ?8&)
should yield the right sign and magnitude of the asymmetry parameter
for the sake of consistency.

121
Our discussion will not sensitively depend upon any choice of

A be*ween the limits given by eq. {85).
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Such a choice for A is equivalent to treating the /\-field
in lowest order perturbation theory (as OMS dc) .
With the above mentioned choice of A, we have B-A = AB-l.

Hence eq. (82) can be written as:

N Asp) = @m 640!3 - IR PG Z Grr) Qm/q - nin

Up APy i+ LF5) Un, .
87

where

£S5 )(B-A) § X iy oy Wi
y - (?2)10 lnff,cxmp)}l an‘l%/}

(88)

It is easy to see that the matrix-element (B7) can be attri-

buted to an effective (A A)-interaction given bys

effectiun _
7 - P [T Cias) AH-C ] ()
A
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Comparison of Matrix-Elements of Fig. £ and Fig. 74

From egs. (51) and (87) the absolute square of the ratio of

the matrix elements of figg 14 and 5 is given bys

[} = 2 S
NA>P| N2 gp(merhd' Pmp | *
M(A>p+T)| Gip (2 M) *

(90)

2 S 2y
Putting G%T}F 3.67<I0 C-{—"/y)z&)y egs. (49) and (532] we
have: from (90)

t

y =3 = - o) sk
| NCA> P+ ~(21z2 xnc'}’)(v%ﬂf
M (N> P

(91)

We give below in Table-VIII a few values of _g) (calculated
from eq. (88)) and the corresponding values of the absolute square

of the ratio of the matrix elements given above for a few values

of the cut off N .

TABLE - VIII
» PO || NESRSS )
WA 3.54 x|C 2. 66
i.5mp 6. 37 x16° 8. 69
1.8Mp | 997 x 1T 21. 1%
2 Wp 12.84 x 18° 35. 01




Thus, the table-VIII shows that the class of diagrams of the
type shown in fig, 14 are considerably more important than that
shown in fig. 5 for a reasonable choice(IZZ) of the cub off. Thus
fig., does in fact satisfy all the three criteria ((a) (b) and (c))
laid down in II D page - 78 ).

Since the class of diagrams shown in fig. 14 leads to pure

\A;‘f .é ~transitions and is much more important than the class
shown in fig. 5, which leads to a mixture of g,ﬁgggg}é and 3/2-
transitions; the inclusion of both fig. 5 and fig. 14 as relevant
mechanism for A-—) N+ -decays will certainly make it easier to
explain the approximate validity of the EA,‘:{; | = - rule in strange
particle-decays; the small deviations from the HA; | = é rule

(for example the occurrence of K*—-»‘ﬁﬁ—'ﬂo — decay etc.) can

be attributed to fig. 5.

Moreover fig. § alcne leads to a decay rate for /\—»N.H\fs
which is nearly half the observed value, if one assumes strictly
universal strength (i.e. f = ¢ ) for all weak interactions (Table
VIII). Therefore, one cagi:xplain consistently the observed rate
of /\—;N—\—T\’—decays, as well as the fact that the leptonic modes
of strange particle decays are nearly an order of magnitude smaller

than the universal rate by including both fig. 5 and 14 for /\—> NAT-

decays and choosing:

122

It may be remarked that a choic ¢f cut off around 1.5mp serves
to explain the proton neutron mass differenc (See Ref. 117). A
similar choice of cut off in the present case reveals the marked
importance of fig. 14 over fig. 5.
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f‘l ~ ﬁz}i@ (92)

and

A = 1.3Mp (93)

The above cheice of leads to a value -~ 21 for the ratio

. _ >N
\NQ\%P—\—‘[T)/MQ\__)\)ﬁf)I (See table VIII) and the correspond-

ing value of §? is:

- (94)
¥ - o074 x10°

For the purpose of further discussion (K-meson-decays etc.,),
we shall adopt consistently the value of the cut off )\ ~ l.8mp
and the value of f ‘given correspondingly by eq. (94) although
(as will be seen later), the results are not highly sens:l.t,ive to
the choice of the cut off.

Before passing on to the chapter on K-mescns decays, it is
worth mentioning that, although the inclusion of fig. 1k makes it
easier to explain the approximate iAE"ﬁ rule, the branching ratio
of /\ -decay still deviates from the desired 2 1 value

due to the interference of the matrix-elements of fig. 5 and 14.



This is a rather serious situation in ocur treastment, if we adhere
to the numbers (for the matrix-elements of fig. 5 and 14) , which
we have calculated. However, since our method of ewaluation of

the relative magnitudes of ‘!A@; &ﬁ){zgarad 3/2 parts coming $f rom

fig. 5 is rather poor, it maybe hoped that the higher oz‘de:r CoFres-

tions can lead to & suppression of | AT | = 3/2 part in fig. 5.

So as to give the desired branching ratio.



Ge Conclusicon

The calculations in the present chapter reveal that the class
of diagrams shown in fig. 14 are more important than the usually
considered diagram (fig. 5). This important cilass of diagrams leads
to pure ‘ZA§:|::1/2_transitions in contrast to the ?sual class of
diagrams (fig. 5), which contains a mixture of ]531; | - 1/2 and
3/2 parts. This makes it easier to explain the approximate valid-
ity of the lgﬁ]:] = 1/2-rule. Moreover this class of diagrams
contributes only to non-leptonic modes in the first order of weak
interaction and hence provides a consistent explamation of the rates
of leptonic and non-leptonic modes of strange particle decays, with
a choice £'2 4, £2/10.

At least one may say this muchs there may be still deeper
reasons for the validity of the |AT. | = 1/2-rule and the slow-
ness of the leptonic modes. The true form of the weak-interaction
may be different from and more complicated than what has been adcpt-
ed in the present discussion., However the class of diagrams of the
type shown in fig. 14 can EEP be ignored as compared to the class
of diagrams given by fig. 5.

Before concluding, it is worth mentioning that it would be
useful to try to examine the validity of the present approach by
more rigorous methods. It would be worthwhile to study carefully

the structure of the (PA) and (Fp)-vertices in fig. li.
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One may also try to evaluate the contribution of the single neu-
tron interﬁediate state (as in fig. 14) to the absorptive part of
the transition amplitude with suitable approximations and evaluate
the net transition-amplitude by dispersion relations.

It might be hoped that a qualitative and indirect check on
the present approach could be obtained by calculating the relative
rates of the various K-meson decay-modes with the aid o /\ ~-decay
mechanism developed here and comparing with experiment.. This will

be our task in the next chapter,



CHAPTER III

THEZ DECAY OF THE K-MIESOHN

abzstract

In this chapter, an attempt is mude teo explaln the branching
ratios of the various leptonic and non-leptenic modes of K-meson
decays in the framework of the V-4 four fermicn interactiony ex-
tended to the tetrahedron scheme. The nom-leptonic modes have been
investigated with the inclusicn of the new class of diagrams for
/\€>PQ-FTF -decays, which has been discussed in chapter 1I. The
final state pion-pion interaction has been neglected. It is shown
that all the relztive rutes (imvolving ratios between different de-
cay rates) can be explained reasonably well (at least as far as the
order of magnitude is concerned); if we assume consistently that
the matrix element for any process, evaluated by lowest order per-
turvation theory, should be damped by a factor g4 3, whenever a
plon is emitted from a closed baryon-antibaryon loop. The observ—
ed features of the JAT | = 3 - rule in K-meson decays become
easy to understand as a ;ésult of the inclusion of the new cless
of diagrams for /\—>bLFH—decay3. It is alsc possible to explain
the fact that the final state in KLTF«-TF*—T\T ~ decay is predomi-

nantly symmetric between the three pions.,
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4. The Leptonic Decay Modes of K-deson

So far two main leptonic decay mcdes of the K-meson have been

observed:

*
(1) Kpg K¥f— Mz

(2) Kuzs(Kez): K> ﬂoqfce*—’) *+

, O —_—
Kiz >t (&) =

In addition to discussing these two modes, we will also discuss

the F<}L4 and k%z4—modes:
=+ -+ - * =
(2) ﬁMCK&O K —> TT+TT+ M Ce )+
o =
> T+ D+

© F O *+ =

The relevant Feynman diagrams (in lowest order perturbation theory)
for these three modes of K~ -meson decay have been given in figs.
15, 16 and 17 respectively. To write down the general forms of the
matrix elements for these processes, we shall adopt the contact V-A
four fermion interaction, discussed in chapter II (egs. (15) and
(16)). Then the lepton-vertex (without electromagnetic corrections)

is given by:
;F§| 5)?{0{ (|+LD’5)}J(€’)
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e . +
The general forms of the matrix-elements of K , K and K, -
& VRN T K4

decays, as prescribed by Lorentz - invariance, are therefore given

by
M(K> M) = 2yt g (R -0)(Gy S ;C) Mp L 1Ry, %, (485 )L
(95)
M Tabe) = Grft 8 (R-Pr@ )G 1R, TE, )T 7, (M
(%)

M (5 TaTalin) =) §TCR- 1R -8 -0) (99 447 Chop)

[Kllbno( + KB, + K5 0, +K4§laﬁlhgl%y@éj
Mp

—333:,( C\-H..KSJ H (97)

where by convention |R‘ denotes thein;omentwn of the incoming K-meson;
|P,i the L-momentum of the ith esitted pion(123) (See figs. 16 and
17) , and QL the sum of the L-momenta of the emitted lepton and
anti-lepton. QK denotes the K-meson coupling constant to the
(/\-M )-system and q“- the usual pion-nucleon coupling constant.
We have kept the factor involving CJK R C)W and ff' outside in order
to compare with perturbation calculatiorn results. The quantities

I, d, do, Ky, Ky, K5, and X, are form—factors(lzh) denoting the con-

tributions of the intermediate black-boxes in the above decay processes,

For example, for K—=>T +T +A+)) -decay, P, and IR, dencte
the 4-momenta of ¥ and y~ respectively (See fig., 17)

124
Assuming time-reversal-invariance, JL,/J2 and the ratio of any
two of Kl,Kg,K3, and Kh are real,
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They are dimensionless scalars and preswpatly slowly varying func-

[[= Y e A . .
tions of b \tyﬁq and \F{-Bb@/&qi‘g'wnere M is of the order of
- (125)
barycn-mass. It is reasocnable to nsgiect tle dependence of

o

~
a

ies of the decay pions for the range

O

the form factors on the sn

4 ~+

invelved in the ubcve decav-processes ( an -
of mementa invclved in a ayv-p ﬁo s 4 k%15 d F<H4_
modes)., This assertion is explicitily exhibited qy the results of

. . ‘ o
the lowest order perturbaticn celculatica, which will be present-
ed in the following discussion and in Appenddx II1.
+ -+ +
The matrix-elements for Kes k%&Sahd P%L4~decays have

exactly the same forms as eqs. (95), (96) and (97) respectively
with %l being replaced by e. Clearly, in case of decays involving
electron (of either sign), the contribution of the J, and K3—terms

may be neglected owing to the smallness of the mass of the electren.

The contribution of the Kamterm.in Kpﬂ.and K . =decays will also

e4
be neglected; sirce it is two orders o¢f magnitudz smaller than the
other terms {in powers of mp).

The decay rates for the above processes (assuming the form-
factors are independent cf the energies cf the decay products) are

given by appendix IV, egs. (4-92 7, G-204)s (4-105), (4-106) and

(a-107 ) 3

> 2 2 2 V2 2 2
N CK ) = T ( Yﬁ“v—;%“ﬁ) @kfF) (WHITI) (o9
NCR> Bl = e (M) (g, q,+%) [0.4311Til

(2Tf)3 * *
+0.042 131 +0.089(3,5H+3 ) | (99)
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This is due to the fact that the intermediate particles in the
above decays are baryons and anti-barycns (with mass at least equal
to nucleonic msss). So that, the characteristic interacticn lercths

P N N - - - TN e P e e e - N R
for Shée shove i”:{,lz..#'.'; e oof tne ordoy o F DLrYrov :’L‘_‘LI‘.*»"_JT‘; l’v‘:xv\r’eltﬁ(’the
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W CR->Taw) = W () (g g FF)*[0.541 1517
(2m)? Cio)

o - e NI PR 2
WCK Tl = MECMAID), (o, Grgefse)”| 035917
C2m)® :

+0.074 (3,5,+T,5 )+ 9034 1%1%] (tot)

\

5 -
WO 48sy) = M (Mvfnr) (g, Gor )7 [0-456 1301°]
o (2m3 (102>

It is to be noticed that the decay rates of i< and KS
$%3 €3

are slower than those of K?AB and AK&OQ'S respectively by a factor
of 2 (apart from small differenced due to the mass difference of
the participating particles). This is due to the choice of our in-
teraction ff'(?(fD)(ijg ), which satisfies the I = 3 - current rulQIZéo
mentioned before (chapter I.E). For our purposes, we take the form—~
factors for K°-decays tc be the same as the corresponding ones for
Kt;iecayso This wmounts to neglecting ﬁn;(ﬁm,KO) and Cﬁ#ﬂ?) mass
differences compared to nucleonic mass for the values of ths form-
factors. However, we have included these mass differences in the
above expressions for the calculation ¢of the phase-space in the
above decays. This is what gives rise to the slightly different
expressions for K¥ and K¥ -decay rates (compare with the earlier

127
referenceg ))a

126

Okubo, Marshak, Sudasshian, Teubsch & Weinkerg - Phye. Rev. 112,
665(1958)
127

S. Oneda -Nuclear Phys. 9, 476(1959);A. Fuiii & M, Kawaguchi~ Phys.
Rev. 113, 1156(1959); R. Catto-Phys. Rewv. 111, 1426(1958); R.F. Streat-
er & J.C. Taylor - Nuclear Phys. 7, 276{1958),
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2
e 1 1 4 = i 3
From egs. (98) and (100), putting Qw/q_n, 5, we get

R = WCK+—>T|9+€++)>) < 1+ g2
=

W (E— ) 5.z axix 9

The perturbation calculation (See appendix II],Téble - X ) yields;

¢

~ 3 .
4 e
IT~_1 (o2
47 <
for cut off /\ = 1l.8mp. Putting these values of Jy; and I

in eq. (103), we get

Q‘ ~ 41 (104)

The observed value (See Table II) of Ry = —3}? . Thus, since
the cutoff dependences for the two processes K+H2 and K_;B are
nearly the same (logarithmic), so that the ratio Ry is rather insen-
sitive to the choice of the cut-off; the discrepancy by a factor &«
3 between the observed and the estimated ratio of the rates of the
above two processes may be attributed to the factf)t‘,ckfa structure of
the black boxes for the two processes differ only by the emission

+

of an additional pion from the baryon-anti-baryon loop in the K€3 -

+
decay as compared to the K‘,u_ ~decay. This suggests that we assume
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(128)

phenomenologically, that the matrix-element for any process

involving emission ¢f picn from a closed baryon-anti-baryon loop is

damped by a factor & J7§u 1t is worthwhile to point out that a

perturbation calculation of T M+)-decay yields a idecay rate,
bigger than the observed value by a factor = 11 (for cd? of far
1.8 mp), which therefore seems to indicate the plausibility of the
above assumption. A dispersion theoretic treatment(329) of the |
nucleon anti-nucleon loop involved in Tr—er}&+3)»éecay does in
fact exhibit such damping.

In the subsequent discussion, we will denote the effect of

this damping of the matrix element due to emission of each pion fro

a closed baryon-anti-baryon loop by putting o&% instead of g‘n‘

as the effective coupling constant for each pion-vertex.

Tentatively we assume,

H9, =~ 2L
m J3 (105)
for all processes. '
It is now our task to examine, how consistently can we explain

all the relative rates of the various leptonic and nonleptonic mode

&
of K and K] 5 -decays with the above assumption of damping and

128

The damping is; of course, expected tc depend upon the energy
telease ih a process. We, however, assume for our purpcses the
effective damping to be nearly a constant.
129

M.L. Goldberger and S.B. Treiman -~ Phys., Rev. 110, 1178(1958).



the inclusion of fig. 14 in addition to fig. 5 as the relevant
diagrams for /\ -decay. Before entering into the discussion of the

non-leptonic decay modes, we first give blow the relative rates of

l-+ + +
Km and KQA ~modes compared to Ke(3 ~decay,

By egs. (99) and (100), we have

+ o 2 2 *J""ji)
R = W(K=>T+M+Y) 0994|711 +0.677 |51 +0164(3 %¥3
: N (K> Tr+E ) ' 1717

(106)

If Jl ~ J2 » then Ry = 1.20 or 0.54 depending upon J]_/J2 =

- 1. By actual perturbation calculation (See Appendix III, Table X ),

J,

@

' o091
4Tr=z'c 91D

!
J, s (o53)

for cut off A=~ 1.8 mp. These values of J1 and J, yield,

R )

2 1.62 (107)

This is in fair agreement with the experimental numbers (See
and (4192 C.42) g

x -+ + _ .
Table II) (4.0 0077)%/\01‘ K 13 and Ke,-} decays respectively.

It is to be noted that the value of R2 is also not sensitive to the

choice of the cut off,

+
The amplitude for the K€4 ~decay-mode is convergent in pertur-

bation calculation. The leading terms in powers of baryon-mass for

K1,K,, and K5 are given in Appendix -III, eq. (a-gy) .
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Looking at these expressions, the Ky-term (being proportional to

(mp - m,\) may be neglected compared to the K{-term. The decay-

+ - =+ -
rate of K——)T\_'"—\—TT +€4> is then given by LSee Appendix IV,
eq. (w-134) ]:

2

P 7 ¢ ~ 2
N (Rosfarfe o = LOCERINLEED it o021’
64T§ Mp

(108)
In the above expression, the damping factor o appears due

-+ o o 4
to the assumption mentioned above., For K —=>Tr =+T¥ —+Q-\—))—-decay,
]P\ and n%_— terms occur in the combimation (Ky +K2) (IR + 1 )/2
in the matrix-element due to the symmetry between the two final

neutral pions. The decay rate is therefore given by [See Appendix

IV, eq. (A~136) ];

o o 4+ 2¢ 0P ¢ 2
W C l<+%'(T+T\'~\Q+v) ~ [ 9(:8Yr) S £] MM {0.067[_%1‘2 j

S 2-
4 1
P (109)
By egs. (100) and (108), we haves
+ 4+ - %
+e+ 2 "3 i) *
Ry = W CK>TT+T ») ~ & (2azxio)IL

¥ o S+
W CKY>+ete>) (110)

Perturbation calculation yields (See Appendix III, Table - X )

d ~_-' __ (o.91) Ferr A=12Mp
‘ 4m(¢

K oo ! (0.5¢6)
‘ 477
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Thus, we get from eq. (110)

Qg ~ 242 x1C (111)

Furthermore, from egs. (108) and (109) we get:

o WEKST+mE) 42
<, = — &
4 WK ST+ (112)

The predicted ratio R, given by eq. (1‘1_1) is smaller by an
order of magnitude than the number given by Chadan and Oneda(lso)
This arises due to the introduction of the damping of the matrix-
element due to each pion-emission and a somewhat higher choice of
the cut off adopted in the present discussion. At this point, it
is perhaps worthwhile to point out the following;

Chadan and Oneda(lBI), adopting a value of Ry 2y 10_3, have
recently pointed out that the hypothesis of strong final state
TT-TT-interaction in T = 0, J = O state, suggested by Okubo and
-1

Marshak(l32)9 could lead to an enhanced value of Ryac 10 This

! +
would tend to disfavour the above jhypothesis, because no KQ4 -
event has been found so far. However, in the present scheme, the
enhanced value of R3 is ~ lO-ZL. Hence, the absence of any K;'

event in future (with accumulation of more K;s -events) may serve

to rule out the above hypothesis regarding final state ihteraction.

130

K. Chadan and S, Oneda ~ Phys. Rev. Lett. 3, 292 (1959)
131

K., Chadan and S. Oneda - Phys. Rev. (To be published)
132

S. Okubo and R.E. Marshak - Phys. Rev. 100, 1809(1955).
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This completes our discussion of the leptonic modes of the K-
meson decays. We have mostly discussed the relative rates of K.t
meson decays., Those for K°(or K;sz) - decays are however easily
obtained from the results given in the present section with the
aid of appropriate symmetry properties, They have’not been discuss-

ed here partly because of lack of data,



B. The Non Leptonic Decay Modes of K-Meson

The non leptonic decay modes of the K-meson involve the mecha-
nism for N> N+TF  ~decays, as developed in chapter II. So we
have to include two possible diagrums (fips. 5 and 13.1) for /\—

transformation involving change o

>
Sy

Fig. 5 Fig. 13.1

It may be recalled that the effective interaction for the trans-
formations shown if figs. 5 and 13.1 are given by (see egs. (50)

and (89)):

Flgo 50 :l ’b C£ I k I\ I 5 ( l L{ ) /\

Fig. 13.1: FPreep [T+ G)A +hed
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where the value of G , evaluated from the observed rate of ﬂ'_yp +V-
AN

decay [See eygs. (49) and (SBD is -

2 -5 L} 2
Gy, ~ 3.67x10 CH) s

and that of {?, evaluated for cut off ‘N = l-%\"ﬂb[__See Table VITI)

is:

{
-8 2
~ 374 X \O £
The discussion of K =27 and K-— 3{T-decays will rest sole~
1y on the effective interactions (50) and (89) for A ~transforma-

tion. We will first discuss the K-> 2 -decays.

