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Abstract

The description of the decays J/ψ → φπ+π−, J/ψ → ωπ+π−, J/ψ →
φK+K− and J/ψ → ωK+K− in terms of the scalar form factors of the light
pseudoscalar mesons is reviewed. Key features in these decays include the
S-wave resonances σ and f0(980), which appear prominently in the new data
from the BES collaboration. These resonances are dynamically generated by
resummation of the s-channel unitarity loops, after which the formalism is
matched to the NLO expressions for the scalar form factors in Chiral Pertur-
bation Theory (ChPT). This allows for an estimation of several low-energy
constants (LECs) of ChPT, in particular the OZI-suppressed Lr

4 and Lr
6.

1 Introduction

The decays of the J/ψ into a vector meson, such as φ or ω, via emission of a
pair of light pseudoscalar mesons may yield insight into the dynamics of the
pseudo-Goldstone bosons of QCD [1–3], and in particular into the final state
interaction (FSI) between ππ and KK pairs, which is an essential component
in a realistic description of the scalar form factors (FFs) of pions and kaons.
Recently, the BES collaboration has published data with high statistics on
J/ψ → φπ+π− and J/ψ → φK+K−, as well as for J/ψ → ωπ+π− and J/ψ →
ωK+K− [4]. Additionally, a comprehensive partial-wave analysis (PWA) has
been performed, which is particularly useful since a determination of the S-
wave components of the ππ and KK invariant mass distributions is thus
available.

A much more precise analysis in the spirit of Ref. [5] is thus possible, the
key ingredient being a realistic treatment of the final state interaction (FSI)
in the emitted pseudoscalar meson pair. It has been demonstrated in Ref. [6]
that the FSI in the ππ − KK system can be well described by a coupled-
channel Bethe-Salpeter approach using the lowest order ChPT amplitudes for
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meson-meson scattering [7, 8]. In such an approach, the lightest resonances
in the 0++ sector are of dynamical origin, i.e. they arise due to the strong
rescattering effects in the ππ or KK system. Such dynamically generated
states include the σ and f0(980) mesons, which are prominent in the BES
data on the J/ψ decays in question [4].

The analysis of Ref. [9] uses the formalism introduced in Refs. [5, 6],
which allows for a description of the scalar FFs which takes into account the
final-state interaction (FSI) between pions and kaons up to

√
s ∼ 1.2 GeV.

At higher energies, a number of pre-existing scalar resonances such as the
f0(1500) have to be accounted for, as well as the effects of multi-particle
intermediate states, most importantly the 4π state. The scalar FFs may
then be constrained by matching to the next-to-leading-order (NLO) chiral
expressions. This allows for a fit of the large Nc suppressed Low-Energy
Constants (LECs) Lr

4 and Lr
6 of ChPT to the dimeson spectra of the J/ψ →

φππ and J/ψ → φKK decays, using the Lagrangian model of Ref. [5].

2 Description of J/ψ → V PP decays

From the considerations of Ref. [5], the matrix elements for φπ+π− and
φK+K− decay of the J/ψ are given, in terms of the strange and non-strange
scalar operators ss and nn = (uu + dd)/

√
2, by

Mππ
φ =

√
2

3
Cφ 〈0|(ss + λφnn)|ππ〉∗I=0, (1)

MKK
φ =

√
1

2
Cφ 〈0|(ss + λφnn)|KK〉∗I=0, (2)

in terms of the ππ and KK states with I = 0, which are related to the
physical π+π− and K+K− states by the Clebsch-Gordan (CG) coefficients of
the above expressions. In addition, the full transition amplitudes also contain
the polarization vectors of the J/ψ and φ mesons. The matrix elements for
ωπ+π− and ωK+K− may be obtained by replacement of the labels in Eqs. (1)
and (2) according to φ → ω. The matrix elements of the scalar operators are
referred to as the strange and non-strange I = 0 scalar FFs. The parameter
λφ measures the relative strengths of the singly (ss) and doubly (nn) OZI-
violating contributions to the φπ+π− decay.

In Ref. [5], ideal mixing in the φ − ω system was used to relate the
parameters for ω emission to those of the φ, which enables a simultaneous
description of the φπ+π− and ωπ+π− final states. The explicit relations are
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given by

Cω = λφCφ, λω =
λφ +

√
2√

2λφ

, (3)

such that the quantities to be determined from fits to the experimental spec-
tra of Refs. [4] are Cφ and λφ. It is worth noting that in the limit λφ = 0,
the dimeson spectra for φ and ω emission are driven entirely by the strange
scalar source ss and the non-strange scalar source nn, respectively.

