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Using a data sample of (448.1 +2.9) x 10° y(3686) decays collected by the BESIII detector at the
Beijing Electron Positron Collider (BEPCII), we observe the decays y.; — ¢¢n(J = 0, 1,2), where the v,
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to be By — ¢dn) = (8.41 £0.74 +0.62) x 1074, By, — ¢pdn) = (2.96 £0.43 +0.22) x 1074,
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I. INTRODUCTION

Studies of the properties of c¢ states play an important
role in understanding the interplay between perturbative
and nonperturbative effects in quantum chromodynamics
(QCD). Besides J/y and y(3686) decays [1], the decays of
the y.; (J =0, 1, 2) [2,3] are also valuable to probe a wide
variety of QCD phenomena.

To date, only a few measurements have been performed
for decays of the form y.; — VVP, where V and P denote
vector and pseudoscalar mesons, respectively [1], and no
measurement of the branching fraction for y.; — ¢¢n has
previously been reported. The interest in these final states
arises from the search for glueballs in the ¢¢ invariant mass
(M 44) spectrum. A previous partial wave analysis of the
decay J/y — y¢¢ decay by the BESIII Collaboration [4]
confirmed the existence of the (2225) and observed the
three tensor states f,(2010), f,(2300) and f,(2340),
which were first observed in the process z~p — ¢¢n
[5]. Different experiments also searched for glueballs
decaying to ¢¢ in B decays [6], but none have so far
been observed [7]. Although there are no theoretical
expectations, the decays y.; — ¢¢n may contain contri-
butions from intermediate states decaying to ¢¢ and 5¢,
and observations of the same resonances as those in J/y
decays would provide supplementary and conclusive
information regarding their existence.

Due to abundant y.; production in w(3686) radiative
decays [1], the BESIII experiment provides an ideal place
to search for new y.; decays. The BESIII detector has
collected (448.1 +2.9) x 10° y(3686) decays [8], which
is the world’s largest data sample of w(3686) decays
produced in ete” annihilation. In this paper, we report
the first measurements of the branching fractions of y;
decays to ¢¢pn. The ¢ meson can be reconstructed with
¢ — K"K, ¢p > n"n 7" and ¢ - KOK decays, and the
5 meson with n — yy and n — 7272~ 7° decays. Compared
to the ¢ — K™K~ and  — yy modes, other decay modes
suffer from higher backgrounds and lower detection effi-
ciencies. So in this analysis, the two ¢ mesons and the 7
meson are reconstructed with ¢ - K*K~ and n — yy
processes.

II. DETECTOR AND MONTE CARLO
SIMULATIONS

The BESIII detector is a magnetic spectrometer [9]
located at the Beijing Electron Positron Collider
(BEPCII) [10]. 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(T1) 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 for charged particles and photons is 93%
over a 4z solid angle. The momentum resolution for
charged particles 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.

Large samples of simulated events are produced with a
GEANT4-based [11] Monte Carlo (MC) package that
includes the geometric description of the BESIII detector
and the detector response. These samples are used to
determine the detection efficiency and to estimate the
backgrounds. The simulation includes the beam energy
spread and initial state radiation (ISR) in the eTe™
annihilation modeled with the generator KKkMC [12]. The
“inclusive” MC sample consists of the production of
the y(3686) resonance, the ISR production of the J/y,
and the continuum processes incorporated in KKMC [12].
The known decay modes are modeled with EvtGen [13]
using branching fractions taken from the Particle Data
Group [1], and the remaining unknown decays of the
charmonium states are modeled with LUNDCHARM [14].
The final state radiation (FSR) from charged final state
particles is simulated with the PHOTOS package [15].

For the signal MC samples, the y(3686) — yy., decays
are generated with the electric dipole (E1) transition [16,17]
assumption, where the angular distribution is 1 + Acos®
[18,19]. Here, 9 is the polar angle of the radiative photon in
the rest frame of the y(3686) meson, and Ais 1, —1/3,1/13
for J =0, 1, 2, respectively. The processes y.; — ¢¢n and
n — yy are generated uniformly in phase space.

