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Very recently, the Belle II collaboration presented a measurement for the decays Bt — DK+ K? and
B? » DWK*K?, with the bulk of observed m(K*KY) distributions showing low-mass structures in all
four channels. In this work, we study the contributions of p(770, 1450)*, a,(1320)", and a((980, 1450)™
resonances to these decay processes. The intermediate states p(770, 1450)" are found to dominate the low-
mass distribution of kaon pairs roughly contributing to half of the total branching fraction in each of the
four decay channels. The contribution of the tensor a,(1320)" meson is found to be negligible. Near the
threshold of the kaon pair, the state a;(980)* turns out to be much less important than expected, not being

able to account for the enhancement of events in that energy region observed in the B+ — DF)OK+ KO
decays. Further studies both from the theoretical and experimental sides are needed to elucidate the role of

the nonresonant contributions governing the formation of K+ K pairs near their threshold in these decay

processes.
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I. INTRODUCTION

Three-body hadronic B meson decay processes are
regularly interpreted in terms of the contribution of various
resonant states. The investigation of appropriate decay
channels will help us to comprehend the properties and
substructures of the related hadronic resonances involved in
these decays. By employing the Dalitz plot amplitude
analysis technique [1], the experimental efforts on relevant
decay processes combined with the analysis within the
isobar formalism have revealed valuable information on
low-energy resonance dynamics [2,3]. Very recently, the
Belle II collaboration presented a measurement for the
decay channels BT — D®K*K) and B® — D)-K* K
[4,5]. In addition to the four branching fractions for these
concerned decays, the m(K*K?%) distribution of kaon pairs
was also provided, showing relevant low-mass structures in
all four channels [4].
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Given the presence of an open charm meson D) in the
final state, these four decay processes measured by Belle II,
which have also been previously searched by the Belle
experiment [6], are relatively simple and clear from a
theoretical point of view. One only has to consider the
contributions from the tree-level W exchange operators O,
and O, in the effective Hamiltonian H. [7] within the
framework of the factorization method [8]. In the low-mass
region, the isospin / = 1 K*K° kaon pair emitted in the
Bt - DWOK+K? and B® - D®-K*K° decays can be
originated from the charged intermediate states, p(770)%,
ap(980)™, a,(1320)" and their excited states, via the quasi-
two-body mechanism shown schematically in Fig. 1. The
intermediate state R in the figure, which decays into the
final kaon pair, is generated in the hadronization of the light
quark-antiquark pair ud or can be formed as a dynamically
generated state through the meson-meson interactions.

The neutral states ¢(1020), ®(782) and their excited
states will not decay into K*Kg as a result of charge
conservation. The charged p resonances are then the
expected intermediate states contributing to the K*Kg
system with spin-parity J” = 1=, In principle, the natural
decay mode p(770) — KK is blocked because the pole
mass of the resonance p(770) is below the threshold of the
kaon pair. However, the virtual contribution [9-12] from
the Breit-Wigner (BW) [13] tail effect of the p(770) was
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FIG. 1. Schematic view of the cascade decays BT —
DWOR* - DUOK+KO  and B° — DWW Rt — DW-KTKO,
where R™ stands for the intermediate states p(770, 1450)7,
ay(980, 1450)*, or a,(1320)*, which decays into K*K° in this
work.

found to be indispensable for the productions of kaon pairs
in the processes 77p - K K™n and n"n—- K KTp
[14,15], pp — KtK~7° [16,17], ete™ = KT K~ [18-26],
and ete™ — K9KY [27-32]. Besides, the mesons p(770)*
and p(1450)* are the important intermediate states for the
hadronic 7 decays with K*K? in the final states [33-36]. In
recent years, the contributions for kaon pairs originating
from the p family of resonances have been explored in
Refs. [37-40] for quasi-two-body B meson decays and in
Refs. [41-44] for D meson decays.

The a((980) is an experimentally well established scalar
state, which has been primarily seen as an enhancement in
the 7 channel [45], as well as in the KK system near
threshold [10]. It has commonly been placed together with
the states f((500), K;(700), and f((980) into a SU(3)
flavor nonet. The quark-antiquark configuration in the
naive quark model for their internal structure cannot
explain its true nature. In this context, scenarios such as
tetraquark states [46-50], molecular states [51,52] and
dynamically generated states from meson-meson inter-
actions [53-56] or a quark-antiquark seed [57-60] have
been adopted to describe the mysterious properties of the
ay(980); see Refs. [2,61-64] for reviews in this matter.
Conversely, the state ay(1450), first observed from zp
pair [65], is usually described as a gg resonance in the
phenomenological studies of Refs. [66—70]. This resonance
ao(1450)" is however expected to contribute to the
kaon pair distribution from the B* — D®*OK*K* and
B® - D®-K*K" decays with a small amount, in view
of its tiny decay constant [66,71] and the small ratio
between the KK decay channel and its dominant wzz
mode [2,72].

As for the contribution of the isovector tensor meson
a,(1320), we note that it is the ground state of the a, family
with quantum numbers 19JP¢ = 172+ and it can be
reasonably understood as a constituent quark-antiquark
pair within the quark model [2]. The transition form
factors for the B meson to the a,(1320) state have been
obtained in Refs. [73-77] within various methods.
Moreover, the hadronic B meson decays involving a tensor
meson a,(1320) in the final state have been studied in

Refs. [78-85] in recent years. The tensor meson a,(1700),
assigned as the first radial excitation of the a,(1320) [2,86]
state, will not be considered in this work in view of the
negligible branching fraction of the decay of the a,(1700)
into KK pairs [2,87].

This paper is organized as follows. In Sec. II, we briefly
describe the theoretical framework for obtaining the res-
onance contributions to the decay rates of the BT —
DR+ — DHOK+K? and B® - D¥)~R* — DW-K+K?
processes, relegating to Appendices A and B the specific
details of the calculation of the decay amplitudes. In
Sec. III, we present our numerical results of the branching
fractions for the concerned quasi-two-body decay proc-
esses along with some necessary discussions. To test our
model, we will also present results for the branching ratios
of the B decay processes into a D) meson and a pair of
pions in the final state. A summary and the conclusions of
this work are given in Sec. IV.