(1) The K—> 2T -Decays

There are three decays belonging to this group:

v

D KT 5o o
2) K‘ — Tr++_n_ -
Pk - T m®

It is weil known that the first process is forbidden by a strict
‘A’]; | = %—mle, while the second and the third processes can

proceed through both |A.-E‘ = % and 3/2-channels. Thus only fig.

5 plays a role for the first process, while both figs. 5 and 13.1

contribute to the second and the third processes.



(133)

The relevant Feynman diagrams (for the processes (1) and (2)
only) are therefore given by figs. 18, 20 and 21.
As a convention, we shall denote the matrix elements of diagrams
involving fig. 5 by M and those involving fig. 13.1 by N.
R beri that in these 2Ty ~-deca des ~ ~ Mk
emembering i m y mp E.“. 1 ETl_2 )

(In the rest frame of the K-meson), the matrix-elements for the

first two processes are given by:

M (K1) aan) SRR )(2) L9 (89mG YLyl L )
V2 2 2

~ (@18 (RB-B)2) [ 99 Ssgrriziin G5L4LD)

(115)
M (K T+) = 615 SR B-RIE [Qre (F290) Gy Wi (G371
, o (ue)
N (K71 ) = o §orre-R)Z [I(EDINFME] TR
(117)

.+ + O
The factor (2) in M(K—-)‘W*\-—W) is due to the possibility of inter-
—+ o
change in the mechanism of T and T -emissions (See fig. 18).

133

We are neglecting the contribution of diagrams of the type shown
in fig. 19. In the present choice of the weak-interactions, these
diagrams, however, are known to yield vanishihg contribution with-
out plonic corrections between the Successive bubbles. This is
because the matrix-element for fig. 20 can he represented by
2ni(Pnlo> Lol (AP)IK*> | which vanishes, since (PNW) be-
haves as an iso-vector, while the 2T -~system can not be in I = 1-
state by symmetry requirements. It is likely that their contribution
even with pioic corrections between bubbles is of the same order
of magnitude as that of fig, 18, and hence may be omitted from the
present discussion (See eq. (119)).




PQ%Q V4
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The factor (N2 ) in M(K\~>T+T ) and NCK,>TT+Tr ) 1is
o =
due to the definition: Kj = CKgt K‘ﬂ}/ﬁ . L, L, and &Rare
dimensionless scalars, dencting the contribution of the respective
Black-boxes. Since the pion emergies are fixed for two-pion-decay

2. 2
modes, Ly, Ly andPPare function only of 1Yl and Yy and hence
constants. Comparing fig. 16 with fig. 18; clearly in the lowest

order perturbation calculation;
Ll“"’ J, ,C‘“"“Lz::rz,

where Jj and J2 denote the form-factors for L(;LS -decay (See
eq. (96)).

By egs. (113), (114), (115) and (117), we have:

IMQZ'-aTF-\—ﬁ)) - 1 \ G 5L, +bLo
N (CoT+T) | 7 ) 96.73 TR

(118)
If we assume for the purpose of a crude estimate that |L,I=|L,] =R,

then the ratio

. 4+ + ©
M(Kjﬂ:ﬂ—) ~ l oF . \ _
N (KC»Tem) | 65)11.88 2 (16.36€)

depending upon Ll/Lz = %1 or -1. By perturbation caleulation

(See Appendix III, Table X ), we have:

= g2 (o.91)

{
] - (0. 58)
Lz = - 41 € Lo %
~ v, 2. (0. 8¢
W = 'f//ﬁ;TT ¢ C )
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for-cut off A = 1.8 mp. If we use these values of Ly, L, and JW

we obtain:

+ + & &
MCK=>TT+T) x |

~

ity

Re ~ o
> N (KT A (211.3)
|

(129)
The value of R5 is fairly insensitive to the chc‘bice of the cut off
/\ s since both figs. 18 and 21 lead to loga;ithnﬁcally divergent
amplitudes. It may be noticed from table VIII and eq. (119) that
the ratic of the absolute squares of the matrix elements of diagrams
involving figs. 5 and fig. 13.1 respeétively is diminished by a

factor g« 10 in K-meson~decays, as compared to /\—decayo This

therefore leads to a rather satisfactory exnlanation of the lA.Iké'

3-rule in K-meson decays. In fact, as shown by eq. (119), without

damping the matrix element for each pion emission (i.e. if we put

o =1), we obtain;

WCQQEF%)cu\
W (= i)~ 200

4+~ <+ ©
At this point, it is worth remembering that since the K> W+ -

decay proceeds through }A;l = 3/2-channel, the e¥aluation of the
mtrix element of fig. 18 by equating the shaded loop to that oc-
curing in the (- }X-ﬁ-‘)) -decay may be a little ambiguous. In
fact, as mentioned already (See remark at the end of Chapter II.F),

it may be hoped that the higher order effects can lead tc a2 sup-



pression of JAT J= 3/2-psrt as compared to the AT | = &~
part in fig. 5 in order to explain the desired branching ratio of
/\->, N+T" -decays. This Suppression could therefore be expected
to compensate for the damping factorolJyin the cenominator of eq.
(119) which would provide a fair explunation of the observed ratio

(See Table II) !

. -4 -+ o
WK > 1+ ) \
© + - 300
AT ,
W C K el obserzed
The other interesting feature of the lA'El = %-rule

in K= 2T -~decays is the value of the ratio:

[ (o)
W CK =21 )

It is easy to check by inspecting fig. 20 and 21 that:

MKS>T+T ) =12 MC K> 2T
(121)

(o) o .

N OS> T) =+{Z N(K—21)

where M and N refer to matrix elements of diagrams of the type shown
in fig. 20 and 21 respectively for K —> 27T -decays. The above
relations are based on charge independence of strong interactions,

which we assume throughout the present work. By egs. (119), (120)

and (121), we have: .
IMCKM21)+ NCiki—> 2 7°)

M O 1) 4N CEo FeiD) Z IMCO>2 ) N2>
= 0.24, 0or O 44 (122)

(2
l

—
—

6
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where the slternative v.lues degend upon bthe phase of M relutive
0 4+ -
to No In perturbation ssloulution, tie phases of MUCK=TTHT

e} + - \
and N (K‘ﬁﬂ-ﬂf) differ by 18CY ., which zorres onds to

. “) {
Ke = 0. 24 (222)
This value of g, includes the damping fucter ¥ and is in good agree-

N ’ .
ment with the cbserved value (Sse Teble II):

E’ { =3, 27 T o 1l
6 cbhsorgad

If the damping factor @, in this case is compensated (as mentioned
before) by the suppression of the (AT | = 3/2-part in the
matrix element of diagrams involving fig. 5, then the theoretical
value for Ré will tend more clesely to 0.33, which is the value

given by the strict (ALl = s-rule.

(2) The K—> 37T -Decays

There are four decays btelonging to tHis groups
(1) K> T +T+ T
(2) Ko T T
(3) ¥ = T T +T"
(1) Ko T T 470
A1l of these four decays can proceed throusn both EAF | = ,% and

3/2-channels.



126

(134)

Twe relevant Feynman diagrams fcr the first process huve been
given in figs. 22 and 23. The corresponding matrix elements for

these two diagrams, with the necessary symmeirisation between the

two identical positively charged pions, are respectively given by:

+ 4+ - ey
MKT T+ = GOE RR-B) [, (99,3 Y
Mp

[ 2N R+ N (1B~ 1) A N(Z 1)
J2

(123)
| 4 4 | N
N (st ) = @8 CRIRBAR) (6, (2090 Pmpl @)
-
(124)

where, |R ; W% ,lrs and ‘Fé denote the 4-momenta of the K-meson,
+ u.-‘ + )

Ttl > TX and‘ﬂB -meson. The form-factors Ny, N,, Ny and O are

dimensionless scalars denoting the contribution of the black-boxd®s

in the corresponding processes., Comparing fig. 17 and 22, it is

clear that in lowest order perturbation calculation:

h" = k‘<‘ ) N2 = |‘<2 )C\T\C\ N3 = K\a

-+ (125)
where Ky, Kp and X3 denote the form factors for kiphidecay[éee

g, ( 91) °j
134

We omit a discussion ofother possible diagrams which contribute
to Tftdecay in the present work. t is reasonahle to expect that
their contribution to the decay rates will be of the same order as
that of fig. 22 ard since fig. 22 hus & negligible contribution to
the decay rate, cuompared to fig, 23 See =7, (127 )), this caission
is Justifizabie.
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From egs. (123) and (124) we have;

v 4o p iy & >
(NCK> T+ T+ ) 2%5.52 mep N, 1B (1R eI+ N (1B
) - “ T R+ SRt R

M (ks T +11D s R

(126)

1f, for a crude estimate, we assume N; = Np = N3 =), and use a
rough upper bound for the denominator of (126) by taking into ac-
count the nature of kinematics involved in “6— -decay, the the above
ratio is still greater than 15. In perturbation calculation, the
N, term in the denominator is proportional to (m,\-mb) [See Appen-
dix III, Table -E(__ J » 50 it can be dropped. With the values of

N, 3 Njand (given in Appendix III, Table X , it can be

checked(lBE) that;

23 (127)

+ -
NCK-»T!T—‘«—TFHTT) N

- v
M (KF 5 T+ TP 4T

Thus in the following discussion of ¥ -> 3Tl -decays, the contri-

bution of diagrzams of the type shown in fig, 22 will be neglected.

135 . T . lp.“?a
We use the fact that in T -decay the maximum of .A -2

My

2 22.7.
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+ ¥ - _F o 4+ -
Comparison of WK=>T4TW +TT  and Ky T 4T ~ Decay Rates

For the K‘b_)-ﬁr.\:nf -decay rate, it is enough to consider
the contribution of fig. 21 only, since fig. 20 gives a rather small
s ' © TF -
contribution [See €q. (119)]., The decay-ratés for K, ~> TI+T and

roF =+ ' |
K > T AT AT , in the rest frame of the K-mesom are given by [See
\

Appendix IV egs. (a-138) and (A-J_LS) J A:

- 2
WK TT+T) = V=4 (M) | N kP>l
16 TMk

2 2
2 T2 DI M) 1 251 0)17]

>
\6‘“ mTr-l'
(128)
+ + - + L Ok (ﬁ@CJW)BS’mPTm"‘ ' l@"z}
NCK'*TF"F\T*“) A — (J){O'32
1281\’3‘Pﬂp ik
(129)
By egs. (128) and (129) we have
o _ WK-Waiam) o ol*

7 NCKsh+) 150 \ml*
(130)

3

By perturbation calculation See Appendix III, Table Z
O’ ~ i/ 2 - CO '59)
~ 4T L

(0] m-r@q;@(KLSGJ for cuteff A=13mp
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Putting these values of O and®, we have

~ (131)
Q7 -~ 20

This may be compared with the observed value [See Table IIJ

?7| ~ o

Lbserved 4500

Thus, in this case there seems to be a discrepancy by a factor of
5 between the observed and the estimated ratios. This, however,
can not be regarded as a serious discrepancy, particularly consi-
dering the fact that the calculated amplitude of Kﬁ-—) ™ ne
decay is cut-off deépendent, while that of K ]T++T\"-\—‘ITT»'!ecay
is convergent. Moreover the above ratic alsc depends upon the
value of the effective damping in the emission of a pion from a
closed loop. Although this damping is expected to be dependent
on the energy release in a process, we have assumed that it is a
constant (o%'«:,\]_l—/;_) for both 2T and 3T -decays. It is also
expected that the inclusion of final state TI—{T - interactions,

neglected here, may help resolve the discrepancy.

The AT = 4-rule in K = 31 -decays

There are three features of the }AL| = z-rule, assuming a
totally symmetric wave function in the final state, in K-> 3f-

decayss



N o
VJ CE< —>‘Y€i+g§{»1T,)

N (K= i)

R

Vo
() 5 (43D

W (K-> 3T )

(v) —1 = 3
H(@-»T(-a—'w+ﬁ>

WCK§~>ﬁ+ﬁ+Ho) ~
W (K= 3T)

(c) %;'

The factor (1.3) on the right hand side of (a) arises from

+ + |
the phase-space difference between T? and {7 -medes. Similar

factors have not been put into (b) and (¢)., The features (a) and

(b) follow for any linear combination of JAL | - % and 3/2-

(136) e validity of the AL} =

transitions. However (c) tests
i-rule. Out of these three features, present experiments (See Table
III) do not bear any information on (b). However, for (a) the ob-
servé37%atio 0.32 ¥ 0.05 agrees well with the theoretical value
0.325. The single event of P§;=> ]{t+1fi#Tf} observed by Crawford

et al.(76)

is also consistent with the expected ratio (c).
Since the matrix-element of the pureﬁziggl - 3-diagram (fig.
23) is [%ee eq. (127f] considerably bigger in absolute magnitude

than the other class of diagrams (fig. 22), which contains both

136
R.H. Dalitz - Rev. Mod. Phys. 31, 823(1959); A. Pais & S.B.

Treiman - Phys. Rev. 106, 1106(1957); Okubo, Marshak & Sudarshan -
Phys. Rev. Lett. 2,12(1959); M. Gell-Mann & A.H. Rosenfeld - Amn.
Rev. Nuclear Science 1, 407(1957).
77

Birge et al. - Nuovo Cimento &, 47¢ (1957)
76

Crawford et al. - Phys. Rev. Lett. 2, 266(1959)
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\A]: | = 3 and 3/2-parts, it is clear that the features (a), (b)

and (c) are explained quite well in the present scheme.

% +
Comparison of 533,and K = W 471 ~Decay Rates

So far, we have not compared the rate of a leptonic mode with
that of a non leptonic mode. For this purpose we will choose (for
reasons which will become clear) a particudarly suitable one, name-
1y the rate of KZB -mode compared to that of Kg —> 2 [T —mode.

By egs. (100) and (128), we have:

+ o =+ _ 2
R = WCKosT+e+») 4,71)4\04 9, |
S o _ _+ - -~ 2
W (<T>T ) | o)
(132)
By perturbation calculation [See Appendix III, Table-—EZ:]
J = _ (os1d
4T 1
MW~ L (0.86)
41872
for cut off A = 1.8 mp. With these values,
R8 ~ 1.91 Xlio (133)

1
Hence, by eq. (1220

W (K= TTAeT+2)
Rg = - — X
W (K —=>2m)

1.45 <G T (13)
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-

7 &
By applying the I = % —current-—rule(J'B') ( so that, WK s 1T +é°' )

. o -
=3 W K=>TT +e7+) )), we have:

WC K> 172 +») ~ 29 x!54

Rio = W CK:D-%ZU) (135)

138
This my be compared with the observed( 2 ;) value

> ~ 6 xi0”
K10 Lbser'v-ld

It is pertinent to remark that, both K; and Ki—) 2T -matrix
elements are cut off dependent in nearly the same manner (logarithmic
divergence) and in the former only |AL | = i-transition occurs,
while in the latter the contribution of the IA‘:[;] - 3/2 part
(coming from fig. 20) can be neglected compared to the IA:.EI :l-2
part (coming from figs. 20 and 21); therefore one does not have to
worry about the ambiguity in the suppression of the AT | =3/2-part
by higher order corrections so that the comparison of the calculated

rates of K:B and K]? - 2{W~decays with experiments is particularly

suitable for Judging the validity of our apnroach.

137

Recent observation by Crawford et al. Phys. Rev. Lett. 2, 361
(}lf),‘i‘}) on the three-body leptonic decays of Kci’ Q'ﬂd"s'is in agree-
with the I = z-current rule. (See ch. I.E)
1

The observed value of R,,. is obtained indirectly by noting the
rate of K;B ~decay and applying the result of the I = 3 -current
rule. See for instance, S, Oneda.- Nuclear Physics 9, 476(1959)



134

39)

1
The fair agreement (within a factor =~ 2 ) obtained with ex-

periment in tiis case seems to Jjustify our stand point.

139

It may be noted that on the basis of previous work ['See for
instance S Oneda, Nuclear Phys. 9, 476 (19592:! in which only fig. 5
was included as the relevant mechanism for /\—3 N +Ti~decays, it was
very hard to understand the observed value of R 0° The inclusion

— 1

of fig. 13.1 however, serves to remove this difficulty.



C. The Asymmetry In The Energy Distribution
of K*¥5 17 41747+ -Decay

It 15 knoom "™ that the inay state in Koy T +T 4T -
.
decay is predominantly symmetric between the three pions with a
small mixture of nonsymmetric states. We shall briefly show that
the proposed new mechnism of non leptonic decays (inclusion of fig.
13.1) makes it easier to explain this fact.

By Jjust looking at the structures of the "lowest" - order
Feynman diagrams shown in figs. 22 and 23 for K*:%?TF:kai+TT*' -
decay, we may expect that fig. 23 (involving the new mechanism)
would tend to favour more totally symmetric states than fig. 22
(involving the usual mechanism). This is explicitly borne out by
the results of the perturbation theoretic calculations in which the
leading term in the matrix-element of fig. 23 [See egs. (124) and

(A -84 )i]is independent of the pion energies, while the lead-
ing term in the matrix-element of fig. 22 [See egs. (123) and (A~
84 ) involves the invariant scalar products ]ﬁ3,|F§ ,\F;-\t%sand

ltﬂ.lpa s> which give rise to non symmetric states. We shall now

estimate the magnitude of the non symmetric states comeing from the

O\
leading term of the matrinelementhﬁigo 22.

(140)

Following Dalitz we choose as two independent variables;

140

R.H. Dalitz - Phil. Mag. 44, 1068 (1953) and Proc. Phys. Soc.
A 69, 527 (1956)
141 .

M. Gell-Mann and 4 .H. Rosenfeld - Ann. Rev. Nuclear Science 7,

407 (1957)

135
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—
— \XB CTnQTé)
xX=
R
(3T, - Q)

Y

i

Q (126)

—'—
wher T and T3 denote the kinetic energies of the two T and T3

the kinetic energy of the XT—-g while Q denotes the Q value in the

*
T —decay (Q =~ 75.11 Mev), so that

= T, =*T5 AT
Q 2703 (137)

By eq. (123) the matrix element of fig. 22 is proportional to:
+ + - t ’ . 2 7
M CKITT4T) OQ [2N, 1511 -+ N By (IRelby) + Ny (15 +1F5)]
= [}\l CﬁY{L -2Mg E J'YY?-;) (hﬂ EE"“%} b]ﬁTJ
LK k Eq= T )N, KE. A2Nm,

= { N\?\? N+ Wﬁr Ny~ N N )+ e (Wit Q4) (NZ-;)N)}

[L1+AY] (138)

A (N,-2NO™ Q4 (139)

T N, & C2Ns - Ny -Na )+ (gt G5 (NN
Substituting the cut off independent values of Nj; Ny and Nj

where

given by perturbation theory'[See Appendix III, Table -.§§ :1;”3

obtain

~_ 4
A ~- 577 (140)
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Clearly the term 1 in eq. (138) leads to a final state, which
is totally symmetric between the three pions, while the A-term does
not. A good fit to the data on W?-—decay, cbtained from the Dalitz

(140),(141)
plot is given by

A ~ L

10 (141)

Thus fig. 22 leads to non symmetric statgs, whose intensity
(142) -

is an order of magnitude larger than the observed value

and gives a wrong sign of Ao However, as discussed in section B;
the contribution of fig., 23 for th—decay is considerably larger
than that of fig. 22 [ See eq. (127X] , and the leading term of
the matrix element of fig. 23, being independent of the pion ener-
gies)leads to totally symmetric states.

