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Abstract We develop a model to study the D0 → K−π+η

weak decay, starting with the color favored external emission
and Cabibbo favored mode at the quark level. A less favored
internal emission decay mode is also studied as a source
of small corrections. Some pairs of quarks are allowed to
hadronize producing two pseudoscalar mesons, which pos-
teriorly are allowed to interact to finally provide the K−π+η

state. The chiral unitary approach is used to take into account
the final state interaction of pairs of mesons, which has as
a consequence the production of the κ (K ∗

0 (700)) and the
a0(980) resonances, well visible in the invariant mass dis-
tributions. We also introduce the K̄ ∗0η production in a phe-
nomenological way and show that the s-wave pseudoscalar
interaction together with this vector excitation mode are suf-
ficient to provide a fair reproduction of the experimental data.
The model provides the relative weight of the a0(980) to the
κ excitation, and their strength is clearly visible in the low
energy part of the Kπ spectrum.

1 Introduction

The weak decay of heavy mesons into several mesons has
received much attention in the past and continues to draw
attention nowadays. In particular, three meson decays of D
mesons already captured attention in early days, looking at
the topology of the decay at the quark level and the posterior
hadronization of pairs of quarks into mesons [1–3]. More
recently the emphasis is put in the valuable information that
these processes contain on the final state interaction of pairs
of mesons and the production of resonances [4]. The exis-
tence of three particles in the final state gives much flexibility
to play with the invariant mass of pairs of particles, providing
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ranges where several resonances appear. The Dalitz plot and
the projected invariant mass distributions are thus very rich,
containing much information on the dynamics of mesons.
In this direction, the data on the D+ → π+π−π+ reaction
are used in [5] to determine parameters for the f0(980) and
f0(1370). Further steps in this direction analyzing the invari-
ant mass spectra in the D+ and D+

s decay into three pions
are given in [6] using the K -matrix approach to deal with
the π − π interaction. The same Dalitz plot distributions are
analyzed in [7] using different partial wave analysis within
the K -matrix approach, trying to extract information on dif-
ferent scalar meson states. An interesting feature appears in
the D0 → π+π−π0 reaction measured by the BaBar col-
laboration [8,9] where the final pion pairs are surprisingly
dominated by isospin I = 0, but this feature, rather than
being tied to a dynamical property of the final state interac-
tion, was found to be a consequence of subtle cancellations
between different topological decay modes entering the reac-
tion [10]. The D+ → K−π+π+ (D0 → K 0

s π+π+) decay
mode [11,12] was also instrumental in this direction, show-
ing a clear signal for the κ resonance (K ∗

0 (700)) in the πK
channel, which was analyzed in detail in [13] within the chiral
unitary approach, and later on in [14]. A different approach
to that reaction is followed in [15,16] by means of dispersion
relations, and input of experimental phase shifts and a few
subtraction constants fitted to the data, as a way to take into
account the final state interaction of the meson components.
In a different formalism as the one followed here, also the
rescattering with the third particle is taken into account in
Refs. [15,16] and shown to be relevant in some kinematical
regions. The related D0 → K 0π+π− reaction was also the
object of a detailed study considering the final state interac-
tion by means of amplitudes tested in other reactions [17].
Similarly, the D+ → K+K−K+ has been also thoroughly
studied in [18], and more recently in Ref. [19] with the aim
of obtaining information on the K K̄ interaction.
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The advent of the chiral unitary approach for the meson
meson interaction [20–24] has brought new tools to analyze
these reactions, allowing one to make predictions for mass
distributions with a minimum input. The agreement found
with the data serves in most cases to support the dynamical
character of some resonances, which appear as a consequence
of the meson meson interaction and are not of qq̄ nature.
In this line the D0 decays to K 0

S plus f0(500), f0(980) or
a0(980) were studied in [25], and the relative strength for the
excitation of these resonances was predicted in that scheme,
showing agreement with experiment in the ratios available.
In [26] the D+

s → π+π−π+ and π+K+K− decays were
studied and the role of the f0(980) resonance in the π+π−
and K+K− mass distributions was established. In [27] the
D+
s → π+π0 plus a0(980) or f0(980) reactions were stud-

ied and, thanks to the presence of a triangle singularity, an
abnormal isospin violation was found with large mixing of
the two scalar resonances. One of the findings of the chiral
unitary approach in the meson sector is the existence of two
K1(1270) resonances [28,29], much in resemblance with the
two �(1405) states [30–34]. Taking this into account, predic-
tions for the production of these two resonances were done
in [35] in the decay of D0 → π+ plus ρK or K ∗π . Finally,
in [36] the D+

s → π+π0η reaction measured by the BESIII
collaboration [37] was studied and a good agreement with
data was found, showing that the mechanism for production
was internal emission rather than annihilation as suggested
in the experimental paper.

The reaction that we study here, the D0 → K−π+η decay,
measured by the Belle collaboration [38], is similar to the
latter one mentioned above in a related Cabibbo suppressed
channel, D0 → π+π0η [39]. In addition to the πη interac-
tion which leads to the a0(980) resonance, here one also has
the Kπ interaction, which shows as a p-wave resonance in
the form of a K ∗, and also in s-wave, giving rise to the κ

(K ∗
0 (700)), both of them well visible in the data. Our study,

using the chiral unitary approach, shows how the two s-wave
signals are related in the theoretical scheme and comparison
with the data allows a theoretical interpretation of the results,
showing the value of the reaction to provide information on
the meson meson interaction and indirectly on the nature of
the a0(980) and K ∗

0 (700) resonances.

