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Two-body charmless nonleptonic decaysByfand By mesons are studied within the framework of gener-
alized factorization in which the effective Wilson coefficiert® are renormalization-scale and -scheme
independent while factorization is applied to the tree-level hadronic matrix elements. Contrary to previous
studies, ourcfEff do not suffer from gauge and infrared problems. Nonfactorizable effects are parametrized in
terms ofNﬁ”(LL) and Nﬁﬂ(LR), the effective numbers of colors arising frold £ A)(V—A) and V—A)(V
+A) four-quark operators, respectively. Tree and penguin transitions are classified into six different classes.
The data oB~—p°7~ andB~— ¢K~ clearly indicate thaNﬁ”(LR)#Nﬁ“(LL): The first measurement of the
b—u modeB~ — p%7~ and the experimental information on the tree-dominated nivde> w7~ all imply
thatNe(LL) is less than 3, whereas the CLEO measuremeBtof- K ~ showsNE"(LR)>3. For given input
parameters, the prediction B{B— »'K) is largely improved by settinyI"(LL)~2 andNE"(LR)>NE"(LL); in
particular, the charm content of thg contributes in the right direction. The decay rateBsf: pK* is very
sensitive to the form-factor ratié, /A, ; the absence oB— ¢K events does not necessarily invalidate the
factorization approach. If the branching ratioBf — wK™ is experimentally found to be significantly larger
than that ofB~— p°K ~, we argue that inelastic final-state rescattering may account for the disparity between
oK™ and p°K~. By contrast, if B(B~—p°K " )~B(B~—wK ") is observed, theW annihilation and/or
spacelike penguin amplitudes could play a prominent role. The decay mo@s
— ¢’ dn,.d7n',dp° pw,B”—dm,pp~ involving a vector mesorp are dominated by electroweak pen-
guin amplitudes. We show that a unitarity anglarger than 90° is helpful for explaining the" 7~, 7K, and
7n'K data. The relative magnitudes of tree, QCD penguin, and electroweak penguin amplitudes are tabulated
for all charmless8— PP,VP,VV decays. Our favored predictions for branching ratios are thosh¥t L)
~2 andNE(LR)~5. [S0556-282(99)00819-X]

PACS numbes): 13.25.Hw, 12.38.Bx

[. INTRODUCTION time, updates and new results of maBy- PV decays with
P=n,7,mKandV=uw,¢,p,K* as well asB— PP decays
The study of exclusive nonleptonic weak decay8afne-  will be available soon. With th8 factories Babar and Belle
sons is of great interest for several reasons: many of rarstarting to collect data, many exciting and fruitful harvest
hadronicB decay modes are dominated by the gluonic penyears in the arena @& physics andCP violation are expected
guin mechanism and large dire€@P asymmetries are ex- to come.
pected in many chargeB decays. Hence the analysis and Some of the CLEO data are surprising from the theoreti-
measurement of charmless hadroBidecays will enable us cal point of view: The measured branching ratios Rt
to understand the QCD and electroweak penguin effects ins ' K* andB*— wK™* are about several times larger than
the standard mode|SM) and provide a powerful tool of the naive theoretical estimate. Since then the theoretical in-
seeing physics beyond the SM. The sizable di@tviola-  terest in hadronic charmle®&decays has surged and recent
tion expected in exclusive rare decay modesBofmesons literature is rife with all kinds of interesting interpretations of
will allow the determination of the Cabibbo-Kobayashi- data, both within and beyond the SM.
Maskawa(CKM) unitarity angles. An earlier systematic study of exclusive nonleptonic two-
In past years we have witnessed remarkable progress iody decays oB mesons was made in R¢2]. Two differ-
the study of exclusive charmle&decays. Experimentally, ent approaches were employed in this reference: the effective
CLEO[1] has discovered many new two-body decay modes{amiltonian approach in conjunction with the factorization
hypothesis for hadronic matrix elements and a model-
B— 7K™, 7'KO, 7=K®, m= K™, 7OK*, p%7 ", wK™, independent analysis based on the quark-diagram approach
(1.)  developed by Chau and one of (4.Y.C.) [3]. Many sig-
nificant improvements and developments have been achieved
and found possible evidence fBr— ¢K*. Moreover, CLEO over the past few years. For example, a next-to-leading order
has provided new improved upper limits for many other de-effective Hamiltonian for current-current operators and QCD
cay modes. While all the channels that have been measured well as electroweak penguin operators have become avail-
so far are penguin dominated, the most recently observedble. The renormalization scheme and scale problems with
p%7~ mode is dominated by the tree diagram. In the meanthe factorization approach for matrix elements can be cir-
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cumvented by employing scale- and scheme-independent ef- For penguin-amplitude-dominated raBedecays, there is
fective Wilson coefficients. Heavy-to-light form factors have another subtle issue for the effective paramdtéff. As
been computed using QCD sum rules, lattice QCD, and poshown in Ref[8], nonfactorizable effects in the matrix ele-
tential models. Great interest in the flavor{8Uquark dia- ments of ¥—A)(V+A) operators area priori different
gram approach has also been revived in recent years. In pa@rom that of (/—A)(V—A) operators, i.e., Nﬁ“(LR)
ticular, this method has been widely utilized as a model-#N"(LL). We will demonstrate in the present work that the
independent extraction of the CKM unitary triangle. most recently measuré®l” — p%7~ decay together with the
We will present in this paper an updated and vigorousexperimental information on the tree-dominated moBes
analysis of hadronic two-body charmless decay8gfand —w#™ clearly imply Nﬁ“(LL)<3, while the CLEO mea-
B4 mesongfor Bg mesons, see Ref4]). We will pay special  surement ofB™ — ¢K ™~ indicatesNﬁ“(LR)>3. Contrary to
attention to two important issues: the gauge and infraredhe previous studies, we show that the experimental data of
problems with the effective Wilson coefficients and the non-p°7* and K™= cannot be accommodated simultaneously by
factorized effect characterized by the parametgf[', the ef-  treating Nﬁﬁ(LL)=N§ﬁ(LR). This observation is very crucial
fective number of colors. for improving the discrepancy between theory and experi-
One of the principal difficulties with naive factorization is ment forB— »'K decays.
that the hadronic matrix element under the factorization ap- This paper is organized as follows. In Sec. Il we discuss
proximation is renormalization scale independent as the the gauge and infrared problems connected with the effective
vector or axial-vector current is partially conserved. ConseWilson coefficients and their solution. Input parameters nec-
quently, the amplitudes;(u)(O)¢,e is not physical as the essary for {:alculatlons such as quark mixing matrix ele-
scale dependence of Wilson coefficients does not get confl€NtS, running quark masses, decay constants, and heavy-to-

pensation from the matrix elements. A plausible solution to'iqht forrr:hfacftor? are dsuc;nmarlzed 'Ftscfc' I.”'tm Se%.;fv wet
the problem is to extract the dependence from the matrix classify the factorize ecay amplitudes nto six ditreren
element(O(1)), and then combine it with the-dependent classes. Results for branching ratios and their implications

. K/ p-dep re discussed in details in Sec. V with special attention paid
Wilson coefficients to form scale- and scheme-lndependen[

fecti fici e The f o LT B—pm, ,om, ¢K,pK*, 'K, K7 modes; in particular, all
effective coefficients;™ . The factorization approximation is - ,nssiple sources of theoretical uncertainties are summarized

applied afterwards to the hadronic matrix element of the opiy Sec. VG. The role of final-state interactions played in
eratorO at the tree level. However, it was pointed out re- charmles® decays is elaborated on in Sec. VI. For the read-
cently in Ref.[5] that cf" suffer from gauge and infrared er's convenience, we compare our results with the literature
ambiguities since an off-shell external quark momentumjn Sec. VII. Section VIII contains the conclusion. Factorized
which is usually chosen to regulate the infrared divergenceamplitudes for all charmles8 —PP,VP,VV decays are
occurred in the radiative corrections to the local four-quarktabulated in the appendixes.
operators, will introduce a gauge dependence.

A glosgly related proplem js connected to the general_ized Il. ERAMEWORK
factorization approach in which the nonfactorized contribu-
tion to the matrix element i8— PP,V P decays is lumped The effective Hamiltonian is the standard starting point
into the effective number of COIOlNgﬁ, called 15 in Ref. for describing the nonleptonic weak decayS of hadrons. The

[6]. The deviation of lmgff from 1N, measures the nonfac- relevant effectiveAB=1 weak Hamiltonian for hadronic
torizable effect. The unknown paramel’s!ﬁff is usually as- charmlessB decays is

sumed to be universdl.e., channel independgnwithin the

framework of generalized factorization and it can be ex- .. Gk . " "
tracted from experiment. However, as stressed by Buras andtef(AB=1)= v VubVagl Ca(m)O1(p) +Co( 1) Oz )]
Silvestrini[5], if c®" are gauge and infrared regulator depen-
dent, then the values dﬂﬁﬁ extracted from the data on two- +VcbV§q[cl(,u)O§(,u)+c2(,u)og(,u)]
body hadronic decays are also gauge dependent and therefore 10
they cannot have any physical meaning. Recently, this con- _ * _ A
troversy on gauge dependence and infrared singularity con- ththiZ3 Ci(1)Oi(1)
nected with the effective Wilson coefficients has been re-

solved by Li and two of ugH.Y.C. and K.C.Y) [7]: Gauge whereq=d,s, and

invariance of the decay amplitude is maintained under radia- "

tive corrections by assuming on-shell external quarks. The _, _ v — _
infrared pole emerged in a physical on-shell scheme signifies O1=(Ub)y-a(QU)v-a, Oz=(Uabg)v-a(GgUalv-a,
the nonperturbative dynamics involved in a decay process (2.2
and has to be absorbed into a universal hadron wave func- O7=(Cb)y_a(AC)y—-n, 05=(C,bg)v_a(AsCa)v-a.
tion. As a consequence, it is possible to construct the effec-

tive Wilson coefficients which are not only renormalization

_scale anql _scheme independent but also gauge invariant ar@s(s):(ab)v_AE (@A )v-av+a)

infrared finite. q’

+Hc, (2.2
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- where vy is an anomalous dimensiop,is an off-shell mo-
Ou6)=(Tubplv-n2 (A0 v-Av+A) mentum of the external quark lines, which is introduced as
a’ an infrared cutoff, and the nonlogarithmic constant terin
3 general depends on the gauge chosen for the gluon propaga-
_° =7 tor. The subscripg in Eq. (2.4) emphasizes the fact that the
O79)=3 (ab)V_A% 8 (@A v av-n). matrix element is evaluated between external quark states. In
effective theory, the renormalizedO(u)), is related to
3 (O)q in full theory via
08(10):§(qabﬁ)v—A2 eq'(a'ﬁ%)WA(v—A)a 5
q R B
A 2 —p°

(O())q= (O)q
with O3—Og being the QCD penguin operator®;— 0O
the electroweak penguin operators andd,)y-a=0;7,(1 =g’ (u,— pz,)\)<o>q, (2.5
*vy5)d,. In order to ensure the renormalization-scale and
-scheme independence for the physical amplitude, the matriwhereg’ indicates the perturbative corrections to the four-
elements of four-quark operators have to be evaluated in thguark operator renormalized at the scale The constant
same renormalization scheme as that for Wilson coefficienteerm r is in general renormalization scheme and gauge de-

and renormalized at the same scale pendent, and it has the general expres$iin
Although the hadronic matrix eleme(®(x)) can be di- DR HY N
rectly calculated in the lattice framework, it is conventionally r=r=-"E AT, (2.6

evaluated under the factorization hypothesis so ¢a¥tu)) o .
is factorized into the product of two matrix elements of Where NDR and HV stand for the naive dimension regular-

single currents, governed by decay constants and form fadzation and 't Hooft—Veltman renormalization schemes, re-
tors. In spite of its tremendous simplicity, the naive factor-SPectively, and\ is a gauge parameter with=0 corre-
ization approach encounters two major difficulties. One ofSPonding to Landau gauge. Matching the effective theory
them is that the hadronic matrix element under factorizatiofVith full theory, A= Aey=c(1)(O(w))q, leads to

is renormalization scalg independent as the vector or axial- 2

vgctor current is pa}rtially conserveq. Consequently, the am- o(w)=1+ Ys | _ Z|nM_\2/V+d , 2.7)
plitude c;(1)(O)¢act IS Not truly physical as the scale depen- 4 2

dence of Wilson coefficients does not get compensation from . ] o o

the matrix elements. whered=a—r. Evidently, the Wilson coefficient is inde-

A plausible solution to the aforementioned scale problerPendent of the infrared cutoff and it is gauge invariant as the
is to extract theu dependence from the matrix element 9auge dependence is compensated betwaemd r. Of
(O(w)), and combine it with the:-dependent Wilson coef- course,c(u) is still renormalization scheme and scale de-
ficient functions to form u-independent effective coeffi- Pendent.

cients. Schematically, we may write SinceAg in full theory[Eq. (2.4)] is u and scheme inde-
pendent, it is obvious that

c'*"=c(u)g’ (1, —p?\) 2.9
The factorization approximation is applied afterwards to the

; . is also independent of the choice of the renormalization
hadronic matrix element of the operatorat the tree level. scheme and scale. Unfortunatedy©" is subject to the am-
Since the tree-level matrix elemef®). iS renormalization ' ! )

scheme and scale independent, so are the effective Wilsobrigultles pf the infrared cutoff and_gauge dependence. As
coefficientsc®™. However, the problem is that we do not stressed in Refl5], the gauge and infrared dependence al-

K h It ' t i tp ol lculati f ways appears as long as the matrix elements of operators are
now how 1o carry out nrst-principles caicuiations ot .0 1ated between quark states. By contrast, the effective
(O(u)) and henceg(w). It is natural to ask the question:

: fficientc®= hould not suffer from th -
Cang(u) be evaluated at the quark level in the same way acomeslmen c=clu)g(u) should not suffer from these prob
the Wilson coefficient(w)? One of the salient features of '

h d $OPB is that the d X It was recently shown in Ref[7] that the above-
t. e operator pro L.’Ct expans@@' B is that the etermm'a- mentioned problems on gauge dependence and infrared sin-
tion of the short-distance(w) is independent of the choice

ularity connected with the effective Wilson coefficients can
of external state_:s. Consequently, we can ghoqsg quarks 2 resolved by perturbative QQBPQCD) factorization theo-
external states in order to extracfu). For simplicity, we

: inal itilicativel lizable f krem. In this formalism, partons, i.e., external quarks, are as-
consider a single multiplicatively renormalizable four-quarkgmeq to be on shell, and both ultraviolet and infrared diver-
operatorO (say, O, or O_) and assume massless quarks.

) | > gences in radiative corrections are isolated using the
The QCD-corrected weak amplitude induced @yin full  gimensional regularization. Because external quarks are on

C(,LL)<O(,LL)> = C(/J“)g(/Uv)<o>treeE Ceﬁ<o>tree- (2.3

theory is shell, gauge invariance of the decay amplitude is maintained
NE under radiative corrections to all orders. This statement is
Qs Y w confirmed by an explicit one-loop calculation in RET).
=1+ —| —SIn—s+ . ; . :
A= 1+ 77| —5In= p2 @ (Olg: @4 116 obtained ultraviolet poles are subtracted in a renormal-

094014-3



CHEN, CHENG, TSENG, AND YANG PHYSICAL REVIEW D60 094014

ization scheme, while the infrared poles are absorbed into P4 V-A Ps
universal nonperturbative bound-state wave functions. The
remaining finite piece is grouped into a hard decay subam- ® Q
plitude. The decay rate is then factorized into the convolu-
tion of the hard subamplitude with the bound-state wave V-A
functions, both of which are well-defined and gauge invari- P2 Pa b
ant. Explicitly, the effective Wilson coefficient has the ex- (@) (b)
pression
c®=c(u)g1(m)ga( 1), 2.9 % a

o N i X ®
whereg;(«)g-(us) is identified as the factog(w) defined
in Eq. (2.3). In above equatiog;(x«) is an evolution factor
from the scaleu to m,, whose anomalous dimension is the (c) (d)

same as that of(u), and g,(uxs) describes the evolution

from my, to ws (us being a factorization scale arising from

the dimensional regularization of infrared divergences

whose anomalous dimension differs from thatodfu) be-

cause of the inclusion of the dynamics associated with spec- \17/ \/
tator quarks. The infrared pole emerged in the physical on- S &
shell scheme signifies the nonperturbative dynamics

involved in a decay process and it has to be absorbed into the /\ A

universal meson wave functiohddence, in the PQCD for- ) 0
malism the effective Wilson coefficients are gauge invariant,
infrared finite, and scheme and scale independent. FIG. 1. Vertex corrections to the four-quark operatd®s

In the above framework{O).. is related to the meson -0,,.
wave functiong(us) (see Ref[7] for detailg. For our pur-
posese?ff applying factorization, we will spt=mj 10 COM-  \yhare the superscripE denotes a transpose of the matrix.
pute c® and then evaluate the tree level hadronic mat”XFoIIowing the notation of Refd9, 10|, we obtaif
element(O),.e Using the factorization approximation. It is T
straightforward to calculatg;(u«) from the vertex correction

diagrams(see Fig. 1 and penguin-type diagrams for the off [ oMo ot
four-quark operator®; (i=1,...,10). In general, C1 |#f=mb:Cl(’u')+E Y In7+r ci(p),
1i
(0iw) =| 1+ 22 o)+ i) | (0
il a7 s M a7 e M ' j/trees et :cz(/_,,)—i—ﬁ('y(oﬁlnﬂ-l—f-r e
(2.10 2 lug=m, yp " s
where the one-loop QCD and electroweak corrections to ma- m
trix elements are parametrized by the matriGasand f,, ceff —c " ﬁ( OT == +¢T| ¢
respectively. Hence, 3 ug=my = Cal) + 20| v w . i(w)
ceff—| 1+ MmT( )+ﬂmT( ) oci(w) __2623 (Ct+Cp+Cg)'
! iy s\ Aa © M i i) ™
(2.11
as my
Ciﬁufmb:C4(M)+E(V(O)T|n7+TT Ci(u)

. . . . - 4i
For inclusive processes, the infrared divergence due to radiative

corrections is compensated by gluon bremsstrahlung, leading to a
well-defined and finite correction. However, for exclusive hadronic
decay processes the loop-induced infrared divergence is not can-
celed by gluon bremsstrahlung in the quaitkree quarks decay
process. In fact, the bremsstrahlung contribution is irrelevant to the
hadronic matrix elements for exclusive decays. In the present “Unlike Refs.[9, 10], we have included vertex corrections to the
framework of the perturbative QCD factorization theorem, the in-electroweak coefficients; —cyo. It also seems to us that a constant
frared pole is absorbed by bound-state wave functions rather thanerm% is missed in Refd.9, 10] in the coefficientG(m;) in front of
canceled by the bremsstrahlung process. (catcg) in Cp [see Eq(2.13)].

as
+ %(Ct-l— Cp-l-Cg),
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o m
f s b .
cs |uf=mb=Cs(M)+E(?’(O)nn—ﬂ”T Ci()
M 5i
Qg
—E(CtJGCJng),
a m
ff _ s (OT P T
Co | =m, =Col( 1)+ YOTIn—+7T| ci(u)
f b 477 o 6i
Qg
+%(Ct+Cp+Cg),
a m
ff _ s (OT D T
3 | =m, =C7(m)+ YOTIn—+7T| ci(u)
f b 477 M 7i
+ 2
8w ¢’
a m
ff s b .
C§ | uy=my=Cal) + 7—| Y TIN—=+PT| ci(n),
s 8i
if Ag m,
cs |uf—mbzcg(ﬂ)+E(?’(O)Tm—‘HT Ci()
M 9i
“c
J’__
8w ¢’
a m
ff s b
Ciouf=mbzclo(,U~)+E()’(O)Tm?‘HT Ci(u),
10

(2.12

where the matrices?) as well asf arise from the vertex
corrections to the operato@,— Oy, (see Fig. 1, C;, C,,,

PHYSICAL REVIEW D 60 094014

with )\q,EVq,bVZ,q, andx being a parameter characterizing
the v5 scheme dependence in dimensional regularization, for

example,

(1 NDR,
=10 HV. (2.14

The functionG(m,k,u) in Eq. (2.13 is given by

1
G(m,k,u)= —4f0 dxx(1—x)In

m2—k2x(1—x))
—z
)

(2.15

where k? is the momentum squared carried by the virtual
gluon. Fork?>4m?, its analytic expression is given by

R G—2 [ S0 4m2
eem3| TN 3T
1+2m2) L 4m2I 1+ J1—4(m?/k?)
— — n s
K K- 1= (i)
| G—2 1+2m2 1 4mz 2.1
MG=gm 1+27z| V1-43z 2.19

It should be remarked that although the penguin coefficients
C3—Cyp are governed by the penguin diagrams witiuark
exchange, the effective Wilson coefficients do incorporate
the perturbative effects of the penguin diagrams with internal
u andc quarks induced by the current-current operaiqr.

