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Using ð2712.4� 14.3Þ × 106 ψð3686Þ events collected with the BESIII detector at BEPCII, a
partial wave analysis of the decay ψð3686Þ → ϕηη0 is performed with the covariant tensor approach.
In addition to the established states h1ð1900) and ϕð2170Þ, an axial-vector state with a mass near
2.3 GeV=c2 is observed for the first time. Its mass and width are measured to be 2316� 9stat �
30syst MeV=c2 and 89� 15stat � 26syst MeV, respectively. The product branching fractions of
B½ψð3686Þ → Xð2300Þη0�B½Xð2300Þ → ϕη� and B½ψð3686Þ → Xð2300Þη�B½Xð2300Þ → ϕη0� are deter-
mined to be ð4.8� 1.3stat � 0.7systÞ × 10−6 and ð2.2� 0.7stat � 0.7systÞ × 10−6, respectively. The branch-

ing fraction B½ψð3686Þ → ϕηη0� is measured for the first time to be (3.14� 0.17stat � 0.24systÞ × 10−5. The
first uncertainties are statistical and the second are systematic.
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Strangeonium (ss̄) states can provide insight into the
nonperturbative nature of QCD [1]. There are very few
strangeonium resonances listed by the Particle Data Group
(PDG) [2] that have been experimentally well confirmed
and are widely accepted as pure ss̄ states [3,4]. For the
spectrum of axial-vector strangeonium states, only the
ground axial-vector state h1ð1380Þ [5–7] has been con-
firmed in PDG [2], and excited states, e.g., h1ð2PÞ and
h1ð3PÞ, have been predicted by theory [3,4,8–12] but have
not been observed by experiment. And the h1 family
provides interesting possibilities to study QCD in the
nonperturbative regime via the mixing mechanism, since
it is sensitive to the mixing of the flavor SU(3) singlet and
octet states [13,14]. The systematic search for such states,
and their subsequent investigation, will supplement our
knowledge about the h1 family and improve our under-
standing of the strangeonium spectrum [15]. Recently,
BESIII observed the 1þ− state, which is a candidate for
the h1ð2PÞ state [16]. However, the h1ð3PÞ still remains
unobserved by experiments.
In addition, exotic states offer a distinctive setting for

investigating the dynamics of strong interactions and the
confinement mechanism. Recently, the Xð6900Þ, Xð6600Þ,
and Xð7300Þ were observed by LHCb [17], CMS [18], and
ATLAS [19] collaborations. These resonances could be
explained as fully charm tetraquark states, Tccc̄ c̄ [20–25].
Analogous to the Tccc̄ c̄ system, it is conceivable that stable

states such as stable fully bottom tetraquark Tbbb̄ b̄ and fully
strange tetraquark Tsss̄ s̄ states might exist. Just like the fully
heavy tetraquarks, in the fully strange tetraquarks there are
no light meson exchanges, which are usually considered to
be the dynamic mechanism for the formation of hadronic
molecules. Theoretical calculations of the Tsss̄ s̄ spectrum
exist, which propose the highlighted decay modes such as
ϕη and ϕη0 as crucial channels to search the Tsss̄ s̄ states
through quark rearrangements [26–28]. The BESIII experi-
ment has collected the world’s largest J=ψ and ψð3686Þ
datasets [29,30], and provides a unique opportunity to
search Tsss̄ s̄ and ss̄ states in the charmonium decays.
Based on ð2712.4� 14.3Þ × 106 ψð3686Þ events accu-

mulated by the BESIII experiment, a partial wave analysis
(PWA) is performed on the decay ψð3686Þ → ϕηη0, where
the ϕ, η, and η0 mesons are reconstructed via ϕ → KþK−,
η → γγ, and η0 → γπþπ−, respectively. This Letter presents
an observation of a new axial-vector state around
2.3 GeV=c2 in the ϕη and ϕη0 invariant mass spectra.
The BESIII detector records symmetric eþe− collisions

provided by the BEPCII storage ring [31] in the center-of-
mass energy range from 2.0 to 4.95 GeV, with a peak lumi-
nosity of 1 × 1033 cm−2 s−1 achieved at

ffiffiffi
s

p ¼ 3.77 GeV.
The detailed description of the BESIII detector can be
found in Ref. [32]. Simulated samples produced with
GEANT4-based [33] Monte Carlo (MC) software, which
includes the geometric description of the BESIII detector
[34] and the detector response, are used to determine
detection efficiencies and to estimate backgrounds. The
simulation models the beam energy spread and initial state
radiation in the eþe− annihilation with the generator KKMC

