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The implications of recent CLEO measurements of hadronic charBleggays are discusse@) Employ-
ing the Bauer-Stech-Wirbg€BSW) model for form factors as a benchmark, thes 7+ 7~ data indicate that
the form factong’T(O) is smaller than that predicted by the BSW model, whereas the d&a-af 7, K* 7
imply that the form factorsAB“(0), ABX"(0) are greater than the BSW model valudii) The
tree-dominated modeB— 7" 7, p°n*, wm" imply that the effective number of colom(LL) for
(V—A)(V—A) operators is preferred to be smaller, while the current limiBon ¢K shows thatNS"(LR)
>3. The data oB— K%' andK* 5 clearly indicate thaNﬁ“(LR)>N§ff(LL). (ii ) In order to understand the
observed suppression af 7~ and nonsuppression &7 modes, both being governed by the form factor
FS”, the unitarity angley is preferred to be greater than 90°. By contrast, the new measurem@it of
—p®7* no longer strongly favors cog<0. (iv) The observed patteﬂﬁ’w*fvfow’fv%K’wo is consistent
with the theoretical expectation: The constructive interference between electroweak and QCD penguin dia-
grams in theK ~7° mode explains why3(B~—K 7% >31B(B°~K~7"). (v) The observatioN(LL)
<3<Nf(LR) and our preference faNS™(LL)~2 andN®"(LR)~6 are justified by a recent perturbative
QCD calculation of hadronic rafg decays in the heavy quark limitvi) The sizable branching ratios &*
and the enormously large decay rate¥of’ indicate that it is the constructive interference of two comparable
penguin amplitudes rather than the mechanism specific topthihat accounts for the bulk &— »'K and
nK* data.(vii) The new upper limit set foB™— wK™ no longer imposes a serious problem for the factor-
ization approach. It is anticipated th&(B~— wK ~)=2B(B~— p°K ~)~2x 1075, (viii) An improved and
refined measurement &—K* 7", K°# is called for in order to resolve the discrepancy between theory
and experiment. Theoretically, it is expected t@br°~% K-7% andK 7t ~3K* 7",

PACS numbd(s): 13.25.Hw, 12.38.Bx

[. INTRODUCTION grams in the heavy quark limit are dominated by hard gluon
exchange and thus can be calculated as expansiag.ifs
A number of new hadronic charmled® decay modes we shall see below, this framework provides a useful guid-
have been recently reported by CLED5,3,2,4, ance on the nonfactorized corrections to the hadronic matrix
elements of penguin and nonpenguin operators and gives a
justification on the use of generalized factorization in which
B B the effective Wilson coefficients®™ are renormalization-
K*On, p*m™, K¥ 77, (1.)  scale and -scheme independent, while factorization is applied
to the tree-level hadronic matrix elements.
and several previously observed decays have received im- In the present paper we will analyze the data of hadronic
proved measurement®—K*7', K3»', K*7*, Kr*, chgrm]esﬁ decays W|th|n. the_framework of generalized fac-
Km0, wK*. Needless to say, these measurements will shefPrization and see what implications we can learn from the
light on the underlying mechanism for charmiégsiecays Studies of the new measured modésl). This paper is or-
and provide important constraints on the phenomenologicianized as follows. In Sec. Il we briefly review the general-
models under consideration and the parameters involved it¥€d factorization approach relevant to raalecays. Then
the model, such as form factors, unitarity angles, and nonWe proceed to stud— 77 and 7K decay modes in Sec.
factorized effects. lll, tree-dominated modeg’7~ and wm= in Sec. IV, B
Beyond the phenomenological level, the nonleptoBic —K#', K* 7 decays in Sec. V an8~—wK™ decays in
decays have been studied within the framework of the soSec. VI. Comparison of the present paper with the previous
called three-scale perturbative QCD factorization theorem ifvork [8] is discussed in Sec. VII. Conclusions are presented
which nonfactorized and nonspectator contributions can b# Sec. VIIl.
identified and calculateff]. Recently, it was shown that, in
the heavy quark limit, the hadronic matrix elements for two- Il FRAMEWORK
body charmles® decays can be computed from first prin-
ciples and expressed in terms of form factors and meson In the absence of first-principles calculations for hadronic
light-cone distribution amplitudef7]. Nonfactorizable dia- matrix elements, it is customary to evaluate the matrix ele-

0

B—wtaw, Kg’IT, p07Ti, o™, K** g,

0556-2821/2000/68)/05402912)/$15.00 62 054029-1 ©2000 The American Physical Society



HAI-YANG CHENG AND KWEI-CHOU YANG PHYSICAL REVIEW D 62 054029

ments under the factorization hypothesis so #@¢w)) is  (O(us)) afterwards. Of course, the physics should fog
factorized into the product of two matrix elements of singleindependent. In the formalism of the perturbative QCD fac-
currents, governed by decay constants and form factorgorization theorem, the nonperturbative meson wave func-
However, the naive factorized amplitude is not renormalizations are specified with the dependence of the factorization
tion scale andys scheme independent as the scale andscale u; [10]. These wave functions are universal for all
scheme dependence of Wilson coefficients are not compemlecay processes involving the same mesons. Hence, a con-
sated by that of the factorized hadronic matrix elements. Irsistent evaluation of hadronic matrix elements will eventu-
principle, the scale and scheme problems with naive factorally resort to the above-mentioned meson wave functions
ization will not occur in the full amplitude sinc€O(n))  with u; dependence.

involves vertex-type and penguin-type corrections to the In general, the scheme- apdscale-independent effective
hadronic matrix elements of the 4-quark operator renormalWilson coefficients have the forfii1,12

ized at the scale.. Schematically,

JTIE
yin—+17 | ci(u)

