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Motivated by the near-threshold enhancement and the dip structure around 1 GeV in the π0π0 invariant
mass distribution of the process D0 → π0π0K̄0 observed by the CLEO Collaboration, we have investigated
this process by taking into account the contribution from the S-wave pseudoscalar meson–pseudoscalar
meson interactions within the chiral unitary approach, and also the one from the intermediate resonance
K̄�ð892Þ. Our results are in good agreement with the CLEO measurements, which implies that the near-
threshold enhancement near the π0π0 threshold is mainly due to the contributions from the scalar meson
f0ð500Þ and the intermediate K̄�, and the cusp structure around 1 GeV in the π0π0 invariant mass
distribution should be associated with the scalar meson f0ð980Þ.
DOI: 10.1103/PhysRevD.110.114050

I. INTRODUCTION

In the classical quark model, hadrons are categorized
into mesons and baryons, where mesons are composed of a
quark-antiquark pair, and baryons are composed of three
quarks [1,2]. Although most of the mesons could be well
described within the classical quark models, some mesons
have exotic properties that are difficult to be explained. For
instance, the light scalar mesons a0ð980Þ, f0ð980Þ, and
f0ð500Þ should have more complicated components and
attract many theoretical studies [3]. However, there are still
different explanations for their structure, such as a compact
tetraquark, the molecular state, and the mixing of different
components [4–12].
The hadronic decays of the charmed hadrons could

provide valuable insights for understanding the short-
distance weak interaction and the long-distance quantum
chromodynamics (QCD) interaction [13–17]. Especially,
the final state interactions are the key ingredients in the
production of the light scalar mesons, i.e., f0ð500Þ,
f0ð980Þ, and a0ð980Þ, which are of particular interest
for exploring the nature of the light scalar mesons [18–24].
Recently, BESIII, BABAR, and Belle/Belle II have accu-

mulated a lot of experimental data about themultibodydecays
of the charmed hadrons,which provide an important platform
to investigate these light scalar mesons [25–31]. For instance,

the BESIII and BABAR Collaborations have performed the
amplitude analysis of the process Dþ

s → KþK−πþ and
observed the near-threshold enhancement in the KþK−

invariant mass distribution [32,33]. In Ref. [21], the authors
have investigated this process by taking into account the
S-wave pseudoscalar-pseudoscalar interactions within the
chiral unitary approach, and concluded that scalar meson
f0ð980Þ gives the dominant contribution for the near-thresh-
old enhancement in theKþK− invariant mass distribution. In
addition, the authors of Ref. [34] have studied the decay
Dþ

s → πþπ0π0 and concluded that the cusp structure around
1 GeV in the π0π0 invariant mass distribution could be
associated with the scalar meson f0ð980Þ, which favors the
no-qq̄ nature of f0ð980Þ.
In 2011, the CLEO Collaboration has conducted a Dalitz

plot analysis onD0 → K0
Sπ

0π0 using the dataset of 818 pb−1

of eþe− collisions accumulated at
ffiffiffi
s

p ¼ 3.77 GeV [35] and
concluded that the combined π0π0 S-wave contributes
ð28.9� 6.3� 3.1Þ% of the total decay rate, while the
D0 → K̄�0π0 contributes ð65.6�5.3�2.5Þ%. In addition,
the decay branching fraction of the D0 → K̄0π0π0 was also
measured to be ð1.058� 0.038� 0.073Þ% [35]. In the π0π0

invariant mass distribution, a cusp structure followed by a
dip appears around 1GeV,whichmay be associatedwith the
scalar meson f0ð980Þ, and an enhancement was also found
near the π0π0 threshold. Meanwhile, one could find a clear
peak of K̄�ð892Þ in the π0K̄ invariant mass distribution.
Because of the conservation of the charge parity, there is no
contribution from the intermediate vector meson ρ in the
process D0 → K̄0π0π0, and thus this mode could provide a
clearer way to investigate the S-wave ππ substructure than
the process D0 → K0

sπ
þπ− [36,37].

In this work, we will investigate the process
D0 → π0π0K̄0 by considering the scalar f0ð980Þ generated
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from the S-wave pseudoscalar–pseudoscalar meson interac-
tion within the chiral unitary approach. In addition, we also
consider the contribution from the intermediate vector
meson K̄�ð892Þ.
This paper is organized as follows. In Sec. II, we will

present the mechanism for the process D0 → π0π0K̄0, and
our results and discussions will be shown in Sec. III,
followed by a short summary in the last section.

