PHYSICAL REVIEW C, VOLUME 62, 025206

K— @ and a light scalar meson

J. C. R. Blocht M. A. Ivanov? T. Mizutani? C. D. Roberts,and S. M. Schmidt
IPhysics Division, Argonne National Laboratory, Argonne, lllinois 60439-4843
2Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Russia
3Department of Physics, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0435
(Received 11 October 1999; published 21 July 2000

We explore theAl =% rule ande’/e in K— 77 transitions using a Dyson-Schwinger equation model.

Exploiting the feature that quantum chromodynamics penguin operators Kigetransitions through 0
intermediate states, we observe an enhancemeit-ofrm,_ transitions from the contribution of a putative
light o-meson. This mechanism also affeetse.

PACS numbe(s): 13.20.Eb, 13.30.Eg, 12.15.Hh, 24.8%

[. INTRODUCTION The transitions of interest herein are mediated by nonlep-
tonic strangeness changing $=1) effective operators. The
The Al=3 rule is an empirical observation: the widths simplest
for nonleptonic decays of kaons and hyperons that change _ _
isospin by one-half unit are significantly larger than those for Q:=s0,uju;0,d;, (6)
otherK and A transitions; e.g.[1] o o
Q2=Si0;uiujo;dj, (7)
FKgﬂ(m)/Fwﬂﬁwo:GGO. (1) _ . o
with O, =v,(1*vys) and color indices:i,j=1,... N,
In terms of the amplitude® o+ - and Myo_ oo that have the flavor structure of the standard weak four-fermion
S S current-current interaction, and there are eight other terms
representing the QCD and electrowegahkv) penguin opera-
tors. (Q, results from QCD corrections to the weak current-
current vertex. The penguin operators are also generated by
QCD and ew corrections but their flavor structure is differ-
ent) At least some of these operators must have large expec-
tation values if theAl =3 rule is to be understood.
Another quantity that may be much influenced by the
(3) AS=1 effective interaction is the ratie’/e. The indirect
CP violating parameter:

describe K2— 77 transitions, the pure isospin-zero and
isospin-twosrar final states are

1
AO:_6(2MKg‘”T+7T7+ MKgH’ITO’ITO)' (2)

%

1
AZZﬁ(MKg—MT*w’_ MKgH’TTOWO)'

and the ratio in Eq(1) corresponds to e:=A(KL— o)/ A(Kg— ) -0) 8
1hv:=Re(Ay)/Re(A,) ~ 22 (4y ~ Measures the admixture GfP-even state irK, :
for =0, CPIKyg)=F[Kys), C)

The analogous amplitude ratio f&wave A — 7N transi-

tions is|Ayp/Asg ~ 80. i.e., they areCP eigenstatese appears to be primarily de-
The processes involved are nonleptonic weak decays sermined by short-distance contributions from the weak non-

one necessarily encounters quantum chromodynamidgeptonicAS=2 effective interactio2].

(QCD) effects in their analysis and the operator product ex- In contrast,e’ measures the phase of the heavy-quark

pansion(OPE can therefore be employed to good effect. CKM matrix elements in the standard model and

Using the OPE the amplitudé, for a given transition is

expressed as the expectation value of an effective Hamil- 6_’ 1 Im ﬁ (10)
tonian: e \/§|€| Ay’
with |€|/=0.002 280, experimentally.A nonzero value of
A=(Ha= S a()(Qu(w)), ) N P b

€'l e entails direct transitions betwe&hP-even andC P-odd

where u is a renormalization point. The coefficierda ),
are calculable in perturbation theory and describe short-1y g (10) we follow contemporary practice and make explicit
distance effects. However, the expectation values of the locahe 77-scattering phase shiftsd, ,, in factoring out the phase

effective operatorgQ;(x)), contain the effects of bound & _ =(x/2)+5,— 8, Then, using the experimental observations
state structure; i.e., long-distance QCD effects, and must bgy~37°, 5,~—7°, & ~x/4, one hasb., —® _~0 and the imagi-

calculated nonperturbatively. nary part in Eq(10) relates only to an explici€ P violating phase.
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eigenstatese’ is sensitive to the same penguin operators thapion form factor[13,14], and in the latter case calculated
contribute to theAl =3 rule, and hence is likely to receive corrections are smallL6]. However, such successes do not
significant long-distance contributions. The current generapreclude the possibility that unitarizing corrections; e.g.,
tion of experimentg§3] appears to be consistent and an av-Refs.[17-20, may be quantitatively important in the present
erage value of the ratio {g] application. Anomalies in our analysis could signal this.

