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Utilizing a dataset of 6.7 fb−1 from electron-positron collisions recorded by the BESIII detector at the
BEPCII storage ring, a search is conducted for the processes eþe− → ϕχc0 and ϕηc2ð1DÞ across center-
of-mass energies from 4.47 to 4.95 GeV. In the absence of any significant signals, upper limits are set.
These include limits on the dressed cross sections for eþe− → ϕχc0, as well as the product of the dressed
cross section for eþe− → ϕηc2ð1DÞ and a sum of five branching fractions. Furthermore, the product of
the electronic width of Yð4660Þ and the branching fraction of the Yð4660Þ → ϕχc0, denoted as

ΓYð4660Þ
eþe− BYð4660Þ→ϕχc0 , is determined to be <0.35 eV at the 90% confidence level.
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I. INTRODUCTION

In the past two decades, a set of charmoniumlike states
(originally named XYZ but now referred to as Tcc̄ states)
has been observed [1]. These discoveries have enriched the
hadron spectrum significantly, and provide novel ways to
improve our knowledge of nonperturbative strong inter-
actions in the τ-charm energy region [2,3]. Among these
charmoniumlike states, the vector mesons Y with quantum
number JPC ¼ 1−−, such as the Yð4260Þ [4–6] [renamed
Yð4230Þ, due to the smaller mass measured by BESIII [7] ],
Yð4360Þ [8,9], and Yð4660Þ [9] are inconsistent with the
structures observed in the line shape of the inclusive cross
section of electron-positron annihilations into hadrons.
Moreover, the number of these charmoniumlike states
exceeds the predicted number of states in the potential
model [10,11]. So they are unlikely to be conventional cc̄
charmonium states, and are candidates for exotic states with
more complex internal structures.
The Yð4660Þ is the heaviest vector charmoniumlike state

that has been well-established experimentally. It was first
observed in the πþπ−ψð3686Þ final state by the Belle
experiment [9], then confirmed later via the channels
πþπ−ψð3686Þ [8,12], Dþ

s Ds1ð2536Þ− [13] and Λþ
c Λ−

c [14]
in the BABAR and Belle experiments. There have been many
theoreticalmodels proposed to interpret theYð4660Þ, such as
a tetra-quark (½cs�½c̄ s̄� or ½cq�½c̄ q̄�) [15–22], conventional

charmonium [23,24],molecules consisting off0ð980Þψð2SÞ,
ΛcΛ̄c, DD̄, or a light-hadron charmonium pair [25–28]
and a cc̄g hybrid [29,30]. The dynamical mechanisms
underlying these models involve the (color-screened) poten-
tial model [18], (quenched) lattice QCD [21,29], kinematic
effects [31], light-cone sum rules [32,33], final state inter-
action [34] and mass-difference analogies [35]. But none of
them is widely accepted yet by the high energy physics
community. More studies from both theoretical and exper-
imental sides are highly desired.
Recently, the BESIII collaboration measured a series of

cross sections of electron-positron annihilation into exclusive
final states, e.g., πþπ−ψð3686Þ [36], πþπ−ψ2ð3823Þ [37],
ϕχc1=2 [38], K0

SK
0
SJ=ψ [39], D�0D�−πþ [40], and Λþ

c Λ̄−
c

[41], with the data collected at center-of-mass (c.m.) energies
from 4.60 to 4.95 GeV. Except for the Λþ

c Λ̄−
c channel, these

c.m. energy-dependent cross sections either has signals of or
evidence for a structure around the Yð4660Þ resonance.
Evidence of eþe− → Yð4660Þ → ϕχc2 would indicate a
substantial strange quark component in the Yð4660Þ as
suggested by Refs. [16–18]. But no conclusion can be drawn
with the current experimental results and further results on
this final state, as well as ϕχc0, are desirable.
In this paper, we present a study of the eþe− → ϕχc0

process with 6.7 fb−1 [42,43] of data taken at c.m. energies
from 4.47 to 4.95 GeV. The energy-dependent cross sec-
tion of eþe− → ϕχc0 and the process Yð4660Þ → ϕχc0
are studied for the first time. The decays ϕ → KþK−, and
χc0→πþπ−;πþπ−π0π0;πþπ−KþK−;2ðπþπ−Þ, and 3ðπþπ−Þ
are used to reconstruct the signal events.
Using the subset of data samples with

