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The energy-dependent cross section for eþe− → ηψð2SÞ is measured at 18 center of mass energies from
4.288 to 4.951 GeV using the BESIII detector. Using the same data samples, we also perform the first
search for the reaction eþe− → ηX̃ð3872Þ, but no evidence is found for the X̃ð3872Þ in the πþπ−J=ψ mass
distribution. At each of the 18 center of mass energies, upper limits at the 90% confidence level on the cross
section for eþe− → ηψð2SÞ and on the product of the eþe− → ηX̃ð3872Þ cross section with the branching
fraction of X̃ð3872Þ → πþπ−J=ψ are reported.
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I. INTRODUCTION

Since the Xð3872Þ state was first observed by the Belle
experiment in 2003 [1], abundant unexpected charmonium-
like states, such as the Yð4260Þ, Zcð3900Þ, and Zcsð3985Þ
states, have been discovered by the Belle, BABAR, BESIII,
and CLEO experiments [2,3]. Their properties differ from
conventional charmonia and do not match predictions
based on potential model calculations for the charmonium
spectrum [4]. Therefore, these states are collectively known
as the “XYZ” particles and regarded as exotic states. They
are still not well understood and have many theoretical
interpretations, including compact tetraquarks, molecules,
hybrids, and hadrocharmonia [2,5–10], among others.
Extensive experimental measurements of the production

and decays of such states are essential for the understanding
of their internal structures and for deepening our under-
standing of the low-energy properties of the strong inter-
action. Over the past two decades, several vector
charmoniumlike states, including the Yð4260Þ [11–15],
Yð4360Þ [16–18], and Yð4660Þ [17,18], have been observed
in the processes eþe− → πþπ−J=ψ and πþπ−ψð2SÞ.
In addition to these two processes through ππ hadronic
transitions, other hadronic transitions of these Y states to
lower mass charmonia [J=ψ ;ψð2SÞ, χcJðJ ¼ 0; 1; 2Þ, hc,
etc.] provide further insight into their internal structures.
Besides the decays to the above mentioned hidden-

charm final states, Y states have also been discovered in the
processes of eþe− annihilating to open-charm final states,

such as eþe−→Yð4230Þ→D0D�−πþþc:c. [19], eþe− →
Yð4360Þ → DþD−πþπ− [20], and eþe− → Yð4660Þ →
Dþ

s Ds1ð2536Þ− [21]. Very recently, the Yð4230Þ,
Yð4500Þ, and Yð4660Þ states have been observed in the
process eþe− → D�0D�−πþ for the first time by BESIII
[22], where the Yð4500Þ is compatible with the state
observed in eþe− → KþK−J=ψ [23].
Since the BESIII experiment observed the Yð4230Þ in

the eþe− → ηJ=ψ and η0J=ψ processes, it follows that
the process eþe− → ηψð2SÞ can be an important way to
search for Y states. The CLEO-c experiment searched for
this process using data at a single center of mass (c.m.)
energy
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p ¼ 4.260 GeV, but it did not observe a signal.
Using a total of 5.25 fb−1 of eþe− collision data with c.m.
energies from 4.236 to 4.600 GeV, BESIII reported the first
observation of the process eþe− → ηψð2SÞ with a statis-
tical significance of 4.9 standard deviations [24]. In the
past two years, BESIII has collected more data at c.m.
energies above 4.600 GeV. In this work, we update the
measurement for the cross sections of eþe− → ηψð2SÞwith
the new data samples.
In addition, we search for the X̃ð3872Þ state reported

by the COMPASS experiment [25]. This state has quantum
numbers JPC ¼ 1þ− and a mass of 3860 MeV=c2, there-
fore, it is regarded as the partner state of the Xð3872Þ,
since their masses and widths are close to each other
but with different C parities. Inspired by Ref. [25], we
search for the X̃ð3872Þ in the process eþe− → ηX̃ð3872Þ,
with X̃ð3872Þ → πþπ−J=ψ . The similar process eþe− →
ηXð3872Þ is forbidden because the quantum numbers of
Xð3872Þ are 1þþ.
In this article, we analyze the data collected with the

BESIII detector [26] at c.m. energies from 4.288 to
4.951 GeV; the corresponding c.m. energies and luminos-
ities are listed in tables for the results of measured cross
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sections described below. The energies were measured
using eþe− → μþμ− events with an uncertainty of 0.8 MeV
[27], while the integrated luminosities were measured using
Bhabha scattering events with an uncertainty of 1.0%
[28,29]. We reconstruct the eþe− → ηψð2SÞ=X̃ð3872Þ
signal process using the decays ψð2SÞ=X̃ð3872Þ→
πþπ−J=ψ , J=ψ → lþl− (l ¼ e or μ), and η → γγ.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector records symmetric eþe− collisions
provided by the BEPCII storage ring [30] in the c.m. energy
range from 2.00 to 4.95 GeV, with a peak luminosity of
1 × 1033 cm−2 s−1 achieved at
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p ¼ 3.77 GeV. BESIII has
collected large data samples in this energy region [31–33].
The cylindrical core of the BESIII detector consists of a
helium-based multilayer drift chamber, a plastic scintillator
time-of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
yoke with resistive plate chamber muon identifier modules
interleaved with steel. The acceptance of charged particles
and photons is 93% over 4π solid angle. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and the
dE=dx resolution is 6% for the electrons from Bhabha
scattering events. The EMC measures photon energies with
a resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is 68 ps.
The end cap TOF system was upgraded in 2015 with
multigap resistive plate chamber technology, used for the
data taking of this analysis, providing a time resolution
of 60 ps [34–36].
Simulated data samples produced with a Geant4-based

[37] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate background contributions. The beam
energy spread, the initial state radiation (ISR), and the
vacuum polarization in the eþe− annihilations are simu-
lated by using the generator KKMC [38,39].
Signal MC samples for the processes eþe− → ηψð2SÞ

and ηX̃ð3872Þ are generated using helicity-amplitude
[40,41] and phase-space [40,41] models, respectively, with
200,000 events at each c.m. energy. The mass of X̃ð3872Þ is
3860.0� 10.4 MeV=c2 and the upper limit of X̃ð3872Þ
width at 90% confidence level (CL) is 51 MeV [25],
measured from the COMPASSmeasurement. We study two
different scenarios for the X̃ð3872Þ width. In setting I, the
mass and width of X̃ð3872Þ are set to 3860.0 MeV=c2 and
51 MeV based on the COMPASS result [25], respectively;
in setting II, the width is set to 1.19 MeV based on
the Xð3872Þ width quoted from the Particle Data Group
(PDG) [42], and the mass is scanned with a step of

1.5 MeV=c2 in the mass interval from 3849.5 to
3870.5 MeV=c2. Under these two different assumptions,
the eþe− → ηX̃ð3872Þ cross sections are measured with the
same methods. The results from the COMPASS X̃ð3872Þ
mass 3860.0 MeV=c2 are presented in the text as examples.
An inclusive MC sample at
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p ¼ 4.682 GeV is used to
estimate possible background contributions. It is 40 times
the size of the data sample and includes the production of
open-charm processes, the ISR production of vector char-
monium(like) states, and the continuum processes incor-
porated in KKMC. The known decay modes are modeled
with EvtGen [40,41] using branching fractions taken from
the PDG [42], and the remaining unknown charmonium
decays are modeled with Lundcharm [43,44]. Final-state
radiation from charged final-state particles is incorporated
using PHOTOS [45]. Exclusive MC samples for some
background processes are also generated at each c.m.
energy to study their line shapes.

