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The state Yð2175Þ is observed in the process eþe− → ηYð2175Þwith a statistical significance larger than
10 standard deviations using the data collected with the BESIII detector operating at the BEPCII storage
ring at center-of-mass energies between 3.7 and 4.6 GeV. This is the first observation of the Yð2175Þ in this
process. The mass and width of the Yð2175Þ are determined to be ð2135� 8� 9Þ MeV=c2 and
ð104� 24� 12Þ MeV, respectively, and the production cross section (σ) of eþe− → ηYð2175Þ →
ηϕf0ð980Þ → ηϕπþπ− is at the several hundred femtobarn level. No significant signal for the process
eþe− → η0Yð2175Þ is observed and the upper limit on σðeþe− → η0Yð2175ÞÞ=σðeþe− → ηYð2175ÞÞ is
estimated to be 0.43 at the 90% confidence level. We also search for ψð3686Þ → ηYð2175Þ. No significant
signal is observed, indicating a strong suppression relative to the corresponding J=ψ decay, in violation of
the “12% rule”.

DOI: 10.1103/PhysRevD.99.012014

I. INTRODUCTION

The Yð2175Þ, which is notated as ϕð2170Þ in Ref. [1],
was first observed in 2006 by the BABAR Collaboration [2]
via the initial-state-radiation (ISR) process eþe− →
γISRϕf0ð980Þ with a mass of ð2175� 10� 15Þ MeV=c2

and a decay width of ð58� 16� 20Þ MeV. It was sub-
sequently confirmed by the Belle Collaboration in the same
process [3] and by the BESII and BESIII collaborations in
J=ψ hadronic decays [4,5]. The BABAR Collaboration
updated their analysis in 2012 with improved statistics [6].

Behaving similarly to the Yð4260Þ in the charm sector
and the ϒð10860Þ in the bottom sector, the Yð2175Þ is
regarded as a candidate for a tetraquark state [7,8], a
strangeonium hybrid state [9], or a conventional ss̄ state
[10,11]. The quark model [12–14] predicts two conven-
tional ss̄ states near 2175 MeV=c2, 33S1 and 23D1, but both
of them are significantly broader than the Yð2175Þ, which
makes the Yð2175Þ more mysterious.
Despite all previous experimental and theoretical effort,

our knowledge of the Yð2175Þ is still very limited. Its
observed production mechanisms are so far limited to
direct eþe− annihilation and J=ψ → ηYð2175Þ decay.
Furthermore, there are inconsistencies in previous mass
and width measurements [3,5,6].
Since the process J=ψ → ηYð2175Þ has been observed

[4,5], it is natural to expect the production of ηYð2175Þ in
ψð3686Þ decays as well as in direct eþe− annihilation in
the nonresonant energy regions. The η is a mixture of the
pseudoscalar SU(3) octet and singlet states; therefore the
other mixture partner, η0, is also expected to accompany
the production of the Yð2175Þ when the center-of-mass
(c.m.) energy (

ffiffiffi
s

p
) of eþe− annihilation is above the

production threshold. BESIII has accumulated the world’s
largest data samples at the ψð3686Þ peak and at higher
energies up to 4.6 GeV, which gives us a good opportunity
to search for these processes.
Recently, several charged quarkoniumlike states Zc

[15–18] and Zb [19] have been observed through decays
of the Yð4260Þ, ϒð10860Þ or other charmoniumlike or
bottomoniumlike states. One may expect similar charged
strangeoniumlike states produced in Yð2175Þ → ϕπþπ−
decays, considering the similarity of the Yð2175Þ, Yð4260Þ,
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andϒð10860Þ. The authors of Ref. [20] predict the existence
of a sharp peaking structure (Zs1) close to theKK̄� threshold
and a broad structure (Zs2) close to the K�K̄� threshold in
the ϕπ mass spectrum. These can be searched for using the
decays of the Yð2175Þ produced in eþe− → ηYð2175Þ and
η0Yð2175Þ.
In this article, we present the first observation of eþe− →

ηYð2175Þ and measurement of its production cross sec-
tions, a search for eþe− → η0Yð2175Þ and an estimation of
the upper limit of the production rate at the c.m. energies
[21] from 3.686 to 4.6 GeV, and a search for ψð3686Þ →
ηYð2175Þ and determination of the upper limit on the
branching fraction, as listed in Table I with the correspond-
ing integrated luminosities L [22].
The remainder of this paper is organized as follows. In

Sec. II, the BESIII detector and the data samples are
described. In Sec. III, the event selections for eþe− →
ηYð2175Þ are listed. Section IV presents the determination
of the signal yield and the cross section measurement, as
well as the measurement of the resonance parameters of the
Yð2175Þ in eþe− → ηYð2175Þ, while Secs. V and VI show
the search for the Zs and ψð3686Þ → ηYð2175Þ, respec-
tively. Section VII shows the search for eþe− → η0Yð2175Þ.
Section VIII lists the estimation of the systematic uncer-
tainties. A summary of all results is given in Sec. IX.

