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The scalar productions in heavy meson decays can provide a good platform to study not only heavy
flavor physics but also their own physical properties in a dramatically different way. In this work, based on
the assumption of two-quark structure of the scalars, the charmless hadronic B, — SP, SV decays (here,
S, P, and V denote the light scalar, pseudoscalar, and vector mesons, respectively) are investigated by
employing the perturbative QCD (pQCD) factorization approach. In the standard model all these
considered B, meson decays can only occur through the annihilation diagrams. From our numerical
evaluations and phenomenological analysis, we find that (a) the pQCD predictions for the CP-averaged
branching ratios (BRs) of the considered B, decays vary in the range of 107 to 108, which will be tested
in the ongoing LHCb and forthcoming Super-B experiments, while the CP-violating asymmetries for
these modes are absent naturally in the standard model because only one type tree operator is involved;
(b) for B, — SP, SV decays, the BRs of AS = 0 processes are basically much larger than those of AS = 1
as generally expected because the different Cabibbo-Kobayashi-Maskawa factors are involved;
(c) analogous to B — K*n") decays, Br(B, — x* 1) ~5 X Br(B. — k" 7/) in the pQCD approach,
which can be understood by the constructive and destructive interference between the 7, and 7,
contributions to the B, — k" n and B, — «* ' decays, however, Br(B. — K;;(1430)7) is approximately
equal to Br(B, — K;;(1430)7’) in both scenarios because the factorizable contributions from the 7, term
play the dominant role in the considered two channels; (d) if a(980) and « are the gg bound states, the
pQCD predicted BRs for B, — a¢(980)(, p) and B, — kK*) decays will be in the range of 107 ~
1073, which are within the reach of the LHCb experiments and could be measured in the near future; and
(e) for the a((1450) and K;(1430) channels, the BRs for B, — a,(1450)(m, p) and B, — K;(1430)K"™
modes in the pQCD approach are found to be (5~ 47) X 107° and (0.7-36) X 107°, respectively.
A measurement of them at the predicted level will favor the ¢g structure and help understand the
physical properties of the scalars and the involved QCD dynamics in the modes, especially the reliability
of the pQCD approach to these B. meson decays.
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I. INTRODUCTION

The scalar mesons are especially important to under-
stand because they have the same quantum numbers as the
vacuum (JF€ = 07 ™). Great efforts have been made by the
physicists on both experimental and theoretical aspects to
understand the inner structure of the scalars but it is well
known that the underlying structure of them is not yet well
established (for a review, see e.g. [1-3]). Up to now, many
different possible solutions to the scalars have been pro-
posed such as gq, g § qq, meson-meson bound states or
even supplemented with a scalar glueball. More likely, they
are not made of one simple component but are the super-
positions of these contents. The different scenarios tend to
give very different predictions on the production and decay
of the scalar mesons which are helpful to determine the
dominant component.
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The first charmless B decay into a scalar meson, i.e.,
B — f,(980)K, was measured by Belle [4] in 2002 (up-
dated in [5]) and subsequently confirmed by BABAR [6] in
2004. After that these two B factories operated at KEK and
SLAC respectively have found many decay channels with
the scalars as one of the productions in B meson decays
[1,7]. These measurements should provide information on
the nature of the scalar mesons. It is enough reason to
believe that, as a different unique insight to the internal
structure of the scalars, the heavy B meson decaying into
scalar mesons can provide a good place to explore their
physical properties.

Recently, the production of scalar mesons with ¢ struc-
ture in the two-body charmless B decays has been inten-
sively studied in Refs. [8—12] theoretically, in which many
predictions are within the reach of the current B factory
experiments and to be examined in the near future. It is
hoped that through the study of B, — SP, SV (here, S, P,
and V are the light scalar, pseudoscalar, and vector mesons,
respectively) decays, old puzzles related to the internal
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the masses and
receive new

structure and related parameters, e.g.,
widths, of light scalar mesons can
understanding.

Experimentally, the Large Hadron Collider (LHC) ex-
periment at CERN is running now, where the B, meson
could be produced abundantly. Motivated by the forthcom-
ing large number of B, production and decay events in the
ongoing LHCb experiments, the scalar meson spectrum
would become one of the most interesting topics for both
experimental and theoretical studies in the near future. At
that time, more and more channels with scalar mesons
will be opened and tested in the experiment, which will
help us to further explore the nature of the scalars. On
the other hand, for the B, meson, one can study the two
heavy flavors b and ¢ in a meson simultaneously. The B,
meson decays may also provide windows for studying the
perturbative and nonperturbative QCD, final state interac-
tions, testing the predictions of the standard model (SM),
and can shed light on new physics scenarios beyond the
SM [13].

Inspired by the above observations, in this work, we
therefore will focus on the two-body charmless hadronic
decays B. — SP, SV, which can only occur through the
weak annihilation diagrams. The size of annihilation con-
tributions has been an important issue in B physics for
many years. The importance of annihilation contributions
has already been tested in the previous predictions of
branching ratios of pure annihilation B — D K decays
[14], direct CP asymmetries of B — 7t 7=, K™ 7~ de-
cays [15-17], and in the explanation of the B — ¢K*
polarization problem [18,19] though there still exist
many different viewpoints.! The two-body B decays into
the final states with one scalar meson may suffer from large
weak annihilation contributions, which have been analyzed
in Refs. [10-12] preliminarily. Thus it is very interesting to
explore the size of annihilation contributions in these
considered B, — SP, SV channels, which will also be
helpful to investigate the annihilated decay mechanism
and the physical properties of the scalars.

In this paper, we will study the CP-averaged branching
ratios (BRs) of charmless hadronic B. — SP, SV decays
by employing the low energy effective Hamiltonian [23]
and the perturbative QCD (pQCD) factorization approach
[15,16,24]. By keeping the transverse momentum kr of the
quarks, the pQCD approach is free of end-point singularity
and the Sudakov formalism makes it more self-consistent.
Rather different from the QCD factorization approach [25]

1Recently, the authors announced in Ref. [20] that the annihi-
lation contributions in charmless hadronic B decays are real and
small in the soft-collinear effective theory [21] at leading power,
while the authors in another work [22] discussed that they may
be the almost imaginary contributions, which can generate a
sizable strong phase. This discrepancy between these two ap-
proaches/methods needs to be clarified definitely by the experi-
ments in the future.
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and soft-collinear effective theory, the pQCD approach
can be used to calculate the annihilation diagrams
straightforwardly [26], as has been done, for example,
in Refs. [11,12,14-18,27-30].

The paper is organized as follows. In Sec. I, we present
a brief review of light scalar mesons and the formalism of
the pQCD approach. The wave functions and distribution
amplitudes for heavy B, and light scalar, pseudoscalar, and
vector mesons are also given here. Then we perform the
perturbative calculations for the considered B, — SP, SV
decay channels with the pQCD approach in Sec. III. The
analytic formulas of the decay amplitudes for all the con-
sidered modes are also collected in this section. The nu-
merical results and phenomenological analysis are given in
Sec. IV. Finally, Sec. V contains the main conclusions and
a short summary.

II. LIGHT SCALAR MESONS, FORMALISM,
AND WAVE FUNCTIONS

A. Light scalar mesons

Until now, the people have discovered many scalar states
experimentally but know little about their underlying struc-
tures, which are not well established theoretically yet (for a
review, see Refs. [1-3]). According to the meson particle
collected by the Particle Data Group [1], the light scalar
mesons below or near 1 GeV, including a((980), K;(800)
(or k), fo(600) (or o), and f((980), are usually viewed to
form an SU(3) flavor nonet; while scalar mesons around
1.5 GeV, including a((1450), K;(1430), fo(1370), and
f0(1500)/f,(1710) form another nonet.>

Recently, Cheng, Chua, and Yang [10] proposed two
possible scenarios to describe these light scalar mesons
in the QCD sum rule method:

(1) In scenario 1(S1), the scalar mesons in the former
nonet are treated as the lowest lying states, and in
the latter one as the corresponding first excited
states, respectively. Based on the naive two-quark
model, the flavor structure of the light scalar mesons

in S1 read
1 L
o= —z(uu + dd), fo = s5, ag = ud,
0 — 1 ~ 7 N + =
ag = \/—z(uu — dd), a, = di, kT = us,
K’ = ds, &0 = sd, K~ = sil. (1)

%For the sake of simplicity, we will use ay and f, to denote
ay(980) and f(980), respectively, unless otherwise stated. We
will also adopt the forms a, Kj, f, and f’ to denote the scalar
mesons ay(980) and ay(1450), K (800) and K;;(1430), f((600)
and f(1370), and f,(980) and f0(1500)/f0(1710) correspond-
ingly in the following sections, unless otherwise stated.