Re(e— = (2.1+0.46)x 10" 3, (11) A. Charged kaon decay
€ The impulse approximation to the meson—meson transi-
A standard form of theAS=1 effective interaction at a tions mediated by ¢~ * is straightforward to evaluate; e.g.,
renormalization scalg.=1 GeV is in the absence of ew penguins only the opera@is con-
tribute toK "™ — 7" 7 transitions and
10
Her "=Ge 2 ci(wQi(w), (12 1 .
) =1 (7 (P TP QK (D) == 2 NTi(p1,p2),
\/E i=1,2
where Ge=GeViVua/\2, ci(w)=z(pw)+7yi(n), 7 (19
=—(ViVia)/ (ViVyg), andVyg, . . ., are the CKMmatrix

coefficientsc;(u), at next-to-leading order are quoted in Ref.
[2], as are the operator®;. We reproduce the coefficients

in the Appendix, Eq(A11), but not the operators and note > JA ~ o (Ka T (ki — K
only thatQs 45 ¢are the QCD penguin operators; e.g., klo“XK( 1Pz, P (ke = P2 Sy,

elements|Direct CP violation is a measure of Im{).] The . A .
L . ] Ty(p1.p2) =i 2trzzfk O xXnlko; — 4Py, — 1pp)2 112,
2

_ _ (16)
Qs=5s0,4d; > 9;0,.qi (13
gq=u,d,s

A (A
. _ iTz(pl,p2)=2\/§trZ§f f O, Xr(ka2;—3P2,—3P2)
andQ; g ¢ j0are the ew penguin operators; e.g., ky J ko

X0, xk(ky;p2,P) T 7(K1; —Pp1)Su(ky),

_350°d > €400} (14)
QS_ZSi @ jq=u,d,s €qd;0 . Qi (17)
wheree, is the quark’s electric chargén units of the posi-  with the trace over Dirac indices only, and
tron charge The expectation value of the operators in Eq.

(12); i.e., the long-distance contributions, are the primary X+(Ki11,15) =Su(k+1)T (ki1 +15)S,(k—=15), (18
source of theoretical uncertainty in the estimationnoénd

€'l Bgs.(4) and (10). . XKl o) =Sk 1)kl + 1) Su(k=12). (19)
Herein we calculate the expectation values of the opera-
tors in Eq.(12) using the Dyson-Schwinger equatiddSE) ere we use a Euclidean formulation with
model of Ref[5]. The DSE's are reviewed and some of their
phenomenological applications are described in Refs. 4
[6—14]. In this approach mesons are bound states of a = = 0= 0.
dressed-quark and -antiquark with Bethe-Salpeter amplitudes 7 =20u0 7= Vs Pd izl Pidi- (20
describing their internal structure. It has already been used to
explore CP violation in hadrong15]. We describe the cal- fﬁ::fAd“k/(Zq-r)“ is @ mnemonic representing a translation-
culation and its elements in Sec. Il, and present and discusgly invariant regularization of the integral, with the regu-
our results in Sec. lll. Section IV is a brief recapitulation. larization mass scale that is removed-{-») as the final
stage of any calculation, and,(u,A) is the quark wave
Il. OPERATOR EXPECTATION VALUES function renormalization constang;_, s are the dressed-
quark propagators(we assume isospin symmelryand

To calculate the expectation values in EtR) we employ FH_=K,71- are the meson Be_the-SaIpeter amplitudes, both of
an impulse approximation that is consistent with theWhich we discuss in detail in Sec. Il B.
rainbow-ladder truncation of the DSE’s. It yields real decay USing the Fierz rearrangement property,
amplitudes, which ensures no conflict with the explicit fac-
torization of the strongr# phase shifts in Eq(10). The t[0,G,0,G,]=—~t{0,G;]t{0,G,],  (21)
fidelity of this approximation relies on it yielding the domi-
nant contribution to the amplitudes’ magnitude while provid-where G, , are any Dirac matrices, it is clear th@{=T,.
ing none of the strong phase. It has proven efficacious; e.gFurthermore, the analysis f@, is similar and the result is
in analyzingwr scattering[12,13 and the electromagnetic identical so that

025206-2



K— 77 AND A LIGHT SCALAR MESON PHYSICAL REVIEW C 62 025206

(7 (p1) 7°(P2)](€1Q1+ QL) | K™ (p)) rgsult rgquires additio_nal contrit_)utioﬁs.!nitarizing correc-
tions arising froms 7 final state interactions are a plausible
C1+Cy candidate. However, a contemporary estinj2@ indicates
= 2 Nc(Ne+1)Ta(p1.P2)- (22)  that they can provide no more than one-fifth of the reduction

required in this channel; i.eB{*?>0.9 still.

