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We construct a two-parameter semiphenomenological model for nonleptonic kaon decay under the follow-
ing assumptions: (i) All single soft- limits are satisfied; (ii) aside from pole terms, amplitudes can be ex-
panded as a power series in the pion momenta ¢; and (iii) in particular, we include in {r¢|3Cs|Ks) only first-
and zeroth-order terms in ¢g. Our A =} results are then identical to the recent work of McNamee. Because of
our inclusion of ¢ dependence, nonzero AI =4 effects are also permitted and are found to be in agreement
with the model of Bouchiat and Meyer to order 7,3/M k. A theoretical estimate of the size of the first-order
terms is found to agree with experiment. Uncertainties inherent in our method are discussed.

I. INTRODUCTION

HE techniques of current algebra! and partially
conserved axial-vector current (PCAC)? have
been applied to nonleptonic kaon decay by many
authors.? It is well known that both the K — 27- and
K — 3r-decay amplitudes satisfy an exact AI=3% rule
in the soft-pion limit.? Experimentally, on the other
hand, the AT=% rule appears to be approximate, with
small but definite AT=% effects.®

Section II generalizes a method of treating the non-
leptonic K decays recently discussed by McNamee® by
expanding to the first order in pion momenta. We show
that AT=% effects may then be present. In Sec. III,
we contrast the results of this model with previous
current-algebraic treatments of the AI=3 amplitude
by Nambu and Hara® and of the AI=$% amplitude by
Bouchiat and Meyer.” Agreement of the model with
experimentally observed AI=3 rule violations is ex-
amined in Sec. IV.

Section V employs a modification of the ‘“hard-pion”
techniques introduced by Weinberg and Schnitzer® in
order to justify our method somewhat and also in order
to get a specific theoretical prediction for A =% ampli-
tudes, as opposed to the empirical value employed in
previous sections. Finally, Sec. VI considers the im-
portance of possible uncertainties on our calculations.

II. GENERALIZATION OF McNAMEE'S MODEL

The theoretical situation regarding the violation of
the AI=1% rule is somewhat unsatisfactory. Strict soft-
pion calculations, as remarked in the Introduction, pre-
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dict that AT=% terms vanish.? While this is often con-
sidered as a great success of current algebra, this result
not only disagrees with experimental findings,* but also
casts doubt upon the validity of a recent current-algebra
calculation by Bouchiat and Meyer,” who relate AI=3
effects in K — 37 to those observed in K — 2m. One
might well wonder whether this is actually a zero-equals-
zero result.

In order to gain information concerning possible
AI=% effects, it is necessary to go a step beyond the
soft-pion-limit results. We shall pattern our work after
that of McNamee,® except that where he approximated
all terms other than those contributed by various ‘“pole”
diagrams (Figs. 1 and 2) as constants, we shall, in effect,
expand such terms in the pion momenta, keeping not
only the zeroth-order terms, as he does, but also the
first- and some second-order terms. We then evaluate
these coefficients by demanding consistency with the
various soft-pion limits. In seeing how this program is
carried out, we shall recapitulate as well as extend the
work of McNamee and put his results into a more con-
venient form.

We first define our Hamiltonian. Since this work does
not treat the problem of CP nonconservation, we shall
employ the usual current-current Hamiltonian as pro-
posed by Cabibbo®:

3u(2)=—(Gv/2V2){9u(%),9.'(®)} ,
with
9*(x)=V2 cosb [V +(x)+ A-+(x)]
+V2 sinf [Vr-#(x)+Ax-+(x)]. (1)

Our phase convention and normalizations are indicated
in Appendix A. We shall need only the AS= —1 part of
3C,, which we may decompose into AI=% and AI=%

1

)‘u

K K™ @

F16 1. K-pole diagram which contributes to K — 2.

9 N. Cabibbo, Phys. Rev. Letters 10, 531 (1963).
1228




183

components:

3w () = 3Cu2(x)+3C (%)
3C,12(x) = (Gv/V2)cosh sinf [20) (x)+3vV20®(x)], (2)
3C,3/2(x) = (Gv/V2)cosh sinf [0 (x) —3V2O O (x)],

where

OB (@)= {[Va+(x)+Ax+(x)], [Ve*x)+Ax+x)]},
0O (@)= {[Vs(x)+Axn(x) ], [VRH(2)+Ar#(x) ]}

We now consider the K-vacuum matrix element
(0]3¢.,°(0) | Kx™),

where & is the kaon four-momentum, # is an isospin
index, and =% or £, depending upon which component
of 3, we are considering. Note that over-all four-
momentum conservation has not been imposed. The
weak Hamiltonian is considered as a spurion, which can
carry off the appropriate energy and momentum.
Now, if i=3 such a matrix element vanishes, while
if =% we may define!®
(0]3,172(0) | K™= A1/2M 331/2K™, (3)
where K™ represents a two-component isospinor
1 0 .
[K"= <0> for K+ and K= (1) for K"], and 8,2 is the

AI=7% isospurion (01). Ay/2 is a constant which could
in general be a function of £2. However, we shall always
remain on the kaon mass shell and shall therefore not
include such dependence.t

When we now consider the K- matrix, element which
McNamee treated as zeroth order in the pion four-
momentum, we also include first-order terms:

(rq“"lﬁcw"(O) lKkn>= ‘A n*+Bak- Ga) )

(a)

(b) >

e

Fic. 2. (a) K-pole diagram which contributes to K — 3. (b)
m-pole diagram which contributes to K — 3.

1? We employ “isospurion” notation, as discussed by J. S. Bell
[CERN Report No. 66-29, 1966, Vol. I (unpublished)].

1t Dependence on k* produces nothing new if the parameter A
(see Appendix B) is set equal to zero, as we do in the text. Such
dependence can become important in the case A=1 and will be
discussed in a separate paper.
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832'=(—30),
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where *4,% ‘B,® are assumed to be constant. In Ap-
pendix B, we go one step further and also include in this
expansion terms in ¢,%. However, we shall show in Sec.
V that such terms in ¢,* vanish in a particular model,
and for simplicity we neglect them here.

We require agreement of this form with the soft-
pion expression. When we take the limit ¢,— 0 and
employ PCAC in the form!?

ali) = (1/iF 3,4 (3)
we find
m,2_qa2
(roc00) Koy = [tz s

‘l’mt
X <Ol T(9,4 2*(2)34,%(0)) | Ki™) :_To’

—(1/F){0|[F.%(0),3¢,*(0) ]| Kix™), (5)
where

Fi(t) = / ddx A0(x,t).

As is well known, for a ¥+ 4 Hamiltonian as in Eq. (1),
we have?

[F °(0),3¢,%(0) ]=F. ,,(0),.'}(3,,,‘(0)],
where

Falt)= / & VO(x,0)

and is just the ath component of the isospin operator.
Then, having replaced F,° by F, in the matrix element
of this commutator between the kaon and the vacuum,
instead of carrying out the commutation we allow F,
to operate to the left and right, respectively:

(0] [Fa(0),3¢,°(0) ]| K &™)
= ((0] F4(0))3€.*(0) | Kx™) — (0 3¢, *(0) (Fa(0) | K x"))
=0—37°ma(0]3C.*(0) | Ki™)
= _61‘4}%14 1/2MK3-§1/2T"K".

