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We study 7, production at center-of-mass energies /s from 4.18 to 4.60 GeV in e e~ annihilation data
collected with the BESIII detector operating at the BEPCII storage ring, corresponding to 7.3 fb~! of
integrated luminosity. We measure the cross sections of the three different exclusive reactions
ete” = pataa®, ete™ = pata™, and ete™ — y.2%. We find significant 5, production in ete™ —
nent a0 at /s of 4.23 GeV and 4.26 GeV and observe a significant energy-dependent Born cross section
that we measure to be consistent with the production via the intermediate ¥ (4260) resonance. In addition,
we perform a search for a charmoniumlike Z, state close to the DD threshold that decays to 7,7, involving

“Also at Bogazici University, 34342 Istanbul, Turkey.

"Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.

LAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.

Also at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.

Also at Istanbul Arel University, 34295 Istanbul, Turkey.

'Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.

€Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for
Partlcle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.

"Also at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,
Shanghal 200443, People’s Republic of China.

'Also at Harvard University, Department of Physics, Cambridge, Massachusetts, 02138, USA.

JCurrently at: Institute of Physics and Technology, Peace Ave.54B, Ulaanbaatar 13330, Mongolia.

Also at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.

'School of Physics and Electronics, Hunan University, Changsha 410082, China.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further

dlsmbunon of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP’.

032006-3


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.032006&domain=pdf&date_stamp=2021-02-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

M. ABLIKIM et al.

PHYS. REV. D 103, 032006 (2021)

ground state charmonium, and observe no signal. Corresponding upper limits on the cross section of 7. and
Z. production are provided, where the yields are not found to be significant.

DOI: 10.1103/PhysRevD.103.032006

I. INTRODUCTION

A series of new, unexpected states have been observed at
et e colliders in studies dating back to the beginning of the
millennium. As summarized and discussed in recent
reviews [1-5], several of these states observed in the
charmonium and bottomonium mass regions show char-
acteristics different from predictions for conventional states
based on potential models, and they are therefore suggested
to be exotic hadron candidates.

More than 20 states in the charmonium region have been
observed in decay modes that indicate an internal structure
containing a charm and an anticharm quark pair. These
resonances are designated as “XYZ states,” which signifies
them to be charmoniumlike. However their properties, for
example their mass or decay patterns, do not allow them to
be easily identified as unassigned conventional charmo-
nium states. In order to improve our understanding of
the XYZ states, it is important to search for further exotic
candidates along with new decay modes of already
observed unconventional states as well as new production
mechanisms. Prominent examples of the XYZ states are the
earliest that were observed: the X(3872)," discovered in
2003 [6], the vector states Y(4260) and Y (4360) [7-10],
the Z.(4430) [11,12], and Z.(3900) [13,14] states. These
resonances have all been observed in decays to final
states containing low-mass charmonia, such as J/yzx "z~
w'ntn~ and w'nt, J/wn*, respectively.

The charmoniumlike Z_ states are of particular interest.
Given these are electrically charged, they cannot be
conventional charmonium states and are thus manifestly
exotic. They are mainly considered to be candidates for
four-quark configurations, and speculations comprise inter-
pretations such as hadro-charmonium, hadronic molecule,
or tetraquark states, see, e.g., Ref. [1].

For the Z.(3900) and the Z_(4020) [13-18] states, neutral
isospin partner states have meanwhile been found and
established in BESIII data [19-22], cf. [23]. Corresponding
spin-parity analyses indicate different observed decay
modes (hidden vs open charm) of the Z.(3900)* to be
decays of the same state [24-26]. The quantum numbers for
both the charged and the neutral Z.(3900) state have been
determined to be J© = 17 [26,27].

Despite this remarkable progress, the nature of these
states is still unclear. Further decay channels involving,
e.g., 1., should be searched for to complement those

'"The X(3872) has recently been renamed to y.(3872) in
tables by the Particle Data Group.

observed into other charmonia states (i.e., J/w, y' and
h.), and possible Z, multiplets for spin quantum numbers
other than J” = 17 need to be established.

Interestingly, some of the newly observed states have
masses close to open-charm meson pair thresholds, see e.g.,
[1]. The mass of the first discovered state, the X(3872), is
still experimentally indistinguishable from the DD* thresh-
old, and the Z.(3900) and Z_(4020) states are found close to
the DD* and D*D* thresholds, respectively. It is therefore
well motivated to search for possible Z-like states close to
the DD threshold. Given the DD threshold is in the mass
region of around 3730 to 3740 MeV and the spin-parity of
the system J*(DD) = 0~ @ 0~ = 0T, a possible Z, state is
expected to decay (with the orbital angular momentum
[ = 0) into ground state charmonium together with another
pseudoscalar, such as Z, — n.z. Correspondingly, it is also
important to search for decays of vector Y states to the lowest
lying charmonium and accompanying light recoil particles,
such as Y(4260) — 7, + light recoils.

There are various theoretical models that predict possible
Z,. states decaying to #.z. The hadrocharmonium model for
instance, according to which e.g., the Z.(3900) is inter-
preted as a compact cc pair loosely bound to the surround-
ing light quark pair via a QCD analogue of the van der
Waals force, predicts a Z-like state of about 3800 MeV/ c?
[28] that would dominantly decay to 5.z. Also within the
diquark model, a rich spectrum of hadrons is predicted
that comprises the observed exotic states and includes a
JP = 0% candidate just below the DD threshold with
allowed decays to the 7.7 final state [29]. Based on lattice
QCD, the Z_. states can alternatively be interpreted as
quarkonium hybrids, leading to predictions of different
tetraquark multiplets [30] that comprise states with J”(©)
also allowed to decay to the 7.z final state.

Therefore, the investigation of e e~ production of an 7,
meson together with pionic recoil particles will provide
important input to the understanding of the nature of the
charmoniumlike exotic states. In the case of significant 7,
production cross sections, further insight will come from
the subsequent search for possible Z_-like states close to the
open-charm threshold, decaying to 7.,

First evidence of more than 3¢ significance for a
charged charmoniumlike #.7 resonance with a mass of
my- = (4096 £+ 201)%) MeV/c? and a width of I'y- =
(152 £ 581%2) MeV has meanwhile been reported in B —
K*n.n~ decays by the LHCb Collaboration [31].

