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Perturbative QCD analysis of B— ¢K decays and power counting

Chuan-Hung Chen
Department of Physics, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China

Yong-Yeon Keum
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

Hsiang-nan Li
Department of Physics, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China
and Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 300, Republic of China
(Received 17 July 2001; published 5 November 2001

We investigate the exclusive nonleptolaneson decayB— ¢K in the perturbative QCD formalism. It is
shown that the end-poirfiogarithmic and linearsingularities in the decay amplitudes do not exist, deand
threshold resummations are included. Power counting for emission and annihilation topologies of diagrams,
including both factorizable and nonfactorizable ones, is discussed with Sudakov effects taken into account. Our
predictions for the branching rati®(B— ¢K)~10x 106 are larger than those(4x 10" ¢) from the fac-
torization approach because of dynamical enhancement of penguin contributions. Whether this enhancement is
essential for penguin-dominated modes can be justified by experimental data.
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[. INTRODUCTION two-parton twist-3 contributions are in fact not suppressed
by a power of Mg, Mg being theB meson mass. A com-
The perturbative QCOHPQCD factorization theorem for plete leading-power PQCD analysis of the heavy-to-light

the semileptonic decaB— =lv has been proved ifi1f,  — ™ p form factors, including both twist-2 and twist-3 con-
which states that the soft divergences in e form trlbutlor_ls, has_been performed [A0]. There exist many
factor can be factorized into a light-coemeson distribu- oth_er h|gher.-tW|st sources i@ meson decays, whose conri-
tion amplitude and the collinear divergences can be facto#—)lJtlons are indeed down by a power oM. These sources

ized into a pion distribution amplitude order by order. Theinclude theB meson andb quark mass differencé =Mg
remaining finite contribution is assigned to a hard amplitude;,” Mo the light quark masses, , my, andms, and the light
which is calculable in perturbation theory. A meson distribu-PSeudo-scalar meson massés andMy . Those from three-
tion amplitude, though not calculable, is universal, since itParton distribution amplitudes are further suppressed by the
absorbs long-distance dynamics, which is insensitive to spé:-(?Up“ng constanrqs. All these sub-lgadmg contributions
cific decays of thd quark into light quarks with large energy will be _neglected in the current formalism. .
release. The universality of nonperturbative distribution am- in this work we shall perform a PQCD analysis of the
plitudes is one of the important ingredients of the PQCD— #K decays up to corrections @(A/Mg). These modes
factorization theorem. Because of this universality, one exinVoIve different topologies of diagrams, such as factorizable
tracts distribution amplitudes from experimental data ano(also nonfgctonngbeemlssmn and ar_m|h|Iaton. We predict
then employ’s them to make model-independent predictiong‘e branching ratios and P asymmetries of the modes
for other processes. In this paper we shall assume that the 0 o . .
PQCD factorization theorem holds for two-body nonleptonic Bg— ¢K", BT —¢K™. 1)
B meson decays, to which there is no difficulty in generaliz-
ing the proof[1]. The one-loop proof for the PQCD factor- It will be found that two-parton twist-3 contributions are
ization of two-body decays has been giver{ 21. comparable to twist-2 ones as expected. Our predictions for
The PQCD formalism for the charmed decays the braching ratios
—D®) 7 (p) [2,3] is restricted to twist-Zleading-twis} dis-
tribution amplitudes. For charmless decays such Bas B(B*— ¢K*)=(10.2"39)x 107
—Kar, 7w, andKK [4-8], contributions from two-parton '
twist-3 (next-to-leading-twistdistribution amplitudes are in- 0 Or e b 37 s
troduced via the penguin operato®;_g in the effective B(Bg— ¢K")=(9.6259 %1077, @
Hamiltonian for weak decays. It has been argli@t that
are larger than those from the factorization apprdddhand
from the QCD factorization approadi2-14, which are

*Email address: chchen@phys.nthu.edu.tw located within 4.339x 1076 with the uncertainty arising
"Email address: keum@phys.sinica.edu.tw mainly from the inclusion of annihilation contributioh%4].
*Email address: hnli@mail.ncku.edu.tw The mechanism responsible for the larger branching ratios in
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the PQCD formalism is dynamical enhancement of penguin (P, €)
contributions[4,5]. Note that the current experimental data
of B(B*— ¢K™),

CLEO [15]: (5.5'23+0.6)x 106,

Belle [16]: (10.6'23+2.2)x 10", B(Pﬁ—. .—K(P3)

BaBar [17]: (7.7'15£0.8x10°5, 3) ka d,u ks

FIG. 1. Leading contribution to thB— ¢K decays, wheréd
denotes the hard amplitude akd, i=1, 2, and 3 are the parton

and those oB(B%— ¢K?),

CLEO [15]: <12.3x10°6, momenta.
Belle [16]: (8.7"38+1.5x10°¢, ric B factories. TheB— ¢K decays arise from penguin
(loop) effects, while theB— J/ /K decays involve only tree
BaBar [17]: (8.1731+0.8x10°, (4)  amplitudes. The search for differeBtP asymmetries in the
B—J/yKg and ¢pK4 decays, with the common source from
are still not very consistent with each other. BO.BO mixing, provides a promising way to discover new

_The PQCD factorization formulas f@— ¢K decay am-  pnysics[22,23: a difference of|Acp(J/ K<) — Acp(dKo)|
plitudes have been derived independently 18]. Here we - 504 would be an indication of new physics. This subject

shall further discuss the power behavior of the factorizablgy;|| pe addressed elsewhef@4]. Furthermore, thep and

emission and annihilation amplitudes, and the nonfactoriz- — — .
. : ST L J/ ¢ mesons are bound states of theandcc quarks. It is
able amplitudes in Mg, whose relative importance is given . . ; . : :
also interesting to compare their branching ratios, which re-

by flect the mass effect from charm quarks.
ome A We demonstrate the importance lof and threshold re-
emission: annihilation: nonfactorizalte : —: —, summations by studying thg— K transition form factors
Mg Mg in Sec. Il. The power counting and the factorization formulas

) for various topologies of amplitudes are given in Sec. lll.
The numerical analysis is performed in Sec. IV. Section V is
the conclusion. Twist-2 and two-parton twist-3 distribution
mplitudes for the kaon and for the meson are defined in

e Appendix.

with my being the chiral symmetry breaking scale. In the
heavy quark limit the annihilation and nonfactorizable am-
plitudes are indeed power-suppressed compared to the fai
torizable emission ones. Therefore, the PQCD formalism fof
two-body charmless nonleptoni® meson decays coincides
with the factorization approach ddg—. We shall also Il. SUDAKOV SUPPRESSION

explain why the annihilation amplitudes are mainly imagi- i . ) _ )

nary and investigate theoretical uncertainty in the PQCD ap- !N this section we briefly review the importancelafand
proach. threshold resummatlons fqr an infrared finite PQCD c_:aIcuIa—

Dynamical enhancement is a unique feature of the PQCL{iO” of h_eavy_—to-llght transm_on f_orm factolfd0]. Consider
approach, which does not exist in the factorization or Qcpthe leading diagram shown in Fig. 1 for tBe- ¢K decays
factorization approach. We argue that Bies K modes are I the kinematic region with a fast-recoil kaon. TBgneson
more appropriate for testing this mechanism in penguinnomentunP,, the  meson momenturR,, the longitudinal
dominated nonleptoni® meson decays compared to tBe ~Polarization vectore, and the kaon momentui; are cho-
K= decays[9]. The largeB— K branching ratios may S€n. in light-cone coordinates, as
not be regarded as evidence of dynamical enhancement: they
can also be achieved by chiral enhancem@m kaon is a
pseudo-scalar mespand by choosing a large unitarity angle P.= %(1 10;), P :%(1 r2 .07
$3~120° [19], which leads to constructive interference be- = 2 F o e
tween penguin and emission contributions. TBe- ¢K
modes are not chirally enhanced, becagsis a vector me-
son, and insensitive to the variation of the anglg because Mg ) 1 )
they are pure penguin processes. If the datB@— ¢K) P3= T(O,l—r¢,OT), €= \/_—(1,—r¢,OT), (6)
are settled down at values aroundx1D0® in the future, 2 21y
dynamical enhancement will gain a strong support.

