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Within the framework of the perturbative QCD approach based on ky factorization, we study 40
B, — DS decay modes in the leading order and leading power, where “S” stands for the light scalar meson.
Under two different scenarios (S1 and S2) for the description of scalar mesons, we explore the branching
fractions and related CP asymmetries. As a heavy meson consisting of two heavy quarks with different
flavor, the light-cone distribution amplitude of the B, meson has not been well defined, and therefore the &
function is adopted. We find that the contributions of emission diagrams are suppressed by the vector decay
constants and Cabibbo-Kobayashi-Maskawa elements, and the contributions of annihilation are dominant.
After the calculation, we also find that some branching fractions are in the range [10‘5, 10‘4], which could
be measured at the current LHCb experiment, and other decays with smaller branching fractions will be
tested at high-energy colliders in the future. Furthermore, some decay modes have large CP asymmetries,
but they are unmeasurable currently due to the small branching fractions.

DOI: 10.1103/PhysRevD.97.053005

I. INTRODUCTION

The study of weak decays of the B, meson are of interest,
since it is the only heavy meson consisting of two heavy
quarks with different flavors. The Collider Detector at
Fermilab (CDF) Collaboration reported the discovery of the
B, ground state in pp collisions [1], which was further
confirmed by the CDF and DO Collaborations [2] with
more precise measurements. Currently, with high collision
energy and high luminosity, the Large Hadron Collider
(LHC) could collect about 10° B, meson events each year
[3]. Based on such large samples, many weak decay modes
of the B, meson have been measured by the LHCb
Collaboration [4].

In the quark model, the B meson is the lowest-lying
bound state of a bottom antiquark and a charm quark with
JP =07. Since it carries flavor explicitly and cannot
annihilate into gluons, it is stable against the strong and
electromagnetic annihilation processes and can only decay
weakly, which provides anew window for studying the weak
decay mechanism of heavy flavors. Another characteristic
feature of the B, meson is that both of its constituent quarks
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are heavy and thus their weak decays give comparable
contributions to the total decay rate. Therefore, the weak
decay of the B, meson can be categorized into three classes:
(i) the b-quark decays (b — ¢, u) with the ¢ quark as a
spectator, which can be used to precisely determinate the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
|V.p| and |V,,|; (ii) the c-quark decays (¢ — s,d) with
the b quark as a spectator, which are suppressed by the phase
space, but enhanced by the large CKM matrix elements |V |
or |V 4; (iii) b-quark and c-quark coannihilation, which is
enhanced by |V,/V,,|* ~ 10?, in contrast to B, annihila-
tion decays. The estimations of the B, decay rates indicate
that the c-quark decays give the dominant contribution
(~70%), while the b-quark decays and weak annihilation
contribute about ~20% and ~10%, respectively. All in all,
the B, meson provides very rich weak decay channels to
study perturbative and nonperturbative QCD dynamics and
the annihilation mechanism of the B meson, to test the
standard model, as well as to search for signals of new
physics [5]. In recent years, stimulated by both theoretical
and experimental developments, many theoretical studies on
the production and the semileptonic and nonleptonic decays
of the B. meson have been explored by many groups based
on the Isgur-Scora-Grinstein-Wise quark model [6], the
relativistic independent quark model [7], QCD factorization
[8,9], the light-front quark model [9], SU(3) flavor sym-
metry [10], lattice gauge simulations [11], sum rules [12],
nonrelativistic QCD methods [13], and the perturbative
QCD (PQCD) approach [14-16].
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In particular, in Refs. [14—16], the authors (including one
of us) systematically investigated the B. — D*P(V)
decays (with P and V denoting the light pseudoscalar and
vector meson) within the PQCD approach [17] based on the
kr factorization. As known to all, the B, meson is a
nonrelativistic heavy quarkonium system, and thus the
two quarks in the B, meson are both at rest and non-
relativistic. Since the charm quark in the final-state D meson
is almost in the collinear state, a hard gluon is required to
transfer large momentum to the spectator charm quark. So,
the expansion based on a; is reliable here. Moreover, we
postulate a hierarchy mp_ > mp.) > Agcp. The relation
mpg_>> mp Justifies the perturbative analysis of the
B, — D) form factors at large recoil and the definitions
of light-cone D) meson wave functions. The relation
mpe 3> Agcp justifies the power expansion in the param-
eter Agcp/mpe. The small ratio Agcp/mp, is viewed as
being of higher power. So, the factorization theorem is
applicable to the B, system similar to the situation of the B
meson with a light quark. Utilizing the k7 factorization
instead of collinear factorization, the PQCD approach
does not have an end-point singularity, so the diagrams—
including factorizable, nonfactorizable, as well as annihi-
lation-type diagrams—are all calculable. In Refs. [14-16],
some branching fractions were found to be of the order of
O(1073), which is measurable at the current LHCb experi-
ment. For completeness, in this work we will extend
previous studies to B, — D*)S decays where S denotes a
light scalar meson.

The light scalar mesons considered in this paper include
the isosinglet f(600) (o), f4(980), fo(1370), fo(1500)/
fo(1710), the isodoublet K§(800) (k) and K{;(1430), and the
isovector a((980) and aq(1450) [18]. In the literature, the
scalar mesons have been identified as ordinary ggq states,
four-quark states or meson-meson bound states, or even
those supplemented with a scalar glueball; however, a
definite conclusion has not been obtained. In light of the
mass spectrum of scalar mesons and the strong and electro-
magnetic decays, most of us accept that the scalar mesons
with masses below 1 GeV constitute one nonet, while those
near 1.5 GeV form another one [19]. Moreover, the scalar
meson states above 1 GeV can be identified as a conven-
tional ¢g nonet with some possible glue content. However,
the quark structure of the light scalar mesons below or near
1 GeV has been quite controversial, though they are widely
perceived as primarily the four-quark bound states. In the
literature [20,21], according to the category that the light
mesons belong to, two typical scenarios for describing the
scalar mesons have been proposed. Scenario 1 (S1) is the
naive two-quark model: the nonet mesons below 1 GeV
[suchask, ay(980), f((980), and o] are treated as the lowest-
lying states, and accordingly those near 1.5 GeV [such as
ay(1450), Ky(1430), f,(1370/1500)] are the first orbitally
excited states. In Scenario 2 (S2), the nonet mesons near

1.5 GeV are viewed as the lowest-lying states, while the
mesons below 1 GeV may be the exotic states beyond the
quark model such as four-quark bound states. We have to
stress that although experimental data indicates that the light
scalar mesons [such as f,(980) and a((980)] are predomi-
nately four-quark states, in practice it is very hard for us to
make quantitative predictions based on the four-quark
picture because both the decay constants and the distribution
amplitudes of S are beyond the conventional quark model.
Hence, we shall discuss only the two-quark scenario for light
scalar mesons in the current work.

