PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: January 27, 2023
REVISED: April 6, 2023
ACCEPTED: July 30, 2023
PUBLISHED: August 28, 2023

Search for B! — ¢T7* with the semi-leptonic tagging
method at Belle

D
o

BELLE

The Belle collaboration
https://belle.kek.jp/

L. Nayak @, S. Nishida'®, A. Giri'Z, I. Adachi®, H. Aihara'®, D.M. Asner?,

H. Atmacan‘®, V. Aulchenko®, T. Aushev®, R. Ayad”, V. Babu'>,

S. Bahinipati”, S. Banerjee”, M. Bauer®, P. Behera”, K. Belous”, J. Bennett”,
M. Bessner™, B. Bhuyan'®, D. Biswas®, D. Bodrov‘®, J. Borah®, A. Bozek >,

M. Bracko ™, P. Branchini®, T.E. Browder'®, A. Budano™, M. Campajola‘>,

D. Cervenkov®, M.-C. Chang®, B.G. Cheon®, K. Chilikin®, H.E. Cho®,

K. Cho”, S.-K. Choi@, Y. Choi”, S. Choudhury®, D. Cinabro‘>, J. Cochran®,

S. Das@, N. Dash®, G. De Nardo‘”, G. De Pietro”, R. Dhamija‘”, F. Di Capua®,
J. Dingfelder>, Z. Dolezal”, T.V. Dong>, D. Dossett'>, S. Dubey”,

D. Epifanov'®, T. Ferber®, D. Ferlewicz®, B.G. Fulsom®, R. Garg®, V. Gaur®,
P. Goldenzweig”, E. Graziani'?, T. Gu'”, Y. Guan®, S. Halder®, T. Hara'?,

K. Hayasaka®, H. Hayashii’®, M.T. Hedges”, D. Herrmann>, W.-S. Hou?,

C.-L. Hsu™@, T. lijima™@, K. Inami®, G. Inguglia, N. Ipsita’®, A. Ishikawa®,

R. Itoh®@, M. lwasaki®, W.W. Jacobs”, E.-J. Jang”, S. Jia@, Y. Jin®,

K.K. Joo™@, A.B. Kaliyar@, T. Kawasaki”, C. Kiesling®, C.H. Kim@, D.Y. Kim2,
K.-H. Kim®, Y.-K. Kim?@, K. Kinoshita, P. Kodys”, T. Konno'®, A. Korobov,
S. Korpar@, E. Kovalenko”, P. Krizan”, P. Krokovny ™, T. Kuhr®, M. Kumar,
R. Kumar®@, K. Kumara®™, A. Kuzmin®, Y.-J. Kwon'®, S.C. Lee®, J. Li'®,

L.K. Li@, Y. Li@, J. Libby @, K. Lieret”, Y.-R. Lin®, D. Liventsev”, T. Luo'>,
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'”, Z. Natkaniec™, A. Natochii’”, N.K. Nisar”, S. Ogawa®, H. Ono ™,
P. Oskin®, P. Pakhlov”, G. Pakhlova, T. Pang>, S. Pardi®, J. Park?,

S.-H. Park™@, A. Passeri'”, S. Paul®, T.K. Pedlar®, R. Pestotnik ", L.E. Piilonen,
T. Podobnik ™, E. Prencipe™, M.T. Prim2, A. Rostomyan‘®, N. Rout,

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP08(2023)178


https://belle.kek.jp/
https://orcid.org/0000-0002-7739-914X
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/0000-0003-2435-501X
https://orcid.org/0000-0002-5394-4406
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/0000-0001-6254-3594
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/0000-0002-8803-4429
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/0000-0002-1492-914X
https://orcid.org/0000-0001-6857-966X
https://orcid.org/0000-0003-2172-3534
https://orcid.org/0000-0002-2047-9675
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0001-7052-3163
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/0000-0002-5670-5582
https://orcid.org/0000-0002-1345-0970
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/0000-0002-6280-494X
https://orcid.org/0000-0002-4321-0417
https://orcid.org/0000-0002-6347-433X
https://orcid.org/0000-0002-5138-5903
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/0000-0003-0331-8279
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/0000-0002-9996-6336
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/0000-0002-4089-5238
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/0000-0001-8084-1931
https://orcid.org/0000-0002-4967-7675
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0001-6251-8049
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/0000-0002-9835-1006
https://orcid.org/0000-0001-5520-5394
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0002-4413-6247
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/0000-0001-5139-5784
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/0000-0003-0486-9291
https://orcid.org/0000-0002-1076-814X
https://orcid.org/0000-0001-9562-1253
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0000-0003-4486-0064
https://orcid.org/0000-0002-7524-0936
https://orcid.org/0000-0001-7426-4824
https://orcid.org/0000-0001-7518-3022
https://orcid.org/0000-0003-1204-0846
https://orcid.org/0000-0001-7994-0537
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0001-6019-6218
https://orcid.org/0000-0003-4864-3411
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/0000-0003-1839-8152
https://orcid.org/0000-0002-4310-3638
https://doi.org/10.1007/JHEP08(2023)178

