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Based on an integrated luminosity of 20.3 fb−1 of eþe− annihilation data collected at a center-of-
mass energy of 3.773 GeV with the BESIII detector operating at the BEPCII collider, an improved
search for the radiative transitions ψð3770Þ → γηcð1S; 2SÞ is performed using the hadronic decays
ηcð1S; 2SÞ → K0

SK
�π∓. No significant signal is observed. The corresponding 90% confidence level upper

limits on the product branching fractions are set to be 5.0 × 10−6 for the ηcð1SÞ transition and 3.7 × 10−6

for the ηcð2SÞ transition. The 90% confidence level upper limits on the partial decay widths are also
reported to be Γðψð3770Þ → γηcð1SÞÞ < 5.5 keV and Γðψð3770Þ → γηcð2SÞÞ < 29.4 keV. With about
seven times larger integrated luminosity than used previously, these results lower the upper limits by
approximately a factor of three and two for the ηcð1SÞ and ηcð2SÞ transitions, respectively.
DOI: 10.1103/ml3k-2pss

I. INTRODUCTION

The ψð3770Þ resonance is the lightest JPC ¼ 1−−cc̄ state
lying above the open charm threshold and is generally
considered to be the 13D1 state of charmonium with a small
23S1 component [1]. A comprehensive understanding of the
properties of the ψð3770Þ meson remains a long-standing
challenge. Early expectations were that the ψð3770Þ would
decay almost entirely toDD̄ final states [2,3]. However, the
BES Collaboration reported a large inclusive non-DD̄
branching fraction of ð14.7� 3.2Þ% under the hypothesis
that a single ψð3770Þ resonance exists in the center-of-mass
energy (

ffiffiffi
s

p
) range between 3.70 and 3.87 GeV [4–7]. In

contrast, the CLEO Collaboration reported a non-DD̄
branching fraction of ð−3.3� 1.4þ6.6

−4.8Þ% after accounting
for the interference between resonant ψð3770Þ production
and nonresonant eþe− annihilation [8]. These discrepan-
cies highlight the importance of using exclusive decay
measurements to resolve this puzzle. According to the
Particle Data Group (PDG) [9], nine exclusive non-DD̄
decay modes of the ψð3770Þ meson have been observed,
including J=ψπþπ− [10], J=ψπ0π0 [10], J=ψη [11], ϕη
[12], K0

SK
0
L [13], Ξ−Ξ̄þ [14], eþe− [15], and γχc0;c1 [16].

The sum of the observed non-DD̄ exclusive components is
only about 1.3%. Among the observed decays, the radiative
transitions ψð3770Þ → γχc0;c1 have been found to have

non-negligible branching fractions. This motivates the
further exploration of other radiative transitions, such as
ψð3770Þ → γηcð1S; 2SÞ, which can be used to test non-
perturbative mechanisms [17–19].
If the ψð3770Þ meson were a pure 13D1 state, the

magnetic dipole (M1) transitions ψð3770Þ → γηcð1S; 2SÞ
would be forbidden. However, the radiative photon has a
finite energy, which allows contributions from higher
multipoles beyond the leading order [20]. Intermediate
meson loops (IML) play an important role in exclu-
sive transitions, especially when the initial state mass is
close to the open channel threshold [17–19]. By con-
sidering contributions from the IML mechanism, the
partial decay widths are calculated to be Γðψð3770Þ→
γηcð1SÞÞ¼ð17.14þ22.9

−12.03ÞkeV and Γðψð3770Þ→γηcð2SÞÞ¼
ð1.82þ1.95

−1.19ÞkeV [20], with corresponding branching
fractions Bðψð3770Þ → γηcð1SÞÞ ¼ ð6.3þ8.4

−4.4Þ × 10−4 and
Bðψð3770Þ → γηcð2SÞÞ ¼ ð6.7þ7.2

−4.4Þ × 10−5, calculated
using Γψð3770Þ ¼ 27.2� 1.0 MeV [9]. These values are
of the same order as lattice quantum chromodynamics
(LQCD) predictions [21], suggesting that interference
between the M1 transition amplitude in the pure cc̄
quark model and the contributions from IML involving
open-charm channels may play an important role in
ψð3770Þ radiative decays [20].
In addition, calculations of charmonium transition rates

generally apply small relativistic corrections and have been
treated using nonrelativistic models. However, Ref. [22]
indicates that relativistic corrections, including the Electric
Quadrupole (E2) and Magnetic Octupole (M3), can be
comparable to the non-relativistic leading-order (M1)
contribution. Reference [23] employs the relativistic
Bethe-Salpeter (BS) equation method to calculate the
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electromagnetic radiative decays of heavy quarkonium,
taking the M1 transition as the leading-order contribu-
tion and focusing on the relativistic corrections from
higher-order multipole transitions. The large relativistic
corrections lead to significantly smaller predictions:
Γðψð3770Þ → γηcð1SÞÞ < 1.54 keV and Γðψð3770Þ →
γηcð2SÞÞ < 0.0233 keV. Further experimental measure-
ments of the ψð3770Þ → γηcð1S; 2SÞ transition rates will
be helpful for testing theoretical predictions and con-
straining IML contributions.
The BESIII Collaboration previously searched for the

radiative transitions ψð3770Þ → γηcð1S; 2SÞ using a data
sample with an integrated luminosity of 2.92 fb−1 taken at
the ψð3770Þ resonance [24]. Since no significant signals
were observed, 90% confidence level (CL) upper limits on
Γðψð3770Þ → γηcð1S; 2SÞÞ were set to be 18.6 keV and
54.8 keV, respectively. Using a significantly larger ψð3770Þ
resonance data sample provides an opportunity to improve
these measurements and verify the different theoretical
predictions.
In this article, improved measurements of the

ψð3770Þ → γηcð1S; 2SÞ transition rates are presented using
a ψð3770Þ resonance data sample with an integrated
luminosity of 20.3 fb−1. The ηcð1S; 2SÞ are reconstructed
via ηcð1S; 2SÞ → K0

SK
�π∓, which benefits from a large

branching fraction, high reconstruction efficiency, and a
low combinatorial background level. Other prominent
decay channels of the ηcð1S; 2SÞ either have much lower
reconstruction efficiencies or suffer from high background
levels. Using this larger data sample, we significantly
improve the 90% CL upper limits on Γðψð3770Þ →
γηcð1S; 2SÞÞ, and subsequently compare our results with
theoretical predictions.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer [25,26]
operating at the BEPCII collider [27]. The BESIII detector
records symmetric eþe− collisions in the

ffiffiffi
s

p
range from

1.84 to 4.95 GeV, with a peak luminosity of 1.1 ×
1033 cm−2 s−1 achieved at

ffiffiffi
s

p ¼ 3.773 GeV. BESIII has
collected large data samples in this energy region [28,29].
The cylindrical core of the BESIII detector covers 93% of
the 4π solid angle and consists of a helium-based multilayer
drift chamber (MDC), a plastic scintillator time-of-flight
system (TOF), and a CsI (Tl) 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 chamber muon identifier modules
interleaved with steel. The charged-particle momentum
resolution at 1 GeV=c is 0.5%, and the dE=dx resolution is
6% for the electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at

1 GeV in the barrel (end cap) region. The time resolution of
the TOF barrel section is 68 ps, while that of the end cap
section is 110 ps. The end cap TOF system was upgraded in
2015 with multigap resistive plate chamber technology,
providing a time resolution of 60 ps [30–32], which
benefits about 86% of the data used in this analysis.
Simulated Monte Carlo (MC) samples are produced with

the Geant4-based [33] software, which models the exper-
imental conditions, including the electron-positron colli-
sion, the decays of the particles, and the response of the
detector. The simulation models the beam energy spread
and initial state radiation (ISR) in the eþe− annihila-
tions with the generator KKMC [34]. To investigate pos-
sible background contamination, inclusive MC samples
for different processes are generated, which include
eþe− → ψð3770Þ → D0D̄0, eþe− → ψð3770Þ → DþD−,
eþe− → ψð3770Þ → non-DD̄, eþe− → qq̄ðq ¼ u; d; sÞ,
eþe− → γISRψð3686Þ, and eþe− → γISRJ=ψ . In the non-
DD̄ inclusive MC sample, there are eight exclusive decays,
including ψð3770Þ→ J=ψπþπ−; J=ψπ0π0;J=ψη;ϕη;eþe−,
and γχc0;c1;c2. All particle decays are modeled with EvtGen

[35,36] using branching fractions either taken from the
PDG [9], when available, or otherwise estimated with
LUNDCHARM [37,38]. Final state radiation (FSR) from
charged final state particles is incorporated using the
PHOTOS package [39]. The signal decay channels
ψð3770Þ → γηcð1S; 2SÞ are generated with an angular
distribution proportional to (1þ cos2 θγ), where θγ is the
polar angle of the radiative photon in the rest frame of the
ψð3770Þ decay. The ηcð1S; 2SÞ → K0

SK
�π∓ decays are

generated uniformly in phase space (PHSP). The
ψð3770Þ → γηcð1S; 2SÞ decays are denoted as the ηcð1SÞ
and ηcð2SÞ channels, respectively.

III. EVENT SELECTION

Charged tracks detected in the MDC are required to be
within the polar angle (θ) range j cos θj < 0.93. The angle θ
is defined with respect to the z axis, which is the symmetry
axis of the MDC. For charged tracks not originating from
K0

S decays, the distance of the closest approach to the
interaction point (IP) along the z axis, jVzj, must be less
than 10 cm, and that in the transverse plane, Vxy, must be
less than 1 cm. Particle identification (PID) for charged
tracks combines measurements of the energy deposited in
the MDC (dE=dx) and the flight time in the TOF to form
likelihoods LðhÞðh ¼ p;K; πÞ for each hadron hypothesis.
Tracks are identified as kaons if LðKÞ > LðπÞ and
LðKÞ > LðpÞ, and as pions if LðπÞ > LðKÞ and
LðπÞ > LðpÞ. No PID is applied to charged pions origi-
nating from K0

S decays.
Photon candidates are identified using isolated showers

in the EMC. The deposited energy of each shower is
required to be at least 25 MeV in the barrel region
ðjcos θj < 0.80Þ and 50 MeV in the end cap region
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ð0.86 < jcos θj < 0.92Þ. To exclude showers originating
from charged tracks, the angle subtended by the EMC
shower and the position of the closest charged track at the
EMC must be greater than 10° as measured from the IP. To
suppress electronic noise and energy depositions unrelated
to the event, the EMC cluster timing from the reconstructed
event start time is required to be within [0, 700] ns.
K0

S candidates are reconstructed from pairs of oppositely
charged tracks without jVzj or Vxy requirements. A
common vertex fit is performed for each oppositely charged
track pair under the assumption that both tracks are pions
[40]. The decay length from the secondary vertex fit is
required to be greater than twice the vertex resolution away
from the IP. Among multipleK0

S candidates, the one with an
invariant mass closest to the known K0

S mass [9] is retained
if the mass lies within �10 MeV=c2 of the nominal value.
The fitted K0

S candidate parameters are then used as inputs
to the subsequent kinematic fit.
In the selection of ψð3770Þ → γK0

SK
�π∓ events, candi-

dates must contain at least four charged tracks and at least
one good photon. After reconstructing a K0

S candidate, the
remaining charged tracks in the event, excluding πþπ− from
the K0

S decay, must be exactly two with zero net charge,
identified as a kaon and a pion by PID. A four-constraint
(4C) kinematic fit is performed for the γπþπ−K�π∓
combination under the ψð3770Þ → γK0

SK
�π∓ → γπþπ−

K�π∓ hypothesis. If multiple photon candidates satisfy
the selection, the one with the smallest χ24C is kept for further
analysis. The χ24C requirement is obtained by optimizing
the Punzi figure-of-merit (FOM ¼ ϵ

a=2þ ffiffiffi
B

p ) [41], where

ϵ denotes the signal efficiency in the ηcð1SÞ signal
region (½2.7; 3.2� GeV=c2) or the ηcð2SÞ signal region
(½3.45; 3.71� GeV=c2) obtained from signal MC samples,
a ¼ 3 is the target significance value, and B denotes the
number of background events in the ηcð1S; 2SÞ signal
regions from inclusive MC samples. Events with χ24C <
30 (χ24C < 35) are accepted as γK0

SK
�π∓ candidates in

the ηcð1SÞ (ηcð2SÞ) signal region. To suppress back-
grounds from the ψð3770Þ → πþπ−K�π∓ and ψð3770Þ →
π0πþπ−K�π∓ decays, 4C kinematic fits are also performed
under zero- and two-photon hypotheses. Candidate events
are required to satisfy χ24Cðγπþπ−K�π∓Þ<χ24Cðπþπ−K�π∓Þ
and χ24Cðγπþπ−K�π∓Þ < χ24Cðγγπþπ−K�π∓Þ, where the
χ24Cðγγπþπ−K�π∓Þ are obtained by looping over all photon
combinations.

IV. DATA ANALYSIS

A. Background estimation

Analysis of the inclusive MC samples using the TopoAna
tool [42] indicates that the dominant background contribu-
tions come from four sources: (1) ψð3770Þ→D0D̄0;
ðD0→πþK−;D̄0→π0K0

SÞþc:c:; (2) eþe− → π0K0
SK

�π∓

with the π0 decaying into a γγ pair; (3) eþe− →
K0

SK
�π∓ with a fake photon, ISR photon, or FSR photon;

(4) eþe− → γISRψð3686Þ → γISRγηcð1S; 2SÞ. The few
remaining background events are flatly distributed in the
K0

SK
�π∓ invariant mass spectrum.

