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Some Comments and a Prediction Concerning the Decay Xs' ~ yet
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It is shown how only pseudoscalar (2r', q) and vector (lt*&')) poles need be considered in a pole-model
analysis of the decay E'2 ~ yy. The calculation of the decay amplitude is presented in detail, both in an
SU (3)-symmetric model of VVP couplings with @~mixing, and in a model (due to Arnowitt et ul. ) of PCAC
breakdown with partial SU(3) symmetry, which fits the decay rates of m'-+ yp and p ~ py reasonably
we11. It 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
' MPROVEMEXT of the earlier theoreticaldetermina-

- tion of Savoy and Zimerman' of the decay E20 —+ yy
has recently been one of the subjects of an interesting

paper by Greenberg. ' It is noted there' ' that "the
over-ail amplitude Lis] obtained by taking the difference
of tv, o 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 ~
mixing, that the over-all amplitude in the pole model is,
on the contrary, the sian 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
I'(Itt' —+ yy)/I'(Zr' ~ all modes) performed so far,
those of Criegge et al.' and of Cronin et el.' This lack
of agreement is further worsened in the model of
breakdown of partial conservation of axial-vector cur-
rent (PCAC) with maximal SV(3) symmetry due to
Arnowitt et al. ' (see Sec. 4) which fits the rr' —+ yy and

q —+yy rates reasonably well. For completeness, the
important E~'si (vector pole) contribution is separately
calculated in the free-6eld 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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interesting to note that the restoration of the Cabibbo
factor sinH cos8 (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
(ktks outIH

Intro)

In Greenberg's' pole-model analysis of

(k,k, outIH. IZ', o&,

H„= (2G/V2)ds p(V„+A„)(V„a+A„~), (1)

with G 1.1&&10 '/3f „', the contributions from pseudo-
scalar (rr', rt) and axial-vector (At, At "i) poles are dealt
with separately (following the work of Savoy and
Zimerman'). Effectively one makes the replacement'

in the relevant terms of H„,

Hm I pseaaaseatar, axial vector=

(4G/v2)deserts

n=3, 8 (3)
so that

(ktke out
I Hrs I +t ) I pseuaoseatar aaa exist rester ya]es-

X(Gg, , (ktks outI C„a(0)I0)

ik„C (kik—i outI+ (0) IO)). (4)

The two types of pole contribution are then separately
given by

(k,k, out IH„ Ilt2e& I „..a„„.i.,
4G C d66

Cxitix' g (kik2 out
I
J (0) IO) (5)

W2 =3 8 f8~ —tPSE.

8 In our notation, Cq = C„,Cs = C„,Co= Cg and, correspondingly,
rrss=rss, rrss=rrrr, rIss=rrrz. Note that Greenherg (Ref, 2) takes
C =C.
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and

(klkr OutlH lite')Ia»; l ecn, r

4G C.dgg. ik„mg, .
Cjr P

v2 a-3, 8 mgI ' —m~'

)&(krks outi J &"r u)(0) io). (6a)

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

(k,k. out
I H,.I

Jt ') I,„;.l .„„
4G Cad ggamA I,a

CK Q (ktkr Ollt
~
J&s(0)

~
0) (6b)

a=8 8 mgI

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

4G
C«P d„ ikp(kikv out~As (0) to)

~2 =as

4G
Crc Q d«(ktks olltlc)pA. (o)Io)

a=3,S

4G
Crc P d«P)s 'C (ktks out~& (0) ~0), (7)

a=3, s

by strict application of PCAC, so that

kikr Out
~
Hv:

~

aa'2 ) t pseudoscslar an&1 axial-vector poles

4G Ca()ggama2
C» P ——(krks Gilt~ J.(O) ~O). (g)

K2 =3,8 m„' —m~2
Thus

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

(g) we have

m~
g Cud«u -(ktks out~ J„(0)~0)

a=3,8 m 2 m&2

m 4I—'k„— (k&)&., »u& ~&„»ic)& 0-))
mAI, a m+

Patently, it is a "weaker" form (soft. kaon) of PCAC,
ise. ,

(kiks~ J (0) ~0) (i—kp/md, ),
&((ktks outi J„'"' )(0) i0), (11)

with attendant non-negligible errors, that is being
applied in Ref. 2. We remark that the contribution to
gjr, ',r calculated from Eq. (g) is about 10% smaller
than the sum of Eqs. (5) and (6b), the sum of pseudo-
scalar and axial-vector pole contributions, with the
"induced" axial-meson~y coupling given in Eq. (11).'