II. BESIII DETECTOR AND DATA SAMPLES

The BESIII detector, described in detail in Ref. [23], has a
geometrical acceptance of 93% of 4πsr. A small-cell helium-
basedmain drift chamber (MDC) provides a charged particle
momentum resolution of 0.5% at 1 GeV=c in a 1 Tmagnetic
field and supplies specific ionization energy loss (dE=dx)
measurements with a resolution better than 6% for electrons
from Bhabha scattering. The electromagnetic calorimeter
(EMC) measures photon energies with a resolution of
2.5% (5%) at 1.0 GeV in the barrel (end caps). Particle

identification (PID) is provided by a time-of-flight system
(TOF) with a time resolution of 80 ps (110 ps) for the barrel
(end caps). The muon system, located in the iron flux
return yoke of the magnet, provides 2 cm position resolution
and detects muon tracks with momentum greater than
0.5 GeV=c.
The data used in this analysis are listed in Table I, where

the data sample at
ffiffiffi
s

p ¼ 3.686 GeV corresponds to the
ψð3686Þ data sample of ð448.1� 2.9Þ × 106 events in total
and contains two subsamples of ð107.0� 0.8Þ × 106 and
ð341.1� 2.1Þ × 106 [24] events collected in 2009 and
2012, respectively. The data at the other energies were
taken during 2009 and 2015.
The GEANT4-based [25] Monte Carlo (MC) simulation

software BOOST [26] includes the geometric description of
the BESIII detector and a simulation of the detector
response. It is used to optimize the event selection criteria,
estimate backgrounds and evaluate the reconstruction
efficiency. For each energy point, signal MC samples of
eþe− → ηYð2175Þ with Yð2175Þ → ϕf0ð980Þ → ϕπþπ−,
ϕ → KþK− and η → γγ are generated, and ηYð2175Þ is
generated with an angular distribution of 1þ cos2θ where θ
is the polar angle in the eþe− c.m. frame. For the decays of
intermediate states, both the Yð2175Þ → ϕf0ð980Þ and η →
γγ are generated evenly in phase space, and the ϕ → KþK−

is generated using the VSS model in EVTGEN [27,28],
which describes the two-body decays of a vector particle
to two pseudoscalar ones. The resonance parameters of the
Yð2175Þ are taken from the measurement in this analysis,
and the f0ð980Þ is parametrized with the Flatté formula
[29], with parameters determined from the BESII meas-
urement [30]. The ISR is simulated with KKMC [31], and
the final state radiation (FSR) is handled with PHOTOS [32].
The process eþe− → η0Yð2175Þ is simulated at each energy
point with a similar procedure, and the decay η0 → γπþπ−

is generated as η0 → γρ0 with ρ0 → πþπ− [33].

TABLE I. Summary of the data samples and the cross section measurements of eþe− → ηYð2175Þ →
ηϕf0ð980Þ → ηϕπþπ−. Here

ffiffiffi
s

p
is the c.m. energy, Lint is the integrated luminosity, Nobs is the number of

observed signal events from the simultaneous fit described in the text, ð1þ δÞ · ϵ (as described in Sec. IV) is the
product of the ISR correction factor and signal reconstruction efficiency. The correction factors of vacuum
polarization, 1þ δvac (as described in Sec. IV), are listed except for

ffiffiffi
s

p ¼ 3.686 GeV since the contribution of
vacuum polarization is included in the parameters of the ψð3686Þ. Born cross sections σB are listed with statistical
(first) and systematic (second) uncertainties. The last column is the corresponding statistical significance for each
data sample.

ffiffiffi
s

p
(GeV) Lint (pb−1) Nobs ð1þ δÞ · ϵ 1þ δvac σB (pb) Significance

3.686 666 19.0� 9.0 0.0861 � � � 1.72� 0.82� 1.00 1.5σ
3.773 2917 47.4� 9.1 0.0865 1.057 0.93� 0.18� 0.15 6.2σ
4.008 482 3.8� 2.6 0.0976 1.044 0.40� 0.27� 0.34 1.0σ
4.226 1092 12.3� 4.1 0.1052 1.056 0.53� 0.17� 0.05 3.8σ
4.258 826 11.6� 3.7 0.1067 1.054 0.65� 0.21� 0.08 4.2σ
4.358 540 6.4� 2.7 0.1113 1.051 0.53� 0.22� 0.07 2.9σ
4.416 1029 10.8� 4.1 0.1135 1.053 0.46� 0.17� 0.21 3.2σ
4.600 567 2.7� 1.9 0.1164 1.055 0.20� 0.14� 0.02 1.5σ
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For background studies, two inclusive MC samples of
eþe− annihilation processes with the integrated luminos-
ities equivalent to those of data are generated at

ffiffiffi
s

p ¼
3.686 and 3.773 GeV. The physics processes should be
similar at the other energy points. In these samples the
ψð3686Þ and ψð3770Þ are allowed to decay generically,
with the main known decay channels being generated using
EVTGEN [27] with branching fractions set to the world
average values [1]. The remaining events associated with
charmonium decays are generated with LUNDCHARM [34]
while continuum hadronic events are generated with
PYTHIA [35]. For the QED events, eþe− → τþτ− is gen-
erated with KKMC [31], the two-photon process is generated
with TWOGAM [36] and other events are generated with
BABAYAGA [37].