=naive factorizationt vertex-type corrections + penguin-type corrections, (2.9

ff _ s
weak decay amplitude i (mr)=ci(p)+ 54—

+penguin-type correctiorsspectator contributions  where 4, is the factorization scale arising from the dimen-
2.1) sional regularization of infrared divergen¢é&0], and the
' anomalous dimension matrix, as well as the constant ma-

where the spectator contributions take into account the glutrix ry arise from the vertex-type corrections to four-quark
onic interactions between the spectator quark ofBlmeson  operators. Note that in the dimensional regularization

and the outgoing light meson. The perturbative part ofscheme the matrix, depends on the definition ofs. The
vertex-type and penguin-type corrections will render the deinfrared pole is consistently absorbed into universal bound-
cay amplitude scale and scheme independent. Generaljtate wave functions. The expressions for thauge-
speaking, the Wilson coefficien(x) takes into account the invariant constant matrix, in the naive dimensional regu-

physics evolved from the scaltly down to p, while 54,4400 (NDR) and 't Hooft—Veltman (HV) renormal-
(O(w)) involves evolution fromu down to the infrared i, tion schemes can be found in E¢8.18 and (2.19), re-

le. Formally, on n writ . .
scale. rormatly, one ca © spectively, of[8]. However, the 66 and 88 entries Ofpr

(O(1)) =9, 1)(O(121)), (2.2 andryy, shown in[8] are erroneous:r{pr)es and (npr)ss

_ o _ should read 17 instead of 1, while{)es and (¢ ny)es
v_vherfe,uf IS'a fa_ctor]!zatlonh scale,l ar’g{u,uf%]_lsha_n ev?lu- should read 47/3 rather than1/3. This will affect the effec-
tion factor running from the scalg to uy which is calcu- - e Wwilson coefficientsc™ and c& (see Table ) For ex-

lable because the infrared structure of the amplitude is ab: o .
sorbed into{O()). Writing ample, we have Ref'~—0.060 instead of the value

—0.048 given in[8]. It should be stressed that the constant

M) =c(pm)g(p, ms), (2.3  matrixry arising from vertexlike corrections isot arbitrary
due to the infrared finiteness of vertexlike diagrams: The

the effective Wilson coefficient will be scheme apéscale infrared divergences in individual vertex-type diagrams can-
independent. Of course, it appears that thscale problem cel in their sum.
with naive factorization is traded in by the;-scale problem. It is known that the effective Wilson coefficients appear
Nevertheless, once the factorization scale at which we applin the factorizable decay amplitudes in the combinations
the factorization approximation to matrix elements is fixed,aZi:c;g{er(llNc)cgi“_1 and a2i_1:c§i“_1+(1/Nc)c‘§{f @
the physical amplitude is independent of the choiceuof =1, ... 5).Phenomenologically, the number of colds is
More importantly, the effective Wilson coefficients are often treated as a free parameter to model the nonfactorizable
ys-scheme independent. In principle, one can work with anytontribution to hadronic matrix elements and its value can be
quark configuration, on-shell or off-shell, to compute the full extracted from the data of two-body nonleptonic decays. As
amplitude. Note that if external quarks are off-shell and if theshown in[13-15, nonfactorizable effects in the decay am-
off-shell quark momentum is chosen as the infrared cutoffplitudes ofB— PP, VP can be absorbed into the parameters
g(u, ur) will depend on the gauge of the gluon figR]. But  a¢ This amounts to replaciny, in a®™ by (NE™); . Explic-
this is not a problem at all as the gauge dependence belongg,
to the infrared structure of the wave function. However, if
factorization is applied tqO(us)), the information of the o et o
gauge dependence characterized by the wave function willbe a3 =Cyi + —=—C5_1,
lost. Hence, as stressed[it0,8], in order to apply factoriza- (NeDai
tion to matrix elements and in the meantime avoid the gauge

+e,

problem connected with effective Wilson coefficients, one et _ .eff 1 ¢ (i=1,....5
must work in the on-shell scheme to obtain gauge-invariant 2 ~* "2~ (Neffy, 77 v
and infrared finitecieff and then apply factorization to (2.5
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TABLE I. Numerical values of the gauge-invariant effective Wilson coefficiefifsfor b—s, b—d and

b—d transitions evaluated ai;=mj, and k?=m2/2, where use ofV,;,/V,|=0.09 has been made. The
numerical results are insensitive to the unitarity angle

b—s, b—s b—d b—d
s 1.169 1.169 1.169
st -0.367 -0.367 -0.367
cst 0.0227+i0.0045 0.022310.0041 0.022510.0050
csf —0.0463-10.0136 —0.0450-10.0122 —0.0458-10.0151
cef 0.0134+i0.0045 0.0138:10.0041 0.013210.0050
cef —0.0600-i0.0136 —0.0588-10.0122 —0.0595-i0.0151
¢S o —0.0311-i0.0367 —0.0286-10.0342 —0.0301-10.0398
o 0.070 0.070 0.070
S a —1.429-10.0367 —1.426-10.0342 —1.428-i0.0398
Sl a 0.48 0.48 0.48
where NE(LL)=(NEM 1= (Ng2= (N
(LINE™) = (1NQ) + xi (2.6) =(NEM 4= (N o= (NEM 10,
with y; being the nonfactorizable terms, which receive con- NETLR)=(NE™) 5= (N g=(NEM),= (N, (2.9

tributions from nonfactorized vertex-type, penguin-type, and

spectator corrections. In genergl,and (N™); are complex.

Recently, it has been shown if] that, in the heavy quark and NEf(LR)#NE"(LL). As we shall see below, the data
limit, all nonfactorizable diagrams are dominated by hardanglysis and the theoretical study of nonleptonic Buree-
gluon exchange, while soft gluon effects are suppressed bé/ays all indicate thastf(LR)>3>N§ﬁ(LL)_ In principle,
factors of Agcp/my . In other words, the nonfactorized term Niff can vary from channel to channel, as in the case of

is calculable as the expansiondq in the heavy quark limit. charm decay. However, in the energetic two-baigecays,

In practical calculations we will sgi;=m, for the effec- off - . o
tive Wilson coefficients®". In the generalized factorization Nc" is expected to be process insensitive as supported by the
data[8].