II. FRAMEWORK

In the present paper, we analyze the low-mass enhance-
ment in the distribution of kaon pairs in the final states of
the Bt - DWOKTK? and B - D®)-K*TK® decay proc-
esses within the factorization method. We will specifically
concentrate on the resonances contributing to the invariant
mass region of m(K*K") < 1.7 GeV, adopting the quasi-
two-body framework for the relevant decays. The quasi-
two-body framework based on the perturbative QCD
(PQCD) [88-91] approach has been discussed in detail
in Ref. [92] and has been applied to the study of B
meson decays in Refs. [37-40,93-99] in recent years.
Parallel analyses for the related three-body B meson decay
processes within QCD factorization can be found in
Refs. [100-112], and for other works employing relevant
symmetry relations one is referred to Refs. [113-121].

For the cascade decays Bt — D*ORT — DHIOK+KO
and B > D®-Rt  DH=KTKO where the intermediate
state R stands for p(770,1450)", a(980,1450)", or
a,(1320)", the related effective weak Hamiltonian H.g
accounting for the b — ¢ transition is written as [7]

Gr
V2

where G = 1.1663788(6) x 107> GeV~2 [2] is the Fermi
coupling constant, C;,(u) are the Wilson coefficients at
scale p, and V., and V,, are the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements. The four-quark oper-
ators Of , are products of two V — A currents, namely Of =
(bd)y_4(iic)y_y and OF = (be)y_a(ud)y_y.

With the factorization ansatz, the decay amplitudes for
Bt —» DWOK+KO and B® » D™-K+KO are given as [122]

Her = Vi ViualCi(u) Of (1) + Cr(u) 05 (w)], (1)
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M(DOOKK) =LV, Y glay (D) (B)yy [ B) (K KO|(7d)y_4]0) + ay (K KO|(Bd)y4 B+ (D] ()40 (2)

V2

_ G
M(DW-KK®) = =L v,V a4, (D

V2

where the effective Wilson coefficients are expressed as
a, = Cl —+ C2/3 and a, = C2 —+ C1/3

The differential branching fraction (B) for the considered
decays is written as [2,105,123]

dB — lPxllPpl
Vedys P an)imd

1
(Msl +3 P oMy

4)

where the amplitudes M, and M are related to the vector
p(770,1450)" and scalar (980, 1450)" intermediate
states, respectively, with the help of the Egs. (2) and (3).
Here, 73(mp) is the mean lifetime (mass) for the B meson,

= mﬁﬁ 0 is the invariant mass square, and

Vs = (me + mgo)[ls = (my- — mgo)’]

25 ’

k| = (5)

VImg = (Vs + mp)Jimp = (/s —mp)?]
25 ’

IPp| = (6)

correspond, respectively, to the magnitude of the momen-
tum of each kaon and that of the bachelor meson D*)° or
D)=, with mass m b, in the rest frame of the intermediate
resonance.

By combining various contributions from the relevant
Feynman diagrams at quark level in Fig. 2, the total decay
amplitudes for the concerned quasi-two-body decays in the
PQCD approach are written as

S 5 C d

()=|(be)y_a|BYY (K KO (@) y_4 |0), (3)

Ay(BT - Do[ﬂ+ —|hh') = %Vibvud[alFTp + My,
+ aFrp + CiMyp), (7)

Ay (B = D~[p* —]hh') = G—\/gvﬁbvud[azFTD + C\Mrp
+aF,, + CoM,,), (8)

where hh' € {zn*z°, KT K°}. The label F (M) denotes that
the corresponding decay amplitude comes from the factor-
izable (nonfactorizable) Feynman diagrams, the subscripts
Tp and TD stand for the transition B — p and B — D,
respectively, and the subscript ap is related to the annihi-
lation Feynman diagram of Fig. 2(c). The specific expres-
sions in the PQCD approach for these general amplitudes F’
and M in these decay amplitudes are found in Appendix A.
One should note that the As here have a constant factor
(2/mp)? different from M, in Eq. (4) because of the
different definitions between PQCD and QCD factoriza-
tion, see the corresponding expression for the differential
branching fraction of the former in [38].

The quasi-two-body decay amplitudes (7)—(8) are related
to the corresponding two-body decay amplitude M,p for
the B — Dp* transition via the relation

hi'|p*
W

p

AV :MZB'

where (hh'|p*) stands for the coupling between the p*
and the hh' pair. Note that the former equation is
effectively incorporating the electromagnetic form factor
associated to the subprocesses p(770, 1450)* — 7" z° and
p(770,1450)" - K*K? in the corresponding quasi-two-
body decays, given by [124-127]

Sy
v (x<
I
ol
IS
D
S

(a)

(b) (c)

FIG. 2. Typical Feynman diagrams for the decays BT — DR+ — DWOK+KO and B® - DM-R* — DW-K+KO at quark level,
where (a) and (b) are the emission diagrams, (c) is the annihilation one, the quark ¢ = u and d for the B* and B processes, respectively,

and the symbol ® stands for the weak vertex.
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2

FR — JT,KBW = K mR 10
ﬂ,K(s) CR R(S) CR DR(S)’ ( )

where the label R represents the resonance, p(770) or
p(1450), and the coefficient ¢% = frres/(V2mg) [124]
depends on the corresponding decay constant fp, the
coupling constant gg,, and the mass mp. To obtain the
coefficient X we relay on flavor SU(3) symmetry, which
establishes g,7700x+k- = gp(770)05+ 2~ /2 [124]. The func-
tion BW(s) stands for a Breit-Wigner shape of the form
[124,127,128]

m2 mz
BW;=_—_X_— R , 11
BT Dg(s) myg — s — imgl'g(s) ()

with the s-dependent width given by

mpg |Ph|3

=Tp—
\/E|Pho|3

Tr(s) X*(Ipalrfw). (12)

