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Abstract

We are searching for the perfect physics model that provides every elementary particle phe-
nomenon. Although many experimental results agree to the Standard Model (SM) within their
uncertainties, some candidates of deviations from the SM raise many New Physics (NP) models.
These NP models can be verified by predictions and experimental searches of other deviations.
Charged lepton-flavor violation (CLFV) is clear proof because CLFV events have much larger
branching fractions in some NP models than in the SM. Searches of various CLFV modes reveal
which NP models remain.

This thesis reports the search for the CLFV in the 7 decays into a light charged lepton (¢ =
eT or pt) and a vector meson (VO = p°, ¢, w, K** or K*°). These decay modes are sensitive
to leptoquark models, which can explain the reported deviation candidates in some of B meson
semileptonic decays (B-anomalies). A simple NP model with only one leptoquark predicts a
large enhancement of the branching fractions of 7 — u¢ that consists of second and third
generation particles. The reason is that the leptoquark should interact with these particles to
explain the B-anomalies. In addition, several other NP models also predict branching fractions
of 0(10719)-0(1078) for 7 — £VY. To improve the sensitivity of 7 — ¢V searches, lots of 7
particles should be measured in a clean experimental environment.

This analysis uses the 980 fb~! of data collected with the Belle detector, corresponding to
9.0 x 108 717~ pairs. Most of the events in this data set have only one ete™ collision event with
the center-of-mass energy around 10.58 GeV at the KEKB collider. The 7 — £V° events are
reconstructed from three charged tracks (and two gammas for the w modes). Such neutrino-less
7 decays have a unique kinematical feature; the £V? invariant mass (M) is close to the 7 mass
and the difference of the £V9 energy from the beam energy (AE) is close to zero. The blind
analysis approach is taken in this thesis, i.e., the signal-like events in the data are blinded in
the My 0—AFE plane until finalizing the event selection and background estimation. The author
reconsiders the event selection criteria from the previous 7 — £V searches by introducing new
variables and a multi-variate analysis using Boosted Decision Tree.

The signal efficiencies after the event selection are estimated to be 6.0% on average using
the Monte Carlo simulation samples of 7 — ¢V events in the Belle detector. The distribution
of background events is interpolated from the sideband region in the M 0—AFE plane outside
of the blind region, and the number of background events is estimated to be less than one for
all of the 7 — ¢V modes. The largest background source is ee — ¢q (¢ = u,d,s and c), and
the second largest is the ee — 777~ with 7% — 7faT7 v decay. Some two-photon events of
ee — eeqq and ee — eell also contribute to the background.

No significant excess of signal events is observed, and thus 90% confidence level upper limits
are set on the 7 — ¢V? branching fractions in the range of (1.7-4.2) x 1078, These limits are
relatively improved by 30% on average from the previous searches. The limit for the 7 — u¢
(2.3 x 1078, improved by 73%) sets more constraint on the single leptoquark model. The other
limits for the 7 — ¢V also set constraints on different NP models. Although the allowed region
of the single leptoquark model remains, most of the region can be searched at the Belle 11
experiment with 50 ab™! data set.
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Chapter 1

Introduction

The elementary particle physics aims to find all fundamental elements and describe their behav-
iors. The Standard Model (SM) can explain most of the experimental results with six quarks,
six leptons, four gauge bosons, and one Higgs boson. On the other hand, the SM does not
have solutions to some astrophysical observations, such as dark matter and matter-antimatter
asymmetry. Many New Physics (NP) models have been discussed to explain these observations
or some gaps between the SM predictions and experimental results. We can verify the NP mod-
els by measuring physical quantities for which the models predict deviations from the SM. A
deviation can arise even in the SM particle decay if an NP particle is in the intermediate state.

The SM introduces a lepton-flavor conservation law to explain observed lepton interactions.
Fermions (quarks and leptons) are categorized into three generations. The lepton-flavor is as-
signed to each lepton generation: e and v, have electron number one, ;1 and v, have muon number
one, 7 and v; have tau number one, and their antiparticles have minus one of each. These num-
bers are conserved before and after the interaction of elementary particles, e.g., 77 — p~ v, v
However, the observation of neutrino oscillations [1-3] tells us that the lepton-flavor conservation
can be broken. It is possible to include the neutrino oscillations by extending the SM. Even in
that case, the other processes with lepton-flavor violation are quite suppressed so that they are
unobservable by current experiments.

In addition, the SM expects lepton-flavor universality (LFU); the coupling constants that
each lepton generation has will be the same value. The gaps between the SM predictions
and experimental results, muon magnetic anomaly [4,5] and B-anomalies (B — D®)7v [6-13],
b — sl [14-17], etc.), imply the LFU violation. The standard deviations (o) of the gaps are
from two to four. These anomalies often motivate the lepton-flavor violation in NP models.

Charged lepton-flavor violation (CLFV) event is clear proof of NP. This paper focuses on
the search for 7 decays into a charged lepton (¢ = e* or y*) and a neutral vector meson (V°
=", ¢, w, K*® or K*°). The Belle experiment is the most powerful in the 7 — ¢V searches
thanks to its integrated luminosity 980 fb~! (corresponds to 9.0 x 108 77~ pairs) and clean
experimental environment. The data are taken at and around the center-of-mass energies of
Y (1-4S) resonance. Those CLFV searches have been reported using 854 fb~! of Belle data [18],
and 90% confidence level upper limits have been set on the branching fractions in the range
of (1.2-8.4) x 1078.% These branching fractions are below some NP predicted upper limits.
Because the event selection criteria in ref. [18] have room for improvement, I optimize it with
new variables and a multi-variate analysis.

Chapter 2 is about the physics motivation of 7 — ¢V searches. Chapter 3 describes the
KEKB accelerator, Belle detector, and Belle data set. Chapter 4 is about the event reconstruc-
tion and selection criteria. I estimate the signal efficiencies, the numbers of background events,
and their uncertainties in Chapter 5. Then, I discuss the results of all 7 — ¢V analyses in
Chapter 6, and finally conclude this thesis in Chapter 7.

In common high-energy physics usage, this credibility level has been reported as “confidence level,” which is
a frequentist-statistics term.



Chapter 2

Physics motivation

The SM has a lepton-flavor conservation law and prohibits CLFV processes. The CLFV pro-
cesses via the neutrino oscillations (e.g., figure 2.1) can occur in the SM extended model with
non-zero neutrino mass. Even in that case, their branching fractions are extremely small [19]
(< O(107%9)) because they are proportional to the square of the ratio of the neutrino mass
differences to the W* boson mass. In other words, observation of any CLFV event is clear
evidence of NP.

An important motivation for the CLF'V search is the recent experimental observations about
the LFU violation. The weak interaction bosons (Z and W¥) have the same coupling constant
for each lepton-generation. Whereas most of the experimental results agree with the predic-
tions of the SM with LFU, some of B meson semileptonic decay processes show deviations
(B-anomalies [6-17]). That implies something NP particle that causes LFU violation especially
in these processes. Many NP models, which explain these LFU violations, predict enhancement
of the CLFV branching fractions.

The CLFV events are searched for various processes: p — ey [22], p — eee [23], p-to-e
conversion in nuclei [24], 7 decay modes, boson decays [25-28], etc. No CLFV event has been
observed yet, and the most stringent upper limit of the CLFV branching fraction is set for
i — ey as 4.2x10713. The CLFV searches in boson decays are sensitive if the boson violates
the lepton-flavor conservation; the upper limits of the CLFV branching fractions are O(1077)-
O(1079) for the Z decays and O(1075)-O(1073) for the Higgs decays. Although the upper
limits of 7 CLFV decay modes are O(108), they are sensitive for some NP models whose new
particles couple to heavy or third generation particles. The B-anomalies motivate 7 CLFV
searches because they are observed in processes that include second and third generation quarks
and leptons.

The 7 mass, which is 1.78 GeV/c? and the heaviest of the leptons, allows 7 hadronic decays.
The searches for CLFV in 7 decays are reported for 48 modes. Figure 2.2 shows the 90%
confidence level upper limits of these searches [29]. The Belle experiment provides the best
upper limits for many modes. Representative 7 CLF'V modes are the 7 — ¢-, which have large
enhancement in the supersymmetric models [30-32], the model with Majorana neutrinos [33],

Figure 2.1: Feynman diagram for 7 — py CLFV process in the SM. The branching fraction
of this process is extremely small (O(10754)). Figure is generated using the TikZ-Feynman
package [20,21]



etc. In terms of experimental sensitivity, the 7 — ppp mode is promising because we can strongly
suppress its background events even in the future Belle II experiment. To verify various NP
models, we should search various CLFV modes [34].

90% CL upper limits on T LFV decays
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Figure 2.2: Tau lepton-flavor-violating decay branching fraction upper limits. Figure
from ref. [29]. The 7 — fv searches are updated with the full 980 fb=! of Belle
data [35].

The 7 — VY searches have an advantage in the verification of leptoquark models [36-41]".
The leptoquark is an NP particle that couples to a lepton-quark pair. These leptoquark models
are motivated by the B-anomalies. If we assume a simple model with only one leptoquark to
explain the B-anomalies, the leptoquark should couple to both the second and third generation
fermions at least. Then, the 7 — p¢ decay is induced via the leptoquark (figure 2.3), and the
prediction of its branching fraction is O(1071%)-0(107®) [36]. Figure 2.4 shows the predictions
of 7 CLFV branching fractions with the single leptoquark model. We may observe the 7 — u¢
events in the Belle data set, even if others (7 — ¢y, T — ppuu, etc.) could not be observed.

Some other NP models also predict branching fractions of O(10719)-O(1078) for 7 —
¢V0: e.g., the littlest Higgs model with T parity [44], type-III seesaw model [45], unparticle
physics [46], and SM extended by heavy singlet Dirac neutrinos [47]. Part of parameter region
in these models are also verifiable in this paper.

The sensitivities of 7 — ¢V searches are dominated by the number of 7 particles measured
in a clean experimental environment. I use the Belle experiment data-set (980 fb=!) provided
by ete™ collisions in the KEKB accelerator. The upper limit of 7 — ¢V° branching fraction
comes down in an inverse proportion to the integrated luminosity or to the square-root of the
integrated luminosity, depending on the number of background events. The upper limit is also
in an inverse proportion to the signal efficiency. The integrated luminosity increases by 15%
from the previous paper [18], it results in 9% improvement on the average upper limit if I use the
same event selection. For further improvement, refinement of the event selection is necessary.
First, I loosen some event selection in the previous paper to improve the signal efficiency. Then

'One of the B anomalies which motivated the models described in those references is the R(K (*>) anomaly
reported by the LHCDb experiment [42], but it disappeared in their updated analysis [43].
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Figure 2.3: Feynman diagram for 7 — u¢ via a leptoquark.
Figure is generated using the TikZ-Feynman package [20,21].
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Figure 2.4: Lepton flavour violating 7 decay modes expected to be searched for at the
Belle II experiment. The blue, orange and green lines respectively denote the 90%
range for leptoquark masses of 1.5, 2.5 and 3.5 TeV while the horizontal red (purple)
lines denote the current (future) bound at 90% CL. The dashed lines correspond to
predictions of observables depending only on couplings that are compatible with 0
and their top edges correspond to 90% upper limits. Figure from ref. [36].

I introduce some variables and a multi-variate analysis to the event selection for the background
suppression.



Chapter 3

Belle experiment

This thesis uses the eTe™ collision data in the KEKB-Belle experiment. This chapter shows
the design of the KEKB accelerator and Belle detector at first. The method of the particle
identification in the Belle detector is described in the next section. I also describe the data set
for this analysis and the simulation data set of the signal and background events.

3.1 KEKB accelerator

The KEKB accelerator [48,49] is designed for a B-factory experiment, which produces and
analyzes b-quarks. The target center-of-mass (c.m.) energy is 10.58 GeV, corresponding to the
mass of the T(4S) resonance, and Y (4S) decays into a B meson and an anti-B meson. Because
the cross section of eTe™ — 777 is 0.9 nb and similar to that of ete™ — BB (1.1 nb) at the
c.m. energy, a B-factory is also a 7-factory. KEKB also provides collisions with the c.m. energy
between 9.4 to 11.2 GeV (see section 3.3 for each integrated luminosity).

The advantages of KEKB are high luminosity and clean e*e™ collisions. The recorded peak
luminosity is 2.11 x 103* cm™2s~! and we can use the 980.4 fb~! data in total. Most of the data
record only one e*Te™ collision per event.

The High Energy Ring (HER) is for the electron beam with energy of 8.0 GeV, and the Low
Energy Ring (LER) is for the positron beam with energy of 3.5 GeV. They are located at KEK
in Japan utilizing the existing TRISTAN tunnel. Figure 3.1 shows the layout of KEKB. The
electron beam is produced from thermoelectrons in an electron gun, shaped into bunches, and
accelerated to 8.0 GeV in the linac before injecting to the HER. The positron beam is produced
at the middle of the linac by the collision between a tungsten target and the electron beam
with energy of 3.7 GeV, and accelerated to 3.5 GeV before injecting to the LER. Both beams
can be injected to the rings while the eTe™ collision is ongoing at the opposite side (Tsukuba
experimental hall).