On the other hand, precise measurement ofdReasym-  with the ratior ,=M,/Mg, M, being the) meson mass.
metry in theB— ¢K decays is important for new physics At the end of the derivation of the factorization formulas, the
search and for the determination of the unitarity angle termsrfb~0.04 in the above kinematic variables will be ne-
with high degree of accurad0,21]. This measurement is glected. We treat the kaon as a massless particle, and define
experimentally accessible at the early stage of the asymmethe ratior c=mg/Mg for the kaon, which will appear in the
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b % d.s d,s
FIG. 2. Lowest-order diagrams
B § mK B § m K for the B— K transition form
factors.

kl kg kl k3
(a) (0)

normalization of the twist-3 kaon distribution amplitudes. mic corrections to th®, ¢, andK meson distribution ampli-
The B meson is at rest under the above parametrization ofudes lead to the exponentiddg, S,, andSy , respectively,
momenta.

A. kr and threshold resummations Sg(t)=exg —s(x;P; ,bl)—ZJt d:'uy(as(ﬁz))
It has been known that the lowest-order diagram in Fig. - thr

2(a) for the B— = form factor FB™ is proportional to

1/(x1x§) without including parton transverse momethta,

wherex;=k; /P; (x3=k3/P3) is the momentum fraction

associated with the spectator quark on Bieneson(pion)

Sy(t)=expg —s(x2P; ,by) —=s((1=%,)P; ,b,)

side. If the pion distribution amplitude vanishes likg as t d; -
x3— 0 (in the twist-2 casg F®7 is logarithmically divergent. _Z.fl/b — y(as(pn))|,
If the pion distribution amplitude is a constant)as—0 (in 2

the twist-3 casg FB™ even becomes linearly divergent.
These end-point singularities have caused critiques on the

perturbative evaluation of th8— = form factor. Several Sk(t)=expg —s(x3P3 ,b3) =s((1—x3)P3 ,b3)
methods have been proposed to regulate the above singulari-

ties. An on-shellb quark propagator has been subtracted ¢ du

from the hard amplitude ag;—0 in [25]. However, this _zf :'“y(as(;z))
subtraction renders the lepton energy spectrum of the semi- 3

leptonic decayB— =l v as vanishing as the lepton energy is with the quark anomalous dimensign= — /7. The vari-

equal to half of its maximal value. Obviously, this vanishing ablesb. b, andb.. coniugate to the parton transverse mo-
is unphysical, indicating that the subtraction may not be an =2 3 1ug P

) > . . mentak,T, Ko7, andksr, represent the transverse extents of
appropriate way to regulate the singularity. The subtractloqheB ¢1TandzIT< meso g; resppectively The expression for the
also leads to a value dfF®™ at maximal recoil, which is . ' )

much smaller than the expected one 0.3. A lower bound; of exponensis referred tq28-30. The above Sudakov expo-

— i . nentials decrease fast in the lafgeegion, such that th&
of O(A/Mg) has been introduced if26] to make the con- _, 4k hard amplitudes remain sufficiently perturbative in the

volution integral finite. However, the outcomes depend Olend-point region.
the cutoff sensitively, and PQCD loses its predictive power. Recently, the importance of threshold resummafieb—

A self-consistent prescription has been proposefPifl,  33] has been observed in exclusiBemeson decayk34]. As
where parton transverse momeRtaare retained in internal x9—0 [to be precisex ~O(/T/M )]in Fig. 2a), the inter-
particle propagators involved in a hard amplitude. In the end- ?él b quark Earrying sthe momeBnturﬁl—gkg bécomes al-
point region the invariant mass of the exchanged gluon Iér1nost on shell, indicating that the end-point singularity is as-

only O(A?) without including kr. 12'he inclusion ofkr  gociated with theb quark. Additional soft divergences then
brings in large double logarithmss In“(kr/Mg) through ra-  4n5ear at higher orders, and the double logarithym?x; is
diative corrections, which should be resummed in order Gyoqyced from the loop correction to the weak decay vertex.
improve perturbative expansiorkr resummat|on[28,22q This double logarithm can be factored out of the hard ampli-
then gives a distribution okr with the average(kt)  tyde systematically, and its resummation introduces a Suda-
~0O(AMp) for Mg~5 GeV. The off-shellness of internal kov factor S(x3) into PQCD factorization formula$34].
particles then remain®(AMg) even at the end point, and Similarly, another lowest-order diagraffrig. 2(b)] with a
the singularities are removed. Hence, it cannot be selfhard gluon exchange between ttigs) quark and the spec-
consistent to tredt; as a higher-twist effect as the end-point tator quark gives an amplitude proportional toxgs). In
region is important. The expansion parameigfAMg)/7  the threshold region withx,—0 [to be precise, x,
~0.13 is also small enough to justify PQCD evaluation of ~O(A?/M3)], additional collinear divergences are associ-
heavy-to-light form factor$4,5]. This result is the so-called ated with the internabl(s) quark carrying the momentum
Sudakov suppression on the end-point singularities in excluP;—k;. The double logarithmagIn?x, is then produced
sive processeg30]. from the loop correction to the weak decay vertex. Resum-
The above discussion applies to tBe~K form factor  mation of this type of double logarithm leads to the Sudakov
and to theB— ¢K decaysk; resummation of large logarith- factor S;(x;).

: )
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The above formalism can be generalized to factorizablehat theB— K form factor has an unreasonably large value
annihilation diagrams easily. For the lowest-order diagranF2¥~0.57 at maximal recoil. The reason is that the double
with the internal quark carrying the momentuPa+ks, the  logarithmsa,In?x have not yet been organized. If including
end-point region corresponds xg— 0. Hence, threshold re- both resummations, we obtain the reasonable res6lt
summation of the double logarithm gives the Sudakov factor0.35. This study indicates the importance of resummations
Si(X3). For the lowest-order diagram with the internal quarkin PQCD analyses oB meson decays. In conclusion, if the
carrying the momentur®;+k,, the end-point region corre- PQCD evaluation of the heavy-to-light form factors is per-
sponds tox,— 0. Threshold resummation of the double loga-formed self-consistently, there exist no end-point singulari-
rithm then gives the Sudakov fact&(x,). The Sudakov ties, and both twist-2 and twist-3 contributions are well-
factor from threshold resummation is universal, independenbehaved.
of flavors of internal quarks, twists and topologies of hard The mechanism of Sudakov suppression can be easily un-
amplitudes, and decay modes. To simplify the analysis, welerstood by regarding a meson as a color dipole. In the re-
have proposed the parametrizatidi©], gion with vanishingk; and x, the meson possesses a huge

extent in the transverse and longitudinal directions, respec-
tively. That is, the meson carries a large color dipole. At fast