4 * * v b v .
M5y = €. (Den, (4) |ag” + PPy + i

where £ stands for the pion and kaon, respectively, in the
7% and KK final state pairs. The magnitude |pj|
corresponds to the value of |p,| at s = m%, while |p,| can
be obtained from Eq. (5) with the replacement of m -0 by
m_+o. The Blatt-Weisskopf barrier factor [129] with barrier
radius riy, = 4.0 GeV~! [128] is given by

X() =/ = (13)

As for the other two decay amplitudes corresponding to
the B* and B° decays into final vector mesons D*° and
D*~, respectively, they are obtained from Egs. (7) and (8)
with the replacement of the D meson wave function by the
D* one. As has been done in the study of B decays into two
vector mesons in the final state, the two-body decay
amplitudes for B — D*p* in this work can be decomposed
as [130]

C
seﬂyaﬂPaP3ﬁ R

D\/_ mp
M
=M, +Myey (A=T)-€,(A=T)+ i—2Te"/’?’”el*m(/l)ef)*ﬂ(/1)P7P3,7, (14)
mp

with three kinds of polarizations of the vector meson,
namely, longitudinal (L), normal (N), and transverse (7).
According to the polarized decay amplitudes, one has the
total decay amplitude | Ay |* = |A[* 4 |A)[* + |A,|*,and a
longitudinal polarization fraction T';/T" = |A,[>/|Ay|?,
where the amplitudes AL,AH, and A are related to the
two-body amplitudes M;, My, and My, respectively, via
Eq. (9). For a detailed discussion, one is referred to
Refs. [130-134].

III. RESULTS AND DISCUSSIONS

In this section we present our results for the branching
ratios of the decay of B mesons into a charm D or D*
meson and a pair of light pseudoscalar mesons. In the
numerical calculations, we adopt the decay constants
fp70) = 0.216 £0.003 GeV  [135] and  f,(1450) =

0.18570052 GeV [92,136] for the p(770) and p(1450)

TABLE L.

resonances, respectively, and the mean lives 752 = 1.638 x
1072 s and 7 = 1.519 x 10712 s for the initial states
BT and BY [2], respectively. The masses for the particles in
the relevant decay processes, the decay constants for
B, D, and D* mesons (in units of GeV), and the
Wolfenstein parameters for the CKM matrix elements, A
and A, are presented in Table I. We adopt the full widths
L7700 = 149.1 £0.8 MeV,  T',1450) = 400 £ 60 MeV,
Fa0(1450) =265+ 13 MeV, and Fa2(1320) = 107 £5 MeV
for the intermediate states involved in this work.

To illustrate the capabilities of the PQCD approach,
we first obtain the branching fractions for the quasi-
two-body decays B — D*)0[p(770)* —]z*z° and B® -
D¥)=[p(770)* —]z*z°. Our results, displayed in Table II,
employ the P-wave two-pion distribution amplitudes of
Ref. [92], the D) meson wave functions of Refs. [99,138]
and consider B,779)+ 5+ & 100% [2].

Masses, decay constants (in units of GeV) for relevant states, as well as the Wolfenstein parameters for

the CKM matrix elements from the Review of Particle Physics [2]. The value of fp- is taken from [137].

mge = 5.279 mgo = 5.280
mp: = 1.870 mpo = 1.865
Mg = 0.494 Mo = 0.498
mao(ggo) = 0.980 ma()(1450) = 1474
fp =0212 fp =0.2235

mp+ = 2.010 mpo = 2.007
My = 0.140 myp = 0.135
mp(770) =0.775 mp(1450) = 1.465
ma2<]320> =1.318 fB =0.190

A =0.826 A=0.225
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TABLE II. PQCD results for the branching fractions of the
quasi-two-body  decays B — D*)0[p(770)* —]ztz° and
B° - DW=[p(770)* —]z*°.

Decay modes Units PQCD

B D0 Sl % L2
B’ = D~[p(770)" ~]z* 2’ 107 763105507 onr
B = Dlp(770)" —lata” 107 9.035 000
B = Dp(TI0)t et 107 gastaboshon

The calculated branching fractions agree well with the
corresponding data,

B(B* — D%(770)*) = (1.34 £ 0.18)%,  (15)
B(B® - D=p(770)") = (7.6 £ 1.2) x 1073,  (16)
B(B* = D*%(770)") = (9.8 £ 1.7) x 1073, (17)
B(B" — D*p(770)*) = (6.8 £0.9) x 1073, (18)

in the Review of Particle Physics [2], indicating that the
framework employed and the inputs adopted in this work
are adequate. The branching fraction (15) for BT —
D%»(770)* was averaged in [2] from the data (1.35+
0.124+0.15)% and (1.3+0.4+0.4)% presented by
CLEO and ARGUS in Refs. [139] and [140], respectively.
Very recently, the Belle II collaboration measured the decay
B~ = D°(770)~ using data collected with the Belle I
detector, its branching fraction was determined to be
(0.939 + 0.021(stat) 4+ 0.050(syst))% by restricting the
7~ x° invariant mass to a 300 MeV range centered at the
p(770)~ mass pole [141]. This measurement is smaller than
the value in Eq. (15), but it is still in agreement with our
result in Table II within the uncertainties.

With the help of the kaon form factor F g+ go(s) discussed
in detail in [38], we obtain the concerned branching
fractions of the B mesons into a D or D* meson and a
pair of kaons for the quasi-two-body processes
p(770)* + p(1450)" — K*K°. Our results are displayed
in Table III.

TABLE III. PQCD predictions for the branching fractions of
the concerned quasi-two-body decays with the subprocess
pt = KTK°, here p™ = p(770)" + p(1450)*.