[35,36]. An inclusive MC sample is generated to study the
potential background with the production of the ψð3686Þ
resonance simulated by the KKMC generator [35,36].
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The known decay modes are modeled with EVTGEN [37,38]
using branching fractions taken from the PDG [2], and the
remaining unknown charmonium decays are modeled with
LUNDCHARM [39,40]. Final state radiation from charged
final state particles is incorporated using PHOTOS [41].
Event candidates are required to have four charged tracks

with zero net charge and at least three photons. Charged
tracks detected in the multilayer drift chamber are required
to be within a polar angle (θ) range of j cos θj < 0.93,
where θ is defined with respect to the detector symmetry
axis (z axis), and their distance of closest approach to the
interaction point must be less than 10 cm along the z axis
and less than 1 cm in the transverse plane. Information from
the time-of-flight system and dE=dx measurements is
combined to form particle identification (PID) likelihoods
for the π,K, and p hypotheses. Each track is assigned as the
particle type corresponding to the hypothesis with the
highest PID likelihood. Exactly two oppositely charged
kaons and pions are required in each event. Photon
candidates are identified using showers in the electromag-
netic calorimeter (EMC). The deposited energy of each
shower is more than 25 MeV in the barrel region
(j cos θj < 0.80) and more than 50 MeV in the end cap
region (0.86 < j cos θj < 0.92). To exclude showers
induced by charged particles, the angle between the
position of each shower in the EMC and the closest
extrapolated charged track is required to be larger than
10°. To suppress electronic noise and showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within (0, 700) ns.
To improve the momentum resolution and to sup-

press background, a four-constraint (4C) kinematic
fit is performed under the hypothesis of ψð3686Þ →
KþK−πþπ−γγγ by constraining the total four-momentum
of the final state particles to that of the total colliding
beams. For the events with more than three photons, the
combination with the smallest χ24C of the 4C fit is retained,
and χ24C < 50 is required. The η and η0 candidates are
reconstructed by minimizing χ2ηη0 ¼ ðMγ1γ2 −mηÞ2=σ2ηþ
ðMγ3π

þπ− −mη0 Þ2=σ2η0 , where mη and mη0 are the nominal

masses of the η and η0 [2], Mγ1γ2 , and Mγ3π
þπ− are the

invariant masses of the γ1γ2 and γ3πþπ− combinations, and
ση and ση0 are their corresponding resolutions determined
from the signal MC simulations, respectively. An event is
accepted if η and η0 candidates satisfy jMγ1γ2 −mηj <
0.025 GeV=c2 and jMγ3π

þπ− −mη0 j < 0.020 GeV=c2 requ-
irements. The ϕ candidates are selected by requiring
the KþK− invariant mass to satisfy jMKþK− −mϕj <
0.010 GeV=c2, where mϕ is the ϕ nominal mass [2]. To
improve the momentum resolution, a five-constraint kine-
matic fit is performed with the extra constraint in which the
invariant mass of two photons originating from η is con-
strained to mη, and the resulting kinematic variables are
used for further analysis.
To suppress contamination from ψð3686Þ →

KþK−πþπ−γγγγ and ψð3686Þ → KþK−πþπ−γγ de-
cays, two additional 4C kinematic fits under the hypo-
theses of ψð3686Þ → KþK−πþπ−γγγγ and ψð3686Þ →
KþK−πþπ−γγ are performed. The events are discarded if
the corresponding χ24C is less than the χ24C for the signal
hypothesis. To reject background from ψð3686Þ → γχcJ
with the subsequent decay χcJ → KþK−πþπ−γγ and back-
ground from ψð3686Þ → πþπ−J=ψ with the decay J=ψ →
γγγKþK−, the requirements jMKþK−πþπ−γγ −MχcJ j >
0.010 GeV=c2 and jMγγγKþK− −MJ=ψ j > 0.030 GeV=c2

are applied. The requirement jMγπþπ−KþK− −MJ=ψ j >
0.030 GeV=c2 is used to remove the background of
ψð3686Þ → ηJ=ψ with J=ψ → γπþπ−KþK−.
After imposing all the selection criteria, the distribution

