
ar
X

iv
:2

01
1.

07
85

5v
1 

 [h
ep

-e
x]

  1
6 

N
ov

 2
02

0

Observation of a near-threshold structure in the K
+ recoil-mass spectra in

e
+
e
−
→ K

+(D−

s
D

∗0 +D
∗−

s
D

0)

M. Ablikim1, M. N. Achasov10,c, P. Adlarson67, S. Ahmed15, M. Albrecht4, R. Aliberti28, A. Amoroso66A,66C , Q. An63,50,
Anita21, X. H. Bai57 , Y. Bai49 , O. Bakina29, R. Baldini Ferroli23A, I. Balossino24A , Y. Ban39,k , K. Begzsuren26, N. Berger28,

M. Bertani23A, D. Bettoni24A, F. Bianchi66A,66C , J Biernat67, J. Bloms60, A. Bortone66A,66C , I. Boyko29, R. A. Briere5,
H. Cai68, X. Cai1,50 , A. Calcaterra23A , G. F. Cao1,55 , N. Cao1,55 , S. A. Cetin54B , J. F. Chang1,50, W. L. Chang1,55,
G. Chelkov29,b, D. Y. Chen6, G. Chen1, H. S. Chen1,55, M. L. Chen1,50, S. J. Chen36, X. R. Chen25, Y. B. Chen1,50,
Z. J Chen20,l, W. S. Cheng66C , G. Cibinetto24A, F. Cossio66C , X. F. Cui37, H. L. Dai1,50, X. C. Dai1,55, A. Dbeyssi15,
R. B. de Boer4, D. Dedovich29, Z. Y. Deng1, A. Denig28, I. Denysenko29, M. Destefanis66A,66C , F. De Mori66A,66C ,

Y. Ding34, C. Dong37, J. Dong1,50, L. Y. Dong1,55, M. Y. Dong1,50,55, X. Dong68, S. X. Du71, J. Fang1,50, S. S. Fang1,55,
Y. Fang1, R. Farinelli24A, L. Fava66B,66C , F. Feldbauer4, G. Felici23A, C. Q. Feng63,50, M. Fritsch4, C. D. Fu1, Y. Fu1,

Y. Gao39,k , Y. Gao64, Y. Gao63,50 , Y. G. Gao6, I. Garzia24A,24B , E. M. Gersabeck58, A. Gilman59, K. Goetzen11, L. Gong34,
W. X. Gong1,50, W. Gradl28, M. Greco66A,66C , L. M. Gu36, M. H. Gu1,50, S. Gu2, Y. T. Gu13, C. Y Guan1,55, A. Q. Guo22,
L. B. Guo35, R. P. Guo41, Y. P. Guo9,h, Y. P. Guo28, A. Guskov29, T. T. Han42, X. Q. Hao16, F. A. Harris56, K. L. He1,55,
F. H. Heinsius4, C. H. Heinz28, T. Held4, Y. K. Heng1,50,55, C. Herold52, M. Himmelreich11,f , T. Holtmann4, Y. R. Hou55,

Z. L. Hou1, H. M. Hu1,55, J. F. Hu48,m, T. Hu1,50,55, Y. Hu1, G. S. Huang63,50, L. Q. Huang64, X. T. Huang42, Y. P. Huang1,
Z. Huang39,k, N. Huesken60, T. Hussain65, W. Ikegami Andersson67, W. Imoehl22, M. Irshad63,50, S. Jaeger4, S. Janchiv26,j ,
Q. Ji1, Q. P. Ji16, X. B. Ji1,55, X. L. Ji1,50, H. B. Jiang42, X. S. Jiang1,50,55 , X. Y. Jiang37, J. B. Jiao42 , Z. Jiao18 , S. Jin36,

Y. Jin57, T. Johansson67, N. Kalantar-Nayestanaki31, X. S. Kang34, R. Kappert31, M. Kavatsyuk31, B. C. Ke44,1,
I. K. Keshk4, A. Khoukaz60, P. Kiese28, R. Kiuchi1, R. Kliemt11, L. Koch30, O. B. Kolcu54B,e, B. Kopf4, M. Kuemmel4,
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We report a study of the processes of e+e− → K+(D−

s D∗0+D∗−

s D0) based on e+e− annihilation
samples collected with the BESIII detector operating at BEPCII at five center-of-mass energies
ranging from 4.628 to 4.698 GeV with a total integrated luminosity of 3.7 fb−1. An excess over the
known contributions of the conventional charmed mesons is observed near the D−

s D∗0 and D∗−

s D0

mass thresholds in the K+ recoil-mass spectrum for events collected at
√
s = 4.681 GeV. The

structure matches a mass-dependent-width Breit-Wigner line shape, whose pole mass and width are
determined as (3982.5+1.8

−2.6 ± 2.1) MeV/c2 and (12.8+5.3
−4.4 ± 3.0) MeV, respectively. The first uncer-

tainties are statistical and the second are systematic. The significance of the resonance hypothesis
is estimated to be 5.3 σ over the pure contributions from the conventional charmed mesons. This is
the first candidate of the charged hidden-charm tetraquark with strangeness, decaying into D−

s D∗0

and D∗−

s D0. However, the genuine properties of the excess need further exploration with more
statistics.

