
J
H
E
P
0
2
(
2
0
2
4
)
1
8
7

Published for SISSA by Springer

Received: September 7, 2023
Revised: January 4, 2024

Accepted: February 11, 2024
Published: February 23, 2024

Search for charged-lepton flavor violation in
Υ(2S) → ℓ∓τ ± (ℓ = e, µ) decays at Belle

BELLE

The Belle collaboration
R. Dhamija , S. Nishida , A. Giri , I. Adachi , H. Aihara , D. M. Asner ,
T. Aushev , R. Ayad , V. Babu , S. Bahinipati , Sw. Banerjee , M. Bauer ,
P. Behera , K. Belous , J. Bennett , M. Bessner , V. Bhardwaj , D. Biswas ,
D. Bodrov , J. Borah , A. Bozek , M. Bračko , P. Branchini , T. E. Browder ,
A. Budano , M. Campajola , D. Červenkov , M.-C. Chang , P. Chang ,
V. Chekelian , B. G. Cheon , K. Chilikin , H. E. Cho , K. Cho , S.-K. Choi ,
Y. Choi , S. Choudhury , D. Cinabro , S. Das , G. De Nardo , G. De Pietro ,
F. Di Capua , J. Dingfelder , Z. Doležal , T. V. Dong , P. Ecker , D. Epifanov ,
T. Ferber , D. Ferlewicz , B. G. Fulsom , R. Garg , V. Gaur , P. Goldenzweig ,
E. Graziani , T. Gu , Y. Guan , K. Gudkova , C. Hadjivasiliou , K. Hayasaka ,
H. Hayashii , S. Hazra , M. T. Hedges , D. Herrmann , W.-S. Hou ,
C.-L. Hsu , T. Iijima , K. Inami , N. Ipsita , A. Ishikawa , R. Itoh ,
M. Iwasaki , W. W. Jacobs , E.-J. Jang , S. Jia , Y. Jin , K. K. Joo ,
A. B. Kaliyar , C. Kiesling , C. H. Kim , D. Y. Kim , K.-H. Kim , Y.-K. Kim ,
K. Kinoshita , P. Kodyš , T. Konno , A. Korobov , S. Korpar , P. Križan ,
P. Krokovny , M. Kumar , R. Kumar , K. Kumara , A. Kuzmin , Y.-J. Kwon ,
Y.-T. Lai , S. C. Lee , D. Levit , P. Lewis , L. K. Li , L. Li Gioi , J. Libby ,
K. Lieret , Y.-R. Lin , D. Liventsev , Y. Ma , M. Masuda , T. Matsuda ,
S. K. Maurya , F. Meier , M. Merola , F. Metzner , K. Miyabayashi ,
R. Mizuk , G. B. Mohanty , I. Nakamura , M. Nakao , A. Natochii , L. Nayak ,
M. Niiyama , N. K. Nisar , S. Ogawa , P. Pakhlov , G. Pakhlova , S. Pardi ,
H. Park , J. Park , A. Passeri , S. Patra , S. Paul , T. K. Pedlar ,
R. Pestotnik , L. E. Piilonen , T. Podobnik , E. Prencipe , M. T. Prim ,
N. Rout , G. Russo , S. Sandilya , L. Santelj , V. Savinov , G. Schnell ,
C. Schwanda , Y. Seino , K. Senyo , M. E. Sevior , W. Shan , C. Sharma ,
J.-G. Shiu , B. Shwartz , A. Sokolov , E. Solovieva , M. Starič , Z. S. Stottler ,

Open Access, © The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP02(2024)187