approach theu; dependence of the effective Wilson coeffi- _ ) i
cients is compensated by that of the nonfactorized tegms Although th.e nonfactorized effects in hadronic charmless
introduced above, so that the physical parameagfsren,; B decays are in general smafl;-0(0.15)[8], they are im-
independent. 1£¢™ are fixed at a different factorization scale, Portant for the coefficients,, as, and as. eﬁor example,
say us=2m, or m,/2, the corresponding; are accordingly there is a large cancellauoq betweﬁff andcy /NC_, so that
changed, buag remain intact. Sincg; or (N%); are treated  €ven @ small amount of will modify a, dramatically, re-
as free parameters yet to be extracted from the data and singalling that a,=c5"+c{"(1/N:+x). Consequently, the
what we need are the effective paramemﬁfgwhich areus aforementioned coefficients are very sensitive to the change
independent, it becomes not very relevant to extract); at  of NE", and moreoven, as well asas have a minimum at
different factorization scales. By contrast, in order to com-Ngﬂ(LL)=N§ﬁ(LR)=3. Therefore, nonfactorized contribu-
pute the nonfactorized effects theoretically, say by perturbations are important to the class-1l modes, eRf— 7%,
tive QCD (PQCD), one has to know the meson wave func- p°#°, w7, ..., and tosome decay modes which get contri-
tions at the factorization scaje; . butions from the penguin terma{+as), €.9.,.B— wK. Itis
To proceed, we assume thgtare universali.e., process obvious that the nonfactorized effect in these decays cannot
independentin bottom decaydthis amounts to assuming be simply absorbed into form factors. Another example has
generalized factorizatiorand that nonfactorizable effects in to do with the decay8— ¢K and B—K#’. In the naive
the matrix elements of(—A)(V+A) operators differ from  factorization approximation, the form factéi§" has to be
that of (V—A)(V—A) operators; that is, we shall assume suppressed in order to accommodate the experimental limit
that on B~ — ¢K ™. However, the enormously large rate Bf
—K7' demands a largéEX. This difficulty is resolved if
XLL=X17 X2™ X3~ X4~ X9~ X10: NET(LL) andNE(LR) are allowed to deviate from their na-
ive valueNE™=3, for example N®(LL)~2 and NE"(LR)
XLR=X5=X6= X7= X8, (2.77  ~6 (see Sec. Y Hence, it is inevitable to take into account
nonfactorized contributions to hadronic matrix elements in
and y; g7 x.L Or equivalently order to have a coherent picture for rare hadrdhidecays.
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ll. B—mm AND wK DECAYS B(B®—K ™ 7*)=(17.2"25+1.2)x10"¢,

Recently CLEO has made the first observation of the de-

cayB— "~ with the branching rati¢5] B(B~—K%7)=(18.2"45+1.6)x 107,
BB — 7" 7 )=(43"18+05x%x10"% (3.1 B(B™—K™ 7%)=(11.6"3%"1%9x 10",
This decay mode puts a stringent constraint on the form fac-  g(B0_,K07%) = (14.6 29724 x 10°¢, (3.2

tor FE”. Neglecting final-state interactions and employing
the Wolfenstein parameterp=0.175, »=0.370, corre- which are to be compared with the 1998 res{i&3]:
sponding toy=Arg(V;,)=65° and|V,/V¢,=0.09, and

the effective number of coloms®™(LL)=2 [see Sec. IV for B(B°—K ™ 7m")=(14+3+2)x 10 ©,

a discussion ofNf(LL)], we find FE7(0)=0.20+0.04} -

This value is substantially smaller than the form factor B(B™—K°7™)=(14+5+2)x 1078,
Fg”(0)=0.333 obtained by Bauer, Stech, and Wirbel

(BSW) [19]. This has two important implications. First, the B(B™—K 7% =(15+4+3)x10 °. (3.3

predicted decay rates 8— K, which are mainly governed . . .
by F(E)‘”, will in general be smaller than the central values of It is known thatK.7T mode.s are penguin dommated.. AS. far
experimental measuremeifitee Eq(3.2)]. Second, the form 25 1€ QCD pengLin c_ont+r|but|ons_are_gorlcerned, it will be
factor F8(0) will become smaller too. More specifically, it €xPected that3(B"—K @ ")~B(B~—K ") and 5(B
cannot exceed the value, say 0.33, otherwise thé3sU —K~ 7% ~B(B°—K°7%)~3B(B—K="). However, as
symmetry relationF5%=FE™ will be badly broken. Conse- Pointed out in[8,20], the electroweak penguin diagram,
quently, the predicte{ 5’ rates will become too small com- which can be neglected iK°7~ andK ™~ 7", does play an
pared to experiment. essential role in the modek7°. With a moderate elec-
There are several possibilities that ter rates can be troweak penguin contribution, the constructifgestructive
enhanced(i) The unitarity angley larger than 90° will lead interference between electroweak and QCD penguins in
to a suppresion oB— 7" 7~ [20,8], which in turn implies K~ 7° andK°#° renders the former greater than the latter;
an enhancemgnt dFg™ and hengeKa-r rates.(ii) A large  that s, B(B~—K 7% >1B(B°-K’#") and B(B°
nonzero isospinrr phase shift difference of order 7(3]
can yield a substantial suppression of thé 7~ mode.
However, a largerar isospin phase difference seems to be

K279 <1B(B°—~K~«") are anticipated. For numerical
calculations we use the parameters

very unlikely due to the large energy released in charniiess m,(my)=2.13 MeV, my(m,)=4.27 MeV,
decays. Indeed, the Regge analysis[®f] indicates S,

=11°. (i) Smaller quark masses, says(m,)=65 MeV, mg(m,)=85 MeV,

will make the S— P)(S+ P) penguin terms contributing siz-

ably to theK 7 modes but less significantly o™ 7~ as the FSW(O)ZO.ZS, FSK(0)=0.36, y=105°,
penguin effect on the latter is suppressed by the quark mix-

ing angles. Although some of new quenched and unquenched Ngff(LL) =2 Ngff(LR) —6. 3.9

lattice calculations yield smallem, (see, e.g.[22]), the
\I\//la“\J/e. mg(mb|)=65thMeV or efqtﬁw?lentlymé(l ?Ie\t?: 100 e see from Table Il that, except for the dedéyn°, the
[22] 'I?h ar(fay onth ef.vetrge 0 'b'ﬁ ower si eto ba ice res:J Sagreement of the calculated branching ratioser modes

- | herefore, he 1irst possibility appears to be more plauy, i, experiment is excellent. By contrast, the central value of

sible. Using the valueB§™(0)=0.28 andy=105°, we find = =0 on : )
that thew " 7~ decay is well accommodatddee Table . B(B _TK 77.) IS muqh greater tha_n the theoretical expectaf
tion. Since its experimental error is large, one has to await

égﬁaa(;gn;ri?:necnecde ,agl?)r?jie:;); rateBob K governed by the experimental improvement to clarify the issue. The pre-
0 : dicted pattern

The CLEO collaboration has recently improved the mea-
surements for the decayB—K*#*, B*—K%7*, B~

all - — . 3 —
—K*7® and observed for the first time the dec®) K=" =Ko ~35K 70~3K 70 (3.9
— K70, thus completing the set of folt7 branching ratio
measurementiss]: is in good agreement with experiment for the first three de-
cays.