054029-2



LIGHT SCALAR MESONS AND CHARMLESS HADRONIC ...

Here, it is assumed that the lightest o and heaviest
fo in the lighter scalar nonet has the ideal mixing.
But various experimental data indicate that f,
should not have the pure s§ component and the
isoscalars o and f, must have a mixing of f§ and
f§ [10], which is analogous to the  — 7/ mixing
system,

o\ _ (cosf, —sinb, £
(fo) B (Sin¢90 cosfy )( %)’ 2)

with f¢ = (au + dd)/~/2 and f§ = 5s, where 6, is
the mixing angle between o and f,. Many works
have been made to explore the mixing angle 6, [31]:
0, lies in the ranges of 25° < 6, < 40° and 140° <
0y < 165°. But the fact that 6, tends to be not a
unique value, indicates that o and f; may not be
purely gg states.

While the mixing of the isosinglet scalar mesons
f0(1370), fo(1500), and f,(1710) has been dis-
cussed in detail in the literature (see Ref. [32] and
references therein), in this work we will adopt the
mixing mechanism as given in Ref. [32]:

f0(1370) 0.78 051 -0.36\/[fd

(f0(1500)> = (—0.54 0.84 0.03 ) o

fo(1710) 032 0.18 0.93 ¢
3)

As discussed in [32], it is evident that f;,(1370) and
f0(1500) mainly consist of f¢ and f3, just with small
or tiny glueball components; however, f(1710) is
composed primarily of the scalar glueball, i.e., f§.
We will therefore only take the scalar mesons
f0(1370) and f(1500) into account in the present
work, and leave the contribution from scalar glue-
ball content for future study.

(2) In scenario 2(S2), the scalar mesons in the latter
nonet are the lowest lying resonances and the
corresponding first excited states lie between
(2.0-2.3) GeV. S2 corresponds to the case that light
scalar mesons below or near 1 GeV are four-quark
bound states, while all scalar mesons are made of
two quarks in S1. In order to give quantitative
predictions, since we do not know how to deal
with the four-quark states in the factorization ap-
proach presently, we here just consider the evalu-
ations on the scalar mesons with ¢g structure in S2.

In short, we will investigate these light scalar mesons in

the pure annihilation B, — SP, SV decays with the as-
sumption of two-quark structure proposed in the above
two possible scenarios.
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B. Formalism of pQCD approach

Since the b quark is rather heavy, we work in the frame
with the B, meson at rest, i.e., with the B. meson momen-
tum Py = (mp, / \/5)(1, 1, 07) in the light-cone coordinates.
For the charmless hadronic B, — M,M;> decays, assum-
ing that the M, (M3) meson moves in the plus (minus)
z direction carrying the momentum P, (P5) and the longi-
tudinal polarization vector €% (e) (if My, is the vector
meson). Then the two final state meson momenta can be
written as
m—};"(rg, 1—13,0p),

NGl
“)

respectively, where r, = my,,/mp and ry = my, /mg.
When M, or M5 is a vector meson, the longitudinal polar-
ization vector, €5 or €k, can be given by

m
B. (1- r%, r%, 07), Py =

N

Pzz

m
el = B (1—- r%, —r%, 0;), or
Vamy, 5)
6% — B (—r%, 1-— r%, 07).
\/EmM3

Putting the (light-)quark momenta in B., M,, and M;
mesons as k;, k,, and k3, respectively, we can choose

kl = (le;r’O’ le):
ky = (x2P5, 0, Kor), (6)
ky = (0, x3P3, k37).

Then, for B, — M,M; decays, the integration over k| , k; ,
and ki will conceptually lead to the decay amplitudes in
the pQCD approach,

ﬂ(BC g M2M3) ~ [dxldX2dX3bldb]b2db2b3db3

X TH C(t)Dp (x1, by) Py, (X2, by) Py, (X3, b3)
X H(x;, by, 1)S,(x;)e 50, (7

where b; is the conjugate space coordinate of k;7, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
logarithms In(my, /1) are included in the Wilson coeffi-
cients C(t). The large double logarithms (In’x;) are
summed by the threshold resummation [33], and they
lead to S,(x;) which smears the end-point singularities on
x;. The last term, e 50 _is the Sudakov form factor which
suppresses the soft dynamics effectively [34]. Thus, it
makes the perturbative calculation of the hard part H
applicable at intermediate scale, i.e., mp scale. We

3For the sake of simplicity, we will use M, and M5 to denote
the two final state light mesons, respectively, unless otherwise
stated.
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will calculate analytically the function H(x;, b;, t) for the
considered decays at leading order (LO) in «, expansion
and give the convoluted amplitudes in the next section.

For these considered decays, the related weak effective
Hamiltonian H g [23] can be written as

Hop — %[v:bvwwl(mol(m + (0] ®)

with the local four-quark tree operators O ;:

01 = liﬂ’)”u(l - '}/5)Da5ﬁ'yﬂ(1 - YS)bw (9)
O, = iigy*(1 = y5)DpCoy*(1 = ¥5)ba,

where V., V,p are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, “D” denotes the light down
quark d or s and C;(u) are Wilson coefficients at the
renormalization scale w. For the Wilson coefficients
C1»(um), we will also use the leading order expressions,
although the next-to-leading order calculations already
exist in the literature [23]. This is the consistent way to
cancel the explicit u dependence in the theoretical formu-
las. For the renormalization group evolution of the Wilson
coefficients from higher scale to lower scale, we use the
formulas as given in Ref. [16] directly.

C. Wave functions and distribution amplitudes

In order to calculate the decay amplitude, we should
choose the proper wave function of the heavy B, meson. In
principle, there are two Lorentz structures in the B (g =
u,d, s) or B, meson wave function. One should consider
both of them in the calculations. However, since the con-
tribution induced by one Lorentz structure is numerically
small [28,35] and can be neglected approximately, we only
consider the contribution from the first Lorentz structure:

By (1) = ﬁ[u’ T+ My)yshp Wlap. (10)

Since the B, meson consists of two heavy quarks and
mg_=my;, + m,, the distribution amplitude ¢z would be
close to 6(x — m,/mp ) in the nonrelativistic limit. We
therefore adopt the nonrelativistic approximation form of

¢p, as [36]

b, 0) = 5 b~ mefmy) (D)

where fp and N, are the decay constant of B. meson and
the color number, respectively.

The wave function for the scalar meson (S) can generally
be defined as

i

D5l = P OS() + M)
+ mg(n = 1)$§(0)}ap, (12)
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where ¢, d)g’r, and myg are the leading twist and twist-3
distribution amplitudes, and mass of the scalar meson,
respectively, while x denotes the momentum fraction
carried by quark in the meson, and n = (1,0,0;) and
v = (0, 1, 0;) are dimensionless lightlike unit vectors.

In general, the leading twist light-cone distribution
amplitude ¢g(x, u) can be expanded as the Gegenbauer
polynomials [10,37]:

ds(x, p) = ﬁx(l - x){fs(,u) + fs(w)

X 3 Bu)Cl2x - 1)}, (13)

m=1

where fs(u), fs(u), B,,(@), and C3/*(#) are the vector and
scalar decay constants, Gegenbauer moments, and
Gegenbauer polynomials for the scalars, respectively.

Because of the charge conjugation invariance, neutral
scalar mesons cannot be produced by the vector current
and thus

fo="F1,=Ffqg=0. (14)

For other scalar mesons, there exists a relation between the
vector and scalar decay constants,

mg

fs= msfs m

and ug = (15)
where m; and m, are the running current quark masses in
the scalars. For the neutral scalar mesons f, ag and o, fy
vanishes, but the quantity fg = fsug remains finite.