https://orcid.org/0000-0001-7052-3163
https://orcid.org/0000-0001-6373-2346
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0002-1907-5964
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0003-3466-9290
https://orcid.org/0000-0003-0419-6912
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-8852-2409
https://orcid.org/0000-0002-0953-7387
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0003-1776-0439
https://orcid.org/0000-0001-8857-8621
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-5279-4787
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0002-5915-1319
https://orcid.org/0000-0002-2495-0524
https://orcid.org/0000-0002-2270-9673
https://orcid.org/0000-0001-7357-9007
https://orcid.org/0000-0002-0856-1131
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0002-8650-6058
https://orcid.org/0000-0003-4064-388X
https://orcid.org/0000-0001-8860-8288
https://orcid.org/0000-0002-8803-4429
https://orcid.org/0000-0001-7620-2053
https://orcid.org/0000-0002-7008-3759
https://orcid.org/0000-0003-1705-7399
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0003-3499-7948
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0000-0001-7347-6585
https://orcid.org/0000-0001-6857-966X
https://orcid.org/0000-0002-2047-9675
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0001-9076-5936
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0003-3043-1939
https://orcid.org/0000-0002-6817-6868
https://orcid.org/0000-0001-8656-2693
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0002-4374-1234
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0002-7406-4707
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0001-8602-5652
https://orcid.org/0000-0002-1470-6536
https://orcid.org/0000-0002-5541-2278
https://orcid.org/0000-0002-5858-3187
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-6347-433X
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6954-9593
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0001-9772-9989
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0002-1641-430X
https://orcid.org/0000-0002-4271-711X
https://orcid.org/0000-0003-2765-7072
https://orcid.org/0000-0002-2927-3366
https://orcid.org/0000-0002-3561-5633
https://orcid.org/0000-0003-1590-0266
https://orcid.org/0000-0002-9402-7559
https://orcid.org/0000-0002-9996-6336
https://orcid.org/0000-0002-1935-9887
https://orcid.org/0000-0001-8176-8545
https://orcid.org/0000-0002-7323-0830
https://orcid.org/0000-0002-5515-0087
https://orcid.org/0000-0002-2211-619X
https://orcid.org/0000-0002-2209-535X
https://orcid.org/0000-0002-5743-7698
https://orcid.org/0000-0001-8125-9070
https://orcid.org/0000-0002-4659-1112
https://orcid.org/0000-0002-9695-8103
https://orcid.org/0000-0001-7175-4182
https://orcid.org/0000-0002-8644-2349
https://orcid.org/0000-0003-2487-8080
https://orcid.org/0000-0001-5959-8172
https://orcid.org/0000-0003-0971-0968
https://orcid.org/0000-0002-4967-7675
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-6627-9708
https://orcid.org/0000-0002-6277-2626
https://orcid.org/0000-0003-1572-5365
https://orcid.org/0000-0002-7011-5044
https://orcid.org/0000-0001-9448-5691
https://orcid.org/0000-0001-9553-3421
https://orcid.org/0000-0002-9835-1006
https://orcid.org/0000-0001-5789-6205
https://orcid.org/0000-0002-5991-622X
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0003-2024-5649
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0003-2792-7511
https://orcid.org/0000-0003-0864-6693
https://orcid.org/0000-0003-3416-0056
https://orcid.org/0000-0001-8412-8308
https://orcid.org/0000-0002-7109-5583
https://orcid.org/0000-0003-4673-570X
https://orcid.org/0000-0002-7764-5777
https://orcid.org/0000-0002-6088-0412
https://orcid.org/0000-0002-7082-8108
https://orcid.org/0000-0002-0128-264X
https://orcid.org/0000-0003-4352-734X
https://orcid.org/0000-0002-2209-6969
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0002-7640-5456
https://orcid.org/0000-0001-8424-7075
https://orcid.org/0000-0002-1076-814X
https://orcid.org/0000-0002-7739-914X
https://orcid.org/0000-0003-1746-586X
https://orcid.org/0000-0001-9562-1253
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0000-0001-7426-4824
https://orcid.org/0000-0001-7518-3022
https://orcid.org/0000-0001-7994-0537
https://orcid.org/0000-0001-6087-2052
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0003-4864-3411
https://orcid.org/0000-0002-4114-1091
https://orcid.org/0000-0002-8813-0437
https://orcid.org/0000-0001-9839-7373
https://orcid.org/0000-0003-1804-9470
https://orcid.org/0000-0001-6836-0748
https://orcid.org/0000-0002-6131-819X
https://orcid.org/0000-0002-9465-2493
https://orcid.org/0000-0002-1407-7450
https://orcid.org/0000-0002-4310-3638
https://orcid.org/0000-0001-5823-4393
https://orcid.org/0000-0002-4199-4369
https://orcid.org/0000-0003-3904-2956
https://orcid.org/0000-0002-9184-2830
https://orcid.org/0000-0002-7336-3246
https://orcid.org/0000-0003-4844-5028
https://orcid.org/0000-0002-8378-4255
https://orcid.org/0000-0002-1615-9118
https://orcid.org/0000-0002-4824-101X
https://orcid.org/0000-0003-2811-2218
https://orcid.org/0000-0002-1312-0429
https://orcid.org/0000-0002-8478-5639
https://orcid.org/0000-0002-1456-1496
https://orcid.org/0000-0002-9420-0091
https://orcid.org/0000-0002-5735-4059
https://orcid.org/0000-0001-8751-5944
https://orcid.org/0000-0002-1898-5333
https://doi.org/10.1007/JHEP02(2024)187


