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Charmless hadronic two-body decays oB¢ mesons
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Two-body charmless nonleptonic decays of Biemeson are studied within the framework of generalized
factorization in which factorization is applied to the tree level matrix elements while the effective Wilson
coefficients arew and renormalization scheme independent, and nonfactorizable effects are parametrized in
terms of Nﬁﬁ(LL) and Nﬁﬁ(LR), the effective numbers of colors arising fronv{A)(V—A) and (V
—A)(V+A) four-quark operators, respectively. Branching ratioBgf> PP,PV,VV decays P: pseudoscalar
meson,V: vector mesop are calculated as a function cNﬁﬁ(LR) with two different considerations for
NET(LL): (a) NET(LL) being fixed at the value of 2 arth) NEf(LL) =NET(LR). Tree and penguin transitions
are classified into six different classes. We find the followifiy. The electroweak penguin contributions
account for about 85%for NE"(LL) = 2] of the decay rates @s— nm, 7’7, 7p, 1'p, ¢, ¢p, Which
receive contributions only from tree and electroweak penguin diagrams; a measurement of them will provide
a clean determination of the electroweak penguin coeffiagnt(ii) Electroweak penguin corrections By
—wn),¢n,0d,K*) ¢, ¢¢ are in general as significant as QCD penguin effects and even play a dominant
role; their decay rates depend strongly NE(LR). (iii) The branching ratio oB,— 77, the analogue of
By— 7'K, is of order 2x 10~ 5, which is only slightly larger than that of’ ' ,K* Tp~ ,K*K~,K°K° decay
modes.(iv) The contribution from thep’ charm content is important f@8.— »’ »', but less significant for
Bs— n7’'. (v) The decay rates for the final statés”*)K~®) follow the patternI'(B,—K*K™)>T'(Bs
—K'K*)=I'(Bg—K* TK*7)>T(B;—~K™*K~) and likewise fork°*)K°*) as a consequence of various
interference effects between the penguin amplitudes governed by the effective QCD penguin coedficients
andag. [S0556-282(99)01405-9

PACS numbgs): 13.25.Hw, 12.38.Bx, 14.40.Nd

I. INTRODUCTION previous predictions. It would be very interesting to see if the

’ ’ ! ! 1
Recently there has been remarkable progress in the Stu(ﬁpalogue 0By—#'K, namely Bs— 57’ or Bs— 7’7" sil

of exclusive charmles8 decays, both experimentally and as the largest brqnchln.g ratio In two-boy ch'armless

theoretically. On the experimental side, CLEO has discovdecays. Another point of interest is concerned with the elec-

ered many new two-body decay modas, troweak penguin corrections. It is naively believed that in
charmlessB decays, the contributions from the electroweak

penguin diagrams are negligible compared to the QCD pen-

guin corrections because of smallness of electroweak pen-
oy guin Wilson coefficients. As pointed out in R¢2], someB

decay modes receive contributions only from the tree and
and possible evidence f@— ¢K*. Moreover, CLEO has electroweak penguin diagrams and moreover they are domi-
improved the upper limits for many other channels. Therenated by the latter. Therefore, electroweak penguins do play
fore, it is a field whose time has finally arrived. On the the-a dominant role in some d@g decays. There also exist sev-
oretical aspect, many important issues have been studied &ral penguin-dominateds decay modes in which elec-
past years, such as the effective Wilson coefficients that aregoweak penguin corrections to the decay rate are comparable
renormalization scale and scheme independent, nonfactorite that of QCD penguin contributions. In this paper, we will
able effects in hadronic matrix elements, the QCD anomalystudy this in details.
effect in the matrix element of pseudoscalar densities, run- Experimentally, only upper limits on the branching ratios
ning light quark masses at the scafg, and theq? depen- have been established for a féBy rare decay modeésee
dence of form factors. Ref. [3] or Table 7 of Ref[1]) and most of them are far

In the present paper, we plan to extend previous studies dfeyond the theoretical expectations. Nevertheless, it is con-

charmless hadronic decays Bf, B4 mesons to th®; me-  ceivable that many of thB, charmless decays can be seen at
sons. In principle, the physics for tiig, two-body hadronic  the future hadron colliders with lardeproduction. Theoreti-
decays is very similar to that for th®; meson except that cally, early systematical studies can be found in Refs5).
the spectatod quark is replaced by thequark. Experimen- More recently, one of ugB.T.) [6] has analyzed the exclu-
tally, it is known thatB*— »'K= and B4— 7’'K have ab- sive charmles8 decays involving they or 7’ within the
normally large branching ratios, several times larger tharframework of generalized factorization.

B->77’K+, 77!}(0, WiKO, ﬂ_iKI, WoKi, (l)Ki,
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This paper is organized as follows. A calculational frame-tained in this manner is guaranteed to be renormalization
work is set up in Sec. Il in which we discuss the scale andscheme and scale independént.
scheme independent Wilson coefficient functions, parametri- Perturbative QCD and electroweak correctionsgq:)
zation of nonfactorizable effects, classification of factoriz-from vertex diagrams and penguin diagrams have been cal-
able amplitudes, etc. The numerical results and discussiormilated in Refs][8-11]. The penguin-type corrections de-
are presented in Sec. Ill. Conclusions are summarized in Sepend onk?, the gluon’s momentum squared, and so do the
IV. The factorizable amplitudes for all the charmless two-effective Wilson coefficient functions. To the next-to-leading
body B decays are given in Appendixes. order, we obtairj12]

eff _ eff _
Il. CALCULATIONAL FRAMEWORK ¢ =1.149, ¢z =-0.325,

A. Effective Hamiltonian c§"=0.0211+i0.0045, c§'=—0.0450-i0.0136,
The relevant effectivéB=1 weak Hamiltonian for had- off ) off .
ronic charmles® decays is c:'=0.0134+i0.0045, c¢'=—0.0560-i0.0136,
Ge cf=—(0.0276+i0.0369a, c&=0.054,
He(AB=1)= 2 VipV{g( €107 +€203) + VepViq(€107
cf=—(1.318+i0.0369«, cSM=0.26%, (5)
10
+¢,0%)— thquzg c;O;|+H.c., 2 atk?= m§/2. It is interesting to note thzﬂfiﬁ2 are very close to
<

the leading order Wilson coefficients:®=1.144 andcs®
=-0.308 at u=my(m,) [13] and that Re¢S
~%c'§96(,u). Therefore, the decay rates of charml8sde-
cay modes dominated by QCD penguin diagrams will be too
small by a factor of~ (1.5)?= 2.3 if only leading-order pen-
guin coefficients are employed for the calculation.

whereq=d,s, and

Of=(ub), ,(qu), ,, O4=(gb), ,(uu)

e) — _b ! _ ,
= )V‘Ag (@9 )v-aveny B. Parametrization of nonfactorizable effects
Because there is only one single form factor Lorentz
O, = _ab RGNS , 3 scalaj involved in the class-| or class-Il decay amplitude of
0= B)V*Ag (Agtalv-nvea ® B—PP, PV decays(see Sec. IIC for the classification of
factorizable amplitudesthe effects of nonfactorization can
3 — be lumped into the effective parametersanda, [14]:
O7(9>:§(qb)v_AE € (4'a" )veav-a)
q!

eff _ _eff eff
a, =Cq +C2

eff _ .eff eff
, Ay =Cy +Cl

1+ 1+
N_CXl N_CXZ

3

3 — PR
08(10)25(%%)\,%2 €q(AgUe)v+ANV-A)
q

wherey; are nonfactorizable terms and receive main contri-
with O3—Og being the QCD penguin operato@;,—0,,the  butions from color-octet current operators. Sicg™/cS"
3—Us g peng p 7v—O1p p 2
electroweak penguin operators, anquZ)\HAE arv.(1 >1, it is evident from Eq(6) that even a small amount of
+ v¢)(,. In order to ensure the renormalization-scale ancponfactorizable contributions will have a significant effect on

