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with the BESIII detector operating at the BEPCII collider, corresponding to an integrated
luminosity of 4.1fb~!. Observation of the ete™ — K2K2(3686) process is found for the
first time with a statistical significance of 6.3, and the cross sections at each center-of-
mass energy are measured. The ratio of cross sections of eTe™ — Kg«Kgl/J(3686) relative
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to e*e” — K¥K1(3686) is determined to be 2" IR — 0,45 + 0.25, which
is consistent with the prediction based on isospin symmetry. The uncertainty includes
both statistical and systematic contributions. Additionally, the Kg¢(3686) invariant mass

distribution is found to be consistent with three-body phase space. The significance of a

contribution beyond three-body phase space is only 0.8c.
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1 Introduction

Exotic hadrons, which are composed neither of a quark and anti-quark pair nor of three quarks,
provide an unique opportunity to gain insight into the strong interaction. Since the discovery
of the x.1(3872) state by the Belle experiment in 2003 [1], numerous unexpected charmonium-
like states, including the Y (4260) [2—4], 1(4660) [5-9], Z.(3900) [10, 11] and Z.(4020) [12], as
well as the Z.5(3985) [13] and Z.5(4000) [14], have been observed by various experiments. The
properties of these states do not match the predictions of conventional hadrons, and they are
considered to be good candidates for exotic hadrons, such as hybrids [15-17], tetraquarks [18],
meson molecules [19-21], hadro-charmonium [22, 23], or a combination thereof [24].

Several vector charmonium-like states have been reported based on a series of measure-
ments of the cross sections of eTe™ — hadrons, including both hidden-charm and open-charm
processes [2, 4, 8, 25-32]. Three of these states, namely the ¢(4660), Y (4710), and Y (4790),
are located above 4.6 GeV. The 1(4660) resonance was first observed by the Belle Col-
laboration in eTe™ — 7771 (3686) via initial-state-radiation (ISR) [5], was subsequently
confirmed by the BaBar [6] and BESIII [8] Collaborations in the same process, and was
also seen in ete™ — 7w w7 19(3823) [9] by the BESIII Collaboration. Recently, BESIII
measured the cross sections of ete™ — KK.J/v [33-36], leading to the discovery of the
Y (4710). Additionally, a structure around 4.79 GeV, referred to as the Y (4790), was found to
be essential to explain the cross section line-shape of eTe™ — D** D*~ [37]. Potential models
predict both the 5S and 4D charmonium states to be in this mass region [38-42]. Since the
Y (4710) and Y (4790) are observed in final states containing ssc¢ quark compositions, it is
desirable to explore processes with similar quark compositions in the final state to uncover
the nature of these vector structures.

In addition to the vector states, the BESIII experiment also observed the Z.s(3985)% state,
the strange partner of the Z, states, in the process ete™ — K*Z.,(3985)F, Z.(3985)* —
(D°D:* + D*DT) [13]. Evidence of its neutral partner, the Z.s(3985)°, was also detected



in the corresponding neutral process [43]. Meanwhile, the LHCb experiment observed two
tetraquark candidates, the Z.5(4000)" and Z.s(4220)", decaying into K .J/1 in an amplitude
analysis of BT — KT¢J/v¢ [14]. There have been ongoing debates regarding whether the
Z5(3985)" and Z.5(4000)" are the same state, as they exhibit comparable masses but
significantly different widths [44-52]. In the search for Z.(3985)%/Z.s(4000)* — K*.J /v in
ete”™ — K+t K~ J/vy by the BESIII experiment, no significant signal for the Z}, was found [53].

As an extension of the eTe™ — KT K~.J/4 analysis, the ete™ — KK~ 1(3686) process
has also been investigated at BESIII using data samples taken at center-of-mass (c.m.)
energies /s ranging from 4.699 to 4.951 GeV [53]. The cross section line-shape shows an
enhancement around 4.843 GeV, while no ZZ signal is seen.

In this analysis, the neutral process eTe™ — K2 K21 (3686) is studied using data samples
collected at eight c.m. energies from 4.682 to 4.951 GeV in 2020 and 2021, corresponding
to a total integrated luminosity of 4.1fb~!. The c.m. energies of the data samples are
determined by selecting ete™ — AFAZ events [54], and the luminosities are measured using
large-angle Bhabha events [54].

2 BESIII detector and data samples

The BESIII detector [55] records symmetric ee™ collisions provided by the BEPCII storage
ring [56], which operates with a peak luminosity of 1.1 x 10?3 cm=2s~! in the /s range from
1.85 to 4.95GeV [57]. 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 plastic scintillator
time-of-flight system (TOF), and a CsI(Tl) 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 1GeV/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 TOF barrel region is 68 ps, while that in the
end-cap region is 110 ps. The end-cap TOF system was upgraded in 2015 using multi-gap
resistive plate chamber technology, providing a time resolution of 60 ps, which benefits all
of the data used in this analysis [58-60].