Thus, the soft-pion limit determines ‘4,* but leaves
the k- ga coefficients arbitrary. We find that

‘An=63(A1 M */2F ;)51 /07 K™ (6a)
and define two new constants By,s, By, by

1/2Bn“= (31/2MK/2F,)-§1/21'“K", (6b)

32 Bp®= (Bs/sM g/ 2F £)83/:°K™,

where, for the AI=4$ term, we are using a notation in-
troduced by Bouchiat and Meyer,” in which §,,° repre-
sents a AI=3 isospurion with vector index i and obeys
the subsidiary condition s3/5- t=0. We have

83=(—310), &p*=(0 —1).

12 We use the definition A.*(x) =¢(x)$\av*v5%(x) so that
Goldberger-Treiman relation is Fr=—iMg,/ gr.%( at our
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We now consider the K — 27 matrix element, for
which we define’?

<7"qaa7"qbb [ 3C.,*(0) l Ki*)="4,"4+'B,*% ¢,

+B,b%k - g+ (K-pole term)? (7)

with, according to Bose statistics, *4,%*=74,%, and
where (K-pole term)? represents the amplitude for K-r
scattering, followed by the kaon propagating and dis-
appearing through 3C,* into the vacuum, as in Fig. 1.
Following McNamee, we use Weinberg’s expression for
K- scattering!:

<7rqbbKI:’m| T|me2Ki™)= (2m) 164 (qotk' —ga—k)
X (—1) (e*b/AF ) 1 mn(gotga) - (K'+K),  (8)

where S=1—iT. Now since the kaon cannot go into
the vacuum via 3¢,%/2, (K-pole term)?3/2=0, while for

=1
=17,

Ay M g3
4F 2
2k (gv—qa) —¢o2+qa*
2k (gs+4a) — (qo+a)*

We demand agreement with the soft-pion limit

(K-pole term)!/2=7e*b¢3y o7 K™

<7"qa“""t1bb!'7cwi(0) I K") -‘—‘u"
qh—>

—(1/F ) (| [F4(0),3.°(0) ]| Ki")

where 79 is to be kept on its mass shell. Again we replace
Fy® by Fp and allow it to operate to the left and right,
respectively:

(40T 4,* 30" (0) | Ki") ——
qp >0
— (e, ) {(mg,°| 3,7 (0) | Ki)
F (1 2F ) 78 (7 40%] 3C0*(0) | K .

We may use our previous results for the K-r matrix
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element, whereupon'®
(Taa"ay?| 30" 2(0) | Ki) =
qb—>

(4 1,’2AMK3/"14Fr2)v§1/27'b7'aK"+(B]/zMK,/4F.,2)
X3y, 277K k- Ga,
(T 4a"T g, [3Cu*2(0) | Ki") —— (Bs, oM & /AF ?)
an—>0
X [5‘3/2"1’”(" —24€%%83 oK™ Jk- Ga-

Comparison with our expansion (6) yields

L M
172 q “abz__‘_*aabg]’ 21\ n s
45,2
By 2M k
l.’2B"ab= - S]’_TbTaKn’
4F,?
3/2‘,1 “ab=0 ,
By Mk )
3/2B”ub= (5.3,2uTbKn_21€abc.§3:20Kn) . (9)

4F,?

The treatment of the K — 37 matrix element is
similar!6:

<7"qau""qz>b7"<1cc I 3¢.,*(0) ] K)
— 14 “abu_i_ iBnabck . qa+ iBnbnak . (]b+ i_Bncabk . qc
3 iDnabEQb . Qc+ iDnbch . l[a+ .ianbQ(l *qb

+ (K-pole term)i+ (IT-pole term)?, (10)

where, according to Bose statistics,

i nabc= iAnacbz iAnbcaz i‘4nbac= iA "cab= iq ncba ,

iBnabc= iBnacb , and iDnabcz iDnacb ,

and the K- and II-pole diagrams are the contributions
from the diagrams of Figs. 2(a) and 2(b), as emphasized
by McNamee.

We employ Weinberg’s result for the n-r scattering
amplitude':

(Taemaa®| T| 7,27 g, %) = (2m)464(qc+ qa—qa—q) F-2{8°%6° (gatg5)* —m4>]

Then

(K-pole term)! /2 =§F =3[ A1/oM g+ B1/sM k(k—qa—qb) - qc J1€**%8y jor°7 K™

where Perm. indicates terms obtained by the cyclic permutation of the indices (e, 8, and ¢), and

(K-pole term)3/2=4F ,~3B3, oM k(k—q¢oa—qs) - -1€*5%53,5c 72K

+ 6acabd[(Qa - Qr)2 —m72]+ aad‘sbc[(QG _qd)2 —mfzj} . (1 1)
2k (9v—4a) —¢v*+qa
+Perm., (12a)
2k (qb+Qa) - (qb+qa)2
2k~ (¢6—ga) —qo*+qa®
+Perm., (12b)

2k (gs+ga) — (gp+44)*

18 We have omitted possible terms in ga%, g»% and g¢s*g¢s. In the more general discussion in Appendix B, these terms are included.
However, we show in Sec. V that the ¢,* and ¢»* terms vanish in a particular model, and in Appendix C it is shown that g,-g; terms

vanish in a certain model.
14 S. Weinberg, Phys. Rev. Letters 17, 616 (1966).
15 We have used the relation rb7¢ = re7b—2jesbere,

18 Terms in gq- gs are required in order to agree with the soft-pion limits in this case. A more general form, including terms in ¢?, is

discussed in Appendix B.
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(M-pole term)V2=3F,~3[A1/oM k*+B12M kk- (qatqs+40) J[(atqo+ge)* —mo>T-1{ 888107 K[ (gatq5)* —m,7]
+8%81 27 K [ (g6+qe)? —my2 ]+881,0m° K[ (¢o+¢a)*—m,2]}, (12¢)
(M-pole term)®/2=3F,~3Bs,2M kk- (gat+qo+9c)[(qatgutge)? —m2J{8°%83/2°K"[ (gatg3)* —m4"]
+ 8553, K[ (g +qc)2—my 2]+ 898308 K[ (ge+¢a) 2 —m,2]} . (12d)
Demanding agreement with the soft-pion limit,
(Taa"TarTac? |3 (0) | Ki")— = F K m g m gy | [F(0),3¢,7(0) ]| Ki)
with 72 and #® on their mass shells, then yields

124 0= — (A )M g /8F ) [89%81/27° K"+ 8581070 K "t 69311070 K 7]

112 abe= (By )M g /8F 8)[80°8, /272 K" — 28968, /270K " — 26981 07K "] ,

112 abe= (By )M g /8F ,3)[ — 28848127 K "+ 8931 /570K 7+ 8953 7oK ] (13)
3124 abe=(),

312, abc= (By)sM /8F ;) 5698552 K™ — 46983 /oP K™ — 489985 /5°K - 2ie 04y 4 rb K n - 2iebodsy pdreKn]
3/2D"abc= (B3/2MK/8F13)[iéquS"g/szdK"‘}‘ié"bd§3lchdK”] .

