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Abstract: Based on 8.5 fb−1 of e+e− collision data collected at center-of-mass energies
between 4.42 and 4.95 GeV with the BESIII detector at the BEPCII storage ring, we
investigate the process e+e− → π+π−D+

s D
−
s . With no significant signal observed, upper

limits on the Born cross sections of e+e− → π+π−D+
s D

−
s at each energy value at the

90% confidence level are determined. Additionally, a search for intermediate charmonium-
like resonances is performed in the M(D+

s D
−
s ) invariant mass spectrum, but no significant

resonant structures are observed with the current statistics.
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1 Introduction

In recent years, the exploration of charmonium-like states has become a prominent
focus in hadron physics. Vector charmonium-like states with masses above the open-charm
threshold, as for example Y (4230), Y (4360) and Y (4660), have been observed in many
experiments, including BABAR [1–4], Belle [5–8], CLEO [9, 10], and BESIII [11–13]. A
thorough investigation of these states in the open-charm channel can provide crucial in-
sights into their characteristics and test different theoretical explanations such as hybrid
charmonium [14], tetraquark [15], and hadronic molecule [16, 17] models.

The BESIII experiment has identified various charmonium-like states in open-charm
processes, including Y (4220), Y (4390) [18], Zc(3900) [19]. In 2021, BESIII announced
the observation of a novel exotic multi-quark state candidate, Zcs(3985)

−, produced in
the reaction e+e− → K+(D−

s D
∗0 + D∗−

s D0); the production occurred at the center-of-
mass (c.m.) energy (

√
s) of 4.68 GeV [20]. The revelation of Zcs(3985)

− has stimulated
a fresh wave of investigations into multi-quark structures. Researchers are particularly
focusing on the interplay between charm and strange quarks within these states. Recently,
the LHCb experiment unveiled a distinct and intriguing hadronic state in the D+

s D
−
s system

originating from the three-body decay B+ → D+
s D

−
s K

+, which indicates the potential
presence of a four-quark (ccss) element [21].

In this analysis, we investigate the process e+e− → π+π−D+
s D

−
s , focusing on the

interactions of the two D±
s mesons, which are charm-strange quark bound states. By

– 1 –



analyzing data from the BESIII detector at c.m. energies ranging from 4.42 to 4.95 GeV [22,
23], we measure the Born cross sections. This study aims to enhance our understanding of
charm and strange quark dynamics in multi-quark systems, and provide insights into the
structures composed of charm and strange quarks [24, 25].

2 Detector and Data Samples

The BESIII detector [26] records symmetric e+e− collisions provided by the BEPCII
storage ring [27] in the c.m. energies range from 1.84 to 4.95 GeV, with a peak luminosity
of 1.1×1033 cm−2s−1 achieved at

√
s = 3.773 GeV. BESIII has collected large data samples

in this energy region [28–30].

The cylindrical core of the BESIII detector covers 93% of the full solid angle and con-
sists of a helium-based multilayer drift chamber (MDC), a time-of-flight system (TOF), and
a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The solenoid is supported by an octag-
onal 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 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
of the TOF barrel part is 68 ps, and the end-cap TOF system was upgraded in 2015 with
a multi-gap resistive plate chamber technology, providing a time resolution of 60 ps, which
benefits 73% of the data used in this analysis [31–33].

The analysis is performed within the framework of the BESIII Offline Software System
(BOSS) [34] which handles detector calibration, event reconstruction and data storage.
The dataset comprises data samples at 15 energy values. The integrated luminosities are
determined through large-angle Bhabha events, and the c.m. energies of the data samples
are obtained from offline measurements [23]. Monte Carlo (MC) simulations are employed
to determine detection efficiencies and estimate backgrounds. They are generated with
a geant4-based [35] software package, which includes the geometric description of the
BESIII detector and the detector response, are used to determine detection efficiencies
and to estimate backgrounds. The simulation models the beam energy spread and initial
state radiation (ISR) in e+e− annihilations using the kkmc generator [36]. Inclusive MC
samples for background assessments are generated in a range of

√
s = 4.42 to 4.95 GeV. All

particle decays are modelled with evtgen [37, 38] using branching fractions either taken
from the Particle Data Group (PDG) [39], when available, or otherwise estimated with
lundcharm [40].