III. ANALYSIS OF e+ e − → ηψð2SÞ
A. Event selection

The criteria applied in this analysis to select charged
tracks and photons are described in Ref. [24]. Candidate
events are required to have four charged tracks with zero
net charge and at least two photon candidates. The pions
and leptons have distinct momentum distributions for the
signal process, thus the charged particles with momenta
less than 0.8 GeV=c in the laboratory frame are assigned
to be π�, whereas the ones with momenta greater than
1.0 GeV=c are assumed to be l�. The EMC energy
deposits of electron and muon candidates are required to
be greater than 1.0 GeVand less than 0.4 GeV, respectively.
Photon candidates are reconstructed from showers in the
EMC crystals. The reconstructed energies for the clusters
in the barrel (j cos θj < 0.80) and the end caps (0.86 <
j cos θj < 0.92) of the EMC are required to be higher than
25 and 50 MeV, respectively. To eliminate showers asso-
ciated with charged particles, the angle between the photon
and any charged track is required to be greater than 10°. To
suppress the electronic noise and energy deposits unrelated
to the event, the time of the EMC shower is required to be
0 ≤ t ≤ 700 ns with respect to the event start time.
To improve the mass resolution and suppress the back-

ground, charged tracks are required to originate from a
common vertex, and a four-constraint (4C) kinematic fit
imposing energy-momentum conservation under the
hypothesis of eþe− → γγπþπ−lþl− is performed. If there
are more than two photons in an event, the combination of
γγπþπ−lþl− with the smallest chi-square χ24C is retained
for further study. The χ24C of surviving events is required to
be less than 40.
To identify signal candidates that involve the J=ψ

resonance, the lþl− invariant mass is required to satisfy
3064.6 < Mðlþl−Þ < 3140.8 MeV=c2, which is about 3
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times the resolution of the J=ψ nominal mass. To remove
the background events eþe− → η0J=ψ with η0 → πþπ−η,
the invariant mass of πþπ−γγ,Mðπþπ−γγÞ, is required to be
greater than 1 GeV=c2. At the energy points above
4.600 GeV, the invariant mass of γγJ=ψ is required to
be greater than 3.74 GeV=c2 to remove the backgrounds
from the eþe− → πþπ−ψð2SÞ process.
After applying the aforementioned selection criteria, the

invariant mass distributions of MðγγÞ versus Mðπþπ−J=ψÞ
for the full dataset, for eþe− → ηψð2SÞ signal MC samples,
and the corresponding projection plots are shown in Fig. 1.
Here Mðπþπ−J=ψÞ ¼ Mðπþπ−lþl−Þ −Mðlþl−Þ þ
MðJ=ψÞPDG is used to eliminate the detection resolution
from Mðlþl−Þ, and Mðπþπ−lþl−Þ and MðJ=ψÞPDG are
the invariant mass of πþπ−lþl− and the nominal mass
of the J=ψ , respectively. The signal regions for the η and
ψð2SÞ states are set to be 507.1 < MðγγÞ < 579.1 and
3680.3 < Mðπþπ−J=ψÞ < 3692.5 MeV=c2, respectively,
quoted from Ref. [24] and within 3 times the detector
deviations to the nominal masses of η and ψð2SÞ
states [42]. Significant clusters from eþe− → ηψð2SÞ
signals can be seen in Fig. 1.

B. Background analysis

The same selection criteria are applied to the inclusive
MC sample generated at
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p ¼ 4.682 GeV to investigate

possible background contributions. The corresponding
processes are listed in Table I. These backgrounds are
divided into three categories: non-ψð2SÞ events (type I),
non-η events (type II), and both non-η and non-ψð2SÞ
events (type III). Figure 2 shows the MðγγÞ versus
Mðπþπ−J=ψÞ distributions for the three different back-
ground categories.
The dominant background contribution comes from

the process eþe− → γγψð2SÞ with ψð2SÞ → πþπ−J=ψ
and J=ψ → lþl−, and its yield is measured directly in
this analysis. After applying all the above selection criteria
except from the η mass window, the MðγγÞ distribution in
the process eþe− → γγψð2SÞ is shown in Fig. 2(b) as an
example. We can measure its yield by requiring that the
mass of γγ is greater than 300 MeV=c2 and not within
½507.1; 579.1� MeV=c2. Here, these mass range require-
ments are applied to remove the contributions from the
eþe− → π0ψð2SÞ, eþe−→ γISRψð2SÞ, and eþe−→ ηψð2SÞ
processes. The contribution from eþe− → π0π0ψð2SÞ is
negligible compared to eþe− → γγψð2SÞ.
The number of γγψð2SÞ events in the ψð2SÞ signal

region but not in the η or π0 signal region [N0
γγψð2SÞ] is

obtained by subtracting the number of observed events in
the ψð2SÞ sideband regions [No

side] from the number
of observed events in ψð2SÞ signal region [No

sig], i.e.,
N0

γγψð2SÞ ¼ No
sig − No

side. The number of eþe− → γγψð2SÞ
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FIG. 1. (a) Distribution of MðγγÞ versus Mðπþπ−J=ψÞ, (b) the projection along MðγγÞ in the ψð2SÞ mass window, and (c) the
projection alongMðπþπ−J=ψÞ in the ηmass window for the full dataset. The red rectangle and arrows represent the mass windows of η
and ψð2SÞ selections, and the blue dashed histograms in (b) and (c) represent the eþe− → ηψð2SÞ signal MC simulated shapes ofMðγγÞ
and Mðπþπ−J=ψÞ distributions, respectively.

TABLE I. List of the possible background processes in the eþe− → ηψð2SÞ signal region (where J=ψ → lþl−).

Type Decay mode (branching fraction)

I eþe− → πþπ−ψð2SÞ, ψð2SÞ → J=ψη (3.37%), η → γγ (39.41%)

II eþe− → π0π0ψð2SÞ, ψð2SÞ → πþπ−J=ψ (34.68%),
eþe− → γγψð2SÞ, ψð2SÞ → πþπ−J=ψ (34.68%),

III eþe− → πþπ−ψð2SÞ, ψð2SÞ → γχcJðJ ¼ 0; 1; 2Þ (9.79%, 9.75%, 9.52%), χcJ → γJ=ψ (1.4%, 34.3%, 19.0%)
eþe− → ωχcJðJ ¼ 0; 1; 2Þ, ω → πþπ−π0 (89.3%), χcJ → γJ=ψ (1.4%, 34.3%, 19.0%)
eþe− → ϕχcJðJ ¼ 0; 1; 2Þ, ϕ → πþπ−π0 (15.24%), χcJ → γJ=ψ (1.4%, 34.3%, 19.0%)
eþe− → γXð3872Þ, Xð3872Þ → ωJ=ψ (2.3%), ω → πþπ−π0 (89.3%)
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events in the η and ψð2SÞ signal regions [N1
γγψð2SÞ] is

obtained from the N0
γγψð2SÞ as follows:

N1
γγψð2SÞ ¼ F · N0

γγψð2SÞ: ð1Þ

We define a factor F from branching fractions and
selection efficiencies as

F ¼ ϵ1eBe þ ϵ1μBμ

ϵ0eBe þ ϵ0μBμ
; ð2Þ

where ϵ1e and ϵ1μ are the detection efficiencies of eþe− →
γγψð2SÞ background events for the J=ψ → eþe− and
J=ψ → μþμ− decay channels in the η and ψð2SÞ signal
regions, respectively; ϵ0e and ϵ0μ are the detection efficien-
cies of eþe− → γγψð2SÞ background events for the J=ψ →
eþe− and J=ψ → μþμ− decay channels in the ψð2SÞ signal
region but outside the η and π0 signal regions, respectively;
Be and Bμ are the branching fractions of decays J=ψ →
eþe− and J=ψ → μþμ−, respectively [42]. The values
related to the eþe− → γγψð2SÞ backgrounds are listed
in Table II. The uncertainty on F is neglected since it is
very small.
The yields for each of the other background processes in

the signal region (Nbkg;i) are calculated using

Nbkg;i ¼ Lintð1þ δÞij1 − Πj−2ϵiBiσ
B
bkg;i; ð3Þ

where i represents each background channel; Lint is the
integrated luminosity; j1 − Πj−2 is the vacuum polarization
factor [46]; ϵi and Bi are the selection efficiency and the
product branching fraction of the intermediate states taken
from the PDG [42] for the ith background mode, respec-
tively; and σBbkg;i is the measured Born cross section of the
ith background mode. The production cross sections for
these background processes are taken from Refs. [47–55].
Assuming an input line shape from Refs. [47–55], the
ISR correction factor ð1þ δÞi is obtained from a

quantum electrodynamics calculation [56] using the
KKMC generator [38,39].
The total number of background events (nb) in the signal

region of eþe− → ηψð2SÞ is obtained by

nb ¼
X

i

Nbkg;i þ N1
γγψð2SÞ: ð4Þ
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FIG. 2. Distributions of MðγγÞ versus Mðπþπ−J=ψÞ for the exclusive background MC samples of (a) type I, eþe− → πþπ−ψð2SÞ,
ψð2SÞ → J=ψη at
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p ¼ 4.288 GeV; (b) type II, eþe− → γγψð2SÞ at ffiffiffi
s

p ¼ 4.682 GeV; and (c) type III, eþe− → πþπ−ψð2SÞ, ψð2SÞ →
γχc1 at

ffiffiffi
s

p ¼ 4.288 GeV. The MC samples are normalized to the numbers of the observed events in data at the corresponding energy
points. The red rectangles represent the mass windows of η and ψð2SÞ selections.

TABLE II. The numbers of eþe− → γγψð2SÞ events outside
[N0

γγψð2SÞ] and inside [N1
γγψð2SÞ] the η signal region, the F factor,

and the numbers of observed events in the signal [No
sig] and

sideband [No
side] regions of the ψð2SÞ mass window at each c.m.

energy. The statistical uncertainty of N0
γγψð2SÞ is calculated by the

Feldman-cousins method [57].

ffiffiffi
s

p
(GeV) F No

sig No
side N0

γγψð2SÞ N1
γγψð2SÞ

4.288 0.246 6 6 0.00þ3.28
−0.00 0.00þ0.81

−0.00
4.312 0.265 4 0 4.00þ2.78

−1.66 1.06þ0.74
−0.44

4.337 0.265 7 0 7.00þ3.31
−2.74 1.86þ0.88

−0.73
4.377 0.243 2 1 1.00þ2.26

−0.86 0.24þ0.55
−0.21

4.396 0.237 10 0 10.00þ3.81
−3.22 2.37þ0.90

−0.76
4.436 0.209 8 0 8.00þ3.32

−2.70 1.67þ0.69
−0.56

4.612 0.141 1 0 1.00þ1.76
−0.63 0.14þ0.25

−0.09

4.628 0.134 4 1 3.00þ2.78
−1.66 0.40þ0.37

−0.22

4.641 0.136 2 0 2.00þ2.26
−1.26 0.27þ0.31

−0.17

4.661 0.125 4 0 4.00þ2.78
−1.66 0.50þ0.35

−0.21
4.682 0.126 19 0 19.00þ4.83

−4.18 2.39þ0.61
−0.53

4.699 0.120 2 0 2.00þ2.26
−1.26 0.24þ0.27

−0.15
4.740 0.110 0 0 0.00þ1.29

−0.00 0.00þ0.14
−0.00

4.750 0.106 5 0 5.00þ2.81
−2.24 0.53þ0.30

−0.24
4.781 0.100 7 0 7.00þ3.31

−2.74 0.70þ0.33
−0.27

4.843 0.087 5 1 4.00þ2.81
−2.24 0.35þ0.25

−0.20
4.918 0.077 4 0 4.00þ2.78

−1.66 0.31þ0.21
−0.13

4.951 0.075 0 0 0.00þ1.29
−0.00 0.00þ0.10

−0.00

M. ABLIKIM et al. PHYS. REV. D 109, 112004 (2024)

112004-4



Finally, the total numbers of background events in the
signal region at different energy points, together with the
numbers of background events from different decay proc-
esses, are listed in Table III. The uncertainties for the
numbers of the eþe− → γγψð2SÞ events are statistical only,
while for the other backgrounds events, they are the
statistical and systematic uncertainties added in quadrature.

C. Cross section measurement

Since there are only a few events in the signal region of
eþe− → ηψð2SÞ, the number of observed events (nobs),
which is the sum of the number of expected background
(nb) and signal (x) events, follows a Poisson distribution,

Pðnobs; x; nbÞ ¼ ðxþ nbÞnobs
nobs!

e−ðxþnbÞ: ð5Þ

In this analysis, the number of signal events eþe− →
ηψð2SÞ is obtained using the likelihood ratio ordering

(also known as the Feldman-Cousins, F-C) method [57],
i.e., the value of x corresponding to the maximum
Pðnobs; x; nbÞ. Thus, nsig ¼ maxð0; nobs − nbÞ is the best
estimation of the number of signal events in the physically
allowed region.
The statistical uncertainty of the number of signal events

at a 68.27% CL is estimated with the F-C method [57].
Since no significant ηψð2SÞ signals are observed at some of
the energy points, the confidence intervals for the number
of signal events with the lower and upper limits at a
90% CL are obtained with a toolkit which supports the F-C
method and takes into account the systematic uncertainty,
the Poissonian limit estimator (POLE) program [58].
TheBorn cross section of eþe− → ηψð2SÞ is calculated by

σB½eþe− → ηψð2SÞ�

¼ nsig

Lintð1þ δÞj1 − Πj−2B1B2ðϵeBe þ ϵμBμÞ
; ð6Þ

TABLE III. The total numbers of background events in the signal region (nb) at different energy points for eþe− → ηψð2SÞ signal
process, together with the expected numbers of background events from different processes. Ellipses mean that the results are 0 or close
to 0. Here the eþe− → γγψð2SÞ uncertainties are statistical only, while the uncertainties of the other backgrounds are the sum of the
statistical and the systematic uncertainties in quadrature.
ffiffiffi
s

p
(GeV) 4.288 4.312 4.337 4.377 4.396 4.436

πþπ−ψð2SÞ;ψð2SÞ → J=ψη 1.07� 0.09 0.23� 0.01 0.02 � � � � � � � � �
πþπ−ψð2SÞ;ψð2SÞ → γχc0 0.02 0.01 � � � � � � � � � � � �
πþπ−ψð2SÞ;ψð2SÞ → γχc1 0.15� 0.01 0.07 0.01 � � � � � � � � �
πþπ−ψð2SÞ;ψð2SÞ → γχc2 � � � � � � � � � � � � � � � � � �
π0π0ψð2SÞ 0.05� 0.01 0.07� 0.01 0.11� 0.01 0.19� 0.02 0.22� 0.03 0.21� 0.03
ωχc0 � � � � � � � � � � � � � � � � � �
ωχc1 � � � 0.01� 0.01 0.01� 0.01 0.01� 0.01 0.01 0.01� 0.01
ωχc2 � � � � � � � � � 0.05� 0.02 0.06� 0.01 0.06� 0.01
γXð3872Þ � � � � � � � � � � � � � � � � � �
γγψð2SÞ 0.00þ0.81