The values for scalar decay constants and Gegenbauer
moments in the scalar meson distribution amplitudes have

been investigated at scale © = 1 GeV in Ref. [10]:

Fa, = 0.365 = 0.020 GeV,
By =0.14 + 0.08(S1),  f.=0.340 * 0.020 GeV,
B, = —0.92 +0.11, B; = 0.15 = 0.09 (S1),

fs, = 0.370 £ 0.020 GeV, B, = —0.92 *+0.11,

B; = 0.15 £ 0.09 (S1); (16)

B, = —0.93 + 0.10,

Fay(1aso) = —0.280 = 0.030 GeV,
B, =089+020, B;=—138=0.18(S1),
Fagiaso) = 0.460 = 0.050 GeV, B, = —0.58 + 0.12,
By = —0.49 = 0.15 (S2); (17)

F:1a30) = —0.300 = 0.030 GeV,
B, = 0.58 = 0.07, B; = —1.20 * 0.08 (S1),
F:1430) = 0.445 = 0.050 GeV, B, = —0.57 = 0.13,
By = —0.42 = 0.22(S2); (18)
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Froas00 = —0.255 = 0.030 GeV,
B, = 0.80 *+ 0.40, By = —1.32 = 0.14(S1),

F 1,500 = 0.490 = 0.050 GeV, B, = —0.48 = 0.11,
B; = —0.37 = 0.20(S2). (19)

As for the twist-3 distribution amplitudes ¢35 and ¢, we
adopt the asymptotic forms:

T —

1 - 1 _
3 = %/T_chsy Py Z\/TchS(l -

Here x stands for the momentum fraction carried by s
quark of the relevant strange scalar meson.

For pseudoscalar meson (P), the wave function can be
generally defined as

2x).  (20)

Dp(x) = 5 ys(POH) + mf B

+mg(0h — DL} ap, 21

where ¢AP T and mf are the distribution amplitudes and
chiral scale parameter of the pseudoscalar meson,
respectively.

For the wave functions of vector meson (V), one longi-
tudinal (L) polarization is involved, and can be written as

L (x) = Jzilv_{mvﬁgbv(x) AP, ()

+ qub{/(x)}aﬂl (22)

where €l, denotes the longitudinal polarization vector of
vector mesons, satisfying P - € = 0, ¢y, ¢V’, and my are
the leading twist and twist-3 distribution amplitudes, and
mass of the vector meson, respectively. For the distribution
amplitudes of pseudoscalar d)f;P T and longitudinal polar-
ization, ¢y and ¢}’ to be used in this work, we will adopt
the same forms as that in the literature (see Ref. [30] and
references therein).

III. PERTURBATIVE CALCULATIONS
IN THE PQCD APPROACH

From the effective Hamiltonian (8), there are four types
of diagrams contributing to the B, — M,M; decays as
illustrated in Fig. 1, which result in the Feynman decay

S(P) S(P)
BC
P(S) P(S)
(a)

FIG. 1 (color online).
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amplitudes f]—"%zM} and MIMs
and na are the abbreviations of factorizable and nonfactor-
izable annihilation contributions, respectively. Operators
O, are (V — A)(V — A) currents; we therefore can com-
bine all contributions from these diagrams and obtain the
total decay amplitude as

where the subscripts fa

A (B, = M)M;) = ijqu{chf]Af/I;Mzal + Mug*Cyl,
(23)

where a; = C,/3 + C,. In the next two subsections, we
will give the explicit expressions of F MM = MM and
the decay amplitude A(B, — M2M3) for B, — M,M;
decays, including 32 B, — SP(PS) and 30 B, — SV(VS)
decay modes.

A. B, — SP(PS) decays
In this subsection, we will present the factorization
formulas for charmless hadronic B. — SP(PS) decays.
From the first two diagrams of Fig. 1, i.e., (a) and (b), by
perturbative QCD calculations, we obtain the decay am-
plitude for factorizable annihilation contributions as fol-
lows:

1 00
FoP=8mwCrm3, [ dxzdx3f b,db,bsdbs
c 0 0

X {h (1= x3,%0, b3, by) E 1, (1) x2 P 5 (x2) 5 (x3)
+2rsrl h(3) (6 + 1) p3(x2) + (x; — Dk (x,))]
+ Ry (X0, 1= X3, b3, b3) Ef, (1) (x3 — 1) 5 (x2) d3(x3)
+ 21515 3 (x0) (3 — 2) 1 (x3) — x3015(x3))]},

(24)

where ¢ g(p) corresponds to the distribution amplitudes of
mesons S(P), rs = mg/mp_, r{ = m{/mp_,and Cr = 4/3
is a color factor. The function 4 ,, the scales ¢;, and E,(1)
can be found in Appendix B of Ref. [30].

For the nonfactorizable diagrams (c) and (d) in Fig. 1, all
three meson wave functions are involved. The integration
of b5 can be performed using § function §(b; — b,), leav-
ing only integration of b; and b,. The corresponding decay
amplitude is

(C) (d)

Typical Feynman diagrams for two-body charmless hadronic B, — SP(PS) decays at leading order. By

replacing the pseudoscalar meson P in (a)—(d) with the vector meson V, one will obtain the corresponding Feynman diagrams for

B. — SV(VS) decay modes.
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fMﬁg = —7TCFmB [ dx2dx;[ b,db bZde{hna(XZr x3, by, bZ)Ena(tc)[(rc —x3+ 1)¢s(xz)¢?>(x3) + rsr§(¢§(xz)

X (Br. +xy = x3 + Deph(xz) — (
+(re = x + x5 — Dpp(x3)] —
X ((4r, + ro+x — x5 — 1)pp(xs)

re = xy = x3 + 1)ph(x3)) + L) ((re —
E,(t)(rp + 1o + x5 = Dps(x2) dp(x3) + rsr (h3(xy)
—(re + X+ x5 = Dpp(x3)) + d{xa)((r, + x2 + x5 — 1) ph(x3)

+ 1)ph(xs)

X2 T X3

= (re + x5 = x3 = 1) p(x3)) it (x2, x3, by, b))}, (25)
where r, = my,/mp_, r. = m./mg_, and r, + r, = 1 in the B, meson.
Likewise, we can get the analytic factorization formulas of the contributions from B. — PS decays easily:
1 0
= SWCFMZBC/O dxzdx3f0 bydbyb3dbs{hy,(1 = X3, X3, b3, by) E o (1,)[x2p(x2) P s(x3)
- 2’5r5¢§(3€3)(()€2 + 1)¢£(x2) + (% — 1)¢£(x2))] + hfa(xZ’ 1 — x3, by, b3)Efa(fb)[(x3 - 1)(b$(x2)¢5(x3)
= 2rfrspp(x2)((x3 — 2)p(x3) — 23995 (x)) ]} (26)
ps _ 1636 : * c A P (P
Mya = —WCF fo dxzdx3f0 b1db bydby{hs(xy, X3, by, b2 Eyo(t)[(re — X3 + 1)p(x2) hs(x3) — rgrs(hplxs)
X(Brp +x = x3 + 1)p§(x3) — (r. — + Dpl(x3) + dp(x)((re — + Dp3(x3)

+(re = x + x5 — Dpp(x3)] —
X ((@ry +r.+x— x5 — D)pi(x3) —
X p3(x3) —

(re +xp—x3— 1)

Based on Egs. (23)-(27), we can write down the
total decay amplitudes for 32 B, — SP(PS) decays
straightforwardly:

AB, — a* ) = Vi Villfs, Fiia + Mi7C]
—[fs. Frea, + MZC /N2, (28)

AB, — am") = Vi,V llfs, Friar + MigCi]
— [fp. F7ay + MIzC,\ /N2 (29)

AB.— a*n) =V, Villfs Fra'ar + MudCy]
+ [/, Ffa ar+ Mag" CiJcosd, (30)

./’Zl(BC—>a+n’) = Vfqud{[fB }vanqal + JVlZZZ"Cl]
+[fB .Tn;' ay +-7Vlna Cl]}Sin¢; (31)