The matrix? in Eq. (2.12 gives momentum-independent

Ce andC, from the QCD penguin-type diagrams of the op- constant terms which depend on the treatmenyin di-
eratorsOy ,, the QCD penguin-type diagrams of the opera-mensjonal regularization. To compute the anomalous dimen-
tors O3—Og, the electroweak penguin-type diagram of gion (9 and the matrix, we work in the on-shellmass-

O,,, and tree-level diagram of the dipole opera@y, re-

spectively,

My Ao~
_G(mu)+ )\_tG(mC) C1,

CI:_ At

Co=[G(Mmy)+G(mp)Jcs+ > G(m)(cy+Co),

i=u,d,s,c,b
2mb off
Cy=— —,@Cg ,
8/ Ny~ Mo~
Ce=— 5 )\_tG(mU)+ )\_tG(mC) (c1+3cy),
~ 2

lesg fermion scheme and assume zero momentum transfer
squared between color-singlet currents, i.@;€p3)2=0
for Ogqq Operators andf; — p,)2=0 for Oge, Operators as
required by the light final bound state, for which the trans-
ferred energy squared is equal to the mass squared of the
bound state and hence is negligible. Then energy conserva-
tion implies that p;+p,)?=— (—p,+ p3)? for the case of
massless external fermions i{— p3)2=0. However, theb
quark mass cannot be ignored in thedecay processes.
Therefore, we should have{+ p,)2+ (— p,+ p3)?=mg for
charmlessB decays. Considering the possible spectator
quark effects, the reasonable kinematic range far{p,)?
and (—p,+ps)? lies in the region betweem?2/2 and mZ.
Here we choosep( + p,)2~(— p,+ ps)2~m2 for Ogqq Op-
erators and; — ps)?=0, (p1+py) 2~ (—pz+pa)~m; for
OevenOperatorgsee Fig. 1 for notation The results are in-
sensitive to the kinematics of the Mandelstam variables.

We obtain the logarithmic term Img/u) in Eq. (2.12
with the anomalous dimensid®,11]
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2 6 0 0 0 0 0 0 O
6 -2 0 0 0 0 O 0O 0 0
0O 0 -2 6 0 0 0 O 0 O
0 0 6 -2 0 0 0 0 0 0
o |0 0 0o 0 2-60 0 0 o0 -
Y o o o o o0-160 0 0 0] (2179
O 0 0O 0 0 O 2 -6 0 O
0O 0 O 0 0O O 0-16 0 0
O 0 0O 00 O 0 0 -2 6
o 0 0O 00 O 0 0 6 -2
and the matrix
3 -9 0 0 0 0 0 0 0 O
9 3 0 0 0 0 0 O
0 0 3 -9 0 0 0 0 0 O
0 0 -9 3 0 0 0 0 0 0O
) 0 0 0O 0 -13 0 0 0 0 -
f™oR=| 9 0 0 0 -3 1 0 0 0 O (218
0 0 0O 0 0 0-13 0 0
0 0 0O 0 0 0-31 0 0
O 0 0O 0 O 0 0 0 3 -9
0O 0 0O 0 O 0 O 0 -9 3
in the NDR scheme, and
1 -7 0 0 O O O O 0 O
-7 Z 0 0 0O O O O 0 O
o 0 I -7 0 0 0 0 0 0
o 0 -7 I 0 0O O O 0 O
) 0O 0 0 0 -3 9 0 0 0 0 019
o= .
"1l o o o o 1 - 0 0 0 0
0O 0 0 0 O 0 -3 9 0 0
o 0 0 0O O 0 1 - 0 0
o 0 0 0 0 0 0 0 I -7
o 0o 0o 0 0O 0O 0 0 -7

in the HV scheme. It is interesting to note that thé ( AB=1 Wilson coefficients obtained in the HV and NDR
—A)(V—A) operatorsO; — O,,04,04 have the same®  schemes af=my(my,), Al=225MeV andm,=170 GeVv

andf matrix elements and likewise fo(=A)(V+A) op- in Table 22 of Ref[11], we obtain the numerical values of
eratorsOs— Og. effective renormalization-scheme and -scale independent,

From Eq.(2.12 it is clear that the effective Wilson coef- gauge invariant Wilson coefficienc§™ for b—s, b—d, and
ficients depend on CKM matrix matrix elements and the glub—d transitions(see Table ), where uses have been made
on’s momentunk?. Using the next-to-leading ord¢éNLO)  of the Wolfenstein parametegs=0.175 andyn=0.370(see
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TABLE I. Numerical values of the effective Wilson coefficients as that forb—s to the accuracy considered in Table I. We
et for b—s, b—d, andb—d transitions evaluated at;=mj and  see that$=—0.365 is quite different from the NLO Wilson
2__ H . .
k“=m/2, where use of the Wolfenstein parametgrs0.175 and  gefficients: C’;DR(mb) =-0.185 and C?V(mb) =-0.228

7=0.370 has been made. [11], but close to the lowest order valws®(m,)=—0.308
— _ — — 11].
—s b— b—d N [ . . S
b—s, b—s -~ b—d Several remarks are in ordefi.) There exist infrared
s 1.168 1.168 1.168 double poles, i.e., &f, in some of the amplitudes in Fig. 1,
csf —0.365 —0.365 —0.365 but they are canceled out when summing over all the ampli-

csf 0.0225+i0.0045 0.0224i0.0038 0.022%i0.0052 tudes.(ii) Care must be taken when applying the projection
¢S —0.0458-i0.0136 —0.0454-i0.0115 —0.0464-i0.0155 Method to red_uce the tensor products of Dirac_ matrices to the
e 0.0133+i0.0045 0.0133i0.0038 0.0135i0.0052 form I'@I" with T'=v,(1—ys). As shown in Ref.[7],

& —0.0480-10.0136 —0.0475-0.0115 —0.0485-i0.0155 SOMEUMES it is erroneous to apply the projection method
% —0.0303-10.0369 —0.0294-10.0329 —0.0314-i0.0406  Without taking into account the effect of evanescent opera-
e  0.055 0.055 0.055 tors. (iii) When quarks are on their mass shell, it is stfalght-
Mo —1.427-10.0369 —1.426-i0.0329 — 1.428-i0.0406 1;:qrward to show that the gauge dependent contributions to
of igs. 1@ and Xb) are compensated by that of Figgcjland
Cigfer 048 0.48 0.48 1(d), while the gauge dependent part of Fig&e)land If) is
canceled by that of the quark wave function renormalization
[7]. (iv) For comparison with Eq(2.18), the matrix? ob-
Sec. Il A) and the quark masses given in E8.4). Note that  tained in the NDRys scheme using off-shell regularization

effective Wilson coefficients fdo—s transition are the same and Landau gauge is given by

L =7 0 0 0O 0O O o0 o 0
-7 1 0 0 0O 0O O 0 O 0
0 0 £t -7 0 0 O 0 O 0
0 o -7 I 0O 0O O o0 ©O 0
o 0 0 0 0O -3 1 0 0 O 0
fNpR= (2.20
MRlo o 0o 0 -33% 0 0 0 0
0 0 0 0 0 0 - % 1 0 0
0 0 0 0 0 0 -3 33—5 0 0
0 0 0 0 0 0 0 0 % -7
0 0 0 0 0 0 0 0o -7 %
|
i eff i i 0)
T.he. numerical rfesults.ottI obtained using Ee(f?(Z.ZO)e?re aq( ) ag(my) ] 1(2B0)
similar to that listed in Table | except foc; g0 C; = C.(pm)=|1+ ar V|| adn)
—0.325,c"=—-0.0560-10.0136, anc:S=0.263r. We see st
from Table | that, contrary to the commonly used va(hat ag(my)
not gauge invariaftRece ™~ —0.060~ —0.063 in the litera- X1+ A (B+=Js) |, (2.23)

ture, the gauge-invariant effective penguin coefficient

Rec™~-0.048 does not get much enhancement, recalling

thatcg(my) = — 0.041 to NLO[11]. (v) To check the scheme Wherec.=c;*c,, Bo=11-%n; with n; being the number
and scale independence of effective Wilson coefficients, sagf flavors betweem,, and u scalesB.. specifies the initial
¢S, it is convenient to work in the diagonal basis in which condition ofc(my): c(my)=1+[ag(my)/47]B.. and it is
the operator©. = (0,+0,) do not mix under renormal- ¥s-scheme dependent, add =28, /(285) —7/(28,)
ization. The Wilson coefficients in general have the expreswith B;=102—38n:/3. The anomalous dimensiorfst"
sions[11] =41 —2y; are ys-scheme dependent, whesé! are the
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two-loop anomalous dimensions ©f. andy; is the anoma- >90° or p<0. Therefore, we shall usg=65° as a bench-
lous dimension of the weak current in full theotfhe com- marked value and then discuss the impact of a negative
plete expression fo1y(i1) and v; in different schemes can be whenever necessary.

found in Ref.[11], for example. As stressed in Ref.12],

c(w) do not depend on the external states; any external state
can be used for their extraction, the only requirement being
that the infrared and mass singularities are properly regular- We shall see later that running quark masses appear in the
ized. This means that the short-distance Wilson coefficientatrix elements of $—P)(S+P) penguin operators
calculated from Eq(2.21) are independent of the fermion through the use of equations of motion. The running quark
state, on-shell or off-shell. Sind®. —J.. is scheme indepen- mass should be applied at the scale-my, because the en-
dent[11,12], the scheme dependencecaf(w) is solely gov-  ergy released in the energetic two-body charmless decays of
erned byJ. . Using the fact tha®?) are also free of the theB meson is of ordemy,. Explicitly, we use[17]
external-state dependence, we have shown explicitly in Ref.

[7] the renormalization scheme independencilof J. and my(my)=3.2 MeV, my(my)=6.4 MeV,
hencec®". It is also straightforward to show that, to the

leading logarithmic approximation, the scale dependence of mg(m,)=90 MeV,

C.(w) arising from theag(my)/ ag(u) term in Eq.(2.20) is

compensated by the(®T In(m,/u) term in Eq.(2.12.

B. Running quark masses

mc(m,)=0.95 GeV, my(m,)=4.34 GeV, (3.4
Ill. INPUT PARAMETERS

A. Quark mixing matrix in the ensuing calculation, whemg(m,) =90 MeV corre-

. ) ) . _ . sponds tan,=140 MeV atu=1 GeV.
It is convenient to parametrize the quark mixing matrix in

terms of the Wolfenstein parameters:\, p, and  [13],
C. Decay constants

1 3 i

1-3\2 A AN(p=in) For the decay constants we ude,=132MeV, fy
V= -\ 1—1\2 AN2 +O\Y), =160MeV, f,=216 MeV, fxx=221MeV, f,=195MeV,
andf,=237MeV. To determine the decay constants of the
» and »' mesons, defined bW|EyMy5q|77(')>=if'j](,)pﬂ,
we need to know the wave functions of the physigaland
where A =0.2205 is equivalent to sif with 6; being the 7 states which are related to that of the(S)singlet statey,
Cabibbo angle. Note that this parametrization is an approxiand octet stateyg by
mation of the exact Chau-Keung parametrizafib4] of the , )
quark mixing matrix. For the parameté;, we fix it to A 7' =15 SiN6+ 19C0SH, 7= 15 COSH— 770 SIN 6.
=0.815 corresponding tB/.,|=0.0396. As for the param- 3.9
etersp and », two different updated analys¢$5,16 have
been performed using the combination of the precise meanhen then— 5’ mixing angle is—19.5°, the expressions of

surement oAMg, the mass difference in tHgy system, the  the ' and » wave functions become very simdl2],
updated limit onAMg, the mass difference in thBg, sys-
tem, and the determination ¢¥,,| from charmless semilep-

AN3(1—p—in) —AN? 1
(3.1

tonic B decays. The results 1 _ - 1 —
Y |7’ )= —=|uu+dd+2ss), |7)=—|uu+dd—ss),
)\2 )\2 \/6 ‘/3
p( 1- 7) =0.189+0.074, 77( 1- ?) =0.354+0.045, (3.9
(3.2 _
recalling that
and
=0.160"3%%,  5=0.381 9581 3.3 1 - 1 -
P 0070 7 0.058 33 |7;O>=7|uu+dd+ss>, |7;8>=T|uu+dd—2$s>.
are cited in Refs[15] and[16], respectively; they are ob- 3 6 3.7)

tained by a simultaneous fit to all the available data. In either
fit, it is clear thatyp?+ »?=0.41 is slightly larger than the
previous analysis. For our purposes in the present paper wat this specific mixing anglef:;,z %ff], in the SU3) limit.
will employ the valuesp=0.175 andn=0.370; they corre- Introducing the decay constanitg and f, by

spond to the unitarity anglese=91°, B=24°, and y
=65°. We shall see in Sec. V that some of hadronic Bre 0 ) 8 _
decay data will be much more easily accounted foryif (O|ALlm0)=ifop,, (O|A,l7e)=ifgp,, (3.9
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TABLE II. Form factors at zero momentum transfer 8P and B—V transitions evaluated in the
BSW model[28,6]. The values given in the square brackets are obtained in the light-cone suthCaB)
analysis[29]. We have assumed $8) symmetry for theB— w form factors in the LCSR approach. In
realistic calculations we use E(B.19 for B— »{") form factors.

Decay Fi=Fg \% A A, Az=Ag
B—m™ 0.333[0.305

B—K 0.379[0.347

B—7n 0.168[—]

B—7' 0.114[—]

B—p~ 0.329[0.33§ 0.283[0.261] 0.283[0.223 0.281[0.372
B—w 0.232[0.239 0.199[0.185 0.199[0.158 0.198[0.263
B—K* 0.369[0.458 0.328[0.337 0.331[0.203 0.321[0.47Q

and noting that due to SB) breaking the matrix elements f°, =—(6.3-0.6) MeV, f¢=—(2.4-0.2 MeV,
(0]A2®)| 7g(0)) do not vanish in general and they will induce 7 ’ (3.14

a two-angle mixing among the decay constants ) , ) )
as obtained from a phenomenological analysis performed in

Ref.[19].
u f8 . fO
f~,=—=sinfg+ — coshy,
KNG V3 D. Form factors
(3.9 As for form factors, we follow Ref[28] to use the fol-
ij, _ Esin m Ecosoo. lowing parametrization:
V6 v3 (O[A,IP(a))=ifpa,, (O[V,IV(p,e))=Ffymye,,
Likewise, for then meson (P"(p")|V,IP(p))
fg fo fg fo mé—mi,,
fY=—cosfg— —sinf,, f5=—2-—=cosfg— —sindb,. = +p’ — E. (a2
7 \/6 8 V3 0 7 \/6 8 V3 0 p,u pp, q q,u 1(q )
(3.10 s 2
. : 2, Mo Mp
It must be accentuated that the two-mixing angle formalism +Fo(q )qu

proposed in Refd.18, 19 applies to the decay constants of
the " and # rather than to their wave functions. Based on(V(p',&)|V ,|P(p))
the ansatz that the decay constants in the quark flavor basis

follow the pattern of particle state mixing, relations between — L € £*'pep’ AV(gP),
g, 6y, and 0 are derived in Ref[19]. It is found in Ref. mp+my,  “7F
[19] that phenomenologically (V(p',e)|AP(p))
0g=—21.2°, 6,=-9.2°, #=-15.4°, (3.1)
=il (mp+my)e* A (g?
and [( ptmy)e,A1(q°)
*
fglf, =126, fo/f, =1.17. (3.12 & . 2
8 0 mp+mV(P+P ) uA2(g°)
Numerically, we obtain N
—2m s_p [As( 2)
fU=78 MeV, fS=-112 MeV, VTgz dulAsld
f, =63 Mev, f; =137 MeV. —Ao(qz)]} (3.15
(3.13
_ whereg=p—p’, F1(0)=F(0), A3(0)=Ay(0), and
The decay constanff],, defined by (O[cy,ysc|7") a=p=P", F1(0)=Fo(0), As(0)=A0(0)
|f7],qﬂ, has been determined from_ theoretlca_l calculations As(q?)= . A (g?)— . A9?). (3.16
[20—23 and from the phenomenological analysis of the data My my

of J/y—ncy, Ih— 7'y, ?f‘d of thepy and 5"y transition v consider two different form-factor models for heavy-to-
form factors[9,19,24-27, it lies in the range—2.0MeV  jight form factors: the Bauer-Stech-WirbéBSW) model
<f,,=—18.4MeV. In this paper we use the values [28] and the light-cone sum ruld.CSR) model [29]. The
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relevant form factors at zero momentum transfer are listed in f(0)

Table II. f(0?) = ——z— vt
It should be stressed that the form factors R 5'" 1-a(q*/mg)+b(q*/mp)

transition calculated by BSW28] did not include the wave where the values o& and b are given in Ref[29]. The
function normalization and mixing angles. In the relativistic hadronic charmlesB decays are in general insensitive to the

quark model calculation 0B— »(") transition, BSW put in  expressions of form-factog® dependence becausg is
the uu constituent quark mass only. That is, the form factorssmall. Nevertheless, we find that the decay rateB-efVV

considered by BSW are actua|5}3nuu andF "ui. To com- show a moderate dependence on tffebehavior of form

pute the physical form factors, one has to take into accounf"CtorS'
the wave function normalizations of thgand »':

(3.2)

IV. FACTORIZED AMPLITUDES

ng: ( icos@— isin 9> F(B)”{ui, A. Effective parameters and nonfactorizable effects
V6 It is known that the effective Wilson coefficients appear
1 1 / (3.17 in the factorizable decay ampIitudes in the combinations
Fg”{'=(—sin0+—cos€)F Tuu, A= C2| +(1/NC)C2| 1 and ap_1= C2| 1+(1/Nc)c (i
’ 6 V3 =1,...,,5). Phenomenologically, the number of colbrg, is

) often treated as a free parameter to model the nonfactorizable
Using Fg”uﬁ(O):o,307 and Fg”uﬁ(o)=0,254 from BSW contribution to hadronic matrix elements and its value can be
[6], we find FB7(0)=0.168 andFB”'(O)—O 114 as shown extracted from the data of two-body nonleptonic decays. As
y 0 — VU. 0 — U.

: : shown in Refs[31-33, nonfactorizable effects in the decay
in Table 7I7I However, as we shall see in Sec. VD, the formamphtudes ofB— PP.VP can be absorbed into the param-
factorF§” is preferred to be a bit larger in order to accom- etersa®™ . This amounts to replaciny. in a®" by (N&™),.

modate the data oB— »'K. Hence, we shall assume the Epr|C|tIy

nonet  symmetry  relation fF?”O(O) JBFC78(0)

=F5™ (0) to obtainF('?”O,F(E:”8 and then relate them to the asf=csf+ —Z— C2| .
physical form factors via (N¢

4.1
F87=cosgF_"8—singF ;" @

0 0 o aef‘f Ceff + CEf‘f (|:1 5)

(3.18) 2i—17 “2i—-1 (Neff i 1 2i v

Fe” =sin6F¢ "8+ cosoF ¢ ™.
. . where
Numerically, we obtain

(LNET=(INe)+ xi (4.2

F27(0)=0.181, FE”'(0)=0.148, (3.19

with x; being the nonfactorizable terms which receive main
contributions from color-octet current operat¢8l]. In the
absence of flnal state interactions, we shall assumethat
4ind hencel(l i are real. Ify; are universali.e., process

for Fg”i(0)=0.33.
For theg? dependence of form factors in the region where
g? is not too large, we shall use the pole dominance ansatz

namely, independentin charm or bottom decays, then we have a
) f(0) generalized factorization scheme in which the decay ampli-
f(q)= A=—q@m)™ (3.20  tude is expressed in terms of factorizable contributions mul-

*

tiplied by the universal effective parameteaﬁﬁ. For B
wherem, is the pole mass given in Rg6]. A direct calcu- —VV decays, this new factorization implies that nonfactor-
lation of B— P andB—V form factors at timelike momen- izable terms contribute in equal weight to all partial wave
tum transfer is available in the relativistic light-front quark amplitudes so thatae‘(f can be defined. Phenomenological
model [30] with the results that the? dependence of the analyses of the two-body decay data @fand B mesons
form factorsAq,A,,V,F, is a dipole behaviofi.e., n=2), indicate that while the generalized factorization hypothesis in
while A;,F, exhibit a monopole dependence=1). Note  general works reasonably well, the effective parameiéis
that the original BSW model assumes a monopole behaviado show some variation from channel to channel, especially
for all the form factors. This is not consistent with heavy for the weak decays of charmed mesésee, e.g., Ref31]).
quark symmetry for heavy-to-heavy transition. Therefore, inA recent updated analysis 8— D 7 data giveq35]
the present paper we will employ the BSW model for the
heavy-to-light form factors at zero momentum transfer but Neﬁ(B—>D7-r) ~(1.8-2.1), x2(B—Dm)~(0.15-0.29.

take a different ansatz for theq® dependence, namely, a (4.3
dipole dependence fd¥,, Ag, A,, andV. In the light-cone

sum rule analysis of Ref29], the form-factorq® depen- It is customary to assume in the literature that();
dence is evaluated using the parametrization %(Nﬁﬁ)z---%(Nﬁﬁ)m so that the subscriptcan be dropped;
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TABLE IIl. Numerical values for the effective coefficients" for b—s transition atN®"=2,3,5c (in
units of 104 for as,...,a;0). For simplicity we will drop the superscript “eff’ henceforth.