Mode Unit B

B KR 0F ey
B" - D7[p" =K K" 107 0.98006 010,06
Bt — DO)p* S]KT K 107 13350500 0
B KR 0% LR

In the results for the branching fractions shown in
Tables II-1II, the first source of the error corresponds to
the uncertainties of the shape parameter wp = 0.40 £ 0.04
of the B+ wave functions, while the Gegenbauer moments
Cp =0.6=0.15 or Cp- = 0.5 £0.10 present in the D or
D* wave functions [99] contribute to the second source
of error. The third one is induced by the Gegenbauer
moments a% = 0.25 £ 0.10, af, = —0.60 + 0.20 and af, =
0.75 + 0.25 [92] present in the wave functions of the
intermediate states. The other errors for the PQCD pre-
dictions in this work, which come from the uncertainties of
the masses and the decay constants of the initial and final
states and from the uncertainties of the Wolfenstein
parameters, etc., are small and have been neglected.

Comparing our calculated branching rations of Table III
with the measured results (in units of 107%) [4]

B(B* — D'KKY) = 1.89 £ 0.16 £ 0.10,  (19)
B(B" » D~K*KY%) = 0.85+0.11 +0.05, (20)
B(B* - DK*KY) = 1.57 £ 027 +0.12, (21)
B(B" - D*"K*K9) = 0.96 £ 0.18 £ 0.06, (22)

and taking into account that half of the K° or K goes to K2,
we conclude that an important fraction of the decays BT —
DHOK+K? and B — D®)-K+K° proceeds through the
intermediate states p(770)" and p(1450)7, but there is still
room for other contributions.

One could argue that the resonance p(770)", as a
virtual bound state [9,10], will not completely exhibit its
properties in a quasi-two-body cascade decay like
BY - D=[p(770)" =]K*K", since the invariant masses
of the emitted kaon pairs exclude the region around the
p(770) pole mass. However, as we will show below, the
width of this resonance renders its contribution quite
sizable in the energy region of interest. It is therefore
important to consider explicitly the subthreshold resonan-
ces in the analysis of the branching ratios, even if they
contribute via the tail of their mass distribution. In other
words, experimental analyses or theoretical studies of
three-body B meson decay process should not attribute
as nonresonant KK invariant mass strength the specific
known contribution from a certain resonant state like
the p(770).

To make this point more evident, we show in Fig. 3 the
differential branching fraction for the quasi-two-body
decay B — D™p* — D"K*K". The dashed line with a
peak at about 1.465 GeV reveals the contribution from the
p(1450)™, while the dash-dot line, depicting the contribu-
tion of the p(770)*, presents a bump around 1.2 GeV,
which shall not be claimed experimentally as a resonant
state with quite a large decay width. This bump is actually
formed by the BW tail of the p(770)" along with the phase
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FIG. 3. The differential branching fraction for the quasi-two-

body decay B? - D=p* — D-K*K", with the intermediate
pt € {p(T70)*, p(1450)*, p(770)* + p(1450)*}.

space factor of Eq. (4). The interference between the BW
expressions for p(770)* and p(1450)" is constructive in
the region before the pole mass of the p(1450)* and
destructive after it as a result of the sign difference between
C/)K(770) =1.247+£0.019 and 0/15(1450) = —0.156 £ 0.015
[38] in Eq. (10). Note that the theoretical distribution
has the same pattern in the low-mass region of the kaon pair
as that shown in the bottom panel of Fig. 4 for the three-
body decay B® — DT K~K?Y. This comparison reflects the
dominant contributions for this decay coming from the
intermediate states p(770)% and p(1450)™.

The higher mass resonance p(1700)" as an intermediate
state could also decay into KTK° [37,38,40] and hence
contribute to the B* — D*)OK+K? and B - D¥)-K+K?
decays. Take the case B” — D™p(1700)* — D"KTK° as
an example. With the coefficient C/I)((noo) = —0.083 £

0.019 [38], its branching fraction was predicted to be
B =4.0013358 x 10~ in [40], which represents about a
20% of the total branching fraction for B - D~K*K°
when comparing with the result of Eq. (20) and neglecting
the large error from the PQCD prediction. However, the
m(K~KY) distributions from the B~ — D°K-KY and
B - DTK™KY decays measured by Belle II [4], see
Fig. 4, show no prominent enhancement around the mass
of the p(1700)*. In view of the fact that B(a,(1700) —
KK) = (1.9 £ 1.2)% [2] in the same region, the explan-
ation for the lack of structure possibly lies in (i) the
interference between the p(1700)* and the p(770)" +
p(1450)"  contributions being destructive  around

1.7 GeV and (i1) the coefficient C/If(”OO) in [38] being

highly overrated, since one can also find sensibly smaller
values in the literature, namely —0.015 4 0.022 in [124]
and —0.028 £ 0.012 in [125].

[Ldt =362 b

—— MC (Phase-space)

Belle Il preliminary
601 B D°K'K?

50~
)
10; * | i ++++++++ s

1‘ B ‘1.5‘ B 2 2.5 3 3.5
m(K'K2) [GeV]

—e— Data

Weighted events/0.125 GeV

Belle Il preliminary [Ldt =362 b

E 35 — FOH D+K-Kg —— MC (Phase-space)
& 307 —e— Data

o 25

B g

0>J ;

> 15?

2 10}

= ;

g0 bttty

3 :

= owww\\H+‘+m§”m+‘+m+‘+‘pﬁ

1 1.5 2 2.5 3 3.5
m(K'K2) [GeV]

FIG. 4. The distribution of m(K~K?%) for B~ - D°K~KY (top)
and B° - D*K‘Kg (bottom) decays from Belle II [4].

