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In this work, we calculate the CP-averaged branching ratios and the polarization fractions of the
charmless hadronic B, — A,A; decays within the framework of perturbative QCD (pQCD) approach,
where A is either a light 3P, or ' P, axial-vector meson. These 32 decay modes can occur through the
annihilation topology only. Based on the perturbative calculations and phenomenological analysis, we find
the following results: (a) the branching ratios of the considered 32 B, — A,A; decays are in the range of
1075 to 1078; (b) B, — a;b,, KYK and some other decays have sizable branching ratios and can be
measured at the LHC experiments; (c) the branching ratios of B. — A,(' P,)A;(' P,) decays are generally
much larger than those of B.— A,(*P)A3;(*P,) decays with a factor around (10~ 100); (d) the
branching ratios of B, — KYK|" decays are sensitive to the value of 6y, which will be tested by the
running LHC and forthcoming SuperB experiments; (e) the large longitudinal polarization contributions

govern most considered decays and play the dominant role.
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L. INTRODUCTION

From the point of structure, the B, meson is a ground
state of hc system: which is likely an intermediate state of
the ¢c and bb-quarkonia, but should be very different from
both of them since B,. meson carries flavor B = —C = 1.
When compared with the heavy-light B, meson with ¢ =
(u, d, s), on the other hand, the decays of the B, meson
must be rather different from those B,/B;/B, mesons
since here both b and ¢ can decay while the other serves
as a spectator, or annihilating into pairs of leptons or light
mesons (such as K+ 79, etc). Physicists therefore believe
that the B, physics must be very rich if the statistics
reaches high level [1-3]. In recent years, many theoretical
studies on the production and decays of B. meson have
been done [2,3], based on, for example, the Operator
Production Expansion [4], NRQCD [5], QCD Sum Rules
[6], SU(3) flavor symmetry [7], ISGW II model [8], QCD
factorization approach [9], and the perturbative QCD
(pQCD) factorization approach [10-13].

On the experimental side, it is impossible to find a pair of
B}l B, in the B-factory experiments (BaBar and Belle)
since its mass is well above 6 GeV. Although the first
observation of approximately 20 B, events in the B, —
J/Wlv decay mode was reported in 1998 by the CDF
collaboration [1], it was not until 2008 that two confirming
observations in excess of 5o significance were made by
CDF and DO collaboration [14] at Tevatron via two decay
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channels: the hadronic B, — J/Wz* decay and the semi-
leptonic B, — J/WI" v, decay.

At the LHC experiment, specifically the LHCb, one
could expect around 5 X 10'% B, events per year [2,3].
And therefore, besides the charmed decays with large
branching ratios, many rare B, decays with a decay rate
at the level of 1073 to 107° can also be measured with a
good precision at the LHC experiments [7]. This means
that many B, — hh, decays (h; are the light scalar (S),
pseudoscalar (P), vector (V), axial-vector (A) and tensor
(T) mesons, made of light u, d, s quarks) can be observed
experimentally. In the SM, such decays can only occur via
the annihilation type diagrams. The studies on these pure
annihilation B, decays may open a new window to under-
stand the annihilation mechanism in B physics, an impor-
tant but very difficult problem to be resolved.

In 2004, by employing the low-energy -effective
Hamiltonian [15] and the pQCD approach [16-18], we
studied the pure annihilation decays B, — 77 and pre-
sented the pQCD prediction for its branching ratio [19]:
Br(B,— 7t ) = (4.2 + 0.6) X 1077, which was con-
firmed by a later theoretical calculation [20] and by a
very recent CDF measurement with a significance of
3.70 [21]: Br(By—» w*7m7) = (5.7 = 1.5 = 1.0) X 107".
This good agreement encouraged us to extend our work to
the case of B, decays. Although the charm quark c is
massive (relative to the known light quarks u, d, and s),
the B, meson has been treated as a heavy-light structure in
this work because of the ratio m./myg_~ 0.2, which means
that the large part of the energy is carried by the much
heavier b quark in a B, meson. With this assumption, we
also employ the k; factorization theorem to the b decay in
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B. meson, in a similar way as for the decays of B, and By,
mesons.

During past two years, based on the pQCD factorization
approach, we have made a systematic study on the two-
body charmless hadronic decays of B. — PP, PV, VV
[10], B, — SP, SV [11] and B. — AP, AV [12,13]. For
all the considered pure annihilation B, decay channels, we
calculated their CP-averaged branching ratios and longi-
tudinal polarization fractions, and found some interesting
results to be tested by the LHC experiments.

In this paper, we extend our previous investigation fur-
ther to the charmless hadronic B, — AA decays. The axial-
vector mesons involved are the following:

a,(1260),
f1(1285),

b,(1235),
£1(1420),

K,(1270),
h,(1170),

K,(1400),
h,(1380).

All the 32 decay modes are the pure annihilation decay
processes in the SM.

The internal structure of the axial-vector mesons has
been one of the hot topics in recent years [22-24].
Although many efforts on both theoretical and experimen-
tal aspects have been made [25-30] , we currently still
know little about the nature of the axial-vector mesons. Our
study will be helpful to understand the structure of these
mesons.

As one of the popular factorization tools based on the
QCD dynamics, the pQCD approach can be used to ana-
lytically calculate the annihilation type diagrams. Besides
the good agreement between the pQCD prediction and the
newest CDF measurement for Br(B; — 7+ 7~), the pQCD
prediction of Br(B® — Dy K") = (4.6 = 1.0) X 1073 for
the pure annihilation B® decay as presented in Ref. [31]
also be consistent well with the data [30]. We therefore
believed that the pQCD factorization approach is a power-
ful and consistent framework to perform the calculation for
the annihilation type B, ;, decays, and extend our work to
the cases of B, decays.

The paper is organized as follows. In Sec. II, we give a
brief review about the axial-vector meson spectroscopy,
and the theoretical framework of the pQCD factorization
approach. We perform the perturbative calculations for
considered decay channels in Sec. III. The analytic expres-
sions of the decay amplitudes for all 32 B. — AA decays
are also collected in this section. The numerical results and
phenomenological analysis are given in Sec. IV. The main
conclusions and a short summary are presented in the last
section.

II. THEORETICAL FRAMEWORK

A. Axial-vector mesons and mixings

In the quark model, there exist two distinct types of light
parity-even p-wave axial-vector mesons, namely, 3P,
(Jpc =17y and 'P| (Jpc = 177) states:
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f1(1285),
h,(1170),

3P nonet: a;(1260),
P nonet: b;(1235),

f1(1420) and K 4;
h1(1380) and KlB'
(2)

In the SU(3) flavor limit, the above mesons can not mix
with each other. Because the s quark is heavier than u, d
quarks, the physical mass eigenstates K;(1270) and
K,(1400) are not purely 3P, or ! P, states, but believed to
be mixtures of K, and K,p.". Analogous to i and 7’
system, the flavor-singlet and flavor-octet axial-vector me-
son can also mix with each other.

