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The process ete™ — ¢ has been studied for the first time in detail using data sample collected with the
BESII detector at the BEPCII collider at center of mass energies from 2.05 to 3.08 GeV. A resonance
with quantum numbers J”¢ = 17~ is observed with mass M = (2177.5 £ 4.8(stat) & 19.5(syst))MeV/c?
and width T" = (149.0 & 15.6(stat) & 8.9(syst)) MeV with a statistical significance larger than 100,
including systematic uncertainties. If the observed structure is identified with the ¢(2170), then the
ratio of partial width between the ¢n' by BESII and ¢n by BABAR is (BJ,I'(.)/(Bj ') =

0.23 £ 0.10(stat) £ 0.18(syst), which is smaller than the prediction of the s5g hybrid models by several
orders of magnitude.
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I. INTRODUCTION

One of the most challenging questions in contemporary
physics is how quarks and gluons form hadrons. Quantum
chromodynamics (QCD) allows for any color-neutral
combinations, however, a striking majority of all observed
hadronic states are consistent with either a quark-antiquark
pair, i.e., mesons, or triplet-quark systems, i.e., baryons.
Although it has been difficult to unambiguously identify
so-called exotic hadrons, such as glueballs, hybrids and
multiquarks, remarkable progress has been made in the
charm sector during the last decade. Some of those newly
observed charmoniumlike or bottomoniumlike states are
good candidates for exotics [1-3]. The strangeonium
family may have states similar to those found in heavier
quarkonia, and the more experimental information would
be helpful to understand the prediction for the spectrum of
strangeonium.

The ¢(2170) was discovered in the process ete™ —
¢f0(980) by BABAR [4,5] via the initial-state-radiation
(ISR) technique, and was later confirmed by Belle [6], BES
[7] and BESIII [8,9]. There are several interpretations of the
#(2170), including a regular s5 meson in a 2°D; [10] or
338, configuration [11], an s5g hybrid [12,13], a tetraquark
state [14-18], a AA bound state [19-22], an S-wave
threshold effect [23], or a three-meson system @K™ K~
[24]. The conventional 5§ meson is predicted to decay with
significant fraction into the s5-signature modes ¢ and ¢n’
[11]. According to the Okubo-Zweig-lizuka (OZI) rule [25]
and taking isospin effect into account, the contributions of
w-like and p-like states are suppressed in the ¢ and ¢/
modes. These two decay modes are useful to measure the
mass and width of ¢-like states. On the other hand, the 53¢
hybrid state is expected to have a stronger coupling to ¢n,
whose partial width is expected to be larger than that of ¢#/
by a factor of 3-200 [12,13]. The ratio between the ¢ and
¢n’ decay widths is therefore an important observable to
test ¢(2170) as a hybrid state.

BESIII measured the processes ete™ — KTK~ [26] and
ete” — AA [27] to test the prediction of ¢(2170) as the
AA bound state. An enhancement at /s = 2.232 GeV in
the process eTe™ — ¢pKTK~ [28] is difficult to be inter-
preted by the Faddeev calculation for the three-meson
system ¢KK. Assuming that the observed structure in the
process ee” — KT(1460)K~ is ¢(2170), itimplies that the
theoretical expectation for the hybrid state is not in agreement
with the experimental results [29]. BABAR observed evidence
of ¢(2170) in a study of the process ete™ — ygr¢pn [30] and
a small signal in ete™ — ygrepy’ [31]. The tail of the
$(1680) contributes to the ¢y mode. However, ¢(1680)
decays into ¢’ are highly suppressed [32]. In a BESIII study
of J/w — n¢n’, evidence was found of a structure in the ¢/
mass spectrum in the 2.0-2.1 GeV/c? region under the
assumption of JP =17 [33]. The ete™ — ¢/ process

provides therefore important input for the understanding of
the ¢(2170).

In this paper, we present a measurement of the Born
cross sections of e"e™ — ¢’ as a function of center-of-
mass (c.m.) energies from 2.05 to 3.08 GeV based on 20
data samples corresponding to an integrated luminosity of
640 pb~! collected at the Beijing spectrometer (BESIII).

II. DETECTOR AND DATA SAMPLES

The BESIII detector is a magnetic spectrometer [34]
located at the Beijing Electron Positron Collider (BEPCII)
[35]. The cylindrical core of the BESIII detector consists of
a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
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 identifier
modules interleaved with steel. The acceptance of charged
particles and photons is 93% over 4z solid angle. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for the 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 of the TOF
barrel part is 68 ps, while that of the end cap part is 110 ps.

