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The hadronic charmless B decays into a scalar meson and a vector meson are studied within the
framework of QCD factorization. The main results are: (i) The decay rates for the f,(980)K*~ and
f0(980)K*® modes depend on the f, — o mixing angle 6. (ii) If the a((980) is a gg bound state, the
predicted branching ratios for the color-allowed channels aj p~ and aJp~ will be very large, of order
28 X 107° and 21 X 107, respectively. (iii) For the a,(1450) channels, the color-allowed modes
ag (1450)p~ and ad(1450)p~ are found to have branching ratios of order 20 X 107¢ and 30 X 107°,
respectively. A measurement of them at the predicted level will favor the ¢g structure for the ay(1450).
(iv) Contrary to the naive expectation that I'(B~ — a)p~) ~1I'(B® — aj p~), we found that this naive
relation is violated especially for ay = ay(1450) due to additional contributions to the agp_ mode from
the a) emission. (v) The decays B — K;;(1430)p are expected to have rates substantially larger than that of
B — K;;(1430) 7 owing to the constructive (destructive) interference between the a4 and ag penguin terms
in the former (latter). Experimentally, it is thus important to check if the B — Kjp modes are enhanced

relative to the corresponding K7 channels.
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L. INTRODUCTION

Recently we have studied the hadronic charmless B
decays into a scalar meson and a pseudoscalar meson
within the framework of QCD factorization (QCDF) [1].
It is known that the identification of scalar mesons is
difficult experimentally and the underlying structure of
scalar mesons is not well established theoretically (for a
review, see e.g. [2—4]). The experimental measurements of
B — SP will provide valuable information on the nature of
the even-parity mesons. For example, it was claimed by us
[1] that the predicted B® — aj(980)7* and ag (980)K~
rates exceed the current experimental limits, favoring a
|
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four-quark nature for the a((980). The decay B® — k" K~
also provides a nice ground for testing the 4-quark and 2-
quark structure of the « [or K;;(800)] meson. It can proceed
through W-exchange and hence is quite suppressed if the «
is made of gg quarks, while it receives a tree contribution if
the « is predominately a four-quark state. Hence, an ob-
servation of this channel at the level of ~10~7 may imply a
four-quark assignment for the « [1].

In this work we shall generalize our previous study to the
decays B — SV (S: scalar meson, V: vector meson), mo-
tivated by the recent observation of the K;’(1430)¢ and
f0(980)K*~ modes by BABAR [5-9]:

B(B® — K:°(1430)¢p) = (4.6 = 0.7 = 0.6) X 107°,
B(B™ — fo(980)K*™; fp(980) — w* 7)) = (5.2 £ 1.2 £ 0.5) X 1075,
B(B® — £(980)K™; £(980) — 7+ 7 ~) = (2.6 £ 0.6 £ 0.9) X 1070 < 4.3 X 1079,
BB~ — £5(980)p~: fo(980) — 7+ 77) < 1.9 X 1076,
B(B® — £,(980)p%; £4(980) — 7+ 7~) <0.53 X 1079,

B(B® — £,(980)w; £5(980) — 7+ 7~) < 1.5 X 107,

Recently, the decay B — K;°(1430)¢ has been studied in
[10] within the framework of generalized factorization in
which the nonfactorizable effects are described by the
parameter N°, the effective number of colors. The result
is sensitive to N°. For example, the branching ratio is
predicted to be (7.70,3.95,1.84) X 10°% for N&T =
(2,3,5). Hence, in the absence of information for non-
factorizable effects, one cannot make a precise prediction
of its rate. A QCDF calculation of this and other modes will
be presented in this work.
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Since B — SP decays have been systematically ex-
plored in [1], it is straightforward to generalize the study
to the SV modes. In the sector of odd-parity mesons, it is
known that the rates of the penguin-dominated modes K* 7
and K p are smaller than that of the corresponding K 7 ones
by a factor of ~2. This can be understood as follows. In the
factorization approach, the penguin terms aq and ag are
absent in the decay amplitudes of B — K", while the
effective Wilson coefficients a4 and ag contribute destruc-
tively to B — Kp. In contrast, the tree-dominated p
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modes have rates larger than that of 7777 with the same
charge assignment due mainly to the fact that the p meson
has a decay constant larger than the pion. We shall see in
the present work that the same analog is not always true
in the scalar meson sector. For example, we will show that
the rates for K;°(1430)p~° are larger than that of
K;0(1430)70.

The layout of the present paper is as follows. In Sec. II
we introduce the input quantities relevant to the present
work, such as the decay constants, form factors, and light-
cone distribution amplitudes. We then apply QCD factori-
zation in Sec. III to study B — SV decays. Results and
discussions are presented in Sec. IV. Section V contains our
conclusions. The factorizable amplitudes of various B —
SV decays are summarized in Appendix A.

II. INPUT QUANTITIES

Since most of the essential input quantities are already
discussed in [1], here we shall just recapitulate the main
inputs.

A. Decay constants and form factors

Decay constants of scalar and vector mesons are defined
as

V(P)d2v.q:10) = fymyey,
SPN72Y w110y = fsp
(81329110) = msfs.

For vector mesons, there is an additional transverse decay
constant defined by

2.1

(V(p, eGo,,q'10) = fi(pues — poel),  (2.2)

which is scale dependent. The neutral scalar mesons o, f,
and af) cannot be produced via the vector current owing to
charge conjugation invariance or conservation of vector
current:

fa':ffo:fagzo' (23)

For other scalar mesons, the vector decay constant fg and
the scale-dependent scalar decay constant f¢ are related by
equations of motion,

Msfs =fs»

mg

ith =,
WS () — ()

2.4)
where m, and m are the running current quark masses and
my is the scalar meson mass. For the neutral scalar mesons
fo» ag and o, fg vanishes, but the quantity fg = feug
remains finite.