The physical states K;(1270) and K, (1400) can be writ-
ten as the mixtures of the K4 and K, states:

K1(1270) = sin@KKlA + COSHKKIB,

K(1400) = cosOg K4 — sinfxK,p, ©)
where 0y is the mixing angle to be determined by the
experiments. But we currently have little knowledge about
0k due to the absence of the relevant data, although it has
been studied for a long time [22-24]. In this paper, for
simplicity, we will adopt two reference values as those used
in Ref. [24]: O = £45°.

Analogous to the 7 — n’ mixing in the pseudoscalar
sector, the 41(1170) and /,(1380) (' P, states) system can
be mixed in terms of the pure singlet /; and octet g,

!

h1(1170) = Sin01h8 + COSQ]h],

. 4)
h;(1380) = cosf,hg — sinfh;.

Likewise, f1(1285) and f,(1420) (the 3P, states) will mix
in the same way:

f1(1285) = sinfsfg + cosbsf],

, (&)
f‘] (1420) = C0893f8 - Sln03f1.

where the flavor contents of /| g and f g can be written as

hy

& -

fi (itu + dd + 5s),

] (6)
]’lg = fg = %(l/_ﬂ/{ + C?d - 255)

The values of the mixing angles ¢, 5 can be chosen as [24]:

6, =10° or 45° 0; =38° or 50°. (7)

"For the sake of simplicity, we will adopt the forms a;, b, K’,
K", f', f, k" and h" to denote the axial-vector mesons a,(1260),
b(1235), K,(1270), K,(1400), f,(1285), f,(1420), h,(1170)
and ,(1380) correspondingly in the following sections, unless
otherwise stated. We will also use K;, f} and h| to denote
K,(1270) and K(1400), f,(1285) and f(1420), and h(1170)
and h,(1380) for convenience unless otherwise stated explicitly.
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B. Formalism

In the pQCD factorization approach, the four annihila-
tion Feynman diagrams for B, — A,A; decays are shown
in Fig. 1, where (a) and (b) are factorizable diagrams, while
(c) and (d) are the nonfactorizable ones. The initial » and ¢
quarks annihilate into u and d/5, and then form a pair of
light mesons by hadronizing with another pair of ¢g (¢ =
(u, d, s)) produced perturbatively through the one-gluon
exchange mechanism. Besides the short-distance contribu-
tions based on one-gluon-exchange, the ¢g pair can also be
produced through strong interaction in nonperturbative
regime (final state interaction(FSI), for example).

For the considered B, — A,A; decays, the key point is
to calculate the corresponding matrix elements:

M o (A A3| H o] B.) (8)

where the weak effective Hamiltonian FH . is given by
[15]
G

5%=£Mmmwwquwwm1®

with the current-current operators O ,,

01 = L_tlg’)”u’(l - YS)DQEB’)/N(I - YS)boz’

- _ (10)
0, = iigy*(1 — y5)Dplay*(1 = ¥5)b,,

where V., V,p (D = d, s) are the CKM matrix elements,
C;/(n) are Wilson coefficients at the renormalization
scale u.

Although the dominance of the one-gluon exchange
diagram seems favored by the data of BY — 7" 7~ and
B — D; K" decays, according to the good agreement
between our calculations based on the pQCD approach
[19,31] and the data [21,30], we currently still do not
know whether the short-distance or the nonperturbative
contribution dominate for B, annihilation decays. We
here first assume that the short-distance contribution is
dominant, and then calculate the matrix element in
Eq. (8) by employing the pQCD approach, provide the
pQCD predictions for the branching ratios and longitudinal
polarization fractions, and finally wait for the test by the
LHC experiments.

We work in the frame with the B, meson at rest, i.e., with
the B, meson momentum P; = "7132#(1, 1,07) in the light-

cone coordinates. We assume that the A, (A3) meson

A 2 A 2 A 2
BC BC BC BC
A 3 A 3 A 3
(@ (b) ()

FIG. 1.
nonfactorizable ones.
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moves in the plus (minus) z direction carrying the momen-
tum P, (P53) and the polarization vector €, (€3). Then the
two final state meson momenta can be written as

m m
P (1—-13,13,0p), Py=—2(21-130p),

N; N
(11)

where r, = my,,/mp, and r3 = m,, /mg. The longitudinal
polarization vectors, €5 and €%, can be defined as

P2=

L _ "B, > _ 2
€ = 1—rz, —r500),
2 \/zmAz ( 3 2 T) (12)
el = "B, (—=r3, 1 —1r3,0p).
\/imA3 )

The transverse ones are parameterized as eg = (0,0, 1),
and €} = (0,0, 17). Putting the (light-) quark momenta in
B., A, and A; mesons as ky, k,, and k5, respectively, we can
choose

k] == (le;r, O;le))
ky = (x,P7, 0, Ky7), (13)
ky = (0, x3P3, k3yp).

Then the decay amplitude can be written conceptually as
the following form,

M(B. — ArA3) = (AyA3| H | B,)
-~ /-dxldedX3b1db1b2db2b3db3

X Tti[C()Dg (x1, b)) D4, (x2, by)
X D, (x3, b3)H(x;, by, 1)S,(x;)e™50]
(14)

where b; is the conjugate space coordinate of k;r, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
logarithms In(my /f) are included in the Wilson coeffi-
cients C(f). The large double logarithms (In’x;) are
summed by the threshold resummation [32], and they
lead to S,(x;) which smears the end-point singularities on
x;. The last term, ¢ 30 is the Sudakov form factor which
suppresses the soft dynamics effectively [33]. Thus it
makes the perturbative calculation of the hard part H
applicable at intermediate scale, i.e., mp_scale. We will
calculate analytically the function H(x;, b;, 1) for the

(d)

The annihilation Feynman diagrams for B. — A,A; decays. (a) and (b) are factorizable diagrams; while (c) and (d) are the
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considered decays at leading order (LO) in «, expansion
and give the convoluted amplitudes in next section.

III. THE DECAY AMPLITUDES IN
THE PQCD APPROACH

For an axial-vector meson, there are three kinds of
polarizations, namely, longitudinal (L), normal (N), and
transverse (7). The B, — A,(e,, P5)Az(€e3, P3) decays are
characterized by the polarization states of these axial-
vector mesons.

A. Decay amplitudes with different polarization

The decay amplitudes M are classified accordingly,
withH=L,N, T,

‘MH = (m%LfMLJ m%[ ‘MNG;(T)G?;(T)J (15)

iMpexPrp €5,(T)€35(T) Py, P3).

PHYSICAL REVIEW D 84, 074033 (2011)

where €(T) stands for the transverse polarization vector
and we have adopted the notation €°!?*> = 1. Based on the
Feynman diagrams shown in Fig. 1, we can combine all
contributions to these considered decays and obtain the
general expression of total decay amplitude as follows,

AzAz

My(B, — ArA;) = fa:H

Vi Vuplfs F + Mfé?é Cy}, (16)

= (/3 + C,,” while FAZA‘ and MQ;AI; denote
the Feynman amplitudes with three polarlzatlons for fac-
torizable and nonfactorizable annihilation contributions,
respectively.

