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Abstract: The contributions for the kaon pair from the intermediate states p(1450)* and p(1700)* in the decays
B* — D'K*KO, BY - D~K*K°, and B? - D;K*K? are analyzed within the perturbative QCD factorization ap-
proach. The decay amplitudes for all concerned decays in this work are dominated by the factorizable Feynman dia-
grams with the emission of the kaon pair, and the charged p mesons should be of great importance in the KK chan-
nel of the related three-body B decays. Moreover, these quasi-two-body decays are CKM-favored, and the relevant
branching ratios are predicted to be in the order of 107>, which have the potential to be measured by experiments. It
is also shown that the contributions of the subprocesses p(1450,1700)t — KK for the three-body B meson decays
are considerable according to the total three-body branching fractions presented by Belle. Therefore, the decays
Bt — DOK*KO, BY - D K*K°, and BY —» D;K*K° can be employed to study the properties of p(1450) and
p(1700) in the LHCb and Belle-1I experiments.
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I. INTRODUCTION

Three-body hadronic B meson decays provide us rich
opportunities to explore CP violations in the relevant de-
cay channels and to study intermediate resonance struc-
tures for the final states. Resonance contributions for the
kaon pair in three-body B decays have been extensively
studied experimentally [1-11] and theoretically [12-28] in
recent years. Nevertheless, the contributions from p(770)
and its excited states p(1450) and p(1700) for the kaon
pair in the final states of these decays were considered to
be small and have been ignored in most cases.

Recently, an unexpected fit fraction of approxim-
ately30% for the K*K~ pair from resonance p(1450) in
the decays B* — n*K*K~was reported by the LHCb Col-
laboration in Ref. [29]. This fit fraction is unreliable
when it is compared with the proportion contributed by
the same state p(1450) for the pion pair in B* — n*ntn~
decays [30,31]. In [32], the perturbative QCD (PQCD)
[33-36] prediction for the branching fraction of
B* — 1*p(1450)° — 7*K*K~ is much smaller than

LHCDb's result in [29], even taking the contribution from
the Breit-Wigner (BW) tail of p(770) into account. The
calculation within the light-cone sum rule approach [37]
does not support the result for p(1450)° — K*K~ from
LHCDb [29] either. In Ref. [38], the authors claimed the
unsettled state fx(1500) is the vector p(1450) reported by
LHCb. A broad resonance px(1500) has also been pro-
moted to describe this broad resonance around the mass
region of 1.5 GeV [39].

The vector resonance p(770) has been well estab-
lished. However, the properties of its excited states
p(1450) and p(1700) are not yet entirely clear. It has been
shown that the neutral intermediate resonances p(1450)°
and p(1700)° contribute the KK pair in the processes
pp— K*Kn°  [40-42], ete” > K'K™  [43-49],
ete” — KJKY [50-54], and J/y —» K*K 7" [55-59]. To
capture the information on p(1450) and p(1700) clearly,
the investigation on the charged excited rho mesons in
K*K°/K~K° channels can be a good choice. The typical
decay, ™ — K~ Kgv,, has been measured by CLEO [60],
Belle [61], and BABAR [62] Collaborations, and theoret-
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ical analyses have been performed by including the con-
tributions of the p family [63-66]. The pole mass of
my1700 1S close to the mass of the 7 lepton; moreover, the
full width for p(1700) is broad [67], so it is clearly unreal-
istic to find a complete curve of the intermediate reson-
ance p(1700) in the K*Kg distribution in the 7 decay.
Within the QCD factorization approach, the theoretical
description for the decays B} — J/YyK*Ks and
B - y(2S)K*K;s including the resonances p(1450)* and
p(1700)* has been presented in Ref. [68]. In this work,
we shall study the charged p(1450) and p(1700) in the
three-body decays B* — D°K*K°, B" —» D K*K°, and
B? — D;K*K° with the corresponding quasi-two-body
processes.

The decay B?— D;R— D;K*K’ is contributed
solely by the color-allowed emission diagrams as shown
in Fig. 1(a). The decay amplitude is given by
Ap, o< [(C2+C1/3)FE5+CiMES), where FL5 and MZ
represent the amplitudes for factorizable and nonfactoriz-
able parts respectively. Evidently, the relevant factoriz-
able amplitude is dominant and can be expressed as
< K*KO|(itd)y-4|0 >< D;|(bc)y-a|B? >. Considering the
K*K° can only be produced by the vector current, the p
family resonances with J¥ =1~ should be prominent in
the KK system of B — D;K*K". For the other two de-
cays, in addition to the color-allowed emission cases, the
diagrams with the emission of a D meson and the annihil-
ation diagrams as presented in Fig. 1 (b), (c) will also
contribute to the decays B* — D°R— D°K*K° and
B - D"R— D K*K", respectively, but they are both
color-suppressed. It means that the decay amplitudes for
these two decays should also be contributed mainly by
the Feynman diagrams with the resonances emitted, and
the p mesons can also be crucial in the KK distribution of
the corresponding three-body B decays. Moreover, the
concerned quasi-two-body decays are CKM-favored pro-
cesses, which should have relatively large branching ra-
tios and the potential to be measured by experiments.

