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1 Introduction

Hadron spectroscopy offers valuable insights into the non-perturbative dynamics of the strong
interaction and has caught the attention of both theorists and experimentalists. According
to the Particle Data Group (PDG) [1], there are several vector states of the ω family around
2.2 GeV, i.e., ω(2220), ω(2290) and ω(2330), which need to be confirmed. It is noteworthy that
the measured widths are usually at least twice as wide as the theoretical calculations [2–7].
The experimental measured parameters are summarized in table 1.

The BaBar Collaboration has studied the process e+e− → ωπ+π− using the initial
state radiation (ISR) method. The cross section line shape shows evidence for an isoscalar
resonance structure near 2.25 GeV with a significance of 2.6σ [8, 9]. The BESIII Collaboration
has studied the processes e+e− → ωη [10], e+e− → ωπ0π0 [11] and e+e− → ωπ+π− [12] at
center-of-mass (c.m.) energies (

√
s) from 2.000 to 3.080 GeV. Two enhanced structures around

2.2 GeV are observed with resonance parameters M1 = 2176± 24 MeV/c2, Γ1 = 89± 50 MeV
and M2 = 2232± 19 MeV/c2, Γ2 = 93± 53 MeV, respectively. The authors in reference [13]
introduced the ω(4S) and ω(3D) to represent the behavior of these enhanced structures, and
claimed that these two structures are caused by the interference of ω(4S) and ω(3D). To
establish higher excited ω states, more theoretical and experimental efforts are desirable.

Particle Mass (MeV/c2) Width (MeV) Channel

ω(2220) 2232± 33 90± 60 e+e− → ωπ+π−

e+e− → ωπ0π0

∗ω(2290) 2290± 20 275± 35 pp̄→ ΛΛ̄
∗ω(2330) 2330± 30 435± 75 γp→ ρ±ρ0π∓

Table 1. Possible 1−− ω states and their parameters, while ∗ denotes further states observed by a
single group or states poorly established that thus need confirmation.
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In this paper, we present a measurement of the Born cross sections for the process
e+e− → ωη′ at

√
s from 2.000 to 3.080 GeV based on 22 data samples corresponding to an

integrated luminosity of 650 pb−1 collected by the BESIII experiment.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [14] records symmetric e+e− collisions provided by the BEPCII storage
ring [15] in the range of

√
s from 2.0 to 4.95 GeV, with a peak luminosity of 1× 1033 cm−2s−1

achieved at
√
s = 3.77GeV. BESIII has collected large data samples in this energy region [16].

The cylindrical core of the BESIII detector covers 93% of the full solid angle and consists
of a helium-based multilayer drift chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed in a
superconducting solenoidal magnet providing a 1.0 T (0.9 T in 2012) magnetic field. The
solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
identification modules interleaved with steel. The charged-particle momentum resolution at
1 GeV/c is 0.5%, and the specific ionization energy loss (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.

Simulated data samples produced with a GEANT4-based [17] Monte Carlo (MC) package,
which includes the geometric description [18] of the BESIII detector and the detector response,
are used to optimize the event selection criteria, estimate background processes, and determine
the detection efficiency. The signal MC samples for the process e+e− → ωη′ are generated
by ConExc [19] so that the contribution of the P-wave amplitude between the vector and
pseudoscalar mesons in the final state is taken into account. The η′ and ω are reconstructed
by γπ+π− and π+π−π0 mode, respectively. The decay of the η′ and ω are described by the
observed amplitude patterns in η′ → γπ+π− and ω → π+π−π0, respectively [20, 21]. For
background studies, MC samples of inclusive hadronic events are generated with a hybrid
generator that integrates ConExc [19], LUARLW [22] and PHOKHARA [23]. Exclusive
MC samples of e+e− → ωπ+π− and e+e− → 2(π+π−π0) are generated by ConExc [19]
according to published results of BESIII and BaBar [12, 24].

3 Event selection and background analysis

The signal process e+e− → ωη′ is reconstructed using ω → π+π−π0, π0 → γγ and
η′ → γπ+π−. The signal candidates are required to have four charged pions with zero
net charge and at least three photons.