NET=2 NET=3 NET=5 NET=o0

a, 0.985 1.046 1.095 1.168
a, 0.219 0.024 -0.131 —0.365
ag -4.15-22.4 72 133+ 18.1i 225+45.3
a, —345-113 —383-121i —413-127 — 458136
as —107-22.7 -27 36.7+18.4 133+45.4
ag —413-113 —435-121i —453-127 — 480136
ay —-0.22-2.73 -0.89-2.73 —-1.43-2.73 —2.24-2.73
ag 2.93-1.37 3.30-0.91 3.60-0.55 4

ag —87.9-2.71 —-93.9-2.71 —98.6-2.71 —105-2.71
aio -17.3-1.36 0.32-0.90 14.4-0.54 36

that is, the nonfactorizable term is often postulated to behave

B. Factorized amplitudes and their classification

in the same way in penguin and tree decay amplitudes. A \n5ing the effective Hamiltoniaii2.1), the factorizable

closer investigation shows that this is not the case. We hav

argued in Ref[8] that nonfactorizable effects in the matrix
elements of Y—A)(V+A) operators are priori different
from that of (Vv —A)(V—A) operators. One primary reason is
that the Fierz transformation of th&/ - A) (V+ A) operators
Os 67 gis quite different from that of {—A)(V—A) opera-
tors O, 5 34and Qg 15. As a result, contrary to the common
assertionNﬁ“(LR) induced by the Y—A)(V+A) operators
are theoretically different fronNS™(LL) generated by the
(V—A)(V—A) operators[8]. Therefore, we shall assume
that

NET(LL)=(NET) 1~ (NET) ,~ (NET) g~ (NET) =~ (NET)g

~(NgM) 10,

NET(LR)=(NEM 5~ (N6~ (NET),~ (NEM)g,
(4.4)

andNE"(LR)=NET(LL) in general. In principleNS" can vary

Secay amplitudes oB,,B4—PP,VP,VV obtained within
the generalized factorization approach are tabulated in the
appendixes. Note that while our factorized amplitudes agree
with that presented in Ref10], we do includéW exchange,
W annihilation, and spacelike penguin matrix elements in the
expressions of decay amplitudes, though they are usually ne-
glected in practical calculations of decay rates. Nevertheless,
whether or noWW exchange antlV annihilation are negligible
should be tested and the negligence of spacelike penguins
(i.e., the term(®MiM2) myltiplied by penguin coefficients
is actually quite questionablsee Sec. V H, for discussian
Therefore, we keep trace of annihilation terms and spacelike
penguins in the appendixes.

All the penguin contributions to the decay amplitudes can
be derived from Table IV by studying the underlyibgjuark
weak transitiong4,36]. To illustrate this, letX(BM1:M2) de-

TABLE IV. Penguin contributions to the factorizabk— PP,
VP,VV decay amplitudes multiplied by(GF/\fz)thqu, where
g=d,s. The notatiorB—M,,M, means that the mesdvi, can be
factored out under the factorization approximation. In addition to
the aeqyen terms, the rardB decays also receive contributions from

a,4q PENguIn effects wheM, is a flavor neutral meson. Except for

from channel to channel, as in the case of charm decay, or 5" production, the coefficient® and R’ are given byR

However, in the energetic two-body decays,N§ff is ex-

=2mZ/[(my+mp)(my—mg)] and R’=—2mZ/[(m,+my)(m,

pected to be process insensitive as supported by the datem,)], respectively.

+

[34]. From the data analysis in Sec. V, we shall see that

NET(LL)<3 andNE"(LR)>3.

The N dependence of the effective parametaff is
shown in Table Il for several representative valuedNgf .
From the table we see théb the dominant coefficients are
a,,a, for current-current amplitudes, and ag for QCD
penguin-induced amplitudes, an@g for electroweak
penguin-induced amplitudes afid) a;, a,, ag, andag are
NE™ stable, while the others depend stronglyNgf’. There-
fore, for charmles8 decays whose decay amplitudes depen

dominantly onN¢™-stable coefficients, their decay rates canB—P,V°
be reliably predicted within the factorization approach evers—V,Vv°

in the absence of information on nonfactorizable effects.

Decay b—quu, b—qcc b—qdd, b—qss
B—P,P atat(@stagR  a,— a0t (as— 3 agR
B—V,P astat(astag)R a,— 3 a0+ (as— ; ag)R’
B—P,V aytagg a,— 7 ay
B—V,V a,+ayo a,~ 7 agp
B—P,P° az—as—artag as—ast ;a;~ 7 dg
B—V.P° ag—as—a;+ag az—as+ 3a;— 3 ag
as+as+as+ag as+tas— 3 a;— 3 ag
az+as+a;+ag az+as— 3a;— = ag
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note the factorizable amplitude with the meshbh, being Class | for the decay modes dominated by the external
factored out: W-emission characterized by the parameter Examples are
o - _ By—m m ,pta, B, —K (KO
X(BM1:M2) = (M| (Gp03)v—al0)(M 1] (q10)y_alB). Class Il for the decay modes dominated by the color-
(4.5 suppressed intern&l-emission characterized by the param-

etera,. Examples ar®,— 707, w7®, ... .

Class-Ill decays involving both external and interivl
emissions. Hence the class-Ill amplitude is of the fam

In general, wherM, is a charged state, onB,,., PENQUIN
terms contribute. For example, from Table IV we obtain

- B Ko +ra,. Examples areB, —n 7% p 7% wn,.... Like-
A(Bg— 7 K™ )pengc[as+asot (g +ag) RIX™d™ 2 7, wise, penguin-dominated charmleBslecays can be classi-
B fied into three categories.
A(By— 7 K* “Vpeng< a4+ alo]X(BdW+vK* 0, Class IV for those decays whose amplitudes are governed

by the QCD penguin parameteag and ag in the combina-
— e B J 1y (B K tion a,+Rag, where the coefficienR arises from the $
A(Bg—p K™ )peng<[@sF @10~ (ag+ag) R [X"d” % 7, —P)(S+P) part of the operatorOg. In general, R
(4.6 =2m,23b/[(m1+ m,)(m,—ms)] for B—P,P, with the me-
with R’ ~R~m2/(m,m,). WhenM is a flavor neutral me- ?82 Pa?‘ﬂ”gﬂ:g‘}tor;dflg Un:]eit::]e fa?(t)?riéatic\aln sppg)nx(;ma'
son with15=0, namely,M,= 70, p°, w and (), agggpen- o "~ P,/ [(M1+My) My +ma) ] —VaPlb,

guin terms start to contribute. From Table IV we see that thd?=0 for B—PV, andB—V,V,,. Note thata, is always
decay amplitudes ofB—Mm°, B—Mp® B—Maw, B accompanied bg,q, andag by ag. In short, class-IV modes

N o= _ = . . . r vern nguin terms. Exampl B,
—M7") (B=B, ,By) contain the following respective fac- are E;o+e fzd+bya_even_poe guin % s. Examples aiy
torizable terms: —K 7 Kop, By =K KK .

Class-V modes for those decays whose amplitudes are
governed by the effective coefficients, a5, a;, andag

g(_a7+ ag)x&BMmO), (i.e., apgq PENGUIN termpin the combinationsi; = as ,and/or
a;+ag (see Table IV. Examples ar8y— ¢m°, ¢ ), B,
— T ,Pp .

§(a7+a9)xl(JBM,p0) Class-VI modes involving the interference af,., and

2 1

agqq terms, e.g.By—K%7% K%, B, =K 7K™ ¢,....
Sometimes the tree and penguin contributions are compa-

1 1 (BM.w) rable. In this case, the interference between penguin and
2ag+2ast Sa7+ 589 | Xy, spectator amplitudes is at work. There are several such decay
modes. For exampleB®— 7%7°, () 5() involve class-II
1 1 " and -VI amplitudes,B~— p°K~,wK ™~ consist of class-IlI
2a;—2a5— - a;+ - ag| XEM7 ), 4.7) : 20 b rocai -
2 2 and -VI amplitudes, an®”— p "K™~ receives contributions
from class-I and class-IV amplitudésee Tables V and VI
where the subscripti denotes theuu quark content of the Using the BSW model for form factors, we have com-
neutral meson: puted the relative magnitudes of tree, QCD and electroweak

penguin amplitudes for all charmless decay modeB, pand
XfJBM’”O)=<Trol(UU)v—A|0><M1|(alb)v—A|§>- (4.9 B4 mesons shown in Tables V-VIl as a functionNﬁ“(LR)

with two different considerations foNE"(LL): (a) NE™(LL)
In deriving Eq.(4.7) we have used the fact that thel wave  being fixed at the value of 2 ar@) NE"(LL)=N;"(LR). Be-
function in the 72, p%(w 77(')) has a sign opposite ttthe cause of space limitation, results f8P-conjugate modes are
same asthat of th(,aqu,ne QCD penguins contribute to all not listed in these tables. For tree-dominated decays, we have
charmlessB, and By decaS/s except foBT — 7~ a0, p p° normalized the tree amplitude to unity. Likewise, the QCD
which onlyureceiveAI =3/2 contributiorlljs Apply{ng the PeN9UN amplitude is normalized to unity for penguin-

L . ' dominated decays.

rules of Table 1V, it is easily seen that

V. RESULTS FOR BRANCHING RATIOS

_ B 3
A(B, — Wo)pengoc 5 —a;+ag+ag AND DISCUSSIONS
With the factorized decay amplitudes tabulated in the Ap-
mf, pendix and the input parameters for decay constants, form

+a XEB 7 (4.9

®my(m,—my)

Just as the charm decays Brdecays into the charmed 30ur classification of factorized penguin amplitudes is slightly
meson, the tree-dominated amplitudes for hadronic charmdifferent than that in Ref.10]; we introdue three new classes simi-
lessB decays are customarily classified into three claf8es lar to the classification for tree-dominated decays.
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TABLE V. Relative magnitudes of tree, QCD penguin, and electroweak penguin amplitudes for chayyjes® P decays shown in
first, second and third entries, respectively. Predictions are made fom2/2, »=0.370,p=0.175, andNS"(LR)=2,3,5% with NE(LL)
being fixed to be 2 in the first case and treated to be the saméﬁ(alsR) in the second case. The BSW model is used for heavy-to-light form
factors. Results for CP-conjugate modes are not listed here. For tree-dominated decays, the tree amplitude is normalized to unity. Likewise,
theff QCD penguin amplitude is normalized to unity for penguin-dominate decays. Our preferred predictions are m@ﬁemmpz and
NEM(LR)=5.

NEf(LL)=2 NET(LL)=NEM(LR)
Decay Class 2 3 5 o 2 3 5 o
Bl—mta [ 1 1 1 1 1 1 1 1
—-0.04+0.17  —0.04+0.17  —0.05+0.1d —0.05+0.14 —0.04+0.11  —0.04+0.17  —0.04+0.17  —0.04+0.19
0.004 0.004 0.004 0.004 0.004 —0.0004 -0.003 -0.01
BY— 7070 11, VI 1 1 1 1 1 1 1 1
0.17-0.64 0.17-0.66 0.17-0.67 0.18-0.69 0.17-0.64 1.6-6.3 —0.31+1.2 —0.12+0.48
0.15 0.14 0.14 0.14 0.15 0.05+1.3 —0.01-0.24 -0.0d
B2y [V 1 1 1 1 1 1 1 1
—-0.17+0.84  —0.18+0.91  —0.19+0.97 —0.21+ 1.1 —0.17+0.84 —1.6+8.2 0.31-16 0.12-0.63
0.01+0.10 0.01+0.10 0.01+0.10 0.01+0.09 0.01+0.10 0.12+1.0 -0.02-0.2 -0.01-0.04
B— 7' I, VI 1 1 1 1 1 1 1 1
—-0.13+0.64  —0.16+0.85 —-0.17+1.0 -0.2+1.3 —0.13+0.64 —1.2+6.4 0.23-13 0.09-0.51
0.012 0.012 0.014 0.012 0.014 0.04+0.19 —0.01-0.05 -0.02
Bl 'y [ 1 1 1 1 1 1 1 1
—-0.13+0.45  —0.14+0.79 —0.15+1.1i -0.17+1.5 —0.13+0.45 —1.1+4.7 0.21-0.97 0.07-0.40
-0.01-0.068 -0.01-0.068 —0.01-0.06 —0.01-0.06 —0.01-0.06 -0.12-0.5 0.02+0.09 0.01+0.03
B —m 70 n 1 1 1 1 1 1 1 1
0 0 0 0 0 0 0 0
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
B —7 7 i 1 1 1 1 1 1 1 1
—-0.08+0.30  —0.08+0.33  —0.08+0.34 —0.09+0.36 -0.08+0.30  —0.10+0.38  —0.12+0.45  —0.18+0.61
0.02 0.04 0.02 0.02 0.02 0.03 0.03 0.04
B —n g n 1 1 1 1 1 1 1 1
—-0.07+023  —0.09+0.31 -0.1+0.37% —0.12+0.46 —0.07+0.23 -0.1+0.3 —-0.14+0.3%  —0.24+0.53
—0.01i —0.01 —0.01i -0.01 —0.01i -0.02 -0.02 -0.03
Bl K 7" % —0.04+0.24  —0.04+0.24  —0.04+0.21i —0.04+0.21i —0.04+022  —0.04+0.24  —0.04+024  —0.04+0.23
1 1 1 1 1 1 1 1
0.02 0.02 0.02 0.02 0.02 0.002 —-0.02+0.01  —0.03+0.0%
B Ko v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.01 -0.01 -0.01 -0.01 -0.01 —0.001 0.002-0.001 0.01
B~ K KO Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.01 -0.01 -0.01 -0.01 -0.01 ~0.00% 0.01 0.02-0.01
Bl 7%y Vi 0.02-0.10 0.02-0.09 0.02-0.09 0.02-0.0d 0.02-0.10 -0.01 -0.01+0.08  —0.03+0.13
1 1 1 1 1 1 1 1
—-0.02+0.01  —0.02+0.0i  —0.02+0.0i  —0.02+0.004  —0.02+0.01 -0.01 —0.001 0.01
BY— w0y’ 7 0.11-0.27 0.09-0.2 0.08-0.16 0.06-0.13 0.11-0.27 0.01-0.03 -0.06+0.13  —0.16+0.33
1 1 1 1 1 1 1 1
-0.17+0.07  —0.12+0.05 ~0.1+0.04 —0.08+0.03 —-0.17+0.041  —0.14+0.068  —0.13+0.05  —0.11+0.04
B K%x° Vi 0.01-0.05 0.01-0.05 0.01-0.04 0.01-0.04 0.01-0.05 —0.01i 0.03 —0.01+0.06
1 1 1 1 1 1 1 1
—-0.14+0.04  -0.14+0.04 —0.13+0.04 —0.13+0.04 -0.14+0.04  —0.13+0.04  —0.12+0.04  —0.11+0.03
B)-K%; Vi -0.10-0.08 -0.11-0.05 —0.11-0.06 —0.12-0.06 -0.10-0.08  —0.01-0.01i 0.06+0.03 0.15+0.07
1 1 1 1 1 1 1 1
-0.19+0.08  -0.20+0.06  —0.21+0.05 —0.22+0.06 —-0.19+0.08  -0.18+0.08  —0.18+0.08  —0.17+0.05
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TABLE V. (Continued)

NEf(LL)=2 NETLL)=NET(LR)
Decay Class 2 3 5 o 2 3 5 o
By—K%y' 7 0.08-0.01i 0.07-0.01 0.06-0.01 0.06 0.08-0.01i 0.01 —0.04+0.01 ~0.11+0.0%
1 1 1 1 1 1 1 1
—0.03+0.01 —0.03+0.01i —0.03+0.01 —0.02+0.01 —0.03+0.01 —0.02+0.01i —0.01+0.004 —0.004
Bl KIK® Vi 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.01 —0.01 -0.01 -0.01 -0.01 —0.001 0.01 0.02-0.01
B —K #° Vi —0.05+0.27% —0.05+0.26 —0.04+0.26 —0.04+0.25 —0.05+0.27% —0.04+0.23 —0.04+0.2 —0.03+0.15
1 1 1 1 1 1 1 1
0.15-0.04 0.15-0.04 0.14-0.04 0.13-0.04 0.15-0.04 0.13-0.04 0.11-0.03 0.09-0.03
B —K™» i —0.03-0.40 —0.03-0.43 —0.04-0.45 —0.04-0.49 —0.03-0.40 0.06-0.36 0.13-0.33 0.22-0.29
1 1 1 1 1 1 1 1
—0.24+0.05 —0.25+0.06 —0.26+0.06 —0.27+0.07% —0.24+0.05 —0.19+0.04 —0.14+0.04 —0.09+0.02
B —K %’ Vi 0.07+0.07 0.06+0.06 0.06+0.05 0.05+0.05 0.07+0.07 0.08 —0.05+0.08 —0.12+0.08
1 1 1 1 1 1 1 1
—0.02+0.01 —0.02+0.01 —0.02+0.01i —0.02+0.01i —0.02+0.01 —0.02+0.01 —0.02+0.01i —0.02+0.01
factors, etc., shown in Sec. Ill, it is ready to compute thewherem;(m,) is the mass of the vector mesdii(V,).
decay rates given by Branching ratios for all charmless nonleptonic two-body
0 decays oB,, andB{ mesons are displayed in Tables VIII-X
[(B—P,P,)= _CZ|A(B_>p1p2)|2' with N(LR)=2,3,5¢ and two different considerations for
8mmg NE"(LL). For theB meson lifetimes, we us7]
p: 7B =(157+0.03x10 2 s
[(B—VP)=o— |A(B—VP)/(s-pg)|?, (5.0 d e :
my,
7(B;)=(1.67+0.039 x10 2 s. (5.6)
where
Note that the branching ratios listed in Tables VIII-X are
VMg — (Mg +mp) ][ mg — (my —my)°] i
_ B 1R B 1772 (5.2 meant to be averaged ovE€P-conjugate modes:
c )
2mg L
. . . .. - + M. M
is the c.m. momentum of the decay particles. For simplicity, 5[B(B"—MiMo)+B(B"—M;M,)],

we consider a single factorizable amplitude fd
—VV:A(B—V;V,)=aXBV1:V2 Then

p BV
[(B—ViVy)= g5 |a(mg-+ my)m,fy, A7 “H(m3) [ ?H,

B
(5.3
with
H=(a—bx)2+2(1+c?y?) (5.4)
and
_mpomiomd 2mip
2mm, m;my(mg+m;)?’
o= 2mgp,
(mg+my)?’
ABVi(m2) VBV1(m2)
2 2 2
y= (5.9

X: “BV,, o1 — T BV., 2.1
ALV (m2) AS (m2)

1 .
E[B(BOHMle)+B(BO—>M1M2)]- (5.7

To compute the decay rates we choose two representative
form-factor models: the BSW and LCSR modésee Sec.
IID). From Eq.(Al) we see that the decay rate Bf->PP
depends on the form factd¥,,B— PV on F; and/orA,.
While B—VV on A;, A,, andV. It is interesting to note
that the branching ratios &— V'V predicted by the LCSR
are always larger than that by the BSW model by a factor of
1.6~2 (see Table X This is because thB—VV rate is
very sensitive to the form-factor ratio=A,/A; at the ap-
propriateq?. This form-factor ratio is almost equal to unity
in the BSW model, but it is less than unity in the LC$&e

Table 1)). Consider the decaB®—K* “p* as an example.
Its decay rate is proportional t/‘c\?”(mﬁ*)[(a—bx)zwL 2(1
+c?y?)], where a=19.3, b=13.9, ¢=0.72, x
=ASP(me, ) IAR(ME,), andy=VB?(mi,)/AP(m?2,). We
find x=1.03 and 0.87 in the BSW and LCSR models, respec-
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tively. It is easily seen that the prediction oB(B®  contrary, whenNS'(LL) is fixed, the branching ratios for
—K* " p")inthe LCSR is about 1.6 times as large as that inmost of class-I to class-lll modes are insensitive\lﬁg(LR).

the BSW modelsee Table X This means that penguin contributions are generally small.
Theoretically, some expectation on the effective param-
A. Spectator-dominated rare B decays etersa" anda$" is as follows. We see from Table Il thap

is very sensitive to the nonfactorized effects. Since the effec-
tive number of colorg\l‘gﬁ(LL) inferred from the Cabibbo-
allowed decay8— (D,D*)(,p) is in the vicinity of 2[see
Eqg. (4.3); for a recent work, see Ref35]] and since the
VisVE= AN (p—i7), VegVig= —ANS, energy 'released in .the energetic two-body charmReske-
(5.9 cays is in general slightly larger than thatBa- D 7 decays,
' it is thus expected that

The class I-Ill charmles8 decays proceed at the tree
level through theb quark decayb—uud and at the loop
level via theb—d penguin diagrams. Since

VipVig=AN3(1—p+in),

in terms of the Wolfenstein parametrizatipsee Eq.(3.1)], |x(two-body rareB decay|=<|x(B—Dm)|, (5.11)
are of the same order of magnitude, it is clear that the Bare

decays of this type are tree dominated as the penguin contrand henceNﬁﬁ(LL)%Nﬁﬁ(Bﬂthz. This implies that the
butions are suppressed by the smallness of penguin coefffalues ofa, anda, are anticipated to ba;~0.986 anda,

cients. As pointed out in Ref10], the decayB’— #%»()  ~0.22.
are exceptional because their tree amplitudes are propor- Very recently CLEO has made the first observation of a
tional to hadronicbh—u decay, namelyB=— p°#= [38]. The pre-

- o liminary measurement yields
ag[ (7| (Uu)y - l0)(7°l(db)y— | BO) + (70| (UU)y_AlO)

R _ B(B*—p°7*)=(1.5+0.5+0.4x10 5 (5.12
%(7")](db)y_lBY)]. (59 .

h o el o(db B9 h . . From Fig. 2 or Table IX it is clear that this class-lll mode
The matrix elemen¢a’|(db)y|B”) has a sign opposite to \nich receives external and interndkemission contribu-

that of (7| (Eb)V—A|BO>, because of the wave functions: tions is sensitive to N°" if NE(LL) is treated as a free
7%= (uu—dd)/v2 and »)ec(uu+dd). The large destruc- parameter, namel\E"(LR)=NET(LL)=NS™; it has the low-
tive interference of the tree amplitudes renders the penguigst value of order X 10~ ¢ and then grows with Ngff_ We
contrlbutlohs d0m|r.1an(see T%ble \g f9r the relative ampli- see from Fig. 2 that nggllNg <0.96. Since the tree dia-
tudes. This explains whyB"— 7 7 has the smallest grams make the dominant contributions, we then have
branching ratio, of order 10, in charmles8— PP decays.

