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B(B;) — D P, DV, D,P, and D,V decays in the perturbative QCD approach
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Two-body charmed decays B(,) — Dy P, D‘E‘S)P, DV, and DE‘S)V, where P and V denote the light
pseudoscalar meson and vector meson, respectively, are analyzed in the perturbative QCD (pQCD)

approach. Using the experimental data of six B — DP channels, we test the D meson wave function by x>
fit. We give the branching ratios of all the charmed B decay channels, most of which agree with
experiments amazingly well. The predicted B, decays can be confronted with the future experimental
data. By straightforward calculations, our pQCD approach gives the right relative strong phase of a,/a;
that agrees with experiments. We also predict the percentage of transverse polarizations in B — D*V

decay channels.
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L. INTRODUCTION

B physics experiments not only provide a good test of
the standard model but also put some constraints on new
physics parameters. Recently, a lot of efforts have been
made to the study of B meson decays both experimentally
and theoretically. On the experimental side, enough data on
B physics is expected from the future B factories, Tevatron
and LHCb, whereas theoretically, a great improvement has
been made to the study of exclusive decays of B mesons.
Though the naive factorization [1] proves itself to be a
successful method to explain branching ratios of various B
decays [2], it failed to explain color-suppressed processes
such as B — D70 [3]. Currently, the perturbative QCD
(pQCD) factorization approach [4] is one of the popular
methods to deal with the two-body nonleptonic decays of B
mesons. It explains the experimental data successfully,
especially for the direct CP asymmetries [5] when the final
states are two light mesons. This motivates the people to
look for its validity when one of the final state mesons is
heavy.

Comparing the decays of B (B,;) mesons to the light
vector mesons, the charmed decays of B (B,) are more
complicated because of the hierarchy of the scale involved.
For example, B — D transitions involve three scales: Mp,
Mp, A, which are strikingly different from each other. The
factorization was proved in soft-collinear effective theory
[6] but it is less predictive compared to the pQCD ap-
proach, since it needs more input than the pQCD approach.
In B — light transition, the light spectator quark in the B
meson is soft, while it is collinear in the final state meson,
so that a hard gluon is needed to connect it to the four quark
operator shown in Fig. 1. In B — D transitions the mo-
mentum square of the hard gluon connecting the spectator
quark is only a factor of (1 — m3/m3) to that of the B —
light transitions, which ensures that pQCD should also
work well in B — D transitions. In the pQCD approach,
the hierarchy of the mass scale, Mg > Mp > /_\, has al-
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ready been incorporated [7]. Some separate calculations on
B — D decays in the pQCD approach are carried out in
Refs. [8,9] in the leading order of Mp/Mg and A/Mpg
expansions. It is found that the pQCD work well since
the D meson recoils fast.

In this paper, we calculate all the processes of B(,) meson

decays to a D&) meson and a light pseudoscalar meson or

vector meson. Only tree diagrams contribute to these pro-
cesses which involve only one kind of Cabibbo-Kobayashi-
Maskawa (CKM) matrix element which shows that there is
no direct CP asymmetry in these decays. The light-cone
distribution amplitudes of mesons are necessary inputs in
the pQCD framework. Extensive studies have already been
made on the calculation of the light meson’s distribution
amplitudes (DAs) using QCD sum rules [10]. Contrary to
this, there are few studies made on the DAs of heavy
mesons and especially for the D meson. In this paper we
collect several distribution amplitudes of the D meson and
then by fitting different parameters using the experimental
results we will make a comparison among them.

The paper is organized as follows: Section II contains
the conventions and notations that we adopt, together with
all the wave functions used in this paper. The pQCD
analytic formulas for the amplitudes are given in Sec. III.
Section IV contains the numerical results and discussions.
Finally, Sec. V summarizes the main outcome of this work.

II. ANALYTIC FORMULAS

For the charmed B decays under consideration, only the
tree operators of the standard effective weak Hamiltonian
contribute, which can be written as

H s = TEVaV [0 ) + Ca(wOw) (1)

with
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FIG. 1.

01 = (Cabp)y-a(Ggtta)y-a,
} ] 2
0, = (Caba)v—A(qlﬁuﬁ)v—A,
and ¢’ =d, s. Here, a« B are the color indices,
(@192)v-2 = §1¥*(1 = ¥°)q; and the V,,V;, , are the cor-
responding CKM matrix elements.

If one sandwiches the above Hamiltonian between initial
and final state mesons and factorizes the matrix elements,
then the combination of the Wilson coefficient usually
appears. Conventionally, these are defined as

Cl1:C2+C|/3, a2=C|+C2/3, (3)
where a; and a, correspond to the color favored and the
color-suppressed contribution, respectively. Let us define
two lightlike vectors 7 and v, with n> = 0, v> = 0,and n -
v =1. Now, n can be written as (1,0,0;), and v is
(0,1, 07). The momentum of B, D and the light mesons
are, respectively, P, P,, and P; and these are defined as

M M
Pl = _g(ly 1) OT)v P _B(lr r2! OT),

2 2
7"2, OT)

“)
P3:%(0,1_

2

The momenta of the light antiquark in B and D mesons
are denoted by k; and k,, respectively, whereas k; defines
the momentum of the quark in the light meson. Their
explicit expressions are

M
ky = ( 50k, l) for color suppressed contributions,

\/_
= , X or the others,
1 1\/5 1L

k= (x Ajf 0.k:1 ).

(1= r)Mp )
ky = (O,x —k .
3 3 7 31

Here, x,, x,, and x5 are the momentum fractions, and k|,
k, |, and k5, are the transverse momentum of the quark.

(&)

() (d)

Color allowed diagrams in the pQCD approach for B — DP decays.