A first study by BESIII of e*e™ — n.nt 2~ 7" revealed
evidence for Z.(3900) — p*n. with a significance of
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3.9¢0 [32]. In this article we report cross section measure-
ments of the three different exclusive 7, -+ light recoil
production channels e*e™ — n.ata 7%, ete™ - poatn”
and e*e™ — 5,7%. In addition, we perform a search for a
(charged and neutral) charmoniumlike 7.7z resonance in
(nen™)n=x° and (n.2°)7x" 7~ final states, as here a signifi-
cant underlying energy-dependent 7. cross section is
observed.

The paper continues in Sec. II with a brief description of
the BESIII detector, the data samples, as well as the
reconstruction and simulation software used. The event
selections, determination of reconstruction efficiencies and
estimation of radiative corrections are presented in Sec. III.
The cross section measurements, employing a simultane-
ous fit to 16 hadronic 7, decay channels for the three
different 7, + light recoil production channels, are dis-
cussed in Sec. IV, and a subsequent search for a Z_-like
n.m resonance close to the DD threshold is described in
Sec. V. The systematic uncertainties are evaluated in
Sec. VI, and the results are finally summarized in Sec. VII.

II. DETECTORS AND DATA SAMPLES

The BESIII experiment [33] at the BEPCII collider [34]
is a general purpose magnetic spectrometer with a geo-
metrical acceptance covering 93% of the full solid angle.
The cylindrical core of the detector consists of four main
components. A helium-based (60% He, 40% C;Hg) multi-
layer drift chamber (MDC) provides a charged-particle
momentum resolution of 0.5% at 1 GeV/c in a 1 T
magnetic field as well as specific energy loss (dE/dx)
measurements with a resolution better than 6% for elec-
trons from Bhabha scattering. Particle identification is
provided by a plastic scintillator time-of-flight system
(TOF) with a time resolution of 68 ps in the barrel region.
The time resolution of the end cap TOF system was 110 ps
for the data taken before 2015, which was after the upgrade
with multigap resistive plate chamber technology improved
to 60 ps in 2015 [35,36]. Photons are measured using a
Csl (T1) electromagnetic calorimeter (EMC) with an energy
resolution of 2.5% (5%) at 1 GeV in the barrel (endcap)
region. The 1.0 T magnetic field is provided by a super-
conducting solenoid magnet. It is supported by an octago-
nal flux-return yoke with resistive plate counter muon
identifier modules interleaved with steel, by which muon
tracks of momenta larger than 0.5 GeV/c are detected with
a position resolution better than 2 cm. More details on the
BESIII detector can be found in Ref. [33].

The analysis is based on e'e™ annihilation data
samples corresponding to an integrated luminosity of
7.3 tb~!, collected with the BESII detector at six
different center-of-mass energies /s between 4.18 GeV
and 4.60 GeV as listed in Table 1. At each \/E we measure
the cross sections of the three different exclusive reactions

ete” s pataa, ete” - noata and ete” — n.a',

TABLE 1. Summary of integrated luminosities £ [37] of
datasets at six center-of-mass energies [38] analyzed.

/s [MeV] Luminosity [pb~!]
4178.0 3194.5
4226.3 1091.7
4258.0 825.7
4358.3 539.8
4415.6 1073.6
4599.5 566.9

respectively. In the case of the observation of significant
n. production, we perform a search for a possible inter-
mediate Z, state decaying to 5.7. We reconstruct in total 16
hadronic 7, decay channels as summarized in Table II,
corresponding to about 40% of the total 5. branching
fraction.

In order to determine the detection efficiencies and to
study background contributions, a Monte Carlo (MC)
simulation software based on GEANT4 [40] is used that
includes the geometrical BESIII detector description and
response. The event selection criteria and the detection
efficiencies are determined and studied based on samples of
1 x 10° signal events generated at each value of \/s.

In the simulation of the various exclusive event samples,
the beam energy spread and the initial state radiation (ISR)
in the ete™ annihilation are included employing the
KKMC generator [41]. The inclusive MC simulated event
samples comprise production of open-charm processes,
ISR and hadronic production of light hadron and vector

TABLE II. Summary of the 16 hadronic #. decay channels
under consideration.

Decay B;[%] [39] Mode No. i
3(ntx) 1.8 £04 01
2(xtz20) 174 £33 02
ata %70 4.7+1.0 03
2(mtam) 0.97 £0.12 04
KYK*n~ 243 £0.17 05
K*K ntrn~ 0.69 £ 0.11 06
K*K=n° 121 £0.83 07
KSK nntn™ 275+£0.74 08
2(ztx )y 44413 09
xtrnn 1.74+0.5 10
K*K™n 1.35+£0.16 11
KtK"KTK~ 0.146 = 0.030 12
KtK2(z"n™) 0.75£0.24 13

pp 0.150 £ 0.016 14
pprta 0.534+0.18 15
ppna® 0.36 +0.13 16
Summed up > B =41.34 +£3.93
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charmonium (-like) states as well as continuum processes,
correspondingly for a given +/s. The signal decay modes
are modeled with EvtGen [42]. Final state radiation (FSR)
from charged final-state particles are incorporated by the
PHOTOS package [43].

III. DATA ANALYSIS

The analyses of the three different exclusive 7.-production
channels are very similar, and the Z.— 5.z search
merely differs by the additional corresponding mass
window cut on the 7.. The event selections (Sec. IIT A)
and the determination of the reconstruction efficiencies
(Sec. III B) are essentially the same. The radiative correc-
tions (Sec. III C) applied are slightly differently calculated,
depending on whether or not a significant production cross
section is measured, and thus the measured line shape can
be used in an iterative procedure, or instead, an assumed
line shape needs to be used.

A. Event selection

Several event selection criteria have been studied and
applied. Charged tracks are reconstructed from the hits in
the MDC within the polar-angle range of |cos 6| < 0.93.
The tracks are required to have the point of closest
approach to the interaction point within =10 cm in the
beam direction and within 1 cm in the plane perpendicular
to it. For each charged track, the TOF and the dE/dx
information are combined to calculate particle identifica-
tion (PID) probabilities (based on yp, = x3or + Xk )
for z, K and p hypotheses. We assign that particle type to a
track for which the largest probability is obtained. For K(S)
candidates, all possible combinations of two oppositely
charged tracks selected using the standard BESIII criteria
[44] and assumed to be pions are formed. Next, primary
and secondary vertex fits [45] are performed and the decay
length from the secondary vertex fit is required to be greater
than twice the uncertainty. A 15 MeV/c? mass window
cut, corresponding to about +3¢ around the nominal K
mass [39], is applied.

