Search for the 7,(1D) in ee™ — yn.o(1D) at /s near 10.6 GeV at Belle
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For the first time we search for the n.2(1D) in eTe™ — yne2(1D) at /s = 10.52, 10.58, and
10.867 GeV with data samples of 89.5 fb=1, 711 fb~!, and 121.4 fb~ !, respectively, accumulated
with the Belle detector at the KEKB asymmetric energy electron-positron collider. No significant
ne2(1D) signal is observed in the mass range between 3.8 and 3.88 GeV/c?. The upper limit at
90% confidence level on the product of the Born cross section for ete™ = vne2(1D) and branching
fraction for n.2(1D) — vhe(1P) is determined to be o(eTe™ — yne2(1D))B(ne2(1D) — vhe(1P)) <
4.9 fb at /s near 10.6 GeV.

The mass of

The contemporary interest into heavy quarkonia
largely stems from the fact that many experimental re-
sults are poorly understood on the theoretical side. Dis-
coveries of new states or new processes, and improved
precisions for known states in experiments help to verify
various QCD models. Among the charmonium states,
a D-wave charmonium state 12 (1D) decaying into vyx.1
was observed in B decays and ete™ annihilations by

Belle [1] and BESIII [2], respectively.
o (1D) is (3822.2 £ 1.2) MeV/c? [1, 2], and the upper
limit at 90% confidence level (C.L.) on the width is 16
MeV [2]. Using proton-proton collision data, LHCD re-
ported the observation of X (3842) in D°D® and D* D~
mass spectra [3]. The observed mass and width are
(3842.71 + 0.16 £ 0.12) MeV/c? and (2.79 £ 0.51 + 0.35)
MeV, which suggest the interpretation of the new state



as the spin-3 charmonium 3(1D) state [3]. Only for the
spin-singlet low-lying D-wave state 7.2(1D) there has
been no experimental clue yet.

The mass of 7.2(1D) is predicted to be in the range
of 3.80 to 3.88 GeV/c? by various potential models [4-
10], which lies between the DD and D*D thresholds.
Lattice calculations [11, 12] find that the n.(1D) and
12(1D) masses are close to each other. Considering the
hyperfine splitting of the 1D charmonium states is ex-
pected to be small, we can also deduce the mass of
Ne2(1D) using the known masses of the 13D states:
My,(1D) = (3My(3770) + 5Myyp) + TMix(3842))/15 ~
3822 MeV/c? [13]. Quite different from v(3770), the de-
cay of ne2(1D) into DD is forbidden due to the conserva-
tion of parity. Thus 7.2(1D) is a narrow resonance, and
its main decay modes are considered to be hadronic de-
cays and electromagnetic E1 transitions. The branching
fraction of 9.2(1D) — vh(1P) is larger than 50% over a
large number of different predictions [7, 9, 14, 15].

The first search for the n.2(1D) was carried out in B
decays by Belle based on the 711 fb~! data sample col-
lected on the T(4S) resonance [13]. The decays of BT —
ne2(1D)KT, B® — neao(1D)KY, B® — ne(1D)a” KT,
and BT — 1. (1D)n T K2 with 7.2 (1D) — vyhe(1P) were
extensively investigated. No significant 7.2(1D) signals
were observed. The upper limits at 90% C.L. on the
product of the branching fractions (B(B — n.2(1D) +
h)B(ne2(1D) — vhe(1P)), h = K or K7) are at the level
of 1075 to 10™* [13]. Searches for conventional charmo-
nia in the reactions ete™ — yx.s (J = 0, 1, 2) and
¥Me(15) have been performed by Belle at center-of-mass
energies (C.M.) 10.52, 10.58, and 10.867 GeV, respec-
tively [16]. A significant yx.1 signal was observed for
the first time at /s = 10.58 GeV with a significance of
5.1¢ including systematic uncertainties. The reported
Born cross section is relatively large; o(eTe™ — vxe1)
= 17373 3(stat.) £ 1.7(syst.) fb [16]. This may indicate
a large production rate for other conventional charmo-
nia, i.e. 7Me2(1D), in ete™ — yne2(1D). From theory,
the cross section of ete™ — yne2(1D) at /s = 10.58
GeV is calculated to be 1.5 fb within the framework of
non-relativistic QCD factorization formalism [17].