If we set Byj2= B32=0, we recover the results of McNamee.

III. COMPARISON WITH PREVIOUS WORK

In order to contrast our model with previous work or with experimental results, we need to know the form of
the “physical” decay amplitudes (i.e., all particles on their mass shell and over-all four-momentum conservation
imposed).’” We find

_ (A12+Brj2)M i®
<7rqaa7rqbb|'jcw”2(0) l Kk">phy =5ab~31/2K"‘_——4F_2’__; (1421)
_ o BuyjaM 5
(T 4a"T g | 3w*/2(0) l K™Y phy =[83/2%7P K" +33,2P7°K" ] 3P . (14b)
<7rqaa1r9bb7r¢cc l GC“’IIZ(O) I Kk">phy
(Arj2+Bij2) M g? (A1j2+Bijs) M g3 1
= ——————————[6“”31/27°K"+6“°.§1/27”K"+6’>‘.§1,27"K":|+ 2 K
8F,3 2F,3 Mg2—m,?

X [89%81 /27 K" (56 — My %) 48951 /27 P K" (52 —m42) 4645107 K™ (5* — m,2) ]
—3(B12M g/ F2*)[8%81 /27 K" (s¢ — 50) + 851,27 (52 —50) + 681 972 K "(5% —50) ]
N (A1/eM 3+ By oM gm,2) 1
.
8F,3 Mg2—m,?

[ieabd§1/2TchKn(Sa __sb) +1'€bcd§1/21.a,rdKn(Sb _sc>

Fecadg brdK nlcc__ca
(7 4% 3P 4o | 300%/2(0) | K™ oy TieSyrtrtine =9, (0

:(B;;/QMK:"/’/16F,3)[6“b§3/2°K"+5“5'3‘ 2”K”+6b°v§3'2"K"]+(Bg,‘2MK/"8F,3)[1.€“M§3, szcK"(S”'—Sb)
B3/2MK/—MK2+9M,2
16F,5 \ Mx?—m,? )DabsmcKn(sc“m'ﬂ
x K" =My
B3/2MK/MK2+m12 ]
16F ; \M ; ~ 2>E1Eabd§3/2°TdK"(S“—“Sb)
T K —Mx

+iebcdg31 2dTaKn(sb_sc)+i€cad§3l2d7 bKn(sc _sa)j%

+8983/22 K" (s®—my?) + 883 2K (s* —m,?) ]+

+'I:€bcd33/2°K"(Sb‘3c)+l'écudﬁ bKn §€—g@ - 14d
where s; is the Lorentz-invariant variable (k—g¢.)*. et (1)

7 We neglect electromagnetic mass splittings in the pion and kaon multiplets in calculating decay amplitudes.
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We may now compare the predictions of this model
with those of Nambu and Hara® and Bouchiat and
Meyer.” We discussed their work in a previous com-
munication,!® in which we parametrized the K — 27
amplitude as

Amp(K*+ — 7t1%) = (/7%) fs,

Amp(K°— t77) = (/%) it [v/(1/15) 1 s,
Amp(K°® — n'n%) = — (/) fi+[2v/(1/15) 1 fs,

(15)

and the K — 37 amplitude as

Amp(K+ — ntn'n®)
= —3V2[(e1— (\/%)as)‘l' B1—(V$)B:)E+]
-3 Hrs(E+—3Mx),
Amp(K* — ntrts™)

=3V2[ (201 ~V2as)+ (B1— (V/$)Bs) (M g —E) ]

HOLSTEIN 183

Amp(K° — ntrn%)
=3[ (c1+V2a5)+ (B1+V2B5) Eo]
+(W/To)y:(E-—Ey4),
Amp(K°® — 70707%) = —3[(a1+V2as)+ (B1+V2B:) M k].
In this formalism, the model of Nambu and Hara yields
a1= —%\/gfl/F,, MK61=V3f1/F,, (173.)
while that of Bouchiat and Meyer yields

as=—3(V10)fs/Fr, MrBs=3(V10)fs/Fx, (17p)
Mryi=3(/6)fs/F.
Comparison of our model with this parametrization
yields for K — 27
fi= —V3(M &*/F<*)(Arj2+ Buy2)
= —1V3(41 M &*/F*) (14 2%),
fs=3(/15)(M &*/F ) B>
=1W15)(412M &*/F P)y,
with x=1B1/s/A1/2 and y=%Bj;2/A1/2. For the K — 37—

(18)

+23(\/2)ys(E-—3Mk), (16) decay amplitude, we have
fi 14 1
al=—%‘/3—l—, MKﬁ1=\/3£“—,
x1—7 Fr.1—9
3\ fs 1—11n 3\5 3 1—(27/5)n 3 f3 1—1q
a3=—(\/~>—£ : Mxﬁs=(\/— e Mam=(O)-—,  (19)
10/2F, 1—9 10/2F, 11—y 2F, 1—9

where n=m,*/M g%

The AI=1% results are just those of McNamee, and
both the AT=1% and AI=$ predictions are the same as
those of Nambu and Hara and of Bouchiat and Meyer
[Eq. (17)] up to terms of order .® Of course, terms of
this order can have a significant effect, as in the case of
az, which is much smaller in our model than in that of
Bouchiat and Meyer. Nonetheless, agreement to order
n confirms the work of Nambu and Hara and of
Bouchiat and Meyer. This is especially reassuring for
the latters’ calculation, which we questioned in Sec. II.

IV. COMPARISON WITH EXPERIMENT

We now compare predictions of our model with ex-
perimental findings. For K — 2r decay, the existence
of the mode K+ — 7t#° provides evidence for violation

18 B, R. Holstein, Phys. Rev. 177, 2417 (1969).

19 One might wonder why these results should differ at all, since
in both cases one has an expansion of the K — 3= decay amplitude
which agrees with the soft-pion limit. The difference is that while
Nambu-Hara parametrized the v’ amplitude as

Amp!/2(K+ — rtr07%) = —iVZ(au+B Ey),
and then demanded agreement with the soft-pion limit, one can
reproduce McNamee’s results by parametrizing the +* amplitude
as

Amp/2(K+ — wtnox9)
__ %\/2[“](54-",'301‘*‘502'—27”1’) +B:(MK2+m'2_S+)]

M g*+my? 2M k
which agrees with Nambu and Hara for the physical-decay ampli-

tude but differs in the soft-pion limit by terms ~m,*/Mg?.

of the AT=3 rule® and provides a measure?! of | f3/f1]:
(3| fa/ f1] =0.032:£0.001. (20a)

The deviation of I'(K,— mtr~)/I'(K,— 7%x%) from
unity yields?? the sign of f3/f1:

(V3) Re(fs/ f) = /$)| fs/ fil cos(8:—b0)

=+0.0234+0.005. (20Db)

Comparison of these two measurements yields infor-
mation about the strong-interaction phase shifts. In
terms of our parameters, we find that such measure-
ments provide use with an empirical measure of the
parameter y/(14 2x).

