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1 Introduction

The charmonium-like states are promising candidates for exotic hadrons, such as tetraquarks,
hadronic molecules, and hybrid mesons [1-6], since they show properties that are not com-
patible with the conventional cc meson spectrum. These states provide valuable insight into
non-perturbative quantum chromodynamics (QCD). The Y (4260), the first observed Y state
(also known as 1/(4230) [7]), was discovered by the BaBar experiment via the initial state
radiation (ISR) process ete™ — yisprm ™7~ J/1 [8]. Based on a series of cross section measure-
ments for e"e~ — hadrons, including both hidden-charm and open-charm processes [9-27],
several additional Y states have been observed. In addition, the excited charmonium states
above 4.6 GeV /c? predicted by the potential model, such as the 55 and 4D states, are not yet
well established [28-32]. Experimentally, the Y (4660) (also known as 1(4660) [7]) state was
observed by the Belle experiment in the process ete™ — yispm ™7~ 1(3686) [12], confirmed by
the BaBar [13] and BESIII [14] experiments. In addition, enhancements around 4.6 GeV are
observed in the cross section line shapes for both the process e™e™ — D D4;(2536)~ + c.c.
and ete™ — D} D% (2573) + c.c. [21-23]. The Y (4500) and Y (4710) were discovered by the
BESIII experiment in the cross-section line shape of the process ete™ — KK.J/1 [25-27],
while the Y (4790) was observed in the process eTe™ — DT D*~ [24]. These observations
imply some of Y states may harbor strange and charm quark-antiquark (ss and c¢) compo-
nents within their wavefunction configurations. This motivates the investigation for the decay
Y — K°K~7n"J/1 + c.c. as a natural extension of the current research.



Recently, the BESIII experiment reported the observation of a structure, denoted as
Z¢5(3985)~ [33], with a significance of 5.3 standard deviation (denoted as 5.30), decaying
into the (D; D*® + D*~ D) final state. Evidence for its neutral counterpart, Z.s(3985)° [34],
has also been found in the (D D*” 4+ D*TD™) system, with a significance of 4.60. In
addition, two charged Z.s (Z.5(4000)" /Z.5(4220)" — K*.J/1) candidates were discovered in
an amplitude analysis of the BT — J/19¢K™ decay at LHCb [35]. Discussions are ongoing
about whether Z.5(3985)" and Z.5(4000)" represent the same state [36-44], as their masses
are comparable, but their decay widths differ by nearly an order of magnitude. The Z_
states have also been explored in the K.J/v and K1 (3686) systems through the processes
ete™ — KKJ/y [27] and ete™ — KK(3686) [45, 46] by the BESIIT collaboration, but no
significant signals were observed. Investigations of those Z.s states through hidden-charm and
open-strange channels play a crucial role in establishing their structural nature as molecular
states, tetraquarks, or other exotic configurations [39, 44, 47-51]. The K°K~n+.J /4 + c.c.
final state also allows searching for Z.s states with quantum numbers different from those
of the observed states (such as JZ = 0F).

In addition, the authors of refs. [52, 53] predicted an excited K state with hidden
charm by solving the Faddeev equations [54], denoted as K*(4307). Its mass and width are
M = 4307 MeV/c? and T’ = 18 MeV, and its quantum numbers are I(J¥) = 1/2(17). The
K*(4307) is expected to decay predominantly to K*J/1, and can be searched for via the
process ete”™ — K'K—ntJ/¢ + c.c.

In this paper, we report the first observation of the process ete™ — KYK~nT.J/v¢ + c.c.
using data samples collected at 19 center-of-mass (c.m.) energies (1/s) from 4.396 to 4.951 GeV,
corresponding to a total integrated luminosity of 8.86 fb~!. The c.m. energy of the data
sample is measured using the di-muon process for /s < 4.6 GeV [55, 56] and the A A, pairs
in eTe™ annihilation for \/s > 4.6 GeV [57]. The integrated luminosities of these data samples
are measured using large-angle Bhabha scattering sample [57, 58].

2 BESIII detector and Monte Carlo simulation

The BESIII detector [59] records symmetric eTe™ collisions provided by the BEPCII storage
ring [60] in the c.m. energy range from 1.84 to 4.95 GeV, with a peak luminosity of 1.1 x
1033 em~2s7! achieved at /s = 3.773 GeV. BESIII has collected large data samples in this
energy region [61-63]. The cylindrical core of the BESIII detector covers 93% of the full
solid angle and consists of a helium-based multilayer drift chamber (MDC), a time-of-flight
system (TOF), and a CsI (T1) 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 octagonal 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/dz 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 in the plastic scintillator TOF barrel region is 68 ps, while that
in the end cap region was 110 ps. The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a time resolution of 60 ps, which
benefits 80% of the data used in this analysis [64-66].



