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Arthur H. Rosenfeld

Department of Physics and Radiation’ Laboratory
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1. INTRODUCTION
»We attempt in this' article to summarize the information now avail-
able, both experimental and theoretical, on the classification aﬁd decays
of hyperons and heavy mesons. Our principal emphasis is on the "weak
interactions' responsible for the slow decays of these particles. The
"'strong interactions' involved in ‘production and s'c'atte'rin.g phenomena
comprise a separate topic, which we do not di'scu‘svs at length. We do,
however, mention the hyperfragments, the study of which bears on both
kinds of interactions. v |
.In Section 2 we ;take up some general features of elementary
 particle phenomena -- the families of particles, the types of interactioné,,
and some symmetry principles. The systematics of hyperons and heavy
. mesons.is treated in Section 3 according to the "strangéness" theory.
Section 4 is devoted to the weak interactions, not only of hyperons and
heavy mesons, but also of the more familiar particles; we emphasize
especially the recent work on nonconservation of parity and the classification-
of all weak processes. The detailed phenomenology of hyperon and heavy-
~ _ meson decays is discussed in Sections 5 and 6 respectively.

A great deal of the theoretical material is presented in a rather

Sy

_ dogmatic way.  We take for granted, for example;, the correctness of
charge independence, the strangeness theory, and the two-component
neutrino, because we feel that.an adequate discussion of the present

. experimental evidence on these questions would lead us too far afield.

- .
Submitted for publication in.Annual Reviews of Nuclear Science, Volume 7,

1957,
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The reader mist bear in mind that some of these theoretical principles may

ultimately be proved uwr o-ng, although there 1s no doubt that they have been .
very useful so far. 4 |
. In the phenomenological Wo_‘rk w.e"makei extensive use of further g

hypotheses such as CP invariance, spin0 for the heavy mesons, and spin
1/2 for the hyperons. Along with these aésumptions, however, we give &
s;)mé discussion of the relevant experimental evidence, either in the text
of in an appendix. v’ '

Most of the experimental data in the article are presented in the
form of tables. In many cases, the numbers represent weighted averages
of the results of many groups, and references to the individual experimental
papers are to be found in the footnotes to the tables.  We restrict ourselves
principally to the.most recent work however; references to earlier research,
including many pioneering experiments, must be looked for in the later
papers. In p'arficular, we apologize for having slighted the cosmic ray
experiments, in which most of the sé.lie_nt features of the new pérticles were
first ’r_'evea.ledl.. Many references to theoretical papers are lacking also. An

R3

extensive list of these has been given by Dalitz.

This work was done inpart: under the auspices of the U. S. Atomic Energy

Commissions -

<8
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2. ELEMENTARY PARTICLES

2.1. Field theory _ _

We are at preéeht very far from having a satisfactory theory of the
elementary parti_c'les; The-,’e'numera._tion of the particles, with their spins,
their masses, and the nature and strength of theif couplings must be taken
wholly or largely from experiment. If we are given this information, we
can attempt a detailed déescription of particle phenomena by means of the
quantum theory of fields, which is, in fact, the only appa:ratus we. have for .

such a description.. It is not knowh, however, whether field theory, with

. its strict requirements of microscopic causality and relativistic invariance,

~ - *
is applicable to phenomena at very small distances, say ~10 14 cm.

At large distances, field theory has scored some success. Quantum
electrodynamics is in excellent accord with experiment; the Yukawa theofy,
especially in the simplified form studied by Chew and,collaborators,‘.gives
a semiquantitative description of the nucleon-pion system; and the Fermi
theory of B decay, later extended to other weak processes, has been very

useful. It may be worthwhile to apply the methods of field theory to the

_new particles as well, but we do not attempt ahything of the kind in this

section. Let us refer, however, to one or two very general results of
field theory.

2.2. Particle and antiparticle; CPT invariance

The connection between spin-and statistics is an example of a general

principle that can be proved from the basic structure of field theory.

- Particles of integral spin must obey Bose-Einstein statistics and are called

"bosons"'; those of odd half-integral spin obey Fermi-Dirac statistics and
are called "fermions", A | _
Recer{tly attention has been called to another general property of
present-day field_theory:1 |
| For ‘ever? particle there exists an antiparticle: (which may or 'ma.y
not be identical. with the particle itself), For every i)ossible state Y of a

system of particles, there is a possible state y' of the corresponding syétem

of antiparticles which looks just like the state ¢ with space and time inverted.

“iS

approximately equal to, " and cc- for 'is proportionai to. "
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CPT invariance ' :

We may restate the result in terms of invariance. We define an ' T
roperatio‘n C (called "charge conjugation') that carries each particle into its
antiparticle without disturbing space-time, an operation P -tha.;c reflects
space coordinates, and an operation T that reverses time. Then what we
are discussing is the automatic invariance of field theories under the . V
product of these operations, C_I__?_’_I'

_ " The behavior of the electromagnetic field is such that particle and.
antiparticle have equal and opposite electric charge. . Thus for charged
particles like 1'r_+~,and.,p there are antiparticles distinct from them (w. and
p; respectively). A neutral particle may be identical with its antiparticle -
(e.g., 7% or the photon y) or distinct:fromni its antiparticle {e.g., n and n).

From CPT invariance it follows that the spins, for example, of

particle -and antiparticle are the same and that their masses are exactly
- equal; if they are unstable, their lifetimes are equal as welli:, A

In field theory, the destruction of a'particle and the creation of its
antiparticle are described by the same field operator and are closely related
phenomena. In fact, we may say that scattering of particles and the
production and annihilation of particle-antiparticle pairs are all different
forms of the same process (for example, they are all described by the:

same Feynman diagram).

i

The CPT invariance of field theory arises essentially from the Hermiticity

of the Hamiltonian, which is necessary to insure pos1t1ve probab111t1es

Roughly speaklng, the operation- CPT for a conventmnal field- theory ‘

A«

Hamlltonlan is equ1va1ent to- Herm1t1an conJugatlon
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2.3, Types of interaction

All the known interactions of the elementary particles appea.r to fall
into three categories: ' o
(i) The strong 1nteractions,» typified by the virtual Yuké.wa process
N 4=) N+w pr1nc1pally responsible for nuclear forces. The strength of this
process may be measured by the dimensionless coupling constant

_/41rﬁc ~ ‘or alternatwe ly by the constant

/

m_ 2
f /417 hc =‘( g /4'n' ﬁc =~ 0.08.
Zmy

In'genera.l, the strong couplings are characterized by coupling constants
of the order of unity. '

(ii) The electromagnetic interaction, through which a photon may be
- virtually emitted or absorbed by any charged particle, real or virtual.
- Here the universal parameter of strength is the fine-structure constant
e?/4m fic = 1/137. | |

(1ii) | The we.ak interactions, O/f which the classic;< example is the ﬁ—vdecay
coupling that induces the decay. n—+p +t+e +v. The Fermi constant C

-49

that measures the strength of § decayT is ~10 erg 'cm3 and can be
written in dimensionless form only if a length is specified. For our
purposes a convenient 1ength is the Compton wavelength of the charged

pion H/m c, in terms of th1s we have. C ~10 -7 Tc r_})i—c 2 ~Actually the
probablhty of B8 decay is proportlonal to C , and we ma therefore take

as a reasonable dimernsionless measure of the strength of the weak couplings
a valne like 10—14. That this estimate works not only for B decay but also
for all the known weak interactions is a remarkable law of netnre, the

"universality of strength' of the weak c,o,u\plingsv (see 4.1).

*We use heavy arrows to denote strong or electromagnetm processes,
whether real or virtual, for example '
nep+mw, AN 2y.

Light arrows: indicate weak processes: n —p +e + v, etc.

T'I"here are reaily several such constants. C; they are defined in 4.1.
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2.4. Families of particles .

_ The known elementary particles can be classified in the following
way (see Table I):

(a) - The photon, which is coupled to all charged particles'byvthe electfo-
magnetic interaction. No coupling of the photon is known other than this .
familiar interaction with charges and currents; the apparent absence of .}'
other couplings is sometimes referred to as t.he principle?" of "minimal -
electromagnetic interaction''. ‘ ' ‘

Thus the "anomalous moments'' of proton and neutron, for example,

are attributed not to a special magnétic coupling of these particles to the 4
électromagnetic field, but to the ordinary interaction of the electromagnetic

field with the.charges and currents of the meson clfoud;
(b) Baryons and antibaryons, which are fermions possessing strong

couplings and satisfying a rigorous conservation law, the '"conservation of
baryons.' This is the law responsible for the stability offﬁi;éle{; it states
that baryons (such as the proton) cannot be created or"déstrpyed except in
baryon-antibaryon pair production and annihilation. :’4H.oweve:‘r,' bne baryon
may be transformed into another, as when a neutron turns into a proton in

B decay.

T,

The word v"hyperdn" means an elementary particle heavier than the
nucleon. In fact, all the knpwn hyperons are baryons: they are fermions
and they are made from nucleons and ultimate ly decay into nuc leéns.

The antihyperons have not yet been observed, but the recent
discover‘y of the antiproton and antineutron makes it virtually certain that
antihyperons exist also, as required by C_P'_I’ invariance.

(c) Mesons, which in our terminology are bosons possessing strong

couplings. (We do not call the muon a meson, but a '1epton). Unlike

baryons, mesons can be created or destroyed; they are radiated or
absorbed in the course of vbaryon transformations much as photons are
radiated or absorbed by charged particles.
The lightest known meson is the vpiono The term "K particle' is
applied in principle to any particle intermediate in mass between pion and
nucleon. In fact, the known K particles are ''mesons', in our sense of the

word.



~ Table I

Masses and— Mean Lives- ‘of- Ele'menta-.ry Particles; 'November, 1957§

Pa‘rt_icle Spin ~ Mass ' - Mass - Mean life : Decay rate
' : : (Errors represent difference : (sec) (number
standard deviation) (Mev) ‘ o per
» - (Mev) : . - second)
Photon, ... ... . . Y o0 ”s'tabi'é"'" . -0 .
P | - ittt St
Ué'ﬁ@ v,V 12 0 ’ : ~ stable -0
8.9 2 eT,et 12 0.510976 * - - stable 0
AS2 wet 1 105708006 x  (2.2230.02x107° % 0.45x10°
o 0 - 139.63£0.06 * . (2.56+0.05)x10-8 *  '0.39x108
0 ' .6 * 15 15
: o 0 . 135,04+0.16 * (0.0< 7<0.4)x10" (O) >2.5%10
o Kt 0 494.0 £ 0.2 (a) (1.22420.013)x10°8 (b) 0.815x10°
o : : 0.4+1.8
= kKO 0 4944218 (o) K,: (0.95+0.08)x197!% (E) 1.05x10'° g
_____________________________________________________ Kp: (4<r<13)x10°8 (L) _(0.07<r<0.25)x10%
p 12 938.213:!:0 01 : stable , 0.0 .
n 1/2 939.506+0.01 * (1.04%0.13)x10™> £ 0.96x107> v
A 12 ¢ 1115.2£0.14  (d) _ (2.7720.15)x10" 1%  (e) 0.36x10'°
+ b ' -
- > 12 7 1189.4£0.25  (f) (0.78+0.074)x10 "9 (¢g) 1.28x10%°
- ) 7.140.4 10 10
g = 12 7 1196520.5 (h) 3 (1.67+0.17)x10" (i) 0.60x10
>~ . b1.2 . -1.2
= =0 12 . 1199 f-_é-a {3) 6.4&_0 (<0.1)x10-10 (A) >l0x10°° 19
m : theoretically~10~ 19 theoretically™0

= - > '1320.4%2.2  &)° (4.6 <7<200)x10" 0 (Tr) (0.005,<0.2)x10'°
=y ? 0 ?

From compilations by Cohen, Crowe, and DuMond, Nuovo cimento 5, 541 (1957), and '""Fundamental
Constants of Physics, ' to be published by Interscnence, New York 1957. They include all data
available before January 1, 1957. : ' :

TAntlbaryons have the same spin, mass, and mean life as baryohs.

8 Note added Nov. 7, 1957. This table has been brought up to date in a rather hasty and perhaps incomplete
~ fashion. (See W.H.Barkas, A. H. Rosenfeld, "A Compilation of Masses and Mean Lives of Elementary
Particles, " UCRL 8030 (Nov. 1957)} The changes have been incorporated into some of the tables, but;
into none of the text. \

.



(A) Alvarez, Bradner, Falk-Vairant, Gow, Rosenfeld, Solmitz, and Trlpp, K™ Interactions in Hydrogen,
UCRL-3775, May 1957, :

(L) Lande, Lederman, Bardon, Tinlot and Ch1nowsky, (to be publlshed)

{O). Orear, Harris, and Taylor, Phys. Rev. 106, 327 {(1957),

{E) Eisler, Plano, Samios, Schwartz, and Steinberger, Nuovo cimento 5, 1700 (1957)

(Tr)G.H. Trilling and G. Neugebauer, Phys. Rev. 104,1688 {1956). :

(a) MK&:_ 3m.n.=‘= +Q., where Q. is the weighted average of:- Heckman, Smith, and Barkas, Nuovo cimento
4,751 {56); from Roy Haddock, Nuovo cimento 4, 240 {56); and from Bacchella Berthelot, et al..
Nuovo cimento 4, 1529 (56). . The uncertamty in mgq has of course been treated as common to all
experiments. We have assumed that the K~ is the ant1part1c1e of the K' and shares the same mass and

lifetime. The present experimental mass of the K~ is consistent with this assumptmn namely 493.4+0.5 °
Mev (R S. White, (.omp11at1on of all emuls1on data for 1957 Rochester Conference)

(b) 7,2, from we1ghted average of the decay rates corresponding to the follow1ng mean lives

% 227%x0.015 {Alvarez, Crawford, Good, and Stevenson, Phys. Rev. (to be published)).

1.21120.026 (V. Fitch and R. Motley, Phys. Rev. 101, 496 (1956); Phys. Rev. 105, 265 (1957); and
private. commumcatmn ') The quoted errors are statistical only. We have assuﬁ that the K™ -is the
antiparticle of the Kt and shafes the same mean life, The present experimental mean life is consistent
with this assumption, namely ’TK_ =1.,25%0.11x 10~ -8 sec (W.H.Barkas, Seventh Rochester Conference).

m., o, weighted average of the following Q-values for K°® -~ ‘rr++ T+ Q(Mev) :

Z}§4.0:!:2,5 Thompson, Burwell, and Huggett, Nuovo cimento 4, Suppl 3 286 (1956)

212,04 Arnold, Martin, and Wyld, Phys. Rev. 100, 1545, n955) -

217.0x4 R. Armenteros, 7th Rochester Conference (1957) o

222.6 +5.3 Fretter, Freisen, and Lagarridue, Nuovo cimento 4, Suppl. 3, 539 (1956)

{(d) my is the weighted average of:
A14 0040.39, all cloud chamber work in review of Cohen et al.
1115.74+0.40, R. Armenteros, 7th Rochester Conference

o 1115.30:!:0.16, W.H.Barkas, Padova-Venice Conference, 1957 - -
There is another value, m, = 1114.7+0.21 Mev, reported by Friedlander et al. in Phil. Mag. 45, 533,
{(1957) and updated at the 1957 Venice conference. However these authors are in process: of re-evaluating
their errors, so we have postponed folding in their value.

(¢)1,,from weighted average.of the decay rates corresponding to the following mean lives
1.920.4 (Graves, Brown, Glaser, and Perl, Bull. Am. Phys. Soc. 2,221 (1957)).
2.77x0.2 (E) -
3.120.5(A)
3.25+0.33 *

_ZI—



(f) m 4, weighted average (allowing for common systematic uncertalntles) of
%89 28x0.28 W.H.Barkas, 1957 Padova-Venice Conference '
1189.1x0.4 Fry, Schneps, Snow, and:Swami (Phys.Rev. ,to be pubhshed)

1190.3£0.5 R.S. White, 7th Rochester Conference

{g)T«+ from weighted average of decay rates correspond1ng to the following mean lives.
26 95£0.30(Graves, Brown, Glaser and Perl, Bull.  Am. PHys, Soc., 2, 221 (1957)) =
0.69%0.1 (A) -
0.89%0.12 (compilation of all emulsion data available from all laboratomes prepared for 7th Rochester
Conference by G. Snow (private commun1cat10n))

{h)m from following myx.-mx+ mass differences:
5’5610 66 W.H.Barkas, P.C.Giles, H. H. Heckman, F. W. Inman, C. J. Mason and F. M Sm1th UCRL- 3892
7.10£0.92 Chupp, Goldhaber, Goldhaber -and Webb, UCRL-3593
8.12+1.48 Fry, Schneps, Snow, Swami and Wold, Phys. Rev. 104,270 (1956)
7.46+0.72 K Collaboration-Presented by Prowse at Padova-Venice Conference 1957
7. 09:&0 41 Mev. .

()7 5> we1ghted average of

e-?1-

I. 9f8 ;1 Columbia, Bologna, Plsa propane chamber collaboration {Padova-Venice Conference, 1957)
1.6£0.2 (A)

(j) Combined result of Alvarez et al, ''Interactions of K™ Mesons in Hydrogen' UCRL-3775 (July 1957) and of

the Columbia bubble chamber group (Eisler et al (E), _to be published), who report a Q-value of 77+4 Mev
for the reaction Z¢ - A+vy + Q. i

(k) mz~ from 12 events. Six of these from CalTech are summarized by Trilling and Neugebauer, Phys.. Revf.‘
104, 1688 (1956), six others are comp11ed by Cohen, CrOWe, and DuMond, Table 4-15. s
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(d) Leptons, which are fermions possessing no strong couplings. (Strictly .
. speaking, we should distinguish, as in Table I, between leptons and anti-
leptons, but the nature of this distinction is only now becoming clear. (See
4.1). | | | |
The known leptons, all with spin 1/2, are the electron and positron
e and é*, the negative and positive muon g~ and |.1.+, and the neutrino and
~amtineutrino. The last two we shall denote by v and v.respectively or else,
for convenience, by +v and -v respectively. v'vThus instead of writing
."1r+ - p+ + v vand T+ 5" we shall write 'zt - piéh v. "

2.5 . Nonconservation of pafity; hypothesis of CP invariance

We have mentioned in 2.2 the automatic invariance under giT--.of
- field theories for which vo_ne _need‘a'f.s‘snmae only inva_rviance under proper
Lorentz transformations (these not involving space or time inversion.),
Until recently it was thought that the laws of physics were also invariant
under C, P, and T " separate‘ly (For the strong and electromagnetic
interactions, th1s still appears to be true. See 3.10.) '

Let us discuss in particular invariance tunder E , Which;i.s equi{ralent
to the conservation of the quantum number called parity (also denoted by
P.) If parityis exactly 'conserved, then physical laws do not distinguish
between right and left: the mirror reflection of'an‘y state of a system of
particles is also a possible state of the same system of particles. ‘The
conservation of parity is now known to be violated by the weak interactions.
This was first snspected in K-particle decay (see Section 6). It was then
suggested by Lee and Yang% that nonconservation of P be looked for in
nuclear B decay and in the decays of wt and p:k Their c.onject‘ufes were
brilliantly confirmed by a series of experiments early in 1957 (see Section
A4). 'As an example, we mey take the Bidecayvof _o_r‘ie'nteda‘Co 0. The
spinning nucleus emits electrons preferentially "doWn, " where Sl
) ~Mup! : defined with respect to the nuclear sp1n by use of the r1ght -hand 9

- rule. The angular distribution of electrons is of the form l-+a cos 6 with

a around-1 for the fa—stest elec’crons;5 the "up~down~ rat10-= R - ¥,

then (1 +a)/(1 - a) Clearly parity is not conserved the mirror 1mage

60

of dec:iying Co ‘0 is not a p0551ble state of Co . . . :
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hypothesis of CP invariance

Does this mean that the,microscopic laws of nature do define a

| “tight hand? Not necessarily. There is still the possibility that physical

laws are exactly invariant under CP, i.e., that the mirror reflection of a

state of a system of particles is always a possible state of the oorresponding

system of antipafticles, For example, the B+ decay of-aﬁti-’CO_bO would

60

then have an angular distribution exactly the opposite of that of Co™ ",
namely 1 -~ a.cos §. - We could then not define a right hand by means of

B decay unless we spec1f1ed that we were talkmg about matter and not

‘antimatter. - But there would be no intrinsic way to tell matter from anti-

matter except the very handedness we are trying to define.

Exact invariance under. CP was predicted by Landau. 6 So far all
the experiments on nonconservation of parity are consistent with this
hypothesis, but further tests of its validityare still required. * In Appendix
A we discuss the possibility of interpreting present information without
CP _inva.riance,v but in the text we shall make extensive use of the hypothesis.
Let us emphasize here that if CP invariance should fail in § decay,
then for a nucleus like Aglll, if it could be oriented the B angular _
distribution would be, say, 1 + b cos 6 and yet the [3 angular distribution

of oriented anti- Ag 111 would be 1 + b' cos 8 with b* different from b. T This

difference would permit an absolute definition of matter and antimatter and

of right and left.

* .. . . . . ‘
Given nonconservation of P, the conservation of CP implies, of course,

~nonconservation of C. The nonconservation of G has been verified

spectacularly in all the parity exper1ments involving neutrinos, which
suggest that the neutrino is always right- 01rcu1arly polarlzed while ‘its
charge conjugate, the antineutrino, is always left-circularly polarized (see
Section 4). This is evidently a clear-cut violation of C invariance.
. - 111 60 . . ’
"We have chosen Ag rather than Co ~ as an example here because the
difference between b' and b probably vanishes for-'Co6O, while it must be

oo 111 . . . . . . '
nonzero for Ag if CP invariance is violated in  decay and if the two-.
component theory of the neutrino is correct. One can show this, using

A{or vector and axial vector)

scalar and tensorjinteractions, (and assuming that nuclear matrix elements
do not accidentally van_1sh_), from the fact that the tran81t10n is of the form

1/2+ —~ 1/27. The difference b'-b arises from a Coulomb effect.
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2.6. Consequences of CP invariance; T invariance .. - -.

Ifg_f’ is an exact symmetry ‘of nature, then isolated matter and -
antimatter differ only in hah'dédne_é,s..' The decay schemes of particle and
antiparticlé are always exactly the same and their decays mirror images
of each other. _'(\We assume here that pa‘rticl;e and antiparticle always decay
into different final states, as 1Ir+ and m~ do because of conservation of
charge or as nand n do bécauée' of conservation of baryons. When
particle and antiparticle can decay into the same final states, we have a
‘quite different situation--a situation like the one described in 3.9.)

Just as E-'in,va'riance-would be eciu,ivélenf to the conservation of the
quantum number E, sbxgl invariance is equivalent to the conservation of
a.-quantum number CP. However, CP is less directly useful as a quanturﬁ
number than E would be, since a system of partiéles can be in an.eigenstate
.of CP only when it is neutral and has equal numbers of particles and anti-
particles. ‘ For'exam'ple, a deuteron cannot‘b.'e in an eigénsfate of (23 since
charge con_]ugatmn would turn it into-an antideuteron. :

However, a neutral pair of. plons 7t + 7 or 2n° in their center-of-
mass system are in an elgenstate of CP with elgenvalue +1. In 3.9 we
shall use this result, together with the assumption of exact CP invariance,
to prove that a partlcle (KZ) w1thA(_Zf> = -1 cannot decay into two pions, ‘even

through the weak interactions..

*-For two identical bosons such as 211'0, the wave function must be symmetric
under the operator X that exchanges the two particles, i.e., X = +1. Fdr
i‘-rrv+ and 7, which are notvidentical, we can define a generalized wave
function by includihg a charge coordinate that distinguishes n+ from w .
This generalized wave function must again be symmetric under the exchange
operator X, since boson field operators commute. ' B |
Now fo.r'either case, 2n° or 1r+ +.,1r_7, the operatpr,}_(.is identical ‘ .
: with CP in the center-of-mass system, because CP interchanges both |

‘ charge and position for the two particles. Thus we have CP = X = +1. - ., W
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invariance; T ‘
invariance

If CP is exactly conserved, then the.CPT invariance of field theory

_guarantees exact symmetry under time reversal T. Now T invariance does

not correspond directly to a conservation law. Instead, it determines the
phases of transition matrix elements. 7, 7a ‘The contrast between the

behavior of T and that of other symmetry operators, such as. CP or

'angular momentum, can be appreciated if we introduce the famous unltary

operator)! . Often called the v matrix, it transforms initial into final

states in a collision problem, The law of conservation of CP may be

written in the form 93} =4 CP, and this implies that the eigenvalue of CP

is the same before and after the collision. In time reversal, hqweyer, the
initial and final states must be interchanged, s_e that T invariance implies
TJ :3 T . This relation does not g1ve selection rules; but when it is
combined with the unitarity of )J, it gives cond1t10ns on the phases of Xf
matrix elements. . For example, in the photopion effect y + N » m + N there
is the following familiar result:7a the phase of the matrix element leading
tdavfinal state of given energy, angular momentum, parity, and isotopic
spin.is given by the phase shift for the scattering m + N = w + N in the same
state. {(Strictly speaking, this particular statement is true only to lowes{““‘
order in the fine-structure constant.)

