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Final-state interaction and B—KK decays in perturbative QCD
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We predict the branching ratios ai@P asymmetries of th&— KK decays using the perturbative QCD
factorization theorem, in which tree, penguin, and annihilation contributions, including both factorizable and
nonfactorizable ones, are expressed as convolutions of hard six-quark amplitudes with universal meson wave
functions. The unitarity anglé;=90° and theB and K meson wave functions extracted from experimental
data of theB— K and w7 decays are employed. Since tBe—~KK decays are sensitive to final-state
interaction effects, the comparision of our predictions with future data can test the neglect of these effects in
the above formalism. ThE P asymmetry in theB*—K*“K° modes and th&J—K*K™ branching ratios
depend on annihilation and nonfactorizable amplitudes. BheKK data can also verify the evaluation of
these contributions.
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[. INTRODUCTION will be explained in Sec. Il that these decays are more sen-
sitive to FSI effects compared 88— K= and w7 decays.
The conventional approach to exclusive nonleptoBic Employing the meson wave functions and the unitarity angle
meson decays relies on the factorization assumptioh)  ¢$3=90° determined ifj7], we predict the branching ratios
[1], under which nonfactorizable and annihilation contribu-and theCP asymmetries of th* —K*K® Bl—K*K*
tions are neglected and final-state-interacti®$)) effects  andBJ—K°K® modes. The comparision of our predictions
are assumed to be absent. Factorizable contributions are eyith future data can be used to estimate the importance of
pressed as products of Wilson coefficients, meson decay cogsg| effects. In particular, large observeﬂgeKiK:
stants, and hadronic transition form factors. Though analysegr nching rati ndCP mmetry in theB%—s KOK®
are simpler under this assumption, estimations of many im- anching ratios a asymmetry €~
portant ingredients, such as tree and penginicluding elec- modes wil '”.‘p'y strong FSI effects.
troweak penguin contributions, and strong phases are not An essential difference between the FA and PQCD ap-

reliable. Moreover. the above naive FA suffers the problem?roaChes is that annihilation and nonfactorizable amplitudes

of scale, infrared-cutoff and gauge dependefigsit is also are neglected in the former, but calculable in the latter. It has
difficult ,to explain the observed branching ratios of e been shown that annihilation contributions from the operator

—J/yK*) decays in the FA approach, to which nonfactor- 056 With the (V=A)(V-+A) structure, bypassing helicity

izable and factorizable contributions are of the same ordeF-PP'€ssion, are not negllgld!é]. These contrlbut_lons, be-
[3] ing mainly imaginary, result irfCP asymmetries in thd3

The perturbative QCPQCD factorization theorem for .77 decays, which are much larger than those predicted in
exclusive heavy-meson decays was developed some time aﬁ@ [8?1] tl;ence, measurer::e;ts ?_'; asBytmmKettrEg W'"dd's'
[4—6], which goes beyond the FA. PQCD is a method to nguis € Mo_gpp_roac s ] e — modes
separate hard components from a QCD process, which afPntain both annihilation amplitudes frof; ¢ and nonfac-
treated by perturbation theory. Nonperturbative componentgor'z.a.ble ann|h|l_at|on amplitudes oM@, 5, such that f[hey
are organized in the form of hadron wave functions, whicheXh'boIt substantiaCP asymmetry. The branching ratios of
can be extracted from experimental data. This prescriptiof’€ Ba—K K™ modes, involving only nonfactorizable anni-
removes the infrared-cutoff dependence in PQCD. Sinc@llatlon amplitudes, cannot be estimated, or are vgnlshmgly
nonperturbative dynamics has been absorbed into wave funémall in FA. The data of these two decays can verify PQCD
tions, external quarks involved in hard amplitudes are on€valuation of annihilation and nonfactorizable contributions.
shell, and gauge invariance of PQCD predictions is guaran- FS! effects in the8— mm, K7 andKK decays are com-
teed. Contributions to hard parts from various topologiesPared in Sec. Il. The PQCD formalism for annihilation and
such as tree, penguin, and annihilation, including both fachonfactorizable cqntr!butlons is reviewed in Sec. Ill. We
torizable and nonfactorizable contributions, can all be calcuPresent the factorization formulas of all tBe—KK modes

lated. Without assuming FA, it is easy to achieve the scald? Sec. IV, and perform a numerical analysis in Sec. V. Sec-

independence in the PQCD approach. tion VI is the conclusion.
Despite the above merits of PQCD, an important subject,
final-state interactioFSI), remains unsettled, which is non- Il EINAL-STATE INTERACTION

perturbative but not universal. FSI effects in two-body de-

cays have been assumed to be small. Though arguments andFSl is a subtle and complicated subject. Most estimates of
indications for this assumption have been supplied7h  FSI effects in the literatur€l0] suffer ambiguities or diffi-
experimental justification is necessary. In this paper we shaltulties. Kamal has pointed out that the enhanceme@ of
propose to explore FSI effects by studyiBg- KK decays. It asymmetry in th&* — K%z~ modes from order 0.5 % up to
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order (10—20% [11] is due to an overestimation of FSI ef- cientV,/V,~Ry\?, R, and\ being the Wolfenstein param-
fects by a factor of 2012]. The smallness of FSI effects has eters defined in Sec. 1V, is small. Therefore, FSI effects in
been put forward by Bjorkerf13] based on the color- the B— w# and K7 decays are suppressed byaj/and
transparency argumenfl4]. The renormalization-group V,/V,, respectively. On the other hand, tBe- 77 andK =
(RG) analysis of soft gluon exchanges among initial- anddecays have branching ratios of ordef ¥0which are larger
final-state mesonisl5] has also indicated that FSI effects are than those of th8 — KK decaydof order 10 © as calculated
not important in two-bodyB meson decays. These discus-in Sec. V). It has been also predicted in PQCD that @B
sions have led us to ignore FSI effects in the PQCD formalasymmetries in th— 7 and K7 decays are large: 30
ism. For example, the charge exchange in the rescattering 40% in the former[8,9] and 10- 15% in the latter[7].
B*—K*7°—K% ", regarded as occurring through short- These large values render FSI effects relatively mild.
distance quark-pair annihilation, is of higher ordét. For theB— KK decays,T arises only from small nonfac-
As stated in the Introduction, the neglect of FSI effectsigrizable annihilation diagrams for tHB" —K*K° and Bg
requires experimental justification. For this purpose, we pro-_ =y = 1 o4es and vanishes for tr&g_«‘)@ modes
pose to investigate thB— KK decays, which are more sen- ’ '

