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Search for baryon and lepton number violating decays D → pl
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We search for the baryon and lepton number violating charm decays,D → pl, whereD is either aD0 or
a D̄0 and l is a muon or an electron, using a data sample of 921 fb−1 collected by the Belle detector at the
KEKB asymmetric energy eþe− collider. In the absence of significant signals, we set upper limits on the
branching fractions in the range ð5–8Þ × 10−7 at a 90% confidence level, depending on the decay mode.
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Baryon number violation (BNV) is one of the crucial
ingredients to create the matter-antimatter asymmetry as
observed in the Universe [1]. The known particles and
antiparticles and the interactions among them are described
by the Standard Model (SM). Several grand unified theo-
ries [2–6], supersymmetry and other SM extensions [7,8]
propose BNV processes of nucleons. In these models,
baryon (B) and lepton (L) numbers are explicitly violated
but the difference between these numbers is conserved i.e.,
ΔðB − LÞ ¼ 0. Several attempts [9–12] have been made to
search for the decays of the lightest baryon, namely the
proton, but no evidence for its decay has yet been found.
Searches for decays of heavy mesons to final states with

nonzero B values can provide an alternative probe for BNV
decays. Various non-SM models of proton decays can be
extended to predict possible decay mechanisms for D
decays. For example, analogous to proton decays [13],
the decays ofD0 → p̄lþ can be explained using leptoquark
couplings. Figure 1 shows possible Feynman diagrams for
D0 → p̄lþ decays, where the mediators are non-SM gauge
bosons. Decays of the D meson to final states containing a
proton probe BNV within the first two generations. The
branching fractions forD0 → p̄eþ are predicted to be of the
order of 10−39 [14].
The D → pl decays simultaneously violate B and L but

conserve (B − L). Further, leptoquarks have been proposed
to explain recent anomalies reported by different experi-
ments [15–20] and the D → pl search will provide
valuable input to the search for leptoquarks.
Experimentally, various BNV processes in D, B-meson,

and Λ decays were searched for by the CLEO [21],
BABAR [22], and CLAS [23] Collaborations, respectively,
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but no evidence for a signal was found. The BESIII
Collaboration has searched for D → pe decay modes
and set 90% confidence-level upper limits on the branching
fractions of BðD0 → p̄eþÞ < 1.2 × 10−6 and BðD0 →
pe−Þ < 2.2 × 10−6 [24], and these are currently the most
stringent limits. The large data sample collected by the
Belle experiment provides improved sensitivity for BNV
decays of charm mesons. We set limits for the D0 and D̄0

decays separately for the first time. In this paper, we report
a search for the D meson decay modes D0 → pl−,
D̄0 → pl−, D0 → p̄lþ, and D̄0 → p̄lþ, where l is e or μ,
using the data collected with the Belle detector at the
KEKB asymmetric-energy eþe− collider [25,26] located at
the High Energy Accelerator Research Organization in
Japan. The data used in this analysis were collected at eþe−
center-of-mass (c.m.) energies at and 60 MeV below the
ϒ(4S) resonance, and at the ϒ(5S) resonance with inte-
grated luminosities of 711 fb−1, 89 fb−1, and 121 fb−1,
respectively. The total integrated luminosity is 921 fb−1.
Throughout this paper, charge conjugate modes are implic-
itly included, unless otherwise noted.
The Belle detector is a large solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight (TOF) scintillation
counters, and a CsI(Tl) crystal based electromagnetic
calorimeter (ECL); all are located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return yoke placed outside the coil is instrumented
with resistive plate chambers to detect K0

L mesons and
muons (KLM). A more detailed description of the detector
can be found in Ref. [27].
Monte Carlo (MC) simulation samples are used to

optimize the selection criteria, estimate the signal recon-
struction efficiencies, and identify and model the distribu-
tions of various sources of background. The signal MC
sample for each decay mode is generated using EvtGen [28]
where eþe− → qq̄ generated with PYTHIA [29] and
PHOTOS [30] takes into account final state radiations.
The produced particles are propagated with GEANT3 [31]
to simulate a detector response. The well-established