Recent observations of non-strange hidden-charm
tetraquark candidates with quark content cc̄qq̄′ (q(′) =
u or d), referred to as the Zc states, have opened a
new chapter in hadron spectroscopy [1–6]. In electron-
positron annihilation, in particular, both the charged and
neutral Zc(3900) and Zc(4020) have been observed at the
BESIII, Belle, and CLEO experiments in a variety of de-
cay modes [7–16]. Assuming SU(3) flavor symmetry, one
would expect the existence of strange partners to the Zc,
denoted as Zcs, with quark content cc̄sq̄ [17]. No exper-
imental searches for Zcs states have yet been reported.

The existence of a Zcs state with a mass lying around
the D−

s D
∗0 and D∗−

s D0 thresholds has been predicted in
several theoretical models, including tetraquark scenar-
ios [18, 19], the DsD̄

∗ molecular model [20], the hadro-
quarkonium model [19], and in the initial-single-chiral-
particle-emission mechanism [21]. Like the Zc states, the
decay rate of the Zcs to open-charm final states is expect-
ed to be larger than the decay rate to charmonium final
states [5]. Hence, one promising method to search for the

Zcs state is through its decays to D−
s D

∗0 and D∗−
s D0.

In this Letter, we report on a study of the process
e+e− → K+(D−

s D
∗0 + D∗−

s D0) at center-of-mass en-
ergies

√
s = 4.628, 4.641, 4.661, 4.681, and 4.698GeV.

The data samples have a total integrated luminosity of
3.7 fb−1 and were accumulated by the BESIII detector at
the BEPCII collider. Details about BEPCII and BESIII
can be found in Refs. [22–24]. To improve the signal-
selection efficiency, a partial-reconstruction technique is
implemented in which only the charged K+ (the bachelor
K+) and the D−

s are reconstructed. Here and elsewhere,
charge-conjugated modes are always implied, unless ex-
plicitly stated otherwise. To improve the signal purity,
we only reconstruct the decays D−

s → K+K−π− and
K0

SK
−, which have large branching fractions (BF). By

reconstructing the D−
s meson, the flavors of the miss-

ing D0 and the bachelor K+ are fixed. We observe an
enhancement near the D−

s D
∗0 and D∗−

s D0 mass thresh-
olds in the K+ recoil-mass spectrum for events collect-
ed at

√
s = 4.681GeV and carry out a fit to the en-
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hancement with a possible new Zcs candidate, denoted
as Zcs(3985)

−, in the K+ recoil-mass spectra at different
energy points.

Simulated data samples produced with a geant4-
based [25] Monte Carlo (MC) simulation package, which
includes the geometric description of the BESIII detec-
tor and the detector response, are used to determine the
detection efficiency and to estimate background. The
simulation includes the beam-energy spread and initial-
state radiation (ISR) in the e+e− annihilations modeled
with the generator kkmc [26]. Inclusive MC samples
consist of the production of open-charm processes, the
ISR production of vector charmonium(-like) states, and
the continuum processes incorporated in kkmc. The
known decay modes are modeled with evtgen [27] us-
ing branching fractions taken from the Particle Data
Group (PDG) [1], and the remaining unknown decays
from the charmonium states are simulated with lund-

charm [29]. The final-state radiation from charged final-
state particles is incorporated with the photos pack-
age [30]. For the three-body non-resonant (NR) signal
process, e+e− → K+(D−

s D
∗0 +D∗−

s D0), the final-state
particles are simulated assuming non-resonant produc-
tion [31]. For the simulation of the Zcs(3985)

− signal
process, e+e− → K+Zcs(3985)

−, we let the Zcs(3985)
−

decay into the D−
s D

∗0 and D∗−
s D0 final states with equal

rates. The Zcs(3985)
− state is assigned a spin-parity

of 1+, as the corresponding production and subsequent
decay processes are both in the most favored S-wave.
However, other spin-parity assignments are allowed, and
these are tested as systematic variations.

To identify the processes e+e− → K+(D−
s D

∗0 +
D∗−

s D0), we reconstruct combinations of the bachelor
K+ and the decays D−

s → K+K−π− or K0
SK

−. Data
taken at all five center-of-mass energy points are ana-
lyzed using the same procedure, but two-thirds of the
data set at

√
s = 4.681 GeV was kept blinded until after

the analysis strategy was established and validated [32].
We first select events with at least four charged tracks.
Charged tracks detected in the multilayer drift chamber
(MDC) are required to be within a polar-angle range of
|cosθ| < 0.93, where θ is defined with respect to the z-
axis of the MDC. The distance of closest approach to the
interaction point (IP) must be |Vz | < 10 cm along the z-
axis and |Vxy| < 1 cm in the perpendicular plane, except
for those pions used for the reconstruction of K0