Landau has pointed out that CP or T invariance forbids the
existence of static electric dipole moments for elementary partieles, even

. - . . 6 . !
when P invariance is violated.  Consider the neutron, for example.

-During a tiny fraction of the time of its existence it is virtually dissociated

into proton, electron, é,nd"!antineutripo. The wave function Y of this

system contains both even- and odd-parity terms ¢e and LlJb, respectively,
since P 'is not conServed in B decay © We might therefore expect that the
electrlc d1pole moment operator D could have a small expectation value
(LIJ B LlJ ) + (ljJ D l]J ) for the neutron. ‘However, it can be shown that T
invariance requires lIJe and lIJO to be 90 out of phase, so that the expectation
value of the real operator-ﬁ is zero. o~

- Of course if two elementary partlcles with spin were degenerate

w1th respect to each other, and electromagnetic transitions were allowed

between them, then a static electric dlpole moment might arise (approxi-

mately as it does for molecules. ) No such situation is known,. however,

among the particles.
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3. THE NEW PARTICLES; STRANGENESS THEORY
3.1. Charge independence - ' '

A str1k1ng property of the strong 1nteract1ons (and therefore of the
strongly 1nteract1ng partlcles--baryons, ant1baryons and mesons) is the

principle of charge 1ndependence or conservation of 1sotop1c spin.

Each .stro'ng_ly coupled particle belongs toa charge multiplet With an
isotopic spin.qnan_tum number I and multiplicity 21 >+- 1.. The components of
the multiplet are characterized by values of Iz vrang{ing from -Ito I;

- corresponding to the variation of Iz there is a variation in the electric v
c_harge which increases in steps of e as-IZ increases in steps of one. These
properties are illustrated in'Fig 1 and by:Eq. ! below. - Each multiplet
carries an isotopic spin vector T and the charge independence of the strong
interactions means that they conserve the total T in any process. Slm11arly,
the strong 1nteract10ns leave all charge multiplets rigorously degenerate
Electrornagnet1c interactions are manlfestly charge- dependent They
v1olate the conservation of 1sotoplc spin and remove the degeneracy of the
charge multiplets. For example, the n-n and p-p forces are 1dent1ca1_as
far as the strong interactions are concerned, but the‘Conlomb force obviou‘sly
destroys.the e'quality. - Similarly, electromagnetic effects presumably give
rise to the mass difference between neutron and proton. (See 3.5, ). |

3.2. Conservation of strangeness

-‘_Although_'it violates conservation of._f, the electromagnetic interaction

does not affect the conservation of Iz.‘ - We can understand this on the'basie :

of ""minimal electromagnetic 'intera_,ction.. "' The photon is coupled only
through the charge" since the charge is a function of I , we see that the
electromagnetm coupling transforms in isotopic spin space hke a function
of I and commutes with the total I .
The conservation of I is usually restated in a more convenient
.‘fo_rm. _ We wrlt,e the re»latl‘on ,between_charge Qtaérﬂ;zfor' the rnembe:s of a

multiplet as .

Q/e-:---IZ + % . ' | (1) v

Here ’;:— is the center of charge, or average charge, of the multiplet; it is~ .

indicated by a fuLcrnm in Fig. 1. Since Q/e'is always integral, we see that
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‘against electromagnetic decay are represented with a dotted
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Y is.an even integer when I is integral and an odd integer when I is half-
integral. Since Q is rigorously conserved, the conservation of Iz is the
same as the conservation of Y.

A still more convenient notatien_ean be used if we introduce the ' #
' quantity n, the number of baryons minus the number of antibaryons. ~The

law of conservation of baryons then states that the ''baryon number'' n is ' %

rigorously conserved. For the nucleon,. antinucleon, and pion the center

of charge g— is Just equal to 2, that is, it is + 1/2 for the nucleon, and -1/2
for the ant1nuc1eon, and 0 for the pion. We can measure the displacement
of the center of ,(_‘:h.a,rge from its familiar values, »_therefore, by writing
Y=n+Sor | A
| Qle=1_+5 + 3 2)
S is then an integer; »'consef_ved whenever I'z is, and zero in the case Of.
nucleon (N), antinucleon (N), and w. It is called ''strangeness'' and the
strongly coupled particles with S %0 are "Istrange” 'particles:. The
quantum number S is conserved by both strong and electromagnetic inter-
actions 51nce these conserve I ; only the weak interactions can violate

99a

conservatlon of strangeness ' ' , e

3.3. The strange particles

The known hyperons are all strange baryons and the known K
: partlcles are strange mesons.
Let us consider the baryons first (right-hand column of Fig. . 1).
The nucleon N, ef course, ‘is a doublet with S=0, consisting of the proton

p and the neutron n. The strange baryons are, in order of increasing mass:

A, a singlet wi]:h,S = -1 (A);
Z, a triplet with § = -1 =t, =° =),
‘_-'_, a doublet with:S = -2 (:o,:_. -~ The = ° is so far
| hypothet1ca1) _ k o ’ ) B '
' The antlbaryons (left hand. column of Fig. 1) follow the same pattern,

s
but with the signs of charge, strangeness, and_IZ all reversed.  So far

. only the antinucleons have been detected experimentally.

o

"We can see that this arré.ngement is hecessafy because production and
annihilation of part1c1e antlpartlcle pa1rs must’ be possible without violating

conservation laws. See 2.2.
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Finally we have the mesons (middle column of Fig. 1). The pion is
a tfiplet with S = 0 ('n'+, ©°, 7). The strangé mesons are a pair of doublets:
K’ and K°, with S = +1, and K°® and K~ with S'= -1. ~We shall speak of the
first doublet cdllectively as K and the second as K; this notation emphasizes
that K and K are each other's antiparticles. .
" In principle the symbol K should be reserved for the class of all

particles with masses between m_ and m -However, this causes no

N T
difficulty at present, because the specific particles we call K and K are
the only members of the class now known.

3.4. Conservation of S and I in particle reactions

"The rule requir'ing ‘AS = 0'in strong and electromagnetic processes
gives not only particle stability, as discussed in 3.4, but also severe
restrictions oh particle reactions. For example, in all collisions of
nucleons, pions, and antinucleons the initial strangeness is Zero. If in
such collisions a strange particle is produced (S # 0), it must be
accompanied by at least one other strange particle; this is the famous law

" ‘However, the conservation of strangeness is

of "associated production.
much more stringent than the requirement of associated production,. For
example, processes like m+ N =2 K+ Zor N+N=3 A+ /\ are forbidden,
whereas m+ N K+ Z andy + N =y K + A are allowed. '

‘Besides thev conservation of iz or strangeness, we must take into
account the conservation of total I (or charge independence) in strong -
processes involving the new particles. Of course the latter law requires
corrections from electromagnetic éffects, which conservation of strangeness

does not.

Charge independence tells us, for example, -that the force between

A and the proton is the same as between A" and the neutron. It gives us

1
also such intensity rules as3’ 0

& =

do (K" +d 3 A +n+7° do(K +d=> A +p+n) (3)

and

do(K +d9 Z°+n +p)=do(K +d= = +1°+p). (4

" The -eleétf’om'agnévtic corrections to_such,rules.' are small (perhaps
of the order of the fine—.strucvtul"evconstant, ~ 1% in.amplitude) and the rules
are therefore quite useful. These rules have not yet: been tested in ekperi-
ments With strange particles, but they can easily be c‘hecked‘by stopping K~

in .a deuterium .bubble chamber.
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3.5. Electromagnetic mass differences

Apart from the Coulofnb force, the most striking-effect of the
electromagnetic violation of charge independence 4isvthe removal of degeneracy
of charge multiplets. The neutron-proton mass difference of 1.3 Mev has,
of course, been known for a long time. Its electromagnetic origin was long
in doubt, since it was hard to understand why the neutron should be heavier.
Recently Feynman and Speis.’rnan11 have shown, by means of a crude model,
that electromagnetic effects could give a heavier neutron. However, we
have no quantitative theory of the mass differences, and we shall restrict
ourselves to the experimental fa’cts. (See Table I.) .

- The mass difference between charged and neutral K particles is very
poorly known; the m.ass of K+ has been accurately determined but we know
about the mass of K° only that it is the same as ‘K+ to within 5 Mev. The
mass difference between charged and neutral pions (4.6 Mev) is best
measured by means of the Panofsky effect: m +p = 7° + n for captured w .

Next the baryons - we have mentioned the nuéleon.above; we have no
information about = becauseZ © has never been detected; Ais-a singlet';
thus we have only the X triplet to discuss. The diffefence in mass between
Z+ and =~ (7.2°% 0.1 Mev, with =~ heaifier; see Table I) has been determined
as follows by emulsion,wofkers. " About 1% of the K that come to rest in _
emulsion are captured by free protons to give the reactions K + p = =* + 1'r+.
The difference-in~the 2 ranges, R_ - R+’ leads to an accurate determination
of the mass differénce. The difference in mass between the charged and
neutral £ cannot be measured with emulsions, less accurate tools must be
used, and at present we know mly vthatFZO-and Z+ have the same mass within
'+ 3 Mbev; T particles have been captured by protons in a hydrogen bubble
chamber, yielding =° + n, followed by the decay sequence -

20 2y+A, N=p + 7. However, 6nly three such complete sequences
have been seen,lla and a more accurate though less direct value for Mo
has been obtained with a propane bubble chamber by observing_the gamma

ray in the sequence of processes m +p = =° + K°, =°> Y+ A 11b

¢

The mass of =° can then be determined with respect to that of A, which
~ is knownto about 1/5 Mev.
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3.6. Stability and electromagnetic decay

In the presence of strong and eleétromagnetic interactions only, the
particles we have Hsted.would, with th_ree,exce.ptio’n‘s, all be stable. Al-
~ though allowed by conservation of S, such decays as N= P + 7 or
A=P+K or Z = A+ are forbidden by conservation of en_efgy.

Energetically possible decays like A=p+n or K+ = Tr+

+ 1° are forbidden
by conservation of strangeness. |

The excep’tions are the particles TI'O, ‘Zo, and £°. Each of these
would be stable under strong interactions only, but they can all decay
electromagnetically. The 7° meson, like the vacuum, has zero charge and -
zero strangeness and thus the transition 'rr?'* vacuum can‘occuvr with the
emission of two y rays. The necessary c'hange of I'by one unit is easily
accomplished by the electromagnetic coupling. * ~This process ° ='>"2y
: 15 sec. (Seé Table I.)

In a similar wa , the transition =° » A+ vy requires no change in
way Y q g€

is known experimentally to have a thean life of < 10~

charge or strangeness and a change of I by only one unit. A rough
theoretical estimate of the lifetime can be obtainéd if we assume a
magnetié dipole transition between particles of spin 1/2, with a transition
magnetic moment of the same - order as the neutron magnetic moment. - We
then obtain a =° lifetime T ~5 x _IO-ZVO sec. Such a mean life is rather
inaccessibl’ebto experi‘r_heht. It is not v}long enough to pérmit =° to go a

9

measurable distance before decaying (cT = 1.5 x 10° cm); nor ‘is it short
enough to produce a measurable width of the E_o state (0 /7 =10 kev). There

are no direct measurements of this width (even the mass is not known better

than to £ 3 ‘MAev)'. In fact, the present experimental limits on the mean life
of =° correspond foughly to a determination that the moon is nearer than

the sun and farther than the ceiling.

% . . ) _ .
The electromagnetic interaction is proportional to charge Q -and therefore

linear in IZ (see Eq. (1)). In other words, it transforms in isotopic spiq -
space like a scalar plus the z component of a vector. Therefore, each time
the electromagnetic coupling occurs (in the sense of perturbatibn theory) it
can ‘change the total isotopic spin either by zero or by one unit ('IKII =0or l.)
A first-order electromagnetic process (first-order in e in the amplitude)
can change I by as much as one unit, a second-order process by as much as

two units, etc.
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3.7. Decay through the weak 1nteract1ons :

" So far we have ignored:.the effects. of the weak 1nteract1ons (It is
very difficult to observe their effects in collision processes, because of the
extremely simll cross sections involved To date .only one such ‘experiment
has been successful: the search for inverse B decay v + p = e+ + n, with ..

a cross-section around 4 x 10 -44 cmZ (averaged over the spectrum of high-

energy antineutrinos from a pile. )12
In collisions involving strange particles, violations of'the strangeness-

selection rules by the weak interactions should be of the order of oné part in
A1013 10 ,, since this is the magnitude of the dimensionless strengthv -
,parameter of Section 23. 4 _

- Thus the weak interactions manifest themselves almost exclusively
in decay processes. * We have seen that most mesons and baryons are
stable in'the absence of the weak.interactions; they ''wait,' so to speak,:
for the weak couplings to.induce their decay. A typical lifetime for weak

decay can be estimated by taking a.''nuclear time'' like

ILZ ~1/2 x 10722 sec

‘m _C.
™

and multiplying it by ’1013 or 1014. In fact the lifetimes do range mostly

from 10—8 10_‘ sec. Of course, severely limited phase space in the

final state can vastly increase the 11fet1rne, .as for the neutron, which has ,

a mean hfe of about 1040 sec. , ' . -

All the baryons, antlbaryons, and mesons that are stable under

/

strong and electromagnetic effects d1s1ntegrate by means of the weak

interactions, with. the exceptmn of the proton and antlproton, which are

absolutely stable, as they are the. l1ghtest baryon and antibaryon, respectwely,

>§<The absorption of p,v" by nuclei is, of course, a weak pr\ocess and well
.known experimentally, ‘although not a decay. However, the absorption
-always takes place from the ground state of a mnonic atom,: which would
.be stable if it were not for the absorption. The situation is therefore -

just.like that of a decaying particvle.:
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Let us refer to baryons, antibaryons, and ndesons as ;‘f_'jsjtron'gl‘y
interacting particles'v' or SIPs. The disintegration -préduqts‘”iiﬁ:’t‘hé weak |
decay of a SIP are either -

(a) SIPs alone,asinA—=p+ 7 , or;

- {b) a lepton- ant11epton pa1r with or w1thout SIPs, as in the decays

'n-«—p+e +v, K *p + v K.—"p +v+ Tl’o, etc.

There are also ‘decays involving both weak and electromagnetic

interactions. These 'weak electromagnetic decays' may be either inner
bremsstrahlung processes or else decays in which a .y ray is essential.

3.8. Decay.into strongly.interacting particles: possible selection rules:

The weak interactions are known to induce the following decays of

'SIPs into SIPs, 1n v1olat1on of conservatmn of strangeness

baryons, e Z >N+, =* - N+ m, N=N+ w;
antibaryons -- presumably the corresponding processes;
‘mesons -- K - 2w, K-=3n, K-27, K- 3.

These are all the energetically possible decays of this kind that are
allowed by conservation of baryons, with one exception: the unobserved
decay = - N + m.- Since only about a dozen Zevents have been observed,
all in cosmic rays, it is by no means established that this process does not
take place. However, if it.is indeed forbiddén, it is. significant that it in-
volves a change in strangeness of two units, whereas all the others involve
a change of only one unit. It may be, then, that there is-a rule AS =
for weak decays of SIPs into SIPs or, what is the same thing, a rule .

AI x1/2. % It is important that this rule be checked by a further search
for decays ofthe form = =% +n or =° =1 “+ p. '

In the decays we are discussing, not only strangeness but isotopic
spin, too, is defined in initial and final states. It has been suggested that
there may be a -furtherv rule: |A-f| =1/2. 9; This would, of course, be

subject to electromagnetic corrections. In Sections 5 and 6 we discuss the

‘evidence for and against the rule.

A conven1ent formal device for treatlng the rule |A Il = 1/2 was
introduced by Wentzel. In a weak decay of a SIP into SIPs, we imagine that
an additional particie"is~ emitted or absorbed that carries no energy or
momé-ntum or charge, but does carfy an isotopic spin of 1/2, with whichever

z component (+ 1/2) is' needed to balance I inthe reaction. This particle
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interacting particles: - ' '

possible selection rules ‘
is aptly riamed the’ "s'pur'ion" . With the spurlon 1ncluded ‘we then assume

that I is conserved in the decay process Such an assumptmn is clearly
equivalent to the rule IAI I = 1/2. . For applications of the spur19n rne_thod,_
see for example 5.6 and 5.7. ‘ B |

3.9. Decay'of neutral K particles; iK(l) an”d‘-KcZ)

The weak decays of the strange particles K° and E’o are subject
to some interesting special con31derat10ns The -re.a.der will note that in
Table I we do not list 11fet1mes for K° and K - The reason is that neither
of these particles has a umque lifetime. Instead we must consider two
linear combinations of the states representmg K and K these combinations’
are called Kl and_KZ, and it is they that are charactemzed by unique s
lifetimes 71 and 7> respectively. This situation was predicted theoretically
on the basis of the strangeness theory, and has since been confirmed in
several respects by experiment. 15 A ‘.

In our discussion we assume, as before, the exact conservation of
: CP or, what is equivalent, exact symmetry under time reversal T. (In
the original treatment, 14 exact conservation of C was taken for granted
even for the weak 1nteract10ns the old argument can, however, be modern1zed
if we replace C by CP The possibility of nonconservation of CP is taken
up in Appendlx Al) '

In the production of a neutral K partlcle the conservation of
strangeness brings about a sharp distinction. bet:ween,K0 and 1?’ Only
E?,_ for example, can be produced in the reaction T +tp= K® + _/\?; .only
KO in the reaction K + p #KO + n. Ho'wevvevr, in the sub_sequent' dec_ay_. of
an isolated K° or ,I—(—c,.), strangeness is not censerved and plays no important
role. We musf consider instead the quantum number (£3, which is conserved
in the decay. o . ' R :

For convenlence, let us take K as spinless. Denote by I K > the

state of a K° meson at rest and by I K > the state of a K° meson at rest.

These are eigenstates of strangeness with eigenvalues +1 and -1 respectively.

In each of the above.react'ions the.produced meson, in its own rest frame,
is in one of these_a_states. Now under.CP these two states go‘.‘in'to’;'each' other,
since: - > K and K° are antiparticles - We can adjust the relative phase of

the states so that we have CPI K° > ] K > and CP'K > = IK >

R
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K—? andK

~In treatmg the decay we must form eigenstates of CP rather than of
strangeness: we define |K1> ‘K >+ lK >a dIK2>_J__ IK > J_IK >
ThenIK1>corresponds to the e1genva1ue +1 andl K >to the eigenvalue -1 of

CP. We may refer to these states as even and odd respect1ve1y under CP.

The equations’ defmmg IK1 >and| >may be inverted so that the or1g1na1

states I K > and l K° are expressed in terms of them: I K > lKl >+J,__ | K2 >

-and|K> J—|K1> J—-}z>

We may say, then, that the production of a K° meson (or a K meson)
co_rresponds to the production, with equal probability and prescr-1bed relative

phase, of a "K(l) meson" or:a "Kg mreson'' .  Each particle K(l) or'Kg is its

~own antiparticle, the K being even under CP and the K, odd under CP .
: Since_C_P is assumed to be conserved in the decay, some decay modes are

" available to Klo that are forbidden to Kg, and vice versa. Thus these two

pa'rticlesv must have different lifetimes.
. For example, consider the familiar decay into two pions, 1r+ +
or 'rfo + Tro; this final state is even under CP, as we have mentioned in:2.6.

Thus decay into two pions is allowed for Ko and forbidden for Kg. Now,

in fact, two neutral K part1cles have been observed One of these decays

nearly always into 2w and has a lifetime of about 10 SOGC, it is'to be identified
with the theoretical K1 meson. The.other has a much longer lifetime (at
least 300 times as long) and does not ~appear to give 2m; it must be the Ko
meson. Apparently the 2m decay has a much higher rate than other posmble
modes for either K1 or K2

Suppose now we generate a ''beam' of 1000 K° mesons,for example

by the rea_.ction-'n'_ +p=> A° + K°. In terms of Kcl) and K(Z), we have 500 of

each. After around 1077 sec (in the rest system of the mesons), nearly
all the K have decayed, mostly into 2mw; very, few of the- K have decayed,

however. Our 'beam'' now contains about 500 K. These are not in a pure

2’
state of strangeness. They have with equal probability S = +1 and S =-1.

In strikihg ‘matter half of them (around 250) are capable of reactions like

K® + p= K + n, characterlstlc of S = +1 and the other half are capable

of reactmns like .K° +n=K + p or K° +p = =t 4 , characteristic

of S = -1. 1.5 This behav1or of the "stale beam" is to be contrasted with that

of the "fresh beam" of 1000 K° “mesons, all of which had strangeness +1.
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This thought-experiment illustrates the characteristic feature of the
situation, that K° and K0 are the important enti’t_ies in strong processes
but K1 and K in decay. | L )

We may note that because Kl and K have d1fferent 11fet1mes (and
therefore different "level widths') they must also have different values of
the tiny self-energy due to virtual weak decays. In other words, the weak
interactions should give rise to a mass difference between K1 and KZ’ this
difference cannot be calculated at the present time, but we may crudely

estimate it to be of the same order of magnitude as the level width of the
-KI ‘'state, which is ﬁ/ = 6 x 10-‘12 Mev. Despite the smallness A.of this
quantity, there is a chance that it can be measured. (See 6.9.)

3.10. Invariance under C ; parity conservation

In Section 3 up to this point we have emphasized one specialﬁ property
of the strong interactions, namely charge independence. We have seen that
one aspect of charge independence, the conservation of. S, applies also to
electromagnetism, although not to the weak interactions. '

'We have mentioned in Section 2 the existence of another cons_ervafion
law that seems to be valid for the strong and electromagnetic interactions
andrto be violated by the weak ones. We have referred to this law as the
gonéefvation of parity P. However, we have adopted in 2.5 the point of
view of Landau that the symmetry of nelure between right and left is
manifested in the exact invariance of physical laws under -CP, even for
weak interactic'ms. (Of course this must still be verified by further

_experiments.) From this viewpoint, conservation of par1ty P and of
charge con;ugatmn C. imply each other.

~ - Can we find any way of connecting the separate conservation of C.
. and P with the conservation of S, which has the same domain of validity ?
f'!"')E“Pe:rhr:xps so, if we concentrate our attention on C 1nvar1ance "and regard P
invariance merely as a consequence of it. The p01nt is that C 1nvar1ance

may be thought of as related to symmetry under reflection ;1n isotopic
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spin Spacé, " while conservation of S is related to conservation of Iz,i. e.,
symmetry under rotations about the z-axis in isotopic spin space.

There is a difficulty in this formulation, however. The separate
conservation of C and P applies not only.fo baryons, antibaryo;is, and ‘

mesons, but also to the electromagnetic coupling of electrons and muons,

for which isotopic spin and strangeness have, so far as we know, no useful

meaning. _ (

The conservation of parity by electromagnetism is established
experimentally down to about one éart in 106 in intensity by the validity of
selection rules in atomic transitions. 4 In strong interactions, the best
evidence seems to be the experiment of Tanner, 17 which indicates' that
parity is conserved by nuclear forces down to one parf in 10'7 in intensity.
' » 19 a + 016, which would have a
resonance corresponding to a known 1+ state of Nezo if parity were not
conserved. The resonance is not observed.)

| The consequences of the separate conservation of C and P are well
known. It may be instructive, however, to give an example of the sort of

interaction that is forbidden by‘-(_S or P invariance, although allowed by

*-We may consider in place of C the operator (_3 introduced by Yang and Leé16
in their discussion of nucleon-antinucleon énnihilation;v G is the product

of C by rotafion in iéotopic spin space of 180° about the y axis. It

commutes -with__f but carries baryons into antibaryons and K into K; the

pion field changes sign under G. The operator G behaves in every way

‘like a reflection of all three coordinates in isotdpic spin space, -and it

might be useful to interpret it in that way. We may then regard:C
invariance of the strong interactions as 'an_ extension of charge independence -- -
the interactions are invariant under reflection 9 as well as under rotations
in igotopiq spin space. When we ''turn on'' the electromagnetic coupling
of the photon w_ifh_charged particles, conservation of 9 , like that of

strangeness, remains exact.
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CP invariance, charge independence, and all other known symrnetries.

