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The hadronic charmless B decays into a scalar meson and a pseudoscalar meson are studied within the
framework of QCD factorization. Based on the QCD sum rule method, we have derived the leading-twist
light-cone distribution amplitudes of scalar mesons and their decay constants. Although the light scalar
mesons f,(980) and a(980) are widely perceived as primarily the four-quark bound states, in practice it is
difficult to make quantitative predictions based on the four-quark picture for light scalars. Hence,
predictions are made in the 2-quark model for the scalar mesons. The short-distance approach suffices
to explain the observed large rates of f,(980)K ™ and f,(980)K° that receive major penguin contributions
from the b — ss5 process. When f,(980) is assigned as a four-quark bound state, there exist extra
diagrams contributing to B — f,(980)K. Therefore, a priori the f,(980)K rate is not necessarily
suppressed for a four-quark state f(980). The predicted B® — ag (980)7™ and ag (980)K ~ rates exceed
the current experimental limits, favoring a four-quark nature for a,(980). The penguin-dominated modes
ay(980)K and a((1450)K receive predominant weak annihilation contributions. There exists a twofold
experimental ambiguity in extracting the branching ratio of B~ — f30(1430)77_, which can be resolved
by measuring other K;;(1430)7 modes in conjunction with the isospin symmetry consideration. Large
weak annihilation contributions are needed to explain the K;j(1430)7 data. The decay B’ — kTK~
provides a nice ground for testing the 4-quark and 2-quark nature of the xk meson. It can proceed through
W-exchange and hence is quite suppressed if « is made of two quarks, while it receives a tree contribution
if k is predominately a four-quark state. Hence, an observation of this channel at the level of = 1077 may
imply a four-quark assignment for the x. Mixing-induced CP asymmetries in penguin-dominated modes
are studied and their deviations from sin2 are found to be tiny.
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I. INTRODUCTION

The first charmless B decay into a scalar meson that has
been observed is B — f(980)K. It was first measured by
Belle in the charged B decays to K* 77~ and a large
branching fraction product for the f,(980)K= final states
was found [1] (updated in [2,3]) and subsequently con-
firmed by BABAR [4]. Recently, BABAR has searched for
the decays B — agm and B — ayK for both charged and
neutral ay mesons [5]. Many measurements of B decays to
other p-wave mesons such as K;(1430), f,(1370),
fo(1500), a;(1260), f,(1270), a,(1320), and K;(1430)
have also been reported recently by both BABAR [6-9]
and Belle [2,3,10,11]. The experimental results for the
product of the branching ratios B(B — SP) and B(S —
P, P,) are summarized in Table I, where S and P stand for
scalar and pseudoscalar mesons, respectively.

These measurements should provide information on the
nature of the even-parity mesons. 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. [13-15]).
Studies of the mass spectrum of scalar mesons and their
strong as well as electromagnetic decays suggest that the
light scalars below or near 1 GeV form an SU(3) flavor
nonet and are predominately the g>g> states as originally
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advocated by Jaffe [16], while the scalar mesons above
1 GeV can be described as a gg nonet with a possible
mixing with 0" gg and glueball states. It is hoped that
through the study of B — SP, old puzzles related to the
internal structure and related parameters, e.g. the masses
and widths, of light scalar mesons can receive new under-
standing. For example, it has been argued that a best
candidate to distinguish the nature of the ay(980) scalar
is B(B~ — ay 7°) since the prediction for a four-quark
model is 1 order of magnitude smaller than for the two-
quark assignment [17].

One of the salient features of the scalar meson is that its
decay constant is either zero or small of order m; — m,,
mg — my,. Therefore, when one of the pseudoscalar me-
sons in B — PP decays is replaced by the corresponding
scalar, the resulting decay pattern could be very different.
Consider the decays B — a((980)7 as an example. It is
expected that T'(B* — af 7°) < I'(B* — adn™) and
I'(B*— afn™) <T(B"— ay7") as the factorizable
contribution proportional to the decay constant of the
scalar meson is suppressed relative to the one proportional
to the pseudoscalar meson decay constant. This feature can
be checked experimentally.

Experimentally, BABAR [7] and Belle [2] have adopted
different approaches for parametrizing the nonresonant
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TABLE 1. Experimental branching ratio products (in units of 107°) of B decays to final states containing scalar mesons. The third
error whenever occurred represents the model dependence.

Mode BABAR [4-9] Belle [2,3,10-12] Average
B(BT — ont) <4.1 <4.1
B(B* — f4(980)K ") B(f((980) — 7 7™) 9.3+ 1.0=0593¢° 8.8 0.8 =0.759¢ 2 9.170%
B(B* — f,(980)K*)B(f((980) — K*K~) <29 <29
B(B® — £,(980)K°)B(f((980) — 7" 77) 55+0.7*0.6 7.60 = 1.66 + 0.5910:48 59+0.8
B(B* — f,(980)7)B(f,(980) — 77 ) <3.0 <3.0
B(B* — ad(980)K*)B(a(980)° — na) <2.5 <2.5
B(B* — a (980)K°)B(ay(980)" — n=™) <3.9 <3.9
B(B* — a5(980)7")B(ay(980)° — n=°) <5.8 <5.8
B(B® — ay (980)K*)B(ay(980)~ — ™) <2.1 <l1.6 <1.6
B(B® — a)(980)K°)B(a((980)° — n) <7.8 <7.8
B(B® — ag (980)7*)B(ay(980)* — nar™) <5.1 <2.8 <2.8
B(B* — fo(1370)K*)B(f((1370) — 7 7) <10.7 <10.7
BB — fo(1370)7r1)B(f(1370) — 7 77) <3.0 <3.0
BB — fo(1500)K*)B(f((1500) — 7 77) <44 <44
B(B* — K;°(1430)7 ") B(K;(1430) — Kt 7~) 34.4 = 1.7 = 1.870° 27.9 + 1.8 = 2.6783¢

51+ 1.4+05%0%

B(B® — K+ (1430)7 " )B(K; " (1430) — K°7") 30.8 = 2.4 + 24798 30.8%33
BB — K" (1430)7 ) B(K;;* (1430) — K 7°) 11.2 = 1.5 =35 11.2 +3.8¢
B(B® — K;°(1430)7°)B(K;0(1430) —» K" 77) 79+ 1.5=*27 7.9 + 3,14

*The previously published results are (9.2 = 1.272:1) X 107® by BABAR [4] and (7.6 = 1.271:§) X 107 by Belle [2].

"The BABAR result is for B* — (K7);’m" followed by (Km);” — K* 7~ The (K7);’ component consists of a nonresonant effective
range term plus the K80(1430) resonance itself. Using the knowledge of the composition of the K30(143O) component, BABAR
obtained the branching ratio of B™ — K;°(1430)7™" as shown in Eq. (2.4).
“Two solutions with significantly different branching ratios of the B™ — K, (1430)°7* channel but similar likelihood values were
obtained by Belle from the fit to K* 7" 7~ events [2]. A new Belle measurement of K* 7" 7~ yields 32.0 = 1.0 = 2.4%{-} for the

larger solution [3].

9The results B(B? — K§*t(1430)7 ) B(K;;(1430) — K*7% =(.1=% 1.5f3:?) X 1076 and B(B° — Kgo(1430)770).’3(K;°(1430) —
Kta) = (6.li}‘§fg'g) X 1079 are quoted in [8] as Belle measurements, but they will not be included for the average as we cannot

find these results in any Belle publications.

amplitudes in the 3-body decays B* — K* 7" 7. Belle
found two solutions with significantly different fractions of
the BY — K;(1430)°7* channel from the fitto K* 7 * 7~
events. At first sight, it appears that the solution with the
larger branching ratio, namely, B(B™ — K;;(1430)°7 ") ~
45 X 107% [see Eq. (2.4) below], is preferable as it is

consistent with the BABAR measurement and supported
by a phenomenological estimate in [18]. However, since
the counterpart of this decay in the 2 pseudoscalar produc-
tion, namely, Bt — K%z has a branching ratio of order
24 X 107 [19], one may wonder why the K37 produc-
tion is much more favorable than K7, while the K;°7°

TABLE II.  Experimental branching ratios (in units of 107®) of B decays to final states
containing scalar mesons.

Mode Br Mode Br
B(B" — on™) <4.1 B(B® — £,(980)K?) 11.1+24
B(B* — f,(980)7™") <5.7 B(B® — ag (980)7*) <3.3°?
B(B* — £,(980)K ™) 17.1433 B(B" — af)(980)K?) <9.2
B(B* — ab(980)7™") <6.9 B(B® — ay (980)K™) <1.9
B(B* — ad(980)K™) <3.0 B(B® — K;°(1430)7°) 127 +54
B(B* — ag (980)K?) <4.6 B(B® — K3 (1430)7") 47.2+3§
B(B* — K°(1430)7™) 38.214¢

*Experimentally, one cannot separate BY from B° decays, though theoretical calculations
indicate ['(B — aj 7~) < I'(B" — ay ™) (see Table V).
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TABLE III. Experimental results of direct CP asymmetries in B decays to final states containing scalar mesons.

Mode BABAR [7-9,21] Belle [2,3,22,23] Average
B* — f,(980)K* 0.09 = 0.10 = 0.03%214 —0.077 = 0.065 = 0.030-5:34 —0.020+0.968
BY — £,(980)K° 0.24 = 0.31 £ 0.15 —0.23 £0.23 £0.13 —0.06 £ 0.21
Bt — £,(980)7 ™" —0.50 £ 0.54 = 0.06 —0.50 = 0.54
BY — K;(1430) 7" —0.06 = 0.0379% 0.06 = 0.05%3% —0.05%9%
B0 — Kyt (1430) 7~ —0.07 =£0.12 £ 0.08 —0.07 £0.14
B0 — K(*)O(1430)7T0 —0.34 £0.15 £0.11 —0.34 £0.19
mode is comparable to K°7° (see Table II). In this work, B(f,(980) — 7+ 7~) = 0.53 = 0.09,
we shall examine the Kj7 modes carefully within the 2.1

framework of QCD factorization [20].

Direct CP asymmetries in foK and K;(1430)7 modes
have been measured recently by BABAR and Belle (see
Table III). Since direct CP violation is sensitive to the
strong phases involved in the decay processes, the com-
parison between theory and experiment will provide infor-
mation on the strong phases necessary for producing the
measured direct CP asymmetries.

The layout of the present paper is as follows. In Sec. I,
we extract the absolute branching ratios of B — SP from
the measured product of the branching ratios B(B — SP)
and B(S — P,P,). The physical properties of the scalar
mesons such as the quark contents, decay constants, form
factors and their light-cone distribution amplitudes are
discussed in Sec. ITII. We then apply QCD factorization in
Sec. IV to calculate the branching ratios and CP asymme-
tries for B — SP decays. Section V contains our conclu-
sions. The factorizable amplitudes of various B — SP
decays are summarized in Appendix A). Based on the
QCD sum rule method, the decay constants and the
leading-twist light-cone distribution amplitudes of the sca-
lar mesons are evaluated in Appendices B and C,
respectively.

II. EXPERIMENTAL STATUS

The experimental results for the product of the branch-
ing ratios B(B — SP) and B(S — P, P,) are summarized
in Table I. Here we shall try to determine B(B — SP)
given the information on B(S — P,P,). The absolute
branching ratios for B — f;(980)K and f(980)7 depend
critically on the branching fraction of f,(980) — 7#. For
this purpose, we shall use the results from the most recent
analysis of [24], namely, I',, =64 = 8 MeV, 'k =
12+ 1MeV and T =80=*=10MeV for f,(980).

Therefore, |

(37.0 £ 1.8 = 1.9794 £ 4.1) X 107;
(45.0 £2.9 = 427137 + 48) X 1076, Belle (solution I),
(82220873 £0.9) X 107,

B(B* — K;(1430)°7") =

B(f,(980) — K*K~) = 0.08 = 0.01.

The  obtained ratio 7= B(f,(980) — 7t 7~)/
B(fy(980) —» K*K~)=~7.1 is consistent with the
result of r > 3.0f82‘7‘ inferred from the Belle measurements
of B(B" — fy(980)K" — w*7m K*) and B(BT —
fo(980)K™ — KtK~K™) (see Table I).

For a,, we apply the Particle Data Group (PDG) average
I'(ay — KK)/T(ay — 7n) = 0.183 = 0.024 [25] to ob-
tain

B (ay(980) — ) = 0.845 = 0.017. (2.2)
Needless to say, it is of great importance to have more

precise measurements of the branching fractions of f; and
ay. For K(;(1430) we have [25]

B (K — K*7~) = 20.93 = 0.10),
B(Kao . K07TO) = %(093 + 0.10).

As noted in Table I, Belle found two solutions for the
branching ratios of B* — Kj(1430)°7* from the fit to
B*Y — K* 7" 7~ events [2]. BABAR [7] adopted a different
approach to analyze the K™ 7" 7~ data by parametrizing
K;(1430)°7% and the nonresonant component by a
single amplitude suggested by the Large Aperture
Superconducting Solenoid spectrometer (LASS) collabo-
ration to describe the scalar amplitude in elastic K7 scat-
tering. As commented in [2], while this approach is
experimentally motivated, the use of the LASS parametri-
zation is limited to the elastic region of M(Kw) =<
2.0 GeV, and an additional amplitude is still required for
a satisfactory description of the data. Therefore, additional
external information is needed in order to resolve the
ambiguity in regard to the branching fraction of B* —
K;(1430)°7* [2,7]:

BABAR,
2.4)
Belle (solution II),

where the fourth error is due to the uncertainty on the branching fraction of K;;(1430) — K= [see Eq. (2.3)]. For the
BABAR result, the uncertainty on the proportion of the (K )" component due to the K;°(1430) resonance is also included

in the fourth error.
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As shown in Sec. IV B 3, the aforementioned ambiguity can be resolved by measuring other K;;(1430)7 modes. The
AI = 0 penguin dominance implies, for example, the isospin relation I'(B* — Ki’7*) = I'(B® — K" 7). The recent
measurements of the three-body decays B — K~ 7" 7° by BABAR [8] and B — K%z 7~ by Belle [12] yield [8,12]

B (BO — K2(1430)* 7) ={

It is clear that the isospin relation is well respected by both
BABAR and Belle measurements of K;’7" and K" 7~
and that the smaller of the two solutions found by Belle
(solution II) is ruled out.