The nonsymmetric terms arise from the second order terms (in
powers of %P or 1/WV\) of the matrix element of fig. 23 and the
first order terms of the matrix elements of diagrams other than fig.
23 (one of the typical ones being fig. 22). Although, a reliable
estimate of the above mentioned contributions to the non symmetric
term is hard to make, these together with the leading term of the
matrix element of fig. 23 and some influence of the final state

(143
plon-pion interactions in an appropriate state in Qf+—decay

142

This may be regarded as an evidence against taking diagrams of
the type of fig. 5 (which enters into fig. 22) as the main mechanism
of the nonleptonic-modes of strange-particle decays.
143

We do not mean the same mechanism of final state TW-T interaction
as was suggested by Good and Holladay Phys. Rev. Lett. 4, 138(1960)
S0 as to explain the observed value of the ratio W(K™= ZW/W(K?'92TT 5
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may be expected to yield the observed asymmetry in ‘[’+—decay°
An attempt to explain the energy spectra of the pions in rc«"' ~decay
on the basis of final state interactions alone has been made by

Thomas and Holladay(ll‘[}) o

144
B.S. Thomas and W.G., Holladay ~ Phys. Rev. 115, 1329 (1959)
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Table la

Cemrdiletion cf the kein Hesults of Crapter III

| 24 and
Foxror omettal | 8O camia g, L 3 ane
Suppre asien
D=1 | =g |oflell=de
4 et
Q= W g A .1 1
OWES p-n)_) 15 G 5 19.5 19.5
27 WRsTED) 1.62 1.62 1.62
[
+ X -+
o _ WK+t ~ - o o=
K= =5 T ? 7 26%10 2.42 X0 2.42 %10
37 WO Teo) '
o+ o
o 2 WC K >[40 ) i i L 1
N CK‘?éﬁﬂf, 300 210 70 250
©
WQG~2f ., 2 c.2y
126-;. il 0.27+0.41 0. 24 o 24
W (K\"‘>2|T)
o _WObdt) 4 1 L 4
7T Nk | 1590 Los B2 2%
- -4
o !ﬂéléi"_*f*_” o | 09648 | 29%1G | 2.9 %10

% The theorctical results in the last three columns are based on
perturbation theory calculations with cut off A = 1.8 mp, JO denotes
the damping of the matrix element for each pion emission from a baryon
antibaryon locp. In the last column, we choose the suppression of

VAN s = 3/2 -part in the metrix element of diagrams involving
£l 05 oL oo bl LI R Jd L oinoe dte of taking B2
- . b&b x 350 J - O oJ = -:g



D. Concluding Remarks

The discussion in the present chapter is based larely on per-
turbation theoretic calculations. However, we feel that the essential
qualitative features of the present discussion inveclving ratics of
the decay rates of various processesses are treated recasonably by
such calculations., If we admit this point of view, the presen®t in-
vestigation of K-meson decay brings out the following points:

% o

The various relative rates of K and K“WZ ~decay modes seem
to be explained (Table - IX) reasonably well in the scheme of A\ -
decay developed in chapter II. The different features of the ]A;l_:l =
i-rule in K-meson decays can also be understood in the present scheme
rather successfully. These therefore may be regarded as some of
the attractive features of the tetrahedron scheme<145) of four
fermion interactions. Furthermore from the nature of results ob-
tained here, it may be remarked that the final state pion-pion inter-
actions in S-state, suggested by others 45) need not be very

.
important in order te explain the observed decay rates of K—>2W

and K?~e’2TT .

L5

If the tetrahedron scheme turns out to be the true feature of
weak interactions, it may lend evidence in faveor of the Sakata model
of elementary particles. However, there could be some experimental
checks. For instance, as mentioned before, any evidence for the
presence of |AS/A@ | = -4 -currents, like the occurrence of
Zro>naktyy-decay etc, will be rather fatal to Sakata model.
146

Okubo & Marshak (piys. Rev. 100, 1809, 1955), starting from an
interaction containing appreciable amount of {AZXl| = 3/2 -part sug-
gested the possibility of a strung final state TF-T - interaction
in T = 0, J = O-state (leading to an enhancement by a facter s 100
in the rate of K. =21 - decay) in order to explain the observed
value of the ratic WOKT>2m) 7y (K{->T) . Recently Good and
Holladay,(143§ starting from a strict AT = L-weak interaction
have indicated the possible explanation of the abcve ratic by elec-
tromagnetic corrections and strong final state [-11 interaction in
T = 2, J = O state,

140
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The necessity of duamping the matrix element by a factor :x\YE—
for emission of each pion fromg closed baryon-anti barycm loop (Sec.
A and B to correlate the rates of processes involving different num-—
ber of pion emissions also seems to be ratier suggestive. The fact
that this damping is roughly consistent with thi cbserved rate of
T>{+> -decay indicates the plausibility of the assumption. In

'

addition, it is rather striking that one gets reasonable agreement
\

+ o 4 .
with experiment in particular for the ratio~WCK—a—T\'+e—+‘)JyN(£_,2‘[r)
i

and for the reasons mentioned at the end of Sec. B, this could be

taken as an indication of the validity of the gross features of

our approach. Finally, we may conclude that the minor discrepancies
(within a factor of 5, See Table I{) for some of the ratios of
decay rates, obtained in the present attempt may be explained by

the slight effect of the final state T -1 -interaction and the
dependence of the damping factor oJ cf the matrix-elements on the

energy release in the corresponding processes.
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CHAPTER IV

THE POSSIBLE EXISTENCE OF AN INTERMEDIATE VECTOR BOSON
Abstract

In this chapter the possibility that the four~¥ermion inter-
action is mediated by a charged vector boson is examined. It is
pointed out that the immediate objection to shich a possibility
(due to slowness of the P.-?Q-\"?{ ~decay) can be removed by assign-
ing opposite lepton mumbers to }AT and € and adopting a "restrict-
ed" four-component theory of the neutrino. It is also pointed out
that the effects of the non-locality (though small, if the mass
of the vector-boson is greater than that of K-meson) on the michel
parameter and life-time Cf }l—decay, are consistent with present
experiments; though more accurate experiments are desirable. The
energy spectra of e, tl and the pion in Ke3 and K*}'LB ~decays are
calculated for both local and non-local interactions with the
assumption that the form-factors are nearly constant over the range
of variation in the pion-energy. It is pointed out that an accu-
rate measurement of the pionenergy-spectrum in these decays could
serve to distinguish between local and non-local interactions.

The effect of non-locality is also investigated in A—>N+4T -
decays. The contribution to the matrix-element of a class of dia-
grams (whose local limit has been discussed in chapter II) satisfying
the strict |43;;\ = 3-rule is estimated, with the help of plausible

assumptions. It is found, as in the case of local-interactions,

142
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these diagrams are much more important than the usually considered
diagram, which contains appreciable amount of \A:\; { = 3/2-transi-
tions in addition to ]A]’;\ = %«—onesn However, if one assumes the
universal V-A form of interactions, one can not explain the observ-
ed sign of the asymmetry-parameter in /\-%Pﬂ—ﬂ'—mdecay for reason-~
ably finite values of the mass of the intermediate boson (less

than two times the mass of the proton, say). This may be regarded
as evidence against the charged vector mesoi.. However, the sign
of the asymmetry parameter could be explained if one adopts V4A-

interaction for /\ -decay.



A. Speculation

The discussion of the various weak processes has so far been
based on a local (contact) V-A four-fermion ihteraction, which
presumes that all the four fermions interact at the same space time
point. At this stage we may compare the weak interactions with
the two other familiar elementary particle-interactions (leaving
aside gravitational forces), i.e. (i) Electromagnetic and (ii)
meson-baryon interactions. The first one is well understood in
terms of an interaction density of the form e@(‘x) 7{)*\? ) A‘,L%)
which involves two fermion fields and one boson field interacting
at the same space-time point (Yukawa type). The second ome also
is presumably of Yukawa type having the form Tg‘ ¢S BCX){ Eﬁ:)) .
It is natural to ask, whether all "fundamental” interactions occur-
ing in nature are in fact of the Yukawa-type. In particular, one
is then tempted to conjecture that the four-fermion interactions
may not be primary. They may be arising as second order process-
és out of a primary interaction, which is Yukawa-type. This will
involve interactions between two fermions and one boson, not yet
found. To carry vector and axial-vector interactions this unob-
served boson must have spin 1. Hence its field—operator]E»* should
transform as a 4-vector in space-time.

(147

There exists another attractive reason for assuming ) the

147

The possibility that the weak-interactions are mediated by a
boson has been considered by many authors, starting with H. Yukawa,
Proc. Phys.- Math. Soc., Japan 17, 48(1935); J. Schwinger; Ann. Phys.
2, 407(1957), T.D. Lee & C.N. Yang Phys. Rev. 108, 1611(1957): R.P.
Feynman & M. Gell-Mann Phys. Rev. 109, 193(1958); Y. Tanikawa, Prog.
Theo. Phys. Japan 3, 338(1948); Y.Tanikawa & S. Watanabe Phys. Rev.
113, 1344(1959)

L4
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existence of such an intermediate boson., This has to do with the
absence of processes such as P-*€+e+€:k—>@,+‘2 MM ete.,
which suggests that the weak-interaction currént {£ is presumably
composed of charged currents onl§rll*8)o If so, this could have its'
origin in the fact that the weak-interaction current %E interacts
with itself through the intermediary of a wvector boscn (Just as
the electromagnetic current ii interacts with itself througﬁ the
photon), which is charged, and hencegg; is necessarily composed of
charged currents only. The non-locality will therefore extend over
the Compton wavelength ¢f the vector boscn.

The present chapter will be concerned with some of the conse-
quences of such an intermediary for four fermion interactions.

Denoting the vector-boscn-field by » , the primary weak-
interaction leading to the observed weak-processes is then assum—
ed to be:

Moo = Qe By + H.C. (142)

where

I = 90DHUHTIE+D % Q+igs) B+ PRO+E5)n

\ — .
+9/q PY G+ ] (143)
we have written here g and g' instead of f andbf’ (compare eqs. (15)

and (16)), since it will be shown that they are related by:

148

As mentioned before the absence of such processes specifically
imply absence of neutral leptonic currents only. There is no com-
pelling reason. nowsver, te exclude neutral baryonic currents,
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Y ~ 2: :§:F
%\3{5 ~ ¥ /NZ
(144)

4 |
gg m?‘B:‘eﬁ f:g

where mp denotes the muss of the vectcr-boson, and fp is the usual
fermi coupling constant (meg 4510"5)0 Thus ﬁrocesses which in-
volve B-meson coupling only once can be calléd 'Semi Weak'. Their
transition probabilities (subject to energy-momentum conservation)
are faster than the usual weak processes, but slower than the
strong processes. While the usual weak-processes are nearly 10_12
times slower than the strong processes, the semi wezk-processes
are expected to be nearly 10~ times slower than the strong ones.

It is easy to check that the observed mass spectrum of ele-

mentary particles require,

Mg > My (145)

If my were less thanfnkf then K-meson will immediately decay into

. + A
K — B+¥
+ [
— BR4+W (etc.)
within 4 period much shorter than the observed lifetime of K+°
It is further easy to check that condition (145) also simltaneous-

1y guarantees the observed mass spectrum of the particles heavier

than the K-meson due to baryon number and energy-momentum conservation,
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For instance, by (145) the following decays are then forbidden

by energy-momentum conservation:

+ .
P— B 4 (Any system with charge zero and
heryon number 1. )

N>R +P

T > A BT

i

etc.

-
Production of B~ - Mescns

The B: -mesons can be produced by a variety of reactions, such

as:

(1) W+Z =P (e)+RY 4 Z*

2 MN+z—>P + B +2"

3 fab> B 4P =

(&) 42> B +R+ 2 eiC,
where Z denotes a nucleus with charge Z; Z* an excited state. All
of the above reactions are allowed for incident particle—energies
above the respective trresholds. It has been pointed out by Lee
and Yan&lhg) that high energy neutrinos (E)>:i> 2 Bev) are expect—
ed to yield cross sections of the order of 10732 cm® (for Z = 26)
for the process (1). Thus such experiments may be feasible in the

near future.

149
T.D. Lee and C.N. Yang Phys. Rev. Lett. 4, 307 (1960)
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Nucleon-Nucleon (process (2)) and pion-nuclson collisions
. . +
(process (3)) are also expected Lo lead to production of B-. How-
ever, since they have to compebe against the possible strong pro-
cesses, they «re expected to occur only at a rgpte of one in about
million interactions.
The fourth process involves pair production of B¥, when a nu-
cleus is present to ahsorbk the recoil momentum?! The cross section
s s ) v R me 2
for such pzir production above threshoeld will be roughly (M€/mB)
times that of ei -pair preduction. The subsequent rapid decay of
+ i ) Y
B~ to ( L24€9 ) and (e+Y) might lead to detection of the }2 and
& or ( M,Q Y-pair.

Decays of B - Mesons

The B-meson cun defay in a variety of ways:

1. e¥a
20 H++l)
0
3. T +T
i ke qPhetaw
B > o 4
5o T+ T+
6. K+—PTTO
7. KY'avy etc.

The sixth mode is allowed if |,

mB ~> W\K”& '\'YV\WO



149

A1l the other modes, however, are allowsd by energy-momentum con-

servation if

Mg 2z Mk

150
The rate for B—> (@) +Y —dacay is given b§ ' ):

A - 29%(m ot YT 1 Ci- A3
T(B>W+) 477 (26>(\ VmB) [fl vz (1 B]

T - wite) [ 2 4s O- M)
Nz . 4n

—
—

(146)
For mp > mK;
\ ‘ > x40 e
~ y C
T(B>e) TCB>P») 7
17 e
oY, T £1.25%10 ’ (147)

Hence its lifetime is too short to observe it directly by its track

in emulsion (for instance), However, as pointed out by Lee and

Iém(g 151)

; one can infer their existence by processes, such as
apparent lepton production or K-meson preoduction in TF -N -collisions,

i.e.
Trah = B'+p — P+ 4P
RN K"' +‘]T0 "‘\"p etc.

150
S. Oneda and 4. Wakasa, Nuclear Physics 1, 445(1956)
151
T.D., Lee and C.N. Yang "Implications of the Intermediate Boson

ati
Basis of the Weak Interactions. (Preprint ) - Phys. Rev. (To be published)
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ibove the threshold for BY production,; these processes should occur

with a probability A~ 107© times that of the strong processes, while

. vltyaga -12 .. :
their probabilities are ~ 10 1 times that of the strcng processes,
b

l
if the weak interactions are local. Hence, detectiog;52) of such

processes may throw some light on the existence of Y he B-meson.

152
For a fuller discussion of the feasibilityp of detection of such
processes, See Ref. (151)



B. General Effects of the Non-Locality in
Four Fermion Interactions

1, The B-decay of the Neutron

The lowest order Feynman diagrams for n->p +e +3 ~decay
with and without the intermediate boson are given by figs. 24 and

25 regpectively.

vi

Fig. 24 Fig. 25

The matrix elements of figs. 24 and 25, calculated from the
local Fermi-interaction (eg.(15)) and the Yukawa type interaction

(eg. (142)) respectively are given by:

M (£i-24) = G 8 (IR -0 (i) §~ (Pragwitg)

(e 7&(\‘"@‘0'5)‘))) (16)

151



152

M($ig.-25) = W8 (k-th- B ~tPs) (-1)® G (B % (Hige)D)

Lop - Dpins € YpUsivg) D

qlla_ _ YY\% (147)

where () denotes the momentum transfer at the (pn)~vertex, i.e,

v =k - (148)

Clearly, for B-decay > is very small., In particular, sinceNp
H

Wy,
q° << g

Furthermore, if we neglect the mass of the electron, eq.(147) re-

duces to,

MCfig-2s) = (207 8 -l ) CiX P

By, (+ivs) M (B Crizs) V)
(149)
Since P-decay experiments are consistent with putting
. fr 16 1y
\5 NEY

in eq. (146), by comparing egs. (146) and (147) we must have; as

mentioned before;

R
Gy
N
|
“
Rl

st

2

gl
m V= (150)




153

It is clear from eq. (147) that for processes like P-decay with
low momentum transfers the non-locality in four-fermion interactions

has very little effect,

2. The P-decay of /\—Hypéron

The lowest order Feynman diagram for A—> p+e + > -decay

involving the intermediate boson is shown in fig. 26.

Fig. 26

The matrix element of fig. 26 is given by;

MCFi9-26) = (2m* 8 (BBl ) (17° 9g PEHEA

go(p“'qbql/fé/m% e XF,CHCM)?J
9 - ma

(151)
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If we neglect the mass of the electron, the C“Q%ﬁ -term
in the boson propagator can be dropped. The Silffterm coincides
with the matrix element for local four fermion interactions except

for the factor,
L
- 99
" ‘2
q,*- ms
instead of ff',Replacing ggi by ff! (analogous to eq. (150)),
34:]

we have;

_gq g

Q- (-
< 91 __ms

ms wg - (W\,\'W\P)l

< $F Ci14) (Fore g % M)

Hence for the"P-—decay of N\ -hyperon, there will be an additional
factor ~« 1.3 in the decay rate for non-local interaction as com-

paréd to the local interaction,

3, The = L"*")) and K — }'L"’))-deca;y‘s

The Feynman diagrams for Tr— }-H-‘)l-decay with and without

the vector boson are shown i figs. 27 and 28 respectively:
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-+
TR +'ﬂ(lm ) -
: (e

p-(- py
Fig. 27 Fig. 28

The matrix elements for figs. 27 and 28 are given by:

M (Fig- 27) = 21 STCR - 1Rua-1p) § FCOR)IR e D LT L
(152)

M Cfig-28) = @I SR BB CF) TR Ry

%?a ~ IRy IRip/ivi 3 ¥pll+ ¥ M
W2 2
RS - mg (153)

. 2

where F7(]F£:) is same scalar function of IR~ 3h both the matrix
e 2

elements. Using IF§ =Wy , it is easy to check that eq. (153) re-

duces to;
2 2
MCRig.-28) = C2md 81CR - BB X ) PR

Rig D8, (1+35) P (154)
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If we replace q%'n% by 2 (eq. (150)), there is no effect of
non-locality in I~ H'ﬁ‘“)’ ~decay . Same is the case for K—)P*’))-

decay .

4, The M-’r e+’ 1+ ~decay

This decay has some favourable features to tebst the existence
of intermediate boson indirectly, firstly becguse, the momentum
transfer involved at the (PJ))—vertex is rather big and secondly
because the conclusions drawn theoretically afe fairly unambiguous,
since the '}A-7Q+f>)+‘§) —decay involves no strongly interacting par-
ticles. The lowkst order Feynman diagram for the above decay is

shown in fig. 29.

4

Fig. 29
The matrix element of fig. 29 is given by:

M Cfig-29) = @mA 8 Clp -l -1~y (-1°T Dy, Civridy)

Yp” WIp/me 5 4o C1HL85) V
q* - s

(155)
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It is well knowr that for contact four-fermion interaction

the electron-spectrum in %L -decay is characterised by a single

(153)

parameter§?9 called the Michel parameter , and has the fomrm,

WRYoe B [CE™ 1) 126 P (4R-33)]
(156)

In the framework of the two-compcnent theory of the neutrino

(See chapter I), it is easy to check that,

? - O ) If (W+V) or (P+D) are amitted
- ! with e~
= 0.95, If ( P*Y) are emitted with e~
(157)
1)
It has been pointed out by Lee and Yang(l5“) that the energy-spec—

trum of the electron will be altered if one adopts a non-local
four-fermion interaction. It is no longer of Michel form, How-
ever, if it is approximated in the spirit of the least square fit,

the effective Michel-parameter, obtained from eq. (155) is given

pyl154)

PR
? o @?%4'£(W®W@
3 (158)

153

L. Michel - Proc, Phys. Soc. 463, 514 (and) 1371 (1950).
154

T.D. Lez and C.N. Yang ~ Phys. Rev. 108, 1411 (1957).
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If we take YnE%$Y“K , eq. (158) gives

¥ ~ 0765 (159)

The recently observed value of 5? (corrected for electromagnetic

(155),

corrections) is

¥=078 +0.025 (160)

\
which is not in contradiction with the value given by eq. (159).