Monte Carlo (MC) samples are used to determine the detection efficiencies and to estimate
the background contributions. MC samples are produced with a GEANT4-based [61] package,
which includes the geometric description of the BESIII detector and the detector response. The
simulation models the beam energy spread and initial state radiation in the e™e™ annihilations
with the generator KKMC [62, 63]. All particle decays are simulated by EVTGEN [64] with
branching fractions either taken from the Particle Data Group (PDG) [65], when available,
or otherwise estimated with LUNDCHARM [66]. Final state radiation from charged final state
particles is incorporated using PHOTOS [67]. The inclusive MC samples include the production
of open charm processes, the ISR production of vector charmonium(-like) states, and the
continuum process incorporated in KKMC [62, 63].

In the MC simulation of the signal process, the 1(3686) decays to a J/¢ and other
particles, including (3686) — J/v + (77~ 7170, n, 7% 47), where vy refers to the process



¥(3686) — YXcs, Xes — vJ /1. The numbers of events generated for the different decay
modes of the 1(3686) are normalized according to the corresponding branching fractions.

3 Event selection and background analysis

To identify candidate events of interest, each of the two K g is reconstructed using K g — 7t
the 1)(3686) is reconstructed using (3686) — J/v¢ + X, and the J/v using J/¢ — [T~
(I = e, ) decays. The particles accompanying the J/v in the 1)(3686) decays, denoted by
X, are not reconstructed in order to increase statistics. The following criteria are applied
to select candidate events for the final state 7ta 7 7T~ X.

A charged track must have a distance of closest approach to the interaction point (IP)
less than 10 cm along the z axis (|V;| < 10.0cm) and less than 1 cm in the transverse plane
(|Vay| < 1em), and a polar angle (#) range of | cos 0| < 0.93. The z axis is the symmetry axis
of the MDC, and @ is defined with respect to the z axis. In addition, the momentum of a
lepton candidate (e or u) is required to be greater than 1.2 GeV/c. At least two leptons with
opposite charge are required to be present in the candidate event.

To select charged pions from K2 decays, the V| and |V, | requirements are not applied.
Assuming they are pions, a vertex fit is performed for each pair of charged tracks. To

T~ combinations, a secondary-vertex fit algorithm is employed to impose a

reject random
kinematic constraint between the production and decay vertices [68]. The K2 mass window
is set to be (0.490, 0.505) GeV /c?. For each signal event candidate, there must be at least one
KgKg pair without overlapping pions. If there are two or more KgKg pair candidates in
the event, all combinations are kept for further study. The scatter plot of M (w7~ ); versus

M (7r 7™ )3 of the selected K2 K pairs from all data samples combined is shown in figure 1(a).

A lepton candidate with more than 0.8 GeV of energy deposited in the calorimeter is
assigned to be an electron, and a candidate depositing less than 0.5 GeV is assigned to be
a muon [53]. To improve the efficiency, this requirement is also applied to just one of the
two leptons. If both tracks satisfy this requirement, or if one track does not have EMC
information and the other track satisfies this requirement, they are both retained. The
invariant mass of the lepton pair M (I717) is used to identify the J/v, within a mass window
of (3.05, 3.15) GeV/c?, according to the mass resolution obtained from the simulation. The
M (I™17) distributions from all data samples are shown in figures 1(b) and 1(c).

The fraction of events containing more than one combination is 8.9%, as estimated by the
signal MC simulation at /s = 4.843 GeV, but it is 0 events in data. The fractions in other
samples are at a similar level. The background contribution from multiple combinations in
data is negligible. For events with multiple survived combinations in the signal MC simulation,
_ pgruth)Z

of the reconstructed pion, and p{™"*" is from the MC truth information. The KgKg recoil

rec

the best one is identified using x2 .4 = Si; (P rec

, where p;®° is the 4-momenta

KUK
The inclusive MC sample is used to study remaining background contributions. The

mass spectrum ( ) from wrong combinations exhibits a flat distribution.

background is found to be negligible, and smoothly distributed in the M55, distribution,
S°S
as shown in figure 2.
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Figure 1. (a) The scatter plot of M(rt7n™); versus M(n" 7™ )2 from the sum of all data, where
the red square denotes the K2 signal region. (b) The M (ete™) and (c) the M (u*p™) distribution
obtained from the sum of all data, where the dots with error bars are data, the blue histograms are
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the sum of all signal MC samples at different energy points normalized according to the integrated
luminosity, and the red dashed lines indicate the J/¢ mass window.