In this paper, we search for the 7.2(1D) in eTe™ —
Me2(1D) at /s ~ 10.6 GeV with a data sample of
921.9 fb=! at Belle. We search for 7.(1D) decaying
into vh.(1P), and h.(1P) decaying into yn.(15). The
7:(1S) candidates are reconstructed via five hadronic
decays of K2(— nta )Ktrn—, ntn " KTK—, 2(rTn™),
2(K*K™), and 3(rt7w~). For n.(1S) - K3JKTn~, the
charge-conjugated mode is implied.

The data used in this analysis correspond to 89.5 fb~!
of integrated luminosity at 10.52 GeV, 711 fb=! at 10.58
GeV, and 121.4 fb~! at 10.867 GeV, respectively, which
were recorded by the Belle detector [18, 19] at the KEKB
asymmetric-energy ete™ collider [20, 21]. The Belle
detector was a large solid-angle magnetic spectrometer
that consists of a silicon vertex detector, a 50-layer cen-

tral drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an elec-
tromagnetic calorimeter comprised of CsI(TI) crystals
(ECL) located inside a superconducting solenoid coil that
provides a 1.5T magnetic field. The ECL is divided into
three regions spanning 6, the angle of inclination in the
laboratory frame with respect to the direction opposite
the e beam. The ECL backward end cap, barrel, and
forward end cap cover ranges of —0.91 < cosf < —0.65,
—0.63 < cosf < 0.85, and 0.85 < cosf < 0.98, respec-
tively. An iron flux-return yoke instrumented with resis-
tive plate chambers located outside the coil was used to
detect K? mesons and identify muons.

Monte Carlo (MC) samples are generated with EVT-
GEN [22] to determine detection efficiency and optimize
event selection criteria. The simulated events are pro-
cessed with a detector simulation based on GEANT3 [23].
No definite model exists for the distribution of polar an-
gle 0, in the eTe™ C.M. system for ete™ — yn.2(1D)
because the combination of tensor-meson production and
~ emission is theoretically complicated and requires ex-
perimental input. So we model the production as evenly
distributed in phase space and account for differences
from (1 =+ cos? ,) distributions as systematic uncertain-
ties. Correction of initial state radiation (ISR) is taken
into account in the studied mode, where we assume the
Born cross section o(ete™ — yn.2(1D)) ~ 1/s" (n =
2) in the calculation of the radiative correction factor,
where s is the eTe™ C.M. energy squared. Changing the
s dependence of the cross section fromn =2ton =1 or
n = 4, the maximum difference of the radiative correc-
tion factor is considered as the systematic uncertainty.
Generic MC samples, i.e. B = Bt BY, or Bg*) decays
and ete™ — q7 (¢ = u, d, s, ¢) at /s = 10.52, 10.58, and
10.867 GeV, normalized to the same integrated luminos-
ity as real data, are used to check for possible peaking
backgrounds [24].

Except for the charged tracks from the relatively
long-lived K9 decaying into 777 ~, impact parameters
with respect to the interaction point are required to be
less than 0.5 cm perpendicular to and 2 cm along the
beam axis, respectively. For ete™ — yn.2(1D), we re-
quire the numbers of charged tracks, Ny, to be ex-
actly 6 for 7.(1S) — 3(zT7n~) and 4 for 7.(1S) —
KK n /atn  KYK~/2(rtn™)/2(KTK ™), also with
a zero net charge. For the particle identification (PID)
of a well-reconstructed charged track, information from
different detector subsystems, including specific ioniza-
tion in the CDC, time measurement in the TOF, and
the response of the ACC, is combined to form a likeli-
hood £; [25] for particle species i. Tracks with Ry =
Lr/(Lx + L) < 0.4 are identified as pions with an ef-
ficiency of 93%, while 6% of kaons are misidentified as
pions; tracks with Rx > 0.6 are identified as kaons with
an efficiency of 94%, while 7% of pions are misidentified
as kaons.



Using a multivariate analysis with a neural net-
work [26] based on two sets of input variables [27], a
K? candidate is reconstructed from a pair of oppositely
charged tracks that are treated as pions. The invariant
mass of the Kg candidates is required to be within 10
MeV/c? (~ 2.50) of the nominal K3 mass [28]. The
7:(15) candidates are required to satisfy |M (n.(1S)) —
my.1s)| < 60 MeV/c? (see below), where m,, (1) is the
nominal mass of 7.(15) [28].