Background events from ψð3770Þ → D0D̄0, ðD0 →
πþK−; D̄0 → π0K0

SÞ þ c:c: are suppressed by requiring
jMðK�π∓Þ −mD0 j > 25 MeV=c2, where mD0 denotes
the known D0 mass [9].
Background events from eþe− → π0K0

SK
�π∓ contami-

nate the signal through a missing soft photon from the π0

decay, and the contribution from this process is estimated
using a data-driven method [43]. The background is
measured from data by reconstructing γγK0

SK
�π∓ events,

where the γγ pair forms a π0 candidate. The selection
criteria are the same as those in the signal selection but with
an additional photon. The yield of this background in each
MðK0

SK
�π∓Þ interval is extracted by fitting the π0 signal in

the MðγγÞ spectrum. A PHSP MC sample of eþe− →
π0K0

SK
�π∓ is generated to obtain the relative efficiency

between the π0K0
SK

�π∓ and γK0
SK

�π∓ selection criteria in
each MðK0

SK
�π∓Þ interval. The background contribution is

estimated by

Nbkg
i ¼ Nfit

i ×
ϵγK

0
SK

�π∓

ϵπ
0K0

SK
�π∓ ; ð1Þ

where Nbkg
i is the number of background events in the ith

MðK0
SK

�π∓Þ interval of the γK0
SK

�π∓ channel, Nfit
i is the

fitted yield of background in the ith MðK0
SK

�π∓Þ interval
of the π0K0

SK
�π∓ channel, and ϵγK

0
SK

�π∓ and ϵπ
0K0

SK
�π∓ are

the efficiencies as functions of the K0
SK

�π∓ invariant
mass with which the eþe− → π0K0

SK
�π∓ MC simulated

events pass the γK0
SK

�π∓ and π0K0
SK

�π∓ selections,
respectively.
The process eþe− → K0

SK
�π∓ðγISR=γFSRÞ can contami-

nate the signal processes by a fake photon, ISR photon, or
FSR photon. To estimate their contributions, an exclu-
sive MC sample is generated for the process eþe− →
K0

SK
�π∓ðγISR=γFSRÞ using ConExc [44]. This event gen-

erator is constructed by modeling ISR up to the next
leading order correction, and the FSR photon is generated
by the PHOTOS package [39]. The experimental Born
cross sections of eþe− → K0

SK
�π∓ from the BABAR

Collaboration [45] are used as input to the generator.
The number of background events is estimated by

Nbkg
K0

SK
�π∓ ¼ σðsÞ × L × ϵ × B; ð2Þ

where σðsÞ is the cross section of this process at
ffiffiffi
s

p ¼
3.773 GeV [45], L is the integrated luminosity of the data
sample, ϵ is the detection efficiency from the MC sample,

IMPROVED SEARCH FOR ψð3770Þ → γηcð1S; 2SÞ … PHYS. REV. D 114, 092001 (2026)

092001-3



and B denotes the branching fraction of K0
S → πþπ− [9]. In

the subsequent fit, the yield of this background is fixed to
the value obtained from Eq. (2) and its shape is modeled
using the distribution derived from MC simulation.
Background events from the radiative tail of the ψð3686Þ

resonance, i.e., eþe− → γISRψð3686Þ → γISRγηcð1S; 2SÞ,
contribute to the peaking backgrounds within the
ηcð1S; 2SÞ signal regions. The number of these back-
grounds events is estimated by

Nbkg
ψð3686Þ ¼ σðsÞ × L × ϵ ×

Y
i

Bi; ð3Þ

where Nbkg
ψð3686Þ is the number of background events, σðsÞ is

the cross section of ψð3686Þ production at
ffiffiffi
s

p ¼
3.773 GeV, L is the integrated luminosity of the data
sample, ϵ is the detection efficiency estimated from the MC
sample, and Bi denotes the branching fractions for the
intermediate resonance decays: ψð3686Þ → γηcð1S; 2SÞ,
and ηcð1S; 2SÞ → K0

SK
�π∓ [9]. The cross section σðsÞ

can be expressed as

σðsÞ ¼
Z

xcut

0

Wðs; xÞ · BWðs0ðxÞÞ · FXðs0ðxÞÞdx; ð4Þ

where x is the scaled radiated energy in eþe− →
γISRψð3686Þðx ¼ 2EγISR=

ffiffiffi
s

p Þ, s0ðxÞ ¼ sð1 − xÞ is the
squared mass with which the ψð3686Þ is produced,
Wðs; xÞ is the ISR γ-emission probability [46], and
BWðs0ðxÞÞ ¼ 12πΓRΓee=½ðs0 −m2

RÞ2 þm2
RΓ2

R� is the rela-
tivistic Breit-Wigner formula describing the ψð3686Þ
resonance. The known ψð3686Þ mass ðmRÞ, width ðΓRÞ,
and eþe− width ðΓeeÞ are taken from the PDG [9]. The term
FXðs0ðxÞÞ ¼ ðEγðs0Þ=Eγðm2

RÞÞ3 is the phase-space factor

for the ψð3686Þ produced with invariant mass
ffiffiffiffi
s0

p
relative

to mR, in which Eγ is the energy of the transition photon
in ψð3686Þ → γηcð1S; 2SÞ decays. The threshold cutoff
xcut ¼ 1 −m2

X=s is chosen as the upper limit on integra-
tion in the definition of σðsÞ, where mX is the nominal
mass of the ηcð1S; 2SÞ [9]. The estimated background
events are Nbkg

ψð3686Þ ¼ 16.6� 0.2 for the ηcð1SÞ channel

and Nbkg
ψð3686Þ ¼ 0.19� 0.14 for the ηcð2SÞ channel.

B. Fit method

The yields of ψð3770Þ → γηcð1S; 2SÞ → γK0
SK

�π∓ are
determined via an unbinned maximum-likelihood fit on the
MðK0

SK
�π∓Þ spectrum from data. The signal probability

density function for the ηcð1S; 2SÞ state [43,47] is modeled
as

ðE7
γ × BWðmÞ × fdðEγÞ × ϵðmÞÞ ⊗ Gðδm; σÞ; ð5Þ

where Eγ ¼
m2

ψð3770Þ−M
2

2mψð3770Þ
is the energy of the transition photon

in the ψð3770Þ meson rest frame, M is the K0
SK

�π∓
invariant mass, and mψð3770Þ is the ψð3770Þmeson nominal
mass [9]. The BWðmÞ term is a Breit-Wigner function with
ηcð1S; 2SÞ resonance parameters fixed to the PDG values
[9], while ϵðmÞ is the mass-dependent detection efficiency
derived from the MC simulated sample. Following the
convention of charmonium radiative transitions, the E7

γ

dependence arises from the dominant E2 andM3multipole
mixture, as established in Ref. [23]. For an emitted photon
carrying total angular momentum number l, the power of
Eγ is 2lþ 1. To suppress the unphysical divergence at low
Eγ , a damping factor fdðEγÞ is adopted from the KEDR
experiment [48],

fdðEγÞ ¼
E2
0

EγE0 þ ðEγ − E0Þ2
; ð6Þ

where E0 ¼
m2

ψð3770Þ−m
2
ηcð1S;2SÞ

2mψð3770Þ
denotes the peak energy of the

transition photon, and mηcð1S;2SÞ is the nominal mass of the
ηcð1S; 2SÞ [9]. The factor Gðδm; σÞ accounts for the mass
shift and the difference of detector resolution between data
and MC simulation. The resolution parameters δm and σ in
the Gaussian function are calibrated using dedicated con-
trol samples eþe− → γISRJ=ψ → γISRK0

SK
�π∓ for the

ηcð1SÞ signal, and ψð3770Þ → γχc1 → γK0
SK

�π∓ for the
ηcð2SÞ signal. The results are δm ¼ 1.58� 0.16 MeV=c2,
σ ¼ 5.78 � 0.15 MeV=c2 for the ηcð1SÞ channel,
and δm¼ 1.60� 0.38MeV=c2, σ ¼ 4.42� 0.48 MeV=c2

for the ηcð2SÞ channel. Both control samples are analyzed
with the identical event-selection criteria applied to the
signal modes.
In the ηcð1SÞ signal region, the fit includes five

background components: eþe− → π0K0
SK

�π∓; eþe− →
K0

SK
�π∓ðγISR=γFSRÞ, eþe−→ γISRψð3686Þ→ γISRγηcð1SÞ,

eþe− → γISRJ=ψ , and other flat backgrounds. The con-
tributions of the first three components are described
above. The lineshapes of eþe− → K0

SK
�π∓ðγISR=γFSRÞ

and eþe− → γISRψð3686Þ → γISRγηcð1SÞ are described
by the MC simulated shapes. The line shape of eþe− →
γISRJ=ψ is described by the MC simulated shape convolved
with a Gaussian function with free parameters, and its yield
is floated. Other flat backgrounds are modeled by a second-
order polynomial function with floating yield.
In the ηcð2SÞ signal region, the fit includes six

background components: eþe− → π0K0
SK

�π∓, eþe−→
K0

SK
�π∓ðγISR=γFSRÞ, eþe−→ γISRψð3686Þ→ γISRγηcð2SÞ,

eþe− → γISRψð3686Þ → γISRK0
SK

�π∓, ψð3770Þ → γχc1,
and other flat backgrounds. The contributions of the first
three components are described above. The line shapes of
eþe− →K0

SK
�π∓ðγISR=γFSRÞ and eþe− → γISRψð3686Þ →

γISRγηcð2SÞ are described by the MC simulated shapes. The
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line shape of eþe− → γISRψð3686Þ → γISRK0
SK

�π∓ is
described by the MC simulated shape convolved with a
Gaussian function with free parameters, and its yield is
floated. The line shape of ψð3770Þ → γχc1 is modeled with
the same form as Eq. (5), and its yield is floated. Other flat
backgrounds are described by a second-order polynomial
function with floating yield.

C. Numerical results

Unbinned maximum likelihood fits to the K0
SK

�π∓
invariant mass spectra are performed separately in the
ηcð1SÞ and ηcð2SÞ signal regions. The fit results are shown
in Figs. 1(a) and 1(b), with goodness of fit values of
χ2=ndf ¼ 42.2=43 and 55.2=58, respectively, where ndf
denotes the degrees of freedom. The extracted signal yields
are Nηcð1SÞ ¼ 53� 28 and Nηcð2SÞ ¼ −25� 13. The signal
significances are estimated using −2 lnðL0=LmaxÞ, where
L0 and Lmax are the maximized likelihoods without and
with ηcð1S; 2SÞ signals, respectively, taking into account
the differences in the number of degrees of freedom (Δndf)
[49]. The resulting statistical significances of the ηcð1S; 2SÞ
signals are 1.1σ and 1.0σ, respectively. Since no significant
signal is observed for either the ηcð1SÞ or ηcð2SÞ, 90% CL
upper limits on the number of signal events are computed,
NCLð90%Þ, by solving the equation [50],

Z
NCLð90%Þ

0

LðnÞdn=
Z þ∞

0

LðnÞdn ¼ 0.90; ð7Þ

where n is the assumed number of signal events, and
LðnÞ is the corresponding maximized profiled likelihood
of the fit with each fixed value of n. The resulting
90% CL upper limits on the number of signal events,
including systematic uncertainties (discussed below), are
NCLð90%Þ < 139 for the ηcð1SÞ channel and NCLð90%Þ <
156 for the ηcð2SÞ channel.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are classified into two
categories: additive and multiplicative terms. The system-
atic uncertainties from the masses and widths of the
ηcð1S; 2SÞ and the fit model are additive. The other sources
of systematic uncertainties are multiplicative, and are listed
in Table I. The multiplicative terms include tracking
efficiency, K0

S reconstruction, photon reconstruction, kin-
ematic fit, integrated luminosity of the ψð3770Þ data
sample, cross section of eþe− → ψð3770Þ, D0 veto,
branching fractions, and MC statistics.
The tracking efficiency differences for K� and π�

between data and MC simulations are studied with the
control samples ψð3770Þ → D0D̄0ðDþD−Þ, with D0 →
K−πþ; K−πþπþπ− and D̄0 → Kþπ−; Kþπ−π−πþ (Dþ →
K−πþπþ and D− → Kþπ−π−). The uncertainties are esti-
mated to be 0.9% for the ηcð1SÞ channel, and 1.0% for the
ηcð2SÞ channel.

(a) (b)

FIG. 1. K0
SK

�π∓ invariant mass spectra from data and the related fit results in the (a) ηcð1SÞ and (b) ηcð2SÞ signal regions.

TABLE I. Relative multiplicative systematic uncertainties (%)
on the measurements of the upper limits on Bðψð3770Þ →
γηcð1S; 2SÞÞ at 90% CL. The multiplicative uncertainties are
assumed to be independent and are added in quadrature to obtain
the total multiplicative uncertainty.

Source ηcð1SÞ ηcð2SÞ
Tracking 0.9 1.0
K0

S reconstruction 0.4 0.3
Photon reconstruction 1.0 1.0
Kinematic fit 0.5 1.3
Integrated luminosity 0.4 0.4
Cross section of eþe− → ψð3770Þ 7.3 7.3
D0 veto 1.0 1.0
Branching fractions 11 63
MC statistics 0.4 0.4
Intermediate resonance 0.2 1.4

Total multiplicative uncertainty 13.3 63.5
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The K0
S reconstruction uncertainty is determined us-

ing the control samples ψð3770Þ → D0D̄0ðDþD−Þ, with
D0 → K−πþ; K−πþπþπ−; K−πþπ0, and D̄0→K0

Sπ
þπ−;

K0
Sπ

0;K0
Sπ

þπ−π0 (Dþ→K−πþπþ and D−→K0
Sπ

−;K0
Sπ

−π0;
K0

Sπ
þπ−π−), and the uncertainties are estimated to be 0.4%

for the ηcð1SÞ channel, and 0.3% for the ηcð2SÞ channel.
The uncertainty on the photon reconstruction efficiency

is estimated to be 1% per photon, based on studies of the
control samples J=ψ → ρ0π0 and eþe− → γγ [51].
The differences in the χ24C distributions between data and

MC simulations are estimated by correcting the track helix
parameters [52]. The correction factors are extracted from
the control samples ψð3686Þ → γχc0 → γ3ðπþπ−Þ and
ψð3686Þ → γχc0 → γ2ðKþK−Þ. The uncertainties are esti-
mated to be 0.5% for the ηcð1SÞ channel, and 1.3% for the
ηcð2SÞ channel.
The integrated luminosity of the ψð3770Þ resonance data

sample is determined to be ð20.3� 0.08Þ fb−1 [53,54],
corresponding to an uncertainty of 0.4%.
To determine the total number of ψð3770Þ mesons,

we use the eþe− → ψð3770Þ Born-level cross section
(σ0ψð3770Þ) at

ffiffiffi
s

p ¼ 3.773 GeV, which is calculated using

a relativistic Breit-Wigner formula with fixed ψð3770Þ
resonance parameters [9]. The uncertainty of the cross
section is 7.3%, which is dominantly due to uncertainty in
the ψð3770Þ resonance parameters.
The uncertainty related to the D0 veto is estimated using

the control sample eþe− → γISRJ=ψ → γISRK0
SK

�π∓. The
efficiency difference between data and MC simulation is
determined to be 1%.
The branching fractions of K0