J
H
E
P
0
2
(
2
0
2
4
)
1
8
7

M. Sumihama , M. Takizawa , K. Tanida , F. Tenchini , K. Trabelsi ,
M. Uchida , T. Uglov , Y. Unno , S. Uno , P. Urquijo , S. E. Vahsen ,
K. E. Varvell , A. Vinokurova , D. Wang , E. Wang , M.-Z. Wang ,
S. Watanuki , E. Won , X. Xu , B. D. Yabsley , W. Yan , S. B. Yang ,
J. H. Yin , C. Z. Yuan , L. Yuan , Z. P. Zhang , V. Zhilich and V. Zhukova

E-mail: rshmiphysicist@gmail.com

Abstract: We report a search for the charged-lepton flavor violation in Υ(2S) → ℓ∓τ±

(ℓ = e, µ) decays using a 25 fb−1 Υ(2S) sample collected by the Belle detector at the KEKB
e+e− asymmetric-energy collider. We find no evidence for a signal and set upper limits on
the branching fractions (B) at 90% confidence level. We obtain the most stringent upper
limits: B(Υ(2S) → µ∓τ±) < 0.23 × 10−6 and B(Υ(2S) → e∓τ±) < 1.12 × 10−6.
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1 Introduction

The lepton flavor conservation is one of the accidental symmetries of the Standard Model
(SM). The observation of neutrino oscillation [1, 2] manifests the lepton flavor violation
in the neutral lepton sector. In the minimal extension of the SM that explains neutrino
oscillation [1, 2], the charged-lepton flavor violating (CLFV) transitions are mediated by
W± bosons and massive neutrinos. This makes CLFV decays to be heavily suppressed on
the order of m2

ν/m
2
W such as the branching fraction B(µ → eγ) ∼ 10−54 [3, 4]. Various

new physics models, namely leptoquark and supersymmetry, allow enhanced decay rates
for CLFV transitions [5, 6]. Therefore, the observation of enhanced charged-lepton flavor
violation would be clear evidence for new physics. The experimental limit on the two-body
CLFV quarkonium decay provides complementary constraints on the Wilson coefficients of
the effective Lagrangian of new physics models [7].

CLEO and BaBar studied the CLFV Υ(nS) (n = 1, 2, 3) decay modes [8, 9], and recently
Belle searched for Υ(1S) → ℓ∓ℓ′± and Υ(1S) → γℓ∓ℓ′± (ℓ = e, µ; ℓ′ = e, µ, τ ) decay modes [10].
In this paper, we present a search for the CLFV Υ(2S) → ℓ∓τ± decays using 25 fb−1 of the
data collected at the Υ(2S) resonance with the Belle detector [11, 12] at the KEKB asymmetric-
energy e+e− collider [13, 14]. The current most stringent upper limits for CLFV Υ(2S) decays
are B(Υ(2S) → µ∓τ±) < 3.3× 10−6 and B(Υ(2S) → e∓τ±) < 3.2× 10−6 as set by BaBar [9].

2 Belle experiment

The Belle detector is a large solid-angle magnetic spectrometer that is comprised 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 scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) composed of 8736 CsI(Tl) crystals, all
located inside a superconducting solenoid providing a magnetic field of 1.5 T. An iron flux-
return yoke placed outside the solenoid coil is instrumented with resistive plate chambers
to detect K0

L mesons and muons (KLM). Belle has accumulated the world’s largest data
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sample of e+e− collision at the center-of-mass (c.m.) energy of 10.02 GeV, which corresponds
to 158 million Υ(2S) decays.