Monte Carlo (MC) simulated data samples produced with a GEANT4-based [67, 68]
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 ISR in the eTe™ annihilations with
the generator KKMC [69, 70]. All particle decays are modelled with EVTGEN [71, 72] using
branching fractions either taken from the Particle Data Group (PDG) [7], when available, or
otherwise estimated with LUNDCHARM [73, 74]. Final state radiation (FSR) from charged
final state particles is incorporated using the PHOTOS package [75]. The inclusive MC sample
includes the production of open charm processes, the ISR production of vector charmonium(-
like) states, and the continuum processes incorporated in KKMC [69, 70]. The signal process
is not included in the inclusive MC samples. The inclusive MC samples, after removing
processes including J/¢ — 717 (I = e, ) in the final state, are denoted as “Bkg-Inc” in
the following discussion.

The signal MC sample (denoted as PHSP MC) of ete™ — KYK— 7T J/¢ + c.c., J/ —
-, KO — Kg or Kg, is simulated at each c.m. energy point to determine the detection
efficiency. In the signal MC simulation, the dressed cross section line shape of ete™ —
K°K~n%J/1 + c.c. measured in this study is used as input to calculate the ISR correction
factor. To estimate the potential background contribution, additional MC samples (denoted as
Bkg-Exc) of eTe™ — nmp(3686), KTK~J/v, KIK2JT/, wxer2, dXco1,2, ™ 7 X (3823),
n()J /4, ¥(3686) — anything + J/v, X(3823) = vXel, Xeoi2 — 1/, w — wha A,
d)(Kg,n(/)) — anything, 7 — ~v, and J/1 — [T~ are generated, as these processes have
similar final states with the signal processes. The cross sections of these processes are taken
from the previous BESIII measurements [14, 20, 25-27, 76-79]. The Bkg-Inc and Bkg-Exc
samples are used to study the sources of the background contributions and optimize the
event selection criteria.

3 Event reconstruction and selection

To improve the detection efficiencies, both full and partial reconstruction methods are
employed. The decay chain ete™ — KgK “ntJ/1¢ + c.c. is reconstructed using “full re-
construction”, “missing a K* or 7%”, and “missing a Kg” methods. These result in the
final states of K3(— nta ™ )KEa Tt~ KY(— ntr ) ntit~ or KY(— a7 )K*ITI~, and
K*7TI+1~, respectively. The process ete™ — KYK~nt.J/1 + c.c. is reconstructed using
the “missing a Kg” method, with the corresponding final states being K7 TIt{~. In the full

text, “missing a K9(K?)” subsumes the methods of missing a K% or a Kg, as they share the
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same final state. In the following sections, “full reconstruction”, “missing a K+ or 7%”, and
“missing a KO(I_(O)” selection methods are labeled as method I, method II, and method III,
respectively. The following criteria will be used to identify the candidate events.

3.1 Event reconstruction

Charged tracks detected in the MDC are required to be within a polar angle () range of
|cosf| < 0.93, where 6 is defined with respect to the z-axis, which is the symmetry axis of the
MDC. For charged tracks not originating from Kg decays, the distance of closest approach
to the interaction point (IP) must be less than 10 cm along the z-axis, |V;|, and less than



1cm in the transverse plane, |V,,|. Particle identification (PID) for charged tracks combines
measurements of the energy deposited in the MDC and the flight time in the TOF to form
likelihoods L(h) (h = K,n) for each hadron h hypothesis. Tracks are identified as kaons
and pions by comparing the likelihoods for the kaon and pion hypotheses, L(K) > L()
and L(m) > L(K), respectively.

The Kg candidate is reconstructed from two oppositely charged tracks satisfying P <
1.0 GeV/c and |V;| < 20 cm, where P represents the magnitude of the charged track’s
momentum. The two charged tracks are assigned as 77~ without imposing further PID
criteria. They are constrained to originate from a common vertex and are required to have an
invariant mass M.+, satisfying | M .+ - —ng| < 12MeV/c?, where mpo is the K9 nominal
mass [7]. The decay length of the K9 candidate is required to be greater than twice the vertex
resolution. If more than one Kg are reconstructed in an event, the one with the smallest x?
is kept as the final Kg candidate, where x? is derived from the secondary vertex fit of 7+7 .

The other two charged tracks with momenta greater than 1.0 GeV /¢ and opposite charges
are identified as the lepton pair from the J/1 decay, while the remaining charged tracks
are regarded as K* or 7% according to the PID information. Electrons and muons are
discriminated by requiring their deposited energies in the EMC (labeled as E(EMC)) to be
greater than 1.0 GeV for electrons and less than 0.4 GeV for muons.