Nevertheless, our primary goal is to identify a plausible
mechanism for an enhancement ofr,_, transitions and
N this level of accuracy is sufficient for that purpose. Hence we
fap,=- V2N, tr szk 0, (ki — ip,—ip) (23 proceed by adopting the contemporary artifice and use

This can be simplified usinf21]

and[22] Miy(p1,pa) =t (ME—m2)BE?, BEFD=1. (29

In doing this we bypass the calculation B, which our
elucidation of the impulse approximation has identified as a

A real challenge for models whose basis is kindred to ours, and
=2N,tr szk 10, xk(ky;P2,PT #(K1; —p1) Sy(ky), also for other approaches.
1

+ +
—(P+p1), 5 (PD) = P2t (p3)

24
24 B. Propagators and Bethe-Salpeter amplitudes

where X" are theK, semileptonic transition form factors, ~ Although the matrix element discussed above was ex-

to yield pressed in terms of dressed and s-quark propagators, and
- and K-meson Bethe-Salpeter amplitudes, we obtained a
+ 0 AS=1)} + model independent result without introducing specific forms.
(7 ()7 (P2)[ e 1K™ (P)) That is an helpful but uncommon simplification only encoun-
N, tered before in the study of anomalous processes; €%.,

1. el
= \/E—NGF(Cl_l' Co))Mi(p1,P2), (29 4y [13,14, KK— =" 7% [25], and ym— 7 [26].
¢ In general these quantities can be obtained as solutions of
the quark DSE and meson Bethe-Salpeter equa@priHow-

Mi(P1,P2)=TFIPa- (p+p1) K (p2)+p2fK (p2)] ever, the study of an extensive range of low- and high-energy
(26) light- and heavy-quark phenomena has led to the develop-
ment of efficacious algebraic parametrizations, and we em-
~f 2_ M2y 2 ploy them herein.
(M = M) @7 The dressed-quark propagator is
The last line follows from[22] X (-m2)~—1.0 and Si(p)=—iy-pal(p?)+oLp?), (30)
m2fK (-m?)~0.
We can compare our result with the contemporary phe- =[iy-pAi(p?) +B((pD)] %, (31)

nomenological approach t§— 77 decays, which employs
a parametrization af\1:

T&(x)=2m;F(2(x+m?))+ F(bix) Abix)[ b+ bl Aex)],

Ma=1(mg—m?)BF?, (28 (32
with the parameteB{*? fixed by fitting the experimental 1
width. One historical means of estimatirgf; is to employ ol (x)= —[1-F2(x+ m?)], (33
the vacuum saturation ansatz, which gi&§?=1. It is X+ mg

clear from Eqs(25) and(27) that our impulse approximation
is equivalent to this ansatz. Equati@@7) is an exact alge- . _ —
braic constraint, which has been overlooked by other author&ith F(¥)=(1—€™)/y, x=p%\?%, me=m/N, oy(x)
and consequently violated in fittinGx+ .+ 0, e.g., Ref. =Ao&p?) oy(x)=N?0l(p?). The mass scale, A
[23] and references thereifThe connection can also be =0.566 GeV, and parameter values

made via a bosonization of four-fermion interaction models

[24], which illustrates an equivalence between that approach

and the rainbow-ladder DSE truncatipn. 2As observed already, the impulse approximation has proven reli-