An ECL cluster is treated as a photon candidate if it
is isolated from the projected path of charged tracks in
the CDC. The energy of photons is required to be larger
than 50 MeV in the barrel and larger than 100 MeV in
the endcaps. The ratio of energy deposited in the 3 x 3
array of crystals, with the center being the one with the
largest energy deposit, to that in the 5 x 5 array shar-
ing the same center is required to be greater than 0.8.
The number of photons in an event is required to be at
least 3. The most energetic photon in the C.M. frame
(Ymax) is regarded as the primary photon in the process
ete™ — vne2(1D). Among the remaining photons, all
combinations of two photons are considered for the de-
cay chain of 7.2 (1 D). We call the photon that appears di-
rectly from 7.2(1D) decay as 1, and the one from h.(1P)
as y2. We require [M (nc(18)y2) —mp, (1p)| < 30 MeV/c?
(~2.50) and 3.7 < M (n.(15)y172) < 4.0 GeV/c?, where
My, (1p) is the nominal mass of h.(1P) [28]. Note that we
do not distinguish 41 and 79, i.e. rank them by their ener-
gies, to increase efficiency and avoid possible bias. In this
case, the incorrect attribution rate of y17.(15)/~2n.(15)
for h.(1P) signal is only 0.8% according to signal MC
simulations after applying a five-constraint (5C) kine-
matic fit (see below) for final states from 7.(1S5), Ymax, 71,
and 2. In both signal MC and the data, no events have
multiple entries. Therefore, the entire decay chain can be
written as eTe™ — YmaxNe2(1D), 1n:2(1D) — y1h(1P),
he(1P) = 72n.(1S), n.(15) — hadrons.

A 5C kinematic fit constraining the four-momenta of
the final-state particles to the initial eTe™ collision sys-
tem and the invariant mass of y27.(1S) to the h.(1P)
nominal mass [28] is performed; the fit has five degrees
of freedom. The fit is required to satisfy x2, < 20
to improve the resolutions of the momenta of charged
tracks and the energies of photons, and to suppress back-
grounds with more than three photons, such as ISR pro-
cesses. The requirement of xZ. is optimized by maxi-
mizing the Punzi parameter S/(3/2 + v/B) [29], where
S is the number of signal events in signal MC sam-
ples assuming o(eTe™ — yne2(1D)) = 1.5 fb [17] and
B(ne2(1D) — ~vhe(1P)) = 0.5 [7, 9, 14, 15], and B is
the number of background events from h.(1P) mass side-
bands in data (see below).

We veto v from 7° and 1 having |M (vi7y;) — mqo| <
15 MeV/c? and |M (vi7y;) — my| < 30 MeV/c?, where ~;
is either 1 or 2 and «y; is any photon in the event other
than ~;. These veto ranges correspond to about 2.50 in
resolution. The signal efficiencies are decreased by 1.5%

and 10.6% after vetoing 7° and 7 backgrounds.

After applying the above requirements, the invariant
mass distribution for the selected 7.(1S) candidates from
signal MC samples is shown in Fig. 1(a). The 7.(15) sig-
nal shape is described by a Breit-Wigner (BW) convolved
with a Gaussian function. The fitted result is shown by
the solid curve in Fig. 1(a). Here, we require 1.(15) can-
didates to satisfy [M(n.(15)) — my 1s)| < 60 MeV/c?,
where m,,_(15) is the nominal mass of 7.(15) [28]. In this
region, more than 90% signal events are retained. This
relatively tight mass requirement is applied to avoid pos-
sible ISR backgrounds with J/v¢ candidates.

The invariant mass spectrum, before the application
of the 5C kinematic fit, for h.(1P) candidates from sig-
nal MC samples is shown in Fig. 1(b). We fit the
M (ne(15)72) distribution by modelling the h.(1P) sig-
nal with the convolution of a Crystal Ball (CB) [30] and
Gaussian function due to the asymmetric energy reso-
lution of 5. The h.(1P) signal is required to satisfy
|M (ne(18)y2) — mp (1p)] < 30 MeV/c? (~ 2.50), where
My, (1p) is the nominal mass of h.(1P) [28].