We perform the background study and the optimization of selection criteria using Monte
Carlo (MC) simulated events. We use the EVTGEN [15] package to generate MC events, and
the detector simulation is performed with GEANT-3 [16]. The analysis is performed in the
B2BII software framework [17], which converts the Belle to Belle II data format. We generate
5 million signal MC events of Υ(2S) → ℓ∓τ±. For background study, we use MC samples
of e+e− → e+e− (Bhabha) [18], e+e− → µ+µ− [19, 20], e+e− → τ+τ− [19, 20], e+e− →
e+e−µ+µ− [21], e+e− → e+e−e+e− [21], inclusive Υ(2S) decays [15, 22], and e+e− → qq̄

(q = u, d, s, c) processes generated with an initial state radiation (ISR) photon [15, 22] at the
energy of the Υ(2S) resonance. They correspond to 25 fb−1 of integrated luminosity except
for the sample of Bhabha events, which corresponds to 2.5 fb−1 of integrated luminosity.

3 Reconstruction and event selection

We search for decays Υ(2S) → ℓ∓1 τ
± with τ+ → ℓ+2 νℓ2ντ or τ+ → π+π0ντ . Hereafter, the

primary non-tau lepton is referred to as ℓ1 and the lepton from τ as ℓ2, and charge conjugation
is implied. Due to copious background contributions from Bhabha and e+e− → µ+µ−

events, we do not take the combination of the same flavored ℓ1 and ℓ2. These background
components also have a large contribution to the channel with τ+ → π+ντ owing to the pion
misidentification, and we do not use this channel. Therefore, our search strategy includes
only Υ(2S) → µ∓τ± with τ+ → e+νeντ (µ-e mode) or τ+ → π+π0ντ (µ-ππ0 mode), and
Υ(2S) → e∓τ± with τ+ → µ+νµντ (e-µ mode) or τ+ → π+π0ντ (e-ππ0 mode).

We require the charged particles to originate from the interaction point (IP); their
distances of closest approach from the IP must be within 2.0 cm in the transverse plane
and within 5.0 cm along the beam direction. Charged particles are identified based on the
information from various sub-detectors [23]. Muon candidates [24] are identified using a
likelihood ratio Rµ = Lµ/(Lµ + Lπ + LK), where Lµ, Lπ, and LK are the likelihoods for µ,
π, and K based on the information from the KLM. All charged tracks satisfying Rµ > 0.8
are identified as muons with an efficiency of above 70% and a misidentification rate of less
than 3%. An analogous likelihood ratio Re is defined for electrons [25], based on the specific
ionization from the CDC, the ratio of the energy deposited in the ECL to the momentum
measured by the CDC and SVD combined, the shower shape in the ECL, hit information
from the ACC, and matching between the position of the charged track and the ECL cluster.
We require Re > 0.8 to distinguish electrons from charged hadrons with an efficiency of
above 90% and a misidentification rate of less than 3%. The energy loss of an electron via
bremsstrahlung is recovered by adding back the energy of each photon found within 50 mrad
of the direction of the electron track into the latter momentum. For charged pions, we use a
binary likelihood ratio R(π|K) = Lπ/(Lπ + LK) where Lπ and LK are the likelihoods for π
and K, respectively determined from the specific ionization in the CDC, information from
the TOF, and response of the ACC. We require R(π|K) > 0.6 to identify charged pions that
are above 87% efficient with a kaon misidentification rate of less than 5%.

Neutral pions (π0) are reconstructed from photon pairs detected as ECL clusters without
associated charged particles. The energy of each photon is required to be: greater than

– 2 –
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50 MeV if detected in the barrel (32.2◦ < θ < 128.7◦), greater than 100 MeV if detected in the
forward endcap (12.4◦ < θ < 31.4◦), and greater than 150 MeV if detected in the backward
endcap (130.7◦ < θ < 155.1◦), where θ is the polar angle with respect to the direction opposite
to the e+ beam. The invariant mass of each photon pair is required to be within 125 and
145 MeV/c2, corresponding to three standard deviations (±3σ) in the π0 mass resolution [26].

As signal events have only two charged particles, they do not always pass the online
trigger condition. The effect of finite trigger rate is studied with a trigger simulation, and
only events passing the trigger simulation are chosen for simulated samples. Events of µ-e,
µ-ππ0, and e-µ modes are mostly selected online by a trigger with two tracks and a KLM
hit; in addition, ECL energy and cluster triggers contribute to the µ-e and µ-ππ0 modes.
The e-ππ0 mode relies only on the ECL cluster trigger. In this analysis, we use a data
sample with the following pre-selections for τ -pair events: 2 ≤ Ntrk ≤ 8, where Ntrk is the
number of good charged tracks; the sum of the charge of the tracks is between −2 and 2; the
maximum transverse momentum of the tracks is greater than 0.5 GeV/c; the sum of ECL
energy associated with tracks is less than 5.3 GeV when 2 ≤ Ntrk ≤ 4 and the number of
tracks in the barrel is less than 2 [27]. These pre-selections are applied to the MC samples too.

