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Abstract

In this study, we intend to estimate the statistical significance of B* — u"v when
various amounts of Belle II data are available in the future, assuming that the Standard
Model estimation of the branching fraction of Bt — u*v is correct. The Monte-Carlo
method is applied to generate a large amount of data samples to simulate the physics events
produced by e e collision on the center-of-mass energy of 10.58 GeV in the SuperKEKB
accelerator. These physics events include the ete™ — ¢g, the efe™ — 7777, and the
ete™ — Y(4S) — B°B°/B*B~ processes. The Belle I detector responses to these
physics events are also simulated. In this study, we use multivariate analysis to distin-
guish the BT — pTv events from the background events. We establish probability den-
sity functions for different physics processes and generate Asimov data sets. We then use
the profile likelihood function of the Asimov data sets to estimate the statistical signifi-
cance of BT — u"v when different amounts of Belle II data are available. According
to the estimation, we will need to collect more than 7 ab™! of data in order to surpass the

significance of 50 in order to claim the discovery of BT — u*v.
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1 Introduction

1.1 Standard Model

The Standard Model (SM) is a theory describing the properties of all known elemen-
tary particles and the interactions among them. Particles in the SM are classified into 3

categories: fermions, gauge bosons, and the Higgs bosons.

Gauge bosons are spin-1 particles that mediate the fundamental interactions. There
are four kinds of gauge bosons, including photons, eight types of gluons, W+ bosons, and
Z bosons. Photons serve as the mediators for electromagnetic interactions, W=*s and Zs
carry the weak interactions, and gluons mediate the strong interactions. The spin-0 Higgs
bosons play an important role in SM via the ”Higgs mechanism” to generate mass of all
the elementary particles except for photons and gluons. Fermions are spin-1/2 particles
and can be further classified into two types, quarks and leptons, depending on whether
the particles can interact via the strong interaction. Both quarks and leptons consist of
six types of particles and can be classified into three generations. All the particles can
interact via the weak interaction. Only quarks and gluons, which carry color charges, can
interact via the strong interaction. Particles carrying electric charges can interact via the

electromagnetic interaction.

The properties of all the elementary particles are summarized in Fig. 1.1

1 doi:10.6342/NTU202100639
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Figure 1.1: SM particles[ 1]

B mesons refer to two-quark states that consist of a b quark and another light quark.

These mesons are denoted as B°, BT, BY and B for db, ub, sb and cb states respectively.

The B mesons were first observed by the CLEO collaboration in 1983 at the Cornell

Electron Storage Ring[?]. The B mesons were reconstructed from B~ — D%, B —

D7~ nt, B — D**7~,and B~ — D**7 7~ decay channels. (It should be noted in the

first place that, throughout this thesis, when a certain particle is referred to, its anti-particle

is also taken into consideration even if it is not specified in the text. For example, when

the decay channel B~ — D°7~ is mentioned, it automatically implies that the conjugated

channel B* — D% is also accounted for.) The reconstructed B signal is shown in Fig.

1.2.

The B physics refers to the studies related to the properties of B mesons, including
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Figure 1.2: Reconstruction of B meson by CLEO collaboration, 1983[2]. A clear peak at the
nominal B and B~ mass at ~ 5.28 GeV is visible.

the branching fractions of B decays, CP violations in B decays, the B meson life time, and
the B® — B° mixing parameters. These studies are essential for determining the Cabibbo-
Kobayashi-Maskawa (CKM) quark flavor mixing matrix parameters, which explains the
phenomenon of CP violation. In addition, the measurements of rare B decays can serve

as powerful probes for lots of different new physics (NP) models beyond SM.

1.3 Introduction to the Belle II Experiment

The Belle I experiment aims to study the properties of B mesons, which are produced
by SuperKEKB, an e™e™ accelerator, located in the High Energy Accelerator Research
Organization (KEK) in Tsukuba, Japan. The Belle II detector is at the collision point of
SuperKEKB, where the T'(4.5) mesons are produced by colliding e*e™ pairs at the energy
of the T(4S5) resonance (10579.4 + 1.2 MeV). Each T (45) meson will further decay to

either a BYB~ or a B°BC pair, each with approximately 50% of branching fraction. The

3 doi:10.6342/NTU202100639



Belle II detector is used to detect the final states of the decay products of B mesons.

The predecessor of the Belle II experiment, the Belle experiment, has collected 771
million BB pairs, corresponding to 711 tb~! of integrated luminosity on the Y(4.5) res-

25~ which was

onance. It has reached the instantaneous luminosity of 2.11 x 103! cm~
a world record. The Belle I Experiment, with an upgraded accelerator, is expected to
reach 40 times higher instantaneous luminosity and collect 50 times more data than the
Belle experiment. As a result, new physics can be probed by studying the decay channels
of B mesons with a higher sensitivity. The above mentioned possibilities of new physics
include but are not limited to possible new CP sources in b — sqq transition (including
B — ¢K3%, B — n'K2 and B — K2K2K? decays), charged Higgs in 2 Higgs doublet
models (2HDM) mediating the purely leptonic B — ur and B — 7v decays, and new
physics effects occurring in the loop diagram of b — sy and b — dvy (B — X,y and
B — X4v) processes[ | 2]. The Belle II experiment can also crosscheck some of the 5 de-
cay anomalies emerged from the experimental results of other B-factories such as BaBar
and LHCb, for example, the measurement of R(D) and R(D*) which deviated from the
SM value. Being able to trigger high energy single photon in the barrel region of its elec-
tromagnetic calorimeter, the Belle II experiment is also dedicated to dark sector search

where the event topology is expected to contain a single high energy photon, for example,

ete” — yAT13].

1.4 SuberKEKB Accelerator

The content of this section is based on Ref. [14].

SuperKEKB is a circular e™e~ double-ring accelerator in KEK, Tsukuba. The en-

4 doi:10.6342/NTU202100639



ergy of the electron beam in the High Energy Ring (HER) is 7 GeV and the energy of the
positron beam in the Low Energy Ring (LER) is 4 GeV. Fig. 1.3 shows the schematic
view of SuperKEKB. Four experimental buildings, the Tsukuba Hall, the Fuji Hall, the
Oho Hall, and the Nikko Hall, are located at the middle of the four straight sections, re-
spectively. The total circumference is 3016 m. The Belle II detector is located at the one
and only e*e™ interaction point of SuperKEKB in the underground fourth level of the

Tsukuba Hall.

SuperKEKB is upgraded from the old KEKB accelerator. The SuperKEKB acceler-
ator is designed to reach an instantaneous luminosity of 8 x 103> cm™2s~!, 40 times higher
than the luminosity of KEKB. In order to increase the luminosity, a ’nano beam scheme”
is adopted, in which a large crossing angle (83 mrad) is used, and the final-focusing mag-
nets are placed very close to the Interaction Point (IP) so that the beam size is squeezed to
nano-meter scale. Compared to the KEKB accelerator, the beam current is also increased
(26 Ato 3.6 Afor LERand 1.1 A to 2.6 A for HER). The first collision of SuperKEKB is
produced on April 26, 2018. On June 15, 2020, SuperKEKB has reached an instantaneous

luminosity of 2.22 x 10** cm~2s~!, setting a new world record.

5 doi:10.6342/NTU202100639
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Figure 1.3: Schematic view of SuperKEKB[3]
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Ring LER HER Unit
Beam energy E 4 7.007 GeV
Circumference C 3016.315 m
Half crossing angle 0 41.5 mrad
Piwinski angle b Piw 24.6 19.3 rad
Horizontal emittance €x 3.2(1.9) 4.6(4.4) nm
Vertical emittance €y 8.64 11.5 pm
Coupling 0.27 0.28 %
Beta function at IP By/B;  32/0.27 25/0.30 mm
Horizontal beam size lop 10.1 10.7 pm
Vertical beam size oy 48 62 nm
Horizontal betatron tune Vg 44.530 45.530

Vertical betatron tune vy 46.570 43.570
Momentum compaction ap 3.25 4.55 1074
Energy Spread o 8.14(7.96) 6.49(6.34) 10~*
Beam current 1 3.60 2.60 A
Number of bunches g 2500

Particles/bunch N 9.04 6.53 10%0
Energy loss/turn Uy 1.87 2.45 MeV
Long damping time Ty 21.6 29.0 ms
RF frequency frE 508.9 MHz
Total cavity voltage V. 9.4 15.0 MV
Total veam power P, 8.33 7.5 MW
Synchrotron tune Vg —0.0427 —0.0280

Bunch length o 6.0(5.0) 5.0(4.9) mm
Beam-beam parameter &:/& 0.0028/0.088 0.0012/0.081

Table 1.1: Machine parameters of SuperKEKB. Inside the parentheses are values without intra-

beam scattering[ 8]

doi:10.6342/NTU202100639



Belle Il Detector

KL and muon detector:
Resistive Plate Counter (barrel)

m— IM Stintillator + WLSF + MPPC {end-caps)

EM Calorimeter:
Csl(Tl), waveform sampli
Pure Csl + waveform sa

R (% __Iﬁ [ﬂentlﬂcallon

— ! . -of-Propagation counter {barrel]
electron (7GeV) using Aerogel RICH (fud)
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET + 4 |

S
*?g -I:.%’} /g
4

{/ _

positron {(4GeV)

Central Drift Ch a‘%
He(50%):C:Ha(50%), Small ce
lever arm, fast electronics

Figure 1.4: Schematic view of the Belle II detector[4]

1.5 Belle II Detector

The materials, the tables, and the plots presented in this section, if not specifically

noted, are all from Ref. [15] and Ref. [5].

