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Perturbative QCD for B — a,(b;)p(w, ¢) and B; — a(b;)P(V) decays
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Within the framework of the perturbative QCD approach, we study the two-body charmless decays
B — a,(1260)(b;(1235))p(w, ¢) and B, — a,;(1260)(b;(1235))P(V), where, P, V stand for any light
pseudoscalar meson and vector meson, respectively. We find the following results: (a) With the exception
of the decays B® — ap°(w), other tree-dominated decays B — a;p(w) have larger branching ratios of
order 1073, With the exception of the decays B — b p~ and B~ — b¥p~, other B — b, p(w) decays
have smaller branching ratios of order 107°. The decays B — a,(b,)¢ are highly suppressed and have
very small branching ratios of order 10~°. (b) The decays B? — ay K™ (K**) have contributions from the
factorization emission diagrams with a large Wilson coefficient C, + C,/3, so they have the largest
branching ratios and arrive at the order of 1073, For the decays BY — b, K(K*), a,, all of their branching
ratios are of order a few times 10~%. The branching ratios of other decays fall in the order of 1077 — 107,
(c) For the decays B — ap® and B~ — by p°, their two transverse polarizations are larger than their
longitudinal polarizations, which are about 43.3% and 44.9%, respectively. (d) With the exception of the
decays BY — a%K™, a%w, bl w, the longitudinal polarization fractions of other B — a,(b,)V decays are
very large and more than 90%. () For the decays B~ — a%p~, bVp~ and B® — b{p°, b%w, where the
transverse polarization fractions range from 4.7 to 7.5%, we calculate their direct CP-violating asymme-
tries, neglecting the transverse polarizations and find that those for two charged decays have smaller
values, which are about 11.8% and —3.7%, respectively. Compared with the decays B — a,(bh)P, most
of the B — a,(b,)V decays have smaller direct CP asymmetries.
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L. INTRODUCTION

In general, the mesons are classified in J”¢ multiplets.
There are two types of orbitally excited axial-vector me-
sons, namely, 1** and 1% . The former includes a; (1260),
£1(1285), f,(1420), and K4, which compose the *P,
nonet, and the latter includes b&,(1235), h,;(1170),
h1(1380), and Kz, which compose the ! P, nonet. There
is an important characteristic of these axial-vector mesons,
with the exception of a;(1260) and b,;(1235), that is, each
different flavor state can mix with one another, which
comes from the other nonet meson or the same nonet.
There is not a mix between a;(1260) and b,(1235) because
of the opposite C parities. They also do not mix with
others. So compared with other axial-vector mesons, these
two mesons should have less uncertainties regarding their
inner structures.

Like the decay modes B — V'V, the charmless decays
B — AV also have three polarization states and so are
expected to have rich physics. In many B — V'V decays,
the information on branching ratios and polarization frac-
tions among various helicity amplitudes have been studied
by many authors [1-4]. Through polarization studies, some
underling helicity structures of the decay mechanism are
proclaimed. They find that the polarization fractions follow
the naive counting rule, that is, f; ~ 1 — O(m} /m3), f| ~
f1 ~ O(m?%/m3). In the tree-dominated decay modes,
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such as B — p*p~, f, is more than 90%. But if the
contribution from the factorizable emission amplitudes is
suppressed for some decay modes, this counting rule might
be modified to some extent even more dramatically by
other contributions. For example, the polarization fractions
of the decay B — ¢ K™ are modified by its annihilation
contribution. Whether a similar situation also occurs in the
B — AV decay modes is worth researching. We know that
a,(1260) has some similar behaviors as the vector meson,
so one can expect that there should exist some similar
characteristics in the branching ratios and the polarization
fractions between the decays B — a;(1260)V and B —
pV, where a,(1260) is replaced by its scalar partner p,
while this is not the case for b,(1235) because of its
different characteristics in the decay constant and light-
cone distribution amplitude (LCDA) compared with those
of a;(1260). For example, the longitude decay constant is
very small for the charged b,(1235) states and vanishes
under the SU(3) limit. It is zero for the neutral »%(1235)
state, while the transverse decay constant of a;(1260)
vanishes under the SU(3) limit. In the isospin limit, the
chiral-odd (-even) LCDAS of meson b, (1235) are symmet-
ric (antisymmetric) under the exchange of quark and anti-
quark momentum fractions. It is just contrary to the
symmetric behavior for a;(1260). In view of these differ-
ences, one can expect that there should exist very different
results between B — a;(1260)V and B — b,(1235)V. On
the experimental side, a few of the B — AV decays are
studied, such as B — J/¢/K(1270) [5], B — D*~aj [6],
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B — a,p [7], B— byp, b;K* [8]. In most of them only
the upper limits for the branching ratios can be available.
On the theoretical side, many charmless B — AV decays
have been studied by Cheng and Yang in Ref. [9] where the
branching ratios are very different with those calculated by
the naive factorization approach [10]. In most cases, the
former are larger than the latter. To clarify such large
differences is another motivation of this work. To our
knowledge the study of charmless decays B, — AP, AV
is still lacking both in experiments and theories, so we are
also going to fill this gap and provide a ready reference to
the forthcoming experiments to compare their data with the
predictions in the perturbative quantum chromodynamics
(pQCD) approach. It can be noted that we do not in-
clude the decays B — a;(1260)(b,(1235))K* and B —
a,(1260)(b,(1235))P, which have been discussed in other
works [11,12].

In the following a,(1260) and b,(1235) are denoted as
a; and by in some places for convenience. This paper is
organized as follows. In Sec. II, decay constants and light-
cone distribution amplitudes of the relevant mesons are
introduced. In Sec. III, we then analyze these decay chan-
nels using the pQCD approach. The numerical results and a
discussion are given in Secs. [V and V. The conclusions are
presented in Sec. VI.

