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本論文紀錄了 Belle II 實驗中 B0 → K0
Sπ

0 之衰變率及宇稱不對稱性的測量，透

過非訊號端之 B 介子 (Btag)衰變的風味，使用時間積分方法來測量直接宇稱不
對稱性參數。本測量使用 Belle II 於 2019-2022 年測量的數據，由 e+e� 對撞器

SuperKEKB在 Υ(4S)能量碰撞產生，總光度為 362 fb�1，得到

B(B0 → K0π0) = (10.16± 0.65± 0.65)× 10�6,

A(B0 → K0π0) = −0.06± 0.15± 0.05,

IK� = −0.03± 0.13± 0.05.

其中誤差項第一項為統計誤差，第二項為系統誤差。加法原理之計算合併其他

Belle II實驗中 B → Kπ衰變率及宇稱不對稱性的測量，計算結果符合標準模型之

預測 (IK� = 0)。

ᵄ ᾱ Belle II實驗、B 介子、B 衰變、量子色動力學
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Abstract

We report updated measurements of the branching ratio and the direct CP-violating asym-

metry in B0 → K0
Sπ

0 decay at Belle II. The flavour information of the decay is obtained

from the pair-produced neutral B partner Btag, and the direct CP asymmetry parame-

ter is determined with the time-integrated method. We analyse the 2019-2022 Belle II

data from e+e� collisions produced by the asymmetric-energy SuperKEKB collider at the

Υ(4S) resonance. The data analysed contain 387 million BB pairs and correspond to

an integrated luminosity of 362 fb�1. We obtain the branching fraction and the direct CP

asymmetry

B(B0 → K0π0) = (10.16± 0.65± 0.65)× 10�6,

A(B0 → K0π0) = −0.06± 0.15± 0.05,

where the first uncertainties are statistical and the second systematic. With other Belle II

B → Kπ measurements of branching fractions and direct CP asymmetries, we compute

theKπ isospin sum rule to be

IK� = −0.03± 0.13± 0.05,

which is in agreement with the standard model prediction of zero.

Keywords: Belle II, B meson, B decay, quantum chromodynamics

v



vi



Contents

Page

щ iii

Abstract v

Contents vii

List of Figures xi

List of Tables xv

Chapter 1 Introduction 1

1.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 CP Violation in the B Meson System . . . . . . . . . . . . . . . . . 2

1.3 K� Isospin Sum Rule . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 B0 ! K0
S
�0 Decay . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Chapter 2 Belle II Experiment 7

2.1 SuperKEKB Accelerator . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Vertex Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Central Drift Chamber . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Particle Identification . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.5 Electromagnetic Calorimeter . . . . . . . . . . . . . . . . . . . . . . 11

2.6 K0
L
and Muon Detector . . . . . . . . . . . . . . . . . . . . . . . . 11

Chapter 3 Reconstruction and Selections 13

3.1 Data Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Reconstructed Modes . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Monte-Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . 14

3.4 Reconstruction and Baseline Selections . . . . . . . . . . . . . . . . 15

3.4.1 K0
S
Selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4.2 �0 Selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

vii



3.4.3 B0 Selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.4.4 Control Channel Selections . . . . . . . . . . . . . . . . . . . . . . 19

Chapter 4 Continuum Suppression 23

4.1 FastBDT Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Training Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3 �-Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4 Summary of Final Selections . . . . . . . . . . . . . . . . . . . . . . 27

Chapter 5 Extraction of Physics Parameters 31

5.1 Flavour Tagger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5.2 Sample Composition . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.3 Fitter Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.4 Fit Shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.5 Fitter Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.5.1 Fit to Simulated Data . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.5.2 Pseudo-Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.5.3 Partial Unblinding . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Chapter 6 Control Channels 47

6.1 Continuum Suppression Efficiency . . . . . . . . . . . . . . . . . . 47

6.2 �E Shift and Scaling Parameters . . . . . . . . . . . . . . . . . . . 48

Chapter 7 Result 51

7.1 Fit to Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7.2 Combination with Time-Dependent Analysis . . . . . . . . . . . . . 57

7.3 Isospin Sum Rule . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Chapter 8 Systematic Uncertainties 61

8.1 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

8.2 BB pair counting . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

8.3 f+−/f00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

8.4 �0 Reconstruction Efficiency . . . . . . . . . . . . . . . . . . . . . 62

8.5 K0
S
Reconstruction Efficiency . . . . . . . . . . . . . . . . . . . . . 63

8.6 Continuum Suppression Efficiency . . . . . . . . . . . . . . . . . . 64

8.7 Fudge Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

8.8 Signal Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

viii



8.9 BB Background Modelling . . . . . . . . . . . . . . . . . . . . . . 66

8.10 Flavour Tagging Modelling . . . . . . . . . . . . . . . . . . . . . . 66

8.11 BB Background Asymmetry . . . . . . . . . . . . . . . . . . . . . 66

8.12 Continuum Background Asymmetry . . . . . . . . . . . . . . . . . . 67

8.13 B0 Mixing Parameter �d . . . . . . . . . . . . . . . . . . . . . . . 68

8.14 Multiple Candidates . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Chapter 9 Conclusions 69

References 71

Appendix 75

A.1 Derivation of the Isospin Sum Rule . . . . . . . . . . . . . . . . . . 75

A.2 Signal MC EvtGen Decay Files . . . . . . . . . . . . . . . . . . . . 78

A.3 Data-MC Comparison of Continuum Suppression Training Variables
Using B+ → D0(→ K0

Sπ
0)π+ . . . . . . . . . . . . . . . . . . . . . 80

A.4 BB Background Components . . . . . . . . . . . . . . . . . . . . . 85

A.5 Flavour-Specific Projections of C 0 to r-Bins . . . . . . . . . . . . . . 86

A.6 Correlation Matrices of Fit Parameters . . . . . . . . . . . . . . . . . 90

Denotation 91

ix



x



List of Figures

2.1 Schematic diagram of the SuperKEKB accelerator. . . . . . . . . . . . . 8
2.2 Schematic diagram of the Belle II detector. . . . . . . . . . . . . . . . . . 8
2.3 Schematic view of the PXD (left) and SVD (right) layouts [23]. . . . . . 9
2.4 Left: Schematic side-view of TOP counter and internal reflectingCherenkov

photons. Right: Proximity focusing ARICH [23]. . . . . . . . . . . . . . 10
2.5 Configuration of Belle ECL [26]. . . . . . . . . . . . . . . . . . . . . . . 11

3.1 Distributions ofK0
S variables. Left: K0

S invariantmass; middle: ;
right: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Distributions of π0 variables. Left: π0 invariant mass; middle: γ energy;
right: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 2D Histograms of ∆E andMbc (modifiedMbc). . . . . . . . . . . . . . . 20
3.4 Distributions of modifiedMbc. The black solid lines denote the mass win-

dow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.1 Event shape of continuum and BB events [44]. . . . . . . . . . . . . . . 23
4.2 Left: over-training check by comparing training and testing datasets. Mid-

dle: receiver operating characteristic (ROC) of the CS classifier trained for
B0 → K0

Sπ
0 obained on the test sample. The area-under-curve is 0.961.

Right: the qq∆E distribution (scaled to the number of events correspond-
ing to the tightest cut) before and after placing a requirement on the CS
output classifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3 Mean uncertainties of BK0�0 and AK0�0 for varying cuts on the CS clas-
sifier variable, evaluated on 100 sets of pseudo-experiments. . . . . . . . 27

4.4 Left: comparison of the CS output between data and simulation in the
B+ → D(→ K0

Sπ
0)π+ control channel for the BDT trained forB0 → K0

Sπ
0.