21+2¢(3/2+4¢) recoil, this large color dipole, strongly scattered duriBg
Si(X)= ———[x(1—x)]¢, (8) meson decays, tends to emit infinitely many real gluons.
\/;F(1+C) However, these emissions are forbidden in an exclusive pro-

cess with final-state particles specified. As a consequence,
with the parametec=0.3. This parametrization, symmetric contributions to theB— ,K form factors from the kine-
under the interchange afand 1—x, is convenient for evalu- matic region with vanishingr and x must be highly sup-
ation of factorizable annihilation amplitudes. It is obvious pressed.
that threshold resummation modifies the end-point behavior
of the meson distribution amplitudes, rendering them vanish-
ing faster atx—0. )
Threshold resummation for nonfactorizable diagrams is Ve demonstrate thak and threshold resummations must
weaker and negligible. The reason is understood as followd€ taken into account in order to obtain reasonable results for
Consider the diagram with a hard gluon exchange betweete B—K, form factors. In the PQCD approach these form
the spectator quark and tsejuark in the¢ meson, in which ~ factors are derived f_rom_ the diagrams \_Nlth_ one hard glu_on
the internals quark carries the momentuky,—k; +ks. To exchange as shown in Fig. 2. S_oft contribution from the dia-
obtain additional infrared divergences, i.e., the double logagram without any hard gluon is Sudakov suppresisEa].
rithms, thes quark must be close to mass shell. We then havéor a rigorous justification of this statement in QCD sum
the threshold region defined, for example, bl  rules, refer to[35]. The two form factorsF5"(g%) are de-
~O(A2/Mg), ky~O(A2/Mg), and ks~O(Mg) simulta-  n€d by
neously. That is, this region has more limited phase space
compared to that for factorizable amplitudes. Furthermore, o
soft contribution to a pair of nonfactorizable diagrams can- (K(P3)|b(0) yﬂs(0)|B(P1))
cels, such that the end-point region is not important. Based
on the above observations, we shall not include threshold BK,
resummation for nonfactorizable amplitudes. =F(Q9)| (P1+P3),— ———0a,
kt and threshold resummations arise from different sub- q
processes in PQCD factorization. They can be derived in M2
perturbation theory, and are not free parameters. Their com- + FSK(qZ)B—q , (9)
bined effect suppresses the end-point contributions, making 2 g
PQCD evaluation of exclusivB meson decays reliable. If
excluding the resummation effects, the PQCD predictions for
the B—K form factor are infrared divergent. If including where q=P,—P; is the outgoing lepton-pair momentum.
only k; resummation, the PQCD predictions are finite. How-F?ﬁK and FS’K at maximal recoil are, quoted from E(B9)
ever, the two-parton twist-3 contributions are still huge, sobelow, written as

B. Form factors

1 [
FE*ﬁO(O):swcFMgfo dx, dx3f0 by dbybg dby®g(xq,b){[(1+X5) Py (X3) + (1= 2%3)r (PR (X3) + PZ(X3))]
X ag(t) Sp(tE)) S (1) he(X1 X35, by,b3) + 2r DR (X3) as(t) Sp(tP) S (1) he(X3, %1, b3, by)},  (10)
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with C.=4/3 being a color factor. The hard function central valuewg=0.4 GeV. Turning offk; and threshold

he(X1,X3,b1,b3), referred to in Eq(44), contains the thresh- resummations and fixings, the B— ,K form factors are

old resummation facto,(xs). The hard scale, are defined  divergent and not calculable. Withy resummation, the re-

in Eq. (46). The expression for théB— m form factor  Sults become finite as shown in Table I, but still much larger

FB7(q?) is similar to Eq.(10). tr;(ejm the expeqted opfes O.3—0.4b. Fyrthﬁr mcludmggre thrlesh-
In Eg. (10) we have included the complete two-parton EBK(rg)SEgg]gE%r_log a?SéBV’YFO)O: :)ag]Oit O?Of"f"%%ns% rgn\éz;:es

twist-3 distribution amplitudes associated with the pseudob]c the form factors have been usually adopted as model in-

scalar and pseudo-tensor structures of the kaon. We adopt ths in the literature, and are consistent with the results from
massmy=1.7 GeV[4,5], the B meson distribution ampli- |attice calculationg38—4Q extrapolated to the smatj? re-
tude @ proposed if4,5] [see Eq.(61)], and the kaon dis- gion and from light-cone QCD sum rul¢41,42,.

tribution amplitudesby, ®f, and ®y derived from QCD We also present our results of the time-like form factors
sum rules[36] [see Eqs(65—-(67)]. Sincedy is still not  F#X which govern the factorizable annihilation amplitudes.
well determined, we consider the variation of its shape paThe factorization formulas are, quoted from E@¢$1) and
rameter within 0.36 Ge¥ wg<0.44 GeV[37] around its  (42), given by

1 9]
FE”VK_A)= 87CeM gfo dx, dngo by dbybg dba{[ (1—X3) P 4(X2) P (X3) + 2r T yP (%) (2= X3) DR(X3) + X3P R (X3))]

X arg(t5) Sy (1) S (1) ha(x2,1- X3,b7,b3)
—[Xo® 4(X2) D (X3) + 2 kT 4((1+X) DG(X2) = (1= Xp) Dly(X2))PR(X3)]
X ag(t2) S, (1) S (1) ha(1—x3,%5,b3,b2)} (11)

1

F s =~ 87CeMB | drx | Ty dbgb dba{[2r,c(1 X510 406 (R0 + D)) + 41 D500 By X5

0
X ag(t{) S (1) S (1) ha( X2, 1= X3,b2,b3) +[ 41 (D 4 (X2) DR (X3) + 2Xr 4 (D5(X) — Py (X)) P (X3)]
X ag(t) Syt S (1) ha(1—x3,%2,b3,by)} (12)

The hard functiorh,(x,,X3,b5,b3), referred to in Eq(45), factors and of the time-like form factors with the chiral en-
contains the threshold resummation facg(fxs). The hard hancement factom, is displayed in Table II.

scalest, and thes meson distribution amplitudeb 4, <I>‘¢,

and (Dfi, are defined in Eq(47) and in Egs.(62)—(64), re-

spectively. It is obvious tha%{”VK,A contains both logarith- . POWER COUNTING AND DECAY AMPLITUDES

mic and linear divergences, aﬁq{’\HA) contains logarithmic _ _ _
divergence$14,43, if the Sudakov factors are excluded. To ~ We discuss the power counting rules in the presence of
include annihilation contributions in the QCD factorization the Sudakov effects and present the factorization formulas
approach, several arbitrary complex infrared cutoffs must béor the B— ¢K decays. The effective Hamiltonian for the
introduced to regulate the above end-point singularjde. ~ flavor-changingo— s transition is given by

These cutoffs are process dependent. Hence, the PQCD ap-

proach with the Sudakov effects has a better control on an-

nihilation contributions. G

i [ - —2 K F
We obtain F(V_A)—_(21.78+0.63)><10 and F{a Ho=— >, V, Ci(w)OD () +Co( )OS ()
=(—3.48+13.52)X10°2 for wg=0.4 GeV and m, V2 q5te
=1.7 GeV. The smaller value & , is due to a mecha- 10
nism similar to helicity suppression: noted:cpe pf':lrtlal F:ancel- +2 Ci(w)Oi(w) |, (13)
lation between the two terms in EQLL). F{,. 4) is mainly i=3

imaginary, whose reason will become clear after we explain

the power behavior of the various decay amplitudes in the

next section. The time-like form factors are independent ofvith the Cabibbo-Kobayashi-Maskaw@KM) matrix ele-
the shape parametarg. The change of th&— 7,K form mentquzva‘qub and the operators

112002-5



CHUAN-HUNG CHEN, YONG-YEON KEUM, AND HSIANG-NAN LI

TABLE I. B—,K transition form factors without threshold
resummationcolumn A and with threshold resummatidaolumn

PHYSICAL REVIEW D64 112002

TABLE II. Time-like form factorsF¢X.

