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We study the J=ψ → γπþπ−, γπ0η reactions from the perspective that they come from the J=ψ →
ϕðωÞπþπ−; ρ0π0η reactions, where the ρ0, ω, and ϕ get converted into a photon via vector meson
dominance. Using models successfully used previously to study the J=ψ → ωðϕÞππ reactions, we make
determinations of the invariant mass distributions for πþπ− in the regions of the f0ð500Þ, f0ð980Þ, and for
π0η in the region of the a0ð980Þ. The integrated differential widths lead to branching ratios below present
upper bounds, but they are sufficiently large for future check in updated facilities.
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I. INTRODUCTION

The low lying scalar mesons, f0ð500Þ, f0ð980Þ, a0ð980Þ
have been the subject of a long debate [1–7]. The advent of
the chiral unitary approach, where input from chiral
Lagrangians [8,9] is used and a unitary scheme in coupled
channels is followed [10–13], has brought much light into
this issue, and these resonances appear as dynamically
generated from the ππ; KK̄; πη; ηη interaction in coupled
channels. From a different perspective, the f0ð980Þ was
also claimed to be a KK̄ molecular state in Ref. [14]. The
success of this picture is reflected in the correct description
of plenty of reactions concerning their production and
decay [15,16]. The studies of Refs. [10–13] are based on
the use of the chiral Lagrangians at lowest order, but the use
of next to leading order potentials renders basically the
same results [17–20].
In a series of papers analyzing data close to the threshold

[21–23], the authors conclude that the f0ð980Þ and a0ð980Þ
are not elementary (qq̄) states. Ultimately, the piling support
for the composite structure of these states should come from

the ability of this picture to explain physical reactions and
predict new ones. In this direction, a boost to this picturewas
given by the correct interpretation of the f0ð980Þ and
a0ð980Þ production in theϕ → γπ0π0ðπþπ−; π0 ηÞ reactions
[24,25]. Another boost to the picture came from the study of
the J=ψ → ϕðωÞf0ð980Þ reaction in Ref. [26] followed by
Ref. [27], and more challenging from the right prediction of
the isospin forbidden a0ð980Þ production in the same
reaction [28–30], posteriorly confirmed by the BES
Collaboration [31] (see also Ref. [32]).
The extension of the J=ψ → ϕðωÞf0ð980Þ reaction to

the J=ψ → γf0ð980Þ should be equally clarifying concern-
ing the nature of the scalar resonances. Actually, since the γ
does not have a given isospin, now the J=ψ → γa0ð980Þ
reaction is equally allowed and the comparison of the
production rates introduces new elements to test produc-
tions from this molecular picture of scalar mesons.
Experimentally, there are no data in the particle data group

(PDG) [33] for these decay modes, and only upper limits
exist, but the same spectra that can be associated to f0ð500Þ
and f0ð980Þ production are available in Ref. [34].
Theoretically, there is already one paper making predictions
[35]. The model used is the one of Ref. [24], where J=ψ →
KK̄ and the photon is emitted from the kaons, together with
related contact terms. The ϕ → KK̄ coupling is substituted
by the J=ψ → KþK−, which is taken from experiment.
In the present approach, we take a different point

of view. We rely upon the models of Refs. [26,27] for
J=ψ→ϕðωÞππ, which proved rather successful to interpret
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experimental data [36–39] and implement vector meson
dominance (VMD) with ϕðωÞ → γ conversion [40,41]. Yet,
the model has to be extended to include J=ψ → ρ0PP →
γPP (with P the pseudoscalar meson), and we relate
J=ψ → ρ0PP to J=ψ → ϕðωÞPP implementing SU(3)
symmetry in the primary production vertex J=ψ → VPP,
assuming the J=ψðcc̄Þ as an SU(3) singlet, in the same way
as an ss̄ state is assumed to be an isospin singlet. In this
way, we find direct ρ0π0η production and ρ0PP with PP in
isospin I ¼ 1, which upon final state interaction produces
the a0ð980Þ. The f0ð980Þ and a0ð980Þ are, thus, produced
without isospin violation, given the fact that the photon
carries no determined isospin. The rates obtained are below
the upper experimental bounds but reachable in future
experiments.

