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摘要

本研究探討了 B介子的潛在衰變模式 B0 → ϕ K0
L。研究分析了積分亮度為 699.235

f b−1的蒙地卡羅樣本，以模擬由 SuperKEKB加速器產生的正子電子對碰撞事件。

應用訓練過的多變量分析（MVA）分類器來有效區分 K0
L 介子與背景噪音。而為

了完成信號事件的重建，我們添加了特定的限制條件。在積分亮度為 365.29 f b−1

下，我們得到的信號產量為 137 ± 36。

關鍵字： Belle II實驗、B介子、B衰變、蒙地卡羅方法、超級 B介子工廠、長命

K 介子
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Abstract

This study investigates the potential decay mode B0 → ϕ K0
L of B mesons. The research

analyzes 699.235 f b−1 Monte-Carlo samples to simulate e+ e− collisions produced by

the SuperKEKB accelerator. A trained multivariate analysis ( MVA ) classifier is applied

to effectively distinguish K0
L from background noise. Specific constraints are added to

fulfill the reconstruction of signal events. The resulting signal yields are 137 ± 36 under

luminosity 365.29 f b−1.

Keywords: Belle II, B meson, B decay, Monte-Carlo method, SuperKEKB, K0
L
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) of particle physics describes our understanding of the most

fundamental constituents of nature ( the elementary particles ) and their interactions. El-

ementary particles can be classified into three main categories: spin-1/2 fermions, spin-1

gauge bosons, and spin-0 Higgs boson[1].

Fermions, which serve as the fundamental building blocks of nature, consist of lep-

tons and quarks. Both leptons and quarks are categorized into three generations. Table

1.1 is the summary of the twelve fundamental fermions[2].

Interactions between fundamental fermions are mediated by the gauge bosons. Elec-

tromagnetic force is carried out by the massless photon. Gluons are the force-mediating

bosons in strong interaction. In weak charged current reactions, the W+andW− bosons,

with a mass of 80.4 GeV, take responsibility. The neutral Z0 bosons ( MZ = 91.2 GeV )

mediate interactions in the weak neutral current process.

1
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Fermions listed in Table 1.1 can participate in the weak interaction. Except for the

electric neutral neutrinos, all other fundamental fermions can interact electromagnetically.

Only quarks can participate in strong interactions since they possess color charges.

The bound states of quarks are referred to as hadrons. There are two classes of

hadrons : baryons and mesons. Baryons are bound states of three quarks (qqq) or an-

tiquarks (qqq), while mesons are qq bound states.

leptons quarks

particle charge/e mass/GeV particle charge/e mass/GeV

first
generation νe 0 < 10−9 u +2/3 0.0025

e− -1 0.0005 d -1/3 0.005

second
generation νµ 0 < 10−9 c +2/3 1.3

µ− -1 0.106 s -1/3 0.1

third
generation ντ 0 < 10−9 t +2/3 174

τ− -1 1.78 b -1/3 4.5

Table 1.1: Fundamental fermions

2
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1.2. Motivation

1.2 Motivation

1.2.1 Mixing of neutral kaons

Neutral kaon states K0 ( ds ) and K0 ( sd ) can be converted to each other by exchange of

two W bosons. If CP is conserved, the observed states are superposition of them

|K0
1 >=

1√
2
[|K0>+ |K0

>],

|K0
2 >=

1√
2
[|K0>− |K0

>].

(1.1)

with CP eigenstates

Ĉ P̂ |K0
1 >=+1 |K0

1 > (CP even),

Ĉ P̂ |K0
2 >=−1 |K0

2 > (CP odd).
(1.2)

However, since there is evidence of small deviations fromCP invariance, the physical

states we observed are

|K0
S >=

1√
1+ |ε|2

[|K0
1 >+ ε |K0

2 >],

|K0
L >=

1√
1+ |ε|2

[|K0
2 >+ ε |K0

1 >],

(1.3)

where |ε | = (2.228± 0.011)× 10−3 is a small factor to describe CP violation in mixing

[1][3].

