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I. Doḿınguez Jiménez , T. V. Dong , X. Dong , M. Dorigo , G. Dujany ,

P. Ecker , D. Epifanov , R. Farkas , P. Feichtinger , T. Ferber , T. Fillinger ,

C. Finck , G. Finocchiaro , F. Forti , A. Frey , B. G. Fulsom , A. Gale ,

E. Ganiev , M. Garcia-Hernandez , R. Garg , G. Gaudino , V. Gaur ,

V. Gautam , A. Gaz , A. Gellrich , D. Ghosh , H. Ghumaryan ,

G. Giakoustidis , R. Giordano , A. Giri , P. Gironella Gironell , B. Gobbo ,

R. Godang , O. Gogota , P. Goldenzweig , W. Gradl , E. Graziani ,

D. Greenwald , K. Gudkova , I. Haide , H. Hayashii , S. Hazra , C. Hearty ,

M. T. Hedges , A. Heidelbach , G. Heine , I. Heredia de la Cruz ,

M. Hernández Villanueva , T. Higuchi , M. Hoek , M. Hohmann , P. Horak ,

C.-L. Hsu , T. Humair , T. Iijima , K. Inami , G. Inguglia , N. Ipsita ,

A. Ishikawa , R. Itoh , M. Iwasaki , P. Jackson , D. Jacobi , W. W. Jacobs ,

E.-J. Jang , Q. P. Ji , S. Jia , Y. Jin , A. Johnson , M. Kaleta , J. Kandra ,

K. H. Kang , G. Karyan , F. Keil , C. Ketter , M. Khan , C. Kiesling ,

D. Y. Kim , J.-Y. Kim , K.-H. Kim , K. Kinoshita , P. Kodyš , T. Koga ,

https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0001-6820-0576
https://orcid.org/0000-0002-1907-5964
https://orcid.org/0000-0002-4425-2096
https://orcid.org/0000-0001-7609-112X
https://orcid.org/0000-0002-2234-8628
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0003-1757-5620
https://orcid.org/0000-0003-4745-1020
https://orcid.org/0000-0003-0471-197X
https://orcid.org/0009-0003-9088-3811
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0003-2435-501X
https://orcid.org/0000-0002-8588-5308
https://orcid.org/0000-0001-9980-0953
https://orcid.org/0000-0003-3466-9290
https://orcid.org/0000-0003-0419-6912
https://orcid.org/0000-0003-1393-8631
https://orcid.org/0009-0008-7806-4422
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-7378-4852
https://orcid.org/0000-0001-8852-2409
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-2095-603X
https://orcid.org/0000-0001-5585-0991
https://orcid.org/0000-0003-1360-3292
https://orcid.org/0000-0001-9438-089X
https://orcid.org/0000-0003-0562-4616
https://orcid.org/0000-0002-5082-5487
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0001-5038-360X
https://orcid.org/0000-0002-3792-2450
https://orcid.org/0000-0003-1776-0439
https://orcid.org/0000-0001-7742-2998
https://orcid.org/0000-0001-6254-3594
https://orcid.org/0000-0002-1524-6236
https://orcid.org/0000-0003-1449-6986
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-5735-8386
https://orcid.org/0000-0001-5279-4787
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0001-6030-3087
https://orcid.org/0000-0002-5915-1319
https://orcid.org/0000-0002-2495-0524
https://orcid.org/0000-0002-2270-9673
https://orcid.org/0000-0001-5229-1039
https://orcid.org/0000-0001-7357-9007
https://orcid.org/0000-0002-0856-1131
https://orcid.org/0000-0002-3829-9592
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0001-8332-5668
https://orcid.org/0000-0003-4137-938X
https://orcid.org/0000-0002-2192-8233
https://orcid.org/0000-0002-8650-6058
https://orcid.org/0000-0001-8472-5727
https://orcid.org/0000-0002-8803-4429
https://orcid.org/0000-0001-7620-2053
https://orcid.org/0009-0005-9210-8872
https://orcid.org/0000-0002-7008-3759
https://orcid.org/0000-0003-1705-7399
https://orcid.org/0000-0002-1673-5664
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0009-0009-8755-6290
https://orcid.org/0000-0002-2577-9909
https://orcid.org/0000-0002-2398-3754
https://orcid.org/0000-0002-7469-6974
https://orcid.org/0000-0003-3905-6805
https://orcid.org/0000-0002-6509-7793
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0002-3808-5455
https://orcid.org/0000-0003-1997-6751
https://orcid.org/0000-0003-1233-3876
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0001-6831-3159
https://orcid.org/0000-0003-3043-1939
https://orcid.org/0000-0001-8574-9624
https://orcid.org/0000-0002-0681-6946
https://orcid.org/0000-0002-1345-8163
https://orcid.org/0000-0002-6817-6868
https://orcid.org/0000-0001-8656-2693
https://orcid.org/0000-0002-7647-1429
https://orcid.org/0000-0003-3966-7497
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0001-9795-7412
https://orcid.org/0000-0002-5068-5453
https://orcid.org/0000-0002-3936-2151
https://orcid.org/0000-0001-6535-7965
https://orcid.org/0000-0001-7470-3874
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0009-0005-2634-7189
https://orcid.org/0000-0001-8346-8597
https://orcid.org/0000-0003-2393-3367
https://orcid.org/0000-0002-7406-4707
https://orcid.org/0000-0001-5983-1552
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0009-0001-9817-8637
https://orcid.org/0000-0001-6754-3315
https://orcid.org/0000-0003-0974-6231
https://orcid.org/0000-0002-3458-9824
https://orcid.org/0000-0001-6775-8893
https://orcid.org/0000-0001-5982-1784
https://orcid.org/0000-0002-5496-7247
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-3147-4562
https://orcid.org/0000-0002-8317-0579
https://orcid.org/0000-0003-4108-7256
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0002-9974-8320
https://orcid.org/0000-0001-8602-5652
https://orcid.org/0000-0001-6964-8399
https://orcid.org/0000-0002-5858-3187
https://orcid.org/0000-0003-0962-6344
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6954-9593
https://orcid.org/0000-0001-6568-0252
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0002-6663-5469
https://orcid.org/0009-0009-1827-2008
https://orcid.org/0000-0002-8133-6467
https://orcid.org/0000-0002-6322-5587
https://orcid.org/0000-0002-7761-3505
https://orcid.org/0000-0002-1893-8764
https://orcid.org/0000-0001-5147-4781
https://orcid.org/0000-0001-9979-6501
https://orcid.org/0000-0002-1641-430X
https://orcid.org/0000-0002-2922-9779
https://orcid.org/0000-0002-4271-711X
https://orcid.org/0000-0003-2765-7072
https://orcid.org/0000-0003-0331-8279
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/0000-0002-0847-402X
https://orcid.org/0000-0003-2399-9796
https://orcid.org/0000-0002-9996-6336
https://orcid.org/0000-0002-1935-9887
https://orcid.org/0000-0003-2963-2565
https://orcid.org/0000-0001-8176-8545
https://orcid.org/0000-0002-7323-0830
https://orcid.org/0000-0002-8366-1749
https://orcid.org/0000-0002-2863-5476
https://orcid.org/0000-0001-5635-1000
https://orcid.org/0000-0002-6816-0751
https://orcid.org/0000-0001-5365-3716
https://orcid.org/0000-0002-7278-2860
https://orcid.org/0000-0002-5161-9722
https://orcid.org/0000-0002-2168-0872
https://orcid.org/0000-0002-2209-535X
https://orcid.org/0000-0001-8125-9070
https://orcid.org/0000-0001-7593-843X
https://orcid.org/0000-0002-4659-1112
https://orcid.org/0000-0001-7175-4182
https://orcid.org/0000-0002-8644-2349
https://orcid.org/0000-0002-1644-2001


