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Branching ratio and CP violation of B, — 77K decays in the perturbative QCD approach
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In the framework of perturbative QCD approach, we calculate the branching ratio and CP asymmetry
for BY(B,) — 7w K* and B,(B,) — 7°K°(K°) decays. Besides the usual factorizable diagrams,
both nonfactorizable and annihilation type contributions are taken into account. We find that (a) the
branching ratio of BY(B,) — w*K* is about (6 — 10) X 107%; Br(B,(B,) — #m°K°(K®)) about
(1 —3) X 1077; and (b) there are large CP asymmetries in the two processes, which can be tested
in the near future LHC-b experiments at CERN and BTeV experiments at Fermilab.
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L. INTRODUCTION

The rare charmless B meson decays arouse more
and more interest, since it is a good place for testing
the Standard Model (SM), studying CP violation, and
looking for possible new physics beyond the SM. Since
1999, the B factories in High Energy Accelerator Research
Organization (KEK) and Stanford Linear Accelerator
Center (SLAC) collect more and more data sample of
rare B decays. In the future CERN Large Hadron
Collider beauty experiments (LHC-b), the heavier B, and
B, mesons can also be produced. With the bright hope in
LHC-b experiments and BTeV experiments at Fermilab,
following a previous study of B, — 7" 7~ decay [1], we
continue to investigate other B, rare decays.

The most difficult problem in theoretical calculation of
nonleptonic B decays is the calculation of hadronic matrix
element. The widely used method is the factorization
approach (FA) [2]. It is a great success in explaining the
branching ratio of many decays [3,4], although it is a very
simple method. In order to improve the theoretical preci-
sion, QCD factorization [5] and perturbative QCD ap-
proach (PQCD) [6] are developed. Perturbative QCD
factorization theorem for exclusive heavy-meson decays
has been proved some time ago, and applied to semilep-
tonic B — D(m)lv decays [6], the nonleptonic B — K7
[7], 7 [8] decays. PQCD is a method to factorize
hard components from a QCD process, which can be
treated by perturbation theory. Nonperturbative parts are
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organized in the form of universal hadron light-cone wave
functions, which can be extracted from experiments or
constrained by lattice calculations and QCD sum rules.
More information about PQCD approach can be found
in [6,9].

In this paper, we would like to study the BY(B;) —
7K+ and B,(B,) — 7m°K°(K") decays in the perturbative
QCD approach. In our calculation, we ignore the soft
final state interaction because there are not many reso-
nances near the energy region of B, mass. Our theoretical
formulas for the decay B, — 7K in PQCD framework are
given in the next section. In section III, we give the
numerical results of the branching ratio of B, — 7K and
discussions for CP asymmetries and the form factor of
B, — K, etc. At last, we give a short summary in
section I'V.

II. PERTURBATIVE CALCULATIONS

For decay B, — K, the related effective Hamiltonian is
given by [10]

Hey = %{VudVZb[Q(M)OKM) + Co() 0y ()]

10

= Vi,Via D Clw)Oi(p) |, (1)
i=3

where C;(u)(i = 1, - - -, 10) are Wilson coefficients at the
renormalization scale w and O;(i = 1, - - -, 10) are the four
quark operators
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Here i and j are SU(3) color indices; the sum over g runs
over the quark fields that are active at the scale u =
O(my), ie., g €{u,d, s, c, b}. Operators O;, O, come
from tree-level interaction, while O3, O4, Os, Og are
QCD-Penguins operators and 07, Og, Oy, Opy come
from electroweak-penguins.

Working at the rest frame of B; meson, we take kaon and
pion masses Mg ~ M, ~ 0, which are much smaller than
M . In the light-cone coordinates, the momenta of the B,
K, and 7 can be written as:

_ M
Py =—2(0.1.07) 5

Denoting the light (anti-)quark momenta in B, K, and 7 as
ki, ko, and ks, respectively, we can choose:

ky = (x;pf,0,k7), ky = (0, x2p5 , Kor),

C))
ks = (x3p3, 0, Ksp).