In the factorization hypothesis, for these considered
B, — DS decays with an emitted scalar meson, the
factorizable emission amplitudes that are proportional to
the matrix element (S|(V 4+ A)|0) will vanish or be tiny,
because the neutral scalar mesons cannot be produced
through the (V £ A) current and the decay constants of
the charged scalar mesons are suppressed by the small
difference between the two running current quark masses
of the scalar meson. In order to obtain precise and
reliable predictions, it is necessary for us to go beyond
the naive factorization and calculate the contributions from
the nonfactorizable diagrams, as well as the annihilation
diagrams. We also note that for the considered B, — D*)S
decays, the annihilation-type diagrams will provide sizable
contributions to the amplitudes and even dominate the
amplitudes due to the enhancement from the large CKM
matrix elements V., and V.. It is worth mentioning that
the PQCD approach is an effective approach for calculating
the nonfactorizable and annihilation diagrams, which can
be confirmed by the precise predictions for the B — J/ywD
[22] and B® — D3 K+ decays [23]. So, for these considered
decay channels, the predictions in the PQCD approach are
reliable.

The remainder of the paper is organized as follows. The
framework of PQCD, as well as the distribution amplitudes
and decay constants of the mesons, are given in Sec. II. In
Sec. III we present the formulas of each amplitude for each
diagram. The numerical results and discussions are given in
Sec. IV. We summarize this work in the last section.

II. FRAMEWORK

In this work, we shall describe the meson’s momenta by
using the light-cone coordinate. In the rest frame of the B,
meson, the momenta of B,, the scalar meson, and the D
meson, up to the order of 3, are given by

Mpg
PB( = \/i (17 170T)’
M
P2 = \/% (1 — I"2D,O, OT),
Mg
Py = (. 1.0y), 0
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where rp = mp/mg . Note that the terms involving
ri(rs = mg/my_) are neglected in this work.

A. PQCD approach

It is known that in studying exclusive hadron decays the
main theoretical uncertainties are from the calculations of
matrix elements. The key point of the PQCD approach is to
keep the intrinsic transverse momenta of the inner quarks,
which is the so-called k; factorization [17]. The additional
energy scale induced by the transverse momenta will lead to
double logarithms in the QCD radiative corrections. Using
the resummation technique, the double logarithms can be
absorbed into the Sudakov form factor, which can suppress
the long-distance contributions [24]. This Sudakov factor
practically makes the PQCD approach applicable. Moreover,
due to the radiative corrections of the weak vertex, another
type of double logarithm a, In? x (with x being the momen-
tum fraction of the inner quark) actually exists as x — 0;
therefore, these large corrections should also be resumed,
which is called threshold resummation [25]. As a result, the
end-point singularity in traditional collinear factorization can
be smeared by this threshold factor.

There are several typical scales in the B, decays. In
general, the factorization hypothesis is adopted to deal with
processes with multiscales. As we already know, the
physics higher than the scale of the W-boson mass
(my) can be calculated perturbatively, and the Wilson
coefficients at the my, scale can be obtained. With the help
of renormalization group techniques, we can get the Wilson
coefficients from the my, scale to the b-quark mass (m,)
scale. The hard part between the m; scale and the
factorization scale (f) can be calculated perturbatively in
the PQCD approach. The physics lower than the ¢ scale
belongs to the soft dynamics, which is nonperturbative but
universal and can be parametrized into meson wave
functions. The wave functions could be determined from
experiments, or studied using the nonperturbative QCD
approaches, such as QCD sum rules and lattice QCD.
Therefore, in the PQCD approach the decay amplitude can
be written as the convolution of the Wilson coefficients
C(t), the hard kernel H(x;, b;,t), and the hadronic wave
functions ®p p ¢(x;, b;) [26],

AN/dxldedX3b]dblb2db2b3db3

x Tr[C(t)@g(xy, by ) @g(x, by )Pp(x3, b3)
X H(x;,, by, 1)S,(x;)e~51]. (2)

In Eq. (2), Tr denotes the trace over Dirac and color indices,
the x;(i =1,2,3) are the momentum fractions of the
“light” quark in each meson, and the b; are the conjugate
variables of k7; of the valence quarks. S,(x;) and e=5() are
the threshold resummation and the Sudakov form factor,
respectively.

B. Wave functions of the B, and D mesons

In the PQCD approach, the universal nonperturbative
wave functions are the most important inputs. Unlike B, ;
mesons, our knowledge of the light-cone distribution
amplitudes (LCDAs) for the B, meson is quite poor (for
a recent view, see Ref. [27]). Although it has often been
viewed as heavy quarkonium, we adopt the same form as
the B meson [15,16],

V6

Given mg_= my, + m,, the light-cone distribution ampli-
tude ¢y (x,b) can be written as [27]

®p (x,b) = —=[(P + mp )yspp_(x,D)]. (3)

/5,
2V/6

where m, and m,, are the mass of the charm quark and the
beauty quark, respectively. fp_is the decay constant of the B,.
meson. This simple form is the two-particle nonrelativistic
LCDA at the leading order where both heavy valence quarks
just share the total momentum of the B, mesons according to
their masses. Since there is not enough experimental data to
constrain the wave function and the distribution amplitude of
the B, meson, the relativistic corrections and contributions
from higher Fock states are not included in this work. The
introduced factor exp [—1 w?b?] represents the k; depend-
ence in the PQCD approach, where @ = 0.6 0.2 is the
shape parameter. In fact, the B, wave function for describing
the intrinsic k7 dependence has been studied for many years.
Typically, the Gaussian form (also called the Brodsky-
Huang-Lepage form) was proposed [28] and applied to
calculate the heavy meson decays [29]. Very recently, in
Ref. [30] this form was reanalyzed and the parameters were
fitted. Note that Eq. (4) is in agreement with the Gaussian
form at leading power. We also acknowledge that there
is a substantial value around the momentum fraction
x =m./m, ~0.3 within the width of about Agcp/m,;
however, it is the higher-power correction in light of the
hierarchy mp_ > mp.) > Aqgcp, $0 we will not discuss this
contribution and leave it to future work.

For the charmed D) mesons, following Ref. [31], we
define the light-cone distribution amplitudes as

¢Bc(x, b) = 5(x—mc/m36)exp [_%waz}’ (4)

(D(p)|q.(z)¢s(0)]0)

= WEA dxe™r+ [rs(# + mp)pp(x, b)}(l.ﬁ’ (5)

(D*(p)|q4(2)¢4(0)]0)

-1
= 2\—@ | dxe™P (¢, (p + mD*)ﬁb%)* (x, b)}a,ﬂv (6)
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where the distribution amplitudes are
d)D(x’ b) = ¢é*(x’ b)

1
= 2—\/6fD( )6)6(1 - x)[l + CD(l - 2)6)]

1
X exp [— 3 w%bz] , (7)

with wp = 0.15 £ 0.5 GeV. In this work, the high-twist
distribution amplitudes are not included either, because
they are suppressed by Aqcp/m . The parameters C), are
fitted from the B — DP(V) and By — D,P(V) decays
[31,32] and are set to be Cp =0.5+0.1 and Cp =
0.4 £ 0.1, respectively.