Agreement with the experimental value bk+_..+.0,  aple in a range of applicatiof§—15), and in some cases correc-
however, requireB(13/2)~l, as can be seen using E&12).  tions have been calculated and shown to be sfaél22. One new
Thus, while the impulse approximation is reliable for esti-feature here is that the calculation is not self-contained; i.e., we rely
mating the order of magnitude, it appears that an accuraten external input: the; in Eq. (12).
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m bo b, b, bs Mo+ +~0.93n¢, Ty++~0.22—-0.47 GeV, (39

u 0.00948 0.131 2.94 0.733 0.185
S 0.210 0.105 3.18 0.858 0.185
(34

and, it is argued, becaudg++/my++=0.5 a simple Breit-
Wigner form is inadequate as a model for this pole’s

contribution to the scattering amplitude. The decay
0.0

. . ) . —v,.m a1 also exhibits a broad scalar resonar28],
were fixed 5] in a least-squares fit to light- and heavy-mesonwhich’ however, has only been characterized by Breit-
observables, with these dimensionlesss current-quark

masses corresponding’to Wigner parameters:
m: V=54 MeV, mi®V=119 MeV. (39 mo++~1.12m¢, Tg++_,,~054 GeV. (40

This algebraic parametrization combines the effects of cony
finement and dynamical chiral symmetry breaking with free-

particle behavior at large spacelikg [8]. : . .
The dominant component of the- and K-meson Bethe- As summarized in Ref28}, yy— = data are consistent

Salpeter amplitudes is primarily determined by the axial-With the interpretation of this pole as ai+dd) scalar me-
vector Ward-Takahashi identif21,27; son. However, this interpretation is not universally accepted.
’ It is an experimental fact that7 scattering is very attractive

he small quantitative discrepancy is explicable via param-
etrization dependence.

2 in the scalar—isoscalar channel and this provides for another
FH(k2)=i75f— Bu(k®), H=mK, (36)  perspective; i.e., that the'0" resonance is merely a-
H rescattering effedtl17—-19. In either event, the implications
my—0 in the present context are similar: spectral strength in the
WhereBH::B“|bgﬂbg and[5] 0** channel, located in the neighborhoodrof, can sig-
nificantly enhance nonleptonk® decayq17,18,25,2%
bg=0.204, b{=0.319, 37 Dyson-Schwinger equation studies can contribute some-

_ ) ) _ what to this discussion. The rainbow-ladder approximation is

i.e., By is the quark—quark mass function obtained from EQShe |owest order in an axial-vector Ward-Takahashi identity

(30~(33) with m;=0 andb; replaced by the values indi- reserving truncation scherfig0], and a light qu+dd) me-

cated. With these dressed-propagators and Bethe-Salpeigsy, is a feature of this approximation. However, there is

amplitudes one obtaingn GeV) some model sensitivity and combining the results of four
independent studig81—34 yields

f’IT m7T fK My
Calc. 0.146 0.130 0.178 0.449 mo++=0.64+0.07 GeV. (41)
Obs.[1] 0.131 0.138 0.160 0.496
This is a simple pole mass. The rainbow-ladder truncation of
(38) the quark—antiquark scattering kernel ignores the coupling to
. the = loop, which would provide a width. That defect is
and(qqg)* ©V=(0.220 GeV)? not significant for the>-meson, where the same collection of
models yieldsm,=0.75GeV, with a standard deviation of
C. Neutral kaon decay <2%, and calculations show that the loop contribution can

We now consider the tranS|t|onsg—>7-r*7T*, 2979 In be included perturbatively10,35, reproduqng the experi
. oy .0 . L . mental value of", /m_=0.2. However, that is not necessar-
comparison withK™— 7™ 7° there is a significant qualita- . . PP , .
. . ) : . ily a reliable guide to the importance of these effects in the
tive difference: all effective operators contribute to these.”, ; . .
" . 0 channel because the width-to-mass ratio is so much
transitions and furthermore the QCD penguin operators

Qs6, and ew penguin operator®; g, can direct the transi farger in this case.
5,6 7,81 - . . .
tion through 0" " intermediate states. This may have mate- That the calculated mass in Bl lies between that in

. Eqg. (39) and that of the isovectoay(980) is unsurprising
rial consequences. b . ; i
ecause the rainbow-ladder truncation yields degenerate
isoscalar and isovector bound states, and ideal flavor mixing
in the three-flavor case. However, this degeneracy signals
A contemporary analysis ofm data identifies a scalar— another weakness of the ladder-rainbow truncation in the
isoscalars-channel pole witl 28] 0" * channel. The truncation is reliable for flavor-nonsinglet
pseudoscalar mesons because of cancellations between ver-
tex corrections and crossed-box contributions at each higher
3:=10% in Eq. (32 acts only to decouple the large- and Order in the quark-antiquark scattering kerf&9]. However,
intermediatep? domains. The study used Landau gauge because #hese cancellations do not take place in the"Ochannel
is a fixed point of the QCD renormalization group afg~1, even  [36]. In our view, this is inextricably linked with the diffi-
nonperturbativelyf21]. culties encountered in understanding the composition of sca-