II. DECAY CONSTANTS AND
DISTRIBUTION AMPLITUDES

For the wave function of the heavy B,y meson, we take

1

CI)B(A.) (_X', b) = m

(?Bm + mB((\.))YS b5, (x, b). (1)

Here, only the contribution of Lorentz structure ¢ B, (x, b)

is taken into account, since the contribution of the second
Lorentz structure ¢ is numerically small [13] and has

been neglected. For the distribution amplitude ¢ (x, b) in
Eq. (1), we adopt the following model:

2 2
by (6 b) = N 22(1 — x)? exp[—M‘L’x - 1<wbb)2]
(5) N7 (s) 2wi 2 ’

2)

where w,; is a free parameter and we take w, = 0.4 =
0.04(0.5 * 0.05) Gev for B(B,) in numerical calculations,
and Np = 91.745(Np_= 63.671) is the normalization fac-
tor for w;, = 0.4(0.5). For the B, meson, the SU(3) break-
ing effects are taken into consideration.

In these decays, both the longitudinal and the transverse
polarizations are involved with the vector mesons. Their
distribution amplitudes are defined as
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(V(P, €1)1325(2)91(0)|0)

o0 .

= N ](; dxe™P i [my €] ¢y(x)
+ £ PPy () + mydy(0)]ap

(V(P, €7)1325(2)414(0)|0)

- Jz;T fol dxe™?[my £7$Y(x) + £1P b7 (x)

+ mviewp”'ys'y”e?’npv”qﬁﬁl/(x)]aﬁ, (3)

where n(v) is the unit vector having the same (opposite)
direction with the moving of the vector meson and x is the
momentum fraction of the g, quark. The distribution am-
plitudes of the axial vectors have the same format as those
of the vectors, with the exception of the factor iys from
the left-hand side of the following equation:

(A(P, €1)|325(2)41(0)]0)

i 1 )
75 dxelx”'z[mAﬁ(z halx)

V2N, Jo
+ QP‘M(X) + mAd’;Z(x)]aﬁ,

(AP, €7)125(2)q1(0)10)

= e [ s iy + P05

+ mAiEﬂVpUYS ,y,u e;vnpvg(ﬁg(x)]aﬁ- (4)

The upper twist-2 and twist-3 distribution functions of the
final state mesons, ¢y ), ¢§,(A), DYiay d)‘T,(A), ®ya)> and
d)?/( 4) can be calculated by using the light-cone QCD sum

rule. We list the distribution functions of the vector (V)
mesons, namely, p(w, K*, ¢), as follows:

TABLE I. Decay constants and Gegenbauer moments for each
meson (in MeV). The values are taken at © = 1 GeV.

s fie fo I

209 =2 165 *9 231+ 4 186 =9
fK fﬂ' fal fZl

160 130 238 = 10 —180 = 8
fo fo fo fo

209 =2 165*9 1953 1519
aig A arg Ao
0.17 0 0.2 0.44
al(k*) at(K*) al(k*) at(K*)
0.03 = 0.02 0.04 = 0.03 0.11 = 0.09 0.10 = 0.08
ay(p, w) at(p, w) ay($) a} (9)
0.15 = 0.07 0.14 = 0.06 0.18 = 0.08 0.14 = 0.07
al(a,(1260))  at(a,(1260))  al'(b,(1235))  at(b,(1235))
—0.02+0.02 —-1.04*034 —-195*0.35 0.03*0.19
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¢V<x>=2j21N_C¢”<x>, ) = j_mm
g Jv d <s>
$1(x) = n V0, )= v ig&“(x). )

22N, 82N, dx

Here, the axial-vector (A) mesons, a; and b, can be obtain
by replacing all the ¢y with ¢, by replacing f1,(fy) with
f in Eq. (5). Here, we use f to present both longitudinally
and transversely polarized mesons a;(b;) by assuming
fo="fa=f for a and f, =f] =f for b.' In
Eq. (5), the twist-2 distribution functions are in the first
line and can be expanded as

3
@)L =06x(1 —x)[l + ag’lE(St2 - 1)], for Vmesons; (8)

3
b L = 6x(1 — )C)I:ag’l + 3a|1|’lt + ag’LE(Stz - 1)],
for A mesons, 9

where the zeroth Gegenbauer moments are ag(a;) =
all(b)) = 0 and dll(a)) = ad (b)) = 1.

As for twist-3 LCDAs, we use the asymptotic forms for
V mesons:

m') =32 hx) = 6x(1 - x),

Po=6-9 =30+ a0

And we use the following forms for A mesons:
hy(x) = 3ag 2 + 3ai 132 — 1),
(S)(x) = 6x(1 — x)(ag + ai1),
(“)(x) = 6x(1 — x)(ay) + a”t)
gV () =3al(1 + ) + 38, (11)

The wave functions for the pseudoscalar (P) mesons K, 7
are given as

'As is usual, one employ the decay constant [}, , to define the
longitudinal LCDAs of the b; meson as

2
o) = fb]6x5c|:1 + oy, > Al P 2x - 1)], (6)

i=1
where w,, = 1/ay 21 \which is infinite in the SU(3) limit. So it is
convenient to use the following format:

1)+ a2 2x - 1),
(N

where we have the relation f, = fbl (,u)a” "*1(14). This amounts
to treatlng the decay constant of by as f7 , but it does not mean
that f}, is equal to f It is similar for fal and fal

o = fh 6xilay” + a}" C}(2x —
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Op(P,x, () = ﬁys[w%x) + modP(x)
T Cmoh — v - W] (12)

where the parameter { is either +1 or —1, depending on
the assignment of the momentum fraction x. The chiral

scale parameter my is defined as my = . The dis-

P
g, +m,,2

tribution amplitudes are expanded as
3f K,

ho0) == (1 =l + a1, Cy (0 + ayg m CY (1))
(13)
bk (x f[l +0.43C5%(1)];
P(x) = \/_[1 +0.24CY%(0)], (14)
br(x) = f TE[CI () + 0.35CY(0);
ool =5 Z T21el2 () + 0.55C(0)], (15)

with the Gegenbauer polynomials defined as

CP(n =3, ) =1552-1), (16)

=1 CV)=0562-1),
C2(1) = 0.5¢(522 — 3). (17)

As for the distribution amplitudes of the pseudoscalar
mesons 7 and 7', we use the quark flavor basis mixing
mechanism proposed by Ref. [14] and take the same for-
mulae and parameter values as those in Ref. [15].

In Egs. (8)—(11) and (13)—(17), the function t = 2x — 1.
As in Ref. [16], the decay constants and the Gegenbauer
moments all* for each meson are quoted the numerical
results [17-22] and listed in Table I.

