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Abstract In this work, we attempt to study the Cabibbo—
Kobayashi—-Maskawa-favored B — DS (“S” denoting the
scalar meson) decays within the perturbative QCD approach
at the leading order and the leading power. Although the
light scalar mesons are widely perceived as primarily the
four-quark bound states, in practice it is hard for us to make
quantitative predictions based on the four-quark picture for
light scalars. Hence, we calculate the decays with light scalars
in the two-quark model. For the decays with scalar mesons
above 1 GeV, we have explored two possible scenarios,
depending on whether the light scalars are treated as the
lowest lying gq states or four-quark particles. In total, we
calculated the branching fractions of 72 decay modes, and
most of them are in the range 10~4~10~7, which are measur-
able in the on-going LHCb experiment and the forthcoming
Belle-II experiment. Moreover, since in the standard model
these decays occur only through tree operators and have
no C P asymmetries, any deviation will be a signal of new
physics beyond the standard model. Despite large uncertain-
ties induced by nonperturbative parameters and corrections
of high order and high power, our results and discussions
will be useful for the on-going LHCb and the forthcoming
Belle-1I experiments.

1 Introduction

Even though the quark—antiquark model works well for the
pseudoscalar mesons and vector mesons, the study of the
inner substructure of the scalar mesons is quite non-trivial,
because the conventional quark—antiquark model cannot
explain the properties, such as the decay rates and the mass
spectrum, especially for ones below 1 GeV. Therefore, the
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understanding of the internal structure of the scalar mesons
is one of the most interesting topics in hadron physics.

The scalar mesons reported by experiments include the
isosinglet f(600)(o), f0(980), fo(1370), fo(1500) and
fo(1710), the isodoublet Ka‘(800)(/<) and Kf)"(1430), and
the isovector ag(980) and ag(1450) [1]. Studies of the mass
spectrum of scalar mesons and their strong as well as elec-
tromagnetic decays suggest that the scalar mesons with the
mass below 1 GeV constitute one nonet, while those near
1.5 GeV form another one [2-6]. Irrespective of the exis-
tence of the o and the k¥ mesons, in the literature, the scalar
mesons have been identified as ordinary gq states, four-
quark states or meson—meson bound states or even those
supplemented with a scalar glueball. Unfortunately, we have
not reached a definite conclusion yet till now, due to the
unknown nonperturbative properties of QCD, though many
efforts have been made to interpret the quark contents of the
scalar mesons [7-11]. Now, a consistent picture [2] provided
by the data suggests that the scalar meson states above 1 GeV
can be identified as a conventional gg nonet with some pos-
sible glue content, which has widely been accepted. How-
ever, the quark structure of the light scalar mesons below
or near 1 GeV has been quite controversial, though they
are widely perceived as primarily four-quark bound states.
For example, f;(980) has been treated as a traditional gq
state [12—14], as a four-quark gggq state [15,16], and even
as a bound state of hadrons [17,18]. In fact, even in the
two-quark picture, the quark component is still unclear; for
example, the observation of Dy — f5(980)7 ™ decay intro-
duced the probability of the ss component of f(980), while
L'/ — f00980)w) ~ I'(J/¥ — fo(980)¢) indicated
the existence of the non-strange components [19,20]. There-
fore, if the light scalar mesons are dominated by two-quark
states, the isoscalars f(980) and f,(600) perhaps should
be mixing states like the n—n’ system [21,22]. In the litera-
ture, according to the category that the light mesons belong
to, there are two typical scenarios for describing the scalar
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mesons [5]. The scenario 1 (S1) is the naive two-quark model:
the nonet mesons below 1 GeV, such as «, ag(980), f0(980),
and o, are treated as the lowest lying states, and those near
1.5 GeV, such as ag(1450), Ko(1430), fo(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.

In hadron physics, most studies of the light scalar mesons
are concentrated on the decay properties of the scalar mesons
and the production of the scalar mesons in pp (or np) colli-
sions or the ¢ radiative decays [23]. After the first B decay
into a scalar meson, B — f(980) K, was observed by Belle
[24] and confirmed by BaBar [25], the studies of the scalar
mesons in hadronic B decays have attracted more attention
because of the large phase space of the B decays. Theoret-
ically, from the studies of QCD sum rules, one finds that
the nonperturbative parameters, such as decay constants and
the distribution amplitudes, are related to the certain sce-
narios seriously, which affect the experimental observables
noticeably, such as branching fractions and CP asymmetries.
So, by comparing the experimental data and the theoretical
predictions, one could deduce which scenario is favorable.
Motivated by this viewpoint, many charmless B decays with
scalars have been studied extensively [5,6,26—47].

Recently, the LHCb collaboration reported their first mea-
surements of the decays B;) — D f0(980) and Do [48,49],

Br(BO — 500)
= (112+0.8+05+2.1%0.5) x 1075,
Br(B” — D° £(980))
— (1.34+0.25+0.10 + 0.46 £ 0.06) x 1073,
Br(B® — D" £,(980))
— (1.7+£1.0£05+0.1) x 107°. (1)

Note that in these three decay modes, not only the scalars but
also the charmed mesons are involved, and these decays are
induced by the b — ¢ transition. Very recently, in Ref. [50],
we have attempted to study the B — D™ § decays induced
by the b — i transition within the perturbative QCD (PQCD)
approach, which are suppressed by the Cabibbo—Kobayashi—
Maskawa (CKM) matrix element |V,;|, but which evade
the suppression by the vector decay constants of the scalar
mesons. Now, since some experimental data are available, it
is worthwhile for us to extend our study to the CKM favored
B—DYs decays induced by the b — ¢ transition.