3 Matching of FSI to NLO ChPT

The constraints imposed by unitarity on the pion and kaon scalar FFs, the
inclusion of the FSI via resummation in terms of the Bethe-Salpeter (BS)
equation, the channel coupling between the ππ and KK systems, and the
matching of the scalar FFs to the NLO CHPT expressions have all been
elaborated in great detail in Refs. [5, 6]. Within that framework, the scalar
FFs are obtained from the algebraic coupled-channel equation

Γ(s) = [I + K(s) g(s)]−1R(s)

= [I −K(s) g(s)] R(s) + O(p6), (4)

where the expansion in the second line can be used for matching the FSI to
the NLO ChPT expressions for the scalar form factors. In Eq. (4), the loop
function g(s) is divergent and requires a cut-off qmax ∼ 1 GeV, which can
be fixed using the mass of the f0(980) resonance. The matching to ChPT
implies that R(s) is given by the NLO chiral expression for the scalar form
factor with the unitarity loop contributions removed. Finally K(s) denotes
the (on-shell) LO chiral amplitude for ππ and KK scattering,

K11 =
2s−m2

π

2f 2
, K12 = K21 =

√
3s

4f 2
, K22 =

3s

4f 2
, (5)

where the constant f is taken to equal the physical pion decay constant fπ,
with the convention fπ = 0.0924 GeV. Consideration of Eq. (4) yields the
defining relations for Rn

i (s)

Γn
i (s) = Rn

i (s)−
2∑

j=1

Kij(s)gj(s)R
n
j (s) +O(p6), (6)

with i = π, K, illustrated in Fig. 3, such that only contributions up to O(p4)
are retained in the product KgR. The analogous expressions for the vectors
Rs

i (s) associated with the strange scalar FFs Γs
i (s) can be obtained from the

above relations by the substitutions Γn
i → Γs

i and Rn
i → Rs

i .
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FSI = +

+ + . . .

Figure 1: Resummation of unitarity loops in the s-channel for the pion and
kaon scalar form factors. The leading term is given by the NLO ChPT
expressions for Γn

i and Γs
i .

4 Fit Results

The results obtained in Ref. [5] involve a fit of the model parameters Cφ and
λφ as well as the LECs Lr

4, Lr
5, Lr

6 and Lr
8 to the BES data on J/ψ decays to

φπ+π−, φK+K− and ωπ+π−. The main results are shown in Fig. 2, and the
resulting pion scalar FFs are given in Fig. 3. The optimal value of λφ, which
measures the OZI violation in the J/ψ → φπ+π− decay, is λφ = 0.13± 0.02,
which indicates a significant contribution to φπ+π− from the non-strange
scalar FF, and a contribution to ωπ+π− from the strange one. In particular,
a realistic description of the ωπ+π− spectrum close to the KK threshold
requires an interplay between the non-strange and strange scalar FFs.

4.1 Determination of Lr
4 and Lr

6

One of the main objectives of Refs. [5, 9] is the determination of the LECs
Lr

4 and Lr
6 of ChPT. As discussed in Refs. [8, 10], where a set of standard

estimates for the LECs of ChPT are given, Lr
4 and Lr

6 are expected, in terms
of large Nc arguments, to vanish at some unknown scale in the resonance
region of QCD, conventionally taken to be mρ or mη. The values obtained
from “Fit I” are (0.84± 0.06)× 10−3 for Lr

4 and (0.03± 0.16)× 10−3 for Lr
6.

These should be compared with the NNLO ChPT analyses of Refs. [11–13],
where the Lr

i were extracted by fits to the available experimental data on Kl4

decays. In that study, constraints on Lr
4 and Lr

6 were derived by requiring a
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Figure 2: Fit results from Ref. [9] and BES data [4] for J/ψ → φπ+π−,
J/ψ → φK+K− and J/ψ → ωπ+π−. The case of J/ψ → ωK+K− is left as
a prediction. The direct S-wave contribution from the BES PWA and the
estimated background are denoted by the dashed and dotted histographs,
respectively. Note in particular the strong σ contribution and the conspicuous
lack of f0(980) in ωπ+π−. The main result is given by the solid curves labeled
“Fit I”, the remaining fits II-IV are explained in Ref. [9].
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Figure 3: The non-strange and strange scalar FFs Γn
1 and Γs

1 of the pion.
Moduli, real and imaginary parts are shown for the analysis of Ref. [9]. It
should be emphasized that the FSI is identical for both FFs. The curves
labeled “Old” show, for comparison, the scalar FFs obtained by Ref. [5].
The corresponding kaon FFs Γn

2 and Γs
2 can be found in Ref. [9].
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properly convergent behavior of the chiral expansion up to NNLO for several
quantities, such as the pseudoscalar meson masses and decay constants.