Fig. 1.4 shows the schematic view of the Belle II detector. The Belle II detector
consists of several sub-detectors. These sub-detectors are responsible for particle identi-
fication, tracking, and energy measurement. It also consists of a trigger system to veto

backgrounds and to decide which events should be recorded.
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Figure 1.5: A DEPFET sensor[5] Figure 1.6:  Schematic view of
PXD[5]

1.5.1 Tracking System

The tracking system is used to detect the charged particles and determine the vertex
positions of decay processes. It includes three sub-detectors: PXD, SVD, and CDC. The
charged particles leave hits in these sub-detectors due to various physics processes. By
connecting these hits, the tracks of the charged particles can be reconstructed. A magnetic
field of around 1.5 T parallel to the beam pipe is applied to the sub-detectors, bending the
trajectories of the charged particles by Lorentz force. By knowing the helix parameters of

the curved trajectories, we can calculate the four-momentum of the particles.

1.5.1.1 Pixel Detector (PXD)

PXD is a two-layer cylindrical detector with the radii being 14 mm and 22 mm. It
consists of 8 planar silicon substrates for the inner layer and 12 for the outer layer. The
DEPIleted Field EffecT (DEPFET) pixels array (see Fig. 1.6) mounted on the detector
is responsible for detecting the charged particles. Each pixel consists of a FET mounted
on the fully-depleted silicon substrate. An electric potential minimum is formed in the

silicon substrate due to ’sideward depletion”. The potential minimum is called an ”Internal
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Gate”. When a charged particle passes by, electron-hole pairs are generated in the silicon
substrate. By flowing to the potential minimum, the electrons modulate the current that

goes through the FET, resulting in a hit on the detector.

1.5.1.2 Silicon Vertex Detector (SVD)

SVD consists of four layers of Double-Sided Silicon Detectors (DSSD)[16]. These
rectangular shaped silicon sensors are arranged in a windmill structure (Fig. 1.7) sur-

rounding the beam pipe and the inner PXD detector.

To increase the acceptance in the forward region to account for the boost of the center-

of-mass (CM) frame, the sensors in the forward region are slanted (see Fig. 1.8).

The sensors are ”double-sided”: facing toward the beam pipe is the p-side of the
sensors with long strips parallel to the z axis, while the n-side of the sensors with short
strips along the ¢ direction faces toward outside. When a charged particle passes by,
electron-hole pairs are generated in the silicon sensors. The high voltage and the magnetic
field applied on the sensors will determine the direction of the drifting carriers: the holes
will drift to the p-side and the electrons will drift to the n-side, resulting in a hit. The
drifting electrons and holes will both spread along the ¢ direction because of the Lorentz
force. Due to higher mobility of the electrons, there will be a larger spread for the drifting
electrons than the holes. Thus, the sensor plane is tilted to reduce the difference in the

extent of spread. (see Fig. 1.9).
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Figure 1.7: Windmill structure of the SVD[5]
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right-hand-side, the sensor is tilted to minimize the overall charge spread.[5]
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Figure 6.2: Main structure of the CDC.

Figure 1.10: Overview of the structure of CDC[5]

1.5.1.3 Central Drift Chamber (CDC)

CDC is a cylindrical detector filled with He-C,Hg gas. Two kinds of wires, the sense
wires and the field wires, are alternatively placed in the detector, forming a wire array.
The He-C,Hg gas is ionized when high energy charged particles pass by. The electrons
from ionization are driven by the electric field between the nearby ground-level field wire
and the high-voltage sense wire. They are then collected by the sense wire, which creates
hits. In CDC, there are 32 layers of axial wires and 24 layers of stereo wires. The axial
wires are parallel to the beam pipe when the stereo wires are tilted in order to measure the

z position of the charged tracks.
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Figure 1.11: Wire configuration of CDC[5]

1.5.2 Particle Identification (PID) System

The sub-detectors in the PID system are mainly responsible for distinguishing K+
from 7. These two particles behave similarly (both of them are charged particle and has

a high possibility to decay into ;") but have different masses.

1.5.2.1 Time of Propagation Detector (TOP))

The TOP detector accounts for the particle identification in the barrel region of the
Belle II detector. It consists of sixteen modules surrounding the beam pipe cylindrically.
Each module is composed by two quartz (silica) bars each sized at 125 x 45 x 2 cm, a
focusing mirror at the forward end of the bars, and an array of Micro-Channel-Plate Pho-
toMultiplier Tubes (MCP-PMT) glued to a prism at the backward end[6]. The quartz bars
serve as Cherenkov light radiators while charged particles pass through the module. The
Cherenkov light generated in the bars will experience total inflection. The total inflected
light will eventually reach the end of the bar and then be reflected by the focusing mirror.
The reflected light will then be focused on MCP-PMT. The sketch of the TOP module
and the operational principle of the module are shown in Fig. 1.12. By measuring the

Cherenkov angle 6., we can determine the speed of the particle by the following formula:
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cos(0.) = c¢/nv (1.1)

,where c is the speed of light in vacuum, 7 is the refractive index in the quartz bar and v
is the speed of the particle. Then, by the relation between the relativistic momentum, the

speed, and the mass,

p = ymuv (1.2)

, we can determine the type of the particle.

Bar/mirror width
450 mm

Prism length P

100
mm Length 2600 mm

2x1250mm+100mm
X,

/ Thickness 20mm

Prism width 456 mm ]

MCPPMT width 444 mm ™ pric height 51mm

quartz radiator / /

Cherenkov angle 0c

oot
W

/ photon detectors
charged particle

Figure 1.12: Up: sketch of the TOP module[6], down: Operational principle of the module[5]
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Figure 1.13: Structure of TOP mounted on CDC[5]
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1.5.2.2 Aerogel Ring-Imaging Cherenkov Detector (ARICH)

The ARICH detector is responsible for the particle identification at the forward end-

cap of the Belle II detector. The detector consists of two layers of aerogel tiles where

the Cherenkov light is produced by the passing charged particles, an expansion volume

where the Cherenkov ring is formed, and an array of Hybrid Avalanche Photo-Detectors

(HAPD) which can detect the position of the Cherenkov photon and reconstruct the ring

image. The type of the passing particle will be determined by the size of the ring image.

ny

Nz

Ny<ns

/N

Figure 1.14: Conceptual view of the two layers of aerogel and the photon detectors[5]

Figure 1.15: The structure of ARICH[5]
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Figure 1.16: The structure of ECL

1.5.3 Electromagnetic Calorimeter (ECL)

Measurement of photon energy and identification of electrons are conducted by ECL.
The detector contains 6624 CSI(TI) scintillator crystals in the barrel region and 2112 pure
CSI crystals in the endcap region. At an energy scale above 10 MeV, the electron inter-
action within materials is dominated by bremsstrahlung, where an electron splits into a
photon and a lower energy electron. On the other hand, at such an energy scale, the in-
teraction between photons and materials is dominated by pair production, where an e*e™
pair is produced. Within the CSI crystals that are high Z and low in radiation length, the
electrons and photons passing by will shower into multiple low energy particles. Once
the energy of the showered electrons are below the critical energy, 10 MeV, where ion-
ization effect dominates, the ionization of the material will cause the scintillator crystals
to illuminate. The photons produced by the luminescence of the scintillator crystals will
be recorded by the two Hamamatsu S2744- 08 photodiodes mounted at the rear of each

crystal, and then the deposit energy of the shower will be measured.
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1.5.4 K" and ;" Detector (KLM)

The KLM detector is responsible for detecting 1 *'s and neutral hadrons (for example,
K7?5). 1t consists of alternating active detectors and iron plates layers. The iron plates have
two functions: they provide 3.9 or more interaction lengths that allow hadrons to shower
in it and at the same time serve to return the magnetic field back to the magnet. In the
barrel region (BKLM), the glass-electrode Resistive Plate Chambers (RPC) are used for
active detection. In the design of RPC, a high voltage is applied between two parallel glass-
sheet electrodes. When the gas between the glass electrodes is ionized by charged particles
passing by (either p*s or products of hadronic showers), the high voltage accelerates the
electrons and ions produced by the ionization, causing an avalanche. The signal of the

avalanche is then read out by two strips located on each side of RPC.

In the endcap region (EKLM), due to the high background rates, scintillator based
detectors are used instead of RPC. Readout is done with silicon photomultiplier (SiPM)

working in the Geiger mode.
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1.5.5 Trigger

Due to the high level of beam induced background and the large cross section of ete™
interaction that does not produce Y(4S), such as Bhabha and two-photon background
events, a well-performed trigger system is needed in order to veto these background events
with low multiplicity (with fewer tracks and clusters than the T (4.5)/continuum events)
and to select the events that we are interested in. We list several processes with their
trigger rates and cross sections at the Belle Il nominal luminosity of 8 x 10%* em™2s~! in
Table 1.2. Unlike the BB events, the Bhabha and the two-photon events are not physics
processes that we are interested in. However, they are essential for the measurement of

integrated luminosity. Instead of being directly vetoed, the trigger rate of these events are

pre-scaled down by a factor of more than 100 to reduce the data size.

The trigger system consists of 4 sub-detector triggers and one Global Decision Logic
(GDL). The four sub-detectors that participate in the trigger system are: CDC, TOP, ECL
and KLM. CDC provides track finding results, ECL provides information of deposit en-
ergy and clusters, TOP provides timing information, and KLM provides information of

muons. The information of the sub-detector triggers will be passed to GDL, and then

Physics process Cross section (nb) Rate (Hz)
Y(4S) — BB 1.2 960
Hadron production from continuum 2.8 2200
wrp 0.8 640
TrrT 0.8 640
Bhabha (6}, > 17°) 44 350@
¥y (Brap > 17°) 2.4 19@
2 processes (fjap, > 17°,p > 0.1 GeV) ~ 80 ~ 15000
Total ~ 130 ~ 20000

@ rate is pre-scaled by a factor of 1/100
Table 1.2: The total cross sections and trigger rates of various physics processes at L = 8 x 1035
cm 25! at the energy of Y (45) resonance[5]
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GDL will make the final decision whether the event is triggered or not. For example, an
event must consist of more than 3 tracks in CDC and 4 isolated ECL clusters and must
have deposit energy larger than 1.0 GeV in ECL to be triggered by GDL as an Y (45)/

continuum-like event.