S. Kohani , K. Kojima , A. Korobov , S. Korpar , E. Kovalenko ,
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Abstract:We present the results of a search for the charged-lepton-flavor violating decays

B0 → K∗0τ±ℓ∓, where ℓ∓ is either an electron or a muon. The results are based on 365

fb−1 and 711 fb−1 datasets collected with the Belle II and Belle detectors, respectively. We

use an exclusive hadronic B-tagging technique, and search for the signal decay in the system

recoiling against the fully reconstructed B meson. We find no evidence for B0 → K∗0τ±ℓ∓

decays and set upper limits on the branching fractions in the range of (2.9–6.4)×10−5 at

90% confidence level.
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1 Introduction1

In the standard model (SM) of particle physics charged lepton flavor violating (LFV)2

processes are highly suppressed. They can occur only via neutrino-mixing with rates far3

below the current and foreseen experimental reach [1]. However, in many extensions beyond4

the standard model (BSM), LFV decays are enhanced since they are not protected by any5

fundamental symmetry (see Ref. [2] for a recent review). An observation of such decays6

would thus provide indisputable evidence of physics beyond the SM. In addition, in the SM,7

lepton flavor universality (LFU) holds, meaning that the interaction of the three generations8

of leptons with the gauge bosons is identical, except for differences arising from their9

masses [3, 4]. The recent anomalies observed in b→ cτν transitions [5, 6] may nevertheless10

suggest deviation from LFU, which also imply LFV in many BSM scenarios. For instance,11

a heavy Z ′ boson mediator or a leptoquark-mediated transition would produce LFV [7–12

9]. Measurements of b → s transitions can also be used to investigate LFU deviation and13

LFV [10–13]. In particular, the recent excess observed by Belle II in b→ sνν̄ transitions [14]14

can be described by allowing LFV [15], which could give an enhancement of the branching15

fractions of B → Kτ±ℓ± up to 3 × 10−6, where ℓ stands for e or µ. This is close to the16

current experimental limits and motivates further searches.17

The LHCb experiment searched for B0 → K∗0τ−µ+ (B0 → K∗0τ+µ−) decays using a18

9 fb−1 dataset [16] and obtained upper limits of 0.82 (1.0)×10−5 at the 90% confidence level19

(C.L.). Searches for B+ → K+τ±ℓ∓ have been also performed by the BaBar [17] and Belle20

[18] experiments, setting the best upper limits in these modes between 0.6 and 2.5×10−5 at21