The explicit expressions of the function F° fflA,} and M;‘;A,_}

in the pQCD approach can be written as the following
form:

where a; =

Fj%a = SWCFm%}C [01 dxydx; /000 bydbyb3dbs{[x; 2 (x2) p3(x3) + 2r,r3((xy + 1) 5(x2) + (x2 — 1) (x2)) 3 (x3)]

X Epa(ta)hsa(1 = X3, X3, b3, by) + Epq(ty)h7q(x2, 1
X [(x3 = Dpo(x2) p3(x3) + 2127305 () ((x3

1616

ML

X p3(x3) = (re
X 4(x3))E,q (1, )hna(-XZ’ x3, by, by) —
X p5(x3) = (rp +xp +x3 = 1)
X E, (1) (xa, X3, by, b))},

— X3, by, b3)
= 2)$3(x3) —

x305(x3)) ]} (17)

= —WCFmB f dxzdx3f b1db bydby{[(r. — x5 + 1)pa(x2)h3(x3) + rors(h3(x)(Br, + xp — x3 + 1)

+ 1D5(x3) + dh(x)((re — x;

+ D3(xs) + (e 1)

_X2+X3_

[(rp + re + x0 = Dpa(x2) p3(x3) + rars(d3(x)((@ry, + 1o +xp —x3 — 1)
T(x3)) + 5 (x)((rp + xp + x5 —

D@4(x3) — (ro + x — x3

— D5(x3)))]
(18)

Pl = 8Cpm}, [ deadys [ badbabsdbyrardl(en + (@300 $0x0) + B8G)309) + (3~ DY) (x3)

+ 5 00) Py () IE fo (1) hs,(1
+ d3(x2) PG (X3 E (1) hpa(x2, 1

326

— x3, by, by)},

= X3,2, b3, by) + [(x3 = 2)(¢5(x2) 5 (x3) + 3 (x2) 5 (x3))

- x3(d)§(x2)d)’3’(x3)
(19)

) f dxads f bydbybadbaryrs(r % (6) $4(xs) + b2(6)bY (13 Ena(t ) (X2 3, b1, bo)
— 1[5 (x2) 4 (x3) + D3 (x0)hY (03)IE, 1 (1) it (3, X3, by, by}, (20)
= 167Cymi, [ dusdvs [ badbsbsdbirarl(e: + D50 BY() + P Bx0) + (12— D(BS2) (53
+ ¢5(x2) DY () ]E (1) o (1 — x3, X3, b3, by) + [(x3 — 2)(d5(x2) 3 (x3) + D5 (x2) 5 (x3)) — x3(hS(x2) 5 (x3)
+ ¢3(x2) P33 E 14 (t5) sy (X2, 1 — X3, by, b3)}, 2D
MI, = #WCFmB [ dxdis f bydbybydbyrsrylr [ 40 32 (xs) + B2 (x2) b2 (x3) Ena(t) S (x2 X3, b1y ba)

- "b[¢2(xz)¢3(x3) + ¢2(x2)¢3(x3)]Ena(fd)tha(x2, x3, by, bz)}.

(22)

2One should note that a, here just stands for the combined Wilson coefficient, not the abbreviation for axial-vector meson a;(1260).
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where ry3) = my, /myg_, Fery = mep)/mp_. The explicit expressions for the distribution amplitudes ¢4, ¢, o3, oL, Y
and ¢4 are given in the Appendix. The definitions and expressions of the hard functions (%4, h,,), (Es,, E,,) and hard
scales (t,, t3, t., t;) can be found in Appendix B of Ref. [10] and references therein.

B. Decay amplitudes for the considered decay modes

Now we can write down the total decay amplitudes for all 32 B. — A,A; decays. The decay amplitudes of the 16

AS = 0 decay modes are the following:

. + 0 aO a+ a(J a+
V2My(B. — aj ad) = Vi, Valfs (Fphg — Friihay + (M50 — My )C,
N b+ b0 B bt bFbo w0 b*
V2My(B. — bi bY) = Vi VudlF s, (Fpin = Friy Jay + (M5 — Mty )C1},
" +b0 bO a+ +b() b() a+
V2My(B. — ai bY) = ViVl fs (Fphp — Fiiiay + (Myhhe — M40 C,
. bt a0 O bt b+ ad WO bt
V2My(B. — by ad) = Vi, Valfs (F b — Friiay + (M550 — M40 )C,},
. C0893 + fpu fla* + fu flat
My(B, — af f') = vc,,vud{f [f, (Fili + Fra)ay + (M0 + My C ]
Si1’103 + fu d g+ + fu d g+
+ \/6 UBC(F;;;Ii + F;iz;lll)al + (MZ;,I; + Mnga;lll)cl] ’
— sinf; ar fu Flat al filaf
My(B. — af f') = Vfqud{T fp (F o + Frpar + (M + My, 4)Chl
cosf@ + fu d + + fu ed +
+ SR (FLE + Pl + 01 + e}
M y(B. — by f') = My(B. — ai f")a; — by), My (B — by ') = My(B, — af f")a; — by),
MyB.—afh)=MyB.—af f)(f—h0;—0,), MyB.,—alh")=MyB.—af")f—h6;—6),
M y(B. — by h') = My(B. — a{ h')(a; — by), My(B. — b h'") = My(B, — af h")(a; — by),
_ 0 0 0 0
My(B, — KOK'™) = V2, Vil —sin20(f5 Frliyay + Myl Cy) — cosOy sinfy(f Fyly "ay + My Cy)
0 0 0 0
+ cosb sind(f Froy " ay + My C)) + cos?0(fa Froy " ar + Myl " C)l,
_ o0 o0 0 o0
My (B, — ROK"™) = ViV, cost sinfx(f5 Fyly " ay + Myl " C)) + sin’Ox (fp, Frity " ar + My " C)
k{) 0 . 0 0
+ cos?0x (fp, Frlty “ar + Myl " C)) — cosb sind(f5 Froy "ay + Myl " C))l,
_ 0 0 0 0
My(B. — K"K'*) = Vi, V,ilcost sinfy(f5 Fyly " ay + My " C)) + cos0x (i Fylhy "ay + My " Cy)
0 0 0 0
+ S0, Fyhy "ay + My 5" C,) + cosbi sinf (s, Frity ay + Mty C)}
- 0 0 . IZ“ 70
My(B, — R'OK") = Vi, V,ilcos?0,(f Frly " ay + My C)) — cosO sinfy(f5 Frliy ™ ay + M, 5" C))
0 0 0 0
+ cosb sind(f Froy " ay + My C)) — sin?@(f5 Frlog " ay + Mty " C));

ata’
1 4y
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(29)
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(32)

(33)

(34)
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The decay amplitudes of the 16 AS = 1 decay modes are of the form:

My(B. — K af) = 2My (B, — K'"af)
KOA K?BaT

0+ + 0+
= Vi Vi lsind [ fo oy ar + Myl €1+ cosOclfp Fraiy ai + My CiJh - (36)

My(B, — K"™a}) = N2My(B. — K" af)

s K9 af K af . K af K%.at
= Vi, ViseosOxlfp Frily' ar + Myt Cil = sinOxlfp Fryty' an + M0 CilL, 37
M (B, — K°b}) = V2 My (B, — K'* b)) = My(B. — K"a;)(a; — by), (38)
M y(B. — K"™bt) = V2My(B. — K"+ bY) = My(B, — K" )(a; — by), (39)

Kis 1 Kia

cosfs sinfg Kiaf" £ Kiaf" f.\
s (Fra' + Fran)ar + (Mygly' + Myfy')Ci]

V3
1 0 1 0 u 'S u 'S
S U (= 2R + M = 2M5C)
cosf3 cosby
V3
cosfg sinf K pf" K Kipf" K
+ #3[ o (Frit = 2Ff 50 ay + (Mot — 2M£§;;,B)C1]}, (40)
— sinfs sinfg
V3
cosf; sinf g
V6
_ cosf sinf;
V3

cosf cosfs

NG

cosf; cosfg

NG

+ Mﬁ{(;)cd +

‘MH(BC - K/+fl) = V:bvus{

Kipf! 'K Kipf! fiK
(s, (Fril + FRLiMay + Myt + MISC)]

K ‘f'll fiK K .f'll fl' K
s (Frap' + Frig )ar + (M0 + My )C1]

MH(BC - Kl+f/l) = V:bvus{

Kiafy JaK Kiafy 3K
[‘fBL’(Ff‘;?Hg - 2Ff§1;I-IIA)a1 + (]MmrH8 - 2Iwnzz;l-]IA)Cl]

[fs (Froipt + FliSMay + (M + Mo ey ]

L (Pl = 2P0 + 0 —2m]en) @)

Kiafy

MH(BC - K//+fl) = Vcbvus{ [fB[(Ff;?Hl + Ffla;l;A)al + (M;w;l-]

cosfg sinfs

V6

Kiaft £iK Kiaft £iK
[ch(chng - 2Fffl;1-llA)a1 + (Mmng - 2’j‘/Infz;l-II[“)Cl:l

00503 Sin@K K f“ sz K f" fSK
~ 5 Ve ran' * Frug)ar + Mgy + My )C
\/§ ; ;
sinf g sinf u s ” :
- Ki\/‘éﬂ—JCBl_ (F ’;;”,5* - 2F;Z$3)a .+ (Mf;f,?‘ - ZM,’;Z{(,}B)CJ}, (42)

Kia

— coslg sind u s " s
U Fpl i+ (Ml + M)

NG

cosf; cosf s s
e U Rl = 2F )+ (5 = 24005 C)

NG

My(Be— K" ') = Vi, Vo]

sinf; sinf u s u s
e U (Pl F D + (M0 + M)
cosf; sinfg Kipf" K Kypf K
- \/6 [.fB(,(Ff';?Hg - 2Fffz;[-llB)al + (Mm;?HS - 2Mn§1;I—IIB)C1]}) (43)
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Mpy(B, — K1) = My(B. — K" f))(f = h, 05 — 6,),
(44)

My(B.— K" 0"y = My(B,— K" f")(f — h, 03— 0)),
(45)
My(B.— K" h') = My(B,— K" f))(f = h, 05— 6,),
(46)

‘MH(BC — K" h") = MH(BC - K/Hf”)(f—’ h, 63— 01).

47)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will calculate numerically the BRs
and polarization fractions for those considered 32 B, —
A,A5 decay modes. First of all, the central values of the
input parameters to be used are the following.

Masses (GeV):

my, = 80.41; mg, = 6.286; my, = 4.8;

m, = 1.5; my = 1.23; mg,, = 1.32;

my, =128 omy, =128  m, =121; 4O
mg. = 1.34; my, = 1.23; my, = 1.37;
Decay constants (GeV):

fa, = 0.238; Sk, = 0.250; fr, = 0.245;

fr, = 0.239; f», = 0.180; fk,, = 0.190; (49)

fn, = 0.180; Sng = 0.190; fp, = 0.489;
QCD scale and B, meson lifetime:

AVY = 0250 GeV, 75 = 0.46 ps. (50)

For the CKM matrix elements we use A = 0.814 and A =
0.2257, p = 0.135 and % = 0.349 [34]. In numerical cal-
culations, central values of input parameters will be used
implicitly unless otherwise stated.

For these considered B, — A,A; decays, the decay rate
can be written explicitly as,

2
I = GF|Pc| z M(”H.’]Vl(‘r) (51)

- 2
1677ch Py
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where |P.| = |P,,| = |Ps,| is the momentum of either of
the outgoing axial-vector mesons.
The polarization fractions f;j 1) can be defined as [35],

| A Ll

= , (52)
Tl ST, 1A+ 1A LR
where the amplitudes A ;(i = L, ||, L) are defined as,
A, = _fm%ac-’ML, J’zln = f\/-z—m%’CMN,
(53)

AL = Ema,my 2077 — DMy,

for the longitudinal, parallel, and perpendicular polariza-

tions, respectively, with the normalization factor & =

\/G%Pc/(1677m23[1”) and the ratio r = P, + P3/(my,my,).
These amplitudes satisfy the relation,

[AP+[AP+]ALP=1 (54)

following the summation in Eq. (51).

By using the analytic expressions for the complete decay
amplitudes and the input parameters as given explicitly in
Eqgs. (23)—(50), we calculate and then present the pQCD
predictions for the CP-averaged BRs and longitudinal
polarization fractions (LPFs) of the considered decays
with errors in Tables I, II, III, IV, and V. The dominant
errors arise from the uncertainties of charm quark mass
m, = 1.5 = 0.15 GeV and the combined Gegenbauer mo-
ments a; of the axial-vector meson distribution amplitudes,
respectively.

A. The pQCD predictions for AS = 0 decays

In Table I and II, we show the pQCD predictions for the
branching ratios and the longitudinal polarization fractions
of the 16 AS = 0 decays.

For both the B, — aa! and b] b decays, since the
quark structure of a{ and b! are the same one , (uit —
dd)/ \/§ the contributions from uii and dd components to
the corresponding decay amplitude as shown in Eqgs. (23)
and (24) will interfere destructively, and therefore will
cancel each other exactly at leading order and result in
the zero BRs for these two channels, as illustrated in the
Table 1. For the possible high order contributions, they will
also cancel each other due to the isospin symmetry be-
tween u and d quarks. As for the nonperturbative part, we
currently do not know how to calculate it reliably. But we
generally believe that it is small in magnitude for B meson

TABLE I. The pQCD predictions of BRs and LPFs for B, — (a;, b;)(a;, b;) decays. The source of the dominant errors is explained
in the text.