Experimental measurements of direct CP asymmetries
for various B — SP decays are shown in Table III. We see
that BABAR and Belle results for direct CP violation are
consistent with zero.

III. PHYSICAL PROPERTIES OF SCALAR
MESONS

It is known that the underlying structure of scalar me-
sons is not well established theoretically (for a review, see
e.g. [13—15]). It has been suggested that the light scalars
below or near 1 GeV—the isoscalars f,(600) (or o),
f0(980), the isodoublet K;;(800) (or ), and the isovector
ay(980)—form a SU(3) flavor nonet, while scalar mesons
above 1 GeV, namely, f(1370), ao(1450), K;;(1430), and
f0(1500)/ f,(1710), form another nonet. A consistent pic-
ture [15] provided by the data suggests that the scalar
meson states above 1 GeV can be identified as a conven-
tional g4 nonet with some possible glue content, whereas
the light scalar mesons below or near 1 GeV form predom-
inately a ggg g nonet [16,26] with a possible mixing with
0" gg and glueball states. This is understandable because
in the ¢g quark model, the 0" meson has a unit of orbital
angular momentum and hence it should have a higher mass
above 1 GeV. On the contrary, four quarks ¢>§> can form a
0" meson without introducing a unit of orbital angular
momentum. Moreover, color and spin dependent interac-
tions favor a flavor nonet configuration with attraction
between the gq and g G pairs. Therefore, the 0" ¢*G> nonet
has a mass near or below 1 GeV. This four-quark scenario
explains naturally the mass degeneracy of f;(980) and
ay(980), the broader decay widths of ¢o-(600) and «(800)
than f,(980) and ay(980), and the large coupling of
f0(980) and @((980) to KK. The four-quark flavor wave
functions of light scalar mesons are symbolically given by
[16]

o = uidd, fo = ss(uun + dﬂ)/\/i,
1 - _
a8 = —Z(uﬁ — dd)ss, ag = udss, a, = diss,
kt = usdd, «° = dsui,
&0 = sdui, Kk~ = sidd. 3.1

This is supported by a lattice calculation [26].

(36.1 =48+ 11.3+3.9) X 107°;
(49.7 3.8 =3.8%12) X 1076,

BABAR,

Belle. 2.5)

[

While the above-mentioned four-quark assignment of
light scalar mesons is certainly plausible when the light
scalar meson is produced in low-energy reactions, one may
wonder if the energetic f,(980) produced in B decays is
dominated by the four-quark configuration as it requires to
pick up two energetic quark-antiquark pairs to form a fast-
moving light four-quark scalar meson. The Fock states of
£0(980) consist of gg, ¢>°G*, qgg, - - -, etc. Naively, it is
expected that the distribution amplitude of f;,(980) would
be smaller in the four-quark model than in the two-quark
picture.

In the naive 2-quark model, the flavor wave functions of
the light scalars read

1 _
g = ﬁ(uﬁ + dd), f() = S8,
1 - _
ag = %(uﬁ — dd), ag = ud, a, = di,
kT = us, k% = d5, R0 = sd, K~ = sil,

(3.2)

where the ideal mixing for f,, and o is assumed as f,(980)
is the heaviest and o is the lightest one in the light scalar
nonet. In this picture, f(980) is purely a s5 state and this is
supported by the data of D} — fymrt and ¢ — foy
implying the copious f(980) production via its s5 compo-
nent. However, there also exist some experimental eviden-
ces indicating that £,(980) is not purely a s5 state. First, the
observation of T'(J/¢h — fow) = iT(J/p— fod) [25]
clearly indicates the existence of the nonstrange and
strange quark content in f,(980). Second, the fact that
f0(980) and a,(980) have similar widths and that the f,
width is dominated by 777 also suggests the composition of
uit and dd pairs in f(980); that is, f,(980) — 77 should
not be OZI suppressed relative to ay(980) — 7.
Therefore, isoscalars o(600) and f;, must have a mixing

| £0(980)) = |s5) cosf + |ni1)sinb,

|(600)) = —|s5) sinf + |ni) cosé, (3.3)

with nii = (au + dd)/~/2.
Experimental implications for the f, — ¢ mixing angle
have been discussed in detail in [26-29]:
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/g — fod, fow =60 = (34%6)° or
R=403*0.14=6=(25.1*0.5)° or
R=163%046= 0= (42333 or

¢— fov. fo—yy=0=(5=%5° or
QCD sum rules and f, data = 6 = (27 = 13)° or
QCD sum rules and a, data = 0 = (41 = 11)° or

where R = g?. «rx-/8% + ~ measures the ratio of the
fo for @ L ..

£6(980) coupling to K"K~ and 7+ 7. In short,  lies in
the ranges of 25° < § <40° and 140° < 0 < 165°. Note
that the phenomenological analysis of the radiative decays
¢ — f1(980)y and f,(980) — yvy favors the second solu-
tion, namely, 6 = (138 = 6)°. The fact that phenomeno-
logically there does not exist a unique mixing angle
solution may already indicate that f,(980) and o are not
purely ¢gg bound states.

Likewise, in the four-quark scenario for light scalar
mesons, one can also define a similar f, — o mixing angle

|£5(980)) = |niis3) cosep + |uiidd) singp,
|o(600)) = —|niiss)sing + |uidd)cose.
It has been shown that ¢ = 174.6° [30].

(3.5)

A. Decay constants

To proceed we first discuss the decay constants of the
pseudoscalar meson P and the scalar meson S defined by

(P(PNZ2Yuv59110) = —ifpp .,

S(PNG27,9:110) = fspp, (81G24:10) = mgfs.
3.6)

If the scalar meson is a four-quark bound state, it is
pertinent to consider the interpolating current jg, for ex-
ample,

. 1 _ _

Jfr, = Efabcfdec[(MECYSSb)(MdYSCSeT) +(w—d)], 3.7
with a, b, ¢ - - - being the color indices and C the charge
conjugation matrix. The coupling of the scalar meson S to
the scalar current jg is parametrized in terms of the scalar
decay constant Fg defined by

(Sljsl0y = V2Fgm}.

The neutral scalar mesons o, f,, and ag cannot be
produced via the vector current owing to charge conjuga-
tion invariance or conservation of vector current:

f(rsz():fagzo'

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

(3.8)

(3.9

PHYSICAL REVIEW D 73, 014017 (2006)
6 = (146 = 6)°,

6 = (164.3 = 0.2)°,
6 = (158 = 2)°,
0= (138 = 6)°,

6 = (153 * 13)°,

6= (139 = 11)°,

(3.4)

. ms
my(u) — my(w)’

where m, and m; are the running current quark masses.
Therefore, contrary to the case of pseudoscalar mesons, the
vector decay constant of the scalar meson, namely, fg,
vanishes in the SU(3) or isospin limit. For example, the
vector decay constant of K;* (ag) is proportional to the
mass difference between the constituent s (d) and u quarks;
that is, the decay constants of K;(1430) and the charged
a(980) are suppressed. In short, the vector decay constants
of scalar mesons are either zero or small.

For light scalar mesons, only two estimates of Fg in the
four-quark scenario are available in the literature [31,32]
and all other decay constant calculations are done in the 2-
quark picture for light scalars. The results of Fg are [32]

F,=(7.5*10)MeV, F,=(1.6*0.3)MeV,
F; = F, = (1.1=0.1) MeV. @3.11)

0
‘We now turn to the model calculations in which the light
scalar is assumed to be a two-quark bound state. Based on
the finite-energy sum rule, Maltman obtained [33]

faos = L1 +£02MeV,  fo 50 = 0.7 = 0.1 MeV,
fr; =42%2 MeV, (3.12)

psfs=fs with pg= (3.10)

in accordance with the ranges estimated by Narison [34]
fay080) = 0.7-2.5 MeV, fk; = 33-46 MeV. (3.13)

A different calculation of the scalar meson decay constants
based on the generalized NLJ model yields [35]

fa0(980) = 1.6 MeV, fa0(1450) =04 MeV,

3.14
fx: =31 MeV. G194

Note that in [33,35] the a, decay constant is defined with
an extra factor of (m, — m,)/(m; — m,). We have taken
the quark masses m; = 119 MeV, m,; = 6.3 MeV, and
m, = 3.5 MeV at u = 1 GeV to convert it into our con-
vention. Based on the QCD sum rule method, a recent
estimate of the K{j(1430) scalar decay constant yields
fr: =427 £85MeV at u~1GeV [36] which corre-

sponds to fKS =34 +7 MeV.!

'The estimate by Chernyak [18], namely, f K = (70 =
10) MeV, seems to be too large.

014017-5



HAI-YANG CHENG, CHUN-KHIANG CHUA, AND KWEI-CHOU YANG

Because of the f, — o mixing, we shall treat f;, and o
separately. Just like the case of 1 and 7', each meson is
described by four decay constants:*

) I
(folaul0)y = ﬁmfofjio,

{folESlO) = mf'of;(),

1 3.15)

(oluul0)y = Emgfﬁ,

(ol5510) = m,f5,

or
n| — 1 n

(folaul0) = 7ol v

(fol3sl0) = my, [, (3.16)
1 -

(o"|aul0) = Nk i

(0°155]0) = m, f5,
where f{j, 0" = in and f}, o° = §s. It follows that [37]
ffo - f}o cosd,
ff, = —ff, siné.

Using the QCD sum-rule method, the scalar decay constant
f 4, defined in Eq. (3.16) has been estimated in [38,39] with
similar results, namely, f}o =~ 180 MeV at a typical had-
ronic scale. Taking into account the scale dependence of
f +, and radiative corrections to the quark loops in the OPE
series, we have made a careful evaluation of the scalar
decay constant in [40] using the sum rule approach. Our
updated results for f}o and fao of order 370 MeV at u =
1 GeV (see Appendix B) are much larger than previous
estimates.” Note that taking f, = 1.1 MeV  from
Eq. (3.12) leads to f, (1 GeV) =~ 385 MeV, which is
also very similar to our estimate. Therefore, a typical scalar
decay constant of the scalar meson is above 300 MeV. In
Appendix B we give a complete summary on the sum rule
estimates of scalar meson decay constants.

_.?o - f?o sin,

B (3.17)
fo = focosb,

B. Light-cone distribution amplitudes

The twist-2 light-cone distribution amplitude (LCDA)
®g(x) and twist-3 P§(x) and P (x) for the scalar meson §
made of the quarks ¢,g; are given by

*Note that {a,|5s|0) = 0 even when ay is a four-quark bound
state. This is because §s is an isospin singlet while a, is an
isospin triplet. _ -

>The decay constants /4, and f7 have been determined
separately in using the sum rule approach and they are found
to be very close. Hence, for simplicity, we shall assume f7 =
/7, in the present work.
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1 . _
SPNG2(2)y udr 2)IO) = pe ﬁ dxe P2t Py (),

(S()1da(z2)q1(21)10) = mg fo et By (),
S(PN72(22) 0491210y = —mg(p,z, — Prz,)

o
X 1 dxeicpatipz) ®s (x),
0 6

(3.18)

with z = z, — 71, X = 1 — x, and their normalizations are

] L dxd(x) = £,
0 (3.19)

1 1 _
[ dxPi(x) = [ dx®(x) = fs.
0 0

The definitions of LCDAs given in Eq. (3.18) can be
combined into a single matrix element

(8(P)G25(z2)q14(21)10)
= 411 j(;l dxei(w'zﬁip'zl){ﬁq)s(x)

dY(x)

+ mS<CI>§(x) —0,,p*7 —)} g (3.20)

6

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

D (x, u) = fs(w)6x(1 —x)

X [BO(MH i B, (w)CY(2x — 1)} (3.21)

m=1

where B,, are Gegenbauer moments and C3? are the
Gegenbauer polynomials. The normalization condition
(3.19) indicates

By = p3', (3.22)

where we have applied Eq. (3.10) and neglected the con-
tributions from the even Gegenbaur moments. It is clear
that the B, term is either zero or small of order m; — m,, or
mg — my,, so are other even Gegenbaur moments [see also
Eq. (C3)]. For the neutral scalar mesons f, a8 and o, By =
0 and only odd Gegenbauer polynomials contribute. The
LCDA also can be recast to the form

Dy(x, p) = fs6x(1 —x)[l + s i B, (n)Ci/*(2x — 1)}

m=1

(3.23)

which we shall use for later purposes. Since wg >> 1 and
even Gegenbauer coefficients are suppressed, it is clear that
the LCDA of the scalar meson is dominated by the odd
Gegenabuer moments. In contrast, the odd Gegenbauer
moments vanish for the 7 and p mesons.
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When the three-particle contributions are neglected, the
twist-3 two-particle distribution amplitudes are determined
by the equations of motion, leading to