W) fs/ fi=—y", where y'=1y/(142x).

In our discussion of K — 3, there arises the very
difficult problem of the strong-interaction phase shifts
for the 3= system. We shall, in our discussion, generally
neglect such effects. If we had chosen not to, we should
have included three separate average strong-interaction
phase shifts—one (3,) associated with the totally sym-

. 20 Although some authors still tend to think that such a decay
is electromagnetic in origin, with the A7=4% mode suppressed by
SU (3) considerations, we shall consider such an amplitude to
arise due to 3Cu*/% As emphasized later on, however, such electro-
magnetic effects are most likely not unimportant.

21 G, Trilling, Argonne National Laboratory Report No. ANL-
7130, 1965 (unpublished).

2 B. Gobbi ef dl., Phys. Rev. Letters 22, 682 (1969).
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metric I=1 37 state,?® another (8,) with the 7=1 state
of mixed symmetry, and a third (8,) with the /=2 state
of mixed symmetry.?* Our rate predictions are inde-
pendent of these phase shifts; but the theoretical slopes
should include some linear combination of cos(8,,—d,)
and cos(82—8,).25 Since we expect these phase shifts
to be relatively small because of the low Q value in-
volved in K — 3w decays, we shall not include them.
It then seems consistent to use for ¥’ the values

y'=—0.0324+0.001 or y'~-—1/30

obtained from Eq. (20a).2¢

One notes that in our isospin analysis of K — 2, the
three amplitudes are described in terms of just two
parameters—f; and f;. We can then find a well-known
relation between these amplitudes:

Amp(K° — 7tr~)+ Amp(K°® — 770)
=V2 Amp(K*+ — 779,

21

which provides a test for possible AI=% terms. Such
terms might be expected if the violation of the AT=3%
rule is electromagnetic in origin. Experimentally, how-
ever, this relation is satisfied within errors.?”

Moving on to consider the K — 3 system, here also
we have a simple test for the possible presence of
AI'>$ terms by measurement of?28

T4+ /4T100=3T4_0/2T000=1 if no AT>3%. (22)

Our model has only AI=$ and £ and thus predicts both
ratios to be unity. Experimentally, we find*

T4 /4T400=1.002£0.03, 3Ty _o/2T900=0.97-£0.10.

(23)
Thus, there is no evidence for AT=$ and . On the other

2 By symmetry, we mean symmetry under interchange of
isospin and momentum indices of two of the pions. See L. Wolfen-
stein, Erice Summer School Proceedings, 1968 (unpublished).

% In Ref. 18, we employed the suggestion of B. Barrett and
T. Truong [Phys. Rev. Letters 17, 830 (1966)], that only 3, is
sizable. However, we now feel that this is unrealistic, and that
indeed 8m or 82 could be of order of, or larger than, 5,. See, e.g.,
B. Ya. Zeldo’vich, Yadern. Fiz. 6, 840 (1967) [English transl.:
Soviet J. Nucl. Phys. 6, 611 (1968)].

% It is possible to find combinations of slopes which are inde-
pendent of either cos(52—38,) or cos(d»—&:). For example,

Aoo+2Ny - cos(d2—8),
)\4,00—2)\1.4.-0'-005(5".— 3.),
A4 —00<COS(8in—3,).

Thus, our model’s prediction of Ay_o/(A\roo—2\4,_) should be
independent of the effects of final-state phase shifts.

% Bouchiat and Meyer (Ref. 3) suggest that the difference
between | fs/f1| and Refs/fi=|fs/ fi]|cos(s:—8) should be con-
sidered as a measure of the theoretical uncertainty of our predic-
tions. However, it seems to us that, because of the low Q value
involved in K — 3, the 27 phase shift §2— 8, when s= M x? should
have little bearing on the K — 3 results. Thus, we use | f3//1| to
evaluate y.

( R 71; Chiu, J. Schechter, and Y. Ueda, Phys. Rev. 157, 1317
1967).

% By the symbol I' we mean the experimental width divided by

the conventional phase-space factors.
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TaBLE I. Summary of predicted versus experimental
Al =3 effects (y'=—1/30).

Theoretical value
Experimental This NHBM
Quantity value model model
T4 —0/T400—1 —0.1844-0.034» —0.185 —0.185
(P4 -0+T000) /(T4 4 ~+T 400) =1 —0.1754-0.031b —0.185 —0.185
—3N400/ A4 4 -—1 0.34 +0.20° 0.44 0.45
Ns—0/Az00—1 —0.15 +£0.09¢ —0.05 0
» See Ref. 4.
b See Ref. 30.
¢ See Ref. 31.

hand, a test for AI=3$ is provided by the relations
1740 Ty_o+Too0

= =1 if no AI>}, (24)
2 Ti00 TiootT4i—
whereas our model predicts
1T4—0 Ty—o+To0o 14-2y"\2
2 Tyo0 =r+°o+r++_=< 1—-y’> ’ #3)

which is identical with the Bouchiat-Meyer prediction?®
and in agreement with the experimental numbers?:30.3!
given in Table I. Such agreement as well as other ex-
perimental comparisons which we shall discuss must
be considered as interesting but hardly compelling,
since we have omitted any discussion of the difficult
problem of electromagnetic corrections.

K — 37 amplitudes are often written phenomeno-
logically as

Si—So
[Amp(K~—>31r)|2=|A]2<1—-2)\ 2),

M

with L
So=% 2 Si=3Mg*+m,?,
‘

where ¢ represents the odd pion (7* in 7' decay, =~ in
7 decay, w° in K — n*tz—7°). The parameter \ is the
slope; its measurement provides another test for the
presence of AI=% terms. We find

=300/ M —=N—o/Moo=1 ifno AI>3, (26)
while our model predicts

N—o/Npoi14-18y", (B-M predict 1)
=5\ roo/ M+ -=1—(27/2) (1 —3n)y/, @7

[B-M predict 1—(27/2)y'].

The Bouchiat-Meyer predictions are given in paren-
theses. Table I shows both our model and that of
Bouchiat and Meyer to be in fair agreement with experi-

2 Actually, the Bouchiat-Meyer result for these ratios is
[(1+2y)/(1—y)]% However, in their case —y=(v/3) fs/ f1, while
in our case —y/(142x)= (/%) f3/f1; so that the predictions of
both models are actually the same.

% T. Devlin, Phys. Rev. Letters 20, 683 (1968).

3 For My4— and Nig0 we use the values given by G. Trilling
(Ref. 21). However, for Ay _o, we use A _o= —0.22+0.01 given as
the current world average by J. Cronin, in Proceedings of the
Fourteenth International Conference on High-Energy Physics,
Vienna, 1968 (CERN, Geneva, 1968).



