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ABSTRACT

An attempt was msde to obtain some indication theoretically
as to the tensor character of the heavy and the light mesons
observed in cosmic reys. For this purpose the two-meson
hypothesis of Bethe and Marshak was accepted. The heavy
meson which interacts with nucleons was assumed to be either
a scelar, a vector, or a pseudoscalar field in agreement
with nuclear force theories. The light meson was assumed to
be either a scalsr, a pseudoscalar, or a spin 3 field in
agreement with the evidence on meson burst production. The
associated secondary neutral particle was assumed to have
the same tensor character as the light meson. Conservation
of spin and statistics limited consideration to seven mixed
fields. For each of these fields the decaytime of the heavy
meson into the light meson and the lifetime of the light
meson for nuclear capture was computed., Using the most
recent values of the masses of the heavy and light mesons,
the decaytime of the heavy meson is<¥(scalarsspin 3)~

I

1.29x10-8sec., Y(pseudoscalarsspin 3)~1.94x107“sec.,
Y(vector-spin %)~l.88x10‘85ec., Y(vectorspseudoscelar or
scalar)v6.31x10-7sec., «(scalarspseudoscalor or scalar)~
1.97x10“85ec.. These vealues are to be compared with the
experimental value of 10-Ssec.,. In view of the zero mass of
the neutral secondary particle which makes it possible to
identify it with a neutrino and the ease of nuclear production
of the heavy meson, the indication is that the heavy anc 1light

mesons are scalar and spin 3 fields, respectively.
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I INTRODUCTION

Recently two very striking difficulties with the theory
of the meson were brought to light. The first was found by
Conversi, Pancini, and Piccioni<l) and verified more quanti-
tatively by other experimenters.(g) This work consisted of
an investigation of the decay of mesons stopped by various
materials, It was found that negative mesons which stopped
in heavy material such as iron did not spontaneously decay
indicating that these mesons were captured by the nuclei of
the stopping material. On the other hand, negative mesons
which stopped invlight materials such as carbon seemed to
decay as freguently as not. This result was in sharp
contrast to the predicted results that mesons are captured
by nuclei with a lifetime of the order 10-18 seconds(g)
gnd in further contradiction with the ease of production of
mesons in cosmic rays.(=) With regard to this result Fermi,
Teller, and Weisskopf(5) investigated the time for a slow
negative meson to be stopped in matter and to be captured
into the K-orbit of the atoms of the material. The time
computed was sbout 10-18 seconds, which time is far too
short to account for any part of the decaying negative mesons,

The second difficulty arose from the observations of
Lattes, Muirheed, Occhialini, and PowellCG) on cosmic-ray
mesons., These observations were masde with the zid of
specially prepared photographic emulsions which were exposed
to the cosmic rays. A study was made on tThe behavior of

mesons which stopped in the emulsion, It was observed that
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stopped mesons could be divided into essentially two
categories, those which produced secondary phenomenz and
those which did not. The latter mesons could be interpreted
as principally positive mesors which after stopping were
prevented by the Coulomb field of the nuclei from inter-
acting with them(7> and hence these mesons sponteneously
decayed into light particle products which were not aetectable
by the photographic emulsion, On the other hand the secondary
phenomena of the stopped mesons were of two kinds. The mést
numerous such process was the stopping of the meson being
accompanied by the emission of heavy particles and sters.,
This indicated that these vwere negative mesons which vere
captured by the nuclei of the emuision and thereby caused
nuclear disintegrations. However, the second such process
consisted of the stopping of the meson being accompenied by
the emission of another meson. It wes suggested that the
appearance of this secondary meson could be attributed to the
nuclear capture of z negative meson with the subsequent
emission of a positive meson from the nucleus, The change of
the atomic number of the nucleus by two would then account
for the energy of the secondary aecson., An investigation into
this possibility was made by Frank(g) with the negetive
result that no nucleus present in the emulsion would relesce
sufficient energy when its atomic number changed by two in
order to account for the energy of the secondary meson,
Msrshak and Bethe(g) and independently Lattes, Nuirhead,

Occhialini, end Powell proposed that the phenomena observed
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in the experiments on meson capture by nuclei and on mesons
which stop in photographic emulsions could be explained if
one assumed the existence of two kinds of mesons., The basic
concepts of this two-meson hypothesis sre: (1) one meson is
heavier than the other; (2) the heavy meson can spontaneously
decay into the light meson with the emission of a light or
uncharged particle; (&) the heavy meson interacts strongly
with nuclei; and (4) the light meson is to be identified with
the sea level cosmic-ray meson, Properties (&) and (4) offer
an explanation of the snomalous nuclear capture of mesons
found by Conversi. On the other hand, properties (1) and

(2) give the interpretation of the process observed by
Lattes, Muirhead, Occhislini, and Powell as being simply the
sponteneous decay of the heavy meson into the light one,

The above assumptions have been substantiated by further
results obtained from the artificial production of mesons
with the Berkeley cyclotronlO)

We shall assume here that the two-meson hypothesis is a
true picture of the experimental findings and then investigate
more guantitatively the nature of the two kinds of mesons,
This will be done by comparing the experimentel lifetimes for
the nuclear capture of a light meson and for the spontaneous
decay of the heavy meson with these same guantities calculated

on the basis of specific models for the meson fields,



IT DETAILED NATURE OF THE TWO-MESON FIFLD

The two-meson field has associated with it two processes
unijue to the assumed structure of the field., The first
is the decay of the TW-meson” into a p-meson with the
simaltaneous emission of a third particle (or perhaps more
than just one particle). The second is the capture of the
p-meson by a nucleon, The first process immediately raises
the cuestion as to the charazcter of the third particle.
From the fact that it was undetected in the photographic
emulsions indicates that it must be & charged particle with
mass considerably less than the mass of the meson, a photon,
or & neutrel particle. The possibility that it is a light
charged particle may be discredited for the following reasons.,
To conserve charge in the decay process we would have to as-
sume that either one of the particles involveda in the decay
had two electron charges associated with it or there was
actually more then one sdditional particle azccompanying the
decay. The former possibility demsnds the introduction of a
particle as yet unobserved; the lstter slternative is incon-
sistent with the experimental results obtained in the photo-
graphic emulsions which indicated a unigque energy for the
created;»—meson. The gssumption of a decay photon is contra-
dicted by the absence of photons in the capture of the

p-meson, as will be discussed later, Then the only alternative

% It has become customsry to call the hesvy meson a K-meson
and the light meson a pw-meson. This terminology will be
used here,
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is that the decay process is accompanied by & neutral
particle-thus

T — )Lt*-)LO
Measurements by Lattes, Bishop, and Gardner(ll) show the
mass of the W-meson to be about 283 times the electron mass.,
Fretter and Brode,(lz) on the other hand, tind a mass of 2182
times the electron mass for the p-meson, Using conservation
of energy and momentum, one finds for the mass of the neutral

perticle

L\ SRR
- {10 - ) - ST O o+ e TR
where my is the mass of neutral particle,
mh is the mass of W-meson,
my i1s the mass of m-meson,
me is the mass of electron,
E1 1s the kinetic energy of)u—meson
created by the decay.
From the range measurements in the photographic emulsions it
was found that E1® 3.8 Mevglg) Thus one has mp 4 29 mg.
With regard to the lifetime of the W-meson for decay into
a w-meson one has the result of the work on the artificially
produced mesons at Berkeley(l*) which indicates a time
slightly greater than 10-8 seconds. |
Considering the capture of the;a—meson by a nucleus, we
have the results of Fermi, Teller, and Weisskopf which indicate
that this process most probably tekes place when the
p-meson is in the K-orbit of the capturing nucleus. 5Since

according to the structure of the two-meson field the
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)x—meson is not directly coupled to nucleons, orne can only
account for the capture by means of a intermedizste-state
process., The process of capture is thus assumed to occur
by mesns of one of possibly three reactions:

(i) m-meson-¥)TN-meson (virtual) + Neutrzl particle
K-meson (virtusl) + Proton —> Neutron

(ii) Proton->)W-meson (virtual) + Neutron
K-meson (virtual) + p-mescny—Neutral perticle

(iii) p-meson + Proton —» Neutral meson + Neutron¥

The choice of these methods of capture lies in the fact that
they are immediate conseguences of the assumed coupling scheme
of the two-meson field. Any other cagture processes would
heave to be considered in addition to the above rather than as
alternatives (provided, of course, the Bethe-Msrshak hypothe-
ses are preserved). Thus the above capture scheme represents
the simplest possible choice congsistent with our basic as-
sumptions, This process of capture is moreover consistent
with the experimental results which indicste that the nuclear
cazpture of the p-meson is predominantly unaccompenied by the
emission of heavy perticles or stars or anv other observable
process{1®) Since, in the capture process, the nucleus

would receive the entire rest energy of the p-meson, it

would be consistent with the absence of stars only if we
assume that a secondery particle is emitted in the}x—meson
capture., Investigations on the nature of this particle seem

conclusively to exclude the possibility that it is a photon(le)

*The direct transition may be present as a result of the
coupling of the fields but will be second order in the
coupling constants as are (i) ana (ii) in anslogy to @-decay
theory,
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Thus simplicity of form and minimization of the number of
hypotheses favors the above capture process. Several
investigators have measured the lifetime for nuclear capture
of thelypmesonfg) This was done indirectly by measuring

the spontaneous decay of the négative p-meson and comparing
it with the positive p-meson., The lifetime of nuclesar
capture is found to depend strongly on the stomic number of
the nucleus being zbout equal to the probability of free

decay for Z = 1o,



Theoretical considerations give five possibilities for

s

FORMULATION OF THE

Ld

MIXED FIELD

@

meson field, two spin 1 fields (vector and pseudovector),

two spin 0 fields (scalar and pseudoscalar), and one spin &

field (Dirac).