III. EVENT SELECTION

The cascade decay of interest is y(3686) = yycss Xes —
¢dn, with ¢ — KTK~ and n — yy. Candidate events are
required to have four charged tracks with zero net charge
and at least three photons. Charged tracks in an event are
required to have a polar angle € with respect to the beam
direction within the MDC acceptance | cos 6] < 0.93, and a
distance of closest approach to the interaction point within
10 cm along the beam direction and 1 cm in the plane
transverse to the beam direction. The TOF and dE/dx
information are combined to evaluate particle identification
(PID) confidence levels for the 7 and K hypotheses, and the
particle type with the higher confidence level is assigned to
each track. All charged tracks must be identified as kaons.
Electromagnetic showers are reconstructed from clusters
of energy deposited in the EMC. The energy deposited
in nearby TOF counters is included to improve the
reconstruction efficiency and energy resolution. Photon
candidates must have a minimum energy of 25 MeV in the
barrel region (| cos 8| < 0.80) or 50 MeV in the end cap
region (0.86 < |cosd| < 0.92). To exclude showers from
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charged particles, a photon must be separated by at least 10°
from the nearest charged track. The measured EMC time is
required to be within 0 and 700 ns of the collision time to
suppress electronic noise and energy deposits unrelated to
the event of interest.

A four-constraint (4C) kinematic fit imposing overall
energy-momentum conservation is performed with the
yryK K=K K~ hypothesis, and the events with y3 <
40 are retained. The requirement is based on the optimi-
zation of the figure of merit (FOM), FOM = N, /\/Nq,
where N, and N, are the number of signal events and
total number of events estimated from the signal MC
sample and data, respectively. For events with more than
three photon candidates, the combination with the smallest
Xic is retained. Further selection criteria are based on the
four-momentum updated by the kinematic fit.

After the above requirements, the n candidate is recon-
structed in its decay to yy using the yy pair with invariant
mass M, closest to the nominal 7 mass [1]. The 5 signal
region is defined as 0.52 < M,, < 0.58 GeV/c?, with its
half width approximately three times larger than the
detector resolution (o, = 10 MeV/ c?). Figure 1(a) shows
a fit to the M, distribution. In the fit, the signal shape is
modeled by the MC-simulated line shape convolved with a
Gaussian function with free width and the background is
described by a linear function. The two signal ¢ candidates
are chosen from the combination with the minimum
value of AM? = (MK,*K; —my)*+ (MKT_iKT_,- —my)?*, where
M+ k- is the invariant mass of K* K™, m, is the nominal ¢
mass [1], and i, j can be O or 1. In each event, one of the ¢
candidates is randomly chosen to be ¢; with the other ¢,.
MC studies show that the miscombination rates for both 7
and ¢ candidates are no more than 0.1%. The ¢ signal
region is defined as 1.005 < Mg+x- < 1.035 GeV/c?, with
its half width about three times the sum of the detector
resolution (6, =1 MeV/ ¢?) and intrinsic width [I].
Figure 1(b) shows the fit to the M g k- distribution obtained
when one of the two combinations is randomly selected.
In the fit, the signal shape is modeled as a P-wave
Breit-Wigner convolved with a Gaussian function, and
the background shape is represented by the function
b(Mygig-) = (Mg - —2mg)¢e™™Mi+x- | where my is the
nominal K mass [1], and ¢ and d are free parameters. The
two-dimensional (2D) ¢ signal region is shown as the area
A in Fig. 2, where Mg+g-() and Mg+g-(») denote the
invariant masses of the randomly assigned K*K~(1) and
K"K~ (2), respectively.

The mass recoiling against the # is required to be less
than 3.05 GeV/c? to suppress background from the decay
w(3686) — nJ/w.J/w — y¢¢. All combinations of M,,
are required to be outside the range [0.115,0.150] GeV/c?
to suppress background events with z° decays, and the
invariant mass of yxy must be outside the range

150
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o
o

Events/(5.0 MeV/c?)

Y TS

0.5 0.55 , 0.6 0.65
M,, (GeV/c)
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N
Ol e

200fF
150 (b)

100

o
o

Events/(2.0 MeV/c?)
L L S

D —

1 1.05 1.1
M (GeV/c?)