1234 BARRY R.
ment. Thus, we conclude that, over all, the predicted
deviations from the AI=12 rule seem to go in the right
direction and are of the proper order of magnitude.

V. HARD-PION MODEL

In the preceding sections, we have discussed a model
for nonleptonic kaon decay which agrees with current
algebraic constraints and with experimental results. The
relative amount of AI=1 rule violation was treated
somewhat phenomenologically in that it was taken from
an isospin analysis of K — 2m decay, rather than pre-
dicted from a purely theoretical standpoint.

In order to remedy this, and also to justify our orig-
inal ansatz [Eq. (4)], we derive a more or less formal
expression for the corrections to the soft-pion limit in
the K- matrix element patterned after the hard-pion
methods of Weinberg and Schnitzer.® These corrections
are then estimated in a simple model. A similar method
is applied to the K — 27 matrix element in Appendix C.

We work with the K- matrix element. One defines
the amplitudes

iNan(k ga) = f @b ¢112(0] (A 2, (x)30.07(0)) | K ™)

=GA lA‘{I“y(Qa) ‘.I‘anv (k,(Ia)

“f‘WQGqu(‘Ia)iI‘a'l(k7ga) )
(28)

N (kyga) = f d*x €190 7(0 | T(9#4 2, (x)3C0*(0)) | Ki™)

= if"«mr2Aw(¢Ia) l-Fﬂ"(k;qa) y

where we have assumed the spin-1 part of the axial
current to be dominated by the 4; meson and the spin-
zero portion by the pion. A.(g)=1/(g?*—m,?) is the pion
propagator, while

i 9u9»
A, (g)= 2<-guv+ )
q?—ma, ma,®

is the A, propagator. The coupling constant G4, is
defined by

(0] 4,40)| A1,4°)= G 4,€,8°. (29)

It is easy to see that ‘T4, (k,q4) is just the K- matrix
element, in which our interest lies, while €°T;.*(%,94)
is the K-A; matrix element.

We now employ a Ward identity:
iga*N"u(k,ga)

= —iF 1qa*Ax(ga) ' T*"(k,qa)

- (GAl/mA12)qa“‘Panﬂ(quﬂ)

= —Nen(k,qs) — (0| [F4*(0),3C.*(0) ]| Ki)

= —iF,m,,zA,(qa)"I‘“"(k,qa)-l—%A 172M g3817272 K™, (30)
Therefore,

Tan(k,ga) = (A1/2M */2F £)81j57°K"

1 (Gar/F+M 4,")4a> Tan*(k,ga) . (31)
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The first term on the right-hand side is the soft-pion
result. The second term is the correction term and is
directly related to the K-4, matrix element.

From Lorentz invariance we can write

iPan)‘(k’qu) =1B,%(k- qa’qa2)k)‘+ iCao(k- qa,qf)Qa* . (32)

In analogy to Weinberg and Schnitzer’s assumption of
the simplest possible form for “primitive” matrix ele-
ments, we assume *B,* and ‘C,° to be constants.’? This
is equivalent to the forms used in Egs. (4) (if ‘Cn2=0)
and (B1) for the K-r matrix element.

To gain information about B and C we need a model.
As an order-of-magnitude estimate, we assume we may
evaluate a matrix element of the type

(A1,0,%|{9°4(0),9™.(0)} | Ki™)

by including only the vacuum intermediate state®

(41,4, §24(0)| 0)0] 9. (0) | Ki™).

The accuracy of such an approximation will be discussed
at a later stage. At present, we examine its consequences.
We find that
(41,0[3€u1*(0) | K%)= —(A1,o"[3,**(0) | Ki%)

~2V2(Gv/VZ)cosh sinf{A1,°| A+|0)(0]| 4 z*(0) | K+

~+e€4,-k3G4,FxGy cosf sind. (33)

Hence, in such a model, terms in ¢*> are absent (i.e.,
i{Cn®=0), as previously claimed.

Phenomenologically, we had defined in Eq. (6)

(GAI/FIMA12)1/2I‘an)‘(k,Qa)

= (By,oM g/2F z)312mK k>, (34)
(GA 1/FTMA12)3/2Faﬂ)‘(k)qG)
= (B3/2MK/2F-,)§3/2°K”’Z)‘ .
Comparison with our model yields
By2M g= —B3;sM g
= —(Ga2/M 42)Fx3Gy cosf sinf. (35)

Using the Weinberg®* sum rule G4,=G,, the Kawara-
bayashi-Suzuki-Fayyazuddin-Riazuddin?®® sum rule G,?
= —2F.’m,?, and the relation m,%>=2m,?, we find

GaY/M 4= —F,%.

Since we are after an order-of-magnitude result, we
shall not worry about the accuracy of such sum rules.
We have, then,

BijsM k= —BssM k= +F *Fg3Gy cosf sinf. (36)
We take Ay, from experiment, assuming it dominates

32 Actually, Weinberg and Schnitzer make this assumption
about their so-called “primitive” functions. However, we have
gone as far as we can go without such an assumption.

3 Such an approximation has been used recently by D. F.
Greenberg, Phys. Rev. 178, 2190 (1969).

# S, Weinberg, Phys. Rev. Letters 18, 507 (1967).

3 K. Kawarabayashi and M. Suzuki, Phys. Rev. Letters 16,
%123 6(%966); Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071
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the AI= 7 part of the K-2zx—decay amplitude:

A1p| M g*= |$F 2 ((r°n°| 30,(0) | K°)
—2mtn=|3¢.(0) | K°)) |

~—4F2X5.5X 107" M g 37
Thus
. N | Fx| Mk Gy cosf sinf
yt €0 — __ ytheo —
12 5.5X1077
Fk
~—20X107—, (38)

T

where we have used the experimental (~94 MeV) value
for |F,|. Using Fg/F.=1.28, we find

_ytheor= xtheor= 26X 102 ,
whereas from Eq. (21),

—yerpioy —ylexpin3 2 1072,

This good agreement should not be taken seriously,
since we have made a drastic assumption by including
only the vacuum intermediate state in our calculation
of B;. On the other hand, such agreement does seem to
lend some credibility to our procedure.

A treatment of AI=3% effects in nonleptonic K decay
invoking such a vacuum-intermediate-state approxi-
mation has been given previously by Pati and Oneda?®
and also by Schwinger.?” They pointed out that the
Al=$ amplitude was indeed quite well predicted in such
a model. To explain the experimental predominance of
AI=1% they were forced to assume octet dominance.38
We do not necessarily have to invoke such a hypothesis,
since the K—A; amplitude is added to a term pro-
portional to the K-vac amplitude which can only be
AI'=3. If this latter amplitude is much larger than the
former, we have a natural explanation of the AI=1
rule. Indeed, one can estimate A4;,; in the soft-kaon
limit by using the convergent intermediate-vector-boson
model of Glashow, Schnitzer, and Weinberg,* with the

1

NONLEPTONIC K

DECAY 1235
SU(3)XSU(3) sum rules.*® These authors show that a
good value for A4,/, is obtained for an intermediate-
vector-boson mass of about 8 BeV.#!