II. FORMALISM

A. Primary vector-pseudoscalar-pseudoscalar
production

In the J=ψ → ϕðωÞππ reaction studied in Ref. [26],
a dominant Okubo-Zweig-Iizuka (OZI) conserving and
a subleading OZI violating terms were considered. An
equivalent reformulation of the problem classifying the
structures in terms of singlet and octet operators was given
in Ref. [27] and continued in Ref. [42]. In the study of the
J=ψ → ηðη0Þh1ð1380Þ reaction done in Ref. [43], the same
primary production vertex was assumed, yet, with a differ-
ent, more intuitive and practical formulation. One starts
assuming that J=ψðcc̄Þ is a singlet of SU(3), in the same
way that an ss̄ state is a singlet of isospin SU(2). There are
then several structures that are SU(3) singlet with two
pseudoscalars and one vector,

hVPPi; hVihPPi; hVPihPi; hVihPi2; ð1Þ

with h…i standing for the SU(3) trace, where P and V stand
for the SU(3) pseudoscalar and vector matrices correspond-
ing to qq̄. This classification was already introduced in the

study of the χc1 → ηπþπ− and ηc → ηπþπ− reactions
[44,45], with a primary production of PPP. The hPi3
structure was found completely off from data [46], and the
hPPPiwas the dominant one. Consequently, in the study of
J=ψ → ηðη0Þh1ð1380Þ, the hVPPi, hVihPPi structures
were assumed, with the hVPPi being the dominant one,
and a good agreement with data [47] was found. The
formalism was found equivalent to those of Refs. [26,27],
and the weight of the hVPPi and hVihPPi structures were
found compatible with the results obtained in Refs. [26,27].
This finding by itself is important since in Refs. [26,27] the
PP pair was allowed to propagate to generate the f0ð980Þ
state, while in Ref. [43], it was a PV pair that was
allowed to propagate to generate the h1ð1380Þ state, that,
within the chiral unitary approach, is dynamically gener-
ated from the VP interaction [48–50]. That both processes
are well described starting from the same primary VPP
production, allowing either the PP to interact to form the
f0ð980Þ, of the VP to produce the h1ð1380Þ, speaks much
in favor of the dynamically generated nature of these
resonances from the meson-meson interaction. The terms
in Eq. (1) are diagrammatically shown in Fig. 1. The
diagrams (b) and (c), which represent hVihPPi, hVPihPi,
and hVihPi2, have a disconnected part, and the diagram
(a) from the hVPPi term is preferred in terms of the OZI
rule. The P and V SU(3) matrices corresponding to qq̄ are
given by

P ¼

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 K0

K− K̄0 − 1ffiffi
3

p ηþ
ffiffi
2
3

q
η0

1
CCCA; ð2Þ

V ¼

0
BBB@

1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω ρþ K�þ

ρ− − 1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω K�0

K�− K̄�0 ϕ

1
CCCA; ð3Þ

where in P the η − η0 mixing of Ref. [51] has been assumed.

(a) (b) (c)

FIG. 1. Diagrammatic expression of the hMMMi, hMMihMi,
and hMihMihMi terms in Eq. (1) (M ¼ P or V).
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The terms going into hVPPi are given below.