Figure 1(c) shows the invariant mass spectrum for
ne2(1D) candidates in MC simulated ete™ — yn.2(1D)
samples at /s = 10.58 GeV with the 7.2(1D) mass fixed
at 3.82 GeV/c? and the width fixed at 0 MeV/c?. The
Ne2(1D) signal shape is described by the convolution of a
CB and Gaussian function. Based on the fitted results,
we obtain the efficiencies for each 7.(15) decay mode
(€i). Further, one can obtain the value of ¢; x B; for each
mode, where B; is the product of all secondary branching
fractions [28]. The values of ¥;¢;8; at /s = 10.52, 10.58,
and 10.867 GeV are obtained to be (20.4 +2.0) x 1074,
(20.342.0) x 1074, and (20.2 £2.0) x 10~4, respectively,
which are used to calculate the final Born cross section
for ete™ — 4nea(1D). The value of ¥;e;B; is indepen-
dent of the mass of 7.2(1D) in our studied region of [3.80,
3.88] GeV/c?.

After applying all the above requirements, the invari-
ant mass distributions for 7.(15) and h.(1P) candidates
from a combined /s = 10.52, 10.58, and 10.867 GeV
data sample are shown in Fig. 2. No clear n.(1S) and
he(1P) signals can be seen. A few events are around the
J/1 mass point [28], where three candidates are expected
from ISR production of #(25), with (25) — vxe1(—
~vJ/1). The red dashed curves show the required signal
regions as above. The blue dashed curves in Fig. 2(b)
indicate the h.(1P) mass sidebands on each side of the
signal region. Each sideband is separated from the signal
region with a 30 MeV/c? gap and has the same width as
the signal region. To determine the normalization fac-
tor of h.(1P) mass sidebands, a second-order polynomial
function is used to describe the v21.(1S) invariant mass
spectrum, as shown by the blue solid curve in Fig. 2(b).

The invariant mass distributions for 7.2(1D) candi-
dates from /s = 10.52, 10.58, and 10.867 GeV data sam-
ples are shown in Fig. 3. No clear signals can be seen,
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FIG. 1: The invariant mass distributions for the selected (a) 1.(1S5), (b) he(1P), and (c) n.2(1D) candidates from signal MC
samples. The blue solid curves show the fitted results. The red dashed curves show the required signal regions.
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FIG. 2: The invariant mass distributions for (a) 7.(1S) and (b) ho(1P) candidates from a combined /s = 10.52, 10.58, and
10.867 GeV data sample. The red dashed curves show the required signal regions. The blue solid curve in (b) shows the fitted
result. The blue dashed curves show the defined h.(1P) mass sidebands.

and only a few candidates survived in the v h.(1P) mass
spectra. The green cross-hatched histograms are from
the normalized h.(1P) mass sidebands.

Since the number of selected signal candidate events is
small, we obtain the 90% C.L. upper limit of the signal
yield (NYY) at each 1.2(1D) mass point by using the fre-
quentist approach [31] implemented in the POLE (Pois-
sonian limit estimator) program [32], where each mass re-
gion is selected to contain 95% of the signal according to
MC simulations, the number of signal candidate events
is counted directly, and the number of expected back-
ground events is estimated from the normalized h.(1P)
mass sidebands. The scan mass region is from 3.8 to 3.88
GeV/c? in steps of 4 MeV/c?, which corresponds to the
half mass resolution of M (y1h.(1P)). The systematic un-
certainties discussed below have been taken into account
in the POLE program [32].

The upper limit on the product of the Born cross sec-
tion for ete™ — ne2(1D) and branching fraction for
Ne2(1D) — vyh(1P) is calculated by
ete”

O'UL (

— Yne2(1D))B(1e2(1D) — vhe(1P)) =
L1 —11?
L x (1 + 5)ISR X EZ‘BiEi7

(1)

where NV is the upper limit on the signal events in
data, |1 —II|? is the vacuum polarization factor [33, 34],
L is the integrated luminosity, (1 + d)igr is the radia-
tive correction factor [35], and 3;B;e; is the sum over

decay modes of the product of branching fractions and
reconstruction efficiencies. The values of these variables
(except NUY) are summarized in Table I. The values
of oV (eTe™ — ne2(1D))B(ne2(1D) — ~vh(1P)) at
Vs = 10.52, 10.58, 10.867 GeV, and from the com-
bined data sample are shown in Fig. 4. The upper
limit at 90% C.L. on the product of the Born cross sec-
tion for ete™ — ~n2(1D) and branching fraction for
Ne2(1D) = vh(1P) is 4.9 fb at /s near 10.6 GeV.