VI. CONCLUSIONS

We have constructed a semiphenomenological model
for CP-conserving nonleptonic kaon decay in which we
assume (i) all single soft-pion limits are satisfied; (ii)
aside from pole terms, amplitudes can be expanded as
a power series in the pion momenta; and (iii) in par-
ticular, in the K-r matrix element only zeroth- and
first-order terms in pion momenta are included. We then
find that all such K-decay amplitudes are described in
terms of two parameters—one of which (f1) satisfies
the AI=3% rule and the other of which (f;) violates it.

Our AI=3% predictions were found to agree with the
model of Bouchiat and Meyer up to terms of order
my*/M g*. Although particular parameters (e.g., a3 and
Bs) were found to deviate significantly from the cor-
responding Bouchiat-Meyer results, cancellations made
the two models nearly the same as regards their pre-
dictions for the amplitude and slope in K — 3r. With
fs/ f1 determined from K — 27 data, the AI=3% effects
predicted for the K — 3 system were consistent with
experimental findings, as shown in Table 1.

For the AI=% amplitude McNamee has already given
a model, dependent only upon the parameter Ay,
which is consistent with current-algebraic constraints,
and which agrees with the model of Nambu and Hara
to order m.*/Mg®*. When we extend his model to in-
clude first-order terms in the pion momenta, although
we introduced an additional term By, these parameters
always appear in our results in the combination 4,;.
+ Byy2. Thus, there is effectively only one parameter,
which we may choose to be f1, and our AI=% predic-
tions are found to be identical to those of McNamee.

To check on these predictions one can calculate the
amplitude and slope for the K — 37 decays, which are
predominantly AI=3} effects. We find in our model that

| A4 _o|>t— ﬁ 1+3n(1+2y’) , [BMNH predict —1— ﬁ (1+2y’)],
3v6IF, | 1—y 361 F,
TP TR El e sy [BMNH predict ——| (1—y')],

3n
Ao~ ———[1—3y'(149)], [BMNH predict —3n(1—3%y")],

1439

36 J. C. Pati and S. Oneda, Phys. Rev. 140, 913.)51 (1965). See also J. C. Pati and S. Oneda, ibid. 136, B1064 (1964).

37 J. Schwinger, Phys. Rev. Letters 12, 630 (1964

% See, e.g., R. Dashen, S. Frautschi, M. Gell-Mann, and Y. Hara, in The Eightfold Way, edited by M. Gell-Mann and Y.

Ne’eman (W. A. Benjamin, Inc., New York, 1965).

%S, Glashow, H. J. Schnitzer, and S. Weinberg, Phys. Rev. Letters 19, 205 (1967).
408, Glashow, H. J. Scb.mtzfer, and S..Wemberg,. Phys. Rev. Letters 19, 139 (1967). As pointed out by J. J. Sakurai and others,
the second Weinberg sum rule is of questionable validity applied to SU(3) XSU(3). Nevertheless, we are after an order-of-magnitude

estimate and shall use it.
41 _Slnce the mass of the intermediate vector boson a
obtained for a wide variety of M p.

ppears primarily in a logarithmic factor, roughly the same value for 4,/, will be
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3

Ap—o=2—
+ 3

3n

1439

[1+9y/(1 —77)] )

Apy =

Our predictions reduce to those of McNamee if we set
y'=0. The experimental agreement of the three models
is checked in Table II.

One possible uncertainty in our work involves the
ever-present uncertainty in any current-algebra calcu-
lation involving more than one pion due to ¢ terms.*
We appear to have avoided discussion of these quan-
tities by always taking single soft-pion limits with the
remaining pions on the mass shell. However, assump-
tions concerning the ¢ term are present in the forms
used for the -7 and K-m scattering amplitudes. (For
further discussion of this point see Ref. 5.) In fact,
Cronin®® and Griffith** have suggested that the scatter-
ing amplitude contains an additional piece proportional
to 8°%™"(2M x>+ 2m,2>—2t—s—u). We have, in Ap-
pendix B, introduced such a term with arbitrary coeffi-
cient \ into our model and have studied its effect upon
our results.

One may also wonder about uncertainty due to terms
which our model neglected. To study this question, we
have, in Appendix B, extended our model to include
0O(g?) terms. This introduced four new parameters, two
of which (s and ¢) violate the AI=% rule and two of
which (w and 2z) do not. We then have a seven-param-
eter fit to the decay amplitudes. Corrections to the
AI=% results are [149(Cis+Cao+Cs\)] with 17
=m./Mg® and Ci, Cy, C3,~10°. Since we expect s, ¢,
and X to be of the order of, or smaller than, unity, cor-
rections to A/=% terms could conceivably have a fairly
significant effect on our predictions, although we have
shown in particular models that s={=X=0.

An additional source of theoretical uncertainty arises
because we have not included effects due to electro-
magnetic corrections. These, calculated for K — 37 in

TaBLE II. Summary of predicted versus experimental
amplitudes and slopes.*

Theoretical value

Experimental This McNamee NHBM
Quantity value model model model
|A 40| (8.6£0.1) X10~7> 8.5X1077 9.1 X1077 6.4 X10°7
$lA44-]  (9.6£0.1) X107 9.4 X10"7 9.1 X107 7.0 X10™7
A400 —0.25 =+0.024 —0.233 —0.192 —0.272
p '} —0.22£0.014 —0.218 —0.192 —0.272
ANp s = 0.093+0.0114 0.070 0.096 0.083
s We have used 3’ = —1/30 and the experimental (| Fy| 294 MeV) for Fy.
b See Ref. 4.
¢ See Ref. 5.
d See Ref. 31.

42 S, Weinberg, Phys. Rev. Letters 17, 336 (1966); L. Kisslinger,
ibid. 18, 861 (1967).

47, Cronin, Phys. Rev. 161, 1483 (1967).

“ R, W. Griffith, Phys. Rev. 176, 1705 (1968).
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[1—3y'(1—3n)], [BMNH predict —3n(1—%y")],

[BMNH predict $n(14+9y")].

a simple model by Neveu and Scherk,* could be as
large as several percent. However, we feel that they are
still too uncertain to be included.

Finally uncertainties might result from the effects of
the strong interactions upon our work. Although we
have tried in Sec. IV to indicate qualitatively how our
results might be affected by the presence of final-state-
interaction phase shifts, the over-all influence of the
strong interactions upon our calculations certainly needs
further study.
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APPENDIX A

We use Dirac matrices given by Bjorken and Drell,*
except that ys= —iyoyrysys. Our metric is goo= —gu
= —gye= —gs3= 1. All matrix elements are defined with-
out the usual (2w)~'/? factors. Our phase convention for
octet states is

er'=—(W3)(ertie),
ex'= 3 , prT= W3 (er1—igs),
er'=—(/3)(eaties), oxt=—(/3)(estier),
ex'=(3(ei—ies),  er't=13)(ps—igr).
Thus («*, #° and 7~) form an isotriplet, while (K+,K°)
and (K° —K-) form isodoublets. The notation V,+(x)
means, in the quark model, —¢(x)3 (v/3) (A4 i) v ¥ ().