The injected beam bunches are stored in the HER and LER. The maximum beam currents
were 1.4 A in HER and 2.0 A in LER during the actual operation. Accelerator Resonantly
coupled with Energy Storage (ARES in figure 3.1) is a RF cavity system to stabilize such
high current beam operation. Superconducting RF cavity (Super RF in figure 3.1) system
also suppress the instability of the high current beam. Wiggler magnets suppress the beam
emittance and equalize the radiation damping time between the two rings. The crossing angle
at the interaction point (IP) is 22 mrad. The Crab cavity changes the angle of a beam bunch
and leads to head-on collision at the IP to increase luminosity. Near the IP region, the e™
beam pipe is aligned with the axis of the Belle detector solenoid to reduce magnetic bending for
the lower momentum beam. Both beams are squeezed at the IP by a pair of superconducting
final-focus quadrupole magnets (QCS). Final state particles from a eTe™ collision are recorded
by the Belle detector surrounding the IP.
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Figure 3.1: Schematic layout of KEKB. The four experimental halls are called
Tsukuba, Nikko, Fuji and Oho. Figure from ref. [50]

3.2 Belle detector

The Belle detector is a spectrometer covering a large solid angle (figure 3.2). This detector
consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), time-of-flight scintillation counters (TOF) and an
electromagnetic calorimeter composed of 8736 CsI(T1) crystals (ECL). These devices are located
inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux return
located outside of the coil is instrumented to detect K mesons and identify muons (KLM).
Charged particles are tracked by SVD and CDC in 1.5 T, and their momenta are calculated
from the track curvature. Charged particle species (electron, muon, pion, kaon and proton) are
identified by CDC, TOF, ACC, ECL and KLM. Energy of Photon is measured by ECL. The
Belle detector is described in detail elsewhere [49,51].

EFC is a pair of BGO (Bismuth Germanate Oxide) crystal arrays on the QCS cryostats.
Because I do not use this EFC information, I omit the explanation in this thesis.

The Belle detector is separated into forward, barrel, and backward regions. The forward
(backward) region is the base of the cylinder in the direction of the electron (positron) beam
heading, and the barrel region is the side of the cylinder.

3.2.1 Silicon Vertex Detector (SVD)

SVD is for a precision measurement of the decay vertices near the IP. A charged particle excites
electrons in silicon and the excited electrons are amplified by an electric field. We detect the
electric current as a SVD hit. The tracks reconstructed in CDC (section 3.2.2) are extrapolated
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Figure 3.2: Side view of the Belle detector. Figure from ref. [51].

to the SVD hits that are the innermost parts of the Belle detector. Figure 3.3 shows the structure
of SVD. Each ladder is composed of several double-sided silicon strip detectors (DSSD) with hit
efficiency of about 95%. The first (innermost) layer of the SVD located just outside of the beam
pipe to improve the vertex resolution. The readout electronics is placed outside of the tracking
volume to reduce the multiple-Coulomb scattering. The support structure to avoid bending is
also low in mass.

SVD was upgraded and replaced at the middle of the Belle experiment to improve the vertex
resolution and the radiation tolerance of the readout electronics. The SVD detector coverage
in 6 is also extended, where 6 is the polar angle with respect to the direction opposite to the
et beam in the laboratory frame. Table 3.1 is the comparison of SVD1 (the first period) and
SVD2 (the last period). The impact parameter resolutions of the SVD1 and SVD2 are shown
in figure 3.4.

Table 3.1: Comparison between the SVD1 and SVD2.

SVD1 SVD2
Period 1999-2003 2003-2010
Collected luminosity (fb~!) 156 824
Beam pipe inner radius at the IP (mm) 20 15
Number of layers 3 4
Radii of the layers (mm) 30, 45.5, 60.5 | 20, 43.5, 70, 88
Detector coverage in 6 (°) 23-139 17-150
Radiation tolerance of the electronics (krad) 200 20,000
Signal-to-noise ratio 17-40 16-36

10
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Figure 3.3: The SVD1 configuration. The support ribs are made of boron nitride (B-
N) sandwiched by carbon-fiber reinforced plastic (CFRP). VA1 is a readout electronics
chip for the SVD1. Figure from ref. [52].

3.2.2 Central Drift Chamber (CDC)

The CDC is a charged-particle tracking detector using gas and wires. A charged particle ionizes
gas in the CDC and the ionization electrons cause an electron avalanche around an anode wire.
The distance of closest approach between the charged particle and the anode wire are calculated
from the drift time of the ionization electron. The track of the charged particle is obtained from
the combination of many hits on the anode wires. We also get the momentum of the track from
the track curvature in the 1.5 T magnetic field.

The structure of the CDC is cylindrical and asymmetric in the z direction with an angular
coverage of 17° < 6 < 150°. For the SVD1, the CDC contains 50 anode wire layers and three
cathode strip layers. The anode wire layers consist of 32 axial layers and 18 small-angle stereo
layers to obtain three-dimensional track. Each cell is almost rectangular shape and consists of
one anode wire and eight filed wires. The cathode strip layers are glued on the surfaces of the
CDC structure; one is the innermost layer of CDC, the other two layers are between the second
and third anode wire layers. Figure 3.5 shows the CDC inner structure around the cathode strip
layers. The inner and outer radii are 83 and 874 mm, respectively. For the SVD2, the cathode
strip layers and innermost two anode wire layers were replaced by two anode wire layers with
compact small cells.

The gas in the CDC should be low mass to minimize multiple Coulomb scattering and
background from synchrotron radiation, while the charged particle energy loss in the gas (dE/dx)
can be measured with good resolution. We use a mixture of a He and CoHg gases in equal
quantities; The gas has a 640 m radiation length. Figure 3.6 shows the correlation between the
dE/dz and momentum for electron, pion, kaon, and proton tracks.

The transverse momentum (p;) resolution of the CDC is 0.201%p:[GeV /c]40.290% /8 (0.35%
at pr =1.0 GeV/c), where  is the velocity of the track divided by the light speed ¢. The
resolution of the lowest 80% truncated mean of dE/dx is 7.0%, 5.5% or 5.7% for pion, electron
or muon, respectively. The tracking efficiency is shown in figure 3.7.

11
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Figure 3.4: Impact parameter resolutions of the SVD1 and SVD2. Figure from
ref. [53].

3.2.3 Aerogel Cherenkov Counter (ACC)

The ACC performs the particle identification by emission of Cherenkov light in a silica aerogel
radiator with refractive index (n) of 1.010-1.030. Each ACC module points to the IP (figure 3.8).
The velocity threshold of Cherenkov light emission is high as the refractive index is low, and
thus the ACC with low refractive index covers the particle identification of high momentum
particles. Because no TOF counter is installed in the forward endcap region, the ACC in the
region should cover the particle identification of relatively low momentum particles.

A fine mesh-type photomultiplier tube (FM-PMT [57]), which can work in the 1.5 T magnetic
field, is attached to the aerogel. The diameter and the number of FM-PMT on each aerogel
are depends on the aerogel refractive index, which determines the Cherenkov photon yield. The
average number of photoelectrons for light velocity particles are 10-30 for each counter row in
the barrel and each layer of the endcap. Figure 3.9 shows pulse heights of the ACC outputs
with light speed particles (Bhabha ete™) and 3 below the ACC threshold (Kaons).

3.2.4 Time-of-flight counter (TOF)

The TOF counter is a plastic scintillation counter in the barrel region and provides particle
identification information by measuring the particle velocity (3, divided by the light speed
¢). The TOF module (figure 3.10) consists of two TOF counters and one Trigger Scintillation
Counter (TSC), which is a thin plastic scintillation counter. A fine mesh-type photomultiplier
tube (FM-PMT [59]) with two inches diameter is attached to the scintillator. The TOF system
consists of 128 TOF counters and 64 TSCs and covers the polar angle range from 34° to 120°
at a radius of 1.2 m from IP.

The main purpose of the TOF measurement is separation of kaon and pion tracks for particle
momenta below 1.2 GeV/c. The TOF counters have about 100 ps time resolution. Figure 3.11
shows the Kaon identification efficiency and pion fake rate.

12
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Figure 3.5: Inner cell structure and the cathode sector configuration. The shaded
areas are one-eighth segments of each cathode strip layer. Figure from ref. [54].

3.2.5 Electromagnetic Calorimeter (ECL)

The ECL measures the energy of a photon and identifies electrons by the energy loss in the
CsI(T1) crystal (dE/dz). Figure 3.12 shows the structure of the ECL. The CsI(T1) crystal nearly
points to the IP and the ECL covers the polar angle range from 17.0° to 150.0°. Small gaps
between the endcap and barrel calorimeters are necessary for the cable pathways and supporting
structures of the inner detectors. These gaps are approximately 3% of the total acceptance.

The size of each CsI(T1) crystal is designed to absorb 80% of the photon energy when the
photon injects at the center of the crystal. The typical dimensions are 5.5 cm x 5.5 cm (inner
face) and 6.5 cm X 6.5 cm (outer face). The 30 cm length is 16.2 times longer than the CsI(T1)
radiation length. Each crystal is wrapped in a single layer of 200 pm thick Gore-Tex teflon as
a diffuse reflector to collect scintillation light at the photo-detector.

Two silicon photodiodes with a 10 mm x 20 mm active area are glued on the outer face of
the crystal via acrylite plate of 1 mm thickness. The output signals from the two photodiodes
on the same crystal are summed up. The environment for the ECL is a low-humidity (5%) and
lower than 30°C temperature.

The energy resolution is studied in the photon beam test (figure 3.13). From the KEKB
collision data of ete™ — ~+ and Bhabha events, the ECL energy resolution for high energy
photons and electrons (E =4-7 GeV) is 2.2%. The mass resolution of 7°, reconstructed from
two photons with E., > 20 MeV, is 4.9 MeV /c?.

3.2.6 K and muon detector (KLM)

The KLM discriminates a muon from the other charged particles and detect a K. The KLM
consists of alternating layers of glass-electrode resistive plate counters (RPCs) and 4.7 cm thick
iron plates. A hadron produces a shower of ionizing particles in the iron and charged particles in
the shower are detected by the RPCs. A muon track penetrates the KLM with smaller deflection
on average than hadrons. The KLM covers an angular range from 20° to 155°. Electrons and
photons stop in the ECL, and tracks with momentum of 500 MeV /¢ or less also do not reach
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Figure 3.6: The mean of the lowest 80% of dE/dx for each track vs. momentum for
electron, pion, kaon, and proton (observed in collision data). Figure from ref. [55].

KLM due to the magnetic field inside the Belle detector.

The RPC consists of two parallel plate glass-electrodes with high bulk resistivity and a gas-
filled gap between the glass-electrodes. The barrel (endcap) RPCs are operated at 4.3 (4.2)
kV/mm in the gas-filled gap. An ionizing particle create a streamer in the gap and the streamer
makes a local discharge of the plate. The discharge induces a signal on external pickup-strips and
the signal location and time are recorded. The discharge is quenched with the high resistivity
of the plates and the gas. The bulk resistivity of the glass-electrode, about 5 x 102 Qcm, limits
the rate capability to about 0.2 Hz/cm?. This is acceptable because the typical RPC rate is
0.03 Hz/cm? in the KLM. The glass-electrode in the barrel (endcap) KLM is 2.4 (2.0) mm thick
and carbon-coated to achieve the surface resistivity of 106107 (107-10%) ©/square. The gas
is a non-flammable mixture of 62% HFC-134a (CH2FCF3), 30% argon and 8% butane-silver
(C4Hjp). Butane-silver is a mixture of approximately 70% n-butane and 30% iso-butane.

Figure 3.14 shows the cross-section of a KLLM superlayer module, which consists of two RPCs
inserted between the orthogonal two copper pickup-strips. Each RPC is electrically insulated
with a double layer of 0.125 mm thick mylar. The thickness of a superlayer module is less than
3.7 cm including aluminum enclosure. The module provides three-dimensional space point.

The barrel (endcap) KLM has 15 (14) superlayers and 14 layers of iron plates. This is 3.9
interaction length of material for a particle traveling perpendicular to the detector plane. ECL
also provides another 0.8 interaction length of material to convert K. Plumbing for the cooling
of the superconducting solenoid is in the upper backward region. This amounts to less than 2%
of the solid angle of the barrel coverage.

The efficiency of single RPC is 90-95% and that of superlayer module is 98% or more. The
module can work even one of the RPCs has trouble. The average efficiency of KLM is better
than 97%. The spatial resolution of the module is 1.2 cm.

The K detection is not necessary in this thesis. The muon identification performance is in
section 3.2.9, including the other detectors.

3.2.7 Trigger

The trigger system chooses the events to be recorded within 2.2 us from a eTe™ collision. The
CDC, TOF/TSC, ECL and KLM send trigger signals to the global decision logic (GDL). The
GDL categorizes events, synchronizes the events with the beam crossing time, and sends the
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Figure 3.7: Reconstruction efficiency for charged tracks as a function of the particle’s
transverse momentum for MC (open square) and data (filled triangle). Figure from
ref. [56]

final trigger to the DAQ system in section 3.2.8.

The collision event rate of our interesting physics is about 91 Hz at luminosity of 1
cm~2s~!. Bhabha and ee — 7 events are partially (1%) recorded for the detector calibrations
and luminosity monitor, their trigger rate is about 5 Hz at luminosity of 103 cm™2s~!. The
total trigger rate is typically about 200 Hz, including background events from the e and e~
beams. The background event rate depends on the beam current and condition. The DAQ
efficiency is stable up to 500 Hz of trigger rate.

Each sub-detector provides the following information for the trigger:

034

e The CDC trigger provides the number of tracks from the IP and opening angle of tracks.
The number of tracks is counted in the - plane (only axial layers) and r-z plane (cathode
layers and part of wire layers), individually.

e The TOF/TSC trigger provides the event timing with about 5 ns of time jitter, track
multiplicity and topology. The TSC hit is necessary to remove background TOF hits from
photon conversion inside the TOF.

e The ECL trigger provides the total ECL energy and the number of ECL clusters. It also
provides the event timing with RMS timing resolution less than 20 ns if the TSC have no
hit.

e The KLM trigger finds muon candidates. The trigger efficiency is about 98% except for the
chimney hole of the superconducting solenoid and the sector gap in the forward endcap.

Figure 3.15 shows the flows of the trigger signals from sub-detectors to the GDL. Although the
EFC is used for the trigger, I omit the explanation in this thesis. The major trigger criteria are:

e three or more tracks in the r-¢ plane and at least one track in the r-z plane,
e high total ECL energy excluding Bhabha and cosmic trigger,
e four or more ECL clusters excluding cosmic trigger.

The loss of 7 — £V events after the selection in the chapter 4 are less than 1% by this trigger.
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Figure 3.8: The arrangement of ACC at the central part of the Belle detector. Figure
from ref. [51].