Charged tracks detected in the MDC are required to be within a polar angle (θ) range
of |cos θ| < 0.93, where θ is defined with respect to the z axis, which is the symmetry axis
of the MDC. For each charged track, the distance of closest approach to the interaction
point (IP) is required to be within 10 cm in the beam direction and within 1 cm in the
plane perpendicular to the beam direction. Particle identification (PID) for charged tracks
combines measurements of the dE/dx in the MDC and the flight time in the TOF to
form likelihoods L(h)(h = p,K, π) for each hadron h hypothesis. Charged tracks are
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identified as pions when the pion hypothesis has the greatest likelihood [L(π) > L(K) and
L(π) > L(p)].

Photon candidates are identified using isolated showers in the EMC. The deposited
energy of each shower must be more than 25 MeV in the barrel region (|cos θ| < 0.80) and
more than 50 MeV in the end cap region (0.86 < |cos θ| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the EMC shower and the position
of the closest charged track at the EMC must be greater than 10◦ as measured from IP.
To suppress electronic noise and showers unrelated to the event, the difference between
the EMC time and the event start time of the photon candidate is required to be within
[0,700] ns.

To suppress the background and improve kinematic resolution, a four-constraint (4C)
kinematic fit imposing energy-momentum conservation is carried out under the hypothesis
of e+e− → 2(π+π−)3γ. If there are more than three photons in one event, the combination
with the minimum χ2

4C is retained for further analysis. The candidate events are required to
satisfy χ2

4C < 60. Kinematic fit improves signal purity from 7.3% to 41.5%. To suppress the
contamination from the e+e− → 2(π+π−)π0 or e+e− → 2(π+π−π0) processes, two additional
4C kinematic fits under the hypotheses of e+e− → 2(π+π−γ) and e+e− → 2(π+π−2γ)
are independently performed. Only those events which satisfy χ2

4C < χ2
4C(2(π+π−γ)) and

χ2
4C < χ2

4C(2(π+π−2γ)) are retained. The photon combination with the smallest value of
|M(γγ)−Mπ0 | is assigned as the π0, where Mπ0 is the π0 known mass [1]. The distribution
of γγ invariant mass, M(γγ), at

√
s = 2.125GeV is shown in figure 1(a). The ω candidate is

assigned to the π+π−π0 combination with the smallest value of |M(π+π−π0)−Mω|, where
Mω is the ω known mass [1]. The distribution of π+π−π0 invariant mass, M(π+π−π0), at√
s = 2.125GeV is shown in figure 1(b). The distribution of the invariant mass of the remaining

photon and π+π−, M(γπ+π−), at
√
s = 2.125GeV is shown in figure 1(c), where an η′ signal

is visible with the |M(γγ)−Mπ0 | < 0.015GeV/c2 and |M(π+π−π0)−Mω| < 0.029GeV/c2

requirements, corresponding to about 3σ in the mass resolutions. The signal region of the η′
is defined as |M(γπ+π−)−Mη′ | < 0.025 GeV/c2, where Mη′ is the η′ known mass [1]. The
sideband region of the η′ is defined as 0.05 < |M(γπ+π−) −Mη′ | < 0.10 GeV/c2.

After applying the above requirements, the background that still exists. We studied
the remaining potential background sources by analyzing inclusive e+e− → hadrons and
exclusive MC samples. Exclusive MC samples for e+e− → ωπ+π− and e+e− → 2(π+π−π0)
are generated by ConExc [19] with a DIY amplitude model introduced in ref. [12] for the
process e+e− → ωπ+π− and a phase-space model for the process e+e− → 2(π+π−π0) taking
into account the cross sections measured by BaBar [24]. Simulated events are subject to the
same selection procedure as the signal process. Those non-η′ events, e.g., e+e− → ωπ+π−,
form a peaking background in the M(π+π−π0) distribution, as shown in figure 1(b) and are
estimated using the η′ sideband. The background in the M(γπ+π−) distribution, determined
from exclusive MC samples and the inclusive hadronic MC sample, is flat. Therefore, the
number of signal is determined by fitting the M(γπ+π−) spectrum. The dominant background
stems from the e+e− → 2(π+π−π0) process. The background distribution obtained from the
inclusive hadronic MC sample, which has been normalized to the integrated experimental
luminosity, is shown in figure 1(c).
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Figure 1. (a) Distribution of M(γγ), where the (black) dots with error bars are data, and the shaded
histogram are stacked MC samples of signal MC, 2(π+π−π0) MC and ωπ+π− MC. (b) Distribution of
M(π+π−π0) in the η′ signal region, where the (black) dots with error bars are data, and the shaded
histogram are the stacked signal MC sample and non-η′ events estimated by the η′ sideband. (c) Fit
to the M(γπ+π−) distribution, where the (black) dots with error bars are data, the (blue) solid curve
is the total fit result, the (green) dashed curve indicates the fitted background shape, and the (red)
dash-dotted curve is the fitted signal shape. The vertical lines indicate the signal (red) and sideband
regions (green). All the requirements mentioned above have been applied.