Right: distribution of the transformed CS output after the cut C > 0.6.
The number of simulated events before the cut is normalised to the total
number of data events. . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.5 Variables used in BDT training for the continuum suppression in order of
feature importance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.1 The∆E andC 0 distributions of correctly andmis-reconstructedB0 → K0
Sπ

0

signal candidates, scaled to the same number of events, after the final se-
lection. The mis-reconstructed events amounts to 2.5% and is included in
the signal component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2 Final sample composition of ∆E, C 0, and q · r for 1 ab�1 of simulation
sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

xi



5.3 Left: the∆E distribution (black dots with error bars) for signal,BB back-
ground, and continuum background in the B0 → K0

Sπ
0 sample. The

result of a fit is overlaid as blue solid lines. Right: same but for the µ-
transformed continuum suppression output C 0 distribution. . . . . . . . . 37

5.4 The ∆E and C 0 distributions of 1 ab�1 generic simulation in (a)
the fitting region, (b) the signal-enhanced region, and (c) the background-
enhanced region. The fit result to the sample is overlaid with a solid black
line, and the fit components are shown as black dashed line (signal), red
shaded area (BB background), and purple shaded area (continuum back-
ground). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.5 The ∆E and C 0 distributions of 1 ab�1 generic simulation pro-
jected to each r-bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.6 The ∆E and C 0 distributions of 1 ab�1 generic simulation pro-
jected to each r-bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.7 Pull distributions of the physics parameters AK0
S�0 and BK0

S�0 obtained
by fits to 1000 pseudo-experiments. Projections of fits with a Gaussian
function are shown along with the numeric fit results. . . . . . . . . . . . 42

5.8 Result of the toyMC linearity test for the direct CP asymmetry (right) and
branching fraction (left). . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.9 Result of the bootstrapping linearity test for the direct CP asymmetry
(right) and branching fraction (left). . . . . . . . . . . . . . . . . . . . . 43

5.10 The∆E and C 0 distributions of 62.8 fb�1 data in (a) the fitting region, (b)
the signal-enhanced region, and (c) the background-enhanced region. . . . 44

6.1 Upper (lower): Result of the fit to the simulation (data) ∆E distribution
of B+ → D0(→ K0

Sπ
0)π+ for the extraction of the efficiency of the con-

tinuum suppression cut forB0 → K0
Sπ

0. Left (right): the fit to the sample
failing (passing) the continuum suppression cut is shown. . . . . . . . . . 48

6.2 ∆E (left) and C 0 (right) distributions for B0 → D0(→ K+π�)π0 [17].
The fit result is shown as a solid black line. Individual fit components are
shown as black dashed line (signal), red shaded area (BB background)
and purple shaded area (qq background). . . . . . . . . . . . . . . . . . . 49

7.1 The ∆E and C 0 distributions of 362 fb�1 data in (a) the fitting region,
(b) the signal-enhanced region, and (c) the background-enhanced region.
The fit result to the sample is overlaid with a solid black line, and the fit
components are shown as black dashed line (signal), red shaded area (BB
background), and purple shaded area (continuum background). . . . . . . 52

7.2 The ∆E and C 0 distributions of 362 fb�1 data projected to each r-bin. . . 53
7.3 The ∆E and C 0 distributions of 362 fb�1 data projected to each r-bin. . . 54
7.4 Flavour-specific ∆E distributions of 362 fb�1 data projected to each r-bin. 55
7.5 Flavour-specific ∆E distributions of 362 fb�1 data projected to each r-bin. 56
7.6 Flavour-specific ∆E and C 0 projections of 362 fb�1 data. . . . . . . . . . 57
7.7 2D distribution of the TI and TDmeasurements ofAK0�0 (left) and BK0�0

(right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

8.1 Distribution of π0 momentum of correctly reconstructed signal-only sim-
ulation sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

xii



8.2 Distribution of K0
S flight distance and cos θ of correctly reconstructed

signal-only simulation sample. . . . . . . . . . . . . . . . . . . . . . . . 63
8.3 Distribution of AK0�0 (left) and BK0�0 (right) fit differences obtained us-

ing nominal and alternative ∆E shift and scaling parameters. . . . . . . . 65
8.4 Distribution of AK0�0 (left) and BK0�0 (right) fit differences obtained us-

ing nominal and alternative signal shape parameters. . . . . . . . . . . . 65
8.5 Distributions of AK0�0 (left) and BK0�0 (right) fit differences obtained

using nominal and alternative BB models and shape parameters. . . . . . 66
8.6 Distributions of AK0�0 (left) and BK0�0 (right) fit differences obtained

with ABB = ±1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
8.7 Distributions of AK0�0 (left) and BK0�0 (right) fit differences obtained

with fixed Aqq. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.8 The∆E andC 0 distributions of 362 fb�1 data with a best-candidate selection. 68

9.1 Estimated Belle II statistical uncertainties of AK0�0 and IK�. . . . . . . . 70
A.2 Comparison between data and simulation for the BDT input variables in

the B+ → D0(→ K0
Sπ

0)π+ control channel. . . . . . . . . . . . . . . . . 80
A.3 Comparison between data and simulation for the BDT input variables in

the B+ → D0(→ K0
Sπ

0)π+ control channel. . . . . . . . . . . . . . . . . 81
A.4 Comparison between data and simulation for the BDT input variables in

the B+ → D0(→ K0
Sπ

0)π+ control channel. . . . . . . . . . . . . . . . . 82
A.5 Comparison between data and simulation for the BDT input variables in

the B+ → D0(→ K0
Sπ

0)π+ control channel. . . . . . . . . . . . . . . . . 83
A.6 Comparison between data and simulation for the BDT input variables in

the B+ → D0(→ K0
Sπ

0)π+ control channel. . . . . . . . . . . . . . . . . 84
A.7 Flavour-specific C 0 distributions of 362 fb�1 data projected to each r-bin. 86
A.8 Flavour-specific C 0 distributions of 362 fb�1 data projected to each r-bin. 87
A.9 Flavour-specific C 0 distributions of 362 fb�1 data projected to each r-bin. 88
A.10 Flavour-specific C 0 distributions of 362 fb�1 data projected to each r-bin. 89

xiii



xiv



�/�L�V�W �R�I �7�D�E�O�H�V

������ �(�O�H�P�H�Q�W�D�U�\ �S�D�U�W�L�F�O�H�V �R�I �W�K�H �6�0���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��
������ �3�U�R�S�H�U�W�L�H�V �R�I �W�K�HB �P�H�V�R�Q �>���@���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��
������ �%�H�O�O�H �D�Q�G �%�D�%�D�U �P�H�D�V�X�U�H�P�H�Q�W�V �R�I �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �D�Q�G �G�L�U�H�F�W�&�3

�D�V�\�P�P�H�W�U�\ �R�IB 0 ! K 0� 0�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

������ K 0
S �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �V�H�O�H�F�W�L�R�Q �F�U�L�W�H�U�L�D���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ � 0 �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �V�H�O�H�F�W�L�R�Q �F�U�L�W�H�U�L�D���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �7�K�H �V�W�D�Q�G�D�U�G �7�'�&�3�9 �W�D�J �W�U�D�F�N �V�H�O�H�F�W�L�R�Q���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ �6�W�D�W�L�V�W�L�F�D�O �X�Q�F�H�U�W�D�L�Q�W�\ �H�V�W�L�P�D�W�H�G �Z�L�W�K400�I�E� 1 �V�L�P�X�O�D�W�L�R�Q �V�D�P�S�O�H �X�V�L�Q�J
���' �D�Q�G ���' �I�L�W�W�L�Q�J �Z�L�W�K� ���W�U�D�Q�V�I�R�U�P�H�G �&�6 �R�X�W�S�X�W �D�Q�G ���' �I�L�W�W�L�Q�J �Z�L�W�K �O�R�J��
�W�U�D�Q�V�I�R�U�P�H�G �&�6 �R�X�W�S�X�W�� �7�K�H �O�R�J���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q �L�V �G�H�I�L�Q�H�G �D�V �O�R�JC =
�O�Q([�&�6� �P�L�Q(�&�6)]/[1 � �&�6])�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ �6�X�P�P�D�U�\ �R�I �V�H�O�H�F�W�L�R�Q �U�H�T�X�L�U�H�P�H�Q�W�V���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �6�L�J�Q�D�O �H�I�I�L�F�L�H�Q�F�L�H�V �D�I�W�H�U �V�X�E�V�H�T�X�H�Q�W �D�Q�D�O�\�V�L�V �V�W�H�S�V �>���@���� �� �� �� �� �� �� �� �� �� ����

