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Quasi-two-body decays B.— D*h— Drh in perturbative QCD"
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Abstract: In this work, we investigate the quasi-two-body decays B. — D*h — Drh with h = (K%, 7% n,17) using
the perturbative QCD (PQCD) approach. The description of final state interactions of the Dm pair is achieved
through the two-meson distribution amplitudes (DAs), which are normalized to the time-like form factor. The PQCD
predictions on the branching ratios of the quasi-two-body decays B. — D*h — Dnh show an obvious hierarchy:

Br(Bf - D" K% - DOn*K9) = (5.22*038)x 1076, Br(B} - D**n° —» D7 70) = (0.93+0.26)x 10”7,  Br(Bf —
D" — D) = (2.83*939)x 1078 and Br(B} — D**if' > DOn* ) = (1.8904%) x 1078. From the invariant mass

mpy-dependence of the decay spectrum for each channel, one can find that the branching fraction is concentrated in
a narrow region around the D* pole mass. Thus, one can obtain the branching ratios for the corresponding two-body
decays B. — D**h under the narrow-width approximation. We find that the branching ratios of the decays
B. — D**h are consistent with the previous PQCD calculations within errors. These predictions will be tested in fu-

ture experiments.
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I. INTRODUCTION

In recent years, the B, meson decays have attracted a
large amount of research interest for experimental stud-
ies [1—8]. Compared with the B, 4, mesons, the B, meson
is unique, as it is composed of both heavy quarks with
different flavors. It can decay only via weak interaction,
because the two flavor asymmetric quarks (b and ¢) can-
not be annihilated into gluons (photons) via strong (elec-
tromagnetic) interaction. The B. meson has many rich de-
cay modes, because it has a sufficiently large mass and its
constituent quarks (b and c) can decay individually. It
provides a very good platform to study the nonleptonic
weak decays of heavy mesons, to test the standard model,
and to search for new physics signals. With more and
more B. decay events being collected at the Large Had-
ron Collider (LHC), the B, meson three-body decays will
be an important research topic in both experiment and
theory in the next few years.

Many approaches based on symmetry principles and
factorization theorems have been used to study the By,
meson three-body decays. The former incude the U-spin

[9—-11], isospin and flavor S U(3) symmetry [12—14], and
factorization assisted topological diagram amplitude ap-
proaches [15]. The latter include the QCD-improved fac-
torization approach [16—19] and the PQCD approach
[20—30], and it has been proposed that the factorization
theorem of three-body B decays is approximately valid
when the two particles move collinearly and the bachelor
particle recoils back in the final states. According to this
quasi-two-body-decay mechanism, the two-hadron distri-
bution amplitudes (DAs) are introduced into the PQCD
approach, where the strong dynamics between the two fi-
nal hadrons in the resonant regions are included.

The corresponding two-body decays B. — D*h with
h= (K% 7% n,n") have been studied by the different theor-
ies, such as the PQCD approach [31] and the relativistic
constituent quark model (RCQM) [32]. In this work, as-
suming that D* is an internal resonance state, which fur-
ther decays into D°z*, we will study the quasi-two-body
decays B.— D*h — D°z*h using the PQCD approach.
After the new non-perturbative inputs are introduced, i.e.,
the two-meson D distribution amplitudes, the factoriza-
tion formulas for the B.— D*h— D°z*h decay amp-
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litudes can be written as [20, 33, 34]
MZ(DB(_®H®(DD”®(D;,, )

where ®p (¥),) denotes the DAs of the initial (final bach-
elor) meson, ®p, is the Dr two-meson DAs, and ® de-
notes the convolution integrations over the parton mo-
menta. Similar to the two-body decay case, the evolution
of the hard kernel H for the b quark decay starts with the
diagrams of single hard gluon exchange.

The remainder of this paper is organized as follows.
In Section II, the kinematic variables for the B, meson
three-body decays are defined. The considered two-
meson (Dr) P-wave DAs are parametrized, whose nor-
malization form factors are assumed to follow the relativ-
istic Breit-Wigner (RBW) model. Then, the Feynman dia-
grams and the total amplitudes for these decays are given.
In Section III, the numerical results are presented and dis-
cussed. The analytical formulas of the decay amplitudes
for each Feynman diagram are presented in the Appendix.