3. SIMPLIFIED POLE-MODEL ANALYSIS OF
(ktkr out

~
H„~ 3."r'); 8 U(3)-SYMMETRIC

MODEL WITH Po) 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
(klks out ~H~

~
Ass), a result we are unable to reproduce.

Since both the work of Savoy and Zimmerman' and
that of Greenberg2 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

(k,k, out[H„~ Jt, ') = (klks o«)H~(%')p. ..d-..i..
+(klk, Out~H~~XS'). .ci.r& (12)

with"

(ktke Out
~
H&r

~

It 2 )pseudoscslar

4G C.dgg.
C)r P (kikv out~ J (0) ~0) (13)

V2 a-s, S ma' —m~2

(k,k. out~H„~Es')v. «.,
4G

d«-(ktk»«l V. Vps I» (14)
K2

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 it)o) mixing. (However, we take into account
symmetry-breaking effects provided by spectral-func-
tion sum rules of the Weinberg type. '") Thus,

a=8, 8

Cods so (ktkr out
t
J (0)

~
0), (9)

ma mQ

= 2v3 fd&j&&e)&pro&))&it)p r)r&t)v &1)

+gex„,Ox', 'B,y;@', (15)

it follows that

(kiks out
i J (0) i 0)

—ik„mg, ,

(ktks out
~

J„&"r '(0)
~
0).

m+1 a m+
(10)

9 Numerically we find 8.8)&10 '/m~ compared with the sum of
5.2 X10 /m~ (pseudoscalar poles) and 4.4&10 '/m+ (axial-
vector poles). We take C =C~=C„=97 MeV as in Ref. 2 for
purposes of comparison.

'c At the risk of being overexplicit, we note that (A ))BpL))B)
=s(ks kd)p(A jL|B—), J (0) = —( P+)P) r)&j& —(0), and a'=o„a„
=8 —Gp ."R.J. Oakes and J. J. Sakurai, Phys. Rev. Letters 19, 1266
(I967).
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with contribution given by Eq. (14) yields

J"=2&~fd'ass) ".~~4 p'~4'+gs), ".»4 p ~A - (1~) (k,k,, out le„, l
Esp&

Using the conventions"

4'= (V's)4.+(V's)~.
4»'= —(V'2)~.+(V's)4.

one 6nds

g-"= . (V—'s)f+(V'l) g,

gs"= (V'2) f+(V'2)g,

so that the requirement g~p =0 leads to

g= ~~f= (V's)g-. -
I' ron1

(k,k outl J' (0) I0)

= —ies„(ks) d4x e—'"' (k2 I T{gpy„s(x)

(17)

4G-
dsss( —is) s„(ks)(ks I

d'x e '"'*

XT{V.' '(x),g,@„'(0))V,'(0) I & '&+dsss( —'e)s. (ks)

x(ksl d'x e '"'*T{v.(' )(x),—(Q-'s)g (sp(0)

+(g-;)g,y„(0))v„, (o) Iz,o& +(k, k,)

4G G,' dsss G ' G@2)
dsss — + +

I
«v(k2)

Vl m, ' V3 m„' mssl

X(k I V„'(0) I
X '&+(k k )

SG eGp'
s„(ks)(k2I G(4)„s(0) I Ess)+(kr 4-2 ks) . (23)

3v2 m„'

+sv3LG-~. (x)+Gse (*)j~ (o)) I o& (19)

(k I {4„(o), „(0),y„(0)) I o&

Gp G Gp= —es„(kg) —, —, , (20)
mp' 43m„2 v3mp2

one 6nds straightforwardly

(k,k, outlz (0) lo)

(k I4.2(0) I& '&

= —i d'x e'"'*(k2
I T{p„s(0)J'(x)) I 0)

e —
Gp 1 G„&2Op

= ———v3 fdsss — + fdsss —— —+-
m~2 m ' V3 m~ my

2e'GpG„
(VBfdsss V2g) spv—«k2psv(k2) ks, sa(ks)

