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We report the first observation of a)(980)-f¢(980) mixing in the decays of J/y — ¢f(980) —
$al(980) — ¢y’ and y., — a3(980)7° — f(980)7° — z"72~x°, using data samples of 1.31 x 10° J/y
events and 4.48 x 108 y(3686) events accumulated with the BESIII detector. The signals of f,(980) —
a3(980) and a)(980) — f(980) mixing are observed at levels of statistical significance of 7.4¢ and 5.5,
respectively. The corresponding branching fractions and mixing intensities are measured and the constraint
regions on the coupling constants, g, x+x- and gy x+g-, are estimated. The results improve the under-

standing of the nature of a)(980) and f,(980).

DOI: 10.1103/PhysRevLett.121.022001

Since the discoveries of a)(980) and f(980) several
decades ago, explanations about the nature of these two
light scalar mesons have been controversial. These two
states, with similar masses but different decay modes and
isospins, are difficult to accommodate in the traditional
quark-antiquark model [1], and many alternative formula-
tions have been proposed to explain their internal structure,
including tetraquarks [1,2], KK molecule [3], or quark-
antiquark gluon hybrid [4].

The mixing mechanism in the system of a$(980)-
f0(980), which was first proposed in the late 1970s [5],
is thought to be an essential approach to clarify the
nature of these two mesons. Both a)(980) and f(980)

can decay into K*K~ and K°K°, which show a difference
of 8 MeV/c? in the production mass threshold due to
isospin breaking effects. The mixing amplitude between
al(980) and f(,(980) is dominated by the unitary cuts of the
intermediate two-kaon system and proportional to the
phase-space difference between them. As a consequence,
a narrow peak of about 8 MeV/c? in width is predicted
between the charged and neutral KK mass thresholds,
while the normal widths of a9(980) and £ (980) should be
50-100 MeV/c? [6]. The mixing mechanism has been
studied extensively in various aspects, and many reactions

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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the author(s) and the published article’s title, journal citation,
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have been discussed, such as yp — pa'y [7], 27 p — 2°%n
(8,91, pn = dn°’p [10-12], dd — az’n [13]. However, no
quantitative experimental result has been firmly estab-
lished yet.

Inspired by Refs. [14-16], a first quantitative calculation
was carried out to examine the a3(980) <> f(980) mixing
with the isospin-violating processes of J/y — ¢ f((980) —
$a3(980) = ¢na® and ., — 7°a3(980) — 7°f((980) —
7%zt z~ [17-20]. The central masses and couplings of
a3(980) — nn’/KK and f,(980) — zz/KK from various
models [1-4] and different experimental results [21-26]
were investigated. The mixing intensities, i.e., &5, for the
f0(980) — af(980) transition and &,; for the af(980) —
f0(980) transition, are defined as

£ = BlJ /y — ¢£4(980) — ¢ap(980) — ¢nz]

e BlJ/w — ¢fo(980) > gan]
_ Blye = 7°%a)(980) — 7°£((980) —» 2%z 77|
=T Bl - AQO80) - A0

(1)

gaf (2)

The mixing intensities, &y, and &, 7, are important experi-
mental probes of the nature of a)(980) and f(980), as
they are sensitive to the couplings in the processes of
a(980) — KK and f(980) — KK, respectively. A direct
measurement of the mixing intensities would provide
crucial constraints in models of @$(980) and f(980)
internal structure. It is also worth noting that besides the
a(980)-£(980) mixing mechanism, the underlying
electromagnetic (EM) processes of J/y — ¢al(980) and
Xe1 = 7°£((980) with normal widths of @9(980) and
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f0(980) may occur via a y* or K*K loop [17], and the EM
processes will interfere with the corresponding mixing
signals.

As suggested by Refs. [17,18], the mixing intensities, &g,
and &,;, were measured based on the data samples of
2.25x 108 J/y events and 1.06 x 10% y(3686) events
collected at BESIII via the decays of J/y — ¢na’ and
Y1 = nta 2% [27]. At present, BESIII has accumulated
much larger data samples of 1.31 x 10° J/y events [28,29]
and 4.48 x 10® y(3686) events [30,31], which provides a
good opportunity to firmly establish the existence of
al(980)-1(980) mixing and precisely measure the mixing
intensities. In this Letter, we present a study of
al(980)-1(980) mixing with the decays of J/y — ¢na°
(n—yy and n > 277 2% ¢ - K*K™) and w(3686) —
¥xe1 — ya’n Tz, The signals of a)(980)-£,(980) mixing
are observed with a statistical significance of larger than 5S¢
for the first time, and the corresponding branching fractions
and mixing intensities are measured.