Photon candidates are required to have an energy deposit
of at least 25 MeV in the barrel (polar-angle region of
|cos(0)| < 0.80 with respect to the beam axis) and 50 MeV
in the endcap (0.86 < |cos(0)| < 0.92)) region of the
EMC. Timing requirements for EMC clusters are used
to suppress electronic noise and energy deposits unrelated
to the event. Moreover, the candidates are required to be at
least 20° away from the nearest charged track to reject
EMC hits caused by split-off clusters from charged tracks.
Decays of z° and 5 to yy are reconstructed from photon
pairs and selected by mass window cuts also correspond-
ing to about +30 (31 MeV and 67 MeV, respectively)
around the nominal z° and # mass [39], to which also a
one constraint (1C) kinematic fit is imposed to improve
resolutions.

A kinematic 4C fit is performed, constraining the four
momenta to /s (and, where applicable, imposing one
additional constraint for each z° and 7 in the decay). In the
case of multiple final-state candidates, that one with the
minimum y? = y3. + v is selected. Both the vertex and
the kinematic fit are required to satisfy y> < 100.

Since at the collision energies under consideration

it is not possible for both a charmed meson and an 7,
to be produced, events are rejected if a D-meson
candidate is reconstructed in one of the five major
decay modes (including charge conjugates): D — K-z,
D’ - K7tz D" —> K ztz", D' - Kiz" and
Dt — K%z"z% Similarly, events are rejected with a
K*(892) - Kr, an @ — nta~ 7’ or an n —» 2" 22" can-
didate in the final state. These veto cuts are optimized using
the figure of merit FoM = S/v/B, corresponding to a
maximized significance in case of small signals. The signal
S is the number of events obtained from the signal
MC simulation and the background B is estimated based
on the sidebands outside the 7, mass window in the data.
If the gain AFoM,, by an optimal veto cut is at least
AFoM,,/FoM, = 1.5% with respect to the FoM,, without
a veto cut, the cut is applied. The veto cut mass ranges
applied correspond to about 2¢ for all cases, and for
ete™ — n.ataa° for example, at least one veto cut is
applied to each of the 16 hadronic decay channels; in total
up to 38 veto cuts are applied here. For the Z_ search, an
additional selection is applied in terms of an invariant mass
window cut for the underlying 7. of 2.880 GeV/c? <
Heena < 3-080 GeV/c2.
The . and Z, invariant-mass spectra for each individual
exclusive final state are constructed by adding up the mass
spectra of all possible combinations within this final state
for a given 5, decay channel, forming an 7, or a Z,
candidate. In the reaction of eTe™ — y.a"7n 7" and the
e = 2(z"x~) decay channel for example, the mass spectra
of the nine different 2(z"z~) combinations within the
3(ntn)x° final state are summed up.

m

B. Reconstruction efficiencies

The line shapes of the . (Z.) signals in the different 7,
decay channels are determined based on the signal MC
simulated data. Using a fit of a Voigtian (a convolution of a
Breit-Wigner with a Gaussian) to the reconstructed truth
matched mass distributions, in which the width parameter I
is fixed to the nominal PDG value (and assumed Breit-
Wigner parameters for the Z.), we determine the resolution
parameters as well as possible mass shifts individually and
take them into account. The extracted parameters are fixed
in both the fits to the signal MC simulations, used to
determine the reconstruction efficiencies, and in the simul-
taneous fits to the data (Sec. IV). The reconstruction
efficiencies are determined by the ratio of the reconstructed
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Radiative corrections: line shape of an assumed underlying resonance, here the Y(4260) with parameters (m,I')) =

(4.251 GeV/ ¢2,0.120 GeV) [39] with the cross section 6 indicated at /s = 4.23 GeV (left); a reconstruction-efficiency distribution
extracted from signal MC simulations as a function of the ISR photon energy fraction x = E,/Eyey = 2 - E,//s, shown for the
example of ete™ — nata~ 2%, with 5, — pp, at /s = 4.23 GeV (center); and the radiator function W(x) (right).

events (integral of the signal part of the fit function) over
the number of generated events.

C. Radiative corrections

Initial state radiation (ISR) leads to energy losses of the
initial e*e~ system via emission of bremsstrahlung. As a
consequence, at each nominal energy point the data are
produced over a range of center-of-mass energies rather
than at a fixed value, and the reconstruction efficiencies
thus depend on the fraction x = E,/Eye,y of the emitted
photon energy with respect to the beam energy. In order to
provide measured Born cross sections op,,, in addition to
the experimentally observed cross sections ¢ (Sec. IVA)
and also to provide most conservative 90% C.L. upper
limits ULg, (Sec. IV B, Sec. V), ISR corrections are
calculated as follows.

The photon-energy fractions x are distributed according
to the radiator function W(x) as defined in Ref. [46]. The
total number of observed events for a decay channel with
branching ratio B is given by

N=L.B. /01 o(x)e(x) W (x)dx, (1)

where L is the integrated luminosity, ¢(x) is the production
cross section, and e(x) the reconstruction efficiency. The
cross section or line shape o(x) could be the one of an
underlying resonance, such as the Y(4260) [39] (Fig. I,
left) that is assumed to be produced in direct formation, and
that subsequently decays to the considered production
channel of 7, (or Z,) plus corresponding recoil particles.

As an example, one of the 16 reconstruction efficiency
curves ¢;(x) for the case of e*e™ — n.at a7, with 5, —
pp (which according to Tab. II corresponds to mode
number i = 14), at /s = 4.23 GeV is shown (Fig. I,
center) as well as the radiator function W(x) (Fig. 1, right).

The Born cross section op,, and the efficiency
€o = €(x = 0) at the nominal center-of-mass energy can
be factored out. One rewrites Eq. (1) and introduces the
radiative correction factor x defined as

1
N=L-B:06pom "€ / ﬂ@W(x)dx
0 OBom €0
_ / lo(x) e(x)
0 OBom €0
so that Eq. (1) can be formulated in terms of the Born cross
section ogypy:

W (x)dx,

NZE'B'GBom'eo'K. (2)

The ¢(x) distributions and e, i.e., the reconstruction
efficiency for the case of no ISR effect, are obtained using
signal MC simulations with and without the ISR effect
being enabled in the KKMC generator. As illustrated in
Fig. 2, where the ¢;(x)/e€;( distributions corresponding to
the 16 different 5, decay channels are shown for the
example of nataz’ at /s =4.23 GeV (Fig. 2, left),
the correction factors «; depend on /s. They are shown for
the same 7, example for two different assumed widths of an
underlying resonance (Fig. 2, center/right). The shape of
ki(y/s) significantly depends on the line shape of the
resonance, in particular the minimum of the ; distributions
is lower for more narrow resonances.