������ �)�O�D�Y�R�X�U �W�D�J�J�H�U �F�D�W�H�J�R�U�L�H�V �R�I �I�O�D�Y�R�X�U �V�S�H�F�L�I�L�F �G�H�F�D�\�V�� �7�K�H �W�D�U�J�H�W �S�D�U�W�L�F�O�H�V
�I�R�U �G�H�W�H�U�P�L�Q�L�Q�J �W�K�H �I�O�D�Y�R�X�U �V�L�J�Q�D�W�X�U�H�V �D�U�H �P�D�U�N�H�G �L�Q �F�R�O�R�X�U���� �� �� �� �� �� �� �� ����

������ r ���L�Q�W�H�U�Y�D�O �G�H�I�L�Q�L�W�L�R�Q �R�I �H�D�F�Kr ���E�L�Q �D�Q�G �D�V�V�R�F�L�D�W�H�G �I�O�D�Y�R�U �S�D�U�D�P�H�W�H�U�V �I�R�U
�J�*�R�8�`�B�� �7�K�H �S�D�U�W�L�D�O �H�I�I�L�F�L�H�Q�F�L�H�V �I�R�U �W�K�H �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �D�U�H �F�D�O�F�X��
�O�D�W�H�G �I�U�R�P �V�L�P�X�O�D�W�H�G �V�D�P�S�O�H���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ r ���L�Q�W�H�U�Y�D�O �G�H�I�L�Q�L�W�L�R�Q �R�I �H�D�F�Kr ���E�L�Q �D�Q�G �D�V�V�R�F�L�D�W�H�G �I�O�D�Y�R�U �S�D�U�D�P�H�W�H�U�V �I�R�U
�0�R�U�L�R�Q�G �������� �G�D�W�D���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ B 0 ! K 0
S � 0 �3�'�) �V�K�D�S�H�V �D�Q�G �W�K�H �F�R�U�U�H�O�D�W�L�R�Q �F�R�H�I�I�L�F�L�H�Q�W�V �E�H�W�Z�H�H�Q� E �D�Q�G

�W�K�H� ���W�U�D�Q�V�I�R�U�P�H�G �F�R�Q�W�L�Q�X�X�P �V�X�S�S�U�H�V�V�L�R�Q �R�X�W�S�X�W��� E �L�V �P�R�G�H�O�O�H�G �Z�L�W�K �D
�G�R�X�E�O�H���V�L�G�H�G �&�U�\�V�W�D�O �%�D�O�O �O�L�Q�H�V�K�D�S�H�� �D �*�D�X�V�V�L�D�Q�� �D�Q�G �D �I�L�U�V�W���R�U�G�H�U �S�R�O�\�Q�R��
�P�L�D�O �I�R�U �W�K�H �V�L�J�Q�D�O��BB �E�D�F�N�J�U�R�X�Q�G�� �D�Q�G �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G�� �U�H�V�S�H�F��
�W�L�Y�H�O�\��C0 �L�V �P�R�G�H�O�O�H�G �Z�L�W�K �I�L�U�V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O�V �I�R�U �V�L�J�Q�D�O �D�Q�GBB
�E�D�F�N�J�U�R�X�Q�G�� �D�Q�G �D�Q �H�[�S�R�Q�H�Q�W�L�D�O �I�X�Q�F�W�L�R�Q �I�R�U �W�K�H �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G���� ����

������ �6�K�D�S�H �S�D�U�D�P�H�W�H�U�V �I�R�UB 0 ! K 0
S � 0 �W�K�D�W �D�U�H �I�L�[�H�G �L�Q �W�K�H �I�L�Q�D�O �I�L�W���� �� �� �� �� �� ����

������ �)�L�W �U�H�V�X�O�W �I�R�U �W�K�H �I�L�W �W�R �W�K�H1�D�E� 1 �V�L�P�X�O�D�W�L�R�Q �V�D�P�S�O�H �I�R�UB 0 ! K 0
S � 0�� �� �� �� ����

������ �)�L�W �U�H�V�X�O�W �I�R�U �W�K�H �I�L�W �W�R �W�K�H62:8�I�E� 1 �G�D�W�D �V�D�P�S�O�H �I�R�UB 0 ! K 0
S � 0�� �� �� �� �� �� ����

������ �&�D�O�L�E�U�D�W�L�R�Q �S�D�U�D�P�H�W�H�U�V �R�E�W�D�L�Q�H�G �I�U�R�P �F�R�Q�W�U�R�O �P�R�G�H�V���� �� �� �� �� �� �� �� �� �� �� ����
������ �6�X�P�P�D�U�\ �R�I �I�L�W �S�D�U�D�P�H�W�H�U�V �I�R�UB + ! D 0(! K 0

S � 0)� + � E �I�L�W���� �� �� �� �� �� ����
������ �&�R�Q�W�L�Q�X�X�P �V�X�S�S�U�H�V�V�L�R�Q �H�I�I�L�F�L�H�Q�F�L�H�V �R�I �V�L�P�X�O�D�W�L�R�Q �D�Q�G �G�D�W�D�� �7�K�H �G�D�W�D���0�&

�U�D�W�L�R �L�V �L�Q�F�R�P�S�D�W�L�E�O�H �Z�L�W�K �X�Q�L�W�\���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ �6�X�P�P�D�U�\ �R�I �I�L�W �S�D�U�D�P�H�W�H�U�V �D�Q�G �G�D�W�D���0�& �F�R�U�U�H�F�W�L�R�Q�V�� �� �� �� �� �� �� �� �� �� �� �� ����

�[�Y



������ �%�U�D�Q�F�K�L�Q�J �U�D�W�L�R �D�Q�G �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �P�H�D�V�X�U�H�P�H�Q�W�V �R�I �W�K�L�V �D�Q�D�O�\�V�L�V
�D�Q�G �W�K�H �7�' �D�Q�D�O�\�V�L�V �>�����@�� �W�K�H �F�R�P�E�L�Q�H�G �U�H�V�X�O�W�V�� �D�Q�G �W�K�H �F�R�U�U�H�O�D�W�L�R�Q �R�I �W�K�H
�P�H�D�V�X�U�H�P�H�Q�W�V �E�H�W�Z�H�H�Q �W�K�H �W�Z�R �D�Q�D�O�\�V�H�V���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ �%�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q�V �D�Q�G �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �P�H�D�V�X�U�H�P�H�Q�W�V �X�V�L�Q�J �0�R�U�L�R�Q�G
�������� �G�D�W�D�V�H�W �>�����@���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����

������ �5�D�W�L�R�V �R�I �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q�V �X�V�H�G �D�V �L�Q�S�X�W �I�R�U �W�K�H �F�D�O�F�X�O�D�W�L�R�Q �R�II K� �� �7�K�H
�U�D�W�L�R�V �D�U�H �F�D�O�F�X�O�D�W�H�G �I�U�R�P �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q�V �L�Q �7�D�E�� ���������� �� �� �� �� �� �� ����

������ �6�X�P�P�D�U�\ �R�I �W�K�H �I�U�D�F�W�L�R�Q�D�O �X�Q�F�H�U�W�D�L�Q�W�L�H�V �R�Q �W�K�H �E�U�D�Q�F�K�L�Q�J �U�D�W�L�R �D�Q�G �W�K�H
�D�E�V�R�O�X�W�H �X�Q�F�H�U�W�D�L�Q�W�L�H�V �R�Q �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\���� �� �� �� �� �� �� �� �� �� �� �� ����

������ �'�D�W�D���0�& �U�D�W�L�R �R�I� 0 �H�I�I�L�F�L�H�Q�F�\�� �7�K�H �I�L�U�V�W �X�Q�F�H�U�W�D�L�Q�W�\ �L�V �W�K�H �V�W�D�W�L�V�W�L�F�D�O �X�Q��
�F�H�U�W�D�L�Q�W�\�� �W�K�H �V�H�F�R�Q�G �W�K�H �V�\�V�W�H�P�D�W�L�F �X�Q�F�H�U�W�D�L�Q�W�\�� �D�Q�G �W�K�H �W�K�L�U�G �L�V �W�K�H �X�Q��
�F�H�U�W�D�L�Q�W�\ �R�U�L�J�L�Q�D�W�H�G �I�U�R�P �W�K�H �G�L�I�I�H�U�H�Q�F�H �R�ID �D�Q�G� �P�H�D�V�X�U�H�P�H�Q�W�V�� �$�O�O
�X�Q�F�H�U�W�D�L�Q�W�L�H�V �H�[�F�H�S�W �W�K�H �I�L�U�V�W �D�U�H �F�R�U�U�H�O�D�W�H�G �D�F�U�R�V�V �W�K�H �P�R�P�H�Q�W�X�P �E�L�Q�V���� �� ����

������ �'�D�W�D���0�& �U�D�W�L�R �R�IK 0
S �H�I�I�L�F�L�H�Q�F�\�� �7�K�H �I�L�U�V�W �X�Q�F�H�U�W�D�L�Q�W�\ �L�V �W�K�H �V�W�D�W�L�V�W�L�F�D�O

�X�Q�F�H�U�W�D�L�Q�W�\ �D�Q�G �W�K�H �V�H�F�R�Q�G �W�K�H �V�\�V�W�H�P�D�W�L�F �X�Q�F�H�U�W�D�L�Q�W�\�� �Z�K�L�F�K �L�V �F�R�U�U�H�O�D�W�H�G
�D�F�U�R�V�V �W�K�HK 0

S �G�L�V�W�D�Q�F�H �D�Q�G �F�R�V� �E�L�Q�V���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �'�D�W�D���0�& �U�D�L�R �R�IK 0

S �H�I�I�L�F�L�H�Q�F�\ �G�X�H �W�RK 0
S �V�H�O�H�F�W�L�R�Q���� �� �� �� �� �� �� �� �� �� �� �� ����

�$���� �3�D�U�W�L�F�O�H �D�O�L�D�V�H�V �L�Q �(�Y�W�*�H�Q���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
�$���� �'�H�F�D�\ �P�R�G�H�O�V �R�I �(�Y�W�*�H�Q�� �9�D�U�L�D�E�O�H�V �R�I �H�D�F�K �G�H�F�D�\ �P�R�G�H�O �D�U�H �O�L�V�W�H�G �D�F��

�F�R�U�G�L�Q�J �W�R �W�K�H �L�Q�S�X�W �R�U�G�H�U���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
�$���� B �G�H�F�D�\�V �F�R�Q�W�U�L�E�X�W�L�Q�J �W�R �W�K�HBB �E�D�F�N�J�U�R�X�Q�G �L�Q1�D�E� 1 �E�D�F�N�J�U�R�X�Q�G �V�L�P��

�X�O�D�W�L�R�Q���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
�$���� �&�R�U�U�H�O�D�W�L�R�Q�V �E�H�W�Z�H�H�Q �I�L�W�W�L�Q�J �S�D�U�D�P�H�W�H�U�V �R�I �W�K�H �I�L�W�V �W�R1�D�E� 1 �V�L�P�X�O�D�W�L�R�Q��

62:8�I�E� 1 �S�D�U�W�L�D�O �X�Q�E�O�L�Q�G�L�Q�J�� �D�Q�G362�I�E� 1 �I�X�O�O �X�Q�E�O�L�Q�G�L�Q�J �V�D�P�S�O�H�V���� �� �� �� ����

�[�Y�L



�&�K�D�S�W�H�U ���,�Q�W�U�R�G�X�F�W�L�R�Q

������ �7�K�H �6�W�D�Q�G�D�U�G �0�R�G�H�O

�7�K�H �V�W�D�Q�G�D�U�G �P�R�G�H�O ���6�0�� �G�H�V�F�U�L�E�H�V �W�K�H �H�O�H�P�H�Q�W�D�U�\ �S�D�U�W�L�F�O�H�V �J�L�Y�H�Q �L�Q �7�D�E���������D�Q�G �W�K�H�L�U

�L�Q�W�H�U�D�F�W�L�R�Q�V�� �7�K�H �6�0 �L�V �P�D�W�K�H�P�D�W�L�F�D�O�O�\ �V�H�O�I���F�R�Q�V�L�V�W�H�Q�W �D�Q�G �K�D�V �F�R�Q�W�L�Q�X�R�X�V�O�\ �V�X�F�F�H�H�G�H�G

�L�Q �S�U�H�G�L�F�W�L�Q�J �H�[�S�H�U�L�P�H�Q�W�D�O �U�H�V�X�O�W�V�� �+�R�Z�H�Y�H�U�� �W�K�H�U�H �D�U�H �V�R�P�H �S�K�\�V�L�F�D�O �S�K�H�Q�R�P�H�Q�D �O�H�I�W �X�Q��

�H�[�S�O�D�L�Q�H�G�� �,�Q �S�D�U�W�L�F�X�O�D�U�� �E�D�U�\�R�J�H�Q�H�V�L�V�� �W�K�H �S�K�\�V�L�F�D�O �S�U�R�F�H�V�V �O�H�D�G�L�Q�J �W�R �W�K�H �S�U�H�G�R�P�L�Q�D�Q�F�H

�R�I �P�D�W�W�H�U �R�Y�H�U �D�Q�W�L�P�D�W�W�H�U�� �7�K�H �E�D�U�\�R�J�H�Q�H�V�L�V �L�Q�F�R�S�R�U�D�W�H�G �L�Q �W�K�H �6�0 �G�R�H�V �Q�R�W �V�X�I�I�L�F�L�H�Q�W�O�\

�D�F�F�R�X�Q�W �I�R�U �W�K�H �R�E�V�H�U�Y�H�G �E�D�U�\�R�Q �D�V�\�P�P�H�W�U�\���&�3�Y�L�R�O�D�W�L�R�Q �L�V �R�Q�H �R�I �W�K�H �F�R�Q�G�L�W�L�R�Q�V �W�K�D�W

�P�X�V�W �E�H �V�D�W�L�V�I�L�H�G �I�R�U �P�D�W�W�H�U �D�Q�G �D�Q�W�L�P�D�W�W�H�U �W�R �E�H �S�U�R�G�X�F�H�G �D�W �G�L�I�I�H�U�H�Q�W �U�D�W�H�V �>���@��

�7�D�E�O�H �������� �(�O�H�P�H�Q�W�D�U�\ �S�D�U�W�L�F�O�H�V �R�I �W�K�H �6�0��

�I�H�U�P�L�R�Q�V �E�R�V�R�Q�V

�T�X�D�U�N�V
u c t g

d s b 

�O�H�S�W�R�Q�V
e � � Z

� e � � � � W

�,�Q �W�K�H �6�0���&�3�Y�L�R�O�D�W�L�R�Q �L�V �E�D�V�H�G �R�Q �W�K�H �F�R�P�S�O�H�[ �S�K�D�V�H �L�Q �W�K�H �&�D�E�L�E�E�R���.�R�E�D�\�D�V�K�L��

�0�D�V�N�D�Z�D ���&�.�0�� �P�D�W�U�L�[ �>���@�� �>���@�� �Z�K�L�F�K �G�H�V�F�U�L�E�H�V �W�K�H �P�L�V�P�D�W�F�K �R�I �T�X�D�U�N �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�V

�D�Q�G �Z�H�D�N �H�L�J�H�Q�V�W�D�W�H�V�� �W�K�H �T�X�D�Q�W�X�P �V�W�D�W�H�V �I�R�U �S�U�R�S�D�J�D�W�L�Q�J �I�U�H�H�O�\ �L�Q �W�L�P�H �D�Q�G �S�D�U�W�L�F�L�S�D�W�L�Q�J

�L�Q �Z�H�D�N �L�Q�W�H�U�D�F�W�L�R�Q�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�K�H �&�.�0 �P�D�W�U�L�[ �U�H�O�D�W�H�V �W�K�H �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�V �W�R �W�K�H

�Z�H�D�N �H�L�J�H�Q�V�W�D�W�H�V��0

B
@

d0

s0

b0

1

C
A =

0

B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
A

0

B
@

d

s

b

1

C
A ; ����������

�Z�K�H�U�Hq0�G�H�Q�R�W�H�V �W�K�H �Z�H�D�N �H�L�J�H�Q�V�W�D�W�H�V�� �D�Q�Gq �G�H�Q�R�W�H�V �W�K�H �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�V�� �,�W �U�H�T�X�L�U�H�V �I�R�X�U

�S�D�U�D�P�H�W�H�U�V �W�R �G�H�I�L�Q�H �W�K�H �&�.�0 �P�D�W�U�L�[�� �7�K�H �V�W�D�Q�G�D�U�G �S�D�U�D�P�H�W�H�U�L�V�D�W�L�R�Q �X�V�H�V �W�K�U�H�H �(�X�O�H�U

