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Charmless B, ;; — VT decays in perturbative QCD approach
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Motivated by the experimental data, we study charmless B, ;, — VT (V and T denote light vector and
tensor mesons, respectively) decays in the perturbative QCD approach. The predictions of branching
ratios, polarization fractions, and direct CP violations are given in detail. Specifically, within this
approach we have calculated the polarization fractions and the branching ratios of B — ¢(K; ™, K3°)
which agree well with the observed experimental data; however, the branching ratios of B — w(K} ™, K ;0)
are hard to be explained, where the polarization fractions are well accommodated. The tree dominated
channels with a vector meson emitted have a longitudinal polarization fraction of 90%, while the penguin
dominating ones have subtle polarization fractions. Fortunately, most branching ratios of B, ; decays are
of the order 107®, which would be straightforward for experimental observations. For the B, decays the
branching ratios can reach the order of 107° in tree dominated decays, while in penguin dominated decays
those are of the order of 10~7 which require more experimental data to be observed.
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L. INTRODUCTION

Flavor physics has been thoroughly investigated for
many years with the advent of B factories. As more and
more experimental data is accumulated, flavor physics
plays an important role in the precision test of the standard
model (SM) and beyond the SM as well as studying the
properties of many light hadrons. A few B — VT decay
channels have been already reported by the BABAR
Collaboration [1-3], which makes the B to tensor meson'
decays gain more and more attention.

Even before the experimental reports there had been
already a couple of works [4,5], which studied the B —
VT decays involving a charmed tensor meson under the
quark model. Here we would like to consider the charmless
B — VT decays instead. As early works, these charmless
decays had been also studied in the framework of gener-
alized factorization [6] and in the Isgur-Scora-Grinstein-
Wise updated model [7,8]. Later these decays were again
studied in the covariant light-front approach in Ref. [9].
Polarizations of B — VT decays as well are studied in
Ref. [10]. However, most of the branching ratios in the
early works are not predicted precisely, which are usually
one or two order smaller than the experimental data. This
may indicate that some contributions, such as the non-
factorizable and annihilation contributions, are very im-
portant in these decays, which are not included in those
early works. It has become very urgent to investigate these
contributions by employing proper theoretical models. In
Ref. [11] the authors accommodated the experimental data
with the QCD factorization (QCDF) approach [12], which
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deals with these additional contributions in a very subtle
and technical way. Here we want to adopt yet another
theoretical approach, the perturbative QCD (pQCD) ap-
proach [13], which calculates the nonfactorizable and an-
nihilation contributions in a theoretically systematical way.
These investigations will offer us more detailed knowledge
about the dynamics of B — VT decays, which is one
reason why those decays are worthy to be studied again.

Another reason why B — VT decays are meaningful is the
interesting polarization phenomena. In B — V'V decays, the
transversely polarized contributions of some penguin domi-
nating channels, such as B — (¢, p)K”, are nearly the same
as the longitudinal ones [14]. This is quite different from the
prediction of the naive factorization, in which the longitudi-
nal polarization always dominates. However, in B — VT
decays, such as B — ¢ K5, the experimental data indicate
that the longitudinal polarization is much larger, while for
B — wK; the longitudinal polarization takes only about a
half contribution. Earlier models such as naive factorization
cannot give us any satisfied explanation. Therefore, employ-
ing theoretically more complete models, such as the QCDF,
the pQCD, and the soft collinear effective theory, to under-
stand the phenomena becomes very important.

In a recent paper [15], the authors studied the light cone
distribution amplitudes of the tensor mesons, which make the
calculation of B — VT decays possible for the QCDF and the
pQCD approach. In their following paper [11], by extracting
inputs from the experimental data they accommodated B —
VT decays in the frame of the QCDF. However, some subtle
dynamical phenomena are not yet fully understood, which
inspires us to explore these decays under another approach.
The pQCD approach based on the k; factorization has al-
ready been used to explore many two body exclusive decays
of B meson. The form factors of B to a tensor meson
transition have already been calculated under this approach
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[16]. There are already a few investigations on the B to a
pseudoscalar and a tensor [17] as well as a charmed meson
and a tensor meson decay [18—20]. The predictions based on
the pQCD can accommodate many experimental data well,
for example, see Ref. [21]. Therefore in this work we will
adopt this approach to our analysis.

The paper is organized as follows. In Sec. II, all the
details of the theoretical frameworks are listed, including
the notation conventions, the Hamiltonian, the kinematics
definitions, the wave functions which are used as the inputs
in the pQCD approach, and the analytic formulas for the
Feynman diagrams in the pQCD approach. The numerical
results and discussions are given in Sec. III, and the last
section is for the summary. In the Appendix we collect the
expressions of common pQCD functions.

II. THEORETICAL DETAILS

A. Hamiltonian and kinematics

We start from the common low energy -effective
Hamiltonian used in B physics calculations, which are
given [22] as

H oy = %{ 3V, VepLCm) 0% + Colm)0%(w)]

q=u,c

10
~VaVi| 3. Clwoiw |} + He. (1)
i=3
where D = s, d stands for a down-type light quark, V ;)
and V) are Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. Functions O; (i =1, ..., 10) are local
four-quark operators or the moment-type operators:
(i) current-current (tree) operators

07 = (Gabp)v-a(Dpqa)v—a

oo _ 2)
05 = (Gabo)v-a(Dggg)y-a
(i) QCD penguin operators
03 = (D_aba)V*AZ(q‘qul/B)VfA’
q/
_ 3)
04 = (Dﬁba)V—AZ(C_Iixq‘IB)V—A)
q
05 = (Daba)V*AZ(qlﬁq/ﬁ)Vﬁ»A;
q/
i o “)
O = (Dﬁba)V*AZ(qaq‘B)VvLA;
q/
(iii) electroweak penguin operators
3 - _
0; = E(Daba)V*Az/eq’(q/Bq/ﬂ)V‘FA’
q
&)

3 _
Og = E(D,Bba)V—Azeq’(qlaq‘/B)V-%—A;
q/
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3 - _
09 = E(Daba)V*Azleq’(qlqu'IB)V*A,
q

(6)
3 _
0y = E(Dﬁba)v—Azeq’(qﬁlq%)V_A’
q/

where « and B are color indices and ¢’ are the
active quarks at the scale m,, ie., ¢ =
(u,d, s, c, b). At the tree level, the operators O,
and Og, do not contribute, thus they are not listed
here. The left-handed current is defined as
(Faqp)v-4 = Ga¥,(1 = ¥s)q and the right-
handed current (Goqp)v+a = Ga ¥, (1 + ¥5)qp.
The projection operators are defined as P; =
(1 = 7y5)/2 and Pg = (1 + 75)/2. The combina-
tions a; of Wilson coefficients are defined as

usual [23]:
a; =C, + Cy/3, a, = C; + G,/3,
a; = C3 + C,/3, a, = Cy + C3/3,
as = Cs + Cg/3, ag=Ce + Cs/3, (1)

ar; = C7 + C8/3,
ag = C9 + C]()/3,

ag = Cg + C7/3,
aypg = CIO + C9/3

The calculation is carried out in the rest frame of B
meson, the momenta of B meson (pp), tensor meson (p,)
and vector meson (p3) are defined in the light cone
coordinates as

