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It is shown how only pseudoscalar (7%n) and vector (K*(®) poles need be considered in a pole-model
analysis of the decay Ks® — yv. The calculation of the decay amplitude is presented in detail, both in an
SU (3)-symmetric model of V'V P couplings with ¢ mixing, and in a model (due to Arnowitt ef al.) of PCAC
breakdown with partial SU(3) symmetry, which fits the decay rates of = — yy and n — vy reasonably
well. Tt is found that the pseudoscalar and vector contributions add, instead of partially canceling as claimed
by earlier workers, so that theory and experiment are no longer in reasonable agreement. Moreover, a
separate calculation of the important vector pole contribution to the decay amplitude in the free-field quark
model yields no significant diminution of its SU(3) magnitude.

1. INTRODUCTION

MPROVEMENT of the earlier theoretical determina-

tion of Savoy and Zimerman! of the decay K,°— vy
has recently been one of the subjects of an interesting
paper by Greenberg.? It is noted there?? that “the
over-all amplitude [is] obtained by taking the difference
of two large numbers, each with substantial theoretical
uncertainties.” In this paper, we show first (in Sec. 2)
how to remove one of the sources of theoretical un-
certainty in Greenberg’s pole-dominance calculation,?
and then (in Sec. 3), by careful derivation in a model
with SU(3)-invariant VVP couplings and with ¢w
mixing, that the over-all amplitude in the pole model is,
on the contrary, the sum of two large numbers, its
magnitude numerically far from agreement (more than
one order of magnitude) with either of the results
of the two measurements of the branching ratio
T(Ky® — vy)/T(K*— all modes) performed so far,
those of Criegge ef al.* and of Cronin et al.5 This lack
of agreement is further worsened in the model of
breakdown of partial conservation of axial-vector cur-
rent (PCAC) with maximal SU(3) symmetry due to
Arnowitt et al.® (see Sec. 4) which fits the #° — vy and
n— vy rates reasonably well. For completeness, the
important K*® (vector pole) contribution is separately
calculated in the free-field quark model following
Young?; however, no significant diminution of its SU(3)
magnitude is obtained in that crude calculation. It is
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2D, F. Greenberg, Nuovo Cimento 564, 597 (1968).

3 This is also the case in Ref. 1.
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5 J. W. Cronin, P. F. Kunz, W. S. Ris, and P. C. Wheeler, Phys.
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interesting to note that the restoration of the Cabibbo
factor sinf cos@ (which, Greenberg? argues, must be
omitted in the present calculation) would be very useful
in bringing theory into better agreement withpresent
experimental data.

2. ELIMINATION OF AXIAL-VECTOR POLES IN
<k1k2 outf wa K20>

In Greenberg’s? pole-model analysis of

(klkz out] Hw, K20> y
where

H,= (ZG/\/Z)dGaB(Vua+AMa)(Vnﬁ'*"Auﬂ) ) (1)

with G~~1.1X10-%/M ,?, the contributions from pseudo-
scalar (%) and axial-vector (4;,4:®) poles are dealt
with separately (following the work of Savoy and
Zimerman'). Effectively one makes the replacement?

A= G 4y,eQu*+Codiba 2
in the relevant terms of H,,
H | pseudosealar, axial vector= (4G/V2)dgsad x4 5,
a=3,8 (3)
so that
(kaks out | Hy | K1°) | pscudoscalar and axial-vector poles
4G
=7 u_Za’s dssa(0] 4,°(0)| Ko")
X{G 4,a{k1ks out| @,*(0)] 0)
— ik Colkiks out|go(0)|0)}. (4)

The two types of pole contribution are then separately
given by

<k1k2 out I Hw l K20>l pseudoscalar

4G Cadsa
=—Cgmg? Y. —'————2</€1k2 out|J«(0) [O> 5)

V2 a=3,8 Mol —Mx

8 In our notation, Cy=C,, Cs=C,, C¢= Cg and, correspondingly,
?3=?,, ms=m,, mg=mx. Note that Greenberg (Ref, 2) takes
1512
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and
<k1k2 0ut| H, | K20> l axial vector
4G