In the following, we start to compute the decay ampli-
tudes of B, — 7K.

According to effective Hamiltonian (1), we draw the
lowest order diagrams of B, — 7K in Fig. 1. Let us first
look at the usual factorizable diagrams (a) and (b). They
can give the B, — K form factor if take away the Wilson
coefficients. The operators O, O,, O3, Oy, Og, and O, are
(V. — A)(V — A) currents, and the sum of their contribu-
tions is given by

F[C] = 16mCy M3 ﬁ ' dxdx, L * bydby badbadp(xy, b2 — x2) bk (x) — el = 200 (xs) + re(1 = 2x0) L (x)]
X ag(th)h,(x), 1 — xp, by, by) exp[—Sp(th) — Sx(th)IC(1}) + 2rg L (xy) e (2)h, (1 — xp, X1, by, by)
X expl—S5(2) — Sx(2)IC2)} 5)

where r,, = mg,/mg = m2/[mg(m, + my)], rx = mox/mg = m%/[mg(m, + m,)]. Cr = 4/3 is the group factor of the
SU(3), gauge group. The expressions of the meson distribution amplitudes ¢,,, the Sudakov factor Sy(¢;,)(X = B,, K, 7),
and the functions A, are given in the appendix. In the above formula, the Wilson coefficients C(r) of the corresponding
operators are process dependent.

The operators Os, Og, O7, Og have the structure of (V — A)(V + A), their amplitude is

FE[C] = 327TCFM12;’”77 fol dx;dx, f: bydb bydb, ¢ p(x;, bl){[qs?}(xz) —rg(x — 3)‘1’1[;()62) + rg(1 — x2)¢17;()€2)]
X ay(th)h,(x;, 1 = xa, by, by) exp[ —Sp(th) — Sk(EDIC(E) + 2rg dh(xx)a(2)h, (1 — xa, x1, by, by)
X exp[—Sp(13) — Sg(2)]C(13)} (©)

For the nonfactorizable diagrams (c) and (d), all three meson wave functions are involved. Using & function 8(b; — b3),
the integration of b, can be preformed easily. For the (V — A)(V — A) operators the result is:
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FIG. 1.

The lowest order diagrams for BY — 7K decay.

3

2 1 00
?WCF\/ZNCM%?/; dxldxzdx3ﬁ) bzdb2b3db3¢3(x1,b3){[(x3 - l)d’?\r(&)(ﬁ?}(xz)

M [C]=

+ rg(l — x2)¢1747(x3)¢2(x2) + rg(l — X2)¢?T(X3)¢1T<(x2)]c(fé)as(l‘g)h(cl)(xp Xy, X3, by, b3)
X exp[—Sp(t) = S,(10) — Sg(tH)] — [(xa — x5 — D) d7(x3)pi (x2) + rg(1 — x3) 3 (x3) e (x2)

— (1l = ) A () L) ICR)ay (DAL (x1, 23, 33, by b) expl—=Sp(22) — $.(2) — S

For the (V — A)(V + A) operators, the formula is:
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32 | 00
MI[C] = ?WCF\/chM%?rn"/;) dxldxzdx3f0 bydbybydbsdp(xy, by){[r(x; + x3 — 2)h(x3)hk(x,)

— rg(xy = x3)pH(x3) b (x2) — rg(xa — x3)pT(x3) i (x2) — (2 — x5 — x3) T (x3) P (x2)

= (1 = x3) P (x3) p(x2) — (1 — x3)¢7Tr(x3)(]b?}(xz)]c(té)as(tg)hgl)(xl, X2, X3, by, b3)

X exp[—Sp(te) = SH(tl) = Sx(t)] + [rx(1 — x5 + x3)pH(x3) P (x2) + 1y + x3 — DpF(x3) Pk (x2)