-scheme independence for the physical amplitude, the matrigbe color-suppressed clags-ll amplitudexf, are universal
g.e., process independént charm or bottom decays, then

element of four-quark operators has to be evaluated in th h lized f L h in which the d
same renormalization scheme as that for Wilson coefficienty/¢ Nave a generalized factorization scheme in which the de-
¢,(w) and renormalized at the same scaleGenerically, the cay amplitude is expressed in terms of factorizable contribu-

hadronic matrix element is related to the tree level one via ions multiplied by the universal effective 'pargmetaﬁgz.
For B— VYV decays, this new factorization implies that non-

(O(w))=9(1£){O)yee (4)  factorizable terms contribute in equal weight to all partial
wave amplitudes so thaﬁffz can be defined. It should be

with g(u) being the perturbative corrections to the four- stressed that, contrary to the naive one, the improved factor-
guark operators renormalized at the sgaleWe employ the
relation (4) to write {Heg) =c®™(O)yee. Schematically, the
effective Wilson coefficients are given f"=c(u)g(u). This formulation is different from the one advocated in &,
Formally, one can show thaf" are u and renormalization in which the u dependence of the Wilson coefficiertgu) are
scheme independent. It is at this stage that the factorizatiogssumed to be canceled out by that of the nonfactorization param-
approximation is applied to the hadronic matrix elements ofeterseq(u) ande,(u) so that the effective parametead™ are u
the operatolO at the tree level. The physical amplitude ob- independent.
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ization does incorporate nonfactorizable effects in a process TABLE I. Numerical values for the effective coefficiera§" at
independent form. For examplg; = x,=—3 in the large- NE"=2,3,5¢ (in units of 10°* for ag, . . . ,a;0). For simplicity we
N, approximation of factorization. Phenomenological analy-will drop the superscript eff henceforth.

ses of the two-body decay data Bfand B mesons indicate

. . . . .. ff__ ff__ ff__ ff__
that while the generalized factorization hypothesis in general Ng'=2 Ng'=3 Ng'=5 NG =00
e e e oy 2 098 0d 108
some variation from channel to channel, especially for the,, 0.25 0.058 —0.095 —0.325

weak decays of charmed mesdrig-14. An eminent fea- a, —13.9-22.6 61 1214181  211+45.3
ture emerged from the data analysis is thftis negative in a, —344-113 -380-121 —408-127 —450-136
charm decay, whereas it becomes positive in the two—bodg5 146-22.6 527 22.0-18.1  134+45.3

decays of the8 meson[14,17,7; as —493-113 -515-121 —533-127 —560-136
a, 004-273 —0.71-2.73 —1.24-273 —2.04-2.73
ag 298-137 3.32-091 3.59-0.58 4

(M) &y —87.9-273 -911-2.74 -93.7-2.73 —97.6-2.7

It should be stressed that the magnitudeagf depends on @0 —29.3-1.37 —13.1-0.91 —0.04-0.53 19.48
the model results for form factors. It follows that

aS(D—Km)~—-050, aSf(B—Dm)~0.20-0.28.

o _ . from that of (v —A)(V—A) operators. One reason is that the
Xo(D—Km)~=036, xp(B—~Dm)~012-019. @) o " roneformation of theM—A)(V+A) operators 75

The observatiofy,(B)|<|x.(D)| is consistent with the in- IS quite different from that of {—A)(V—A) operators
tuitive picture that soft gluon effects become stronger wherP1,234andOg 1. As a result, contrary to the common as-
the final-state particles move slower, allowing more time forsumptionNg"(LR) induced by the Y —A)(V+A) operators
significant final-state interactions after hadronizatidd]. are theoretically different fronNﬁ“(LL) generated by the
Phenomenologically, it is often to treat the number of colory(V—A)(V—A) operatord12]. From Eq.(11) it is expected
N, as a free parameter to model the nonfactorizable contrithat
bution to hadronic matrix elements and its value can be ex-
tracted from the data of two-body nonleptonic decays. Theo- N&(LL)=(Ng");~ (N~ (N3~ (NgM 1~ (N
retically, this amounts to defining an effective number of

- : ~(Ng"
colorsNg", called 1£ in Ref.[18], by c /100

TNET=(1/N,) + x. 9) NE"(LR) = (NgM s~ (N g~ (NE™) 7~ (NE)g, (12)
It is clear from Eq.(8) that and N&"(LR) = N"(LL) in general. In principleN&™ can

vary from channel to channel, as in the case of charm decay.
Nﬁﬁ(D—>ETr)>3, Ngﬁ(B—>D7T)~1.8—2.2. (10) However, in the energetic two-body decays,Nﬁff is ex-
pected to be process insensitive as supported by[@ata
The effective Wilson coefficients appear in the factoriz-  The NE" dependence of the effective parametiss are
able decay amplitudes in the combinatior@scgiff shown in Table | for several representative values\@ff.
+ (LN | and ay_,=cS |+ (1N (i=1,...,5). From Table | we see thaf) the dominant coefficients are
As discussed in the Introduction, nonfactorizable effects ira;, a, for current-current amplitudes,, andag for QCD
the decay amplitudes d— PP, VP can be absorbed into penguin-induced amplitudes, an@dg for electroweak
the parametera®™. This amounts to replacinly., in a" by ~ penguin-induced amplitudes, afié) a;,a4,as, andag are
(NE™),; . Explicitly, NE™ stable, while others depend strongly Nf". Therefore,
for charmlessB decays whose decay amplitudes depend
dominantly onNﬁﬁ-stabIe coefficients, their decay rates can
eff _ _eff eff . h . - .
az =Cy + (e “Cai-1, be reliably predicted within the factorization approach even
c/a in the absence of information on nonfactorizable effects.
The CLEO data oB*— w#™ available last year clearly
eff _ eff 1 off (=1 5. (11 indicate thatNS™(LL) is favored to be smallN®"(LL)<2.9
o [12]. If the value ofNE(LL) is fixed to be 2, the branching
ratio of B*— w=~ for positive p (p being a Wolfenstein
It is customary to assume in the literature tthi’f()l parameter; see Sec. l)Dwhich is preferred by the current
~(NEM,. .. ~ (N, so that the subscriptcan be dropped; analysis[19], will be of order (0.9-1.0)x10"°, which is
that is, the nonfactorizable term is usually assumed to behaweery close to the central value of the measured one. Unfor-
in the same way in penguin and tree decay amplitudes. Aunately, the significance 0B —w#™ is reduced in the
closer investigation shows that this is not the case. We haveecent CLEO analysis and only an upper limit is qudt2d.
argued in Ref[12] that nonfactorizable effects in the matrix Nevertheless, the central value B{B*— 7~ w) remains
elements of Y—A)(V+A) operators are priori different ~ about the same. Therefore, a measurement of its branching
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ratio is urgently needed. A very recent CLEO analysis of TABLE II. Penguin contributions to the factorizabl®
B°— "7~ [21] presents an improved upper limig(B° —PP, VP,VV decay amplitudes multiplied by —(Gg/
—at7)<0.84x10°5. If the form factor FB™(0) is  V2)VwV{y, whereq=d,s. The notationB—M,,M, means that
known, this tree-dominated decay could offer a useful con{h® mesonM, can be factored out under the factorizable approxi-

straint onNE(LL) as its branching ratio increases slightly Mation. In addition to thee,e,terms, the decay also receives con-
with N& For Fgﬁ(o)zo 30 we findNeﬁ(LL)<2 0. The tributions froma,yy penguin effects whei, is a neutral meson
c - .30, c <2.0.

off . . with 13=0. Except forn or " production, the coefficientR and
fact thatN;"(LL) is favored to be at the value of 2 in had- 5/ ;e given by R=2m2/[(m,+my)(m,—ms)] and R’ =

ronic charmless two—body. decays of tBemeson is consis- — 2ma3/[(m,+m,)(m,+mg)], respectively.
tent with the nonfactorizable term extracted frol

—(D,D*)m, Dp decays, namelyNE"(B—Dm)~2. Since  Decay b—quu b—gcc b—qdd, b—qss
the energy release in the energetic two-body decBys