D0 → K−πþ decay mode is used for normalization to
measure the branching fractions of signal modes.
Reconstructed trajectories of charged particles (tracks)

are required to originate from the interaction point (IP) and
have a point of closest approach to the latter within 3.0 cm
along the eþ beam axis and 1.0 cm in the transverse plane.
These requirements remove tracks not originating from the
IP. Additionally, the tracks are required to have at least two
hits in the SVD. The final-state charged hadrons (pions,
kaons, and protons) are identified based on the number of
Cherenkov photons in the ACC, and TOF and dE=dx
measurements. All of this information is combined to form
pion, kaon, and proton likelihoods, Lπ , LK , and Lp,
respectively. The selection is made on the basis of like-
lihood ratios, Li=j ¼ Li=ðLi þ LjÞ, where i and j are π, K
or p. Protons are identified by requiring Lp=π > 0.6 and
Lp=K > 0.6 with an identification efficiency of 90% while
the probability of misidentifying a kaon or a pion as a
proton is 3%. Kaons and pions are selected by requiring
LK=π > 0.6 and Lπ=K > 0.6, respectively. The identifica-
tion efficiencies for kaons and pions are 95% and 94%,
respectively. The probability of misidentifying a pion
(kaon) as a kaon (pion) is 4% (5%).
The electromagnetic shower shape, EECL=p ratio, where

EECL is the energy deposition in the ECL and p is the
track momentum, and the position matching between track
and ECL cluster are utilized for electron identification,
in addition to the information used for charged hadron
identification excluding that from the TOF. All this infor-
mation is combined to form an electron likelihood ratio, Le
and the electrons are identified requiring Le > 0.9. To
recover the energy loss due to bremsstrahlung, we search
for photons in a cone of 50 mrad around the initial direction
of the electron momentum; if found, their momenta are
added to that of the electron. Muons are identified by using
the track penetration depth, hit distribution pattern in the
KLM, and matching quality. This information is combined
to form a muon likelihood Lμ. Muons are identified by
requiring a likelihood ratio of Lμ=ðLμ þ Lπ þ LKÞ > 0.9.
The electron (muon) identification efficiency for these
criteria is 93% (94%) with a probability of misidentifying
a pion as an electron (a muon) below 0.5% (4%). The kaon-
to-electron misidentification rate is negligible, while the
probability of identifying a kaon as a muon is similar to that
of identifying a pion as a muon. All the quoted identi-
fication efficiencies and misidentification probabilities are
averaged over the momenta of final-state particles.
Tracks with momentum greater than 0.6 GeV=c are used

to reconstruct D0 candidates in the K−πþ, pe−, p̄eþ, pμ−,
and p̄μþ final states. The invariant mass of a D0 candidate
is required to be in the range 1.8 < MD0 < 1.9 GeV=c2.
We reconstruct a D�þ candidate by combining the D0

candidate with a slow pion (πþs ). We require all the signal
D0 s to come from D�þ, where D0 and D̄0 flavors are

FIG. 1. Feynman diagrams of the decays D0 → p̄lþ with non-
SM gauge bosons (a) X and (b) Y.
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determined by the πs charge in D�þ → D0πþs . The mass
difference, ΔM ¼ MD�þ −MD0 , where MD�þ (MD0) is the
invariant mass of the D�þ (D0) candidate, is required to be
less than 0.158 GeV=c2. In order to improve the ΔM
resolution, the πþs is constrained to originate from the IP.
The momentum of the D�þ candidate in the c.m. frame is
required to be greater than 2.5 GeV=c to reduce BB̄ and
combinatorial backgrounds. Avertex fit is performed on the
selected D�þ candidates. After applying all the selection
criteria, a small fraction (0.4%) of the selected events have
more than one D�þ candidate. In an event with multiple
D�þ candidates, we select the one that has the lowest χ2

value associated with the D�þ vertex fit. The efficiency of
such candidate selection ranges from 85% to 94% depend-
ing on the decay mode and is 83% for the normaliza-
tion mode.
We study the background using simulated samples