AS=0 AS=0

Decay modes BRs (1079) LPFs (%) Decay modes BRs (1079) LPFs (%)
B, — ata 0.0 - B, — bibY 0.0 -
B.—alb) 2.270%(m ) (a;) 92,4412 B.— bfa) 2.2508(m ) (ay) 91.8+29
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TABLE II.  Same as Table I but for B, — (af, b{)(f], h') decays.

AS =0 6, = 38° 63 = 50°

Decay modes BRs (1079) LPFs (%) BRs (1079) LPFs (%)
B, — a,(1260)" f,(1285) 6.5758(m )15 (a) 83.6734 6.1759(m.)54(a;) 84.0733
B, — a,(1260)* £,(1420) X 10 0.3 (m.) 5 (ay) 56.87432 3.9807(me) 3 (ay) 78.5% 7
AS =0 6; = 38° 65 = 50°

Decay modes BRs (1077) LPFs (%) BRs (1077) LPFs (%)
B. — b,(1235)" f,(1285) 2.8 4L (m) 8y 65.21383 3.05 34 (m) 3 (a;) 68.74317
B, — b,(1235)" f,(1420) 1.4702(m) 52 (a;) 100.0 + 0.0 1.2594(m ) Tk (a) 100.0509
AS =0 6, =10° 0, = 45°

Decay modes BRs (1079) LPFs (%) BRs (1079) LPFs (%)
B, — a,(1260) " h,(1170) 1.3752(m.)*$3(a;) 86.3120 0.7+3(m.)*53(a;) 73157
B. — a,(1260)"7,(1380) X 10 1155 0(m ) 53 (ay) 68.87232 6.8192(m.)%3(a;) 100.0799
AS =0 6, = 10° 6, = 45°

Decay modes BRs (1079) LPFs (%) BRs (1079) LPFs (%)
B, — b;(1235)* h,(1170) 8.1%38(m.)*33(ay) 96.4*1:0 10.3749(m.) 41 (a;) 964199
B, — b,(1235)" h,(1380) 2.5403(m.)14(a;) 100.0+29 0.3%07(mc)*53(a;) 100.0 = 0.0
AS =0 Oy = 45° O = —45°

Decay Inodes BRs (1079) LPFs (%) BRs (1079) LPFs (%)
B. — K, (1270)°K,(1270)* 1.24903(m )5 (ay) 99.7+01 2.9413(m) 54 (a;) 7197142
B. — K,(1400)°K, (1400)* 2.8413(m.) "33 (a;) 7277138 11493 (m.) 5 3(ay) 99.7+0:9
B. — K,(1270)°K,(1400) " 3.7 (m ) 3 ay) 96.2733 1.9753(m ) 33 (ay) 94.8" 7%
B. — K,(1400)°K(1270)* 1.9503(m,) %3(a;) 94.6138, 3.7513(m) 33 (ay) 96.113:¢

“Here, the factor 10 is specifically used for the BRs. The following one has the same meaning.

decays. Consequently, we think that a nonzero measure-

ment for the branching ratios of these two decays may be a
signal of the effects of new physics beyond the SM.

For B, — a; b? and B. — b a decays, however, the
pQCD predictions for their BRs are rather large, as given in

Br(B. — aib?) = Br(B. — b{a)) = 2.2 X 1075. (55)

Besides B. — a; bY and b a} decays, other six AS =0

decays, such as the B, — b h; and B, — KK decays,
also have a large branching ratios at the 1073 level, as

Table I listed in Table II. According to the studies in Ref. [7], these
TABLE III. Same as Table I but for B. — K a,, Kb, decays.

AS =1 Oy = 45° Oy = —45°

Decay modes BRs (1077) LPFs (%) BRs (1077) LPFs (%)
B, — K;(1270)°a, (1260)* 4.6%13(m) 5 (ay) 79.2+124 8.3 13(m.)35(ay) 99.3+08

B, — K;(1400)%a; (1260)* 8.0213(mo) 35 (ay) 100.028% 4.51130m,) 33(a) 8135183
B, — K,(1270)" a,(1260)° 2.370%(m.)?4(a;) 79.2+124 4.249(m) 18 (a,) 99.3+08

B. — K,(1400)* a,(1260)° 4.0%03(m.)1(ay) 100.0%99 2.240%(m.) 33 (ay) 81.3%123
AS =1 O = 45° O = —45°

Decay modes BRs (1079) LPFs (%) BRs (1079) LPFs (%)
B. — K,(1270)°b,(1235)" 1.6758(m ) 53 (ay) 91.3739 14503 (m)58(a,) 100.0799
B, — K,(1400)°b,(1235)* 1.3504(m)2%ay) 100.0 = 0.0 1.5708(m,) k3 (ay) 93.6739

B. — K,(1270)" b, (1235)° 0.8704(m.)5%(a;) 91.47%9 0.7+92(m.)54(a;) 100.0599
B. — K,(1400)* b,(1235)° 0.7233(m) 54(a;) 100.0 = 0.0 0.8793(m)*2%(a,) 93.6734
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TABLE 1V. Same as Table I but for B, — K f decays with 83 = 38° (Ist entry) and 63 = 50° (2nd entry), respectively.

AS=1 O = 45° O = —45°

Decay modes BRs (1077) LPFs (%) BRs (1077) LPFs (%)

B.— K,(1270)* £,(1285) 1.4703(m ) 3%(a;) 65.17374 1601 (m ) (ay) 96.77%]¢
L7 (me) 275 (ay) 69.17%5¢ L5X030me) 1 5(ay) 92.1735,

B. — K, (1400)"* f,(1285) 1. 5*02(m )+ (ai) 96.7f%'17‘5 1. 4+8§(m )+ (a ) 65.51’%&
L5502 (m, t};g(a,-) 92.1717, L7458 m ) 15 (ay) 69.5" 150

B, — K, (1270)" f,(1420) 0.9703(m.)*03(a;) 81.67133 4.479%(m) 15 (a;) 71.57¢S
0.6503(m)*0¢(a;) 78.5% 189 44703 (m) 1 (ay) 73.2+48

B, — K,(1400)* f,(1420) 4.340%(m,) 1S(a,) 71.9%4% 0.9504(m.)*38(a;) 81.9713
4.4t3;§(mc)tl;6(ai) 73.67%% 0.6503(m)*04(a,) 78.7+18%

B, decay modes with a branchipg ratio at 107> level could Br(B, — K,(1400)°K, (14()())+)pQCD

" Beskde the large branching ratio at 10°* fevel he 5, — Br(B. = Ki(1270/ Ky (1270) Tpqco

KIK; decay Ir.lo.des also have a strong dependence on the ~ {2-3’ for O = 45°, . (58)

value of the mixing angle 0, as shown by the numbers in 0.4, for Oy = —45°;

Table II. If these channels are measured at LHC experi-
ments with enough precision, one can determine the 6 by
compare the pQCD predictions with the data. In order to
reduce the effects of the choice of input parameters, we
define the ratio of the branching ratios between relevant
decay modes:

BF(BC - IZ] (1270)0K1 (1400)+)pQCD
Br(B. — K;(1270)°K,(1270)*),qcp

__[3.0, for 8y = 45°,

- {07, for 01( = —45°; (56)
Br(B. — K;(1270)°K,(1400) ") yocp
Br(B, — K,(1400)°K,(1270)*) o

__[20, for 6 =45°,

- {0-5, for O = —45°; (57

TABLE V. Same as Table I but for B, — K h} decays 0, =

The LHC experiments can measure these ratios with a
better precision than that for a direct measurement of
branching ratios for individual decays. We suggest such
measurements as a way to determine the mixing angle 0
at LHC.