−0.00 1.06þ0.74
−0.44 1.86þ0.88

−0.73 0.24þ0.55
−0.21 2.37þ0.90

−0.76 1.67þ0.69
−0.56

nb 1.29� 0.81 1.45� 0.74 2.00� 0.88 0.50� 0.55 2.65� 0.90 1.95� 0.69

ffiffiffi
s

p
(GeV) 4.612 4.628 4.641 4.661 4.682 4.699

ϕχcJ � � � � � � � � � � � � � � � � � �
π0π0ψð2SÞ 0.01� 0.00 0.07� 0.01 0.08� 0.01 0.10� 0.02 0.31� 0.04 0.07� 0.01
ωχcJ � � � � � � � � � � � � � � � � � �
γXð3872Þ � � � � � � � � � � � � � � � � � �
γγψð2SÞ 0.14þ0.25

−0.09 0.40þ0.37
−0.22 0.27þ0.31

−0.17 0.50þ0.35
−0.21 2.39þ0.61

−0.53 0.24þ0.27
−0.15

nb 0.15� 0.25 0.48� 0.37 0.36� 0.31 0.61� 0.35 2.70� 0.61 0.31� 0.27

ffiffiffi
s

p
(GeV) 4.740 4.750 4.781 4.843 4.918 4.951

ϕχcJ � � � � � � � � � � � � � � � � � �
π0π0ψð2SÞ 0.02� 0.01 0.03� 0.03 0.04� 0.03 0.02� 0.03 0.01� 0.01 � � �
ωχcJ � � � � � � � � � � � � � � � � � �
γXð3872Þ � � � � � � � � � � � � � � � � � �
γγψð2SÞ 0.00þ0.14

−0.00 0.53þ0.30
−0.24 0.70þ0.33

−0.27 0.35þ0.24
−0.20 0.31þ0.21

−0.13 0.00þ0.10
−0.00

nb 0.02� 0.14 0.56� 0.30 0.74� 0.33 0.37� 0.25 0.31� 0.21 0.00� 0.10
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where B1 and B2 are the branching fractions of ψð2SÞ →
πþπ−J=ψ and η → γγ [42], respectively; ϵe and ϵμ are the
detection efficiencies for eþe− and μþμ− modes, respec-
tively; (1þ δ) is the radiative correction factor obtained from
the quantum electrodynamics calculation [56] using the
KKMC generator [38,39], assuming that the cross section
follows an input line shape of the Yð4260Þ [42] at the energy
points below 4.600GeVand an input line shape in the formof
a power function 1=s at the energy points above 4.600 GeV.
The Born cross sections, the corresponding confidence
intervals with the lower and upper limits at 90% CL, and
the numbers used in the calculation are listed in Table IV.
Figure 3 shows the measured Born cross sections for

eþe− → ηψð2SÞ as a function of the c.m. energy. Due to the
limited statistics, it is difficult to draw a clear conclusion
whether the vector charmoniumlike states exist in the cross
section distribution or not.

IV. ANALYSIS OF e + e− → ηX̃ð3872Þ
A. Event selection

Since we search for the X̃ð3872Þ signals in the eþe− →
ηX̃ð3872Þ → ηπþπ−J=ψ process, with η → γγ and

J=ψ → eþe− or μþμ−, the applied selections are similar
to the ones used for the eþe− → ηψð2SÞ process, except for
the signal and sideband regions of X̃ð3872Þ applied in the
Mðπþπ−J=ψÞ distribution.
The X̃ð3872Þ signal region in the Mðπþπ−J=ψÞ distri-

bution for the setting I (setting II) is required to be within 2

TABLE IV. The cross sections σB and the confidence intervals with the lower and upper limits on σB with the POLE method (σBPOLE) for
eþe− → ηψð2SÞ at different energy points, together with integrated luminosities Lint, the numbers of observed events nobs, the
background events nb, the signal events nsig, the confidence intervals with the lower and upper limits for the numbers of signal events
nsigPOLE, the products of detection efficiencies and branching fractions Σ ¼ B1B2ðϵeBe þ ϵμBμÞ, and the products of ISR correction factor
and vacuum polarization factor ð1þ δÞj1 − Πj−2. The uncertainties of nsig and σB are statistical only. The lower and upper limits are
given at 90% CL including the systematic uncertainties.

ffiffiffi
s

p
(GeV) Lint (pb−1) nobs nb nsig nsigPOLE Σð10−2Þ ð1þ δÞj1 − Πj−2 σB (pb) σBPOLE (pb)

4.288 491.5 6 1.29 4.7þ3.3
−2.2 (1.4, 0.1) 0.363 0.90 2.9þ2.0

−1.3 (0.9, 6.3)

4.312 492.1 4 1.45 2.5þ2.8
−1.6 (0.4, 7.5) 0.333 1.01 1.5þ1.7

−1.0 (0.2, 4.5)

4.337 501.1 4 2.00 2.0þ2.8
−1.6 (0.0, 7.2) 0.301 1.13 1.2þ1.6

−0.9 (0.0, 4.2)

4.377 522.8 6 0.50 5.5þ3.3
−2.2 (1.8, 12.0) 0.255 1.34 3.1þ1.8

−1.2 (1.0, 6.8)

4.396 505.0 3 2.65 0.3þ2.3
−0.3 (0.0, 5.2) 0.236 1.44 0.2þ1.3

−0.2 (0.0, 3.1)

4.436 568.1 9 1.95 7.1þ3.8
−2.7 (2.5, 14.3) 0.207 1.65 3.6þ2.0

−1.4 (1.3, 7.4)

4.612 103.7 0 0.15 0.0þ1.1
−0.0 (0.0, 2.4) 0.296 0.97 0.0þ3.9

−0.0 (0.0, 8.2)

4.628 521.5 0 0.48 0.0þ0.8
−0.0 (0.0, 2.4) 0.293 0.97 0.0þ0.6

−0.0 (0.0, 1.6)

4.641 551.7 2 0.36 1.6þ2.3
−1.1 (0.1, 5.5) 0.294 0.98 1.0þ1.4

−0.7 (0.1, 3.4)

4.661 529.4 2 0.61 1.4þ2.3
−1.0 (0.0, 5.3) 0.289 0.98 0.9þ1.5

−0.7 (0.0, 3.6)

4.682 1667.4 3 2.70 0.3þ2.3
−0.3 (0.0, 4.9) 0.290 0.98 0.1þ0.5

−0.1 (0.0, 1.0)

4.699 535.5 1 0.31 0.7þ1.8
−0.6 (0.0, 4.0) 0.291 0.98 0.5þ1.1

−0.4 (0.0, 2.6)