—wm,B—Dr is of the same order of magnitude, it is thus B—P.P atapt(astag) R g,— La +(ag— 2 agR
expected thaNS(LL)|g_.,~~2. In analogue to the class-lll B—V,P atat(astagR  a,— la, +(ag— sag)R’
B— D decays, the interference effect of spectator amplig_,p v ay+aso a,— Lay,

tudes in charge® decaysB™—x #°, p @’ @ p° is

- : B—V,V a,+a -1
sensitive toNS"(LL); measurements of them will be very 4710 847z 80
useful to pin down the value df€(LL). o

o h B—P,P az—as—asta _ 1. 1
As for N€(LR), it is found in Ref.[12] that the con- - o 3 9 GrTee ag as+zla7 12&9
straints on NEf(LR) derived from B*— ¢K* and B B—>V,P0 838 a7+ az—as+3z8;~ 2a
— ¢K* are not consistent. Under the factorization hypoth-B—P.V agtastas+ag agtas— 3a;— 3ag
esis, the decayB— ¢K and B— ¢K* should have almost B—V,V° aztasta;+ag az+as— sa;— s ag

the same branching ratios, a prediction not borne out by cur=
rent data. Therefore, it is crucial to measure the charged and
neutral decay modes &— ¢(K,K*) in order to see if the
generalized factorization approach is applicable Bo

— ¢K* decay. Nevertheless, the analysiBBof 'K in Ref. — e
[12] indicates thaNe™(LL)~2 is favored andNE™(LR) is ~ A(Bs—K* ") pengc[as+a10— (ag+ag)R' X B 7 ),
preferred to be larger. Since the energy release in the ener- o

getic two-body charmlesB decays is not less than that in A(Bs—>K+P_)peng°<[a4+ alo]X(BsKﬁ”*), (16)
B— D decays, it is thus expected that

_ B .
A(Bs—K* 77 ) pengt[@4+ @10+ (ag+ag) RIXBK 7 ),

with R’memi/(mbmd). When M, is a neutral meson
with 1,=0, namely,M,=7° %o and 5", a,4q penguin
terms start to contribute. From Table Il we see that the decay

| x(two-body rare B decay<|x(B—D)|. (13

It follows from Egs. (8) and (9) that NE"(LL)~Nf(B . e o = o =
—Dm)~2 andNgf(LR)~2-5, depending on the sign of amplitudes — of ~Bs—M", Bs—Mp", Bs—Mw, Bs
x- SinceNS(LR)>NEf(LL) implied by the data, therefore, —M 7" contain the following respective factorizable terms:
we conjecture that
_ X(BSM,']TO)
NE(LL)~2, Ne(LR)=<S5. (14) >(—artagX, :

C. Factorizable amplitudes and their classification BM,p?)

3
Applying the effec_tive Hamiltonian2), the factorizable

decay amplitudes oB,—PP,VP,VV obtained within the

generalized factorization approach are summarized in Ap- 2a3+2as+ £a7+ Eag XE]BSM'(U),

pendixes A,B,C, where, for simplicity, we have neglectéd 2 2

annihilation, spacelike penguins, and final-state interactions.

All the penguin contributions to the decay amplitudes can be 1 1 BM, 7))

derived from Table Il by studying the underlyirg quark 283~ 285 5 a7+ 589X, ° : (17)

weak transitions. To illustrate this, 12BM1:M2) denote the

factorizable amplitude with the mesdvl, being factored \here the subscript indicates theuu quark content of the
out: neutral meson:

(BMy,Mp) _ o o = _ _ —
X (M2](0203)v-al0){M4l(a1b),_,[B). s X&BSM’"O):(77°|(uu)v7A|0><M1|(q1b)V,A|BS>' (18

In general, wherM, is a charged state, only.,., penguin  For example, the penguin amplitudesByf— 7w andK°7°
terms contribute. For example, from Table Il we obtain are given by
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Class-VI involving the interference of class-IV and
X(Bsn,w)

u ’ class-V decays, e.gB<— 7 n(),¢5) K%, . ...
Sometimes the tree and penguin contributions are compa-
rable. In this case, the interference between penguin and
spectator amplitudes is at work. There are three such decays:

B— K%, K*%5() K*%: they involve class-Il and -VI am-

— 1
A(Bs— 77“’)pengoc 2(agtas)+ E(a7+ ag)

— 3 B.KO 0
A(BSHKOWO)peng«E(—a7+a9)x<uS .

+|a,— %aloJr ag— %ag R XngKovw% plitudes(see Tables IV and V/
3 1 D. Input parameters
*|—agt E(_a7+ ag) + 5810 In this subsection we specify the values for various pa-
rameters employed in the present paper. For current quark
B ae—zas R XBBSKO’WO), 19 rluiqs::es, we employ the running masses at the sgale

respectively. It is interesting to note that the dec#s my(mp)=3.2 MeV,  my(m,)=6.4 MeV,

— (7", ¢)(7°%p°% do not receive any contributions from mg(m,) =105 MeV,

QCD penguin diagrams and they are dominated by elec- °

troweak penguins. We will come back to this interesting ob- me(m,)=0.95 GeV, my(m,)=4.34 GeV.
servation later. (20)

Just as the charm decays Brdecays into the charmed
meson, the tree-dominated amplitudes for hadronic charmfs for the Wolfenstein parametefs\,p, and , which are
less B decays are customarily classified into three classedtilized to parametrize the quark mixing matrix, we use
[18] =0.804, A=0.22, p=0.16, andn=0.34. The values fop

Class | for the decay modes dominated by the extémial and » follow from a recent analysis of all available experi-
emission characterized by the parameigr Examples are mental constraints imposed on the Wolfenstein parameters
Es—>K+777, K* 7™, .. .. [19]:

Class Il for the decay modes dominated by the color-
suppressed intern&@l/ emission characterized by the param-

etera,. Examples ar@,—K%7% K%° ... where p=p(1—\?/2) and n=n(1—\?%2). For the values
Class Ill decays involving both external and intertdl  of decay constants, we usd, =132 MeV, fy=160
emissions. Hence the cIass-II.I amplitude is of the fam Meyv, f,=210 MeV, fx=221 MeV, f,=195 MeV, and
+ra,. This class does not exist for tiiy . f4=237 MeV.
L|k_e_W|s_e, pengum-dommz_ﬂed charmlésgdecays can be To determine the decay constamﬁ(,), defined by
classified into three categoriés. — N . 7 i
Class IV for those decays whose amplitudes are governed®|av,vsal 7' ) =if \p,,. it has been emphasiz¢a4,25
by the QCD penguin parametesig andag in the combina- that the decay constants do not simply follow the- 7’
tion a,+Rag, where the coefficienR arises from the §  state mixing given by
—P)(S+P) part of the operatorOg. In general, R
=2m%b/[(m1+ m,)(m,—mjz)] for B—P,P, with the me-
son Py, being factored out under the factorizable approxima-
tion, R= —2m§,b/[(m1+ m,)(mp+m3)] for B—V,P,, and Introduce the decay constarftg andf, by
R=0 for B—P,V, andB—V_pV,. Note thata, is always 0 i 8 —i
accompanied bg,o, andag by ag. In short, class-IV modes (O1Au[70)=ifop,,  (OAL|mg)=ifep, . (23
are governed bya.., penguin terms. Examples am®,; Because of S(B) breaking, the matrix elements
KK, KOKO, ), ... (0|A%®)| g o)) do not vanish in general and they will induce
Class V modes for those decays whose amplitudes ar@ two-angle mixing among the decay constants, thatjs,
governed by the effective coefficierdg,as,a;, andag (i.e., andf;, are related tdg andf, by
ao4q PENguin termsin the combinationsa;+ag and/ora,

p=0.156+0.090, 7=0.328+0.054, (21)

n' = ngsSinf+ nycosh, 7= ngC0SH— 1y SING.
(22)

+ Tabl . Exampl re B O fg fo
a?') (see Table N amples are Bg—wn'’, £, =2 singg+ —2 cosdy,
on'’), 7d, ... . N J3
S, = —2f—85in0 + f—Ocos@ (24)
20ur classification of factorizable penguin amplitudes is not the ' J6 8 J3 0
same as that in Ref22]; we introduce three new classes in the
same spirit as the classification of tree-dominated decays. Likewise,
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fg fo o 2 1 e
fY=—cosfg— —=sinb,, FB7 = | — —_sing+ —cos@ | F-s"ss.
7 \/6 8 \/§ 0 0 \/6 \/§ 0
. fg fo . It is clear that the form factor‘égs” and F(E;S”’ have opposite
f$= —2%00598— ﬁsm 0. (25 signs.