G. Russo”, S. Sandilya™, A. Sangal®, L. Santelj'®, V. Savinov”, G. Schnell ™,
C. Schwanda™, A.J. Schwartz”, Y. Seino”, K. Senyo®, M.E. Sevior,

M. Shapkin®, C. Sharma‘®, J.-G. Shiu‘@, A. Sibidanov”, E. Solovieva®,

M. Staric®, M. Sumihama‘®, T. Sumiyoshi®, M. Takizawa®, K. Tanida‘”,

F. Tenchini'?, K. Trabelsi®, M. Uchida™, Y. Unno®, K. Uno™, S. Uno'?,

P. Urquijo™, S.E. Vahsen®, G. Varner®, K.E. Varvell ©, A. Vinokurova'?,

D. Wang @, M.-Z. Wang®, S. Watanuki®, E. Won 2, B.D. Yabsley®, W. Yan,
J. Yelton®, Y. Yook, C.Z. Yuan®, L. Yuan®, Y. Yusa'®, Y. Zhai'>,

Z.P. Zhang'”, V. Zhilich'® and V. Zhukova

E-mail: lopamudra.nayakcda@gmail.com

ABSTRACT: We present a search for the lepton-flavor-violating decays BY — (F7% where
¢ = e, p, using the full data sample of 121fb~! collected at the Y(5S5) resonance with
the Belle detector at the KEKB asymmetric-energy ete™ collider. We use BYBY events
in which one BY meson is reconstructed in a semileptonic decay mode and the other in
the signal mode. We find no evidence for BY — ¢Tr% decays and set upper limits on
their branching fractions at 90% confidence level as B(B? — eTr¥) < 14 x 107 and
B(BY — uFr*) < 7.3x107%. Our result represents the first upper limit on the B — eFr*
decay rate.
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1 Introduction

The lepton-flavor-violating (LFV) decays BY — ¢Tr*, where £ = e, u, are forbidden in
the standard model (SM). Such decays can occur via neutrino mixing by loop and box
diagrams [1], but the predicted decay rates are far below current experimental capabilities.
Thus, any observations at current experiments would constitute an unambiguous signature
of new physics (NP). Recent results indicating possible lepton flavor universality violation
in B meson decay have been discussed in refs. [2, 3], where many NP models are proposed
to explain it. Such models allow significantly enhanced LFV decay rates that may be
detectable with current facilities. For example, the models containing a heavy neutral
gauge boson (Z') could lead to an enhanced B? — p~ 7+ branching fraction, up to 1078
when only left- or right-handed couplings to quarks are considered, or of order 1076 [4], if
both are allowed. In models with either scalar or vector leptoquarks, the prediction for the
branching fraction of BY — £=77 can be as large as 1075 [5-7], depending on the assumed
leptoquark mass. It is imperative to search for signals of physics beyond the SM in all

+

possible avenues, and since the expected branching fraction of BY — =7 may differ from

BY — u~77 depending on models, it is important to search for both decay modes to obtain
additional information regarding the NP. To date, no experimental results for BY — e+
have been reported while an upper limit B(BY — uFr%) < 3.4 x 107 at 90% confidence
level (C.L.) [8] has been reported by LHCb.

In this paper, we report a search for BY — ¢Fr* decays using 121 fb~! of data col-
lected by the Belle experiment at the KEKB asymmetric-energy e™e™ collider [9, 10]. The
data were collected at an eTe™ center-of-mass (c.m.) energy corresponding to the Y(5S)

resonance mass.