Themass differences between these two states are mK0
L
−mK0

S
=(3.4839±0.0059)×

10−12 MeV/c2, whereas the mean lifetimes are τK0
S
= (8.954 ± 0.004)× 10−11 s and

τK0
L
= (5.116±0.021)×10−8 s, respectively [3].

3
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1.2.2 B0 → ϕK0 decay

B decays such as B0 → ϕK0, which involves b→sss transition, are not allowed via first

order tree diagrams. However, they can still occur through the higher-order penguin or

box ones [4]. Given that |K0>≈ 1√
2
[|K0

S >+ |K0
L >] and the branching fraction Br(B0 →

ϕK0) = (9.0+2.2
−1.8 ±0.7)×10−6 [4], we assume Br(B0 → ϕK0

L) = 4.5×10−6.

1.2.3 CP violation in interference

CP violation in mixing contributes a small part to the total decay rates of B mesons.

Nonetheless, the decay mode in this study ( B0 → ϕK0
L ) belongs to the rare channels

in which B0 and B0 end up to the same final state. The interference between B0( B0)→ B0

( B0 )→ final state and those without mixing will give rise to another kind of CP violation

called CP violation in interference [1]. Define the asymmetry

A ≡ Prob[B0
(t)→ f ]−Prob[B0(t)→ f ]

Prob[B0
(t)→ f ]+Prob[B0(t)→ f ]

, (1.4)

where each Prob term denotes the probability that a B0 or B0 at t=0 decays to final

state f at time t ( oscillation of flavor may occurs ). Thus, if we ignore the contribution

from direct CP violation, 1.4 becomes

A =−λ sin(2ϕ1)sin(∆mt). (1.5)

Here, λ = ±1 is the CP of the final state, ϕ1 is a parameter that describes the CP

violation, and ∆m= (3.3365±0.0125)×10−10MeV/c2 [1]. Using K0
L ≈ K0

2 , JPC = 1−−

4
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1.2. Motivation

for ϕ and J=0 for B0 ( or B0 ), we get λ = (+1)× (−1)× (−1)L=1 = +1. Hence, the

decay mode B0 → ϕK0
L can provide a measurement of sin2ϕ1.

5
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Chapter 2

Belle II experiments

Starting data taking from the end of 2019, the Belle II experiment is an international col-

laborative experiment that aims to explore the fundamental nature of elementary particles.

Upgraded from the detectors of Belle experiment (from 1999 to 2009), new data acquisi-

tion system of Belle II detectors will meet the requirement of noticeably higher reaction

rates.

In this chapter, a brief introduction of several Belle II constituent detectors will be

presented [5].

2.1 SuperKEKB accelerator

Inheriting the previous KEKB accelerator at Belle , the SuperKEKB is a circular e+e−

collider of circumference about 3km. The configuration of particle beams ( 7 GeV and 4

GeV for electron and positron, respectively) results in a center-of-mass energy
√

s about

10.58 GeV , slightly above the bottom threshold to produce an ϒ(4S) resonance subse-

quently decaying to a pair of B mesons. With this asymmetric energy scheme, these two

7
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Figure 2.1: Upgraded Belle II detectors.

B mesons will possess net momenta in the lab frame, making their decay products easier

to detect.

While the Large Hadron Collider ( LHC ) of the European Organization for Nuclear

Research ( CERN ) possesses the highest center-of-mass energy ( of order TeV ) among

all the other accelerators, SuperKEKB has achieved a remarkable world record of instan-

taneous luminosity at the end of 2024 ( 5.1×1034 cm−2s−1 ). The schematic view of the

SuperKEKB is illustrated in Figure 2.2.

8
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2.2. Pixel Detector (PXD)

Figure 2.2: SuperKEKB accelerator configuration

2.2 Pixel Detector (PXD)

Aimed for precision vertex reconstruction of B-meson decay, PXD is a silicon pixel detec-

tor located close to the beam pipe. Due to the anticipated large beam-related background

rate, PXD adopts a new concept of double-layer ( r = 14 mm and 22 mm ) DEPFET ( DE-

Pleted Field Effect Transistor ) pixel sensors. By the combination of detection and internal

amplification, these sensors can be made very flimsy and can provide high signal-to-noise

ratios.