C. Physics of light scalar mesons

Due to experimental developments, many scalar states
have been discovered. Theoretically, as mentioned above,
there are two different scenarios for describing the scalar
mesons in the quark model. S1 is the typical two-quark
model: the nonet mesons below 1 GeV [including
f0(600)(s), f0(980), K;(800)(k), and aq(980)] belong
to the lowest-lying states, and the ones near 1.5 GeV
[including f((1370), fo(1500)/f,(1700), K;(1430), and
ao(1450)] are viewed as the first excited states. In this
scenario, the quark components of the light scalar mesons
are given as

1 _
o =—(uit +dd), = s5,
\/§< ) fO
aj = ud, a) = T(uft +dd), ay = di,
kT = us, = d5, i = sd, K~ =si. (8)

Here, o and f((980) have an ideal mixing. In fact, the
observed D — f((980)z" decay shows the probability of
the s5 component of f;(980), while T'(J/y — f,(980)w) ~
['(J/yw — fy(980)¢) indicates the existence of the non-
strange components [33,34]. Based on the data, in the
two-quark model o and f(;(980) might be the mixing
states as

1£0(980)) =
|6) = —|s3) sin@ + |nii) cos 0, 9)

|s5) cos @ + |nit) sin 6,

with |n7n uii + dd) and @ is the mixing angle. As for
\/—

the mixing angle 6, we can determine it using various
experimental measurements [35,36]. Currently, by analyz-
ing the present experimental data, the two ranges
25° < @ < 40° and 140° < 6 < 165° [37] are preferred.
Similarly, f(1370) and f(1500) are the mixing states of
nii, s§, and a glueball. In this paper, according to Ref. [38],
we neglect the tiny contribution from the scalar glueball
[39] and simplify the mixing form as

f0(1370) = 0.78|nat) + 0.51|s5),
fo(1500) = —0.54|ni1) + 0.84|s3). (10)

In S2, the nonet mesons near 1.5 GeV are viewed as the
lowest-lying states, while the mesons below 1 GeV may be
viewed as four-quark bound states. Because of the diffi-
culty in dealing with four-quark states, we only do the
calculation about the heavier nonet in S2.

Now, we shall discuss the decay constants and the
distribution amplitudes of the scalar mesons. The two
decay constants of scalar mesons are defined as

(S(P)|@27,4110) (S1324110) = mgfs. (11)

In terms of the charge-conjugation invariance, neutral
scalar mesons cannot be produced by the vector current,
SO we obtain

= fSPw

fﬁsz():fagzo' (12)

For other scalar mesons, the vector decay constant fg and
the scalar one fg are related by the equation of motion

(13)

o ms
my () —my (u)’

where my is the mass of the scalar meson, and m; and m,
are the running current quark masses. The inputs of the
scalar mesons in our calculation—including the decay
constants, the running quark masses in this paragraph,
and the Gegenbauer moments in the following paragraph—
are quoted from Ref. [21].

In the two-quark model, the wave function of the scalar
meson is given by

(S(Ps)[4(0),4(2),[0)
- \;T [ e (st + mgio)

+ mg(fy — 1)¢§(x>}jlv (14)

with the lightlike vectors n = (1,0,07) and v = (0, 1,07).
The twist-2 LCDA ®g(x) and twist-3 LCDAs ¢§(x) and ¢¢
satisfy the normalization conditions

Al dxgs(x) = I

fszﬂfs, H=

2V2N.
! S - ! (o} J— ‘f
Adxqﬁs(x)—A dxqﬁs(x)—z\/;Tc. (15)

The LCDAs can be expanded in Gegenbauer polynomials
as follows:

ds(x)= 2\/2T6x(1 x [l—f—ysZB VG2 (2x=1)|,
m=1

(16)
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Py(x) = [1 +Zam clee-nl. an)
_dgix)  fs d
P00 =06 _2\/2ST£

{ l—x{l—l—Zb S ap)

)

(18)

where B,,(u), a,(u), and b, (u) are the Gegenbauer
moments, and Ci,ﬂ and C},,/ 2 are the Gegenbauer poly-
nomials. The explicit values of B,,(x) can be found in
Ref. [21]. For the twist-3 LCDAs, we adopt the asymptotic
form for simplicity, though the values of b,,(u) and a,,(u)
have been explored [40].

III. ANALYTIC FORMULAS

For the considered decays, the weak effective
Hamiltonian Hg in the transition matrix elements can
be written as [41]

G
Hesr = F{ZV qXCl 0(/4)

q=u,c
10
+ O] = ViV D C0]|. (19)
i=3
where V,x) and Vx) (X = d, s5) are the CKM matrix

elements, and Ci(i=1- 10) are the Wilson coefficients at
the scale u. The O;(i = 1,...,10) are the so-called local
four-quark operators:

(1) Current-current (tree) operators,

O = (badp)v-1(@pXa)v-s»
03 = (bada)v-(apXp)y-a- (20)
(2) QCD penguin operators,
05 = (Baxa)V—AZ(q/ﬁq/ﬁ>V—A’
q!

04 = (B(lXﬂ)V—AZ(q_/ﬂqu)V—A’ (21)
q/

(M (V-A4)(V-A):

Os = (baXa)y- AZ 4/1‘1/; VA

06 —AZ ('IﬁQa V+A- (22)

(3) Electroweak penguin operators

(baXa) V—Azeq' (Q}}q%) V+A>»

ql

(ba Xg)y Azeq (qﬂCIa)V+A7 (23)
q

q/

(EaX/J)V—AZeq’(qlﬂq/a)v-A- (24)

3 _

0y = 5 (baXa)v—AZeq’(CI}ﬂ};)v—A’
3
2 ;

q

Here a and f are the color indices, and ¢' = (u,d, s, ¢, D)
are the active quarks at the scale m;,. (V —A) and (V + A)
are the left-handed and right-handed currents and are
defined as (baqp)y_a = bavu(1 = 75)qp and (G3qa)yia =
Gpru(1 +75)qq, respectively. The combined Wilson coef-
ficients a; can be defined as [42]

ay=Cy+C/3, a, = C, + C,/3,
a,-:Ci—I—CHI/fS, i:3,5,7,9,
a]:CJ+CJ_1/3, J:4,6,8, 10. (25)

According to the effective Hamiltonian, we can draw the
possible lowest-order diagrams, as shown in Fig. 1, where
the four diagrams in the first line are the emission diagrams
and those in the second line are the annihilation diagrams.
Now, we present the expressions for the hard kernels for all
diagrams. After the perturbative calculation, when inserting
different operators, the amplitudes for the factorizable
emission diagrams in Figs. 1(a) and 1(b) are as follows.

