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Branching ratios of BT —D®)*K®*)0 decays in the perturbative QCD approach
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We study the rare decayg"—D®*)*K*)0 which can occur only via annihilation-type diagrams in the
standard model. We calculate all of the four mo&es PP, VP, PV, VV in the framework of the perturba-
tive QCD approach and give the branching ratios of the order abotft 10
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[. INTRODUCTION perturbative components, which are put into the hadron wave
function. The hadron wave function can be extracted from
More and more data & decays are being collected at the experimental data or calculated by QCD sum rules method.
two B factories Belle and BaBar. The original approach toThe decay amplitude can be conceptually written as the con-
nonleptonicB decays based on the factorization approachvolution
(FA) [1], which succeeded in calculating the branching ratios
of many decay$2]. The FA is a simple method by which
nonfactorizable and annihilation contributions are neglected.
Although calculations are easy in the FA, it suffers the prob-
lems of scale, infrared-cutoff, and gauge depend¢BEeEs- X D) (ko) P (ka)H(ky Ko Ks, )], (1)
pecially it is difficult to explain some observed branching , . . .
ratios of B decays, such a8— J/K*) [4]. To improve the where k;'s are momenta of light quark; included |n.ea.ch
theoretical applicatiof] and understand why the simple FA meson, and Tr denotes the trace over Dirac and color indices.
works so well[6,7], some methods have been brought for-The ha_rd components comprise the hard gejtand harder
ward and developed. One of them is the perturbative Qcrslynamics €). H(t) describes the four-quark operator and
(PQCD approach developed by Brodsky and Lep&g, the spectator quark conngcted. by a hard gluon. It can_be
under which we can calculate the annihilation diagrams agerturbatl_vely calculated, since it includes the hard dyn+am|cs
well as the factorizable and nonfactorizable diagrams. charg‘(;tfn(zgcg by the scale wheret~O (Mg/2) for B
It is consistent to calculate branching ratiosBodecaysin ~ — D"~ K" decays, and the hard gluores is of the or-
the PQCD approach, as we will explain its framework in the
next section. It has been applied in the nonlept@itecays ¢ DU D
[6,7,10,11 successfully. In the case B D) *K*)0de-  _
cays, which is a kind of pure annihilation-type decays, the b

amplitude~ f d*k,d%k,d*k3TI{ C(1) Pg(ky)

physics picture of PQCD is as follows, shown in Fig. 1WA ¢
boson exchange causks—sc, and thedd quarks are pro- B7

duced from a gluon. In the rest frame of tBemeson, thel

andd quarks in theD ®)* K *)° mesons each has momentum J
O(Mgl4d), so the gluon producing them hq§~O(M§/4). 3

It is a hard gluon according to the mass of Bieneson. So @ (b) K®°

we can perturbatively treat these decays and use the PQCI
approach like other pure annihilation-tyBedecayq 12]. KO0 KGP
In the next section, we explain the framework of PQCD
briefly. In Sec. lll, we give the analytic formulas for the
decaysB™—D®)*K(*)0 |n Sec. IV, we show the numerical
results and theoretical errors of the four modes, respectively

1S9
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Finally, we draw a conclusion in Sec. V. BT Bt
Il. FRAMEWORK - {/"
The PQCD approach divides the process into hard com- A F “(i
; ; i c c
ponents, which are treated by perturbative theory, and non(c) D (d Do
FIG. 1. Diagrams folB™—D®*)*K®*)0 decays. The factoriz-
*Email address: songgl@mail.ihep.ac.cn able diagramsa), (b) contribute toF, and nonfactorizabléc), (d)
"Email address: lucd@mail.ihep.ac.cn contribute toM.
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der oft2. C(t) is the Wilson coefficient which results from the ultraviolet divergences. These two kinds of large loga-
the radiative corrections at short distance. In the above corithms are summed and lead to the Sudakov form factor
volution, C(t) includes the harder dynamics at a larger scalee™ S It suppresses the soft dynamics effectivgl@]. The
than theMy scale and describes the evolution of local four-large double logarithms fix are summed by the threshold
fermion operators fronM,, down to the scalé. The wave resummatiorj14], and they lead t&,(x;) which smears the
function® ), denotes the nonperturbative components, whickend-point singularities or; . From the brief analysis above,

is independent of the specific processes and removes the iit-can be seen that PQCD is a consistent approach.

frared cutoff dependence in the PQCD approach.

