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In this paper, we try to reveal the structure of the Yð4660Þ from the light-quark perspective. We study the
dipion invariant mass spectrum and the helicity angular distributions of the eþe− → Yð4660Þ →
ψð2SÞπþπ− process. In particular, we consider the effects of different light-quark SU(3) eigenstates
inside the Yð4660Þ. The strong pion-pion final-state interactions as well as the KK̄ coupled channel in the
S-wave are taken into account model independently by using dispersion theory. We find that the light-quark
SU(3) octet state plays a significant role in this transition, implying that the Yð4660Þ contains a large light-
quark component and thus might not be a pure conventional charmonium state. In the fit scheme
considering both the SU(3) singlet and SU(3) octet states, two solutions are found, and both solutions
reproduce the ππ invariant-mass spectra well. Newmeasurement data with higher statistics in the future will
be helpful to better distinguish these two solutions.
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I. INTRODUCTION

In recent years, a number of charmoniumlike states have
been discovered and they challenge our current understand-
ing of hadron spectroscopy. Among these states, the
Yð4660Þ was first observed in the initial-state radiation
process eþe− → γISRψð2SÞπþπ− by the Belle Collaboration
[1]. There is no charmonium state expected in the Yð4660Þ
mass region with quantum numbers 1−− from the naive
quark model [2], and the Yð4660Þ was not observed in
eþe− → γISRJ=ψπþπ−. Such peculiar properties have ini-
tiated a lot of theoretical and experimental studies, see
Refs. [3–14] for recent reviews. On the theoretical side, the
Yð4660Þ has been interpreted as an excited charmonium
[15–18], a hadronic molecule of ψð2SÞf0ð980Þ or ΛcΛ̄c
[19–21], a tetraquark state with diquark-antidiquark [cs][c̄ s̄]
and [cq][c̄ q̄] type [22–29], a charmed baryonium[30,31],
and a hadrocharmonium [32]. On the experimental side, the
signals of the states in different channels such as eþe− →
ψð2SÞπþπ− [1,33], ΛcΛ̄c [34], and Dþ

s Ds1ð2536Þ− þ c:c:
[35] have been analyzed and attributed to the Yð4660Þ,
as adopted in particle data group (PDG). [36]. Note that
very recently, the BESIII Collaboration reported a
charged hidden-charm structure with strangeness, which is
named Zcsð3985Þ, in the eþe− → KþðD−

s D�0 þD�−
s D0Þ

process [37]. The measurement indicated that a clear signal
of Zcsð3985Þ only appears at the center of mass energy of
4.681 GeV, in the vicinity of the Yð4660Þ.
In the present work, we will study the possible light-quark

components of the Yð4660Þ to help reveal its internal
structure. We will focus on the ππ invariant mass spectrum
of the reaction eþe− → Yð4660Þ → ψð2SÞππ, which was
presented after applying an appropriate cut to the ψð2SÞππ
invariant mass in Ref. [33]. In this process, the ππ invariant
mass reaches above the KK̄ threshold, and thus allows us to
extract the information of the light-quark SU(3) flavor-
singlet and flavor-octet components. If the Yð4660Þ contains
no light quarks (as in the charmonium scenario), the light-
quark source provided by the Yð4660Þ has to be in the form
of an SU(3) singlet state. Therefore the determination of the
contributions from different SU(3) eigenstate components is
instructive to clarify the internal structure of the Yð4660Þ,
especially in the case if a nonzero SU(3) octet component is
found to be indispensable to reproduce the experimental
data. The similar strategy has been applied to study the
nature of the Yð4260Þ state in our previous work [38].
The main difference is that in the present work we simulta-
neously fit to the experimental data of the ππ invariant mass
distributions and the helicity angular distributions, while in
Ref. [38] the helicity angular distribution data were not
considered.
Parity andC-parity conservation require the dipion system

in eþe− → Yð4660Þ → ψð2SÞππ to be in even partial
waves. The dipion invariant mass reaches above the KK̄
threshold, so the coupled-channel final-state interactions
(FSIs) in the S-wave is strong and needs to be taken into
account. Based on unitarity and analyticity, the modified
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Omnès representation is used in this study, where the
left-hand cut contribution is approximated by the sum of
the Z-exchange mechanism and the triangle diagrams
Yð4660Þ → D̄�D�

1ð2600Þ → D̄�DπðD̄�DsKÞ → ψð2SÞππ
ðψð2SÞKK̄Þ.1,2 At low energies, the amplitude should agree
with the leading chiral contact results. For the leading
contact couplings for Yð4660Þψð2SÞππ and Yð4660Þ
ψð2SÞKK̄, we construct the chiral Lagrangians in the spirit
of the chiral effective field theory (χEFT) and the heavy-
quark nonrelativistic expansion [39]. The parameters are
then determined from fitting to the Belle data. The relevant
Feynman diagrams considered are given in Fig. 1.
This paper is organized as follows. In Sec. II we introduce

the theoretical framework and elaborate on the calculation of
the transition amplitudes as well as the dispersive treatment
of the FSI. In Sec. III we present the fit results and discuss

the light-quark components of the Yð4660Þ and its structure.
A summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Lagrangians

In general, the light-quark sources provided by the
Yð4660Þ in the Yð4660Þ → ψð2SÞπþπ− transition may
come from two ways; one is from the possible light-quark
components contained in the Yð4660Þ (e.g., in the charm-
and anticharm-mesons molecule or the four-quark scenar-
ios), and the other way is that the light quarks are excited by
the Yð4660Þ from vacuum (e.g., in the pure cc̄ or the hybrid
state scenarios). Here we do not distinguish these two types
of possible light-quark sources, but take them into account in
an unified scheme, since what is matter here is the relative
strengths between the light-flavor SU(3) singlet part and
SU(3) octet part acting in this transition. Considering the
light-quark sources provided by the Yð4660Þ, the Yð4660Þ
can be decomposed into SU(3) singlet and octet components
of light quarks,

jYð4660Þi ¼ ajV1i þ bjV8i; ð1Þ

where jV1i≡V light
1 ⊗Vheavy¼ 1ffiffi

3
p ðuūþdd̄þss̄Þ⊗Vheavy and

jV8i≡V light
8 ⊗ Vheavy ¼ 1ffiffi

6
p ðuūþdd̄− 2ss̄Þ⊗ Vheavy. Note

that the heavy-quark (e.g., c quark) components are con-
tained in the Vheavy, and they are not distinguishable in jV1i
and jV8i. Expressed in terms of a 3 × 3 matrix in the SU(3)
flavor space, the Yð4660Þ is written as

FIG. 1. Feynman diagrams considered for eþe− → Yð4660Þ → ψð2SÞππ. The gray blob denotes the effects of FSI.

1We also need to take account of the Yð4660Þ → ψð2SÞKK̄
process in the coupled-channel FSI.

2Note that no Z structure is observed in the ψð2SÞπ channel in
the eþe− → Yð4660Þ → ψð2SÞπþπ− process, and the reason may
be that the present experimental data is limited in statistics [33].
Given the significant role of the intermediate Zcð3900Þ plays in
the Yð4260Þ → J=ψπþπ− process, the contribution mediated by
the flavor partner may give some important effects in the
Yð4660Þ → ψð2SÞπþπ− transition. Here we take account the
possible effect of the Zcð4430Þ exchange, since the Zcð4430Þ is
the only Z state with the decay mode of ψð2SÞπ observed
according to PDG. A better distinction of the effect of the Z state
requires a detailed analysis of the ψð2SÞπ distribution data with
higher statistics in the future.
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affiffiffi
3

p V1 · 1þ bffiffiffi
6

p V8 · diagð1; 1;−2Þ: ð2Þ

The effective Lagrangian for the Yð4660Þψð2SÞππ and
Yð4660Þψð2SÞKK̄ contact couplings, at leading order in
the chiral as well as the heavy-quark nonrelativistic
expansion, reads [38,39]

LYψ 0ΦΦ ¼ g1hVα
1J

†
αihuμuμi þ h1hVα

1J
†
αihuμuνivμvν

þ g8hJ†αihVα
8uμu

μi þ h8hJ†αihVα
8uμuνivμvν

þ H:c:; ð3Þ

where h…i denotes the trace in the SU(3) flavor space,
J ¼ ðψ 0=

ffiffiffi
3

p Þ · 1, and vμ ¼ ð1; 0Þ is the velocity of the
heavy quark. The lightest pseudoscalar mesons can be
filled nonlinearly into

uμ ¼ iðu†∂μu − u∂μu†Þ; u ¼ exp

�
iΦffiffiffi
2

p
F

�
; ð4Þ

with the Goldstone fields

Φ ¼

0
BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η8 πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η8 K0

K− K̄0 − 2ffiffi
6

p η8

1
CCA: ð5Þ

Here F corresponds to the pion decay constant,
Fπ ¼ 92.1 MeV, in the chiral limit.
We need the ZcYð4660Þπ and the Zcψð2SÞπ interacting

