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Using e™ e collision data collected with the BESIII detector at the BEPCII collider corresponding to an
integrated luminosity of 5.2 fb~! at center-of-mass energies (1/s) from 4.009 to 4.600 GeV, the process

ete” — n%7%(3686) is studied for the first time. The corresponding Born cross sections are measured
and found to be half of those of the reaction ete™ — 7"z y(3686). This is consistent with the

expectation from isospin symmetry. Furthermore, the Dalitz plots for z°z%y(3686) are accordant

with those of 7+ 7~y (3686) at all energy points, and a neutral analog to the structure in 7y (3686)
around 4040 MeV/c? first observed at /s = 4.416 GeV is observed in the isospin neutral mode at the

same energy.

DOI: 10.1103/PhysRevD.97.052001

I. INTRODUCTION

The vector charmoniumlike state Y(4360) was
observed and subsequently confirmed in efe” —
(yisr)7 77w (3686) by BABAR, Belle, and BESIII [1-3],
where yqr refers to an initial state radiation (ISR) photon.
However, the nature of the Y (4360) remains mysterious
[4], as is the case for other states of the Y family, e.g. the
Y(4260) observed in ete™ — (y;sg)n 7~ Jhy [5-8]. Many
theoretical interpretations have been proposed to explain
the underlying structure of the Y family of states [9—11]. It
is therefore compelling to study the Y (4360) in its 7°z°
transition to y(3686) and to examine isospin symmetry.
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In recent years, a new pattern of charmoniumlike states,
the ZZ’s, has been observed in the systems of a charged
pion and a low-mass charmonium state [3,7,12—14], as well
as in charmed mesons pairs [15-17]. The observation of ZF*
particles and of similar states in the bottomonium system
[18] indicates the discovery of a new class of hadrons [19].
More recently, neutral charmoniumlike states, which are
referred to as Z2’s, have been reported in analogous
systems [20-23]. These are regarded as the neutral isospin
partners of the ZX’s. A charmoniumlike structure observed
inete” — 72777y (3686) by BESIII [3] was also reported
in Belle’s latest updated result [2]. By analogy, it is
interesting to search for its neutral isospin partner in
ete” — 7% (3686).

In this paper, we present a study of the process ete™ —
%7 w(3686) at c.m. energies (y/s) from 4.009 to
4.600 GeV. The corresponding Born cross sections are
measured for the first time. A new neutral structure is
observed in the 7% (3686) invariant-mass spectra around
4040 MeV/c?. The data samples used in this analysis were
collected with the BESIII detector at 16 different c.m.
energies with a total integrated luminosity of 5.2 fb=! [24].
The c.m. energies have been measured with dimuon events
for each energy point [25].

I1. BESIIT EXPERIMENT AND THE DATA SETS

BEPCII is a double-ring e*e™ collider running at c¢.m.
energies between 2.0 and 4.6 GeV and reaches a peak
luminosity of 1.0 x 103 cm™2s~! at a c.m. energy of
3770 MeV. The cylindrical BESIII detector has an effective
geometrical acceptance of 93% of 4z and divides into a
barrel section and two end caps. It contains a small cell,
helium-based (60% He, 40% C;Hg) main drift chamber
(MDC), which provides momentum measurement of a
charged particle with a resolution of 0.5% at a momentum
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of 1 GeV/c in a magnetic field of 1 T. The energy loss
measurement (dE/dx) provided by the MDC has a reso-
lution better than 6%. A time-of-flight system consisting of
5-cm-thick plastic scintillators can measure the flight time
of charged particles with a time resolution of 80 ps in the
barrel and 110 ps in the end caps. An electromagnetic
calorimeter (EMC) consisting of 6240 CsI (TI) in a
cylindrical structure and two end caps is used to measure
the energies of photons and electrons. The energy reso-
lution of the EMC is 2.5% in the barrel and 5.0% in the end
caps for a photon/electron of 1 GeV energy. The position
resolution of the EMC is 6 mm in the barrel and 9 mm in the
end caps. A muon system (MUC) consisting of 1000 m? of
resistive plate chambers is used to identify muons and
provides a spatial resolution better than 2 cm. The detailed
description of the BESIII detector can be found in Ref. [26].
The GEANT4-based [27] Monte Carlo (MC) simulation
software package BOOST [28] is used to generate MC
samples. Simulated MC samples for the signal process
ete” — 7% (3686) with w(3686) — nta~Jly, Jly —
£t¢~, and ¢ = elu [referred to as ete™ — 7°72%(3686)
throughout this paper] and the background process ete™ —
Ty (3686) with w(3686) — 7°2°J/y and Jhy — £+ ¢
[referred to as ete” — "z w(3686) throughout this
paper] are generated at each c.m. energy. The eTe~
collision is simulated with the KKMC [29] generator
incorporating the beam energy spread and ISR, where the
cross section line shapes of ete™ — 7972%(3686) and
ete” - nTn w(3686) are assumed to be the same and are
taken from the latest results from Belle [2]. The processes
ete” — 1% 1%y (3686) and y(3686) — 070y are
simulated with the Jpipi model [30] of EVTGEN [31]. As in
Refs. [3,14], the inclusive MC samples at /s = 4.258 and
4.358 GeV are used to study the potential backgrounds.