S decays.
Particle identification (PID) for charged tracks combines
measurements of the ionization energy loss in the MDC
and the flight time recorded by the time-of-flight counter
to form likelihoods L(h) (h = K,π) for each hadron h
hypothesis. The charged K(π) particle is identified by
requiring L(K) > L(π) (L(π) > L(K)). For the de-
cay D−

s → K+K−π−, to improve the signal purity, we
only retain the D−

s candidates within the Dalitz plot re-
gions consistent with D−

s → φπ− or D−
s → K∗(892)0K−

decays by requiring that the invariant masses satisfy ei-
ther M(K+K−) < 1.05GeV/c2 or 0.850 < M(K+π−) <
0.930GeV/c2. For the decay D−

s → K0
SK

−, K0
S can-
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FIG. 1. Distributions of the invariant mass M(K+K−π−)
(a) and M(K0

SK
−) (b) in data and MC simulations at

√
s =

4.681GeV. The Zcs(3985)
− signal MC component is normal-

ized to the observed D−

s yield in data. Arrows indicate the
mass region requirements.

didates are reconstructed from two oppositely charged
tracks satisfying |Vz | < 20 cm. The two charged tracks
are assigned as π+π− without imposing further PID cri-
teria. They are constrained to originate from a common
vertex and are required to have an invariant mass within
0.485 < M(π+π−) < 0.511GeV/c2. Furthermore, the
decay length with respect to the IP of the K0

S candidate
is required to be greater than twice its resolution.
Figure 1 shows the K+K−π− and K0

SK
− in-

variant mass distributions for events at
√
s =

4.681GeV, in which D−
s peaks are clearly evident.

All combinations with invariant mass in the region
1.955 < M(K+K−π−) < 1.980GeV/c2 and 1.955 <
M(K0

SK
−) < 1.985GeV/c2 are identified as D−

s meson
candidates. Fig. 2 shows the K+D−

s recoil-mass spec-
trum for D−

s candidate events at
√
s = 4.681GeV, cal-

culated using RM(K+D−
s ) + M(D−

s ) − m(D−
s ). Here,

RM(X) = ||pe+e− − pX ||, where pe+e− is the four-
momentum of the initial e+e− system and pX is the
four-momentum of the system X , M(D−

s ) is the recon-
structed D−

s mass, and m(D−
s ) is the mass of the D−

s

reported by the PDG [1]. The variable RM(K+D−
s ) +

M(D−
s )−m(D−

s ) decorrelates the detection-smearing ef-
fect of the reconstructed D−

s candidate, thus providing
improved resolution compared to RM(K+D−

s ). A clear
peak is seen in this distribution at the nominal D∗0 mass,
which corresponds to the final state K+D−

s D
∗0. There

is also a contribution from K+D∗−
s D0, which appears

as a broader structure beneath the K+D−
s D

∗0 signal.
Therefore, we require RM(K+D−

s ) +M(D−
s ) −m(D−

s )
to be in the interval (1.990, 2.027)GeV/c2 to isolate the
signal candidates of both signal processes.
To estimate the shape of combinatorial background,

we use wrong-sign (WS) combinations of D−
s and K−

candidates, rather than the right-sign D−
s and K+ can-

didates. The WS K−D−
s recoil-mass distribution, scaled

by a factor of 1.18, agrees with the data distribution
in the sideband regions, (1.91, 1.95)GeV/c2 and (2.08,
2.11)GeV/c2, as shown in Fig. 2. The number of back-
ground events within the signal region is estimated to be
282.6 ± 12.0 by a fit to the sideband data with a linear
function, whose slope is determined from the WS da-
ta. In addition, the WS events are used to represent the
combinatorial-background distribution of the recoil mass
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FIG. 2. Distribution of the K+D−

s recoil mass in data and
signal MC samples at

√
s = 4.681GeV. Horizontal arrows

indicate the sidebands and vertical arrows indicate the signal
region. The magnitudes of the NR and Zcs(3985)

− signal
processes are scaled arbitrarily. The histogram of WS events
is scaled by a factor of 1.18 to match the sideband data.

of the bachelor K+. This technique has been used previ-
ously in the observation of the Zc(4025)

+ at BESIII [10].
We validate the use of the WS data-driven background
modeling of both the RM(K+D−

s ) and RM(K+) spec-
tra by comparing the corresponding distributions be-
tween WS combinations and background-only contribu-
tions. Furthermore, the RM(K+) distribution of the
events in the sideband regions in Fig. 2 agrees well with
that of the corresponding WS data.

Figure 3(a) shows the RM(K+) distribution for events
at

√
s = 4.681GeV; an enhancement is evident in the

region RM(K+) < 4GeV/c2 compared to the expec-
tation from the WS events. This is clearly illustrat-
ed in the RM(K+) distribution in data with subtrac-
tion of the WS component in Fig. 4. The enhance-
ment cannot be attributed to the NR signal processes
e+e− → K+(D−

s D
∗0+D∗−

s D0). To understand potential

contributions from the processes e+e− → D
(∗)−
s D∗∗+

s (→
D(∗)0K+) or D(∗)0D̄∗∗0(→ D

(∗)−
s K+), we examine all

known D∗∗
(s) excited states [1, 33] using MC simulation

samples. Dedicated exclusive MC studies show that none
of these processes, including possible interference effects,
exhibit a narrow structure below 4.0GeV/c2 [32].