III. EVENT SELECTIONS

For the study of eþe− → ηYð2175Þ, we expect four
charged particles with zero net charge and two photons in
the final state.
Each charged track is required to have its point of closest

approach to the beamline within 1 cm in the radial direction
and within 10 cm from the interaction point along the beam
direction, and to lie within the polar angle coverage of
the MDC, j cos θj < 0.93 in the laboratory frame. PID for
charged tracks is based on combining the dE=dx and TOF
information. The PID confidence levels, ProbPIDðiÞ, are
calculated for each charged track for each particle hypoth-
esis i of pion and kaon. If ProbPIDðKÞ is larger than
ProbPIDðπÞ and ProbPIDðKÞ is larger than 0.001, the track
is regarded as a kaon; otherwise it is taken as a pion. Two
identified kaon and pion candidate pairs with opposite
charges are required.
Photons are reconstructed from showers in the EMC

which are isolated from charged tracks by at least
10 degrees. A good photon candidate is required to have
an energy of at least 25 MeV in the barrel (j cos θj < 0.80)
or 50 MeV in the end caps (0.86 < j cos θj < 0.92). In
order to suppress electronic noise and energy deposits
unrelated to the event, the EMC time t of the photon
candidate must be in coincidence with the event start time

in the range 0 ≤ t ≤ 700 ns. The η candidate is recon-
structed using the two most energetic photons.
A four-constraint (4C) kinematic fit, which constrains

the sum of the four-momentum of all particles in the
final state to be that of the initial eþe− system, is
performed for the γγπþπ−KþK− system to get a better
resolution and background suppression. The χ2 of the
kinematic fit is shown in Fig. 1(a) and is required to be
less than 60.
After all the above selection criteria are applied, we use

mass windows around the η and ϕ, numerically ½0.513;
0.578� GeV=c2 in the γγ invariant mass and ½1.009;
1.031� GeV=c2 in the KþK− invariant mass, respectively,
to select signal events. The πþπ− system in Yð2175Þ →
ϕπþπ− decays tends to have JPC ¼ 0þþ and is dominated
by f0ð980Þ. Figure 2 shows the scatter plot of πþπ− versus
ϕπþπ− invariant masses for the sum of the data samples
with

ffiffiffi
s

p
> 3.7 GeV. A clear cluster corresponding to the

Yð2175Þ → ϕf0ð980Þ events is clearly visible. Only events
in the mass window of the f0ð980Þ (½0.868; 1.089� GeV=c2
in the πþπ− invariant mass) are used for the cross section
measurement. The mass windows used above are defined
as [μ − 1.5 ·W, μþ 1.5 ·W], where μ and W are the mean
value and full width at half maximum (FWHM), respec-
tively, of the invariant mass distributions of the signal
MC simulation. Analogously, the corresponding sideband
regions are defined as [μ − 5 ·W, μ − 2 ·W] and [μþ 2·
W, μþ 5 ·W], which are twice as wide as the signal region.
Figure 1 shows the invariant mass distributions of γγ (b),
πþπ− (c) and KþK− (d) for the data sample and the
inclusive and signal MC simulation samples taken or
generated at

ffiffiffi
s

p ¼ 3.773 GeV. Here all the event selections
are applied except the one on the plotted variable.
The invariant mass distributions of ϕf0ð980Þ for the

seven data samples with
ffiffiffi
s

p
> 3.7 GeV are shown indi-

vidually in Fig. 3. We leave the analysis of the data sample
at

ffiffiffi
s

p ¼ 3.686 GeV to Sec. VI and focus on energy points
with

ffiffiffi
s

p
> 3.7 GeV here. The Yð2175Þ signal can be

observed over a smooth background level, especially for
the data sample at

ffiffiffi
s

p ¼ 3.773 GeV, where the integrated
luminosity is the largest. The invariant mass distribution of
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FIG. 1. The distributions of χ2 from 4C kinematic fit (a), invariant masses of γγ (b), πþπ− (c) and KþK− (d) for the data samples
(points), the inclusive (green hatch) and the signal (red line) MC simulation samples taken or generated at

ffiffiffi
s

p ¼ 3.773 GeV. The
discrepancies between data and MC simulation come from the non-Yð2175Þ processes described in the text.
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ϕf0ð980Þ summing over the seven data samples with
ffiffiffi
s

p
>

3.7 GeV is also shown in Fig. 3.
The inclusive MC sample at

ffiffiffi
s

p ¼ 3.773 GeV is used to
check for possible backgrounds. No peaking background is
found and the main background is the non-Yð2175Þ process
eþe− → ηKþK−πþπ−, including both the ηϕπþπ− and
ηKþK−f0ð980Þ processes. There are almost no other
backgrounds around the Yð2175Þ peak area. Exclusive
MC samples of the non-Yð2175Þ processes are generated
with 100,000 events at each c.m. energy, and the shapes are
used to describe the background in the fit to the invariant
mass distributions. Events in the sideband regions of the
f0ð980Þ and ϕ from data are used to check for the presence
of peaking background, and the corresponding distributions
are shown in Fig. 3.

IV. SIGNAL YIELDS AND BORN CROSS
SECTIONS

We use an unbinned maximum likelihood method to fit
the ϕf0ð980Þ invariant mass spectra in order to extract the
yields of signal events and the Yð2175Þ resonance param-
eters. A simultaneous fit is applied to all the data samples
with

ffiffiffi
s

p
> 3.7 GeV. The same functional form, a modified

Breit-Wigner function convolved with a resolution func-
tion, is used to describe the signal at different energy points,
which is