When the energy-dependent cross section is roughly
known or can be measured, as in the case of aB(e+ e~ —
nenta~a’) (Sec. IVA), we determine the &;(1/s) for each
\/s by applying an iterative procedure. Initially, a default
input cross section o(+/s), namely the one of the Y (4260)
modeled as a Breit-Wigner shaped resonance with param-
eters taken from Ref. [39] (Fig. 1, left), is used to measure
the cross section at each individual /s. This is done using
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FIG. 2. Normalized efficiency distributions €(x)/¢, as a function of x = E, / Ey,y,, shown for the 16 7, decay channels of the example
ofete™ — n.ata aat /s = 4.23 GeV (left). Corresponding radiative corrections «; as a function of /s for an intermediate resonance
with m = 4.251 GeV/c? for two different assumed natural widths of T'yppg = 120 MeV (center) and Ty = 10 MeV (right),

respectively.

the corresponding normalized efficiency curves (Fig. 2,
left), and applying the initially calculated numbers «;(+/s)
(Fig. 2, center). A fit to the resultant cross section
distribution (after iteratively applied radiative corrections)
is then used as an updated input ¢/(,/s), and the procedure
is repeated until the line shape converges.

In the case where no significant cross section is
observed, we follow the most conservative approach to
provide upper limits (Sec. IV B, Sec. V) and assume for all
six /s points the minimum correction factors «; i, based
on an artificially narrow natural input width I'jyp =
10 MeV for the resonance (Fig. 2, right). In the example
shown (Fig. 2, right) the «; ;;, values are about 0.6 for all
decay channels.

IV. CROSS SECTION MEASUREMENTS
FOR 5, PRODUCTION

In order to measure the 7, and Z. production cross
sections and upper limits, we perform for each recoil
system (zt7~2°, 77~ or 2%) and center-of-mass energy
a maximum-likelihood fit simultaneously for all 7, decay
channels to determine the common cross section ¢ from the
data sets. The signal is described by a signal shape which is
extracted from the signal MC simulation (Sec. III B). The
backgrounds are modelled by second to fourth-order
polynomials. The fit function also allows for the presence
of a J/y signal in the data, which does not affect the main
analysis results.

Each of the fits minimizes the corresponding negative
log-likelihood (—log(LH)). Accordingly, the branching
ratios 3; and reconstruction efficiencies ¢; are taken into
account, so that the signal event yields in each channel, N;,
and the common cross section ¢ are related as follows

Ni (3)

N.=c-L-¢ B —
;=0 € B oo e B

Possible ISR energy losses are ignored here, so that the
observed common cross section o is obtained, which is
uncorrected for ISR effects and from which the number of
observed events N, is obtained.

In the case of the common dressed Born cross section
6Bom- the corresponding radiative-correction factors «;(+/s)
(or Kpyin.;) (Sec. III'C) are included in the simultaneous fit,
and the relation between N; and op,, then reads

N
i . 4
L€y Bk )

OBorn —

The €; in Eq. (3) are replaced by the ¢,,; multiplied by the
radiative correction factors k; (or Ky, ;) (Sec. III C).

Figure 3 shows the 16 reconstructed invariant mass
spectra from the data for the example channel ete™ —
nentrnma’ at /s = 4.23 GeV, together with the results of
the simultaneous fit performed according to Eq. (4). A
small 7, signal is visible in many of the spectra above the
background function.

The —log(LH) curves allow the cross sections to be
determined and the accompanying (potentially asymmetric)
statistical uncertainties, as illustrated in Fig. 4, (left). In the
cases where no significant cross section is observed,
90% C.L. upper limits (ULg,) are extracted by integration
of the corresponding convolved likelihood distributions,
namely the area above zero and up to 90% fraction (Fig. 4,
right). For completeness, corresponding UL, values on the
Born cross section are provided for all simultaneous fit
results.

Vacuum polarization effects are accounted for by an
energy-dependent correction factor fyyp, calculated accord-
ing to Ref. [47], and applied to the dressed cross section
values to obtain the final (undressed and bare) op,,, values.
The fyp values are quoted for each /s in the tables
summarizing the 7. results (Tables III-V).
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Simultaneous fit result for 7, production, with radiative corrections included, for the example case of eTe™ — .tz 7° at

\/s =4.23 GeV. The mass spectra are shown for the 16 7. decay channels together with the simultaneous fit (blue solid curve).
A moderate 7, peak is visible above the background (red dashed curve) for the majority of the spectra. The relative importance of each of

the 16 decay channels in terms of (B; x ¢;)/

A. Measurement of 6y, (e*e™ — ntn~n")

The fit example shown in Fig. 3 is the result of
the simultaneous fit of the common Born cross
section (Table II) according to Eq. (4) for n.atzan°
at /s =4.23 GeV. Even though the signal is very
small in each of the 16 5. decay channels, it becomes
more distinct in the summed-up mass spectra, as seen
in Fig. 5. This is in line with the measured cross
section results obtained from the simultaneous fit
combining the 16 7. decay channels, as summarized
in Table III.

18 (B; x ¢;) is quoted for each corresponding mass spectrum.

The statistical significances Sy, are computed via
the fraction of the integral of the likelihood distributions
that lies below zero, namely the p-value defined as
J° (LH)/[* (LH). The significance is then expressed
in terms of Gaussian standard deviations based on the
inverse of the cumulative distribution function @ of
the standard normal distribution A/(0, 1), by computing
Sstat = q)_l(l - p)

We observe statistical significances of the reconstructed
signals for this process that show a dependence on /s,
ranging from about 2¢ at /s = 4.18 GeV, increasing to a
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FIG. 4. Example of a negative log-likelihood —log(LH) (left)
and the corresponding likelihood (LH) (right) distributions, as
obtained from the simultaneous fit, shown for the example of
ete” = noataaat /s = 4.23 GeV, with radiative corrections
included. It is shown how the fit results with the corresponding
statistical uncertainties are obtained from the negative log-like-
lihood, and how the 90% C.L. upper limits ULg, are calculated
from the likelihood, taking into account the systematic uncer-
tainty (blue, solid line).

maximum of about 5o at /s = 4.23 GeV and decreasing
again down to less than 1o at /s = 4.60 GeV. Since we
measure a sizable cross section, the iterative procedure for
computing the radiative correction factors «; for each
decay channel is applied, as described in Sec. III C. The
ranges of the finally applied k; values are quoted as well as
the number of observed events directly determined by the
fit (Table III).