Likewise, the branching ratios &°— p°%'") are also very 1.1=N(LL)<2.6 from B*—p°x*. (5.13
small. There is another exceptional org’— p°w whose

tree amplitude is proportional to Therefore,Nf;ﬁ(LL) is favored to be less than 3, as expected.

(Bp.0) , +(Byw,p®) There is an additional experimental hint that favors the
agl X, +X, I (5.10 choiceNE(LL)~2 or a smalleN": the class-Ill decaB™
. o —a*w. This mode is very similar tp°7* as its decay
Again, ilarge destructive nEerference occurs becaifse amplitude differs from that ofwm™ only in the penguin
:(““‘ddg"@ and o= (uu+dd)/v2: the matrix element o proportional tX®™ ) (see Appendix Ewhich are
for By—p" transition has a sign opposite to that 86 ot only small but also subject to the quark-mixing angle
— w. Consequently, this decay is dominated by the PeNguIR,yhression. Therefore, the decay ratesoaf™ and pOm™

contribution and be'?”QSOtO}h? class-Vl mode. are very similar. Although experimentally only the upper
Experimentally,B™—p~7" is the only tree-dominated | it B(B* - mw)<2.3x 1075 is quoted by CLEQ[39],
charmlessB decay that has been observed very recently. ”the CLEO measurements(B* —K*w)=(1 5+8'Zi0 2)

eff . . . .
N¢ (LL) is treated as a free parameter, it is easily seen thz%t< 105 and B(Bi_)htw)z(2.5i8:§i_ 0.3)x10°% with h
the decay rates of class-I modes increase W@F(LL) sincé  _ K indicate that the central value HB* — 7 w) is
alzciﬁJngﬁ/N%ﬁ('—L) and c3" is negative. Because, IS apoyt 1x 1075, A fit of the model calculations to this central
positive at Ng'(LL)<3.2 and it becomes negative when e yields 0.4 1/NSf(LL)<0.6 (see Fig. 3 or 1.7
NE'(LL)>3.2, the magnitude of, has a minimum at —Nef( [)<2.5. The prediction forNSf(LL)=2 is B(B*
NET(LL)=3.2. Therefore, the branching ratio of class-II —om")=0.8x10"° and 1.1X 10 % in the BSW model and
channels will decrease wimﬁﬁ(LL) until it reaches the mini-  the LCSR, respectively.
mum at INE"(LL)=0.31 and then increases again. The class- In analogue to the deca@— D)z (p), the ratioa,/a,
[Il decays involve interference between external and internatan be inferred from the interference effect of spectator am-
W-emission amplitudes. It is obvious that the branching raplitudes in class-lll charmlesB decays by measuring the
tios of class-1ll modes will decrease wimﬁﬁ(LL). On the ratios of charged to neutral branching fractions
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TABLE VI. Same as Table V except for charmleBg 4— VP decays.

NEf(LL)=2 NET(LL) =NEM(LR)
Decay Class 2 3 5 00 2 3 5 0
@l]_m*ﬂ-* | 1 1 1 1 1 1 1 1
—0.02+0.08 —0.02+0.08 —0.02+0.08 —0.02+0.08 —0.02+0.08 —0.02+0.04 —0.02+0.09 —0.02+0.09
0.01 0.0% 0.0% 0.0% 0.0% 0.001 —0.002 —0.006
§3Hp+ﬂ_f | 1 1 1 1 1 1 1 1
—0.01 —0.01 —0.02 —0.02 —0.01 —0.004 —0.002 0.003
0.01i 0.01i 0.01i 0.01i 0.01i 0.001 -0.002 —0.008
Qd)_erK— I, IV 1 1 1 1 1 1 1 1
0.23+0.7 0.24+0.83 0.26+0.95 0.28+ 1.1 0.23+0.7 0.18+0.61 0.15+0.55 0.11+0.47%
—0.05-0.2 —0.05-0.11 —0.05-0.11 —0.05-0.11 —0.05-0.1 —0.01-0.03 0.01+0.03 0.05+0.1
ggﬁpoﬂ_o 1 1 1 1 1 1 1 1 1
0.08-0.27 0.08-0.27 0.08-0.26 0.08-0.26 0.08-0.27 0.77-2.7 —-0.15+055  —0.06+0.22
0.15 0.15 0.15 0.15 0.15 1.3 —-0.24 —0.09
B— wm® I 1 1 1 1 1 1 1 1
—0.5+1.6 —0.36+1.0 —0.29+0.72 —0.18+0.26 —-0.5+1.6 —2.7+73 0.28-0.54 —0.02+0.24
0.01+0.26 0.01+0.23 0.01+0.23 0.01+0.23 0.01+0.23 0.06+2.5 —0.01-0.52 —0.01-0.24
Ed)—’ﬂ”? I} 1 1 1 1 1 1 1 1
—-0.1+0.29 —0.08+0.18 —0.06+0.11 —0.04-0.01 —0.1+0.29 —0.52+0.98 0.04+0.05 —0.02+0.14
0.06 0.06 0.06 0.06 0.06 0.03+0.64 —0.01-0.13 —0.06
ggﬂwn/ I 1 1 1 1 1 1 1 1
—0.1+0.15 —0.1+0.16 —0.1+0.17 —0.1+0.19 —0.1+0.15 —-0.61-0.23 0.07+0.26 0.21i
—0.004 —0.01 —0.004 —0.004 —0.004 0.04-0.01 —0.02 —0.01
Egapon I} 1 1 1 1 1 1 1 1
0.25-0.5 0.26-0.52 0.26-0.54 0.26-0.59 0.25-0.5 2.5-55 —0.48+1.2 —0.19+0.49
—0.03+0.21 —0.03+0.22 —0.03+0.22 —0.03+0.22 —0.03+0.2 —-0.27+1.8 0.05-0.3 0.02-0.10
Qﬂpon’ 11, VI 1 1 1 1 1 1 1 1
0.26 0.51-0.35 0.71-0.67 1.0-1.1 0.26 2.8-0.72 -0.6+0.3 —0.26+0.20
—0.14+0.43 —0.16+0.45 —0.16+0.46 —0.17+0.46 —0.14+0.43 —-1.4+4.0 0.26-0.73 0.1-0.26
B*_>p07f 1l 1 1 1 1 1 1 1 1
0.03-0.12 0.03-0.12 0.03-0.12 0.03-0.13 0.03-0.12 0.04-0.17% 0.06-0.23 0.12-0.48
0.05 0.05 0.05 0.05 0.05 0.06 0.08 0.14
B*Hp*ﬂ—o 1l 1 1 1 1 1 1 1 1
—0.02+0.08 —0.02+0.08 —0.02+0.08 —0.02+0.08 —0.02+0.08 —0.03+0.09 —0.03+0.10 —0.03+0.11
—0.01 —0.01 —0.01 —0.01 —0.01i —0.01 —0.01 —0.02
B —wm m 1 1 1 1 1 1 1 1
—0.05+0.17% —0.04+0.11 —0.03+0.0% —0.02+0.01 —0.05+0.17% —0.040.11 —0.03+0.04 0.02-0.21i
0.01i 0.01i 0.01i 0.01i 0.01i 0.02 0.03 0.04
B —p 7y 11 1 1 1 1 1 1 1 1
0.01i —0.01 —0.02 0.01-0.03 0.01i 0.01i 0.01i 0.01i
0.001 0.0004 0.0004 0.0004 0.001 —0.002 —0.005 —0.01
B —p 7' I 1 1 1 1 1 1 1 1
—-0.04+0.04  —0.06+0.14  —0.06+0.16  —0.08+0.23  —0.04+0.04  —0.05+0.09  —0.06+0.11  —0.07+0.15
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
B’HpOK’ 11, VI 1 1 1 1 1 1 1 1
0.16+0.49 0.17+0.59 0.18+0.67 0.2+0.79 0.16+0.49 0.18+0.59 0.2+0.71 0.27+ 1.2
—0.38-0.9 —0.38-0.89 —0.38-0.9 —0.38-0.9 —0.38-0.9 —0.48- 1.1 —0.62-1.4i -1.1-25
ﬁgﬁK**ﬂf v —0.08+0.54 —0.08+0.54 —0.08+0.54 —0.08+0.54 —0.08+0.54 —0.08+0.52 —0.08+0.51 —0.08+0.49
1 1 1 1 1 1 1 1
0.05-0.01 0.05-0.0% 0.05-0.01 0.05-0.01 0.05-0.01i 0.01 —0.02+0.0% —0.06+0.02
B~ K*0m v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.03+0.01 —0.03+0.01 —0.03+0.01 —0.03+0.01 —0.03+0.01 —0.004 0.01 0.03-0.01
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TABLE VI. (Continued)

NEf(LL)=2 NET(LL)=NE(LR)
Decay Class 2 3 5 o0 2 3 5 s
B —K*K~ \Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1
—0.03+0.01i —0.03+0.0%i —0.03+0.0%i —0.03+ 0.0 —0.03+0.0%i —0.004 0.012 0.03-0.01
B~ K* KO \Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
0.09 0.08 0.07 0.06 0.09 0.03 —0.03+0.0% —0.15+0.03
BY— \Y% 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1
—0.35+0.14 —0.97+0.64 1.3+0.27 0.34-0.04 —0.35+0.14 1.4+0.06 0.28-0.04 0.14-0.03
BY- o7 \% 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.35+0.14 —0.97+0.62 1.3+0.21 0.34-0.04 -0.35+0.12 1.+0.06 0.28-0.04 0.14-0.03
BY - by’ \% 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.35+0.14 —0.97+0.62 1.3+0.27 0.34-0.04 —0.35+0.14 1.4+0.06 0.28-0.04 0.14-0.03
B —¢m \% 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.35+0.12 —0.97+0.62 1.3+0.27 0.34-0.04 —0.35+0.124 1.+0.06 0.28-0.04 0.14-0.03
B K*OK® \Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
0.09 0.08 0.07 0.06 0.09 0.03 —0.03+0.01 —0.15+0.03
BY— K*K? Y| 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.03+0.01i —0.03+ 0.0 —0.03+0.01i —0.03+0.01i —0.03+0.01 —0.004 0.012 0.03-0.01i
BY—K*0r0 \ 0.01-0.0% 0.01-0.0% 0.01-0.07 0.01-0.07 0.01-0.07 —0.01 —0.01+0.03 —0.01+0.08
1 1 1 1 1 1 1 1
—0.21+0.0% —0.21+0.0% —0.21+0.07 —0.21+0.07 —0.21+0.07 —0.18+0.06 —0.16+0.05 —0.13+0.04
BY— poK? \ —0.18+0.54 —0.14+0.49 —0.12+0.43 —0.09+0.37 —0.18+0.54 —0.02+0.07 0.12-0.41 0.32-1.3
1 1 1 1 1 1 1 1
1.8-0.14 1.6-0.18 1.4-0.18 1.2-0.18 1.8-0.14 2.1-0.22 2.3-0.3 2.7-0.46
BY— wK? \ 0.02+0.28 0.92-0.39 0.10-0.24 0.03-0.11 0.02+0.28 0.01-0.03 —0.02+0.06 —0.02+0.09
1 1 1 1 1 1 1 1
0.21-0.1i —0.6-0.6 -0.22 —0.10+0.0% 0.21-0.%i —-0.27 —0.12+0.02 —0.08+0.02
BI—K*%y \4 0.07+0.03 0.06+0.03 0.06+0.03 0.05+0.02 0.07+0.03 0.01 —0.04-0.02 —0.10-0.04
1 1 1 1 1 1 1 1
0.11-0.04 0.10-0.03 0.09-0.03 0.08-0.03 0.11-0.04 0.13-0.04 0.14-0.04 0.16-0.05
BY—K* 0y’ \ —0.58-0.67 0.47-0.84 0.46-0.27 0.28-0.09 —0.58-0.67 —0.06-0.11 0.01+0.82 -1.3+15
1 1 1 1 1 1 1 1
0.43+0.32 —0.17+0.56 —0.24+0.24 —0.16+0.09 0.43+0.32 0.28+0.35 0.07+0.3 0.02-0.03
B oKO \Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.11+0.03 —0.13+0.04 —0.16+0.05 —0.22+0.08 —0.11+0.03 —0.13+0.04 —0.16+0.05 —0.32+0.12
B —K* 70 1 —0.09+0.59 —0.09+0.59 —0.09+0.59 —0.09+0.59 —0.09+0.59 —0.08+0.524 —0.08+0.489 —0.07+0.43
1 1 1 1 1 1 1 1
0.19-0.06 0.18-0.06 0.18-0.06 0.18-0.06 0.19-0.06 0.13-0.04 0.10-0.03 0.05-0.02
B —p KO Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
0.09 0.07 0.06 0.06 0.09 0.03 —0.03+0.01 —0.13+0.03
B — K™ \Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—0.11+0.03 —0.13+0.04 —0.16+0.05 —0.22+0.08 —0.11+0.03 —0.13+0.04 —0.16+0.05 —0.32+0.12
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TABLE VI. (Continued)

NEf(LL)=2 NET(LL) =NEM(LR)
Decay Class 2 3 5 0 2 3 5 o
B"—K*"7y Vi 0.44 0.4 0.3 0.33 0.44 —0.06+0.41 —0.11+0.39 —0.17+0.36
1
B~ —K* %' Vi, i 0.31-1.2 1.8-0.18 0.85+0.55 0.34+0.4i 0.31-1.2 1.4-0.82 2.6+0.48 1.1+3.8
1 1 1 1 1 1 1 1
0.17+0.07 -0.01+0.26  —0.10+0.11  —007+0.04  0.17+0.07 0.25+0.18 0.26+0.39 ~0.13+0.6
B —wK™ Vil —0.06+1.0 3.0-1.6 0.34-0.84 0.11-0.39 —0.06+1.0 0.29-0.71 0.06-0.24 0.02-0.08
1 1 1 1 1 1 1 1
0.33-0.17 0.97-0.76 -0.33-0.01  -0.15+004  0.33-0.17 —0.30+0.01  —0.11+0.02  —0.05+0.01
BB — 7 70 BB —p ) eral possibilities for explaining the dati@) The CKM matrix
Ri=2———, Ry=2—+o——, element|V,,| (or the value of\p?+ %?) and/or the form
B(BOHW_W-F) B(BO—)p_W+) | ub| ( p n )

factor FS”(O) are smaller than the conventional values.
However, one has to bear in mind that the prodégiF g™ is
B(B~—a p°) B(B"—p p9% constrained by the measured semileptdgie 7l v rate: A
= ma 4= B(ng_er)- smallgrvub will pe cprrelated toa Iarg_@—m-r form factor
(5.14) and vice versa(ii) Final-state interactions may play an es-
sential role. We shall see in Sec. VI that if the isospin phase
shift difference is nonzero and larger than 70°, the decay rate
Since penguin contributions t&; are small as we have of =" 7~ will be significantly suppressed whereas the mode

3

checked explicitly, to a good approximation we have w070 is substantially enhancegee Fig. 14 (iii) The uni-
tarity angley is larger than 90°, or the Wolfenstein param-
7(B™) a2 eter p is negative, an interesting possibility pointed out re-
Ri= o | 1+—] , cently in Ref. [41]. It is clear from Fig. 5 that the
7(Bq A experimental limit of7" 7~ can be accommodated by

>105°. From Eq.5.8 and Appendix B for the factorized

7(B7) f. Agp(mf,) a, 2 amplitude ofB—z* 7, it is easily seen that the interfer-
Rp= #(BY) 1+f—wa— , ence between tree and penguin amplitudes is suppressed
d N whenp is negative. We also see from Fig. 5 that the 7°
mode is less sensitive tp as it does not receive QCD pen-
7(B7) f, F2m( m,z)) a,\? guin contributions and electroweak penguin contributions are
Re=——ov | 1+ 7 28ty 3. small. The current limit onm~ 7° is B(B~—x 7% <1.6
B |77 T, ABP(m2) I
X 107> [40Q].
Three remarks are in order before ending this section.
_7(B7) 1 ap\? 51 First, it is interesting to note that the tree-dominated class
4~ 7(BY) + a, (519 )i modes which have branching ratios of order 20or

larger must have either one vector meson in the final state
because of the larger vector-meson decay con$tanf or

two final-state vector mesons because of the larger spin
phase space available due to the existence of three different
Spolarization states for the vector meson. For example, it is

expected that

Evidently, the ratiosR; are greateftless than unity when the
interference is constructiv@estructive. From Table XI we
see that a measurementRf (in particularRz) will consti-
tute a very useful test on the effective number of color
NET(LL).

A very recent CLEO analysis ®@°— 7" 7~ presents an o o
improved upper limi{40] BB —p p")~B(B —p 7wt )>BB —m p")

. —5
B(B— 7" 7)<0.84x107°. (5.16 m

- -0 - -0 - -0
It is evident from Fig. 4 thaNef(LL) is preferred to be BB —p p)~BB —p 7)>BB —m p°)
smaller and that the predicted branching ratio seems to be

: ~1x107°
too large compared to experiment. Indeed, most known 0
model predictions in the literature tend to predici36B°
—a"7~) much larger than the current limit. There are sev-B(B™—wp )>B(B"— w7 )~1x10°, (5.17
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TABLE VII. Same as Table V except for charmleBg 4— VV decays.

NET(LL)=2 NET(LL)=NE(LR)
Decay Class 2 3 5 0 2 3 5 0
BY—p p* 1 1 1 1 1 1 1 1
0.17+0.06 0.17+0.06 0.17+0.06 0.17+0.06 0.17+0.06 0.18+0.06 0.18+0.06 0.19+0.06
0.01 0.01 0.01 0.01 0.01 0.001 -0.01 -0.01
BY— p0p° Il 1 1 1 1 1 1 1 1
-077-025 -077-025 -077-025 -077-025  —0.77-0.25 —~7.7-2.4 1.5+0.47 0.61+0.1
0.32+0.02 0.32+0.02 0.32+0.02 0.32+0.02 0.32+0.02 2.9+0.17 -053-0.03  —0.19-0.0%
B)— w0 Il 1 1 1 1 1 1 1 1
1.3+0.46 0.91+0.35 0.63+0.27 0.2+0.15 1.3+0.46 5.9+ 2.4 ~0.27-0.2 0.34+0.06
0.08+0.01 0.08+0.01 0.08+0.01i 0.08+0.01i 0.08+0.01i 0.92+0.05 —0.2-0.01 —0.09
B —p p° n 1 1 1 1 1 1 1 1
0 0 0 0 0 0 0 0
0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
B —p w n 1 1 1 1 1 1 1 1
0.36+0.12 0.3+0.11i 0.25+0.09 0.18+0.07 0.36+0.12 0.3+0.11 0.24+0.09 0.13+0.06
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
BI—K* p* WY —-0.22+0071  —022+0.074  —0.22+0.01  —0.22+0.07  —022+0074  —021+0.07  —0.21+0.06 —0.2+0.06
1 1 1 1 1 1 1 1
0.05-0.01i 0.05-0.01i 0.05-0.01i 0.05-0.01i 0.05-0.01i 0.01 —~0.02+0.01  —0.06+0.02
BYK*0p0 v 0.05-0.02 0.05-0.02 0.05-0.02 0.05-0.02 0.05-0.02 0.01 —-0.03+0.01  —0.06+0.02
1 1 1 1 1 1 1 1
—0.38+0.1i —0.38+0.1i —0.38+0.1i —0.38+0.1i —0.38+0.1i —-0.34+0.09  —0.32+0.08  —0.29+0.07
BU_ K OK*0 Y 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—-0.03+0.01  —0.03+0.01  —0.03+0.01  —0.03+0.01  —0.03+0.01 —0.004 0.01 0.03-0.01
B~ —K*~p° v -0.27+009  —027+0.09  —0.27+0.04  —0.27+0.0d4  —027+0.09  —0.22+0.07  —0.18+0.068  —0.14+0.04
1 1 1 1 1 1 1 1
0.4-0.1% 0.4-0.1% 0.4-0.1% 0.41-0.11 0.4-0.1% 0.34-0.09 0.3-0.07% 0.26-0.06
B K*0p- v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
—-0.03+0.01  —003+0.01  —0.03+0.01  —0.03+0.01  —0.03+0.01 —0.004 0.01 0.03-0.01i
B~ —K* ~K*0 v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.03+0.01  —0.03+0.01  —0.03+0.01  —0.03+0.01  —0.03+0.01 —0.004 0.01 0.03-0.01
B— % v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.35+0.12  —0.97+0.62 1.3+0.21 0.34-0.04 —0.35+0.12 1.0+0.06 0.28-0.04 0.14-0.03
B0 v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.35+0.12  —0.97+0.62 1.3+0.21 0.34-0.04 ~0.35+0.12 1.0+0.06 0.28-0.04 0.14-0.03
B —p ¢ v 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.35+0.12  —0.97+0.62 1.3+0.21 0.34-0.04 —0.35+0.12 1.0+0.06 0.28-0.04 0.14-0.03
Bl 0w Vi —-0.04+0.01  —005+0.02  —0.06+0.02  —0.08+0.03  —0.04+0.01 -0.01 0.04-0.02 0.24-0.1i
1 1 1 1 1 1 1 1
-0.12+0.03  —0.14+0.04 —0.17+0.05 —0.23+0.08 —0.12+0.03  —0.14+0.04 -0.17-0.05  —0.31+0.1%
B K*% \ -0.03+0.01  —0.04+0.01  —0.05+0.04  —0.11+0.07  —0.03+0.01 -0.01 0.07-0.04 —0.15+0.02
1 1 1 1 1 1 1 1
0.05-0.02 0.07-0.02 0.09-0.03 0.20-0.11 0.05-0.02 0.12-0.04 0.36-0.19 —0.33+0.04
BI—K*0¢ VI 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.11+0.03  -0.13+0.04 —0.16+0.05 —0.22+0.08 —0.11+0.03  -0.13+0.04 —0.16+0.05  —0.32+0.12
B —K* 7 -0.17+0.08  —0.22+0.09 -0.3+0.13 —~0.64+0.41  —0.17+0.08  —0.26+0.11 —0.6+0.35 0.38-0.06
1 1 1 1 1 1 1 1
0.1-0.03 0.13-0.04 0.18-0.06 0.39-0.22 0.1-0.03 0.13-0.04 0.25-0.12 —0.08
B —K* 6 Vi 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-0.11+003  -0.13+0.04 -0.16+0.05  -0.22+0.08 -0.11+003  —0.13+0.04 -—0.16+0.05  —0.32+0.12
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TABLE VIII. Branching ratios (in units of 10 %) averaged oveCP-conjugate modes for charmless
B, q— PP decays. Predictions are made fict=mZ/2, 7=0.370, p=0.175, andNE"(LR)=2,3,5% with
N§”(LL) being fixed to be 2 in the first case and treated to be the samE”elsR) in the second case. Results
using the BSW model and the light-cone sum rule for heavy-to-light form factors are shown in the upper and
lower entries, respectively. Experimental vald#sunits of 105) are taken from Refd.1, 38—-40, 44, 49,
55]. Our preferred predictions are those f§"(LL)=2 andNE"(LR)=5.