90% C.L. Here, we present the first search for B0 → K∗0τ±e∓ decays and the first search22

for B0 → K∗0τ±µ∓ decays at a B factory, using the combined dataset of the Belle and23

Belle II experiments, with integrated luminosities of 711 fb−1 and 365 fb−1, respectively24

adding up to a total of 1076 fb−1. Four different final states are distinguished according25

to the flavor of the final state lepton ℓ, and to the sign of its charge with respect to that of26
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the kaon from the K∗0: same-sign SSℓ for B0 → K∗0(→ K+π−)τ−ℓ+ and opposite-sign27

OSℓ for B0 → K∗0(→ K+π−)τ+ℓ−. Charge conjugated final states are implied through28

this paper.29

We use a B-tagging technique to reconstruct one B meson decaying into hadronic30

modes and search for the signal in the system recoiling against the K∗0ℓ from the other B31

meson of the pair and the fully reconstructed tagged B. Combinatorial and some targeted32

backgrounds are rejected using a cut-based approach followed by a Boosted Decision Tree33

(BDT). Finally the signal is extracted from a simultaneous fit to the τ lepton recoil mass34

in the Belle and Belle II datasets.35

2 The Belle and Belle II detectors, simulation and data samples36

The Belle II experiment is located at SuperKEKB [19, 20], an accelerator colliding elec-37

trons and positrons with center-of-mass energies near the Υ(4S) resonance. The Belle II38

detector [21] has a cylindrical geometry surrounding the interaction point and includes39

a two-layer silicon-pixel detector (PXD) surrounded by a four-layer double-sided silicon-40

strip detector (SVD) [22] and a 56-layer central drift chamber (CDC). These detectors41

reconstruct the trajectories (tracks) of charged particles and measure energy loss due42

to ionization in the material of the detector. Only one sixth of the second layer of the43

PXD had been installed for the data analyzed here. Surrounding the CDC are a time-of-44

propagation detecter (TOP) [23] in the central region and an aerogel-based ring-imaging45

Cherenkov detector (ARICH) in the forward region. These detectors provide information46

used to identify charged particles. Surrounding the TOP and ARICH is an electromagnetic47

calorimeter (ECL) based on CsI(Tl) crystals providing energy and timing measurements,48

primarily for photons and electrons. Outside the ECL is a superconducting solenoid mag-49

net that provides a 1.5 T axial magnetic field. The magnetic flux is returned via an iron50

yoke, which serves the dual purpose of also being instrumented with resistive-plate cham-51

bers and plastic scintillator modules (KLM) to detect muons, K0
L mesons, and neutrons.52

The symmetry axis of the magnet, which almost coincides with the direction of the electron53

beam, defines the z axis.54

The Belle detector was located at the interaction point of the KEKB collider [24,55

25]. It shares a similar structure to Belle II, but lacks a silicon pixel detector and plastic56

scintillators in the KLM, uses aerogel threshold Cherenkov counters (ACC) and a barrel-57

like arrangement of time-of-flight scintillation counters (TOF) for particle identification.58

Vertexing and tracking are performed using the Belle SVD and CDC. A detailed description59

of the Belle detector can be found in Ref. [26, 27].60

This analysis uses the 711 fb−1 Belle dataset corresponding to (771.6 ± 10.6) × 10661

Υ(4S) events, and the dataset collected by Belle II during the first data taking period,62

corresponding to 365 fb−1 or (387.1± 5.6)× 106 Υ(4S) events.63

Monte Carlo (MC) simulated events are used to optimize the signal selection, to im-64

prove background rejection, to model the signal and measure its efficiency as well as to65

estimate the systematic uncertainties. The signal B0 → K∗0τ±ℓ∓ channels are modeled66

using a uniform three-body phase space model; 20 million events are produced for each de-67
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cay mode. Simulated samples that reproduce the composition of Belle and Belle II events,68

including BB̄ and e+e− → qq continuum (where q indicates an u, d, s or c quark) back-69

grounds, and equivalent to approximately four times the data luminosity are used to inves-70

tigate the sample composition and validate the analysis before examining the signal region71

in data. Simulated events are generated using the KKMC generator for quark-antiquark pro-72

duction from e+e− collisions [28], the PYTHIA8 (PYTHIA6 for Belle) generator for hadroniza-73

tion [29, 30], the EvtGen software package and the PYTHIA generator for the decay of the74

generated hadrons [31], the PHOTOS package for the final state radiation (FSR) [32] and75

the Geant4 (Geant3 for Belle) software package for the detector response [33, 34]. The76

simulation includes beam-induced background data overlay [35]. The data and the MC77

simulations are processed using the Belle II analysis software (basf2) [36, 37] and Belle78

data and MC are converted from the Belle analysis software (basf) [38] format into the79

Belle II format for basf2 compatibility using the B2BII framework [39].80

3 Event selection and background rejection81

Events are selected by a hardware trigger targeting Υ(4S) → B0B̄0 events, based on the82

charged-particle multiplicity and total energy, in order to suppress low-multiplicity events83

and beam-related background. We reconstruct the selected events using a B-tagging ap-84

proach. We reconstruct one of the B meson in the pair, called Btag, in exclusive hadronic85

decays, using the hadronic Full Event Interpretation (FEI) B-tagging algorithm [40]. FEI is86

a machine-learning based algorithm developed for B-tagged analyses at Belle and Belle II.87

