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We construct the theoretical framework for quasi-two-body D meson decays with the help of pion and
kaon electromagnetic form factors and with which we study the contributions of the subprocesses
p(770,1450) — KK for the three-body D decays within the flavor SU(3) symmetry. Because of the
limitations imposed by phase space and strong coupling, the contributions for the kaon pair from the virtual
bound state p(770) are channel dependent and generally small for the concerned three-body D decays, but
some quasi-two-body processes could still be observed in the Dalitz plot analyses for related decays, such
as D’ - K=p(770)* - K"K*KY and D" — K9%p(770)* — K%K KY, they are predicted to have the
branching fractions B = (0.82 £ 0.04) x 107 and B = 0.477033 x 107, which are (1.86 £ 0.16)% and
(1.84f8"126' )%, respectively, of the total branching fractions for the corresponding three-body D decays. We
find in this work that the normal subprocesses like p(1450)* — 2% or p(1450)" — K*+K°, which are
bound by the masses of decaying initial states, will provide virtual contributions in some special decays.
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I. INTRODUCTION

Three-body hadronic D meson decays provide us a rich
field to test the Standard Model and beyond. These decays
are proceeded predominantly through the quasi-two-body
processes [1-3]. Due to their small nonresonant compo-
nents and abundant intermediate states, three-body D
decays as well as their subprocesses were widely employed
to study the properties and substructures of various reso-
nant states [4—17], to analyze hadron-hadron interactions
[18-24], and to extract information on the zz, Kz, and KK
S-wave amplitude in the low energy region [25-35]. In the
experimental analyses for relevant decay amplitudes
[26,36-42], Dalitz plot technique [43] was widely adopted
in recent years. The corresponding expressions of the decay
amplitudes are usually composed of the coherent sum of the
resonant and nonresonant contributions within the isobar
formalism [44-46]. For the precise and accurate Dalitz plot
analyses, all reliable and necessary strong dynamical
components should be present in the expressions of the
decay amplitudes.
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The contributions for the kaon pair in the final states of
three-body D decays from the p family resonances, such as
p(1450)* and p(1700)* for KK* in the decays Dt —
KK 2% and D° — K3K*77, have been noticed by BESIII
[47], LHCb [40], and CLEO [48] Collaborations. In
addition, the subprocess p(1450)° — K*K~ was found
to contribute a surprising large fit fraction for the three-
body decays B* — zK*K~ by LHCb Collaboration in
Ref. [49]. The results of Ref. [50] indicate a sizable
branching fraction, around 22%, of D° — K%K"K~ comes
from the subprocesses p(770, 1450, 1700)" — K%K*. For
the quasi-two-body B meson decays, resonance contribu-
tions for the kaon pair originating from the intermediate
states p(770, 1450, 1700) have been specifically studied in
Refs. [51-53]. In this paper, we shall extend our previous
works [51-53] to the quasi-two-body D meson decays and
concentrate on the contributions of p(770, 1450) — KK for
relevant processes.

The schematic diagram for the cascade decays D —
hR — hKK is shown in Fig. 1. In the rest frame of the
initial state, D meson decays into the intermediate state R
and the bachelor %, and then R decays into its daughters, the
kaon pair. When ¢, , is the light quark « or d, as shown in
the Feynman diagram Fig. 1(b), the intermediate states
could be the resonances p(770, 1450). The natural decay
modes for p(770) — KK are blocked because the pole
mass for the resonant state p(770) is below the threshold of
the kaon pair. However, the virtual contribution [54-57]
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FIG. 1. Schematic view of the cascade decays D — hR —

hKK, where R stands for the intermediate states p(770, 1450)
decaying into KK in this work, and ¢, , is the light quark u or d.

(a)

from the Breit-Wigner (BW) formula [58] tail of p(770) was
found to be indispensable for the production of the kaon pair
in the processes of 77p - K"K™n and ntn - K"K™p
[59,60], pp - KTK~ 7" [61,62], ete™ — KTK~ [63-71],
and e*e” — K3KY [72-77]. Besides, p(770, 1450)* are
important intermediate states for K= KY for the final states of
hadronic 7 decays [78-81]. With the kaon electromagnetic
form factors studied in Refs. [65,66,68,8 1-86], including the
p, @, and ¢ families resonant states, we predicted the
branching fractions for the charmless decays B —
hp(1450) > hKK (with h = z, K) to be about a tenth of
their corresponding quasi-two-body decays with p(1450)
decaying into a pion pair [51,52]. What’s more, we found that
the branching fraction of virtual contribution for KK from the
BW tail of p(770) is larger than the corresponding contri-
bution from p(1450) in a charmless quasi-two-body B
decay [52].

Unlike hadronic B meson decays, for which the heavy
quark expansion tools and factorization approaches have
been successfully used for decades, the two-body and
three-body hadronic D meson decays are challenging to
be reliably described based on quantum chromodynamics
(QCD) on the theoretical side because of the c-quark
mass. In this context, model-independent ways such as
the factorization-assisted topological-amplitude approach
[87-89] and the topological-diagram approach [90-95]
have been adopted in references for various hadronic D
decays. In addition, starting from the weak effective
Hamiltonian [96], the experimental data for the decays
D’ —» KYK*K~ from BABAR [97] and D° — K%'z~
from BABAR [97] and Belle [98] were analyzed in [50,99],
respectively, within the quasi-two-body factorization
framework. While in [100], with the chiral unitary
approach used to take into account the final state inter-
action, a model was developed to study the three-body
DY > K ~x"n decay. In [101], the multimeson model based
on chiral effective Lagrangians was proposed to describe
the D™ - K"K"K" decay. The decay D" - K n"z*
was studied in [102] utilizing dispersion theory. Flavor
SU(3) sum rules for D - PP and D — PV decay ampli-
tudes were presented in [103], where P is a light pseudo-
scalar, and V is a light vector. SU(3) flavor symmetry
relationship was used in Ref. [104] to analyze the ratios of

amplitudes and phases for D° — PV in the decays
DY = 7tz 2% DY > 729K+ K-, and D° - K~ =zt ",

This paper is organized as follows: In Sec. II, we
construct the theoretical framework for the quasi-two-body
D meson decays with the help of the pion and kaon
electromagnetic form factors, and we derive the relation
between the branching fractions for the two-body and
quasi-two-body D meson decays. In Sec. III, we present
our numerical results for the contributions of the subpro-
cesses p(770,1450) - KK for concerned D meson
decays, along with some necessary discussions. A brief
summary of this work is given in Sec. I'V.

II. FRAMEWORK

For the cascade decays D — hR — hhih,, with hy)
being a light pseudoscalar pion or kaon, the related
effective weak Hamiltonian is written as [96]

G
Her = 7% [Z%(C]O] + C,0,)

q=d.,s

6
_lbchoi _lbc&go&f;} (1)
i=3

where Gp = 1.1663787(6) x 107 GeV~2 [105] is the
Fermi coupling constant, 4, = V¢, V,, and 4, =V, V,;,
stand for the product of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix elements, C’s are the Wilson coefficients at
scale p, the O, and O, are current-current operators, O3 —
O, are QCD penguin operators, and Og, is chromomag-
netic dipole operator. With Eq. (1) as the effective weak
Hamiltonian, the decay amplitudes for two-body processes
D — PV were described with typical topological diagram
amplitudes T'p y, Cpy, Epy,and Ap y, as well as additional
penguin amplitudes in the factorization-assisted topologi-
cal-amplitude approach [88] and the topological-diagram
approach [91,93-95]. For the detailed discussions on
these topological diagram amplitudes, one is referred to
Refs. [88,91,93-95]. Take D° — K~ p(770,1450)" —
K=n*7° and D° — K~p(770,1450)" — K~K*K° as the
examples, now we construct the decay amplitudes for the
decays D — hR — hhh,.