Near the threshold of the kaon pair, one finds remarkable
enhancements in the m(K~K?$) distributions for the decays
B* - D°KTKY and BT — D*'K*KY from Belle 1I [4],
but not for B - D"KTK® or B® —» D*"K"K°. The
invariant kaon pair mass around 1 GeV is the energy
region of the state a((980), but we do not expect the same
strength of the a((980) contributions in the B™ —
DWOK+KO and the B - D™W-K*K® processes, since
their decay mechanisms proceed through different quark-
type Feynman diagrams, shown in Fig. 2, as explained in
the following. The annihilation Feynman diagrams repre-
sented by Fig. 2(c) will only contribute to the decays
B® - D®-R* - D®-K*+KO and the contributions are
highly suppressed when comparing with the those from the
emission diagrams of Figs. 2(a) and 2(b).

For the decays B° — D®-K+K" with subprocess
ay(980)" — KK, the contribution of the Feynman dia-
grams of Fig. 2(b) is small. This is because the matrix
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element (K*K°|(id),_,|0) with a((980)" as the inter-
mediate state depends on the tiny decay constant f, (930) &
1.1 MeV [71,142-144]. This qualitatively explains why we
do not see a remarkable enhancement of events around
1 GeV in the m(K~K?) distribution from the decay B® —
D®~K* K [4], depicted in the bottom panel of Fig. 4. But
the amplitudes for the decay B* — DU)OKTK? receive
contribution not only from Fig. 2(b), with an a((980)"
being emitted but also from the diagram of Fig. 2(a), which
is a BT = q((980)" transition with an emitted D).
Despite being a color suppressed Feynman diagram [145],
the hierarchical relation fp.0 > f 0g0) makes the con-
tribution from Fig. 2(a) much larger than that from Fig. 2(b)
for the decays BT — D™"OK*+K® with the subprocess
ay(980)" - K*K°.

Let us now proceed to the explicit numerical calculation.
Within the naive factorization approach, the evaluation of
the decay amplitude for the BT — D°K+K° decay with
the subprocesses a,(980, 1450)* — K+ K° can be found in
Appendix B. With Eq. (B5) and the inputs from the
Review of Particle Physics [2], we obtain a branching
fraction B = 1.56 x 107> for the quasi-two-body decay
BT = D%a,(980)" — DK+ K", which corresponds to a
value B(BT — D%a,(980)") = 1.07 x 10™*  for the
two-body decay. Likewise, we obtain B = 0.72 x 107>
for Bt — D% (1450)" - D°K*K° where we have

employed F5~!*% () = 0.26 [146] and T'(ay(1450) —
KK)/T(ag(1450) — war) ~0.082 [2]. In order to
check the reliability of the method we adopted here, the
measured channel B — D a(980)~ is studied as a
reference. This is a process with a B? — q(980)~
transition and an emitted D; state. Within naive factori-
zation, we find B(B° — D ay(980)7) = 1.93 x 1075.
This branching fraction is very close to the upper limit
1.9 x 107> at 90% CL presented by the BABAR collabo-
ration in Ref. [147] assuming B(a(980)" — nz't)
to be 100%, but it is much smaller than the prediction
B = 4817119 x 107 in [148] within PQCD for the decay
B’ —» Dfay(980)~. However, taking into account
(ag(980) = KK)/T(ag(980) — zn) = 0.172 £ 0.019 [2],
one has B(a(980)" — na™) ~0.85 and this will change
the upper limit in [147] for B® = D] a((980)~ up to 2.24 x
107 at 90% CL, which is still much smaller than the
prediction in [148], hinting that the PQCD approach is
possibly not appropriate for the study of the B? —
D7 ag(980)~ decay with the B — a((980) transition.
When we put the contributions from a,(980, 1450)* —
K*K° and p(770,1450)* — K*K° for the decay BT —
D°K*KY together, the resulting differential branching
fraction does not have the shape shown in the top panel
of Fig. 4. The contribution from the scalar intermediate
state ao(980)" is far from what would be required to
overcome the peak of the p(770,1450)" distribution in

order to reproduce the enhancement near the threshold of
KK pairs measured experimentally. The shape of the
measured B — DOK+KY differential branching fraction
would only be obtained with a branching fraction
B~45x10™* for the quasi-two-body decay B* —
D%ay(980)" — D°K*K®, which is beyond the total
branching fraction for B* — D°K* K" decay. This situa-
tion is probably indicating the existence of large nonreso-
nant contributions to the B¥ — DK+ K° decay around the
threshold of the kaon pair or other unknown sources.
Note that the interference between p(770)" and
p(1450)* could reduce the corresponding branching frac-
tions in Table III through an appropriate complex phase
difference between their respective BW expressions. This
would alleviate the requirement of an enhanced contribu-
tion from the a,(980)". For example, a factor of /4
before the BW of the p(1450)* will produce half of the
BT - D%p™ -]K*K" branching fraction listed in
Table III. But such an universal phase difference will also
make the branching fractions of the decays B° —
D¥)~[pt 5]K*K® decrease by half in Table III, which
is not desirable.

Let us mention that, in the amplitude analysis of the
decay D} — nt2%, an unexpected large branching frac-
tion (1.46 £ 0.154, & 0.23,,)% was measured for D —
ay(980) 70 72%+)  4,(980)+() — 7ty by the BESIII col-
laboration [149], which was successfully interpreted via the
rescattering processes KK — a(980) — 25 or ') -
ay(980) — zn with the triangle diagrams suppression in
Refs. [150-153]. But one should note that the above decay
process is quite different when compared with the BT —
DWOK+K? and B - D®)~K* K decays studied here. For
the three-body decay D} — #tz%, the intermediate state
ap(980) can only be generated by the final state inter-
actions; the ¢35 quark pair in the initial state D} cannot
produce D{ — a((980) transitions directly.