Due to proximity to the interaction point ( IR ), the PXD data needs to be filtered

using information from the outer tracking detectors to prevent the data volume becoming

unmanageable.

9
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Figure 2.3: Schematic view of the geometrical arrangement of the sensors for the PXD.

2.3 Silicon Vertex Detector (SVD)

SVD comprises four layers of double-sided silicon strip detectors ( DSSDs ) and covers

the full Belle II angular acceptance( 17° to 150° ). Together with CDC and PXD, SVD

can measure the two B decay vertices. It is also capable of reconstructing K-short mesons

that decay to pair of charged pions outside the PXD.

2.4 Central Drift Chamber (CDC)

CDC is a large cylindrical detector (radii 160mm and 1130mm for the inner and outer

cylinders, respectively) with a polar angle acceptance from 17° to 150°. It is filled by a

He−C2H6 mixture of gas.

In a strong magnetic field of about 1.5 Tesla, CDC can reconstruct charged tracks and

make a precise measurement of their momenta. Utilizing different distribution behaviors

of ionization energy loss (dE/dx) , CDC is able to provide PID information for charged

10
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2.5. Particle Identification (PID systems)

final-state particles( e.g. π,K, p,e,µ ).

2.5 Particle Identification (PID systems)

Two new charged particle identification devices are mounted in the barrel and endcap re-

gions. These are the Time of Propagation ( TOP ) detector and Aerogel Ring-Imaging

Cherenkov ( ARICH ) detector. With even faster electronics read-out and higher perfor-

mance, they can provide well-improved K/π discrimination.

2.5.1 Time of Propagation (TOP)

TOP covers a range of polar angle between 32° to 120° in the barrel region. The angles at

which Cherenkov photons are emitted vary depending on the mass of different particles

with the same momentum. The difference in emitting angles leads to different optical

lengths and propagation time of the photons. With total internal reflection , the emitted

photons can be collected by the photomultiplier tubes.

2.5.2 Aerogel Ring-Imaging Cherenkov detector (ARICH)

ARICH takes charge of particle identification in the forward end-cape. It utilizes two lay-

ers of aerogel radiator as the medium with different indices of refraction. The Cherenkov

photons form a cone of light around the particle’s trajectory, which is subsequently cap-

tured as a ring of characteristic radius depending on the Cherenkov angle.

11
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2.6 Electromagnetic Calorimeter (ECL)

ECL is an electromagnetic calorimeter composed of about 8000 Caesium Iodide CsI(Tl)(

Thallium-doped ) scintillation crystals in total , with a coverage between polar angle 12.4

to 155.1°.These crystals distributed in three main regions of ECL ( barrel, forward endcap

and backward endcap ).

High energy electrons ( or positrons ) will emit Bremsstrahlung photons when in-

teracting with atomic nuclei they traversed, and each energetic photon will subsequently

give rise to a pair-produced electron-positron, leading to an electromagnetic (EM) shower

in ECL. A high energy photon arising from collision events will possibly end up with an

EM shower as well. ECL chooses CsI(Tl) as the scintillation crystals ( with a short radia-

tion length X0 ∼= 1.9 cm ) to restrict the electromagnetic showers within a compact region.

The chief duty of ECL is to measure the energy deposited to the crystals from energetic

electrons, positrons and photons , with an expected energy resolution σ E / E = 0.2 % /√
E(GeV ).

2.7 KL and Moun detector (KLM)

Located outside the superconducting solenoid, alternate layers of iron plates and detector

elements constitute the main part of KLM. Muons with momenta beyond 600 MeV are

able to be identified in KLM. K0
L’s interacting with the iron plates in KLM will give rise

to a hadronic showers that can be detected and reconstructed.