_ g _ g 2
= 1, 1,0q7), = 1, 3, 0p),
PB \/z( T) P2 \/-2'( 2 T)

®)

mpg )
=—(r510
P3 \/5(3 T)

with r, = my/mg and r; = my/my. In the calculation of
the pQCD, the momenta of the quarks are also related, and

they are defined as follows:

mp

k, = (O, X1 —F=, k ),
1 1 \/5 1T
k3 (Or X3 \/% ’ k3T)’

where k; ;5 are the momenta of the light antiquark in B
meson, quarks in tensor and vector mesons, respectively.

mp
k =< —,0,k )
2 X2 \/5 2T o

B. Wave functions
1. B meson

The B, meson wave functions are decomposed into the
following Lorentz structures:
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Ol 01 B )
= \/2_{(¢l +mp )75[¢B())(k ) + \;{—Q{)B(,)(k ):I} ,

(10)

where ¢p (k) and (ﬁBm(k]) are the leading twist distri-

bution amplitudes. After neglecting the numerically sub-
leading contribution term ¢ (k) [24], the expression for

) B, in the momentum space becomes

Py

) \/ZT + mBm)YS ¢B(: (ky). (11)

The calculation of the pQCD is always carried out in the b
space, in which we adopt the following model function:

1 (XmB(:))2 B w%bz]
2 Wy 2 ’

(12)

d)B(l\) (-xr b) = NB(‘\_))CZ(I — x)2 exp[—

where b is the conjugate space coordinate of k7. Np  is

the normalization constant, which is determined by the
normalization condition

/B,
22N,

For B* and BS decays, we adopt the value w;, = 0.40 GeV
[25], which is supported by intensive pQCD studies [26].
For the B; meson, we will follow the authors in Ref. [27]
and adopt the value w;, = (0.50 = 0.05) GeV.

1
fo dx, (x,b = 0) = (13)

2. Vector meson

The decay constants of the vector mesons are defined by

0171v,9:1V(p3, €)) = fymye,, (14)
<0|('?10-,U,VQZ|V(I73’ E)> = if\T/(G;LP&/ - 61/P3y,)'

The longitudinal decay constants of the charged mesons
can be extracted experimentally from 7~ decays and those
of the neutral ones can be extracted from their e* e~ decays
[28], whereas the transverse decay constants can be calcu-
lated by the QCD sum rules [29]. All the constants for the
vector mesons in this paper are collected in Table I.
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(V(ps, 62)|6]1a(0)@23(2)|0>

= [ s Ty by

+ £ Py (x) + mydy(0)]ap
V(ps, E;)lQla(O)q2B(Z)|O>

= 2NC [ dxe™ Py [myé; pY(x) + £5 p3pL(x)

+ mVlE,LLVp(rf)/SfyMs npvg(rbv(x)]aﬂ; (15)

where x is the momentum fraction of the g, quark. Here n is
the light cone direction along which the meson moves and v
is the opposite direction. With t = 2x — 1 the expression for
the twist-2 distribution amplitudes are given by

by(x) = jszVCx(l - 01 + a0 + d )],
T(x) = 3fv x(1 = [ + a0 + at (1),

NI
(16)

and the corresponding values of the Gegenbauer moments
are [30]

al, =dl,=015%007,  dl,
azK*—011+009 a2¢—018+008

a3, = az, =0.14+0.06,  afe. =0.04*0.03,

aye. = 0.10 = 0.08, az, = 0.14 £ 0.07. (17)

. =0.03 £0.02,

We adopt the asymptotic form for the twist-3 distribution
amplitudes:

t — ﬁ 2 = 7T
V(x) 2\/—t ’ ¢V( ) 2\/— t)x
3fv

¢V()—76( + 1), dy(x) = 4\/—

18)
—1).

3. Tensor meson

In the quark model, the tensor meson with JF€ = 2+
has the angular momentum L = 1 and spin § = 1. The
ground SU(3) nonet states consist of a,(1320), f,(1270),
f5(1525), and K3(1430). Mixing exists for the f,(1270)
and f%(1525), just as the n and n’ mixing, and their wave
functions can be expressed as

Jr = f9cosby, + fisinfy),

Up to twist-3 the distribution amplitudes of the light , . .. (19)
vector mesons are summarized as Ja=f%cosOp, — fsinby,
TABLE I. The decay constants of vector mesons (in MeV).
fo s fo fe I Ik fo fh
209 =2 217 £5 1953 231 =4 165 £9 185 = 10 151 £9 186 =9
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where f9 = T(uu + dd) and f° = s5. The mixing angle

0y, is found to be very small, 6, =7.8° [14] and
07, = (9 = 1)° [31]. Therefore, f, is nearly an f7 state
and f} is mainly f*.

The spin-2 polarization tensor, which is symmetric and
traceless, satisfies €*”p,, = 0 and can be constructed by
spin-1 polarization vectors € by

€un(F2) = €,(F)e, (F),

1
6,([,1/(_1) - \/_E[G/L(_)EV(O) + 61}(—)6/1,(0)]:

€,,(0) = Jig[e,mey(—) T (+)en(—)]

+ \EGM(O)GV(O). (20)

In the case that the tensor meson is moving along the z axis,
the polarizations € can be defined as

6(0) = (|p2|’ Or O’ EZ)/mT’ G(il) = (O) Il’ i! 0)/\/-2—;
2D

with E, as the energy of the tensor meson.
Associating with the tensor momentum defined in
Eq. (8), the polarization vectors are given in the light
cone coordinates by

€(0) = (1, =13, 0p)/(V2ry), 22)
e(+1) = (0,0, F1,i,0)/v2.

The decay constants of the tensor mesons are defined as

(T (P2l (010) =

where the currents are defined as

2
meTG/.LV) (23)

_if'g:mT(e‘;SpZV - E;jépzlu)r

. 1 - _ -
Jur(0) = 5[611(0)7M1qu2(0) + 41(0)y,iD,4>(0)],

Jhp(0) = §2(0)0,,iD ,q,(0) (24)
withD, =D, —D,,D, = 9, + ig,AYA?/2and D, =

d, — igA% /2, respectively. These decay constants
have already been studied [32-34] and we use the recently
updated ones with the QCD sum rules [15], which are
summarized in Table II.