We finally discuss the contribution of the tensor reso-
nance a,(1320). We note that this resonance decays into a
kaon pair with a small branching fraction of about 5% [2].
Taking into account that the tensor states cannot be
generated from a V —A current [154], we do not
expect to have considerable contributions from the sub-
process a,(1320)" — K*K® for the decays B’ —
D¥-K*K° by the related decay amplitudes in Eq. (3).
In Ref. [155], the quasi-two-body decay BY —
DP[K3(1430)° »]K~z* was measured with the branching
fraction B = (3.7 & 1.4) x 10~>, which means B = (1.1 &
0.4) x 107 [2] for the corresponding two-body process
B? — D°K3(1430)°. With this measured branching frac-
tion and the replacement of a s quark by a u quark, it is easy
to predict the branching fraction B = (0.99 £ 0.37) x 10~
for the decay B — D%a,(1320)" within SU(3) flavor
symmetry and employing the form factors A in [73] for the
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B — a, and B; — K transitions. This predicted value is
consistent with the corresponding theoretical results in
[81,84,156]. However, when taking into account the branch-
ing fraction B(a,(1320)" — KTK°) = 4.9 4+ 0.8% [2], the
contribution from a,(1320)* to the BT — D°K'K°
process is negligible. The decay B* — D*a,(1320)"
shares the same Feynman diagrams with Bt —
D%a,(1320)" at quark level, and it is reasonable to infer
a insignificant branching fraction for the decay Bt —
DK+ K° with the subprocess a,(1320)* — KK as well.

IV. SUMMARY

To sum up, the Belle II collaboration presented a
measurement for the BT — DUOKTK? and B’ —
DW-K+KO decays very recently, where the bulk of the
observed m(K*KY) distribution was located in the low-
mass region of the kaon pair, showing structures in all four
decay channels. In this work we have presented a theo-
retical calculation of these decays within the factorization
method. We have focused on exploring the region of
kaon pair invariant masses m(K*tK°) < 1.7 GeV. The
resonance contributions from vector intermediate states
p(770, 1450)" have been found to dominate the branching
fractions for the three-body decays B* — D*)K+K° and
B® — D¥)-K*K", representing roughly half of the total
branching fractions of the corresponding decay channels.
The role of the tensor a,(1320)" was analyzed and found
to give negligible contributions to the branching fractions
of these four decay processes and the contribution of the
state ap(980)* turned out to be less important than
expected in the m(K"KY) region near the threshold of
the kaon pair. As a result of our study, we conclude that the
enhancement of events in the kaon pair distribution near
threshold observed in the BY — D°K*K? and B* —
D*OK*K" decay processes cannot be interpreted as the

|

resonance contributions from the a,(980)" meson. The
nonresonant contributions are probably governing the
formation of the kaon pair in B — D*)OK+K? near the
threshold of K+ K°, and hence deserve further examination
both from the theoretical and the experimental sides.
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APPENDIX A: GENERAL AMPLITUDES FOR
B - D%p - D¥K*K® DECAYS

The wave functions for B, D, and D* mesons and the
corresponding inputs are the same as they in Ref. [99]. The
kaon and pion timelike form factors are referred to the
Sec. II of Ref. [38]. With the subprocesses p* — KT KO,
where p is p(770) or p(1450), the specific expressions in
PQCD approach for the Lorentz invariant decay amplitudes
of these general amplitudes F and M for B — D¥p —
DWEK*KOY decays are given as follows.

The amplitudes from Fig. 2(a) for the decays with a
pseudoscalar D° or D~ meson in the final states are given as

Fy, = 82Cembf / drgdx / badbgbdby{[[”> - E(x(r = 1) + D]g° — VTP +
+25(P = 1)) = (P = DEQx(P = 1) + 1) = P)FIE, (1) ha(x. x. b. bg)S,(x)
+ (P = D[ = (C = xp)]¢° = 24/C[C = (x5 = 20 + 1)]¢°]

X Ee<tb)hb('x37 X, bB’ b)St(|'xB - C')}’

My, 16\/§ncFm;§ [ dsudds [ budbybsdbipudol(-IE + (2 = DT + 3
+r2Cx—=1)=C(x+ 1)+ 1)+ rr.(r? = )]¢° - \/Z[(rz((f()@ +x=2) +xp) —xC +4rr.)¢*
+ (r2 - 1)(7‘2(5()( - )C3) - xB) - x2)¢t]]En<tC>hC(vax’ X3, bB? b3>
+ [x(2 = D[ = Dg° + V(g = (2 = 1)p")] = (538 = xp)[(> = 0)p°

+ V(7 = D)@' + $)E,(ta) ha(xp. x. x5, b, b3)

(A2)
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where the symbol = 1 — £, the mass ratios r = m pto/mp and r. = m./mg. The amplitudes from Fig. 2(b) are written as

Frp = 82Cpmif, / dxgdxy / badbybsdbsdubn {[(r+ [P - - xZ(r = 1)(2r - D))

X Ey(t) (x5, X3, b3, bg)S,(x3) + [(r2 = O)[2r(re + 1) = 2 = r,] = {xp(2r = ©)]
Ee(tn>hn(x3vx3vbB’b3)St(xB>}’ (A3)

Myp = 16\/§ﬂCij§ / dxpdxdx, / bgdbgbdbggppd®{[xp[C* — Cr? + Cr] + Cxsr(Cr + (r+1)(r=1)?)
—Lr=12*r+D[(r+2)x=2(r+ )]+ x—r}(x=2)=1]
+ (x = 1)(r* = 1)2]E, (1,)h,(xp. X, x3.bp. b) + [(r = 1)(E + r)[xp + (r* = 1)x]
+Cx3[(r = 1)*(r+ 1) = £J|E, (1,)h,,(xp. x. X3, bp. b) }. (A4)

The amplitudes from Fig. 2(c) the annihilation diagrams are written as

Fy, = 87Cpmifp / dxydx / bdbbydbspp{[((2rr, — 1)(r* =) — (2 = 1)2x0)¢° + /¢
< [(P = D)(re(r? =) =2r(r* = )x)¢" + (ro(r? = L + 1) + 2r(x — x17 = 2))¢p"]]
X Eq(1)he (%, x3, b.3)8,(x) + [( = D = £(? = D) + 2/Cr(xl + ¢ = + 1)¢7]
XEa(tf)hf(x?x&b& ) (|z 3+C|)} (AS)