A. Wave functions of B, mesons

In the pQCD calculation, the light-cone wave functions
of the mesons are needed as inputs. The B meson and the
B, meson have the similar structure of wave function,
except different values of parameters characterizing a
small SU(3) breaking effect. In general, the B(; meson
wave function is decomposed into the following Lorentz
structures:

fd4z ik -z = R
Gy ¢ O3, @B (1)

= \/-i——{(”l + MB(_Y))YS[Q{)B(,\.)(/CI)

L] ©)

where, ¢p (ki) and ) B, (k1) are the corresponding lead-
ing twist distribution amplitudes, and g = u, d, s. Here,
¢, (ki) gives a smaller contribution [11] and therefore

we will neglect it in our calculation. Thus the final ex-
pression becomes

CDB(.\-)

- = (P M )ysds (k). ()

The distribution amplitude in the b space is

1 (xMBm>2 3 w,%zﬂ]

2 Wy, 2 ’
)

is the

normalization constant, which is determined by the nor-
malization condition:

¢, (x b) = NB(S)xz(l - x)? exp[—

with b as the conjugate space coordinate of Ky, . Np |

fB,
22N,

For parameter w,, the value 0.40 = 0.05 GeV is usually
taken for Bg and B™ mesons, and 0.50 = 0.05 GeV for the
BY meson, characterizing the small SU(3) breaking effect
as argued in [12]. In this paper, we will use the w, as a
parameter for fitting, with a range from 0.35 to 0.45 GeV.

ﬁ 1 dxpg, (x. b= 0) = 9)
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B. Wave functions of light pseudoscalar mesons
The decay constant of the pseudoscalar meson is defined
as

0l@17,v592|P(P3)) = if pP3,,. (10)

For our case these pseudoscalar mesons can be 7 and K
and the respective decay constants are f, = 131 MeV,
fx = 160 MeV.

The light-cone distribution amplitudes (for the outgoing
state) for light pseudoscalar mesons is

(P(P3)1q14(0)d2(2)10) = m [o dxe Py Py ()

+ ysmop”(x)
+ myys(Pk — D’ (x)]p. (11)
where v is the light-cone direction along which the light

pseudoscalar meson’s momentum is defined, and 7 is just
opposite to it. Now the chiral scale parameter m,, is defined
2

— My
as my = Mg, g,

Usually the distribution amplitudes are expanded by the
Gegenbauer polynomials and their expressions are

40 = L1 = 01+ a0 + a0
+alC* ()], (12)
Phx) = 5 %[1 +alC () + alC0) (13)
PH0) = — T [C0) + 0] (19)

with ¢ = 2x — 1. The coefficients of the Gegenbauer poly-
nomials are [13]

ad =044, al =025  aly =017,
at, = 0.2, a”w = 0.43, ap# = 0.09,
o ’ * (15)
abe =024, af=-011,  al =055
aly, = 0.35.

For 7 and 7’, the mixing mechanism must be taken into
consideration. Following the method presented in
Ref. [14], where 7, and 7, are chosen as the basis of
mixing,

PHYSICAL REVIEW D 78, 014018 (2008)

lm _ 17,
(1my) = v@(7) (16
with
Im,) = %( vad,  Iny=s (7
__[cos¢p —sing
Ule) = ( sing  cos¢ ) (18)

and the mixing angle ¢ = 39.3° = 1.0°.

The distribution amplitudes of 7),, and 7, are assumed to
be the same as that of the 77 meson, except different decay
constants and chiral parameters. The decay constants of 7,
and 7), are taken to be [14]

£, = (107 = 0.02)f, = (139.1 = 2.6) MeV,
£, = (134 + 0.06)f, = (174.2 + 7.8) MeV

and the corresponding chiral parameters are given by

nn —

[m2 cos’¢p + m%},sin2 ¢

o 2m,L "
2
_ %(m%} — m3) cose Sin¢]’ (20
it = [ m2 cos?g + msing
0 2ms 7' n
fa

_ NT, (m%l, — m}) cos¢ sing{)]. (21

C. Wave functions of light vector mesons

Following the same lines as we did for the pseudoscalar
mesons, the decay constants for the vector mesons are
defined by

01717,921V(P3, €)) = fymye,,

22
<O|qu,qu2|V(P3) €)> = if‘T/(E,uPb - 61/P3/J,)' ( )
For the vector meson, the longitudinal decay constant can
be extracted from the experiments [15], whereas the trans-
verse one can be calculated by using the QCD sum rules
[16]. The decay constants that we use in this work are
defined in Table I.
Up to twist-3 the distribution amplitudes are

TABLE I. The decay constants of vector mesons (in MeV).
fo s fo fo I fx fo fh
209 £ 2 217 £5 195£3 231 =4 165£9 185 = 10 1519 186 £9
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(V(Ps3, €7)1912(0)325(2)|0) =

(V(P3, €1)1q14(0)324(2)|0) =

where x is the momentum fraction of the ¢, quark.
Contrary to the pseudoscalar case, here n defines the
light-cone direction along which the momentum of light
meson is taken and v is just the opposite light-cone direc-
tion. The twist-2 distribution amplitudes of vector mesons
are defined as

3fv
3fy
N

dy(x) = x(1 = [ + d'cP0) + dl 0],

T(x) = x(1 = [+ at %0 + at (),

(24)

and the corresponding values of the Gegenbauer moments
are [17]

al, =al,=015+007,  al. =003=002
al. =0.11%0.09,  a), =0.18=0.08,
> =ay, =0.14=006  aj. =0.04=*0.03

a,
azg- = 0.10 2 0.08, a3, =0.14 = 0.07. (25)

For the other distribution amplitudes, we use the asymp-
totic form:

PHYSICAL REVIEW D 78, 014018 (2008)