3mp m+7

we have

G Gp
+-', g V2 + spvrakspk2rsa(kx), (24)

m~ mQ2 2

2e'GpG
grapaspvraklpsv(kl)ksrsa(k2) v

v3mp'm„'

(k,k, outl Js(0)l 0&

e2G 2 2e2Gp2
~3fdsss — Lfdsss+(v s)g]

mp4 303m''

2e2G 2 2e2GpG

Ls fdsss —(&2 )g'j+-
3VSm.4 3v3mssm„'

XLr2f' (&l)rj)" » —(»)»: (»)-. . .
e' O' G„' 2G'

K3 m, ' 3m„' 3m '

(21) (k2ks Out
I H~

I
Ks')raaspr

SG e2G, 2Gt) Gp G„Gy
+ +(V 3) gapa

3v2 m 2m~*' mp' V3m„2 mp2

X spvrakspsv(ks)k2rsa(k2) . (25)

Collecting the results, Eqs. (13), (21), (22), and (25), in

compact form, we 6nd

(ksks out
I
a

I
ass)

2Ge'
Epvrak2PSv(k2)ksrsa(ks) gcypa

v2

C6C3m~2 2G,G„C6C8m„'
X — — +

m~2 —m~2 %3m 'm„' m~2 —m '

Xgtdpaspvraklps v(k2)ksrSa(ks) . (22)

Similarly, contracting out either photon in the vector
l

"R. F. Dashen and D. H. Sharp, Phys. Rev. 133, 31585
(1964).

O' G' 2G ' 4 O'Go
X— —+

3 m 4 3m„4 3 m@4 3m 2m~*2

Gp G Gp
x + +(g-:)

m ' v3m~2 mp2
(26)
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Note that the ti-pole contribution (which dominates the
pseudoscalar-pole contribution) and the E*-pole con-
tribution have the same sign. Evaluation of the coef-
ficient of s„„„kt„e,(kt)ks, s (ks) proceeds much as in Ref.
2; we find, using Gs/m»'=G, /m„G„/m„'~ 0—083. ,
and Gs/mss~0. 118,

(g». »)-.=, 5—2X 10 s/m»
and

(g», '„)» —1—1 3X. 10 '/m»

Since Ig», 0»ler/(s)~16. 5X10 '/m» as compared to

I g», » I c»esse~0 81X10-s/m»
and

Ig»'v Ic- 1.94X—10 s/m»,

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 et al.

(kiks outlt'(0) I0)
X sy,.k„t„s(k )iks,s.(ks), (28)

esSX tr G,s G„' X'GsG
dsss+ -dsss+

C, km, ' 3m 13m 'm ')
Xe„„„ki„s„(kt)ks, s,(ks), (29)

&k, l v, (o)l x '&

prediction for the decay E2' —+yy. In the model of
Arnowitt et al. ,6 modification of PCAC leads to the
meson current

J'(0)= (4/C;) s„„p(Xd;is8„$,'8 Pps+lt'B„q4'8+p),
(27)

with X=0.348 and X'= 0.041. Since

(k,k, cutis'(0) Io&

esG,SX /' 2G„VGsq
43m, sCskv3m„s ltmss)

Sells t G, G lt'Gs
dsss+ dsss+

C,mx" km ' 43m ' X&3mq')

Xe„„,ks„ki,s,(ki), (30)

Here we examine the prediction for E'2 ~ pp decay
in the model of PCAC breakdown with maximal SU(3)
symmetry due to Arnowitt et ul. 6 Since this model 6ts
the mo —& yy and q —+yy rates reasonably well, unlike
the preceding model, it might furnish a more realistic one has

(kiks out
I Z~ I

Es'& =s„„,kt„s.(ki) ks, s~(ks)

32esGC»X dsssm s 2G,G„dsssm, s (G,s G„s ) 32esGC»X'
X — + I

-dsss+ dsss
I +

v2 m»' —m ' 3m''m ' m»' m, s Em—p' 3m~'

dsssm ' G,Gs dsssm„' G/G„) 64e'GGsG, ' ( G, G ) VGs
X +

I

— 2ltl dsss +dsss I+
m»' m' v3m 'm ' m»—' m' 3 —mss„m/ s3%2C»m»'m ' k m, s @am„sI v3mss