The results are graphically compiled in Fig. 6. The
data points at /s of 4.23 GeV and 4.26 GeV each have
a statistical significance of more than 3c. We fit a
Breit-Wigner function to all six data points with the
resultant resonance parameters (m,I") = (4236.3MeV/c? +
8.9MeV/c?,70.0MeV +32.1 MeV) that are compatible
with those of the Y(4260) resonance as given in the
PDG [23]. In addition to our fit, two Y (4260) line shapes
are overlaid, one with the PDG parameters, and one
according to a recent measurement [48]. The measured

bl
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m [GeV/c?] m [GeV/c?]
FIG. 5. Reconstructed invariant mass distribution of the 7,

candidates as summed from the 16 hadronic decay channels
analyzed in e*e” — nataa’ at \/s = 4.23 GeV (left), and the
signal after background subtraction (right). The dots with error
bars are the data, the solid (blue) lines are the total fit and the
dashed (red) line is the background description. A clear 5, peak is
observed in the data.
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FIG. 6. The measured cross sections for eTe™ — .zt 7~ z° for
different values of /s. The 7, production at 1/s of 4.23 GeV and
4.26 GeV is observed with statistical significances well above 36.
For the other center-of-mass energies, the 90% C.L. upper limits
are also shown (open circles). Overlaid are a Breit-Wigner fit
(blue curve) to the data points, the ¥ (4260) line shape with the
parameters found in the PDG [23] (dotted curve) and the
lineshape as measured in the process J/wz 'z~ cross section
[48] (dashed curve). The three curves are found to be consistent

with the data, supporting the hypothesis of .77~ z° production
via the Y (4260).

energy dependence of the e*e™ — n.nt 77 cross section

is found to be consistent with that expected with the
Y(4260) participating as an intermediate resonance. In
addition to the measured data points for all six center-of-
mass energies, the corresponding upper limits are shown
for those measured values of op,,, that show a significance
of less than 3e.

In conclusion, the process ete™ — .zt 7~ 2" is observed
for the first time. Furthermore, the measured energy-
dependent cross section is found in agreement with the
intermediate production of the Y(4260) resonance,
decaying to the y. 2"z~ 7" final state.
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FIG. 7. Measurements of the production cross section of

et

e~ = nata (left) and ete™ — 5.2% (right). No significant

7. production is observed for both recoil production modes over
the covered /s range from 4.18 GeV to 4.60 GeV. All the directly
observed cross sections ¢ are compatible with zero. The corre-
sponding 90% C.L. upper limits on the Born cross section (open
circles) are given for all measured (\/s).
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TABLE IIl.  Summary of results for e*e™ — n.z* 7~ 7° based on the different /s data sets [38] of integrated luminosities £ [37].
Quoted are the number of observed events N, as obtained from the simultaneous fits, the range of the applied radiative correction
factors «;, the applied vacuum-polarization factor fyp, the sum of the 16 efficiencies times branching ratio values > ;13;, the undressed
Born cross section og,,, as well as the computed 90% C.L. upper limits ULy, and the computed statistical significance including (S,,;)
and neglecting (Sy,) the systematic uncertainties.

ete” = poataa®

\/E [GCV] L [Pb_l] Nobs K fVP ZeiBi [%] OBorn [Pb] UL90 [Pb] Sstat/Stot [6]
4.1780 3189.0 530 £ 246 [0.720, 0.734] 1.056 2.0 10,4j-8 +29 17.9 22/19
4.2263 1091.7 786 + 159 [0.716, 0.731] 1.056 2.0 46,159_'2 + 6.6 61.0 5.1/4.6
4.2580 825.7 465 £ 134 [0.786, 0.824] 1.054 2.0 31,43"‘2 +6.7 46.6 3.5/3.2
4.3583 539.8 2424115  [0.802,0.880]  1.051 2.1 222415 +62 39.2 22/1.9
4.4156 1073.6 379 £ 165 [0.780, 0.850] 1.053 22 18,1:?21 +45 30.6 2.3/2.1
4.5995 566.9 79 £102 [0.763, 0.807] 1.055 2.0 7,4:18"2 +3.9 23.9 0.8/0.7

B. Upper limits on og(e*e™ - g.x*n™) Tables IV and V, respectively. As it can be seen from Fig. 7,

and og(ete” — n.a') where both results are graphically summarized, the mea-

sured cross sections ¢ are compatible with zero.
The values of the directly measured cross sections o, i.e.,
without radiative corrections applied, are shown (black

The cross section measurements of the other two
production modes of 7, plus recoil particles, namely
ete” - nata and ete” — n.a’, are summarized in

TABLEIV. Summary of production cross section results for et e~ — 5.7+ 7~ based on the six different center-of-mass energy /s data
sets [38] of integrated luminosities £ [37]. Quoted are the number of observed events N, as obtained from the simultaneous fits, the
applied radiative correction factor x,;,, the applied vacuum-polarization factor fyp, the sum of the 16 efficiencies times branching ratio
values > ¢;8;, the Born cross section op,,, as well as the computed 90% C.L. upper limits ULy,, and the computed statistical
significance including (S,,) and neglecting (S, the systematic uncertainties.

ete” -t

Vs [GeV] L [pb7'] Nobs Kmin fvp > e [%] OBom [Pb] ULgy [pb] St/ Sion [0]
4.1780 31890  -768+413 0628  1.056 4.4 —7250£15 4.0 0.0/0.0
4.2263 1091.7 1974241 0627  1.056 4.2 6.071 £26 16.8 0.8/0.8
4.2580 825.7 75+£209 0627  1.054 4.1 2878 +3.4 16.4 0.4/0.3
4.3583 539.8 -162+£152  0.626  1.051 4.0 -10.5597 £3.1 11.2 0.0/0.0
4.4156 1073.6 2784201 0.625  1.053 3.8 8910t +£23 17.8 1.5/1.4
4.5995 5669  —1524+121  0.624  1.055 3.6 -10.1473£29 8.7 0.0/0.0

TABLE V. Summary of production cross section results for e*e~ — 5.2% based on the six different center-of-mass energy /s data
sets [38] of integrated luminosities £ [37]. Quoted are the number of observed events N, as obtained from the simultaneous fits, the
applied ;. the applied vacuum-polarization factor fyp, the sum of the 16 efficiencies times branching ratio values y €;53;, the Born
cross section op,,, as well as the computed 90% C.L. upper limits ULy, and the computed significance including (S,,) and neglecting
(S the systematic uncertainties.