AB,— f1) = Vi Vuallf5. Tl a, + Mi0C\]

+[f5, f,a ay+ MIETC Treosby, (32)

AB.— ['7) =V Vaall 5 Filiay + Mig'Cy]
+[fB[:F(,)1 a, +j\4n9z C,1}sinfy; (33)

Ena(td)[(rb + re + X2 — 1)¢ (xz)d’s(x%) -
(re + x5 +x3 —

Tt (xa, x3, by, b))} (27)

o rS(¢P(X2)
DpL(x3) + L) (re + 20 +x3 — 1)

| N —
A (B, — K;*RY) = Vi, Vialfs Fpo"ar + Mpd"C1),
(34)

- . K K
./,Zl (BC — K00K+) = VCqud{fBCffg (,ll + .meg Cl}’

(35)

A B, — Km") = V2 Vil fs Fro ay + Mud"Cyl,
(36)

= V2AB, — K:* 7%, (37)

A (B.— a*K% =V}, V, {fp Fhia, + MEKiC\},
(33)

= V2AB, — KT d; (39)

‘A(Bc_)K: U)—ij MS‘{fB [:ngnqcosqs j:m 051n¢]a1
+[M, 0m’coscb M~ Osmqﬁ]Cl},

(40)
A(B,— K*+ 1)
— Vi, Vil fa [F 0™ sing + F et coslay
+ [.7\/1,,31"’ sing + _’M,T,]a 0 cos¢|C,}; 41)
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A (B, — fK")
* K Z SK .
= Vcl'bvus{fB(.[\TfC{( costy — j:;?z smﬁo]al
+ [Mf,{g costy — Mk sinfo]C,}, (42)
A (B.— f'K")
= ijvus{fB([j:J[fjg sinf + fﬁK cosbyla;
+ [MED sing, + MUK cos]cy). @3)

PHYSICAL REVIEW D 82, 054029 (2010)
B. B, — SV(VS) decays

After the replacement of the pseudoscalar meson P with
the vector meson V in Fig. 1, we will get the Feynman
diagrams for pure annihilation B, — SV(VS) modes at
leading order. By following the same procedure as stated
in the above subsection, we can obtain the analytic decay
amplitudes for B, — SV decays:

1 00
FY = —8mCpmi, jo dx,dxs jo badbabydbs{h (1 = x3 %2, by, by)Egalt) s b2 by (x3)

= 2rgry ¢y (x3)((xy + 1D)d3(x2) + (x3 — D)) + hpo(xa, 1 = x3, by, b3)E 1, (1,)[(x3 — 1) ps(x2) dy(x3)

— 2rgryda(x)((x3 — 2)d3 (x3) — x3%,(x3)) 1}, (44)
My = _%EWCF’”%[ [01 dxydx; /:o bydb,bydby{hs(xy, x3, by, DY) Eo(t)(re — x5 + 1) s(xa)

X py(x3) = rery(@s(x)(Bre + x3 — x5 + D)pj(x3) — (r. — x5 — x3 + Dl (x3)) + ¢L(x,)

X ((re =x = x3 + Dpy(x3) + (rp — x5 + x5 = Dy (x3))] — Eo(t)[(r, + 10+ x5 — D ps(x2) dy(x3)

— rery(@3s(x)((dry, + ro + xy — x5 — D} (x3) — (re + x5 + x3 — Dpl(x3)) + ¢L(x,)

X ((re + x3 + x5 = Dpy(x3) = (re + x5 = x3 = Dbl (x3))) 1h, (x2, x3, by, by)}, (45)

with ry = my/mpg .

Similarly, the factorization formulas for B, — V§ de-
cays can be easily obtained but with the simple replace-
ments in Egs. (44) and (45) as follows:

bs o dv, iy, dh e P,

rg < ry.

(46)

The total decay amplitudes of the 30 B, — SV(VS)
decays can therefore be written as

A(B, — a+PO) = V:bvud{[fB[:F‘;Sal + M%CJ

—[fs. Fllay + MsC /N2, (47)

ﬂ(Bc - a0p+) = ijvud{[ch }]Zal + MﬁZCJ
—[fs. Fiay + M C /N2, (48)

ﬂ(Bc - a+a)) = ijvud{[fBC:F?Z)al + Mzz)cl]
+[fa Fetay + MeaC /N2 (49)

AB, — fp*) = Vi Vuallfs, Fla, + Mo )]

a

+ U‘B(ffipal + :]Vl{;:);pcl]} COS00, (50)

a

AB.— f'p") =V, Vil fs. Fola) + Mot Cy]
L5 FPay + MU €\ Tsindy: (51
A (B, — K5 K) = V2, Vil £ T ay + Micy),
(52)

A (B, — KK*)

. RiK* I G

= Vcbvud{fBl.j:fa a + M,S" C}; (53)
‘le (BC - KSOP+ = V:bvus{fB(.fllf(gpal + Man;z:pcl},

(54)
=2 AB.— K" p°); (55)

‘A (Bc - a+K*O) = V:bVLlS{fBC fa*aal + mf;acl}r
(56)

= V2A(B, — K**a°); (57)

A (B, — K" w)
= V2Vl fp Fro”ay + Mas“CH/NZ - (58)
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AB,— f'K*")

% o 5 Tk
(59) = V3, Vil £ [F7. 0 sinby + F° cosfolay
+ [j\/lf;fg sinf, + 3\4{;‘2’( cosfy|C; . (61)
- IV. NUMERICAL RESULTS AND DISCUSSIONS
A(B.— fK*)
K+ FKe In this section, we will make the theoretical predictions
= ijvus{fB[[T fa costy — F f?l sinfyJa, on the CP-averaged BRs for those considered B, —
K £ BE SP, SV decay modes. First of all, the central values of
+ [ Moo cosfy — Mua sinf]C1}, (60)  the input parameters to be used are given in the following:
|
(1) Masses (GeV):
my = 80.41, mg = 6.286, my, = 4.8, m. = 1.5; my = 1.02,
mg = 0.892, m, = 0.770, m, = 0.782; mg, = 0.985, m,. = 0.800,
my, = 0600, mfo = 0980, ma0(1450) = 1474, mK3(1430) = 1425, mf0(1370) = 1350,
My, is500) = 1.505; mf = 1.4, m& = 1.6, mg" = 1.08, m = 1.92. (62)

(i1) Decay constants (GeV):

fo = 0.231, fg = 0.200, fr- = 0.217,
fr = 0.185; fp, =0.209, fp = 0.165,
fo =0.195, fo = 0.145; f»=0.131,
fx = 0.16, fr, = 0.439. (63)
(iii)) QCD scale and B, meson lifetime:
AIZY = 0250 GeV, 745 =046 ps. (64)

Here, we adopt the Wolfenstein parametrization, and the
updated parameters A = 0.814, A = 0.2257, p = 0.135,
and 77 = 0.349 [1] for the CKM matrix. In numerical
calculations, central values of the input parameters will
be used implicitly unless otherwise stated.