��



�D�Q�J�O�H�V ��� 12; � 13; � 23�� �D�Q�G �R�Q�H�&�3�Y�L�R�O�D�W�L�R�Q �S�K�D�V�H ��� 13�� �>���@��

0

B
@

c12c13 s12c13 s13e� i� 13

� s12c23 � c12s23s13ei� 13 c12c23 � s12s23s13ei� 13 s23c13

s12s23 � c12c23s13ei� 13 � c12s23 � s12c23s13ei� 13 c23c13

1

C
A ; ����������

�Z�K�H�U�Hcij �D�Q�Gsij �G�H�Q�R�W�H�V �W�K�H �F�R�V�L�Q�H �D�Q�G �V�L�Q�H �R�I �W�K�H �D�Q�J�O�H� ij �� �U�H�V�S�H�F�W�L�Y�H�O�\�� �$�O�W�K�R�X�J�K �W�K�H

�6�0 �L�V �D�E�O�H �W�R �H�[�S�O�D�L�Q �W�K�H �R�E�V�H�U�Y�H�G�&�3�Y�L�R�O�D�W�L�R�Q �R�I �T�X�D�U�N�V�� �L�W �L�V �Q�R�W �V�X�I�I�L�F�L�H�Q�W �W�R �D�F�F�R�X�Q�W �I�R�U

�W�K�H �E�D�U�\�R�Q �D�V�\�P�P�H�W�U�\�� �7�K�H�U�H �P�L�J�K�W �\�H�W �E�H �X�Q�G�L�V�F�R�Y�H�U�H�G�&�3�Y�L�R�O�D�W�L�Q�J �S�U�R�F�H�V�V�H�V �E�H�\�R�Q�G

�W�K�H �6�0��

������ �&�3�9�L�R�O�D�W�L�R�Q �L�Q �W�K�HB �0�H�V�R�Q �6�\�V�W�H�P

�7�K�H �I�L�U�V�W �H�[�S�H�U�L�P�H�Q�W�D�O �H�Y�L�G�H�Q�F�H �R�I�&�3�Y�L�R�O�D�W�L�R�Q �Z�D�V �R�E�V�H�U�Y�H�G �L�Q �W�K�H �Q�H�X�W�U�D�O �N�D�R�Q �V�\�V��

�W�H�P �>���@�� �:�K�L�O�V�W �Q�H�X�W�U�D�OB �D�Q�GK �V�\�V�W�H�P�V �D�U�H �G�H�V�F�U�L�E�H�G �E�\ �W�K�H �V�D�P�H �X�Q�G�H�U�O�\�L�Q�J �W�K�H�R�U�\��

�W�K�H �H�[�S�H�U�L�P�H�Q�W�D�O �I�H�D�W�X�U�H�V �D�U�H �T�X�L�W�H �G�L�I�I�H�U�H�Q�W �G�X�H �G�L�I�I�H�U�H�Q�W �O�L�I�H�W�L�P�H �G�L�I�I�H�U�H�Q�F�H�V �R�I �W�K�H �P�D�V�V
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�W�U�D�OB �P�H�V�R�Q�V�� �Z�K�L�O�V�W �I�R�U �Q�H�X�W�U�D�OK �P�H�V�R�Q�V �W�K�H�\ �D�U�H �D�O�P�R�V�W �W�K�U�H�H �R�U�G�H�U�V �R�I �P�D�J�Q�L�W�X�G�H�V

�G�L�I�I�H�U�H�Q�W �>���@��

�,�Q �H�[�S�H�U�L�P�H�Q�W�V��B �P�H�V�R�Q�V �D�U�H �S�U�R�G�X�F�H�G �Y�L�D �V�W�U�R�Q�J �L�Q�W�H�U�D�F�W�L�R�Q�V�� �W�K�D�W �L�V�� �L�Q �I�O�D�Y�R�X�U

�H�L�J�H�Q�V�W�D�W�H�VB 0 �D�Q�GB 0�� �7�K�H �+�D�P�L�O�W�R�Q�L�D�Q �R�I �W�K�H �W�L�P�H �H�Y�R�O�X�W�L�R�Q �R�IB 0 �D�Q�GB 0 �F�D�Q �E�H

�Z�U�L�W�W�H�Q �D�V
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�Z�K�H�U�H �E�R�W�KM �D�Q�G� �D�U�H �+�H�U�P�L�W�L�D�Q�� �7�K�H �K�H�D�Y�\ �D�Q�G �O�L�J�K�W �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�V �D�U�H

jBH;L i = pjB 0i � qjB 0i ; ����������
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�7�K�H �W�L�P�H �H�Y�R�O�X�W�L�R�Q �R�IjBH;L i �L�V �G�H�V�F�U�L�E�H�G �E�\

jBL;H i (t) = e� i H H;L t jBH;L i (0) = e� 1
2 � H;L te� iM H;L t jBH;L i (0); ����������

�Z�K�H�U�HH H;L = H11 �
p

H12H21 �X�Q�G�H�UCPT �V�\�P�P�H�W�U�\�� �7�K�L�V �F�D�Q �E�H �L�Q�W�H�U�S�U�H�W�H�G �D�V �W�Z�R

�Q�H�X�W�U�D�O �P�H�V�R�Q�V �Z�L�W�K �G�H�F�D�\ �F�R�Q�V�W�D�Q�W�V� H;L �� �,�Q �J�H�Q�H�U�D�O���&�3�Y�L�R�O�D�W�L�R�Q �F�D�Q �E�H �R�E�V�H�U�Y�H�G �D�V

�W�K�U�H�H �G�L�V�W�L�Q�F�W �H�I�I�H�F�W�V��
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�‡�G�L�U�H�F�W�&�3�Y�L�R�O�D�W�L�R�Q �U�H�V�X�O�W�L�Q�J �I�U�R�P �L�Q�W�H�U�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �Y�D�U�L�R�X�V �W�H�U�P�V �F�R�Q�W�U�L�E�X�W�L�Q�J

�W�R �W�K�H �G�H�F�D�\ �D�P�S�O�L�W�X�G�H��

�‡�P�L�[�L�Q�J���L�Q�G�X�F�H�G�&�3�Y�L�R�O�D�W�L�R�Q �I�U�R�P �L�Q�W�H�U�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �G�L�I�I�H�U�H�Q�W �R�V�F�L�O�O�D�W�L�R�Q �S�D�W�K�V

�R�I �W�K�H �Q�H�X�W�U�D�O �P�H�V�R�Q�V �L�Q �W�K�H �G�H�F�D�\ �S�U�R�F�H�V�V��

�‡�&�3�Y�L�R�O�D�W�L�R�Q �L�Q �W�K�H �L�Q�W�H�U�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �G�H�F�D�\�V �W�R �D �F�R�P�P�R�Q �I�L�Q�D�O �V�W�D�W�H�� �Z�L�W�K �D�Q�G

�Z�L�W�K�R�X�W �P�L�[�L�Q�J��

�,�Q �W�K�H �6�0�� �W�K�H �H�I�I�H�F�W �R�I�&�3�Y�L�R�O�D�W�L�R�Q �G�X�H �W�RB 0� B 0 �P�L�[�L�Q�J �L�V �V�P�D�O�O�� �K�R�Z�H�Y�H�U���&�3�Y�L�R�O�D�W�L�Q�J

�H�I�I�H�F�W�V �L�Q �W�K�H �L�Q�W�H�U�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �G�H�F�D�\�V �W�R �W�K�H �V�D�P�H�&�3�H�L�J�H�Q�V�W�D�W�H �F�D�Q �E�H �U�H�O�D�W�L�Y�H�O�\ �O�D�U�J�H��

�7�D�E�O�H �������� �3�U�R�S�H�U�W�L�H�V �R�I �W�K�HB �P�H�V�R�Q �>���@��

�0�H�D�Q �P�D�V�VmB 0 (5279:66� 0:12)�0�H�9/ c2

mB 0
H

� mB 0
L

(3:334� 0:013)� 10� 10 �0�H�9/ c2

�0�H�D�Q �O�L�I�H�W�L�P�H� B 0 (1:519� 0:004)�S�V

� B 0 / � B 0 1:000� 0:012

������ K� �,�V�R�V�S�L�Q �6�X�P �5�X�O�H

�7�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �D�Q�G �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �R�IB 0 ! K 0� 0 �F�R�Q�W�U�L�E�X�W�H �W�R �D�Q �L�V�R�V�S�L�Q

�V�X�P �U�X�O�H ��I K� �� �W�H�V�W �>���@ �I�R�U �D �V�H�W �R�IB ! K� �G�H�F�D�\�V�� �L�Q�F�O�X�G�L�Q�JB 0 ! K + � � ��B + !