It was found that such a constraint can only be satisfied, within a NNLO
ChPT analysis, in a rather small region centered around Lr

4 = 0.2 × 10−3

and Lr
6 = 0.5× 10−3. Also of interest in this context is the analysis based on

QCD sum rules in Ref. [14], where Lr
6 was constrained to be positive and in

the region 0.2× 10−3 ≤ Lr
6 ≤ 0.6× 10−3. Also, a significantly positive value

of Lr
4 = 0.4× 10−3 was obtained in Ref. [14], although with unknown error.

Some updated results for the Lr
i are given in Ref. [15], and a recent analysis

of ππ and πK scattering is presented in Ref. [16], where the preferred values
of Lr

4 and Lr
6 were found to be compatible with zero.

Further recent determinations of the Lr
i include the analyses of Refs. [17,

18] and [19] in terms of the Inverse Amplitude Method (IAM) of Ref. [20].
In Ref. [19], a simultaneous fit to the ππ and KK partial wave amplitudes
for I = 0, 1, 2 was performed using the complete NLO ChPT amplitudes,
which yielded a value of Lr

4 equal to (0.2 ± 0.1) × 10−3. The analysis of
Ref. [18] considered all two-meson scattering amplitudes including the ηη
channel within the chiral IAM framework, which enabled the simultaneous
extraction of the LECs Lr

1 through Lr
8, the reported values of Lr

4 and Lr
6 being

(−0.36± 0.17)× 10−3 and (0.07± 0.08)× 10−3, respectively.
Finally, Lattice QCD also offers the possibility of studying the LECs of

ChPT via Partially Quenched (PQ) Lattice QCD and PQChPT. For a the-
oretical background, see Refs. [21–24], and some recent Lattice QCD results
for the Lr

i can be found in Refs. [25–27].

4.2 Results for Lr
5 and Lr

8

The values of Lr
5 and Lr

8 are much less controversial, as most studies are
in reasonable agreement concerning their numerical values. In the previous
work of Ref. [5] their values were kept fixed and were taken to coincide with
those determined by the Kl4 analysis of Ref. [13]. These values were quoted
as Lr

5 = (0.65 ± 0.12) × 10−3 and Lr
8 = (0.48 ± 0.18) × 10−3, respectively.

However, it turned out in Ref. [9] to be advantageous to let these parameters
adjust themselves to their optimal values. The values so obtained are Lr

5 =
(0.45± 0.09)× 10−3 and Lr

8 = (0.33± 0.17)× 10−3. Although they come out
slightly smaller than the values of Ref. [13], it is encouraging to note that an
optimal fit to data does not require extreme values of Lr

5 and Lr
8.

The more recent fit in Ref. [15] has reported an updated set of LECs
which compare slightly more unfavorably with the present values, namely
Lr

5 = (0.91± 0.15)× 10−3 and Lr
8 = (0.62± 0.20)× 10−3. However, it should

be kept in mind that Ref. [15] was not able to determine Lr
4 and Lr

6 at the
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same time. Moreover, the values for Lr
5 and Lr

8 obtained in Refs. [13,15] are
in much better agreement with the present results, than the NLO standard
values Lr

5 = (1.4± 0.5)× 10−3 and Lr
8 = (0.9± 0.3)× 10−3 given in Ref. [10].

5 Conclusions

A good description of the σ and f0(980) resonances in the J/ψ decays studied
by BES was achieved in terms of the scalar form factors of the light pseu-
doscalar mesons. The results are consistent with significant OZI-violation
in the scalar sector of QCD, with a clear signal for a σ contribution to the
φπ+π− final state, and hints at a possibly large value of the OZI-suppressed
LEC Lr

4 of ChPT. Further studies using the IAM method may yield improved
insight into the latter issue.
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