A GEANT4-based [36] Monte Carlo (MC) simulation
software is used to generate simulated data samples. The
software implementation includes geometric and material
description of the BESIII detector, the detector response
and digitization models. It also accounts for the variation in
detector running conditions and performance.

To study backgrounds, a generic MC sample for the
process ete™ — gg with ¢ = u, d, s is generated with
CONEXC [37], while the hadronization processes are gen-
erated by EVTGEN [38,39] for known modes with branching
fractions set to Particle Data Group (PDG) world average
values [40] and by LUARLW [41] for the remaining
unknown decays. The signal MC sample for eTe™ —
¢n' is also generated by CONEXC, taking radiative correc-
tions, the angular distributions of the final state and the
amplitude of #' — yx ™z~ [42] into account at each c.m.
energy point.

III. EVENT SELECTION AND
BACKGROUND ANALYSIS

The MC simulations are used to optimize the selection
criteria, the determination of detection efficiencies and
estimation of the background. Taking the branching frac-
tions of the decays of intermediate states and the efficiency
of photon detection into consideration for the process of
ete™ = ¢nf, the ¢ candidate is identified from a KT K~
pair and the 5’ from 77~y combinations. To improve the
detection efficiency, candidate events are required to have
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three or four good charged tracks, corresponding to two
detected pions and one or two detected kaons, and at least
one good photon. Tracks are reconstructed from hits in the
multilayer drift chamber (MDC) within |cos 6| < 0.93,
where @ is the polar angle with respect to the magnetic
field direction. The tracks are required to pass the inter-
action point within 10 cm along the beam direction and
within 1 cm in the transverse direction to the beam. For
each charged track, the time-of-flight (TOF) from scintil-
lation counters and the energy loss measurement (dE/dx)
information from MDC are combined to form particle
identification confidence levels (C.L.) for the z, K, and p
hypotheses. The particle type with the highest C.L. is
assigned to each track. Two pions and at least one kaon are
required per event.

Photon candidates are selected from showers in the
electromagnetic calorimeter (EMC) that are not associated
with charged tracks. Good photon candidates reconstructed
in the barrel part of the EMC must have a polar angle within
| cos 8| < 0.8 and a minimum deposited energy of 25 MeV.
To be reconstructed in the end caps, the photon candidates
must have a polar angle within 0.86 < |cos 8| < 0.92 and a
minimum energy deposit of 50 MeV. Timing information in
the EMC is used to suppress electronic noise and energy
deposits unrelated to the event. In order to suppress the
background from ISR processes, the energy of photon
candidates is required to be larger than 70 MeV. The tracks
and photon candidates are then combined and subject to
further analysis. The interaction vertex of the event is
reconstructed by two pions and one kaon. A one-constraint
(1C) kinematic fit is performed under the hypothesis
that the Kz"7z~y missing mass corresponds to the kaon
mass [40]. If both kaons are identified in an event, the
combination with the smallest y?> of the 1C kinematic
fit is retained. The corresponding y?, denoted as
Lic(mta KK pissy), is required to be smaller than 20.
The candidate event of ete™ — ¢n' is required to be
within the ¢ signal region, defined as [M (KK ;) — my| <
30, where m is the nominal ¢ mass from PDG and ¢ is the
¢ width convolved with detector resolution. The side-
band region, defined as 1.050 GeV/c? < M(KK i) <
1.130 GeV/c?, is used to estimated the non-¢ background
contributions.

A study of the eTe™ — gg MC sample shows that the
dominant background processes are ete” — prTa,
ete” - KK*z and ete” — K"K p(770). No peaking
background is observed in the signal region of the
# 't~y invariant-mass distribution.

IV. DETERMINATION OF THE BORN
CROSS SECTION

The eTe™ — ¢ signal yield is determined by perform-
ing an unbinned maximum likelihood fit to the ztz~y
invariant-mass distribution. The signal is described by the

—~ 140
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§ 120 —— Data

[0} — Total fit

S‘.D L | - Background fit

8 80

o

< 60

§]

S 40

> .........
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0.85 0.9 0.95 1 1.05

M(r*ry)(GeV/c?)
FIG. 1. Fit to the M(z"z"y) mass spectrum at

/s = 2.1250 GeV. The black dots with error bars are data,
the solid (red) curve is the total fit result and the dashed (blue)
curve is the background shape.

line-shape obtained from the signal MC simulation con-
volved with a Gaussian function that accounts for the
difference in resolution between data and MC simulation.
The shape of the background is parametrized by a second-
order polynomial function. The corresponding fit result is
shown in Fig. 1 at /s = 2.1250 GeV.