II. FRAMEWORK

A. Distribution amplitudes

We begin with the parametrization of the kinematic
variables involved in the decays B, — D*h — Drnh with
h=(K%n%n,n). In the rest frame of the B, meson, we
define the B, meson momentum Pp , the D* meson mo-
mentum P, and the bachelor meson 2 momentum P3 in
the light-cone coordinates as
mp

Ps = 2B(1.1,07), P="E-(1,0.07), Ps=22-(0,1-1,07)
B(.z_ > 1,VT), = 977’ T)s 3= —= s _n3 T)-
V2 V2 V2 o

With the B, meson mass mp . Here, = wz/mé = s/m%( ,
with w? = s =m?_ being the square of the invariant mass
of the Dr pair. The momenta of the light quarks in the
B., D*, and bachelor meson / are denoted as ki, k», and
ks, respectively:

k (0 P ik ) k (m‘*‘ 0.k )
1= s —=X1,KI1T | 2=|—F—=43,Y,RTr|,
V2 V2

ks = [0, 22 (1 = s kar ). 3)
NG

where x;, z, and x3 are the momentum fractions.
The P-wave Dn two-meson DAs are defined as in
Ref. [35]:

P-wave 1

AR DLCLR) “)

with the distribution amplitude

FDI!'(S)
2 V2N,
X exp (—w%),,bz/z), (5)

$pr(2,b,5) = 62(1 =2)[1 +apx(1 -22)]

where the Gegenbauer moment is ap, = 0.50+0.10 and
the shape parameter is wp, = 0.10+£0.02 GeV [35].

The strong interactions between the resonance and the
final-state meson pair can be factorized into the time-like
form factor, which is guaranteed by the Watson theorem
[36]. For the narrow resonances, the RBW function [37]
is a convenient model for separation from any other res-
onant or nonresonant contributions with the same spin,
and it has been widely used in experimental data ana-
lyses. Here, the time-like form factor Fp,(s) can be
defined using the matrix element

_ my, —my
(D(p)n(p)lcy, (1 =vy5)gl0) =|(p1 — P2y — ———Pu
p2
m2 - m2
X Fpa(s) + —Dpz % puFo(s),

(6)

where p = p1+ p2; p1(p2) and mp(m,) represent the D(r)
meson momentum and mass, respectively. Fp,(s) and
Fo(s) are the P-wave and S-wave form factors, respect-
ively, for the Drr system. Fp,(s) is parameterized with the
RBW line shape

Fpn(s) = Vs fp 8D Dr
" szx —s—impT(s)

(7

where fp. and mp. are the decay constant and the pole mass
of the D* meson, respectively. The coupling constant
gp-pr can be determined using the decay width I'(s). The
invariant mass dependent decay width I'(s) is defined as

3
I(s) = ro(q%) (%)Xz(qr3w>, ®)

where the Blatt-Weisskopf barrier factor is [38]

1+ (qorsw)?
X = | DTBWT 9
(grsw) T+ (qgrow 2 )
with the barrier radius rgw = 4.0 GeV~! [39, 40]. Here, ¢

represents the momentum for the daughter meson D or «
in the D* meson rest frame, i.e.,

q= %\/[S_(mD"'mﬂ)z] [S_(mD_mn)z] /s, (10)
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and g is the value of g at s =m?,..

The twist-2 distribution amplitude ¢} and the twist-3
ones ¢/ and ¢/ have been parameterized as follows
[41-43];

¢2(x)—2\/_6x(1—x) 1+d'C)?2x-1)
+diCy*2x— 1) +diCy*(2x - 1)} (11)
5
A j_[ +(30;73—§p,§)cyz(2x—1)
-3 (r]3w3 + %pﬁ(l +6a’;))ci/2(2x— 1)],
(12)
1
#0= j_ 2x)1+6(5773—§773w3
270,0% 2ph 2)(1 10x+10x2)] (13)

where the subscript /4 represents the pseudoscalar mesons
uii+dd
K,n and the flavor states n, = ———
ally, m = 0.015, w3 = —3,
PK(r) = mK(n)/mOK(n)’ Py, = zmq/mqq’ P, = 2myg[mg with
MoK (r), Mgq, and mg, being the chiral enhancemnet scales.
The Gegenbauer polynomials C),(¢)

, s = s5. Addition-

and the mass ratios are

1 1
= 567 -D), )= g(3-30 +351%),

(14)

3
=3 Pn=360 -1,

1
P = 5(1 — 147 +211%). (15)

The parameters of the hadronic wave functions are taken
from Refs. [44, 45]:

= —0.108 +0.053,
aX =0.073+0.022,

aX =0.170 £0.046,

a} =0, a3 =0.258+0.087,
(16)

af =0.122+0.055, a)"=a] =0,

ay =ar =0.115+0.115, aZ'—a4=—0015 (17)

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

f a2 (0B (0)cp(2)| B. (Ps.))