III. THE PERTURBATIVE QCD CALCULATION

The pQCD approach is an effective theory to handle
hadronic B decays [23-25]. Because it takes into account
the transverse momentum of the valence quarks in the
hadrons, one will encounter double logarithm divergences
when the soft and the collinear momenta overlap.
Fortunately, these large double logarithms can be re-
summed into the Sudakov factor [26]. There are also other
types of double logarithms which arise from the loop
corrections to the weak decay vertex. These double loga-
rithms can also be resummed and result in the threshold
factor [27]. This factor decreases faster than any other
power of the momentum fraction in the threshold region,
which removes the endpoint singularity. This factor is
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often parameterized into a simple form that is independent
on channels, twists, and flavors [28]. Certainly, when the
higher order diagrams only suffer from soft or collinear
infrared divergence, it is ease to cure by using the eikonal
approximation [29]. Controlling these kinds of divergences
reasonably makes the pQCD approach more self-
consistent.

Here, we take the decay B — afp" as an example,
whose diagrams are shown in Fig. 1. These eight
Feynman diagrams belong to the condition of the a? meson
being at the emission position. Another eight Feynman
diagrams obtained by exchanging the positions of ¥ and
p in Fig. 1 also contribute to the decay. All of these single
hard gluon exchange diagrams contain all of the leading
order contributions to B® — ap® in the pQCD approach.
Similar to the B — VV decay modes, such as B — pp [1]
and B — K*p(w) [2], both longitudinal and transverse
polarizations can contribute to the decay width. So we
can get three kinds of polarization amplitudes, M; (longi-
tudinal) and My 7 (transverse), by calculating these dia-
grams. Because of the aforementioned distribution
amplitudes of the axial vectors having the same format as
those of the vectors with the exception of a factor, the
formulas of the decays considered here can be obtained
from those of the B — V'V decays by some replacements.
Certainly, there also exists a difference: if the emitted
meson is b, for the factorizable emission diagrams, the

o 0
b N d S

B0 E j N B j E 0
d d

af
B é o°
(c)
\/ a(l) “(1)
B B

(e) ()

af af
> >
o’ o’
(8) (h)

FIG. 1. Diagrams contributing to the decay B — a%p°.
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amplitudes contributed by the (V — A)(V = A) operators
would be zero due to the vanishing decay constant f;, . For
the tree-dominated decays, the contributions from the fac-
torizable emission diagrams, namely, Figs. 1(a) and 1(b),
are very important. In the pQCD approach, the form factor
can be extracted from the amplitudes obtained by calculat-
ing such diagrams, where the two transverse amplitudes
are highly suppressed by the factor r, () * 7p(«) cOmpared
— Mayy)

with the longitudinal amplitudes. Here, r, ;) = Sy and

(o) = my:—;‘“) To some decays, the nonfactorizable emis-
sion diagrams, namely, Figs. 1(c) and 1(d), play a more
important role, where the contributions from the transverse
polarizations are not suppressed. Certainly, the contribu-
tions from the nonfactorizable and the factorizable annihi-
lation diagrams, which are Figs. 1(g), 1(h), 1(e), and 1(f)

can also not be neglected for some decays.

IV. NUMERICAL RESULTS AND
DISCUSSIONS FOR B, ; DECAYS

We use the following input parameters in the numerical
calculations [30,31]:

fB = 190 MCV,
My = 5.28 GeV,

f5, =230 MeV,
My =537 GeV, (18)

Tpe = 1638 X 10725, 1 =1525X 107125,
g, = 1472 X 1072 5, (19)

|V,al = 0.974, |V, = 8.58 X 1073,
[Vipl =3.54 X 1073, [V,] = 0.999, (20)
|V1x| = 0.039 96, |Vus| = 0.225 39,

a = (91.0 = 3.9)°, vy = 67.2°. 21

In the B-rest frame, the decay rates of B — a,(b,)V,
where V represents p, w, ¢, can be written as

2 _ .2
_ Gl =)

r
327TMB

> Mmotme, (22)

o=L,N,T

where M7 is the total decay amplitude of each decay
considered. The subscript o is the helicity states of the
two final mesons with one longitudinal component and two
transverse ones. The decay amplitude can be decomposed
into three scalar amplitudes a, b, ¢ according to
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Mo = EZM(O')63V(0')|:ag“” PPy

3

+ i

E“mﬁpzapa :I
2M; i

=M, + Myes(c=T)- €(o
M
=T)+ iM—zT P e; (0)€55(0)Pyy P, (23)
B

where M, and M5 are the masses of the two final mesons
a;(b;) and p(w, ¢), respectively. The amplitudes M, ,
My, My can be expressed as

ML == aez(L) . E3(L) + mGZ(L) . P3€3(L) . Pz,

M2
MN = da, MT == B

= . 24
MM (24)

We can use the amplitudes with different Lorentz struc-
tures to define the helicity amplitudes, one longitudinal
amplitude H, and two transverse amplitudes H. :

Hy=MiM;, H.=MiMyFMMNr?—1M; (25)
where the ratio r = P, - P3/(M,M5). After the helicity
summation, we can get the relation
Z MITMT = | M + 2(1 Myl + | M7 ]?)
o=LN,T
= |Hol* + |H > + |H_|~ (26)

Certainly another equivalent set of helicity amplitudes
are often used, that is,

AO = _M%}ML, A” == \/EMIZ;MN,

AJ_ = M2M3 2(7"2 - I)MT (27)

Using this set of helicity amplitudes, we can define three
polarization fractions f | :

|Ag 112
[Agl> + [A)1> + 1AL 12

fonr = (28)

The matrix elements /M ; of the operators in the weak
Hamiltonian can be calculated by using the pQCD ap-
proach, which are written as

M; =V, Vi,T; =V ViP; =V, Vi, T;i(1 + zje@+o)),
(29

where j =L, N, T, and « is the Cabibbo-Kobayashi-

Maskawa weak phase angle, defined via «a =

ViV, .
arg[ — Vj—v’”] Here, we leave this angle as a free parameter.
u ub
0; is the relative strong phase between the tree and the
penguin amplitudes, which are denoted as “T;”” and “P;,”
respectively. The term z; describes the ratio of penguin to

tree contributions and is defined as

PHYSICAL REVIEW D 85, 114005 (2012)

th Vt*d &
Vub V:jd

z;= 7 (30)
J

In the same way, it is easy to write the decay amplitude M j
for the corresponding conjugated decay mode:

= Vi, ViaTj(1 + 7€t o), (1)

So the CP-averaged branching ratio for each decay con-
sidered is defined as

B = (|~7Vlj|2 + |~7_Vlj|2)/2

= IVuthdlz[T%(l + 2z, cosa cosd; + z2)

+2 Z T}(l + 2z;cosa cosd; + Zf)]. (32)
J=N.T

Like the decays of B to two vector mesons, there are also
3 types of helicity amplitudes, therefore corresponding to
3 types of z; and J;, respectively. It is easy to see that the
dependence of decay width on § and « is more compli-
cated compared with that for the decays of B to a pseudo-
scalar meson (P) and a axial-vector meson (A).