4.740 163.9 0 0.02 0.0þ1.3
−0.0 (0.0, 2.5) 0.297 0.99 0.0þ2.7

−0.0 (0.0, 5.2)

4.750 366.5 3 0.56 2.4þ2.3
−1.7 (0.5, 6.8) 0.296 0.99 2.3þ2.1

−1.5 (0.5, 6.3)

4.781 511.5 1 0.74 0.3þ1.8
−0.3 (0.0, 3.8) 0.295 0.99 0.2þ1.2

−0.2 (0.0, 2.5)

4.843 525.2 1 0.37 0.6þ1.8
−0.6 (0.0, 4.0) 0.294 1.00 0.4þ1.1

−0.4 (0.0, 2.6)

4.918 207.8 0 0.31 0.0þ1.0
−0.0 (0.0, 2.4) 0.288 1.01 0.0þ1.6

−0.0 (0.0, 4.0)

4.951 159.3 0 0.00 0.0þ1.3
−0.0 (0.0, 2.4) 0.285 1.01 0.0þ2.8

−0.0 (0.0, 5.3)

 (GeV)s
4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5

0

5

10

15

20

Ref.[24]

this work

FIG. 3. The measured Born cross sections as a function of the
c.m. energy. The blue dots and red triangles are from Ref. [24]
and this measurement, respectively. The error bars represent the
statistical errors only.
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(3) times the detector resolution from the COMPASS
X̃ð3872Þ mass 3860.0 MeV=c2, 3805.9<Mðπþπ−J=ψÞ<
3915.9MeV=c2 [3849.5 < Mðπþπ−J=ψÞ <
3871.3 MeV=c2]. The sideband regions are required to
be within the range from 3 (4) to 5 (7) times the detector
resolution around the known X̃ð3872Þ mass, 3723.5 <
Mðπþπ−J=ψÞ < 3778.4 MeV=c2 and 3943.4<
Mðπþπ−J=ψÞ<3998.4MeV=c2 [3835.1<Mðπþπ−J=ψÞ<
3845.9MeV=c2 and 3874.9 < Mðπþπ−J=ψÞ <
3885.7 MeV=c2]. Figure 4 shows the MðγγÞ and
Mðπþπ−J=ψÞ distributions for the full data sample,
together with the corresponding projection plots. There
is no evidence for eþe− → ηX̃ð3872Þ under either of the
X̃ð3872Þ width assumptions.

B. Background analysis

The selection criteria are also applied to the inclusive
MC sample at

ffiffiffi
s

p ¼ 4.682 GeV to investigate possible
background contributions, which are classified into peak-
ing and nonpeaking background events. The sources
of peaking background are listed in Table V, and Fig. 5
shows the MðγγÞ versus Mðπþπ−J=ψÞ distributions for
the eþe− → πþπ−ψð3823Þ, ψð3823Þ → γχc1 background
process [59] at

ffiffiffi
s

p ¼ 4.682 GeV as an example. The
expected numbers of the peaking background events in
the signal (nbsig) and the sideband (n

b
side) regions of X̃ð3872Þ

for settings I and II are calculated by Eq. (3) and listed in
Tables VI and VII, respectively. The number of background
events (nb) in the signal region is corrected by

nb ¼ nbnonpeak þ nbpeak ¼ ðnobsside − nbsideÞ þ nbsig; ð7Þ

where nobsside is the number of observed events from the
sideband regions of eþe− → ηX̃ð3872Þ. The number of
nonpeaking background events nbnonpeak is represented by

nobsside − nbside, and the number of peaking background events
nbpeak is represented by nbsig.
The values of nbsig, n

obs
side, n

b
side, n

b, and the number of

observed events in the ηX̃ð3872Þ signal region nobssig are
listed in Table VIII for settings I and II.

C. Cross section measurement

The signal yield of eþe− → ηX̃ð3872Þ, nsig, is obtained
by nsig ¼ maxð0; nobssig − nbÞ according to the F-C method
[57], and the upper limit is provided at 90% CL by the POLE

method since no significant signal is observed. The
statistical significance at each energy point is calculated
using the P-value method and is summarized in Table VIII.
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FIG. 4. (a) Distribution of MðγγÞ versus Mðπþπ−J=ψÞ, (b) the projection along MðγγÞ in the X̃ð3872Þ mass window, and (c) the
projection alongMðπþπ−J=ψÞ in the η mass window for the full data sample. The red rectangle and arrows represent the signal region,
the green rectangles represent the sideband regions, and the blue dashed histograms in (b) and (c) represent the eþe− → ηX̃ð3872Þ signal
MC simulated shapes of MðγγÞ and Mðπþπ−J=ψÞ distributions for setting I, respectively.

TABLE V. List of the peaking background processes (where
J=ψ → lþl−).

Decay mode

eþe− → πþπ−ψð3823Þ, ψð3823Þ → γχc1, χc1 → γJ=ψ
eþe− → ωχcJðJ ¼ 0; 1; 2Þ, ω → πþπ−π0, χcJ → γJ=ψ
eþe− → ϕχcJðJ ¼ 0; 1; 2Þ, ϕ → πþπ−π0, χcJ → γJ=ψ
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FIG. 5. Distribution of MðγγÞ versus Mðπþπ−J=ψÞ from
eþe− → πþπ−ψð3823Þ, ψð3823Þ → γχc1 background MC sam-
ple at

ffiffiffi
s

p ¼ 4.682 GeV, normalized to the number of the
observed events of data. The red rectangle represents the signal
region and the green rectangles represent the sideband regions.
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TABLE VI. Expected numbers of different peaking background events in eþe− → ηX̃ð3872Þ signal and sideband regions at different
energy points for setting I, where nbsig and n

b
side are the total sums for the signal and the sideband regions, respectively. Ellipses represent

results close to 0 or 0.

ffiffiffi
s

p
(GeV) ϕχc1 ϕχc2 ωχc1 ωχc2 πþπ−ψð3823Þ nbsig

Signal region 4.612 � � � � � � 0.02� 0.03 0.02 0.11� 0.14 0.15� 0.11
4.628 0.01 0.01 0.08� 0.03 0.03 0.48� 0.26 0.61� 0.49
4.641 0.01 0.01 0.10� 0.04 0.04 0.57� 0.22 0.73� 0.58
4.661 � � � 0.01 0.07� 0.03 0.05� 0.03 0.54� 0.17 0.69� 0.55
4.682 0.01 0.03� 0.01 0.05� 0.04 0.04� 0.05 0.64� 0.17 0.77� 0.64
4.699 � � � 0.01 0.03� 0.01 0.02 0.07� 0.04 0.14� 0.08
4.740 � � � � � � 0.00� 0.01 0.01 0.01� 0.01 0.02� 0.01
4.750 � � � � � � 0.01 0.01 0.01� 0.01 0.04� 0.02
4.780 � � � � � � 0.00� 0.01 0.01� 0.01 0.01 0.02� 0.01
4.843 � � � � � � � � � 0.00� 0.01 � � � 0.01� 0.01
4.918 � � � � � � � � � � � � � � � 0.01

ffiffiffi
s

p
(GeV) ϕχc1 ϕχc2 ωχc1 ωχc2 πþπ−ψð3823Þ nbside

Sideband region 4.612 � � � � � � 0.01� 0.02 0.01 0.01� 0.02 0.03� 0.02
4.628 0.01 � � � 0.04� 0.02 0.02 0.14� 0.08 0.22� 0.15
4.641 0.01 � � � 0.06� 0.02 0.02 0.28� 0.11 0.37� 0.29
4.661 � � � 0.01 0.04� 0.02 0.03� 0.02 0.51� 0.16 0.60� 0.51
4.682 0.01 0.03� 0.01 0.04� 0.03 0.03� 0.04 1.00� 0.27 1.12� 1.00
4.699 � � � 0.02 0.03� 0.01 0.03 0.16� 0.09 0.24� 0.17
4.740 � � � � � � 0.01� 0.01 0.01 0.05� 0.07 0.07� 0.05
4.750 � � � � � � 0.01 0.01 0.16� 0.09 0.19� 0.16
4.780 � � � � � � 0.01� 0.01 0.01� 0.02 0.10� 0.06 0.12� 0.10
4.843 � � � � � � � � � 0.00� 0.01 0.00� 0.01 0.01� 0.01
4.918 � � � � � � � � � � � � � � � 0.01

