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

Figure 1 shows the distribution of the KD recoil-mass in data and MC simulation samples at /s = 4.628, 4.641,
4.661 and 4.698 GeV, after the same selection criteria as those imposed for the data shown in Fig. 2 of the main
letter. Table I lists the estimated sizes of excited D** or D*** contributions at each energy point, quoted in the
simultaneous fit. In addition, two-dimensional plots of M (KT D7) versus RM(K™) in data for events in the signal
region and WS events at /s = 4.681 GeV are shown in Fig. 2.
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(a)Recoil mass of Kt D; at /s = 4.628 GeV. (b)Recoil mass of KT D3 at /s = 4.641 GeV.
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(c)Recoil mass of KT Dy at /s = 4.661 GeV. (d)Recoil mass of KT Dy at /s = 4.698 GeV.

FIG. 1. Distribution of the K™ D] 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. 2. Two-dimensional distributions of M(K*D;) vs. RM(K™") for data in the signal region (left) and WS events (right)
at /s = 4.681 GeV.



TABLE 1. Summary of the estimated sizes of excited D:*" or D**° contributions at each energy point.

production is not allowed kinematically.

V/5(GeV) 4.628 4.641 4.661 4.681 4.698
D,1(2536)T (KTD*™)D, [4124+6.3 26.2+5.4 23.9+56 54.4+8.0 153 +4.2
52(2573) T (KTD%)D;~ - - — 191476 17.3+7.3
5(2700)T(KT™D*)D; [0.0+1.8 18.6+8.7 16.6 +7.8 150+ 13.3 7.7+ 8.4

D3(2750)° (— D" KT)D°
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II. EXPLORATION OF POTENTIAL D¢, BACKGROUNDS
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To understand the potential backgrounds from excited DE*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. 3 and 4. Furthermore, possible interferences

among those excited DE‘:) states are systematically scanned, and the choices with the largest interferences around

RM(K*) = 4.0GeV/c? are compared with the distributions in data, shown in Fig. 5 and Fig. 6. It is evident that
none of the states can explain the narrow peaking structure below 4.0 GeV /c2.
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FIG. 3. KT recoil-mass spectra in data with the WS background contributions subtracted, and MC simulations of the excited

D D7 The Z,, (3985)~ shapes are normalized to the yields observed in data and those of the D3*
states are scaled according to the control samples.
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IIT. SYSTEMATICS UNCERTAINTIES

Sources of systematic uncertainties on the measurement of the Z.,(3985)~ resonance parameters and the cross sec-
tion are studied, in which the main sources include the mass scaling, detector resolution, the signal model, background
models and the input cross-section line shape for o (ete™ — K+ Z.,(3985)7).

We select a control sample of ete™ — Dy (2536) D~ — KT D*0D*~ at \/s = 4.681 GeV by detecting K D*Y with
D* — 79D DY — K7t K—7t70 as well as K77t r~ with a missing D?~ in the final state to study the mass
scaling of the recoil mass of the low-momentum bachelor K+. We fit the D7~ peak in the spectra of the recoil mass
of KT D*0 where the D~ 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 u = —0.2+0.5MeV/c? and oypper < 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 1.0 MeV.

In this work the two Z.s signal processes are difficult to distinguish due to the partial-reconstruction method and
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,
corresponding to the standard deviation of a uniform distribution from 0 to 1. We find the resulting changes on the
mass and width to be 0.2MeV/c? and 1.0 MeV, respectively. In the nominal fit, we assume that the spin-parity of
the Z.5(3985)~ is 1T and that the relative momentum between K and Z.;(3985)~ in the rest frame of the ete™
system and the relative momentum between D (D7) and D**(DY) in Z.5(3985) system are both in an S-wave
state, denoted as 11(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 momentum with 1*(D, S), 0~ (P, P), 1~ (P, P) and 2~ (P, P) configurations. These tests give
maximum changes of 1.0 MeV/c? in the mass and 2.6 MeV in the width. The systematic uncertainty related to the
combinatorial background is estimated by varying both the sideband yield within its uncertainties and the background
parametrization; the quadrature sums of each largest difference from the nominal fit are 0.5 MeV /c? and 0.5 MeV for
the mass and width, respectively, which are taken as the systematic uncertainties. The efficiency curves adopted in
the resonance fit are varied within the uncertainties of their parametrizations, and the differences of 0.1 MeV/c? in
mass and 0.2 MeV in width to the nominal fit are taken as the related systematic uncertainty.