The selected lepton pair, K+, 7%, and Kg candidates in the event are combined to
reconstruct the signal process. All charged tracks detected in the final states are used to
perform a vertex fit to ensure they originate from the same vertex, and the y? value of
this fit is required to be less than 200.

3.2 Event selection

Depending on the number of K+, 7&, and Kg, the selection methods are divided into three
categories: method I, II, and III. The selection criteria for each method are individually
optimized using the Figure-of-Merit (FOM) defined as ¢/(5/2 + v/B) [80], where ¢ is the
detection efficiency of signal process, and B is the number of background events estimated by
using the Bkg-Inc and Bkg-Exc samples (labelled as Bkg). The Bkg samples from various
processes are normalized according to the corresponding cross sections and luminosities of
data samples. Due to the limited data samples, the MC simulations from all the data samples
are summed up in the optimization.

3.2.1 Method I-full reconstruction

If all the particles in the final state can be successfully reconstructed, the event is selected using
the method I. A four-constraint (4C) kinematic fit is performed to ensure both energy and
momentum conservation throughout the entire process, with a requirement of Xic < 200. To
reduce the background processes due to p /7 misidentification in the ptu~ channel, the hit
depth in MUC (Depth) is required to satisfy (Depth,,+ + Depth,-) > 75 cm. After imposing
these requirements, the invariant mass distribution of I71~ (Mj+;-) is shown in figure 1 (left),
where a clear J/1 signal can be seen in data. The number of retained background events
estimated by using the Bkg-Inc and Bkg-Exc samples is 0.5 + 0.7.
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Figure 1. The M;+;- distributions from “full reconstruction” (left), “missing a K* or 7%” (middle),
and “missing a K°(K°)” (right) methods. The red and gray histograms represent the background
contributions estimated from the Bkg-Inc and Bkg-Exc samples, respectively. The dots with error
bars are the experimental data (summed over all data samples) and the red solid lines are the best fit
result from a simultaneous fit.

3.2.2 Method II-missing a K* or «n*

If the event contains a 7+ or K+, at least one Kg, and a pair of leptons in the final state,
the method IT will be utilized. In this method, a one-constraint (1C) kinematic fit is applied,
where the four-momenta of [*, =, K* or n*, K g and a missing charged track are constrained
to the initial four-momentum. The missing track’s three-momentum is unknown, but its
mass is constrained to the mass of 7% or K* taken from PDG [7]. If the reconstructed track
is identified as 7, then the missing one is assumed to be a KT, and vice versa. In the ete™
mode, a two-dimensional optimization is performed on the distributions of E(EMC) and
X3¢, and the requirements are set to be ¢ < 30 and E(EMC) > 1.25 GeV for at least one
lepton to suppress background events. For the u*u~ mode, the requirements of X%C < 20 and
(Depthlﬁ + Depthlf) > 75 cm are imposed, according to the optimization. After applying
the aforementioned selection criteria, the invariant mass distribution of {1~ of the accepted
candidates is depicted in figure 1 (middle). The total number of background events estimated
from the Bkg-Inc and Bkg-Exc samples amounts to 6.6 + 2.6.

3.2.3 Method III-missing a K°(K?)

If the KO(KY) oscillates to K9, or K3 but failed to be reconstructed using the 777~ decay

channel, and the numbers of K+, 7%

, and lepton pair are all greater than 0, the method
IIT is applied. In this method, a one-constraint (1C) kinematic fit is applied, where the
four-momenta of K+, 7%, [t [~ and a missing K° (.f(o) are constrained to the initial
four-momentum. The three-momentum of missing K° (K°) are unknown, but its mass is
constrained at the nominal K% (K°) mass [7]. If there are more than one K*7T combination
in one event, the one yielding the smallest X%C from the kinematic fit is preserved for
subsequent analysis. To remove the background contributions from the QED processes
(ete™ — ete (ny), efe™ — ptp~(ny), ete™ — ny), the opening angles of e* KT, e*nT
and K*7T are required to satisfy |cOSOet k¥ et n gta¥| < 0.98 for the eTe™ mode. In
addition, the criteria X%C < 30 and E(EMC) > 1.3 GeV for at least one lepton are applied.
For the p i~ mode, the requirements X%C < 10 and (Depthlﬁ + Depthlf) > 80 cm are used



to suppress background events. After the above selections, the distribution of M;+;- of the
accepted candidates is shown in figure 1 (right), where the total number of background events
estimated by using the Bkg-Inc and Bkg-Exc samples is 17.5 £+ 4.2.