Using the input parameters and the wave functions as
specified in this section and Sec. II, it is easy to get the
branching ratios for the decays considered which are listed
in Table II, where the first error comes from the uncertainty
in the B meson shape parameter w;, = 0.40 = 0.04 GeV,
the second one is from the threshold resummation parame-
ter ¢, and it varies from 0.3 to 0.4.

From Table II, one can find that with the exception of the
decays B — a%p°, aw, the branching ratios of other tree-
dominated decays B — a, p(w) are all of order 1073. Most
of the contributions to such larger branching ratios are
from the factorizable emission diagrams (a) and (b), which
contribute to the B — p(w) (B— a;) form factors.
Because of the large Wilson coefficients C, + C;/3 in
the amplitudes contributed by the tree operators O; and
0,, the branch ratios are almost proportionate to the cor-
responding form factors. Certainly, they are also related to
the decay constants f, (f,,)- As the basic input values,
they are the same in many factorization approaches; for
example, the pQCD and quantum chromodynamics facto-
rization (QCDF) approaches, while for the form factors,
there exist some differences between these two ap-
proaches. For the QCDF approach, the form factors are
used as the input values, which are obtained from light-
cone sum rules. In Ref. [9], the form factors AOBP and Vg @

are both about 0.30, and Vg b1 is about —0.39, where the
authors put an additional minus sign by taking the con-
vention of the decay constants of a; and b, as the same
sign. In this convention, the corresponding form factors
have opposite signs. For the pQCD approach, the
form factors can be calculated perturbatively. From our
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TABLE II. Branching ratios (in units of 107) for the decays
B — a;(1260)p(w, ¢) and B — b;(1235) p(w, ¢). In our results,
the errors for these entries correspond to the uncertainties from
wp and threshold resummation parameter c, respectively. For
comparison, we also listed the results predicted by the QCDF
approach [9] and the naive factorization approach [10].

PHYSICAL REVIEW D 85, 114005 (2012)

obtained by the QCDF approach; for example, B° —
ajy p*. On the contrary, if the decay is governed by the
form factor Vg “1, the result for the pQCD approach would
have a larger value. So to accurately determine these form
factors is very important. The branching ratio of B~ —
aj p° is larger than that of B~ — a; . One reason is that

This work o] [10] the form factor Agp is a little larger than AB®  which is
B —afp” 33.67937138 2391105752 4.3 about 0.23. The other reason is the different interferences
B'— arp* 27.1+80+92 36.073333 47 from dd and wii: the constructive interference between
B a0 0,64+012+004 L0420+ 0,01 —dd and ui which compose 2 and the destructive inter-
! T 0.10-0.04 T-07-03 ) ference between dd and uii which compose w. But there is
B~ —alp” 21775550 17.8 585103 24 a contrary situation for the QCDF approach between these
B~ — ayp" 21.9+59+93 23.2736+48 3.0 two decays. Although the neutral decays B — a%p?, afw
5 — e 083*0'2'”0:;‘0 0.2+0'i+0. . 0003  Arealso tree dominant, their tree operator contributions are
! ffg;g‘o‘o 7:)514;0300 highly suppressed compared with the two charged decays
B —ajw 144755760 225555567 22 B~ — a; p°, aj o (shown in Table III). So their branching
B*—al¢  0.00297350070:0006  0.002 0010000 0.0005 rﬁtic;s a(;e smalé and oflordelii 1(1)1’7. Cqﬁﬁr;}g, ze only B{give
B —a- O.OOSSiO‘OOISJ:O‘OOB 0.011r0'01t0‘04 0.001 the lea mg order resu ts and t €y mig t like ecays i
. +l ¢_ ﬁ?ﬁf 1£‘f°” +?':(5)+?‘2(‘)g p°p°, p’w, which are sensitive to the next leading order
B —byp 46.87173 101 32150575056 1.6 contributions.
B — by p* 2.2493+01 0.6°05%43 0.55 As to the tree-dominated decays B — bip~, blp~,
BO— p0p0 34104404 3.2532+07 0.002 which are governed by the decay constant f, and the
N _ i, o form factor of B — by, they also have large branching
B — bop 22.9+87+24.3 29 1t162+54 0.86 N . .
! —63-243 —106-5.9 ratios. Although B — b p™ is a color allowed decay, its
B™ —byp° 14733783 0.9%56758 0.36 branching ratio is highly suppressed due to the decay
B"— Mo 2.8+07+02 0.1702+16 0.004 constant f;, being very small and vanishing under the
B — b w 5 1+04+07 0.8+L4+3.1 038 isospin limit. One should admit that each amplitude for
i 0' ;0%20;3'(7)‘000 ;35;%?01 the decays B~ — b; (b!)p” has near value in magnitude
B — bid 0.003Z5001~0.000 0.01%5007000 00002 ith the corresponding one for the decays B~ —
B-—bi¢  0.00673503+0.001 0.0279327005 00004 by (b)) w, but the sign differences before dd in the mesons

calculations, we find that the values of Ag P Vg “ and Vg b
are about 0.25, 0.33, and 0.44, respectively. If the decay is
governed by the form factor ABP its branching ratio pre-
dicted by the pQCD approach would be smaller than that

p and o will induce some discrepancies in the branching
ratios. Like the decays B — 7, ay(1450)¢ [32,33],
whose branching ratios are of order 1078 ~ 1077, the
decays B — a;(b,)¢ are induced by the flavor-changing
neutral current interactions and highly suppressed by
the small Wilson coefficients for penguin operators.
Moreover, there is no the contribution from the annihilation

TABLE 1.  Polarization amplitudes of different diagrams for the decays B —ajfp~,

alp®(X1072 GeV?).