The following three processes that contain excit-
ed D∗∗+

s background have potential contributions
to the RM(K+) spectrum: (1) D−

s D
∗
s1(2536)

+(→
D∗0K+); (2) D∗−

s D∗
s2(2573)

+(→ D0K+); and
(3) D−

s D
∗
s1(2700)

+(→ D∗0K+). We estimate their
production cross sections by studying several control
samples. The yields for channel (1) are estimated by
analyzing the D∗

s1(2536)
+ peak in the D∗0K+ mass

spectra using two separate partially reconstructed sam-
ples: K+D−

s (with D∗0 missing) and K+D∗0 (with D−
s

missing). For channel (2), control samples are selected
by reconstructing D0K+γ (with missing D−

s ) or K
+D∗−

s

(with missing D0). The D∗
s2(2573)

+ yield is obtained
from combined fits to the D0K+ mass spectra. From
this, the contribution from channel (2) to the signal
candidates in Fig. 3 is evaluated. For channel (3), a
control sample of e+e− → D−

s D
∗
s1(2700)

+(→ D0K+) is
selected by detecting the D0K+ recoiling against a miss-
ing D−

s . We then use the BF ratio of B(D∗
s1(2700)

+ →

)2) (GeV/c+RM(K
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the K+ recoil-mass spectra in data at

√
s=4.628, 4.641,
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ro.
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FIG. 4. The K+ recoil-mass spectrum in data at
√
s =

4.681GeV after subtraction of the combinatorial back-
grounds.

D∗0K+)/B(D∗
s1(2700)

+ → D0K+) = 0.91± 0.18 [34] to
estimate the strength of this background contribution.
The shapes in RM(K+) of these three channels are
extracted from MC samples, whereas the normalization
is derived from the control samples. The estimated
background contributions of the channels (1), (2) and
(3) in the RM(K+) spectrum at

√
s = 4.681GeV are

54.4± 8.0, 19.1± 7.6 and 15.0± 13.3 events, respectively.
For the other energy points, the estimated yields of the
three channels are given in Ref. [32].

Two processes with excited non-strange D̄∗∗0 states
that produce potential enhancements around 4GeV/c2

in RM(K+) are D∗0D̄∗
1(2600)

0(→ D−
s K

+) [1, 33] and
D0D̄∗

3(2750)
0(→ D∗−

s K+). In these processes, the
RM(K+) spectrum is distorted due to limited produc-
tion phase space. The first process is studied using
an amplitude analysis of the control sample e+e− →
D∗0D̄∗

1(2600)
0(→ D−π+) at all five energy points. Since

the ratio B(D̄∗
1(2600)

0 → D−
s K

+)/B(D̄∗
1(2600)

0 →
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D−π+) is unknown, it is difficult to project the results of
the amplitude analysis into our signal channel. Instead,
we determine the ratio in our nominal fit, providing a
constraint on the size of the D∗0D̄∗

1(2600)
0(→ D−

s K
+)

component at the different energy points. For the second
process, no significant signal is observed in the control
sample e+e− → D0D̄∗

3(2750)
0(→ D−π+). Assuming the

relative BF ratio B(D̄∗
3 → D∗−

s K+)/B(D̄∗
3 → D−π+) =

4.1% [35], the contribution of the D0D∗
3(2750)

0 channel
to Fig. 3 is estimated to be 0.0± 0.4 events, and the cor-
responding upper limit is taken into account as a source
of systematic uncertainty.
As no known processes explain the observed en-

hancement in the RM(K+) spectrum, which is very
close to the threshold of D−

s D
∗0 (3975.2MeV/c2) and

D∗−
s D0 (3977.0MeV/c2), we consider the possibility of

describing the structure as a D−
s D

∗0 and D∗−
s D0 res-

onance with a mass-dependent-width Breit-Wigner line
shape, denoted as Zcs(3985)

−. A simultaneous unbinned
maximum likelihood fit is performed to the RM(K+)
spectra at all five energy points, as shown in Fig. 3. The
Zcs(3985)

− component is modeled by the product of an
S-wave Breit-Wigner shape with a mass-dependent width
of the following form

Fj(M) ∝
∣

∣

∣

√
q · pj

M2 −m2
0 + im0(fΓ1(M) + (1− f)Γ2(M))

∣

∣

∣

2

,

where Γj(M) = Γ0 · pj

p∗

j

· m0

M
with subscript j = 1 and

j = 2 standing for the decays of Zcs(3985)
− → D−

s D
∗0

and Zcs(3985)
− → D∗−

s D0, respectively. Here, M is the
reconstructed mass; m0 is the resonance mass; Γ0 is the
width; q is theK+ momentum in the initial e+e− system;
p1 (p2) is the D−

s (D∗−
s ) momentum in the rest frame of

the D−
s D

∗0 (D∗−
s D0) system; p∗1 (p∗2) is the D−

s (D∗−
s )

momentum in the rest frame of the D−
s D

∗0 (D∗−
s D0)

system at M=m0. We define f = B1

B1+B2
, where Bj is the

BF of the jth decay. We assume f = 0.5 in the nominal
fit and take variations of f into account in the studies of
systematic uncertainty.
The Zcs(3985)