Furthermore, the life-time computed from eqg. (155), is given
EL)

T =T {1 - % Cone) S )

where T, is the life-time for contact fermi-interaction.
The theoretical value of T, is obtained by assuming universal
fermi interaction. If we obtain the usual fermi coupling constant

1
fp from the O‘4 ~rate (after including the radiative corrections),

then the theoretical value of the mucn-life-time is given by(l56)z
6
CUO) - (2.31 + 0.05) X10 Sec,
Theor. (162)

155
R.J, Plano - Physical Review (To be published). For results of

previous experiments, see report by A.I. Algkhanov - Kiev Conference,
1959.
156

This is_the value given by Kinoshita and Sirlin (Phys. Rev., 113,
1652(195912 which includes radiative corrections in muon decay and
is based on an O half-life of (72.5 +0.5) sec. and a BY ena-
point kinetic energy of 1810 * 8 Kev., With a recently measured
end-point energy of 18003 6.5 Kev, the predicted muon life-time
becomes Wy = (2,26 4 0.05)x4¢” sec. In this connection, see Durand,
Landovitz and Marr - Phys. Rev. Lett. 4, 620(1940) .
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The observed values of muon life-time are;

Tp =(z2.22 :to.oz)xhae sec .. (Ref. - 157)
~ (2. 2614 * 0.007) X 107 sec. (Ref. - 158)
~(2.20 * 0.015) X Io° Sec. (Ref. - 159)
=(=z2.211 * 0.003) X '56 sec (Ref. - 160)

(163)

If we accept the first, third or the fourth values of 1%1,
there seems to be a slight discrepancy between “Th (observed) snd
(Q) theoretical,

To obtain (‘E@) theoretical in the frame work of vector-boson,
one has to take into account the non-local effect in’P—decay, as
well as }X-decay with appropriate radiative corrections. It has
been shown that the non-local effect inP-decay is completely
negligible because of low momentum transfer. The non-local effect
in muon-decay alters the life-time as given by eq. (161). However
the inclusion of radiative corrections to muon-decay in the frame-

work of the vector boson is rather complicated and has not yet been

done.,
157

Bell and Hincks - Phys. Rev. 84, 1243(1951).
l588wanson et al, - Phys. Rev. Lett. 2, 430(1959).
i:zFischer et al. - Phys. Rev. Lett. 3, 349(1959).

Reiter et al. - Fost dead line paper, Washington APS meeting,
1960,
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If we neglect the change in the radiative corrections due to
finiteness of W\@ CmB % 00), then by eq. (161) and (162) we

obtain (for Mg~ My);

o.lo5) % 10° sec.
(164)

)

w
i+

(T‘.t >ﬂweor. = ( 2.

which is in the right direction to maintain tr}e universality of the
coupling constant. It is to be noted that i;‘ we accept the pre-
dicted value T, = (2.26 +0.05)x \BG sec. based on recent data

(see foot note - 156), then the inclusion of non--local effect
yields (by eq. (161)) ('Uﬂ") theor. = (2.20% 0.05)x féé sec. which
is in excellent agreement with the first, third and fourth values
listed in eq. (163). It is, of course, necessary to treat the
radiative corrections correctly (without assuming YWMg>OQ ) in
order to get more precise information.

Thus, it may be concluded that the observed values of the
Michel-parameter and the muon life-time are consistent with the
hypothesis of an intermediate vector boson. More refined experi-~
ments are certainly desirable to draw somewhat more definite con-

clusions.
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C. Absence of %JL%Q+D( -Decay

T-':l‘ \Z
AN
Qv
3?\
(:igz
@
QW
[}

Fig. 30 Fig. 31

For contact four-fermion interactions, the \]Ll-é’ «Q-«—?f—dec»ay
is forbidden in the first order of weak interactions, since
fig. 30 has a vanishing matrix element. The lowest order diagram,
which has non-vanishing matrix element, involves two weak vertices,
as in fig. 31. This is consistent with the observed(]-éZ) branch-

ing ratio of p\lée'ﬁ'x -decay;

R WCH—~>e+7) < > <15
W(b>e+y1) (165)

161

We assume the orinciple of minimal electromagnetic interaction,
which forbids the direct M~€-y¥ -interaction. For a general theo-
rem on the elimination of contact muon-electron interactions, See
Cabibbo, Gatto and Zemach - Nuovo Cim. 16, 168(1959). See also
Cabibbo and Gatto - Phys. Rev. 116, 1134(1959) and Feinberg, Kabir
and Weinberg - Phys. Rev. Lett. 3, 527(1959).
162

Berley et al. - Phys. Rev. Lett, 2, 357(1959).
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However, the situation is altered, when one presumes that the
weak interactions involve an intermediate boson. The relevant low-
est order Feynman diagrams for M%G%}—f{ ~decay are then given by

figs. 32 (a), 32 (b), and 32 (c).

)

Fig. 32

Each of figures (a), (b) and (c), shown above, has a non-vanishing
matrix element. These diagrams, however are of second order in the
interaction J‘,Q Boﬁ (eq.(142)) and hence first order in the usual
weak-interaction J; JH (eq.(15)) . Therefore' they lead to a rather
large branching ratio for }.&.~>€+X -~decay in contradiecrion with

(163)

experiment. The amplitude, calculated from figs. (a), (b)
and (c) is logarithmically divergent. The branching ratio R turns
out to be a function of the ratio of the cut-off /\ and the inter-

mediate boson mass T\g. For a choice of A =Mg , one obtains,

R =~ 5% (166)

which is & hundred times larger than the experimental upper limit.
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(1€3)

Meyer and Salzman show that, one can not explain the experi-
mental upper limit of R, unless one takes a ratio /yma_é L o

5

This is a rather unreasonable choice, unless the B-meson is extreme-
1y heavy.

Although, the results are not completely conclusive, being
dependent on a choice of the cut off, it may be concluded that in
the lowest order perturbation theory, the experimental upper limit
of R is in contradiction with the "Conventicnal " vector boson
theory (for reasonable choice of the cut—off), unleés(léh) the
vector boson is extremely massive.

This may be taken as evidence against the vector boson hypo-
thesis, if we believe the calculations. However, it is now perti-
nent to ask, is it possible that the vector boson -~hypothesis is
true, but the Y\->@+¥ —decay is still forbidden by some selection
rule?

The only selection rule, that could be pertinent in this case
is the lepton number conservation. If EJT and e possess opposite
leptoh numbers, the }L—?€3+ﬂ( —decay is strictly forbidden in the
scheme of either local or non-local interactions, if we require

conservation of lepton number.

163

G. Feinberg - Phys. Rev. 110, 1482(1958).

. P, Meyer and G. Salzman - Nuovo Cim. 14, 1310(1959).

164

An alternate possibility, rather unlikely, is to assume an ano-
malous magnetic moment of the vector boson, which serves to explain
the low upper limit of R for relatively small values of WﬂB . See
M.E. Ebel and F.J. Ernst ~ Nuovo Cimento 15, 173(1960) .
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The assignment of opposite lepton number to}kd and e , how-
ever, leads to restriction on the nature of the neutrino. In par-
ticular, one has to abandon the conventional two-component theory
of the neutrino in order to explain the facts, observed so far.

This will be the subject of discussion in the next section.



D. The assignmernt of Lepbon Numbers and the
Nature of the Neuirinc

In the Musual" schems, one adupts ths assigrment that e
5 whils e¥, MY and 2) are znti-leptons. By defi
and 2J) are leptons, whils et and 2 are anti-leptons. By defi-
nition, the symbol 2 denotes the neutral massless spin - 3 par=—

ticle emitted in the 'P? ~decay of a nucleus., We zall it "npeutyino®,

Hence the anti-neutrino, denoted by ¥ , is the corrssponding

I, B) that;

VD emitted in BT -decay is left handed

and, Q2 emitted in P -decay iz right handed

For convenience of discussion, we shall reserve for a short
while the symbols ) and _}3 to the neutrino-like particles emitted
in'ﬁi' -decays only. Let us denote the neutrino-like particles as-
sociated with the muons (of either sign) by @) and @, By convention
let () denote the companion of &Jf in the two-body decay of T\“* o

Hence,&—) denotes the companion of 5‘4; in 7 -decay; thus

T SRV

T = W+ o (167)
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We would assume that the same neutral massless spin - 3 par-
ticle is involved (apart from particle-antipa.rticle distinction)
in \L -capture or in the decay of pions to muons as in P-decay.
In other words, we omit the possibility that @ find PV ,in
spite of the same mass, charge and spin, may be cog‘gletelx(165)

different entities. Under this assumption, and the assumption

of lepton number conservation; whether(léé)

® = 2V, 0t 2, (168)

depends upon whether '.,L- is a lepton like € or anti-lepton like

et.
The facts known so far about the W |L-»Q -chain are [See
chapter I, B];

g
(1) The high energy e are emitted predominantly anti-parallel

+
to ‘-A' —~momentum,
4
(ii) The helicities of high energy e (neglecting their mass)
are * 1.

(iii) The Michel parameter;?in Pl —~decay is ~ 0.75.

165

By "completely different entities, we mean some inherent or in-
trinsic difference, which is not the same as warticle-antiparticle
distinction, i.e. it involves two different field operators for the
two entities,
166

By b , we mean the charge conjugate of 2 . As an operator it
stands for the charge-conjugate of 2 2 ice. 2 =C(DIT ; where

W1 “D’ CT =-Cand CT=C"' =-C* ~. As a particle-
symbol it denotes D (anti-neutrino). Thus , standing on the
right hand side of the arrow for any reaction denotes creation of
anti-neutrino; while standing on the left hand side, it denotes
absorption of anti-neutrino. Accordingly 3'_2:, as particle-symbol,
just denotes neutrino ().
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An attemé%6zg measure directly the helicity of &kﬁ (hence ofC®)
from TT‘-—decay has not yielded conclusive result.

We shall discuss the relationship betweerxd&zuxi;y s as requir-
ed by the above known experimental facts under the alternative
assumptions:

(1) }f§ is a lepton like e~

(11) &Lﬁ is an anti-lepton like e*

In either case, it is to be remembered that we can not let the two
neutrino-like particles emitted in muon decay to be identical in

all respects because of (iii).

(1) }*_ is a lepton like e~

Then the TT —> }&'—4>é2'Ldecay scheme is denoted by,
T — M +w
p—_a e“+§)+0:)

In this case, since}k is a lepton,

Ww = W

by lepton number conservation. Since the helicity of }L' is not
known, the helicity assignments for the high energy e~, consistent
with (i), (ii) and (iii) for the two alternative values of }l:—

helicity are shown in figs. 33(a) and (b) respectively.

167
Love et al. - Phys. Rev, Lett. 4, 382 (1960).
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(a) (b)
= right handed W™~ 1eft handed
]T— \ -n-_
= = '
- S =3 =
ryvy - A «
TS M \\\\ W M-
( =N D =
— =I = >
e- o o= :T‘j“”
Fig. 33

If fig. 33(a) describes the phenomenon correctly, then it
simply implies the validity of the two-component theory of the
neutrino (since in the present case (D=2 ), i.e. only left hand-
ed neutrinos and right handed anti-neutrinos occur in nature. The
phenomenon is consistent with the universal V-A four fermion inter-
action.

If, however, fig. 33(b) is the true description of the process
then one must adopt the four-component theory of the neutrino, since

— (168) _
D is R.H. inp -decay and L.H. in i«&—decayc Furthemore, it

fig-33b
is clear from the helicity assignments inAt.hat the (€»)-current
must appear with opposite chiralities in"B-decay and H —decay
interactions; so also the (P@J’O)—current must appear in }A-decay

and ‘l—capture interactions (presumbly playing a role in pion-

decay process) with opposite chiralities.

168
From here on we will often use the abbreviations R.H. and L.H.
for "right handed" and "left handed" respectively.
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(16

9) —
Although this possibility can not be ruled out unless $A -
helicity is found to be positive, it lacks theoretical appeal.

Thus if we assign the same lepton number tojﬁf as to e”, the

observed facts strongly indicate the twe component nature of the

neutrino (Possibility (a)). Conversely. it is easy to check that

if we assume the two-component nature of the neutrino, then&&’ must

necessarily be considered as a lepton like e, The reason is as

follows:

Let us assume the two-component theory of the neubrino. Let
us suppose that }K’ is an anti-lepton like e¥. Then the @Lf—decay
must yield two anti-neutrinos alone with electron in order to con-
serve lepton nupber. By the two-component theory of the neutrino,
the two anti-neutrinos must have the same helicity. At the high
energy end of the electron spectrum, they travel parallel to each
other, By Fermi statistics the matrix element for such a configura-
tion of the final state is zero. This is in contradicfion with the
observed value of § (& 0.75), which implies a non-zero intensity
at the high energy end of the electron spectrum. Hence, we have

proved the statement made above,

(11) ‘XT is an anti-lepton like eF

The ‘ﬂ‘.—asﬁdy-%‘e“’ -decay scheme is again denoted by;

T = W+ 0
W 27+

169
" In this connection, See S.P. Roser Pl'ys. Rev. Lett. 4, 613(1960).
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Since, Pv is an anti-lepton we must have,

by lepton number conservaticn. In this case,| the helicity assign-
ments in the T -> \u:—»e“ chain for high energy ‘©, consistent

3
with (1), (ii) and (iii), for the two possible helicities of }JL’“

$
are given by figs. 34(a) and 34(b) respectively.

(a) (b)
L™ - Right handed PL7- Left handed
w L
= = == =
< }f_ —= ,j_
o @
==p :.‘_:;ﬁ‘—?y DA ::?E’-?){
e- == o T >0
Fig. 34

If fig. 34(a) describes the phenomenon correctly, then one has

to adopt a four-compohent theory of the neutrinc, since one of the
. W= deary

anti-neutrinos, denoted by @(z)@)emitted in A is left handed and

the other right handed. The G emitted in \T_-,-decay (presumably

involving }X—capture reaction) along with %JL" is correspondingly

right handed. This, therefore, permits us to associate consistently

only left handed neutrinos with e” (both in"B-decay and H ~decay

interactions) and only right handed neutrinos with P—" (both inH -

his(l'/o)

capture and }A -decay interactions). T differs from the

170

J. Schwinger, Anuais oL Fhys. 2, 40?’(1957), K. Nishijima, Phys.
Rev. 108, 907(1958) ; M. Konuma, Nuclear Phys. 5, 504(1958).
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usual two-component thecry of the neutrine only by the fact that
Tl:\‘— 3& C“\'C"SS))) —current entering into any interaction is re-
placed by F’ A +¥5) , where ¢ =% , Thus, this is a
form of twin neutrino thecry, where one twin is associated with
¢, the other with j¥ . Because of the restriction on the na-
ture of helicities of the neutrinos, associated with electrons and
mions, we shall refer to such a four component theory as "The Re-

stricted Four Component Theory of the Neutrino®,

If fig. 34 (b) is the true description of the event, then also
one must adopt a four component theory of the neutrino, since pY)
is R.H, in ﬁ’ﬁ—decay, but L.H. in }*- -decay. Analogous to the
situation in fig. 33 (b), however, the (€2 )-current must enter
with opposite chiralities into {3 ~decay and H -decay interaction;
so also the (P‘a‘))—current must enter into P- -decay and fd\ -Cap~-
ture-interactions with opposite chiralities.

Thus the descriptions provided by either fig. 33 (b) or 34 (b)

leads to rather theoretically unappealing interactions. Hence, we

will ignore the possibility that F\' amy be L.H., i.e. we assume

that the future helicity measurements of P- will show that it is
R.H.
Thus we are left with either of the following two possibilities

[See fig. 35 ]
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(A) Two Component Theory of the Neutrino with }LT Being a Lepton

The weak interaction current subject to lepton number conser-

vation can in this case be written as:

Jy = I[N FuCHiE5) P+ €T l¥s) D+ Mg+ i85)Y
7 (169)

3%
So that the interaction (JPBH § H.C.) or (JP MoF H.C.) 1is invari-
ant under the trans-formation :
D>y, MM, e-sp (170)
and the = }).'—‘7 @~ ~-chain is represented by:
T — +®)R
p- — 7 4 )JL +(2))R
(173

where the subscripts L and R denote the helicities of the corres-

(171)

ponding particles,

(B) The Restricted Four Component Theory of the Neutrino with
}L‘ Being an Anti-lepton:

The weak interaction current jsubject to lepton number con-

servation can, in this case be written as;

= 9 NGO+ IP + € Auli+is )Y AR+ ) w -]

171
L and R denote L.H. and R.H. helicities respectively.
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where = :2%3 (172)

)

. , 3¢
So that the interaction (Jw qi + H.C.) or aJ% Jp, + H.C.) &s in-

variant under the transformation' ™ ™’

Vrafew ; Pyl €€ (173)

and the TT1~>}X»QJ> € _ chain is represented bj;

T— Prey

MW e+ &g v (174)
By using the properties(l73> cf the charge conjugate operator ?%:
it is easy to see from egs. (169) and (\72) that both (A) and (B)
lead to the same results as far as the decay electrons are con-
cerned (i.e. their helicities, Michel Parameter, Correlation of
e -
P with ?P_ etc.), and hence can not be distinguished from each
other on the basis of present experiments,

It may appear that the pessibility involving the association
of different types of neutrincs with }lﬁ and, e~ is probably an un-
necessary complication., It, however, posse¢sses some attractive
features. Firstly it would imply that processes involving an odd
number of A -mesons and an odd number of electrons (of either
sign) are forbidden (by lepton no. Conservation). For cxample

the following transitions are forbidden under scheme B either

172

K. Nishijima - Phys. Rev., 108, 907 {1958)
173

See "Theory of Elementary Particles" Chapter IV, by P. Roman,
North Heclland Publishing Company.
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in the framework of local or non-local four fermion interaction.

(1) MH—>e+Y
(1) K-> M=e€
(ii1) p&p_>e+P4&ca

Thus one can explain the absence of }kﬂyé&+z’, even in the frame-
work of vector-boson-theory for four fermion interactions, if one
adopts B. Thus possibility E is quite welcome; sihce the vector
boson hypothesis is rather appealing from the theoretical stand-
point,

Secondly, the possibility B also has some implications with
regard to the fact that the }L-and e¢” possess such apparent simi-
larity in the nature of their interactions and yet have very dif-
ferent masses. It is generally believed that the physical masses
of the particles can be attributed to their interactions. This
is consistent with the observation that the leptons, having no
strong interactions, occupy the lowest positions in the mass
spectrum of the Fermi particles. From this point of view the(}b&j
-mass difference has been a mystery'74 for a long time. It might
suggest that ﬁhe }1-and e~ may possess some inherently different‘
quantum numbersgl75) for example, they may differ in their lepton-

ic charge cr lepton number, consequently they are associated with

174

One way out could, of course, be to assume that their bare mass-
es are different from each other.
175

Some workers have tried to introduce the concept of strangeness
for muon. See Gamba, Marshak and Okubo "Note on A Symmetry in
Weak Interactions" (Preprint).
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different types cf neutrinos (possibility B) This does not, of
course, eiplain in any way why thsir masses are different, but

may be consistent with the indicetion that there may exist some

intrinsic difference between the L™ and the 7.

In view of the above discusaion, it appe;rs that possibility
B 1s rather appealing and hence it is worth investijzating, how onse
may distinguish between A and B.

Distinction Between (&) and (B)

Clearly, in order to distinguish experimentally between (4)
and (B), one has to test whether the neutrinos associated vith the
muons are capable of inducing the same reactions that can be induc-
ed by electron-associated neutrinos. This can be done, for example,
by testing whether the @ -particles emitted along with M in T -

decay are capable of urndergoing absorption via the reaction:

W+HP — ev 4 (175)

clearly, the above reaction can take place if (A) holds, while, it
is forbidden if (B) is true.

High energy neutrino experiments to test if the above reaction

N

6)

1
goes or not, may be feasible( 7 in the near future.

176

For an interesting discussion of the feasibility of the above
experiment, see B. Pontecorvo, J. Exptl. Thecr. Phys., (U.5.5.R.)
37, 1751 (1959).
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Since the rest of the discussion in this chapter is concerned
with the effects of the intermediate vector boson, which are inde-
pendent of the choice (A) or (B), we will discuss in the frame work

(4) for convenience.



E. Effects of Nonlocality on the Energy Spectra
in Ke3 (KMS) ~ Decays

We discussed before in Sec. B, the effect of nonlocal four
fermion interaction on TT—=> M@ +Vand K—=>ME@I+Y_ gdecays and
found that the results are the same as those for lo%al four fermion
interaction except that Cf}?n%)replaces £2( = fp/ 2) and gg'/np

s
replaces ff'.

In this chapter, we wish to consider the 'energy spectra of the
plons and the heavy leptons (e orj) in Keg (KP-? )-decays for
both local and nonlocal four fermion interactions. It is point-
ed out that accurate determination of the pion energy spectrum
my serve to distinguish between the two types of interactions.

The energy spectrum of e(}&) is however not so sensitive to the
choice of the interaction (local or nonlocal) mainly because of
kinematical reasons.

The KZS (IiIB) ~decay process for local and nonlocal fermi in-

teractions is represented by figs. 36 and 37 respectively.