FIG. 1. Fits to (a) M,, and (b) M+g-, where one of the two
combinations is randomly selected. The dots with error bars are
from data, the red lines are the best fit results, and the long dashed
green lines are the background shapes. The red arrows show the
signal region, and the dashed blue arrows show the sideband
regions.

[1.00,1.04] GeV/c? to suppress background from the
decay w(3686) — ¢, where one ¢ decays to yr.

A total of 495 candidate events survive in the RI1
region, which corresponds to the area A with M,, in
the signal region, as shown in Fig. 3(a). The distributions

1.08

1.06

1.04

M k(1) (GeV/c?)

1.02

P IR \}.\ PR N ST SR AT SN ST S NS
1 102 1.04 106  1.08 1.1

M- (o) (GEV/C?)

FIG. 2. Distribution of Mg+g-(1) VS8 Mg+g-(2)- The solid red
rectangle (area A) and dashed blue rectangles (areas B) denote the
2D ¢ signal region and 2D ¢ sideband regions, respectively. The
hatched pink rectangle (area C) is where both My g-(;) and
M+k-(2) lie in the ¢ sideband region.
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FIG. 3. Fits to the M 44+ k-, distributions for (a) the R1 region,
(b) the R2 region, and (c) the R3 region. The dots with error bars
are from data, the solid red lines are the best fit results, and the
long dashed green lines are the fitted backgrounds.

of M}, vs M, from the three y., states are depicted in

Fig. 4, where the signal regions of y ., v.1, and y ., are de-
fined as [3.38, 3.45], [3.48, 3.54], and [3.54, 3.60] GeV/c?
for the invariant mass M y,,, respectively.

w O O
T

(GeV?/ch

no,
w H» 0 o
T

2

3 4 5 6 3 4 5 6
Mfl o (GeV?/ch)
2
FIG. 4. Distributions of M, vs My, for y.; — ¢¢n decays

within the signal regions of (a) y., (b) .1, and (¢) y.», as well as
(d) the overall region [3.3,3.6] GeV/c2.

IV. BACKGROUND AND SIGNAL YIELDS

According to a study of the inclusive MC sample,
consisting of 5.06 x 10® y(3686) decays, the background
sources can be categorized into two classes. Class I
background is from events that do not form an # signal
in the M, distribution. This background is estimated using
events in the » sideband regions of M,, € [0.47,0.50] U
[0.60,0.63] GeV/c?. Class I background arises from
decays having only one ¢ present, which is described
using events in the 2D ¢ sideband regions (the areas B of
Fig. 2), where one M g+ - lies in the ¢ signal region and the
other is in the ¢ sideband region of My+g- € [1.045,
1.075] GeV/c?. Since there are no events observed in the
area C of Fig. 2, in which both M g+ - lie in the ¢ sideband
region, we ignore this contribution.

The possible quantum electrodynamics (QED) processes
under the y(3686) peak consist of the peaking and non-
peaking parts. According to the Born cross sections
measured by the BESIII [20] and Belle experiments [21]
and the nominal solution below, the upper limits on the
numbers of events at 90% confidence level are estimated to
be less than 0.1 for the QED peaking eTe™ — yy.;
processes, and thus their contributions can be negligible.
The QED nonpeaking processes that do not have the y,;
signals, like ete™ — yg¢n, can contribute to the flat
distributions in Fig. 3. The QED processes are also studied
using a 48.8 pb~! off-resonance data sample taken at a
center-of-mass energy of 3.65 GeV [22], where the scaling
factor of the integrated luminosity is 0.07 compared with
the y(3686) data sample [8]. But no events survive after
applying the same event selection criteria.