Let us use the notation of field theory and .den'c_)’te by the same 'symbol a

L

particle and the field operator that destroys it. Then consider a coupling

LK
term of the form
- | + =, o . :
P (gs_+ g‘pys) AK + n(gs + gpys) AK™ + Hermitian conJugatg, o

where g4 gnd gp are required to be real by CP invariance. (We assume
A has spin 1/2 and K has spin 0.) If g and g_p,were both # 0, then this
coupling would violate C and P invariance. It would introduce a
handedness into hyperon-production phenomena; for example, in
T +p A+ K° the Awould be, in general, longitudinally polarized.
With C and P separately conserved by the strong interactions,
either g or gp must be zéro; the K particle must have a unique parity
relative to N and 7\, as.far as strong and electromagnetic processes are

concerned.

t : :
?_The reader may wonder why we have used nucleons, hyperons, and

K particles for our counteréexample rather than electrons and photons,
or nucleons and pions. The r‘easonk is that in these more familiar systems
there seems to be no simple coupling (for instance, b‘i.linear in the fermion

and not invoking gradients) -
fieldsa that violates separate C and P invariance while obeying CP
conservation and the other known Iawé,

"In a sense, therefore, h?pex;on phenomena will provide a more

string:é;;ht test of parity conservation than the more familiar reactions.
Still, We do not expect a spectacular violation of the law by the strong

couplings of hyperons,- since such a violation should probably have shown

up; by means of virtual processes, in Tanner's experiment on nuclei.

L

L
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4. THE WEAK INTERACTIONS

"4.1. Four-fermion cbuplings; the Puppi triangle

Let us begin our detailed discussion of the weak interactions by
reviewing the general properties we have mentioned in the previous sections:
(2) - They exhibit an apparent universality of strength -- weaker in intensity

than the strong couplings by a factor of about 10

- {b)- They violate conservation of strangeness S and the separate conservation

of parity P and eharge conjugation C.

{(c) They manifest themselves mostly in the decay of systems\that would be

.7 stable under strong and electrofnagnetic procesbses alone.

- We must now attempt. to list in some coherent fashion the known

"weak processes. Before the discovery of the strange particles the situation

could be summa_rized' by meeﬁé of the Puppi triangle shown in Fig. 2. At
each vertex is a pair of spin-1/2 particles, ‘one charged and one neutral.

The sides of the triangle represent interactions between one such pair and

‘another. For simplicity only the pos1t1ve pair is indicated at ea.ch vertex,

for example pn; of course np is coupled, too.

The line C connect1ng pn and e+v stands for the f-decay interaction
respon31b1e for the following observed processes: '

n—+p+ e +v (ﬁ decay of the free neutron or a neutron in a nucleus);

P -n+ e (ﬂ decay of a proten in a nucleus),
e + p -n + v (K capture by a proton in a nucleus);
v¥p->n+ e - (detection of the antineutrino).

. These reactions can, of course, be derived from one another by two

fundamental operations: reversing a reaction arrow and transposing a

particle from one side of the arrow to the other while repla'cing it by its

antiparticle. By convention, the antineutrino is the particle emitted along

with' the electron in neutron decay

- According to Ferm1 s theory of B decay and 1ts subsequent generali-
zvati’ons, we describe the coupling e+v and pn as a point interaction or 0-
function potential (with.charge exchange). In the language of field theory,

19

we write the interaction Lagrangian density in some such form as

Cy By n)(ey v) + G, Ay p) By o).
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Fig. 2. Puppi triangle representing four-fermion interactions of
positively charged pairs: Equivalent Feynman diagrams are
drawn to the right. Leg C represents the f-decay interaction;
leg D, muon capture, and leg E, muon decay.

&
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Here v is the field operator that destroys a neutrino or creates an anti-
neutrino; e destroys an electron or creates a posftron, etc. Correspondingly,
the operator v creates a neutrino or destroys an antineutrino; mathematically,

I T

v=v Yy where v' is the Herm_1t1an conJugate of v. . There are s1m11ar
relationships for the other fields. Thus the second term is the Hermitian
conjugate of the first; the first term 1nduces, for example the B~ decay of
the neutron and the second the ﬁ» decay of the proton.

- Each operator is a spinor, of course, with four components, and
each pair of spinors has a Dirac matrix sandwi.ched.in between. In this
case we have used the vector operator Yo and constructed the vector interaction
- V. . The nonconservation of par1ty in B decay permits . us to couple py n also

to the axial vector quant1ty eysy v .to form an additional '"vector" 1nteract1on

Cv(py n)(e_y .ysv) + Herm. conj.

- Elght more point 1nteract10ns are possible: two forms each of the scalar
interaction S, the tensor T, the axial vector A, and the pseudoscalar P
(The labels S, T, etc. describe the Dirac matrix for the nucleons. ). The

total p-decay coupling is then a linear combination of these ten forms:

L = cgmen + CLmEvgy)
- FCyBY )Y Y] + CylBY ) By Ys)
+ %[CT(ﬁaaBpx-é%,\vg Cyp (o ;ﬁn)(éoapw)]
- C A (BY, Y5n)(EY vgv) - C A(ﬁv‘d@nuéyav‘)
+ cP(EYSn)(éysvH CpysnI(Ev) |

+Herm. conj. - o B (5)

It (_]_P or T invariance holds, then .all the coefficients C are real.

The line D connectmg pn with p v in Fig. 2 represents a coupling
analogous to B decay but with the electron replaced by the:muon. In this
case, the only observed process is the capture of p by a proton in a

nucleus: p~ +p—=n+v. (We write v rather than v for reasons discussed
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in 4.4. The other processes.coupled by line D, n-~pi+u + %" ‘and -
| P n'»+--p.'+ +v, ainalogous"to neutron and-p'rot«on"' B'decay, are forbidden by
conservation of energy, and the reaction v + p—~n+ pL-+ requires-a more
intense source of high-'energ:‘y':e,ntineutrinos than is available todaya_) 'Again
there are ten possible forms of'point inter‘ac’tion,? ‘suc‘h as
V(py n)(Ry . v) + Herm: conj. ‘The total "p -capture couphng is presumed
'to be some hnear combination of these:. ‘ S ! : '

. The third leg - E of the Puppi triangle connects p v and e+v ~ Here
the observed process is the decay of the muon, pt —eX 4+ v+ V. The point-
interaction Lagra:ngian.ag_a,in may ‘-consist of ten different terms,:such as
EV(\;'yau)(éydv) + Herm. conj., E'\,(\;yap)(e\{dy5y) + Herm. conj., e.tc."

The actual form of the coupling is taken up in 4.5."° N o

. The phenomenon of "universality of strength' can now be appreciated
if we calculate the rates of three weak pr‘ocevsses coi‘responding to the three
legs of the. triangle and compare these with experirherits © The rate‘bofv‘ciecay
of the free neutron is given, with neglect of recoil and of "Fiers terms ,“h by

the formula

;. 047 4T, 5 2 2 2, 2, 202 22, g2
r‘n_ &)_“3 ¢ a v-(Cs*'Csf +cv+ev+3cT+3cT +3.’CA

- ;o
!
+3C'%), (6
"where A is the-difference between rest masses of the neutron and proton.
The number 0.47.is computed from the ratlo-m /A and would be unity if
the electron were massless, we may call it the "block1ng factor' because
the finite electron mass blocks up phase space. . The rate of decay of the.
2

~ muon is given b.y the formula
r = ! 3 c4.ﬁ 7 >

K 1536w

'2+4E2+4E' +6E 2 6E" +4EZ+4E'

2
S pHAEptH4E 4 +E

T ——

1
(E +E +E P)

2
P
(7)
Where ™m /mp has been neglected. . The rate of capture of p from a ls
atom1c orbit around a free proton is given, with neglect of recoil, by the
formula
-1

o (1_37>3 ,c4r, 7 5[(DS+DV) +(Dy +DV) +3(DT+DA) +3(D1“+D 21

_capture

- (8)
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‘quantities in Eqs. (8) and (9).
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Now in Table I we find F and r m sec-1 and A and m}L in Mev; which we

may convert to grams. Then we obtam, substituting into Eqs. (6) and (?),
(

2 .49 3.2 -

'C'S+ e e .. . . =10.4%(10 erg cm’ )
4 ‘ o
2 62x10- 312 2(*'1 ) , (92)
m_c
. i W N ’
and »
.Eg-%- e e e e ,zi.6,1:A10-49 erg cm3)2‘ _ . ,
. , ; 4 | -
- 4.06 x 10713 K22 Ki> . (9b)
' ) m_C .

‘The similarity in strength is striking. We have, for simplicity, used the

Compton wavelength of the charged pion.to put the constants in dimensionless

form. The third quantity, r has not been measured but can be
capture®

roughly estimated by extrapolatmn of results on pu~ capture in nuclei. The

result for (DS +DV)2 . is then of the same order of m'agnitude as the

i

4.2. The two-component or longitudinal neutrino

The discovery of nonconservation of parity in weak processes has
permitted an important advance in the theory of the neutrino. This particle
seems to have the unique property of possessing no couplings but weak ones;
it is possible, therefore, for the neutrino to be governed completely by .
laws that violate separate P and.C invariance. '

Such a possibility has been welcomed by theoretical physicists who
have long felt that the idea of a massless neutrino is repugnant unless there .
is some principle. guaranteelng the masslessness. In the photon, the

principle is gauge invariance. For the neutrino, there was such a principle

available, but it violated conservation of parityi With the removal of this

obstacle, however, it became possible to justify the masslessness of the

neutrino. The theory that we shall set forth here has been proposed by
Salam, 21 Landau, 6, and Lee and Yang. 22

Let us postulate that all physical laws are invariant under the
replacement of the neutrino operator v by exp(lo, ) Y5 where exp(la ) is

some fixed phase factor. Then the Dirac equation for a free neutrino™

For the rest of this séction we set h'=¢ =1,
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where va is.the neutrino wave function, must be invariant under

‘¢, >explia vy ¥ -
But yg and Yy anticommute, so we have, multiplying Eq. (10) by exp(iqv)ys,

the result (y

0 . :
o T ™) Rlevs ¥ =0 (1)

‘The invariance is poséib_le only if m = 0. We have guaranteed masslessness.
- We must ask what happens to other fields under.the transformation
.that affects the neutrino fiel.d as we have described.-., For the fermions, for
example, it must not introduce multiplication by Y5 for then these partiéles
too would be massless. It must not carry one particle into another, for then
the masses of these would be equal. - And so forth. The only effect of the
transformation on other fields than the neutrino can be multiplication of
each one by some phase factor exp(ia) characteristic of the field.
| Now let us apply the prinvciple of invariance under this transformation
‘to the Lagré.ngian (Eq{5) of the f-decay interaction. The e.fféct of the
transformation is to interchange the roles of the primed and unprimed
coﬁplings and _to'bmulti'ply the whole interaction by exp ['i(gvi-: @, 0" a.p)] o
But according to the invariance principle the interaction must be unchanged
by the trahsfvormativon. There are then only two possibilities:

S T

.(?—)  : C.= =VC'S’v C. = =C,i. etc. and exp[‘it(avi- an=:ae_- dp)] = -1

. . = ! .= ! ‘ 1 - -
v(b) C +CL, C +Cr» etc. and e>.qv)[1(o.v>+ e O’_e a

s g T )] =1

p

s

Let us éxamine one of these alternatives, say (a); according to
which the neutrino field in B decay occurs only in the combination. (1 =»\(5)17
{and its Hermitidan conjugate). Physically this means, as we shall see,
that neutrinos can be created or destroyed in one spin state only --.that in
which the spin.vector is aligned with the direction of motion (and anti- .
neutrinos, correspondihgly, can be created or destroyed only:in the case
of spin anti-aligned _Wifh the direction of mdtion), It is physically clear
why such a condition. is coupled with rigorous masslessness of the neutrino--
if there were any rest mass, the particle could be at rest, and the requirement

that >spin o and momentum -I; be always aligned would have no meaning.

2
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‘We must still show that coupling through (1 —-y5)1g) corresponds to
the_ interaction of right=handed neutrinos only. The wave function l.lJv of the
0, the Dirac

t

neutrino in B -decay occurs multiplied by (1 - yg). rWith"_mv
equation (Eq. (10)) for L]Jv can be written in the form
BLIJV

; . 1
BT T

0
]
4
o
Qy

where Dirac's a is related to the spin o by the re lation @

| RS

For (1 --y5)¢v, therefore, we have the equation ; .
D 20y = LE T ey - ay

b gltwslv, m o7 0 Vo), o (13
or, in Fourier transform, frequency = g - f; For the positive-frequency

solution, which represents the neutrino, we have +p = 0. f; or right-

handed longitudinal polarization. The negative-frequency solution has
-p = o - ; or left-handed polarization; using the "hole theory'' approach,
we may say that the antineutrino is a hole in the sea of such "left- handed"
negative frequency neutrinos. The hole has the: opposne sp1n and
momentum; the antineutrino is therefore left-handed. _
In this theory, th_en, two states out of four_ have been eliminated
from the interaction--the neutrino state with left polarization and the anti-
neutrino state with right polarization. It is poss'ible, therefore, to write _
the Dirac equation with a new wave function consieting of only two components

instead of four. - Hence the name 'two-component theory "

- It is easier,
however, to retain the four- -component Dirac spinor together with the matr1x '
(1 —'y5) that strikes out any coupling of the two forbidden states. »
We have looked so far at possibility (a) above, (1 -y5) v, which
couples right-handed v and left-handed v. Possibility (b), which is
- {1 +y5)y, couples the other two states instead. We shall see below that
(b) is excluded by experiment, while (a) is strongly supported. We may
thereforediscuss the longitudinal neutrino in_ term's-'of- (a) only(hut see 4.6).
Now the question arises how this theory is to be applied to interactions
other than 8 decay. That depends, evidently, on the phase factors exp(1a ),
exp(JLo. ), exp(la ), exp(la ), etc. One possible S1tuat10n is that these

factors are 1 for all f1e1ds except the neutrino. (Accordlng to (a), exp(la )
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must_then be -1) In that case, it is always (1 "YS)‘V that occurs.in the _
interaotion, no matter what the process is--f decay, p absorption, p decay,
etc. This is the simp'lest situation and seems,, so far, to fit the facts. .The
other physically distinct possibility-is that the product of phase factors is

sometimes' -1 and sometimes~+1 depending on the particles involved. In

EN)

that case, it is sometimes the right-handed v and left-handed v that are
coupled, but other times the left-handed v and right-handed v. Fortunately,
it has not been necessary to invoke thls complicated a1ternat1ve. - We s?halvl'

: consider only the simple form of the longitudinal theory.in which the same
two neutrino states are involveéd in.all processes. . This is the true '"two-
component" theory. ’ |

The theory, then, can be summarlzed in this way: - The neutrino
field always occurs in the combination (1 - y5)v and its Hermitian conjugate,
which couple right-handed v and left-handed v only. - We shall explore

some experimental consequences in the next few paragraphs.

4.3. The longitudinal neutrino in B decay

We have seen that the Fermi theory of B decay may be described in
terms of the ten parameters C S’ C' CV’ C'V, etc., and that CP invariance
requires these to be real. In the long1tud1na1 neutrino picture, there are
only"five-independent Coﬁstants, because we have the relat;ons»C"S.? -CS,'
.C'V = CV’ etc.

~ The obselete form of the theory, in which. C and Pare separately
conserved, could be expressed by setting the coefficients C'., C' v etc.
equal to zero; this would leave only "parity-conserving' terms in the
coupling. ' ' | o

Con51derable support for the long1tud1na1 neutrino theory ‘'was pro-
vided. by the same’ exper1ment as first established the nonconservation of
parity in B decay: the work of Wu, Ambler, Hoppes, ‘Hudson, and Hayward
who investigated the asymmetry'in the angular distribution of electrons
emitted by oriente"d.t(;o60 nuclei. As we mentioned in 2.5, the a'ng\ilai'
distribution has the form 1 = a(E) cos 8, where:  E is the electron ehergy and :
.8 is the angle between the electron momentum p and the spin direction

<J /J of the decaying'nucleus. (For s1mp11c1ty we. con51der the idealized

case of fully or1ented nuclei.)
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Let us defer until later the comparison of the experimental result

with th'evt;wo?-compo'nent' thebry. For the moment, we wish to emphasize

" that the novel feature of the experiment was the measurement of a pseudo-

scalar quantity. ' The probability of decay per unit solid angle and per unit

electron energy may be wr1tten '

IE, 6) = S(E)[1 a(E)cos 6] = S(E) - S(E)a(E)p/p (3 >/J

- The first term S(E) is the electron spectrum (averaged over the direction

of p or<J>) and is evidently a scalar - The second term, which contains
the asymmetry, is a pseudoscalar, the.dot product of a'polar vector i; and
an axial vector‘<-f>times a constant. (With CP invariance, the constant in
such a formula alwéys has the opposite sign for the antinucleus, and the
symrnetry of space between left and right is.preserved. )

Now in-any intensity formula in B decay, we can divide the terms
into scalar ones (such as those giving spectrum and reciprocal lifetime
and e-v angular correlation) and pseudoscalar ones‘(svuch as those giving

electron asymmetry or longitudinal electron polarization.) In the old

theory with parity conserved, all the _pseudoscalar quantities vanish. In a

general theory with ten coupliﬁg constants, they arise from interference
between  ''parity-conserving" and "parity=nonconserving" terms in the

. . - » P ) oL L '
coup}rng, they depend on CSCS y OVCV, CSCT + STCS_,Z etc. In the
longitudinal theory, of course, these become —Cs, —CV, -ZCS'CT, etc.
_ The scalar quantities were the only ones measured until 1957. The
formulas for scalars, unlike those for pseudoscalars, are essentially the
same in the old theory and in the longitudinal theory. One need merely

l - 1 - 4 ’

replace. C s by CS + C CS ) CSC by CSCV + CSC v ZC§CV, etc.
(Even this doubling is, of course, a matter of definition of the constants C.)

" The conclusions about the form of the f-decay coupling that are

‘based on the measurements of these scalar quantities over the past several

years should thus be essentially unchanged. It was concluded that S and T
interactions are both present, with 'ICSI and ]CTI of comparable magnitude,
with »[CV( and ICAI much smaller or zero.“” (The pseudoscalar interaction

P is difficult to detect in B decay since the operator Yg vanishes in the

‘nonrelativistic limit and nucleons .
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are not highly relativistic in the nucleus., In 4.6 we '_shall‘ argue on other |
grouﬁds that C is small or zero. ) o |

- We shall assume in what follows that the B- deca.y interaction does
con51st prlmarlly of S and T. However, currént experlments have cast
some doubt on these time-honored assignments. We shall therefore in 4.6
discuss also the remote but attractive possibility that the interaction is,
instead, a mixture of V and A.

Let us now return to the discussion of the C060 decay. The initial
and final huclear spins are 5 and 4 respectively and the parities the same.
This ,cérresponds to an "allowed:Gamow-Teller" transition in which only
tensor and axial vector interactions are effective; since the latter is
supposed to be absent (or nearly so) in the B-decay coupling, we are dealing
With a transi’t_ion induced purely by T. The longitudinal theory with_CT = —C',I,

then predicts a unique value for the asymmetry parameter a:

- a=-v/c,

where v is-the electron vélocity. This is in good agreement with the results
in Ref. 5. If we had made the opposite choice of the neut'rino»spin direction
.(CT = +C'T)', the sign of a would be changed. The measurement onv.Co60
thus confirmed the longitudinal theory and established the sign of the
neﬁtrino polarization. '

Another important pseudoscalar quantity that has now been measured
‘is the longitudinal polarization‘ of the-$ rays themselves. In a decay induced
purely by the tensor interaction, the longitudinal theory predicts a fractional -
polarization {(-v/c) {the sign means the electrons are spinning to the left).
It is clear that the polarization must vanish at zero electron velocity, since
‘there is then no vector for the spin to point along. We can also see:that the
polarization must be -100% for Z— = 1, by the following argument. In the

longitudinal theory the tensor Gcoupling' has the form

[;O' (1-vg) v][p(J n] + Herm. conj.

ap

We will recall that we ‘have e = eTy4 and that Yg commutes with ¢ B and
anticommutes with Yy Thus we have, for the lepton factor in the coupling,
the form eT (1 +y5) Y49 Bv, or, in the Hermitidan ¢onjugate, the form

¥

v ‘apy4(1 +y5)e. Now for v/c = 1, the electron is effectively massless.



4.3. The longitudinal neutrino -40- , o UCRL-3799
in B decay : _ ‘

Thus the expression (1 + y5)e is perfectly analogous to the expression

(1 - y5)v that give's us a right=hahded neutrino. We have a left-handed

electron, i.e., polarization -_100%. The expression (-v/c) for the
polarization of the electrons in the decay of 006.0 has been verified to an
accuracy of around 20% by Frauenfelder et al. R2 _

- We have discussed the polarization in a transition involving ‘T only.
The value at v/c = 1 can be obtained for other interactions by the same
argument we have used above for T. Since Ysg qommutes with 1 just as it

does with T .8’ S and T behave alike. The operators Yq and Y5Yq anti-

commute with Y5 and thus the polarization of B~ in V or A coupling is

100% at v/c= 1, whereas it is -100% for S or T. If the true interaction
really contains S and T only, then the polarization must be -100% at |

v/c.= 1 in all. B~ transitions. The fact that the value -100% is approximately
verified fc:"Gamow-Teller" transitions like C‘o60 - Nizéo confirms,

within the framework of the longitudinal theory with T dominant, that there’

is a very little A compared with T. Current experiments on 8 polarization

in "Fermi'" and ''mixed'' transitions, where S and V play a role, will

reveal similarly whether or not there is a considerable admixture of V,.
assuming S dominant. '

Note that for a given coupling the polarization of ﬁ+ is opposite to
that of .

4.4 .Conservation of leptons

In our description of the weak couplings covered by the Puppi-
triangle (4.1), we made explicit assumptions about the roles of neutrino
and antineutrino, which we promised to justify here. In the decay of the
muon, we chose the scheme e + v+ v rather thanp —-e + v+ v
orp —+e + v+ v (with corresponding'schemes for the positive muon). In
the absorption of 4~ we assumed that a neutrino rather than an antineutrino
is emitted.  We must now discuss the motivation of these choices, which
have been made p.os sible by the success of the two-component theory, with
its sharp physical distinction between v and ». '

. The electron spectrum in p decay, according to a point-interaction

theory such as was discussed in 4.1, is charactérized'by a single parameter

p, introduced by Michel. 20 In general, p varies between 0 and 1 for the
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scheme p‘ +e +v+v employed in 4.1; 1f, 1nstead two neutrmos or two
antineutrinos .are emitted, p varles between 0 and 3/4. The two- component
theory removes all this freedom; 1t turns out that in this theory p must equal
zero if the electron is accompanied by v + v or v + v, whlle for v + v the
value of p is 3/4. 21 Now, the experlmental value, corrected for :L_nner )
bremsstrahlung effects, is 0.68 + 0.02, 24 which selects the decay scheme ‘
po+e +uvtv and.at the same time provides a check on the long1tud1na1
theory of the neutrino, although there is still a dlscrepancy between
| 0.68 and 0.75 to be explained. ' v
At thlS point an 1mportant theoret1ca1 pr1nc1p1e should be introduced,
the law of conservation of leptons. This law has not yet been fully established,
but seems a very attractive hypothes1s at the present time, It is exactly
analogous to the law of conservation of baryons, discussed in 2.4; it states
that the number of leptons minus the number of antileptons is a conserved -
quantity in all processes. The law is obvionsly incomp.lete,l however,
without a spec‘ificationbof which particles are leptons and which antileptons.
To start with, we may certainly define the electron as a lepton, as a matter
of convention; the positron is then an antilepton. . Next, we have defined the
antineutrino as the particle emitted along with the electron in neutron decay;
we may eay, then, that the antineuttino is an antilepton and the neutrino a
lepton. (The neutron and proton are assumed to have the same lepton
content, which we take to be zero.) '_
The nontrivial question is the assignment of the muo'n. Is the
negative muon a lepton like e— and v, or an antilepton like e+ and v ? If
leptons are really conserved the answer is determlned by the decay scheme
for the muon that was established above: £ =+ e + v + v. .The negative:muon
must be a lepton like the negative electron. Our assignments are summarized
in Table- I, where v, e , .p- are l.abeledv"leptons” and v, e+, p.+, are 1abe1ed
"antileptons. ' Finally, th-ese assignments give, for muon capture,
oo + p > n + v, The conservation of :1eptons requires that the particle on the
. right be v rather than v. This has not vet been:te'sted experimentally. ¢
All the assignments of v and v in the reactions associated with the
Puppi triangle have been Just1f1ed But it is clearly desn'able to have more
experimental tests of lepton conservation. One reactlon that can be used for

such a test is the decay of the charged pion. In 4.7 we shall speculate about
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the mechanism of this decay, b'ut here we may simply refer to the experi-

mental fact that it ylelds a muon and a neutrino or antmeutrmo -Conservation
of leptons then requires that we have m - +v and wt - |.l. + v, with
consequences as described below. Another test of lepton conservation is
the decay K - vpi +v, Experiment (57) shows that the neutrino assignment
is the same for K and w decay (éee 4.5, 4.8). |

4.5. Polarization and. decay of the muon

Consider the decay of a positive pion in its own rest frame and
+
assume conservatlon of leptons. S1nce_ 7 is spinless and the decay products
p. and v travel in opposite directions, the neutrino's angular momentum

of + 1/2 about its direction of motion must be balanced by |.1.+ also carrying |

-an angular ‘momentum of + 1/2 about its direction of motion. In other

words, |J.+ from the decay of ntis. 100%:right polarized as a consequence
of the long1tud1na11ty of the neutrino. Similarly p~ from m decay is 100%
left polarized. . ’ ' _

_ 'Eventually the sense of polarization of these muons will probably
be measured ''directly' (i.e., without recourse to the muon decay) but
this has not yet been done. In order to inderstand the present évidence
that the |.l.+ is - right-polarized we shall discuss the-decay p.+ - é+ + v+,
ﬁsing the two-component theory of the neutrino. _

The Fermi-=type theory‘ of u decay described in 4.1 contains ten
parameters, but thesé are reduced to two in the two-component picture.
Requiring that v always occur in the combination (1 - y5)v and, correspond-

ingly, that v always occur in the combination'&_(l + y5) yields the conditions

E,,=-E' = -E, = E' E.= -E'. = -E_ =E!, and E_, =-E', = 0. Thus

A% vV TA A’ S S P P’ T T
the complete interaction may be written in the form v
Eylv(1+yg)y plley (1 -v5v] + Eg[v(l +yg)r][e(l -y5)v] + Herm. conj.
' ’ (14)

~ The two coupling constants EV and ES are real in a theory invariant under

CP. ,
‘If we now calculate the distribution of the angle 6 between the.spin

N v o
direction -Gli of a stationary p and the direction P, of its decay electron,

we find it to be given by the formula of La‘.ndau6 and of Lee and Ya.ng,"z'2

1(6) oc L % (G'Hi- ;ei)(Ze S1G-207, - (15)

where € is the electron energy in units of the maximum electron energy and
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" of the muon . .