For theg? dependence of form factors in the region where
Based on the ansatz that the decay constants in the quafk iS not too large, we shall use the pole dominance ansatz,
flavor basis follow the pattern of particle state mixing, rela-namely,
tions betweerfg, 6, and § are derived in Refl25], where

0 is the — %’ mixing angle introduced in Eq22). It is

found in Ref.[25] that phenomenologically

£(0)

f(q¥)= —————
(a%) (1= gl

(31)

g=—21.2°, 6p=-9.2°, #=-154°, (260  wherem, is the pole mass given in RefL8]. A direct cal-
culation of B—P and B—V form factors at timelike mo-
mentum transfers is available in the relativistic light-front
quark mode[33] with the results that thg? dependence of
the form factorsA,, A,, V, F; is a dipole behaviofi.e.,
n=2), while Fy, A; exhibit a monopole dependence (

and

folf . =1.26, fo/f =1.17. (27)

The decay constantff],, defined by <O|Ey#750|77’>

. : ) : )-
= |f‘;7,qﬂ, has been determined from_ theoretlca] calculations Recently, theB.—K* andB.— ¢ form factors have also
[27-29 and from the phenomenological analysis of the datebeen calculated in the light-cone sum rule apprd@dhwith
of J/p— ney, Iy—n'y and of theny and 'y transition  the parametrization
form factors[11,25,30-32 it lies in the range-2.3 MeV

gf‘;,s —18.4 MeV. In this paper we use the values f(0)

1— a(qz/més) + b(qzlmés)2

f(a*)= (32
f®,=—(6.3x0.6) MeV, f$=—(2.4+0.2 MeV,

28 for the form-factorg? dependence. The results 48]

as obtained in Ref.25].
For form factors, the Bauer-Stech-Wirb@SWwW) model
[26] gives[5]®

Azs*(0)=0.382, a=1.77, b=0.856,

AP4(0)=0.296, a=0.87, b=—0.061,

BsK, () — Bs7ss (1) — Bs7g _
Fo(0)=0.274, Fe"%0)=0.335, F_*"{0)=0.282, AB#(0)=0255, a=155, b-0513,

AZ%(0)=0.272, A%?(0)=0.273, AZ<?(0)=0.273, VBs(0)=0.433, a=1.75, b=0.736,
AC¥7(0)=0.236, AT (0)=0.232, A (0)=0.231, AZ*"(0)=0.254, a=1.87, b=0.887,
VE4(0)=0.319, V°'(0)=0281. (29 A% (0)=0.190, a=1.02, b=-0.037,

It should be stressed that the- »' wave function normal-

= BSK* _ _ _
ization has not been included in the form factﬁl%”sS and A, (0)=0.164, a=1.77, b=0.729,

Bon. . st .
Fo 7ss; they are calculated in a relativistic quark model by VBK*(0)=0.262, a=1.89, b=0.846. (33

putting thesss constitutent guark mass only. To compute the ) )
physical form factors, one has to take into account the wavél iS obvious that theq® dependence for the form factors

function normalizations of; and 7' Ao,A;, andV is dominated by the dipole terms, whitg by
the monopole term in the region whegé s not too large. In
2 1 _ Tables IV and V we will present results using these two
ngn: - ( —c0sf+ —sin 0) FSS"SS, different parametrizations fd8,— V form factors.
NG V3 We will encounter matrix elements of pseudoscalar den-

(30 sities when evaluating the penguin amplitudes. Care must be

taken to consider the pseudoscalar matrix eIementnfé)r
3The form factors adopted in Ref6] are calculated using the — vacuum transition: The anomaly effect_s must be included
light-front quark model and in general they are larger than the BSWN order to ensure a correct chiral behavior for the pseudo-
model’s results. scalar matrix elemerjtl2]. The results ar¢35,11]
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'

— m.o)
(") N LT
(7' syss|0) 'st(f,,u f0)

(7 uysu|0)y=(5""|dysd|0)=r ' 77(')|§75S|0>,(34)

with [12]

1
cosf+ —siné
V25— 13 V2
r = y
" \2f2- 12 cow9— /2 sing

1 y2f2—f2 cosh— /2 sing

r,=—— .

T2 \2f2-12 1
cosf+ —=sin6

V2

(39

IIl. NUMERICAL RESULTS AND DISCUSSIONS

With the factorizable decay amplitudes summarized in
Appendixes and the input parameters shown in Sec. I, wi
are ready to compute the branching ratios for the two-bod
charmless nonleptonic decays of tBg meson. The decay

rates forBs— P P,VP are given by

[(BssPyPy)= —
8

>~ |A(Bs—P1P)|?,
BS

3
p
['(Bs—VP)=o— 5 |A(B—VP)/(e-p, )|
V S

m
(36)

The decayB,—VV is more complicated as its amplitude
involves three form factors. In general, the factorizable am

plitude of B.— V,V, is of the form
A(Bs—V,V,)=aXBsV1:V2) 4 gX(BsV2.V1)
= (a1 Ar>H BIAT ) 6] - 23

+ (A 4 BoAZ2) (61, ) (83 -P,)

kU KV o BV
tie, 0857 €] p’B’ p7(agVos't
S

+B3VEY2), (37

where use of Eq(C1) has been made. Then

Pc

P(BeVaVo)= — =

BS

BeVi, 12412
|a1(mBS+ ml)mzfvals 1(m2)|

X(H+2¢H,+2%H,), (38
where

H=(a—bx)2+2(1+c?%?),

PHYSICAL REVIEW D 59 074003

H,=(a—bx)(a—b'x’)+2(1+cc'yy’),

H,=(a—b'x")?+2(1+c'?y’'?), (39
with
ma,—m;—m3 2mg g
a= , b= ,
2mym, mymy(Mg_+my)?

2mBspc

c=———,
(Mg +my)

ﬂlA?sVZ( mi) Agsvl( m%) Vstl( m%)
= 1 X = L = L
aAmE) AR T AR
(40)

wherep, is the c.m. momentunm,(m,) is the mass of the
vector mesorv,(V,), andb’,c’,x’,y’ can be obtained from
b,c,x,y, respectively, with the replacemeyit« V.

The calculated branching ratios f8—PP,VP,VV de-
cays averaged oveCP-conjugate modes are shown in
Sables 111-V, respectively, where the nonfactorizable effects

Yre treated in two different caseg) NEf(LL)#=NEf(LR)

with the former being fixed at the value of 2, ariil)
NE"(LL) =NE"(LR). For decay modes involvinBs— K* or
Bs— ¢ transition, we apply two different models for form
factors: the BSW mod€]see Eq.(29)] and the light-cone
sum rule approacfsee Eq(33)]. To compute the branching
ratio, we have used thB lifetime [3]

7(Bg)=(1.54+0.07x 10 *? s, (41)

From Tables IlI-V we see that the branching ratios for
class-I and -IV modes are stable against the variatioN5f
as they depend on the coefficierasts,a, andag which are
Ngﬁ-stable. Class-V channels in general depend on the coef-
ficientsaz+as anda;+ag. However, the decays

Bs—nm, n'm, np, n'p, ¢m, ¢p (42)

do not receive any QCD penguin contributiory. There-
fore, these six decay modes are predominantly governed by
the electroweak penguin coefficienag, which is
N™.insensitive. A measurement of them can be utilized to
fix the parameteny. Note that their branching ratios are in
general small, ranging from>410 8 to 0.4x 10" ®, but they
could be accessible at the future hadron colliders with large
production.