1 1/A
Afﬁ =8ﬂCffsm§CA dxldxg,A bydbbsdbspp (x1,by)¢p(x3,b3)

x {[x3(1 =rp) + rp(rp —2)

- 2er3]Eef([a)ha + [(rD

—2)rp|E ()N} (26)
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BN

(b) (©) (d)

i
|
X

b \/‘/
tK, >E B
(e) ) (2) (h)

FIG. 1. Leading-order Feynman diagrams contributing to the B, — DS decays in the PQCD approach. (a) and (b) are factorizable
emission diagrams, (c) and (d) are the nonfactorizable emission ones; (e) and (f) are factorizable annihilation diagrams, (g) and (h) are
the nonfactorizable emission ones.

@) (V=A)(V - A):
ALR = ALL. (27)
3) (S=P)(S+ P):

_ 1 1/A
Afﬁ = 16”CffSrSm%CA dxldx3/) bydb,b3dbs¢p (x1,by)pp(x3, b3)
X {[rp +rp(1 4+ x3) = 2]E f(t,)ha + [2rp(xy — 1) = x| E £ (25) 1y} (28)

In the above formulas, r;, = m;,/mp_and C; = 4/3 is the group factor of SU(3), for B, decays. The expressions for the
scale ¢, Sudakov form factors E, and the hard functions % can be found in the Appendix. Figures 1(c) and 1(d) are the
nonfactorizable emission diagrams, whose contributions are as follows.

(1) (V=A)(V-A):
1/A
mf:_16\/7”Cme / d.X1dX2dX’;/ bldb1b2dbz¢35(x17b1)¢s(x2)¢1)(x3vbl)

X {[1=xy =22+ rp(axz = 1) 4+ rp (x1 + 2x5 — x3)| Epp (£6)he
—[L=x +x — x5+ rp(xz = 1) 4+ 1 (01 = 220 + X3)] Epp (10 ha}- (29)

Q) (V=A)(V+A):

1/A
R = 16\/7717(:me / d.xldX2dX';/ bldblbzdb2¢30(xl,b1)¢D(X3,b1)

X {3 (x2) (x1 +xp = 1+ rp(xy + x4 x5 = 2))

+ p§(x2) (X1 4+ x0 = 1+ rp(x1 4+ X2 = x3))] - Eppp(tc)he

= [#3(x2) (x1 = x2 4+ rp(xy = X2 + 23 = 1))

— s (x2)(x1 = X3 + rp(xy = X2 = x5+ )] - Epp(ta) ha}- (30)

() (S—P)(S+ P):
sP 2 s ! /A
M, =—16 g”cme(,A dxldxzdx3A bydbbydbypp (x1, by)ds(x2)p(x3, by)

) {2 =xy =xp = x5 +rp(xs = 1) + rp (61 + 205 + 23 = 2)] - Epyp (1) he
—[=x1 + x4+ rp(xs = 1) + rh(x; = 2% — x5+ 2)] - Eppp(tg) R} (31)
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As mentioned above, the annihilation-type diagrams can be calculated reliably in the PQCD approach. For the
factorizable annihilation diagrams in Figs. 1(e) and 1(f), the expressions for hard kernels can be written as follows.

() (V-A)(V-A):

1 1/A
ALl = 8rCyf p miy A dx,dx; A bydbybsydbsp (x5, by)

X {hs(x2) (x5 = x37) + 263 (x2) 75 (x5 + 1)rp]Eqp (1)
— [ps(x2) (%0 = (1 +2x2) 1) + rs(@3(x2)rp(1 4 2x,)
— ¢L(xa)rp(1 — 2rpx;))|Eqr(ts)hy}.

@) (V=A)(V+A):
ALR = ALL.

3) (S=P)(S+ P):

i 1/A
Aﬁ,’? = _16”Cfchm§CA dxzdx3/0 bydb,bsydbsp(x3, bs)

X {[ps(x2)rpxs + 2¢§(x2)rS]Eaf(te)he + [ps(x2)rp + rexa(93(xa) — ¢§(x2))]Eaf([f)hf}-

For nonfactorizable annihilation diagrams in Figs. 1(g) and 1(h), the amplitudes are as follows.
(1) (V=A)(V-A):
1/A
unf =-16 ”Cme / dxldxzdx3/ bydb bydbyp(xy. b1)dp(x3.bs)

X {[ps(x2) (1 = %1 = x5 = rp 4 ri (X1 + 2% = x3)) = rprs(@3(x2) (x1 + x + x3 = 2)
+ 5 (x2) (X1 + x2 = x3))| Eang () by

+ [s(x2) (rp + x3) 4+ rprs(#§(x) (X2 + x5 = x1)

+ 5 (x2) (X1 = X3 + x3))| Eanp (1) 1}

@) (V-A)(V+A):

2 1 1/A
M(ll‘rlff = —16\/;7‘[6‘)67}1%[1 dxldX2dX3A bldblbzdb2¢3(x1,b1)¢D(x3,b2)

X {[ps(x2)rp (x5 = 2) = rs(h§(x2) + 5 (x2)) (x1 + X2 = 2)|E gy (25) g
+ [ps(x2)rp(rp — x3) = rs(d§(x2) + @5 (x2)) (rp + X1 = %0)| Eqnp (1) i}

i
—~
=

o

3) (S—P)(S+P):

2 1 1/A
Mg:f = 16\/;7[Cfm%{/0 dxldxzdx3/0 bldblb2db2¢3(xl,b1)¢D(X3,bz)

X {5 (x2) (1 = ry = x3) = rprs(d§(x2) (x1 + 22 + x3 = 2)

— @5 (x2)(x1 + x2 = x3)) | Eqnp (1) B,

= [s(x2) (x1 = X2 = rp = 1y (X1 = 223 + x3)) + rprs(3(x2) (x1 = X2 4 x3)
— 5 (x2) (X2 + x3 = X)) Eang (t3) i }-
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Similarly, the formulas for the B, — D*S decays are as follows:

1 1/A
At = _8”Cffsm%(A dxldx3A bidb\bsdbsgp (x1, by)dp-(x3, b3)

X {[rp(rp =2) = 2rpxs + x3(1 - r%))]Eef(ta)ha - F%Eef(tb)hb}’

*LR __ LL
AR = At

- 1 1/A
AZ§P=—16”Cffsrsm‘z‘;(.A dxldx3A bidb,b3dbsgg (x1,by)Pp (x3, b3)

X {2 =1y +rp(1 = x3)|Ep(t)hg + X1 Eop(tp) Ry}

2 1 1/A
M:’I;f; = 16\/%7[Cfm§(% dxldxzdx3A b1db1b2db2¢30(x1, b1)¢s()€2)¢15* (X3,b1)

X {[1 = x; = x5+ rp(1 = x3) + 15 (x) 4+ 2x5 + x3 — 2)]