In [1] we have considered two different scenarios for the
scalar mesons above 1 GeV, which will be briefly discussed
in Sec. I'V. In the same work we have applied the QCD sum
rule method to estimate various decay constants for scalar
mesons which are summarized as follows:
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Fay080)(1 GeV) = (365 = 20) MeV,

Fan080)(2.1 GeV) = (450 = 25) MeV,
F1,080)(1 GeV) = (370 = 20) MeV,

Fr,080(2.1 GeV) = (460 = 25) MeV,

7 (2.5

fao(1as0)(1 GeV) = (460 * 50) MeV,
Fay1450)(2-1 GeV) = (570 = 60) MeV,

fK3(1430)(1 GeV) = —(300 = 30) MeV,
fK3(1430)(2-1 GeV) = —(370 = 35) MeV,
in scenario 1 and

[ k:1430)(1 GeV) = (445 = 50) MeV,
(2.6)

f](;(1430)(2.1 GCV) == (550 + 60) MeV,

in scenario 2. Using the running quark masses given in
Eq. (A13), we obtain the scale-independent decay con-
stants, for example, f, ©s0)* = 1.0 MeV in scenario 1
and f, 450> = 5.3 MeV, fK3(1430) = 35.9 MeV in sce-

nario 2. For longitudinal and transverse decay constants
of the vector mesons, we use (in units of MeV)

f,=216%3,  f,=187%5  frr=220=%5
fo=215%5  fL=165+9  fL=151%9,
fh=185+10,  fi—186%09, @.7)

where the values of fy and f ‘J; are taken from [11].
Form factors for B — S, V transitions are defined by
[12]

1

+m EuVaBS*VPaq'BVPV(qz),
B Vv

VPIVulB(p)) = = —

V()AL IB(p) = i{(mB + my)en ANV (@)
g*- P
0 ) - A5V<q2>]},

- 2mv

m2 _ m2
SEAIBE) = =i (P =" ", )FES(?)

2 _ 2
mpg m

+ TS%F{?S(#)} 28)
where P, = (p + p)u. g, = (p — p'),. As shown in
[13], a factor of ( — i) is needed in B — S transition in
order to obtain positive B — § form factors. This also can
be checked from heavy quark symmetry [13].

Various form factors for B — S, V transitions have been
evaluated in the relativistic covariant light-front quark
model [13]. In this model form factors are first calculated
in the spacelike region and their momentum dependence is
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TABLE I.  Form factors for B — p, K*, ao(1450), K;;(1430) transitions obtained from the covariant light-front model [13].

F F(0) F(qhax) a b F F(0) F(qhax) a b
Fhal1450) 0.26 0.68 1.57 0.70 FBa(1450) 0.26 035 0.55 0.03
A 0.26 0.70 1.52 0.64 i 0.26 0.33 0.44 0.05
VBp 0.27 0.79 1.84 1.28 Ay 0.28 0.76 1.73 1.20
VK 0.31 0.96 1.79 1.18 ABK 0.31 0.87 1.68 1.08

fitted to a 3-parameter form:
F(0)
1 —a(g’/my) + b(g*/mp)*

The parameters a, b, and F(0) are first determined in the
spacelike region. This parametrization is then analytically
continued to the timelike region to determine the physical
form factors at g> = 0. The results relevant for our pur-
poses are summarized in Table I. The form factors for B to
£0(980) and a(980) transitions are taken to be 0.25 at g*> =
0 [1].

We need to pay a special attention to the decay constants
and form factors for the f;,(980). The quark structure of the
light scalar mesons below or near 1 GeV has been quite
controversial, though it is commonly believed that the
f0(980) and the a((980) are primarily four-quark or mo-
lecular states. In this work we shall consider the conven-
tional gg assignment for the light scalars f,(980) and
ay(980) as we cannot make predictions for four-quark
bound states in QCDF. In the naive quark model, the flavor
wave functions of the f(980) and o (600) read

F(g®) = 2.9

1 -
o= —2(1412 + dd), (2.10)

\/_ f() = 5§,
where the ideal mixing for f, and o has been assumed. In
this picture, f,(980) is purely an s5 state. However, there
also exist some experimental evidences indicating that
f0(980) is not purely an s35 state (see [14] for details).
Therefore, isoscalars ¢(600) and f;, must have a mixing

| £0(980)) = |s5) cosf + |ni1)sind,

15(600)) = —|s5) sin® + [nii) coso, 2.11)

with nii = (iu + dd)/~/2. Experimental implications for

TABLE II.

the fy — o mixing angle have been discussed in detail in
[14]. In this work, we shall use 8§ = 15°, which is favored
by the phenomenological analysis of B — f,K* decays
(see below). In the decay amplitudes involving the
f0(980), we will use the superscripts ¢ = u, d, s, to in-
dicate that it is the g quark content of the f,(980) that gets
involved in the interaction. For example, f}o =f 1, cosf

and F?fg = Fosing /2.

B. Distribution amplitudes

The twist-2 light-cone distribution amplitude (LCDA)
®g(x) and twist-3 P (x) and PZ(x) for the scalar meson S
respect the normalization conditions,

] L dxdg(n) = f,
0 (2.12)

1 1 -
[ dx®i(x) = [ dx®(x) = fs.
0 0

In general, the twist-2 light-cone distribution amplitude @
has the form

Dyl ) = fy6x(1 =0 1+ s 3 B (WO @x=1) |
m=1
(2.13)

where B,, are Gegenbauer moments and C;/  are the
Gegenbauer polynomials. For the neutral scalar mesons
fo a8 o, only odd Gegenbauer polynomials contribute.
In [1] we have applied the QCD sum rules to determine the
Gegenbauer moments B, and B; (see Table II). For twist-3
LCDAs, we use
(I)fs(x) =fs

D7(x) = fsbx(1 —x).  (2.14)

Gegenbauer moments B; and Bj in scenario 1 (top) and scenario 2 (bottom) at the

scales w = 1 and 2.1 GeV (shown in parentheses) obtained using the QCD sum rule method [1].

State B B;
ay(980) —0.93 = 0.10(—0.64 = 0.07) 0.14 £ 0.08(0.08 = 0.04)
£0(980) —0.78 = 0.08(—0.54 = 0.06) 0.02 £ 0.07(0.01 = 0.04)
ay(1450) 0.89 = 0.20(0.62 = 0.14) —1.38 = 0.18(—0.81 £ 0.11)
K;(1430) 0.58 = 0.07(0.39 = 0.05) —1.20 = 0.08(—0.70 % 0.05)
ay(1450) —0.58 = 0.12(—0.40 = 0.08) —0.49 = 0.15(—0.29 = 0.09)
K;(1430) —0.57 = 0.13(—0.39 = 0.09) —0.42 £0.22(—0.25 = 0.13)
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For vector mesons, the normalization for the twist-2
function @y, and the twist-3 function ®,, is given by [15]

ﬁ L axdy () = fy.

where the definition for ®,(x) can be found in [15]. The
general expressions of these LCDAs read

jl dx®,(x) =0, (2.15)
0

Dy (x, ) = 6x(1 — x)fv[l + i a¥(w)C/*(2x — 1)}

n=1

(2.16)

and

D00 ) =3fH 201+ 3 @l WPy x - 1)
n=1

(2.17)

where P,(x) are the Legendre polynomials. The
1%

Gegenbauer moments «, and a,‘i | have been studied
using the QCD sum rule method. Here we employ the
most recent updated values evaluated at w = 1 GeV [16]:

af =003+002  af, =004+003
a¥ =011%009,  af =0.10*0.08,

) : (2.18)
@y =015%007,  af{ =0.14 = 0.06,

ay =0.18+0.08,  af, =0.14*0.07,

and af =0, aKJ_ =0 for V= p, 0, ¢.