− signal shape, which is used in the
fit depicted in Fig. 3, is the f -dependent sum of the
efficiency-weighted Fj functions convolved with a reso-
lution function, which is obtained from MC simulation.
The resolution is about 5MeV/c2 and is asymmetric
due to the contribution from ISR. The parametrization
of the combinatorial-background shape is derived from
the kernel estimate [36] of the WS distribution, whose
normalization is fixed to the number of the fitted back-
ground events within the decorrelated RM(K+D−

s ) sig-
nal window. The shapes of the NR and D∗0D̄∗

1(2600)
0(→

D−
s K

+) signals are taken from the MC simulation. The
size of the NR component at each energy point and the
ratio B(D̄∗

1(2600)
0 → D−

s K
+)/B(D̄∗

1(2600)
0 → D−π+)

are free parameters in the fit. In addition, a component
that describes the total contributions of the excited D∗∗+

s

processes is included, whose shape is taken from MC sim-
ulation and its size is fixed according to the yields esti-
mated from the control-sample studies.

TABLE I. The results for the cross-section measurement at
each energy point. The upper limits in the parenthesis corre-
spond to 90% confidence level after considering the systematic
uncertainties.

√
s(GeV) Lint( pb

−1) nsig fcorrε̄(%) σB · B (pb)

4.628 511.1 4.2+6.1
−4.2 1.03 0.8+1.2

−0.8 ± 0.6 (< 3.0)
4.641 541.4 9.3+7.3

−6.2 1.09 1.6+1.2
−1.1 ± 1.3 (< 4.4)

4.661 523.6 10.6+8.9
−7.4 1.28 1.6+1.3

−1.1 ± 0.8 (< 4.0)
4.681 1643.4 85.2+17.6

−15.6 1.18 4.4+0.9
−0.8 ± 1.4

4.698 526.2 17.8+8.1
−7.2 1.42 2.4+1.1

−1.0 ± 1.2 (< 4.7)

From the fit, the parametersm0 and Γ0 are determined
to be

m0(Zcs(3985)
−) = 3985.2+2.1

−2.0MeV/c2,

Γ0(Zcs(3985)
−) = 13.8+8.1

−5.2MeV.

The significance of the signal is calculated taking in-
to account the look-elsewhere effect (LEE) [37], where
5000 pseudo-datasets are produced with the sum of
null-Zcs(3985)

− models and fitted with the same strat-
egy as the nominal fit to obtain the distribution of
−2 ln(L0/Lmax), where L0 and Lmax are fitted likelihood
values under the null-Zcs(3985)

− hypothesis and alter-
native hypothesis, respectively. In the generation of the
pseudo-data, all systematic uncertainties relevant to the
mass and width measurements are considered. The re-
sulting distribution is found to be well described by a
χ2 distribution with 13.8 degrees of freedom. With an
observed value of −2 ln(L0/Lmax) = 59.14, we obtain a
significance of 5.3 σ. The number of Zcs(3985)

− events
observed at

√
s = 4.681GeV is the most prominent com-

pared to the other four energy points. If we fit only to da-
ta at

√
s = 4.681GeV, we obtain consistent Zcs(3985)

−

resonance parameters.
The Born cross section σB(e+e− → K+Zcs(3985)

− +
c.c.) times the sum of BFs of the decays Zcs(3985)

− →
D−

s D
∗0 +D∗−

s D0 is equal to
nsig

Lintfcorr ε̄
, where nsig is the

number of the observed signal events, Lint is the integrat-
ed luminosity, and ε̄ is the BF-weighted detection efficien-
cy. We define fcorr ≡ (1+δISR)

1
|1−Π|2 , where (1+δISR) is

the radiative-correction factor and 1
|1−Π|2 is the vacuum-

polarization factor [38]. The numerical results are listed
in Table I.
Sources of systematic uncertainties on the measure-

ment of the Zcs(3985)
− resonance parameters and the

cross section are studied, in which the main sources in-
clude the mass scaling, detector resolution, the signal
model, background models and the input cross-section
line shape for σB(e+e− → K+Zcs(3985)

−).
We select a control sample of e+e− →

Ds1(2536)
+D∗−

s → K+D∗0D∗−
s at

√
s = 4.681GeV by

detecting K+D∗0 with D∗0 → π0D0, D0 → K−π+,
K−π+π0 as well as K−π+π+π− with a missing D∗−

s in
the final state to study the mass scaling of the recoil mass
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of the low-momentum bachelor K+. We fit the D∗−
s

peak in the spectra of the recoil mass of K+D∗0, where
the D∗−

s signal is modeled with a MC-determined signal
shape convolved with a Gaussian function to represent
a potential difference between data and MC simulation.
The fitted Gaussian parameters are determined to be
µ = −0.2 ± 0.5MeV/c2 and σupper < 1.43MeV (68%
C.L.), which are used to determine the systematic
effects due to mass scaling and detection resolution.
After incorporating the evaluated detection resolution
difference up to the upper uncertainty, we find the
maximum change on the result of the fitted width to be
1.0MeV.