NEf(LL)=2 NET(LL)=NE(LR)
Decay Class 2 3 5 0 2 3 5 % Expt.
Blomta | 113 113 114 114 113 128 140 159 <8.4
949 951 953 955 949 107 117 133
BO7%%° IVl 033 033 034 034 033 009 021 090 <9.3
028 028 028 029 028 008 018 0.75
Bl 77 II,VI 024 026 027 030 024 013 016 043 <18
020 021 022 024 020 010 013 0.35
By’ I,VI 027 033 040 051 027 010 014 050 <27
022 027 032 041 022 008 011 0.40
BO-y'» LVl 008 011 014 021 008 002 003 0.16 <47
006 0.09 011 017 0.06 0.01 0.02 0.3
B —am 7% |l 863 863 863 863 863 682 552 383 <16
723 723 723 723 723 571 463 321
B —m 7 |l 592 6.00 6.06 6.16 592 470 3.85 279 <15
489 496 501 509 489 388 318 230
B —am 7 |l 370 3.88 407 439 370 274 209 1.29 <12
303 319 334 360 303 226 173 107
Bl-K x* IV 140 149 157 168 140 156 169 189  &ax2
140 124 130 140 140 129 140 157
B~ Ko~ IV 160 171 179 193 160 189 214 254  H8x2
133 142 149 160 133 157 178 211
B"—K K% IV 085 091 095 103 085 1.00 114 135 <9.3
068 073 077 082 068 081 091 1.08
Bl-K%7® VI 592 637 674 732 592 675 747 864 <41
493 530 561 610 493 562 623 7.21
BJ-KK® VI 080 085 090 09 080 094 107 1.27 <17
064 069 072 077 064 076 086 1.02
Bl-a%y VI 022 025 027 030 022 024 026 029 <8
018 020 022 025 018 020 021 0.24
Bl-a%y VI 008 015 022 034 0.08 007 007 0.07 <11
0.06 012 018 028 0.06 0.06 0.06 0.06
Bl-K%, VI 095 084 075 063 095 132 167 230 <33
073 064 057 048 073 1.02 129 178
Bl-K%y' VI 2555 351 438 588 255 272 286 30.7 59'%+o9
204 280 349 468 204 217 228 246
B-—K 7% VI 945 998 104 111 945 107 11.8 135  #5+3
783 826 862 918 7.83 885 973 111
B~—K 7 VI 157 144 133 119 157 217 275 381 <14
123 112 104 092 123 170 215 299
B"—K 7 VI 263 363 455 611 263 27.4 283 29.7 74°%+10

21.0 28.9 36.2 48.7 21.0 21.9 22.6 23.7

The P 7T+(P 7°) decay has a larger rate than the from measuring th€P asymmetry in B%,B%)— 7" 7" de-
p* 7 (p°7~) mode mainly because of the difference of the cays provided that penguin contributions are negligible. But
decay constantk, andf ;. so thatf, FP7>f_Af’. Second, it we see from Table V that the QCD penguin contribution is
is well known that the unltanty angle can be determined important for B°— 7°#° and moderate foB°—x* 7.
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TABLE IX. Same as Table VIII except for charmleBg 4— VP decays.

NET(LL)=2 NETLL)=NE(LR)

Decay Class 2 3 5 0 2 3 5 % Expt.

Blp at [ 29.6 29.6 29.6 29.6 29.6 33.4 36.5 41.6
24.1 24.1 24.1 24.1 24.1 27.2 29.8 339 35+l

Bl—pta 7.39 7.15 7.14 7.14 7.39 8.06 8.83 10.0 ~10—
12.8 12.5 12,5 12.5 12.8 14.1 15.4 17.6

Bl ptK- [\ 1.04 1.20 1.34 1.58 1.04 1.16 1.26 1.42 <25
1.80 2.08 2.33 2.75 1.80 2.01 2.18 2.46

BY— pOm® I 0.82 0.81 0.81 0.81 0.81 0.03 0.33 2.31 <18
0.89 0.88 0.88 0.88 0.89 0.03 0.35 2.49

Bl wm® I 0.24 0.17 0.12 0.08 0.24 0.08 0.05 0.17 <14
0.18 0.11 0.07 0.03 0.18 0.08 0.04 0.03

Bl wy I 0.51 0.48 0.46 0.45 0.51 0.02 0.16 1.25 <12
0.53 0.51 0.50 0.49 0.53 0.02 0.17 1.37

Bl wy' I 0.33 0.35 0.36 0.37 0.33 0.01 0.15 1.04 <60
0.33 0.35 0.36 0.37 0.33 0.01 0.15 1.04

BY—p%y I 0.05 0.05 0.05 0.05 0.05 0.01 0.03 0.12 <13
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02

BYp%y' I, VI 0.02 0.02 0.03 0.05 0.02 0.003 0.01 0.06 <23
0.004 0.004 0.01 0.05 0.004 0.01 0.01 0.02

B —p a° i 18.5 18.5 18.5 18.5 18.5 18.3 18.1 17.8 <77
16.1 16.1 16.1 16.1 16.1 15.0 14.1 12.9

B™—pOm i 8.09 8.08 8.09 8.09 8.09 4.78 2.77 0.81 A5+4
11.5 11.5 11.5 11.5 11.5 8.10 5.81 3.11

B —wm™ i 7.97 7.82 7.72 7.62 7.97 4.84 2.92 1.01 <23
11.3 11.2 11.1 11.0 11.3 8.16 6.04 3.53

B —p 7 i 11.6 11.3 11.3 11.3 11.6 10.3 9.59 8.51 <32
9.76 9.72 9.72 9.73 9.76 8.07 6.87 5.25

B —p 7 i 7.41 7.56 7.71 7.99 7.41 6.63 6.04 5.20 <47
6.43 6.63 6.84 7.26 6.43 5.21 4.33 3.17

B~ —p°%K~ 1, VI 0.48 0.47 0.48 0.51 0.48 0.30 0.21 0.15 <22
0.73 0.78 0.83 0.93 0.73 0.51 0.37 0.21

BO—K* a7t IV 4.83 4.83 4.83 4.83 4.83 5.38 5.85 6.59 22°8*2
3.89 3.89 3.89 3.89 3.89 4.34 4.72 5.32

B —K*0m IV 5.35 5.35 5.35 5.35 5.35 6.84 8.17 104 <27
4.32 4.32 4.32 4.32 4.32 5.52 6.59 8.38

B"—K*K™ IV 0.27 0.28 0.28 0.28 0.27 0.35 0.42 0.54 <12
0.22 0.23 0.23 0.23 0.22 0.29 0.35 0.44

B —K* K® IV 0.03 0.02 0.03 0.04 0.03 0.01 0.01 0.01 -
0.01 0.04 0.06 0.08 0.01 0.02 0.02 0.01

B~ ¢m® v 0.01 0.001 0.01 0.03 0.01 0.01 0.05 0.17 <5.4
0.01 0.0004 0.004 0.02 0.01 0.01 0.04 0.13

BY— 7 Y 0.003 0.0003 0.003 0.02 0.003 0.01 0.03 0.09 <9
0.002 0.0002 0.002 0.01 0.002 0.003 0.02 0.07

[ v 0.002 0.0002 0.002 0.01 0.002 0.003 0.02 0.06 <31
0.002 0.0001 0.001 0.01 0.002 0.002 0.01 0.04

B —¢m \Y 0.01 0.001 0.01 0.06 0.01 0.02 0.10 0.36 <4
0.01 0.001 0.01 0.05 0.01 0.01 0.08 0.29

BJ—K*K° VI 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.004 -
0.03 0.04 0.05 0.07 0.03 0.02 0.02 0.01
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TABLE IX. (Continued)

NEf(LL)=2 NETLL)=NET(LR)

Decay Class 2 3 5 o 2 3 5 0 Expt.

BY— K* KO VI 0.26 0.26 0.26 0.26 0.26 0.33 0.39 0.50 -
0.21 0.21 0.21 0.21 0.21 0.27 0.32 0.41

BY— K* 0770 VI 1.76 1.76 1.77 1.77 1.76 2.16 2.53 3.15 <28
1.11 1.12 1.13 1.14 1.1 1.32 1.52 1.88

BY— poK® VI 0.95 1.05 1.18 1.38 0.95 1.02 1.16 1.45 <27
0.95 1.25 1.43 1.72 0.95 1.12 1.21 1.42

B wK? VI 0.62 0.05 0.50 2.70 0.62 0.28 2.44 9.73 <57
0.34 0.10 0.72 3.03 0.34 0.39 2.38 8.66

Bl-K*%y VI 3.57 4.26 4.85 5.81 3.57 3.83 4.05 4.40 <30
4.32 5.44 6.42 8.04 4.32 4.27 4.23 4.22

Bl K*0y’ VI 0.08 0.16 0.52 1.55 0.08 0.13 0.16 0.24 <20
0.61 0.14 0.32 1.64 0.61 0.99 1.28 1.80

BY— ¢K° VI 10.7 7.01 4.60 1.96 10.7 5.63 2.73 0.34 <28
8.81 5.75 3.78 1.61 8.81 4.62 2.24 0.28

B~ —K* 70 VI 3.27 3.27 3.26 3.26 3.27 3.63 3.93 4.42 <99
3.01 3.01 3.00 2.99 3.01 3.34 3.63 411

B~—p K° VI 0.32 0.45 0.57 0.77 0.32 0.24 0.19 0.12 <48
0.56 0.78 0.99 1.34 0.56 0.42 0.32 0.20

B — K"~ VI 10.9 7.55 4.96 211 10.9 6.07 2.94 0.36 <5.9
9.08 6.20 4.07 1.73 9.08 4.98 2.42 0.30

B~ —K* g VI 3.74 4.41 5.00 5.95 3.74 3.45 3.24 2.94 <30
4.48 5.60 6.59 8.24 4.48 3.89 3.44 2.84

B~ —K* 7’ VI, il 0.54 0.43 0.65 1.53 0.54 0.69 0.85 1.16 <87
1.41 0.53 0.49 1.54 1.41 2.00 2.58 3.65

B~ —wK"~ VI, il 0.88 0.52 1.21 3.90 0.88 0.93 3.91 132 15"[*2
0.82 0.88 1.81 4.70 0.82 1.44 4.43 13.1

Nevertheless, if isospin is a good symmetry, an isospin B. General features of QCD-penguin dominatedB decays

; 0 +._— .0 0nRn+ +,.0 ;
analysis ofB"—m" a7 7 ,B" —a" 7 and their CP- For penguin-dominated class IV—VI decay modes, some
conjugate modes can lead to the extraction afwithout general observations are the following.

_electroweak penguin pollution. However, isospin symmetry (1) Class-IV modes involve the QCD penguin parameters
is broken by electroweak penguins and also by utend d a, andag in the combinatiora,+Ras, whereR>0 for B
quark mass difference which will contaminate the model-_ p P,, R=0 for P,V, andV,V, final states, an®<0 for

a ’ a a ]

independent determination of siz42]. Third, as men- B—V,P,, whereP, or V, is factorizable under the factor-

tioned before, the branching re:}tfio of the class-Il modes i§;560n assumption. Therefore, the decay rates of class-IV
very sensitive to the value dN;": it has a minimum at decays are expected to follow the pattern:

NE"=3.2. Our preferred prediction is made at the value
NE"(LL)=2 and hence the branching ratio is not very small. [(B—P,P,)>T'(B—P,Vp)~T'(B—V,Vp)
Nevertheless, the decay rates of class-1l channels are in gen-

eral significantly smaller than that of class-I and class-llI >T(B=VaPy), (518
ones. As a resultW-exchange W-annihilation, and final-
state interactions, which have been neglected thus far, coulss a consequence of various possibilities of interference be-
be important for class-Il decays and they may even overtween thea, andag penguin terms. From Tables VIII-X, we
whelm the usual factorized contributions. see that

B(B*—K ™ 7*)>B(B°—K* 7)) ~B(B°—~K* " p*)>B(B°—K p*),
B(B~—K%r )>B(B"—=K*%7 )~B(B~—=K*% )>B(B =K% ),
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TABLE X. Same as Table VIII except for charmleBg 4— VV decays.

NEf(LL)=2 NET(LL) =NEM(LR)

Decay Class 2 3 5 o 2 3 5 o Expt.

Bl—p p* | 21.9 21.9 21.9 21.9 21.9 24.7 27.0 30.7 <2200
35.8 35.8 35.8 35.8 35.8 40.3 44.2 50.3

BY— p0p° I 0.55 0.55 0.55 0.55 0.55 0.05 0.25 157 <40
0.90 0.90 0.90 0.90 0.90 0.07 0.41 2.57

Bl-ww I 0.65 0.55 0.50 0.45 0.65 0.07 0.16 124 <19
1.04 0.89 0.81 0.72 1.04 0.11 0.26 2.00

B —p p° 1] 17.2 17.2 17.2 17.2 17.2 13.6 11.0 7.64 <120
28.1 28.1 28.1 28.1 28.1 22.2 18.0 12,5

B —p o 1] 17.2 17.1 17.0 16.8 17.2 13.9 11.5 8.37 <61
27.9 27.7 27.5 27.2 27.9 22.6 18.6 135

BYK* p* \Y 3.65 3.65 3.65 3.65 3.65 4.08 4.43 4.99 -
5.86 5.86 5.86 5.86 5.86 6.54 7.11 8.01

BYK*9p0 \Y 0.88 0.87 0.86 0.86 0.88 0.99 1.12 1.38 <460
1.26 1.25 1.24 1.22 1.26 1.38 1.55 1.92

BO - K*OK*0 \Y; 0.20 0.20 0.20 0.20 0.20 0.25 0.30 0.38 -
0.40 0.40 0.40 0.40 0.40 0.51 0.60 0.77

B~ —K* p° \Y; 3.53 3.58 3.59 3.61 3.53 4.00 4.40 5.11 <900
6.10 6.14 6.16 6.19 6.10 6.87 7.60 8.89

B~ —K*%~ \Y 4.00 4.00 4.00 4.00 4.00 5.11 6.11 7.76 -
6.42 6.42 6.42 6.42 6.42 8.21 9.80 12.5

B~ —K* K*° \Y 0.21 0.21 0.21 0.21 0.21 0.27 0.32 0.41 -
0.42 0.42 0.42 0.42 0.42 0.54 0.64 0.82

B p%¢ v 0.005 0.0004 0.004 0.02 0.005 0.006 0.04 0.13 <13
0.01 0.0006 0.007 0.04 0.01 0.01 0.06 0.20

Bl-wé v 0.005 0.0004 0.004 0.02 0.005 0.006 0.04 013 <21
0.01 0.0006 0.007 0.04 0.01 0.01 0.06 0.20

B —p ¢ v 0.01 0.001 0.01 0.05 0.01 0.01 0.08 028 <16
0.02 0.0014 0.015 0.08 0.02 0.02 0.12 0.43

B p0 VI 0.18 0.12 0.08 0.04 0.18 0.10 0.05 0.02 <11
0.30 0.20 0.13 0.06 0.30 0.16 0.08 0.02

Bl K*% VI 5.57 3.06 1.56 0.27 5.57 1.93 0.37 041 <23
9.97 5.14 2.43 0.29 9.97 2.97 0.35 1.44

Bl—K*%¢ VI 8.75 5.58 3.66 1.56 8.75 4.48 2.17 027 <21
16.8 11.0 7.20 3.06 16.8 8.81 4.27 0.53

B —K* w VI 5.65 3.26 1.90 0.88 5.65 1.82 0.56 1.78 <87
10.1 5.50 3.03 1.38 10.1 2.82 0.81 421

B~ —K* ¢ VI 9.31 5.93 3.90 1.66 9.31 477 231 029 <41
17.9 11.7 7.66 3.25 17.9 9.37 454 0.56

B(B*—K°KP)>B(B®— K*°K®) ~ B(BY— K* °K*®) > B(B®— K°K*?),
B(B"—K K%>B(B —K K*)~B(B™ —K* K*0)>pBB~ —K* K. (5.19

Note that the above hierarchy is opposite to the pattern-P,V, or B—V,P, is overcome by the constructive inter-
B(B—P,V,)>B(B—P,P,), as often seen in tree- ference between the penguin amplitudes in the former. Re-
dominated decays. It implies that the spin phase-space supall that the coefficienR is obtained by applying equations
pression of the penguin-dominated deday- PP, over B of motion to the hadronic matrix elements of pseudoscalar
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FIG. 2. The branching ratio d8~— p°7~ versus 1N§ﬁ. The FIG. 4. The branching ratio #°— 7" 7~ versus 1D§I§ff where

solid (dotted curve is calculated using the BSYLCSR) model, use ofNﬁ“(LL)=N§”(LR)=N§ff has been made. The solidotted
while the solid thick lines are the CLEO measurements with onecurve is calculated using the BSWWCSR) model, while the solid
sigma errors. thick line is the CLEO upper limit.

densities induced by penguin operators. Hence, a test of the g (g =r (s
hierarchy shown in Eq5.19 is important for understanding (n " uyeul0)=(7'|dysd|0) A [$¥55(0),
the penguin matrix elements. with [8]

(2) Contrary to tree-dominated decays, the penguin-
dominated charmlesB decays have the largest branching

ratios in the PP mode. Theoretically, the class-VI decay :\/Zf(zj_fg cosf+(1V2)sin6
modesB™— 'K, By— 5'K® have branching ratios of or- 7 23— cos#—v2sing

der 4.5 10 °. These decay modes receive two different sets
of penguin terms proportional ta,+Rag with R>0. The 72 .
other penguin amplitute-dominated deciy modes which have r,=— E 215~ Ts cosf—v2sing )
branching ratios of order 10 are B°—»K 7", B~ 2 \J2f5—15 coso+(1V2)sin o
—K~ 7% K% all of them have been observed by CLEO. (5.2

(3) We will encounter hadronic matrix elements of pseu- ) )
doscalar densities when evaluating the penguin amplitudes. (4 We shall see below that nonfactorized effects in
Care must be taken to consider the pseudoscalar matrix e@%fr;gwn—amphtqde-t_ﬂomlnated decays are favored to be
ment forn(')evacuum transition: The anomaly effects must'\IC (!‘R)>3’ as |mpI|9hd by th§ depay rgodés—> (T andB
be included in order to ensure a correct chiral behavior for~ 7 K. contrary to the tree-dominated case w BE(LL)
the pseudoscalar matrix elemdsi. The results ar¢43,9] <3;' From ﬁEqs.(4.3) and (5'1ﬁ]) it is anticipated that
Ng'(LL)~Ng"(B—Dm)~2 andNZ"(LR)~2—6, depending on
the sign ofy. SinceNE™(LR)>NE™(LL) implied by the data,

2
" m_ o therefore, we conjecture thpt]
( ) =—j 7 N "o Y ' !
<77 |S‘y5S|O> I 2m5 (f”( ) f”( )): (52@

NE(LR)<6. (5.22

C. B— ¢K,pK* decays

The decay amplitudes of the class-VI penguin-amplitude-
dominated modeB— ¢K andB— ¢K* are governed by the
effective coefficient§ az+a,+as—1/2(a;+agq+a,g) ] (see
Appendixes C—@G As noted in passing, the QCD penguin
coefficientsa; andas are sensitive tNS"(LL) andNE™(LR),
respectively. We see from Figs. 6 and 7 that the decay rates

[y

Br (B~ - 7 w )x10°

TABLE XI. The predictions of the ratioRR; at N§ﬁ=2 and
NE"=o0, respectively, in the BSVILCSR] model.