Vzl_Nc [(Ps. +mp) ysés, k)], (18)

where we only consider the contribution from the domin-
ant Lorentz structure. In the coordinate space, the distri-
bution amplitude ¢p with an intrinsic b (the conjugate
space coordinate to k7 ) dependence is adopted in a Gaus-
sian form as [46]

(1 —x)m +xm

b _2w2b?x(1-
8w l%x(l—x) =],

ép (x,b)=Np x(1-x)exp|—
(19)

where the shape parameter w;, =1.0+0.1 GeV is related
to the factor Ny by the normalization fol ¢p.(x,0)dx = 1.

B. Analytical formulas

For the quasi-two-body decays B. — D*h — Dnh, the
effective Hamiltonian relevant to the b — D(D =d,ys)
transition is given in Ref. [47]:

[ > VaViplCrn 0y () + 0w 05 )}

q=u,c

- Z VszfDCi(/l)Oi(H)]’ (20)

i=3~10

where the Fermi coupling constant is Gp =~ 1.166x

107> GeV~2 [48], and VapVypp and V, V) are the products
of the Cabibbo-Kobayashi- Maskawa (CKM) matrix ele-
ments. The scale u separates the effective Hamiltonian in-
to two distinct parts: the Wilson coefficients C; and the
local four-quark operators O;. The local four-quark oper-
ators are written as follows:

( (74))

7

04 = (DibJ)V—A Z (Q;q;)‘/,A ’
7

Os = (Dzbt)V_A Z (_;q;)W-A ’
7

O¢ = (DibJ)V,A Z (‘?;‘ql/')vm ’
7
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3, -7
Og = 3 (Dibj)V_A Z q (qjqi)V+A’
-

3, —r 7
Og = 5 (Dibi)V—A Z €y (qjq/)V—A

q

O = %(Dibj)V—A Ze‘/ (C_];q;)v—A ’ @D

7

with the color indices i and j. Here V+A refer to the
Lorentz structures y,(1 £7ys).

The typical Feynman diagrams at the leading order
for the quasi-two-body decays B} — D**h — Dn*h are
shown in Figs. 1 and 2, where we take the decay
Bf — D**K® — D2*K° as an example. The analysis for-
mulas for the decay amplitudes of the different Feynman
diagrams are given in the appendix.

By combining the amplitudes from the different Feyn-
man diagrams, the total decay amplitudes for these con-
sidered decays are given as follows:

A(Bf - DK° - D7 K")

. . 1
:VCSVcb [alﬂLL + C]Mél‘] - VtSth [(Cy, - ECQ)Mé‘L
1
+(C3+ Co) MEE 4 (cs - §C7)M5R +(Cs+ C7) MER

1 1 L 1.1
+(C4+ §C3 +Cio+ §C9)7'-a +(C4+ §C3 Eclo

1 1 1 1
——Co|FH +(Co+ =Cs— =Cs — =C7)FSF
G 9)7‘} +( 6+7Cs—5Cs—¢ NF.

1 1
+(C6+ §C5 +Cg+ §C7)7‘~HSP],

(22)
V2A (B+ - D"’ — D07r+7r0)
=VuaViy | F L+ CoMEF| = VeV [ar Filt + CLMEH|

=V Vt*b

3 1
(EC“’ —C3+ ECg)/\/tﬁL —(C3+ Co) MEL

1 1 1
+ (—CS + §C7)M§R + (—C4 - §C3 -Cio— §C9)7'-(ILL

3

+|Cio+ = Cg——C3—C4—2

Cr- —cg)stL

+

3

(c6—1c5+ c8+lc7)¢“’ (Cs+C7) MLR
-

1
Co— 5C5 —Cg— —C7)7-“SP}

(23)

Fig. 1.  (color online) Factorizable (a)(b) and non-factoriz-
able (c)(d) emission diagrams for the decay B} — D**K° —
DO+ KO,

Fig. 2. (color online) Nonfactorizable (e)(f) and factorizable
(g)(h) annihilation diagrams for the decay B! — D**K°—
DOn* KO,

\53{(8: - D", — DO7T+T]q)
=VuaVip |2 FHE + CoMEE| + Vea Vi |ar -+ CLMEE]

