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The mechanism of the four-quark production of the light scalar isovector four-quark state a0ð980Þ in the
D → ηπeþνe decays is discussed. It is shown that the characteristic features of the shape of the ηπ mass
spectra expected in our scheme can serve as the indicator of the production mechanism and internal
structure of the a0ð980Þ resonance.
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I. INTRODUCTION

Semileptonic decays of D and B mesons into eþνe and a
pair of pseudoscalar mesons are a good laboratory for
studying the quark structure of light scalar mesons [1–6].
The first important experiments in this direction were carried
out by the Collaborations BABAR, on the decay Dþ

s →
f0ð980Þeþνe → KþK−eþνe [7], CLEO, on the decay
Dþ

s → f0ð980Þeþνe → πþπ−eþνe [1,8], and BESIII, on
the decays D0 → a0ð980Þ−eþνe → ηπ−eþνe [9], Dþ →
a0ð980Þ0eþνe → ηπ0eþνe [9], Dþ → f0ð500Þeþνe →
πþπ−eþνe [10], and Dþ

s → a0ð980Þ0eþνe → π0ηeþνe
[11]. Theoretical studies of these decays and phenomeno-
logical data processing have been carried out especially
recently very intensively [2–5,12–22]. In many ways, their
goal is to find new evidence in favor of the supposed exotic
four-quark (q2q̄2) structure of the f0ð500Þ, f0ð980Þ, and
a0ð980Þ resonances or indications that contradict this. They
also contain the descriptions of the mass distributions of
pseudoscalar meson pairs and calculations of the relative and
absolute values of the probabilities of the indicated semi-
leptonic decays of D and B mesons, taking into account the
requirements of the unitarity condition.
We continue the study of the decays D0 → dūeþνe →

a0ð980Þ−eþνe → ηπ−eþνe and Dþ→dd̄eþνe→
a0ð980Þ0eþνe→ηπ0eþνe started in Ref. [16]. These decays
are interesting in that they provide direct probing of
constituent two-quark dū and ðuū − dd̄Þ= ffiffiffi

2
p

components
in the wave functions of the a0ð980Þ− and a0ð980Þ0

mesons, respectively [5]. In Ref. [16] the mass spectra
of ηπ pairs were presented for the case when the a0ð980Þ
states have no two-quark components at all. It was assumed
that the production of the four-quark a0ð980Þ state occurs
via its mixing with the heavy qq̄ state a00ð1400Þ, due to their
common decay channels into ηπ, η0π, and KK̄. Here we
also assume that the a0ð980Þ meson has a four-quark
structure [23,24]. The difference is that we consider the
mechanism of four-quark fluctuations of dū and dd̄
sources, dū → dq̄qū and dd̄ → dq̄qd̄, which in the lan-
guage of two-body hadronic states means the creation of
the ηπ, η0π, and KK̄ pairs, which are then dressed by strong
interactions in the final state. We elucidate the characteristic
features of this mechanism and do not involve in consid-
eration a heavy state of the a00ð1400Þ type. A similar
approach was used in Refs. [20,25] to describe the
CLEO [1] and BESIII [10] data on the decays Dþ

s →
f0ð980Þeþνe → πþπ−eþνe and Dþ → f0ð500Þeþνe →
πþπ−eþνe as well as the BESIII [26] data on the
J=ψ → γπ0π0 decay in the π0π0 invariant mass region
from the threshold up to 1 GeV.
This paper is organized as follows. In Sec. II after a brief

discussion of the experimental situation, the general for-
mulas are given for thewidths of semileptonic decaysD0 →
ηπ−eþνe and Dþ → ηπ0eþνe with the production of the ηπ
system in theSwave. Section III is devoted to a discussion of
the four-quark mechanism of the a0ð980Þ resonance pro-
duction in the D → ηπeþνe decays. We show that the
characteristic features of the shape of the ηπ− and ηπ0

mass spectra expected in our scheme can serve as an
indicator of the productionmechanism and internal structure
of the a0ð980Þ state. In Sec. IV we discuss the decays
D0→K0K−eþνe, Dþ→K0K̄0eþνe, and Dþ→KþK−eþνe
which also are of interest in connection with the production
of light scalar mesons. However, these decays are strongly
suppressed by the phase space near the KK̄ thresholds and
their experimental investigations are little realistic at present.
In Sec. V the conclusions are briefly formulated.
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II. BESIII DATA AND DECAY WIDTHS