The signal processes involve the e+e− → π+π−D+
s D

−
s reaction, where the decays are

generated by BesEvtGen, including D+
s → K0

SK
+ and K+K−π+, D−

s → K0
SK

− and
K+K−π−. The decays of D+

s → K0
SK

+ and D−
s → K0

SK
− follow the phase space model

(PHSP), while D+
s → K+K−π+ and D−

s → K+K−π− adhere to the D_DALITZ [38, 41]
model.

– 2 –



3 Event Selections and Analysis Techniques

A full reconstruction method is used to extract the signal process e+e− → π+π−D+
s D

−
s ,

where the D±
s mesons decay into K+K−π± or K0

S(→ π+π−)K±. Charged tracks are re-
constructed from MDC hits within a polar-angle (θ) acceptance range of | cos θ| < 0.93,
where θ is defined with respect to the symmetry axis of the MDC (defined as the z-axis).
For the charged tracks not originating from K0

S decays, the distance of the closest approach
to the interaction point (IP) must be less than 10 cm along the z-axis (Vz), and less than
1 cm in the transverse plane (Vxy). The dE/dx and TOF information for each charged
track are combined to calculate the Particle Identification (PID) probabilities Pi (i = π,K)
for each particle-type hypothesis. Kaon candidates are required to have PK > Pπ, while
pion candidates must satisfy Pπ > PK .

Each K0
S candidate is reconstructed from two oppositely charged tracks satisfying the

conditions |Vz| < 20 cm and | cos θ| < 0.93. The two charged tracks are assigned as π+π−

without imposing PID criteria. They are constrained to originate from a common vertex and
are required to have an invariant mass (Mπ+π−) within the interval (0.487, 0.511) GeV/c2.
The decay length of the K0

S candidate is required to be greater than twice the vertex
resolution.

Selected K±, π±, K0
S candidates are used to reconstruct the D±

s meson candidates.
For events with multiple candidate combinations, the optimal pair is selected by minimizing
the variable ∆M̂ = |M̂ − MPDG(D

±
s )|, where M̂ = [M(D+

s ) + M(D−
s )]/2 is the average

reconstructed mass of the D+
s D

−
s pair, and MPDG(D

±
s ) is the nominal mass from the

PDG [39].
In order to suppress backgrounds, mass window requirements for the intermediate states

ϕ and K
∗0 are applied during the D+

s → K−K+π+ candidate selection. Based on the
observed invariant mass distributions of M(K+K−) and M(K−π+) as shown in Fig. 1, the
mass window for the ϕ in the D+

s → ϕπ+ decay is required to be M(K+K−) < 1.2 GeV/c2.
Similarly, for the K∗0 in D+

s → K
∗0
K+, the mass window is set as M(K−π+) < 1.0 GeV/c2.

Corresponding selection criteria are also applied to the D−
s candidates.

The inclusive MC samples are utilized to examine potential background contributions.
After applying all the specified requirements, a total of 73 events remain. All of them are
non-dominant backgrounds, and no significant peaking background is observed within the
D±

s signal region.

4 Signal Extraction

The signal yield at each energy point is obtained by performing a one-dimensional
(1D) unbinned maximum likelihood fit to the corresponding RM(π+π−D±

s ) distribution.
The mass window requirement |M(D−

s ) − MPDG(D
−
s )| < 15 MeV/c2 is applied in the fit

to the RM(π+π−D−
s ) distribution, and similarly for the RM(π+π−D+

s ) fit. To improve
the mass resolution, the corrected recoil mass RM(π+π−D+

s ) + M(D+
s ) − MPDG(D

+
s ) is

used. The signal shape is modeled by a non-parametric PDF, which is a histogram-based
PDF that describes the signal shape by interpolating the distribution of the simulated
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FIG 1. The invariant mass of M(K+K−) (a) and M(K−π+) (b). The black dots with
error bars represent the data for fifteen energy points, the solid lines (blue) describe the
signal MC at

√
s = 4.42 GeV.