TABLE VII. Expected numbers of different peaking background events in eþe− → ηX̃ð3872Þ signal and sideband regions at different
energy points for setting II, where nbsig and n

b
side are the total sums for the signal and the sideband regions, respectively. Ellipses represent

results close to 0 or 0.

ffiffiffi
s

p
(GeV) ϕχc2 ωχc1 ωχc2 πþπ−ψð3823Þ nbsig

Signal region 4.612 � � � 0.00� 0.01 � � � 0.02� 0.03 0.03� 0.03
4.628 � � � 0.02� 0.01 0.01 0.10� 0.06 0.13� 0.11
4.641 � � � 0.02� 0.01 0.01 0.12� 0.05 0.16� 0.12
4.661 � � � 0.02� 0.01 0.01� 0.01 0.10� 0.03 0.13� 0.10
4.682 � � � 0.01� 0.01 0.01� 0.01 0.09� 0.02 0.12� 0.09
4.699 � � � 0.01 � � � 0.01 0.02� 0.01
4.740 � � � � � � � � � � � � � � �
4.750 � � � � � � � � � � � � 0.01

ffiffiffi
s

p
(GeV) ϕχc2 ωχc1 ωχc2 πþπ−ψð3823Þ nbside

Sideband region 4.612 � � � 0.00� 0.01 � � � 0.02� 0.03 0.03� 0.02
4.628 � � � 0.01� 0.01 0.01 0.10� 0.05 0.12� 0.10
4.641 � � � 0.02� 0.01 0.01 0.11� 0.04 0.14� 0.11
4.661 � � � 0.02� 0.01 0.01� 0.01 0.10� 0.03 0.13� 0.11
4.682 0.01 � � � 0.01� 0.01 0.10� 0.03 0.13� 0.10
4.699 � � � 0.01 � � � 0.01� 0.01 0.03� 0.01
4.740 � � � � � � � � � � � � � � �
4.750 � � � � � � � � � � � � 0.01
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The product of the eþe− → ηX̃ð3872Þ cross section and
the X̃ð3872Þ → πþπ−J=ψ branching fraction, together with
the upper limit at 90% CL, are calculated by

σB½eþe− → ηX̃ð3872Þ�B½X̃ð3872Þ → πþπ−J=ψ �

¼ nsig

Lintð1þ δÞj1 − Πj−2B2ðϵeBe þ ϵμBμÞ
; ð8Þ

where (1þ δ) is the radiative correction factor obtained
from the quantum electrodynamics calculation [56] using
the KKMC generator [38,39], assuming that the c.m. energy
dependence cross section follows the line shape of the
power function 1=s.
The σB½eþe− → ηX̃ð3872Þ�B½X̃ð3872Þ → πþπ−J=ψ �

values, the corresponding upper limits at 90% CL, together

with the other information used for the cross section
calculation, are listed in Table VIII, separately for settings
I and II. In setting II, the results from the mass set at other
positions are measured with the same methods. Their
statistical significances are less than 3σ. The σB½eþe− →
ηX̃ð3872Þ�B½X̃ð3872Þ → πþπ−J=ψ � upper limits at
90% CL for the two settings are shown in Fig. 6.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties for the cross section mea-
surements of the eþe− → ηψð2SÞ and eþe− → ηX̃ð3872Þ
[X̃ð3872Þ → πþπ−J=ψ] processes are mainly due to
the integrated luminosity, the tracking and photon
reconstruction, the branching fractions of intermediate
particle decays, the ISR correction factor, the kinematic

TABLE VIII. The σB½eþe− → ηX̃ð3872Þ�B½X̃ð3872Þ → πþπ−J=ψ � (σB) values and the corresponding upper limits at 90% CL (UL)
with the POLE method for settings I and II at different energy points, together with the integrated luminosity Lint, the numbers of
observed events in signal nobssig and sideband nobsside regions, the expected numbers of peaking background events in signal nbsig and

sideband nbside regions, the total yield of background events in signal region nb ¼ nobsside þ nbsig − nbside, the numbers of signal events nsig,

the upper limits at 90% CL of the number of signal events nsigPOLE, the products of detection efficiencies and branching fractions
Σ ¼ B2ðϵeBe þ ϵμBμÞ, the products of ISR correction factor and vacuum polarization factor ð1þ δÞj1 − Πj−2, and the signal statistical
significances. The uncertainties of nsig and σB are statistical only. The significance is calculated using the P-value method.

ffiffiffi
s

p
(GeV) Lint (pb−1) nobssig nobsside nbsig nbside nb nsig nsigPOLE Σð10−2Þ ð1þ δÞj1 − Πj−2 σB (pb) UL (pb) Significance

Setting I 4.612 103.7 1 0 0.13 0.03 0.11 0.9þ1.8
−0.6 (0.0, 4.2) 0.848 0.73 1.4þ2.7

−1.0 (0.0, 6.5) 1.2σ

4.628 521.5 3 1 0.62 0.22 1.40 1.6þ2.3
−1.2 (0.0, 6.0) 0.835 0.79 0.5þ0.7

−0.4 (0.0, 1.8) 1.0σ

4.641 551.7 5 0 0.72 0.37 0.35 4.7þ2.8
−2.2 (1.6, 9.6) 0.828 0.81 1.3þ0.8

−0.6 (0.4, 2.6) 4.0σ

4.661 529.4 7 1 0.69 0.60 1.08 5.9þ3.3
−2.8 (2.4, 11.8) 0.788 0.84 1.7þ0.9

−0.8 (0.7, 3.4) 3.6σ

4.682 1667.4 7 6 0.82 1.16 5.66 1.3þ3.3
−1.3 (0.0, 7.6) 0.765 0.86 0.1þ0.3

−0.1 (0.0, 0.7) 0.4σ

4.699 535.5 2 3 0.12 0.21 2.91 0.0þ1.5
−0.0 (0.0, 3.7) 0.757 0.87 0.0þ0.4

−0.0 (0.0, 1.1) � � �
4.740 163.9 2 0 0.01 0.05 0.00 2.0þ2.3

−1.3 (0.5, 5.8) 0.750 0.89 1.8þ2.1
−1.2 (0.5, 5.3) � � �

4.750 366.5 4 2 0.02 0.17 1.85 2.2þ2.8
−1.6 (0.0, 7.1) 0.743 0.90 0.9þ1.1

−0.6 (0.0, 2.9) 1.2σ

4.781 511.5 1 3 0.02 0.12 2.90 0.0þ0.5
−0.0 (0.0, 3.1) 0.738 0.91 0.0þ0.1

−0.0 (0.0, 0.9) � � �
4.843 525.2 0 3 0.00 0.01 2.99 0.0þ0.1

−0.0 (0.0, 2.4) 0.726 0.93 0.0þ0.0
−0.0 (0.0, 0.7) � � �

4.918 207.8 1 2 0.00 0.00 2.00 0.0þ1.0
−0.0 (0.0, 3.2) 0.714 0.95 0.0þ0.7

−0.0 (0.0, 2.2) � � �
4.951 159.3 0 0 0.00 0.00 0.00 0.0þ1.3

−0.0 (0.0, 2.4) 0.708 0.96 0.0þ1.2
−0.0 (0.0, 2.3) � � �

ffiffiffi
s

p
(GeV) Lint (pb−1) nobssig nobsside nbsig nbside nb nsig nsigPOLE Σð10−2Þ ð1þ δÞj1 − Πj−2 σB (pb) UL (pb) Significance

