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Based on (448.1 +2.9) x 10% y/(3686) events collected with the BESIII detector operating at the
BEPCII collider, the decay y(3686) — qﬁKgK(S) is observed for the first time. Taking the interference
between y(3686) decay and continuum production into account, the branching fraction of this decay is
measured to be B(y(3686) — ¢pKIKY) = (3.53 £0.20 £0.21) x 1075, where the first uncertainty is
statistical and the second is systematic. Combining with the world average value for B(J/y — gbK(S)K(S)),
the ratio B(y(3686) — ¢KIKY)/B(J/w — ¢pKIKY) is determined to be (6.0 £ 1.6)%, which is sup-

pressed relative to the 12% rule.

DOI: 10.1103/PhysRevD.108.052001

I. INTRODUCTION

The J/y and w(3686) are nonrelativistic bound states of
a charm and an anticharm quark, called charmonium.
Experimental measurements of the decays of charmonium
states y [which denotes both the J/y and w(3686)] can
provide an ideal laboratory to study the dynamics of strong
force physics, validate models and test various aspects of
quantum chromodynamics (QCD) [1,2]. Since the discov-
ery of the (3686) in 1974 [3], it has been studied for over
40 years. However, there are still problems and puzzles that
need to be understood [4].

Perturbative QCD predicts that both the J/w and
w(3686) decay into light-hadron final states with a
width proportional to the square of the wave function at
the origin [5,6]. This yields the widely known “12% rule”:

~

Qh = By/(3686)—>h/Bl/1/1—>h = By/(3686)—>e+e’/BJ/y/—>e+e’ =
13.3% [7], where h denotes any exclusive hadronic decay
mode. Although this relation is expected to hold to a
reasonably good degree for both inclusive and exclusive
decays [8], it fails severely in the case of vector-pseudo-
scalar meson final states, such as pz [9]. With the recent
experimental results on J/w and y(3686) two-body
decays, such as the vector-tensor channel [10], the pseu-
doscalar-pseudoscalar channel [11], baryon-antibaryon
mode [12], and multibody decays such as ¢pztz~, ppr°
[13], etc., extensive tests of the 12% rule have been
performed. The ratios Q, for some decay modes are
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suppressed, some are enhanced, while others obey the
12% rule. More experimental results are still desirable to
test the 12% rule and further investigate charmonium decay
mechanisms [4].

In this work, we present the first observation and
branching fraction (BF) measurement of the decay
w(3686) — pKIKY by analyzing (448.14+2.9) x 10°
w(3686) events collected with the BESIII detector in
2009 and 2012 [14]. In addition, the 12% rule in the decay
w(3686) — pKSKY are tested.

II. BESIIT EXPERIMENT AND MONTE
CARLO SIMULATION

The BESIII detector [15] records symmetric ete™
collisions provided by the BEPCII [16] storage ring
in the c.m. energy range from 2.00 GeV to 4.95 GeV,
with a peak luminosity of 1 x 10* cm=2s~! achieved
at /s = 3.77 GeV.

The cylindrical core of the BESIII detector covers 93%
of the full solid angle and consists of a helium-based
multilayer drift chamber (MDC), a plastic scintillator
time-of-flight (TOF) system, and a CsI(TI) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-
return yoke with resistive plate counter muon identifi-
cation modules interleaved with steel. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the dE/dx
resolution is 6% for 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 in the TOF barrel region is 68 ps, while that in
the end cap region is 110 ps.