We would like to make a remark on the trail of having
41t was argued if16] that a small valuéV,,,/V.,|~0.06 is pre- COS_7<O' The suggestlo_n_oj/>90° ora negative Wolfen-
ferred by them™ 7~ measurement with the form fact(Frg’”(O) stein pa(amgtep was originally motivated b_y the 1,99’877
being fixed to be 0.33. However, this Cabibbo-Kobayashi-Maskawdlat@ which indicated nearly equal branching ratios for the
(CKM) matrix elementV,,/Vp| is smaller than the recent LEP three mode& ™ 7™, K7~ andK ™ #°. It was pointed out in
average 0.104)013[17] and the CLEO result 0.0833:2[18]. [24] that cosy<0 as well as a largeng, say mg(m;)=200
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TABLE Il. Branching ratios(in units of 10 %) averaged ove€ P-conjugate modes for charmleBg 4
— PP decays. Predictions are made fdr=mZ/2, \p?+ 7°=0.41, y=105°, andN"(LR)=2,3,6¢ with
NET(LL) being fixed to be 2 in the first case and treated to be the sanl¥¢"§kR) in the second case.
Classification of decay amplitudes is described in detafiBih Results using the improved light-cone sum
rule (LCSR) and the BSW model for heavy-to-light form factors are shown in the upper and lower entries,
respectively. Experimental valué® units of 10 ) are taken fronf1-5,29. Our preferred predictions for
branching ratios are those using LCSfRrm factors,Nﬁﬁ(LL)ZZ andNﬁﬁ(LR)ZG.

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

Decay Class 2 3 6 0 2 3 6 o Expt.

[ [ 598 595 592 590 598 679 7.69 85843 1%+05
831 827 823 820 831 944 106 119

BY— 7070 ILlvi 054 056 058 060 054 022 018 043 <93
075 078 080 083 075 031 026 0.60

Bl 77 ILvi 013 014 016 018 013 018 037 069 <18
018 020 023 026 018 025 052 098

BY= ' ILvi 011 016 024 034 011 012 032 069 <27
016 023 034 048 016 018 045 0.98

[ ILvi 003 0.5 009 014 003 002 006 017 <47
004 007 012 021 0.04 0.02 009 0.24

B —n a° I 592 592 592 592 592 468 358 264 <127
823 823 823 824 823 650 498 3.67

B —m 7 I 2.64 265 266 268 264 205 160 130 <57
368 369 371 373 368 285 222 1.80

B —n 7' m 179 175 177 1.86 179 130 091 062 <12
251 245 248 262 251 181 126 085

Bl-K 7" IV 169 17.7 186 195 169 185 202 22.017.235+12
237 249 261 274 237 260 284 309

B™—Kon~ IV 152 161 170 179 152 175 200 22.618.2°45+1.6
214 226 238 251 214 246 280 317

B~ —K K° Iv. 176 1.86 1.97 207 176 202 231 261 <51
1.97 208 219 231 197 226 257 291

BY—K0n® VI 527 563 6.02 641 527 620 725 839 1462723
766 818 873 928 766 900 105 121

B KK® VI 165 175 1.85 195 165 1.90 217 245 <17
1.85 1.95 206 217 185 212 242 273

Bl 7%y VI 036 040 045 050 036 041 047 054 <29
050 056 063 069 050 058 066 0.75

BY— 70y’ vi 011 020 033 048 011 012 014 017 <57
015 029 046 069 015 017 020 0.24

BY-K% VI 174 157 140 124 174 238 313 401 <93
130 112 096 081 130 1.83 245 3.26

BY- K’ VI 258 360 479 616 258 279 301 324 89'1%+9

314 434 575 735 314 340 368 396
B~ —K #° vi 116 121 126 132 116 124 133 142 1163913
159 166 173 180 159 170 182 195

B"—K™ g Vi 175 159 143 128 175 244 329 432 <6.9
137 121 107 094 137 193 267 358
B"—K 7%’ VI 288 399 528 675 288 306 325 345 80°'13+7

352 483 635 808 352 375 398 423

MeV, will allow a substantial rise oK~ 7° and a suppres- =K =", in accordance with the theoretical anticipation.
sion of QCD penguin contributions so thiit 7%=K 7" The motivation for having a negative cgshis time is some-
can be accounted for. The 1999 d&& show thatk ~#°  what different: It provides a simply way for accommodating
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TABLE Ill. Form factors at zero momentum transfer 8~ P and B—V transitions evaluated in the
BSW model[19]. The values given in the square brackets are obtained in the light-cone sufth@8&)
analysis[25]. We have assumed $8) symmetry for theB— w form factors in the LCSR approach. In
realistic calculations we use E¢B.13 of [8] for B— (") form factors. For later purposes, we will use the
improved LCSR model (LCSR for form factors, which is the same as the LCSR[25] except for the
values ofF§™(0) andF5¥(0) being replaced by those given in Eg.4).

Decay Fl = FO \Y% Al A2 A3: AO
B—w" 0.333[0.305
B—K 0.379[0.341]
B—7 0.168[—]
B— 7’ 0.114[—]
B—p~ 0.329[0.33§  0.283[0.26]  0.283[0.223  0.281[0.377
B—w 0.232[0.239  0.199[0.185  0.199[0.15§  0.198[0.263
B K* 0.369[0.45§  0.328[0.337  0.331[0.283  0.321[0.47Q

the suppression ofr* 7~ and nonsuppression &€= data is in the vicinity of 2[27], and since the energy released in
without having too small light quark masses or too large  the energetic two-body charmless decays is in general
final-state interactions or too small CKM matrix elementslightly larger than that ilB— D 7 decays, it is thus antici-
Vib- pated that

Finally, as pointed out i8], the branching ratio of
K* 7" predicted to be of order 0:510°° is smaller than | x(two-body rare B decay<|x(B—Dw)|, (4.2
that of K~ 7" owing to the absence of the; penguin term
in the former. The observation B(B°~K* #*)  and henceNE"(LL)~NE"(B—Dwm)~2.