My, = —16\@;;@;41‘}; / dxpdxdyxs / bpdbgbdbduppl](r? — 1)[P (x5 + x5 — 1) + xp + x3]¢°
+l = (P = Dxp + (P =Dxg—xr? +x+1) = (rF* + 2 =2)x3 —x — 1]¢°
+0Pr(1 = x3) (7 = 1) + ¢°] + /Crlgp* (xp + 7 (x = 1) + x5 —x + 3)
+ (P =1)(xp —xr? + r* +x3 + x = D)@')|E, (1,)hy(xp. x, X3, b, bp)
F (P =) (xp—x3 —x + 1) + L(P(x3 +x=2) —x + 1) +x— 1]¢°
Crl(xp =30 = ¢4 (P = (1 =x))¢* + (1 = ) (xp = x50 =+ (P = 1) (x = 1))¢']]
x E,(ty)hy,(xg, x,x3,b,bp)}. (A6)

Where the Tp, TD, and Ap in the subscript of above expressions stand for B — p, B — D transitions and the annihilation
Feynman diagrams, respectively.

The longitudinal polarization amplitudes from Fig. 2(a) for the decays with a vector D** or D*~ meson in the final state
are written as

Frpp = 82Cpmb o / drgdx / badbybdby{[E + Ex(r = 1) + (20 — 1)2]¢°

V(1= P)(2x(r? = 1) + T+ )" + (20x(r? = 1) + T = )]
X Eq(ta)ha(xp. x. b, bp)Si(x) + [(* = 1)[rPxg + & = £(r? + 1)]¢°
- 2[ (1—xp) M)S]Ee(tb)hh(xB’xa bg,b)S(lxg — ¢}, (A7)
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Mz, = 16\/§7TCF’"§ / dxpdxdx; / bgdbgbsdbspppp-{[[rr.(1 - ert - Cz) - (”2 - 5)
x (Cxa(rP2 = 1)+ x5(r = 1) + (Gx = )2 = S+ 1) + 1D)]¢° = V(P (338 = Ex + xp)
—Cx+x)¢ + (7 = D(Cx(1 =) = r*((x3 = 2)0 + x))¢']]
X E,(tc)he(xp, %, X3, bp, b3) + [xp[(C + (20 = 1)r?)¢° + /Cr ((r* = 1)@ + ¢°)]
= Ox[(E+ (20 = 1)r2)g° + /Er (7 = D' + ¢°)] + x(7 = D[(E + (2¢ = 1)r7)¢°
— V(¢ = (P = D)P)E, (ta)ha(xp, %, x5, b, b3) }. (A8)

The longitudinal polarization amplitudes from Fig. 2(b) are

FTDX7L = 87[CFm%f/)/dedX3 / debBb3db3¢B¢D*{[E + (27’— ])(1”2 - 1))(352 + r

X [E(rP2+2r=8) = = r + 1]]E,(t,) h(x5. X3, b3, bg)Si(x3) + [PP[r. (20 — 1)
-2+ 1] - E(ng =T+ r4)]Ee(fn)hn(vax3, bg, b3)S,(xp)}, (A9)

Mrpp = —16\/%ﬂ'CFm‘}; / dxpdxdx; / bgdbgbdbdgpp-¢°{[Cxg(1 — r)(E +r) — Cxzr
x (P =8 +r=-1)=-2r =x(r+1)(r=1?=2r+ 1)+ (x = 1)(r* = 1)?
= {(r+ D)(r=1)72(rx +2x = 2)|E, (1,)h (xp. X, x5, bp. b) + [Lx3[* (1 + 20 = 1) + L = 1]
= (xpg+ (PP =1)x)[C = &&r+ (28 = )A|E,(t,)h, (x5, X, X3, bp. b)}. (A10)

The longitudinal polarization amplitudes from Fig. 2(c) are

Fapr = —8”CFm4BfB / dx3dx/bdbb3db3¢D*{[\/Erc[(r4 - C’”z - E)fﬁ' + (”2 - )¢’
+[E(10=x(P = 1)%) + (28 = D]@°1E(te) he(x, x3, b, b3)S,(x)

+ 2r/C8((xs = DZ + )¢ + (P = D[S + Z(1 = x3) — x3) + x3]9)]
X E,(t7)hs(x, x5, b3, b)S,(|Cx3 + ¢])}, (A11)

2 _ _
My, = 16\@0sz / dxgdxds; / badbgbdbdpbp {[—(6E + x5)[(2 = 1)(7 = D)

= VEr(P = )" = /Elrg) = L (x + 1)° + VEr (x = D' + /SR ((E = 20)4

— (x = 1)) + VCr((x = D)gp* + ( +5)¢’)— H(Cx = 1)¢° = P (Ex(C = 2) + 1)¢"]

X E,(ty)hy(xp, X, x3,b, bg) — [(r? =) (P (x5 = x3) + r*(§x = 1) = {(x = 1))¢°

— V(5 = 1)+ (1= x)r? +x = xp5)p* = (2 = 1)(x3 +¢ = (1 = x)r2 —x = x5+ 1)¢']

x E,(t,)hy(xg, x,x3,b,bp)}. (A12)
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The normal along with transverse polarization amplitudes from Fig. 2 for the decays with a vector D*° or D*~ are written as

FrpjL = SRCFméfD*r/dedx/ bpdbgbdbs{[eR - e4[\/C(x(r* = 1)(¢* — ¢") + 24"
HL@x(P = 1) + DT + (1= P)gT] — ie" T [\/T((x(r> = 1) = 2)g°
—x(r? = 1)¢p") + ¢ 2x(r* = 1) + 1)¢" + (r* = )P ]|E. () ha(xp, x, b, bp)S,(x)
+ VLR - GI(C —xp— P+ 1) + (C +xp — 1)) + i [ —xp— 2+ 1)
X ¢t = (£ = xp + 12 = VP E,(t,) by (xp, x, by, b)S,(|xp — )} (A13)