12
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Chapter 3

Event Selections

3.1 Monde-Carlo Samples

All simulated samples ( referred to as Monte-Carlo or MC ) in this study are processed

using Belle2 Analysis Software Framework ( basf2 ), version light-2305-korat.

3.1.1 Signal Samples

To study adequate event selections, we generate 1 million run-independent Monte-Carlo

simulated events B0 → ϕ(→ K+K−)K0
L ( with B-mixing ) using the EvtGen package [6](

These samples are called signal MC ). In each event, one of the neutral B mesons decays

through the desired channel, while the partner non-signal B meson decays generically

according to the branching fraction listed in the Belle II decay table.

3.1.2 Background Samples

Generic background MC samples can be classified into two main categories :

13
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∗ e+e− → ϒ(4S) → B+B− or B0 B0 events. These processes are called BB back-

ground in the Belle II jargon. Both of the B mesons undergo a generic decay following

the branching fractions listed in the Belle II decay table. We use the generated level infor-

mation [7] to discard signal events in these processes.

∗ e+e− → qq events (q denotes u, d, c, or s quark) . In the realm of B physics, these

processes are referred to as qq background or continuum background. Due to a large

amount, this dominant type of background will be tackled using the technique calledCon-

tinuum Suppression, which will be detailed in chapter 3.

We use 200 f b−1 officially-produced MC15ri (BGx1) qq background samples for

Continuum Suppression. And then we process 699.235 f b−1 official MC15rd background

samples ( including BB and qq background ) for the following fitting procedure.

3.2 Reconstruction and Selections

3.2.1 Reconstruction of ϕ

For the reconstruction of charged kaons( K+ & K− ), we use the standard“good＂type

of kaon lists , with the following selections :

∗ dr < 0.5 cm & | dz | < 2 cm , where dr is the transverse distance between the point

of closest approach ( POCA ) and the z-axis , and dz is the z coordinate of the POCA (

with IP at origin )

∗ polar angle θ of the tracks be within CDC acceptance and the number of CDC hits

be greater than 20

14
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∗ global Kaon-ID > 0.5

ϕ meson is an ss resonance of mass 1.019 GeV with a narrow width about 0.0042

GeV. We put a relatively loose cut on the invariant mass of the ϕ candidates: 0.99 < M

<1.05 GeV and use this variable ( called Mϕ or phi_M in the rest of the thesis ) as one of

the fitting variables.

3.2.2 Reconstruction of K0
L

K0
L candidates are all reconstructed from ECL clusters. To discriminate the true K0

L from a

tremendous amount of fake K0
L , we apply a trained MVA classifier which was trained and

validated by Jheng-Hou.Su [8]. It was based on some information from the ECL clusters

to distinguish K0
L from other neutral clusters ( e.g. n or γ ). The classifier will give an

MVA score ( range from zero to one ) to the reconstructed ECL clusters. We choose ECL

clusters with MVA > 0.5 to be candidates K0
L .

3.2.3 Reconstruction of B0

Considering the inaccuracy of the momenta of K0
L candidates reconstructed from ECL

clusters, we use a module modularAnalysis.reconstructDecayWithNeutralHadron

in basf2 to reconstruct candidate B0. Two constraints are assumed :

∗ IP constraint : Assume the direction of the momentum of a K0
L candidate is from

the interaction point( IP ) to that ECL cluster.

∗ B mass constraint : Assume this candidate was decayed from a B0 or B0. Using

four-momentuem conservation ( with the mass of B0 , K0
L and ϕ given) , we can calculate

15
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the magnitude of a K0
L momentum. Once the momentum of a candidate K0

L is obtained,

it is combined with a candidate ϕ to reconstruct a candidate B0.