The choice of the field to describe the

T-meson is mede under the assumption that the TN-meson is

to account for nuclear forces.

Since the only reasonably

successful nuclear force fields srise from a scslsr meson

field, 2 pseudoscalar meson field, a vector meson field,

TABLE 1. Mixed Fields
N-Meson M -Meson Neutral Particle
Vector Spin & Spin 3
Scalar Spin % Spin %
Pseudoscalar Spin = gpin &
Vector Scelar Scelar
Vector
Pseudovector
Pseudoscalar
Scalar Scalar Scalar
Vector
Pseudovector
Pseudoscelar Scalear Pseudoscaler
Vector
Pseudovector
Vector Pseudoscalar Scalar
Vector
Pseudovector
Pseudoscalar
Scalar Pseudoscalar Vector
Pseudovector
Pseudoscalar
Pseudoscalar Pseudoscslar Vector

Scalar
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or a mixture of these three, we shall assume that the W-meson
is one of these, For the field to fepresent the p-meson we
shell assume either a spin ¢4 or a spin 0 field as these seem
to agree best with the calculations of Christy and Kusaks(17)
on bursts produced by mesons, The field to represent the
neutral particle is limited by conservation of spin and
statistics in the decay and capture processes and by the
requirement of a relativistically invariant interaction be-
tween the three particles which we shall assume does not de-
pend on second or higher derivetives of the field potentials.
Table 1., gives the possibilities for the mixed field, Te
shall here make the arbitrary assumption that the g -meson
and the neutral particle are the same kind of field. Using
the notation introduced by KemmerﬁlB) we have for the
Lagrangian densities of the scalar, vector, and pseudoscalar

fields:
Lscalar =-hew(gg + 7L*J‘X\ (1)

Lvector = -hew (Q: Q‘x"" \/?.7:‘&@7-%) (2)

i

* 13 ] ¥ @ 4%
-~ CK.(\/beWQ *"/m)tnus,\[\ \ (3)
and of the Dirac field:

Lpirec =-he (\\)* {.\‘»&» + K-&\\)\ (4)
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The mixing of these fields is in general not unigue, that is,
there may be seversl interaction terms possible in a given
field. The prescription uséd to fix on the interactions is
that they shall involve to a minimum extent velocity dependent
forces. As an example, in the scalar-scaler™ field we have
the four possible invariant interactions:
(a) @*(N) () L(neutral)
(b) Q*(T) AW ¥ (neutral)
(¢) X&(m) K (M) K (neutral)
(@) RF § (W W(neutral)
-We decide in favor of (&) only as it contains no velocity
dependence as 1s present s & result of the ),factors in (b),
(e}, and {(d).

With the above restrictions, the choice of interaction
Lagrangian densities 1is taken to be:

(a) Vector-spin %

L, =“’¥\CK¢K £ ik t ‘\'CQ\ &\:QK\:{&'\/‘L‘ i \,-\—Qc\

(b) Scalar-spin 3

Ll= e \{s(ﬁ\z,»s““‘ o« Q..Q-\ —’C\,c\&é(?,_\r;“‘ 7(:*1- Q.Q\

(c) Pseudoscslar-spin 3

2

QRS welds ¥
o™ _&Q\ﬂ?(%é% «et % Q) x‘ﬁ\'\?( 522 §*@“X t QQ)

#The designation of the mixed field is made by specifiying
first the charzcter of the heavy particle and then that of the
light and neutral particles,
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(d) Vector-Scalar

L Mk A c\&m\ % Qe K@y +e .c\ ekl ke ® N\Q“: y c..c..\

(e) Seular-Scalsar (19)

5= ~thaw, (3.; Qs Q Qe + )

(f) Vector-Pseudoscalar

*

L o &\QKAKOQG‘/B t“)(misé{i By C,Q\—x\q,\\&ﬂ— SIGQ:Q&M%% Q?"W)

(g) Scalar-Pseudoscelar

L1 = “\QK;(%JVZ}\ Kewers f“ F + Q'Q'\ (5)

where K=%§; the subscripts s, v, p stand for scalar, vector,
and pseudoscalar, respectively, and refer to the charucter of
the X-meson. The subscripts ¢ and n are used to distinguish
between the charged p-meson and neutral particle., The
quantities »S“T“, ar , x\,\@"‘\,tl@ , and §«¥§\s sre the
covaeriant Dirac interactions between the spin érr—meson and
the neutrsl spin 3 particle., It has been observed by
Nelson(go) and by Dyson<21) that the interaction gz 1s equiva-
lent to fz. Also it may be shown that the interaction gg is
the ssme as fo. Moreover, an integration by parts shows that
the interactions g4 and gg are equivalent to fy and fg,
respectively. Only in the ertor—spin 5 field are the f1-
and gj;- interactions independZnt. Hence, we shall assume for
the following that fo=gz=L;=g5=0.

Finally, the interaction Lagrangian densities of the

K-meson with the nucleons may be written as:
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Ee® g s s = - &\cv\é (3\-5 m"“Qs"’-\-Q,Q) —'V\Q\ﬂsksswf‘\ :: c_c) (8)
_ Wy uedd (N 2 '

L'pseudoscalar = ~ )‘\Q\’\eK’Le\/m§ s o *C.C\‘x«ﬁ\\e(ﬁe‘/etm Q" e (7)

L'vector =—%en m,w:”é}ﬁ**c.cﬁ - &\Q\*v('bw\/z.“}f@)(t@*ﬂ'cs\.) (8)

%

The Hamiltonian functions for the mixed fields are derived
from the Lagrangians of equations (1) to (8) by the usual
method. 1In only vector-scalar and vector-pseudoscalar cases
is any difference from the standard canonical procedure
found. This arises in the elimination of §, from the vector
Hemiltonian, One uses for this purpose the eguation of motion

of ®,, nuamely,

S oL
3R, Ba‘i‘ag%\

V)

This equation, however, besides containing a term in &, alone
contains terms in the product of &, with the potentials of the
. -meson and neutrsl particle fields, Fortunately these latter
terms ere second order in the coupling constants of the -meson
with the p-mesons snd hence may be neglected. Further, it
follows immedistely from the Hamiltonian functions that the

two fields containing the pseudoscalar light particles are
identical with the corresponding two fields containing the
scalar light particles. Thus the interaction Hamiltonian

densities for the mixed fields &sre, in vector notation:

() W= e d B0 BB R (TR - 250l



T %

AT

3 @5&1*—&\,@1—(‘,-\— Y i ‘Yt\]‘?,‘ +LL )S

o Ca Fw-+, G- %~ Y &F ol W )
+ EFEE @+ Y, T N ey
hon {7 LTI E =T v g, FonEs ) vedd
(0) W= thewd T 395 0 o g 20+ ek
e g T ves
() Wy ey B BB naed | R vy
hew JUR LG e we v e\
(@) Hy == Ao B0 Duswr- e G- 4 &8 o)
Fo B T e B B e
*"\Q\\mig.&'/&v%ﬂ: Yo Q7 +V«MN5+T»\-QBJ\VM\\):X * C-C-\
o B m g, + ek
(&) Hy= R e A s ey, veey

B ‘\Q'KSSK%S ‘\‘: Y. Wa * CC \ (9)
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In these expressions the numericsl subscript on H corresponds
to the mixed fields of equation (5), ¥, and Ny are the
isotopic spins, and §a anc Q“ are the nucleon weve functions.
Delta function interactions between nucleons snd between
mesons are not included. The tilde over the Dirac wave
functions irndicates the charge conjugate solution.<2k) The
Majorana—aacah(gg) representation of the neutrsl spin %
perticle is used here with the representation in which

C = -‘L“L% e
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IV LIFETIME OF THE W-MESON

Accoraing to the usual guantum mechanicel perturbation
formulse we have that the probebility per second for the
decay of the W-meson is

e =BT IR RENY (10)
where Hpp is the Hamiltonian matrix element connecting the
initial state A with the final state F, 2= |Hpp|* means the
summation of |Hyp|? over the spins of the final particles,
end Q(%y) is the density of final states per unit energy
and volume evzluated at the energy E, of the final state. V
is the volume of the hohlraum. By integrating Wuse over
811 possible relative directions of the j-meson and neutrsl
particle, we obtzin the lifetime of the W-meson, nzmely:

%F = g)”qkﬂ
aS (11)
The density of states Q(Eo) is the same for &ll the mixed

fields and is given by

RIE) = gy R }X%. dSL.

