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Analysis of B— ¢K decays in QCD factorization
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We analyze the decay— ¢K within the framework of QCD-improved factorization. We find that although
the twist-3 kaon distribution amplitude dominates the spectator interactions, it will suppress the decay rates
slightly. The weak annihilation diagrams induced &—P)(S+ P) penguin operators, which are formally
power suppressed by ordaﬁéw/mb)z, are chirally and logarithmically enhanced. Therefore, these annihi-
lation contributions are not subject to helicity suppression and can be sizable. The predicted branching ratio of
B —¢K™ is (3.8£0.6)x10 ® in the absence of annihilation contributions, and it becomesf@;ﬁm
%10~ % when annihilation effects are taken into account. The prediction is consistent with the experimental
data.
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I. INTRODUCTION However, the analysis of Ref6] is limited to the leading
order in 1m,, and hence the potentially important annihila-
Previously CLEO put an upper limit on the decay modetion contributions which are power suppressed in the heavy
B— oK [1]: quark limit are not included.
In the present paper we will analyze the de@&y ¢K
B(B*— ¢K*)<5.9x10"°. (1.1)  within the framework of QCD-improved factorization. We
will study the important twist-3 effects on spectator interac-
However, CLEOQ[2], BELLE [3] and BaBaf4] recently re-  jons and also focus on the annihilation diagrams which are
ported the results customarily assumed to be negligible based on the helicity

B(B= K suppression argument. However, weak annihilations induced
(B™— ¢K™) by the (S—P)(S+P) penguin operators are no longer sub-
(5.5'21+0.6)x10°° CLEO ject to helicity suppression, and hence can be sizable. This is
16 6 indeed what we found in this work.
=< (7.7°15-0.8)x10" BaBar (1.2)
(10.6'23+2.2)x10°® BELLE Il. GENERALIZED FACTORIZATION
and The effective Hamiltonian relevant fd8— ¢K has the
form
0 0
B(B"— ¢K”) Ho(AB=1)
(5.4"37+0.7)x1076<12.3x10°® CLEO G
F
={ (8.155+0.8x10 ° BaBar ~% ViupVid C1(1)O1() +Ca( 1) O )]
(8.7°38+1.5x107° BELLE. .
(1.3 —ViVis| 2 il 1) 0i( )+ C( 1) Og( 1) ]+H.c.,
It is known that the neutral modB®— ¢K° is a pure pen- 2.1

guin process, while the charged mod& ~ receives an ad-
ditional (though very small contribution from the tree dia- \where
gram. The predicted branching ratio is very sensitive to the
nonfactorizable effects which are sometimes parametrized in - 0, =(ub)  (su) ,=(u,b 5) (Eﬂua)
terms of the effective number of coloh™; it falls into a VoA VA
broad range (13-0.4)10 © for N'sff 2~ [5]. Therefore, _
a theory calculation of the nonfactorizable corrections is ur- 03(5)—(Sb) E (@' )v-av+a)
gently needed in order to have a reliable prediction which My
can be used to compare with experiment.
A calculation ofB— ¢K within the framework of QCD- 04(6):(§be) > (a,'g%)v—A(WA), (2.2)
improved factorization was carried out recently in Ré&f. VA

0556-2821/2001/6%)/0740047)/$20.00 64 074004-1 ©2001 The American Physical Society



HAI-YANG CHENG AND KWEI-CHOU YANG
_ 3 — Z PR
07(9)—5(513)\,_A , €q(a'a" )vrav-—a)»
q

3 _
08(10)25(56(%)\,%2 €q (Al v+ av-A)
q’

a

9s < uv
8—;2mb30'” wa?(l—F vs5)b,

O4=
with (d105), ., =017.(1* y5)d2, 03— being the QCD
penguin operators),—-0,, the electroweak penguin opera-
tors, andO4 the chromomagnetic dipole operator.