If the subprocesses p(770, 1450) — zz were shrunk to
the mesons p(770, 1450), the quasi-two-body processes
D® — K=p(770,1450)" — K~z z° will become the two-
body channels D° — K~p(770, 1450)*. The decay ampli-
tudes of DY — K~p(770,1450)* are dominated by the
color-favored tree amplitude 7» with DY — K~ transition,
which is formulated as [88,91,93,94]

G C
Tp= 7% VesVia {31 + C2] Jomy

x FP=K(m2)2le, - pp). (2)
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where the subscript p stands for p(770) or p(1450), FP~X
is the form factor for D° — K~ transition and is para-
metrized as [106]

0.78
(1-0?/2.11%)(1 - 0.240%/2.11%)°

FPK(0?) -

3)

€, is the polarization vector, and pj, is the momentum for
D°. Beyond the amplitude Tp, there is a W-exchange
nonfactorizable contribution from amplitude Ey,, which is
extracted from experimental data in the topological-dia-
gram approach [91,93,94] and is parametrized as [88]

G idbE
B = SV aCotb e Somlfy )

X fx/falle, - pol (4)

in the factorization-assisted topological-amplitude approach,
with the decay constants fp, f, and f, for the D°, kaon and
pion, respectively. The y5 = 0.25 and ¢% = 1.73 [88] are
the parameters that characterize the strength and strong
phase of the corresponding amplitude. Thus, one has the
decay amplitudes M = Tp + Ey, for the decays D° —
K=p(770, 1450)". Utilizing the partial decay width [105],

M(D = oK) = 25, . )

8ﬂm/2,

and the mean life of D° meson, one will achieve the
branching fractions for the two-body decays D° —
K=p(770, 1450)* with the relation M = €, pDM, where
the magnitude of the momentum for p or K in the rest frame
of D meson is

- 1

Pl = T [, = (m, +m)?][mp = (m, —mg)?]. (6)
and the m;’s are the masses for relevant particles above
with i = {D,p,K}.

The subprocesses p(770,1450)" — 7z 2° of the quasi-
two-body decays D° — K~p(770,1450)" - K=ztz° are
associated with the pion electromagnetic form factor F,(s),
with s the squared invariant mass for pion pair. The form
factor for the pion has been measured with high precision in
Refs. [107-113] by different collaborations. For the p(770)
and p(1450) components, one has [83,85]

FR(s) = cEBWg(s), (7)

where R represents the resonance p(770) or p(1450), and

the coefficient ¢% = frgrze/ (vV/2mpg) [83] is determined by
the decay constant f, coupling constant g, ., and the mass
mg. The BW formula for F, has the form [114],

2

m
BW; = R : 8
R m% — s — imgl'g(s) ®)
and the s-dependent width is
mg |Zj, 2121 R
r r X 9
&(s) VAT (Iglrgw) 9)

The Blatt-Weisskopf barrier factor for p family resonances

is given by [115]
1+ 2
X(z) =—=, 10
@)=\ (10

with the barrier radius rEy = 1.5 GeV~! [116]. The

magnitude of the momentum |G| =3+/s—4m3 in
Eq. (9), and |qy| is |G| at s = m>%.

By connecting subprocesses p(770, 1450)* — 2" and
the two-body channels D — K~p(770,1450)* together,
we get the quasi-two-body decay processes. The amplitudes

for DO — K=p(770, 1450)" — K~z 2" are written as

((z*2°),K~[Her| D)

1
m% — s — imgl'g(s)
x (p(770, 1450) " K~ [Hegs| D)
1
— 5 —im,I,(s)

= (z"2%p(770, 1450)*)

= Yparn€p * (pﬂ+ - pﬂ.o) m%)

x [Tp + Ey]. (11)

where the p,+ and p o are the four momenta for 7+ and z°,
respectively. Then, in the rest frame of the intermediate states,
we have the expression of the differential branching fraction

(B) [105],

B |gPlpil®

=1p
Vsdv/s 1273m3,

A%, (12)

by taking into account the Eq. (7), with 7 as the mean

lifetime for D meson. The magnitude of the momentum |ﬁ|
for the state & is written as

il =g = (V)= (Vi—m)?L (13

with m;, as the mass for the bachelor final state, which is K~
for DY — K=p(770, 1450)* — K~ z* 2" decays. The decay
amplitude A in Eq. (12) is related to that of the corresponding
two-body process with the relation,
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Ax M/m, (14)

and with the replacement f,, — F7(s) for the resonant states.
The subprocesses p(770, 1450)" — KK in the decays
D° - K=p(770,1450)* — K-K*K" are related to the
kaon electromagnetic form factors. These form factors
have been extensively studied in Refs. [81-85] on the
theoretical side. The experimental information on kaon
form factors comes from the measurements of the reactions
ete” - K"K~ [65,66,71] and ete” - K"K~ (y) [68].
Since KK is not an eigenstate of isospin, both isospin 0
and 1 resonant states such ¢, , and p families need to be
taken into the components of the form factors for the kaon
[68]. When concerning only the contributions for K™K~
and K°K? from the resonances 1 = p(770, 1450, 1700) and
= w(782, 1420, 1650), one has [117]

F?{*K‘( ) F[Ii(okn(s)

=+= ZCKBW ZchW (s). (15

F?(+K—( ) FMKOI‘(O(S)

=—= ZCKBW

For the K*K? and K°K~ pairs, which have no contribution
from the neutral states w(782, 1420, 1650), one has [81-83]

ZCKBW (17)

ZCKBW (16)

FK*I_(O( ) FKOK'

The relevant coefficients cy’s (with R = 1, ¢) in kaon form
factors, which are proportional to their corresponding cou-
pling constants grx, have been detailed discussed in our
previous work [52], and we adopt the same values for them as
in Ref. [52]. With the relations g,770xk = Yuw(782)kk =

\%gqﬁ(lozo)l(f( and  g,(1450)k& R 5 Gp(1450)z+x~ Within flavor
SU(3) symmetry [83] and Eq. (11) with the replacements
a7 — K+ and 7° —» K°, one could easily obtain the
decay amplitudes for the cascade decays D° — p(770,
1450)"K~ — K*K°K~.

By neglecting the effect of the alteration of mg — s for
FP=K in Eq. (2), one can relate partial decay width
expression the Eqgs. (5) to (12) the differential branching
fraction for quasi-two-body decays. From Eq. (5), we have

1 8=
B(D - pK) ——=5-
™ |p[

|'A~/l/mp|2 = (18)

The right-hand side of this equation can be undoubtedly
transplanted to the differential branching fraction of
Eq. (12), along with the replacements f, — F” ((s) for

the quasi-two-body decays. Then we reach the branching
fraction,

—)

L 9)

Z ‘F/J;,K(S)
p

o

for the quasi-two-body decays with the subprocesses
p(770) = zx or p(770) - KK. This formula for the
branching fractions of the quasi-two-body decays with
the corresponding two-body results is different from the
narrow width approximation relation discussed in
Ref. [118], which is not appropriate for the processes with
the virtual bound state [54,55] decays like p(770) — KK.
The integral part of Eq. (19) is approximately equal to the
branching fraction for the normal subprocess such as
p(770) - zz decay, but for the virtual processes like
p(770) = KK, its integral result could be different for
each decay channel.

BQZB B(D - pK)/dS

III. RESULTS AND DISCUSSIONS

In the numerical calculation, we adopt the decay constant
fp, =0.216 +0.003 GeV [119] for p(770), and the mean
lives 7+ = 1.040(7) ps, 7o = 0.4101(15) ps, and 7+ =
0.504(4) ps [105] for D(,) mesons. For p(1450), we employ
Sp(1450) = 0.1851’8_'8;2 GeV [120] resulting from the data
[121]. The masses for particles in relevant decay processes,
the decay constants for pion and kaon, the full widths for
resonances p(770) and p(1450) (in units of GeV), the
Wolfenstein parameters for CKM matrix elements [105],
and the decay constants fp and fp for D [122] are
presented in Table I.

Utilizing Eq. (12) as the differential branching fraction,
we have the branching fraction,

B(D® - K=p(770)" - K~z"z")
= (9.40 £0.26 = 0.21)%, (20)

with the amplitudes Tp and Ey in Eq. (2) and Eq. (4),
respectively. The coefficient ¢; = 1.177 for the pion form
factor, with

6”m/2;(770)rp(770) J
g0/

(21)

9p(770) 27

has been adopted. The two errors of the result (20) are
induced by the uncertainties of the decay constant f 77
and the CKM matrix elements, respectively. The quasi-two-
body branching fraction Eq. (20) is consistent with the
result B=9.6% in Ref. [88] within the factorization-
assisted topological-amplitude approach for the two-body
decay D° — K=p(770)* in view of B(p(770) — nx) ~
100% [105], but it is slightly less than the data
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Masses for relevant states, decay constants for pion and kaon, full widths of p(770) and p(1450) (in

units of GeV), and the Wolfenstein parameters for CKM matrix elements from [105] and fp and fp in [122].