APPENDIX B

We give here a more general treatment of the K — nr
matrix elements including terms in ¢? and in ¢:- ¢;. Also,
we shall employ the more general form for the K-r
scattering amplitude,

(g Kp™| T mq, oK) = (2m) 04 (k' + qo—k—qa)
X —(4F2)"1[A626m»(2M g2+ 2m 2 — 2t —s —u)
+ie2vere, . (s—u)]. (B1)

This is identical to the form used in the main body of the
text and to that given by a minimal chiral SU(2)
XSU(2) Lagrangian model by Zumino? if A=0, and

46 A. Neveu and J. Scherk, Phys. Letters 27B, 384 (1968).

46 J. D. Bjorken and S. D. Drell, Relativistic Quantum M echanics
(McGraw-Hill Book Co., New York, 1964).

47 B. Zumino, Phys. Letters 25B, 349 (1967).
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is equivalent to the forms given by Cronin* and
Griffith,% based on certain models of SU(3)XSU(3)
symmetry breaking, if A=1. Without a definite model
of how SU(3)XSU(3) is broken, however, the value of
\ can be arbitrary. Thus, we shall keep it variable. Such
a scattering amplitude yields the matrix element of the
o between two kaon states

(K}c'"‘] 0(0) l Kk") = —i%)\m,ﬂé"'” s (BZ)

while the matrix element between two pions can be
found from our form for the = scattering:

(“’ublo'(o)]“%a = —im,28°%. (B3)

With these two assumptions we have also derived the
results of this Appendix by means of a hard-pionmodel.*®
However, it is easier to use the procedures of the main
text with one slight change, as we shall note. Here we
shall give only the results of such a calculation.

Our results for the K-vacuum matrix element are un-
changed. For the K-r matrix element, we define

(T4e®| 30 (0) | Ki®)= A 0"+ Bak- gt Cnoga?.  (B4)

Then *4,° and *B,* are given in Eq. (6), while for ‘C,°
we define
llzcﬂa= (Cx/zMK/2F,)5‘1,21-“K" , (BS)
312C 9= (C3/sM g/2F x)33/2°K™.
Moving to the K — 27 matrix element, we define
(‘"'q,,“ﬂ'qbb l gcwt(o) ! Kk">= 4 nab+ iBnabk . qa+ l'Bnbak Qs
41Ca®qs2 4 Cn?*qs?+ (K-pole term)*, (B6)
where now (K-pole term)? uses the K-r scattering
amplitude given in Eq. (B1). In order to evaluate the
¢* dependence we must alter our previous procedure.

When we take the soft-pion limit g, — 0, we must no

longer require 72 to be on its mass shell. Then we find
that

(Tg®m g I 3¢.*(0) iKk"> _q‘;::
—-F,-_1<7rq,al [F,,"(O),JC.,,*’(O)] | Kkn)

+i8°Ar1(ga)/Fo?ms?] Z7(kyga), (BT)

where
B (kge) = f 4 oi00-=(0] T(o(2)320(0)) | K

and includes a kaon-pole term if A\5%0. We see that we
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have the usual resujt
<7rqba7"aab l 3C,%(0) I Kk"> m’

_F;—l(.n.q.u' [Fbs(o)"}c")i(o)] I Kk") ]

if w¢ is on its mass shell. We then find B,?® as given
in Eq. (8), while for ?4,2® and ‘C.°® we find that

12C,95=(Cyya/B1j2) Ba®®, 3/2Cn%%=(Cs2/Bss2)Ba®?,
124 100 = (A 1)2M g*/4F *)(1—X)§°%51,.K"

3124 0=, (B8)

The soft-pion limit can yield no information about
‘D,%%; so for it we define
llan“b= (D112MK/4F12)5ab§1/2Kn ,
3I2Dnab= (Da/zMK/4F,2)[53,2“71’K"+§3/2"T“K"] .
For K — 3r we define
(T e gy, l 3¢,*(0) | K&™)
—_ t'A ﬂabc_i._ iBnabck . qa+ t'B"bcak . qb+ iBncabk “qo
+ iCnabcqa2+ icnbcaqbZ_l_ icncach2+ t'D"abcqb, e
+Dr%%q, gat*D0%%q4 go+ (K-pole term)?
+ (O-pole term)?, (B10)
where again (K-pole term)* employs the general K-r
scattering amplitude given in Eq. (B1). Here again,
since we are trying to determine the ¢*> dependence,

when the soft-pion limit ¢.— 0 is taken, we no longer
require w2, 7° to be on their mass shells. We find that

(7"41«“""41»"’"!1:c I JC,,"(O) I Kk"> ""“"q o
—FyHmge®mgy® | [Fe3(0),30.,°(0) ]| Kx™)
—f—i&‘“[A,“1(91,)/1",,21%,2]‘.1&1’"(k,q;;,qa)

+i6 bc[A ;r—l(Qa)/Frzmrz:]iAan(k)qayqb) )

(B9)

(B11)
where

APk, gunge) = f 0 ¢ite-5{m | T (o830 7(0)) | Ki?)

and includes both 7 and, if X520, K poles. If ¢, x5 are

on the mass shell, (B11) reduces to the conventional
result

(""qa""'qbb""mc , .’}C.,,‘(O) , K k"> "q—:

_Fr—l(""qaaﬂ'qbbl [FJ(O),,’}C,,,"(O)] l Kk") .
We then find that

1/24 abe= —(A 1/2MK3/8F,-3)(1+)\)[5“b§1/2T"K"+ 5"31/2T5K"+ 5“5‘1/27‘“1("] , 3124 abe—= 0,
12 B abe= (BlleK/SF,ra) [(1 —)\)65531/21“K" —25“”31/21"1{"-25°c§1/21'bK"] ,
3I2B”abc= (lezMK/SF'S)[(S _)\)6bcgalzaKn_46ac§3/2bKn_4aab§3/20Kn_2ieabd§3/2drcKn_zieucdgsﬂd,rbKn] ,

1/2Cnaba= (C1/2/31/2) lI2B”abc R

3I2Cnubc= (sz/BB/?)S/ZBnabc ,

12Dgebe= (DyjsM g /8F +*)8%<81,57* K™ — (C1/2M &/ F *)5%81/27° K"+ (B1/2M & /8F +*)
X [: —26%5; 072 K"+ (1+ )\)6“‘31/27"K"+ (1+ A)ﬁabgl/chK"] , (B 12)
32D, abe= (Da/gMK/8F,-3) [5“‘53/21’K"+ 5“b.§3/2°K"+ ie“bd(2-§3/2dT°K"+§a/2°1‘dK")+ ie“"d(zga/zd‘rbK"+.§3/2b‘rdK")]
— (Ca,zMK/F,3)5bc§3/2“K"+ (Bz/zMK/SF,-a)[)\(5“‘33/25K”+ 5"1’53/2"1(”)