S → πþπ−, ηcð1SÞ →
K0

SK
�π∓, and ηcð2SÞ → K0

SK
�π∓ are ð69.20� 0.05Þ%

[9], ð2.60� 0.21� 0.20Þ% [55], and ð0.60þ0.38
−0.32Þ% [56,57],

respectively. The corresponding uncertainties are 11% for
the ηcð1SÞ channel and 63% for the ηcð2SÞ channel.
The uncertainty due to MC statistics is estimated to be

0.4% by assuming a binomial distribution for the detection
efficiency of the signal MC.
To estimate the uncertainty associated with the signal

simulation model, the intermediate states K�
0ð1430Þ and

K�
2ð1430Þ are considered following the Dalitz-plot analysis

of the ηcð1S; 2SÞ → K0
SK

�π∓ decays by the LHCb col-
laboration [58]. Mixed MC samples are generated for these
two processes, and the differences in efficiency with respect
to the nominal signal MC samples are evaluated. The
observed difference is taken as the related uncertainty.
The additive systematic uncertainties are evaluated by

varying the fit model and ηcð1S; 2SÞ parameters: (1) the
uncertainty related to the ηcð1S; 2SÞ resonance parameters
is estimated by varying the parameters by one standard
deviation from the PDG values [9]; (2) the uncertainty
related to the photon energy dependence is estimated by
replacing E7

γ with E5
γ [23]; (3) the uncertainty related to the

damping factor is estimated by removing it from the fit;

(4) the uncertainty related to the Gaussian resolution
function is estimated by varying the parameters by one
standard deviation; (5) the uncertainties related to the
π0K0

SK
�π∓, K0

SK
�π∓ðγISR=γFSRÞ, and γISRψð3686Þ back-

ground yields are estimated by changing their magnitudes
by one standard deviation; (6) the uncertainty related to the
shape of the eþe− → K0

SK
�π∓ðγISR=γFSRÞ background is

estimated by varying the smooth parameters of the MC
simulated shape; (7) the uncertainties related to the shapes
of the eþe− → γISRψð3686Þ → γISRγηcð1S; 2SÞ, and
eþe− → γISRJ=ψ=ψð3686Þ → γISRK0

SK
�π∓ backgrounds

are estimated by replacing the MC simulated shape with
a Breit-Wigner function convolved with a single Gaussian
function with floating parameters; (8) the uncertainty
related to the flat background is estimated by replacing
the second-order polynomial with a third-order polynomial.
Systematic uncertainties are incorporated into our cal-

culations of upper limits in two steps. First, in determining
the additive systematic uncertainty from the masses and
widths of the ηcð1S; 2SÞ and the fit model (as described
above), we calculate the upper limit for each possible fit
configuration and determine the most conservative upper
limit at 90% CL on the number of signal events. Then, the
likelihood with that most conservative upper limit is
convolved with a Gaussian function whose width is equal
to the corresponding total multiplicative uncertainty [59],

L0ðNÞ ¼
Z

1

0

L

�
S

Ŝ
N

�
exp

�
−
ðS − ŜÞ2
2σ2S

�
dS; ð8Þ

where L0ðNÞ is the convolved likelihood, L is the original
likelihood as a function of the number of signal events N, S
is the expected efficiency under a given systematic varia-
tion of the multiplicative sources, Ŝ is the nominal
efficiency obtained from the signal MC sample, and σS
is the total multiplicative uncertainty. Here S is treated as a
floating parameter representing possible deviations of the
efficiency due to systematic sources, and its probability
distribution is modeled by the Gaussian term in the
integrand. The resulting 90% CL upper limits on the
number of signal events are NCLð90%Þ < 139 for the
ηcð1SÞ channel and NCLð90%Þ < 156 for the ηcð2SÞ channel.

VI. UPPER LIMITS

The upper limits on the product branching fractions are
calculated as

B1 × B2 <
NCL

ϵ · L · σ0ψð3770Þ ·
1

j1−Πj2 · ð1þ σÞ · B3

; ð9Þ

where B1 and B2 represent Bðψð3770Þ → γηcð1S; 2SÞÞ and
Bðηcð1S; 2SÞ → K0

SK
�π∓Þ, respectively, NCL is the upper

limit on the number of signal events, ϵ is the detection
efficiency [25.9% for ηcð1SÞ and 23.2% for ηcð2SÞ], L is
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the integrated luminosity, σ0ψð3770Þ is the cross section of

ψð3770Þ production at 3.773 GeV, 1
j1−Πj2 ¼ 1.056 is the

vacuum polarization factor [60], ð1þ σÞ ¼ 0.714 is the
radiative correction factor [34,46,61], and B3 is the branch-
ing fraction for K0

S → πþπ−. The vacuum polarization and
radiative correction factors are obtained from the KKMC

generator. The uncertainties in Bðηcð1S; 2SÞ → K0
SK

�π∓Þ
are not included in the product branching fraction
upper limits. The results are Bðψð3770Þ → γηcð1SÞÞ ×
Bðηcð1SÞ → K0

SK
�π∓Þ < 5.0 × 10−6 at 90% CL and

Bðψð3770Þ→γηcð2SÞÞ×Bðηcð2SÞ→K0
SK

�π∓Þ<3.7×10−6

at 90%CL. Using Bðηcð1SÞ→K0
SK

�π∓Þ ¼ ð2.60� 0.21�
0.20Þ% [55], Bðηcð2SÞ→K0

SK
�π∓Þ¼ð0.60þ0.38

−0.32Þ% [56,57],
and Γtot

ψð3770Þ ¼ 27.2� 1.0 MeV [9], the upper limits on the

partial decay widths at 90% CL are

Γðψð3770Þ → γηcð1SÞÞ < 5.5 keV

Γðψð3770Þ → γηcð2SÞÞ < 29.4 keV: ð10Þ

In the calculation of the partial decay widths, an additional
multiplicative uncertainty from Γtot

ψð3770Þ (3.7%) is included.

VII. SUMMARY

In summary, using a data sample with an integrated
luminosity of 20.3 fb−1 at eþe− center-of-mass energy
3.773 GeV collected with the BESIII detector operating at
the BEPCII collider, searches for ψð3770Þ → γηcð1S; 2SÞ
via ηcð1S; 2SÞ → K0

SK
�π∓ are improved over previous

measurements [24], but no significant ηcð1S; 2SÞ signals
are observed. Upper limits on the branching fractions at
90% CL are measured to be Bðψð3770Þ→γηcð1SÞÞ×
Bðηcð1SÞ→K0

SK
�π∓Þ<5.0×10−6;Bðψð3770Þ→γηcð2SÞÞ×

Bðηcð2SÞ→K0
SK

�π∓Þ<3.7×10−6. The upper limits on
the partial decay widths at 90% CL are determined to
be Γðψð3770Þ → γηcð1SÞÞ < 5.5 keV and Γðψð3770Þ→
γηcð2SÞÞ< 29.4 keV based on the values ofBðηcð1S; 2SÞ →
K0

SK
�π∓Þ [55–57]. Our result is compatible with the

previous BESIII measurements [24]. Using a data sample
seven times larger than that used for the previous measure-
ments, the upper limits at 90% confidence level on
Γðψð3770Þ → γηcð1SÞÞ and Γðψð3770Þ → γηcð2SÞÞ are
reduced to approximately 30% and 54% of the previous
results, respectively.

Table II compares our results with the previous BESIII
measurements [24] and various theoretical predictions
[20,21,23]. The upper limit on Γðψð3770Þ → γηcð1SÞÞ is
within the 1σ range of the IML [20] and lattice QCD [21]
calculations, and is larger than the prediction obtained
using the relativistic BS equation method that incorporates
large relativistic corrections [23]. For Γðψð3770Þ →
γηcð2SÞÞ, due to the limited statistics of the data
sample and the large uncertainty in Bðηcð2SÞ →
K0

SK
�π∓Þ, the upper limit is approximately one order of

magnitude larger than the IML prediction and significantly
larger than the prediction obtained using the relativistic BS
equation method that incorporates large relativistic
corrections.

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII
[62] and the IHEP computing center for their strong
support. This work is supported in part by National Key
R&D Program of China under Contracts
No. 2025YFA1613900, No. 2023YFA1606000,
No. 2023YFA1606704, No. 2025YFA1613900; the
National Natural Science Foundation of China (NSFC)
under Contracts No. 11635010, No. 11935015,
No. 11935016, No. 11935018, No. 12025502,
No. 12035009, No. 12035013, No. 12061131003,
No. 12192260, No. 12192261, No. 12192262,
No. 12192263, No. 12192264, No. 12192265,
No. 12221005, No. 12225509, No. 12235017,
No. 12342502, No. 12361141819, No. 12535005; the
Chinese Academy of Sciences (CAS) Large-Scale
Scientific Facility Program; the Strategic Priority
Research Program of the Chinese Academy of Sciences
under Contract No. XDA0480600; CAS under Contract
No. YSBR-101; the 100 Talents Program of CAS; The
Institute of Nuclear and Particle Physics (INPAC) and
Shanghai Key Laboratory for Particle Physics and
Cosmology; Agencia Nacional de Investigación y
Desarrollo de Chile (ANID), Chile under Contract
No. ANID CCTVal CIA250027; Istituto Nazionale di
Fisica Nucleare, Italy; Knut and Alice Wallenberg
Foundation under Contracts No. 2021.0174,
No. 2021.0299, No. 2023.0315; ther Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; the National Research Foundation of Korea under
Contract No. RS-2026-25486791; the National Science and
Technology fund of Mongolia; the Polish National Science

TABLE II. Comparisons of the experimental measurements with theoretical predictions.

This work Previous measurement [24] IML [20] LQCD [21] Ref. [23]

Γðψð3770Þ → γηcð1SÞÞ (keV) < 5.5 < 18.6 17.14þ22.9
−12.03 10� 11 1.54

Γðψð3770Þ → γηcð2SÞÞ (keV) < 29.4 < 54.8 1.82þ1.95
−1.19 � � � 0.0233

IMPROVED SEARCH FOR ψð3770Þ → γηcð1S; 2SÞ … PHYS. REV. D 114, 092001 (2026)

092001-7



Centre under Contract No. 2024/53/B/ST2/00975; STFC
(United Kingdom); the Swedish Research Council under
Contract No. 2019.04595; and the U.S. Department of
Energy under Contract No. DE-FG02-05ER41374.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

[1] J. L. Rosner, Phys. Rev. D 64, 094002 (2001).
[2] P. A. Rapidis et al., Phys. Rev. Lett. 39, 526 (1977).
[3] W. Bacino et al., Phys. Rev. Lett. 40, 671 (1978).
[4] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 97,

121801 (2006).
[5] M. Ablikim et al. (BES Collaboration), Phys. Lett. B 641,

145 (2006).
[6] M. Ablikim et al. (BES Collaboration), Phys. Rev. D 76,

122002 (2007).
[7] M. Ablikim et al. (BES Collaboration), Phys. Lett. B 659,

74 (2008).
[8] D. Besson et al. (CLEO Collaboration), Phys. Rev. Lett.

104, 159901(E) (2010).
[9] F. Takahashi et al., Int. J. Mod. Phys. A 41, 2630011 (2026).

[10] N. E. Adam et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 082004 (2006).

[11] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 107,
L091101 (2023).

[12] G. S. Adams et al. (CLEO Collaboration), Phys. Rev. D 73,
012002 (2006).

[13] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
132, 131901 (2024).

[14] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 11 (2023) 228.

[15] M. Ablikim et al. (BES Collaboration), Phys. Lett. B 652,
238 (2007).

[16] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 753,
103 (2016).

[17] Y. J. Zhang, G. Li, and Q. Zhao, Phys. Rev. Lett. 102,
172001 (2009).

[18] F. K. Guo, C. Hanhart, G. Li, U.-G. Meißner, and Q. Zhao,
Phys. Rev. D 83, 034013 (2011).

[19] G. Li, X. H. Liu, Q. Wang, and Q. Zhao, Phys. Rev. D 88,
014010 (2013).

[20] G. Li and Q. Zhao, Phys. Rev. D 84, 074005 (2011).
[21] J. J. Dudek, R. Edwards, and C. E. Thomas, Phys. Rev. D

79, 094504 (2009).
[22] W. Li, S.-Y. Pei, T. Wang, Y.-L. Wang, T.-F. Feng, and G.-L.

Wang, Phys. Rev. D 107, 113002 (2023).
[23] S. Y. Pei, W. Li, W.-Y. Ke, Y.-Yi Rui, Q. Li, and G.-L. Wang,

J. High Energy Phys. 03 (2026) 153.
[24] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 89,

112005 (2014).
[25] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 614, 345 (2010).
[26] K.-X. Huang et al., Nucl. Sci. Tech. 33, 142 (2022).
[27] C. H. Yu et al., Proceedings of IPAC2016, Busan, Korea

(2016).

[28] J. Lu, Y. Xiao, and X. Ji, Radiat. Detect. Technol. Methods
4, 337 (2020).

[29] J.-W. Zhang et al., Radiat. Detect. Technol. Methods 6, 289
(2022).

[30] X. Li et al., Radiat. Detect. Technol. Methods 1, 13 (2017).
[31] Y. X. Guo et al., Radiat. Detect. Technol. Methods 1, 15

(2017).
[32] P. Cao et al., Nucl. Instrum. Methods Phys. Res., Sect. A

953, 163053 (2020).
[33] S. Agostinelli et al. (Geant4 Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 506, 250 (2003).
[34] S. Jadach, B. F. L. Ward, and Z. Was, Phys. Rev. D 63,

113009 (2001); Comput. Phys. Commun. 130, 260 (2000).
[35] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A

462, 152 (2001).
[36] R. G. Ping, Chin. Phys. C 32, 599 (2008).
[37] J. C. Chen, G. S. Huang, X. R. Qi, D. H. Zhang, and Y. S.