NQ'3))

Fig. 36 Fig. 37
178
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The matrix elements of figs. 36 and 37, considering the muon-

mode, are given by:

M Cfig-36) = IK GMAE (R - Ipr R [T 15, +32 €]

V6 QHED (176)

M$ig-37) = F S kbR [, o +3, 2]

Ue- O Up/e Ty, Clring) L
R°- Wi

= F 2 §'CR - 1Pp-ue-1B,) [, I, o+ S 05 )

b)) YpCl+17¥5) P’

(177)
where,
K = % qﬂff'
F - 99,99
g = “3}“ +P,
SR NS B 1¢ OV SR A2 S
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Jl and J2 are scalar functions of th¢°ﬁphl//vﬂ$ and dencte

the contributions of the baryon-antibaryon locps, occuring inside

the black boxes in figs. 56 and 37. The
time reversal invariancs,

We neglect the dependence of Jy, JZ ard J% on the pilon energy,
as in chapter III (See ch, IIT. A). This amounts to replacing &
black boxes in figs. 36 and 37 by peints. This is not so unreason-
able, since the nonlocality due to the back Yoxes involving baryon-
antibaryon pair is expected toc be rather small; that due to the B-
meson, however, will be taken into account (Since mg may be roughly

wn
equal toTW$Q

. ¢ . H
The matrix elemsnts for ~decay are obtained by replacing }i

K€33
by e in egs. (17%) and (177).

The energy spectra of the micn and that of the pion in K$K5=
decay have been obtainsd for both local and nonlocal fow fermion
interactions in appendix V [egs, (A-154), (4-160), (A-162) and
(a-163) J.

The corresponding sxpressions for electrons znd picns for §3 —
decay are immedictely cbtained freom the above mentioned equatiens
by replacing Dy by mg . Since terms involving Jp and Jé in the

. 2 .
energy spectra involve m%kg we may drop such terms for the 5@5 -

mode by neglecting the mass ¢f the slectron,

177
For mg>> mp, one simply cbtains the results of the local fermi
interaction.
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The electron and pion-energy spectra for KC’S ~decay are then
given by:
Lecal
i (Ee)dE. o [M,C2m(E- ZEe Sz ARG 2Ee)|dE,
(179)

NCES dE, o[ ik C2meE,-2E- 35) +be Mk (Mi-2B)}ocy

(180)
+ik (M -2E) %, ] d Ee
Local
WCE )dE, ot C E i)Y~ (1e1)
\/:IIO%EQT:)C\\— o (Err"m“)a/z (182
(b-2mx En‘) )
where, (for Kg3 - mode)
ryl‘ - CQ(‘~YY\12\'&) Ee : Q = YY\i—\-Yﬂi;
Z .
. = ChZ Wiy ) B (i Be D ; b :m;+m;-m§
SV

2
d = mMg-2meE,
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(L-MFD Eo

d {b~ MK/OC (Y\ﬁ,<-E¢)(oC+n\2,fr)}2, (o(‘-mz) E, MK

9(1_ =

o - e b - mw{(mk Ee)Qf—H“rr)&-Ee_Co(, mﬁ)}
“ 4 Mg b - YYN%C{CmK-Ee)(oum“) =NEE m“—)}

(183)

Since the J2 or J2 terms do not contribute (neglecting me) te
KeB —decay, we do not have tc know the value of Jl to evaluate the
energy spectra of KeB -decay. From this point of view the theoretical
predictions of the energy spectra in KeB ~decay are somewhat more
reliable than those in Kps—-decayo We will therefore try to dis-
tinguish between local and nonlocal four fermion interactions on
the basis of energy-spectra of KeB ~decays only. In Appendix-V,
we have given a predicted spectrum of the muon (fig. 42) emitted
in K‘xzrdecay for contact four fermion interaction by adopting a
typical value of Jl/st obtained in the lowest order perturbation
(with cut off )\ = 1.8 mp). The shape of the muon spectrum for
nonlocal four fermion interaction is not expected to be very dif-
férent from that due to local interaction (as in the case of elec-
tron) .

(178)
The electron energy spectra for both local [- eq. (179):]

178
Furuichi, Kodama, Ogawa, Sugawara, Wakasa and Yonezawa -~ Prog.
Theor. Phys. 17, 89 (1957).
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(179) _

and nonlocal [ o (1802] interactions are shown in figs. 38
and 3% respectively. In the latter cass, the mass of the B-meson
has been tentatively chosen to bs \fwﬁk*pﬁﬁ « A comparison of
the tneoretical curves of either model with the available dat£180>
(figo 38) shows a very poor agreement. However, the experimental
data are subject to considerable uncertainty and are not reliable
at present.

It is to be noted that the theoretically predicted electron
spectra are nearly the same for either model of weak interactions
(local or nonleccal) in spite of the apparently different expressions
[ eas. (179 and (180) } . This arises partly due to the fact that
the pion energy is a slowly varying function of the electron energy
and attains nearly its maximum value for a number of different
kinematical configurations. It is easy to check that the meximum
possible values of Ee and B in K:§ decay are nearly 228.5 and
265.4 Mev. respectively. The value of E“.is maximum when Eg is

-~
minimim, corresponding to B = 0 and it has nearly the maximum
value when E, is maximum, corresponding to %; = 0. For inter-
mediate values of E, E“ntakes nearly maximum value for different
configurations. For example, for E, & (E_)ymy/2 = 114.25 Mev,
E1rvaries between 169 and 265 Mev approximately. This nature of
variation of En,with respect to Ee partly masks the effect of the

nonlocality, as is exhibited by the curves in figs. 38 and 39. Thus

the electron energy-spectrum is not suitable to distinguish between

179

S. Onedz & J.0 Pati - Phys. Rev, Lett, 2. 516 {1959)
180

Birge st al. Nucve Cimento, i, 8324 (1954)

alexander et al. Nuovo Cimentc, 6, 478 (1957).



Fig. 38

Electron Energy Spectra in Ke 3 ~Decay with Local Four-Fermion
Interactions [eqo (179)) . The histograms are based on the
available data (Ref. 180). The theoretical curve is the same as

}
that given in Ref. 178. The above curve has been reproduced from

R.H. Dalitz - Rev. Mod. Phys. - 31, 823 (1959).
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Fig. 39

Electron Energy Spectrum in ~Decay with nonlocal four fermicn
3

interactions [eq. (180)7) . Compare with the curve for local four-

fermion interactions [fig. 38} .
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the local and nonlocal interactions.
The pion-energy spectra for local [ eq. (181)] and nonlocal
L ea. (182)7) four fermion interactions have been plotted in

fig, 40, where we have tentatively chosen

Mg = \km%m?
It is to be noted that there is a rather rapid wyariaticn in the
slope of the spectrum at the lower end of the pion-energy for
local interactions compared to non-local ones. ‘Thusg it can be
hoped that a careful study of the energy spectrum of the decay pions
may help to decide whether four fermion interactions are local or
nonlocal.

It may be remarked that, under the approximation that Jl is
independent of E.. , the energy spectra of PE%—>1% *-ef%tg)g
K§_> TT“—’_\_gij) and KT—VY\?-\— e¥ * 2 would be the same except
for the small effect of the mass difference of the participating

particles. In general, if the dependence of Jy oh E- is marked,

W
these spectra may be different from each other. 'However, if, as

is the case for our choice of the interaction, the strangeness
violating current behaves as an iso-spinor, then these spectra should

(181)
be the same s irrespective of the dependence of Jy or\E%, likewise

for the muon modes.,

181
Dikubo, Marshak, Sudarshan, Teutsch and Weinberg - Phys. Rev,
112, 665 (1958).
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Fig. 40

Pion Energy Spectrum in [Ke3 -decay given by egs. (}81) and (iSZ) .
They are normalised to give the same area.



F. Effects of Non-Locality on the Dscay of the j\ -Hyperon
The decay of ths /X ~hyperon has bsen discussed in detail in
chapter II n the basis of contact V-A four feypmion interactions.

£ 3

It has been shown thuat a new class of diagraas (fiﬂ‘ 14) involving

[63]

single-neutron intermediate state and satisfying .he @zﬁ]:%

rule is much mere important than the usually cohsidered class of
diagrams (fig. 5), which involves a mixture of«ﬁg&]:\ = % and 3/2

p
transitions. It will be ocur task in the present section %o examine
the contributions of the same two classes of diagrams with the intro-
duction of the intermediate vector boson. It will be shown that
the introduction of the non-liocality in the four fermion interactions
increases the importance of the new class of diagrams compared to
the usual one. However, with reasonably finite values of mB, we
can not explain (under the approximation discussed in chapter I1
E) the observed asymmetry parameter of M\ -decay if we stick to
Eositivglaz) bare chiral currents only.

¥

The Feynman diagrams invoving vector boson and corresponding

4~

to figs. 5 and 14 of local fermi interactions are given by figs.

P

w-.)__ B
1 N B~ n >
~
= Y
N N
N
i
Fig. 41 Fig. 42
182
e have dcfi e nv@Vlcu_lg ecurrents of positive chirality %o
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Comparing with ey, (42), the metrin elemant of fig. 41 is

(183)
given by

MCFig-4) = Cm? S (IR -1, P (FI9E DD W A

BPW L %B ’"l Pﬂ'ﬁ/m% PX}’»(— +LA2{§)/\
BN <SR

P & -t Py DO/ )2 IO Mp A

}pﬁ-ﬁ T-‘; ’b/p C 4+ Afg) AN (184)

Thus there is no difference betwsen the results of lccal and non-

local fermi-interactions as far as fig. 41 is concerned, except

! .
for ths replacement of Q@/m% by £f'.
Assuming the sume medification at the ( /\P) and (PN ) ver-

tices in fig. 42 zs adopted for local ferml

(6]

interactions E’See
chapter II & eq. (77)] ; the matrix clement of fig. 12 has been

derived in appendis VI. By eg. (4-178), the matrix element of

fig. 4z is given by:

g .2 3 2 N
N (fig-42) = %AICBR-B\?P~«1\?W)(\©@/mLBJ T mnmp(}%\z,m*g

RS /H’%r CiriBys ) A (185)

183

The fo*uer is a form

2o ]

Notice the distinction between A arw'iff\
factor denoting the centribution of the sl cole=en loop

(fig. 41) and the latter denotes the modification of the (P/\ )

vertex due to strong interactions [See churter II EJ@ The value OFf A
obtained from the known rate of w->W&Y -decay is given by:

. ¥ [ ATE;Q-A-
R  0.2934 [[ See chapter II; eq. (L)} .

L —-“»‘.».-‘ﬂ
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where )

L = (A-BYG, - CA+m(Ma/p) O

i g

B = U-ABS, +(ivAD) (/)3 (g0

The quantities @, and 6%5 are expressiors involving certein inte-
grals and are functions of s mhj Twa&nd >\ s where >K~ denotes
the Feynman cut off parameter, They huve been defined b eq. (A-176)
and their values for a few vaiues of 1p and )\ have been tabulated
in Table XI (aAppendix VI). The quantities A and B denobte modifica-
tions of the (/\F>) and (F>ﬂ J=vertices respectively in fig.
L2. [Seg £, 77:] o As in chapter II, ws choose bentabtively,
Dx+1.25 and A =~ 1.

From egs. (18L) and (185) we then obtain:
N CHig-42)> 8

M (£i9.-44)

1 i' <>\: mA/]“BzW\P)

7
i
2

~ RO (_ >\ = l‘Smb)“\B:m.Q

(187)

These therefore show that, even in case of non-local four fermion-
interactions the contributicn of fig. 42 1s ruch larger than that

of fig. 41.
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In fact, the ratic R is much larger for non»loca&lsmfermi inter-
actions with reascnably finite values of np (mg less than 3 mp for
exanple) than for lccal ones Y_cc-:apare eq, (127) and Table VIIlj .
Thus, in this respect, the qualitive nmature of the explanation of
the approximate (AT | = s-ruie and the slowness of the leptonic
=
modes compared to the nonleptonic ones of strange particle decays
remain the same for nonleccal fermi interacticns M3 finite) as for

local ones (MB—>Q0).

Study of the Sign and Magnitude of the Asvmmetry Parameter of /\ -Decay

The cbserved sign of the asymmeiry parameter OC, (defined in
chapter II B) demands that of and B in eq. (185) should have the
same sign. The observed magnitude of ol (of- 20-731’0”!49 also
imposes restrictions on the possible values of ”}%C » The values
of f and }3 depend on the choice of A and B and also on the
choice of >\, and mB; the latter determines the values of &, and
3 ):Table XIJ .

From Table XI, or from the defining equaticns of ©; and @55

[eqe (A-l?é)] it is easy to check that the variations of &, and
83 as functions of ™MB for any reasonable choice of the cut off X
is roughly as follows: @, and 63 are comparable to each other in
magnitude for values of MB around nucleon’s mass, the former having

positive values only and the latter only negative ones.

184

It is easy to check from the values of ©, and Qszgiven in Table
LI, that the said ratio 1s a rather sensitive function of the choice
of the cut off N for non-local interactions. It is not so sensi-
tive, however, to the choice of M8,
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S, is5 on incroasing functi~r of E and reaches a finite positive
ﬁnit as n5-»00 , which determines the contributicn of fig. 42 in
the locual lizdt; 65 s on the other hund, decreaseg 185) in magnitude
with tiue increase in mB and reaches zere limi!‘t from negative values
as mB-»X . Tius the €, -teram does not contribute, in the local
limit.

It cur be checked with the help of Table %I, and eq. (185),
that with our choice of A and B, the above mbntioned behaviour of

© and C% is such that;
B <O

for reusonably finite values ome (WBless than 2mp, for example) .
Thus we find that, with our choice of the remormzlisation effects,
A = ¥, B= 41.25, which corresponds to a choice of positive
bare chiral currents cnly, there exists no way to explain the
observed sign of the asymmetry parameter of A -decay for reason-
ably finite values cf M3. The choice of ‘A hardly alters the above
situationu

In order to have some orientation one may try the feollowing
four possible chioices of the relative signs of A and B, while con-

sidering the asymmetry parameter of A ~decay.

A { B = +#1.25 (a)
- -ll.
LB = -1.25 (v)
185
For some choices of )\ (for emmrle N = 1.5mp), however, (‘33
inereagss in o ;:."i‘-f...:v Siily OVEY 4 Sl Sadgt of valuws of =B

attaining 2 maximur and then decreases again (See Table XI)
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B = 41.25 (c)

= 31
A=, B - -1.25 (a)

i
-

From Table &I, with A =W, (for instarce), it is easy to check
that:

(a) Yields the wrong sign of the asymmetry parameter
for all values of B,

(b) Yields the desired sign and magnitude of the
asymmetry paramster as well as a large value of
the ratio R for reasonably finite values of Mp
MB 1ess than 2mp, say)

(c) does not yield the desired sign of the asymmetry
paramneter for reasonably finite values ot M3
MB less than 2mp for example).

(d) Yields the desired asy@metry parameter for A -

decay for almost all values ofM3,

This situation is not altered for a choice of 7\ = 1,5 mp or higher
values of A , except for an increase in the absolute decay-rate.
Thus, if we insist on positive bare chiral currents only
(corresponding to V-A interaction), then for the present choice of
renormalisation effects at the (AP ) and (PN ) -vertices, there

186
exists no wa§ ) to explain the observed sign and magnitude of the

186

It is to be noticed that, in the Sakata model, this statement holds,
even if we start with & primary interaction satisfying the strict
VAL | = j-rule, with the «ddition of neubral buryonic currents (hence
neutral vector bosons), as recently proposed for instance by T.D. Lee
and C.N. Yang (Phys. Rev. - To be published).
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asymmetry parameter of /\ ~decay, unless the B--meson 1s extremely
heavy., This in a certain sense may be taken as an evidence against
the intermediate charged vector boscn, and is in parallel with the
conclusion drawn from the analysis of Fk—%-@:k?(;—decay (sec -C)

in the frame work of the two-compcnent theory of the meutrino,

However, if we insist on the idea of the intermediate boson,
then the following possibility may be added, provided we abandon
the universal V-a-form of weak interactions. A9 mentioned above,
the choices (b) or (d) can explain the desired as&mmetry parameter
simultaneously yielding a large value of the ratio R for reasonably
finite values of mB. The former would correspond to a choice of
negative chiral form[ i.e, of the form ﬁ}&(\—(.?{g) 3] for both
(FA) and (‘—(\'P) ~currents entering into A -decay interaction,
and the latter would correspond to pesitive chiral form for (E/\)
current and negative chiral form for (ﬁﬁ}D ) —current.

Either of the above two possibilities may suggest the existenee
of two charged vector bosons, one mediating the strangeness conserv-
ing processes (B) and the other, the strangeness violating ohes
(B'). The latter must be associated with a weaker coupling constant
than the former and should couple the (TM’J) - vertex to the (T’\'P ),
(e») and (}iﬂb-verticesa It may be noted that although in this
schemé, (Y\p) and (KF) should couple with B! as given by either
(b) or (d); (}C3) must couple with B' in the same way as with B

187
(positive chiral form) due to the observeg ) similarity of the

187
Coombes et al. - Phys. Rev. 108, 1348 (1957)
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asymetry parameters in T-HU->@ and K->M—>Q -chains and the
indication of V-4 interaction in M,—-capture (see chapter I B). This
may therefore suggest that one couple (82 ) to B' alsoc in positive
chiral form, These possibilities however have little symmetry and

N -

nence 1ittle aesthetic sppeal.
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APPENDIX I

Notations

Although the notations and some of the useful relations, often
weed used in this thesis are very commonly used in the literature
and text books, we will list some of them in this;appendix for the
sake of convenience and completeness. These are nearly the same
as those used in Mesons and Fields - Vol, I by Schweber, Bethe and

De Hoffman.

Three vectors and four-vectors:

Three vectors are denoted by an arrow over a light face letter
(f;?,?g'etc.). Their magnitudes are denoted by the same letter
without arrow €, ¥Petc.). Four vectors are denoted by letters
with double lines (% ,\P etc.). Scalar products of both three

and four vectors are denoted by a dot between the two vectors.

Choice of Metric:

The space time component Sﬁp'of a four vector X are taken as:
x°=-cbt ,xi-o
x> =Y ,X =Z

The metric Q%uv is taken to have the following components:

1 © o o
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The Lorentz invariant scalar product of two four vectors is given
by:
—> >
Wy Y
PX =9, ,PX -Xk-X1P
M
The usual summation convention for repeated indices is always under-

stood.

Units:

We use the units in which,

o= C

In these units we have

1
'_L

L _ 4
Rength time

MAAH = enevrgy

1]

m

'YYI - YY\ C * - ___‘_1:_——— = 1
e A Ane?

For electron,

_28 i
~ ' .~ 0. 511 MeV x» _
W\Q P-4 91 x40 ~9dm @) 3'86,(1(}1 o
~ i
- 1,289 <17 Sec. (4-1)

Hence in the above units the decay rates should be proportional

t0 mass.
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Dirac - Matrices etc.

The Dirac equation, the Dirac - matrices, and the Feynman
propagators etc., used in this work are the same as those used

by Schweber, Bethe and De Hoffman - Mesons and Fields - Vol. I.

Field operators and spinors

The field operators for spin - % particles are usually denot-
ed by the symbol of the corresponding field. ’For instance, the

- )
four-fermion interaction for —fs —decay is denoted by:

$* (P v Qi) MICEIC+175)2)

where each symbol stands for the operator of the corresponding
field.
Acmetimes
However, weﬁ?enote the spinors for corresponding fields

occuring in the matrix-elements also by the same symbols. For in-

stance, the matrix element of ¥<+Z%>}l4lp)J ~decay is written as:

Tt & BB X Ty F £ T R DACHTDO

This distinction between spinors and field-operators should, however,

be clear from the context of the discussion.



APPENDIX II

Angular Distribution of Pions and Longitudinal Polarisation
of Nucleon in the Decay of A -Hyperon

Let us consider the decay of /\ ~-hyperoh in its rest frame.