— 1y + x3 = Dl(x3) i (xg) — rg(l — x + x3) 7 (x3) P (x2) + X305 (x3) P (x2)

— 23T (1) R (02)1C(2) at (DRD (x1, x5, X3, by, by) exp[—Sp(12) — S,(12) = S ()] ¢))

Similar to (c) and (d), the annihilation diagrams (e) and (f) also involve all three meson wave functions. Here we have two
kinds of amplitudes, M, is the contribution containing the operator of type (V — A)(V — A), and MF is the contribution
containing the operator of type (V — A)(V + A).

32 1 0
5 TCANMG [ dnidiadr, [ bidbibadbrdatn, b)) ok )

+ k(2 4 X2 + x3) R (3) dR(x2) — rarg (g — x3)Ph(x3) Pk (x2) — k(s — X3) T (x3) b (x2)

— k(2 = x, = x3)$L(03) % (1) 1C(L) (1) R (x, x5, x3, by, by) exp[—S(rh) — S,(1h) — Sk(th)]

= [ n(3) di(x2) + rarg(xy + x3)9h(x3) Pk (x2) + rorg(xy = x3)dh(x3) Pk (x) + rarg(x; — x3)

X GL(x3)ph(xy) + rpry iy + x3) L (x3) k(2 1C(12) g ()W (x), 23, x3, by, by)

X exp[—Sp(17) — (1) — Sk ()]}, )

M,[C]=

32 1 0
MELC) = 5w CraNMG | dvidiadi [ bidbybadbrdbpton, bllr(@ ~ x2) b b az) + rel@ — x)

X A (3)pL(x) = 12 = x3)PE(x3) i (x3) = 72 = x3) P (x3) P (x)1C (1)) e, (1)) (xy, 23, 33, by, by)
X exp[—Sp(t)) — S () — Sp(tD)] + [rgxapd(x3) pL(xy) + rgxapd(x3) pL(xy) — rpx3ph(xs) p(x,)
— 13 L (03) () IC(2) g ()R (xy, Xy, x3, by, by) expl—Sp(12) — S,(2) — Sk (D)} (10)

The factorizable annihilation diagrams (g) and (h) involve only two light mesons wave functions. F,, is for (V — A) X
(V — A) type operators, and FF is for (V — A)(V + A) type operators:

F,[C] = 167CM ﬁ) ' dxydas ﬁ) ® badbabydbyl[— x> (x3) A (xs) — 2r (1 + 1) SE(x3)bE ()

+ 2r7TrK(1 - x2)¢5'(-x3)¢£(x2)]as(té)hg(x2» X3, b2’ b3) exp[_Sﬂ'(té) - SK(té)]C(t;’)
+ (X304 (x3) pi(x2) + 2r,rk(1 + x3)ph(x3) pR (x2) — 21,1k (1 — x3)dL(x3) b (x2) IC(13) e (13)
X Ty (x3, Xa, b3, by) exp[— S (15) — Sk()]} (11)

FP[C] = 320 Ci M fo ' dxydas ﬁ " badbabydbyllrxs A () SE(6) — rexa (1) $L(xs) + 20 B2 (x3) bk (x2)]

X a,(tg)hg(xp, x3, by, b3) exp[— S, (1y) — Sk (13)]C(tg) + [2rg p(x3) p(x2) + rrxz b (x3) i (x2)
— I'zX3 (bz;(x?))(f)IIA{(XZ)]C(té)as([g’)hg(-x?n X2, b3y b2) CXP[_Sw(té) - SK(I%I)]} (12)

From Eq. (5)—(12), the total decay amplitude for B, — 7" K~ can be written as
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— * 1 *
A(BQ—P 7T+K ) :fﬂ'F€|:Vuqub<§C1 + C2> th Id<3 C3 + C4 + 3C9 + C10>:|