Lagrangians to calculate the contribution of the intermedi-
ate Zc states, namely Yð4660Þ → Zcπ → ψð2SÞππ. The
leading-order Lagrangians are [40]

LZcYπ ¼ CZcYπY
ihZi

c
†uμivμ þ H:c:;

LZcψ
0π ¼ CZcψ

0πψ
0ihZi

c
†uμivμ þ H:c:: ð6Þ

In order to calculate the triangle diagrams Yð4660Þ →
D̄�D�

1ð2600Þ → D̄�DπðD̄�DsKÞ → ψð2SÞππðψð2SÞKK̄Þ,3
we need the Lagrangians for the coupling of the Yð4660Þ
to D̄�D�

1 as well as the couplings of theD
�
1 toDπ andDsK,

LYD�
1
D� ¼ gYD�

1
D� ½−YμD�ν

1 ∂↔μD
�†
ν þ YμD�ν

1 ∂νD
�†
μ

− Yμ∂νD�ν
1 D�†

μ þ YμD�ν†∂νD1
�
μ

− Yμ∂νD�ν†D�
1μ� þ H:c:; ð7Þ

LD�
1
DP ¼ i

gD�
1
DP

F
½D�

1μ∂μπD̄ −D∂μπD̄�
1μ þD�

1μ∂μKD̄

−D∂μKD̄�
1μ� þ H:c:; ð8Þ

where P denotes the pseudoscalar meson π or K. We also
need the Lagrangian for the ψð2SÞD�Dπ vertex, which at
leading order in heavy-meson chiral perturbation theory is

Lψ 0D�DP ¼ gψ 0P

2
hψ 0H̄†

aH
†
biu0ab; ð9Þ

where the charm mesons are collected in Ha ¼ Va · σ þ
Pa with PaðVaÞ ¼ ðDð�Þ0; Dð�Þþ; Dð�Þþ

s Þ, and H̄a ¼ −V̄a ·

σ þ P̄a with P̄aðV̄aÞ ¼ ðD̄ð�Þ0; Dð�Þ−; Dð�Þ−
s Þ [41].

The gauge-invariant γ�ðμÞ and Yð4660ÞðνÞ interaction
can be written as

iVγ�μYν ¼ 2iðgμνp2 − pμpνÞcγ; ð10Þ
where p is the momentum of the virtual photon γ�.

B. Amplitudes of Yð4660Þ → ψð2SÞPP processes

The decay amplitude of Yð4660ÞðpaÞ → ψ 0ðpbÞPðpcÞ
×PðpdÞ canbedescribed in termsof theMandelstamvariables

s ¼ ðpc þ pdÞ2; tP ¼ ðpa − pcÞ2;
uP ¼ ðpa − pdÞ2: ð11Þ

We define q as the three-momentum of the final ψð2SÞ in the
rest frame of the Yð4660Þ with

jqj ¼ 1

2MY
λ1=2ðM2

Y;M
2
ψ 0 ; sÞ; ð12Þ

where λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ðabþ acþ bcÞ is the
Källén triangle function.
Using the Lagrangians in Eq. (3), the projections of the

S- and D-waves of the chiral contact terms are obtained as

Mχ;π
0 ðsÞ ¼ −

2

F2
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ 0

p ��
g1 þ

g8ffiffiffi
2

p
�
ðs − 2m2

πÞ þ
1

2

�
h1 þ

h8ffiffiffi
2

p
��

sþ q2

�
1 −

σ2π
3

���
;

Mχ;K
0 ðsÞ ¼ −

2

F2
K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ 0

p ��
g1 −

g8
2

ffiffiffi
2

p
�
ðs − 2m2

KÞ þ
1

2

�
h1 −

h8
2

ffiffiffi
2

p
��

sþ q2

�
1 −

σ2K
3

���
;

Mχ;π
2 ðsÞ ¼ 2

3F2
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ 0

p �
h1 þ

h8ffiffiffi
2

p
�
jqj2σ2π; ð13Þ

3Here and in the following, D̄�D�
1 always means the negative C-parity combination of D̄�D�

1 and D�D̄�
1.
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where the kaon decay constant, FK ¼ 0.113 GeV, has been
employed, and σP ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4m2
P=s

p
. For the D-wave, the

single-channel FSI will be taken into account and we only
give the amplitude of the process involving pions.
For the Yð4660Þ → ψð2SÞπþπ− process, since the

crossed-channel exchanged Z and DD� can be on-shell,
the left-hand cut (l.h.c.) produced intersects and overlaps
with the right-hand cut (r.h.c.) and requires special treatment.