Vs Nsab  Nobs Nsig Nscig'l' €ce  €up  (1+0) sVP OBorn Ug'olfn S
(GeV) (%) (%) (pb) (pb) (o)
4682 1 0 0574 (00,200 183 263 097 105 —0.07354+0.00 (0.0,01) -
4699 0 0 0 (0.0,2.0) 20.8 298 1.19 1.05 0.07024000 (0.0,03) -
4.740 0 2 2.072%  (0.5,53) 219 313 086 105 14%7,5+0.10 (04,38) 1.20
4750 1 4 35754 (0.0,8.0) 220 31.0 071 105 14734009 (0.0,31) 170
4781 2 2 10729 (0.0,4.8) 215 306 086 106 027374001 (0.0,1.1) 020
4843 2 6 50738 (0.6,10.5) 165 23.8 089 106 14714009 (0.2 3.0) 210
4918 3 1 —05M27 (00,37 153 219 1.05 106 -0378+002 (0.0,25) -
4951 0 0 0 (0.0,2.0) 124 179 120 1.06  0.073540.00 (0.0,1.8) -

Table 1. The numerical results at each c.m. energy, where the c.m. energies (1/s) are rounded to
the nearest MeV, Ny is the number of events in the 1(3686) sideband region, Nops is the number of
events in the ¢)(3686) signal region, Ng;s is the calculated signal yield in the (3686) signal region, € is
the detection efficiency for corresponding lepton pair, (1 + 6) is the ISR correction factor, §VF is the

vacuum polarization factor, ogem is the Born cross section, Ugc')lr'n is the C.I. at the 90% confidence

level after taking into account systematic uncertainty, and S is the statistical significance.

4 Cross section and confidence interval

Figures 2 and 3 show the erfg K9 distributions for accepted candidates at each c.m. energy
point individually and combined, respectively. The signal yield is obtained by counting events
in the v(3686) signal region (3.66, 3.71) GeV/c?. The number of background events in the
signal region is estimated using the sideband region, defined as (3.54, 3.64) GeV/c? when
V5 < 4.77GeV and (3.59, 3.64) U (3.73, 3.78) GeV/c? when /s > 4.77 GeV. Therefore, the
normalized ratio f of sideband to signal regions is 0.50. The number of expected background
events Ny is estimated with f - Ngqp, where Ngqp, is the events in the sideband region. The
number of observed events Nypg consists of both the number of expected background events Ny,
and the number of signal events Ngig (Nsig = Nobs — f - Nsap) and follows a Poisson distribution.
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Figure 2. The M reg § K0 distributions for each c.m. energy. The black dots with error bars are

data, and the red hlstograms are background contributions estimated by the inclusive MC sample,
normalized according to the corresponding integrated luminosity. The blue histograms are the signal
MC samples normalized according to the maximum number of events in any bin. The green histograms
are the background from multiple combinations in the signal MC sample. The regions within the red
and blue arrows indicate the 1(3686) signal and sideband regions, respectively.
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Figure 3. (a) The M;S 0 K0 distributions from all c.m. energies combined. The black dots with error
bars are data, and the red” histograms are background contributions estimated by the inclusive MC
sample, normalized according to the corresponding integrated luminosity. The blue histograms are
the signal MC samples normalized according to integrated luminosity. The green histograms are the
background from multiple combinations in the signal MC sample. The regions within the red and
blue arrows indicate the ¢ (3686) signal and sideband regions, respectively. (b) The fit to the M;gg K9
distributions shown in (a). The black dots with error bars are data, and the solid black line represents
the fitting result. The blue dashed curves are the signal components, the green dashed curves are
the multi-combination background components, and the red dashed curves are the other background

components.

The Born cross section opom, is calculated as:

o _ Nsig
Born ,C'Gr'(1+(5)'6VP7

(4.1)

where €, = B2(KY — ntn™) - B(4(3686) — J/¥X) - € B(J/1 — 1), Nsg is the number of
KYK%(3686) signal events, £ is the integrated luminosity, B is the branching fraction for
each decay, € is the detection efficiency obtained by subtracting the normalized efficiency
in the sideband region from the efficiency in the signal region, (1 + 9) is the ISR correction

factor, and §VF

is the vacuum polarization factor taken from ref. [69]. Since there is no
significant signal, the cross section line-shape from ete™ — KK~ 1(3686) [53] is used for
the calculation of the detection efficiency and ISR factor by the method described in ref. [70].
The obtained results are summarized in table 1.