(I)O’ /
(1 - 29w = B
where use of Eq. (3.18) has been made. This means that we
shall take the asymptotic forms

D3(x) = fs, g (x) = fs6x(1 — x),

recalling that it has been shown to the leading conformal
expansion, the asymptotic forms of the twist-3 distribution
amplitudes are the same as that for the pseudoscalar me-
sons [41]. The corresponding light-cone projection opera-
tor of Eq. (3.20) in momentum space can be obtained by
assigning momenta [20]

(3.24)

(3.25)

];’2
ki = xp* + kY + = — pH,
2xp - p (3.26)
z .
ky = xp* — k' + pH,
TR

to the quark and antiquark in the scalar meson, where p is a
lightlike vector whose 3-components point into the oppo-
site direction of p. As stressed in [20], the collinear ap-
proximation for the parton momentum (e.g. k; = xp and
k, = Xp) can be taken only after the light-cone projection
has been applied. The light-cone projection operator of the
scalar meson in momentum space then reads

1 KK
= 3(#os +ms R )

where use of Eq. (3.25) has been made. By comparison, the
longitudinal part of the projection operator for the vector
meson is given by [42]

S
M5,

3.27)

) = =2 (g - eI Y

® ,
fv koK “(x)>

aB
(3.28)

where the definitions for the twist-3 function ®,,(x) and the
transverse decay constant f‘% can be found in [42].
Therefore, the hard-scattering kernels for SP mesons in
the final state can be obtained from those for VP by
performing the replacements fy®y(x) — iDg(x) and
myfi®,(x) = —img®$(x), recalling that the normaliza-
tion for ®y and ®,, is given by [42]

1 1
f dxdy(x) = 1, f dx®,(x) = 0.
0 0

Just as the decay constants for f((980) and o, their
LCDAs should also be treated separately. The twist-2 and

twist-3 distribution amplitudes ®¢ and ®Y* (¢ = n, 5),*
respectively, are given by

(3.29)

*The quark flavor s should not be confused with the super-
script s for the twist-3 LCDA ®3(x).
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1 A "
(S (P)i2)y,n(0)10) = p, ﬁ dxe <Y (),

(s) 5 — ! ixp'z )
(59(P)I5()y,5(0)10) = p, [0 dxe =Y (x),
(3.30)

(SO (Pa(n(0)]0) = m? fo ' dxe Pz (x),

SOOI = nf) [ dxer 0 @)

They satisfy the relations ®g(x) = —P (1 — x) due to
charge conjugation invariance (that is, the distribution
amplitude vanishes at x = 1/2) and ®§(x) = P(1 — x)
so that

1 (n,s) _ 1 (n,s)s _ Fns
dx® " (x) = 0, dx® " (x) s
0 0

with f¢* being defined in Eq. (3.16). Hence, the light-cone
distribution amplitudes for S = f, o read

<I>(S”’S)(x, w)=fe'6x(1—x) Z B (w)C*(2x — 1),
m=135,

(3.31)

(3.32)
The LCDAs are

Dy (x, u) = @ﬁ;;) cosf + @;’(’)) siné, (3.33)
D, (x, u) = — @Y sind + Y cosé.
Since the B, term in the LCDA for the charged a is of
order m; — m,, it can be safely neglected. Hence, in
practice we shall use the same LCDA for both neutral
and charged a scalar mesons.

Based on the QCD sum rule technique, the Gegenbauer
moments in Eq. (3.32) have been evaluated in [40] up to
m = 5. For an updated analysis, see Appendix C. Note that
our result faOBTU = —340 MeV is much larger than the
estimate of |fB|,, = 100 MeV at u = m,, inferred from
the analysis in [43] (see Eq. (52) of [43]).

For pseudoscalar mesons, the asymptotic forms for
twist-2 and twist-3 distribution amplitudes for pseuodsca-
lar mesons are

Dp(x) = fpox(1 — x), (I)I;(x) =fp

(3.34)
®I(x) = fpbx(1 — x).

C. Form factors

Form factors for B — P, S transitions are defined by [44]
ma — m2
PNV, IBp) = (P, = "2 g, JFEr(?)

2 2
mg —m

+ TP(],LF(?P(Cf)y

2 _ 2
(S(p)IA,IB(p)) = —i[(m - %q#)ﬂ”(w

m2 _ m2
+ %%ng(qz)} (3.35)
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where P, = (p +p'),, 9, = (p — p'),. As shown in
[45], a factor of (—i) is needed in B — § transition in order
for the B — S form factors to be positive. This also can be
checked from heavy quark symmetry [45].

Various form factors for B — § transitions have been
evaluated in the relativistic covariant light-front quark
model [45]. In this model form factors are first calculated
in the spacelike region and their momentum dependence is
fitted to a 3-parameter form

F(0)
1 = alg*/mp) + b(q*/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'V. Note that the calculation
of B to scalar meson form factors in [45] coauthored
by two of us is for the case where the scalar meson
is made of ¢g quarks. Since it is possible that
K5(1430), ao(1450), f((1500) are the first excited states
of k, ay(980) and f((980), respectively, we also extend
the calculation to the case where K;;(1430) and a((1450)
are first excited states by working out their wave functions
from a simple-harmonic-oscillator-type potential. The re-
sultant form factors are shown in Table IV.

Assuming that the light scalar mesons are the bound
states of gg, form factors for B to light scalar mesons also
can be estimated in this approach. Taking the decay con-
stants of f,(980) and ay(980) estimated in Appendix B, it
is found that the form factor of B to f,(980) or ay(980) is of
order 0.25 at g> = 0. Therefore, the form factor F g a0(980) g
not necessarily smaller than F§™. This is understandable
because the a,(980) distribution amplitude peaks at x ~
0.25 and x ~ 0.75 while the pion LCDA peaks at x = 1/2.
As pointed out in [43], since @, is more pronounced
towards the endpoints x =0 and x = 1, it can have a
greater overlap with the highly asymmetric wave function
of the B meson than the pion wave function can.
Consequently, the B to a((980) transition form factor is
anticipated to be at least of the same order as the B — 7

F(q*) =

(3.36)

PHYSICAL REVIEW D 73, 014017 (2006)

case. Note that based on the light-cone sum rules,
Chernyak [18] has estimated the B — a((1450) transition

form factor and obtained FgaO(MSO)(O) = 0.46, while our
result is 0.26 and is similar to the B — 7 form factor at
g* = 0. We will make a comment on this when discussing
the decay B — a (1450)7~ in Sec. IV B.

IV. B — SP DECAYS

A. Decay amplitudes in QCD factorization

We shall use the QCD factorization approach [20,42] to
study the short-distance contributions to the decays B —
f0(980)K, K;;(1430)7r, and aq, aoK for ay = ay(980) and
ay(1450). In QCD factorization, the factorization ampli-
tudes of the above-mentioned decays are summarized in
Appendix A. The effective parameters a! with p = u, ¢ in
Eq. (AS5) can be calculated in the QCD factorization ap-
proach [20]. 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 [20,42]

Ci+ Ci+ C o
P(M{M,) = ¢; + =L+ Z2L ZF5s |y iy
a; (M M) = ¢; N, N, 4= i(M5)
472 »
+ THi(MlMZ):| + P (M,), 4.1)
c
where i = 1, - - -, 10, the upper (lower) signs apply when i

is odd (even), c; are the Wilson coefficients, Cy = (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 vertex and penguin corrections for SP final states have
the same expressions as those for PP states and can be
found in [20,42]. Using the general LCDA

TABLE IV. Form factors of B — m, K, ao(1450), K;;(1430) transitions obtained in the cova-

riant light-front model [45].

F F0) Flgna) @ b F F(0) Flgna) a b
FB7 025 116 173 095 FB™ 025 086 084 0.0
FBK 035 217 158 068 FBK 035 080 071 004
FRaol40 026 068 157 070 | Fge!™Y 026 035 055 003
. 021 052"  1.66° 1.00° e 021t 033073t 009"
Fo 026 070 152 064 Fy0 026 033 044 005
021°  052°  1.59* 091° 021° 030" 059"  0.09"

*Form factors obtained by considering the scalar meson above 1 GeV as the first excited state of

the corresponding light scalar meson.
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Dy, ) = fubr(1 =] 1+ z @ (w)CCr = 1) |
4.2)

with a,, = ugB, for the scalar meson [see Eq. (3.23)] and
applying Eq. (37) in [42] for vertex corrections, we obtain
(apart from the decay constant f,;)

| 1
VM) = 121022 — 18 — = = 3im + (= — 3im |
M 2 2

21, 79  2iw
——a¥ + My.. 4.3

20 <36 3 )a* (4.3)
fori=1-409, 10,

1 11
V(M) = —121n™ + 6 — - — 3im — (— — 3i77>a’1”
N 2 2
21 79 2w
g (2N 4.4
20" (36 3 )“3 44
for i = 5,7 and V;(M,) = —6 for i = 6,8 in the naive
dimensional regularization scheme for 5. The expressions
of V(M) up to the e} term are the same as that in [20].
As for the hard spectator function H, it reads

f+'(())2 fld—p‘I’B(P) fld——gq’Mz(f)
Mz

X ﬁ d:[(DMI(TI)+rX gcbml(n)} @5)

H;(M\M,) =

fori=1-409, 10,

i (. ((I)Mq(x)(I)Ml(y)[‘(l X9
4 f {(@M(x)@%(y)[}(l L

+ = R, (0@, () 2);
+ &1+ 1 D, WP, () 2);
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1 d
T o 20 0

X ﬁ 7[<I>M,(n)+r¥éd>ml(n)} (4.6)

H,(M\M,)=

fori=>5,7and H; = 0 fori = 6,8, where £ = 1 — ¢ and
n=1-mn, &, (D,) is the twist-2 (twist-3) light-cone
distribution amplitude of the meson M. The ratios r%, rY,
and r} are defined in Eqs. (A4) and (Al). As shown in
Appendix A, the factorizable amplitudes Apg and Agp have
an opposite relative sign [see Eq. (A3)] and one has to
replace rX by —r)S( when M, is a scalar meson. This
amounts to changing the sign of the first term in the
expression of H;(M;M,) for a scalar meson M.

Weak annihilation contributions are described by the
terms b;, and b; gy in Eq. (A5) which have the expressions

by = NzclAi, by = Nz[c3A' +cs(AL+ AD) + NoceAl]
Cr i Cr i
bZZWCQA , b4=m[C4Al +C6A'2:|,
y 4.7)
by pw = N2 [CgA +c7(AL + A) + N.cgAl],
C
C ) .
bypw = N*[;[CloA'l + c3Al],
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 are given by

for Mle = PS,
for M1M2 = SP,

. (=@, Py, Wiz + 2] + 1Y 1Y P, (0D, () g>~ for MM, = PS,
A2 (- (I)Mz(x)(I)M ()’)[X(l ) Lz] rf‘ rXZ(I)mZ(x)(I)ml(y) ) for M\M, = SP,
_ (A1 Dy, (0D, 0) 5 ot Dy, ()P, (x) wis)  for MiMs = P, (4.8)
( er(I)Mz(x)(I)ml(y) xy(l x9) + r)(chMl (y)q)mz(-x) oy(- xv)) for M1M2 = SP’
_ ("qu)Mz(x)‘I)ml(Y) 2(1+x) ZCI)MI P, (x) Z(H))), for M\M, = PS,
( er(I)Mz(x)(I)ml(y) 2(1+X) +r Z(DMI ()’)‘sz(x) )?y(l—xy')); for M1M2 = SP,
Al = Ag 0,
where [« = 7ay [ (1) dxdy,x =1 —xandy = 1 — y. Note that we have adopted the same convention as in [42] 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 pseudoscalar mesons and keeping the LCDA of the scalar meson to the
third Gegenbaur polynomial in Eq. (3.23), the annihilation contributions can be simplified to
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18 3

AL(PS) = prfsﬁas{9/.LS[Bl(3XA +4 -7+ B3(10XA +—= - —77'2)} - rirﬁXﬁ},

. 2956 100
AZZ(PS) =~ ZfPfswaJ'{_9MS|:Bl(XA + 29 — 3772) + B3<XA + — = —7Tz>i| + rir;Xﬁ},

2

9 3 (4.9)

. T 19 191 72 ?

AL(PS) = 6fp fsﬂ-asXA{rf;,uS[Bl@XA —11) + B3<20XA

for MM, = PS, and
AL(SP) = AL(PS),
AL(SP) = —AL(PS),

AL(SP) = Al (PS),

f ¢ (4.10)
AL(SP) = A(PS),
for MM, = SP, where the endpoint divergence X, is
defined in Eq. (4.11). As noticed in passing, for neutral
scalars o, fo, and af, one needs to express fsrs by fs7S
and fyug by fg. Numerically, the dominant annihilation
contribution arises from the factorizable penguin-induced
annihilation characterized by Ag . Physically, this is be-
cause the penguin-induced annihilation 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 [20], 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 endpoint
divergences. For example, the annihilation amplitude has
endpoint divergences even at twist-2 level and the hard
spectator scattering diagram at twist-3 order is power sup-
pressed and posses 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 [20] to parametrize the end-
point divergence X, = [ \dx/x in the annihilation
diagram as

X, = 1n<@>(1 + paei®n),

Ay

with the unknown real parameters p, and ¢,. Likewise,
the endpoint divergence X in the hard spectator contribu-
tions can be parametrized in a similar manner.