2 2,2 2
\ is- (Eg :-EV)/(ES/-\F E.\L).

_the coefficient of 0 - Eha'nges sign.-

‘Note that for'a y  with the same spin direction,

Now the quantity 0 +p of Eq. (15)is not directly observable, -
since. the muon spin direction has not yet been measur‘-ed,. Instéa;'d, ‘let us’
consider the w — @ - e chain, -with conservation of 1ept9\ns». -/;We want to
rewrite (15) in terms of the observable angle ¢ = cos__l' I—; -_;e. We
remember that when a 1T+ decays at rest, the p+ emitted ius fully right
polarized; if the |J.+ is now brought to rest, it is 'stillvpolarized in the same
direction. There may, however, be depolarization, in an amount depending
on the medium. Say the muon retains a fraction |P| of its pola_rization
along-its former direction of motion. Then the angular distribution of the

‘decay positrons relative to-this direction is
: A A 1 v
'If(ﬂ))ocl+|P|)\(pH- pe)(Ze=1)(3-Ze) . | (16)

‘ For the negative w - p = e chain, there are two changes of sign in
this ‘formula.b In the first place, uoois accompanied by v insteAad o/f v, and
@ is therefore fully left polarized. In the second place, the 0 - p term
in Eq. (15) (fo:_r- the electron distribution relative to the spin direction)
éhanges sign as we go from p.+ tow . The two sign changes cancel each
other and we are left with the same formula (Eq. (16)) for w -pn —»e
whether the charge is positive or negative. Of course th_e factor |P|
depends’ on the sign of charge; experimentally u~ is depolarized much more
than |J.+. o 7 » _

The historic experiments con"firming the asymmetry in the
W>p >e chain were car.fied out by two groups: Friédma_n and Telegdi
looked at 'rr_+ - p+ - e+ decays in emulsion;25 Garwin, Lederman .ahd
AWeinfichvstoppedﬂ-}Li in many materials:and counted the decay electrons
with. scintillation counters, 26 verifying approximately the energy dependence
of Eq. (16). For both p.+ and p~ the highest;-energy deéay electrons (€ = 1)
come off*prefergntiaily backwards (i.e., the distribution for € = 1 is of the
form 1+ JP|\ P, p‘é, with |P| X < 0.) Because p are depolarized
while making atomic transitions before they deécay, their asymmetry
coefficient . [P\ | is never >10%, but for }.L+ stopping in many materials it
is nearly unity (JP| A =-1). We can then say that for these materials there:
is little d_epolarization (1P| = 1), and that the muons from - 7 decay are fully
polarized. Mofeovér, X\ is then roughly -1; since we know' )\=(Eg-E€.)/(Eé+Eé),
we have established thatu decay pr oceeglspredomfnantly through a vector -axial-

vector interaction.
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Now that we know the form of the interaction (E

2
_ v 4
calculate the direction of polarization of the electron in p decay and compare

>>Eg) we can finally

it with experim.ent. We pi‘oceed just as in 4.3, where ‘we calculated the
polarization of nuclear B rays. In Eq. (1) the~EV”ter‘m contains e in the
combination ey (1 y5) = eTy4y (1= ys) = eT(l y5)y4y + (hote = \ anticommutes
with both Y4 and ya) Thus this vector —axial-vector interaction involves e
coupled only through ~(1-y5)e, which corresponds to electrons spinning to the
rlght and positrons spinning to the left. *

_ At the time of writing, the positron polarization is in the process of
being measured; 27 and it seems to be coming out left-handed, consistent with
conservation of leptons in w - decay.*'. Let us emphasize that if the decay
scheme of 1i'+.we.re 'Trv+-> |.L+ + v, in violation of conservation of lepfons, _the
result would be the 'opposite{ the positrons from p.+ decay would be spinning
to the right.  The point is that Eq. (15), giving the angular distribution of
positrons from muons of known spin direction, is independent of the pion
dec'ay and would still hold; however, inl‘:Eci, (16) where we have expressed
the arigle in terms of the initial muon momentum, we have made use of the

decay scheme Ti’-,,-»—bp,.*- +v. Iit we're“ﬁ,\inst,;\ead, p+ would be left polarized

instead of right, and the coefficient of ge"' ‘1—)’# in Eq. (16) WOuid change sign.

The experimental asymmetry of m - u <+ e decay would then indicate \ = i+1,'

or Scalar'— seudoscalar interaction. Now 1 and both commute with ,
P ‘ Yg Y5 .

as opposed to Y‘a and YgYgy which anticommute with it. Thus the positron
polarization would change sign. Q.E.D. We conclude our discussion of the
Top-e chain by repeating that if leptons are conserved the\n the K-p-e chain

must give the same polar1zat1on consequently the p I_;e asymmetry must

- again be given by Eq. 16. . This asymmetry has recently been experlmentally

1
verified at Berkeley. > It was mentioned at the end of 4.4 that conservation
of leptons must eventually pass three experimental tests. This experiment
is the only unambiguous positive result so far reported.(see, hoWever)4.6),

4.6 The '"universal Fermi interaction"

‘Since the 'universality of strength'' of the three sides of the Puppi

triengle was remarked, 18 there has been speculation that the form of the

interaction might also be "'universal.' -Such a situation seems to be ruled
out if the p-decay coupling is primarily S and T and the p-decay coupling
V and A, as we have stated in 4.3 and 4.5 respectively. Since the f-decay

picture is somewhat confused at the moment, let us discuss briefly the

-T‘Note added Oct. 1955) It turned out right=handed—see footnote added to p. 46.
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1nteract1on ' :

pos s1b111ty that we may have V and- A there too, 1nstead of S and T with a
pos51ble admixture of V We may call this V, A hypotheS1s the "last
stand“ of the UFI (unlversal Fermi mteractmn) 28 _ _

We mnst first of all disregard much of the eV1dence on e-v angular
corre‘atlon in B decay, espec1ally the fmdmgs by Rustad and Ruby on. He6,
wh1ch clearly 1nd1cates T rather than A. 29 ‘This is already a very serious -
obJect1on to the UFI. - .

The evidence from f- decay spectra and rates is perfectly cons1stent
with V and A, as well as with S and T. That exhausts the information
ava1lab1e from scalar quantities. We must go on, therefore, to discuss
the recent measurements of pseudoscalarsl The results of Wu et al. >
and Fraunfelder et alRez on the electron asymmetry and longi_tudinal ‘
polarrzatmn respectlvely in the decay of Co60 are also perfectly‘consistent

with A instead of T in Gamow-Teller transitions provided the S1gn of

neutrino polar1zat1on is changed in the long1tud1nal theory We recall from

4.3 that the electron polar1zat1on changes sign if we replace T by A; if we
also replace (l - ys)v by (l + y5)v=-1 e., if we have left- handed v 1nstead
of r1ght handed v——the s1gn of the electron polarlzatlon changes back to
the observed one.

With a long1tud1nal but left handed neutr1no and a V A couphng,
all B~ polar1zat10ns are ’-100% v/c, just as they are for S, T couplmg
‘with a rlght handed neutr1no As we mentioned in 4. 3, current exper1ments
~are testing this in "Fermi tran51t10ns ' where S-and. V are important. If
—100% v/c polarization is confirmed, it will still not d1st1ngu1sh between
pure S, T with right-handed v and pure V, A with Ieft handed v. It 1t is not
confirmed, then there muist be an admixture of V in ‘the former case or of
- S.in the latter case. For the moment, let us suppose that the B~ polar1zat1on
is always -100% v/c and. continue to explore the consequences of a un1versal

SV, A couphng with left-handed v and r1ght -handed v.

The value of the spectrum parameter p in muon decay st1ll requlres
‘the scheme p* -e¥ 4 v+ v, as in 4.4, and the aSS1gnrnents of lepton and
| antilepton are unchanged. In pdon decay, the conservation of' .leptons
~still gives - p+ + v and 7 - p +ov. Howeverb~ p+ mustnow_be
left polar1zed and p~ r1ght polarized 1nstead of the other way around. In

Eq. (15) for the electron angular d1str1but1on from muons of glven sp1n
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direction, the sign of the asymmetry term must be changed' this is because
in Eq. (14) for the couphng, the par1ty nonconserving term changes sign '
when we r’eplace (1 -y5)v by (1 +y5)v and v(l +y5) by v(l -y5) while the
parity-conserving term is unchanged. Thus in Eq. (16) for the asymmetry
in the m™ -+ p =+ e chain, we have two c'hang'es in sign which cancel each
other; one from the muon epin direction and one from Eq (15) Thus the
experiments on the . - u — e chain still shovy at \ = (E - EV)/(E +EV) is -
about -1 and that the muon coupllng has the form V, A. However, the
pos1tron polarization in 1r+ - |.|.+ - e+ is now predicted to be positive
(right-handed), rather than negative as in 4.5." See footnote added Nov. 1957.*

In 4.7 we shall see that there is one more piece of evidence against
the UFI: the very small or vahishing branching ratio of 1r+»-> e++ \/Tr+—>rp.++ v.

- Despite all the objections to it af the present time, the UFI hypothesis
‘with Vv, A e.dupling seems so attractive that it should perhaps be borne in
mind until definitively'd_isproved by experiment. It wo‘uld‘ correspond to a
coupling |
[vy (1+y5)p] [ey (1+y5)v] + Herm. conJ

in muon decay, a couphng

Cylpyy(1 +vgin] [ey (1 +yg)v] + Herm. conj.
in B decay, and

D;V;[ﬁya(.l +y5)n] [ﬁ.ya(l +tygIv] + Herm. conj. . . ¢

in muon capture. The coefficients -CV and DV would have to be equal, but
they could differ somewhat from EV because the C and D interactions may be
subject to corrections from pion effects in the nucleon. Using Eqgs. (9a)
and (9b), we find,with the couphngs listed above, IE m o ~1.6 X 10-7 and
Cylm ?x [, lm P =1.6x 107",

The scheme that we have used previously for g decay, with roughly
etlual amounts of S and T and a right-handed neutrino, yields in the same

way ICSImTT‘Zz I‘CTI'm“Z =~ 1.6 x 10_57,- The result for the muon decay is of

course the same as above, 'IEVI mn_zz_ 1.6 x 1077,

b3 v ) . L . .
The measurement of the direction of polarization of the positron from u

decay has now been carried out at Liverpool. >9 The positrons are right-
polarized. This is the result predicted above, on the assumption of a universal
-V, A Fermi interaction, left-handed neutrinos, and conservation of leptons.

If, on‘the other hand the beta-decay interaction is S, T and neutrinos are right-

handed.(as in 4.5), then leptons must not be conserved.



-47- -7 " UCRL-3799

4.7. Mechanism of plon decay

'We have sketched so far the present theory of p decay, [ decay, and
¢ absorption, based on four ferm1on contact 1nteract1ons as 1nd1cated
schematlcally by the Puppi tr1ang1e Experlments to date are cons1stent
with 9_1_3 1nvar1ance the longitudinality of the neutrino, and conservatmn .
of leptons, although these ‘principles must be subJected to further experl—v
" mental tests. More exper1menta1 work is needed also to determme the
values of the five 1ndependent real coupling constants in p a‘bsorptmn, the
five in p decay (of wh1ch two or three may well be zero), and the two in .

. {14) for 1 decay (of which one, S’ m_ay,be zero), It is known, as
'ment1oned in 4.1, that all three 1egs of the triangle have about the same
strength vbut the present experlmental 51tuat1on, indicating S and T (and
perhaps V) for p.decay and V and A for n decay, is hardly suggestive of
- any umversahty of form for the four- ferm1on couphngs, unless the B-decay
evidence should change, as discussed in 4.6, so as to permit a un1versa.1
coupling of the V, A type _

- We must now take up the question of other weak processes and
how they fit into the scheme we have outlined. Let us discuss first the
decay of the charged pion, which we have referred to extensively as a
source of polarized muons.

e - An obvious explanation of the decay 'n'+ - p.+ + v .is available within
the framework._of the Puppl tr1ang1e° we may suppose that the virtual
,Yuka.wa process at % p +n is followed by the virtual weak process
pt+ n - p “+ v induced by the coupling responsible for B absorption. * Let
us use this possible explanation as the starting point of our discussion.

It is important to notice that only two of the five possible p- absorptlon
couplings can induce the decay of the pseudoscalar pion: these are the

pseudoscalar coupling

p[DY5n] [I-LYS (1- YS)V] + Herm. conj.
and the axial vector coupling :

'DA[F-)Yo;YSn] [ﬁyayg)(lc.ys')v] + Herrn. ‘conj.

% : : ' e
See top Feynman diagram of Fig. 3, p. 59,
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‘ For_,_the other three couplings (scalar, vector, and tensor) ‘thebdecay
of the char‘ged pviorll is forbidden (apart from electromagnetic corrections). |
‘We can derive this result by means of f1e1d theory. Imagine the most general
. Feynman d1agram for the process 1r+ >p+n> ?=#p+n-—> p, + v, where
the question mark stands for all the possible strong processes that may |
»interv.ene between the creation of the virtual (pn) 'pair by the pion at some
space-time point x ahd its annihilation into leptons at another spacev—timev
point y. No matter what these 1nterven1ng processes are, they give an
effect1ve coupling between the pion destroyed at x and the nucleon- ant1nuc1eon
operator at' y that is involved in the interaction with leptons., This effective -
coupling is nonlocal, but oan depend on only one vector in space-time,

natnely (X*—y) From the pseudoscalar pion field and one four-vector, the
only couplingbs we can form are the pseodoscalar P and the axial yeotor A
Q.E.D. | | . |
_ In the ‘folylowihg discussion, we shall ignore the UFI hypothesis of .

4.6 and ado.pt the point of view of 4.1 ~ 4.5 that there is no universality of
form. ‘ DR | ’ ' |
‘ It is not yet known experimentally whether or not the p-capture
interaction contams apprec1able amounts of P or A. Suppose, for the
moment, th%t a large fractlon of the p. capture interaction is A, Then we have

IDAI ~ 1—-0—2 . We may then try to estlmate (very roughly) the rate of
m_

T~ UV decay through the ax1a1‘vector couphng by trea,tmg the Yukawa
process in the lowest order of perturbation theory. " The result is
: Iogarithmically divergent a.nd must be cut off at some virtual mass A\,
i S Z/m 'mz 8
rn"f '2“4mn:[DA ]. 4_(1 ‘—) \m .(1"‘_) 7x 107 /sec.
T » O /. m_

R - | ooan
if we estimate D, as above and ln LS as unity. (We recall that we have
% = 15,) This result is about 15 times as great as the experimental
rate-in Table I, Sueh a discrepancy is not surprising in view of the
extreme crudity of the calculation, and we have no particular reason,
‘therefore, for discarding the simple explanation of T - p v decay. If the-
-(L-capture interaction contains P, the formula corresponding to Eq. (17;)_ .

contains a quadratic divergence, and the argument is even less reliable.
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We must, of course, understand not only the occurrence of the
.. decay - pi + v, but also the absence or extreme rarity of the analogous
process e v, for which the branching ratio is quoted experimentally
as <'10-5,' 30 "We have mentiened in 4.3 that there seems to be little or n’vol
A in the B decay couphng but that essentially no 1nformat1on is available
about P. If P and A are both lackmg in B decay, then - et vis A
forbidden. The forbidden process n = e® & v can still occur through
.electromé.gnetic effects: the virtual proton or antinrotbn e‘mits a virtual
photon that is absorbed by the final electron. The rate of the decay is then
expected to be so small that it is inaccessible to present eiperimentai
techniques, - '

There is, hbwever, a.nother’ elec_tro‘rnagnetic process that should
‘occur more rapidly, in which the virtua'l. proton or antiproton emits a
real photon. The decay scheme is @ - ei + v +y. This is allowed, for
example, for the tensor interaction in B decay. Again we may estimate the
rate using first-order perturbaticn theory for thve Yukawa process, and
~again the result is logarithmically divergent, .
_ CT2 mn_5 2 2

. . e A2 3
. ~ . —  s— 52— (In =— )" =5x 107 /sec
T evy 384 _”5 In 4w ™ o

oQ

(18)

2x1.6x 107" given by p-decay phenomenology

if we use the value |C.. | m
T m

and estimate InE as unity as before. Experimental upper limits for
N _ .
the rate of the process are given by Catssell.s31 and by Lokanat.han32 as

4 x_lOZ/sec and_103/sec, respectively. Just as for ‘Tt_i - pi + v, the
crude calculation has overestimated the rate by at Iesst a factor of ten,
but the general theoretical picture does not seem to be in serious trouble.
Of course, if further measurements show that the rate of the radiative '
decay is even 1owef; we may have to revise the theory.

‘Besides the obvious objections to a calculation using a cutoff and
perturbation theory.-in‘a strpng interaction, there is an additional point
to be made about the theory. The pion (say ‘rr+) may dissociate virtually
not only into p + n but also into the following baryon-antibaryon pairs:

=Fe A, 2+ 20 127, 2043 ana =0+ =7, All these
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processes are allowed by charge independence and _;cé.n presumably be induced
by the strang interactions. It may easily turn out that these baryons are
particles of spin 1/2 and possess weak couplings to the pairs pv and ev

analogous to the p-absorption and - decay couplings of the nucleons. In

" the Puppi triangle, we would have to replace the label '(p n)'" at one

vertex by the label '""{pn), (E+/—\ )s etc,"' In the decay of the pion, then, all
six of these baryon-antibaryon pairs may appear as intermediate states and
interfere with one another. If the interference should turn out to be
destructive, it might help to explain the overestimates obtained in Egs.

(17) and (18). The calculations are so crude, however, thét at present

this is pure speculation. A ' _

We have ignored completely the possibility of a direct‘coupling of
mto pand v, relying entirely on four-fermion interactions to explain the
decay of the charged 'piovn., Such a point of view may, of course, be wrong.
HoWever', there is not much pfact‘ical difference between the two theories.
We have seen that a pseudoscalar or axial vector coupling of pn to p+'v
impliés ah effective coupling of w to uv. Conversevly a direct coupling
of w to uwv implies an effective pseudoscalar or axial vector interaction
in u capture.. Experiment cé.nnot di.stinguiéh one theory from the other
without reliable calculations involving the strong interactions in virtual
baryon-antibaryon pair states, and such calculations are far from possible
at the{present time. '

Practically the same situation applies to the weak interactions of
the stran)ge particles.  We shall therefore discuss all weak interactions
in terms of four-fermion couplings, leaving in abeyance the ciuesti_on of
whether direct weak couplings of mesons exist as well.

Let us now return briefly to the hypothesis of the UFI‘with.V, A

coupling, as treated in 4.6. We promised to show that the exper'imental

" ratio 'n'+ - e+ + v/‘n+ - p_}-’ +v < 10—5 is inconsistent with the hypothesis.

"With V, A as the coupling, only A is effective in inducing the decays. We

may refer to Eq. (17) for the m — pwv rate using A, The = -+ ‘ev rate is
given by the same formula with mu replaced by wm_, so that the ratio is

r/fy = /w5 -m 2 m 52/ -m 2m P = 13x107%

This result was remarked by Finkelstein and Ruderman, 33 who showed that

it is exact to all orders in the strong couplings,
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What changes must we make in the Puppi triangle in order to
accomodate all known weak processes ?

In 4.6 we have already suggested that it may be necessary to modify
the vertex pn by adding some or all of the five additional baryon pairs
Z+ 7\ s Z+f_d, etc. It is difficult to test whether or not this replacement
'is necessary, since interconversion among all these baryon-antibaryon pairs
is possible by means of the strong couplings. For example, if someone
should .observ_e an event’ E+ - N+ e+l+ v, this might be .interpreted either
as cé,used by a direct coupling of these four particles or else as proceeding
indirectly through the usual p-decay coupling by means of the virtual
reactions =t =N +p+n — N+ ot + v, In the absence of quantitative
arguments, we must regard the above-mentioned six baryon-antibaryon
pairs as a class and not attempt at the moment to resolve the class into.its
individual members. Let us call it Class I of baryon-antibaryon pairs. .

The -observed weak processes not accounted for by the Puppi
triangle all involve strange particles. We may start with the decay
K - p;i':l: v. (We assume conservation of leptons.) The selection rules
obeyed by the strong interactions allow K+ to dissociate into any of the
following six charged pairs of baryons and. antibaryons p+ /\ , p+ Zé
n + E—, N+=, ZO +=, =t 4+ ""O . Let us refer to these as Class I
and again not attempt to distinguish carefully among them. If some or all
of the pairs of Class II are coupled by appropriate four-fermion couplings
to p and v, then the decay of the charged K into muon and neutrino can be
“understood. By ''appropriate' we mean, of course, ''consistent witl;g_,
selection rules''; for example, if K is pseudoscalar relative to N and N,
thenvwe refer to a pseudoscalar or axial vector coupling of pz  to pL+v as
"appropriate.' (The situation is then exactly analogous to that in
ﬁfﬂ: _—F‘#i.-:E v decay.)

The decay K* - 11'6 +';i:h + v also requires couplings of Class II to.
g and v, although here the selection rules on the form of the coupling are |
different. (See 4.9. ) The point is that any of the virtual baryons or

. o
antibaryons can easily emita w .
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- Fig. 2a. Tetrahedron representation of four-fermion interaction
of positively charged pairs. Legs C, D, and E form the
Puppi triangle of Fig. 2. Strange particles are introduced

- at the Class II vertex; their decays are represented by

, 1egs F, G, and H
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..Similarly the decay Ki-—» © +eTx v corresponds to four -fermion
couplings between:Class II and the electron-neutrino pair. So does the
unobserved . decay KE - é‘i"::!: v, but this can be forbidden, as can the
analogous decay of the pion, by omitting some of the possible forms of the
coupling. | '

. The purély pionic decays of K particle‘s can be understood in terms
of four -fermion couplings betweén Class I and Class II. For example, the
process K+ e -n-+ +mro‘ can be thought of in terms of the séquence of virtual
steps

K_+=}p +7\—>p+ﬁ=;~p‘+r-1+1rb#’w++1rb

or else, say,

K+ > /\o +T‘;:_-> Z+ + Z‘,b # Z+ + 20'4- m° > 1r+ +. Tl'b, etc.