Zhu, Phys. Rev. D 62, 034003 (2000).
[38] R. L. Yang, R. G. Ping, and H. Chen, Chin. Phys. Lett. 31,

061301 (2014).
[39] E. Barberio and Z. Was, Comput. Phys. Commun. 79, 291

(1994).
[40] M. Xu et al., Chin. Phys. C 34, 92 (2010).
[41] G. Punzi, eConf C030908, MODT002 (2003).
[42] X. Y. Zhou, S. X. Du, G. Li, and C. P. Shen, Comput. Phys.

Commun. 258, 107540 (2021).
[43] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 111,

052013 (2025).
[44] R. G. Ping, Chin. Phys. C 38, 083001 (2014).
[45] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 77,

092002 (2008).
[46] M. Benayoun, S. I. Eidelman, V. N. Ivanchenko, and Z. K.

Silagadze, Mod. Phys. Lett. A 14, 2605 (1999).
[47] N. Brambilla, Y. Jia, and A. Vairo, Phys. Rev. D 73, 054005

(2006).
[48] V. V. Anashin et al. (KEDR Collaboration), Int. J. Mod.

Phys. Conf. Ser. 02, 188 (2011).
[49] S. S. Wilks, Ann. Math. Stat. 9, 60 (1938).
[50] Y. Zhu, Nucl. Instrum. Methods Phys. Res., Sect. A 578,

322 (2007).
[51] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 81,

052005 (2010).
[52] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87,

012002 (2013).
[53] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 37,

123001 (2013).
[54] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 48,

123001 (2024).

M. ABLIKIM et al. PHYS. REV. D 114, 092001 (2026)

092001-8

https://doi.org/10.1103/PhysRevD.64.094002
https://doi.org/10.1103/PhysRevLett.39.526
https://doi.org/10.1103/PhysRevLett.40.671
https://doi.org/10.1103/PhysRevLett.97.121801
https://doi.org/10.1103/PhysRevLett.97.121801
https://doi.org/10.1016/j.physletb.2006.08.049
https://doi.org/10.1016/j.physletb.2006.08.049
https://doi.org/10.1103/PhysRevD.76.122002
https://doi.org/10.1103/PhysRevD.76.122002
https://doi.org/10.1016/j.physletb.2007.11.078
https://doi.org/10.1016/j.physletb.2007.11.078
https://doi.org/10.1103/PhysRevLett.104.159901
https://doi.org/10.1103/PhysRevLett.104.159901
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1103/PhysRevLett.96.082004
https://doi.org/10.1103/PhysRevLett.96.082004
https://doi.org/10.1103/PhysRevD.107.L091101
https://doi.org/10.1103/PhysRevD.107.L091101
https://doi.org/10.1103/PhysRevD.73.012002
https://doi.org/10.1103/PhysRevD.73.012002
https://doi.org/10.1103/PhysRevLett.132.131901
https://doi.org/10.1103/PhysRevLett.132.131901
https://doi.org/10.1007/JHEP11(2023)228
https://doi.org/10.1007/JHEP11(2023)228
https://doi.org/10.1016/j.physletb.2007.06.074
https://doi.org/10.1016/j.physletb.2007.06.074
https://doi.org/10.1016/j.physletb.2015.11.074
https://doi.org/10.1016/j.physletb.2015.11.074
https://doi.org/10.1103/PhysRevLett.102.172001
https://doi.org/10.1103/PhysRevLett.102.172001
https://doi.org/10.1103/PhysRevD.83.034013
https://doi.org/10.1103/PhysRevD.88.014010
https://doi.org/10.1103/PhysRevD.88.014010
https://doi.org/10.1103/PhysRevD.84.074005
https://doi.org/10.1103/PhysRevD.79.094504
https://doi.org/10.1103/PhysRevD.79.094504
https://doi.org/10.1103/PhysRevD.107.113002
https://doi.org/10.1007/JHEP03(2026)153
https://doi.org/10.1103/PhysRevD.89.112005
https://doi.org/10.1103/PhysRevD.89.112005
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1007/s41365-022-01133-8
https://doi.org/10.1007/s41605-020-00188-8
https://doi.org/10.1007/s41605-020-00188-8
https://doi.org/10.1007/s41605-022-00331-7
https://doi.org/10.1007/s41605-022-00331-7
https://doi.org/10.1007/s41605-017-0014-2
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/j.nima.2019.163053
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/10.1088/0256-307X/31/6/061301
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1088/1674-1137/34/1/017
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1103/PhysRevD.111.052013
https://doi.org/10.1103/PhysRevD.111.052013
https://doi.org/10.1088/1674-1137/38/8/083001
https://doi.org/10.1103/PhysRevD.77.092002
https://doi.org/10.1103/PhysRevD.77.092002
https://doi.org/10.1142/S021773239900273X
https://doi.org/10.1103/PhysRevD.73.054005
https://doi.org/10.1103/PhysRevD.73.054005
https://doi.org/10.1142/S2010194511000791
https://doi.org/10.1142/S2010194511000791
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1016/j.nima.2007.05.116
https://doi.org/10.1016/j.nima.2007.05.116
https://doi.org/10.1103/PhysRevD.81.052005
https://doi.org/10.1103/PhysRevD.81.052005
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.87.012002
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/ad70a0
https://doi.org/10.1088/1674-1137/ad70a0


[55] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 100,
012003 (2019).

[56] H. P. Wang and C. Z. Yuan, Chin. Phys. C 46, 071001
(2022).

[57] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 109,
032004 (2024).

[58] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 108,
032010 (2023).

[59] K. Stenson, arXiv:physics/0605236.
[60] S. Actis et al. (Working Group on Radiative Corrections and

Monte Carlo Generators for Low Energies Collaboration),
Eur. Phys. J. C 66, 585 (2010).

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

[62] https://cstr.cn/31109.02.BEPC.

M. Ablikim ,1 M. N. Achasov ,4,d P. Adlarson ,85 X. C. Ai ,91 C. S. Akondi ,32a,32b R. Aliberti ,40 A. Amoroso ,84a,84c

Q. An,80,67,a M. S. Anderson ,40 Y. Bai ,65 O. Bakina ,41 H. R. Bao ,73 X. L. Bao ,51 M. Barbagiovanni ,84c

V. Batozskaya ,1,50 K. Begzsuren,36 N. Berger ,40 M. Berlowski ,50 M. B. Bertani ,31a D. Bettoni ,32a F. Bianchi ,84a,84c

E. Bianco,84a,84c A. Bortone ,84a,84c I. Boyko ,41 R. A. Briere ,5 A. Brueggemann ,77 D. Cabiati ,84a,84c H. Cai ,86

M. H. Cai ,43,l,m X. Cai ,1,67 A. Calcaterra ,31a G. F. Cao ,1,73 N. Cao ,1,73 S. A. Cetin ,71a X. Y. Chai ,52,i

J. F. Chang ,1,67 T. T. Chang ,49 G. R. Che ,49 Y. Z. Che ,1,67,73 C. H. Chen ,10 Chao Chen ,1 G. Chen ,1

H. S. Chen ,1,73 H. Y. Chen ,21 M. L. Chen ,1,67,73 S. J. Chen ,48 S. M. Chen ,70 T. Chen ,1,73 W. Chen ,51

X. R. Chen ,35,73 X. T. Chen ,1,73 X. Y. Chen ,13,h Y. B. Chen ,1,67 Y. Q. Chen ,17 Z. K. Chen ,68 J. Cheng ,51

L. N. Cheng ,49 S. K. Choi ,11 X. Chu ,13,h G. Cibinetto ,32a F. Cossio ,84c J. Cottee-Meldrum ,72 H. L. Dai ,1,67

J. P. Dai ,89 X. C. Dai ,70 A. Dbeyssi,20 R. E. de Boer ,3 D. Dedovich ,41 Z. Y. Deng ,1 A. Denig ,40 I. Denisenko ,41

M. Destefanis ,84a,84c F. De Mori ,84a,84c E. Di Fiore ,32a,32b X. X. Ding ,52,i Y. Ding ,45 Y. X. Ding ,33 J. Dong ,1,67

L. Y. Dong ,1,73 M. Y. Dong ,1,67,73 X. Dong ,86 Z. J. Dong ,68 M. C. Du ,1 S. X. Du ,91 Shaoxu Du ,13,h

X. L. Du ,13,h Y. Q. Du ,86 Y. Y. Duan ,63 Z. H. Duan ,48 P. Egorov ,41,b G. F. Fan ,48 J. J. Fan ,21 K. X. Fan ,68

Y. H. Fan ,51 J. Fang ,1,67 Jin Fang ,68 S. S. Fang ,1,73 W. X. Fang ,1 Y. Q. Fang ,1,67,a L. Fava ,84b,84c F. Feldbauer ,3

G. Felici ,31a C. Q. Feng ,80,67 J. H. Feng ,17 Q. X. Feng ,43,l,m Y. T. Feng ,80,67 M. Fritsch ,3 C. D. Fu ,1 J. L. Fu ,73

Y.W. Fu ,1,73 H. Gao ,73 Xu Gao ,39 Y. Gao ,80,67 Y. N. Gao ,52,i Y. Y. Gao ,33 Yunong Gao ,21 Z. Gao ,49

S. Garbolino ,84c I. Garzia ,32a,32b L. Ge ,65 P. T. Ge ,21 Z.W. Ge ,48 C. Geng ,68 A. Gilman ,78 K. Goetzen ,14

J. Gollub ,3 J. B. Gong ,1,73 J. D. Gong ,39 L. Gong ,45 W. X. Gong ,1,67 W. Gradl ,40 M. Greco ,84a,84c M. D. Gu ,58

M. H. Gu ,1,67 C. Y. Guan ,1,73 A. Q. Guo ,35 H. Guo ,57 J. N. Guo ,13,h L. B. Guo ,47 M. J. Guo ,57 R. P. Guo ,56

X. Guo ,57 Y. P. Guo ,13,h Z. Guo ,80,67 A. Guskov ,41,b J. Gutierrez ,30 J. Y. Han ,80,67 T. T. Han ,55 X. Han ,80,67

F. Hanisch ,3 J. Y. Hao ,21 K. D. Hao ,80,67 X. Q. Hao ,21 F. A. Harris ,74 C. Z. He ,52,i K. K. He ,48,18 K. L. He ,1,73

F. H. Heinsius ,3 C. H. Heinz ,40 Y. K. Heng ,1,67,73 C. Herold ,69 N. D. Hoffman ,12 P. C. Hong ,39 G. Y. Hou ,1,73

X. T. Hou ,1,73 Y. R. Hou ,73 Z. L. Hou ,1 H. M. Hu ,1,73 J. F. Hu ,64,k Q. P. Hu ,80,67 S. L. Hu ,13,h T. Hu ,1,67,73

Y. Hu ,1 Y. X. Hu ,86 Z. M. Hu ,68 G. S. Huang ,80,67 K. X. Huang ,68 L. Q. Huang ,35,73 P. Huang ,48 X. T. Huang ,57

Y. P. Huang ,1 Y. S. Huang ,68 T. Hussain ,83 N. Hüsken ,40 N. in der Wiesche ,77 Q. Ji ,1 Q. P. Ji ,21 W. Ji ,1,73

X. B. Ji ,1,73 X. L. Ji ,1,67 Y. Y. Ji ,1 L. K. Jia ,73 X. Q. Jia ,57 D. Jiang ,1,73 S. J. Jiang ,10 X. S. Jiang ,1,67,73

Y. Jiang ,73 J. B. Jiao ,57 J. K. Jiao ,39 Z. Jiao ,26 L. C. L. Jin ,1 S. Jin ,48 Y. Jin ,75 M. Q. Jing ,58 X. M. Jing ,73

T. Johansson ,85 S. Kabana ,37 X. L. Kang ,10 X. S. Kang ,45 B. C. Ke ,91 V. Khachatryan ,30 A. Khoukaz ,77

O. B. Kolcu ,71a B. Kopf ,3 L. Kröger ,77 L. Krümmel,3 Y. Y. Kuang ,82 M. Kuessner ,12 X. Kui ,1,73 N. Kumar ,29

A. Kupsc ,50,85 W. Kühn ,42 Q. Lan ,82 T. T. Lei ,80,67 M. Lellmann ,40 T. Lenz ,40 C. Li ,53 C. H. Li ,47 C. K. Li ,49

Chunkai Li ,22 Cong Li ,49 D. M. Li ,91 F. Li ,1,67 G. Li ,1 H. B. Li ,1,73 H. J. Li ,21 H. L. Li ,91 H. N. Li ,64,k

H. P. Li ,49 Hui Li ,49 J. N. Li ,33 J. S. Li ,68 J. W. Li ,57 K. Li ,1 K. L. Li ,43,l,m L. J. Li ,1,73 L. K. Li ,27 Lei Li ,54

M. H. Li ,49 M. R. Li ,1,73 M. T. Li ,57 P. L. Li ,73 P. R. Li ,43,l,m Q. M. Li ,1,73 Q. X. Li ,57 R. Li ,19,35 S. Li ,91

S. X. Li ,91 S. Y. Li ,91 Shanshan Li ,28,j T. Li ,57 T. Y. Li ,49 W. D. Li ,1,73 W. G. Li ,1,a X. Li ,1,73 X. H. Li ,80,67

X. K. Li ,52,i X. L. Li ,57 X. Y. Li ,80,67 X. Z. Li ,68 Y. H. Li ,49 Y. B. Li ,87 Y. C. Li ,68 Y. G. Li ,73 Y. P. Li ,39

Yi Li ,21 Z. H. Li ,43 Z. J. Li ,68 Z. L. Li ,91 Z. X. Li ,49 Z. Y. Li ,89 Zaiyi Li ,1,73 C. Liang ,48 H. Liang ,80,67

Y. F. Liang ,62 Y. T. Liang ,35,73 Z. Z. Liang ,68 G. R. Liao ,15 L. B. Liao ,68 M. H. Liao ,68 Y. P. Liao ,1,73 J. Libby ,29

A. Limphirat ,69 C. C. Lin ,63 C. X. Lin ,35 D. X. Lin ,35,73 T. Lin ,1 B. J. Liu ,1 B. X. Liu ,86 C. Liu ,39 C. X. Liu ,1

F. Liu ,1 F. H. Liu ,61 Feng Liu ,6 G. M. Liu ,64,k H. Liu ,43,l,m H. B. Liu ,16 H. M. Liu ,1,73 Huihui Liu ,23

IMPROVED SEARCH FOR ψð3770Þ → γηcð1S; 2SÞ … PHYS. REV. D 114, 092001 (2026)