: Eenf(tc)hc
[l =xi4+x—x3+rplxs = 1)+ rh(x; —2x + x3)] - E

enf(td)hd}’

2 1 1/A
Mzzf = —16\/;7{6}1’)’!2,6% dxldxzdx3A bldb1b2db2¢36<x1’b1)¢1ﬁ*(x37b1)

x s () ((rp = 1) (x1 +x5) + rpxs + 1)

+ @5 () (1 —x1 = x4 rp(x) + x5+ x3 — 2))] Eonp(te)he
— (5 (x2) (x2 = x1 +7p(x) =X — x5+ 1))

— 5 (x2) (g = x1 + rp(xy = x2 + x5 = )] - Eep(ta)ha}s

D) 1 1/A
M? = 16\/;”Cfm§CA dxldxzdx3A bydbbydbypp (x1.b1)ps(x2) Pl (x3.by)

X {[rp(x1 + 2200+ x3 =2) + rp(x3 = 1) + 2 = x; —x) = X3]E,, (1) P,
— [rp(x1 =225 4+ x3) + rp(1 = x3) — x; + ] Eenp(ta)hals

1 1/A
At = —8nCpf g my A dx,dxs A bydb,bydbs. (x5, b)

X {[ps(x2)(1 = rpy)x3 + 205(x2) rsrp(x3 — )] Eyp(1, ),
— [ps(x2) (rp (1 = 2x2) + x3) + rprs(9§(x2) — L (x2)) ] Ep(27) by}

*LR _  A*LL
'Allf — Allf )
1 1/A
AZ;S;P = 167[Cff3[m;§c A d)QdX:;A b2db2b3db3¢g* (X3, b3>

X {[ps(x2)rpxs — 2¢§(x2)rs]Eaf(te)he
— [ps(x2)rp — rsxa (P (x2) = p3(x2)) | Eap(t)hs
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(39)

(40)

(41)

(42)

(43)

(44)

(45)
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2 1 1/A
MZ{‘UI; = 16\/%7[6}”’!%{/) dxldX2dX3/) bldblbzdb2¢3(xl,b1)¢lb* (X3,b2)

X {[ps(x2)(1 =y = xy — x5 4 rh(x1 +2x3 + x3 = 2)) — rprs(d3(x2)(x) + x2 — x3)

+ @5 (x2) (X1 + x2 + X3 = 2))] - Egpp(2,)h,,
+ [ps(x2) (rp + (1 = 2rp)x3) 4+ rprs(d§(x2) (x1 — x2 + x3)
+ @5 (x2) (X2 + x3 = x1))] - Egp () i}, (47)

/A
ZﬁJIS = _16\/77TCme / dxldxzdx3/ bldb1b2db2¢3(xl,bl)(]’]g*(x:g,bz)

X {[ps(x2)rp(x3 = 2) = rs(ds(x2) + ¢ (x2)) (X1 + X2 = 2)|Ep (1) g
+ [ps(x2)rp(rp — x3) — rs(@3(x2) + P%(x2)) (rp + X1 = x2) | E g (84) i} (48)

1/A
*anf = —16\/771'Cfm3 / dxldxzdx3A bldblbzdb2¢3(xl,b])qbé*(xiz),bz)

< {lgps(x2) (rp + (1 = 2r%) (x5 = 1))

+ rprs(eg () (x1 +xp + x5 = 2) = 5 (x2) (¥ + X2 = x3)) | E s (25)

+ [ps(x2) (x) = x5 = rp = rp (X1 = 223 — x3))

+ ”Drs(¢§( 2) (X1 — X + x3) — Pf(x2) (4 —xp — x3)) | Eny(tn)hn}. (49)
For the total decay amplitudes, the Wilson coefficients and the CKM elements are the same as for the corresponding

B, — D™ P decays with P denoting a pseudoscalar meson (which can be found in Ref. [15]), since the topologies of these
two types of decay are identical. As an example, we show the total decay amplitude of B, — DK} as

A(Bf - DTKY) = f{v Ves(MEfay + MECy)
= Vi VisMEr(C3 = Co /2) + MR (Cs — C7/2) + MLf (ay + ay)
+ Mi})((% + (18) + Mgrl;f(C:; + Cg) + Mérlff(CS + C7)]} (50)

The decay width of B, — DS is given by

I(B. —» DYs) = IA(B, — DS)P2, 1)
8nt
where the momentum of the final-state particle is
: 2 217,72 2
= 2y, \/[mg(_ — (mp + mg) ][mB[ — (mp —mg)?]. (52)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we first list the other input parameters we used in the numerical calculations, such as the masses and
lifetimes of mesons and the CKM matrix elements [18]:

N =0254£005GeV.  mp =628GeV,  m,=48GeV,  mp  =187/1.97 GeV,
mp =201/2.11 GeV. 75 =046ps. 7= (697]9)°, A =0.225+0.001, Ve = 0.04175008
V,s = 0.225 +0.001, Vg = 0.0097008, Vo = —0.0407 0501 (53)
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TABLE L.

The CP-averaged branching fractions (BFs) and CP

asymmetries of B, = DS(a((980),x, 0, f1(980)) decays calcu-
lated in the PQCD approach in S1.

Decay modes Class  BFs (107°) Acp(%)

B, — D"a)(980) A 344100 e lase  36.0139 0D}
B. — D (980) A 67811T13331052  gR1I8 0901047
B, — D*k{(800) A 10715503 0.0

B. — D% (800) A 93,612674365430 () 91+023+03010.06
B, — D*o(f,) A 3395071 000 3645
B, — D*o(f,) P 0.02500 2001 000 0.0

B, = D" fo(980)(fu) A 4605553 0 0ny =353
B, — D" fo(980)(f) P 0.02: 00 S 0.0

B, — D,a{)(980) C  0.03505 001000 —2-282026 15 01
B, = Dyo(f,) P 0.920050 00 0 1122058 00t
B — D,o(f.) A 136IER 0.0

B. = Dyfo(980)(f,) P 0.92:027044003 1124032 03440.10
B. = Dyfo(980)(f,) A 1881i26016 0.0

B, — D,i)(800) A 6801173 55 0 —9-2611 5000 006

Within the above parameters, we calculated the CP-
averaged branching fractions and the direct CP asymme-
tries of all 40 B, — DS decays and we summarize the
results in Tables I-IV. We acknowledge that there are many

uncertainties in our work. In the tables, we mainly estimate
three kinds of errors caused by the corresponding param-
eters. The first uncertainties come from the nonperturba-
tive parameters, such as the decay constants and the
distribution amplitudes. The second errors are from the
high-order corrections. Since the next-to-leading-order
corrections have not been determined, we vary the range
of the hard scale ¢ as (0.75¢t — 1.25¢) to estimate this kind
of uncertainty. This strategy has been widely used in the
studies of B meson decays. The last errors arise from the
uncertainties of the CKM matrix elements. Unlike the B,
mesons, B, decays are dominated by the factorizable
annihilations, the amplitudes of which are proportional
to the decay constant of B, so the branching fractions
are not sensitive to the distribution amplitude of the B,
meson (less than 10%) [16]. Therefore, we have not
included the uncertainties taken by the B. wave function.
We also emphasize that the next-to-leading power correc-
tions will take large uncertainties; however, this kind of
study is beyond the scope of the current paper, and we left
it to future work. For convenience, in the tables we mark
the dominant contributions of each decay mode by the
symbols “C” (color-suppressed tree contributions), “A”
(W-annihilation-type contributions), and “P” (penguin
contributions).