III. EVENT SELECTION

The signal candidates are required to have four charged
tracks with zero net charge and at least four photon
candidates. The selection criteria for good charged tracks
and photons; the separation between pions, electrons, and
muons; as well as the hit number required in the muon
system for the u"u~ pair are the same as those in Ref. [3].

A four-constraint (4C) kinematic fit imposing energy-
momentum conservation under the hypothesis ete™ —
yryyata¢T¢ is performed, and y3. < 120 is required.
For the events with more than four photons, the combina-
tion of yyyyn"a~¢* ¢~ with the least y3. is retained. The
pairing of photons into the two z° is chosen by minimizing
(M(r172) = M(2°))* + (M(y374) — M(2°))>. The J/y and
7 candidates are selected by requiring 3.05 < M(£¢7) <
3.15 GeV/c* and |[M(y;y;) — M(z°)| < 20 MeV/c?, where
M(2°) is the z° mass according to the Particle Data Group
(PDG) [32]. A seven-constraint (7C) kinematic fit with
additional constraints on the two z° and J/y masses [32] is

0

imposed to suppress the non-z’z’z* 7~ J/w backgrounds

and improve the mass resolution.

IV. EXTRACTION OF THE
BORN CROSS SECTION

Figure 1 shows the scatter plots of the zt 7~ recoil mass

Mrecoil(ﬂ+ﬂ_)5\/(Ecm_E(”Jr”_»Z/CA_ ‘p—c;n_p(ﬂJr”_) |2/02
versus M(zn"zn~Jly) and the M(z"n~Jhy) spectra for the
data samples at /s = 4.226, 4.258, 4.358, 4.416, and

4.600 GeV, which have relatively large statistics. Here, p_,,

e —

and p(z*z~) refer to the three momentum of c.m. and
reconstructed 7z~ system respectively, E,,, and E(z"z™)
are the energy of c.m. and ntz~ system. Vertical and
horizontal bands at the y(3686) mass position are observed
clearly in the scatter plots, corresponding to the processes
etem - %% w(3686) and efe” — T (3686),
respectively. The narrow peaks in the M(z "z~ J/y) spectra
indicate the signal process e*e™ — 7%7%(3686), while
the relative broad bumps with position depending upon the
c.m. energy are from e*e” — 777w (3686).

The inclusive and exclusive MC samples, as well as the
data in the J/y sideband region (selected by applying a six-
constraint kinematic fit without the J/yr mass constraint
instead of the 7C kinematic fit), are used to investigate the
backgrounds. The dominant background is ete™ —
7t w(3686) with w(3686) — 7°z°J/y, which has the
same final states as the signal. An unbinned maximum
likelihood fit is performed to the M (z "z~ J/y) spectra to
determine the signal yields. In the fit, the probability
density functions (PDFs) of ete™ — 7%2%(3686) and
ete” - ntny(3686) are described with the MC simu-
lated shapes convolved with a Gaussian function, where the
parameters of the Gaussian function are determined in the
fit, in order to account for the resolution difference and
potential mass shift between the data and MC simulation.
The other backgrounds are described with a linear function.
The fits curves are shown in Fig. 1, and the signal yields
(N°b%) from the fit are shown in Table 1.