����� MΓ
M2 −m2 − iMΓ

����
2

·
ΦðmÞ
ΦðMÞ · ϵðmÞ

�
⊗ Gðm; 0; σÞ; ð1Þ

where M and Γ are the mass and decay width of the
Yð2175Þ, respectively; G is a Gaussian function with a
mean fixed to zero and a standard deviation σ to describe
the mass resolution; m is the invariant mass of ϕf0ð980Þ;
ϵðmÞ is the mass-dependent efficiency determined from
MC simulation. The term ΦðmÞ ¼ ðjpjffiffisp Þ3 is the two-body
phase space factor for a P-wave system, where p is the
momentum of Yð2175Þ in the eþe− rest frame. The
background shape is taken from a MC simulation of the
non-Yð2175Þ process.
Figure 3 shows the projections of the simultaneous fit and

their sum.Themass andwidth of theYð2175Þ are determined
to be ð2135� 8Þ MeV=c2 and ð104� 24Þ MeV, respec-
tively, where the uncertainties are statistical only. The joint
statistical significance of the Yð2175Þ signal is estimated to
be larger than 10σ by comparing the log-likelihood values
with and without the Yð2175Þ signal included in the fit and
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FIG. 2. Scatter plot of πþπ− versus ϕπþπ− invariant masses for
the sum of data samples with

ffiffiffi
s

p
> 3.7 GeV.
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FIG. 3. Invariant mass distributions of ϕf0ð980Þ and the projections of the simultaneous fit described in the text (solid curve) at the
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error bars indicate the bin width. The red dotted curves represent the Breit-Wigner functions for the signal and the blue dashed curves
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histograms represent the normalized events from the f0ð980Þ and ϕ mass sideband regions.
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considering the change of the number of degrees of freedom.
For each data sample, the statistical significance is estimated
separately by fitting with and without the Yð2175Þ signal
included while the resonance parameters of the Yð2175Þ are
fixed to the values of the simultaneous fit. The numbers of
signal events and the statistical significances are listed in
Table I.
The Born cross section σB of eþe− → ηYð2175Þ →

ηϕf0ð980Þ → ηϕπþπ− is calculated using

σB ¼ σobs

ð1þ δÞð1þ δvacÞ ¼
Nobs

LintBϵð1þ δÞð1þ δvacÞ ; ð2Þ

where σobs is the observed cross section including the
branching fraction BðYð2175Þ → ϕf0ð980Þ → ϕπþπ−Þ;
Nobs is the number of signal events; Lint is the integrated
luminosity; B is the product of branching fractions of η →
γγ and ϕ → KþK−; ϵ is the reconstruction efficiency; and
(1þ δ) is the ISR correction factor, including ISR, eþe−

self-energy and initial vertex corrections. The vacuum
polarization factor ð1þ δvacÞ, including leptonic and had-
ronic contributions, is taken from Ref. [38].
The vector-pseudoscalar (VP) processes eþe− → VP are

predicted to have Born cross sections that vary as 1=sn [39]
in the absence of contributions from charmonium(like)
resonances. Here n is a parameter describing the energy-
dependent form factor of eþe− → VP. In calculating the
ISR correction factors [40], the Born cross section of
eþe− → ηYð2175Þ from threshold to the c.m. energy under
study is needed as input. We assume that the ηYð2175Þ
comes from a QED process without the contribution from
any charmonium(like) resonances, and the cross section is
parametrized as

σðsÞ ∝ 1

sn
: ð3Þ

Here n is obtained from a fit to the measured Born cross
sections in this analysis. We use an iterative procedure to
measure the Born cross sections and determine the ISR
correction factors together with the efficiencies.
The resultant Born cross sections and all the numbers

used in the calculation are listed in Table I and shown in
Fig. 4. The fit to the final Born cross sections with Eq. (3)
results in n ¼ 2.65� 0.86, as shown in Fig. 4, and the
goodness of fit is χ2=ndf ¼ 2.52=5.

V. SEARCH FOR Zs STATES

Since we have observed a distinct Yð2175Þ signal,
possible charged Zs states in the ϕπ� invariant mass
spectrum can be searched for in the Yð2175Þ decays. In
the cross section measurement, the candidate events are
required to be within the f0ð980Þmass window to suppress
the background. This requirement is released to include the
non-f0ð980Þ decay of Yð2175Þ in the search for the Zs
states. The events in the Yð2175Þ signal region,
½1.989; 2.272� GeV=c2 in the ϕπþπ− invariant mass, are
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FIG. 4. Distribution of the Born cross sections for eþe− →
ηYð2175Þ. The red triangle represents the data at 3.686 GeV and
black dots represent the other data samples. The solid green curve
shows the fit result from data samples with

ffiffiffi
s

p
> 3.7 GeV using

the shape of Eq. (3) and the red dashed curve shows the
contribution from ψð3686Þ as described in Sec. VI.

FIG. 5. Dalitz plot (left) and projection on Mðϕπ�Þ (right) of Yð2175Þ → ϕπþπ− events for the sum of all data samples at
ffiffiffi
s

p
>

3.7 GeV (two entries per event). The green histogram in the right plot shows the same distribution for the normalized exclusive MC
samples of the non-Zs process.
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selected and the Dalitz plot of Yð2175Þ → ϕπþπ− events for
the sum of data samples at

ffiffiffi
s

p
> 3.7 GeV is shown in Fig. 5

(left). A clear f0ð980Þ band in the horizontal direction is
observed which dominates the Yð2175Þ → ϕπþπ− decays.
Figure 5 (right) shows the projection on the ϕπ� invariant
mass, Mðϕπ�Þ, for data and MC simulations of the non-Zs
process, which covers all the energy points and is normalized
according to the luminosity and the fit result in Fig. 4; no
obvious structure for data is observed.
From the theoretical calculation [20], which assumes