/ dxe™"s My g by (x) + £, Py (x) + Mydy(x)]up,

/ dxelxp3 Z[MVﬁ[T(bV(x) + éT”’)(b (X) + MVle,tx,Vpo")/SyME npv0¢€/(x)]aﬂ,

(23)

D. Wave function of the D™ meson

Up to twist-3 accuracy the two-particle light-cone dis-
tribution amplitudes of D™ meson are defined as [7]

- i 1 ixPy
DP2)lg,eO10) = e [ dre”
X [ys(P + )b, b)lag
1 1 .
D (Pau@2a010) = = Sz [Laxerrss o)

X [£(Py + Mp) k. (x, b)
+ €r(Py + Mp )l (x, b)]ap
with

f dX¢D(X 0) 2\/2T

L — fD*
'/;)dxth&(x,O) O (28)
fi
2.2N.’

as the normalization conditions. In the heavy quark limit
we have

fl dx¢pT.(x,0) =
0

m,+m m,+m -
. fh = for TdeD* fT«M—d O(A/Mp-).
wo=he g =i, 4 4 09)
(26) - . .
bY(x) = ﬂ 1+ 2) b%(x) = ﬁ . Thus we will use f},. = fp+ in our calculation. Now, there
vix \/_ ’ v 4\/_ are several models calculating the distribution amplitude
for the D meson and we can collect them here as
P (x) = mfg6x(1 — 1 + Cp(1l = 20)],
(MGen) w2b2
d)D ()C, b) 2\/WJCD6-X(1 - )C)[l + CwD(1 - 2)6)] exp ) s
e 1 (xMp\2 w?b?
¢(KLS)( b) \/WfDND X(l _X)CXPI: 2( wD> - D) ];
xM 1 (30)
(GN) ol L
d) ( ’b) \/WfDNDxeXP[ ]1 + bza)z’

¢%‘KQT)( b) = \/ZI_V_fDNDXH(x)a( AD —x)]o(bw’x(zﬁj;DD x)),

¢(Huang)( ) _

meNDX(l —x) exp[ —Ap

(1 — x)m? + xm?
x(1 —x) ]
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In Eq. (30) one can easily see that some DAs of the D
meson we have collected here do not have b dependence.
However, we use a b-dependent form in (27) without
losing generality. In all the amplitudes defined above, the
x is the momentum fraction of the light quark in the D

meson. The first DA model ¢ was proposed in [7],
which is the Gegenbauer polynomial-like form. In order to
make it k| dependent, an exponential term is added to get

»M%_ The third candidate DA model ¢ was pro-
posed in [18], which is a Gaussian-type model. The fourth
one [19], which is an exponential model, and the fifth
model [20], which is obtained by solving the equations
of motion without three-parton contributions, were first
proposed for the B meson. Here we use heavy quark
symmetry and modify the parameters to make them D
meson DAs. The sixth DA was proposed in [21], which is
derived from the Brodsky-Huang-Lepage prescription
[22], with m; = 0.35 GeV, m, = 1.3 GeV. In the next
section we will try to fit out the best D meson wave
function parameters with the experimental results. As for
the D* meson, we just assume that ¢k. = ¢pL. = ¢
according to heavy quark symmetry.

I1I. CALCULATION OF DECAY AMPLITUDES IN
pQCD APPROACH

A. Amplitudes for B, — D) P decays

There are three types of diagrams that may contribute to
the B — D™ M decays: color allowed diagrams (we mark
this kind of contribution with the subscript ext) shown in
Fig. 1, color-suppressed diagrams (marked with int) shown
in Fig. 2, and the annihilation-type diagrams (marked with
exc) shown in Fig. 3. Now each type of diagram contains
two categories: the one in which one meson can be factor-
ized out (denoted as &) and the other in which no meson
can be factorized out (denoted as M).

The first two diagrams in Figs. 1-3 involve only two
meson wave functions, and their results are as follows:

1 1/A
£ou = 87Crf [0 dx,dx, fo bydbybydbyb(xy, by)

X ¢D(-x2’ bZ)[Ee(tgl))h(-xl! X2, b]) bZ)
X S(x)(1 + xp + 7)

+ PE (17 h(xy, x1, by, b1)S,(x1)], 31)
D D
N
b b
B M B % M

PHYSICAL REVIEW D 78, 014018 (2008)

1 1/A
£ = 87Cfp ]0 dxydy [0 bydbybsdbsby(xy, by)

X2 = x3)pp(x3) — ro(1 — 2x3)(hh(x3)

— GE)IE(E)h(xy, (1 = x3)(1 = 1), by, by)

X 8,(x3) + 2ro (a3 Ey(1”)

X h(1 = x3, x,(1 = 12), by, b1)S,(x))}, (32)

1 1/A
foe = 87Cr S [) dx,dxs ]O bydbybydby bz, by)

X [—x3 ¢P(x3)Eu([Ell))ha(x2’ x3(1 = r?), by, b3)
X 8,(x3) + X2¢P(x3)Eu(IE12))
X ho(x3, x3(1 = %), b3, by)S,(x,)], (33)

with the mass ratio ry = my/mg. fp, f5, and f, are the
decay constants of the light pseudoscalar meson, B meson,
and D meson, respectively. The factors evolving with the
scale ¢ are given by

E (1) = a,(t)a; (1) exp[—Sp(1) — Sp(1)],
E(1) = a,()a,(1) exp[—Sp(1) — Sp(1)], (34)
E (1) = a,(t)ay(t) exp[—Sp(t) — Sp(1)].