In the past, the resonance contributions from various
intermediate states for the three-body decays B — Dhih,

N4

(h12 represents pion or kaon) have been studied within
the PQCD approach [24,25,69-77]. In the recent work,
we studied the virtual contributions for the kaon pair from
the tail of p(770) in the three-body decay B — DKK [78].
Faced with the huge disparities between the coefficients
for the excited states of p(770), w(782), and ¢#(1020) in
the kaon vector timelike form factor fitted in different
studies [63,79,80], a detailed discussion was provided in
Ref. [81], and the contributions for the kaon pair from
0(770,1450,1700) and w(782,1420,1650) in the B — KKh
decay have also been studied systematically.

The rest of this article is structured as follows. In Sec.
II, we provide a brief review of the PQCD framework for
the concerned quasi-two-body decays. In Sec. III, we
present the numerical results and the phenomenological
analyses. Finally, we provide a short summary in Sec. V.

II. FRAMEWORK

Under the quasi-two-body approximation, the PQCD
factorization formula for the decay amplitude A of the
decay B — DR — DKK can be expressed as the convolu-
tion of a calculable hard kernel A with the universal light-
cone distribution amplitudes [82,83]

A~Dp@HRDp @ Dkk, (1)

in which ®p and ®p are the distribution amplitudes for
the B and D mesons, respectively. The distribution amp-
litude ®gg is introduced to describe the interactions
between the kaon pair originating from the resonance R.

In the PQCD approach, the distribution amplitudes
for the initial and final states are crucial inputs. In this
work, we employ the same forms of ®p and ®p as those
widely adopted in PQCD; one can find their explicit ex-
pressions and parameters in Ref. [69] and the references
therein. For the P-wave KK system along with the sub-
processes p* — KK, the distribution amplitudes are or-
ganized into [28,32]

N

Fig. 1.

(b) (c)

(color online) Typical Feynman diagrams for the quasi-two-body decays B — DR — DKK, in which D and R represent the D

meson with ¢¢ and the intermediate resonances, respectively. The symbol ” x> denotes the possible attachments for hard gluons, and
”®” represents the insertion of the four-fermion vertices in the effective theory.
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P (2 5) =

m[ Vsd10° (@, 9) + dLpe' 2. 5)

+ Vsg'(z,9)], 2)

where z is the momentum fraction for the spectator quark,
s is the squared invariant mass of the kaon pair, and ¢,
and p are the longitudinal polarization vector and mo-
mentum for the resonances, respectively. The twist-2 and
twist-3 distribution amplitudes ¢°, ¢*, and ¢' are chosen
as

3Fk(s)
V2N,

. BF)
¢ (Z’ S) - 2‘/2—1\16
3F(s)
22N,

¢z, 5) = -9[1+d3C1-22)|,  (3)

(1-29)[1+a3(1-10:+102)],  (4)

#'(z,8) =

(1-22 [1+a5C3 (1 - 22)]. 5)

with the Gegenbauer polynomial C§/2(t)=3(5t2—1) /2
and the Gegenbauer moments =0.25+0.10,

=0.75+0.25, and a} =—-0.60+0.20 [32,84]. The vec-
tor time-like form factors Fj(s) and Fj(s) for the twist-3
distribution amplitudes are deduced by the assumption
F'(s) = (fT 1 f,)Fk(s) [81,84] with f,=0.216 GeV and
fI'=0.165 GeV [85].

For the P-wave K*K~ and K°K° systems, the kaon
form factors are generally saturated by p(770), w(782),
¢(1020), and their radial excitations. When it comes to
the K*K° case, only the p family states contribute, and
the vector timelike form factors can be simply expressed
as [63,78,81]

Fi(s)= ) cKBW, (), ©)

oi

where the symbol p; indicates the resonance p(770) and
its excited states. For the normalization factors for
p(l450) and p(1700), we take cX < = ~0.156+£0.015 and
p(1700) —0.083+0.019 as discussed in detail in Ref.
[81]. The resonance shape for p(1450,1700) is described
by the KS version of the BW formula [63,86]:

2

BWxk(s) = R )
B = s—iVTa(s)

(7

where the mass-dependent width T’y (s) can be found in
Refs. [87,88].