There are several sources of systematic uncertainty in
the Born cross section measurements, including the de-
tection efficiency, the uncertainty on the estimated signal
efficiency due to limited MC statistics, the distribution of
polar angle 6., for ete™ — yne2(1D), intermediate state
branching fractions, the energy dependence of the cross
sections, and the integrated luminosity, which are listed
in Table II. The systematic uncertainty in detection ef-
ficiency is a final-state-dependent combined uncertainty
for all the different types of particles detected, including
tracking efficiency, PID, K selection, and photon recon-
struction.

Based on a study of D** — 7tD% D% — Klrtn—,
the uncertainty in tracking efficiency is taken to be 0.35%
per track. The uncertainties in PID for charged kaons and
pions are determined to be 1.1% and 1.0%, respectively,
based on a low-background sample of D*T decays. The
ratio of the efficiencies in K2 selection between data and
MC simulation is found to be (97.9 + 0.4 + 0.6)% in the
decay chain of D** — 77 D% D% — K3ntr—. We take
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FIG. 3: The invariant mass spectra for n.2(1D) candidates from /s = (a) 10.52, (b) 10.58, and (c) 10.867 GeV data samples.
The green cross-hatched histograms are from the normalized h.(1P) mass sidebands.
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FIG. 4: The upper limits on the product of the Born cross section for ete” — yne2(1D) and branching fraction for ne2(1D) —
~vhe(1P) at /s = (a) 10.52, (b) 10.58, (¢) 10.867 GeV, and (d) from the combined data sample with systematic uncertainties

included.

TABLE I: The values used to determine the Born cross sections for et e™ — Yne2(1D) at /s = 10.52, 10.58, 10.867 GeV, and

from the combined data sample, respectively.

Vs = 10.52 GeV 10.58 GeV 10.867 GeV Combined
[1—1I? 0.931 0.930 0.929 0.930
L (fb) 89.5 711 121.4 921.9
(1+ )isr 0.679 0.679 0.677 0.679
YiBiei [(20.442.0) x 107* (20.3 £2.0) x 10™* (20.2 4+ 2.0) x 10™*|(20.3 £ 2.0) x 107*

TABLE II: Relative systematic uncertainties (%) of the mea-
surements of the Born cross sections for ete™ — ne2(1D) at
Vs = 10.52, 10.58, and 10.867 GeV, respectively.

Detection efficiency 7.0
MC statistics 1.0
The distribution of 6, 13.7
Branching fractions 9.8
Integrated luminosity 1.4
SUM 18.3

2.2% as the systematic uncertainty due to Kg selection.
The uncertainty in the photon reconstruction is 2.0%
per photon, according to a study of radiative Bhabha
events. The above individual uncertainties from different
7:(1S) reconstructed modes are added linearly, weighted
by the product of the detection efficiency and all sec-
ondary branching fractions (g;8;). Assuming these un-
certainties are independent and adding them in quadra-
ture, the final uncertainty related to the reconstruction
efficiency is 7.0%.



The statistical uncertainty in the determination of ef-
ficiency from signal MC samples is 1.0%. For eTe™ —
vne2(1D), signal events are generated isotropically by de-
fault. Alternative angular distributions (1 & cos®6,) are
also generated, and the maximum difference in the detec-
tion efficiency between the alternatives and the default
sample, 13.7%, is taken as the systematic uncertainty.
Uncertainties from the h.(1P) and n.(1S) decay branch-
ing fractions are taken from the PDG [28]; the final un-
certainties on intermediate state branching fractions are
summed in quadrature over all the 7.(1S) decay modes
weighted by the product of the detection efficiency and
secondary branching fractions (¢;5;).