The confidence interval (C.1.) of the cross section (0§ ) is determined by replacing
Nsig with its C.I. Ns(fgl The value of NggI is determined by counting the number of events
in the 1(3686) signal and sideband regions and using a frequentist method [71] with an
unbounded profile likelihood. Assuming the signal and background yields follow a Poisson
distribution and the detection efficiency follows a Gaussian distribution, TROLKE package [72]
in the CERNROOT framework [73] is used to determine the C.I. of the cross section. The
obtained results are also summarized in table 1.

The significance of the signal process at each c.m. energy is calculated by P-value [74],

Z = ®71(1 — P), where Z is the significance, and ®~! is the quantile of the normal



distribution, assuming all observed events are background events and that Nys follows
a Poisson distribution. After considering the uncertainty on Ny, [75], we use ROOSTATS
package [76] in the CERNROOT framework [73] to obtain the statistical significance at each
C.M. energy.

The significance of the signal process from all combined data samples is estimated by
fitting to the total ?ﬁ K distribution shown in figure 3(b). In the fit, signal events are
described by the total signal MC shape, which is combined across different energy points
by normalizing to the luminosity and detection efficiency. The multiple combinations are
excluded from the signal MC shape by matching to the generated MC information. The
contribution from multiple combinations in signal process is modeled using the corresponding
MC shape, extracted from signal MC process with multiple combinations only. Other
background contributions are described using a constant function. The signal yield and
the number of other background events are free parameters, while the ratio of the number
of multi-combinatorial background events and the number of signal events is fixed to that
determined in the signal MC sample. The change in log likelihood values (A(—2InL)),
found by simultaneously removing the signal shape and the multi-combination background
shape from the fit, is used to calculate the significance. The effects of the fitting range and
background shape are considered, and in all cases, the statistical significance is above 6.0c.

Figure 4(a) shows the Born cross section and the C.I. of eTe™ — K3K2¢(3686) at
each c.m. energy. The ratio of o(ete™ — K3K21(3686))/0(ete” — KK 1(3686)) is
shown in figure 4(b), where the cross sections of ete™ — KK 1)(3686) are quoted from the
measurements at BESIII [53]. The error bars shown in this figure include both statistical and
systematic uncertainties of the cross section measurements. The common sources of systematic
uncertainties, such as the luminosity, the ISR correction factor, and the .J/¢ mass window,
cancel between the two measurements. At energies 4.682, 4.699, and 4.740 GeV, the ratios are
zero, and are not included in the fitting process. Fitting the ratios with a constant function
leads to R = o(ete™ — K2K1(3686))/c(ete™ — KTK~1(3686)) = 0.45+0.25. The result
is consistent with the expectation from isospin symmetry [77]. At 4.781, 4.843, and 4.918 GeV,
the C.I. of the cross section ratios obtained by dividing the C.I. of KgKng(%SG), by the cross
section of KK ~(3686), are (0, 0.70), (0.10, 1.46), and (0, 2.36), respectively. These ratios
include both statistical and systematic uncertainties, with the same systematic uncertainty
canceling. The uncertainty of KK ~t(3686) is taken into account when calculating the
C.L of K2K2¢(3686) using TROLKE package [72]. The results are shown in figure 4(b).
The C.I. at 4.750 and 4.951 GeV are not included due to the large uncertainty of the cross
section of KK~ 1(3686).

Intermediate states in the Kg¢(3686) system are investigated using data samples with
V/s from 4.740 to 4.951 GeV. As each event contains two K9 mesons, we combine both
K9 mesons with the 1(3686) for the invariant mass distribution of K2t (3686) (figure 5),
resulting in each event appearing twice in the distribution. Assuming the observed events are
all from K2K 2 (3686) three-body phase space, the K21)(3686) invariant mass distribution
from MC simulation is displayed in the same figure. To evaluate the significance of possible
contributions in addition to the Kgng(BGSG) three-body phase space, 20,000 sets of toy
MC samples are produced using the sum of the phase space MC shape and the non-1(3686)
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events estimated from the sideband region in the data. In each toy MC sample, the number of
entries is set to match the entries in data, as shown in figure 5(a). Fitting the toy MC samples
with the same PDF as used in producing these samples, the — In L distribution is shown in
figure 5(b). The red vertical line indicates the —In L value obtained from the fit to the data.
The P-value determined from the toy MC samples is 0.197, corresponding to a significance of
0.8¢ for the deviation between the data and the model with the phase space contribution only.