. 1
——fwvmvaf[—

1
3C5 + Ce + §C7 + Cs} + M, [V,iVi,Cr — V3, Via(C5 + Cy)]

. ) 1 ) |
= ViViaM{ (Cs + C7) = Vi, ViaM, <C3 _§C9> VipViaM, <C5 —§C7>

) 1 11 . 1 1
— /B sztdFa|:§C3 +Cy — 6C9 - ECIO} — /B t'thdFaP[gcs + Co — 8C7 - Ecg} (13)

and the decay width is expressed as

2 113
I'BY— 7"K™) = GirM |A(B — 7" K7)|2. (14)
1287
The Wilson coefficient C/s should be calculated at the appropriate scale # which can be found in the Appendix of Ref. [8].
The decay amplitude of the charge conjugate channel B — 77~ K* can be obtained by replacing V,,V* " to V2o, V,, and
V3, Via to V,, V2 in Eq. (13).
For the decay B, — 7°K", its amplitude can be written as

) 1 1 1
AB) — 7'K°) = [, e|: udVZh(Cl +3 Cz) - Vt'thd<_§C3 -Gt EC9 + §C1o>}

. 1 1 ) 1
- fWV,thde[—g(,} - C6 + 8(:7 + §C8:| + Me[VudV,;bcz - V,thd<—C3 + §C9>:|

| 1 . 1
~ ViVaMe(5C = Cs) = ViV, (5C0 = €)= ViVuai (565 = G )

y 1 1 1 . 1 1 1
- fBththFa|:_§C3 —Cy + ng) + §C10:| - fBV,thng[_§C5 —Ce t 6C7 + §C8:| (15)
|
and the decay width is then expressed as A=V VT —ViV,,P=VV,T[+ zei@*td)],
. GiM; 19)
I(BY — 7°K%) = —E—L|A(B? — #°K")|%.  (16)

256 where z = |V} V,y/Vi, V,illP/Tl, and & is the relative
strong phase between tree diagrams 7 and penguin dia-
grams P. z and 0 can be calculated from PQCD. Using the

1. NUMERICAL EVALUATION above parameters in (17), we get z = 21% and 6 = 134°
The following parameters have been used in our numeri- ~ from PQCD calculation, which shows the dominance of the
cal calculation [11,12]: tree contribution in this decay and a large strong phase
calculated from PQCD. B
Mg = 5.37 GeV, mo, = 1.4 GeV, Similarly, the decay amplitude for B; — 7~ K* can be
mox = 1.6 GeV,  Abch = 0.25 GeV, parametrized as
A — * _ *p * i(—a+8)
. =230 MeV,  f. = 130 MeV, (17) A= VipVigT =V VigP = Vi Vi 1L + ze (]2'0
‘ )
fx = 160 MeV, T = 1.46 X 10712 5, . _ T
Therefore the averaged decay width for BY(BY) — =K~
[V V.4l = 0.0074, Vi, Vial = 0.0031. is
We leave the Cabibbo-Kobayashi-Maskawa (CKM) phase 050 —— G2M; GiMg 112 5
angle @ = ¢, as a free parameter, whose definition is L(B;(By) — mK™) = 1287 (1A17/2 + 1A12/2)
. 243
V:hvtd:| _ GiMj 2
a=arg| — 14| (18) Vi VidT |
|: ViaVe, 1287

. ) B X [1 + 2zcosacosd + z2].  (21)
In this language, the decay amplitude of B, — 7w*K~ in

Eq. (13) can be parametrized as It is a function of cosa cosd.
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9p

Br(B,~->K)[10°]

0 25 50 75 100 125 150 175
o(degree)

FIG. 2. The averaged branching ratio of BY%(B,) — 7w~ K~
decay as a function of CKM angle «.

