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B. — D™T decays in perturbative QCD approach
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In this work, we investigate B, — D™T decays in the perturbative QCD approach, based on k;
factorization, where T denotes a light tensor meson. For all decays considered in this work, there are
no contributions from factorizable emission diagrams because the emitted tensor meson cannot be
generated from (axial-)vector current or (pseudo)scalar density. We find that the annihilation amplitudes
are dominant in these decays due to the large Cabibbo-Kobayashi-Maskawa elements, which can be
perturbatively calculated without parametrization in the pQCD approach. The branching ratios of
the B. — DK decays can reach 107> to 107, which is one order of magnitude larger than that of
the corresponding B, — D™ K™ decays, where heavy cancellation occurred between the penguin emission
and tree annihilation diagrams. With such large branching ratios, they can very likely be observed in the
ongoing LHCb experiments. We also predict a large percentage of transverse polarizations in those

W-annihilation-diagram dominant B. — D*T decay channels.
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I. INTRODUCTION

After the first observation was reported in 1998 by the
CDF Collaboration [1], which was confirmed in 2008 by
the CDF and DO Collaborations [2] at the Tevatron in
excess of 5o significance, the study of B. mesons has
become one of the current topics of interest, especially
since the Large Hadron Collider (LHC) experiment began
running normally. From the point of view, the B, meson is
a ground state of two heavy quarks’ system, with a ¢ quark
and a b quark, which is very different from the symmetric
heavy quarkonium (Zc, bb) states, due to the flavor
B = —C = *1 carried by the B, meson. Since the B,
meson carries explicit flavor, it cannot annihilate via a
strong interaction or an electromagnetic interaction like
the mesons consisting of éc or bb. It can only decay via a
weak interaction. Thus, it provides us with an ideal plat-
form to understand the weak interaction of heavy quark
flavor [3,4]. Unlike the heavy-light B, meson (¢ = u, d, s),
both the b and ¢ can decay with the other as a spectator, or
they can annihilate into pairs of leptons or light mesons.
If more data become available, B, physics might be useful
to study the perturbative and nonperturbative QCD dynam-
ics, final state interactions, and even new physics beyond
the standard model [3,4]. In recent years, many theoretical
studies on the production and decays of the B, meson have
been done based on operator product expansion [5,6],
nonrelativistic QCD (NRQCD) and perturbative methods
[7-11], QCD sum rules [12,13], SU(3) flavor symmetry
[14], the Isgur-Scora-Grinstein-Wise (ISGW) quark model
[15-17], the QCD factorization approach [18,19], and the
perturbative QCD (PQCD) approach [20-26].
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The B meson decays involving a tensor meson have been
studied in Refs. [27-40]. In Refs. [16,17], the authors
studied some analogous B, decays involving a tensor
meson in final states, but only with the tensor meson
as the recoiled meson. In this work, we focus on the
B, — DYT decays, where T denotes a light tensor meson
with J = 2%, We know that a factorizable amplitude
proportional to the matrix element (T | j*# | 0), where j*
is the (V = A) or (S = P) current, does not contribute
because this matrix element vanishes from Lorentz covari-
ance considerations [28,29,33,34]. Thus, these B, — DYT
decays are prohibited in naive factorization. To our knowl-
edge, these decays are never considered in theoretical
papers due to this difficulty of factorization. In order to
give the predictions to these decay channels, it is necessary
to go beyond the naive factorization to calculate the
nonfactorizable and annihilation-type diagrams. What is
more, the annihilation amplitudes will be dominant in
these B, — D™T decays because they are proportional
to the large Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements V., and V). It is worth mentioning that the
annihilation-type diagrams can be perturbatively calcu-
lated without parametrization in the PQCD approach
[41,42]. The PQCD approach has successfully predicted
the pure annihilation-type decays B, — 7" 7~ [43,44] and
B — D;K* [45,46], which have been confirmed by
experiments [47,48]. So, for these annihilation dominant
decays, the calculation in the PQCD approach is reliable.

In this paper, we shall study these B, — D™)T decays in
the PQCD approach, which is based on the k; factorization
[49-51]. In this approach, we keep the transverse momen-
tum of quarks, and as a result, the end-point singularity in
collinear factorization can be avoided. On the other hand,
the double logarithms will appear in the QCD correction
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due to the additional energy scale introduced by the trans-
verse momentum. Using the renormalization group equa-
tion, the double logarithms can be resummed, which
results in the Sudakov form factor. This factor effectively
suppresses the end-point contribution of the distribution
amplitude of mesons in the small transverse momentum
region, which makes the calculation in the PQCD approach
reliable and consistent.

In these decays, there is one more intermediate energy
scale, the ¢ quark mass. As a result, another expansion
series of m,/mp_will appear. So far, the factorization has
been approved at the leading order of m,/my_expansion
[52,53], which has also been proved by soft collinear
effective theory [54]. We consider only the leading order
contribution of the expansion for each kind of diagram,
not the same order for all the diagrams. The factorization
should be improved in this power expansion order by order.

This paper is organized as follows. In Sec. II, we present
the formalism and wave functions of the considered
decays. Then, we perform the perturbative calculations
for the considered decay channels with the PQCD ap-
proach in Sec. III. The numerical results and phenomeno-
logical analysis are given in Sec. IV. Finally, Sec. V
contains a short summary.