3.2.8 Data Acquisition (DAQ) system

The DAQ system collects the signals from the sub-detectors and sends combined data sets to the
storage system. The readout system for the SVD records the analog pulse-height information
by the fast analog-to-digital converter (ADC) [65,66]. For the other detectors, a timing and
charge of the signal is recorded by the unified readout system that is based on the charge-to-
time (Q-to-T) converter and time-to-digital converter (TDC) [67]. The numbers of channels are
about 82,000 for SVD, 45,000 for KLM, 10,000 for CDC, 9,000 for ECL, 1,800 for ACC, and
320 for TOF. A special time expansion module is used in the TOF readout for precise timing
information.

An event builder on the online computer farm combines each sub-detector information and
data sets are sent to the data storage system (figure 3.16). The trigger (TRG) and sequence
controller (SEQ) information are also treated like sub-detectors. A few events are sent to the
data quality monitor (DQM) before writing to the data storage. Each event size is 30-40 kbyte.
The overall error rate of the DAQ flow is less than 0.05%.

Because the triggered raw-data set still contains much background events with tracks not
from IP, an event selection is applied with an offline fast-track-finding algorithm before the event
reconstruction. The events triggered by the CDC are required to have at least one good track
that satisfy p; > 300 MeV/c, |dr| < 1.0 cm, and |dz| < 4.0 cm. The background event reduction
rate is 78% with the tau-pair event efficiency of 97.6%. From 2001, part of this good track
selection was performed by an online fast-track-finding algorithm to suppress the raw data size.

The DAQ dead-time is depends on the trigger rate: about 5.5% at trigger rate 300 Hz
(figure 3.17). In addition, the continuous injection scheme implemented from 2002 needs an
injection veto time of 2 ms. The injection rate is 20 Hz and the dead-time due to the injection
veto is 4%.

3.2.9 Particle identification (PID)

Particle identification (PID) is provided by CDC (de/dz), ACC (the number of photo-electrons,
Npe), TOF, ECL (cluster-track matching x2, ratio between the measured energy in ECL and
momentum, and shower shape) and KLM (shower shape). We calculate a likelihood for each
particle and combine them by multiplication. If the detector is not used or does not cover the
region, its likelihood is ignored. I use likelihood ratios for electron identification (P(e)) [69]
and muon identification (P(u)) [70]. For hadron identification, I use a binary likelihood ratio
P(ilj) = Li/(Li + L;), where L;(;) is the likelihood of particle i (j) [55] and 7 (j) is 7w, K or p.
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Figure 3.10: TOF/TSC module consists of two TOF counters and one TSC. BC408
and BC412 are the materials of the plastic scintillators. Figure from ref. [60].

The kaon identification is provided by CDC, ACC and TOF. The CDC and TOF likelihoods
are defined assuming Gaussian distribution for d£/dx and TOF distribution. ACC likelihood
is determined from the Npe and its probability density function (PDF) for each particle. The
kaon efficiency and pion fake rate are shown in figure 3.18.

The electron identification is provided by CDC, ACC and ECL. Three variables (cluster-track
matching x?, E/p and shower shape), which are combinations of CDC and ECL, are used for
the electron identification. The cluster-track matching x? is based on the distance between the
ECL cluster and track extrapolated to the ECL region, their uncertainties are also considered.
The E/p is the ratio between the measured energy in ECL and the measured momentum by
CDC. Because an electron produces a electromagnetic shower in ECL, it has large E/p. The
shower shape is the ratio of energy deposit in 3x3 CsI(T1) crystals and 5x5 crystals around the
peak energy deposit. This is parameterization of lateral shape of the shower. The PDF's of these
three variables are defined by fitting a function to the actual distribution. The CDC dE/dx
likelihood and ACC Np. likelihood are also used for the electron identification. Figure 3.19
shows the electron efficiency and figure 3.20 shows the pion fake rate with the P(e) more than
0.5.

The muon identification is provided by two variables from KLM. A range difference (AR) is
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Figure 3.11: K identification (KID) efficiency and = fake rate as a function of mo-
mentum. The circles are data; the histogram is MC. Figure from ref. [60].

the difference between the track length measured by KLLM and that of expected for each particle.
A hit finding x? (x2) is reduced x? of track fitting within KLM volume. These PDFs are defined
for a muon, pion and kaon because an electron stops at the ECL. The muon efficiency and pion
fake rate with the P(e) more than 0.1 (0.9) are shown in figure 3.21 and figure 3.22, respectively.

3.3 Data set

Of the 980 fb~! data set, 703 fb~! was collected at the Y(4S) resonance, 121 fb~! at the Y (5S),
89 tb~1 at an energy 60 MeV below the Y(4S), 28 fb~! of energy scans above the Y (4S), and
the remainder at and near the Y(1-3S). Compared to the previous paper, the following data
sets have been added: 78 fb~! at and near the T(5S), 38 fb~! at and near the Y(1-3S), and
10 fb=! at an energy 60 MeV below the Y (4S). Experiment numbers are assigned to the Belle
data, which is incremented in a few months. The SVD1 period is from 7 to 27 in the experiment
number, and the SVD2 period is from 31 to 73.

Signal events of 7 — (V9 are generated by a dedicated Monte Carlo (MC) simulation with
KKMC and TAUOLA [71], where 777~ pairs are initially produced and one of the 7’s decays
into /VY and the other decays generically. The number of generated signal MC events are
1.1 x 105 events at the Y(4S) resonance, 0.4 x 10° events at the T(5S), 0.1 x 10° events at each
of the T(1-3S) and 0.1 x 10° events at the energy 60 MeV below the Y(4S). We assume an
uniform CLFV decay angle in the 7 rest frame. No specific NP model is assumed in the CLFV
decay process, and the spin direction of V? is set randomly and independently of the spin of the
mother 7.

For background MC simulations, e*e™ — ¢¢ (¢ = u,d, s, c; 5720 tb™1), ete™ — 7F7= (8300
fb~1), Bhabha (236 fb~!) and two-photon processes (upu, eece, eep and eehh; 6640-8300 fh=1)
are generated by EvtGen [72], KKMC [71], BHLUMI [73], and AAFH [74], respectively. The
detector responses are simulated by GEANT3 [75]. The signal and background MC samples are
generated with the accelerator and detector conditions at the experiment number.

18



Backword Endeap Colormeter | [Forward Endcap Calormerer

Garre! Calorwmeler |

= R =
s = R T
== (] =l G"uF
e Y
: | g
¥ =
-
[ N
10216 198 LE
| 3825 |
umt tmml
0 0 O
2.0 m L& m 00 m 1O m 2.0 m 3.0 m

Figure 3.12: Overall structure of Belle electromagnetic calorimeter (side view). Figure
from ref. [61].

19



5 x 5 (threshold = 0.5 MeV)

-7 '

& # BELLE (beam test)

w I (CLEO I {beam fost)

e 6 k1§08 i CLEO |l jreal experiment)
il i Crystal Bamel = |

H
PRI N

E, (MEV)

Figure 3.13: The energy resolution of the 5x5 matrix crystals with a threshold of 0.5
MeV in the photon beam test. The solid line is from the Monte-Carlo simulation.
CLEO II beam test results were obtained for a 3x3 matrix. Figure from ref. [62].

Ground plans

|

=

Delectric foam

-siripsl ]
) Insulitor
iL 1
- . +HV
Single
HF‘E-]a}rcrl Gas gap |
v -HY
L | ]
= Insulator
- . +HV
—
ing
RIPMC-layer | Gas gap |
-HY
L ]
Insulutor
=SIrips| I

Dielectne foam

Ground plans

Figure 3.14: Cross-section of a KLM superlayer. Figure from ref. [63].

20



Belle Trigger System

Cathod Pads —{camtsined Track—te
1_ cDG [stereo wires ZFinder f——q zTrack } -
IAxIaI '«\.Eretsll I"'rackSeg "11 || R Track ], I Topology I—n-
L2
| TSC I [ Hit ] 75C Trigger | Timing - §
ow Thresnolg{ Gluster Count) - B
ECL I 4x4 Sum igh Thiashnlc}———'(}lustsr Coum}——————————-—- Q
Esum  —— Threshoid | §
EFC | [ amp. ow Threshold——]Bhaha Logiejm——
igh Threshoig—— Two y Logio |
Trigger Signal
l KLM | [ ] - | Gate/Siop
]
22 psecalter gventcrossing .
Beam Crossing “TTTHTTITTIT

Figure 3.15: The hardware trigger system for the Belle detector. Figure from ref. [64].

+——= 100Basa-T local aran nedwork
——= 10Eass-T Dam fow [D-=1]
e | 00Base-T Triggar flow | 1==2)
g | (00858 Dada flaw
g | (00Bsze-1 X Diarla Row {3km)

L
|
]
EP ,i.g
§
i

[T T e
layer Layer 1 laryer 2 layer 3 layner 4
WME raadout parial gyent lavakg il e mass slaraga
bulding + ka2 fitaring buicing + ereal=3
FRCONSnuCTon fitaring

Figure 3.16: Structure of an event building farm and the DAQ data flow. Figure from
ref. [68].

21



Dead Time vs Trigger rare; 2000, 10.20-21

e
|

Devad Timee [Tk

! i i i )
dF 50 oL e 2 Moo 3 IR 400 450 HM
Iepurieiive | Trigger Rare (Hz)

(1]

Figure 3.17: DAQ dead-time of beam run. Figure from ref. [68].

1
. .Oo’.o.onoc”""""""‘Q..Q¢¢
08}
% K efficiency
% 06}
oy
& 04t
i)
i
ozl mnifakerate
0 s : :
0 1 2 3 !

Plab (GeV/c)

Figure 3.18: Momentum dependence of kaon efficiency and pion fake rate with
P(K|r) > 0.6. Upper point is kaon efficiency and lower point is pion fake rate.
Figure from ref. [55].

22



w“ﬁ?zﬁw‘“ﬁﬁf‘ﬁ%‘?

ol i i

i% - paa

‘1

0.2 -

o MC

efficiency
)
(o)}

0“”0.5””1””1.5‘” 2 25 3
Prap (GeVic)

Figure 3.19: Electron efficiencies of experimental (diamond) and Monte-Carlo simu-
lation (squares). Figure from ref. [55].

fakerate

0 05 1 15 2 25 3
Pran(GeV/c)

Figure 3.20: Pion fake rates of experimental (circles) and Monte-Carlo simulation
(squares). Figure from ref. [55].

23



0000000000000 O0

09: (] LR R PR )

08 | .

07 F .

06 |

Efficiency

05 F

04f

03 F

02 F

0.1 F

0 0.5 1 15 2 25 3
P [GeVic]

Figure 3.21: Momentum dependence of muon efficiency for loose cut (open circle) and
tight cut (filled circle). Figure from ref. [55].

0.12
0.1
r O
| O
0.08
% I O
P
é 0.06 oy
c
o
o O
0.04 5
hd o
R 3
L O
0.02 e, TPh00 oo O
" K
I e0o0® 0o o o
L -
0 0.5 1 15 2 25 3
P [GeVid]

Figure 3.22: Momentum dependence of pion fake rate for loose cut (open circle) and
tight cut (filled circle). Figure from ref. [55].

24



Chapter 4

Reconstruction and event selection

Calculated from the branching fraction upper limits and the signal efficiency in the previous
paper [18], the expected number of 7 — ¢V events is at most five. In contrast, the number
of background events is O(100-1000) even with basic requirements of the V? mass, particle
identifications, etc. I aim to improve the signal efficiency, while suppressing the number of
background events less than one. The 7 — ¢V events are reconstructed with their features in
section 4.1. Part of background events are rejected in section 4.2 I establish the cut-base event
selection criteria first in section 4.3. In section 4.4, I introduce a multivariate analysis for further
improvement.

4.1 Reconstruction

A signal 7 is reconstructed from a charged lepton (£) and a neutral vector meson (V) in an
event of ete”™ — 7777. The 77 and 7~ go in opposite directions with a momentum of about
5.0 GeV/c, and the particles from each 7 decay are well separated in the detector. I separate
the event into two hemispheres in the center-of-mass (c.m.) frame by a plane perpendicular
to the thrust vector (fir) [76,77]. The thrust vector is obtained by maximizing the thrust
T = %|p;, ™ -fip|/X;|p;“™ |, where i runs over all tracks and photons, and p;“™ is the momentum
in the c.m. frame. In either of the hemispheres that contains a 7 CLFV decay (called signal side),
V0 is reconstructed as follows: p® from 7+7~, ¢ from KtK~, w from 77~ 7", K*0 from K7~
and K*® from K~7t. These VY reconstructions cover 50-100% of the V° decay branching
fractions. In the other hemisphere (called tag side), the other 7 (7ag) is reconstructed from
(Fvo, nty, 72 10%, ntnta v or 77070 . The 7t rt 7~ v and 7*7% % modes are additional
tag reconstructions from the previous paper. The total branching fractions of these 7ias decay is
about 90%. Because the neutrinos cannot be detected, I require missing momentum in the tag
side. This 7¢,¢ information enables the suppression of background events that have no neutrinos.

+ [—
U T
7T+
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1,'+’

e _ { et
T
Ve Y~
Figure 4.1: The 7 — up° and Ttag decays.

The signal 7 — £V events have a unique kinematical feature; the £V? invariant mass (M)
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is close to the 7 mass and the difference of the ¢V energy from the beam energy in the c.m.
frame (AE) is close to zero. The ete™ collider has advantage of the fixed T energy, and this
AFE becomes powerful to suppress background events. The signal events within 1.65 GeV/c?
< Myyo < 1.90 GeV/c? and |AE| < 0.5 GeV are reconstructed (figures 4.2 and 4.3 show the
distributions of the signal MC events).