By combining various of contributions from the relev-
ant Feynman diagrams as shown in Fig. 1, the total decay
amplitudes for the concerned quasi-two-body decays are
written as

_ _ Gr .,
AB* — D°[p* 51K K") =72V;bvud[02F(3L£

+CIMLf+a Fil+ CoMLE,
®)

AB’ - D [p* - K+K0):$V:b Vialaa FE

+C1M£‘l%+a1FLL+C2MLL]

()]
_ G
AB) - D{[p* —1K*K") :éijVud[ang%
+C1M£5]7 (10)

whereGr = 1.16638x 107 GeV~2 is the Fermi coupling
constant, Vs are the CKM matrix elements, and
a;=C;+C,y/3 and a; = C, +Cy/3 are the Wilson coeffi-
cients. The PQCD calculations of individual amplitudes
Flf a and M5 for the factorizable and nonfactor-
izable Feynman diagrams are carried out in the frame
with the B meson at rest. Because of the same quark com-
position, the decay amplitudes for the considered decays
with the intermediate resonances p(1450,1700) are the
same as those with p(770), and the explicit expressions,
together with the definitions of related momenta in the
light-cone coordinates, have been presented in Ref. [78].
For the sake of simplicity, we shall not present them in
this work.

III. RESULTS

The masses for the initial and final particles, the full
widths for the resonance states, and the decay constants
for B and D mesons are summarized as follows (in units
of GeV) [67]:

mp-po/p =5.279/5.280/5.367,
mp-/po/p- =1.870/1.865/1.968,
=0.494/0.498,
Mp(1450) = 1.4635,

mKi/K()

mp(1700) = 1.720,

[)(1450) =0.400 £ 0.060,
I'p1700) =0.250 +£0.100,
a0/ =0.190/0.230,
Jp=oyp: =0.213/0.250.

In addition, the mean lifetimes 7p./po/p =1.638/
1.519/1.515 ps, and the Wolfenstein parameters for the

CKM matrix A =0.790"0017 " 1=0.22650=0.00048,

p=0.141"3019, and 7=0.357+0.011 are also adopted as
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in Ref. [67].

For the considered B — Dp(1450)* — DK*K° decays,
the PQCD predictions for the branching ratios of each
case are the following:

B(B* — D [p(1450)* -»1K*K")
=997 on) B HC T cuaso) X 107
B(B" - D [p(1450)" -»1K*K°)

2 nt334,, . 11046 +039, 0.5.0\+1.01, K -5
=5.027750(wB) 5 45(Cp) 034(ay ) 902 (C1450)) X 107,

B(B; — D;[p(1450)" —]K*K")
:4.37f%22(w8\.)f8€§(cﬂ)tgﬁgg(“g’s’t)tgﬁgg(cf(lztsoﬂ X 10_(5i )
1

while the predicted branching ratios of same decays with
the intermediate resonance p(1700) are

B(B* — D [p(1700)* -1K*K°)

=8.28138) (ws) 0 36(Cp) 051 (@y ™) 3331700 X 107,
B(B" - D [p(1700)" -1K*K°)

=4.0013 80 (@s) 031 (Cp)§35(ay ™) T2 (cpiim00) X 107,
B(B® = D;[p(1700)" =1K*K°)

=3.88"1 %) 0 3:(Cp) 003 (a(z)’syt)t}:g?(cf(1700)) x107.

(12)

All the results above are given in the energy range
with the invariant mass of the K*K° pair varying between
mg++mg, and mp—mp. The first two theoretical errors
come from the uncertainties of the parameters
wg, =0.40+0.04 (0.50+0.05) and Cp, =05+0.1
(0.4+0.1) in the distribution amplitudes for the B and D
mesons, respectively; the errors from the uncertainties of
Gegenbauer moments ag =0.25£0.10, a;=0.75+0.25,
and a, =-0.60+0.20 in the two-kaon system are added
together as the third error; and the last one is due to the
coefficient 6;15(1450) =-0.156+0.015 or cf(mo) =-0.083+
0.019 in the kaon timelike form factor. The errors from
the uncertainties of other parameters are relatively small
and have been neglected.