1. Light scalar meson?
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lar resonances below 1.4 G¢%8,35,37. For the isoscalar— D, (p?)=1[p?+m?], (45)
scalar vertex the problem is exacerbated by the presence of
timelike gluon exchange contributions to the kernel, whichwith m_, a parameter to be determined, and employ the im-
are the analogue of those diagrams expected to generate tpglse approximation for the-rar coupling
7n-n' mass splitting in BSE studid88].
Hitherto no model bound-state description escapes thedd ,...(P1,P2):=(m(p1)7(P2)|o(p))
deficiencies and developing an improved kernel is an impor- N
tant current focus. In the meantime, our discussion indicates =2thff T, (k;p)Sy(Ks )T (Kos : —P1)
that the leading order, chiral symmetry preserving DSE trun- k
cation supports an existing view that the low-mass spectral

strength in 0 * channel has auu-+ dd)-meson component. X Sulks )T A(k0;=P2)Sy(k—-), (46)

The truncation also admits that the properties of this COMPOK =k + (a/2)p,+ (B/2)p,, Which provides the basis for
nent are materially modified byrm-rescattering effects, ihe calculation Of g+ + C pnni=M,__(—m2,—m?2).
which are an additive, _nonperturbatlve co_ntnbuuon to t,heThis combination of simple-pole propagator plus impulse ap-
guark—antiquark scattgrmg kernel. I.n quantifying the adm'x'proximation coupling to the dominant decay channel is phe-
tures some aspects will be truncation and/or model deperh‘omenologically efficacious; e.g., REL0], and necessary to
dent[28]. avoid overcounting of final-state interactiof26].
In impulse approximation
2. The decay

To proceed we explore the hypothesis that there is a Iow- (4 (p)|Q4|K°(p))= \/ENgtr ZifAfAiXK(kl;%pv%p)
mass scalar—isoscalar meson that can be represented as a kg J ko
guark-antiquarks-channel pole characterized by a Bethe-
Salpeter amplitude. Since the absence of a DSE truncation
reliable in this channel prevents an accurate determination of

its mass and Bethe-Salpeter amplitude, we parametrize th%,(k;ll,lz) an obvious analogue of (k:l1.1,) in Eq. (18).

ith Z,(x,A) the mass renormalization constant and

amplitude as Using
1 t{G10,,G,0,1=2t] G (1~ ys5) It Go(1+ y5)] .
T, (kp)=lp—F ————, 42 48
=l 1+ (k% w2)? “2
this yields
wherelp= yﬁ andw, is a width parameter to be determined. 1 0
(This is analogous to our treatment of theand K meson - E<U(p)|Qe|K (p))

amplitudes. I', is normalized canonically and consistent
with the impulse approximation; i.ed/, is fixed via @
=q*3p)

A
\/ENCtrLJk i75XK(k1;%pa%p))
1

A
A IS(q.+) x| V2N ter Xo(K ;—*p,—lp))-
prctrfq P9 =P)—5 =T, (a:P)S(A-) T A
: (49)
_ . 98(a-)
+T(d;—p)S(q+)T -(a;p) p K From Refs.[21,27 we identify the first parenthesized term
B lpr=—mg as the residue of the kaon pole in the pseudoscalar vertex:
43
“ irg:=y2N ZJA k-ll—meﬁ 0
k= ctrzZy kl?’sXK( 17§p,zp)—mu+ms- (50)