The signal yields are obtained from unbinned maximum
likelihood fits to the M 4k k-, spectra, where at least one of
the ¢ candidates has an invariant mass within the signal
window. The fits are performed in the R1, R2, and R3
regions, where the latter two regions correspond to the area
A with M, in the sideband regions, and the areas B with
M,, in the signal region, respectively. In the fits, the signal
shape in the M ;k+ k-, distribution is extracted from signal
MC simulations, and the background shape is modeled as a
constant, where the background is from the events that do
not form the y.; signals, such as other y(3686) decays
and the possible QED nonpeaking processes. Figure 3
shows the fit results. The contribution of the areas B with
M,, in the sideband region is negligible, since there are
only two events. The signal yields for y.; — ¢¢n decays
are estimated by

Nzlt%s:Ngbls_fRZ'Nggs_fR3'N§€s’ (1)

where N[, is the number of observed events for the
corresponding r region (r = R1, R2, or R3), and both

the normalization factors fr, and fr3 are 1.0, which have
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TABLE 1. The numbers of observed events for different regions
in y.; — ¢¢n decays, as well as their statistical significances
(Sig.). The errors are statistical only.

Mode N Ebls N 5[)25 N Egs Slg
X0 201.2 £ 15.6 0.0£0.9 14.6 +£4.7 18¢
Zel 108.04+11.0  8.6+3.1 15.8 +4.2 100
X2 160.7 £ 13.2 1.5+1.5 156 +£4.2 170

been evaluated from the ratios of the background yields in
the # and 2D ¢ signal and sideband regions, respectively.
The numbers of events obtained by the fits to M yx+ k-, in
different regions for y.; — ¢¢n decays are summarized in
Table I, along with their statistical significances.

V. BRANCHING FRACTIONS

The branching fractions for y.; — ¢¢n decays are
determined by
Nsig

— obs (2)
Ny 3ese) - Bo - €’

By ~pen

where N, 3636) is the total number of y(3686) decays,
By =58 3686)—>y;((,85)_)K+K_B,1_,W is the product of the

branching fractions cited from the world average values
[1], and € is the detection efficiency.

In order to obtain the best possible estimate for the
detection efficiencies, the signal MC samples are corrected
in two aspects:

(i) The track helix parameters [23] are modified to
reduce the difference of the kinematic fit yj-
between the data and MC sample, where the
correction factors for their resolutions are obtained
from a clean control sample of the yw(3686) —
KTK~n"x~ decay.

(i1) Taking into account E1 transition effects on the line
shapes of y.; mesons generated with the Breit-

E, .
?’1‘0)3 [24] is
applied to the Myg+k-,, spectra, where E,; is the
radiative photon’s energy in the rest frame of the
w(3686) meson without detector reconstruction
effects, and E, o is the most probable transition

Wigner functions, a weighting factor (

energy,
E(Z:ms - m,
E, o =—F7. (3)
! 2Ecms
Here m,, , are the nominal masses of the y.; mesons [1],

and E is the center-of-mass energy of 3.686 GeV. The
detection efficiencies are determined to be (5.30 & 0.02)%,
(6.77 £0.03)%, and (6.62+0.03)% for y.o, x.i» and
X2 — ¢¢n decays, respectively.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty include the total
number of y(3686) decays, the MDC tracking efficiency,
PID efficiency, photon detection efficiency, # and ¢ mass
requirements, kinematic fit, fit procedure, peaking back-
ground estimation, and cited branching fractions.

The total number of y/(3686) decays is N, 36s6) =
(448.1 4+ 2.9) x 10° [8], which is determined by counting
hadronic events. The systematic uncertainty is 0.6%.

The control samples of J/y — KOK*2 7, K) — ntzn~
decays [25] have been used to investigate the MDC
tracking efficiency, and the difference of 1% per K* track
between the data and MC simulation is assigned as the
systematic uncertainty. By means of the same control
sample, the uncertainty due to PID efficiency is estimated
to be also 1% per K= track. The systematic uncertainty
from the photon detection efficiency is determined to be 1%
per photon utilizing a control sample of J/y — p°z° with
p° = ata™ and 7° = yy [26].