2 Data sample and Belle detector

The Belle detector is a large-solid-angle magnetic spectrometer comprising a silicon vertex
detector, 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 a CsI(T1) crystal electromagnetic calorimeter (ECL). All these components are located
inside a superconducting solenoid providing a magnetic field of 1.5 T. An iron flux return
located outside the solenoid coil is instrumented with resistive plate chambers to detect
K9 mesons and muons (KLM). A more detailed description of the detector and its layout
and performance can be found in refs. [11, 12].

We study the properties of signal events, identify sources of background, and optimize
selection criteria using Monte Carlo (MC) simulated events. These samples are generated
using EvtGen [13]. The detector response is simulated using the Geant3 framework [14].
We simulate 20 million BY — ¢T7* MC events to study the detector response and to
calculate signal reconstruction efficiencies. To estimate backgrounds, we use MC samples
of BB and BY)BY)X events, with B, ¢+ By, By +» By mixing [15], and e*e™ — q7
(¢ = u,d, s, c) events. These samples, referred to as generic MC, are equivalent to six times
the data luminosity. The Belle data are converted into the Belle II format [16], and the
particle and event reconstruction are performed within the basf2 framework [17, 18] of the
Belle II experiment.

The B? and BY mesons are produced in the process eTe™ — Y(59) — Bg*)oﬁg*)o, with
B — B, B*Y — B% and with fast B? <+ BY mixing, such that half of the events contain
same flavor B pairs. The T(55) resonance production cross section is 340+ 16 pb [19], and
fs, its total branching fraction for decays to Bg*)oﬁg*)o, is 0.201 £ 0.031 [15]. Therefore,
the Belle data sample is estimated to contain (16.6 & 2.7) x 10° B mesons.

3 Event selection and analysis overview

Hereafter, B refers to either BY or BY, and the inclusion of charge-conjugated modes
is implied. In this analysis, one By is reconstructed in a semileptonic decay mode BY —
Df ¢~ (X)vp and used as a tag, where X stands for any particles such as 7 or a combination
of pions, and the signal By — ¢~ 71 is searched for in the mode 7= — ¢T7,.1y. We label
the primary and secondary leptons from the 7 decay on the signal side By as #; and /s,
and the lepton on the tag side as f3. In short, we search for By — (171 (— (37,14,)
with BY tagged by the decay BY — D {5 (X)7y,. Figure 1 shows a schematic diagram of
the process, separated into signal and tag sides. To avoid biasing the results, all selection
criteria are determined in a “blind” manner, i.e., they are optimized using MC samples
only, before the experimental data in the signal region are revealed.

For charged particles, aside for pions from Kg, the distance of nearest approach of
the track perpendicular to and along the beam direction, with respect to the nominal
interaction point, are required to be less than 0.5cm and 2.0 cm, respectively. The Kg
candidates are reconstructed by combining two oppositely charged particles (assumed to
be pions) with an invariant mass between 487 and 508 MeV /c?; this range corresponds to
approximately three standard deviations (£30) in the invariant mass resolution around the
nominal K2 mass [15]. Such candidates are further subjected to a neural network-based
identification [20]. The 7¥ candidates are reconstructed from pairs of photons detected
as ECL clusters without any associated charged tracks in the CDC. The energy of each
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Figure 1. A schematic diagram of the process under study, separated into signal and tag sides.

photon is required to be greater than 50 MeV if the photon is detected in the barrel region
(32.2° < 6 < 128.7°, where 6 is its polar angle), greater than 100 MeV if the photon is in
the forward endcap region (12.4° < 6 < 31.4°), and greater than 150 MeV if the photon
is in the backward endcap region (130.7° < 6 < 155.1°) [11, 12]. The invariant mass of
each photon pair is required to be between 120 and 150 MeV /c?; this range corresponds
to a window of approximately +3¢ in the invariant mass resolution around the nominal
7¥ mass, and the reconstructed 7° momentum in the c.m. frame (p%o) must be greater
than 0.2GeV/c. A mass constrained fit to the nominal 7° mass is performed to improve
momentum resolution.