TABLE 1.

mps = 1.870 mpo = 1.865
m.o = 0.135 Mg+ = 0.494
fp, = 0.250 f, = 0.130
mp(770) =0.775

mp(1450) = 1.465 +0.025
A =0.22650 + 0.00048

p = 014170818

mps = 1.968 m = 0.140
myo = 0.498 fp=0212
fx =0.156

Fp(770) = 0149

Fp(1450) = 0400 :I: 0060
A =0.790109]
71=0.357 £0.011

B = (11.3+£0.7)% in Review of Particle Physics [105]
averaged from [116,123]. While with the form factor F ()
measured in [109] by the BABAR Collaboration with
Gounaris-Sakurai (GS) model [124] for the p family
resonances, the branching fraction will be enhanced to
be B=(10.19 £0.28 £0.23)% for the quasi-two-body
decay D° — K= p(770)* — K~ 2.

Now, we switch to the subprocess p(770)* — K*K° for
D° - K=p(770)" decay. Because of the pole mass of
p(770), we have only the virtual contribution for K*K°
from the resonance in the decay D’ — K~p(770)" —
K~K*K°. With the relation, g,770)k*k- = Ju(782)K+ K~ =

\/% 9p1020)k k- [83] for the strong couplings within flavor
770) = 1.247 £ 0.019

was determined in Ref. [52], which is consistent with the
results in [83,85,86] for the kaon electromagnetic form
factors. Then it’s trivial to obtain the branching fraction,

SU(3) symmetry, the coefficient c/’f(

B(D° - K=p(770)* —» K-K*K")
= (1.64 £0.05 £ 0.04 £ 0.05) x 1074, (22)

where the first two errors have the same sources as those in
Eq. (20), and the third one comes from the uncertainty of

coefficient (:5(770). Considering the meson K° decays half

TABLE II. Experimental data of the branching fractions from
Review of Particle Physics [105] for the concerned three-body D
meson decays.

Mode Unit B [105]

D’ - KKK~ 1073 4.42 +0.32
D° - KYK~n* 1073 33+£05

D’ - KYK*n~ 1073 2.174+0.34
D° - K*K 7" 1073 3.42+0.14
Dt - KTK$KY 1073 2.54+0.13
D* —» K*KTK~ 103 6.14 £0.11
Dt — KYK*7° 1073 5.07 £0.30
Dt —» K*K~n* 1073 9.68 +0.18
Di - K*K'K~ 1074 2.16£0.20
D — K*K-n* % 539+0.15
Dy - K*K%z° % 1.52+0.22

nto Kg, one receives the contribution of the subprocess
p(770)" — K* K% to be about (1.86 +0.13 & 0.09)% for
the tree-body decay D° — KgK*K ~ when comparing the
result (22) with the corresponding data in Table IL
The two errors come from the uncertainties of the data
(4.42 £0.32) x 1073 for D° - KKK~ and the result in
Eq. (22), respectively.

In Fig. 2, we show the differential branching fractions for
the decays D° — K p(770)" - K=z*2° and D° —
K=p(770)" —» K~K*K°. In the inset, the feature of
p(770) is clearly and fully presented through the curve with
a peak at about s = mz(770) for the decay process D° —

K=p(770)" — K~z " z°. The obvious comparison is a bump
at about s = 1.2 GeV? for D° - K~p(770)" - K-K*K°,
which should not but potentially could be claimed as a
resonant state with quite a large decay width. The peak
location of the bump for the subprocess p(770) — KK of D
meson decay like D* — K~K* KV is distinctly different from
it for the same subprocess in the three-body B meson decays
that have been studied in Refs. [51,52], the former is closer to
the pole mass of the resonance p(770). This phenomenon is
attributed to kinematic characteristics in the corresponding
decay processes rather than the properties of the resonant
states involved. Because the related three-body phase space
of D meson decays is much smaller than that of B decays, the
phase space factor | p;,| in Eq. (12) will drop more quickly in

10

[ D°—Kp(770)'>KK'K

— T T T
T

T T 4
D°—K'p(770)' —>K='n’ { 4

IS
T

>

]
[
©
a
3
g
B

3
2
1k
0
0.

dalds (10 GeV?)

20 25

FIG. 2. The differential branching fractions for the quasi-
two-body decays D° — K~p(770)* — K~ 2"z’ (inset) and
D — K=p(770)* — K-K*K°.
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TABLE IIL

Virtual contributions of the subprocess p(770) — KK for the concerned three-body D decays.

2B modes Data [105]

2B modes Results
Q

D° — K9p(770)° 6.3709 x 1073
D° = K-p(770)*
DY — 7p(770)
DY — 77p(770)*
DY — 7%(770)°

(113 +£0.7)%
(5.15 £ 0.25) x 1073
(1.01 + 0.04)%
(3.86 £ 0.23) x 1073

Dt - K4p(770)*
Dt — K*p(770)°

61470909,
(1.9£0.5) x 104

D = ntp(770)° (8.3 + 1.5) x 10~

D} — K*p(770)° (254+04) x 1073

D - K$[p(770)°

DY = 2%p(770)° -]K+t K~

D* - K§[p(770)*
D* — K*[p(770)°
DT — K*[p(770)°
D+ — 7 [p(770)°

D+ — K*[p(770)°

—>]K+K_
LIKORO

+0.24+0.10 -6
248755 600 X 107

— K9[p(770)° 2.20105 708 x 1076

D° - K~ [p(770)" »]K*K° L7150 20 % 107
DY = (TTO) KD LSS < 107
- 77 [p(770)* =]K*+K° 3.6910 131015 % 107

36010 x 107
3.4070204 0.1 5 1076
9.3510 108 x 107
T8I0 x 1078
6.951] 831929 % 1078
7.99 141933 % 1077
736 107
LSTI 200 x 107

+0.2340.06 -6
1.427553 506 X 107

DY = 7%p(770)° —-]K°K°
—)]K+I_(0
—]KtK~
—>]KOI_(0
—]KtK~
—>]K0[_(O
—]KtK~
—>]KOI_(O

- 77[p(770)°

- K" [p(770)°

the D processes. This will also result in the ratio of the
contributions from subprocesses p(770) = KK to p(770) —
7 to be channel dependent in the three-body D decays and
much smaller than that for the three-body B decays, which
will decline from one or two percent in B decays [52] to the
level of thousandth or even smaller, as exhibited by the results
in Table IIL

The resonance p(770) as a virtual bound state [54,55] in
the decay p(770) — KK will not completely present its
properties in the concerned processes because of the phase
space. Nevertheless, the quantum number of the involved
resonance could be fixed from its decay daughters, for
example, KK, along with CKM matrix elements in the
decay on theoretical side. The certain resonant source for
the final states KK makes the cascade decay like D° —
K=p(770)" - K~K*K° to be a quasi-two-body process,
although the invariant mass region for the kaon pair is
excluded from the region around pole mass of the inter-
mediate state p(770). What we want to stress here is that the
nonresonant contribution in the three-body D or B meson
decays should not include the specific known contribution
from a certain determinate resonant state like p(770) for
KK in the experimental studies.

Different from the contribution of the subprocess
p(770) — zx for the decays like D° — K=p(770)F, the
virtual contributions of the subprocesses p(770) — KK for
the concerned D meson decays are nearly unaffected by the
full width of the resonance p(770). Take the decay D° —
K=p(770)" — K~K"K" as an example, we will have its
branching fraction slightly changed from 1.638 x 107* to
1.640 x 10~ when the I" »(770) 18 altered from 0.149 GeV to
zero. The best explanation for this is that the s-dependent
width for the BW formula of the Eq. (8) fades into
insignificance when the invariant mass square s, which
starts from the threshold of kaon pair, is large enough, then

the BW expression for p(770) is charged only by the
coefficient ¢§ of the kaon form factors and the gap between
the squared mass of the involved resonant state and the
invariant mass square s for kaon pair. Thanks to the phase
space factor |g|* in Eq. (12), the portion of the contribution
in the shadow of the large decay width T')770) for the
process D° — K~p(770)* — K-K*K" is the strongly
suppressed.