The center-of-mass( CMS ) energy
√

s of the SuperKEKB accelerator in an on-

resonance run is about 10.58 GeV to produce an ϒ(4S) resonance subsequently decays

to a pair of B mesons. In the CMS frame, these two B will share half of the energy. Ac-

cordingly, the center-of-massmomentum of a neutral B candidate ( we call itP∗
B or pB_star

in the thesis ) will have a peak value at about 0.33 GeV if there is a signal event. We put

a selection P∗
B < 1 on the reconstructed B0 candidates and use it as a fitting variable.

The helicity angle θ2, defined in the rest frame of ϕ (ref. Figure 3.1) [9], can serve

as another fitting variable to separate signal events from background. The spin-1 vector

meson ϕ decays to a pair of spin-0 pseudo-scalar mesons K+K−, resulting in an angular

distribution proportional to |d1
0,0|2 = cosθ 2

2 . Consequently, the cosine value of θ2 will

have a peak at ±1 , provided there is a genuine ϕ that decays to K+K−. We call it cosθK

or cosTheta_K in the rest of this thesis.

Figure 3.1: Definition of the helicity angle viewed in the rest frame of ϕ meson. Where

X , P2 and P21 are B0 , ϕ and K+ meson, respectively.
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(a) P∗
B

(b) cosθK

(c) Mϕ

Figure 3.2: Fitting variable distribution of signal MC
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(a) P∗
B

(b) cosθK

(c) Mϕ

Figure 3.3: Fitting variable distribution of BB background
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(a) P∗
B

(b) cosθK

(c) Mϕ

Figure 3.4: Fitting variable distribution of qq background
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Chapter 4

Continuum Suppression

Studies for B decays suffer a dominant background type arising from non-resonant e+e−→

qq hadronic events ( where q = u, d, c or s ) , which are referred to as continuum back-

ground or qq background. This type of process will typically give rise to several tracks

per event, and thus there is a great opportunity to randomly reconstruct a tremendous

amount of B0 candidates that pass the event selection outlined in the previous chapter.

Fast BoostedDecision Tree ( FastBDT ) is the default multivariate algorithm in basf2

to deal with continuum background suppression. Continuum Suppression exploits the

distinct difference in the overall ”event shape” between a BB event ( to which our sig-

nal belongs ) and a qq event. Some of this kind of event shape information is used to

train a classifier that determines whether a B0 candidate resembles a signal B meson or a

misreconstructed background.

In a BB event, the two B mesons are nearly stationary due to the mass of ϒ(4S) being

only slightly above the bottom threshold. Consequently, their decay products are uni-

formly distributed in the center-of-mass frame. On the other hand, light quarks produced

21

http://dx.doi.org/10.6342/NTU202500482


doi:10.6342/NTU202500482

CHAPTER 4. CONTINUUM SUPPRESSION

in a qq event inherit large initial momenta, which, after fragmentation into hadrons, will

produce a highly collimated jet-like distribution, as illustrated in Figure 4.1.

Figure 4.1: Distribution (shape) of particles in a qq event (left) and a BB event (right)

4.1 Training Variables

We used 32,740 signal MC candidates and 100 f b−1 MC15ri qq background ( 31,650

entries ) to train the FastBDT classifier. The list of training variables follows:

∗ abs(cosθB) − θB is the angle between the momentum of a B0 candidate and the

z-axis in the center-of-mass frame

∗ R2 − ratio of the 2nd and zeroth Fox-Wolfram moments

∗ ThrustOm − magnitude of the thrust vector of the rest of event of a B0 candidate

∗ cosTBTO − cosine value of the angle between the thrust axis of a B0 candidate

decay products and that of the rest of event
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∗ cosTBz− cosine value of the angle between the thrust axis of a B0 candidate decay

products and the z-axis

∗ KSFWmoments− some kinds of Fisher discriminants developed by the Belle col-

laboration

∗CleoCones − some multivariate discriminant variables introduced by the CLEO

collaboration in the context of charmless B decays (b to u,d or s)

To improve the separation power of the classifier in signal region, defined as 0.15 <

P∗
B < 0.55 GeV, we choose qq training samples in this region.

For the evaluation of training performance, we use 500,000 signalMC events along

with 100 f b−1 MC15ri qq background for the testing procedure. The result is illustrated

in Figure 4.2.