As discussed in Ref. [42], the l.h.c. is in fact in the
unphysical Riemann sheet. The proper analytical continu-
ation for the energy variable q2 → q2 þ iϵ helps to locate the
l.h.c. in the right position so that it does not overlap with the
r.h.c. in the physical Riemann sheet. Also we will take into
account the finite width in the D�

1 propagator.
Using the Lagrangians in Eq. (6), the projections of S- and

D-waves of the Zc-exchange amplitude are obtained as

M̂Zc;π
0 ðsÞ ¼ −

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ 0

p
MZc

F2κπðsÞ
CZc
Yψ 0 fðsþ jqj2ÞQ0ðyðsÞÞ − jqj2σ2π½y2ðsÞQ0ðyðsÞÞ − yðsÞ�g;

M̂Zc;π
2 ðsÞ ¼ −

5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ 0

p
MZc

F2κπðsÞ
CZc
Yψ 0 f½sþ jqj2 − jqj2σ2πy2ðsÞ� × ½ð3y2ðsÞ − 1ÞQ0ðyðsÞÞ − 3yðsÞ�g; ð14Þ

where κπðsÞ≡ σπλ
1=2ðM2

Y;M
2
ψ 0 ; sÞ, CZc

Yψ 0 ≡ CZcYπCZcψ
0π is

the product of the coupling constants for the exchange of
the Zc, yðsÞ≡ ð3s0 − s − 2M2

Zc
þ 2iMZc

ΓZc
Þ=κπðsÞ, and

Q0ðyÞ is the Legendre function of the second kind,

Q0ðyÞ ¼
1

2

Z
1

−1

dz
y − z

P0ðzÞ ¼
1

2
log

yþ 1

y − 1
: ð15Þ

In the calculation of the triangle diagrams, we only keep
the terms proportional to ϵY · ϵψ , and omit the remaining
terms proportional to contractions of momenta with the
polarization vectors, which are suppressed in the heavy-
quark nonrelativistic expansion [43]. Explicitly, the partial-
wave projections of the triangle amplitude for the Yð4660Þ →
ψð2SÞππðψð2SÞKK̄Þ process read

M̂loop;πðKÞ
l ðsÞ ¼ 2lþ 1

2

8
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MYMψ

p
MD�

1
MDMD�

ðsÞ

F2
πðKÞ

Cloop
Yψ 0

Z
1

−1
d cos θPlðcos θÞ

×
Z

ddl
ð2πÞd

�
iðpa − 2lÞ · pdp0

c

ðl2 −M2
D�

1
þ iMD�

1
ΓD�

1
þ iϵÞ½ðpa − lÞ2 −M2

D� þ iϵ�½ðl − pdÞ2 −M2
D þ iϵ�

þ iðpa − 2lÞ · pcp0
d

ðl2 −M2
D�

1
þ iMD�

1
ΓD�

1
þ iϵÞ½ðpa − lÞ2 −M2

D� þ iϵ�½ðl − pcÞ2 −M2
D þ iϵ�

�
; ð16Þ

where Cloop
Yψ 0 ≡ gYD�

1
D�gD�

1
DPgψ 0P is the product of the

coupling constants for the triangle diagrams.

C. Final-state interactions with a dispersive approach,
Omnès solution

There are strong FSIs in the ππ system, which can be
taken into account model-independently using dispersion
theory. Based on unitarity and analyticity, the Omnès
solutions will be used in this study. Similar methods to
consider the FSI have been applied previously e.g., in
Refs. [38,43–52]. Because the invariant mass of the pion
pair reaches above the KK̄ threshold, we will take account
of the coupled-channel (ππ and KK̄) FSIs for the dominant
S-wave component, while for the D-wave only the single-
channel (ππ) FSI will be considered.