2 Formalism

As usual when studying a weak decay, we start from the
most favored Cabibbo mechanism at the quark level. For the
D0 → K−π+η reaction we start with the external emission
mechanism [40] shown in Fig. 1.

It is not trivial to see how the a0(980) resonance, which
shows a large strength in the reaction [38], can appear with
this mechanism. The first step is to hadronize the sū com-

Fig. 1 External emission of D0 creating a π+ and a sū pair, followed
by hadronization of the sū pair

ponent to form a pair of mesons. This is accomplished, as
usual, introducing a qq̄ pair with the quantum numbers of
the vacuum. Here we are concerned about the flavor and then
proceed as follow: A hadronic state H is formed as

H =
∑

i

sq̄i qi ū = (MM)31 (1)

where M is the qq̄ matrix. We then write the M matrix in
terms of the pseudoscalar mesons as

M → P ≡

⎛

⎜⎜⎝

π0√
2

+ η√
3

+ η′√
6

π+ K+

π− − π0√
2

+ η√
3

+ η′√
6

K 0

K− K̄ 0 − η√
3

+
√

2
3 η′

⎞

⎟⎟⎠

(2)

where the standard η − η′ mixing has been assumed [41]. In
terms of the SU(3) octet and singlet one has [41,42]

η = 1

3
η1 + 2

√
2

3
η8, η′ = 2

√
2

3
η1 − 1

3
η8, (3)

which shows that the largest component of the η is the octet,
while for the η′ the singlet is the largest component.

We find then

H = K−
(

π0

√
2

+ η√
3

+ η′
√

6

)
+ K̄ 0π−

+
(

− η√
3

+
√

2

3
η′

)
K− (4)

→ K− π0

√
2

+ K̄ 0π−. (5)

In the last step above we see that the K−η term cancels.
This is a consequence of the η, η′ mixing that we are taking. In
subsection 2.3 we discuss what one gets with a more general
mixing. In addition we eliminate the K−η′ channel which is
too far away for the relevant K ∗

0 (700) resonance.
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The K−η state has disappeared from the tree level but
we could obtain it through rescattering, K̄π → K̄η. Let
us first try with p-wave. The K̄π can produce the K̄ ∗0 that
can decay into K̄η, which is dynamically allowed. However,
the threshold of K̄η is about 150 MeV above the nominal
K ∗ mass, that has a width of 50 MeV. The tail of the K ∗
resonance at these energies gives a negligible contribution
and we disregard this possible mechanism. We can try with
s-wave. However, the K̄η threshold is around 1041 MeV,
far away from the K ∗

0 (700) peak, even considering the large
κ width. In addition, the coupling of the κ to Kη is about
half that of the Kπ [43]. All these things together indicate
that the hadronization in this way, followed by rescattering
to produce K−η, is an inefficient mechanism to produce the
desired final state and this is corroborated by the experimental
partial wave analysis which gives a very small contribution
from K̄η in s-wave.

Next we resort to allowing the hadronization on the dū
component as seen in Fig. 2, and use the sū component to
produce the K−. Following the same steps as before we find
now:

H =
∑

i

uq̄i qi d̄ =
(
P2

)

12

=
(

π0

√
2

+ η√
3

+ η′
√

6

)
π+

+π+
(

− π0

√
2

+ η√
3

+ η′
√

6

)
+ K+ K̄ 0

→ 2√
3
ηπ+ + K+ K̄ 0 (6)

Here we see that the π0π+ channel has cancelled but not
the ηπ+, hence, together with the K− from the sū pair we
have the hadronic final state

H ′ = 2√
3
ηπ+K− + K+ K̄ 0K− (7)

and we already have the ηπ+K− final state. The cancellation
of the π0π+ channel must necessarily occur since the π0π+
s − wave has I = 2 which is not contained in the original
ud̄ state, which has I = 1.

The next step consists on taking into account the interac-
tion of the meson pairs, which is depicted in Fig. 3.

We can have rescattering of the K−π+, which will pro-
duce the κ and of the K+ K̄ 0 → ηπ+ which will produce
the a+

0 (980). For the reasons discussed above, we neglect the
ηK− scattering. Analytically we have:

t = C
{
hηπ+K− + hηπ+K−

[
GK−π+

(
Minv

(
K−π+))

tK−π+,K−π+
(
Minv

(
K−π+))

+Gπ+η

(
Minv

(
π+η

))
tπ+η,π+η

(
Minv

(
π+η

))]

+hK+ K̄ 0K−GK+ K̄

(
Minv

(
π+η

))

Fig. 2 D0 decay to d̄uK−, followed by hadronization of the ud̄ pair

(a) (b)

(c) (d)

Fig. 3 Final state interaction of the meson pairs

tK+ K̄ 0,π+η

(
Minv

(
π+η

))}
(8)

where C is a global constant that will be taken from the
normalization of the data and hi are the weights of the com-
ponents in Eq. (7)

hηπ+K− = 2√
3

≡ h1; hK+ K̄ 0K− = 1 ≡ h3 (9)

The functionGi and ti are the loop functions and scattering
matrices respectively, which we take from [20,25] for the πη,
K K̄ channels and from [44–46] for the Kπ , Kη channels.
As in [25,45], the G functions are regularized with a cut off,
the maximum three momentum in the loop, with a value of
qmax ≈ 600 MeV that has been fitted to data. We shall use
our approach up to Kπ and πη invariant masses around 1.1
GeV, where the π momenta for these systems at rest are 426
MeV/c and 398 MeV/c, respectively, low enough compared
to qmax to make the cut method reasonable.