B. The pQCD predictions for AS = 1 decays

In Tables III, IV, and V, we show the pQCD predictions
for the branching ratios and the longitudinal polarization
fractions of the 16 AS = 1 decays.

First of all, when compared with those AS = 0 decays,
these AS = 1 decays are CKM suppressed due to the factor
|V,s/Vyual> ~ 0.04, as can be seen easily from the expres-
sions for the decay amplitudes as given in Egs. (23)-(47).
The pQCD predictions for the branching ratios of these B,
decays are at the level of 107 to 1078 , much smaller than
that for those AS = 0 decays. Most of them, for example

10° (1st entry) and 6; = 45° (2nd entry), respectively.

AS =1 Oy = 45° 0, — —45°
Decay modes BRs (107°) LPFs (%) BRs (1076) LPFs (%)
Be = Ky(1270)" (1170) L4Z53m )" 3(a) 94.5°33 16707(m) () 98,5708
0.653(m.)*53(a:) 87.970% 0.2°43(m,)*§3(a)) 92,9475,
Be = Ki(1400)" (1170) 1623 0me) (@) 98.54%¢ 1.4708m,) " 3(a) 94,623
o.ztg;%,(mc)tg;g(a,.) 93.0%73, 0.5*04(m.)*05(ay) 88,1464,
B, — K,(1270)" h; (1380) 0.9830me)*55(a,) 98.5704% L5*930m)*93(a;) 89.6+29
Ly o 98.6108 2.8* 1 (m.) "1 (a;) 94.317
B. — K,(1400)" 1,(1380) 1.5704(m ) 5% (a;) 89.8+28 0.993(m,) *9%(a;) 98 5709
2.8%53(m) 1 5(a) 94.4*17 1.7508(m,) 4 (a;) 98.6702
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B, — K,a, and K, f, decays with BRs around 10~ or less,
are hardly to be detected even at the LHC experiments.

For the B, — Kb decays, the pQCD predictions for the
BRs are in the order of 1070, much larger than the BRs of
the B. — K,a, decays, since the ! P, meson behaves very
different from the 3P, state. From the numerical values in
Table III, we can also define the following ratio

Br(B, — K,(1270)°b{),qcp
Br(B, — K,(1270)* b)) ,,ocp

_ Br(B. — K;(1400)°b{ )pocp
BI’(BC — K1(1400)+b(1))pQCD

2 (59)

for both 6 = *45°. Such decays have a weak depen-
dence on the variation of .

In Table IV, we show the pQCD predictions for the BRs
and LPFs for B. — K f} decays with 63 = 38° (Ist entry)
and 05 = 50° (2nd entry), respectively. In Table V, simi-
larly, we show the pQCD predictions for the BRs and LPFs
for B. — K h| decays with ; = 10° (Istentry) and 03 =
45° (2nd entry), respectively.

One can see from the numerical results in these two
tables that all B, — K (f], h}) decays have a weak or
moderate dependence on the mixing angles 6, and 63. It
is difficult to measure #; and 65 through the considered B,
decays.

For B, — K; h;(1380) decays, the pQCD predictions
for their BRs show a relatively strong dependence on the
mixing angle fg. The LHC measurement of these decays
may also help to constrain the size and sign of 0.

Frankly speaking, the theoretical predictions in the
pQCD factorization approach still have large theoretical
errors induced by the large uncertainties of many input
parameters and the meson distribution amplitudes. Any
progress in reducing the error of input parameters will
help us to improve the precision of the pQCD predictions.

It is worth of stressing that we here calculated only the
short-distance contributions in the considered decay modes
and do not consider the possible long-distance contribu-
tions, such as the rescattering effects, although they may be
large and affect the theoretical predictions. Strictly speak-
ing, it is the task after the first measurements of the B,
meson decays and thus beyond the scope of this work.

V. SUMMARY

In this paper, we studied the 32 charmless hadronic
B. — A,A; decays by employing the pQCD factorization
approach. These considered decay channels can only occur
via the annihilation type diagrams in the SM. The pQCD
predictions for the CP-averaged branching ratios and
longitudinal  polarization fractions are analyzed
phenomenologically.

From our perturbative evaluations and phenomenologi-
cal analysis, we found the following results:

PHYSICAL REVIEW D 84, 074033 (2011)

(1) The branching ratios of the considered 32
B, — AA decays are in the range of 107> to 1078;
B.— aib;, K{K{ and some other decays have
sizable branching ratios ( ~ 107>) and can be mea-
sured at the LHC experiments;

(2) The branching ratios of B, — A,(!P,)A;('P,) de-
cays are generally much larger than those of B, —
A,(P,)A;(P,) decays with a factor around (10 ~
100) because of the rather different QCD behavior
between ! P and 3P, states;

(3) For B. — AA decays, the branching ratios of AS =
0 processes are generally much larger than those of
AS =1 ones. Such differences are mainly induced
by the CKM factors involved: V,,;, ~ 1 for the for-
mer decays while V,; ~ 0.22 for the latter ones.

(4) The branching ratios of B, — KYK; decays are
sensitive to the value of A, which will be tested
by the running LHC and forthcoming SuperB
experiments;

(5) The LPFs is larger than 80% for almost all decay
modes. That means that these pure annihilation
decays of B, meson are dominated by the longitu-
dinal polarization fraction.

These charmless hadronic B, meson decays will provide
an important platform for studying the mechanism of
annihilation contributions, understanding the helicity
structure of these considered channels and the content of
the axial-vector mesons.
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APPENDIX: WAVE FUNCTIONS AND
DISTRIBUTION AMPLITUDES

For the wave function of the heavy B. meson, we adopt
the form (see Ref. [10], and references therein) as follows,
i
@y (x) = —=[(P + mp) (Dap. (AD
B, \/6[ B)Y5Ps, ]a,B
where the distribution amplitude ¢p_is of the form [36] in
the nonrelativistic limit,

B,
< S(x —m./mpg ).
7 \/6 c/ "B,
In fact, we know little about ¢ for heavy B. meson.
Because of embracing » and ¢ quarks simultaneously, B,
meson can be approximated as a nonrelativistic bound

d’BC (x) =

(A2)
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state. At the nonrelativistic limit, the leading 2-particle
distribution amplitude ¢ can be approximated by delta
function [36], fixing the light-cone momenta of the quarks
according to their masses. According to Ref. [36], this form
will become a smooth function after considering the evo-
lution effect from relativistic gluon exchange.