Decay mode  Pol. amp. (a) and (b) (c) and (d) (e) and (f) (g) and (h)
A(Ty) —219.2 8.1 —3.8i —1.2+9.0i —0.5—-0.1i
A(Ty) 22.8 —7.1 +5.2i —0.2 — 0.2ii 0.6 + 0.03i

afp” A(Ty) —57.3 —12.9 + 3.2i 0.1 —0.4i —1.0—-0.2i
A(Py) 8.8 —0.09 + 0.13i 0.59 + 1.7i —1.7—3.4i
A(Py) 0.9 0.26 — 0.17i —0.03 — 0.01i 0.7 + 3.4i
A(Py) 2.2 0.49 — 0.05{ —0.03 + 0.01i 1.1 + 6.6i
A(Ty) =57 18.4 — 7.3i 1.1 —4.7i 1.4 — 1.0i
A(Ty) 0.5 —11.0 + 6.5i 0.06 + 0.06i 0.54 + 0.05i

alp® A(Ty) —0.1 —20.8 + 5.2i 0.00 + 0.17i —1.1—-0.15i
A(P;) 0.8 0.36 + 0.12i 0.33 + 1.24i —0.12 — 0.06i
A(Py) —0.15 0.26 — 0.15§ —0.05 —0.02i —0.08 + 0.04i
A(Pr) —0.06 0.50 — 0.1i —0.08 + 0.00i —0.34 — 0.14i
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diagram. So one expects that their branching ratios are also
very small.

From Table II, one can find that our predictions are well
consistent with the results calculated by the QCDF ap-
proach for most decays. Certainly, there also exist large
differences for some decays, which are needed to clarify by
the present LHCb experiments. At present, BABAR has
given the upper limits of the branching ratios for the decays
B — b, p, ranging from 1.4-5.2 X 107 at the 90% confi-
dence level [8], which are not far from our predictions for
the decays B — b9p° and B~ — b} p°, but much smaller
than those of B® — b p~ and B~ — b{p~. In Ref. [7], the
BABAR Collaboration searched the decay B® — ai p* and
obtained an upper limit of 61 X 107 by assuming that a;°
decays exclusively to p®77=. Our prediction for the branch-
ing ratio of B — a7 p™ is about 60 X 107, which agrees
with the experiment.

In Table IV, we list the polarization fractions of the B —
a;p(w), b;p(w) decays and find that the longitudinal
polarizations are dominant in most of these decays, which
occupy more than 80%. For the tree-dominated decays, the
main contributions come from the factorizable emission
diagrams, where the two kinds of transverse polarization
amplitudes are highly suppressed by the aforementioned
factor r, () * 7 p(w)- From Table IV, one can find that f} and
f1 have near values and both about a few percent in
general. Certainly, for the decays B* — a%p° and B~ —
bi p°(w), their polarization fractions are very different

TABLE IV. Longitudinal polarization fraction (f;) and two
transverse polarization fractions (fy, f1) for the decays B —
a,(1260)p(w) and B — b(1235)p(w). In our results, the un-
certainties of f; come from wp and threshold resummation
parameter c. The results of f; predicted by the QCDF approach
are also displayed in parentheses for comparison.

fr(%) S1(%) f1(%)
B'—ajp- 90.7+93*13(823,) 39 5.4
B®—ajp”* 90.4709701(84%2) 5.2 44
B° — a%p° 43.3*113723(827%) 29.7 27.0
B~ —alp~ 93.603701(91%3)) 2.8 3.6
B~ —a;p° 82.3701430(89711) 9.3 8.4
B’ — dlw 80.7503734(75 1)) 9.9 9.4
B"—ajw 79.5709%23(8819 8.9 11.6
B> bip- 95.4+02+0:1(9611) 2.2 2.4
B"— b p* 95.8%03711(98%%) 1.7 2.5
B — p9p° 95.3*03704(991%) 2.8 1.9
B~ —bp~ 92.5+90100(967) 0.8 6.7
B~ — by p° 44.9718435(9073,) 1.1 54.0
B — Mw 93.5%0303(417° 4.3 22
B —biw 731405510011 ) 255 1.4
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from those of other decays. In the decay B® — a%p°, the
contributions from the two transverse polarization compo-
nents become prominent and are larger than that from the
longitudinal component. It is because the decay is sup-
pressed by the cancellation of the Wilson coefficients C; +
C,/3 for the color-suppressed amplitude. So the contribu-
tion from the factorizable emission diagrams become very
small. The left dominant contributions are the nonfactor-
izable amplitudes from tree operators, where neither of the
transverse polarizations is suppressed compared with the
longitudinal polarization. Therefore, numerically we get a
small longitudinal polarization fraction of about 43%. In
Table V, if we ignore the contribution from the
nonfactorizable amplitudes of B® — afp® and find that
the longitudinal polarization becomes dominant, but the
branching ratio becomes very small. If we ignore the
contributions from its penguin operators or annihilation
diagrams, the results have small changes. As to the other
charged decays B~ — by p’(w), either of their transverse
polarizations is very sensitive to the contributions listed in
lines (2)—(4) in Table V.

Now we turn to the evaluations of the CP-violating
asymmetries in the pQCD approach. The CP asymmetries
of B’/B° — a7 (bi")p™ are very complicated and left for
future study. Here, we only research the decays B~ —
a(b9)p~ and B — bYp°(w), where the transverse polar-
ization fractions are very small and range from 4.7 to 7.5%.
Using Egs. (29) and (31), one can get the expression for the
direct CP-violating asymmetry:

ar _MP =M _ 2z; sinasind .
MR +IMP?2 (1+2z, cosacosd; +27)

(33)

Here for the four decays we consider, the contributions
from the transverse polarizations are very small, so we
neglected them in our calculations. Using the input pa-
rameters and the wave functions as specified in this section

TABLE V. Contributions from different parts in the decays
B® — a%p° and B~ — b; w: line (1) is for full contribution,
line (2), (3) and (4) are the contributions after ignoring annihi-
lation diagrams, penguin operators and nonfactorization dia-
grams, respectively.