(a) BDT output (b) ROC curves

Figure 4.2: The training result. In Figure 4.2(a), histograms are normalized. In Figure

4.2(b), AUC stands for area under curve.
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Figure 4.3: Importance for each training variable
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4.1. Training Variables

The decision on cut values of the BDT output is based on signal to background sig-

nificance after the corresponding cut. A commonly-used evaluation is the Figure of Merit

( F.O.M. ) , defined as

F.O.M.≡ Nsig√
Nsig+Nbkg

(4.1)

Here, Nsig and Nbkg denotes the number of signal and background events ( BB plus

qq) left, respectively, within the signal box. The signal box is defined by the conditions :

0.15 < P∗
B < 0.55 GeV & 1.00 < Mϕ < 1.04 GeV. Figure 4.4a shows the corresponding

retention for various cut values. The FOM curve is depicted in Figure 4.4b, where we scale

the integrated luminosity to that of data. We calculate the error bars using propagation of

uncertainty. According to the curve, a cut BDT > 0.93 is adopted to avoid large errors in

FOM values.

(a) Retention after BDT cut (b) FOM curve

Figure 4.4
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4.2 Best Candidate Selection

After the cut on Continuum Suppression BDT output, multiple candidates are still present

in each event. Table 4.1 lists the multiplicities for each type of samples. We select a B0

candidate with the largest MVA value of K0
L as the best candidate in each event. Table 4.2

is the summary of the final selections. Distributions of the three fitting variables after the

final selections are depicted in Figures 4.5, 4.6 and 4.7. The efficiency table for consec-

utive selections is summarized in Table 4.3. Table 4.4 list the corresponding candidates/

events left for BB and qq background after each selection.

sample multiplicity

signal MC 1.005

BB 1.005

qq 1.004

Table 4.1: Multiplicities for each type of sample
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K± Kaon ID > 0.5 ϕ 0.99 < M < 1.05 GeV

polar angle in the CDC acceptance

number of CDC hits > 20 K0
L MVA > 0.5

dr < 0.5 cm

|dz|< 2 cm B0 P∗
B < 1 GeV

BDT > 0.93

max K0
L MVA

Table 4.2: Summary of the final selections

Figure 4.5: Distribution of P∗
B after all the event selections
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Figure 4.6: Distribution of cosθK after all the event selections

Figure 4.7: Distribution of Mϕ after all the event selections
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cut efficiency

1.00 < Mϕ < 1.04 GeV & K0
L MVA > 0.5 44.1%

P∗
B < 1 GeV 25.2%

BDT > 0.93 13.9%

Best Candidate 13.8%

Table 4.3: Efficiency table for consecutive selections

cut BB qq

pre-selection 13189 1104830

BDT > 0.93 1522 14003

Best Candidate 1515 13954

Table 4.4: Candidates/events left after consecutive selections. The luminosity for BB and

qq background is 699.235 f b−1
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Chapter 5

Signal Extraction

5.1 Fitting Strategy

A three-dimensional unbinned maximum likelihood fit is planned to extract signal events

from background noise. Since the shape of the three fitting variables ( P∗
B , cosθK andMϕ )

are same for BB and qq background, we model them together. Before the PDF modeling,

we have to check the correlation between three fitting variables for signal MC and BB+qq

background. Tables 5.1 and 5.2 show the correlation matrices for these variables. Figures

5.1, 5.2, 5.3, 5.4, 5.5, and 5.6 are the scatter plots for them.

signal MC P∗
B cosθK Mϕ

P∗
B — -0.076% 4.4∗ e−5

cosθK -0.076% — -0.355%

Mϕ 4.4∗ e−5 -0.355% —

Table 5.1: Correlation matrix for signal MC
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Figure 5.1: Scatter plot of P∗
B v.s. cosθK for signal MC

Figure 5.2: Scatter plot of P∗
B v.s. Mϕ for signal MC
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5.1. Fitting Strategy