We separate th€g contribution to thng—> 7 transi-
tion into two parts and consider first the new class of Contri-The second term is the scalar meson ana|ogue in the scalar
butions, which introduce the putative intermediate state:  vertex but the vector Ward-Takahashi identity, which is rel-

evant in this case, does not make possible an algebraic sim-
0 B 2 plification. The integral and itg.-dependence must therefore
(m(p1) m(P2)|Qe|K®(p)) =(7(p1) m(p2)|o(p))Dy(p?) be calculated. That is straightforward when the renormaliza-
X{(o(p)|Qg|K°(P)), (44) tion-group-improved rainbow-ladder truncation is accurate;
e.g., Refs.[11,21], but not yet for scalar mesons. This is
where the simple ansatz of E@2) is useful: it yields a finite
where we represent propagation by integral and we therefore suppresgto obtain
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1 A Obs. Calc.
-— K%(p))=rgv2N trj Ky;—3p,— 3
oI (p) K V2N, Xotkeimip—3p) 1o, L1,
. 2 Wy 0.611
TP 6 | R 0.54 0.54
%107 18
The result forQs is similar, but suppressed by a factor of k0 - 5.055+0.025 5.16
1/N., and the contribution of the ew penguirig; g, can be 1ﬂx10*15 2 305+ 0.023 211
obtained similarly. K- m0n0 : : -
The other class of contributions, which do not involve arxjijiwo 0.0112+0.0001 0.0116

0** intermediate state, can be evaluated following the ex-

plicit example ofQ, presented above. Only two additional
three-point functions arise:

(57)

which is a relative error on fitted quantities 6f4% * The
value of w, corresponds to amtrinsic o-meson size:rl,

S B _
G 2(P1,p2) =(m(p1) m(p)|(uu+dd)[0), (52 —1/w,, which is 0.84; i.e, 84% of that of thep-meson
B determined in Ref[5]. With T',(k; p) < exp(—k%«?) instead

=G (p1,p2)=(m(p1)|sulK°(p)). (53  of Eq.(42), we find thatm,=1.12n, , w,=0.694 GeV yield

exactly the same results for the calculated quantities. Fur-

They are the scalar pion form factor and the scilartran- ~ thermore, a value ofmg++=0.7 GeV~1.4m [24] is ex-
sition form factor, respectively, ar@ﬁw(pl,pz) can be ex- cluded in our analysis: in a description léf— 77 decays it

ressed without additional calculation in terms of K requiresl’, =1.41 GeV, which is~3-times the value in Eq.
?orm factors[22]: R (40) and~ 8 standard-deviations larger than the mean-width

estimated from Ref[28].

s The parameter values in E@57) also yieldr(,(—mf,)
Pi—P2 £ (—p2)+ P2 K (= p2) =(0.51 GeVY, which is comparable with an estimdiél]:
me—mg| *' P2 pi—p2 ~ P2 r,(—m2)=(0.58 GeV¥, obtained using the separable BSE

(54  model of Ref.[32], andg,,,/Mm,=6.4, cf. a renormaliza-

tion-group-improved rainbow-ladder estimatd3]: g, ../

a result which follows from the vector Ward-Takahashi M,=4.1. These results are arposteriorijustification of the
identity. A preliminary result is available fogS(p;,p,) parametrization of the-meson Bethe-Salpeter amplitude: it
[39], which takes the form anticipated from current a|gebra_yields results consistent with contemporary bound state cal-
That is to be expected because correctly truncated DSE mo@ulations and the=30% differences enable agreement with
els provide a good description of chiral symmetry and itscurrent data analyses. Hence our working assumption is in-
dynamical breakdown, as illustrated in a studymof scat- ternally consistent.

2

gﬁw(pbpz):

tering [12,13. This makes a calculation @S(p;,p,) un- We anticipate that with only small modifications of the
necessary for our present analysis because we can adopt (PRF@metersw,, mo-+, a description of the quality in Eqg.
form [40] [(rs) =3.76GeV 1]: (57) would still be obtained after the inclusion of unitarizing

correctiong 20] to the impulse approximation. Such correc-
tions appear able to magnify the enhancement from a
o-meson intermediate statby a factor of<1.5) but not
replace it. The impulse approximation, as we have formu-
lated it in terms of a 0" intermediate meson state, is reli-
able at this level. An improved calculation would be an in-
ternally consistent combination of & 0-pole andw final-
state interactions, with the relative strengths allowed to vary
in order to explore the necessity, rather than just the suffi-
ciency, of the contributions.

The widths in Eq.(57) are obtained from the calculated
with the explicit forms given in the Appendix and the pure amplitudegin GeV with my from Eq. (38)]
isospin amplitudes defined in Eq®) and(3).