Changing the s dependence of the cross section from
n =2ton =1or n =4, the differences of the radia-
tive correction factor are very small (< 1%). Thus, this
uncertainty is neglected. The total luminosity is deter-
mined to 1.4% precision using wide-angle Bhabha scat-
tering events. All the uncertainties are summarized in
Table IT and, assuming all the sources are independent,
summed in quadrature to give the total systematic un-
certainty.

In summary, we search for ete™ — yn.2(1D) at /s =
10.52, 10.58, and 10.867 GeV. We scan the M (y1h.(1P))
spectrum from 3.8 to 3.88 GeV/c? in steps of 4 MeV /c?.
No significant 7.2(1D) signals are observed at any point.
The largest upper limit in the mass scans is regarded as
the general upper limit. The upper limit at 90% C.L.
on the product of the Born cross section for ete™ —
¥Me2(1D) and branching fraction for 7.2(1D) — vh.(1P)
is o(ete™ = ye2(1D))B(ne2(1D) — vh(1P)) < 4.9 tb
at /s near 10.6 GeV. Taking B(n.(1D) — vh.(1P)) >
50% [7, 9, 14, 15], the value of o(eTe™ — ne2(1D)) is
smaller than 9.8 fb at 90% C.L. at /s near 10.6 GeV,
which is consistent with the theoretical prediction of
olete™ = yme2(1D)) = 1.5 b [17].

We thank the KEKB group for the excellent oper-
ation of the accelerator; the KEK cryogenics group
for the efficient operation of the solenoid; and the
KEK computer group, and the Pacific Northwest Na-
tional Laboratory (PNNL) Environmental Molecular
Sciences Laboratory (EMSL) computing group for
strong computing support; and the National Institute
of Informatics, and Science Information NETwork 5
(SINET5) for valuable network support. We acknowl-
edge support from the Ministry of Education, Culture,
Sports, Science, and Technology (MEXT) of Japan, the
Japan Society for the Promotion of Science (JSPS),

and the Tau-Lepton Physics Research Center of Nagoya
University; the Australian Research Council including
grants DP180102629, DP170102389, DP170102204,
DP150103061, FT130100303; Austrian Federal Ministry
of Education, Science and Research (FWF) and FWF
Austrian Science Fund No. P 31361-N36; the National
Natural Science Foundation of China under Con-
tracts No. 11435013, No. 11475187, No. 11521505,
No. 11575017, No. 11675166, No. 11705209;
No. 11761141009; No. 11975076; No. 12042509;
No. 12005040; Key Research Program of Frontier
Sciences, Chinese Academy of Sciences (CAS), Grant
No. QYZDJ-SSW-SLHO011; the CAS Center for Excel-
lence in Particle Physics (CCEPP); the Shanghai Pujiang
Program under Grant No. 18PJ1401000; the Shanghai
Science and Technology Committee (STCSM) under
Grant No. 19ZR1403000; the Ministry of Education,
Youth and Sports of the Czech Republic under Contract
No. LTT17020; Horizon 2020 ERC Advanced Grant
No. 884719 and ERC Starting Grant No. 947006 “Inter-
Leptons” (European Union); the Carl Zeiss Foundation,
the Deutsche Forschungsgemeinschaft, the Excellence
Cluster Universe, and the VolkswagenStiftung; the
Department of Atomic Energy (Project Identification
No. RTT 4002) and the Department of Science and Tech-
nology of India; the Istituto Nazionale di Fisica Nucleare
of Ttaly; National Research Foundation (NRF) of Korea
Grant Nos. 2016R1D1A1B01010135, 2016R1D1A1B-
02012900, 2018R1A2B3003643, 2018R1A6A1A 06024970,
2018R1D1A1B07047294, 2019K1A3A7A09033840,
2019R111A3A01058933; Radiation Science Research In-
stitute, Foreign Large-size Research Facility Application
Supporting project, the Global Science Experimental
Data Hub Center of the Korea Institute of Science and
Technology Information and KREONET/GLORIAD;
the Polish Ministry of Science and Higher Education and
the National Science Center; the Ministry of Science and
Higher Education of the Russian Federation, Agreement
14.W03.31.0026, and the HSE University Basic Research
Program, Moscow; University of Tabuk research grants
S-1440-0321, S-0256-1438, and S-0280-1439 (Saudi
Arabia); the Slovenian Research Agency Grant Nos.
J1-9124 and P1-0135; Tkerbasque, Basque Foundation
for Science, Spain; the Swiss National Science Foun-
dation; the Ministry of Education and the Ministry
of Science and Technology of Taiwan; and the United
States Department of Energy and the National Science
Foundation.