ðVPPÞ11 ¼
�
ρ0ffiffiffi
2

p þ ωffiffiffi
2

p
���

π0ffiffiffi
2

p þ ηffiffiffi
3

p þ η0ffiffiffi
6

p
�

2

þ πþπ− þ KþK−
�
þ ρ−

�
2ffiffiffi
3

p ηπþ þ 2ffiffiffi
6

p η0πþ þ KþK̄0

�

þ K�−
�

1ffiffiffi
2

p π0Kþ þ πþK0 þ
ffiffiffi
3

2

r
η0Kþ

�
; ð4Þ

ðVPPÞ22 ¼ ρþ
�

2ffiffiffi
3

p ηπ− þ 2ffiffiffi
6

p η0π− þ K0K−
�
þ
�
−ρ0ffiffiffi
2

p þ ωffiffiffi
2

p
��

π−πþ þ
�
−π0ffiffiffi
2

p þ ηffiffiffi
3

p þ η0ffiffiffi
6

p
�

2

þ K0K̄0

�

þ K̄�0
�
π−Kþ −

1ffiffiffi
2

p π0K0 þ
ffiffiffi
3

2

r
η0K0

�
; ð5Þ

ðVPPÞ33 ¼ K�þ
�

1ffiffiffi
2

p K−π0 þ π−K̄0 þ
ffiffiffi
3

2

r
η0K−

�
þ K�0

�
K−πþ −

1ffiffiffi
2

p K̄0π0 þ
ffiffiffi
3

2

r
η0K̄0

�

þ ϕ

�
K−Kþ þ K̄0K0 þ

�
−

1ffiffiffi
3

p ηþ
ffiffiffi
2

3

r
η0
�2�

: ð6Þ

From these terms, we select those that have a ω;ϕ; ρ0 to implement VMD, and we get the weights, hi, for primary
production of one vector and two pseudoscalars,

hωπ0π0 ¼ 1; hωπþπ− ¼
ffiffiffi
2

p
; hωηη ¼

2

3
; hωKþK− ¼ 1ffiffiffi

2
p ; hωK0K̄0 ¼ 1ffiffiffi

2
p ; hωπ0η ¼ 0; ð7Þ

hϕπ0π0 ¼ 0; hϕπþπ− ¼ 0; hϕηη ¼
ffiffiffi
2

p

3
; hϕKþK− ¼ 1; hϕK0K̄0 ¼ 1; hϕπ0η ¼ 0; ð8Þ

hρ0π0π0 ¼ 0; hρ0πþπ− ¼ 0; hρ0ηη ¼ 0; hρ0KþK− ¼ 1ffiffiffi
2

p ; hρ0K0K̄0 ¼ −
1ffiffiffi
2

p ; hρ0π0η ¼
2ffiffiffi
3

p ; ð9Þ

where we have multiplied by
ffiffiffi
2

p
the weights appearing directly from Eqs. (4)–(6) for π0π0; ηη production because we take

into account the factor 2! for the production of two identical particles and also use, for convenience, the unitary
normalization,

jπ0π0i → 1ffiffiffi
2

p jπ0π0i; jηηi → 1ffiffiffi
2

p jηηi:

Concerning the hVihPPi structure, we have

ð
ffiffiffi
2

p
ωþϕÞðπ0π0þπþπ−þπ−πþþηηþ2KþK−þ2K0K̄0Þ; ð10Þ

from where we get the weights,

h0
ωπ0π0

¼ 2; h0ωπþπ− ¼ 2
ffiffiffi
2

p
; h0ωηη ¼ 2; h0ωKþK− ¼ 2

ffiffiffi
2

p
; h0

ωK0K̄0 ¼ 2
ffiffiffi
2

p
; ð11Þ

h0
ϕπ0π0

¼
ffiffiffi
2

p
; h0ϕπþπ− ¼ 2; h0ϕηη ¼

ffiffiffi
2

p
; h0ϕKþK− ¼ 2; h0

ϕK0K̄0 ¼ 2; ð12Þ

and we have ignored the η0 terms that do not play any
relevant role in f0, a0 production because of its big mass.
If we use the production vertex,

AfhVPPi þ βhVihPPig; ð13Þ

the production weights will be

Afhi þ βh0ig: ð14Þ
In the study of Ref. [43], two solutions for A and β were
found, with one of them preferred and consistent with
Refs. [26,27]. We take this solution here corresponding to

A ¼ −g̃; g̃ ¼ 0.032; β ¼ 0.0927: ð15Þ
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As to the spin structure, following Refs. [26,27], we assume
it to be of the type,

ϵμðJ=ψÞϵμðVÞ; ðV ¼ ϕ;ω; ρ0Þ; ð16Þ

which was found consistent with the experimental
information.