For B, — SP, SV decays, the decay rate can be written
as

G2 m3

I =5 (1= I AB — MoMy)P,
where the corresponding decay amplitudes A have been
given explicitly in Egs. (28)—(43) and (47)—(61). Using the
decay amplitudes obtained in the last section, it is straight-
forward to calculate the CP-averaged BRs with uncertain-
ties as presented in Tables I, I1, III, IV, V, VI, VII, and VIII.
The dominant errors come from the uncertainties of charm
quark mass m, = 1.5 = 0.15 GeV, the scalar decay con-
stants fg, the Gegenbauer moments a; of the relevant
pseudoscalar or vector meson distribution amplitudes, the
Gegenbauer moments B; of the scalar meson distribution

(65)

amplitudes, and the chiral enhancement factors m{ =
1.4 = 0.3 GeV and my; = 1.6 £ 0.1 GeV, respectively.
Among the considered B, — SP, SV decays, the pQCD
predictions for the CP-averaged BRs of those AS =0
processes are basically much larger than those of AS = 1
channels (one of the two final state mesons is a strange
one), the main reason is the enhancement of the large CKM
factor |V,4/ Vs> ~ 19 for those AS = 0 decays as gener-
ally expected. Maybe there exist no such large differences
for certain decays, which is just because the enhancement
arising from the CKM factor is partially canceled by the
difference between the magnitude of individual decay
amplitudes. The pQCD predictions for the CP-averaged
BRs of considered B, decays vary in the range of 107> to
1078, For B, — ay(1450)*77° decay with a rate of
1075-10"% for example, we show the decay amplitudes
arising from both factorization and nonfactorization anni-
hilation contributions explicitly (in units of 1073 GeV?),

A (B — ag(1450)* 7°) = 0.292 + i2.489;

(66)
A ,.(B. — ay(1450)" 7°) = 6.717 + i7.508;
in S1, while
A fa(BC — ay(1450) " 7°) = 0.553 — i0.356; 67

A (B, — a(1450)* 7°) = 3.161 — i5.137

in S2, where the central values are quoted for clarification.
One can find that the dominant nonfactorizable decay
amplitude governs this channel and subsequently results
in the large branching ratio in both scenarios, which can be
seen in Table III. The other modes with large decay rates
can be analyzed similarly.
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TABLE L.

errors is explained in the text.
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The pQCD predictions of branching ratios (BRs) for the AS = 0 processes of
charmless hadronic B. — (ay, , o, fo)(, K, 7,

n') decays in S1. The source of the dominant

AS=0

Decay modes BRs (1079)

B(T_)ag 0 5+23( +gg(fs)+ (az +14(BS )+04(m0)
Bc~a8 + 3538( +th S)+ (az +1. ‘(Bf3 +07(m0)
B.— agn X 10 3.6153(m) 03 (fs) 1 (az)+ o(BY 3)00(mq)

B.—ajn' X 10
B, — R°K*
B, — K"
B.— 7o X 10
B.— mt fy X 10

2.4722(m, )+° (Fo)*bhad)y 1(Bsg)Jr 0(mo)
3. 4+% {(m )+ (fS i 8(a] 2)+ (B )tOZO(mO)
2'1t8.(1)(m6)t042(fs)t(1)?(a12)t (BY ;)tg;?(mo)

3.2550(m) 103 (f) L1 (a) 209 (B ) 03 (mo) ()
1.8i(1):(])(m )+()2(f5)+ (az)to,z(Bly

£0.9(mo)(f5)

As discussed in Ref. [38], the B, decays with the branch-
ing ratio of 107 can be measured at the LHC. Hence, our
pQCD predicted BRs with 107 or larger for these B, —
SP, SV decays are expected to be measured in the ongoing
LHCb experiments, which will be very helpful to study the
physical contents of the scalars and the involved QCD
dynamics and annihilation mechanism in the considered
channels. Moreover, there is no CP violation for all these
decays within the SM, since there is only one kind of tree
operator involved in the decay amplitude of all considered
B, decays, which can be seen from Eq. (23).

A. B, — ay(P,V) and B, — ay(1450)(P, V) decays

In this subsection, we will make some discussions on the
B. — a(P, V) decays involving 14 AS =0 and 8 AS = 1
processes, respectively.

From the numerical results for considered modes as
given in Tables I, III, V, and VII, one can find that
the CP-averaged BRs for all the AS =0 B, — a(P,V)

processes are in the range of 1076~107> within the theo-
retical errors except for B, — aj 1) decays, which are
expected to be tested by the ongoing LHCb measurements
and the forthcoming Super-B experiments. Since we make
the perturbative calculations based on the assumption of
two-quark structure for the scalars, once these theoretical
predictions could be verified by the related experiments,
then these results will help us to explore the underlying
structure of the scalar @ meson.

For B. — ay(, p) decays, their BRs can be read from
Tables I and V (in units of 1079),

Br(B, — af m°) = 6.573%,
+ +2 (68)

Br(B, — ajmt) = 3.5%%2,

Br (B, — ai p®) = 12.7+6},
0 5.6 69)

Br(B, — ajp®) = 10.6133,

TABLE II. Same as Table I but for the AS =1 processes of charmless hadronic
B, — (ay, K, 0, fo)(m, K, n, ') decays in S1.

AS=1

Decay modes BRs (1077)

B, — af K° 4.0704(m )0 (F) 7@k ,) 0T (BY )09 (mo)
B — aOK+ 0+02(m )+02(fs)+09(a12)+04(3 )tg(l)(mo)
B, — K" n —ojg(m ()5(fs)+ (az (Bly )+0'0(m0)
B.— k"n' X 10 8.8124(m ) ha(fs) 108 ,245(Bf )E88(mq)

B, — k07"

B, — k*a®

B.—K'co

BL‘_)KJrfO

215 55m) 503 (Fs) 10 (aé’)fgifi(Bf, “060mo)
L1EGS0me) 01 (F) 203 (@) 203 (BT 3) 156 (mo)

16305 (m, )H)l(fs)mé(‘h2)+04(BS3)+ 9(mo)(f5)
0.9503(m ) 1 (Fs) 103 (af ) 53 (BY 5

18504 (m ) E03(F) L0e(ak,) L83 (BT ) 200 (mo) (f3)
0.3503(m ) X00(f5) £03(af,) 181 (BY ) 200 (mo) (£5)

09 mo)(f?)

054029-9



XIN LIU AND ZHEN-JUN XIAO

PHYSICAL REVIEW D 82, 054029 (2010)

TABLE III. Same as Table I but for the AS =0 processes of charmless hadronic
B. — (ag(1450), K;5(1430), f(1370), fo(1500))(7, K, , ) decays in S1 and S2, respectively.

AS=0
Decay modes

BRs (1079)

B, — ag(1450) " 7°
B, — ay(1450)° 7+
B, — ay(1450)" n

B, — ay(1450)* n’
B, — K(1430)°K*
B. — K°K;;(1430)*
B, — f,(1370)7*

B, — £,(1500) 7+

21.0%890m) 241 (fs) T22(aT) T 49(BF 3) 209 (my) (S1)
6.3735(m) ) (fs)+°8 D)ITE(BY )03 (mo) (S2)
11.9%33(m, )+27(fs +13(az)+ F(BY 3)703(mo) (S1)
9+36(m +11(fs)+04(02 +26(B )+04(m0) (SZ)
27 244n) 579 ) 3B Bom) S
1~0t8§(mv)t0.2(fs)to_1 a —o,s(Bl,a)tgﬁg(mo) (52)
L1E820m,) F94(Fo) £ 8a(ad ) E41(BS ) £33 (mp) (S1)
0.6503(m) 07 (fs) 10 1 (a) )+°5 B} 3)X30(mg) (S2)
19.24470m,) 43 (F5) 330k, 23(BE) 193 0mq) (ST)
7+02(m )+ (fS)Jr (a12)+ (B )+ (mo) (S2)
4.34:8'{9;(’/”[')1»0.9(]‘5)4— Safy) g (Bsg)+ 5(mo) (S1)
9233("1 -)+2’0(]?S)+ (al,z)i4‘3(31,3)i0,4(m0) (S2)
3.6 420m.) 74 5) T 12ad) 03B ) T3 mo) (13, ST)
10203 (mc) 03 (F5) 204 (@) 259 (BY ) 101 (mo) (f§, S2)
3.7515(m) Z0(Fs) 118 (@) 29 5(BT ) L83 (mo) (£, S1)
0.9i8§(mc)f8§(fs)+0 (a7 -HI(BS})-H) (mo)(fg, S2)

TABLE IV. Same as Table I but for the AS =1 processes of charmless hadronic
B, — (ap(1450), K;(1430), f((1370), fo(1500))(7, K, m, ') decays in S1 and S2, respectively.