The light cone distribution amplitudes (LCDAs) of the
tensor mesons are also recently studied by Ref. [15] and we

PHYSICAL REVIEW D 88, 014031 (2013)

follow the notations in Ref. [16] to summarize them up to
twist-3 as

(T(pa2, €)lq12(0)G25(2)|0)

- [0 ‘ dxel‘w[mmmT(x)

+ £2 Brbr(x) + md S

(T(pa, €)|(]1a(0)5123(2)|0>

1 o
\/2—]'\7— dxelxpz Z[mTﬁ( Td)%(x) + ﬁ(oTﬁZ(ﬁ;(x)
+ mTIGMVp(T’)/5’)/M6?%71'01}0—(1)%()()]0[3, (26)

with €123 = 1 adopted. Equation (25) is for the longitudi-
nal polarized mesons (2 = 0) and Eq. (26) for the trans-
verse polarized ones (h = *1). x is the momentum
fraction associated with the g, quark. » is the light cone
direction along which the tensor meson moves and v is the
opposite direction. €, is defined by

GMVU
€y =——myp. 27
p2v
With the momenta and polarizations defined in the above
paragraphs, Eq. (27) can be reexpressed by

2mT v
eo,u, = m—% ep,ypB (28)
up to the leading power of r,. We follow the symbols in

Ref. [16], and list the expressions of LCDAs as

f ; T
() =5l 1) =3 ﬁTThﬁk ),
frd _
¢T<x>—4ﬁtﬁ;h ) zézv—c‘“(”’
W) d 2@
¢T(x) 2\/ng (X) ¢T(x) Sm dx (X)
(29)

The twist-2 LCDAs can be expanded in terms of the
Gegenbauer polynomials with the form

B (x) = 6x(1 — x) i altciP2x - 1), (30)
=1

where alll‘l are the coefficients. Since there are no results

for the high order Gegenbauer coefficients and the

TABLE II. Decay constants (in unit of MeV) of tensor mesons from Ref. [15].
faz flIZ-Z fK; f]% ffz(]27()) f};(]zm) ff’z(1525) f}-lz(1525)
107 £ 6 105 = 21 118 £5 77 £ 14 102 =6 117 =25 126 = 4 65+ 12
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(a) (b)

FIG. 1.
and (d) are nonfactorizable diagrams.

contributions of these high order polynomials are expected
to be very small, we adopt the asymptotic form in the
calculation, which is given by

¢ L(x) = 30x(1 — x)(2x — 1) 31

with the normalization conditions
1
[O dx(2x — Dby () = 1. (32)

By using the QCD equations of motion, the twist-3 two
partons distribution amplitudes (DAs) can be related to the
twist-2 ones and the tree parton DAs [35,36]. Their ex-
pressions for the asymptotic forms are given by [15]

hi(x) = Do - —6x+ o),
2 (33)
hﬁ”(x) — 15x(1 — x)2x — 1),

g(f)(x) =20x(1 —x)(2x — 1), g(f)(x) =502x— 1)
(34)

(i) (V — A) (V — A) factorizable emission diagrams:

PHYSICAL REVIEW D 88, 014031 (2013)

My M
b L b —»i
B M,y B M,
) (d)

(c

The emission diagrams with a tensor meson emitted. Diagrams (a) and (b) are the factorizable contributions; diagrams (c)

C. Analytic formulas

In this subsection, we list the pQCD formulas for all the
possible Feynman diagrams. In the diagrams we use M, 3 to
denote the tensor and vector mesons, respectively. At the
tree level, the Feynman diagrams in the pQCD can be
divided into two types according to their typological struc-
tures: the emission diagrams, in which the light quark in the
B meson enters one of the light mesons as a spectator, and
the annihilation diagrams, in which both of the two quarks in
B mesons are absorbed by the electroweak operator.
According to the polarizations, we can list the formulas in
two parts, the longitudinal polarizations and the transverse
ones. For simplicity we only list the amplitude functions for
the longitudinal ones. The transverse polarized ones can be
calculated in the same way with the corresponding wave
functions. The factorizable emission diagrams are shown as
the first two diagrams in Fig. 1. Since the tensor meson
cannot be generated from the vector or axial vector current,
only the vector meson can be emitted. The expressions for
all possible Lorentz structures are given as follows.

2 QCD o
Fik(a) = S‘EWmévaF [ e, [ bbb gyt ](ra2x - DY) - Bi)
0 0

+ @ = )b rleale Enltih (ol ] I ba b1 )3 (22
- 2"2(ﬁsr(xz)ai(t%ef)Ee(t\z,ef)he<\/ |a'62,f2|, \“ ile, bl, bZ)St(xl)}y (35)
[

where the explicit expressions of scales 7’2, the pro-

duction of coupling @, and Sudakov factor E,(t\:}),
the function of hard kernel 4, the parameters a%e Flef2)
and ,B(Ze fler2)» and the jet function S,(x) are all col-
lected in the Appendix. In the following analytic for-
mulas, the expressions of all the additional functions
can also be found in the same Appendix.

(i) (V — A) (V + A) factorizable emission diagrams:
FiR(a;) = Fif(ay), (36)

@iii) (S — P) (S + P) factorizable emission diagrams:
FSE(a;) = 0. (37)

vef

There are two possible types of nonfactorizable emis-
sion diagrams, one has the vector meson emitted and the

other has the tensor meson emitted. They are depicted by
the last two diagrams of Figs. 1 and 2, respectively. We
use the index ten to represent the tensor meson emission
and ven for vector meson emission. The expressions are
given by

M, M,
b @ b —»l
B Mz B M3
(a) (b)

FIG. 2. The nonfactorizable emission diagrams with a tensor
meson emitted.
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(i) (V — A) (V — A) nonfactorizable emission diagrams with vector meson emission:

FLL (a;) = %wmch f ' dxydxyds [ o bldblbgdb3¢3(x1)¢v<x3>{(r2<1 — ) (B5(00) + b))
+ X3 ¢T(x2))a (t en)Een(tven 1, 2)hen(v |a§n1 |; \“ gnl |, bl) b’%) + (r2(x2 - 1)((1);"()62) - ¢£1‘(x2))

(62 + x5 = 207 (e ay(Pan) Een(Pons 1, 2>hen(\/|agn2|, NS b3)}, (38)

(i) (V — A) (V + A) nonfactorizable emission diagrams with vector meson emission:

Fita) = mmCers [\ axiavads [ bydbybsdb ()] = D) = B (B350
D) = x5 () + (B} 3) — () + x3br () (B ey) — B
X Een(then 1. Dt L 1B 1.5 ) = (1223 55) = 4 1)) (5052 = )
) + Bl (@5 () + B (1)~ 2 (2) 5 x2) + B (1) b5 (1))

()C3 - 1)¢T(x2)(¢s (X3)+ d)V(xS)))a (t%en en ven 1 2)hen<v en2 V Z,n2| bl bS)} (39)

@iii) (S — P) (S + P) nonfactorizable emission diagrams with vector meson emission:

Fita) = myCr [ dxanadrs [ by bsdbsbyl) by ()] 201 —x2) (55 = 9 32)
+¢T()C2)(_)C2+X3+ 1))ai(tven en(tven L, 2)hen(v enl V enll b b3)

- (ra s — D) (02) + 3-002)) + 7(62) (o3 — D)t (en) Evn (o, 1. 2>hen(\/|a§n2|,\/| gnzl,bl,ba)}. (40)

@iv) (V —A) (V — A) nonfactorizable emission diagrams with tensor meson emission:

Ftléﬁ(a') = %Wm?gCF ]: dx;dx,dxs fol/AQCD bldblbzdb2¢3(x1)¢T(X2){(xz¢v(x3) —r3(x; — 1)(4"{}()53)
+ ¢§/(x3)))ai(ttlen)Een(ttlen’ 1, 3)hen<v |a§11 |) ‘\“ gﬂly bl) b2) + (r3(x3 - 1)((]5”{/()6';) - (]5%/()63))

+ ¢y (x3)(xy + x5 — 2))a; (i) Een(tn, 1, 3)hen(\/ alz,l, V 2ol by, bz)} 41

(v) (V. —A) (V + A) nonfactorizable emission diagrams with tensor meson emission:

Fé’;(a~)=33—2wmzcﬂz fo dxydxydxs fo ‘/A‘“bldblbzdbzcﬁg(xl){<r3<xz<¢;<x3)+ B () (b ()
— 3(x2)) + (1 = x3)(P5(x2) + P4 (x2)) (@, (x3) — P (x3))) + 2Py (x3) (h5:(x2) — Phr(x)))a;(2,)

X Eey(tin, 1, 3)hen<\/|a§ﬂ L1821, bz) + (r3(=x2(y, (x3) + &1 (x3)) (D7 (x2) + D7 (x2))
+x3(¢§,(x3) - ¢§,(x3))(q§’T(x2) - ¢ST(X2)) + 2(¢§/(X3)¢tr(x2) + ¢§/(x3)¢sr(x2)))

(= Dy (13 (63:002) F B4 (02))) i (1) Een (o 1 3>hen(\/|ag,2|,\/| gf}zl,bl,bz)}, 42)
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(a) (b) (© (d

FIG. 3. The annihilation diagrams with the electroweak generated antiquark entering the tensor meson. Diagrams (a) and (b) are the
factorizable contributions; diagrams (c) and (d) are nonfactorizable diagrams.

(vi) (S — P) (S + P) nonfactorizable emission diagrams with tensor meson emission:
Fita) =S mmbCy [ dndnadzs [ bibibadbrgy) b () =+ 1)
= s = DY) = )tk Een(ts 1 (Y 1B 510 2) + (s = D31
B+ (22~ DAYy {n) Een(Bons 1 (Yl aBl 1Bl 512 )| 3)

According to which meson has the antiquark generated from the weak vertex, the annihilation diagrams are also divided
into two types, as depicted in Figs. 3 and 4. We use the first letter of the index “v”’ to denote the case that the quark enters
the vector meson and “‘#” to denote that the quark enters the tensor meson. For the factorizable annihilation diagrams,
which are the first two diagrams in Figs. 3 and 4, the corresponding functions are given as follows.

(1) (V — A) (V — A) factorizable annihilation diagrams with the quark entering the vector meson:

FLL(a;) = s\gwm;&chF jo ' dxyds [0 Ve bzdbzbgdb3{<—2r2r3¢sv<x3><—¢;<xz><x2 1)+ )l — x)

- x2¢T(~x2)¢V(x3))ai(t\1/af)Ea(t\llaf)ha(‘\/|a§f1 l, \” §f1 |, by, b3)St(x2) + (=2rr3 5 (x)((2 — x3) P} (x3)

+ x50 0) + (1 - x3>¢T(x2>¢v(x3)>ai<r3af>Ea<zeaf>hu(,/|agﬂ|, B2l b, bz)stm)}, (44)
(i) (V — A) (V + A) factorizable annihilation diagrams with the quark entering the vector meson:
Fii(a) = Fliay), (45)

(iii) (S — P) (S + P) factorizable annihilation diagrams with the quark entering the vector meson:
SP 24 ! 1/Aqen t s
Fhta) = 16 mmb oCr [ dnadrs [ badbabsdbe] (rava by (e () = 0752)
+ 2r3¢T(x2)¢€/(x3))ai(t\1/af)Ea(t\l/af)ha(‘,|aif] L1851l 2, b3>St(x2) + (r3(1 = x3) () (@3 (x3)
+ Bl (x) 2r2¢;(x2>¢v<x3>)ai<r3af>Eu(r3af)ha(\/|a3f2|, B2 by bz)s,<x3>}, (46)

(a) (b) © (d)

FIG. 4. The annihilation diagrams with the electroweak generated antiquark entering the vector meson. Diagrams (a) and (b) are the
factorizable contributions; diagrams (c) and (d) are nonfactorizable diagrams.
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@iv) (V — A) (V — A) factorizable annihilation diagrams with the quark entering the tensor meson:

FLE(ay) = S‘Ewm%chF ]0 ' dxyds L /e bzdbzbsdb3{(2rzr3¢ST(X2)((X3 DY) + (13 — Debly(x))
- X3 ¢T(X2)¢v(x%))d ([taf)E (ttaf)ha<‘\“a:12f] l, \H Iu?fll’ bs, bz)St(x3) + (2r2r3q5§/(x3)((x2 - 2)¢ST(X2)
2l (a)) + (1= x2)by (e by () ) Ea (Yl TBZ . 2 )51, (47)

(v) (V —A) (V + A) factorizable annihilation diagrams with the quark entering the tensor meson:
Fif(a;) = Fgg(ay), (48)

(vi) (S — P) (S + P) factorizable annihilation diagrams with the quark entering the tensor meson:

FP(a) = 16\Ewm%chF [ vy [ badbobsdbrixs by (o) 64 55) — 8333)
0 0
+272¢ST(X2)¢V(X3))‘1 taf)E (t[af)h (V szl \/ ff1| bs, bz)S (X3)+(Vz¢v(x3)(1 xz)(¢r(xz)
+ Pl (xy)) = 2r3¢7(x) P (x3))a; (1) E, (ftaf)hu(\ﬂaffﬂ,\” ﬁszz,bs)Sz(xz)} (49)

The nonfactorizable annihilation diagrams are depicted by the last two diagrams in Figs. 3 and 4, and their correspond-
ing functions are given in the following.
(i) (V — A) (V — A) nonfactorizable annihilation diagrams with the quark entering the vector meson:

32 1 1/A
FvLaLn(ai) = ?Wm%CF,/(.) dx,dxzdx3f() “ bldblb3db3¢3(x1){(r2r3¢%(x2)(¢{,(x3)(x2 —Xx3 + 3)

+ dL(x3)(x + x5 — 1)) = rpr3 () (P} (x3) (xn + x5 — 1) + i (x3)(xy — x5 — 1))

(15 — Deprle) by (xa))a(s) an>Ean<zvan>han(\/ I8 b, b )

+ (rr37(x) (3 (x3)(—x2 + x5 = 1) + ¢ (x3)(xp + x5 — 1))
= 13 () () (x3)(xy + x5 — 1) + by (x3)(—x + x5 — 1))

T xybr() by, (rvanwan(r%an)han(\ﬂagnzL NS b)} (50)

(i) (V — A) (V + A) nonfactorizable annihilation diagrams with the quark entering the vector meson:

Flv“gl(ai):%ﬁmécivj; dxldxzdx3j:/AQCDb]dblb3db3¢3(x]){(r2¢>v(x3)(2—xz)(qSST(xz)+¢’T(x2))

300+ Ddr(x)(dy () — ¢’v(X3)))ai(tian)Ean(tian)han(\/ g L1 Bani |, b2, b1)

+ (rpxy dy (x3)(d5(x2) + dh(x2)) + r3(1 = x3) dr(x2) (P (x3) — B (x3))) @ (£240)

><E‘:m(l‘vtm an(VIagnzl, \”Bgnzl,b%bl>}r (51)
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(iii) (S — P) (S + P) nonfactorizable annihilation diagrams with the quark entering the vector meson:

Fifa) = mmCr [ dxidradys [ biabybudbs x)f(rars b1 (1 ) = 35+3)
- ¢§/(x3)(x2 +x3—1)— r2r3¢>’T(x2)(¢§,(x3)(x2 —x3—1)— ¢‘§/(X3)(X2 +x3—1))
_x2d)T(xZ)¢V(x3))ai(t\1/an)Ean(t\llan)han<v la2 | |,\/| 211b, bl) + (rar3(— @5 (x2) (3 (x3) (xy —x3 + 1)

+ ¢ (x3)(xy + x5 — 1)) + 1307 (x0) (7, (x3) (X2 — x5 + 1) + by (x3) (% + x3 — 1))

- (X3 - 1)¢T(x2)¢v(x3))ai(t%an)Ean(tgan)han(V |a§n2|: v |B§n2|: b2) bl)}’ (52)

@iv) (V — A) (V — A) nonfactorizable annihilation diagrams with the quark entering the tensor meson:

32 1 1/Aocp
FLh ai)Z?WméCF[O dxldxzdx3[0 «“ b1db1b3db3¢B(X1){(rzr3¢ST(X2)(¢§/(X3)(_X2 +x;+3)

— ¢y (x3)(xy +x3 = 1)) + rar3 i (x2) (b (x3) (X2 + x5 — 1) — b}, (x3)(—x2 + x5 — 1))

- (1 - x2)¢T(x2)¢V(x3))ai(t\llan)Ean(ttlan)han<V |a§11 |, V | ﬁﬂ |r bZr bl)

+ (=13 d 3 (02)(d} (x3)(—xp + x5+ 1) + 1, (x3) (X + x3 — 1)) + rar3 7 (x2) (b} (x3) (X2 + x5 — 1)

() (> + x5+ 1) +x3¢T<x2>qsV<x3))a,»u%an)Ean(r%an)han(\/|a;ﬁzL,/| 2 1 by, bl)}, (53)

(v) (V. —A) (V + A) nonfactorizable annihilation diagrams with the quark entering the tensor meson:

FiX(a;) =¥7Tm?;CF /;)l dx;dx,dx; LI/AQCD bldblb3db3¢B(X1){_(”2¢V(x3)(x2 + 1) (¢4(x2) — ¢5(x2))

T () (e — 2) (b (x3) + ¢fv(x3>)>ai<r¢an>Ean<tsan>han(\/|ag,l LAIBZ by, bl)
+ (r3x3 ¢T(X2)(¢’§/(X3) + ¢§/(X3)) - "2(1 - x2)¢v(x3)(¢tT(x2) - (zbsT(xZ)))ai(t%an)

X Ean(t%an)han(\/ a2, 1B25] b, by )} (54)

(vi) (S — P) (S + P) nonfactorizable annihilation diagrams with the quark entering the tensor meson:

32 1 1/A
Fib(a;) = ?Wm%CF[() dxldx2dx3/O o« bldblb3db3¢B(x1){(’”2”3‘1’“‘1()62)(@{’{/()63)(—)62 + x3 + 3)

+ ¢y (x3)(x + x3 = 1)) = 1307 (x) (3 (x3) (% + x3 = 1) + i (x3)(—x5 + x5 — 1))

- x3¢T<x2>¢V<x3>>ai<r¢an)Ean(rsanman(\/la;al L1821, b, bl)

+ (—rar3 () (DY (x3)(—x, + x5 + 1) — L (x3)(x; + x5 — 1))
+ 13 () (P (x3)(—xy + x3 + 1) — P (x3)(x2 + x5 — 1))

— (5 - 1)¢T<x2>¢V<x3>)a,-(r%anwan(r%an)hm(\/|a;azL 182, b, b)} (55)

Similar to the B — V'V decays, the amplitude of B — VT can be decomposed as

A (&), &) = iAN + i€} - €i7) A + (€,,0pn i €52 €5) AP, (56)
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where A" contains the contribution from the longitudinal polarizations, A* and A ” represent the transversely polarized
contributions. With the amplitude functions obtained in this section, the amplitude for the decay channels can be
expressed. Considering the length of the paper, we will not list all the expressions of the amplitudes, but give one of
the B decay amplitude as an example:
()
a
\/z 1

GF{ [ L(l ) LL<1 ) (1 ) LL(I )

=1V V: —ay |+ FEL(—=C, ) + FEE(—=C, ) + FL

Vo1 M AW BT e\ e
1 1 1 1 1 1

+F5;(—C>+FLQ€1(——C)]—V *I:FLL(—a +—=a )+F56Ln(—C +—C)
ﬁl t ﬁl PR e\ Bt 2 N AN e

M(B~ — pa)) = + Fif

+ FLL( C9 C10> + FLR (L Cs + L&) + FLR(— LC5 + LQ)
ten 2\/_ ven \/E \/5 ten \/5 2\/5
1 1 1 1
+FSP( ag + — )—l—F"’;ﬁ( C) (—a + —a )+F ( as — —=a )
vef 6 t 2\/_ 8 Vaf \/z 4 \/5 10 taf \/z 4 \/E 10
1 1 1 1
+F5;( Gt )+Fgg(——c —-c)+p5;g(—c +_c)
2 3 t. \/z 3 \/E 9 \/5 5 \/j 7
1 l 1 1
+FLa§< C) < ) FSI?(——a - —a )]} 57
t \/z \/5 7 var \/— \/— taf \/5 6 \/7 8 ( )
[
III. NUMERICAL RESULTS AND DISCUSSIONS i |A f|2 —lA f|2
I = __ . 60
With the amplitudes calculated in Sec. IIC, the decay cr |Af|2 + |Af|2 (©0)

width is given as

[(1 = (ry + 1)) = (ry = r3)H)]!

167Tm3

I =

ZlA 2,

where i represents all the polarization states, and the
branching ratio is obtained through BR = I'tg. The key
observables of the decays related in this paper are the CP
averaged branching ratios, polarization fractions, as well as
direct CP asymmetries (A%L). Readers are referred to
Ref. [37] for reviews on CP violation. First, we define
four amplitudes as follows:

(58)

Ay = (fIH]|B),
Af = <f|}[|B>,

Af = (fI1H|B),
= (fIH1B),

where the B meson has a b quark in it and f is the CP
conjugate state of f. The direct CP asymmetry A% is
defined by

TABLE III.