e : Furthermore,V,/V, is of order unity. Hence, there is no
sitive to FSI effects compared with t8—Kw and w7 suppression from the Wilson coefficients and from the CKM

fhatrix elements, and FSI effects will be more significant. In
the PQCD approaciR is close to unity, corresponding to
he branching ratios of order 16 for B*—K*K° and B}
—KO%?°, and 108 for B3—K*K*. CP asymmetry van-
A=V T+V Py+VPc+VPy. (2.1)  ishes in theB—K°K® modes, because only the penguin
operators contribute at leading order. However, if FSI con-

The factorsVq=VqVgy, d=U, ¢, andt, are the products of i tes, the above results will be changed dramatically. For
the Cabibbo-Kobayashi-Maskaw@KM) matrix elementsT  example, FSI effects could induce largeand Py via the

denotes the tree amplitude, aRg denotes the penguin am- regcattering of intermediate stat&D and mm produced
plitudes arising from internai-quark contributions. FSI ef- o the tree operators, arfe| via the rescattering of inter-
fects have been included in the amplitudeand P .. mediate stateK produced from the penguin operators.
Using the unitarity relationVe=—V,—Vy, Eq. (2. IS \yhen Ry, deviates from unity through rescattering pro-
rewritten as cesses, the branching ratios a@d@® asymmetries of tha®

ture [16,17] within the framework of S(B) symmetry. We
make our argument explicit by means of the general expre
sion for theB— 7, Kar, andKK decay amplitudes,

_ _ _ — KK decays could be enhanced.
A=Vu(THPu=Pe) +Vi(P—Po), We show how FSI effects modify amplitudes of various
V. P._P topologies in theB— KK decays in Table I. For more al-
=V (T+P,—P.)| 1+ — ;} lowed intermediate states, refer[tb7]. It is obvious that the
Vy T+P, =P rescattering process€D (77)— KK may be important due

to the largeB—DD(##) branching ratios. For example,
B(B3— m* ™) is of order 10°. It is then possible that FSI
effects could be significant enough to increaBeéBg
(22 _K*K7) from order 108 to above 107. For a similar
reason, the rescattering processes could induce IB[ge
with the CKM matrix elementd/,, ., which, as inferred by
V, T+P,— P, the penguin contributions, result in sizalilé> asymmetry in
1+ } the BS—K°K® modes. Hence, larg€P asymmetry ob-

P—P
t t —
¢ served in theBl— K°K® modes and large deviation of the
observedB— K K™ branching ratios from the PQCD pre-
' (2.3 dictions will indicate strong FSI effects.

EVU(T+ Pu_ Pc)

Vt .5
1+ \/_,7?’71'77'(KK)eI ma(KK) |,
u

or

A=V (P—P¢)

=V(P;—P,)

V, .
1+ — Vo
VtRK”e

whereR are the ratios of different amplitudes aads the
CP-conserving strong phases.

Without FSI, the various amplituddsandP,, . ;, namely,
the ratiosR and the strong phasesare calculable in PQCD. PQCD factorization theorem for exclusive nonleptoBic
If FSI effects are important, they may change branching rameson decays has been briefly reviewed7h In this sec-
tios or induceC P asymmetries of two-bod meson decays tion we simply sketch the idea of PQCD factorization theo-
by varyingR and é. For theB— mr decays, the rati&;/V,  rem, concentrating on its application to nonfactorizable and
is of order unity, buR . is small because of the large Wil- annihilation amplitudes in thB— KK decays.
son coefficienta; =C,+C;/N¢ in T, N¢ being the number In perturbation theory nonperturbative dynamics is re-
of colors. The exception is t8— #°#° mode, whose tree flected by infrared divergences in radiative corrections.
amplitude is proportional to the small Wilson coefficiegt  These infrared divergences can be separated and absorbed
=C;+C,/N;. The ratioRk, may be large, but its coeffi- into aB meson wave function or a kaon wave function order

IIl. NONFACTORIZABLE AND ANNIHILATION
CONTRIBUTIONS
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TABLE |. FSI effects in theB— KK decays.

Modes Intermediate Affected Branching ratios for Data of
states topologies intermediate stat28,35 branching ratios
BT LK*K® D*D° P, <6.7x10°3 <5.1x10°°©
Bi—K K™ wtaT T,P, 4.7°13+0.6x10°° <2.0x10°°
070 T,P, <9.3x10°©
KOKO P, <1.7x10°°
BJ—KK® D'D"” P. <5.9x10°3 <1.7x10°°
mtT Py 4.7 18+0.6x10°°
w070 Py <9.3x10°°

by order[4]. A formal definition of the meson wave func- tribute, when the energy scale runs to belowWwhe Sudakov
tions as matrix elements of nonlocal operators can be corfactor suppresses the long-distance contributions from the
structed, which, if evaluated perturbatively, reproduces théargeb region, and vanishes &s= 1/A ocp. This suppression
infrared divergences. Certainly, one cannot derive a wavguarantees the applicability of PQCD to exclusive decays
function in perturbation theory, but parametrizes it as a pararound the energy scale of tBemeson mas§4].
ton model, which describes how a partealence quark, if a A salient feature of PQCD factorization theorem is the
leading-twist wave function is referredhares meson mo- universality of nonperturbative wave functions. Because of
mentum. The meson wave functions, characterized by thaniversality, meson wave functions extracted from some de-
QCD scaleAqcp, must be determined by nonperturbative cay modes can be employed to make predictions for other
means, such as lattice gauge theory and QCD sum rules, anodes. We have determined tBeandK meson wave func-
extracted from experimental data. In the application belowtions from the experimental data of ti&—K# and =
small parton transverse momerka are included, and the decayd7], and the unitarity angles;=90° from the CLEO
characteristic scale is replaced by With b being a variable data of the ratid19],
conjugate toky.