Recently, the BESIII Collaboration [9] obtained the
first data on semileptonic decays D0 → a0ð980Þ−eþνe
and Dþ → a0ð980Þ0eþνe using the reaction eþe− →
ψð3770Þ → DD̄ at a center-of-mass energy of 3.773 GeV
and the tagged D meson technique [27]. They selected
25.7þ6.4

−5.7 signal events forD
0 → a0ð980Þ−eþνe and 10.2þ5.0

−4.1
signal events for Dþ → a0ð980Þ0eþνe. The statistical sig-
nificance of signal is 6.4σ forD0 → a0ð980Þ−eþνe and 2.9σ
for Dþ → a0ð980Þ0eþνe. The absolute branching fractions
and the ratio of decay widths were determined to be [9]

BðD0 → a0ð980Þ−eþνeÞ × Bða0ð980Þ− → ηπ−Þ
¼ ½1.33þ0.33

−0.29ðstatÞ � 0.09ðsystÞ� × 10−4; ð1Þ

BðDþ → a0ð980Þ0eþνeÞ × Bða0ð980Þ0 → ηπ0Þ
¼ ½1.66þ0.81

−0.66ðstatÞ � 0.11ðsystÞ� × 10−4; ð2Þ

ΓðD0 → a0ð980Þ−eþνeÞ
ΓðDþ → a0ð980Þ0eþνeÞ

¼ 2.03� 0.95� 0.06: ð3Þ

When obtaining Eq. (3), it was assumed that
Bða0ð980Þ− → ηπ−Þ ¼ Bða0ð980Þ0 → ηπ0Þ.
In the measured ηπ mass spectra in the range of the

invariant mass of the ηπ system, mηπ ≡ ffiffiffi
s

p
, from 0.7 GeV

to 1.3 GeV, there is a complex configuration of background
contributions [9] (see Fig. 1). A small number of signal
events, a noticeable background and a wide step in

ffiffiffi
s

p
(equal to 50 MeV) do not allow us to clearly see in the ηπ−

and ηπ0 mass spectra the line shape of the a0ð980Þ
resonance. It is clear that the high statistics on the decays
D → a0ð980Þeþνe is highly demanded by the physics of
light scalar mesons.
Let us write the differential width for the D0 ¼ cū decay

into ηπ−eþνe in the form (see, for example, Refs. [1,10,28])

d2ΓD0→dūeþνe→ðS−→ηπ−Þeþνeðs; q2Þ
d
ffiffiffi
s

p
dq2

¼ G2
FjVcdj2
24π3

p3
ηπ−ðmD0 ; q2; sÞjfD0

þ ðq2Þj2

×
2
ffiffiffi
s

p
π

jFD0

dū→S−→ηπ−ðsÞj2ρηπ−ðsÞ; ð4Þ

where s and q2 are the invariant mass squared of the virtual
scalar state S− (or the S-wave ηπ− system) and the eþνe
system, respectively; GF is the Fermi constant, jVcdj ¼
0.221� 0.004 is a Cabibbo-Kobayshi-Maskawa matrix
element [6]; pηπ− is the magnitude of the three-momentum
of the ηπ− system in the D0 meson rest frame,

pηπ−ðmD0 ;q2;sÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðmD0 −

ffiffiffi
s

p Þ2−q2�½ðmD0 þ ffiffiffi
s

p Þ2−q2�
q

=ð2mD0Þ; ð5Þ

and ρηπ−ðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s − ðmη þmπ−Þ2�½s − ðmη −mπ−Þ2�

q
=s. In

a simplest pole approximation, the form factor fD
0

þ ðq2Þ has
the form [1,10,28]

fD
0

þ ðq2Þ ¼ fD
0

þ ð0Þ
1 − q2=m2

A
; ð6Þ

where we putmA ¼ mDþ
1
¼ 2.42 GeV [6] (in principle,mA

can be extracted from the data by fitting). The amplitude
FD0

dū→S−→ηπ−ðsÞ describes the formation and decay into ηπ−

of the virtual scalar isovector state S− produced in the
D0 → ηπ−eþνe decay. The ηπ− invariant mass distribution
integrated over the full q2 region is given by
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FIG. 1. The ηπ mass spectra (a) for D0 → ða0ð980Þ− → ηπ−Þeþνe and (b) for Dþ → ða0ð980Þ0 → ηπ0Þeþνe. Points with error bars
are the BESIII data [9]. The dashed curves show the sum of the background contributions defined by BESIII.