Our results for CP averaged branching ratios and CP
asymmetries are listed in Tables V, VI, and VIL In these
tables, we also list the results of the longitudinal polariza-
tion fractions R, which are defined by

Aol
R, = ,
I

where Ay is the amplitude of the longitudinal polarization.
The first error entries of our results are from the parameters
in the wave functions, the decay constant f and the shape
parameter ;. The second ones are from Agcp, which
varies 20% for error estimates, and from the scale ¢, which
are listed in the Appendix.

Before we go to the numerical discussions of Tables V,
VI, and VII, we note a few comments on the present
experimental status. Only four channels, B~ — K5~ (¢, w)
and B° — K;%(¢, w), are reported by BABAR [1,2,14],
which are shown in Tables III and IV. We also collect
the corresponding decays in B— VV mode [3] for

(61)

The pQCD results for B— VT decays which have experimental data, where the

experimental data is from the BABAR Collaboration [1,2,14] (unit 107 for branching ratios, and

% for the R ;).

BR R.
Decay This work Experiments This work Experiments
B~ — K;(1430)" w 0.817902+ 119 21.5 £ 4.3 47.0798+93 56 = 11
B® — K3(1430)°w 0.93571% 104 10.1 +2.3 55.6531%39 45+ 12
B~ — K3(1430)" ¢ 9.1%34+38 8.4 +21 82.1%62+87 80 = 10
B — K3(1430)°¢ 87131127 7.5+ 1.0 82.0763*81 90.1*39
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TABLE IV. The experimental branching ratios of B —
K;(1430)(w, ¢) decays [1,2,14] and their corresponding B —
VV decays [3]. The unit is 107°.

Decays BR Decays BR
B™ — K5(1430) " w 21.5*43 B" = K" " w 24*10%02

B — K3(1430)°0  10.1+23 BY— K0 2.0+ 0.5
B~ —K;(1430) ¢ 84+21 B-—K"¢ 10.0+20
B — K3(1430)°¢ 7.5+ 1.0 B°— K*¢ 9.8 + 0.6

comparison. For the helicity structures of B — VT decays
are very similar to the B — VV ones, a comparison be-
tween B — VT and B — VV would be very enlightening.

Comparing with the experimental data, one can see

that the pQCD can give good predictions for the B—
¢ (K57, K5Y) decays. For the B— (K5, K3°) decays,
only the polarization fractions can be accommodated
well, and large deviations exist in the branching ratios.
Comparing our predictions with the experimental data,
here we would like to make a few comments:

(1) BR(B— ¢(K5~, K3%)) is very similar to BR(B —
o (K*~, K*)), but a little smaller. It indicates that
only small effects are brought in the branching ratios
when K* is substituted for K5.

(2) However, the experimental data shows totally oppo-
site behavior for the B— w (K5, K3, K*~, K*°) de-
cays, where BR(B— w(K;~,K3")) is much larger
than BR(B— w(K*~,K*)). In the B— VYV case,
BR(B— ¢(K*~,K*)) is about 5 times larger
than BR(B— w(K*~,K*")), while in the B — VT

PHYSICAL REVIEW D 88, 014031 (2013)

case BR(B— ¢(K;~, K3)) is even smaller than
BR(B — w(K*~, K*)).

(3) The pQCD predictions for the branching ratios of
the B — VT decays are very similar to but a little
smaller than the experimental data of B— VV.
Taking the errors into consideration, the similar
numerical ~ relationship  between  BR(B—
¢(K*7,K*) and BR(B— w(K*",K*%)) men-
tioned above can also be accommodated in B—
VT decays. As is well known, the B — VT decay
is very similar to the B — V'V decay mode theoreti-
cally, therefore the branching ratios in these two
decay modes are expected to have the similar be-
havior. Based on such prejudice, the present experi-
mental data is a little difficult to be understood.

(4) However, only BABAR Collaboration reported the
results for B — (K5, K3°) up to now, thus the
experimental data need to be confirmed later. On
the theoretical side, the tensor meson may bring
forth a new mechanism, which needs further inves-
tigation. In Ref. [11] the authors approached those
channels in a different way. They used the experi-
mental data of those channels to extract the penguin-
annihilation parameters of the QCDF and predicted
the other channels. By adopting the way, the experi-
mental data could also be accommodated. However,
we note more investigations are in need to under-
stand the underlying dynamics totally.

We collect our results for B, ; — VT decays in Tables V

and VI, as well as the results of branching ratios under the

TABLE V. The branching ratios (BR in unit of 1079), polarization fractions (R, in unit of
%), and direct CP violation (A‘é‘}, in unit of %) of B~ — VT decays.

BR R, Al

This work QCDF [11] ISGW2 [7] CLF [9] This work This work
B~ — wk;~ 0817087119 754187 0.112 006 47.0193+%3  —4.4704+37
B~ — Ky~ 91730 74183 2.180 9.24  82.1%%2*87  1.5%03*01
B-—pad 128711124 84%47 7432 1934  93.4108%12 e5tlatle
B~ —p Ky 39%G3NE  18.6190) 576748018 04370351035
B~ — play;  0.6770391037  0.827230 0.007 0071 50.8%34%37 —6.5708+1L2
B~ — pPK5~ 23706708 1047188 0.253 074 676733140 —4871309
B~ — wa, 04172141007 0.38+)5 0.010 0.14  645793"%1  5.917%3"33
B~ — ¢a;  0.017500000 0.0003*905  0.004 0019 67.4758+43
B~ — K a) 320pdbl o 2.97)L7 1.852 2.80 59.4181T99. —4.1%25738
B™ — K"Ky’ 0397000700 21595 68.1791135  —3.470¢°57
B~ — K*K;™ 0.197098+007  0.567 % 0.014 059  60.7532%63  22.1775*14
B~ — K%a; 76734123 611238 4.495 8.62 61873489 . —0.827591%032
B —p f, 156182H18 77448 8.061 96.9709+00  7.2+03+12
B —p fy 01U 007:0) 0103 99.3:04+03
B~ — K" f, 7137351t 83D 2.032 763741 —38.6747733
B™— K fy LTINS 12673 0025 151442438 — 16206193

014031-11



KIM et al.

PHYSICAL REVIEW D 88, 014031 (2013)

TABLE VI. The branching ratios (BR in unit of 10°), polarization fractions (R in unit of %), and direct CP violation (A‘éi;, in
unit of %) of By — VT decays.