In Fig. 2, we plot the averaged branching ratio of the
decay BY(BY) — w=K™ with respect to the parameter «.
Since the latest experiment constraint upon the CKM angle
« from Belle and BABAR is « around 100° [13], we can
arrive from Fig. 2:

6.5 X107 < Br(BY(BY) —» 7 K*) <85 X 1075,
for 70° < a < 130°. (22)

Previous naive and generalized factorization approach
gives a similar branching ratios at 6 — 9 X 107 with the
form factor FB:—K =~ (.27 [14]. In paper [15], Beneke et al.
also calculate this decay mode using QCD improved
factorization approach (BBNS). It is based on naive facto-
rization approach. The dominant contribution is still pro-
portional to B, — K form factor, which is introduced as an
input parameter. In principal, the decay amplitude expand
as series of a; and A/mpg. But in practice, only the first
order of «, corrections is calculated, including the so-
called nonfactorizable contributions. The annihilation
type contribution is power (A/mg) suppressed in BBNS
approach. Therefore, the branching ratio predicted in QCD
factorization and PQCD should not differ too much; but the
CP violation in these two approaches will be different,
since it depends on many nonleading order contributions
(see below for discussion). In Ref. [15], the branching ratio
is about 10 X 107°, which is larger than our PQCD result
and previous FA method [14], because their form factor
FB—K(0) = 0.31 [15] is larger than the previous factoriza-
tion approach and our calculation below.

The diagrams (a) and (b) in Fig. 1 correspond to the
B, — K transition form factor FZ=K(g?> = m2 ~0),
where ¢ = P, — P, is the momentum transfer. The sum
of their amplitudes have been given by Eq. (5), so we can
use PQCD approach to compute this form factor. Our result
is FB:—K(0) = 0.27, if w, = 0.5; and F5~K(0) = 0.32, if
w;, = 0.45. In our approach, this form factor is sensitive to
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the decay constant and wave function of B, meson, where
there is large uncertainty; but not sensitive to the K meson
wave function. Eventually this form factor can be extracted
from semileptonic experiments By, — K [Ty, in the
future.

In our calculation, the only input parameters are wave
functions, which stand for the nonperturbative contribu-
tions. Up to now, no exact solution is made for them. So the
main uncertainty in PQCD approach comes from By, K, 7
wave functions. In this paper, we choose the light-cone
wave functions which are obtained from QCD Sum Rules
[16,17]. For 7 meson, the distribution amplitude of light-
cone wave function should take asymptotic form if the
energy scale w — co. But in our case, the scale is not
more than 5 GeV, so we choose the corrected asymptotic
form for twist 2 distribution amplitude ¢4, and other twist
3 distribution amplitudes derived using equation of motion
by neglecting three particle wave functions [17]. These
functions are listed in the Appendix, which are also used
in decay mode B — K [7] and B — 77 [8], etc.

We also try to use the asymptotic form for 7 meson, for
all the three distribution amplitudes ¢4, ¢ and ¢, since
we have very poor knowledge about twist 3 distribution
amplitudes [18]. The branching ratio of B, — 7w K~ is
nearly unchanged (only 4%), because the branching ratio
of B, — w*K~ is mainly determined by the form factor
FB:7=K(0) [see Fig. 1(a) and 1(b)] which is not dependent
on 77 wave function. However, the CP asymmetry changes
from —27% to —14% by —48%, when a = 100°. This is
because the direct CP asymmetry depend on the strong
phase (see discussion below), which comes from nonfac-
torizable and annihilation diagrams, where all three meson
wave functions are involved. The CP asymmetry predicted
here should be used with great care, since it depends on too
many uncertainties.

For heavy B and B, meson, its wave function is still
under discussion using different approaches [19]. In this
paper, we find the branching ratio of BY(B,) — 7#"K~ is
sensitive to the wave function parameter w,. For 0.45 <
w;, < 0.5, the resulted branching ratio will decrease from
about 11 X 1076 to about 8 X 107%. When we set w;, =
0.45, our result is more close to that of QCD factorization
[15]. This sensitive dependence should be fixed by the
B, — K form factors from the semileptonic B, decays.
Other uncertainties in our calculation include the next-to-
leading order a; QCD corrections and higher twist con-
tributions, which need more complicated calculations.