TABLE II. The CP-averaged branching fractions and the CP asymmetries of B, — DS(an(1450),
K5(1430), £o(1370). f(1500)) calculated in the PQCD approach in SI and S2, respectively.
Decay modes Class BFs (1079) Acp(%) Scenario
B, — D*a})(1450) A 5,301 1201030005 =277 06 355 St
147575708 13615353055 52
B, — Dag (1450) A 9.891 370 i3 =789 3 55090 S
271851903 L i ey v 52
B. = D*f,(1370) A 1222055050 543151008 S1
T01EE L 204 52
B. — D* f(1500) A 0947050010000 437580565 Sl
3.60+ 128+ 1484013 —22. 813320403 52
B. - DT K°(1430) A 19173512645 0.0 S1
481716 516 0.0 52
B. — DK;*(1430) A 193130700 1102037508 0 S
4581000 0.242817 000002 52
B, — D,af(1450) C 0.05 30t 001000 — 1947035 07 0o, St
GO 0sogRs 2
B, — D, f,(1370) A 22 8%)6752341 —3.687 370000005y S1
a2 LR 2
B. — D,f(1500) A N335 0.901555" s 008 St
2095531 oot 2
B. — D,Ky(1430) A 917335 081 0.5 7182056 161005 St
DOWEIET e 2

053005-10



STUDY OF B, — DS DECAYS IN THE ...

PHYS. REV. D 97, 053005 (2018)

TABLE III. The CP-averaged branching fractions and CP
asymmetries of B, — D*S(ay,k,0, fy) decays calculated in
the PQCD approach in S1.

Decay modes Class  BFs (1079) Acp(%)

B DU@ON) A 3IURTELY 698G
B~ DUGi(O80) A SBBAND 28ani;
B.— D"o(f,) A L6503 0% o TLOE IR
B, — D" o(f,) P 004200 5001000, 0.0

B. — D" fo(980)(f,) A 2.947040105710.13 58 7438460439
B, — D™ fo(980)(f) P 0.042051 500 %0 0.0

B, — D*x"(800) A S4BT 0.0

B, — D**x*(800) A 5525559305 0105030 00
B, — D;a((980) C 0.065501 001-000 —2-8410 15 05015
B, = Djo(f,) P 250 0B S 16510 TS
B, — Djo(f,) A 25T 0.0

Bo— DIfo(O80)(F,) P 25077 S0 16T
B. = Difo(980)(f) A 108t3421+4 0.0

B, — D;&’(800) A 3075 050 84T S 00

As we know, the quark components and physical
properties of f((980) and o are long-standing puzzles in
particle physics. Although they are favored to be four-quark
states, we here only assume f(980) and o to be nii and s§

TABLE IV. The CP-averaged branching fractions

bound states with a mixing, because in the four-quark
scenario their wave functions and decay constants are still
unknown. Besides many measurements of the charmless B
decays involving a scalar meson, the LHCb Collaboration
also reported their first measurements of the charmed B
decays with a scalar B(B,) — Do and Df,(980) decays
[43] at the end of 2015. Although we have large amounts of
data, the mixing angle @ cannot be stringently constrained
due to the large uncertainties [37]. In this work, using the
two-quark model, for the sake of convenience we present
the branching fractions of the B, — D)o/ f,(980) decays
individually under the pure nn and s5 components. Having
confirmed the two-quark model and fixed the mixing angle
using other experiments, the branching fractions can be
directly obtained from our predictions. As mentioned in
Sec. II, we also present in Table V the branching fractions
with mixing patterns by adopting two typical ranges—
[25°, 40°] and [140°, 165°]—where only the central values
are quoted. As for f,(1370) and f,(1500), after neglecting
the negligible glueball contents, the mixing form can be
simplified as in Eq. (10). It is noted that in Tables II and IV,
the presented branching fractions include the mixing
patterns.

As stated in Ref. [3], the LHC experiment can produce
about 10° B, events every year. In Ref. [10], it was

and CP asymmetries of B.— D*S(ay(1450),

K5(1430), £o(1370). f(1500)) calculated in the PQCD approach in SI and S2, respectively.

Decay modes Class BFs (1079) Acp(%) Scenario
B. — D**aj(1450) A 21810 05008 —45.51155 573 08" S
55151367538 0% —43.7 a6 82
B, — D"ag (1450) A 33150505 57 e -35.3417 551 6” S1
10753853408 —16.55 355307 52
B, — D™ £,(1370) A 2,550 70 051201 01233555 020 St
4265585 Lo 011 2420 52
B, — D** fo(1500) A 1021036 050001 —4.035 10 6013 S1
23510 o007 3L3LNY 52
B. — D*"K°(1430) A 63.3 1381237420 0.0 S1
138.5)10 00 52
BoDUKH0) A eI oasRi s1
102151 00743101 52
B, — Djaj(1450) C 0.142005 00401 —LA4 TG s St
DOSBETIIE ity 52
B~ DAy (1370 A a2l osedaa s1
e LIk 2
B. — D} fo(1500) A 2858880107 0955036 0T 01y 51
186/5321 oL D 52
b~ DiKiP(1430) L s1
13300 L2 2
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TABLE V. The calculated branching fractions of B, — D) £, (980) and & with the mixing in the PQCD approach

(in units of 1079).