MC events. Meanwhile, a first-order polynomial function models the background shape.
In the fitting process, both the signal and background yields, as well as the polynomial
function parameters for the background shape, are floated. The data from the fifteen
samples are combined to enhance the statistical significance. The fits to the RM(π+π−D+

s )

and RM(π+π−D−
s ) distributions are illustrated in Fig. 2. The χ2/NDF values are 1.3/2

for RM(π+π−D+
s ) and 4.1/3 for RM(π+π−D−

s ). The signal yields in the RM(π+π−D+
s )

and RM(π+π−D−
s ) fits are 4.7+6.4

−3.3 and 11.2+7.6
−5.2, respectively. The statistical significance of

the signal is determined to be 1.2σ and 2.6σ by comparing the likelihood values with and
without the signal assumption in the fits, considering the change in degrees of freedom. For
a conservative estimation of the significance, the outcome from the fit to RM(π+π−D+

s ) is
chosen as the nominal result.
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FIG 2. Fits to the RM(π+π−D+
s ) and RM(π+π−D−

s ) distributions in (a) and (b), respec-
tively. The black dots with error bars represent data, the solid blue lines show the total
fits, the dashed red lines indicate the signal shapes, the green line shows the background
from inclusive MC after scaling, and the dash-dotted black lines represent the background.
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5 Search for the Charmonium-like States in the D+
s D

−
s System

To explore potential charmonium-like intermediate states, the M(D+
s D

−
s ) invariant

mass spectrum is examined using the combined data samples from all fifteen energy val-
ues, corresponding to a total integrated luminosity of 8.5 fb−1. As shown in Fig. 3, the
M(D+

s D
−
s ) distribution is compared with the PHSP MC component. The PHSP MC shape

(blue dashed line) is obtained by combining the PHSP MC samples from each energy value,
weighted by their respective measured Born cross sections, selection efficiencies, and inte-
grated luminosities. To reduce statistical fluctuations, the weighted PHSP MC distribution
is further smoothed.

No significant resonant structures are observed in the M(D+
s D

−
s ) system with the

current data sample, and the result remains statistically limited.
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PHSP MC

FIG 3. The M(D+
s D

−
s ) invariant mass distribution for the combined data samples. The

black dots with error bars represent data, and the dotted blue curve shows the weighted
PHSP component.

6 Born Cross Section Measurement

The Born cross section for the process e+e− → π+π−D+
s D

−
s can be calculated as follows

σ(e+e− → π+π−D+
s D

−
s ) =

N sig

L(1 + δr)(1 + δv)
∑

i,j ϵijBiBj
, (6.1)

where N sig is the signal yield, L is the integrated luminosity [23], ϵij indicates the signal
efficiency for e+e− → π+π−D+

s D
−
s with D+

s → i and D−
s → j; Bi and Bj are the branching

fractions for D+
s → i and D−

s → j, respectively; 1 + δr is the ISR correction factor, which
is defined as

1 + δr =
σobs

σB
=

∫
σB(s(1− x))F (x, s)dx

σB(s)
, (6.2)
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where F (x, s) is the radiator function derived from QED calculations [42] with 0.1% accu-
racy. The input line shape σB in Eq. (6.2) is parameterized by a cubic polynomial function
fitted to the initially measured Born cross sections. This line shape is then used to deter-
mine the final ISR correction factors and efficiencies for all data samples. The factor 1+ δv

is the vacuum polarization (VP) correction factor calculated using the Fortran package
provided by Fred Jegerlehner [43], which determines the correction by summing the lepton-
ic contribution calculated in precise perturbative QED and the non-perturbative hadronic
contribution evaluated via dispersion relations using experimental data for electron-positron
annihilation into hadrons. Figure 4 shows the measured Born cross sections and their upper
limits obtained from this analysis (blue dots).
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FIG 4. Born cross sections of e+e− → π+π−D+
s D

−
s at different center-of-mass energies.

The red dots with error bars represent the measurements from this analysis, while the blue
triangles indicate the upper limits.

7 Systematic Uncertainties

Systematic uncertainties are mainly from the luminosity measurement, the quoted
branching fractions, the ISR correction factor, and the fit schemes. Due to the limited
statistics and large fluctuations at individual energy points, the systematic uncertainties
are evaluated using the combined data sample when applicable, in order to obtain a stable
estimate. For this purpose, the average Born cross section is calculated as

σ̄(e+e− → π+π−D+
s D

−
s ) =

Ntot∑
k

Lk(1 + δrk)(1 + δvk)
∑
i,j

ϵ
(k)
ij BiBj

 ,

(7.1)

where Ntot is the total signal yield across all fifteen energy values, Lk is the integrated
luminosity of the k-th energy value, 1+ δrk and 1+ δvk are the ISR correction factor and the
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VP correction factor at the k-th energy value, respectively. A summary of the systematic
uncertainties is given in TABLE 1. The total systematic uncertainty is obtained by summing
the individual contributions in quadrature.