Since in [20,25] one studies the neutral states, we men-
tion here that, since in our isospin convention the π+ is the
−|11 > isospin state, then
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Fig. 4 Internal emission for D0

decay followed by hadronization

(a) (b)

tK+ K̄ 0,π+η = −t I=1
K K̄ ,πη

; tK+ K̄ 0,π+η = √
2tK+K−,π0η (10)

As to the Kπ , Kη channels, we also take advantage to note
that [45,46] contain small correction terms with respect to
[47] and for completeness we give the detailed functions in
the Appendix.

So far we have relied on the most favored mechanism,
color enhanced, external emission. There is also a possibility
to reach the final state with internal emission, which is color
suppressed, as depicted in Fig. 4.

We should first note that without hadronization we can
produce K̄ ∗0η with K̄ ∗0 → π+K− to which we shall come
back. The π+K− will be there in p-wave.

We can go back and see if the K−π+η state could be
formed through the K ∗ via the mechanism of external emis-
sion of Fig. 1 (prior to hadronization). The sū component
could give rise to a K ∗− and we would have K ∗−π+ pro-
duced in the first step. Through decay of K ∗− → K−η we
would have the final K−π+η state.

However, as we mentioned in the discussion after Eq. (5),
the K−η threshold is about 150 MeV above the nominal
K ∗ mass, which has a width of 50 MeV. Hence, this contri-
bution is negligible. On the other hand, the K ∗− shows up
experimentally in the πK mass distribution, which indicates
that the mechanism for production of K−π+η via the K ∗ is
the one based on internal emission that we have visualized
before.

For s-wave production we recur to hadronization. In the
hadronization of the mechanism of Fig. 4(a) we will have the
final state (omitting η′)

H =
∑

i

sq̄i qi d̄ =
(
P2

)

32

= K−π+ + K̄ 0
(

− π0

√
2

+ η√
3

)
− η√

3
K̄ 0

= K−π+ − K̄ 0 π0

√
2

(11)

where the K̄ 0η channel has also cancelled. Including the uū
state which is π0√

2
+ η√

3
, as seen in Eq. (2), we have

H ′ =
(
K−π+ − K̄ 0 π0

√
2

) (
π0

√
2

+ η√
3

)
(12)

The mechanism of Fig. 4(b) leads to the hadronized state

H ′ = K̄ 0
∑

i

uq̄i qi ū = K̄ 0
(
P2

)

11

= K̄ 0

((
π0

√
2

+ η√
3

)2

+ π+π− + K+K−
)

(13)

We can see that several channels are produced with both
mechanisms and we add the two contributions

H ′ = K−π+ π0

√
2

+ K−π+ η√
3

+ K̄ 0 π0η√
6

+ K̄ 0 ηη

3

+K̄ 0π+π− + K̄ 0K+K− (14)

The K̄ 0π0π0 combination disappears in the sum. We see
that we have a tree level contribution in K−π+η, and several
other terms from where we can obtain the final state K−π+η

with rescattering. But some of these channels are useless to
produce the final state. For instance, the K−π+π0 term. The
π+π0 in s-wave can be in I = 2 (I = 0 is not allowed
because I3 = 1), but not in I = 1, and hence cannot create
the π+η. The K−π0 → K−η only sees the tail of the κ , as
we have discussed previously, and hence, we disregard this
channel. The K̄ 0ηη is equally unsuited since K 0η → K−π+
will also only see the tail of the κ . Indeed, the Kη threshold
appears at 1041 MeV very far away from the normal mass
of the K ∗

0 (700) peak, even considering the large width. As
we pointed out after Eq. (9), Kπ and Kη are considered
as coupled channels in the chiral unitary approach. The Kη

channel helps building up strength for the κ state, but the
amplitudes Kπ → Kη, above the Kη threshold are already
very small. For the same reason K̄ 0π+π− is also unsuited
since K 0π− → K−η will also only see the κ resonance tail.
Hence for practical purposes we are left with a hadronic state
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Fig. 5 Final state interaction of the K̄ 0π0 pair in the K̄ 0π0η term

H ′
int = h̄1K

−π+η + h̄2 K̄
0π0η + h̄3 K̄

0K+K− (15)

with

h̄1 = 1√
3
; h̄2 = 1√

6
; h̄3 = 1 (16)

We see that the states K−π+η and K̄ 0K+K− also
appeared in external emission Eq. (7). There is a new term
h̄2 K̄ 0π0η and we can have K̄ 0π0 → K−π+ reaching the
final K−π+η state, see Fig. 5. The internal emission term
should have a different weight, Cβ, with the modulus of β

smaller than 1.
The amplitude for the K−π+η production process includ-

ing rescattering of the different terms is then given by ( see
Eqs. (9) and (16) for the hi and h̄i coefficients)

t = C

{
h1 + βh̄1 + GKπ

(
Minv

(
K−π+))

[(
h1 + βh̄1

)
tK−π+,K−π+

(
Minv

(
K−π+))

+βh̄2 tK̄ 0π0,K−π+
(
Minv

(
K−π+))]

+ (
h1 + βh̄1

)
Gπη

(
Minv

(
π+η

))
tπ+η,π+η

(
Minv

(
π+η

))

+ (
h3 + βh̄3

)
GK K̄

(
Minv

(
π+η

))
tK+ K̄ 0,π+η

(
Minv

(
π+η

)) }

(17)

As in [48] (see Eq. (19) of Ref. [48]) we smoothly extrap-
olate the Gt amplitude above an energy Mcut = 1100 MeV,
and the results barely change for different sensible extrapola-
tions. We should note that in the chiral unitary approach the
tK̄π,K̄π amplitudes are obtained from the K̄π, K̄η coupled
channels, where the κ is generated from the interaction. On
the other hand the tπη,πη and tK K̄ ,πη amplitudes are obtained

with the coupled channels K K̄ and πη, and the a0(980) is
generated from the interaction.