Simulated data samples produced with a Geant4-based
[17] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector [18,19]
and the detector response, are used to determine detec-
tion efficiencies and to estimate backgrounds. The sim-
ulation models the beam energy spread and initial state
radiation in the e™e™ annihilations with the generator
KKMC [20].
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The inclusive MC sample includes the production of the
w(3686) resonance, the initial state radiation production of
the J/w, and the continuum processes incorporated in
KKMC [20]. All particle decays are modeled with EvtGen
[21,22] using BFs either taken from the Particle Data Group
(PDG) [7], when available, or otherwise estimated with
LUNDCHARM [23,24]. Final state radiation from charged
final state particles is incorporated using the PHOTOS
package [25]. To determine the detection efficiency for
the signal process, 2 x 103 signal MC samples are gen-
erated with a modified data-driven generator BODY?3
[21,26], which could simulate contributions from different
intermediate states in data for a given three-body final state.
Data sets collected at center-of-mass energies ranging
from 3.508 GeV to 3.773 GeV are used to estimate the
contribution from continuum processes. The y(3686) scan
data sets ranging from 3.670 GeV to 3.710 GeV are used
to estimate the phase angles between continuum pro-
cesses and the w(3686). The total integrated luminosity
for all data except 3.773 GeV and psi(3686) scan data is
504.6 pb~!, while the integrated luminosity for 3.773 GeV
is 2931.8 pb~! [27] and the average integrated luminosity
for y(3686) scan data is 92.2 pb~!.

III. EVENT SELECTION
AND DATA ANALYSIS

To select candidate events for y(3686) — ¢pKIKY, the ¢
and K(S) mesons are reconstructed using their decays to
K*tK~ and ntz~, respectively.

Each candidate signal event is required to have at least
six charged tracks. The charged tracks detected in the
MDC are required to be within a polar angle (0) range of
|cos | < 0.93, where 0 is defined with respect to the z
axis, which is the symmetry axis of the MDC. The
charged tracks from the ¢ - K"K~ decay are required to
have a distance of closest approach to the interaction
point (IP) less than 10 cm along the z axis (|V,|) and less
than 1 cm in the transverse plane (|V,,|). The dE/dx
information recorded by the MDC and the time-of-
flight information in the TOF are used for particle
identification (PID), and the charged tracks are assigned
as kaons when the kaon hypothesis has a greater like-
lihood, ie., L(K) > L(x).

The charged pions used for Kg reconstruction are
required to have a greater likelihood for the pion hypoth-
esis, i.e., L(z) > L(K). Both pions must satisfy |cos 6] <
0.93 and |V.| <20 cm and their trajectories are con-
strained to originate from a common vertex by applying
a vertex fit [28]. The invariant mass of the z*z~ pair M+ .-
needs to be in the range (0.45,0.55) GeV/c?. Here, M+ -
is calculated with the pions constrained to originate at the
decay vertex. The K9 candidate is then formed and the
opposite direction of its momentum is constrained to point
to the IP. The decay length of the K g candidate is required
to be greater than twice the vertex resolution.

g ~0
B "
) > 15
= ()
2 So.
g g 10
®
g | 20.48 ‘
= | } 5
I
0.46
s—wa‘ LTT’|\|\L|’\| 0
046 048 050 052 054 046 048 050 052 054
M,..(GeV/c?) Mn.n.(l,(GeV/cz)
(a) (b)

FIG. 1. (a) The distribution of M ,-, where the signal region
is defined as M, , € (0.486,0.510) GeV/c> and the
sideband regions are defined as M,,- € (0.454, 0.478) or
(0.518,0.542) GeV/c?, respectively. The black points with error
bars are data. The blue solid curve is the signal MC. The green
dashed curve is the inclusive MC. The pair of red arrows shows
the signal region, and the two pairs of pink dashed arrows show
the sideband region. (b) The 2D distribution of M+ ,-(1) vs.
M +-(5) (the subscripts 1 and 2 indicate the two z"z~ com-
binations, respectively) in the signal and sideband regions. The
red solid rectangle shows the 2D signal region where both K(S)
candidates are required to be in the range (0.486,0.510) GeV/c?,
and the pink dashed rectangles show the 2D sideband regions
where both K9 candidates are required to be in the range of
(0.454, 0.478) or (0.518,0.542) GeV/c>.

A four-constraint (4C) kinematic fit imposing energy
and momentum conservation is performed. The helix
parameters of the charged tracks in the MC events are
corrected to improve the consistency with data. The
correction factors for K* are cited from Ref. [29], while
the correction factors for 7+ are determined by studying
the w(3686) — ntn~ KK, K% — ntn~ process. The
events satisfying y%. < 50 are kept for further analysis.
If there are multiple candidates in an event, the one with
the smallest yj. is kept for further analysis.

