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Abstract

We calculate branching ratios for pure penguin decay moBes; ¢ K decays using perturbative QCD approach. Our
results of branching ratios are consistent with the experimental data and larger than those obtained from the naive factorization
assumption and the QCD-improved factorization approach. This is due to a dynamical penguin enhancement in perturbative
QCD approach.
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1. Introduction

Recently the branching ratios & — ¢ K decays have been measured by the BaBar [1], BELLE [2] and
CLEO [3] Collaborations. There is an interesting problem related a penguin contribution to decay amplitudes [4].
A naive estimate of the loop diagram leadsR@T ~ o, /(127)log(m?/m?) ~ O(0.01) where P is a penguin
amplitude andT is a tree amplitude. But experimental data for BB Kx) and Br(B— mm) leads to
P/T ~ O(0.1). Therefore, there must be a dynamical enhancement of the penguin amplitude. This problem is
studied by Keum et al. using perturbative QCD (PQCD) approactB[5}: ¢ K modes are important understanding
penguin dynamics, because these modes are dominated by penguins. Here we report ouBstudy Kfdecays
using PQCD.

PQCD method for inclusive decays was developed by many authors over many years, and this formalism has
been successful. Recently, PQCD has been applied to exclBsiveson decays8 — Kx [5], nx [6], mp, mw
[7], KK [8] and K n’ [9]. PQCD approach is based on the three scale factorization theorem [10,11]. For example,
B — K transition form factor can be written as

t
i
FBC~ / [dx1[db]Ci(1) Pk (x2, b2) H (1) P (x1, b1) exp[— > / f“m(ax(ﬂ))}, 1)

=124},

wherex; and xz are momentum fractions of partonig, and b, are conjugate variables of parton transverse
momentakir andkor, andyy is the anomalous dimension of mesons. The hard gdry can be calculated
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Fig. 2. Feynman diagrams contributing to nonfactorizable amplitudeB fer ¢ K .

perturbativelyC; (¢) is the Wilson coefficient corresponding to the four-quark operator causirgK transition.

The scaler is given explicitly in terms ofc1, x2, b1, b» and Mg, and it is of Qv AMp). Here A = My — my,
whereMp andm; are B meson mass angdquark mass, respectively. It is important to note that in PQCD, the scale

of the Wilson coefficient can reach below/p /2. In the factorization assumption [12], this scale is fixetifat/2.

The Wilson coefficient for a penguin operator increases as the scale evolves down. This explains the enhancemer
of the penguin amplitude in PQCD compared to the amplitude obtained by the factorization assumption.

In this method, we can calculate not only factorizable amplitudes but also nonfactorizable and annihilation
amplitudes. In case oB — ¢K decays, the factorizable amplitudes which can be written in terms of form
factors FBX and F?X are shown in Fig. 1(a)—(d). The nonfactorizable amplitudes are shown in Fig. 2(a)—(d).
Ellipses denote meson wave functions in these figures. For illustration purposes, we show the hard part of the
nonfactorizable diagram as the dashed box in Fig. 2(a). The parameters in meson wave functions are calculate
from the light-cone QCD sum rules, and the theoretical uncertainty of the parameters is about 30%. The hard part
depends on the particular processes, but it is calculable. The wave functions contain nonperturbative dynamics anc
are not calculable, but once it is known, it can be used for other decay processes.

In this Letter, we calculate branching ratios ®r— ¢ K modes using PQCD approach. The detail is discussed
in Ref. [13]. We predict the branching ratios f8r— ¢ K decays, and our predictions agree with the current
experimental data and are larger than the values obtained from the naive factorization assumption (FA) and the
QCD-improved factorization (QCDF) [14,15].
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2. B — ¢ K amplitudes

We considerB meson to be at rest. In the light-cone coordinate, Bheneson momentun®;, the K meson
momentumP, and thep meson momentun®s are taken to be
Mp