Besides the penguin and annihilation contributions for-
mally of order 1/m,,, there may exist other power correc-
tions which unfortunately cannot be studied in a
systematical way as they are nonperturbative in nature.
The so-called ““‘charming penguin’ contribution is one of

(4.11)

3 18

|- rex -l

{
the long-distance effects that have been widely discussed.
The importance of this nonpertrubative effect has also been
conjectured to be justified in the context of soft-collinear
effective theory [46]. More recently, it has been shown that
such an effect can be incorporated in final-state interac-
tions [47]. However, in order to see the relevance of the
charming penguin effect to B decays into scalar reso-
nances, we need to await more data with better accuracy.

B. Results and discussions

While it is widely believed that f,(980) and a,(980) are
predominately four-quark states, in practice it is difficult to
make quantitative predictions on hadronic B — SP 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 conventional quark model
but also additional nonfactorizable contributions that are
difficult to estimate (an example will be shown shortly
below). Hence, we shall assume the two-quark scenario
for £,(980) and a((980).

For form factors we shall use those derived in the
covariant light-front quark model [45]. For Cabibbo-
Kobayashi-Maskawa quark-mixing matrix (CKM) ele-
ments we use the updated Wolfenstein parameters A =
0.825, A =0.2262, p = 0.207 and 7 = 0.340 [48]. For
the running current quark masses we employ

my(my) = 4.2 GeV,  m,(2.1 GeV) = 4.95 GeV,
my,(1 GeV) = 6.89 GeV,  m,(m,) = 1.3 GeV,

m.(2.1 GeV) = 1.51 GeV, (4.12)
m (2.1 GeV) =90 MeV, m (1 GeV) = 119 MeV,
my(1 GeV) = 6.3 MeV, m,(1 GeV) = 3.5 MeV.

The strong coupling constants are given by
ay(2.1 GeV) = 0.303, a,(1 GeV) = 0.517, (4.13)

corresponding to the world average a,(m,) = 0.1213 [25].

The calculated results for branching ratios and CP
asymmetries are exhibited in Tables V, VI, VII, and
VIIL® In these tables we have included theoretical errors

5B decays into light scalar mesons are not listed in Tables VI
and VIII as we do not have a handle for light scalars made of four
quarks as explained in the text.
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TABLE V. Branching ratios (in units of 107°) of B decays to final states containing scalar mesons. 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. The
predicted branching ratios of B — f,(980)K, f,(980)r are for the f; — o mixing angle § = 155°. For light scalar mesons f(980),
a((980), and « we have assumed the 2-quark content for them. The scalar mesons ay(1450) and Kj(1450) are treated as the first excited
states of ay(980) and «, respectively, corresponding to scenario 1 explained in Appendices B and C. Experimental results are taken

from Table II.

Mode Theory Expt Mode Theory Expt
B~ — fo(980)K~ 15.678373145% 17.1733 B — fo(980)K° 13.3503555751 11.2+24
B~ — fo(980)7~ 0.9266703500 <5.7 B’ — f,(980)7" 0.032551 5060001
B~ — a}(980)K "~ 22431401478 <3.0 B — ag (980)K~ 4351050 <1.9
B~ — a, (980)K° 4.9114118+4161 <4.6 B" — af(980)K" 24101409478 <9.2
B~ — al(980) 7~ 3410200004 <6.9 B® — ag (980)7 7.610 12042 <33*®
B~ — a; (980)7° 0.2+01+00+02 B — a; (980) 7 0.6702+01+07
S B — al(980)7° 0.2541+0.0+01
B~ — aY(1450)K ~ 5.6722+33+8¢ B° — af (1450)K ~ 1117357837103
B~ — a; (1450)K° 14.15782+189 B — af(1450)K° 6.6723739+20
B~ — ab(1450)7~ 4159301 0x13 B? — ag (1450)7~ 12.9+33+24+100
B~ — ay (1450)7° 0.6°03701703 B’ — a; (1450)7* 0. 1501408500
B® — a3(1450)7° 0.3*034 0102
B~ — K(1430)7~ L0890 1% 38.274¢ B® — K (1430)7* L1983 47.2*38
B~ — K~ (1430)7° 0.3703703+83 B® — K;°(1430)7° 0.6703759+58 12.7 + 5.4

*The cited upper limit 3.3 X 1076 is for B — a; (980)7~.

arising from the uncertainties in the Gegenbauer moments
By 5 (cf. Appendix C), the scalar meson decay constant fg
or fs (see Appendix B), the form factors F5P5S, the quark
masses and the power corrections from weak annihilation
and hard spectator interactions characterized by the pa-
rameters X, and Xy, respectively. For form factors
we assign their uncertainties to be §FBPES(0) = +0.03,
for example, FEK(0)=035+0.03 and F; °(0)=
0.26 = 0.03. The strange quark mass is taken to be
my(2 GeV) = 90 * 20 MeV. For the quantities X, and
Xy we adopt the form (4.11) with p, i = 0.5 and arbitrary
strong phases ¢, 5. Note that the central values (or “de-

fault” results) correspond to p4 y = 0 and ¢, 5 = 0.
To obtain the errors shown in Tables V, VI, VII, and VIII,
we first scan randomly the points in the allowed ranges of

TABLE VI
corresponding to scenario 2 explained in Appendices B and C.

the above six parameters in three separated groups: the first
two, the second two and the last two, and then add errors in
each group in quadrature. Therefore, the first theoretical
error shown in the Tables is due to the variation of B, 5 and
fs, the second error comes from the uncertainties of the
form factors and the strange quark mass, while the third
error from the power corrections due to weak annihilation
and hard spectator interactions.

Just like the B decays into PP or VP final states in the
QCD factorization approach [20,42], the theoretical errors
are dominated by the 1/m;, power corrections due to weak
annihilation. However, it is clear from Tables V-VI that
the theoretical uncertainties in decay rates due to weak
annihilation in some B — SP decays, e.g. B—
ao(980)K, a((1450)K and K;j(1430)7r can be much larger

Same as Table V except that the mesons ay(1450) and K;;(1450) are treated as the lowest lying scalar states,

Mode Theory Expt Mode Theory Expt
B~ — aY(1450)K~ 0.2703+0.1+17.6 B° — ag (1450)K~ 0.3 031364
B~ — a; (1450)K° 0.1+06+03+359 B® — af(1450)K" 0130335766
B~ — ab(1450)7~ 25703409+ 12 B’ — ag (1450)7~ 31509308
B~ — ay (1450)7° 11704301+ 11 B — a; (1450)7* 0.5+03+02+28
B — af(1450)7° 0.7503200703
B~ — K;(1430)7" TLOT g3 38.273% B® — K~ (1430)7* L BChir S8 FAR vy 47.2188
B~ — K;(1430)7° 531471161223 B® — K;2(1430)7° 6.4134132+201 12.7 = 5.4
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TABLE VII. Same as Table V except for CP asymmetries (in %).
Mode Theory Expt Mode Theory Expt

B~ — f,(980)K~ 0.4+00+00+00 —2.08% B* — fo(980)K” 0.7+4+00+0 —6 %21
B~ — fo(980)7 —2055355 5 50254 B° — f,(980)7° 3865110 Ti5- 14
B~ — a3(980)K™ 3BTRS B" — ag (980)K~ 34T GRS
B~ — ay (980)K° 0.9%31703743 B® — aY(980)K" 0.7 1101762
B~ — a}(980)7~ —0.6701700738 B® — ag (980)7~ —0.3203103733%
B~ — a; (980)7° —65.91¢1 1184346 B® — ay (980)7r* 7651352405240,

B" — a(980) 7" 34355060508
B~ — a}(1450)K ~ 0.9%035 06 187 B® — ag (1450)K 0.9%031 067189
B~ — a; (1450)K° 0.3701%0 170z B® — a)(1450)K° 0.3*04%01107
B~ — af(1450) 7~ —2.9102+04+34 B" — ag (1450)7~ 0.4%01%0353%7
B~ — a; (1450)7° 19.87 45732 462 B’ — a; (1450)7* 59.21 38z,

B — a3(1450)7° —32.87 1741 8+002
B~ — K;(1430) 7~ —4.41 3531038 513 B® — K~ (1430)7+ 1514307 15418 -7*14
B~ — K~ (1430)7°  —42.17120+7804 1287 B® — K;°(1430)7° 347041031508 -34+19

TABLE VIII. Same as Table VI except for CP asymmetries (in %).
Mode Theory Expt Mode Theory Expt
B~ — al(1450)K ~ 54.7F%3 360104 B® — af (1450)K~ 533154835 K100
B~ — a; (1450)K° 19.9+ 4188584, B® — a)(1450)K° 4.9708%03+ 42
B~ — a(1450)7~ —0.9792+0163 B — ag (1450)7~ —0.7+09703+4%9
B~ — ag (1450)7° —414T e B — a, (1450)7* 3765109 5 60
B — a(1450)7° 20.8* 73 35143

B~ — K;2(1430) 7 L1F53703 80, -5 BY — K~ (1430)7" —3.8% 1 031, -7+ 14
B~ — K (1430)7° 4.2138%13439 BY — K;°(1430)7° 0.6°037 01707 -34+19

than the default central values, while in B — PP or VP
decays, the errors due to X, 5 are comparable to or smaller
than the central values (see e.g. Table 2 of [42]). This can
be understood as follows. Consider the penguin-induced
annihilation diagram for B — PP. Its amplitude is helicity
suppressed as the helicity of one of the final-state mesons
cannot match with that of its quarks. However, this helicity
suppression can be alleviated in the scalar meson produc-
tion because of the nonvanishing orbital angular momen-
tum L, with the scalar state. Consequently, weak
annihilation contributions to B — SP can be much larger
than the B — PP case.

Finally, it is worth mentioning that we shall implicitly
use the narrow width approximation in the calculation of

the B decays into resonances; that is, we will neglect the
finite width effect even for very broad resonances such as o
and « states. Under the narrow width approximation, the
resonant decay rate respects a simple factorization relation
(see e.g. [49])

I'(B— SP — P,P,P) = ['(B — SP)B(S — P,P,).
(4.14)

It has been shown in [49] that in practice, this factorization
relation works reasonably well even for charmed meson
decays as long as the two-body decay D — SP is kine-
matically allowed and the resonance is narrow. The off
resonance peak effect of the intermediate resonant state

TABLE IX. Mixing-induced CP parameter AS = sin2B. — sin2Bcky in scenarios 1 and 2 as explained in Appendices B and C.
The sources of theoretical errors are same as in previous tables except the last one is from the uncertainty in the unitarity angle .

Mode Theory (Scenario 1) Theory (Scenario 2)
B® — f3(980)K 0.023 5060 700000001 ~0.001

B® — al(980)K
B® — a0(1450)Ks
B® — K:0(1430)7°

0 022+0.000+0.000+0.005+0.001
. —0.000—0.000—0.006—0.001
0 023+0.000+0.000+0.027+0.001
. —0.000—0.000—0.001—0.001
0 004+0.005+0.010+0.030+0.000
. —0.008—0.040—0.036—0.000

0.021 +0.014+0.008+0.031+0.001
. —0.000—0.000—0.009—0.001
0 021+0.001+0.000+0.004+0.001
. —0.002—-0.013—-0.008—0.001
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FIG. 1 (color to B™ —

fo(980)K .

online). Penguin contributions

will become important only when D — SP is kinemati-
cally barely or even not allowed. The factorization relation
presumably works much better in B decays due to its large
energy release.

1. B— f,(980)K and ay(980)K decays

The decay mode B — f,(980)K has been studied in [50]
within the framework of the pQCD approach based on the
kr factorization theorem. It is found that the branching
ratio is of order 5 X 107° (see Fig. 2 of the second refer-
ence in [50]), which is smaller than the measured value by
a factor of 3.

The penguin-dominated B — f,K decay receives two
different types of penguin contributions as depicted in
Fig. 1. In the expression of B — fyK decay amplitudes

given in Eq. (AY), the superscript u of the form factor F, g 7o
reminds us that it is the u quark component of f involved
in the form factor transition [Fig. 1(a)]. In contrast, the
superscript s of the decay constant f % indicates that it is

the strange quark content of f, responsible for the penguin
contribution of Fig. 1(b). Note that a, and a4 penguin terms
contribute constructively to 7K~ but destructively to
foK~. Therefore, the contribution to B — fyK from
Fig. 1(a) will be severely suppressed. Likewise, the con-
tribution from Fig. 1(b) is suppressed by ff(o ~ my, [my.
Hence, it is naively expected that the fK rate is smaller
than the 7°K one. However, as shown in Appendix B, the
scale-dependent decay constant f;o is much larger than f

owing to its scale dependence and the large radiative
corrections to the quark loops in the OPE series. As a
consequence, the branching ratio of B — f,K turns out
to be comparable to and even larger than B — 7K.
Based on the QCD factorization approach, we obtain
BB~ — foKk7) =(9.0—13.5) X 107® for 25° <0<
40° and (12.0 —17.2) X 107® for 140° < 6 < 165°
(Fig. 2), where only the central values are quoted.’

°The calculated branching ratios in the present work are
slightly larger than that in [40] because of the larger scalar decay
constant f% and different estimates of the leading-twist LCDA
for f0(98({)0. It was originally argued in [40] that while the
extrinsic gluon contribution to B — fyK is negligible, the in-
trinsic gluon within the B meson may play an eminent role for
the enhancement of f;(980)K.