II. FORMALISM AND WAVE FUNCTION

In order to give the predictions for these considered
B, — DWT decays, the key step is to calculate the tran-
sition matrix elements:

M o< (DWT|H IB,), (D

where the weak effective Hamiltonian FH . can be written
as [55]

H oy = %{ 3 V2Vl C () 0%(1) + Col)04(10)]

q=u,c

- Vfszx[i Ci(u)Oi(u)]}, ()

i=3

with V;,x) and Vi x) (X = d, 5) the CKM matrix elements.
0,(j = 1,...,10) are the local four-quark operators:
current-current (tree) operators

0(11 = (EQQ,B)V*A(QBXCM)V*A’

~ _ 3)
05 = (baqa)v-4(GsXg)v-a

QCD penguin operators,

0; = (BaXa)V—AZ(q,IBQZB)V—A’
¢ 4)

04 = (baXp)v-2 D (@5qt)v-a
q/
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0s = (EaXa)V—AZ(%CZQ;)v+A’
] ¢ (5)
O = (baXB)V—AZ(qllgqu)V+A,
ql

and electroweak penguin operators,

3 - _
0; = i(baxa)V—Azeq’(q,/Bqlﬁ)V+A’
ql

3 (6)
0 = i(baXB)VfAzeq’(q,/quz)VJrA:
ql
3 N =1
Oy = E(baxa)VfAzeq’(QBq'B)VfA:
q/
(7)

w

O == (l;aXB)v—Azeq’(qbq&)V_A’
q/

[\

where « and B are the color indices and ¢’ are the
active quarks at the scale my, i.€., ¢’ = (u, d, s, ¢, b). The
left-handed and right-handed currents are defined as
(baqplv-a=bav,(1=v5)qp and (Gqu)via=qpy,(1+
vs)ql,, respectively. The combinations a; of the Wilson
coefficients are defined as [56]

(11=C2+C1/3, 02=C1+C2/3,
a; =C; + Ci41/3, i=3,51709, ()
a,=Cj+C],1/3, ]:4,6,8,10

In hadronic B decays, there are several typical scales,
and expansions with respect to the ratios of the scales are
usually carried out. The electroweak physics higher than
the W boson mass can be calculated perturbatively. The
physics between the b quark mass scale and the W boson
mass scale can be included in the Wilson coefficients
C;(u) of the effective four-quark operators, which are
obtained by using the renormalization group equation.
The physics between Mp and the factorization scale is
included in the calculated hard part in the PQCD approach.
The physics below the factorization scale is nonperturba-
tive and described by the hadronic wave functions of
mesons, which are universal for all decay modes. Finally,
in the PQCD approach, the decay amplitude can be
factorized into the convolution of the Wilson coefficients
C(1), the hard scattering kernel, and the light-cone wave
functions ®,, (5 of mesons characterized by different
scales,

.54. -~ [dxldX2dX3b1dblbzdb2b3db3 X Tr[C(t)(DB(xl, bl)
X @y, (x2, b7) Dy, (x3,b3)H (x;, b, 1)S,(x)e 501, (9)
where b; is the conjugate variable of the quark transverse

momentum k;7, x; is the momentum fraction of valence
quarks, and 7 is the largest scale in the hard part H(x;, b;, t).
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The jet function S,(x;), which is obtained by the threshold
resummation, smears the end-point singularities on x; [57].
The Sudakov form factor e 5% is from the resummation of
the double logarithms, which suppresses the soft dynamics
effectively, i.e., the long-distance contributions in the large
b region [58,59]. Thus, it makes the perturbative calcula-
tion of the hard part H applicable at intermediate scales,
i.e., the my scale.

In the PQCD approach, the initial and final state meson
wave functions are the most important nonperturbative
inputs. For the B. meson, we only consider the contribution
from the first Lorentz structure, like the Bq(q =ud,s)
meson,

Pp (x) = (P + mp )ysp (x, b). (10)

i
V2N,
For the distribution amplitude, we adopt the model [20]

¢p (x,b)=

1
: 5 mé(x me/mp )exp[——wB bz] (an

in which exp[—}wj b*] represents the k7 dependence.
fp, and N, = 3 are the decay constant of the B. meson
and the color number, respectively. So far, there are not
enough experimental data to constrain the wave function
and the distribution amplitude of the B, meson. On the
other hand, because the ¢ quark is massive (relative
to the known light quarks u, d, and s), we approximatively
take the leading order wave function without the spread.
In fact, a spread of the ¢ quark momentum acts the
same as the change of its central value. Fortunately, for
these considered decays, the dominant contributions are
from the annihilation-type diagrams, which do not depend
heavily on the shape of the B, meson distribution
amplitude.

As discussed in Ref. [27], for these B, — DYT decays,
the =2 polarizations (J© = 2%) do not contribute due to
the angular momentum conservation argument. Because of
the simplification, the wave functions for a generic tensor
meson are defined by [27]

(x ]

ok = f[mref L o) + €5, PL() +m

CI)T \/—[mTﬁ/ J_QST(X) + e/:l]?‘(ﬁT(x)

+ mTlEMVp075’y'ue?j_npvg(rb%(x)l (12)
where €, = E;TU ,and €, is the polarization tensor, which
v M

can be found in Refs. [27-29]. The distribution amplitudes
can be given by [27-29]
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P10 = sz—Nc‘ﬁ"(’“)’ ¢>IT—2£T fﬁ()
; fr_d Oy
, d
P10 =5 fgﬁg?(x), P40 = - wa Wi)(x).

(13)

The asymptotic twist-2 and twist-3 distributions are
[27-29]

&)L (x) = 30x(1 — x)(2x — 1),

hy (x) = —(2x — 1)(1 — 6x + 6x2),

R (x) = 15x(1 = x)(2x — 1), (14)

g(f)(x) =20x(1 — x)(2x — 1),

gV (x) = 502x — 1),
These light-cone distribution amplitudes (LCDAs) of the
light tensor meson are asymmetric under the interchange
of momentum fractions of the quark and antiquark in the
SU(3) limit because of the Bose statistics [28,29].