B. Vector meson dominance

Next, we implement VMD by converting ρ0, ω;ϕ into a
photon. For this, we use the conversion Lagrangian V → γ
[41], and the J=ψ → γPP starting state is depicted in Fig. 2.
The conversion Lagrangian can be found in a suitable

form for the present problem in Ref. [52],

LVγ ¼ −M2
V
e
g
AμhVμQi; ð17Þ

where Aμ is a photon field, e ¼ −jej; e2
4π ¼ α ¼ 1

137
; g ¼ MV

2fπ
with MV ¼ 800 MeV (a vector-meson mass) and
fπ ¼ 93 MeV. Q is the quark charge matrix, Q ¼
diagð2;−1;−1Þ=3.
Considering the V propagator in Fig. 2 and the con-

version Lagrangian of Eq. (17), we find that VMD is
implemented with the change,

ϵμðVÞ →
e
g
CγVϵμðγÞ; ð18Þ

where V is any of the ρ0, ω;ϕ vectors and

CγV ¼

8>><
>>:

1ffiffi
2

p ; for ρ0

1

3
ffiffi
2

p ; for ω

− 1
3
; for ϕ

: ð19Þ

C. Final state interaction

Final state interaction is implemented letting the
PP pair interact. This proceeds diagrammatically as shown
in Figs. 3–5.
Analytically, we have

tJ=ψ→γπþπ− ¼ e
g
ϵμðJ=ψÞϵμðγÞ · ðtωCγω þ tϕCγϕÞ; ð20Þ

with

tω ¼ hωπþπ− þ
X
i

hωiGiðMinvÞti;πþπ−ðMinvÞ; ð21Þ

where Minv is the πþπ− invariant mass, Gi are the loop
functions of the intermediate states, i ¼ π0π0, πþπ−,
KþK−, K0K̄0, ηη, and ti;πþπ− the scattering matrices of
the chiral unitary approach [10]. In the chiral unitary
approach, the meson-meson scattering t matrix, ti;j, is
given by the Bethe-Salpeter equation respecting elastic
unitarity with channel coupling,

ti;j ¼ vi;j þ vi;lGltl;j ¼ ½ð1 − vGÞ−1v�i;j: ð22Þ

The interaction kernel v is given by the s-wave part of the
leading-order chiral Lagrangian (see Refs. [53,54] for the
explicit form of v), and the meson-meson loop function G,

Gið
ffiffiffi
s

p Þ¼ i
Z

d4q
ð2πÞ4

1

ðP−qÞ2−m2
1iþ iϵ

1

q2−m2
2iþ iϵ

; ð23Þ

where s ¼ P2, andm1i andm2i are the meson masses in the
channel i, is regularized with a three momentum cutoff
qmax. In this setup, the a0ð980Þ peak comes out at the KK̄

(b)(a)

FIG. 4. πþπ− production driven by ϕ conversion. (a) tree level,
(b) rescattering. The intermediate states are i ¼ ηη; KþK−; K0K̄0.

(b)(a)

FIG. 3. πþπ− production driven by ω conversion. (a) tree level,
(b) rescattering. The intermediate states are i ¼ π0π0; πþπ−;
KþK−; K0K̄0; ηη.

(b)(a)

FIG. 5. π0η production driven by ρ0 conversion. (a) tree level,
(b) rescattering. The intermediate states are i ¼ KþK−; K0K̄0; π0η.

FIG. 2. J=ψ → γPP after ρ0, ϕ;ω conversion into a photon.
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threshold, and the f0ð980Þ slightly below this threshold, as
a result of the nonperturbative meson-meson interaction.
With respect to Ref. [10], we introduce the ηη coupled
channel, and we find that in the cutoff regularization
method qmax ¼ 600 MeV is required to fit phenomenology
[53]. Similarly,

tϕ ¼ hϕπþπ− þ
X
i

hϕiGiðMinvÞti;πþπ−ðMinvÞ; ð24Þ

with i ¼ ηη; KþK−; K0K̄0.
Analogously, we have

tJ=ψ→γπ0η ¼
e
g
ϵμðJ=ψÞϵμðγÞtρ0Cγρ0 ; ð25Þ

with

tρ0 ¼ hρ0π0η þ
X
i

hρ0iGiðMinvÞti;π0ηðMinvÞ;

ði ¼ KþK−; K0K̄0; π0ηÞ: ð26Þ

The amplitude ti;π0η occurs now in I ¼ 1 and the corre-
sponding matrices, following Ref. [10], were evaluated in
Ref. [54], again with a cutoff qmax ¼ 600 MeV, which
provides the clear cusp line shape of the a0ð980Þ as shown
in the χc1 → ηπþπ− reaction, both experimentally [46] and
theoretically [44].