From the calculations and the numerical results, one
can conclude the following:

(1) The branching ratios of the considered quasi-two-
body decays, which are expected to be large and measur-
able, are predicted to be in the order of 10~ numerically
in the PQCD approach. We also test the contributions
from the color-suppressed emission diagrams for
B* — D[p(1450)* —]K*K" andthe annihilation dia-
grams for B — D~ [p(1450)* —]K*K°, and the corres-
ponding branching ratios are obtained to be 2.18x 107°

and 1.06 x 107%, while the results become 6.92x 107> and
6.45x 1073, respectively, when considering only the col-
or-allowed emission diagrams for those two decays. Al-
though the interference between the different types of
Feynman diagrams for each decay are non-negligible, the
contributions from the diagrams with the emission of a
kaon pair are still dominant as expected.

(2) The PQCD predicted branching ratios of the de-
cay modes with the subprocess p(1700)* — K*K° are not
much smaller than the corresponding ones with the inter-
mediate state p(1450)*. This is because the latter are sup-
pressed in the phase space when considering the mass of
the kaon pair mg- +mg. is very close to m,1450) —I'p1450)
but considerably less than m,700) —T'p1700) In comparis-
on. In contrast, the situation is quite different in the same
B meson decays with the subprocesses p(1450) — 7 and
p(1700) — 7 [70,89-93] on account of the impact on the
phase space arising from the difference between the mass
of the pion and kaon.

(3) In the measurement by the Belle Collaboration
[1], the branching fraction of the B* — D°K*K° decay
was determined to be (5.5+1.4+0.8)x 10™*. Meanwhile,
they also gave a branching ratio for B - D"K*K° of
(1.6+0.8+0.3)x 10™* and set an upper limit as 3.1 x 10~
at 90% confidence level. With the center values of our
predictions in Egs. (11)—(12), we obtain the ratios

B(B* — D°p(1450)* [— K*KO])

L =16.359 13
B(B* — DOK+KO) % 13)

and

B(B* — D°p(1700)*[— K*KO])
B(B+ — D°K*K?)

=15.05%. (14)

Similarly, the ratios become 31.38% and 25.00% for
the B — D~K*K° decay mode. Since there are still large
uncertainties in the branching fraction of B’ — D"K*K°
presented by Belle, more precise measurements for this
three-body channel are needed. Nevertheless, the above
results indicate that the contributions from charged
p(1450) and p(1700) can be important in the relevant
three-body B meson decays.

(4) In our previous work [78], the virtual contribution
for p(770) in B — DKK was studied, and the center val-
ues of the branching ratios for the decays
B* = D%(770)*, B® — D p(770)*, and B° — D;p(770)*
with the subprocess p(770)* — K*K° are predicted to be
1.18x107™*, 7.93x107, and 6.06x 107, respectively.
Comparing those results with the numerical results in this
study, two conclusions can be obtained. On the one hand,
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the contribution from the tail of p(770) is still large and
cannot be ignored in the P-wave K*K° system. On the
other hand, limited by the phase space for KK produc-
tion in the decay of the p(770) meson, the contributions
for KK pair from the excited states p(1450) and p(1700)
are more close to that of p(770) compared with the cor-
responding ones in the nwr system. Therefore, it is pos-
sible to find the resonances p*(1450) and p*(1700) in the
KK channel, and the concerned B — DKK decays can be
employed to study the properties of those excited p
mesons. Interestingly, the KKy invariant mass spectrum
for the B* — D°K*KY decay presented by Belle showed a
peak around 1.2 GeV [1]. It indicates that other possible
resonances, such as ag(980) and a,(1320), will contribute
to this region in addition to p(770) and p(1450).
Moreover, the interference between p(770) and p(1450)
can increase or decrease the total contributions from these
two resonances. We leave these possible contributions for
the kaon pair to future studies due to the lack of precise
parameters of the kaon time-like form factor, and more
accurate measurements for this decay will help to test the

KK distribution close to the threshold determined by
Belle.

IV. SUMMARY

In this work, we studied the resonance contributions
for p(1450)* and p(1700)* in the B* — D°K*K°,
B® —» D K*K°, and B — D;K*K° decays. The branch-
ing ratios of the concerned quasi-two-body B meson de-
cays are predicted to be in the order of 10~ numerically
within the PQCD approach. The contributions from the
intermediate states p(1450) and p(1700) are 16.35% and
15.05% of the data for the B* — D°K*K" decay presen-
ted by Belle. The similar ratios become 31.38% and
25.00% for B® — D"K*K°, where the total three-body
branching fraction still has large errors and needs further
measurements. It shows that the contributions from
charged p(1450) and p(1700)can be important in the rel-
evant three-body B meson decays, and all these PQCD
predictions will be tested in the LHCb and Belle-1I exper-
iments in the future.
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