I follow a blind analysis approach in this search until finalizing the event selection and
background estimation. In this approach, signal candidates in the data are hidden to avoid
making bias through the event selection. The blind region is 1.75 GeV/c? < M0 < 1.81 GeV/c?
and |AE| < 0.08 GeV for the up®, u¢ and pK*°(K*°) modes, and 1.74 GeV/c? < Mo < 1.82
GeV/c? and |AE| < 0.1 GeV for the other modes.
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Figure 4.2: Reconstructed M0 and AE of the uV? signal MC events.

1.90

The gray square is the blind region for the data. The red ellipse line is the signal region. The tail
events of AE below —0.1 GeV are eTe™ collisions with some energy losses by bremsstrahlung
before colliding.

Charged tracks, photons and s should satisfy the following selections. Each charged track
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Figure 4.3: Reconstructed M0 and AE of the eV signal MC events.

The gray square is the blind region for the data. The red ellipse line is the signal region. The tail
events of AFE below —0.1 GeV are eTe™ collisions with some energy losses by bremsstrahlung
before colliding. The events in the region of lower M0 and lower AFE lose bremsstrahlung
photons mainly from electrons or positrons.
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or photon is within the Belle detector’s fiducial volume defined by —0.866 < cos < 0.956, where
0 is the polar angle with respect to the direction opposite to the e™ beam in the laboratory frame.
Charged tracks come from the ete~ beam interaction point; the distance of the closest point
from the interaction point is less than 0.5 cm in the transverse direction and less than 3.0
cm in the longitudinal direction. Each 7° is reconstructed from two photons inside the same
hemisphere and the photon energy (E,) should be larger than 0.05 GeV. The 7Y mass window is
0.12 GeV/c? < M,, <0.15 GeV/ c?. At the 7° reconstruction, the daughter photon energies are
corrected by assuming that the 7° mass is 0.135 GeV/c?, it improves the 7¥ energy resolution.

After reconstructing the signal and tag 7’s, no extra charged tracks are allowed. I count the
number of photons (n,) with E, larger than 0.1 GeV, and reject the events with n, more than
seven. The n, in the signal side is required to be less than four for the fw mode, which includes
a m — 7, and less than two for the other modes.

I require features of a generic T, decay. The invariant mass of the particles including all
photons in the tag hemisphere should be less than the 7 mass (1.777 GeV/c?). For 7, decays
into 7m0y (7ri7r+77*1/ or 7ri7ro7701/), the reconstructed mass of those pions is required to be 0.4
GeV/c? < M0 < 1.3 GeV/c? (0.7 GeV/c? < Mz, < 1.7 GeV/c?), which corresponds to the
mass of p* (a}).

Particle identification is effective to reduce main background events of three hadron tracks.
The lepton identification criteria are P(e) > 0.9 for electrons, and P(x) > 0.95 and the momen-
tum is larger than 0.6 GeV/c for muons. The electron (muon) identification efficiency is 90%
(75%), whereas the probability of misidentifying a pion as an electron (muon) is 0.1% (2%).
Electrons and positrons sometimes emit bremsstrahlung photons while traveling. If daughter
particles from 7 decays have bremsstrahlung photon, part of their energy is lost. I sum up the
energy of every photon within 0.05 radians from the signal side electron track direction and
E, > 0.05 GeV into the electron momentum. To suppress low multiplicity background events
(e.g., Bhabha, ee — eeee, and eeupu), an electron veto (P(e) < 0.9) is applied to all hadron
tracks.

The kaon identification criteria are P(K|r) > 0.6 for both charged kaons from ¢ decay and
P(K|r) > 0.8 for the charged kaon from K** and K** decays. The kaon identification efficiency
is 86% (77%), whereas the probability of misidentifying a charged pion as a kaon is 4% (2%)
for the kaons from ¢ (K*, K*0). A kaon veto (P(K|r) < 0.6) is applied to both charged pions
from p° in the signal side, and 96% of pions are retained, whereas 14% of kaons are not vetoed.
To suppress muons from kaon decays inside the CDC (K* — p%v), the kaon veto is also applied
to the signal side muon track for the hadronic tags (7iag — 7V, 710y, mrmy or nr070). For the
pVY modes with the hadronic tags, a proton veto (P(p|K) < 0.6 and P(p|r) < 0.6) is applied
for the tag side tracks.

The signal event has one or two neutrinos from the 7i,; decay. The missing momentum due
to the neutrino(s) is calculated by subtracting the vector sum of the momenta of all tracks and
photons from the sum of the beam momenta. The transverse missing momentum is required to be
larger than 0.5 GeV/c. The missing particles should be on the tag side and hence cos efﬁ?s‘}éftag >
0, where Qfﬁ‘igb:_tag is the angle between the missing momentum and the vector sum of tag side
tracks and photons in the c.m. frame. The neutrino angle with respect to the 7ia; momentum
direction is restricted in a T¢,e two body decay; thus cos Hfrl?;é—tag < 0.85 is also applied for the
Epo modes with 7 — 0.

Events with missing particles other than neutrinos should be rejected as background events.
These non-neutrino missing particles can arise in two ways: neutral particles pass through the
gaps between the barrel and endcap ECLs, and any particles travel near the beam pipes where
the particles are not detected by Belle. Thus, the direction of the missing momentum is required
not to point to such regions.

After the event reconstruction above, remaining background events are from ¢q (¢ = u, d, s, ¢),
7H7~ with at least one of 7 decays to 777~ v, and low multiplicity events. First, the low

multiplicity events are rejected in section 4.2. The other qg and 777~ background events are
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mainly three charged pion with lepton mis-identification. I introduce a new event selection
variable, which is neutrino mass squared (M?2), to suppress the background events (section 4.3).

4.2 Low multiplicity event suppression

The low multiplicity events remain in the events with electrons: 7 — eV or Ttag — eVV. Because
the missing particles of these events are the bremsstrahlung photons from electrons or positrons

in the tag side, cos 6055 ¢, is close to one. Such bremsstrahlung photons can be missed when

their ECL hits overlap with that of e* tracks. The missing energy in the c.m. frame (ES) is

miss
also used to reduce the low multiplicity events, which do not have any missing particles actually.
For all £V% modes, ES™: is required to be larger than 0.0 GeV (figure 4.4). For the up’ mode

miss
with 7. — evi, cos O < 0.99 (figure 4.5) and ES™ > 0.4 GeV selections are applied.

miss—tag miss

For the eV? modes with Ttag —> €YV OT TV, COS Hﬁfi?é_tag < 0.97 is applied. For the eV? modes

with 7. — evv, Egic should be larger than 0.4, 2.0, and 1.5 GeV for e, ep® and the other

miss
eV? modes, respectively.
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Figure 4.4: Distribution of Egit: in the 7 — pp® mode. The events are in 1.65 < Myyo < 1.9
GeV/c? and |AE| < 0.5 GeV excluding the blind region. The violet dotted line is the lower
limit for electron tag. The red dashed line is the lower limit for the other tags. The black line
with an error bar is the data events. The red solid histogram is the signal MC events (arbitrary

scaled). The stacked filled-histograms are the background MC events.

A photon sometimes converts to an electron-positron pair in the beam pipe wall or in the SVD
materials, and they are detected as two charged tracks in CDC. If a single-track background event
is accompanied by such photon conversion, it can create a large amount of background events
especially for the eV’? modes. To suppress these events, the invariant mass of the electron and one
of the tracks from the V0, assigned the electron-mass hypothesis (Mee(e~ ") or Mee(e” KT)),
should be larger than 0.2 GeV/c? (figure 4.6, left). In addition, for the eK*? and eK* modes,
the invariant mass of the two tracks from the V?, each assigned the electron-mass hypothesis
(M, (K)), is required to be larger than 0.1 GeV/c? (figure 4.6, right).

Most of the low multiplicity events are suppressed and the remaining background events are
from qq and 777~ events. I establish two event selection criteria to reduce these background
events. The first one (section 4.3) is cut-base selection, which specifies the event selections for
each variable. For the second one (section 4.4), I use a multivariate analysis library and get
further improvement.

4.3 Cut-base selection

I make new variables of neutrino kinematics for the event selection: neutrino mass squared (M2)
and neutrino momentum in the c.m. frame (PS™ ). They are calculated from the momenta of
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Figure 4.6: Me.(e”K*) (left) and Me.(KTn~) (right) of the eK*® mode for the events of
1.65 < Myyo < 1.9GeV/c? and |AE| < 0.5 GeV excluding the blind region. The ES™: and
costhmiss—tag selections are applied. The red dashed lines are the lower limits. The black line
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scaled). The stacked filled-histograms are the background MC events.

the reconstructed Tggnal and Tiag, where the energy of 7gna is fixed to the half of the beam
energy in the c.m. frame. The ¢g background events can be effectively suppressed by a M?
selection in the hadronic tags, involving only one neutrino (figure 4.7).

The following event selections are only for the cut-base selection, they are not applied in the
selection in section 4.4. The VY mass windows for the cut-base selection are shown in figures 4.8,
4.9 and table 4.1. The lower energy of the two photon from the signal side 7% decay (Eéower) is
required to be larger than 0.1 (0.07) GeV for the pu(e)w mode. The M2 selections are shown in
table 4.2. T do not require M2 selection for the ¢, eK** and eK*® modes because the number
of background events is enough small.

For the £p°, ¢ and ¢K*° modes, the number of events in the sideband region is less in the
background MC than in the data. That may be due to the difficulty of hadronization in the
MC generator. In addition, ee — DD events are not generated in the c¢ MC. Such events can
be background events especially for the ¢¢ and ¢K*° modes.
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Table 4.1: The V? mass window for the cut-base selection. 3o region for ¢, 20 region for the
other V0.

VY Invariant mass (GeV/c?)
PP 0.587 < My < 0.962
10) 1.009 < Mg < 1.031
w 0.757 < M0 < 0.808
KOF) | 0.842 < My, < 0.956

4.4 Selection with Boosted Decision Tree

For further improvement from the cut-base selection, I use a two-class Boosted Decision Tree
(BDT) for signal and background classification. The BDT is a multivariate analysis tool, which
estimate a signal probability from multiple input variables. I use LightGBM for the BDT
library [78]. The BDT needs training to learn the difference between the signal and background
events. Section 4.4.1 is about control samples for the training purpose.

Some event selections are loosened from the cut-base selection before the BDT training and
selection. The V® mass windows for BDT are in table 4.3, and M2 selections in table 4.2 are
not applied. The selection of El,ower is also loosen to be larger than 0.05 GeV.

4.4.1 Control samples of background events

The BDT learns not only the event features but also the statistical fluctuation in the training
data set. The performance to separate signal from background events usually becomes worse
for unknown data sets than for the training data set. That is why the BDT training samples
should be independent of the 7 — ¢V analysis data sets. Otherwise, the number of background
events after the BDT selection can be under-estimated.

The training samples must have similar feature with that of 7 — ¢V? analysis data sets. The
larger the number of training samples, the better the performance of the BDT. I focus on the
source of the background events; most of them are from the ¢ and 777~ events that contain
three charged hadron in the signal side. Such events are suppressed by the variable of a lepton
probability in the 7 — ¢V analysis data sets. In other words, I have large number of three
charged hadron events, which have smaller lepton probabilities than that of 7 — ¢V analysis
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Figure 4.8: Invariant mass distribution of the V' for the V" modes. The data and background
MC events are in the sideband region where 1.65 < M0 < 1.9 GeV/c? and |AE| < 0.5 GeV
excluding the blind region. Events between the two red dashed lines are inside the cut-base
selection. The black line with an error bar is the data events. The red solid histogram is
the signal MC events (arbitrary scaled). The stacked filled-histograms are the background MC
events.
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Figure 4.9: Invariant mass distribution of the V' for the eV’? modes. The data and background
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Table 4.2: The M2 window.

LFV mode | tag decay mode | M2 (GeV?/c?)
v [—0.1,0.25]
2p° arlv [—0.1,0.1]
EO(K*0) 3w [~0.05,0.05]
ar0nOy [—0.05,0.05]
v [—0.1,0.5]
pw v [—0.2,0.5]
3mv [—0.1,0.1]
970y [—0.1,0.2]
v [—0.2,]
ew iy [—0.2,]
3w [~0.2,0.6]
rrin0u [—0.4,]

Table 4.3: The V° mass region for the BDT preselection.

Vo Invariant mass (GeV/c?)

PV 0.445 < M, < 1.08

¢ 1.0 < Mg < 1.04

w 0.7 < M, o< 0.9
K*O(K*0) 0.7 < Mg, < 1.1

data sets. Figure 4.10 shows the muon probability distribution of the muon-assigned track in
pp’ mode. The events with muon (electron) probability less than 0.95 (0.9) are available as
control samples of the g7 and 777~ background events. The amount of the control samples are
about 100 times larger than that of the 7 — ¢V analysis data sets.

I must care that the lepton probability of a hadron track depends on the momentum of
the track. This results in a small kinematical feature gap between the control samples and the
7 — V0 analysis data sets. I consider it as a systematic uncertainty of the BDT selection in
section 5.2.2.

4.4.2 BDT training and outputs

The BDT training is done with 40% of the signal MC events as signal samples and 80% of the
control samples as background samples. I monitor the area under curve (AUC) of the Receiver
Operating Characteristic curve as an indicator of the BDT performance. The validation samples,
which have 10% of the signal MC events as signal samples and 20% of the control samples as
background samples, are used for this monitoring purpose during the training. If the AUC is
not improved for 50 rounds of the training, I stop training and choose the BDT with the best
AUC score. The rest of the signal MC events (50%) are used to evaluate the signal efficiency
after the BDT selection. The events are distributed to each data set so that the experiment
numbers are equal. During the BDT training and validation, a event weight is applied to each
of the signal MC events such that the sum of the weights is equal to the number of background
events.
The followings are input variables for BDT:

2 c.m. signal hemisphere c.m.
o Myo, M7, P;™, T, P>, Eq,, s COS ORI tag

e (categorical variables) 7y,s decay mode, collision energy
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Figure 4.10: The muon probability of the track in the 7 — up® mode for the events of 1.65
< Myyo < 1.9GeV/c? and |AE| < 0.5 GeV. The red dashed line is the lower limit of tracks
that is identified as muons. The black line with an error bar is the data events. The stacked
filled-histograms are the background MC events. The data samples, whose muon probabilities
are less than 0.95 (the red dashed line), are the control samples for the BDT training.

e (additional for the fw modes) P;i)gnal, Elyower,

where My o is the invariant mass of the vector meson, T is the magnitude of the thrust vector,

P;ignal is the momentum of the lepton in the signal side, E?:; isphere 3o the sum of energy of

tracks and photons in the tag hemisphere and Pfi)gnal is the momentum of 7° from w. The
hyper-parameters of BDT algorithm are as follows: a learning rate is 0.1, the max number of
leaves in a tree is 128, the sum of sample weights in each leaf should be more than 5, and the
sub-sample is 0.8. The sub-sample means 80% of the training samples are selected randomly for
each tree training stage.

