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We perform the first investigation of the process e+e− → K+K−ψ(2S) and report its Born cross
sections over a range of center-of-mass energies from 4.699 to 4.951 GeV. The measurements are
carried out using several partial reconstruction techniques using data samples collected by the BESIII
detector with a total integrated luminosity of 2.5 fb−1. We search for new tetraquark candidates
Z±
cs in the decays Z±

cs → K±ψ(2S). No significant Z±
cs signals are observed.

At the frontier of Quantum Chromodynamics (QCD),
exotic hadrons containing heavy quarks have been the
subject of much experimental and theoretical effort. In-
terest was originally stimulated two decades ago with
the discovery of the first exotic (non-qq̄) candidate, the
X(3872), by Belle in 2003 [1]. Subsequently, additional
exotic candidates involving a charm-anticharm pair, e.g.,
the Y (4260) [2] and Zc(3900) [3, 4], were also experi-
mentally established. Interpreting their nature is a high
priority for both experiment and theory.

Various experiments have measured a series of e+e−

cross sections to both hidden-charm and open-charm fi-
nal states, e.g., e+e− → π+π−J/ψ [5], π+π−hc [6],
π+π−ψ(2S) [7], and D(∗)D(∗)(π) [8–10], and have ob-
served candidate vector states in the center-of-mass en-
ergy (

√
s) depenedence of those cross sections that do not

fit within the conventional charmonium spectrum. More-
over, processes with strange mesons in the final state,
such as e+e− → KK̄J/ψ [11–14], have also been studied.
BESIII observed a new structure in the

√
s-dependence

of the e+e− → K+K−J/ψ cross section [14] at a mass
of 4.710 GeV, called the Y (4710). This structure is one
of the heaviest vector charmonium-like states observed
to date. BESIII also measured the

√
s-dependence of

the cross section for the process e+e− → D∗+
s D∗−

s [15],
and found a structure around 4.79 GeV, with a mass
that is distinct from the Y (4710). Further studies are
needed to clarify the nature of these two structures in
processes containing strange mesons. A study of the pro-
cess e+e− → K+K−ψ(2S) is an important extension of
previous efforts, and the e+e− annihilation datasets col-
lected above the e+e− → K+K−ψ(2S) threshold at BE-
SIII make this possible.

Unlike the X and Y states, the isovector Z states
must be exotic since they contain at least a light
quark and antiquark in addition to an isosinglet heavy
quark–antiquark pair. In 2013, the tetraquark candi-
date Zc(3900)

± was observed decaying to π±J/ψ in
the π+π−J/ψ system by the BESIII and Belle experi-
ments [3, 4]. Charged structures have also been observed
in the π±ψ(2S) invariant mass spectrum in both the
B → Kπ±ψ(2S) [16] and e+e− → π+π−ψ(2S) [17] reac-
tion channels. Several tetraquark candidates have been
observed in both hidden- and open-charm processes. BE-
SIII reported the observation of a charged open-strange
hidden-charm structure Zcs(3985) in the K+ recoil-mass

spectra in the e+e− → K+(D−
s D

∗0 + D∗−
s D0) pro-

cess [18] with a mass and width of M = 3992.2 ±
1.7 ± 1.6 MeV/c2 and Γ = 7.7+4.1

−3.8 ± 4.3 MeV. This was
the first observation of a tetraquark candidate involv-
ing both strange and charm quarks. Soon after, LHCb
reported observations of the Zcs(4000) and Zcs(4220) de-
caying to J/ψK+ via the reaction B+ → J/ψφK+ [19].
The mass and width of the Zcs(4000) were found to be
M = 4003± 6+4

−14 MeV/c2 and Γ = 131± 15 ± 26 MeV,

and for the Zcs(4220), M = 4216 ± 24+43
−30 MeV/c2 and

Γ = 233 ± 52+97
−73 MeV. The Zcs(3985) from BESIII

and the Zcs(4000) from LHCb have similar masses but
quite different widths. According to calculations in the
hadro-charmonium picture [20, 21], the Zcs(3985) and
Zcs(4000) can be assigned to ψ(2S)⊗K hadro-charmonia,
while the Zcs(4220) could be assigned to a ψ(2S) ⊗ K∗

or χc1(2P )⊗K∗ state. In addition, BESIII searched for
Zcs → KJ/ψ in the process e+e− → K+K−J/ψ, but no
significant signals were observed [14]. As a natural exten-
sion, a search for the Zcs in the decay Zcs → K±ψ(2S)
is very interesting.