corresponding to an integrated luminosity of about 4.5
times that of the Belle data sample. In the D̄0 → pe− and
D0 → p̄eþ modes, background from semileptonic D →
Keνe decay is found to peak in the ΔM signal region, while
for the D0 → pe− and D̄0 → p̄eþ decay modes, no such
peaking structure is observed. Peaking background in the
ΔM distribution of the D̄0 → pμ− and D0 → p̄μþ modes
arises from D → Kρ, K�π, KK, and Kμνμ decays. In
D0 → pμ−, a tiny peaking structure is observed from the
D → KK decay mode. The peaking structure in the
aforementioned modes is observed owing to the misiden-
tification of final-state particles. There is no peaking
structure in MD0 for any of the signal modes.
For the D0 → K−πþ normalization mode, small back-

ground contributions originate from the correct D0 candi-
date’s combination with a random πs as well as from partially
reconstructed D0 decays. The signal purity for D0 → K−πþ
is 95% in a region around theMD0 andΔM signal peaks that
contain 78% of the D0 candidates. We reconstruct over
1.7 million events with an efficiency of 13.5%.
Signal yields are extracted with extended maximum-

likelihood fits to the unbinnedMD0 andΔM distributions of
each decay mode. Separate probability density functions
(PDFs) are used for signal, peaking and combinatorial
backgrounds. For signal events, the PDF for the ΔM
distribution is parametrized by using the sum of four
Gaussians, while the MD0 PDF is modeled by the sum
of two Gaussians and one asymmetric Gaussian with
separate parameters for each decay mode. The core
Gaussian parameters for the D0 → K−πþ decay mode
are allowed to vary in the fit, while for the D0 → pl
decay modes, they are fixed to the values obtained from
simulated signal events calibrated with data; the calibration
is determined by comparing the shape parameters between
data and simulation for the D0 → K−πþ decay. All the
remaining shape parameters of signal PDF are fixed to
those obtained in the fit to simulated signal events.

The peaking background PDF in ΔM is modeled by the
sum of two asymmetric Gaussians for the D̄0 → pe− and
D0 → p̄eþ modes. The sum of the D → Kμνμ, D → Kρ
and D → K�π components is modeled by the sum of two
asymmetric Gaussians for the D̄0 → pμ− and D0 → p̄μþ
modes. The D → KK component is parametrized by the
sum of two Gaussians for the D0 → pμ− decay mode. The
background components in MD0 are modeled by a first-
order polynomial for all the decay modes. For the nor-
malization mode, the background from random πs inΔM is
parametrized by a threshold function, defined as

fðΔMÞ ¼ �
ΔM −mπ

�
ae−bðΔM−mπÞ; ð1Þ

where mπ is the known charged pion mass [32] and a, b
are the shape parameters. The background from partially
reconstructed D decays is parametrized by a Gaussian in
ΔM. The aforementioned two backgrounds are parame-
trized by a Gaussian function and a second-order poly-
nomial, respectively, in MD0 .
For the combinatorial background for each decay mode,

the PDF for ΔM is parametrized by the threshold function.
The combinatorial background PDF for MD0 is modeled
by a first- and second-order polynomial for the signal and
normalization decay mode, respectively. The parameters of
the combinatorial background PDF for signal modes are
fixed except for D0 → pe−, D̄0 → p̄eþ, D0 → pμ−, and
D̄0 → p̄μþ decay modes in which cases they are floated.
The parameters of the combinatorial background PDF for
the normalization mode, D0 → K−πþ, are floated. The fit
projections for the MD0 and ΔM distributions are shown in
Figs. 2–4 for the D0 → K−πþ, D → pe, and D → pμ
decay modes, respectively. The obtained signal yields are
listed in Table I.
The branching fractions (B) for D0 → pl decay modes

are measured using

BðD → plÞ ¼ Npl

NKπ

ϵKπ
ϵpl

B
�
D0 → K−πþ

�
; ð2Þ

FIG. 2. Fit projections for the MD0 (left) and ΔM (right)
distributions for the D0 → K−πþ normalization mode. The red
dotted curves show the fit function for the signal, the green
dashed curves show the fit function for the total background, and
the blue solid curves show the sum of the fit functions.