A straightforward calculation gives

RE)= s e ﬂ"- o) L:\%“ | (12)

And if we take proper coordinates for the W-meson, Eg
becomes the rest energy of the W-meson,
We now substitute the plane wave expansions for the

particle wave functions into the Hamiltonian matrix elements
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for this transition, simplify and use proper coordinates
for the M-meson. Substituting the result of this calcula-
tion together with eguation (1) into equation (11),

then find the following values for the proper lifetime of

the W-meson (Appendices 1 to 7):

RS
( ) ~ -{\C/& u ¥ “Q% AW MW a+ \“"7‘\ "N\f""z'w”mt\‘%

T
DN

AN Q. e >~ ks
\UK /g: G \l 1,\ vy %-\

e ] - Gl

%= e - G- Tl - T

() = e, = Dl e oo s\ (30 we)ﬁ\ 1

B A
2 A wC e - ™ 2
O - o - (W, o FITCSEES A 8

The differences between the exponents on the brackets in
YNy and Y%s arises from the velocity dependent coupling

in the vector case, snd this latter fact combined with the
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anguler correlctions from the spin of the vector meson
accounts for the different numerical coefficient. The smsll
differences in the first three cases can be accounted for

by the differences in the couplings.
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V LIFETIME FOR NUCLEAR CAPTURE OF THE W-MESON

The detsiled mechanism for capture of the p-mescn has
already been explained ir Part II. Quantitatively we

can express the lifetime of this process by

LSk R YATRECY 0

For the density of states Q(Ep) we have in all cases

\

)Ty MeRe B (15)
where Ep is the energy of the neutral particle, hkp is its
momentum,

In all cases except those involving the vector W-meson,
the Hamiltonian contains only matrix elements for the capture
process by means of en intermediate state; in the case of
the vector rield one finds also elements for the direct
trensition, Thus one hus two possible intermediate states
for the capture process and in adaition for the vector fields
one has a direct trensition., The evsluation of the mstrix
elements is straightforwerd except that certain simplifying
assumptions have been mede. The first of these is that the
energy imperted to the nucleus is small compared to the rest
energy of the W-meson. £ simple calculation based on the
energy imparted to a free nucleon by a p-meson with momentum
equal to its mean momentum in the X-orbit of the atom
indicates that this is justifiable. Further support for
this lies in the absence of sters accompanying the capture

process. The second assumption is that plane wave functions
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may be used for the W-meson in the virtusl state. The
justification for this lies in the fect that momenta of the
virtual X-meson up to its rest mass times ¢ contribute
sbout egually to the process. &Since the bound states of
the meson are only & small fraction of these momenta, we can
negiect them without significant error., Finally, the third
assumption was that the distance of the M -meson in the
K-orbit of the capturing nucleus from the center of the
nucleus was lerge compared to the radius of the nucleus.
For light elements, 2<\0, this is a very good approximation,
the radius of the K-orbit for such atoms being about ten
times the nuclear redius.

The result of the computation of Hup combined with
equations (14) and (15) give the following lifetimes

(Appendices 1 to 7):

(a)“r‘f:‘\?\"“\‘c% = {——\,\%M{ !‘““" z%dv NN?Y AR, *\

‘51:.5\ E,.,.-\-f\c‘(,.\ ‘{T\ ES dV& 1*_:_*_"3 \

N t\ s, by E,..*Rﬁ\’\ﬂ \I%a\/§ '52‘-*1‘5\2 ~RR \

ks b “’“'{’"‘"‘ ’L{&\i AVE Wrhg ¢ Rt ﬂ(‘%\\(’fﬁ.\t\
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7\? \&}f\@"m ch\\ €. |Eac K“—“”*‘\s\ \%\\ \Z\(N § RS -m,u\

)‘AQK>

k] WA“ N
oSl e e RN s €80

()=~ sl %) e Tl S g o 0

3"}2 3 vl “ -
(e)\ - \ ﬂ\‘\s 5\“\5 )‘\“ \:“5 “.,_‘_“‘\ \ﬂd\lé U \ (16)

1

In these expressions W(&\ 1s the wave function of the
p-meson evaluated at the center ol the nucleus., The summa-
tion in the nuclear matrix elements is to be taken over zll
protons in the nucleus. In)ﬁg,xﬂ=&%§ where my is the
mass of the nucleon. We note that all these expressions
are quite similar. The complexity in Yx, results from the
two independent nuclear interactions and the two independent
meson couplings; the factors of kng arise from the velocity
dependence of two of these interactions. mnzvm. has the
distinctive factor Eng which also arises from the velocity
dependence of the interaction. Vyﬁ as an additional factor
k,® which is due to the fact that, &s in the theory of

@ -disintegration, the pseudoscalsr nuclear matrix element

is small,
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VI NUMERICAL RESULTS

For the determinetion of the lifetime of the W-meson use
was mede of the experimental results that the macss of)x~meson
is 212 electron masses and the lifetime for nuclear capture

of the p-meson in matericzl with Z=10 is 3.2 X 10”6 seconds,

[N

It is further necessary to determine the excitation of the
nucleus after capture of the p-meson. However, it is clear
from eguation (16) that the probability of capture is not
strongly affected by the amount of this excitation, £
reasoneble estimate based principaslly on the absencs of stars
accompanying the capture of the p-meson 1s about 10 Nev,
Moreover, even 1if this estimate is off by sgy a factor oi two
as seems to be the maximum possible error, one will see that
no serious errors are thereby introducea. TFor the wave
function of' the p-meson in the K-oroit of the capturing atom
we use the ordinary hydrogenic Schrddinger function.

The principsl problem associated with the evaluations of
the lifetimes is the determination of the nuclear matrix
elements. The exact values of these elements cun be shown
to be less than 7. The precise value however 1s rather
difficvlt to obtain and for our purposes we shall find it
adequate to tske the meximum value of 7. in so dolng we
probably are not meking & greater error, at least for light
nuclei, than our other approximations warrant. Wwe observe
that as a result of this assumption end the assumed form W
for the m-meson, the capture probability of the p-meson depends

directly on the fourth power of Z as first remarked by
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The nuclear-meson coupling constants r and s correspond

to the usual notation as follows:

S x
W > IKsl At
———"\,?’\ i YK %o

Hence, from the meson theoryv of nuclear forces we have:
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With the zid of the sbove numbers, the proper liretime of
the M-meson s 8 function of its mass wes determined and
plotted in Figure 1. 1In the calculation of 7., the value
of the ratio of'ﬁg\which makes N, & meximum was chosen;
this occurs for &@‘=c>, that is, ¢,=0 .

Before we can mske any definitive cssertions concerning
these results, we must obtain some notion of the uncertain-
ties in these numbers. There are three principal sources of
uncertainty. The first 1s the evslustion of the nuclear
matrix elements. Estimstes mude by yheeler (®%) snd christy(£6)

ater

(]

indicate that these elements for Z~10 are probvably gr
than #/3 . The excitation energy of the nucleus is & second
source of error, As remarked previously, 1t seems very

unlikely that this cen be off by more than a lactor of two.



The third significent uncertainty is the nuclear coupling
constants. These could easily be incorrect to a factor of
two and possibly even more, The combination of these errors
make it guite possible for the zbove computed values ior 7,
to be too small by & fzctor of about three or too laerge by a
fector of about ten,

From the results of the Berkeley experiments on the
artificially produced mesons, one can say that the lifetime
of the W-meson is slightly greater than 10-8 seconds. Thus
it appears unlikely theat the vector-scalar or pseudoscalsr
or the pseudoscalar-spin % fields suitably represent the K-
and p-mesons. Further from the ease of nuclesr meson produc-
tion a vector R-meson seems doubtful, leaving as the most
probable fields the scalar-scalar or pseudoscalar or the
scalar-spin § fields.