BR R, Al

This work QCDF [11] ISGW2 [7] CLF [9] This work This work
B — wKk3® 0.93*071* 5% 81247 0.104 0.053 55.6731739 54519533
BY — ¢k 87131137 77730 2.024 851 82.018381
BY— paf 2675155433 11.3%32 14.686 36.18 94.8%03%02 13703569
By—p'a; 0.7425507615 12738 88.720650% 77535
By —p K5 345058708 19.85385 53.9555° 13 —2.255570%
BY— p°al 0680371013 0397433 0.003 0.03 90.7* 0% 852 13.6°31733
B — p°K3° L7563504 9.513% 0235 0.68 47.05031%7 33510703
BY) — wa) 0375014700, 0.25% 13 0.005 0.07 89.5103*12 57180585
BY — ¢al ~1073 0.001* .09 0.002 0.009 45.0717148
BY— K" a 6.1138+% 6.11243 3477 7.25 59.3*83°%4 —17.9715%38
By — K K" 3.0557 503 04373} 49.870070% 59500563
By — K K5~ 35505569 0.06 203 494708703 — 12556503
BY — K*K3° 45119113 0.447988 0.026 0.55 40.611243] 6.1558%13
By — K*a) 3.551755% 3.45% 2.109 4.03 60.3179753 —11.1503555
By— KO S1tHE L1 SIGL oaiB!
BY— p°f, 0.417030+0.5 0.4274%9 0.004 0.019 85.3*11134 —1.9%99+33
By~ p'f} 005484401 003464 5% 10 99.3140144 .
B — wf, 0.56%0 124011 0.69703 0.005 95.5%03%08 =573
B — of} 0.045001 001 0.03%0:04 6X 1073 99.2700%00
By— ¢f> ~1073 0.001*39870.002 0.002 73.00 5355
B~ o1} 0.06" 441402 0.006 5534 21079 0075 067980,
B — Kf, 71433183 9.178% 2.314 73.834 11 6.1503513
BY— K*°f, 18408 08 13.5%34 0.029 17.4%67+69

QCDF and from the other two models. Most results of the
pQCD and the QCDF agree with each other very well. For
those channels, where the pQCD and the QCDF have
obviously different central values, such as B~ — p~ K3°
and By — p* K3~, the penguin-annihilation parameters of
the QCDF contribute to the differences. The penguin-
annihilation parameters are the key point of the QCDF to
enhance the branching ratios of B~ — wK;~ and BY —
wK ;0 to accommodate the experimental data. We presume
those parameters are the main factors for the large differ-
ences between the central values of these channels.
However, taking the errors into consideration, the two
different theoretical approaches can still agree with each
other. On the other hand, future experimental observation
of these channels may offer an opportunity to test the
dynamics of the pQCD and the QCDF.

For the channels dominated by the W-emission dia-
grams, especially with a vector meson emitted, such as
BY — ay p~, the longitudinal contribution is dominating,
and the polarization fraction R; is around 90%. The
polarization fractions of those decays dominated by the
penguin diagrams are very profound. The polarization

fractions of some penguin-dominating decays of B —
VV decay mode like B — ¢ K*? are reported to be around
50% [14], which are out of expectation of the SM. This is
so-called the polarization puzzle in B physics. However,
one can find that the polarization fraction of B — ¢K5° in
the B — VT behaves as the SM expectation, while the B —
wK;? gives about 90%. In our calculation, we find that the
polarization of B — VT for these channels is near to the
B — V'V ones. However, after we consider > = (my/mp)>
contributions carefully, the polarizations can be accommo-
dated to the experimental data, although the branching
fractions cannot be accommodated.

From Eq. (60) one can see that the generation of the
direct CP violation requires that the amplitude A, consists
of at least two parts with different weak phases. Usually
they are the tree contribution and penguin contributions in
the SM. Readers are referred to Ref. [14] for the related
formulas and reviews. The interference of these parts will
bring the direct CP violation. The magnitude of the direct
CP violation is proportional to the ratio of the penguin and
tree contributions. Therefore, the direct CP violation in the
SM is very small, since the penguin contribution is almost
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TABLE VII. The branching ratios (BR in unit of 107°), polarization fractions (R in unit of
%), and direct CP violation (A%L in unit of %) of BY — VT decays.

BR R, AdL
BY— p-ay 0.350 %068 756294133 —11.0%37%33
BY— p k3" 171580713 93.5*03%03 4275593
B)—ptay 0.15 25,04 76:05 357593788 92515178
B) — p%al 0.03530 5001 99. 155705 —18.1557%3
B pK 030815843 2615310 7053
B — wal ~107 50.8+ 204167 18,8174
B~ ok 01375 296°2°6] ~102:42¢3
B) — paj 0.045:61 5 60s 99.2751 6 — LIS
R0 0 +0.10+0.18 +3.1423
B — ¢K; 0.36%509 010 62.2759755
B} — K K;* 45500508 39.9505%55 —125558743
R0 o o — +0.18+0.24 +1.6+2.6 +33+3.1
Bi — K" a, 0.66717 015 77.8757733 11255550
B} — K™ K3~ 6.15135%% 59.9503705 —0.9556703
R0 0 0 +0.25+0.15 +0.6+2.3 +1.6+2.5
B — K™a, 0.88743370.13 90.5%5¢757 51256733
BY — K*K30 8.9736+37 62.9704%14
B — KK 6.25195%3 341285755 —4.2763758
R0 0 —10-3 +1.8+8.1 _ +3.1+5.6
Bi—=p'fs 10 69.5271 59 23877633
R0 0 ¢ +0.05+0.01 +0.0+0.4 +0.8+2.1
B — p°f; 012750 001 89.8700 0.4 14.2755" 7
BY = of; 0.0273,003 .05 99.2733103 —13.9224%1
R0 / +0.1340.09 +1.7+10.3 1 3+05+L6
B — wf 0.287516 0,06 26470,794 1375550
R0 +1.040.7 +0.1+0.6 +0.07+0.19
By — ¢f> 29759507 98.7 00 11 0.847535 041
BY— ¢f} N Bt Ay 75.373933
R0 0 +0.17+0.11 +1.6+2.4 _ +4.3+5.9
Bi — K™ f> 0.51%5167013 922777575 11.9753554
R0 0 41 +0.13+0.14 +3.2+3.3 .
By — K™ f; 0.3970:05"0.08 59.7755754

always subdominating, which can be seen in the previous
section. However, there are a few very special channels in
which the penguin contributions may be comparable to the
tree one, as a result, sizable direct CP violation appears.
Take B~ — K*~K;° as an example. In this channel, the
CKM matrix elements for the tree (V,;,V,,) and penguin
contributions (V,,V},) are at the same order. Although the
Wilson coefficients for the tree contributions are much
larger, the tree operator only appears in the annihilation
diagrams, not in the emission ones. Therefore the tree
contributions are suppressed, and the penguin ones become
comparable, which brings to a relatively large direct CP
violation for this channel.

For most of the B — VT decays, the pQCD predicts the
branching ratios at the order of 107°, which would be easy
for the experimental observation. We also calculate the
branching ratios, polarization fractions, and the direct CP
violations of B, — VT decays, which are collected in
Table VII. Most of the B, decays are penguin dominated,
whose branching ratios are mainly at the order of 1077,
therefore, whose observation requires more accumulation
of experimental data. However, it would be easy for the
forthcoming future flavor physics experiments. If a vector
meson, generated by the tree operator whose decay

constant is nonzero, is emitted in a B, decay, then such
channels have a large possibility to gain a relatively large
branching ratio with the order of 107°.