For simplicity, we use the light-cone coordinate to de- 1. ANALYTIC FORMULAS
scribe the meson’s momenta in the rest frame ofBhae-
son. According to the conservation of four-momentum, we A. Wave functions

can obtain the8”, D", andK*)° meson's momenta in  \ye yse the wave function®y ., decomposed in terms
. . a
the light-cone coordinate as of spin structure. The cominB meson and outgoin® ™),
K®*)0 are as follows:

M
Pi= Tju,mﬂ, i
q)B(va):\/?M:[(P175)+M875]¢B(va)v 5

M
Pzzﬁ%(vwnz—“%, n=N7*=4r3, Op),

®p(x,b)= JZ'T[75<P2+MD>]¢D<x,b>, ®)

Py= [(5 VE—4rd e+ \E2—4ar5, 0p), (2)

i
Dpx(X,b) = —==[£(P,+ Mpx)]dpx(X,b), (7)
where p=1+r3—r3, é=1-r3+r3 r,=Mpwx)+ /Mg, and V2N¢

r3=Myx0/Mg for vector mesork*°. We setr;=0 for the
K® meson, sincem¢<mg. The longitudinal polarization

i
%+ %0 ; dy(x,b)= P.dl(X,b)+M P(x,b
vectors of theD* ¥ andK*© are given as k(X,b) \/Z—NC[VS 3Pk (X,D) + Mok 5K (X, D)
1 T
- 2y Z-4r2— 5 0y), + Mok ys(2h—1) Py (x,b)], )
2L 2\/§I’2 7 2 7 25—, Op)
i
Dy (X,0) = —=[Myx &5 drx(X,b) + éSLP3¢’|[<*(X1b)
€3L= 2\/— = (VE-4r5—& JE-4r5+¢ 0, (9 V2N
s
. + MK*' ¢SK*(le)]! (9)
respectively. The transverse polarization vectors can be
adapted directly as,t=(0,017), e37=(0,017). We denote
the light (antjquark momenta i8*, D*)*, andK*)° me- D 1(X,0) = —=—=| Mys b37®L, (X) + bgrP3d 1, (X)
sons as k;=(x;Py,0ki7), Kp=(X2P;,0Kkz7), and kg VZ2N¢
=(0x3P3 ,ksr), respectively. Integrating Ed1) overk; , Mos
k; , andkj , we obtain +?Kn| €upo Y5V ESTPENT DY, (X) |,
amplitude- f dx,d%,dxsb,dbsb,dbobadbs  (4) (10
where N.=3 is color's degree of freedom, anil
TLC(H)Pp(X1,b1) Ppe)(X2,02) Prx)(X3,b3) =Mz/(my+my), v=(0,10r)xP5, n=(1,00), and %2
XH(x; by ) Si(x)e~ S, =1. The subscripté and T denote the wave functions cor-

responding to the longitudinally and transversely polarized
whereb; is the conjugate space coordinatekpf, andtis ~ K* mesons.
the largest energy scale i, as a function in terms of; and
b;. The large logarithms I, /t) resulting from QCD ra- B. Effective Hamiltonian
diative corrections to four-quark operators are absorbed into . - n (%) + 10 (%)0
the Wilson coefficientsC(t). The inclusion ofky brings in Th? elffectlveh Hma/llmn_tonlan fot; di(ée@ —b K at
one kind of large logarithms #Pb) from the overlap of a scale lower thaMy is given by[15]
collinear and soft gluon correction8,denoting the dominant G
. _ . F
light-cone component of meson momentum. The other kind He=—=V*,Ved C1(1)O1( 1)+ Co()Ox(p)], (12)
of large logarithms Irtp) derives from the renormalization of V2
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O.= (ES)V—A(EU)V—A , Op= (HU)V—A(ES)V—A )

12)

where C; (u) are Wilson coefficients at renormalization
scalex, and summation in SU(3)color’s indexa and chi-
ral projection, =,9,v"(1—vs)q,, are abbreviated to
(aq')y_a. The lowest order diagrams oB*—D®*)
+K®)0 are drawn in Fig. 1. We will choosp/.J=0.996
+0.013,|V,p|=(3.6=0.7)x 10 3 [16]. There is naCP vio-

lation in the decays, since only one kind of Cabibbo-,
Kobayashi-Maskaw&CKM) phase appears in the processes.

