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Abstract Based on the assumption of two-quark structure of the scalar meson K§(1430), we calculate the
C P-averaged branching ratios for B — K3(1430)n(') decays in the framework of the perturbative QCD (pQCD)
approach here. We perform the evaluations in two scenarios for the scalar meson spectrum. We find that:
(a) the pQCD predictions for Br(B — K(1430n"?) which are about 107°-107°, basically agree with the
data within large theoretical uncertainty; (b) the agreement between the pQCD predictions and the data in

Scenario I is better than that in Scenario II, which can be tested by the forthcoming LHC experiments; (c) the

annihilation contributions play an important role for these considered decays.
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1 Introduction

Very recently, the branching ratios of B —
K;(1430)n decays have been measured by BaBar col-
laboration [1] with good precision:

Br(Bt - K;*(1430)m) = 18.242.6+£2.6x10°°,
Br(B® - K;°(1430)m) = 11.04+1.6£1.5x10°°. (1)

It is well-known that the underlying structure of
scalar mesons is not well established theoretically (for
a review, see e.g. Refs. [2-4]). Presently, motivated
by the large number of B production and decay events
expected at the forthcoming LHC experiments, the
scalar meson spectrum is becoming one of the inter-
esting topics for both experimental and theoretical
studies. It is hoped that through the study of B — SP
(S and P are scalar and pseudoscalar mesons) decays,
old puzzles related to the internal structure and re-
lated parameters, e.g., the masses and widths, of light
scalar mesons can receive new understanding. On
one hand, B — SP is another window to study their
properties [5, 6]; on the other hand, CP asymme-
tries of these decays provide another way to measure
the CKM angles 8 and maybe « [7]. Additionally,
B — SP decays have to be taken into account in or-
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der to analyze the B — 3P decays in the different
channels [8] and perhaps these decays can be used to
study new physics (NP) effects [9].

At present, some B — SP SV decays [6, 10, 11]
have been studied, for example, by employing the
QCD factorization (QCDF) approach [12] or the per-
turbative QCD (pQCD) approach [13-15]. In this
paper, based on the assumption of two-quark struc-
ture of scalar K meson (For the sake of simplicity,
we will use Kj to denote K(1430) in the following
section), we will calculate the branching ratios for
the four B — K, K™/, Ki’n and K’ decays by
employing the pQCD factorization approach.

This paper is organized as follows. In Sec. 2,
we calculate analytically the related Feynman dia-
grams and present the various decay amplitudes for
the studied decay modes. In Sec. 3, we show the nu-
merical results for the branching ratios of B — Kin")
decays. A short summary and some phenomenologi-
cal discussions are also included in this section.

2 Perturbative calculations

Since the b quark is rather heavy we consider the
B meson at rest for simplicity. It is convenient to use
light-cone coordinate (p*,p~,pr) to describe the me-
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son’s momenta. Using the light-cone coordinates the
B meson and the two final state meson momenta can
be written as

Mg
P = 2B(1,1,04),
1 \/5( T)
Mg
P, = 25(1,0,0,), 2
2 \/5( T) ( )
M
P3 = B(OalaOT)v

V2
respectively, here the light meson masses have been
neglected. Putting the light (anti-) quark momenta
in B, n and K{ mesons as k1, k2, and k3, respectively,
we can choose

kl = (‘T1P1+707k1T)7
kQ = (x2P2+707k2T)7 (3)
kg = (07.'173P37,k3T).

Then, after the integration over ki, k5, and ki, the
decay amplitude for B — K2 *n decay, for example,
can be conceptually written as

A(B+ — K6+n) ~ J’dxldxzdxgbldblbzdbzbgdbg .
Tr [C(t)sPB (21,b1)B, (2, bs) X
Gng (w3,b3) H (,b;,1) S () eism} )
(4)

where k; are the momenta of light quarks included
in each meson, the term Tr denotes the trace over
Dirac and color indices, C(t) is the Wilson coefficient
evaluated at scale t, the hard kernel H(ky,ky,ks,t)
is the hard part and can be calculated perturba-
tively, the function @y is the wave function, the func-
tion S;(x;) describes the threshold resummation [16]
which smears the end-point singularities on z;, and
the last term, e=*®)_ is the Sudakov form factor which
suppresses the soft dynamics effectively.