M M
P1:7;(11170T)1 PZZTE(]-_V;?O’OT)s P3 ﬁ(r¢11 OT) (2)

wherery = My/Mp, and theK meson mass is neglected. The momentum of the spectator quarknrtigson
is written askj. Since the hard part is independenthT, the8(k1+) function appears after integrating over its
conjugate spacial variable. Therefokg has only the minus componeiit and small transverse componekis.
ki is given ask; = x1 P, wherex; is a momentum fraction. The quarks in tkemeson have plus components
szzJr and (1 — xz)P2+, and the small transverse componekigs and —kor, respectively. The quarks in the
meson have the minus componem®;” and(1 — x3) Py, and the small transverse componekys and —Kar,
respectively. The meson longitudinal polarization vectay and two transverse polarization vectgi are given
by €s = (1/v/2r4)(=r3, 1,0r) andeyr = (0,0, 1).

The B meson wave function for incoming state and #tiend¢ meson wave functions for outgoing state with
up to twist-3 terms are written as

: i8] it pegt
2’”;,3’,-]- = \/ﬁ dxyd®kyr e ' OPL R KT AD[ (P 4 M) ysgp (a1, Kar) ] 40 3)
1
i6i; .
D = \/ﬁ dxz 2272 yg[ Pogig (x2) +mok d i (x2) +mok (P — 1)k (2)] 5. (4)
0
5 1
(,(fzg’,-] = m dx3e™3 [ Myd sy (x3) + ¢ Padl(x3) + M¢¢¢(X3)]aﬂ, %)

wherei and; is color |nd|ces, and andg are Dirac indicesno is related to the chiral symmetry breaking scale,
mog = M,%/(md + my). v andn are defined as* = Pz“/PzJr andn* = zg/zg = (0, 1, 07). We neglect the terms
which are proportional to the transverse polarization ves;golbecause these terms drop out from our calculation
kinematically. The explicit form of these wave functions will be shown in Section 3.

Widths of B — ¢ K decays can be expressed as

2

G
r=—=t 2, 6
327 My |A] (6)
The decay amplitudes4, and.A, corresponding td° — ¢ K9, andB° — ¢ K9, respectively, are written as
A= fpVisVEFEE + Vg VEME + f5Vis Vi EP + Vi Vi ME, @)
A= fViVEY + VEVME + fVEVREE + VEVME, (8)

whereF, is the amplitude for factorizable diagrams which are considered inFAand M are the annihilation
factorizable and the nonfactorizable diagrams which are neglected in FA. The irdi@ed a, denote the
tree topology, and annihilation topology, respectively. The indexienotes the contribution from diagrams
with a penguin operator. The decay amplitudés and A~, corresponding td8™ — ¢K ™, andB~ — ¢K
respectively, are written as

+=f¢vtv WL+ ViV ME + fVis Vi FE + VigViME — Vi Vi FT — vmv,,M 9)
A = [ ViV FE + ViV ME + fVEVEE + ViV ME — f5 ViV ED — Vi VML, (10)
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where the indeXt” denotes tree contributions. Since the Cabibbo—Kobayashi—-Maskawa (CKM) matrix elements

for the tree amplitudes are much smaller than for the penguin amplitudes, the tree contributions are very small.
The factorizable diagrams are given as Fig. 1. The factorizable penguin amplifideyhich comes from

Fig. 1(a) and Fig. 1(b) is written as

1 00
FF =8nCrM} / dx1dx, / b1db1badbodp (x1, b1)
0 0

x [+ 3297 (x2) + ric (1= 222) (8 (x2) + Ok (x2) | Ee (1) Ny [x2(2 = x2)} e (v, x2, b, b2)
+ 2k R (2 Ee (1P )Ny {x2(1 = x0)} e ez, 21, b2, b) |, (12)

where N;{x(1 — x)}¢ is the factor for the threshold resummation [16]. We wse= 1.775 andc = 0.3 [17].
The evolution factors are defined (1) = o, (#)a. () exgd—Sp(t) — Sk (t)] where exp—S;(¢)] is the factor
for the kr resummation [18,19]. The explicit forms of the fact§z) are given, for example, in Ref. [5]. The
hard scaless(l) andt(z) which are the scales in hard process, are giver;ﬁ]By: max(y/x2 Mp, 1/b1,1/b2) and
e(2) =max(\/x1 Mg, 1/b1, 1/b2). The Wilson coefficient is given by