To handle the hadronic effects for B — B(*)S decays,
we use the factorization formalism, called perturbative QCD
approach [51-54], which is based on the k7 factorization and
the transition matrix element is described by the convolution
of hadron wave functions and the hard kernel. In the limit of
heavy quarks, in order to guarantee that color transparency
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mechanism is satisfied, i.e., no soft gluon exchange occurring
between the final states, we argue that the following hierarchy
must be postulated [55,56]:

mg > mpe > A )

with A = mp — mp ~ mpew — me ~ Aqcp. The rela-
tion mp > mp justifies the perturbative analysis of the
B — D™ form factors at large recoil and the defini-

tion of light-cone D" meson wave functions. The relation
mpe > A justifies the power expansion in the parame-
ter A/m e . The small ratio A/mp is regarded as being
of higher power. Because of the inclusion of parton trans-
verse degrees of freedom, large double logarithmic correc-
tions o In? k7 appear and should be summed to all orders.
It turns out that the resultant Sudakov factor for an energetic
D™ meson is similar to that for a B meson. Including the
Sudakov effects from k7 resummation and from threshold
resummation for hard amplitudes, the end-point singularities
do not exist, and soft contributions can be suppressed effec-
tively. Although the applicability PQCD is still in controversy
[57-60], it has been employed for studying the two-body
charmed B decays,suchas B — DP, DV, DA, DT decays
[56,61-66,97], where P, V, A, T denote the pseudoscalar,
vector, axial-vector, and tensor mesons, respectively. Most
of the predictions were in good agreement with the present
experimental data. Compared with B — D® S decays, for

some B — 5(*)S decays, the factorizable amplitude will
vanish or will be heavily suppressed due to the vanishing
or tiny vector decay constants of the scalar mesons. How-
ever, the hard-scattering emission diagrams and annihilation
type diagrams perhaps provide sizable contributions; such
cases are similar to the B — 5(*)P, V, T decays [56,61—
66,97]. We thus expect that the branching fractions of some
decays are large enough to be measured in the current LHC
experiment and/or the forthcoming Belle-II in the future. It
is worth pointing out that the annihilation type diagrams can
be perturbatively calculated in the PQCD approach without
end-point singularity, and the predictions of some pure anni-
hilation decays are well in agreement with data, such as the
By — ntn~ and B — D7 K™ [67-69)].

It should be stressed that although many experimental data
indicate that the light scalar mesons, such as fp(980) and
ao(980), are predominately four-quark states, in practice it
is very difficult for us to make quantitative predictions on
B — DS based on the four-quark picture for S, because both
the decay constants and the distribution amplitudes of S are
beyond the conventional quark model. Hence, in practice we
shall assume the two-quark scenario for light scalar mesons
in the current work.

This paper is organized as follows: we will give a brief
review of the formalism of the PQCD approach and specify
the wave functions of the initial and final states in Sect. 2.
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The perturbative calculations and the analytic formulas are
givenin Sect. 3. The numerical results and phenomenological
discussions will be presented in Sect. 4. The final section is
reserved for the summary.

2 Formalism and wave function

As aforementioned, based on the k7 factorization, PQCD
approach can effectively avoid the end-point singularity by
keeping the intrinsic transverse momenta of inner quarks.
The kept transverse momenta will introduce the additional
energy scale and lead to the double logarithms appearing in
the QCD radiative corrections, which can be resummed into
the Sudakov factor. As a result, the Sudakov factor will sup-
press the soft region contribution and make the calculation
in the PQCD approach reliable and consistent.

The effective Hamiltonian He¢ related to the B — 5(*) S
decays is given as [70]

Hefr = Via)[C1 () O1(p) + C2(w) O2(w)],  (3)

Gr
7 Ve
with the four-quark tree-diagram operators

01 = (bacp)v—a(upd(s)a)v—a,

02 = (baca)v—a(upgd(s)g)v—a, 4

where o and B are the color indices, and (Eacﬁ)va =
boy™(1 — ys)c;;. Veb and Vy4(5) are the CKM matrix ele-
ments. C1 7 are the so-called Wilson coefficients at the renor-
malization scale p.

To deal with the hadronic B decays with multiple scales,
the factorization hypothesis is usually adopted. The physics
regime higher than the scale of the W boson mass (myy)
is electroweak and can be calculated perturbatively. Using
renormalization group techniques, we can evaluate the
dynamical effects and obtain the Wilson coefficients from
the mw scale to the b quark mass (mp) scale. The physics
between m, scale and the factorization scale () can be cal-
culated perturbatively, which is the so-called hard kernel
in the PQCD approach. The dynamics below the factoriz-
able scale is soft and nonperturbative but universal, which
can be described by the hadronic wave function. So, in the
PQCD approach, the decay amplitude can be written as the
convolution of the Wilson coefficients C(¢), the hard kernel
H(x;, b;, t), and the hadronic wave functions [71,72],

A ~ /dxldxgdx3b1db1b2db2b3db3
x Tr[C(t)Pp(x1, b1)
x ®p(x2, ba)Ps(x3, b3)H(xi, , by, 1) S (x;)e 51,
)

where Tr denotes the trace over Dirac and color indices, the
xi(i = 1,2,3) and b; are the longitudinal momentum frac-

tions and conjugate variables of k7; of the valence quarks in
each meson, respectively. The threshold resummation of the
double logarithms In? x; lead to the jet function S;(x;) [73].
The aforementioned Sudakov factor e ~5), coming from the
resummation of the double logarithms, can suppress the soft
dynamics effectively, i.e. the long distance contributions in
the small k7 region [74,75].