After absorbing infrared divergences into the meson wave B(BgaKiw:)
functions, the remaining part of radiative corrections is infra- R= ——"——-—-=0.95:0.30, (3.9
red finite. This part can be evaluated perturbatively as a hard B(B™—K"m7)
amplitude with six on-shell external quarks, four of which
correspond to the four-fermion operators and two of whichhere B(Bd—K“m~) represents theCP average of the
are the spectator quarks of tBeor K mesons. Note that the branching rat|osB(Bd—>K+7r ) and B(Bd—>K a*). It has
b quark carries various momenta, whose distribution is debeen emphasized that tle— 77 data can be explained us-
scribed by theB meson wave function introduced above. Theing the same angley;=90° in PQCD, contrary to the con-
six-quark amplitude contains all possible Feynman diagramsslusion in[20,21], where an angle larger than 100° must be
which include both factorizable and nonfactorizable treeadopted. In this work we shall predict the branching ratios
penguin, and annihilation contributions. A factorizable dia-and CP asymmetries of thé8—KK decays in the PQCD
gram involves hard gluon exchanges among valence quarkermalism employing the above meson wave functions and
of the B meson or of a kaon. A nonfactorizable diagramthe unitarity angle.
involves hard gluon exchanges between the valence quarks Factorizable annihilation contributions correspond to the
of different mesons. That is, the PQCD formalism does notimelike kaon form factor. It is known that annihilation con-
rely on FA. tributions from theO,_, operators with the\{—A)(V—A)

The hard amplitude is characterized by the virtualif  structure vanish because of helicity suppression. However,
involved internal particles, which is of ordéfg, and by the  those from theDs ¢ operators with the\(—A)(V+A) struc-
W boson masdMyy,. The hard scalé reflects the specific ture bypass helicity suppression, and turn out to be com-
dynamics of a decay mode, whild,, serves the scale at parible with penguin contributiong7]. Without FSI in
which the matching conditions of the effective weak Hamil- PQCD, strong phases arise from nonpinched singularities of
tonian to the full Hamiltonian are defined. The study of thequark and gluon propagators in annihilation and nonfactoriz-
pion form factor has indicated that the choicetofs the able diagrams. Especially, annihilation amplitudes are the
maximum of internal particle virtualities minimizes next-to- main source of strong phasgg|. In the FA and Beneke-
leading-order corrections to hard amplitudgk8]. Large  Buchalla-Neubert-Sachrajd@BBNS) [22,23 approaches,
logarithmic corrections are organized by renormalizationwhere annihilation diagrams are not taken into account,
group (RG) methods. The results consist of the evolutionstrong phases come from the Bander-Silverman-Soni mecha-
from My, down tot described by the Wilson coefficients, the nism [24] and from the extraction of the scale dependence
evolution fromt to 1b, and a Sudakov factor. The two evo- from hadronic matrix elemen{25]. As shown in[9], these
lutions are governed by different anomalous dimensionssources are in fact next-to-leading-order. As a consequence,
since loop corrections associated with spectator quarks coriG P asymmetries predicted in FA and BBNS are smaller than
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those predicted in PQCD. Nonfactorizable amplitudes have 3 _ _

been also considered in the BBNS approach, which are, how- Og= E(dibi)vaZ €4(Qjdj)v-a,

ever, treated in a different way. For example, they are real q

because of some approximation j&2], but complex in 3

EQCD [26]. G_enerally speaking, nonfacto_rlzable contribu- Olozz(dibj)V—Az eq(0i0i)v-a. 4.2
tions are less important compared to factorizable ones except q

in the cases where factorizable contributions are proportional A - . o o
to the small Wilson coefficienta, or vanish. I andj being the color indices. Using the unitarity condition,

As stated before, th&*—K*K® decays involve both the CKM matrix elements for the penguin operat@rs-O,4q

annihilation amplitudes fron®s s and nonfactorizable anni- can also .be expressed g+ Vo= —V;. The unitarity angle
hilation amplitudes fronD, ,. Their interference then leads ¢3 is defined via

to substantialCP asymmetry in PQCD..T.hB_8—>KiK.; Vo=V exp —i és). 4.3
decays involve only nonfactorizable annihilation amplitudes

from tree and penguin operators, such that their branchingdopting the Wolfenstein parametrization for the CKM ma-
ratios cannot be estimated, or are vanishingly small in the FArix up to O(\3),

and BBNS approaches. These quantities mark the essential

differences among FA, BBNS, and PQCD. The comparision Via Vus Vup
of our predictions for theCP asymmetry in theB* Veg Ves Vep
—K*K® decays and for th&5—K=K™ branching ratios Voo V.. V
with future data will justify our evaluation of annihilation o Ts Vb
and nonfactorizable contributions, and distinguish the FA, \2
BBNS, and PQCD approaches. 1 5 N AN3(p—i7)
IV. FACTORIZATION FORMULAS A2 )
= -\ 1-— AN )
We present the factorization formulas of tBe- KK de- 2
cays in this section. The effective Hamiltonian for the flavor- ANS(1—p—iz) —AN2 1
changingb—d transition is given by27]
Ge (4.9
- (a) (a)
Hen= 55 2 Vol Ca(m)O (1) + Colw) OF (1) we have the parametef2g]
10 A=0.2196+0.0023,
+ 2, Ci(p)Oi(w) |, 4.9
=3 A=0.819+0.035,
. . o
with the CKM matrix element&/=VgVq, and the opera- R,= WZ 0.41+0.07. 4.5