The systematic uncertainty arising from the # (¢) mass
requirement is evaluated by changing the mass resolution
and shifting the mass window. In the nominal fit, the #
signal shape is described as the shape derived from signal
MC simulation convolved with a Gaussian function, and
the ¢ signal shape is modeled as a P-wave Breit-Wigner
function convolved with a Gaussian function. Alternative
fits are performed by modeling the # signal shape with the
shape from signal MC simulation, changing the width of
the Gaussian function for the ¢ signal shape to that
obtained from the signal MC sample, and varying the
n (¢) mass window by the respective mass resolution
obtained in the fit to the signal shape. The difference of the
efficiency of the # (¢)) mass requirement between the data
and MC sample is taken as the systematic uncertainty from
the 17 (¢) mass requirement.

In the nominal analysis, the track helix parameters for
charged tracks from signal MC samples are modified to
improve the agreement between the data and MC simu-
lation. An alternative detection efficiency is obtained with
no modification to the track helix parameters, and the
difference is assigned as the systematic uncertainty asso-
ciated with the kinematic fit.

The sources of systematic uncertainty from the fit
procedure include the signal shape, background shape,
and the fit range.

(1) In the nominal fit, the y.; signal shape is modeled
with the MC simulation. An alternative fit is
performed with the MC simulation convolved with
a Gaussian function with free width, and the differ-
ence of the signal yield is taken as the systematic
uncertainty from the y,; signal shape.

(i) Different order Chebyshev functions instead of a
constant are used in the alternative fits to describe
the background. The largest difference of the signal
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TABLE II. Relative systematic uncertainties on the measured
branching fractions of y.; — ¢¢n decays (in percent).

Source X0 Xel Xe2
Ny, (3686) 0.6 0.6 0.6
MDC tracking 4.0 4.0 4.0
PID 4.0 4.0 4.0
Photon detection 3.0 3.0 3.0
n mass requirement 0.2 0.2 0.2
¢ mass requirement 0.2 0.2 0.2
Kinematic fit 1.3 1.4 0.7
Fit procedure 1.0 0.9 1.2
Peaking backgrounds 1.3 0.9 0.9
Cited branching fractions 2.9 3.1 29
Total 7.4 7.4 7.3

yield is assigned as the systematic uncertainty from
the background shape.

(iii) The fit ranges are varied from [3.3,3.6] GeV/c? to
[3.25, 3.61] or [3.35,3.6] GeV/c?. The largest
difference of the signal yield is taken as the
systematic uncertainty associated with the fit range.

The quadratic sum of the above three systematic uncertainties
is taken as the systematic uncertainty from the fit procedure.

In the nominal fit, events in the # sideband and 2D ¢
sideband regions are used to estimate contributions from
peaking background sources with no 7 signal and only one
¢ signal, respectively. Alternative fits are performed by
varying the width of the 7 (¢) sideband regions within one
standard deviation of the corresponding mass resolution,
and the largest difference of the signal yield is taken as the
corresponding systematic uncertainty. The quadratic sum of
the two cases is taken as the systematic uncertainty from
peaking backgrounds.

The uncertainties associated with the branching fractions
of w(3686) — yx.;, ¢ > K*K~ and n — yy are extracted
from the world average values [1]. The systematic uncer-
tainty due to the trigger efficiency is negligible according to
the studies in Ref. [27].

The total systematic uncertainty on the measured branch-
ing fractions for y.; — ¢¢n decays is the quadratic sum of
each individual contribution, as summarized in Table II.

VII. RESULTS AND DISCUSSION

The measured branching fractions of y.; — ¢¢n decays
are summarized in Table III, where the first uncertainties
are statistical, and the second are systematic.

TABLE III. Summary of the resulting branching fractions for
Xes = ¢ decays.

Mode B(x1074)

Xeo = dPn 8.41 £0.74 £ 0.62
Xe1 = o 2.96 +£0.43 £0.22
X2 = ¢n 5.334+0.52+£0.39

40 T ; ; T 7 60—
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m %o ©)7 4o
20F + 1 30¢
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‘ t ] 10¢
0.0 . . . 1 Qi . . . ¥
22 24 2.62 2.8 16 18 2 22.2 2.4
M, , (GeV/c) M, , (GeV/cY)
FIG. 5. Comparison of the M, and M, spectra for data (dots

with error bars) and signal MC (solid red lines) samples within
the (a),(b) y.0, (¢),(d) y.1, and (e),(f) y., signal regions.