*kk

Any potential effects of the known D(S) states (as listed in Table I) on the measurements are evaluated. We vary the

size of the D** and D3(2750)° background components within their uncertainties in the fit and take the variations
as systematic uncertainties. For the known D**" states, which have RM (K ™) distributions 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 parameter. To further check the D7 (2600)° component, we remove the NR component from
the simultaneous fit. The ratio B(Dj(2600)° — Dy K+)/B(D3(2600)° — D~7") then increases from 0.00 + 0.02 to
0.1240.02. We evaluate the quadrature sum of the mass and width differences between each of the results from these
alternative fits with respect to the nominal fit and assign the quadrature sums as related systematic uncertainties of
1.0 MeV/c? for the mass and 3.4 MeV for the width. We vary the input Born cross section oZ(ete™ — K+ Z.,(3985)7)
within the uncertainties and repeat the signal extraction, which gives a maximum change of 0.6 MeV /c? for the mass
and 1.7 MeV for the width.

Other systematic effects mostly influence the measurement of the cross section. Average uncertainties associated
with the tracking, PID and K g reconstruction efficiencies are estimated to be 3.6%, 3.6% and 0.4%, respectively. The
efficiency of the RM (KT D; ) 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 uncertainty 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.

Table II summarizes the systematic uncertainties on the cross sections at /s=4.628, 4.641, 4.661, 4.681 and
4.698 GeV.



10

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 04.628B(%) 04.6418(%) 04.6618(%) 04.6818(%) 04.608B(%)
Tracking 3.6 3.6 3.6 3.6 3.6
Particle ID 3.6 3.6 3.6 3.6 3.6
K2 0.4 0.4 0.4 0.4 0.4
RM(K*TD]) 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 states 47.1 82.2 35.3 15.7 35.3
P (Kt Z.5(3985)7) 11.9 5.7 22.1 134 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 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. 7(left) and given in Table III. 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. 7(middle) and (right). The corresponding numerical results are listed in Table III. 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 1.50 and 1.00, 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 III.

30¢ 30¢ 30
o251 s =4.681GeV Yo b Vs =4.681 GeV Los [ s =4.681 GeV —+— Data
> > S ——— Total fit
1st 1/3 Data 2nd 1/3 Data 3rd 1/3 Data
220 S20¢ 220 —— = Z.,(3985)
315 f 815 ; i 5*1(2600)0D*0
2190} Bigt - non-Res.
Elo E Elo 5 Y/ n?"n (")es
S g 9555555% D, D
s oY B comb. BKG
0 4 405 41 415 0 4 405 41 415 4 405 41 415

RM(K") (GeV/) RM(K") (GeV/®) RM(K") (GeV/d)
FIG. 7. Fit to the Kt recoil mass spectra in the first (left), second (middle) and third (right) one-third of data set at
V5 = 4.681 GeV.

TABLE III. Fit results of the Z.s(3985)~ resonance parameters and cross sections based on the first, second and third one-third
of data set at /s = 4.681 GeV.

Data set Mass (MeV/c?) Width (MeV) o4.6s1 - B(pb) Statistical Significance
1st one-third ~ 3987.0721 6.9751 51715 4.90
2nd one-third ~ 3990.272°¢ 2421359 50733 2.90
3rd one-third ~ 3980.972 4.7197 2.8%17 3.90

nominal 39852728 138751 44707 6.30
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V. CALCULATION OF THE POLE MASS AND WIDTH

The pole position mpote(Zes(3985)7) — iw is determined by solving the equation

M? —m§ + imo(fT1(M) + (1 — f)T2(M)) =0,

P11 Mo

[(M)=Tq = —,

M) =To- e 37 (1)
P2 Mo

F :F =,

2(M) =To %

where the input values of mg and I'y 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 my and I'y are
generated according to the correlation matrix to calculate the pole position.

[1] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).
[2] A. M. Badalian, L. P. Kok, M. I. Polikarpov and Y. A. Simonov, Phys. Rept. 82, 31 (1982).