ete™ = .y

Vs [GeV] L [pb~'] Nobs Kpmin Sfvp Y8 [%] OBom [Pb] ULy, [pb] St/ Sior [6]
4.1780 3189.0 —378 + 216 0.628 1.056 3.0 —5.732 412 3.2 0.0/0.0
42263 1091.7 63+ 125 0.627 1.056 2.8 21738418 11.2 0.5/0.4
4.2580 825.7 —125+ 106 0.627 1.054 2.8 82781 £22 7.0 0.0/0.0
4.3583 539.8 92 + 81 0.626 1.051 2.8 79470 420 183 1.2/1.1
4.4156 1073.6 —58 + 107 0.625 1.053 2.8 =31+ 15 6.6 0.0/0.0
4.5995 566.9 140 + 72 0.625 1.055 2.8 10.672% £2.3 18.9 2.1/1.8
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data points in Fig. 7). For the calculation of the upper limits
on the Born cross sections (open circles in Fig. 7), the
conservative procedure of radiative corrections has been
applied. This is based on the global minimum x,,;, value
determined under the assumption of a narrow resonance, as
explained in Sec. III C.

The resulting ULy, values range from about 3 to 4 pb up
to about 19 to 18 pb for the different /s data sets,
respectively. All relevant numbers and results for these
two measurements as well as the applied «,,;, values are
summarized in Table IV and Table V.

V. SEARCH FOR Z, — 5.7

We perform a search for a possible Z, state in the vicinity
of the DD threshold, decaying to n.z. Given the non-
observation of significant e™e~ productions of n.z*z~ or
7.7’y (Sec. IV B) and the observation of an (underlying) 7,
production cross section for ete™ — n.atz~ 2z’ with a
statistical significance of about 56 (Sec. IVA), we restrict
our Z. search to the latter final state.

Concretely, we have searched for a charged or a neutral

7" decaying to 7.2*/% in the two reaction modes

(@) ete” = Zfn 2" - (nxt)n=2° (or c.c.), and

) ete” = Ztn - (na’)ntn.

The search in both modes is based just on the data set taken
at\/s = 4.23 GeV, where the underlying 7, production has
been measured to be most significant (Table III). Since such
a state has not been observed yet, the search is realized in
terms of a mass and a width scan, testing in total 10 x 4 =
40 different (m,T") parameter combinations per charge
mode. As an example, a simultaneous fit to the correspond-
ing invariant mass spectra is shown in Fig. 8.

Inspired by already observed Z, states, corresponding
signal MC data samples are generated and reconstructed
(cf. Secs. II and IIT A) for an assumed natural decay width
of I';, =28 MeV and four different assumed Z. masses
mz =3645, 3685, 3745, 3805 MeV/cz. The reconstruc-
tion efficiencies show a shallow linear dependence on the
Z. mass assumed in the full signal MC simulation and are
(linearly) interpolated for intermediate parameter settings.
The Z_ signal line shapes for the 16 different #. decay
modes are used as obtained from the simulated signal MC
simulations for m;_= 3745 MeV/c?.

The Z, mass my_is varied in 20 MeV/ c? steps in the mz,
range of [3625,3805] MeV/c? (by fixing the mass param-
eter in the Voigtian function that represents the signal,
cf. Sec. Il B). Similarly, the scan of the width I'_is varied
in 10 MeV steps, FZC =8, 18, 28, 38 MeV. Finally, we
perform for each mass and width combination (mz_,I';)
the full analysis in terms of a simultaneous fit, as was done
for the 5. cases (Sec. IV), and extract the (mz Iz )-
dependent cross section o.

The outcome of the mass-width scan is graphically
summarized in Fig. 9. The measured cross sections,

calculated according to Eq. (3), for the four different
assumed widths I'; are plotted versus the ten assumed
masses my_, for both a possible charged and a possible
neutral Z, state, resulting in a total number of 80 individual
measurements.

No clear signal is found for a charged ZF — 5.z state.
Here, the measured cross sections are statistically consis-
tent with zero. The corresponding statistical significances
of a possible signal for the different (m;_,I"; ) combina-
tions are mostly well below 1o, except from the assumed
masses nz_of 3705 MeV/c? and 3725 MeV/c?, for which
significances of up to 2¢ are found.

The measured cross sections for a possible neutral Z0 —
n 7" state are found to be more significant. In particular, for
the assumed m;_ = 3685 MeV/ ¢?, statistical significances
of about 3¢ are found for all four assumed widths I'; . The
maximum statistical significance observed is Sy, = 3.20,
whereas taking into account the systematic uncertainties
(those marked with a star in Table X), the resultant
significance is still S;,; = 2.80.

Applying the conservative approach of radiative correc-
tions (Sec. IIIC), also ULy, values on the Born cross
sections are provided (open circles in Fig. 9). All relevant
absolute numbers of these results are also summarized in
Tables VI and VII, respectively, and the corresponding
statistical significances are listed in Tables VIII and IX.

The applied mass-width scan method has been validated
by a blind mixed-in signal check, and the mass-width
resolution obtained by the chosen scan points has been
validated to be sufficient as well.

It is necessary to correct the width and mass scan for the
so-called “look-elsewhere” effect [49]. We have studied
this effect by random generation of (about 8 x 10° times)
the 16 mass spectra for the different final states according to
the background distributions obtained by fits to the data.
After simultaneous fits of the 10 x 4 =40 fixed (m,I)
combinations, we performed a likelihood-ratio test to
determine the maximum of the 40 fitted likelihood ratios
LRpyax = maX(yy2-In(L;/Ly), where Ly is the likeli-
hood-value of the fit including a possible signal and L, the
one for the null-hypothesis associated with no signal. The
fraction of cases with LR, > LRy, (With LRy, = Séata
and Sg,, = 3.20 being our largest observed significance)
represents an estimate for the true p-value that corresponds
to a reduced significance of about § = 2¢ for the resonance
parameters of m; = 3685 MeV/ ¢? and I, =28 MeV.