For the D™ meson, in the heavy quark limit, the two-
parton LCDAs can be written as in Refs. [20,60—63],

(D(p)]qa(2)24(0)]0)
= [ s TvsP o+ )bt bl
(D*(p)lqa(2)¢5(0)]0) (15)
- JzIT fol dxe™ e (P + mp )bl (x, b)

+éT(F + mD*)d)g* (X, b)]aﬂ

For the distribution amplitude of the D meson, we take the
same model as that used in Refs. [61-63],

¢D(x b) = fD6x(1 —x)[l + CD(I — 2x)]

—w2b2
d ] (16)

with Cp = 0.5+ 0.1, @ = 0.1 GeV and fp = 207 MeV
[64] for the D(D) meson and Cp =04 *+0.1, w =
0.2 GeV, and fp, = 241 MeV [64] for the D(D;) meson.
In the wave function of D) mesons, the ¢7. and ¢7,. may

1
22N,

X exp[

not be related by the equation of motion. Since the mass
difference of D,y and DZ‘ ) is very small, in the heavy quark

limit, the light quark in D( ) mesons is not sensitive to the
spin and color of the heavy c or ¢ quark. Thus, we have
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m, — my me. — my A
IE = fpo——~ fp — fL.———C~0o(A/mp)
mp« mp=

7)

Like Ref. [60], we adopt the same model for ¢%. and ¢ 1.
as that of the D meson, and we take f). = fp+, just for
simplification. For the DZ‘S) meson, we determine the decay
constant by using the following relation based on heavy
quark effective theory [65]:

m 8
D* - * ‘ fD(S)‘ (18)

32
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III. PERTURBATIVE CALCULATION

There are six types of diagrams contributing to the
B, — DWT decays, which are shown in Fig. 1. The domi-
nant factorizable emission-type diagrams in most other
decay modes are not shown here, because they do not
contribute for tensor meson emission. The second line of
the figure shows the factorizable and nonfactorizable
annihilation-type diagrams.

After the perturbative calculation, the decay amplitudes
for the nonfactorizable emission diagrams in Figs. 1(a) and
1(b) are as follows.

(1) (V= A)(V — A) operators:

] 1/A
MLE = _WCFm%C .[0 d[x]/o bydb bydbyp (x1, b)) pr(x2)Pp(xs, b){[rp(1 — x3) + x; + x5 — 1]

3

X Eeng(to) hent(x1, (1 = x3), x3, by, by) — [rp(1 = x3) + xy — x5 + x3 = 1E, 1 (8 hens(xy, X2, X3, by, b)), (19)

(i) (V — A)(V + A) operators:

32

1 1/A
MR = _WCFrTmé(,[O d[x]j; bydbbydby g (x1, by)pplxs, by{[d7(x)(x) + x5 + rplxy + x5 +x3 —2) — 1)

3

+ ¢4 (x)((x + x)(1 + rp) — rpxz — D]+ Eepp(t)hene(x1, (1 — X2), X3, by, by)
+ [P (x)(x) — x5 + rp(xy — xp —x3 + 1)) — 7 (x2)(x; — x5 + rp(xy — x5 + x5 — 1))+ Eep)

X hent(x1, X, X3, by, b))}, (20)
(iii) (S — P)(S + P) operators:
M = = aComy [ aa) [ bidbibadhs by (b)) doles b)Lrptes = 1) = 5 = vy = x5+ 2)
X Een(t)henp(x1, (1 = X3), X3, by, by) + (rp(1 — x3) + X1 — xX2) () hens (X1, X2, X3, by, by)], (21)

where Cr = 4/3 is the group factor of SU(3).. The hard scale 7, and the functions E,,s and &, can be found in

Appendix A.

Figures 1(c) and 1(d) are the factorizable annihilation diagrams, whose contributions are as follows.

(1) (V= A)(V — A) operators:

b b
c c > %
J c

C

C

FIG. 1.

R

C

Leading order Feynman diagrams contributing to the B, — D™T decays in PQCD. (a, b) the nonfactorizable emission

diagrams, (c, d) the factorizable annihilation diagrams, and (e, f) the nonfactorizable annihilation diagrams.
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2 1 1/A
N§§=8\[§Cpﬂfgl.méc [ o [ badbabsdbsd ot bR Doy + 1) + (]

X E p(t)hapi (X0, X3, by, b3) + [dr(x2) 2rerp — x5) + rp(— ¢4 (x0) Rrp(x, — 1) + 1)
+ d7(0)(=20x, + Drp + r )]Eqf(t))hapr (2, X3, by, b3)}, (22)

(ii) (S — P)(S + P) operators:

2 1 1/A
Mﬁ; = _16\/%CFfBC7Tm%Cj; dxzdx3j;) dp(x3, )27 (x2)rr + 1pdr(x2)x3)E () My p1 (X2, X3, by, b3)

+ (pr(x2)2rp — 1) + re(d3(x)(xy — 4rpre) — d7(x2)x2)) * Eup(ta)hapa(x2, X3, by, b3)], (23)

with r, = m,/ mp_. m, is the mass of the ¢ quark. 7.y, E,f, and h, () are also listed in Appendix A.
The last two diagrams in Fig. 1 are the nonfactorizable annihilation diagrams, whose contributions are as follows.