K 0� + ��B + ! K + � 0�� �D�Q�GB 0 ! K 0� 0��

I K� = A K + � � + A K 0 � + �
BK 0 � +

BK + � �

� B 0

� B +

� 2A K + � 0 �
BK + � 0

BK + � �

� B 0

� B +
� 2A K 0 � 0 �

BK 0 � 0

BK + � �
;
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�Z�K�H�U�HA K� �D�Q�GBK� �G�H�Q�R�W�H �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �D�Q�G �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �R�I �DB ! K�

�G�H�F�D�\�� �D�Q�G� B + �D�Q�G� B 0 �D�U�H �W�K�H �O�L�I�H�W�L�P�H�V �R�I �W�K�H �F�K�D�U�J�H�G �D�Q�G �Q�H�X�W�U�D�OB �P�H�V�R�Q�V�� �'�H�U�L�Y�D�W�L�R�Q

�R�I �W�K�H �V�X�P �U�X�O�H �L�V �E�U�L�H�I�O�\ �G�L�V�F�X�V�V�H�G �L�Q �$�S�S���$������ �7�K�H �V�X�P �U�X�O�H �O�L�Q�H�D�U�O�\ �F�R�P�E�L�Q�H�V �W�K�H �G�L�U�H�F�W

�&�3�D�V�\�P�P�H�W�U�L�H�V �D�Q�G �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q�V �D�Q�G �L�V �S�U�H�G�L�F�W�H�G �W�R �E�H �]�H�U�R �L�Q �W�K�H �6�0 �Z�L�W�K �D

�S�U�H�F�L�V�L�R�Q �R�I �E�H�W�W�H�U �W�K�D�Q ���� �>���@�� �W�K�X�V �S�U�R�Y�L�G�L�Q�J �D �Z�D�\ �W�R �S�U�R�E�H �W�K�H �6�0 �>���@�� �7�K�H �F�X�U�U�H�Q�W

�Z�R�U�O�G �D�Y�H�U�D�J�H �R�I �W�K�H �V�X�P �U�X�O�H �L�VI K� = � 0:13� 0:11�� �H�Y�D�O�X�D�W�H�G �Z�L�W�K �D�Y�H�U�D�J�H�V �R�I �F�X�U�U�H�Q�W

�P�H�D�V�X�U�H�P�H�Q�W�V �>�����@�� �D�Q�G �W�K�H �%�H�O�O�H �U�H�V�X�O�W �L�VI K� = � 0:270� 0:132� 0:060 �>�����@�� �7�K�H

�S�U�H�F�L�V�L�R�Q �R�I �W�K�H �L�V�R�V�S�L�Q �V�X�P �U�X�O�H �W�H�V�W �L�V �O�L�P�L�W�H�G �E�\ �W�K�H �X�Q�F�H�U�W�D�L�Q�W�\ �R�IA K 0 � 0 ��

�%�\ �F�R�Q�Y�H�Q�W�L�R�Q�� �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �L�V �G�H�I�L�Q�H�G �D�V

A =
�( B ! �X ) � �( B ! X )

�( B ! �X ) + �( B ! X )
; ����������
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�Z�K�H�U�H� �L�V �W�K�H �G�H�F�D�\ �Z�L�G�W�K�V �W�R �V�R�P�H �I�L�Q�D�O �V�W�D�W�HX �R�I �DB �P�H�V�R�Q �G�H�F�D�\�� �)�R�UB 0 ! K 0� 0��

�W�K�H �G�H�F�D�\ �U�D�W�H �L�V �G�H�V�F�U�L�E�H�G �D �W�L�P�H���G�H�S�H�Q�G�H�Q�W �I�X�Q�F�W�L�R�Q

P(� t; q) =
e�j � t j/ � 0

B

4� 0
B

f 1 + q � [S �V�L�Q(� m� t) + A �F�R�V(� m� t)]g; ����������

�Z�K�H�U�HS �D�Q�GA �D�U�H �W�K�H �P�L�[�L�Q�J���L�Q�G�X�F�H�G �D�Q�G �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�L�H�V�� �U�H�V�S�H�F�W�L�Y�H�O�\��� 0
B �L�V �W�K�H

B 0 �O�L�I�H�W�L�P�H��� m �L�V �W�K�H �P�D�V�V �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �W�Z�RB 0 �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�V��� t �L�V �W�K�H

�G�H�F�D�\ �W�L�P�H �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �V�L�J�Q�D�O�� �D�Q�G �W�D�J���V�L�G�HB 0�� �D�Q�Gq = +1( � 1) �Z�K�H�Q �W�K�H

�W�D�J���V�L�G�HB �P�H�V�R�Q �L�V �DB 0(B 0)�� �,�Q�W�H�J�U�D�W�L�R�Q �R�Y�H�U �W�K�H �G�H�F�D�\ �W�L�P�H �L�Q �(�T�Q���������U�H�V�X�O�W�V �L�Q

P(q) =
1
2

[1 + (1 � 2� d) � qA ]; ������������

�Z�K�H�U�H� d �L�V �W�K�H �W�L�P�H���L�Q�W�H�J�U�D�W�H�GB 0 �P�L�[�L�Q�J �S�D�U�D�P�H�W�H�U�� �7�K�H �D�V�\�P�P�H�W�U�\A �L�V �G�L�O�X�W�H�G �E�\ �W�K�H

�W�L�P�H���L�Q�W�H�J�U�D�W�H�G �P�L�[�L�Q�J �S�U�R�E�D�E�L�O�L�W�\(1 � 2� d)��

������ B 0 ! K 0
S � 0 �'�H�F�D�\

�,�QB 0 ! K 0
S � 0 �G�H�F�D�\�� �E�R�W�KB 0 �D�Q�GB 0 �G�H�F�D�\ �W�R �W�K�H �V�D�P�H�&�3�H�L�J�H�Q�V�W�D�W�HK 0

S � 0�� K 0
S �L�V �D

�J�R�R�G �D�S�S�U�R�[�L�P�D�W�L�R�Q �R�I �W�K�H�&�3= �� �H�L�J�H�Q�V�W�D�W�H �R�I �W�K�H �Q�H�X�W�U�D�O �N�D�R�Q �V�\�V�W�H�P �Z�L�W�K �V�S�L�Q���S�D�U�L�W�\

J P = 0 � �� �Q�H�J�O�H�F�W�L�Q�J�&�3�Y�L�R�O�D�W�L�R�Q �L�Q �Q�H�X�W�U�D�O �N�D�R�Q �P�L�[�L�Q�J�� �6�L�Q�F�H �E�R�W�KB 0 �D�Q�G� 0 �K�D�Y�H

J P = 0 � �D�V �Z�H�O�O�� �W�K�H �G�H�F�D�\�VB 0 ! K 0
S � 0 �D�Q�GB 0 ! K 0

S � 0 �P�X�V�W �U�H�V�X�O�W �L�Q �D�Ql = 0 �V�W�D�W�H

�W�R �F�R�Q�V�H�U�Y�H �D�Q�J�X�O�D�U �P�R�P�H�Q�W�X�P�� �7�K�H �R�Y�H�U�D�O�O �S�D�U�L�W�\ �R�I �W�K�H �I�L�Q�D�O �V�W�D�W�H �L�V �W�K�H�U�H�I�R�U�H