Fig. 6 Diagram for D0 → K̄ ∗0η → K−π+η. The momenta of the
particles are written in parenthesis and q ≡ pK + pπ

2.1 The D0 → ηK̄ ∗0 → π+K−η contribution

We saw in connection with Fig. 1 that we could produce
π+K ∗− with external emission. Then the K ∗− could decay
to K−η in p-wave, but the process was inefficient since it
involved the tail of the K ∗ far away from the nominal K ∗
mass. However, the mechanisms of internal emission in Fig. 4
can both produce K̄ ∗0η, and the K̄ ∗0 can decay to K−π+. We
derive here the amplitude for the D0 → ηK̄ ∗0 → π+K−η

process, which will add coherently to the s-wave contribu-
tions that we have studied before, producing interference with
the s-wave terms in the πη and K̄η mass distributions. The
mechanism of production is depicted in Fig. 6.

Up to an unknown constant D, which we will fit to the
experimental strength, the full relativistic amplitude, needed
to see the contribution of the mechanism in a large invariant
mass span, is given by

M = D̃(pD + pη)
μ

(
−gμν + qμqν

M2
K ∗

)
(pK

−pπ )ν
1

q2 − M2
K ∗ + iMK ∗	K ∗

= D̃

q2 − M2
K ∗ + iMK ∗	K ∗

[
− (

pD + pη

) · (pK − pπ )

+ (pK + pπ ) · (pK − pπ )

M2
K ∗

(
pD + pη

) · (pK + pπ )

]
.

Using (pK + pπ ) · (pK − pπ ) = m2
K −m2

π and labeling the
particles K−(1), π+(2), η(3), we write s13 = (pK + pη)

2;
s23 = (pπ + pη)

2 and the transition matrix M can be written
as

M = D̃

q2 − M2
K ∗ + iMK ∗	K ∗

⎡

⎣
(
m2

K

123
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−m2
π

)
(
m2

D − m2
η

)

M2
K ∗

− s13 + s23

⎤

⎦ , (18)

with D̃ = D eiφ .

2.2 Full mechanism with s- and p-waves

We define

t ′ = t + M, (19)

and then t ′ depends on s12 = M2
inv(K

−π+) = q2, s13 =
M2

inv(K
−η), s23 = M2

inv(π
+η), although only two of these

variables are independent since

s12 + s13 + s23 = m2
D + m2

K + m2
π + m2

η. (20)

Then we use the formula of the PDG for three body decay
[49]

d2	

dM2
inv(12)dM2

inv(23)
= 1

(2π)3

1

32m3
D

|t ′|2, (21)

and we integrate over either of the invariant masses to obtain
the single invariant mass distributions. Permuting the indices
123 and using Eq. (20) we easily find d	/dM2

inv(13).
The data of Ref. [38] are not efficiency corrected. The effi-

ciency factors for the Dalitz plot are not published, but we
have obtained the efficiencies for the projected three mass
distributions from the corresponding author of Refs. [38,50].
Since this is not the place to publish these data, we just
mention that normalizing the correction factors to an aver-
age value common to all distributions, which appears at
m2

Kπ = 0.90 GeV2, m2
πη = 1.55 GeV2, m2

Kη = 2.5 GeV2,
the normalized correction coefficient raises smoothly from
0.975 at m2

Kπ = 0.40 GeV2 till 1.05 at m2
Kπ = 0.65 GeV2

and decreases smoothly till 0.65 a m2
Kπ = 1.7 GeV2.

Similarly, the coefficient for the πη distribution decreases
smoothly from 1.03 at threshold till 0.90 at M2

πη = 1.0
GeV2 and increases smoothly from this mass till 1.05 at 1.80
GeV2. The coefficient for the Kη mass distribution increases
from 0.775 at 1.1 GeV2 till 1.05 at 2.8 GeV2 and decreases
smoothly till 0.85 at 2.9 GeV2. Our results contain global
normalization factors C, D and we fit to the data our results
multiplied by these efficiency correction factors.