The integrated luminosities of these data samples are measured using Bhabha events,
with an uncertainty of 1.0% [44].

The systematic uncertainty due to the charged π and K tracking from the interaction
point (IP) is estimated to be 1.0% per track [45–47]. The detection efficiencies are varied
within one standard deviation according to the charged track multiplicities in the D±

s

reconstruction channels; the largest difference in the cross sections, 7.0%, is taken as the
systematic uncertainty. Similarly, the systematic uncertainty due to PID is taken to be 1.0%
per charged track [45–47]. The systematic uncertainty associated with K0

S reconstruction
is taken as 0.4% [48].

The branching fractions of D+
s → K0

SK
+ and D+

s → K+K−π+ are taken from the
PDG [39]. Their uncertainties are propagated to the final cross section measurement by
varying the branching fractions by ±1σ in the calculation. The resulting largest differences
from the nominal cross sections are assigned as the systematic uncertainties, which are
determined to be 0.5% and 2.2%, respectively.

The uncertainty in the line shape of the cross sections can introduce systematic un-
certainties in both the ISR correction factor and the signal efficiency. To account for this,
the measured cross sections are fitted with a cubic polynomial to obtain an updated line
shape. This updated shape is then incorporated into the calculation of the ISR correction
factors and efficiencies. The systematic uncertainty is assessed by comparing these results
with those obtained using an alternative linear polynomial model, as shown in Fig. 5. The
difference on the average cross section, 1.5% is taken as the systematic uncertainty.

The D±
s mass resolution discrepancy between data and MC simulation affects the effi-

ciencies. The uncertainty due to the mass window for the D±
s → K0

SK
± decay is assessed

by varying the nominal mass window by ±15 MeV/c2. The relative difference between the
observed cross sections and the nominal results, 2.2%, is taken as the systematic uncertain-
ty. For the D±

s → K+K−π± decay, the systematic uncertainty is taken to be 1% according
to Ref. [49].

The systematic uncertainty associated with the signal yield encompasses uncertainties
in the fitting range, the signal shape, and the background shape. The uncertainty related
to the fitting range is evaluated using the Barlow test [50]. By varying the fit range, the
changes in the final results consistently remain below 2σ, making this uncertainty negligible.
To estimate the systematic uncertainty related to the RM(π+π−D±

s ) signal shape, we
account for the resolution difference between data and MC simulation. The nominal MC-
derived shape is convolved with a Gaussian function [51]. The resulting difference in the
signal yields, 6.4%, is taken as the systematic uncertainty. For the background shape,
the uncertainty is estimated by replacing the first-order polynomial with a second-order
polynomial, and the resulting difference in fitted signal yields is less than 0.1%, which is
negligible.
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FIG 5. Born cross section line shapes for e+e− → π+π−D+
s D

−
s fitted with (a) a cubic

polynomial and (b) a linear polynomial.

8 Upper Limit With Systematic Uncertainty

Since the statistical significance is only 1.2σ, no significant e+e− → π+π−D+
s D

−
s signals

are observed, an upper limit at the 90% C.L. on the cross section is set using the Bayesian
method. In this method, the probability distribution of the measured cross section σ, P (σ),
is determined using a maximum likelihood fit. The upper limit at the 90% confidence
level (C.L.), denoted as L, is then calculated by solving the equation

0.1 =

∫ ∞

L
P (σ)dσ. (8.1)

To include multiplicative systematic uncertainties from tracking, integrated luminosity,
PID, branching fractions, and the ISR correction factor, P (σ) is convolved with a proba-
bility distribution function of sensitivity, which refers to the denominator of Eq. (6.2) and
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TABLE 1. Systematic uncertainties for the Born cross section (%).