5 Systematic uncertainty

The systematic uncertainties in the cross section measurement are caused by the luminosity,
the tracking, the Kg reconstruction, the branching fraction, the kinematic fit, the ISR
correction factor, the J/v¢ mass window, and the 1(3686) signal and sideband regions. The
systematic uncertainties are summarized in table 2 where the total systematic uncertainty is
calculated as a sum in quadrature of all sources of uncertainty assuming they are independent.

The systematic uncertainties in the determination of the C.I. of the cross section can be
classified as either additive or multiplicative terms. The additive terms include the )(3686)
signal and sideband region selections where these regions are varied, and the largest C.I.
is chosen. The multiplicative systematic uncertainties are considered in the calculations of
C.Is by using the TROLKE package.

The integrated luminosity is measured by Bhabha events, with an uncertainty of 0.6% [54].
The systematic uncertainty from tracking is 1.0% per track [10]. The systematic uncertainty
associated with K reconstruction is studied with the control sample J /1 — K*(892)* KT [78],
and is assigned to be 1.2% per Kg. The uncertainties on the quoted branching fractions of
different decays are taken from the PDG [65]. The helix parameters of the charged tracks are
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Figure 5. (a) The K3t(3686) invariant mass distribution. The black dots with error bars are data in
the 1(3686) signal region at /s from 4.740 to 4.951 GeV, the blue histogram is the 1(3686) sideband
region in data, and the red histogram is the KgKg¢(3686) three-body phase space MC sample
at /s from 4.740 to 4.951 GeV, normalized according to the cross sections. (b) The log-likelihood
distribution obtained from fitting 20,000 sets of toy MC samples, where the blue histogram represents
the log-likelihood distribution and the red vertical line indicates the log-likelihood value for the fit to
the data.

corrected in simulation to improve the agreement of the y? from the kinematic fit between
data and MC simulation [79]. The systematic uncertainty from the kinematic fit is assigned
as the difference in the efficiencies with and without this correction. The uncertainty from
the ISR correction is estimated by sampling the parameters of the cross section line-shape
KTK~1(3686) 1000 times according to the covariance matrix given by the fit to the cross
section [53]. The resultant distribution of (1 + §) - € is fitted with a Gaussian function and
the standard deviation is assigned as the systematic uncertainty. The 1.0% is accounted as a
systematic uncertainty on the J/¢ mass window according to ref. [33].

In the cross section measurement, the systematic uncertainty due to the choices of 1)(3686)
signal and sideband regions are estimated by varying the boundaries of these sideband regions.
To avoid the difference caused by statistical fluctuations, 1000 sets of toy MC samples are
generated based on the fit results, then we fit the distribution of ;?g K9 In the fit, the signal
is described by the MC shape, and the background is described by a first-order Chebyshev
function. Then, [(N/€)nominal — (IV/€)change)/(IN/€)nominal is calculated and modeled with
a Gaussian function. The mean value of the Gaussian function represents the difference
between the modified and nominal regions, and is taken as the corresponding uncertainty.

6 Summary

In summary, the ete™ — K gK gw(3686) process is studied using data samples accumulated at
c.m. energies from 4.682 to 4.951 GeV with the BESIII detector at BEPCII. The cross sections
of eTe™ — K2K21(3686) at different c.m. energy points are measured for the first time. The
statistical significance of ete™ — K2K91)(3686) is 6.30c when summing over all data samples.
The C.I. at the 90% confidence level is provided for each data sample. In addition, the ratio



Source//s (GeV) 4682 4.699 4.740 4.750 4.781 4.843 4.918 4.951

Luminosity 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Tracking 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Kg reconstruction 24 24 24 24 24 2.4 24 24
Branching fraction 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Kinematic fit 0.2 0.3 0.3 0.3 0.2 0.2 0.2 0.2
ISR correction 1.0 1.2 3.0 1.5 0.6 0.2 0.6 0.5

J /¢ mass window 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1(3686) signal region*™ 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
1(3686) sideband region®™ 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8
Sum 6.7 6.7 7.2 6.7 7.3 6.6 6.6 6.6

Table 2. Relative systematic uncertainties (%) in the cross section measurement at each c.m. energy
point, where the sources marked with * indicate additive uncertainties and the rest are multiplicative
uncertainties.

oleTe™ — K2K2(3686))/0(eTe™ — KK ~(3686)) is determined to be 0.45+0.25, where
the uncertainty includes both statistical and systematic uncertainties. The results agree
with the predictions based on isospin symmetry within uncertainties. We search for the Z
state in the Z.s — K31 (3686) decay using data samples taken at /s = 4.740 — 4.951 GeV.
The K21(3686) invariant mass distribution is consistent with three-body phase space, and
no obvious structure is found. Larger data samples are needed to further investigate the
vector states and the Z.; in this process.
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