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I. ADDITIONAL INFORMATION: STUDIES OF THE EXCESS IN K+ RECOIL-MASS SPECTRUM156

Figure 1 shows the distribution of the K+D−

s recoil-mass in data and MC simulation samples at
√
s = 4.628, 4.641,157

4.661 and 4.698GeV, after the same selection criteria as those imposed for the data shown in Fig. 2 of the main158

letter. Table I lists the estimated sizes of excited D∗∗+
s or D̄∗∗0 contributions at each energy point, quoted in the159

simultaneous fit. In addition, two-dimensional plots of M(K+D−

s ) versus RM(K+) in data for events in the signal160

region and WS events at
√
s = 4.681GeV are shown in Fig. 2.161
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FIG. 1. 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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TABLE I. 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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II. EXPLORATION OF POTENTIAL D∗∗

(s) BACKGROUNDS162

To understand the potential backgrounds from excited D∗∗

(s) states, all reported states in the PDG [1] whose produc-163

tion and decay is allowed within the available phase-space at
√
s = 4.681 GeV are investigated. The corresponding164

RM(K+) distributions of the MC simulations are plotted in Figs. 3 and 4. Furthermore, possible interferences165

among those excited D∗∗

(s) states are systematically scanned, and the choices with the largest interferences around166

RM(K+) = 4.0GeV/c2 are compared with the distributions in data, shown in Fig. 5 and Fig. 6. It is evident that167

none of the states can explain the narrow peaking structure below 4.0GeV/c2.168
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FIG. 5. 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
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D0) denotes the
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s and D0 in the e+e−(X
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D0) rest frame, respectively. Individual

contributions are scaled according to the observed yields in the control samples.
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FIG. 6. 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 D∗0 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
D

−

s
D∗0 , and D−

s and D∗0 in the e+e−(X
D

−

s
D∗0) rest frame, respectively. Individual

contributions are scaled according to the observed yields in the control samples.
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III. SYSTEMATICS UNCERTAINTIES169

Sources of systematic uncertainties on the measurement of the Zcs(3985)
− resonance parameters and the cross sec-170

tion are studied, in which the main sources include the mass scaling, detector resolution, the signal model, background171

models and the input cross-section line shape for σB(e+e− → K+Zcs(3985)
−).172

We select a control sample of e+e− → Ds1(2536)
+D∗−

s → K+D∗0D∗−

s at
√
s = 4.681GeV by detectingK+D∗0 with173

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 mass174

scaling of the recoil mass of the low-momentum bachelor K+. We fit the D∗−

s peak in the spectra of the recoil mass175

of K+D∗0, where the D∗−

s signal is modeled with a MC-determined signal shape convolved with a Gaussian function176

to represent a potential difference between data and MC simulation. The fitted Gaussian parameters are determined177

to be µ = −0.2± 0.5MeV/c2 and σupper < 1.43MeV (68% C.L.), which are used to determine the systematic effects178

due to mass scaling and detection resolution. After incorporating the evaluated detection resolution difference up to179

the upper uncertainty, we find the maximum change on the result of the fitted width to be 1.0MeV.180

In this work the two Zcs signal processes are difficult to distinguish due to the partial-reconstruction method and181

the limited sample size. Hence, without any a priori knowledge, we vary the BF ratio f in the range from 0.2 to 0.8,182

corresponding to the standard deviation of a uniform distribution from 0 to 1. We find the resulting changes on the183

mass and width to be 0.2MeV/c2 and 1.0MeV, respectively. In the nominal fit, we assume that the spin-parity of184

the Zcs(3985)
− is 1+ and that the relative momentum between K+ and Zcs(3985)

− in the rest frame of the e+e−185

system and the relative momentum between D−

s (D
∗−

s ) and D∗0(D0) in Zcs(3985)
− system are both in an S-wave186

state, denoted as 1+(S, S). This hypothesis can only be verified by an amplitude analysis of the signal final states,187

which is not feasible with the current statistics. Therefore, as systematic variations, we test the assumptions of spin-188

parity and angular momentum with 1+(D, S), 0−(P , P ), 1−(P , P ) and 2−(P , P ) configurations. These tests give189

maximum changes of 1.0MeV/c2 in the mass and 2.6MeV in the width. The systematic uncertainty related to the190

combinatorial background is estimated by varying both the sideband yield within its uncertainties and the background191

parametrization; the quadrature sums of each largest difference from the nominal fit are 0.5MeV/c2 and 0.5MeV for192

the mass and width, respectively, which are taken as the systematic uncertainties. The efficiency curves adopted in193

the resonance fit are varied within the uncertainties of their parametrizations, and the differences of 0.1MeV/c2 in194

mass and 0.2MeV in width to the nominal fit are taken as the related systematic uncertainty.195