In this Letter, we report the first measurement of the
e+e− → K+K−ψ(2S) Born cross sections (σ) at

√
s from

4.669 to 4.951 GeV using 2.5 fb−1 of e+e− annihilation
data collected by the BESIII detector. To investigate
intermediate Y states that could be produced through
the reaction e+e− → Y → K+K−ψ(2S), the

√
s-

dependent ratio between σ(e+e− → K+K−ψ(2S)) and
σ(e+e− → K+K−J/ψ) is also provided. Taking advan-
tage of the largest signal yield at 4.843 GeV, we search for
new tetraquark candidates Z±

cs in the Z±
cs → K±ψ(2S)

decay channels.

The BESIII detector is described in Ref. [22]. The
Monte Carlo (MC) samples are generated with kkmc [23]
in conjunction with evtgen [24]. The detector simula-
tion is based on geant4 [25]. The inclusive MC samples,
which include open-charm hadronic processes, continuum
processes, and the effects due to initial-state-radiation
(ISR), are produced with ten times the data luminosity to
study the backgrounds. The signal MC samples, e+e− →
K+K−ψ(2S), ψ(2S) → J/ψ+(π+π−, π0π0, η, π0, γγ) or
ℓ+ℓ−, J/ψ → ℓ+ℓ− (ℓ = e, µ), are generated to determine
the detection efficiencies. The criteria of charged track
selection and kaon identification are the same as those in
Ref. [14]. To reconstruct the J/ψ or ψ(2S) in their lep-
tonic decays, two charged particles with momenta greater
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than 1.0 GeV/c and opposite charges are identified as
the lepton pair from the J/ψ or ψ(2S) decay. Electrons
and muons are discriminated by requiring their deposited
energies in the electromagnetic calorimeter (EMC) to be
greater than 0.8 GeV and less than 0.4 GeV, respectively.
A partial reconstruction technique is used to improve

the reconstruction efficiency in the measurement. We
take advantage of two aspects of the signal signature.
First, the ψ(2S) decays dominantly through channels
with a J/ψ in the final state, including ψ(2S) → J/ψ +
(π+π−, π0π0, η, π0, γγ) [26]. Furthermore, since the

√
s

range is close to the threshold for e+e− → K+K−ψ(2S)
production, the primary kaons have low momentum and
low detection efficiency. Based on these features, four
approaches are developed to reconstruct the e+e− →
K+K−ψ(2S) signals. The selection criteria of the four
approaches are orthogonal and do not contain events in
common.
In the first approach (i), we tag the K+, the K−, and

the J/ψ from the ψ(2S) decay, and then identify the sig-
nal ψ(2S) using the mass recoiling against the K+K−

system (RM(K+K−)). This approach aims to recon-
struct signals using all ψ(2S) decay channels that contain
a J/ψ in the final state. The J/ψ mass window is set to
be 3.05 < M(ℓ+ℓ−) < 3.15 GeV/c2, where M(ℓ+ℓ−)
is the lepton pair invariant mass. The selection crite-
ria are optimized by maximizing S/

√
S +B, where S

is the number of signal events and B is the number of
background events, estimated according to the inclusive
MC samples. To suppress backgrounds caused by µ/π
misidentification, at least one muon from J/ψ → µ+µ−

needs to penetrate more than three layers of the muon
chamber (MUC).
In the second approach (ii), we only tag one kaon (the

K+ or K−) by requiring there be exactly one charged
kaon detected and then reconstruct the ψ(2S) through
the ψ(2S) → π+π−J/ψ decay. A one-constraint kine-
matic fit constraining the mass of the missing kaon is
further applied and is used to extract its four-momentum.
The resulting χ2

1C is required to be less than 50. The re-
quirement on the J/ψ mass window is the same as that
in (i). This method is designed to recover those signal
candidates with only one reconstructed kaon.
In the third approach (iii), we tag the K+, the K−,

and the ψ(2S) in the decay ψ(2S) → ℓ+ℓ−(ℓ = e, µ). The
ψ(2S) mass window is required to be 3.631 < M(ℓ+ℓ−) <
3.726 GeV/c2.
In the fourth approach (iv), we tag only one kaon (the

K+ or K−), analogous to (ii), but the ψ(2S) is recon-
structed through ψ(2S) → ℓ+ℓ−. The χ2

1C of the kine-
matic fit to the missing kaon mass is required to be
less than 15. To suppress Bhabha background in the
ψ(2S) → e+e− channel, events with e+ and e− polar an-
gles in the region cos(θe+) > 0.85 and cos(θe−) < −0.85
are vetoed.
Figure 1 shows the total RM(K+K−) distribution us-
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FIG. 1. Distribution of RM(K+K−) at
√
s = 4.843 GeV.