As stressed in [1], it is most suitable to define the LCDAs
of scalar mesons including decay constants. However, in
order to make connections between B — SV and B — VV
amplitudes, it is more convenient to factor out the decay
constants in the LCDAs and put them back in the appro-
priate places. In the ensuing discussions, we will use the
LCDAs with the decay constants fs, fs, fv. f‘J;, fp being
factored out.

III. B — SV DECAYS IN QCD FACTORIZATION

We shall use the QCD factorization approach [15,17] to
study the short-distance contributions to the B — SV de-
cays with S = £((980), a((980), a,(1450), K;;(1430), and
V =p, K* ¢, o In QCD factorization, the factorizable
amplitudes of above-mentioned decays are summarized in
Appendix A. The effective parameters a? with p = u, ¢ in
Eq. (A8) can be calculated in the QCD factorization ap-
proach [17]. They are basically the Wilson coefficients in
conjunction with short-distance nonfactorizable correc-
tions such as vertex corrections and hard spectator inter-
actions. In general, they have the expressions [15,17]"

"For neutral scalars f,(980) and a3(980), it is more convenient
to use the effective Wilson coefficients a; defined as a;ug!; see
the Appendix for more details.
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Ci+ 1 S
a?0a,) = (e + Vo) [ @
c 0
ci+1 Crag
N, 4w
+ P/ (M,),

[vion + 47 o, |

c

(3.1)

where i = 1, ..., 10, the upper (lower) signs apply when i
is odd (even), ¢, are the Wilson coefficients, C = (N? —
1)/(2N,) with N, = 3, M, is the emitted meson, and M,
shares the same spectator quark with the B meson. The
quantities V;(M,) account for vertex corrections,
H;(MM,) for hard spectator interactions with a hard gluon
exchange between the emitted meson and the spectator
quark of the B meson and P;(M,) for penguin contractions.
The expression of the quantities N;(M,) reads

0, i=628
1, else.

and M, =1V,

N,(Ms) = { (32)

Note that N;(M,) vanishes for i = 6, 8 and M, = V owing
to the consequence of the second equation in Eq. (2.15).
The vertex and penguin corrections for SV final states
have the same expressions as those for PP and PV states
and can be found in [15,17]. Using the general LCDA

Dy (x, o) = 6x(1 x)[l 3 all(uCex - 1)}
n=1
(3.3)

and applying Eq. (37) in [15] for vertex corrections, we
obtain

1 11
VM) = 12In"2 — 18 — = — 3im + (= — 3im |a¥
M 2 2

21 2
Yot (79 -2 (3.4)

— " \agM ...
20 " \36 3)“3 :

fori = 14,9, 10

1 1
VM) = —121n"2 + 6 + = + 3im + (— — 3im |
M 2 2

21 79 2im
+—al + (=)ot + -, 3.5
2072 (36 3)“3 (3-5)
fori =15, 7 and
-6 for M = S,
Vi(M)_{9—6m' for M =V, (36)

for i = 6, 8 in the naive dimensional regularization scheme
for 7ys. The expressions of V;(M) up to the @ term are the
same as that in [17].
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As for the hard spectator function H, it reads

Sefu, dp df
s e [ G

Xﬁd:[“”@zwl(n)w“rx ?q)ml(n)}
(3.7)

Hi(M1M2) =

for i = 1-4, 9, 10, where the upper sign is for M; = V and
the lower sign for M| = S,

H) = S (ML) [y )
dn + m, €
X];%{—®M0ﬂ+ﬁx§¢qu,

(3.8)

fori=5,7and H; =0fori =6,8,é{=1—¢and 7 =
1 —mn, ®y (D,,) is the twist-2 (twist-3) light-cone distri-
bution amplitude of the meson M, and

D(SV) = FfS(O)m%, D(VS) = AOBV(O)m%. 3.9
The ratios rX and rf( are defined as
V( ) _ 2WlV fV (/J“)
my(u)  fy ’
rS (M) — 2mS fS(/"L) _ 2mL2§'
o my(pw)  fs  my()(my(u) — my ()
(3.10)

For the neutral scalars o, f; and a8, rf( becomes divergent

J

(va(x)@s(y)[
(Ds(x)Dy(y

1 \%4
x(l xy) '2] + Tx

x(l —)'cy)

((Dv(.x)q)s(y)[v(l xy)
(Ps(x)Dy () F(1—3y) xy) 2y

i
we
f {v¢u@wuam
SRV

1]—i—r

S s (x)q)v()’) xy(1—xy)

(ry®, () Ds(0) X2 + ry Dy () D(y)
ry®@s(x) D, (y) 2('”))

(RO, () 122

where [ ---

ry®, ()P () fv)'
—2] + rVrS YP50D, () %)

PP, (P5() )
L] R O0D, () 2):

Sq)v(x)q)s()’)
+ Y D5 (0) D, (y) = 2);

2(1 +x))

PHYSICAL REVIEW D 77, 014034 (2008)
while f¢ vanishes. In this case one needs to express f’ Srf( by
fs Ff( with
2ms

ff((,u) N my () .

(3.11)

Weak annihilation contributions are described by the
terms b;, and b; gw in Eq. (A8) which have the expressions

C )
bl = N_I;CIAII’
Cr i i f f
b3 = W[C?’Al + C5(A3 + A3) + NCC6A3],
c
C
bZ N_I;CZAI)
C i 3.12
by = N—Z[C4A1 + C6A‘§], ( )
c
Cr i i f i
b3,EW = W[CQAI + C7(A3 + A3) + NCC8A3],
(& .
bygpw = _};[CIOAII + cgAs]
c

where the subscripts 1, 2, 3 of Ai;f denote the annihilation
amplitudes induced from (V — A)(V — A), (V — A)(V +
A), and (S — P)(S + P) operators, respectively, and the
superscripts i and f refer to gluon emission from the initial
and final-state quarks, respectively. Their explicit expres-
sions can be obtained from A’/ (VV) for the VV case [18]
with the replacements specified in Eq. (Al):

for M]M2 VS
for MM, = SV,

Xy

for M1M2 VS
for M1M2 = SV,
(3.13)
- xy)) for M]M2 VS,

-5’ for M1M2 == SV,

for MM, = VS,
for MM, = SV,

= 7a, | (1) dxdy,x =1 — x,and y = 1 — y. Note that we have adopted the same convention as in [15] that M

contains an antiquark from the weak vertex with longitudinal fraction y, while M, contains a quark from the weak vertex

with momentum fraction x.