2 . .
Mz, = 16\/;”CFm%/dedde3/debBb3db3¢B¢D*{[€IT) ‘6?{53/2%(45“—45”)

Cro((rP = 1)@ + (7 + 1)@*) + r(r* = 1) (xp +x3 = g = Cr((r* = 1)
X (x5 4+ x) =272 + 1)PT] = ie" P T [3r (¢ — ¢*) — /Cro((P + 1)gp
+ (P = 1)¢") = r(r? = 1) (xg +x3 = 1) +{r((x3 = x)(r* = 1) + 1)gp"]]
X E,(t.)h(xp. x. X3, bp. b3) + rle} '59[2\/2(363 +x(r? = 1) = x30)g"
+ (72 = 1) (e = xC = x30)pT] + e T [20/L (g + x(r = 1) = x30)p°
+ (P = 1) (xg + 5§ = 30T E, (1) ha(xp. x, X3, by, b3) }, (A14)

Frp L = S”CFm%fﬂ\/Z/ dxpdx; / deb3b3db3¢B¢D*{[€?* '6/;[75(”2 - 1)<2Z —-r)+ C+rt+ 2r]

- iem/‘e?*e’;[x(’,z - 1)(7” - 25) - Z + rz]]Ee(tm)hm(xl%x?n b3’ bB)
X Sy(x3) + rleR - e[l —xp+2r.— 1+ 1] - ie”’)e?*e;[z + x5 — 1]
X Ee(tn)hn(vax3vbB’b3)St(xB)}’ (AIS)

2 . -
My = 16 Comi /2 [ syt [ bysybibahghy (67 - 20" —0)

+ (Exs + xp) (% = ¢Y)) + Tx(@® + ¢")] — i€ TP ((E(x = x3) — x5) "
+ (C(x3 +x = 2) + xp)p") = Ex(@* + P)E,(t,)ho(xp. X, X3, by, )
+ [€R - &4 [(rP(xg — x30) = xE(r? = 1)) + (x(r? = 1)(2r =) — (r = 2)

X r(xp = x3))¢"] + i€ T T[(x(r2 = 1)(2r =) = r(r = 2) (x5 = x3))9p"
+ (P (xg = x38) = Cx(r? = 1)@ | E, (1)) (xp. x, x5, b, b) }, (A16)

Fapjo = SﬂCFWt‘éfBr/ dx3dx/ bdbbsdbspp{[ef - 4 [V/E(x(r* = 1) (9" ~ ¢") —24")
— (2= ¢ = )T + e G (x(P = D¢ = (x(2 = 1) +2)¢) + (P = D)reg"]]

X Eq(t,)h,(x, 3,5, b3)S,(x) + \/C[e2 - e4(Txy + & — 12 + 1) + (Cxs + ¢ + 17 = 1)¢)]
e (G + 4 —1>¢” + Qs+ L =77+ 1))
X E,(t;)hy(x, x3, b3, b)S,(1Cxs + C|)}, (A17)
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2 .
Map )L = 16\/;ﬂCFm%/dedde3/debBbdbfﬁB(ﬁD*{[elr) “er( xp(r’ = 1)

+EP (P = (v = 1) + &) = Lx(r?

— 1)pT = 2/Crgp] + i€ ¥ < [((Cr

- - (&3 + ?CB)(”2 -1)) - ZCX(”z —-1)p" -2 Crd’aﬂEn(tg)hg(xB’xvxi%v b, bp)

+ (P = 1)[ef - er[r(xp — x3) + {(r?
X [’”Z(XB —x3) + 4'(’”2()‘3 -1)- E(X - 1))]]¢TEn(th)hh(xBax’x3’ba bg)}.

The hard functions #h;, the hard scales ¢ with
i€{a,b,c,d,e,f,g,h,m,n,o,p}, and the evolution fac-
tors E, , , have their explicit expression in the Appendix of
Ref. [99].

APPENDIX B: DECAY AMPLITUDE
FOR B* — D[ay(980.1450)* —]K*K®

The decay constants of the pseudoscalar meson P and
the scalar meson S are defined by

(P(P)|@2r,759110) = —=ifpp,.
<S(p)|QZ7//4QI |O> = fSp/,{’
(S1224110) = mgf's.

2

(D(p)|ey*b|B(p)) = FEP(4*) 7

2
mp—mp

(3 = 1) +x = 1) + (1 = x)] — ie"? <
(A18)

When the kaon pair K*K° originated from the inter-
mediate a( (980, 1450)", we have [96]

o _ 1 , » )
(K*R|duj0) = (K KO)ao) 25— (aoldu]0) “2 {a|ul0),
ag ag
(B1)
with the denominator [157,158]
Dao = mzzq, i i(glzmpm] + g?‘(ﬂ[(pl_(ol( + g,zm'plm')' (B2)

The B — D™ matrix element is described by the transition
form factors [159]
q”} ;

2
mp

2
m —
PP (o (B3)

where ¢ = p — p’. We parametrize the matrix element for the B — q, transition in terms of form factors F5% and F5* as

2 2

—_ . m - m .
(ao(p")|gr"ysb|B(p)) = iF§*(q?) %Q" +iFf(q%)

With Egs. (2) and (3) and related transition form factors

Gr

V2

M(Bt - Do[asr —]K*K?)

Vi, Vialay (m} —

2 2

my — my
(ot py =T ). (B4)
above, we have the decay amplitude
2 Ba(,,2 2 2 BD YaoKK
mz,)fpFg(mp) + ay(mg —mp) fo FGP(s)|—2—.  (B5)

D

)

The expressions and related parameters for F§¢ and F5P(s) are found in Refs. [68,144,146,160].
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