B). Form factors FB7(0) FB(0) F{, X107 Fa X107
Form factors FB7(0) FBK(0) mg (GeV) Re Re Re Im Re Im
wg (GeV) A B A B 1.4 0295 0.312 149 056 —258 12.72

1.5 0308 0.326 161 0.57 —3.06 13.13
0.35 0.603 0.356 0.703 0430 16 0320 0.340 1.71 0.62 —3.20 13.41
0.36 0.579 0.343 0.675 0413 17 0.333 0.354 1.78 0.63 —3.48 13.52
0.37 0.557 0.330 0.647 0398 18 0.345 0.368 1.92 0.68 —3.79 13.88
0.38 0.535 0.318 0.621 0382 19 0.357 0.383 202 0.73 -3.99 14.67
0.39 0.515 0.306 0.597 0368 20 0.370 0.396 210 0.74 —4.40 14.82
0.40 0.496 0.295 0.574 0.354
0.41 0.478 0.285 0.552 0.342
0.42 0.461 0.275 0.532 0.329 Vus Vus Vb
0.43 0.445 0.266 0.512 0.318

Vcd Vcs Vcb
0.44 0.429 0.257 0.494 0.307
0.45 0.414 0.248 0.476 0.296 Via Vis Vi
1-\%/2 A AN3(p—in)
= o < o = -\ 1-\?/2 AN?
O(lq)z(siqj)V—A(iji)V—A: O(zq)z(siqi)V—A(quj)V—Av . . (18
AN3(1—p—in) —AN? 1

03:(§ibi)V—A§ (ajqj')v—Av

04:(gibj)V—A§ (9% v-a.

Osz(gibi)v—Azq (Eij)V+Ay

Og= (gibj)v—Ag (ajqi)VJrAv

3 — —
O7= 5 (Sb)v-n2 eq()v=a,

3 _
Oazz(sibj)v—AEq: €q(djdi)v+as

3 — —
Og= 5 (Sb)v-n2 €q()v-a.

3 _
Olozz(sibj)V—Aé €q(djdi)v-a,

A recent analysis of quark-mixing matrix yield45]

A=0.2196-0.0023,

A=0.819+0.035,

Ry=p?+ 72=0.41+0.07. (17)

The hard amplitudes contain factorizable diagrams, where
hard gluons attach the valence quarks in the same meson,
(14 and nonfactorizable diagrams, where hard gluons attach the
valence quarks in different mesons. The annihilation topol-
ogy is also included, and classified into factorizable and non-
factorizable ones according to the above definitions. Bhe
— ¢K decay rates have the expressions

FZG%M%
327

|A|2. (18

The amplitudes foBy— ¢K°, By— ¢K®, BT —¢K*, and
B~ — @K™ are written, respectively, as

A= VEFEO+VEMEO + £V FE@ 4 v pmF@
(19

A= VFEO+VMEO 4+ £V FEO v M PO

i andj being the color indices. Using the unitarity condition, (20)
the CKM matrix elements for the penguin operat@rsO4q
can also be expressed g+ V.= —V,. The unitarity angle At =,V FPO £ vF M PO 4 fovr FPW 4 vr A PO

¢4 is defined via

Here we adopt the Wolfenstein parametrization for the CKM

matrix up toO(\3),

Vb= |Vup|exp( —i ¢a).

_fBV: Fa_V:Mav (21)
(15)

A =1 VFEOD VM EO + v FRW 4 v B
—faVyFa— VuM,. (22)
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In the above expressios(M) denote factorizabléhonfac-  though the two-parton twist-3 distribution amplitudes are
torizable amplitudes, the subscripts(a) denote the emis- proportional to the ratio x=my/Mg. The presence of the
sion (annihilation) diagrams, and the superscrig®§q) de-  potential linear divergence in the twist-3 contribution modi-
note amplitudes from the penguin operators involving thefies the naive power counting rules from twist expansion of
g-q quark pair, and g (f4) is theB (4) meson decay con- Meson (.:iistribution. amplitudgs. The power behavior of the
stant. other twist-3 term in Eq(10) is the same.

A folklore for annihilation contributions is that they are
suppressed by a power of the small ratif Mg, and neg-

) o ligible compared to emission contributions. The annihilation
Before present.lng the faqtorlzatmn formgla; of the aboveamplitudes from the operatof; , 5 ,with the structure ¥
amplitudes, we discuss their power behavior iM3/ The  _ A)(v—A) are small because of the mechanism of helicity

spectator quark in thB meson, forming zisoft cloud around suppression. This argument applies exactly to Bre 7w
the heavyb quark, carries momentuf®(A). The spectator decays, and partially to thB— K and ¢K decays, since
quark on the kaon side carries momentd{Myz) in orderto  the kaon distribution amplitudes are not symmetric in the
form the fast-moving kaon with thequark produced in the momentum fractiorx, and the two final-state mesons are not
b quark decay. These dramatic different orders of magnitud&lentical. Those from the operato@s ¢ with the structure

in momenta explain why a hard gluon is necessary. Based of5— P)(S+ P) survive under helicity suppressi¢a,5]. Be-
this argument, the hard gluon is off shell by orderAdf . low we shall argue that the annihilation amplitudes frog)
This special scale, characterizing heavy-to-light decays, igre proportional to &, which is in factO(1) for Mg
essential for developing the PQCD formalism of exclu®ive ~5 GeV. That is, annihilation contributions vanish in the
meson decays. Below we shall explicitly show how to con-heavy quark limitm,— e, but are important for the physical
struct this power behavior, and argue that all the topologiesnassmy,.

of diagrams should be taken into account in the leading- Referring to Eq.(11), the integrand for the twist-2 anni-

A. Power counting

power PQCD analysis. hilation amplitudes fronO, , 3 4is written as
We start with the twist-2 contribution to the factorizable -
emission amplitude, which contains the integrdede Eq. 2 XoX3Mg
(101, VA [x,xsM2— O(AMpg) +i€][xsM2— O(AMg) +ie]’
XsM 3 (27)
e = (23
[X1XsMg+O(AMpg)][XsMg+O(AMg)] where the factoi, in the numerator comes from ,(x,)

. . andx3 comes fromxz® «(x3). Here we have interchange
where the factoks in the numerator comes from the twist-2 3 3Pk(x3) ged

kaon distribution amplitudeé «(x3) and the first and second ar'1d 1=xs for the convemepce Of, discussion. In th'e region
factors in the denominator come from the virtual gluon andith XiNO(Af/mB) ar}d V‘c’;th art_ntraryxz,twefobt;l)ln the
quark propagators, respectively. The ter®@6AMg) repre- power laws of the real and imaginary parts of €[,
sent the order of magnitude of parton transverse monk%nta 1 1
under Sudakov supp_ression. The momentum fracxipnis Re(l‘(ié,A))fv W Im(l?\%,A))va. (28
assumed to be o®(A/Mg). Here we concentrate on the B B
important end-point region witli;~O(A/Mg). It is trivial Hence, the twist-2 annihilation contributions fradj , 5 4are
to find that in the end-point regiolf? behaves like negligible.