ACHASOV, KISELEV, and SHESTAKOV PHYS. REV. D 104, 016034 (2021)

016034-2



dΓD0→dūeþνe→ðS−→ηπ−ÞeþνeðsÞ
d
ffiffiffi
s

p

¼ G2
FjVcqj2
24π3

jfD0

þ ð0Þj2ΦðmD0 ; mA; sÞ

×
2
ffiffiffi
s

p
π

jFD0

dū→S−→ηπ−ðsÞj2ρηπ−ðsÞ; ð7Þ

where the function ΦðmD0 ; mA; sÞ is

ΦðmD0 ; mA; sÞ ¼
Z ðmD0−

ffiffi
s

p Þ2

0

p3
ηπ−ðmD0 ; q2; sÞ
j1 − q2=m2

Aj2
dq2: ð8Þ

As can be seen from Fig. 2, it notably enhances the ηπ−

mass spectrum as
ffiffiffi
s

p
decreases.

The differential widths of the semileptonic decay of the
Dþ ¼ cd̄ meson into the S-wave ηπ0 system are described
by the formulas similar to Eqs. (4)–(8).

III. FOUR-QUARK PRODUCTION MECHANISM
OF THE FOUR-QUARK a0ð980Þ RESONANCE

We start with the semileptonic decay of the D0 ¼ cū
meson D0 → dūeþνe → ðS− → ηπ−Þeþνe. Let, as a result
of radiation of the lepton pair eþνe by the valence c quark
included in D0, a virtual system of d and ū quarks in the
scalar state is produced. Consider the four-quark fluctua-
tions of such a dū source, dū → dq̄qū, corresponding to the
diagram shown in Fig. 3. The limitation to this type of
fluctuations is related to the Okubo-Zweiga-Iizuka (OZI)
rule [29–32], according to which other fluctuations such as
annihilation or creation of qq̄ pairs, corresponding to the
so-called “hair-pin” diagrams, are suppressed. In the
language of hadronic states the seed four-quark fluctuations
dū → dq̄qū imply the production of ηπ−, η0π−, and K0K−

meson pairs. As a first approximation, we assume that the
amplitude of the dū → dq̄qū transition, which we denote
by g0, does not depend on the flavor of the light q quark.

Then for the hadron production constants gdūηπ− , gdūη0π− ,
and gdūK0K− the following relations hold:

gdūηπ− ¼
ffiffiffi
2

p
g0 sinðθi − θpÞ;

gdūη0π− ¼
ffiffiffi
2

p
g0 cosðθi − θpÞ;

gdūK0K− ¼ g0: ð9Þ

Here θi ¼ 35.3° is the so-called “ideal” mixing angle and
θp ¼ −11.3° is the mixing angle in the nonet of the light
pseudoscalarmesons [6]. The first two relations in Eq. (9) are
obtained taking into account the expansion of the state
containing non-strange quarks ηn ¼ ðuūþ dd̄Þ= ffiffiffi

2
p

, which
is created in a pair with π−, in terms of physical states η and η0
with definite masses: ηn ¼ η sinðθi − θpÞ þ η0 cosðθi − θpÞ.
Thus, the production of the four-quark a0ð980Þ− reso-

nance can occur as a result of the fact that the seed four-
quark fluctuations dū → ηπ−; η0π−; K0K− are dressed by
strong interactions in the final state. The described picture
of the a0ð980Þ− production in the language of hadronic
diagrams is shown in Fig. 4. According to this figure, we
write the amplitude FD0

dū→S−→ηπ−ðsÞ from Eq. (7) in the form

FD0

dū→S−→ηπ−ðsÞ ¼ gdūηπ− ½1þ Iηπ−ðsÞTηπ−→ηπ−ðsÞ�
þ gdūη0π−Iη0π−ðsÞTη0π−→ηπ−ðsÞ
þ gdūK0K−IK0K−ðsÞTK0K−→ηπ−ðsÞ; ð10Þ

where IabðsÞ is the amplitude of the two-point loop diagram
with ab intermediate state and Tab→ηπ−ðsÞ is the amplitude
of the S-wave ab → ηπ− transition; ab ¼ ηπ−; η0π−; K0K−.
The loop amplitude IabðsÞ has the form