=(22f§f‘5‘)>< 10" [1] is thus strongly opposite to the theo-  Note that the branching ratio g7~ is sensitive to the
retical expectation. Clearly, it is important to have a refinedchange of the unitarity angle, while w7 is not. For ex-

measurement of this mode. ample, we haveB(B*—p°n*)~B(B*—wm™) for vy
~65°, andB(B*— p°7*)>B(B*—ww™) for y>90°. It
IV. TREE-DOMINATED CHARMLESS B DECAYS appears that a unitarity angle larger than 90°, which is

) preferred by the previous measuremg2it B(B*— p°n™)
CLEO has observed several tree-dominated charnBess — 15+ 5+4)x10°¢, is no longer strongly favored by the

decays which proceed at the tree level throughlirpuark o data ofp%7r.

decayb—uud and at the loop level via the—d penguin It is worth remarking that although the deca®
diagrams:B— "™, p®7*, wm*, p“a*. The first three =% are sensitive td\€"(LL), no useful constraint can
modes have been measured recently for the first time withe extracted at this moment from the present measurement
the branching ratiog3,2]: [3]: BB —p* 7 +p ") =(27.6"84+4.2)x 10~° due to
£ 0+ _ +3.3 —6 its large error.

B(B™—p ") =(104.33+-2.1)X10°%, Frogm Tables lll and 1V it is also clear that the form factor
A(E,“” predicted by the LCSR, which are substantially larger
than that of the BSW model, is more favored. Since the form
and Eq.(3.1). These decays are sensitive to the form factordactor Fgf in the light cone sum rul€LCSR) model is
Fgw, Agp' Agw' and to the value olNﬁﬁ(LL). Toillustrate  Slightly big, we WI'|| employ the improved LCSR model
the sensitivity on form factors, we consider two different (alled LCSR), which is the same as the EI3_|<CSR model of
form-factor models for heavy-to-light transitions: the BSw [25] except that the values d%,"(0) andF;"(0) are re-
model[19] and the light-cone sum rulkCSR) model[25].  Placed by those given in E¢3.4), in ensuing calculations.
The relevant form factors at zero momentum transfer are
listed in Table Ill. We see from Table IV that the branching V. B—Kz' AND K* » DECAYS
ratios of p°7* andw=* decrease wittNE(LL) and gener- _ )
ally they become too small compared to the data when_ '€ improved measurements of the decys »'K by
NE"(LL)>3, whereas B(B—="#7~) increases with CLEO[4]
NE"(LL) and becomes too large whedf"(LL)>3. More
precisely, we obtain 1ZN(LL)<2.6 from p°#* and
w7 modes. EvidentlyNS"(LL) in all these tree-dominated
decays are preferred to be smaller. This is indeed what is B(B%— 7'K®%) =(891§+9)x 10" ¢, (5.9
expected since the effective number of coldd§"(LL), in-
ferred from the Cabibbo-allowed decaBs—(D,D*)(,p) are larger than the previously published res[28g]:

B(B*—wm*)=(11.3 33+ 1.5 x10°°, (4.1

B(B*— 7'K*)=(80"3+7)x10 ¢,
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TABLE IV. Same as Table Il except for charmleBg ;— VP decays.

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

Decay Class 2 3 6 o0 2 3 6 o Expt.

Bl—p at [ 185 185 185 185 185 21.0 236 26.4
265 265 265 265 265 30.0 338 377 27.6%x42

Bl—pta [ 148 146 148 149 148 163 183 20.3
854 834 843 851 854 932 104 116

BY—p K™ LIV 227 259 296 336 227 245 264 285 <25
131 149 170 1.93 131 141 152 164

B pOn I 073 072 071 070 073 001 054 233 <51
080 079 078 077 080 002 050 222

Bl wm® I 016 0.07 0.02 0.003 0.6 0.07 0.02 0.01 <58
019 010 0.05 0.04 019 009 007 0.14

Bl—wy I 032 035 039 044 032 0004 028 114 <12
030 032 035 041 030 002 029 1.13

Bl wy’ I 030 028 025 023 030 004 015 066 <60
023 024 023 023 023 001 015 0.66

By %y Il 0.002 0.002 0.003 0.003 0.002 0.002 0.003 0.006 <10
005 005 005 005 0.05 001 002 0.10

B p%y’ ILVI 004 001 001 005 0.04 005 006 008 <23
002 002 004 008 002 002 005 0.12

B —p a° m 132 133 133 133 132 120 109 977 <77
171 171 172 172 171 168 165 16.2

B —p%7~ m 131 132 133 134 131 998 7.29 5.0410433+2.1
964 9.69 976 982 964 6.14 346 161

B —wm m 956 101 108 115 956 7.80 6.31 50911.33%+15
625 671 727 793 625 420 264 157

B —p 7 N 946 970 100 103 946 795 6.62 541 <15
1.9 118 121 123 119 108 100 9.25

B —p 7 Il 549 488 445 420 549 427 321 231 <47
697 643 6.00 567 697 6.16 540 4.69

B —p°k~ ILVI 0.86 090 097 105 086 0.63 046 030 <22
057 056 057 059 057 034 018 0.07

BOoK* #* IV 563 563 563 563 563 627 695 7.66 22'¢'2
813 813 813 813 813 906 103 111

B-—K*%z~ IV 341 341 341 341 341 434 538 654 <27
493 493 493 493 493 627 778 945

B —K*K~ IV 038 039 039 039 038 049 061 074 <12
043 044 044 044 043 056 069 0.84

B-—K*K° v 026 030 035 041 026 023 020 018 -
012 014 017 019 012 011 0.09 0.08

BY— p® V. 002 0001 001 003 002 0002 005 017 <54
0.03 0.002 001 004 003 0.003 008 025

Bl o7 V. 001 0001 0003 002 001 0001 0.03 009 <9
0.02 0.001 0004 0.02 0.02 0002 0.04 0.14

[ V  0.006 0.0005 0.002 0.01 0.006 0.001 002 006 <31
0.01 0001 0.002 0.01 0.01 0001 0.03 0.09

B —¢m V. 004 0003 001 006 0.04 0.005 011 037 <40
006 0.005 001 009 006 001 017 054

BO-K*%K® VI 036 036 036 036 036 046 057 069 -
041 041 041 041 041 052 064 0.78
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TABLE IV. (Continued).