Figure 5 shows the projections on the M, and M,
spectra. There are two combinations of M, for each event.
Compared with those from the signal MC samples, some
excesses in data are observed. However, considering the
limited statistics, it is hard to draw a conclusion that
intermediate states appear in y.; — ¢¢n decays. Perhaps
in the future, utilizing more data samples, it would be
worthwhile to combine other ¢ and # decay modes, such as
¢p—naa’, ¢ - KIKY, and n — n"x 2" decays, to
perform a partial wave analysis of y.; — ¢¢n decays, so
that we can make clear conclusions on the existence of
intermediate states.

VIII. SUMMARY

In summary, the decays y,.; — ¢¢n have been measured
for the first time through y(3686) radiative decays, based on
4.48 x 10% w(3686) decays collected with the BESII
detector. The resulting branching fractions are (8.41+
0.74 +£0.62) x 1074, (2.96 +£0.43 £0.22) x 10™*, and
(5.334£0.52£0.39) x 10™* for y. 912 — ¢¢n decays,
where the first and second uncertainties are statistical and
systematic, respectively. At the present level of statistics, no
obvious resonant structure is observed in the M, or M
spectra.

ne

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center 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. 11805037, No. 11625523,
No. 11635010, No. 11735014, No. 11822506, and

012012-8



OBSERVATION OF THE DECAYS y.; = ¢¢n

PHYS. REV. D 101, 012012 (2020)

No. 11835012; the Chinese Academy of Sciences (CAS)
Large-Scale Scientific Facility Program; Joint Large-Scale
Scientific Facility Funds of the NSFC and CAS under
Contracts No. U1832121, No. U1632107, No. U1532257,
No. U1532258, No. U1732263, and No. U1832207; CAS
Key Research Program of Frontier Sciences under
Contracts No. QYZDJ-SSW-SLH003 and No. QYZDJ-
SSW-SLHO040; 100 Talents Program of CAS; the Institute
of Nuclear and Particle Physics (INPAC) and Shanghai Key
Laboratory for Particle Physics and Cosmology; ERC
under Contract No. 758462; German Research
Foundation DFG under Contracts No. Collaborative
Research Center CRC 1044 and No. FOR 2359; Istituto
Nazionale di Fisica Nucleare, Italy; Koninklijke

Nederlandse Akademie van Wetenschappen (KNAW)
under Contract No. 530-4CDP03; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; National Science and Technology fund; STFC
(United Kingdom); the Knut and Alice Wallenberg
Foundation (Sweden) under Contract No. 2016.0157; the
Royal Society, UK, under Contracts No. DH140054 and
No. DH160214; the Swedish Research Council; U.S.
Department of Energy under Contracts No. DE-FGO2-
05ER41374, No. DE-SC-0010118, and No. DE-SC-
0012069; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt.

[1] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[2] W. Braunschweig et al. (DASP Collaboration), Phys. Lett.
57B, 407 (1975).

[3] G.J. Feldman et al. (Mark I Collaboration), Phys. Rev. Lett.
35, 821 (1975).

[4] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 93,
112011 (2016).

[5] A. Etkin et al., Phys. Rev. Lett. 41, 784 (1978); Phys. Lett.
165B, 217 (1985); Phys. Lett. B 201, 568 (1988).

[6] C.-K. Chua, W.-S. Hou, and S.-Y. Tsai, Phys. Lett. B 544,
139 (2002).

[7] H.-C. Huang et al. (Belle Collaboration), Phys. Rev. Lett.
91, 241802 (2003); B. Aubert et al. (BABAR Collaboration),
Phys. Rev. Lett. 97, 261803 (2006); R. Aaij et al. (LHCb
Collaboration), J. High Energy Phys. 03 (2016) 040.

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

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

[10] C.H. Yu et al., Proceedings of IPAC2016, Busan, Korea
(2016), https://dx.doi.org/10.18429/JACoW-IPAC2016-
TUYAOL.

[11] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. Ins-
trum. Methods Phys. Res., Sect. A 506, 250 (2003).