Before attempting a numerical evaluation of expression
(31), we note that in fitting the rates n' —+yy and
q —+ yy, which are separately invariant under the sign
reversal G„—+ —G„, G~ —+ —G@, Arnowitt et al. ' have
assumed G„=,'V3ms'fr ' c—oser and G„=—Gs(m '/ms')
Xtaner, however, the conventional assumption' Lbased
on the SU(3) result" amp(~s ~ yy) =i/3 amp(g —& yy) g
that sgn(g o»/g„»)=+, requires Gs= sV3mssfr '—
Xcoser and G„=—Gs(m„'/ms') taner instead. Thus,
in its application to the decay E20 —+ pp, the model of
PCAC breakdown proposed by Arnowitt et al. is
not completely determined until, say, the phase
sgn(g 0»/g»~) is specified. In the conventional case,
we find (g»,o») o,~~11.3X10 s/m» and (g»,o»)»'—17.5X10 '/m», so that Ig», »I—28.8X10 '/m»
Thus "theory" and experiment are even farther apart
when we make use of the experimental results for

~pp and /~pe.
Is This can be obtained from Eqs. (21) and (22) in the appro-

priate limits.

B. Free-Field Quark Model and Ks
Contribution to X20 —+ yy

Although arguments'4 have recently been advanced
for favoring the commutation relations of the gauge-
field algebra' over those of the free-6eld quark model, '
or U(6)XU(6), we present here an analysis of the
apparently sizable E*contribution to X20 ~ pp in terms
of the latter model for completeness. It should be noted
that numerically (in the case of ms~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 G» ~»r (V= ps, P, rd)

'4 G. W. Barry and J. J. Sakurai, Nuovo Cimento BOA, 326
(&968)."T.D. Lee, S. steinberg, and B. Zumino, Phys. Rev, Letters
18, 1029 (1967)."R. P. Feynman, M. Gell-Mann, and 6, Zwieg, Phys. Rev,
Letters 13, 6/8 (1964).
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is lacking. We write

i —(f'x e "—"e(OI T(V, (' '(x) V„'(0))
I
j(.g') =e„,„,ki.kn, M(ki' «2') (32)

where

and

1 G, G„/v3 &2G,/&3

«2+m e2«2+m2«2+m 2«2+m2
A ~'eG6g„p,

—
Gp G„

=M(0,0)„n+ + +(V'-,'-)
2m'~"'(k. '+mzz"') m, '-v3m„' m, '

fc1 eG6g, G G„ Gp

2m'&*' m, '(ki'+mp') v3m„'(ki'+m„') mq'(«/+md')

&1 &2 eG6goz zrp

—, +—,, +(&-3), —; (33)
2mzz*'(ki'+mzz*') .m, '(ki'+m, ') v3 m'(ki'+m„') mq'(ki'+mq')-

ki Ggfr& "z,
M(ki', 4')q -i -.a.i=M(0,0) q. iii.+ ——+«i'

mzz'(k. '+mzz *')

e,~z'(0) x v

mv'(k, '+mv')

G,&1 &2 eG6gcopzr GQ)-+ —-+(v"i)
2m' '(«p+mx "') m '(kp+m, ') v3m~'(«i'+m„')

(34)
m~'(«i'+m~')-

with fzr zz~ 32 f 7
T——herequ. irernent that M(ki', «2~) q. M. Yields

vanish asymptotically yields ,'e&.= ', G—,f„.,+-P ePzz*(o) zzv

2G6
0 =M(0,0) q. M, + f &+-

3m~*' v=po, ~, y

&Pzr «o& xv 1—reG6g p

G„
„, G.+ +(&x)G~

m~*' "
K3

eG6g...—G, G„ Gp
+ —+(&3), (35a)

2m~*' m, ' 93m„' mq'

-Gp G. Gp
+ —+ +(Q3)

m' V3m, ' m~'
(35b)

For computational purposes we make the crude approxi-
mation mv' —m~*', and find, dropping terms

while the application of the Bjorken limit'" to expres-
sion (32),

O((m v"—mi '")/mx'),
eG6g~p~

M(0,0) ().M.
2m+ s(—ie d'x e

—"&"
—

Gp G„Gp 2eC
X —+ +(v'-,') — —. (36)

m ' 43m ' m~' 3m~"
+(Ol T(V.™(-),V''(0)) I&.')

] IcIOl 10

with the quark-model commutation rel.ations
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