In PQCD, the most important inputs are the wave func-
tions. For the scalar meson, in the two-quark picture, the wave
function can be defined as

Dy(x) = ﬁgwsm + mspS(x)

+mshd — Dol ()], (©6)

with the lightlike vectors n = (1,0, 07) and v = (0, 1, 07).
¢s and qbg’T are the leading-twist and twist-3 light-cone dis-
tribution amplitudes respectively, where x is the momentum
fraction of the “quark”. The leading-twist light-cone distribu-
tion amplitude ¢g(x, w) of the scalar meson has the general
form [5,6]

3
ps(x, pn) = 2_~/5x(1 —x) [fs(n)
+ 75 Y Bu(wCol*x — 1)1, (7)

m=1

with the Gegenbauer moments B, and the Gegenbauer poly-
nomials C ,3,,/ 2. For the twist-3 distribution amplitudes, we
adopt the asymptotic forms for simplicity,
s_ [fs r_ [s
b =—F%, o5 =_—=(1-2x). (®)
STt TP a6
The fgand f s are the vector decay constant and scalar decay
constant of the scalar meson, respectively. For the neutral
scalar mesons (o, fo, and ag), the vector decay constant van-
ishes due to the conservation of the vector current. However,
the scalar decay constant f g, related by the equation

mg

_— 9
ma () — my(p) ®

fs=ufs, n=
remains finite. Note that the above parameters, B,,, fs, and
? s, depend on certain scenarios, for the numerical results of
which one is referred to Refs. [5,6].

For the neutral light scalars o and f(980), in the two-
quark model, much experimental evidence indicates that
there is a mixing between o and f((980), which is similar to
the n—n’ system,

o\ [cosf —sin6 I
<f0>_<sin9 cos 6 )(ﬂ)’ (10)
with f, = (uit + dd)/~/2 and f; = s5. For the mixing

angle 6, various experimental measurements have provided
different values [76-78]. Recently, the LHCb has proposed

@ Springer
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the upper limit |6 < 30° by the process EO — J /v f0(980)
[79]. Analyzing the present experimental implications, we
prefer to adopt the two possible ranges of 25° < 6 < 40° and
140° < 6 < 165° [80-85]. It is noted that, for the f(980)
and o mesons, there are other interpretations, for example,
the wr generalized distribution amplitudes [86,87].

For the fh(1370)— fo(1500) system, according to Ref. [88]
and neglecting the tiny contribution from the scalar glueball
[89-91], the mixing form can be simplified as

fo(1370) = 0.78 £, + 0.51 f;,
fo(1500) = —0.54 f,, + 0.84 f;. (11)

For the initial B meson, neglecting the numerically sup-
pressed Lorentz structure, the remaining leading order wave
function can be decomposed as [92,93]

/)
=05 (x.b)
Vo

plr.b) = {(P +mp)ys|

'
+E¢B(x,b)}

i

V2N,

[@ + muyys|#sx.b) +485 . )]
(12)

with

¢p =), 5= (5 —0")/V2. (13)

The contribution from ¢ starts from the next-to-leading-
power A /m g, which should be included together with other
next-to-leading-power contributions in order to form a com-
plete analysis. So, we here neglected it in the current work.
The light-cone distribution amplitude ¢p(x, b) can be writ-
ten as [92-94]

2.2

msaXx 1
¢5(x, b) = Npx>(1 — x*) exp [— - —Ew%bz], (14)

with the normalization constant Ng, which can be deter-
mined through the following normalization condition:

B
2:/6

For the shape parameter wp and the decay constant fp,
we will take (0.4 &= 0.04) GeV and (0.19 + 0.02) GeV for
the B meson, respectively, and take (0.5 £ 0.05) GeV and
(0.23+£0.03) GeV for the B; meson, due to the SU(3) break-
ing effects [51-54].

In terms of the heavy quark limit, the two-parton light-
cone distribution amplitudes of the D(D*) meson will be
taken as [95-98]

1
f dxpp (. b = 0) = (15)
0

. 1
(D(D)|qa(2)es(0)|0) = 2#% fo dxe™P < [ys(p
D) (x, B, (16)
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(D*(p)lga(2)cp(0)]0)
-1 1 .
= — dxelXp'Z[e' + m *) L*(.x, b)
2\/6 /0 L(p D ¢D
+dr(p+mp ) (x, b)lag. (17)
with the distribution amplitudes [96-98]
1

2\/6fD(*>6x(1 —x)[1

+Cp(1 —2x)]exp [—%w%bz] , (18)

op(x,b) = ¢ (x,b) =

with the shape parameter wp = 0.15 £ 0.5 GeV. Note that
the high-twist distribution amplitudes are not included either,
because they are suppressed by A /m ). We choose Cp =
0.5=£0.1 and fp = 207 MeV for the D meson, and Cp =
0.4 +£0.1 and fp, = 241 MeV for the D; meson [99]. The
parameters Cp are fitted from the B — DP(V) and By —
Dy P (V) decays [96-98]. For DE‘S), the decay constants can
be obtained through the relation based on the heavy quark
effective theory, which can be found in Refs. [61-64,97].

3 Perturbative calculation

In this section, within the PQCD approach, we specifically
calculate the decay amplitudes without the Wilson coeffi-
cients in Eq. (5) for each Feynman diagram, and we express
the calculated amplitudes as a convolution of the hard kernel
and the mesons’ wave functions. It is noted that there are two
kinds of diagrams contributing to the considered decays at
the leading order. The diagrams with a D meson emitted are
presented in Fig. 1, and those with a scalar meson emitted
are listed in Fig. 2.

For the two factorizable emission diagrams (a) and (b) in
Fig. 1, the amplitudes can be written as

1 1/A
Mer = sncffDm‘}g/ dxldng b1dbb3db3dp(x1, by)
’ 0 0
x [#sC)0F@xs + 1) = @3 + 1)
+rs(2x3 = D@F () + 8§ (12))]

Ee(fa)her (v1. x3(1 = rp). b, b3)
— 253 (e3) Eeg (tp)her (x3, x1 (1 = ). b3. by | (19)

where r¢ = mg/mp, rp = mp/mp, and the color factor
Cy = 4/3 for B decays. The expressions for the scale 7,
the Sudakov factor E, and the hard functions 4 from the
denominator of the propagators can be found in Appendix A
of Ref. [63].