ffiffiffi
s

p
≥ 4.84 GeV,

we also search for the long anticipated JPC ¼
2−þ ηc2ð1DÞ state in eþe− → ϕηc2ð1DÞ. Its predicted mass
ranges from 3.80 GeV=c2 to 3.88 GeV=c2 by potential
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models [24,44–49], or about 3.822 GeV=c2 based on known
masses of other 13DJ states using Mηc2ð1DÞ ≈ ð3Mψð3770Þ þ
5Mψ2ð1DÞ þ 7MXð3842ÞÞ=15 [50]. With a mass between the
DD̄ and D�D̄ thresholds, ηc2ð1DÞ lacks open-charm
decay channels. Estimated partial decay widths include
Γðηc2ð1DÞ→hcγÞ¼303 keV, Γðηc2ð1DÞ→ggÞ¼110 keV,
and Γðηc2ð1DÞ → πþπ−ηcÞ ¼ 45 keV [51]. Other predic-
tions suggest a total width of 660–810 keV, with partial width
to light hadrons of 274–392 keV [52]. While the ηc2ð1DÞ
has been sought in B meson decays [50] and radiative
transitions [53], it remains the sole unobserved conventional
charmoniumstatewithout open-charmdecays. In the search for
ηc2ð1DÞ, the same final states and analysis method as those
used for χc0 are employed.

II. BESIII DETECTOR AND MONTE CARLO

The BESIII detector records symmetric eþe− collisions
provided by the BEPCII storage ring [54] in the c.m. energy
range from 1.84 to 4.95 GeV with a peak luminosity of
1.1 × 1033 cm−2 s−1 achieved at

ffiffiffi
s

p ¼ 3.773 GeV. The
cylindrical core of the BESIII detector covers 93% of
the full solid angle and consists of a helium-based multi-
layer drift chamber (MDC), a plastic scintillator time-of-
flight system (TOF), and a CsI(Tl) electromagnetic calo-
rimeter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke with
resistive plate counter muon identification modules inter-
leaved with steel. The charged-particle momentum reso-
lution at 1 GeV=c is 0.5%, and the dE=dx resolution is 6%
for electrons from Bhabha scattering. The EMC measures
photon energies with a resolution of 2.5% (5%) at 1 GeV in
the barrel (end cap) region. The time resolution in the TOF
barrel region is 68 ps, while that in the end cap region is
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps. About 87% of the data used
here benefits from this upgrade.
Simulated data samples produced with a Geant4-based

[55] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection

efficiencies, evaluate the initial state radiation (ISR) cor-
rection factor, ð1þ δÞISR and estimate backgrounds. For
each of the signal processes eþe− → ϕχc0 and ϕηc2ð1DÞ,
50 k signal MC events are generated for each c.m.
energy (see Tables II and V) with a phase space (PHSP)
model. Subsequently, the χc0 or ηc2ð1DÞ decays into
πþπ−; πþπ−π0π0; KþK−πþπ−; 2ðπþπ−Þ; 3ðπþπ−Þ based
on PDG BFs and including known intermediate resonan-
ces, and the ϕ decays into KþK−. The simulation includes
the beam energy spread and ISR in the eþe− annihilation
modeled with the generator KKMC [56] and EVTGEN [57].
A helix-parameter correction for charged tracks is applied
during the kinematic fits to improve the consistency
between the performance of MC and data. The inclusive
MC sample includes the production of open charm proc-
esses, the ISR production of vector charmonium(like)
states, and the continuum processes incorporated in
KKMC. The inclusive MC samples are generated as 40
times in the ð4.60–4.70Þ GeV energy region and 10 times
in the ð4.74–4.95Þ GeV energy region compared with the
real data samples. The particle decays are modeled with
EVTGEN using branching fractions either taken from the
Particle Data Group [1], when available, or otherwise
estimated with LUNDCHARM [58]. Final state radiation
from charged final state particles is incorporated using
the PHOTOS package [59].

III. e + e− → ϕχ c0

A. Event selection

In order to improve the selection efficiency, two strat-
egies are applied to reconstruct the signals; full
reconstruction of the final states, and partial reconstruction
with a missing K�, π�, or π0. The partial reconstruction
method will roughly double the event selection efficiency.
The number of required particles for different χc0 decay
channels (and ϕ → KþK−) and the reconstruction methods
are listed in Table I.
The charged tracks detected in the MDC are required to

be within an angular range of j cos θj < 0.93, where θ is the
polar angle between the charged track and the symmetry
axis of the MDC. The distance of the closest approach to
the interaction point must be less than 10 cm along the

TABLE I. Required numbers of daughter particles for different reconstruction methods in the five χc0 decay
channels, with ϕ → KþK− always.