Using the asymptotic distribution amplitudes for vector mesons and keeping the LCDA of the scalar meson to the third
Gegenbauer polynomial in Eq. (2.13), the annihilation contributions can be simplified to
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. 2 1
AII(VS) = 67TC¥S {3/*LS|:B1(3XA +4 - 7T2) + B3<10XA + é - ?0772>i| - rir;XA(XA - 2)},
. 2 1

. 61 2
AL(VS) = 67a —r;,us[%l(xg —4X, — 4+ 7)) + 1OB3<3X§ — 19X, ot 377'2>} - r§(<xf\ —2X, + %)}

Ag(VS) ~ 67Taw

for MM, = VS, and
AL(SV) = —AL(VS),
AL(SV) = AL(VS),

AL(SV) = —AL(VS),

A ; (3.15)
'3(SV) = _A'3(VS),
for M|M, = SV, where the end point divergence X, is
defined in Eq. (3.16) below. As noticed in passing, for
neutral scalars o, fo, and_ag, one needs to express f Sr)S(
by f Sff( and fgug by fs. Numerically, the dominant
annihilation contribution arises from the factorizable
penguin-induced annihilation characterized by Ag .
Physically, this is because the penguin-induced annihila-
tion contribution is not subject to helicity suppression.
Although the parameters a;(i # 6,8) and aggr, are
formally renormalization scale and 75 scheme indepen-
dent, in practice there exists some residual scale depen-
dence in a;(w) to finite order. To be specific, we shall
evaluate the vertex corrections to the decay amplitude at
the scale u = m,/2. In contrast, as stressed in [17], the
hard spectator and annihilation contributions should be

evaluated at the hard-collinear scale w;, = /uA, with
A, = 500 MeV. There is one more serious complication
about these contributions; that is, while QCD factorization
predictions are model independent in the m; — oo limit,
power corrections always involve troublesome end point
divergences. For example, the annihilation amplitude has
end point divergences even at twist-2 level and the hard
spectator scattering diagram at twist-3 order is power sup-
pressed and possess soft and collinear divergences arising
from the soft spectator quark. Since the treatment of end
point divergences is model dependent, subleading power
corrections generally can be studied only in a phenomeno-
logical way. We shall follow [17] to parametrize the end
point divergence X, = [} dx/% in the annihilation dia-
gram as

mp

XA = ln(A )(1 + pAei¢A), (316)

h

with the unknown real parameters p, and ¢,. Likewise,
the end point divergence Xy in the hard spectator contri-
butions can be parametrized in a similar manner.

It should be stressed again that the above prescription for
treating end point divergences is just a model for 1/m,,

187

_3r¥,LL5(XA - 2)[B1(6XA - 11) + B3(2OXA - 3>i| + riXA(ZXA - 1)},

{
corrections. Besides the penguin and annihilation contri-
butions formally of order 1/m,, there may exist other
power corrections which in general are difficult to study
as they are nonperturbative in nature. The so-called
“charming penguin” contribution is one of the long-
distance effects that have been widely discussed.
Recently, it has been shown that such an effect can be
incorporated in final-state interactions [19]. However, in
order to see the relevance of the charming penguin effect to
B decays into scalar resonances, we need to await more
data with better accuracy.

IV. RESULTS AND DISCUSSIONS

While it is widely believed that the f;(980) and the
ay(980) are predominately four-quark states, in practice
it is difficult to make quantitative predictions on hadronic
B — SV decays based on the four-quark picture for light
scalar mesons as it involves not only the unknown form
factors and decay constants that are beyond the conven-
tional quark model but also additional nonfactorizable
contributions that are difficult to estimate. Hence, we shall
assume the gg scenario for the f;(980) and the a,(980) in
order to apply QCDE.

For a((1450)V and K;;(1430) channels, we have ex-
plored in [1] two possible scenarios for the scalar mesons
above 1 GeV in the QCD sum rule method: (i) In scenario
1, we treat x, ay(980), f,(980) as the lowest lying states,
and K;(1430), a(1450), fo(1500) as the corresponding
first excited states, respectively, where we have assumed
that f,(980) and f,,(1500) are dominated by the 55 compo-
nent and (ii) we assume in scenario 2 that K;(1430)
ay(1450), f,(1500) are the lowest lying resonances and
the corresponding first excited states lie between
(2.0-2.3) GeV. Scenario 2 corresponds to the case that
light scalar mesons are four-quark bound states, while all
scalar mesons are made of two quarks in scenario 1. Hence,
in scenario 2 we cannot make any predictions for f,(980)
and a,(980) in QCD factorization.

The calculated results for the branching ratios of B —
SV are shown in Tables III and IV. In these tables we have
included theoretical errors arising from the uncertainties in
the Gegenbauer moments B;; (cf. Table II), the scalar
meson decay constant fg or fg [see Eq. (2.6)], the form
factors F2PBS the quark masses and the power corrections
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TABLE III.

PHYSICAL REVIEW D 77, 014034 (2008)

Branching ratios (in units of 107°) of B decays to final states containing a scalar meson and a vector meson. The

theoretical errors correspond to the uncertainties due to (i) the Gegenbauer moments B 3, the scalar meson decay constants, (ii) the
heavy-to-light form factors and the strange quark mass, and (iii) the power corrections due to weak annihilation and hard spectator
interactions, respectively. Branching ratios of B — f,(980)K*, f,(980)p are calculated for the f; — o mixing angle # = 15°. For light
scalar mesons f(980) and a((980) we have assumed the ¢g content for them. The scalar mesons a,(1450) and K;;(1450) are treated as
the first excited states of ay(980) and «, respectively, corresponding to scenario 1 as explained in Appendices B and C of [1].
Experimental results are taken from Eq. (1.1). We have assumed B(f,(980) — 7" 77~) = 0.50 to obtain the experimental branching

ratios for f,(980)V.