Figure 5.3: Scatter plot of cosθK v.s. Mϕ for signal MC

Figure 5.4: Scatter plot of P∗
B v.s. cosθK for background
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Figure 5.5: Scatter plot of P∗
B v.s. Mϕ for background

Figure 5.6: Scatter plot of cosθK v.s. Mϕ for background

34

http://dx.doi.org/10.6342/NTU202500482


doi:10.6342/NTU202500482

5.2. PDF Modeling

BB plus qq P∗
B cosθK Mϕ

P∗
B — 0.888% -0.032%

cosθK 0.888% — 0.394%

Mϕ -0.032% 0.394% —

Table 5.2: Correlation matrix for background

5.2 PDF Modeling

To precisely describe the shape of Mϕ in a signal event, we combine signal MC with

200 f b−1 BB & 100 f b−1 qq background ( run-independent ). The dimension Mϕ in a

signal event is parametrized by the resulting mean and width of the Breit-Wigner shape.

Table 5.3 summarizes the shapes of all PDFs. Figures 5.7, 5.8, 5.9, 5.10, 5.11 and

5.12 are the results of the modeling.

sample P∗
B cosθK Mϕ

signal MC Gaussian + Voigtian
( signal region ) 2bx2 +ax+(1−b)

Breit-Wigner +
1st-order polynomial

background (BB plus
qq) 1− sech(cx) 2ex2 +(1− e)

Breit-Wigner +
1st-order polynomial

Table 5.3: Shapes of all PDFs
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5.3 Extended Maximum Likelihood Fit

Signal events are extracted using the extended maximum likelihood estimator. From the

similarity in the shapes of Mϕ between signal MC and background, we infer that a sig-

nificant number of genuine ϕ ’s are present in the background. Consequently, we split the

background term in the total fit model into two components: the peaking term and the

non-peaking term. The peaking term is described by a Breit-Wigner distribution, with its

mean and width fixed to those of the signal, while the non-peaking term is modeled using

a linear polynomial.

The likelihood for each event is described by

Li = Nsig ×Psig +Nbkg_peaking ×Pbkg_peaking +Nbkg_non_peaking ×Pbkg_non_peaking, (5.1)

where the three PDFs are

Psig =[gfrac×Gauss(P∗
B ; µ,σ)+(1−gfrac)×Voigt(P∗

B; mean , width , sigma)]

×2nd-order polynomial(cosθK; a,b)

×Breit-Wigner(Mϕ ; mean, width)

(5.2)

Pbkg_peaking =[1− sech(P∗
B ;c)]×2nd-order polynomial(cosθK; e)

×Breit-Wigner(Mϕ ; mean, width)
(5.3)

Pbkg_non_peaking =[1− sech(P∗
B;c)]×2nd-order polynomial(cosθK; e)

×1st-order polynomial(Mϕ ; f ).

(5.4)
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5.4. Fitter Test

The best solution is to maximize

L =
exp[−(Nsig +Nbkg_peaking +Nbkg_non_peaking)]

N!
×

N

∏
i=1

Li. (5.5)

Here, Nsig, Nbkg_peaking and Nbkg_non_peaking denotes the number of signal events,

peaking background events, and background events without peaks ( in the variable Mϕ

), respectively.

The fitting samples consist of signal MC, BB background and qq background. We

give a weight to each event in signalMC, which is equal to the expected signal yields under

luminosity 365.29 f b−1divided by the number of signal MC events. The event number of

BB and qq background is scaled to identical luminosity using a background weight factor

( number of events under 365.29 f b−1/number of events under 699.235 f b−1 ). Figures

5.13 , 5.14 and 5.15 depict the fitting results, where we project the total fit model and

the three constituent PDFs onto each fitting dimension.