1 1
ViV, [(2c4 +C3+5Ci0- Ecg)MeLL +(C3+ Co) MEE

1 1
+(C5 - §C7)M£‘R+(C5 +C7)M§R+(C4+ §C3 +C1()

1 7.5 1
+=Co | FEE+|5C3+ Cy+ = (Co— Cro) | FLE +(2Cs

3 37°737473

2 1 1 1 1 1
+=Ce+=C7+=Cg|FIR+|Cs+ =C5— =Cg — —C7 | F5F
362768)7'; (6352867)7';

1 1
+(C6 + §C5 +Cs + §C7)7_~(ISP} )
24
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.?I(B:f — D"y — DO7T+7]S)

1 1 1
=— V,dV;;7 [(C4 - ECIO)MSL + (C6 - ECg)MEP + (C3 + §C4

s

1,1 L 1. 1. 1 -
2C9 6C10)7:€ +(C5+3C(, 2C7 6C8)7'-E

(25)

where the combinations of the Wilson coefficients are
a1 =C,+Cy/3 and a, =C1+C,/3.

It should be noticed that Egs. (24) and (25) give the
decay amplitudes corresponding to the flavor states 7,
and 5, respectively. For the physical states (1,7), the de-
cay amplitudes are written as follows:

&7((8: - D*"n— DO7T+7])
=A (B+ —D"n, — D07T+77[,)cos¢

c

~A(B; - D"y - D'x*ny)sing, (26)
ﬂ(Bz— N D*+n/ N D0ﬂ,+n/)

=A (Bf - D"n,— D°7r+nq) sin¢
+3((B:T — D"y — D07r+ns)cos¢, (27)

where ¢ =39.3°+1.0° [49] is the mixing angle between
these two flavor states, and the physical states are defined

as follows:
n _ [ cos¢p —sing Ny
n | sing cos¢ ns |

Then, the differential decay rate is described as [50,
51]

(28)

dB8  184°q;

A5 _ 09 s
ds 487T3ng(| |

(29)

where 75 represents the B, meson mean lifetime, and the
kinematic variable g, denotes the momentum magnitude
of the bachelor meson /4 in the center-of-mass frame of
the D7 pair:

1
i = 5 \lm, =m22 =203, +mi)s+ 215, (30)

III. NUMERICAL RESULTS

The input parameters adopted in our numerical calcu-
lations are summarized as follows (the masses, decay
constants, and QCD scale are in units of GeV, and the B,
meson lifetime is in units of ps) [31, 43, 48]:

Agep =0-112, mp, = 627447, mj, = 4.18,

mgo =0.498, mog = 1.7, my = 0.140, (1)
M =0.135, moz = 1.3, my, = 0.548,
my =0.958, mgy =0.110, mg, = 0.707, (32)
mp- =2.010, mp = 1.865, 5 =0.510,

f5.=0.489, fp =025, fx=0.16, (33)

fe=0.13, f,, = (1.07£0.02)fr, f; = (1.34£0.06)f;.
(34)

For the CKM matrix elements, we employ the
Wolfenstein parametrization with the inputs [48]

A4=0.22453 £0.00044, A =0.836+0.015, 35)

p=0.12270018, 7=0.355"0011. (36)
Using the decay amplitudes given in the Appendix,
the total amplitudes given by Eqs. (23)—(27), and the dif-
ferential branching ratio given by Eq. (29), by integrating
over the full Dr invariant mass region (mp +my,) <
Vs < (mp —my)*> with h=(K%x%n"), we obtain the
branching ratios for the quasi-two-body decays:

Br(Bf - D" K" - D’n"K")

_ +0.53+0.47+0.214+0.09+0.15+0.41 -6
- (5'22—0.38—0.45—0.00—0.21—0.15—0.37) X107,

(37
BI‘(B: - D"*n’ — DO7T+7TO)

_ +0.1140.09+0.21+0.01+0.03+0.06 -7
= (0’93—0.08—0.08—0.23—0.03—0.02—0.05) X107,

(38)
Br (B:r — D" — D07r+77)

_ +0.22+0.25+0.19+0.28+0.18+0.31 -8
- (2'83—0.l9—0.23—0.21—0.25—0.20—0.18) X107,

(39)
Br(B: — D5 = D’n*ny’)

— +0.13+0.17+0.12+0.19+0.14+0.21 -8
- (1'89—0412—0.16—0.14—0.15—0.16—0.15) x1077,