Mode Theory Experiment Mode Theory Experiment
B~ — £,(980)K*~ 7.9114%1773 104 +2.6 B’ — f,(980)K™ 7.053513503 52+22<86
B~ — fy(980)p~ 0.4200%81700 <3.8 B° — £,(980)p° 0.03 800000001 <1.06
B — £,(980)e 0.03 555000 001 <3.0
B~ — aj(980)K*~ 2850570318 B’ — ag (980)K*~ 4501508538
B~ — ay (980)K™ 6.1703 414741 B® — a3(980)K* 2.6503103148
B~ — aj(980)p~ 210553756733 B" — ag (980)p~ 27756555
B~ — a; (980)p" 27556501 550 B = ay (980)p*  0.10°3 806040
B~ — a; (980)w 0.979370.0+0.3 B® — af(980)p° 1.719370.2+02
B — ad(980)w 13203501500
B~ — ad(1450)K*~ L1ZG1H03 4058 B’ — ag (1450)K*~ 0.6+90103+ 174
B~ — ay (1450)K* 04701403+ 188 B — al(1450)K*  0.7+02+02+129
B~ — a(1450)p~  30.5711736+¢3 B — af(1450)p~ 2073143117
B~ — ay (1450)p° 03794700714 B — ag (1450)p* 1.1¥05+00+08
B~ — a; (1450)w 0.47 301703 B — af)(1450)p° 11.9733+01+73
B — a3(1450)w 10.2733%01%33
B~ — K;(1430)¢ LOZ030455%° B’ — K;°(1430)¢ 0.950310370% 4.6+ 0.9
B™ — K?(1430)p™ 17255370075 B"— K;~(1430)p"  12.630%04" %!
B — Ka‘(1430)p0 6.2;?:;9;4:9 B'— 1{30(1430)p0 10.0f%;3f8;§f§%1
B~ — K~ (1430)w 6.1114+02+93 B* — Ki’(1430)w 6.4513703759

from weak annihilation and hard spectator interactions
characterized by the parameters X, and X, respectively.
For form factors we assign their uncertainties to be
SFBVBS(0) = £0.03; for example, AFK(0) =0.31 =

BK

0.03 and F; °(0) = 0.26 £ 0.03. The strange quark mass
is taken to be m, (2.1 GeV) = 90 * 20 MeV. For the quan-
tities X, and Xy we adopt the form (3.16) with p4 ; = 0.5

and arbitrary strong phases ¢, y. Note that the central
values (or “‘default” results) correspond to p, z = 0 and
¢4y = 0. We emphasize again that, since there are several
other possible sources of power corrections as discussed by
the end of Sec. III, the last errors we quote in Tables III and
IV could seriously underestimate the 1/m;, corrections in a
number of modes, especially the penguin-dominated ones.

TABLE IV. Same as Table III except that the mesons ag(1450) and K;;(1450) are treated as the lowest lying scalar states,
corresponding to scenario 2 as explained in Appendices B and C of [1].

Mode Theory Experiment Mode Theory Experiment
B~ — af(1450)K*" 2.6+02+04+127 B® — a (1450)K*" 53503 08 26
B~ — a; (1450)K™° 7.8705+1.2+236 B® — a)(1450)K*° 27503503555
B~ — af(1450)p~ 25.4+04+33+41 B® — ag (1450)p~ 13.3138135 185"
B~ — ag (1450)p" 45713401468 B® — a; (1450)p™* 2615550010
B~ — a5 (1450)w 1.4%03+00+1.1 B® — a{)(1450)p° 3250501008
B — a)(1450)w 1.8793100+ 13
B~ — Ky~ (1430)¢ 17.3762+17+524 B — K(1430)¢ 169783510508 46+09
B~ — KL(1430)p  66.07%43738 ] B’ — K5 (1430)p"  SLT5EIT130
B — Kj (1430)p"  21.9737 13708 B® — K;(1430)p° 36.071355055%
B~ — K;~(1430)w 153747400122 B — K3°(1430)w 14.6%5271 [T 146
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Branching ratios of B~ — £,(980)K*~ and B® — £,(980)K*" versus the mixing angle 6 of strange and

nonstrange components of f,(980), where the dark area is the theoretically allowed region with one sigma theoretical error and the
middle bold solid curve corresponds to the central value. The horizontal band shows the experimentally allowed region with one sigma

€Iror.

A. B — f,(980)K* and a,(980, 1450)K* decays

The penguin-dominated B — f,(980)K™ decay receives
three distinct types of factorizable contributions: one from
the K* emission, one from the f, emission with the s§
content, and the other from the f, emission with the nn
component.” In the expression of B — f,K* decay ampli-
tudes given in Eq. (A8), the superscript u of the form factor

F g‘f " reminds us that it is the u quark component of f that
gets involved in the form factor transition. In contrast, the
superscript g of the decay constant f‘){o indicates that it is
the gg quark content of f; responsible for the penguin
contribution under consideration. Note that the f;, emission
amplitude induced from four-quark operators other than
Og and Oy is proportional to the vanishing f, decay
constant. However, it is compensated by the wg term in
the twist-2 LCDA of the scalar meson so that the combi-
nation f ps = f +, becomes finite.

In the extreme case that the f;,(980) is made of 5s quarks
or in quarks, the branching ratio of B~ — f;(980)K*~ is
given by

B (B~ — fo(980)K*)
_ {(12-7313331.516) X 1076

(25t x 0

for f,(980) = 5s,
for f,(980) = 7in.

4.1

In general, B(B — f(980)K*) depends on the mixing
angle 6 of strange and nonstrange components of the
f0(980) (see Fig. 1). The charged and neutral modes of
f0(980)K™* are expected to have similar rates, while experi-
mentally their central values differ by a factor of 2. This
discrepancy needs to be clarified by the future improved
measurements.

*In our previous work for B — SP decays [1], we did not take
into account the contributions from the f, or the neutral a
emission induced from the four-quark operators other than O
and Og (see also [20]). Corrections will be published elsewhere.

In order to compare theory with experiment for B —
f0(980)K*, we need an input for B(f;(980) — 7+ 7). To
do this, we shall use the BES measurement [21]

I'(f¢(980) — 7) _ o5c0n
[(f5(980) — 7r7) + T'(f,(980) — KK) 19013
4.2)

Assuming that the dominance of the f(980) width by 77
and KK and applying isospin relation, we obtain

B(f0(980) — 7+ 7~) = 0.501207,

B(fy(980) — K*K~) = 0.12512018. (4.3)
Hence, we assume B(f;(980) — 7+ 7~) = 0.50 to deter-
mine the absolute branching ratio for B — f,(980)K*.

For ayK* decays, they have similar rates as the corre-
sponding ayK channels [1].

B. B — f,(980)p and a,(9801450)p decays

The tree-dominated decays B — ay(980)p, f4(980)p
are governed by the B — ay and B — f{j transition form
factors, respectively. The fyp rate is rather small because
of the small uit component in the f;,(980) and the destruc-
tive interference between a4 and ag penguin terms. The
fop® and fyw modes are suppressed relative to fop~ by at
least a factor of 1 |a,/a,|*.