The signature of Υ(2S) → ℓ∓1 τ
± signal is a high-momentum lepton ℓ1 of momentum

around 4.85 GeV/c in the c.m. frame. We take the highest momentum lepton in an event as
ℓ1. For the µ-e and e-µ modes, we consider a secondary lepton ℓ2 with momentum in the c.m.
frame (p∗2) to be greater than 0.5 GeV/c. For the µ-ππ0 and e-ππ0 modes, we combine a π+

with 0.3 < p∗π+ < 4.0 GeV/c and a π0 with p∗π0 > 0.4 GeV/c, where p∗π+ and p∗π0 are the π+

and π0 momenta in the c.m. frame, and require that their invariant masses lie between 0.5 and
1.0 GeV/c2. In the search for Υ(2S) → e∓τ±, we require the total visible energy of the event
in the c.m. frame (E∗

vis), which is the sum of the energy of all neutral clusters and charged
tracks, to be less than 9.8 GeV in order to suppress the background from Bhabha events.

Figure 1 shows the p∗1 distributions, where p∗1 is the momentum of ℓ1 in the c.m. frame with
the selections mentioned above. The signal region is chosen to be 4.78 < p∗1 < 4.93 GeV/c,
which corresponds to 2σ around the expected p∗1 that peaks at 4.85 GeV/c. The signal
reconstruction efficiencies after the aforementioned selection criteria are 8.6% (µ-e), 8.3%
(µ-ππ0), 5.9% (e-µ), and 4.9% (e-ππ0). After the initial selections, the dominant background
contribution comes from the Bhabha, e+e− → µ+µ−, e+e− → τ+τ−, and e+e− → e+e−µ+µ−

samples. The distribution for e-ππ0 has a large discrepancy between the data and the MC
sample, and there exists a small discrepancy in µ-e and e-µ modes as well. These discrepancies
may be due to an imperfect simulation of Bhabha events since these modes have a potential
contribution from Bhabha events.

A multivariate analysis (MVA) is performed to suppress the background further. We form
a FastBDT [28] classifier trained with simulated samples using EECL, E∗

vis, M∗2
miss, cos θ∗12,

and cos θ∗miss as input discriminating variables. Here, EECL is the sum of the energy of neutral
ECL clusters that are related to the particles in the rest of the event in the lab frame, M∗2

miss
is the invariant-mass squared of the missing momentum in the c.m. frame, cos θ∗12 is the cosine
of the angle between p∗1 and p∗2 for µ-e and e-µ modes or between p∗1 and p∗π+ + p∗π0 for µ-ππ0

and e-ππ0 modes in the c.m. frame, and cos θ∗miss is the cosine of the polar angle of the missing
momentum in the c.m. frame. We require 4.5 < p∗1 < 5.3 GeV/c for the MVA training.
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Figure 1. Distributions of p∗
1 without the FastBDT output requirement for (a) µ-e, (b) µ-ππ0, (c)

e-µ, and (d) e-ππ0. The downward arrows represent the signal window and we assume a high signal
branching fraction B = 1 × 10−5 to make that component visible.

Figure 2 shows the output of the FastBDT classifier OFBDT, which ranges from 0.0,
for background-like events, to 1.0, for signal-like events. There exists a small discrepancy
between data and background MC distributions at high OFBDT, which may be partly due
to an imperfect simulation of Bhabha events. Since the background components do not
peak in the signal region of p∗1 distribution, it does not introduce any bias in the signal
yield estimated from p∗1 distribution.

At this stage, the average number of candidates in an event is 1.0 for the µ-e and e-µ
modes and 1.1 for the µ-ππ0 and e-ππ0 modes. We perform the best candidate selection on
the OFBDT and retain the one with the highest OFBDT value.