of MKþK− versus Mγπþπ− is illustrated in Fig. 1(a). A clear
accumulation of candidate events for the decay ψð3686Þ →
ϕηη0 is observed. Figures 1(b) and 1(c) show the Mγπþπ−

andMKþK− distributions. Potential backgrounds are studied
using an inclusive MC sample of 2.747 × 109 ψð3686Þ
events. No significant peaking background is observed in
the signal region. Therefore, the two-dimensional sideband
method is used to estimate the combinatorial backgrounds
by combining the background events in the ϕ sideband
region (1.05 GeV=c2 < MKþK− < 1.07 GeV=c2) and the
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FIG. 1. (a) Distribution of MðKþK−Þ versus Mðγπþπ−Þ, where the red solid box shows the signal region and the dotted and dashed
boxes are the sideband regions for the ϕ and η0. (b) Distribution ofMðγπþπ−Þ within the ϕ signal region. (c) Distribution ofMðKþK−Þ
within the η0 signal region. (d) Dalitz plot ofM2ðϕηÞ versusM2ðϕη0Þ in the signal regions. The solid arrows show the signal regions and
the dashed arrows show the sideband regions.
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η0 sideband region (0.045 GeV=c2 < jMγπþπ− −Mη0 j <
0.085 GeV=c2), which are illustrated by the colored dashed
boxes in Fig. 1(a). The normalization factors for the event
yields in the two sideband regions are obtained from the fits
to the invariant mass spectra of Mγπþπ− and MKþK− . The
signal shapes are taken directly from signal MC simula-
tion. The backgrounds are described with a first-order
Chebychev polynomial function for Mγπþπ− and an
ARGUS function [42] forMKþK−. The selected data sample
contains a total of 597� 25 candidate events including
94� 10 background events estimated from the sideband
region and normalized to the signal region.
To investigate the continuum background contribution

from nonresonant eþe− annihilation (eþe− → ϕηη0), the
same selection criteria and sideband definition are applied
in the analysis of the data sample taken at a center-of-mass
energy of 3.773 GeV corresponding to an integrated
luminosity of 2.93 fb−1. The number of continuum back-
ground events is extracted and normalized to the ψð3686Þ
data, taking into account the integrated luminosity and
energy-dependent cross section of the continuum processes
[29,30,43], and is estimated to be 23� 7 events. By
subtracting sideband and continuum background compo-
nents from the total number of candidate events, the signal
yield is determined to be Nsig ¼ 480� 26, where the
uncertainty is statistical.
Figure 2 shows the Dalitz plot for these events in the

signal regions. Figure 3 shows the projections of ϕη, ϕη0,
and ηη0 invariant mass (Mϕη, Mϕη0 , and Mηη0 ) and the
corresponding angular distributions, after background sub-
traction, for the candidate events. A structure with a mass
around 2.3 GeV=c2 in the Mϕη and Mϕη0 distributions is
clearly observed. To determine the properties of the newly
observed structure, a PWA based on the GPUPWA frame-
work [44] is performed. Quasi-two-body decay amplitudes
in the three sequential decay processes—ψð3686Þ → ϕX
with X → ηη0, ψð3686Þ → ηX with X → ϕη0, and
ψð3686Þ → η0X with X → ϕη—are constructed using the
covariant tensor amplitudes described in Ref. [45]. The
intermediate states are parametrized with a relativistic

Breit-Wigner (BW) function with mass-dependent width.
Parameters of the known intermediate states are fixed to the
PDG average values. The complex coefficients of the
amplitudes (relative magnitudes and phases) and resonance
parameters (mass and width) are determined by an
unbinned maximum likelihood fit. The probability of
observing N events in the data sample is

SðξÞ ¼ − lnL ¼ −
XN
i¼1

ln

�jMðξiÞj2εðξiÞ
σ0

�
; ð1Þ

where ξi stands for all kinematic variables in the ith event,
εðξiÞ is the detection efficiency, and MðξiÞ ¼

