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Similarly,
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[111]=—=1.3[320+1)T}
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1 1 1
2 2

X J ety (gr)dr. (A1)

Integrating over radial coordinate, we have the results
given in (68)-(73) of Sec. 10.
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The decay modes, K.3 and K3, are studied by means of a dispersion relation. It is assumed that the funda-
mental couplings involved are the strong pion and K-meson couplings to the baryons and a weak four-field
coupling connecting nucleon, hyperon, and the lepton pair. The baryon-antibaryon pair contribution to
the absorptive part of the decay amplitude is expressed in terms of the imaginary part of the pion propagator
in the same approximation. The decay rate is determined in terms of the various coupling constants and
the quantity Z which renormalizes the pion propagator. Comparison with experiment is made for the case
2:2/gr?=15. The results are consistent with a hyperon leptonic decay coupling constant an order of magni-

tude less than the beta-decay strength.

1. INTRODUCTION

T is not known whether four-Fermi forms are
appropriate to represent the fundamental weak
interactions. However, many authors! have suggested
various weak couplings of the form Lwea=NJ,J, where
J. consists of vector and axial-vector combinations of
various baryon and lepton pairs. So far evidence for a
universal coupling constant is found only in the strange-
ness conserving decays; present data on hyperon decays
into a nucleon plus leptons indicate that if nucleon-
hyperon terms are present in J,, they are present in a
reduced amount.?
Aside from the leptonic hyperon decays the most
direct evidence bearing on the strangeness noncon-
serving ‘“current” comes from the K+ — pt-+», K+ — ut
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+v+7° and K+ — et+v+n° decay modes, and the
similar K~ decay modes. The partial lifetimes for these
processes are fairly well known, and if it were possible
to connect them to the strength of a strangeness
violating Fermi interaction one would have an indica-
tion of the consistency of such a form.

In a perturbation calculation the divergence problem
renders this connection impossible. Either one must
choose a numerical value for a cutoff or one must
introduce counter-terms in the form of fundamental K
decay couplings for each process. Nevertheless there is
some hope that another calculation procedure could
avoid this problem; that in this case the divergence is
really a consequence of the perturbation expansion.

Recently Goldberger and Treiman® have used a
dispersion relation approach to the similar problem of
7 — u+v decay. An answer for the decay rate was
obtained in terms of the pi-nucleon and mu capture
coupling constants. The same method is applicable to
the K — p+»v mode,* except that here the coupling
constants involved are unknown.

( 3M. L. Goldberger and S. B, Treiman, Phys. Rev. 110, 1178
1958).
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In the present work a similar method is applied to
the K+ — yt+v+n%and K+ — et+v-+mo decay modes.
It is hoped that such an analysis, together with the
K — p+v analysis and whatever data emerge on lep-
tonic hyperon decays, will serve to check the consistency
of the four-field coupling as the basis for strange par-
ticle decays.

The procedure to be followed, while parallel to that
of reference 3, will be stated in somewhat different
terms. A dispersion relation will be conjectured. In this
dispersion relation perturbation theory will be used to
evaluate the absorptive part arising from baryon-
antibaryon intermediate states. The calculation can be
modified to the extent of introducing an exact pion-
nucleon vertex function (as in reference 3). Whereas
Goldberger and Treiman express their result in terms
of an integral involving a complex nucleon-antinucleon
phase shift, we prefer to relate our approximate answer
directly to functions involved in a similar approximation
to the pion propagation function.® In this way it will
turn out that all unknown information can be expressed
in terms of the renormalization constant for the pion
propagator. This also will make the neglect of higher
physical states more plausible. Subsidiary dispersion
relations for the intermediate processes are avoided
while Goldberger and Treiman’s “damping due to the
one pion state” is still obtained by a careful treatment
of processes on the external pion line.

The strong K coupling will be assumed pseudoscalar
(though the calculation may be done for scalar coupling).
Now it is the vector (rather than the axial vector) part
of the Fermi coupling of nucleon to hyperon which
contributes to K,3; and K.; decays. That is, the relevant
weak interaction presumably looks like a sum of terms
of the form,

Lw=\ (‘i/hyperon')’u‘pnugleon)
X (‘Plepton’Yn ( 1 +1:75)‘//1&pt0n) +H.c. ( 1)

In order to avoid for as long as possible the problem
of what particle combinations and what factors should
be inserted into (1) we shall discuss the dynamics first.
To this end we abbreviate the sum of contributions
YhyperonYs¥nucteon to (1) by the symbol K,.