The branching fraction of the decay D° — K~p(770)* —
K~K* K" can also be achieved from the Eq. (19) with the
help of the data for D° — K~p(770)*. With the two-body
branching fraction B(D? — K=p(770)*) = (11.3 £0.7)%
[105], one has B = (1.71 £ 0.11 £ 0.07) x 10~%, as shown
in Table III for the quasi-two-body decay D° —
K=p(770)* — K~K*K°. This result is also in agreement
with the value in Eq. (22). The first error of these results for
the quasi-two-body decays in Table III comes from the
uncertainties of the corresponding data for the relevant two-
body decays in the same table; the second one is induced by
the uncertainties of the coefficient c¢& o(770) = = 1.247 +0.019

[52] and decay the constant f, = 0.216 + 0.003 GeV [119].

The quasi-two-body branching fractions in Table III,
which are derived from the experimental data for corre-
sponding two-body decays with the Eq. (19), are generally
very small compared with the corresponding experimental
data in Table II, but some of them have the potential to be
observed in the Dalitz plot analyses for related three-body
D decays. In addition to D° - K=p(770)" — K~ KK
with K — K9, the subprocess p(770)" — K*K9 will
contribute about (1.84 4= 0.091)13)% of the total branching
fraction for the D™ — KTKUKY decay, with two errors
coming from the uncertainties of the data B = (2.54 +
0.13) x 1073 in Table II and the corresponding quasi-two-
body result in Table III, while the quasi-two-body decays
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D° - 77[p(770)* -»]KTK% and Dj — K™ [p(770)° —
|KTK~ are predicted to provide (0.85 +0.13 £+ 0.05)%
and (0.73 £0.07 £0.12)%, respectively, for the total
branching fractions of their corresponding three-body
decay processes shown in Table II.

Because of the phase space and the strong coupling, the
virtual contribution of the subprocess p(770)° — K+ K~ for
the three-body decay D — KKK~ shown in Table III is
very small, which is less than 1/10° of the total branching
fraction (4.42 + 0.32) x 1073 in Table II for the correspond-
ing three-body decay process. Actually, because of the
suppression from the factor 1/2 in Egs. (15) and (16), the
kaon form factors, the subprocesses p(770)° — K*K~ and
p(770)° - K°K° will contribute to the smaller branching
fractions compared with the p(770)* — K*KY. This partly
causes the decays D° — K3p(770)°, D° — % (770)°,
DT = K*p(770)°, and DT — ztp(770)° with p(770)°
decaying into KK~ or K°K? listed in Table III to hold
the very small proportions of the total branching fractions for
their corresponding three-body decay processes, and they are
unlikely to be observed in the Dalitz plot analyses in the near
future.

With the @ components in Egs. (15) and (16), the
branching fractions for quasi-two-body decays with the
intermediate state w(782) for KK could be easily obtained
from Eq. (19) with the help of the existing experimental data.
We predict the branching fractions for D° - K%[w(782) —
K"K~ and D] — K'[w(782) -]K"K~ to be (4.59 +
0.254+0.40) x 10® and (5.72 + 1.64 £ 0.50) x 1077,
respectively, with the data B(D? - K%w(782)) = (1.11 +
0.06)% and B(Di — K*w(782)) = (8.7 £2.5) x 10~
[105]. The first error comes from the uncertainty
the corresponding data, and the second one is induced
by C£(782) =1.113£0.019 [52] and f,=0.197 £
0.008 GeV [119].

For the quasi-two-body decay D — K~p(1450)" —
K~ ntn°, the color-favored tree amplitude Tp with D° —
K~ transition and W-exchange nonfactorizable amplitude Ey,
are involved. Since the parameters y; = 0.25and ¢p; = 1.73
were fitted for the meson p(770) in [88], one should not trust
them in the decays with the subprocess p(1450)* — 7+ z°.
Fortunately, one has T'p to be the dominated amplitude for
this quasi-two-body processes. By omitting the annihilation-
type amplitude Ey, we estimate the branching fraction,

B =(2.25+0.56) x 103, (23)

for the D — K= p(1450)* — K" 7" decay with the GS
model measured in [109] for the pion form factor, where only
the error coming from the uncertainty of |c;’( 1450) | =0.158 +
0.018 [109] has been taken into account. If we switch on the
amplitude Ey, and still adopt the parameters )(g = 0.25 and
@L =173, we have B~ 2.20 x 1073 for this quasi-two-
body process, which is very close to the value in Eq (23). In

Ref. [83], a smaller coefficient cZ<1450) = —-0.119 £0.011

was fitted for the pion form factor F (), with which a small
branching fraction B = 0.85 x 1073 could be obtained for the
same quasi-two-body decay. In [105,116], the branching
fraction (8.2 4 1.8) x 10~% was claimed for the quasi-two-
body decay D° — K~ p(1700)* — K~ 7" z°. With the F,(s)
measured in [109], we estimate its branching fraction to be
about 0.74 x 1073, It seems the result for this decay process
in [116] was overestimated.

In Fig. 3, the differential branching fraction is shown for
the decay D° — K~p(1450)* — K~z z°, but one cannot
tell the feature of the resonance p(1450) from the curve, it
is more of a diagram for the background. The reason for
this is that the subprocess p(1450)" — z+z° in this decay
is, in essence, a virtual resonance decay. Although the pole
mass of p(1450) is larger than the threshold of pion pair,
but the initial decaying state D° does not have the energy to
make the resonance in DY — K~ p(1450)" — K~z"x°
demonstrate its intact properties, it has already been
terminated before the s for the pion pair arrive the position

of m5(1450>. Contrary to the virtual contribution of

p(770) — KK discussed above, the contribution from
p(1450)* - 2t 2" in the quasi-two-body decay D° —
K=p(1450)* — K~ z* 2" arises only from the forepart of
BW expression for the involved resonance. Similar virtual
contributions from the forepart of BW for the resonances
will also take place in other decays and shall be left for
future studies.

For the resonance p(1450) decaying into kaon pair, the s-
dependent width I'g (s) in Eq. (8) containing partial widths of
various final states was adopted in Refs. [81,125,126]. In
view of the decays p(1450) — wx and p(1450) — 4z are the
two dominated modes for p(1450), we adopt the T',,(1450) (5),
which is discussed in the Appendix with four decay channels.
With Eq. (A3), the coefficient 05(1450) = —0.156 £ 0.015

[52], and the amplitude T p, it’s easy to estimate the branching
fraction,

4
D°—Kp(1450) —»K 7’ |

dalds (107 GeV?)

1.0 1.5 2.0

FIG. 3. The differential branching for D —

K= p(1450)" - K~2" 2% decay.

fractions
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B(D" — K~p(1450)* — K~K*K)
= (0.91 £0.17) x 1074, (24)

with the error coming from the uncertainty of cflf(l 150) =

—0.156 £ 0.015 [52]. This result, just like the resonance
contribution in the decay D° — K~ p(1450)* — K~ z* 29, is
the virtual contribution from the forepart of BW formula
of p(1450), and we need to stress here that this virtual
contribution from p(1450) doesn’t depend on the I' ;1450 (s)
in Eq. (A3). Taking K* — Kg into account, the resonance
p(1450)" will contribute about (1.03 £ 0.19 £ 0.07)% for
the total branching fraction of the tree-body decay
D° —» K$K*K~, where two errors come from the uncer-
tainties of the estimated branching fraction and the data B =
(4.42 +0.32) x 107 for the three-body decay, respectively.