The points with error bars are data, the red histogram is for
the signal MC events, and the yellow filled histogram is for
the inclusive MC events.

ing selected events from all four approaches at
√
s =

4.843 GeV. A distinct ψ(2S) signal peak is evident. Ac-
cording to a study of the inclusive MC samples, there are
no peaking backgrounds. The signal yield at each energy
point is obtained by counting events in the ψ(2S) signal
region [3.67, 3.71] GeV/c2, which covers around ±3σ of
the signal shape according to the signal MC distribution.
The background in the signal region is estimated using
sidebands that are two times wider than the signal region.
For

√
s > 4.8 GeV, the sidebands are [3.61,3.65] and

[3.73, 3.77] GeV/c2, while for
√
s < 4.8 GeV, due to the

limited available phase space, only the lower energy side-
band is used. Assuming the observed events in the signal
and sideband regions follow Poisson distributions, a like-
lihood defined as L(x, y|s, b, τ) = Pois(x|s+τb)Pois(y|b)
is used to extract the signal yield, the statistical uncer-
tainties, and the signal significance. Here, x(s) and y(b)
correspond to the observed (expected) yields in the sig-
nal and sideband regions, respectively, and τ is the ratio
of the width of the signal region to that of the sideband.
The maximum likelihood (ML) Lmax is obtained by scan-
ning s and b, where the corresponding s value is taken
as the signal yield. The errors are the difference between
the s with a likelihood of e−0.5Lmax and Lmax, respec-
tively. The significance is estimated by comparing the
difference of log ML values ∆(−2lnLmax) by setting s to
be zero and nonzero. All results are listed in the Supple-
mental Material [27].
The Born cross section of e+e− → K+K−ψ(2S) is

calculated as

σB =
Ns

Lintǫr(1 + δ) 1
|1−Π|2

, (1)

where Ns is the number of signal events and Lint is the in-
tegrated luminosity. The efficiency ǫr is B(ℓℓ)(ǫiv+ǫiii)+
[B(π+π−J/ψ)ǫii +B(XJ/ψ)ǫi]B(J/ψ → ℓℓ), where B(ℓℓ)
is the sum of the branching fractions for B(ψ(2S) → ee)
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and B(ψ(2S) → µµ), B(J/ψ → ℓℓ) is the combined
branching fraction for B(J/ψ → ee) and B(J/ψ → µµ),
B(XJ/ψ) is the total branching fraction of all ψ(2S) de-
cays that contain a J/ψ, and B(π+π−J/ψ) is the branch-
ing fraction of J/ψ → π+π−J/ψ. All of these branching
fractions are taken from the Particle Data Group [26]. In
addition, ǫi, ǫii, ǫiii, and ǫiv are the average efficiencies of
the electron and muon channels for the four reconstruc-
tion approaches, respectively, and (1+ δ) is the radiative
correction factor obtained by a QED calculation [28]. A
Breit-Wigner (BW) function is used to describe the line-
shape of the observed cross section and extract the ISR
corrected efficiencies and (1 + δ) by iterating the input
lineshape until convergence according to the method in
Ref. [29]. The 1

|1−Π|2 = 1.055 is the vacuum polarization

factor taken from QED with an accuracy of 0.05% [30].
The measured Born cross sections are listed in the Sup-
plemental Material [27].
The dressed cross section (σB/|1 − Π|2) is shown in

Fig. 2 (a) as a function of
√
s. By assuming the ob-

served e+e− → K+K−ψ(2S) signals are from a vector
resonance Y decay, a phase space modified BW function
is fit to the energy-dependent dressed cross section using
σdressed = |BW (

√
s)|2, with BW (

√
s) defined as

BW (s) =
M√
s
·
√

12πΓtotΓeeBY→K+K−ψ(2S)

s−M2 + iMΓtot
·

√

Φ(
√
s)

Φ(M)
, (2)

where M , Γtot, and Γee are the mass, total width,
and di-electron partial width of the resonance Y , re-
spectively; BY→K+K−ψ(2S) is the branching fraction of
Y → K+K−ψ(2S); and the phase space of the three-
body decay is Φ(

√
s) =

∫∫
1

(2π)332(
√
s)3
dm2

23dm
2
12.