NEf(LL)=2 NET(LL) =NET(LR)
Decay Class 2 3 6 o 2 3 6 o Expt.

@HR*OKO W 024 028 033 038 024 021 019 0.6 -

011 013 0.5 0.18 0.11 010 0.09 0.08
Egﬂi*oﬂ-o \ 0.67 067 068 069 067 093 128 1.74 <4.2

143 145 145 146 143 193 252 321

Bl p°K® VI 292 332 368 407 292 274 258 250 <27
223 250 275 3.01 223 210 201 200

Bl wK® VI 033 016 155 455 033 071 501 133 <21
0.83 004 089 345 083 034 437 130

BY—K*0y VI 728 884 105 124 728 690 653 6.2013.855+1.6
549 642 7.40 845 549 564 578 5094

BYK*Oy’ VI 418 191 052 041 418 498 541 588 <24
110 043 019 056 110 1.28 130 1.33

Bl ¢K® VI 113 715 397 174 113 587 222 032 <28

130 823 457 200 130 6.76 256 0.37
B —K* 70 \ 446 445 443 442 446 468 492 517 <800
550 550 548 547 550 590 632 6.76

B*HP*EO Vi 253 299 349 402 253 227 202 178 <140
146 172 201 232 146 131 116 1.03
B™— ¢K™ \ 116 771 428 187 116 633 239 0.35 <5.9

132 887 492 216 132 729 275 0.40
B —K* g VI 960 114 133 154 960 851 750 6.5726.4°35+33
793 901 102 114 7.93 745 699 655

B —K* g’ VL 493 216 076 071 493 561 6.36 7.18 <35
143 067 057 112 143 158 175 1.95
B™—wK™ VLI 150 078 179 453 150 104 530 143 <8.0

187 056 109 346 187 055 453 138

B(B*— 5'K*)=(65"153+9)x10 °, case(see Table .3 On the contrary, the branching ratios of
K* 7 in general decrease withNS"(LR) when Nf(LL)
B(B°— 7'K%) = (47"3]+9)x 107 =Nf(LR) but increase wittNE"(LR) when NEf(LL)=2.

(5.2  Again, the latter is preferred by experiment. Hence, the data

. of bothK %' andK* % provide another strong support for a
This year CLEO has also reported the new measurement %fmall Nef(LL) and for the relatiorN®T(LR)>NEM(LL). In
C C Cc "

B— K™ 7 with the branching ratio4] other words, the nonfactorized effects due 6—A)(V

B(B*— nK*i)z(ZG.{g'gi 3.3 x10°¢, —A) and (V—A)(V+A) operators should be treated differ-
' ently.
B(B%— pK*%)=(13.8"35+1.6)x 1076, (5.3 It appears from Tables Il and IV that the datakof» and

. . . o in particularK »" are well accommodated Uyﬁﬁ(LR)zoo.
Theoretically, the branching ratios Kfp' (K* 7) are an-  However, we have argued 8] that N€(LR)=<6. In prin-

ticipated to be much greater thinr (K* ') modes owing  ¢jpje, the value oNE(LR) can be extracted from the decays
to the presence of constructive interference between two pens_, #K and #K*. The present limif1,2]

guin amplitudes arising from nonstrange and strange quarks

of the ' or %.2 In general, the decay rates kfy’ increase

slowly with N®f(LR) if NE"(LL) is treated to be the same as B(B*— ¢K*)<0.59x 10 ° (5.9
NE"(LR), but fast enough wittlNe"(LR) if NE(LL) is fixed

at the value of 2. Evidently, the data much favor the latter

3As stressed i8], the contribution from they’ charm content
will make the theoretical prediction even worse at the small values
2In a recent analysi&26], the branching ratio dk* 7' is predicted ~ of LNE" if NE(LL) =NE"(LR)! On the contrary, ifNg"(LL)~2,
to be similar to that oK* 5, whereas it is found not to exceed 1 thecc admixture in thep” will always lead to a constructive inter-
% 10~% according td11] and the present paper. ference irrespective of the value Nﬁ”(LR).
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at 90% C.L. implies that ing ratios indicates that it is the constructive interference of
two comparable penguin amplitudes rather than the mecha-
NET(LR) = 5.0 BSW, 5.5 nism specific to then’ that accounts for the bulk oB
c 4.2 LCSR, ' — n'K and »K* branching ratios.

Two remarks are in order. First, as shown [B], the
with Nﬁﬁ(LL) being fixed at the value of 2. Note that this chargeds’'K~ mode gets enhanced when godecomes
constraint is subject to the corrections from spacelike pennegative, while the neutraly’K® mode remains steady.
guin andW-annihilation contributions. At any rate, it is safe Therefore, it is important to see if the disparity between
to conclude thaNS"(LR)>3>N(LL). 7'K* and 'K° is confirmed when experimental errors are

Since the penguin matrix elements of scalar and pseuddmproved and refined in the future. Second, we see from

scalar densities are sensitive to the strange quark mass, th@ple |V that the form facto,AgK*(o) entering the decay

discrepancy between theory and experiment, especially fofmplitude of B—K* 7 is preferred to be larger than the

K#', can be further improved by using an even smattgt  yajue predicted by the BSW model.