Full Miss K� Miss π� Miss π0

χc0 decay K� π� π0 K� π� π0 K� π� π0 K� π� π0

πþπ− 2 2 0 1 2 0 2 1 0 � � � � � � � � �
πþπ−π0π0 2 2 2 1 2 2 2 1 2 2 2 1
KþK−πþπ− 4 2 0 3 2 0 4 1 0 � � � � � � � � �
2ðπþπ−Þ 2 4 0 1 4 0 2 3 0 � � � � � � � � �
3ðπþπ−Þ 2 6 0 1 6 0 2 5 0 � � � � � � � � �
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beam direction, and 1 cm in the transverse plane. The
particle identification (PID) of the charged tracks are
determined by probabilities PðK;π;…Þ, which are calculated
by combining the ionization energy loss (dE=dx) informa-
tion from the MDC and the time-of-flight information.
A track satisfying PK > Pπ and PK > 0.001 is identified
as a kaon candidate. Similarly, a charged track satisfying
Pπ > PK and Pπ > 0.001 is identified as a pion candidate.
In the χc0 → πþπ−KþK− channel, there are four charged
kaons in the final state. The kaon pair (KþK−) formed from
the highest momentum kaons is assumed to come from the
χc0 decay, while the other kaon pair is assumed to come
from the ϕ decay. This assignment is based on the fact that
both of ϕ and χc0 are nearly at rest, so the kaons from the ϕ
decay are slower. No similar ambiguity exists in other
channels.
The photon candidates are reconstructed from showers

deposited in the EMC. The deposited energy of each
shower is required to be larger than 25 MeV in the barrel
region, j cos θj < 0.80, and larger than 50 MeV in the end
cap regions, 0.86 < j cos θj < 0.92. 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. The number of photons is required
to be Nγ < 8 for the χc0 → πþπ−π0π0 mode, and Nγ < 4

for all other χc0 decay modes. To reconstruct π0 candidates,
we test all possible photon-pair combinations by means of a
one-constraint (1C) kinematic fit, in which the invariant
mass of the photon pair is constrained to the nominal π0

mass. Only π0 candidates passing the 1C kinematic fit
with a χ21C < 200 are considered. If more candidates than
required for a given mode survive, then those with the
lowest χ2 are selected.
For full-reconstruction modes, the numbers of π and K

must be exactly as listed in Table I. A four-constraint (4C)
kinematic fit is performed imposing four-momentum con-
servation on the final state. The signal regions of ϕ and χc0
are set as 1.007 ≤ Mϕ ≤ 1.031 GeV=c2 and 3.39 ≤ Mχc0 ≤
3.44 GeV=c2, respectively, as shown in Fig. 1. Here and
after, the corresponding signal regions are defined only for

optimizing the event selection. And the Mϕ indicates the
invariant mass of KþK− from the ϕ decay and Mχc0
indicates the invariant mass of the candidate χc0 decay
products. The kinematic fit χ2 is required to be less than
40 according to the optimization by the figure-of-merit,
FOM ¼ S=ðα=2þ ffiffiffiffi

B
p Þ [60], where α represents the

expected significance and is set α ¼ 3 here. S and B
represent the numbers of signal and background events,
obtained via the signal and inclusive MC samples,
respectively.
For the partial reconstruction mode, the numbers of

required particles are listed in Table I. The net charge is
required to be ∓1 for the methods with one K� or π�

missing, and zero for the method with one π0 missing.
Event selection criteria are different among the three
cases. For modes with a missing π0, a 1C kinematic fit
is performed by constraining the recoil mass of the
KþK−πþπ−π0 system to the π0 nominal mass. The signal
regions of ϕ and χc0 are defined as 1.007 ≤ Mϕ ≤
1.031 GeV=c2 and 3.39 ≤ RMϕ ≤ 3.44 GeV=c2, where

RMϕ stands for the recoil mass RMϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
tot − p2