The Born cross section is calculated from

Nobs
= ; (1)
Lin (1 +68)(1 4 6%)Be

o

where L;, is the integrated luminosity; N° is the signal
yield from the fit; (1 4+ 6") is the ISR correction factor
which is obtained by using a QED calculation [33] and
incorporating the input line shape of the cross section,
which is taken to be the same as that of ete™ —
77y (3686) from the Belle experiment [2]; (1 + &%) is
the vacuum polarization factor taken from a QED calcu-
lation with an accuracy of 0.5% [34]; B = 3.89% is the
product of the branching fractions in the decay chain, taken
from the PDG [32]; and € is the detection efficiency. The
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the solid curves show the results of the best fits; the dashed (blue) curves show the results for the background eTe™ — 7z~ (3686);
the short dashed (green) curves show the results for the other backgrounds. The different columns show data at /s = (a) 4.226,

(b) 4.258, (c) 4.358, (d) 4.416, and (e) 4.600 GeV, respectively.

numbers used in the Born cross section calculation and the
cross sections are summarized in Table I. The comparison
of the Born cross section of e"e™ — 7’2"y (3686) to that
of ete™ — 2777w (3686) for the data samples with large
luminosities is shown in Fig. 2. An alternative fit to the
M econ(7"7~) spectra, which have a narrow peak for
ete™ - x7n7y(3686) and a broad bump depending on
the c.m. energy for ete™ — 7°72%(3686), is performed. In
the fit, the PDF is described by a similar strategy with the
M(zxtn~Jhy) spectra. The Born cross sections of e*e™ —
77y (3686) are also calculated with the corresponding
event yields and are consistent with the results in Ref. [3].
The resulting Born cross sections of e*e™ — 797%/(3686)
are consistent with the nominal values.

For the data samples with small luminosities, only a
small number of events survives. The events within

3.676 < M eoin(n7n7) < 3.696 GeV/c? are removed to
suppress backgrounds from efTe” — Tz 7y (3686).
Upper limits at the 90% C.L. on the Born cross sections
are determined by using a frequentist method with a profile
likelihood treatment of systematic uncertainties [35].
The number of signal events (N°") is counted in the
region 3.671 < M(z*za~Jly) < 3.701 GeV/c?, while the
number of background events (N°%®) is evaluated in
the region 3.630 < M(ztz~Jly) < 3.660 GeV/c* or
3.712 < M(ztn~Jly) < 3.742 GeV/c?. In the calculation,
the observed events are assumed to have a Poisson
distribution, and the event selection efficiencies are
assumed to follow a Gaussian distribution. The upper
limits are shown are shown in Table L.

The Cross section ratios,
o(et e =07y (3686))
o(ete”—>ntnmw(3686))

Rﬂ+ﬂ_l//(3686) =

are calculated for data samples with

TABLE I. Summary of Born cross sections for the process e™e™ — 7°7%(3686) and the ratios R+ 7y (3686) - N° is the number of
signal events by fitting w(3686) for large luminosities and by counting in the signal region of y(3686) for small luminosities without

subtracting background.

Vs (GeV) Ly (pb™") Novs Nke (148 (1+8) e (%) " (pb) Rz 7y (3686)
4.008 482.0 0 0 0.70 1.056 10.8 <1.2

4.085 52.6 0 0 0.75 1.056 10.2 <11.4

4.189 43.1 1 0 0.76 1.056 10.3 <25.0

4.208 54.6 2 1 0.76 1.057 10.4 <26.1

4.217 54.1 4 0 0.79 1.057 10.5 <44.0 e

4.226 1091.7 379 £6.6 e 0.76 1.056 10.3 10.8 £1.94+0.9 0.51 +£0.09 £0.03
4.242 55.6 1 0 0.75 1.053 10.2 <199 e

4.258 825.7 29.0+64 e 0.76 1.054 10.7 10.5+£234+0.8 0.50 £0.12+£0.03
4.308 44.9 2 1 0.75 1.053 11.3 <32.5 e

4.358 539.8 60.8 £ 7.8 e 0.79 1.051 11.8 296 £3.8+23 0.48 £0.06 +0.03
4.387 55.2 5 2 0.87 1.051 11.0 <38.8 e