From our calculation, we find that the dominant contri-
bution comes from tree-level diagrams [see Fig. 1(a) and
1(b)] in this decay. If SU(3) symmetry is good, the branch-
ing ratio of B; — 7" K~ should be equal to that of B —
7" 7~ . The experimental result of B — 7 7~ is Br(B —
atmT) = (43718 +0.5) X 107® [20]. The predicted
branching ratio of B; — 7K is about 1.7 times that of
B, — 77~ , where the difference comes mainly from
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SU(3) symmetry breaking: the decay constant fj larger
than f5 and fy larger than f . In the calculation, we also
find that the electroweak-penguins contribution is negligi-
bly small as 0.002% in branching ratio.

For the experimental side, there is recent upper limit on
the decay BY — 7" K~ [21],

Br(B — 7wt K™) <7.5X107¢, (23)
at 90% C.L. Our predicted result is consistent with this
upper limit.

For the decays of B,(B,) — m°K°(K"), the tree-level
contribution is suppressed due to the small Wilson
coefficients C; + C,/3. Thus the penguin diagram contri-
bution is comparable with the tree contribution. We study
the averaged branching ratio of the decay B(B,)—
m°K°(K®) as a function of « in Fig. 3. It is similar with
Fig. 2. We find that the branching ratio of B (B;) —
7OK°(K?) is about 2.5 X 1077 when « is near 100°, it is
a little smaller than the result of Ref. [15].

In SM, the CKM phase angle is the origin of CP viola-
tion. Using Egs. (19) and (20), the direct CP violation
parameter can be derived as

JAI> — |A]> —2zsina sind
|A]> + |A]? 1+ 2zcosacosd + z2°

Al = (24)
It is approximately proportional to CKM angle sin«, strong
phase sind, and the relative size z between penguin con-
tribution and tree contribution. We show the direct CP
violation parameters as a function of CKM angle « in
Fig. 4. From this figure one can see that the direct CP
asymmetry parameter of BY(B%) — 7K™ and 7°K°(K?)
can be as large as —30% and —50% when « is near 75°.
The larger direct CP asymmetry of BY(B?) — #°K°(K?)
decay is mainly due to a larger z in BY(B?) — 7°K°(K?)
than in BY(B%) — w*K~*.

)-—->r’K(K*)[107]

S

Br(B.(B

S

0 25 50 75 100 125 150 175
a(degree)

FIG. 3. The averaged branching ratio of B,(B,) — 7°K°(K?)
decay as a function of CKM angle «.
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The direct CP asymmetry predicted in QCD factoriza-
tion approach is quite different from our result, due to the
different source of strong phases. In QCD factorization
approach, the strong phase mainly comes from the pertur-
bative charm quark loop diagram, which is «; suppressed
[15]. While the strong phase in PQCD comes mainly from
nonfactorizable and annihilation type diagrams. The sign
of the direct CP asymmetry is different for these two
approaches in BY(BY) — 7= K™ decay, and the magnitude
of CP asymmetry in QCD factorization (about 5%) is also
smaller than PQCD. The future LHC-b experiments can
make a test for the two methods.