Let %Y denote the initial spinnor of the hyperon. By rotational
invariance the transition - operator for

A—=> N+77 -decay has
the form <

A
t = A+Be.Ry (A-2)
where A and B are complex quantities, denoting S and P wave ampli-

— A
tudes respectively; § is the pauli spin operator and H—; is a

-
unit vector along P“. o

The final state of ( TI-N ) system is therefore given by:

> A
%‘F = CA'\'BS—Pv)Q(\r (A-3)
The angular distribution of the decay piéns is proportional to

the norm of the out going spinor. Denoting the cosine of the angle

© between the pion-momentum and the hyperon polarisation axis by

)

s the angular distribution of pions is proportional to

inNCE) o 9@ xXp

—_ A

= xT (Ao R)(A+BO ) Xy

¥ 5= A
= {IA\2+\312}{1+ ?%2_%‘5‘_2 %YG‘XY.Pﬂ}

(A-1)
199
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- —r’g
The average of 9d¥:CT 9(1- over the initial hyperon spin

states denotes the polarisation fS. of the hyperon. Thus the

angular distribution of pions is proportional to:i

W(E) o¢ 4 + ofPCooB (A-5)

2 Re CA*R)
IA12 &+ IBl*®

(A-6)

i

where <£

The total decay rate is obtained from (A-4) by integrating

over angles, which yields:

N CASNA oo 1AV + 1B (h-0)

Finally we want to show that the longitudinal polarisation of
protons coming from the decay of unpolarised hyperons at rest is_bf 0
Let us choose the Z-axis, the axis of quantisation along
> >
tﬁ; (}:"Fﬁ-> . Since the parent hyperon is unpolarised, we

may represent its spin-wave function by

(X\( = -\)E_E— (i) (A-8)
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Hence the spin wave function of the outgoing proton is given by:

Xp = t Xy
-2
= ‘\%—2’ (A+BS B ) (1)
. -3 A i
= é CA-85 R (7)
I _ N\ A-B
= € CA- BQ‘ZDC%) TNz (.A+B
(A-9)
Hence longitudinal polarisation of the proton is given by:
S I |A-BIZ - 1R+R1 2
tong IA-BP+ 1A+
*
2 Re(ABD
A2+ 1Bl
== d (a-10)

Note: For a general consideration of the angular distribution

of the decay products of a hyperon into a pion and a nucleon for
arbitrary values of hyperon spin, see T.D. Lee and C.N., Yang, Fhys.
Rev. 109, 1755 (1958).



APPENDIX III

Matrix Elements of Various K-Meson Decay Modes

A. Convention

We derive in this appendix the matrix elements of the various
K-meson decay modes in the lowest order perturbation theory. Thus
we assume that the K-meson decays take plack only through virtual
( PJ}( ) - system. For the evaluation of the integrals encountered
in the matrix elements we neglect (/\-PJ ) - mass difference in
the denominators compared to baryon-masses. However we maintain
their mass-difference in the numerators. We, furthermore, adopt
the convention (as an épproxination) that expressions of the form
‘YY\’F',x or mi:)c in the denominator are to be replaced by,

= A+

M2 = Y—Yl’i-z——f x (A-11)
where 9 is & Feynman variable., We retain oﬁly the leading terms
in powers of baryon mass in the matrix elements, i.e. we drop terms
of the order of YY?%//761> compared to unity. It is estimated
that these approximations are not expected to lead to more than 10%
error in the various decay rates.

As a convention, we do not write the normalisation factors for

the incoming and outgoing particles in the matrix elements. We,

however, insert them in the @aleulation of decay rates (Appendix IV).

202
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We assume the parity of K-meson relative to (A-N) - system

to be odd. The results for even - parity case, can in some cases

be obtained with simple substitutions. For éxample, the matrix
elements of K\"u and KHS ~decays for scular K-meson can be
obtained {rom those for pseudo scalar K-meson by replacing ™ nucleon
hy—-WYlnucleono

We assume the usual Yukawa type pseudo scalar meson - baryon -

interactions. The various matrix elements frequently involve cer-
tain integrals at the final stage of integration which we list below
for convenience.

gl 1 -
’ L = 5 x> cx
o AT-BX o (A% Bx)

1 2 _ _ 4 3
-] g ) @™

3

I
"
o

Q

s

o H

L/\l _ B-XDS

i. x3 dx - EL‘ x4 —clx

.L\.H
[
e
ol
(4]
Q.
e
N
o
N
Y
o
o
&
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where A denotes the Feynman cut off and

Some of the results (Matrix elements of diagrams involving

fig. 5 and of the leptonic modes of K-meson decay) derived in this

appendix have been derived by others€188)

188
A. Fujii and M Kawaguchi - Phys. Rev. 113, 1156 (1959)
S. Oneda - Nuclear Physics 9, 476 (1959
V.S. Mathur - Nuovo Cimento 14, 1322 (1959).



-+
B. Matrix Element of K—> }.1++3) ~Decay

K (kD
(heR)P NG,
pr by
Fig. 15

The matrix element of fig. 15 is given by

MO ) = (Guff)1) TR R AR fd*IP Tre[ 255
$ig-
qg-i5 ‘ " .
{(ﬂém.}—mp} QI+ ) (B-mp) I DYkl

- rf S R RI(AFFIG T B g

(A-13)

where

q . 8 (o Tie [ {Ubvik) +mpYiChits)
Czmyt

S R !
A+ ] (= dp ) { IB-1A

(4-14)
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2
Introducing the Feynman cut off factor (“-/\‘//1F§2_/(’) for

the evaluation of (A-14) and evaluating the trace by the standard

rules, we obtain:

LS yd‘n,p 4 [ (et =mp 1RJ

. —
(Gt 1 (b +lR™ Wi (1B -win )(AP-A)
(A-15)
Putting,
P-A = a b - m’,( =b, and (|P+\t2.;-m§;=(?
- )
and using
i x
1
1 = Z!fdxfdy x
abe = o  Je-b»Yy+ Ch-a)x + a ]
we get,

[ MACIP+IRY, ~MpIR,]

i < ‘
9 - (/\1)(41 2! idxgdyjd‘*\p ~
2w e

where

= Clb+lQ‘<g)l+ “2?‘\.4] G-9J) + (mi—m’r',)/y +C/€—-W\2}\)I

(A-17)

D
- N
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clearly in the range of integration of v

2
1 1
RV (1-Y) <Ry - WX
4 4
Since we are going to choose /\ to be at least of the order
of nucleon-mass and since %( mk/mp)2 ~ 6%, we shall drop
2 2
the term “?g ‘\)C"M) Compared to /\ . As mentioned in
2 2~
sec. A, we also drop terms of the type ( WA - Y‘OP M in the
2
denominator. Furthermore, we replace terms of the type 7TYIo2C
—_ — 2 2
in the denominator by M22C ( M2 = MA ¥¥Yb) The last ap-
2
proximation somewhat compensates for the first two. At any rate
these approximations are not expected to lead to more than 10%

error in the decay rate. Thus we have,

D o~ (PR - (K- B (4-18)

where,
2 2
R = N -M (A-19)

w!
Shifting the origin of the variable o to that of IP s where

“:; = n) + ‘h.y

)
and dropping odd powers of [P from the numerator of (A—l5),~
. 4 7_
[since gd P 'fap)(odd number of )Pf* factors) = OJ , we have
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9 = _?l/_f Siolx Tdy gc\“llé [ n - (Wa-mp)y J IR
(211')4 o o g“,s:. _ C/\z— B')(,)}S

( i gcbc S\dy D‘Y’/\’ (Ma-mp) Y] IR,

(2764 (N~ BX)
_ Q_ 1) /\2 [ YY\/\ IO _ (YY\/\“YWP) T .] )P|°(
(2m* 2

(A-20)

Io and 14 , have been defined before in eq. (A-12), By egs. (A-13)

and (A"ZG) we have

MCIQL»}IJ«'») = (2704 é‘cm‘-\pw—ugxgmoﬁ DML Riot
£19-15

D), 'b;C\-H,Kg)LL (ho)

where

A ) {mamp T, - (0T

(A-22)

—Amzz



C. Matrix Elements of K =>2T — pecays

+ 3 o
l' K '}-\-T"—-rr - Decay’ Fig. 18

LK CIR)

(p+iR) P N (P

(lb*4kz)

i -
R (B =IR,)

Fig. 18
The matrix element of fig. 18 is given by

M5t = (FuOrGICE (R-R-R)D (P Tre [i%s
£7g.-18 e iz

- -1 . ’ 1 \
{abrk)-mpl 1¥5 {UBrik,) -mpy TR, (i its)
(«5"ﬂﬂAj.1;]

(A-23)

where,

209
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g - &V gdﬂb Tre [1%s { (B+te )+ MB) 15 {(bi)+mp)
Camrt

i 1 2 9__1 a -}
(14 75) B+ {(b+IRY-nThy {ibwiR)-ipy(PM.)
(A-24)

Introducing the Feynman cut off (—Az’/‘p"__/\’- ) for the

evaluation of g) and using the standard'rules for the evaluation

of the trace, we obtain:

8 = 4A2.g N _ ___ lzdp
2yt [psiey - 0ipT LP+RS- MBI € B-WiA )(IB-/)

(A-25)
where,
N =—=(2PRAE)M PR LB CIPIR,+ IR, IR,)
+ 'mTS (PR, + MpA Clk:-nZ.'le) (4-26)
Putting:
(P+RO-mp = @ . GP+RyMp = b
P - mx = C . and, B - AN =d

(A-27)
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and using,

{ DC y .
t — = 3 j;cACXQSCinScﬂE? 4
abcd 5 o o [(@-Bz +Cb-e)¥+c-duerd
we have;

AN 3: io\x}cc\ fo\zjcj p
83 B >(:ZTT)‘* o © yxs (;:\>.>‘jr

(a-28)

where,

2 2 2
D = [p+{kz +RO-D}] + R EODHRO-DOHD)

2 2
2R Ry ZCY-2) + (MA-MB)Y + (A=) X - A
(A-29)

Clearly in the range of integration of Y and Z

2=

Kz(l-2) < Mk

=
|R;(VLZ)<]'VL+EQ < Mg
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We therefore drop such terms in _ID  compared to A

more we neglect ( N-A ) mass difference in 7D
Vs Tha - A + P
by M?':I: (M2= —%—P

Further-
2
and replace Y)\OC

). { see sec. Aj .

We then obtain:

2 2
D [p+ {kz+Ro-23] = (A-B0)

(4-30)

where

(A-31)

\
Shifting the origin of the variable [P to that of )P , where,

o
i

P+ e

e = “2|Z + |% CY"Z) (A-32)

wt
and dropping odd powers of P from N we have,

L @B (4 dyjclzjd !ro “’*P
Y )t 5’ J o]t

(2-33)
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R = (2elk - K I(e-1Re) - (€mp)(eRy)

+ e*C IR, IR, ) + Mp Mp ( lR:- - R 1R;) (a=34)

Carrying out the integration straight forwardly, we obtain:

q _ D3 iy | {L(I.+I;)_'m MATs , (IRE-mh)
- 02 (i g o

‘)._ 2 2 EN -hz —

2 2 2 2L
t{ (TS + TRIAEs | (Rimbop, — ClEhal

. L 2 . -
+ BAR)To o (B Kog + BB T YR, | I,

where, (A-35)
1 i
—_ x* — ~3
1, = ——— dDC ] -
\ _X AZ_ B.)( -4 L W C‘\DC
1 3 1
IZ = J‘ - ? CbC I _ J' x4 LCJDC
A= Bx s 7 (AR
— x* 1 5
i -‘-'ji dx T - f X ax
3 o /\:)_~ R ~L6 . ( /\2- B)L)Z

By egs. (A-23) and (A-35) we have (A-36)
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M(\Z»ﬁ +T) = Czn)4 64Clt;>,—ll>,-\g)(qkqv@,\/wﬁ)
fig-

(LR, +Lks 1 Ry s
Wi (T4T2) |, vop (AT +pLa /)
L [ +
l 4Tr(, 2 2>
N YY\ZP {_ !62:_ 14 ( :Rz —( llz(.) + qu ‘RH@Qj
(A-38)
= ™mp CT,-T2/%) mp(m,\I -mpl,4)
L = W*P) [ P /20 + >

IE 2 ' 2 ' PR "2 "2 ]: ( “2 "a I)é
i { |6| } C ‘Gl l\2 ) . ‘

If we want to keep only the leading terms in I_, and L_z in

powers of baryon-mass; we have;

| Aj— [ mZ'PCIJ*I_z) + YY?P( \'Y\/\Is-}- mP];/\B)]

e * am G

(A-40)
(/\ [W\P (T-LA)+ v (m,\1‘3 *“Pfa/e)j

(A-41)

L2 4111
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o - F
2. K —> T+ - Decay, Fig, 21

(P+R ) M

L
(k) a
Tk =IR,)

Fig. - 21

The matrix element of fig. 21 is given by;
¢} - & _ 2 4 T A
NCK=>T+1) = (IGZ90 P D 8 CR- -1 I Tre[
- I S
s { BBk )-mpY 195 {UB+R)-Wp) 19s

Ap-mn) €+ l8s) -3 ]

~ c2m? §TCR-IR-IR)[Gk (Z9D) $ME) D
(A-42)

where,

- -1 -1
9 . & [t Tre [i¥s { @+te)-MEY s {Bik)-Mp)
(2m)4

Y5 {4 - mJ?;C H O )AD -] ()
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2,
Introducing the Feynman cut off ('*/\)/ﬂpgﬂ—/(L ) for the
evaluation of é} and using the standard rules for the evaluation

of the trace, we obtain:

N
(- = 4 /\1 er “D - 2 2 |
Q) CEm* J [te+ Ry -mplL Qp+R-1ip ] C 1B in Y(B- M) (B-A)

(A=45)

where,

N = (e B § M = (P iR)™ 4+ (PR, (IR - IR |
(A-46)

+(mama- i) { 1P Cle 1R

As mentioned in sec. 4, we neglect ( N-/A ) - mass difference

in the denominator and put

2 2
Bomn = lP'T“Y\ (A-47)

Putting,

P - my = & ; (P+R) - mp <b
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C]\)HRz)l - mq‘; = C ) and P-A" =d

and using;

, XY A
i ~ 1
= ] d’)C Cly ZCIZ'
abed 4'£ cS; i [&-B) 7 +(b-dy+ -d)x +d14

we obtain,

(ans) G )" o f j N

- MAA) Al Sc\ﬁc av{zdz\d'p

J (2m)®* ¢ g > (DO
(4-49)

where

2 2
D = [ be{ROv-2+ R (x¥o¥] + IR, Cy-2>C1-y+2)

- -y
+ B CX- =X+ -2 R, IR, CY-2) (¢-Y)

> e,
4 (N-Mp)X - A (4-50)
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Clearly, in the range of integration of AL,y and 2

KCy-2)(1-Y+2) € r%};

\Ri:(")c—y)C\-‘)C*Y) £ W“Tﬁ?@

2.
2 1R, iR, CY-2(%-Y) < Mg

)
We therefore drop such terms in }) compared to /\2‘ Further-

P —_ — 2. X
more we replace WipX by M2 X where M2z = Ma+ Mp (5ee sec,
2

a.). We then obtain,

D o~ (P+ed- (K-8 (a-51)

where
e = R(y-2) + R (xX-Y)
2 © (4-52)

B = A-M

Shifting the origin of P to that of b , where

p=Pte (A-53)

o\
and dropping odd powers of [ from N , we have,



i L+ 4+ ! ﬂ—iF
g - (a4 (etx( c\yﬁfzc!z g PP ).

Ca2my? [u\o - (,\-Bx)]
(a-54)
where,
4 =myma-€e”
B = Mp - (R-€) + (R,-&. (Re-1Ry)
¢ = (mpma-a) {@. CRIRD)
§ = $. (RvR-28) (5-55)

Carrying out the integration (a-54) straight forwardly and

substituting in (4-42), we obtain,

NCE>T +7) = (ot & CR-IR-1) [9x (Q'Z‘CJw)P(mp] )msz
A-56

where,

m = 4 /\1) 4! ("(«T%/l’l) My Wia C e - R IR T

C2m* G

+ { T MA( \R‘«»\p,)"

- — | .
+ Vo (a-n) (R § ':22; - {(n?wmﬁm,\—;p,.aezz)(spﬁa@mfsg}}

2,2 2
% Ty o — LRY + 21 (R R + 35 RUR; +4/5 (R IR)
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4 2 W R R + I §Tog e + { R +IE CiRiR,)

r R (RIR,) + 5 RTIR; + 26 CReR) IR § Taggyg
- R TG ¢ Ok T

- (R + IRy + RRIT o, + T ]

(A-57}

- !
The quantities L_ A have been defined before by eq. (A-12)., If
we wnt to keep only the leading terms in P in powers of baryon

mass, we have,

5 T 3 '
P o A_’;)[ ™Mp WAL, + mpgmg+mf\214+m’51_—zj
4wl ~mp 3 3

(A~58)



D, Matrix Elements of >3 -Decays

-‘— —
1. The K> T +T +T ~Decay, Fig. 22

\%K*Clki)

N (lb-1g-1ky )

(kr+k) P

T
Ch =
T (k) )

Firg.-22

The matrix element of fig. 22 is given by

MK TT+T+T) = m? 8§ CRR-R-1B)[ 3 (E 9’6, ]9
+ig. - 22 iz

(A-59)

where,

. S -1,
3 =1 §d4|PTK['i"b’gi@ﬁ-r’“%)—mp}l'\.'b'g(/fﬁ—mn) 15
Czn')'4

- . -1
FCB)-mp} (i) (A AT ]
(4-60)
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The integral (4-60) is convergent and hence does not need any
cut off factor. In the evaluation of the trace ir (A»éO)) We drop
contribution of terms TIT [7ﬂ54ﬁAH%34ﬁEAﬁDj ;5 since they contri-
bute only in the form 604)3'55 iPace ]pb,P ”%IB( MDDS (where the
four momenta |by s 1y s e and IPp have to be all different
from each other to yield non zero trace, which is the case for the
present diagram; we have 3 independent extet¥nal momenta and one
interfal momentum) and hence are smaller By‘a factor |F%>/vﬁz
~ Y“%>?ﬁ} compared to the leading term in the matrix element

due to dimensiocnal considerations. We then obtain,

9 = (—j~)4 d'ip N N 2.2
W7 L+ i-ned [P JICP-1R)™ W] (-l -1h ]
(A-61)

where,
= { W2 (il —1by) - 1o 0 Il + 1=} - IRy -+ T 2y f
N = { W -t -ty - i ma Cliy +Ib-10 )3 -1 %
B, L. (b= )] +1R [ 1B +21R 1R -1R-Cip-1ky) ]
F R (PP + PGP} +maly - iR [P,

(P-)] - I, Llb Gy + 1P (I8 + 1R, f'%)}

(4-62)
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We put ™M\ = Mp in the dencminator. Substituting

(“34'“3\)1— \’Y\?\'; = Q ) '\‘pl__ m:‘ = b

2 2
h-y-mp =C and  (P-Tpmy=ma = d
(4-63)

and using,

4

1 x ¥
1 = 3 J.dacJ‘de‘dZ
abed o ° ° [@bB)Z+(b-cdY+ le-chhx+dI?

we obtain,

i o SV |
9 - @nf;!t de dy fdz [ — D
(2w P o Y4
o @) (1ot
where,
2 2 2
D = [i\°+{lt>.z - IR, C-¥) - llg,(l—x)}] + B zG-2+IBYC-»

(o0 — B + 2 IR 2C0 +2 IRl (-0

—2 R G-y+xy) —Mp (4-65)
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2 N
We neglect terms of the order of WMy and anl44 , as mentioned

2.
before (see sec. A), compared to nnp « Then we have,

2.
D = (P+ed” - mp (5-66)

where,
e =iz -y -0 (4-67)

T [
Shifting the origin of i to that of I , where

b = b+e (A-68)

|
and dropping odd powers of b from N , we have,

- 460 [axfayfde fap BETES 2
(zm* (B* - mp)*
(A-69)

where,

CE' = XY‘P (:“3:*\?@-% %; e) A—VYD\<:“E'\VE’§%'€§)
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B =- m?o (@ +ir+ky) - mﬁ ma (B -1R-€0 4+ mp [-1b, {IPZo

(€+)} -+l (& + 2R + @.iR) + (P, +@D(Ex 1) |

+ [P fe. (e-] + B {e-(r-e - @ (e%p-h)]
(4-70)
Carrying out the integratiorn (4-69) straight forwardly and
keeping only the leading terms in powers of baryon mass, we obtain

from egs. (A-59) and (4-69);

MCK>Fafa®) = (2?8 (R-R-1 -5 [Ou (EID Ginspyr g3 ]

£ig.-22
(%) [ N, I+ Nab, +N3 iP5 ] iRy
P (A-71)
where,

N| ~ ] mp'+2ﬂ1/\
41 GM)P
4m G Mp

Ny = - 1 2Mp—+ Wa (4-72)



A S §
PR K+->TF+'IT+TI' ~Decay, Fig, 23

Fig -23

The matrix element of fig. 23 is given by;

N (K> Tafiaf) = (2ry* & CR-R-1B-12) [T, (29 P ME)9

£1g. - 23
(A-73)

where,

, ) -4 . 1
9 - c1) } d4|\> Trc [ i¥s { p -@rﬁ.)“m\”} 1¥s {(,'5,,&,-)&2)—“\“}
T en?t

- - <1
s { (k) —mpY” iTs G -me) Cheiis) Cho-m)” ]

(A-74)
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(189)
Evaluating the trace by the standsrd rules we obtain,

_ 4 N
d = (am? S bR -5 §Cp+R-R)™ Ty {Cbar Y-, J(1B-1)
P (54\1’;\)'1 dHp (4~75)

where,

N = (mEMA) [_mlp Clp. R, +1B + IP.IRg) + (P+1R)Y (P+IR)- P

w—

{(h\p.) R, (PiR,) - by —< ¢ b +iR,). D5 (P+IRy)- Rz
+ { iR Ui} (IP-1) T - 1 (B4 mne) {=Clbeie)™

r Wp 4 kR, +1R, Ry + 20 “22} (4-76)

we put Wi\ = mb in the denominator, as before and substitute;

“37-_ ma\'(\ = Q 5 Cl\’+\l?.)1— m?t; - b

(Ip+IR-R) ~Nin =

bR 2% » .
; -m = C ) (LY\(J )
e, P (4-77)

Now using )

189 .
Here also we neglect erms of the form TIT [Wg"f),q/“sg/‘ﬁc"ﬁbj

as for matrix element of fig. 22.