PHYSICAL REVIEW D 73, 014017 (2006)
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FIG. 2 (color online). The branching ratio of B~ —
f0(980)K~ versus the mixing angle 6 of strange and nonstrange
components of f;(980), where the middle bold solid curve inside
the allowed region corresponds to the central value. For sim-
plicity, theoretical errors due to weak annihilation and hard
spectator interactions are not taken into account. The horizontal
band within the dashed lines shows the experimentally allowed
region with one sigma error.

Hence, the short-distance contributions suffice to explain
the observed large rates of fK~ and fK°.

Thus far we have discussed f,K modes with the two-
quark assignment for the f,(980). It is natural to ask what
will happen if f is a four-quark bound state. Naively, one
may wonder if the energetic f;,(980) produced in B decays
is dominated by the four-quark configuration as it requires
to pick up two energetic quark-antiquark pairs to form a
fast-moving light four-quark scalar meson. The Fock states
of f,(980) consist of ¢g, ¢°G*, qgg, - -, etc. It is thus
expected that the distribution amplitude of f; would be
smaller in the four-quark model than in the two-quark
picture. Naively, the observed B — f;(980)K rates seem
to imply that the two-quark component of f;,(980) play an
essential role for this weak decay.

Nevertheless, as pointed out in [32], the number of the
quark diagrams for the penguin contributions to B —
f0(980)K (Fig. 3) in the four-quark scheme for f,(980) is
2 times as many as that in the usual 2-quark picture (Fig. 1).
That is, besides the factorizable diagrams in Fig. 3(a), there
exist two more nonfactorizable contributions depicted in
Fig. 3(b). Therefore, a priori there is no reason that the
B — f,(980)K rate will be suppressed if f is a four-quark
state. However, in practice, it is difficult to give quantita-
tive predictions based on this scenario as the nonfactoriz-
able diagrams are usually not amenable. Moreover, even
for the factorizable contributions, the calculation of the
f0(980) decay constant and its form factors is beyond the
conventional quark model, though an attempt has
been made in [32]. In order to make quantitative calcula-
tions for B — f;(980)K, we have assumed the conven-
tional 2-quark description of the light scalar mesons.
However, as explained before, the fact that its rate can be
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FIG. 3 (color online). Penguin contributions to B~ —

f0(980)K ™ in the 4-quark picture for f(980).

accommodated in the 2-quark picture for f;,(980) does not
mean that the measurement of B — f,K can be used to
distinguish between the 2-quark and 4-quark assignment
for £,(980).

We next turn to B — a,(980)K decays. A main differ-
ence between a8K and fK modes is that the latter receives
the dominant contribution from the s quark component of
the f [see Fig. 1(b)], while such a contribution vanishes in
the former mode even when a8 is assigned with the
s5(uit — dd)/~/2 quark content. Because of the destructive
interference between the a, and ag terms, the penguin
contributions related to the u quark component of the a
and f, are largely suppressed. Consequently, the weak
annihilation contribution becomes as important as the pen-
guin one. For example, the branching ratio of a8K ~is of
order 3.3 X 1077 in the absence of weak annihilation,
while it becomes 2.4 X 107® when weak annihilation is
turned on. From Table V we see that I'(B — a)K) <
I'(B— foK) and the aj K rate is enhanced by a factor of
2 for charged a,. The predicted central value of B(B° —
ag K™) is larger than the current upper limit by a factor of
2. However, one cannot conclude definitely at this stage
that the 2-quark picture for a((980) is ruled out since it is
still consistent with experiment when theoretical uncer-
tainties are taken into account. Nevertheless, as we shall
see below, when the unknown parameter p, for weak
annihilation is fixed to be of order 0.7 in order to accom-
modate the K;(1430)7 data, this in turn implies too large
ap(980)K rates compared to experiment. There will be
more about this when we discuss B — K;(1430) 7 decays.
Note that the prediction of B(B~ — a; (980)K?) = 15 X
10~% made in [51] in the absence of the gluonic component
is ruled out by experiment.

PHYSICAL REVIEW D 73, 014017 (2006)

2. B — ay(980)7, f,(980)7 decays

The tree dominated decays B — a,(980)r, f(980)7
are governed by the B — ay and B — f{ transition form
factors, respectively. The f7 rate is rather small because
of the small uiz component in the f;,(980) and the destruc-
tive interference between a, and ag penguin terms. Since
the B — a,(980) form factor is predicted to be similar to
that for B — 7 one according to the covariant light-front
model (see Sec. III C), it is interesting to compare B —
aym decays with B — 7rar. First, B — a, 7" is highly
suppressed. This means that the B® — B interference plays
no role in the ajw* channels. Thus the decays B —
ag m* are expected to be self-tagging; that is, the charge
of the pion identifies the B flavor. Second, we see from
Table V that the branching ratio B(B® — af 77) ~ 7.6 X
107 is slightly larger than BB’— 7t7") =
(45%+0.4)x107% [19] and that BB~ — 7 #°) >
BB~ — adm™) > B(B~ — ay w°).

Just as the aj K~ mode, the predicted branching ratio
B(B® — a5 (980)7™) = (8.2139721*33) X 1076 exceeds
the current experimental limit of 3.3 X 107% by more
than a factor of 2 (cf. Table V). If the measured rate of
ag " is at the level of (1-2) X 1079 or even smaller, this
will imply a substantially smaller B — a( form factor than
the B — 7 one. Hence, the four-quark explanation of the
ay (see Fig. 4) is preferred to account for the B — a, form
factor suppression. We shall see later that since ay(1450)
can be described by the gg quark model, the study of
ag (1450)7~ relative to ag (980)7~ can provide a more
strong test on the quark content of ay(980). It has been
claimed in [52] that the positive identification of B°/B? —
ay (980)7r™ is an evidence against the four-quark assign-
ment of ay(980) or else for breakdown of perturbative
QCD. We disagree and we argue below that if the branch-
ing ratio of B® — aJ (1450)7~ is measured at the level of
3 X 1076 and the a; (980)7 rate is found to be smaller,
say, of order (1 ~2) X 1079, it will be likely to imply a

d

—0 - .
B %

FIG. 4 (color online). Tree contribution to B® — ag (980)7
in the 4-quark picture for ay(980).
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2-quark nature for ay(1450) and a four-quark assignment
for a,(980).

In short, although it is unlikely that the penguin-
dominated decay B — fyK can be used to distinguish
between the 2-quark and 4-quark assignment for f(980),
the decays B — agm and agK may serve for the same
purpose for a,(980). For example, the former mode is
tree dominated and its amplitude is proportional to the
form factor Fg"" which is suppressed in the four-quark
model for ay(980). It has been claimed in [17] that a best
candidate to distinguish the nature of the a, scalar is
B(B~ — ag w°) as the prediction for a four-quark model
is 1 order of magnitude smaller than for the two-quark
assignment. We see from Table V that the branching ratio
of this mode is only of order 2 X 10”7 even when a,(980)
is treated as a 2-quark state. Experimentally, it would be
extremely difficult to test the ay(980) nature from the study
of ay (980)7°.

It is commonly assumed that only the valence quarks of
the initial and final state hadrons participate in the decays.
Nevertheless, a real hadron in QCD language should be
described by a set of Fock states for which each state has
the same quantum number as the hadron. For example,

la™(980)) = L//Z‘jiluc?) + 1//Zf;g|uc?g) + wzgﬂluﬂsi) +....
4.15)

The possibility that a((980) can be viewed as a bound state
of four quarks at low energies, while its 2-quark component
manifests at high energies is also allowed by current
experiments.

Note that the production of a,(980) in hadronic B decays
has not been seen so far and only some limits have been set.
In contrast, the a,(980) production in charm decays has
been measured in several places, e.g. D® — K%a)(980) and
K~ aj(980) in the three-body decays D° — K*K K°
[53]. It is conceivable that the scalar resonance ay(980)
in B decays will be seen at B factories soon.

3. B — K;(1430)7 decays

For weak decays involving scalar mesons above 1 GeV
such as K;;(1430), a((1450) and f,(1500) we consider two
different scenarios to evaluate their decay constants and
LCDAs based on the QCD sum rule method (see
Appendices B and C): (i) K;(1430), ay(1450), f,(1500)
are treated as the first excited states of «, ag(980) and
f0(980), respectively, and (ii) they are the lowest lying
resonances and the corresponding first excited states lie
in 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. The resultant decay constants and LCDAs for the scalar
mesons above 1 GeV in these two different scenarios are
summarized in Appendices B and C. The B — K;(1430)
form factors in scenarios 1 and 2 can be found in Table I'V.
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It should be stressed that the decay constants of
K;(1430), ao(1450), fo(1500) have the signs flipped from
scenario 1 to scenario 2 as explained in footnote ° in
Appendix B.

As mentioned in the Introduction, there exists a twofold
experimental ambiguity in extracting the branching ratio of
B~ — K;(1430)°7 " : Belle found two different solutions
for its branching ratios from the fit to B — K 77~
events [2]. The larger solution is consistent with BABAR
[7] while the other one is smaller by a factor of 5 [see
Eq. (2.4)]. It appears that the larger of the two solutions,
namely, B(B~ — K;(1430)%7~) ~ 45 X 107, is prefer-
able as it is consistent with the BABAR measurement and
supported by a phenomenological estimate in [18].
However, since B~ — K7~ has a branching ratio of order
24 X 107 [19], one may wonder why the K7~ produc-
tion is much more favorable than K7 ~, while the K’ 7"
mode is comparable to K*7° (see Table II).

To proceed we consider the pure penguin decays B~ —
K7~ and B~ — K7~ for the purpose of illustration.
The dominant penguin amplitudes read [see also Eq. (A5)]

L g K:
AB™ = Ry ) = (@] = 1y ad) i FE™ ()

X (my — m3),

AB~ = K'77) « (af + rXal) x fxFE™(m%)

X (m% — m2), (4.16)
where we have neglected annihilation contributions for the
time being. Although the decay constant of K;(1430),
which is 37 = 4 MeV in scenario 2 [cf. Equation (B16)],
is much smaller than that of the kaon, it is compensated by
the large ratio rf(’ =89 at u = 2.1 GeV compared to
rX = 1.1. Since the penguin coefficient ag is the same
for both Kj7 and K7 modes, it is thus expected that
L(K7~)/T(K%7~) = 3.2 in the absence of the a4 con-
tribution. When ay is turned on, we notice that its contri-
bution is destructive to K7~ and constructive to K'7 .
In order to see the effect of a, explicitly we give the

numerical results for the relevant a” (7K;) at the scale u =
2.1 GeV

a;=1.417—1i0.181,

a¥ =—0.199 — i0.009,
al = —0.0558 — i0.0163,
al=(79.4—i4.8) X 1073,
ay=(70 — i64) X 1074,

a,=0.673—i0.111,

a5 =—0.162 — i0.059,

ag = —0.0602 — i0.0039,

a§=(78.5—i2.4)x 1073,

a$, =(70—i62) X 1074,
4.17)

and for a?(7K)
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a; =0.993 + i0.0288,
at=—0.0267 — i0.0183,
al=—0.0568 — i0.0163,
al = (74.4—i4.5)X 1075,

a'y = (—208 +i90) X 1073,

a, =0.144 —i0.111,
a§ = —0.0343 — i0.0064,
ag=—0.0612 — i0.0039,
ag=(73.6—i2.3) X 1073,
a$,= (=209 +i90) X 1073,
(4.18)

where scenario 2 has been used to evaluate both a? (7Kj)
and a”(7mK). Comparing Eq. (4.17) and (4.18), it is evident
that vertex and spectator interaction corrections to
ay, ap, ay and ajy for wK; are quite large compared to
the corresponding a;(7K) due mainly to the different
nature of the K; LCDA. Note that the a4 and ag penguin
terms remain intact as they do not receive vertex and hard
spectator interaction contributions. Since the magnitude of
af(mKj) is increased significantly, it is clear that the
fgow’ rate eventually becomes slightly smaller than
K°7~ due to the large destructive contribution from
al (mK}). Hence, we conclude that B(B~ — K'm ™) ~
1 X 1073 ~1B(B~ — K°7~) in the absence of weak an-
nihilation contributions.

From Tables V and VI it is clear that when weak anni-
hilation is turned on, the Kj7 rates are highly suppressed
in scenario 1 due to the large destructive contributions from
the defaulted weak annihilation. In order to accommodate
the data, one has to take into account the power corrections
due to the nonvanishing p4 and py from weak annihilation
and hard spectator interactions, respectively. Since power
corrections are dominated by weak annihilation, a fit to the
data yields p4 ~ 0.4 for scenario 2 and p, ~ 0.7 for sce-
nario 1, where we have taken ¢, = 0.

We see from Eq. (A5) that the amplitudes of B~ —
K7~ and B® — K~ 7" are identical when the small
contributions from the electroweak penguin and A,a;,
A,by terms are neglected. This amounts to assuming
the dominance of the Al =0 penguin contributions.
Hence, these two modes should have the same rates under
the isospin approximation [54]. Likewise, I'(B* —
K70 /T(B° — Ky~ 7*) = 1/2 is expected to hold in
the isospin limit. Indeed, it is found in QCD factorization
calculations that’

"From Table V and Eq. (4.19), it appears that the mode K~ 0
does not rgsg)ect the approximated isospin relation I'(B~ —
K~ @) /T(B° — Ky~ m7") = 1/2. This is mainly ascribed to
the large cancellation between penguin and annihilation terms
in the amplitude of B~ — K{;” 7 [see Eq. (A5)] and the remain-
ing term proportional to (a,8% + 3(ag — a;)/2) breaks isospin
symmetry.