In the generalized factorization approach for hadronic

weak decays, the decay amplitudesBof K read(in units
of Ge/42) [7.8]

A(B™ =K ¢)

= VVi XE )

1
astastasg— E(a7+ agtag)

i

B

" (ms+ mu)(mb+mu)

a4+ alo_ 2(a6+ ag)

X XEB K v VvEa XB LK) (2.3

A(B*—K%¢)

1
a3+ a4+ a5_ E(a7+ ag+ alo)

== thst

x X(B.9) ¢

1
84~ 5810~ (2as—ag)

2

0

o B
(mg+mg)(my+my)

m

X(E",M)]

where the factorized terms

X(BK.H)=( g| (ES)V7A| 0)(K| (ab)va|§>

=2f ,m,FP (M) (e*-p,),

X(B,K¢)E<¢K|(§q)V7A|0><O|(ab)va| B)

=2fgmyA$ (mg)(e*-p,) (2.4
can be expressed in terms of the form facteFs and AgK
(for a definition of the form factors, see Rg¢B]) and the
decay constant§, andfg, and the nonfactorized contribu-
tions parametrized in terms gf are lumped into the effec-
tive number of colorgve":

(2.9
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FIG. 1. Vertex and spectator correctionsBe- ¢K.

thus the effective parameteas appearing in Eq(2.3) read

1 1

———Coi—1, @83-1=Cy_1t—o—Cy.
ff i i ff
(Ngh2i (Ng)2i-1

(2.6

A =Cyt

It is known that the parameteas andas depend strongly on
NE™, while a, is N stable(see, for example, Ref$7,8]).
Therefore, the prediction &— ¢K rates is sensitive tblﬁﬁ,
and hence to the nonfactorizable terms it varies from
13x 10 to 0.4x 10 ° for N®" ranging from 2 to= [5].
Owing to the unknown form factohg*(m3) at largeqg?,
it is conventional to neglect the annihilation contribution
based on the argument of helicity suppression, which
amounts to having a vanishing form factg(m3). How-
ever, this argument is valid only foM-= A)(V—A) interac-
tions but not for §— P)(S+ P) ones. This explains the large
enhancement factor mﬁé/(mbms) for the penguin contribu-
tions [see Eq.(2.3)]. Therefore, it is conceivable that the
annihilation contribution could be sizable and significant.

IIl. NONFACTORIZBALE EFFECTS IN PENGUIN
AMPLITUDES

We next proceed to compute the nonfactorizable effects in
the QCD-improved factorization approach. For simplicity we
will neglect the light quark masses. In the chiral limit, the
kaon is massless, but th# meson has a finite mass. We
consider the vertex corrections and hard spectator interac-
tions depicted in Fig. 1 as well as the annihilation diagrams
shown in Fig. 2. Recently we analyzé®l—J/ K decays
within the framework of QCD factorizatiofiL0]. The study
of B— ¢K is quite similar to thel/ /K mode, except for the
absence of weak annihilations in the latter. The reader is
referred to Ref[10] for details. The resultant amplitudes are
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FIG. 2. Annihilation diagrams foB— ¢K decays.

A(B™—K™ ¢)
1 Bk
= _thV:[kS a3+ a4+ ag— E(a7+ ag+ alo) X( #)
+| (Ca+Co) Api+(Cs+Cq) Adi+| CotCg
1 * 1
+ §(C5+ C7) Af +VUquSCZA nfr (31)
A(B°—K%¢)
. 1
=—VpVis)|astaztas— E(af" agt+ay
0 1 1
x X(BK.9) 1 (03— Ecg)Aﬁer 05—507)A§f+(c6

1 1 1
+ 367 5C 5Cr7)Ar| [

_ Cs as Cf 18 M
a3—c3+NC+4Tr Ncc‘{ (14 12Inmb+f|+f|,

Cg Ag CF
a4:C4+ C3

_+__
N, 47 N,

18 “

Co )\u
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+ X
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Ce asCe 6 M
a5:C5+N_C_EN_CC6 - 18 _12|nm_b+f|+f|| y
(3.2
_ Cg as Cg 6 M
a7—c7+N—c EN—CCS{ (18) 12Inﬂ+f,+f|,
o
Tigg e

C ag C 18
a9:C9+£+ > FC10[_< )_12|nmi+f|+f||

Ne 47 N 14 b
o
Tgq e
Co as Cp 18 M
=Cigt — + — —Co| — - —+f,+
a10=Co N, an Nccg (14 12Inmb fi+f
“c
9m ¢