Analysis of the y(3686) inclusive MC sample with an
event type examination tool, TopoAna [30], indicates that the
main background events come from y(3686) — 7z~ J/w
with J/w — ¢ztn~, ¢ - K+ K~. The background events,
however, do not contain a K3K9 pair and can thus be
described by K%KY sideband events. The one-dimensional
distribution of M .+ - for the Kg candidates in the signal and
sideband regions is shown in Fig. 1(a). The two-dimensional
(2D) M .+ .- distribution for the two K g candidates is shown
in Fig. 1(b), where the signal region in the red solid rectangle
indicates that both K9 candidates are required to satisfy
M, € (0.486,0.510) GeV/c? (marked as Sig). The
size of the signal region corresponds to three times the
resolution around the known Kg mass [7]. The 2D sideband
region is defined as M,-,- € (0.454,0.478) GeV/c? or
(0.518,0.542) GeV/c? (marked as B; with i = 1, 2, 3, 4),
where both K candidates lie in the sideband region.
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FIG. 2. The Mg+ k- distribution for the accepted candidates in
the 2D K9 signal region for the y(3686) data. The black points
with error bars are data. The red solid curve is the signal MC.

Figure 2 shows the distributions of Mg+ g- in the 2D K g
signal region. The background rate determined by fitting to
the Mg+~ distributions was found to be extremely low,
reaching a value of 107°. In the fit, the ¢ signal shape was
described with the MC signal shape convolved with a
parameter-floating Gaussian function, and the background
was described with a first-order polynomial function.
This low background level allows us to directly count
the number of signal events in the 2D Kg signal region
without considering any significant background contribu-
tions. The number of net y(3686) - ¢KIKY candidate

events is given by N' %) — N'S’/ié%gﬁ)—Nﬁ;“@, where
Nzgé%%) is determined by counting the events left in the

2D Kg signal region and N‘{)'lf?%) is estimated with the

mean value of the background events in the sideband
regions defined in Fig. 1(b), i.e., N’l’)’k(;’ﬁ%) = > B;/4 (with

i=1,2.3,4). For N0 and N}
1023 £ 32 and 0, respectively.
To investigate the background from the continuum

processes [14] eTe™ — $KIK?, the same selection criteria

, the values are

TABLE L. The continuum background estimation for each data
set, where Ecy is the center-of-mass energy; L., is the
integrated luminosity, N, is the number of signal events in
the 2D K% signal region after subtracting the backgrounds
estimated with the sideband method, f, is the scale factor for
each energy point, and N, is the continuum contribution
calculated with N o x f,.

ECM (GCV) ‘Ccont (pb_l) Nnet fc Nconl
3.508 183.64 32+6 3.30 106 £ 20
3.510 181.79 28 £7 3.34 94 +23
3.539 25.50 7+3 24.17 169 + 72
3.553 42.56 10+3 14.59 146 + 44
3.554 27.24 1+£1 22.81 23 +£23
3.650 43.88 14+4 1494 209 £+ 60
3.773 2931.80 465 £ 22 0.24 112 +5

and sideband definition are applied on the off-resonance
data samples. The obtained values of signal yields N
from the continuum data samples are listed in Table 1. A
scale factor f,. is considered to account for the energy
dependence of the cross section.

Ly, 3686) e
fc _ w( 5 _cont ’ 1
ECOﬂt ( )

n
S (3686)

where L,,(3636) [14] and L,y are the integrated lumi-
nosities for the w(3686) and continuum data samples,
and s,,(3686) and scop are the squares of the corresponding
c.m. energies. We use n = 1 in the nominal result, which
corresponds to a 1/s dependence for the continuum cross
section. The impact of this assumption for n will be
considered as a source of systematic uncertainty. The
calculated results for N, estimated from different data
sets are listed in the last column of Table I. To combine
these different N, into an average combined result
Neont» We use a weighted average method where the
weights for each N, are proportional to the inverse
square of the corresponding uncertainties. The N, is
determined to be 108 £ 5.

Figure 3 shows the Dalitz plots for the accepted
candidates in data and BODY3 signal MC samples. The
one-dimensional projections of the Dalitz plots are shown
in Fig. 4. The detection efficiency for y(3686) — ¢K3IK?
is determined to be (18.50 £ 0.09)%, where the uncertainty
comes from the MC statistics.