For the wave function of axial-vector meson, the longi-
tudinal (L) and transverse (7T') polarizations are involved,
and can be written as,

Dk (x) = \/6 Ysima€y pax) + €51 Pply(x)
+ madh(N)}ap (A3)
PY0) = Jzyslmaé @) + 7 PO
T MAL€1po Vs YHEF N VT PL(X)}0p,  (AD)

where eﬁ’T denotes the longitudinal and transverse polar-
ization vectors of axial-vector meson, satisfying P - € = 0
in each polarization, x denotes the momentum fraction
carried by quark in the meson, and n = (1,0, 07) and v =
(0, 1, 07) are dimensionless lightlike unit vectors. We here
adopt the convention €°'? = 1 for the Levi-Civita tensor
errab,

The twist-2 distribution amplitudes ¢ 4(x) and ¢’ (x) in
Egs. (A3) and (A4) can be parameterized as [24,29]:

Palx) = jg x(1 — x)[aOA +3dl 2x = 1)

3

+ aQAz(s(zx — 12 - 1)], (A5)
$1() = %x(l ~ 0 ady + 3aty2x = 1)

+ aZLA%(S(zx — 1) - 1)], (A6)

Here, the definition of these distribution amplitudes ¢ 4 (x)
and ¢’ (x) satisfy the following normalization relations:

fap, |
[ ¢P ('x 2\/— f ¢ (x) O"ﬂp 2\/6’ (A )
fP 1 fip 7
4! T =1
fnw=dinap [ o0

03P = 1 have been used.

where a P,

=1 and aol
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As for the twist-3 distribution amplitudes in Egs. (A3)
and (A4), we use the following form [29]:

|
e )—5%{ af(2x— 11+ Saty (v~ D(e— 17 - 1)},
(A8)
3fa d Nl oLy
d)A( ) = F d_{ (1 x)(aoA + a1A(2x 1))} (A9)
P4(x) = jf/A_{z gA(l +(2x— 13+ aIIIA(zx - 1)3},
(A10)
pt(r) = T4 Lo~ @l +al,2x— 1)) (AID

4:/6 dx

where f, is the decay constant of the relevant axial-vector
meson. When the axial-vector mesons are K4 and K3, x
in the distribution amplitudes stands for the momentum
fraction carrying by the s quark.

The Gegenbauer moments have been studied extensively
in the literatures (see Ref. [24] and references therein).
Here we adopt the following values:

agal =—0.02+0.02; af, =—1.04+034

al, =—195+035  al, =—0.04*0.03;

afy, = —1.06+036;  al, =—2.00+0.35;
1 1

al, =—007+004 af, =-111+031;

all, =-195+035  aly (Al2)

= 0.00 % 0.26;

all, = —0.05%003  af, —0.08%0.09;
afy, = —1.08+048;  ap =0.14*0.15;
aly, =—195+045  al =0.02+0.10;
afy,, =0.17+0.22.

[1] E Abe et al. (CDF Collaboration), Phys. Rev. Lett. 81,
2432 (1998); Phys. Rev. D 58, 112004 (1998).

[2] N. Brambilla et al. (Quarkonium Working Group), Report
No. CERN-2005-005.

[3] N. Brambilla et al., Eur. Phys. J. C 71, 1534 (2011).

[4] LI Bigi, Phys. Lett. B 371, 105 (1996); M. Beneke and G.
Buchalla, Phys. Rev. D 53, 4991 (1996).

[5] C.H. Chang and Y.Q. Chen, Phys. Rev. D 49, 3399
(1994); C.H. Chang, Y.Q. Chen, and R.J. Oakes, Phys.
Rev. D 54, 4344 (1996).

074033-11


http://dx.doi.org/10.1103/PhysRevLett.81.2432
http://dx.doi.org/10.1103/PhysRevLett.81.2432
http://dx.doi.org/10.1103/PhysRevD.58.112004
http://dx.doi.org/10.1140/epjc/s10052-010-1534-9
http://dx.doi.org/10.1016/0370-2693(95)01574-4
http://dx.doi.org/10.1103/PhysRevD.53.4991
http://dx.doi.org/10.1103/PhysRevD.49.3399
http://dx.doi.org/10.1103/PhysRevD.49.3399
http://dx.doi.org/10.1103/PhysRevD.54.4344
http://dx.doi.org/10.1103/PhysRevD.54.4344

ZHEN-JUN XIAO AND XIN LIU

(6]

(7]
(8]

(9]

V. V. Kiselev, A.E. Kovalsky, and A.K. Likhoded, Nucl.
Phys. B585, 353 (2000); V. V. Kiselev, J. Phys. G 30, 1445
(2004).

S. Descotes-Genon, J. He, E. Kou, and P. Robbe, Phys.
Rev. D 80, 114031 (2009).

N. Sharma, Phys. Rev. D 81, 014027 (2010); N. Sharma
and R.C. Verma, Phys. Rev. D 82, 094014 (2010); N.
Sharma, R. Dhir, and R.C. Verma, Phys. Rev. D 83,
014007 (2011).

J.F. Sun et al., Phys. Rev. D 77, 074013 (2008); Phys. Rev.
D 77, 114004 (2008); Eur. Phys. J. C 60, 107 (2009); Y. L.
Yang, J.F. Sun, and N. Wang, Phys. Rev. D 81, 074012
(2010).

X. Liu, Z.J. Xiao, and C.D. Lii, Phys. Rev. D 81, 014022
(2010).

X. Liu and Z.J. Xiao, Phys. Rev. D 82, 054029
(2010).

X. Liu and Z.J. Xiao, Phys. Rev. D 81, 074017
(2010).

X. Liu and Z.J. Xiao, J. Phys. G 38, 035009 (2011).

T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
100, 182002 (2008); V.M. Abazov et al. (DO
Collaboration), Phys. Rev. Lett. 101, 012001 (2008).

G. Buchalla, A.J. Buras, and M. E. Lautenbacher, Rev.
Mod. Phys. 68, 1125 (1996).

Y. Y. Keum, H.N. Li, and A.I. Sanda, Phys. Lett. B 504, 6
(2001); Phys. Rev. D 63, 054008 (2001).

C.D. Li, K. Ukai, and M.Z. Yang, Phys. Rev. D 63,
074009 (2001).

H.N. Li, Prog. Part. Nucl. Phys. 51, 85 (2003), and
reference therein.