ϕ

q
; here,

ptot and pϕ are the four-momenta of the total system and the
meson ϕ, respectively. We require the kinematic fit χ2 < 6.
For the modes with a missing K�, a 1C kinematic fit is
performed by constraining the recoil mass of the ϕπþπ−K�

or K�χc0 to the nominal kaon mass. If the missing kaon
is from the ϕ decay, the ϕ mass window is defined as
1.002 ≤ RMχc0 ≤ 1.038 GeV=c2, otherwise it is 1.007 ≤
Mϕ ≤ 1.031 GeV=c2. The χc0 mass window is defined as
3.39 ≤ Mχc0 (or RMϕ) ≤ 3.44 GeV=c2 in both cases. The
kinematic fit must have χ2 < 5 if the missing kaon is from
the ϕ decay; otherwise, χ2 < 45 is required. For modes
with one missing π�, a 1C kinematic fit is performed by
constraining the RMπ to the charged pion nominal mass.
The signal regions of ϕ and χc0 are defined as 1.007 ≤
Mϕ ≤ 1.031 GeV=c2 and 3.39 ≤ RMϕ ≤ 3.44 GeV=c2,
respectively (as shown in the dashed box in Fig. 1).
The corresponding kinematic fit requirement is χ2 < 30.
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FIG. 1. Distributions of Mχc0 versus Mϕ for signal MC and inclusive MC at the c.m. energy of 4.68 GeV, and data, summed over all
energy points. Both full and partially reconstructed events are presented. In this context,Mϕ refers to either the invariant mass of KþK−

or the recoil mass of the Mχc0 , and analogously for Mχc0. The dashed boxes indicate the signal regions (though the ϕ region is slightly
wider for partial reconstruction missing a K� from the ϕ decay).
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All such χ2 requirements have been optimized similarly to
the full reconstruction mode requirement discussed earlier.
Figure 1 shows the distributions of Mχc0 versus Mϕ for

signal MC, inclusive MC, and data over all decay modes
and all reconstruction modes. For signal MC and inclusive
MC, since the distributions are similar at each energy
point, only the sample from 4.68 GeV is presented as an
example; for data, a sum of samples over all energy points
is presented to enhance the statistics. The distribution of
inclusive MC is similar to that of data. According to the
studies of the inclusive MC, the main background events
are the continuum processes with multiple kaons and pions
in the final state and the open-charm processes. No obvious
signal is observed in data.

B. Cross section

The signal yield is extracted by performing a two-
dimensional (2D) unbinned maximum-likelihood fit to
the distributions of Mϕ versus Mχc0 . In this fit, the signal
shape is derived from the signal MC, and the background
shape is derived by a 2D 2nd-order polynomial func-
tion and a shape extracted from a mix of MC samples
eþe− → ϕX, where X includes final states πþπ−,
πþπ−π0π0, πþπ−KþK−, KþK−KþK−, 2ðπþπ−Þ, and
3ðπþπ−Þ without any intermediate resonances. The pro-
portions of these six final states in the mixing MC sample
are fixed to the branching fractions of χc0 decay channels
from the PDG [1]. The statistical significance of the signal
is obtained by comparing the log-likelihood values with
and without the signal in the fit, after considering the
difference in the degrees of freedom. The statistical
significance is less than 2σ at most c.m. energies. As an
example, Fig. 2 shows the projections of the fit to data for a
c.m. energy of 4.68 GeV. Since no obvious signal is
observed, we determine the upper limit of the signal yield
at the 90% confidence level (CL) with a Bayesian method
[61] considering the systematic uncertainties discussed in
Sec. III C. As an illustration, Fig. 3 shows the distribution
of likelihood versus the signal yield at the c.m. energy of
4.68 GeV, in which the prior function is a step-function at
zero to incorporate the fact that physical count rates are
always positive.
The dressed cross section of the process eþe− → ϕχc0 at

each c.m. energy
ffiffiffi
s

p
is determined by

σdressedð ffiffiffi
s

p Þ ¼ Nsig

Lint
P

εiBi
χc0Bϕð1þ δÞISR

; ð1Þ

where Nsig is the signal yield, Lint is the integrated
luminosity, εi is the selection efficiency including all
reconstruction modes for the ith χc0 decay channel, Bi

χc0
is the ith branching fraction of χc0 decay channel (for
πþπ−π0π0, there is an additional product term with the
square of the Bπ0→γγ) based on the world-average values