Details on the features and capabilities of the Beijing
Electron-Positron Collider (BEPCII) and the BESIII detec-
tor can be found in Refs. [32,33]. A GEANT4-based [34]
Monte Carlo (MC) software package is used to optimize the
event selection criteria, estimate backgrounds, and deter-
mine the detection efficiency. The selection criteria of
charged tracks, particle identification (PID), and photon
candidates are the same as those in Ref. [27].

For the decay J/w — ¢na® with n — yy (atn~7°),
the candidate events are required to have two kaons
(and two pions) with opposite charges and at least four
photons. A four-constraint (4C) kinematic fit enforcing
energy-momentum conservation is performed for the
K"K~ (z*z7)yyyy hypothesis. For the events with more
than four photons, the combination with the smallest 375 is
retained, and y3- <50(60) is required. For the n— yy decay
mode, the 7° and # candidates are reconstructed by mini-
mizing )(ion: (M, _m”0>2/672[0] +[(M,,,,—m,)*/ 3],
where m,0 and m, are the nominal masses of 7 and 5
(6], M, ,,, and M, , are the invariant masses of the y,y,
and y3y4 combinations, and 6,0 and o, are their corre-
sponding resolutions, respectively. The z° and 5 candidates
are required to satisfy |[M,, —mp| <15 MeV/c?
M, —m,| <30MeV/ c?, respectively. To reject the
backgrounds of J/y — K*K~z°z° and J/y — K*K~nn,
two analogous chi-square variables y2, , and yy, are
defined, and candidates are required to satisfy )(72[0”0 > 40
and y7,>5. In the decay n — ntz "z’ the two z°
candidates surviving the z° mass window requirement
and with the smallest )(72107[0 are kept for further analysis.
The 7"z~ 7" combination with an invariant mass M+ -0
closest to m, and in the mass window of [M . -0 —m,| <
20 MeV/c? is regarded as the 5 candidate. Finally, the ¢

signal events are identified by requiring |M g x- —my| <
10 MeV/c? for both 5 decay modes, where Mg+ k- denotes
the K* K~ invariant mass and m, is the ¢ nominal mass.

After applying the above selection criteria, the Dalitz
plots and the projections of M, of the accepted candidate
events of J/y — ¢nr° are shown in Fig. 1 for the two 5
decay modes. Prominent a9(980) signals are observed. In
the y — nt 7~ x° decay, an obvious £ (1285) signal from the
background J/yr — ¢f1(1285) [f,(1285) = ntx~n°2°] is
observed in Fig. 1(d). In addition, there are also horizontal
bands around 2.0 (GeV/c?)? in the Dalitz plots, which
originate mainly from J /i — nK**K¥ events within the ¢
mass window requirement. A detailed study indicates that
the background events are dominantly from the non-¢ and
non-n processes, while the non-z° backgrounds are negli-
gible. Therefore, the background events in the ¢ sideband
region (1.05 < Mg+~ < 1.07 GeV/c?) and 5 sideband
regions  (0.06 < M, m,| <0.12 GeV/c?) are
used to estimate the backgrounds. The expected back-
grounds are shown as the dashed lines in Figs. 1(b) and
1(d), and the f,(1285) peak is well described by the
sideband events. A small 7’ signal is observed underneath
the a)(980) peak, which originates mainly from the decay
J/w — ¢n'. To improve the mass resolution of the a(980)
signal, a 6C kinematic fit with additional mass constraints
on the # and 7° candidates is performed to the remaining
events for the two » decay modes, respectively, and the
resulting M, ;o distributions are used to determine the signal
yields.
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FIG. 1. Dalitz plots for J /yr — ¢na° (left) and mass projections