IabðsÞ ¼ Cab þ ĨabðsÞ

¼ Cab þ
s
π

Z
∞

mðþÞ2
ab

ρabðs0Þds0
s0ðs0 − s − iεÞ ; ð11Þ

where the function ĨabðsÞ is the singly subtracted at s ¼ 0

dispersion integral. Explicit expressions for ĨabðsÞ in
different regions of s are given in the Appendix. The real
and imaginary parts of this function for different ab are
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FIG. 2. The functionΦðmD0 ; mA; sÞ atmA ¼ mDþ
1
¼ 2.42 GeV.

FIG. 3. The OZI allowed four-quark fluctuations of the dū
source, dū → dq̄qū.
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shown in Fig. 5. The quantity Cab in Eq. (11) is a
subtraction constant. The choice of these constants will
be discussed below.
We saturate the amplitudes Tab→ηπ−ðsÞ with the contri-

bution of the four-quark a0ð980Þ− resonance. The flavor
structure of its wave function has the form [23]

a0ð980Þ− ¼ ū s̄ ds ¼ 1ffiffiffi
2

p ηsπ
− −

1ffiffiffi
2

p K0K−: ð12Þ

Considering that ηs¼ ss̄¼η0 sinðθi−θpÞ−ηcosðθi−θpÞ,
for the coupling constants of the a0ð980Þ− with the super-
allowed decay channels into pairs of pseudoscalar mesons,
the following relations hold:

ga−
0
ηπ− ¼ ḡ cosðθi − θpÞ;

ga−
0
η0π− ¼ −ḡ sinðθi − θpÞ;

ga−
0
K0K− ¼ ḡ; ð13Þ

where ḡ is the overall coupling constant. Thus,

Tab→ηπ−ðsÞ ¼
ga−

0
abga−

0
ηπ−

16π

1

Da−
0
ðsÞ ; ð14Þ

where Da−
0
ðsÞ is the inverse propagator of the a0ð980Þ−

resonance. It has the form

Da−
0
ðsÞ ¼ m2

a−
0
− sþ

X
ab

½ReΠab
a−
0
ðm2

a−
0
Þ − Πab

a−
0
ðsÞ�; ð15Þ

where ma−
0
is the a0ð980Þ− mass and Πab

a−
0
ðsÞ stands for the

matrix element of the a0ð980Þ− polarization operator corre-
sponding to the contribution of the ab intermediate state.
ReΠab

a−
0
ðsÞ is defined by the singly subtracted at s ¼ 0

dispersion integral of

ImΠab
a−
0
ðsÞ ¼ ffiffiffi

s
p

Γa−
0
→abðsÞ

¼
g2a−

0
ab

16π
ρabðsÞθð

ffiffiffi
s

p
−ma −mbÞ; ð16Þ

i.e., Πab
a−
0
ðsÞ ¼ g2a−

0
abĨabðsÞ=ð16πÞ. The termsP

ab½ReΠab
a−
0
ðm2

a−
0
Þ−Πab

a−
0
ðsÞ� in Eq. (15) take into account

the finite width corrections and guarantee that the Breit-
Wigner mass of the a0ð980Þ− resonance is defined by the
condition ReDa−

0
ðs ¼ m2

a−
0
Þ ¼ 0.