In Eq. (3.2), the upper entry of the matrix is evaluated in the
naive dimensional regularizatio®NDR) scheme forys and
the lower entry in the 't Hooft—VeltmakHV) renormaliza-
tion scheme,Cr=(NZ—1)/(2N,), and s;=mZ/mj, \g
:Vq’bV;/s! and« is the electromagnetic fine-structure cou-
pling constant. The other terms in Eq8.2) are

2 4 1 1
&$=§—§m%f4kdﬂwgﬁ;mw1—m

XIn[s—u(1l—u)(1-§)],
1 2
6y=- [ aevo . 33

Cy

Ccy+
2Nc

C —(AUG +A°G
e )\_t (Su) )\_t (Sc)

where ®?(¢) is the light-cone distribution amplitude
(LCDA) of the ¢ meson, which will be discussed shortly.
B— ¢K do not receive factorizable contributions froag
andag except for the annihilation topologies. The nonfactor-
izable annihilation contributionsA>? and the factorizable
annihilation amplitude4; will also be elucidated below.

Note that the effective parameteas appearing in Egs.
(3.2 are renormalization scale ang-scheme independent.
Since only one gluon exchange is considered in the annihi-
lation diagramgsee Fig. 2, one may wonder the scale and
scheme dependence of the annihilation amplitude given in
Eq. (3.1). Fortunately, as we shall see below, the annihilation
contribution is predominated by penguin effects character-
ized by the parametets;=cg+ 3C5 andag=Cg+ 3¢; mul-
tiplied by w, . It turns out that the scale dependenceagf
andag is canceled by the corresponding dependence,in
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oyvin_g to the _running quark masses. C_onsequently, the anni- (K‘(P)|§(0)(rwy5u(x)|0>
hilation amplitude is essentially scale independent.
The hard scattering kern¢| appearing in Eq(3.2) reads i meﬁ mg+my\ 2
T oemetmy|T | mg
L 3(1-2¢) . 22(1-¢)
= ¢ - "= _ s 27 1 — _
= | sevtio| S e S X(Px, P [ dne i),
1-¢ € (3.9
+3In(1—-2)+ — 72éInz .
2 T2 T2 op)/ 7 "%
22&In(1—2z)—im] Since, asymptotically,dbﬁ(;)=6;(1—;), the logarithmic
[1-2z(1-¢&)]? ] (3.4 divergence of thep integral in Eq.(3.5 implies that the

spectator interaction is dominated by soft gluon exchanges
_ ] between the spectator quark and the strange or antistrange

wherez=mj/mg . For completeness, we have included theqyark of . Hence QCD factorization breaks down at twist-3
¢ mass corrections td,, though such corrections are very order. Note that the hard gluon exchange in the spectator
small. In them,— 0 limit, f, has the same expression as thatdjagrams is not as hard as in the vertex diagrams. Since the
in B—am Qecay[ll], as it should be. Th'e hard. scattering it al gluon’s momentum squared there kE=(— ppg
kernelf,, arises from the hard spectator diagrdif®gs. 1e) — 5 — . .

+ npk) ‘=~ —pymg~ —u,Mmy,, where u,, is the hadronic

and 1f)], and has the form10 ’ ]
10] 10 scale~500 MeV, we will setag~ ay(\unm,) in the spec-
tator diagrams. For the second term in E85), due to the

ag(py) 4 fkfg 1 end point divergence, the scale may correspond to a softer
n= N, — scaleug. However, sincex is weakly scale dependent
as(n) Ne FBK(mZ)ym3 1-z Ks ’ skx y P ’
° e Fi(my)mg we can treat it at the/u,m, scale. The corresponding Wil-
1d; _ [id¢ 1d; son coefficients in the spectator diagrams are also evaluated
X :‘D?(P)f €‘D‘/’(§)f —= at the u, scale.
°p 0 07 The infrared divergence is manifested in the integral
— 2uun 1 (DK(;) f(l)d nl . However, it is known that the collinear expansion
X ( OK(p)+ —X h 5 —— ) , (3.5  cannot be correct in the end point region owing to the trans-
(1-2% 69 verse momentungk;) of the quark, which is, on average,
about 300 MeV, the order of the meson’s size. Thus the lower
where limit of féd nln should be approximately proportional to
2(k7)/my; or, equivalently,f3d#»/7 can be approximately
2mé _ 4<EQ> replaced byf5d7/( 5+ (2k7)/my). A consistent treatment of
2 ()= = (3.6) kg inthe calculation is still an issue sin&eg itself is a higher
X Mg( ) +my(p) 2 - . = .
sUH uli fi twist effect in the QCD factorization approach. Thus we will