1.6 Final State Particles Reconstruction and Identifica-

tion in Belle 11

In this section, the procedure to reconstruct and identify individual particles by the

information from the readout of the sub-detectors is described.

1.6.1 Charged Particle Reconstruction

The content of this sub-section is based on Ref. [17].

The four momentum of a charged particle is reconstructed by performing a track fit
combining the hits and the clusters information in PXD, SVD and CDC. Tracks that come
from the vicinity of IP are identified by the CDC global track finding algorithm, while the
short tracks and tracks that are distant from IP are identified by the CDC local track finding
algorithm. Low momentum tracks with high curvature are reconstructed by the standalone
SVD track finder. The CDC track finding results are combined with the information of

PXD and SVD. They are then fitted with K+, 77, and p* hypotheses in the final stage.
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1.6.2 Charged Particle Identification

Identification of charged particles is done by combining the information from the

sub-detectors. These information includes:

* dE/dx: dE/dx is defined as the energy loss per distance. According to the Bethe
formula, the mean energy loss per distance in the tracking system depends on the
particle velocity S. Different particles with the same momentum would have differ-
ent velocity and therefore different dE/dx. The value of dE/dx is useful especially
for identifying low energy particles which are not motive enough to leave the track-

ing system and to leave hits or clusters in farther sub-detectors.

 Cherenkov light in TOP and ARICH: In order to separate K s from 7*s that
are hard to be distinguished by the tracking system, the ECL, or the KLM, the
Cherenkov light angles of these charged particles measured in TOP and ARICH
are used for particle identification. The angles follow Eq. 1.1, which is useful to

identify particles with known momentums and different masses.

* Shower pattern in ECL: All charged particles shower and decelerate in ECL. How-
ever, only the electrons lose all of their energy and are stopped in ECL. This is
because the bremsstrahlung effect, dominating the process of shower, is inversely
proportional to the mass of the particle (see page 18 of Ref. [18]). The mass of an
electron is much smaller than the mass of other charged final-state particles decay-
ing from B. Therefore, electrons are the only particles of which the energy loss is
dominated by bremsstrahlung and that can be stopped by ECL. The difference of
the shower pattern between electrons and other charged particles can be used for

electron identification.
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* Hits pattern in KLM: The ;s and the long lived charged hadrons have different
scattering pattern in the KLM detector. Thus these particles can be distinguish using

the information of KLM.

1.6.2.1 Matching Between ECL (KLM) and CDC

In the ECL (KLM), charged and neutral particles can both produce cluster signals.
To know whether the clusters are produced by charged or neutral particles, trajectories of
charged particles are extrapolated to ECL (KLM) to see if any of the clusters in the ECL

(KLM) can be matched with these tracks.

1.6.3 Global PID of Charged Particles

From the information extracted from the sub-detectors, each charged track is given

six particle likelihood values for the six types of charged final states:

Liy= I &O (1.3)

j={subdetectors}
, where j runs through all the sub-detectors and i is one of the six mass hypotheses: (e*,
pt, 7wt Kt pt, dT). The global PIDs for the six hypotheses are defined as below:

L(i)

i-ID = ;
Zi’i@ﬂu*m*,f{ﬂpﬂcﬁ L(ll)

(1.4)

. The values of the global PIDs of each charged track are used for determining the particle
types. For example, if a track has a high 7-ID, it means that the track is more likely to be

a " than other types of particles.
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1.6.4 Photon Identification

An ECL cluster is identified to be ’neutral” if the cluster is not matched with any track
in the tracking system. These ECL neutral clusters are identified as photon candidates. The

photon momentum can be calculated from the deposit energy in ECL.

1.6.5 K Identification

Neutral KLM clusters which are not matched with any track are identified as K°
candidates. We should note that KLM is not able to measure the energy and momentum

of KU.

1.7 Reconstruction of Intermediate States and the B Me-

son in Belle 11

In a typical measurement of the branching fraction of a certain B decay mode, the
four-momentum of the final states is added up in order to reconstruct the intermediate
states (like D°, which can decays to kaons and pions) and the B meson. For the recon-
structed B meson, the beam-constrained mass (M) and the energy difference (A FE) can

be defined:

Mie = \/ (Bten/2)* = (0°)? (15)

AE=FE" — (E;eam/Z) (16)
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, Where E

beam

is the beam energy in the CM frame, p* is the reconstructed CM-frame mo-
mentum of the B meson, and E* is the reconstructed CM-frame energy of the B meson.
According to momentum conservation, the energy of the B meson should be equal to half
of the eTe™ total energy in the CM frame. Thus, for a correctly reconstructed B meson,
M, should equals to the nominal B mass, and AFE should be zero. M,. and AFE are
the most commonly used variables to identify the signal for B decay analyses that does
not consist of missing particles like neutrinos. For decay modes that consist of neutri-
nos, which cannot be detected by the Belle II detector, other variables like momentum of
final state particles or methods like the Full Event Interpretation (FEI)[19] are used for

identifying the signal.
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2 Motivation

It is an important task to measure the B* — [*v branching fractions in Belle II since
these channels are relatively precise in theoretical predictions and feasible for probing new

physics beyond SM.

The SM prediction for the B* — [T, branching fraction is:

Gimpm; m; 2
B (B+ — l+Vl) = 8—7'(‘ — m_% f% |Vub| B (21)

, where GF is the Fermi coupling constant, mpz and m; stand for the mass of the B meson
and the mass of the final-state lepton respectively, [ is the decay constant, V,,; is one of

the CKM matrix element, and 75 is the lifetime of the B meson.

The Feynman diagram of the SM tree-level BT — [*y; is illustrated in Fig 2.1:

b Wt 1t

U v

Figure 2.1: Feynman diagram of the tree-level BT — [Ty

The theoretical branching fractions for the three BT — ("1, modes are listed in
Table 2.1. The branching fractions of the ;v and e*v, modes are much smaller than

that of the 7", mode due to the helicity suppression. However, the 71, mode suffers
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mode B(BT —1ty)

BT — ttu, (9.59 £1.28) x 107
BT = uty, (4.31 +£0.57) x 1077
Bt = ety (1.01 £0.13) x 10~ 11

Table 2.1: B(B* — I*v,) theoretical branching fractions. The uncertainty are mainly from the
CKM matrix element V,;; and the decay constant fp. For V,,; we used the average of the
inclusive and exclusive results, and for fp we use the average of LQCD simulations of 2+1 and
2+1+1 dynamical quark flavors. The values of the parameters for calculation of the branching
fractions are mostly from Ref. [9]

from multi-neutrinos in the final state and has to be identified by tagging the accompany-
ing B meson, hadronically or semileptonically, resulting a low identification efficiency
(O(107?)). Compared to the 7", mode, the v, and e v, modes are much “cleaner”,
with large missing energy and a high-momentum charged track in the final states, en-
abling signal identification with untagged method. While the expected branching fraction
of BT — et is too small to be measured even in Belle II, a measurement with 2.8 sigma
significance for Bt — p*v has been reported by the Belle collaboration using 772 mil-
lion BB pairs[20]. If what Belle reports is not due to the upper fluctuation, we expect to

observe the decay B™ — utv using a sample of 6 ab=![21].

New physics (NP) may contribute to the decay BT — [t and deviate the corre-
sponding branching fractions predicted by SM. It was shown that in the type II of the Two
Higgs Doublet Model (2HDM-II), the W boson can be replaced with a charged Higgs
H™[22], and the branching fractions of B™ — 7vand B — p"v can be both enhanced
with the ratio between them unchanged. Further more, in a general 2HDM (for example,
G2HDM), which allows extra Yukawa Couplings, the ratio between B (B* — 77v) and
B (Bt — p"v) might deviate from SM[23]. Other supposed new physics particles, such

as the Sy leptoquark[24], might also change the prediction of BY — p*vand BT — 77 v.

In this work, we use a large amount of simulated data sample to estimate the amount
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of data needed in the future for the discovery of B — ptv in Belle I1. We also provide

side-band plots to compare the simulated sample and the collected data.
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3 Data Samples

3.1 Monte-Carlo Samples

Simulated data samples that are generated by Monte-Carlo (MC) include the signal
samples (B" — p ") and the background samples (other B decay channels or other e*e™

interactions which do not produce Y'(4.5)). The generated samples are listed here:

Signal samples:

« BT — ptwv: The samples are generated using the EvtGen[25] package. First, a
B*B~ pair will be generated by EvtGen. Then, one of the B meson, denoted as the
’signal B”, will decay to 1" v, and the other B, denoted as the ”companion B”, will
decay into some certain final state other than ;1 "v. The probability for a B meson
to decay into a certain final state is based on its branching fraction. Thousands of
B decay channels are available in the EvtGen of Belle II. These channels include
but not limit to b — ¢ transition, b — w transition with hadronic final states, and
B — X,v. The available channels with their branching fractions are listed in the
Belle II Decay Table. The decay of the "companion B” in the EvtGen must follow
the channels and the branching fractions listed in the Belle II Decay Table. One

should note that Bt — p*v is NOT in the Decay Table.
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sample statistics

BT — utv 1230 ab~ ! (6 x 10° events)
Bt — X,lv 10.0 ab~!

B — X, lv 11.4 ab~!

Other BB 1ab™!

ete™ — wm, dd, s5 and cé lab~!

ete” — 77— 1ab™!