In order to see the relative importance of electroweak
penguin effects in penguin-dominat&d decays, we follow
Ref.[22] to compute the ratio

_B(BS—>hlh2)(Wlth a7, .
v B(Bs—hihy)

.,810=0)

(43)

Obviously, if the tree, QCD penguin and electroweak pen-
guin amplitudes are of the same sign, then-®,,) mea-

074003-7



YAW-HWANG CHEN, HAI-YANG CHENG, AND B. TSENG

PHYSICAL REVIEW D59 074003

TABLE lIl. Branching ratios(in units of 10 ®) averaged ove€ P-conjugate modes for charmle%
— PP decays. Predictions are faf=m2/2, 7=0.34, p=0.16, andNS"(LR) =2,3,5¢ with NE"(LL) being
fixed to be 2 in the first case and treated to be the sanNaﬁ%(&R) in the second case. We use the BSW

model for form factor§see Eq(29)].

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

Decay Class 2 3 5 o 2 3 5 o

B—K*m | 6.64 6.66 6.67 6.70 6.64 7.38 8.01 8.99
B.—K07® I 0.24 0.24 0.25 0.25 0.24 0.08 0.12 0.46
B K K" v 9.88 10.9 10.9 11.6 9.88 10.9 11.7 12.9
B.— K°K® v 10.3 10.9 11.4 12.1 10.3 12.0 13.5 15.8
B.— 0y’ \Y 0.04 0.04 0.04 0.04 0.04 0.05 0.06 0.09
B.— 'y \Y 0.04 0.04 0.04 0.04 0.04 0.05 0.06 0.09
B.—K%y' VI 0.63 0.86 1.06 1.42 0.63 0.54 0.57 0.76
B.—K% VI 0.81 0.84 0.87 0.91 0.81 0.82 0.96 1.39
B.— 77’ VI 12.5 16.3 19.6 25.3 12.5 14.4 15.9 18.5
B 7'y VI 6.28 10.3 14.3 21.4 6.28 6.80 7.23 7.91
B.— 77 VI 5.30 4.80 4.41 3.89 5.30 6.23 7.05 8.37

sures the fraction of non-electroweak penguin contributions tree: QCDpenguin: electroweak pengif.28:1:—2.72.

to B(Bs—hihy). It is evident from Table VI that the decays

listed in Eq.(42) all have the samel\l‘caff dependence: For

NE"(LL) =2, the electroweak penguin contributions account

for 85% of the branching ratios fdB;— »n, ... ,$p, and
the ratio Ry is very sensitive toNE" when NET(LL)

(46)

It is clear that althougtR,,=0.79 for N§ﬁ= 3, the decays
Bs—wn' andB;— w¢ are actually dominated by the elec-

—NE"(LR). We also see that electroweak penguin correciroweak penguin.

tions to

B—own, wn', ¢n, ¢7', 0b, Kb, K*é, ¢,
(44)

depending very sensitively dnﬁﬁ, are in general as impor-

tant as QCD penguin effects and even play a dominant rol

For example, about 50% df(Bs—K°%®) comes from the
electroweak penguin contributions atlgﬁ(LL)zz and
NET(LR)=5.

The branching ratios for the class-V and -VI modes
shown in Eq.(44) depend strongly on the value N‘jﬁ. As
pointed out in Sec. Il, the preferred values for the effective
number of colors arelg'ﬁ(LL)~2 andNﬁ”(LR)~5. We be-
lieve that the former will be confirmed soon by the forthcom-
ing measurements oB—ww, mp,.... However, the
é)ranching ratios for some of the decay modes, &g.

S wn,on’,¢n, become very small at the values N@ﬁ
given by Eq.(14). As suggested in Ref22], these decays
involve large cancellation among competing amplitudes and
they may receive significant contributions from annihilation

Strictly speaking, because of variously possible interfergnd/or final-state interactions.
ence of the electroweak penguin amplitude with the tree and As noted in passing, class-IV modes involve the QCD

QCD penguin contributionsRyy is not the most suitable

penguin parameter®, and ag in the combinationa,

quantity for measuring the relative importance of elec-+Ra,, where R>0 for B.—P,P,,R=0 for P,V, and
troweak penguin effects. For example, it appears at the firsy_v, final states, anR<0 for Bc— V4P, , whereP,, or V,,

sight that only 21% oB3(Bs— w#') and B(Bs— w ¢) arises
from the electroweak penguins &E™(LL)=NE"(LR)=3.
However, the decay amplitudes are proportionalsee Ap-
pendix B

1
VubvasaZ_ thv?s 2(a3+ aS) + E(a7+ a9) . (45)

Sincea, and (@z+as) are minimum aN§“~3 (see Table)l,

is factorizable under the factorization assumption. Therefore,
the decay rates of class-1V decays are expected to follow the
pattern

[(Bs—PaPy)>I(Bs—PyVp) ~1'(Bs—V,aVy)

>T'(Be—V,Pp), (47

the decay is obviously dominated by the electroweak penas a consequence of various possibilities of interference be-

guin transition wherNE"(LL) =NE"(LR)=3. Numerically,
we find at the amplitude level

tween the penguin terms characterized by the effective coef-
ficientsa, andag. From Tables llI-1V, we see that
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TABLE IV. Branching ratios(in units of 10 ®) averaged ove€ P-conjugate modes for charmleBg
—VP decays. Predictions are faf=m?2/2, 7=0.34, p=0.16, andN®"(LR) =2,3,5¢ with NE"(LL) being
fixed to be 2 in the first case and treated to be the sanNzﬁ%(&R) in the second case. For decay modes
involving theB;—K* or Bs— ¢ transition, we use two different models for form factors: the BSW model
[18] (the upper entryand the light-cone sum rule approd@#] (the lower entry.

NEf(LL)=2 NET(LL)=NEM(LR)
Decay Class 2 3 5 o 2 3 5 e
Bo—K** ™ | 4.30 430 430 430  4.30 4.79 520  5.84
4.98 498 498 498 498 5.55 6.02 6.76
B.—K*p~ | 17.2 17.2 17.2 17.2 17.2 19.2 20.8 23.4
B, — K 70 I 0.14 014 014 015 0.14 0.01 0.02 0.23
0.17 017 017 0.17 0.17 0.01 0.02 0.27
B, K0 1 0.55 055  0.55 0.55 0.55 0.06 0.13 1.00
B K* 0y IVl 0.10 014 018 0.26 0.10 0.04 0.04  0.15
0.11 015  0.20 0.29 0.11 0.03 0.04 017
B.—K*0y IRY 0.18 018 018 017 0.18 0.13 0.17 0.39
0.20 019  0.19 0.19 0.20 0.13 0.18 042
B.— K% IRY 0.71 0.60 053 046 0.71 0.11 0.07 0.77
B K K~ v 0.68 0.78  0.87 1.01 0.68 0.75 0.80  0.88
0.79 0.90 1.00 1.16 0.79 0.86 0.92 1.02
B, KO KO v 0.26 0.34 041 0.53 0.26 0.20 0.15  0.10
0.31 040  0.48 0.62 0.31 0.23 018 0.1
B KK v 3.40 340  3.40 3.56 3.40 3.77 407 455
B,— KoK O* v 3.28 328  3.28 3.28 3.28 4.15 4.92 6.21
B.— 7% v 0.18 0.18 0.8 0.17 0.18 0.22 0.27 0.40