We performed an unbinned maximum likelihood fit to the M(γπ+π−) spectrum and
obtain the signal yields of the e+e− → ωη′. The signal is described by the signal MC-simulated
shape convolved with a Gaussian function that describes the difference between data and MC
simulation. The background function is parametrized by a second-order Chebychev function.
The corresponding fit result for data taken at

√
s = 2.125GeV is shown in figure 1(c). The

same event selection criteria and fit procedure are applied for all data samples at different
c.m. energies. The obtained signal yields are listed in table 2.

4 Born cross section and systematic uncertainty

The Born cross section for e+e− → ωη′ is calculated by

σ
(√
s
)
= Nsig

L · ϵ · B · 1
|1−Π|2 · (1 + δ)

, (4.1)

where Nsig is the number of signal events, L is the integrated luminosity, ϵ is the selection
efficiency, B is the branching fraction B = Bω→π+π−π0 · Bη′→γπ+π− · Bπ0→γγ = 26.0%, which
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√
s (GeV) Nsig Nup

sig L (pb−1) ϵ · (1 + δ) VP σ (pb) σup(pb) Significance (σ)
2.0000 10.9± 5.6 <23.1 10.1 0.0988 1.037 40.63± 20.87± 2.56 <86.13 1.9
2.0500 10.5± 4.1 — 3.3 0.0986 1.038 118.40± 46.22± 7.46 — 3.6
2.1000 23.7± 6.8 — 12.2 0.0987 1.039 72.43± 20.78± 4.56 — 4.4
2.1250 273.7± 22.6 — 108.5 0.1000 1.039 93.71± 7.74± 5.90 — 15.6
2.1500 8.8+4.3

−3.5 <16.6 2.8 0.1016 1.040 113.00+55.22
−44.95 ± 7.12 <213.23 3.1

2.1750 13.8± 4.3 <22.5 10.6 0.1045 1.040 46.02± 14.34± 2.90 <75.05 3.4
2.2000 26.2± 8.0 — 13.7 0.1046 1.040 67.40± 20.58± 4.25 — 4.8
2.2324 8.4+5.0