AS=1
Decay modes

BRs (1077)

B, — ay(1450) T K°
B, — ao(1450)°K "
B. — K;(1430)"

B.— K;(1430)" o/
B. — K;(1430)°7"
B.— K;(1430)* 7°

B, — fo(1370)K*

B, — f£,(1500)K*

2'3i(1):(7)(mc)t8:§(fs)+ (alz +12(BS )+01(m0) (Sl)
6.7534(m) X1 (Fs) 15a(af,) T3 (BS )20 1 (mo) (S2)
123 m ) AT 2l ) S05(BE)78 mo) (SD)
3.43530m) 208 (fs) 53 (afy) 113 (BT )01 (myg) (S2)
54+%'§( )+}'}(fs)tlﬁs a2 —oﬁs(Bf, )+00(m0) (S1)
625330m) 1 13(5) 165(a2) 53(BY 5) L mo) (S2)
3.35500m) 03 (Fs) 03 (ay +°°(BS 3) 500 (mo) (S1)
5.15030m ) ) (fs)“”( ")* 7(BS 3)00(my) (S2)
6.5733(m) 13(Fs) 104 (a) 1 53(BY 3)+ §:2(mo) (S1)
0.8702(mc) %Y (fs)+01(a§ +05(B “o00mo) (S2)
2+%2(m )+ (fS)+04(ag +05(B +01(m0) (S1)
04t8%(m )+()l(fs)+()0(aw— +03(BS3)+ (mO) (52)
0.9504(m ) 203 (F5)L02(af,) 103 (BT ) 00 (mo) (15, S1)
2.7503m ) T8 (fs) E05(af,) H 11 (BT 3)+°'1(mo)(f6’, S2)
7755 (m )*i?(fs)+ 3(afy) h0(BY +01(m0)(f0 S1)
07t8%( +01(fs +08(a12)+ (B Oo(mo)(forsz)
0.9%03(m, +"2(fs)+°8(611z)*"S(BS3)““’("10)(f0,Sl)
2.8 3(m ) 35 (F5) 103l ) 11 (B 3) 151 (mo) (£, S2)
9*'5(m )+ (fs)+ (al,z)ton(B )Jroo(mo)(f(s)’sn
0.8505(m ) 207 (f5) £05(af,) 103 (BT ) 200 (mo)(£5, S2)
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TABLE V. Same as Table I but for the AS =0 processes
of charmless hadronic B. — (ag, k, 7, fo)(p, K, w, ¢) decays
in S1.

AS=0
Decay modes BRs (107°)

12. 7t§§(m )H S(fs)+2 9(“2 +27(BS )
10.673¢(m )13 (F5) E15(@0)115(BS 5)

9.8'33(m.) 3(79) T3(a8) T3 (8Y)

B.— ag p°
BC—>angr
B, — ajw X 10

B, — ROK* 8.8°43(m,) Hi4(Fs)23(aky) 30(BS )
B, — K0k™" 4-9J_r8,§(mc)tg,g(fs)t?.g(“l,z)t1A (B} )

B.— ptoXx10 1.6730(m ) 03 (f5) 13 (ah §(BY 5)(f7)
B.— p" fo X 10 0.8% 53 (m) 01 (f) 0 (a2 o 3)(fo

where the various errors as specified have been added in
quadrature. One could find the rather different decay
patterns from these theoretical predictions, i.e., Egs. (68)
and (69) that Br(B. — af ") > Br(B, — ad7*) while
Br(B, — agj p°) ~ Br(B. — ap*) within the theoretical
uncertainties. Because f,(f}) ~ 1.6(1.3) X f,, it is evi-
dent that Br(B, — agp) > Br(B. — aq). Based on these
pQCD predictions of BRs for B.— aq(m, p) decays,
which are within the reach of LHCb experiments [38], it
is expected that if the observation or the experimental
upper limit on the decay modes B, — aym(ayp) is much
smaller than the expectation, this might rule out the gg
structure for the ay.

On the other hand, the isovector scalar meson a,(1450)
has been confirmed to be a conventional ¢gg meson in lattice
calculations [39-43] recently. Hence, the calculations for
the ay(1450) channels should be more trustworthy. Our
results shown in Tables III and VII indicate that B, —
ay(1450)7 and B, — ay(1450)p have large branching

TABLE VI. Same as Table I but for the AS = 1 processes
of charmless hadronic B. — (ag, k, 7, fo)(p, K, w, ¢) decays
in S1.

AS=1
Decay modes BRs (1077)
B(: N aarK*o 3. 5+04(m )+ (fS)+ (a{(’;)tlAZ(BS )

B, — ajK*™* 17504(m,)*03(F5) *04(ak;) *08(BS )
B.— ktw L9*E(m ) 03(F5) 03(a9) 08(BS 3)
B.— K+¢ 9t82(m)+ (fs)+()5(a(; +09(B 3)

B, — k%p" 45534 (m )53 (fo) 1Y (a2 65(BY 3)
B, — k" p° 2.3%52(m) 33 (fs) 103 +08(B 3)
B.— Ko L6703 (m, )" (fS)+()3(al DH0ABT ()
0H7(m )*8% S)+8(5)(a12)+ (B 3)(f0)
B.— K" f 15504 (m) 03 (F5) 203 (@) 203 (B ) (fE)

9+12(m )+ UCS)Jr (al,z)to,4(31,3)(fo)

PHYSICAL REVIEW D 82, 054029 (2010)

ratios, of order (5-20) X 107 and (15-47) X 107°,
respectively. A measurement of them at the predicted level
will reinforce the gg nature for the ay(1450).

For those B, — a(P, V) decay modes with a,(1450) as
one of the final states, the pQCD predictions in Tables III
and VII show that for the AS =0 processes B, —
ay(1450)(7, "), p, w) the BRs in S1 are much larger
than that in S2; however, for the AS = 1 processes B, —
ao(1450)K™, the BRs in S1 are much smaller than that in
S2, which will be confronted with the ongoing and forth-
coming related experiments. It is hoped that the precision
measurements could help us to determine which scenario is
favored by the experiments, then the inner quark structure
definitely.

For B, — a(n, n') decays, the numerical results
grouped in Tables I and III indicate the small differences
between B, — amn and B, — an’ modes, which is mainly
because the relevant final state mesons, 77(/), contain the
same component iiu + dd, just with different coefficients,
i.e., cos¢ and sing. This pattern is very similar to that of
B, — pn") decays [30].

For the AS = 1 B, — aK"™ processes, the pQCD pre-
dicted BRs are in the order of 1077, which is below the
reach of the LHCb experiments ( ~ 107%). From these
numerical results as displayed in Tables II, IV, VI, and
VIII, one can find that Br(B, — a*K*)°) = 2 X Br(B, —
a’K™)*) although for the a® meson the vector decay con-
stant f,0 = 0, which exhibits clearly that the contribution
is dominated by the odd Gegenbauer moments in the
leading twist distribution amplitude of the scalar a meson.
This pattern is well consistent with that stressed by the
authors in Ref. [10].

B. B, — k(P,V) and B, — K;(1430)(P, V) decays

In this type of the considered decays, there are eight
B.— K;K" (AS=0) modes and 16 B.—
Ki(m, m", p, w, ) (AS = 1) channels.

In the AS = 0 processes, we have four B, — k™ K®°,
gKOK™7 channels in S1 and four B, — K;(1430)*K™°,
K;(1430)°K™* decays in both S1 and S2, respectively.
From the pQCD predictions for these considered modes as
given in Tables I, III, V, and VII, one can observe that all
the BRs are in the range of 107°~1073 within the theoreti-
cal errors, which could be measured by the near future
LHCb and Super-B experiments operated at CERN and
KEK, respectively.

Here, it is very interesting to note that for B, — KjK ()
channels  Br(B, — K;’K") > Br(B. — K;"K°)  and
Br(B, — K;’K**) > Br(B, — K;*K*°) in SI, respec-
tively, while the situation is quite the contrary for B, —
K3(1430)K(*) decays in S2. One can also find that for the
B, — K;(1430)°K™* decays in both scenarios Br(B, —
1(*(1430)01<<*>+)Sl > Br(B, — K};(1430)°K*)")g,, while
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TABLE VII. Same as Table I but for the AS =0 processes of charmless hadronic
B. — (ag(1450), K;5(1430), £(1370), fo(1500))(p, K*, w, ¢) decays in S1 and S2, respectively.