Therefore the decay width for th€P-conjugated mode,
B~ —D®*)"K®*)0 equalsB™—D®*)TK*)0 respectively.

C. Decay width

PHYSICAL REVIEW D70, 034006 (2004

which is also right for thed*) meson—i.e.M=B,D*).

For theD*) meson wave function, we use two types. The

first kind [17] is

foeX(L=x){1+apw)(1—2x)}

3
Q) ¢D(*)(X):W

1
Xexl{— E(wm*)b)z}, (17

in which the last term eXp-3(wpw)b)?] is derived from the
kr distribution. By taking same parameters, we neglect the
difference between th® and D* mesons wave functions,
since thec quark is much heavier than tlequark, and the

mass difference between two mesons is little. The second
kind [18] is

The total decay amplitude for each mode or helicity state

of BT —D®)TK )0 js \written as
A=fgF+M, (13)

where fg is the decay constant of thB meson, and the

overall factor is included in the decay width with the kine-

matics factorF(M) stands for the amplitude ghonfactor-
izable annihilation diagrams in Figs. 1a, 1bc, 1d. We
exhibit their explicit expressions and subscriptsFoand M

according to the modes and helicity states, respectively, i A
the Appendix. It is noted that in the analytic formulas of
amplitudes, we keep only the leading terms in the expansion

of r3~0.15 orr3~0.04! The decay width for each mode of
these decays is given as

2n 3

G2M3
I'= 1287 (1_r§); |V:bVCSA(r|21

14

where the subscript denotes the helicity states of the two v, =1.60 GeV,

vector mesons with (T(1,2)) standing for the longitudinal
(transverspcomponent in the case &' —D* *K*9 decay,
as shown in the Appendix.

IV. NUMERICAL RESULTS

In the numerical analysis, we adopt tBemeson wave
function as[6,7]

M3x? 1
d’B(X:b):NBXZ(l_X)ZeXF{_ z—g(wbb)2
2(1)b

(15

with the shape parameter, and the normalization constant
Ng being related to the decay constdgtby normalization:

fldx¢M(x,b=O)= (16
0

fu
22N,

foex(1=x){1+ape)(1—2x)},
(18

3
(1 d’D(*)(X):W

which is fitted from the measure8— D®*)¢v decay spec-
trum at large recoil. The absence of the last term [ikeis
due to the insufficiency of the experiment data.

The K*) wave functiond 19,20 we adopt are calculated
y QCD sum rules. To abridge the context, we list them and
e corresponding parameters in the Appendix.

The other input parameters are listed below:

fg=190 MeV, fp=240 MeV, fp«=240 MeV,
fu =160 MeV, fqx=200 MeV,
fex=160 MeV, wpx=0.2 GeV, (19)

(l)b:04 GeV, aD(*):O.3,

Cp=0.8, Cpx=0.7, (20)
Mg=5.279 GeV, M,=4.8 GeV,

Mp=1.869 GeV, Mp.=2.010 GeV,

M=170 GeV, M\=80.4 GeV,

7+ =1.674x10 %, Gp=1.1663% 10 ° GeV ?, o1

where the Fermi coupling consta@t, the masses, and life-
times of particles refer t621].

With the analytic formulas and parameters above, we get
the branching ratios @8 —D®*)*K(*)% shown in Tables I,
I1, 111, and IV for two kinds of D®*) wave functions, respec-
tively. The magnitude according ©*) wave functionl is
about 60% of the one corresponding to &) wave func-
tion Il. The difference can tell the correft™*) wave func-
tion by the experiment data in the future.

1This approximation is also adapted in deriving meson wave func- For each mode dB " —D™*)TK*)0 decays, the contribu-

tions; see, for example, R€i0].

tion of the factorizable and nonfactorizable annihilation dia-
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TABLE |. The branching ratios of the three decay modes and TABLE V. The sensitivity of the branching ratio (16) to the
amplitudes (102 GeV) in terms of the factorizable, nonfactoriz- 30% extent of parameters in terms of the four modes ofBhe

able diagrams and the sum of them according to B&) wave

function 1.