The two diagrams (c) and (d) in Fig. 1 are the so-called
hard-scattering emission diagrams. Compared to the previous
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) \/ ) \/ ) )
[ — [ — b 4 bA
= c: = 1 &

_— _ 7
a b
c c c c
| % | % | % | \\/
e f g h
Fig. 1 Leading order Feynman diagrams contributing to the B — D%s decays in PQCD approach
two, each decay amplitude involves three meson wave func-  For the nonfactorizable diagrams (g) and (h), the correspond-
tions. After integrating out b3 with the § function §(b; —b3),  ing amplitudes are given as follows:

the amplitudes for these two diagrams can be expressed by

2 1
Ment = 16\/gﬂcfm%/ dx1dxpdxs
0

1/A
X /(; b1db1bydbyppg(x1, b1)p(x2, by)

2 1
Manf = _16\/;ﬂch%/ dxidxodxs
0

1/A
« / brdbibadbads (x1, b1)bp (x3, b2)
0

x {ws(xz)(ré +7ri2x2+x3— 1) —x2)
x{[qbs(xg)(r,% — 2@ +x3 =2 +x— 1)
+rprs(@s(x3)(x2 — x3 +3)

+rsx3(9§(x3) — ¢§ (3)1Een (t)heng1 (xi. bi) + 8T () (1 — x2 — x3)) Eant (t)lig (5 b1, b)
—[s(3)(2(rpy +2r§ = D) +x3Q2rp + 15 — 1) s () (D (k2 + 203 —2) — x3 4+ 1)
+rsx3(@5 (x3) + OF (43))] Eent (ta) hent2 (i bi)}~ —rprs(@s(x3)(x2 — x3 + 1)
(20) + ¢ (x3) (X2 + x3 — D) Eant (61 (xi, by, bo).
(22)

The four diagrams in the second row are the annihilation
type diagrams, which can be perturbatively calculated in the
PQCD approach. Diagrams (e) and (f) are the factorizable

For these diagrams with a scalar meson emitted in Fig. 2,
the decay amplitudes are expressed as

diagrams with the B meson factorized out, and the amplitudes , 4 1
can be written as ef = 8”CfmeB/(; dx1dx3
4 1 1/A
May = S”CfmeB/O dxzdx3 X/ b1db1b3db3pp(x1, b1)pp(x3, b3)
0
1/A
X/ bydbyb3dbzpp (x2, b2) ><{[FD(ZX3—1)—(1+X3)]Eef(ta)hef(X1,X3,bl,b3)
0
x {[¢s(xa><r%<2xs =3+ 5= Dz = 1) — rpEet(tp)he f (x3, x1, b3, b])}, 23)
+rprs(5 (1) (2xs —3) — ¢f (13)(2x3 — ] / 3 L
X Eaf (1ha (1 = x3), x2(1 = r3). by, b3) My = —16\f§”cf’"3/0 dridnda
+ps(x3)((rp — Dx2 +r5(2x2 — 1)) A , ,
4 2rprs(o + 1)¢§(x3)] Xfo 1db1b2dbrgpp (x1, b1)p(x3, b1)@s(x2)
Eap(tp)hay(x2, (1 — x3)(1 = rp), b3, bz)}~ 1) x {[ré@xz +x3—2) —rpx3 —xz+ 1]

@ Springer
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S
6\/ ¢
_
8 D
e,
;O L.

q a

éﬁé

Fig. 2 Leading order Feynman diagrams contributing to the B — D%s decays with a scalar meson emitted in PQCD

X Eenf (tc/')h/enfl (xi, b;)

+ [xz(Zré + r§ -1+ xg(r}z) +rp

+2r§ — DIEent (£ hlye (xi bi)}-

(24)

From Eq. (23), one finds that the amplitudes of factorizable
emission diagrams with a scalar meson emitted are propor-
tional to the vector decay constant of the scalar, so it will
be highly suppressed by the tiny vector decay constant of the
scalar meson, or even vanishes for the decays emitting a neu-
tral scalar meson, because the neutral scalar meson cannot

be produced through (V — A) current.

Forthe B — D'S decays, there are only the longitudi-
nal polarization contributions in the light of the conservation
of angular momentum. The expressions of the factorizable
emission contributions can be obtained by the following sub-

stitutions in Eq. (19):

L L
Mes — _Mef, oD — Pp«,

mp — mpx, fD — fé*

(25)

For the hard-scattering emission diagrams, the decay ampli-

tudes can be expressed as

2 1
ML = 16\/;ncfmj‘9 /O dxydxadxs

1/A
< /0 brdbibadbagp (x1, b)dh. (x2. b2)

x{[#sC 0B (1 = 20 +rF e+ 15— 1)

L2 1 1
+<§r5— )(X2— )

—rs3 (@3 (¥3) — BF (13)) | Eent (1) hen1 (5, )

3
+ [¢S(X3) (X2 (r% + §r§ -1

1
+x3 <2r% + zr_% — 1))

+rsxa (@ (65) + 6F (13) | Eent () henr2 (31, b0) |-

@ Springer

(26)

ke |

Similarly, the annihilation type contributions can be written

as

L
Mgy =

L _
Manf -

1
87 C s fymy / dxadxs
0

1/A
x / bydbyb3dbsph. (xa, ba)
0

1
x{[#sreh 1 — 20 + (1 - Erf) (3= 1)

+VD"S(¢§‘(X3) + ¢§(X3)):|haf((1 —x3), x2(1
= 7). b, b3) Eay (1c)

3
+ st = rdByea 413 (1 - 5x2>>
+2rprs(1 = 12)¢§ () [hay (2, (1 = ) (1

— ) ba b)) Ear i)}

) 1
—16‘/§nc_fm‘}3/ dxjdxadxs
0

1/A
< [) brdbybrdbag (x1. by)ph. (x2. b2)
x{[#sCe 0B (1 =20 = F2 +23 = 1)
1
+ x2 (1 - §r§>)
—rprs((xa +x3 — D§(x3) + (1 — x2
2398 (63)) g (i b, b2) Eant (1)

1
+ [¢S(X3)(rlz)(xz —2x3+2)+ (1 + ir%) (x3—1))

—rprs((o +x3 — D@3 (x3) + (22 — x3

+ D@ (o) i, b b2) Enan)}.