SEARCH FOR BARYON AND LEPTON NUMBER VIOLATING … PHYS. REV. D 109, L031101 (2024)

L031101-3



where Npl (NKπ) and ϵpl (ϵKπ) are the number of D0

mesons and the efficiency for the signal (normalization)
mode, respectively. The obtained signal yields,
reconstruction efficiencies, upper limits on the signal yield
and branching fractions for D0 → pl decay modes are
summarized in Table I.
The statistical significance (S) of the signal yield

is evaluated using the likelihood ratio, S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi−2 lnðL0=LmaxÞ
p

, where Lmax (L0) is the likelihood of
the nominal fit (null hypothesis). The signal significances
obtained for the D0 → pl decay modes are summarized in
Table I, after taking into account the systematic uncertain-
ties. In the absence of a significant signal, an upper limit is
calculated for each signal yield at 90% confidence level
using a frequentist technique [33]. We generate toy experi-
ments using the shape and background yield from the fitted
PDF and vary the input signal yield. For each input value,
we calculate the fraction of the ensemble that gives a fitted
signal yield less than or equal to what is obtained in the
data. The upper limit on the signal yield is given at
90% confidence level. The upper limit on the branching
fraction is calculated using Eq. (2) with Npl replaced

by NUL
pl . Systematic uncertainties are included in the upper

limit calculations by smearing the signal yield with the
systematic uncertainty. The resulting upper limits on the
signal yields and branching fractions are listed in Table I.
Table II summarizes the systematic uncertainties in

the measured branching fractions from various sources.

(a)

(b)

(c)

(d)

FIG. 3. Fit projections for the MD0 (left) and ΔM (right)
distributions for the (a) D0 → pe−, (b) D̄0 → pe−,
(c) D0 → p̄eþ, and (d) D̄0 → p̄eþ decay modes. The red dotted
curves show the fit function for the signal, the green dashed
curves show the fit function for the combinatorial background,
the cyan dashed-dotted curves show the fit function for the
peaking background, and the blue solid curves show the sum of
the fit functions.

(b)

(c)

(d)

(a)

FIG. 4. Fit projection for the MD0 (left) and ΔM (right)
distributions for the (a) D0 → pμ−, (b) D̄0 → pμ−,
(c) D0 → p̄μþ, and (d) D̄0 → p̄μþ decay modes. The red dotted
curves show the fit function for the signal, the green dashed
curves show the fit function for the combinatorial background,
the cyan dashed-dotted curves show the fit function for the
peaking background, and the blue solid curves show the sum of
the fit functions.

TABLE I. Reconstruction efficiency (ϵ), signal yield (NS),
signal significance (S), upper limit on the signal yield (NUL

pl ),
and branching fraction (B) at 90% confidence level for each
decay mode.

Decay mode ϵ (%) NS S (σ) NUL
pl B × 10−7

D0 → pe− 10.2 −6.4� 8.5 17.5 < 5.5
D̄0 → pe− 10.2 −18.4� 23.0 22.0 < 6.9
D0 → p̄eþ 09.7 − 4.7� 23.0 22.0 < 7.2
D̄0 → p̄eþ 09.6 7.1� 9.0 0.6 23.0 < 7.6
D0 → pμ− 10.7 11.0� 23.0 0.9 17.1 < 5.1
D̄0 → pμ− 10.7 −10.8� 27.0 21.8 < 6.5
D0 → p̄μþ 10.5 − 4.5� 14.0 21.1 < 6.3
D̄0 → p̄μþ 10.4 16.7� 8.8 1.6 21.4 < 6.5
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The uncertainty on the track-finding efficiency is obtained
using a control sample D�þ → D0πþs , D0 → πþπ−K0