2.3 General η − η′ mixing scheme

In a general case we have the mixing between η and η′ in
terms of the singlet and octet qq̄ SU (3) terms

η = cos θpη8 − sin θpη1 ; η′ = sin θpη8 + cos θpη1, (22)

and the world average of this angle has been obtained in
Ref. [51] as θp = −14.34◦. The mixing from [41] that we
are taking corresponds to cos θp = 2

√
2/3, very close to

cos(14.34◦). Inverting Eqs. (22) we have

η1 = cos θpη
′ − sin θpη ; η8 = sin θpη

′ + cos θpη, (23)

Noting that

η1 = 1√
3

(
uū + dd̄ + ss̄

)

η8 = 1√
6

(
uū + dd̄ − 2ss̄

)

π0 = 1√
2

(
uū − dd̄

)

we can write

uū = 1√
6
η8 + 1√

3
η1 + 1√

2
π0

dd̄ = 1√
6
η8 + 1√

3
η1 − 1√

2
π0

ss̄ = 1√
3
η1 − 2√

6
η8

Substituting now η1, η8 in terms of η, η′ of Eq. (23) we obtain

uū =
(

cos θp√
6

− sin θp√
3

)
η +

(
sin θp√

6
+ cos θp√

3

)
η′ + π0

√
2

dd̄ =
(

cos θp√
6

− sin θp√
3

)
η +

(
sin θp√

6
+ cos θp√

3

)
η′ − π0

√
2

ss̄ =
(

− 2√
6

cos θp − sin θp√
3

)
η +

(
cos θp√

3
− 2 sin θp√

6

)
η′

which substitute the diagonal terms in Eq. (2). As a conse-
quence the K−ηπ+ term of (P2)31, that cancelled in Eq. (5),
now does not cancel and we get an extra term for the mech-
anism of Fig. 1 which is

−
(

cos θp√
6

+ 2 sin θp√
3

)
K−ηπ+ (24)

Similarly, we revaluate (P2)12 for the the diagram of Fig. 2
and we see that the term 2ηπ+K−/

√
3 of Eq. (7) is substi-

tuted by

(
2 cos θp√

6
− 2 sin θp√

3

)
ηπ+K− (25)

We can add the terms of Eqs. (24) and (25) and we have the
global term

(
cos θp√

6
− 4 sin θp√

3

)
K−ηπ+ (26)
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Fig. 7 MKπ distribution. Individual contributions. The total s-wave
contains the tree level, the a0(980) and the κ rescattering terms

Fig. 8 MKπ distribution. Combined contributions. The total s-wave
contains the tree level plus the a0(980) and the κ rescattering terms

replacing 2K−ηπ+/
√

3 in Eq. (7). There is a 15% differ-
ence between these two numbers, which anticipates small
changes with respect to the results obtained with the standard
mixing. Due to the small changes found we do not consider
the changes in the subdominant internal emission terms. The
small decrease of 15% between Eq. (26) and 2K−ηπ+/

√
3

of the standard mixing, can be compensated with an increase
of 15% in the coefficient C in Eq. (8), while keeping Cβ the
same, and the final results are practically indistinguishable.

3 Results

We have four parameters at our disposal to fit the data C ,
D exp(iφ), and β. C and D are uncorrelated since C deter-
mines the absolute strength of the width and D controls the
strength of the K ∗ excitation. The parameter β gives the rela-
tive weight of the subdominant internal emission mechanism.
We perform a best fit to the three mass distributions of Figs.

Fig. 9 Mπη distribution

Fig. 10 MKη distribution

Table 1 Values of the
parameters from the fit. An extra
global factor 3.0 × 107 is
applied to all distributions to
compare with the number of
events in the data (the different
binning for the distributions is
considered when comparing to
the data)

Parameters

C 0.84

D 0.22

β 0.51

φ 0.97 radians

7, 9, 10. We should note that since C and D are related to
the global strength and the strength of the K ∗ peak, we only
have the phase φ and the subdominant term to determine the
non trivial shapes of the different mass distributions. In Figs.
7, 8, 9, 10 we show the results obtained for the three invariant
mass distributions with the parameters shown in Table 1.

We can see that we get a good reproduction of the data at
a qualitative level. We reproduce, because it is an input, the
peak of themKπ mass distribution. What is a consequence of
our theoretical formalism is the accumulated strength below
the peak of the K̄ ∗0 resonance and the a0(980) strength,
which are correlated in our theoretical framework.
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In Fig. 7 we show the contributions of the a0(980) (the
two terms of Eq. (8) involving the tπ+η,π+η and tK+ K̄ 0,π+η

amplitudes) and κ (term of Eq. (8) involving tK−π+,K−π+ ).
We should note that the tK−π+,K−π+ amplitude contains con-
tributions from I = 1/2 (the κ) and I = 3/2, but the I = 1/2
is dominant and we shall call this the κ contribution. As we
see, both the a0(980) and κ contributions are small compared
to the contribution of the tree level (first term of Eq. (8)).
However, upon interference with the tree level, the effect of
the a0(980) and κ get reinforced. This is better seen in Fig. 8,
where we show separately the contributions, tree+a0(980),
tree+κ , and tree+a0(980) + κ (s-wave). What the two fig-
ures tell us is the importance of the tree level term, enhancing
the contributions of the a0(980) and κ through interference.
It is thus clear that a proper analysis of the data requires the
explicit consideration of the tree level in order to extract the
s-wave πK and πη amplitude from them. It is also striking
that the prominent role of the a0(980) in the πη mass dis-
tribution is obtained in our approach without introducing it
in the formalism, unlike the K̄ ∗0 contribution which is put
by hand. This comes as a consequence of the rescattering
of π+η and K+ K̄ 0, as seen in Fig. 3. The scattering ampli-
tudes π+η → π+η and K+ K̄ 0 → π+η in the chiral unitary
approach contain the a0(980) resonance, which comes as a
consequence of the interaction of the mesons and is also not
introduced by hand in the approach. We should stress the
cusp like shape of this resonance both in the theory and in
the experiment, something already noted in the high statistics
BESIII experiment on the χc1 → ηπ+π− reaction [52] accu-
rately described theoretically in [53] along similar lines as
shown here. It is also interesting to see the curious effect that
the K̄ ∗0 contribution has in the Mπη and MKη distributions,
giving rise to two broad peaks at lower and higher invariant
masses. These peaks, correctly interpreted in the experimen-
tal analysis of [37] to the light of our different formulation,
are typical examples of replicas in some invariant mass dis-
tributions of resonant peaks of one particular invariant mass.
It is important to identify them correctly to avoid claims of
new resonances. We can see in these plots that the effect of
the a0(980) and κ resonances are instead rather smooth and
structureless in the non resonant invariant plots.