= Ck

V2

CadﬁﬁaikumAl ,a

a=3,8 mAl.a2—mK2

X (kiky out| J, 410 (0)[0).  (6a)

According to Ref. 2, application of PCAC to Eq. (6a)
then yields

<]61k2 out l Hw l K20> | axial vector
4G Cadﬁeamdx,az

=—Cx 2 —————(k1ks out | J ,(0)]| 0 6b
\/7 Kans?,s mAl,az—mK2< ez I ( )I > ( )

for the latter contribution. We wish to point out that
one can alternatively write

<k1k2 out ] Hw ! K20>

pseudoscalar and axial-vector poles

4G
=?/%‘CK Z dﬁedik;,(k]kg OutlA,‘“(O)[())

asi 8
4G

- _ECK ag‘s desalksks out] 9,4 ,%(0)]0)
4G

= _FCK > desaa®Colkiks out|pe(0)]0),

7
2 a=3,8 ( )
by strict application of PCAC, so that

<k1k2 out I Hw I K'ZO> l pseudoscalar and axial-vector poles

4G
=—CK Z

V2
Thus

Calesatma’
———(kikz out | J »(0)|0).

a=3,8 Mo’ —Mg?>

)

<k1k2 outl I{w I 1(20> I pseudoscalar and axial-vector poles

may be expressed in terms of pseudoscalar pole con-
tributions only. Further, since from Egs. (5), (6a), and
(8) we have

mK2
2 Ca(lsﬁa<“—’—“——<k1k2 out |7 (0)]0)
mQZ_ 2

a=3,8 mg

mAx,a
—ik, —~(kiks out|J ,410(0)| 0>>

mA,,a2—mK2

My?

= Z Cu(lb(ia

a=3,8

(klkz out l ]a(O) [0> ’ (9)

Mo —mi?
it follows that
(kyks out|J 4(0)]0)

—1kuMa,,«

=—~—————-—-<k1k2 OUt[jy(Al'a) (O) ] 0> . (10)
mAl,J—sz

Kyd—yy 1513
Patently, it is a “weaker” form (soft kaon) of PCAC,
ie.,

<k1k2 ! Ja(O) ] 0>&—(1:k,‘/m‘41,a)
X (fiks out|J,“0(0)|0), (11)

with attendant non-negligible errors, that is being
applied in Ref. 2. We remark that the contribution to
gk,tyy calculated from Eq. (8) is about 109, smaller
than the sum of Egs. (5) and (6b), the sum of pseudo-
scalar and axial-vector pole contributions, with the
“induced” axial-meson—yy coupling given in Eq. (11).°

3. SIMPLIFIED POLE-MODEL ANALYSIS OF
(kiks out| H,| K2%); SU(3)-SYMMETRIC
MODEL WITH ¢ MIXING

The reasonable agreement between theory and ex-
periment claimed by Refs. 1 and 2 depends rather
crucially on the partial cancellation of the vector and the
sum of pseudoscalar and axial-vector contributions to
(kiks out| H.,,| K1), a result we are unable to reproduce.
Since both the work of Savoy and Zimmerman' and
that of Greenberg? are somewhat deficient in the cal-
culational details to check this point, we present this
analysis fully here, now somewhat simplified because
of the results of Sec. 2. Thus we write

(klkz out ] Hw [ K20> = (klkz out | Hw | K20>pseudoscalar

+ <k1k2 out l le K20>vector ) (12)
with?0
<k1k2 out I Hw [ K20>pseudoscu1ar
4G C ol
=——Cg Y, —————kiksout|J.(0)]0) (13)
V2 a=3,8 ma2—mg?
and
<k1/€2 out I H, l K20>vectur
4G
=— Z d55a<k1k2 outl V“aV“G l 0> . (14)

\/7 a=3,8

To elucidate the matter of the relative sign of the
pseudoscalar (13) and vector (14) contributions, we
work for the remainder of this section in terms of the
conventional SU(3)-symmetric model of VVP cou-
plings with ¢w mixing. (However, we take into account
symmetry-breaking effects provided by spectral-func-
tion sum rules of the Weinberg type.!') Thus,

sc, = %\/gfdijke)\pfva)\¢piaf¢¢j¢k

+g€)\praa)\¢poar¢vi¢i ) (15)

9 Numerically we find 8.8X107%/mx compared with the sum of
5.2X107*/mg (pseudoscalar poles) and 4.4X107%/mx (axial-
vector poles). We take Cr=Cg=C,=97 MeV as in Ref. 2 for
purposes of comparison.