AS=0
Decay modes

BRs (1079)

B, — ay(1450)" p°©
B, — ap(1450)°p™
B. — ay(1450)"
B. — K;(1430)°K**
B.— K*K;(1430)*
B.— fo(1370)p™

B(r - fO(lSOO)er

47.01183(m,) T2 (o) 13 (ad) (B 5) (SD)
15,3415 m,) 33 (Fs) F08(a2) T 18(BY ) (52)
27.4-%—242( +6.2(]?S)+2A4( P)+6.3(BL19‘3) (Sl)
15.5%23(m ) 233 (F5)205(a)) 238 (BY 5) (S2)
6.5 29(m ) 1 (F) F05(a9) *32(BY5) (SD)
L1733 (m ) 03(F5) T03(ag) 3 (BY 5) (S2)
35.71188(m,) 53 (F5) P 22aky) T3 (B ) (SD)
5.4 330me) L) 10 1ak ) T3 8(BS ) (52)
50+09(m )Hl(fs)“o(alz)+ (B 3) (S1)
8.2728(m ) 3(fs) ) (al K)T88(BS,) (S2)
6.1737(m ) H5(Fs) T 38(ad) T22(BS )(£¢, S1)
17+02(m )+o4(fs)+o4(“p 1'%(3{,3)(][3’ S2)
6.1731(m ) 13(f) 24 (ah) " 32(BY )(f¢. S1)
1703 0m0) F04(F) 9800 99(BS ) (£, S2)

TABLE VIII. Same as Table I but for the AS =1 processes of charmless hadronic
B, — (ag(1450), K;;(1430), f((1370), f¢(1500))(p, K*, w, ¢p) decays in SI and S2, respectively.

AS=1
Decay modes

BRs (1077)

B, — ay(1450)* K*°
B, — a(1450)°K**
B, — K;(1430)*
B. — K;(1430)* ¢
B, — K;(1430)°p*
B, — K;;(1430)* p°

B, — fo(1370)K*+

B, — £o(1500)K*+

27584 (m )93 (F) 84 (ak) 8BS ) (SD)
70t%2(m )+ (fS)+ (a1z)+18 f3) (S2)
L4502 0m ) 390 @) 93BT ) (S
3.5550(me) 03 (Fs) 105 (af5) 03B ) (S2)
7. 1+%;(m )+ (fs)+og(a2)+ (BS3) (S1)
L34520m) 1 G3(75) 81 (@) 5B, (52)
2.8f8,2(mc)+ (fs)+0(,(az)+ (B 3) (S1)
4351 (m) 13(F9) 07 (ad) T33(BS ) (S2)
16.5555(m. )+ 1(F5)793(a5) 14(B ) (SD)
2.95360me) 108(f5) 105(a5) 155(BY 5) (S2)
8.2 30(m (fs)+ (a2 +08(3 z) (S1)
15+1§(m )+ (fS)H) (aﬂ +13(BS3) (SZ)
10+8‘%(m )+ ) (fs)+ ’ (012)+ ) %)(fo’ S1)
24+8§(m )+ (fS)+ (a1z)+ (B z)(f(‘)l’ S2)
143+40(m +35(fs)+%§(a12)+ (B‘f;)(fé,Sl)
3. 2+%§(m )+82(fs +05(a1 2)+23(BS3)(f6’ S2)
1. 1i8§(m )H) (fs)+ (a12)+04(BS3)(f0,Sl)
2.5%07(m C)J_rg_g(fs)+ (‘llz)Jr 6(BY 3)(fo:52)
14. 9+5 ()(m )+3'7(fs)+ (al_z)J—r3A7(Bl‘3)(f()’ S1)
3.538(m,) 03 (Fs) 03 (aly) 11 (BT, (f, S2)
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for the B.— K;(1430)"K*° modes, Br(B, —
K;(1430)" K™%)g, < Br(B, — K;(1430) " K*0),. It
should be stressed that once these predicted BRs and the
relevant relations could be tested by the experiments in the
near future, this could provide the great opportunities for us
to explore the physical properties of the scalars K; and the
corresponding annihilation decay mechanism.

For the AS = 1 channels B, — Kj(m, 7)) and B, —
K(p, w, ¢), all the theoretical BRs in the pQCD approach
are in the range of 10~3-10~7 within the theoretical errors
except for Br(B., — K;(1430)(p, w))s; ~ 107° though
they are CKM suppressed (V,, = 0.22), which will be
confronted by the ongoing and forthcoming relevant ex-
perimental measurements. Because of the contributions
from the same component, i.e., uii, and few differences
of the decay constants and masses between p° and w,
which result in the similar BRs for B, — K| p? and B, —
Kf;w in the considered scenarios. Moreover, we find that
the simple relations Br(B, — K;'(7w*, p*)) =2 X
Br(B, — Kt (7 p°)) exist in our pQCD perturbative
calculations exactly and Br(B, — K;(1430)(m, p, ))s; >
Br(B. — K;(1430)(m, p, w))s,. ~ However,  Br(B. —
K;(1430)" ¢)s; < Br(B, — K;;(1430)" ¢p)s,, whose pat-
tern agrees well with that obtained by Kim, Li, and
Wang in Ref. [11].

For B, — K;" (0, n') decay modes, based on the pQCD
numerical results, we have the following remarks: In this
sector, both of the components 7, and 7, in 7 and 75’
contribute to these channels but with different coefficients
even opposite sign. For B, — k* 1) decays, the two parts
of contributions make a constructive interference to the
branching ratio of B, — k™ n, while a destructive interfer-
ence to that of B, — k¥ n’, which eventually results in
Br(B, — k'n) = 5 X Br(B, — «k*%'). This pattern is
very like that of B— K*n and K*n' decay channels
[1,7]. For B, — K;(1430)* n) modes, unlike the B, —
«" "), both of them are determined mainly by the factor-
izable contributions of the =, term, which leads to
Br(B, — K;(1430)* ) ~ Br(B, — K;(1430)" n/)within
the theoretical errors in both scenarios. Meanwhile, it is
interesting to note that Br(B, — K;(1430)" n")g; < Br
(B, — K;(1430)* n")g, while Br(B. — K;(1430)" 7)>
Br(B. — K;(1430)" %) in both scenarios, where only the
central values are quoted for comparison. Because of
the small BRs ( < 107°) for B, — KS*n(/) decays, all the
above theoretical pQCD predictions of the BRs and the
physical relations are expected to be examined in the forth-
coming Super-B experiments.

C.B.— f(P,V) and B, — f'(P, V) decays

As mentioned in the above sections, it is well known that
the identification of the structure of these neutral scalar
mesons f and f is very difficult, which is a long-standing
puzzle not yet resolved either by experimentalists or by
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theorists. Although various scenarios on their component
have been proposed, by considering the feasibility of fac-
torization approach, we here assume these considered sca-
lars to be only gg bound states.

For the considered 16 B, — (f, f')(P, V) decays, the
numerical pQCD predictions have been displayed in
Tables I, II, III, 1V, V, VI, VII, and VIIIL. For the f and
/', the quarkonia component has been proposed, which can
be seen in Egs. (2) and (3). For the AS = 0 processes B, —
(f, /)7, p*), we use the pure ¢g states f¢ in f and f’ to
calculate the BRs in the pQCD approach and obtain the
numerical results, in which one can find that the BRs of
B.— (7", p™)(f,(1370), £,(1500))(¢g) are in the order of
10~% within the theoretical errors in both scenarios and
within the reach of the LHCb experiments [38], while the
BRs of B, — (7, p*)(o, fo)(qg) are highly below the
experimental reach of LHCb at CERN. Here, we have
assumed that o and f(1370) have the similar decay con-
stant and light-cone distribution amplitudes as f, and
f0(1500), respectively.

As mentioned in Sec. II, since the experimental con-
straints indicate that the mixing angle 6, between o and f,
lies in the range of [25°,40°] or [140°, 165°] [31], then the
pQCD predictions of the BRs for B, — 7" (o, f,,) decays
with mixing patterns can be read

Br(B,— 7" o)

_[(1.9~2.6)x1077

~{ for 25° < 6, < 40°
(1.9~3.0) X 1077

for 140° < 6, < 165°,
(70)

Br(B. — 7" fo)

_ {(0.3 ~0.8) X 1077
(0.1 ~0.8) X 1077

for 25° < 6, < 40°
for 140° < 8, < 165°,

(71)
where only the central values are quoted, so are the similar
cases in the following text unless otherwise stated.