B — a%p° Br(1077) fr(%) fi1(%) f1(%)
(1) 6.4 433 29.7 27.0
?) 5.1 28.4 40.4 312
3) 6.3 42.5 30.1 27.4
) 0.2 86.1 9.4 4.5
B —b o Br(107°) fr(%) f1(%) f1(%)
(1 21 73.1 255 14
2) 0.9 63.5 18.5 18.0
3) 0.7 67.9 0.1 32.0
) 1.8 83.2 1.1 5.7
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and Sec. I, one can find the pQCD predictions (in units of
1072) for the direct CP-violating asymmetries of the de-
cays considered:

Ad(B™ — ap7) = 11.8516100 (34)
AGB —blp) = 3753115 (35)
AL (BY — b)p®) = 23.87437 13, (36)
Ad(B — bw) = 80.3738432, 37)

where the errors are induced by the uncertainties of the B
meson shape parameter w;, = 0.4 = 0.04 and the threshold
resummation parameter ¢, vary from 0.3 to 0.4.

V. NUMERICAL RESULTS AND
DISCUSSIONS FOR B; DECAYS

A. CP-averaged branching ratios

The decays B? — a; K*(K**) have contributions from
the factorization emission diagrams with a large Wilson
coefficient C, + C,/3 (order of 1), so they have the largest
branching ratios and arrive at the order 10~ shown in
Table VI. While for the decays BY — a)K°(K*), the
Wilson coefficient is C; + C,/3 in tree level and color
suppressed, so their branching ratios are small and fall in
the order of 1077 ~ 1078, Although the decay BY — a%K°
is tree dominated, the contributions from tree operators
between the factorization and nonfactorization emission
diagrams cancel each other mostly, which induces its tree
amplitudes to have a very small real part. It does not
happen in the channel BY — a%K*0. At the same time,
there exist three polarization states for the final mesons
and the transverse polarizations are about 30%. So the
decay mode a?K*° has a larger branching ratio compared
with the mode a{K°. For the decay BY — b{K, the am-
plitude of the nonfactorization emission diagrams M7, (T
denotes the contribution from tree operators), including the
large Wilson coefficient C, receives a larger value, which
is about 5 times the decay a{K°. Furthermore, because of
the vanishing decay constant f; , the amplitude F,gx be-
comes zero for the decay b{K°, while it has a large value
but the opposite sign with amplitude M,; in the decay
a%K°. So one can find that there is a much larger contri-
bution from the tree operator for the decay bK° than that
for the decay aK°. The decay BY — bUK™ has a large
branching ratio, which is also because of the large contri-
bution from the nonfactorizable emission diagrams.

The decays B? — a,(b,)7(p, w) belong to the annihila-
tion type decays, contributed by the W-annihilation and
W-exchange diagrams. The decays BY — a,(b,)m(p) are
sensitive to the wave functions of the final states. If the final
mesons are 7 and a;, the branching ratios can arrive at
order 1079, while for the 7 and b, final states, the branch-

PHYSICAL REVIEW D 85, 114005 (2012)

ing ratios become of order 10~ 7even smaller. In a word,
B(BY — a,m) > B(BY — byr). The condition is contrary
for the decay modes a;(b;)p. The branching ratios of the
decays BY — pTay, p°al, p~a; are very near each other.
A similar case exists with the decays BY — p* 7, p°#°,
p~m", whose branching ratios are predicted as
(2.2,2.3,2.4) X 1077 [3], respectively. As for the other
two annihilation type decays BY — alw, bw, whose
branching ratios are of the order of 1073 ~107%. It is
easy to see that this kind decay is sensitive to the quark
structure of the final mesons. Compared with the decays
BY — al(b))p°, the difference is mainly from the signs of
dd component in the mesons @ and p°, which induces
different interference effects between the amplitudes from
the penguin operators: constructive for the decays
a(b9)p°, destructive for the decays a(h?)w. From our
calculations, we find that the penguin amplitude for the
decay a(b?)p° is about 20.4 (48.2) times of that for the
decay a¥(h?)w.

The main contributions to the decays BY — a,(b;)n"
are from the electroweak (EW) penguin operators.
Although the contributions from the tree operators have a
prominent increase for the decays B — b7’ compared
with those for the decays B — a1 [the former are about
5 (7) times larger than the latter], the increased tree opera-
tor contributions for the decays BY — b7 bring a slight
increase to the branching ratios, for the tree operator con-
tributions are Cabibbo-Kobayashi-Maskawa suppressed.

We also checked the sensitivity to the values on the
Gegenbauer moments for the decays considered. If one
takes smaller Gegenbauer moments, such as a{( =0.05 =
0.02[341,0.10 = 0.12[35], a5 = 0.115[36], the branch-
ing ratios have a few percent change for most of the decays
BY — a,(b,)m(K), more than a 10% change for only very
few channels. So we considered that the uncertainties
caused by the Gegenbauer moments are small and can be
neglected. But it is not the case for the decays BY —
a;(by)n". If one takes the newer Gegenbauer moments
as given in Ref. [36]:

aj = 0.115, aj = —0.015, (38)
the branching ratios will have a prominent change,

B(BY — aim) = (0.97103 0551563 X 107, (39)
B(BY — aim') = (2125355565705 X 1077, (40)

B — ) = 020G ERGRE <107, @D

_ B 040,000,160, B
B(BY — bin') = (0.75Z597 25016016205 X 1077, (42)
where the errors come from the B; meson wave function

shape parameter wg = 0.5 = 0.05 GeV, the B, meson
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TABLE VL
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Branching ratios (in units of 107%) for the decays BY — a,(b,)K(m, , ') and

BY — a,(b))K*(p, w, ¢). In our results, the errors for these entries correspond to the uncer-
tainties from the B, meson wave function shape parameter wg, the B; meson decay constant f ,

the QCD scale AgéD and the threshold resummation parameter c, respectively.