10 At the risk of being overexplicit, we note that (4|9,L|B)
=1'(2kB—fA)u<A |L|B), Ja(0)=—(—DO+ma")$0), and a’*=a.a,
=a‘—ap°.

( u % J. Oakes and J. J. Sakurai, Phys. Rev. Letters 19, 1266
1967).
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with
Jk= %\[gfdijke)\praah(bpi&r(bai‘i‘ géxprn0x¢p"31¢ak . (1())
Using the conventions!?
8= /Db /Do )
b= — (\/3 der+ (\/'§)¢’v )
one finds
gorr=WH+Ds,

so that the requirement gy, =0 leads to

8= —V2f=(V/%)gupr-

From

(kskes out | J(0) | 0)
= —iee, (k) / dix e=*2 2k | T{G,$,%(x)

+5V3[Guws(%)+Gotr()1,7*(0)}10),  (19)
<kll {(i)ys(O),wy(O),(ﬁy(O)} l 0)
Go Gy

(20)
\/3'm 2’ \/3-M¢

= —ee, (k1) { G

one finds straightforwardly
<k1k2 out[]3(0) l 0)
282G ,G

=3 2 2(wfd833 —\/dg) eyvrak 1u€p (kl) k2r€a (kz)
1,200

20°G,G. i
= —_Wgwpreuvwklpev(kl)k21€v( 2) )

(k1k2 out|J8(0)|0)

G ,? 262G 42
=( y V3 fds33 3v3_m¢4[fd888+ V3d]

(21)

2, 2

3\/_ Bt

2620¢Gw
3/d sss— (V'3 )g]+—~—

3\/3m¢2m‘., 2

X [\/2-de88_ (V‘%)g]) euwaklpev(kl)k2f€a(k2)
/Gt
—\—/—3 (m,,“

Similarly, contracting out either photon in the vector

G, 26
S-S
3mat 3mgh

ngpweuvraklue v(kl)k2‘r€u(k2) .

(22)

12R. F. Dashen and D. H. Sharp, Phys. Rev. 133, B1585
(1964).
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contribution given by Eq. (14) yields
</€1k2 out I H", I Kvgo)“ctor

4G

2:@'[d663(“i3)€v(k2) (| / dix g2

XV, m(8),G b 0} V,0) K)+du —i0)(k)
Xl [ a8 60,0000, — (VGO

S (VDGebn 0} V,50)] K2°>]+(k1 o k)

4G G2 dess/Gu? Gy’
= r 663 ‘ + / i )]eEV(k2)
\/g \mwz M¢2

V2 m,?
X (k| V,5(0) | K2)+ (k1 > k)
8G eG,?
= ev(k2)<k11G6¢v6(0)lK20>+(k1*“* kz)
V2

m,’

(23)

Since

(kl ld’vG(O) | K20>

_ f a4 oty | T(,5(0),75()} | 0)

G, 1 G, V2G,
= —————l:ffdesa + fdees<— + )
mg*? m,2 V3 my?  mg?
+3g(v—*—+——>]€nka2ykh€a(kl) ’ (24)
mw me
we have

(kaks out| Hy | K2®)vector

8G G, 'Ge[ G, | G

3V2 m,2mx*2l_m 2 ng(,,
X ewrokapes (ko) kires(ka) .