For Yð4660Þ → ψð2SÞπþπ−, the partial-wave decompo-
sition of the amplitude including the s-channel FSI reads

Mdecayðs; cos θÞ ¼
X∞
l¼0

½Mπ
l ðsÞ þ M̂π

l ðsÞ�Plðcos θÞ; ð17Þ

where Mπ
l ðsÞ includes the r.h.c. part and accounts for the

s-channel rescattering, and the “hat function” M̂π
l ðsÞ con-

tains the l.h.c., contributed by the possible crossed-channel
pole terms or the open-flavor loop effects. In this study, we
approximate the l.h.c. by the sum of the Zc-exchange
diagram and the triangle diagrams, i.e., M̂π

l ðsÞ ¼
M̂Zc;π

l ðsÞ þ M̂loop;π
l ðsÞ. θ is the angle between the positive

pseudoscalar meson and the Yð4660Þ in the rest frame of the
PP system.
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For the S-wave, we will take into account the two-
channel rescattering effects. The two-channel unitarity
condition reads

discM0ðsÞ ¼ 2iT0�
0 ðsÞΣðsÞ½M0ðsÞ þ M̂0ðsÞ�; ð18Þ

where the two-dimensional vectors M0ðsÞ and M̂0ðsÞ
represent the r.h.c. and the l.h.c. parts of both the ππ
and the KK̄ final states, respectively,

M0ðsÞ¼
� Mπ

0ðsÞ
2ffiffi
3

p MK
0 ðsÞ

�
; M̂0ðsÞ¼

� M̂π
0ðsÞ

2ffiffi
3

p M̂K
0 ðsÞ

�
: ð19Þ

The two-dimensional matrices T0
0ðsÞ and ΣðsÞ are given

by

T0
0ðsÞ ¼

0
BB@

η0
0
ðsÞe2iδ00ðsÞ−1
2iσπðsÞ jg00ðsÞjeiψ

0
0
ðsÞ

jg00ðsÞjeiψ
0
0
ðsÞ η0

0
ðsÞe2iðψ00ðsÞ−δ00ðsÞÞ−1

2iσKðsÞ

1
CCA; ð20Þ

and ΣðsÞ≡ diagðσπðsÞθðs − 4m2
πÞ; σKðsÞθðs − 4m2

KÞÞ.
There are three input functions entering the T0

0ðsÞ matrix:
the ππ isoscalar S-wave phase shift δ00ðsÞ, and the modulus
and phase of the ππ → KK̄ S-wave amplitude g00ðsÞ ¼
jg00ðsÞjeiψ

0
0
ðsÞ. We will use the parametrization of the T0

0ðsÞ
matrices given in Refs. [48–50]. Note that the inelasticity
η00ðsÞ in Eq. (20) is related to the modulus jg00ðsÞj as

η00ðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4σπðsÞσKðsÞjg00ðsÞj2θðs − 4m2

KÞ
q

: ð21Þ

These inputs are used up to
ffiffiffiffiffi
s0

p ¼ 1.3 GeV, below the onset
of further inelasticities from the f0ð1370Þ and f0ð1500Þ
resonances which couple strongly to 4π [53,54]. Above s0,
the phases δ00ðsÞ and ψ0

0 are guided smoothly to 2π [55]

δðsÞ ¼ 2π þ ðδðs0Þ − 2πÞ 2

1þ ðs=s0Þ3=2
: ð22Þ

The solution of the unitarity condition in Eq. (18) is
given by

M0ðsÞ ¼ ΩðsÞ
�
Pn−1ðsÞ

þ sn

π

Z
∞

4m2
π

dx
xn

Ω−1ðxÞTðxÞΣðxÞM̂0ðxÞ
x − s

�
; ð23Þ

where ΩðsÞ satisfies the homogeneous coupled-channel
unitarity relation

ImΩðsÞ ¼ T0�
0 ðsÞΣðsÞΩðsÞ; Ωð0Þ ¼ 1; ð24Þ

and its numerical results have been computed, e.g., in
Refs. [55–58].
For the D-wave, we will take account of the single-

channel FSI. In the elastic ππ rescattering region, the
partial-wave unitarity condition reads

ImM2ðsÞ ¼ ½M2ðsÞ þ M̂2ðsÞ� sin δ02ðsÞe−iδ
0
2
ðsÞ; ð25Þ

where the phase of the isoscalar D-wave amplitude δ02
coincides with the ππ elastic phase shift, as required by
Watson’s theorem [59,60]. The modified Omnès solution of
Eq. (25) is [51,61]

M2ðsÞ ¼ Ω0
2ðsÞ

�
Pn−1
2 ðsÞ þ sn

π

Z
∞

4m2
π

dx
xn

M̂2ðxÞ sin δ02ðxÞ
jΩ0

2ðxÞjðx − sÞ
�
;