Setting II 4.612 103.7 0 0 0.03 0.03 0.00 0.0þ1.3
−0.0 (0.0, 2.4) 1.136 0.73 0.0þ1.5

−0.0 (0.0, 2.8) � � �
4.628 521.5 1 0 0.14 0.13 0.01 1.0þ1.8

−0.6 (0.0, 4.4) 1.119 0.79 0.2þ0.4
−0.1 (0.0, 1.0) 2.4σ

4.641 551.7 0 1 0.15 0.14 1.02 0.0þ0.5
−0.0 (0.0, 2.4) 1.110 0.81 0.0þ0.1

−0.0 (0.0, 0.5) � � �
4.661 529.4 2 1 0.13 0.14 1.00 1.0þ2.3

−0.8 (0.0, 5.0) 1.083 0.84 0.2þ0.5
−0.2 (0.0, 1.0) 0.6σ

4.682 1667.4 2 0 0.13 0.13 0.00 2.0þ2.3
−1.3 (0.5, 5.8) 1.063 0.86 0.1þ0.1

−0.1 (0.0, 0.4) � � �
4.699 535.5 1 0 0.02 0.02 0.00 1.0þ1.8

−0.6 (0.0, 4.3) 1.048 0.87 0.2þ0.4
−0.1 (0.0, 0.9) � � �

4.740 163.9 1 0 0.00 0.00 0.00 1.0þ1.8
−0.6 (0.0, 4.4) 1.044 0.89 0.7þ1.2

−0.4 (0.0, 2.9) � � �
4.750 366.5 0 1 0.00 0.00 1.00 0.0þ0.5

−0.0 (0.0, 2.4) 1.034 0.90 0.0þ0.2
−0.0 (0.0, 0.7) � � �

4.781 511.5 0 0 0.00 0.00 0.00 0.0þ1.3
−0.0 (0.0, 2.4) 1.032 0.91 0.0þ0.3

−0.0 (0.0, 0.5) � � �
4.843 525.2 0 0 0.00 0.00 0.00 0.0þ1.3

−0.0 (0.0, 2.4) 1.018 0.93 0.0þ0.3
−0.0 (0.0, 0.5) � � �

4.918 207.8 1 0 0.00 0.00 0.00 1.0þ1.8
−0.6 (0.0, 4.3) 0.999 0.95 0.5þ0.9

−0.3 (0.0, 2.2) 3.1σ

4.951 159.3 0 0 0.00 0.00 0.00 0.0þ1.3
−0.0 (0.0, 2.4) 0.981 0.96 0.0þ0.9

−0.0 (0.0, 1.6) � � �
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fit, the background estimation, and the mass windows.
These systematic uncertainties are explained below and
summarized in Tables IX and X. The total systematic
uncertainty is obtained by summing the individual uncer-
tainties in quadrature, assuming that all sources are
independent.

(i) Luminosity. The uncertainty of integrated luminos-
ity is 1.0%, measured using Bhabha scattering
events [28,29].

(ii) Tracking efficiency. The uncertainty of the tracking
efficiency is 1.0% per single track from Ref. [60].
Since there are four charged tracks in the eþe− →
ηψð2SÞ and ηX̃ð3872Þ final states, the total uncer-
tainty due to tracking efficiency is 4.0%.

(iii) Photon detection efficiency. The uncertainty from
photon reconstruction is 1.0% per photon, from the
study of the process J=ψ → ρ0π0, ρ0 → πþπ−, π0 →
γγ [61]. Thus the total uncertainty due to photon
reconstruction is 2.0%.

(iv) Branching fraction. The uncertainties on the branch-
ing fractions of the intermediate states from eþe− →
ηψð2SÞ and eþe− → ηX̃ð3872Þ → ηπþπ−J=ψ are
1.2% and 0.8%, respectively, from the PDG
values [42].

(v) ISR correction factor. The ISR factors are obtained
from the input line shapes of the Yð4260Þ state at
the energy points below 4.600 GeV and the power
function 1=s at the energy points above 4.600 GeV.
To estimate the uncertainties, the input line shapes
are replaced by the ψð4415Þ state at the energy
points below 4.600 GeV and the Yð4660Þ states at
the energy points above 4.600 GeV; the ð1þ δÞϵ
differences for the different assumptions are taken as
the systematic uncertainties, and they range from
0.2% to 18.3%.

(vi) Kinematic fit. The systematic uncertainty from the
kinematic fit is estimated by correcting the helix
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FIG. 6. Upper limits of σB½eþe− → ηX̃ð3872Þ�B½X̃ð3872Þ →
πþπ−J=ψ � at 90% CL for different assumptions of the X̃ð3872Þ
widths (Γ) and masses (M). The widths of 51 and 1.19 MeV are
represented by Γ1 and Γ2, respectively. The blue and red triangles
are the results from settings I and II with the COMPASS X̃ð3872Þ
mass 3.86 GeV=c2, respectively. Other markers represent the
results from the assumptions of the X̃ð3872Þ width with
1.19 MeV and the masses scanned with a step of 1.5 MeV=c2

in the mass interval from 3849.5 to 3870.5 MeV=c2.

TABLE IX. The systematic uncertainties of eþe− → ηψð2SÞ cross section measurement for luminosity (Lum),
tracking efficiency, photon reconstruction efficiency, branching fraction (BR), ISR correction factor, kinematic
fit (KMFIT), background estimation (BK), and mass windows (MW) (in units of %). Ellipses mean that the results
are 0.
ffiffiffi
s