(1) (V — A)(V — A) operators:

LL 32 s ! 1/A
Manf = _?CFW’"BC [0 d[x].[o bldbledeQbB(.(xl: b)) p(xz, by){[pr(e)(1 —xp — x3 — 1)
— rprp(dr () (X + x5 — x3) + 7 (x2)(x) + x5 + x5 = 2 4 4rp))|E (2 g 1 (X1, X2, X3, by, b7)
+ [d7 () rprr(—x; + X + x3 + 4r.) + L) rpre(xy — x; + x3) + () (x5 + 1))
X Eanf(tf)hun_fZ(xl’ x2) x3: b17 bz)}) (24)

(i) (V — A)(V + A) operators:

Méfff == 33_2CF7Tm4}3( j;l d[x] j;)l/A bldblbzdbzd’zac(xlr b1)¢D(X3, bz){[—(WT(xz) + ¢ST(X2))VT(X1 +x,—1—rp)
+ dr()rplxs = 1= 1))+ Egnp(t)hanpi (X1, X3, X3, by, by) + [—(h57(x0) + 7)) rr(xy — xp + 1)
— pr(x)rp(xs = 1)1 Eapp(tp) o (x1, X2, X3, by, b))}, (25)

with r, = mb/mB(. te(f)> Eany> and hg,p1(2) are also listed in Appendix A.
With the factorization formulas obtained above, for these B, — DT decays, the total amplitudes containing the Wilson
coefficients and CKM elements can be written as

G * * *
J{Zl(BC i Cl;DO) = T;{Vubvudj\/leLnlfcl + VcbVCd(j\/lgfLal + Mﬁrffcl) - Vtthd[mgrf‘f(C:; + C9) + Méﬁ(C5 + C7)
+ MLk (ay + ay) + MJF(ag + ag) + MLE(Cs + Co) + MLF(Cs + Co)L, (26)
A(B, — Ki*D% = A(B, — ai D) |vud—»vwvfd—»vm,v/d—»v,s,a;—»Ké*’ (27)
Gr 1 .. .
ﬂ(BC i agD+) = —F —{Vuqudf]Vl{ganCZ - Vc'chd(M’l;%al + Mé‘ﬁfcl) - thV,d[.’Mélff(—C3 + 3(110/2)

V22
+ MLR(_CS + C7/2) + Mfff(?)Cg/Z) - M(I;JI;(GA‘ + alo) - MSP(CI6 + ng) - M{;ﬁ‘f(cg + C9)

enf af

- :Mlgff(cs +C)lh (28)
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A(BC—>K§°D+)— (V5 Ves(MEka, + MEL.C,

%

- Vz*b Vts[MLL (C3
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— Cy/2) + Mfff(cs - C7/2)

enf

+ ‘Mlef (a4 + alo) + M (a6 + ag) + .Manf(C3 + C9) + Munf(CS + C’])]}, (29)

MLR(CS _

enf

{VZb udjvlenfCZ + V:b cd(jvlaf a; + :]Vlla‘ﬁf 1)~

Vi Vil MEL(Cy + 2C4 — Co/2 + Cy/2)

C7/2) Mfff(2C6 + C8/2) + MLL(CI4 + (110) + MSP((16 + (18) + *,]Vl(lz‘ﬁf(C3 + C9)

+ MER(Cs + Gl (30)
A(B,— f3D") = \/—{ WVl MEL(Cy — C10/2) + MER(Cs — C/2)]}, (31
A(B. — D) = 35 }{v;;,,vmmenf VAV MEL3Cyo /2 + MSP3Cy /2], (32)
A(B.— K;°D}) = \/—{V*b cd(Maf a; + M%f ) — thVzd[le Eag + ajp) + M3 (06 + ag) + -'Ma,,f(c3 + Cy)
+ MER(Cs + ], (33)
A(B, — f1D}) = % Jl_ Vi MEEC, — VAV [ MELQC, + Cro/2) + MSEQCs + Co/2)T, (34)

A(B.— f3sD) = \/_{V*bvﬂ(jvlafal + MLCy) -

MSP

enf

From Eq. (42), we know that
A(B, — DY f,) = A(B, — D™ f) cos 0
+ A(B.— DWf3)sing,  (36)

A(B.— DYf) = A(B.— DY fd)sin@
— A(B.— DY f5)cos0, (37)

with 6 = 7.8°.
The amplitudes of B, — D*T decay can be decom-
posed as

Alep, €7) = i AN + i(ely - €l*) AS

+ (e ntyvelrael Py Ar(38)

mrvap

where AN contains the contribution from the longitudinal
polarizations, while A * and A ? represent the transversely
polarized contributions. €} is the transverse polarization
vector of the D* meson, and e% is the vector used to
construct the polarization tensors of the tensor meson.
For each decay process of B.— D*T, the amplitudes
AN A* and AP have the same structures as
Egs. (26)—(35), respectively. The factorization formulas
for the longitudinal and transverse polarizations for the
B, — D*T decays are listed in Appendix B.

th Vtv[jvlenf(c5

C7/2) + MEL(C3 + Cy— Co/2 = C1p/2)

(Ce—Cs/2) + MLL(UM +ayp) + MSP(% + ag) + M%f(@ + Cy) + Méff(CS +Cy)Il (35)

|
IV. NUMERICAL RESULTS AND DISCUSSIONS

The decay width of a B, meson at rest decaying into D
and T mesons is

|P|

I'(B. — DT) = —— | A(B,

BC

— DT)I%, (39)

where the momentum of the final state particle is given by

(mp — mr)z]-

— (mp + mr)z][m%(. -

(40)

The masses and decay constants of tensor mesons
needed in the numerical calculations are summarized in
Table 1. Other parameters such as the QCD scale (GeV),

TABLE I. The masses and decay constants of light tensor
mesons [28,66,67].

Tensor [mass (MeV)] fr MeV) f% (MeV)
f(1270) 102 £6 117 =25
f5(1525) 126 £ 4 65 £ 12
a,(1320) 107 =6 105 = 21
K;(1430) 118 =5 77 =14
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the mass (GeV), and the lifetime and decay constant of the
B_. meson are

ALZH =025 mp =6286,  fp = 0489,
75, = 0.46 ps, wg, =06, m,=48 (4D
m, = 1.5.