0.2 0.4 0.6 0.8 1
1/ N R, R, R; R,

FIG. 3. The branching ratio 0B~ — 7~ w versus 1I)k|§ﬁ. The N§”=2 1.52[1.52] 1.25[1.34] 2.27[1.84 1.57[1.57]

solid (dotted curve is calculated using the BSWCSR) model,  N&f=  0.48[0.48] 0.86[0.76] 0.16[0.35 0.50[0.50]
while the solid thick line is the CLEO upper limit.
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FIG. 5. Branching ratios oB— 77 modes versus the unitarity FIG. 7. The branching ratio oB— ¢K* vs INST(LR) with
angle y, where the solid, dashed, and dotted curves correspond 1Ref(LL) being fixed at the value of 2. The solidotted curve is

7'm~, m @° and 7°7° respectively. Uses oNZ'(LL)=2,  calculated using the BSW.CSR) model. The solid thick lines are

Ngﬁ(LR)=5 and the BSW model for form factors have been made.the CLEO measurements with one Sigma errors.

of B— ¢K®*) increase with M(LR) irrespective of the

Using Nﬁ“(LL)=2 and the constrain®.24), we find that
value of N (LL). The new CLEO upper limif38]

B(B* — ¢K*)<0.59x 10°° (5.23 BB pK*)< 0.4<107° BSW, 5.28
— = .
N . 1.2x10° LCSR,
at 90% C.L. implies thatsee Fig. 6
i 4.2 BSW, and that the ratid’ (B— ¢K*)/T'(B*— ¢K*) is 0.76 in the
NS(LR=1 25 | csR (5.249  BSW model, while it is equal to 1.9 in the LCSR. This is

becausel' (B— ¢K*) is very sensitive to the form factor
with N€(LL) being fixed at the value of 2. Note that this ratio x=A§K*(m$)/A?K*(m§,), which is equal to 0.875
constraint is subject to the corrections from spacelike pen1.03 in the LCSR(BSW) model[see the discussion after
guin andW-annihilation contributions. At any rate, it is safe Eq. (5.7)]. In particular, B(B— ¢K*)=0.74x10"° is pre-
to conclude thaNS™(LR)>3>NeM(LL). dicted by the LCSR foN"(LL)=2 andNE™(LR)=5, which
CLEO has seen adg3evidence for the decag— ¢K*. Its s in accordance with experiment. It is evident from Figs. 6
branching ratio, the average @/* ~ and $K*° modes, is and 7 that the data d— ¢K and B— ¢K* can be simul-

reported to bg39] taneously accommodated in the LCSR analysis. Therefore,
. the non-observation d8— ¢K does not necessarily invali-
+ * date the factorization hypothesis; it could imply that the
*\ — + * = 0 *0
B(B—¢K*)=3[B(B™— ¢K* =)+ B(B"— K™ )] form-factor ratioA,/A, is less than unity. Of course, it is
o6 . also possible that the absenceBx ¢K events is a down-
=(1.1555*0.2 10", (5.29  ward fluctuation of the experimental signal. At any rate, in
order to clarify this issue and to pin down the effective num-
2 ber of colorsNE™(LR), measurements oB— #K and B
o 1.75 — ¢K* are urgently needed with sufficient accuracy.
[=}
1.5
s1.25 ] D. B—#%'K®*) and yK*) decays
¢ The published CLEO resul{gl4] on the decayB— 7'K
Tos) B(B*—7'K*)=(6.5'15+0.9x10°®,
'3 0.5f __,_f—"
P B(B%— 'K%)=(4.7"27+0.9)x 10°5,
. . . , , (5.27
0.1 0.2 0.3 0.4 0.5
1/ NS (LR)

are several times larger than earlier theoretical predictions
FIG. 6. The branching ratio 0B~ — ¢K~ versus IE"(LR)  [2,45,4G in the range of (1 2)x 10°°. It was pointed out
with NE(LL) being fixed at 2. The solitotted curve is calculated in past two years by several auth¢843,47 that the decay
using the BSW(LCSR) model, while the solid thick line is the rate ofB— »’'K will get enhanced because of the small run-
CLEO upper limit. ning strange quark mass at the scailgand sizableSU(3)
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breaking in the decay constarfigandf,.* Ironically, it was
also realized around a year ago th48,9] the abovemen- 8
tioned enhancement is partially washed out by the anomaly ©
effect in the matrix element of pseudoscalar densities, an X
effect overlooked before. Specifically(#’[Syss|0)=
—i(m?,/2mg)(°,—1",) [see Eq.(5.20], where the QCD
anomaly effect is manifested by the decay conslﬁ,bt.
Sincef‘;,fv% i} [cf. Eq.(3.13)], it is obvious that the decay
rate ofB— 7'K induced by the $— P)(S+ P) penguin in-
teraction is suppressed by the anomaly termizfsyss|0).
As a consequence, the net enhancement is not large. If we
treatNE"(LL) to be the same a¥¢"(LR), as assumed in pre-
vious studies, we would obtaii(B*— 7'K*)=(2.7—-4.7) . . _
%105 at 0<1/N¢"<0.5 for m¢(m,) =90 MeV anngK(O) FIG. 8. The branching .ratio.oB——w;’K— as a function of
N UNSTLR) with NET(LL) being fixed at the value of 2 and

=0.38(see the dashed curve in Fig. & is easily seen that s
the experimental branching ratios can be accommodated byfao'sm""*0‘175’mS(m*’)*90 MeV. The calculation is done us-

- ing the BSW model for form factors. The charm content of #ie
smaller strange quark mass, say(my) =60 MeV, and/or a Z e . .
larae form factoi=BX . for instance=EX(0)=0.60. However with f~,=—6.3 MeV contributes to the solid curve but not to the
arg ) 0 C =0 ( )_. A ' dotted curve. The anomaly contribution{tg’ [Syss|0) is included.
it is very important to keep in mind that it is dangerous to

, , , For comparison, predictions fMS"(LL)=NS"(LR) as depicted by
adjust the form factors and/or light quark masses in order t LCo e
the dashed curve witli®,=0 and dot-dashed curve with, , =

fit a few particular modes; the comparison between theory76.3 MeV are also shown. The solid thick lines are the preliminary

and experiment should be done using the same set of Parafsdated CLEO measuremerifs29 with one sigma errors.
eters for all channelp48]. Indeed, a too smaling(m,) will

lead to a too large8— K, while a too largeF§ (0) will
break theS U(3)-symmetry relatiorr§“=F5™ very badly as
the form factorF27(0) larger than 0.33 is disfavored by the —18.4MeV. The sign off}, is crucial for they' charm
current limit onB°— 7" 7~ (see Sec. VR content contribution. For a negati\iév, , its contribution to
What is the role played by the intrinsic charm content ofB— 'K is constructive fora,>0. Since a, depends
the ' to B— 7'K? It has been advocated that the new in-strong|y on Ngﬁ(LL), we see that th&c— »’ mechanism
ternal W-emission contribution coming from the Cabibbo- contributes constructively at MEf(LL)>0.31 wherea,>0,
allowed process— ccs followed by a conversion of theC  \yhereas it contributes destructively atNEf(LL)<0.31
pair into the " via two gluon exchanges is potentially im- \yherea, becomes negative. In order to explain the abnor-
portant since its mixing ang., V3. is as large as that of the mally large branching ratio oB— 'K, an enhancement
penguin amplitude _and yet its Wilson coeffig:ia}tis larger  from the cc— n' mechanism is certainly welcome in order
than that of penguin operators. As noted in Sec. llIC, thag jmprove the discrepancy between theory and experiment.
This provides another strong support fN‘é“(LL)%Z. If
NET(LL)=NE"(LR) is adopted, theB(B— »'K) will be sup-
pressed at N"<0.31 and enhanced atNg™>0.31 (see the
dot-dashed curve in Fig. 8 fdlf],z —6.3MeV). If the pref-

6

0.2 0.4 0.6 0.8 1
17N (LR)

decay constant®, lies in the range—2.0MeV<f’ <

“To demonstrate how the decay rateBsf— 'K~ is enhanced,
we first use the parametersF5(0)=0.38, V3F¢"(0)

=6F;78(0)=F§"(0), me=140MeV, fo=fg=f,, Og=0,="0
=—20°, which in turn implyf}, =53 MeV, f =108 MeV, and
FS‘”’(O):O.lSS. With the above inputs, we obtaiB(B~
—7'K7)=(1.0-15)x10"% at 0<1/NE"<0.5 where N(LR)

erence forlNE" is 1NS"<0.2 (see e.g[10]), then it is quite
clear that the contribution from the’ charm content will

make the theoretical prediction even worse at the small val-

ues of INE". On the contrary, iNS"(LL)~2, thecc admix-

_nJeff _ nieff H H . . . .
=N'(LR)=NZ". Then we consider some possible effects of en-yre in thes’ will always lead to a constructive interference

hancement. First of all, the penguin amplitudeBef> 'K propor-
tional to ag and ag will get enhanced by a factor of 1.6 ihg
=90 MeV, the strange quark mass at=m,, instead ofmg
=140MeV, the mass at 1 GeV, is employed. Seco8¢l(3)
breaking in the decay constarftg and f, [see Eq.(3.12] and the
two-mixing angle formulation for the decay constafitsand f
[see Eq.3.11] lead tof, =63 MeV andf’, =137 MeV. Conse-

’ 7 ’ R
quently, the factorized term%{®¥7") and X(%7") (see Appendix

irrespective of the value dﬁlﬁﬁ(LR) (see the solid curve in
Fig. 8).

At this point, we see that the branching ratio Bf
—Kn' of order (2.74.7)x10°°% at 0<1/NZ"<0.5 for
NET(LL)=NE"(LR) and it becomes (3:53.8)x 10> when
the ' charm content contribution witlﬁ;,= —6.3MeV is

taken into account. However, the discrepancy between

C) are enhanced by a factor of 1.17 and 1.27, respectively. Thirdtheory and experiment is largely improved by treating

for 6= —15.4° [see Eq.(3.11)] we obtainFE” (0)=0.148. Thus,

NEM(LL) and NE(LR) differently. SettingNE(LL)=2, we

X871 K) s increased by a factor of 1.11. As a result of an accumufind that(see Fig. 8the decay rates & — »'K are consid-
lation of above several small enhancements, the branching ratiérably enhanced especially at smaNﬂ.‘T(LR). Specifically,

eventually becomeB(B™— 7'K )= (2.7-4.7)x 107 °.

B(B*—7'K*) at IN*"(LR)<0.2 is enhanced from (3.6

094014-26



CHARMLESS HADRONIC TWO-BODY DECAYS ORB, . .. PHYSICAL REVIEW D 60 094014

6.
o & s
2 %
2 5
i "=
- 6 ¥
L. )
Ox \\~\\\\\ e 4, —
4 p—y = .
T T i}
o 3. TEEEENI RN RN ENE SRR RN NE NI AN A RN RN
Q ) 0° 90° 180° 270° 360°
o y
FIG. 10. Branching ratios d8— 'K modes versus the unitar-
0.2 0.4 o 08 0.8 ! ity angle y, where the solid and dashed curves correspong kK~
1/ N (LR) and 7'K® respectively. Use has been made Nﬁ“(LL):Z,
eff _
FIG. 9. Same as Fig. 8 except fBP—K%'. N (LR)=5, and the BSW model for form factors.

—3.8)X10°° to (4.6-6.1)x10 ° due to three enhance- W emission is small due to small mixing angles, it is naively
ments. First, they’ charm content contribution,X(8%7)  anticipated that both decays should have very similar rates
. 1 C A . .
now always contributes in the right direction to the decay!"l€SSW annihilation plays some role. However, if the two
rate irrespective of the value of<f(LR). Second, the inter- branching values are confirmed not to converge when experi-
Cc " ?

ference in the spectator amplitudes Bf — 7’K* is con- mental errors are improved and refined in the future, a plau-
structive. Third, the term proportional to 7 sible explanation is ascribed to a negative Wolfenstein's

parameter. We see from Fig. 10 that the chargéd™ mode
_ (BK.7') 4 (g4 a,— (BK,7") is significantly enhanced ay>90°, whereas the neutral
2(as~2s)X, (85+ a4~ 85)Xs (.28 7'K® mode remains steady.
is enhanced Wheri\(ﬁﬁ 3:(Neff =2 Contrary to the abnormally large decay rateBof n'K,
A recent CLEO reanal)c/sis oB—7'K using a data the branching ratio oB— K is very small because of the
sample 80% larger than in previous studies yields the Ioregiestructive interference in penguin amplitudes due to the op-

liminary results[49,40 posite sign between the factorized tern€®”*) and
agXBX7: that is, the lu+dd) andss components inter-
B(B*—n'K*)=(7.4"75+1.0x10 "%, fere destructively for they but constructively for thez'.

From Table VIII we obtain
B(Bi— 7'K%=(5.9"18+0.9 x10°°,
(5.29
B(B—7'K) |34 chargedB,
suggesting that the original measuremebt&7) were not an B(TnK) = [ 58 neutral B.
upward statistical fluctuation. It is evident from Fig. 9 that

the measurement oB°— 'K is well explained in the
present frameV\_/ork based on the_ s_tandard model. Con'grary ®ince the sign OBGXgBK*,n(')) is flipped inB— n(’)K* de-
some early claims, we see that it is not necessary 10 inVokggys the interference effect becomes the other way around:
some new mechanlsms, say t8&J(3)-singlet c_ontrlbutlc_)n constructive inB— 7K* and destructive iB— 7' K*:
S’ [50], to explain the data. The agreement with experiment
provides another strong support ﬂsﬂﬁ“(LL)~2 and for the
relation NE"(LR)>NE™(LL). B(B—»n'K*) (0.13 chargedB,
Thus far, the calculation is carried out usimg(m,) B(B—>—nK*): 0.11 neutralB.
=90 MeV and the prediction o8(B™— »'K™) is on the
lower side of the experimental data. The discrepancy be-
tween theory and experiment can be further improved byt has been argued in Rdf20] that B(B— »'K*) is about
using a smaller strange quark mass, saym,)=70MeV. twice as large as that &— 'K, a prediction not borne out
However, as stressed before, the calculation should be coby the current limitB3(B°— 5'K*%)<2.0x10 ° [38] and
sistently carried out using the same set of parameters for alhe measurement d8(B°— »'K° (5.29. Note that it has
channeld48]. Indeed, a too smalhg(m,) will lead to atoo  been advocated that the two-gluon fusion mechanism may
largeB— K, account for the observed large decay rate Bf> 'K
From the face values of the data, it appears that th€5s1,52. Using the same gluon-fusion mechanism, large
branching ratio of the charged modéK ~ is slightly larger  branching fractions oB— z’K* of order 3x 10~ ° are found
than that of the neutral modg’K®, though they are in in Ref.[53], to be compared with X107 in our calcula-
agreement within one sigma error. Note that the neutrations. Therefore, it is important to measure the processes
mode does not receive contributions from externalB”— »'K* ~ andB%— 7'K*° to test the two-gluon fusion
W-emission andN-annihilation diagrams. Since the external mechanism.

(5.30

(5.3)
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o

E. B—Ka decays

INd
3

o ~ooo T

Thge are fouK = modes inEu,d gecays:§°—>K‘7r+,
B —K%r, B =K #° and B>-K°%#0. Theoretically,
the following pattern is expected:

(B =K% )=T(B°=K #*)>I'(B~"—=K 79

Br (B - K 7)x 10°
o -
o o d

>T'(B*—-K%79). (5.32 0° 90°  180°  270°  360°
This pattern arises based on the following observati¢hs: 7
Since the tree contributions are CKM suppressed, these de- FIG. 11. Branching ratios oK« modes versus the unitarity
cays are penguin dominatet?) Because of ther® wave  angle y, where the solid, dashed, dot-dashed, and dotted curves
function, it is generally anticipated that the first two channelscorrespond t—K ™ 7", K%, K~ 7% andK°#°, respectively.
are larger than the last two an®(B~—K w°)/B(B  Use has been made NE"(LL)=2, NE"(LR)=5 and the BSW model
—K7*)~1/2. (3) The small electroweak penguin effect for form factors.

makes the first two processes almost the same. The slight , ..o aty=180° (or p=0 and 5= —0.41) can be

H 20— - .
difference betweerK®7~ andK ™7 comes from the de- ynderstood as follows: The interference between tree and
structive interference between the tree and QCD penguin @ngenguin contributions in these two decay processes is de-
plitudes in the latter; such an interference is absent in thgctive for negativep and becomes largest at=0° and
former as it proceeds only through penguin diagrafd$. then decreases with increasing When the sign ofp is
Though it can be neglected in the first two modes, the elecfipped, the interference becomes constructive and has its
troweak penguin plays a role in the last two. With a moder-mayimal strength at=180°. It is obvious from the above
ate electroweak penguin contribution, the construct® gjiscussion that a negatiyealone is not adequate to explain
structive  interference between electroweak and QCDipe nearly equality oK 7 modes since an increase Kf 7°
penguins inK~7° and K%7° explains why the former is is always accompanied by a rise 6f 7*. Therefore, final
larger than the latter. state interactions are probably needed to explain the central
Experimentally, a substantial difference in the first twovalues of the data.

decay modes implied by the earlier data makes the Fleischer- Finally we remark that it is anticipated that =+
Mannel bound54] on the unitarity angley interesting. An - s~ _+ [likewise, K07~ >K*%7~; see Eq(5.19] owing

improvement of the data samples and a new decay modg the absence of theg penguin term in the latter. The
observed by CLE(Q55,40Q indicate nearly equal branching branching ratio oK* ~ 7+ andK* %z~ is predicted to be of

; -+ K0, _-— - 0.
ratios for the three modd§™ 7", K 7, andK™ 7": order 0.5< 1075 at y=65° (see Table IX and ~1.0x 10"
at y=90°. As noted in passing p* and K%~ have
smaller branching ratios, typically of ordex110™®, as the
ag penguin term contributes destructively.

B(B° =K 7*)=(1.4+0.3+0.2) X105,

B(B~—K%r)=(1.4+0.5+0.2) X 10 °,

F. B*—>wK* and B=—p°K* decays

- -0\ —5

B(B"—K"77)=(1.5+0.4+0.3 x10"". (5.33 The CLEO observatiof39] of a large branching ratio for
’ B*— wK™*

While the improvement on the first two decay modes is in * £y +0.7 5

accordance with the theoretical expectation, the central value BB"— oK) =(1.506202 X107 (5.39

of the new measured decay moBle —K ™7 is larger than s rather difficult to explain at first sight. Its factorizable am-
the naive anticipation. Of course, one has to await the eXplitude is of the form(see Appendix E

perimental improvement to clarify this issue. If the present

data persist, an interesting interpretation based on the revive@(B™— wK ) =V Vi fa; XBoK) + g, X Bn

idea of a negative is pointed out recently in Ref56]. To

see the impact of a negatiye or the dependence on the ViV
unitarity angley, we plot in Fig. 11 the branching ratios of
K modes versug. It is clear that(i) the aforementioned

[a4+ a10+ R(a6+ ag)]X(Bw'K)

pattern K7 >K 7+*>K 7% is modified to K™ 7" + 2a3+2a5+%(a7+a9) X(BK"”)+---],
>KO%r~>K~ 7% wheny>90°, (ii) the decay rate ok~ 7

is close to that oK°7~ wheny approaches to 180°, afiif ) (5.39
the purely penguin decay mod€ 7~ is insensitive to the with Rs—Zmﬁ/(mbms), where ellipses represent contribu-
change ofy, as expected. tions fromW annihilation and spacelike penguin diagrams. It

A rise of theK™ 7" and K~ #° decay rates from their is instructive to compare this decay mode closely vith
minima aty=0° and 360%0r | p| = pma=0.41 andy=0) to  — p°K ~:
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N'gﬁ(LR), then the branching ratio can rise above 10 ° at

2 the small value of M"=0 [10] sinceas+as has its maxi-
mum atN§“=oo (see Table Ill. However, it seems to us that
Nﬁ“—m for hadronicB decays is very unlikely.