B—DK B—D*K B—DK*
fgF —1.56+1.21  —1.86+2.20 1.17-1.65
M 1.03+1.29 -1.01-0.74  —1.75-0.89
A —0.52+2.50 —2.87+1.41 —0.58-2.54
Br(10°9) 0.93 1.42 0.96

TABLE II. The branching ratios oB—D*K* decay and helic-
ity amplitudes (102 GeV) in terms of the factorizable, nonfactor-

izable diagrams and the sum of them according to Bffe wave
function I.

(B—=D*K*). (B—D*K*)r; (B—D*K*),
fgF —0.17-3.44  1.58-3.47% -0.37-0.22
M 1.73+0.35 —0.09-0.41 0.009+0.005
A 1.56-3.08 1.49-3.8% —0.36-0.21
Br(10 °) 1.67 2.40 0.02
Total Br(10 ©) 4.09

TABLE Ill. The branching ratios of the four decay modes and
amplitudes (102 GeV) in terms of the factorizable, nonfactoriz-
able diagrams and the sum of them according to @& wave
function II.

B—DK B—D*K B—DK*
fgF —2.38+1.568 —2.47+2.94 1.50-2.32
M 1.37+1.49 -1.24-0.81 —2.18-1.01
A —-1.01+3.08  —3.71+2.04 —0.68-3.32
Br(10°%) 1.47 2.52 1.64

TABLE IV. The branching ratios o0B—D*K* decay and he-
licity amplitudes (102 GeV) in terms of the factorizable, nonfac-
torizable diagrams and the sum of them according toDthewave

function II.

(B—D*K*)L (B—=D*K*)1; (B—D*K*)r
fgF —0.38-4.61 2.02-464  —0.44-0.24
M 2.03+0.3% -0.14-0.49  0.01+0.006
A 1.65-4.24 1.88-5.11  —0.43-0.24
Br(10°9) 2.89 4.12 0.03
Total Br(10 ©) 7.04

— DK decays according to the™*) wave function I.

Mox Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)

1.12 0.79 0.81 - -
1.60 0.93 1.42 - -
2.08 1.09 2.22 - -

w, Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)

0.28 1.16 1.41 1.21 4.25
0.40 0.93 1.42 0.96 4.09
0.52 0.75 1.42 0.79 3.99

ap) Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K%*)

0.21 0.88 1.32 0.90 3.79
0.30 0.93 1.42 0.96 4.09
0.39 0.99 1.54 1.03 4.40

grams is the same order, althoughis proportional to the
Wilson coefficientC,+ C;/3, which is©®(1), and thenon-
factorizable annihilation diagram contribution is proportional
to C4, which is about 30% o€,+ C;/3. Since the counter-
action influence between Figs. 1a, 1b fis heavier than
that between Figs. 1c, 1d &fl by the reason of the more
similar propagators in Figs. 1a, 1b. The magnitude compari-
son can be seen directly from Tables I, II, 1ll, and IV.

From Tables Il and IV, we can sé8+,|>|AL|>|Ar,] in
the case of th&—VV mode. There are two questions wor-
thy of asking: Why i§Ar,| so little? Why ardAr;| and|A, |
the same order, thougf;,| is suppressed at least by the
termr? (r=r, or r3)? According to the amplitudes &,
andM,, the contribution of the twist-2 wave functiaﬁl*
is absent, and the coefficients corresponding to the twist-3
wave functionsp, . and ¢>§* are just the opposite and coun-
teract each other heavily. Therefore the valueAg$ is too
little to consider. To answer the second question, we should
note thatr, is not a serious suppression term, especially
whenr, times 2, 2,=1, like the term inF{; andM+4. In
the case oF;; and M4, all of the signs of the subampli-
tudes corresponding to the two twistk3* wave functions
are same, and the terms in the front of the twist-2 wave
function ¢1* do not suffer the heavy suppressionrgf On
the other hand, ifr (M) the seemly main contribution of
the twist-2 wave functionpi is offset by the opposite co-
efficients in Figs. 1a, 1i§1c, 1d. Moreover in Fig. 1a the
signs of the coefficients corresponding to the twist-3 wave
function ¢}, and ¢, are different. For the reasons above,
|Ari| and|A | are the same order.