For the CKM matrix elements, we adopt the Wolfenstein
parametrization, taking A = 0.808, A = 0.2253, p =
0.132, and 7 = 0.341 [48].

Like the 1 — n' mixing, the isoscalar tensor states
f>2(1270) and f%(1525) also have a mixing, given by

fr=f1cosf+ f5sinh, fh=fIsinf— ficosh, (42)

with f§ = J5(uii + dd), f; = s5, and the mixing angle

0 = 5.8° [68], 7.8° [69], or (9 * 1)° [48].
For B, — D*T decays, with three kinds of polarization
amplitudes, the decay width can be written as

|P|

I'(B. — D*T) =
(B ) 8mm?

[l AN > +2(] A |> + | AP )]

(43)

The CP averaged branching ratios and the direct CP
asymmetries for the considered decay modes using the
PQCD approach are summarized in Tables II and III. The
numerical results obtained from perturbative calculations
are sensitive to many parameters. For the theoretical un-
certainties in our calculations, we estimated three kinds:
The first errors are caused by the hadronic parameters of
meson wave functions, such as the decay constants and the
shape parameters of light tensor mesons and charmed
mesons, which are given in Sec. II and in this section.
The second errors are estimated from the uncertainty of
Agep = (0.25 £ 0.05) GeV and the choice of the hard
scales varying from 0.8¢ to 1.2¢, which characterize the
unknown next-to-leading order QCD corrections. The third
error is from the uncertainties of the CKM matrix

PHYSICAL REVIEW D 87, 074027 (2013)

elements. It is easy to see that the most important theoreti-
cal uncertainty is caused by the nonperturbative hadronic
parameters, which can be improved by experiments. For
these considered decays, the dominant contributions are
from the annihilation-type diagrams, which do not depend
heavily on the distribution amplitude of the B, meson. The
B. meson wave function, especially the decay constant and
momentum fraction of the ¢ quark, is an overall factor with
less than 10% uncertainty for the branching ratios of all
channels. So we do not include this small uncertainty in the
numerical tables.

It is easy to find that there are large theoretical uncer-
tainties in any of the individual decay channel calculations,
mostly due to the shortage of the tensor meson property
and the distribution amplitude of the B, meson. In order to
reduce the effects of the choice of input parameters, we
define the ratios of the branching ratios between relevant
decay modes:

Br(B, — D™aJ)
Br(B. — D" a))

2, (44)

Br(B. — DY*K;°) Br(B.— D"*d))
Br(B, — D*°K;*)  Br(B. — DW*fy)

I, (45

Br(B, — Dﬁ*HE;O) (f1T<2 (fK;)Vcd)2 1

. ~——, (46)
Br(B. — DV 1) \fp(Fp)Ves/ 20
Br(B.— D' f;) (i 11, Vcd)2 1 (47)
Br(B.— DK;")  \V2 f.Ve) 207
Bi(B, — D" f;) (L I Vcd)z 1 (48)
Br(B, — D K;%)  \V2 f:Ves 40°

It is obvious that any significant deviation from the above
relations will be a test of the factorization or signal of new
physics.

TABLE II. Branching ratios (unit: 107%) and direct CP asymmetries (unit: %) of B, — DT

decays calculated in the PQCD approach.

Decay modes Class Branching ratios Adir,

B, — D’} A 217555017507 64711315507
B — DK’ A 319+ BEaEie 044 e ol
B~ D"} A L1020 18.2°47:" 11203
B.— DK A 31655515 66 00
B.—D*f, A 1515635005016 —OTILG N
B.— D" f} AP 001225050 6036002 —475 5005800
B~ Dl c S S B
B. — Dy K3 A 19025557632 0,07 —1.002533°6.5%5 003
B.— DI, AP L7l 253733 e
B.— DLt A 309 5 —0UER Y
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TABLE III.  Branching ratios (unit: 107%), direct CP asymmetries (unit: %), and the percent-
age of transverse polarizations Ry (unit: %) of B. — D*T decays calculated in the PQCD
approach.

Decay modes Class Branching ratio A‘éi; Ry
Bo—DY A 7343030 e
B—DU A 11 24 “OISTBERE 82
B, — D" aj A 375508033000 7945355515 68.2
B.— D" K3’ A [RLRE M M 0.0 80.3
B—Df A 338140105 4TS 607
B.— D' f} A 0.091 236330008009 —5.6271:557 650000 453
BoDa} C DOSURGEASTANE  asprignn 0o
B, — DR A 8.94F 17040791045 2,30 371043 001 82.0
B.—Di"f> A 3.60558 7051 0s 2.09%618 031 0.0, 98.4
BoDIR A DORIEIGL  omeliii 8