The interference between the y(3686) decay and the
continuum production e*e™ — ¢K3IKY is considered by
fitting to the cross sections in the vicinity of the
w(3686), followed the method in Ref [31]. The fit
yields two solutions for the phase angle between the
w(3686) and continuum processes, corresponding to a
constructive interference of (83 4 11)° and a destructive
interference of —(85+9)° (with more details in
Appendix). The former is determined to be the physical
one by the isospin symmetry with the decay of
w(3686) —» K"K~ [7]. The interference contribution
is estimated by scaling the continuum contribution with
the ratio of the cross sections between the interference
term and the continuum process. It is determined to
be Niyer = 228 £ 24.

The BF of y(3686) — ¢KOKY is determined by

v (3686) <
Nnet - Ncont - Ninter

2
w(3686) “ € Bpokk- Byo_ e

. ()

By/(3686)->,/;1<gkg = N

where NV _ Ny = 687 & 40 is the net num-

ber of w(3686) - PKIKY, N, (386 = (448.1 £2.9) x
105 is the total number of w(3686) events [14],
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FIG. 4. Invariant mass distributions for (a) M(¢K%,) (b) M(pK%,) (¢) M(K3KY). The points with error bars are data, the red

histograms are the BODY3 signal MC.

By-k+k-» and Byo_ .+, are the BFs of ¢ — K"K~ and
K — zta~ quoted from the PDG [7], and & = (18.50 &

0.5) is the detection efficiency for w(3686) — ¢KIKY.
Based on these numbers, we can obtain Bv,<3686)_"/,,(2 K, =

(3.53 +£0.20) x 1075.

IV. SYSTEMATIC UNCERTAINTY

The systematic uncertainties are evaluated from a variety
of sources, as summarized in Table II.

The MDC tracking and PID efficiencies for kaons
are studied using a control sample of J/y — KYK*x,
Kg — gtx~. The difference in the tracking or PID
efficiencies between data and MC simulation is assigned
as individual systematic uncertainties, which is 1.0% for
both tracking and PID per kaon. The PID efficiency for
pions is determined based on studies of a control sample
of J/w — ntn~x°. The difference in the PID efficiencies
between the data and MC simulation, 1.4%, is assigned
as the corresponding systematic uncertainty for the
four pions.

The efficiency of K9 reconstruction is estimated using a
control sample of J/y — K*(892)TK*, K*(892)T —
K97¥F [32]. The uncertainty includes the tracking efficiency
for zt z~, the requirement of M- - and the requirement on

TABLE II. Relative systematic uncertainties in the BF meas-
urement.
Source Uncertainty (%)
K* tracking 2.0
K* PID 2.0
7+ PID 1.4
K reconstruction 23
N (3686) 0.7
BODY3 generator 3.6
4C kinematic fit 1.3
f, factor 0.4
MC statistics 0.5
BPPS(KY - 7t 7) 0.2
BPS(¢p - KYK™) 1.0
Interference 2.1
Total 6.0
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the K9 decay length. The difference in the K9
reconstruction efficiencies between the data and MC
simulation, 1.2% per K9, is taken as the systematic
uncertainty, which is assigned to be 2.3%.

The number of y(3686) events is determined from an
analysis of inclusive hadronic y(3686) decays. The uncer-
tainty of the number of y(3686) events, 0.7% [14], is taken
as the systematic uncertainty. The systematic uncertainty of
the BODY3 MC model comes from the range and the bin
divisions of the input Dalitz plot. The uncertainty is
estimated by changing the bin size by 20% and taking
alternative ranges at the same time. The maximum change
of efficiency is taken as the uncertainty, which is 3.6%.