tors

@ — @~ — For theB* —K*K decays, the operato3{"} contribute
O1"=(dig))v-a(G;bi)v-n,  O2"=(diq)v-a(Gib))v-a.  yia the annihilation topology, in which the fermion flow
forms two loops as shown in Fig. @ do not contribute at
O03=(d;b)y_a> (ajqj)V_A, Ieading order_ofas. O3_19 contribu_te via the _pgng_uin topol-

q ogy with the light quarkg=s and via the annihilation topol-
ogy with g=u, in which the fermion flow forms one loop.
As evaluating hard amplitudes, an additional minus sign
should be associated with ti@") contributions, which con-
tain two fermion loopsO; 357 ¢0ive both factorizable and
— — nonfactorizable (color-suppressed contributions, while
05:(dibi)V—A§ (Qja))v+a O,468100ive only factorizable ones because of the color

flow. The electroweak penguin contributions fro®y_ 4,
o o have been included in the same way as those from the QCD
0= (dibj)v-a2> (AjU)v+a. penguin contributionsO5_g. Obviously, the electroweak
q penguin contributions are less important because of the small
3 electromagnetic couplin%. e
0,= E(dibi)vaE €4(0jd))v+ A . The diagrams for thB(ﬂ)ﬂK—K_+ decays are dlsp_la_yegl in
q Fig. 2. The operator©}; contribute via the annihilation
3 topology, which contain one fermion loof{% do not con-
—2Aqh. . tribute at the leading order afs. O34 contribute via the
Os Z(d'b’)V_A% Sl G v, annihilation topology with the light quarkg=s or u, in

04:(Eibj)V7A% (a;qi)va,
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b d O340
01 2 < S b x d
s
s
u 3 d d
(a) (a)
d d
b b
O3.19 < s O4.49 < S
S s
u d
(b) u (b) d
Oy.10 S
b d b
\ s O34 d
5 d
u u
c d
{c) © s

FIG. 1. Feynman diagrams for ti" —K*K° decays. _
FIG. 3. Feynman diagrams for thKOKO decays.

which the fermion flow forms two loops. In these modes
O,.4638100ive both factorizable and nonfactorizable contri- being the kaon mass. THgmeson is at rest with the above
butions, whileO, 357 90ive only factorizable ones because parametrization of momenta. We define the momenta of light
of the color flow. Only the operato®;_,, contribute to the valence quark in thé8 meson ask;, wherek; has a plus
B%—K°K® modes via the penguin topology with the light component ki , giving the momentum fractionx,
quarkg=s and via the annihilation topology with the light =ki /Py, and small transverse componekts. The two
quarkg=s or d. The penguin contributions contain one fer- light valence quarks in the kaon involved in tBe-K tran-
mion loop. Theq=s annihilation amplitudes involve two sition form factor carry the longitudinal momentaP, and
fermion loops, while theg=d annihilation amplitudes con- (1—X2)P,, and small transverse momerkg; and —kor,
tain both cases of one fermion loop and of two fermion loopgespectively. The two light valence quarks in the other kaon
as shown in Fig. 3. carry the longitudinal momentazP; and (1-x3)P3, and

The B meson momentum in light-cone coordinates is cho-small transverse momenkar and — ks, respectively.
sen asP;=(Mg/+2)(1,10;). Momenta of the two kaons The Sudakov resummations of large logarithmic correc-
are chosen aB,=(Mg/\2)(1,00;) andP;=P,;—P,. We tions to theB andK meson wave functions lead to the expo-
shall drop the contributions of ordeM /Mg)>~5%, M, nentials expt-Sg), exp(-Sc,) and expt-S), respectively,

with the exponents
u

b s o
01,2 . t dM .
So(0=506P; 00 +2 [ Ly,
d s by u
(@) u
Sk, (1) =5(XzP5 ,b2) +S[(1—Xx2)P; ,bs]
" _
b t du _
Os.19 s +2f — y(as(u)),
< 1oy p
d S
(b) u Sk,(1)=58(x3P3 ,bg) + [ (1—x3)P3 ,bs]
t d; —
A s +2| = ylagw)). (4.6
O3.19 < u s p
g u The variables,, b,, andb; conjugate to the parton trans-
(©) s verse momenturl; 1, Ko, andkst represents the transverse
extent of theB andK mesons, respectively. The exponsig
FIG. 2. Feynman diagrams for th&f—K*K* decays. written as[29-31]
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Qd
S(Q'b):fllb#

In(%) Alag(p))+ B(as(u))},
(4.7)

where the anomalous dimensioAsto two loops andB to
one loop are

NS 67 1of+2 | e’E\ ]/ ag\?

Fr o 3 27t ekl o) || %)
2 as [e?E!

B—§?n 2 ) (48)

with C-=4/3 a color factorf=4 is the active flavor num-
ber, andyg is the Euler constant. The one-loop expression of

the running coupling constant,

4
Boln(u?/Adcp)

is substituted into Eq(4.7) with the coefficientB,=(33
—2f)/3. The anomalous dimensiop= — «a/7 describes
the RG evolution front to 1/b.

The decay rates @~ —K*K° have the expressions

as(p)= (4.9

GZM3

= 1287

° 1A (4.10

The decay amplitudest * and A~ corresponding taB*
—K*K%andB~—K KO, respectively, are written as
AT = VRS +VE MBS + fovE FRW 1 vx A P

— Vi Maa, (4.11

FEE(SS) - FE(S) + |:6P(S) ’

PHYSICAL REVIEW D63 014003

A = fKVtF
_VuMali

PO+ VM B + £V FEW + v M B
(4.12

with the kaon decay constafg . The notationF (M) rep-
resents factorizablénonfactorizablg contributions, where
the indicesa and P(q) denote the annihilation and penguin
topologies, respectively, with the quark pair emitted from

the electroweak penguins, and the subscripts 1, 4, and 6 label

the Wilson coefficients appearing in the factorization formu-
las. The nonfactorizable amplitude(,, are from the opera-
tors 0.