For the two-body charmless B meson decays, the
related weak effective Hamiltonian H.g can be writ-
ten as [17]

Gr [ . u u
Her = 75 [Vuqus (C1(n)O7 () +Co(1)O5 (1)) —
10
ViV XG0, )
=3
where C;(u) are the Wilson coefficients at the renor-
malization scale p and O; are the four-fermion opera-
tors for the case of b — § transition [17]. For the Wil-
son coefficients C;(u) (i =1,...,10), we will use the
leading order (LO) expressions, although the next-
to-leading order (NLO) results already exist in the

literature [17]. This is the consistent way to cancel
the explicit u dependence in the theoretical formulae.
For the renormalization group evolution of the Wil-
son coefficients from higher scale to lower scale, we
use the formulae as given in Ref. [18] directly.

In the two-quark picture, the decay constants fi:
and fx for a scalar meson K are defined by:

(K5 (D) @7 @110) = fspu, (KG()|G2@:]0) = mic fics

(6)
where my; (p) is the mass (momentum) of the scalar
meson, and

fii; =—0.02540.002 GeV, fics = —0.300-£0.030 GeV
(7)

in Scenario I, and

fis =0.03740.004 GeV, fics =0.44540.050 GeV,
(8)

in Scenario II [6], respectively.

The light-cone wave function of the scalar meson
K{ is defined as:

Pis.ap = \/Q;Tc{ Pdics () +mugs P () +
g (F A= D% 0} )
af

where v =(0,1,0r) and n = (1,0,01) are the dimen-
sionless light-like unit vectors.

The twist-2 light-cone distribution amplitude
¢k (z,11) can be expanded as the Gegenbauer poly-
nomials:

s (@, 11) = x(l—x>{fK;;<u>+

2N,

Fe <u>ZBm<u>03{2<2x—1>}, (10)

m=1
where the values for Gegenbauer moments are taken
at scale p = 1 GeV [6]: B, = 0.58+£0.07, By =
—1.20 + 0.08 (Scenario I) and B, = —0.57 +0.13,
B;=—0.42+0.22 (Scenario II).
As for the twist-3 distribution amplitudes gbf(z and
gbﬁa, we adopt the asymptotic form:

s _ 1 2 r_ 1
Py = fo;;, Py = AN
The B meson is treated as a heavy-light system.
We here use the same B meson wave function as in
Refs. [19, 20]. For the n-n’ system, we use the quark-
flavor basis with n, = (ut +dd)/v2 and n, = s5,
employ the same wave function, the identical distri-
bution amplitudes ¢;-"", and use the same values
for other relevant input parameters, such as f, =
(1.07£0.02) f, fs =(1.34+0.06) f,, ¢ =39.3°+1.0°,

Feg(1—22). (11)
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etc., as given in Ref. [21]. From those currently known
studies [19, 20, 22] we believe that there is no large
room left for the contribution due to the gluonic com-
ponent of N, and therefore neglect the possible glu-
onic component in both n and 1" meson.

We firstly take BT — K decay mode as an ex-
ample, and then extend our study to B* — K *n/
and B® — K;'n® decays. Similar to the leading or-
der B— Kn") decays in Ref. [23], there are 8 types of
diagrams contributing to the BT — K;*n decays, as
illustrated in Fig. 1. We first calculate the usual fac-

<

torizable diagrams (a) and (b). Operators O;_49.10
are (V —A)(V — A) currents, the sum of their ampli-
tudes is given as

1 oo
FeKE‘) = SWCFm%J deldeSJ' bldblbgdbg ¢B($1,b1) X

0 0

{eer,a.br.bo) Bo(ta)[(1+ 20 () +
7s(1—225) (s (w3) + s (23))] +
21505 (@) he(ws,m,bs, ) Bulls) }, - (12)

where rg = mx; /mg; Cr =4/3 is a color factor.

q,s q,s 9.8

o |

o |

(e ®

Fig. 1.
contribute to the B — K form factor F(?:KO

Rl s

© (d)

=
2]
=1
©»