092001-9

https://doi.org/10.1103/PhysRevD.100.012003
https://doi.org/10.1103/PhysRevD.100.012003
https://doi.org/10.1088/1674-1137/ac5fa2
https://doi.org/10.1088/1674-1137/ac5fa2
https://doi.org/10.1103/PhysRevD.109.032004
https://doi.org/10.1103/PhysRevD.109.032004
https://doi.org/10.1103/PhysRevD.108.032010
https://doi.org/10.1103/PhysRevD.108.032010
https://arXiv.org/abs/physics/0605236
https://doi.org/10.1140/epjc/s10052-010-1251-4
https://cstr.cn/31109.02.BEPC
https://cstr.cn/31109.02.BEPC
https://cstr.cn/31109.02.BEPC
https://cstr.cn/31109.02.BEPC
https://orcid.org/0000-0002-3935-619X
https://orcid.org/0000-0002-9400-8622
https://orcid.org/0000-0001-6280-3851
https://orcid.org/0000-0003-3856-2415
https://orcid.org/0000-0001-6303-5217
https://orcid.org/0000-0003-3500-4012
https://orcid.org/0000-0002-3095-8610
https://orcid.org/0009-0008-1550-2632
https://orcid.org/0000-0001-6593-5665
https://orcid.org/0009-0005-0719-7461
https://orcid.org/0009-0002-7027-021X
https://orcid.org/0009-0000-3355-8359
https://orcid.org/0009-0009-5356-3169
https://orcid.org/0000-0003-1089-9200
https://orcid.org/0000-0002-9659-8507
https://orcid.org/0000-0002-0080-6157
https://orcid.org/0000-0002-1836-502X
https://orcid.org/0000-0003-1042-8791
https://orcid.org/0000-0002-1524-6236
https://orcid.org/0000-0003-1577-5004
https://orcid.org/0000-0002-3355-4662
https://orcid.org/0000-0001-5229-1039
https://orcid.org/0009-0006-5224-894X
https://orcid.org/0009-0004-3608-7969
https://orcid.org/0000-0003-0898-3673
https://orcid.org/0009-0004-2953-8629
https://orcid.org/0000-0003-2244-0392
https://orcid.org/0000-0003-2670-4826
https://orcid.org/0000-0003-3714-3665
https://orcid.org/0000-0002-6540-217X
https://orcid.org/0000-0001-5050-8441
https://orcid.org/0000-0003-1919-360X
https://orcid.org/0000-0003-3328-3214
https://orcid.org/0009-0000-8361-147X
https://orcid.org/0000-0003-0158-2746
https://orcid.org/0009-0008-4382-8736
https://orcid.org/0009-0008-8029-3240
https://orcid.org/0009-0000-3090-4148
https://orcid.org/0000-0003-3058-0547
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0009-0009-2165-7910
https://orcid.org/0000-0002-2725-6036
https://orcid.org/0000-0003-0447-5348
https://orcid.org/0000-0002-2376-8413
https://orcid.org/0009-0001-9273-6140
https://orcid.org/0009-0002-6999-080X
https://orcid.org/0000-0001-8288-3983
https://orcid.org/0009-0003-3359-110X
https://orcid.org/0009-0000-6210-1825
https://orcid.org/0000-0001-9135-7723
https://orcid.org/0009-0008-0048-4849
https://orcid.org/0009-0001-9690-0673
https://orcid.org/0000-0001-8250-770X
https://orcid.org/0009-0003-1019-5294
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0009-0003-3025-1150
https://orcid.org/0000-0002-3491-6231
https://orcid.org/0000-0003-0454-3144
https://orcid.org/0009-0009-3900-6905
https://orcid.org/0000-0003-1770-3848
https://orcid.org/0000-0003-4802-4485
https://orcid.org/0000-0003-3395-7151
https://orcid.org/0000-0001-5846-2206
https://orcid.org/0009-0009-1517-6504
https://orcid.org/0000-0003-0440-3870
https://orcid.org/0000-0001-7974-5854
https://orcid.org/0000-0002-4408-1565
https://orcid.org/0000-0003-1997-6751
https://orcid.org/0000-0002-3951-272X
https://orcid.org/0009-0003-1978-9072
https://orcid.org/0009-0007-2024-4087
https://orcid.org/0009-0004-6383-6929
https://orcid.org/0009-0000-9984-266X
https://orcid.org/0000-0001-5761-0158
https://orcid.org/0000-0002-4773-5050
https://orcid.org/0000-0002-4359-3091
https://orcid.org/0009-0004-3851-2674
https://orcid.org/0009-0005-0928-1341
https://orcid.org/0000-0001-6975-2428
https://orcid.org/0009-0002-4693-5429
https://orcid.org/0009-0002-5682-0414
https://orcid.org/0009-0004-4202-2539
https://orcid.org/0009-0001-2521-6700
https://orcid.org/0009-0004-2164-7089
https://orcid.org/0009-0002-2501-9851
https://orcid.org/0009-0002-4804-3811
https://orcid.org/0009-0009-1445-4832
https://orcid.org/0009-0008-5248-9748
https://orcid.org/0009-0003-2095-0871
https://orcid.org/0009-0009-4437-3742
https://orcid.org/0000-0002-9906-296X
https://orcid.org/0009-0007-1724-4764
https://orcid.org/0000-0001-5731-4113
https://orcid.org/0000-0002-5247-3833
https://orcid.org/0000-0001-8630-6585
https://orcid.org/0000-0002-3650-5778
https://orcid.org/0009-0002-4244-0541
https://orcid.org/0000-0001-8783-6115
https://orcid.org/0000-0001-7859-7896
https://orcid.org/0009-0002-0732-4166
https://orcid.org/0009-0000-9769-0711
https://orcid.org/0009-0003-6207-7804
https://orcid.org/0000-0002-6463-8295
https://orcid.org/0000-0002-1155-6819
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0009-0004-4626-2505
https://orcid.org/0000-0002-6025-6193
https://orcid.org/0009-0005-2271-6987
https://orcid.org/0000-0002-5047-4162
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0009-0003-5977-9274
https://orcid.org/0009-0004-7033-0889
https://orcid.org/0009-0008-0493-0666
https://orcid.org/0000-0001-5604-1395
https://orcid.org/0000-0002-0412-4161
https://orcid.org/0009-0001-6992-7328
https://orcid.org/0000-0001-7803-6351
https://orcid.org/0009-0008-9170-0091
https://orcid.org/0000-0001-6014-8419
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0002-0782-3806
https://orcid.org/0009-0005-8569-0016
https://orcid.org/0009-0001-9232-5456
https://orcid.org/0009-0003-1463-168X
https://orcid.org/0000-0002-7265-3831
https://orcid.org/0000-0002-1557-4379
https://orcid.org/0000-0002-9974-8320
https://orcid.org/0000-0002-7299-7829
https://orcid.org/0009-0007-8773-366X
https://orcid.org/0000-0002-1823-9496
https://orcid.org/0000-0002-7179-1298
https://orcid.org/0000-0002-2430-7512
https://orcid.org/0009-0006-8891-7252
https://orcid.org/0009-0007-4905-2126
https://orcid.org/0000-0002-1282-5136
https://orcid.org/0009-0000-3374-1217
https://orcid.org/0000-0003-3785-2859
https://orcid.org/0009-0002-2363-6880
https://orcid.org/0000-0003-2185-9714
https://orcid.org/0009-0006-4663-5230
https://orcid.org/0000-0001-8532-1900
https://orcid.org/0009-0007-6774-6949
https://orcid.org/0000-0002-1008-0943
https://orcid.org/0000-0001-6487-0281
https://orcid.org/0009-0007-2373-7784
https://orcid.org/0009-0002-3770-1655
https://orcid.org/0009-0007-8807-554X
https://orcid.org/0009-0007-1855-9725
https://orcid.org/0000-0003-1736-1235
https://orcid.org/0000-0002-0661-9301
https://orcid.org/0009-0002-1500-3629
https://orcid.org/0000-0003-2824-988X
https://orcid.org/0000-0001-8930-4825
https://orcid.org/0000-0002-9545-5117
https://orcid.org/0009-0008-2654-3034
https://orcid.org/0000-0002-8483-690X
https://orcid.org/0000-0002-0315-6823
https://orcid.org/0000-0002-8865-2286
https://orcid.org/0000-0003-4827-0301
https://orcid.org/0009-0005-0413-3825
https://orcid.org/0009-0008-0470-2102
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0001-7144-2234
https://orcid.org/0000-0002-9958-379X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-9705-7518
https://orcid.org/0009-0009-4340-077X
https://orcid.org/0000-0003-1620-983X
https://orcid.org/0000-0002-2033-381X
https://orcid.org/0009-0002-9349-0813
https://orcid.org/0009-0008-4432-4492
https://orcid.org/0000-0002-7510-3181
https://orcid.org/0000-0003-4459-3234
https://orcid.org/0000-0001-7517-6084
https://orcid.org/0009-0004-5394-2541
https://orcid.org/0000-0002-9455-1967
https://orcid.org/0000-0002-5972-2855
https://orcid.org/0000-0001-5188-6719
https://orcid.org/0000-0002-5641-1787
https://orcid.org/0000-0001-8971-9836
https://orcid.org/0009-0007-2605-820X
https://orcid.org/0000-0003-4391-4390
https://orcid.org/0000-0003-2963-2565
https://orcid.org/0009-0004-5704-4431
https://orcid.org/0000-0002-6337-5040
https://orcid.org/0000-0002-1913-1997
https://orcid.org/0000-0002-9782-1504
https://orcid.org/0009-0002-4671-4239
https://orcid.org/0009-0003-3348-2894
https://orcid.org/0009-0009-1865-6650
https://orcid.org/0009-0000-8448-1531
https://orcid.org/0000-0001-5685-4249
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-1940-7316
https://orcid.org/0009-0003-3115-0837
https://orcid.org/0009-0009-6288-7042
https://orcid.org/0009-0003-4413-3729
https://orcid.org/0000-0002-5076-7803
https://orcid.org/0000-0002-7067-8752
https://orcid.org/0000-0003-3769-0431
https://orcid.org/0009-0000-2778-9978
https://orcid.org/0000-0002-6945-716X
https://orcid.org/0000-0003-0568-5750
https://orcid.org/0000-0001-7809-6389
https://orcid.org/0000-0001-7293-7116
https://orcid.org/0000-0003-0397-1315
https://orcid.org/0000-0003-2567-2930
https://orcid.org/0000-0001-7108-895X
https://orcid.org/0000-0002-9177-1286
https://orcid.org/0000-0002-3103-2609
https://orcid.org/0009-0001-1656-4877
https://orcid.org/0009-0000-6659-1788
https://orcid.org/0000-0002-0028-0490
https://orcid.org/0009-0005-4654-2088
https://orcid.org/0009-0004-7845-2768
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0001-6018-9878
https://orcid.org/0009-0007-3215-4652
https://orcid.org/0009-0009-9880-7454
https://orcid.org/0000-0002-2154-9292
https://orcid.org/0000-0001-9751-1971
https://orcid.org/0000-0002-5827-5774
https://orcid.org/0000-0002-3240-4523
https://orcid.org/0009-0002-8974-8340
https://orcid.org/0009-0006-8904-6014
https://orcid.org/0009-0005-8620-6118
https://orcid.org/0000-0001-7632-3402
https://orcid.org/0000-0001-7427-0730
https://orcid.org/0000-0002-2207-8832
https://orcid.org/0000-0002-6940-8093
https://orcid.org/0000-0001-9275-4739
https://orcid.org/0009-0005-3866-283X
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0009-0000-5604-8247
https://orcid.org/0009-0006-4455-2562
https://orcid.org/0009-0007-8610-1599
https://orcid.org/0000-0003-1781-4863
https://orcid.org/0000-0002-6158-6573
https://orcid.org/0000-0002-2545-0329
https://orcid.org/0009-0007-2120-4845
https://orcid.org/0009-0003-4636-9487
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0001-8282-932X
https://orcid.org/0009-0005-3701-8874
https://orcid.org/0009-0001-6378-5410
https://orcid.org/0009-0002-9555-3099
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0009-0004-9425-2678
https://orcid.org/0000-0002-8520-279X
https://orcid.org/0009-0000-2684-0751
https://orcid.org/0009-0003-4518-1490
https://orcid.org/0000-0003-4669-1495
https://orcid.org/0009-0001-2358-8498
https://orcid.org/0009-0008-1459-1282
https://orcid.org/0000-0002-4208-5167
https://orcid.org/0009-0004-2481-1163
https://orcid.org/0000-0003-0633-4346
https://orcid.org/0000-0003-4836-712X
https://orcid.org/0009-0008-7455-3130
https://orcid.org/0000-0002-1569-1495
https://orcid.org/0009-0008-8476-3932
https://orcid.org/0000-0002-5597-7375
https://orcid.org/0000-0003-2280-1119
https://orcid.org/0009-0008-4569-0857
https://orcid.org/0009-0005-6858-4000
https://orcid.org/0000-0002-9909-2851
https://orcid.org/0009-0001-7662-7251
https://orcid.org/0000-0001-7922-256X
https://orcid.org/0009-0002-2401-9630
https://orcid.org/0009-0003-6738-4213
https://orcid.org/0009-0003-7638-4434
https://orcid.org/0000-0001-8377-8632
https://orcid.org/0009-0007-2014-5409
https://orcid.org/0009-0009-9684-362X
https://orcid.org/0009-0003-6948-1762
https://orcid.org/0000-0002-2935-1256
https://orcid.org/0009-0005-2251-7603
https://orcid.org/0009-0004-9489-550X
https://orcid.org/0009-0004-4540-8330
https://orcid.org/0000-0003-3442-4701
https://orcid.org/0009-0009-3207-7313
https://orcid.org/0000-0003-1356-3614
https://orcid.org/0009-0006-4900-0695
https://orcid.org/0009-0007-2478-0768
https://orcid.org/0009-0000-1981-0044
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0001-8915-0061
https://orcid.org/0009-0004-5837-7254
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0003-2943-9343
https://orcid.org/0000-0002-6450-9629
https://orcid.org/0000-0001-9664-5230
https://orcid.org/0009-0001-2423-1028
https://orcid.org/0009-0008-4691-9828
https://orcid.org/0000-0001-6781-148X
https://orcid.org/0000-0002-8072-0926
https://orcid.org/0000-0002-2261-6899
https://orcid.org/0009-0000-0891-7495
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0003-0271-2311
https://orcid.org/0000-0003-1695-3263
https://orcid.org/0000-0002-9975-2602
https://orcid.org/0009-0006-4263-0803