The reader may now satisfy himself that all the weak dec>ays of
strange pérticles listed in Tables II aﬁd VI are accounted for by the
intef’acti'ons we have just listed;.namely, those of Class II with vev, wv,
and Class. 1. Let us'give some further examples. For the decay
‘Z)+ - p + TI'G “we may have a chain like Z‘-+ - Zb +p +,,/_\——',> p+ 7% For:
Z = A+ one possibility is =~ ~A+n+ p= A+ 77, and so forth. '

A number of so far unobserved procesées are predicted also. For
‘example, the couplihg of Class IIto ev leads to at least one of the

following llepvton_ic ‘decays of hyperons:

/\0 - p + e +v,

2‘6 ~ p + € + v (undetectable because of competition
from =°= /\‘6 +v),

S >n+e +v,

= -/ +e +v,

= - Z).O+e_+1-i,

and » ' :
. fe - -
=° - 2++e~+v.

—

We discuss these hypothetical processes further in 4.9‘.,
The picture we have outlined is summarized in Fig. 2a. The Puppi
: ' . +
triangle is replaced by a tetrahedron, with vertices occupied by e+v, MoV,

Class I and Class II, respectively. We may think of the K particle as
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attached by means of strong interactions to the Class II vertex (for example
through K+ «p + 7_\), while one or more pions are similarly attached to
the Class I vertex (for example through ot - p +n),
.- The physical ideas behind the tetrahedron scheme have been put
forward by Daliaporta and collabora,tors34 and by Gell-Mann, R1
In our subsequent discussion. of the weak deca.yé of strange particles,
we shall refer to Fig. 2a and to the rough theory that it represents. Let
us therefore make clear what is involved in such a description of the weak
couplings.,
‘We have already emphasized that it is not worth while at present
to quibble about whether some of the four-fermion interactions should be
replaced by, say, boson-fermion interactions, nor about which members
of Classes I and II actually possess direct weak couplings. We have seen,
moreover, that the tetrahedron expresses the general features of the
experimental situation. In 4.9 we shall discﬁss the "universality of
streng’th'."of the six edges of the tetrahedron. The principal point to be
clari‘fied, therefore, is the nature of the concei&able weak processes
not included in Fig. 2a. _
.. Im effect, by restricting ‘the weak interactions to the minimal set
(thbse_ represented in Fig. 2a) that can explain known processes, we are
cdnstructing an elaborate set of selection rules forbidding other weak
c'ouplings. Some of these additional couplings are known to be absent or’
‘nearly so, others can be looked for éxperimentally in the near future,
while still others are inaccessible to ipvestigation ‘with: present techniques.
Let us list some of the more interesting h?pothetical couplings omitted
from the tetrahedron: _ | _
.(é) The processes p* - éi + ed: + e+, ui - ei' +vy,and p  +p—-e +p
have been searched flggoevt%lduf_-)ound to be very rare or absent. 35 Nothing
in the tetrahedron isAinduce these. In fact the only interaction in our
scheme that couples: u and e together is the muon-decay interaction. (In

Table VI an experimental upper limit is given for the rate of the

t g 'rrT a typical reaction in which p and e

hypothetical decay. K+ - p.i' te

might occur together.)
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: (b) The muon-decay inter.action is also the only one listed that couples a
neutrino-antineutrino pair. Now, it is conc_ei‘vable that other systems
also can decay by v-v pair em1ss1on For example, weak virtual processes
liken—+n+v+v or p=p + v + v may exist. . They are completely
undetectable at present, however, because in the decay of nuclear excited
-states or the decay of nro, where such couplings might show up, they are
~overwhelmingly dominated by electromagnetm decays. Other decays
involving wv-v pairs ciulii be detected if they exist: For example, -
Ki - w5+ v +v or Z+ - p+v+wv could be disti‘nguished from other
. decay schemes--and all competing processes, moreover, are weak. An
upper 11m1t for the rate of the former process is given 1n Table VI. The

'decays K1 - v.+v and K -y + v, it is interesting to note, are forbidden

by conservation of angularzmomentum if K'is spinless and the neutrino
longitudinal. v
(c). It is convenierit to introduce a Class III of baryon-antibaryon pairs
that might form an additional fifth vertex- of our figure that was first a.
triangle and then a tetrahedron. This:class consists of the two pairs
Z+rf and';c'9 5_; these are the pairs into which a hypothétical meson of -
positive charge but negative strangeness might dissociate. (We recall |
that Giasses, I and.II are the possible dissociation products of ,1r+ and K+
respectively’..) We may now generate a group of weak couplings excluded
from the tefrahe-drbn: we couple the péirs of Class III to ev or to uv. This
will lead to such decays as =t e p+ + v and ’2,6 - = e+ v, which
-.are forBidden in the tetrahedron scheme. |

A subtle point now arlses in connection with the leptonic decay of -
Ko and K°. - We note that in the tetrahedron picture we can have only
K° —>e +v +1r+'1orvp._+';;+ Tf—f, ‘

-and ‘

K?"—» e+ + v+ w  or p‘+ + v+ ,TT;.

. These processes are el.ssehtially implied by the corresponding decays of K~
and -K+

The hypothetical couplings of Class II to the . ev a.nd v vertices
would lead to the additional processes K -—?.e+ + v+ 7 or p, +v+w, and

-, - + -, - +
KP=>e +v+ or p + v +m .
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The subtlety enters when we remember that the decay of nentral
K mesons must be discussed, as in 3.9, interms of . Ko and KZ’ which are
linear combinations of K° and E) We shall return to th1s very interesting »
question in 6.9,
(d) If we introduce Class III as above and couple it to Class II, we obtain
interactions involving SIPs only, but with AS not restricted to % l"., Such
processes as = - n + m , involving |AS| = 2, become possible. In 3.8,
-we have mentioned that there is some evidence against such decays.
(e) . The tet’l'ahed-ron excludes also decays of = into N with lepton-pair
‘emission, such as Z‘,_ >n+e + v. | '
In concluding this survey, let us call attention to one further set of
possible weak interactions of the four-fermion type, a set that is suggested

by the tetrahedron scheme although not included in it as we have described

© ~~it—sofar——These are couplings of the four vertices to themselves. For

ekamp‘le, we may have such interactions as ,
\ [6(L-yg)v] [F(1+yg)e] or (pn) (ap) or (5 A) (Z°p).

The first one fepresents electron-neutrino scsttei‘ing and majf be
experimente'lly deteetéble by means of the recoils of atomic electrons
struck by the antineutrinos from a large nuclear reactor. The cross section
should be slightly smaller than the cross section for the reaction
v+ p‘ ~ety n, which has been observed. 12 It should be noted that in the
longitudinal theory the neutrino possesses no magnet1c or electric moments
and any neutrino- electron scattermg that may be observed is presumably
to be ascribed to the interaction we are d1scussmg

A weak coupling of the pair pn to itself might some day be_detectsble
to the extent that it violates conservation of par‘it'y If it is of the same
strength as other weak coupl1ngs it could g1ve a. v1olat1on of parity con-
servation by one part in 10 3 r 10 4 in intensity in a nuclear experiment

_ such as Tanner' 517 (ment1oned in 3.10). | Present measurements exclude
any v1olat1on by more than one pa.rt in lO If no coupling of Class I (or
Class ..II) to itself exists, then par1ty may be conserved in nuclear processes
to one part in 1026.or '10280 At this _level, second-~order weak processes

come into play, such as virtual g decay followed by virtual inverse B

decay.
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4.9. Decay rates of strange particles.-

: We have sketched in 4.8 the tetrahedron scheme ,th'atv provides a
~minimal set of four-fermion couplings that .can account for known weak
processes. Three of the six edges of the tetrahedron are simply the three
sides of the Puppi triangle. - The remaining three edges-correspond to the
coupling of Class IL(pA, etc.) to e+v,- p+v»,,and- Class I (p'd, etc.); these -
three are the ones responsible for strange =partic1e decays.- We shall now
present. some crude estimates of the rates of decay of strange particles on
the assumption that these edges have about the same strength as those in
the Puppi triangle. The:estimates are in reasonable accord with
experiment. v

- We have supposed that the baryons have spin l/Z Let us further

suppose that the spin of K is zero, {(Experimental evidence for this is
‘adduced in 6.1.) The relative . parity of /A and N is not a deterrninate
quantity, since any process such as /\ - 7 + N, by means of which it
might be measured, is weak and need not conserve parity. However, as
p01nted out in 3.10, the par1ty of K relative to A\ and N is unique if parity
is conserved by the m 1nteract10ns Let us therefore define the parlty
of A to be the same as that of N and call K scalar or pseudoscalar accord-:
1ng to its coupling to A and N. (It is in the same sp1r1t that we conventlon—
ally d@e the par1t1es of p and n to be the same and call 'n' pseudo=
scalar because of 1ts pseudoscalar couphng to P “and n. )

‘ For 81mphc1ty 1et us cons1der in Class I only the pa1r pn and in
Class I only the pair p/\ In this way we discard many 1nterest1ngv
effects, espec1a11y poss1b1e cancellatins amdong the vadrious rnernbers

of a class, but we are concerned here only with very rough estimates.

. _' Let us look flrst at the decays of . The coupling of p A to pn
can 1eadtothe decays /\—>p+p+n = p+‘n' - and ./\'—>p+f)+n=>'n+rro,
wh1ch have been observed The couplings of p/\ to e+v and to m v give
the processes A~ P +e +v and /\—> P + TR Y respectlvely, these
have never been detected with certalnty and seem to form not more than

i 2.%‘ of all decays of /\ (Table II) We must, of course, »try to account for
this.
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The absolute rates of the leptonic decays are easily estimated. There

is a direct analogy between these p processes and the decay of the neutron
n - p+te +v. We may refer to Eq. (6) for the rate of neutron decay.

Assuming that Cg iRy C'_g +
the neutron, we see that the only differences are these: A, which is now

is about the same for A couplings as for

the mass dlfferences between A and p, is 177 Mev instead of 1.293 Mev,
'the blocking factor is 1 for /\->p +e +v and0.16 for /\—»p e+ v

We then expect a rate

-, 177 \5. 1 08
P(A-‘fp + e +v) <1‘.29> oI Fn 10 /sec a\

\ .

) o o
) P(A=p+uT+9) =016 T(A=p+e +7) ~0.16 x 10%/sec.

Here Pn is, of course, the rate of neutron decay. We have ne.glected recoil
effects which may reduce these estimates by as much as.a factor - | two. . The
experimental upper limit on the rate of leptonic deca’ys (Table II) is in the
‘vicihity of 108/sec. -If these rates are really not much lower, the theory is
not in trouble. o ‘ 7 _

We must 1”someh6w understand, however, why the pionic decays go
much faster. Let us try to estimate the rate of A = p+ =n". Wé might
simply use the lowest order of perturbation thedry for the strong couplings
in the process AR p+n+p=p+m . Itis helpful to note, however, thev
similarity between the decays A= p + 7 and at - p.:h = v, [exhibited in the
lowest-order Feynman diagrams for thése two processes (Fig. 3). We must
recall that in 4.7, when we treated the pion decay by using an axial vector '
coupling of typical strength, we found that the nucleon-antinucleon loop in
the lowest-order Feynman diagram'_gave rise to a logarithmic divergence.

- When we estimated the logaiithm by means of a cutoff in the vicinity of the
nucleon mass, we found that the. rate of pion decay came out too high by a
factor of about 15. '

In view of the many uncertainties in the pion- decay calculation
» (perturbatmn theory, cutoff, possible contributions of other pairs in Class [,
ect.) it is probably wisest to let the rate of 1'r+ - p, + v serve as an
experimental calibration of the effect of the nucleon-antinucleon loop. We
mentioned in 4.7 that the loop gives rise to an effective honlo'cal interaction

of w with the pair pv. Actual-ly, since_t_hé mass of the nucleon pair in
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MU-14113

Fig.’3. Feynman diagrams for 1r+ - p,+ + vand A= p + w . The
solid circles labeled g represents the strong wN interaction..
The open circles labeled D and F represent the weak four-
fermion interaction (legs D and F of the tetrahedron).
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the loop is much greater than the mass of the pion, we may approximate

this by a local coupling. . Thus the ‘axial vector interaction

i-A = -D, [ﬁ-yay_sn] '[EYdYS(leS)lv]‘ + Herm. conj. : (19)
of 4.7 gives rise effectively to a direct interaction of the form
| id 8w - -

,‘f off = T_Bx_ [FVq¥s(l-Ys)v] + Herm. conj., (20)

where we have formed an axial vector by taking the gradient of the pseudo-
scalar pion field operator w that destroys m or creates 1r+. ‘ The Hermitian
conjugate operator:wT deStroysi‘rr+ or creates m . In 4.7, we tried to
calculate d from fhe loop.‘ Now let us take it from experimeht. . The rate

of charged-pion decay, with the coupling of Eq. (20) is.

dZ mgz . ‘rnHZ Z ‘ ' :
: mTr mw . Co~

Using the known rate r o e find
2

» i 1.8x 10"
Suppose we try a coupling of pn to p/—\ analogous to Eq. (19) for pn

Q

15

to p+v. ,For_p7\- , we have no longitudinal theory that forces us to the
expression (1-y5); the ''parity-conserving' and 'parity-nonconserving"
terms need not have equal strength. Let us therefore imagine an interaction.
like | | '

-F 5 [Bv,v50] [Ay vgp] - F'4 [BY vgn] [Av p] + Herm. conj.
Then the effective coupling analogous to'Eq. (20) will be

_[;—fﬂ "%l;a[/—\.yaysp] + r%f_; .%T;a [/—\Yap] + Herm. copj. | (22)
- The first (parity-conserving) term gives rise to A = p + _'n'_v‘ with the pion
in.a p state, and the second(parity nonconserving) term gives

AR p + 7 with the pion inan s state. (Remember we have defined the
 parities of A and p to be the same.) Using Eq. (22), we may calculate
the rates of decay of Ainto p+m inan s or a p state, neglecting recoil

for simplicity:
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s ) -\ fv . /\ P : . S
r /\-. p+w 7 dmw- Zp/\'<"‘*mw : ) e o(23)
rp . - = sz (D), ) (24)
A-ptrw 4w M)

where p/\ is the momentum of the emitted plon {See- TableLIH )_ If the

order of magmtude is the same for Ff and DZA , then we shou}ld expect
d )
1 ~ ’ o : . .
f /4 A s1m11arly, 1f"'FA and DA are ,comparabltey SO are
I and yrs Under the forme_r as sumption, using our experimental value
2 . s ' - 9 Y
of d./411', we find r 107 ‘With T » % - we have

N=p+mw

P - ~3x 108 sec, " The experimental value of the total rate of
-~ P + . , .

N->p+n is ~2x lOg/sec° (see Table II), in excellent and probably
fortuitous agreement with the calculated values.

. If we had used pseudoscalar rather than axial vector coupling, the
agreement would have been somewhat worse and the ratio of s- to p-wave.
emission would have been much larger for equivalent coupling constants.

-:Let us regard our dis_cﬁssion of /\ as typical of the situation for
~hyperons, and turn to the decays of K particles. The process K+ - u+. + v
is also analogous to -n'+_ - p,* + v, although here the analogy is of a
different nature. The Feynman diagrams to lowest order in the strong
couplings are shown in Fig. 4. In the pion decay; the loop is composed of,
say, n_ﬁcleon and antinucleon, while in K+ decay it is, say,a pA loop. The
coupling of K toﬁhd ‘N need not h.a.vé precisvely‘th@ .s{amé strength as that
of w to N and N; 1n fact, K might be scalar réther than ps‘eudbscaian S0
that the couphng would even have a different form. Also the K mas’s is
greater than that of 7 and not nearly so negligible compa.red with baryon ~

masses.
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MU-14114 -

. Fig. 4. Feynman diagrams for 'rr+ - p+ + v and K+ - u+ + v. The
solid circles labeled g represent the strong meson-nucleon
interactionis. The open circles represent weak four-fermion
interactions (legs D and G of the tetrahedron).

y
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These differences are in addition to possible differences between

the weak coupling of tho p+v.ard‘ that .pﬁ.t:o'pi:-v. ..S_ay.we:'Write the former as

Gg [p AT [(1 -y5)v] +,GV[§Y0,/\] [ﬁya(l—yS)v] +... +... + Herm. conj.,
- - : . (25)
where the labels S, V, etc., refer to the Dirac matrices for the baryons.
We have assumed the two-component theory of the neutrino and conservation
of leptons. Supposing thét the coefficients G are of the same order of
magnitude as the constants D in the muon—captur¢ interaction, let us pursue
our rough analogy between K* - }J.i £v and @ - pi + v. '

If K, like w, is pseudoscalar, then only the P and A interactions -
can induce the decay K* - }Li v, {The féésén is the same as that given
in 4.7 for pions.) By the samé argument, if K is scalar, only the S and V
interactions can induce it. Suppoée that the interaction responsible for the
décay isA (for a pseudoscalar K) or V (for a scalar K.) Thié corresponds
to our assumption of an A interaction in treéting the pion decay. The p A loop
will produce an effective coupling of - K to pv analogous to the effective
coupling between w and pv di'spléyéd in Eq.- (20)° The coefficient of the
effective int‘eraction is called d/mﬁ in Eq. (20); for the K particle let us
call the corresponding coefficient y/mk, Then in place .of Eq. (21) for the

pion decay rate we have for the rate of K:E,--!> p* + v  the expres’s._ion

2 2 2
v’ " T | |
r K - v = 70— Mg m——T - — : - (26)
. K - K
Since experimenally we lave PK -y = p'n’ -y’ we see that we can write

yz/mf( = (1/17) (dz/m‘ﬁ;z). - Why is the effective coupling in K decay
apparently much smaller than that in = decay if the weak four -fermion
couplings have about the same strehgth? The eiplanat_ion may be that the
str_oﬁE coupling of Kﬁto A,N is sbmewhat weaker than the Yukawa coupling
of 7 to the nucleon.  Experiments on the photo-K effect (y +p % A+ K+-)
should soon decide whether this is the case.

‘ As in pibn decay, we must understand why pi + v is preferred over
éi + v, The experimental upper litnit on the r’étio (Ki - e:b + v)/(Ki_-nLiv:!: v)
is only 0.02 (Table VI), as Compared with 10"5 for the pion, but the problem

still exists. We mentioned in discusding the UFI (4.6) that with identical
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couplings of Class I to |.L+v and e+v the lowest ratio (wi—"éid: 11)/(1'r:i:—>pui +v)

is attained for the A interaction, namely o _ , v
| (mez/mpz) (1 .mez/mﬂz)z/(l=_m’PL‘2/m“'.2)2 ~1.3x10"%  Since, according
to Anderson and Lattes, 30 the actual ratio is less than 10=5, it appears that
we must give up the idea of identical couplings. ' o

This result makes speculation about identical couplings of Class II
to e+v é.nd-u+v seem rather unprofitable. . For purposes of orientation,
however, we may remark that for equal A couplings the ratio
(Ki - o™ + v)/(Ki - p.i + v) would be = 2.5 x 10=5, whereas for equal P
couplings it would be = 1. (We are taking K to be pseuddscalar. )} Probably .
the best we can say at the moment is the following: The coupling of Class II
to p+v contains P and{or) A, while the couplihg to e+v probably lacks P but
may or may not contain A. If K is scalar, we must replace P by S and A
by V in this statement.

The d.ecays K- ™+ e*+ v and K- w+ p:h v 6¢cur \x.rithvabout
equal frequency. This is in no sense a paradox, despite the smallness of
the ratio (’Ki - ei &+ v)'/(Ki”* p.i'ivv), since it turns out that the leptonic
decay with single-pion emission occurs through just those interactions that
cannot induce'plain leptonic decay. . For a pseudoscalar K, the processes
K- w+ 1epton-s afe induced by S, T, and V; for a scalar K, by'.P',' T, and
A. | . | ‘

The rate of K* — n° + pfk.':ﬂ: v is about 1/15 that of K* - pLi + v.
Simple considerations of available phase space may explain this' qualitatively.
The uncertaintie’siin quantitative arguments seem to be so'great as to make -
a detailed calculation not worth while. |

The same applies to the rates'of K -+ 3w and K - 2w, which occur
through the coupling of Class I with Class II in the tetrahedron scheme. ‘.
-We shall see in 6.5 that for a spiniess K the 3w are in a 0 state of angular

momentum and parity, while the 2w are in a ot state. For a pseudoscaiar

| K, then, the former decay is induced by the - "parity=éons'erving”fterms‘ in
the coupling and the latter by the "parity-nonconserving' terms. For a

scalar K, the reverse is true.
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5. THE WEAK DECAYS -OF HYPERONS

5.1, General features

In Table II we show what is known about hyperon decays. We have
already referred to the principal features. Let us review them here.
A. Leptonic Decays.

So few 1epton1c decays have been’ reported 36 that it is hard to say-
that any has ever been identified with certainty. . We have seen in 4.9 that
an estimate of the rate of /1l = p +e” + v on the basis of the tetrahedron
is roughly eqlial to the experimental upper. limit (Table II) for this rate. A
similar estivmate for X =+ n+e +v yields the same conclusion. The
decay E+'—> n +-e+ +v has a comparable upper.limit experimentally; of
course lit may be absent, as in the tetrahedron echeme However, for A

~and 7 it is difficult to conce1ve that the leptonic modes could be absent,
since even without the tetrahedron they could proceed by the virtual emission
" of K, which is known to undergo leptonic decay. Of course such an indirect
process might give lower rates. |

. We have mentioned in 4.8 that the decays of strange particles
present an opportun1ty to test the forbiddenness of v-v and p 1epton-
pair emission. However, the K- partlcle decays--in wh1ch at least,
charged iepton pairs occur frequently»-are probably a better place to 1vook
-for such an effect.
B. Decays into SIPs. ‘

All energetically possible pionic decays of hyperons have been
observed, except three: the decay of = into w and N, which involves a change
in strangeness of two units; the weak decay of =° that is unobservable
because it cannot compete with the electromagnetic process z° > A+ Y '
and the decay of the so far unseen =0, presumably into w0 and A .

- The rates of the known pionic decays of X and /\ are given.in
Table Il and are all of the same order of magnitude; if we try to make a
small correction for the available phase space by dividing out the pion
momentum as in the fourth column, the effective strengths come out even
closer., It seems that the intrinsic strengths of the weak couplings involved

are very similar. We do not know, however, exactly what the law of _
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| Table II |
Branching ratios and decay rates of A and =+
Mode ) Branching Rate N
' . ratio o (number . : Momentum pT Al >
: (%) : per sec) . (Mev/c) . ‘ 2 pc
A - Lo _ 10 : -14.
-p+w 65 %5 . (a) 0.234 x 10 99.6 0.78 x 10
>n+ a0 | 355 (a) 0126 x100 103.1 . 0.41x 107 !4
el” - : , 10
~p+ " + v < 2 (a) (< 0.007 x 1077)
| _ 100 | 0.36 x 10'° _ 1.19 x 10"
-t 0 \ - 10 : : -14
Z—.>p+'rr , 46+ 6 (b) 0.59 x 10 | 189.0 - 1.04 x 10
n+ _ : 54+ 6 (b)  0.69 x 1010 ©185.0  1.24x10° 14
Y& ‘ 10 |
—>n+3‘+v <3 - (b) (< 0.04x 10 )
100 128 x 100 2.28 x 10714
Z—» ntw - 100 ° 0.64 x 10 192.2 1.06 x 107 %
fel T - : ~ 10
-n+ W + v <5 (b) (< 0.04x 10 )
100 - 0.64 x 10'° © 1,06 x 1071

" The decay rates are based on the mean lives given in Table L.
TFrom Table II1. |

S5

T IS lz + IP ‘2, the sum of the squares of the amplitudes, as defined in (27) and(28).

66L¢-19DN
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(a) Plano, Samios, Schwartz, and Steinberger, Nuovo cimento 5,1700, "('1-95"’_().

(b} Alv’arez' Bradner, Falk-Vairant, Gow, Rosenfeld, Solmitz, and Tripp, Interactions of K~
Mesons in Hydrogen, UCRL-3775, May 1957 see also Nuovo cimento 5, 1026 (1957).

This branching rat1o f = 46 + 6% comes from 58 =+ decays in a hydrogen bubble
chamber (27 r 31 - at). Six times as. many =t deca.ys have been seen in emulsion,
namely 291 =t decays from rest (137 - 11r0, 154 = %), g1v1ng f = (47 £ 3) %, where the 3% is based
.on statistical errors only. However, the true uncertainty in fa' is no smaller than that for the
bubble chamber events, because in emulsion the detection efficiency for =t->n+ 11' is probably
10% less than for =t —» ptr A correction for this bias of (10 + 10)% against =t -p t+ w0 '
.reduces‘f+ from emulsion to (45 45) %. . The emulsion events were gathered from all laboratories
by G. Snow (private communication) for presentation to the Seventh Rochester Conference.