It should be stressed that there is no arbitrary parameter in
our calculation, but we only know the magnitude of each up
to a range. In Tables V and VI we show the sensitivity of the
branching ratios to 30% change of the parameters in( Zgj.
according to the two kinds dd*) wave functions, respec-
tively. Since theM ok and wy, uncertainty influences the re-
sults very much, we will limit them to a more appropriate
extent. According td19],
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TABLE VI. The sensitivity of the branching ratio (16) to the
30% extent of parameters in terms of the four modes ofBHe
—D®)FTK*)0 decays according to the™*) wave function II.

Mo Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)

112 1.17 1.41 - -
1.60 1.47 2.52 - -
2.08 1.80 3.95 - -

wy, Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)

0.28 1.86 2.48 2.06 7.22
0.40 1.47 2.52 1.64 7.04
0.52 1.20 2.51 1.34 6.92

Cp Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)

0.56 1.26 - 1.38 -
0.80 1.47 - 1.64 -
1.04 1.70 - 1.92 -
Cp+ Br(B—DK) Br(B—D*K) Br(B—DK*) Br(B—D*K*)
0.49 - 2.13 - 5.99
0.70 — 2.52 — 7.04
0.91 - 2.95 - 7.50
1.4 Ge\=M<1.8 GeV, (22)
the branching ratios are
0.93°5.08x107¢ (1),
Br(B* =DK%= ' 23
(B7=D7KD [1.47*8;}§><106 (I, 23
1.42"93107°% (1),
Br(B*—D* K%)= e (24)
2.52°025x10°% (1),

where [11) stands for the result for(ll) kind of D*) wave
function. From theB—K transition form factorf (0), we
can limit the appropriate extent ab,. f<(0) calculated
from PQCD atmgc=1.6 GeV is consistent withiX (0) by
QCD sum ruleg19], when

PHYSICAL REVIEW D70, 034006 (2004

0.35 Ge=w,<0.46 GeV. (25)

In the above range, the branching ratios are
Br(B+—>D+K°)=[(1):Zi§E§§ 12: E:I)) (26)
R o R
Br(BJ’HDJ’K*O):[i:zigégﬁ 22 E:I)) (29)
Br(BJ’HD*J’K*O):[::gig;gi 2: E:I)) (29)

Besides the perturbative annihilation contribution above,
there is also contribution from the final state interactigsl)
in the hadronic level, such a8 —D®)°K*)* then
DIOK )+, p*)+K(*)0 Based on the argument of color
transparency9,22], FSI effects may not be important in the
two-bodyB decays. So we suppose that the dominant contri-
bution is what we calculated above. The hypothesis is con-
sistent with the argument if6,23).

V. CONCLUSION

In this paper, we study the four modes @*
—D®)*KE)0 decays. Based on the consistent PQCD
framework, we predict the branching ratios of these pure
annihilation-type decays of the order of T0and show the
theoretical errors. Such results can be measured in th&two
factories in the future.
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APPENDIX A: THE (NON)FACTORIZABLE AMPLITUDE

At first order of ag, we get the analytic formulas of tHeonfactorizable amplitude for each mode or helicity state listed
below. We neglect the small terr in the numerators of the hard part M, since theB meson wave function in Eq15) has
a sharp peak at the smatl region, O(A/Mg), where A=Mg—M,,. It should be noticed that we do not employ this
approximation to the denominators of the propagator which are sensitkjeliecauses; there behaves as a cutoff. We also

neglect terms higher tharr‘f2 orders, since the light cone wave functions derived from sum rules are expanded to this order

[20].

1.B*—>D*K° decay
The amplitude for the factorizable annihilation diagrams in Figs. 1a, 1b is given as
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1 [
Fu=167CeM3 [ diatx, | “badbobsdbsdio( bl{(xa -~ 2x5r3 - 13) 6406 bs)

+ 10 (14 2X3) (X3, b3) = of k(1= 2X3) (X3, b3) }Ef(t2)ha(X2, X3, b2, b3)
H{(r3—1)Xo i (X3,b3) = 2r or  (1+ %) R (X3,b3) FE((t2)ha(X3,X2,b3,0,)].