[1], Bϕ is the branching fraction of ϕ → KþK− [1], ð1þ
δÞISR is the iteratively determined ISR correction factor,
accounting for the line shape of the eþe− → ϕχc0 cross
sections. Table II lists the obtained cross sections, upper
limits, and other quantities used in the calculations for each
c.m. energy.
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FIG. 2. Projections ofMϕ (upper) andMχc0 (lower) from the 2D
fit at the c.m. energy of 4.68 GeV. The dots with error bars are the
data, the blue curves are the fit results, the green dashed lines are
the ϕ peaking background components, the cyan dashed lines are
the non-ϕ peaking background components, and the red dashed
lines represent the signal shapes. Since the signal yield is very
small, the signal shapes are presented with arbitrary normalization.
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versus the signal yield at the c.m. energy of 4.68 GeV. The blue
line is the likelihood profile, the red line is the likelihood with the
systematic uncertainty taken into account, and the black arrow
indicates the upper limit signal yield at 90% CL.
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C. Systematic uncertainty

In the upper limit determination of the cross sections, the
systematic uncertainties for eþe− → ϕχc0 are classified into
multiplicative and additive categories. Multiplicative uncer-
tainties are associated with tracking and photon reconstruc-
tion, integrated luminosity, PID, the kinematic fit, external
branching fractions, and the ISR correction. Additive uncer-
tainties are associated with the 2D fit procedure.
The uncertainty associated with the tracking and PID

for each charged track is taken as 1.0% [62], and the
uncertainty due to photon reconstruction for each photon is
taken as 1.0% [63]. The total systematic uncertainty from
the tracking is estimated by lowering of 1% the tracking
efficiency for each track in the reconstruction process
for the MC samples. The difference in the efficiencies
obtained with and without the 1% lowering is taken as
the systematic uncertainty associated with the charged
track reconstruction. The systematic uncertainty due to
the photon reconstruction is obtained by the same method.
The uncertainty associated with PID is obtained by switch-
ing the hypothesis of each charged kaon and pion randomly
with 1.0% probability [62], the difference between the
efficiencies with and without the switching is taken as the
uncertainty associated with the PID. The integrated lumi-
nosity is measured using large-angle Bhabha events with an
uncertainty of 1.0% [42]. The efficiency after the helix
correction is adopted as the nominal one, and half of the
difference from the uncorrected value is adopted as the

corresponding uncertainty. The uncertainties of the branch-
ing fractions of ϕ → KþK−, χc0 → πþπ−, πþπ−π0π0,
πþπ−KþK−, 2ðπþπ−Þ and 3ðπþπ−Þ are taken from the
PDG [1]. The uncertainty of the averaged efficiency caused
by these uncertain branching fractions is determined by
calculating the averaged efficiency 1000 times, with the
branching fractions following a Gaussian distribution
corresponding to the branching fraction knowledge. The
efficiency distribution is fitted with a Gaussian function
and the width is taken as the systematic uncertainty. The
uncertainty due to the ISR correction factor is estimated
by varying the nominal PHSP line shape to one with an
added Yð4660Þ signal. The differences in the ISR correc-
tion factors are taken as the systematic uncertainties.
Table III summarizes all the multiplicative systematic
uncertainties; the total is obtained by summing the indi-
vidual items in quadrature. Note that these uncertainties
are energy-dependent, but the variation is very small.
Therefore, averaged values are adopted.
The additive systematic uncertainties of the 2D fit are

associated with signal shape, background shape, and fitting
range. The systematic uncertainty caused by the signal
shape, which is mainly from the resolution difference
between data and MC simulation, is negligible based on
the study of control samples. In the nominal fit, the
background shape is extracted from the inclusive MC,
which has two kinds of backgrounds, with or without a ϕ
signal. We change to a new background shape derived from
the inclusive MC. The difference between the nominal and

TABLE II. The measured cross sections and upper limits at each energy point, along with the quantities used in
their calculation. Here,

ffiffiffi
s

p
is the c.m. energy, Lint is the integrated luminosity, ε̄ is the averaged efficiencyP

εiBi=
P

Bi, Nsig is the signal yield, N
up
sig is the upper limit signal yield at 90% CL, Nup

F is the upper limit signal
yield at 90% CL after considering multiplicative and additive systematic uncertainty, ð1þ δÞISR is the radiative
correction factor, σdressed is the dressed cross section, where the first uncertainties are statistical and the second
systematic, and σUL is the upper limit including both statistical and systematic uncertainties.