(40)
where the first error originates from the shape parameter
in the B, meson DAs, ie., wg =1.0+0.1 GeV; the
second error comes from the decay constant fp = (250+
11) MeV; the third and the fourth errors are induced by
the Gegenbauer coefficient ap,=0.50+0.10 and the
shape parameter wp, =0.10£0.02 GeV in the Dn pair
DAs, respectively; the fifth error is caused by the decay
width of the resonance D**, i.e., I'p. =83.3+2.6 keV;
and the last error is induced by the next-to-leading-order
effect in the PQCD approach, where the hard scale ¢ is
changed from 0.75t to 1.25t. Other errors, which come
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from the uncertainties of the parameters in the DAs of the
bachelor meson /4, the Wolfenstein parameters, etc., have
been neglected because they are very small.

If we assume the isospin conservation for the strong
decay D* — Dr,

(D" — D°n*)
——~ =2/3. 41
[(D** — Dr) / “4h

Under the narrow width approximation relation, the
branching ratios of these quasi-two-body decays can be
written as

Br (B:r - D""h— D07r+h)
=Br(B} — D**h)-Br(D** — D’n™). (42)

According to Eqs. (41) and (42), we can obtain the
branching ratios of the corresponding two-body decays:

+ st 0y _ +0.79+0.70+0.32+0.13+0.22+0.61 —6
Br(B; » D K") = (7'83—0.5770.67—0.00—0.3170.2370.55) x1077,
(43)

+ s+ 0y _ +0.16+0.13+0.32+0.01+0.04+0.09 -7
Br(B; - D"'n) = (1-40—0‘12—0.12—035—005—0.03—0.07)>< 1077,
(44)

+ st _ +0.33+0.38+0.29+0.42+0.27+0.47 —8
Br(B; = D) = (4'25—0.29—0.35—0.32—0.38—0.30—0.27) x1077,
(45)

+ s+ N +0.20+0.26+0.18+0.29+0.21+0.32 -8
Br(B; - D) = (2'84—0.l8—0.24—0.21—0.23—0.24—0.23) x1077,
(46)

where we assume the branching ratio of the decay
D** — Dr to be 100%, assume isospin conservation, and
use the narrow width approximation.

The branching ratios of the two-body decays
B. — D*h with h=(K° 7%n,n") have been calculated in
the PQCD approach [31], where the results were given as

Br(Bf - D™ K") = (7178330100570 3) x 107°, (47)

Br(B} — D"*x) = (1.305%03700) x 107, (48)
Br(B; — D*") = (34755712705, ) x 1075, (49)
Br(B} — D™n) = (1.550808503) x 1078, (50)

From the upper formulas, one can find that the branching
ratios of the decays B} — D**h calculated in two-body
and three-body frameworks are consistent with each oth-
er within errors. The decay widths for the decays
B —» D**K® and B} — D**n" were calculated by using
the RCQM [32] and are given as I'(Bf — D**K")=
4.10x107" GeV and I'(Bf — D**2%) =9.83x 1072 GeV,

respectively. Taking 7p.- =0.510 ps, we can obtain their
branching ratios as BR(B; — D**K%)=3.18x1077 and
Br(Bf — D**7%) =0.76 x 1077, respectively, which are far
smaller than the PQCD predictions. From Egs. (22) and
(23), one can find that the dominant contributions for
these two decays come from the factorization annihila-
tion amplitude 7 asociated with the large Wilson coef-
ficient a;. Unfortunately, this type of annihilation contri-
bution is not calculable under the RCQM. We hope that it
can be verified by future experiments. As we know, the
annihilation diagram contributions associated with the
CKM matrix elements V?, V., are dominant in both the
decays Bf — D*'K* and Bf — D**K°. In fact, such con-
tributions are the same for these two channels; thus, we
argue that the branching ratios for these two decays
B — D'K* and B} — D**K° should be close to each
other. For example, Br(B} — D*'K*)=(7.35"32%)x 107
and Br(B — D**K°) = (7.78384)x 107® were given by
the PQCD approach [31]. In Ref. [52], the upper limit for
Rpk- at the 95% confidence level was given as

Rpog: = ]@Br(B; > DK <1.1x107%,  (51)

u

where f,/f, is the ratio of the inclusive production cross-
sections of B and B* mesons, which can be related to
the decays B} — J/¥n* and B* — J/¥K* through the
formula

fe Br(B} — J/¥n*)