ð26Þ

where the polynomial Pn−1
2 ðsÞ is a subtraction function, and

the Omnès function is defined as [62]

Ω0
2ðsÞ ¼ exp

�
s
π

Z
∞

4m2
π

dx
x
δ02ðxÞ
x − s

�
: ð27Þ

Wewill use the Madrid–Kraków group [63] result for δ02ðsÞ,
which is smoothly continued to π for s → ∞.
On the other hand, at low energies the amplitudesM0ðsÞ

and M2ðsÞ should match to those from χEFT. Namely, in
the limit of switching off the FSI at s ¼ 0, Ωð0Þ ¼ 1, and
Ω0

2ð0Þ ¼ 1, the subtraction terms should agree well with the
low-energy chiral results given in Eq. (13). Therefore, for
the S-wave, the amplitude takes the form

M0ðsÞ¼ΩðsÞ
�
Mχ

0ðsÞþ
s3

π

Z
∞

4m2
π

dx
x3
Ω−1ðxÞTðxÞΣðxÞM̂0ðxÞ

x−s

�
;

ð28Þ

where Mχ
0ðsÞ ¼ ðMχ;π

0 ðsÞ; 2= ffiffiffi
3

p
Mχ;K

0 ðsÞÞT , while for the
D-wave, it can be written as

Mπ
2ðsÞ ¼ Ω0

2ðsÞ
�
Mχ;π

2 ðsÞ þ s3

π

Z
∞

4m2
π

dx
x3

M̂π
2ðxÞ sin δ02ðxÞ

jΩ0
2ðxÞjðx − sÞ

�
:

ð29Þ
The polarization-averaged modulus square of the eþe− →

Yð4660Þ → ψð2SÞπþπ− amplitude can be written as

jM̄ðE2; s; cos θÞj2 ¼ 4παc2γ jMdecayðs; cos θÞj2
3jE2 −M2

Y þ iMYΓY j2M2
ψ 0

½8M2
ψ 0E2 þ ðs − E2 −M2

ψ 0 Þ2�; ð30Þ

where E is the center of mass energy of the eþe− collisions,
and we set the γ�Yð4660Þ coupling constant cγ to 1 since it
can be absorbed into the overall normalization in the fit to the
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event distributions. Here we use the energy-independent
width for the Yð4660Þ, and the values of the Yð4660Þ mass
and width are taken as 4633 MeV and 64.0 MeV, respec-
tively, which are the central values in PDG. [36]. We also
have tried to allow the mass and width of the Yð4660Þ to
float freely, and found that the fit quality changes only
slightly. At last, the ππ invariant mass spectra and the helicity
angular distribution for eþe− → ψð2SÞπþπ− can be calcu-
lated using

dσ
dmππdcosθ

¼N
Z

Emax

Emin

jM̄ðE2;s;cosθÞj2jk�
3jjk5j

128π3jk1jE2
dE; ð31Þ

where the limits of integration are chosen to be identical to
the cuts used to get the experimental rate [33], N is the
normalization factor, k1 and k5 represent the three-momenta
of e� andΦ in the center of mass frame, respectively, andk�

3
denotes the three-momenta of π� in the rest frame of the ππ
system. They are given as

jk1j ¼
E
2
; jk�

3j ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

π

q
;

jk5j ¼
1

2E
λ1=2ðE2; s;M2

ϕÞ: ð32Þ

III. PHENOMENOLOGICAL DISCUSSION

A. Characteristics of singlet and octet contributions

In this work we perform fits simultaneously, taking into
account the experimental data of the ππ invariant mass
distributions and the helicity angular distributions, collected
in the Yð4660Þ region of the eþe− → ψð2SÞππ process [33].
Using the constraint h8 ¼ h1g8=g1,