P(K 0
S � 0) = P(K 0

S ) � P(� 0) � (� ��) l = ( � ��)( � ��)( � ��)0 = +1 : ������������

�7�K�H �I�O�D�Y�R�X�U �Z�D�Y�H�I�X�Q�F�W�L�R�Q �R�I� 0 �L�V

j� 0i =
1

p
2

(uu � dd); ������������

�Z�K�L�F�K �P�H�D�Q�V �W�K�D�W� 0 �K�D�VC = + ���� �D�Q�G�&�3= � ���� �7�K�H�U�H�I�R�U�H��

C(K 0
S � 0) = C(K 0

S ) � C(� 0) = ( � ��)(+ ��) = � ��; ������������

�D�Q�G �W�K�H�&�3�V�W�D�W�H �R�I �W�K�H �I�L�Q�D�O �V�W�D�W�H �L�V

�&�3(�. ��
�6�

��) = �&�3(�. ��
�6) � �&�3(� ��) � (� ��)�O= (+ ��)( � ��)( � ��)�� = � ��: ������������

�7�K�HB 0/ B 0 �I�L�U�V�W �G�H�F�D�\�V �W�R �W�K�H �I�O�D�Y�R�X�U �H�L�J�H�Q�V�W�D�W�H�V��B 0 ! K 0� 0 �D�Q�GB 0 ! K 0� 0�� �D�Q�G �W�K�H

�Q�H�X�W�U�D�O �N�D�R�Q �H�Y�R�O�Y�H�V �D�V �D �O�L�Q�H�D�U �F�R�P�E�L�Q�D�W�L�R�Q �R�I �W�K�H �P�D�V�V �H�L�J�H�Q�V�W�D�W�H�VK 0
S �D�Q�GK 0

L �� �Z�K�L�F�K

�W�K�H�Q �G�H�F�D�\ �D�VK 0
S �D�Q�GK 0
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�&�3�D�V�\�P�P�H�W�U�\ �E�\ �%�D�%�D�U �>�����@�� �>�����@ �D�Q�G �%�H�O�O�H �>�����@�� �>�����@�� �D�V �Z�H�O�O �D�V �W�K�H �%�H�O�O�H �,�, �S�U�H�O�L�P�L�Q�D�U�\
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�7�D�E�O�H �������� �%�H�O�O�H �D�Q�G �%�D�%�D�U �P�H�D�V�X�U�H�P�H�Q�W�V �R�I �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �D�Q�G �G�L�U�H�F�W�&�3�D�V�\�P��
�P�H�W�U�\ �R�IB 0 ! K 0� 0��

BK 0 � 0 �>10� 6�@ A K 0 � 0

�%�D�%�D�U10:1 � 0:6 � 0:4 � 0:13� 0:13� 0:03

�%�H�O�O�H9:68� 0:46� 0:50 0:14� 0:13� 0:06

�%�H�O�O�H �,�,8:5 � 1:7 � 1:2 � 0:40� 0:46� 0:04

������ �7�K�H�V�L�V �2�X�W�O�L�Q�H

�,�Q �W�K�L�V �V�W�X�G�\�� �Z�H �V�L�P�X�O�W�D�Q�H�R�X�V�O�\ �H�[�W�U�D�F�W �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �D�Q�G �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F��

�W�L�R�Q �R�IB 0 ! K 0� 0 �E�\ �S�H�U�I�R�U�P�L�Q�J �D �I�L�W �R�Q� E��C0��q �V�S�D�F�H�� �Z�K�H�U�H� E �L�V �W�K�H �G�L�I�I�H�U�H�Q�F�H

�E�H�W�Z�H�H�Q �W�K�H �E�H�D�P �H�Q�H�U�J�\ �D�Q�G �W�K�HB �P�H�V�R�Q �F�D�Q�G�L�G�D�W�H��C0 �L�V �W�K�H �W�U�D�Q�V�I�R�U�P�H�G �R�X�W�S�X�W �F�O�D�V��

�V�L�I�L�H�U �R�I �W�K�H �P�X�O�W�L�Y�D�U�L�D�W�H �D�Q�D�O�\�V�L�V ���0�9�$�� �I�R�U �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �V�X�S�S�U�H�V�V�L�R�Q�� �D�Q�Gq �L�V

�W�K�HB �G�H�F�D�\ �I�O�D�Y�R�X�U �L�Q�I�R�U�P�D�W�L�R�Q �S�U�R�Y�L�G�H�G �E�\ �W�K�H �I�O�D�Y�R�X�U �W�D�J�J�L�Q�J �D�O�J�R�U�L�W�K�P �>�����@�� �%�H�I�R�U�H
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�V�X�S�S�U�H�V�V�L�R�Q �L�Q �&�K������ �W�K�H �H�[�W�U�D�F�W�L�R�Q �R�I �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �D�Q�G �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F��
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�W�K�H �L�V�R�V�S�L�Q �V�X�P �U�X�O�H �Z�L�W�K �P�H�D�V�X�U�H�P�H�Q�W�V �R�I �W�K�H �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�L�H�V �D�Q�G �E�U�D�Q�F�K�L�Q�J �I�U�D�F��

�W�L�R�Q�V �R�I �R�W�K�H�UB ! K� �G�H�F�D�\�V �>�����@�� �,�Q �&�K���� �Z�H �V�K�R�Z �W�K�H �H�V�W�L�P�D�W�L�R�Q �R�I �W�K�H �V�\�V�W�H�P�D�W�L�F

�X�Q�F�H�U�W�D�L�Q�W�L�H�V��
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�&�K�D�S�W�H�U ���%�H�O�O�H �,�, �(�[�S�H�U�L�P�H�Q�W

�%�H�O�O�H �,�, �>�����@�� �W�K�H �I�L�U�V�W �V�X�S�H�UB���)�D�F�W�R�U�\ �H�[�S�H�U�L�P�H�Q�W�� �L�V �G�H�V�L�J�Q�H�G �W�R �P�D�N�H �S�U�H�F�L�V�H �P�H�D�V�X�U�H��

�P�H�Q�W�V �R�I �Z�H�D�N �L�Q�W�H�U�D�F�W�L�R�Q �S�D�U�D�P�H�W�H�U�V �D�Q�G �I�L�Q�G �1�H�Z �3�K�\�V�L�F�V ���1�3�� �E�H�\�R�Q�G �W�K�H �6�0 �R�I �S�D�U�W�L��

�F�O�H �S�K�\�V�L�F�V�� �,�W �L�V �O�R�F�D�W�H�G �D�W �7�V�X�N�X�E�D�� �,�E�D�U�D�N�L �3�U�H�I�U�H�F�W�X�U�H�� �-�D�S�D�Q�� �,�W�V �G�D�W�D �W�D�N�L�Q�J �F�R�P�P�H�Q�F�H�G

�L�Q �������� �D�Q�G �K�D�V �U�H�D�F�K�H�G �D�Q �L�Q�W�H�J�U�D�W�H�G �O�X�P�L�Q�R�V�L�W�\ �R�I362�I�E� 1 �D�W �W�K�H�(4 S) �U�H�V�R�Q�D�Q�F�H�� �,�W�V

�L�Q�V�W�D�Q�W�D�Q�H�R�X�V �O�X�P�L�Q�R�V�L�W�\ �V�H�W �D �Z�R�U�O�G �U�H�F�R�U�G �R�I4:7 � 1034 �F�P� 2�V� 1 �L�Q �-�X�Q�H ���������� �&�R�P��

�S�D�U�H�G �W�R �L�W�V �S�U�H�G�H�F�H�V�V�R�U�� �.�(�.�% �D�Q�G �W�K�H �%�H�O�O�H �G�H�W�H�F�W�R�U �>�����@�� �W�K�H �%�H�O�O�H �,�, �G�H�W�H�F�W�R�U �K�D�V �E�H�H�Q

�X�S�J�U�D�G�H�G�� �L�Q�W�U�R�G�X�F�L�Q�J �Q�H�Z �G�H�Y�L�F�H�V �W�R �S�U�R�Y�L�G�H �E�H�W�W�H�U �S�U�H�F�L�V�L�R�Q �D�Q�G �F�R�P�S�H�W�H�Q�F�\ �R�Q �V�H�Y�H�U�D�O

�P�H�D�V�X�U�H�P�H�Q�W�V��

������ �6�X�S�H�U�.�(�.�% �$�F�F�H�O�H�U�D�W�R�U

�6�X�S�H�U�.�(�.�% �>�����@ �L�V �W�K�H �S�D�U�W�L�F�O�H �F�R�O�O�L�G�H�U �I�R�U �%�H�O�O�H �,�,�� �,�W �F�R�Q�V�L�V�W�V �R�I �W�Z�R �V�W�R�U�D�J�H �U�L�Q�J�V�� �W�K�H