Repu = 7. BB = JJ9K")’ (52)
and it was measured as R/, = (0.68 +0.10)% by the LH-
Cb collaboration [9]. Unfortunately, Br(B; — J/¥n*) has
not been well measured via experiments. According to
different theoretical predictions, the LHCb collaboration
gave a range of 0.004 ~0.012 for the f,/f, values [52].
Then, we can obtain the lowest upper limit for the
branching ratio of the decay B — D*'K*

Br(B} — D*°K*)<9.2x 107, (53)

Certainly, the upper limit here is strongly dependent on
the branching ratio of the decay B} — J/Wa*. As a rough
estimate, this upper limit can also be applied to the
branching ratio of the decay B} — D**K°. Our prediction
is found to satisfy this limit, which can be tested by the
present LHCb experiments. There exists constructive
(destrutive) interference between the amplitudes A (B! —
D*n,— D07r+nq) and A(Bf — D**ny — Dx*y,) in the
decay Bf — D**— D°n*n(Bf — D**n’ — D°z*1y’), which
increases (reduces) the branching ratio of the correspond-
ing decay.
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Last, we discuss the invariant mass mp,-dependence
of the decay spectrum. Here, we take the decay
Bf — D**n° —» D7*n° as an example and plot the mp,-
dependence of the differential branching fraction in Fig.
3, where a maximum in the Dr pair invariant mass is ob-
served at approximately 2.010 GeV. It is easy to see that
the main contribution to the branching ratio comes from
the region around the pole mass of the D** resonance, as
we expected. The peak located at the D** mass is very
sharp, because the decay width is tiny, i.e., I'p- =83.3
keV [53, 54]; at the same time, the D°z* threshold is too
close to the resonance mass mp-. This differs signific-
antly from the case of the K* resonance [22], whose mass
is far larger than the Kn threshold. If we integrate over
mp, by limiting the range of mp, = [mp.+ — ,,,mp-+ + 6]
with 6,, = 2I'p-,3p+,4I'p+, we can find that the corres-
ponding branching factions are 93.6%, 94.3%, 95.0% of
the total branching ratio Br(B — D**n° — Dn*n") =
0.93%x1077. In contrast, if we consider the virtual contri-
bution from the region 2.1 ~3.5 GeV of the invariant
mass mp, shown in the right panel of Fig. 3, the corres-
ponding branching fraction only amounts to 7.1% of the
total. The situation is simliar for the other decay channels.

IV. SUMMARY

In this paper, we studied the quasi-two-body decays
B —» D**h — D’z*h with h=(K°2%%") in the PQCD
approach. The di-meson distribution amplitude for the Dx
system with the P-wave time-like form factor Fp.(s) is
employed to describe the D** resonance and its interac-
tions with the D°z* pair. We predict the branching ratios
of the concerned decays and find the following:

1. The branching ratios of the quasi-two-body decays
B! — D**h — Dz h exhibit an obvious hierarchy

T T T T T T T T

— B/ =D n"-Dn"n’| 4

T

0.001

dBr/dm,, (GeV'h)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
my,, (GeV)

Fig. 3.

Br(B — D**K° — Dz K")
> Br(Bf = D**n° = D7 n%)

> Br(Bf — D**K® — D'z "), (54)

where Br(Bf — D**K? — D+ K?) is the largest one and
reaches the order of 107%. Thus, the decay
Bf — D**K® — D°z*K° can be observed by future LHCb
experiments.

2. Using the narrow width approximation relation and
the isospin conservation I'(D** — D%z*)/[(D** — Dr) =
2/3, we can relate the branching ratios of these quasi-
two-body decays B — D**h — D°zx*h with those of the
corresponding two-body channels B} — D**h. Our res-
ults for the branching ratios of the decays B} — D**h are
consistent with the previous PQCD calculations within
errors, while there is considerable tension between the
predictions of the PQCD approach and the RCQM for the
decay B — D**K°. The former is one order of mag-
nitude larger than the latter. This is because the annihila-
tion type contribution is dominant for the decay
B} — D**KY, which is not calculable under the RCQM.

3. The branching ratio of the decay B! — D**n—
Dz*y is larger than that of Bf — D**’ — Dz*x’, which
is induced by the opposite interferences between the amp-
litudes A(B; — D** 1y — D'n*n,) and ABf — D5 —
DO ny).