D. Consideration of gauge invariance

Gauge invariance has had an important role in the
theoretical study of the ϕ → γf0ð980Þðf0 → ππÞ reaction.
We apply the arguments to J=ψ → γf0ð980Þðf0 → ππÞ
[and the same for a0ð980Þ production] following
Refs. [51,55,56]. Taking Pμ, Kμ the momenta of the
J=ψ and the photon, respectively, the most general struc-
ture for the reaction amplitude is given by

t ¼ ϵμðJ=ψÞϵνðγÞTμν; ð27Þ

with

Tμν ¼ agμν þ bPμPν þ cPμKν þ dPνKμ þ eKμKν: ð28Þ

Gauge invariance (TμνKν ¼ 0) forces b ¼ 0 and requires
d ¼ −a=ðP · KÞ. Furthermore, the c and e terms do not
contribute to t since ϵνðγÞKν ¼ 0. Hence, only the a and d
terms are needed, and they are related by the former
relationship. The former arguments are also used in
Refs. [24,35], and the d coefficient is explicitly evaluated
there. Here, we have explicitly calculated the a term, since
our amplitudes go as ϵμðJ=ψÞϵνðγÞgμν. We can trivially
incorporate the d structure of Eq. (28) into our framework,
but it is unnecessary if we work in the Coulomb gauge
[ϵ0ðγÞ¼0;ϵ⃗ ·K⃗¼0], which explicitly works with transverse

photons. In this gauge, the d term vanishes in the rest frame
of the J=ψ , P⃗ ¼ 0, since ϵ⃗ðγÞ · P⃗ ¼ 0. Thus, we evaluate
the decay width in this frame, and we only have to consider
the terms from VMD that we have evaluated, with the
condition that

X
pol

ϵiðγÞϵjðγÞ ¼ δij −
KiKj

K⃗2
: ð29Þ

Thus,

XX
ϵiðJ=ψÞϵiðγÞϵjðJ=ψÞϵjðγÞ¼

1

3
δij

�
δij−

KiKj

K⃗2

�
¼2

3
:

ð30Þ
III. RESULTS

We evaluate the differential width for J=ψ → γπþπ−,

dΓ
dMinvðπþπ−Þ

¼ 1

ð2πÞ3
A2

4M2
J=ψ

pγp̃π

XX
jtj2; ð31Þ

where we introduce the normalization factor A of Eq. (14)
and pγ is the photon momentum in the J=ψ rest frame and
p̃π the π momentum in the πþπ− rest frame,

pγ ¼
λ1=2ðM2

J=ψ ; 0;M
2
invÞ

2MJ=ψ
; ð32Þ

p̃π ¼
λ1=2ðM2

inv; m
2
π; m2

πÞ
2Minv

; ð33Þ

with t given by Eq. (20), and

XX
jtj2 ¼ 2

3

�
e
g

�
2

jtωCγω þ tϕCγϕj2: ð34Þ

For π0π0 in the final state, the result is 1
2
of that of πþπ−,

assuming isospin symmetry, as we have done.
Analogously for π0η in the final state, we have the same

differential width substituting p̃π by

p̃π ¼
λ1=2ðM2

inv; m
2
π; m2

ηÞ
2Minv

;

and t from Eq. (25),

XX
jtj2 ¼ 2

3

�
e
g

�
2

jtρ0Cγρj2: ð35Þ

Let us recall that when we use the production amplitude
of Eq. (13), hVPPi þ βhVihPPi, in Eqs. (21), (24), and
(26), we must substitute hi by hi þ βh0i. In this case in tϕ of
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Eq. (24), we must also include πþπ−, π0π0 in the i sum over
intermediate states.
Let us first look at πþπ− production. In Fig. 6, we show

dΓ=dMinvðπþπ−Þ as a function of the πþπ− invariant mass.
We find a neat peak for the f0ð980Þ, but we also find a
sizeable strength in the region of the f0ð500Þ. In Ref. [35],
this region is not investigated, and the ππ invariant mass
distribution for γπþπ− is plotted from 700MeVon. One can
envisage a small contribution from the f0ð500Þ since the
KK̄ channel considered in Ref. [35] couples strongly to
f0ð980Þ but weakly to f0ð500Þ. Conversely, the f0ð500Þ
couples strongly to ππ; ηη and weakly to KK̄. In our
approach, we have πþπ− production in the f0ð500Þ region
through the coefficients hωπ0π0 , hωπþπ− , hωηη, h