It reconstructs B meson candidates from exclusive decays, using a hierarchical approach88

starting from reconstructed charged and neutral particles in the detector. We then recon-89

struct the second B meson of the event, called Bsig, in our signal channel B0 → K∗0τ±ℓ∓90

from the tracks left after Btag reconstruction. Since the Bsig final state contains at least91

one neutrino coming from the τ decay, its kinematics cannot be fully determined. How-92

ever, the Bsig can be constrained by exploiting the knowledge of the Υ(4S) initial state93

and information on the fully-reconstructed Btag.94

The Btag candidates are selected by requiring at least three tracks, three ECL energy95

deposits (clusters) in the event, and a visible energy in the center-of-mass frame of at least96

4 GeV. These tracks are required to have a transverse impact parameter d0 < 0.5 cm, a97

longitudinal impact parameter |z0| < 2 cm and a transverse momentum pT > 0.1 GeV/c.98

The clusters are required to be in the angular acceptance of the CDC (polar angle from 17◦99

to 150◦) with energies larger than 0.1 GeV. The Btag must have a beam-energy-constrained100

mass Mbc =
√

(Ebeam/c2)2 − (pBtag/c)
2 larger than 5.27 GeV/c2 and an energy difference101

∆E = EBtag−Ebeam in the range −0.15 < ∆E < 0.1GeV. Here, Ebeam, EBtag and pBtag are102

the beam energy, and the energy and momentum of the Btag candidate in the e+e− center103

of mass frame. Each reconstructed Btag is assigned a multivariate classifier output, PFEI,104

ranging from zero to one and corresponding to candidates identified as background-like and105

signal-like respectively. We require the Btag candidate to have PFEI > 0.001. If multiple106

Btag candidates are reconstructed in an event, the one with the highest PFEI is retained.107

After this selection, the Btag purity is approximately 45% (40%) for Belle II (Belle).108
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The Bsig candidates are selected by combining three tracks, corresponding to a recon-109

structed K∗0(K+π−) with a charged lepton (e, µ). The τ lepton is not explicitly recon-110

structed, but up to three additional tracks are permitted to be present in the event. The111

kaon, pion and lepton candidates are identified as tracks not used in the Btag reconstruc-112

tion, with d0 < 0.5 cm, |z0| < 5 cm, in the CDC angular acceptance, and for hadrons only,113

to have at least 20 hits in the CDC (in the following we refer to tracks satisfying these114

requirements as “good tracks”). For both Belle and Belle II, kaons and pions are identified115

requiring an identification likelihood ratio PK , Pπ > 0.6 while electrons and muons can-116

didates must satisfy Pe, Pµ > 0.9. The hadron identification likelihood uses information117

from the ACC, CDC, and TOF for Belle. For Belle II, information from all subdetectors118

except the PXD and SVD is used, resulting in a kaon identification efficiency of 85% (88%119

for Belle) for a pion fake rate of 5% (8% for Belle) and a pion identification efficiency of120

90% (91% for Belle) for a kaon fake rate of 7% (6% for Belle) at the particle identification121

working points PK ,Pπ > 0.6. For Belle, electrons are identified using the information from122

the ECL, CDC and ACC, and information from the KLM only is used for muon identifi-123

cation. Using the likelihood ratio requirement Pe(Pµ) > 0.9, the lepton identification has124

an efficiency of 92% (89%) and a pion fake rate of 0.3% (1.4%) for electrons (muons with125

momentum larger than 0.6 GeV/c). For Belle II, the electron identification uses a boosted-126

decision-tree (BDT) classifier trained with information from all sub-detectors except the127

PXD and SVD and the muon identification uses information from all sub-detectors except128

the PXD and SVD. At the particle identification working point Pe(Pµ) > 0.9, the electron129

(muon) identification has an efficiency of 86% (89%) and a pion mis-identification rate of130

0.4% (7%).131

To recover electron candidates with bremsstrahlung, we accept photons having min-132

imum energies of 50 MeV within a 50 mrad angle of an electron track. We reconstruct133

K∗0 → K+π− candidates combining a kaon and a pion of opposite charge. The kaon,134

pion and lepton are fitted to a common vertex, and their kinematic information is updated135

according to the fit result. The K∗0 candidate should have an invariant mass in the range136

0.842 < M(K+π−) < 0.942 GeV/c2. The presence of a τ lepton is inferred from the137

presence of a single good track tτ with a charge opposite to that of the primary lepton.138

This track is not used in the signal kinematic reconstruction and is only used to reduce the139

background contamination.140

After the event is properly reconstructed we can proceed to the signal selection. In141

order to reject background, we use properties of the rest-of-event (ROE) that correspond142

to good tracks and photons not used in the reconstruction of the Bsig (i.e. K∗0ℓ system)143

candidate, the Btag and the tτ track. Photons are reconstructed from ECL clusters within144

the CDC acceptance and not associated with any tracks. Photon candidates must satisfy145

additional requirements, described in Ref. [41], to reduce photons from beam background.146