,—L9.=.
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variation of the strength is; either between Z and /\or even within the
charge muiltiplet Z. The law of variation within a multiplet is not charge
independence, of course, as it is "preci_sely by the violation of charge
independence that the weak couplings induce these decays. It has been |
suggested, as'we mentioned in 3.8, that the violation of isotopic .‘spin |
conservation in weak decays of SIPs into SIPs may be subject to L1m1tat10ns,
for example lAIl 1/2. '

No suggestwn ha.s yet been made of a poss1b1e law of variation of
the decay rate from mu1t1plet to mu1t1p1et
5.2. Splns of Aand =. _
’ We shall assumeé that both A and T have spin 1/2. The experimental

evidence to date by no means either confirms or contradicts this assumption. -
_ An argument in _fé,vor of spin 1/2 for the A, based on the decay of
hyperfragments, has been given by Ruderman Aand'Karplu.s-;e‘?'7 it is taken
~ up .in Appendix D. ' | :
' . For both A and. Z the remaining evidence concerns the absence of
anisotropy in the (iecay of these particles. ApApendix.‘B contains a
description of the anisoti’opies and asymmetries to be expected under
' various assumptions. It also summarizes the present experimental
e‘}idence‘. |
5.3. Decay of /. , 4

The pionic decay of /\can take place through»_four channels. vThe;re

are two charge statés, which ' we may list-as T+ p and w° +n or as
éigenstat_;es of isotopic spin with I = 1/2 and I = 3/2. - There are also two
states of pioﬁ orbital angular momentum: the:final pion nucleor; sygtem
with angular momentum J:= 1/2 can be in either a SI/Z or a 2 1/2 state.
These have opposite parity, but presumably parity need not be conserved
in the decay. '

" Let us define amplitudes for the decays . into the four channels. For
the %S, /2

I=1/2, callit Pl’ and so-on. . To make. the amplitudes dimensionless, let

state with I = 3/2, call the amplitude: S3; for the Pl/z state with

us normalize them so that the decay rate into a given channel, say 251/2

-with I =.3/2, is given by ’ '
: 2p,c : ~ ’

2. _ _ A 2

CS1yp 123720 = — 15517 ~ (27)
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Table III

‘Kinematics of Hyperon Decays

UCRL-3799

Ai/ailable

Deca ' Momenturh,-‘ ' >T6‘1":al"en-ergy
eeay. ' ) kinetic
Mode p w =T + mc" energy,
(Mev/c) (Mev) © (Mev)
p (masé = 938.21 + 0.01 Mev)
n (mass = 939.51 + 0.01 Mev)
'A (mass = 1115.2 + 0.14 Mev)
A —-p+ 7 o Wy = 943.5 -~
© 99.4 37.4
w_ = 171.7
0 o
A »n+m | w, = 945.2°
103.3 : ' 40.7
w_.=. 170.0
Tr N
z° (mass = 1188.5 72 Mev) |
=0 o Aty 71.2 w, = 1117.3 73.5
‘=¥ (mass = 1189.3 + 0.25 Mev) _
step +20 wo = 957.1
' 189.0 - 116.1
‘ w_ = 232.2
o ; L w .
Z% - n +1r+ . 11 W= 957.5
o c185.0 ¢ - 110.2
w_ = 231.8
: L
Z" (mass = 1196.40 £+ 0.5 Mev)."
PN [ w, = 9589
1921 | . 117.3
o w_ = 237.5
TrA . .
= (mass = 1321 % 3.5 Mev) .
=" - A+w wA='1123.6
139.4 66.4
197.3 :
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Here PA is the momentum of the pion emitted in /A decay, about 100 Mev/c.

- (See Table III.) (Comparmg Eq (27) with Eqs. (_23‘) and (24), we see that

the quant1tles ISI and IPI atre related to the "effective coupling constants"

2
i . . .
f{— and fz—- introduced in 4.9). - Evidently the total rate of pionic decay of

A\ is _
Zp/\c

PA=N+m= —2 (1517 + Is,1% + 1P 1

2 ’ '
+IP,17 ), (28)
and, ne‘glecting possible rare additional modes of decay, we may equate

this to the recipfocal lifetime of A\ (Table II) and obtain

14

s 12+ 08,17 4 1P 1% + 1P, ;1.2x'_1o' . (29

We may expand the states ® + p and 7#° + n as linear combinations
of the isotopic spin eigenstates. The coefficients are given in Table IV,
which displays a real, uhitéry matrix of Clebsch-Gordan coefficients. Say

the s-wave amplitudes for final statés T +'p and 7% +n are- S and So

‘respectively; for the p waves we have P _ and,Po.- Then we have the

formulae

2 . 1 - ' _\2 1
j? 51*'5;53’ | be’;f’l* i?‘

The unitarity of the Clebsch-Gordan matrices means that we have

, 2 2 2 - =
o sy 1%+sy1% = i 15+ 151 = g i
and the same for the P's.
. The fractlon of all pionic decays 1ead1ng to ™ +p is then’
s.zvie g (Es +J—s +|rp+1p
- - - _ 3 "1
f = B = : va . (30)
o /\W ISII +|Sl +|P| +|P| :

Experiments on associated production of the A-K° pairs show that the

fraction of all A's decaying by this mode is 0.65 & 0.05 (Plano 57); if the

residue is virtually all 7° + n, then we may say that we have £ ~2/3.
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Table IV

UCRL-.3799

, . %
Clebsch-Gordan coefficients

z Corhpone‘ﬁt Mode I=1/2 I=3/2
of isotopic - o ' o
spin ' (S1 or Pl) _. (S3 or P3)
T +p 2 1
- (S or P ) 3 3
- 1/2 ) —
m +n j 1 / 2
(_SO or PO) /3 3
TrO +p 1 2
+ + [ 3 3
. (S0 or PO) ‘ _ :
T+ 1/2 N
: : ™. +tn o
+ + 1 2 1
(S+ or P+) 3 3
| " +n »
-3/2 0 1

(S” or P)

%
Taken from E. V.,

Condon and G. H. Shortley, "Theory of Atomic Spectra'

(Cambridge University Press, Cambri.dge,' England, 1953), Tgbl'e-23, p. 76.
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5.4. Up-down asymmetry in the decay of N

The decay rates of Eq. (27) or Eq. (28) involve the S and P amplitudes
incoherently. An expériment that involves them coherently is one that |
explicitly tests the nonconservation of parity.' Suppose that we have produced
/] particles in a reaction _,thé,t leaves.t.h‘em polarized in the x direction: For
example, in a two-body collision the x axis would be normal to the pla.ne of
production. In the Cer;ter-of-méss systéfn of the col’l_isfion,. let the /\ come .
off at an‘anglv‘e 6 to the z axis, which is along the direction of the incident
beam that produces the reaction. e-Say that é,t this angle the amount of polari-
zation in thev x direction is p(6) 7‘ 0. . Then nonconservation of parity in the
~decay of /| permits the existence of an ''up-down'' asymmetry of the decay
pibns. Let us write the intensity W_(6, €) of negative decay pions (coming
from_/\Apro"duced at angle 6) as a function of § = c’_c)'s“ J, where § is the
angle (i_n the rest syste‘m‘ of /\) between the momentum of the decay pion

and the x axis. We have

W (6,€£)dQdE=f 1(6) d - %[1 +a_p(6) £] dE, (31

where I(6) dQ is the intensity of A\ production in the element of solid angle
dQ and a_ is the parameter of p-down asymmetry, which can range from
-1 tol. For neutral decé,y_pions we replace f by 1-f , and a_ by the '
corresponding parameter a_- | '

If we regard the production reaction as a polarizer of A's, then
a measures the efficiency of the decay asymmetry as an analyzer. It is

easy to express each a in terms .of the S and P amplitudes;38

% : %
2ReS P ' ZReSO PO
o« = — > o = —5 2 ° . (32)
- 2 2 2 2
IS_1“+1P_I” ® s 17+ 1P|

~ So far the S and P amplitudes are complex numbers of unknown phase.
K CP or T invariance holds, then the phases are determined (see 2.6) in
terms of pion-nucleon phase shifts. We can take. ‘
id ib id id
_ o2l - 3 _ 11 N 31
Sl__ ]Sl.]e ',-53—-:lzls3le ,Pl—:I:IPlle ,P3—:|:IP3le s

(33)
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v the decay of / _ ’ : ‘ :
where the 0's are the m-N phase sh1fts at center- of mass momentum p

in the states (Sl/z, 1/2) (81/2,4 3/2), (PI/Z’ I= 1/2), and
; (TPl/Z, I = 3/2) respectively. The % s1gns in. Eq. (33) are all 1ndependent

‘_Experlmental values of the phHase sh1fts are given in Table V.  Since all

these phases .are quite small, it is a fair approximation to take all of the

S:and P amplitudes real, assuming T invariance.

An up-down asymmetry has indeed been bbserved by the Berkeley
hydrogen bubble chamber ‘group. >8 ~They have produced /\by bombarding |
‘protons with pions according to the I_'eactions T + p = A + K°. - Preliminary
: results,indic:ate a large positive value for a_. - We can see from Eq 32
.that the search for up-down asymmetry represents a_‘mveasurement of the
‘extent to which one parity state (s- or p-wave) predominates o6ver the other.
The large asymmetry thus shows that heither s- or p- wave erﬁission is
dominant. However: 1n Appendlx D on hyperfragments we. ment1on Some
evidence that|P /S | <1l/2,
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Table V

m-N phase shifts-ati the momenta of.’/\ and Z decay

Momentum _ .
and . Phase shift
type of decay ' -

S °3 °11 31
99.5 Mev/c (A) - +8° - 4° =0 ~
189.0 Mev/c () +8° -14° 3% 39

'The subscrlpts used for the phase sh1fts are explained
_below Eq 33

All the phase shifts except the underscored ones are

taken from H. L. Anderson, Sixth Rochester Confer-

ence, 1956. The underscored numbers come from

the more recent compilation of Anderson and Dav1don, '
- Nuovo cimento 5 1238 (1957)
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5.5. Possible rule ]ATI = 1/2 in Adecay

We have mentioned in 3.8 that a selection rule on the change of

isotopic spin has been suggested for the decay of SIPs into SIPs, namely
iA_ﬂ =1/2 (apart from electromagnetic correcions.)

_ F‘or‘decay of /1, which has 1=0, the consequences of this rule are
extremely simple. It requires that the decay leave pion and nucleon in the
1= ‘1/2. state, so that both amplitudes P3 and S3 must vaniéh; according to
-Table IV we then have S = =/ZSO and P_ = aﬁPo, Equation (30) then tells us ::
that the fraction f of charged decays must be 2/3, which is in good agree-
ment with experiment (see Tabie 11). . '

| The rule has the further consequence (as we see from Eq. (32)) that
the asymmetry parameters a_ a.nd-a0 are equal.. Of course a is intrinsically
difficult to deal with because only neutral particles are involved, and there
is no experimental information on fhis poiht at pr’eser-lt° Nével"theless, it i_s
perhaps ’in.teresting to remark that the ratio 0._./0,O can be determined with-

out a knowledge of thé/\ polarization p(@).

5.6. The decay of =*

Just as we described the pionic decay of /]in terms of four parameters,

we can use six to describe the decay of Z)+ and Z=°.

In ‘2+ decé.y there are again four channels corresponding to s and p
waves and to I=1/2 and I=3/2. - We may call the corresponding amplitudes
'Sl+,‘ S3+-,‘_P1+, and P3+ in an obvipuos notation,‘ +If we use the alfernative

description in terms of the states w +p and m + n (see Table IV), we
‘must use (say in the s state) the amplitudes So+ and S++ respectively,

given by the relations
' +_ 1 + 2 + +_ \2 o+ 1+
50 = g Sp &? S3 S; = '5; ! +j’§- S3 - (34)

In = decay the only possible final state is # + n with I=3/2. Thus -

we have only two amplitudes S3 =S ~ and P3_ =P_

The normalization of the S and P amplitudes will be as in Eq. (27) for
the /\ case, except that here in place of P We use po .= 200 Mev/c, the
momentum of a pion in Z decay. The quantities

+ 2 +,2 _ + + 2, 4o t2_ ot
IS, 1%+ 1P "1% =1 [_"/2pge, IS, I“+ 1P, "|“= 1 [ /2pgc, and
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s~ [2 + P I2 = A /2p«c are displayed in Table II; they are all
- - -/ “Px y _

approximately equal.

 For each of the three decay modes we can define an asymmetry

parémeter a as we did in Eq. (32) for the /\. Let us call these a—_, o.o+,

a:, where as usual the upper index is the charge of the Z and the lower one

is the charge of the emitted pion. In each case we have as before

2Re(S P) .
| (35)
(siZ+ P2

where. S and P carry the same indices as a.

Associated production experiments have shown an 'up—(-io'wn asymmetry

in/\decay (as mentioned on p. 73) but not in T decay. T However in nuclear

emulsion many K~ have been brought to rest and captured from atomic orblts

according to the reaction K + p »' =* + 1r+., The Z and m tracks are in

general not collinear for at least two reasons; first, the proton p is in
motion in the nucleus second, the Z may be scattered before it leaves the

nuclc/e\us ‘Thus one:=can define a ''production plane' and its normal,

A A .
n -’Z Now consider the decay £ — N + w', and classify it "up" if -

4 A7 + +
;ﬂ, n>o0. The present data are: Z‘,+->p + ’ITO, 48 up and 69 down; Z = n + w ,.
67 up and 88 down. . In the first process there seems to be an effect.

If T invariance holds, the quantities S-'i, P"i, etc. have determined

phases as before (compare Eq. (33)). The relevant phase shifts at the
energy of X decay are given in Table V along with the clorresponding ones
for the /\—decay energy. Even at the higher energy the phase shifts are
small enough so that in a'roughvapproximation all S and P amplitudes are

real.

T

have used negative pion beams, and that m + p can yield = + K but not

It should be remembered that most of the associated productmnexperlments

Z "+ K. - We conclude that the asymmetry is small in the case of =", and

that we must look elsewhere for information on the two decay modes of Z+.

8 This possible source of polarized Z's was pointed out to us by R. Gatto
and R. D. Tripp and by M.. Ceccarelli {(private communications). The data

have been supplied by many emulsion groups.
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5.7. The |AT| = 1/2 rule in =* decay

We shall now examine the restrictions imposed on the experimental

quantltles by the proposed selection rule IAI | = 1/2 . We employ-the
"spurion'' notation of Wentzel, (see 3.8). ,
In Z:—+ N + w, the value of I decreases by 1/2; we cansay that a
spurion with I = 1/2, I . = -1/2 is absorbed by Z or £, whichhas I =1 and
"‘IZ: +1 or -1 respectively, to glve T+ N, which can have I = 3/2or.1=1/2.
- We then have the following Clebsch-Gordan coefficients:

I=1/2 o 1‘=3/2'
(s) and P)  (Sjand Pj)
=t Spurion - —g— _ o | E-_
= +Spurion 0 - | 11 -

In our treatment of hyperon decays so far we have defined, for each
1sotop1c spin state, a pair of amphtudes S and P corresponding to the two
values of orb1fcal angular momentum. . Here we shall find it more convenient
to define for the I="1/2 state, say, a vector 1—\I>1 with components S1 and
'.P1 along orthogonal "'s'" and.''p" axesv(see Fig. 6). In this notation the rule

IAI[ 1/2 g1ves us the restr1ct1on

)’N 3 » . (35a).
as we can see from the Clebsch-Gordan coefficients above. There is no ‘
‘ restriction on N 1+~ We define analogous vectors ﬁS, 1_\I>+, and ﬁ_, where
as usual the subscript refers to the charge of the emitted pion and where
we have dropped the redundant superscript giving the charge of .. From
Table IV we can then write , _ »
MUHER N g T

1
- T2 2w |
N:-E \; N, I - B P (36)

. (35a) states F 3

iﬁ’ 1% = R (35a)

and by 1nspect10n we can write the identity.
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T N P- axis.

MU-13639

Fig. 5. mTriangl.e representing the restrictions impoéed on X decay
' by the |AI] =1/2 rule.
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=* decay
R 4N =R 37
v o + _ (37)
In other words, if the rule IA—I”I = 1/2 is valid the three vectors ‘{’2_—17\’10, -ﬁ_,

and —1\’1_ must form a triangle as shown in Fig. 5. We assume at this point
CP or T invariance and neglect the w-N phase shifts, so that our ""vectors"
are real. Table II shows that fhe experimeﬁtal rates are all equal {(within
about 10%), therefore let us take ‘II?_I = ]ﬁol = .I_Nb+|. We see that the
sides in our triangle must be in the ratio/?:l:l-. Such a,-(450, 450, 900)'
triangle of course can be constructed, and therefore the |AT) = 1/2 rule
is consistent with the> rates of the three Zi"decays.:

In Fig. 5 We have drawn ﬁ_ at'an unknown angle v_ with the s axix,
indicating that we have so far put no restrictions on P_/S_ =tanv .

We can now \fvlr'ite the asymmetry coefficients a _, a and a, {Eq. (35))
in terms of the three known sides of the triangle and of the unknown P'_/S_ ratio.

We note that the expré_ssion for a_ can be re-written in terms of the angle v _:

@« =sin2v . . (38)

We can see by iﬁspection that the'anglés of ﬁo and N:_ in s-p space
are v =v_* 45° and v, =V, +90°, _(The‘:t signs arise because the
triangle could equally well have been drawn reflected about ﬁ_'). Asymmetry
expressions like Eq. (38) obviously apply for all three modes of decay, so

that we have

e
I

= sin 2(v _+ 45°) = x cos 2v (39)

a, ‘sin 2(v_ :tv900) = - sin 2v . ' (39a)

Equations (38,), (39), and (39a) give us all three asymmetries in terms of the
. . o} o .

angle v_. For example, if v_ is near 0~ or near 90" (pure s or p wave in

the X decay), then a_ and-a, are small and-d;o is maximal. {(Such a set

+
of conditions could describe the data presented below Eq. (35), if they
were taken seriously.) There is no value of v_for which all three a'can

be small.
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5.8. The decay of =, .

Very little is known about the = pé.rtik:le‘. If pionic decay really
predominates here, too, then there is only one principal mode . of decay

~—

for each charge state: the known process = -7 + A  and the
hypothetical process = ° =+ 1%+ A. o
 If the rule IAYI = 1/2‘ applies, then the rate of pionic decay of =~

is twice that of =°.

)

As mentioned earlier, it is important to know: whether the decay
into w+ N with - |AS| = 2 is really forbidden.
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6. K-MESON DECAY
6.1. The spin of the K meson = -

jTheife is considerable evidence 1n favor.of spin z=»ero for the K meson.
First of all there are two-indications that the spin is even:

{a)' The spectrum of the decay K' = ot + 77 + 77 seems to be in-
.consistent with odd spin, although quite consistent with spin zero or two
(see 6.5).

(b) A neutral mode of decay of K(l) has been discovered that is
probably . K‘lj-» w° + n°. 39 Since the neutral pions are 1dent1cal bosons,
this would rule out odd sp1n
Then there are three arguments for spin 0 rather than ;, 4, etc.:

(a)  If the spin were 4 or greater, it would seem that the decay of
K(I) should be delayed by centrifugal barrier effects and should not. proceed
-with a typical hyperonic lifetime of about 10 -10 second. - Even spin 2 seems
unhkely for this reason. .

(b) - For any spin greater than zero, Dalitz has estimated that the
decay K+ —> 11+ + y should compete rather favorably with other modes. 40
-Experiment however, indicates that not more than a few percent of K
if any, decay-in this way. .For a spinless K meson, of course, the decay v
into 'rr+- + .y is strictly forbidden, since it is then a 0% 0 transition. '

(c} Finally, there is the argument based on the absence of anisotropy

in the decay of K" meson beams.

ofs

TBarring accidents, we expect some polarization in aK+ beam if the spin is
‘greater than zero. If there is polarization then there must be anisotropy in
the decay K+ - 1r+ + w° (and if the K has a spin >2 also for the mode

K - p + v). In general the decay K —~ p +v should not only be anisotropic,

but should also exhibit an up-down asymmetry with respect to the plane of

production of K. About one thousand decays of stopped "KL."' mesons have

been analyzed to detect asymmetry or anisdtropy of the emitted charged

particle _.(K+ decays which exhibit a single fast track are called "K_'"'; nearly

: L
2/3 of the secondary tracks are from K - pn + v, 1/4 from K~ 7 + ‘7.) Since

K - 7 + w can exhibit anisotropy but not asymmetry, it cannot wash out an

asymmetry of the K = p + v mode - The 1000 KL decays show evidence for.

neither asymmetry nor anlsotropy Six hundred decays of K = 3w are also

41, 42
isotropic.
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6.2. Modes of decay of K mesons

In Table VI we list the decay modes and branchmg ratios for K* K )
and K , as far as they are known at present. Table VII gives the momenta
and energies of the decay products. _ : ¥

The most rapid decay is Ktl)-f_.b 2w with a rate of .e.i'_»'ound‘lolo i)er sec.
No competing process has been detected with certainty in the case of Kcl)

In the case of KCZ), the decay into two pions seems to be rare or lacking.
((_L'_P invariance would forbid it altogether, as we saw in 3.9.) The lifetime
is 'correspohdihgly much longer, and vthe much slower processes K = 3.
and K — leptons + m, are observed. ‘

In the decay of K the 21-r mode is somehow’ 1nh1b1ted ‘the rate of
2w decay is smaller than in the case of Kl by a factor of around 500. As in
Kg decay, the mode 37w and.th_e mode leptons + 7 have a chance to compete.
For the charged K, however, an additional leptonic mode is available,

K* -~ pu* + v (with no ‘ITO). This is, in fact, the most frequent mode of
disintegration of the charged K. As we mentioned in 4.9, the analogous
decays vKi - ei_ + v are rare or absent. Experiments on K+ stopping in
emulsion with the emission of e indicate that the ratio (e+ + V)/(}.L+ +v) is
probably less than 1%, and could be zero. |

In 4.8 we mentioned that no decays by neutrino-pair emission are
known (except for the ambiguous case of }; decay) but that they might exist,
so far as we know. Presurhably the'best test of neutrino-pair emission
 would be the hypothet1cal decay K - Tl'+ + v + v. Experiments to date rule
out a branchmg ratio of more than a few percent for this process. If it |
can be shown with much greater accuracy that this process is absent, our

.speculation > that neutrino pair emission never occurs.would be supported.



Table VI

‘Branching ratios and decay rates in K decay

K'Y decay mode

Ko decay mode

Idrentified. ' .
: : * Branching *
Branching ratio Decay rate ratio Decay rate
(%) (number/sec) . (%) (number/sec)
. 4 0 | e eSSt e 86+ 6 0.9 x 100
(6" »nm + 25.6; 1.7 | 20.9 x 10 Kllo?ﬂo + -“q-‘(a) 1416 0.15x 10_10
| - hoo 1.05x 1010
. + + - . o : 6 . - : .
(1Y o7 +7 +7 5.66+ 0.30 4.62x 10 ' -y
A - = , 0 + - 0 ~ 5
+,. 0.0 o 6 YT +7 +7T1~30 ~3x-10° {c)
(") =7  +7 +w 1.70 % 0.32 1.38x 10 _ " . -
(Kuz)"l-l++ v 58.8 x 2.0 48.0 x '106' no analdgué
(Kﬁ) ~et s v+ ™ (b) 4.19% 0.42 3.4Zx‘1.06 - Kg - et tv i ’,’-'P ~30 ~3x 106_.(‘c)
(Kp3)-> u+ +v + w0 4.0 £0.77 3.26-x 106' | K(Z-’ - p* v+ T’+ ~30 ~3x "10°‘_ (e)
100 - 81.6 x10° | 100 ~10x 16° (c)
Missing (perhaps rigorously forb;ddén) ~F§rbidden . . I‘{‘orbidden
because: - : _because:
K" -t hy <10 Cspintess k| Kgewtew | < G2 snvariance
» ‘ . SR 0 . <10 spinizss
Kl, P + v ._ o mEEE
Kt viven® (1.0 \ Néutr_ino pair K(l) GV - <10 spinless K
: ‘emission -’ : ' :
Kt~ -p.+ +e + rtete <0.01 ‘p-e pair ' K(l) > e 4 p+ . <5 - e pair
" emission s , i ermssmn

Missing (rare but perhaps allowed)

+

Ki-—* e +v

Kt ot

<1.0

K

0—»
, 2

kit +1r0+u F v,

etc.

* , etc.

1

.