treat the divergent integral as an unknown “model” param-

is proportional to the quark condensate; Bieneson wave ©ter, and write
function ®% is defined by[11]

1dy (mB
_ _ Y= | == In|—]|(1+ppn), (3.9
(0]aa(x)bg(0)[B(P))|x, =x, =0 07 e
=—”—B[(p+m3)y5]ﬁ7fld;e“"p+x with py being a complex number whose phase may be
4 0 caused by soft rescatteriid4]. We see that although the
B — B — scattering kernel induced by the twist-3 LCDA of the kaon is
X[®1(p) +h-P3(p)]ya> 3.7) formally power suppressed in the heavy quark limit, it is

chirally enhanced by a factor of {2 /A gcp) ~O(10), and

with n_=(1,0,0—1), and®X is a twist-3 kaon LCDA de- logarithmically enhanced by the infrared logarithms.
fined in the tensor matrix el(:ame[ﬂ?,]: Finally, we wish to remark that the leading-twist LCDA’s

of the ¢ meson are given bj15]

'Equation(3.4) can be obtained from E@19) of Ref.[12] or from <¢(P1)\)|§(X) 7#5(0)|0>

Egs.(2.22 and(2.23 of Ref.[10] by neglecting the? terms aris- ) 1
ing from the transverse wave functidrff and applying the relation - f¢m¢u P f dfeifp'xtbff’(f),
Fo(m3)/F2X(m3) = (mj—m3)/m3 for form factors. P-x ~#Jo
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($(PN)[S(X),,5(0)|0) _ [tz m(% (14pn), @3
h

1 )
——if}(es P~ P, [ dzem (e, (310 | |
0 where the phase is characterized by the complex parameter

. L . . Pa-
wheree* is the polarization vector od, ¢ is the light-cone For (V—A)(V+A) operatorsOs— Og, the twist-2 kaon
momentum fraction of the strange quark#nandf, andf;, DA makes no contribution. Therefore, we need to consider

are vector and tensor decay constants, respectively, the lattgfe twist-3 kaon LCD/—\'SI)S and(b('j, with the former being
of which is scale dependent. Althou (() andCDf have the defined in the pseudoscalar matrix elemi§]
same asymptotic form, it is found that the transverse distri-

bution amplitudgDA) does not contribute t§ andf, if the = o Tkmie 1 — P xer K
light quarks are massless. The contributionddf to vertex (KZ(P)[s(0)iysu(x)|0)= Mo+ muJO dne ™ dp(7).
corrections is suppressed by a factomef/mg, and hence (4.4
can be neglected.

2

The factorizable annihilation amplitude has the expression

oo (1 1)1
NG/ 2 28 7

IV. ANNIHILATION AMPLITUDES

- AN
As shown in Ref[11], the annihilation amplitude is for- Af—4NCH(m_B) fo dgfo dn®(&)
mally power suppressed by ord&gcp/my, . Nevertheless, it

was stressed in the PQCD approach that annihilation contri- 1

butions in hadronic charmles® decays are not negligible + 0 (n) = >

[16]. There are four weak annihilation diagrams depicted in 4¢n

Fig. 2. We first consider the annihilation amplitudes induced 2u 1

by (V—A)(V—A) operators. The first two diagramigigs. =24NCH<m—B)()Y’(Y’— 5)’ (4.5