27)

(28)

For those diagrams with a scalar meson emitted in B —
D's decays, the factorizable emission contributions can be
obtained from Eq. (23) directly by adopting the same substi-
tutions as Eq. (25), and the hard-scattering emission contri-
butions can be expressed as

2 1
Mk = 16\/;71Cfm%/ dxjdxodxs
0

1/A
X/ b1db1bydbagp (x1, b5 (x3, b1) s (x2)
0
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X { [r%(xz —x3—2)+rpx3+ réxz
1
+a—wg<1+5&)]aﬂwm@ﬂuhm>
1
+ [xz (rlz) —1- §r§> —|—x3(r%) +rp

3 "Yh'
+ Er_% - 1)]Eenf(td)henf2(xi’ bl)} )

As for the Wilson coefficients of each decay modes, they

are the same as those of B, — ng))T decays, and can be
found in Ref. [63].

4 Numerical results and discussions

In this section, we will present the numerical results and some

phenomenological analyses of the considered B — 5(*)5

decays. First of all, we should list the input parameters in our
numerical calculations [1]:
A%4 =0.25+0.05GeV, mp,, =528(5.37)GeV,
myp = 4.8GeV,
mp,, = 1.87/1.97GeV, mp; =2.00/2.11GeV,

Tp+p = 1.64/1.52ps, 13, = 1.48ps,
Vep = 0.041270000L V¢ = 0.22534 £ 0.00065,
Vua = 0.97427 £ 0.00015. (30)

For the decay constants of the scalar mesons calculated
within the QCD sum rules, we adopt the values in Ref. [6].
In Tables 1, 2, 3 and 4, we tabulate our numerical results
of the branching fractions with uncertainties. Considering
the four-quark picture beyond the conventional quark model,
we cannot calculate the decay constants and the distribution
amplitudes within the QCD sum rules and the lattice QCD
approach. So, for the light scalars below 1 GeV, we only
list the results of S1, i.e., the two-quark scenario. For the
heavy scalars, the numerical results in the two scenarios are
both presented. Indeed, previous studies [5,6] indicated that
S2 is favorable. Of course, there are many uncertainties in
our calculations, and here we mainly evaluate three kinds.
The first errors are caused by nonperturbative parameters,
such as the decay constants fp, fs, ?S, the shape param-
eters wp,p in distribution amplitudes of B/D mesons, the
Gegenbauer moments B; in the distribution amplitudes of
the scalar mesons. The second ones are from the unknown
next-to-leading order (NLO) corrections, characterized by
the choice of the Agcp(0.25 £ 0.05GeV) and the variations
of the factorization scales ¢ (0.75t — 1.25¢). NLO contri-
butions in PQCD are not available. In Refs. [100,101], the
authors have estimated the NLO effects in B — w decays
by including the NLO form factors, NLO Wilson coefficients,
vertex corrections, the quark loops, and the chromomagnetic

Table 1 Branching fractions of B, — ‘DS(ap(980), k, o, f0(980))
decays calculated in the PQCD approach in S1

Decay modes Class BRs(1079)

Bt - Da c 4830

BY — D*ag' T 17~6t3:2t;}ii_5?49
BY — ang C 1601—?21—;?3

BY = B (/) c 13445345583

B D" fo(fu) c T84T
BY — DS_K+ E 72~6342‘:?t§:gt‘11:g
B, - D% c 262t 3

By — Dy af T 64.31"2%%1'1(1):21—?22
Bt — D'kt c 108443119707
BY — Dkt T 4831—{:2&8:81—82%2
B — D'« C 6.891 338231051
By — D~aj E 3~42ti:?;f8:izlttg:%(l)
B, — D'ay E L7070 G021 008
By — Do (f) E Byt
B, — Do (f)) C 14247555007
By — D" folf) E 13670357013 004
By — D fo(f,) C 10.6183738705
By — D" T 1021030507008

penguin. The results showed that the NLO effects are modest
and the uncertainties due to the scale variation in the LO are
reasonable. The last errors come form the uncertainties of the
CKM matrix elements listed in Eq. (30). In our calculations,
we admit that the next-leading power (A /m ) corrections are
not included, which have been estimated to be no more than
10% [55,56]. Moreover, the next-leading power corrections
of A/mp are even larger. Yet now, all next-leading power
corrections are not available, so we will not include them
here and leave them as our future work. From the tables, it
is apparent that the most significant theoretical uncertainties
are from the nonperturbative parameters. In these tables, in
order to indicate the dominant contributions, we also mark
each channel by the symbols “T” (color-allowed tree contri-
butions), “C” (color-suppressed tree contributions), and “E”
(W exchange type contributions). Because all of these decays
only occur through tree operators, the C P asymmetries of
these decays are null in SM.