8 B. R. Holstein, Ph.D. thesis, Carnegie-Mellon University, 1969 (unpublished).

+ieacd§a/2deKn+ ’l:eabd|§3/2c1'dK":] s
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and in terms of the parameters defined in Eq. (16) we find
e —%\/311 1 [‘(1-—>\)(1+n)+2x(1—M)(1+n)+2wv(3—)\—n—An)-f-Z(l—n)"’:I
Frl—nl 1 —A2x-+dawn+z(1—2n) ’
MK61=v3‘£ 1 rl—)\+2x(1—>\n)+2wn(1—)\)+z(1—n):|’
Frl—gl 1 —A+2x+dwn+-2(1—27)
3=_(1\/i>ﬁ 1 |'1—11n+2>\n(1+77)—2577[6—71—>\(1+n)]+1(1—n)(1+2n)] (B13)
2V10/F, 1 =4 1-+2sn+4(1—27) ’

MK63=<—

2V 10/F, 1—n

f3 1 rl—'
MK‘Y3=%(\/6)“
Fol—nl 142sn41(1—2n)

where x= B1,2/2A 1/2, W= C1/2/2A 1/2, 2= D1/2/2A 1/2,
s=C32/Bss, and t= Dj;5/Bj32, and we expect x, w, and
2~10~2 while s and {~10°. We see that for suitable
choices of s and ¢, results quite different from those of
Bouchiat and Meyer may be obtained, although our
models given in Sec. V and Appendix C predict s=¢=0.
For the AI=% amplitudes, we distinguish two cases.
For |A|<«1 our previous results are reproduced up to
corrections 14 9(Ciw+Cex+Csz), which are 14C;
X107 since w, x, and z are expected to be ~10~2 and
Cy, Co, C3, C4~10°. On the other hand, if A>1, our pre-
vious results are also reproduced but now up to cor-
rections 149(Ci/ACy'w/x+Cy'z/x) which are 14+C/
X 107! and could conceivably have a sizable effect upon
our predictions.

Perhaps the most interesting observation is that if
A=1, as given by Cronin and Griffith, 4,2 does not

5\/3>f3 1 l:l—(27/'5)n+%>\n—%5n(11—2>\)+l(1—n)]
142sn+1(1—27) ’
3n+3sn+1(1—7)

]

contribute to the physical K — 27 or K — 37 matrix
elements. Thus, the leading terms for the AI=% com-
ponent will be those in By and Dy/e, while the leading
terms in the AI=% component will be those in Bjs
and Dj/e. Since we expect these to be of the same order
of magnitude, we lose our natural explanation for the
AI=3% rule and, in order to fit the experimental results
either we must postulate some type of octet enhance-
ment or an accidental cancellation between Bj;» and
Dy, to account for the suppression of the AI=$ ampli-
tude, or we must introduce a new nonleptonic Hamil-
tonian, which predominantly A7=3%. It is much more
appealing to suggest that X\ may in fact be zero (or at
least very small) so that the suppression of AI=% terms
arises naturally from the usual current-current non-
leptonic Hamiltonian, Eq. (1).

APPENDIX C
Here we apply hard-pion methods to the K — 27 system. We define
My (kyg,p) = / d'xd’y ' =+7-u(0| T(A%(x) A %(y)3¢*(0)) | Ki™)

=F2uprDx()A($)Tabn(k,q,0) — F +G 4,quA41,5(p) A (g)°T van"(k,0,0) — F G 4,0,041,0(q) A= (p)

X Tapa (kg ) +G P A% (9) A4, (2) Tavn(k,q,9) »
Mebny(kyg,p) = / dixdty eie-=Hir (0] T(A%u(x) 0 A%(y)3Cu (0)) | Ki™)
= —iF 2’082 () Ar () Tabn(k,g,0) +iF sma*G 1A £ (p)A410(9) Tabn? (k,0,1) , (€1)
Mavn(h,q,p) = / dxdy eirs+ip-u(0| T(9#A%,(x) 9”4 %,()3¢,*(0)) | Kx")
= —Fme8s(A+() Tasn(k,0,8) »

5 (kg) = / & oi0+(0| T(o(1)3.7(0))| Ki)
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where o(x) is the o field and arises from the commutation relation
3(x0—y*)[4a"(%),0,4 s (y) ]= 8% (x) 8% (x—) .
We then apply Ward identities as in Sec. V and eventually find the result

GA 2 q)‘p ] m12_q2_P2
: : 'Fab")‘ﬂ(k:q’P) -

‘Tavn(k,q,p) =

mAx * x My

822k, q+p) —F+(m | [F5(0),3¢.*(0) ]| Ki)

—F Y| [F2%(0),3¢,%(0) ]| Kx")+ (K -pole term)?

Now it is easy to see that

—(2F 20| [Fa*(0),LF»*(0),3¢.*(0) T]+[F»*(0),[F*(0),3¢.*(0) 1] Kk . (C2)
Tabn(k,qa,qp) = (Mg, "1 g, | 30u*(0) | Ki)
is just the amplitude we want. Use of our previously derived K-r and K-vac matrix elements yields
(mq®m 5?30 1*(0) | Kim) = (Gar?/mar*) Fxqapy* T ava?1(kyg, p) +8%81 o K" (4F %) 7'[A1,2M k*+B1jsM k- (94 p)
+C1eM k(¢4 p*) ] 181,07 K[ By oM k- (p—¢) +CroM x(p*—¢%) ]
m2—q2—p?
+(K-pole term)‘”—-ﬁ‘”’%T”?E"(k, q+p). (C3)

In accordance with Weinberg’s assumption, we drop
the 2 term.*? The vertex function }/2T's4,*"(k,g,p) is just
the amplitude for K” to go to 4%, A4,° via 3C,1/2. If we
make the simplest possible assumption concerning it,*

(a)

(b)

F16 3. Diagrams contributing to K — 4,245,

F*m,

then
(Gay?/ma) T ava*(kyq,p) = 1 D1j2M k548, /:K"gMn. (C4)

Then we just reproduce the general form for the K-2r
matrix element given in Appendix B. A similar result
is obtained for 3C,%/2.

As an estimate of the order of magnitude of the
K-A,-4, vertex, we have calculated it using the dia-
grams in Fig. 3 and using the vacuum intermediate-
state approximation for 3C,%.%® We find that in this
model the simple form in Eq. (B12) is unacceptable—
that D; must be momentum-dependent. However, the
calculated result vanishes for the physical K — #r
amplitude and, in any case, it is too small to make any
significant contribution. Thus we felt justified in drop-
ping it in our discussion in Sec. II.

4 We assume, consistent with our assumption A=0, that the
K—A, scattering amplitude vanishes. Otherwise we would have
a contribution from a graph as in Fig. 1 with #’s replaced by 4,'s.

% For the strong-interaction vertices, we have employed

Cronin’s phenomenological Lagrangian extended to include vector
and axial-vector mesons. See Ref. 48.