228

i DC >/
L Z
= 4 Jdx dyfdz s
o> bed i 4! 5 ° {Ca—b)z+cb—6)>/+(€d)3€+d]
| (A~78)
we obtain,
SOF Y ey N
. @@AD (dx|dy(zdz)d P —= )
J - (2m4 j J fo (D)4

2 2
where, (with the omission of terms of the order of W and mk/4

2
compared to MWp , as made before);

(4-80)

. C 1o +y- 2+ Ry(o-y) - RCFXD - (h-81)

. }
Shifting the origin of § to that of P , where

Ké = “>+@
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)
dropping wdd powers of [ from N , carrying out the inte-
\
grations over P , #Z, Y and X straight forwardly and maintain-

ing only the leading terms in powers of baryon mass, we obtain

N((KoTafet) = @0t & (R -R-t-k) (9@ P ]
{ig -23
(A-82)

(Yp) O

where,
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E. Matrix Elements of Keg, kps, Kegq and KM Decays

The matrix elements of KPB( Kez ) and KH4 ( K’A )-decays
- +
are simply obtained from those of K™= T+7° and K™ TT++T\'+TT -

~decays respectively. In fact, in the lowest order per-

turbation theory, by comparing figs. 16 and 17 with figs. 18 and

224 respectively, it is clear that

= ;Lo

N N, = K, ,aed N3 = Kg (a-83)

]
x~

The for factorsdy , J, , Ki , K , Ky sLi , La, N, , Naand

N3 have been defined by egs. (96), (97), (115) and (123). The
values of Ly , L, s N, 5 Na and N3 have been derived in the low-

est order perturbation theory in Appendix III, secs. C and D.



The following are the expressions obtained fo

form - factors of K-meson decays

Fo. Sunnary of Results

for the various

in the lowest order pertmrbation

theory. (only leading terms in powers of baryoh mass are given) .
K= Pf*')) v e _—A-L f'\”ﬂ,\\‘ﬂp:ﬂ; —pCan-Mp) Tl
475 gl 2 J
Ko it &, & == (%) % m&m\{mﬂﬂmﬂﬂ%
4ﬁ. 2 > >
. | o . T/
oy - C—/\—} ){mlpc:[(lz/z)—k“P(m/\If P 3}
WL “mp 2
i< P H K oo Mp+2 Ma
K, = _L_ ™
4T S Wp
K ~ \ ”f\’\/\‘\"zm\)
3 47T EMWp
° . - :)-‘
Ksw+T L = d ;b=
. ( ) /\ T L Cropt W),
. 3
K—>T+T 4 Z
2
-+-Pan;:]
= K
ng T N = Kg NZ = Kl ? N3 2
K STATAT & \ )
(s |
G ~- av S (-84}
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The integrals I,, 11’ and ;2 etc. tave been defined by eq. (A-12).
The values of the sbove form factors for cut off /A = 1.8 mp

are listed below in Table X.

Table X
\
T j.ezo
;fi C.o9iQ
I -~ 585
K, - Q. 5ea
K, 0.03a
KB 0.53A
™ g.8cQ
& - 0.59Q
a = %
4T T

The values of the form factors in the lowest order perturbation

theory. The values of I , J , J,, and T8 are cut off dependent

]

(logarithmically). The above values are for cut off A = 1.8 mp.



APPENDIX IV
Decay Rates of Various K-Mescon Modes

A, The Rate of KTy M¥ 42 ~Decay

4
The matrix element of K > MY 42 —-decay is given by;

‘ —~ .
M = @nF & (R, - R B) (O FE) T Rue 2 +f, Crids)
(A-85)

Hence the decay rate in the rest frame of the K-meson is given by:

NC}Z?P*“'») = ‘s‘ L : \A—@a‘r \jmy/Em \YZK]Z

my?
v, Im* dPR. SR (a-86)
s

Since we are interested in transition probability per unit space

time volume (VT = 1), we make the following replacemen&lgo):

190
See J.M Jauch and F., Rohrlich -~ Theory of Photons and Flectrons,
Adison Wesley Publishing Company, lst. Edition, P. 163.

233
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2 4 .. _
CECR, -] = & @) 8RRy

N 64@21-%@&\%) (4-87)
(;21\’)4

Eq. (A-86) then reduces to,

W= p») = My g, H—L)ZW\% ol fChr)q
2 (200

LR B
Epsr E>
(A-88)

§ s ) % | Sl

SpPins

Sum Qver Spins

7| Dk Crring)

Spins

4 { 54&.046,7;5)}1}{}_%.0+'ufs)>9}

Shns

i

[ AR Caiys) (e Ao AR, Crrts Dy 442

= (1T
4 POy
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= 2 [ 2 (R RO Crolby) - 18 (R )]

mpmy
2
2. o m\i -m
- Tk Mk ( _ P) (a-59)
i Wy Mk

; =
Lo obtain the last step of eq. (A-89), we have used R,= (O, R

and energy-momentum ccnservation.

Phase Space Integration

We need the following integration over phase space:

3,> )
R - j (:2\-()4 64 C‘p(‘ “’{L-a-’\by) d H:U' 5‘.@2‘3 (4-90)
B B
using,

j%t’} £aR) = 2 (8 (R A -mp) 'R FORD

we have,
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X 2 2 4 -~
R = 2 et SCR-Ra) 8°CR- B M) di
Y

2 2

3
= 2. czwf' 560 [ Cmg-B)) wg—h%pj c_i;__x
)

2 (‘25“ fﬂ_pef‘ff & iﬁmlx—zmk Ey ]
, = |
2 >
M =M

4
= (21m) GT > (4-91)
AW

Combining eqs. (A-88), (4-89) and (A-91) we have,

NCE s ftewy = T (TR (Gff ) mp T
47 M
(A-92)



237

B. The Hates of k%?s and K€3 -Decays

R
Let us first consider the rate of KP»% ~-decay. The matrix-

element for the prociess is given bys

|
MC%‘{-ﬂTﬂ‘f ) = C2my? ' (k- \bw»lbw*-l_by){gkqﬂﬂ:j

[ T ke + 3 0p] Dy O+t
(A-93)

where ro = ‘P}ﬂ» “"M%) N

We will assume, as mentioned before (Ch. III), that J, and o

are constants, independent of the pion energy. This is, of course,

the case in the lowest order perturbation theory (Appendix - III F),
The rate of K;@, ~decay in the rest frame of the K-meson is

given by:

W KTty = | { ot T [ 20 (20

7 i S SRR
Mg, gy | 2t Sl lg-Re)

) ( " 3;6‘ 61-3‘2,
235,1 [T Ry +3.IR,] 3)3&0‘*“55)@! 'g;_lﬂ -;':f' E

Spuns (A-01)
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Sum Over Spins

Using the Dirac equatiocns for M and 3 we have,

(Tke + L 2,)(D B0+ 1) = F, DR, O+ivs) M

summing over spins we have,
— ) >
7 | (GRe+HLIOTM+TED I |
Sping

= 7 [\;r11{3)3%ﬁ,(wws)}»@k.(mrg)”}ﬂ-533111‘{\?{550-&15)
Spins t

}.@1 C |+LX5)‘D} + 5:.32("‘“}4) {iz\ﬁ,CH-dg)}l_}I CHi¥s) ))}

+ 3 i (- { LA, (1+i85) vV (1-1¥s) “}j
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2§30 [2CR R (IR R) 1R (IR 1R) ]
My
cﬂ “mp, R@«

¢ (334330 i Ok lmj (4-96)

Integration Over Momenta

I3 o . _%
We need the following integration over the momenta P“. s R‘...

.—§
and B, :

<4 = 3> 3=
= 45 CIR-Ip -y Pr dFe 9B
= { (2m* & CRr 13- et ——

{ |3,1% [2 Ry IRe)ClRy 1) - 1] (e 1] +HT ) e

x e - ,
(Retby) -+ CTL T+ T CReby) |

Using,

{ = FOD = 208 (B - pﬁi o) I $ARD
Epr



we have,
“ 2 LS5
) +=P - d4[
R = (2w 2] 8 CRefrRe-R) =5 2 Rer

6%15%& -—f»ij m}i) { \;y'if[z GRE-BH@QR,-ub,,)-nel.aa@-n@J

+ 12V (0 R ib,,)+(31 5+ 73 i) (R !b,,)}

Lm

*’» & 1 (M- BB (RB

2

- W‘H {‘Jul[ 2 (IR~ IR-P-IB) (IR, 1B - IR (IR,

)]+l CR-IRIR, IR + G T+T %) ()

x (R, 1R,) } (4-98)

—=
Keeping the direction of \9-“- fixed, we want to first integrate

gd
over all possible directions of ‘P» . Denoting the angle between

= -
PBr and P» by & , we have:
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& [OMk—Er-Bs Y- (F+Fy -]
- [2RkhRik- Cet3Y |

L 8% (R-cme)
2kR,

&>

L [ My - En‘)l- 2 (Mg -E) E;)":ﬁ'i "mtlj
2% P

where K =
Replacing <l P}) in (A-98) by 2Tsined® py db,
and integrating over @ with the help of the function S°Cr- Cne)

we get;

3.-'? 2 2
R = (Co? (zn)g dEEL d;: {WJ mi | 2 €, (M E7E)

2 1.
-%(mﬁ — 2 MK B+ - MED] + 132 Mk (mik

* * 5
- 2 Mk Ey +“§r‘m7ﬁ) 4+ (7,T+3H3) '%mk%j

(A=100)
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Using conservation of energy and momenta, it is easy to check that
the maximum and minimum limits of EED needed for the above inte-

gration are given bys

(mk -2k Ef -rmxr ) (- En 2 JE3 e )

hen 2 Cmi -ZmKETr""mn')

(A-101)

.e'
Using the above limits of integration for E» ;s replacing dBPT,-
. : ) 2 . "
in (4-100; by 477 PTF d P_ﬂ— and equating 'P“.d P]T

to Eq AdEy s we obtain:

R = (2mC (2mi) my 2Mxk de'-n JEZ1 {\IlZTY‘]K

*
XC'ZI ~%“I\|AKI4-I,>+I mp]: +(:J",:l‘+ J;)

2
V2 )
where, x MH M 13 } (A-102)
v (L-Ep)”
1 = A 1 i V2
(W — 2 T B+ m'rr)
\ \ [ 2
o — (0(:" %T)l( r‘“k - E-‘-r)
‘L‘_‘z =

. P2 ! i \ 2 2
(k= 2 M B -+ )
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' bod
T, = Coﬁ‘-érr)ZCnn”"_EW)
3 - o> ) § QZJZ
( Mg - 2 My Ex =+

A V2 a2

_1_4 =
oy 2 y 1243
( W -2 M B -+ My )
and
| 2 V2 M?—
o o Mk 4 W - M (A-103)
|
2 Mk

The primed quantities are dimensionless quantities, having
|
been divided by suitable powers of Thge .

Thus E’Tf = E“/m'ﬂ'o 3
\
My ="’"YY\K/Y\(\V‘:’ stc,

y
The limits of integration over E“- in eq. (4-102) varies be-

'
tween the maximum and minimum values of E-ﬁ‘- , which are given by:

T° ) mMax \
2 My

il
-

t
QEVOXW o &\“‘0
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i
Performing the integration cver d E\W between the above two limits

nugerically, we have from sgs. (A=94), (4-97) and (4-102)

5 * o i 2 2
WK > T+f) = dezmﬁ (GO £4) " [0-43L1TI
C2T)

3% 2
+ 0. oaa(izﬂb;) +0-042131" |
(4-104)

+ o (o}
Taking account of the (T , W ) and ( K+, WK~ ) -mass dif-
ferences in the phase space calculations and neglecting the mass

of the electron, the corresponding expressions for decay rates of
3

other Kp,g and KQ& -modes are found to be:

NQZ—>T%+€+)>) = Tg“o (/) C(}kq““})z[‘:“ 541 lIliI

. (2 (A-105)
5 , 1
W koot = Mo (M) (g, zq,£6) [0-550 131"
(2m3
+0.074 Cf 5, +3,3,) +0.054 1517 ]
(A-106)
WO KT ab ) = T (M) (g, f3qspf ) [o-a56171]
’ (2m)3 (4-107)

We may mention that the right hand side of eq.(A-102) is in

fact the pion-energy spectrum in Ku_gdecay, which will be dis-

cussed for both leccal and nen-local four-fermion interactions in

Appendix V.,



C. The Rate of K‘?A ~Decay

) + + =+
Let us first consider the rate of K-> +TT 4+ 4D ~ -

decay. The matrix element fcr the process is given by:

MK 5547+ 849) = (2m? 8 CRe R -0 [9n(@am £

(#Q [ kq !Pa.,z ‘R’kz ”301 +k3 @d +1<4

<€ e EPM_] 3 Crits)e

Mp (A-108)

where QP\ = “31‘* ) BB = BP\T“ Cmc! @E \% -HPJ)

Neglecting the mass of the electron,we can drop the Iz<3 -
term in eq. (4-108). We shal alsc drop the 1§4 ~-term, since it
is expected to be two orders of megnitude smaller than the other
terms in powers of T (See Chapter ITIA).

The decay rate in the rest frame of K-meson is then given by:

W Tefivdor = { (ol V= [ = =
e 2 i

2E,
2
..,_J.._., 2,(\3“’7 o> -yds-y
\i2mk+} § (M| * 3B PRARSE

Spuns
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| .2 |
= ;“E;‘?\;Lw {%K({§9n)z¥¥] (Vm@)&zﬂ)‘*
(2m) “Brw)

22 w3 2, =D I
4 dp - -y @B TR dPR d7Ry
6 C K 3 2 ! :2‘ =, E

3

7 | (Kik, KR (D v
Spins
Sum Over Spins

2.

(A~109)

Z | DA NS -N) Q+ivs) el

sSpins

— 7 [ DCkAB+IAMLICE R kAR 1its)D)]
SPpins

li

*
Tee [ (kb4 Kb )C1aits) S ee) ( R+ i)
2Me

(1aigg) (M) 7
2 My

= 2 [ 1K {2 Chplrend GReiB) — B Clir- I)f 1 1™
MMy,

2 3 * .
x{ 20 ) (i) - 13 ClR B} -+ Oy Ky + 19D {GP.' (o9

 Chinyt Clylier) OBy = (R Clr -B%)}j

(A=110)
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Substituting (a-110) irntc (4-109), the decay rate is given by

z 2
(O (9 §F] p

@M (gm0 Mp  (4-111)

-+
ch%ﬁ+ﬂ+€=\')}) =

where <R is the Lorentz-invariant expression defined by

= -
R = [cans 8 Chee IR - - Re-Po) ﬁéﬁ d;sa’
] 2

Phe O35 { Kil® [2 Qg e O 13) - 1H

B B
X (I3 ] -+ 1,1 [2 €13 ) (IR B CIR-R)]

£ (% K, + K 1) [CIR ) e iy) + (IR iR (i)

~ Ch.iz) (. BY] :} (4-112)

In order to facilitate the evaluation of R, we shall make a Lorentz-
)
transformation to a frame (& s in which the vector sum of the 3-
+ -
momenta of W , Tf and 2) is zerc, from the initially adopt-
ed frame (Y , in which the decaying K-meson is at rest.
. . ) ~2
Denoting the respective momente and energies in (O by q{‘/ﬁ

el

)
and Q). 4 , which are denoted by P,LA and EJA in O ,

we have the following relations:
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Frame (O Frame @’\
C—r;:) Ey) _ Cif, evy
(—‘é) / Ez) — (ELZ ’ COZ)
= >
(R, Bor) — @, )
(i;?) J E)’) Caiy) 033))
D
(0, MK — (Fie » D
- - : —
PK-r .—:\;\ -\:\;;* %‘g ﬁ = q@—
- -
© q‘—\-qzm% %= @
amK — Eﬂ.“-%*%*E}) >
QK = (0 -+, + Uy +Py
O~ R-p - R) - 8T+, D M)

\
Clearly the velocity of O relative to O is:

- = > -
P+B+Py = Pe

E, +E,+E, M- B

—a-
UV
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Neglecting the mass of the electron, the momentum and energy

{
of k?- in {9 are given by:

——)

— 2
DA
-2 my-2Er

Mk
Wy ® (r-Eoed \i -2 B

(A-113)

i
Hence the momentum and energy of the electron in O are given by

prd -
Qt@-\- = qlwr = MK ‘5;‘ ?\

mMy-26+
(A-114)
e J
2 K
LQ)Q x '
+ m&UZE@— !%’i’
B~
Since the ratios §2Té2§ are Lorentz-invariant quantities/ K is

=

therefore given by:

R = (@w fé quj"@ﬁqﬁ & (49, +(y 0y, - €) dO? | ii%

o\‘iq';;) Q’i;.é? [ \Klil{2 qu/a"“:@:"}(qﬁ'ql@) -—(H/TG%’Q})))}
@, ~

+ 1617 $2 (U D B) — U ReA) T+ K4 X))

X { Cy- R (Pa-Hs) + (Y- D, B D, - %) (e %)]
X \sm k/@\ k-2F+)

(A-115)
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where € = Dy - Oder & M (Me-2E2) (A-116)

Using the symmetry of the integrand in qb/ , and q%’,'R is given by:
!

= (2w jéﬁ%+qv+%>écw+w+wm €) cm 433,

),

<

28y B, [ a™ f2ca, 1)

x(-9) - O Cloe @)} 4+, Kﬁka ?@{zc% )
x @y %) - C9,) G B0} ]

- 28 (4-117)

Let us transform the variables q’n and %l to @and [Rdefined

by:

®=q,+9, ; R= -0, G
Using;

4% oLSL_.\,46 (- W) 8 (AU Wod a), g,

W, Wy, o
5 8%@.R) 8 + R -41) A (a-119)

we have:

B = (o | TET) @i B TRRIS R+ R
_ams) SR c.\_ﬂ w [ (@ )@,

X K+ ) cmap@cm.%)akru@"— 2y (-Gl
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( oGy (K°"<3+KIKE>J

(A-120)

In writing R in the above form we nave used the fact that terms,
which are linear in ¥ do not contribute to the intsgral by symmetry

We shall first perform the (3P -integration by using the fol-
lowing:

(8% (&+9,)8 (& -%%@ﬂ@)m@
¥

where @@ is a four vector

(A-121)
such thats
pad -
Q --3,
@6 = €-00y (A-122)
F3 then reduces tos

o] : ©_* a -3
R = 2m () | §Co.R) 8 C@-\rmcmﬁ)d&dﬁyt

B
[ (QIR(D-9) IK+161 + (RIBCR ) K=K

vy Cla @) kil 1)) = (@ - IR)CIR-a,)

« (K K +K, @)JJ

My - 2 Ep+ (A-123)
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We now need the following integrations ove;r (]JQ

- [5(@R)6 (@ Rranidd R

(5 cdR) 8@~ R ant (RIDRE)IR

@ = 5@@,@)6(@51 B4R 'R

(A-124)

(1), (2) and (3) can "‘”dQ.A..LJ be evaluated by first transform-

ing to the rest frame @r of @ and then transforming the

]
result back to the initial frame (& . Dencting the transformed

four-vectors in & by the corresponding starred quantities, we

have:
box 3 2 5
:jéC@OR)BC@ B AnE ) AR

1

= | F o ) +5(R
o) 2\3@ AT {&R ) +

_\5@1, 4“{%)} d&;gz
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= 27 \\ QD - Any (A-125)

Similarly:

- (5cd §7503 s #lad )RR SR

3
= -E%;& (j;;%'oéiZ;j> Q‘J (ﬁD;j;jQﬂﬁ§ )
S >

- { . ) t2
= 20 [ (RO - U%@éﬂ% ©J (@-aniv)

X \\Q@ “ Avoy) o> (A-126)

@ - §6C@i‘1@§i}6(@‘+@i4@ﬁ 'R

2 . z —
= — D@ —4mw>\f@c—§%“—@

(A-127)
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Collecting the vesutts {(4-123), (4-721), (a-125), (4-126),

(4-127) , we nave:

. o
- (zmen | G- 4m jmm 2%, L7
N7 M2y Gy B

[~ C i) (R9,) | Kol = 2 My (R ) UKl 3l

2 | 2 2
L@ R 9D K )l k(B arin |- S {(Ray

ke Qm Q) Tik, @pe,%)f(ﬁgm,@%ﬂ

(A-128)

Substituting the value of (XD , given by eq. (4-122) and

e
integrating over the directions of F% and Ez; s we have:

4 e[ . le*2q ¢ - 4m
JR = (2“) (‘4“) ‘ﬁj H’)QCH?Q q/yd%z)\i 62‘2%})@

2 2 9.
, %ﬁ;ﬁ&é (R9,) [Ceme%)%k‘-%a - 2my

Ukn + 1K1 ) CQQQC% )(_M gqu )/2

4 Cg- 2€9,; 4t { Y329, [k }

o O+ K )/Q}J (4-129)
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In writing ‘E? in the above Torm, we huve neglected Lhs rmuss

of the electron, From the kinematice invelwad in the -

Lr

decay, it is easy Lo husok

2 2
o Mk =AMy
(\FézTle ) 2 Nk
e’ amy
Qq/») o ““Egi {a=130)

Hence, from egs. (A-109); (A4-112) and (A-129), we naves

[9N29y ‘F?J m‘[ o

+ o+
IN(K= T4 +64) =

5
64T wip (A1)
where;
V2 v 2
My -4 S —4

\ 2 U
» _ 1 2 \ \ S €'-2q.€ -4
FE R AR % d% c' -:zq,'ﬁ‘

C 2) % ! i !
nnk—izkb' [;

. * L 2 b
(€228 (ki ik o + (€ -2€9; 4

*
{_., 1ka"”g'(2kz" C}ZK2+K'KQ}/§}
2%)

(4-132)
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The primed juantities are dimensionless quantities; having
] -
been divided by Ty , 1.¢. ﬂ’oh( = Mk Ay, & = Efyr etn.