So far we have neglected three effects in the consideration
of B*—wK™*, p’K= decaysW annihilation, spacelike pen-
guin diagrams, and final-state interactions. The first two
mechanisms play the same role for both modes and they will

lead to the decay rate @K~ similar to p°K ~. If the latter
S e ry ' is observed to have a similar rate as the former, it is plausible
that W annihilation and spacelike penguins could play a

FIG. 12. The branching ratio @~ — oK~ vs INS(LR) with prominent role to both modes. However,B{B~ — p°K ")
NET(LL) being fixed at the value of 2. The solidotted curve is <B(B™—wK™) is observed experimentally, then one pos-
calculated using the BSWLCSR) model. The solid thick lines are sibility is that FSI may explain the disparity betwep?i(*

=
&

Br (B > K o )x10°

the CLEO measurements with one sigma errors. andwK ™ modes, as elaborated on in Sec. VI. At any rate, it
is crucial to measure the branching ratios of both modes in
A(Bf_>p0K7):Vubvts{alx(Bpo,K)+aZXEBK,pO)} order to understand their underlying mechanism.
VeV [agtagt R’(a6+a8)]X(B"O'K) G. Electroweak penguins
Electroweak penguin diagrams contribute to all charmless

B decays. The relative importance of electroweak penguin
, (5.36 amplitudes can be read directly from Tables V-¥Inh or-

der to study their effects, we need to focus on those modes in

which QCD penguin amplitudes do not contribute or their
with R’ = —2m§/(mbms)_ Although the tree amplitude is €ffects are small. It is known that in the raBg decays, the
suppressed by the mixing angle/,,V*/Vp Vi =22, the decay modes
destructive interference betweery and ag penguin terms
renders the penguin contribution small. Consequently, the

relative weight of tree and penguin contributionsat ~ and 45 ot receive any QCD penguin contributiof&] (for a

O — ff
p K~ depends on the values N‘% (see Table VI Atour  geailed discussion, see RE4]). Therefore, these six decay
favored valueNg'(LL)=2 andNZ'(LR)=5, we see that the modes are predominantly governed by the largest elec-
tree contribution is important for both channels. It is alsotroweak penguin coefficierdy. By contrast, there are only
clear from Table VI that the electroweak penguin contribu-two channels in charmlesB, and By decays that do not
tion to p°K ~ is as important as the tree diagram. The branchreceive QCD penguin contributions, nameB; — 7~ 7°
ing ratio of B*—p°K™ is estimated to be of order andB-—p p° and they are dominated by tree diagrams.
(0.5-0.9)<10°° (see Table IX This prediction is relatively  Nevertheless, there do exist several channels in which the
stable againstN". While the current bound isB(B~  QCD penguin contribution is small. From the Appendix we
—pPK7)<2.2x10"° [38], the preliminary measurement of see that the amplitudes of the clagsiecays
B~ —p°K~ shows a large event yield 1488 [38]. If the
branching ratio of this decay is found to be, say, of order Bg—>d)w°,¢n,¢n’,¢p°,¢w, B*"—opmt,pp*
0.5x 10 °, then it is a serious challenge to theorists. (5.39

Since thewK ~ amplitude differs from that 0p°K ~ only

in the QCD penguin term proportional taf+as) and in the ~ are proportional tdas+as—;(a;+as)]. Since the effec-
electroweak penguin term governed &y, it is naively an-  tive coefficientsa; andas are Nﬁ“ sensitive, the decay rates
ticipated that their branching ratios are similar if the contri-depend very sensitively ohl§ff and are governed by elec-
butions fromags,as,ag are negligible. The question is then
why is the observed rate of thekK ™ mode much larger than
the theoretical estimate of the’K ™ mode? By comparing  sthe rejative importance of electroweak penguin effects in

Eqg. (5.39 V_Vith Eq. _(5-36)1 it is natl_JraI to contemplate that penguin-dominate® decays is studied in Ref10] by computing
the penguin contribution proportional to §2+2as) ac-  the ratio

counts for the large enhancem_entBﬁawK*. However, B(B—h;hy)(with a;,
this is not the case: The coefficiersts andas, whose mag- Rw= BB_hih,) (5.37

H 172
nitudes arg smz?:Iel;jthaah a}nd aflfG' are not large _enough to However, because of variously possible interference of the elec-
_alcco_mmo ate the ata_ un GNS (LR)_<1'2 (_see Fig. 1)_2 _It troweak penguin amplitude with the tree and QCD penguin contri-
is evident that the predicted branching ratioBf— K™ is  pytions, Ry, is not the most suitable quantity for measuring the

in general too small iNS"(LL) is fixed at the value of 2 and  relative importance of electroweak penguin effects; see[Reand
INE(LR)<0.5. If NE(LL) is assumed to be the same asan example in Sec. VII.

3
+§(a7+ag)xff”<"’°>+---

Bs— nm,n'm np,n' p, o, dp (5.38

.. ,a.]_o: 0)

094014-29



CHEN, CHENG, TSENG, AND YANG PHYSICAL REVIEW D60 094014

troweak penguin amplitudes &"(LL)~2, N€f(LR)~5 or Final-state interactiong=SI). This is the part least known.
Nﬁﬁ(LL)~N§“(LR)~3 where the QCD penguin contribution Nevertheless, some qualitative statement and discussion

characterized bp,+ as is close to its minimunisee Table about FSI still can be made, as shown in the next section.

IIl). Unfortunately, their branching ratios are very sniatie W-annihilation contribution. It is commonly believed that
Tables VIII=X), of order (1-6)x 10~°. We also see that this contribution is negligible due to helicity suppression.
the electroweai< penguin contribution in Moreover,W exchange is subject to both color and helicity

suppression. The helicity suppression is likely to work be-
Bg—> K%° B*—K™p° (5.40 cause of the large energy released in Brdecays.

Spacelike penguin contribution. The spacelike penguin
is as important as the QCD penguin diagram because themplitude gains a large enhancement by a factor of
latter is proportional to[a,—2agm2/(m,ms)] which in- mé/(mbmu,d) or ma/(mpm,). Thereforea priori there is no
volves a large cancellation. The branching ratio of the aboveonvincing reason to ignore this effect that has been largely
two modes is of order (0:51.0)x 10" °. overlooked in the literature. Unfortunately, we do not have a

reliable method for estimating the spacelike penguins.
H. Theoretical uncertainties

The calculation of charmless hadrorBcdecay rates suf- VI FINAL-STATE INTERACTIONS

fers from many theoretical uncertainties. Most of them have |t is customarily argued that final-state interactions are
been discussed before and it is useful to make a short sungxpected to play only a minor role in rare hadroBidecays
mary below. due to the large energy released in the decay process. Nev-
Heavy-to-light form factors and theq? dependence. We ertheless, phenomenologically their presence could be essen-
have considered in the present paper two different formtial in some casesi) Inelastic scattering may account for the
factor models: the BSW model and the LCSR approach. Ibbserved large branching ratio & — wK ™. (i) Some
turns out that3(B— VV) is very sensitive to the form-factor channels, for instanc&8’—K K~ receive direct contribu-
ratio A, /A;. tions only fromW-exchange and penguin-annihilation dia-
Decay constants. Since the decay constants for light psegrams, can be induced from FSlii) The tree-dominated
doscalar and vector mesons are well measured, the uncefeutral modes, e.gB%— 7%7°, 7%°, p°p°, may get large
tainty due to this part is the least. enhancement from FSI.
Running quark masses at the saalg. The decay rates of  |n general, the effects of FSI are important and dramatic
penguin amplitude-dominated charml@&sdecays are gener- for the weak decayB— X if there exists a channéd— Y
ally sensitive to the value ahg(my). The light quark masses with a sufficiently large decay rate, i.63(B—Y)>B(B
arise in the decay amplitude because equation of motion has, X) and if X and Y modes couple through FSI. A famous
been applied to the matrix element & P)(S+ P) inter- example is the decap®— K°#° which is naively expected
actions obtained from the Fierz transformation OF 5 pe very suppressed but it gets a large enhancement from

—A)(V+A) penguin operators. Since the current quarkine weak decayp®— K~ 7+ followed by the FSI:K ™7
masses are not known precisely, this will result in large un-

10,0
certainties for branching ratidsWhile the measuredB _>}I<n(a7-lra.stic scattering contribution to B wK = . As shown
—n'K favors a smaller strange quark mass, a too small value catering Wik
of my(m,) will lead to a too largeB— K. n Sec.. VF, |§ is dlfﬂcult toﬁunderstand why the ob;erved
Quark mixing matrix elements parametrized in terms Ofbranchmg ratio ofB~—wK " is one order of magnitude

i i —6
e parametrs, , A . The uncertany due to e vaues S10°7 U1 e heorelcal exoecalion A2 L) e
of p, » andAis reflected on the uncertainty on the angles ’ P '

L : W annihilation, spacelike penguin diagrams, and FSI. If the
B, y of the unitarity triangle. = Y 0L N .
Nonfactorized contributions to hadronic matrix elements.pattemB(B —wK7)>B(B —pK ).'S ot?served exper-
{nentally, FSI may account for the disparity betweael

The main result of the present paper is to show tha oL ) ) .
Neff(LR)>3>Ngff(LL)~2 implied by the bulk of the data andp“K™ as the first two mechanisms contribute equally to
. .

The magnitude of the gluon momentum transfer in thePoth modes. The weak decas —K* ~ % K*~70) via
timelike penguin diagram. We have employié=m%2 for ~ the penguin ~ process b—suu  and  B_
calculating the effective Wilson coefficients, though in gen-—{K* ~ 7% K* = 5),K*%7~ K~ #%K%"} via b—sdd
eral k? lies in the rangemZ/4<k?<m?2/2 [58]. The common followed by the quark rescattering reactions
argument is that whil&€P violation is sensitive to the value {K* 7 K* ~5() K*%7~ K~ p® K% "} —wK™ contribute
of k?, this is not the case for the decay rate. constructively toB™ — wK™ (see Fig. 1R but destructively

to B~ — pK ™. Since the branching ratios f@& —K* ~ 7,
K*~5() and K*°7~ are not small, of order (0.3—0.7)
SIn order to avoid the uncertainty originated from the light quark X 10™°, it is conceivable that a bulk of observed”
masses, an attempt of evaluating tSe-(P) (S+ P) matrix element — wK™ arises from FSI via inelastic scattering. However, it
using the perturbative QCD method has been made in[B&F. It is not clear to us quantitatively if FSI are adequate to en-
is found that the results are comparatively smaller than that obhance the branching ratio by one order of magnitude.
tained using equations of motion. Inelastic scattering contribution to B~K*K~. The de-
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FIG. 14. Branching ratios dB— 7 modes versus the isospin
phase shift differencé, where the solid, dashed, and dotted curves

- correspond tor "7, 7 «°, and #°x°, respectively. Uses of

NET(LL)=2, NE"(LR)=5, and the BSW model for form factors have
been made.

that the isospin phase shifts are real and the magnitude of the
isospin amplitudes is not affected by elastic FSI. Theoreti-
cally, Ag and A, are of the same sign. As stressed in Sec.
V A, model calculations tend to predict a branching ratio of
0 o B°— "7 larger than the present limit. One possibility is
cayB"—K"K"™ proceeds through thé-exchange and pen- that the isospin phase differende= 8,— 5, is nonzero. In
guin annihilation diagrams and its factorized amplitude givenFig. 14 we plot the branching ratios efr modes versus. It

in Appendix B is governed by the factorized term is evident that the suppressionof =~ and enhancement of
(KTK™](Qq)v_al0)(0[(db)y_A|B% with g=u,s. If helic-  7°7° become most severe whér:70° and furthermore the
ity suppression works, then this factorized term and hencéatter becomes overwhelming at-90°. Note that using the
B(B°—K*K™) is anticipated to be very suppressed. Never-Regge analysiss ., is estimated to be 11° in Rgf60].
theless, the final-state rescattering contribution B3

FIG. 13. Contributions t88~—K~w from final-state interac-
tions via the weak decay8 —K* x° K* 5() and B~
—K*%7~ followed by quark rescattering.

—K*K™ fromp*p~, 7" 7~ ,... intermediate states could be VIl COMPARISON WITH LITERATURE
sizable, in particulaB®— p* p~ should have a large branch- : U
ing ratio of order (2—4X10°°. Therefore, this decay is  |n this section we would like to compare our framework

expected to be dominated by the rescattering eff88L. A and results with the excellent paper by Ali, Kramer, arid Lu
measurement dB°— KK~ will provide information on the (AKL) []_0] in which n0n|ept0nic charmlesB decays are
inelastic FSI. The present limit iB(B°~K*K™)<2.3  studied in a great detail. Our expressions for the factorized
X 10" ° [38]. Another example is the decP— ¢¢ which  decay amplitudes of all two-body hadronic decay8gfand
proceeds via the spacelike penguin diagr@®e Appendix B, mesons are in agreement with AKL except that we have
F). It receives indirect contributions arising from the weak also included W-exchange,W-annihilation, and spacelike
decaysB?— 5() (") followed by the rescattering!) {7  penguin matrix elements in the expressions of factorized de-
— . cay amplitudes, though they are usually neglected in the con-

Elastic FSI on B— 4. In order to understand the effect ventional calculation. Basically, our framework differs from
of FSI onB— w7 decays, we decompose the decay ampli-AKL in the choice of the input parametefsi) The effective

tudes into their isospin amplitudes Wilson coefficientsc®" are obtained from the.-dependent
Wilson coefficient functiong;(w) at w=m, in the present
1 \F - d ap=my/2 by AKL. Although c&" obtained b
0 .0, 0V A [ZA aido_ |5 A aids paper and aj=m,/2 by . ough ¢ obtained by
M(B "= a7 \/;Aoe 3 A2, AKL and by us are scheme and scale independent, our effec-

tive Wilson coefficients are gauge invariant and free of the

o . \/E s \F s infrared singularity.(ii) As explained in detail before, we
M(B = a7 )=\[3 A€ 0+ \[3AE", treat NE(LL) and NE"(LR) differently for nonfactorized ef-
fects, while NS(LL)=N"(LR)=N" is assumed by AKL

3 with the preference Ng‘ffso.z or N§ﬁ>5. (iii) For the

MB™ =7 7%= \/:Aze"sz, (6.1)  Wolfenstein parameters and 5, we usep=0.175 andy

where A, and A, are isospin 0 and 2 amplitudes, respec-

tively, and 6y, 6, are the correspondingwave 7 scatter- "Using the same values of input parameters as R@l, we are
ing isospin phase shifts. Note that the amplitud@d) for  aple to reproduce all the branching ratios of AKL except for the
w7~ andm 70 are the same as the usual invariant ampli-decays°— p°p°, p°w. This discrepancy is resolved after numeri-
tudes, butA(B°— 7%7%) =v2M(B°— #%%%). To proceed cal corrections are made in R§LO] (private communication with
we shall assume that inelasticity is absent or negligible sa. D. LU).
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=0.370, corresponding to p{+7?)Y?=0.41, while p  values of INE", LNE"~0. We argue that iB(B~— wK ")
=0.12, »=0.34 and p*+7*)'?=0.36 are employed by 3B~ p°%K ") is observed experimentally, then inelastic
AKL. (iv) To evaluate the pseudoscalar matrix element arisfinal-state rescattering may account for the disparity between
ing from the penguin interactions, we apply equations ofwK ™~ andp®K .

motion and use the light quark masseset m,, while (7) It is claimed by AKL that the decap®— p°K° is
my(u=m,/2) is employed by AKL.(v) We apply the usual completely dominated by the electroweak penguin transi-
one-mixing angle formulation to the— »" mixing and two-  tions for all values oﬂ\l§ff and that a measurement of this
mixing angle formulation to the decay constants of thend  mode will enable one to determine the largest electroweak
n’', whereas AKL use the two-angle parametrization for bothpenguin coefficientag. We found that the QCD penguin
n—7n' mixing and decay constantévi) The pseudoscalar contribution to pOKO is not small compared to the elec-
matrix elements ofy()-vacuum transition, characterized by roweak penguin. To illustrate this point, we compute the
the parameters, andr,, in Eq. (5.21), have different ex- ratio Ry defined in Eq.(5.37) and obtamRew(p K_ )ezﬁo'lz
pressions in the present paper and in AKL. averaged ovelCP-conjugate modes foN; (LL)=N; (LR)

In spite of the differences in the aforementioned input_2 0 & compared with the value 0.08 predicted by AKL

eff O 0
parameters, our work does agree with AKL in most cases0f the same values dfi¢". It thus appears that the"K

Some noticeable differences are as follows mode is almost completely dominated by the electroweak
(1) While our expressions for factorized amplitudes agreé)engu'n' However, at the amplitude level, we found
with AKL, we do have includedN-annihilation and space-

like penguin contributions. For example, the decay ampli- tree:QCD penguin-electroweak penguin

tudes of B>—K*™(*)K~) which proceed only through =—-0.18+054:1:1.8-0.14 (7.2)
We-annihilation and spacelike penguin diagrams, are dis-
played in our tables. for B°— p°K° (see Table VI and
(2) Employing the same values N‘éﬁ as AKL, our pre-
dictions of branching ratios for tree-dominated decay modes tree:QCD penguin:electroweak penguin
are in general larger than that of AKL by a factor of 1.3 due
to the difference in the use op{+ 7%) or |V,,|%. =-0.32-0.47:1:1.8-0.14 (7.2)

(3) It was advocated by AKL that the branching ratios of o owo ) )
the decays B-—¢K™, B°-¢K®, B~ —¢K*~, B for B"— p~K", where the QCD penguin amplitude has been

. ¢K*° are almost equal in the factorization approach'normalized to unity. It is evident that although E¢g.1) and
whereas we found that the decay rateBof> 4K* is very (7.2) lead toR\y=0.12, the electroweak penguin contribution

. . * * to the amplitude is largely contaminated by the QCD pen-
sensitive to the form-factor ratim=A5"" (m3)/A?*" (m3)

uin one. Therefore, we conclude that only tBe deca
and that the data d8— ¢K and B— ¢K* can be simulta- g y B¢ Y

; . o modes listed in Eq(5.38 can provide a direct and unam-
neously accommodated in the generalized factorization apdiguous determination o
proach using the LCSR form factotsee Figs. 6 and)7
(4) We have argued that theoretically and phenomeno-
logically the effective number of colors foN(-A)(V—A) VIil. CONCLUSIONS

and (Vv—A)(V+A) four-quark operators should beo treated  ysing the next-to-leading order QCD-corrected effective
differently. The d?f\ta of tree-dominated dec&®sS—p 7,  Hamiltonian and gauge-invariant, scheme- and scale-
wm indicate N¢'(LL)<3, while the penguin-dominated independent effective Wilson coefficients, we have system-
modesB ™ — ¢K ~, 'K ™ clearly implyNg"(LR)>3. If using atically studied hadronic charmless two-body decay® of
NETLL)=NE"(LR)=N:" as adopted by AKL, we found that and B4 mesons within the framework of generalized factor-
the data oB~— ¢K ™~ andB™— p%#~ cannot be accommo- ization. Nonfactorizable effects are parametrized in terms of
dated simultaneously. NET(LL) andNE(LR), the effective numbers of colors arising
(5) Our prediction forB— 'K is significantly different  from (V—A)(V—A) and (v—A)(V+A) 4-quark operators,
from that of AKL at the small value of N®". As illustrated  respectively. The branching ratios are calculated as a func-
in Fig. 8, the branching ratio 0B~ — 'K~ predicted by tion of N®(LR) with two different considerations for
AKL for NEM(LL)=NE"(LR), corresponding to the dashed NE(LL): (i) N(LL) being fixed at the value of 2 an@)
curve in Fig. 8, is largely enhanced at smalN/(LR) pro-  NSf(LL)=NEf(LR). Depending on the sensitivity of the effec-
vided thatNg"(LL) is fixed at the value of 2. Therefore, with- tive coefficientsa® on N, we have classified the tree and
out adjusting other input parameters, the prediction of AKLpenguin transitions into six different classes. Our main re-
will be significantly improved ifNE"(LL) and NS"(LR) are  sults are as follows.
treated differently. Moreover, we have shown that it is natu- To avoid the gauge and infrared problems connected with
ral to haven'K=> »'K? if y>90°. effective Wilson coefficients, we have worked in the on-shell
(6) We found that in the absence of FSI, the branchingscheme to obtain gauge invariant, infrared finifd. The
ratio of B-— wK™ is expected to be of the same order asinfrared pole is consistently absorbed into universal bound-
B(B~—p°K ")~ (0.5-1.0)x 10 ¢, whereas the branching state wave functions.
ratio predicted by AKL rises aboveX10 ° at the small The relative magnitudes of tree, QCD penguin and elec-
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troweak penguin amplitudes of all charmleBsdecays are  ¢7’, ¢p°, ¢w, B"— o™, ¢p* depend very sensitively
tabulated in Tables V-VII forNﬁﬁ(LR)=2,3,590, and on Ngﬁ and are dominated by electroweak penguins at
NET(LL)=2 as well asNE(LL)=NE"(LR). The predicted NEM(LL)~2, N®(LR)~5 or NE(LL)~NE(LR)~3. The elec-

branching ratios are summarized in Tables VIII-X. troweak penguin effect in the decayB®—K%?° B~
Hadronic charmles8 decays without strangeness in the _,k -0 js as important as the QCD penguin contribution.
final state are dominated by the trige-uud transition. The Final-state interactiong=Sl) are conventionally believed

exceptional modes a&’— 7%, 7°7’, p°w which proceed  tg play only a minor role in hadronic charmleBsiecays due
mainly through the penguin diagram. The first measuremeny the large energy released in the decay. We showed that in
of the hadronido—u decayB™—p®7~ by CLEO indicates  the absence of FSI, the branching ratioBsf— oK * is ex-

that 1.5 Ng"(LL)<2.6. ThereforeNg"(LL) is preferred tobe pected to be of the same order a8(B*— pPK*)
smaller than 3. Moreover, the current experimental informa-_ (9. 5-1.0)x 10" %, while experimentally it is of order 1.5

; - - 0 _+ - ) ;
tion on B"—wm™ and B"—#" 7 also favors a small x10-5 we argued thaB* — wK* may receive a sizable

ff N ff
Ng'(LL). For examrélﬁe, the former implies EMNC'(LL)  final-state rescattering contribution from the intermediate
<2.5. The fact thalN; (LL)~2 is favored is also consistent statesk* ~ 1, K*V](’), K*Om K- % K% which inter-

with ﬂle ”O”faCtO”ZaE!F term  extracted fronB fere constructively, whereas the analogous rescattering effect
—(D,D ).(Tr’p) decaysN;"(B—Dz)~2. The mgasurement onB*—p°K* is very suppressed. However, if the measured
of the ratiosR;_, of charged to neutral branching fractions branching ratio p®K* is similar to that of wK*, then

i H eff

[see Eq(5.14] 'S useful for determinindNg (LL). . W-annihilation and spacelike penguin amplitudes could play

The tree-dominated class |-1ll modes that have branchm% prominent role. Likewise, the decay moB& K"K~ is

. 5 . i)
ratios of Qrder 107 or larger must have one or two vector (?xpected to be dominated by inelastic rescattering from
mesons in the final state. For example, it is expecte *p= mtm intermediate states, aif— e is governed
that 758(50_>p*p+)~6(50_>p*7T+)>B(BO_> wjp+)~_1 Py thé ) intermediate Cham’]els_
*10°2. By contrast, the decay rates of_pengum—domﬂate A negative Wolfenstein parametgior a unitarity angley
class-IV- decays follow the patteri(B— P4Py)>I'(B larger than 90° is helpful for explaining the® =~ , K= and

—PaVp) ~I'(B—VaVp)>T'(B—V,Py), wherePy, or Vy, is 'K data. All the known model calculations predict a too
factorizable under the factorization assumption, because q rge w7~ rate compared to the recently improved limit.