Subseguent to the above calculations more precise informa-
tion on the masses of the W-and p-mesons and the value of
the nuclear coupling constant has become available, For the
sake of completeness, the eifect of these recent experimental
results will be included., The new data give for the mass
of the W-meson 283 electron masses, for the mass of the
p-meson £15 electron masses, for the energy of the j-meson
in the decay of the W-meson 4,05 ¥ev, and for the nuclezr
coupling constants

L
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On the basis of these numbers it is found that:

(8) Ty = 1.88x1072 seconds

(b) Y= 1.2¢x107> seconds

(e) 1;=-1.94x10'9 seconds

(d) Y= Yoo = 6.51x10~7 seconds

(e) Te= Y., = 1.97x10-8 seconds

where the more recent estimate of %b for the nuclear matrix
element has been used. One implication oi the new data is
that the mess of the neutral secondary particle is zero; and
&s & result it ceems reasonable, in order to avoid introduc-
ing & new kind of particle, to identify the neutral particle
with a neutrino with the result that the p-meson is necessar-
ily spin %§27)(88> Corbining this new information Qitn the
above conclusion, it seems that the W- and p-mesons are
most probably scalsr and spin 3 fields, resnectively, though
the pseudoscalar W-meson is not impossible ss a result of

the uncertainties in the theory of the nuclear forces,
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VII THEORETICAL POSSIBILITY OF A PHOTON "NWUTRAL PARTICLE™

A calculation similar to the above has been performed on .
a vector-scalar-photon field to determine whether a photon
decay particle is theoretically consistent with the present
data on the lifetime of the W-meson. The couypling between

the fields was specified by the Lagrangiasn density:

L=- ’Q\QK,‘_\'Q:*(M ‘%AA% +c..c._,1
Assuming the mass of the W-meson to be 283 electron masses,
the mass of the p-meson to be 215 electron masses, zna the
nuclear matrix element egual to 1/3, the lifetime is
(Appendix 8) Y, = 4.59x10~7 seconds. This is far too long
compared with the experimental velue., Thus one can disregarad

the possibility of decay photons in agreement with experiment.



The evidence available at present seems to leave 1little
doubt that one has to deal /ith & two-meson field. There
does not yet appear to be sufficiently accurate experimental
data to fix vwith certainty the character of the two-meson
field though the indication is that the TW-meson is most
probably a scalar field and the p-meson and neutral particle

fields,

=

are spin
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APPENDIX 1 VECTOR-SPIN # FIELD

Formulation of the Field

The Lagrangian density of the field is

- !
L - LV!'.S‘\'QQ + \-tv\%ht * memg + \~| + \-v NECTIOR (17)
where these terms are defined in eguations (2), (4), (5), and

(8). The canonical momenta are by definition

R =§@§ =4S = A st )

\./

R = 3‘53—; =KW (18)
3t

where i=1, 2, & andX=1, 2, %, 4. The momentum R\ 1is zero
and this causes difficulty in the guantization of the field.
The procedure in this case is to obtain the Hamiltonian and
then eliminate &, from it, thus effectively leaving three

coordinate functions and three momenta for the vector field.

One uses for this the equation of motion for & which is

Z B2 a _ﬂo =9
or
K\rv\Q:"BBﬁXT— “ (Qc'fy\\rv““*'g Y\TQ‘Q‘) (13>

Now by definition the Hamiltonian density is
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Thus substituting equations (17), (18), and (19) into
equation (20) we find
¥ * * *
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ek led 0w ey
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Changing to vector notation we have finslly
HL = L 1 Y VoSl T Y v 8] Hnt W
IRTRE ML PTG X - Ju R o)
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Lifetime of the Vector Meson
The decay of the vector W-meson takes place by the
reaction
T = W+ N
The lif'etime of this process is
MU AN A1 M PR
Yo A Qb IGRY 3E (£3)

where the naught on Y indicates that proper coordinates for
the vector K-meson are to be used for the calculation. The
integration is taken over all relative directions of the light
spin % mesons and the sum is over the spins of the spin 3
mesons.

The element of Hy giving rise to the decay process is the

coefficient in Hj of

| S M
NR & %ﬁ“c.ﬁ Qu,m.m.
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wherein plane waves are assumed for the wave functions with

EV==O and thus Ec'* En = 0, This element is

H —— %1. ?m‘«,,.nf (:XA\-&'SszvQ = .T“C-&w\,e\:{)c\zcs

By Casimir's spur technigue we have

A calculation of this spur gives

Z_ \H AF\ (":\st\ Ean e {‘&\i“:ﬁc}(‘ﬂ:‘ L(S\r\\,,e \'TL\I\ -\—'ﬁ(? KX +E S—c«‘
+ \&\ﬂ-ﬁ@ﬁ:ﬁ-z@w R ﬂ +‘§t€\«»\<c* EmEml
+2 R gﬁ,[\&,\iw& &Y_mh}k}s

Then it follows thsat

SZ \H”\ AQ_ = ("\Q\{A {‘A\ X{C\Q (hcé-\'\(m\&c\ + E‘\;-X
+thk@§@+&&)+ﬁm@ﬁm‘

2R g?ﬁ'x_\’ﬂ,,f_ck“\' kL M““‘XX

Using
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and

E_‘;“c+ E.M“M=E-; = /\N\\,QL

we find after some algebra that
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and also that
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Substituting equations (24) and (£5) into equation (23), we

have the result

Dy DNNG
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Lifetime for the Capture of the Spin % Meson by a Nucleus

The capture of & negative spin 3 meson takes place by one

of the three resctions:
I /\C-—e {T\"-\—)\Gx
T 9 — N
11 P— J T +N
T 47 > @

IIT P4 — N o+

The lifetime of this capture process is

Ao ek v ps 4% AQLN
’Y\ - 'ZT Z?GS\.}.HAF\M.(—&K‘\\3 dEF &g\' (26)

where the averaging is over the spin directions of the
initial particles, the sum is over the spin of the neutral
particle, and the integration over all directions of the
neutral particle, According to the guantum perturbation
theory we have

Ho= Ll + et M -
To obtain Hpp we use plane waves for the emergent neutral
meson and we approximate the wave function of the virtual
vector W-meson by plane waves. With these wave functions
substituted into Hy we find that the.element of Hj giving

(a) Hpt 1s the coefficient of
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(b) Hyp is the coefficient of
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(c) Hatr is the coefficient of
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(d) HITF is the coefficient of
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(e) Hapryy is the coefficient of
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(28)
where the nuclear matrix elements contain implicitly a sum
over all protons in the nucleus and €= 1, -1. WNow we

treat the nucleons non-relativistically. Thus we have

* o o (X
‘§ Ty T, {-\Q ~0
B TS (29)
and
* . — e
§ s box B nthE Y, (50)
Also we assume that the energy impartea to the nucleons is
negligible compared with the rest energy oi the vector
W-meson., Then
EA—E'::EA—EK B*Ev\\v. (.1

Substituting equations (28), (29), (30), and (31) into

equation (27), we find

_(’(\c.K.,\ A
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where the primed and unprimed quantities refer, respectively,

to the vsrigebles of V! and V. We now make use of the

following identities:

L (S T Wi Jone R = ~ R r Bl
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(33)
where R=X' - X and R=\R\. We substitute these eyquations

into egquation (3£). A rough estimate shows immediately that

the integrand is eppreciasble only within a distance of the



order 'Y/, from the nucleus. Since the wave function for the
charged spin % p-meson does not vary more than gbout 10%

over this range, we can approximate it by a constant and take
this constant to be the value of the wave function at the
center of the nucleus. We now perform an integration by parts
on the variables of V in order to remove the derivatives in

the integrand. The regult is

AR \l"‘- g;_ w-z.\,(

H ~- e sa\ve™ \&V{x& (\mxt \h\* ‘.L‘\r TR ERNEE 1§ K"Rﬂhma
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Loy \A\J'\T YoM S
VL
(34)
where the argument zero indicates that the quantity is to
be evaluated at the center of the nucleus. The integration
over .the variables of V is now easily performed in the first

two integrals and gives

n, J\%\S\EM'EOF@\\ & X: Q‘orko\l %A\( N";,KQ-M‘;. \

N .
vl oy \6\1 N &

‘/1.

where the primes have been omitted. From this follows that
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(35)
Since we assume that the charged spin %—y—meson is captured
from the K-orbit of the atom, we may treat it non-relstivis-
tically. Thus by summing over the spin directions of the
neutral particle, we have in the non-relativistic approxima-

tion
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Thus
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Now one shows easily
Ro 8% -\ 4RLE
@Ry JEr  (RRAC)? . o R (&7)

Hence, substituting equations (36) and (87) into eguation
(27), and making the summaetion in the nuclear matrix elements

explicit, we obtain the result that
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LPPENDIX & SCALAR-SPIN

Formuletion of the Field

The Lagrangiasn density of the fiela is

s ]
\- - \-sgnm * \~comm+\—mo\m\g + \ (3 * \~ SCALRR

where these terms are defined in equations (1), (4), (5),

and (8). The canonical mowmenta are
*
Rl9)= 2 : Bﬁ\-’ﬁ%,, =K AN
_ 3w *
/? (‘\)co)‘ s—i;y:_;)‘ L{‘ Yex

/Q(\\)m\)— BP\Y \ L&\\vmn\
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Substituting equations (38) and (£9) into

H,o= @3 + TRWI Y + T Rlu) O -\

we have
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Thus in vector notation this becomes
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Lifetime of the Scalar lMeson
The decay of the scalar M-meson tekes place by the
reaction
N — W +-)\°
The lifetime of this process is (Lppendix 1)
L (&_‘ 3% dq,
'Yo)__ XZ\_N_S\“AF\ 25(*\\3 AE‘ Sl'c (‘il)

The element of Hs giving rise to the decay process is the

coefficient in Hg of

¥
Q" R"&hs M‘ﬂh.