The systematic uncertainty of the 4C kinematic fit is
determined by varying the helix parameters by 4-1 standard
deviation. The maximum change of signal efficiency, 1.3%,
is taken as the corresponding systematic uncertainty. The
systematic uncertainties due to the scale factor f,. for the
continuum background originate from the uncertainty of
luminosity and the uncertainty of energy dependence for
the continuum cross section. The systematic uncertainty
originating from the luminosity is estimated by recalculat-
ing the BF after changing the luminosity obtained by
different processes. The maximum difference of the BF,
0.1%, is taken as the uncertainty. The systematic uncer-
tainty due to the energy dependence relationship is esti-
mated by comparing the difference between 1/s and 1/s°
[33] assumptions. The change of the remeasured BF, 0.4%,
is assigned as the corresponding systematic uncertainty.

The uncertainty due to the limited MC statistics is
considered as one source of systematic uncertainty. It is
evaluated to be 0.5%. The uncertainties of the quoted BFs
of B(KY — n*z~) and B(¢p » K"K~) are assigned to be
0.2% and 1.0%, respectively.

The uncertainty from the interference between y/(3686)
decay and continuum production is determined by varying
the measured phase angle ¢ by 41 standard deviation. The
maximum change of the BF, 2.1% is taken as the corre-
sponding systematic uncertainty.

Assuming that all sources are independent, the total
systematic uncertainty is determined to be 6.0% as listed in
Table II.

V. SUMMARY

Using (448.1 2.9) x 10°% y/(3686) events accumulated
by the BESIII detector, the decay y/(3686) — ¢KOKY is
observed for the first time. Taking the interference between
w(3686) decay and continuum production into account,

its BF is measured to be (3.53+0.20+0.21)x107,
where the first uncertainty is statistical, the second one
is systematic. Using the world average of B(J/y —
HKIKY) = (5.9 £ 1.5) x 107* [7], the ratio between the
two BFs is determined to be Qxoxo = (6.0 £ 1.6)%,

which is suppressed relative to the 12% rule.

The 2.7 x 10° w(3686) events recently collected by
BESIII [8] offer an opportunity to improve the precision
of Q, and will lead to a better understanding of the
phenomenon.
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APPENDIX: FIT TO THE CROSS SECTIONS
FOR e*e~ — pKUKY IN THE VICINITY
OF /(3686)

In this appendix we describe some of the details of our
fits to the cross sections for ete™ — ¢K2K(S) in the vicinity
of the y(3686).

The dressed cross sections of ete™ — ¢KIKY in the
vicinity of the y(3686) are shown in Fig. 5. A least-y? fit is
performed to the dressed cross section 6% (s) using the
following formula [31,34]:

o454 (§) = |Aconi(8) + A (5) X €2, (A1)
where /s is the c.m. energy, A.,(s) and A, (s) represent

the amplitudes of the continuum process and y(3686),
respectively, while ¢ denotes the relative phase between

the two amplitudes. A, (s) is defined as \/C/+/s", and
the values for C and n can be determined by fitting to the
w(3686)-scan data. These values of C and n will remain
fixed in the fits to 694, A _((s) is parametrized by the
single Breit-Wigner amplitude form [35].

The fitting results are shown in Fig. 5. The fit yields two
solution, corresponding to a constructive interference of
(83 £11)° and a destructive interference of —(85 4+ 9)°.
The destructive solution is excluded from the analysis due
to its significant violation of isospin symmetry with the
w(3686) — pKT K~ [7] decay.
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FIG. 5. The dressed cross sections of ete™ — ¢pKIKY as a
function of c.m. energy for (a) constructive solution with ¢ =
(83 £ 11)° and (b) destructive solution with ¢ = (-85 +9)°.
The two fits have the same goodness of y*/ndf = 9.88/6.
The points with error bars are data, and the red and blue
dashed curves represent the continuum contribution (with
C = (4.0340.76) x 103 GeV" -pb, n=15.01+0.10) and
y(3686) contribution, respectively. The y distributions of the
two fits are shown in the bottom panel.

[1] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 99,
032006 (2019).

[2] N. Brambilla et al. (Quarkonium Working Group), Heavy
Quarkonium Physics (CERN, Geneva, 2005).

[3] G.S. Abrams et al., Phys. Rev. Lett. 33, 1453 (1974).

[4] N. Brambilla et al., Eur. Phys. J. C 71, 1534 (2011).

[5]1 T. Appelquist and H. D. Politzer, Phys. Rev. Lett. 34, 43
(1975).