Cs Ce 1

(1) = C+C+C+ +c+ C+C+C+C +C +C9 (12)
a(f) = ta 3 e - 8
¢ 3TN, ATN. N, 2\7 N, 07N,

The hard function, which is the Fourier transformatlon of the virtual quark propagator and the hard gluon
propagator, is given by
he(x1, x2, b1, b2) = Ko(+/x1x2 Mpb1)[6 (b1 — b2) Ko(v/x2 Mpb1)Io(v/X2 Mpb2) + (b1 < b2)]. (13)

The factorizable annihilation diagrams shown in Fig. 1(c) and Fig. 1(d), and the nonfactorizable diagrams shown
in Fig. 2(a)—(d) can be also calculated in the same wak/a$13].

3. Numerical results

We use the model of thB meson wave function written as

2 212
b
¢5(x,b) = Npx?(1—x)?ex (M) : (14)
2 wp 2
wherewp = 0.40 GeV [20].Np is determined by normalization condition given by
i Ji
d b=0)=—2_ 15
[ axonb=0= (15)
0
The K meson wave functions are given as
dp(x)= Zm&c(l x)[1+3a1(1 2x) + a2{5(1 2x)% — }} (16)
P Ik 1 S 2 2
= 1 303 — = 31—2x)°-1
P (1) = Zm[ +> ( m 2pK>{ (1-20° -1
1(37}30)3 + gg ié ,oKaz){3— 30(1— 2x)? 4+ 35(1— 2x)4}i|, a7
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fx 1 7
[6)]

22N, 28T 50K

where px = (myg + my)/Mg [21,22]. The parameters of these wave functions are givem as0.17, a =

0.20, i3 =0.015 andw3 = —3.0 where the renormalization scale is 1 GeV.
The ¢ meson wave functions are given as

ok (x) = (1—2x) [1 + 6<5n3 g p,%@) (1—10x+ 10x2)i|, (18)

Pp(x) = ZJWGX(:L x), (29)
T
35
P (x) = W [3(1 2x)% + _;g{s —30(1— 2x)? + 35(1— 20)*}
+§3+{1—(1—2x)|ogl_x”, (20)
2 X
o (x) = i [ (1—20)(6+ 954 + 1404 — 14004 x + 14004 x?) + 35 log—— (21)

where;sT =0.024 and5+ = 0.46 [23]. We have found that the final results are insensitive to the values chosen for
¢d andsy.

We use the Wolfenstein parameters for the CKM matrix elemants0.819, A= 0.2196, R, = /p2 + 2 =
0.38 [24], and choose the anglg = 7 /2 [5]. We have found that the final results are quite insensitive to the
values of¢s. For the values of meson masses, we Mge=5.28 GeV,Mg = 0.49 GeV andMy = 1.02 GeV. In
addition, for the values of meson decay constants, wefigse 190 MeV, fx = 160 MeV, fy = 237 MeV and
f¢T = 215 MeV. TheB meson life times are given ago = 1.55x 10125 andrz+ = 1.65x 10~ 12s. And we use

ASkp=0.250 GeV andnox =1.70 GeV [5].

We show the numerical results of each amplitude 88— ¢K° and B* — ¢K* decays in Table 1. The
factorizable penguin amplitude” gives a dominant contribution ® — ¢ K decays. The factorizable annihilation
penguin amplitudeé”” generates a large strong phaseBfh— ¢ K+ modes, there are contributions frofg F,/
and M!. These tree amplitudes contribute only a few percent to the whole amplitude, since the CKM matrix
elements related to the tree amplitudes are very small. In order to isolate the trivial uncertainggfrgin and
fo. we express our prediction f@ — ¢K as