wherein plane waves are assumed for the wave functions with

ks=0 and thus ke + kn = 0. This element is

HM: ’Ki:y,_ /%Im‘amnc [37."@] Newres

By Casimir's spur technigque we have

L, J-ted s (et (i ey |
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A calculation of this spur zives

T\l = sy \%‘—\I ‘_’ch ORE- KK+ B B )
-

ST W B ke (42)
Using
R YR L =0
&nd
Edﬂ.g ¥ EM\lmz E-\: = M§QL
we find
¥ 2 LY .
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and

V: %%_f §E\5€§ ‘-_\:-:‘ bt Q‘:}YtE:‘ (w m\;t':l e ‘\'(w}w";\i_‘l[‘i: - N&)ﬂ (45

Substituting equations (4R), (43), (44), and (45) into
equation (41), we have the result
Y 2 2
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Lifetime for the Capture of the Spin % Meson by a Nucleus

The capture of a negative spin 3 meson tekes place by

one of the two reactions:

)
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The lifetime of this capture process is (4ippendix 1)

LN 5. 4 tPa 4% AQ N
e PILRNC o
where
H..= HA‘S.HIF H (3
AF Z.[ EA"ET_ a MEA—EI (47)

To obtein Hpp we use plane waves for the emergent neutral
meson and we approximate the weave function of the virtual
scaler N-meson by plane waves, With these wave functions
substituted into Ho we find that the element of Hp giving

(8) Hpy is the coefficient of

Yoo Sore, O
< S\ Q’M\\mS
(b) Hrp is the coefficient of

&r Yo NV
Ry i3

(c¢) Hypp is the coefficient of
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(d) Hyyp is the coefficient of

*
&.sh: &" [ &MV\.,*S

These elements are
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(@) Hee = 52 55 \W R (B {Rnse |
(48)

where the nuclear matrix elements contaein imylicitly a sum
over all protons in the nucleus. We now assume that the
energy imparted to the nucleons is negligible compared to
the rest energy of the scalar W-meson., Then

E’A‘E‘L:EA_EE%-E‘?\\B (49)
Substituting eguations (=8) and (48) into eguation (47), we
find
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where the primed and unprimed gquantities refer, respectively,

to the variables of V' and V., WMaking use of the identity
g
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where R= X' - X, we find

__(hek) QL PR ~\&;m\«< ]
HAF_ V\,} S/Z/K;\Ll 6\1 NNQ A\l ’,, /—R—‘

Since the principal contribution of w,. to thls integrel
occurs in the neighborhood of R = 0, we can treat wy, as a
constant which constent we take to be the value of wu at
the center of the nucleus (Appendix 1). The integration

over the variables of V now gives

% 2w e

where the primes have been omitted., Since the charged spin
%5r—meson may be treated non-relstivistically, we have

(51)
Substituting eguations (50) and (51) into equation (46),
mgking the summation in the nuclear matrix elements explicit,

N

and using the relation
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we have the result thet
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APPENDIX & PSEUDOSCALAR-SFIN 3 FIELD

Formulation of the Field

The Lagrangian density of the field is
i /

L- L PSEODA SCAWAR +\*t°\v\m+Lmbmm. '\"L‘.‘; * LPseonosm\,m (59)

where these terms are defined in equations (3), (4), (5), and

(7). The canonical momenta are

*
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(52)

Substituting equations (52) and (53) into

Ho= 200V 2% + 7 Rl o T pluatlee -y

we have
My = o808, + AT T Mg + W
Fhake | Red Xt +ee]
ek 5 1 vec)

where we set for any pseudovector



W = Nz %= VNeiw

and for any pseudoscalar

Yo = g

In vector notation

X=9, S ¥=-X 9= Yo, S

Thus
H, = Foe e + 107+ Y tqnad i+ B g+ Mo
_’ﬁ\cﬂvb‘?g“\y* +c.c.]
= kc«?[‘g%,\r* x c.c.-X

(54)

Lifetime of the Pseudoscalar Meson

The decay of the pseudoscalar W-meson takes place by the

rezction
N = M+ )
The lifetime of this process is (Appendix 1)

- X * Y SR 4 V
SZ\"\M\ Ay AE . (55)
The element of Hy giving rise to the decay process is the

coefficient in Hz of
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wherein plane waves are assumed for the wave functions with

Kp = 0 and thus k¢ + kp = 0. This element is

HM‘ = x\::l‘ /?m\i » & (_"g& ] s] ;\?,Lh‘s

By Cesimir's spur techniyue we have

& \‘M_‘, o s ".“{.
% \HM\L___ (’ﬁcsg S w\ﬂ— %s\ o\ Q\\A €, \‘&W \kﬁ\c{u “1;_\22&%“

A calculation of this spur gives

;; \n F\ = W\w\?\ \(-a\ B\C OREH KK+ B \“—.C;\

(58)
Using
h‘. + hm = Q
and
E,Q\QQ '\' E&““Z E—E: W\QQ?_
we find
™ _ Ty
z.c}-(h:-\— KMK‘_\ +E"'~\‘1~\Ee\ag - E¢ (’\;\m MY C | (57>
E.E., = £ - (MY S
o e (58)
and

Ldf _

D (NMMM T tnenadd] Bt Er oo -



B

Substituting eguations (568), (57), (58), and (59) into eguation

(55), we have the result

A \K}hQ \1- AV A ™ 1_‘/1[ Mo 1""/1-
’V@”"T%E"‘Tﬁf’ﬁf&ﬁﬁ?*ﬁgésl »-GWG'—%§§1

Lifetime for the Capture of the Spir % Meson by a Nucleus

The capture of a negative spin 4 meson tskes place by

one of the two reactions:

T W= 1\"+P~°\
T + ¥ — N

II P - 5\'W*+N‘k
T ey ) = W
The lifetime of this cspture process is (Appendix 1)

b2 * R ¥ 0N
= L

e (2KY)? 4T,

SRR (60)
where
= \'\ 1\'\ v H \—\ =
- AT IVIE AX €
HA\- Z. [ EA"E: + 3 *Ei l (61)

To obtain Hpp we use plane waves for the emergent neutral
meson and we approximate the wave function of the virtual
pseudoscalar w-meson by plane waves. With these wave
functions substituted into Hz we find that the element of
Hz giving

(a) Hpt is the coefficient of

¥
&'t &"Q\aq Qt-'&hr\\*'\ Y
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(b) Hyp is the coefficient of

X‘ 'T,,*\-‘kl"g
eRe T~

c) Hy is the coefficient of
ATT
Q* !‘\-‘x ‘!

fRe [

(d) Hyrp is the coefficient of

¥
QQ‘@ Qr‘- Q’ MR 5

These elements sre

(2) W, = Bete 1 x‘w Vel Mifﬁx_ hﬂw SRR

(b) \’{1‘::—3«'\0&9 %c\V § M«"—‘E\ " \’\m -X;Y Q
(W= ’(_\;:;_;{_ \d\l §: "G_rj‘_; (_n&%s%l%“é&v

(@ He= oo e Bev i \Rue QR

where the nucleer matrix elements contain implicitly a sum
over all protons in the nucleus, If we compare these expres-
sions with equation (48) of Appendix 2, we see that if we re-

place \¢ in the latter by-%%sthen the scelar-spin % field is

i

identical with the pseudoscalar-spin 3z field, Thus by making

™

this replacement in equation (50) of Appendix £ we find

Hl\e Yo %S\ K\{ ?‘l%‘lﬁ\ \A\l %\\ L“M (62)
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Since the charged spin % p-meson may be treated non-relativ-

istically, we have

L MR +¥\SK~\ 2

£1so since the nucleons may be treated non-relativistically,

we have from their equation of motion

LR D = -2 & (§ F et =
B, PRy =g 0 (B el 5 R)

and thus

-Re* __\_ o .\ T oMk
\“ Gu W R NN TR (64)
Hence, substituting equations (82), (6Z), end (64) into
equation (60), making the nuclear summation explicit, and

using the relation

A _ heRaE
IRy d\iv. XA c)?

we have the result that

. KKl ke B, (R \\ Em +ReR \\\l ol \E\“ g By K \
A K8 X A "\CK RirKe o,
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APPENDIX 4 VECTOR-SCALAR FIELD

Formulation of the Field

The Lagrangian density of the field is

</

L= Lveeroa.*' Lc.s:.m.:\a. + LN\%Q&L&@. '*'\n.\ * \-‘ve.“o&‘ (8‘:)

where these terms are defined in equations (1), (2), (5),

and (8). The canonical momenta are
Q)= ;@\ =158 = e + 95N
Q\QQ\=§%§L\=’€\%Z=’V\Y~§
3t