The same event selection criteria and fit procedure are
applied to the other 19 data samples taken at different c.m.
energies. The numbers of signal events for these samples
are listed in Table I.

The Born cross section is calculated using

Nobs
B __
T L (+0) ¢ B )

where N°% is the number of signal events, £ the integrated
luminosity measured with the method described in
Ref. [43], B the product of the branching fractions of
the decays ¢ - K™K~ and ¥ — ztn~y [40], € the detec-
tion efficiency and (1 + 9) is the correction factor due to
ISR and vacuum polarization (VP). Both € and (1 + §) are
obtained from MC simulations of the signal reaction at the
individual c.m. energies [44,45]. The detection efficiency
and ISR factor depend on the input Born cross section,
where the iterations are performed until the measured Born
cross section does not change by more than 1.0%. The
resulting Born cross sections and related variables are listed
in Table I.

V. SYSTEMATIC UNCERTAINTY

The following sources of systematic uncertainties are
considered in the measurement of the Born cross sections.
The common uncertainties include the integrated luminos-
ity, the tracking efficiency, photon detection, PID and
branching fractions of intermediate state decays for
each energy point. The systematic uncertainties also arise
from the kinematic fit, the fit procedure, mass window

012008-5



M. ABLIKIM et al.

PHYS. REV. D 102, 012008 (2020)

TABLE L.

The Born cross sections of e™e™ — ¢#'. The center-of-mass energy (+/s), integrated luminosity (£), the yields of signal

events (N°%), the product of radiative correction factor and vacuum polarization factor (1 + §), detection efficiency (e), Born cross
section (¢%). The first uncertainties are statistical and the second systematic.

Vs (GeV) L (pbh Nebs (1+6) € a” (pb)
2.0500 3.34 43+3.0 0.888 0.257 39.7£27.74+24
2.1000 12.2 213463 0.926 0.290 459 +13.6 +2.8
2.1250 108 267.7 +£22.2 0.938 0.299 61.8+5.1+3.6
2.1500 2.84 123+42 0.948 0.310 103.6 £35.4 4 6.0
2.1750 10.6 87.4411.0 0.957 0.324 186.5+23.5+ 114
2.2000 13.7 1055+ 11.8 0.964 0.327 171.9 £ 192+ 103
2.2324 11.9 73.6 +10.2 0.972 0.331 135.6 + 18.8 + 8.4
2.3094 21.1 65.6 £9.8 0.977 0.339 66.1 £9.9 +4.2
2.3864 225 52.7+88 0.992 0.341 48.6 £8.1+3.7
2.3960 66.9 163.9 £ 15.0 0.994 0.343 50.6 +4.6 £2.9
2.5000 1.10 37421 1.007 0.347 67.8 +38.5 +4.3
2.6444 337 73.9+95 1.009 0.348 439+56+23
2.6464 34.0 50.4 + 8.0 1.009 0.346 298 +4.7+ 1.6
2.8000 1.01 20+ 1.4 0.996 0.352 39.8 £27.9 +2.0
2.9000 105 1133 4+12.0 1.011 0.346 216+23+12
2.9500 15.9 9.9 434 1.013 0.343 12.6 +43+0.7
2.9810 16.1 69429 1.012 0.343 87437407
3.0000 15.9 12.6 +3.7 1.011 0.342 162 +4.7+0.8
3.0200 17.3 14.5 + 4.1 1.008 0.340 172+£49+09
3.0800 126 90.2 + 10.3 0.906 0.339 164+19+1.0

requirement of ¢, ISR correction factor, as well as MC
statistics. The uncertainty of the integrated luminosity is
1% at each energy point [43]. The uncertainty of the
efficiency for each charged track and PID are estimated to
be 1% [26]. The uncertainty due to photon detection is 1%
[46]. The uncertainty of the branching fractions of inter-
mediate states is taken from the PDG [40], it is 2.2%. The
uncertainty related to the kinematic fit is estimated by
correcting the helix parameters of the simulated charged
tracks to match the resolution in data [47]. The difference in
(1 4 6)e between the last two iterations of the cross section
measurement is taken as the uncertainty related to the ISR
correction factor. The ¢ line shape in simulated data is
smeared to better match the data line shape. The difference
in the detection efficiency before and after smearing are
assigned as systematic uncertainties for the ¢ mass window
requirement. The difference in the signal yield between fits
in a range of (0.8, 1.10) GeV/c? compared to the nominal
fit is treated as the systematic uncertainty from the fit range.
The uncertainty related to the signal shape is estimated with
an alternative fit using the same function for the signal
shape, but fixing the width of the Gaussian function to the
value obtained in the nominal fit plus one standard
deviation. The background shape is described as a sec-
ond-order polynomial function. A fit with a third-order
polynomial function for the background shape is used to
estimate the uncertainty. The uncertainty due to MC
statistics is estimated by the number of the generated
events. Assuming that all of the above systematic uncer-
tainties are uncorrelated, the total systematic uncertainties

are obtained by adding the individual uncertainties in
quadrature, shown in Table II.