on M, (right); the upper-row plots are for the decay 7 — vy, the

down-row plots are for the decay # — z+ 7~ 2. Dots with error

bars represent the data, the (red) solid curves represent the MC
simulated J/y — ¢a)(980) EM process, with the width of
al(980) being set to its nominal value and amplitudes being
normalized to the fit results, and the (blue) dashed curves
represent the backgrounds estimated by the sideband events.
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To determine the f((980) — a(980) mixing signal in
J/w = ¢na°, an unbinned maximum likelihood method is
used to simultaneously fit the 7°7 mass spectra for the two 7
decay modes in the range of [0.70, 1.25] GeV/c?. In the fit,
the f(980) — aJ(980) mixing signal, the EM a(980)
signal as well as their interference are considered as

|Amix(m)eilﬂa+Aa(m)|2(pq)’ (3)

where A, (m) = D,/D,D; is the amplitude of the
mixing signal [17,18], D, and Dy in the denominators
are the a)(980) and f,(980) propagators, respectively,
and Dfu = (guolﬁK- 'gfoK-K-/m”)i[PmK- (S) —PKUKO(S)]
is the mixing term. Here, pgi(s) is the velocity of the K
meson in the rest frame of its mother particle, and s is the
square of center-of-mass energy of the mother particle.

Aq(m)=(p"1qh /{MG —s—i /5[0 () + T (s)]}) is a
Flatté formula for the EM a(980) signal. F:;OTO (8)=(4* o/

apnm
167/5)p,0(5) and L5 (5) = (62, . -/ 162/5) i - (5)+
progo(s)] are the partial widths of a{(980) — nz° and
a(980) —» KK, respectively, where gionﬂo and 93“ .
are the coupling constants and p and ¢ are the momenta of
ad(980) and 7° in the rest frames of J/y and a(980),
respectively. L, and L, are the corresponding orbital
angular momenta and « and ¢ represent the magnitude
and relative phase angle, respectively, between the mixing
signal and the EM process.

In the fit, the central masses and the coupling constants
of a)(980) and f,(980) are fixed to the values obtained by
the Crystal Barrel (CB) experiment [18,21]. The mass
resolution and the detection efficiency curve obtained from
the MC simulation are taken into account. The two 7 decay
modes share identical parameters for the signal components
in the fit. The background is represented by a second-order
Chebyshev polynomial function with free parameters. The
peaking backgrounds from the 7’ decays are included with
shapes and magnitudes fixed to values estimated from the
MC simulation. Two solutions (denoted as solution I and
solution II for the destructive and constructive interfer-
ences, respectively) with different relative phase angles ¢
but equal fit qualities are found. The statistical significances
of the f((980) — a9(980) mixing signal and that of the
J/w — ¢a(980) EM process are 7.4¢ and 4.60, respec-
tively, estimated by the changes of likelihood values
between the fits with and without the mixing signal or
EM process included. The resulting fit curves are shown in
Fig. 2, and the signal yields are summarized in Table 1.

For the decay w(3686) = yyc, ye1 = a'zn'n~, the
candidate events are required to have two identified pions
with opposite charge and at least three photons. A 4C
kinematic fit is performed for the z"z~yyy hypothesis.
For events with more than three photons, the combination
with the smallest y3 is retained, and y%- < 20 is required.

o o
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FIG. 2. Fits to the M,, spectra of the J/y — ¢nn’ for
destructive (upper) and constructive (lower) interference in the
decay n — yy (left) and n — z" 7~ x" (right), respectively. The
dots with error bars represent the data, the (black) solid curves
represent the total fit results, the (red) dashed curves represent the
mixing signals, the (pink) dashed curves represent the J/y —
$al(980) EM processes, the (light-blue) dotted curves represent
the interference terms, the (dark-red) long-dashed lines represent
the sum of a9(980) signals, the (blue) solid curves show the #’
peaking backgrounds, and the (blue) dot-dashed curves represent
the continuum backgrounds.

To reject the background events with two or four photons
in the final states, the two requirements y3- (7 7 yyy) <
Yic@tayyyy) and yic(ztnyyy) < xic(ztzyy) are
imposed. The #° candidate is reconstructed using the
two-photon combination with invariant mass closest to
m,o, and the same mass window is applied.

After applying the above requirements, the scatter plot of
M i -0 versus M+ - is shown in Fig. 3(a). A prominent
cluster of y.; — 7°f,(980) events is observed. The M -
projection with the y., mass requirement of |M - -0 —
m, | <20 MeV/ c? is shown in Fig. 3(b). The width of the

TABLE I. Summary of the signal yields (N), relative phase
angles (¢), and the statistical significance (S) from the fits, where
the uncertainties are statistical only. In the decay J/w — ¢na” the
former numbers are for the 7 — yy decay mode and the latter are
for the n — 77~ 2" decay mode.