The decay B® — ag p~ has a rate much larger than the
ag p* one because the factorizable amplitude of the former
(latter) is proportional to f, (f,,) and the decay constant of
the charged aq is very small. We also notice that the
predicted agp~ rates are much larger than that of ag7™
for two reasons. First of all, the p meson decay constant is
bigger than that of the pion, f, > f. Second, the destruc-
tive interference between the a, and aq penguin terms is
less severe for agp as r7 ~ 2.4rk. Contrary to the naive

X _
anticipation that I'(B~ — aJp~) ~1I'(B° — ag p™~), we
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found that this relation is violated especially for ay =
ay(1450) due to additional contributions to the ap~
mode from the af) emission.

In general, QCD factorization works best for the color-
allowed decay modes such as a8p_ and aj p~ [here ag =
ay(980) or ay(1450)] as they are tree dominated and have
large branching fractions. From Tables III and IV we see
that the last errors obtained for tree-dominated modes are
much smaller that for penguin-dominated ones.

Recently, the isovector scalar meson ag(1450) has been
confirmed to be a conventional g4 meson in lattice calcu-
lations [22-26]. Hence, the calculations for the aq(1450)
channels should be more trustworthy. Our results indicate
that ag (1450)p~ and a((1450)p~ have large branching
ratios, of order 20 X 107® and 30 X 107, respectively. A
measurement of them at the predicted level will reinforce
the gg nature for the a,(1450).

C. B — K;(1430)¢ and K;(1430)p decays

For K;;(1430)¢ channels, the central value of the pre-
dicted B(B® — K;(1430)¢) in scenario 1 (2) is too small
(large) compared to the experimental value of (4.6 *
0.9) X 107 (see Tables IIT and IV), though they are con-
sistent within theoretical uncertainties. This mode was
measured by BABAR [5] using the LASS parametrization
to describe the (K 77)(”;0 amplitude. However, as commented
in [27], while this approach is experimentally motivated,
the use of the LASS parametrization is limited to the elastic
region of M(K ) < 2.0 GeV, and an additional amplitude
is still required for a satisfactory description of the data.
Therefore, it will be interesting to see the Belle measure-
ment for K;;(1430)¢ modes.

Theoretically, the K;;(1430)p rates are expected to be
substantially larger than that of the K{;(1430)7 ones since
the penguins terms a4 and aq contribute constructively to
the former and destructively to the latter. However, as
shown in [1], our predicted central values for the branching
ratios of K7~ and K~ " are too small by a factor 3—4
compared to experiment.” It appears that one needs sizable
weak annihilation in order to accommodate the K7 data.
In this work, we found large rates for K;’p % and K~ p™*
even in the absence of weak annihilation contributions.
Experimentally, it should be relatively easy to search for
those K;;(1430) p modes to see if they are enhanced relative
to their counterparts in the Ky sector. The branching

3Rgcently, the authors of [28] claimed that the decay rates for
the K;°7~ and K~ 7" modes can be accommodated in the
pQCD approach. It is not clear to us what is the underlying
reason for the discrepancy between our work and [28]. However,
we have just performed a systematical study of charmless 3-body
B decays based on a simple generalized factorization approach
[29]. We consider the weak process B — K (1430) 7 followed
by the strong decay K; — K and reach the same conclusion as
[1], namely, the predicted KE")OW’ and K~ 7 rates are too small
compared to the data.

PHYSICAL REVIEW D 77, 014034 (2008)

ratios for the K;j(1430)w modes are predicted to be of
order (6 ~ 15) X 107°.

V. CONCLUSIONS

We have studied the hadronic charmless B decays into a
scalar meson and a vector meson within the framework of
QCD factorization. The main results are:

(i) The decay rates for the f,(980)K*~ and f,,(980)K*°
modes depend on the mixing angle 6 of strange and
nonstrange components of the f;,(980).

(i) QCD factorization works best for the color-allowed
decay modes such as agp_ and ag p~ [ag = ay(980)
or ayg(1450)] as they are tree dominated and have
large branching fractions.

If the ay(980) is a gg bound state, the predicted
branching ratios for the channels ag p~ and a8p‘
will be very large, of order 28 X 107® and 21 X
1079, respectively.

For the a((1450) channels, ag(1450)p~ and
a(1450)p~ are found to have branching ratios of
order 20 X 107® and 30 X 107°, respectively. An
observation of them at the predicted level will favor
the gg structure for the a,(1450).

Contrary to the naive expectation that I'(B~ —
adp™) ~3T(B" — ag p~), we found that this naive
relation is violated especially for ag = ay(1450) due
to additional contributions to the aJp~ mode from
the a) emission.

The decays B — K;(1430)p are expected to have
rates substantially larger than that of B —
K;;(1430)7 owing to the constructive (destructive)
interference between the a4 and ag penguin terms in
the former (latter). Experimentally, it is thus impor-
tant to check if the B — K;p modes are enhanced
relative to their counterparts in the K7 sector. The
branching ratios for the K;;(1430)w modes are pre-
dicted to be of order (6 ~ 15) X 107°.

(iii)

@iv)

)

(vi)
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APPENDIX A

The B — SV (VS) decay amplitudes can be either eval-
uated directly or obtained readily from B — VV ampli-
tudes with the replacements:

(I)V(x) - (I)S(x)! cDv(x) - (Dg‘(x)r
fv—=1T1s fo/'_’_fs» rX—’_r}g(-

As stressed in the main text, we use the LCDAs with the
decay constants being factored out. Since the V'V channels

(AD)
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have been studied in detail in [18], we may use them to fv, = ifv. fv, = ifs
obtain the B — SV amplitudes. In [18], the factorizable BV, .. By v, s (Ad)
longitudinal B — VV amplitude reads (apart from the Ayt —iAg ' = Ty
effective Wilson coefficients)
G For B — SV amplitudes, the replacements are
Av, =i 52 Ay mi)mape (A2) , _

2 fv,_’lfs’ fvz—’lny AS

where use has been made of the replacement mye* - pp — Ang — —iF5S, r¥2 N r}(/. (AS)

mpgp,. with p. being the c.m. momentum. Since the defi-
nitions for the decay constant fy and the form factor Agin =~ g0 (A4) and (AS5) we obtain the factorizable B — SV

[18] and VS amplitudes

VIV, 10y = —ifymyey,

P ) (A3) AM M lGF { 2fVFBS(mV)meu for M1M2 = SV’
(V(PHIALIB(p)) = 2my —5—q, ALY (¢*) + - ’ V2 | —2fsA8Y (mg)mpp,;  for M{M, = VS.
q*
(A6)
are different from ours [see Eqgs. (2.1) and (2.8)], the
replacements (A1) need to be modified accordingly. The The coefficients of the flavor operators ! for SV can be
B — VS amplitude is obtained from the replacements: obtained from the V'V case [18] and they read
a(My, My) = a;(M,, M), a)(M\M,) = a,(MM,), ol (M\M,) = af (M M,) + af (M M,),
P v p . -
614(M1M2) - r a6(M1M2), for M1M2 = SV,
af gy (M My) = ag(M M) + af (M M), ay(M\My) =1 ) ; »
a4(M1M2) + rXa6 (Mle), for M1M2 = VS,
a’ (M\M,) — rVa? (M\M,); for MM, = SV,
ol o (M, M) = 10(MMy) — ryag(M M) 1M (A7)
’ CZII)O(M]MQ) + rf(ag(Mle); for M1M2 =VS.