We select events with at most two tracks in the ROE, in order to retain 3-prong decays of147

the τ lepton, or potential signal candidate in which the Btag is not correctly reconstructed,148

leading to partner-B daughters tracks falling in the ROE. For Belle, we also require the149

total charge of the ROE to be zero. This requirement is not applied to Belle II due to its150

smaller data sample, to preserve enough events for a BDT training and the fit. At this151
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stage, multiple candidates due to the different possible combinations of tracks reconstructed152

as tτ or ROE tracks are kept. Finally, to reduce contamination from e+e− → qq events,153

we require an event sphericity larger than 0.2 [42] and the absolute value of cosine of the154

angle between the thrust axis of Btag and that of particles not used in Btag to be less than155

0.9.156

The Bsig momentum is equal in magnitude and opposite in direction to that of Btag,157

p⃗Btag , and the Bsig energy is equal to Ebeam in the center-of-mass frame. Therefore the τ158

momentum and energy are given by:159

p⃗τ = −p⃗Btag − p⃗K∗0 − p⃗ℓ, Eτ = Ebeam − EK∗0 − Eℓ. (3.1)160

The τ mass is then reconstructed as161

Mτ = [m2
B +M2(K∗0ℓ)− 2(EbeamEK∗0ℓ + |p⃗Btag ||p⃗K∗0ℓ| cos θ)]1/2. (3.2)162

Here, mB is the known B0 mass [43]; M(K∗0ℓ), EK∗0ℓ, p⃗K∗0ℓ are the mass, energy, and163

momentum of the system composed of the K∗0 and ℓ, respectively; θ is the angle between164

p⃗Btag and p⃗K∗0ℓ. All the above quantities are defined with respect to the center-of-mass165

frame. Candidates having a reconstructed Mτ outside the range [1.0, 2.5]GeV/c2 are dis-166

carded and the signal region is defined as [1.65, 1.90]GeV/c2. To avoid biases, we do not167

examine the signal region until the analysis strategy is fixed.168

Background can arise from B0 → K∗0J/ψ decays when the J/ψ products are recon-169

structed as the ℓtτ pair. They are removed requiring the ℓtτ invariant mass to be outside170

the range [3.05, 3.15]GeV/c2. The background for SSℓ modes (B0 → K∗0τ−ℓ+) is mainly171

due to semileptonic B decays such as B → Dℓν, with D → Kππ. These events are vetoed172

by removing candidates with M(K∗0tτ ) in the range [1.83, 1.90]GeV/c2. The main back-173

grounds in OSℓ modes (B0 → K∗0τ+ℓ−) are from B → DX decays where the D meson174

decays semileptonically as D → K∗0ℓν. Hadronic B → DX decays with D → Kππ can be175

reconstructed as OSµ signal if a pion is misreconstructed as a muon. A veto is thus applied176

for candidates withM(K∗0ℓ) in the range [1.83, 1.90]GeV/c2. In addition, according to the177

simulation, qq processes amount for 7 to 24% of the background in SSℓ modes and 24 to178

56% of the background in OSℓ modes after applying the above selection criteria. For each179

mode, there is a slightly larger qq contribution in Belle II than in Belle.180

To reduce the remaining background, eight BDTs are trained separately for each signal181

mode, and for Belle and Belle II data using the fastBDT library [40]. The training is182

performed using simulated signal and qq and BB̄ processes for the background. For each183

BDT, between twelve and fourteen input variables are chosen from a common set of fifteen184

variables, removing the ones that do not improve the performance. The variables comprise185

quantities related to the signal B, with the M(K∗0tτ ) and M(K∗0ℓ) invariant masses, the186

energy of the lepton and track from τ , the χ2 probability of theK∗0ℓ vertex and its distance187

with respect to the interaction point in the transverse plane. The BDTs also use event shape188

variables such as the sphericity and the modified Fox-Wolfram moments [44] to suppress189

the qq background. In addition, quantities characterizing the ROE are also considered:190

the number of tracks and clusters, the total cluster energy and the ROE momentum. The191
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requirements applied to the BDT outputs are optimized using the figure of merit defined192

as ϵ
α/2+

√
N

[45], where ϵ is the signal efficiency and N is the number of background events193

evaluated in the Mτ range [1.70, 1.85]GeV/c2, which corresponds to approximately 90%194

signal coverage. We set α to 3, corresponding to 3σ signal significance.195

After the BDT selection the average multiplicity is 1.1 in both MC and data samples.196

In events with more than one candidate, one is selected randomly.197

The final reconstruction and selection signal efficiencies are given in Table 1, while the198

two-dimensional final efficiencies as function of the squared invariant masses M2(K∗0tτ )199

and M2(K∗0ℓ) are shown in Fig. 1. A uniform Dalitz distribution of the K∗0τℓ system is200

assumed in signal generation. The efficiencies are determined on simulated samples taking201

into account known mismodeling affecting the particle identification and Btag reconstruc-202

tion, detailed in Sec. 5. The efficiency difference between Belle and Belle II is mainly due203

to the BDT selection. In average, the optimal cut leads to a higher background rejection204

and thus a lower efficiency for Belle compared to Belle II. The differences in the efficiency205

maps between OSℓ and SSℓ modes are due to the different background composition. In206

particular, OSℓ modes are polluted by B → DX background where the D decays semilep-207

tonically, which peaks at low values of M(K∗0ℓ). Those events are thus suppressed by the208

BDT, giving a lower efficiency in that region for OSℓ final states.209

Table 1. Final signal efficiencies after all selection described in sec. 3 for each signal mode and

experiment. The values contain the corrections developed to take into account known data mismod-

eling that affect the particle identification and the Btag reconstruction. All values are in percent.