J. B. Liu ,80,67 J. J. Liu ,22 K. Liu ,43,l,m K. Y. Liu ,45 Ke Liu ,24 Kun Liu ,82 L. Liu ,43 L. C. Liu ,49 Lu Liu ,49

M. H. Liu ,39 P. L. Liu ,57 Q. Liu ,73 S. B. Liu ,80,67 T. Liu ,1 W. T. Liu ,44 X. Liu ,43,l,m X. K. Liu ,43,l,m

X. L. Liu ,13,h X. P. Liu ,13,h X. T. Liu ,22 X. Y. Liu ,86 Y. Liu ,43,l,m Y. B. Liu ,49 Yi Liu ,91 Z. A. Liu ,1,67,73

Z. D. Liu ,87 Z. Q. Liu ,57 Z. X. Liu ,1 Z. Y. Liu ,43 X. C. Lou ,1,67,73 H. J. Lu ,26 J. G. Lu ,1,67 X. L. Lu ,17 Y. Lu ,7

Y. H. Lu ,1,73 Y. P. Lu ,1,67 Z. H. Lu ,1,73 C. L. Luo ,47 J. R. Luo ,68 J. S. Luo ,1,73 M. X. Luo,90 T. Luo ,13,h

X. L. Luo ,1,67 Z. Y. Lv ,24 X. R. Lyu ,73,p Y. F. Lyu ,49 Y. H. Lyu ,91 C. L. Ma ,1,73 F. C. Ma ,45 H. L. Ma ,1

Heng Ma ,28,j J. L. Ma ,1,73 L. L. Ma ,57 L. R. Ma ,75 Q. M. Ma ,1 R. Q. Ma ,1,73 R. Y. Ma ,21 T. Ma ,80,67

X. T. Ma ,1,73 X. Y. Ma ,1,67 F. E. Maas ,20 I. MacKay ,78 M. Maggiora ,84a,84c S. Maity ,35 S. Malde ,78

Q. A. Malik ,83 L. M. Mansur ,40 Y. J. Mao ,52,i Z. P. Mao ,1 S. Marcello ,84a,84c A. Marshall ,72 F. M. Melendi ,32a,32b

Y. H. Meng ,73 Z. X. Meng ,75 G. Mezzadri ,32a H. Miao ,1,73 T. J. Min ,48 R. E. Mitchell ,30 X. H. Mo ,1,67,73

A. F. Mohammad ,48 B. Moses ,30 N. Yu. Muchnoi ,4,d J. Muskalla ,40 Y. Nefedov ,41 F. Nerling ,20,f H. Neuwirth ,77

Z. Ning ,1,67 S. Nisar ,34 Q. L. Niu ,43,l,m W. D. Niu ,13,h Y. Niu ,57 C. Normand ,72 S. L. Olsen ,11,73

Q. Ouyang ,1,67,73 I. V. Ovtin ,4 S. Pacetti ,31b,31c Y. Pan ,65 C. Y. Pang ,15 A. Pathak ,11 Y. P. Pei ,80,67 M. Pelizaeus ,3

G. L. Peng ,80,67 H. P. Peng ,80,67 X. J. Peng ,43,l,m Y. Y. Peng ,43,l,m K. Peters ,14,f K. Petridis ,72 J. L. Ping ,47

R. G. Ping ,1,73 S. Plura ,40 V. Prasad ,39 L. Pöpping ,3 F. Z. Qi ,1 H. R. Qi ,70 L. Y. Qian ,1,73 S. Qian ,1,67

W. B. Qian ,73 C. F. Qiao ,73 J. H. Qiao ,21 J. J. Qin ,82 J. L. Qin ,63 L. Q. Qin ,15 L. Y. Qin ,80,67 P. B. Qin ,82

X. P. Qin ,44 X. S. Qin ,57 Z. H. Qin ,1,67 J. F. Qiu ,1 Z. H. Qu ,82 J. Rademacker ,72 K. Ravindran ,76

C. F. Redmer ,40 A. Rivetti ,84c M. Rolo ,84c G. Rong ,1,73 S. S. Rong ,1,73 F. Rosini ,31b,31c Ch. Rosner ,20

M. Q. Ruan ,1,67 W. R. Ruangyoo ,69 N. Salone ,81 A. Sarantsev ,41,e Y. Schelhaas ,40 M. Schernau ,37

K. Schoenning ,85 M. Scodeggio ,32a W. Shan ,27 X. Y. Shan ,80,67 Z. J. Shang ,43,l,m J. F. Shangguan ,18

L. G. Shao ,1,73 M. Shao ,80,67 C. P. Shen ,13,h H. F. Shen ,30 W. H. Shen ,73 X. Y. Shen ,1,73 B. A. Shi ,73

Ch. Y. Shi ,89,c H. Shi ,80,67 J. L. Shi ,8,q J. Y. Shi ,1 M. H. Shi ,91 S. Shi ,1,73 S. Y. Shi ,82 X. Shi ,1,67 X. D. Shi ,1

H. L. Song ,80,67 J. J. Song ,21 M. H. Song ,43 T. Z. Song ,68 W.M. Song ,39 Y. X. Song ,52,i,n Zirong Song ,28,j

S. Sosio ,84a,84c S. Spataro ,84a,84c S. Stansilaus ,78 F. Stieler ,40 M. Stolte ,3 S. S Su ,45 G. B. Sun ,86 G. X. Sun ,1

H. Sun ,73 H. K. Sun ,1 J. F. Sun ,21 K. Sun ,70 L. Sun ,86 R. Sun ,80 S. S. Sun ,1,73 W. Y. Sun ,58 Y. C. Sun ,86

Y. H. Sun ,33 Y. J. Sun ,80,67 Y. Z. Sun ,1 Z. Q. Sun ,1,73 Z. T. Sun ,57 H. Tabaharizato ,1 N. T. Tagsinsit ,69

C. J. Tang,62 G. Y. Tang ,1 J. Tang ,68 J. J. Tang ,80,67 L. F. Tang ,44 Y. A. Tang ,86 Z. H. Tang ,1,73 L. Y. Tao ,82

M. Tat ,78 J. X. Teng ,80,67 J. Y. Tian ,80,67 W. H. Tian ,68 Y. Tian ,35 Z. F. Tian ,86 K. Yu. Todyshev ,4 I. Uman ,71b

E. van der Smagt ,3 B. Wang ,68 Bin Wang ,1 Bo Wang ,80,67 C. Wang ,43,l,m Chao Wang ,21 Cong Wang ,24

D. Y. Wang ,52,i F. K. Wang ,68 H. J. Wang ,43,l,m H. R. Wang ,88 J. Wang ,10 J. H. Wang ,1 J. J. Wang ,86

J. P. Wang ,38 K. Wang ,1,67 L. L. Wang ,1 L.W. Wang ,39 M. Wang ,57 Mi Wang ,80,67 N. Y. Wang ,73 P. Wang ,22

S. Wang ,43,l,m Shun Wang ,66 T. Wang ,13,h W. Wang ,68 W. P. Wang ,40 X. F. Wang ,43,l,m X. L. Wang ,13,h

X. N. Wang ,1,73 Xin Wang ,28,j Y. Wang ,1 Y. D. Wang ,51 Y. F. Wang ,1,9,73 Y. H. Wang ,43,l,m Y. J. Wang ,80,67

Y. L. Wang ,21 Y. N. Wang ,51 Yanning Wang ,86 Yaqian Wang ,19 Yi Wang ,70 Yuan Wang ,19,35 Z. Wang ,1,67

Z. L. Wang ,2 Z. Q. Wang ,13,h Z. Y. Wang ,1,73 Zhi Wang ,49 Ziyi Wang ,73 D. Wei ,49 D. H. Wei ,15 D. J. Wei ,75

H. R. Wei ,49 F. Weidner ,77 H. R. Wen ,35 S. P. Wen ,1 U. Wiedner ,3 G. Wilkinson ,78 J. F. Wu ,1,9 L. H. Wu ,1

L. J. Wu ,21 S. G. Wu ,1,73 S. M. Wu ,73 X.W. Wu ,82 Z. Wu ,1,67 H. L. Xia ,80,67 L. Xia ,80,67 B. H. Xiang ,1,73

D. Xiao ,43,l,m G. Y. Xiao ,48 H. Xiao ,82 Y. L. Xiao ,13,h Z. J. Xiao ,47 C. Xie ,48 K. J. Xie ,1,73 Y. Xie ,57

Y. G. Xie ,1,67 Y. H. Xie ,6 Z. P. Xie ,80,67 T. Y. Xing ,1,73 D. B. Xiong ,1 G. F. Xu ,1 H. Y. Xu ,2 Q. J. Xu ,18

Q. N. Xu ,33 T. D. Xu ,82 X. P. Xu ,63 Y. Xu ,13,h Y. C. Xu ,88 Z. S. Xu ,73 F. Yan ,25 L. Yan ,13,h W. B. Yan ,80,67

W. C. Yan ,91 W. H. Yan ,6 X. Q. Yan ,13,h Y. Y. Yan ,69 H. J. Yang ,59,g H. L. Yang ,39 H. X. Yang ,1 J. H. Yang ,48

L. Y. Yang ,1,73 N. Yang ,21 R. J. Yang ,21 X. Y. Yang ,75 Y. Yang ,13,h Y. G. Yang ,58 Y. H. Yang ,49 Y. M. Yang ,91

Y. Q. Yang ,10 Y. Z. Yang ,21 Youhua Yang ,48 Z. Y. Yang ,82 W. J. Yao ,6 Z. P. Yao ,57 M. Ye ,1,67 M. H. Ye ,9,a

Z. J. Ye ,64,k K. Yi ,47 Junhao Yin ,49 Qiqin Yin ,48 Z. Y. You ,68 B. X. Yu ,1,67,73 C. X. Yu ,49 G. Yu ,14 J. S. Yu ,28,j

L. W. Yu ,13,h T. Yu ,82 X. D. Yu ,52,i Y. C. Yu ,91 Yongchao Yu ,43 C. Z. Yuan ,1,73 H. Yuan ,1,73 J. Yuan ,39

Jie Yuan ,51 L. Yuan ,2 M. K. Yuan ,13,h S. H. Yuan ,82 Y. Yuan ,1,73 Z. Y. Yuan ,73 C. X. Yue ,44 Ying Yue ,21

A. A. Zafar ,83 F. R. Zeng ,57 S. H. Zeng ,72 X. Zeng ,13,h Y. J. Zeng ,1,73 Yujie Zeng ,68 Y. C. Zhai ,57 Y. H. Zhan ,68