5.4 Fitter Test

We perform a Gsim ensemble test to validate the robustness of the fitter. The number of

pseudo-experiments is set to 1,000. In each experiment, k events are drawn from signal

MC, where k obeys a Poisson distribution with mean value corresponding to the expected

signal yields under 365.29 f b−1. Similarly , we randomly select events from BB and qq

background, separately, where the two numbers of drawn events obey the Poisson distri-

bution with mean values being the counting numbers scaled to the same luminosity. We
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fit the overall PDF to the combined dataset and calculate the pull value.

The resulting distribution is plotted in Figure 5.16.

According to the pull distribution after fitter test, there is a bias in the fitter. However,

the result is consistent with that obtained after a single fit.

To find out which background sample contributes to the extra signal yields, we per-

form two fits using the identical total fit model. The first fitting sample consists of signal

MC combined with BB background, while the second one includes signal MC and qq

background. From figures 5.17 and 5.18 we conclude that BB background is the origin

of the bias. Tables 5.4 and 5.5 summarize the top three charged and mixed decay modes

for BB background, as obtained from the generator-level information [7]. All events in

the tables are selected in the signal region: 0.15 < P∗
B < 0.55 GeV.

BplusMode events BminusMode events

B+→ ϕ K∗+ 19 B−→ ϕ K∗− 27

B+→ ρ+D0 5 B−→ ρ−D0 16

B+→ D0µ+νµ 5 B−→ D∗0µ−νµ 8

Table 5.4: Charged decay modes for BB background in the signal region after all the event

selections. The luminosity is 699.235 f b−1.
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B0Mode events Bbar0Mode events

B0→ ϕ K∗0 14 B0→ ϕ K∗0 16

B0→ ϕ K0
S 12 B0→ ρ−D+ 13

B0→ ρ+D− 11 B0→ ϕK0
S 12

Table 5.5: Mixed decay modes for BB background in the signal region after all the event

selections. The luminosity is 699.235 f b−1.

Figure 5.7: Shape of P∗
B of signal MC
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Figure 5.8: Shape of cosθK of signal MC

Figure 5.9: Shape of Mϕ of signal MC plus background
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Figure 5.10: Shape of P∗
B of background

Figure 5.11: Shape of cosθK of background
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Figure 5.12: Shape of Mϕ of background

Figure 5.13: Projection of the fitting result onto P∗
B dimension
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Figure 5.14: Projection of the fitting result onto cosθK dimension

Figure 5.15: Projection of the fitting result onto Mϕ dimension
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Figure 5.16: Result of the fitter test

Figure 5.17: Fitting result for signal MC combined with BB background
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Figure 5.18: Fitting result for signal MC combined with qq background
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Chapter 6

Conclusion

Using three-dimensional fit, the signal yields are 137 ± 36 , scaled to the luminosity of

the available data
∫
L dt = 365.29 f b−1. With the accumulation of real data in the future,

statistical significance of this result can be further improved.

The pull distribution after fitter test indicates a bias, but it is consistent with the result

after a single fit. We have found that this bias arises from the BB background. The two

constraints ( IP and B mass constraint ) we put in reconstruction of our signal B may be

the origin of introducing this bias.
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Appendix A

Decay Table for the Generation of Signal

MC

Alias phisig phi

ChargeConj phisig phisig

Decay Upsilon(4S)

1.0 B0sig anti-B0sig B0 anti-B0 VSS_BMIX dm;

Enddecay

Decay B0sig

1.0 phisig K_L0 SSD_CP dm 0.0 1.0 minusTwoBeta 1.0 0.0 1.0 0.0;

Enddecay

CDecay anti-B0sig

Decay phisig

1.0 K+ K- VSS;

Enddecay

End
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Appendix B

Distribution of Continuum Suppression

Training Variables

Figure B.1: Distribution of training variables for signal MC and qq background
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APPENDIX B. DISTRIBUTION OF CONTINUUM SUPPRESSION TRAINING VARIABLES

Figure B.2: Distribution of training variables for signal MC and qq background
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Figure B.3: Distribution of training variables for signal MC and qq background
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Figure B.4: Distribution of training variables for signal MC and qq background
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Figure B.5: Distribution of training variables for signal MC and qq background
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