PHYSICAL REVIEW D 73, 014017 (2006)

_ B(B® — K;X(1430)7°)
- B(B°— K, (1430)7+)

1

[0SR0 cenario 1
0.47 003602098 scenario 2;

_ B(B~ — K;~(1430)7°)
> BB~ — K (1430)7")

4.19

0 30+0403+0.43+0.79 scenario 1: ( )
_ . —0.02—0.02—0.02 ’
{ossetietiibts o o

_ 7(BY)B(B~ — K;*(1430)7")

R; = —
> 2(B7)B(B" — K (1430)7")
I LR TE Lo T C—
0.90 002003018 scenario 2.

Consequently, the ambiguity in regard to B~ — fgoﬂ-_
found by Belle can be resolved by the measurement of
BY — K§~ 7. As noted in passing, both BABAR and Belle
measurements of B~ — K7~ and B — K~ 7" [see
Eq. (2.4) and Table II] do respect the isospin relation. It
is also important to measure the ratio of B(B’ —
K(1430)7%)/B(B° — K~ (1430)7™) to see if it is close
to one half. At any rate, both BABAR and Belle should
measure all K;(1430)7r modes with a careful Dalitz plot
analysis of nonresonant contributions to three-body decays
to avoid any possible ambiguities.

We now turn to the implications of sizable weak anni-
hilation characterized by the parameter p, which is of
order 0.7 in scenario 1 and O(0.4) in scenario 2. We
find that all the calculated a;(980)K rates are too large
compared to experiment. For example, B(B’—
ag (980)K~) = 31.4 X 107 for p4 = 0.7 and =~ 14.6 X
1076 for p, = 0.4. Both are ruled out by the current limit
of 1.9 X 107°. This clearly indicates that ay(980) cannot
be a purely two-quark state and that scenario 2 in which the
light scalar meson is assigned to be a four-quark state is
preferable.

4. B — ay(1450)K, ay(1450)r decays

For B — a((1450)7 and ay(1450)K decays, the calcu-
lated results should be reliable as the ay(1450) can be
described by the ¢g quark model. Just as a(980)K modes,
weak annihilation gives a dominant contribution to
ao(1450)K rates. It is found that their rates are much larger
in scenario 1 than in scenario 2 due to the relative sign
difference between the Gegenbauer moments B; and B; for
ay(1450) and the sign of the ay(1450) decay constant
flipped in these two scenarios (see Tables X and XI). The
interference pattern between the penguin and annihilation
amplitudes is generally opposite in scenarios 1 and 2. For
example, the interference in B® — af (1450)K~ is con-
structive in scenario 1 but becomes destructive in scenario
2. By the same token, the ag (1450)7~ and a)(1450)7°
rates are also quite different in scenarios 1 and 2.
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TABLE X. Gegenbauer moments at the scales ©# = 1 GeV and 2.1 GeV (shown in parentheses) in scenario 1.

State & (&%) B, B3
ay(980) —0.56 = 0.05 —0.21 = 0.03 —0.93 £0.10(—0.64 £ 0.07) 0.14 = 0.08(0.08 = 0.04)
ay(1450) 0.53 =0.20 0.00 = 0.04 0.89 = 0.20(0.62 = 0.14) —1.38 £0.18(—0.81 = 0.11)
F0(980) —0.47 = 0.05 —0.20 = 0.03 —0.78 £ 0.08(—0.54 = 0.06) 0.02 = 0.07(0.01 £ 0.04)
Fo(1500) 0.48 =0.24 —0.05 = 0.04 0.80 = 0.40(0.47 = 0.28) —1.32 £0.14(—0.77 = 0.08)
k(800) —0.55 £ 0.07 —0.21 = 0.05 —0.92 = 0.11(—0.64 * 0.08) 0.15 £ 0.09(0.09 = 0.05)
K;(1430) 0.35 = 0.07 —0.08 = 0.06 0.58 = 0.07(0.39 = 0.05) —1.20 = 0.08(—0.70 = 0.05)

TABLE XI. Same as Table X except for scenario 2.

State &) (&) B, L&
ay(1450) —0.35 = 0.07 —0.24 = 0.06 —0.58 £ 0.12(—0.40 = 0.08) —0.49 £ 0.15(—0.29 = 0.09)
Higher resonance 0.44 = 0.27 0.22 = 0.11 0.73 = 0.45(0.51 * 0.26) 0.17 = 0.20(0.10 £ 0.12)
Fo(1500) —0.29 £ 0.06 —0.19 = 0.05 —0.48 £0.11(—0.33 = 0.08) —0.37 £0.20(—0.22 = 0.12)
Higher resonance 0.34 = 0.30 0.16 = 0.15 0.56 = 0.50(0.39 £ 0.35) 0.07 = 0.23(0.04 £ 0.13)
K;(1430) —0.35 = 0.08 —0.23 = 0.06 —0.57 £0.13(—0.39 = 0.09) —0.42 = 0.22(—0.25 = 0.13)
Higher resonance 0.25 = 0.11 0.12 = 0.05 0.41 = 0.34(0.28 * 0.24) 0.09 = 0.14(0.05 = 0.08)

As discussed in the previous subsection on K;;(1430),
predictions under scenario 2 are more preferable. Hence, if
the branching ratio of B® — ag (1450)7~ is measured at
the level of 4 X 107° and the ag (980)7~ rate is found to
be smaller, say, of order (1 ~2) X 107 or even smaller
than this, it will be likely to imply a 2-quark nature for
ay(1450) and a four-quark assignment for a((980). Note
that the naive estimate of 20 X 107° made by [18] for this
mode appears to be too large due to the usage of a large
B — a((1450) form factor, Fg a(1450) (3) — .46, Experi-
mentally, ay(1450) will be more difficult to identify than
ay(980) because of its broad width, 265 = 13 MeV [25].

5. B — kK~ as spectroscope for k four-quark state

As for « [or K;;(800)], there is a nice and unique place
where one can discriminate between the 4-quark and
2-quark pictures for the x meson, namely, the B —
kT K~ decay. Recall that B® — K*K~ is strongly sup-
pressed as it can only proceed through the W-exchange
diagram. The experimental upper bound on its branching
ratio is 0.6 X 1076 [19,25] while it is predicted to be of
order 1 X 1078 theoretically (see e.g. [42]). Naively B® —
k* K~ is also rather suppressed if « is made of two quarks.
However, if « has primarily a four-quark content, this
decay can receive a tree contribution as depicted in
Fig. 5(b). Hence, if B — x* K~ is observed at the level
of = 1077, it may imply a four-quark content for the k.
Presumably, this can be checked from the Dalitz plot
analysis of the three-body decay B — K"K~ 7" or B® —
K°K~7". As noticed before, scenario 2 is more favored
for explaining the B — Kj(1430)7r data. This already im-
plies that « is preferred to be a four-quark state.

Unlike the other light scalar mesons, the experimental
evidence for « is still controversial. The « state has been

reported by E791 in the analysis of D¥ — K~ 7" 7% with
the mass 797 = 19 £43 MeV and width 410 *= 43 =
87 MeV [55]. However, CLEO did not see evidence for
the k in D° — K~ 7" 7% [56]. The « state was also re-
ported by the reanalyses of LASS data on 7K scattering
phase shifts using the T-matrix method [57] and the uni-
tarization method combined with chiral symmetry [58].
Most recently, BES has reported the evidence for the «
in J/y — K*°K* 7~ process with the mass 878 =
23+% MeV and width 499 = 5235 MeV [59].

It is interesting to notice that the decays B — DK~
and B® — D*,(2317)* K, the analogues of B — K"K~
and B — k" K™, have been measured recently. The mea-
sured branching ratios are B(B° — DJK~) = (3.8
1.3) X 107> [25] and B(B°— D!fK")B(D!f —
D 7% = (53713 £ 1.6) X 1076 [60]. Since D%(2317)*
is dominated by the hadronic decay into D} 7°, it is clear
that I'(B* — D K~) = I'(B® — D K™). These two de-
cays can only proceed via a short-distance W-exchange
process or through the long-distance final-state rescattering
processes B — DY~ — DfK~ and B’ - Djtn —
D K~. (In fact, the rescattering process has the same

; K
Eo Kt
) d
(@) (b)

FIG. 5 (color online). Annihilation and tree contributions to
B° — kK~ in the 4-quark picture for .
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topology as W-exchange.) Since B(B’— D*7™) =
2.8 X 1073 > B(B’ — D} K™), it is thus expected that
the decay B — D} K~ is dominated by the long-distance
rescattering process. As B(B® — Djtm) <1.8 X 1074
[25], we will naively conclude that TI'(B°—
D*yK™)/T(B* — Dy K~) < 0.06, in contradiction to the
experimental observation. Nevertheless, if D%,(2317)" is a
bound state of c5dd [61], then a tree diagram similar to
Fig. 5(b) will contribute and this may allow us to explain
why T'(B® — D*fK~) = T'(B — D} K").

6. B — o decays

The tree dominated B — o decays are expected to
have similar rates as B — 7’7 ones if the o meson is
assumed to be a bound state of 2 quarks. Assuming that o
has similar decay constant and LCDA as f(980), it is
found that B(B~ — om ) =~ 45X 107° and BB’ —
om®) = 1.7 X 10”7, The former is to be compared with

the upper limit 4.1 X 107 [9].

7. Direct CP asymmetries

We see from Tables VII and VIII that CP partial rate
asymmetries in those charmless B — SP decays with
branching ratios = 107° are in general at most a few
percents. This is ascribed to the fact that the strong phases
calculable in QCD factorization are generally small and
that the observation of direct CP violation requires at least
two different contributing amplitudes with distinct strong
and weak phases. Hence, if the observed direct CP asym-
metry is of order (O(0.1) or larger, then strong phases
induced from power corrections could be important. As
pointed out in [47], final-state rescattering processes can
have important effects on the decay rates and their direct
CP violation, especially for color-suppressed and penguin-
dominated modes. However, this is beyond the scope of the
present work.

8. Mixing-induced CP asymmetries

It is of great interest to measure the mixing-induced
indirect CP asymmetries S for penguin-dominated modes
and compare them to the one inferred from the charmo-
nium mode (J/¢Kg) in B decays. It is expected in the
standard model that sin2B.; defined via §;=
=y sin2 B with 1, being the CP eigenvalue of the final
state f should be equal to §;,,x, with a small deviation at
most O(0.1) [62]. See [63] for recent studies of sin2 By in
some of B — PP and PV modes using the QCD factoriza-
tion approach with or without the presence of final
state interactions. In Table IX we show the predictions on
the mixing-induced CP parameter AS = sin2B. —
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sin2Bcky for the CP eigenstates f,(980)Ks, a9(980)Ks,
ad(1450)K s, and K;;°(1430)7°, where only the CP compo-
nent of K;°(1430) namely, K7, is considered in the last
mode. In addition to the theoretical errors considered
before, the uncertainty of 7° in the unitarity angle vy is
included. Note that main errors arise from the uncertainties
in annihilation contributions and y. Our results indicate
that AS; in these penguin-dominated modes are positive
and very small.

V. CONCLUSIONS

In this work we have studied the hadronic B decays into
a scalar meson and a pseudoscalar meson within the frame-
work of QCD factorization. Vertex corrections, hard spec-
tator interactions, and weak annihilation contributions to
the hadronic B — SP decays are studied using the QCD
factorization approach. Our main results are as follows:

(i) Based on the QCD sum rule method, we have de-
rived the leading-twist light-cone distribution ampli-
tudes (LCDAs) of scalar mesons and their decay
constants. It is found that the scalar decay constant
is much larger than the previous estimates owing to
its scale dependence and the large radiative correc-
tions to the quark loops in the OPE series. Unlike the
pseudoscalar or vector mesons, the scalar LCDAs are
governed by the odd Gegenbauer polynomials.

(i) While it is widely believed that light scalar mesons
such as f((980), a,(980), k are predominately four-
quark states, in practice it is difficult to make quan-
titative predictions on B — SP based on the four-
quark picture for S as it involves not only the form
factors and decay constants that are beyond the
conventional quark model but also additional non-
factorizable contributions that are difficult to
estimate. Hence, in practice we shall assume the
two-quark scenario for light scalar mesons in
calculations.

(iii) The short-distance approach suffices to explain the
observed large rates of f,K~ and f K" that receive
major penguin contributions from the penguin pro-
cess b — ss5 and are governed by the large f
scalar decay constant. When f,(980) is assigned
as a four-quark bound state, there exist 2 times
more diagrams contributing to B — f((980)K.
Therefore, although the f,(980)K rates can be ac-
commodated in the 2-quark picture for f;(980), it
does not mean that the measurement of B — fK
can be used to distinguish between the 2-quark and
4-quark assignment for f(980).

(iv) When a((980) is treated as a gg bound state, it is
found that the predicted B’ — ag (980)7~ and
ag (980)K ™ rates exceed substantially the current
experimental limits. Hence, a four-quark assign-
ment for a,(980) is favored. The ay(980)K and
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ay(1450)K receive dominant contributions from
weak annihilation.

(v) Belle found two different solutions for the branching
ratios of B* — K;(1430)°7" from the fit to B* —
K* 7"~ events. The larger solution is consistent
with BABAR while the other one is smaller by a
factor of 5. Based on the isospin argument, we have
shown that the smaller of the two solutions is ruled
out by the measurements of K;(1430)" 7" by
BABAR and Belle.