We now rewrite Eq. (10) using Eqs. (9), (13), and (14)
and notation ϑ ¼ θi − θp as follows:

FD0

dū→S−→ηπ−ðsÞ

¼ g0
ffiffiffi
2

p
sinϑ

�
1þ ðIηπ−ðsÞ − Iη0π−ðsÞÞ

ḡ2cos2ϑ
16πDa−

0
ðsÞ
�

þ g0IK0K−ðsÞ ḡ2 cosϑ
16πDa−

0
ðsÞ : ð17Þ

(a) (b)

FIG. 4. The production mechanism of the four-quark a0ð980Þ− resonance in the decay D0 → ηπ−eþνe.
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FIG. 5. Line shapes of (a) ReĨabðsÞ and (b) ImĨabðsÞ for the intermediate states ab ¼ ηπ−, K0K−, and η0π−.
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This expression shows that the contributions proportional
to the loops Iηπ−ðsÞ and Iη0π−ðsÞ enter with different signs
and therefore partially cancel each other. This cancellation
implements the OZI rule in the language of hadronic
intermediate states [33,34]. Indeed, in the case under
consideration, the sum of the contributions of the ηπ−

and η0π− loops is due to the transition dū → ηnπ
− and then

ηnπ
− into the ηsπ

− component of the a0ð980Þ− wave
function, which is suppressed according to the OZI rule.
Let us discuss the choice of the subtraction constants Cab

in the loops IabðsÞ, see (11). The assumption that all these
constants are equal, Cηπ− ¼ Cη0π− ¼ CK0K− , is simplest and
most economical in terms of the number of free parameters.
Note that nothing changes if we put Cηπ− ¼ Cη0π− ≠ CK0K− ,
since if Cηπ− ¼ Cη0π− , the expression (17) does not depend
on their value at all, due to the OZI reduction, and depends
only on the parameter CK0K−. Below we utilize this choice
for Cab. In so doing, the model is still quite flexible.
Thus, there are two parameters characterizing the

mechanism of the a0ð980Þ− production in D0 →
a0ð980Þ−eþνe → ηπ−eþνe in our model. They are: the
product fD

0

þ ð0Þg0, it determines the general normalization
of the decay width, and the constant CK0K− which essen-
tially influences on the shape of the ηπ− mass spectrum.
The actual parameters of the a0ð980Þ− resonance are its
massma−

0
and coupling constant ḡ, see (13). Figure 6 shows

as a guide the shapes of the Breit-Wigner mass distributions

dBða0ð980Þ− → ab; sÞ
d
ffiffiffi
s

p ¼ 2
ffiffiffi
s

p
π

ffiffiffi
s

p
Γa−

0
→abðsÞ

jDa−
0
ðsÞj2 ð18Þ

for the solitary a0ð980Þ− resonance in ηπ−, K0K−, and η0π−
decay channels. They are plotted using Eqs. (13), (15), (16),
and (18) atma−

0
¼0.985GeVand g2a−

0
ηπ−=ð16πÞ ¼ 0.2 GeV2.

Note that the decay width Γa−
0
→ηπ−ðsÞ calculated by Eq. (16)

at
ffiffiffi
s

p ¼ ma−
0
is approximately equal to 132 MeV, while the

visible width of the a0ð980Þ− peak at its half-maximum in
ηπ− channel is ≈55 MeV (see Fig. 6). This narrowing is the
consequence of the proximity ofma−

0
to the K0K− threshold

and strong coupling of the a0ð980Þ− to both ηπ− and K0K−

decay channel [35,36].
Recently, the BESIII Collaboration observed in the high-

statistics experiment on the decay χc1 → ηπþπ− the impres-
sive peak from a0ð980Þ resonance in the ηπ mass spectra
[37]. There is a possibility that the a0ð980Þ resonance will
manifest itself in the D → ηπeþνe decays in a similar way.
Below we discuss the conditions under which such a
possibility is realized in our model.
The solid curve in Fig. 7 shows an example of the shape

of the ηπ− mass spectrum in the decay D0 → dūeþνe →
ðS− → ηπ−Þeþνe with a peak in the region of 1 GeV due to
the creation of the a0ð980Þ− resonance. The calculation was
done using Eqs. (7), (13), and (17) at the above values of
ma−