Eqgs. (13), (21), (22), and (25), in

HW)——]gw,,,
(25)

Collecting the results,
compact form, we find

(klkz out l Hw [ K20>

2
=l )
CCams® 2G,Go  CoComy?
{ mK®—m 2 V3m,2m,? ' mrt—my’
1/G2 G2 2Gs™ 4 GG
3 (m,,4 3mu4_g 7n§> 3 mpimg*?

x[;;; = +<\/3>~]} . @)
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Note that the 9-pole contribution (which dominates the
pseudoscalar-pole contribution) and the K*-pole con-
tribution have the seme sign. Evaluation of the coef-
ficient of €usrok1u€s(k1)ks-€,(k2) proceeds much as in Ref.
2; we find, using Ge/mg*=G,/m,, G./m,2—0.083,
and Gy/my*>0.118,

(gxy097) 70,2 —5.2X 107 /mg

and
(g, )k ~=—11.3X107%/m.

Since |gxytyy| sv(3=216.5X10~%/mg as compared to
| 840y | Criegge™20.81X 10~%/mx

and

l gK2°’)"y| Cronin&1.94x 10_9/mK ,

it cannot be said that! theory and experiment are in
“reasonable agreement.” Moreover, this situation
persists in the other viable models discussed in the next
section.

4. OTHER MODELS

A. Model of PCAC Breakdown of Arnowitt ef al.

Here we examine the prediction for Ky*— vy decay
in the model of PCAC breakdown with maximal SU(3)
symmetry due to Arnowitt et al.® Since this model fits
the 79— vy and 5 — vy rates reasonably well, unlike
the preceding model, it might furnish a more realistic

<k1k2 out l H, l K20> = Gyvraklnev(kl)k%ea(k?)
2G,G,

N deesty’ /G 2

1515

K;0—> vy

prediction for the decay K,*— vyy. In the model of
Arnowitt ef al.,b modification of PCAC leads to the
meson current

JH(0)= (4/C) ewrap(Ndij1d s datpp™+ N 8utps* 0 abp) »

d8=w, (27)
with A=0.348 and \'=0.041. Since
<k1k2 out]J"‘(O) I 0)
e2G,8\ / 2G, ' >\G¢>
B \/Smpzcs\\/gmwz l Mn g2
Xe urvkl ev(kl)k rev(k )’ (28)
(ks out| J(0)| 0) pret e TR
28N /G2 G,? NGyG,
= ———(—— 8331 dsss+ >
Cs 3m, A3my2m.,2
X 5yu7aklnev(kl)k2150(k2) ) (29)
and
(k1| V,5(0) | K2°)
8eNGs / G, G, NG,
=— (—-— 6631 dgost >
Cemg*2\m,? V3,2 AV3m 42
XﬁuvrokZukl‘rea(kl) ) (30)
one has
G.,? 32e2GCgN

l3262GC K)\" deest

T 833+
V2 LmK 2—m2 3mm,? mk —m,,2\m,,

64¢’GGG,* l‘

GpG¢ dess/qu

V2

3me,

sss>:|+
4

< dﬁﬁamr G¢Gu >
Mr2—m2 VIm,2m4? l mr2—m,? 3my2m,?
Before attempting a numerical evaluation of expression
(31), we note that in fitting the rates #°— vy and
n— vy, which are separately invariant under the sign
reversal G, — —G,, Gy — —Gy, Arnowitt ef al.% have
assumed G,=$V3m4? fr ! cosby and G,= —Gy(m.2/m4?)
X tanfy; however, the conventional assumption? [based
on the SU(3) result!® amp(a® — yy)=V3 amp(n — vv)]
that sgn(gryy/gry) =+, requires Gy=—3V3mq®fr™!
Xcosby and Go,= —Gy4(m.2/m4?) tanfy instead. Thus,
in its application to the decay K,°— vy, the model of
PCAC breakdown proposed by Arnowitt et al.b is
not completely determined until, say, the phase
sgn(gr0yy/8vv) is specified. In the conventional case,
we find (gr,09y)~0 113X 107%/mg and (gg,0y1)k*
~17.5X10"%/mg, so that |gx,oy,|~=28.8X10~%/mk.
Thus “theory” and experiment are even farther apart
when we make use of the experimental results for
w0 — vy and 3 — vy.