(A1)
The amplitude for the nonfactorizable annihilation diagrams in Figs. 1c, 1d is obtained as

1 1 .
M= = ——64mCeM3 | dxicig | oudbybadby (1 b0 oz ) (D6 (= 25— D106 bg) + 1 (2
V2N, 0 0

+ X+ X3) ¢|§(X3 Do) = 1ol k(Xa—X3) ¢-|£(X3 ,bz)}Em(t#)hS)(Xl \X2,X3,071,02) — {X2¢Q(X3 02) +1ork(X;
+X3) bR (X3,02) 151 k(X2 = X3) i (X3,02) FEm(tr) NP (X1, X2, X3,b1,b5)), (A2)

whereCr=4/3 is the group factor of SU(3)gauge grouprx=My /Mg, and the functiong;, E,,, tel;z, h, are given in
Appendix C.

2.B*—D**K? decay

1 )
Fo=—167CeM | dxctxs | botbabidbadon (o DX~ 2x5r 3+ 13) 6406 ) + arc 6 63, b)

- reréﬂ(Xs rb3)}Ef(t:eL1)ha(X2 X3,02,b3) —{(1- r%)thﬁ’Q(Xs,bs) - 2|'2VK(1_X2)¢E(X3-bs)}Ef(ti)ha(Xs X2,03,07) ],

(A3)

1 1 °°
M,= 647TCFM§f dxldxzdxaf bldblbzdb2¢B(X1,bl)d’D*(Xz,bz)({[X3+(1_X2_2X3)r§]¢ﬁ(xa,bz)
V2N, 0 0

1o (X3— Xo) BR(X3,02) = o (2= X — X3) (X3, 02) LE (LR M (X1, X, X35, D1 ,02) = {(1—2r3) X b (X3, by)

+ 1M (Xo— Xg) DR (X3,02) + T o (Xo+ X3) dr(X3,02) }Em(t2) P (X1, X2, X3, b1, b2)).

(A4)
3.B*—D*K*? decay
1 o0
Fa=—167CM [ ity | bodbabidbagotxs,bo)[{(6— 2563 1) dhce (5.05)
+rorg(1+ 2X3)¢SK*(X3.b3)_r2r3(1_2X3)¢f<*(X3,bs)}Ef(t;)ha(Xz,Xsybz,bs)
—{(1=r3)Xagbir (Xg,b3) + 2 of 31+ X2) e (X3,D3) }E((t2) ha(X3, X2, b3, b2) ], (A5)
1 2 [t ” 2
Mz= 647TCFMBJ dxldxzdx3f b1dbyb,db,dg(X1,01) Pp(Xz,02) ([Xa+ (X2 = 2X3— 1)r5] s (X3,b7)
V2N, 0 0
120 5(24 Xp+ Xg) dhx (X3,D2) = 2 3(Xo — X3) dx (X,02) Em(ti)NED (X1 X2, X5,D1,02) = {X2bcx (X3,b2)
+r2r3(X2+X3)¢SK*(X3,b2)+rzrs(xz_X3)¢f<*(X3,bz)}Em(trzn)hgz)(Xl,Xz,Xs,bl,bz))- (AB)
4.B*—D**tK*0 decay
1 o0
FL=167CeM3 [ dx,x " badbobsdbadios (xz,bo [ 10X~ 2x5r 3+ 1) s (4.9
0 0
+r2r3¢SK*(X3,b3)_rzrgd)t(*()(?,,b3)}Ef(t;)ha(X2,X3,b2,b3)_{(1_r%)X2¢K*(X3,b3)
+21 50 3(Xo— 1) e (X3,D3) YE(1D)ha(X3, X2, b3,b2)], (A7)
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ML:

1 1 »
2N, 647TCFMEJO XmdXdegjo bydb;bdbyde(Xy,01) dpx (X2,02) ([ — X3+ (Xp+2x3— 1)"§]¢K*(X3,b2)
C

