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A model for K — 3r decays is proposed in which the amplitudes are assumed to be dominated by vector
and axial-vector meson poles. S-wave and P-wave amplitudes are treated on the same footing in this scheme.
The strong-coupling constants appearing in the model can be determined from strong decays. The K — 3=
slopes and average amplitude ratios are then determined in terms of one parameter characterizing the
AI=3% part of the weak Hamiltonian. Estimates are made of the effects of a AT=% contribution to the

weak interaction.

I. INTRODUCTION

HE assumption of pole dominance of interaction

amplitudes has enjoyed a great deal of success in

the past. In the following we will present a pole-model

description of the three-pion decays of the K meson

(K 3r). The model contains one parameter and predicts

values for the slopes and average amplitude ratios which
are in reasonable agreement with experiment.

Not long after its application to hyperon nonleptonic
decays,! pole dominance was suggested? as an explana-
tion of the energy-dependent (P-wave) part of the K3,
amplitude. Subsequent treatments®® of the K3, ampli-
tudes have made use pole models for both the S-wave
(energy-independent) and P-wave amplitudes.

It has been usual in these approaches to deal with the
S- and P-wave amplitudes in completely different ways.
The S-wave amplitudes are generally taken to involve
w- or K-meson poles, while the P-wave amplitudes are
dominated by a combination of pseudoscalar and vector
meson poles. While the weak vertex is the same (a
K —  transition) for both S- and P-wave amplitudes,
the strong vertices are quite different. The S-wave
amplitude is usually taken to be proportional to an
extrapolated value of the 7-7 scattering amplitude. The
P-wave amplitudes, on the other hand, are proportional
to vector meson-pseudoscalar meson coupling constants.
It has also been suggested”? that scalar meson poles
play an important role in the K3, decays. However the
existence of the appropriate scalar mesons is uncertain
at the present time. The model proposed here treats the
S-wave and P-wave amplitudes on an equal footing.

It was recently suggested by Sudarshan® that all
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particle interactions, strong, electromagnetic, and weak,
are mediated by both vector and axial-vector mesons. In
the spirit of this theory we present here a model for the
K3, decays in which the decay amplitudes are domi-
nated by vector and axial-vector meson poles. The
vector mesons are the well-known p and K*(890). The
axial-vector mesons we employ are the 4, at 1080 MeV
and the K4 at 1320 MeV. The S- and P-wave ampli-
tudes are treated symmetrically in this scheme, each
being proportional to two factors, and one arising from a
vector meson pole and the other resulting from an axial-
vector meson pole. The S-wave amplitudes, then, do not
need contributions from pesudoscalar or scalar mesons.

Three types of coupling constants occur in our model;
one characterizes the weak interaction, while the other
two parametrize the strong trilinear meson couplings.
The magnitude of the strong-coupling constants may be
obtained from the experimental decay widths of the
vector and axial-vector mesons. The relative signs are
assumed to be given by SU(3). The weak interaction
involves a transition between a pseudoscalar and an
axial-vector meson. Its form is analogous to that of the
interaction proposed by Sakurai! in his pole-model
treatment of the hyperon and K. nonleptonic decays.

We will begin by assigning the weak interaction to an
SU(3) octet (AI=1%). The effects of introducing a small

=3 contribution, assigned to the 27-plet of SU(3),
will subsequently be discussed. It will be shown that our
model is capable of yielding a reasonably good descrip-
tion of the K. decays for values of the strong coupling
constants falling within the experimentally determined
ranges. Estimates of the AT=$% contribution improve
the description provided by the model.