From the tables, one can find that, compared with the
AS = 0 processes, the AS = 1 processes are all suppressed
by the CKM matrix elements |V,,s/ Vud|2. For these T-type
decays with a scalar meson emitted, the contributions from
factorizable emission diagrams are either suppressed by the
tiny vector decay constant of the scalar meson or even vanish
for the neutral scalar mesons, though they have large Wilson

@ Springer
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Table 2 Branching fractions of

Bi) — Decay modes Class BRs(1079)S; BRs(1075)S,

n *

15000, cutmed e B = Da (1450) c IR 3

PQCD approach in 1 and S2, B — D~ag (1450) TE 4,097 353101043 0.927037 021100

respectively B® — D°ap(1450) C 313 6.2 3751115
BY = D’ fo(1370)(f,) c 28.61301 33503 163136 30 04
B® — D’ fo(1500) (/) C 2725075503 13273556703
B — D7 Kt (1430) E LA 38036003 9.08%5 761055 022
B, — D'K;(1430) C 53.91380 85013 68.87333 75813
By — Dy a5 (1450) T 103235513563 4355y 0sr o1
B+ — D'K;* (1430) C 472 8 000 4.961313 0% 0713
B — D~ K" (1430) T 0.97 038701 0.08 0.79 1038 011003
B® — D'K;°(1430) C 3.397 15046010 3197337040000
B; — D~ ag (1450) E 0142005001 2001 0437015 0,03 001
B, — D'af(1450) E 0.07-503 001 001 021500 001 001
B, — D' fo(1370)(f,) E 0.0515:0 001 “0.01 01750077001 7001
B, — D" fo(1370)(f;) C 2301157053007 29753103 000
B, — D' fy(1500)(f,) E 0.051005 001 001 017557 001 Z001
By — D° fy(1500)(f3) c 2247357028 0 2715047625 00
B, — D; K5 (1430) T.E 036515608 001 0.39*0 16 0.04 001

Table 3 Branching fractions of B, — D*s (ao, &, 0, fp) decays cal-
culated in the PQCD approach in S1

Decay modes Class BRs(107°)

Bt — E*Oag C Szoﬁégt}%ﬁg
B® - D*~a T 250145

B = D" C 12877543447
B~ D (f) C 1710

B — D™ fo(f) c [ e

B — D k™ E 13.0fi§fé§tgiz
B, - D% c 3205153 50 s

B, — D;~aj T 1697345500

Bt - Dkt C S-SOjﬁJ—rgzggtg:g;
BO — Dt T 342513555560
B - D% C 9.251 853557057
By — D*~ag E 0~76t8:ggtgf:§tg:8§
B, — D" ag E 0.38 10157008 0.02
B, — Do (fy) E 0191565603 0o
B, — Do (f) C 16475633558
B, — D" folfi) E 0271510 556 601
B, — D" fo(fy) C 127250554503
By — Dkt T 6.83353 150020

@ Springer

coefficients. For the two hard-scattering diagrams ((c) and
(d) in Fig. 2), because the light-cone distribution amplitude
¢s of the scalar meson is antisymmetric, the contributions
of these two diagrams no longer cancel but are enhanced,
which can be seen from Egs. (24) and (29). So, although the
hard-scattering diagrams are suppressed by the Wilson coef-
ficient Cy, they also provide sizable contributions and even
dominate the decay amplitudes in some decay modes. In addi-
tion, we note that, for the T-type decays with «/Kj(1430)
emission, the contributions from factorizable emission dia-
grams are still sizable, because the vector decay constants of
K/ K(’)" (1430) are not too small due to the mass difference of
the up and strange quarks.

We now discuss the C-type decays with a D™ meson
emitted. The factorizable emission diagrams are suppressed
by the small Wilson coefficients C1+ C3/3. Since the cancel-
lation between the hard-scattering emission diagrams (c and
d in Fig. 1) is suppressed by the mass difference between the
¢ quark and the “light” quark in the emitted DY meson, the
contributions of the hard-scattering emission diagrams with
the large Wilson coefficient C; are no longer negligible; even
they dominate the decay amplitudes. Therefore, their branch-
ing fractions are expected to be large enough to be detected
at on-going experiments, especially for these AS = 0 pro-
cesses.
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Table 4 Branching fractions of

= D d Class BRs(1073)(S BRs(107%)(S
By, — D*S(ao(1450), ecay modes ass s( )(S1) s( )(S$?2)
K (1430), fo(1370), L0 4 +90+24+11 +70.1428.9+5.3
and fo(1500)) calculated in the B — D ag (1450) ¢ 20728175375 98.256.1-202-2'5
PQCD approach in S1 and S2, B — D* af (1450) T 26.8113 73100 11377542407
tivel _
ey B — D"ay(1450) c 40155355 S8R
8~ D™ fo(1370)(f,) C M48553 0 2784514450505
B” = D™ fo(1500)(f,) C M5 25150156 s
BY — DKy (1430) E 05315374517 001 0.99% 5351651 003
B, — DK (1430) C 73.00305 50ty 79.0° 500,
B~ DI 1450) T B0 020"
5 = 1= /.8—0. ° —J.! — 1. —U.
B - DK (1430) c 10.1433713+0¢ 3083210808
B DK 1430 T 075 B 009"
B — D"K;(1430) C 4904101004 3805330 G0 011
By > D" a; (1450) B 006752788100 0055788100
B, — D"af(1450) E 0.034551 601 7001 0.034051 601 7001
B, — D" /o(1370)(f) E 0.024551 601 7001 0.025551 %501 7001
-*0 +1.94+0.18+0.20 +3.504+0.39+0.20
Bs — D fo(1370)(f5) C 3.2975350215010 3437556 045011
B, — D" fo(1500)(f,) E 0.025051 %601 " 01 0.025551 %601 701
75*0 +1.90+0.23+0.20 +3.32+0.3440.19
By — D™ f5(1500)(f;) C 3.2571 400190100 3215535036010
- 0.55—-0.44—0.09 0.27+0.06+0.01
BS - D;k K(T+(1430) T 1'40t0.5070.4170.04 0'24t0.20t0.08t0.01

As is well known, the annihilation type diagrams are
power suppressed in the PQCD approach, and the branch-
ing fractions of the E-type decays are expected to be much

smaller than the others. However, for the B — 5(*) S decays,
because there is a large mass difference between the D meson
and the scalar meson, which will weaken the cancellation
between the two nonfactorizable annihilation type diagrams
(g) and (h) in Fig. 1, the contributions of the annihilation
diagrams might be sizable. As a result, the branching frac-
tions of these E-type decays are not too small, as usual, espe-
cially for these AS = 0 processes. For example, enhanced
by the CKM matrix elements, the branching fractions of the
B® — D K;"(800/1430) even reach 107, the order of
which is measurable in the on-going experiments. When the
experimental data is available, it will provide another plat-
form to study the dynamical mechanism of the annihilation
diagrams in two-body hadronic B decays.