Decay mode

Br(x1079)

Decay mode

Br(x1079)

A0 0 70 +0.19+0.03+0.10+0.12
B; — ajK 0.697013 0.04-012-0.12
R0 S +10.3+0.140.6+9.8
By —a; K 294775701 1808

B0 -+
B; —ayp

+0.34+0.1+0.5+0.8
0. 38*0.3*0. 1-0.7-0.8

By —alK"  0.08155,65505 601100
B} = ay K* 214755760 1576

Bl —aym* 27535036400

By —ajm” 18530063500

B} = aln’ 2255350002560

B} — ain 0.122 683 000 605003
B — aln' 0.30 605 7001 -6.0-0.10
B — biK” 2853500703551

By — by K" L3203 01703760

B — by 0.07975515 0500 700040000
Bl —bim 017X G000
By — bim®  0.085558 0000 00130000
B — by 0.13 268320501 2660 01
Bl — by’ 032604066 0.01- 002

Bl —ajp” 0.37837 8183754
B — alp" 0.38255 70170506
Bl — ajw  0.0049 55003 50063 600056004
B} — a}¢ 0.33 2558600 70.03-013
B — b{K*™ 3550850250650
Bl — by K" 2.0503561503703
B} —bip* 088 705876020 13- 005
BY—bip" LG E00703760
B — b} 0.95 0567601 ~0:33- 003
Bl — bl 0011550 507 6500 000
B) — b} 0217553 660 0 64 000

decay constant fp = 0.23 = 0.02 GeV, the QCD scale
AgéD = 0.25 = 0.05 GeV and threshold resummation pa-
rameter ¢ varying from 0.3 to 0.4, respectively. Especially
for the decays B? — afn), their branching ratios are
sensitive to Gegenbauer moments and increase to 7-8
times by wusing the newer Gegenbauer moments.
Certainly, the increases of the branching ratios for the
decays BY — b7 are not so large. It is needs to clarify
which Gegenbauer moments are more reasonable.

The decays BY — a,(b,)¢ are dominated by the EW
penguin operators. Though their branching ratios are small,
these two decays are interesting to invest the effect from
the electroweak penguins, where there might exist new
physics [37]. The presence of a new physics contribution
from EW can enhance the branching ratios of the decays
BY — m(p)¢, which are used to improve the B — 7K
“puzzle” [38]. Whether the two decays considered here
have such an effect merits further research.

B. Polarization in the decays B, — a;(b;)V

The formalism of the wave function has great influence
on the polarization fractions for some decays. In Ref. [39],
the author suggested that taking the asymptotic models for
the K™ meson distribution amplitudes instead of its tradi-
tional formalism leads to a smaller B — K* form factor
(Ap ~ 0.3). The smaller form factor responds to the smaller
longitudinal polarization fraction. Another result is that the
strengthened penguin annihilation and nonfactorizable

contributions further bring it down. In the decays BY —
a;(b))K*, we also take the asymptotic models for the K*
meson wave functions and only find the decay mode a{K*°
with a smaller longitudinal polarization fraction of about
70%. If we neglect the penguin annihilation contribution in
the decay BY — @K™, and find that the branching ratio
changes from 6.9 X 1077 to 5.5 X 1077, the longitudinal
polarization receives a larger increase and arrives at 93.1%.
If we neglect the nonfactorizable contribution, both the
branching ratio and the polarization fractions will become
much smaller. Compared with the B? — a9K** and BY —
b(fK *0 decays, we argue that the polarization fractions are
also connected with the symmetric properties of the a; and
b, distribution amplitudes, which might have a sensitive
effect in the penguin annihilation contribution. If one
neglects the penguin annihilation contribution in the decay
B? — b w, the longitude fraction can amount to 95.4% and
the branching ratio decreases by 30%. In a word, the
contributions from the penguin annihilation diagrams are
very sensitive to the final polarization fractions for some
decays.

In Table VII, we list the longitudinal polarization frac-
tion (f) and the transverse polarization fractions (f, f1)
for the decays BY — a,(b,)V, where the errors come
from the B; meson wave function shape parameter
w, = 0.5+ 0.05 GeV, the B; meson decay constant
fs, = 0.23 £0.02 GeV, the QCD scale A, = 0.25 +

0.05 GeV and the threshold resummation parameter c,
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TABLE VII. Longitudinal polarization fraction (f;) and two transverse polarization fractions
(fy» f 1) for the decays BY — a,(b,)V. In our results, the uncertainties of f;, fi1» f1 come from
the B, meson wave function shape parameter w,,, the B; meson decay constant fp , the QCD
scale AgéD and threshold resummation parameter c, respectively.

fr(%) f1(%) f1(%)
BY — a{K** 68.9781 38751139 15.1536515509730 16,053 113568519
B) —ar K" 90.670363703701 49101000510 45505 010
B)—ayp* 97.7 03 03 Y5709 2.21531103156703 0.15305 80500501
B)—afp~ 97.8503553 9110 215035 65503510 0128058020001
BY—alp° 97.8X4 103506510 2.153120356870% 0.153980501 581
B} — djw 83.4%507551338] 9.870351355913% 6.8703705513733
B) — al¢ 94.87 0001700703 2850070050001 2413050020110
BY — bK* 98.2503103704703 0.95 150101501 0.9581 501201501
B)— by K** CE R S 2.8703705705708 3.1503503704500
B)—bip~ 96.978310393737 235035041830 085015 01708707
B)—bip* 916704 13737743 8170315730733 0358678970101
BY — b0p° 95.0703 05741138 4703 1508038 0350081501703
B} — Mo 634533534 1330053 21750555558083 14.851971330743
B) — b)¢ 99.5 0 0000 0.0 0257003 000 005000 0-257001 5000001 ~0.00

varying from 0.3 to 0.4, respectively. With the exception of
the decays B — a9K*, a’w, b w, the longitudinal polar-
ization fractions of other BY — a,(b,)V decays are very
large and more than 90%.