0
ωπ0π0

, h0ωπþπ− ,
h0ωηη, h0ϕπ0π0 , hϕπþπ− , and h0ϕηη, and we obtain a sizeable

contribution of πþπ− production in the f0ð500Þ region. It is
interesting to compare the results of Fig. 6 with those of
BESIII [34] 0þþ mode of π0π0 production. The results look
qualitatively similar. Although our f0ð980Þ peak is more
prominent than the one in Ref. [34], we should note that we
would have to take into account the experimental resolution
to compare, that would flatten our peak. The best
comparison is the ratio of areas below the peak of the
broad f0ð500Þ region and the f0ð980Þ. We find a ratio
Γ½f0ð500Þ�=Γ½f0ð980Þ� ≃ 2.8 versus the experimental one
of Γ½f0ð500Þ�=Γ½f0ð980Þ� ≃ 5. For Γ½f0ð500Þ� and
Γ½f0ð980Þ�, we integrated Minvðπþπ−Þ in the interval
½2mπ; 850 MeV� and [950 MeV, 1050 MeV], respectively.
However, we should note that the fraction of 0þþ around
the f0ð980Þ is very small compared to the total, more than 3
orders of magnitude smaller, and these numbers should
have necessarily large uncertainties.
Next we look at the a0ð980Þ production. We show in

Fig. 7 the results for dΓ=dMinvðπ0ηÞ. We see a cusplike
contribution for the a0ð980Þ and much strength below the
peak. It is intuitive to think about this latter contribution as
coming from the tree level J=ψ → ρ0π0ηðρ0 → γÞ. This
term does not appear in the framework of Ref. [35], and one
can think of it as responsible for a certain fraction of the
J=ψ → γπ0η, non a0ð980Þ, decay reported in Ref. [57].

We next proceed to eliminate the tree level contributions
to obtain what can be better compared with the exper-
imental resonance contribution and with Ref. [35]. The
results are shown in Fig. 8. We can see that the strength at
the peak of the f0ð980Þ is reduced by about a factor of 2.
The strength of the f0ð500Þ does not change much, but the
shape changes appreciably, and the interference effect that
made the strength zero around 940 MeV is no longer
present. It is interesting to see that a similar interference
shows up also in the experimental analysis of Ref. [34]. As
to the a0ð980Þ, the strength at the peak is also reduced by a
factor 2.2, but an apparent background from 700MeVup to
950 MeV disappears.
To facilitate the comparison with Ref. [35], driven by

KK̄ production, we also take zero all hi except hVKK̄ . The
results are shown in Fig. 9. We can see that the peak of the
a0ð980Þ is further reduced by about a factor 2.4, and the
one of the f0ð980Þ by about a factor 1.2. However, the most
striking thing is that the f0ð500Þ strength disappears totally.
This indicates the relevance of the non KK̄ original
channels in producing the f0ð500Þ strength. This is
reminiscent of the picture found in the B0 → J=ψπþπ−

and B0
s → J=ψπþπ− reactions [58], where the first reaction

shows the clear f0ð500Þ production and very small f0ð980Þ
production, while the second one produces clearly the
f0ð980Þ and no sign of the f0ð500Þ. This was naturally
interpreted in Ref. [53], since after hadronization of a dd̄

FIG. 7. dΓJ=ψ→γπ0η=dMinvðπ0ηÞ as a function of the π0η
invariant mass.

FIG. 8. dΓJ=ψ→γπþπ−=dMinvðπþπ−Þ and dΓJ=ψ→γπ0η=dMinvðπ0ηÞ
obtained by eliminating the tree-level contributions.