Source Uncertainty (%)
Integrated luminosity 1.0

Tracking 7.0
PID 7.0

K0
S reconstruction 0.4

B(D+
s → K0

SK
+) 0.6

B(D+
s → K+K−π+) 2.2

ISR correction factor 1.5
Mass window of D±

s → K0
SK

± 2.2
Mass window of D±

s → K+K−π± 1.0
Fit method 6.4

Total uncertainty 12.4

is assumed to be a Gaussian with the central value Ŝ and the standard deviation σs [52].
The convolution is performed as:

P ′(σ) =

∫ ∞

0
P

(
S

Ŝ
σ

)
exp

[
−(S − Ŝ)2

2σ2
s

]
dS, (8.2)

where P (σ) is the likelihood distribution obtained from fitting the likelihood of the number
of signal events and parameterized as three Gaussians. The sensitivity is denoted by Ŝ, and
its multiplicative systematic uncertainty is σs. Finally, the upper limit at the 90% C.L. is
obtained by integrating P ′(σ) rather than P (σ) in Eq. (8.1). Figure 6 shows the likelihood
distribution before and after convolution at the energy of 4.70 GeV.

0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

√
s = 4.6988 GeV

FIG 6. The likelihood distribution before (blue line) and after (red line) convolution.
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9 Summary

In this work, we report the study of the process e+e− → π+π−D+
s D

−
s at c.m. energies

from 4.42 to 4.95 GeV using BESIII data. No significant signals are observed in this region.
The Born cross sections are measured at fifteen energy values, and the corresponding upper
limits at the 90% C.L. are determined after considering the systematic uncertainties. These
results are listed in TABLE 2. To further investigate the charm-strange quark dynamics
and search for potential multi-quark structures, the M(D+

s D
−
s ) invariant mass spectrum

was examined. No significant resonant structures are observed, with the present data set,
underscoring the need for higher statistics in future investigations of this channel.

TABLE 2. The results of the Born cross sections for e+e− → π+π−D+
s D

−
s . The table includes the

integrated luminosity L, the number of signal events Nobs, the ISR correction factor (1 + δr) and
the VP correction factor (1 + δv), the sum of the products of the branching fraction and efficiency∑

i,j ϵijBiBj , and the Born cross section σ along with its upper limit at the 90% C.L. The first and
second uncertainties are statistical and systematic.

√
s L N sig

∑
i,j ϵijBiBj (1 + δr)× σ (σUL)

(GeV) (pb−1) (10−4) (1 + δv) (pb)
4.4156 1043.9 0.0+2.2

−0.0 2.871 0.863 0.0+8.2
−0.0 ± 0.0 (<13.8)

4.4362 569.9 0.0+1.8
−0.0 2.933 0.896 0.0+11.5

−0.0 ± 0.0 (<21.1)
4.5995 586.9 0.0+1.2

−0.0 3.296 0.975 0.0+4.9
−0.0 ± 0.0 (<9.7)

4.6119 103.6 0.0+1.2
−0.0 2.796 0.995 0.0+31.5

−0.0 ± 0.0 (<62.5)
4.6280 521.5 0.5+2.0

−0.3 2.738 1.001 2.6+10.5
−1.6 ± 0.3 (<21.1)

4.6409 551.6 0.0+1.9
−0.0 2.812 1.008 0.0+9.4

−0.0 ± 0.0 (<16.9)
4.6612 529.4 0.7+2.6

−0.4 2.795 1.014 3.9+14.3
−2.2 ± 0.5 (<26.8)

4.6819 1667.4 1.0+3.4
−0.7 3.052 1.018 1.8+6.1

−1.2 ± 0.2 (<11.3)
4.6988 535.5 2.2+3.0

−1.4 3.242 1.018 12.4+17.0
−7.9 ± 1.5 (<39.6)

4.7397 163.9 0.0+1.4
−0.0 4.043 1.006 0.0+23.5

−0.0 ± 0.0 (<46.9)
4.7501 366.5 0.0+1.5

−0.0 4.086 1.000 0.0+11.4
−0.0 ± 0.0 (<22.7)

4.7805 511.5 0.5+2.8
−0.3 4.253 0.979 2.7+15.1

−1.6 ± 0.3 (<28.0)
4.8431 525.2 0.4+2.8

−0.2 4.510 0.931 2.0+14.1
−1.0 ± 0.2 (<25.1)

4.9180 207.8 0.0+1.4
−0.0 4.609 0.891 0.0+17.3

−0.0 ± 0.0 (<34.7)
4.9509 159.3 2.2+2.8

−1.3 4.667 0.865 35.7+45.4
−21.1 ± 4.4 (<108.9)
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