To identify charged hardons, we use information on the light yield from the ACC,
crossing time from the TOF, and specific ionization from the CDC. This information is
combined into likelihoods L and L, for a given track to be a K or T, respectively. To
identify Kt or n" tracks, we require Lx/(Lx + Lz) > 0.6 or L/(Lx + L) > 0.6. This
requirement is more than 93% efficient in identifying pions, with a K mis-identification
rate below 5%. Muon candidates are selected based on information from the KLM [21].
We calculate a normalized muon likelihood ratio R, = L,,/(L,+Lx+ Lk ), where L, is the
likelihood for muons, and require R, > 0.9. This requirement has an efficiency of 85-92%
and a probability of misidentifying a hadron as a muon below 7%. Electron candidates are



identified using the ratio of calorimetric cluster energy to particle momentum, the shower
shape in the ECL, the matching of the track with the ECL cluster, the specific ionization
in the CDC, and the number of photoelectrons in the ACC [22]. This information is used
to calculate a normalized electron likelihood ratio R, = L¢/(Le + Lhad), where L, is the
likelihood for electrons and Ly,q is a product of hadron likelihoods. We require R, > 0.9.
This requirement has an efficiency of 84 —92% and a probability of misidentifying a hadron
as an electron below 1%.

For the signal side By — ({71 (— K;?TWQ), we require that the two leptons ¢; and
{5 have opposite charges and that pj > p3, pi > pi, and pj > 1.9GeV /¢, where p}, p and
p3 are the momenta of ¢1, ¢ and (3 in the c.m. frame. To suppress background coming
from J/v) — €747, the candidate is rejected if the invariant mass of the two leptons
My,, satisfies My, € [3.01,3.12] GeV/c? for the By — e 77 (— e™7,1.) mode, and
My, ¢, € [3.05,3.12] GeV/c? for the By — pu~ 77 (— p*w-v,) mode. The wider asymmetric
veto interval for the electron mode is due to bremsstrahlung energy loss.

For the tag side BY — D}(;(X)7y,, the charge of 3 can be opposite to or the
same as {1, as Bs; mixing produces equal numbers of opposite and same charge combi-
nations. However, we accept only combinations where the charges of ¢; and {3 are the
same; this significantly reduces combinatorial background. We reconstruct D meson can-
didates with opposite charge to ¢3 from the following five decay modes: D} — ¢rt,
KYK*, ¢p°nt, KIKT and ¢pt. Here, p°, pT, K** and ¢ are reconstructed through
oV = atn, pt = 7ot20 K*0 - K—7t and ¢ -+ KTK~, and candidates are required to
have a reconstructed invariant mass 625 MeV /c? < Mt (rt 70y < 925MeV/ c? for p%(pt),
845 MeV /c? < My~ < 945MeV/c? for K*°) and 1.01 GeV/c? < Mg+ < 1.03GeV/c?
for ¢. The D; candidate is then combined with an e or p to form a Bg meson candidate.
Figure 2 shows the mass distribution of D} meson candidates. The mass of the D} candi-
date is required to be between 1.96 and 1.98 GeV/c?. These mass windows correspond to
430 in the invariant mass resolution around the nominal masses [15]. Figure 3 shows the
p} distribution for Bs — e~ 71 and Bs — p~ 7" after initial selections.

The background comes from the continuum e™e™ — ¢g process and eTe™ — B&*)‘)Eﬁ*)o,
B®B® X . The continuum events have final-state particles momenta spatially correlated

g*)oﬁé*) 0 events are

in two directions forming jet-like structures, while particles from B
distributed almost uniformly over the full solid angle in the c.m. frame. We use this
difference in the topology to suppress the continuum background. The background from
Bé*)oﬁg*)o or B®WBM™ X are suppressed using other variables characterizing the signal
decay chains. We form a single FastBDT [23] classifier trained using simulated samples
with the following discriminating variables as input: p3; p3; the extra energy from the
tracks and clusters not used for signal and tag reconstruction in the calorimeter; the sum
of the energy of the clusters and charged tracks in the c.m. frame; the missing energy
which is the absolute value of the sum of the four-momenta of all charged candidates;
the invariant mass squared of the sum of the four-momenta of all charged candidates;
(2B} omED. o, —mB ' =M 1.c) /(21050 e,]¢%); the cosine of the angle between p} and
p5; the mass of the D candidate; and 16 modified Fox-Wolfram moments [24, 25] calculated
from the signal B, daughters and the particles from the rest of the event. Here, EY . is the
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beam energy in the c.m. frame, mp, is the nominal By mass, [p_| = (\/E{;Zam —my, 02) /e,
and E*DS 050 ﬁﬁs 05 and Mp_g, are calculated from the reconstructed D /f3 system.