VI. FIT TO THE LINE SHAPE

The measured Born cross sections are shown in Fig. 2,
where a clear structure is observed around 2.2 GeV. To
study a possible resonant behavior, a y? fit incorporating
the correlated and uncorrelated uncertainties is performed
to the measured Born cross sections. Assuming that the
final states ¢’ come from a resonance decay, we fit the line
shape using a coherent sum of a phase-space modified
Breit-Wigner (BW) function and a phase-space term. The
probability density function (PDF) is defined as

2

[A(VS)]? = |Cor/@(Vs) + e x BW(Vs),  (2)
where the BW function is written as
12208, _Br (¢ )T
sy = Me LY AR

VS s = My + iMgI{, D(Mg)’
where My is the mass of the resonance, 'R, the total width,
IR _ the e*e” partial width, Bg(¢n') the branching
fraction of the resonance decay to ¢, ¢ the phase angle
between the resonance and the phase-space contribution
and @(/s) the phase space factor for a P — wave two-body
system.
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TABLE II.

Relative systematic uncertainties (in %) in the Born cross sections of e e~ — ¢n'. These represent the uncertainties in the

estimated effects of the luminosity (£), tracking efficiency (Tracking), photon reconstruction efficiency (Photon), PID efficiency (PID),
the kinematic fit (KinFit), signal and background shape (Signal and Background), fit range (Range), the initial state radiation factor
(ISR), ¢ mass window (m,), MC statistics (MC), and branching fraction (B). The total uncertainty is obtained by summing the

individual contributions in quadrature.

Vs (GeV) L Tracking  Photon  PID KinFit ~ Signal = Background Range ISR  my MC B Sum
2.0500 1.0 3.0 1.0 3.0 3.0 0.0 0.0 1.5 0.1 0.5 0.5 2.2 6.0
2.1000 1.0 3.0 1.0 3.0 2.7 0.0 0.9 1.5 0.9 0.5 0.5 2.2 6.0
2.1250 1.0 3.0 1.0 3.0 2.6 0.3 0.4 1.5 0.8 0.5 0.5 2.2 5.9
2.1500 1.0 3.0 1.0 3.0 2.3 0.0 0.8 1.2 0.8 0.5 0.5 2.2 5.8
2.1750 1.0 3.0 1.0 3.0 2.0 1.5 0.7 2.1 1.0 0.4 0.5 2.2 6.1
2.2000 1.0 3.0 1.0 3.0 2.3 0.8 1.6 1.3 0.7 0.5 0.5 2.2 6.0
2.2324 1.0 3.0 1.0 3.0 2.4 1.9 1.5 1.1 0.1 0.4 0.4 2.2 6.2
2.3094 1.0 3.0 1.0 3.0 1.9 2.0 2.9 0.6 0.2 0.4 0.4 2.2 6.4
2.3864 1.0 3.0 1.0 3.0 1.9 2.5 4.7 1.4 0.3 0.4 0.4 2.2 7.7
2.3960 1.0 3.0 1.0 3.0 1.6 0.1 2.0 0.9 0.6 0.4 0.4 2.2 5.7
2.5000 1.0 3.0 1.0 3.0 1.6 0.0 2.7 2.4 0.9 0.4 0.4 2.2 6.4
2.6444 1.0 3.0 1.0 3.0 0.8 0.0 0.8 0.9 0.0 0.4 0.4 2.2 52
2.6464 1.0 3.0 1.0 3.0 0.8 0.0 1.4 1.6 0.2 0.4 0.4 2.2 5.5
2.8000 1.0 3.0 1.0 3.0 0.5 0.0 0.0 0.2 0.4 0.4 0.4 2.2 5.1
2.9000 1.0 3.0 1.0 3.0 0.3 1.3 0.3 1.6 0.1 0.4 0.4 2.2 5.4
2.9500 1.0 3.0 1.0 3.0 0.1 1.0 0.0 2.9 0.3 0.4 0.4 2.2 5.9
2.9810 1.0 3.0 1.0 3.0 0.0 0.0 0.0 5.6 0.2 0.4 0.4 2.2 7.5
3.0000 1.0 3.0 1.0 3.0 0.1 0.0 0.8 0.6 0.6 0.4 0.4 2.2 5.1
3.0200 1.0 3.0 1.0 3.0 0.0 0.7 2.1 0.5 0.2 0.4 0.4 2.2 5.5
3.0800 1.0 3.0 1.0 3.0 0.1 0.9 2.0 1.7 1.0 0.5 0.4 2.2 5.8