J/y = ¢nr’
Channel Solution I Solution II Xe1 = 3m
N (mixing) 161 £26|45+7 67 +21]19+6 42 +7
N (EM) 162 £ 54|46 £ 16 130 = 51|37 £ 14
¢ (degree) 236+ 11.3 —-51.5+213
S (mixing) 7.40 5.5¢
S (EM) 4.60

022001-5



PHYSICAL REVIEW LETTERS 121, 022001 (2018)

M... . (GeV/c?)
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FIG. 3. (a) Scatter plot of M+ ,-,0 versus M+ ,- for the y., —
atan° decay and (b) fit to M,+,- spectrum for the y, —
a7~ 7% in the y,, signal region. The dots with error bars are the
data, the solid curve represents the fit result, the dashed curve
represents the mixing signal, and the shaded histogram represents
the normalized background from the y.; sideband.

f0(980) signal appears significantly narrower than the
world average value [6]. The events from the y,.; sideband
region (3.43 < M., 0 < 3.47 GeV/c?) and the inclusive
MC sample are used to estimate the background shape,
shown as the shaded histogram in Fig. 3(b), which is found
to be flat in the M+ - distributions.

To determine the yield of the a3(980) — f,(980) mixing
signal in the y,, — 77~ 2" decay, an unbinned maximum
likelihood fit is performed to the M, :,- spectrum in
[0.70,1.25] GeV/c?. In the fit, the ad(980) — £,(980)
mixing signal and y.; — 7°f((980) — z* 2~ z° EM proc-
ess are described in the same fashion as in Eq. (3), and
the background shape is described by a second-order
Chebyshev polynomial function. The fit result is illustrated
in Fig. 3(b), and the signal yields are summarized in Table 1.
The statistical significances of the mixing signal and the
EM process are estimated to be 5.5¢ and 0.20, respectively.
The interference effect between the mixing signal and EM
process is weak enough to be neglected. The direct
contribution from the EM process comes out to be
negligible, and it is also ignored in the nominal fit. With
the extracted signal yields, the branching fractions of the
mixing processes J/w = ¢f(980) = ¢a)(980) — ¢na’,
w(3686) = yy1 = ya’ad(980) — yz° £ (980) —» yxta=z°,
and the EM process J/y — ¢ad(980) — ¢nz°, as well as
the mixing intensities &, and &,r, are calculated as
summarized in Table II, where the normalization branching
fractions are taken from the PDG [6].

The systematic uncertainty for the branching fraction
measurement mainly comes from uncertainties in the event
selection efficiencies, the fit procedure, the branching
fractions of intermediate state decays, and the total numbers
of J/w and w(3686) events. The uncertainties associated
with the charged tracking and PID are both 1.0% per track
[35], and 1.0% for photon detection [36]. For kinematic
fits, differences in the efficiencies between data and
MC calculations are determined to be 1.5% and 2.5% by
selecting clean control samples of J/y — wn — n+ 7~ 7%
and yw(3686) — ntn~J/y — xta"yn, respectively. The
uncertainties for ¢, 5, #°, and y,, mass window require-
ments are estimated as 1.8%, 0.1%, 1.0%, and 3.0%,
respectively, while the contributions from the requirements
on 2, , and y;, are negligible. The uncertainty on the 7/
peaking background is estimated by varying 7’ yields by 1o
in the fit. The uncertainties on the continuum background
shape are estimated as 3.4% and 2.4% for the two mixing
processes by changing the order of the Chebyshev poly-
nomial. The uncertainties on the branching fractions of the
intermediate state decays are taken from PDG [6]. The
uncertainties on the total numbers of J/y and y(3686)
events are 0.8% [28,29] and 0.6% [30,31], respectively.
The total systematic uncertainties are the individual uncer-
tainties added in quadrature (the correlation between the
two 7 decay modes in J /y — ¢z’ is considered), as listed
as the second item in Table II.

Various experiments, e.g., BNL E852 [22], KLOE
[23,24], and SND [25,26], have reported different central
masses and coupling constants for a(980) and f(980)
resonances. To evaluate the likely impact from the input
parameters of a3(980) and f((980), a series of fits are
carried out with the input masses and coupling constants
from the different experiments. As the fit results turn out to
be sensitive to the various input parameters, the largest
deviations from the nominal results are treated as isolated
uncertainties and are summarized as the third term in
Table II.