[25°, 40°] [140°, 165°]

Decay modes BF (107%) Acp(%) BF (107%) Acp(%)

B. — D'c 2.82 ~2.04 —29.6 ~ —26.3 1.95 ~3.14 —41.1 ~-36.1
B. — D*£,(980) 0.94 ~2.04 -23.1 ~=26.7 1.77 ~0.25 -37.3~-49.9
B. —» Do 19.9 ~50.3 -3.84 ~—-1.96 63.9 ~ 13.4 1.57 ~3.82
B. = D,f(980) 160 ~ 117 0.60 ~ 1.06 104 ~ 172 -1.19 ~ -0.37
B. = D*fo 1.29 ~ 0.90 76.6 ~ 80.2 1.05 ~ 1.57 62.0 ~ 68.6
B. — D** f((980) 0.57 ~1.25 38.2~47.6 1.21 ~0.22 67.7 ~76.4
B. - Dio 10.5~22.0 8.98 ~5.44 24.3 ~ 6.44 —4.72 ~ —8.65
B. — D:fy(980) 89.8 ~ 65.1 —1.47 ~=2.59 64.0 ~ 101 2.68 ~ 0.86

estimated that the charmless B, decays with a branching
fraction at the level 107° yield a few events per year at
LHCb. Because the selection criteria and the trigger
efficiencies are very different for each decay mode, in
order to roughly estimate the expected sensitivity for the
considered B. — DS decays it is necessary to base the
quantitative analysis on the numerical results. Based on our
predictions, we believe that some B, — DS decays with
large decay rates will be detected in the experiments, such
as LHCb and CMS. Taking the decay B — D*K;°(1430)
as an example, the branching fraction is predicted to be
about 1.9 x 107 in S1. On the experimental side, we in
particular use the charged final states to reconstruct D™
and K;’(1430), the branching fractions of which are
B(D* - K ntn7)~10% and B(K}? — K*n~)~45%
[18]. According to Ref. [44], if the total efficiency is
assumed to be 1%, about 200 events per year can be
expected at the LHCb experiment. Since the branching
fraction of Bf — DTK;°(1430) in S2 is a bit larger than in
S1, we can expect more events to be detected. As for
B — D**K;°(1430) involving a vector charmed meson,
the situation is similar, as the vector D* meson decays to a D
meson with a rate close to 100%. Based on our predictions,
the decays with branching fractions in the range [107>, 1074
are expected to be measured in the near future.
On the basis of the numerical results we obtained, we
provide the following discussion.
(1) For the decays with an emitted scalar, the contribu-
. (x)LL
tion A,/
the neutral scalar meson cannot be produced through
the local (V £ A) current, or the vector decay
constants of the charged scalar mesons are highly
suppressed by the tiny mass difference between
the two running current quark masses. Because the
factorizable emission diagrams are forbidden, the
Bf — D£*>a8(980/ 1450) decays are only induced
by the nonfactorizable emission diagrams (C); there-
fore, these modes have tiny branching fractions.
Generally, in contrast to the emission contributions,

will vanish or be suppressed, because

2
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the annihilation-type contributions are power sup-
pressed in the charmless B, ;; decays. However, in
B, decays the annihilation-type contributions play
major roles because of the large enhancement by
the Wilson coefficient a; and the CKM matrix
elements V4. In fact, this situation is similar to the
B, — DT decays in Ref. [16] with T denoting a
tensor meson. For this reason, most considered
decays are dominated by the W-annihilation-type
contributions (A), as classiﬁed in the tables.

In pamcular the Bf — D a/ f0(980) and B} —

S) f0(1370/ 1500) decays are also dominated by

the annihilations, though the final scalars are a mix
between nii and s3.

Inevitably, there are large theoretical uncertainties in
the numerical calculations; in particular, the proper-
ties of the scalar meson are not well understood, and
the wave function of the B. meson is not very
accurate. In order to reduce the dependence of the
input parameters, we thus define two ratios as

B(Bf — D")

B(Bf - D(*)+ag)
B(Bf — DU +K;;0)
B(Bf — DU OKZ;"')

2, (54)

~1. (55)

InRef.[15], 1twasf0undthatB(B+—>D 7'[+/p ) >
B(Bf =DW+7%/p"), where the B - D)0zt /p+
modes are dominated by the factorizable emission
diagrams, while the color-suppressed modes B! —
DW+79/p0 are dominated by the annihilation
diagrams. The relation B(Bf =Dzt /pt)>
B(Bf - D"*z°/p%) means that in B, — DP(V)
the annihilation-type contributions are suppressed,
compared with the contributions of the factorizable
emission diagrams. However, when the scalar is
involved, because both B} — D) and B} —
D(*Hag are dominated by the annihilation-type
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contribution, the relation B(Bf — D"0a]) ~
2B(Bf — D™*4a) is understandable. Similarly, we
can also explain the relation B(Bf — D¥*K0) ~
B(Bf — DWOK:T).

The Bf — D°K* and B} — DTK® decays are
affected by the penguin operators in addition to
the annihilations [15]. Compared with the contribu-
tion from annihilations, the penguin emission dia-
grams have a sizable contribution but with a relative
minus sign. So, their branching fractions are much
smaller than those of the corresponding B} —
D%+ /Kt (1430) and B — D*«k%/K;°(1430) de-
cays with the large annihilation contribution alone,
because the emission contributions are highly sup-
pressed. We also note that the magnitudes of Bf —
D™/ K}5(1430) are O(107*), which is measurable
at LHCb. The measurement of such decays will
afford a few hints for studying the annihilation
mechanisms in B physics.

As expected, the branching fractions of the four
“C”-type decays are much smaller than the “A”-type
decays, and the contributions of the penguin oper-
ators are negligible. Although the four decays also
have a large Wilson coefficient (C, ~ 1.0), they are
suppressed by the tiny CKM factors. For example,
the CKM factor of Bf — D aq is V%,V ., and that
of Bj - D+a0 is VZqud.

From Tables II and IV, we find that for the “A”-type
decays the branching fractions in S2 are about
2-3 times larger than those in S1, except for

Bf — DE?§+ £o(1370)/£,(1500). However, for the

“C’-type Bf — DE-*)a8(1450) decays, the branching
fractions in S2 are much smaller than those in
S1, which illustrates that the contribution of the
annihilation-type diagrams in S2 is much larger than
in S1. Somewhat differently, the contribution of
hard-scattering emission diagrams in S2 is much
smaller than that in S1. This phenomena is due to the
different signs of the decay constants under different
scenarios.

We now discuss the decay modes involving
f0(1370,1500) that are mixed states of ni and
ss. In S1, the inference between the nii component
and the s5§ component is destructive for Bl —
D" f,(1370), while it is constructive for B —
D7 f(1500). Therefore, the branching fraction of
Bl — D" fy(1500) is about the same as Bf —
D% f4(1370), although B — D" f,(1500) is sup-
pressed by the mixing coefficient with respect to
BY — D" fy(1370). For the Bf — D*f,(1370)/
f0(1500) decays, the opposite applies. The inference
is constructive (destructive) for Bf — D" f,(1500)
[Bf — D™ f(1370)], because the wave functions of
D and D* have different signs, as shown in Egs. (5)
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and (6). As a result, the branching fraction of B —
D*"f,(1500) is much smaller than that of Bf —
D**fy(1370). Similarly, the interference can
also explain the relations B(BS — D,f,(1370)x
(S1)) < B(Bf = D,f(1500)(S;)) and B(B}f —
D5 fo(1370)(S1)) ~ B(BE — D5 fo(1500)(S))). In
S2, because the contributions from s§ (“C” type)
are negligible, the interference between n7 and s5 in
Bf — DY £,(1370)/f,(1500) decays is weak,
and thus we obtain

B(Bf — D* £,(1370))
B(BI = D" f,(1500))

B(B = D" fo(1370)
“B(BF =D f,(1500))