4.416 1073.6 95.5£10.1 e 0.95 1.053 11.7 195+£2.0+1.6 0.46 +0.05 £ 0.03
4.467 109.94 3 0 1.08 1.055 9.1 <143 e

4.527 109.98 2 0 1.30 1.055 8.2 <11.1

4.575 47.7 1 1 1.20 1.055 8.2 <15.5 e

4.600 566.9 10.7 £ 3.5 e 1.09 1.055 9.1 47+£1.6+05 0.324+0.11+£0.03
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FIG. 2. Born cross section of e*e™ — z°2%(3686) at
Vs =4.226, 4258, 4.358, 4.416, 4.600 GeV, respectively.
The dots (red) are the results obtained in this analysis, and the
squares (blue) are the Born cross section of e™ e~ =z 77 y/(3686)
from Ref. [3]. We multiplied the e*e™ — 7°7%(3686) cross
section by 2 in order to compare it with cross section of
ete” —» nx~y(3686). The triangles (red) are twice our results.

large luminosities and are shown in Table I, where
o(ete” - nt 7y (3686)) are taken from Ref. [3]. A set
of common systematic uncertainties among the two proc-
esses, including those on luminosity, tracking efficiencies,
and the requirements on the lepton tracks, cancel in the
calculation. The weighted average of the ratios at /s =
4.226, 4.258, 4.358, 4.416 GeV is 0.48 £0.04 £ 0.02.
Within uncertainties, the resulting R+ ,-,,(3636) 1S consistent
with the value of 0.5 expected from isospin symmetry,
shown in Fig. 2.

V. SYSTEMATIC UNCERTAINTIES ON BORN
CROSS SECTION MEASUREMENT

The following sources of systematic uncertainty are
considered in the cross section measurements. The uncer-
tainty on the efficiency for charged tracks (photons) is 1%
per track (photon) [36,37]. The uncertainty on the hit
number requirement in the muon counter is 4.2%, obtained
by studying a sample of eTe™ — "z~ J/y events. The
uncertainty related with the kinematic fit is estimated by the

TABLE II.

same method as in Ref. [38] and is in the range 0.3% to
1.2% depending on the c.m. energy. The uncertainties of
the z° and J/y invariant-mass requirements are evaluated
by tuning the corresponding MC distributions according to
data and are in the ranges 0.2% to 0.5% and 0.1% to 0.3%,
respectively, depending on the c.m. energy. The uncertain-
ties related to the fit procedure are investigated by varying
the fit range, replacing the linear function for the back-
ground by a second-order polynomial function for back-
ground, and varying the width of the Gaussian function for
the signal and are in the range 1.6% to 7.3% depending
on the c.m. energy. For the data samples with large
luminosity, the detection efficiencies are estimated by
the MC samples reweighted according to the Dalitz plots
distributions of M? (7% (3686)) versus M?(z°z°) found in
the data. The corresponding uncertainty is estimated by
varying the weighting factors according to the statistical
uncertainty in each bin. For the data samples with low
luminosity, the detection efficiencies are estimated with the
Jeipt model MC samples. The corresponding systematic
uncertainties are estimated with the data samples with large
luminosity by comparing the efficiencies derived from the
Jperpt model MC sample with the nominal model. The
uncertainty associated with the ISR correction factor is
studied by replacing the input cross section line shape with
the latest results from BABAR [1] in the KKMC generator
and is in the range 0.3% to 2.4% depending on the c.m.
energy. The uncertainty of the vacuum polarization factor is
0.5% from a QCD approach [34].

The uncertainty of the integrated luminosity is 1%, as
determined with large-angle Bhabha events [24]. The
uncertainties of the branching fractions of the intermediate
states are taken from the PDG [32]. A summary of all
considered systematic uncertainties is shown in Table II.
Assuming all sources of systematic errors are independent,
the total uncertainties are the quadratic sums of the
individual values, ranging from 7.8% to 10.8%, depending
on the c.m. energy.

Summery of systematic uncertainties (%) in the measurement of Born cross section e*e™ — 7°7%y(3686).