The decay rates d3—K K™ have the similar expres-
sions with the amplitudes
A=VEMELD+ M) -ViMe, (413
A=V MR+ M) =V Mz,

(4.19

for BY—K K™ and§g—>K‘K+, respectively. The notations
are similar to those in Eq94.11) and (4.12. The decay

amplitudes forBS—K°K® andB{—K°K° are written as

A" =1 VEFRO+VE MBS+ ovEFR D + v (MY

1 )
FE0=167CoM} | st | budbubsdbadetas b L1+ %5) )

+MED+ MPS), (4.15
A" = VFRD+ VM S + £ VFRD + V(M D
+MPD+ MPO), (4.16)
respectively.
The factorizable contributions are written as
(4.1

(1 2X3) D (Xa) TEQ (1) he(Xq ,X3,b1,b3) + 2r e b (X3) ES (1) he(X3,X1 , b3, b)Y,

1 )
FEO=32nCoM} | dhadx, | brdbubsdbadets, ba)rcll cx0)+ (2 X5) 6060 TER) (s 3,1 bs)

+[ X1k (X3) + 2r (1 —Xy) pi(Xa) IEQ (1P he(X3, X1, b3, b))}, (4.18
FP@=32,C szld d mb db,b.db 1— "(1— 240 (1— 1—
a5 —32mCM3 o X0 X3 , P2db2Ps 3 k{[ X3Pk (1—X2) pp(1—X3) + 2 (1—X5) dr(1—X3)]
XEQ@ () ha(Xa,X3,b2,03) +[ 2k (1—X2) b (1—X3) + Xo i (1—X) p(1—X3)]
XEQ(tP)ha(x3,%,bs,by)}, (4.19

for the light quarksg=u andd. The evolution factors are given by
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ES(1) = ag(t)a®(t)exd —Sa(t) — Sca(h)], (4.20

ED(t)=ay(t)a@(t)exp — Sca(t) — Ska(t)]. (4.20)

Notice the arguments -1x, and 1-x; of the kaon wave functiongy and ¢y in Egs. (4.22 and (4.19. The explicit
expressions of the kaon wave functions will be given in Sec. V, wkespresents the momentum fraction of the lighdr
d quark. However, to render the annihilation contributionsders and forg=u or d have the same hard parts, we have
labeled thes quark momentum by in the latter case, and changed the arguments of the kaon wave functiorscto 1

The factorizable annihilation contribution associated with the Wilson coefficaié?ltfrom Fig. 1(c) is identical to zero
because of helicity suppression as indicated by

1 oo
FELD=16mCeM3 | dxoaxs | adbbadbs{l ~Xsehe(1 o) b1 x5) - 2121+ x3) 1 x2) 6

X (1= %3) JEQ (1) ha(X2,X5,02,b3) + [ X bk (1= Xo) pic(1—Xz) + 2r & (14 X,) pi(1— %) dic

X (1= x3) JEQ(t?)ha(x3,Xo, b, b))} (4.22

The helicity suppression does not apply to the annihilatioriThe derivation ofh, from the Fourier transformation of the
contributions associated wi&é‘”, and the two terms in Eq. lowest-orderH, is similar to that for theB— D« decays
(4.19 are constructive. It is easy to confirm these observaf3,26]. The hard scales are chosen as the maxima of the
tions by interchanging the integration variablgsandxs in  virtualities of internal particles involved il quark decay
the second terms of Eqet.19 and(4.22. The factorization  amplitudes, including by :
formulas forF,; from Fig. 1(a) and forF,, from Fig. 2a),
associated with the Wilson coefficiea(t,) anda,(ty), re-
spectively, are the same &\, i.e., vanish. The expres-
sions ongég) from Figs. 2b), 2(c), 3(c), and 3d), associated {0 = max( VxgM g1y, 1),
with the Wilson coefficienta{?(t,) +al¥(t,), are also the ¢
same a$ (% and vanish.

The hard function$'’s in Egs.(4.17—(4.19), are given by

(2) _
he(X1,X3,b1,b3) =Ko(VX1X3Mgh1) te”=max \/X—lM 6:101,15),
X[ 6(by—b3)Ko(vxsMgby)
X1o( VXM ghs) t=max(\xsMg,1/b,, 1),

+0(b3—by)Ko(\X3Mgbs)

X1g(\XsMgby)], (4.23 t=max\x;Mg,1/b,,1i3), (4.25
i)
ha(Xz X3,b;,b3) = 7) HEY(Jx2xsMgb,) _ _ _

which decrease higher-order corrections. The Sudakov factor
in Eq. (4.6) suppresses long-distance contributions from the

X[ 6(,—ba)HEV(VxsMgb,) largeb [i.e., largea(t)] region, and improves the applica-
bility of PQCD to B meson decays.

X Jo( \/X—sM gbs)+ 6(bs—by) For the nonfactorizable amplitudes, the factorization for-

mulas involve the kinematic variables of all the three me-
ngl)(\/x_SM 8b2)Jo(VXsMgb,) 1. sons, and the Sudakov exponent is given $y Sg+ Sk,
+ Sks. The integration ovebs; can be performed trivially,
(4.24 leading tob;=b, or b;=b,. Their expressions are
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1 [
MZ(S)Z _32WCFV2NCMEJO [dx] fo b,db;b,dby dg(X1,01) i (X[ (X1—X2) P (X3)

+ rKx3¢,'<(x3)]E(ei)’(tél))hgl)(xl 1X2,X3,01,02,07) +[ (1= X, = X5+ X3) P (X3)

—riXabr(X3) IES) (t2)h{P(x1,%5,%3,b1,by,b1)}, (4.26

1 [
Mg®==32nCe 2N Mg fo [x] fo b1db;badby g (x1.b1) i (X2)T il (X1~ X2) i (Xs)

+ rK(Xl_Xz_X3)¢|’<(X3)]Eé%),(tgl))hél)(xl X2,X3,01,05,07) +[(1—=X1—X3) pr(X3)

+ (1= Xy = XoF X3) i (Xa) JER (tE)NP(x1 X2, X3,b1,b5,by)}, (4.27)