p
(GeV) Lum Tracking Photon BR MW KMFIT ISR BK Total

4.288 1.0 4.0 2.0 1.2 3.6 3.3 3.6 19.5 21.0
4.312 1.0 4.0 2.0 1.2 3.6 3.1 9.7 30.6 32.8
4.337 1.0 4.0 2.0 1.2 3.6 3.8 15.6 45.0 48.2
4.377 1.0 4.0 2.0 1.2 3.6 3.3 18.3 10.7 22.3
4.396 1.0 4.0 2.0 1.2 3.6 3.3 16.9 � � � 18.2
4.436 1.0 4.0 2.0 1.2 3.6 3.2 13.0 10.5 18.0
4.612 1.0 4.0 2.0 1.2 3.6 2.7 5.7 � � � 8.7
4.628 1.0 4.0 2.0 1.2 3.6 3.0 4.2 � � � 7.9
4.641 1.0 4.0 2.0 1.2 3.6 3.0 1.9 20.1 21.3
4.661 1.0 4.0 2.0 1.2 3.6 2.9 7.4 25.9 27.8
4.682 1.0 4.0 2.0 1.2 3.6 2.7 11.6 � � � 13.3
4.699 1.0 4.0 2.0 1.2 3.6 2.7 11.4 40.6 42.7
4.740 1.0 4.0 2.0 1.2 3.6 2.9 8.3 � � � 10.7
4.750 1.0 4.0 2.0 1.2 3.6 2.7 8.4 13.5 17.2
4.781 1.0 4.0 2.0 1.2 3.6 2.5 6.4 � � � 9.1
4.843 1.0 4.0 2.0 1.2 3.6 2.9 3.7 44.4 45.1
4.918 1.0 4.0 2.0 1.2 3.6 2.7 4.5 � � � 8.0
4.951 1.0 4.0 2.0 1.2 3.6 3.0 3.3 � � � 7.4
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parameters of charged tracks according to the
method described in Ref. [62]. The MC sample
with the track helix parameter correction is consid-
ered as the nominal one. The difference between
detection efficiencies obtained from MC samples
with and without the correction is taken as the
uncertainty. They range from 1.4% to 3.8%.

(vii) Background estimation. The dominant uncertainty
for the number of eþe− → γγψð2SÞ background
events is statistical only, and it is measured using
Eq. (2). For the other background sources, the
numbers of events are estimated using Eq. (3).
The cross sections mean values for the background
are increased by their corresponding uncertainties,
resulting in a change of the signal yields. The
difference of the signal cross sections due to this
change is taken as the uncertainty of the background
estimation. The uncertainties range from 0.0% to
45.0% for the eþe− → ηψð2SÞ and from 0.0% to
16.9% for the eþe− → ηX̃ð3872Þ cross section
measurements. For some cases, the change does
not affect the number of signal events, thus their

uncertainty due to background estimation shows
zero in Tables VIII and IX.

(viii) Mass window. The systematic uncertainties on J=ψ ,
η, and ψð2SÞ mass windows are 0.9%, 2.6%, and
2.3%, respectively, from Ref. [24]. The total sys-
tematic uncertainty on mass windows for the
eþe− → ηψð2SÞ process is 3.6% by adding the three
numbers in quadrature, while for the eþe− →
ηX̃ð3872Þ process is 2.8% summing up quadratically
the uncertainties of the J=ψ and η mass windows.

(ix) Sideband region. The systematic uncertainty due to
the sideband region for the eþe− → ηX̃ð3872Þ cross
section measurement is estimated by moving the
region of �0.5σ of the X̃ð3872Þ mass. The differ-
ence of cross sections is taken as the systematic
uncertainty on sideband region.

VI. SUMMARY

In summary, using the new BESIII data samples col-
lected at c.m. energies from 4.288 to 4.951 GeV with an
integrated luminosity of about 8.9 fb−1, the process

TABLE X. The systematic uncertainties of eþe− → ηX̃ð3872Þ cross section measurement for luminosity, tracking efficiency, photon
reconstruction efficiency, branching fraction, η and J=ψ mass windows, kinematic fit, ISR correction factor, background expectation,
and sideband regions for settings I and II (in units of %). The total systematic uncertainty is the sum of the individual uncertainties in
quadrature. Ellipses mean that the results are 0.

ffiffiffi
s

p
(GeV) Lum Tracking Photon BR MW KMFIT ISR BK Sidebands Total

Setting I 4.612 1.0 4.0 2.0 0.8 2.8 1.4 3.1 16.9 0.1 18.1
4.628 1.0 4.0 2.0 0.8 2.8 1.6 1.7 13.8 0.1 15.0
4.641 1.0 4.0 2.0 0.8 2.8 1.9 1.2 3.2 0.1 6.7
4.661 1.0 4.0 2.0 0.8 2.8 1.9 7.8 0.7 0.1 9.7
4.682 1.0 4.0 2.0 0.8 2.8 1.9 11.8 6.0 0.1 14.4
4.699 1.0 4.0 2.0 0.8 2.8 1.5 9.9 � � � 0.1 11.4
4.740 1.0 4.0 2.0 0.8 2.8 1.7 7.7 � � � 0.1 9.6
4.750 1.0 4.0 2.0 0.8 2.8 1.6 8.4 3.7 0.1 10.8
4.781 1.0 4.0 2.0 0.8 2.8 1.9 6.4 � � � 0.1 8.6
4.843 1.0 4.0 2.0 0.8 2.8 1.4 4.8 � � � 0.1 7.4
4.918 1.0 4.0 2.0 0.8 2.8 1.5 3.4 � � � 0.1 6.6
4.951 1.0 4.0 2.0 0.8 2.8 1.7 5.6 � � � 0.1 8.0

ffiffiffi
s

p
(GeV) Lum Tracking Photon BR MW KMFIT ISR BK Sidebands Total

Setting II 4.612 1.0 4.0 2.0 0.8 2.8 1.8 3.3 � � � 1.3 6.7
4.628 1.0 4.0 2.0 0.8 2.8 1.8 1.6 � � � 1.3 6.1
4.641 1.0 4.0 2.0 0.8 2.8 2.3 0.2 � � � 1.3 6.1
4.661 1.0 4.0 2.0 0.8 2.8 2.3 6.4 � � � 1.3 8.8
4.682 1.0 4.0 2.0 0.8 2.8 2.2 10.3 � � � 1.3 12.0
4.699 1.0 4.0 2.0 0.8 2.8 2.2 9.8 � � � 1.3 11.5
4.740 1.0 4.0 2.0 0.8 2.8 2.2 7.3 � � � 1.3 9.5
4.750 1.0 4.0 2.0 0.8 2.8 2.0 6.4 � � � 1.3 8.8
4.781 1.0 4.0 2.0 0.8 2.8 2.1 6.3 � � � 1.3 8.7
4.843 1.0 4.0 2.0 0.8 2.8 2.1 4.3 � � � 1.3 7.4
4.918 1.0 4.0 2.0 0.8 2.8 2.1 3.3 � � � 1.3 6.8
4.951 1.0 4.0 2.0 0.8 2.8 2.2 4.8 � � � 1.3 7.7
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eþe− → ηψð2SÞ with ψð2SÞ → πþπ−J=ψ has been stud-
ied. Due to the limited statistics, upper limits on the cross
sections are provided at 90% CL. Combining the current
measurement and the previous result from Ref. [24],
the total number of observed events at the 32 energy points
is 79, and the total number of expected background events
is 27� 3, corresponding to a P-value of 8.2 × 10−14 for
the background-only hypothesis and a statistical signifi-
cance of 7σ for eþe− → ηψð2SÞ based on 14.2 fb−1 of
BESIII data.
In addition, we have searched for signals of the X̃ð3872Þ

with charge conjugate parity C ¼ −1 and a mass of
3860.0� 10.4 MeV=c2, as reported by the COMPASS
experiment [25] in the πþπ−J=ψ invariant mass distribu-
tion. We do not find any evident signal for the X̃ð3872Þ,
and we set upper limits on the cross sections of eþe− →
ηX̃ð3872Þ[X̃ð3872Þ → πþπ−J=ψ ] at 90% CL assuming
two different width hypotheses, which are consistent with
each other.
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