say mg(mp) =65 MeV. However, as remarked in Sec. lll,  The observationNgﬁ(LL)<3<Nﬁﬁ(LR) is consistent

this small strange quark mass is not favored by lattice calcuyith 4 recent perturbative QCD calculation Bf— 7 de-

lations. Moreover, it will Ieﬂj to too largB— K 7 rates. For cays in the heavy quark limit. Following the notation[dl,

example, the predicted3(B°—K~7")=28x10"° using  we find the nonfactorized ternfs:

mg(m,) =65 MeV is too large compared to the observed a. C

branching ratio (17.235+1.2)x 10°°. X1=Xo=Xs=Xa= ~X5= ~X6= 7o g (F'+1").
Several new mechanisms have been proposed in the past ™ Ne

few years to explain the observed enormously large rate of

K 7', for example, the large charm content of the[29] or It follows from Eq.(2.7) that

the two-gluon fusion mechanism via the anomaly coupling _ _as Cg

of the " with two gluons[30,31]. These mechanisms will in XLRT TXLLT ™ 2o _C(f +1). (5.9

general predict a large rate f&* ' comparable to or even

greater tharK »’ and a very small rate fdt* » andK 5. The ~ Several remarks are in ordéi) Sincef' is complex due to

fact that theK* » modes are observed with sizeable branch-final-state interactions via hard gluon exchafigk so arey;

(5.9

“Note that Eqs(4)—(8) in [7] can be reproduced from EgR.12—(2.19 and(4.1) in [8] with the nonfactorized terms given by E&.9).
For example, from8] we obtain in the NDR schemghe superscript “eff” ofa; is dropped for convenienté¢hat

C as C m
azzcz+—l+—S—Fcl(12In—b—18
)72

+ eff
N. 47 N, C1 X2,

03 aSCF
=C4t+t —+-——=¢C
47N, 4w N 3

122 18|+ cofy, + 25 (ctCo+C
n? C3X4 977_( t p g)l

CG (423 CF
ag=Cg+ — + — —
5N, 4w N

_ my eff
Cs 12In7+6 +Cg X5, (5.6

with C;, C,, C,4 being defined irj11] andCg=(N2-1)/(2N.), while Egs.(6) and(8) of [7] lead to

Cl g CF mb | I
a,=Cy+ —+——cC¢| 12In——18+f'+f" |,
N, 47 N )%
aumcat 2 2 CF o™ g+ 22 (cr gyt Cy)
AT UNg 4 NG w 9 U POl
- Co  @sCr My gl
as=Cs+ NC+47T NCCG( 12In7+6 fl—1", (5.7

where the hard scattering functiéhcorresponds to the hard gluon exchange between the two outgoing light mesoflsdestribes the

hard nonfactorized effect involving the spectator quark ofBhmeson. The expressions for the hard scattering functibasd f"' can be
found in[7]. Comparing Eqs(5.6) with (5.7) yields
. &(fl+fll)
X2~ Xa X5 47 N, .

Note that the quark mass entering into the penguin matrix elements of scalar and pseudoscalar densities via equations of motion is fixed at
the scaleus .
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and Nﬁﬁ(LL) and Nﬁﬁ(LR). (i) Contrary to the common tive penguin Wilson coefficienrl:gff is enhanced. The decay
assertion, the nonfactorized term is dominated by hard gluorates of the penguin-dominated modes governed byathe
exchange in the heavy quark limit as soft gluon contributiongpenguin term are thus enhanced. For example, the branching
to x; are suppressed by orders ®hcp/my, [7]. However, it ratios of K* %7 andK* ~ 7 are enhanced by almost a factor

is nontrivial to calculate the power correctionsytosince the  of 2.

hard scattering functiof!, which convolutes with th& me- In order to accommodate the new datamof#+~ andK =

sSon wave fUnCtion, is a function of the momentum fraction OfdecayS, we have fixed the relevant form factors and the uni-

the spectator quark which is of ord&rycp/m,. In order to tarity angle to bngW(o)zo_zg, FgK(o)zolge, and y
have a good estimation, one has to know Bhmeson wave —1gge°.

function first. Therefore, nonfactorized contributions in the  \whjle the strange quark mass is slightly changed to

PQCD calculation is subject to the uncertainty due to thems(mb):85 MeV, theu andd quark masses are modified to
unknown A cp/my, corrections.(iii) Because Rg >0, it m,(my) = 2.13 MeV, my(my) =4.27 MeV in order to respect
is obvious that{N;'(LL)|<3 and [NG'(LR)|>3 [see Eq. g chiral-symmetry relationm?../(m,+mg)=mZ./(m
(2.6)]. Furthermore, Nf(LL)~2 implies NE"(LR)~6. +my) m= A K u
Therefore, the assumptidi2.7) and the empirical observa- Bsrénching ratios of allB, 4—PP,VP.VV modes are
tion Nﬁﬁ(LR)>3>N§ﬁ(LL) are consistent with the pertur- o jated in Tables II, 1V, andUYV in BSW and LCSRiodels
bative QCD calculation performed in the heavy quark limit. oy form factors. Our preference for heavy-to-light form fac-

tors is that given by the LCSRmodel.
VI. B—wK AND pK DECAYS

_The preivlous CiLEO observatig2] of a large branching VIIL. CONCLUSIONS
ratio for B~ — wK
N oy at7 6 Implications inferred from recent CLEO measurements of

B(B*—wK™)=(15"+2)x107°, (6.)  hadronic charmless two-body decaysBfmesons are dis-

ussed in the present paper. Our main conclusions are as

llows.