The fit has two solutions with an identical mass and
width of the resonance. The product T'X. _Bx (1) is also
the same in the two solutions, while the phases are
different. The fit quality is estimated by inspecting the
x*, which gives a y?/ndf = 28.30/15, where ndf is the
number of degrees of freedom. The parameters of
the structure are determined to be M = (2177.5+
4.8) MeV/c? and T' = (149.0 £ 15.6) MeV, where the
uncertainty is statistical only. Figure 2 shows the fit result,
and the parameters of the resonance are summarized in

250
. —+ BESIIl Data
__200F
) F — Fit
o C
=150
N
’[‘100j
o
\0_.)/50j
© C
oF
I R R S S S
2 2.2 2.4 2.6 2.8 3
s (GeV)

FIG. 2. Born cross sections of the ee™ — ¢’ process. The
solid curve (red) shows the fit to the line shape of the Born cross
sections. The dots (black) with error bars show data.

Table I1I. The significance of the resonance is determined to
be larger than 100, including systematic uncertainties.
This is obtained by comparing the change of A(y?) with
and without the resonance in the fit and taking the
change in the number of degrees of freedom Andf =4
into account.

The systematic uncertainties of the resonance parameters
are mainly due to the signal model. To assess this
systematic uncertainty, a modified BW function with
mass-dependent width is used for the fit, resulting in
differences of 19.5 MeV/c? and 8.9 MeV for the mass
and width, respectively. The dependence on the c.m. energy
determination and the fit procedure were also investigated
and found to be negligible. The uncertainties (statistical and
systematic) of the measured Born cross sections have been
considered in the fit. Figure 3 shows the comparison of the
parameters of the ¢(2170) state measured by experiments
via various processes.

TABLE III. Line shape parameters obtained by the fit.
Parameter Solution Solution 1/
My MeV/c?) 2177.5 4 4.8(stat) £ 19.5(syst)
'R (MeV) 149.0 + 15.6(stat) £ 8.9(syst)
BrIk. _ (eV) 7.1 +0.7(stat) & 0.7(syst)

@ (rad) 3.13 £2.01 —0.01 £2.36
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FIG. 3. The parameters of the ¢(2170) state obtained from
different processes and the resonance in the e e~ — ¢’ process.

VII. SUMMARY AND DISCUSSION

In summary, we present a precise measurement of the cross
section line shape for ete™ — ¢’ based on data samples
collected with the BESIII detector at the BEPCII collider at
20 different c.m. energies from 2.050 to 3.080 GeV. A clear
structure is observed in the line shape of the measured Born
cross sections. Assuming that the ¢#' comes from a single
resonance, we determine the mass and width of this reso-
nance to be (2177.545.1(stat) £ 18.6(syst) MeV/c? and
(149.0+15.6(stat) £8.9(syst)) MeV, respectively. Here, the
first uncertainties are statistical and the second ones are
systematic. The statistical significance of the resonance is
estimated to be larger than 100, including systematic uncer-
tainties. The J¥C of the resonance should be 1™~ since it is
produced in formation via et e~ collisions. The mass of the
resonance is compatible with the ¢(2170).

For the 23D, s5 excited state and the AA bound states in
the molecular scenario, the decay mode of ¢(2170) —
KK~ is favored. However, the parameters of the reso-
nance extracted from the cross sections of e*e™ —» KTK~
deviates from almost all individual measurements [26].
Thus, ¢(2170) as a 2°D, s5 quarkonium is disfavored. The
width of the 33, s5 is predicted to be about 380 MeV
[11], hence it cannot be identified with ¢(2170). Assuming
that the observed resonance is the ¢(2170), the mea-
sured  Bf TS, = (1.7 £ 0.7(stat) + 1.3(syst)) eV by

BABAR [30] is smaller than that of ¢n mode. The ratio

(BY,Ie.)/ (B, T%,) is estimated to be 0.23 £ 0.10(stat) £

0.18(syst). This is smaller than the prediction of the s5g
hybrid models by several orders of magnitude [12,13] and
casts severe doubt on the validity of these models. We can
not draw a conclusion about the other interpretations based
on the current experimental results and need to perform
further measurements in the future.
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