The integrand for th@©(r?) terms in Eq(11) is written as

~=, 24 2
AMg 24 a4 _ 2rKr¢MB _ .
[XoxgM3—O(AMg)+i€][xsM3—O(AMp)+ie€]

lv-m=

as argued above.
We then consider the first twist-3 term in E4.0), (29)

We express the quark propagator as

2
r«Mg
SV VERYy . (25
[X1XsMg+O(AMpg)][XsMg+ O(AMg)] 1 _ =
X XsM2—O(AMg)+ie Xx3MZ—O(AMpg)
For smallx;3~O(A/Mg), we have the power law, 3B B 3sMg B -
iﬂ'&( O(A)) 30
r myg 1 —— 8 xg—0| —| |,
|e3 K o (26) Mé MB

A? A AMg
whereP denotes the principle-value prescription. The gluon
Hence, the twist-3 contribution is not power-suppressegropagator is expressed in a similar way. The real part then
compared to the twist-2 one in thég—o limit [9,10], behaves like

112002-7
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rs-ofiy)

P =) 2 5( o( )
— — — —— 68| Xox3— O ——
[XXxsM3—O(AMg)] [xsM3—O(AMg)] M§ |\ 2° ~\ Mg

Re(1)_a)=2rkr yM3

, (1 2 My 1 (1 WZA) a1
ol 32" Amg) " TN AMg Mg 3y
|
The imaginary part of Eq29) behaves like Becausé)(Mg/A)~ =2 for Mg~5 GeV, the two terms
in Eq. (34) almost cancel each other. The imaginary part in
IM(1%4 )= — 27,1 P Eq. (35) is enhanced by the factori2 There is no helicity
(V=A) Kl [XpXsM2 — AMpg)] suppression in this case. It is then understood that the anni-
hilation amplitudes fron®Ds ¢ are mainly imaginary, and their
A magnitude is a few times smaller than the factorizable emis-
X 6| x3—0O M B) sion one as exhibited in Table II. If the mads; changes, the

relative importance of the real and imaginary parts will
change. For example, adg increases, the cancellation in
, Eq. (34) is not exact, such that the real part becomes larger.
On the other hand, the imaginary part in EQS) decreases.
It has been checked that fifg=10 GeV, ReF(WA)) is of
the same order as Irﬁ(ﬁHA) We conclude that the small-
ness of ReIE(\HA)) in Table Il is due to the special value of
the B meson masMg~5 GeV. For generaMg, it is more
appropriate to state that annihilation amplitudes frog),
without distinguishing their real and imaginary parts, scale
like 2r¢ /(AMpg) according to Eq(34).
The above reasoning is applicable to nonfactorizable am-
plitudes. It can be found, referring to Eq4.9)—(51) and to
the asymptotic behavior of the meson distribution ampli-
tudes, that the twist-2 term of each nonfactorizable diagram
ﬁcales like 1/,(\MB) However, because of the soft cancella-
tion between a pair of nonfactorizable diagrams in the end-
point reg|on ofxs, the sum of twist-2 terms turns out to scale
3 like 1/MB The twist-3 andO(r?) terms in each nonfactor-
izable diagram scale like

+ P — 5(x2x3—0(£))
[X3M3—O(AMg)] Mg

N_err¢— :_2 :_2
Mg A M3

(32

For the above estimates the end poigt-O(A/Mg) with
arbitrary x, corresponds to the important region. Note that
the ratioM ,/A is of O(1). Compared to Eq(24), the first
term in Eq.(31), multiplied by a chiral factor x~0O(1), is
not down by the small ratibg /M. The second term in Eq.
(31) and the imaginary part, though scaling IikeM]@, are
enhanced by the factors? and 2, respectively. However,
the mechanism of helicity suppression renders that these a
nihilation contributions turn out to be smalk(l/Mé) as
shown in Table II.

Referring to Eq(12), the general integrand for the twist-
annihilation amplitudes fron®s ¢ is given by,

21 XoXsM3 Tk Tkfe_ Mg 1 (36)

[X,X3MZ—O(AMpg) +i€][xsM2—O(AMg) +ie] AMg  A?
(33

I(V+A)

respectively. The cancellation between a pair of nonfactoriz-
By means of a similar argument, the real and imaginary partgble diagrams modifies the above power behaviors into
behave, respectively, like

1 w2\ T2 = k= —%. (37
Re(1{01 a) ~2rk=— (1——), (34 Mg AMg A Mg
AMg

respectively. For the nonfactorizable annihilation amplitudes
- [see Eqgs(53) and(54)], the soft cancellation does not exist,
Im(I?3+A))~ —2rg—. (35 since theB meson is a heavy-light system. However, it can
Mg be shown that the twist-2, twist-3 ar@(r?) terms in each

) ) ) ) nonfactorizable annihilation diagram possess the power be-
It is observed that the twist-3 amplitudes in Efj2) possess haviors,

the same power law as thé terms in Eq.(11). The differ-

ence is only theO(1) ratio M /A As stated before, the 1 r M. 1

K ¢
potential linear divergence in the2 terms alters the naive —, =, k= —3, (39
power counting rules from twist expansion. Mg Mg A Mg

112002-8
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respectively. B. Factorization formulas

We emphasize that it is more appropriate to count the Below we calculate the hard amplitudes for the emission
power of each individual diagram, instead of the power ofand annihilation topologies, whcih have been obtained inde-
sum of diagrams. In some cases, factorizable contributiongendently in[18]. The factorizable penguin contribution is
are suppressed by a vanishing Wilson coefficient, so thakritten as
nonfactorizable contributions become dominant. For ex- L .
ample, factorizable internaM emisson c_or_1tr|bl_Jt|ons are FE(S)Z—BWCFMZBJ Xmdxsf b, dbybs dby®g(xy,by)
strongly suppressed by the Wilson coefficient in the B 0 0
—J/yK*) decays[3]. In some cases, such as tBe-D

decays, there is no soft cancellation between a pair of non- X{[(1+X3) Pr(X3) TTk(1~2x3)

factorizable diagrams, and nonfactorizable contributions are X (DR (x) + PN EL (1M hg(xy,X3,b1,b3)
significant[3]. In summary, we derive the relative impor- e
tance of the various topologies of amplitudes given in Eq. +2r DR (x3) EQ (1) ho(x5,%1,bg, b))} (39)

(5). The annihilation and nonfactorizable amplitudes are in- . o .
deed negligible compared to the factorizable emission onebn€ factorizable annihilation contribution is given by

in the heavy quark limit. However, for the physical mass EP(a) = gP(a) 4 pP() (40)
Mg~5 GeV, the annihilation contributions should be in- a ad 6
cluded. with

1 o
Fai?=mCeMa fo dx; dxg fo b, Aoz dbs{[ (1 X2) D (xe) Pk(Xa) + 27 kT 4P3(X2) (2~ Xa) PR (Xa) + XaPK(x3))]

XED () ha(X2, 1= X3,b5,03) = [Xo® 4(X2) D (X3) + 27 7 4(14X2) DE(X2) = (1= %) D (%) )DR(X3) ]
XEQ(t2)ha(1—xg,X5,b3,b2)}, (41)

1 o0
Fae?=—8mCeMg JO dx; dxg fo b, dbzhs dbs{[ 21 (1 Xa) © (%) (PR(xa) + PR (xa)) + 41 4 (x2) Pk (X3)]

XEQ (1) ha(x2,1— X3,by,b3) +[ 41 (D 4(X2) DR (X3) +2Xr 4(@5(X2) — D(X2)) P (X3)]
XEQ(t2)h,(1—x4,%2,b3,b,)}, (42

for the light quarkgg=u andd. F, in Egs.(21) and(22) are

i) ? 1
the same a& (") but with the Wilson coefficiena{") re- ha(X2,X3,b2,b3) =| 5| Ho '(VX2X3Mgb2) Si(X3)
placed bya,.
The factorsE(t) contain the evolution from the/ boson X[ 6(by—b3)HP (VXM gh,)
mass to the hard scalés the Wilson coefficients(t), and
from t to the factorization scale l/in the Sudakov factors X Jo(\x3Mghs) + 6(b3—by)
S(t),
(t) XHE(VxsMgbs)
ELP (1) = ag(H)al? (1) Se(t) Sk(1), % 3o KaMgby)1, (45
(@ (1) = (a)
Bai' (1) = as()a7 (1) Sp (1) S¢ (V). (43 whereS;(x) is the evolution function from threshold resum-

mation discussed in Sec. Il, akd,, 15, Hg, andJ, are the
Bessel functions.
The hard scales are chosen as the maxima of the virtu-