ffiffiffi
s

p
(GeV) Lint (pb−1) ε̄ ð%Þ Nsig Nup

sig Nup
F ð1þ δÞISR σdressed (pb) σUL (pb)

4.470 111.1 10.4 −3.4þ1.7
−1.0 4.2 5.0 0.822 −7.6þ3.8

−2.2 � 0.9 11.2
4.530 112.1 16.5 −5.1þ2.4

−1.7 4.9 5.2 0.874 −6.7þ3.6
−2.2 � 0.6 6.8

4.575 48.9 21.1 0.6þ2.4
−1.6 6.7 8.1 0.779 1.6þ6.4

−4.2 � 0.2 21.4
4.600 586.9 22.5 10.5þ8.7

−7.6 22.2 25.1 0.775 2.2þ1.8
−1.6 � 0.2 5.2

4.612 103.8 22.8 −1.2þ2.9
−1.9 7.2 7.2 0.777 −1.4þ3.4

−2.2 � 0.1 8.3
4.620 521.5 23.3 7.0þ8.6

−7.5 27.6 31.1 0.797 1.5þ1.9
−1.6 � 0.1 6.8

4.640 552.4 24.4 5.8þ8.3
−7.2 20.9 34.0 0.838 1.4þ1.6

−1.4 � 0.1 6.4
4.660 529.6 26.1 12.3þ7.9

−8.9 31.0 44.6 0.825 2.3þ1.7
−1.5 � 0.2 8.3

4.680 1669.3 26.0 11.7þ12.8
−11.6 40.5 40.5 0.936 0.6þ0.7

−0.6 � 0.1 2.1
4.700 536.5 26.9 8.6þ8.6

−7.5 28.0 28.0 0.995 1.3þ1.3
−1.1 � 0.1 4.1

4.740 164.3 27.8 −1.5þ4.6
−3.5 10.5 10.5 1.031 −0.7þ2.1

−1.6 � 0.1 4.7
4.750 367.2 28.3 −5.3þ4.7

−3.4 9.6 13.4 1.016 −1.1þ0.9
−0.7 � 0.1 2.7

4.780 512.8 29.7 0.2þ6.6
−5.6 16.1 16.1 0.897 0.0þ1.0

−0.9 � 0.0 2.5
4.840 527.3 30.2 17.0þ9.1

−8.1 34.9 38.5 0.855 2.7þ1.4
−1.3 � 0.2 6.0

4.914 208.1 31.7 6.0þ6.0
−5.1 21.6 21.6 0.819 2.4þ2.4

−2.0 � 0.2 8.5
4.946 160.3 31.6 −5.5þ3.2

−2.6 6.7 6.7 0.818 −2.8þ1.6
−1.3 � 0.3 3.4
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new results is taken as the corresponding uncertainty. The
systematic uncertainty due to the fit range is examined by
varying the fitting ranges of both theϕ and χc0 by a fewMeV.
The maximum upper limit among all variations is adopted as
the effect of additive systematic uncertainty. Typically, the
upper limits of the signal yields increase in (10–20)% after
considering the additive systematic uncertainty.

IV. SEARCH FOR e + e− → Yð4660Þ → ϕχ c0

Figure 4 shows the dressed cross sections of the process
eþe− → ϕχc0 with both statistical and systematic uncertain-
ties. In order to study the contribution of Yð4660Þ, a
maximum likelihood fit is performed and an incoherent
sum of continuum process and Yð4660Þ components is
utilized to describe the line shapeof the dressed cross section:

σdressedð ffiffiffi
s

p Þ ¼
�

f
ð ffiffiffi

s
p

=MÞn
Φð ffiffiffi

s
p Þ

ΦðMÞ þ jBWð ffiffiffi
s

p Þj2
�
; ð2Þ

where the Breit-Wigner (BW) function describing the
resonance is

BWð ffiffiffi
s

p Þ ¼ Mffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓtotΓeþe−Bϕχc0

p
s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

ΦðMÞ

s
: ð3Þ

Here, f and n are the parameters for the continuum
process; M, Γtot, and Γeþe− are the mass, the total width,
and the electronicwidthof theYð4660Þ, respectively;Bϕχc0 is
the branching fraction of Yð4660Þ → ϕχc0 and Φ is the
standard two-body decay (Y → ϕχc0) PHSP factor. In this fit,
the significance of the contributions of Yð4660Þ and con-
tinuum are determined to be 1.0σ and 0.1σ, respectively., and
this fit is not considered any further. Instead, we use either or
a continuum shape only, or a BW function only, to fit the
cross sections. Figure 4 shows these fit results. The con-
tinuum fit has a poor χ2 (seeTable IV). In theBWfit, themass
and total width ofYð4660Þ are fixed to 4641 and 72MeV [1],