[1] V. Bhardwaj et al. (Belle Collaboration), Phys. Rev.
Lett. 111, 032001 (2013).

[2] M. Ablikim et al. (BESIII Collaboration), Phys. Rev.
Lett. 115, 011803 (2015).

[3] R. Aaij et al. (LHCb Collaboration), J. High Energy

Phys. 07, 035 (2019).
[4] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
[5] L. P. Fulcher, Phys. Rev. D 44, 2079 (1991).
[6] J. Zeng, J. W. Van Orden, and W. Roberts, Phys. Rev.
D 52, 5229 (1995).



[7] D. Ebert, R. N. Faustov, and V. O. Galkin, Phys. Rev.
D 67, 014027 (2003).

[8] E. J. Eichten, K. Lane, and C. Quigg, Phys. Rev. D 69,
094019 (2004).

[9] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D
72, 054026 (2005).

[10] B. Q. Liand K. T. Chao, Phys. Rev. D 79, 094004 (2009).

[11] D. Mohler, S. Prelovsek, and R. M. Woloshyn, Phys. Rev.
D 87, 034501 (2013).

[12] Gavin K. C. Cheung et al. (Hadron Spectrum collabora-
tion), J. High Energy Phys. 12, 089 (2016).

[13] K. Chilikin et al. (Belle Collaboration), J. High Energy
Phys. 05, 034 (2020).

[14] E. J. Eichten, K. Lane, and C. Quigg, Phys. Rev. Lett.
89, 162002 (2002).

[15] Y. Fan, Z. G. He, Y. Q. Ma and K. T. Chao, Phys. Rev.
D 80, 014001 (2009).

[16] S. Jia et al. (Belle Collaboration), Phys. Rev. D 98,
092015 (2018).

[17] L. Yang, W. L. Sang, H. F. Zhang, Y. D. Zhang, and M.
Z. Zhou, Phys. Rev. D 103, 034018 (2021).

[18] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and
Methods Phys. Res. Sect. A 479, 117 (2002).

[19] J. Brodzicka et al. (Belle Collaboration), Prog. Theor.
Exp. Phys. 2012, 04D001 (2012).

[20] S. Kurokawa and E. Kikutani, Nucl. Instr. and Meth-
ods Phys. Res. Sect. A 499 1 (2003), and other papers
included in this volume.

[21] T. Abe et al., Prog. Theor. Exp. Phys. 2013, 03A001
(2013), and references therein.

[22] D. J. Lange, Nucl. Instr. and Methods Phys. Res. Sect.
A 462, 152 (2001).

[23] R. Brun et al., GEANT 3.21, CERN Report DD/EE/84-
1 (1984).

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

[25] E. Nakano, Nucl. Instr. and Methods Phys. Res. Sect. A
494, 402 (2002).

[26] M. Feindt and U. Kerzel, Nucl. Instr. and Methods Phys.
Res. Sect. A 559, 190 (2006).

[27] H. Nakano, Ph.D Thesis, Tohoku University Chapter 4
(2014), http://hdl.handle.net/10097/58814.

[28] P. A. Zyla et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2020, 083C01 (2020).

[29] G. Punzi, Proceedings, Conference, PHYSTAT 2003,
p- MODTO002. Stanford, USA, September, 2003.
arXiv:physics/0308063.

[30] T. Skwarnicki, Ph.D. thesis, Institute for Nuclear
Physics, 1986; DESY Report No. DESY F31-86-02, 1986.

[31] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

[32] J. Conrad, O. Botner, A. Hallgren, and C. Pérez de los
Heros, Phys. Rev. D 67, 012002 (2003).

[33] S. Actis et al., Eur. Phys. J. C 66, 585 (2010).

[34] X. K. Dong, X. H. Mo, P. Wang, and C. Z. Yuan, Chin.
Phys. C 44, 8 (2020).

[35] E. A. Kuraev and V. S. Fadin, Yad. Fiz. 41, 733 (1985)
[Sov. J. Nucl. Phys. 41, 466 (1985)].