2(a) and Zb)], are factorizable diagrams, and their contribu-
tions are of ordelmfﬁ/mgs and hence can be neglected. In-
deed, the factorizable annihilation amplitude should vanis
in m,—0 limit owing to current conservation. It is easily to
seen that onlyO,4q Operators contribute to the nonfactoriz-

where we have applied the LCDA®?(&)=6&(1—§),
*;_(7,):1, ar_1d_<I>§(7;)_=67;(1— 7). Likewise, the nonfac-
rizable annihilations induced by the penguin opera@ss

able annihilation diagramig=igs. 2c) and Zd)]. It turns out andO; read
that the nonfactorizable annihilations are dominated by Fig. 2
2(d) owing to an endpoint contribution. Explicit calculations Aﬁf: —H ﬁ) 6Y'(Y'—1)
yield [see Eq(3.1)] Mg
. L 0 (p)dUEDN(y) . j W [T gt (g ———
Anf:_ZH J;) dpdfd?’] (;_E)Eﬂ 0 Agcp/Mp P En(én—E—n) '

(4.6)

1
+J' dpdédn where the dominating first term in brackets stems from Fig.
0

2(d). Note that we have introduced a cutoffocp/my, to

DE(p)DY(£)DX(7) ]
(p—&(p—n)—1]

K regulate the infrared divergence that occurs in the second
=2H 6(Y’—1)Jld77q> (7) term.
0 7 Although the annihilation amplitude4; andAﬁf are for-

mally of order (AQCD/mb)Z, they receive two large enhance-
4.2) ments: one from the chiral enhancementu(ZA ocp)
’ ' ~((10) and the other from the logarithmic end point diver-
gence of the infrared divergent integrdl. Consequently,

1 dHDK(p)
jo ¢ nn(fn-&-n)

where the annihilation effects can be sizable. Physically, this is be-
cause the penguin-induced annihilation contributions are not
. Cr 472 foffym, » subject to helicity suppression.
SarNg N, m2 TP (4D

V. RESULTS AND DISCUSSIONS

and we have applied the approximatipre1 andp=1—p To proceed for numerical calculations, we employ the me-
~0. In Eq. (4.1) the first term in brackets comes from Fig. SOn LCDASs as follows:
2(d), and the second term from Fig(. Since the soft phase .

of annihilation diagrams is not necessarily the same as that s,k " 2y —g 71— )| 1+ ak (W C¥22—1
of the spectator diagram, we write (7,47 =67(1=n) nZ1 an#)Con(2n=1) ],
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tions and annihilation contributions. Therefore, the predicted
branching ratio is consistent with the experimental date

Eqg. (1.2 and(1.3)]. The corresponding absolute ratio of the
annihilation to penguin amplitudes depends on the annihila-
tion phase, and is at most of order 0.25. In the absence of
annihilation effects, the branching ratios are given by

—

F2(m3)
0.38

Br(B> ¢ K) x10°
o
()]

o

B(Br_,¢Kr)=( )(3.8i0.6)><10_6.

0 g 2n
5 Sk (5.3
BB ¢k =| 21| (362 0.6 1070
FIG. 3. Branching ratio oB~ — ¢K ™ vs the phase of the com- (B"—= K= 0.38 (3.6£0.6)% ’

plex parametep, [see Eq.(4.3)], where the darkhorizonta) and
light bands correspond t@,| =0, 1, respectively, with a variation

here the error arises from the variationgf from 0 to 1.
of |py| from 0 to 1.

Needless to say, the major theoretical uncertainty stems
— from the unknown model parametesg and p, . It should

B —5 1(pmg be stressed that the infrared divergence here is always of the
®1(p)=Ngp“(1=p) exr{— §( ) } (3D |ogarithmic type, and other possible linear divergence that

occur in annihilation diagrams with twist-3 wave functions

B e e Sy are explicitly canceled out. As stressed in passing, the infra-
® (5)_(1)'7)(5)_65(1 ), red divergence stems from a misuse of the collinear expan-
Fion in the end point region where the effect of the quark’s
transverse momentum is important. Sitkgds a higher-twist
effect in QCD factorization, at present we treat the infrared
divergent integral in a model manner.