and the relevant parameters are listed in Table IV. The
Γeþe−Bϕχc0 is determined to be 0.17� 0.08 eV. The signifi-
cance is determined to be 1.0σ by comparing the likelihood
values in different hypotheses, with or without the BW term,
aswell as the difference in the number of degrees of freedom.
The upper limit of Γeþe−Bϕχc0 is obtained by varying its

value and scanning the likelihood distribution of Γeþe−B.
We take the value corresponding to the 90% CL as the
upper limit of Γeþe−Bϕχc0 . The systematic uncertainty from
the fitting is determined by varying the value of parameters
M and Γtot within the one standard deviation for the mass,
i.e., of ð4641� 10Þ MeV, and for the total width,
ð72þ13

−11Þ MeV. The maximum difference with respect to
the standard value is found to be 0.01 eV. The product
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FIG. 4. Fit to the dressed cross sections, with combined
statistical and systematic uncertainties, for eþe− → ϕχc0 with
a continuum amplitude (top) and a Breit-Wigner function for the
Yð4660Þ (bottom).

TABLE IV. Parameters from the two fits to the dressed cross
sections. The uncertainties are statistical only.

Parameters Continuum BW

Γeþe−Bϕχc0 (eV) � � � 0.17� 0.08
M (MeV) 4641 (fixed) 4641 (fixed)
Γtot (MeV) � � � 72 (fixed)
f 0.2� 0.1 � � �
n 7� 22 � � �
χ2=ndf 20.5=14 17.7=15

TABLE III. The multiplicative systematic uncertainties, in %,
for the cross section measurements of eþe− → ϕχc0. Here, Beff is
the uncertainty of the averaged efficiency caused by the un-
certainty associated with the branching fractions.

Source Uncertainty

Tracking 2.7
Photon reconstruction 0.3
PID 4.6
Luminosity 1.0
Beff 0.9
Bχc0 5.3
Bϕ 1.0
Kinematic fit 0.1
ISR correction 5.5

Total 9.5
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Γeþe−Bϕχc0 is determined to be 0.17� 0.08 eV, and the
upper limit at 90% CL is 0.35 eV.

V. e+ e− → ϕηc2ð1DÞ
While the analysis strategies for the process eþe− →

ϕηc2ð1DÞ closely resemble those for eþe− → ϕχc0,
differences exist in event selection, upper limit determi-
nation, and systematic uncertainty estimation.
In the event selection criteria, the mass window for

ηc2ð1DÞ is defined as 3.76 ≤ Mηc2ð1DÞ ≤ 3.88 GeV=c2 to

replace the χc0 mass window. In the full reconstruction
mode, the requirement for 4C kinematic fit is optimized to
be less than χ2 < 60. For partial reconstruction modes, this
χ2 requirement optimized to be<10,<20,<5, and<80 for
a missing π0, a missing π�, a missing K� from the ϕ, and a
missing K� from the ηc2ð1DÞ, respectively.
Following the application of all selection criteria, no

discernible signal is observed in the data at each energy
point. Fit results at the c.m. energy of 4.914 GeV are
depicted in Fig. 5 as an illustration, with the determination
of the upper limit signal yield shown in Fig. 6 after
accounting for multiplicative systematic uncertainties.
Given the absence of known branching fractions for

the decays of ηc2ð1DÞ, the upper limit on the product of
the cross section for the process eþe− → ϕηc2ð1DÞ and the
sum of the five branching fractions is determined by

σU:L:Bηc2ð1DÞ ¼
NU:L:

Lint; ε̄ð1þ δÞISRBϕ
; ð4Þ

where several symbols hold the same meaning as in Eq. (1),
and Bηc2ð1DÞ represents the sum of the five ηc2ð1DÞ
branching fractions, and ε̄ denotes the average selection
efficiency under the assumption of uniform branching
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FIG. 5. Projections ofMϕ (upper) andMηc2ð1DÞ (lower) from the
2D fit at the c.m. energy of 4.914 GeV. The dots with error bars
are the data, the blue curves are the fit results, the green dashed
lines are the background components, and the red dashed lines
represent the signal shapes. Since the signal yield is tiny, the
signal shapes are presented with arbitrary normalization.
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versus the signal yield at the c.m. energy of 4.914 GeV. The
blue line is the likelihood profile, the red line is the likelihood
with the systematic uncertainty taken into account, and the black
arrow indicates the upper limit signal yield at 90% CL.