Finally, since the C coefficient governs the absolute nor-
malization and the D coefficient the strength of the K̄ ∗0,
the relative strength between the a0(980) peak and the low
energy K̄π bump is a prediction of the theory with no free
parameters.

We should note that we have added the s-wave (tree level,
a0(980) and κ) and p-wave (K̄ ∗0) amplitudes coherently.
This is important because while in the K̄π invariant mass
distribution the κ and K+ K̄ ∗0 do not interfere after the inte-
gration over s23 in Eq. (21), this is not the case in the other
mass distributions. Also in the K̄π invariant mass distribu-
tion there is interference between the a0(980) and the K̄ ∗0

amplitudes. One can see, indeed, that the incoherent sum of
the s-wave and p-wave in Fig. 7 at low invariant masses does
not give the total mass distribution. It is also interesting to
see in Fig. 7 that the κ contribution is quite small and the
strength at low invariant K̄π is mostly due to the tree level
contribution together with the a0(980) and its interference
with the K̄ ∗0.

An inspection to our results shows that the Kπ and πη

mass distributions in Figs. 7, 8, 9 are fairly well obtained. The
worse case is the Kη mass distribution in Fig.10, where the
qualitative features are well reproduced, but the agreement
with the data is not as good as in the other mass distributions.
This is not surprising since we deliberately ignored the Kη

interactions because they occur at higher invariant masses.
The Kπ mass distribution around 1 GeV above the K ∗ peak
is also not well described by our model. This region is not
improved with changes of the parameters in our model. Yet, it
is not our purpose to describe that region, but to see the role
played by the scalar resonances. In the fit of Ref. [38] the
a0(980) and κ resonances are included explicitly (note that
we do not introduce neither the a0(980) nor the κ by hand)
and, in addition to the resonances considered in our work,
they introduce the a2(1320)+, K̄ ∗(1410)0, K ∗(1680)−, and
K ∗

2 (1980)−, by means of which a better agreement with the
data is obtained. Our results indicate that the role played by
these extra resonances is small, and so is the case in [38].
The aim of our work concentrates on the role played by the
a0(980) and κ resonances, which appear in our approach as a
consequence of final state interaction of meson meson com-
ponents. Their role is shown in the low invariant mass part of
the Kπ distribution, below M2

Kπ = 0.7 GeV2 in Figs. 7, 8
and the peak around 1 GeV in Fig. 9. As mentioned before,
this is accomplished basically by means of a phase, φ, and a
subdominant term that goes with β, and the agreement with
the data is fair, considering that the a0(980) and the κ res-
onances are generated in the approach and their strength is
fixed. The approach serves then to back the picture where
these resonances are obtained from the meson meson inter-
action. However, one should note that unlike other reactions,
like the D+

s → π+π0η [36], where the a0(980) contribution
could be isolated and provided the driving mechanism of the
reaction, here the clear bump at low Kπ invariant masses in
Fig. 7 comes from a subtle mixture of a0(980), κ , tree level
and even some interference between K̄ ∗0 contribution and
the a0(980) as we pointed out before. It is good to see that
we can interpret that region within our model. However, the
same nature of the solution obtained indicates that in a stan-
dard partial wave analysis it could be difficult to disentangle
the role played by each mechanism.

To finalize the discussion we show now in Figs. 11, 12 the
effects of the smooth extrapolation of the amplitudes and the
phase of the K ∗. In Fig. 11 we show the results obtained using
three different extrapolations which were used in Ref. [48].
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Fig. 11 Effect on the three mass distributions of the different extrapolations of Eq. (27) in the chiral amplitudes

Fig. 12 Effect on the three mass distributions of the different phase φ

We take

Gt (Minv) = Gt (Mcut) e−α(Minv−Mcut) for Minv > Mcut,

(27)

with Mcut= 1100 MeV, with α = 0.0037 MeV−1, 0.0054
MeV−1, 0.0077 MeV−1, which reduce Gt by about a factor
3, 5, 10, respectively, at Mcut+300 MeV. The former results
were obtained using α = 0.0037 MeV−1. Figure 11 shows
the results using one or another extrapolation and the results
barely change in the three mass distributions.

In Fig. 12 we show the results of using a different phase, φ,
of the K ∗. All the other parameters are taken the same. What
we see is that the Kπ mass distribution barely changes. In
particular, this is the case in the low energy part of the spec-
trum, which is well reproduced by our model, what makes
our results there basically independent of this parameter and,
hence, our approach more predictive. On the other hand, the
phase has repercussion on the Kη mass distribution, the one
which we already admitted is not so tied to our input of the
chiral unitary approach. The phase also does not change much
the strength at the peak of the a0(980) in the πη mass dis-
tribution, however, it changes it at low and high invariant

πη masses to the point of distorting somewhat the shape of
the a0(980) in the lower part of the spectrum. This feature is
interesting to note. To see the genuine a0(980) shape that can
be compared to the scattering amplitudes it is better to use
other reactions, like the χc1 → π+π−η [53], because the
χc1 has isospin I = 0 and then the π+π− cannot form the
ρ. Then the genuine shape of the a0(980) shows up clearly
as seen in the experimental work of BESIII [52], which has
the cleanest signal of the a0(980) so far in our opinion.