In this work the two Zcs signal processes are difficult
to distinguish due to the partial-reconstruction method
and the limited sample size. Hence, without any a pri-
ori knowledge, we vary the BF ratio f in the range from
0.2 to 0.8, corresponding to the standard deviation of
a uniform distribution from 0 to 1. We find the result-
ing changes on the mass and width to be 0.2MeV/c2 and
1.0MeV, respectively. In the nominal fit, we assume that
the spin-parity of the Zcs(3985)

− is 1+ and that the rela-
tive momentum between K+ and Zcs(3985)

− in the rest
frame of the e+e− system and the relative momentum
between D−

s (D
∗−
s ) and D∗0(D0) in Zcs(3985)

− system
are both in an S-wave state, denoted as 1+(S, S). This
hypothesis can only be verified by an amplitude analysis
of the signal final states, which is not feasible with the
current statistics. Therefore, as systematic variations,
we test the assumptions of spin-parity and angular mo-
mentum with 1+(D, S), 0−(P , P ), 1−(P , P ) and 2−(P ,
P ) configurations. These tests give maximum changes of
1.0MeV/c2 in the mass and 2.6MeV in the width. The
systematic uncertainty related to the combinatorial back-
ground is estimated by varying both the sideband yield
within its uncertainties and the background parametriza-
tion; the quadrature sums of each largest difference from
the nominal fit are 0.5MeV/c2 and 0.5MeV for the mass
and width, respectively, which are taken as the system-
atic uncertainties. The efficiency curves adopted in the
resonance fit are varied within the uncertainties of their
parametrizations, and the differences of 0.1MeV/c2 in
mass and 0.2MeV in width to the nominal fit are taken
as the related systematic uncertainty.

Any potential effects of the known D∗∗
(s) states (as de-

scribed further in Ref. [32]) on the measurements are
evaluated. We vary the size of the D∗∗+

s and D̄∗
3(2750)

0

background components within their uncertainties in the
fit and take the variations as systematic uncertainties.
For the known D̄∗∗0 states, which have RM(K+) distri-
butions similar to that of the NR signal, the fit is repeated
with each state as an additional component with its shape
taken from MC simulation and the yield as a free param-
eter. To further check the D̄∗

1(2600)
0 component, we re-

move the NR component from the simultaneous fit. The
ratio B(D̄∗

1(2600)
0 → D−

s K
+)/B(D̄∗

1(2600)
0 → D−π+)

then increases from 0.00±0.02 to 0.12±0.02. We evaluate
the quadrature sum of the mass and width differences be-

tween each of the results from these alternative fits with
respect to the nominal fit and assign the quadrature sums
as related systematic uncertainties of 1.0MeV/c2 for the
mass and 3.4MeV for the width. We vary the input
Born cross section σB(e+e− → K+Zcs(3985)

−) within
the uncertainties and repeat the signal extraction, which
gives a maximum change of 0.6MeV/c2 for the mass and
1.7MeV for the width.
Other systematic effects mostly influence the measure-

ment of the cross section. Average uncertainties associ-
ated with the tracking, PID and K0

S reconstruction effi-
ciencies are estimated to be 3.6%, 3.6% and 0.4%, respec-
tively. The efficiency of the RM(K+D−

s ) requirement is
re-estimated by changing the MC-simulated resolution
according to the observed difference with respect to data
and the resulting change is taken as the systematic un-
certainty on the cross section. The integrated-luminosity
uncertainty, measured with large-angle Bhabha events,
is estimated to be 1%. The uncertainties on the quoted
BFs for the involved decays [1] are included as part of
the systematic uncertainty.
In summary, we study the reactions e+e− →

K+(D−
s D

∗0 +D∗−
s D0) based on 3.7 fb−1 of data collect-

ed at
√
s =4.628, 4.641, 4.661, 4.681, and 4.698GeV,

and observe an enhancement near the D−
s D

∗0 and
D∗−

s D0 mass thresholds in the K+ recoil-mass spec-
trum for events collected at

√
s = 4.681GeV. While

the known charmed mesons can not explain the ex-
cess, it matches a hypothesis of a D−

s D
∗0 and D∗−

s D0

resonant structure Zcs(3985)
− with a mass-dependent-

width Breit-Wigner line shape well; a fit gives the res-
onance mass of (3985.2+2.1

−2.0 ± 1.7)MeV/c2 and width of

(13.8+8.1
−5.2±4.9)MeV. This corresponds to a pole position

mpole − i
Γpole

2 of

mpole(Zcs(3985)
−) = (3982.5+1.8

−2.6 ± 2.1)MeV/c2,

Γpole(Zcs(3985)
−) = (12.8+5.3

−4.4 ± 3.0)MeV.