G2p1.p2)= —4«:—g>[1—%(ri)2(p1+ p2)?]. (59

w

The matrix elements for thi€k — 77 transitions can all be
written

M mr=MR + @enM R (56)

K—mm K—mm>

IMgo_, +n-| =2.7X10"7=5.9x10 'm¢,  (58)
Il. RESULTS AND DISCUSSION
Mo, 0,0/ =2.4x10 "=5.4x10""my, (59
Everything required for our calculation of the widths is
now specified. There are two parametess:in Eq.(42); and
m, in Eq (45). We determine them in a least-squares fit to _ -5 2 _ -
Tro - Tyo oo taken from Ref[1]: andl . “We usedGr=1.166x 10 cie\r  Vi5=0.0385, Vi4=0.0085,
Kgoata™ L Kg=ada ' o—(mwm) V,s=0.220, V,4=0.975, Im{/{;V,4)=0.000133, anc:; obtained
Eq. (40), and obtain(in GeV) from Eq. (A11).
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M+ +.0=1.8x10 8=4.0x10 ®my . (60) from which it is clear that the ew penguins are a correction of
order a¢,, as one would naively expect. In this case Ay)
For the pure isospin amplitudes we fitid GeV) #0. However, as observed above, themeson enhance-

ment responsible for thell=3 rule affects the real and

Re(Aq)=31.7<10°°%, ReA;)=147<10"° (61)  imaginary parts ofA, simultaneously so that (@)Im A,/
Im Ay remains negligible.
If we employ the artifice of amd hocsuppression of the
1w=216. (62) o contribution to Im@,) while retaining it in Ref); i.e.,
make the replacement
Our analysis also yields values of the parameters:
B(2.(32) ysed in phenomenological analyses to express the ciMz—ReCiMy),
operator expectation valudg]. Of course,B(13/2)=0.5, as . B )
discussed in connection with E9) and, using the formu- in £qs. (A1)—(A6), we find
las in the appendix, we obtain algebraicalg{"/?=B{"? e e=2.7%10"3 6
=B{"=B{M=B*?=B{3?  We also calculate (67

which yield

i=5,6,7,8 (66)

This artifice is implicit in the phenomenological analyses
reviewed in Ref[2] and that is why Eq(67) reproduces
their order of magnitude. The small value is only possible

T e S0 13 1 SO f WS SSGaLs n T G ) 15 . anhanced and s v
- fore of the same magnitude as An/w /w, due to the
strength of theK# transition form factor. If the vacuum g P/ we: e

saturation ansatz is used to estimate the operator expectati%fév enhancement factor. That factor survives because
values they are all=1. That method does not admit a (Ao) is still magnified as required in order to satisfy the

L . . Al=3 rule. Currently we cannot justify this procedu(BlB.
g(—:?oensson contribution nor the effect afw final state inter- If this procedure is followed them, # my isospin symmetry

Eliminating the ew penguin contributions yields<zl% breaking effects also contribute significantlydt/e.)
reduction in 1w, which is consistent with the the magnitude
of aem. Suppressing instead themeson contribution, while IV. EPILOGUE
not affecting FK+MT_+1go of course[see Eq.(Al)J,ﬂyields We have demonstrated that estimating e,

I'Q e 7m=1.3X10"2GeV, Tk . 70,0=1.1X107"GeV,  matrix element using the impulse approximation is algebra-
and 1iv=2.9. ically equivalent to using the vacuum saturation ansatz and
The value ofe'/ e follows from Eq.(10). Suppressing the yields a result that is-2 times too large. The identification
o-meson and ew penguin contributions we obtaffe  of a compensating mechanism that can remedy this overes-

=128x 103, which is ~60 times larger than the experi- timate is a contemporary challengesr final state interac-
mental average in Eq11). Including theo-meson we find tions in thel =2 channel act to ameliorate the discrepancy
31.3x10 3. To understand these results we note that Eq[20].