[6] W.S. Hou and A. Soni, Phys. Rev. Lett. 50, 569 (1983).

[7]1 R.L. Workman et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2022, 083C01 (2022).

[8] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 44,
040001 (2020).

[9] M. E. B. Franklin et al., Phys. Rev. Lett. 51, 963 (1983).

[10] J.Z. Bai et al. (BES Collaboration), Phys. Rev. D 69,
072001 (2004).

[11] J.Z. Bai et al. (BES Collaboration), Phys. Rev. D 67,
032004 (2003).

[12] T. K. Pedlar et al. (CLEO Collaboration), Phys. Rev. D 72,
051108 (2005).

[13] R. A. Briere et al. (CLEO Collaboration), Phys. Rev. Lett.
95, 062001 (2005).

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

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

052001-9


https://doi.org/10.1103/PhysRevD.99.032006
https://doi.org/10.1103/PhysRevD.99.032006
https://doi.org/10.1103/PhysRevLett.33.1453
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1103/PhysRevLett.34.43
https://doi.org/10.1103/PhysRevLett.34.43
https://doi.org/10.1103/PhysRevLett.50.569
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1103/PhysRevLett.51.963
https://doi.org/10.1103/PhysRevD.69.072001
https://doi.org/10.1103/PhysRevD.69.072001
https://doi.org/10.1103/PhysRevD.67.032004
https://doi.org/10.1103/PhysRevD.67.032004
https://doi.org/10.1103/PhysRevD.72.051108
https://doi.org/10.1103/PhysRevD.72.051108
https://doi.org/10.1103/PhysRevLett.95.062001
https://doi.org/10.1103/PhysRevLett.95.062001
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

M. ABLIKIM et al.

PHYS. REV. D 108, 052001 (2023)

[16] CCH. Yu et al, in Proceedings of IPAC2016,
Busan, Korea (2016), 10.18429/JACoW-IPAC2016-
TUYAOLI.

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

[18] Y. T. Liang et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 603, 325 (2009).

[19] K. X. Huang et al., Nucl. Sci. Tech. 33, 142 (2022).

[20] S. Jadach, B.F.L. Ward, and Z. Was, Phys. Rev. D 63,
113009 (2001).

[21] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[22] R. G. Ping, Chin. Phys. C 32, 599 (2008).

[23] J.C. Chen, G.S. Huang, X.R. Qi, D. H. Zhang, and Y. S.
Zhu, Phys. Rev. D 62, 034003 (2000).

[24] R.L. Yang, R. G. Ping, and H. Chen, Chin. Phys. Lett. 31,
061301 (2014).

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

[26] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
124, 241803 (2020).

[27] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 37,
123001 (2013).

[28] M. Xu et al., Chin. Phys. C 33, 428 (2009).

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

[30] X. Zhou, S. Du, G. Li, and C. Shen, Comput. Phys.
Commun. 258, 107540 (2021).

[31] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 791,
375 (2019).

[32] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 92,
112008 (2015).

[33] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 108,
032004 (2023).

[34] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 791,
375 (2019).

[35] Y. P. Guo and C. Z. Yuan, Phys. Rev. D 105, 114001 (2022).

052001-10


https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://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/10.1016/j.nima.2009.02.036
https://doi.org/10.1016/j.nima.2009.02.036
https://doi.org/10.1007/s41365-022-01133-8
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
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/10.1088/0256-307X/31/6/061301
https://doi.org/10.1016/0370-2693(93)90062-M
https://doi.org/10.1103/PhysRevLett.124.241803
https://doi.org/10.1103/PhysRevLett.124.241803
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1088/1674-1137/33/6/005
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.physletb.2019.03.001
https://doi.org/10.1016/j.physletb.2019.03.001
https://doi.org/10.1103/PhysRevD.92.112008
https://doi.org/10.1103/PhysRevD.92.112008
https://doi.org/10.1103/PhysRevD.108.032004
https://doi.org/10.1103/PhysRevD.108.032004
https://doi.org/10.1016/j.physletb.2019.03.001
https://doi.org/10.1016/j.physletb.2019.03.001
https://doi.org/10.1103/PhysRevD.105.114001