II. FORMALISM

In Sec. II A, we first present the mechanism of the
Cabibbo-favored process D0 → K̄0π0π0 via the S-wave
pseudoscalar meson–pseudoscalar meson interactions,
which could dynamically generate the scalar mesons
f0ð500Þ and f0ð980Þ. Meanwhile, this process could also
happen via the intermediate vector meson K̄�ð892Þ, and the
corresponding formalism and the double differential decay
width are given in Sec. II B.

A. S-wave pseudoscalar-pseudoscalar interactions

Analogous to Refs. [38–40], the Cabibbo-favored process
D0 → K̄0π0π0 could be divided into three steps: the weak
decay, the hadronization, and the final state interactions. For
the first step, the c quark of the initial stateD0 meson weakly
decays into an s quark and aWþ boson, followed by theWþ

boson decaying into d̄u quarks. Next, as depicted in Fig. 1,
the s quark from the c decay and the d̄ quark from the Wþ

decay hadronize into the K̄0 meson, while the u quark from
the Wþ decay and the ū of the initial D0, together with the
antiquark-quark pair q̄qð¼ ūuþ d̄dþ s̄sÞ created from the
vacuum with the quantum numbers JPC ¼ 0þþ, hadronize
into two mesons as follows:

uðūuþ d̄dþ s̄sÞū ¼
X3
i¼1

M1iMi1 ¼ ðM2Þ11; ð1Þ

where i ¼ 1; 2; 3 represent u, d, s quarks. The M is the qq̄
matrix

M ¼

0
B@

uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄

1
CA; ð2Þ

which could also be expressed with the pseudoscalar meson
basis as follows [41,42]:

M ¼

0
BBB@

π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p K0

K− K̄0 − ηffiffi
3

p þ 2η0ffiffi
6

p

1
CCCA; ð3Þ

where we adopt the approximate η − η0 mixing [43,44].1

Then all the possible meson-meson components of
Eq. (1) are

ðM2Þ11 ¼
1

2
π0π0 þ 1

3
ηηþ 2ffiffiffi

6
p π0ηþ πþπ− þ KþK−; ð4Þ

where we have omitted possible components involving the η0
because it has a large mass and does not play a role in the
generation of f0ð980Þ. Meanwhile, since the π0η system has
the isospin I ¼ 1, and does not couple to f0ð500Þ and
f0ð980Þ, we do not consider its contribution.
As we discussed above, the Cabibbo-favored process

D0 → π0π0K̄0 could happen via the tree diagram of
Fig. 2(a), and the final state interaction of the S-wave
pseudoscalar meson–pseudoscalar meson of Fig. 2(b).
Then, the amplitude for Figs. 2(a) and 2(b) could be
expressed as

T S ¼ Vp

�
hπ0π0 þ hπ0π0 ×

1

2
Gπ0π0tπ0π0→π0π0

þ hηη ×
1

2
×Gηηtηη→π0π0

þ hπþπ− × Gπþπ−tπþπ−→π0π0

þ hKþK− × GKþK−tKþK−→π0π0

�
; ð5Þ

where the Vp stands for the strength of the weak production
vertex and could be treated as a constant, and the coef-
ficients hi represent the production weights of the corre-
sponding components in the preliminary decay, which
could be obtained from Eq. (4),

FIG. 1. Feynman diagram of D0 → K̄0uū and hadronization of
the uū through qq̄ with vacuum quantum numbers.

1According to Review of Particle Physics (PRR) [45], the
mixing angle is between −10° and −20°, and recent lattice
calculations support the value θP ¼ −14.1°� 2.8° by reproduc-
ing the masses of the η and η0 [46]. In this work, we adopt the
mixing from Ref. [44] as follows:

η ∼
1ffiffiffi
3

p ðuūþ dd̄ − ss̄Þ;

η0 ∼
1ffiffiffi
6

p ðuūþ dd̄þ 2ss̄Þ:
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hπ0π0 ¼
1

2
; hηη ¼

1

3
; hπþπ− ¼ 1; hKþK− ¼ 1: ð6Þ

Here we introduce the extra factor 1=2 for the loop systems
of π0π0 and ηη with identical particles, as done in Ref. [47].
The Gl is the loop function of the two-meson propagator,
and the ti→j is the transition amplitude between the coupled
channels [7], The t-matrix can be obtained by solving the
Bethe-Salpeter equation [7]

T ¼ ½1 − VG�−1V; ð7Þ

where V is a 5 × 5 matrix of the interaction kernel for five
channels πþπ−, π0π0, KþK−, K0K̄0, and ηη with isospin
I ¼ 0, and the explicit expressions of the 5 × 5 matrix
elements are given by [48,49]

V11 ¼ −
1

2f2
s; V12 ¼ −

1ffiffiffi
2

p
f2

ðs −m2
πÞ;