4. From the D°z* invariant mass mp, -dependences
of these concerned decay spectrums, one can find that the
main portions of the branching fractions are concentrated
in a very small region of the mp,.. For example, approx-
imately 94% of the branching ratio of the decay
B — D**n% - D770 comes from the realm of 2.1 MeV
around the D** pole mass.

10 T T T T T T T

9F —— B/—>D*n’->Dn"n’|

dBr; dm,,, (1075GeV™")

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
my, (GeV)

(color online) Invariant mass mp, dependence of the differential branching fraction for the decay B, — D** 7% — Dx* % (left

panel) and the corresponding virtual contribution in the mp, region 2.1 ~ 3.5 GeV (right panel).
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APPENDIX: DECAY AMPLITUDES formulas for the amplitudes of the decays
B— D*"h— Dr*h
In this appendix, we present the PQCD factorization

1 00
FE =4 V26 Crprfi(n - miy f dxidz f b1db1bydbag (x1.b1)¢pr(z. b2 )| [ Vi(ry +22—2)
0 0

—=2ry —z+ 1A, Ba, b1,b2)Eq(ts) — Uh(CYm,Bb,bZ:bl)Eh(tb)}’ (A1)

1 00
.7_~€SP =-8 \/EGFCFﬂfhrhm%( f dxldzf b]dblbzdb2¢3(xl,b1)¢D,r(Z, bz,&)){[(?]— 1)1"17 — ﬁz+2n(z— 1)
0 0

+2]h(e,Ba,b1,b2)Eq(ty) + x1h(ae, By, bQ»bl)Eh([h)}’ (A2)

\/§ 1 00
M =16—==GpCpn(n =i, f duxydzducy f b1dbibsdbss, (x1.b1)¢pr(z. b1, )} (13)(xa){ (7 = 61 ~ 1133
0 0

+x3+n2— \Nz— Dh(Be, e, b1, b3)Ecq(te) — (X1 + 33 — X3+ \/ﬁZ_Z)h(ﬁd’aesbl»b3)Ecd(td)}, (A3)

\/g 1 )
MgR =— 16TGFCF7Trh( W— 1)]1’% f dx1 dde::,f b]db1b3db3¢3( (xl,bl)(ﬁDﬂ(Z,b] ,(1)){[¢}I;(X3)(T]+X1
0 0

—nx3+x3— Vz— 1)+ ¢ (x3) 7+ x1 —1x3 + 33 + iz — D1A(Be, e, b1, b3)Eca(te)
= [x1(e, (x3) — ¢, (x3)) + (= Dx3(), (x3) — b, (x3)) — 2y, (x3) + ). (x3))]
Xh(ﬂd,aesbl,b3)Ecd(td)}» (A4)

\/§ 1 00
MSP =— 16TGFCF7r(n— Dmj, f dxldzdx3f b1db1b3db3 ¢, (Xl,b1)¢Dn(Z,b1,w){[(77+x1 —nx3+x3
0 0

+0z= Iz = D (3)A(Bes @e, b1, b3)Eep(te) = [(x1 +1x3 = X3 + V2 — 2 (x3)]
X h(Ba> @e,b1,b3)Eef (1), (A3)
LL V3 . (! * A
M, :16TGFCF7TmBl f dxydzdx; f b1db1bydbagp (x1,01)¢pr(z, bz,w){[(fl = D), (x3)(n+ 1
0 0

=3 + 23+ 02— 1)+ V(@ (03) (=1 + (7 = D3 + 24 1)+ 5 () (7= 1163 + 23+ 2= 1)]
h(Be,@a, b1, b2)E(te) — [(— Dy (x3)(re + (i — D(z— D) + Iru(@) (x3) (@ — x1 —nx3 +x3+2— 1)

+ ¢y (63)(x1 +n(x3 = 1) = x5+ 2= D)y, @ bi, b2)Ees(2)), (A6)
3 1 00
M =162 GrCrmmy [ antates [ bidbibatbagy (bon bl D g

— b (x3)) + (7 + Drprndh (x3) + (17— Drp(as — D(@F (x3) + oL (x3)) + 2077280 (x3) — gk (x3)
+ (B (x3) = ©F ()1 (Be, Qs b1, b2) Eep(te) — [rn(eh (x3) + ) (x3)) (7 + X1 — X3)
+ 27 (03)(re + 2= 1) = VG () (e + 2= DIA(By, s b1, b2)Ees (1)), (A7)