Any potential effects of the known D∗∗

(s) states (as listed in Table I) on the measurements are evaluated. We vary the196

size of the D∗∗+
s and D̄∗

3(2750)
0 background components within their uncertainties in the fit and take the variations197

as systematic uncertainties. For the known D̄∗∗0 states, which have RM(K+) distributions similar to that of the198

NR signal, the fit is repeated with each state as an additional component with its shape taken from MC simulation199

and the yield as a free parameter. To further check the D̄∗

1(2600)
0 component, we remove the NR component from200

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 to201

0.12± 0.02. We evaluate the quadrature sum of the mass and width differences between each of the results from these202

alternative fits with respect to the nominal fit and assign the quadrature sums as related systematic uncertainties of203

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)
−)204

within the uncertainties and repeat the signal extraction, which gives a maximum change of 0.6MeV/c2 for the mass205

and 1.7MeV for the width.206

Other systematic effects mostly influence the measurement of the cross section. Average uncertainties associated207

with the tracking, PID and K0
S
reconstruction efficiencies are estimated to be 3.6%, 3.6% and 0.4%, respectively. The208

efficiency of the RM(K+D−

s ) requirement is re-estimated by changing the MC-simulated resolution according to the209

observed difference with respect to data and the resulting change is taken as the systematic uncertainty on the cross210

section. The integrated-luminosity uncertainty, measured with large-angle Bhabha events, is estimated to be 1%. The211

uncertainties on the quoted BFs for the involved decays [1] are included as part of the systematic uncertainty.212

Table II summarizes the systematic uncertainties on the cross sections at
√
s=4.628, 4.641, 4.661, 4.681 and213

4.698GeV.214
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TABLE II. Summary of systematic uncertainties on the cross sections at different energy points. The total systematic uncer-
tainty corresponds to a quadrature sum of all individual items.

Source σ4.628B(%) σ4.641B(%) σ4.661B(%) σ4.681B(%) σ4.698B(%)
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
Resolution 0.2 1.0 1.9 1.1 0.8
f factor 7.8 7.7 6.7 6.4 5.9
Signal model 20.5 14.4 16.6 21.9 11.2
Backgrounds 54.8 5.9 12.0 3.1 7.8
Efficiencies 0.2 0.2 0.2 0.5 0.1
D∗∗

(s) states 47.1 82.2 35.3 15.7 35.3

σB(K+Zcs(3985)
−) 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 76.8 84.5 47.3 31.5 50.3
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IV. FIT RESULTS BASED ON THREE SUBSETS OF DATA SET AT
√
s = 4.681 GeV215

To avoid potential bias, the analysis strategy is firstly implemented and validated using the first one-third of data216

set at
√
s = 4.681 GeV, where the fit result is shown in Fig. 7(left) and given in Table III. Afterward, we split the217

two-thirds of data into two parts for consistency check by implementing the same fit procedures, the results of which218

are depicted in Fig. 7(middle) and (right). The corresponding numerical results are listed in Table III. The fitted219

resonance parameters between the 1st and 2nd one-third of data set are consistent within statistical uncertainty, while220

the comparison between the 1st and 3rd one-third of data set shows that the fitted masses and widths are in agreement221

within 1.5σ and 1.0σ, respectively. Overall, the three sets of fit results are compatible and we can assume they are222

due to the same source. Hence, the three parts of data at
√
s = 4.681 GeV are combined to obtain the nominal fit223

results listed in Table III.224
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FIG. 7. 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 III. 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



12

V. CALCULATION OF THE POLE MASS AND WIDTH225

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

Γpole(Zcs(3985)
−)

2 is determined by solving the equation226























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 mass227

thresholds of the two coupled channels and the pole position is taken from Riemann sheet III defined in Ref. [2]. To228

properly account for their correlations, a Monte-Carlo method is adopted, in which pseudo data of m0 and Γ0 are229

generated according to the correlation matrix to calculate the pole position.230
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