After all the event selection, the total number of background events estimated by using
Bkg samples, summed over all the energy points and all the selection categories, is 24.5 & 5.0.
The fraction of the Bkg-Exc background events is about 66%, and that from the Bkg-Inc
background events is about 34%. The Bkg-Inc background events are dominated by hadron
processes and smoothly distributed in the M;+;~ distribution. The M;+,- distributions from
data and Bkg are also displayed for each energy point, as shown in figure 2.

4 Signal yields and cross sections

4.1 Signal yield extraction

A simultaneous unbinned maximum likelihood fit is performed to the M;+,- distributions from
the three selection methods for all the data samples to estimate the significance of the signal
process, as shown in figure 1. The signal probability density function in the fit is represented
by the MC simulated J/v shape convolved with a Gaussian function, which accounts for the
difference in mass resolution between data and MC simulation. Here, the signal MC shape is
extracted from combined MC samples, where the signal MC simulations at each energy point
are scaled according to the product of the luminosity and the detection efficiency, and then
summed up. The parameters of the Gaussian function are obtained from the control sample
ete™ — ntn ™4 (3686), ¥(3686) — ntn~J/¢, J/1p — 171~ since the final state is similar to
our signal process but with a larger statistics. In the simultaneous fit, the number of signal
events (Ngig) is a free parameter, while the signal yields from three selection methods are
constraint to NgigB;€;, where B; and ¢; denotes the branching fraction and detection efficiency
of the i-th method, respectively. The background in the fit consists of two components. One is
described by the Bkg-Exc MC shape, which is extracted from the dedicated MC simulations
and normalized, with the number of events fixed to the estimated value. The remaining
background component is described by a constant for the method I and a linear function
for the method II and III, where the numbers of events are free parameters. The best fit
result is shown in figure 1, and the total signal yield obtained from the fit is 45.3 £ 7.8. The
statistical significance is evaluated using the formula \/2In(Lmax/Lo)]/(An.d.f = 1), where

In Lynax and In Ly are the logarithmic likelihood values with and without the signal component
in the fits, and An.d.f denotes the change in the number of degrees of freedom. The signal
significance is estimated to be 9.40.

To extract the signal yield for each individual data sample, the M;+,;~ distributions from
the three methods are combined and fitted due to limited data samples. In each fit, the
signal shape is described by the corresponding signal MC shape convolved with a Gaussian
function, where the mean and sigma values of the Gaussian function are taken from the
control sample of ete™ — w71 (3686), 1(3686) — wtw~J/1, J/1p — [T1~. The smooth
background contributions are modeled by a linear function, with parameters fixed to the
values obtained from fitting the M;+,- distribution of all data samples that passed the three
sets of selections. The numbers of signal and background events are free parameters. Other



background contributions estimated by the Bkg-Exc samples are included and fixed for both
shape and yield in the fit. The best fit results are shown in figure 2. Due to the limited
numbers of events that survived the final selection for the data samples taken at /s = 4467.06,
4527.14, 4574.50, and 4611.86 MeV, the fits on these samples are not feasible. Instead, the
number of signal events is calculated using Nons — Npig. Here, Ny denotes the number of
observed events within the J/1 signal region (3.08, 3.12) GeV/c?, and Npy, represents the
total background events in the same region, which include both J/v peaking-background
and non-.J/1 events. The peaking-background contribution is estimated using the Bkg-Exc
samples within the J/1 signal region, while the non-.J /1) background is evaluated from the J/v
sideband regions, defined as (3.02, 3.06) GeV/c? and (3.14, 3.18) GeV/c?. The contribution
from the J/v sideband regions is scaled by 0.5, since the J/1 sideband regions are two
times as wide as the J/v signal region. The signal yields are summarized in table 1. The
significance of the signal process for each data sample is estimated using the same method
mentioned above, and the values are listed in table 1.

The statistical significance of the signal process for most data samples is below 3o, the
upper limit of the number of signal events (Ng;) at 90% confidence level (C.L.) for these
data samples is determined using a Bayesian method [81]. The M;+;- distribution is fitted
with the number of signal events fixed from 0 to n to obtain a series of likelihood values
L, where n represents an extremely large value (40). The upper limit is determined by finding
out the value of Nsling corresponding to 90% of the likelihood profile with respect to the signal
yield. The upper limits at 90% C.L. are listed in table 1. Assuming that the signal and
background yields follow a Poisson distribution, the TROLKE package [82] in the CERNROOT
framework [83] is used to determine the upper limit of the number of signal events at 90%
C.L. for the data samples taken at /s = 4467.06, 4527.14, 4574.50, and 4611.86 MeV.