2. DISPERSION RELATION FOR K,; K,; DECAY

The transition probability per unit time may be
written as

My
2E, B0 0k
X(X | M) (p)Epdpud®py. (2)

spin

Tromw= (2m)™5 f

5 K. Symanzik, Nuovo cimento 11, 269 (1939). M. L. Gold-
berger and S. B. Treiman, Phys. Rev. 113, 1663 (1959).
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M is obtained from the reduction formulas,®

M=ﬁ,yﬂ(1+i'ys)upfp[— (q—k)za 92]: (3)
where

fL— @12, ¢1=i(2wx)? f eivap(—2)

X{O[|LJ(0),K,(x)]| K). (4)

Here K,(x) is, as explained above, the baryon con-
tribution to the strangeness nonconservirig weak cou-
pling. J equals ((]—p® ¢, again leaving out charge
indices. % is the K particle four momentum, ¢ is the
sum of the u and v four momenta. Use has been made
of the local Fermi coupling; this insures that ¢, and p,
enter only in their sum. The variable, (¢—#%)2 is the
pion four-momentum squared. It is this that we shall
allow to become unphysical. ¢? will be held fixed at its
physical value (depending on the point in the decay
energy spectrum). In reducing the time ordered product
to a retarded commutator, use has been made of the
fact that there exist no physical states with strangeness
—+1, number of nucleons equal to zero, and four mo-
mentum p such that p?=g¢? for the range of ¢ defined
by the real decay processes.

The quantity f,, defined by (4), is essentially a three-
point or vertex function. f, may be written in terms of
two invariant functions,

Su(Em)=kua(Em)+q.b(Em), ©)

E=—(¢—k)?* n=¢"

Now we conjecture a dispersion relation for the
functions ¢ and b, in the variable . Perturbation theory
supports this conjecture in a model in which the decay
proceeds through the heavy fermions.” The relation of
the external and intermediate masses is indeed such
that, as anticipated from Eq. (3), the cut in the £ plane
will start from the first physical state connected by the
strong interactions to the single pion. There being no
direct coupling, K — w+u+», we shall assume dis-
persion relations without subtractions. That is, it is
assumed that the K,; rate is calculable in terms of a
fundamental Fermi interaction strength and various
strong couplings. The dispersion relations take the form

with

P = Ima(En)
[reen

Rea(é)ﬂ)z_ ,
o E—¢

™
and similarly for b(£,9). From (3) one obtains

Imfy(&m) =7 (20K)} 20 8*(k—g—pn)
X{0[J(0)|m)(n| Ku(0)[K), (7)

where the states, #, include 3w, NN, Y'Y, etc. We shall

8 H. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo
cimento 1, 205 (1955).

7 R. Karplus, C. M. Sommerfield, and E. H. Wichmann, Phys.
Rev. 111, 1187 (1958). R. Oehme, Phys. Rev. 111, 1430 (1958).
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F16. 1. Two kinds of contributions to (NN | K,(0)| K).

take all baryon masses equal and, following reference 3,
investigate the contribution of the nucleon-antinucleon
(or hyperon-antihyperon) state alone.

To find the imaginary parts of @ and & in this approxi-
mation the two quantities needed are (0|J(0)|n) and
(NN|K,(0)|K). The first factor is the pion-nucleon
vertex function and may be written

(0|J(0)| NNYy=gF[— (pn+px)2Jaxysun.  (8)

In the summation, (7), F[— (p.+ps)%] may be re-
placed by F(£). Goldberger and Treiman have dis-
cussed this function in further approximations. However
we shall not need to know this form.

The second factor in (7) is the quantity
(NN|K,(0)|K). This will be treated in lowest order,
assuming the strangeness nonconserving interaction (1)
and a K coupling to nucleon and hyperon. There are
two_dynamically different contributions to the factor,
(NN|K,(0)| K), shown in Fig. 1. N and N are meant
to stand for any baryon pair connected to the pion.
For the moment we shall consider the contribution of
one process of type I and one of type II separately.
When these are introduced into the sum, (7), and all
intermediate baryon pairs are included, some combina-
tion of type I and II contributions will appear, de-
pending on the specific couplings used. The possibilities
for this combination will be considered later.

The lowest order result is,

(20x) NN | K,(0)| K)=\(M/E)grinOumx, (9)

where

v (pv—pr)—M
O/JI:'YE

(pv—px)*+M?
O“n:,yl:/' (—prt+pe)—M

.,
(pw—p)*+ M2

M is the baryon mass and E is the baryon energy in
the center of mass of the pair. Inserting these expres-
sions and (8) into (7) we find

Imf = —Imf," = (1/4m)
X (ku/M) | p|NgrgF (£)0(£—4M?),

E=3E p=LE4)— T

Terms of order n/M? compared to (10) have been
neglected.