When we put the decay amplitudes of two virtual
contributions p(770)" — K*K§ and p(1450)" - KTKY
together for the tree-body decay D° — K9K K-, we have
the branching fraction,

B(D" — K~p(770,1450)" — K~-K*KY)
= (223 £0.19) x 107 (25)

If we turn on three resonances p(770)", p(1450)", and
p(1700)7, the branching fraction will be enhanced to be
about B = 3.54 x 10~%, which means about 8.0%, com-
parable to the result 22ff3% in [50], of the total branching
fraction for D° — K@K*K‘. Nevertheless, we need stress
that there is no precise measurement for kaon form factors
like F,(s) in [109], and the coefficients of ¢X’s are not
necessary to be real values, the phase difference between
BW expressions of p(770)", p(1450)*, and p(1700)* for
Fk(s) could change the weight of the interferences
between them.

For the quasi-two-body decay D° — 77 p(1450)" —
7KK, the decay of the subprocess p(1450)" — KK
is an ordinary process because of (m,- + m,(14s0)) < Mpo.
With Eq. (A3), one has its branching fraction,

B(D® > n~p(1450)* — 7~ K*+K?)
= (3.72£0.71) x 1075, (26)

where the error comes from the uncertainty of cllf(l 150) =

—0.156 £ 0.015. This result is close the virtual contribution
from resonance p(770)" for the corresponding quasi-two-
body decay process in the Table III. The other contributions
of the kaon pair from resonance p(1450) for the concerned D
meson decays such as D° — 77[p(1450)" —-]KTKY, the
parameters like D — p(1450) transition form factors are
absent in literature, and we leave them for the future studies.

IV. SUMMARY

In this work, we studied the contributions of the
subprocesses p(770, 1450) — KK for the three-body had-
ronic D meson decays. We constructed the theoretical
framework for the quasi-two-body D decays with the help
of the pion and kaon electromagnetic form factors and
derived the relation connecting the branching fractions for
the two-body with that for the corresponding quasi-two-
body D meson decays and with which we obtained the
numerical results for the concerned quasi-two-body D
meson decay processes within the flavor SU(3) symmetry.

We predicted the branching fraction B = (0.82 £ 0.04) x
10~ for the decay D° — K=p(770)* — K~K K, which s
(1.86 + 0.16) % of the total branching ratio (4.42 4 0.32) x
1073 in Review of Particle Physics for the three-body decay
D° — KK K~. While the subprocess p(1450)" — K" K"
was found to contribute a branching fraction B = (0.91 £
0.17) x 10™* for the quasi-two-body decay D° —
K= p(1450)" - K-K*K° in this work. The subprocess
p(770)* - K*K%, in addition, could contribute about
(1.841921)% of the total branching fraction for the D —
K*K3KY decay, and the quasi-two-body decays D° —
7~ [p(770)" -]KTKY and Df - K[p(770)° -]K*K~
were predicted to provide (0.85+0.14)% and (0.73+
0.14)%, respectively, for the total branching fractions of
their corresponding three-body decay processes in this paper,
which have the potential to be observed in the Dalitz plot
analyses for related three-body D decays.

Different from p(770) — zz, the subprocess p(770) —
KK will provide only the virtual contribution for the
concerned three-body D meson decays in this work, and
the virtual bound state p(770) decaying into kaon pair can
not completely present its properties in relevant decay
processes because of the phase space limitation. The
situation for p(1450)", which is decaying into zz° or
K*K"in D® - K=p(1450)*, is similar with that of p(770)
decaying to KK. The pole mass of p(1450) is larger than
the threshold of pion and kaon pairs, but the initial decaying
state D° does not have enough energy to make this
resonance demonstrate its intact properties in D? —
K~ p(1450)*. The virtual contributions from various res-
onant states widely exist in multibody D, J/w, B, etc.,
decays. We need to stress that the virtual contributions from
specific known intermediate states is different from the
nonresonant contributions demarcated in the experimental
studies.
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APPENDIX: I'x(s) FOR p(1450)

Different from the BW formula for p(770,1450) in
[49,83,85,109], the s-dependent width ['k(s) in Eq. (8)
containing partial widths of various final states for reso-
nances p(770, 1450) was adopted in Refs. [81,125,126].
Since  B(p(770) — zz) ~100%  [105], T ,770)(s) =
[')(770)»22(5) is @ very good approximation for the BW
formula for its zz and KK final states; besides, the virtual
contributions of the subprocesses p(770) — KK are unaf-
fected by the full width of p(770) for the concerned D
meson decays, as discussed in Sec. IIL.

For the ' (s) in BW formula of resonance p(1450), the
s-dependent width with two channels,

m
[y (1450) (s)= L'y(1450) 71;
P k!’
o [0t =)+ 3 Lot - am) .
ry g kol
(A1)
and
mg 2( + [ax |
Fp(1450)(5) = L'p(1450) 71;71(’ (A2)

—3
2|610|

were adopted in [81,125], respectively, where g k(o) 1s the
§<0) with the replacement m, — mg. In view of that the

decays p(1450) — wz and p(1450) — 4z are the two
dominated modes for the resonance p(1450), we adopt
the I'1450) (s) with four channels in this work as [126,127]

m
L) (1450) (s) = [)(1450) 712

x | B(p(1450) — 77 @ |3XZ(I(? riw)

lgx|?

+ B(p(1450) - KK) P |3X2<|q7<|r§w)
KO

A
|q;o\3

+ B(p(1450) — wn) X% (| o rBw)

|Gax !’ -
+ B(p(1450) — 47r)|q;—0|3X2(|q4ﬂ|r§w) ,
TT

(A3)

where [126]

= 572l Ot s = (my = e, (A

and |q4| = 3+/s = 16m; [127], and |qu| and |qizl
are the |q,| and |q4,| at s = mlz:(1450)’ respectively. We
have the branching fractions B(p(1450) — wn) = 45%
and B(p(1450) — 4x) = 40% [126], and B(p(1450)° —
K+K)/B(p(1450)° — z+7~) ~ 1/10 [51].

[1] M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C 34, 103
(1987).

[2] J. M. Link et al. (FOCUS Collaboration), Phys. Rev. D 75,
052003 (2007).

[3] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 79,
032003 (2009).

[4] A. Deandrea, R. Gatto, G. Nardulli, A.D. Polosa, and
N. A. Torngvist, Phys. Lett. B 502, 79 (2001).

[5] E. M. Aitala et al. (E791 Collaboration), Phys. Rev. Lett.
86, 765 (2001).

[6] E.M. Aitala et al. (E791 Collaboration), Phys. Rev. Lett.
86, 770 (2001).

[7] 1. Bediaga, F. S. Navarra, and M. Nielsen, Phys. Lett. B
579, 59 (2004).

[8] D. V. Bugg, Phys. Lett. B 632, 471 (2006).

[9] L. Maiani, A. D. Polosa, and V. Riquer, Phys. Lett. B 651,
129 (2007).

[10] J.J. Xie, L.R. Dai, and E. Oset, Phys. Lett. B 742, 363
(2015).
[11] J. M. Dias, F. S. Navarra, M. Nielsen, and E. Oset, Phys.

Rev. D 94, 096002 (2016).

[12] N.N. Achasov and G.N. Shestakov, Phys. Rev. D 96,
036013 (2017).

[13] M. Y. Duan, J. Y. Wang, G. Y. Wang, E. Wang, and D. M.
Li, Eur. Phys. J. C 80, 1041 (2020).

[14] Y. K. Hsiao, Y. Yu, and B. C. Ke, Eur. Phys. J. C 80, 895
(2020).

[15] R. Molina, J.J. Xie, W. H. Liang, L. S. Geng, and E. Oset,
Phys. Lett. B 803, 135279 (2020).

[16] L. Roca and E. Oset, Phys. Rev. D 103, 034020 (2021).

[17] X.Z. Ling, M. Z. Liu, J. X. Lu, L. S. Geng, and J. J. Xie,
Phys. Rev. D 103, 116016 (2021).

[18] P.C. Magalhdes and M. R. Robilotta, Phys. Rev. D 92,
094005 (2015).

[19] J. H. Alvarenga Nogueira, 1. Bediaga, A. B. R. Cavalcante,
T. Frederico, and O. Lourengo, Phys. Rev. D 92, 054010
(2015).

[20] K.S.FE. F. Guimaraes, O. Lourenco, W. de Paula, T.
Frederico, and A.C. dos Reis, J. High Energy Phys. 08
(2014) 135.