Applying the replacement (A1)—(A7) to the B— VV amplitudes in [18], we obtain the following the factorizable
amplitudes of the decays B — (fy, ag)K™, fo(p, w), ag(p, w), agK*, K;(¢, p, w):

A(B~ — foK*~ Z A(S){(alﬁﬁ +aj — ;’K*(a6 +af) + alo)qu*ZfK* (m%(*)mgpc
\/_p u,c
- <a3 +al +as + (ag - a8>r’° —(a; + ay + a10)> ) zf;OAgK*(m}O)mec
_ L L, - . S _
- (0255 +2(a; +as) + 5(“7 + a9)>K*fu2fjioA€K (m7 )mpp. = fpfxlf (280 + by + bypw)puxe
0
+ ffS(5255 + by + B3,EW)K*fS]}’
0 #0) — (s) L » L v 2 Bf5 (1,2
A(B® — f,K*0) = z Z Ap X a6 zag — Ealo ke frF, *(mz)mpp,
V2,5 o
_ _ _ 1 1, _ _ _ - .
- (613 +ay +as + (ag - 5“8)”1«0 - 5(07 +ag + alfo)>K*fs 215 AGK (m3 Ymgp.
0

_ - ._ . - .
- (az55 +2(a; + as) + 5(“7 + a9)>K*fu2f}‘-0A€K (m7 ymgp.
0

N Gy~ 1
— foK* |:ffg<b3 - Eb:”,EW) (‘{K* + ff(}(b3 B Eb&EW)K*faj”’
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AB™ — adK*") = Z A(Y){(alép +af —rf (af + ab) + a1o)a0k*2fK*F1 “(mz.)mgp.
p=u,c

- (az5u)K*a02fa0A€K* (mgo)mec - foK*fao(Ezag + 53 + b_3,EW)a0K*},

_ . .Gp (s) 1 1 Ba
A(B™ — ajy K*) = zﬁpzzu:,c/\p {(af - (aé’ — Eaé’) — Eaf())aOK*ZfK*Fl *(m%.)mpp,

= fofr-fa,(D280 + b3 + bypw) ek}

Or Z ’\Ef){<a155 +aj — rlx(*(ag +af) + a’l’O)aoK*ZfK*Ffao(m%*)meC

\/z p=u,c
1
= fafiefubr = 3bew) )
apK*

ABY—afK*) =i

G 1 1
A(B® — afR*0) = i—F /\Ef){ <a4 - rK <a6 —a§> - —af()) 2f k- FY(md)mgp.
2 p=u,c 2 2 aK”

« - - 1-
~ @dl)a 2Fu A R mape — FafieFu( B+ 5han) L
agK”

Bf! _ _ _
AB-— fop-) = iZE Ly Aﬁf”{(ala{: +af = rf(al + af) + aly) pu,2f , F) O (m2)mpp, — (@, 84 +2(as + as)

V2,50

_ 1 _ 1 _ - - £u
+a, + <‘lg N §a§’>r§(° + §(a7 +ay— alO))pfS2ffoAgp(mJ%0)mec
_ fopf?U[(Ezﬁﬁ + b3+ bygw) g, T (0280 + by + 53YEW)Pf8]}’

y 1 3 1 Bf!
A(B°— f,p°) Z Al 1){<a25p —al + rX<a6 - Eaé’) + 5(aé7 +al) + iafo)ngprFl *(m3)mgp,

p=u.c
1 1 -
+ (51255 +2(as +as) +a, + <ag - 5(15)7;(“ + 5(517 +ag — ém)) 2f;0A§P(m]%0)mec
pf

o _ 1 3. _ _ 1- 3.
- fopf? (b4 — b3 + §b3,EW + §b4,EW)fgp + (b6l — by + §b3,EW + §b4,Ew)pfg]},

1 1 1 B d
ABY = fow) = z Z )\(d){<a28 +aj —r (ag 5a§> + E(ag +al) — Eafo)fd Zfa,Flf“ (m2)mgp,
0(1)

p=u,c

— (@5{,’ +2(as + as) + as + ( —a8>rf0 —(ay +ag — a10)> fdzf‘fivoB“’(mfro)mec

@Jg

- _ _ N 1-
- fowf?o[<b155 + b3 +2by — §b3,EW + 2b4,EW>fd

0

_ G
AB —aip )= i—L Z )\(d){(a,(Sp +al — ri(af + ag) + aty), ) 2f o F “"(m%)mgpc

\/_2—]7:1,4(

1 1
- fopfa0|:(b3 + by — §b3,EW - §b4,EW)aOp + (b1 60 + by + bypw) pa, }}»

_ _ 1 1-
+ <b155 + b3 +2by — §b3,Ew + §b4,Ew> f":”,
@]
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{ (a18 + af + rf(al + ab) + aly) a,2f ayAo p(mz)mec

A(Boﬁaa/ﬁ) Z )\(d)
f

p=u,c
1 1 ,
— ffpfa| (b3 T by — 5b3Ew — 5 baEw + (b184 + by + bypwap |1
2 2 pd
G a
AB™ — aOp =i 2F )\E,d){(aléfj +alf — ri(al + af) + afo)aopipr O(mf))meC
p=u,c
787 — 7 p L p\aao 3 - 1 7 ABp(,2
—(@6u —ay —(ag —5ag |7y +5(a; + ag) +5aw)  2fa,Ay" (mz)mpp,
2 2 240)

— [8fpfa[(b280 + b3 + b3pw),,, — (0204 + by + b_S,EW)panHr

AB~ —ayp%) = Z /\(d){ (a,6% +al +r{(af +ab) + alo)paOZfaO P(mZ, )mpp,
p=u,c
P _ P pp_lp 1p3 Bay .2
+ | aybl —ay + riy| ag Eas +§a10+§(a9+a7) 2f, Fy " (mz)mgp,
app