Specially, B — D"’af (980) and B+ — D"’k
(800) decays have both a T-type contribution with a scalar

meson emitted and a C-type contribution with Y emit-

—(%)0 ..
ted. For Bt — D(*) a(J)r (980) decays, the constructive inter-
ference between those two contributions makes the branch-

ing fractions larger than the pure C-type decays, such as

—(%)0 .. .
By — D(*) ra decay. Similarly, the constructive (destruc-

tive) interferences also lead the branching fractions of B¥ —

5(*)()/( *+ larger (smaller) than the pure C-type B® — 5(*)0160

decays. In particular, because the vector decay constant
of k is not tiny, the T-type contributions with a « emit-
ted are sizable. From the Table 1, one can also find that
B(B; — Dyag(980)) > B(B" — D~ap(980)") and
B(B® — D™«k*(800)) > B(B; — Dy k*(800)), which
can be understood by the interference between T-type and E-
type contributions. The relations B(B? — D*~ag(980)") >
B(B; — Dj_ag(980)) and B(B; — D} x"(800)) >
B(B® — D* «T(800)) in Table 3 can also be explained
in the same manner.

From Tables 2 and 4, it is found that, for these C-type
decays, such as By — 5(*)()?30(1430) and B — B(*)O
K 6*0(1430) decays, the branching fractions in S1 are roughly
equal to those in S2. This can be explained by the fact that
the two dominant nonfactorizable diagrams (c) and (d) in
Fig. 1 will be cancelled out by each other. Thus, the effects
caused by the wave functions of scalar mesons are inconspic-
uous. In fact, such cases also occur in the color-suppressed
B — D™ S decaysin Ref. [50]. We also note that the branch-
ing fraction of BT — BoaaL(MSO) in S2is larger than that in
S1. That is because the constructive interference between the
C-type contributions with D emitted and the T-type contribu-
tions with the scalar meson emitted in S2 is much larger than
thatin S1. However, for the decays BT — B*Oag (1450) and

—*0 . .
Bt — D" Kg +(1430), the destructive interference causes
their branching fractions in S2 to be smaller than those in

@ Springer
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S1. As for BT — BOK(“; *(1430), although the interference
between the two type contributions is also constructive in S2,
its branching fraction in S2 is only slightly larger than that
in S1, because the contributions from factorizable diagrams
and the nonfactorizable ones are canceled out by each other,
especially when the vector decay constant of K§+(1430)
is no longer as small as the others. We also note that the

Bt — 5(*)0a6r (1450) decays can be used to identify differ-
ent scenarios. Similarly, for the decays B® — 5(*)0a8 (1450)
and B® — 5(*)0 f0(1370/1500), the branching fraction dif-
ferences between the two scenarios are ascribed to the inter-
ference between the emission contributions and the annihi-
lation ones.

The T-type By — D§*)7c16r (1450) decays, which are pure
emission processes with a[{ (1450) emitted, are dominated by
the hard-scattering emission diagrams, since the factorizable
diagrams are highly suppressed by the small vector decay
constant of the ag’ (1450). The ratio of branching fractions
between S1 and S2 is about 2 and 4, for By — Ds_ag'(1450)
and B; — D;*’aar (1450), respectively, which indicates that
the branching fractions are sensitive to the scenarios. From
Eq. (20), it is found that the contributions from the two hard-
scattering diagrams are enhanced by each other. When we
switch from S1 to S2, the changes induced by the distribu-
tion amplitudes in S2 will overlap with each other, which
makes the branching fractions different from those in S1.
As for B — D(*)_aa' (1450) decays, the ratio between S1
and S2 is about 4 for B — D_ag'(1450) and about 2 for
BY — D""aar (1450), which is contrary to the cases in By —
DAE*)_a(J{ (1450) decays. This is caused by the interferences
between the emission diagrams and the annihilation ones. In
S2, the interference is destructive for B — D~ay (1450)
decays, but constructive for BY — D*_a(')|r (1450). Unlike
the cases of the above T-type decays with the ap(1450),
the branching fractions of the B — D_K5‘+(1430) and
By — D KS‘ *(1430) decays in the two scenarios are
roughly equal. However, for B — D*_K§+(1430) and
By — DI K| *(1430) decays, the branching fractions in S1
are much larger (about seven—eight times larger) than those
in S2. For the above four decays, the color-allowed factor-
izable emission contributions are sizable in S2, because the
vector decay constant of the K, (’)k *(1430) in S2 is larger than
in S1. For B — D~ K" (1430) and B, — D; K" (1430)
decays, the interference between the above contributions and
the ones of the hard-scattering emission diagrams is construc-
tive, so their branching fractions in S2 are roughly equal to
those in S1. However, this kind of interference is destruc-
tive for B — D*~K;*(1430) and B, — D}~ K" (1430)
decays, and their branching fractions in S2 are smaller than
those in S1.