® (b

Typical Feynman diagrams contributing to the BT — K§™n decays, where diagrams (a) and (b)

The contributions from the operators Os g7 s can | the corresponding decay amplitudes can be written

be written as

FIL = —Fa; (13)
FCF;?[’; =

1 oo
167‘[C'Fm237"n J d.fldl':; J bldblbgdbg ¢B (CCl y bl) X

0 0

{ [¢K;§ ($3)+7‘s[(2+9€3)¢§<5 (553)—95:@% (553)]} X

h’c(zlaxiia bl; b3) EC(ta) =+

2Ts¢§<g (5173) he(z37xlab35b1)Ec(tb)}7 (14)

where r,, =mg®/mg and/or r, =mg® /mg.

For the hard spectator diagrams 1(c) and 1(d),

as

32 !
MeKS = %T[CF'ITL% JO delde'g d.’I;g X

J bldblbzdbz ¢B(x17b1)¢1?(x2) X

0
{ {(1 — )P (73) — TS$3(¢§<3 (z3) — ¢E3 (3))| x
Ene(tc)hfm(xlax27x37b17b2)_hﬁc(‘rlax27x37b17b2) X

(e 22)0; o) sl o)+

o1, <x3>>} E,,ead)}, (15)
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32 1 (e}
MEL = _%ncFng d;vld;v2d;v3J' bldbledb2¢B(:v1,b1)rn{[(1—x2)¢K3(:c3)><
0 0

(85 (@) + 7 (@2)) =75 (05 (@) (L =2 +20)9%, (@) — (L =22 —20) 9%, (2] +

O () [(1 =22 = 23)0%; (23) = (L =2+ 20)6%; 1) | Wi (@122, 23, b1, b2) B £) —

(7205 (22) = 67 (22)) by () + s (205 (22) = 62 (22)) (83 () — 6 () +

236} (w2) + 0 (22)) (0% (@3) + 6%, (20)))]| Buc (b (w1,22,3,01,82) }. (16)

32 1 oo
MePKZ(,; = —%T[OFmZBJ' deldeQ de3 J bldblbgdbg ¢B (Il,bl)gbrl?(xz){Enc(tc) X
0 0

[(1 — T+ 23) Py (T3) — 1523 (s (T3) + e (553))} e (@1, %2, @3,b1,b2) —

[$2¢K;; (z3)— Ts$3(¢§<3 (w3)— ¢E3 (953))} Epe(ta) iy, (21,22, 25,b1, b2)}- (17)
For the non-factorizable annihilation diagrams 1(e) and 1(f), we find

32 !
Ma*:—ﬂCm2dedxd$J
K NG F B 1422 dx3

TnT's (¢E (22) [(1 + o —23) P (23) — (1 — 22 — 23) (QUS)} + ¢y (22) x

bydb, bydb, ¢B(z1,b1){ {(1 — 23) ()i (5) —
[(1 0y — ) B (w5) — (L w2 — 23) O, (xg)} )] B (t)he, (21,2, T3, by, ba) —
{$2¢§($2)¢K3 (z3) =7ars (051};(502)[(34'932 —3)Pis (23) + (1 =22 —23) X

Oy (23)]+ 67 (@2)[(— 122+ 25) 055 (w5) + (1~ w2+ )6 ()] ) |

Ena(tf)h'fla(zlvI27I3;b15b2)}5 (18)
P11 __ _g C 2 ' - P
MaKg = \/67-[ ey | dridzades | bidbibydbs ¢ (wy,b:) Tn$2¢K3($3)(¢n (z2) +
0 0

bn (22)) +7s(1 —503)(251?(502)@%; (z3) — éfﬁ;; (503))} Epa(te)hya (@1, 22,23,01,b2) +
[Tn@ - zg)(d)ﬁ (72) +¢TT]($2))¢K3 (w3)+7s(1 +$3)(¢f<;; (z3) — ¢§;; (z3)) %

¢1?($2):| Ena(tf)h'fla(xlax27I37b15b2)}5 (19)