OSe SSe OSµ SSµ

Belle 0.046 0.038 0.052 0.024

Belle II 0.075 0.056 0.060 0.051

4 Branching fraction measurement210

The signal branching fractions are obtained from unbinned extended maximum likelihood211

fits to the recoil Mτ distributions in the defined fit range [1.3, 2.3]GeV/c2, simultaneously212

for Belle and Belle II data. For each channel, the likelihood is expressed as213

L(Mτ ) =
e−(nsig+nbg)

N !

N∏
i=1

(nsig · Psig(M
i
τ ) + nbg · Pbg(M

i
τ )) ·

∏
s

Gauss(s, σs), (4.1)214

where nsig(nbg) and Psig(Pbg) are the number of events and probability density function215

(PDF) for the signal (background) and N is the total number of events. The Gaussian216

terms account for the systematic uncertainties σs on the sources s detailed in sec. 5. One217

likelihood is defined per data sample Belle and Belle II. We express the number of signal218

events in the dataset exp = Belle, Belle II as:219

nexpsig = B(B0 → K∗0τℓ)× 2× ϵexp × f00 ×N exp
Υ(4S) × B(K∗0 → K+π−), (4.2)220
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Figure 1. Final signal efficiencies after all selection described in sec. 3 as a function of the kinematic

variables M2(K∗0ℓ) and M2(K∗0tτ ) for Belle (left) and Belle II (right). From top to bottom: OSe,

SSe, OSµ, SSµ.

where ϵexp is the signal efficiency given in Table 1, f00 = 0.4861 ± 0.0080 the fraction of221

Υ(4S) decaying into B0B̄0 pairs [6] and N exp
Υ(4S) is the number of produced Υ(4S) mesons,222
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NBelle
Υ(4S) = (771.6±10.6)×106 and NBelle II

Υ(4S) = (387.1±5.6)×106 and B(K∗0 → K+π−) = 2/3223

assuming isospin conservation. The signal branching fraction B(B0 → K∗0τℓ) is a common224

parameter of the simultaneous fit.225

The signal PDF is modeled using a Johnson function [46], defined as226

Psig(Mτ , µ, λ, γ, δ) =
δ

λ
√
2π

1√
1 + (Mτ−µ

λ )2
exp

[
−1

2

(
γ + δ sinh−1

(
Mτ − µ

λ

))2
]

(4.3)227

where µ is the mean of the Gaussian component, λ its width, γ the distortion of the228

distribution to the left/right, and δ the strength of the Gaussian-like component. The229

parameters describing the signal shape are fixed to the values obtained from the fit to the230

simulated samples. Background events have a smooth distribution in theMτ fit region and231

are analytically modeled using a second-order polynomial whose coefficients are left free232

to vary. To validate the fit before the unblinding of the signal region, pseudo-experiments233

generated from the data sidebands Mτ ∈[1.30, 1.65]∪[1.90, 2.30]GeV/c2 are used. Signal234

is injected with various branching fraction values and the dataset is fitted with the PDFs235

described above. No biases are found in these studies.236

5 Systematic uncertainties237

There are systematic uncertainties in the branching fraction measurements due to the238

determination of the signal efficiencies, the PDF modeling and the external inputs.239

The efficiency of the requirement on PFEI is calibrated using the control channel B0 →240

D−π+. After reconstructing the Btag and the charged pion, we search for the D meson241

resonance in the recoil mass of the Btagπ system. Calibration factors, defined as weights242

to account for data/MC differences, are obtained by comparing the yields in data and243

simulation, for each Btag decay mode. In Belle II, the inclusive semileptonic decay B →244

Xℓν is also used, and the calibration factors are combined with those from the hadronic245

control channel [47]. The signal efficiencies are corrected using those calibration factors246

and their associated uncertainties are taken into account as systematic uncertainties.247

We take into account the systematic uncertainty associated with the corrections to the248

simulated lepton-identification efficiencies, derived from auxiliary measurements in data249

using J/ψ → µ+µ−, e+e− → ℓ+ℓ−γ, and e+e− → e+e−µ+µ− events. These corrections250

are obtained as functions of track momentum, polar angle and charge, and applied to251

events reconstructed from simulation. The systematic uncertainty is obtained by varying252

the correction within their uncertainties and estimating the impact of these variations on253

the selection efficiency. A similar method is employed for systematic uncertainty due to254

hadron identification, using the D∗+ → D0(→ K−π+)π+ decays.255

The efficiency of the requirements on the BDT outputs is evaluated using the B0 →256