V13 ¼ −
1

4f2
s; V14 ¼ −

1

4f2
s;

V15 ¼ −
1

3
ffiffiffi
2

p
f2

m2
π; V22 ¼ −

1

2f2
m2

π;

V23 ¼ −
1

4
ffiffiffi
2

p
f2

s; V24 ¼ −
1

4
ffiffiffi
2

p
f2

s;

V25 ¼ −
1

6f2
m2

π; V33 ¼ −
1

2f2
s; V34 ¼ −

1

4f2
s;

V35 ¼ −
1

12
ffiffiffi
2

p
f2

ð9s − 6m2
η − 2m2

πÞ;

V44 ¼ −
1

2f2
s; V45 ¼ −

1

12
ffiffiffi
2

p
f2

ð9s − 6m2
η − 2m2

πÞ;

V55 ¼ −
1

18f2
ð16m2

K − 7m2 − πÞ; ð8Þ

with the pion decay constant f ¼ 93 MeV and the invariant
mass square s of the meson-meson system. The masses of
the mesons are taken from RPP [45]. We have take the
unitary normalization jηηi → 1ffiffi

2
p jηηi, jπ0π0i → 1ffiffi

2
p jπ0π0i

to account for the identity of particles when using the G
function without an extra factor in Eq. (7) [48]. The loop
function for a two-meson system is

Gl ¼ i
Z

d4q
ð2πÞ4

1

ðP − qÞ2 −m2
1 þ iϵ

1

q2 −m2
2 þ iϵ

; ð9Þ

wherem1 andm2 are the masses of mesons in the l-channel,
q is the four-momentum of one meson, and P is the total
four-momentum, with s ¼ P2. Since the loop function G in
Eq. (9) is logarithmically divergent [50], we have two
methods to solve this singular integral, using either the
three-momentum cutoff method or the dimensional regu-
larization method, by introducing free parameters, which
are determined by giving rise to the pole position of the

resonance. In this work, the integral of the loop function is
performed integrating exactly for q0 and implementing a
cutoff qmax for the three-momentum [7],

Gl ¼
Z

qmax

0

jq⃗j2djq⃗j
ð2πÞ2

ω1 þ ω2

ω1ω2½s − ðω1 þ ω2Þ2 þ iϵ� ; ð10Þ

where the meson energies are ωi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q⃗2 þm2

i

p
with the

subindex i standing for the two intermediate mesons in the
l-channel. It should be stressed that, in Ref. [7], only the ππ
and KK channels were considered, while in this work the
channel ηη is also considered, since the threshold of this
channel is not so far away from the mass of f0ð980Þ. The
results obtained with or without the ηη channel are very
similar but the cutoff needed with two channels is
qmax ¼ 903 MeV, while it is 600 MeV for three channels
[48]. The effective inclusion of new channels by means of a
change in the cutoff is common in many works [21,48].
In addition, the most reliable prediction range of the

S-wave pseudoscalar meson–pseudoscalar meson interac-
tion within the chiral unitary approach is up to 1100–
1200MeV, and one cannot use thismodel for higher invariant
masses. To present a reasonable π0π0 invariant mass dis-
tribution, we evaluate the Gt combinations of Eq. (5) up to
Mcut ¼ 1.1 GeV, and from there on we multiply Gt by a
smooth factor to make it gradually decreasing at largeMπ0π0 ,
as done in Ref. [18],

GtðMπ0π0Þ ¼ GtðMcutÞe−αðMπ0π0−McutÞ; Mπ0π0 >Mcut;

ð11Þ

FIG. 2. The tree diagram (a) and the S-wave pseudoscalar
meson–pseudoscalar meson interactions (b) for the process
D0 → K̄0π0π0.
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Here, we consider α ¼ 0.0054 MeV,which is the smoothing
factor [18].

B. The contribution from K̄�ð892Þ
In addition to the contribution from the S wave pseu-

doscalar meson–pseudoscalar meson interactions, we have
also considered the contribution from intermediate vector
meson K̄�ð892Þ, as depicted in Fig. 3.
Since the vector meson K̄�ð892Þ0 decays into π0K̄0 in the

P-wave, the corresponding Lagrangian for the vertex of
VPP is given as

L ¼ −igh½P; ∂μP�Vμi; ð12Þ

where g ¼ MV=2f is the effective coupling, and P and V
represent the matrix of the pseudoscalar meson and vector
meson, respectively. The matrix of pseudoscalar mesons is

given by Eq. (2), and the matrix of the vector mesons V is
written as [51]