that the Zs states are KK̄� and K�K̄� molecular states, the
masses of Zs states are expected at around 1.4 and
1.7 GeV=c2, respectively. No significant vertical bands
can be seen at the expected positions. We do not give
quantitative results on the Zs production due to the limited
statistics and the poorly defined masses and widths of these
states.
It is worth noting that the Yð2175Þ signal produced in

eþe− → ηYð2175Þ at
ffiffiffi
s

p
> 3.7 GeV has a much lower

background level compared with those in the other two
known production processes, i.e., eþe− annihilation around
the Yð2175Þ peak [2,3,6] and J=ψ → ηYð2175Þ [4,5],
though the signal yield is not comparable to the latter
two processes at BESIII. With more data accumulated atffiffiffi
s

p
> 3.7 GeV, the Zs states could be searched for with

high sensitivity via eþe− → ηYð2175Þ.

VI. SEARCH FOR ψð3686Þ → ηYð2175Þ
With the same selections as those described in Sec. III,

the ϕf0ð980Þ invariant mass distribution at
ffiffiffi
s

p ¼
3.686 GeV is shown in Fig. 6. In contrast to the distribu-
tions at

ffiffiffi
s

p
> 3.7 GeV, no significant Yð2175Þ signal is

observed. Given the difference in integrated luminosities,

the background level is much higher than that at other
energies, indicating that ψð3686Þ decays are the main
background.
The inclusive MC sample at

ffiffiffi
s

p ¼ 3.686 GeV is used to
check for possible backgrounds. No peaking background is
found and the main background is the non-Yð2175Þ process
ψð3686Þ → ηKþK−πþπ− (as well as a small fraction of
eþe− → ηKþK−πþπ− through continuum production),
including both the ηϕπþπ− and ηKþK−f0ð980Þ processes,
and there are no other kinds of background around the
Yð2175Þ peak area. Exclusive MC samples of non-Yð2175Þ
processes from ψð3686Þ decays are generated with the
same procedure described in Sec. III, and the shapes used to
describe the background in the fit of the invariant mass
distribution are as in the analysis of data samples atffiffiffi
s

p
> 3.7 GeV.

The same fit functional forms for signal and background
as in the fit to the data samples at

ffiffiffi
s

p
> 3.7 GeV (Sec. IV)

are used to determine the signal yield of Yð2175Þ. Since the
signal yield of Yð2175Þ is very small, we fix the mass and
width of the Yð2175Þ to the values obtained in the fit to the
data samples at

ffiffiffi
s

p
> 3.7 GeV. The fit returns 19.0� 9.0

events of Yð2175Þ signal with a statistical significance of
1.5σ, and the fit curve is shown in Fig. 6. The Born cross
section and the numbers used to calculate it are listed in
Table I. The obtained Born cross section is consistent with
the extrapolation of the cross section variation fitted to
those at

ffiffiffi
s

p
> 3.7 GeV, which is the green curve in Fig. 4,

within the large uncertainty. This consistency indicates that
the Yð2175Þ production at

ffiffiffi
s

p ¼ 3.686 GeV is dominated
by the QED continuum process since it is the only process
considered in the cross section variation [Eq. (3)].
As the process J=ψ → ηYð2175Þ has been observed

[4,5], we expect the production of ψð3686Þ → ηYð2175Þ to
occur as well, although there is no guideline for a prediction
of the decay branching fraction. As described in Sec. IV,
the obtained Born cross sections for the data samples atffiffiffi
s

p
> 3.7 GeV are fitted based on an assumption that no

charmonium(like) resonances above the open-charm
threshold contribute to this decay. Hence the extrapolation
from the fit result, which is shown as the green curve in
Fig. 4, is used to estimate the contribution from the QED
continuum process at

ffiffiffi
s

p ¼ 3.686 GeV. After subtracting
the contribution from the QED process (assuming there is
no interference between the resonance and QED processes
[41]), we obtain the product σðeþe− → ψð3686ÞÞ ·
Bðψð3686Þ → ηYð2175Þ → ηϕf0ð980Þ → ηϕπþπ−Þ to be
ð0.68� 0.82) pb with the number of signal events esti-
mated to be 7.5� 9.0, where the errors are statistical only.
The corresponding contribution of ψð3686Þ in the cross
section is parametrized as a Breit-Wigner function con-
volved with a Gaussian function which represents the beam
energy spread, and it is shown as the red dashed curve in
Fig. 4. The efficiency, 10.7%, is obtained from an exclusive
MC simulation of ψð3686Þ → ηYð2175Þ → γγπþπ−KþK−.
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FIG. 6. Invariant mass distribution of ϕf0ð980Þ at
ffiffiffi
s

p ¼
3.686 GeV and the fit result (solid curve). The dots with error
bars are data and the horizontal error bars indicate the bin width.
The red dashed curve represents the Breit-Wigner function for the
signal and the blue dashed curve represents the background
contribution, which is modeled by the MC simulation for the non-
Yð2175Þ background. The red and green histograms represent the
events from the f0ð980Þ and ϕ mass sideband regions.
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Using the total number of produced ψð3686Þ events
(ð448.1� 2.9Þ × 106) [24], we obtain Bðψð3686Þ →
ηYð2175ÞÞ · BðYð2175Þ → ϕf0ð980Þ → ϕπþπ−Þ to be
ð0.81� 0.97Þ × 10−6, or less than 2.2 × 10−6 at the
90% confidence level (C.L.), where the systematic uncer-
tainty, which will be detailed later, has been included. The
Bayesian method, as described in Ref. [42], is used to
estimate the upper limit.
Using BðJ=ψ→ηYð2175ÞÞ ·BðYð2175Þ→ϕf0ð980Þ→