(56)

Similarly, we have

B(Bf — D,f,(1500))

~

B(Bf - D,f,(1370))

B(B; — D’ f,(1500)) 3
B(B; = D! f,(1370)) " 2’
(57)

From the tables, it is apparent that the direct CP
asymmetries are very small, since the contributions
from penguin operators are much smaller than those
from the tree operators, except for the B} —
D¥*48(980/1450) and B — D™*6/f((980) de-
cays. For B — D*)*a}(980/1450), the contribu-
tion from tree operators is suppressed by the
cancellation between the nonfactorizable emission
diagrams and the annihilation-type diagrams, so that
the interference between the contributions from the
tree operators and those from the penguin operators
are sizable and the direct CP asymmetries become
large. For the Bf — D")*5/f,(980) decays, the
contributions from the f; component are small,
because the factorizable emission diagrams are
forbidden and the nonfactorizable contributions
are suppressed by the CKM matrix elements. This
is why these decays are dominated by the f,
component. For the f, component, the contri-
bution from penguin operators is comparable to that
from tree operators, because the latter contribution
becomes small due to the cancellation between
emission and annihilation diagrams. So the B} —
D" *6/f,(980) decays have large direct CP asym-
metries in the two-quark picture. Unfortunately,
these CP asymmetries cannot be measured at the
current LHCb experiment, as their branching frac-
tions are too small. We also note that the CP
asymmetries of the Bf — D*Tf0(1370)/f,(1500)
decays are heavily dependent on the scenarios,
which might be useful for identifying different
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scenarios when the experiments are available in the
P F} = mj_(x; = r}); (A3)
near future.

V. CONCLUSION Fe=mp (x3=1)((1=rp)(1 =x) = (x; = 1)), (A4)

In this work, within the PQCD approach, we studied the
branching fractions and CP asymmetries of 40 B, — DS
decays involving scalar mesons. As it is the only heavy

F% = m%ﬂ.()% - D((1 = rp)xz = (x; = 13)), (AS)

2 _ 2 _ 2

meson consisting of two heavy quarks with different Eg = m3, (rax3(1 = rp)). (A6)
flavors, the B, meson’s wave function is not well defined, , 5 5

and thus here we adopted the & function. Because the quark Fe=myg (x3(1=rp)), (A7)
components of the scalars have not been confirmed, two

different scenarios have been discussed. It is worth noting F } = m%;(: (1= r3)xy + 1) = 12), (A8)
that the nonperturbative parameters and the corrections

from higher orders and higher powers are beyond the scope F; = m%ﬁ (2= (1=x3)(1 —=x; —x2(1 = 1%))), (A9)
of this work and not included in this work, which can be left

for future work. After the calculation, we found that several F%L _ m% ( P2+ x3(x; — xy(1 = ,% N). (A10)

branching fractions are in the range [107°,107#], some of
which could be measured at the LHCb experiment, and  The hard scales #; can be determined by
other decays with smaller fractions might be measured at

other high-energy colliders. Furthermore, we also note that 5 5
some decays have large CP asymmetries, but they are la = max{ \ |F3l. \/ [Fal. 1/b1, 1/193}, (A11)
unmeasurable currently due to small branching fractions.
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APPENDIX: RELATED HARD FUNCTIONS 1y = max{q JE3| A/ F2 1 /b3}, (Al16)
In this appendix, we summarize the functions that appear
in thjc analytic.formulas in Sec. III. First, we present the max{ /|E3|’ /|Ff,| 1/b,, l/bz}, (A17)
auxiliary functions as
F§=m} (x; = 13)(1 - x3), (A1) rh —max{\/|E2 /P2 1/b1,1/b2} (A18)
2 _ 2 (2 2
Fa= ch(rb —x3(1 = rp)), (A2) The hard functions are written as
|
ho—K ( \F2|b) 0(b1—b3)1o(/ [F|b3)Ko(/ [F2lby) +0(bs = by) o (mp /|F5|by )Ko(\/|F2| 3) Fa>0, (A19)
a=—1ARo 0121
[0(by —b3)Jo (/| F3 b3) V(VIF2]b)) +6(bs b)) Jo(/[F2]b) ) H |Falb3)] Fg <0,
: (b, —b3)10( |F,27|b3)K0 |F§|bl) +9(b3—b1)10< |F,2,|b1)1<0( |F12,|b3) F2 >0,
hh:K0< \F0|b3)
00 =b3)0(\/IF3165 ) H (\J1F3 1) + 00 =106 (/13 01 ) 1 (1315 )| 5 <o,
(A20)
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e = (000~ 60K (17352) 10 (V1F3 1)) 006, — ) o (17310 ) 10 (113102 )| {KHWL?’ Iiig

(A21)
h —[e(b —b) ( |F2|b )1( |F2|b)+9(b —b)K( IF2|b )1( |F2|b)} £, ( |F2|b2) Fa<O
d= 2 o 0191 1—b2)Kg 0 2 K0< |F§|b2), F5>0’

(A22)

D (VIF21Bs ) 4o (y/1F216: )| -Si(x5)

(A23)

U (VI3 B, ) (062 —bs)H

( \F2|b2>Jo< |F5|b3)+9(b ~by)H

( |F2|b%)Jo< |E2f|b2>}'st(x3)
(A24)

Kof

-9
hf_<%” ”( |Eg|b2)[e(b —b;)H} ( |F2|b2)lo( IF%Ib3)+9(b —~by)H
N : : o : g ( \F2|b) F2<0
hg:—[é’(b —by)H}| ( |E%|b, )JO( |E0|b2)+9(b2—b1)H ( |Eo|bz>fo( \E0|b1)} Ko( |F§|b1), F250,

(A25)
=" 061=ba) HE (/1311 ) o (/1E3[52) +0(ba=bi)HG (/13162 ) o (/13101 {MHO <|F%‘|Il:1l;) Ziz
(A26)
[
su )= s(n 20 ) 45 [ Ly, a3
(A33)

S,(x) is the jet function from the threshold resummation
1 dlu
+2/ qu(@v(:“))?
1/by M

() 1
which can be written as [25]
21+201’* 3/2
B/2+¢) - (A27)

S =070
with ¢ = 0.3. The evolution functions E; and E,, /(1)
the analytic formulas are given by
m
E;(t) = a,(t) exp[=Sp (1) = Sp(1)],  (A28) Ss(t) = S<X2(1 ~ D) \/% J’z)
Eopy(1)=a,(1)expl=S3, (0= Sp(1) =S50l sy (A29) ws(=x)0 =) "2 )
Eqz(1) = as(1) exp[=Sp (1) = Ss(1)]|.  (A30) ' di i
w2 [0y () (A34)
where s(Q, b) can be found in Ref. [17]

(O116,=b,

(t)exp[=S, (1) =Sp(t) -

E anf (t ) =0
The Sudakov exponents are defined as
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