0
and g2a−

0
ηπ−=ð16πÞ and CK0K− ¼ 0.6. The value of

CK0K− for this example we took to be comparable with
the value of ReĨK0K−ðsÞ in the region near the K0K−

threshold, see Fig. 5(a). The difference between the solid
curves in Figs. 6 and 7 demonstrates the possible influence
of the production mechanism on the shape of the a0ð980Þ−
peak in the ηπ− channel. The dotted curve in Fig. 7 shows
the contribution from the last term in Eq. (17) correspond-
ing, according to diagram (b) in Fig. 4, to creation of the
a0ð980Þ− resonance via the K0K− intermediate state. The
dash-dotted curve shows the contribution due to the seed
pointlike diagram (a) in Fig. 4. In Eq. (17), it corresponds to
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the term equal to g0
ffiffiffi
2

p
sin ϑ. The long dashed curve shows

the total contribution to the a0ð980Þ− production from the
ηπ− and η0π− intermediate states (see Fig. 4). In Eq. (17),
this contribution is proportional to ðIηπ−ðsÞ − Iη0π−ðsÞÞ.
Recall that we consider the case when Cηπ− ¼ Cη0π− . At
last, the short dashed curve in Fig. 7 shows the total
contribution due to the terms in square brackets in Eq. (17).
It is seen that these terms strongly compensate each other in
the region

ffiffiffi
s

p
≈ma−

0
. First, this happens because in this

region ReðĨηπ−ðsÞ − Ĩη0π−ðsÞÞ ≈ 0, as shown in Fig. 5(a).
Second, the other contributions for

ffiffiffi
s

p
< mK0 þmK− can

be represented as eiδηπ− ðsÞ cos δηπ−ðsÞ, where δηπ−ðsÞ is the
phase of the S-wave elastic ηπ− scattering amplitude. In this
case, δηπ−ðsÞ is a purely resonant phase and therefore
cos δηπ−ðm2

a−
0
Þ ¼ 0. Our statement follows from the chain of

equalities:

1þ iImIηπ−ðsÞ
ḡ2 cos2 ϑ
16πDa−

0
ðsÞ ¼ 1þ iρηπ−ðsÞTηπ−→ηπ−ðsÞ

¼ 1þ iρηπ−ðsÞ
e2iδηπ− ðsÞ − 1

2ρηπ−ðsÞ
¼ eiδηπ− ðsÞ cos δηπ−ðsÞ:

Thus, the phase of the amplitude FD0

dū→S−→ηπ−ðsÞ, see
Eq. (17), for

ffiffiffi
s

p
< mK0 þmK− coincides with the phase

of the elastic ηπ− scattering in accordance with the require-
ment of the unitarity condition [38]. Equation (10), which
has a more general form, also satisfies the unitarity
requirement, since in the elastic region the phases of the
amplitudes Tη0π−→ηπ−ðsÞ and TK0K−→ηπ−ðsÞ coincide with

the phase of the amplitude Tηπ−→ηπ−ðsÞ and the functions
Iη0π−ðsÞ and IK0K−ðsÞ are real. The phenomenon of com-

pensation of the pointlike production amplitude [g0
ffiffiffi
2

p
sinϑ

in Eq. (17)] by the resonant one at
ffiffiffi
s

p
≈mres is also well

known, see, for example, [39,40].
The relative role of the K0K− intermediate state in the

a0ð980Þ− production increases with increasing the param-
eter CK0K−. The width of the resonance peak in the ηπ−

mass spectrum narrows, while its height increases and it
becomes more pronounced. However, the characteristic
enhancement of the left wing of the resonance spectrum
and a sharp jump of its right wing (see Fig. 7), caused by
interference between different contributions, persist when
CK0K− changes over a wide range. The specific form of the
ηπ− mass spectrum is directly related to the considered
mechanism of the a0ð980Þ− production and therefore can
serve as its indicator.
Decays of Dþ → a0ð980Þ0eþνe → ηπ0eþνe and D0 →

a0ð980Þ−eþνe → ηπ−eþνe have the same mechanisms, as
is clear from Figs. 8, 9 and 3, 4. Their amplitudes
FDþ
dd̄→S0→ηπ0

ðsÞ and FD0

dū→S−→ηπ−ðsÞ [see Eq. (17)] are related
to each other (within a constant phase factor which can be
chosen equal to one) by the relation