S,
K0

S → πþπ− and is found to be 0.35% per track. For the
particle identification efficiencies, calibration factors are
obtained using D�þ →D0πþs ðD0 → K−πþÞ, γγ → ll, and
Λ → pπ− control samples for pion, leptons, and protons,
respectively, to account for the differences between data
and simulation. The resulting systematic uncertainties on
the proton, pion, electron, and muon identification effi-
ciencies lie within the range (0.3–0.4)%, (0.2–1.0)%, 1.6%,
and (1.6–2.0)%, respectively, depending on the decay
mode. The largest source of systematic uncertainty is the
modeling of the MD0 and ΔM PDFs. The uncertainties on
the PDF shapes are obtained by varying each of the fixed
parameters by �1σ and the ratio of the differences in
obtained and nominal signal yield to the latter is added in
quadrature to calculate the total systematic uncertainty
from PDF modeling. The fit procedures are validated in
simulated MC samples. Small observed biases of (1–2)%
are taken as systematic uncertainties. The uncertainties due
to pion and kaon identification are 1.1% and 0.8%,
respectively, for the normalization mode D0 → K−πþ.
The uncertainty on BðD0 → K−πþÞ is 0.03%. These
uncertainties are taken into account to determine the upper
limit on the branching fraction. The uncertainty on the πs
efficiency cancels between the signal and normalization
mode. All systematic uncertainties are added in quadrature
to obtain the total systematic uncertainty.
In summary, we have searched for the baryon and lepton

number violating decaysD0 → pe−, D̄0→pe−,D0→ p̄eþ,
D̄0 → p̄eþ, D0 → pμ−, D̄0 → pμ−, D0 → p̄μþ, and D̄0 →
p̄μþ by analyzing 921 fb−1 data collected at and 60 MeV
below the ϒ(4S) resonance, and at the ϒ(5S) resonance
by the Belle detector at KEKB. In the absence of any
significant signal, we set an upper limit at 90% confidence
level for each signal decay mode. The corresponding
limits on the branching fractions are determined to be

ð5–8Þ × 10−7. The obtained upper limits are the most
stringent to date. The limits on the D → pμ modes are the
first such results.

This work, based on data collected using the Belle
detector, which was operated until June 2010, was supported
by the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan, the Japan Society for the
Promotion of Science (JSPS), and the Tau-Lepton Physics
Research Center of Nagoya University; the Australian
Research Council including Grants No. DP210101900,
No. DP210102831, No. DE220100462, No. LE210100098,
and No. LE230100085; Austrian Federal Ministry of
Education, Science and Research (FWF) and FWFAustrian
ScienceFundNo. P 31361-N36;NationalKeyR&DProgram
of China under Contract No. 2022YFA1601903, National
Natural Science Foundation of China and research Grants
No. 11575017, No. 11761141009, No. 11705209,
No. 11975076, No. 12135005, No. 12150004,
No. 12161141008, and No. 12175041, and Shandong
Provincial Natural Science Foundation Project
No. ZR2022JQ02; the Czech Science Foundation Grant
No. 22-18469S; Horizon 2020 ERC Advanced Grant
No. 884719 and ERC Starting Grant No. 947006
“InterLeptons” (European Union); the Carl Zeiss
Foundation, the Deutsche Forschungsgemeinschaft, the
Excellence Cluster Universe, and the VolkswagenStiftung;
the Department of Atomic Energy (Project Identification
No. RTI 4002), the Department of Science and Technology
of India, and the UPES (India) SEED finding Programs
No. UPES/R&D-SEED-INFRA/17052023/01 and
No. UPES/R&D-SOE/20062022/06; the Istituto Nazionale
di Fisica Nucleare of Italy; National Research Foundation
(NRF) of Korea Grants No. 2016R1D1A1B02012900,
No. 2018R1A2B3003643, No. 2018R1A6A1A06024970,
No. RS202200197659, No. 2019R1I1A3A01058933,
No. 2021R1A6A1A03043957, No. 2021R1F1A1060423,
No. 2021R1F1A1064008, and No. 2022R1A2C1003993;
Radiation Science Research Institute, Foreign Large-size
Research Facility Application Supporting project, the
Global Science Experimental Data Hub Center of the
Korea Institute of Science and Technology Information
and Korea Institute of Science and Technology
Information/GLObal RIng network for Advanced
Application Development; the Polish Ministry of Science
and Higher Education and the National Science Center; the
Ministry of Science and Higher Education of the Russian
Federation, Agreement No. 14.W03.31.0026, and the HSE
University Basic Research Program,Moscow; University of
Tabuk research Grants No. S-1440-0321, No. S-0256-1438,
and No. S-0280-1439 (Saudi Arabia); the Slovenian
Research Agency Grants No. J1-9124 and No. P1-0135;
Ikerbasque, Basque Foundation for Science, and the State
Agency for Research of the SpanishMinistry of Science and
Innovation through Grant No. PID2022-136510NB-C33