−4.3 <16.5 11.9 0.1046 1.041 24.84+14.79
−12.72 ± 1.56 <48.80 2.2

2.3094 0.4+4.1
−3.3 <8.4 21.1 0.1036 1.041 0.67+6.91

−5.56 ± 0.04 <14.15 0.1

2.3864 0.0+4.4
−3.6 <8.4 22.5 0.1063 1.041 0.03+6.82

−5.58 ± 0.00 <13.02 0.0

2.3960 3.6+6.6
−5.8 <16.5 66.9 0.1066 1.041 1.85+3.40

−2.99 ± 0.12 <8.50 0.8

2.5000 0.4+1.6
−0.0 <4.7 1.1 0.1127 1.041 11.84+47.36

−79.91 ± 0.85 <139.11 0.1

2.6444 9.5+4.5
−3.8 <16.4 33.7 0.1146 1.039 9.08+4.30

−3.63 ± 0.57 <15.67 3.0

2.6464 1.2+3.0
−2.3 <6.9 34.0 0.1151 1.039 1.14+2.86

−2.19 ± 0.07 <6.57 0.5

2.7000 0.0+0.6
−0.0 <3.9 1.0 0.1188 1.039 0.00+18.63

−0.00 ± 0.00 <121.12 0.0

2.8000 0.0+0.5
−0.0 <2.5 1.0 0.1185 1.037 0.00+15.53

−0.00 ± 0.00 <77.64 0.0

2.9000 1.5+3.8
−2.9 <8.7 105.3 0.1238 1.033 0.43+1.10

−0.84 ± 0.03 <2.51 0.5

2.9500 1.6+2.3
−1.6 <6.5 15.9 0.1208 1.029 3.08+4.43

−3.08 ± 0.19 <12.51 1.6

2.9810 3.4+2.9
−2.1 <8.5 16.1 0.1266 1.025 6.30+5.38

−3.89 ± 0.40 <15.76 1.9

3.0000 0.0+1.1
−2.1 <3.2 15.9 0.1270 1.021 0.00+2.07

−3.95 ± 0.00 <6.02 0.0

3.0200 0.3+1.5
−0.8 <3.2 17.3 0.1262 1.014 0.52+2.60

−1.39 ± 0.03 <5.55 0.3

3.0800 0.9+3.0
−2.1 <6.5 126.2 0.1298 0.915 0.24+0.79

−0.55 ± 0.02 <1.70 0.4

Table 2. The Born cross sections for e+e− → ωη′. All definitions of symbols are the same as those
in eq. (4.1). Upper limits are given at the 90% confidence level. For the Born cross section σ, the first
uncertainty is statistical and the second is systematic. The VP column lists the vacuum polarization
correction factor.

is taken from the PDG [1], 1
|1−Π|2 is the vacuum polarization factor (VP) [25], and 1 + δ is

the ISR correction factor, which is obtained by a QED calculation [26] that takes the line
shape of the Born cross section into account. Both ϵ and 1 + δ depend on the line shape of
the cross sections and are determined via an iterative procedure [27, 28]. The ϵ and 1 + δ

are calculated according to the fit curve and are taken as input for the next iteration. The
procedure is repeated until the difference between the final measured Born cross sections
and the last one less than 0.1%. The statistical significance of the signal for each energy
point is estimated by considering the change of likelihood ∆(L) and the number of degrees of
freedom in fits that include or do not include the signal function. For energy points where
the significance of the signal is less than or close to 3σ, the upper limits for the number
of signal events (Nup

sig) and the cross section (σup) are obtained using the profilelikelihood
method [29]. The Born cross sections and upper limits at the 90% confidence level for all
22 energy points are summarized in table 2.

Various sources of systematic uncertainties concerning the measurement of the Born cross
sections are investigated; these include the integrated luminosity, the charged track efficiency,
the photon reconstruction efficiency, the PID efficiency, the kinematic fit, the requirement on
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M(π+π−π0), ISR and VP correction factors, input branching fractions, and the fit to the
M(γπ+π−) distribution. These sources are described as follows.

• The uncertainty associated with the integrated luminosity is 1%, which is estimated by
using large angle Bhabha events in ref. [30].

• The uncertainties related to the tracking and PID efficiencies of charged pions are
investigated using a control sample of e+e− → K+K−π+π− [28, 31]. The uncertainties
on the tracking and PID efficiencies are estimated to be 1% per charged pion track.

• The uncertainty concerning the photon detection efficiency is studied with a control
sample of e+e− → K+K−π+π−π0 [32]. The result shows that the difference in detection
efficiency between data and MC simulation is 1% per photon.

• The uncertainties arising from the χ2
4C requirement in the kinematic fit and the ω

invariant mass requirement are evaluated from a control sample J/ψ → ωη′. The
averaged difference between the data and MC simulation of J/ψ → ωη′ by using each
requirement or not is taken as the systematic uncertainty.

• The uncertainty of the VP and ISR correction factors is obtained with the accuracy of
the radiation function, which is about 0.5% [25], and has an additional contribution
from the cross section line shape, which is estimated by varying the model parameters
of the fit to the cross section. Considering correlations among the parameters, all
parameters are randomly generated using a correlated multi-variable Gaussian function
and the resulting parametrization of the line shape is used to recalculate (1 + δ)ϵ and
the corresponding cross section. This procedure is repeated one thousand times and
the standard deviation of the resulting cross section is considered. The systematic
uncertainty associated with the VP and ISR correction factors is assigned as their
quadratic sum [31].

• The uncertainty associated with the quoted branching fractions from the PDG [1] is
1.5%, including the effects of Bω→π+π−π0 = (89.2± 0.7)%, Bπ0→γγ = (98.823± 0.034)%
and Bη′→γπ+π− = (29.5± 0.4)%.

• The uncertainty caused by the fit to the M(γπ+π−) distribution includes the descriptions
of the signal shape, background shape and fit range and is estimated by the control
sample J/ψ → ωη′. The nominal MC-simulated shape convolved with a Gaussian
function is replaced by a pure MC-simulated shape, and the difference is taken as
the uncertainty. Replacing the nominal background shape by a first-order Chebychev
function, the deviation from the nominal result is taken as the uncertainty. The fit
range is varied by ±10MeV/c2 at both boundaries, and the largest difference is taken
as the uncertainty. The uncertainties from these three sources are added in quadrature
and taken as the total uncertainty from the M(γπ+π−) fit.