(vi) For B — ay(1450), ag(1450)K, and K;;(1430)7
decays, we have explored two possible scenarios
for the scalar mesons above 1 GeV in the QCD sum
rule method, depending on whether the light scalars
Kk, a(980), and f((980) are treated as the lowest
lying gg states or four-quark particles. We pointed
out that in both scenarios, one needs sizable weak
annihilation in order to accommodate the K7 data.
This in turn implies that all the predicted a(980)K
rates in scenario 1 will be too large compared to the
current limits if a¢(980) is a bound state of two
quarks. This means that the scenario in which the
scalar mesons above 1 GeV are lowest lying ¢g
scalar state and the light scalar mesons are four-
quark states is preferable. The branching ratio of
B® — a5 (1450)7 is predicted to be at the level of
4x107S.

(vii) The decay B® — x* K~ can be used to discrimi-
nate between the 4-quark and 2-quark nature for
the k meson. This mode is strongly suppressed if
is made of two quarks as it can proceed through the
W-exchange process. However, if « is predomi-
nately a four-quark state, it will receive a color-
suppressed tree contribution. Hence, an observa-
tion of this channel at the level of = 1077 would
mostly imply a four-quark picture for the «.
Presumably, this can be checked from the Dalitz
plot analysis of three-body decay B® — K* K~ 7°
or B — KK~ 7+,

(viii) Direct CP asymmetries in those decay modes with
branching ratios = 107° are usually small of or-
der a few percents. However, final-state rescatter-
ing processes can have important impact on the
decay rates and their direct CP violation.

(ix) Mixing-induced CP asymmetries in the penguin-
dominated SP modes such as fy(980)Kj,
ad(980)K, ad(1450)Ks and K;°(1430)[KgmO]a”
are studied. Their deviations from sin2Bcky are
found to be positive (AS>0) and tiny.
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APPENDIX A: DECAY AMPLITUDES OF B — SP

The B — SP (PS) decay amplitudes can be either eval-
uated directly or obtained readily from B — VP (PV)
amplitudes with the replacements: 1, Py (x) — P(x) and
my f @, (x) = —mg®%(x). (The factor of i will be taken
care of by the factorizable amplitudes of B — SP shown
below.) To make the replacements more transparent, it is
convenient to employ the LCDA ®¢(x) in the form (3.23)
and factor out the decay constants fg in ®g(x) and fg in
®5(x) [see Eq. (3.25)], so that we have®

Dy(x) = Ps(x), P, (x) = D),

(Al)
fv—=1rs ry— —ry
where
% _ 2my f\J/_ (,LL)
rX(M) my(w)  fy
s _ 2mg fs(p)
rxls) my(p)  fs (A2)
2m3

my, () (my() — my(w))’

and use of Eq. (3.10) has been made. For the neutral scalars
o, [y and a8, rf( becomes divergent while f¢ vanishes. In
this case one needs to express fsry by fs7 with

st
my(pm)

Fylp) = (A3)

With the above-mentioned replacements, the quantity
Ap,m, and the coefficients of the flavor operators af
defined in [42] read

8We found in the present work that it is most suitable to define
the LCDAs of scalar mesons including decay constants. In this
appendix we try to make connections between B — SP and B —
VP amplitudes. The latter have been worked out in detail in [42].
Since the LCDAs in [42] are defined with the decay constants
being excluded, for our purposes it is more convenient to factor
out the decay constants in the scalar LCDAs so that it is ready to
obtain B — SP amplitudes from B — VP ones via the replace-
ment (Al).
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Auyor, = GF{ (m3 — m3)F8P(m%)fs; for MM, = PS,
V2 | —(my — myFES(m3)fp; for MM, = SP,
af(MM,) + ak(M\M,); for M\M, = PS,

a? (MM ={
s (M) al (M\M,) — al(M,M,); for M\M, = SP,

P (M1 M,) = {a4 Y(M\M,) — rSal(MM,); for MM, = PS, (A4)
s aj(MM,) — r¥af(M\M,); for M\M, = SP,
P (MM, — 5(M\M,) + a5 (M\M,); for M\M, = PS,
o
BV v {GQ(MIMZ) - a7(M1M2), for M1M2 = SP,
al (M M,) — {alo(M1M2) — rsaf(M\M,); for MM, = PS,
SRV el (Mo My) — rPal(MyMy); for MM, = SP,
where
2 2
r = - (AS)

my,(u)(my + my) ()

It should be stressed that the a” F5” and a” F5% terms in the decay amplitudes have an opposite sign.
Applying the replacement (A1) and Eq. (A4) to the B — VP and PV amplitudes given in the appendix of [42], we obtain
the following the factorizable amplitudes of the decays B — f,K, aym, om, agK, Kym

_ G s
AB™ — fok™) = — =% > A;){(al‘sg +ay —ryag tajy—r as)fOKfKF S () m}, my,)

\/§p=u,c
1
+ <ag - 561{;) r//\i FBK(m2 )(mB - mK) - fB[(b25p + b3 + b3 Ew)fu

+ (a0 + by + b3,EW)Kf3]}’

_ _ 1 u
A(B® — foK") = — Z )\(S)K - 5(‘110 -r aé’)) . fKFng(mi)(m% - mJZ‘)

. 0
p u,c foK

I . 1 1
; <ag - Eag’)Kfarﬁ(’ffoFgK(m;O)(m% —m) f3[<b3 - Ebg,Ew)ng ¥ (b3 - Ebs,Ew)KfJ},

— G S Ba
AB™ — agK ) = —TF )\5,){(6”55 +af —rk a6 + alo —r ag)aoKfK *(m%)(m% — m2
p=u,.c
- fB(b255 + b3 + bypw)aokh
AB~ —ay;K°) = Z )\(Y){<a4 —rKal — —(a10 —r aé’)) fKF(])ga“(m%()(rmz9 — mﬁo
\/_p u,c agK
— f(by8 + b3y + b3,EW)aOK},
50 Gr (s) P Bay m2 1
AB'—afK™)=—— Z Ay a8 +al) — rk a6 +alo—r ag)aoKfKF() (m%)(m% — mg ) — fp( b3 — 5b3pw ,
ﬁp=uc 2 agK
R p— s a 1
AB* — agKO) == Z Al ){(a4 § — —(alo — rkag)> KfKFg "(m%)(m% — mzo - f3<b3 - §b3,EW> K},
p=u,c ap ap
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_ _ B u
AB™ = for) = — Z A(Y){(alﬁfj +ay —riag +aj, - r;ag)fgwwaofo(m%)(sz - m?”o)

\/—p u,c

| L
+ (ag - 5”@7) p rfzof?oFgw(mj%o)(mzz; —m3) = fel(b28% + b3 + b3gw)jun
7Jo

+ (D260 + by + bS,EW)ﬂ'f(‘;]},

s 3 Bf{
AB° — fom°) 2 Z Al )K—az‘é{f +al — ryaf — 5(619 —ab) - —(a10 —r a8)> fWFOf"(m%T)(m% - m3)

p=u,c

1 fo 7 3
+ <(,lé7 - Eaé’) fdr/)\(/Of?OFgﬂ(m}”)(m% - m%r) + fB|:<b18[u’ - b3 + §b3’EW + §b4’Ew>fd
7f faa

1 3
+ (b8l — by + =b3pw + = bygw ,
2 2 wfd

_ _ G
AB™ = oy ) = —— Z /\fns){(a@g +ay — riag + aj, — r;ag)crgwwao 0( P mp — mg,

\/§p=u,c

1 0'
+ <ag - E“g> 3% fio Fgw(mtro)(mB - mz) — fal(by8% + b3y + bs, EW)O' -
77'0'0

+ (a8l + by + bS,EW)mrS]}r

— G s Bod
AB’ — oyn®) = 7F > )\ﬁ;){( a8 +al — rjaf — f(ag —ah) — (a10 —r a8)> | JaFo *(m%)(m3 — m%)

p=uc s

1 70 1 3
+ (ag - 5“5) O fe 4 F§™(m }0)(”1129 - m%) + fB[(blag —bs + §b3,EW + §b4,EW>
770'0

d
o,T

1 3
+ (b] & — by + §b3,EW + §b4,EW>Wdi|},
0

— _ G B
AB® = afm) = ——% Z /\E,d){(aﬁ{,’ +af —r7al +aly — r7al) g o foFo  (m%)(m} — m3)

\/z p=u,c

1 1
- fB|:<b3 + by — §b3,Ew - §b4,EW> + (b18) + by + b4,EW)7m0:|}’
aym

AB’ — aym™) = \/_ 2 )l(d){(aISP +al —rYal +aly — rYal) ne fo, F§" (M%) (my — m%)

p=u,c

1 1
+ fB|:<b3 + by — §b3,EW - §b4,1~:w) + (b8 + by + b4,EW)a07T:|}’
7ay
G a
AB™ —adm ) = —TF /\E,d){(aléfi +al —ryaf +afy — r7al) g . f-F, F2%(m2)(m3, —m2
p=u,c

1 =a
- (“g - §a§> P fag(my — mu)FE™(m2 ) — fpl(b264 + b3y + bypw)ayr
Tag

- (bZSZ + b3 + b3,EW)7m0]}’
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_Or
2

p=u,c

A(B™ — ay aY)

1 3
_ [aZSﬁ —al +rjaf + i(afo — ryjag) + §(a9 - a7)}
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d
A;){(aIS{,’ +al —rYal +aly — rYal) e fo, F§™ (M5 ) (mg — m%)

B
faFo (my)(my — m3,)
aym

+ fal(b265 + by + bypw)r, — (D260 + by + bB,EW)aOﬂ-]}’

_ G
AB® - a7°) = r

p=u,c

2

| Y 1
- <a’6’ - —a§> P fay(my — m3)FE™(m2 ) + f3[<b15fa + b3 + 2b, — §(b3,EW - b4,EW)>
7Ta0

1 3
—2—\/2 Z )\E,d){(az&lf —a} +r7al + E(afo — r7ag) + E(ag — a7)>

B
faFo (my)(m — mg,)
aym

ayT

1
+ (blaﬁ + b3 +2by — §(b3,Ew - b4,EW)> }},
ma

AB-— KT =2 Y A$f>{(az = riaf =S (afy = ry'af ) T T Yoy — i)

p=u,c

+ fp(b28i + by + b3,Ew)7rKg},

7K,

— 5 — GF s K, K, T
AB~ — Ky ") = 5 Z A(p){(al‘sg +ay —ry'ag +aj — rXOag)wK(’;fK;Fg (m%(;;)(m% —my)

p=u,.c

3 BK;
a0t S ar —an) | FoFy S )~ ) + a6l + s+ b
077'

Gr
\/E p=u,c

+ fB<b3

AB® - Ky wh) =

1
——b )
3 3,EW>7K;}

’ o o
Z AEJ){(aIS,ﬁ’ +a} —ryal +al, — rX“ag’)WK;fK;ng(m%q)(m% —m2)

§5] T G s K; 1 K;
AB° — K0n°) = TF > /\f,,){<—af + rylal + z(afo - r,}aé’)) *fKSFg”(mié)(mZB - m%)

p=uc

3 BK* 1
—| @bl +S(ag —a7) | fFy "(m3)(my — mz.) + fp{ —bs + Sbypw ,
2 Kym 0 2 7TK(’;

where )\g’) =V,,V,, with g = d, s and

& _ 2m%(

) () + ()

rKg( ) = 2m%<3

O () () — my () (A7)
. 2m§0

) = () = m()”

_a, _ Mg, =fo = szo

W T

Note that the f,-o mixing angle (i.e. sinf) and Clebsch-
Gordon coefficient 1/+/2 have been included in the £,,(980)

7K,

(A6)

%orm factors FB/t" and decaay constants f’ u;d and likewise
for the form factors F??0" and decay constants f%q.
Throughout, the order of the arguments of the a? (M, M,)
and b;(M,;M,) coefficients is dictated by the subscript
M M,, where M, is the emitted meson and M, shares the
same spectator quark with the B meson. For the annihila-
tion diagram, M, is referred to the one containing an
antiquark from the weak vertex, while M, contains a quark
from the weak vertex.

APPENDIX B: DETERMINATION OF THE SCALAR
COUPLINGS OF SCALAR MESONS

To determine the scalar decay constant fs of the scalar
meson S defined by (0|g,q,1|S) = mgfs, we consider the
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following two-point correlation function
() = i [ dxem(OTen et o, B

with j29 = g,q,. The above correlation function can be
calculated from the hadron and quark-gluon dynamical
points of view, respectively. Therefore, the correlation
function arising from the lowest-lying meson S can be
approximately written as

m3 f3 =1fSo dsImHOPE
mi—q* o s—q*’

is the QCD operator-product-expansion
|

(B2)

where [TIOPE

8/b
e ,mZ/M< .;(u)) =i2M4[1

a (M)<137 N 2]1%
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(OPE) result at the quark-gluon level, s, is the threshold
of the higher resonant states, and the contributions origi-
nating from higher resonances are approximated by

We apply the Borel transformation to both sides of
Eq. (B2) to improve the convergence of the OPE series
and suppress the contributions from higher resonances.
Consequently, the sum rule for lowest lying resonance

with OPE series up to dimension 6 and O(«;) corrections
reads [64]

ImH OPE

(B3)

21n —>f(1)} 1<a G2> + Gml + m2>(511q1>

1 _ 1 _ _
+ <§m2 + m1><¢12¢]2> - W(Emzﬁhgsa' -Gqy) + §m1<CI2gs(T - Gqy)

— ma (10, A 20" A qy) — Ta

1, _ _
— ma, §<qzm A qr gy A"qz>>,

where F(1)=1— e /M (1 + 5,/ M?), (1) =
j 1 o (In?) In(— In#)dt, the scale dependence of fy is

F () = ﬁw(“s(“ ))4”’, (BS)

a,(M)

and the anomalous dimensions of relevant operators can be
found in Ref. [65] to be

m

o (%(Mo))“‘/b
o =M\ )
@ = @22

-2/
(6,00 Gady = (5,30 - Gy (240)

(B6)

(a,G?), = (a,G?)