[21] P. C. Magalhaes, M. R. Robilotta, K. S. F. F. Guimaraes, T.
Frederico, W. de Paula, I. Bediaga, A.C. dos Reis,

116019-9


https://doi.org/10.1007/BF01561122
https://doi.org/10.1007/BF01561122
https://doi.org/10.1103/PhysRevD.75.052003
https://doi.org/10.1103/PhysRevD.75.052003
https://doi.org/10.1103/PhysRevD.79.032003
https://doi.org/10.1103/PhysRevD.79.032003
https://doi.org/10.1016/S0370-2693(01)00183-6
https://doi.org/10.1103/PhysRevLett.86.765
https://doi.org/10.1103/PhysRevLett.86.765
https://doi.org/10.1103/PhysRevLett.86.770
https://doi.org/10.1103/PhysRevLett.86.770
https://doi.org/10.1016/j.physletb.2003.10.102
https://doi.org/10.1016/j.physletb.2003.10.102
https://doi.org/10.1016/j.physletb.2005.11.019
https://doi.org/10.1016/j.physletb.2007.05.051
https://doi.org/10.1016/j.physletb.2007.05.051
https://doi.org/10.1016/j.physletb.2015.02.006
https://doi.org/10.1016/j.physletb.2015.02.006
https://doi.org/10.1103/PhysRevD.94.096002
https://doi.org/10.1103/PhysRevD.94.096002
https://doi.org/10.1103/PhysRevD.96.036013
https://doi.org/10.1103/PhysRevD.96.036013
https://doi.org/10.1140/epjc/s10052-020-08630-3
https://doi.org/10.1140/epjc/s10052-020-08468-9
https://doi.org/10.1140/epjc/s10052-020-08468-9
https://doi.org/10.1016/j.physletb.2020.135279
https://doi.org/10.1103/PhysRevD.103.034020
https://doi.org/10.1103/PhysRevD.103.116016
https://doi.org/10.1103/PhysRevD.92.094005
https://doi.org/10.1103/PhysRevD.92.094005
https://doi.org/10.1103/PhysRevD.92.054010
https://doi.org/10.1103/PhysRevD.92.054010
https://doi.org/10.1007/JHEP08(2014)135
https://doi.org/10.1007/JHEP08(2014)135

WEN-FEI WANG

PHYS. REV. D 104, 116019 (2021)

C. M. Maekawa, and G. R. S. Zarnauskas, Phys. Rev. D 84,
094001 (2011).

[22] D.R. Boito and R. Escribano, Phys. Rev. D 80, 054007
(2009).

[23] J. A. Oller, Phys. Rev. D 71, 054030 (2005).

[24] S. Fajfer, A. Prapotnik, P. Singer, and J. Zupan, Phys. Rev.
D 68, 094012 (2003).

[25] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D
104, 012016 (2021).

[26] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 83, 052001 (2011).

[27] E. M. Aitala et al. (E791 Collaboration), Phys. Rev. Lett.
89, 121801 (2002).

[28] J.M. Link et al. (FOCUS Collaboration), Phys. Lett. B
681, 14 (2009).

[29] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. D
78, 052001 (2008).

[30] J.M. Link et al. (FOCUS Collaboration), Phys. Lett. B
653, 1 (2007).

[31] J.M. Link et al. (FOCUS Collaboration), Phys. Lett. B
648, 156 (2007).

[32] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. D
76, 012001 (2007).

[33] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 76,
011102(R) (2007).

[34] E. M. Aitala et al. (E791 Collaboration), Phys. Rev. D 73,
032004 (2006); 74, 059901(E) (2006).

[35] D. Cronin-Hennessy et al. (CLEO Collaboration), Phys.
Rev. D 72, 031102 (2005); 75, 119904(E) (2007).

[36] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 06 (2021) 181.

[37] M. Ablikim et al. (BESIII Collaboration), arXiv:
2006.02800.

[38] Y. Q. Chen et al. (Belle Collaboration), Phys. Rev. D 102,
012002 (2020).

[39] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
123, 112001 (2019).

[40] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 93,
052018 (2016).

[41] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 89,
052001 (2014).

[42] N. Lowrey et al. (CLEO Collaboration), Phys. Rev. D 84,
092005 (2011).

[43] R. H. Dalitz, Phys. Rev. 94, 1046 (1954).

[44] G.N. Fleming, Phys. Rev. 135, B551 (1964).

[45] D. Morgan, Phys. Rev. 166, 1731 (1968).

[46] D. Herndon, P. Soding, and R. J. Cashmore, Phys. Rev. D
11, 3165 (1975).

[47] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D
104, 012006 (2021).

[48] J. Insler ef al. (CLEO Collaboration), Phys. Rev. D 85,
092016 (2012); 94, 099905(E) (2016).

[49] R. Aaij et al. (LHCD Collaboration), Phys. Rev. Lett. 123,
231802 (2019).

[50] J.-P. Dedonder, R. Kaminski, L. Le$niak, and B. Loiseau,
Phys. Rev. D 103, 114028 (2021).

[51] W.F. Wang, Phys. Rev. D 101, 111901(R) (2020).

[52] W.F. Wang, Phys. Rev. D 103, 056021 (2021).

[53] A.J. Ma and W.F. Wang, Phys. Rev. D 103, 016002
(2021).

[54] R. H. Dalitz, Strange Particles and Strong Interactions
(Oxford Press, London, 1962).

[55] A. Astier, J. Cohen-Ganouna, M. D. Negra, B. Maréchal,
L. Montanet, M. Tomas, M. Baubillier, and J. Duboc, Phys.
Lett. 25B, 294 (1967).

[56] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 94,
072001 (2016).

[57] W.F. Wang and J. Chai, Phys. Lett. B 791, 342 (2019).

[58] G. Breit and E. Wigner, Phys. Rev. 49, 519 (1936).

[59] A.J. Pawlicki, D.S. Ayres, D. Cohen, R. Diebold, S.L.
Kramer, and A.B. Wicklund, Phys. Rev. D 15, 3196
1977).

[60] D. Cohen, D.S. Ayres, R. Diebold, S.L. Kramer, A.J.
Pawlicki, and A.B. Wicklund, Phys. Rev. D 22, 2595
(1980).

[61] A. Abele et al. (Crystal Barrel Collaboration), Phys. Lett.
B 468, 178 (1999).

[62] M. Albrecht et al. (Crystal Barrel Collaboration), Eur.
Phys. J. C 80, 453 (2020).

[63] B. Delcourt, D. Bisello, J. C. Bizot, J. Buon, A. Cordier,
and F. Mane, Phys. Lett. 99B, 257 (1981).

[64] P.M. Ivanov, L. M. Kurdadze, M. Yu. Lelchuk, V. A.
Sidorov, A.N. Skrinsky, A.G. Chilingarov, Yu.M.
Shatunov, B. A. Shwartz, and S.I. Eidelman, Phys. Lett.
107B, 297 (1981).

[65] D. Bisello et al. (DM2 Collaboration), Z. Phys. C 39, 13
(1988).

[66] M. N. Achasov et al., Phys. Rev. D 76, 072012 (2007).

[67] R.R. Akhmetshin et al. (CMD-2 Collaboration), Phys.
Lett. B 669, 217 (2008).

[68] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 88,
032013 (2013).

[69] M. N. Achasov et al., Phys. Rev. D 94, 112006 (2016).

[70] E. A. Kozyrev et al., Phys. Lett. B 779, 64 (2018).

[71] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 99,
032001 (2019).

[72] E. Mané, D. Bisello, J. C. Bizot, J. Buon, A. Cordier, and
B. Delcourt, Phys. Lett. 99B, 261 (1981).

[73] M. N. Achasov et al., Phys. Rev. D 63, 072002 (2001).

[74] R.R. Akhmetshin ef al., Phys. Lett. B 551, 27 (2003).

[75] M. N. Achasov et al., J. Exp. Theor. Phys. 103, 720
(2006).

[76] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 89,
092002 (2014).

[77] E. A. Kozyrev et al. (CMD-3 Collaboration), Phys. Lett. B
760, 314 (2016).

[78] S. Ryu et al. (Belle Collaboration), Phys. Rev. D 89,
072009 (2014).