We adopt the expression of the Sudakov factor for D
meson as suggested in Ref. [7], which is listed in
Appendix A together with the expressions for Sg(t), Sp(7).
The functions # in the hard part of factorization formu-
las, derived from the factorizable diagrams, are given by

h(xy, X3, by, by) = Ko(\/x1x3mpb)[6(by — b,)
X Ko(\/};meﬂIo(\/x_szbz)
+ 0(by — by)Ko(\/xympb,)

X Io(\xympby)], (35)
2
ho(xy, X3, by, b3) = (lg) Hél)(\/x2x3m3b2)[6(b2 — b3)

X Hy (Jx3mpby)Jo(\/x3mpbs)

+ 0(b3 — by Hy (Jx3mpbs)

X Jo(\xsmpbs)] (36)
where H(z) = J(z) + i¥,(z). The hard scales r are de-

D D
c
b
M B

(a) (b)

(©) (d)

FIG. 2. Color-suppressed diagrams in the pQCD approach for B — DP decays.

014018-5



RUN-HUI LI, CAI-DIAN LU, AND HAO ZOU

D D
c ¢
b b 00
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FIG. 3. Annihilation-type diagrams in the pQCD approach for B — DP decays.

termined by

til) — max(\/x_sz» 1/by,1/b,),
12 = max(\/Frmp, 1/b,, 1/b,),

Y = max(y/(1 — x3)(1 = P)mg, 1/by, 1/b3),

(37)
1 = max(y/x;(1 — r*)mg, 1/by, 1/b3),
£ = max(\/)@(l — r*)mp, 1/by, 1/b3),

12 = max(yx>(1 — r2)mp, 1/b, 1/bs).

The formulas for the last two diagrams in Figs. 1-3
contain the kinematics variables of the three mesons.
Their explicit expressions are given by

1 1/A
M, = 16m2N.Cy f [dx] [ b,db,bsdb,
0 0

X ¢p(xy, by)p(xy, by)dp(xs)
X [xaEh(tﬁ,”)hﬁ,”(xi, b;)
— (1 = x5 + 0)E, (A (xi, b)), (38)

1 1/A
Mint = 1677\/2NCCF/ [dx]f bldblbzdb2¢3(xl, bl)
0 0

X ¢p(x, b)[((x3 — 1 — xp)Pp(x3)

+ ro(1 = x3)(h(x3) — He))E( ) (x;, b))
+ [(1 = xp)plx3) + rolxz — 1)(Ph(x3)

+ pLIE(D)R (x;, b)), (39)

1
M, = 16m/EN.Cy /O [dx]

1/A
X [0 bydbybsdbsdp(xr, by) (s, bo)

X [x3¢P(-x3)Ef(t§fl))h‘(fl)(xi’ b;)
- x2¢P(x3)Ef(t§“2))h(f2)(xir b)), (40)

with [dx] = dx,dx,dx;. The expressions for the evolution

factors are

£ = a0 P expl -0l
B0 = a0 B exl=s0l ) @)
Cy(1)

Ef([) = as(t)

e ool SOl

with the Sudakov exponent S = Sz + Sp + Sp.
The functions 2Y), j = 1 and 2, in these amplitudes are

hé’) = [0(b; — b3)Ko(Bmpgb,)Io(Bmpgbs)
+ 6(b; — by)Ko(Bmpb;)I((Bmgh;)]
K()( |BZ|me3) for 32 =0
<y v ! .42
gHg”(,/|B§|me3) for B2 <0

h = [6(b) — by)Ko(Dmyb,)1o(Dmyb,)
+ 6(by — by)Ko(Dmpby)Io(Dmpb)]
Ko( |D2|m3b2) for D2 =0
x{ V7 ! . 43)
iz g (ID2mgb,)  for D2 = 0

. T
hy) = 15[0(1)1 — by)HY (Fmyb,)Jo(Fmgh,)
+ 0(by — b))HY (Fmpby)Jo(Fmgh))]

KoIF2Imb))

%THE)])(WNEJZ'lmel) for F3 =0

for sz =0
(44)

with the variables

014018-6



B(B;) — D,y P, DV, DZ;)P’ AND DZ‘S)V DECAYS ...

B? = xx,, B? = x1x; — xx3(1 — 12),

B3 = x1x; — xp(1 — x3)(1 = 1),

D? =x;(1 —x3)(1 — ),

DY = (v = x)(1 = x)(1 = ), 3)
D5 = (x; + x)r* — (1 —x; = x)(1 — x3)(1 — ),

F? = x2x3(1 - rz), F% = xp(x; — x3(1 - ”2)),

F% =1—(1—x)1—x; —x3(1 —r?)).
The scales 1) are given by
tg)j) = max(Bmg, IBflmB, 1/by, 1/b3),
tg) = max(Dmg, ID?ImB, 1/by,1/by), (46)

}’) = max(Fmg,

|F12-|m3, 1/by, 1/b,).
The decay amplitudes of each B(;) — D )P channels are
then

G
AB~ > D7) =-Ly

ﬁ LbV;d(gext + Mext

+ gint + Mint)’ (47)
_ - _ Gr
A(B - DOK ) - \/zvcbv;ks(‘fext + Mext
+ fint + Mint)r (48)

_ G i}
A(BO - D+7T ) = T;Vcbvud(fext + Mext

+ fCXC + MCXC)’ (49)

Gr

7

A(BO - D+K7) = VCbV;:S(fext + Mext)’ (50)

_ G
AB— DfK™) =L

E Vcb V;d(fexc + Mexc)’ (5 1)

A(B — DO = %v Ve J_ —(E + M)
+ (gexc + MCXC))’ (52)

_ _ G .
A(B® = DOK®) = LV, Vi (£ + M), (53)

NG

_ G
A(BO - DO”In) = \/EV ;d \/— fmt + Mlnt
+ §CXC + MCXC)’ (54)

PHYSICAL REVIEW D 78, 014018 (2008)

Gr
_Vc V:s exc + jvlexc ’ 55

ABY— D7) =

_ G
ABY— Dfm ) = T; Ve Vifext + Mey),  (56)