P P P
MEQ=MED+ MED,

1 [
Miiq)=32wCFv2NcMéfo [dx] fo bldblbzdb2¢B(X1abl){[x3¢K(l_X2)¢K(1_X3)_rﬁ(xl_XZ_XS)

X (1= Xp) (1= x3) JED (tM)h{M (%1, X5 ,%5,b1,b2,02) — [ (X1 + X2) (1= %) (1 Xg)

+12(24 X+ X Xg) (1= Xp) bie(1—%3) JEQ (1) (%1, %5, X5,b1 ,b5,b)}, (4.28

1 [
MEI=32mCo 2N | T | brcdbubbaditns, ba) ([ reksdhc1 %) b1 x3) = rexa )

X i(1—%) (1= x3) IEQ (1N M1, X5, X3,b1,b,b2) = [F (2 Xg) (1= X,) (1 —X3)

— 1 k(2= X1~ Xp) hi(1—X2) (1= x5) JED (1) (X1 %5, X5, b1, b7, b,)}, (4.29

with the definition[ dx]=dx;dx,dx; andq=u andd.
The nonfactorizable amplitudest 7{? are written as

P P P
MED=MED+ MY,

1 o0
ME =~ 32mC\ZNME | 11 | "y badiboda(xa b L6 =0 (1) i1 x3) +rE =Ko 35)

X (1= X2) d(1—x3) JEQL (1M MM (x; ,by) + [ X3hu(1—X,) (1 —Xg) +T2(24+ X1+ Xp+ X3)

X (1= X2) hi(1—x3) JEQ () h(P(x; by},

for q=u andd. The evolution factors are given by

The expressions aM,;, M,, and M (% are the same as
M P but with the Wilson coefficients) (t;), as(t;), and
aj(t;), respectively. The expressions.of o5 are the same

as M

ES' ()= ag(a® (exd ~ S(t)[p,-p,],  (4.31

EQ (0=ast)a® (exd — S(t)]p,-s,]-

P(q)
a3s

(4.32

but with the kaon wave function$§<')(1—xi) re-

(4.30

placed byl (x;), i=2 and 3, and with they quark re-
placed by thes quark. Notice the difference between the hard
parts of M 2{@ and M 5@ | which are associated with the
O5_g operators. The forme(latten corresponds to the fer-
mion flow from theb quark to thed quark in the kaorithe d
quark in theB meson, i.e., the case with one fermion loop
(two fermion loop$. That is, the nonfactorizable contribu-
tions associated with the structur&{A)(V+A) distin-
guish these two cases, while those associated with the struc-
ture (V—A)(V—A) do not.

The functionsh'’), j=1 and 2, appearing in Eq&4.26—
(4.29, are written as
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h{=[6(b;—b,)Ko(DMgby)lo(DMgb,)+ 6(b,—b;)Ko(DMgb,)l o(DMgby)]
X Ko(DjMgh,), for Df=0,

i
X%Hgl)(\/|D1-2|MBb2), for D?<0, (4.33
K
hgl):7[0(b1_bz)Ht()l)(FMBbl)Jo(FMBbz)‘*'9(b2_bl)Hgl)(FMBbz)Jo(FMBbl)]
X Ko(FjMgby), for Ff=0,

i
X?Hgl)(\/|Fj2|MBb1), for F2<0, (4.34

with the variables

D2:X1X3, NC 2
C, 3 Co
DiIFi:(Xl_XZ)X3, agq):C4+N—c+ Eeq C10+N_c y
D3=—(1-X1—X2)Xs, @’ 1 3
ay) = —| Cs+ 5€,Co],
F2:X2X3, 4 NC 2 q
F2= %+ Xo+ (1 Xq — Xp)Xg. (4.35 a9 Cort %+ geq(c7+ % |
. C C
For details of the derivation di”), refer to[26]. The hard
scalest) are chosen as @ 1 3
a5 = N_c C6+ EeqCS y
t)=maxDMg,\|Di|Mg,1b;,1b,),
) 2 (a)— Cs 3 C7
t{P=maxDMg,\|D3Mg,1hb;,1hb,), ag _C6+N_C+ 7€ C8+N_C :
tf=maxFMg, V[Fi[Mg,1by, 1), @ 1[. .3
ag’ = N_c Cs+ EeqC7 . (4.37

t)=maxFMg,|F3[Mg,1/b;,1/b,).
(4.36 Both QCD and electroweak penguin contributions have been

) . . included as shown in Eq4.37. It is expected that elec-
In the above expressions the Wilson coefficients are degoyweak penguin contributions are small, as concluded in

fined by [32].
c The pseudovector and pseudoscalar kaon wave functions
a;=C,+ N—l ¢k and ¢y are defined by
C
dyt* .1
, C (bK(X):fEe_lxpsw§<0|U(y+)7_755(0)|K>’
a :_!
YN (4.38
2 Mok dy+ R +1 —_
a,=C{+ —, R — | 2 a-ixPayT +
2=Cat S 0= [ e S0y eSO,
c (4.39
y_ 2
8= N_c respectively, satisfying the normalization
3 C ! ! fi
(@) — Z4, 2 ~10 de X=de’x= . 4.4
aj C3+ C+Zeq C9+ Nc s 0 ¢K( ) 0 ¢K( ) 2\/2_NC ( Q
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The factorr, We employ Gg=1.1663% 10" ° GeV ?, the Wolfen-
stein parametera =0.2196, A=0.819, andR,=0.38, the

Mok Mﬁ unitarity angle ¢3=90°, the massedg=5.28 GeV, My

rK:M_B’ mOK:m' (44D _0.49 Gev, andmg=100 MeV, which correspond tang

=2.22 GeV[7], and theBY (B~) meson lifetime rgo

with mg and my being the masses of theand d quarks, =155 ps ¢gz-=1.65 p3 [28]. Our predictions for the
respectively, is associated with the normalization of thepranching ratio of each mode are

pseudoscalar wave functiapy . Note that we have included

the intrinsicb dependence for the heavy meson wave func- B(B*—K*K%=1.47x10"¢,
tion ¢g but not for the kaon wave function]. As the B _ o 6
transverse exterit approaches zero, timeson wave func- B(B"—K K")=1.84x10"",

tion ¢g(x,b) reduces to the standard parton mogel(x),

0 e -8
i.e., pg(x)= ¢g(x,b=0), which satisfies the normalization B(Bg—K"K™)=3.27x10"",