R Q=2 \ =030 = RO r 9, 8380
(66)
where i=1, 2, 3. As in the vector-spin 3 field (4Appendix 1)

we must eliminate Q, from the Hamiltonian of the field with

the aid of the equation of motion for <, , which is

L —-Z Bx&b Bxx

or

oV\—_BB ;: =Xe Qo TR NN -\.\(Mé‘-\QQ*MO

But now

Mma = %'Mo‘gﬁdl:&e



Then

Ko =528 =1 M PR S 4 K & e

Neglecting the second order term in \gg\ £, we have for the

equation of motion of Ko

%Qx
\(v-Y\ "—B = \{‘r—q:: Yo N\, *KM§HCQ‘$M° (67)

Substituting equations (65), (88), and (67) into

He® TRQITE + RLE +p @ s -\

we have

= R QR XA SIS+ Wesmian * Wscninn
Fhenlnde g e-um) re i tely vee |
PRe ] ATk gk ¥ QX k) v e )
¥ hen in\,g“ N QY +<.c.—k
Fhew [ I I e\t |
S RENERN T

ARG - - Y (& SV



=B

In vector notation this becomes
W= ’V\c&i\m" AP R N AT BTy MQ\IX e P ecain
+’c\w\£§f"l%ﬁ Lok W7 -5, (31 - % 25 0\ 4
+a3@*+nAﬂ“'Ww&”Q%%?«*Q&l
+ ’V\Q«M&\’: \\/K\-\Q:““ NGRS RC £2 k0 é""\“m\ *C, Q—l
+ ﬁcm‘ﬁ: ﬁ;i‘—"zs‘tm,é: Ry Y+ c.;.&
et I B g g men T N
e [ () o]

+’€\u«i\§w\‘\\m‘ Wi o=@y - R @ B ‘;‘ag\w&«.’:\‘l

(68)
Lifetime of the Vector Meson
The decay of the vector W-meson tazkes place by the
reaction
A\ Wikl YR ¥
The lifetime of this process is (Appendix 1)
| ax AN LT RY,

.

The element of Hy giving rise to the decay process 1is the



=D

coefficient in H,; of

8

R e D5y 0“'"\"‘»«

wherein plane waves are assumed for the wave functions with

ky = O and thus ko + kp = 0. This element is
’V\.Q (A\r‘a < \Q\ RQK \I K
H L\Vh ‘ M\& E—&.

And thus

\¥*m\ __Sﬁﬂ, \Avkﬁ R Y'KSK“ Rexe

LR
R F—&.Rg (70)
Using
Rg * \?'M = D
and
E—d\ ¥ E‘”\“ E' At
weo find
_ El'é _(N“t——NV\h\ICB
E»m,..Em‘ wes ( 71 )
and
Uiy "
& i’é - [‘EF-V(W\»MA(:\[E‘F (NV\ M\Q\C._l E; (IW\ .\.M\ACA [EF (WN\‘W\\Q—X (72)

Substituting equations (70), (71), and (72) into equation
(69), we have the result
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Lifetime for the Capture of the Scalar MW-Meson by a Nucleus

The capture of the negative scalar p-meson takes place

by one of the three reactions:

I }k —» W +‘»'k
- — N

11 P (W* +NX
TAN) o

IIIP-\')\.C—*N*-,«“

The lifetime of this capture process is (Appendix 1)

\ LR P B dq v
— = Lo n
T A S\H»\N Ry € (73)
‘n':v\
where
Haxt H H u\\ .
AT Mx§ A
HAF Z[ A Cx N Ea- . ] N Hm:m (74>

To obtzin Hpp we use plane waves for the neutral meson and
approximate the wave function of the virtual vector W-meson
by plane waves, With these wave functions substituted into
H4z we find that the element of Hg giving

(2) Hyp is the coefficient of

¥ *
&yc%"\‘»ﬁ Qm“m €=1,0,-\
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(b) Hyp is the coefficient of

i

YN '
Tk i =
X‘}\\”e 5 e =1\,0,-\

(¢) HEayy is the coefficient of

- .
TeeaY -
O v ¢ =\

(d) Hyrp is the coefficient of

*
e s Vo, S €=1,0,"\

(e) Hyppyy is the coefficient of

X "
APEN G«
&rc. Q‘N\“M “’i—'é'

These elements are

(a)H ‘__ d‘l' i i\_C_K! ’f\QK Av\r\,e AN&QMM 1 CQ—"x v X

"w

1\ M - ‘;- e, Al _': T8 K ¢
Hu c\'/“ ‘(i\wiﬁw[ ﬁv z’(\wme d"”c.\ —,\)%t—t’;:fgi"‘e K:\m g\«&e.“*‘]\\)ck
(b) \—\G = C-E( v E‘T’ T, -L\IV\_S_\_&R-— -é'({_ﬁ—o_\_\:__';f -LXE ?E'_ ‘Y{\ ¥ Q:\T‘bo--
\ it V" oM TXw, A\r\\;- TRex, Avﬁ} I EY- Aw\,e o\l Wy
H.= )&\“,‘Y‘Adv%f ol A[T&T F g N s \&T e “\X\Y\ o
R
(c) Hm"’(\m\d 1@ 'nn N Z\;w oL we-;s& c\‘m 'v: %c e a\e\@\ N

.,t\avi sanfafes s B R S B h\\?\




s -

()W m== _\l-\—‘—m %—%&V‘E\%{ \(—Z_—E; ﬁ‘w A X x‘em ‘]\\)c &“"x
Hns “,*’m—- Avié*\- xﬁi—‘ LTINS c\w‘\m QS‘ X ﬁ\.i—ﬂw s «3@& } \

=¥\U‘M.L_ * YedX ¥ EN R ¥ -L\;N{il \
(e)HAm N &N §“ %J{“*é“qﬁsfm\%e Q“

(75)
where the nuclear matrix elements contain implicitly & sum
over zll protons in the nucleus and €= 1, -1, Now we treat
the nucleons non-relativistically. Thus we have

@* ’h\-’x’\‘:’ i}'k Q Q’, 0
S A B (76)
and
* vty a=J o ety =
Ind
§, Fres g BTN, (77)
Also we assume that the energy imparted to the nucleus is
negligible compared to the rest energy of the vector W-meson,
Then
EA"Etz Ea B ®-By,

(78)

Substituting equations (75), (76), (77), and (78) into "

equation (74), we find -

V N lK’-

(‘K W ! N _ \‘ \‘ AX-%)
\&l”’l 2_% 45\'& Z\&V A\l N’QN A EL e
N\RM
‘V\-CK‘}.‘ '—é!' ' \k\‘ ’\Teﬂ \vt

H (V\CKC\ 2\»_ W \A\’ A\l b\p&&-\ﬁ ‘_&@a ¢ R ﬁt“\ 1&- -L\lMi*k\‘v“ e\
AF N\\lM N N'“'\r
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where the primed and unprimed guantities refer, respectively,
to the variables of V! aznd V. We now make use of the

following identities:

Z—(é«mi“\\w\a« Re % \"“‘ x’(' Ar\

€=y sl

T L (R N s \;\Q“‘”‘_m AR
e=\\ \R ém > “ ér’“”& * N s wiK ,V\”L ey ?A

. (RRY (AR oy N 6
= E;_“wQ SR - T X £

where R = X' - X. Substituting these into Hyps we find

Py ™ é”{,\fi \/"‘Q“M \Av\cw \t xR &“"“\%—] L Saaden

V%: V\;;i&“ ’““"*&A\I\A ¢ & o WoR ViR RAR Y

Since the principal contribution of W: to this integral ,
occurs in the neighborhood of R = 0, we can treat ¥ as a
constent which constant we take to be the value of W

the center of the nucleus (Appendix 1). Carrying out the
integration over the variables of V, we find that the first
integral in Hyp vanicshes and we obtain

= (V\C.\(,A J\u.é!, v ‘, '\Y/\CKM N\ AV AT e:x\{,v;i
HAF AVALN (”\Q“m\ - CRORO) wc on (7 5 )

where the primes have been omitted. Substituting equation

(79) into equation (73), making the summation in the nuclear

matrix element explicit, snd using
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/?Ns A_?_ ‘V\Qh& EM“&
(@xwye A€ ERWAY?

we have the result

I LRI m \\w\\ Rt g oKy 2
R R . m) ‘___.“M \F\avE ] Tty €
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APPENDIX o SCALAR-SCALAR FIELD

Formulation of the Field

The Lagraengian density of the field is
]

L - L%-u\\.m “"Lcscm\m * Lmsmm\\ Y~ L SCALAR (80)

where these terms are defined in equstions (1), (5), and (8).