FIG. 6. dΓJ=ψ→γπþπ−=dMinvðπþπ−Þ as a function of the πþπ−
invariant mass.
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pair, the first reaction produces mostly ππ but noKK̄, while
the second produces mostly KK̄ and no ππ after the
hadronization of an ss̄ pair.
We consider as resonance production our results elimi-

nating tree level and then integrate over Minv [we integrate
Minv in the range of [700 MeV, 1200 MeV] for J=ψ →
γa0ð980Þ, [950 MeV, 1050MeV] for J=ψ → γf0ð980Þ, and
½2mπ; 850 MeV� for J=ψ → γf0ð500Þ] and dividing by
ΓJ=ψ , we find

BR½J=ψ → γa0ð980Þ;a0ð980Þ→ π0η� ¼ 2.7×10−7; ð36Þ

BR½J=ψ→γf0ð980Þ;f0ð980Þ→πþπ−�¼2.4×10−8; ð37Þ

BR½J=ψ→γf0ð500Þ;f0ð500Þ→πþπ−�¼6.2×10−8: ð38Þ

We can see that our value of Γ½J=ψ → γa0ð980Þ� is still
smaller than the upper limit of BR½J=ψ → γa0ð980Þ� ¼
2.5 × 10−6. As to the Γ½J=ψ → γf0ð980Þ�, there is no
number in the PDG for it, but as we can see, the BR is
quite smaller than that of the γa0ð980Þ. Comparing
with the results of Ref. [35], BRðJ=ψ → γa0ð980ÞÞ ¼
ð1.24–1.61Þ × 10−7, BRðJ=ψ → γf0ð980Þ → γπþπ−Þ ¼
ð0.52–2.08Þ × 10−7, we see that for the a0ð980Þ production
our results are about a factor of 2 bigger than that in
Ref. [35]. The results for f0ð980Þ production are smaller, 2
times smaller for the lower limit and 8 times smaller for the
upper limit. The orders of magnitude for such small rates,
however, agree, providing a fair estimate of the rates when
planning experiments to measure these magnitudes with
precision in the future.
We would like to finish this section with some consid-

erations concerning what can one learn from this reaction
about the dynamically generated nature of the f0ð500Þ,
f0ð980Þ, and a0ð980Þ resonances. In principle, one would
have to compare with results for the same reaction obtained
with different approaches, where the resonances are
assumed to be qq̄ or tetraquarks of no molecular nature.
Such calculations are not available, but it would certainly
be useful to have them for comparison. Yet, in the
absence of such results, one can make some interesting

observations. The first one is that the consideration of the
resonances as stemming from the interaction of pseudo-
scalar mesons has allowed us to pin down the mechanism of
production and make predictions. This is the most peculiar
aspect of the dynamically generated resonances: there is not
direct production of the resonance in the reaction. There is
direct production of the meson-meson components, and
their final state interaction produces the resonances. Any
other model where the resonances are built up directly from
quarks would unavoidable lead to direct production of
J=ψ → γf0ð500Þ, J=ψ → γf0ð980Þ, or J=ψ → γa0ð980Þ.
Certainly, the shape of the mass distributions to ππ or πη
would be rather different from those that we have in Figs. 6
and 7. In particular, features like the shape of the ππ mass
distribution in Fig. 6 are very much tied to the peculiar
characteristics of the meson-meson interaction; in particu-
lar, the zero of the distribution around 950 MeV comes
from a subtle cancellation of terms where the phase induced
from the f0ð980Þ relative to the f0ð500Þ plays an important
role, as is the case also in the ππ scattering cross section
[59] (see also Sec. 7 of Ref. [60]). As, mentioned above,
this zero is seen in the 0þþ mode of the π0π0 mass
distribution of the BESIII experiment [34].
One may argue that the mechanism that we have would