various possibilities of interference between the penguin @My have shown that either>105° or an isospin phase shift
plitudes governed by the QCD penguin parameteyand difference §,,>70° can account for the data oB
ag, Moreover, the penguin-amplitude-dominated charmless_} n o

B decays have the largest branching ratios inRfemode. ,770 7. Moreover, the disparity between thgK™ and
The present limit onB*— ¢K* implies thatNiff(LR) 7n'K* modes can Ee accommodated @y 0. The expected
=3.2 and 4.2 in the BSW and LCSR models, respectivelyhierarchy patternK®z~>K ™7 *>K"«° predicted aty
The data ofB— ¢K and B— ¢K* can be accommodated =65° will be modified to K™ 7" >K°7 >K 70 at y
simultaneously if the form-factor ratioAS*"(m3)/ ~ >90° and K~m° becomes close t&~ 7" when y ap-
AfK*(mfﬁ) is less than unity. We found that the rafigB proaches to 180°. .
— $K*)IT(B*— $K*) is 0.76 in the BSW model, while it Theoretical calculations suggest that the following decay
is equal to 1.9 in the LCSR analysis. modes ofB,, and§3 have branching ratios are of order F0

If NS(LL) is treated to be the same af(LR), we  orin the range of a few times of 16: #'K~, 7'K® p*p~,
showed that B(B~—#'K )~(2.7-47Xx10° at 0 p o, p p%p o, p 7° K 7t Kor™, K™ 7% ptao,
<1/N§ff<0.5 and becomes even smaller at smemﬁif/when p°7, wm, p~ 5. Some of them have been observed and
the charm content contribution of the’ is taken into ac- the rest will have a good chance to be seen soon.
count. We have demonstrated that the discrepancy between Note addedRecently CLEO has reported two new mea-
theory and experiment is significantly improved by settingsurements on the™ 7= andK* “ 7% modes of the neutrd
_Nﬁ_ﬁ(krl;)~_2.rlltr1dpart[[(_;ular_,l_;c]her;; cha:hm c(;)rlteg}';fﬁnttlbutlon mesons  [38]: B(§°—>p+ﬂ-’+p’7-r*)=(3.5fi;ét 0.5)
is in the right direction. Therefore, the data n' pro- s =0 Lk — s s 0840, 5
vide a strong support foN¢(LL)~2 and the relation X107 and B(B™—K ™ )_(2'10-6*_0-9X10_0' Wf s?e
NET(LR)>NEM(LL). The modeB—7'K has the largest frorrl 'I;able IX thf\é .vvh.|Ie the prediction3(B —p T
branching ratio in the two-body charmleds decays due 1P 7 )=3.7X10> is in good agreement with experi-
mainly to the constructive interference between the penguim
contributions arising from theuu+dd) andss components
of the »'. By contrast, the destructive interference for the
production leads to a much smaller decay rateBfes K. If
the disparity betweer;’ K= and 7'K® is confirmed in the
future, it could be attributed to a negative Wolfensteip’s We are grateful to J. Smith for critically reading the
parameter. manuscript and for useful comments. Two of (BT. and

The penguin-dominated class-V mOdEquﬁWO, b, K.C.Y.) wish to thank the KEK theory group for their warm

ent, the observation tha¢* 7 =K~ 7" is opposite to
e theoretical expectatioisee the discussion in Sec. V.E
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APPENDIX A: NOTATION

o - _
The factorized decay amplitudes of all charmlégg X TP =(p% (u)y-al0) (7| (db)y_alB7)

—PP,VP,VV decays are tabulated in this appendix. The _ B 2

factorized termsX(BM1:M2) have the expressions =v2f,m,Fy"(m;)(e* - Pg).- (A3)

For §g—>VV decays(see Appendix F we have distin-
_ _ — guished spacelike penguin matrix elements arising frém (
X(BP11P2)5<P2|(q2q3)V7A|O><Pll(qlb)V7A| B> _A) (V+A) and (\/_A)(V_A) operatorsl e.g.,

=if Pz(mé_ mél)FgPl(méz)’
0 0 T a1 m
X )= (0] (db)y s B°){p%w|(WU)y- a|0),

X(BPV)=( V| (Ga03)v-al0)(P|(G1b)v-4lB)

0 0 — — _
=2 fymyFEP(md)(e* - pg), X772 = (0| (db)y-a|B®){p°w|(UU)y A|0). »

_ As stressed in Sec. IVB, we have includ&dexchange,
XEBVP)=(P|(203)v—al0){V|(G1b)y_alB) W-annihilation, and spacelike penguin matrix elements in the
_ BV, 2\, expressions of factorized decay amplitudes, though they are
=2fpmyAg"(Mp)(e™ - Pa), usually neglected in practical calculations of branching ra-

tios.
o Note that the hadronic matrix elements of scalar and pseu-
XBV1V2) = (V| (qu03)y_al0)(V1|(Q1b)y_alB) doscalar densities are conventionally evaluated by applying
equations of motion. However, we encounter By
=—ify,my| (3 -&3)(Mg+ my) APV (m2) - PP,VV decays terms su<.:h s m|dd|0) which cannot be
directly related to the matrix elemefirr|dy,d|0) via the
. . 2A§V1(m§) use of equation of motion
—(&1°" Eo =
(e1-Pe)(&3 - Ps) (Mg +my)
—i9™(qy =(my—m,)q105. (A5)
2VBVi(m2) (017,92) = (My—My)q:10;

* VaQ

+i6ﬂvaﬁsgﬂsl pof ’ (Al)

Hence, the matrix element such és|dd|0) has to be
evaluated using a different technique. Unfortunately, chiral
wheree* is the polarization vector of the vector mesdn  perturbation theory, which has been employed to compute
For a flavor-neutraM , with the quark conteniqq+---), we  the same matrix element occurred kn— 7 decay, is no
will encounter the factorized term longer applicable in energeti® decays. SincéV|q;q,|0)
=0,B—VV decays do not receive factorizable contributions
B from ag andag penguin terms except for spacelike penguin
X;BM1'M2>E<M2|(aq)V7A|o><|v|1|(alb)V7A|B>_ (A2)  diagrams(see Appendixes F and)G
All the amplitudes listed below should be multiplied by a
For example, factor of Gg /v2.

(mg+mjy)

APPENDIX B: BS—PP DECAYS

2
A(@HK—WU:[V VE @y — Vi VE| a4+ a5+ 2(ag+ag) Tk ]x<837*’*<>
d ubVuyus?1 thVits| ¢4 10 6 8 (mb_mu)(mu+ms)
2
1 Bg RO+ —
_ * _ + _ (Bd:'"' K™)
VipVis| a4 2310 (2ag—ag) (Mg + Mg) (Me—Myg) X , (B1)
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A(Eg_)EOWO) = {Vub\/:saZ_ thst< -

X(ngO,K")

1
_ * _ - _=
thvts{ a5 apt2| ag 528 (My+ Mg)(Mp— mg)

m2
0
By

(Mp+mg)(Mmg—myg)

1
as— 5ajot(2as—ag)

+ 2

x<83w°K°>] , (B2)

=0 0. (' (B, ") (899, ()
ABG—K 7 )=V p Vi@ X "0 7 Vo VE@nX o

1 1
2a;—2as— s a;+ 5 ag

X(ESEOr 77(,))
2 2 u

- thst

2 u
m_o f o
7 7
+|agta,—as+(2ag—ag) =———— | 1— —

ZmS(mb_mS) fs(r)
7

('))

1 BO0 (') 200
(ByKY, 7)) (BgK™, 7
+ E(a7—ag—am) XS ¢ +laz—as—az+ag)X,

2
1 mEO =0 (") 10
+|as— s aot (2ag—ag) X(Ba7 KD
4 2710 (285~ 2s (mg+mg)(my—my)
2
Mzo _
+| as+ a0+ 2(ag+ag) i X(BaK’7") (B3)
470 &7 787 (mg—mg) (my+my) '
— 1 B9 KOKO
A(Eg—)KOKO):_thV:‘d a.3+ a.4+ 8.5— E(a7+ a9+ alo) Xij @ )
1 B0 KOKO
tlagtas— a7~ 5 X(S @K
2
mKO

1 BOKO0 KO
Tl as— a0t (285~ ag) X(Ba KD

7 (Mg + Mg) (Mp—my)
—<2ae—a8><K°?°|E<1+y5>d|0><0|5<1—y5>b|§3>}, (B4)
AGB KK )= Vo2 X P Ky v [+ ag+ a,+ ag X 8K <)
+agtas— sa;— %ag X(sgg'm()]' (B5)

=0 - =0 -
ABY— 7" 7)) = VypVig(a XBa™ 7 4 a,X Bam ™))

m2_
T

a,+ajgt2(ag+ag)

:|X(Egﬂ'+,17)

-V VE
th (md+ mu)(mb_ mu)

+ )((53,71'Jr T )

1
2az+a,+2ag+ §(a7+ ag—ajp)
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—(2ag—ag)(m " |d(1+ y5)d|0)(0[d(1— ys)blg"é)] : (B6)

0_0_0

- -
A(BS— m070) =V Vi g2(aX Pa™ ™ a X Pa )

2 _
n 3 1 m_o (B9, 70)
~VipVig2| |~ 5 (a7t ag) T 5210~ (285~ Ag) 2Mg(My—mg) X,
1 (B2, 7070)
+|2a3ta,t+2ag+ E(a7+a9—a10) X,
~ (22— ag)(m°m°|d(1+ v5)d|0)(0[d(1~ 75>b|§5>], (B7)

20 , ®37% 7)) (Bn )70 ®37%, 7))
ABg— 07" )=VypVigaa(X, "7 T X T )+ VepVegaX, 4

1
—thVfd[ 283t a,— 285~ 5 (87~ agt+ayo)
m’ f° =
(") (") B0, ()
+ (22— 7 o1, X B
(28 a8)2ms(mb_md)(fu(,) ) T
7
BOm0 () 1 1 BOm0 ()
+[ag—as—ay+aglX, 4" " '+ ag—ast 527~ 58 X (P )
+ o1 2 i (B .70
ay 2(a7 ag) > a10 (2a4 as)Zmd(mb_md) u
B0 20, 1 1 BO 0,
+[ag—as—a;+ag)X, @7 " 'tlag—as+ sa;— - ag X Parm :
2 2
1 G
+|2az+a,+2as+ E(a7+a9—a10) X' Edr
~(2as—ag)(7"7°ld(1+ y5)d|0)(0[d(1~ 7’5)b|§3>] : (B8)
R0 ’ =0/ -0 ,
ABG— 77 ) = VupVaa(X "7+ X577+ 2X( e
(BY7.7') (BT ) | o (B
FVEOVE @, (X 9T X 4T T 2X T
N 1 1 1
—VuVig 2a3+a4—2a5—§a7+§ag—5a10
2 s
m/ ’ _0 !
+ — n 7 , (Bdﬂvﬂ)
(2 a8)2ms<mb—md>(f;, L X
1 1 1 m? s 50,
+| 2ag+a,—2a5— = a;+ = ag— = Aot (2a5—ag) 5———— | w2~ 1|r, |X P77
83T a4 285 7T 5897 5810 (2a¢ a8)2m5(mb_md)(fl:7 ) n} u

=0 ’ R0/ RO ’ RO s
+ (X774 X PaT ) 4 @y — a5 —ag+ag) (X077 + X (P77

1
ag—ast 5(37_39)
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1
aztas— s (ay;+tag)

(B, 7" (B, n7')
5 X ¢ +[aztas+tas+ag]X

+

1 "0 ’
+| 2ag+a,+2as+ 5 (a7 ag—ag0) X(Bg:n7')

—(2ag—ag){n' 7|d(1+ ys)d|0><0|5<1—ys>b|§8>]. (B9)

-0 — -0 -0
A(BY— 777) =VyVig2ap(X P07 7 4 X B3 v VE 2a,(X P77 4 x Ba 7))

1 1 1
2a;+a,—2ag— §a7+ Eag_ §a10+(2a6—a8)

_thVt*dZ[

2
m’/

x—
2mg(mp—mg)

S

f 20
(Bg7,7)
f—g—l)r”}xu a7
n

1

(BY7.m) (BYn.7m)
+|az—ag+ E(a7—ag) X"+ [azg—as—aztag]X,

S

1
astas— 5 (a;t+ag)

(Egvm?)
> X

S

+

. _
+[az+as+a;+ ag]X(ch’””)+ X(Ba7m)

1
2az+a,+2as+ E(a7+ ag—aip)

—(Zae—as)<7777|a(l+75)d|0><0|5(1—75)b|§3>]' (B10)

A(BS— %' 7') is obtained fromA(BJ— 77) with 7— 7’. (B11)

APPENDIX C: B, —PP DECAYS

2
me

u

astapt2(agtag)

A(B, —K°7 )= —vtbv:;[ = (e ) X!

2

mKO

+

1 - _— K0 - -0
a,— = ajgt (2ag—ag) X By ™ KDV pVE @y XBu o™ KD,

2 (Ms+mg)(Mp—mg)
(Cy
- - - - “K— 0
A(By —K ™m0 =V Vi@ X B ™K ) a By 7K )4 g, x(Bu k)
2
-V bV*[ ay+ayot 2(ag+ag) S }X<BJ”°'K_>
s 0 ° 8 (ms+my)(mp—my)
3 (B K .79
+§[—a7+ag]xu +| aztapt2(as
me._ o
+ag) . XBy Ko7 (C2
8 (Ms—my)(mp+m,)
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, ) e k= ) - () - k=)
A(B, —K™ 7' >)=Vubv35[a1x<5u 7K 4 g X Buk )+a1ijB“ KT )+a1XLB“ Kom )}

u

(B K™, (')) 1 1
+VepVisaoX, 7=V Vi 2a3—2a5—§a7+ 58

('))

X(BJKf,Tr
u

(BJKf,n(,)) 1
+[ag—as—az+ag]X, + a3+a4—a5+§(a7—a9—a10)
m- £
(") (") (BTK™ ('))
+(2a5—ag) 5————— | 1= —— | [ X, " 7
(2867 %) ammy—may | 17| |
M B, 7K
+ a4+a10+2(a6+a8)(m o) (Me=my) XBy7
S u u
2
h )
. o
+ a4+a10+2(a6+a8)(m “m )(mb+m ) X(BU Ko ) (C3)
S u u
2
mg- 1
A(B, —K K%)= VypViga— Vi Vi ag+aet2(ag+ - XBu KKy vE g, — =
(By— ) ubVig@1— VipVig| st aiot2(as aS)(md—m Y(met my) u tVid) 827 5810
u u
2
mKo -, — 0
+(2ag—ag) }X(BUK K (C4
6 8 (md+ms)(mb_ms)

2

_ - 0_- “a w0 3
A(By — 7 70 =V Vi aXBumm DpaX Pu T 7 >]—vtbvrd[— —ay+ag+ayg

2

mﬂ_o

+ mMg) (Mp—mgy)

+2ag X By ””’°>] , (C5)

’

('))

_ . — () = - - = (") -
ABy =7 7 ) =VypVigag(XPe 7 T 42X B 1) g X BT Dy v e X B

1
—VipViy) | 2az+a,—2as+ 5(_ a;+ag—a)

m o, o 1 .
(") (") B 7,7 B, 7,7
+(2ag—a 7 1o [ X" T D las—as+ = (ay—ag) [ XLu T
(2ag—ag) 2m(My— M) fu(,) 70| Ny 37495 2( 7~ ag) s
i
(") m’ (")
(B, 7 .7 ™ By 7 m)
+[a3_a5_a7+ag]x u + a4+a10+2(a6+a8) X u
¢ (my+mg)(Mmy—mg) | Y
2
m_ -
+| ay+ajo—2(ag+ag) ! X8y 777 (C6)
4 10 6 8 (mb+mu)(md_mu) '
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APPENDIX D: §g—>VP DECAYS

(Bgk®,p®)
u

_ BUKO, .0 3
ABY—Kp%)=VypViear X, >—vtbv:;[ 5 (a7+ag)X

2
1 mEO 00,0
_ = _ _ (Bgp™ K")
T 2 10 (23 aB)(ms+md)(mb+md) ‘
2
Mgo (B0K0,0)
— —a— — K-p
+|a, Zalo (2ag ag)(ms+md)(mb+md) X "d , (D1)
70 g~ * B8t K) * 1
ABg— K p7)=VypVis@a X % 1= VipVig| | 84— 5810
2
(2 ) mBg wv(gg K ph)
- a _a 7\ !
87 (mg+mg)(my+my) |
2
mK* =0+ -
+ a4+a10—2(a6+a8)(m o (e X(Bgp ™K >], (D2)
S u

=0 - =0 -
A(BI—K*m ") =V anXam ” >—vth?‘s[[a4+alo]x<8d”*vK* >

2
Mo
1 Bd R0 x— _+
+|as— =a;—(2ag—a X(BaK™ )], (D3)
47 220 (28 8)(ms+md)(mb+md)
20 %0 _0 * (BOK*0 70 * 3 (BOK*0 70 1
A(Bg—K* 7°) =V, V@, X Fd™ T =V VI —§a7+§agx d® T+ a4~ 5210

még RO %0 _0 1 20_0 %0
_ _ (B, K* 7Y _ - (Bym”, K*©)
(2a6 aS) (ms+ md)(mb+ md) X=d + ay 2 CEN) X'"d ’ (D4)
B0 KO * ! (BIKC,4)
A(Bd*)K ¢)=—thVts a3+a4+ as_z(a7+ag+a10) X ar
m&
1 Bg R0 0
_ _ — (Bg.K"¢)
tlas~ 580 (2ag—ag) (Mot M) (Mot g) X=d ] , (D5)

%0 (! BOK*0 (") BOk*0 () BOK*0, 4"
ABY—K* 7)) = VoV X B ) v ap X Bk v vt apx B

BOk*0 (")
. (B9K*,5(")
_thVtS Xu

1
2(ag—as)— 5(37_39)

m2
()
" 7

1
aztas—as— 5(_377L ag+ajg —(2as—ag) 2mg(my+m,)

K*0 (' K*0,5(")

"0 ) R0
B B
><X(s d )+[a3—a5—a7+a9]xi d
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1 =0 (") *
+ a4_§alo X(Bg”( LK*O) 4 as—agg
2
mgg (EO E*O ('))
— — K*Pz
(22 aS)(ms+md)(mb+md) ’ ’ (©6)
— 200 1 5050
A(BS— K w) =V, Vi@ X P "")—thVt*s{ 2ag+2a5+ 5 (a7 +a) X
1 m& - <o
+|a,— sa;0—(2ag—a (B KD
4™ 220 (22673 o S (my T mg)
m&
1 Bg R0 0
+|a,— =a;—(2ag—a X(BaKro) D7
4~ 220 (28 8)(ms+md)(mb+md) o7
A(Bi—p 7") :VubV:d{alx(ng+’p_)+ azx(Bg'p_ﬂJr)}
= . 1
—vthfd[ (a+a)XBi™ P ) +| 225+ a,~2a5+ 5 (~ar+ag—ay)
2
M-o
—(2as— )# X(Efj.p*wﬂ (D8)
(285~ 2 2my(m,+mg) '
A(§g—>P+7T)=VubV3d{alx(ng+’w_)+azx(Bg'p%_)}_thV?d{ 2azta,—2as
2
M-o —
d + o
— = (ay—ag+ay) —(2ag—ag) =——— | XBar 7 )
2( 7 9 lO) ( 6 8) 2md(mb+md)
2
m_- RO + -
+|as+tap—2(asta = X(Bap ™7 )}, D9
4t a0~ 2(a 8)(mu+md)(mb+mu)} 09
A(BY—K*9K0)=—V V*[ a —Ea XBKKO | 4 ta.+a —E(a +ag+ayg)
d tVia| |84~ 5810 stagtas— s(astagtag
2
mgg 20 0l *0
_ oy d \(BOKOK*0)
(2a5—as) Zmg(me+ M) XEd . (D10)
1 mg
— 0 BO*0 1 0
A(BY—K*OK%) ==V, V| | as— S a0~ (2a5—a < X(BgK* OKO)
( d ) tb Vtd 4 2 10 ( 6 8)(ms+md)(mb+ms)
1
+ a3+a4+a5—§(a7+a9+a10)
mBS 20 7% 0,0
_ oy (B0 K*OKO)
(285=3¢) 5 e v my) | X , (D1D)
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2
mgg R0 ek —
A(BI—K* K")==VyuViy) | a3—as—ay+agt2(ag+ag) 5—— —— | XBak K"
2my(my+my)
2
1 Bg (EO K+K*7)
— — + — - - d
+| azg—as 2(a7+ag) (2ag—ag) 2my(mg + mg) X,
+ VgV 2 X BaK K ), (D12)
2
mgg R0 =k +
A(BG—K K**)=—VyuVi as_as_a7+ag+2(aa+as)m X(BgK KT
u
mé
1 By (BOK K* ™)
— — _ - - d
+| az—as 2(a7+a9)+(2a6 ag)st(mb+md) X,
+V V2 X BaK K ), (D13)

4 1 =0 (' 1 =20 ()
A(B—¢7' ))=_thV:‘d[ ag+as— 5 (ar+ag) X®ar 9+ ag—ag+ 5 (a7~ a9) X(SBd'(/”7 )],
(D14)
1 20
A(§g—>¢770):thVrd a3+a5—§(a7+a9) X(Bdﬂo‘@. (D15
o B0 0 0 R0 _0 0
A(Egﬂpoﬂo)=VubV3daz{X(Bg'powo)+ijde v )+XBBd7T " )}_thVfd{ 2agta,—2as
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