BU=BUA=143+(17.9,, (63

(10) can be written We have also shown that the contribution of a light scalar
meson mediated by the QCD penguin operatQss, is a

€' 1 wimAg 1ImA, plausible candidate for the long-range mechanism underlying
e E lel FAO[ Tw m] : (64 the enhancement & — 1~ transitions> Our description

of that enhancement requires a mass and width for this 0

which makes clear that the ratio is determined byAg)( ~ "€sonance that agree with those recently infei28,29:
Re(Ao) unlessim(A,)#0. Noting thatc, , are real, Eq. Mo*+=Mk, Fo++_7-=Mg++, and the analysis is not sen-
(A11), then it follows from Eq.(Al) that Irh(A2)=0 inthe Sitive to details of the Bethe-Salpeter amplitude. However,
absence of ew effects. Hence our calculated results are lard@iS Same mechanism yields a value ef/e that is
because the prefactor in E@4) is large. The dependence on ~15-times larger than the average of contemporary experi-
the o contribution is easily understood. The prefactor ismeptal results unless a means is found to suppress its contri-
«Im(Ao)/Re(Ag)2, which is large in the absence of the  Pution to Im(A). . _ _
contribution even though In&,) and Ref,) are individu- If a light scalar resonance exists it will contribute in the
ally small. The o contribution adds simultaneously to

Im(Ay) and Ref,) with a magnitude~100 times larger

than the original values. Hence the final ratio is sensitive Qg , mediated scalar diquark transitionsis) ;> (ud)°, are
only to the relative strength of the contributions, which is  thes—t-channel interchange of the interaction that herein produces

determined by the coefficients . the o-meson. They are a viable candidate for the mechanism that
Including both theo and ew penguin contributions we produces the\l = 3 enhancement for baryons. This was explored in
obtain Ref. [42], however, the requirement therein that diquarks also ex-
plain the enhancement for mesons appears unnecessarily cumber-
€'/e=31.7<10 3, (65  some.
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manner we have elucidated and should be incorporated in 5 1 1
any treatment oK — . Even in its absence strong ME‘S’_}WOW():GF c,+ N_Ce™ 1+ 5N )Cg
final state interactions play a material r¢lk7,18,2Q. s ¢ ¢
1 2 1
- A 1+_ ClO Ml_ _C7+Cg
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APPENDIX: COLLECTED FORMULAS

The matrix elements for thi€ — 7 transitions are all of
the form in Eq.(56) with

with p?=(p;+p,)?=—m2, p?=ps=—m>. These formu-
las make clear the operators that would be suppresded if
were large. Note that

Qcb
Kt—atz0

QCD

0 +
KS*)‘IT T

QCD
Kg%#

1
M 0= E(M _—M 0,”.0)' (AlO)

QcD 1. This is not true of the complete amplitude.
MK+_>W+70:EGF 1+ N, (Citcm))My,  (AD In our calculations we use values of the coefficients that
correspond to our choice ofocp~0.2GeV: ci=z+ 1y,
== (ViVia)/(VisVua) with [2]
~ 1
MS%CBW W*:GF C2+C4+ N_(C1+C3) Ml Z; Vi
C
1 —0.407 0.0
1 1 2 1.204 0.0
+2| —cs+ +
2N, s C6)(M2 ﬁM") ] 3 0.007 0.023
4 —0.022 —0.046
A2
(A2) 5 0.006 0.004
6 —0.022 —0.076
aco - 7 0.003 —0.033
M0 70,07 G} | Ca=C1m (€2~ Ca) 8 0.008 0.121
C
9 0.007 —1.479
1 1 10 —0.005 0.540
Using the alternative set listed in RdR] then, with m,
1 3 1 =1.06m¢ andw,=0.670 GeV, we obtain results that differ
Mivxﬂqm,o GF( c;+—cCg—| 1+ —) from those in Eq(57) by <1%, ande’/e=69.0x 10”2 pri-
V2 Ne Nc marily because/s in the alternative set is 2.6 times as large.
From the complete matrix elements: E&6) and Egs.
X (Cg+Cy0) [ My +3 C7+ Cg Mkz)]a (A1)—(A6), we obtain the widths
(A4) FK+*>7T 0 C(mK)|MK+—>7T 7TO|2 (A]-Z)
L 2C(mK)|MKO—>7T 17 (A13)
Mi\g_}wﬁ»ﬂ_f:é': <_C9+C10)M1 ( C7+C8) FK(S)HWOWOZC(mKHMK(S)HWO,,TO|2, (A14)
S c
ar2M5b ! A5 C(x)= 1 4m, A15
x| Mo+ Mz*‘EMs , (A5) (X)_167TX 2 (A15)
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while the matrix element of Eq46) features in

FU—>(7T7T)=gc(mtr)lM(rﬂ'ﬂ'(_mi;_mz _m2)|2' (A16)
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