0.35 0.34 0.34 0.33 0.35 0.42 0.53 0.78

ESHI”?' \% 0.11 0.11 0.11 0.11 0.11 0.13 0.17 0.26
Bs—p7 \% 0.11 0.11 0.11 0.11 0.11 0.14 0.18 0.26
Be—wy' \% 0.79 0.18 0.01 0.31 0.79 0.004 0.36 2.52
Bi— w7y \% 0.80 0.18 0.01 0.31 0.80 0.004 0.36 2.56
B— o7’ VI 1.06 1.18 1.28 1.45 1.06 0.27 0.22 1.11
0.55 0.86 1.20 1.86 0.55 0.31 0.75 2.45
B— 7 Vi 2.03 0.79 0.25 0.20 2.03 0.91 0.34 0.04
1.43 0.41 0.15 0.69 1.43 0.58 0.19 0.09
B— K% Vi 0.002 0.01 0.04 0.13 0.002 0.03 0.10 0.29
0.004 0.03 0.07 0.19 0.004 0.04 0.12 0.32
F(ESHK+K_)>F(§S—>K+K*_)EF(ESH K**K* ") the contrary, the.hierarChMS) impIie; that the spin phase-
space suppression of the penguin-dominated deBay
>T(Bg— K *K™), —P,P, over B.— P,V or B.—V,P, is overcome by the
constructive interference between penguin amplitudes in the
I'(Be—KK%)>T (Bs—KK* ) =T (Bs—K*K*?) gra?ir&iegfa mitnﬂtf tﬁzeﬁlﬂfffnf r?m?tﬁ?i?er?myeﬁfspzlggeu-
>T(Bg—K*9K9). (48)  doscalar densities induced by penguin operators. Hence, a

test of the hierarchy shown in E¢48) is important for un-
Note that the patterh(B— P,Vp)>I"(B—P4Py), whichis  derstanding the calculation of the penguin matrix elerfient.

often seen in tree-dominated decays, for exampléB,

—>K+p*)>F(§S—>K*7-r*), occurs because of the larger
spin phase space available to the former due to the existencéror a direct estimate oR using the perturbative QCD method
of three different polarization states for the vector meson. Omather than the equation of motion, see R&8].
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TABLE V. Same as Table IV except chSva decays.

NEf(LL)=2 NET(LL) =NET(LR)
Decay Class 2 3 5 0 2 3 5 o
B—K**p~ | 12.5 12.5 125 125 12.5 13.9 15.0 16.9
14.4 14.4 144 144 14.4 16.0 17.4 19.5
B K% I 0.40 0.40 040  0.40 0.40 0.044  0.094 0.72
0.46 0.46 0.46  0.46 0.46 0.051 0.11 0.84
B.K% VI 0.26 0.21 019 017 0.26 0.04 0.02 0.28
0.30 0.25 022  0.19 0.30 0.044  0.031 032
B, K *K ™ * \Y; 2.53 253 253 253 2.53 2.80 3.03 3.38
2.91 291 291 291 2.91 3.22 3.48 3.88
B.—KO* KO Y 2.44 2.44 244 244 2.44 3.09 3.66 4.62
2.80 2.80 280  2.80 2.80 3.55 4.21 5.30
B.—p% v 0.17 0.18 0.18  0.18 0.17 0.22 0.28 0.41
0.33 0.34 034 035 0.33 0.42 0.53 0.79
B, wd v 0.65 0.15 001 025 0.65 0.004 0.30 2.09
1.22 0.27 0.02 048 1.22 0.007 0.56 3.92
B.—K% ¢ VI 0.007 0.049 010 019  0.007 0.13 0.28 0.57
0.014 0.098 017 030 0.014 0.22 0.43 0.86
B.— VI 13.8 8.77 557 215 13.8 7.15 3.40 0.37

251 15.9 10.1 3.91 251 13.0 6.18 0.68

Among the 39 charmless two-body decay modes oBthe
meson, we find that only seven of them have branching ratios

TABLE VI. Fractions of nonelectroweak penguin contributions
pend at the level of 10°;

to the branching ratios of penguin-dominated two-b@&Jydecays,
as defined by Eq(43). Predictions are fok?=mZ/2, 7=0.34, p — o L0TD S o e
=0.16, andN®"(LR) = 2,3,55 with N&(LL) being fixed to be 2in ~ Bs=K'K™, K'K", 99", 7’7", K'p~, K™ p~, ¢¢.
the first case and treated to be the sam&IE%LR) in the second (49)

case. We use the BSW model for form factors. It is interesting to note that among the two-body rare decays

. i T

Wz R B SR e o et

-

Decay 2 3 5 = 2 3 5 7 9 9 :
— + +y +1.5 —5
B.n%, 0.5 015 016 016 015 0.007 0.01 0.11 B(B™—7'K”)=(6.5.13+0.9x10"",
Es—”TO?? 0.15 0.15 0.16 0.16 0.15 0.007 0.01 0.11 B(Bd_)anO):(4_7f§:310_9)><1075. (50
B— ¢ 0.15 0.15 0.16 0.16 0.15 0.007 0.01 O0.11 o
B0, 015 0.5 0.15 014 0.5 0007 001 011 I"e decay rate 0B~ —7'K = andBy—#'K" is large be-
_s o 015 015 015 014 015 0007 0.0l 011 cause they receive two different sets of penguin contribu-
Bs—p"n ' : : : : : ' "=~ tions proportional toa,+Ras; with R>0. By contrast,
Bi—wy' 0.78 0.57 1.63 1.43 0.78 0.79 1.42 1.16 VP, VV modes in charm decays or bottom decays involving
B.—w7 0.78 0.57 1.63 1.43 0.78 0.79 1.42 1.16 charmed mesons usually have larger branching ratios than
S
By 173 170 169 1.65 173 1.93 063 061 hePP que. Because of the strange qluark conte,nt,of the
_s B, one will expect that the decads— n»' or Bs— 7' 7',
Bs—¢n 171 216 301 039 1.71 200 258 281 the B counterpart oBy— 7'K?°, is the dominant two-body
B.—K% 325 0.23 049 0.07 3.25 043 0.68 0.82 By decay. Our calculation indicates that while the branching

B,K**K*~ 087 0.87 0.87 087 087 094 100 1.08 ratio ofBs— 7y’ is large,
B.K*0k*0 108 1.08 1.08 1.08 1.08 1.03 1.00 0.96

B(Bs— n7')~2x10"° for N&(LL)=2, N(LR)=5,

B 0.15 0.14 0.14 0.14 0.15 0.006 0.01 0.11 (51)

B 0.78 057 1.63 1.43 0.78 0.79 142 1.16 . . . .
Bs—wé it is only slightly larger than that of other decay modes listed
B.~K%*¢ 382 0.55 076 0.86 3.82 0.75 084 0.87 i Eq (49), see Tables lll-V.

B.— ¢ 125 1.32 141 169 125 132 143 219 What s the role played by the intrinsic charm content of

the ' to the hadronic charmled3; decay? Just as the case
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Finally, we should point out the uncertainties associated
with our predictions. Thus far, we have neglected
— ) - . We-annihilation, spacelike penguin diagrams, and final-state
—ccs followed by a conversion of thec pair into the interactions; all of them are difficult to estimate. It is argued
via gluon exchanges. Although the charm content of e i, Ref. [22] that these effects may play an essential role for
is a priori expected to be small, its contribution is potentially 5,r class-V and -VI decay modes. Other major sources of
important because the CKM mixing angig,V¢s is of the  yncertainties come from the form factors and tigidepen-
same order of magnitude as that of the penguin amplitudgence, the running quark masses at the seglethe virtual
[see Egs(A10, All)] and yet its effective coefficierdt; i gluon’s momentum in the penguin diagram, and the values
larger than the penguin coefficients by an order of magnifgr the Wolfenstein parametersand 7.
tude. Sincea, depends strongly oNﬁﬁ(LL) (see Table),
the contribution ofcc— %’ is sensitive to the variation of
NET(LL). It is easy to check that thg’ charm content con- IV. CONCLUSIONS
tributes in the same direction as the penguin terms at
1INE™(LL)>0.28 wherea,>0, while it contributes destruc-