_ _ G .
A(BY— DfK™) = 7% Vo Vikg(Eext + Mgy
+ fexc + MGXC)’ (57)
A(BY — D7) _Gr LV i(g + M), (58)
s \/i c us \/E exc exc/»

_ on G
A(B? — D°R®) = —£

NG
Gr
2

Vcb V;d(fint + Mim)r (59)

A(B(v) - DO”)n) - Vcbv;:v (‘fexc + Mexc)’ (60)

ﬁ

_ G
A(B?— D7) = —£
( ;) NG
It should be noticed that, in (54), (60), and (61), the decay
amplitudes are for the mixing basis of n and #n’. For the
physical state n and 7', the decay amplitudes are

A(B® — D°n) = A(B® — D°n,) cos¢, (62)

Vcbv;:s(gint + Mim)' (61)

A(B° — D7) = A(B” — D",)sing,  (63)

A(BY — D7) = A(B} — Dn,) cos¢

— A(BY — D7) sing, (64)

A(B) — D7) = A(BY — D"n,) sing
+ A(BY — D%n,)cosgp.  (65)

B. Amplitudes for B, — D,V and B(,) — D, P
decays

For the processes B(;) — D,V and D’(ks)P, the transverse
polarization of the vector mesons will not contribute. In the
leading power contribution, the formulas of B — DV and
B — D*P are the same as that of B — D, P decays,
except some substitutions.

For B(;) — D)V, the following substitutions should be
done for the formula &; and M;:

bp— v, ¢p— — by, ¢p— — Py,
fp—=fv

¢y, ¢} and ¢, are the light-cone distribution amplitudes
of vector mesons, which we defined before. my and f are

the mass and the decay constant of the vector meson.
Similarly, for B,y — DZ‘S)P, the substitutions in the for-

mulas &; and M, should be done as

(66)

mgy — nmy,
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mp—mp, fp—fp» Ppx)— dp(x,). (67)  tion, the amplitudes can be obtained by carrying out the
substitutions referred in Egs. (66) and (67), when only the
leading power contribution is taken into consideration. The
transverse polarized contribution is suppressed by r or ry,
ry = my/mg. Although the transverse polarization will
DT — D**, D° — D*0, D — D:*. (68)  not give the leading power contribution, to make the point
more clear we list the analytic formulas for transverse
The formulas for B — DV can be obtained through the  polarizations ¢, 7, and ¢1.:
substitutions

Making the following substitutions in Egs. (47)—(65), we
can get the final decay amplitude for each B — D*P de-
cays:

1 1/A
£r, = 8mCrmfy ﬁ) dx,dx, ﬂ) bydbybydbydbp(xy, by)

X T (2, bo)ry[E (1) h(xy, 2, by, 2)S,(x2)
X (—e"r & — jeil - e (1 + 2r))

C. Amplitudes for B, — D,V decays + Ee(l(ez))h(xz,xl, by, b,)S,(x))r(r + 1)
In B— D’(“S)V decays, both longitudinal and transverse

7T—)p’ K_)K*’ 777[_>w’ n\_)¢ (69)
in Egs. (47)-(61).

. . - . X (- —iey - €])] (70)
polarization can contribute. For the longitudinal polariza-

T 4 ! 1/A niie’l T T a
g = 87mCpmpfp . dxydx3 . bydb bydbypp(xy, by)r{[€"> v (= (x3) — ry((x; — 3)df(x3)

+ (3 — Dobh(x3) — i€ - € (hh(x3) — ry((x3 — Dp§(x3) — (x5 — 3)dY(x3))))]

X Ei(tﬁl))h(xl, x3(1 = 12), by, b3)S,(x3) + ry[ €70 & (% (x3) — dY(x3))
+ i€y - €/ (df(x3) — d)l\}/(XS))]Ei(tEZ))h(xS’ x1(1 = r2), b3, b)S,(x))}, (71)

1 1/A = T _&T
Ete = 87TCFm§;fB/;) dxzdx3jo bydbybydbs i (x, bZ)[Ea(tgl]))ha(XZ’ x3(1 = r?), by, b3)S,(x3) (€™ v [ T (x3)

—rry(s + 1)@ (x3) + rry(1 — x3)db(x3)] +i€s] - el [—r?pl(x3) + rry(xs — 1) g (x3) + rry(xs + Dd¥(x3)])
+ E (1) hy(x3, xo(1 = 12), b3, by)S (x2)rry (€75 (1 + x3) 4 (x3) + (1 — x2) Y (x3))
— i€yl - e (1 — x2) % (x3) + (1 + x3) Y (x3)))]. (72)

The evolution factors in these amplitudes are the same as those in Eq. (34) after substituting Sy/(¢) for Sp(z). For the
nonfactorizable amplitudes, the factorization formulas involve the kinematic variables of all three mesons. Their
expressions are

1 1/A = WT 4T
ML, = 167y2N.Crmif [) [dx] [0 bydbbydbypp(xy, by)dh(xy, b)) ry[E ()R (x;, b)) (€70 <V xy(% (x3)

-

— ¢V(x3) + i€y - e x3(df(x3) — PY(x3))) + Eb(tf))hf)(x,», b){€"n & ((1 — x3)(1 — 2r) ¢ (x3)
+ (3 = Dopb(x3) —ie)f - € (x5 — Dep§(x3) + (1 = 2r)(1 — x3) Y (x3))}], (73)

MiTm = 1677\/2NcCFm?3 Ll[dx] f()VA bydb,bydb,yp(x,, bl)dn@(xQ, bz)r[Ed(fsz))higz)(xiy bi)(fnﬁej’re*VT((xz - 1)¢\T/(x3)
+ (8 (s) + dY(xs) — ier - €T((1 = x2) T (x3) + ry(@f(xs) + d(x3) + Eg(t) A (x;, by)

*T _+T

X (€' &V (2ry(x3 — D (x3) — X207 (x3) — i€l - €7 (2T (x3) + 2ry (x5 — Db (x3)], (74)

1 1/A
ML = 1672V Cpmy [ [ax] [ bidbibadbry(or, i) 8o bHE, (1) ) s b) T 12

X (e S (xy07 = ryxs) — i€ - € (ar® + r3xs)) + Ef(1P)hP (x;, b)[ €75 V (= 2rry b (x3)

— (= Dpj(xz) + 15 — DdT(x3)) + i€y - €/ (g = Dr* + rjy (g — 1)y (x3) + 2rry d3(x3)) I (75)
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The h's and hY) functions in the amplitudes here are the
same as defined in Egs. (35), (36), and (42)—(44).