These variables do not have a significant correlation with the signal extraction variable
pj. The FastBDT classifier output OpastgpT ranges from zero, where background events
peak, to one, where signal events peak. For each signal mode, we choose selection criteria on
OrastBDT that optimize a figure-of-merit (FOM) [26]. The FOM is defined as eqg/[(a/2) +
V/NB|, where a = 3, €, is the reconstruction efficiency of signal events as determined from
MC simulation, and Np is the number of background events expected within the signal

region of pj € [2.1,2.7] GeV/c. Figure 4 shows the FastBDT output distributions. Based
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on FOM studies, we require OpasigpT > 0.90 for By — e 71 and Opasigpr > 0.94 for
Bs — p~ 7" modes. These criteria reject 98% of the background events with 40% signal
loss. After applying all selection criteria, 8-9% of events have multiple signal candidates.
For these events, the candidate with the highest FastBDT output is retained. This criterion
is found to select the correct signal candidate 91% of the time for both decay modes. The
reconstruction efficiencies from the signal simulations are 0.032% and 0.031% for By —
e~ 7" and By — p~ 77T, respectively. Figure 5 shows the p} distribution after applying
the selection on Opa,stgpT. We observe three events for By — e 71 and one event for
By — p~ 77 in the signal region.

4 Systematic uncertainties

A summary of systematic uncertainties is shown in table 1. In order to estimate the
systematic uncertainty of the Op,stgpT Selection, we use 711 b1 data sample taken at the
Y (4S) and reconstruct B~ — D7~ decays, tagging the other side B* by Bt — D% v,
Here, the signal side D° is reconstructed in the mode K 7T, while the tag side DY is
reconstructed in the three decay modes D° — K+t7~, KnTn~, and K*n~ 77—, In this
study, 7~ from B~ is treated as ¢; in the signal mode, K~ from D as {5, and 7t from
DY is neglected. With these changes, the topology of these events becomes similar to our
signal mode, and we use the same MVA as for the signal without retraining. For this
control sample study, we apply Mpo € [1.85,1.88] GeV/c? for both the D in the signal
side and DY in the tag side, |AE| < 0.05GeV and My, > 5.2GeV/c?. Here, My, and
AE are defined by M, = <\/Eggam — ]ﬁg]%z) /2 and AE = E} — Ef,.., where E}
and pj are the energy and momentum of the reconstructed B meson in the c.m. frame.
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Source Bs —e 1t By—pu 1t
BY — DH~vy tag 15.0 15.0
FastBDT selection 3.3 3.7
Lepton ID 4.3 3.5
Tracking 0.7 0.7
T — fv; 7y branching fraction 0.2 0.2
Number of B 16.1 16.1
Total 22.7 22.6

Table 1. Estimated fractional systematic errors (%).

We extract the signals from a fit to My, with and without the OpaggpT Selection. The
efficiencies for Opasegpr > 0.90 [0.94] that are used in By — e 77 [Bs — pu~77] are
calculated to be (69.3 + 1.7)% [(64.7 = 1.7)%] for MC and (69.9 + 1.6)% [(65.6 & 1.7)%]
for data. The uncertainty in the ratio of the data and MC efficiencies is assigned as the
systematic uncertainty; these values are 3.3% for By — e~ 7+ and 3.7% for By — u~77.
The semileptonic branching fraction of By is poorly known, so we estimate the system-
atic uncertainty of tagging from the data, using a control sample of B — D (X)¢~ 1y, i.e.
the B; — ¢~ 7% mode is replaced by BY — D7 ¢*v,. In this control sample study, the signal
side BY — Dy (Tv, is reconstructed using three Dy decay modes Dy — ¢(— KK )7~
KYK~, and K*(— K*n")K~. The tag-side B — D} (X)¢{~7, is reconstructed in the
same way as for the B, — ¢~ 7" analysis. We require the mass of the tag-side D, meson
candidate to be 1.96 < Mp, < 1.98 GeV/c?. We also require the momentum of the tag-side
lepton to be greater than 1.0 GeV/c and Opystppr to be greater than 0.2. If there are mul-
tiple combinations in one event, the one with the highest FastBDT output is retained. We