The hard function$ are

he(X1,X3,b1,03) = Ko(VX1X3Mgb1) Si(X3) alities of internal particles involved in the hard amplitudes,
X[ 0(by—bs)Ko( xsMgby) including 1b;,
X lo(\xsMghg) + 6(bs—by) t® = max yxsMg,Lbs, 1hbs),
X Ko(\xgMgbg)lo( VXsMghy)1,
(44) t&=max\x;Mg, 1/by,1h3), (46)

112002-9
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t{=max \1—x3Mg,1/b,,1/by), izatign approaches. When PQCD analyses are extended to
O(«f) [46], the hard scales can be determined more pre-
t2)=max \X,Mg,1/,,1/h5), (47)  cisely and the scale independence of our predictions will be

. . _ improved. TheD(«?) corrections to two-body nonleptoni:
which decrease higher-order correctidd$]. The Sudakov meson decays have been computed in the generalized factor-
factor in Eq.(7) suppresses long-distance contributions fromjzation approact47,4g, which indeed improve the scale
the largeb [i.e., largeas(t) ] region, and improves the appli- independence of the predictions.
cability of PQCD toB meson decays. We emphasize that the  For the nonfactorizable amplitudes, the factorization for-
special intermediate scales O(\VAMg) lead to predictions mulas involve the kinematic variables of all the three mesons
for penguin-dominated decay modes, sucBas¢K, which  [49], and the Sudakov factor is given 87 SgSq Sk . Their
are larger than those from the factorization and QCD factorexpressions are

ME@ = MED+ MED+ MED+ MED, (48)

with
1 )
Mg =16mCeMg 2N fo dix] fo by dbyb, db® (X, b1) @ (X ){[ (X X5) Pk(Xa) T kXa(Pk(Xa) + P (x3))]

X Egi)’(tél))h((jl)(xl 1X2,X3,01,02) —[(1—X5) DPy(X3)— rKXS((I)ﬁ(Xa) —Ddy(x3))]

XED (tP)hP(xq,%;,%3,b1,02)}, (49)

1 9]
MEI=167C M 2N, | x| by dbub bt 1) 060 {Dsi60)~ X @ROX) ~ PG

XEQ" (¢ (%7 ,%5,%5,01,b5) = [(1—Xp+ Xg) D (Xg) — T kXa(@R(X5) + PE(X3))]

X Eg%)’(t((jZ))thZ)(Xl1X21X31b11b2)}1 (50)

1 0
MED=~167CMEVZN, [ dlx] [ by dbyby dbatba(xs by @) ~ @506 63) it Xz )

X ((Dt(ﬁ(XZ)CI)E(Xg) + D5 (%) D (X3)) + 1l y(Xo+ xs)(<I>Eﬁ(x2)<I>K(x3) —DY(x2) PR(X3))]

X Eg%)’(télt))hgl)(xl X2,X3,D1,02) + [rd,(l—xz)(d);(xz) +D%(X)) Py (X3) + Tkl y(1—X,—X3)

X (¢Ef>(x2)q’ﬁ(x3) — D% (x) DR (X3))— rKr¢(1_X2+X3)(‘Dt¢(xz)‘bﬁ(xs) —D%(x2) DR(X3))]

XEQ (tF) (x4 %5 X5.b1.,by)}, (51)

whereN, is the number of colors and[x] denotesdx,dx,dx;. The amplitudeM 5 is the same asvt 5{® but with the
Wilson coefficienta(g“)' . The nonfactorizable annihilation amplitudes are given by

MEO=MED+ MO, o
with
1 o
Mgéq):_]-GWCFMZB\/Zch d[x]f by dbib, dby®g(X1,b){[(1—X3) D 4(X2) Py (X3) + 1kl 4(1—Xo—X3)
0 0

X ((Dt(/,(xz)cbﬁ(xs) - ®1(Xz)q>ﬁ(x3))— rKr¢(1+x2—x3)(cl>tﬁ(x2)q>§(x3) —(I)Z(XZ)CD,Q(X?,))]
XEQ (MM (xq,%0,%3,b1,05) = [Xo® 4(X2) P (X3) =TT (1= Xp—X5) (B (Xo) PR(X3) + D (Xo) DE(X3))

1T (1= X+ Xa) (PY(X2) D E(X3) + (3+ X — Xa) D (%) PR(XaDIED (1)1, X2, X3,b1,b2)}, (53

112002-10
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1 )
MEg?=—16mCeMEV2N, fo d[x] fo by dbyb, dbP(X1, b1 pXa(Ply(Xz) + D(x2)) P (Xa)

— (1= X3) @ (%) (PR(X3) — PE(X2)TED (1N (xq X5, X3,01,D2) [ (2= X2) (DY X2) + DS (X2))

X Dy (Xg) = I (14 X3) D y(X2) (PR (X3) — DE(x3)ED (122 (%1, X5,%35,b1,b2)}.

The amplitudeM, is the same a1 7{*) but with Wilson coefficieni; .
The evolution factors are given by

ED' ()= ()@@ (1) S()]p,p,.

EQ (0= ay)a? ()S()]o,-s,:
The hard functioni’), j=1 and 2, are written as
h$)=[ (b —b,)Ko(DMghy)l o(DMghy) + (b, —b1)Ko(DMghy)l o(DMghy)]
X Ko(DjMghy), for DJ-2>O

i
X?H(()l)( \/|DJ’2|MBb2)I for DJZ$O,

h{)= %T[H(bl— bo)HEV(FMgby)Jo(FMghy) + 6(b,—b1)HEP(FMgh,) Jo(FMgby) ]
XKo(FjMgby), for F?=0
xigHgl)(MMBbl), for F?<0,
with the variables
D2=X;X3,
Df=(x1—x2)x3,
D§=—(1—X1—X2)X3,
F2=X,(1-X3),
Fi=(x1—%2) (1= Xa),
Fa=xX;+Xp+ (1—X;— Xp) (1—Xg).
The hard scales’) are chosen as
t{"=maxDMg,\|DZMg,1hb;,1h,),
t?)=maxDMg,\|D3Mg,1b;,1hb,),
t=maxFMg, |F3Mg,1b;, 1),

{2 =maxFMg, V|F3Mg,1b,1h,).

In the above factorization formulas the Wilson coefficients are defined by

C, ., C
A A
C Cc

C, . Gy
BTGt R
C Cc
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C, 3 Cio
a:(:,q) C3+N—+29q Cg Nc)'
;1
ag? N, Cst5€4Co,
C; 3 Cy
aEE)=C4+ N_C+§eq( C10+ N_C ]
’ 1 3
af) = N, Cat Eeqcm),
Cs 3 C
(@) — =6, =8
ay’=Cg+ Nc+ 2eq C,+ N’
, 1
af? N, Cs+5€4Cr ),
C; 3 C
(@) — 5.2 =7
ag C6+NC + Zeq(C8+ NG,
;1
al =gl Cot 58Cs)
|
IV. NUMERICAL ANALYSIS fT
. 2
For the B meson distribution amplitude, we adopt the (X)_ \/_[3(1 2x)(4.5-11.%+11.%%)
model[4,5]: Ne
X
+1.38In1—}, (64)
1({xMg\2 w3b? —X
dg(x,b)=Ngx?(1—x)%expg — =| —| — ,
Pp(X)= ——=Xx(1—x){1+0.51(1—2x
with the shape parametaerg=0.4 GeV. The normalization +0.35(1—2x)%—11]}, (65
constantNg=91.784 GeV is related to the decay constant
fg=190 MeV (in the conventiorf ,=130 MeV). As stated fr "
before, & has a sharp peak at- A/Mg~0.1. The¢ andK DR(X)= ZW[:H_O .24C;9(1-2x)
meson distribution amplitudes are derived from QCD sum ¢
rules[36,50: —0.11C3%(1—-2x)], (66)
3fy DI(x)= i (1—2x)[1+0.3510x2— 10x+ 1) ]
D 4(X) = ——=x(1-X), (62 PNTYN ' '
V2N, ¢
(67)
f; with the Gegenbauer polynomials
t _ _ 2 _ _ 2
q)¢(X) ZW(S(:L 2X) +021[3 3(X1 2X) 1/2(5)_ 2[352 1] 1/2(5) 8[3554_30524_3]_
Cc
(68)
X
+35(1—2x)4]+0.6€{1+(1—2x)lnm>], To derive the coefficients of the Gegenbauer polynomials,
we have assumel =0.49 GeV andmy=1.7 GeV. The

(63

terms 12X, rendering the kaon distribution amplitudes a bit
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asymmetric, corresponds to ti8J(3) symmetry breaking
We employ Gg=1.1663% 10 ° GeV ?,
Wolfenstein parameters\ =0.2196, A=0.819, and R,
=0.38, the unitarity angle¢;=90°, the massesMg
=5.28 GeV andM4=1.02 GeV, the decay constantg
=237 MeV, f;=220 MeV, andfy=160 MeV, and the

BY (B~) meson lifetimergo=1.55 ps - =1.65 ps)[51].

effect.