Thus combining everything together, one can get the
final decay amplitudes of each polarization for B — D*V
decays.

IV. NUMERICAL CALCULATIONS AND
DISCUSSIONS

In this section, we do the numerical analysis of our
calculation which we have done in the previous sections.

The parameters of the Dg)) meson we use are

mp = 1.869 GeV,
mpy = 2.010 GeV,
fp =223 MeV,

mp- = 1.968 GeV,
mp- = 2.112 GeV,
fp- = 274 MeV.

(76)

Alot of study has been made on the decay constants of D
mesons. Here we use the values from Ref. [23]. Since there
are no experimental results of the decay constants of DZ‘S)
mesons, we use the relations between f, and fp- derived
from heavy quark effective theory [24]:

fo :"meD’ for- :1/ mD;fDS’ an
mp ij_

which is different from Ref. [25].
With the D meson wave functions at hand, the decay
width is given by

1
I'=——mp(1 = r?)|A]%,

327 (78)

where A is the decay amplitude defined in Eqgs. (47)—(61).
Finally, the branch ratio is

Br = Fh/TB(i\), (79)
with gy, S the lifetime of the B(; meson. We take 75- =
1.674 X 107125, 75 = 1.542 X 10725, 75 = 1.466 X
10725, and Gr = 1.16639 X 1073 GeV 2.

PHYSICAL REVIEW D 78, 014018 (2008)
A. Results of fitting

Since B — DP decay channels have been measured
experimentally with high precision, we use these experi-
mental results to fit out the parameters of the candidate D
meson DAs. Here we do not use the experimental results
containing i or 1’ in the final states because there are
uncertainties from the mixing. The six decay channels
B~ — D'z, B~ — DK, B> D"'n, B> DK™,
BY — D70 and B° — D°KO are used to fit the D meson
wave functions and the parameter w,, in the B meson wave
function. The experimental results of these channels are
given in Ref. [26] and these are collected in Table III.
There are three degrees in the fitting with dMSen) (¢,
Cp, and w), and two degrees for the others. The formula
we used for fitting is

(Br$* — Brih)?

=
i

(80)

2
g;

Here, i means the summation over the six decay channels.
Br* (Brﬁh) is the experimental (theoretical) value of branch
ratio, and o, is the uncertainty of the experimental value. In
Table II we list the smallest x> we get for all the D meson
DAs. Except ®KLS) and &GN all the other DAs have a
small y2. . The ®™MS is the best one, with its parameters
fixed as w;, = 0.38 GeV, Cp = 0.5, w = 0.1 GeV. The
x> for B — DOKO is the largest, this may indicate the
large SU(3) breaking effect. With this channel excluded,
the results for the y? are good enough. In the calculation
we will use @M for our numerical analysis of all the
decay channels. For the D, meson, we use Cp = 0.4, w =
0.2 GeV, with a little SU(3) breaking effect. In this case,
we can see from Fig. 4 that the § quark in the D, meson has
a slightly larger momentum fraction than the d/i quark in
the D meson, which characterizes the slightly larger mass
of the s quark.

Keeping in mind that the mass difference between the
vector meson D?S) and pseudoscalar meson Dy is small,

we adopt the same DA for them also.

TABLE II. The smallest x? for each kind of the D meson DA and the corresponding x?
(i represents the six channels we used for fitting) for every channel.

HLPOD] [DMCE] 2DES] W 2PN] GEKD] 2 iHuns)]

B~ — D7~ 1.30 6.42
B~ — DK~ 0.11 0.06
B — Dt 7™ 0.23 0.00
B’ — DtK~ 0.03 0.15
B — D070 2.49 2.16
BY — DOKO 21.77 17.02
X2, (total) 25.92 25.82

14.23 13.06 0.28 2.49
0.63 1.15 0.36 0.05
873 6.74 3.10 0.80
9.88 2.79 0.03 0.04

95.45 74.03 2.30 8.36

34.15 37.03 22.80 17.72

163.06 134.8 28.87 29.44
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FIG. 4 (color online). The D meson distribution amplitude
#MGe(0.5,0) (blue, solid line) and the D, meson distribution
amplitude ¢1\D/f?e“(0.4, 0) (red, dotted line).

B. Results for all the related channels and discussions

Our numerical results are listed in Tables III, IV, V, and
VI. The first error in these entries is caused by the hadronic
parameters in the E(.Y) meson wave function (the decay
constant and the shape parameter). We take fz = 0.19 =
0.025GeV  and  fp = 0.24 =0.03 GeV, wf“‘ =
0.50 = 0.05 GeV. The second error arises from the higher
order perturbative QCD corrections: the choice of the hard
scales, defined in Egs. (37) and (46), which vary from 0.75¢

to 1.25¢, and the uncertainty of Ay, = 0.25 * 0.05 GeV.

TABLE III.  Branching ratios of B, — DP decays calculated
in the pQCD approach with experimental data (in units of 10™%).