4 Conclusions

We have studied the D0 → K−π+η decay, recently mea-
sured by the Belle collaboration, and found that it provides
valuable information on the scalar mesons a0(980) and κ

(K ∗
0 (700)). The analysis is done studying first how the pri-

mary quark production proceeds and then hadronizing pairs
of quarks to provide two pseudoscalar mesons. We find that
while the K−π+η state can be produced in a primary stage,
prior to any final state interaction consideration, the interac-
tion of mesons, and not only the final ones, gives rise to two
resonances, the κ in the final K̄π channel and the a0(980) in
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the final π+η channel. Our formalism, which uses the chiral
unitary approach to account for the interaction of pairs of
pseudoscalar mesons, is well suited for these kind of reac-
tions. It produces simultaneously the two resonances and
provides their relative strength with no free parameters in
the dominant mode of decay, based on external emission. A
small fraction of internal emission is also taken into account
in the approach, and shows up in the fit to the data with a
strength in agreement with what one expects from a subdomi-
nant mechanism. Including empirically the K̄ ∗0η production
we find a relatively good agreement with the data in the three
invariant mass distributions and all the range of masses. The
agreement found with the data gives support to our theoret-
ical scheme, where the final state interaction is responsible
for the main features, and indirectly to the nature of the res-
onances κ and a0(980), which do not qualify as qq̄ states,
but come as a consequence of the interaction of the mesons
pairs in coupled channels. We found that the features of the
reaction come from subtle interference of terms involving
a0(980), κ , tree level and K ∗0 excitation, which makes this
reaction not as clean, concerning the role of the scalar res-
onances, as other related reactions. However, together with
the success obtained in other reactions using the same idea,
the information favoring that picture is piling up, revealing
the different nature of the low lying scalar mesons from the
ordinary qq̄ mesons.
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Appendix: Scattering amplitude in the Kπ , Kη channels

The T matrix is taken in matrix form as

T = [1 − VG]−1V (A.1)

with the π−K+(1), π0K 0(2), ηK 0(3) channels and we have

V11 = −1

6 f 2

(
3

2
s − 3

2s

(
m2

π − m2
K

)2
)

(A.2)

V12 = 1

2
√

2 f 2

(
3

2
s − m2

π − m2
K −

(
m2

π − m2
K

)2

2s

)
(A.3)

V22 = −1

4 f 2

(
− s

2
+ m2

π + m2
K −

(
m2

π − m2
K

)2

2s

)
(A.4)

V13 = 1

2
√

6 f 2

(
3

2
s − 7

6
m2

π − 1

2
m2

η − 1

3
m2

K

+ 3

2s

(
m2

π − m2
K

) (
m2

η − m2
K

))
(A.5)

V23 = − 1

4
√

3 f 2

(
3

2
s − 7

6
m2

π − 1

2
m2

η − 1

3
m2

K

+ 3

2s

(
m2

π − m2
K

) (
m2

η − m2
K

))
(A.6)

V33 = − 1

4 f 2

(
−3

2
s − 2

3
m2

π + m2
η + 3m2

K

− 3

2s

(
m2

η − m2
K

)2
)

(A.7)

where f is the pion decay constant, f = 93 MeV, and s the
square of the center of mass energy.

References

1. J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nucl. Phys. B 100, 313
(1975)

2. M. Matsuda, M. Nakagawa, K. Odaka, S. Ogawa, M. Shin-Mura,
Prog. Theor. Phys. 59, 1396 (1978)

3. M. Nakagawa, Prog. Theor. Phys. 60, 1595 (1978)
4. E. Oset, W.H. Liang, M. Bayar, J.J. Xie, L.R. Dai, M. Albaladejo,

M. Nielsen, T. Sekihara, F. Navarra, L. Roca, M. Mai, J. Nieves,
J.M. Dias, A. Feijoo, V.K. Magas, A. Ramos, K. Miyahara, T.
Hyodo, D. Jido, M. Döring, R. Molina, H.X. Chen, E. Wang, L.
Geng, N. Ikeno, P. Fernández-Soler, Z.F. Sun, Int. J. Mod. Phys. E
25, 1630001 (2016)

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

6. J.M. Link et al., Focus. Phys. Lett. B 585, 200 (2004)
7. E. Klempt, M. Matveev, A.V. Sarantsev, Eur. Phys. J. C 55, 39

(2008)
8. B. Aubert et al., BaBar. Phys. Rev. Lett. 99, 251801 (2007)
9. M. Gaspero, B. Meadows, K. Mishra, A. Soffer, Phys. Rev. D 78,

014015 (2008)
10. B. Bhattacharya, C.W. Chiang, J.L. Rosner, Phys. Rev. D 81,

096008 (2010)
11. H. Muramatsu et al., CLEO Phys. Rev. Lett. 89, 251802 (2002)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Eur. Phys. J. C (2021) 81 :268 Page 11 of 11 268

12. E.M. Aitala et al., E791, Phys. Rev. Lett. 89, 121801 (2002)
13. J.A. Oller, Phys. Rev. D 71, 054030 (2005)
14. P.C. Magalhaes, M.R. Robilotta, K.S.F.F. Guimaraes, T. Fred-

erico, W. de Paula, I. Bediaga, A.C. Reis, C.M. Maekawa, G.R.S.
Zarnauskas, Phys. Rev. D 84, 094001 (2011)

15. F. Niecknig, B. Kubis, Phys. Lett. B 780, 471 (2018)
16. F. Niecknig, B. Kubis, JHEP 10, 142 (2015)
17. J.P. Dedonder, R. Kaminski, L. Lesniak, B. Loiseau, Phys. Rev. D

89, 094018 (2014)
18. R.T. Aoude, P.C. Magalhaes, A.C. Dos Reis, M.R. Robilotta, Phys.