ϕπþπ−Þ¼ð1.20�0.14ðstatÞ�0.37ðsystÞÞ×10−4 from the
previous BESIII’s measurement [5], the ratio of the reduced
branching fractions B�ðψð3686Þ → ηYð2175ÞÞ=B�ðJ=ψ →
ηYð2175ÞÞ is found to be ð0.23� 0.29Þ% after considering
the two-body P-wave phase space difference between
ψð3686Þ and J=ψ decays, or less than 0.65% at the
90% C.L. after considering the uncertainty of BðJ=ψ →
ηYð2175ÞÞ. Here the uncertainty is statistical only.

VII. SEARCH FOR e + e − → η0Yð2175Þ
In the search for eþe− → η0Yð2175Þ, we use the same

final state to reconstruct the Yð2175Þ as in the eþe− →
ηYð2175Þ case, and we use the decay mode γπþπ− to
reconstruct the η0. The event selection therefore requires
four charged pions and two charged kaons and at least one
photon. To classify these particles, we first use PID to
separate kaons from pions, and utilize the kinematic fit to
the final state particles to identify the πþπ− combination
from the η0 decays, constraining the γπþπ− invariant mass
to be the nominal η0 mass [1]. We loop over all the πþπ−

combinations, and the one with the smallest χ2 is retained.
In order to use the information of the η0 sideband for further
study, the η0 mass constraint is released after the πþπ− from
η0 decays is identified and the χ2 of the kinematic fit is
required to be less than 60. The mass window of η0

(½0.943; 0.971� GeV=c2 in the γπþπ− invariant mass) as
well as those of f0ð980Þ and ϕ, defined in Sec. III, are used
to select the signal events.
After all the above event selections are applied, the

distribution of the ϕf0ð980Þ invariant mass, Mðϕf0ð980ÞÞ,
for the sum of data samples at

ffiffiffi
s

p
> 3.7 GeV is shown in

Fig. 7. The data sample at
ffiffiffi
s

p ¼ 3.686 GeV is not used due
to the low integrated luminosity and the relatively high
background level. Also shown in Fig. 7 are the distributions
of the events in the η0, f0ð980Þ and ϕ sideband regions as
defined in Sec. III. There are only a few events at
Mðϕf0ð980ÞÞ around 2.1 GeV=c2 and no significant
Yð2175Þ or any other structure is observed. Events from
the sidebands can describe the events in the signal region
reasonably well. The inclusive MC sample at

ffiffiffi
s

p ¼
3.773 GeV is used to check the background and no peaking
background is found.
The Bayesian method described in Ref. [42] is used to

set an upper limit. We use the eþe− → η0Yð2175Þ signal
MC simulation described in Sec. II for the signal shape and

a second-order polynomial function for the background
shape. An upper limit of 27.6 events is obtained at the
90% C.L. after considering the systematic uncertainties.
The upper limit on the ratio R ¼ ση0Yð2175Þ=σηYð2175Þ,

where ση0Yð2175Þ and σηYð2175Þ are the cross sections of
eþe− → η0Yð2175Þ and ηYð2175Þ processes, respectively,
is determined by assuming this ratio is the same at different
c.m. energy points, that is,

R ¼
Nobs

η0Yð2175Þ
Nobs

ηYð2175Þ
·
Bη

Bη0

·

P
iσ

i
ηYð2175Þ · L

i
int · ϵ

i
ηYð2175Þ · ð1þ δÞi · ð1þ δvacÞiP

jσ
j
ηYð2175Þ · L

j
int · ϵ

j
η0Yð2175Þ · ð1þ δÞj · ð1þ δvacÞj :

ð4Þ
HereNobs is the number of observed ηYð2175Þ (95.0� 12.1)
or η0Yð2175Þ events from the sum of the seven data samples

at
ffiffiffi
s

p
> 3.7 GeV; σiðjÞηYð2175Þ and LiðjÞ

int are the Born cross

section for eþe− → ηYð2175Þ as shown in Eq. (2) and the
integrated luminosity for the iðjÞth data sample; and ϵηYð2175Þ
and ϵη0Yð2175Þ are the signal reconstruction efficiencies for the
eþe− → ηYð2175Þ and η0Yð2175Þ processes, respectively,
obtained from the signal MC simulation samples. These
numbers are listed in Table I. Also, Bη and Bη0 are the
branching fractions of η → γγ and η0 → γπþπ− [1], respec-
tively. With the numbers obtained above, the upper limit on
the ratioR is estimated to be 0.43 at the 90% C.L., where the
systematic uncertainties, which will be detailed later, are
included.