Table 3 summarizes all the systematic uncertainties related to the Born cross section
for each energy point, where the sources of the uncertainties tagged with ‘*’ are assumed
to be 100% correlated among c.m. energies. The total systematic uncertainty for each
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√
s (GeV) L∗ Track∗ Pho.∗ PID∗ Kin.∗ ω Mass∗ Rad. Br∗ Fit∗ Sum
2.0000 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.1
2.0500 1.0 4.0 3.0 4.0 0.2 0.9 0.7 1.5 2.4 7.2
2.1000 1.0 4.0 3.0 4.0 0.2 0.9 1.5 1.5 2.4 7.3
2.1250 1.0 4.0 3.0 4.0 0.2 0.9 1.5 1.5 2.4 7.3
2.1500 1.0 4.0 3.0 4.0 0.2 0.9 1.1 1.5 2.4 7.2
2.1750 1.0 4.0 3.0 4.0 0.2 0.9 0.8 1.5 2.4 7.2
2.2000 1.0 4.0 3.0 4.0 0.2 0.9 0.7 1.5 2.4 7.2
2.2324 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.3094 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.3864 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.3960 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.5000 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.6444 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
2.6464 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.7000 1.0 4.0 3.0 4.0 0.2 0.9 0.6 1.5 2.4 7.2
2.8000 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
2.9000 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
2.9500 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
2.9810 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
3.0000 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
3.0200 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2
3.0800 1.0 4.0 3.0 4.0 0.2 0.9 0.5 1.5 2.4 7.2

Table 3. Systematic uncertainties (in %) in the Born cross section of e+e− → ωη′ at each energy
point. These represent the uncertainties in the estimated effects of the integrated luminosity (L),
tracking efficiency (Track), photon reconstruction efficiency (Pho.), PID efficiency (PID), kinematic fit
(Kin.), ω mass window (ω Mass), VP and ISR correction factor (Rad.), branching fraction (Br) and
M(γπ+π−) fit (Fit). The total uncertainty (Sum) is obtained by summing the individual contributions
in quadrature.

energy point is calculated as the quadratic sum of the individual uncertainties, assuming
they are independent.

5 Fit to the line shape

Figure 2 shows the measured Born cross sections, where a clear structure is visible around
2.2 GeV. We perform a χ2 fit to extract resonance parameters, incorporating the correlated
and uncorrelated uncertainties among different energy points. The fit probability density
function is a coherent sum of a continuum component f1 and a resonant component f2.
The cross section is modeled as

σ = 12π
s3/2 |f1 + eiϕf2|2PS

(√
s
)
, (5.1)
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Figure 2. The Born cross section and fit curves, (a) and (b), corresponding to the two solutions
shown in table 4. Dots with error bars are BESIII data, where errors include both statistical and
systematic uncertainties. The solid (black) curves represent the total fit result, the dashed (red) curves
are for the intermediate state and the dash-dotted (blue) curves are for the continuum component,
and the intensive dash-dotted (magenta) curves are for the interference between the resonance and
continuum components.

where ϕ is the relative phase between these two components, and PS(
√
s) is the phase-space

factor [10] given by PS(
√
s) = q3, where q is the ω momentum in the e+e− c.m. frame

calculated for the mass value Mω = 0.78265GeV/c2 [1]. The contribution from lower-mass
vector states is considered in the description of f1 as

f1 = C0 · e−p0(√s−Mth), (5.2)

where C0 and p0 are free parameters, and Mth = 1.7404GeV/c2 is the mass threshold for ωη′
production [1, 33]. The resonant amplitude f2 is described by a Breit-Wigner (BW) function:

f2 =

√√√√Γe+e−
R ·Bωη′

R

PS(mR)
m

3/2
R

√
ΓR

s−m2
R + i

√
sΓR

, (5.3)

where mR and ΓR are the mass and width of the resonant structure, Γe+e−
R is its partial

width to e+e−, and BR is the branching fraction of R → ωη′.
In total, there are six free parameters in the fit: ϕ,C0, p0,mR,ΓR and the product of

Γe+e−
R BR. The fit results are shown in figure 2, and resonance parameters are listed in table 4.