For the decays of B,(B;) — m°K°(K?), the final K°(K?)
mesons cannot be detected directly. What the experiments
measured are their mixtures K; and K;, thus a mixing
induced CP violation is involved. Following notations in
the previous literature [22], we define the mixing induced
CP violation parameter as

—2Im(Acp)

P =, 25
Qete 1+ |)lcp|2 ( )

where
_ Vt*b Vts<7TOKO|Heff|B(s)>

= _ . 26
V) Vi mROIH, ., 1BY) (26)

Acp

Using unitarity condition of the CKM matrix V,,V;, =
—VuwVis— Ve Vi, and Egs. (19) and (20), we can get

e "+ x
Aep = ———, 27
Py (27)
where x = &;“ﬁ;’] | 7. Combining Eq. (27) and (25), we
can get
sin2y + 2Re(x) siny
Aete = 3 . (28)
1 + [x]*> + 2Re(x) cosy
o
-0.1
-0.2
L -0.3
S &
< 04
-0.5
-0.6

0 25 50 75 100 125 150 175
a(degree)
FIG. 4. Direct CP violation parameters of BY(B,) — 7" K~

(dashed line) and B,(B,) — 7°K°(K?) (solid line) as a function
of CKM angle a.
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0.2

0 25 50 75 100 125 150 175
y(degree)

FIG. 5. Mixing induced CP violation parameter of B,(B,) —
m°K°(K®) as a function of CKM angle y.

If |x| is a very small number, the mixing induced CP
asymmetry is proportional to sin2vy, which will be a good
place for the CKM angle y measurement. However as we
already mentioned, the tree contribution in this channel is
suppressed, |x| = 3.7 is a large number so that the siny
behavior is dominant in the Eq. (28). The result of mixing
induced CP violation is shown in Fig. 5, which is indeed a
roughly siny behavior. The tail near y ~ 180° also shows
the contribution from sin2vy in Eq. (28).

IV. SUMMARY

In this work, we study the branching ratio and CP
asymmetry of the decays BY(BY) — 7K™ and B,(B,) —
m°K°(K®) in PQCD approach. From our calculation, we
find that the branching ratio of B%(BY) — 7K™ is about
(6 ~10) X 107%, Br(B,(B,) — #°K°(K?)) around 2 X
1077 and there are large CP violations in the processes,
which may be measured in the future LHC-b experiments
and BTeV experiments at Fermilab.
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APPENDIX: FORMULAS FOR THE
CALCULATIONS USED IN THE TEXT

In the appendix we present the explicit expressions of
the formulas used in section II. First, we give the expres-
sions of the meson distribution amplitudes ¢,,. For B;
meson wave function, we use the similar wave function

PHYSICAL REVIEW D 71, 074026 (2005)

as B meson [7,8]:

M% x*
¢p (x,b) = Np x*(1 — x)? exp[— 2352 - —(wbb)z}
Wy 2
(AD)

We set the central value of parameter w;, = 0.5 GeV in our
numerical calculation, and Np = 63.7 GeV is the normal-
ization constant using fp = 230 MeV.

The 7 meson’s distribution amplitudes are given by
light-cone QCD sum rules [17]:

3=
V2N,
S
22N,
[

ol (x) = Z\/TTLU —2x){1 + 0.55(10x% — 10x + 1)},

P (x) = x(1 = {1 + 0.44C3(r) + 0.25C7 (1)},

P (x) = {1 +0.43CY%(0) + 0.09C(1)},

(A2)

where t = 1 — 2x. The Gegenbauer polynomials are de-
fined by:

1 1
G0 =362 -1, €} =265 ~302 +3)

15

G2 -1, %)= §(21;4 — 142 + 1).

\CRIROVEY )

() =
(A3)

We use the distribution amplitude qb’,‘(’P T

from Ref. [16]:

6fk
22N,

fk
24/2N.,
—0.148(3 — 30¢2 + 35¢%)/8],

fk
2./2N,
whose coefficients correspond to myx = 1.6 GeV.

In our numerical analysis, we use the one-loop expres-
sion for the strong running coupling constant,

of the K meson

Ax) = x(1 — x)[1 + 0.15¢ + 0.405(5¢> — 1)],

[1+0.106(3> — 1)

Pi(x) =

1+ 0.1581(5¢> — 3)],

b (x) = (A4)

. A
Bo IH(MZ/AZ) '

where B, = (33 — 2n,)/3 and n; is the number of active
quark flavor at the appropriate scale w. A is the QCD scale,
which we take A = 250 MeV at n; = 4.