VIII. SYSTEMATIC UNCERTAINTIES

A. Cross section measurement of e+ e − → ηYð2175Þ
Systematic uncertainties for the cross section measure-

ment of eþe− → ηYð2175Þ are summarized in Table II and
are discussed below.
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FIG. 7. Distribution of ϕf0ð980Þ invariant mass,Mðϕf0ð980ÞÞ,
for the sum of data samples at
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p
> 3.7 GeV. The red, blue and

yellow histograms are the events in the sideband regions of
f0ð980Þ, η0 and ϕ, respectively.
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The luminosity is measured using large-angle Bhabha
scattering with an uncertainty less than 1.0% [22]. The
difference between data and MC simulation in the tracking
efficiency is evaluated to be 1.0% per track, and that in the
PID efficiency is 1.0% per track [42]. The uncertainty in the
reconstruction efficiency for a photon is determined to be
less than 1.0% by studying a sample of J=ψ → ρπ →
πþπ−π0 events, and the energy and polar angle of the
photon from η or η0 in this analysis can be well covered by
that of the photon from the π0.
The branching fractions of the η and ϕ decays are taken

from the world average values [1], and the corresponding
uncertainties are taken as a systematic uncertainty. For the η
and ϕ mass windows, the mass regions are taken to be
�1.5 · FWHM from the nominal masses [1]; the efficiency
difference due to any mass resolution difference between
data and MC simulation is very small and can be neglected
compared to other sources of uncertainties.
Since statistics are limited, the line shape of eþe− →

ηYð2175Þ cannot be measured precisely. We assume there
is no contribution from charmonium(like) states at

ffiffiffi
s

p
>

3.7 GeV and parametrize the line shape to be proportional
to 1=sn. While we take the mean value of n from a fit to the
data with an iterative process, we vary n by one standard
deviation and regenerate MC samples. The difference in
ð1þ δÞ · ϵ is taken as a systematic uncertainty.
We use the method described in Refs. [43,44] to estimate

the uncertainties introduced by the kinematic fit. The helix
parameters of the tracks in the MC sample have been
corrected empirically to best match the data. The corrected
MC sample is used for the nominal results, and many other
analyses have shown that there is good agreement between
data and the corrected samples. We assign half the differ-
ence between the results obtained with and without these
corrections as the systematic uncertainty on the cross
sections. This uncertainty is around 0.4% for all the data
samples.
In the nominal fit, the shape from simulation of the non-

Yð2175Þ process eþe− → ηKþK−πþπ− is taken to describe

the background. We change the shape of the background to
be a second order polynomial function for data with

ffiffiffi
s

p
>

3.7 GeV and to a shape from the inclusive MC sample for
the data at

ffiffiffi
s

p ¼ 3.686 GeV, and we take the difference in
signal yields as the systematic uncertainties due to back-
ground shape. The uncertainty due to signal parametriza-
tion is obtained by altering the signal shape into an S-wave
Breit-Wigner function with a mass-dependent width since
Yð2175Þ has JPC ¼ 1−− and it is expected to decay to
ϕf0ð980Þ in a relative S-wave. It is found to be negligible
compared with that from the background shape. The
systematic uncertainty associated with the fit range is
studied by changing the fit range by 100 MeV=c2. The
resultant value is 0.5% only and is neglected.
The Flatté formula [29] is used to model the f0ð980Þ line

shape in MC generation, where the parameters of f0ð980Þ
are taken from the BESII measurement [30]. To estimate
the corresponding systematic uncertainty, we vary the
parameters by one standard deviation from the central
values and the resultant difference in efficiency is taken as
the systematic uncertainty.
Assuming all the sources of uncertainty are independent,

the total uncertainty is obtained by summing all the
individual uncertainties in quadrature, and it is summarized
in Table II.

B. Mass and width of the Yð2175Þ
The systematic uncertainties for the mass and width of

the Yð2175Þ include those from the mass calibration, signal
shape of the Yð2175Þ, background shape and c.m. energy.
A kinematic fit is performed with energy-momentum

conservation, so we can use the mass of η to calibrate the
mass of the Yð2175Þ. A simultaneous fit is performed on γγ
invariant mass distributions for all the data samples. The
difference between the fitted mass and the nominal mass
[1], 2.1 MeV=c2, is taken as the systematic uncertainty.
An S-wave Breit-Winger function with mass-dependent

width, the same as the function described in Sec. VIII A, is
used to parametrize the Yð2175Þ shape in the fit, yielding a

TABLE II. Summary of systematic uncertainties (%) in eþe− → ηYð2175Þ cross section measurements for data
samples at 8 different c.m. energies.

Source/
ffiffiffi
s

p
(GeV) 3.686 3.773 4.008 4.226 4.258 4.358 4.416 4.600

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tracking efficiency 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Photon reconstruction efficiency 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
PID efficiency 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Branching fraction 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Radiative correction 2.6 4.2 2.4 6.5 5.1 2.7 2.6 3.7
Kinematic fit 0.4 0.3 0.4 0.4 0.4 0.4 0.4 0.6
Background shape 57.6 14.7 84.3 4.8 9.2 11.4 45.9 5.5
Parametrization of f0ð980Þ 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Total 58.0 16.2 84.5 9.9 12.1 13.2 46.4 8.7
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mass difference of 2.5 MeV=c2 and a width difference of
1.5 MeV. The mass resolution is about 4.5 MeV=c2, which
is much smaller than the width of Yð2175Þ, and the
corresponding effect on width measurement is found to
be negligible.
In the nominal fit, we use the shape from the simulated

non-Yð2175Þ MC events to describe the background. To
study the corresponding systematic uncertainty, as described
in Sec. VIII A, we change the background shape to a second-
order polynomial function and the resultant differences in the
fitted mass and width, 8.2 MeV=c2 and 12.1 MeV, respec-
tively, are taken as systematic uncertainties.
The c.m. energy of the eþe− system also affects the

determination of the mass and width of the Yð2175Þ due to
the kinematic constraint between initial and final states. An
analysis [21] reveals that the uncertainty on the c.m. energy
of eþe− is less than 0.8 MeV. We change the c.m. energy by
�0.8 MeV in the kinematic fit and study the changes of
mass and width, which are 0.2 MeV=c2 and 0.4 MeV,
respectively.
The quadratic sum of all the above uncertainties,