Table 3.1: MC statistics

Background samples:

+ Generic BB: The samples are generated using the EvtGen package. In each colli-
sion event, either a BTB~ or a BB pair is generated. The decay of each of the B
mesons will follow a certain channel written in the Belle II Decay Table according

to its branching fraction.

* B — X,lv: The samples are generated using the EvtGen package, with one of
the B meson decays to X, /v and the other decays into some final state written in

the Belle II Decay Table according to its branching fraction.

« ete”™ — wmw, dd, s5 or cé: These samples are generated by the KKMC genera-
tor[26]. In most of the time, the collision of e™e~ will not produce Y (45) that can
decays to BB. In the ete™ — @, dd, s5 or cC case, a pair of quarks is directly
produced by the eTe™ collision. The fragmentation process of the quark is simu-
lated by PYTHIAS and the decays of the fragmentation products are simulated by

EvtGen.

» ete™ — 7T717: These samples are generated by the KKMC generator. In this
case a 77~ pair is produced by the eTe™ collision. The ete™ — 777~ and the

ete™ — um, dd, s5 or cc samples are collectively called “continuum background”

The statistics of each MC simulated data sets are listed in Table. 3.1. In each collision
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event, simulated beam induced background is overlaid on the simulated data samples. The
beam induced background along with the MC particles from the simulated data samples
will be together detected by a virtual Belle II detector with its geometry simulated by
the Geant4 software. After reconstruction of tracks and clusters is conducted, the tracks,
clusters, PID likelihood, and the corresponding generator-level MC particles of the tracks

and the clusters will be stored into mini data summary tape (mDST) format.

3.2 B — X,lv MC Samples and the Hybrid Model

The B — X, lv (or b — ulv in the quark level) processes, where X, denotes a uu or a
ud system, is the dominant background of the study of Bt — . Therefore, they need to
be treated carefully. The inclusive B — X, [v and the resonant B — 7, p, 1, 7', wlv sam-
ples are generated separately. The inclusive samples are generated using the BLNP[27] de-
cay model. For resonant samples, 7, p and wlv are generated using the Bourrely-Caprini-

Lellouch (BCL) model[28], while 1 and n/lv are generated using the ISGW2 model.

In order to prevent double counting the resonant part, the inclusive MC samples were
reweighted before being combined with the resonant MC samples. All the MC samples

are binned on (¢%,EP,mx) as follows:

my 1 [0.,1.4,1.6,1.8,2.,2.5,3.,3.5],
EF :[0.,0.5,1.,1.25,1.5,1.75,2.,2.25,3.],

¢ :[0.,2.5,5.,7.5,10.,12.5, 15., 20., 25.]

The decision of binning is based on the fact that in each bin the inclusive decay can be
well described by the decay model. In each bin, the inclusive MC samples are reweighted
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and combined with the resonant MC samples. The weight of the inclusive MC samples in

each bin is calculated by:

(3.1)

, where R; is the expected number of events from the resonant decay and /; is the expected
total number of events predicted by the standalone inclusive decay model in the i bin.

Finally, the Hybrid Model for B — X, [v is created by:

H=wI+R (3.2)

, where H, I and R are the hybrid, inclusive and resonant models, and w is the weight.

3.3 Real Data Samples

34.58 ab~! of real collision data collected by Belle II during 2019 and the first half

of 2020 is used to compare with the MC samples.
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4 Analysis Strategy and Event Selection

4.1 Analysis Strategy

BT — ptvis a two-body decay channel, with a high momentum p* and a missing
v. Due to the rareness of high momentum leptons in the BB events, a powerful skim can
be applied to suppress most of the generic BB background (described in Sec. 4.2.1). The
(¢ momentum of B — y*v in the B rest frame, denoted as p 7, can be calculated from

momentum conservation,

m2 — m2
pP=—L 1 _2639Gev (4.1)
l 2mB

, where mp and m,, are the masses of BT and p* respectively. However, pf cannot be
directly measured by the tracking system. What can be directly measured is the CM-frame
momentum p;,, which is a flat distribution between 2.45 and 2.85 GeV (see Fig. 4.1a). In
this analysis, the CM-frame momentum is boosted back to the B rest frame by recon-
structing the companion B from the Rest Of Event (ROE). After the boosting procedure,
the shape of the resulting pff , peaking at 2.639 GeV, can be employed to discriminate the

signal and the background and to extract the signal yield (see Fig. 4.1b).
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4.2 Event Selection

4.2.1 Skim

Due to the unique kinematic feature of BY — p v mentioned in Sec. 4.1, aLeptonicUntagged
skim is applied to select the high momentum lepton candidates, resulting in a background
reduction rate of around 97% ~ 98%. In the LeptonicUntagged skim, we require that
in each event at least one charged particle pass the following criteria:
* u-ID > 0.50re-ID > 0.5
e p; >2.0GeV
The charged particles that pass the above criteria are selected as the signal lepton candi-

dates of Bt — putv.

To suppress the low multiplicity and the Bhabha events, we also require the number

of tracks in each event to be more than two.
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particle type cut

charged particles p* < 3.2GeV
Nepcnis > 0
dop < 10 cm and |zp| < 10
cm

ECL clusters p > 0.05 GeV and p* < 3.2
GeV

KLM clusters No selection

Table 4.1: ROE selection

4.2.2 Rest of Event

For each signal lepton candidate, we exclude the candidate itself and define a rest of
event (ROE) object as the remaining charged tracks, ECL clusters and KLLM clusters in
an event that pass the selection criteria in Table 4.1. The ECL and KLM clusters in the
ROE are respectively identified as photons and Ks in default. The charged particles in
the ROE are identified and classified using the following criteria:
if p-ID > 0.5 and isFromIP and isGoodTrack:
muon;

else if e-ID > 0.5 and isFromIP and isGoodTrack:
electron;

else if p-ID > 0.5 and isFromIP and isGoodTrack:
proton;

else if K-ID > 0.5 and isFromIP and isGoodTrack:
kaon;

else:
pion;

The definition of isFromIP and isGoodTrack is summarized in Table 4.2.
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variable cut

isFromIP dp < 0.5 cmand |zp| < 2 cm
isGoodTrack Ncpcnits > 20 and isinCDCAcceptance

Table 4.2: Definition of isFromIP and isGoodTrack

4.2.2.1 Derivation of p’

In each event, if the lepton candidate we selected is really the signal ;1™ from BT —
p" v, then, ideally, we can assume that all the tracks and the clusters in the ROE form
the companion B meson. According to momentum conservation, The direction of the
CM-frame momentum of the companion B should be opposite to the direction of the CM-
frame momentum of the signal B. That is to say, we can know the direction of the signal

B momentum by the formula

Ak ok _ ~x
Proe = pB,companion - _pB,signal (42)

. The magnitude of the signal B momentum is set to { ﬁ”‘é’signal‘ = 0.332 GeV, which is

calculated by employing the momentum conservation condition,

E*
1P| = \/(—b;m)2 —m% = 0.332 GeV (4.3)
, where E..  is the CM-frame beam energy and m g is the nominal mass of B*. Once the

direction and the magnitude of the signal BT momentum is known, we can boost p;, back

to pf by Lorentz Transformation (see Fig. 4.1a and Fig. 4.1b).

4.2.3 Pre-Selection

After the skim, more stringent selection criteria are applied on the Bt — p*v can-

didates:
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* p-ID> 0.95:
A stringent u-ID cut is set to reject fake 77s that are mostly from the continuum

background.

* dyp < 0.5 cm and |2zp| < 2 cm:
dy and zp are the transverse distance and the z coordinate of the point of closest
approach of the tracks with respect to IP. The selections on dj and 2, ensure that the

tracks come from IP.

- 2.2 < pf < 3.3GeV:

The CM-frame ™ momentum is limited in the region between 2.2 and 3.3 GeV.

N Tracks,highP —— 1:
We require that there is only one high momentum track within each event. The high
momentum tracks are defined to be tracks with p* > 2.2 GeV, dy < 10 cm and

|z0] < 10 cm.

« MROE > 5.1 GeV:

The MROE is defined by \/ (Ep,,../2)° — (p*ROE)?, where E

beam

is the CM-frame

beam energy and p*ROF is the total CM-frame momentum of the ROE.

+ —2 < AEROE < 2 GeV:
The AERCE is defined by E*ROF — ( Eyeam+ /2), where E*ROE is the total CM-frame

energy of the ROE.

4.2.4 Continuum Suppression

On the one hand, because the B mesons are spin-0 particles having low momentum

(=~ 0.3 GeV), the event shape of BB events is spherical. On the other hand, because the
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momentum of the ¢ and the 7" from the ete™ — ¢g, 717~ interactions are high, the event

shape is more jet-like (see Fig. 4.2). Because of the difference of the event shape between

Figure 4.2: Spherical-like BB events and jet-like continuum events[7]

the BB events and the continuum events, we can use some “’shape variables”, including
KSFW, R2, Thrust and etc., to distinguish the BB events from the continuum events.
In addition, the distributions of the dilution factor of the flavor tagging result (described
below) differ between the BB events and the continuum events. Therefore, the variable
can also be used to distinguish continuum from BB. We use the default MVA package
of Belle 11, the FastBDT[29], to train the signal against the continuum background. The

variables used in the FastBDT are:

* Cleo Cones:
The Cleo Cones variables are the momentum sums in every 10 degrees of the polar
angle, where the momentum direction of the signal i is defined as the zero degree
of the polar angle. The ™ momentum is not included in the momentum sums.
Otherwise, the momentum sum in the cone containing the signal ;™ would have

large correlation with p7.

« KSFW moments:

The KSFW moments are several variables describing the event shape. See Ch. 9 of
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Ref. [30] for details.