P
AðξiÞ is

the matrix element describing the decay processes from
ψð3686Þ to the final state ϕηη0. In addition, AðξiÞ is the
amplitude of the corresponding intermediate resonance and
σ0 ¼ R

dΦjMðξÞj2εðξÞ is the normalization integral. The
background is taken into account by subtracting normalized
sideband and continuum events from the total log like-
lihood value. The free parameters are optimized using
MINUIT [46].
In the fit procedure, all intermediate states reported

by the PDG and which conserve quantum numbers JPC

are considered, shown in Supplemental Material [47].
Specifically, for the ηη0 systems, resonances with
JPC ¼ 0þþ; 1−þ; 2þþ, and 4þþ are included, while for the
ϕηðη0Þ systems, resonances with JPC ¼ 1−−; 1þ−; 2−−, and
3−− are taken into account. Coherent nonresonant compo-
nents are also taken into account by including very broad
intermediate states in the fit. The fitting procedure starts with
a baseline solution incorporating phase space (PHSP) and
the established ϕð2170Þ and h1ð1900) states, progressively
adding all other possible intermediate resonances one by
one. The statistical significance of each resonance is
evaluated by examining the change in the log likelihood
value and the number of free parameters in the fit with and
without the resonance included, listed in Supplemental
Material [47]. All components with a statistical significance
greater than 5σ are added to the baseline solution. After that,
all the removed components are tested again to make sure
that they still do not satisfy the 5σ requirement. It is found
that the resulting baseline solution does not adequately
describe the structure around 2.3 GeV=c2 in the ϕη and ϕη0
invariantmass spectra, so an additional resonance is added to
the fit. To investigate the JPC of the additional resonance,
different JPC combinations are tested and the 1þ− combi-
nation is found to produce the largest change of the log
likelihood value. The final set of amplitudes therefore
contains a significant contribution from an axial-vector state
with JPC ¼ 1þ−, denoted as Xð2300Þ. The Argand diagram
is shown in Supplemental Material [47]. Possible JPC

assignments of the structure, i.e., 1−−, 2−−, 3−−, and 2þ−,
were tested. However, none of these assignments exceeded a
statistical significance of 5σ, leading us to discard these
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FIG. 2. Dalitz plot of M2ðϕηÞ versus M2ðϕη0Þ in the signal
regions.
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alternatives. Its significance is 9.6σ and the corresponding
mass andwidth are determined to be 2316� 9 MeV=c2 and
89� 15 MeV by a scan of the log likelihood value. The fit
fractions for each component and the interference fractions
between two components are listed in Supplemental
Material [47].
The PWA results with the baseline set of amplitudes,

including the masses and widths of the resonances, the
product branching fraction of each component, and the
statistical significances are summarized in Table I.
Figure 3 shows the invariant mass distributions of ϕη,

ϕη0, and ηη0 for the data, the PWA fit projections, and the
angular distribution of cos θðηÞ, cos θðη0Þ, and cos θðϕÞ in
the corresponding helicity frame.
The signal efficiency of ψð3686Þ → ϕηη0 is determined

to be 9.88% using the MC sample weighted according to
the PWA result. The total branching fraction of ψð3686Þ →
ϕηη0 is calculated to be ð3.14� 0.17stat � 0.24systÞ × 10−5,
where the first uncertainty is statistical and the second is
systematic.

Sources of systematic uncertainties are considered in two
categories, non-PWA-related and PWA-related systematics.
The first category includes the uncertainties of photon
detection efficiency (1.0% per photon) [50], multilayer drift
chamber tracking efficiency (1.0% per charged track) [51],
PID efficiency (1.0% per charged track) [52], 4C kinematic
fit (1.3%), ϕ, η, and η0 mass windows (1.5%, 0.2%, 0.6%),
quoted branching fractions (1.8%) [2], total number of
ψð3686Þ events (0.5%), MC statistics (0.3%), and con-
tinuum background (1.6%). The uncertainty related to the
4C kinematic fit is estimated by correcting the helix
parameters of the simulated charged tracks to match the
resolution in the data [53]. The difference between the
signal efficiencies with and without correction is regarded
as the systematic uncertainty. The systematic uncertainties
from the mass resolution are estimated by fitting the mass
spectrum with the MC shape convolved with a fixed-
parameter Gaussian function, where the fixed parameters
are extracted from control samples of ψð3686Þ → ϕπþπ−
and ψð3686Þ → ωηη0. The resulting changes on the signal

(a) (b) (c)

(d) (e) (f)

FIG. 3. Background-subtracted data (black dots) and PWA fit projections (black lines) for the invariant mass distributions of (a) ϕη,
(b) ϕη0, and (c) ηη0, and for the angular distributions of (d) cos θ of the η in the ϕη helicity frame, (e) cos θ of the η0 in the ϕη0 helicity
frame, and (f) cos θ of the η in the center-of-mass rest frame.