A ML fit is performed to extract the resonance param-
eters. The fit results areM = 4787.7±17.7 MeV/c2, Γ =
110.3± 33.9 MeV, and ΓeeBY→K+K−ψ(2S) = 0.13± 0.02
eV. The ML value is −lnL = −30.9. Alternatively, the
signals could be produced from the decay of an estab-
lished resonance, e.g. Y (4710) [14], and the continuum
process. To examine this, we use an exponential function
as used in Refs. [31, 32], σ(

√
s) = p1 ·Φ(

√
s)ep0(

√
s−Mth),

to describe the line shape, where p0 and p1 are the free
parameters, and Mth = 2mK± +mψ(2S). The ML of the
fit is −lnL = −29.5, similar to the previous approach.
In addition, we provide the

√
s-dependent ratio of

σ(e+e− → K+K−ψ(2S)) to σ(e+e− → K+K−J/ψ)
as shown in Fig. 2(b), where the

√
s-dependent Born

cross sections σ(e+e− → K+K−J/ψ) are taken from
the BESIII measurement in Ref. [14]. If the reactions
e+e− → K+K−ψ(2S) and e+e− → K+K−J/ψ proceed
through the same mechanisms, the

√
s-dependent ratio is

likely to indicate a similar trend to that of phase space,
shown as the solid curve in Fig. 2(b). The measured ratio
at

√
s = 4.843 GeV has about a 2σ statistical deviation

from that of phase space, which could indicate that a dis-
tinct production mechanism for e+e− → K+K−ψ(2S)
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FIG. 2. The
√
s-dependent cross section of

e+e− → K+K−ψ(2S) is shown in (a), while the ratio
σ(K+K−ψ(2S))/σ(K+K−J/ψ) in (b). The error bars are
statistical only. In (a), the solid curve is the fit using a single
BW function, and the dashed curve denotes the exponential
function. In (b), the solid curve is the ratio of the phase space
of the three-body K+K−ψ(2S) to K+K−J/ψ reactions.

may exist.
The systematic uncertainties for the Born cross sec-

tion measurement mainly originate from the detection
efficiency, the ISR correction factor, the integrated lumi-
nosity, and the input branching fractions. The sources
of the uncertainty from the detection efficiencies in-
clude the tracking, particle identification, the kinematic
fit, the J/ψ/ψ(2S) mass window, the muon identifi-
cation with MUC, and the signal generation model.
The systematic uncertainty due to tracking and par-
ticle identification is 1.0% for each track according to
studies of the control samples e+e− → π+π−J/ψ [33]
and J/ψ → K0

SK
±π∓ [34]. The uncertainties caused

by the kinematic fit, the J/ψ mass selection, and the
muon selection with the MUC are studied with a con-
trol sample of e+e− → π+π−ψ(2S). To estimate the
systematic uncertainty caused by the generator model,
we produce the MC samples of the processes e+e− →
fψ(2S) → K+K−ψ(2S) (f = f2(1270), f0(1370),
f0(1500), f

′
2(1525)) or e

+e− → K±Z±
cs → K+K−ψ(2S).

The efficiency difference compared to the nominal value
is 4.3% and is taken as the systematic uncertainty. The
uncertainty due to the ISR correction factor is estimated
by replacing the BW function in the MC generation with
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the exponential function applied in the fit scheme. The
integrated luminosity is measured with the Bhabha scat-
tering process with an uncertainty of 1.0% [35]. The total
systematic uncertainty at each energy point is obtained
by adding all these systematic uncertainties in quadra-
ture. The systematic uncertainties discussed above are
summarized in the Supplemental Material [27].
Since the data sample at

√
s = 4.843 GeV gives the

largest e+e− → K+K−ψ(2S) signal yield, we use it to
search for intermediate states in the K+K−ψ(2S) sys-
tem. Figure 3 shows the invariant mass squared distribu-
tion of the system recoiling against the K±, RM2(K±).
We perform a simultaneous fit to the RM2(K+) and