The first uncertainties are statistical and the second are
systematic. The significance of this resonance hypothe-
sis is estimated to be 5.3 σ over the pure contributions
from the conventional charmed mesons. If Zcs(3985)

−

is established as it claims, it couples to at least one of
D−

s D
∗0 and D∗−

s D0, and has unit charge, the quark com-
position is most likely cc̄sū. Hence, it would become the
first Zcs tetraquark candidate observed in experiment.
The measured mass is close to the mass threshold of
DsD̄

∗ and D∗
sD̄, which is consistent with the theoretical

calculations in Ref. [18, 20, 21]. In addition, the Born
cross sections σB(e+e− → K+Zcs(3985)

− + c.c.) times
the sum of the branching fractions for Zcs(3985)

− →
D−

s D
∗0 + D∗−

s D0 decays are measured at the five en-
ergy points. Due to the limited size of the statistics,
only a one-dimensional fit is implemented and the poten-
tial interference effects are neglected. This means that
the properties of the observed excess might not be fully
explored and there exists other possibilities of explain-
ing the near-threshold enhancement. To further improve
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studies of the excess, more statistics are necessary in or-
der to carry out a sophisticated amplitude analysis.
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Supplemental Material for “Observation of a near-threshold excess in the K
+ recoil

mass spectra in e
+
e
− → K

+(D−
s D

∗0 +D
∗−
s D

0)”

A. ADDITIONAL INFORMATION: STUDIES OF THE EXCESS IN K+ RECOIL-MASS SPECTRUM

Figure 5 shows the distribution of the K+D−
s recoil-mass in data and MC simulation samples at

√
s = 4.628, 4.641,

4.661 and 4.698GeV, after the same selection criteria as those imposed for the data shown in Fig. 2 of the main
letter. Table II lists the estimated sizes of excited D∗∗+

s or D̄∗∗0 contributions at each energy point, quoted in the
simultaneous fit. In addition, two-dimensional plots of M(K+D−

s ) versus RM(K+) in data for events in the signal
region and WS events at

√
s = 4.681GeV are shown in Fig. 6.
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(b)Recoil mass of K+D
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s = 4.641GeV.
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(c)Recoil mass of K+D−

s at
√
s = 4.661GeV.
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FIG. 5. Distribution of the K+D−

s recoil-mass in data and signal MC samples at different center-of-mass energies. Definitions
of plotted components are the same as those in Fig. 2 of the main paper.
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FIG. 6. Two-dimensional distributions of M(K+D−

s ) vs. RM(K+) for data in the signal region (left) and WS events (right)
at

√
s = 4.681GeV.
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TABLE II. Summary of the estimated sizes of excited D∗∗+
s or D̄∗∗0 contributions at each energy point. “−” means the

production is not allowed kinematically.
√
s(GeV) 4.628 4.641 4.661 4.681 4.698

Ds1(2536)
+(K+D∗0)D−

s 41.2± 6.3 26.2 ± 5.4 23.9 ± 5.6 54.4± 8.0 15.3± 4.2
D∗

s2(2573)
+(K+D0)D∗−

s − − − 19.1± 7.6 17.3± 7.3

D∗

s1(2700)
+(K+D∗0)D−

s 0.0± 1.8 18.6 ± 8.7 16.6 ± 7.8 15.0± 13.3 7.7± 8.4
D̄∗

3(2750)
0(→ D∗−

s K+)D0 0.0± 0.1 0.0 ± 0.2 0.0± 0.2 0.0± 0.4 0.0± 0.5
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B. EXPLORATION OF POTENTIAL D∗∗

(s) BACKGROUNDS

To understand the potential backgrounds from excited D∗∗
(s) states, all reported states in the PDG [1] whose produc-

tion and decay is allowed within the available phase-space at
√
s = 4.681 GeV are investigated. The corresponding

RM(K+) distributions of the MC simulations are plotted in Figs. 7 and 8. Furthermore, possible interferences
among those excited D∗∗

(s) states are systematically scanned, and the choices with the largest interferences around

RM(K+) = 4.0GeV/c2 are compared with the distributions in data, shown in Fig. 9 and Fig. 10. It is evident that
none of the states can explain the narrow peaking structure below 4.0GeV/c2.
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FIG. 7. K+ recoil-mass spectra in data with the WS background contributions subtracted, and MC simulations of the excited

D∗∗

s states in e+e− → D∗∗+
s D

(∗)−
s . The Zcs(3985)

− shapes are normalized to the yields observed in data and those of the D∗∗

s

states are scaled according to the control samples.
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FIG. 9. K+ recoil-mass spectra in data with the WS background contributions subtracted, and MC simulations of two possible
background processes for the K+D∗−

s D0 final state, whose interferences are taken into account. The interference effect is tuned
to be largest around 4.0GeV/c2. In the non-resonant (NR) process, the angular momentum (LK+X , L

D
∗−

s D0) denotes the

angular momentum between K+ and X
D

∗−

s D0 , and D∗−

s and D0 in the e+e−(X
D

∗−

s D0) rest frame, respectively. Individual

contributions are scaled according to the observed yields in the control samples.
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FIG. 10. K+ recoil-mass spectra in data with the WS background contributions subtracted, and MC simulations of two possible
background processes for the K+D∗−

s D0 final state, whose interferences are taken into account. The interference effect is tuned
to be largest around 4.0GeV/c2. In the non-resonant (NR) process, the angular momentum (LK+X , L

D
−

s D∗0) denotes the

angular momentum between K+ and X
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s D∗0 , and D−

s and D∗0 in the e+e−(X
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−

s D∗0) rest frame, respectively. Individual

contributions are scaled according to the observed yields in the control samples.