Sp,» Sz+, S~ used in the decay amplitudes are defined as

a (p) = (AS)

t  di
Sn.p = s PFLby) +2 jl /b f“y(as(m), (A6)
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S+(t) = s(x3P3, b3) + s((1 — x3)P3, b3)

t di
+2 f B (@), (A7)
1/by M
Sk-(t) = s(x,P5, by) + s((1 — xp)P5, by)
t  di
+2 f W), (A3)
1/by M

where the so-called Sudakov factor s(Q, b) resulting from
the resummation of double logarithms is given as [23,24]

so.b = [ fb‘%‘[ln(%)fx(a(m)+B<as<m>} (A9)

with

ha(x1, X9, by, by) = S,(x2) Ko(MpJx1x3b1) X [0(by — b)) Io(Mp\/x201)Ko(MpJx305) + (b) < by)],

where Hg)(z) = Jo(2) + iY(z), and F(;)’s are defined by

F(ZI) =X +XZ +X3 — X1 Xp T XpX3 — 1,

where F,;)’s are defined by

F?(]) =X + X2 + X3 7 X1 Xp — XpX3,

Tri i
hy(x3, x3, by, b3) = S,(xz)?H(()l)(MB\/x2x3b3) X [9(b3 - bz)Jo(MB\/fz_bz)TH(()l)(MB\/J—CEbQ + (by & b3)}

PHYSICAL REVIEW D 71, 074026 (2005)

a 67 @ 10 2 eYEN/a \2
A=l |2 T g (&
Cr [9 3 27 3'8011(2)}(77)’
(A10)

2 e2ve-1
B=--"1 . All
37 “( 2 ) (Al

Here yp = 0.57722--- is the Euler constant, n; is the
active quark flavor number. For the detailed derivation of
the Sudakov factors, see Refs. [6,25].

The functions &,;(i = a, ¢, ¢, g) come from the Fourier
transformation of propagators of virtual quark and gluon in
the hard part calculations. They are given as

We adopt the parametrization for S,(x) contributing to the factorizable diagrams [26],

(A12)
x5 b3 b5) = (0002 = bW (1 = b5 Ko (M1 = )b + (s = D)}
Ko(MgF;b3), for Fé) >0
' 2 2 (A13)
ZHy (Mg, JIF(,|b3),  for  F{, <0
Fy = x1 = x5 = X120 + %033 (A14)
i i
hd G, X3, by, by) = {0(1)2 - bl)ng)l)(MB\/mbz)Jo(MB\/mbl) + (b~ bz)]'
Ko(MgF b)), for F2, >0
i (D) (A15)
ZH, (Mg |F§(j)|b1), for Fg(j) <0
Fz(z) = X1Xo T XpX3) (A16)
(A17)
2172¢1(3/2 +
M[X(l - x):lc’ c=0.3. (A18)

S = — i+ 0

The hard scale #s in Egs. (5)—(12) are chosen as

074026-9
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g = maX(MB\/’)GJ 1/b2, ]/b?’):

= max(Mp/1 — x,, 1/by, 1/b3),

.= maX(MB\HF(Zl)L Mpy[x;(1 = x3), 1/by, 1/b3),

= max(Mp,/|F2 )|, Mp\/x3%5, 1/by, 1/bs),

PHYSICAL REVIEW D 71, 074026 (2005)

1z = max(Mp./x1,1/by, 1/bs),

= maX(MB\/lF(zz)l’ MpyJx;(1 = x3), 1/by, 1/b3),
tz = max(Mp,[|F7 )|, Mp\/32335, 1/by, 1/by),
1z = max(Mp./x3, 1/b;, 1/b3).

(A19)

They are given as the maximum energy scale appearing in each diagram to kill the large logarithmic radiative corrections.
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