R2:
Sulpr| [y | P2 (cos(6))

Xiglwt| |77

R2 is defined by , where P; is the second-order Legendre poly-

nomial and 1, j iterate over all the particles in both the signal and the ROE side.

ThrustO:

ThrustO is the magnitude of the thrust axis of ROE. the thrust axis is defined to be

the axis 77 that maximize 7'(77) = %'fﬁ‘ , where i iterates over all the particles in
ROE.
CosTBTO:

CosTBTO is the cosine of the angle between the thrust axis of the signal B (in this

case it is the momentum direction of the signal p*) and the thrust axis of ROE.

CosTBz:
CosTBz is the cosine of the angle between the thrust axis of the signal B (in this

case it is the momentum direction of the signal x*) and the beam axis.

qu X qToutt

(7o is defined as the flavor tagging result ¢ (1 for B+ or BY, and -1 for B~ or B°)
multiplied by the dilution factor r. The flavor tagger is a MVA based algorithm that
is originally used for tagging the flavor type of the companion B meson (distin-
guishing B° from B) in analyses relative to time dependent CP violation of the B
meson. Interestingly, it was found that the dilution factor of the flavor tagging result
is a useful variable for continuum suppression. For continuum events, the dilution
factor r should be close to zero. As for signal events, it should be close to 1. On

the one hand, for a perfectly-tagged signal event, the charge of the signal muon, ¢,
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multiplied by grq, should equals to -1. On the other hand, for a continuum event,

qu X qrou should be close to zero.

The distribution of the continuum suppression variables are shown in Appendix C.1

4.2.5 B — X,lv Suppression

The B — X,lv decay channels are the second largest background in this analysis,
preceded only by the continuum background. In order to suppress the B — X, /v back-
ground, we inclusively reconstruct several B — X, /v channels and veto the events with
a high b — wlv probability”. The detailed procedure of the suppression is described

below.

4.2.5.1 Reconstruction

The reconstructed B — X, [v channels are listed in Table 4.3. We apply the same
algorithm used in the Full Event Interpretation (FEI) [19] to reconstruct and select 7 s and
7%, except that we do not reconstruct photon conversion (y — e*e™) in the procedure
of ¥ reconstruction. The same p* candidates for BY — pTv are selected as the lepton

candidates for B — X,lv. At this stage, we allow multiple B — X,[lv candidates to

coexist in each event.

4.2.5.2 B — X,lv MVA

For each of the 11 reconstructed B — X, lv channels, we train a FastBDT to distin-
guish the MC true B — X,lv from the fake ones. We used 1.00 ab—! of B* — X,lv

and 1.14 ab™! of B® — X,lv MC samples in each BDT. Before training the BDTs, we
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reconstructed channels

BY »r—pty

BT —wrtrputy

B sr—rntanuty

Bt watr ato pty

Bt —»aOuty

BY a0ty

Bt =07ttty

BY a0 ata—puty

Bt =070ty

B 9707ty

Bt =970ttty
Table 4.3: 11 reconstructed B — X, [v channels

classify the reconstructed B — X, [v candidates into three categories:

» Well-reconstructed: in this category, each u, 7 and 7 is well reconstructed and

matched with MC

* Self-cross-feed: in this category, some of the 7s are well-reconstructed and matched

with MC, while the other 7s are not matched with MC.

* Background: in this category, none of the 7s is matched with MC.

The event topology of “self-cross-feed” samples can be close to either that of ”well-
reconstructed” samples or that of ”background” samples, depending on the number of
ms that are matched with MC. As a result, “’self-cross-feed” samples are not used in the
BDTs. In order to identify the B — X, [v decays, for each of the 11 modes, the "well-

reconstructed” samples are trained against the “background” samples. The training vari-

ables are listed below:

. Mbc’yi

M,y is defined by \/ (Ep,../2)° — (pb)?, where pi- is the reconstructed CM-frame

momentum of the X,/ system.

40 doi:10.6342/NTU202100639



AEY:
APEy is defined by Ey — (E;.,.,/2), where E5. is the reconstructed CM-frame energy

of the X,/ system.

MROE:

See Sec. 4.2.4 for the definition.
A EROE;

See Sec. 4.2.4 for the definition.

2 2
. 2EREy —Mp—my |
2pEPy

This variable is usually used for background suppression in semi-leptonic B decay
analyses, where E}, pj, and Mp are the nominal CM-frame energy, the nomi-
nal momentum, and the nominal mass of a B meson, respectively; £, p}-, and
my are the reconstructed CM-frame energy, the reconstructed momentum, and the
reconstructed mass of the X,/ system, respectively. For a ”well-reconstructed”
B — X,lv decay, this variable should be equal to the cosine of the angle between
the signal B meson and the X,/ system; and, thus, the value of the variable should

be within the range of [-1,1].

p(i):

p(i) is the momentum of the i" 7 daughter.

sigProb(i):
sigProb(i) is the sigProb of the i 7 daughter, where the sigProb is the signal prob-

ability derived from the 7 selection MVA described in Ref. [19].

daughterProductOfSigProb:

daughterProductOfSigProb is the product of the sigProbs of all the m daughters.
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* cos(Oy,):
cos(fy ;) is the cosine angle between the X,/ system and the i™ 7, where i iterates

over all the m daughters..

* cos(6:):
cos(6;;) is the cosine angle between the i 7 and the j™ 7 daughters, where i and j

iterate over all the 7 daughters.

The distributions of the training variables for one of the 11 reconstructed decay channels,
the B® — 7%7~u'v channel, are shown in Appendix C.2. After training all the 11 clas-
sifiers, there will be a FastBDT output for each candidate in each event. The candidate
must belongs to one of the 11 reconstructed modes. The FastBDT outputs of the three cat-
egories for the 11 modes are shown in Fig. 4.3. We select the candidate with the highest
FastBDT output in each event and define the value of the output to be the ”0 — ulv prob-
ability” of the event. The higher the ”b — wlv probability” of an event is, the more the
event topology is similar to a B — X, [v decay. In Fig. 4.31 we compare the distribution
of ”b — wulv probability” of Bt — u*v and B — X, v to show that the variable can be

utilized to distinguish these two components.
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Figure 4.3: (a)-(k): BDT output for the 11 reconstructed modes, (1): b — wulv probability of
BT — ptvand B — X,lv
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4.2.6 Combined Background Suppression MVA

Utilizing the continuum suppression BDT output and the b — ulv probability along
with other variables, we train a combined background suppression FastBDT. All the train-

ing variables are listed as follows.

* b — ulv probability

* continuum suppression output

ROE
* Egep,

« A EROE

ROE
s M,

The ERSE is defined as the total ECL deposit energy in the ROE.

We define a transformation formula for the BDT output.

BDT,,
BDﬂrans = 10g ( : )

_ 4.4
1 — BDTyy @4)

We cut on BDTi,,s > 3.8 to suppress background. The cut is optimized with Figure Of

Merit (FOM), defined by
N, signal
\/ N, signal + N background

(4.5)

The BDT output distributions before/after the transformation are shown in Fig 4.5a/Fig

4.5b.
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Figure 4.4: Training variables for the combined background suppression MVA
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NMC,i

angle. Then the ;s in each bin are weighted by

Nﬂ

o data,i
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4.3 Calibration of Muon Identification Efficiency

The 11 selection efficiency of the p-ID cut in the MC samples could be different from
that in the real data. The fake rate, which is defined as the retention rate of the wrongly-
identified ;1 candidates after the u-ID selection, could differ between the real data and
the MC samples, too. Calibration tables[31] are provided by the Belle II Performance
Group in order to calibrate the data-MC discrepancy of the efficiency and that of the fake
rate. There are three calibration tables, one is for calibrating the efficiency of correctly
identified ;1 *s, the other two are used to correct the fake rate of wrongly-identified pts
that are actually Kts or 7*s. To calibrate ;™ efficiency, correctly identified x*s in the

MC samples are binned on (p,f), where p is the lab frame momentum and 6 is the polar

(4.6)
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, where i stands for the bin index and C!' is the calibration factor of bin i in the pi* efficiency

calibration table. For K+ or 7 that are misidentified as p*, the K /n™" fake rate table

is used and the particles are weighted in the same manner:

CoF — N(;Tata,i (4 7)
b N '
Ndlgai
Cf = N{A;C" (4.8)

In Belle II, the measurement of lepton ID calibration factors is conducted by studying
ee — eell, ee — ee, ee — llvy, and J/i) — [l channels for lepton efficiency calibration,

and K — 7m, D* — D(K7)nw, and ee — 7(17)7(37) for /K —lepton fake rates.

These studies are conducted using a tag-and-probe method described in Ref. [31].
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4.4 Side-Band Plots

After applying the combined MVA selection on all the MC samples and the real data
samples, we compare the pfj distribution of the MC samples with the 34.58 fb~! real data

in the side-band region in Fig. 4.6. The definition of the side-band region is:

2.2 < p), <2.45GeV,

2.85 < pl, < 3.2GeV

Here, we show two side-band plots on the pﬁ dimension in the region of BDT s < 4.6
and BDT ., > 4.6 respectively. We do not define side-band region on the B DT

dimension due to the broad signal distribution on B DT ays.
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(a) Side-band plot for BDTans > 4.6 (b) Side-band plot for BDT s < 4.6
Figure 4.6: Side-band plots for the 2 categories
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S5 Signal Extraction

In this chapter, the procedure of extracting the signal yield and calculating the branch-

ing fraction is elaborated.

We construct a two-dimensional histogram Probability Density Function (PDF) for
each of the signal, the BB, the B — X,lv and the continuum processes using the MC
samples that pass the final selection. The two dimensions of the PDFs are pf and BDT .
All the PDFs are constructed in the region of 2.2 < pff < 3.2and 3.8 < BDT{ a0 < 12.
On the pf dimension, the histogram is equally divided into 20 bins. On the B DT
dimension, the 5.8 < BDT.,s < 12 region is treated as one bin because of the low
statistics in the region, and the 3.8 < BDT.,s < 5.8 region is equally divided into 10
bins. Thus, there are totally 20 x (10+1) bins for each 2D histogram PDF. The constructed

PDFs are shown in Fig. 5.1.