PHYSICAL REVIEW D 64 112002

TABLE Ill. Twist-2 and higher-twist contributions to thB— ¢K decay amplitudes.

Decay B — oK™

Components Twist-2 (10" GeV) Higher-twist (10# GeV) Total (10* GeV)
Amplitudes Re Im Re Im Re Im
f4Fe 9.48 — 27.71 — 37.19 —
M -3.30 2.44 1.60 -1.11 -1.70 1.33
fBFS 0.07 —0.01 —2.57 —15.47 —2.50 —15.48
M 0.06 0.41 0.30 -0.25 0.36 0.16
feFa —-1.21 0.47 41.00 13.52 39.79 13.99
M, 0.88 —12.74 —7.05 2.61 -6.17 —10.13
Decay B%— ¢K?°

Components Twist-2 (10" GeV) Higher-twist (104 GeV) Total (104 GeV)
Amplitudes Re Im Re Im Re Im
f4Fe 9.48 — 27.71 — 37.19 —
MZ —3.30 2.44 1.60 -1.11 —-1.70 1.33
feFh 0.07 -0.01 —-2.68 —-15.76 —-2.61 —-15.77
(V1 —0.03 0.77 0.48 -0.28 0.45 0.49

the

the twist-2 contributions to the annihilation amplitud@d;:a'f

are negligible. This has been explicitly confirmed in Table
Ill. As expected, the factorizable amplitudégzs dominate,
and the annihilation amplitudefsBFE are almost imaginary
and their magnitudes are only a few times smaller than
f sF¢ . The nonfactorizable amplitudéag andMF are down

by a power ofA/M g~ 0.1 compared to the factorizable ones

Note that theB— ¢K branching ratios are insensitive to the fd,FE andeFg’, respectively. The cancellation between the

variation of ¢5.

twist-2 and twist-3 contributions makes them even smaller.

We present values of the factorizable and nonfactorizablé/, and fgF, from the operator®, , are of the same order
amplitudes from the emission and annihilation topologies irbecause of the partial cancellation between the two terms in
Table IlI. Contributions from twist-2 and two-parton twist-3 the factorization formula foF, (helicity suppression
distribution amplitudes are displayed separately. It is found We demonstrate the importance of penguin enhancement
that the latter, not power suppressed, are in fact more impoin Table IV. It has been known that the RG evolution of the
tant forf¢FeP. According to the power counting in Sec. lll, Wilson coefficients C,¢t) dramatically increases as

TABLE IV. Enhancement effects in the™ — ¢K* decay amplitudes.

Scales pu=t n=25 GeV
Amplitudes Re (10* GeV) Im (104 GeV) Re (10* GeV) Im (104 GeV)
f4Fe 37.19 — 23.14 —
M —-1.70 1.33 —-1.05 0.62
feFh —2.50 —15.48 1.92 —12.83
(Y 0.36 0.16 -0.05 0.19
f5Fa 39.79 13.99 37.73 13.14
M, -6.17 —10.13 —0.56 —9.05
Branching ratio 9.810°°© 3.8x10°°

(without Ann)

Branching ratio 10.210°8 5.6x107°

(with Ann.)
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<my/2, while that ofC; ,(t) almost remains constafb2]. and twist-3 contributions, but chiral enhancement exists only
With this penguin enhancement of about 40%, the branchinén twist-3 ones[see Eq.(39)]. Therefore, they are indeed a
ratios of theB— K= decays, dominated by penguin contri- different mechanism.

butions, are about four times larger than those of Ehe At last, we examine the uncertainty from the variation of
—mm decays, which are dominated by tree contributionsthe hard scaleg which provides the informaiton of higher-
This is the reason we can explain the obserBedK = and ~ Order corrections to the hard amplitudes. We notice that this
77 branching ratios using a smaller unitarity angle is the major source of the theoretical uncertainty. The values
<90° [4,5]. In the factorization approacHL1] and in the of wg andmy have been fixed at around 0.4 GeV and 1.7

QCD factorization approadi 2], it is assumed that factoriz- Setv’ r_?ﬁpe?t'\r’fly’ which da_xrctelgniferred b%.ttB(;HKg' me

able contributions are not calculable. The leading contripy&®td- e light meson distribution amplitudes have been
. . : . fixed more or less in QCD sum rules. The possible 30%
tion to a nonleptonic decay amplitude is then expressed as a

convolution of a hard part with a form factor and a mesonvariation of the coefficients of the Gegenbauer polynomials
o . X Jlead to minor changes of our predictions. Since the analyses
distribution amplitude. In both approaches the hard scale ISf the B 7~ and B— K form factors are the same. we con-

m, and the intermediate scaleMg cannot appear, so that straint the ranges of the hard scatesuch that our predic-
the dynamical enhancement of penguin contributions doegons for the B— K= branching ratios are within the data
not exist. To accommodate tiile— K7 data in the factoriza- uncertainties. The resultant approximate range of the hard
tion and QCD factorization approaches, one relies on thecalest, is given by

chiral enhancement by increasing the magsto a large

valuemy~3 GeV, or on a large unitarity angl¢;~120° max0.75yx3sMg, 1/b;,1/b3)

[19], which leads to constructivédestructive interference 1

between penguin and emission amplitudes for Bhe K <tg)<max(1.25/x3Ms, 1oy, 1b3),

(B—>’7T7T) decayS. ma 0 7 X« M 1/b l/b
Whether dynamical enhancement or chiral enhancement X0.75/x, Mg 1b;, 1ibs)
is essential for the penguin-dominated decay modes can be <tg2>< max 1.25¢x;Mg,1b4,1b3). (69

tested by measuring thg— ¢K modes. In these modes pen- o o
guin contributions dominate, and their branching ratios ardNote that the coefficients of the factorization scales, &s-

almost independent of the angtgs. Since ¢ is a vector sociated with the definition of the meson distribution ampli-
meson, the massy, is replaced by they meson mas#,, tudes, do not change. The variation of the other hard stales