We obtain constraints on g, x+x- and g g+~ by
scanning the two coupling constants in the region of
[0.0, 6.0] GeV, which covers all the results from theories
and experiments, and calculate the statistical significance

TABLE II. The branching fractions () and the intensities (&) of the a$(980)-f((980) mixing. The first
uncertainties are statistical, the second ones are systematic, and the third ones are obtained using different
parameters for a(980) and f(980) as described in the text.

£0(980) — a3(980)

Channel Solution 1 Solution 1I al(980) — f(980)

B (mixing) (107¢) 3.18 £0.51 £0.38 £0.28 1.31 £0.41 £0.39 £0.43 0.35 £0.06 £0.03 £0.06
B (EM) (107%) 325+£1.08£1.08£1.12 2.62+£1.02£1.13£048 e

B (total) (107) 493 £1.01 £0.96 £1.09 4.37+0.97 £0.94 £ 0.06 e

& (%) 0.99 £ 0.16 = 0.30 £ 0.09 041£0.13£0.17£0.13 0.40 £0.07 £0.14 £ 0.07

022001-6



PHYSICAL REVIEW LETTERS 121, 022001 (2018)

22

Aqq TKK g

* qqg

FIG. 4. The statistical significance of the signal scanned in the
two-dimensional space of g, x+x- and g, g+ k- The regions with
higher statistical significance indicate larger probability for the
emergence of the two coupling constants. The markers indicate
predictions from various illustrative theoretical models.

of the mixing signal by simultaneously fitting the M,
and M ,+,- spectra in the data. Other input parameters of
a(980) and f,(980) are fixed to the CB-experiment values
in the fit. The statistical significance of the signal versus
the values of g, x+x- and gy k+g- is shown in Fig. 4. The
regions with higher statistical significance indicate larger
probability for the emergence of the two coupling con-
stants. The predicted coupling constants from various
models [18] are displayed as well (color markers), but the
theoretical uncertainties on the models are not considered
here.

In summary, the aJ(980)-(980) mixing is studied with
the isospin violating processes J/y — ¢pad(980) — ¢na°
and y. — 71°f((980) — 2%z~ using the samples of
1.31 x 10° J/y events and 4.48 x 10% y(3686) events
accumulated at the BESIII detector. Based on the input
parameters of aJ(980) and f((980) in Refs. [18,21], the
signals of £¢(980) — af(980) and a)(980) — £,(980) are
observed for the first time with statistical significances of
7.40 and 5.50, respectively. The corresponding branching
fractions of the mixing signal and the mixing intensities as
well as the EM process of J/y — ¢al(980) — ¢nz° are
also measured. Finally, the significance of the mixing
signal is measured versus the values of the two coupling
constants, g, x+x- and gr g+x-, and compared with theo-
retical predictions. In addition, the central values of the
mixing intensities, ¢, and £, ¢, can be used to estimate the
coupling constants of the f(980) and a)(980) resonances
[37]. The results of this measurement help to deepen our
understanding of the nature of the aJ(980) and f(980)
mesons.

We would like to thank J.J. Wu for very helpful
discussions. The BESIII Collaboration thanks the staff of
BEPCII, the IHEP computing center and the supercomput-
ing center of USTC for their strong support. This work is
supported in part by National Key Basic Research Program

of China under Contract No. 2015CB856700; National
Natural Science Foundation of China (NSFC) under
Contracts No. 11125525, No. 11235011, No. 11322544,

No. 11335008, No. 11425524, No. 11375170,
No. 11275189, No. 11475169, No. 11475164,
No. 11175189, No. 11675183, No. 11675184,