W
)
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(Notes for Table VI)

Analogous 1dent1f1ed modes of decay of K" and KO are shown on the same horizontal line. The
symbols (8), (1), etc., are older names used to descrlbe the 2w, 3w, et'c. decay modes of the K |
| » The branchmg ratios of the K are a we1ghted average of the data of the Berkeley and Dublin
emulsion groups [G. Alexander, R.H. W. Johnston, C. O'Ceallaigh, private communication (also to
be published in Nuovo cimento); and Birge, Perkins, Peterson, Stork, and Whitehead, Nuovo.cimento 4,
834 (1956)]. For the 1 and 7' ‘we have also included the following branching fractions, 7, (5.1 = 0.3)%;
74, (1.5 £ 0.2)% supplied by Harris, Orear, and Taylor (private communication). \ |

The branChing ratio for the K? have been determined by the Steinberger propane chamber group
studying associated production of strange particles by m~ [Plano, Samios, Schwartz, Steinberger,
Nuovo cimento V, 1170 (1957)]. They find that < 2% of K(l) undergo 3-body decay with charged
particles. ' ‘ ' ’

The qualitative data on the Kg have been given by the Columbia cloud c-hamber group [ Lande,
Lederman, and Chinowsky, Phys. Rev. 105, 1925 (1957)], '

-$g-

The decay rates are based on the mean lives in Table 1.

(a) This mode has not been def1n1te1y identified as K — 2110, it is known only that some gammas are
associated with the decay. Nevertheless the assiganment K — ZTTO is suggested by the energy
spectrum of these gammas and is otherwise very plausible (see Sect. 6.5). .

(b} The 1TO has not yet been identified, but is sugges‘ted-by the presence of the analogous charged
m's seen in K0 decay. Dalitz pairs have not yet been seen in association with K+ - e+ + v +1r0;

they have been identified in association with K - p,+ + v+ TT (and with K+ -t TI‘O + n_Q).

(c) There is a large uncertalnty in this rate (see Table I} .

66Le-TUDN
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Table VII
'Kinematics of Meson Decays
Decay | . Momentum, | Total energy Available
4 ' ' > kinetic
moce . P cw =T+ mc energy,
‘ : Q
(Mev/c)a - (Mev)a (Mev) -
e (mass =0.510976 Mev) stable stable stable
pn (mass=105.70+0.06 Mev) . v . _ .
praefrver p™ =52.85 | wP=-5285 105.19
3 — -
~w (mass=139.63+0.06 Mev) : n ,
rrepEx | p =29.81 Wp -109.82. |  33.93
Tro'(mass =135.0440.16 Mev) : .
11’0.-> vty p =67.52 Wy = 67.52 ‘ 135.04
'K (mass =494.0+0.2 Mev) |
+ 0 . - ' '
K1TZ_ =1 +7 o p =205.3 .W1T+:248'25 ‘ 219.33 |
K o~ 4 tn pP=125.5 w®=187.8 75.11.
T o : m _ m ,
S P =133.1 w®=192.9 |
+,0,0 o T
' p;no: 132.3 .w;%=189.0
+ | o moE
K, =0 +v , p =235.7 w, =258.3 388.3
| | ' ph=2ls2 | wi=239.8 |
Kp3—>p++ L | ~ |V 253.26
m_ m _
p“.n_—2715,3 w‘n_o—254.1
, p=228.5 wi=228.5 -
+.0 - e v e _
KH3—>e +w +v _ ' ' ] 358.45
™m_ m _
Py =228.5 w 0= 265.4
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Table VII cont'd

Kinematics of Meson Decays (cont'd)

Decay Momentum, “Total energy, | Available
' o ' o kinetic
mode _ 2
P w =T +.mc energy
B - . Q
: _(Mev/c)a v ’(Mevv)a ' (Mev) -
K, ~eh4y DO p= 247.0 W 4= 247.0 ' 493,49
e2 ' observed : oo e ’ ’
K —-a 4y . Dot p= 2272 W 4= 266.1 354,37
TY ‘ observed ™ ’ )

Ko(maSS =493 x5 'Me.v-)

K p=  203.1 . w = 246.5 213.7
0, 0 - " '
-m +m p = 206.2 w = 246.5 222.9
—F - m = ' ,
-+t Pyt = 128.4 w?i = 189.7 .| . 78.7
. p;n= 213.2 wf = 238.0
»pi+1r+:!: v ' ] v - 247.7
m _ v m _
pr = 2132 w? = 254.9
PP = 226.6 w = 266.2
- - ™ : o
-+e +w x v , . 352.9
pl = 226.6 w = 226.7
e | e

%The momentum and total energy are given in the rest frame of the decaying
particle. In three-body decays, the maximum momentum and energy possible
for each of the products is given, as indicated by the superscript m.
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6.3. The modes K - 2w

We have seen that the rate of: K1 - 2mis- !y:r‘_c;c?_m‘paz"able to those of
hyperon decays . For K this mode is absent (or nearly so), but that can
be _explained ‘either by CP invariance’ or posmblv otherwise (see Appendlx
©A).. We therefore must deal with the fact that K decays into two plons
about 1/500 as fast as Kl.v Let us apply the proposed isotopic spin
selection rule 'IA_IPI“= 1/2.

'~ The rule requires that the final state differ in .i'sc:to.pic spin from
the origihal one by 1/2. Since the initial state has-I = 1/2, the final one
" must have I'= 0 or 1. After the decay of a Spicless K particle, the two
pions are in an s state. Since they obey Bose-Einstein statistics, the
.complete wave function must be symmetfic; thus th_e isotopic spin function
| must by symmetric When We combine two unit isotopic spins-in a
symmetrlcal way we get I=0orl "‘ 2. Here cnly I =0 is permitted.
‘Thus, to the extent that' charge mdependence is rigorous apart from the
weak coupling; and to the extent that the weak coupling obeys the rule
IAEI’I = 1/2, we have:
N (a) K+"is forbidden to decay into two pions (clearly 1r+ + w° cannot
have I =0, since I, ‘+l) ’ | : '

‘ (b) In the decay K1 - 2w the branching ratio is that characteristic

of I = 0; the fraction f of decays into neutral pions is 1/3.

) » Now, experlmentauy, the first'result is nearly true; the decay
K+ - n+ + 70 is practically forbidden, and the |AI|= vl/Z_rul.e has given an
'expianatibn;of the fact. - However, the-decay'vdoes_ occur, albeit slowly, and
therefore we must look for corrections to the rule, either from electro-
) 'magnetm v101at10ns of charge 1ndependence or from a shght failure of the
‘rule in the Weak 1nteract1on itself. '
. The second result is that

K? - 27"
f= :
o]

Kl - 2T

is 1/3; this is in disagreement with the present experimental value of

0.14 % 0.06. 39 This discrepancy is .discussed in 6.4.
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6.4. Validity of the rule IAII =1/2

Let us summarize the evidence on the rule IAII = 1/2 We have

seen in Section 5 that the rule is in agreement with hyperon results so far,
and scores a success in predicting the branching ratio of /\décay. In 6.5
we shall see that it is not far from agreement with results on the decay ‘
K - 3m.- We have just noted that, apart from requiring a small correction,
it explains the slowness of K+ - -rr+ + Tro.Bu’t&Ebranching ratio in K(l) decay
appears to requife a larger correction. ' | |
It is certainly worth while, therefore, to discuss the possibility that
the | ATl = 1/2 rule is approximately correct. In order to get a nonzero
rate of decay for K g + + m° we must put in some contribution from
| AT) = 3/2 and {or) IAII 5/2 - Say we introduce these with ,compléx
amphtudes €3 and. €5 respectwely relat1ve to that for IAII 1/2. Then. the
ratio I'* / r°  of the decay rates K" = 27 and K1 - 27 and the fraction f

of K1 ‘that give Zw are given by the relatmm

.P.+ ) _
— = s instead of 0,
r 1+ leg+ 55--21., |
2
1 |l - J'Z(e3 + 65')'|:'<'~. ) :
f= 5 © . instead of 1/3.

1+|€3+€5|

If CP invariance holds,‘ then €, and €5 have the same phase 52 - 50,
where 51 is the s-wave pion-pion phase shift in the state with i_sotopic
spin I at the énergy of the final two-pion system. This phase shift is, of
‘course, unknown at present '
_ Let us put [’ /[’O = 1/500 as 1nd1cated by the exper1ments Then
if we use only e, (admixture of | AT] =3/2 only) 2 the fraction f must
lie between 0.28 and 0.38, which is still in disagreement with 0.14 + 0.06.
If we use both €, and €5 then we can fit f = 0.14 with €3 = 12% and -
€5 = = 11% or with €; = 6% and 55 = 17%. Similarly we can fit f = 0.20
with. €3 % 9% and €5 = 6% or with- €; = 3% and € = 12%. "Making the

parameters € complex will, in general, requlre them to be still larger

in magnitude.
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Can such . large corrections come from'e‘lectrcmag‘_netic violations
of charge independence? It seems unlikely, since electromagnetic effects
'are of the order of the fine-structure constant, and, ‘m'ov'reover, attemi)ts
to- estimate them theoretically for this problem have not given anomalously
large answers. ' . : : _
We are lecl then, to say that the ISTEE 1/2 rule may be approxi-

mately valid, but 1‘f so it seems to be approximate for the weak interactions

- themselves, with correctmns of the order of 5% or 10%; i.e., it is hard .
to blame the electromagnetm field for these corrections.
6.5. The decajr K+ ~ ﬁ+ + 1T+ + 7

The 3n mode of'decay of K has been most extensively studied 'in'

the case K - 1r+ +- 1r+ + w , which accounts for only some 5% of all K
decays, but is spectacular in photographm emulsmn, cloud chambers, or
bubble chambers. ' ‘ _
The distribution in energy and angle of the emitted pions has been
carefully 1nvest1gated and is notable for having prov1ded together with the
decay K - 11+ + w°, the first evidence that parity is not conserved by the
weak 1nteract1ohs. The 37 mode shows a distribution (see below)
characteristic of even apgular momentum. and odd parity for the final state

(0~ for a spinless K). -In the 2w mode, the final state cannot have odd parity

if it has .even angular momentum; for a spinless K the state of the two
p10ns is, of course, 0O v N
There was the suggestmn that two K-mesms mlght be mvolved one
with even parﬁty called the 6 and one with odd par1ty called the 7, and that
these were degenerate because of a new kind of symmetry. 43 The discovery
of nonconservation of par1ty has made such a. comphcatlon unnecessary |
The analysis of the '7'" events K -~ 31 has been carried out by
.i:he ‘me’thod of Daliti 44 The Q value is 75. llf»Mev, shared among the three
pions wh1ch we may roughly assume to be nonrelativistic in the rest
system of K Let the kinetic energies of the two 'rr+ and the m~ be called
T, '
described by two independent variables, for which Dalitz chose .
x = r(T - TZ)/Q and y 5'(3T - Q)/Q' 'With this choice of coOrdinates,
explaxned more fully in Append1x Cand F 1gs 6 -ard 7, x2+y2 runs between . -
0 and 1 and the |

TZ" T3, respectively, with T1-+T'2 + T3 = Q.:v A decay event is then.
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element of volume in phase space is just proportional to dx dy. * Thus if we
plot individual events inside the unit circle in the x-y plane the den51ty of |
events as a functlon of x and y is proportional to IMI , the square of the
decay: ;matrix'element Begause the two 1r+.are identical M is an even
functmn of x and thus the circle can be folded across the y axis to form a
semicircle. The Dalitz plot of "'"7' events to date appears.in Fig. 6. Each
event is a dot inside the semicircle. - Relativistic effects slightly distort
the senhi_circle into the dashed curve. _ _ v
Figure 6 shows that the population of events is fé.irly uniform.
Proceeding naively, we may simply conclude that the matrix element M is
.practica.lly a constant, independent of the pion momenta, so that the three
pions are essentially in an ever-all sv-statevwi_th.a totally symmetric wave
function. The sp1n of K must then be zero.  In fact, we accept these con-
clusions, although they are not rigorous consequences of the data in Fig. 6.
That.the K spin is-even, however, we may now show with considerable
confidence Just on the basis oﬁ the Dalitz plot V
~ The spin S of the K meson is equal to the sum of the two inde-
pendent angular momenta f and L defmed as follows: the two 1r+
revolve about the1r mutual center of mass with orbital angular’ momentum
T, while the Z-rr system and the m revolve around the three -body center
of mass with orbital angular momentum L. We have S =7 + L where £, of
course, ist even. S1mu1taneous e1genstates of 2 and LZ may be described
by the syrhbol (L, £).. We want to show that amplitudes of the ~type (0, £) are
.present, sothat S =4 + 0 is even.’ ' '
We must assume that the K particle has some reasonable ""radius"
R and consider m  of such low ener"gy T,= ﬁzkg/Zm“ that we have
k;Rs 1. For'T3
L >0 the existence of a centr1fuga1 barr1er would make |M|“ approach

zero as (k R) 2L for small k. R wh1ch corresponds to the bottom of the

< 10 Mev, we need only assume R <b5h/m_c. Then for

semicircle in.Fig. 6. But the uniform population of dots in th1s region

shows46 'that{ an appreciable part of the matrix element does not tend to

sk - . C
A similar statement can be made in the relativistic case. The proof is

given in Appendix. C.
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MU-14116

Fig. 6. Dalitz plot of the distribution of pion energies in the "7"
decay Kt - 1'r1+ + ,“'2+ + w3~. If the problem is treated non-
relativistically the semicircle represents the boundary of
the region allowed by conservation of momentum. Relativistic
treatment gives the dashed curve. "The 219 events (from
Berkeley, Columbia, and MIT) were compiled by J. Orear,

G. Harris, and S. Taylor, Phys. Rev. 102, 1676 (1956).
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Zero for small k3R and must correspond to L = 0 - We cannot, h_OWever,
exclude the presence of some L >0. In any case S is.even. . (Furthermore,
the parity is -1 for any L = 0 configuration of the three pseu_dosca_laripions.)

A_Inspection of the upper corner of the semicircle, where the relative
‘momentum of the two ﬁ+_is Verj’t small, shows in a similar way that there
is a large amplitude with £ = 0. '

- These arguments do not exclude the possibility of spin 2, with a
. Wave function for the pions composed largely of (0, 2) and (2,0). However,
we have seen in 6.1 that there are strong arguments for a K epin of zero,
and we shall continue the d1scuss1on on that basis.

With.S = 0, the plon wave function is composed of (0,0) (2, 2), etc.

(Note that the par1_ty of each of these configurations is -1.) For any
reasonable radius R, we‘may: expect centrifu‘ga‘l barrier effects to suppress
2,2) y (4.4) et'c-‘. S relative to (0,0). Moreover, the matrix
.element corresponding to (0, 0) should be a‘constant- plus terms of order
(kR), 2 where k is the wave number of any of the pions. All of this is
perfectly consistent with the appearance of Fig. 6. In fact, we can try
expanding the matrix element-M in a power series in x and y; note that
odd terms in x must be absent because of the identity of the two »1r+, A
~ good fit to the data, obtained from a plot given by Dalitz, R3 is obtained
with | | | |
| Moeltpy  (40)

The term 1 is of course totally symmetric in the three pions, while the
term 1—0 y is not We can thus obtain a rough estimate, useful in 6.6, of
the fraction of X2 decays into nonsymmetric -states of the three pions. We
square the amplitude M and average the resultmg intensity over the semi-
circle.  Since the average of y 1s 1/4, the nonsymmetric term '}'O vy

contributes a fraction 1/4 (1/10) = .1/400 of the total intensity.

*We have assumed a real coefficient of y in our empirical formula(40)for
M. - With CP invariance the phaee of the coefficient is specified, but
unfortunately in terms of unknown phase shifts of the final three- -pion
system. F1tt1ng the data with a complex coeff1c1ent of y m1ght increase

- somewhat our estimate. of the nonsymmetrlc fract1on
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6.6 Charge dependence of the decay K = +.3m; the neutral 37 mode

Theré is another charge’ state of three pions into which K’ can
‘decay: at + 2n° . Let us try to predict the ratio of these two modes by
means of the |Al| = 1/2 rule. The isotopic spin of K is 1/2; therefore in
the final state we could have I= 1 or I =0, " However, in the decay of K+’ '
the final state has IZ = +1, end thus only I = 1 is possible. Now, there .
are two ways 6f combining three unit isotopic spins to make I = 1, just
as there are two Way‘s cf constructing a vector trilinear in three vectors
a,b, andc. One of these (corresponding to ; bc'+a‘cb +b- c-:.;) gives
- an isotopic spin function totally symmetric in the three pions. Since the
pions are ‘bosons, this must be associated with a matrix element totally
symmetric in the pion mommenta, like the constant term in Eq. (40). The
other kind of 1sotop1c spin function is not totally symmetrlc (and corresponds
to a vector like a x [b x ¢ D). It is associated with a nonsymmetric matrix
element like the term 1-0 y in Eq. (40). Since the first kind of term seems
to predom1nate in the decay, we can, as a good approximation, use the
totally stfnetric’isotopic spin function. . The ratio of the squa.re_s of the
matrix elements IM('{\;++ Z'rro) | 2':"]M( T+ 21r+)l 2 is then uniquesly determined
to be 1:4. One must remember however that the ratio of Q values for the
two p‘roces"sevs is 84 Mev: 75 Mev and so the phase space ratio turns out to
be 1.3:1. (assuming a spinless K)6o. The predicted branching ratio is then
1‘ 3:4 = 0.325. This is perfectly consistent with the exper1mental ratio
{"‘ ,/F‘ = 0.3:% 0.06 (see Table VI).

. Let us now turn to the "'7' decays of neutral K mesons. If CP.
invariance holds, we can draw strong conclusions about the decay of K1
and K into 31\' - We have seen in 6.5 that there is no 0 ‘state of 3m; with -
a spmless K, therefore, the final 3w system has P = -1. There are two
charge states: 31° and wt o+ o+ . Now 7° is well known to be even
under charge conjugation (for example, it decays to 2y), and thus a state
of any number .of 11'0 mesons has.C = +1.  We see, then that the final 3w°
system has CP= -1 and is a possible decay product of K but not of Kl
if CP is conserved. » _ o

For: 'rr+ + 1r + "o" we cannot conclude that C = ¥1 and CP= -1
without some knowledge- of the wave functlon But to the extent that the

+ ‘
matrix element is symmetric in® and w , the conclusion does hold.
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decay K — 3m; the neutral :
31 mode .

Now, for charged T decay we have seen that the matrix element is
practically a constant and that the fraction of decays into totally symmetric
pion states is probably >99%. If we make the reasonable assumption that

the neutral T decays behave the same way, then we can say that the rate

of Kl - ';r+ + 7" +7° is at most 1/100 as rapid as that of K2 I e
Moreover, the lifetime of K(I) is at most 1/300 of that of Kg, and therefore
the fraction of K(l) decays into xt + 17+ 7° should be no more than 3 x 10" %
of the corresponding fraction for K

Experimentally, the fract1on of K2 decays into 3w is quite apprec1ab1e

(see Table VI). - We can calculate the rates of these decays if we assume

the validity of the | AT} = 1/2 rule and the practically total symmetry of
the 3w wave function. The result is that the total rate of Kg -~ 37 should
equal the total rate of Kkt - 37 (6 x 106/s,ec in Table VI), while the ratio’

K9 = 37°/KS = n' + "+ n° should be 3/2.

6.7. The decay K* - pi:t v

The large branching ratio for K® - p. + v makes poss1b1e an

experiment on asymmetry in the K=>p - e chaln analogous to the
experlment for the m = u — e chain descr1bed in 4.5,

o If K is spinless and if the longitudinal the'ory of the neutrino and .
conservation of leptons a.re both correct, then the two chains.must behave
exactly alike. The forward-backwardvasymmetry and the polarizatiens of
* _t. and e must be identical for K—»u = e and T u —+e, As me?ntion‘ed
in: 4:5; this is: borne ‘out by expehment 57 i '

The rate of the decay K - |J. + v and the rarlty or absence of
Kf=efzv have been d1scussed in 4.9, . o

Aésuming, as. in the tetrahedron scheme, that vv and pi e+ pair
em1ss1on can never occur, we see that the purely leptonic decay of K has

no neutral counterpart.



295 . - UCRL-3799

6.8. The modes K - w_+ leptons; spectra

A The decays of K mesons into. w + leptons have been referred to .
brlefly toward the end of 4.9. We remarked that they are’ _1nduced by,
different interactions fr_om th_ose‘that. lead to Kiv_—» leptons alone. For
e:;am_ple, for a.ps_,eudoscalar ;{, the couplings we have labeled .S, V, and T
are respensible for decay into w + leptons, while P and A can .induce pure
leptonic decay. .In--Eq. (25) we have given a somewhat special définition of -
‘these couplings,:employing the tetrahedron scheme end forming S, for
example, by coupling }I,(i-y5):v to - pA. More generally, in order to form
S for the muon and neutrino, we might couple ;I'(l—'ys)v to other scalar .
field operators with the same strangeness properties as p /\, but let us
continue to use:Eqv,A (25) to fix our ideas. For the electron and neutrino,
of .course, we ha&e similar definitions of. the couplings with ﬁ(l-yB)v
replaced by e(l- y5)v, etc.

A complete discussion of the decays K-> m+ leptons involves 18
amplitudes. We must distinguish: '

(a) the e'l__ectrbn and muon, , -

(b) _the tiire'e different processes Ki»no + ei + v.,v K‘l) *fr+'+ et v,
and Kg —>'ﬂ+'+ éi.:!: v (likewise for the muon), and

{c) the three types of interaction: S, V, and T for a pseudoscalar
Kor P, A, and T for a scalar K. '

The product of 2x 3 x 3 is 18.

Consideration (a). The relation between electron and muon. couphngs
is unknown. The rates of decay into = + ei £ v and w+ p + v seem to
be about équal for both charged and neutral K mesons (see Table VI), but
we have no idéa whether the couplings are identical in form for electron and
muon. " | o _ |

‘Consideration.(b). If the lifetime of Kg is around 107 sec, then the
rates of K* — w+ leptons aniK)Z—». m + leptons are co'm.parable (see Table VI);
however, the present limits on the Kg lifetime are rather far apart (see
~Table I). The process Kcl) = m + leptons has not yet been established. If
its rate is comparable with that of Kg — 7 + leptons, that still corresponds
to a very small fraction of K? decays (£ 0.1%). Assuming that both K?

and.Kg give w + "lepfons with similar rates, wé must disc_:uss those rare-
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events in which neutral K mesons decay into w - leptons after < 10

-10

. ’ . 0 0 . .
sec in terms of interference between K1 and K This phenomenon is -

. treated theoretically in 6.9, but has not been oéserved .
Consideration (c). Let us consider a part1cu1ar decay, say
'K - ‘IT:F +e* +* v, and compare the effects of various couphngs "For
51mp11C1ty we take the K pseudoscalar and use S V, and T. (The same'
consequences would hold for a scalar K if we used P, A and T ) Also
.we neglect the electron mass. o '
Following Pa1s and Tre1man, 48 we may 1ntroduce three effectlve

couphng parameters b bV’ and b correspond1ng to the three 1nteract10ns.

Assuming CP 1nvar1ansce and neglectlng tiny Coulomb effects in the final
state, we can take these parameters to be real. In pr1nc1p1e the b’s mayA
depend on the p1on total energy w; however, if the decays really proceed
through baryon ant1baryon loops th1s dependence is probably rather weak.
Let p(w) equal the p1on momentum and x(w) equal p(w /(m w); let 6 be the -
angle between e and 1'r Then the dlstr1but10n of decays per unit energy

and unit sol1d angle is proportmnal to

2,2, .2 S . - |
(1-x7) (mk-—w) > 2 g - pr 2
T P bV x sin” 6 + S(1 +x cos 6)+ —— (x + cos 6)
(1 +x cos 6) Pk

(41)

(Here and in the rest of the sect1on, we put h=c=1.)

An analys1s by use of this formula of a large number of three body decays '
should permit the 1dent1f1cat1on of the couphngs involved. The longitudinal
neutrino theory predicts that the electrons correspondlng to the V term are
100% long1tud1na11y polarized in one sense, and those correspond1ng to the
S, T term 100% polarized in the opposite sense. Using conservation of
leptons and a right-handed neutrino, we ‘sée that the V interaction g.iye"s :
right-polarized eiéctrohs and Ieft—polariZed'positrons, as in B decay,.

M decay, etc. o | |

| ~ The analogue of Eq. (41) for the muon case is more complicated'

1t 1s g1ven in Ref 48 There is long1tud1na1 polar1zat10n of the muons also,
aga1n sl1ght1y more comphcated because of the finite muon mass. This |

polar1zat1on can be detected by means of the asymmetry of e decay
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If CP invariance holds, there should be no appreciable transverse

muon polarization, i.e., perpendieular 'to the plane of the K decay: (See
Appendix A.)