D−D+
s (→ K∗0K+/ϕπ+) control sample, with K∗0 → K+π− and ϕ → K+K−. Here,257

the Btag is reconstructed in a hadronic channel using the FEI algorithm and the D+
s is258

used as a proxy for the K∗0ℓ system. The tτ track is obtained by selecting a random259

track from the D− with the correct charge, while other D− decay products are treated260
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as the missing energy. The selection criteria applied to the control channel are identical261

to the signal channels when relevant (Btag, hadron identification, K∗0 mass window, ROE262

selection). In addition, the K∗0K/ϕπ system is selected to be within 20 MeV/c2 of the263

Ds mass, and in case of Ds → ϕπ, the ϕ(→ KK) invariant mass should be within 20264

MeV/c2 around the ϕ mass. The recoil mass of the D− meson is evaluated in the same265

way as Mτ for the signal channels. The D− recoil mass distributions are shown in Fig. 2266

for simulation and data for the two datasets. A component corresponding to the D∗− is267

also clearly visible. The uncertainty related to the BDT requirements is obtained by fitting268

the D− and D∗− yields using a Johnson PDF for the signal and a second-order polynomial269

for the background, before and after applying the BDT requirement. The parameters of270

the Johnson function are fixed to values from fits to the simulation while the background271

parameters are allowed to float. Since the control sample has different properties than272

the signal LFV channels, especially for the ROE, the BDT distributions are expected to273

differ. The BDT corresponding to each signal channel is applied to the simulated control274

channel, and the requirement on the BDT output is set such that its efficiency be the same275

as the efficiency of the optimized BDT requirement on the nominal channel. The BDT is276

also applied on a data control sample and events are selected according to the requirement277

on the BDT score determined for the control channel. The data to MC efficiency ratio278

Rdata/MC
εBDT is measured and the assigned uncertainty is symmetrized so that it covers 68.3%279

of the area of a Gaussian function with mean 1−Rdata/MC
εBDT and standard deviation equal to280

the statistical uncertainty on the ratio. The corresponding uncertainties on the efficiencies281

are within 18% and 34%. Since the data/MC efficiency ratios are compatible with one, no282

correction is applied to the efficiency and only the systematic uncertainty is considered.283

The difference between data and simulation in the track-reconstruction efficiency in284

Belle II is measured in e+e− → τ+τ− events with τ− → e−ν̄eντ and τ− → π−π+π−ντ to285

yield a 0.24% uncertainty per track. For Belle, a 0.35% per-track uncertainty is assigned286

using a control sample of D∗+ → π+D0, D0 → π+π−K0
S decays. The uncertainty coming287

from the limited size of the simulated signal samples is negligible.288

The systematic uncertainties related to the signal PDF are obtained from the control289

sample B0 → D−D+
s (→ K∗0K+/ϕπ+), with K∗0 → K+π− and ϕ → K+K−. The data290

are fitted with the nominal PDF, allowing a shift of the mean value µ′ = µ+δm where µ is291

fixed to the value fitted in the control channel signal MC and δm is free to vary. The largest292

value between δm and its error is taken as uncertainty on the signal mean, leading to 0.1%293

(0.2%) uncertainty for Belle (Belle II). For the parameter λ, corresponding to the width of294

the signal distribution, we define λ′ = λf where λ is fixed to the value fitted in the control295

channel signal MC and f is a free scaling factor. The maximum of 1− f and the error on296

f is taken as the systematic error on this parameter, leading to 21% (59%) uncertainty for297

Belle (Belle II). The relatively large resulting uncertainty on λ is mainly due to the limited298

size of the control sample. The uncertainties on the signal PDF parameters then translate299

into a variation of the branching fraction, as given in Table 2. The tail parameters γ and300

δ are very sensitive to the background shape. Since no signal is expected, we do not assign301

any systematic uncertainty on these parameters, and only a dedicated systematic on the302

background description is estimated.303
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Figure 2. Fits to the recoil mass of the Btag and D+
s system in the control channel B0 → D−D+

s

for simulation (left) and data (right). The top plots correspond to Belle data, while the bottom

ones are for Belle II data.

To assign an uncertainty due to the choice of the background PDF, we fit the data304

with a third-order polynomial. The variation on the fitted branching fraction with respect305

to the nominal PDF is taken as a systematic uncertainty.306

External inputs to the signal branching fractions determination also introduce system-307

atic uncertainties. Those are related to the number of produced Υ(4S) mesons, NBelle
Υ(4S) =308

(771.6± 10.6)× 106 and NBelle II
Υ(4S) = (387.1± 5.6)× 106, and the fraction of Υ(4S) decaying309

into B0B̄0 pairs, f00 = (48.61 ± 0.80)% [6]. The uncertainties on the branching fraction310

B(K∗0 → K+π−) and the branching fraction of τ to one and three prongs are negligible.311

A summary of the systematic uncertainties is given in Table 2.312

Systematic uncertainties are taken into account in the upper limit measurement by313

applying a Gaussian constraint to each of the parameters of the branching fraction. The314

Gaussian constraint uses the nominal value of the parameter as the mean and for the315

standard deviation the corresponding systematic uncertainty from Table 2. The systematic316

uncertainty on the background PDF is estimated directly from the branching fraction,317

which is a free parameter of the fit and thus cannot be Gaussian constrained. For that318

reason, the corresponding systematic uncertainty is added to the final upper limit value.319

For the fit parameters that have a common uncertainty for Belle and Belle II (f00, B(K∗0 →320

K+π−)), a single parameter with the appropriate uncertainty is used in the simultaneous321

fit. The other systematic uncertainty sources are assumed to be uncorrelated between Belle322

and Belle II.323
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Table 2. Summary of the systematic uncertainties. The upper part of the table are systematic

uncertainties applied to the efficiency, which are combined in the “Total efficiency” line. The un-

certainties expressed as percentages are multiplicative and applied to the corresponding parameter

via a Gaussian constraint in the fit. The background PDF uncertainties are additive and directly

applied to the branching fraction and upper limit.