also enter into any other picture if instead of generating the
f0ð980Þ and a0ð980Þ resonances from the rescattering of
the meson-meson components, one would replace this
amplitude by the pole amplitude obtained from the alter-
native model. Provided that the couplings to the meson-
meson components are the same in either approach, the
results would be very similar, up to the subtleties about the
amplitudes which cannot be parametrized as Breit-Wigner
forms, which would be the first choice for the states derived
in quark models, for instance. These alternative models,
made from quark dynamics, would have to be comple-
mented to account for the meson-meson decay, something
which is done in certain models [61–63]. However, as soon
as these components are considered, there is automatically
a meson-meson component in the wave functions that eats
up from the probability of the original quark core. The same
thing occurs with the f0ð500Þ as seen in the original papers
of Refs. [1–3]. For a case like the f0ð980Þ resonance, it is
easy to see that the meson probability of KK̄ calculated as
−g2∂G=∂s following the Weinberg compositeness rule
[64] (see Ref. [65]) is close to unity [10,21–23], which
renders the resonance as a meson-meson molecule. Thus,
indirectly, one is led again to a molecular state. Yet, the
insistence of generating the state from the quarks configu-
ration would have as a side effect that the direct production
of the resonance would be unavoidable and one would have
two mechanisms that interfere, while with the picture we
follow, where the resonance is generated from final state
interaction of the meson components, there is only one
mechanism, which is the one we have evaluated. It is thus
clear that the alternative pictures would lead to different

FIG. 9. dΓJ=ψ→γπþπ−=dMinvðπþπ−Þ and dΓJ=ψ→γπ0η=dMinvðπ0ηÞ
with KK̄ channel only.
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distributions. In that sense, the agreement of an experiment
with the predictions done here would give support to the
molecular picture that we have described.
Special mention must be made about the a0ð980Þ state.

Recent precise experiments show that the a0ð980Þ appears
indeed as a pronounced cusp at the KK̄ threshold [46], as
we have obtained in Fig. 7. This cusp feature does not come
from a bound state, but it is clearly an effect of final state
interaction. In our picture, both the f0ð500Þ and a0ð980Þ
structures have the same origin as coming from the
interaction of mesons. In the case of the f0ð980Þ, the
interaction is strong enough to bind the system in the KK̄
channel, and in the case of the a0ð980Þ, the bound-state
pole is barely absent (theoretically, one can get it as a bound
state increasing slightly the parameters of the interaction).
It corresponds to a near bound state and more technically to
a virtual state. The appearance of a strong and clean
a0ð980Þ cusp speaks again in favor of the dynamical origin
of these resonances. Ultimately, the ability of the picture of
the dynamical generation to explain many reactions, like
the one we have studied, others considered in Refs. [15,16],
and future ones, should serve to pile up support for that
picture. The predictions made in the present paper should
be looked up in this context.

IV. CONCLUSIONS

We have tackled the J=ψ → γπþπ−; γπ0η reactions
by taking advantage of previous work on J=ψ →
ϕðωÞππðf0ð980ÞÞ and J=ψ → ηðη0Þh1ð1380Þ. These decay
modes might look disconnected, but we proved that one can
make predictions for one of them using experimental data
from the other. The link stems from the fact that in a first
step both reactions proceed creating one vector and two
pseudoscalars. In the first case, the two pseudoscalars
interact to produce the f0ð980Þ state, and in the second
case, a vector and a pseudoscalar interact to produce the
axial vector h1ð1380Þ. The interaction of these pairs of
mesons is done using the chiral unitary approach, and the
success of these studies gives further strength to the picture
where these resonances are dynamically generated from the
interaction of pairs of mesons.
As a next step, we take the common picture of the VPP

primary production in J=ψ → ϕðωÞPP and J=ψ → ηVP,
and by means of vector meson dominance, we convert the

J=ψ → ωðϕ; ρ0ÞPP production into J=ψ → γPP produc-
tion. The next step consists in taking into account the PP
final state interaction to produce πþπ−; π0π0 or π0η at the
end, that produces peaks around the f0ð500Þ and
f0ð980Þðπ0π0; πþπ−Þ and around the a0ð980Þ (π0η). We
find a distinct signal for both the a0ð980Þ and f0ð980Þ
production and a broad distribution in the region of the
f0ð500Þ. The a0ð980Þ signal is found much larger than that
of the f0ð980Þ but still lower than the experimental upper
bound. Yet, it is not much smaller than this bound, which
gives us hope that in future updates these decay modes will
be observed. We also mentioned that the f0ð980Þmode was
apparently observed, but the small fraction of the total
γπ0π0 in this mode, together with the need to separate the
different multipole contributions, makes advisable further
looks with improved statistics and methods.
Having precise measurements of these decay modes will

be an important complement to the ϕ → γππ; γπ0η reac-
tions, helping us gain insight into the nature of the lowmass
scalar mesons.
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