6.9. Interference phenomenon in K decay

‘We have referred in 6.8 to the poss1b111ty that both K1 and K decay

’F + .
into m +e v and’ w:F + |.L +v. Ina ”fresh” beam of neutral K _

mesons (see 3.9), out of which the K1 _component has not yet largely
decayed, a small fraction (perhaps ~0.1%) of the decay products will be’
™+ leptons. These events will arise from interference of Ko and KO 49
(In a*!'stale" beam, of course, the decays into m + leptons are to be '

attributed to KS alone. )

For 51r121p1101ty let us treat a definite model of the 1nterference,
nafhe'ly that supplled _by the tetrahedron scheme, in wh1ch K= 1"+ e+_'+ v
.and? ->w+ + ecv + v are allowed, but Ko - 'rr+ +e + '1_: and I—{_a-* ™ 4'-e_++ v
a;re'f.ofbiddeh, and likewise for the muon. - (See 4.8y, _ |

“We must recall the 'relatio.nvs',‘v given in 3,29, between Ko, Ko: ztnd. '
3:1: =)
k%)= L ") K? > |K2 > )

Let Fl and FZ stand for the reciprocal 11fet1mes of Kl and Kg

are their masses, which are pfesumed to _differ by some-

respectively,

while ml' and m

2 . o
‘thlng like 10 -1 Mev. We may then write the state of a neutral K meson as

1m1t ‘='"F1¢t/2 -im,t é"f‘zt/Z '

,gp(t)> allK e +b1 ,K 2 e 20, (43)

Suppose we, are deahng w1th a beam that 1n1t1a11y is pure K®, i. e., has

pure st;_-angeness +1. Then we have a; = b1 =~ and »
' C-imgt =T t/2 S simot -Tot/2
.~ | R | 1 o\ - 2 2 .
|;E(t)>-r‘1< > e +;'K2>e e SN2
o The quant1tyl <K l@(t) >| W1ll now glve the fraction of ihe
or1g1na1 KO remaining in the beam after t1me 't, while ]<K l J(t) I gives

the fractmn of the or1g1nal K° turned into K The sum._ of these fractions
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keeps.decreasing with increasing t as mesons decay. We have

v ‘ -3 LiPt/2 imot. =Pt o
(x® »[.g(t)>|2 =] Se S AN 1t/% +3 e ,lmzt o2 /2 | £ (45)
énd | |

. 2 )y dmpt -Pt/2 ) -imot -T,t/2 )2 ~
‘<KO‘ L_|J(t)>l ,=\ > e e e e J . (46)

. Let us now impose the condition implied by the tetrahedron scheme,v
- b + . .
that K® - m + leptons and K0 - m + leptons are allowed, with a common

rate V¥, (cbmfnon because of g_P invariance), while K® = n + leptbns and

K® - ,n.+ + leptons are forbidden. Then the number of leptonic decays per.

second per original K° in the beam is

> » . )
L- =T, KKO‘I @»(t)'>“ : " for w + leptons and
RIS Vahare W\ 2 + :
_AL+ = Pl KKO ]‘_Uj(t) >‘ | - forw 1eptons, )
Using Eqs. (45) and (46), we obtain,
L.= = - . é + e +. 2e ——>—— COs (m_l a@Z)t (o (47)
m, [ emyt Tt SO AT S
Lt = T‘e. {e 1 + e Zv - 2e _.__12.__2 cos '(ml-mz)t , (48)
L : T, [ =Pt i . T
L ;L++L_;—2—jz{e 1»+e__2}, o (49)

| Equation (49) is perfectly straightfor\ivardn Both K? and Kg- can
decay into leptons at the same rate Ty initially we have 50% of each, but
each decays out according to its own lifetime.
v The equations for L and L+' separately are rather pecu}iar, however;
L_ starts out-at "[’1 and then decreases, while L, starts out at 0 and then increases

at first. If ! ml—mzl is 2 ’I‘!, a sfi‘iking oséillatio_n phenomenon sets in,

with a frequency corresponding to the very small mass difference. I_fl ml —m.2|

‘is too small, the oscillations are badly't:iamped and would be hard to detect.

H‘_mlamz‘ is much lafg_e‘r than ’I‘l', the oséillatiohs'are 'v'ery rapid compared

with the time of tra:i/ersal of experimental apparatus and may be difficult to

detect. If it should turn out, ‘though, that 1 m.l ~m and T,‘l are comparable,

2|

then a measurement could be made of a mass difference ~10" - Mev.
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. Appendix A

Possible- Nomnvarlance under CP and T

It may still turn out that se_par.ate .inva‘ri_ance nnder CP and .'I_"f fails
for the weak couplings. We have pointed out in 2.5 that an absolute
definition of right and left and of matter and antimatter would then be
possible. Moreover, as we discussed in 2.6, the _'phases of transition-
matrix elements in weak processes would not be theoretically determined.
~ But despite its unattractiveness, noninvariance under CP and T is a
| perfectly tenable hypothesis; present experimental evidence doves not really

d1st1ngmsh between. 1nvar1ance and noninvariance. - |

. The well-known equahty of mass and lifetime for particle-anti-
particle pa1rs like TT#, p‘v , etc. is guaranteed by C_Ii’_I‘ invariance alone
{2.50) and is thus not evidence for CP invariance:. The remarkable
behavior of Kcl) and_I\{g, which we have explained in the text on the basis of
CP invariance, has been discussed by Lee, Oehme, and Yang50 on the
“assumption that this -prin_ciple fails. They show that without the invariance
princip’le one may arrive at a rather similar ‘picture of'K? and Kg, ‘and that
experimental data so far are consistent with either situation.

In a specific field- theoretic model of the weak couplings, like the
theory of four-fermion interactions treated in Section 4, CP zor T
invariance is equ1va1ent to the (relative) reality of the coupling parameters

C, D, E, etc. In the text we have written all the formulas for rates,
longitudinal polarizations, and angular distributions in weak decays on the
assumptlon that these coeff1c1ents are real. To obtain the correspondmg
vformulas in the case of nonmvarlance under CP we must replace CS2 by
IC 50a

SI s SCT by 2 ReC CT’ etc. , apart from certam correctlons

These correctmns are introduced by interactions among the decay

products, for exampie the ‘Coulomb force in B decay, and they vanish for
cases hke v * e + v + v, where there are no (apprecxable) f1nal state

mteractmns They take the form of terms in Im C T'CA"Im CSCT’ etc.

wh1ch are zero if CP invariance holds.

Let us consider, for 1nstance, the formula for the asymmetry
parameter a 1in the decay of Co60 (see 2. 5 and 4.3) under the assumptlon
.that both T and A 1nteract1ons are present and that the neutrino is right-
handed

—
.

-

-k
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2 _ 2 . L ¥
[C, 17 -1C] | - 2Im CLC,
g

a = V_,

e N R . * . -
NG +;|cT;2+zf§_Re(cAcT) 137E |c | +:|c |+——R CCr

(A1)

'“The term in Im (C CA)(Dm:urs only in the Coulomb correction.

Now, there is a class of measurable quantities that follow the

reverse pattern: the 1ead1ng term is proportional to Im CSCT’ say, while

., only the correction due to final-state interactions involves Re C C , etc.

S
Such quantities, unlike the ones prevmusly con51dered are odd under the

reversal of time. 50b

We note that momenta i:,; and angular momenta T or 3 change sign '
under time reversal. The asymmetry parameter a of Eq (A-1) multiplies
<T . ; in an angular distribution; such a term is evidently even under T.
Similarly the lengitudinal polarization of electrons is the eoefficient of
el I_;, -again even under I . To obtain a scalar or pseudoscalar that is Qiq
uﬁder'z, we'must'use at least three momenta and (or) angular momenta,
for example-g . ;1 X.;;Z“ In the decay of polarized neutrons, ;1 may

- .
stand for the electron momentum and p 2 for the proton momentum.
Experiments are in progress to measure this angular correlation

between the spin direction and the plane of decay of polarized neutrons.

. . 3 ° L - - o .
The coefficient y of o_- P, X pp is proportional to

% £
1”5’7‘13 Re(C4C, - €y C

vCr! (A2)

Im(C5Cp -Gy C,) -
if the neutrino is longitudinal. , ‘ N

. The contrast between Eq. (A2) for a time-odd q_uantity and Eq. (Al)
for a time-even quantity is what we have stressed. The measurement of a
time-odd quantity can provide a clear-cut test of tifneareversal inwariance.
Consider the measurement of y in heutron,decay. Whether the nuclear
B-decay coupling is S, T or-V, A, there must be a large effect if I
invariapce is violated appreciably in § decay. I T invariance holds, there

should be no effect, or at most a tiny Coulomb term.
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A s1milar experiment is p_ossible involving the dec‘ay
‘KZ - 11'+ + p. + v, hamely a search for a correlation O‘p' p x p i where
Of|~L is measured by the asymmetry of # > edecay. I T 1nvar1ance holds,
there can be no such transverse muon polarlzatlon, except through.a
Coulomb, effect. Longitudinal polarization of the muons is expected,

however (see 6.8), and can be detected in the same experiment.

&
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Appendix. B

Polarization and Asymmetry; Symmetric Alignment and Anisotropy

‘We wish to'discuss and contrast two different sorts of spin alignments

of particles produced in a strong, parity-conserving reaction such as

m+p > N+ K. : - (B1)
We assume the target protons are unpolarized and call the ® and /]rnomenta

p1 and’ p 2 respectively.

B.1 Polarization and.''up-down' asymmetry

FirSt we take up polarization, by which we mean a nonzero expectation
T

_value of the /\sp1n along the direction n = p,x p > normal to the production

plane containing p1 and p2 Our reason for picking the particular direction
n and ignoring all others stems from considerations of parity. When we
measure the polarization p (6) we are actually measuring <<~J'-"p1 x ;2> .

ThlS expressmn is P -invariant, but no other combmatmn of 0 with

,pl and p , can be found that is P-invariant.

Since the target protons were originally unpolarized, the /\cannot be
polarized unless the interaction is capable of distinguishing between spin

up and spin down by means of some spin-dependent operator like L-0. Thus

'if Reaction (Bl) takes place so close to threshold that it proceeds over-

-whelmingly through s wave, there can be no polarization. More precisely,

polarization takes place through the interference between two partial waves.

Let us next consider the decay of a polarized particle. If the decay

proceeds through two states of opposite parity (thus violating conservation
of P), then we may expect the decay products to exhibit an "up-down"

asymmetry with respect to the production plane.

B.2 Symmetric alignment and ''polar vs. equatofial“ anisotropy
For particles with spin > 1/2 the spin can still be aligned even in

the absence of polarization: we may call this 'symmetric alignment, "

meaning "'symmetric about the prodution pkme"' As an example we discuss 7
production at 0‘0 or 180° by Reaction (Bl). Let us assume that K is spinless
(like the ﬁ') and choose the z axis along thekb’e_am direction. The symmetric
alignment is introduced by the fact that a particle can have no component of
orbital angular mbmeptum along its direction of motion, i.e. L, = 0 both

before and after collision. For unpolarized target protons the two spin:
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states SZ =+ 1/2 are equally probab_.le'; and the same must then apply for A.

Now if A had spin > 1/2 this restriction to S,.= + 1/2 would mean that §
ténded to be perpendicular to the z axis. Thus, as Adair has pointed out, 51
we would have a beam of /A'with their spins aligned symetrically fore and
aft with respect to the z axis. , '
7 The angular distribution of decay products from such aii_g_r_lgi* A\

must exhibit a' (fore-aft) symmetry with‘.re,spect to' the z axis (i.e., must .
contain no odd terms in cos ), but it will in general be anisotropic in a
''polar vs. equator1a1" sense (i.e., will contain terms in cos” 6, _etc ). |
For 1nstance, suppose that 7\ has spin 3/2 and is produced at 0p or 180

It is then easy to show that_the angular dlstr‘1but10n of its -de_cay :1s
4o /dQ & 1/3 +cos® 6. - (B2)

Another reaction that will ’y‘leld the same symm'etr'ic ani's.otr"opy is ©
the absorption of K from an atom1c s- state of hydrogen accordmg to

o K +ps A+e® ey
Since we have LZ = 'L = 0 in the initial state th1s example is entlrely '
equ1valent to the one already d1scus sed and the d1str1but1on of the angle
of decay is glven by Eq. (BZ)

B.3 General Remarks S

| _ ‘ For spin- 1/2 part1c1es al1gnment necessarlly means polar1zat1on, |
symmetr1c alignment' is mean1ngless In the decay of spin- 1/2 particles

the only pos31ble dev1at1on from 1sotropy is an up-down asymmetry result1ng

from polar1zat1on in production, followed by lack of par1ty conservation in

the decay : ' ‘

For particles with sp1n >1/2 we have so far contrasted polar1zat1on
with symmetr1c spin alignment. Of course in general when two or more
partial waves 1nterfere in a react1on we expect both polar1zat10n and
symmetric alignment. v .

B.4 Hyperon Spins: Associated Production _

Adair has recommended the use of reaction (Bl) and.Eq; (B2) as
a test of the \spin (or of the = spin if we use a reaction like
W ¥ p = =* + K'). "Of course one cannot in practice restrict oneself to A

or Z produced exactly at 0?‘ or 180°; however; as Adair suggests, the effect

=
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should not wash out very much if we restrict ourselves to angles within

1/L a radians of the forward and backward directions, where Loax is

the largest important orbital angular momentum in the f1nal state - Even

- far away from the forward and backward directions, we may expect some

polar-vs-equatorial amsotropy in the distribution of the decay angle if the
hyperon has sp'in >1/2. At production angles comparable to or large
compared with 1/L <’ however, the effect could accidentally vanish or
be small, whereas near 0° or 1_80 it must exist in full strength.

The present experimental situation is that less than 1000 hyperon
decays have been observed following associated production, and only a few
tens of these satisfy Adair's condition. Neither the uﬁselected events nor
those satisfying Adair's condition permit any useful conclus1on about the
spin of /A or Z; however, there is another reaction, Eq. (B3) which we .
now discuss.

B.5. Hyperon spins: K capture from rest

Bubble chamber and emulsion groups have reported the decay of
nearly 500 Aand Z from reactions like B3. ~~. Table BI shows that the
numbers of polar and equatorial decays are almost equal. If we know that
the (sp1nless) K~ cascaded down all the way to an atomic s-state before
capture this near isotropy would surely establish that both /Aand T have
spin 1/2. - We are not sure, however that capture from P states is’

unimportant, and therefore it can be said only that the data are consistent

- with spin 1/2 but also with spin 3/2‘,
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Table BI o , v

~Polar vs equatorial decays of A and £ from K~ cé‘p't'ux;é.s at rest

: 'npolar/ntotal
S a) 31 _
A from K + P 5g T 0.53 + .06 v
=*from K™ + P % | T819=. 0.55 .04
=* from K +emulsion ) 237= 0.5+ .024
n__,__includes those events with | cos 6] > % For an isotropic
polar »

distribution of decays, n

1
k polar/ntotal should be 3. _

a) Alvarez et al. UCRL-3775 (195‘-7) and Nuovo cimento 5 1026 (1957).

b) Compilation of all emulsion data available from all laboratories
(= 90% 2+, 10% =7) compiled by G. Snow for the Seventh Rochester

Conference.
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Appendix C.
The Decay K = 3w: Dalitz's triangte:w representation; density of states.

C.l Dalitz's choice of coordinates.

Dalitz's representation takes advantage of the fact that if a point a
is plotted inside an equilateral triangle (see Fig. 7)Vand if from it perpendic-
ulars of length 'Tl’ TZ’ T3 are dropped to its three sides, then the sum
T1 + T2 +.’I’3 of these lengths 'is_ eqp.a’l to the height Q of the triangle. If the
pions are treated nonrelativistically, it can be shown that the momentum
condition p; +p, +p3 = 0 forces the point o to lie within the inscribed
circle. Inspection of the figure gives the Cartesian coordinates x and y-

in terms of the kinetic energies T; the normahzatmn is chosen so that the

circle has unit radius (0 < x2 + y2‘< 1).

C.2 Den51ty of States in'7T. Decay

A familiar expression for the decay rate r‘ for K - 37 is

_ 2w 2 2
I T fa¥p f o “pp | a’p, 6 (2 p;) 8(myc’- z wi_).|R| . (€1

where R is the transition matrix element, p is the momentum of the ith

" pion, and w. its total energy. The normahzatnin volume is Q. Because of

‘the constraints on energy ‘and momentum and the angular symmetries of the

problém, the matrix element R depends on only two variables, which we

may choose to be Wy and Wo e Thus we may write

F_ ff aw dW, |R(W, Wz) L pW W), . (c2)
_ (2w ﬁ) S
_where
c _ 3 3 3 e ar 2
p(Wl’WZ) - fff d pl d pZ d P3 6(2 pi)é(mKC 'Ewi) 5(W1‘W1)6(W2'W2)-
| o (C3)
Now we can reduce Eq. {C3) to the simple form
: 8 . 2
PIW), Wy = = W W,W, (W3 =mpec™ - W, - W,), (C4)
c

by proceeding as follows: _
We 1ntegrate out the momentum p 3 and all angles except the

angle 6 between p lA and- p > obtaining
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Fig.‘ 7. Dalitz triangular construction for the distribution of
; : : ' Nt _ : + + +
pion energies in the '7' decay K - w7 + m" + w3'.
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: 2 2 . e, 2
p(W, WZ) = [ 4wp, dp, [ 2m pZ'dPZ' Jd(cos G)G(ch -zwi)a(yl_—wl)a(wz-wz).

‘ | . (C5)

Now we can-put

: 2 2.2 2 2 .2 " 22

wg = (cp3) + (m c”) =_(cp1) +(Cp2) +2c PP, cos 6 + (m“c ) .(}C6)

and, taking the differential of both sides with Py and p2 f1xed we find

2w3 dw, = 2¢ plpzd(cos 6). . . ' (C7)
wi dwy ‘ '
Using (C7) and the relation p; dpi = >— , we have, in place of Eq (CS),
c
_ o 81 ;
pAW s WZ)— —% fffwldw1 W, dw‘2 wadw, G(Wl-Wl)ﬁ,(WZ*WZ)é(w?)«Wg),
C . .

(C8)
which immediately gives (C4). '

It is convenient to factor out of the R-matrix element the product

7

that comes from the creation of three pions. We are then left with the

Feynman matrix element M = R/ , N, which is a world scalar. 5-3_ In the

_nonrelativistic limit, N'is a constant and M and R are simply proportional.

- Relativistically, :it is |M |Z that is proportional to the population of dots

in the ‘Dalitz plot, as we now show.
We use (C2), (C4), and the definition of M to obtain

2T 172 ' QZ .
c (2111"1) '
We see 1mmed1ately that if dw, de is the element of area in the Dalitz plot,
then the den51ty of dots is proportional to |M| We must show that

dx dycf dw dwzg where x and y are the Dalitz coordinates of Figs. 6 and

7. Clearly dwldw = 4T dTZ,‘ since w, = T, + m“cz. But x and y are
related to T, and T by a 11near transformatlon with constant Jacob1an and

s0 dx dyocd'r dT,.
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~ Hypernuclei .
Nuclear matter can bind A\ to form systems stable for a time

comparable with the /A mean life. . Such systems are well known and are
.called hypernuclei or hypérfragments. This topic has béeﬁ treated = - ’ 3.
thoroughly by Dalitz in his forthcoming review. R3 Experimental data have
recently beéh sufveyed by Levi-Setti, Siafer, and .Telégdi. 54 v 7 _ o

‘Mesonic vs nonmesonic decay

In the decay of a bound Awe have two corhp’feting processes:

the mesonic decay, for example the mode

- . Lo . \’V Tr .
N —>p+m real at a rate r real | (D1)
(IP gy o | =998 Mev/c),

and the nonmesonic mode. These competing rates can be compared most
conveniently by assuming a simple model in which the nonmesonic mode

arises principally from the 'internal conversion' of a virtual w, for

example
A T rm ,
/\ ‘ pl * ﬂ 1rt’ Tvirt * Py 1y rate virtual \(DZ)
(lpVlrt .| = 1P | = 380 Mev/c).

The momentum involved is estimated by dividing the available energy
between two nucleons. ' ’

Just as in the case of the inter}ll_|a1 conversion of a nuclear y ray, the
: virt '

: r\rea.l
the orbital angular ‘momentum carried by the (real or v1rtua1) pion. Using

internal-conversion coefficient Q = is a very sensitive function of

the simple model mentioned above, and assuming the pions have angular
momentum 2, Ruderman and KarplusSS'have' shown that Q, is proportional

to the relative p‘robabi.lity of penetrating an angular momenta barrier, i.e.,

oz -e, @ e, /e, )t me Dy x5t oy e

v1rt

Q( -) is proportional to the density of protons near the Ain a- 4

(-)

many complications such as the Pauli exclusion principle and self-absorption

nucleus of charge Z. In heavy nuc1e1 Qo (Z) must also be corrected for

of real . w~ before théy escape from the nucleus. The subscrlpt (- ) means

-we.consider only the decay mode ip_ + 7 (real or virtual).
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Cols. III and’ v convert the data into an experlmental estimate of Q(
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Column II of Table DI g1ves data obtained w1th nuclear emulsion and

-)

Column V gives the Ruderman-Karplus estimate of Qé ). We see that the

‘experimental Q( ") agrees W1th the theoretical Q( ) (i.e., for £ = 0), and

d1sagrees badly w1thQ( -) if: £ > 0 (Eq. D3). Even though Ruderman and
(-, e

Karplus state that their éalculatmn of Qg is reliable only yvithin a factor
of three, the argument for at least some de'cay amplitude through £ = 0,
and therefore the evidence for S/\"i 1/2, is impressive.

Let us next try to get quantitative (and less reliable) information
from the data, namely to estimate x; = ISE/PBIZ, where S and P= are

the relative amplitudes of s and p wave in the decay A - p + 7 as defined

by Eq.- (27). Equation (D3) generalizes, in the case of mixed s and p waves,

to - ) 1+15x | . |
: o | | Q | =1..1 ._1_—.+x_ -/ - ' ,(D4)

CIf \::ve_ took this eQuat'ion and the data pe'.rfectly seriously we Wbuld |
find x_ < 1/7. If we assume that the va.'l.ue-QO = 1.1 is uncertain by no more
than a factor of three and also allow for the experimental uncerta'in_ty, we .
still find x_ < 1/2. Despite the uncertainties the argument gﬁr show that
the p-wave channel is not dominant. Of course if x_is as large as 1/2,
IP_’/SQI‘. is 1/ ﬁ, and the asymmetry parameter a_ of Eq. (32) can be

nearly unity.

. . ) : . . 4 . - . 5
Note Added Sept. 1956, After this Appendix was written, it was :shown

that there is a large asymmetry in /\decay, and consequently cons1derab1e
1.
parlty violation. Specifically" Pa/Sm must be > 1/3 and x_ IP /S / Z 1o



Appendix D RS B § P - UCRIs’1799

- Table DI -
Ratios of-nonmesonic to mesonic decays of hyperfragments :
[ im- o m v \4
HYperfr'agment non T —mesomc nor_lmesonic Q( )Estlmated Thebretic.a.l
B " s -mesomc ‘ Awh—mesoni_c from data : Q(_)
Hyd_vrogenv _ 0o 10 - 0‘_.: 0
| 3 6 ¥ 0
Helium . 18 16 11
. o e = 7= 1.5 ,1'1
Lithium T 31 31 20 Lo o
z>3 ] 140 140 93 _
: —— —~ = 46 50.0

56

Column II is observed 'directly" when hyperfragments decay in emulsion.
To calculate Q(-_)pne must go through two steps. Firstvwe obtaih the non-
‘mesonic decays listed in CobLIII from the non-n -mesonic decays listed in
Col. II by adding the est_imate"dv number of decays in which an unseen ﬁ6
escap'{ed. Then one must fnﬁltiply the numerators by 2/3 to correct for the
fact fhat about 1/3 of the: nonmesonic decays result from conversion of
v1rtua1 ne_utﬁl pions (see. Table II) (We assume that the probability for a
7° to be absorbed by either protons or neutrons equals the probablhty for
T to be absorbed by protons only). The purpose of the quotation marks
~around the word "directly is to emphasize the considerable uncerta1nt1es
1ntroduced by scann1ng bias and by exper1menta1 amb1gu1t1es arising from
the fact that it is relat1ve1y easy to 1dent1fy mesonic decays, whereas
nonmesonic decays can look like 'rr' captures, nuclear interactions, etc.

(-)

'Column IV gives the calculated Q of Ruderman and Ka.rplus.5

4
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