By perturbaticn caleulation (Ses .ppendix III F) W, -term
is proportional to ( mp-a WA ). iHence fr the sa
city we drop the Kz ~term in bthe =valuation of T . By per-

{

forming the double integral in ed. (A-132) numericallv, we then

obtain:

V (4-133)

F~

j? ~ 0.02 VK,

Thus the decay-rate is given by

) s 2
EQK(\Q‘C}T{)Z‘{"F] m?; [O.OZ\K:‘ZJ‘

-+ + - ¥
WCK—>T+TT+e+2) = —
GC4T” My

{(A-134)
+ e 0 +
The matrix-elemeat for K —> T ATI+e+Y-decay  apier

symmetrisation between the two neutral picns; is given bys

4 - 2 !
™ (z—ﬂga—T%vé- ) = @ m* 8 (Re P -1 ~Ier 18,0 [ G G £

(Ymp) [ &ridMR+RY | 5 w1, 0,

e

N

+{7 Ky @Bxéihal%x@gj 0%, ¥5)e
Qs (8-135)
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+
We shall drop hhe »ga and Méq ~terms as in case of K—=>T

+TT +@¥s) —decay,

By comparing the matrix slemerds given by (A-208) and (A-135),

o

the decay rate for §<ﬁ+x> TT9+WT 4@%4 7 can clearly be obtained

from eqs. {A-131) and (4-132) be replacing { JZ Uy ) by (}ﬂ, and

both K, and K by ( ¥, +¥a ) . We then cbtains

N2

2 2
W ( \2'—>‘110+ T & 4) [9xAr £F1
GL%TTSIHK}>

7 re. AL
my [o OGVQ—Q:;\ ]

(A-136)

Note - For a slightly different method from the one given here to

obtain the Wg,-rate, see L.B, Okun and P, Shabalin - JETP (U.S.S.R.)

~ 37, 1755 (December, 1959). For an earlier work, invelving the

comparison of and Koa -rates from the available phase
€3

space, see S. Oneda, Nuclear Physics 4, 21 (1957).




D. The Rate of K->2TW . pecays

Let us write thz matrix slement of K-»2T -decay in the
form
= (2 §MCR-B-D T
MCk2mr) = (27 SRR (4-137)
where t is a constant; since the presentt case is a two body
decay. (compare with egs. A-115,116, and u7n. Ry, P, and
“)2 denote the L-momenta cf the K-meson and twe pions respective-
ly. Hence the decay-rate, in the rest frame of the K-meson is

given by:

W (k->2T) S{-(ZT?‘% 2F, Z-Ez \Y;j lMi o> Pz B

o e j“c m4 5 CR-1R-B) LB a’ﬂp;

ow
o

. 2 4
_ 1t > g 8°(C e - 22 =) X e -P-IR)d R
(zmzqu

N
Y

=1 [50[(mk-’E2)l-P—mTr RS

(Y 4mk B
_ ATt jggmi—zmka)v‘e:’-w% dE,
(@)@

= 1@-4 (mw/m@ZZ, “mk] Ve (A-138)

where, we have used the fact that 1o, = Wiy = Mg,
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E. The Rate of K-> 3T -Decays

Let us write the matrix element of K -» 3T  -decay in the
Y

form:

M= C2m)? 54@&,——&3%"0%3““?3?% (4-139)

we assume, T is indepandent of the pion momentd (=N >}
and lP3 ; @5 is the case for the matrix element of fig. 23, [See
egs. (A-»82Z] » The decay rate; in ths rest frame of the K-meson is

given by:

O o e E=A R L B2

Lk i(zn’ Stor-P-R -y d78R 425 428 4%5
T (@niioiem) "E, E, B

2 4 “
e Xé‘*cap.—ulv,-tg—ng)é‘:‘abf—"Sf—mm)d“?
T eenS@K

- 4
435, 4R

£, E

. 3— 3.2

- It (6] (BB (R “mg, JBdR

T emSEmd E. 5
117 ﬂfﬁ’; 8 {2 ), [ceoe

Cvmye ~E-E, T Pg o

2
M, 2
“‘j}(zwg AR dose)
250




iy e
where (3 denotes the ancle Latween P and , Using the
. = 2 3

o)
6 ~functicn, the above expression reduces to,
3 " 3

it [ 25 [e]0
C2m) S grk) 5 Py men
(4-140)

N (:‘(-%?EﬂT) =

The above maximum and minimum values of Ez correspond to given

value cf EB o It is easy to checky

E)o = gﬂ_; [ { o+ (- ) (M€ 5)

' 2. 2 : %
sy {F Eg - mrr;) ﬂ&i— 20 (Mg m;-l'a_)

[

. ¥
-+ (‘“‘;}2- W\z;““‘i) - ‘406 mTrz.]} J

(4-141)
where,

2 o
0[’ = Mg - 2Mg Eg —rmrr3 (6-142)

Substituting eq. (4-i4l) in (A-140), and neglecting the difference

between Myy . My and Mg , we have
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) (E,a)mm‘
W(K>3m) = (‘;:);;mu y 47 5%?"-‘““"23 {(mﬁ °2mkE:3~—3Y;—}B)
(Ez)min

z.""'g %
(m?,';—zmkES—\—mwz)} c\E3

(A-143)
The minimum and maximum values of E; are g
E =M
ta)mm. )
m‘)_ 3m1
K= 20y
ey = o (a-144)
ax 2 Mk

carrying out the integration over \I3 rumerically we obtain,

11 Cmr/mid (6.16)

K—=>3T) =
W< 2873

(A-145)

. s s YL
For simplicity we have used only K~ and " _meson-masses for

™Mk and Mt
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APPENDIX V

ENERGY SPECTRA IN KMSAND KQ3 -DECAYS FOR
LOCAL AND NON-LOCAL FOUR-FERMION INTERACTION

In this Appendix, we shall derive the energy%rspectra of the
muon and the pion in KPS -decay first for the case when the four

'
fermion interaction is mediated by a vector boson. The expressions

for the local-interaction are then obt.ained‘ by taking the limit,
in which the mass YNig of the vector boson goes to infinity.

The energy spectra for 'Keg—decay are obtained from the cor-
responding expressions for K\*g ~decay by replacing the mass of

muon by that of the electron.

We first obtain the energy spectrum of the muon:

Muon Energy Spectrum

v (b
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If we assume that the four-fermion interactions are intermedi-
ated by a charged vector boson, the KP»B ~decay process can be re-
presented by Fig. (37). The matrix-element of Fig. (37) can be

written as [See eq. (177)3

\
M (£iq-37) = F cam? & (R -7 -Re-B) [T R 5+ 7, Op]

(@2- m'[?, )_1 ) 'b’a (H—CKS)}J\ (a-146)
where

&2 EE “%*+'*'t%) |

As mentioned b‘efore, we neglect the dependence of the form
factors Jy , and J; on the pion energy and treat them as constants.

By eq. (A-97) (See Appendix III), the differential transition
probability of the '|<+ meson at rest decaying to "\TO 5 Lﬁ' and

with four momenta 'lP“ P lb._ur and “3), respectively is given by:

2 - Yy -
WA, R = I 8" (IR, -be R R dh AP
2y (2 Er  Ep+ E,

F131" (2 OecRod (o) -, O )]
T CRe B+ (3 T D ML R

2
. 2 ~

(A-147)
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Tc obtain the muon-spectrum, we first integrate over ﬁDy and ¥

then over uP“- . Using the relation

Sd% FCBD = 2 [87 0 B S,

+ .
and integrating over db with the help of the function

P
64 C\R‘ - lp‘[\f "ip}.&f —“)))) 5 WE have from eq. ‘(A“:L 7)

T
NC lpwu?rr) = (21]‘)5 (mm& EW. = { \~Eq #)
(Bi+B)7} [ 151*{ 2 ClRe ) (R IR IR
- ™

() CRL iR} + 1S Mk ORe - IR Re1R)
+ C 3{' 5; + 7 jf') mi} (IR, “?.—“’w—'ma}j

2. 2 -
X {(m§+mﬁ omB)—meETr}

(a-148)
- L +
We will first integrate over all possible directions of 3 by
o > —
using the & ~function. Denoting the angle between ﬂ,@ and P’Tr

by ® , we have:

S {ka -Ey H)L - (ﬁ?*ﬁ?r)l}

-»-—-Z-L—w—- [ ~coae]

2R R (A-149)
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where

. _ 4 - _ 2 . ‘ . %
N "2PWPM[_CMK Er) =2 (- E + vy - B, ] (a1

3~ 2. . i
Replacing < Pﬂ, by 2T P dpﬂgwﬂ@ A & and integrating
over & with the help of the function 66('3,«?- CCYQ@),WE have

from eq. (A-149::

T/‘JOPP.)PW) — “7! (TVMK) .daﬁm O\E-n— [ij_i'a.mi; {ZEM

(2m)® Pu By
— A 2 2. ,\2 —2MKE )}
X (M —E~Ep) _i(mk-rmrr-“v =

2 1 %1
+|j;l(MR@)(ni+n§—W$—2”&50+Cf2%12)

~2
2 2 o
; - -2 B
x (g ) (M —EBr=B) b{(mwmw s ) — 2MEr)

(A-151)

To get the muon energy spectrum, we finally integrate cver
E“ . For a given value of Eg.& > the maxdmum and minimum limits

of integration for E‘n are easily shown to bes

(\Evjmax L [-: (oL - M) Ry + (i) (M- B |

nmen, :243
(4=152)
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where,

?

Wk + My~ 2MKEp

it

(A-153)

Integrating over E;W’ between the above two limits and replac-
oY d
ing dBPH by 4T pﬁfd@ in eq. (A-151), weifinally obtain the
)
following expression for the muon—-energy spectrum with non-local

V-ia four fermion interzctions

NonLocAlL 5 F7’ 2.

W Cey) = {g -m"[{mi (2MKEy- 2E,-0%)

(21m)3 Mk

_.},(%)'TY\K (Mg - QEPL)} X ( YY\K-ZEH)YYE; 9(2]

b it [Ca-p o —2me]+ (T3 L)

x (i) { i CmieBiO- 95§ % - M %Jj‘

(A-154)
where,
X = (L) [ - (A-155)

& { b - 1k (i) (e ) c&n@(sg )

=1 logb- 0§ - B (M40 + [ (l-nid}
e P,
e b~ %ﬁi {(mk~ By (Wi 0 =gz of-Wefr)_}

(A-156)
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with
2 2 1
aQ = Mk +WMy - Mp
(A-157)

2 2 R
b My + My - Mg

i

We can obtain the muon-energy spectrum for contact V-A four~
fermion interaction by taking the limit Mg ¥R and replacing

|
qg/maé by ff' (See chapter IV).

It is easy to check that;

Lim () = ﬁ—‘;

Mp > Mg
(A-158)
™
ond, \iﬂﬂ (YV\K‘Y§_+-%% Oci) = Ytggz
mg &
where
'fl - _(Oc‘mq;r)\]E:[—W\p
. d
2 4 2 2 -E) (A_l'jg)
(- Mr ) Ee- rop (M- By

Pt
Il

2 2 of*

Therefore, taking the said limit of W(EP-) given by eq. (4-15L4)
2 |

and replacing gg' (included in ¥ ) by Wg 1 , we obtain

the following expression for the muon energy spectrum with local

V-A four-fermion interaction:
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LocaL Ay >
oreEy — ©kartf) (e 22 I
W) —(223)\3%«) z\m i | @row Bp- 28-0/2)7,

+ i -2807. ] + 1317 0m) (021, -1,)

+<f3;+r.3§>cm’ﬁ>[wcmkzem.-wzj}

(4-160)

The energy spectrum of the muon for local interactions is

drawn in fig. 43 with the values of j;

lowest order perturbation theory for cut off N\= 1. ngo

and J; obtained in the
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Fig. 43

Predicted muon spectrum in B<u3 ~decay for local four fermion inter-
action. J-, and Jz have been calculated in the lowest order pertur-

bation theory with cut off A = 1.8 mp,

Wies)

i

7, = oal
Ty

(s |

| | - ‘l
IO 20 140 160 180 200 220 240
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Pion Enerpy Spectrum

Comparing eq. (A-97) with eq. (A-147), it is clear that the
pion energy spectra for local and non-local four-fermion interactions
are related by:

local
NONLOCAL W( E@
o &

E = 2
HW(En [ (K 4o -MB) — 2MikEx]

(4-161)

The pion spectrum for contact V-A four fermion interaction
has been obtained, while deriving the expression for KPS ~decay
rate (See appendix IV B). From egs. (4-94), (A-97) and (A-102) the

aaid spectrum is given by the expression:

. ‘N2 5 ] .
TWI(E) = (QxTnfE) M (2mi) E;—j—l— [I:m

(2m)3

(A-162)

The corresponding expression for the case of non-local four

fermion interaction is therefore given by:
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;?Lf“ — \ Plz Ny (ZYY'\K) JEw -1
Ct“) - ' 2 2 V2 T A2
(2“)3 (\“K + Ny - mB‘lmk l:-“)

{ a
[‘—L‘zn‘,\i (2:[2 - 2/3 FmKIq’IJ“\'U_z' W'\HI,

2

* * i \ .
+(TL+T %) My Mk T |

(4-163)

The quantities ‘j:l s ]'_;— s ’1:_3 and I4 have been defined by eq.

(4-103).



APPENDIX VI
MATRIA ELEMENT OF THE SINGLE-NEUTRON INTERMEDIATE STATE DIAGRAM

FOR A> N+ -DECAY WITH INTERMEDIATE VECTOR BOSON

We want to evaluate the matrix—element of fig. (42) with the
same modification at the ( {PA ) and ( NP) -vertices as in case of

the local four-fermion interaction (See chdptesr II),

PR

/ P
> - - - >—(///
AQR) B (b-® WW@\\

AN
N

~

ST

Fig-42

Choosing the interaction [ eq. (242) ] adopted in chapter IV

the matrix-element for fig. (42) is given by:

N (A= P41 ) =(99) (Mbnte) @) 8 (B AR-1R) (V395

_ )
Up i (fs (/ﬂ?/\-— mw - T U (a-164)
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where,

(Y“B)S. IR X}aCH—LBXg) (k- ‘mp) (\+£At§5)

[Gp — (bR OR-IRIR /i T (piy™ i ]

(A-165)

As in case of the local interaction, the above integral diverges
2 2

quadratically, so we introduce a Feynman cut off factor (=NAZDN )
for the evaluation of the integral. I then reduces to:

[ N]

CIR-1p) { (Iy-IR- Wi § (R-RD™

T =C3)(Xe)]

(a-166)
where
- Gamps -2 - & {Clbm—m’)*z(h—m)
B
+(Pa-R) MpS § (4-267)
and,

€ = (A-B) +1(A-BT5
(A-168)

(L+AR)- T (A+B® Y5

3
W
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Putting,

b = R - mp
= R - N (A-169)

C

and using the identity

1 —31[dxjoly v _
abe* L, o [-by+(h-a)x +&]
we have,
o) e s e 22
T o (me) ldx | ydy jdir LS
! 31 >(W‘2P£ o O
(4-170)
where,

2
D =41 R g0y - G
¢ - é e o + (mp-1ig) o =+ i+ (X-mp)y

(a-171)
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|
Shifting the origin of R to IR s where

g\% = R-I (2D

(a-172)

\
and dropping odd powers of R  in N , we have

4 (Mg iol ?§Q d J)R“ W+ RR

L =30 (M) [ v CR= )4
i * 262

- X Cmg/mp>@_'n')£dxj'\jd’v'[ c C& ' ]
(A-173)

where,

_x)- WA C I+
g = AMpE - 29H0-10 ey {'Q’W’A‘XU "D’f‘x"}@}

- - ..1_2.__ [ MpE - (-;Li;;‘_s-g‘c‘)* rQ/fb’\j (4-174)

mg

N

The x and y integration in eq, {4-173) can be carried out straight

forwardly. The result, after suitable arrangement of the terms is;

.2 )

T = XA Ty ARG, +Mp (A-B)6: (F5)
wy_

IP (A+B)O®g ZfM + UPH (A+B) O (W»wi}j
(A-175)
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where,
K = QCL-V“;
§ = [27T, +2 (t-"i/mia) T ~3Mands T3
e (AT -t/ Ty~ /i) 1 (M)
Q; = L-T +@+ MbikadL, + 3 (Wiiey-D T3

+ 4 (Mn/af) T, — K (25 +2T-NipgeTy

L
+ Myt Ts ¥ 3w ) | (Mg ndp)
(a-176)
The quantities Il"”’ IS involve the final OC- integration
and are defined by:

T T O g )90+ Mg
r, = J Qo% YV\A:_DC1+ - B:. ; > dx
1 M K + Cmp-mp)x +MB

o

4 2
o log T 0C +CN- M) o 4 Wy
2 . ¢ e X + (Mip-WE)X + B

i

]

A , 3
2 1 A X
_ J‘ o 10‘} MWix X + (h-M8IX + Ma Ao
- N Py 2

° ¢ X 4—(}be—WﬂBTVXZ+-“\e
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1 . S .
(‘x,% zog :YY\/?; 9C+((>\l-mB>3C + m)é doc

ta = © MAL + (Mp-mE)X + Ivig
¢ xC

Ls = j TR + (X Wp)X M o
1 o2

Le EE~£ Ta X + C9é;1¥ﬂé)5c‘+‘Vﬁé ol

4
O
I7 55\ LN ;_I"). 2 dx
) MA X+ (A=Mp)X +Mg

-
2N

(A-177)

Inserting eq. (175) into eq. (164), the matrix-element of

fig. (42) is given by:
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N (A patr) = §9)EID (Me/va) (1T (Mamp)

(')\7)\1 _ mzp )7' ap ’féw (L +iB¥5)UA

s Clo-1g-lpe)

(A-178)
where,
d = (A-B)OQ, — (A+B(MA/Mp B3 (4-179)
B = (1-AB)O, — (L+AB) (Mynp) B3 (4-180)
The values of @I oncl @3 are given in Table -

XI for a few values of ‘A and Mg,

Toble - XT
Mg N = My = 1115. 2| N '= 1.5M, =1407 (Mew
in mey O i (ON S ; S;
! |
500 +0.0429 E ~0-0571L | +0.3112 | -0-4210
I i !
]
700 | +0.048% | - 0.0549 |
l 1
938 —\-OOSSS :--- 0.0520 +C)-‘5‘4‘79}-—-C).5360
' !
| t
1100 |+0.0597 1~ 0.0499 |
N !
| i
1876 | +©0.0743 |- 0. 04073 +4+0.5500 | ~0-3170
' n
[
|
4690 [[+c-1740 | —0-0109 !
4 |
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