TABLE V. The upper limits on the product of cross section of the process eþe− → ϕηc2ð1DÞ and the sum of
branching fractions, and the quantities used in the calculation at each energypoint.Here

ffiffiffi
s

p
is the c.m. energy,Lint is the

integrated luminosity, ε̄ is the averaged efficiency, Nsig is the signal yield, N
up
sig is the upper limit of signal yield at

90% CL, Nup
F is the upper limit of signal yield at 90% CL after considering the multiplicative and additive systematic

uncertainty, ð1þ δÞISR is the radiative correction factor, and σU:L:Bηc2ð1DÞ is the U.L. on the product of cross section of
the process eþe− → ϕηc2ð1DÞ and a sum of the branching fractions of five decay channels of ηc2ð1DÞ.
ffiffiffi
s

p
(GeV) Lint (pb−1) ε̄ ð%Þ Nsig Nup

sig Nup
F ð1þ δÞISR σU:L:Bηc2ð1DÞ (pb)

4.840 527.3 4.2 −7.8þ1.6
−1.3 3.6 15.5 0.598 1.2

4.914 208.1 14.0 −6.3þ2.2
−1.6 4.5 11.3 0.765 0.5

4.946 160.3 17.2 −9.6þ2.6
−1.5 4.6 16.6 0.793 0.8
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fractions. The results obtained and the quantities utilized in
the calculations at each center-of-mass energy are detailed
in Table V.
The primary source of multiplicative uncertainty

stems from the lack of knowledge regarding the branch-
ing fractions of ηc2ð1DÞ decays. This uncertainty is
estimated by determining the averaged efficiency, under
the assumption that the branching fractions of the five
decay channels of ηc2ð1DÞ are equal to the averaged
values of those of χc0 and χc2. The difference between
the newly obtained efficiency and the nominal efficiency
is taken as the corresponding uncertainty. The uncer-
tainty arising from the ISR correction factor is evaluated
by varying a flat line shape to a PHSP line shape.
Table VI provides a summary of all the multiplicative
systematic uncertainties.
The additive systematic uncertainties in the 2D fit

are linked to the background shape, fitting range, and
the mass of ηc2ð1DÞ. The uncertainty pertaining to the
width of ηc2ð1DÞ is disregarded due to the anticipated
narrowness of the width. Following a methodology
akin to that employed in the χc0 investigation, the
maximum upper limit derived from all possible com-
binations of variations is chosen as the additive sys-
tematic uncertainty. The mass of the ηc2ð1DÞ is varied
from 3.80–3.88 GeV=c2.

VI. CONCLUSION AND DISCUSSION

In summary, searches for the eþe− → ϕχc0 and
eþe− → ϕηc2ð1DÞ processes are conducted at center-of-
mass energies ranging from 4.47 to 4.95 GeV. No
significant signals of either process are observed at
any of the center-of-mass energies. The upper limits of
the cross section at a 90% confidence level for eþe− →
ϕχc0 are determined, as well as the product of the cross
section of the process eþe− → ϕηc2ð1DÞ and the sum of
branching fractions of five channels. At a c.m. energy of
4.60 GeV, the upper limit of the cross section for eþe− →
ϕχc0 is slightly more stringent than the previously
reported value [64], i.e., 5.2 pb compared to 5.4 pb,

due to the inclusion of a larger number of decay
channels. Additionally, the significance of the signal of
the decay Yð4660Þ → ϕχc0 is determined to be 1.0σ, and
Γeþe−BYð4660Þ→ϕχc0 and the corresponding upper limit at a
90% confidence level are determined to be 0.17�
0.08 eV and 0.35 eV, respectively. These results are
notably smaller than those of the χc2 channel, which
was measured to be Γeþe−BYð4660Þ→ϕχc2 ¼ 0.74� 0.13 eV
[38]. The measured results of this analysis provide
valuable information for a better understanding of the
vector charmoniumlike state Yð4660Þ.
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