[79] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 98,
032010 (2018).

[80] T.E. Coan et al. (CLEO Collaboration), Phys. Rev. D 53,
6037 (1996).

[81] S. Gonzalez-Solis and P. Roig, Eur. Phys. J. C 79, 436
(2019).

[82] C. K. Chua, W.S. Hou, S.Y. Shiau, and S.Y. Tsai, Phys.
Rev. D 67, 034012 (2003).

[83] C. Bruch, A. Khodjamirian, and J. H. Kiihn, Eur. Phys. J. C
39, 41 (2005).

[84] S. A. Ivashyn and A.Y. Korchin, Eur. Phys. J. C 49, 697
(2007).

116019-10


https://doi.org/10.1103/PhysRevD.84.094001
https://doi.org/10.1103/PhysRevD.84.094001
https://doi.org/10.1103/PhysRevD.80.054007
https://doi.org/10.1103/PhysRevD.80.054007
https://doi.org/10.1103/PhysRevD.71.054030
https://doi.org/10.1103/PhysRevD.68.094012
https://doi.org/10.1103/PhysRevD.68.094012
https://doi.org/10.1103/PhysRevD.104.012016
https://doi.org/10.1103/PhysRevD.104.012016
https://doi.org/10.1103/PhysRevD.83.052001
https://doi.org/10.1103/PhysRevD.83.052001
https://doi.org/10.1103/PhysRevLett.89.121801
https://doi.org/10.1103/PhysRevLett.89.121801
https://doi.org/10.1016/j.physletb.2009.09.057
https://doi.org/10.1016/j.physletb.2009.09.057
https://doi.org/10.1103/PhysRevD.78.052001
https://doi.org/10.1103/PhysRevD.78.052001
https://doi.org/10.1016/j.physletb.2007.06.070
https://doi.org/10.1016/j.physletb.2007.06.070
https://doi.org/10.1016/j.physletb.2007.03.010
https://doi.org/10.1016/j.physletb.2007.03.010
https://doi.org/10.1103/PhysRevD.76.012001
https://doi.org/10.1103/PhysRevD.76.012001
https://doi.org/10.1103/PhysRevD.76.011102
https://doi.org/10.1103/PhysRevD.76.011102
https://doi.org/10.1103/PhysRevD.73.032004
https://doi.org/10.1103/PhysRevD.73.032004
https://doi.org/10.1103/PhysRevD.74.059901
https://doi.org/10.1103/PhysRevD.72.031102
https://doi.org/10.1103/PhysRevD.72.031102
https://doi.org/10.1103/PhysRevD.75.119904
https://doi.org/10.1007/JHEP06(2021)181
https://doi.org/10.1007/JHEP06(2021)181
https://arXiv.org/abs/2006.02800
https://arXiv.org/abs/2006.02800
https://doi.org/10.1103/PhysRevD.102.012002
https://doi.org/10.1103/PhysRevD.102.012002
https://doi.org/10.1103/PhysRevLett.123.112001
https://doi.org/10.1103/PhysRevLett.123.112001
https://doi.org/10.1103/PhysRevD.93.052018
https://doi.org/10.1103/PhysRevD.93.052018
https://doi.org/10.1103/PhysRevD.89.052001
https://doi.org/10.1103/PhysRevD.89.052001
https://doi.org/10.1103/PhysRevD.84.092005
https://doi.org/10.1103/PhysRevD.84.092005
https://doi.org/10.1103/PhysRev.94.1046
https://doi.org/10.1103/PhysRev.135.B551
https://doi.org/10.1103/PhysRev.166.1731
https://doi.org/10.1103/PhysRevD.11.3165
https://doi.org/10.1103/PhysRevD.11.3165
https://doi.org/10.1103/PhysRevD.104.012006
https://doi.org/10.1103/PhysRevD.104.012006
https://doi.org/10.1103/PhysRevD.85.092016
https://doi.org/10.1103/PhysRevD.85.092016
https://doi.org/10.1103/PhysRevD.94.099905
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevD.103.114028
https://doi.org/10.1103/PhysRevD.101.111901
https://doi.org/10.1103/PhysRevD.103.056021
https://doi.org/10.1103/PhysRevD.103.016002
https://doi.org/10.1103/PhysRevD.103.016002
https://doi.org/10.1016/0370-2693(67)90020-2
https://doi.org/10.1016/0370-2693(67)90020-2
https://doi.org/10.1103/PhysRevD.94.072001
https://doi.org/10.1103/PhysRevD.94.072001
https://doi.org/10.1016/j.physletb.2019.03.005
https://doi.org/10.1103/PhysRev.49.519
https://doi.org/10.1103/PhysRevD.15.3196
https://doi.org/10.1103/PhysRevD.15.3196
https://doi.org/10.1103/PhysRevD.22.2595
https://doi.org/10.1103/PhysRevD.22.2595
https://doi.org/10.1016/S0370-2693(99)01191-0
https://doi.org/10.1016/S0370-2693(99)01191-0
https://doi.org/10.1140/epjc/s10052-020-7930-x
https://doi.org/10.1140/epjc/s10052-020-7930-x
https://doi.org/10.1016/0370-2693(81)91121-7
https://doi.org/10.1016/0370-2693(81)90834-0
https://doi.org/10.1016/0370-2693(81)90834-0
https://doi.org/10.1007/BF01560386
https://doi.org/10.1007/BF01560386
https://doi.org/10.1103/PhysRevD.76.072012
https://doi.org/10.1016/j.physletb.2008.09.053
https://doi.org/10.1016/j.physletb.2008.09.053
https://doi.org/10.1103/PhysRevD.88.032013
https://doi.org/10.1103/PhysRevD.88.032013
https://doi.org/10.1103/PhysRevD.94.112006
https://doi.org/10.1016/j.physletb.2018.01.079
https://doi.org/10.1103/PhysRevD.99.032001
https://doi.org/10.1103/PhysRevD.99.032001
https://doi.org/10.1016/0370-2693(81)91122-9
https://doi.org/10.1103/PhysRevD.63.072002
https://doi.org/10.1016/S0370-2693(02)02985-4
https://doi.org/10.1134/S1063776106110070
https://doi.org/10.1134/S1063776106110070
https://doi.org/10.1103/PhysRevD.89.092002
https://doi.org/10.1103/PhysRevD.89.092002
https://doi.org/10.1016/j.physletb.2016.07.003
https://doi.org/10.1016/j.physletb.2016.07.003
https://doi.org/10.1103/PhysRevD.89.072009
https://doi.org/10.1103/PhysRevD.89.072009
https://doi.org/10.1103/PhysRevD.98.032010
https://doi.org/10.1103/PhysRevD.98.032010
https://doi.org/10.1103/PhysRevD.53.6037
https://doi.org/10.1103/PhysRevD.53.6037
https://doi.org/10.1140/epjc/s10052-019-6943-9
https://doi.org/10.1140/epjc/s10052-019-6943-9
https://doi.org/10.1103/PhysRevD.67.034012
https://doi.org/10.1103/PhysRevD.67.034012
https://doi.org/10.1140/epjc/s2004-02064-3
https://doi.org/10.1140/epjc/s2004-02064-3
https://doi.org/10.1140/epjc/s10052-006-0167-5
https://doi.org/10.1140/epjc/s10052-006-0167-5

SUBPROCESSES p(770, 1450) - KK ...