VI. SYSTEMATIC UNCERTAINTIES

Various sources of systematic uncertainty have been
investigated for the cross section measurements. The
uncertainty on the integrated luminosity £ determined
using Bhabha events is estimated to be 1.0% [37]. The
uncertainties of the 7. resonance parameters (mg,I)
for the signal line shape as well as those on the branching
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Simultaneous fit result for the Z, search, with radiative corrections included, for the example case of eTe™ — Z0zTn~ —
7~ at /s = 4.23 GeV, shown here for the assumed Z parameters of (mz ,I'z) =

(3685 MeV/c?,28 MeV). The mass

spectra are shown for the 16 underlying 7. decay channels together with the simultaneous fit (blue solid curve).

ratios are taken from the PDG [39]. There are uncertainties
introduced by the BESIII detector, due to knowledge
of the charged particle and neutral reconstruction, as
well as the PID. For charged tracks, single y’s and
reconstructed 7°’s, we apply an error of 1% each, for
reconstructed K g 1.2% per particle, and as PID uncertainty,
we apply 1% per identified charged track, following earlier
studies [44,50,51]. There are uncertainties associated with
reconstruction efficiencies for each 7, decay mode, as well
as with the radiative-correction factors k; due to the used
resonance line shape (Sec. III C). Moreover, there is also an
uncertainty in the background description using analytical

functions, namely polynomials of 2nd, 3rd and 4th order.
Since we checked and corrected for possible biases
introduced by the simultaneous fits, there is also a con-
nected uncertainty taken into account.

For these systematic uncertainties (sources (a)-(i) in
Table X), the corresponding parameters have randomly
been varied (drawn from a Gaussian distribution) at the
same time within the given uncertainties, and the simulta-
neous fits have been repeated many times for each
production channel of 5, or Z_ plus recoil particles. To
take into account the systematic uncertainty introduced by
the background descriptions using polynomials, we also
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FIG. 9. Search for a possible charged (top) or neutral (bottom) Z, state in the vicinity of the DD threshold, decaying to

nem in ete” = palnt

7~ reactions. Shown are the results of mass and width scans in terms of the measured (my_, Iz )-dependent

cross section o (red/green data points) together with the upper limits (open circles) on the Born cross section op,,,. The measurements
have been performed for four assumed widths I'zo =38, 18, 28, 38 MeV and ten assumed masses my = 3625,3645,
3665,3685,3705,3725,3745,3765,3785,3805 MeV/c? at /s = 4.23 GeV.

randomly vary the polynomial order for each case in the fit
repetitions. The root-mean-square of the resultant fitted
cross sections is assigned as the corresponding systematic
uncertainty. By this procedure of random variation of
parameters and refitting, possible correlations between
the different parameters are taken into account.

The uncertainties introduced by the selection criteria of
the two y? values from the kinematic and the vertex fit, and
those by the veto cuts (sources (j)—(1) in Table X) are

TABLE VI

estimated by varying each of the cuts by +10% and
repeating the simultaneous fits. The standard deviation of
the three fit results is taken as an estimate for the systematic
uncertainty introduced by these selection and veto cuts.

The final total systematic uncertainty oy o i then
computed as the quadratic sum of these three contributions
from sources (j)—(1) and the systematic uncertainty o;qm—yary
obtained for sources (a)—(i) from the simultaneous random
variation.

Summary of results for the ZX — 5.7+ at /s = 4.23 GeV. Quoted are the measured production cross

sections ¢ as obtained from the simultaneous fits, without radiative corrections applied. The measured values
assigned with the statistical and systematic uncertainties are followed by the 90% C.L. upper limit values ULg, on
the Born cross section op,,, in brackets, both in units of [pb].

my_ [GeV/c?] I =8 MeV I' =18 MeV [ =28 MeV [ =38 MeV
3625 07538 +£09(7.2) 00138 £1.4 (9.0) —09"4 +£1.9 (10.6) —2.2*36+24 (12.1)
3645 -1530£1.7 (59 —247385+£23(78) 37747 4£29(9.6) 32137 £3.6(11.4)
3665 2620410 @44 —433+15(57) 57122072 72835 4£2909.0)
3685 27732 +£15@7) 3557 +£1.762) 3875 £23(82) 3.8 £2.9 (10.6)
3705 26739 £ 1.1 (8.3) 37832 £1.6 (11.6) 4774 £2.0(147) 55739 +£2.5(17.8)
3725 46137 £1.0(10.8) 63731 £1.4(143) 78757 £1.8(17.7)  8.97] £2.3 (21.0)
3745 09735 £ 1.0 (6.1) 13738 £ 1.3 (8.0) 18730+ 1.7 (102)  2.0737 £2.2 (12.6)
3765 2511840929 -29725+12@43) -34732+16(57) 3755 £21(75)
3785 -0877+£07(33) -1533+£1.146) 207 +£1.6067 -15384+20(72)
3805 —0.1112+09(3.8) -01'322+14(55  0059+20(78)  0.1737+£28(10.5)
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TABLE VII. Summary of results for the Z0 — 5.z° at /s = 4.23 GeV. Quoted are the measured production cross
sections ¢ as obtained from the simultaneous fits, without radiative corrections applied. The measured values
assigned with the statistical and systematic uncertainties are followed by the 90% C.L. upper limit values ULg, on
the Born cross section op,,y, in brackets, both in units of [pb].

myz_[GeV/c?] I' =8 MeV =18 MeV I =28 MeV I =38 MeV

3625 2,619 +0.8(7.2) 34720413 (9.7) 42735 £1.9 (12.6) 57139 £2.7 (16.3)
3645 =360 412 23) =303 +£15@4 -1.173) £2.1(7.3) 1358 £2.7 (11.4)
3665 3,007 £ 1.1 (7.6) 4951 +£1.6 (11.5)  6.7730 £2.0 (15.4) 8.7130 £2.6 (19.7)
3685 4717409 9.7) 70135 +£14(143)  9259+203188) 111738 +2.7(22.9)
3705 1.24]7 £ 0.8 (4.8) 24721 £1.2(79) 41733 +£1.7 (11.4) 591353 £2.2 (15.4)
3725 0.84]7+0.5 (4.3) L7530 £0.8 (6.5) 24738 +1.2(8.6) 3.003 £ 1.5 (10.8)
3745 -0373£07(3.1) —0478+£10@3) -07535+£13064 -1173£15(6.5)
3765 0241 +£06 3.0 -1172+£09@32) -27530+12@35)  —4473]£1.54.0)
3785 —-1.8709+£06 (1.4) -3771+£09 (1.8 -5619+1323) -7877+18(9)
3805 —1.65090 407 (1.7)  -28Tf+£13@25 -458+£2034 6973 £2.8 44

TABLE VIII. Summary of signal significances S, (purely statistical) and S, (taking into account the systematic
uncertainties) for the performed ZF — 5.z search at /s = 4.23 GeV.