No. 11705006, No. 11735014; the Chinese Academy of
Sciences (CAS) Large-Scale Scientific Facility Program;
the CAS Center for Excellence in Particle Physics
(CCEPP); the Collaborative Innovation Center for
Particles and Interactions (CICPI); Joint Large-Scale
Scientific Facility Funds of the NSFC and CAS under
Contracts No. 11179007, No. U1532102, No. U1232201,
No. U1332201; CAS under Contracts No. KICX2-YW-
N29, No. KJCX2-YW-N45; 100 Talents Program of CAS;
National 1000 Talents Program of China; Institute of
Nuclear and Particle Physics, Astronomy and
Cosmology (INPAC) and Shanghai Key Laboratory for
Particle Physics and Cosmology; German Research
Foundation DFG under Contract No. Collaborative
Research Center CRC-1044; Istituto Nazionale di Fisica
Nucleare, Italy; Koninklijke Nederlandse Akademie van
Wetenschappen (KNAW) under Contract No. 530-
4CDPO03; Ministry of Development of Turkey under
Contract No. DPT2006K-120470; Russian Foundation
for Basic Research under Contract No. 14-07-91152;
The Swedish Research Council; U.S. Department of
Energy under Contracts No. DE-FG02-05ER41374,
No. DE-SC-0010118, No. DE-SC-0010504, No. DE-SC-
0012069; U.S. National Science Foundation; University
of Groningen (RuG) and the Helmholtzzentrum fuer
Schwerionenforschung GmbH (GSI), Darmstadt; WCU
Program of National Research Foundation of Korea under
Contract No. R32-2008-000-10155-0.

*Corresponding author.

yanwc @buaa.edu.cn

*Also at Bogazici University, 34342 Istanbul, Turkey.
"Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.

“Also at the Functional Electronics Laboratory, Tomsk State
University, Tomsk 634050, Russia.

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

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

fAlso 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 Particle Physics and Cosmology; Institute
of Nuclear and Particle Physics, Shanghai 200240, People’s
“Republic of China.

'Government College Women University, Sialkot-51310,
Punjab, Pakistan.

022001-7



PHYSICAL REVIEW LETTERS 121, 022001 (2018)

[1] N.N. Achasov and V. N. Ivanchenko, Nucl. Phys. B315,
465 (1989).
[2] J. D. Weinstein and N. Isgur, Phys. Rev. D 27, 588 (1983).
[3] J. D. Weinstein and N. Isgur, Phys. Rev. D 41, 2236 (1990).
[4] S. Ishida et al., Proceedings of the 6th International
Conference on Hadron Spectroscopy, Manchester, United
Kingdom, 1995 (World Scientific, Singapore, 1995), p. 454.
[5] N.N. Achasov, S. A. Devyanin, and G. N. Shestakov, Phys.
Lett. B 88, 367 (1979).
[6] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).
[7] B. Kerbikov and F. Tabakin, Phys. Rev. C 62, 064601 (2000).
[8] N.N. Achasov and G.N. Shestakov, Phys. Rev. Lett. 92,
182001 (2004).
[9]1 N.N. Achasov and G.N. Shestakov, Phys. Rev. D 70,
074015 (2004).
[10] A.E. Kudryavtsev and V. E. Tarasov, JETP Lett. 72, 410
(2000).
[11] A.E. Kudryavtsev, V.E. Tarasov, J. Haidenbauer, C.
Hanhart, and J. Speth, Phys. At. Nucl. 66, 1946 (2003).
[12] A.E. Kudryavtsev, V.E. Tarasov, J. Haidenbauer, C.
Hanhart, and J. Speth, Phys. Rev. C 66, 015207 (2002).
[13] V.Y. Grishina, L. A. Kondratyuk, M. Biischer, W. Cassing,
and H. Stroher, Phys. Lett. B 521, 217 (2001).
[14] F. E. Close and A. Kirk, Phys. Lett. B 489, 24 (2000).
[15] F. E. Close and A. Kirk, Phys. Lett. B 515, 13 (2001).
[16] C. Hanhart, B. Kubis, and J. R. Pelaez, Phys. Rev. D 76,
074028 (2007).
[17] J.J. Wu, Q. Zhao, and B. S. Zou, Phys. Rev. D 75, 114012
(2007).
[18] J.J. Wu and B. S. Zou, Phys. Rev. D 78, 074017 (2008).
[19] L. Roca, Phys. Rev. D 88, 014045 (2013).
[20] M. Bayar and V.R. Debastiani, Phys. Lett. B 775, 94
(2017).

[21] D. V. Bugg, V. V. Anisovich, A. V. Sarantsev, and B. S. Zou,
Phys. Rev. D 50, 4412 (1994).

[22] S. Teige et al. (E852 Collaboration), Phys. Rev. D 59,
012001 (1998).

[23] A. Aloisio et al. (KLOE Collaboration), Phys. Lett. B 536,
209 (2002).