(1) Employing the Bauer-Stech-Wirbé@BSW) model for

form factors as a benchmark, tie— 7" 7~ data indicate

that the form factorFS”(0)=O.20t0.04 is much smaller

than that predicted by the BSW model, whereas the data of

imposes a serious problem to the generalized factorizatio
approach: The observed rate is enormously large compare
to naive expectatioi8]. Since thewK™ amplitude differs
from that of p°K ™~ only in the QCD penguin term propor-
tional to (az+as) and in the electroweak penguin term gov-
erned bya,, it is naively anticipated that their branching "
ratios are similar as the contributions fraag,as,as are not ~ B—wm, K*  imply that the form factor#\3“(0), A" (0)
expected to be large. While the branching ratio Bf are greater than the values obtained in the BSW model.
—p°K™ is estimated to be of order<110~ ¢ (see Table IV, (2) The tree-dominated mod&— "7, p°n™, wm"
the prediction ofB(B*— wK*) is less certain because the imply that the effective number of colong"(LL) for (V
penguin contribution proportional ta§+as) depends sen- —A)(V—A) operators is preferred to be smaller 1.1
sitively on NE(LR). At any rate, it is reasonable to assert <N§'(LL)=<2.6, while the current limit orB— #K shows
that B(B~—wK )=2B(B~—p°K)~2x10°. that N*(LR)>3. The data ofB—K7' and K*  clearly
As pointed out recently if2], the additional data and support the observatioN"(LR)>NE"(LL).
reanalysis of old CLEO data did not support the previously (3) The decay rates af "7~ andK 7 are governed by the
reported observatio(6.1). Therefore, the new measurement form factongﬁ, In order to explain the observed suppres-
of B —wK™ no longer imposes a serious difficulty to the sion of 7+ 7~ and nonsuppression &f modes, the unitar-
factorization approach. The theoretical predictidiiB~ ity angle y is favored to be greater than 9QSee, also,
—wK™)~(2.1-5.5)x10 © for N&(LL)=2 andNE"(LR)  [26,33). By contrast, the new measurementRf — p®z™
ranging from 6 to» is consistent with the current limit 8.0 no longer strongly favors cos<0.
X107 ° [2]. It is important to measure the branching ratios of (4) The observed pattetd™ 7" ~K°7~ ~ 2K~ 7 is con-

K and pK modes in order to understand their underlyingsistent with the theoretical expectation: The constructive in-
mechanism. From Table IV we see thaPK%~p*K terference between electroweak and QCD penguin diagrams

>p%K " is expected in the factorization approach. in the K~ 7° mode explains wh;B(B‘—>K‘w°)>%B(§°
—K~7").
VIIl. COMPARISON WITH REF. [7] (5) We found that, except for the decays ~=* and

Although we have followed the framework 8] to study ~ K°@°, all the measured charmleBsdecays can be well ac-
nonleptonic charmlesB decays, it is useful at this point to commodated by the LCSRorm factors and the parameters
summarize the differences between the present work anahs(mp)=85MeV, FE”(O)=O.28,FSK(O)=O.36,yz 105°,
Ref.[8]. NET(LL)=2, N&(LR)=6.

The 66 and 88 entries of the constant matrjxin NDR (6) The observatiolg"(LL)<3<NE'(LR) and our pref-
and HV y5; schemes given i8] are erroneous and have erence forNﬁ“(LL)~2 and Ngﬁ(LR)~6 are theoretically
been corrected here. As a result, the magnitude of the effeconsistent with a recent perturbative QCD calculation of
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TABLE V. Same as Table Il except for charmleBg — VV decays.

NEf(LL)=2 NET(LL) =NET(LR)
Decay Class 2 3 6 o 2 3 6 o Expt.
Bl—p p* | 320 320 320 320 320 361 405 451 <2200
196 196 196 196 196 221 248 27.6
BY— p0p° I 117 117 117 117 117 014 043 202 <40
072 072 072 072 072 009 026 123
Bl=ww I 071 058 054 060 071 020 053 173 <19
044 036 033 037 044 012 033 107
B —p p° 1] 270 270 270 270 270 213 163 12.0 <120
165 165 165 165 165 130 9.97 7.32
B —p o 1] 21.9 225 232 240 219 183 151 123 <47
135 139 143 148 135 113 934 761
BYK* p* V. 989 989 989 989 989 111 123 136
6.16 6.16 616 6.16 6.16 6.89 7.65 8.46
BYK*0p0 V. 100 099 098 096 100 135 1.89 262 <460
073 071 071 070 073 097 133 1.80
BY K*OK*0 IV 064 064 064 064 064 081 101 1.23
032 032 032 032 032 041 051 062
B~ —K* p°® IV 998 100 101 101 9.98 104 109 11.5 <900
580 587 590 592 580 612 644 6.82
B~ —K*%~ IV 642 642 642 642 642 820 102 124

4.00 4.00 4.00 4.00 4.00 511 6.36 7.75
B —K* K*0 v 0.68 0.68 0.68 0.68 0.68 0.87 1.08 131
0.34 0.34 0.34 0.34 0.34 0.43 0.54 0.66

Eg_,poqg \% 0.03  0.002 0.01 0.06 0.03 0.01 0.10 0.33 <13
0.02 0.001 0.006 0.04 002 0.003 0.07 0.21

Eg—uuqﬁ \% 0.03 0.002 0.01 0.06 0.03 0.01 0.10 033 <21
0.02 0.001 0.006 0.04 002 0.003 0.07 0.21

B —p ¢ \% 0.07  0.004 0.02 0.12 0.07 0.01 0.22 0.70 <16
0.05 0.003 0.01 0.08 0.05 0.01 0.14 0.44

ﬁ(j’_,pow VI 0.65 0.42 0.24 0.11 0.65 0.32 0.11 0.02 <11
0.40 0.26 0.15 0.07  0.40 0.20 0.07 0.01

ﬁj’_,i*ow VI 15.0 7.80 291 0.43 150 4.54 0.19 201 <19
8.17 4.48 1.84 037 8.17 2.81 0.25 0.62

§3_>K*0¢ VI 213 13.3 7.28 3.08 213 11.0 405 053 <21
111 6.79 3.70 156 111 5.58 206 0.27

B —K* w Vi 19.7 114 5.58 231 197 6.70 1.04 279 <52
10.9 6.64 3.48 158 10.9 4.15 0.83 1.09

B —K* ¢ Vi 22.7 14.2 7.74 3.27 227 11.7 431 057 <41

11.8 7.22 3.94 166 118 5.93 219 0.29

charmlessB decays performed in the heavy quark limit. 10° or above(in sequence of their decay rate strength
_ (7) The new upper limit set foB™ —wK™ no longer 5k~ 'K° p*p~, pp° p w, K 7", Ko7, p 7"
imposes a serious problem to the factorization approach. It IR * -
anticipated  that B(B™—wK )=2B(B~—p°K")~2
x 10,

(8 An i_mproved and refined measurement &
—K* 7t KOO is called for in order to resolve the dis-
crepancy between theory and experiment. Theoretically, it is ACKNOWLEDGMENTS
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K*“p*, p~ 7. Many of them have been observed and the
rest will have a good chance to be seen soon.
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