50 doi:10.6342/NTU202100639



0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0.22
02
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

0.186
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0.07
0.06
0.05
0.04
0.03
0.02
0.01

O |
22 23 24 25 26 27 28 29 3
plB in GeV

31 32

(a) Bt — ptv PDF model, projected to the p/?

—BB

|
22 23 24 25 26 27 28 29 3

31 32
plB in GeV

| | | 0 i

0.22 F
02}
0.18
0.16 |
0.14 |
0.12
0.1F

0.08 |
0.06 |
0.04 f
0.02
of

4

— B-opv

4 5 6 7 8 9 10 11 12
transformed BDT

and the B DTi;ans dimensions

7 8 9 10 11 12
transformed BDT

(b) BB PDF model, projected to the pf and the B DT;ans dimensions

0.22
— b—ulv

O |
22 23 24 25 26 27 28 29 3
|o|B in GeV

31 32

(¢) B — X,lv PDF model, projected to the pf

0.3
continuum
0.25
0.2
0.15
0.1

0.05

1 1 1 1 0

oL |
22 23 24 25 26 27 28 29 3

31 32
plB in GeV

02f
0.18
0.16 F
0.14
012 f
01f
0.08
0.08
0.04 |
0.02 |
| | 0 L

— boulv

7 8 9 10 11 12
transformed BDT

and the B DTia,s dimensions

continuum

5 6 7 8 9 10 1 12

transformed BDT

(d) continuum PDF model, projected to the pf and the B D7Ti;,,s dimensions
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A 2D binned maximum likelihood fitter is constructed based on the four PDFs (signal,
BB, B — X,lv and continuum) to extract the signal yield. The likelihood function is

constructed as

L

N 4
HP(’I’L1| Zpllﬁk) (51)

i=1 k=1

, where

k = 1,2,3,4 labels the signal, the BB, the B — X,lv and the continuum processes
respectively,

1 18 the bin index,

n; is the total number of data in the i bin,

Oy is the parameter of interest (number of events of the k' physics process),

ik is the probability for an event of the k™ process to be in the i bin according to the k™"
PDF,

‘P is the Poisson distributions,

N =20 x 11 = 220 is the total number of bins.

The likelihood function will be maximized to extract the number of signal, BB, B —

X, lv and continuum processes (61 ~ 6,).

52 doi:10.6342/NTU202100639



5000 5000

Belle It Belle Il

C - « Data C - « Data
4000 Asimov Dat? — Total fit 4000 Asimov Datz‘a — Total fit
L Ldt=15ab’ --- Bouy [ Ldt=15ab’ --- Bopy

(-1 .y *|Expected yield: 1646.1-- BB - --i 7 *Expected yield: 1646.1-- BB

8000 r continuum 3000 r continuum
Eo -- b—ulv r -- b—ulv
2000 |-.: 2000 |=.:
1000 |- 1000 |-
e e
0 C | \--'...L--."-'-l'.-'-w'-«'-;:""t demmmslggummb T 0 B J \"' L"."--H-'—"rﬁ";-;:""\. R R T
22 23 24 25 26 27 28 29 3 31 32 22 23 24 25 26 27 28 29 3 31 32
pIB in GeV pIB in GeV

Figure 5.2: Fit to Asimov data

5.1 Fit to Asimov Data

An Asimov data set is defined as a pseudo data set with its distribution exactly the
same as the presumed PDF distribution. In this analysis, the four constructed PDFs for
the four physics processes are weighted by their expected yield. These weighted PDFs are
then superpositioned. Then, 15 Asimov data sets for luminosity of 1 ab™! to 15 ab~! are
generated using the resultant PDF. While performing the binned maximum likelihood fit
to the Asimov data set, the yields of the signal, the B B, the B — X, lv and the continuum
processes should be exactly the same as the values expected by SM. Such feature can be
used to check whether the definition of the likelihood function is correct. Furthermore,
the likelihood function constructed by the Asimov data sets can be used to estimate the
significance of Bt — ptv for each luminosity (detailed explanation is in Sec. 5.3). We
only show the result of the fit to the 15 ab—! Asimov data set here in Fig. 5.2. The results
of the fits to 1 ab~! to 14 ab~! Asimov data sets are shown in Appendix. C.3. The fitted

signal yields and the statistical errors of the Asimov data sets are listed in Table. 5.1.
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luminosity yield and stat. error

lab T 109.7 £ 49.2
2ab~! 219.5 + 69.6
3ab~! 329.2 +85.3
4ab~! 439.0 + 98.5
5ab~! 548.7 4+ 110.1
6 ab~! 658.5 &+ 120.6
7 ab~! 768.2 + 130.3
g ab~! 878.0 +£139.3
9 ab~! 987.7 + 147.7
10ab~! 1097.4 + 155.8

11 ab~! 1207.1 + 163.4
12ab~! 1316.9 £ 170.7
13 ab~! 1426.7 + 177.6
14 ab~! 1536.4 + 184.3
15 ab~! 1646.1 + 190.8

Table 5.1: Yields and errors of the Asimov data sets

5.2 Toy MC Test

In order to assure that the fitter is unbiased, toy MC tests for luminosity of 1 ab™!
to 15 ab~! are performed. We generate pseudo data sets based on the likelihood function
in Eq. 5.1 with #; ~ 6, fixed to the SM prediction. We then fit to these data sets by
maximizing the same likelihood function with 6, ~ 6, floated. For each luminosity, 1000
data sets are generated and fitted. We define the “pull” of each fitted result as:

O — 00

Ok

(5.2)

, where ék and 98 are the fitted and expected yield, and oy is the fitted error of ék. We only
show the signal pull distribution for the 15 ab~! toy data set here in Fig. 5.3. As shown
in the plot, for an unbiased fitter, the distribution of pull should be very close to a normal

distribution. The signal pull distributions for the 1 ab=! to 14 ab~! data sets are shown in

Appendix C.3.
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Figure 5.3: Pull distribution

5.3 Significance Estimation

We use the profile likelihood distribution, L (6, ), of each Asimov data set to estimate
the significance. We let 6, ~ 6, float and then maximize the likelihood with different 6,
values to obtain the distribution. In order to include the systematic uncertainty, the like-
lihood function is further smeared by a bifurcated Gaussian, G,. The smeared likelihood

function is defined as:

(6,) = / L(O)Gy(01 — 0,1, o)), (5.3)
, where
—(01-07)?
e ¥, ife, >0,
gb(el - 8/17 Oy, 0-—) - 7(9179,1)2 (54)
e 0, if# <¥

, where o are the total asymmetric systematic uncertainty. Please see Ch. 7 for a detailed

discussion for the systematic uncertainties.

55 doi:10.6342/NTU202100639



—— stat. only
8 stat.+sys.
_‘( -
B -
=
3
B 4
7
3 -
2 -
l p
0 .
T T T T T
0 50 100 150 200

61

Figure 5.4: The distribution of ¢ as a function of #; of the 1 ab—! Asimov data set

In the next step, a log likelihood ratio is defined:

. L
q(61,01) = —2log (5.5)

, where 6, is the fitted signal yield. The distribution of ¢ as a function of #; of the 1 ab™!

Asimov data set is shown in Fig. 5.4.

According to Wilk’s theorem [32], the likelihood ratio ¢ follows a y? distribution
with 1 degree of freedom, denoted as x?(g). Thus, for the null hypothesis where 6; = 0,

the corresponding p-value of ¢(0, 6;) is:

p= / X*(q)dg (5.6)

(0,61)
The p-value is then transformed to a Z score by the following relation:

+z
p=1- N (z)dx (5.7)

-7
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, where N is a normal distribution. For each luminosity, we quote ”Zo” as the estimated
significance. The estimation of significance for different luminosity using the Asimov

data sets will be shown in Ch. 8
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6 Control Channel Study

In the analysis of BT — pu*v, the decay topology of the BT on the signal side
has been fully understood. However, the knowledge on the companion B, which decays
generically, is limited. As a result, the distribution of the variables that are calculated
from the four-momentum of the companion B or its daughter, including MROE, A EROE,
and the shape variables in the continuum suppression, might not be well-simulated by the
Monte-Carlo. Thus, there might be a discrepancy between the distribution of the signal
Monte-Carlo samples and the signal in real data. Such discrepancy would be inherited
by the output of the combined background suppression MVA, which is trained using the

variables mentioned above.

In Sec. 4.2.6, a selection on the combined background suppression MVA, B DT s >
3.8, has been set. If there is a discrepancy between the B DT, distribution of the signal
in real data and that of the signal MC samples, the selection efficiency of the signal in real
data (€32 ) and the selection efficiency of the signal MC samples (e2.) will be different.

data

sig
Thus, we have to derive a calibration factor C' = “4= to correct the efficiency of the MC

sig
emc

samples back to the efficiency of the real data. Because it is not legal to look at the real data
in the signal box of BT — u v without the permission from the Belle II collaboration, if
we want to check the discrepancy between the real data and the MC samples and derive the

calibration factor, we’ll have to study a decay mode which has a similar decay topology
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to BT — ptv as a ”control channel”. In this analysis, we study B* — D°(K*7~)n* as
our control channel. The BT — D°(K*+7~)rt decay mode has a high energy 7+ which
mimics the ;+, and a D° which is ignored in all the calculation of the training variables in
the MVAs to mimic the behavior of the missing neutrino. In the following sub-sections,
the procedure to study B* — D°(K*7~)7" and the derivation of the calibration factor

will be explained.