Rev. D 98, 056021 (2018)
19. L. Roca, E. Oset, arXiv:2011.05185 [hep-ph]
20. J.A. Oller, E. Oset, Nucl. Phys. A 620, 438 (1997) (Erratum:Nucl.

Phys. A 652, 407 (1999))
21. J.A. Oller, E. Oset, J.R. Pelaez, Phys. Rev. Lett. 80, 3452 (1998)
22. N. Kaiser, Eur. Phys. J. A 3, 307 (1998)
23. M.P. Locher, V.E. Markushin, H.Q. Zheng, Eur. Phys. J. C 4, 317

(1998)
24. J. Nieves, E. Ruiz Arriola, Nucl. Phys. A 679, 57 (2000)
25. J.J. Xie, L.R. Dai, E. Oset, Phys. Lett. B 742, 363 (2015)
26. J.M. Dias, F.S. Navarra, M. Nielsen, E. Oset, Phys. Rev. D 94,

096002 (2016)
27. S. Sakai, E. Oset, W.H. Liang, Phys. Rev. D 96, 074025 (2017)
28. L. Roca, E. Oset, J. Singh, Phys. Rev. D 72, 014002 (2005)
29. L.S. Geng, E. Oset, L. Roca, J.A. Oller, Phys. Rev. D 75, 014017

(2007)
30. J.A. Oller, U.G. Meissner, Phys. Lett. B 500, 263 (2001)
31. D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meissner, Nucl. Phys.

A 725, 181 (2003)
32. C. Garcia-Recio, J. Nieves, E. Ruiz Arriola, M.J. Vicente Vacas,

Phys. Rev. D 67, 076009 (2003)
33. T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55(2012)

34. Y. Kamiya, K. Miyahara, S. Ohnishi, Y. Ikeda, T. Hyodo, E. Oset,
W. Weise, Nucl. Phys. A 954, 41 (2016)

35. G.Y. Wang, L. Roca, E. Oset, Phys. Rev. D 100, 074018 (2019)
36. R. Molina, J.J. Xie, W.H. Liang, L.S. Geng, E. Oset, Phys. Lett. B

803, 135279 (2020)
37. M. Ablikim et al., BESIII, Phys. Rev. Lett. 123, 112001 (2019)
38. Y.Q. Chen et al., Belle, Phys. Rev. D 102, 012002 (2020)
39. M.Y. Duan, J.Y. Wang, G.Y. Wang, E. Wang, D.M. Li,

arXiv:2008.10139 [hep-ph]
40. L.L. Chau, Phys. Rep. 95, 1 (1983)
41. A. Bramon, A. Grau, G. Pancheri, Phys. Lett. B 345, 263 (1995)
42. L. Roca, M. Mai, E. Oset, U.G. Meißner, Eur. Phys. J. C 75, 218

(2015)
43. J.A. Oller, E. Oset, Phys. Rev. D 60, 074023 (1999)
44. D. Gamermann, E. Oset, D. Strottman, M.J. Vicente Vacas, Phys.

Rev. D 76, 074016 (2007)
45. W.H. Liang, J.J. Xie, E. Oset, Phys. Rev. D 92, 034008 (2015)
46. F.K. Guo, R.G. Ping, P.N. Shen, H.C. Chiang, B.S. Zou, Nucl. Phys.

A 773, 78 (2006)
47. M. Bayar, W.H. Liang, E. Oset, Phys. Rev. D 90, 114004 (2014)
48. V.R. Debastiani, W.H. Liang, J.J. Xie, E. Oset, Phys. Lett. B 766,

59 (2017)
49. P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020,

083C01 (2020)
50. L. Li, private communication
51. F. Ambrosino, A. Antonelli, M. Antonelli, F. Archilli, P. Beltrame,

G. Bencivenni, S. Bertolucci, C. Bini, C. Bloise, S. Bocchetta et al.,
JHEP 07, 105 (2009)

52. M. Ablikim et al., (BESIII Collaboration), Phys. Rev. D 95, 032002
(2017)

53. W.H. Liang, J.J. Xie, E. Oset, Eur. Phys. J. C 76, 700 (2016)

123

http://arxiv.org/abs/2011.05185
http://arxiv.org/abs/2008.10139

	Theoretical study of the D0 toK- π+ η reaction
	Abstract 
	1 Introduction
	2 Formalism
	2.1 The D0 toηbarK*0 toπ+ K- η contribution 
	2.2 Full mechanism with s- and p-waves 
	2.3 General η-η mixing scheme

	3 Results
	4 Conclusions
	Acknowledgements
	Appendix: Scattering amplitude in the Kπ, Kη channels
	References