14

C. SYSTEMATICS UNCERTAINTIES ON THE Zcs(3985)
− STUDIES

Table III summarizes the systematic uncertainties on the Zcs(3985)
− resonance parameters and cross sections at

different energy points.

TABLE III. Summary of systematic uncertainties on the Zcs(3985)
− resonance parameters and cross sections at

√
s=4.628,

4.641, 4.661, 4.681 and 4.698 GeV. The total systematic uncertainty corresponds to a quadrature sum of all individual items.
“· · · ” signifies that the uncertainty is negligible.

Source Mass (MeV/c2) Width (MeV) σ4.628 · B(%) σ4.641 · B(%) σ4.661 · B(%) σ4.681 · B(%) σ4.698 · B(%)
Tracking 3.6 3.6 3.6 3.6 3.6
Particle ID 3.6 3.6 3.6 3.6 3.6
K0

S 0.4 0.4 0.4 0.4 0.4
RM(K+D−

s ) · · · · · · 4.0 0.3 0.4 0.6 0.2
Mass scale 0.5
Resolution 0.2 1.0 0.2 1.0 1.9 1.1 0.8
f factor 0.2 1.0 7.8 7.7 6.7 6.4 5.9
Signal model 1.0 2.6 20.5 14.4 16.6 21.9 11.2
Backgrounds 0.5 0.5 54.8 5.9 12.0 3.1 7.8
Efficiencies 0.1 0.2 0.2 0.2 0.2 0.5 0.1
D∗∗

(s) states 1.0 3.4 47.1 82.2 35.3 15.7 35.3

σB(K+Zcs(3985)
−) 0.6 1.7 11.9 5.7 22.1 13.4 32.1

Luminosity 1.0 1.0 1.0 1.0 1.0
Input BFs 2.7 2.7 2.7 2.7 2.7
total 1.7 4.9 76.8 84.5 47.3 31.5 50.3
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D. FIT RESULTS BASED ON THREE SUBSETS OF DATA SET AT
√
s = 4.681 GeV

To avoid potential bias, the analysis strategy is firstly implemented and validated using the first one-third of data
set at

√
s = 4.681 GeV, where the fit result is shown in Fig. 11(left) and given in Table IV. Afterward, we split the

two-thirds of data into two parts for consistency check by implementing the same fit procedures, the results of which
are depicted in Fig. 11(middle) and (right). The corresponding numerical results are listed in Table IV. The fitted
resonance parameters between the 1st and 2nd one-third of data set are consistent within statistical uncertainty, while
the comparison between the 1st and 3rd one-third of data set shows that the fitted masses and widths are in agreement
within 1.5σ and 1.0σ, respectively. Overall, the three sets of fit results are compatible and we can assume they are
due to the same source. Hence, the three parts of data at

√
s = 4.681 GeV are combined to obtain the nominal fit

results listed in Table IV.
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FIG. 11. Fit to the K+ recoil mass spectra in the first (left), second (middle) and third (right) one-third of data set at√
s = 4.681GeV.

TABLE IV. Fit results of the Zcs(3985)
− resonance parameters and cross sections based on the first, second and third one-third

of data set at
√
s = 4.681GeV.

Data set Mass (MeV/c2) Width (MeV) σ4.681 · B(pb) Statistical Significance

1st one-third 3987.0+2.1
−2.4 6.9+6.1

−4.1 5.1+1.4
−1.2 4.9σ

2nd one-third 3990.2+5.6
−5.5 24.2+31.0

−12.4 5.0+2.3
−1.8 2.9σ

3rd one-third 3980.9+2.0
−2.2 4.7+9.9

−4.7 2.8+1.2
−1.0 3.9σ

nominal 3985.2+2.1
−2.0 13.8+8.1

−5.2 4.4+0.9
−0.8 6.3σ
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E. CALCULATION OF THE POLE MASS AND WIDTH

The pole position mpole(Zcs(3985)
−)− i

Γpole(Zcs(3985)
−)

2 is determined by solving the equation























M2 −m2
0 + im0(fΓ1(M) + (1− f)Γ2(M)) = 0,

Γ1(M) = Γ0 ·
p1
p∗1

· m0

M
,

Γ2(M) = Γ0 ·
p2
p∗2

· m0

M
,

(1)

where the input values of m0 and Γ0 are taken from the simultaneous fit. The resonance mass is above the mass
thresholds of the two coupled channels and the pole position is taken from Riemann sheet III defined in Ref. [2]. To
properly account for their correlations, a Monte-Carlo method is adopted, in which pseudo data of m0 and Γ0 are
generated according to the correlation matrix to calculate the pole position.
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