We use the figure-of-merit [29] defined as ϵsig/(3/2 +
√
B), where ϵsig is the signal

reconstruction efficiency and B is the expected number of background events, to optimize the
OFBDT selection. The optimization is done separately for all four modes, and the optimal
value depends on the mode. However, for simplicity, we choose OFBDT > 0.94 for all modes,
which is slightly looser than the optimal values. This selection rejects more than 99% of the
background events for all the modes while retaining 86%, 66%, 89%, and 66% of the signal
events for the µ-e, µ-ππ0, e-µ, and e-ππ0 modes, respectively. The signal reconstruction
efficiencies after the selection on OFBDT are 7.4%, 4.8%, 5.3%, and 2.8% for the µ-e, µ-ππ0,
e-µ, and e-ππ0 modes, respectively. Figure 3 shows the p∗1 distributions for each mode after
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Figure 2. Distributions of OFBDT for (a) µ-e, (b) µ-ππ0, (c) e-µ, and (d) e-ππ0 on a semi-logarithmic
scale. The signal component assumes B = 1 × 10−5.

Source Systematic uncertainty (%)
Υ(2S) → µ∓τ± Υ(2S) → e∓τ±

Number of Υ(2S) 2.3 2.3
Tracking 0.7 0.7
Particle identification and π0 reconstruction 3.4 3.3
τ branching fraction 0.2 0.2
MVA selection 5.1 5.0
Trigger 2.3 11.9
Total 7.0 13.5

Table 1. Summary of systematic uncertainties.

all the selection criteria. We find three events for Υ(2S) → µ∓τ± and twelve events for
Υ(2S) → e∓τ± modes in the p∗1 signal region in the data.
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Figure 3. Distributions of p∗
1 with the FastBDT output requirement, OFBDT > 0.94 for (a) µ-e, (b)

µ-ππ0, (c) e-µ, and (d) e-ππ0. The downward arrows represent the signal window and the signal
component assumes B = 1 × 10−5.

4 Systematic uncertainty

Table 1 summarizes the systematic uncertainty from various sources. The number of Υ(2S)
(NΥ(2S)) is estimated to be (157.8 ± 3.6) × 106 with an uncertainty of 2.3%. The systematic
uncertainty on the track finding efficiency is estimated to be 0.35% per track from the study
of partially reconstructed D∗+ → D0π+, D0 → K0

Sπ
+π−, K0

S → π+π− decays.
The systematic uncertainty due to lepton identification is studied using the control

samples of J/ψ → ℓℓ and e+e− → e+e−γ∗γ∗ → e+e−ℓ+ℓ−. The systematic uncertainty due
to charged pion identification is studied using D∗+ → D0π+, D0 → K−π+ decays. The
systematic uncertainty due to π0 reconstruction is determined to be 2.3% from the study on
τ− → π−π0ντ decays. After combining these uncertainties considering the efficiency for each
τ decay channel, we obtain that the uncertainty from Υ(2S) → µ∓τ± (Υ(2S) → e∓τ±) from
particle identification and π0 reconstruction to be 3.4% (3.3%). The systematic uncertainty
from τ branching fraction is 0.2% for both Υ(2S) → µ∓τ± and Υ(2S) → e∓τ± modes.

We use the control sample Υ(2S) → Υ(1S)π+π−, Υ(1S) → ℓ−ℓ+ to estimate the
systematic uncertainty from MVA. We require 0.25 < Mπ+π− < 0.35 GeV/c2, where Mπ+π−

is the invariant mass of the two charged pions. We form a FastBDT classifier from the input
variables Ê∗

vis, Ê∗
miss, EECL, and cos θ∗miss, where Ê∗

vis and Ê∗
miss are the visible energy and
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missing energy calculated neglecting the positively charged lepton from Υ(1S) in order to
mimic the topology of the signal Υ(2S) → ℓ∓τ± event. The FastBDT classifier is retrained
using the simulated control sample applying the selection 9.3 < Mℓ−ℓ+ < 9.7 GeV/c2, where
Mℓ−ℓ+ is the dilepton invariant mass. We only select the best candidate with the highest
OFBDT as mentioned earlier. We extract the signal yields from an unbinned maximum
likelihood fit to Mℓ−ℓ+ with and without the FastBDT selection, for the data and MC samples.
For the data, the FastBDT selection efficiency including the best candidate is estimated
to be (11.5 ± 0.5)% and (14.5 ± 0.3)% for the muon and electron mode, respectively, and
the corresponding numbers for the MC samples are (11.3 ± 0.2)% and (14.0 ± 0.3)%. We
take the quadratic sum of the data and MC uncertainty, i.e., 5.1% and 5.0% respectively for
Υ(2S) → µ∓τ± and Υ(2S) → e∓τ± modes, as the systematic uncertainty due to MVA.