TABLE I. The obtained masses, widths, product branching fractions, and statistical significances (Sig.) for the
ψð3686Þ decay and the subsequent intermediate state decay, where the first uncertainties are statistical, and the
second systematic. The term “N/A” denotes unavailability.

Process M (MeV=c2) Γ (MeV) B (10−6) Sig.

h1ð1900Þη [16] 1911 149 3.8� 1.4� 1.5 5.3σ
ϕð2170Þη [2]

2162 100
3.3� 1.4� 1.2 5.1σ

ϕð2170Þη0 [2] 3.8� 0.9� 0.5 6.0σ
Xð2300Þη

2316� 9� 30 89� 15� 26
2.2� 0.7� 0.7 5.6σ

Xð2300Þη0 4.8� 1.3� 0.7 9.6σ
PHSP N=A N=A 6.1� 2.3� 1.8 5.2σ
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yields are taken as the systematic uncertainty. The second
category, which includes the uncertainties from the reso-
nance description, resonance parameters, extra resonances,
the Blatt Weisskopf barrier factor [54,55] that is included in
the PWA decay amplitudes, and background uncertainty,
which all arise from the PWA fit procedure, affects the
measurements of both the branching fraction and resonance
parameters. The statistical significance of Xð2300Þ is
recalculated in every variation shown in Supplemental
Material [47]. To estimate these uncertainties, alternative
fits with different scenarios are performed, and the resulting
changes on the branching fractions and the reso-
nance parameters are taken as the systematic errors.
Uncertainties from the BW parametrization are estimated
by replacing the mass-dependent-width BW with the
constant width. Uncertainties from the resonance param-
eters are estimated by fitting with masses and widths fixed
to the values randomly generated from Gaussian distribu-
tions with their uncertainties taken from the PDG and the
standard deviation of the results is taken as the uncertainty.
The uncertainties related to extra resonances are estimated
by adding known resonances with significances greater
than 3σ and an additional possible structure around
2.6 GeV=c2 with JPC ¼ 1þ−. The largest change from
the nominal PWA fit is taken as the uncertainty.
Uncertainties due to the barrier factor [54,55] are estimated
by varying the radius of the centrifugal barrier from 0.7 to
1.0 fm. The uncertainty associated with the background
description is estimated by using different sideband
regions, and changing the background level by varying
the sideband normalization factors by one standard
deviation. The Xð2300Þ remains larger than 5σ in ϕη0

and 9σ in ϕη. Assuming that all the sources of uncertainties
are independent, the total uncertainties are estimated as the
quadratic sum of the above individual values.
In summary, using ð2712.4� 14.3Þ × 106 ψð3686Þ

events collected by the BESIII detector, a PWA of the
decay ψð3686Þ → ϕηη0 is performed. The analysis results
in the first observation of an axial-vector state around
2.3 GeV=c2. Its mass and width are measured to be
2316�9stat�30systMeV=c2 and 89� 15stat � 26syst MeV,
respectively. The product branching fractions
of B½ψð3686Þ → Xð2300Þη0�B½Xð2300Þ → ϕη�, and
B½ψð3686Þ → Xð2300Þη�B½Xð2300Þ → ϕη0� are deter-
mined to be ð4.8� 1.3stat � 0.7systÞ × 10−6 and ð2.2�
0.7stat � 0.7systÞ × 10−6, respectively, where the first uncer-
tainty is statistical and the second is systematic. The
branching fraction B½ψð3686Þ → ϕηη0� is measured for
the first time to be ð3.14� 0.17stat � 0.24systÞ × 10−5.
Theoretical predictions concerning parameters of the

axial-vector ss̄ state h1ð3PÞ and the 1S wave multiplets
Tðsss̄ s̄Þ1þ− are presented in Table II. For the h1ð3PÞ
hypothesis, the mass of the observed resonance is incon-
sistent with that of theoretical calculations. In the case of

the Tðsss̄ s̄Þ1þ− hypothesis, the limited availability of theo-
retical predictions cannot exclude this possibility. To clarify
the nature of the Xð2300Þ, further efforts are required from
both theoretical and experimental perspectives. The
Xð2300Þ observed in this Letter provides important insights
into the axial-vector strangeonium spectrum and Tsss̄ s̄.
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