8.8 MeV=c2 and 12.2 MeV for the mass and width,
respectively, is taken as the total uncertainties.

C. Branching fraction Bðψð3686Þ → ηYð2175ÞÞ ·
BðYð2175Þ → ϕf 0ð980Þ → ϕπ +π − Þ

The sources of systematic uncertainties on the product of
branching fractions Bðψð3686Þ→ηYð2175ÞÞ·BðYð2175Þ→
ϕf0ð980Þ→ϕπþπ−Þ are the same as those in the cross
section measurement. An additional uncertainty associated
with the total number of ψð3686Þ events [24], 0.65%, is
also taken into account. The systematic uncertainty due to
QED continuum background estimation is obtained by
altering one standard deviation for the parameter n of the
line shape parametrization function 1=sn, and it is found
to be negligible. The resultant systematic uncertainty for
the branching fraction product Bðψð3686Þ → ηYð2175ÞÞ ·
BðYð2175Þ → ϕf0ð980Þ → ϕπþπ−Þ is 58.0%.
The systematic uncertainty on the ratio of branching

fraction Bðψð3686Þ → ηYð2175ÞÞ=BðJ=ψ → ηYð2175ÞÞ
is assigned from the quadratic sum of the relative
systematic uncertainties of Bðψð3686Þ → ηYð2175ÞÞ
and BðJ=ψ → ηYð2175ÞÞ, since they are measured with
different data samples and different fit methods.

D. Ratio R= σðe + e− → η0Yð2175ÞÞ=
σðe+ e− → ηYð2175ÞÞ

For the ratio R, the systematic uncertainties related to the
signal shape, radiative correction, luminosity and some
selections in the Yð2175Þ reconstruction are common for
eþe− → ηYð2175Þ and η0Yð2175Þ and can be canceled.
The remaining uncertainties arise from the differences
between η and η0, i.e., decay branching fractions and
reconstruction efficiencies, where η is reconstructed from

two photons and η0 from one photon and two charged
pions. The fraction of common systematic uncertainty
introduced by the kinematic fit is hard to estimate. We
assume they are independent and add them in quadrature.
The systematic uncertainty due to the background shape,
48.7%, is obtained by varying the shape to that determined
by the events in the sideband regions of η0 and ϕ. We
assume that all the sources of systematic uncertainty are
independent and obtain the total uncertainty on R to be
50.6% by adding the statistical and systematic uncertain-
ties in quadrature. The total uncertainty is used in
calculating the upper limit of R.

IX. SUMMARY

We observe clear Yð2175Þ signals in the process eþe− →
ηYð2175Þ using data samples at

ffiffiffi
s

p ¼ 3.773, 4.008, 4.226,
4.258, 4.358, 4.416, and 4.600 GeV. In the measured c.m.-
energy-dependent Born cross sections, no obvious peaks
corresponding to decays of charmonium(like) states to the
final state ηYð2175Þ are seen. The mass and width of the
Yð2175Þ are measured to be ð2135� 8� 9Þ MeV=c2 and
ð104� 24� 12Þ MeV, respectively, where the first uncer-
tainties are statistical and the second systematic.
Comparing to the world average values [1], the obtained
parameters of the Yð2175Þ have similar precision and are
consistent considering the large uncertainties. An exami-
nation of the Dalitz plot of the Yð2175Þ → ϕπþπ− indicates
that ϕf0ð980Þ is a dominant component, and no obvious
signal of a potential charged strangeoniumlike state Z�

s →
ϕπ� is observed.
The cross section of eþe− → ηYð2175Þ varies with the

c.m. energy as 1=sn with n ¼ 2.65� 0.86, which can be
compared with measurements of other vector-pseudoscalar
final states and theoretical calculations [39,45]. The
deviation from the behavior of final states with ordinary
vector quarkonium states may reveal the nature of the
Yð2175Þ, where theoretical calculations are expected for
different assumptions of the parton configuration of the
Yð2175Þ.
No significant ψð3686Þ → ηYð2175Þ signal is observed,

and the branching fraction product Bðψð3686Þ→
ηYð2175ÞÞ·BðYð2175Þ→ϕf0ð980Þ→ϕπþπ−Þ is obtained
to be ð0.81� 0.97� 0.47Þ × 10−6, or less than 2.2 × 10−6

at the 90% C.L. The ratio of the branching fractions
B�ðψð3686Þ→ηYð2175ÞÞ=B�ðJ=ψ→ηYð2175ÞÞ is ð0.23�
0.29�0.13Þ%, or less than 0.65% at the 90% C.L., after
considering the phase space difference between ψð3686Þ
and J=ψ decays to the ηYð2175Þ final state. A large
suppression of ψð3686Þ → ηYð2175Þ with respect to the
“12% rule” [41] is observed. This is therefore another
vector-pseudoscalar channel failing the 12% rule.
With the same data samples, the process eþe− →

η0Yð2175Þ is searched for. No significant signal is
observed. We set the upper limit on the ratio of the cross
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sections σðeþe− → η0Yð2175ÞÞ=σðeþe− → ηYð2175ÞÞ to
be 0.43 at the 90% C.L.
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