V ¼

0
BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCA: ð13Þ

Thus, the potential of K̄�ð892Þ0 → π0K̄0 (we denote this π
as the first π1) is

VK̄�0→π0K̄0 ¼ hiLi ¼ gffiffiffi
2

p ðpK̄0 − pπ0
1
ÞμϵμK̄�0 : ð14Þ

For the vertex of D0 → π0K̄�0 (we denote this π as the
second π2), we could have the potential with the same
structure,

VD0→π0K̄� ¼ gD0π0K̄�0ϵν
K̄�0ðpD0 þ pπ0

2
Þν; ð15Þ

where pD0 and pπ0
2
stand for D0 and π0 four-momenta,

respectively, and gD0π0K̄�0 is an effective coupling
for the vertex of D0 → π0K̄�0. Then the amplitude for
D0 → π0K̄�ð892Þ → π0π0K̄0 could be written as [51,52]

T K̄� ¼ gD0π0K̄�0gffiffiffi
2

p 1

M2
π0
1
K̄0 −m2

K̄� þ iMK̄�ΓK̄�

�
−ðm2

K̄0 −m2
π0
1

Þ
�
1 −

M2
π0
1
K̄0

m2
K̄�

�
þ 2pπ0

1
pπ0

2

m2
K̄� þm2

K̄0 −m2
π0
1

m2
K̄�

þ 2pK̄0pπ0
2

m2
K̄0 −m2

K̄� −m2
π0
1

m2
K̄�

�
þ exchangeðπ01 ↔ π02Þ; ð16Þ

with

M2
π0
1
K̄0 ¼ ðpK̄0 þ pπ0

1
Þ2; ð17Þ

pπ0
1
· pπ0

2
¼

M2
π0
1
π0
2

− 2m2
π0

2
;

pK̄0 · pπ0
2
¼

m2
D0 þm2

π0
1

−M2
π0
1
π0
2

−M2
π0
1
K̄0

2
; ð18Þ

where the exchange ðπ01 ↔ π02Þ stands for the replacement
particle π01 of the term with particle π02. With the above
formalism, the double differential decay width can be
expressed as

d2Γ
dMπ0

1
π0
2
dMπ0

1
K̄0

¼
Mπ0

1
π0
2
Mπ0

1
K̄0

128π3m3
D0

ðjT Sj2 þ jMK̄� j2Þ: ð19Þ

One could obtain the invariant mass distributions
dΓ=dMπ0

1
π0
2
and dΓ=dMπ0

1
K̄0 by integrating Eq. (19) over

each of the invariant mass variables. For a given value of
M12, the range of M23 is determined by [45]

ðm2
23Þmin ¼ ðE�

2 þ E�
3Þ2 −

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
2 −m2

2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −m2

3

q �2
;

ðm2
23Þmax ¼ ðE�

2 þ E�
3Þ2 −

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
2 −m2

2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −m2

3

q �2
;

ð20Þ

where E�
2 and E

�
3 are the energies of particles 2 and 3 in the

M12 rest frame, which are written as

E�
2 ¼

M2
12 −m2

1 þm2
2

2M12

;

E�
3 ¼

M2
D0 −M2

12 −m2
3

2M12

; ð21Þ

where m1, m2, and m3 are the masses of involved particles
1, 2, and 3, respectively. All the masses and widths of the
particles involved in this work are taken from the RPP [45].

FIG. 3. The decay D0 → π0K̄�ð892Þ0 → π0π0K̄0 via the inter-
mediate vector K̄�ð892Þ0.
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III. RESULTS AND DISCUSSIONS

In our formalism discussed above, there are two param-
eters: the normalization factor Vp of Eq. (5), and the
effective couplings gD0π0K̄� . Since the experimental mea-
surements of CLEO are the π0π0 and π0K0

S invariant
mass square distributions, we could introduce a parameter
β ¼ gD0π0K̄�0g=Vp to account for the relative weight of the
contribution from K̄�0 with respect to the one from the
S-wave pseudoscalar meson–pseudoscalar meson inter-
actions. In addition, the bin sizes of the π0π0 and π0K0

S
invariant mass square distributions are 0.038 GeV2 and
0.055 GeV2, respectively. Thus, to account for the different
bin sizes of the π0π0 and π0K0

S invariant mass square
distributions simultaneously, we need to adopt two differ-
ent normalization factors Vp and V 0

p for the π0K0
S and π

0π0

invariant mass square distributions, which have the rela-
tionship ðV 0

pÞ2 ¼ 1
2
× 38

55
ðVpÞ2, where we introduce the

factor 1
2
because there are two π0 in the final states.