The canonical momenta are

(@)= Do =R
PO sEn T

=_§_\~—--= *
RUA= gy~ W
\ = ,3_‘2——. - *
R R (8 W

(81)

Substituting eguations (80) end (81) into
= Bg— 2 IR —

we have
W, = ’V\cm[@*ﬂ R+ XX+ Nescmna ™ Mwscanna
+ew X.J\s W(MQ* + CNT\

+’€\u<igs Qe Qur |
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In vector notation this becomes

\"\ s = "\Q.‘&s \W\hy \’“\L ¥ \/\,g;' \?\&\\)\L‘X Y \-\g_scm_M\ % “MSCAU\&
+¥@M%Xﬁi:T€%§3\94§q;%g¥N-tL§]

\—’Vm«s‘_eég WY, C&

(a2)
Lifetime of the Scalsr W-Meson
The decay of the scalar K-meson takes place by the
reaction
W — M+ }\x°
The lifetime of this process is (Appendix 1)
_‘_. 2.“( A’\’

The element of H5 giving rise to the decay process is the

coefficient in Hy of

¥
&"s\i s\'}\r\ " Qj:\\q

wherein plane waves are assumed for the wave functions with

Ko =0 and thus Kq+ ky= 0. This element is
Yexg \‘ j) ere \ v
e = Sk Ve j i o
And thus

‘Kc&s * Nk Reka
\“M‘\ W \§S\ ;_Km é:\a (84)



Using

R+ R =0
and

L r B =B o= &
we find

“% z L\ g
E - E‘F—\NWC "NV\M\Q )
wan B Wes (85)

and

3 ‘fE =5 E{n (Awwﬂ Er-g G\AL@ i \zkﬁe‘wﬂ““ | (58}

Substituting equations (84), (85), and (36) into eguation

(83), we have the result

<l e s TGl e -]

LK

Lifetime for the Capture of the Scalar p-Meson by a Nucleus

The capture of the negative scalar p-meson takes gplace

by one of the two reactions:

I W {T»fwx
T v v — W

IT P - \-“-'-*'N\
=

The lifetime of this capture process is (Appendix 1)



B3

. S %,
T S‘“ﬂ? e ae eV -

where
Hoe= Z[%‘tﬁ N Bﬁ%?l (88)

To obtain HAF we use plane waves for the neutral meson and

approximate the wave function of the virtual scalar W-meson

by plane waves., With these wave functions substituted into

Ho we find that the element of He giving

(a) Hpt is the coefficient of

L™
SWQQ%MJLMMM

(b) Hip is the coefficient of

&" SR /\-“‘-—3—‘ .\2’\‘

(c) Hppp is the coefficient of

¥ et
A TR
Qou, 2%

(d) HiIF is the coefficient of

¥*
Q‘S\‘ts g\"‘c_ Qe ”

These elements are

() Hup = B _‘\MX%W Y;KEQ—K‘ Q -ngm.,m,,\\ X
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(P) Wye = Wl\,w \§ LR APONR \@ W

= fews ; R %
() Wag = 5% \av\ﬁm;_&{.-\M——i’ﬁfém g, %

(d) u ‘\ L\k Ja,,h-i

Qf; o e
(89)

where the nuclear metrix elements contain implicitly a sum
over ell protons in tke nucleus. We now assume that the
energy imparted to the nucleons is negligible compared to the
rest energy of the scalar W-meson. Then

EL-Cr=Cp-Bp x-Csq, (50)
Substituting equations (89) and (90) into equation (88), we
find

W, = Lf\_g}% &l‘_s ﬁﬁ; A\J%é\l‘fﬁ “31‘—5&—\“3 ‘«Mx%s:u -3)
s s

where the primed and unprimed gquantities refer, respectively,
to the variables of V' and V. Making use of the identity

5 ey
W B Hx

_\___ Q-"Wsa
et RO

where R = X' - X, we find

= R N _.h"_“_.\
s g’k"'mt Bt g\ & W W&

Since the principsl contribution of W& to this integral
occurs in the neighborhood of R = 0, we can treat ¢ as a
constant, vhich constant we take to be the vslue of wr at

the center of the nucleus (Appendix 1). The integration
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over the variables of V now gives

= V\c\« g_z_s LV—‘\:R__:

where the primes have been omitted, Substituting equation

AR X

\Mo\\cw X % “‘_;_*,\_B &
(91)

7

(91) into eguation (87), meking the nuclear summation explic-

it, snd using the relation

Pr A% _ R RuEnp
RTRY d€: - (R \?

we have the result that

LY * . AReR £
SR T a5
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APPENDIX 6 VECTOR-PSEUDOSCALAR FIELD
The Lagrangian density of this field is

]
L= \chTox\ + Lg?seum SCALAR * kmﬂsuoescm.m L «t L VEQTOR

where these terms are defined in equations (2), (3), (5), snd

(8). If in L we replace

xcon.a by Qc

Xmo\-u., , by CQ"*
CQ oA by 7\&\
QMQ'L\‘L by *M\

Qc 23 by ' Xco
QN\\LB by qu

then the Lagrangisn of this field is identical to that of the

vector-scalsar field.



-
APPENDIX 7 SCALAR-PSEUDOSCALAR FIELD
The Lagrangian density of this field is

- !
\-" Lscr-m& + Lc?se\m asca ¥ \-N\\’seu 00 SCALAR + L 7t L scAvar

where these terms are defined in equations (1), (3), (5), and

(8). If in L we replace

R cona by Qe
Kinoss by R
Nac ik by K
Ko by 7»«&

ch\?.& by ‘xco

(Q MAZD by XMQ

then the Lagrangian of this field is identical to that of

the scelar-scalar field.
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APPFNDIX 8 VECTOR-SCALAR-PHOTON FIELD

Formuletion of the Field

The Lagrangisn density of the field is
* e * o %
L=~ Rer @ 1 Yk KT ) ~ T (g Xk
—x\c.\{‘,(hvm;f’*’ s ).\(:; r e

- Jﬁ.t\gkﬂ Q ,,)L” +ee \

(o2
The canonical momenta are
= KJ%’ox V\(ﬁox ¥ g"\" )‘\“\
( %)
=2 33 =% 2s =0 +§790
(92)

where i =1, 2, 3. As in the vector-spin 3 field (Appendix
1) we must eliminate & from the Hamiltonian of the field

by means of the equation of motion of &, , which is

) D\

L -

or

K== = N (R ) YRS,

But now

Ko™ D~ 4,



Then

K\y% =—%%% = \“\r_ KS\Q\L\ CQQ X Kl"hN'Nq * V\;,%*&o

But \f\2 is very s$mall. Thus

K\r\% —— aée&

S = KeRo ¥ Mode N + %5730

Substituting equations (92), (93), and (94) into

H= L RQI (@3t - L

we have

H = ek QQur et Suut vk ad Vv g+ 8rs.+ Kk
R N g ) —é,,mgi—‘/z.@m‘iq vec]
+‘m&swx’f-%§:\ vec
e s e winiat
ek 1RO+ % s\ |
+’kc\<i<rm,m§f vec
Aol ismage, « ec)

ol (% e ~Shake wer) vec)

(94)



R ST TR
+hey, [\%\“ (%M\l\ aﬂ

¥%e include the electromagnetic field by the prescription

l._.____
= A

and then change to vector noteation. The Hamiltonian

becomes then
H= k“’i{\ RRL A e WUy T VT e Y\ ‘?»\l\
A2 2 R @) 8 + Regor T NS - )
G DARg AT + (18 Ry vy + “11&
ek, {[\%\‘ﬂm\“ + e Laned g |
N % i‘/@”ﬁ" by, + R Wy -\—&;\Egs_\ﬁ‘%\l‘k
thex,, i&: @Km@-“@i—é&%m - IASE SIS UL M WSS

? R [\"N»r*““?f R”’kﬁ\( A, ‘Y,t\\ﬂ +ch
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+en &%M 9T ) o S RS- ¢, (S, ¥R AR + c.c.\
e a8 B TEL i VE T w1

\ LQ T
+’V\m«5‘. {L\A»HL” A (R BXYW & \6¥ “‘sms\\
~ ’Ru«.j@: REEUN NG A T c.c.\
-k \§ ﬁiﬁ\\e\ Ny (e X5 - w{\ (X, \Y*\“\Y \—Cck
+’V\.w§\\%\ e de R - o MDY - U8 (% en X AQ-\%&\
e, V&) i g )

hex, Liete (8 1]

(¢5)
Lifetime of the Vector Meson
The decazy of the vector W-meson takes place by the
reaction
= W vy
The lifetime of this process is (Appendix 1)
t % R AR
L= X 4R 40 N
To ™ Z\;\\H“ Ry dE, (98)

where the summation is over the polerization of the photon,

The element of H giving rise to the decay process is the-



—o_

coefficient in H of

¥*
&ru-\zqs. &5\15 %t\‘t,,

wherein plane waves are assumed for the wave functions with

ky = 0 and thus kg + k, = O. This element is

E-s\ls\ e X @
HN-' \|yz. a. ’C\Q. ‘_/ KSJ ECS: \t.d ok, (evt"lm.,e\ T,

where ék is the direction of polarization of the photon,

Now

= mm[\{@f_s_\ \E&x"
«z:“\“w\ “3—\‘“ T, Y e, MM (N © (27)

where © is the angle between k, and jg.. . Using

W, v\, =
and
B, v B = B =M &
we find
— MG N
E w,, T = [\_ k%ﬁl
' (e8)
M T Mg\
F—s\‘z.s = © \,\ + (T\N_\S.AX
(99)
and
R € =Ea RO ‘-\t l
& (100)