TABLE II. Summary of systematic uncertainties (%) due to
normalization mode D0 → K−πþ (Norm), proton (p) and lepton
(l) identification, PDF used for signal extraction, fit bias from toy
study (“� � �” denotes negligible bias) and tracking for D0 → pl
decay modes.

Decay mode Norm p l PDF Fit bias Tracking Total

D0 → pe− 1.8 0.3 1.6 −1.1
þ4.7 � � � 0.7 þ5.3

−2.8
D̄0 → pe− 1.8 0.3 1.6 þ8.2

−9.2 � � � 0.7 þ8.6
−9.5

D0 → p̄eþ 1.8 0.3 1.6 þ11.1
−8.1 � � � 0.7 þ11.4

−8.5
D̄0 → p̄eþ 1.8 0.3 1.6 þ6.4

−2.0 1.7 0.7 þ7.1
−3.6

D0 → pμ− 1.8 0.4 1.8 þ3.7
−7.8 2.2 0.7 þ5.1

−8.5
D̄0 → pμ− 1.8 0.3 2.0 þ21.3

−12.3 � � � 0.7 þ21.5
−12.6

D0 → p̄μþ 1.8 0.3 1.5 þ21.7
−18.2 � � � 0.7 þ21.8

−18.4
D̄0 → p̄μþ 1.8 0.3 1.6 6.0 2.4 0.7 6.9

SEARCH FOR BARYON AND LEPTON NUMBER VIOLATING … PHYS. REV. D 109, L031101 (2024)

L031101-5



(Spain); the Swiss National Science Foundation; the
Ministry of Education and the National Science and
Technology Council of Taiwan; and the United States
Department of Energy and the National Science
Foundation. These acknowledgments are not to be inter-
preted as an endorsement of any statement made by any of
our institutes, funding agencies, governments, or their
representatives. We thank the KEKB group for the excellent

operation of the accelerator; the KEK cryogenics group for
the efficient operation of the solenoid; and the KEK
computer group and the Pacific Northwest National
Laboratory (PNNL) Environmental Molecular Sciences
Laboratory (EMSL) computing group for strong computing
support, and the National Institute of Informatics, and
Science Information NETwork 6 (SINET6) for valuable
network support.

[1] A. D. Sakharov, Pis’ma Zh. Eksp. Teor. Fiz. 5, 32 (1967)
[JETP Lett. 5, 24 (1967)]; Usp. Fiz. Nauk 161, 61 (1991)
[Sov. Phys. Usp. 34, 392 (1991)].

[2] J. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973).
[3] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974).
[4] S. Raby, arXiv:hep-ph/0608183.
[5] A. Davidson, Phys. Rev. D 20, 776 (1979).
[6] R. E. Marshak and R. N. Mohapatra, Phys. Lett. 91B, 222

(1980).
[7] S. Lola and G. G. Ross, Phys. Lett. B 314, 336 (1993).
[8] N. Polonsky, Supersymmetry: Structure and Phenomena

Extensions of the Standard Model (Springer, Berlin,
Heidelberg, 2001).

[9] H. Nishino et al. (Super-Kamiokande Collaboration), Phys.
Rev. Lett. 102, 141801 (2009).