6.1 MC Samples

The MC samples used for the control channel study is listed in Table 6.1.

sample statistics

Bt — DY(K*tr)nt 3.11 ab~—! (6 x 10° events)
BB 1 ab~!

ete™ — uw, dd, ss and c¢ 1 ab™!

ete” > 7t~ 1 ab~!

Table 6.1: MC statistics

6.2 Pre-Selection on Signal Side

The selection on the signal-side of B* — D7+ is listed as follows:

My, > 5.27 GeV
e —0.1 < AEF < 0.1GeV
* 1.84 < Mpo < 1.89 GeV

* Lk/r > 0.6 for K*, where L/~ is the PID likelihood ratio of the K+ and

hypotheses
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e 7-ID > 0.1 for the 7~ that comes from the D°

* |z0| < 2cmand dy < 0.5 cm for all the tracks in the signal side

For each event, we only select the best candidate with its Mpo being the closest to its

nominal value (1.865 GeV).

6.3 Pre-Selection on the ROE Side and the Event Ny,acks

Selection

The definition of the ROE is the same as what was listed in Table. 4.1. The selection

on the ROE side and the event Ntk Selection are listed as follows:

MROE > 5.1 GeV
« —2 < AERE < 2 GeV

° NTracks >3

° NTracks,highP ==1
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6.4 MVA Calibration

We do not train a new MVA classifier to separate the signal BT — D+ from the
background. Instead, in order to calibrate the MVA selection of Bt — puTv, the same
weight file from the combined background suppression MVA of B* — u"v is applied on
the control channel to derive the BDT,, and the B DT, distribution of BT — Doxt.
To mimic the BT — u*v decay topology, when we calculate the training variables in
the continuum suppression MVA, the B — X, lv MVAs, and the combined background
suppression MVA, all of the Ds from the signal B+ are treated as missing particles and
the momentum of 7+s from the BT are scaled by 1.144 to mimic the signal p*s from
BT — ptv. The number of 1.144 is the ratio between the nominal 1+ momentum in
the B frame of the B™ — p*v decay and the nominal 7+ momentum in the B frame
of the B* — D’z decay, The unscaled 7* momentum in the B rest frame, the output
of the combined background suppression MVA, and a subset of training variables in the
continuum suppression MVA and the combined background suppression MVA are shown

in Fig. 6.1.
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Figure 6.1: MVA variables, MVA output, and the 7% momentum of B+ — D°r*

The calibration factor to account for the difference between the MVA selection ef-
ficiency of the signal in real data (the signal yield) and that of the signal MC samples is

defined as follow: e

. yield,pass
s1g sig
C _ 6data o Nyield,tot 6 1
MVA = —Gp = e (6.1)
€ MC,pass
MC Nsig
MC,tot

sig sig
» Where Ny s and N,

vield pass are the amount of signal MC samples and the amount of

signal in real data that pass the MVA selection, Nﬁ‘étot and N¢ are the total amount

yield,tot
of signal MC samples and the total amount of signal in real data. While the value of ef\i[gc
can be well determined by MC simulation, to determine efiiagta, some steps are needed to be
taken. First, we separate the MC samples and the real data samples into four categories:
Sdata,passs Odata, fails OMC,pass ANd Smc fil, denoting the MC/real data samples that pass/fail the
MVA selection respectively. Next, we construct four one-dimensional unbinned PDFs on
the AE dimension. Two of them are for the D7 signal that pass/fail the MVA selection
and the other two are for the B B+continuum background that pass/fail the MVA selection.
To construct the four PDFs, we use several kinds of functions that are listed in Table. 6.2

to describe the A F distribution of the signal and the background samples. These PDFs are

shown in Fig. 6.2. Finally, a simultaneous unbinned maximum likelihood fit is performed
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DO7F, for both Syc pass and

SMC, fail

BB+continuum,  for  both
SMC,pass and SMC fail

functions two Gaussians one polynomial
and one Crystal Ball and one Gaussian
notes The widths of the three func- The Gaussian accounts for the

tions are floated when fitting
to the data, but the ratios be-
tween the widths are fixed.

DK™ in the BB, and the
polynomial accounts for the
other BB-+continuum back-
ground. The ratio between the
polynomial and the Gaussian
is floated when fitting to the
data.

Table 6.2: The functions used in the PDF models

on the AE distribution of St pass and Sgata fait t0 derive e, and the corresponding uncer-

tainty. Detailed explanation about the simultaneous fit is described in Appendix A.1. The

fitting result is shown in Fig. 6.3. The ef\i,[gc, efffta and the calibration factor for the MVA

selection efficiency derived from the fit is listed in Table. 6.3:

€518

Cmva

real data 0.27791“8:833
MC samples 0.2562

0.045
1.085 0015

64

Table 6.3: Efficiencies and the calibration factor
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7 Systematic Uncertainty

7.1 Hybrid Model of B — X, [v

Three sources of systematic uncertainties from the Hybrid Model of B — X, [v are
considered: the uncertainty of the form factors for the resonant modes, the uncertainty
of the branching fractions, and the uncertainty caused by using various inclusive decay

models to generate B — X, [v.

7.1.1 Form Factors for B — nlv, B — plv and B — wlv

There is one form factor, f. (q2), for the B — wlrv mode, and three form factors,
V (¢?), Ay (¢%) and Ay, (¢?), for the B — plv and the B — wilv modes. These form
factors can be expanded using the Bourrely-Caprini-Lellouch (BCL) expansion[2&]. For
the calculation of f, (¢?), the coefficients of the first four terms in the BCL expansion[2¢],
by, b, by, and by, are included. As for the calculation of V' (¢?), A; (¢?), and Ay (¢?), the
coefficients of the first three terms in BCL of each form factor, which are, v°, v!, and v?
for V (¢%), af, a}, and a? for A, (¢?), and aY,, a},, and a?, for A5 (¢*), are included. For
more details about the form factors and the SM prediction of the B — 7, p, wlr modes,

please see Apendix B.1 and B.2.
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B—p B —w B—n
a)  0.26+0.03 024+0.03 [ b 0.419+0.013
al  0.39+£0.14 0344024 | b —0.49540.054
a?  0.16+041  0.09+057 | by —0.43+0.13
ad  0.30+£0.03 027+£0.04 |[by  0.22+£0.31
aly 0.764+0.20  0.66 +0.26
a2y  0.46+0.76  0.28 £0.98
v®  0.33£0.03  0.30+0.04
vt —0.8640.18 —0.83+£0.29
v? 1.80+£0.97 1.724+1.24

Table 7.1: The BCL expansion coefficients of the B — p and B — w are quoted from the
light-cone sum rule (LCSR) prediction[ 1 0], and the coefficients of the B — m are quoted from the
combined result of LCSR, LQCD, Belle and BaBar[11]

To calculate the total systematic uncertainty, twenty sets of BCL coefficients are
generated based on a multidimensional Gaussian function using the covariance matrix
of these coefficients as the Gaussian function’s multidimensional width. The differential
decay rates of the B — 7, p, wlv modes are recalculated using each set of the new co-
efficients and the B — X, [lv MC samples are reweighted accordingly. The 20 sets of
the reweighted MC samples are then used to construct 20 new 2D histogram PDFs for the
B — X,lv process. Along with the signal, the BB and the continuum PDFs constructed
in Ch. 5, these 20 PDFs are fitted to the 1 ab~! Asimov data set to derive 20 B* — utv
signal yields. The distribution of the 20 yields is fitted using a bifurcated Gaussian. The
results of the positive and negative errors of the bifurcated Gaussian function divided by

the mean are then quoted as the relative asymmetric systematic uncertainties.

7.1.2 Inclusive and Resonant B — X,/ Branching Fractions

The inclusive and resonant branching fractions of B — X,/ and their uncertainties
are listed in Table 7.2. To calculate the total systematic uncertainty caused by the uncer-
tainties of these branching fractions, 100 sets of branching fractions are generated based

on Gaussian functions, with the means of the Gaussian functions being the central values
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Xl wlv plv wlv nlv n'ly
charged modes  22.04 1.45 2.94
(x10™%) +3.19 4+0.05 40.21
neutral modes  20.44 0.78 1.58 0.38 0.23 1.19
(x10™%) +2.96 £0.03 +£0.11 =+0.06 =+0.08 =0.09

Table 7.2: Branching fraction of B — Xl modes and their uncertainties

and the widths of the Gaussian functions being the uncertainties of the branching frac-
tions. We then use the similar method described in Sec. 7.1.1 to derive 100 signal yields

and calculate the relative asymmetric systematic uncertainties.

7.1.3 Various Inclusive B — X, lv Decay Models

To calculate the systematic uncertainty, we compare two inclusive models, the BLNP
model and the DFN model[33]. We use these two models to generate two inclusive B —
X, lv MC data sets. These two inclusive data sets are reweighted and combined with the
resonant data sets as described in Sec. 3.2 to form two Hybrid Models. The two combined
data sets both pass the combined MVA selection and are used to generate two histogram
PDFs for the B — X, [v process. Along with the other PDFs constructed in Ch. 5,
we fit these two PDFs to the 1 ab~! Asimov data sets. The difference between the two
B* — p*v signal yields are divided by the 1 ab™! signal yield listed in Table. 5.1, and

the result is quoted as the relative systematic uncertainty.

7.2 Lepton Identification

In Sec. 4.3, to calibrate the efficiency of the ;-ID selection, each signal ;1 candidate
is reweighted by a calibration factor C!, where i is the bin index of the (p, ) array. Each

C! has a corresponding uncertainty, and the uncertainties of all the calibration factors are
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fully correlated. These uncertainties of the calibration factors can cause a total system-
atic uncertainty in our analysis. With C!' being the mean values and their corresponding
uncertainties being the widths of the Gaussians, 100 sets of C!* are generated. The p can-
didates in the signal MC samples are reweighted by these C!* and then summed to derive
100 expected B — p v yields. The distribution of these expected yields is fitted with a
bifurcated Gaussian. The widths divided by the mean of the bifurcated Gaussian are then

quoted as the relative asymmetric systematic uncertainties.