C. Direct CP-violating asymmetries

Considering the smallness (only about a few percent) of
the transverse polarization fractions of most decays B? —
a;(b,)V, we can neglect them in our calculations and the
expression for the direct CP-violating asymmetries of the
decays BY — a,(b,)V (with the exception of B — a{K*,
dw, bw) become simple, which can be calculated by
Eq. (33). Certainly, for the b — s transition, one only needs

to replace a with y = arg[ — “,/’f—“i’] in Eq. (33). The direct
CP-violating asymmetries for the decays B? — a,(b,)P
have a similar expression. We calculate the pQCD predic-
tions (in units of 1072) for the direct CP-violating
asymmetries of the decays considered, which are listed in

Table VIII, where the errors induced by the uncertainties of
w, = 0.5 £0.05 GeV, fp = 0.23 £0.02 GeV, AS%D =
0.25 = 0.05 GeV and the threshold resummation parame-
ter ¢ varying from 0.3 to 0.4, respectively. We find the
following points:

(i) Like the decay B? — 7°K°, whose direct CP asym-
metry is predicted at more than 40% by several
methods [3,40,41], the decays B? — a%(b9)K? also
have large direct CP asymmetries. Unlike the chan-
nel BY— by K", the decay BY— a; K" has a

smaller direct CP asymmetry. It is because that
though there are near penguin amplitudes in these
two decays, the tree amplitude of the latter is about 3
times as large as that of the former; furthermore, the
sine values of their strong phases are close to each
other, so the direct CP-asymmetry value for the
decay mode a; K* calculated by Eq. (33) is small.

(i) The direct CP asymmetries of the decays B —

b?n(’) are sensitive to take different Gegenbauer
moments for 7). If we take the newer
Gegenbauer moments given in Eq. (38), their direct
CP asymmetries will change not only in magnitudes
but also in signs.

(iii) The decays B? — a,(b;)p, with the exception of
the channel BY— by p*, have smaller direct
CP-violating asymmetries compared with the de-
cays B — a,(b,) . The direct CP-violating asym-
metry for the decay BY — by p™ is very sensitive to
the tree operator contribution from the nonfactori-
zation annihilation diagrams: if we neglect such
contribution, its branching ratio can increase
14%, while the direct CP-violating asymmetry be-
comes only 1.3%.

(iv) There only exist factorization and nonfactorization
emission diagrams for the decays BY — a,(b,)¢.
The direct CP-violating asymmetries in these two
decays are small, because the interactions between
the tree and penguin contributions are very small.
From our calculations, we find the ratios of penguin
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TABLE VIII. Direct CP-violating asymmetries (in units of %) for the decays BY —
a;(b))K(m m, 1) and BY— a,(b))K*(p, ®, ¢) (with the exception of B? — a9k, alw,
blw). In our results, the errors for these entries correspond to the uncertainties from w,, f B>
the QCD scale AgéD and the threshold resummation parameter c, respectively.

Decay mode Direct CP Decay mode Direct CP

B) — a{K’ =66 15515 S B — biK° ALATIIR03
B} — ay K* —9.71 60502507 BY — b K" AL M A PR
By —aym* 2055135030603 Bl — b7 127553509 256500
B) —afm 321030008503 B} — b7 24,575 100553701
B} — aim’ 1402155007636 B — bim’ —23.3585 1538503
Bl —din —3L3 TN B — bin 25.0290758743151
B — aln’ —1027530 135533 B — bYn’ 227151059554
- - B) — bk PAR M AR AT
B) — ay K** QLS AR AN TR B} — by K" 0.80173705 765755
B)—aip” 4350450555503 B} — by p* 316153109 138163
B) —afp” 6.05 1073553 BY—b{p~ —9.3508103503 700
BY — ajp’ 46713045805 B} — bip" 8320362705700
B) — dl¢ —6.25 10018109 B) — b —O0.817515 000 0.12- 00

to tree amplitudes for the decays BY — a,¢ and
BY — b, ¢ are about 0.06 and 0.004, respectively.
The strong phases penguin and tree amplitudes are
only 0.15 and 0.026 rad, respectively.

(v) Compared with the decays BY — a,(b,)P, most of

the BY— a,(b;)V decays have smaller direct
CP-violating asymmetries.

VI. CONCLUSION

In this paper, by using the decay constants and the light-
cone distribution amplitudes derived from the QCD sum-
rule method, we researched the B(,) — a,(b)p(w, ¢) and
B, — a,(b))K*(K, m, 1) decays in the pQCD factoriza-
tion approach and found that

(i) with the exception of the decays B’ — afp’(w),

other tree-dominated B — a;p(w) decays have
larger branching ratios, at order 107>, With the ex-
ception of the decays B— b p~ and B~ — bip~,
other B — b p(w) decays have smaller branching
ratios, at order 107°. The decays B — a,(b,)¢ are
highly suppressed and have very small branching
ratios, at order 107°.

(ii) The decays BY — a; K*(K*") have contributions

from the factorization emission diagrams with a
large Wilson coefficient C, + C;/3 (order of 1),
so they have the largest branching ratios and arrive
at order 107°. While for the decays BY—
a9K°(K*), the Wilson coefficient is C; + C,/3 in
tree level and color suppressed, so their branching
ratios are small and fall in the order of 1077 ~ 1078,

114005-11

(iii)

(iv)

For the decays BY — b, K(K*), all of their branching
ratios are of order a few times 107°. For the pure
annihilation type decays BY — a,(b,)p, with the
exception of the decays BY — a;7 having large
branching ratios of order a few times 107°, most
of them have branching ratios of order 10~7. The
branching ratios of the decays B — a{(b))w are
the smallest and fall in the order of 1073 ~ 107°.
For the decays B — a%p° and B~ — by p°, their
two transverse polarizations are larger than their
longitudinal polarizations, which are about 43.3%
and 44.9%, respectively. The two transverse polar-
ization fractions have near values in the decays
B — a;p(w), while have large differences in
some of the B — b, p(w) decays. With the excep-
tion of the decays BY — a'K™, d%w, bw, the
longitudinal polarization fractions of other B —
a,(b;)V decays are very large and more than 90%.
For the decays B~ — alp~, b%p~ and B® — b{p°,
blw, where the transverse polarization fractions
range from 4.7 to 7.5%, we calculate their direct
CP-violating asymmetries, neglecting the trans-
verse polarizations and find that those two charged
decays have smaller values, which are about 11.8%
and —3.7%, respectively. The branching ratios and
the direct CP asymmetries of the decays BY —
a(b9)n" are very sensitive to take different
Gegenbauer moments for 1'). Compared with the
decays B — a,(b,)P, most of the BY — a,(b,)V
decays have smaller direct CP-violating
asymmetries.
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