PHYS. REV. D 104, 116019 (2021)

[85] H. Czyz, A. Grzelifiska, and J. H. Kiihn, Phys. Rev. D 81,
094014 (2010).
[86] K. 1. Beloborodov, V. P. Druzhinin, and S. I. Serednyakov,
J. Exp. Theor. Phys. 129, 386 (2019).
[87] H.n. Li, C.D. Lii, and F. S. Yu, Phys. Rev. D 86, 036012
(2012).
[88] Q. Qin, H.n. Li, C. D. Li, and F. S. Yu, Phys. Rev. D 89,
054006 (2014).
[89] H. Zhou, B. Zheng, and Z. H. Zhang, Adv. High Energy
Phys. 2018, 7627308 (2018).
[90] B. Bhattacharya, M. Gronau, and J. L. Rosner, Phys. Rev.
D 85, 054014 (2012); 85, 079901(E) (2012).
[91] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 85, 034036
(2012); 85, 079903(E) (2012).
[92] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 86, 014014
(2012).
[93] H. Y. Cheng, C. W. Chiang, and A. L. Kuo, Phys. Rev. D
93, 114010 (2016).
[94] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 100, 093002
(2019).
[95] H. Y. Cheng and C. W. Chiang, Phys. Rev. D 104, 073003
(2021).
[96] G. Buchalla, A.J. Buras, and M. E. Lautenbacher, Rev.
Mod. Phys. 68, 1125 (1996).
[97] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. Lett. 105, 081803 (2010).
[98] L. M. Zhang et al. (Belle Collaboration), Phys. Rev. Lett.
99, 131803 (2007).
[99] J.-P. Dedonder, R. Kaminski, L. Le$niak, and B. Loiseau,
Phys. Rev. D 89, 094018 (2014).
[100] G. Toledo, N. Ikeno, and E. Oset, Eur. Phys. J. C 81, 268
(2021).
[101] R.T. Aoude, P. C. Magalhdes, A. C. Dos Reis, and M. R.
Robilotta, Phys. Rev. D 98, 056021 (2018).
[102] F. Niecknig and B. Kubis, J. High Energy Phys. 10 (2015)
142.
[103] Y. Grossman and D. J. Robinson, J. High Energy Phys. 04
(2013) 067.
[104] B. Bhattacharya and J. L. Rosner, Phys. Rev. D 82, 114032
(2010).
[105] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[106] D. Melikhov, Eur. Phys. J. Direct 4, 1 (2002).

[107] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B
753, 629 (2016); 812, 135982(E) (2021).

[108] D. Babusci et al. (KLOE Collaboration), Phys. Lett. B 720,
336 (2013).

[109] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
032013 (2012).

[110] M. Fujikawa et al. (Belle Collaboration), Phys. Rev. D 78,
072006 (2008).

[111] R.R. Akhmetshin et al. (CMD-2 Collaboration), Phys.
Lett. B 648, 28 (2007).

[112] S. Schael et al. (ALEPH Collaboration), Phys. Rept. 421,
191 (2005).

[113] S. Anderson et al. (CLEO Collaboration), Phys. Rev. D 61,
112002 (2000).

[114] J.H. Kiihn and A. Santamaria, Z. Phys. C 48, 445
(1990).

[115] J.M. Blatt and V.E. Weisskopf, Theoretical Nuclear
Physics (Springer, New York, 1952).

[116] S. Kopp et al. (CLEO Collaboration), Phys. Rev. D 63,
092001 (2001).

[117] H. Y. Cheng, C. K. Chua, and A. Soni, Phys. Rev. D 72,
094003 (2005).

[118] H.Y. Cheng, C. W. Chiang, and C. K. Chua, Phys. Lett. B
813, 136058 (2021).

[119] A.Bharucha, D. M. Straub, and R. Zwicky, J. High Energy
Phys. 08 (2016) 098.

[120] W.F. Wang and H. n. Li, Phys. Lett. B 763, 29 (2016).

[121] A.B. Clegg and A. Donnachie, Z. Phys. C 62, 455
(1994).

[122] S. Aoki et al. (flavor Lattice Averaging Group), Eur. Phys.
J. C 80, 113 (2020).

[123] P. L. Frabetti et al. (E687 Collaboration), Phys. Lett. B
331, 217 (1994).

[124] G.J. Gounaris and J.J. Sakurai, Phys. Rev. Lett. 21, 244
(1968).

[125] J.R. Pelaez and A. Rodas, Eur. Phys. J. C 78, 897
(2018).

[126] S.S. Gribanov et al. (CMD-3 Collaboration), J. High
Energy Phys. 01 (2020) 112.

[127] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 77,
092002 (2008).

116019-11


https://doi.org/10.1103/PhysRevD.81.094014
https://doi.org/10.1103/PhysRevD.81.094014
https://doi.org/10.1134/S1063776119080016
https://doi.org/10.1103/PhysRevD.86.036012
https://doi.org/10.1103/PhysRevD.86.036012
https://doi.org/10.1103/PhysRevD.89.054006
https://doi.org/10.1103/PhysRevD.89.054006
https://doi.org/10.1155/2018/7627308
https://doi.org/10.1155/2018/7627308
https://doi.org/10.1103/PhysRevD.85.054014
https://doi.org/10.1103/PhysRevD.85.054014
https://doi.org/10.1103/PhysRevD.85.079901
https://doi.org/10.1103/PhysRevD.85.034036
https://doi.org/10.1103/PhysRevD.85.034036
https://doi.org/10.1103/PhysRevD.85.079903
https://doi.org/10.1103/PhysRevD.86.014014
https://doi.org/10.1103/PhysRevD.86.014014
https://doi.org/10.1103/PhysRevD.93.114010
https://doi.org/10.1103/PhysRevD.93.114010
https://doi.org/10.1103/PhysRevD.100.093002
https://doi.org/10.1103/PhysRevD.100.093002
https://doi.org/10.1103/PhysRevD.104.073003
https://doi.org/10.1103/PhysRevD.104.073003
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/PhysRevLett.105.081803
https://doi.org/10.1103/PhysRevLett.105.081803
https://doi.org/10.1103/PhysRevLett.99.131803
https://doi.org/10.1103/PhysRevLett.99.131803
https://doi.org/10.1103/PhysRevD.89.094018
https://doi.org/10.1140/epjc/s10052-021-09058-z
https://doi.org/10.1140/epjc/s10052-021-09058-z
https://doi.org/10.1103/PhysRevD.98.056021
https://doi.org/10.1007/JHEP10(2015)142
https://doi.org/10.1007/JHEP10(2015)142
https://doi.org/10.1007/JHEP04(2013)067
https://doi.org/10.1007/JHEP04(2013)067
https://doi.org/10.1103/PhysRevD.82.114032
https://doi.org/10.1103/PhysRevD.82.114032
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1007/s1010502c0002
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.physletb.2020.135982
https://doi.org/10.1016/j.physletb.2013.02.029
https://doi.org/10.1016/j.physletb.2013.02.029
https://doi.org/10.1103/PhysRevD.86.032013
https://doi.org/10.1103/PhysRevD.86.032013
https://doi.org/10.1103/PhysRevD.78.072006
https://doi.org/10.1103/PhysRevD.78.072006
https://doi.org/10.1016/j.physletb.2007.01.073
https://doi.org/10.1016/j.physletb.2007.01.073
https://doi.org/10.1016/j.physrep.2005.06.007
https://doi.org/10.1016/j.physrep.2005.06.007
https://doi.org/10.1103/PhysRevD.61.112002
https://doi.org/10.1103/PhysRevD.61.112002
https://doi.org/10.1007/BF01572024
https://doi.org/10.1007/BF01572024
https://doi.org/10.1103/PhysRevD.63.092001
https://doi.org/10.1103/PhysRevD.63.092001
https://doi.org/10.1103/PhysRevD.72.094003
https://doi.org/10.1103/PhysRevD.72.094003
https://doi.org/10.1016/j.physletb.2020.136058
https://doi.org/10.1016/j.physletb.2020.136058
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1007/JHEP08(2016)098
https://doi.org/10.1016/j.physletb.2016.10.026
https://doi.org/10.1007/BF01555905
https://doi.org/10.1007/BF01555905
https://doi.org/10.1140/epjc/s10052-019-7354-7
https://doi.org/10.1140/epjc/s10052-019-7354-7
https://doi.org/10.1016/0370-2693(94)90966-0
https://doi.org/10.1016/0370-2693(94)90966-0
https://doi.org/10.1103/PhysRevLett.21.244
https://doi.org/10.1103/PhysRevLett.21.244
https://doi.org/10.1140/epjc/s10052-018-6296-9
https://doi.org/10.1140/epjc/s10052-018-6296-9
https://doi.org/10.1007/JHEP01(2020)112
https://doi.org/10.1007/JHEP01(2020)112
https://doi.org/10.1103/PhysRevD.77.092002
https://doi.org/10.1103/PhysRevD.77.092002