Instead of substituting these expressions directly into
the dispersion relations we want to compare them to a

(10)

where
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function related to the pion propagator calculated in
the same intermediate state approximation.
Defining

P(p)=i f = 0-9(x)(0| [T (2),7(0)]|0), (11)
we have
ImP(§)=r L #(pvtpv—kte)
X(OIJ(O)INN)(NN|](0) IO) (12)

All isotopic spin factors will be included later when the
problem is considered of what states should be inserted
for NN in (12). For the sake of consistency with the
approximation to Imf,, we again put in the expres-
sion (8) for (0|J(0)| NN), but take the second factor in
lowest order. Then one obtains,

ImP (&)= — (g*/2m) (&/4) (| p| /M)F (§)0(§—4M?).  (13)

From (5), (10), and (13) one sees that in the present
approximation,

Imb=0,
Imax(§) 3 Imar () T~ 2Ngx
ImP(§)  ImP(§) g«

(14)

Now in the Goldberger and Treiman treatment of
pion decay, an expression similar to (7) was derived
and approximated by the nucleon pair intermediate
state. Their term (VN |y, vs¢|0) was subjected to a
further dispersion relation and approximated by a u
capture coupling constant (subtraction) plus a con-
tribution from a single pion intermediary. This second
(one pion) contribution supplies a damping in the
result which is of critical importance. Its existence is
evidently connected to the possibility of self-energy
processes on the external pion line.

For the real external pion these contribute only a
renormalization constant, which has already been taken
into account (by the use of the renormalized field in
the reduction formula and the renormalized coupling in
(NN |J|0)y=gitysu). But for the unphysical momenta
involved in the dispersion relation there are additional
effects. Since our dispersion relation for K,; decay
involves unphysical pion momenta in exactly the same
manner there is a similar phenomenon here. To obtain
the damping effect (without subsidiary dispersion rela-
tions) we must follow a more accurate treatment of the
external pion processes.

All our various expectation values of Heisenberg
field operators may be expressed in terms of appropriate
S-matrix elements, {a(in)|B(out)). These in turn may
be calculated by perturbation theory in the interaction
representation. We shall denote modified matrix ele-
ments with a subscript P (for proper) to indicate the
contribution from Feynman diagrams not containing a
single intermediate pion line.

The external pion processes are separated explicitly
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when the amplitude, f,, is written in the form,

f“(E,n)=Z3(—E-I—p,z)A(-—E)f,.'(E,n), (15)

where f,/ is the contribution from the diagrams which
contain no single pion intermediate lines. Here A(—§)
is the renormalized pion propagator and f,’ is given by
(4) with the modification that when (4) is expanded in
the interaction representation only proper contributions
are counted. We write this

W m=ion)? [ eien(-x)
X(O|LT(0),7,()]| ).

From (15) we may infer the same analytic properties
for £,/ as for f,.

Just as the K-decay matrix element was written in
terms of the proper contribution, the pion propagator
itself is to be written in terms of proper contributions,

1 1
A= X . 17)
Btut 1= ()R-

(R24u?)?R(—k?%) here is the proper meson self energy
part and,

ImR(— k) = Zs*(k*4-u)~? Imi f 7o)

(16)

X(0[[J (x),7(0)]]0)p. (18)
The function f,/ (%) is to be divided as was f,;
Iu' (&) =kud’ (En)+qud' (&n). (19)

The imaginary parts of f,’ and R will be calculated
in the intermediate baryon pair approximation. In
analogy to (7) and (12) one has,

Imf,'=7(2uwr)* 2 8(pn+pr—k+q)

X{0|J(0)|NN)»(NN|K,(0)| K)p, (20)
and
ImR(§) = Z*(—&4u")* 2 6 (py+pr—k+0)
X{O|J(0)|[NN)p(NN|J(0)|0)p. (21)

Evidently any improper contribution to the inter-
mediate matrix elements would produce an improper
contribution to f,/; hence the subscripts [P in (20)
and (21).

We shall concern ourselves only with the ratio of
Ima’ and Imd’ to ImR. Again the form of the first
factor (0|J(0)| NN)p, common to all three quantities,
Ima’, Imd’, and ImR, is irrelevant. In (2) we again
take lowest order (with renormalized couplings) for the
factor (NVN'|7.(0)|K)p. In taking only a coupling con-
stant for (VN |J(0)|0)» however we must remember
that the processes on the outgoing pion line have been
omitted. These would contribute a factor Z; to the
amplitude (VN|J(0)|0) (as well as a correction in
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form). Therefore we take,

(NN |J(0)|0)p=2Z ;s gty stta. (22)
This leads to the result,
Imay Imayy (—&+u2)? Mg
= =—2 —_ (23)
ImR ImR ¢ g
Imd'=
This ratio, the relation [from (15) and (17)]
a(Em)= a'(&m), (24)

14-(¢—p))R()

and the dispersion relation for f, (6), will be sufficient to
determine the K,; decay rate in terms of the various
coupling constants and the pion field renormalization
constant.