B. L. Zhang ,1,73 B. R. Zhang ,21 B. X. Zhang ,1,a D. H. Zhang ,49 G. Y. Zhang ,21 Gengyuan Zhang ,1,73

H. Zhang ,80,67 H. C. Zhang ,1,67,73 H. H. Zhang ,68 H. L. Zhang ,49 H. Q. Zhang ,1,67,73 H. R. Zhang ,80,67

M. ABLIKIM et al. PHYS. REV. D 114, 092001 (2026)

092001-10

https://orcid.org/0000-0003-3259-8775
https://orcid.org/0009-0007-4347-5347
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0003-2126-3355
https://orcid.org/0000-0001-9812-4172
https://orcid.org/0009-0002-5071-5437
https://orcid.org/0009-0004-0089-1410
https://orcid.org/0000-0003-1285-1534
https://orcid.org/0000-0002-6942-1095
https://orcid.org/0000-0002-9376-1487
https://orcid.org/0000-0002-9815-8898
https://orcid.org/0000-0003-4658-6361
https://orcid.org/0000-0002-4969-9508
https://orcid.org/0000-0001-7696-1252
https://orcid.org/0009-0006-0947-7667
https://orcid.org/0000-0001-7481-4662
https://orcid.org/0009-0001-9001-5585
https://orcid.org/0000-0003-3946-9968
https://orcid.org/0009-0004-0128-1657
https://orcid.org/0009-0003-6210-5190
https://orcid.org/0009-0009-8546-9935
https://orcid.org/0009-0002-0885-5145
https://orcid.org/0009-0005-5206-3358
https://orcid.org/0000-0002-3576-7004
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0009-0004-8155-4853
https://orcid.org/0000-0002-0290-3022
https://orcid.org/0009-0000-8525-3725
https://orcid.org/0009-0005-2139-5413
https://orcid.org/0000-0003-0867-2189
https://orcid.org/0009-0001-3763-7502
https://orcid.org/0000-0001-9566-5328
https://orcid.org/0009-0009-4532-4918
https://orcid.org/0000-0003-4416-6961
https://orcid.org/0009-0004-5631-2203
https://orcid.org/0000-0001-9070-5458
https://orcid.org/0000-0001-6172-1707
https://orcid.org/0000-0001-5305-5572
https://orcid.org/0009-0006-0852-3027
https://orcid.org/0009-0003-3355-2661
https://orcid.org/0000-0001-5139-5784
https://orcid.org/0000-0003-2126-2862
https://orcid.org/0009-0002-1047-5053
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0002-5653-9879
https://orcid.org/0009-0008-5792-6505
https://orcid.org/0009-0007-5401-6111
https://orcid.org/0000-0002-7080-0439
https://orcid.org/0000-0001-9771-2802
https://orcid.org/0009-0001-0655-6494
https://orcid.org/0009-0005-1351-3571
https://orcid.org/0000-0001-9717-1508
https://orcid.org/0009-0003-8455-9521
https://orcid.org/0000-0002-3829-7044
https://orcid.org/0000-0002-0852-3290
https://orcid.org/0009-0000-9401-4478
https://orcid.org/0009-0005-7739-2844
https://orcid.org/0000-0003-2636-9271
https://orcid.org/0000-0001-9113-1476
https://orcid.org/0000-0002-9271-1883
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0000-0003-4143-9127
https://orcid.org/0000-0003-3076-9243
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0002-2181-1940
https://orcid.org/0000-0001-7954-2491
https://orcid.org/0009-0004-8518-3543
https://orcid.org/0009-0000-3419-8412
https://orcid.org/0000-0003-4144-863X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0009-0000-2378-1186
https://orcid.org/0009-0004-6853-2078
https://orcid.org/0000-0002-4462-7062
https://orcid.org/0000-0003-0838-9631
https://orcid.org/0000-0002-1936-5400
https://orcid.org/0000-0003-2016-4849
https://orcid.org/0000-0003-2248-4109
https://orcid.org/0000-0003-2543-7236
https://orcid.org/0000-0002-5003-1919
https://orcid.org/0009-0000-0942-8124
https://orcid.org/0000-0003-2936-0029
https://orcid.org/0009-0001-5006-370X
https://orcid.org/0000-0001-6168-5195
https://orcid.org/0000-0003-3581-7881
https://orcid.org/0009-0007-9628-0930
https://orcid.org/0000-0002-4884-5251
https://orcid.org/0009-0003-3652-3073
https://orcid.org/0009-0004-3290-2444
https://orcid.org/0009-0002-4360-3701
https://orcid.org/0009-0002-0611-2954
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-6388-9885
https://orcid.org/0000-0002-8186-0082
https://orcid.org/0000-0002-2583-1412
https://orcid.org/0000-0002-6385-3508
https://orcid.org/0009-0004-5760-1728
https://orcid.org/0009-0008-1425-5959
https://orcid.org/0000-0002-3185-5963
https://orcid.org/0009-0009-4782-2611
https://orcid.org/0009-0003-8021-7997
https://orcid.org/0009-0004-6946-5452
https://orcid.org/0000-0002-3461-0945
https://orcid.org/0009-0005-0889-8585
https://orcid.org/0009-0006-9266-4833
https://orcid.org/0000-0001-7133-0662
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0002-6120-9962
https://orcid.org/0000-0002-9577-4855
https://orcid.org/0000-0002-2048-7405
https://orcid.org/0000-0001-7395-2318
https://orcid.org/0009-0006-9365-8611
https://orcid.org/0000-0002-0448-2620
https://orcid.org/0000-0002-9325-2308
https://orcid.org/0009-0000-9543-1716
https://orcid.org/0000-0002-2683-9117
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0002-9174-7307
https://orcid.org/0009-0000-1724-961X
https://orcid.org/0009-0002-5613-4262
https://orcid.org/0009-0005-8119-711X
https://orcid.org/0000-0002-0195-3802
https://orcid.org/0009-0000-6452-571X
https://orcid.org/0009-0009-5078-1021
https://orcid.org/0000-0001-7584-4046
https://orcid.org/0000-0002-5357-2294
https://orcid.org/0000-0001-7946-5879
https://orcid.org/0000-0002-3395-9555
https://orcid.org/0009-0006-4695-4856
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0002-5584-2614
https://orcid.org/0000-0002-0845-1290
https://orcid.org/0000-0002-2628-5222
https://orcid.org/0000-0001-8518-3755
https://orcid.org/0000-0003-0363-0385
https://orcid.org/0009-0005-8952-0858
https://orcid.org/0009-0009-0080-9997
https://orcid.org/0000-0002-2301-2114
https://orcid.org/0000-0001-7553-9236
https://orcid.org/0000-0002-7620-1269
https://orcid.org/0000-0003-2365-8916
https://orcid.org/0000-0001-8072-4276
https://orcid.org/0009-0003-7259-1620
https://orcid.org/0000-0002-0859-4312
https://orcid.org/0000-0002-3490-9584
https://orcid.org/0000-0003-2064-050X
https://orcid.org/0000-0003-2811-2218
https://orcid.org/0000-0003-3176-4874
https://orcid.org/0000-0002-5819-128X
https://orcid.org/0000-0002-0785-1399
https://orcid.org/0009-0007-9950-8443
https://orcid.org/0000-0002-2268-5624
https://orcid.org/0000-0002-9012-4618
https://orcid.org/0009-0009-4406-1802
https://orcid.org/0009-0001-7101-8772
https://orcid.org/0000-0002-6087-5517
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0009-0006-5622-315X
https://orcid.org/0009-0005-1170-1464
https://orcid.org/0009-0000-6832-523X
https://orcid.org/0000-0002-8890-9934
https://orcid.org/0009-0000-1549-4646
https://orcid.org/0009-0007-7398-3975
https://orcid.org/0009-0000-5735-8247
https://orcid.org/0000-0001-9910-9345
https://orcid.org/0000-0002-7006-6107
https://orcid.org/0009-0001-6303-7973
https://orcid.org/0000-0002-9936-2241
https://orcid.org/0009-0003-3762-4722
https://orcid.org/0009-0009-6536-5573
https://orcid.org/0000-0003-1376-2293
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0009-0001-4016-040X
https://orcid.org/0009-0008-0883-2334
https://orcid.org/0000-0001-9601-405X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0009-0003-9301-4005
https://orcid.org/0009-0007-2957-0487
https://orcid.org/0009-0002-3964-1756
https://orcid.org/0009-0008-6654-0858
https://orcid.org/0000-0003-4771-3000
https://orcid.org/0009-0002-9774-3814
https://orcid.org/0000-0002-7850-9574
https://orcid.org/0000-0003-4742-4292
https://orcid.org/0009-0004-3493-2567
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0009-0009-3641-0398
https://orcid.org/0000-0002-0453-7388
https://orcid.org/0000-0001-5807-6874
https://orcid.org/0009-0009-8756-8718
https://orcid.org/0009-0007-6070-0876
https://orcid.org/0000-0002-0249-5989
https://orcid.org/0000-0002-8505-1151
https://orcid.org/0009-0004-4660-1175
https://orcid.org/0000-0002-8270-8146
https://orcid.org/0000-0001-7653-4576
https://orcid.org/0009-0001-0457-3821
https://orcid.org/0000-0003-3616-1642
https://orcid.org/0000-0002-2926-2560
https://orcid.org/0009-0008-8708-015X
https://orcid.org/0009-0007-6829-1253
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0009-0001-4590-2230
https://orcid.org/0009-0001-2631-7167
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0009-0001-2424-6019
https://orcid.org/0009-0008-1298-3661
https://orcid.org/0000-0002-2379-104X
https://orcid.org/0009-0008-6030-4264
https://orcid.org/0009-0005-6874-4641
https://orcid.org/0000-0002-3356-4385
https://orcid.org/0000-0003-4722-0097
https://orcid.org/0009-0007-7776-8615
https://orcid.org/0009-0004-9986-354X
https://orcid.org/0000-0002-3581-1263
https://orcid.org/0009-0002-6995-6476
https://orcid.org/0009-0005-7413-441X
https://orcid.org/0009-0001-6130-541X
https://orcid.org/0009-0006-4543-5843
https://orcid.org/0000-0002-9013-1199
https://orcid.org/0009-0006-9376-8888
https://orcid.org/0009-0008-3130-0600
https://orcid.org/0009-0007-6297-7801
https://orcid.org/0009-0004-9986-2483
https://orcid.org/0009-0007-1952-0240
https://orcid.org/0009-0006-7593-3739
https://orcid.org/0009-0004-8987-2004
https://orcid.org/0000-0003-0548-6292
https://orcid.org/0000-0002-1476-6942
https://orcid.org/0009-0006-2932-1037
https://orcid.org/0000-0003-4067-1127
https://orcid.org/0009-0004-1473-3691
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0009-0004-0687-0098
https://orcid.org/0000-0003-4624-0117
https://orcid.org/0000-0001-7683-101X
https://orcid.org/0009-0009-5598-6157
https://orcid.org/0000-0002-4728-6291
https://orcid.org/0000-0001-8479-8563
https://orcid.org/0000-0001-8612-8045
https://orcid.org/0000-0001-5805-1255
https://orcid.org/0009-0009-6121-3396
https://orcid.org/0009-0004-0203-6055
https://orcid.org/0009-0003-2251-239X
https://orcid.org/0000-0002-9907-133X
https://orcid.org/0000-0001-8331-6980
https://orcid.org/0000-0003-1988-4443
https://orcid.org/0009-0007-6868-2588
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0009-0000-6235-5526
https://orcid.org/0009-0006-5473-9574
https://orcid.org/0000-0001-5060-1347
https://orcid.org/0009-0004-0665-5945
https://orcid.org/0009-0004-7290-3169
https://orcid.org/0000-0001-5802-6949
https://orcid.org/0009-0002-1524-043X
https://orcid.org/0009-0002-8685-595X
https://orcid.org/0000-0002-0245-3260
https://orcid.org/0009-0008-9923-0725
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0009-0002-1740-9024
https://orcid.org/0009-0003-7746-6909
https://orcid.org/0009-0009-3220-8598
https://orcid.org/0009-0006-8774-1574
https://orcid.org/0009-0004-9159-9051
https://orcid.org/0009-0002-8440-9673
https://orcid.org/0000-0003-3521-5338
https://orcid.org/0000-0002-9002-6583
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0002-3173-0802
https://orcid.org/0000-0001-8613-084X
https://orcid.org/0000-0002-3171-2436
https://orcid.org/0000-0002-3176-1748
https://orcid.org/0000-0002-8658-9789
https://orcid.org/0000-0002-6757-3108
https://orcid.org/0000-0002-1796-8347
https://orcid.org/0009-0004-3053-481X
https://orcid.org/0000-0001-9757-8172
https://orcid.org/0009-0001-6156-1931
https://orcid.org/0000-0003-4319-1305
https://orcid.org/0009-0005-3803-9343
https://orcid.org/0000-0002-9258-2743
https://orcid.org/0009-0007-2825-3025
https://orcid.org/0000-0002-4879-209X
https://orcid.org/0009-0002-1574-0063
https://orcid.org/0009-0003-3537-5005
https://orcid.org/0000-0002-0170-2798
https://orcid.org/0000-0003-0365-4256
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0009-0001-4042-1550
https://orcid.org/0009-0006-7038-0143
https://orcid.org/0009-0005-7047-3254
https://orcid.org/0000-0002-8281-7828
https://orcid.org/0009-0004-0193-4910
https://orcid.org/0009-0005-8152-7932
https://orcid.org/0000-0001-9893-8766
https://orcid.org/0009-0005-5343-1984
https://orcid.org/0000-0001-5096-1182
https://orcid.org/0009-0008-8011-2788
https://orcid.org/0000-0001-7412-9606
https://orcid.org/0000-0002-2511-4675
https://orcid.org/0000-0002-7930-0449
https://orcid.org/0000-0001-5930-4453
https://orcid.org/0000-0003-0713-0871
https://orcid.org/0000-0001-6721-9435
https://orcid.org/0009-0001-8001-6146
https://orcid.org/0009-0002-1018-1995
https://orcid.org/0000-0003-3584-496X
https://orcid.org/0000-0001-7367-1380
https://orcid.org/0009-0009-3039-8463
https://orcid.org/0000-0001-7549-7531
https://orcid.org/0009-0005-1571-3884
https://orcid.org/0009-0001-8074-4944
https://orcid.org/0009-0001-5347-116X
https://orcid.org/0009-0007-4468-7472
https://orcid.org/0009-0002-1551-2909
https://orcid.org/0009-0003-6793-5468
https://orcid.org/0009-0000-2144-0847
https://orcid.org/0009-0000-2161-1730
https://orcid.org/0009-0000-6910-5933
https://orcid.org/0009-0005-1876-4126
https://orcid.org/0009-0001-6192-9329
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0009-0006-2975-0819
https://orcid.org/0009-0009-1365-7873
https://orcid.org/0009-0002-7340-7541
https://orcid.org/0000-0002-9437-1405
https://orcid.org/0000-0002-3496-0507
https://orcid.org/0009-0003-0269-718X
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0002-1479-9349
https://orcid.org/0009-0005-7933-3055
https://orcid.org/0000-0001-8324-3291
https://orcid.org/0000-0002-8331-0113
https://orcid.org/0000-0002-8919-2197
https://orcid.org/0000-0003-1987-9409
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0009-0008-0188-8263
https://orcid.org/0000-0002-2566-3543
https://orcid.org/0009-0005-7617-7069
https://orcid.org/0009-0000-2408-1595
https://orcid.org/0009-0003-8469-2226
https://orcid.org/0000-0002-1652-6686
https://orcid.org/0009-0004-2685-8539
https://orcid.org/0009-0005-0799-1630
https://orcid.org/0009-0007-4538-5759
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0003-1539-3858
https://orcid.org/0009-0009-6977-3769
https://orcid.org/0000-0002-3414-9212
https://orcid.org/0009-0006-5994-1157
https://orcid.org/0000-0001-6783-7647
https://orcid.org/0009-0002-1847-2260
https://orcid.org/0009-0002-4344-1415
https://orcid.org/0009-0006-7104-7393
https://orcid.org/0000-0001-6106-7741
https://orcid.org/0000-0001-9701-3964
https://orcid.org/0009-0005-3279-0304
https://orcid.org/0009-0004-1932-6614
https://orcid.org/0009-0000-6572-4972
https://orcid.org/0009-0006-1368-1951
https://orcid.org/0009-0009-4236-6231
https://orcid.org/0009-0006-9846-2714
https://orcid.org/0000-0002-0331-1408
https://orcid.org/0009-0009-9084-2423
https://orcid.org/0000-0002-6431-8638
https://orcid.org/0009-0004-3574-1842
https://orcid.org/0009-0000-9245-3231
https://orcid.org/0009-0009-3882-878X
https://orcid.org/0009-0008-7393-0379
https://orcid.org/0009-0005-0161-5079
https://orcid.org/0000-0001-8843-5209
https://orcid.org/0009-0004-8730-6797


H. Y. Zhang ,1,67 Han Zhang ,91 J. Zhang ,68 J. J. Zhang ,60 J. L. Zhang ,22 J. Q. Zhang ,47 J. S. Zhang ,13,h

J. W. Zhang ,1,67,73 J. X. Zhang ,43,l,m J. Y. Zhang ,1 J. Z. Zhang ,1,73 Jianyu Zhang ,50 Jin Zhang ,54

Jiyuan Zhang ,13,h L. M. Zhang ,70 Lei Zhang ,48 N. Zhang ,39 P. Zhang ,1,9 Q. Y. Zhang ,39 Q. Z. Zhang ,73