FDþ
dd̄→S0→ηπ0

ðsÞ ¼ −
1ffiffiffi
2

p FD0

dū→S−→ηπ−ðsÞ ð19Þ

which follows from the assumption of equality of the
a0ð980Þ0 and a0ð980Þ− masses and isotopic symmetry for
the coupling constants. It is easy to check using the
following relations

gdd̄ηπ0 ¼ −g0 sinðθi − θpÞ;
gdd̄η0π− ¼ −g0 cosðθi − θpÞ;
gdd̄K0K̄0 ¼ g0; ð20Þ

ga0
0
ηπ0 ¼ ḡ cosðθi − θpÞ; ga0

0
η0π0 ¼ −ḡ sinðθi − θpÞ;

ga0
0
KþK− ¼ ḡ=

ffiffiffi
2

p
; ga0

0
K0K0 ¼ −ḡ=

ffiffiffi
2

p
; ð21Þ

together with Eqs. (9) and (13). Relations in (21) take into
account that the flavor structure of the a0ð980Þ0 wave
function has the form [23]

FIG. 8. The OZI allowed four-quark fluctuations of the dd̄
source, dd̄ → dq̄qd̄.

(a) (b)

FIG. 9. The production mechanism of the four-quark a0ð980Þ0 resonance in the decay Dþ → ηπ0eþνe.
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a0ð980Þ0 ¼
1ffiffiffi
2

p ðuū − dd̄Þss̄

¼ 1ffiffiffi
2

p ηsπ
− −

1

2
KþK− þ 1

2
K0K̄0: ð22Þ

Of course, for ma−
0
¼ ma0

0
Eq. (19) may be slightly violated

in the region of the KK̄ thresholds, but the relation for the
total decay widths

ΓðD0 → ηπ−eþνeÞ
ΓðDþ → ηπ0eþνeÞ

¼ 2 ð23Þ

should hold very well. However, it should be noted here
that the shapes of the ηπ− and ηπ0 mass spectra near theKK̄
thresholds are very sensitive to the a0ð980Þ mass and
this fact can be used to estimate the mass difference of
the a0ð980Þ− and a0ð980Þ0 states in the D decays. For
example, if ma0

0
≈ 0.985 GeV and ma−

0
≈ 0.995 GeV

[6,37,41–43], then this reduces the ratio (23) by (5–6)%.

IV. a0ð980Þ RESONANCE IN THE
D → KK̄e+ νe DECAYS

Production of the subthreshold a0ð980Þ− resonance in
the decay D0 → K0K−eþνe is strongly (at least an order of
magnitude) suppressed by the phase space in comparison
with its production in D0 → ηπ−eþνe. Certainly, exper-
imental investigations of the D → KK̄eþνe decays near the
KK̄ thresholds is a difficult problem. A detailed theoretical
analysis of these decays will be urgent as soon as it
becomes possible to carry out the corresponding measure-
ments. Therefore, here we only briefly describe the
characteristic features of the KK̄ mass spectra associated
with the manifestation of the a0ð980Þ resonance in
our model.
By analogy with Eq. (17), we write the amplitude for the

D0 → K0K−eþνe decay in the form

FD0

dū→S−→K0K−ðsÞ ¼ g0

�
1þ IK0K−ðsÞ ḡ2

16πDa−
0
ðsÞ
�

þ g0
ffiffiffi
2

p
sinϑ cosϑðIηπ−ðsÞ − Iη0π−ðsÞÞ

×
ḡ2

16πDa−
0
ðsÞ : ð24Þ

The corresponding K0K− mass spectrum is shown in
Fig. 10. A feature of this spectrum is the strong destructive
interference between the amplitude of the point-like pro-
duction of K0K− [i.e., g0 in Eq. (24)] and the amplitudes
containing the contribution from the a0ð980Þ− resonance.
As a result, there arises a resonancelike structure in the
region mK0 þmK− <

ffiffiffi
s

p
< 1.1 GeV.

The a0ð980Þ0 contributions to the amplitudes of the
Dþ → K0K̄0eþνe and Dþ → KþK−eþνe decays are