I'=8 MeV I' =18 MeV I' =28 MeV I' =38 MeV
mz, [GeV/c?) Sstat/ Siot [0] Ssat/ Stor 0] Sstat/ Stor [0] Sstat/Stor 0]
3625 0.1/0.2 0.0/0.0 0.0/0.0 0.0/0.0
3645 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3665 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3685 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3705 1.0/1.0 1.0/1.1 1.0/1.1 1.0/1.0
3725 2.0/2.0 2.0/2.0 1.9/1.9 1.8/1.8
3745 0.4/0.4 0.4/0.5 0.5/0.5 0.5/04
3765 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3785 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3805 0.2/0.0 0.4/0.0 0.6/0.0 0.7/0.0

TABLE IX. Summary of signal significances S, (purely statistical) and S, (taking into account the systematic
uncertainties) for the performed Z? — 7.7° search at /s = 4.23 GeV.

I'=8 MeV I'=18 MeV I' =28 MeV I' =38 MeV
ch [GGV/ C2] Sstat/ Stot [0] Sstat/ Slot [(7] Sstat/ Stot [(7 ] Sstal/ Slot [0]
3625 1.4/1.3 13/12 13/12 1.4/1.2
3645 0.0/0.0 0.0/0.0 0.0/0.0 0.3/0.3
3665 1.8/1.7 2.1/1.9 2.2/2.0 2.4/2.0
3685 2.8/2.7 3.1/2.8 3.2/2.8 3.2/2.7
3705 0.7/0.8 1.1/1.0 15/1.4 1.7/1.5
3725 0.5/0.5 0.8/0.8 0.9/0.9 0.9/0.9
3745 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3765 0.1/0.2 0.0/0.0 0.0/0.0 0.0/0.0
3785 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
3805 0.0/0.0 0.0/0.0 0.0/0.0 0.0/0.0
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TABLE X. List of systematic uncertainties separated for the
individual sources (a)—(i) (AGgm—vary) and (j)—(1) quoted sepa-
rately for the example of the channel n.z77z 7 at
/s = 4.23 GeV. Those contributions that do not enter into the
computation of the signal significances are marked by (*).

Source Uncertainty [%]
(a) branching fractions (*) 8.7
(b) tracking/neutrals reco./PID (*) 72
(c) ISR correction(*) 5.8
(d) integrated luminosity (*) 1.0
(e) reconstruction efficiencies (*) 0.8
(f) fit range variation 6.1
(g) background shape 5.9
(h) 5. parameters 1.4
(i) bias correction 0.7
A(7rdm—vary 13.8
(j) kinematic fit y* cut 4.4
(k) vertex fit y* cut 1.3
(1) veto cuts 0.3
A(ysys,mtal 14.3

For the given example in Table X, the contribution to the
systematic uncertainty from sources (j)—(1) varies from
4.4% down to 0.3%, and adding them in quadrature to
A6 gm-vary = 13.8% results in an total systematic uncer-
tainty of Aoy o = 14.3%.

For the upper limits on the Born cross sections og,,, the
systematic uncertainties are taken into account by con-
volving the likelihood distributions (Fig. 4) with a Gaussian
of standard deviation oy 1o, Which broadens them (blue
solid curve in Fig. 4), leading to correspondingly more
conservative ULg, values.

To take into account the systematic uncertainties in the
signal significances S, again the likelihood distributions
are convolved with a Gaussian with width set to the
standard deviation that corresponds to the relevant system-
atic uncertainty.

There are two groups of sources of systematic uncer-
tainties, namely those which affect the observed event yield
returned by the simultaneous fit directly, and those which
do not. The latter group affects the fit result merely via a
multiplicative factor entering Eq. (4). Therefore, the sys-
tematic-uncertainty contributions introduced by sources
(a)—(e) in Table X) are not relevant when calculating the
signal significances, under which possible 5. (or Z.)
production cross sections are observed and reported. For
the calculation of the ULy, values, the total systematic
uncertainty oy o 18 taken into account.

When fitting a line shape to the measured Born cross
section (Fig. 6), only those systematic uncertainties have to
be taken into account that are uncorrelated between the
different center-of-mass energies, since only those affect
the absolute cross section measurements differently at
each value of /s. Therefore, the sources of systematic
uncertainties (a), (b) and (d) are omitted for our fit of the

energy-dependent line shape (Fig. 6), but not the sources
(c) and (e), since the uncertainties introduced by the ISR
correction and the reconstruction efficiencies have a /s
dependence.

VII. SUMMARY OF RESULTS

In summary, we have studied 7, 4+ light recoil produc-
tion in the range of /s from 4.18 to 4.60 GeV in the three
exclusive channels ete™ — nata %, ete” — pata”
and ete™ — n.n%.

The process ete™ — n.xtn 7" is observed for the first
time with an energy-dependent Born cross section mea-
sured to be in agreement with the hypothesis of the
production of an intermediate ¥ (4260) resonance decaying
to the n.ztz~ 2" final state. The largest observed cross
section of oy = 46.11“99"2 + 6.6 pb as measured at /s =
4.23 GeV has also the highest significance value of 4.16
(5.10), when including (not including) systematic uncer-
tainties. Summing up all six cross section values at the
different /s points, including uncertainties, results in a
simple (value over uncertainty) significance of 5.2¢ (5.90)
when including (not including) the systematic uncertain-
ties. This result will be valuable in helping to understand
the nature of the Y (4260). The cross sections of the other
two 7, production modes with recoil particles 7z~ and 7%
are found to be consistent with zero and corresponding
upper limits are provided.

Based on the data at 4.23 GeV, we have performed a
width and mass scan to search for possible charged and
neutral Z.-like 7.7 resonances in n.z* 7~ z° final states.
While no signal is found for a charged Z¥ — .27 state, the
measured cross sections are found to be more significant for
aneutral Z? — 570 state. Here, we find a maximum signal
significance of 2.8¢0 (3.2¢) when including (not including)
systematic uncertainties. This evidence disappears, how-
ever, when applying a statistical penalty of about 1.2¢ due to
the “look-elsewhere” effect, according to which the highest
observed significance of 3.2¢ for the assumed resonance
parameters of (my ,I'z) = (3685 MeV/c?, 28 MeV) is
reduced down to about 2¢.

The diquark model that predicts a Z. candidate with
JP = 0" beneath the open charm threshold is presently not
supported by the BESIII data. A future analysis based on a
larger data set would reveal whether the observed 2o effect
is a hint for such a state or not [52]. Once also higher energy
data has been accumulated above 4.6 GeV with BESIII,
the reported evidence for a Z.(4096) by the LHCb
Collaboration can be checked in our data.
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