In Sec. IT we describe the model in detail. We derive
the form of the K3, amplitudes resulting from the model
in Sec. ITI. Section IV deals with the determination of
the strong coupling constants parametrizing the model
and the presentation and discussion of our results.
Section V is a summary and conclusion.

lished); T. Pradhan, E. C. G. Sudarshan, and R. P. Saxena, Phys.
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II. MODEL

The purpose of any model description of a given
process is, of course, to provide an efficient determina-
tion of the relevant parameters of the process. The model
proposed here accomplishes this for the K5, decays

Kt — gt 47+, Kf— vttt +a,
K+ — gt4a'470, KQ— n'4-7%4a0,

denoted by K,_,*, K o", Ky_¢% and Ko, respec-
tively. The K3, amplitude 4 may be represented as

A=Aav[1+5((3T_Q)/2Q):I) (1)

where 4, is the average value of the amplitude, S is the
slope (ratio of P-wave to S-wave contributions), T is the
kinetic energy of the odd pion, and Q=K—3u.22 The
“relevant parameters” to be determined are the three
slopes Sy, Sy, Si—o’, and the three ratios

?HAaV(K+-—++)|/|AaV(K+00+>! )

%IA*W(K+— +)I/IAaV(K+——02)| ’
and

3| Aav K4y D) /5| A (Koo?) | -

Our first, and the most important, assumption is that
the K3, amplitudes are dominated by vector and axial-
vector meson poles. The second main assumption is that
the weak interaction manifests itself in the transition
(axial-vector meson) — (pseudoscalar meson). The
Feynman diagrams that contribute to the K3, decay
amplitudes are shown in Fig. 1.

The weak interaction is given by*

H,= f TI‘({ @,,,3,,0)})\5) ) (2)

where @ and @ are the SU(3)-matrix representations of
the octets of axial-vector and pseudoscalar mesons,
respectively. It is seen that H,, transforms like an SU(3)
octet (D type). Hence the AT=1 relations

IA (K+—++) l =2 l A (K+00+) | s
[A(K oot) | = |A(K )| =3 A(KooD) |,  (3)
Sy—Ft=—35100",

Syoot =S¢

would hold identically if we neglect the mass splittings
within each meson isomultiplet. We will use the physical

12 In what follows the mass of a particular particle and the field
corresponding to it will be represented by its symbol. We will take
m (r) = p, however.

BTt is important to emphasize here that we are postulating a
specific form for the weak interaction. An approach based on a
current-current weak interaction would include transitions of
the form (vector meson) — (vector meson) and (pseudoscalar
meson) — (pseudoscalar meson). The omission of the latter
transition is certainly in keeping with our assumption of vector and
axial-vector meson dominance. The neglect of vector meson
transitions is perhaps harder to justify. This type of transition
can not occur in any other weak process and so there is no way of
estimating its importance here.
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F16. 1. Diagrams responsible for K — 3= decays.

masses* of all particles in our calculations (i.e., u*>£u0)
and this will introduce deviations from the AI=1% rela-
tions. We will also discuss the effect on the K3, ampli-
tudes of adding to H,, an explicit AI=$ term.

As can be seen from Fig. 1, two types of strong
vertices contribute to the amplitudes. The effective
Hamiltonians describing the required couplings are'?

Hypp=3gprr@u ©X 3,41':—{‘ igr kKoK - 3,#5 s (4a)
HAVP= gAlprlp ¢ QMX ﬂ+7:gKAK*wKAyf"Kp* il
+igr kK as'eK-0,. (4b)

We do not assume the SU(3) symmetric relations be-
tween the above coupling constants, with the exception
that we take gx,x+»=gr,,x. We do, however, assume
that the relative signs of the couplings are given by
SU(3).5> We have also made use of the theoretical
prediction'® that the axial-vector couplings to the vector
and pseudoscalar mesons are pure S-wave.

III. DETERMINATION OF K3, AMPLITUDES

We are now in a position to determine the Ksj,.
amplitudes from the three types of diagram shown in
Fig. 1. Itis a straightforward but lengthy procedure. We
will provide some of the intermediate steps in the
calculation of the K+ amplitude which involves the
fewest number of Feynman diagrams.