Now, we turn to a discussion of the pure annihilation
decays, which are dominated by the nonfactorizable annihila-

@ Springer

tion diagrams. From Table 2, one can find that the branching
fractions of pure E-type B — DS decays in S2 are much
larger than those in S1. As is well known, the cancellation
between two nonfactorizable annihilation diagrams is sup-
pressed by the large mass difference between the b quark
and the light quark. So, the changes induced by the distri-
bution amplitudes of the scalars become important, which
leads to the fact that the branching fractions are obviously
dependent on the scenarios. Taking By — D*aar (1450) for
illustration, the branching ratios in S2 are about three times
larger than that in S1. However, from Table 4, we find that
the situation is reversed for the pure annihilation B — D's
decays, the discrepancies of branching fractions in differ-
ent scenarios are quit small. Comparing the Eq. (21) with
Eq. (27), we notice that the two factorizable annihilation dia-
grams are cancelled by each other in B — DS decays but
enhanced in B — DS decays. So, in B — DS decays,
the contributions from two factorizable diagrams are com-
parable with those from nonfactorizable ones. Moreover, the
interference between the factorizale annihilation diagrams
and the nonfactorizable ones is destructive (or constructive)
in S1 (S2), which causes that the branching fractions in S2
are almost equal to or even larger than those in S1.

In the conventional two-quark picture for the light scalars,
although the LHCb experiment had measured the branching
fractions of B(By) — Do and D fy(980) [48,49], the mixing
angle 6 cannot be constrained stringently due to the large
uncertainties. For convenience, we present individually the
branching fractions under the pure nn and 55 components in
the tables. Once the S1 is confirmed and the mixing angle is
fixed, one can obtain the branching fractions directly from the
two predictions with the nn and ss components. For instance,
if the popular value ranges [25°, 40°] and [140°, 165°] are
adopted, we can predict the branching fractions as listed in
Table 5. In the same manner, by neglecting the tiny glueball
contents and adopting the results of Eq. (11), we also list
the branching fractions of the decay modes with f(1370) or
f0(1500) in Table 6. Note that we here only list the center
values for simplicity.

In fact, under the two-quark assumption, only the nn com-

ponent contributes to the decay modes B® — D' f5(980) and
B° > D', Thus, we can define the ratio

BY — D' fo(980)  sin?6

2
r = = = tan- 6. 31
BY — DOy G

" cos?o

Using the latest experimental data in Eq. (1), we can obtain
r=0. 12“:8:82, which can constrain the range of the mixing
angle as

0 € [14°,24°] or [155°, 166°]. (32)

Compared with the results of Ref. [80-85], the obtuse angle
solutions agree with each other, but the acute angle we
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Table 5 The calculated branching fractions of By — 5(*) f0(980)
and o with the mixing in the PQCD approach (unit:10~6)

Decay modes [25°,40°] [140°, 165°]
B = Do 78.6 ~ 110 78.6 ~ 125
B® — D £,(980) 46.0 ~ 64.4 46.0 ~ 73.1
B, > Do 3.99 ~ 7.22 1.66 ~ 5.87
By — D' £5(980) 5.46 ~ 7.92 8.09 ~ 10.6
B’ = Do 100 ~ 140 100 ~ 159
B® — D™ £,(980) 70.2 ~ 98.2 702 ~ 111
B, > D% 2.93 ~ 6.70 1.37 ~ 7.09
By — D™ £5,(980) 7.62 ~ 10.5 7.55 ~ 11.9

Table 6 The calculated branching fractions of By — 5(*) Jfo(1370)
and fo(1500) with the mixing in the PQCD approach (unit: 107%)

Decay modes S1 S2

B® — D’ f,(1370) 173 99.2
B® — D’ £,(1500) 793 38.5
By — D' f,(1370) 7.40 4.85
By — D" fo(1500) 14.9 24.5
B = D™ f,(1370) 272 168
B = D™ £,(1500) 129 732
B, — D™ £,(1370) 10.7 7.55
B, — D™ £,(1500) 20.8 24.6

obtained is a bit smaller than the previous results. Using the
mixing angle value in Eq. (32) and the results in Table 1, we
get the branching fractions of B® — D fy(80) /o

B(B° - Do) ~ (11.9797) x 1075,
B(B® — D’ £5(980) ~ (0.8%93) x 1073, (33)

where the errors are only from the mixing angle. Compared
to Eq. (1), one can find that our numerical results can accom-
modate the experimental data well within the limit of errors.

It should be noted that there are large uncertainties in our
results and discussions, especially ones induced by the non-
perturbative parameters, which might lower our prediction
power and blur the distinction between the two scenarios even
in favorable cases. Therefore more reliable nonperturbative
approaches and experimental data are needed for describing
the nature of the scalar mesons in the future.

5 Summary

Motivated by recent results of the charmed B decays with a
scalar from LHCb experiment, we attempted to investigate

the B/B, — DS decays induced by the b — € transi-

tion within the framework of the PQCD approach. Although
the light scalar mesons, especially fy(980) and ap(980), are
widely perceived as primarily four-quark bound states, in
practice it is difficult to make quantitative predictions based
on the four-quark picture for light scalars. Hence, predic-
tions are made in the two-quark model for the decays with
the light scalar mesons. For the decays with scalar mesons
above 1 GeV, we have explored two possible scenarios, the
difference depending on whether the light scalars are treated
as the lowest lying g g states or four-quark particles. By com-
paring with the experimental data, we can deduce whether
the heavy scalars are the ground states or the first excited
ones, though the current studies prefer the former. Since
the considered decays occur only through tree operators,
there are no C P asymmetries. The branching fractions of
most decay modes are in the range of 107#~10~7, which
can be tested in the LHCb experiment and by Belle-II in
the near future. Some decays have large branching frac-
tions, such as the B+ — Da (980/1450) and B+ —
D(*)_aar (980/1450), which are measurable in the current

experiment. For the B — 500 and B — BO f0(980)
decays, our numerical results accommodate the experimental
data well within the limit of the errors, even in the two-quark
picture. We note that although the nonperturbative parame-
ters, the higher-order and high-power correction, and even the
effects of the final states interaction lead rather large uncer-
tainties, the orders of magnitude and some phenomenologi-
cal discussions will be useful for the on-going LHCb and the
forthcoming Belle-II experiments.
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