4 there are five free

parameters in our fits: g1, h1, g8, CZc
Yψ 0 , Cloop

Yψ 0 , and a
normalization factor N. The parameters g1 and h1 corre-
spond to the low-energy constants in the Yψ 0ΦΦ Lagrangian
in Eq. (3) for the SU(3) singlet component of the Yð4660Þ,
g8 and h8 are the corresponding parameters for the SU(3)
octet component. To illustrate the effect of the SU(3) octet
component, we perform two kinds of fits. In scheme I we
only consider the SU(3) singlet component, the Zc-exchange
terms, and the triangle diagrams, while in scheme II, the
SU(3) octet components are taken into account in addition.
For scheme I we find one solution, denoted as Fit I. For
scheme II we find two solutions, denoted as Fit IIa and Fit
IIb, respectively. The coupled-channel FSI is considered in
all the fits.
In Fig. 2, the fitted results of Fits I, IIa and IIb, are shown

as the green dot-dashed, red solid, and blue dashed lines,
respectively. The fitted parameters as well as the χ2 degrees
of freedom are given in Table I. It is obvious that in Fit I the
peak around 1 GeV in the ππ mass spectrum is not
reproduced, although the angular distribution can be
described. In contrast, in Fits IIa and IIb, including the
SU(3) octet terms, the fit qualities are improved significantly.
The fit quality of Fit IIb is a little better than that of Fit IIa.
Note that in our scheme the SU(3) flavor breaking effect

is induced by the corresponding breaking in the masses of
the pseudoscalar meson octet and in the different physical
values for the decay constants Fπ and FK . It is instructive to
explore in a more explicit way that whether the SU(3)
flavor breaking effect can lead to the experimental dipion
invariant mass distributions assuming the Yð4660Þ only
contains the SU(3) singlet component. To account for the
different couplings to excite an ss̄ pair and a nonstrange
pair from a vacuum, an SU(3) breaking matrix XA ¼
diagð1; 1; 1þ cAÞ can be weighted by the SU(3) singlet
part in Eq. (1). Assuming the Yð4660Þ only contains the
SU(3) singlet component and setting FK ¼ Fπ , we perform
fits with varying cA in the range of ð−0.3; 0.3Þ, since the
SU(3) breaking effect should be at most around 30%.

FIG. 2. Fit results of the ππ invariant mass spectra in the region 4.5 GeV < E < 5.5 GeV (left) and the cos θ distribution in the region
4.5 GeV < E < 4.9 GeV (right) in eþe− → ψð2SÞπþπ−. Fit I (green dashed) only includes the SU(3) singlet component; Fit IIa (red
solid) and Fit IIb (blue dashed) include the SU(3) singlet and octet components. The experimental data are taken from Ref. [33].

4One can construct the Lagrangian using Eq. (1) as the
interpolating field for the Yð4660Þ directly, which is equivalent
to writing the Lagrangian in the form of Eq. (3) with
g8=g1 ¼ h8=h1 ¼ b=a.
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In Fig. 3, the black solid, magenta dash-dot-dotted, red dot-
dashed, blue dashed, and green dotted curves correspond to
the fit results with cA taking values of −0.3, 0.15, 0, 0.15,
and 0.3, respectively. One observes that the sharp peak
around 1 GeV in the dipion spectra cannot reproduced by
the SU(3) breaking effect if the Yð4660Þ only contains the
SU(3) singlet component.
Using the central values of the parameters in Fits IIa and

IIb, we plot the moduli of the amplitudes from different
terms. In Fig. 4, the black solid lines represent our best-fit
result, while the red dashed, blue dot-dashed, green dash-
dot-dotted, and magenta dotted curves correspond to the
contributions from the chiral contact singlet, octet sources,
Zc-exchange, and the triangle diagrams, respectively. One
observes that the contribution of the Zc-exchange and the
triangle diagrams show a dip and a broad bump around
1.0 GeV, respectively, and they are much smaller than the
contributions of the chiral contact terms. In the dominant
chiral contact terms, the basic characteristic structures of the
singlet and the octet contributions are different; the singlet
spectra display a broad bump below 1 GeV, while the octet
spectra show a sharp peak around 1 GeV, corresponding to
the f0ð980Þ. Therefore, the SU(3) octet component is
indispensable to reproduce the peak structure in the exper-
imental data. In Fig. 5, the magenta dot-dashed and blue
dotted lines represent the S- andD-wave contributions of the

transition via the Yð4660Þψð2SÞππ contact coupling fol-
lowed by FSI, i.e., Yð4660Þ → ψð2SÞππ → ψð2SÞππ,
respectively, while the green dashed lines correspond to
the S-wave contribution of the transition Yð4660Þ →
ψð2SÞKK̄ → ψð2SÞππ. It is found that at around 1 GeV
the dominant transition in both Fits IIa and IIb is
Yð4660Þ → ψð2SÞKK̄ → ψð2SÞππ. In the low-energy
region the transition with the S-wave Yð4660Þψð2SÞππ
contact coupling plays a major role, which accounts for
the bump around 0.5 GeV in the ππ invariant mass spectra.
It is instructive to analyze the ratio of the parameters for

the SU(3) octet component relative to those for the SU(3)
singlet component. Using the results as shown in Table I,
we have g8=g1 ¼ −2.8� 1.5 for Fit IIa, and g8=g1 ¼
−0.9� 3.9 for Fit IIb. Note that assuming the light-quark
component of the Yð4660Þ is pure jss̄i ¼ ðV light