13 This can be obtained from Eqs. (21) and (22) in the appro-
priate limits.

3V2Crmx '2m,,2|_

<d G | g >+w¢]} 31)
66— TG met) By .

B. Free-Field Quark Model and K*
Contribution to K0 — vy

Although arguments!* have recently been advanced
for favoring the commutation relations of the gauge-
field algebra'® over those of the free-field quark model,®
or U(6)XU(6), we present here an analysis of the
apparently sizable K* contribution to K,° — vy in terms
of the latter model for completeness. It should be noted
that numerically (in the case of #°— yy decay) the
quark model is certainly in fair agreement with experi-
ment. In any event our crude analysis may serve to in-
dicate the sort of model dependence to be expected in
the case of the vector contribution where experimental
information regarding the couplings Gr*gv (V=0 ¢, w)

( 14 C; W. Barry and J. J. Sakurai, Nuovo Cimento S0A, 326
1968).

15T, D. Lee, S. Weinberg, and B. Zumino, Phys. Rev. Letters
18, 1029 (1967).

R, P. Feynman, M. Gell-Mann, and G, Zwieg, Phys. Rev.
Letters 13, 678 (1964)
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is lacking. We write

—-i/d“x e~ (0] T{V ™ (x),V,5(0)} | K2°) = epovrkrckarM (e?,k4?)

where
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(32)

G./V3 | V2G4/V3

1 G,
- %’eGGgwp 3 l

M(k12,k22>vector dom. = . 9
ko +-mg*? \ki?4-m,

]? >9€G(3gw,,~r

' k12+WLw2

I k12+m¢2}
G

=M(0,0)y 1, A—

1 klgeGﬁfprﬂr G,

[
ZmK *Q(k >2+7M,K *2)

ot >—~J

%)

]
2m g *2 me2(lc12+mp2) I\/3mw2(k12+mw2)

7612k226G6gw P l—

Gy Gy :l
ma2(ki?+my?)

G, Go
4 +(v/2)

Ikt mu D) m 2 (i m,?) | NZm2(kntFm?)

and
ko’Gofk*1cy

M(k12yk22)quark model :M(O;O) Q.RI.JT Jrklz

m (ko +mx *2)

kl2k22666gwp7r r

) ’ ] (33)
my2(ki*+my?)

eBr* KV

V=p0,¢,w mv2(k12+mv2)

G, | G. Gy

FA)

—ZmK*2(k22+m1<*Z)me2(k12+mp2) ' V3m,2(ky2m.,?)

with fx*k,=% for, Therequirement that M (k12,k%) . M.
vanish asymptotically yields

eBr+0)KV

Vm?

MK * V=p0,0,¢

Gegupr Gp Go
i e ] e

2mgs Lm,® V3m,? My

while the application of the Bjorken limit!” to expres-
sion (32),

—16/ d4x e~ k1

HOI TV @, VSO ) ——— -

[0l >0 oo

X [ im0l L7, (0, VO ),

with the quark-model commutation relations

LV (X)+1BV,3(),7,5(0)]
- = —ie(deozs+3V3ds6) €4 8(X) A 5(0)F - - -,

17 J. D. Bjorken, Phys, Rev, 148, 1467 (1966).

J , (34)
my*(ki2+my?)

yields
%ecﬂ = %Gﬁfwﬂ“y_{_Z eﬁK* (0O)KV
14

1 Go
— e+ +vie, |

- %eGﬁgwpr [
mg

+[3 _;«+(\/3>——J}. (35b)

m?2  V3m,,? M2

For computational purposes we make the crude approxi-
mation my*>mg+*, and find, dropping terms

O((my"? ~my""?) /mx+)

eGegupr
M(O,())Q,M,ﬁ— Bor
2mK*2
G,
X[~ +<w>—] (36
m,2 V3m,? 3mgx

For the case”™ sgn(fu,,G,/Cr)=—, for which!
gwp,2/47T; 0.58/m,,2, we find (ngﬂyy)K*,Q,M ’L\JIOQ
X107%/mg, which, in spite of the crudeness of our
approximations, does not seem to indicate a significant
diminution of the SU(3) magnitude.
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