The diagrams contributing to the K, _,* amplitude
are given in Fig. 2. In terms of the coupling constants

4 A. H. Rosenfeld e al., University of California Radiation
Laboratory Report No. UCRL-8030 Rev., 1967 (unpublished).
16 R. F. Dashen, Y. Dothan, S. C. Frautschi, and D. H. Sharp,
Phys. Rev. 143, 1185 (1966) ; sbid. 151, 1127 (1966) ; see also R. H.
Graham, K. Raman, and S. Pakvasa, sbid. 163, 1774 (1967).
( 16 ?) G. Brown and G. B. West, Phys. Rev. Letters 19, 812
1967).
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discussed in Sec. II, the amplitude is found to be 8K ApK
= (6¢)
AAT=VH(K ) Fig. 20 §reascrr
In Egs. (5) px (p:) is the momentum of the K meson
(gx*R g gRHx [AT12) [ (the ith pion). We will always work in the rest frame of
== (px+21) ps the decaying K meson, and will take 7 to be the odd

L K*2— (K+— ,+)2
K [K*— (Kt—pt) ]L pion. Noting that

(3T~ Q)= (3E.—K*),
where E, is the energy of the odd pion, we find

(K+2 — #+2)

—T(PK—PO 'Pa]‘l' (pre> ps), (Sa)

(pxtp1) pst (p1 ps)= (K —put?) —K+(3T-—Q1—1),
(pr—p1) pst (b1 ps)= GEKP+u)+5K+(3T-—Q4—4),
pr- (ps—po)+ (pr> ps)=—K+(3T-—Q4—y),
ps (pr—pa)+ (b1 ps)=—K+(3T_—Qs—4).
When Egs. (7) are used in Eqgs. (5) we arrive at the following expression for the amplitude:
1R+ b
__E*z__)

™

(gx*rrgK gRB*r [ATT12)
AMT=R(K, )= —2 axref {(K+z_“+z)(1_
K'A2[K*2_ (K+_ M+)2]

+ [— (1+I%%::——2)+a(— v+ Zﬁg>§;f(§_+:“t;);]]lf+ BT-—Q4—1) } . (8

It should be noticed at this point that diagrams of the type shown in Fig. 1(a) give rise to S-wave as well as P-wave
contributions. In this way S- and P-wave amplitudes are accommodated in our model without having to introduce
pseudoscalar-meson or scalar-meson poles.

Similarly, with the aid of Figs. 3, 4, and 5 we get the amplitudes for K o5*, K41—o% and Koo? as

%K—W.‘_ F'+2
K*2

(gr*KrgR4K*=AT12)
ALK ogt) = —2 3 e {%(K““‘ 2)(1-_
K2 [K*— (Kt—p)?]

—[—(1+§§§)+a<—7+zﬂ%)%%]msn—Q+oo>}, )
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(gr*rrgR K3 = fAT712)

A=K, 2)=2
+=0 K 2[K*— (K°— p)?]

(gr*KrgR g K*r fAT12)

AA=12(K g0 ) =
K Azl: K*2— (K°— 0)2]

[3(1(02— 02)[1—

In Egs. (9) and (10) p is the mean pion mass.

IV. EXPERIMENTAL INPUTS AND
PREDICTIONS

While it is possible, in principle, to determine all of
the strong coupling constants of our model directly from
decay data, the experimental situation is uncertain.
Especially in the case of the axial-vector meson decays,
the widths and branching ratios are not known accu-
rately. We will proceed by first taking the mean values
of the widths" as imputs in our calculation of the K3,
parameters. We will discuss later the effects of taking
other values within the range of uncertainty.

The vector meson decays are apparently the least
uncertain. We have

T'(p— 7m)=128 MeV,

T(K*— Kr)=49.6--1.4 MeV.
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Fic. 3. Diagrams for K o" decay.
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%K02+”'02

=
K02_ ”02
-5
3K*2

—7+26%)%%—(—;§5%]K0(3T0—Q+_0)} ., (10)

Using Eq. (4a) we get for the mean values

| gorr| =5.78,
ng*qu‘ =3.22, (13)
a=0.897.