[10] M. Shiozawa et al. (Super-Kamiokande Collaboration),
Phys. Rev. Lett. 81, 3319 (1998).

[11] Y. Hayato et al. (Super-Kamiokande Collaboration), Phys.
Rev. Lett. 83, 1529 (1999).

[12] A. Bueno, A. J. Melgarejo, S. Navas, Z. Dai, Y. Ge, M.
Laffranchi, A. Meregaglia, and A. Rubbia, J. High Energy
Phys. 04 (2007) 041.

[13] K. Biswal, L. Maharana, and S. P. Misra, Phys. Rev. D 25,
266 (1982).

[14] W. Hou, M. Nagashima, and A. Soddu, Phys. Rev. D 72,
095001 2005.

[15] T. Aaltonen et al. (CDF Collaboration), Science 376, 170
(2022).

[16] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 128,
191803 (2022).

[17] S. Choudhury et al. (Belle Collaoration), J. High Energy
Phys. 03 (2021) 105.

[18] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
109, 101802 (2012).

[19] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 88,
072012 (2013).

[20] B. Abi et al. (Muon g − 2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[21] P. Rubin et al. (CLEO Collaboration), Phys. Rev. D 79,
097101 (2009).

[22] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 83, 091101 (2011).

[23] M. E. McCracken et al. (CLAS Collaboration), Phys. Rev.
D 92, 072002 (2015).

[24] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 105,
032006 (2022).

[25] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003).

[26] T. Abe et al., Prog. Theor. Exp. Phys. 2013, 03A001
(2013).

[27] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also see
Section II in J. Brodzicka et al., Prog. Theor. Exp. Phys.
2012, 04D001 (2012).

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

[29] T. Sjöstrand, S. Mrenna, and P. Z. Skands, Comput. Phys.
Commun. 178, 852 (2008).

[30] E. Barberio and Z. Was, Comput. Phys. Commun. 79, 291
(1994); P. Golonka and Z. Was, Eur. Phys. J. C 45, 97
(2006); 50, 53 (2007).

[31] R. Brun et al., GEANT3.21, CERN Report No. DD/EE/84-1,
1984.

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

[33] T. Junk, Nucl. Instrum. Methods Phys. Res., Sect. A 434,
435 (1999).

S. MAITY et al. PHYS. REV. D 109, L031101 (2024)

L031101-6

https://doi.org/10.3367/UFNr.0161.199105h.0061
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1103/PhysRevD.8.1240
https://doi.org/10.1103/PhysRevLett.32.438
https://arXiv.org/abs/hep-ph/0608183
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(93)91246-J
https://doi.org/10.1103/PhysRevLett.102.141801
https://doi.org/10.1103/PhysRevLett.102.141801
https://doi.org/10.1103/PhysRevLett.81.3319
https://doi.org/10.1103/PhysRevLett.83.1529
https://doi.org/10.1103/PhysRevLett.83.1529
https://doi.org/10.1088/1126-6708/2007/04/041
https://doi.org/10.1088/1126-6708/2007/04/041
https://doi.org/10.1103/PhysRevD.25.266
https://doi.org/10.1103/PhysRevD.25.266
https://doi.org/10.1103/PhysRevD.72.095001
https://doi.org/10.1103/PhysRevD.72.095001
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1103/PhysRevLett.128.191803
https://doi.org/10.1103/PhysRevLett.128.191803
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.79.097101
https://doi.org/10.1103/PhysRevD.79.097101
https://doi.org/10.1103/PhysRevD.83.091101
https://doi.org/10.1103/PhysRevD.83.091101
https://doi.org/10.1103/PhysRevD.92.072002
https://doi.org/10.1103/PhysRevD.92.072002
https://doi.org/10.1103/PhysRevD.105.032006
https://doi.org/10.1103/PhysRevD.105.032006
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1140/epjc/s2005-02396-4
https://doi.org/10.1140/epjc/s2005-02396-4
https://doi.org/10.1140/epjc/s10052-006-0205-3
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2