Figure 4.11 and Figure 4.12 show the AUC value of the validation samples for each BDT
tree training stage (number of BDT trees). Figures 4.13-4.22 show the BDT output distribution
of the 7 — (VY analysis data sets and its feature importance in the BDT. The event selection
with the BDT output (BDT selection) is determined only by the signal efficiency of the cut-base
selection instead of optimizing with the signal-to-noise ratio, because the number of background
events is too small. The expected number of background events inside the signal region (Npg) is
approximately one or less after the cut-base selection (section 5.2.2). The signal efficiency with
the BDT selection is set as relatively 5% larger than that with the cut-base selection, because I
expect improvement in separating the signal events from the background events.

The finalized BDT selection shows similar Npg to that of the cut-base selection (sec-
tion 5.2.2). The BDT selection is not applied to the ¢ modes because Npg in each of the
two modes is small enough.
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Figure 4.11: The BDT performance indicator (AUC of the validation samples) on each training
stage (number of BDT tree) for the uV" modes. The violet star mark is the best AUC.
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Figure 4.13: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the 1 modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the

data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.14: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the ¢ modes. The black line with an
error bar is the data events. The red solid histogram is the signal MC events (arbitrary scaled).
The stacked filled-histograms are the background MC events.
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Figure 4.15: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the pw modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.16: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the K** modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.17: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the u/K** modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.18: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the ep” modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.

39



T-ed Feature importance (gain)

45
agMC(g=u.d.s,c) tag decay ID ; 25325
40 mm ttto MC 9 v s S
—~ 35 Low multiply MC M3 : 1530
\n 1 signal My & 21296
< 30f + data 4] 1
=) - v thrust & 19974
~ 2 E ; 13632
¥ 20F © 9 E
= ko Pl e 9137
L% o + ++ % + COSBELY sy F==5498
t o4 h i i
H. Ebeam ID E537
9 e e . ; £ | | | I I
0.0 02 0.4 0.6 0.8 1.0 0.0 0.5 1.0 15 2.0 25
. 4
BDT output Feature importance *10

Figure 4.19: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the e¢p modes. The black line with an
error bar is the data events. The red solid histogram is the signal MC events (arbitrary scaled).
The stacked filled-histograms are the background MC events.
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Figure 4.20: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the ew modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.21: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the e K*? modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked
filled-histograms are the background MC events.
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Figure 4.22: The BDT output distribution (left) and its feature importance (right, type is gain
that is an indicator of background suppression power) of the e K*? modes. The red dashed line
in the left plot is the lower limit in the BDT selection. The black line with an error bar is the
data events. The red solid histogram is the signal MC events (arbitrary scaled). The stacked

filled-histograms are the background MC events.
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Chapter 5

Signal efficiency and background
estimation

5.1 Correction for the MC events

Although we simulate the Belle detector response and the trigger (section 3.2.7), the MC events
have some differences from the collected data. The signal MC events need such data/MC
corrections to estimate the 7 — ¢V° signal efficiency in the actual Belle detector. I apply the
following Belle official correction factors: the lepton identification efficiency, K/7 identification
efficiency, tracking efficiency for slow tracks (momentum less than 0.2 GeV/c), and 7 efficiency.
They are obtained from analyses of well-known SM processes. Because the trigger simulation is
not applied for some of MC events, these events are weighted by the trigger efficiency.

I find that the mass resolutions of D)% mesons are not consistent between the data and
MC after similar event selection to the cut-base selection. The mass resolution of the data is
worse than that of MC. The track momentum and photon energy resolutions contribute to the
mass resolution. Although the track momentum resolution correction has been already studied,
they depend on the track multiplicity in an event. The mass resolution of 7 in my CLFV search
should be also worse, and then the actual signal efficiency will decrease. I study the data/MC
correction factor about the track momentum resolution and about the photon energy resolution.

Because the D)+ — K~7t7%(70) events have similar event topology and mass with 7 —
(VY events, I reconstruct them with the tracks, photons and 7° selections in section 4.1. The tag
side selection is either one track or three tracks of My » < 2.2 GeV/ c2. The signal side tracks are
required P(e) < 0.9 and P(u) < 0.95, the kaon track is also required K/7 ID > 0.6. On the signal
side, the number of tracks is restricted to be three and the number of photons with E, > 0.1
GeV is less than one (three) for D"+t — K—ntat (K—ntatz0). To suppress electron tracks
from photon conversion, the invariant mass of the signal side K~ and 7 assuming electron
mass (M. (Kn)) is more than 0.2 GeV/c?. The invariant mass of D (D*T) is within 1.80-1.95
(1.95-2.10) GeV/c?. 1 reconstruct D** from D°7F, and reconstruct D° from K~ 7t (7) that
invariant mass is within 1.8-1.95 GeV/c?>. The AE )+ (= Epem+ — Epeam/2) is required to
‘AED(*H’ < 0.5 GeV.

I use the Belle T(4.5) data set for this mass resolution study: 703 fb~! of the data, 4216 fb™1
of the ¢q¢ MC (¢ = u,d, s, c), 5619 fb~! of the 777~ MC. These MC samples are scaled to 703
fb~!. Because the lack of some D meson events in ¢é MC, the number of reconstructed events
are not, consistent with the data. It will not affect to the mass resolution.

I fit the mass distributions of the D™)* events with a Gaussian plus linear function. The o of
the Gaussian function (0Gaus) corresponds to the D®* mass resolution. The plots in figure 5.1
are the fit results to the reconstructed mass distributions of D®* — K~ntzt events. These
D®E mass resolutions (0Gaus) are not affected by the photon energy resolution. The track
momentum resolution in the MC events is corrected such that the mass resolution of DT meson
matches between the data and MC. I smear the track momentum in the MC events by scaling
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the Belle official data/MC correction factor for the track momentum resolution. Figure 5.2
shows the D®)* mass resolutions (0 p»+) in the MC with different track smearing factors. The
smearing factor to meet the D™*)* mass resolutions between data and MC is interpolated by
a linear function fit. Because the track smearing factor estimations have a gap between the
DT and D*T study, I roughly take the factor two and consider the difference as the systematic
uncertainty of the track smearing factor.
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Figure 5.1: The mass distribution of D™+ (M.)+) that is reconstructed from K~ 7txt, and
the fit results for data (left) and MC (right). The fit function (the black line) is a gaussian plus
linear function. The ogays corresponds to the D™+ mass resolution.

The plots in figure 5.3 are the fit results to the reconstructed mass distributions of D*)* —
K~ntnt 710 events. Because the above track smearing factor is applied in the figure, the D&+
mass resolution (ogays) difference between the data and MC is from the photon energy resolution
in the 7V reconstruction. For the data/MC correction about photon energy resolution, I smear
the photon energy in the MC events by a constant rate. Figure 5.4 shows the D™®* mass
resolutions (o -+ ) in the MC with different photon energy smearing rate. The smearing rate
to meet the D®)* mass resolutions between data and MC is interpolated by a linear function
fit, again. For the photon energy smearing, I choose the D*T result because the error of D+
study in figure 5.4 is very large. In summary, I apply a factor of 2 for the track smearing scale
up and 2% for the photon energy smearing rate to the 7 — ¢V signal MC events. The signal
MC efficiencies relatively decrease by 2.0-4.1% with this data/MC correction about the track
momentum and photon energy resolutions.

5.2 Signal and background estimation

5.2.1 Signal region

As shown in figures 4.2 and 4.3, the 7 — £V events have a correlation between the M0 and
AFE. 1 define the signal region with an elliptical shape in the M, 0—AFE plane. The signal MC
samples are after the cut-base selection in section 4.3 and the data/MC correction in section 5.1.
Most of the signal events cluster around M0 = 1.777 GeV/c? and AE = 0 GeV. The ellipse
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Figure 5.2: Study about the track smearing factor vs. DT mass resolution (0 pn+) divided
by the world average D*)* mass in the particle data group (Mglgﬁ).

The blue line represents the linear fit to the MC (blue points). The data (black point) is shown
on the fit function to estimate the smearing factor. The track smearing factor one means the

original Belle official data/MC correction factor.

oblateness and the rotation angle are calculated from the covariance matrix of the signal MC
distribution. The center of the ellipse is the mean of the distribution. At this point, events
with wrong reconstruction particles or with missing bremsstrahlung photons are removed by
MC information because they might distort the ellipse. More ¢qq and 777~ background events
distribute in the lower AF region and the lower M0 region (see section 5.2.2). The ellipse size
is determined to maximize the figure of merit (FOM) [79],

FOM = (5.1)

€
§+vNee’
where ¢ is the signal efficiency inside the ellipse, « is the confidence coefficient (o = 1.64 at 90%
C.L.), and Npg is the expected number of background events inside the signal region. Wrong
MC matching or photon loss events in the signal MC are included in this scan step.

The signal efficiency of each Belle experiment number (Belle run periods) is shown in fig-
ures 5.5-5.8. The variations come from the Belle detector condition and so on. The signal
efficiencies of the c.m. beam energies at T(1-3S) become small due to the BDT selection. It
may imply that the BDT training sample for these events are not enough.

5.2.2 Number of background events estimation

I estimate Npg through interpolation from the sideband data. Here the sideband data is a set of
data passing the event selection (cut-base or BDT) and inside the sideband region: 1.65 GeV/c?
< Myyo < 1.9 GeV/c? and |AE| < 0.1 GeV outside of the blind region. The interpolation is
based on a two-dimensional function that represents the background distribution in the My 0—
AFE plane.

To define the function, I use the background control samples in section 4.4.1 with the cut-
base selection except the lepton identification. The two-dimensional function is obtained by
fitting to the distribution of this control samples within |[AE| < 0.1 GeV, and then it is scaled
to the sideband data. The fitting region is limited within |AE| < 0.1 GeV to simplify the fit
function of 777~ background. Figures 5.9-5.18 show the distributions of the control samples
for the data and MC. The main background sources are the ¢ and 77~ events. Some D*
decay events cluster abound the D* mass region for the ¢ and ¢K*° modes, which have K+
track(s). The AF distribution of the D* events are different between the data and MC, because
ee — DT D™ events are lack in the MC. The D* from D** — (Dn)* events cluster at the D*
mass and AF less than zero GeV.
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Figure 5.3: The mass distribution of D®)* (M.)+) that is reconstructed from K~ 77t 70,
and the fit results for data (left) and MC (right, the track smearing is applied). The fit function
(the black line) is a gaussian plus linear function. The ogays corresponds to the D™+ mass
resolution.

The fit functions for each ¢V° mode are:

F(Myyo, AE) = f(Myyo) + g, (5.2)

X
1 + explay(AE — yo)]

/:H_&jg(m,) L] exp[—(w—w’ﬁ}dx/ (VO = o0 )

_ —50 2 202
fla) = 01(375— 20)2 + co (ﬂ‘go = K*0, K*0)
o (VO=9) (5.3)
cil(z — m0)* + k(z —mo)] +co (v <0,V® = p°)
g(z) =< ci(x—x0) +co (<0, V) = W)
co (x> o)

where f(x) represents the background distribution along with Myy0; ¢1, co, 2o and k are pa-
rameters that define the shape of the function; a, represents sharpness of the sigmoid function
along the AFE axis; yg is the center of the sigmoid function; and cgat is a term of flat background
events in the M0—AFE plane. I define f(x) for each V° in eq. (5.3), and the functions for
the £p° (fw) modes are smeared by a gaussian with standard deviation, o, of 6.6 (9.6) MeV /c?
estimated by the D** mass fitting in the section 5.1. This o corresponds to the mass resolution
that affects the edge of the M0 distribution close to the 7 mass for the 777~ background
events. Because the edge is broad for the other modes owing to wrong mass assignment of fake
kaons, the smearing of the function is not necessary. The 777~ background events for the ¢
modes are included in ¢y because they are flat along the M0 axis in the 1.65 GeV/c? < Mo <
1.9 GeV/c? region.

I obtain the optimal fit parameters by a likelihood fit using MINUIT [80]. The following
region is excluded from the fitting to avoid D™ — K~ 777" and D™ — 7+ ¢ background events,
which cluster around the D* meson mass: 1.83(1.82) GeV/c? < Mo < 1.89 GeV/c? and AE <
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Figure 5.4: Study about the photon energy smearing rate (%) vs. D™+ mass resolution (0 pe+)
divided by the world average D)t mass in the particle data group (Mg](?k)cjr).

The blue line represents the linear fit to the MC (blue points). The data (black point) is shown
on the fit function to estimate the smearing factor. The track smearing factor is applied to MC.
The E, smearing rate zero means the original photon energy resolution of the Belle MC.

0.04 GeV for the uK* (eK*?) and u¢ (e$) modes. The fit results to the control samples are
shown in figures 5.19 and 5.20.