4.2 Cross section calculation

Born

The Born cross section o of the signal process is calculated as:

Born[ + 0 + / ] O'dressed Ns'g
oBete” - KK ntJ/ +cc] = = : ,
ﬁ Ling - (1407) - |171H|2 B(J/Y =1t e

(4.1)

where gdressed jg the dressed cross section, Ngg is the signal yield, L, is the integrated

luminosity, ¢ is the detection efficiency, and B is the branching fraction. The value of the
vacuum polarization (VP) factor, ﬁ, is calculated using a Fortran package provided by
Fred Jegerlehner [84], where the corrections from leptonic and hadronic VP are included. The
ISR correction factor, (14 9"), is calculated following the procedure described in ref. [85]. The
cross section line shape measured from this study is used as input for the ISR correction
factor calculation. The obtained Born cross section at each energy point is listed in table 1.
Given that no significant structure is observed in the dressed cross section line shape, the
distribution is modeled using a continuum amplitude defined as:

no - PS (V/s) /s, (4.2)

where ng is free parameter, and PS(v/s) is the four-body decay [R(v/s) — KK 7t J/¢+c.c]
phase space factor [7]. The 1/s dependence follows the behavior of the total hadronic cross
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Figure 2. The fit results for data samples obtained by combining the three selection methods at
different energy points. The red and gray histograms represent the background contributions estimated
from the Bkg-Inc and Bkg-Exc samples, respectively. The dots with error bars are the data and
the red solid lines are the best fit results. The Bkg events are scaled up by five to provide a clearer
delineation of their contribution.

section on eTe™ annihilation. The result of the fit to the dressed cross section is shown
in figure 3.

The Y states, reported in the processes ete™ — KK~ J/1 and eTe™ — Dt D*~ are
also searched for by including them in the fit. The cross section is fitted with a coherent
sum of a Breit-Wigner (BW) function and the continuum amplitude:

PS (V9 (VIBTLED)  na-\/PS(/5) [ ®
PS(M) - (s = M?+iMT) Ve N |




140"

Born

Vs (MeV) €Ky (%) €KY (%) Nsig N}fé“ =i Lin (pb~1) oBom (pb) o™ with sys. (pb)  Significance (o)
4395.38  25.0+0.1 159+0.1 17718 52 0850 507.8 0.167017 +0.01 0.5 1.9
441558  26.4+0.1 17.0+£0.1 1732 57 0.804 1090.7 0.0710:3% +0.01 0.3 1.9
443593  27.5+0.1 187+0.1 273 65 0830 569.9 0.207019 +0.01 0.5 2.7
4467.06 261401 182+0.1 0011 20 0810 111.1 —0.01%04 £ 0.01 0.8
4527.14  275+£0.1 20.2+0.1 007} 20 0.822 112.1 —0.01741 £0.01 0.8 —
457450  285+0.1 21.0+0.1 —057+% 1.6 0829 48.9 —0.4473:92 £0.03 1.3 —
4599.53  31.9+0.1 240401 1271 51 0834 586.9 0.07+332 £ 0.01 0.3 1.1
4611.86  28.2+0.1 21.5+0.1 091332 37 0837 103.7 0.367552 £ 0.03 1.4 —
4628.00  31.9+0.1 23.9+0.1 29%37 77 0.840 521.5 0.207018 +0.02 0.5 1.7
464091 321401 244+01 0788 44 0841 551.7 0.0570:38 +0.01 0.3 0.7
4661.24  324+0.1 247+0.1 43437 0.844 529.4 0.287018 +0.02 3.3
4681.92 32501 25.0+0.1 122733 0.847  1667.4 0.2510:08 £ 0.02 4.7
4698.82  32.6+0.1 253+0.1 1675 53 0849 535.5 0.117582 £ 0.01 0.3 1.8
473970 332401 257401 2472 69 0853 163.9 0.50548 £0.03 14 2.1
475005  33.2+0.1 25.6+0.1 3272% 81 0854 366.6 0.29+025 £ 0.02 0.7 1.9
4780.54  33.3+0.1 25.8+0.1 3.6737 84 0.858 511.5 0.237517 £0.02 0.5 2.4
4843.07 33.7+0.1 268+0.1 5239  — 0865 525.2 0.327019 +0.03 — 3.1
4918.02 33.8+0.1 269+0.1 083 41 0873 207.8 0.12702% + 0.01 0.6 1.0
4950.93  33.5+0.1 27.0+£0.1 24™23 67 0875 159.3 0.497035 £0.04 1.3 L5

Table 1. The Born cross section for different energy points, where the first and the second uncertainties

are statistical and systematic, respectively. “ogy)

Born

with sys.”” stands for the upper limits of the

cross section with systematic uncertainties. “Significance” represents the statistical significance.