1 )
FLL =~ 4N2GpCrnfyms f dzdxs f badbabsdbadpa(z, by, ){[(7 = 1)(z— 1} (x3)
0 0

— 2 \rnze), (3)1h(@a, By, b2, b3)Ey(te) — [ — D¢y (x3) + rerndh (x3)) — (1 + Dreryd) (x3)
+ (1= 17538 (63))1h(@as B b3, b2) En(t), (A8)
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1 00
73" S VIGECrnfy Comnly [ dadns [ badbabadbadon(z. a2 e =201
0 0

+ (= 1) V(2= D (x3)1(a, Bes b2, b3)Eg (1) + [=(n = (it (x3) + rerngly (x3))
— O+ Drerngy (x3) + (7= D x3¢) (x3)1h(@a B, b3, b2) En(tn), (A9)
where the mass ratio is r,/mp (ry = mp/mp_,r. = m¢/mg ), with r;(rp, r.) being the final bachelor meson (b,c quark) mass,

and fp and f, are the decay constants of B, and the final bachelor meson & = (K,x,n""), respectively. The hard scales
are chosen as follows:

to = max{ v/|Bal, 1/b1,1/b2}, 1, = max{ v/|Byl, 1/b1,1/b2},
te = max{ \IBcl, Vlael, 1/b1,1/b3}, 14 = max{ y|Bdl, vIael, 1/b1,1/b3},
te = max{ VIBel, Viaal. 1/b1,1/b2}, 17 = max{ \I7l, Viaal, 1/b1,1/b2},

t, = max( \/wj Viaal /b2, 1/b3), 1 = max{ B, Viaal 1/b2,1/b3), (A10)

where

@ =x1zmp, g = (= Dxs+(1—x3)nlmy .

Ba =(Z+r,% - l)mé, By = xlmé,

Be =[x12=2(1 = x3)(1 =mImy , Ba = [xiz—zx3(1 =)y,

Be =lry —z(1=x3)(A =mlmy , By =[r7 == D(xi —xs(1 =) —mlmp,,

By =(z—Dmy. By=1[rt—(+x3(1-m)lmj,. (A1)

The hard functions are written as follows:
ha,B,b1,by) =hi(a,b1) X ha(B,b1,b2),

[ Ko(Nab))., a>0
hl(“’bl)‘{ Ko(ivV=ab)), a<0

0(by —b2) o (VBb2) Ko (VBb1 )+ (b1 & b2),  B>0 (A12)
9(171—bz)Jo(\/—_ﬂbz)Ko(i\/ngl)Jr(bl<—>b2), B<0

hy (B,b1,b2) ={
with
Ko(ix) = g(_NO(x) +1Jo(x)). (A13)

The Sudakov factor S,(x) from the threshold resummation is given as

2142413 /2 + a)

e 1a) [x(1-x)]%, (Al14)

Si(x) =

with the parameter a = 0.4. The evolution factors are given as follows:
Eq(t) = as()exp[-S 5, (1) = Sp-(DIS (2), Ep(t) = ay()exp[—S p.(t) =S p-()]S (x1), (A15)

Ey(1) = ag(nexp[=S p- () = Sn(D1S:(x3),  En(t) = as(t)exp[=S p-(1) = S n(1)1S (), (A16)
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Ecq(t) = as(@®)exp[=S.(1) =S p- (1) =S n(®)]lp,=b, » (A17)
E.;(t) = as()exp[=S (1) =S p-(8) = S s()]lb,=b, (A18)

where the Sudakov exponents are expressed as

m 5 (" di
SBL(t) =S(x1i,b1)+§f Tu’)/q(aY(lj))a
1/b, M

2
, mg. " di _
S o (1) =s(z%,b2)+ s((l —z)%,b2)+2ﬁ/bz Euyq(as(y)),
! d—
0 =s(x3%,b3)+s(<1 —xz)%,b3)+2 f1 N E'u?’q(ax(ﬁ)), (A19)

with y, = —a,/n being the quark anomalous dimension. The function s(Q,b) is expressed as

(D b (1 (@) b 2 (1 2yp—1 b
S(Q,b) = A—(yln(i’) A b+ A—a]ln(g - 1) - {A— A 1n(e—)]ln(§), (A20)
2B b] 2p 477 \b 43 4B 2 b
where
2
g=In Q_’ b=1In ! , ,31=M, zzw’ A(l)zi’ A(2)=6_7_7r__§nf+ ﬁlln(leﬁ),
V2 Aqcp bAqcp 12 24 3 9 3 27 3 2
(A21)
with n; being the number of the quark flavor and yx being Euler's constant.
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