Several remarks are in ordefi) The calculations are
rather insensitive to the unitarity anghe as the Cabibbo-
Kobayashi-Maskawa matrix eleme¥t,,V; is considerably
suppressedii) The scattering kerndl,, is dominated by the
twist-3 effect. However, since the Wilson coefficients and

wpg

where C3? are Gegenbauer polynomials, and the values o
the Gegenbauer momerﬁﬁ are available in Ref{13], wg
=0.25 GeV, and\z is a normalization constant. We use the
decay constantsfy=0.16 GeV, fz=0.19 GeV, andf,
=0.237 GeV, and the running quark massegm,)=4.40
GeV, mg(my)=90 MeV, my(m,)=4.6 MeV, andm,(m,)
=2.3 MeV. The next-to-leading-order Wilson coefficients
Ci(n) in NDR and HV ys schemes are taken from Table

XXII of Ref. ([51)7]’ they are evaluated gt =my(m;)=4.40 C,i_1 have opposite signs, it turns out that the magnitudes of
G;y 52‘”d Ays=225 MeV. For form factors we use 5  rsee Eq.(3.2] are slightly reduced by the twist-3
Fq (mg,)=0.38 as a benchmarked value. Note thatterms, and therefore the branching ratio is suppressed by
F1(m3)=0.407 in the Bauer-Stech-Wirbel mod¢B],  about 10% in the presence of twist-3 effects in spectator
while it is 0.37 in a QCD sum rule calculatiqa8]. interactions. (iii) In the QCD factorization approach, the
For the parametersy in Eq.(3.9) andp, in Eq.(4.3),in  strong phase of annihilation amplitude is of ordérsince it
principle they may be complex due to final-state soft rescatcomes from the annihilation diagrams in which the gluon
tering. We find that the decay rate is much more sensitive t@ine is inset with an enclosed quark loop, resembling the
pa than topy . Presumably, some information on the param-vacuum-polarization bubble. Consequently, the phase of the
eterp can be extracted from the study Bf~Ks modes. It annihilation contribution is likely dominated by the soft con-
was shown recently in Reff14] that increasing the parameter tribution induced by soft scattering as characterized by the
|pal from 1 to 2 would increase the corresponding error onparameterp, . This is in contrast to the perturbative QCD
the Ko branching ratios, in which case it would require aapproach where the annihilation contributions have large
considerable fine tuning of the strong interaction phasé’of strong phasefl6].
in annihilation diagrams to reproduce the experimental value
of the branching ratio. Hence it is reasonable to assume that

. o VI. CONCLUSION
the model parameters are in the rarjge<1. Writing pa CONCLUSIONS

=|palexp(d), the branching ratio oB— ¢K vs the phasé We have analyzed the dec®/ ¢K within the frame-
is plotted in Fig. 3. We obtain work of QCD-improved factorization, and taken into account
some power-suppressed corrections. Our conclusions are the
B(B™—¢K™)=(4.3"39)x10°¢, following:
(5.2 (1) Although the twist-3 kaon distribution amplitude
B(B°— ¢K%)=(4.0"39x 1075, dominates the spectator interactions, it will suppress the de-

cay rates oB— ¢K slightly by about 10%. In the absence of
where the central value corresponds to the default valueannihilation contributions, the branching ratio is (3.8.6)
pa=pu=0 and the errors come from the variation|pf;|  x107° for K~ and (3.6-0.6)x 10 © for ¢K°.
and |pa| from O to 1; that is, the theoretical uncertainties (2) The weak annihilation diagrams induced b (
come from power corrections of twist-3 spectator interac-— P)(S+ P) penguin operators, which are formally power
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suppressed by OrdeAQgCD/mb)Z: are chirally and logarith- penguin amplitudes depends on the annihilation phase and is
mically enhanced. Therefore, these annihilation contributiongt most 25%.
are not subject to helicity suppression, and in principle can
be sizable.

(3) The branching ratio is predicted to be (333) One of us(H.Y.C.) wishes to thank the Physics Depart-
X 1076 for B~ — @K~ and (4.079x10°° for B~ #K®  ment, Brookhaven National Laboratory for its hospitality.
where theoretical uncertainties come from power correctiondhis work was supported in part by the National Science
of twist-3 spectator interactions and annihilation contribu-Council of R.O.C. under Grant Nos. NSC89-2112-M-001-
tions. The corresponding absolute ratio of annihilation t0082 and NSC89-2112-M-033-014.
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