First, we have performed a fit to the experimental
data of the π0π0 and π0K0 invariant mass distributions [35].
Then we obtain χ2=d:o:f: is 237.8=ð47þ 48 − 2Þ ¼ 2.56,
and the fit parameters ðV 0

pÞ2 ¼ ð6.275� 0.2472Þ × 109

and β ¼ ð9.5195� 0.313Þ × 10−2.
Next, we have calculated the π0π0 and π0K̄0 invariant

mass distribution with the fitted parameters in Fig. 4. The
black points with error bars labeled as “CLEO data” are the
CLEO-c data taken from Ref. [35]. One can find that, in
the π0π0 invariant mass distribution, our results could well
reproduce the structure of the cusp followed by a dip, which
could be associated with the scalar meson f0ð980Þ,
dynamically generated from the S-wave pseudoscalar
meson–pseudoscalar meson interactions. Meanwhile, our

results show that the peak around M2
π0π0

¼ 0.2 GeV2 is
mainly due to the scalar meson f0ð500Þ and the reflection
of the vector meson K̄�0. Within the coupled-channel
Bethe-Salpeter approach with the meson-meson potentials
provided by the lowest order chiral Lagrangian [7], one can
simultaneously find a broad resonance f0ð500Þ, which
couples strongly to the ππ channel, and the one f0ð980Þ,
which couples strongly to the KK̄ channel, which implies
that these two states have a different dynamically internal
structure.
In addition, our results for the πK̄0 invariant mass

distribution agree well with the CLEO measurements.
The narrow peak structure around M2

π0K̄0 ¼ 0.7 GeV2

should be associated with the vector meson K�ð892Þ, while
the contribution from the S-wave pseudoscalar meson–
pseudoscalar meson interaction serves as a smooth back-
ground in the πK̄0 invariant mass distribution.
We also present the Dalitz plot of “M2

π0K̄0” and “M2
π0π0

”
in Fig. 5, which clearly shows the structures of f0ð980Þ and
K̄�ð892Þ. One can also find that the peak near the π0π0

threshold is mainly due to the scalar meson f0ð500Þ and the
reflection of the vector meson K̄�0.
Finally, with the fitted parameters, we could estimate that

the S-wave π0π0 interaction contributes about 47.7% of
the total decay rate, larger than the experimental data
ð28.9� 6.3� 3.1Þ%, while the intermediate resonance
K�ð892Þ contributes about 52.3% of the total decay rate,
consistent with the experimental data ð65.6� 5.3� 2.5Þ%
within the uncertainties [35]. It should be pointed out that
the contribution from the scalar f0ð500Þ was not taken into
account by CLEO [35], which plays an important role in
the near-threshold enhancement of the π0π0 invariant mass
distribution.

FIG. 4. (a) π0π0 and (b) π0K̄0 invariant mass distributions for the processD0 → π0π0K̄0. The blue dashed curves and red dotted curves
correspond to the contributions from the S-wave pseudoscalar meson–pseudoscalar interactions and the vector meson K̄�0, respectively;
the solid black curves stand for the results of the full model. In addition, The experimental data of CLEO are represented by the points
with error bars [35].
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IV. SUMMARY AND CONCLUSION

Motivated by the CLEO measurements on the process
D0 → π0π0K̄0 [35], we have investigated this process by
taking into account the contribution from the S-wave
pseudoscalar meson–pseudoscalar meson interaction
within the chiral unitary method, which could dynamically
generate intermediate resonance states f0ð980Þ and
f0ð500Þ, and also the contribution from the intermediate
vector meson K̄�ð892Þ.
First, we have performed a fit to the experimental data of

the π0π0 and π0K0
S invariant mass distributions. With the

fitted parameters, our results could well reproduce the cusp
structure following a dip around 1 GeV in the π0π0

invariant mass distribution, which is mainly due to the
contribution of scalar f0ð980Þ. Our results indicate that the
peak near the π0π0 threshold is due to the scalar meson
f0ð500Þ and the reflection of K̄�. Our results of the π0K̄0

invariant mass distribution are in good agreement with the
CLEO data, which support that the peak around 892 MeV
in the π0K̄0 invariant mass distribution should be associated
with K̄�ð892Þ.
As we discussed in the Introduction, there are different

explanations for the nature of the scalar mesons f0ð500Þ
and f0ð980Þ. Our work, taking into account S-wave
pseudoscalar meson–pseudoscalar meson interaction
within the chiral unitary method, could well describe the
CLEO measurements of the process D0 → π0π0K̄0, espe-
cially the cusp structure following a dip around 1 GeV in
the π0π0 invariant mass distribution, which favors the
molecular explanation of the scalar mesons f0ð500Þ
and f0ð980Þ.
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