Source/+/s GeV

4.008 4.085 4.189 4.208 4.217 4.226 4.242 4.258 4.308 4.358 4.387 4.416 4.467 4.527 4.575 4.600

Tracking 40 40 40 40 40 40
Photon 40 40 40 40 40 40
MUC cut 42 42 42 42 42 42
Kinematic fit 04 05 06 08 09 12
Mass window 7° 04 05 04 03 03 03
Mass window J/y 01 01 01 03 01 0.1
MC Model 33 33 33 33 33 16
ISR factor 04 07 18 06 06 05
Vacuum polarization 0.5 05 05 05 05 05
Luminosity 1.0 1.0 10 10 10 1.0
Branching fraction 1.1 1.1 1.1 1.1 1.1 1.1
Sum 78 80 82 80 80 87

4.0
4.0
4.2
0.9
0.4
0.1
33
0.6
0.5
1.0
1.1
8.0

40 40 40 40 40 40 40 40 4.0
40 40 40 40 40 40 40 40 4.0
42 42 42 42 42 42 42 42 4.2
08 07 09 05 11 21 08 1.0 0.3
04 03 02 04 03 03 03 03 0.3
0r 01 03 02 02 03 04 03 03
34 .. 24 oo 16 e e 73
17 33 14 33 16 33 33 33 33
10 03 07 20 21 23 24 1.1 0.3
05 05 05 05 05 05 05 05 0.5
10 10 10 10 10 10 1.0 1.0 1.0
1111 n1r 11 11 1.1 L1 11 1.1
83 80 78 82 80 83 83 81 108
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VL. STUDY OF INTERMEDIATE STATES

Possible intermediate states in e*e” — 7%7%(3686)
are investigated using the data samples at /s = 4.226,
4258, 4358, and 4416 GeV. The w(3686) signal is
extracted by selecting the events in the mass range
3.676 < M(zta~¢+¢~) < 3.696 GeV/c?. The Dalitz plots
M?(7°7°) versus M?(n%(3686)) as well as the correspond-
ing one-dimensional distributions are shown in Fig. 3. Good
agreement of these distributions with those observed in the
charged mode in Ref. [3] is found, which confirms the
variations of the kinematic behavior at different energy points
and demonstrates isospin conservation. A structure with a
mass around 4040 MeV/c? inthe M (7% (3686)) spectrum s
observed in the data sample at /s = 4.416 GeV, while two
bumps around 3900 and 4040 MeV/c? are evident in the data
sample at /s = 4.258 GeV. It is worth noting that for the
datasample at /s = 4.226 GeV this structure is not observed
in the M (7% (3686)) distribution. The behavior observed is
similar to that in the charged mode [3]. The dominant
background is ete™ — 727y (3686) as shown in Fig. 1.
The other backgrounds are found to be negligible from the
study of the sideband region.

An unbinned maximum likelihood fit is performed to the
Dalitz plot of M?(zw(3686)) versus M?(z9y(3686))

[denoted as x and y in Eq. (2), respectively] to determine
the properties of the observed structure at /s =4.416 GeV.
In the fit, the observed structure is assumed to be
a neutral charmoniumlike state with spin-parity 17,
modeled with an S-wave Breit-Wigner function in two
dimensions,

P2 - qolc?
)2+ M3 - T?c*’

P1 '611/6‘2 +
(x = M%)? + M%-T%/c*  (y— M3

(2)

taking into account the mass resolution and detection
efficiency, where p;» (q;n) is the momentum of the
charmoniumlike state [w(3686)] in the rest frame of its
mother particle and M and I" are the mass and width of the
charmoniumlike state, respectively. The PDF of the process
ete” — 7% (3686) without an intermediate state is
taken from the Jpipl model MC simulation. The background
is found to be negligible and is not included in the fit. Since
the two #° mesons in the final state are experimentally
indistinguishable, the fit is performed with two entries per
event, and the corresponding statistical significance of the
observed structure and the errors of the parameters are
calculated by doubling the change of likelihood values.
The fit with a width fixed to that of the charged structure
observed in ee” — 7Ty (3686) [3] yields a mass of
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FIG. 3. Dalitz plots of M?(7°2°) versus M? (2% (3686)) (top row) as well as the distributions of M?(z%(3686)) (middle row) and of

M?*(z°7°

) (bottom row) for the data samples at /s = 4.226 (column a), 4.258 (column b), 4.358 (column c¢), and 4.416 (column d) GeV.