For the factorizable annihilation diagrams 1(g) and 1(h), we have
Fuxs = 8fsmCem? E dasdzs J:O bydbabsydbs { [x2¢g(z2)¢>K3 (3) — 27 X
(w2 + 1)} (22) + (22 = )67 (22)) 85 (w5) | (02,1 =, b2, bs)
Bu(t)+ | (@3 = 1)} (@2)drc; () —2rms (z2) ( (s = 2)%; (w5) —

T30 (7)) | Bu(ti)ha(1=25,22,b5,02) } (20)
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1 oo
FR2 = 16 ancszBJ dxzdx3J bzdbzbgdb3{[2rs¢g(x2)¢§<s (25) —
0

TnZa(h (22) — ¢y (22)) Pk (173)} ha(ze,1—x3,b2,b3)FEa(ty) +
(75 (1 = 3) (22) (85 () + 0 (2)) — 2405 (2 (23)]

Ea(th)h'a(l_x35$25b37b2)}'

(21)

For the B — K 'n decay, besides the Feynman diagrams as shown in Fig. 1 where the upper emitted
meson is the n, the Feynman diagrams obtained by exchanging the position of K% and 1 also contribute to
this decay mode. The decays amplitudes for the first four new diagrams can be obtained by the replacements

A S
brg B, G, BF, O, T, s,

For the last four annihilation diagrams, the decay amplitudes can be written as,
1

32
]\43”-l = %T[CF’ITLZB J'
0

s (Qbf(g (@2)[(1 422 — 23) @) (23) — (1 — 22 — 23) By (w3)] + i (2) [y (w3) %

dz dzyds J'C><> b1dbbydbsy ¢ (21, bl){ {(1 - $3)¢K;; (952)(151?(553) +

0

(1= — ) — (14 2 _:cg)qﬁ:(%)])} R (1,2, 25, b1, b2) Bua (te) — Bua(t) X
{$2¢K;; (22) @5 (3) +7q7s (¢§<0 (22)[(B+22 —23) by (23) + (1 =25 —23) ¢y (3)] —

i (@2) (1= 23 = 20)0] (2) — (1= w3 +23)05 (23)]) | A (21,32, b1,b2) }.

1 oo

32
Mfl = —m(C, mQJ
" V6 ’ Bo

¢$($3) =7y (1— $3)¢K3 (%)@E(%) - Qﬁ(%))} Eya(te)hs, (z1,22,235,b01,02) +

da,day das J b1dbibadbs 0 (1,b0){ a0 (22) + 6k (22)) x

0

(15 (2= 22) (98 (22) + 6 (2))0% (w5) = 1 (1 + 5 (2) (65 (5) — 61 (2))|

Ena(tf)hia(xlux%x?n b17b2)}7

1 oo

Fan = 8fB7TCFm%J

0

dI’gde:; J

0

badbobsdbs { [Izéng (xz)(bf? (23) +2rqrs X
((552 + 1)¢§<3 (z2) + (22— 1)¢§;; ($2)> ¢§($3)} E,(tg)ha(,1—23,b5,b3) —
[(1 —903)¢K;; (%Wﬁ(%) +2ans¢§<5 (z2) ((2 —x3)¢§(x3)+w3¢$(x3))] X

Ea(th)ha(l _-T37$27b37b2)}7

1 o)
F;f = lﬁfBT[OFm%J dI’gde:; J bgdbgbgdbg { |:2TU¢K6 (Ig)d)ﬁ (CCg) - Tstgd)ﬁ* (I3) X

0 0

((25%(3 (552) - ¢§3 (xz))} ha(xza 1—23,0,, bS)Ea(tg) +ha(1 —3,%2,bs, bz) X

Bu(th) [ 2rs6i (@2)85 (25) 1o (1= 2) 6 (2) (95 (w5) + 65 ()| } -

(22)

(26)

The explicit expressions of hard functions Fe nemaa(t:) and Renemaa(®:,05), -+ can be found for example in

Refs. [19, 20, 23].
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Before writing the total amplitude of B¥ — K’*n decay, we firstly define the combinations of Wilson

coefficients as usual [24],

a, = CQ+01/37

(12:01+02/37

a;=C;+Ci1/3, 1=3-10, (27)

where the upper (lower) sign applies, when 4 is odd (even).