~1 GeV, and chiral enhancement does not exist. AnnihilalS Similar, but does not affect the results very much. The

tion contributions cannot enhance tBe» K branching ra- theoreti_cal uncertai_nty for th8— ¢K branching ratios in
tios too much, because they are assumed to beng éifect Eq. (2) is then obtained.
in the QCD factorization approadi2]. In the PQCD ap-
proach annihilation amplitudes reach 40%, which is reason-
able according to our power counting. However, they, being |n this paper we have shown that a leading-power PQCD
mainly imaginary, are not responsible for the laige- K  formalism should contain contributions from both twist-2
branching ratios as shown in Table IV. If thB— ¢K and two-parton twist-3 distribution amplitudes. Threshold
branching ratios are aroundx410~° [13,14], the chiral en- andk; resummations are essential for infrared finite PQCD
hancement may be essential. If the branching ratios aranalyses oB meson decays. Without Sudakov suppression
around 1x 10 ¢, the dynamical enhancement may be essenfrom these resummations, all topologies of decay amplitudes
tial. Therefore, thé8— ¢K decays are the appropriate modespossess infraredogarithmic or linear divergences. We have
to distinguish the QCD and PQCD factorization approachesexplained the power counting rules for the factorizaallso
The branching ratios oBg—>¢>K° and of B*— @K™ are  nonfactorizablgemission and annihilation amplitudes under
almost euqgal. We have also evaluated@fe asymmetries of the sufficiently strong Sudakov effects. The annihilation and
the B— ¢K decays, and found that they are not significant:nonfactorizable amplitudes are suppressed tn /Mg and
their maxima, appearing at;~90°, are less than 2%. by A/Mg in the heavy quark limit, respectively, compared to
We emphasize thatng(w), appearing along with the the factorizable emission ones. For the physical nidss
twist-3 kaon distribution amplitudes, is defined at the factor-~5 GeV, the former should be taken into account. In the
ization scale W as low as 1 GeV in the PQCD formalism PQCD formalism the annihilation amplitudes can be calcu-
[2,3]. Hence, its value should be located within 1.6 lated in the same way as the emission ones without introduc-
+0.2 GeV[36]. Between the hard scale and the factoriza-ing any new free parameters. Hence, our formalism has more
tion scale, there is the Sudakov evolution. In the QCD facprecise control on the annihilation effects than the QCD fac-
torization approachmy(u) defined atmy, is as large as 3 torization approach. Annihilation contributions of 40% at the
GeV, leading to chiral enhancement. It has been argued thaimplitude level are reasonable according to our power count-
mo(x) andag(u«) form a scale-independent prodititat is,  ing. However, these amplitudes are not responsible for the
mo(u) increases, whileg(w) decreases withe), such that largeB— ¢K branching ratios, since they are mainly imagi-
chiral and dynamical enhancements cannot be distinguishethry.
[53]. However, dynamical enhancement exists in both twist-2 We have emphasized that exclusive heavy meson decays

V. CONCLUSION
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are characterized by a lower SC&TMB, for which penguin APPENDIX: TWO-PARTON DISTRIBUTION AMPLITUDES

contributions are dynamically enhanced. This enhancement 1. B meson distribution amplitudes
renders that penguin-dominated decay modes acquire o _ _
branching ratios larger than those from the factorization anf The B meson distribution amplitudes are written as
QCD factorization approaches, even when the final-state pa 10,54

ticle is a vector meson. We have proposed Bhe ¢K de-

cays as the ideal modes to test the importance of this mechaw(p (x,b) (P1+Ms) s m_ﬁ‘q_) (x,b)
nism. If their branching ratios are as large asxu® © V2N, S V2N, N
(independent of the unitarity angtg;), dynamical enhance- (A1)
ment will gain a convincing support. The answer will be- ) _

come clear, when the consistency among the BaBar, Bell&Vith the dimensioless vectorsi. =(1,0,0r) and n_
and CLEO data is achieved. We have also found thaCtRe  =(0,1,0;). As shown in[10], the contribution from®g is

asymmetries in thd8— ¢K modes are vanishingly small negligible, after taking into account the equation of motion

(less than 2% betweendy and ®5. Hence, we consider only a singk
meson distribution amplitude in the heavy quark limit in this
ACKNOWLEDGMENTS work. As the transverse extehtapproaches zero, th&me-
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ported in part by the National Science Council of R.O.C.
under Grant No. NSC-89-2112-M-006-033 and by the
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NSC-90-2811-M-002. sider the following nonlocal matrix elemer#s0:

2. ¢ meson distribution amplitudes

_ ez (1 ) 1 )
(0[s(0)y,s(2)|p(P2))=f M, qumfo dx, eflxzpz‘Zd’u(Xz)"‘ ET,LJO dx, e *2P2:7g{t) (x,)

1 €7 2 ! —ixoPsy-z

_EzumM¢ deze 27275g5(X) |, (A3)

P e T ! —ixpPy-2 €2 g2

(0/s(0)5,,8(2)| p(P2)) =if 4| (€7,P2,— €1,P2,) deze 22 ¢T(X2)+(P2/.LZV_P2VZ,LL)(F)—Z)2M¢

.
! —iXoP5-z (1) 1 be ! —iXoP5-2
on dx, e %22 hﬁ (Xp)+ E(emzv—enz“)mfo dx, e” %272 %hs(x,) |,  (A4)
o e 2m 2 (! —iXoPy- 2} (S)

(Ols(0)Is(2)| ¢(P))= 5| =Ty |- 2Mj | dxze 22 *h{ (), (A5)

wheref , andf}; are the decay constants of ttheneson with ¢, andh; vanish for two-bodyB meson decays, in which
longitudinal and transverse polarizations, respectivglfhe  only longitudinally polarized¢ mesons are produced. The
transverse polarization vector; the momentum associated contributions fromg;, h{", h{¥, andgs are twist-2, twist-3,
with the s quark at the coordinate=(0,1,0;), andmg thes  twist-3, and twist-4, respectively. It is easy to confirm that
quark mass. The explicit expressions of the distribution ameoes not contribute to the factorizable emission and annihi-
plitudes ¢, g, andh with unity normalization are referred to lation amplitudes. The term proportional to the small ratio
in [50]. 2mg/M 4, in Eq. (A5) is negligible. Therefore, up to twist 3,
The contributions from the distribution amplitudg$” we consider the following thre¢ meson final-state distribu-
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tion amplitudes: T
® __fe ihﬁs) (A7)
. ) ) ) * 42N, dx |
—D,4(X), —=—=DPyuX), =D (Xy),
NI N NFI The spin structures associated with theneson distribution
(A6)  amplitudes can be derived from Eq&3)—(A5).
with - 3. Kaon distribution amplitudes
¢ t ¢ t ; ;
=T =9, <D¢=—hﬁ , The general expressions of the relevant nonlocal matrix
2\2N, 2V2N, elements for a kaon are given pg6],
_ ) 1 P [ 5 Zy (1 P
(OfS(0) 757,12 (P5) = ~iTcPy, [ lxs e 9720, (x) = S fME o2 s *Pagexs),  (A8)
_ . 1 e
(0[s(0) ysu(2)|K(P3))= _|meof0 dxge™ "33 % (X3), (A9)
M2 1 -
<O|S(O) ’)/50-,4”/“ Z)|K(P3)>_ KmO 1- m2 (P3/.LZV_P3I/Z/.L) J;) dX3 e7IX3 3'Z¢0(X3)1 (Alo)
o
|
with the mass ¥5P3 KRy MoYs op Moys(h-h,—=1)
MK ALD V2N, 2N V2N, “
my= Mot mg” (A12)
with

fk is the kaon decay constant arglthe momentum fraction

associated with thel quark at the coordinate«(1,0,0).

The explicit expression of the wave fucntiogisandgy with (X dP(x

unit noFmaIizatFi)on are referred to [136]. freandox <00~ 2\/_¢ 9 KO)= 2\/_ Po00):
The contributions from the distribution amplitudes, ,

bp, ¢,, and gy are twist-2, twist-3, twist-3, and twist-4, DI(x)= K Z 6%

respectively. Note thajk does not contribute to factorizable K 12\/2_Nc dx 7o

emission and annihilation amplitudes. Hence, the factoriz-

able annihilation amplitude in E@41) is complete in the?  where the ternM ﬁ/mg in Eq. (A10) has been neglected. The

terms. We consider the following three kaon final-state disspin structures associated with the kaon distribution ampli-

(A13)

tribution amplitudes tudes can be derived from Eq#8)—(A10).
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