For all considered B, — D™T decays, the factorizable
emission diagrams do not contribute, because the tensor
meson cannot be produced through local (V *+ A) current
or (§ = P) density. But these decays can obtain contribu-
tions from nonfactorizable and annihilation diagrams. In
fact, most of these decays are dominated by the W annihi-
lation diagrams (A), as classified in the tables. There are
only four decay channels, which are dominated by the
color suppressed (C) or penguin (P) diagrams with almost
negligible branching ratios. As we know, usually the anni-
hilation diagrams are power suppressed compared with the
emission diagrams in B decays. This is also shown in the
first channel of Table III in Ref. [26] for the B, — D°p*
decay, where the emission diagram (T) is indeed dominant.
If the p meson is replaced by the corresponding tensor
meson aj , we get a smaller branching ratio of B, — D%,
since the emission of a tensor meson is prohibited. But for
those penguin dominant decay channels with a b — s
transition, such as B, — D°K** and D* K*°, the contribu-
tions from the annihilation-type diagrams are enhanced by
the large CKM elements V4 and large Wilson coefficient
a;. The annihilation diagrams are at the same order of
magnitude as penguin emission diagrams but with a rela-
tive minus sign [26]. These penguin ‘“dominant” decays
thus have smaller branching ratios than tree dominant
B, — D°p* decays, unlike the B* decays. In our consid-
ered B, decays with missing tensor meson emission dia-
grams, the corresponding B, — D°K;* and D" K3° decays
have much larger branching ratios shown in Table II due to
the large annihilation contribution alone. Therefore, it is
interesting that the B, meson decays to tensor final states
with branching ratios as large as 10™* will be easier for
experiments to search than the corresponding decays with
vector final states.

As stated in Refs. [3,4], the LHC experiment, specifi-
cally the LHCb, can produce around 5 X 10'° B, events
each year. The B, decays with a decay rate at the level
of 107% can be detected with a good precision at LHC

experiments [14]. On the basis of our predictions, some of
these B, — D™T decays with large branching ratios can
be observed in the experiments soon. The predicted
branching ratio of B, — D™ K3’ in this work is about 3 X
1075, The branching ratios of D* and K3° decays with
charged final states are 10% (D* — K~ 7" «*) [70] and
25% [B(Ky® — Km) = (49.9 = 1.2)%], respectively.
Assuming a total efficiency of 1% [70], one can expect
about dozens of events. For B, — Dy f%, the predicted
branching ratio is 4 X 1073, The branching ratios of D
and f} decays with charged final states are about 6%
(D - KK~ 7") and 45% [B(f,— KK) = (88.7 =
2.2)%], respectively. Assuming a total efficiency of 1%,
one can expect about 100 events. They are the most prom-
ising channels to be measured in the forthcoming experi-
ments. For B, — D**K3" and B. — D;* f3, the D{, will
decay to Dy first. The situation is similar. Because the
branching ratios of these two B, decays are of order 1074,
we also expect that they will be measured by the ongoing
LHCb experiments. On the other hand, since the contribu-
tions from penguin operators are so small compared with
the contributions from tree operators, the direct CP asym-
metries are all very small except for B, — D" f}. For
B.— D" f} decay, the tree contributions from the f7
term are suppressed by the mixing angle [see (42)], to be
at the same level with penguin contributions from the f3
term. The interference is sizable; thus, the direct CP asym-
metry is around —50%. Unfortunately, this decay channel
is not accessible easily by current experiments due to a too-
small branching ratio.

For B, — D*T decays, we also calculate the percentage
of the transverse polarization Ry, which can be described as

21 AP + |APP)
| AN +2(l A + [APP)

Rr = (49)

Usually, from naive factorization expectation, the longitu-
dinal polarizations dominate the branching ratios of
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B decays. However, from the numerical results shown in
Table III, one can see that the transverse polarized contri-
butions are about at the same level as the longitudinal
polarized contributions. In fact, from Eqgs. (B4) and
(B14), we can find that, although the transverse polarized
contributions are power suppressed, they are also about at
the same level as the longitudinal polarized contributions
because the two factorizable annihilation diagrams
strongly cancel each other in the longitudinally polarized
case. As a result, for these W-annihilation-diagram domi-
nant decays, the percentages of the transverse polarization
are around 70% or even bigger. This large percentage can
be understood as follows [71]: We know that the light
quark and the antiquark created from hard gluons are
left-handed or right-handed with equal opportunity. What
is more, the ¢ quark from the four-quark operator is right-
handed. So the D* meson can be longitudinally polarized
or transversely polarized with polarization A = —1.
Because the antiquark from the four-quark operator is
right-handed, and the quark produced from the hard gluon
can be either left-handed or right-handed, with the addi-
tional contribution from the orbital angular momentum, the
tensor meson can be longitudinally polarized or trans-
versely polarized with polarization A = —1. As a result,
the transverse polarization can become so large, with addi-
tional interference from other diagrams. For B, — D" f5,
the longitudinal contributions from color suppressed dia-
grams and W annihilation diagrams strongly cancel each
other, while the transverse contributions can not cancel
because the transverse contributions from color suppressed
tree diagrams are too small. As a result, the ratio of
transverse polarizations becomes as large as 98.4%. But
for the color suppressed dominant B. — D% a9 decay,
according to the power counting rules in the factorization

assumption, the longitudinal contributions should be
|

PHYSICAL REVIEW D 87, 074027 (2013)

dominant due to the quark helicity analysis [72,73]. The
ratio is only around 10%.

V. SUMMARY

In this paper, we investigate B, — D™T decays within
the framework of the perturbative QCD approach. We esti-
mate and calculate the contributions of different diagrams in
the leading order approximation of mp/mg expansion.
Most of these decays are dominated by the W annihilation
diagrams, which are only calculable in the pQCD approach.
Since the emission of a tensor meson is prohibited, the
cancellation between the penguin emission diagram and
the tree annihilation diagram that occurred in the B, —
D™V decays [26] does not exist here. We predict one-
order-magnitude larger branching ratios for B, — D(*)K;‘
decays than the corresponding B, — D™ K* decays. The
B, — D K; decays are thus easier to detect in the ongoing
LHCb experiments. These samples of B, decays would
provide an opportunity to study properties of the B, meson
and the factorization theorem of decay modes with a tensor
meson emitted. Most of the direct CP asymmetries are very
small because the penguin contributions are too small com-
pared with the tree annihilation contributions. We also pre-
dict large ratios of transverse polarizations, around 70% or
even bigger for those W annihilation dominant decays.
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APPENDIX A: RELATED HARD FUNCTIONS