Experimental results Our results

B~ — D7~ 475+ 1.9 51.97146+32+13

B~ — DK~ 3.83 +0.45 3.971 40544012

B — D7 265+ 1.5 26.9773%32408

B’ — D*K~ 2.04 +0.57 2.2710.64+035+0.07

B° — D070 2.61 = 0.25 2.1410:89+0.61+0.00
B°— DR 0.523 = 0.066 0.23 008667001

B — D%y 2.02 +0.21 2.7510.77+041+0.08

B — D%/ 1.26 = 0.21 1.8410.52+0.28+0.05

B = D{K~  0.269 = 0.054 0.7370:29+0.19+0.02
BY— D7 (1.597350103376:03) X 1072
BY— DOx® (088053 013003) X 1072
BY — DORO 3.90F 1865690 01
BY— DO 0.1473. 0370037600
BY— DOy 0.33%3 160047001
BY—Dim~  38+3+13 19.6710:6+6306
BY— DrK- L7020 880387003

PHYSICAL REVIEW D 78, 014018 (2008)

TABLE IV. Branching ratios of B — DV decays calculated
in the pQCD approach with experimental data (in units of 1074).

Experimental results Our results

B~ — D'~ 134 £ 18 11353597532
B~ — DK*~ 529 *0.45 6.3711-19+099+020
B"— D*p~ 75+ 12 67.02183 11130
B'— D K™ 4.60+0.78 3.83 15010824012
B — D00 2.91 % 0.40 L9913 358611006
3 — Do 2.60 + 0.29 4087144083012
B — DYK*  0.423 * 0.064 0.260:97+0.09+0.01
B — DY K* <8 18220254 0301003
B)—D*p~ (7.88133371631034) x 1072
BY — DOpo (420599950801 x 1072
BY — DK 43611311013
BY— D' (3.61¥0F 3307011 x 1072
BY— D% 0308+ 0 0001
BY— Dip~ 47.01555153 0038
BY — DI K* 281 300300

The third error is from the uncertainties of the CKM matrix
elements. In our calculation, we use

Ve = (41.617582) X 1073, Vg = 0.973 851000024,
Vs = 0.227 157500101, (81)

Among them, the hadronic inputs always give rise to the
largest uncertainty, and the CKM matrix elements contrib-
ute little.

The first six channels in Table III are input values of the
X’ fit program. Although we get a reasonable y? in the fit,
the branching ratio of B® — D°K? is about half of the
experimental value. Comparing with the color-suppressed
diagrams, the annihilation diagrams contribute little for
BY — DYK® and B — D°7°. So we can use them as a
comparison. They have different CKM elements (V, .,V
for the former and V,,,V;, for the latter). Taking the factor

715 in the flavor wave function of the 7 meson into account,

the Br(B° — D°K®) is roughly one-tenth of Br(B°—
D°7Y). So this value of Br(B® — D°K?) is theoretically
reasonable. A similar argument is valid for Br(B° —
D*0KY).

Although we used only six B — DP channels to fix the
D meson wave function, the results of other channels,
especially those of B— DV and D*P channels, agree
very well with the current experimental measurements. It
is easy to see that Br(B° — D°w) is twice larger than
Br(B° — Dp), while their experimental values are close
to each other. Both of the channels receive contributions
from the color-suppressed diagrams and annihilation dia-
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TABLE V. Branching ratios of B(,) — D*P decays calculated
in the pQCD approach with experimental data (in units of 1074).

Experimental results Our results

B~ — D7~  528*238 5117133733+

B~ — DK~ 3.6 = 1.0 3.94F 114044012

B D" 7 262+ 13 2612353015078

B — D**K~  2.04 %047 2.2115624024+0.07

B — D070 1.71 £0.28 2.3010.85+058+0.07
B'— D%  180=03 2897051 F040 008
B'— DOy 121=040 194G 05006

B° — D*0RO 0.36 + 0.12 0.25+007+0.07+0.01
B®— D**K~  0.200 % 0.064 0.7310:39+0.18+0.02

B — D"t 7~ (15773587833 7800) X 1072
BY — D0 (0.85*G 530 187003) X 1072
BY — D*ORO 4145136087015

B — D™y 0152306003700
BY— Dy 0.35 40 11004001
BY— Dt 189093 L620%
BY— DK~ 164108 0300

grams and these are of the same order of magnitude for the
above-mentioned two processes. For color-suppressed dia-
grams, the dd of the flavor part contributes, whereas the uii
part contributes to the annihilation diagrams. Amplitudes

TABLE VL

PHYSICAL REVIEW D 78, 014018 (2008)

of these two kinds of diagrams have the same sign in the
B’ — Dw decay but different sign in the B — D%
decay due to isospin. A similar situation exists for Br(B° —
D*w) and Br(B — D*0p).

The B® — D} K~ decay is a kind of pure annihilation-
type decay dominant by the W exchange diagram. Our
result is larger than the experiments and also than the
previous pQCD calculations [27] due to the change of
the choice of D meson wave functions. The annihilation-
type diagrams are power suppressed in the pQCD ap-
proach, which is more sensitive to the hadronic wave
functions.

For the decays B — DZ,)V in Table VI, we also estimate

the ratios of transverse polarized contribution Ry =
|A7|12/(|A7|> + |A,]?). We should mention that these re-
sults are just indicative, because transverse polarizations
are power suppressed by ry or » compared to the longitu-
dinal contribution. Although the transverse polarization is
suppressed in B — D*V decays, in some channels, such as
B? — D*0p% and B® — D*0K*0, etc., it has 40% contribu-
tions. The reason is that the dominant contribution in these
channels is from M, in Eq. (39), which is x3 suppressed,
while the transverse contribution in Eq. (74) is only r
suppressed. They are comparable numerically to make a
large contribution for transverse polarizations in these
color-suppressed channels. This mechanism is different
from those charmless B decays where the dominant trans-
verse polarizations are from the spacelike penguin (pen-
guin annihilation) contributions [28]. Here the
annihilation-type contributions are mainly from W ex-

Predicted branching ratios of B(; — D*V decays with experimental data (in units

of 107*) together with the percentage of transverse polarizations Ry.