Y. Li, C.D. Li, Z.J. Xiao, and X. Q. Yu, Phys. Rev. D 70,
034009 (2004).

A. Ali et al., Phys. Rev. D 76, 074018 (2007).

M. J. Morello et al. (CDF Collaboration), CDF public note
Report No. 10498, 2011.

(22]

(23]

(24]
[25]

[26]

[27]
(28]
[29]
[30]
(31]
[32]
(33]
[34]
(35]

[36]

074033-12

PHYSICAL REVIEW D 84, 074033 (2011)

H.J. Lipkin, Phys. Lett. B 72, 249 (1977); M. Suzuki,
Phys. Rev. D 47, 1252 (1993); L. Burakovsky and T.
Goldman, Phys. Rev. D 56, R1368 (1997); H.Y. Cheng,
Phys. Rev. D 67, 094007 (2003); H.Y. Cheng and C.K.
Chua, Phys. Rev. D 69, 094007 (2004); H. Y. Cheng, C. K.
Chua, and C. W. Hwang, Phys. Rev. D 69, 074025 (2004).
K. C. Yang, Phys. Rev. D 72, 034009 (2005); C.H. Chen,
C.Q. Geng, Y.K. Hsiao, and Z.T. Wei, Phys. Rev. D 72,
054011 (2005); G. Nardulli and T.N. Pham, Phys. Lett. B
623, 65 (2005); V. Laporta, G. Nardulli, and T. N. Pham,
Phys. Rev. D 74, 054035 (2006).

K.C. Yang, J. High Energy Phys. 10 (2005) 108; Nucl.
Phys. B776, 187 (2007).

H.Y. Cheng and K.C. Yang, Phys. Rev. D 76, 114020
(2007).

K. C. Yang, Phys. Rev. D 76, 094002 (2007); H. Hatanaka
and K. C. Yang, Phys. Rev. D 77, 094023 (2008); K.C.
Yang, Phys. Rev. D 78, 034018 (2008); H. Hatanaka and
K. C. Yang, Phys. Rev. D 78, 074007 (2008).

W. Wang, R. H. Li, and C. D. Lii, Phys. Rev. D 78, 074009
(2008).

H.Y. Cheng and K.C. Yang, Phys. Rev. D 78, 094001
(2008).

R.H. Li, C.D. Lii, and W. Wang, Phys. Rev. D 79, 034014
(2009).

K. Nakamura et al. (Particle Data Group), J. Phys. G 37,
075021 (2010).

C.D. Lii and K. Ukai, Eur. Phys. J. C 28, 305 (2003).
H.N. Li, Phys. Rev. D 66, 094010 (2002).

H.N. Li and B. Tseng, Phys. Rev. D 57, 443 (1998).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett.
99, 201802 (2007).

G. Bell and Th. Feldmann, J. High Energy Phys. 04 (2008)
061.


http://dx.doi.org/10.1016/S0550-3213(00)00386-2
http://dx.doi.org/10.1016/S0550-3213(00)00386-2
http://dx.doi.org/10.1088/0954-3899/30/10/010
http://dx.doi.org/10.1088/0954-3899/30/10/010
http://dx.doi.org/10.1103/PhysRevD.80.114031
http://dx.doi.org/10.1103/PhysRevD.80.114031
http://dx.doi.org/10.1103/PhysRevD.81.014027
http://dx.doi.org/10.1103/PhysRevD.82.094014
http://dx.doi.org/10.1103/PhysRevD.83.014007
http://dx.doi.org/10.1103/PhysRevD.83.014007
http://dx.doi.org/10.1103/PhysRevD.77.074013
http://dx.doi.org/10.1103/PhysRevD.77.114004
http://dx.doi.org/10.1103/PhysRevD.77.114004
http://dx.doi.org/10.1140/epjc/s10052-009-0872-y
http://dx.doi.org/10.1103/PhysRevD.81.074012
http://dx.doi.org/10.1103/PhysRevD.81.074012
http://dx.doi.org/10.1103/PhysRevD.81.014022
http://dx.doi.org/10.1103/PhysRevD.81.014022
http://dx.doi.org/10.1103/PhysRevD.82.054029
http://dx.doi.org/10.1103/PhysRevD.82.054029
http://dx.doi.org/10.1103/PhysRevD.81.074017
http://dx.doi.org/10.1103/PhysRevD.81.074017
http://dx.doi.org/10.1088/0954-3899/38/3/035009
http://dx.doi.org/10.1103/PhysRevLett.100.182002
http://dx.doi.org/10.1103/PhysRevLett.100.182002
http://dx.doi.org/10.1103/PhysRevLett.101.012001
http://dx.doi.org/10.1103/RevModPhys.68.1125
http://dx.doi.org/10.1103/RevModPhys.68.1125
http://dx.doi.org/10.1016/S0370-2693(01)00247-7
http://dx.doi.org/10.1016/S0370-2693(01)00247-7
http://dx.doi.org/10.1103/PhysRevD.63.054008
http://dx.doi.org/10.1103/PhysRevD.63.074009
http://dx.doi.org/10.1103/PhysRevD.63.074009
http://dx.doi.org/10.1016/S0146-6410(03)90013-5
http://dx.doi.org/10.1103/PhysRevD.70.034009
http://dx.doi.org/10.1103/PhysRevD.70.034009
http://dx.doi.org/10.1103/PhysRevD.76.074018
http://dx.doi.org/10.1016/0370-2693(77)90714-6
http://dx.doi.org/10.1103/PhysRevD.47.1252
http://dx.doi.org/10.1103/PhysRevD.56.R1368
http://dx.doi.org/10.1103/PhysRevD.67.094007
http://dx.doi.org/10.1103/PhysRevD.69.094007
http://dx.doi.org/10.1103/PhysRevD.69.074025
http://dx.doi.org/10.1103/PhysRevD.72.034009
http://dx.doi.org/10.1103/PhysRevD.72.054011
http://dx.doi.org/10.1103/PhysRevD.72.054011
http://dx.doi.org/10.1016/j.physletb.2005.07.048
http://dx.doi.org/10.1016/j.physletb.2005.07.048
http://dx.doi.org/10.1103/PhysRevD.74.054035
http://dx.doi.org/10.1088/1126-6708/2005/10/108
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.046
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.046
http://dx.doi.org/10.1103/PhysRevD.76.114020
http://dx.doi.org/10.1103/PhysRevD.76.114020
http://dx.doi.org/10.1103/PhysRevD.76.094002
http://dx.doi.org/10.1103/PhysRevD.77.094023
http://dx.doi.org/10.1103/PhysRevD.78.034018
http://dx.doi.org/10.1103/PhysRevD.78.074007
http://dx.doi.org/10.1103/PhysRevD.78.074009
http://dx.doi.org/10.1103/PhysRevD.78.074009
http://dx.doi.org/10.1103/PhysRevD.78.094001
http://dx.doi.org/10.1103/PhysRevD.78.094001
http://dx.doi.org/10.1103/PhysRevD.79.034014
http://dx.doi.org/10.1103/PhysRevD.79.034014
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1140/epjc/s2003-01150-4
http://dx.doi.org/10.1103/PhysRevD.66.094010
http://dx.doi.org/10.1103/PhysRevD.57.443
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1103/PhysRevLett.99.201802
http://dx.doi.org/10.1103/PhysRevLett.99.201802
http://dx.doi.org/10.1088/1126-6708/2008/04/061
http://dx.doi.org/10.1088/1126-6708/2008/04/061