In this appendix, we summarize the functions that appear in the analytic formulas in Sec. III. The first two diagrams in
Fig. 1 are nonfactorizable emission diagrams, whose hard scales 7, can be determined by

t, = max {J(xl — (1 — x)mp, o/l (6 — DI = )1 = x) = (ry — rD)] Imy, 1/by, 1/b2}

ty = max {y/(r; = )1 = x)mg, | (x5 = DI = )y = (v = )] g, 1/by, 1/b3},

The evolution factors E.(z,) and E.(z,) in the analytic formulas (see Sec. III) are given by

The Sudakov exponents are defined as

(A1)

(A2)

Eeni(t) = a,(t)exp[—Sp (1) — Sp(2) — Sp(0)]lp, s, (A3)
5 dp

3 L Eyaa), (Ad)

Sp (1) = S<x1 @, bl) +3

V2

074027-9



ZHI-TIAN ZOU, XIN YU, AND CAI-DIAN LU PHYSICAL REVIEW D 87, 074027 (2013)

t dit
Sdﬂ=%@%%ﬁ0+2/%7§nmAMl (AS)
mg mpg t di _
Se(0) = S(Xz\/%, ba) + (1 - 0", b)+2 e (A6)

where the s(Q, b) can be found in Appendix A of Ref. [50]. The function A, can be given as
hent (X1, Xp, X3, by, by) = [6(b, — bl)Ko(DomB(,bz)Io(DomB(.bl) + 0(by — bZ)KO(DOmBCbl)I()(DOmB(.bz)]

iz WDmyby), D <0; a7
Ky(Dmpgb,), D* >0,
with
Dj = (1 — x3)(x; — r3), (A8)
D> = (x; — D[(1 = rp)x, — (x; — rp)] (A9)
For the rest of the diagrams, the related functions are summarized as follows:
f. = max {\/(1 — rp)xsmg,, 1/b,, 1/[?3},
(A10)
t; = max {‘[x2x3(1 — rp)mg,, \/(1 — rp)xy + rh — rimp, 1/bs, 1/b3},
Eqp(1) = a,(1) exp[—S7(1) = Sp(1)], (A11)
im\2
hafl (x2, X3, by, b3) = (7) H(()l)(\lxzxs(l - ’%)mBCbz)[a(l’z - b3)H(()l)( F%mB(.b2>JO<vF%chb3>
+ 0(b3 — by)HY (Y Fmp b3 )o({Fimp b2)] - 5,(x5) (A12)
haf2(Xa, X3, by, b3) = hopi(xa, X3, by, B3)y, oy, 2 p2, (A13)
with
F2=(1-r3)x; (Al4)
F3=(0—rx, +rh—ri (A15)
The S,(x) is the jet function with the expression [57]
21427 (3/2 + ¢
5,00 = 2 2Dy (A16

J7l(1 + ¢)

where ¢ = 0.3. For the nonfactorizable diagrams, we omit the S,(x), because it provides a very small numerical effect to
the amplitude [74],

fe = max {\/x2x3(1 - ’”123)’713(., \/|”12, — (1 =x3)(I—x; — (1 - ’"123))62)|mB(., 1/by, 1/b2},
(A17)

Iy = max{\/x2x3(1 — rp)mp,, \/|V% +x300 — (1 = rp)xp)lmp , 1/by, 1/[72},

Eunp = ay(t) - exp[=Sp(t) = Sr(t) = Sp(D] |p,s,, (A18)
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T
hangi(x1, Xa, X3, by, by) = 7[0(b1 - bz)H(()l)(GmB(,b1)Jo(GmB(,b2) + 0(b, — bl)Hé)l)(GmB(.bZ)JO(GmB(.bl)]

im (1) 2 2
o | FHo (yiG2ms b1). G2 <o, (A19)
KO(G.ijL.bl)y G? >0,
with j =1, 2.
G? = xx3(1 — 13), (A20)
G2=ri—(1—x3)(1 —x; — (1 = r3)xy), (A21)
Gy = rz + x30x; — (1 = rp)xy). (A22)

APPENDIX B: FACTORIZATION FORMULAS FOR B, — D*T

For longitudinal polarization, the decay amplitudes of various diagrams and various effective operators are

32 1 1/A
Mﬁi;N) = ?’/TCF’"%L,‘/;) d[x]jo bldblbzdbzd)Bt.(xl’ b)r(x2) b p(xs, by){[rp(1 — x3) — x1 — x, + 1]

X Eent(t)hent(x1, (1 = X2), X3, b1, by) + [rp(1 — x3) + x; — X3 + X3 = 1]Eey(£5) hene (X1, X2, X3, by, by)}, (B1)

mir® = 32 et [ ard [ bidbbyan b b){[¢3 — Dx; + x) — +1
enf T §77' Flrimp, o [x] o 1db1bydby i (x1, b1) b p(x3, b7 (x2)((rp )(x1 + x3) = rpx3 )
+ ¢r()(—xy —xp + rplxy + x5 + x3 = 2) + D] - Equp(t) ey p(x1, (1 — x3), X3, by, by)
+ [—5(x)(xa — x; + rp(x; — xp — x3 + 1)) + ¢h(x)(xa — x; + rplx; — x5 + x3 — 1))]
: Eenf(th)henf(xlx xz’ x3! bl: bz)}r (BZ)
wmsP® =32 et [N ar] [ bydbybydb b b — 1) —x; —xy— x5 +2
enf T ?77 FiMpg o [x] o 140107 Zd)B[(x]r D dr(x2) b p(xs, by)[(rp(xs ) X X T X3 )
X Eenf(ta)henf(xly (1 - Xz), X3, bl’ b2) + (rD(x3 - 1) + X1 — x2)Eenf(tb)henf(x1y X2, X3, blr b2)]’ (B3)