/B Sk fo 2 6
Br(8°—~ ¢K°) = ‘ 190 Mev 160 Mev 237 May * (43%107), (22)
2
+ IB Ik fo 5
Br(B* — oK) = ‘ 190 MeV 160 MeV 237 Me\J/ x (101x10°5). (23)

We found that our result is insensitive Iﬁg/ﬁﬁ. For example, 10% variation ofg/f¢ leads to less than 1%
variation in our final result. The current experimental values are summarized in Table 2. The values which are
predicted in PQCD are consistent with the current experimental data. However, our branching ratios have the
theoretical error from the QSZ) corrections, the higher twist corrections, and the error of input parameters. Large
uncertainties come from the meson decay constants, the shape parameterdmox. These parameters are
fixed from the other modesB(— K, Dx, etc.). We try to varywg from 0.36 to 0.44 GeV, then we obtain
Br(B* — ¢pK*) = (7.54~ 139) x 1078. Next, we setwp = 0.40 and try to varymog from 1.40 to 1.80 GeV,
then we obtain BifB* — ¢ K*) = (6.65~ 114) x 1075,

Now, we consider the ratio of the branching ratio for th& — ¢K° decay to the one for th8™ — ¢pK T
decay. The theoretical uncertainties from various parameters are small, since the parameters in the numerato
cancel out those in the denominator. The difference between the two branching ratios come in princige from
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-(I;Ez)tr'llteritl)ution t0B% — ¢k 0 and B* — ¢ K+ decays from each amplitude
B0 — ¢k?© B - ¢k *

foFF —1.03x 1071 —1.03x 1071
fBFF 6.45x 1073 +i4.28 x 102 6.17x 1073 +i4.20x 1072
Mr 5.24% 1073 —i3.61x 103 5.24x 1073 —i3.61x 103
mp —803x 1074 —i1.73x 1073 —6.56x 1074 —i7.22x 1074
fBFT —111x 101 -i375x 1072
M 1.60x 1072 4i2.77 x 1072

Ezlixzperimental data &f — ¢ K branching ratios from BaBar [1], BELLE [2] and CLEO [3]

Br(B? — ¢k0) Br(BT — ¢k )
BaBar 81731+08 x 1078 77738+ 08) x 1076
BELLE ®87738+15 x10°° (10623 +£22) x 1076
CLEO <123x10°° (55721 +06) x10°°

meson life times, tree and electroweak penguin contributions in annihilation amplitudes. We found that the tree
and electroweak penguin amplitudes in the annihilation diagrams are negligible. Tree amplitudes are suppresse
by two factors. First, they are annihilation processes which are suppressed by helicity. Second, they are multiplied
by small CKM matrix elements. We predict that this ratio is

Br(B® — ¢K9)
Br(B+ — ¢K+)

where the theoretical uncertainties frampx andwp are less than 1%. The ratio is essentially given by the life
time difference. The experimental value of this ratio from BELLE [2] iSBt — ¢K°)/Br(B* — ¢K+) =
0.82753 +0.10.

In FA, the branching ratio is very sensitive to the effective number of cakfs If we set N = 3, then
the branching ratio is about®x 10~ where the scale of the Wilson coefficient is takenM@ /2 and FEX is
0.38 from the BSW model. In QCDF, branching ratios ®r> ¢ K decays are predicted as@° — ¢K°) =
(4.0f%?1) x10%and BB~ — ¢K ) = (4.31?:2) x 10~ including the annihilation diagram [15]. Our predicted
values are larger than these results. This is due to the enhancement of the Wilson coefficient for the penguin
amplitude as explained in Section 1. In PQCD approach, the scale of the Wilson coefficients, which is equal to the
hard scale, can reach lower values thaufig /2.

=0.95, (24)

4. Summary

In this Letter, we calculat®® — K% and B¥ — ¢ K* decays in PQCD approach. Our predicted branching
ratios agree with the current experimental data and are larger than the values obtained by FA and QCDF. Becaus
the Wilson coefficients for penguin operators are enhanced dynamically in PQCD.
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Note added

After this work has been completed, we become aware of a similar calculation by Chen et al. [25]. Our results
are in agreement.
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