The parameters of a,, yo, k and xg are fixed at the fit results of the control samples within
|AE| < 0.1 GeV. The fit uncertainties of these fixed parameters are included in the systematic
uncertainty of Ngg. The other fit parameters correspond to the scale factors of each background
component: generic V77 (c1), ¢7 and low multiplicity background events (co and cf2). T fit
the function floating these scale factors (cj, ¢ and cf*) to the sideband data. Figures 5.21
and 5.22 are the fit results of the cut-base selection. Figures 5.23 and 5.24 are the fit results
of the BDT selection. The same region around the D meson mass as for the fit to the control
samples is excluded from the fitting for the £¢ and ¢K*° modes. The functions are integrated
in the elliptical signal regions to deduce Npg, which are in the range of 0.25-0.95 for the BDT
selection (summarized in tables 6.1 and 6.2 in section 6.1).

The major contribution to Npg comes from the Mo flat term in eq. (5.2) (co and cfat),
which corresponds to the ¢ or low multiplicity background events. For the BDT selection, the
contribution of the generic 717~ background events, which depends on M0, is about one-third
as large as the other background contributions. I cannot distinguish the ¢¢ background compo-
nents through the fit to the data, because the generic 7"7~ background events are distributed
evenly along the M0 axis.

The systematic uncertainty of Npg is summarized in table 5.1. They are estimated by the
following procedure:

Statistical uncertainty of Npg
I generate 100 sets of pseudo-data for each mode in the M;,0—AF histogram. The content
of each bin in these histogram is set randomly following a Poisson distribution, with the
mean taken from the function fitted to the sideband data (figures 5.21-5.24). I fit the
function to each set of the pseudo-data to deduce Npg, and the standard deviation of
these Npq distribution is taken as the statistical uncertainty.

Systematic uncertainty of Npg from the uncertainties of fit parameters
The fit functions has fixed parameters that determine the shape of ¢g and 777~ background
distribution. Those parameters are estimated using the control samples. I fluctuate one of
the fixed parameters by Gauss random number with a sigma of its fit error. Then, repeat
the procedure of fitting to the sideband data and estimate Npg. I try this process for 100
times for each fixed parameter and get the standard deviation of Npg.
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Systematic uncertainty of Npg from kinematical difference

Another systematic uncertainty of Npg comes from difference of the M, 0—AFE distribu-
tions between the control samples and the sideband data within |[AE| < 0.1 GeV. The
difference mainly arises from the lepton identification fake rate that depends on the mo-
mentum and 6 of the track. The sideband data have a pion misidentified as a lepton, which
tends to have a lower momentum than the pions in the control samples. I evaluate a change
of Ngg when the parameters—ay, 30, k¥ and xg—are re-determined with weighted control
samples; the weight (w;;) on each event is computed as the ratio of the numbers of events
in the momentum-6 bin for the signal fake-lepton track between all the data passing the
event selection and all the control samples in [AFE| < 0.5 GeV. (w;; = ijbs /NgGe“ha“CEd, i
(4) is the pion momentum (theta) bin number, N° is number of the data after the event
selection within |[AE| < 0.5 GeV, NBGenhanced jg nymber of the control samples within
|AE| < 0.5 GeV. Both N° and NBGenhanced ar6 pnormalized.) The amount of change of
Npq is taken as the systematic uncertainty of Npg.

These Npg uncertainties are summarized in tables 6.1 and 6.2 in section 6.1.

Mode The uncertainty of Npg from fit errors | Npg difference with weighted control samples
cut-base BDT cut-base BDT
= p° 0.10 0.07 —0.08 +0.08
e p° 0.01 0.01 +0.01 +0.02
[T 0.04 0.05 —0.02 —0.02
e ¢ 0.00 0.00 0.00 0.00
wow 0.07 0.03 +0.01 —0.01
e w 0.05 0.01 —0.02 0.00
p"K*0 | 0.02 0.03 +0.19 +0.01
e K* | 0.02 0.12 —0.03 —0.02
p- K+ 0.03 0.02 —0.11 —0.05
e"K* | 0.02 0.01 —0.01 —0.01

Table 5.1: The systematic uncertainties of Ngg. The second column is the standard deviation of Npg
with various fit function parameters. The third column is the differences of Npg estimated with the
weighted control samples and the nominal control samples.

5.2.3 Validation of number of background estimation

To validate the estimation method of number of background events in section 5.2.2, I compare
the estimation and the actual number of events in a validation region. The validation region
is inside the blind region but outside the elliptical signal region. The Npg in the validation
region is estimated by integrating the two-dimensional function obtained in section 5.2.2 in the
validation region. The expected and observed number of events in the validation regions are
listed in table 5.2.

I check the probability of Ny excess from expected Npg assuming Poisson distribution
which mean is the expected Npg. The probability of two modes are less than 5%, pK*° and
K *0 modes with cut-base selection. These expected Npg might need correction, if the number
of observed events in the signal region is not zero. If they are zero, the 90% C.L. upper limits
of 77 — p~ K*°(K*?) branching fraction are not affected by the expected Npg.

5.2.4 Comparison with old background estimation method

In the previous paper, the number of background events are estimated assuming flat distribution
along the AFE axis. Here, I check how much the AF distribution assumption affects to the Npag
estimation.
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I assume that the AFE distribution of the background events is flat within —0.1 to 0.1 GeV,
and interpolate the Npg from the Mo sideband region in |[AE| < 0.1 GeV. For the £p° and pw
modes, I use the functions f(z) in eq. 5.3. The function parameters except ¢; (777~ background
component factor) and ¢y (¢g and low multiplicity background component factor) are determined
by fitting to the control samples in section 4.4.1 after the cut-base selection. In the same way
as in section 5.2.2, the function is scaled to the sideband region after the cut-base or BDT
selection. For the other modes, I expect the My o distribution of the background events is flat
within 1.65 to 1.90 GeV/c?. In case of £¢ and £K*° modes, I blind the events from D* meson
decay gathering around D* meson mass: 1.83(1.82) GeV/c? < Mo < 1.89 GeV/c? region for
the uK* (eK*0) and pu¢ (ep) modes. Table 5.3 is the estimation of the number of background
events in the signal region using this method. They are consistent with the two-dimensional
function method in section 5.2.2.

5.3 Systematic uncertainty of the expected number of signal
events

The systematic uncertainties of the expected number of signal events are listed in table 5.4. The
dominant uncertainties are from the particle identifications.

The following systematic uncertainties are from the Belle official value or other Belle analy-
ses. The uncertainties of lepton identification efficiency are 1.7(1.8%) per electron(muon). The
uncertainties of K/m identification efficiency are 0.8% per pion from p°, 0.9% per kaon from
¢ and 1.1% per kaon from K*°(K*°). The uncertainty of charged track finding with p > 200
MeV /c is estimated to be 0.35% per track. The bremsstrahlung photon energy correction is
applied to about 5% of electron tracks on the signal side after the cut-base selection; the uncer-
tainty of photon efficiency is 2.0% per photon, I set 0.1% on average for eV° modes. I use the
70 efficiency data/MC correction, where the uncertainty is 2.2% per 7.

I also check the other systematic uncertainties with my 7 — ¢V9 signal MC events. The
uncertainty of the electron veto on hadron tracks is set to the same value as the signal inefficiency
due to the electron veto, i.e., 0.4-1.2% for each LFV mode. The uncertainty from the signal MC
statistics is 0.3-0.5%. The branching fractions of each 7, generic decay mode have uncertainties
of 0.04-0.10% in PDG 2022; they result in the systematic uncertainty about 0.1% for both of
the cut-base and BDT selection.

About 34% of the generated signal MC samples are losing energy more than 0.1 GeV by
bremsstrahlung photon(s) from the e before collision (initial state radiation, ISR). Because
most of them are out from the signal region due to energy loss, the uncertainty of the ISR

Table 5.2: Npg estimation in the validation region after the cut-base (BDT) selection.

Mode cut-base selection BDT selection
expected Npq Nobs expected Npg Nobs
7~ = pu p’ | 5.94+1.1(stat) £0.4(syst) 8 | 5.5+1.0(stat) £0.9(syst) 7
7~ — e p’ | 4.54+1.5(stat) £0.0(syst) 2 | 5.0+1.6(stat) £0.1(syst) 5
TT = p~ ¢ | 2.3£0.7(stat) +£0.1(syst) 2 | 2.6+£0.8(stat) £0.1(syst) 3
TT —e ¢ | 1.2+0.7(stat) £0.0(syst) 3 | 2.3+1.2(stat) £0.0(syst) 5
T = p w | 3.2+1.3(stat) £0.2(syst) 0 | 1.4+0.8(stat) +0.1(syst) 0
77 — e w | 1.5+0.8(stat) £0.1(syst) 4 | 1.7+0.9(stat) £0.0(syst) 2
7~ = p” K0 | 2.540.8(stat) £0.5(syst) 9 | 3.34+1.0(stat) £0.1(syst) 7
7= = e K*0 | 5.34+1.4(stat) £0.1(syst) 9 | 3.3£1.3(stat) £0.8(syst) 5
77 — pu~ K*9 | 1.740.5(stat) 4-0.3(syst) 5 | 2.1£0.6(stat) £0.1(syst) 3
7~ — e  K*0 | 1.040.5(stat) £0.1(syst) 2 | 1.040.5(stat) £0.0(syst) 2
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Table 5.3: The expected number of background events with the flat distribution assumption
along the AF axis for the cut-base and BDT selection. They are consistent with my results in
section 5.2.2.

Mode Npg (cut-base) Npg (BDT)
= = p° 0.90+0.23 1.4640.33
= = e p° 0.5740.26 0.87+0.25
T = uT o 0.37+0.14 0.43+0.15
T —Se ¢ 0.2340.17 0.35+0.21
TT S pTw 0.58+0.34 0.25+0.16
T S ew 0.6640.39 0.74+0.41
T~ = pu KO 0.90+0.24 1.1140.29
= = e K*0 0.81+0.28 0.5140.23
7~ = u KO 0.57+0.18 0.57+0.18
7~ = e K*¥ 0.3540.18 0.26+0.16

event rate in the generator affects our 7 — ¢V signal efficiency. KK Monte Carlo generator
(KKMC [71]) has uncertainty about the ee — ff~ cross section [81,82]. I take 0.5% uncer-
tainty as a ee — 77y cross section conservatively, then the propagated uncertainty of the signal
efficiency is 0.1%.

The track and photon energy resolution uncertainties are estimated from the D™+ mass
study in section 5.1. I generate signal MC sets with different smearing factors of track momentum
and photon energy resolution: track/photon smearing factors are 1.6/2.0%, 2.2/2.0%, 2.0/1.9%
and 2.0/2.2%. Because M, and AFE resolutions differ among those samples, the signal efficiency
is also different with uncertainties of 0.6-1.5% for the cut-base selection and 0.5-1.3% for the
BDT selection. This track/photon smearing factors also affect the other kinematical variables,
and thus these uncertainties include the cut-base and BDT selection uncertainty.

All the uncertainties in table 5.4 are summed in quadrature to yield the total systematic un-
certainties shown in tables 6.1 and 6.2. The total systematic uncertainties are slightly decreased
from the previous paper [18], thanks to the updated Belle tracking study.
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Table 5.4: The systematic uncertainties of the expected number of signal events. The average number of
tracks (particles) in the reconstructed 777~ events for each signal mode is represented as Nirack(particle)-
When the uncertainty is different mode by mode, I show the range of the uncertainty.

Source Osyst (%0)
Belle integrated luminosity 14
ee — 77(7y) cross section 0.3
Br(¢ — KK) and Br(w — mr7) 1.2 and 0.7
Trigger efficiency 0.2-0.9

Tracking efficiency
Electron identification efficiency
Muon identification efficiency
K and 7 identification efficiency
photon efficiency for bremsstrahlung correction (eV?)
70 efficiency
Electron veto for hadrons
MC statistics
Tiag decay mode fraction
KKMC ISR uncertainty
Track and photon energy resolution

0.35 X Nirack
1.7 X Nelectron
1.8 X Nmuon
1.6 (p°), 1.8 (¢) and 1.1 (K*Y and K*V)
0.1
2.2 X Npo
0.4-1.2
0.3-0.5
0.1
0.1
0.5-1.3
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Figure 5.9: distribution of the 7 — pup" control samples after the cut-base selection. Data
samples (upper figure), ¢q¢ MC (q = u, d, s, ¢, lower left), and 777~ MC (lower right).
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Figure 5.10: distribution of the 7 — u¢ control samples after the cut-base selection. Data
samples (upper figure), q¢ MC (q = u, d, s, ¢, lower left), and 777~ MC (lower right).
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Figure 5.15: distribution of the 7 — e¢ control samples after the cut-base selection. Data
samples (upper figure), ¢q¢ MC (q = u, d, s, ¢, lower left), and 777~ MC (lower right).
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Figure 5.16: distribution of the 7 — ew control samples after the cut-base selection. Data
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Figure 5.19: The fitting results to the uV? control samples (left). The projection plots to the
Myyo (middle) and AE (right). The orange hatched regions in the u¢ and puK*° modes are
blinded to avoid the DT meson event peaks. They are removed from the fitting and the plot of
AF projection.
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Figure 5.20: The fitting results to the eV? control samples (left). The projection plots to the
Myyo (middle) and AE (right). The orange hatched regions in the e¢ and eK* modes are
blinded to avoid the D* meson event peaks. They are removed from the fitting and the plot of
AF projection.
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Figure 5.22: The fitting results to the eV" sideband data samples after the cut-base selection
(left). The projection plots to the Myy0 (middle) and AFE (right). The gray hatched regions are
the blind regions for the signal events. The orange hatched regions in the e¢ and e/X*° modes
are blinded to avoid the D* meson event peaks. Both hatched regions are removed from the
fitting and the plot of AFE projection.