Ly, is the integrated luminosity. e K9 and €0 Tepresent the detection efficiency of the process
ete™ = KSK 7" J/¢ + cc. and ete™ — K K~ J/1 + c.c., respectively. Given the limited data
samples for the data samples taken at /s = 4467.06, 4527.14, 4574.50, and 4611.86 MeV, the
statistical significance is not evaluated. The signal significance exceeds 3¢ for the data samples taken
at /s = 4661.24, 4681.92, and 4843.07 MeV.
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Figure 3. The dressed cross sections and fit results.
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Figure 4. The dressed cross sections and fit results. The contributions from the BW| interference,
and continuum term are represented by the pink, blue, and cyan curves, respectively.

where M, I', I'c., and B are the mass, full width, electronic width, and the branching fraction
to KOK~7t.J /vy + c.c. final state of each Y state, respectively. The BW parameters are fixed
to that of Y (4500) (M = 4499.4 MeV/c?, T' = 124.0 MeV), Y (4710) (M = 4708.0 MeV /c?,
I' = 126.0 MeV), Y (4790) (M = 4793.3 MeV/c?, ' = 27.1 MeV), or Y (4660) (M =
4623.0 MeV/c?, T' = 55.0 MeV). These values are taken from the measurements of the
processes ete” — KTK~J/v [27], ete™ — Dt D*~ [24], and PDG [7]. The fit results are
shown in figure 4, and the significance of the resonance contribution is less than 2¢ in all fits.

5 Study of the possible intermediate states

The selected events summed across all the data samples and selection methods are utilized to
investigate the possible intermediate states in the K%~ 7t +c.c., KK~ +c.c., KK~ +c.c.,
rtJ /i, KOF(KO)J/vy, K% ntJ/iy + c.c. system, and the corresponding invariant mass
distributions are illustrated in figure 5. The contribution from the J/¢ sideband regions
is scaled by 0.5, a factor determined by fitting the M;+;,- distribution from all data and
calculating the ratio between the numbers of background events in the sideband and signal
regions. The invariant mass of the K%~ 7% + c.c. (Mgo,—+ ¢ ) is utilized to investigate K*
states, encompassing both the K97t + c.c. and K*7T combinations, which results in each
event being filled twice. The invariant mass of K°K ™ +c.c. (Mo c..) is employed to study
ap(980) states. The invariant mass of K°K 7" + c.c. (Mgog-r+4cc.) is applied to analyze
the excited 1 states. The invariant mass of 7%.J /1) (M + /) is used to study possible Z.
states in the m*.J /¢ system. The resolution of M, + 7/ is improved by utilizing the quantity
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Figure 5. The comparison of the invariant mass spectra of K%~ 7+ +c.c., KK~ +c.c., KK ~nt +c.c.,
atJ/, KOF(K°)J/v, and K%~ 7% .J/1 + c.c. among data (dots with error bars, summing all data
samples), PHSP MC, Bkg and J/« sideband. The signal MC samples at each energy point are scaled
according to the product of the luminosity, the detection efficiency and the cross section, then added.

M+ 57y — My +myyy, where My, represents the invariant mass of the lepton pair, and
My, is the known mass as cited from the PDG [7]. The invariant mass of the K% (K0)J/y
(M 0.+ (jz0).1 /) and K% ntJ/¢y +c.c. (Mgo,~ 7+ 7/ip4c.c.) are employed to search for the Zs
states. To improve the mass resolution, the requirements of Myo.x g0y s/ — My + My
and Mgo,— -+ j/ypqcc. — My +myy are used instead of Mo, g0y g/ and Mgo.— -+ 7/ 4c.cs
respectively. Deviations from PHSP MC simulations are seen in the invariant mass distributions
of K% 7t 4 c.c. and K°K~ + c.c. However, the statistical significances of the aforementioned
intermediate states are all below 30. Larger data samples are required to clarify the origin

of these deviations.
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s (Me int actor acking t -a -b T / 1C mode ignal shape g-a - ota.
MeV) L VP f: Tracki PID Kfit ISR ISR-b Br MUC MC del S 1 sh *  Bkg-a* Bkg-b* Total