15 3(X2—X3) Pres (X3, Do) + r2r3(2—x2—x3)¢}<*(x3 D) Em(thh{(X1, X, X3, b1, 02) +{(1—2r5) Xy (X3,b,)

H 18 3(Xa— X3) P (X3,05) + r2r3(X2+X3)¢t<*(X3 D) En(t2)hP (X1, %2 ,X5,b1,b,)), (A8)

1 ]
Fr1=167CeM éfo dxzdxsfo bodbybsdbydpx (X2, b2)[{ = 21 o Xg by (X3,03) = 21 27 X3y (X3, b3)

+ 2r§¢L*(ngbg)}Ef(t;)ha(Xz X3,02,03) +{2r,r 3. (X3,b3) + 2r2r3¢§*(xaabs)}Ef(tg)ha(Xs X2,b3,0) ],

(A9)

1 1 »
M =—64CM2fdxdxdxfbdbbdb X;,b w (X0, D) [120 o F 2" 4 (Xa,05) + 21 oF 2h2 4 (X, b
T1 \/Z_NC TR B o 1 2 3 o 1 1M2 2¢B( 1 l)¢D(2 2)[{ 23¢K(3 2) 23¢K(3 2)

—2r5(1-xy) ¢;* (X3,02)}Em(th)h (X1, X2, X3, b1, by) —{2r§x2¢l* (X3,02)}Em(t2)hP)(x, X2, X3,b1,b2)1,
(A10)

1
FTzzl%cFMgf

. ddeX3JO bzdbzbsdb3¢D*(x2,b2)[{—2r2r3¢f<*(x3,b3)+2r2r3¢2*(x3,b3)}Ef(t;)ha(x2,x3,b2,b3)

+{2r 1 3Xo by (X3,b3) — 2r2"3X2¢>§*(X3,bs)}Ef(ti)ha(Xs X2,03,b7)], (A11)

©

1 1
o= —— 64mCoM3 | a0, | b1dbubdbabe(xs o) e (43,b2) {21 s (X5.b2)

V2N, 0
— 21 3his (Xg,D2) Em(th)E (X1, X5, X5, by ,by), (A12)

where the subscript (T(1,2))—i.e., the helicity states of the two vector mesaensn Eq. (14)—stands for the longitudinal
(transversg component, respectively. Conveniently we choose the polarization $tht@s e,7=(1/1/2)(0,0,1i), €3t
=(1/4/2)(0,0,1-i), T2 ase,r=(1/4/2)(0,0,1-i), and egr=(1/y2)(0,0,1i). Each amplitudeA,, also is the sum of two
parts, factorizable and nonfactorizable diagrams, related by183y.

APPENDIX B: THE K®*) MESON WAVE FUNCTIONS

ficx
The K andK* meson wave functions are given as Px (0= 2\/2_NC6X(1_X)[1+0'57(1_2X)
o fx - - +0.07C34(1-2x)], (B4)
d)K(x)—Z\/Z_Nch(l x){1+0.51(1—2x)
+0.2c371-2x)}, (B1) i,
D, (X)= 0.3(1—-2x)[3(1-2x)?2
P . N K (X) NZ_NC( 3 X)[3( X)
PR(X)= ———{1+0.213H1—2x)
T 2\2N, ? +10(1-2x)— 1]+ 1.68CL2(1-2x)
. 124
014841~ 2x)}, (B2) +0.06(1—2x)%5(1—2x)?— 3]
f
¢;(x)=N;_I\lc(l—zx){1+0.1581—3+5(1—2x)2]}, +0.36(1-2(1-2x)[1+In(1-x)1}),

(B3) (B5)
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fT. The functionsk; and E,, including Wilson coefficients
L{3(1—2x)[1+0.2(1—2x) are defined as

q)s*(x) =
: 242N,

Er(t)=a(t)ag(t)e” 500~ (C2
+0.6(10x?— 10x+1)]—0.12X(1—X)

Em(t)=Ci(t)as(t)e” SB(t)*SD(t)*SK(t)|b3:b2’