The widths of the relevant axial-vector meson decays
are
T'(4,— pr)=280450 MeV,

T'(K4— K*r and pK)="70445 MeV.
From these, Eq. (4b), and the assumption that y=1.0,

(14)
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we find for the mean values
[gayor| =15.4p7,

|gKAK*7"l = 9.68/J,+ 5
B8=0.793.

(15)

These mean values, when substituted into the expres-
sions for the K3, amplitudes, Egs. (8)-(10), yield the
results shown in Table I in the third column, labeled

=3%. These are to be compared with the experimental
values!” given in the second column. It is seen that the
amplitude ratios come close to satisfying the AI=3%
relations Egs. (3). This is to be expected since the weak
interaction contains only the AI=% term and the only
violation can arise from electromagnetic mass differ-
ences. The slope S;_,* falls within the experimental
range. The other slopes, however, are smaller in magni-
tude by about 209, but have the correct sign.

It is now of interest to estimate the effects of a AT=%
contribution to H, in order to see if the agreement of the
model with experiment may be improved. To this end
we add a term to H, which transforms like an SU(3)
27-plet and is pure AI=4%.% The corrections to the
amplitudes are shown in the Appendix. The magnitude
(coupling constant) of the AT=$ term is taken to be 3%,
of that of the AT=1% part.”

The results of including both the AT=% and AI=%
parts of H,, in the calculation of the K3, amplitudes are
shown in the appropriate column of Table I. The
agreement of the amplitude ratios %|Aa(Ky_st)|/
| Aav(K4—o®)| and §|Aay(K1—17)| /3] dav(Koos?)| with
experiment is improved, the latter moving closer to
the midpoint of the experimental range. The ratio
$|A0y(Ky— )| /| Aav(K400™) | remains unchanged. It is
interesting that, by including AI=3$ effects, we improve
agreement with the AI=% relations. This implies a
compensation by the weak AI=$ term to the corrections
due to the electromagnetic mass differences entering the
model. S;_,* is seen to remain the same (within the

TasiE I. Average amplitude ratios and slopes.

Theory
AI=}%
Experiment® A=} and$
3 Aw Koy D) |/ A avEos™) | 1.024£003 099  0.99
3HAwKiei D/ | A av (B | 1.08+£006 092  1.01
3 Aav(Byi) | /3] A av(Kood?) | 1.044-0.08 096  1.05
Syt 023003 026 026
Stoot —0.70+£0.06 —0.56 —0.71
St —0.674+0.06 —0.55 —0.39

a Reference 17,

17y, Hara and Y. Nambu, Phys. Rev. Letters 16, 875 (1966).

18 If we were to assume that our effective weak interaction is
induced by the Cabibbo Hamiltonian, the 27-plet contribution
would be mainly AI=§.

¥ We take the relative order of magnitude from our experience
with K — 27 decays.
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experimental range) and S, oo* enters the experimental
range. However, S, _¢* changes in the wrong direction.?
Our relative lack of success with .S _¢? is possibly due to
our neglect of CP-violating effects, which are known to
occur in Ko decays. The magnitude of such CP-
violating effects could be comparable to that of the
AT=% CP-nonviolating contribution.?! Such effects, if
properly taken into account, might improve the agree-
ment of S, _¢* with experiment while maintaining the
other results.

We investigated the fits to the K, amplitudes given
by other choices of 8 and vy [within the experimental
ranges shown in Eq. (14)]. It turns out that to obtain a
reasonable fit we must always take y=1 which corre-
sponds to gx,x*=gr,,x. By varying @ within its
allowed range, it is possible to fit all the slopes to within
about 159, (the average amplitude ratios remain un-
changed) by using the AI=% part of the weak inter-
action only. Then if the AT=$ contribution to the weak
interaction has less influence than was estimated above,
we would have a good fit to the data for all slopes.

It is amusing to consider the extension of our model to
a description of all nonleptonic decays. This can be
accomplished by taking the following universal weak
coupling:

Hy=(f/1)mv*0ud 0+ (f'/u)m4*@,9,8, (16)

where u, my, and m,4 represent the mean masses of the
pseudoscalar, vector, and axial-vector meson octets,
respectively. We have divided by u to compensate for
the derivative and have inserted the (mass)? factors® to
make f' dimensionless. The first term in H, is re-
sponsible for parity-violating nonleptonic decays, while
the second produces the parity-conserving decays. Note
that f= f'ma®/u.