4395.38 1.0 0.5 2.3 03 03 4.7 01 04 09 5.9 0.9 3.1 0.4 8.6
4415.58 1.0 0.5 2.3 03 04 1.8 01 04 09 2.0 0.9 3.1 0.4 5.0
4435.93 1.0 0.5 2.3 0.3 03 1.7 01 04 09 5.2 0.9 3.1 0.4 6.9
4467.06 1.0 0.5 2.3 0.3 0.7 1.0 0.1 04 09 9.6 — — — 10.0
4527.14 1.0 0.5 2.3 03 0.7 1.4 01 04 09 9.4 — — — 9.7
4574.50 1.0 0.5 2.3 0.3 038 1.8 01 04 09 7.1 — — — 7.8
4599.53 1.0 0.5 2.3 0.3 05 3.2 01 04 08 5.9 0.9 3.1 0.4 8.0
4611.86 0.6 0.5 2.3 0.3 0.7 2.1 01 04 18 6.0 7.1
4628.00 0.6 0.5 2.3 03 04 3.6 01 04 27 5.4 0.9 3.1 0.4 8.1
4640.91 0.6 0.5 2.3 03 04 3.8 01 04 27 5.5 0.9 3.1 0.4 8.3
4661.24 0.6 0.5 2.3 03 04 3.9 01 04 24 5.4 0.9 3.1 0.4 8.2
4681.92 0.6 0.5 2.3 03 04 3.7 01 04 21 5.8 0.9 3.1 0.4 8.2
4698.82 0.6 0.5 2.3 0.3 04 3.0 01 04 14 5.4 0.9 3.1 0.4 7.5
4739.70 0.6 0.5 2.3 03 0.3 1.8 01 04 06 4.9 0.9 3.1 0.4 6.6
4750.05 0.6 0.5 2.3 0.3 04 3.3 01 04 21 5.0 0.9 3.1 0.4 7.6
4780.54 0.6 0.5 2.3 0.3 05 6.4 01 04 09 4.5 0.9 3.1 0.4 8.9
4843.07 0.6 0.5 2.3 0.3 05 7.4 01 04 25 4.1 0.9 3.1 0.4 9.8
4918.02 0.6 0.5 2.3 03 04 6.1 01 04 06 4.0 0.9 3.1 0.4 8.4
4950.93 0.6 0.5 2.3 03 04 5.5 01 04 05 3.1 0.9 3.1 0.4 7.6

Table 2. Summary of the systematic uncertainties (in %) for the Born cross section measurements,
where the sources marked with * indicate additive uncertainties and the rest are multiplicative uncer-
tainties. “ISR-a” and “ISR-b” refer to the systematic uncertainties arising from the parameterization
form and the fit parameters of the cross section line shape, respectively. “Bkg-a” and “Bkg-b” denote
the systematic uncertainties associated with the fixed Bkg-Exc background contribution and the
background shapes, respectively. “Kinematic fit”, “Branching fraction”, and “MUC hit depth” are
abbreviated as “Kfit”, “Br”, and “MUC?”, respectively.

6 Systematic uncertainties

The systematic uncertainties on the Born cross section measurement are mainly caused by the
integrated luminosity, tracking, PID, branching fraction, VP factor, ISR factor, kinematic fit,
MUC hit depth, MC model, and fit procedure. The systematic uncertainties from the opening
angles of e K¥, e*rT and K*nT and E(EMC) requirements are found to be negligible,
estimated by the Barlow test [86]. The systematic uncertainties are summarized in table 2.
The total systematic uncertainty is taken as a quadratic sum of each contribution. The
systematic uncertainties in the determination of the upper limit of the cross section can be
classified as either additive or multiplicative terms.

o Integrated luminosity. The integrated luminosities are measured using Bhabha events [57,
58], and the corresponding uncertainties are estimated to be 0.6% for /s > 4.6 GeV
and 1.0% for /s < 4.6 GeV.

e Tracking. The systematic uncertainty of tracking is about 1.0% per track [87-89]. Since
events with one missing track are included using the above mentioned selection method,
the combined relative systematic uncertainty is calculated with

e-e+2-e(l—¢)
ge+2-(1-¢)

— 1| + 2%, (6.1)

where € and ¢ = ¢ - (1 £ 1%) are the tracking efficiencies of MC simulation and data,
respectively. The combined uncertainty is 2.3%.

— 12 —



PID. This systematic uncertainty is calculated using the same method as used for
tracking, and the corresponding uncertainty is assigned to be 1.0% per track [87-89].

Branching fraction. The branching fractions of J/¢ — eTe™ and J/1¢ — uTp~ are
taken from the PDG [7], and they contribute an uncertainty of 0.4%.

VP factor. The uncertainty in the vacuum polarization factor is 0.5%, taken from a
QED calculation [90].

ISR factor. To get the uncertainty from the parameterization form of the dressed cross
section line shape, the fit formula is changed to |\/PS(\/§)/PS(M) -(V/127T e BT) /(s —
M?+iMT)|? and refit the dressed cross section. Here, M and I represent mass and total
width, and are fixed to 4708.0 MeV /c? and 126.0 MeV in the fit [27], respectively. Using
the fitted curve to recalculate the ISR factor and detection efficiency, the difference

from the nominal result is taken as systematic uncertainty. To get uncertainty from the
fitted parameters, we change the parameter of ng from eq. (4.2) within 10, to reiterate
and determine (1 + 0") - € values. The largest difference on the resultant distribution of
(14 d") - ¢ is taken as the systematic uncertainty, and the values are listed in table 2.