B(BS—K K*)=5.90x10"8,

1 fg
f Pg(X)dx= . (4.42 o
0 2\2N, B(BJ—K°K%) =1.75x 106,
V. NUMERICAL ANALYSIS B(BY—K°K®)=1.75x10"°. (5.4

In the chtorization formulas derived in Sec. IV, the Wil- 114 above values are lower than those ofBhe 7 decays
son coefficients evolve with the hard scélinat depends on [8,9]. Since theBJ— K “K* modes involved only nonfactor-

i?gnigtzrtngl skclr;lemztlla Vi:iblillﬁétggdtgiih\éVI(I:i?rnescoc?rtfclj-in izable annihilation amplitudes, their branching ratios are
p=Nw P 9 much smaller than those of th&" —K*K° and BS—KK°

ones atu= M,y through usual RG equations. Since the typi- . ; —d
cal scalet of a hard amplitude is smaller than thequark mode_s. As explained in Sec. II,_a large gev_latlon of_future
massm,=4.8 GeV, we further evolve the Wilson coeffi- €XPerimental data from the predict®— K*K* branching
cients fromu=m, down to x=t. For the scalé below the ratios will imply the existence of large FSI effects.
¢ quark massm.=1.5 GeV, we still employ the evoluton ~ SO far, CLEO gives only the upper bound of tie
function with f=4, instead of withf=3, for simplicity, — KK decays19]:
since the matching an, is less essential. Therefore, we set + 1,0 6
f=4 in the RG evolution betweetnand 1b governed by the B(B™—~K K <5.1x10°7,
qguark anomalous dimensiop. The explicit expressions of
Ci(u) are referred tq7].

For theB meson wave function, we adopt the mofig] We also quote the upper bound

B(Bi—K*K¥)<2.0x10 6. (5.5

B(BJ—K°K%)<1.7x10°5, (5.6)

3

1 ( xMB) 2 wib?
(5.1  from[28]. Obviously, our predictions are consistent with the

¢B(X!b):NBXZ(_’]_—X)ze)(F{_E 5

wpg

above data.
with the shape parameter;=0.4 GeV[33]. The normaliza- The CP asymmetries are defined by
tion constanNg=91.7835 GeV is related to the decay con- _
stantfz=190 MeV. The kaon wave functions are chosen as A B(B—KK)—B(B—KK) 5.7
, P B(B—KK)+B(B—KK) '
¢K(X)=WfKX(1_X)[1+0-5](1_2X)+0-3(5(1_2X)2 Employing the above set of parameters apg=90°, we
¢ predict
-1, 5.2 . .
] 62 Acp(BT—K*K%=0.11,
3 0 T
L (X) = —— fF X(1—X). 5.3 Acp(Bg—K=K™)=0.29,
ér(X) N, (1=x) (5.3

Acp(BI—KK%) =0. (5.8
¢k is derived from QCD sum rulel34], where the second
term 1— 2x, renderinggy a bit asymmetric, corresponds to Basically, the values are of the same order of those in the
SU(3) symmetry-breaking effect. The decay constéptis  B— K7 decayq7]. The CP asymmetry in thd<°K°® modes
set to 160 MeMin the conventiorf ,.=130 MeV). The wave vanishes, because they involve only penguin contributions.
functions ¢z and ¢ were determined from the data of the Measurements of thE P asymmetry in theB; —K*K° can
B— K decayd7]. justify the PQCD evaluation of annihilation and nonfactoriz-
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FIG. 4. Dependences of the branching ratiosdanfor (a) the
B*—K*K® modes, (b) the BJ—K*K* modes, and(c) the B}
— KK modes. The uppefliower) lines correspond to thB (B)
meson decays.
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FIG. 5. Dependence of P asymmetries onrp; for (a) the B*
—K*K°® modes, (b) the BJ~K*K* modes, and(c) the B
—K°K° modes.

K*K® modes increase witlp;, while those of theK K™

modes decrease witlh;. The branching ratios of thig°K°
modes are insensitive to the variation ¢f. The variation
with ¢4 is mainly a consequence of the interference between
the penguin contributions and the nonfactorizable annihila-
tion contributionsM, from the tree operators. Singef,; in
Egs. (4.11) and (4.12 and M, in Egs. (4.13 and (4.14)
contain the Wilson coefficients; and a,, respectively,
which are opposite in sign, the behaviors of the branching
ratios with ¢»5 in Figs. 4a) and 4b) are different.

The dependences of tl@P asymmetries on the angig;

are displayed in Fig. 5. ThR€P asymmetry in thek°K°
modes remains vanishing. TI&P asymmetry in the< “K*
modes drop suddenly from 70% to zero near the high end of
¢4. Since their branching ratios and the denominator in the
definition of Acp are small, the variation witk is amplified.
Figures 4 and 5 can be employed to determine the range of
the angleg;, when compared with future data.

VI. CONCLUSION

In this paper we have predicted the branching ratios and
the CP asymmetries of all th8— KK modes using PQCD
factorization theorem. The unitarity angé;=90° and the
universalB and K meson wave functions extracted from the
data of theB— K« and w7 decays have been employed.
The dependences of the branching ratios anddReasym-
metries on the angleb; have been also presented. These
predictions can be confronted with future experimental data.
We believe that these modes can be observeglfexctories,
which have started their operation recently.

The B— KK decays are very important for understanding

able contributions to two-bodB meson decays, and distin- the dynamics of nonleptonic two-bod®/meson decays, such
guish the FA, BBNS and PQCD approaches. The significanias FSI, annihilation, and nonfactorizable effects. In the

CP asymmetry observed in thBl—K°K® will indicate
strong FSI effects.