The trigger efficiency for signal events that pass all the selection criteria is estimated
to be 97.6% (88.0%) for Υ(2S) → µ∓τ± (Υ(2S) → e∓τ±) from the trigger simulation. The
efficiency for the electron mode is lower than for the muon mode because the former mainly
relies on a single trigger condition (two tracks with a KLM hit for e-µ and ECL cluster trigger
for e-ππ0 as described in section 3). We take the difference from unity, i.e., 2.3% (11.9%)
as the systematic uncertainty for Υ(2S) → µ∓τ± (Υ(2S) → e∓τ±).

Taking a quadratic sum, the total systematic uncertainty is 7.0% (13.5%) for Υ(2S) →
µ∓τ± (Υ(2S) → e∓τ±) decay modes.

5 Upper limit estimation

We estimate the upper limits on the branching fractions with the Feldman-Cousin method,
which incorporates the systematic uncertainties into this method [30, 31]. We obtain the
branching fractions using B = (Nobs − Nbkg

exp )/(ϵsigNΥ(2S)), where Nobs is the number of
observed events and Nbkg

exp is the expected number of background events. We estimate Nbkg
exp

by NSB
data ×NMC/N

SB
MC, where NSB

data and NSB
MC are the numbers of data and background MC

events in the sideband defined as 4.5 < p∗1 < 4.7 GeV/c or 5.0 < p∗1 < 5.3 GeV/c, and NMC
is the number of background MC events in the signal region. We apply a loose selection of
OFBDT > 0.4 to estimate NSB

MC and NMC, rather than the standard selection OFBDT > 0.94,
and obtain the nominal value of Nbkg

exp = 3.9 ± 1.2 for Υ(2S) → µ∓τ± and Nbkg
exp = 5.9 ± 2.6

for Υ(2S) → e∓τ±. We also estimate Nbkg
exp requiring 0.2 < OFBDT < 0.4 for NSB

MC and NMC
and take the difference from the nominal value of Nbkg

exp , 1.28 and 0.46 for the Υ(2S) → µ∓τ±

and Υ(2S) → e∓τ± modes, respectively, as a systematic uncertainty of Nbkg
exp . As a result, we

obtain Nbkg
exp = 3.9 ± 1.8 for Υ(2S) → µ∓τ± and Nbkg

exp = 5.9 ± 2.6 for Υ(2S) → e∓τ± modes.
We find Nobs = 3 for Υ(2S) → µ∓τ±, which is consistent with the expectation, and Nobs =

12 for Υ(2S) → e∓τ±. The latter is larger than the background expectation but the signal is
not significant; the probability of obtaining 12 or more events with Nbkg

exp = 5.9±2.6 is 8.1%. We
calculate the upper limits on branching fractions at 90% confidence level (CL) using the POLE
(POissonian Limit Estimator) program [32, 33]. The estimated upper limits are B(Υ(2S) →
µ∓τ±) < 0.23× 10−6 and B(Υ(2S) → e∓τ±) < 1.12× 10−6 as listed in table 2. We obtain 14
(3) times better upper limits for Υ(2S) → µ∓τ± (Υ(2S) → e∓τ±) as compared to previous
results from BaBar [9]. This is the first measurement on CLFV Υ(2S) decays from Belle.
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Modes ϵsig (%) Nbkg
exp Nobs B @ 90% CL

Υ(2S) → µ∓τ± 12.3 ± 0.8 3.9 ± 1.8 3 < 0.23 × 10−6

Υ(2S) → e∓τ± 8.1 ± 1.1 5.9 ± 2.6 12 < 1.12 × 10−6

Table 2. Final results for Υ(2S) → µ∓τ± and Υ(2S) → e∓τ± modes.

6 Summary

In this paper, we have conducted a search for charged-lepton flavor violation in Υ(2S) → ℓ∓τ±

decays using 25 fb−1 data collected at the Υ(2S) resonance with the Belle detector. Without
any evidence for such a signal, we set the upper limits on the branching fractions at 90% CL
on Υ(2S) decays. Table 2 summarizes the results obtained for these decays. Our upper limits
are more stringent than the previous world’s best results from the BaBar collaboration [9].
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