The fit has two solutions with identical mass and width for the resonance. The two solutions
for the phase ϕ and Γe+e−

R BR are consistent with each other considering their uncertainties.
The fit quality is χ2/ndf = 13.5/16, where ndf is the number of degrees of freedom. The
mass and width of the resonance are MR = (2153± 30) MeV/c2 and ΓR = (167± 77) MeV,
respectively, where the uncertainties are statistical only. The significance of the resonance
is determined to be 9.6σ by comparing the change of the χ2 in fits with and without the
resonance and considering the change in ndf. The uncertainties (statistical and systematic) of
the measured Born cross sections have been considered when fitting the line shape, extracting
the resonance parameters and estimating the significance of the resonance.

The systematic uncertainties of the resonant parameters are due to the c.m. energy
from BEPCII and the formula used in the fit procedure. The uncertainty of the c.m.
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Parameter Solution 1 Solution 2
MR (MeV/c2) 2153± 30(stat.)± 31(syst.)
ΓR (MeV) 167± 77(stat.)± 7(syst.)
ϕ (rad) 3.78± 0.24(stat.)± 0.12(syst.) 3.16± 0.4(stat.)± 0.2(syst.)

Γe+e−
R Bωη′

R (eV) 5.72± 1.68(stat.)± 1.5(syst.) 2.99± 1.68(stat.)± 1.2(syst.)
Significance 9.6σ

Table 4. The obtained resonance parameters.

energy calibration is estimated as 0.1%. It is ignored in the determination of the resonance
parameters [30]. To evaluate the systematic uncertainty associated with the fit formula, the
continuum term C0 · e−p0(

√
s−Mth) is replaced with an exponential function of the form c1/s

c2 ,
where c1 and c2 are free parameters and the width ΓR is replaced with an energy-dependent
width of the form ΓR(

√
s) = ΓR · P S(

√
s)

P S(MR) [33]. The deviation of the obtained parameters from
the nominal results are taken as the systematic uncertainties. The resonance parameters,
which have been considered systematically, are listed in table 4.

6 Summary

In summary, we measured the Born cross sections of the process e+e− → ωη′ at center-of-mass
energies from 2.000 to 3.080 GeV using 22 data samples corresponding to a total integrated
luminosity of 650 pb−1 collected by the BESIII detector. By analyzing the energy dependence
of the cross sections, a structure is observed with a statistical significance of 9.6σ with mass
MR = (2153 ± 30 ± 31) MeV/c2 and width ΓR = (167 ± 77 ± 7) MeV, where the first and
second uncertainties are statistical and systematic, respectively.

Compared to the resonance parameters for structures around 2.2 GeV obtained
from the previous BESIII measurements via e+e− → ωη [10], e+e− → ωπ0π0 [11]
and e+e− → ωπ+π− [12], M1 = 2176 ± 24 MeV/c2, Γ1 = 89 ± 50 MeV and
M2 = 2232± 19 MeV/c2, Γ2 = 93± 53 MeV, respectively, the parameters obtained in this
work are in agreement with them within 3σ.

Supposing the resonances around 2.2 GeV observed in R→ ωη and R→ ωη′ are the same,
and R only contains uū and dd̄ quarks, the ratio between branching fractions of R → ωη

and R → ωη′ can be written as

Bωη′

R

Bωη
R

=
∣∣∣∣cos(Θ0 −Θ)
sin(Θ0 −Θ)

∣∣∣∣2 Ωη′

Ωη
, (6.1)

where Θ0 = 35.3◦ is the ideal mixing angle between pure ss̄ and uū − dd̄, and Ωη′(Ωη)
is the phase-space factor including the P-wave effect in decay [34, 35]. Based on the
suggested mixing angle Θ = −14.1 ± 2.8◦ calculated by lattice QCD [1, 36], the ratio
between Γe+e−

R Bωη′

R and Γe+e−
R Bωη

R is 0.34± 0.07. Combining our results with the previous
BESIII measurements of the e+e− → ωη process [10], and taking into account the mutiple
solutions for the resonance parameters, these ratios are measured to be 13.30 ± 6.06 ±
3.61, 2.39± 1.63± 1.01, 4.58± 2.21± 1.34 and 6.95± 4.60± 2.83, where the first and second

– 9 –



J
H
E
P
0
7
(
2
0
2
4
)
0
9
3

uncertainties are statistical and systematic, respectively. All of them are greater than
0.34± 0.07 based on the η − η′ mixing angle given by lattice QCD. Future experimental and
theoretical studies will be helpful to improve the knowledge of excited ω states around 2.2 GeV.
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