7.3 MVA Selection

In Ch. 6, a control channel is studied to derive the calibration factor for the MVA

selection on BDTi.,s > 3.8. The relative systematic uncertainty of this calibration is:

Orel MVA = UMVA/CMVA (7- 1)

, Wwhere Cy\va is the calibration factor and oyya is the absolute uncertainty.

7.4 Tracking

The systematic uncertainty of the track reconstruction is caused by the difference
between the tracking efficiency of real data and that of MC samples in Belle II. Such
discrepancy is measured using ete” — 7777 events, in which one of the 7 decays to
either a u™ ora et (r — Ty, | = e, u, referred as 1-prong decay) and the other 7

decays to 3 charged 7* (7 — 37Fv, + nn?, referred as 3-prong decay).

A tag-and-probe method is used for measuring the tracking efficiency. According to
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charge conservation, the presence of three charged tracks in the final state with the total
charge equaling to +1 infers the existence of the fourth charged track that makes the total
charge equal to zero. The three charged tracks are tagged to probe for the fourth track.
The tracking efficiency ey, 1s defined by Eq. 1 in Ref. [34]:

Ny

—_— 7.2

€track * A=

, where A is the acceptance of the tracking system in Belle 11, N, is the number of events
where the fourth track is reconstructed, and N3 is the number of events where the fourth

track is not reconstructed.

According to Eq. 2 and Eq. 3 in Ref. [34], the data-MC discrepancy of the tracking

efficiency is:

Edata

rack

For more details about how this discrepancy and the systematic uncertainty are derived,

please see Ref. [34].

7.5 Number of BB

In Belle II, the number of BB is measured by subtracting the non-B B events from the
on-resonance hadronic events. The on-resonance data is defined as the data produced by
the ete™ collision at the Y (45) resonance (10.58 GeV). In addition to the on-resonance
data, Belle II also produce some off-resonance data where the e*e™ pairs collide at an
center-of-mass energy that is 60 MeV below the Y (4S5) resonance. The off-resonance
data does not contain any BB process because no Y(4S5) can be produced. Therefore,

the off-resonance data can be used to represent the non-B B events in the measurement of
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Ny 5. To be specific,

No;l—res _ Rlumi % Noaff—res % k
NBB: ( had had ) (74)

€BB

, where Npwi™ is the number of on-resonance data that pass the hadronic event selection,
N}‘l’af(fi'res is the number of off-resonance data that pass the hadronic event selection, Ry 1S
the ratio of luminosity between on-resonance and off-resonance data, €5 is the hadronic
selection efficiency of the BB events estimated by MC samples, and k accounts for the
difference between the hadronic selection efficiencies for various kinds of non-B B pro-
cesses in the on-resonance data and that in the off-resonance data, being defined as:

L — Zi €0

! !
i 6i0;

(7.5)

, Where ¢; and o; stand for the hadronic selection efficiency and the cross section, respec-
tively, of the i kind of process in on-resonance data, and ¢, and o/ stand for the efficiency
and the cross section, respectively, of the i kind of process in the off-resonance data. For
more details about the measurement of /V; 5 and the corresponding systematic uncertainty,

pleas see Ref. [35].

Xy lv inclusive  X,lv form fac- X,lv branching MVA calibration

model tors fractions
negative error 20.1% 14.5% 14.8% 4.0%
positive error 20.1% 13.4% 18.3% 4.1%
tracking PID correction nBB total
negative error 0.8% 1.2% 5.0% 29.6%
positive error 0.8% 1.2% 5.0% 31.0%

Table 7.3: A summary of all the systematic uncertainties
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8 Results and Conclusion

In this sensitivity study, an analysis framework to suppress the background in the
signal region of BT — pTv is established, and a fitter to extract the Bt — ptv signal
is constructed. Pseudo data sets are generated to estimate the significance of BT — v
for different luminosity using the method described in Ch. 5. The estimated significance
for different luminosity is shown in Fig. 8.1 and Table. 8.1. According to the estimation,
we will need to collect data with a luminosity between 7 and 8 ab~! in Belle II in order to
reach a significance of 50 and claim the discovery of BT — u v, assuming that the SM

prediction is correct and there is no large data fluctuation.
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Figure 8.1: Significance estimation. The dark green points represent the significance estimation
considering only statistical errors, and the light green points represent the significance estimation
considering both statistical and systematic errors.

luminosity Z score (stat. Z score (stat.
+sys.) only)
lab! 1.91 2.32
2 ab~! 2.34 3.28
3ab~! 2.64 4.02
4 ab~! 3.09 4.64
5ab~! 3.64 5.18
6 ab~! 4.19 5.68
7ab~! 4.71 6.12
8ab~! 5.20 6.56
9ab~! 5.66 6.96
10ab~! 6.09 7.33
11 ab~! 6.50 7.69
12 ab~! 6.89 8.03
13 ab~! 7.26 8.36
14 ab~! 7.61 8.68
15ab~! 7.95 8.98

Table 8.1: Significance estimation
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Appendix A — Special cases for maximum like-

lihood estimator

A.1 Simultaneous fit

A typical unbinned maximum likelihood function looks like:

N
(X”@k,ek N|Zek H (Zkekp éXn@k>> (Al)
-1 Zk k

, where

k labels the different physics processes,

N 1is the total amount of data,

X; denotes independent observations,

Oy is the expected number of data of the k' physics process,
PX(X;; ©y) is the PDF of the k™ physics process,

Oy are some floated nuisance parameters of the k™ PDF.

‘P is the Poisson distributions,

In a typical unbinned maximum likelihood fit, we fit to one data set by constructing

and maximizing the above likelihood function to extract the parameters of interest, 6. On
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the other hand, in a simultaneous fit, we fit to several data set at the same time and extract
some common parameters of interest for these data sets. Suppose we have two data sets,
S1 and S,, and we have constructed two unbinned likelihood functions for the distribution
of these data sets: L;(X;; 6, O}) and Lo(X;; 62, ©F), where 6, and 6 are the parameters
of interest for S; and S,. In a typical maximum likelihood fit, we maximize L, and L,
respectively to extract the most likely 6} and 62, denoted as 49} and HE What if we have a
common parameter of interest, i, for L; and L,? In such case, we have to maximize the
multiplied likelihood:

L(6k) = L1(6k) x La(6k) (A2)
to get the best fx. This is called a simultaneous fit.

In our case of the study of the control channel, we construct two likelihoods for
the samples that pass/fail the MVA selection based on the PDFs shown in Fig. 6.2.
The constructed likelihoods are denoted as Ly (AEi; N, Ox) and Lea(AE;; Ni;;, Ox).
Here k = 1,2 denotes the D7 and the B B+continuum processes respectively. In this

case, the parameters of interest are the MVA selection efficiency of the yield in data,

Nk . . o1
€han = w3 and the total yield, Ni§, = Ny + Ny We can rewrite the two likeli-

pass fail

hoods in terms of these two parameters:

Lpass(AEi; N]l(

ass?

®k> = LpaSS(AEi; Ntl;tel((iatav Qk) (A3)

Leat(AE;; Nigii, ©x) = Lean(AE; Nigi (1 — €fa), O4) (A4)
To extract €k and NX,, we have to maximize the multiplied likelihood:

L(AE;; Ny, €aar O1) = Lpass(AE; Nigi€aar O) X Liait(AEi; Ni§i(1 — €50), O1) (A.5)
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Then, the MVA selection efficiency of the signal yield acquired from the fit, €,,,, is used

to derive the MVA calibration factor.
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Appendix B — Differential decay rates for the

resonant B — X,/ modes

B.1 SM prediction of B — 7lv

The differential decay rate of B — 7lv is given by:

ar — GEVul® ,

A mi 3m
= Na2) [1 = =L 14 L) H2(? ST gy 2 B.1
dq2 1927T3m%q (q ) ( qz) |:< + q ) 0(q )+ QQ t (q ) ( )

, where

>\ 2

H(q?) = Jg)mq%, (B.2)
2 .2

Hy(¢?) = mB—\/?m”fo(qg)- (B.3)

are the helicity amplitudes, f, (¢*) and fo(¢?) are the form factors, and \(¢?) is the Kaellen
function. Assuming zero lepton mass, we can drop the H; term. Thus, there is only one

helicity amplitude H, and one form factor f, left.
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B.2 SM prediction of B — p/wlv

For B — p/wlv, where p/w are vector meson, the differential decay rate is given by:

dl G2 m2\ >
— = Vil ——— /N2 —_
m? 2/ 9 2/ 9 2/ 2 3m12 2/ 2
< (140 ) (20 + 12 + ) + S
, where
V 2
Holg) = VNPt ) A?), ®5)
Ho(q%) = 8%%12(612), (B.6)
/\ 2
1) = 22 g 2) B.7)

are again the helicity amplitudes, V' (¢?), 4;(¢?), A12(¢*) and Ap(¢?) are the form factors,
and \(¢?) is the Kaellen function. Assuming zero lepton mass, H, is dropped and only 3

form factors left.

The theoretical prediction of the differential decay rates and the form factors of B —

7/p/wlv are cited from Ref. [36] and Ref. [37].
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Appendix C — Plots

C.1 Continuum Suppression Variables
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C.2 B — X,lv Suppression Variables for B — 77 v
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C.3 Toy results and fit to Asimov’s data
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Figure C.3: Toy results
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Figure C.4: Fit to Asimov’s data
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