FDþ
dd̄→S0→K0K̄0ðsÞ ¼ g0

�
1þ IK0K̄0ðsÞ ḡ2

32πDa0
0
ðsÞ
�

þ g0 sin ϑ cosϑðIηπ−ðsÞ − Iη0π−ðsÞÞ

×
ḡ2ffiffiffi

2
p

16πDa0
0
ðsÞ ; ð25Þ

FDþ
dd̄→S0→KþK−ðsÞ ¼ −g0IKþK−ðsÞ ḡ2

32πDa0
0
ðsÞ

− g0 sin ϑ cosϑðIηπ−ðsÞ − Iη0π−ðsÞÞ

×
ḡ2ffiffiffi

2
p

16πDa0
0
ðsÞ : ð26Þ

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
s GeV

0

0.01

0.02

0.03

0.04

d
D

0
K

0
K

e
e

s
d

s

FIG. 10. The solid curve shows manifestation of the
a0ð980Þ− resonance in the K0K− mass spectrum in the decay
D0 → K0K−eþνe. The dash-dotted curve shows the contribution
of the point-like K0K− production amplitude [i.e., g0 in Eq. (24)].
The scale along the ordinate axis is the same as in Fig. 7.

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
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K

e
e
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s

K0K

K0K0

K K

FIG. 11. The KK̄ mass spectra in the decays D → KK̄eþνe
caused by the a0ð980Þ resonance production. The scale along the
ordinate axis is the same as in Fig. 7.
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The corresponding K0K̄0 and KþK− mass spectra are
shown in Fig. 11, together with the K0K− one. Here we pay
attention to the dominance of the decay channel into K0K̄0

over the KþK− channel. In fact, the decays Dþ →
K0K̄0eþνe and Dþ → KþK−eþνe are more complicated
than the decay D0 → K0K−eþνe, as they can also contain
the contribution from the isoscalar f0ð980Þ resonance.

V. CONCLUSION

A simple model of the four-quark mechanism of the
a0ð980Þ resonance production in the decays D0 →
ηπ−eþνe and Dþ → ηπ0eþνe is constructed. It is shown
that the characteristic features of the shape of the ηπ− and
ηπ0 mass spectra can serve as the indicator of the

production mechanism and internal structure of the
a0ð980Þ state. Future experiments with high statistics on
the decays D → a0ð980Þeþνe → ηπeþνe are highly
demanded by the physics of light scalar mesons.
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APPENDIX: THE FUNCTION ĨabðsÞ
The dispersion integral ĨabðsÞ defined in Eq. (10) is

given by: for s > mðþÞ2
ab

ĨabðsÞ ¼
s
π

Z
∞

mðþÞ2
ab

ρabðs0Þds0
s0ðs0 − s − iεÞ ¼ LabðsÞ þ ρabðsÞ

0
B@i −

1

π
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s −mð−Þ2

ab

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s −mðþÞ2

ab

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s −mð−Þ2

ab

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s −mðþÞ2

ab

q
1
CA; ðA1Þ

where mð�Þ
ab ¼ma �mb,ma > mb, ρabðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s −mðþÞ2

ab

q
×ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s −mð−Þ2
ab

q
=s, and

LabðsÞ ¼
1

π

�
1þ

�
mðþÞ2

ab þmð−Þ2
ab

2mðþÞ
ab mð−Þ

ab

−
mðþÞ

ab mð−Þ
ab

s

�
ln
ma

mb

�
;

for mð−Þ2
ab < s < mðþÞ2

ab

ĨabðsÞ¼LabðsÞ−ρabðsÞ
 
1−

2

π
arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðþÞ2

ab −s
q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s−mð−Þ2

ab

q
!
; ðA2Þ

where ρabðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðþÞ2

ab − s
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s −mð−Þ2
ab

q
=s; and for

s < mð−Þ2
ab

ĨabðsÞ ¼ LabðsÞ þ
ρabðsÞ
π

ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðþÞ2

ab − s
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mð−Þ2

ab − s
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðþÞ2

ab − s
q

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mð−Þ2

ab − s
q ;

ðA3Þ

where ρabðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðþÞ2

ab − s
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mð−Þ2
ab − s

q
=s. If b ¼ ā, then

mb ¼ ma and ĨabðsÞ ¼ ĨaāðsÞ has a more simple form:

ĨaāðsÞ ¼
2

π
þ ρaāðsÞ

�
i −

1

π
ln
1þ ρaāðsÞ
1 − ρaāðsÞ

�
;

for s > 4m2
a; and ðA4Þ

ĨaāðsÞ ¼
2

π
− jρaāðsÞj

�
1 −

2

π
arctan jρaāðsÞj

�
;

for 0 < s < 4m2
a; ðA5Þ

where ρaāðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

a=s
p

.
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