. eff .
tively at NG (LL)<0.28 wherea, becomes negative. In charmless two-body decays Bf mesons within the frame-

orde,r to explain the abnormally Iarge br,anchmg r?t'OB‘_)f work of generalized factorization. Nonfactorizable effects
—7'K, an enhancement from thec—»’ mechanism is  gre parametrized in terms dE™(LL) andNET(LR), the ef-
certaml;r/1 weIcomde in order to |mrﬁ)rove thg dlscrephancy betective numbers of colors arising fromV( A)(V—A) and
tween theory and experiment. This provides another strong,, _ ;
support forNS™(LL)~2. Note that a similar mechanism ex- &/ A)I(V+A) Tourquark operators, respectively.  The
PP ¢ - branching ratios are calculated as a functionNff'(LR)
plains the recent measurementtf — 7K™ [37]. with two different considerations faeS"(LL): (i) NE(LL)
It turns out that the effect of thec admixture in thep' is  peing fixed at the value of 2, an@) NE(LL)=NS(LR).
more important foiBs— 7’7" than forBs—#7'. Itis clear  pepending on the sensitivity of the effective coefficiea®
from Eg. (Al) that the destructive interference betweenOn Ngff, we have classified the tree and penguin transitions

Bsn, ' B Bs7', By’ . . . .
X(Ps77 )Mff]/FOS” and X7 M fCFES7 in the decay am-  into six different classes. Our results are

of B—7'K, Bg— 77(/)7;’ receives an internalW-emission
contribution coming from the Cabibbo-allowed procdss

Using the next-to-leading oder QCD-corrected effective
Hamiltonian, we have systematically studied hadronic

plitude of B— %', recalling that the form factorﬁgs”' (1) The decaysBs— nw, %'m np, 7'p, ¢m, ¢p re-
and F25” have opposite signs, renders the contribution ofc€ive contributions only from the tree and electroweak pen-
0 guin diagrams and are completely dominated by the latter. A

measurement of them can be utilized to fix the effective elec-
troweak penguin parameteg. For Ngﬁ(LL)=2, we found

Cthat electroweak penguin contributions account for 85% of
their decay rates. Their branching ratios, though shirathe
range of (0.4 4.0)x10 ], could be accessible at hadron
colliders with largeb production.

(2) For class-V and -VI penguin-dominated modBs
—wn, o', ¢, oy, K, K*¢, ¢d, electroweak
penguin corrections, depending strongly NE{T, are as sig-
nificant as QCD penguin effects and can even play a domi-

cc— 7' smaller forBs— 77’.

A very recent CLEO reanalysis &— »'K using a data
sample 80% larger than in previous studies yields the pr
liminary results[38]

B(B*— 7'K*)=(7.4"98+1.00x 1075,
(52
B(Bg— 7'K%)=(5.9"+8+0.9)x 1075,

suggesting that the original measureme&®d were not an
upward statistical fluctuation. This result certainly favors anant role

slightly Iargerf;(,) in magnitude than that used in E@8). (3) Current experimental information 8 — w=~ and
In fact, a more sophisticated theoretical calculation givesgo_, -+~ favors a smallNef(LL), that is, N®T(LL)~2
C H il [ ]

fS,=—(12.3~18.4) MeV[29], which is consistent with all which is also consistent with the nonfactorizable term ex-
the known phenomenological constraints. This valuéf}of tracted fromB— (D,D*)(w,p) decays,NS"(B—Dw)~2.
will lead to an enhanced decay rate B+ »'K. Numeri- We have argued that the preferred value for the effective

cally, we find that forNg"(LL)=2Ng"(LR)=5 andf;,=  number of colordNE™(LR) is NE(LR) ~5.
—15 MeV, (4) Because of various possibilities of interference be-
tween the penguin amplitudes governed by the QCD penguin
B(B—n7y')=2.2X10"°, B(Bs—7n'75')=1.8x10°, parametersa, and ag, the decay rates of class-IV decays

(539 follow the pattern: I'(By— P4Py)>T (Bs— P,V,)~T(Bq
—V,oVp)>T(Bs—V,Pp), whereP,=K™, P,=K~ or P,

to be compared with
=KO° P,=KO. Atest of this hierarchy is important to probe

B(Bs—77')=1.8x107° B(Bs—7'7')=1.2x10"°, the penguin mechanism.
(54 (5) The decayB— 7'K is known to have the largest
branching ratios in the two-body hadronic charmiBSsand
in the absence of the intrinsic charm content of ifie By decays. Its analogue in th&; system, namelB— n7’
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has a branching ratio of ordep10™ >, butﬂ is only slightly  For a neutraP, with the quark conterit\I(Equ --+), where

larger than that ofy’ ' ,K* " p~ ,K*K~,K°K? decay modes, N is a normalization constant,

which have the branching ratios of order £0

(6) The recent CLEO reanalysis @— »'K favors a (BP1.Py)_ — — —

slightly large decay constari, . Using f$,=—15 MeV, X =(P2l(qq),_,/0)(P4/(asb), ,[Bs)

which is consistent with all the known theoretical and phe- —ifq (m2 _m2 \EBsP1 m?2

nomenological constraints, we found that the intrinsic charm =if PZ(mBs mPl)FO (sz)' (A2)

content of then' is important forBs— #' ', but less sig-

nificant for B " . . ,
s As an example, the factorizable amplitud¥&s7 %) and

BoK, 7’ -~ T,
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APPENDIX A: THE E PP DECAY AMPLITUDES BK, 7’ — Ol a1 o
o XeH " = (7' |(qq),,_,JOXKO|(sb), ,|Bq)

For Bc— PP decays, we us¥®sP1-P2) to denote the fac-

_ig0 2 2 =BK 2
torizable amplitude with the mesdn, being factored out. _'fn’(mBs mi)Fo® (mn,). (A3)
Explicitly,

— — — For simplicity, W annihilation, spacelike penguins, and final-
(BgPq,Py) —
XBFLP2=(Po|(0203),,[0)(P4l(aib),_,[Bs) state interactions are not included in the decay amplitudes
. 2 2\ BPy 2 given below.
=ifp, (Mg —mp )F* H(Mp,). (A1) (1) b—d processes:
|
_ + =\ _ Ge * * mi (BsKt,77)
A(Bs—>K o )—E Vuqudal—thth a4+a10+2(a6+a8)(mu+md)(mb_mu) X S y (A4)
— Ge 3 1 1 m? 0.0
0,0y _ T (BsK™, )
A(Bs—K 7") = E[ VipViga2— VipVig| —as+ E(—a7+a9)+ 581072 85~ 53g (md+md)(mb_md)H 0 ,
(AS)
—= . Gr (BeK, 7)) (BsK, () 1 1 mg
A(Bs—K"7' ))Zﬁ VupVigaz2X, * "+ VenVeaaaX, =7 = VipVig) [8s— 5810+ 2| 86~ 588 (Mot M) (M= Tg)
BerK) Bk 1) 11 o eka)
XXBsT 20+ (ag—as—az+ag)X|, tlas—ast ;a5 X, +(az—as—as+ag)
1 1 1 1 m’ 2
(BSK’W(')) 70 7" (BsKvﬁ(,))
X +|az+tay—as+ —a;— —ag— —ajpt+|ag— zag|——— ——1|r . .
X aztas—asg 2a7 2a9 2a10 ag zag oM — M) f“(,) 1r, Xy
7
(A6)
(2) b—s processes:
B r—y_ OF * * mi (BKT,KT)
A(Bs— K™K ):E VubVisa1— VpVis a4+a10+2(a6+a8)(mu+ms)(mb_mu) Xt R (A7)
— , Gk 3 (") ;0
A(Bs— 707! ))=E{VubejSaz—thVt*s[E(—a7+a9) ]XE,BS” EEs (A8)
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where