Dots with error bars are data. For plots at v/s = 4.226 GeV, the short dashed curves (pink) are the distributions for intermediate states,
and the blue, long-dashed lines are for the process e™ e~ — 7°7%y(3686) simulated with the Jprpt model (both with an arbitrary scale).
For plots at 4.258, 4.358, and 4.416 GeV, the solid curves (red) are projections from the fits, the short dashed curves (pink) show the
shapes of the intermediate states, and the long dashed curves (blue) show the shapes from the direct process e* e~ — 792%(3686). The
green shaded histograms show the background eTe™ — n" 7~y (3686) with the shape fixed to MC simulation.
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My = (4038.7 + 6.5) MeV/c? (consistent with that of the
charged structure M = (4032.1 4 2.4) MeV/c? in Ref. [3])
and a statistical significance of 6.0c (evaluated by compar-
ing the likelihood values with and without the charmo-
niumlike state included in the fit). The fit projections on
M? (7" (3686)) and M?(z°z°) are shown in Fig. 3. Similar
to Ref. [3], the fit curves are found to not match the data
perfectly. The C.L. of the fit is 19%, estimated by toy-MC
studies. An alternative fit with free width yields a mass
of My = (4039.3 +£6.0) MeV/c? and a width of I'=
(31.9 £ 14.8) MeV, which are consistent with those of
the charged structure in Ref. [3] within the statistical
uncertainties, and a statistical significance of 5.9¢.
Another alternative fit with an additional Z.(3900)°
included is performed, where the parameters of the
Z.(3900)° are fixed to the weighted average values
M = (3893.6 +3.7) MeV/c?, T = (31.1 £7.0) MeV in
Refs. [21,23]. The statistical significance of the
Z.(3900)° is less than lc. In the fit, the mass and
significance of the structure around 4040 MeV/c? are
similar to the nominal fit results.

Similar fits are carried out to the data samples at
/s =4.258 and 4.358 GeV, respectively, where the
parameters of the charmoniumlike state are fixed to those
obtained in the data sample at /s = 4.416 GeV. In the data
sample at /s = 4.258 GeV, a sizable background from
ete” — nTn w(3686) exists, which is due to the increas-
ing momentum of charged pions, as shown in Fig. 1 with
blue dashed curve. It is included in the fit with the shape
fixed to the MC simulation and the magnitude extracted
from a fit to the M ..;(zT7~) spectrum. The statistical
significances of the charmoniumlike structure are 3.60 and
4.5¢ for the data samples at /s = 4.258 and 4.358 GeV,
respectively. Alternative fits with additional Z.(3900)°
states included are performed for the data sample at
V/s = 4.258 GeV. Since both Z.(3900)° and the structure
around 4040 MeV/c? are reflected onto each other in the
M (7% (3686)) spectrum, the statistical significance of
Z.(3900)° is sensitive to its parameters and is found to
be 1.0c with the parameters above, varied by about 0.6c
when the Z.(3900)° parameters are varied within its
uncertainties. The fit procedure has been validated with
a set of MC samples.

VII. SUMMARY

In summary, based on a data sample of e™e™ collision
data corresponding to 5.2 fb~! at 16 c.m. energy points
between 4.009 and 4.600 GeV collected with the BESIII
detector, the Born cross sections for e e~ — 7972%/(3686)
at these energy points have been measured for the first time.
They are found to be half of those for efe™ —
a7~y (3686) [3] within uncertainties, consistent with
the expectation from isospin symmetry. The Dalitz plots

of 7%7%(3686) are consistent with those in the e*e™ —
ztn"yw(3686) [3] at all energy points. Furthermore, a
structure is observed in 7%y (3686) with a mass of
(4038.7 £ 6.5) MeV/c? at /s = 4.416 GeV, which con-
firms the structure in the charged mode. No obvious
Z.(3900)° state is observed in the fit. The new observed
structure may provide insight into the properties of the
charged structure observed in ete™ — 7tz 7y (3686) as
well as the charmoniumlike Z_. states observed in analo-
gous decay modes and in charmed meson pairs. However,
the fit curve does not match the data perfectly. A future
larger statistics sample of data and theoretical input
incorporating possible interference effects could lead to
a better understanding of the structure.
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