With H, as given by Eq. (16) it is possible to fit the
K — 2x parity-violating hyperon and K — 37 non-
leptonic decay amplitudes to within 309, provided we
take the highest allowed value of the axial-vector
coupling constants. This model obviously cannot ac-
count for the parity-conserving hyperon decays, without
modifications, since it forbids 2+ — n-7+.

V. SUMMARY AND CONCLUSION

We have presented a model for the K, decays in
which it is assumed that the K3, amplitudes are domi-
nated by vector and axial-vector meson poles. A natural

20 The AI =3 correction to the slopes is seen to be larger than one
would expect on the basis of the assumed relative strengths of the
AI'=% and £ parts of H,. The reason for this can be seen from
Egs. (9), (10), (A2), and (A3). The last terms in the P-wave
amplitudes of both A247=12 and AAI=32 are dominant. In the
AI'=% case for Ko and K, _¢* the parameters 8 and v enter with
the same sign and in the A =} case with the opposite sign, leading
to a larger effect in the former amplitude. Also A27=%/2(K_¢*) has
an additional factor of 2 multiplying g.

21 The CP-violating interaction is believed to be weaker than the
CP-conserving part by several orders of magnitude. We have seen
in the AI=4% case, however, that a small correction in the inter-
action can manifest itself in a considerable change in the slope.
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framework, in which both S-wave and P-wave ampli-
tudes receive contributions of the same type, is given by
our model. Previously it was found necessary, in pole-
model approaches to the K3, decays, to treat the
S-wave amplitudes by one type of Feynman diagram
and the P-wave amplitudes by other types.

The weak interaction in our model is assumed to have
definite SU(3) transformation properties (octet +27-
plet). The strong interactions are assumed to be SU(2)
symmetric only; all the strong coupling constants
appearing in the model may, in principle, be determined
from outside the K3, decays.

The model provides an economical description of the
K3, decays involving, as it does, one free parameter (to
first order) with which we can predict the three slopes
and three average amplitude ratios. By including only
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1555

the octet (AI=3%) part of the weak Hamiltonian, it has
been shown that the model is capable of yielding values
of these six quantities in fair agreement with experiment.
It was found that the introduction of a AI'=% part in
the weak interactions could improve five of the six
predictions. The A7=$ correction to the slope S;—o¢* was
seen to be in the wrong direction. It was argued that the
neglect of CP-violating effects, known to occur in Ky
decays, could be responsible for the discrepancy be-
tween our predicted value of S;_¢ and experiment.
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APPENDIX

(gr*K g K gR* [T

K2R (K=t

AM=2(K, )= —2

K+2—,U.+2
+[—<1+——~—>+a<~7+26—
3K*2

AM=32(K o) = —2

K2 TK®— (Kt—pp]12

2 3K*2
(gK*ngKAK*rfAI=3/2)

K TR (K= w)’]

AA=(K ) =2

2 3K*2

AAI=3/2(K0002) =—9
KK — (K- )L

[

R

T ) I_3 (K®2— ) ( 1 %Koz—i_um):l

%K+2+ 'u+2
)
Kat\[K*— (K+—u)’]

) [ —— ]K+<3T_—Q+_+>} , (A1)

AI=3/2 1742 -+2
(gr*KrgR AR ] ) {1(K+2~ 2)(1_3K +u )

K*2

— [1<1+ 7K+2— lﬂ)—l— 2a(7+35{)w:|1{+ (B3T3~ Q:00) } , (A2)

AP/ [pr2— (K+—u0)?]

%KOZ_‘_ “’02

=)

_[3(1_sKOL"z)—a(v+4ﬁl—{f)w}mm—Q+_o)}, (A3)

A2 /o= (KO—p*)*]

(A4)
K*Z