Kinematic fit. The helix parameters of the charged tracks are corrected in MC simu-
lation to improve the agreement of the x? from the kinematic fit between data and
simulation [91]. The systematic uncertainty from the kinematic fit is assigned as the
difference in the efficiencies with and without this correction.

MUC hit depth. The uncertainty from the MUC response is studied with a control
sample of ete™ — utu~ events. The difference in efficiency between the data and MC
simulation is taken as the systematic uncertainty.

MC model. To estimate the systematic uncertainty associated with the MC model, the
processes ete™ — KOK*0(— K—nt)J/¢ +cc., ete” — K*T(— K'7H)K~J/¥ + c.c.,
and ete” — ay (— K°K~)m"J/1 + c.c. are generated. The larger difference in the
detection efficiencies between MC samples with and without intermediate states is taken
as the corresponding systematic uncertainty. For data samples with /s > 4527.14 MeV,
the difference between PHSP and ete™ — KK*J/v + c.c. sample is taken, while for
the remaining samples, the difference between PHSP and ete™ — ag 7 J/¢ + c.c. is
used. The corresponding systematic uncertainties are listed in table 2.

Fit procedure. To reduce statistical fluctuations, all data samples are combined to
estimate the systematic uncertainty related to fit conditions. The fit procedure involves
uncertainties from both the signal and background shapes. The signal MC shape
convolved with a Gaussian function is used to describe the signal shape in the nominal
fit. By varying the mean and standard deviation of the Gaussian function within
one standard deviation and repeating the fit, the largest difference in the number of
signal events is taken as the systematic uncertainty. For the background shapes, the
parameters of the linear function are varied by +1o, and alternatively the background
shape is changed from a first-order to a second-order polynomial function. The larger
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difference obtained by varying the parameters of the linear function is taken as the
systematic uncertainty. In the nominal fit, the number of Bkg-Exc events is fixed to
> Lint - 0% - €k, where o and €, represent the cross section and detection efficiency of the
k-th background process in the Bkg-Exc category. To estimate the associated systematic
uncertainty, each o is varied by its total uncertainty Aoy (i.e. changed by +1o), and
the fit is repeated. The largest resulting variation in the extracted signal yield is taken
as the systematic uncertainty due to the fixed Bkg-Exc background contribution.

For the fitting method, the systematic uncertainties related to the fit procedure are treated
as additive. The largest upper limit on the number of signal events, obtained from different
fit conditions is taken. In addition, the multiplicative systematic uncertainty is incorporated
by convolving the likelihood profile with respect to the signal yield corresponding to this
most conservative result with a Gaussian function:

e—¢€)?
L'(z) = /01 L(x; Nyig€/€) exp [—( ) ] dE,

2
2szs.

where € is the nominal average detection efficiency, and oy is the total multiplicative
systematic uncertainty [81, 86].

For the counting method, the additive systematic uncertainties include the J/1
signal region and the number of background events. The signal region is varied to
(3.075, 3.115) or (3.085, 3.125) GeV/c?, the sideband region is changed to (3.015, 3.055)
and (3.135, 3.175) GeV/c? or (3.025, 3.065) and (3.145, 3.185) GeV/c?, and the number of
Bkg-Exc events is changed with 10, and the largest upper limit of the number of signal
events is chosen. The multiplicative systematic uncertainties are considered in the calculations
of the upper limit at 90% C.L. by using the TROLKE package [82] for the data samples taken
at /s = 4467.06,4527.14,4574.50, and4611.86 MeV.

7 Summary

In summary, based on the data samples taken at /s from 4395.4 to 4950.9 MeV, the eTe™ —
KK ~nt.J/1 + c.c. process is observed for the first time. Summing over all the data samples,
the statistical significance is 9.40. The upper limits at the 90% C.L. for the 16 c.m. energy
points and the measurements for the 3 c.m. energy points on the cross section for the process
ete™ — K'K—ntJ/i + c.c. are reported for the first time. Additionally, no significant
structure is observed in the cross section as a function of /s, and no obvious intermediate
resonance states are detected among various combinations in the final state K°K~n+.J /1) +
c.c. The Z. states are investigated in the K.J/¢ and Km.J /1) systems, yet no significant signals
are observed within the existing sensitivity limits of the data samples. More data are needed to
search for the vector Y, Z., and Z.s states. This can be achieved with the upgraded BEPCII,
which will plan to increase by a factor of three the luminosities at XY Z states energies [61].
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