Substituting equations (97), (28), (29), snd (100) into
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equation (28), we have the result

%E.z !; N%:L é;_[} 7W€%—\

Lifetime for the Capture of the Scalar Yeson by a Nucleus

The capture of a negative scalsr meson tekes place by

one of the three reactions:
I W~ {“_+}k°‘§
T + 9 - N
IT P — {'ﬂ'"ﬂ—N
Traop) - W

ITT W > W WK
WP ) 5> N ch

The lifetime of this process is (Lppendix 1)
R A?
|
L2 %1“‘\'\ A R 3 &\v (101)

where

“A&“l\'— H. 4 H \—\
e ~ N_S ILE AL
Hm I_. EK—E-L €S L Ea Em (102)

To obtain H,p we use plane waves for the photon and approxi-
mate the wave function of the virtual vector N -meson, With
these wave functions substituted into H and making use of

the well-known relation



-

o ME o)

¥*
$ MK, s

for a scalar meson in a Coulomb field & , we find that the
element of H giving

(a) Hpp is the coefficient of

*
X’% %W\\»Q%t\t\, €=h0,m0

(b) Hyp is the coefficient of

Xr‘\f‘lﬂ.ﬁ /\‘.“;\Ll\)= Q:\)O)'\

(c) Hpp7 is the coefficient of

*
'Y)g'\'&",
Q"J'K»e __T:-J- Q?-\,O ‘_\

(d) Hypp is the coefficient of

Q"M\'{\,&X‘S %:‘«\.: &=\)Ql~\

(e) Hpyyr is the coefficient of

*
X-N’\\,,_E X' Q'.:'\,O"'\

S

(f) Hyppp 1s the coefficient of

¥ Xl - 2
&NWf¥ﬂw s ‘ c=\0,-\

Now we treat the nucleons non-relativisticaelly. Thus we

have

*’V*—LTE = ~
éN x?. &'\qu’-n"'o
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* ’
A R RS

The above elements are then

- \‘ﬁq\, Y Eoe, L,,+Q.Q -:.L\\*«.\mx
( AT. N Y_—E-_vk' \ ey, ‘V\g\}\r v‘«,,\%
Q % RN r R \R )%
He =V &, Ee, \‘W ‘ z_;: Ty, ’C\u X(&,,\ Ao AR .

() H;, = & i Yﬁ_‘;“ \cw Ny 5 T o (T e %)
Hie == Rnhoffes \“@ R A (G L

(c) H;f—%\js_hm)/_}ic—gjw\av LR 5ol Tuw o g,
Y=~ —fkﬂ{;\avé& e S [
@ W ST VB ER: S8l 0 s
Hi = -3 W& r 1o E;&%S\fql(e“é” AN

(e) Am th’kﬁw \“ \AM‘\{ < é““‘é‘qs )8 s

S v » -x\\ X A\
H»\m= % LKQXAV“ (é"“\? é‘\&\\)"\g B x “ * \\)s &”\T( NS ?\&g

O el e e o B e e



° “L'K 5 ,’ R,
Hnt=-% Eow, \c\‘l§ ’N’“ ‘? Thex T [ ) 0 T &“c\»\";\\& e "

(108)
where the nuclear matrix elements contain implicitly & sum
over the protons in the nucleus and €= 1, -1, Now one shows
by en integration by parts that H;III== 0, as it must be
since spin is conserved. Also one can show that
T ERNR MR R R =0
%, (104)
Now we assume that the energy imparted to the nucleons is
small compared to the rest energy of the vector W-meson.
Then
-— {ord . -t -
B - S e =E B Tk, (105°
Vgking use of these results znd substituting equations (103),

(104), end (105) into equation (102), we find

+ ARN (e = {’ = g = N A‘(i;_;\_'xﬁv.‘q
HA W R ‘} Z i AV\AV “X"R\S\(z“(\“&*hu\ \\’: <
Ry €=\ R
-y =~ g = T g) - \_{“—kl
S lﬁ(ﬁc R Ry * AT =R ARG
== Q' LAY — Cae@ |\ttt vy &
V 3/ 2z f— \6 ( v-“ QV\LV\ \\ E\,.\\ N S

where the primed and unprimed guantities refer, respectively
tc the varigbles of V' ani V. Further, use has becn made of
the fact that the principsl contribution ofwfgqix>these
integrals occurs in the neighborhood of X' - X = 0 and thus
we may treat;%i@ as a constant, which constant we take to be

the value ofﬂ@ﬂq &t the center of the nucleus (fppendix 1).
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Now we have the following relstions:

L kq‘«, e\w\\ &\kt \ﬂ “C\'\r\x\&\ Q“**m R\»

E\\

ZE = (QK Toe¥En é\,,&e*\q\e.&‘ it -’*V &y \““‘W"@W"(B_- %t,ﬁ{\

o- €=\ Al

\a AX-XY
z\‘(&h % tuéiﬂ \i & - N \\: \m&\u:@»m‘é& m& 7.(“\*‘ .tc:l
where R = X! - X

X\KR\=$‘\E{K°\va\ A\ MVSX

LR =(%\;§=‘Kj}v S TN W\

AR .
)—ST(\) = 8RR\ = delta function

AP
IV

fl
C

38R

SR- = SR\ = delte function

end the angles X, @ , ¥ are shown in the following diagram:
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Thus

kN CRA P 7 p 9 5 2R
M, =t L_Q)X\Q‘.&y%%i\dv’\t;\em“* \Av Vel Mumem%\g*“\*“y‘m a—Q,SvS\ (106)

V72 v

where
" LR 'RL( = %_'i"' X ,_(R_\

R\ = (—— - ‘%@ \‘1 (R + E*&;‘Q‘i‘l I (x‘}

Now a short snalysis shows that

JOMUK RS R = RAAD R hs & A © B0t Mg (107)
where the angles®, §, ¢, W are shown in the following

diagrem:

a
\V{v |
IR
€ I |
5] | ll
P
= e
g SAHCH |
~N |
¢ \\l

Substituting equation (107) into eguation (108) and per-

forming the integration over the snglegs of V, we have

Wae=-55 &l\?{‘i" s [S\V\t«\im] <°\\X\°\ ¢ m{n RekR-VMRR)



.
Since the integrand in R is small except near R = 0, we
approximate
. 3
R ot kR - BRGR = =14 R RY

Thus

--Eé»g- R 2R\ N \
R o]

Substituting equation (108) into equation (101), making the

nuclear summation explicit, and using the relation

R oA
G 3%~ @

we have the result

I \(-\I\\Qzlsv\l E - L\Q'L(\Q 1\\\}( "&v
X > -l ﬁx —ﬁ—?l \i\a\x § man oYt \



-80-

APPFNDIX 9 PLANE WAVE EXPANSIONS
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;@NA[M s e
LT e e
Wre= Vi z;L-_. | SRt MR RS i {\l
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APPENDIX 10 LIST OF SY¥BOLS

Planck's constant divided by 2% ,

Speed of light.

MAC

‘V\,
Mass of a perticle,

i

Magnitude of electronic charge.
Momentum divided by R .
Momentum,

Energy.

As & subscript denotes vector meson,

As a subscript denotes scalar meson.

As & subscript denotes pseudoscalar meson,
Ls a subscript denotes neutrzl psrticle,
As a subscript denotes charged p-meson.

1

As subscript denctes spin 5 meson,

QO

As subscript denotes nucleon.

o

As a superscript aenotes light mesons.

As a superscript denotes nucleon,

Potential and field quantities. Subscripts
correspond to components of thece guantities.
Potential and field guantities in vector notation.
NMucleon wave functions,

Wave functions of longitudinzl vector meson.
Vector potential of electromagnetic field.

Direction of polarization of vector meson,
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ey Direction of polarization of photon,

£y, 2 Coupling constents between K- and m-mesons.

P; S Coupling constants between X-meson and nucleons.
P Dirac wave-function matrix

Ty Y Isotopic spin functions,

%,Q ¥, Dirac matrices.

N
WN’ W( ) — &: f‘:%ﬁ @ CQ.N

s 00 = Y00 R, Wcoy.
vors vol™= &y B g EMTEN
VOps VO(,L)" Ve Rt \"A\Qcc- L
Vys V
‘—’P’ TAL ‘«\”gQa%)»h*s y Wer W
GON’ 1EO(N)# §:TI%SATAQN

ops UM FeFRuns | Jec¥ W

uy, u ()

= &: ’\'n—x‘\‘, %&-_-_ q“

) A S ~ -
U, u()’*/ =Y Q TARMRS | NLRT Y



.

SN =-xqy TN eyt Y,
e s

S =-N Y < Q‘% W

ty, T ) = §: ,‘%‘f—v\é— §aN

ton, tolM = &F T ¢y,

tops b0 = Wo¥R, WX W

ay = § vomev Y,
Am = WLQ’%%Y&M\&N&

£s a superscript denotes complex conjugete.

b3

x As a superscript denotes adjoint.

Denotes charge conjugate.

2

(@
P]

. Complex conjugate,
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