Likewise, the pQCD predictions of the BRs for B, —
p (o, fo) decays are as follows:

Br(B. — po)

_ {(0.9 ~1.3) X 1077
(0.9~ 1.5) X 1077

for 25° < 0, < 40°
for 140° < 6, < 165°,

(72)

Br (Bc - p+f0)

_[(0.1~0.3)x 1077

~{ for 25° < f, < 40°
(0.05~0.3) X 1077

for 140° < 6, < 165°.
(73)

According to Ref. [32], f,(1370) and f,(1500) mixing
has the following form:
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fo(1370) = 0.78f + 0.51f3,

(74)
Fo(1500) = —0.547¢ + 0.84f5,

where we neglect the possible small or tiny scalar glueball
components in the present paper and leave them for future
study. Then the pQCD predictions of the BRs for B, —
7t (fo(1370), £,(1500)) decays can be read,

—6

Br(B, — 7 f,(1370)) = {é:g i }8_7 gg (75)
-6

Br (B, — 7" £,(1500)) ~ { S RORp gg (76)

Likewise, the pQCD predictions of the BRs for B, —
p " (fo(1370), £,(1500)) decays are

-6

Br(B.— p* 1370 = {01000
—6

Br(B. = p"fu1500) = {50 % 100 Gy O9)

For the AS = 1 processes B, — KT (f, f') decays, the
BRs in the pQCD approach based on the pure ¢g state f¢ or
pure s5 one f} of the scalars f and f” are given in Tables II,
IV, VI, and VIIIL. One can observe straightforwardly from
the tables that all the BRs for B, — K™* (£, ') channels
are in the order of 1078-10"7 except for B, —
K** f,(1500) in S1 though which is CKM suppressed.
But, if the branching ratio of 107® for B, —
K** f(1500) decay can be detected by the experiments,
it is doubtless that the scalar meson f,(1500) is dominated
by the 55 component. When we consider the mixing form
for the scalars f and f’, the CP-averaged BRs for B, —
K" (f, f) decays within the pQCD approach have been
calculated and shown in Egs. (79)—(86):

Br(B,— K*'o)

_ {(2.0 ~2.0) X 1077
(0.5~ 1.1)x 1077

for 25° < 0, < 40°
for 140° < 6, < 165°,

(79)

Br (Bc - K+f0)

_ {(0.2 ~0.5)x 1077
(0.6~ 1.4) X 1077

for 25° < 0, < 40°
for 140° < 6y < 165°;

(80)

Br(B, — K™ o)

_ {(3.0 ~3.5) %1077
(0.06 ~ 0.8) X 1077

for 25° < 6, < 40°
for 140° < 6, < 165°,

81)
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Br(B. — K™ fo)

_ {(0.1 ~0.6) X 1077
(2.7~3.4)x 1077

for 25° < 6, < 40°
for 140° < 6, < 165°;

(82)
Br(B, — K™ f,(1370)) = { }:g i 18:; gg (83)
Br(B, — K* f4(1500)) = {Z; i }8:; gg (84)
Br (B, — K™ fo(1370) =~ { £ o oy 69
Br (B, — K** 4(1500)) = {;‘2‘ 9 18:3 83 (86)

Hence, based on the numerical results shown in Tables I,
II, V, and VI, and Egs. (70)—(73) and (79)—(82), it is evident
that the theoretical implications on the components of o
and f, in the light scalar nonet cannot be provided by
the small pQCD predictions on the short-distance
contributions of B. — (7, K™, p™, K**)(0, f,) decays.
However, once the large BRs above 107 for AS =0
processes B, — (7", p)(f,(1370), f,(1500)) in both sce-
narios and AS = 1 B, — K** f,(1500) decay in scenario 1
could be measured in the ongoing LHCb or the forthcom-
ing Sper-B experiments, they may help determine the
components, the ratios of quarkonia, and the preferred
scenario by the experiments for these two considered scalar
f0(1370) and f,(1500) mesons, respectively.

Frankly speaking, for many considered pure annihilation
B, decays with BRs of or below 1077, it is still hard to
observe them even in LHC due to their tiny decay rates.
Their observation at LHC, however, would mean a large
nonperturbative contribution or a signal for exotic new
physics beyond the SM. It is worth stressing that the
theoretical predictions in the pQCD approach still have
large theoretical errors induced by the still large uncertain-
ties of many input parameters. Any progress in reducing
the error of input parameters, such as the Gegenbauer
moments a; of the pseudoscalar or vector mesons distribu-
tion amplitudes, B; of the scalar mesons distribution am-
plitudes and the charm quark mass m,., will help us to
improve the precision of the pQCD predictions. We do
not consider the possible long-distance contributions, such
as the rescattering effects, although they should be present,
and they may be large and affect the theoretical predic-
tions. It is beyond the scope of this work and expected to be
studied in the future work.

V. SUMMARY

In summary, we studied the two-body charmless
hadronic B. — SP, SV decays by employing the pQCD

054029-14



LIGHT SCALAR MESONS AND CHARMLESS HADRONIC ...

factorization approach based on the k; factorization theo-
rem. These considered decay channels can occur only via
the annihilation diagrams and they will provide an impor-
tant testing ground for the magnitude of the annihilation
contributions and implications to the mechanism of anni-
hilation decays. Based on the assumption of two-quark
structure of the light scalars, we make the theoretical
predictions on the CP-averaged branching ratios of con-
sidered B, — SP, SV channels. In turn, we could obtain
the implications on the component and physical properties
of the light scalar mesons through the experimental mea-
surements on these considered charmless hadronic B, de-
cays. Furthermore, these decay modes might also reveal
the existence of the exotic new physics scenario or non-
perturbative QCD effects.

The pQCD predictions for CP-averaged branching ra-
tios are displayed in Tables I, II, III, 1V, V, VI, VII, and
VIII. From our numerical evaluations and phenomenologi-
cal analysis, we found the following results:

(1) The pQCD predictions for the branching ratios vary

in the range of 107> to 1078, Many decays with a
decay rate at 10~° or larger could be measured at the
LHCb experiment.

(i) For B.— SP, SV decays, the branching ratios of
AS = 0 processes are basically larger than those of
the AS = 1 ones. Such differences are mainly in-
duced by the CKM factors involved: V,; ~ 1 for the
former decays while V,, ~ 0.22 for the latter ones.

(iii) Analogous to B — K*n) decays, we find Br(B, —

kt7n) ~5 X Br(B, — k" n'). This difference can
be understood by the destructive and constructive
interference between the 7, and 7, contribution to
the B, — k" ' and B, — k™ 7 decay, respectively.

(iv) For B, — K;(1430)n") channels, the branching ra-
tios for these two decays are similar to each other in
both scenarios, which is mainly because the factor-
izable contributions of the 7, term play the domi-
nant role and are expected to be tested by the
forthcoming Super-B experiments.

PHYSICAL REVIEW D 82, 054029 (2010)

(v) If ay and « are the gg bound states, the pQCD
predicted BRs for B. — ay(, p) and B, — kK*)
decays will be in the range of 1071073, which are
within the reach of the LHCb experiments and ex-
pected to be measured.

(vi) For the a((1450) and K;(1430) channels, the BRs
for B, — ay(1450)(m, p) and B, — Kj(1430)K™
modes in the pQCD approach are found to be of
order (5-47) X 107° and (0.7 ~ 36) X 1079, re-
spectively. A measurement of them at the predicted
level will favor the structure of ¢g for the ay(1450)
and K;;(1430) and identify which scenario is
preferred.

(vii) Because only tree operators are involved, the

CP-violating asymmetries for these considered
B, decays are absent naturally.

(viii) The pQCD predictions still have large theoretical
uncertainties, induced by the uncertainties of in-
put parameters.

(ix) We here calculated the branching ratios of the pure
annihilation B, — SP, SV decays by employing the
pQCD approach. We do not consider the possible
long-distance contributions, such as the rescattering
effects, although they may be large and affect the
theoretical predictions. It is beyond the scope of
this work.
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