LLN) _ ¢ |2 s ! /A s — ) —
:]Vlaf =38 chﬂfB[ch dezdx3 0 bydbybsdby b p(x3, b3){[2¢7 (x2)rprr(l — x3) — dr(x)x5]

X E 5t )hapi (Xp, X3, b3, b3) + [r(x2)xy + rpre(h7(x2) = L)) IE (1) R p2(xa, x5, by, b)), (B4)

2 1 1/A
Milf)w) = —16\/;Cpfgvm‘,§£7rfo dxﬂ%/() D p(x3, b3)[(2d5(x)ry — rD¢T(x2)x3)Eaf(tc)hafl(x2) x3, by, bs)

+ (¢7(x2) = D7) rrxy + pr(x2)re) « Egp(ta)hapr(xo, X3, by, b3)], (BS)
32 /A
ML = == Cpmmy [ de) [ bidbibadba b bt b () +x2 = 14 1)

+ rprp(P7 () (X + X0 + x5 = 2) + d3(x0)(xy + X2 — X3)E 411 (1) Bans1 (X1, X0, X3, by, by)
+ [— 5 ()rprr(xy — x3 + x3) + dr(x)rprr(x; — x3 — x3) = dr(xy)(x3 + 7)]
X E g f(t)hanps (X1, X2, X3, by, by)}, (B6)
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32 /A
Mif;m = _?CFW’/”%( f(}l d[x] [0] bydbbydby g (x1, by)pp(xs, b){[— (D7 (x2) + d3(x))rr(xy + x5 — 1 — 1)
+ dr(x)rplxs =1 —rp)]- Eanf(te)hanfl(xbxb x3, by, by) + [—(d)sr(xz) + d)tT(xZ))rT(xl — X, 1)
— ¢r(x)rp(xs = 1)l Egnp(tp)hanss (X1, X2, X3, by, by)} (B7)

For transverse polarization, the corresponding decay amplitudes are

16
Msan(S) = _\/—gﬂcFmﬁch j: d[x] j;)l/A bydb bydby i (x1, by) P (x3, b){[(D5(x2) + PF(x2))(x) + xp — 1)]

X Eent(t)hens(x1, (1 = X3), X3, by, by) + [¢F(x2)(x1 — x5) + DT (02)(—2(x) — x5 + x5 — Drp + x1 — x5)]

“E (1) hen(x1, X2, X3, by, b))}, (B8)
LL(p) __ LL(s)
jvlenfp - Menf |¢[}“'¢;’ (B9)
LRGs) _ _ 16 s ! /A T T
-’Me,,f = _\/—§7TCFm36 0 d[x] 0 bydb bydb;y ¢ (x), b1)pp(x3, b1) 1o lrp(rp — Dixs — 1)]
X Eenf(ta)henf(xlr (1 - x2); X3, bl: bZ) + [rD(rD - 1)()(3 - 1)]Eenf(tb)henf(xlr X2, X3, bl; bz)}, (BIO)
M = M, (B11)

; 16 I 1/A
MY =~ ZmComi 1y [) dlx] [O bydbybydbydy (x1, b)) b (s, b)) Rrplxy + x5 + x5 — 2)

—x; —xp + 1)+ PpG(x)(xy + x5 — D]Eene(t) hene(xy, (1 — x2), x3, by, by)

+ [(PF(x2) = dF(x2))(x) = x2)1E,,, (1) hent(x1, X0, X3, by, by)}, (B12)
Mo = = MG L gsegy (B13)

MEY = ay2C s [N avdrs [ badbybsdby bt e, b= rr(@%0)(1 — x3) + )1+
af F7fp rpmy, o X2dX3 o 2dbyb3dby iy (x3, b3 {[—r7(PF(x2)( x3) + () x3))]

X Eqp(t)hap (xp, x3, by, b3) + [rr(95(x2)(xa — 1) + d3(x2)(x; + 1)) = d1(x)r JEaf (1) hapa (x5, x3, by, b3)},

(B14)
fMﬁ;(P) _ Mﬁfm st (B15)
MEE® = 8.\2C 3 " gy [ bodbybydbydT(xs, b 4(x,) + U E, ¢(t.)h by b
af FWfBCmB,,, o X20X3 0 200,03 3¢D(X3, 3){["T(¢T(x2) ¢T(x2))] af(tc) afl(xzrx3’ 2 b3)
= [rp(pF () (rp — 1) + 2¢%(x)rrr )JE (1) hapa (X2, x3, by, b3}, (B16)
DD = MO |y, @17

s 16 1 1/A
M%}) = \/—chWrDm%L fo d[x]ﬁ) bldblbzdb2¢3(.(xl, b)) p(x3, b= pr(x2)rplas — 1) = 205 (xy)rpr ]

X Egnp(t)hanp1 (X1, X0, X3, by, by) + [@F(02)rpxs + 25(x2) rpr JE (£ ) hgn 2 (X1, X2, X3, by, b))}, (B13)

LL(p) _ LL(s)
jvlanfp - Munfv |¢?_’¢5;’ (Blg)
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MY = 2 Cpmmy [ [ bidbibadbapy, (x0 bY@ s b ML= (502) + Bty + 32— 1= 1)

+ ¢7(x)rp(xs = 1= 1) E (1) hnpi (X1, X0, X3, by, by) — [r7(d5(x2) + d3(x2)) (X — x2 + 1)
+ T () rp(xs = r)IE s (tp) hanpa(x1, X2, X3, by, b))},

MER(P) — gLRS)
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