Experimental Branching ratios

Branching ratios in pQCD Ry

B~ — D*p~
B~ — D'K*~
BY— D"t p~
B — D*YK*~
B — D*0g*0
B — D¢
B — D*0K*0
BO — D?+K*7
B? — D*+p—
BY — D*opo
BY — D*K*0
BY— D
B — D¢
B)— D" p~
BY — DT K"~

83=*1.5

3.20 £ 0.67

3.73 = 0.99

2.68 = 0.50
<0.69

11575835350733 0.04

0.14 6.70*1-88+1.10+020 0.05
75.413 11108422 0.15
4637130155 004 0.19
4.051100105 501 0.45
ST e 0.25
0.538 1350057002 0.45
1.927837703670.06 0.02
(8171358 151633) X 1072 001
(4.091 112+069+0.12) % 1072 0.01
8.223 3 150054 0.42
(3451196106601 % 1072 0.01
0.50%5 16 011 0,02 0.35
52.3*+383+17.7+13 0.13
3.224 3088010 0.17
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change diagrams little to transverse
polarizations.

Our results are slightly different compared to the others
calculated in literature using the pQCD approach [7,9] and
the reason is the change of parameters. Most of the B’(B~)
decay channels measured by the B factories are consistent
with our calculations. For the B? decays, only one channel
is measured. Our predictions will soon be tested by the
LHCb experiments.

For comparison with other methods, we also give the

form factors at the maximal recoil:

contributing

B—D __ +0.15+0.05
£8P — 0,51

B—D; _ +0.11+0.06
—0.20—0.07 & =04

~0.09-0.07"
(82)

These are comparable with other methods [29].
If applying the naive factorization approach, we can get

_ G
AB® — DY ™) = i—EV Vi (M3 — M)

V2
X f-FP~P(M7)a, (D), (83)

a G
V2A(B° — D7) = —i 2Ly, v (M3 — M2)

NG

X fpFP="(Mp)ay (D). (84)

Substituting our results for A(B® — D*7~) and A(B° —
D°7°) in Eqgs. (83) and (84), we can extract the Bauer-
Stech-Wirbel parameters a; and a, from our pQCD ap-
proach:

|Clz/6ll| = 048, Arg(az/al) = —37.6°. (85)

If the annihilation diagrams’ contribution is excluded, the
results are

lay/a,] = 0.56,  Arglay/a,) = —55.7°.  (86)

Indeed, the large |a,/a,| implies that the color-suppressed
decays are not very much suppressed as previously ex-
pected [3]. The relative strong phase between the two
contributions is not small as naive expectations. In
pQCD, the strong phase of a; is mainly from the M.,
and M.,., while for a,, the M, contribution is largest,
even larger than M., ’s. These results are consistent with
recent direct studies from experiments [30]. But the differ-
ence is that our results come from direct dynamical calcu-
lation and not from fit.

V. CONCLUSION

In this paper, we have calculated the branch ratios of
By = D(yP, D P, D)V, and D, V channels, with the D
meson wave function obtained through fitting. We have
also calculated the ratios of transverse polarized contribu-
tions in B — D"V decays. Most of the results agreed well
with the experiments. It seems that there is a disagreement

with the experimental data in the relative size of branching

PHYSICAL REVIEW D 78, 014018 (2008)

ratios for BY — D®p and B* — D*%w. Some channels
of the B — D*V decays may receive a large contribution
from the transverse polarization. The results obtained for
BY— D, P, D)V, D{,P, and D,V decays will be tested

in the future experiments.
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APPENDIX: pQCD FUNCTIONS

Jet function appears in Eqgs. (31)—-(33) and in Eqgs. (70)-
(72) is
21+2cT(3/2 + ¢)
S,(0) = —=11"
J7l(1 + ¢)
The value of ¢ in the above equation is 0.5 in this paper and

the S;(x;) (j = B, C, P, or V) functions in Sudakov form
factors in (34) and (41) are

[x(1 —x)]. (A1)

mp t d/._L _
Sg(t) =s|lx;—=, b +2[ — a, X A2
s =s(nEm)v2 [ Ly @2
mp todp _
Sc(t) =slx,—=, b +2f — o R A3
c(®) <2\/§ 2) b, ’}’q( (&) (A3)
Sy(t) = Sp(1)
= S(Xg,%, b3> + S((] - X3)%, b3)
t di
w2 [0 Ly e, (A4)
1/b; M
with the quark anomalous dimension y, = —a; /. The

explicit form for the function s(Q, b) is

AD g A . A® 14
,b =—ghn|=x)——@—b)+—|=—1
s0.0) =354 “(b) 26,470 i (b )
AR A 2ye—1 b
L3562 ) 1 G)
41 4B 2 b
ADB, AI:ln(Zc}) +1 In(2b) + 1]
q = - Y
483 q b

(1
+ A—'sz[lnz(ZQ) — In2(26)], (AS5)
86
where the variables are defined by
G=1[Q/(V2N)]  b=m[1/GN)]  (A6)

and the coefficients A®) and S, are

014018-12



B(B;) — D P, DV, DZ;)P’ AND DZ‘S)V DECAYS ...

B =
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[14]
[15]

[16]

33— 20, _Imoon 4
2 YR 3’
67 = 10 8 1
A ="~ 4= 1(— vs), A7
o 3 v tzhinze (A7)
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ny is the number of the quark flavors and 7y is the Euler
constant. We will use the one-loop running coupling con-
stant, 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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