+0.3G1-6x—2In(1—-x)]}, B6
q (1-x)1} (B6) ©3
o where
D, (X)= ———6x(1—X)[1+0.61—2X) Cult
212N, a(t)=Cy(t)+ N( ), (CH
C
+0.04C3%(1—2x)1, (B7)
andSg, Sp, andSk result from summing both double loga-
rithms caused by soft gluon corrections and single ones due
f 3 to the renormalization of ultraviolet divergence. The above
K* .
DY, (X)= ———1—[1+(1—2x)2+0.441—2x)3 Sgp k are defined as
kx (X) 22N, ZL1+( ) 4 )°]
t du’
+0.4CY2(1-2x) +0.88CY4(1-2x) sB(t)=s(x1P1+,b1)+2f 2 yu),  (©9
1y ,u,’
+0.4€{2x+|n(1—x)]], (B8) t du'
Sp(t)=s(x,P; ,b3)+2J — Ya(u'),
1/b2 IL,L
(Co)
frx
®F,(x)=—F——={3(1-2x)[1+0.191-2 - _
(0= 3 o 317 20[1+ 0191 =2x) Sk(D)=S(x3P3 .ba) +5((1~X)P; .bo)
+0.81(10x*— 10x+ 1 todu’ ,
it )] +2f — Y1), (€7
1/b3 M

—1.14(1-x)+0.4§1—6x—2 In(1—x) ]},
(89)  Wheres(Q,b), so-called Sudakov factor, is given 1]

with the Gegenbauer polynomials, S(0.b)= fQ du’ 5(275— i 2)+CFIn3 as(p')
b u' 3 w' T

Cl/2( g) :}(352_ 1) C1/2( g) — 2(3554_ 30§2+ 3) 67 ’772 10 2 | eYE

C 2 2 | MR TR
3 a’s(/‘/,) 2|n2 (C8)

C3A&=5(56-1). (B10) = Rl
where ye=0.5772 ... isEuler constant, ang,= —as/m
APPENDIX C: SOME USED FORMULAS is the quark anomalous dimension.

o _ _ The functionsh,, h{"), andh{® in the decay amplitudes
The definitions of some functions used in the text aréconsist of two parts: one is the jet functi®(x;) derived by

presented in this appgandix. In the numerical analysis We USfye threshold resummatidii4], and the other is the propa-
the one-loop expression for the strong coupling constant, gator of virtual quark and gluon. They are defined by

A ha(X2,X3,02,b3)
as(p)=————-, (CY 2
In(u?/A2 m

Poln(wIAT) =s[<1—x3>(7) HEIMe (1= xxb]  (CO)
where B8o=(33—2n;¢)/3 andn; is number of active flavor at
appropriate scale\ is the QCD scale, which we use as 250 X{HE Mg\ (1—15)x3b,]130[ Mg (1 r3)X3b3]
MeV at n;=4. We also use leading logarithm expressions
for the Wilson coefficient, , presented in Ref.15]. X 6(by—hg)+ (by—bg)}, (C10
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hgj)(XI!XZlXS!bl!bZ)

i
= 7H(()1)(M BV(1—=r2)XoX3by)

X Jo(Mg\(1=15)XoX30,) 8(03—b,) + (b))
Ko(MgFj)b1),

7T| 2 ’
?Hél)(MB\/|F(2j)|bl): for F{;<0

2
for F(j)>0
(C1y

whereH{§"(2) =J3(2) +iY(2), andF;y’s are defined by

F(21)=X1+X2+(1—X1—X2)X3(1—I’%), (012)
F)=Xa(X1—%2) (1= 13). (C13

We adopt the parametrization f&(x) of the factorizable
contributions:

PHYSICAL REVIEW D70, 034006 (2004

21T2e1(3/2+¢)

&(X)ZW[X(].—X)] , ¢=0.3.

(C19

In the nonfactorizable annihilation contributior®(x) gives
a very small numerical effect to the amplitupi4]. There-
fore, we dropS(x) in h{Y andh{®). The hard scalés in the
amplitudes are taken as the largest energy scale ittt
destroy the large logarithmic radiative corrections:

tl=maxMg\/(1—r2)xz,1/b,,1hb3), (C15
t§=ma)(|\/|B\ 1_r§)X2,1/b2,1/b3), (C16)
th=maxMg |F{j)|, Mg (1-r3)xx5, 1y, 1by).

(C17
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