PQCD formalism FSI effects have been assumed to be small.
As explained in Sec. Il, thB— KK decays are more sensi-

The dependences of th&—KK branching ratios on the tive to these effects compared to tBe~K# and =« de-
angle ¢ are displayed in Fig. 4. The branching ratios of thecays. Hence, the comparision of our predictions, especially
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for the CP asymmetry in theB]— K°K° decays and for the and BBNS. Future data of these modes can also verify the
BJ—K*K™ branching ratios, with future data provides a PQCD evaluation of the above contributions.

justification of the assumption. In PQCD tkdP asymmetry
of the B*—K*K® modes depends on annihilation ampli-
tudes. It has been argued th@at asymmetries in theB
—KK decays are small in the FA and BBNS approaches, We thank X.G. He, Y.Y. Keum and A.l. Sanda for useful
where annihilation contributions have been neglected. Theretliscussion. This work was supported in part by the National
fore, experimental data df P asymmetries will distinguish Center of Theoretical Science, by the National Science
the FA, BBNS, and PQCD approaches. TB@eKiKI Council of R.O.C. under Grant No. NSC-89-2112-M-006-
modes involve only nonfactorizable annihilation amplitudes,004, and by the Grant-in Aid for Scientific Exchange from
such that their branching ratios cannot be estimated in FAhe Ministry of Education, Science and Culture of Japan.

ACKNOWLEDGMENTS

[1] M. Bauer, B. Stech, and M. Wirbel, Z. Phys.33@, 103(1987); M. Gronau and D. Pirjolibid. 61, 013005(2000.
29, 637(1985. [18] B. Melic, B. Nizic, and K. Passek, Phys. Rev.dD, 074004
[2] H.Y. Cheng, H-n. Li, and K.C. Yang, Phys. Rev. 60, (1999.
094005(1999. [19] CLEO  Collaboration, D.  Cronin-Hennessy et al,
[3] T.W. Yeh and H-n. Li, Phys. Rev. B6, 1615(1997). hep-ex/0001010.
[4] H-n. Li and H.L. Yu, Phys. Rev. Letf74, 4388(1995; Phys. [20] N.G. Deshpande, X.G. He, W.S. Hou, and S. Pakvasa, Phys.
Lett. B 353 301(1999; Phys. Rev. D63, 2480(1996. Rev. Lett. 82, 2240 (1999; W.S. Hou, J.G. Smith, and F.
[5] H-n. Li, Phys. Rev. D52, 3958(1995. Wiirthwein, hep-ex/9910014.
[6] C.H. Chang and H-n. Li, Phys. Rev. &5, 5577(1997. [21] H.Y. Cheng and K.C. Yang, Phys. Rev.G2, 054029(2000.

[71Y.Y. Keum, H-n. Li, and A.l. Sanda, hep-ph/0004004;
hep-ph/0004173.

[8] C. D. Ly, K. Ukai, and M. Z. Yang, hep-ph/0004213.

[9] Y.Y. Keum and H-n. Li, Phys. Rev. Oto be publisheyd
hep-ph/0006001.

[22] M. Beneke, G. Buchalla, M. Neubert, and C.T. Sachrajda,
Phys. Rev. Lett83, 1914(1999; hep-ph/0006124.

[23] D. Du, D. Yang, and G. Zhu, Phys. Lett.488 46 (2000; T.
Muta, A. Sugamoto, M.Z. Yang, and Y.D. Yang, Phys. Rev. D

[10] R. Fleischer, Eur. Phys. J. & 451(1999; Phys. Lett. B435 62, 094020(2000_' )
221(1998: M. Neubert and J. Rosneiid. 441, 403 (1998 [24] M. Bander, D. Silverman, and A. Soni, Phys. Rev. Lédf,

M. Neubert, ibid. 424, 152 (1998; H. Jin, hep-ph/9805235: 242(1979.
D.S. Du, X.Q. Li, Z.T. Wei, and B.S. Zou, Eur. Phys. J4A  [25] A. Aliand C. Greub, Phys. Rev. B7, 2996(1998.

91 (1999; AF. Falk, A.L. Kagan, Y. Nir, and A.A. Petroy, [26] C.Y. Wu, T.W. Yeh, and H-n. Li, Phys. Rev. B3, 4982

Phys. Rev. D57, 4290 (1998; M. Neubert, J. High Energy (1996.
Phys.02, 014 (1999; D. Atwood and A. Soni, Phys. Rev. D [27] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. Mod.
58, 036005(1998. Phys.68, 1125(1996.
[11] G. Kramer, W.F. Palmer, and H. Simma, Z. Phys6€; 429  [28] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 1
(1995. (1998.
[12] A.N. Kamal, Phys. Rev. 050, 094018(1999. [29] J.C. Collins and D.E. Soper, Nucl. Phyg193 381 (1981).
[13] J.D. Bjorken, Nucl. Phys. BProc. Supp). 11, 325(1989. [30] J. Botts and G. Sterman, Nucl. Phy&325, 62 (1989.
[14] G.P. Lepage and S.J. Brodsky, Phys. Re\24)2157(1980. [31] H-n. Li and G. Sterman, Nucl. PhyB381, 129(1992.
[15] H-n. Li and B. Tseng, Phys. Rev. b7, 443(1998. [32] D. Atwood and A. Soni, Phys. Lett. B66, 326 (1999.
[16] X.G. He, Eur. Phys. J. ©, 443(1999; N.G. Deshpande, X.G. [33] M. Bauer and M. Wirbel, Z. Phys. @2, 671(1989.
He, and J.Q. Shi, hep-ph/0002260. [34] P. Ball, J. High Energy Phy€9, 005(1998.

[17] M. Gronau and J.L. Rosner, Phys. Rev5B 113005(1998; [35] CLEO Collaboration, Y. Kworet al,, hep-ex/9908039.

014003-12