Henceforth the pion mass, u, will be set zero in all
expressions for the imaginary parts of R and f/, i.e.,
w2 is neglected compared to 432 Also the decay ampli-
tude will be evaluated at zero pion mass. Equation (23)
then becomes,

Imay’ (&) = —Iman’ (én) =C¢ ImR (én),
C=—2gx/g.

From (24) and the assumed dispersion relation (6)
we have (with u=0)

a(0)=€—fw dg

(25)

Ima(§)[1+£ ReR(£)]— & ImR(§) Rea(§)
X . (26)
[1+£R(9)|*
Substituting in (26) the two relations,
(S)
ReR(§)=— | d¥ (27)
¢ f &
/( I
Red'(§)= 0)+ £P ¢, (28)
ed (§)=a'( f T

and using (25) one obtains,

1 p* diCEImR(E)—£a(0) ImR(Z)
a(0)=—f N ek

The use of a subtracted form in (28) is for algebraic
convenience. By this procedure [in view of (25)7] the
integrals under the integral in (26) are seen to cancel.
The subtraction term @(0) appears under the integral
in exactly the same way as in reference 3. However in
achieving an equivalent result we have avoided sub-
jecting the subsidiary quantities, (VN |K,|K), to a

T2
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dispersion treatment. The analytic properties of a(&)
are merely used over again.
Making use of the fact that a’(0)=0a(0) and that

mR(E)
ImA(—§)=——-—"77—, (3v)
[1-HER(D)|?
one find
1 00
a(0)=— f ULC—a(0)] ImA(=)).  (31)

Provided the indicated integral converges one may
write’

1 00
- f TmA (— )di=Zi1—1. (32)
™ Y 42
The solution to (31) is thus
a1=—-an=C(1——Z3). (33)

3. NUMERICAL ESTIMATES

It remains to determine the coefficients of the con-
tributions’ e¢; and @ to the decay amplitude of the
real K particle. For simplicity we assume a globally
symmetric pi coupling. Now the total function (summed
over #fl, pp, ZZ etc.) will be just 8 times its value for a
single ##i intermediary. This result depends on the
universality of the coupling constant magnitude and
not on relative signs (each g being squared).

In the calculation of Ima’, we must contend with
contributions of both signs, and depending on the exact
interaction there may or may not be large cancella-
tions. However, just from the number of intermediate
processes, and some kind of universal (or average)
order of magnitude coupling constants we may infer
the maximum decay rate. The coupling constants
required are those for the various processes (for K+
decay), K+ — p+4, 2, Kt— n+ZF, Kt—Zt450,
K+ — A, Z+E+ and for the weak couplings p+A —
utv etc.

It turns out that the sign assignments in the globally
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symmetric pi coupling taken with the (dynamical)
result, ¢;= — a1, insure no contribution from the loops
beginning K+ — Z++4x and K+ — E'+Z+. There are in
total eight additional remaining processes whose signs
are uncounstrained by the global symmetry or by
charge independence in the K coupling. Our maximum

ratio,
Za'(&n)/ZR (),

is the same as ¢’/R in Eq. (25) where only one inter-
mediate channel was considered for both a and R.
However, with another choice of signs in the weak
coupling this ratio could be reduced to zero. Now
assuming 0<Z3K1 we may calculate the maximum
transition rate for the K decay. From (33), (5), (3),
and (2) is obtained

Ko 1 gx\® (267
rm{ =—('m,2)\)2(-——) m{ l (34)
Ko o P 3.35

e3 T
4. CONCLUSION

With g2/gi2=15 we find, after fitting I'max to the
total leptonic plus pion decay rate (7%, of the total K+
rated), Amin2>2(1/20)gy? where gy is the vector coupling
constant in 8 decay.

On the basis of the above analysis one could conclude
either that the fundamental strangeness nonconserving
coupling constant is substantially smaller than the
beta-decay coupling constant or that there is consider-
able cancellation among the contributions of various
baryon pair intermediate states. The same conclusion
is obtained in a similar analysis of K,. decay.* The
present leptonic hyperon decay data strongly indicate
the reduced coupling constant.

The strongest conclusion is that the frequency of the
leptonic modes of K decay is not so large as to require
excessive leptonic decays of hyperons if the Fermi
interaction is taken as the fundamental weak coupling.

8 O’Ceallaigh, Proceedings of the Seventh Rochester Conference on
High-Energy Nuclear Physics, 1957 (Interscience Publishers, New
York, 1957).