[24] A. Aloisio et al. (KLOE Collaboration), Phys. Lett. B 537,
21 (2002).

[25] M. N. Achasov et al. (SND Collaboration), Phys. Lett. B
485, 349 (2000).

[26] M. N. Achasov et al. (SND Collaboration), Phys. Lett. B
479, 53 (2000).

[27] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 83,
032003 (2011).

[28] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 36,
915 (2012).

[29] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 41,
013001 (2017).

[30] M. Ablikim ef al. (BESIII Collaboration), Chin. Phys. C 37,
063001 (2013).

[31] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 42,
023001 (2018).

[32] J.Z. Bai et al. (BES Collaboration), Nucl. Instrum. Methods
Phys. Res., Sect. A 458, 627 (2001).

[33] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).

[34] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[35] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 85,
092012 (2012).

[36] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 83,
112005 (2011).

[37] N.N. Achasov, A.A. Kozhevnikov, and G. N. Shestakov,
Phys. Rev. D 93, 114027 (2016).

022001-8


https://doi.org/10.1016/0550-3213(89)90364-7
https://doi.org/10.1016/0550-3213(89)90364-7
https://doi.org/10.1103/PhysRevD.27.588
https://doi.org/10.1103/PhysRevD.41.2236
https://doi.org/10.1016/0370-2693(79)90488-X
https://doi.org/10.1016/0370-2693(79)90488-X
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1103/PhysRevC.62.064601
https://doi.org/10.1103/PhysRevLett.92.182001
https://doi.org/10.1103/PhysRevLett.92.182001
https://doi.org/10.1103/PhysRevD.70.074015
https://doi.org/10.1103/PhysRevD.70.074015
https://doi.org/10.1134/1.1335118
https://doi.org/10.1134/1.1335118
https://doi.org/10.1134/1.1619506
https://doi.org/10.1103/PhysRevC.66.015207
https://doi.org/10.1016/S0370-2693(01)01210-2
https://doi.org/10.1016/S0370-2693(00)00951-5
https://doi.org/10.1016/S0370-2693(01)00799-7
https://doi.org/10.1103/PhysRevD.76.074028
https://doi.org/10.1103/PhysRevD.76.074028
https://doi.org/10.1103/PhysRevD.75.114012
https://doi.org/10.1103/PhysRevD.75.114012
https://doi.org/10.1103/PhysRevD.78.074017
https://doi.org/10.1103/PhysRevD.88.014045
https://doi.org/10.1016/j.physletb.2017.10.061
https://doi.org/10.1016/j.physletb.2017.10.061
https://doi.org/10.1103/PhysRevD.50.4412
https://doi.org/10.1103/PhysRevD.59.012001
https://doi.org/10.1103/PhysRevD.59.012001
https://doi.org/10.1016/S0370-2693(02)01821-X
https://doi.org/10.1016/S0370-2693(02)01821-X
https://doi.org/10.1016/S0370-2693(02)01838-5
https://doi.org/10.1016/S0370-2693(02)01838-5
https://doi.org/10.1016/S0370-2693(00)00705-X
https://doi.org/10.1016/S0370-2693(00)00705-X
https://doi.org/10.1016/S0370-2693(00)00334-8
https://doi.org/10.1016/S0370-2693(00)00334-8
https://doi.org/10.1103/PhysRevD.83.032003
https://doi.org/10.1103/PhysRevD.83.032003
https://doi.org/10.1088/1674-1137/36/10/001
https://doi.org/10.1088/1674-1137/36/10/001
https://doi.org/10.1088/1674-1137/41/1/013001
https://doi.org/10.1088/1674-1137/41/1/013001
https://doi.org/10.1088/1674-1137/37/6/063001
https://doi.org/10.1088/1674-1137/37/6/063001
https://doi.org/10.1088/1674-1137/42/2/023001
https://doi.org/10.1088/1674-1137/42/2/023001
https://doi.org/10.1016/S0168-9002(00)00934-7
https://doi.org/10.1016/S0168-9002(00)00934-7
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevD.85.092012
https://doi.org/10.1103/PhysRevD.85.092012
https://doi.org/10.1103/PhysRevD.83.112005
https://doi.org/10.1103/PhysRevD.83.112005
https://doi.org/10.1103/PhysRevD.93.114027