(") 70 — "y - fa 2 )
XTI (), L J0)(7' (sD), B =T (mg —m )P (md), (A9

V2

- ’ GF B ! B ! B ’ B ’
ABs—77)= VupVisaa (X, 77 4 X7 ) 4V g Viaa (X774 X7 7) =V Vi
2 u
1 1 1 1 m_, f, /
_ A T4 = _ = [ A R T A (Bsm.m")
x[ aztas—ast+ 2a7 Zag 2a10+ ag 2a8 ms(mb_ms)( 1 = X
7
1 1 Bun ') (Bemn')
+| 2a3-2a5— sar+ ;a9 | X, ST+ (ag—as—agtag)X, "
1 1 1 1 m? fu :
_ A T4 _ = _ - . |4__m (Bsn'.m)
+|aztas—as+ 2a7 2a9 2a10+ ag 2a8 ms(mb_ms)( 1 ij X
1 1 (Ben'\7) (Ben' .7
+| 2a;—2a5— Sart sag|X, TVt (ag—as—aztag)X, " |, (A10)
- ' ' GF B ’ ’ B ’ ’ 1 1 1
AB— ' 1) = 52| VioVi@aX "+ VeoVeaaX 7T VoV | agtag—ast 3ar— 530 e
2 u
1 m ’ ! ’ ! 1 1 ! ’
_ = 7 __n (Bsn"\n") _ _ = - (Bs7',7")
+| ag 2a8>ms(mb+ms) = X, +| 2a3—2asg 2a7+ 2a9 X,
7
+(ag—as—a;+ ag)X(CBsn,'n’)] ) . (A11)
|
The amplitude ofB;— n# is obtained fromA(Bs— 7' 7') x(BsVP>E<p|(azqa)vi/Jo><v|(alb)V7A|§s>
by the replacemeny’ — 7.
(3) Pure penguin process: :2meVAg’SV(m|23)(8.pB ). (B1)
— — G For example, the factorizable term(®s7 K*) and
A(B— K0K0)= —F[ —thst as— Ealo (BsK*,7") p_ * 1 ;
2 Xq of B¢—K* 7’ decay are given by
2
+2(a a S “
6~ 98 J— J— —
2 mg+my)(my—m T K* '
27 (M ma) (Mp = M) X (57 K= (K*0|(su),_[0)('|(ub),_|Bo)
X X(BsK.K) (A12)

= 2f M FY=7 (M) (2P ),
APPENDIX B: THE ES—NP DECAY AMPLITUDES
The factorizable amplitudes (§S—>VP decays have the (BK* ') _ _ _
form Xg o " =(n'|(qq),,_,|ONK*%(sh), _,[Bs)
XBLVI=(V|(qz05),,_,|0)(P|(a1b),_,|Bs) =215, me AZ (M7 (e-p, ). (B2)

_ BP .2
=2hvmvE T (my)(e-p, ), (1) b—d processes:
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= +x __— GF * * = 0% _0 GF * * 3
A(Bs—K™* 7 ):E VubVig@i— VinVig A(Bs— K™ m )IE VubVig@2 = VipVig —aa— >ar
3 1
+§a9+ Ealo"'z as_ Eag
X|ag+agg—2(agt+ag)
2
m 0% 0
™ (BK*,70)
m?2 H XZmd(mb+md)”XU .+ (B9
X
(mu+md)(mb+mu) _ GF
A(Bs— K%)= Er VipVigaz— VipVig| —ast 787
X X(BKT 7). (B3)
3 1 B.KO ,0
+ 58+ 5 an ]xgs ) (B6)
. + - Ge * *
A(Bs—K"p7)=—={VuViga1— VinVig(as+aio} — o Ge . .
V2 A(Bs—K w)=$ ViV g8, — Vi Vi | 285+ a,+ 225
X X(BK 0 7), B4 1 0
(B4 + 587t 585~ a0 X(FL(BY)
= “ho.() . CF o (BK* 7)) o (BKF 7)) . (Bey' K*) 1
A(Bs—K* 7 ):E ViupVig@2X, +VepVeg@aX, —VipVig a4—§a10x s R7) 4 a3+a4—a5+§a7
2 S
1 1 1 m_, ’ B.K* 7' B.K* »()
— 58~ 5810~ as—zag)m fT”—l r | X7+ (ag—ag—ay+ag) X P 7 )
,’]/
1 1 x () * (")
+|az—as+ §a7— Eag X(sBsK 7 )+(a3—a5—a7+a9)X(CBSK 7 )]) (B8)
|
(2) b—s processes: o G 3
0, (" F * *
A(Bs_’P n ):E VubvusaZ_thVts E(a7+a9)
a +—* Ge * * (Bsn'),p%)
ABICK ):E{VUqusal_thVts(aA XXy , (B11)
+a0) ) XBKTKT) (B9) = n_ CF * *
A(Bs— w7 ):E VuqusaZ_thVts 2(33+35)
— Gr 1 (Bsn".w)
A(BS—>K+*K*)=E VypVEa,— Vi Vi +5(@7t+ag) | (X, ; (B12)
where
X|aztagg—2(agtag)
) W) — " =
y m2 HX(BSKH,K_) X, 9= (w|(uu),_|0)(n"|(sb), _,[Bs)
(ms+mu)(mb+mu) '

(B10) = \/EfwmwF?”(’)(mi)(s . sz), (B13)
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APPENDIX C: THE ES—>VV DECAY AMPLITUDES

_ Ge
A(B 0p)=—1i VypV¥a,— Vi Vi
(Bs=m @) \/§| ubTusTz - TtbTts The factorizable amplitude oB.—VV decays has the
form
3 (B )
X E(_a7+ag) XU y (814)

X(stl VVZ) = | f Vzmv (SI . 8; )(mBS+ mvl)A?SVl( m\2/2)
2

(Bsg. 7))
VubvzsaZXU &

— . G
ABs— )=

BeVy, 2
(o1 p (o3 p, ) )
") —(eg- 2" T T
+VcbV:saZXf:Bs¢'n )_thvfs o o (mBS+ mvl)
2VBSV1(m2 )
1 1 1 H * U KkV~a B V2
X{ |ag+tas—as+ -a;— —ag— -a i€ apezl el PP ———|. (CI
[ 3 4 5 2 7 2 9 2 10 ~ By (mBS+ mV]_)
2 u
1 Mo fo (1) b—d processes:
%7 2% m(myrmg | T
7
(Bstn) 1.1 _ G
X XS —2a5— = = - F
X T H| 28572857 5art 58 AB—K ™ p7) = {VuVias—VioVig(aq
(Bstr, 7)) . -
><Xu N +(azg—ag—astag) +a10)}x(BSK+ P ), (C2
() 1 1
xXP7 Dt | ag+a,+ag— 587~ 53
— G 3
" A(Bs—K™p)= —1 VupVigz~ VioVig| —ast 537
_Ealo XBs7 L) | (B15) \/E
3 1 BKO* 0
t5at a0 ]XE, S (C3
(3) Pure penguin processes:
— — Ge 1 0 0% — G
A(Bg—KOK*)=— Evtbv;; 24— 5810 X(BHKOKT), A(B— K™ )= T;[ VupVEgao— Vi Viy| 2a5+a,+ 2a5
(B16) 1 1 1
BK* o
+§a7+ Eag— Ealo ]Xt ).
— — G 1 1
A(B—K* K%)= — T;vtbv:; 8~ 5810~ 2| 8~ 5 (Ca)
2
My 0% 0
X(ms+ md)(mb+md)}X(BSK 5, (2) b—s processes:
(B17) G
o _ F
A(Bs—K™*K™*)= E{Vubvtsal_vtbvt*s(azl_" aj)}
- Ge. . 1
A(Bs—K"¢)=— Evtbvtd aztas— 5 (a7+ag) ¢ X(BK*KTH), (C5)
XX(BSKO'¢)+ a4_ Ealo_z ae_ _a8 — GF 3
2 2 A(BSHPO¢): E[ VubvzsaZ_thViks E(afl'ag) ]
X i X(Bs#K) ! (B1g) (Bs.p°)
(ms+mg)(mp+mg) ' XX, (C6)
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_ Ge — Ge 1
A(Bs—wde)= E' VupViso— VipVig| 2(a3+as) A(Bs—K™ ¢)=— Evtbvt*d[ agtas— §(a7+ag)
1 % %
+ 5 (a+ag) ]XEBS‘“’). (C7) s X(BK.4) 4 2~ Sau X(BsK° )],
(C9
(3) Pure penguin processes:
G 1 A(Bs— )= Ce v vi2lara,+a
— — = O% o O% S — 7 "= VibVits 3 4 5
A(Be KO K®) = = 2V Vi 2, 5] X O, V2
1
€8 ~ S(ar+agtag X9, (C10
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