By combining the contributions from different diagrams, the total decay amplitudes for B* —

example, can be written as

1
M(K(§+n) = CquKafq{)\UGQ_)\t |:2(a3—a5)_§(a7

K™, for

o) b= B

1 1
[a3+a4—a5+§(a7—a9—a10)] +F9PK25 (a6_§a8>}+<—q{ ek X

1 1
|:)\UCQ_At(2C4+§Clo):| —MePKZS)\t(2C(;+§CS)} <s)‘t{ eKy X

1 1 1
(Ot Cu (o Cua))+ ME (€= 50+ ME (Com3Co) |+

G {MaK;; MaC1 = A(Cs+ Co)] = Migeu M(Cs + Cr) = Fods A(ag +

(18) +FaK3 [)\uCh - )\t(a4 —|—a10)] } +Cq{(fK3Fenq +Fanq) [)\ual -

)\t(a4 +a10)] — (fK*FP2 +FP2 )At(ag —|—a8)

(Meng +Mang) X

0~ €eNgq
[/\UC’l—)\t(C'3+Cg)]—(M;Z+M;2)At(05+07)}, (28)
where A\, = ViV, A = ViV and (s = | agree well with those as given in Ref. [25].
COS¢(—sin @) for 1q(n.) with the flavor mixing an- Using the decay amplitudes obtained in last sec-
V2 o tion, it is straightforward to calculate the branching

gle ¢ = 39.3°.
similar result.

For B® — Kn decay, we find the

For B — Kjn’ channels, the total decay ampli-
tudes can be easily obtained by replacing () with

, sin ¢ .
as) = W(COS@ for n;,(n;) in Eq. (28).

3 Numerical results and discussions

In this section, we will calculate the C'P-averaged
branching ratios for those considered decay modes.
The input parameters to be used are given in Ap-
pendix A. In numerical calculations, the central val-
ues of input parameters will be used implicitly unless
otherwise stated.

Firstly, we find the pQCD predictions for the cor-
responding form factors at zero momentum transfer:

(@ =0) = =044 832 (w0) 88 (i) £33 (Bua),
(Scenario )

o S0 = 0) = +0.76 318 (wn) 808 (fi) 7047 (B,

(Scenario 1) (29)

for fg =0.19 GeV, and wy, = 0.40+£0.04 GeV. They

ratios. The leading order pQCD predictions for the
C P-averaged branching ratios in Scenario I are the
following (in unit of 107°)

Br(B* —K;™n) = 11.855:30:115755(19.2), (30)
Br(BY - K;*n') = 21,6523 10015 (15.4), (31)
Br(B’—Kg') = 9.155¢ 01 1115 (17.0),  (32)
Br(B" — Ki™') = 22.055 57557 50715(15.0), (33)

and in Scenario II,

Br(B* —K;*n) = 338157 A688), (34)

Br(B* —K; ™

+11 6+1.446.4+6.9
—7.8—1.4-5.9-6.2 (34 2)

36)

(
) =TSR SR 65 161 (49-6), (35)
Br(B" —K;'n) (
Br(B” — Ki™n') = 74.2535575 051112 (48.2), (37)
where the numbers in parentheses are the central val-
ues of branching ratios without the inclusion of an-
nihilation diagrams. The first theoretical error is in-
duced by the uncertainty of w, = 0.40+0.04 GeV.
The second uncertainty arises from the Gegenbauer

moment ag(,) =0.115£0.115. The last two errors are
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from the combinations of Gegenbauer coefficients B,
and/or Bs and decay constants fi; and/or ng of the
scalar meson K, respectively.

Now some phenomenological discussions are in or-
der:

(1) In the evaluations of B — K;n”’ modes, the
updated parameters in the distribution amplitudes of
n mesons, for example, ag(,) = 0.1154£0.015 and
az(/) = —0.015 were used.

(2) From the branching ratios for B — K;n") de-
cays as shown in Eqgs. (30-37), one can see that the re-
sults in Scenario II are nearly 3-4 times large as those
in Scenario I for B — K{n and B — K{n' decays, re-
spectively. This is because the decay constants in Sce-
nario IT are larger and sign-flipped, which results in
the large branching ratios in Scenario II. The pQCD
predictions in Scenario I are preferable by the existing
data than in Scenario II.