RM2(K−) spectra to extract the Z±
cs signal yield. The

fit function consists of three components: the Z±
cs sig-

nal, contributions from the e+e− → K+K−ψ(2S) non-
resonance process, and non-(K+K−ψ(2S)) backgrounds.
The Z±

cs signal shape is decribed with f(X) = σ(X) ⊗∫
PHSP · (| 1

X−M2−iMΓ |2 + | 1
Y−M2−iMΓ |2)dY , where

X, Y are RM2(K+) and RM2(K−), respectively, and
M and Γ are the Zcs mass and width. PHSP de-
notes the two-dimensional distribution of RM2(K+) ver-
sus RM2(K−) obtained with the e+e− → K+K−ψ(2S)
phase space MC sample, and σ(X) is the resolution of
RM2(K±). The shape of the e+e− → K+K−ψ(2S)
non-resonance process is obtained from the e+e− →
K+K−ψ(2S) phase space MC sample. The contribution
of the non-K+K−ψ(2S) background is estimated by the
ψ(2S) sidebands in data. In the fit, the mass and width
of the resonance, the magnitudes of the Zcs signal and
the non-resonance e+e− → K+K−ψ(2S) process are free
parameters. The interference between different processes
are ignored due to the limited statistics. To localize the
position of the Zcs signal, a series of fits are implemented
by scanning the Zcs mass in the physical mass region.
The local p-value is obtained by comparing the likelihood
to that of the background-only null hypothesis. Figure 4
shows the local p-values as a function of the Zcs mass.
The masses around 4.205 GeV and 4.315 GeV give the
minimum local p-values.
We perform two fits to the RM2(K±) distribution.

In Fit I, the mass of the Zcs is assumed to be around
4.205 GeV with a reflection at higher mass. In Fit II,
the mass of the Zcs is around 4.315 GeV with a reflec-
tion at lower mass. Figure 3 shows the fit results. Fit I
gives a mass and width for the Z±

cs of M = 4208.4± 3.1
MeV/c2 and Γ = 6.1 ± 5.7 MeV, with a global signifi-
cance including the look-elsewhere effect of 1.2σ. For Fit
II, M = 4316.0 ± 2.7 MeV/c2 and Γ = 9.0 ± 8.6 MeV,
with a global significance of 1.1σ. The uncertainties here
are statistical only.
In summary, we investigate the process e+e− →

K+K−ψ(2S) using data samples at
√
s from 4.699 to

4.951 GeV collected by the BESIII detector at the
BEPCII collider. We report the first measurement of
the e+e− → K+K−ψ(2S) Born cross sections. The
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FIG. 3. Distribution of RM2(K±). The top plot shows the
results from Fit I, and the lower one shows the Fit II results.
The dots with error bars are data, the solid blue lines are
the total fit results, the red dotted lines represent the signal,
the blue dashed line indicate the e+e− → K+K−ψ(2S) non-
resonant contributions, and the pink dashed lines show the
non-K+K−ψ(2S) background. The sideband distributions
are shown by the yellow filled histograms.

√
s-dependence can be well-described as the decay of a

single vector resonance with or without a superimposed
continuum process. However, an empirical non-resonant
function produces similar fit quality. Furthermore, the√
s-dependent ratio of σ(e+e− → K+K−ψ(2S)) to

σ(e+e− → K+K−J/ψ) is provided using values taken
from our measurement in Ref. [14]. At

√
s = 4.843 GeV,

a deviation of about 2σ with respect to the ratio of their
phase spaces is found, which may imply a new resonance
with hidden strangeness to produce the K+K−ψ(2S)
signals. We search for new tetraquark candidates Z±

cs

in the Z±
cs → K±ψ(2S) decay through the study of

the observed e+e− → K+K−ψ(2S) signals. The si-
multaneous fit to the RM2(K+) and RM2(K−) spec-
tra gives two best fit results with the Z±

cs masses around
4.208 GeV/c2 and 4.315 GeV/c2, respectively. A mass
of 4.208 GeV/c2 is in the vicinity of the Zcs(4220) re-
ported by LHCb [19]. These measurements add to our
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knowledge of exotic hadrons with strangeness, and pro-
vide inspiration for new research directions in both the
theoretical and experimental sectors.
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