IV. SUMMARY

One of the valuable topics in flavor physics is studying
the hadrons in the B meson decays. In recent years, in-
spired by the interesting experimental data, more and more
studies on the B to tensor meson decays are carried on. The
pQCD approach, which has been being developed for years
and predicts many B meson decays successfully, is a
powerful tool in the study of two body nonleptonic B
meson decays. In this paper, we investigated the B — VT
decays under the frame of the pQCD. We calculated all the
tree level diagrams in the approach and collected all the
necessary expressions in our paper, with which we can
study the 39 B— VT and 23 B;— VT decays. The
branching ratios, polarization fractions, and direct CP
violations are predicted.

Four channels in B — VT are reported by the experi-
ments: B— ¢(K;~,K3) and B— (K5, K3%). Comparing
with their similar decays in the B — VV mode, these four
channels have very interesting phenomena. On the experi-
mental side, unlike the polarization puzzle in B — VV
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decays, the longitudinal polarization fractions of B —
¢ (K5, K50) decays are around 90%, while those of the
B — (K5, K3°) decays are around 50%. The branching
ratios of B — (K5, K3°) are much larger than those of
B — ¢(K;~, K3?). This is quite different from the B —
VV case, where the branching ratios of B — w(K*~, K*0)
are about 5 times larger than the ones of B — ¢(K*~, K*0).
By considering the > = (my/mg)* corrections, although
the polarization fractions can be accommodated, the
branching ratios are not predicted well. This may need
further experimental confirmation and theoretical
investigation.

Most of the branching ratios for B~ and B° decays are
predicted to be at the order of 107%. Most of our results
agree with the the ones of the QCDF. Some channels do not
agree so well by the central values, which may be caused
by the different dynamics, since the QCDF introduce the
penguin-annihilation parameters to accommodate the ex-
perimental data and their behavior seems different from the
pQCD approach. However, taking the errors into consid-
eration, they can still agree. For the decays which contrib-
uted by the W-emission diagram, especially when the
vector meson is emitted, the polarization fraction is about
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90%, which is just as the expectation of the SM. The
polarization fractions for the penguin dominated decays
are complicated. Some are around 90% and some are 50%,
just like the cases of the four channels observed by the
experiments. Fortunately, the main order of the B~ and B°
decays is 1076, which would be easy for the experimental
observation.

In the BY decays, the branching ratios are smaller. Such
tree-dominated decays as BY — p~ K;T, when a vector
meson is emitted, have the mechanism to gain a relatively
large branching ratio at the order of 107°. Most of the
others are at the order of 10~7, whose observation needs
more accumulation of experimental data.
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APPENDIX: FUNCTIONS FOR HARD KERNEL, SUDAKOV FACTORS, AND SCALES

The parameters in the hard part are given as follows:

2 2 2 @2 2
Befl =x1(1 = xp)mg, ef2 = Bef]’ Qor1

§n2 = (1 = x)(x3 +x; — )m3,
al, = (x3 — Dmp,

2 _ 2 2 . .2
afz_:Bafp Aup) = —XoMp,

52112 = (X3 +x - 1)x2m123’ ainl = _X2(1 - x3)m12’3,

where i represents any indices.
The functions for the hard parts are given by

=(1- xz)m%,

a§n1 =(1- xz)xlm%,

3,11 = (1 = x)(x; — X3)m%;»,

“ﬁfz = x,mg,
Az, =g, 3(21f1 = —x,(1 — x3)m3,
%ml =[1— (3 —x)(1 - Xz)]m%,
,3? = B,Z(xz = X3),

af'z = a,z(xz -« x3),

(AD)

)
an2 = Yanp

h.(a, B, by, by) = K()(,Bbz)[e(bz — bly(bya)Ky(bya) + 6(b) — bz)lo(bza)Ko(bla)],

hen(a, B, by, by) = [0(by — by)Iy(bya)Ko(bya) + 0(by — by)I(b,a)Ky(bya)] X {

i
hala, B, by, by) = (7

i
han(e, B, by, by) = 7[9(192 - bl)Jo(bla)H(()l)(bza) + (b, — bz)Jo(bza)H(()l)(bla)] X {

Ko(Bbz) for BZ >0
= {(Bb,) for B2 <0 |

)2H(1)(,8b 0(by — by)Jo(bya)H (byar) + 0(by — by)o(bya) HY (b, a)]
0 2 2 17701 0 2 1 2)J0\V2 0 1 »

Ko(ﬂbz) for BZ >0
i {)(Bby) for B2 <0 |
(A2)

where the K, I, Jy, and Hél) are all Bessel functions, and H(()l)(z) = Jo(2) + iYy(2).

The scales are defined as

i = max[c\/ a2, c\/ B>, 1/by, l/bl],

(A3)

o= max[c\/ a, c\[ B>, 1/by, l/b,],
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where [ =1, 2, the *“...” represents ef, en, af, or an, and b, represent the two corresponding b coordinates in the
measurement of the integration. The parameter ¢ = 1, and in our error estimation, we choose ¢ = 0.75 and 1.25 for a rough
estimation.

The expressions for the Sudakov factors and coupling constants are given as

E (1) = a () exp[—Sp() — Sy(1)], E,(t) = ay(t)exp[—S7(1) — Sy(1)]

ay(t)exp[—Sp(1) — Sp(t) = Sy(Dlp,=p,]

if vector meson emits

Een t = . . »
@® {as(t) exp[—Sg(t) — S7(2) — Sy(D)lp,=p, ] if tensor meson emlts} (A4)
E (1) = a()exp[—Sp(t) — Sr(2) — Sv(t)|b3:b2]’
where
mp 5t dp _
S t=s<x—,b)+—f — Yqlag )
(1) 1 \/5 1 3 e B Yq( ()
mp mp t d,EL _
St=s(x—,b)+s<1—x —,b)~|—2/ — o X A5
(1) N ( 2) NG b, i Yola (i) (A5)
p mp todp _
Sv(@t) =s{lx3—=,b3 ) +s|(1 —x3)—%=,b +2[ — o R
o0 = s )+ (0 - ) +2 [ Ty (aay
with the quark anomalous dimension y, = —a,/ . The explicit form for the function s(Q, b) is
A g A . AD rg AQ A e2ve—1 g
s(Q,b)=—€11n<7)——(€1—b)+—<7— )—[———m( )]m(—)
2B, b/ 2B 4B \b 4B7 4B 2 b
AW In(2g) +1 In(2b) +17  AD .
A5 61[ GO *1_ G ] + AP n20g) — n226)] (A6)
431 q b 8:81
where the variables are defined by
g=m[Q/(V2M)]  b=n[1/(bA)] (A7)
and the coefficients AY) and B, are
33 —2ny 153 — 19n; 4 67 @ 10 8 1
== ~J = - J A = — A =—"_2 _“, 4+ 1<_ 75), A
A 12 2 24 3 o 3 o t3hilniye (A8)

ny is the number of the quark flavors and 7y is the Euler constant. We will use the one-loop running coupling constant, i.e.,
we pick up the four terms in the first line of the expression for the function s(Q, b).
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