63



fit result 12 14

0016 —— fit result —e— fit result
10 0 bl 12 + data
72 up® blind
0.014
+ data 10
— 0.012 8
% 8
] 0010
o 6
o 0.008 6
< 0.006 4 4
0.004 2 <~, <~,
2
i 0.002 %
170 175 ”02 fes 170 L75 1.80 185 190 8100 —0.075 —0.050 —0.075 0000 0.025 0.050 0075 0100
Mo (GeV/c?) My (GeV/c?) AE (GeV)

(a) 7= pp°

it result 5 40
chi2/ndf : 2.93e+01 /34 0.0010 f‘{'e?”‘t A 15 —— fit result
p-value : 6.520e-01 4 D* blind / + data
0.0008 +7 1 blind s 30
_ data
3 25
S 00008 / 20
w 2 ,r,
< 0.0004 15
1 11 1w/ 1 1 1.0
0.0002 s
o } gl
e 1T 1'501 ’ 165 110 175 180 185 190 28,160 —0.075 0.050 ~0.025 0.000 0025 0,050 0.075 0100
M, (Gev/c?) My (Gev/c?) AE (GeV)

(b) 7 — ¢

fit result 7 7
—e— fit result —e— fit result
0.005 6 6 dat
7 pw blind + data
0.004 5 + data 5
= 4 4
]
8 0.003
w 3 N
< 0.002
2 2
0.001 1 + <~, )
0
170 175 1'502 : : 165 170 175 180 185 190 8166 =0.075 ~0.050 ~0.035 0000 0.025 0.050 0075 0100
My (GeV/c?) My, (Gev/c?) AE (GeV)

(¢) T — pw

fit result 7 7
chi2/n 0e+01 /33 B — ﬂt‘reS_u\t . —e— fit result
p-value : 1.785e-02 D* blind + data
0.0025 I
s| 70 uK™ blind s
N 0.0020 + data
(] 4
g 0.0015
o 3
K]
0.0010 2
0.0005 ’ N
Vo 175 180 185 190 fes 170 175 180 185 190 -850 <0.075 ~0.050 —0.05 0,000 0.025 0050 0075 0.100
Mo (GeV/c?) My (GeV/c?) AE (GeV)
*0
(d) 7 = uK
it result 7 . 40
—— fit result us —— fit result
0.0020 6 ~1 WK blind + data
5 + data 30
N 0.0015 A 25
°
[} 2.0
o 0.0010 3
4 15
2
0.0005 10
! 05
1700 175 18 5 g fes 170 175 180 185 190 28,100 —0.075 —0.050 —0.025 0.000 0025 0,050 0075 0100
M, (GeV/c?) Mo (GeV/c?) AE (GeV)

(e) T — uK*°

Figure 5.23: The fitting results to the uV? sideband data samples after the BDT selection (left).
The projection plots to the M0 (middle) and AFE (right). The gray hatched regions are the
blind regions for the signal events. The orange hatched regions in the pu¢ and pK*0 modes are
blinded to avoid the D* meson event peaks. Both hatched regions are removed from the fitting
and the plot of AF projection.
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Figure 5.24: The fitting results to the eV sideband data samples after the BDT selection (left).
The projection plots to the M0 (middle) and AFE (right). The gray hatched regions are the
blind regions for the signal events. The orange hatched regions in the e¢ and eK*? modes are
blinded to avoid the D* meson event peaks. Both hatched regions are removed from the fitting
and the plot of AFE projection.
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Chapter 6

Results

I get better signal efficiency by the BDT selection (section 4.4) than by the cut-base selection
(section 4.3), while the expected number of background events (Npg) are similar values. Com-
pared with the previous Belle paper [18], the signal efficiency is improved by 40% on the average
of ten VY modes for the BDT selection, whereas the average Npg increases 9.5%. Here, the
Npe in the previous paper is scaled to 980 fb—1.

I apply the 7 — ¢V9 reconstruction and event selection for the data samples inside the
signal region. Figures 6.1-6.4 are the observed data samples after the cut-base selection and
BDT selection. The observed number of events in the signal region (Nyps) has no excess over
Npg in section 5.2.2.

6.1 LFV decay branching fraction upper limits

I set 90% C.L. upper limits on the branching fractions based on a Bayesian method using
Bayesian Analysis Toolkit (BAT') [83]. BAT is based on the Markov Chain Monte Carlo method
to search the probability density function (PDF) of each parameters. The PDF of the branching
fraction (B(t — £V?)) is calculated assuming that Ngps follows a poisson distribution function
whose mean value is the expected number of events (Nexp),

Nexp = L x 20, B(1 — V) x ¢ + Npg, (6.1)

where L is the integrated luminosity (980.4 & 13.7 fb™1), o, is the cross section of 7-pair
production that is calculated with KKMC [84] (the weighted average of o, at all the beam
energies is 0.916 £+ 0.003 nb) and ¢ is the signal efficiency including the branching fraction of
the V0. T assume that these values (L, 0,,,c and Npg) follow a gaussian distribution of sigma
equal to the uncertainty of each value. The lower limits of Npg are set as zero. I get 90% C.L.
upper limits of the B(r — ¢V°) PDF. The expected upper limits (B.s,) are the values when
Nobs = NBG'

The upper limits on B(r — ¢V°) with the cut-base selection are listed in table 6.1. The
average of the observed (expected) limits is better than that of the previous paper using 854
fb~1 [18] by 23(31)%. The limits with the BDT selection are listed in table 6.2. The average of
the observed (expected) limits is better than that of the previous paper by 30(34)%. I choose
the BDT selection for our final result. The upper limits comparison between the previous paper
and the BDT selection is shown in figure 6.5. All expected upper limits are improved, and eight
observed upper limits are improved.
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Table 6.1: Results of the cut-base selection. The signal efficiency (¢), the expected number of background
events (Npq), total systematic uncertainty on the expected number of signal events (ogyst ), the expected
90% C.L. upper limits (Bexp, (107%)), the number of observed events in the signal region (Nops), the
observed 90% C.L. upper limits (Bons (1078)) and the expected upper limits of previous study with 854
fb—l (Bprev).

exp

Mode € (%) NBa Usyst(%) Bexp Nobs  Bobs Bg)igv

7= = up’ | 740  1.0340.22(stat) 0.13(syst) 4.9 2.5 0 1.8 | 3.1
T~ e p? | 8.07 0.68+0.25(stat) £0.01(syst) 45 21 0 1.6 | 2.3
T = uT ¢ 5.37  0.42+0.12(stat) £0.05(syst) 4.8 2.9 0 24 | 4.9
- e ¢ | 618 0.20+£0.14(stat) £0.00(syst) 4.6 2.3 0 21 | 43
T S w 3.11  0.7540.36(stat) +0.07(syst) 5.1 5.7 0 42 | 79
T~ e w | 515 0.71£0.39(stat) £0.05(syst) 45 34 0 25 | 59
7= = p KO | 430 0.65+£0.20(stat) £0.20(syst) 45 40 0 3.0 | 54
T e K0 | 6.61  0.86+0.27(stat) £0.04(syst) 41 27 2 39 | 3.9
7= o K| 436 0.4940.15(stat) £0.12(syst) 4.6 3.7 0 3.0 | 4.9
7~ e KO | 7.0 0.31£0.15(stat) £0.03(syst) 41 21 1 29 | 3.6

Table 6.2: Results of the BDT selection. The signal efficiency (), the expected number of background
events (Npg), total systematic uncertainty on the expected number of signal events (ogyst), the expected
90% C.L. upper limits (Bex, (107%)), the number of observed events in the signal region (Nops), the
observed 90% C.L. upper limits (Bops (107%)), the number of observed events in the previous study
(NBS) and the observed upper limits of previous study with 854 fb~! (B2Y).

obs
Mode S (%) NBG Usyst(%) Bexp Nobs Bobs N fgsv Bg}iv
7= —=up® | 7.78  0.9540.20(stat) +0.11(syst) 4.6 2.3 0 1.7 0 1.2
= —ep’ | 849 0.8040.27(stat) £0.02(syst) 4.4 2.1 1 22 0 1.8
T S uT ¢ 5.59  0.47£0.15(stat) £0.05(syst) 4.8 2.9 0 2.3 1 8.4
TT —e ¢ | 6.45 0.3840.21(stat) +0.00(syst) 4.5 24 0 20 0 3.1
T = puw | 3.27  0.3240.23(stat) 0.03(syst) 4.8 4.7 0 39 0 4.7
T~ — e w | 541 0.7440.43(stat) +0.01(syst) 4.5 32 0 24 0 4.8
77 = u K| 452 0.84+0.25(stat) +0.03(syst) 4.3 40 0 29 1 7.2
77— e K| 694 0.5440.21(stat) +0.12(syst) 4.1 24 0 19 0 3.2
77 = K* | 458 0.58+0.17(stat) £0.06(syst) 4.3 3.6 1 4.2 1 7.0
77— e K0 | 745 0.2540.11(stat) +0.01(syst) 4.1 20 0 17 0 3.4

6.2 Discussion

6.2.1 Improvements from the previous paper

Compared with the previous paper [18], the signal efficiency is improved by 40% on the average
of ten £V? modes for the BDT selection, whereas the average Npq increases 9.5%. The observed
B(r — £V9) upper limits are improved 30% on average. The improvements come from the
followings: (1) The integrated luminosity increases 15%; (2) Additional reconstructions of tha:g —
atrta~y, 781970 increase the signal efficiency by 9.6%; (3) reconsideration of the event
selection criteria with the new variables (M2, PS™); (4) A multivariate analysis using BDT
is introduced to the event selection; and (5) The total number of the observed events reduced
from three to two. Although the numbers of background events are also by the first and second
items, the third and fourth items reduce them. The last item is just a statistical effect.

On the other hand, the observed upper limits on B(7 — £p°) are worse than those of the
previous results, though the expected upper limits before unblinding are better than those of the
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previous Belle paper. In the case of the ep? mode, it is just due to the one event observation in
this paper. In the case of the 1p” mode, the upper limit calculation method is affected. I use the
Bayesian limits instead of the Frequentist limits [85] that was used in the previous Belle paper.
The Frequentist limits are negatively proportional to Ngg when Ngpg is fixed. In the previous
paper of the pp® mode, the upper limit was more stringent than the expected one because Nopg
was zero, whereas Npg was 1.48.

The improvements in observed upper limits are 4% smaller than that of expected. This is
also due to the difference between the Bayesian limits and the Frequentist limits. Table 6.3 is
the results of the previous paper and re-calculated upper limits using BAT with the items in
the table. The expected upper limits are similar between the Bayesian and Frequentist method,
whereas some of the observed upper limits have gaps. Compared with the Bayesian upper limits
of the previous paper, the upper limits in this paper (BDT selection, observed B) are relatively
improved by 40% on average. This is larger than that of expected due to the slightly larger Npg
on average and the reduction of the number of total N,,s within the statistical error.

Table 6.3: Comparison of Bayesian method and frequentist method to calculate upper limits using the
previous paper results. The signal efficiency (¢), the expected number of background events (Npg),
total systematic uncertainty (osyst), the expected 90% C.L. upper limits (Bezp (1078)), the number of
observed events in the signal region(N,ps) and the observed 90% C.L. upper limits (Bops (107%)) are from
previous paper. The last two columns are re-calculated expected and observed 90% C.L. upper limits
using Bayesian analysis toolkit (B52es*" and Bhavesian (10-8y),

Mode € (%) NBG Usyst(%) Bea:p Nobs Bobs Bg%yeszan BOB;(;yesmn
T~ —=upY | 7.09 1.48+0.35 5.3 3.1 0 1.2 3.3 2.1
7~ —=ep® | 758 0.2940.15 5.4 2.3 0 1.8 2.3 2.0
T —=u"¢ | 3.21 0.064+0.06 5.8 4.9 1 8.4 4.8 7.7
T~ —>e ¢ | 418 0.47+0.19 5.9 4.3 0 3.1 4.4 3.5
TT = pw | 238 0.72+0.18 6.1 7.9 0 4.7 8.4 6.2
TT e w 2.92  0.30+0.14 6.2 5.9 0 4.8 5.9 5.1
7~ = u K0 | 339 0.53+0.20 5.5 5.4 1 7.2 5.5 6.6
7~ = e  K*0 | 437 0.2940.14 5.6 3.9 0 3.2 4.0 3.4
T~ = u K| 3.60 0.45+0.17 5.5 4.9 1 7.0 5.1 6.3
7~ = e K*0 | 441 0.0840.08 5.6 3.6 0 3.4 3.6 3.4

6.2.2 Prospect for the future Belle II experiment

The limit for the 7 — p¢ (2.3 x 1078, improved by 73%) sets more constraint on the single
leptoquark model [36]. The other limits for the 7 — ¢V branching fractions (except V9 = p°)
also set more constraint on different NP models [44-47]. Althogh the allowed region still remains,
the further 7 — £V° search can be performed by Belle II experiment. The integrated luminosity
of 50 ab™! is scheduled to be collected, 50 times as large as Belle experiment. That can provide
a sensitivety from 7 times to a maximum of 50 times better than this paper, depending on the
Npg suppression. I calculate the expected upper limits in Belle II experiment conservatively.
The integrated luminosity and the number of background events are 50 times larger than this
paper. To reduce the background events, I use a tight BDT selection and evaluate the signal
efficiency and the number of background events with the Belle data set.