R. Y. Zhang ,43,l,m S. H. Zhang ,1,73 S. N. Zhang ,78 Shulei Zhang ,28,j X. M. Zhang ,1 X. Y. Zhang ,57 Y. T. Zhang ,91

Y. H. Zhang ,1,67 Y. P. Zhang ,80,67 Yao Zhang ,1 Yu Zhang ,82 Yu Zhang ,68 Z. Zhang ,35 Z. D. Zhang ,1

Z. H. Zhang ,1 Z. L. Zhang ,39 Z. R. Zhang ,1 Z. X. Zhang ,21 Z. Y. Zhang ,86 Zh. Zh. Zhang ,21 Zhaoke Zhang ,1,73

Zhilong Zhang ,63 Ziyang Zhang ,51 Ziyu Zhang ,49 G. Zhao ,1 J.-P. Zhao ,73 J. Y. Zhao ,1,73 J. Z. Zhao ,1,67

L. Zhao ,1 Lei Zhao ,80,67 M. G. Zhao ,49 R. P. Zhao ,73 Y. B. Zhao ,1,67 Y. L. Zhao ,63 Y. P. Zhao ,51 Y. X. Zhao ,35,73

Z. G. Zhao ,80,67 A. Zhemchugov ,41,b B. Zheng ,82 B. M. Zheng ,39 J. P. Zheng ,1,67 W. J. Zheng ,1,73 W. Q. Zheng ,10

X. R. Zheng ,21 Y. H. Zheng ,73,p B. Zhong ,47 C. Zhong ,21 X. Zhong ,46 H. Zhou ,40,57,o J. Q. Zhou ,39 S. Zhou ,6

X. Zhou ,86 X. K. Zhou ,6 X. R. Zhou ,80,67 X. Y. Zhou ,44 Y. X. Zhou ,88 Y. Z. Zhou ,21 A. N. Zhu ,73 J. Zhu ,49

K. Zhu ,1 K. J. Zhu ,1,67,73 K. S. Zhu ,13,h L. X. Zhu ,73 Lin Zhu ,21 S. H. Zhu ,79 T. J. Zhu ,13,h W. D. Zhu ,13,h

W. J. Zhu ,1 W. Z. Zhu ,21 Y. C. Zhu ,80,67 Z. A. Zhu ,1,73 X. Y. Zhuang ,49 M. Zhuge ,57 J. H. Zou ,1 and J. Zu 35

(BESIII Collaboration)

1Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2Beihang University, Beijing 100191, People’s Republic of China

3Bochum Ruhr-University, D-44780 Bochum, Germany
4Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia

5Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6Central China Normal University, Wuhan 430079, People’s Republic of China

7Central South University, Changsha 410083, People’s Republic of China
8Chengdu University of Technology, Chengdu 610059, People’s Republic of China

9China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
10China University of Geosciences, Wuhan 430074, People’s Republic of China

11Chung-Ang University, Seoul, 06974, Republic of Korea
12College of William and Mary, Williamsburg, Virginia 23185, USA
13Fudan University, Shanghai 200433, People’s Republic of China

14GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany
15Guangxi Normal University, Guilin 541004, People’s Republic of China

16Guangxi University, Nanning 530004, People’s Republic of China
17Guangxi University of Science and Technology, Liuzhou 545006, People’s Republic of China

18Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
19Hebei University, Baoding 071002, People’s Republic of China

20Helmholtz Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany
21Henan Normal University, Xinxiang 453007, People’s Republic of China

22Henan University, Kaifeng 475004, People’s Republic of China
23Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

24Henan University of Technology, Zhengzhou 450001, People’s Republic of China
25Hengyang Normal University, Hengyang 421002, People’s Republic of China

26Huangshan College, Huangshan 245000, People’s Republic of China
27Hunan Normal University, Changsha 410081, People’s Republic of China

28Hunan University, Changsha 410082, People’s Republic of China
29Indian Institute of Technology Madras, Chennai 600036, India

30Indiana University, Bloomington, Indiana 47405, USA
31aINFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy

31bINFN Sezione di Perugia, I-06100, Perugia, Italy
31cUniversity of Perugia, I-06100, Perugia, Italy

32aINFN Sezione di Ferrara, I-44122, Ferrara, Italy
32bUniversity of Ferrara, I-44122, Ferrara, Italy

33Inner Mongolia University, Hohhot 010021, People’s Republic of China
34Institute of Business Administration, University Road, Karachi, 75270 Pakistan

35Institute of Modern Physics, Lanzhou 730000, People’s Republic of China
36Institute of Physics and Technology, Mongolian Academy of Sciences, Peace Avenue 54B,

Ulaanbaatar 13330, Mongolia
37Instituto de Alta Investigación, Universidad de Tarapacá, Casilla 7D, Arica 1000000, Chile

IMPROVED SEARCH FOR ψð3770Þ → γηcð1S; 2SÞ … PHYS. REV. D 114, 092001 (2026)

092001-11

https://orcid.org/0000-0002-8333-9231
https://orcid.org/0009-0007-7049-7410
https://orcid.org/0000-0002-7752-8538
https://orcid.org/0009-0005-7841-2288
https://orcid.org/0000-0001-8592-2335
https://orcid.org/0000-0003-3314-2534
https://orcid.org/0009-0007-2607-3178
https://orcid.org/0000-0001-7794-7014
https://orcid.org/0000-0002-9567-7094
https://orcid.org/0000-0002-0533-4371
https://orcid.org/0000-0001-6535-0659
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0009-0007-9530-6393
https://orcid.org/0009-0006-5120-3723
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0000-0002-9336-9338
https://orcid.org/0009-0008-2807-3398
https://orcid.org/0000-0002-9177-6108
https://orcid.org/0009-0009-0048-8951
https://orcid.org/0009-0006-8950-1996
https://orcid.org/0000-0003-4099-7901
https://orcid.org/0009-0009-3608-0624
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-3604-2195
https://orcid.org/0000-0003-4341-1603
https://orcid.org/0000-0003-3780-6676
https://orcid.org/0000-0002-0893-2449
https://orcid.org/0009-0003-4638-9031
https://orcid.org/0000-0003-3310-6728
https://orcid.org/0000-0001-9956-4890
https://orcid.org/0009-0003-2312-1366
https://orcid.org/0000-0002-4532-8443
https://orcid.org/0000-0002-6542-052X
https://orcid.org/0009-0006-2313-5743
https://orcid.org/0009-0004-4305-7370
https://orcid.org/0009-0007-2187-1701
https://orcid.org/0009-0002-3134-4669
https://orcid.org/0000-0002-5942-0355
https://orcid.org/0009-0003-1283-6008
https://orcid.org/0009-0003-5192-9709
https://orcid.org/0009-0008-5731-3047
https://orcid.org/0009-0004-5140-2111
https://orcid.org/0009-0009-7477-5232
https://orcid.org/0000-0003-0234-3536
https://orcid.org/0009-0004-8816-0267
https://orcid.org/0000-0002-2028-7286
https://orcid.org/0000-0001-8365-7726
https://orcid.org/0000-0002-7152-1466
https://orcid.org/0000-0002-5421-6101
https://orcid.org/0000-0001-8785-6941
https://orcid.org/0009-0001-8221-5958
https://orcid.org/0000-0003-3954-3195
https://orcid.org/0009-0004-6038-201X
https://orcid.org/0009-0009-4363-3207
https://orcid.org/0000-0001-8684-9766
https://orcid.org/0000-0001-6758-3974
https://orcid.org/0000-0002-3360-4965
https://orcid.org/0000-0002-6544-429X
https://orcid.org/0009-0009-1601-4734
https://orcid.org/0000-0003-4308-3742
https://orcid.org/0009-0003-5182-5176
https://orcid.org/0009-0004-8203-6302
https://orcid.org/0009-0007-7002-7750
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3474-8848
https://orcid.org/0009-0008-1207-9357
https://orcid.org/0009-0002-9290-9029
https://orcid.org/0000-0003-2060-0436
https://orcid.org/0009-0003-7889-3451
https://orcid.org/0009-0006-8729-3927
https://orcid.org/0000-0002-6908-683X
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0002-7671-7644
https://orcid.org/0000-0002-0299-4657
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0001-8500-9941
https://orcid.org/0000-0003-4050-5700
https://orcid.org/0009-0000-7562-3665
https://orcid.org/0000-0002-4365-8043
https://orcid.org/0000-0002-5473-235X
https://orcid.org/0000-0003-3413-8385
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0009-0007-1127-5818
https://orcid.org/0000-0001-9731-4708
https://orcid.org/0009-0000-1863-7024
https://orcid.org/0009-0007-4406-1533
https://orcid.org/0000-0003-2618-0436
https://orcid.org/0009-0006-8147-6423
https://orcid.org/0000-0002-7306-1053
https://orcid.org/0000-0002-6229-5567
https://orcid.org/0009-0004-8990-7895
https://orcid.org/0009-0005-8564-9857
https://orcid.org/0000-0003-3581-2829
https://orcid.org/0009-0004-9248-4459
https://ror.org/013q1eq08


38Jiangsu Ocean University, Lianyungang 222005, People’s Republic of China
39Jilin University, Changchun 130012, People’s Republic of China

40Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
41Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

42Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16,
D-35392 Giessen, Germany

43Lanzhou University, Lanzhou 730000, People’s Republic of China
44Liaoning Normal University, Dalian 116029, People’s Republic of China

45Liaoning University, Shenyang 110036, People’s Republic of China
46Longyan University, Longyan 364000, People’s Republic of China

47Nanjing Normal University, Nanjing 210023, People’s Republic of China
48Nanjing University, Nanjing 210093, People’s Republic of China
49Nankai University, Tianjin 300071, People’s Republic of China
50National Centre for Nuclear Research, Warsaw 02-093, Poland

51North China Electric Power University, Beijing 102206, People’s Republic of China
52Peking University, Beijing 100871, People’s Republic of China

53Qufu Normal University, Qufu 273165, People’s Republic of China
54Renmin University of China, Beijing 100872, People’s Republic of China

55Shandong Management University, No. 3500, Dingxiang Road, Changqing District, Jinan City,
Shandong Province

56Shandong Normal University, Jinan 250014, People’s Republic of China
57Shandong University, Jinan 250100, People’s Republic of China

58Shandong University of Technology, Zibo 255000, People’s Republic of China
59Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

60Shanxi Normal University, Linfen 041004, People’s Republic of China
61Shanxi University, Taiyuan 030006, People’s Republic of China

62Sichuan University, Chengdu 610064, People’s Republic of China
63Soochow University, Suzhou 215006, People’s Republic of China

64South China Normal University, Guangzhou 510006, People’s Republic of China
65Southeast University, Nanjing 211100, People’s Republic of China

66Southwest University of Science and Technology, Mianyang 621010, People’s Republic of China
67State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026,

People’s Republic of China
68Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

69Suranaree University of Technology, University Avenue 111, Nakhon Ratchasima 30000, Thailand
70Tsinghua University, Beijing 100084, People’s Republic of China

71aTurkish Accelerator Center Particle Factory Group, Istinye University, 34010, Istanbul, Turkey
71bNear East University, Nicosia, North Cyprus, 99138, Mersin 10, Turkey

72University of Bristol, H H Wills Physics Laboratory, Tyndall Avenue, Bristol, BS8 1TL, United Kingdom
73University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

74University of Hawaii, Honolulu, Hawaii 96822, USA
75University of Jinan, Jinan 250022, People’s Republic of China

76University of La Serena, Av. Raúl Bitrán 1305, La Serena, Chile
77University of Muenster, Wilhelm-Klemm-Strasse 9, 48149 Muenster, Germany

78University of Oxford, Keble Road, Oxford OX13RH, United Kingdom
79University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
80University of Science and Technology of China, Hefei 230026, People’s Republic of China

81University of Silesia in Katowice, Institute of Physics, 75 Pulku Piechoty 1, 41-500 Chorzow, Poland
82University of South China, Hengyang 421001, People’s Republic of China

83University of the Punjab, Lahore-54590, Pakistan
84aUniversity of Turin, I-10125, Turin, Italy

84bUniversity of Eastern Piedmont, I-15121, Alessandria, Italy
84cINFN, I-10125, Turin, Italy

85Uppsala University, Box 516, SE-75120 Uppsala, Sweden
86Wuhan University, Wuhan 430072, People’s Republic of China

87Xi’an Jiaotong University, No.28 Xianning West Road, Xi’an, Shaanxi 710049,
People’s Republic of China

88Yantai University, Yantai 264005, People’s Republic of China
89Yunnan University, Kunming 650500, People’s Republic of China

90Zhejiang University, Hangzhou 310027, People’s Republic of China

M. ABLIKIM et al. PHYS. REV. D 114, 092001 (2026)

092001-12



91Zhengzhou University, Zhengzhou 450001, People’s Republic of China

aDeceased.
bAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
cAlso at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia.
dAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
eAlso at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.
fAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
gAlso 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.

hAlso at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,
Shanghai 200443, People’s Republic of China.
iAlso at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.
jAlso at School of Physics and Electronics, Hunan University, Changsha 410082, China.
kAlso at Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,
Guangzhou 510006, China.
lAlso at MOE Frontiers Science Center for Rare Isotopes, Lanzhou University, Lanzhou 730000, People’s Republic of China.
mAlso at Lanzhou Center for Theoretical Physics, Lanzhou University, Lanzhou 730000, People’s Republic of China.
nAlso at Ecole Polytechnique Federale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.
oAlso at Helmholtz Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany.
pAlso at Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou 310024, China.
qAlso at Applied Nuclear Technology in Geosciences Key Laboratory of Sichuan Province, Chengdu University of Technology,
Chengdu 610059, People’s Republic of China.

IMPROVED SEARCH FOR ψð3770Þ → γηcð1S; 2SÞ … PHYS. REV. D 114, 092001 (2026)

092001-13


	Improved search for &psi;(3770)&rarr;&gamma;nc(1S,2S) radiative transitions
	I. INTRODUCTION
	II. BESIII DETECTOR AND MONTE CARLO SIMULATION
	III. EVENT SELECTION
	IV. DATA ANALYSIS
	A. Background estimation
	B. Fit method
	C. Numerical results

	V. SYSTEMATIC UNCERTAINTIES
	VI. UPPER LIMITS
	VII. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