extract the signal by performing a one-dimensional unbinned fit to Mp, on the signal side.
We find the signal yields 34.3 + 6.7 and 37.0 £+ 6.8 for MC and data events, respectively,
which are consistent within the uncertainty. These yields are approximately proportional
to the square of the tagging efficiency including the branching fraction of semi-leptonic B,
decay to Dy, so we take half the uncertainty on the yields to be the systematic uncertainty
from the tag side reconstruction. Taking into account additional contributions due to dif-
ferent Dy reconstruction and FastBDT selection in this control sample study, we assign
15.0% as the systematic uncertainty from the tag side reconstruction. This uncertainty
includes the contribution of the uncertainty on the branching fraction of the semi-leptonic
B; decay to Dy as well as the effect of the reconstruction and selection on D and £.

Other systematic uncertainties arise from the signal-side leptons ¢; and ¢5. The sys-
tematic uncertainty due to charged track reconstruction is estimated to be 0.35% per track
by using the partially reconstructed D*~ — D%r—, D° — 7r*7r+Kg and Kg — 7t~
events [27]. The systematic uncertainties due to lepton identification are 4.3% and 3.5%
for B, — e 7" and By — p~ 71 decay modes, respectively. The systematic uncertainties
due to the 7 decay branching fractions are 0.2% [15]. In addition, the systematic uncer-
tainty due to Bs meson counting is estimated as 16.1%. The total systematic uncertainty
is taken as the sum in quadrature of all individual contributions.

5 Results and summary

In the signal region, we find three events for By — e~ 7" and one event for By — pu~ 7T,
as shown in figure 5. The expected number of background events in the signal region,
ng, is estimated from the number of events in the sideband, scaled by the ratio of
events in the signal region and sideband without the Op,stppT selection as determined
from MC simulation. Here, the sidebands are defined as pj € [1.9,2.1] GeV/c and p} €
2.7,3.0] GeV/c. We find Ny = 0.68 £ 0.69 for By — e~ 7" and Ny = 0.77 + 0.78
for B; — p~ 7. The number of observed events in the electron mode is larger but not
inconsistent with the expected number, and the probability of obtaining three or more
events with NP = 0.68 + 0.69 is 7.3%. The pj distribution of the three events in the
electron mode is different from the expectation for the signal. Thus we calculate upper
limits on the branching fractions.

To calculate this limit, we use the POLE program [28, 29] with the relation B =
(Nobs — Nﬁf{(gp) /(NB, X €sig), where Nopg is the number of the observed events, Np, is the
number of Bs mesons in the data (16.6+2.7) x 105, and €sig is the signal efficiency including
the branching fraction of 7. The uncertainties on €5, and Np, listed in section 4, together
with the uncertainty of Ny,?, are taken into account in the upper limit estimation [28].
Since the uncertainty in f; is significant, we report the upper limit not only on the branching
fraction but also on fs x B(Bs — ¢~ 71). Table 2 summarizes the results, including the
upper limit.

To summarize, we have searched for the decays B? — ¢Tr* using the Belle data
sample of 121 fb~! collected at the Y(55) resonance. From the observed signal yields, we



€ (%) Neys Nobs B fsxB

(x107%)  (x107%)
Bs — e 7t 0.031+0.007 0.684+0.69 3 <14 <5.5
Bs — p~tt 0.030£0.007 0.77+£0.78 1 <73 <29

Table 2. Efficiency (€), expected background events (Nyi?), observed events (Nobs) and the
90% C.L. upper limits on B and fs x B.

set upper limits

B(B? — eTr%) < 14 x 1074

S

B(B? — uFrt) < 7.3 x 1074

at 90% confidence level. Our limit on the BY — e¥r* decay rate is the first such limit
reported. The sensitivity to these modes can be improved in the future with the Belle II
experiment, which could collect a much larger data sample at the Y(5S) resonance, and
apply enhanced analysis techniques such as full reconstruction of the tag BY [30].
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