Figure 6.6 shows the B(r — ¢V upper limits in this paper, that of Belle II prospects,
and some NP predictions [36,44,46]. The observed upper limits in this paper are under the
predictions of the single vector leptoquark model (u¢) and the unparticle physics model (up°,
u¢ and pw). The expected upper limits in Belle II experiment reach the predictions of the
Littlest Higgs model with T-parity.
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Further background reduction in Belle IT experiment is expected. New charged K /7 identi-
fication detectors can suppress the pion fake rate for the ¢¢, /K *0 and /K*° modes. The track
momentum resolution is also expected to be improved, it results in the improvements of 7 mass
and AF resolution. In addition, the BDT performance will improve as the background control
samples for BDT training increase. Especially for the £¢ modes, the number of background
events in the Belle data set is not enough for the BDT training and for the evaluation of BDT
performance. I expect much background reduction for the £¢ modes and their sensitivity can
be reached the branching fractions of O(10719).
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Figure 6.1: Observed event distributions in M0~ AE plane after the 7 — V0 cut-base selection. Black
points are the data, blue squares show the signal MC distribution with an arbitrary normalization. The
red ellipse is the signal region. The estimation of the number of background events is done using the data
between the red horizontal lines except the blind region.
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Figure 6.2: Observed event distributions in My o—AFE plane after the 7 — eV? cut-base selection. Black
points are the data, blue squares show the signal MC distribution with an arbitrary normalization. The
red ellipse is the signal region. The estimation of the number of background events is done using the data
between the red horizontal lines except the blind region.
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Figure 6.3: Observed event distributions in M0~ AE plane after the 7 — pV°? BDT selection. Black
points are the data, blue squares show the signal MC distribution with an arbitrary normalization. The
red ellipse is the signal region. The estimation of the number of background events is done using the data
between the red horizontal lines except the blind region.
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Chapter 7

Conclusion

I search for a lepton-flavor violating 7 decay into a lepton and a vector meson using the full 980
fb~! of Belle data. I work on the following improvements on the previous results [18]:

e The integrated luminosity is increased by 15%
+ +..0.0

Additional reconstructions of th;g — mrrtay, 75a%7% increase the signal efficiency by
9.6%

qq background events are suppressed by neutrino mass square (M?2) selection

A multivariate analysis using BDT is introduced to the event selection

The Npg estimation method is updated utilizing the two-dimensional background proba-
bility density function in the My 0—AFE plane.

No statistically significant signal candidates are observed, and the 90% C.L. upper limits on the
branching fraction are in the range of (1.7-4.2) x 1078 for 7 — pV? and (1.7-2.4) x 1078 for
7 — eV?. We choose the BDT selection for our final result and the upper limits are improved
by 30% on average from the previous results. This thesis sets the most stringent upper limits
for the branching fractions of 7 — £¢, fw, (K*0, and ¢K*0. In the future, the sensitivity of these
searches can be improved by factor 7-50 with 50 ab~! data set of the Belle II experiment. Then,
the single leptoquark model and other NP models may be verified.
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Appendix A

Validation of Npe estimation method
using background MC

I check our Npg estimation method using the background MC events. Figures A.1 and A.2 are
the fit results (see section 5.2.2 for the fit functions) to the control samples in the MC. I use
those parameters to define the shape of functions except for the scale factors (¢, ¢y and Cf)m)
in the function. Figures A.3 and A.4 are the fit results to the MC observed sideband regions
with cut-base selection. Figures A.5 and A.6 are that of BDT selection. The blind regions are
removed from the fitting as well as the fitting to the data in the sideband. The expected and the
observed Npg in MC samples are shown in tables A.1 (cut-base) and A.2 (BDT). The number
of events in the validation region, where is inside the blind region but outside the signal region,
is also shown. They are scaled to 980 fb~!. The Npq in the signal region is consistent with the
observed number of background events in the MC within 20. The Npg in the validation region
is also consistent with the observed one for most of the £V° modes, except for the e/ *0 mode.

Table A.1: Comparison of expected and observed Npg of the MC samples (cut-base selection).
They are scaled to 980 fb~1.

Mode signal region validation region
expected Né\/éc N é\éc expected Né\/éc N é\b/lf
7= = u p° | 0.3540.05(stat) +0.02(syst) 0.55+0.25 | 2.540.3(stat) £0.2(syst) 2.4+0.5
7= = e p’ | 0.3140.07(stat) £0.00(syst) 0.3840.22 | 2.140.5(stat) £0.0(syst) 0.9£0.3
T= = p~ ¢ | 0.1940.04(stat) +£0.00(syst) 0 (<0.15) | 1.14+0.2(stat) £0.0(syst) 0.8+0.5
T~ = e ¢ | 0.06+0.03(stat) +0.00(syst) 0.08+0.08 | 0.3+0.2(stat) +0.0(syst) 0.3+0.2
T- = p w | 0.68+0.13(stat) +0.03(syst
(
(
(
(
(

)

(stat) ) (stat) (

(stat) ) (stat) (

(stat) ) (stat) (syst)

(stat) ) 0.4540.23 | 2.740.5(stat) £0.1(syst) 1.6+0.5
TT S e w 1.00+0.16(stat) £0.00(syst) 0.684+0.35 | 2.2+0.4(stat) £0.0(syst) 2.4+0.6
7= — pu~ K* | 0.7240.10(stat) £0.01(syst) 0.47+0.33 | 2.740.4(stat) £0.0(syst) 2.740.7
7= = e K*0 | 0.6640.12(stat) +0.01(syst) (stat) (syst)
7= = K* | 0.704£0.07(stat) £0.01(syst) (stat) (syst)
7= = e K0 | 0.8340.13(stat) +0.02(syst) (stat) (syst)

0.24+0.24 | 4.1+0.7(stat) £0.0(syst) 2.1£0.6
0.51+£0.30 | 2.6+0.3(stat) £0.0(syst) 3.2+0.8
0.54+£0.28 | 3.3+0.5(stat) +0.0(syst) 2.2+0.6
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Table A.2: Comparison of expected and observed Npg of the MC samples (BDT selection).
They are scaled to 980 fb 1.

signal region

validation region

Mode expected Né\/éc N é\g{f expected Né/éc N é\glsc
7= = p° | 0.31£0.05(stat) +0.01(syst) 0.54+0.24 | 2.1£0.3(stat) +0.1(syst) 1.640.4
7= = e p’ | 0.2840.07(stat) £0.01(syst) 0.11£0.11 | 1.840.4(stat) £0.0(syst) 1.4+0.4
T = pu~¢ | 0.31£0.06(stat) £0.01(syst) 0.114+0.11 | 1.840.3(stat) £0.0(syst) 1.24+0.6
7= = e ¢ | 0.08+0.04(stat) +0.00(syst) 0.0840.08 | 0.440.2(stat) £0.0(syst) 0.3£0.2
7™ > pw | 0.2940.08(stat) +£0.02(syst) 0.5540.28 | 1.2+£0.3(stat) +0.0(syst) 1.240.4
7= = e w | 0.73£0.15(stat) £0.00(syst) 0.34+0.24 | 1.7+0.3(stat) +0.0(syst) 1.54+0.5
77 — pu~ K* | 0.6140.09(stat) £0.03(syst) 0.914£0.47 | 2.240.3(stat) +0.1(syst) 2.640.7
7= = e~ K*0 | 0.504:0.10(stat) +0.01(syst) 0.71£0.38 | 3.24-0.6(stat) £0.0(syst) 1.240.4
77 = u” K* | 0.5240.06(stat) £0.00(syst) 0.5940.34 | 2.040.2(stat) +0.0(syst) 2.140.7
77 = e K*0 | 0.4840.08(stat) +0.01(syst) 0.39+0.23 | 1.84-0.3(stat) £0.0(syst) 1.4+0.5
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Figure A.1: The fitting results to the uV° control samples in the MC (left). The luminosity is
scaled to that of gq¢ MC (5720 fb~!). Projection to the Mo (middle) and AE (right). The
orange hatched regions in pu¢ and pK*C modes are blinded to avoid D* meson event peaks.
They are removed from the fitting and the plot of AF projection.
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Figure A.2: The fitting results to the eV? control samples in the MC (left). The luminosity is
scaled to that of gq¢ MC (5720 fb~!). Projection to the Mo (middle) and AE (right). The
orange hatched regions in e¢ and e/ *° modes are blinded to avoid D* meson event peaks. They
are removed from the fitting and the plot of AE projection.
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Figure A.3: The fitting results to the uV° sideband MC samples after the cut-base selection
(left). The luminosity is scaled to that of gg MC (5720 fb=1). Projection to the Mo (middle)
and AFE (right). The gray hatched regions are the blind regions. The orange hatched regions
in p¢ and pK*Y modes are blinded to avoid D* meson event peaks. The hatched regions are
removed from the fitting and the plot of AE projection. The blind regions are not included for
the fitting.
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Figure A.4: The fitting results to the eV? sideband MC samples after the cut-base selection
(left). The luminosity is scaled to that of gg MC (5720 fb=1). Projection to the Mo (middle)
and AFE (right). The gray hatched regions are the blind regions. The orange hatched regions
in e¢ and eK*° modes are blinded to avoid D* meson event peaks. The hatched regions are
removed from the fitting and the plot of AE projection. The blind regions are not included for
the fitting.
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Figure A.5: The fitting results to the uV? sideband MC samples after the BDT selection (left).
The luminosity is scaled to that of ¢qg MC (5720 tb=1). Projection to the Mo (middle) and AF
(right). The gray hatched regions are the blind regions. The orange hatched regions in p¢ and
K *9 modes are blinded to avoid D* meson event peaks. The hatched regions are removed from
the fitting and the plot of AFE projection. The blind regions are not included for the fitting.
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Figure A.6: The fitting results to the eV sideband MC samples after the BDT selection (left).
The luminosity is scaled to that of ¢qg MC (5720 tb=1). Projection to the Mo (middle) and AF
(right). The gray hatched regions are the blind regions. The orange hatched regions in e¢ and
e *0 modes are blinded to avoid D* meson event peaks. The hatched regions are removed from
the fitting and the plot of AFE projection. The blind regions are not included for the fitting.
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Appendix B

BDT training with MC control
samples

Here, I discuss an additional study about the Boosted Decision Tree (BDT) training in sec-
tion 4.4.2. The BDT performance basically improves as the number of training samples in-
creases. In section 4.4.2, the BDT is trained using the control samples in the data. To increase
the number of training samples, I add the control samples (section 4.4.1) in the background MC
to the BDT training.

The BDT training is done with 40% of the signal MC events as signal samples, and 80% of the
control samples in the data and background MC as background samples. The validation samples,
which have 10% of the signal MC events as signal samples and 20% of the control samples in the
data and background MC as background samples, are used for the AUC monitoring during the
training. If the AUC is not improved for 50 rounds of the training, I stop training and choose
the BDT with the best AUC score. The total wights of the control samples in the background
MC are scaled to match the number of the control samples in the data. The total weights of
the signal MC samples are scaled to match the sum of weights of the control samples in the
data and in the background MC. The input variables and the hyper-parameters for the BDT
are same as in section 4.4.2.

To compare the BDT performance with that in section 4.4.2, I calculate the AUC of the
validation samples except for the background MC (Figures B.1 and B.2). The BDT trained
with the data and background MC has better performance than the BDT in section 4.4.2. It
means that the BDT can be improved in the future Belle II experiment that has 50 times larger
integrated luminosity than the Belle experiment. Because this study is done after the unblind
of the 7 — ¢V? signal region, I do not apply this BDT for my final results.

Figures B.3 and B.4 shows the observed event distribution after the BDT selection trained
with the control samples in the data and background MC. The £¢ modes are not shown because
I do not set the BDT output lower limits in the BDT selection for them. Table B.1 shows the
number of background estimation and the number of observed events inside the signal region
using this BDT at the same signal efficiency in table 6.2. The upper limits of the 7 — ¢V°
branching fractions are calculated with the same systematic uncertainty on the expected number
of signal events in table 6.2. The observed upper limits are more dependent on the number of
observed events than on the expected number of background events. Whereas the expected Npg
is decrease about 6.5% by the BDT with additional training samples, the sum of the observed
events are same as my final results.
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Figure B.1: The BDT performance indicator (AUC of the validation samples in the data) on
each training stage (number of BDT tree) for the uV° modes. The filled blue circles are the
performance of the new BDT that is trained with the control samples both in the data and
background MC. The filled red circles are the performance of the BDT that is trained with
the control samples only in the data. The additional training samples in the background MC
improve the BDT performance. The training is stopped if there is no AUC improvement for 50
training stages.
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Figure B.2: The BDT performance indicator (AUC of the validation samples in the data) on
each training stage (number of BDT tree) for the eV? modes. The filled blue circles are the
performance of the new BDT that is trained with the control samples both in the data and
background MC. The filled red circles are the performance of the BDT that is trained with the
control samples only in the data. The additinal training samples in the background MC improve
the BDT performance. The training is stopped if there is no AUC improvement for 50 training

stages.
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Table B.1: Comparison of the BDT selection in section 4.4.2 (training with the data) and the BDT in
this section (training with the data and background MC). The expected number of background events
(NBg), the expected 90% C.L. upper limits (Bexp (107%)), the number of observed events in the signal
region (Nobs), and the observed 90% C.L. upper limits (Bops (1078)). The signal efficiency is same as in

table 6.2. The £¢ modes are not here because I do not set the BDT selection for them.

training with data training with data-+background MC
Mode Ngg Bexp Nobs  Bobs Nga Bexp Nobs  Bobs
7= = u p’ | 0.9540.20(stat) 2.3 0 1.7 | 0.98+0.21(stat) 2.4 0 1.7
7= = e p’ | 0.8040.27(stat) 2.1 1 2.2 | 0.404+0.18(stat) 1.8 1 2.4
77 = p w | 0.324+0.23(stat) 4.7 0 3.9 | 0.51+0.30(stat) 5.0 0 4.0
T S e w 0.744+0.43(stat) 3.2 0 2.4 | 0.74+0.43(stat) 3.2 0 2.4
77 = pu” K0 | 0.84+0.25(stat) 4.0 0 2.9 | 0.81+0.21(stat) 3.9 0 2.8
77 = e K*0 | 0.5440.21(stat) 2.4 0 1.9 | 0.54+0.20(stat) 2.4 1 2.8
7~ = u K*9 | 0.58+0.17(stat) 3.6 1 4.2 | 0.49+0.16(stat) 3.5 0 2.8
7= = e K0 | 0.2540.11(stat) 2.0 0 1.7 | 0.17£0.12(stat) 1.9 0 1.7
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Figure B.3: Observed event distributions in My 0—AFE plane after the BDT selection trained with the
control samples in the data and background MC. Black points are the data, blue squares show the signal
MC distribution with an arbitrary normalization. The red ellipse is the signal region. The estimation
of the number of background events is done using the data between the red horizontal lines except the
blind region.
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control samples in the data and background MC. Black points are the data, blue squares show the signal
MC distribution with an arbitrary normalization. The red ellipse is the signal region. The estimation
of the number of background events is done using the data between the red horizontal lines except the
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