(3) As shown in Egs. (30-37), the annihilation
diagrams play a more important role in contribut-
ing to the branching ratios in Scenario I than that
in Scenario II for B — Kn, while the situation for
B — K{n’ is quite the contrary. By neglecting the
annihilation contributions, for example, the pQCD
prediction for the central value of Br(B* —Kj™n) is
from 11.8x107° to 19.2x107% in Scenario I while from
33.8x107% to 38.8x107% in Scenario II; the prediction
for Br(B* — K;™n’) will change from 21.6 x 107 to
15.4 x 107% in Scenario I, the corresponding change,

however, is from 77.5x 107 to 49.6 x 10~% in Sce- |

Table 1.

nario II.

(4) The long distance re-scattering effects may
also affect the branching ratios of B — SP. We here
do not consider such effects since it is still very diffi-
cult to estimate them reliably now.

It is worth mentioning that the authors of Refs. [6,
10] have studied four B — K7t decays by employing
the QCDF and pQCD approach, respectively. They
found that Scenario II is more preferable than Sce-
nario I by comparing with the data. But the numer-
ical results of branching ratios are very different in
those two papers.

We also performed the calculations for the four
B — K{m decays in the pQCD approach, and con-
firmed that the large branching ratios could be ob-
tained if the old Gegenbauer moments [26], i.e., aT =
0.44 and a} = 0.25, are used. By using the updated
values of a7 = 0.1154+0.115 and a} = —0.015, we
find that the corresponding pQCD predictions for the
branching ratios of B — K7 decays are decreased sig-
nificantly by around 40% (see Table 1) in both sce-
narios.

Frankly speaking, the theoretical predictions for
the branching ratios of all considered B — SP decays
still have a very large parameter-dependence. we can
not determine with enough confidence which scenario
is the better one at present. Much more theoretical
studies and larger data sample are required to under-
stand the structure of scalar meson.

The pQCD predictions for the branching ratios (in unit of 1076) for B — K7t decays, obtained

by using the new Gegenbauer moments in present work or the old ones in Ref. [10] respectively, where the

various errors have been added in quadrature. By comparison, we also cite the measured values as given in

Refs. [27, 28].
modes Scenario I Scenario II Scenario I [10] Scenario II [10] data
Bt - Kytn® 78758 21.675°2 11.3%33 28.877% -
B? — K0n0 58717 107133 10.0133 18.47%1 117752 [27]
Bt — Ki0nt 13.6175 ¢ 30.975%* 207157 4767155 47.0+5.0 [28]
BO - K tm 13.2739 31.613%% 20.07%5 43.0712°8 50.075-0 [28]

In short, we calculated the branching ratios
for B — Kin" decays by using the pQCD fac-
torization approach at leading order. We perform
the evaluations in two scenarios for the scalar me-
son spectrum. Besides the usual factorizable di-
agrams, the non-factorizable and annihilation dia-
grams are also calculated analytically in the pQCD
approach. we find that (a) the pQCD predictions for
Br(B — K3(1430)n"") which are about 107° — 1075,
basically agree with the data, but the theoretical
error is still large; (b) the agreement between the

pQCD predictions and the data in Scenario I is bet-
ter than that in Scenario II, which can be tested by
the forthcoming LHC experiments; (¢) the annihila-
tion contributions play an important role for these
considered decays; (d) much more theoretical studies
and larger data sample are needed to have a better
understanding about the structure of scalar mesons.

X. Liu would like to thank Run-Hui Li for useful

discussions.
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Appendix A

Input parameters and wave functions

The masses, decay constants, QCD scales and B me-
son lifetime used in the calculations are

AIZY = 0.250 GeV,  f=0.130 GeV,

fo = 0.190 GeV, my;s = 1.425 GeV,

mg® = 1.07 GeV, m*=1.92 GeV,

Tt = 1.638x 1077 s, Mw =80.41 GeV,

Ms

5.28 GeV, Tgo=1.53x10""%s.

For the CKM matrix elements, here we adopt the
Wolfenstein parametrization for the CKM matrix, and
take A = 0.2257, A = 0.814, p = 0.135 and 77 = 0.349
[28].
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