Mo’

with b = (11N, — 2ny)/3, where we have neglected the
anomalous dimensions of the 4-quark operators. In the
numerical analysis, we shall use a (1 GeV) = 0.517 cor-
responding to the world average a(m;) = 0.1213, and the
following values for vacuum condensates and quark
masses at the scale u = 1 GeV [65]:

1 = = a
§<q1m/\“qlq7’*/\ q1)

(B4)
(astL,,Ga'“”> = 0.474 GeV*/(4m),
(iiu) = (ddy = —(0.24 GeV)?, (5s) = 0.8(iu),
(m, + my)/2 =5 MeV, m; = 119 MeV,
(g,ioGu) = (g, doGd) = —0.8(iiu),
(g,50Gs) = 0.8(g,ioGu). (B7)

We adopt the vacuum saturation approximation for de-
scribing the four-quark condensates, i.e.,

1
0lgI';A%qql';1%gl0) = — WTr(FiR)Tr(A“)\“)@q)Z.

(B8)

Taking the logarithm of both sides of Eq. (B4) and then
applying the differential operator M*9/dM? to them, one
can obtain the mass sum rule for the lowest-lying reso-
nance S, where s, is determined by the maximum stability
of the sum rule. Substituting the obtained s, and mass into
Eq. (B4), one arrives at the sum rule for the decay constant
fs-

Nevertheless, in order to extract the decay constant f
for the first excited state S’, we shall consider two lowest
lying states on the left-hand side of Eq. (B4), i.e.,

272 ,—mi/M> 2 72 —m /M
mifre s/ +mgfge 78

1 [
=_ [ * dse™ /M ImITOPE(s). (B9)
T Jo
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1. a((980) and a,(1450)

Taking g;q, = id and considering only the ground state
meson, we obtain

mg = (0.99 * 0.05) GeV,
fs(1 GeV) = 370 MeV,
fs(2.1 GeV) = 440 MeV,

(B10)

corresponding to s, =~ 3.1 GeV? and the Borel window
1.1 GeV? < M? < 1.6 GeV?Z, so that the resulting mass is
consistent with a,(980). However, if one would like to
have the mass result of the ground state to be consistent
with that of a(1450), then one should choose a larger s =
6.0 GeV? together with the Borel window with a larger
magnitude: 2.6 GeV? < M? < 3.1 GeV?. Since , a,(980)
and f;(980) may be four-quark states, we therefore explore
two possible scenarios: (i) In scenario 1, we treat
K, ay(980), f,(980) as the lowest lying states, and
K;(1430), ao(1450), f((1500) as the corresponding first
excited states, respectively, where we have assumed
that f(980) and f,(1500) are dominated by the 3s
component and (ii) we assume in scenario 2 that
K;5(1430), ao(1450), f(1500) are the lowest lying reso-
nances and the corresponding first excited states lie be-
tween (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.

In the numerical analysis, we adopt the first two lowest
resonances as inputs in these two scenarios and perform the
quadratic fits to both the left-hand side and right-hand side
of the renormalization-improved sum rules in Eq. (B9). We
find that in scenario 1 the resulting threshold and Borel
window are s, = (5.0 + 0.3) GeVZand 1.1 GeV? < M? <
1.6 GeV?, respectively, while in scenario 2, s, = (9.0 =
1.0) GeV? and 2.6 GeV? < M*> < 3.1 GeV2. Thus for
ay(980) and ay(1450), we obtain

Fayo80)(1 GeV) = (365 = 20) MeV,
Fay(080)(2.1 GeV) = (450 = 25) MeV,

_ (B11)
fay1a50)(1 GeV) = —(280 = 30) MeV,
Fay1a50)(2.1 GeV) = —(345 = 35) MeV,
in scenario 1 and
Fay1aso)(1 GeV) = (460 = 50) MeV,
Fay1450)(2.1 GeV) = (570 = 60) MeV, B12)

fg(1 GeV) = (390 + 80) MeV,
Fo(2.1 GeV) = (480 = 100) MeV,

in scenario 2, where S’ denotes the first excited state. Note
that the sign of the decay constants for the excited states in
scenario 1 cannot be determined in the QCD sum rule
approach [see Egs. (B9) and (C6)]. They are fixed from
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the signs of the form factors as shown in Table IV using the
potential model calculation.’

2. £,(980) and f,(1500)

Here we will assume that f,(980) and f,,(1500) are both
dominated by the ss component, i.e. j*° = §s. The results
read

Fr080)(1 GeV) = (370 = 20) MeV,
F1.080/(2.1 GeV) = (460 = 25) MeV,

g (B13)
fras00)(1 GeV) = —(255 = 30) MeV,
Fras00(2.1 GeV) = —(315 = 35) MeV,
in scenario 1, and
F 1,500 (1 GeV) = (490 = 50) MeV,
F 1050021 GeV) = (605 = 60) MeV, B14)

Fg(1 GeV) = (375 + 80) MeV,
Fo(2.1 GeV) = (465 + 100) MeV,

in scenario 2.

3. k(800) and K;;(1430)

The relevant current is j%° = gs with § = ii or d for the
cases of «(800) and K;(1430). Using the single resonance
approximation as given in Eq. (B4), we find that the lowest
lying mass roughly equals to (0.86 *+ 0.02) GeV?, corre-
sponding to sy =2.4 GeV and the Borel window of
0.8 GeV? < M? < 1.3 GeV?. In analogy with the case of
ao(1450), if K;(1430) is justified by the result of the lowest
lying mass sum rule, then it is necessary to have a large
threshold s, =~ 6.0 GeV? corresponding to a larger Borel
mass region 2.6 GeV? < M? < 3.1 GeV?, where the stable
plateau can be reached.

For «(800) and K;;(1430), we find

Fs00)(1 GeV) = (340 = 20) MeV,
Fuis00)(2.1 GeV) = (420 =+ 25) MeV,
fk;‘;(l430)(1 GeV) = —(300 = 30) MeV,

Frea0(s = 2.1 GeV) = —(370 % 35) MeV,

(B15)

in scenario 1 and

°In the quark model with a simple harmonic like potential, the
wave functions for a state with the quantum numbers (n, [, m) is
given by f,,(5*/B*)Y,,,(p) exp(—p*/2/3%) up to an overall sign,
with fo(x) = f1;(x) = 1 and f5,(x) = /5/2(1 — 2x/5). For the
n =2,1=1 state, the decay constant f¢ is dominated by the
second term in f,;, while the B — S form factors is governed by
the first term in f,; as the spectator light quark in the B meson is
soft. Consequently, the decay constant and the form factor for the
excited state have opposite signs. The overall sign with the wave
function can be fixed by the sign of the form factor which is
chosen to be positive in general practice.
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F:1430)(1 GeV) = (445 = 50) MeV,
Fk:1430)(2.1 GeV) = (550 = 60) MeV,
fs(1 GeV) = —(420 + 80) MeV,
fs(2.1 GeV) = —(520 + 100) MeV,

(B16)

in scenario 2.

Two remarks are in order. First, if neglecting the RG
improvement for the mass sum rules and considering only
the lowest lying resonance state, the results, as stressed in
Ref. [64], become sensitive to the values of the four-quark
condensates for which the vacuum saturation approxima-
tion has been applied. Then it is possible to have results to
be consistent with a(1450), K;(1430) and f,(1500) in the
range of 0.8 GeV? < M? < 1.2 GeV? if s, becomes larger
and four-quark condensates are several times larger than
that in the vacuum saturation approximation. Second, thus
far we have considered renormalization-group (RG) im-
proved QCD sum rules. It is found that sum rule results
become insensitive to four-quark condensates if the RG
improved effects are considered. For the RG improved
mass sum rules, if taking a((1450), K;(1430) and
fo(1500) as lowest resonances, then it is necessary to
have a large threshold s, = 4.9 GeV? corresponding to a
much larger Borel mass region 2.6 GeV? < M? <
3.2 GeV2, in contrast with the conclusion in Ref. [36]
where the stable Borel window
for the K;(1430) mass sum rule is 1.0 GeV?> < M? <
1.2 GeV2.

APPENDIX C: LEADING-TWIST LCDAS FOR
SCALAR MESONS

The LCDA ®(x, u) corresponding to the quark content
q1G> is defined by

(ﬂM%@m%@W:PﬁﬁWW”%@#l@D

where x (X = 1 — x) is the momentum fraction carried by
|
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the quark ¢ (antiquark @) and w is the normalization scale
of the LCDA. ®g(x, u) can be expanded in a series of
Gegenbauer polynomials [41,66]

Dy(x, w) = fs6x(1 — x)|:ZB,(,u)C?/2(2x - 1):|, (C2)
=0

where multiplicatively renormalizable coefficients (or the
so-called Gegenbauer moments) are given by

1 2121 + 1
@i +3) C?/Z(Zx — DDg(x, u)dx,

Bi(w) T 730+ DU +2) Jo

(C3)

which vanish for even [/ in the SU(3) limit. Consider the
following two-point correlation function

Ium=i[fwwmnaumwwm=QWHfo
(C4)

where

010/1S(p) = ©lg:2(i2D)' 1S (P))
=G [ - Dy
= (ZP)IHJ?S@Q,

(0101S(p)) = 0lg2q,1S(p)) = msfs,

with z2 =0and & = 2x — 1.
We shall saturate the physical spectrum with two lowest

lying resonances for reasons to be explained later.
Therefore, the correlation function /; can be approximately

written as
So
f ds
0

where S and S’ refer to the lowest and first excited reso-
nance states, respectively, and

(€5)

myfS(E) | mafilés) _

2 _ 2 2 _ 2
myg —¢q mg — ¢q

1
T

ImIPPE(s)
2

(Co)

>

s§—4q

I(q?) = 3 (mg, T my mg, —mgy, In —q*\ _(%242) n 10 — 3 (g,8,0 - Ggy) (4l — 5) (¢5G*Xq240)
M 6w\ 142 I+ 1 2 pe 24 e 8 e
+(—1)H 3 (mg, tmg,  mg, —my, In —q’ A{qiq) n 10l — 3 (g,8,0 - Gq,)
1672\ [+2 I+1 12 e 24 e
(41— 5) (g5G*Xq1q1)

18 6 }

q

(C7)

In terms of the above defined moments <§’S>, the sum rule reads
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(€hmsF3e i+ (@homs Fre I = |-
T

[+2 [+1

3 m, +m m, —m _
M + T T FO) + (G2g)

L 100-3(Gog,0 Gao) | (41 = 5) (3G Xarq)

24 M? 36 M*
3 m, +m m, —m
+ (=1 +1| _ M2 q2 a1 _ 92 q1 1+ (g
(1] = b (M = 0 + (i)
100 —3(g,8,0 - Gqy) , I(41 = 5) (g2G*Xq1q1)
+ + , C8
24 M? 36 M }} (C8)

with £(0) = 1 — e /M while the Gegenbauer moments
are given by

1 200+3) , ap

Q)
T30+ i+ G ED:

B () = (C9)
Conformal invariance in QCD indicates that partial waves
in the expansion of ®g(x, u) in Eq. (C2) with different
conformal spin cannot mix under renormalization to the
leading-order accuracy. Consequently, the Gegenbauer

moments B; renormalize multiplicatively:
as(,u,o)>—(vu>+4)/b
a,(p)

where the one-loop anomalous dimensions are [67]

Bilw) = Blwo)( , (C10)

2 I+1

1
Yo =CF<1 RS 1)(1+2)+4]._ZZ}>’ (C11)

with Cr = (N2 — 1)/(2N,). Note that f B, is independent
of the renormalization scale. It should be also stressed that
if only the lowest resonances are taken into account in
Eq. (C8), the resultant mass reading from the sum rule that
follows the same line as before by taking [(M*d/dM?)In]
to both sides of Eq. (C8) is less than 0.4 GeV, which is too

[
small compared with the observables. Therefore, in the
numerical analysis, we shall consider the first two lowest
resonances and perform the quadratic fits to both the left-
hand side and right-hand side of the renormalization-
improved moment sum rules, given in Eq. (C8), within
the Borel window M i, < M? < M2, with M2, M2, €
(1.1 GeV?% 1.6 GeV?) [and M2, , M2, € (0.8 GeV?,
1.3 GeV?)] corresponding to (£, ;) [and <§K,K$(1430>] in
scenario 1 and M2, M2, € (2.6 GeV? 3.1 GeV?) in
scenario 2, where the Borel windows are same as those
in the previous section. It should be noted that for the
moment sum rule for (£!) in the large / limit, the actual
expansion parameter is M?/I. Therefore, for (£3) we re-
scale the Borel windows to be M2. , M2, € (1.4 GeV?,
1.9 GeV?) for ag, fo [and M2 M2, € (1.1 GeV?,
1.6 GeV?) for «, K;(1430)] in scenario 1 and
M2, M. € (29 GeV? 3.4 GeV?) in  scenario 2.
Furthermore, for [ = 5 and fixed M2, the OPE series are
convergent slowly or even divergent, i.e. the resulting sum-
rule result becomes less reliable. Following the same line
as given in the previous section, we explore two possible
scenarios. The results for the fist and second moments of
(&'Y together with the fist and second Gegenbauer moments
are collected in Tables X and XI.
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