Source Belle Belle II

OSe SSe OSµ SSµ OSe SSe OSµ SSµ

FEI efficiency [%] 4.9 4.9 4.9 4.9 6.2 6.1 6.1 6.2

Lepton ID efficiency [%] 2.0 2.4 2.2 2.2 0.7 1.1 0.7 0.6

Hadron ID efficiency [%] 1.9 2.0 1.9 2.0 3.7 3.7 3.6 3.7

BDT efficiency [%] 27 21 18 23 29 31 34 31

Tracking efficiency [%] 1.4 1.1

Total efficiency [%] 27.6 21.8 18.9 23.7 29.8 31.8 34.7 31.7

Signal PDF µ [%] 0.1 0.2

Signal PDF λ [%] 21 59

NΥ(4S) [%] 1.4 1.6

f00 [%] 0.8

Background PDF (×10−5) 0.11 0.28 0.09 0.02 0.11 0.28 0.09 0.02

Total impact on UL (×10−5) 0.3 0.9 0.4 0.5 0.3 0.9 0.4 0.5

6 Results and conclusion324

The fit results are shown in Fig. 3 with the corresponding branching fractions (Bfit) given325

in Table 4, where the uncertainties on the fitted branching fractions contain both the326

statistical and the systematic components. The fitted number of signal and background327

in Belle and Belle II are shown in Table 3. The values for the number of signal are328

extracted according to expression (4.2) from the efficiencies displayed in Table 1 and the329

fitted branching fractions shown in Table 4. All fits are validated with pseudo-experiments330

and no bias is observed. Since no signal is observed, we set upper limits on the branching331

fraction using the CLs asymptotic method [48, 49]. The observed upper limits (BUL
obs) at332

90% C.L. are given in Table 4 together with the expected ones (BUL
exp).333

The expected limits are computed from a fit to the data sidebands, assuming a number334

of observed events in the signal region equal to that extrapolated from the sidebands.335

The upper limits on the branching fraction at 90% C.L. are:336

B(B0 → K∗0τ+e−) < 2.9× 10−5,337

B(B0 → K∗0τ−e+) < 6.4× 10−5,338

B(B0 → K∗0τ+µ−) < 4.2× 10−5,339

B(B0 → K∗0τ−µ+) < 5.6× 10−5.340

These results are the most stringent upper limits to date for the electron modes. We also341

report the first search for B0 → K∗0τℓ LFV decays at e+e− B factories.342
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Figure 3. The Mτ distribution and results of the simultaneous fits for Belle (left) and Belle II

(right). The black dots with error bars show the data, the red dash-dotted curve shows the signal

component, the blue dashed curve shows the background component, and the purple solid curve

shows the global fit. From top to bottom: OSe, SSe, OSµ, SSµ.
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Table 3. Fitted values of the number of signal (Nsig) and background (Nbkg) in the Belle and Belle

II datasets. The value for Nsig is extracted from the efficiency and fitted branching fraction.

OSe SSe OSµ SSµ

Belle
Nsig −0.6± 3.3 2.2± 5.2 2.8± 4.7 0.6± 3.2

Nbkg 99.5± 10.4 140.0± 12.7 207.4± 15.0 76.4± 9.3

Belle II
Nsig −0.5± 2.8 1.7± 3.9 1.6± 2.7 0.6± 3.3

Nbkg 86.5± 9.8 120.1± 11.8 109.1± 10.9 198.4± 14.5

Table 4. Measured branching fractions and observed (expected) upper limits at 90% CL on the

four B0 → K∗0τ±ℓ± decays.

Decay Bfit (×10−5) BUL
obs(exp) (×10−5)

OSe: B0 → K∗0τ+e− −0.24± 1.46 2.9 (2.8)

SSe: B0 → K∗0τ−e+ 1.17± 2.77 6.4 (4.4)

OSµ: B0 → K∗0τ+µ− 1.07± 1.80 4.2 (3.0)

SSµ: B0 → K∗0τ−µ+ 0.48± 2.61 5.6 (5.5)
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Figure 4. BDT distributions in generic MC simulations (stacked histograms), data sidebands

Mτ ∈ [1.0, 1.65[∪]1.9, 2.5]GeV/c2 (black points) and signal MC (red histogram) for Belle (left) and

Belle II (right) datasets. The generic MC are corrected for known data/MC mismodelling and

scaled to the data luminosity, and signal MC is scaled to the same area as data. The dashed line

indicates the value of the BDT cut applied. From top to bottom: OSe, SSe, OSµ, SSµ.
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