- fopfaO[(bZS,ﬁ + b3 + b3pw)pa, — (D200 + by + b3,EW)a0p]}>

1
“8) +~(ag +a7) + 5 alO>

{(aQBP —al + r)(<a6 ) prF}fa“(m,zo)mBPc

A(EO R aop0) _ /\(d)
0 2\/_ pzu:c aop
2fa(,AOBp (mg‘))mec

pag

1 1
a8> + - (617 + a9) + = a10>
_ _ _ 1 - _
+ <b155 + b3 +2by — §(b3,Ew - b4,EW)> }}
pay

fasp_ = _(.p_ 1
<a25u ay <a6 5

+ fopfa0[<51 81 + by +2by — 5(53,Ew - E4,EW)>
app

.Gp Z )\;d)

AB™ — a5 w) = 17 { (a,8% +al +ri’(a? +ab) + alo)wa()qu AB“(m2 Ymgp,

p=u,c
1 1
ag> ——aly += (ag + a7)} 2f o F1 % (m2)mgp,

apw

[azﬁp +2(az tas) +al —r <a6 3 3

- fowfaO[(bzaﬁ T by bypw)oa, + (0200 + by + bg,Ew)aow]},
Z /\(d) a8t +2(a; + as) + a* —ry al — lap —la” +l(a +a-) 2f FBaO(mz)m
3 5 4 6 548 %05 9 7 ol w)MBPc
ayw

puc

A(B* — adw
2f_a0Agw (m%zo)mec

way

_ 3_ _ _ 1 - 3.
fowfa0|:< b, 8% + by — b3,EW b4 EW> + (—bléﬁ + b3 — EbB,EW - §b4,EW> “
ayw way

1 1 BK*
aé’) — —(a; + aq + af0)> ) 2f 4 F, O(mé)mec

_ _ .Gp (s) &
A(B~ — K =i— E A ays +db +a —r(ap——
( 0 ¢) \/ip—u,c 14 {( 3 4 5 X\ %6 2 2 *

1
—(a,84 +2(as +as) +a, + <ag §a8>'”° +—(a; + aq — d,o)>

— fofofi; (280 + by + b3,EW)K(’;¢;}>

- G | 1 1
AB° — K'¢) = ng Z Agf){<a3 +al +as— rf(ag - Ea{;) - E(a7 + ag + a[fo))[(* 2f4F) “(md,)meC
0

p=u,c

0

= fafati(ba 303 o))
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*0  — s K’ 1 1
AB™ — KOOP ) = ’ Z A ){ (af + ’"X0<ag - 5“5) - Ea{)o) szfKSAgp(m%(;)mBPc
PRy

p u,c

- fopr;<b25{,’ +byt b3,EW> : },
p

_ e G
AB™ — Ky p%) =i 2F A(Y){ (a8 + af + r)(‘)(a6 +af) + a’ljo)pK32fK;Agp(m%{;)mec
p=u,c

3 BK,
+ [61255 + 5(619 + a7)} 2, F *(m3)mpp, — foprg(bzfsﬁ + b3+ b3,EW)pkg},

Kyp

— e K*
AB'— K, p*) = \/_ Z )\(S){ (a, 85 + af + a P+ aly + rX"aé’)pKG2fK$Agp(mig)meC

p=u,.c
1
- fopr;wa ~ Sbyew)x; }
o . 1 I
A(B® — K0p°) = Z Al ){ ( aj —ry (ag - §a§> + Eaf0> K*ZfK;Agp(m%(S)mec
PRy

p=u.c

3 BK* 1
+ [0255 + 5(619 + a7)} 2, F “(mp)mpp. — fopr;<_b3 + §b3,EW> K*},
PRy

Kop

G 1
AB™ = K; w) = 2F A(‘)”:azﬁﬁ + 2(as + as) + E(ag + a7)} ) 2wafK“(m%J)mec
p=u,.c 0@
— ()64 +a} + rX"(a6 +ag) + afo)ngsz;Ag‘“ (m%(S)mec — fafufk: (D284 + b3 + b3,EW)wK(’;}’
_ _ 1 -
— w a,oy + 2az + as) + (a9 + ay © mg)mpgp.
AB" — K w) = A0 ay8% + 2 )+ 5 V| 2fuF) 0 (m2)
p=uc Kjw
po Kl oL\ _1, Bp (12 !
—lay Try’lag —5ag ) —5ay »2fK*A0 (mg)mpp. = fpfofk:| b3 — 5 bipw o (AB)
2 2 K, 0 0 0 2 K
(q) |
where A} = V* with g = d, s and . C _ 472 _
o et TR a2, M) = G S V0 + S A0 |
) = 2 ) = Ne dm N,
F = , F = , =
T mw ) + PI(My) (A10)
- 2m>.
“( w) = Mag The LCDA of the neutral scalar meson in the bar quanti-
my(p)(my(p) — m, (@) ties, V;(S), P;(S), and H;(M1, M2) is replaced by ®¢ which

has the similar expression as Eq. (2.13) except that the first
constant term does not contribute and the term fgug is
factored out:

In Eq. (A8), we encounter terms such as a;f, which
appears to vanish at first sight as f; = 0. However,
when f, combines with wy appearing in the twist-2
LCDA of the scalar meson [see Eq. (2.13)], it becomes

finite, namely, Frobs, = f#,- Therefore, the effectlve D g(x, w) = 6x(1 — x) Z B, (w)C202x — 1). (Al1)
Wilson coefficients @; in Eq. (A8) are defined as a;ug! =l
and they can be obtalned from Eq. (3.1) by retaining only
those terms that are proportional to wg. Specifically, In Eq. (A10),
J
5 Q) (71—3177)BS+( %)Bg-iﬂ--; fori =1-4,5,7,9, 10,
Vis) 0; fori =6, 8. (Al2)

The annihilation terms b; have the same expressions as Eq. (3.12) with rf( and wgB; replaced by Ff( and B;, respectively.
For the Cabibbo-Kobayashi-Maskawa matrix elements, we use the Wolfenstein parameters A = 0.818, A = 0.225 68,
p = 0.141, and 1 = 0.348 [30]. For the running quark masses we shall use
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mb(mb) =472 GCV,

my(2.1 GeV) = 4.95 GeV,
m.(2.1 GeV) = 1.51 GeV,
my(1 GeV) = 6.3 MeV,

my,(1 GeV) = 6.89 GeV,
my(2.1 GeV) = 90 MeV,
m,(1 GeV) = 3.5 MeV.
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m.(m,) = 1.3 GeV,

mg(1 GeV) = 119 MeV, (A13)

The uncertainty of the strange quark mass is specified as m (2.1 GeV) = 90 = 20 MeV.
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