[12] S. Jadach, B.F.L. Ward, and Z. Was, Phys. Rev. D 63,
113009 (2001); Comput. Phys. Commun. 130, 260 (2000).

[13] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001); R. G. Ping, Chin. Phys. C 32, 599 (2008).

[14] J.C. Chen, G.S. Huang, X.R. Qi, D. H. Zhang, and Y. S.
Zhu, Phys. Rev. D 62, 034003 (2000); R.L. Yang, R.G.
Ping, and H. Chen, Chin. Phys. Lett. 31, 061301 (2014).

[15] E. Richter-Was, Phys. Lett. B 303, 163 (1993).

[16] E. Eichten, S. Godfrey, H. Mahlke, and J. L. Rosner, Rev.
Mod. Phys. 80, 1161 (2008).

[17] M. Oreglia, E. Bloom, F. Bulos, R. Chestnut, J. Gaiser, G.
Godfrey et al., Phys. Rev. D 25, 2259 (1982).

[18] G. Karl, S. Meshkov, and J. L. Rosner, Phys. Rev. D 13,
1203 (1976).

[19] M. A. Doncheski, H. Grotch, and K. J. Sebastian, Phys. Rev.
D 42, 2293 (1990).

[20] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 39,
041001 (2015).

[21] Y.L. Han et al. (Belle Collaboration), Phys. Rev. D 92,
012011 (2015).

[22] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 96,
112012 (2017).

[23] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87,
012002 (2013).

[24] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 96,
092007 (2017).

[25] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87,
052005 (2013).

[26] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 81,
052005 (2010).

[27] N. Berger, K. Zhu, Z.-A. Liu, D.-P. Jin, H. Xu, W.-X. Gong,
K. Wang, and G.-F. Cao, Chin. Phys. C 34, 1779
(2010).

012012-9


https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/0370-2693(75)90482-7
https://doi.org/10.1016/0370-2693(75)90482-7
https://doi.org/10.1103/PhysRevLett.35.821
https://doi.org/10.1103/PhysRevLett.35.821
https://doi.org/10.1103/PhysRevD.93.112011
https://doi.org/10.1103/PhysRevD.93.112011
https://doi.org/10.1103/PhysRevLett.41.784
https://doi.org/10.1016/0370-2693(85)90723-3
https://doi.org/10.1016/0370-2693(85)90723-3
https://doi.org/10.1016/0370-2693(88)90619-3
https://doi.org/10.1016/S0370-2693(02)02499-1
https://doi.org/10.1016/S0370-2693(02)02499-1
https://doi.org/10.1103/PhysRevLett.91.241802
https://doi.org/10.1103/PhysRevLett.91.241802
https://doi.org/10.1103/PhysRevLett.97.261803
https://doi.org/10.1007/JHEP03(2016)040
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/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://dx.doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://dx.doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://dx.doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://dx.doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://dx.doi.org/10.18429/JACoW-IPAC2016-TUYA01
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.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1103/PhysRevD.62.034003
https://doi.org/10.1088/0256-307X/31/6/061301
https://doi.org/10.1016/0370-2693(93)90062-M
https://doi.org/10.1103/RevModPhys.80.1161
https://doi.org/10.1103/RevModPhys.80.1161
https://doi.org/10.1103/PhysRevD.25.2259
https://doi.org/10.1103/PhysRevD.13.1203
https://doi.org/10.1103/PhysRevD.13.1203
https://doi.org/10.1103/PhysRevD.42.2293
https://doi.org/10.1103/PhysRevD.42.2293
https://doi.org/10.1088/1674-1137/39/4/041001
https://doi.org/10.1088/1674-1137/39/4/041001
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.96.112012
https://doi.org/10.1103/PhysRevD.96.112012
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.96.092007
https://doi.org/10.1103/PhysRevD.96.092007
https://doi.org/10.1103/PhysRevD.87.052005
https://doi.org/10.1103/PhysRevD.87.052005
https://doi.org/10.1103/PhysRevD.81.052005
https://doi.org/10.1103/PhysRevD.81.052005
https://doi.org/10.1088/1674-1137/34/12/001
https://doi.org/10.1088/1674-1137/34/12/001