1 −ffiffiffi
2

p
V light
8 Þ= ffiffiffi

3
p

(e.g., in the strange charm and anticharm
mesons molecule scenario or the ½cs�½c̄ s̄� four-quark
scenario), where the definitions of the singlet and octet
components V light

1 and V light
8 have been given below Eq. (1);

the ratio is −
ffiffiffi
2

p
. In the assumption that the light-quark

component of the Yð4660Þ is pure juūþ dd̄i= ffiffiffi
2

p ¼
ð ffiffiffi

2
p

V light
1 þ V light

8 Þ= ffiffiffi
3

p
(e.g., in the nonstrange charm-

and anticharm-mesons molecule scenario or the
ð½cu�½c̄ ū� þ ½cd�½c̄ d̄�Þi= ffiffiffi

2
p

four-quark scenario), the ratio
is 1=

ffiffiffi
2

p
. Certainly the result of Fit IIa (values of g8=g1)

differs from the results of the pure jss̄i or pure
juūþ dd̄i= ffiffiffi

2
p

light-quark component scenarios. The result
of Fit IIb carries large uncertainty, and its central value is
close to the pure jss̄i light-quark component scenario. As
shown in Fig. 2, both Fits IIa and IIb describe the ππ
invariant mass spectra well, while their theoretical predic-
tions of the angular distributions are different. We note that
the present data is limited in statistics, and a better
distinction of Fits IIa and IIb requires new measurement
data with higher statistics and smaller error bars.

FIG. 3. Fit results of the ππ invariant mass spectra (left) and the cos θ distribution (right) assuming the Yð4660Þ only contains a SU(3)
singlet component and with the setting of FK ¼ Fπ . The black solid, magenta dash-dot-dotted, red dot-dashed, blue dashed, and green
dotted lines correspond to the results with the SU(3) breaking parameter cA fixed at –0.3, 0.15, 0, 0.15, and 0.3, respectively.

TABLE I. The parameters from the fits of the ππ mass spectrum
and the angular distributions in eþe− → ψð2SÞπþπ−.

Fit I Fit IIa Fit IIb

g1 ½GeV−1� 0.94� 0.34 0.49� 0.21 0.22� 0.72
h1 ½GeV−1� 0.53� 0.54 −1.36� 0.34 1.81� 0.42
g8 ½GeV−1� 0 (fixed) −1.35� 0.45 −0.20� 0.60

CZc
Yψ 0 ½GeV−1� −0.05� 0.03 −0.07� 0.04 −0.05� 0.03

Cloop
Yψ 0 ½GeV−1� 2.11� 0.93 −0.08� 0.26 0.86� 0.43

χ2=d:o:f: 67.2
ð50−5Þ ¼ 1.49 34.6

ð50−6Þ ¼ 0.79 30.4
ð50−6Þ ¼ 0.69
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IV. CONCLUSIONS

We have used dispersion theory to study the processes
eþe− → Yð4660Þ → ψð2SÞππ. In particular, we have
analyzed the roles of the light-quark SU(3) singlet state
and SU(3) octet state in this transition. The strong FSI,
especially the coupled-channel FSI in the S-wave, has
been considered model independently by using
dispersion theory. Through fitting to the data of the ππ
invariant mass spectra and the angular cos θ distributions
of eþe− → Yð4660Þ → ψð2SÞππ, we find that the light-
quark SU(3) octet state plays a significant role in
the Yð4660Þψð2SÞππ transition, which indicates that
the Yð4660Þ contains a large light-quark component.
Thus we conclude that the Yð4660Þ might not be a pure
conventional charmonium state. For the fit scheme

considering both the light-quark SU(3) singlet and
SU(3) octet components, we find two solutions, and both
solutions reproduce the ππ invariant mass spectra well.
Notice that the present data is limited in statistics,
and new measurement data with higher statistics in the
future will be helpful to distinguish between these two
solutions.
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