�K�L�J�K �H�Q�H�U�J�\ �U�L�Q�J �I�R�U �H�O�H�F�W�U�R�Q �E�H�D�P �D�Q�G �W�K�H �O�R�Z �H�Q�H�U�J�\ �U�L�Q�J �I�R�U �S�R�V�L�W�U�R�Q �E�H�D�P�� �(�O�H�F�W�U�R�Q

��7�*�H�9�� �D�Q�G �S�R�V�L�W�U�R�Q ��4�*�H�9�� �E�H�D�P�V �F�R�O�O�L�G�H �D�V�\�P�P�H�W�U�L�F�D�O�O�\ �D�W �D�Q �D�Q�J�O�H �R�I83�P�U�D�G�� �7�K�H

�F�H�Q�W�U�H���R�I���P�D�V�V �H�Q�H�U�J�\ �L�V �D�W �W�K�H�(4 S) �U�H�V�R�Q�D�Q�F�H ��10:58�*�H�9/ c2���� �7�K�H �V�P�D�O�O �P�D�V�V �G�L�I�I�H�U��

�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H�(4 S) �U�H�V�R�Q�D�Q�F�H �D�Q�G �W�K�H �V�X�P �R�I �W�K�H �W�Z�RB �P�H�V�R�Q�V �V�L�J�Q�L�I�L�H�V �W�K�D�W �W�K�H

B �P�H�V�R�Q�V �D�U�H �S�U�R�G�X�F�H�G �D�O�P�R�V�W �D�W �U�H�V�W �L�Q �W�K�H �F�H�Q�W�U�H���R�I���P�D�V�V �I�U�D�P�H�� �Z�L�W�K �Y�H�U�\ �V�P�D�O�O �U�H�O�D��

�W�L�Y�H �Y�H�O�R�F�L�W�\�� �D�Q�G �R�Q�O�\ �W�K�H �O�L�J�K�W�H�V�WB �P�H�V�R�Q�V��B + (�bu) �D�Q�GB 0(�bd)�� �$�W �W�K�L�V �W�K�U�H�V�K�R�O�G�� �W�K�H

�S�U�R�G�X�F�W�L�R�Q �R�IB �P�H�V�R�Q�V �L�V �F�O�H�D�Q �D�Q�G �H�I�I�L�F�L�H�Q�W��

�7�K�H �D�V�\�P�P�H�W�U�L�F �E�H�D�P �H�Q�H�U�J�L�H�V �U�H�V�X�O�W �L�Q �D �/�R�U�H�Q�W�] �E�R�R�V�W �D�O�R�Q�J �´�I�R�U�Z�D�U�G�´ �G�L�U�H�F�W�L�R�Q��

�G�H�W�H�U�P�L�Q�H�G �E�\ �W�K�H �E�H�D�P �Z�L�W�K �K�L�J�K�H�U �H�Q�H�U�J�\�� �6�X�S�H�U�.�(�.�% �W�D�U�J�H�W�V8� 1035 �F�P� 2�V� 1 �L�Q�V�W�D�Q��

�W�D�Q�H�R�X�V �O�X�P�L�Q�R�V�L�W�\�� �Z�K�L�F�K �L�V �D�E�R�X�W ���� �W�L�P�H�V �O�D�U�J�H�U �W�K�D�Q �W�K�D�W �R�I �.�(�.�%�� �7�K�H �L�P�S�U�R�Y�H�P�H�Q�W

�P�D�L�Q�O�\ �D�U�L�V�H�V �I�U�R�P �W�K�H �´�Q�D�Q�R���E�H�D�P�´ �V�F�K�H�P�H �>�����@�� �7�K�H �E�H�D�P �V�L�]�H �L�V �U�H�G�X�F�H�G �W�R ���� �Q�P��

�Z�L�W�K �D �O�D�U�J�H �F�U�R�V�V�L�Q�J �D�Q�J�O�H�� �D�W �W�K�H �F�R�O�O�L�V�L�R�Q �S�R�L�Q�W �W�R �L�Q�F�U�H�D�V�H �O�X�P�L�Q�R�V�L�W�\�� �7�K�H �Q�D�Q�R���E�H�D�P

�V�F�K�H�P�H �D�O�V�R �D�O�O�R�Z�V �I�R�U �G�H�W�H�F�W�L�R�Q �P�X�F�K �F�O�R�V�H�U �W�R �W�K�H �L�Q�W�H�U�D�F�W�L�R�Q �S�R�L�Q�W ���,�3���� �7�R �F�R�S�H �Z�L�W�K

�W�K�H �K�L�J�K �U�D�W�H �R�I �H�O�H�F�W�U�R�Q���S�R�V�L�W�U�R�Q �F�R�O�O�L�V�L�R�Q �S�U�R�Y�L�G�H�G �E�\ �6�X�S�H�U�.�(�.�%�� �D�Q �X�S�J�U�D�G�H �R�I �W�K�H

�G�H�W�H�F�W�R�U �L�V �D�O�V�R �Q�H�F�H�V�V�D�U�\�� �6�F�K�H�P�D�W�L�F �G�L�D�J�U�D�P�V �R�I �W�K�H �6�X�S�H�U�.�(�.�% �D�F�F�H�O�H�U�D�W�R�U �D�Q�G �W�K�H

�%�H�O�O�H �,�, �G�H�W�H�F�W�R�U �D�U�H �V�K�R�Z�Q �L�Q �)�L�J���������D�Q�G �)�L�J���������� �U�H�V�S�H�F�W�L�Y�H�O�\��
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�)�L�J�X�U�H �������� �6�F�K�H�P�D�W�L�F �G�L�D�J�U�D�P �R�I �W�K�H �6�X�S�H�U�.�(�.�% �D�F�F�H�O�H�U�D�W�R�U��

�)�L�J�X�U�H �������� �6�F�K�H�P�D�W�L�F �G�L�D�J�U�D�P �R�I �W�K�H �%�H�O�O�H �,�, �G�H�W�H�F�W�R�U��
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������ �9�H�U�W�H�[ �'�H�W�H�F�W�R�U

�7�K�H �%�H�O�O�H �,�, �Y�H�U�W�H�[ �G�H�W�H�F�W�R�U �>�����@ �F�R�Q�V�L�V�W�V �R�I �W�Z�R �F�R�P�S�R�Q�H�Q�W�V�� �W�K�H �W�Z�R���O�D�\�H�U �V�L�O�L�F�R�Q �S�L�[�H�O

�G�H�W�H�F�W�R�U ���3�;�'�� �D�Q�G �W�K�H �I�R�X�U���O�D�\�H�U �V�L�O�L�F�R�Q �Y�H�U�W�H�[ �G�H�W�H�F�W�R�U ���6�9�'���� �P�D�N�L�Q�J �X�S �D �W�R�W�D�O �R�I

�V�L�[ �O�D�\�H�U�V �D�U�R�X�Q�G �W�K�H �E�H�U�\�O�O�L�X�P �E�H�D�P �S�L�S�H�� �7�K�H �3�;�' �L�Q�Q�H�U �O�D�\�H�U�V �D�Wr = 14 �P�P �D�Q�G

r = 22 �P�P �L�P�S�O�H�P�H�Q�W �'�(�3�)�(�7 ���G�H�S�O�H�W�H�G �I�L�H�O�G �H�I�I�H�F�W �W�U�D�Q�V�L�V�W�R�U�� �S�L�[�H�O�D�W�H�G �V�H�Q�V�R�U�V �W�R
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�5�H�F�R�Q�V�W�U�X�F�W�L�R�Q �6�H�O�H�F�W�L�R�Q

E( ) > 0:0225�*�H�9 ���I�R�U�Z�D�U�G�� E( ) > 0:03�*�H�9

E( ) > 0:0200�*�H�9 ���E�D�U�U�H�O��j�+�H�m�b�i�2�`�h�B�K�B�M�;( )j < 200�Q�V

E( ) > 0:0200�*�H�9 ���E�D�F�N�Z�D�U�G���T�?�Q�i�Q�M�J�o��( ) > 0:20

0:02967< � ( ) < 2:6180�>�U�D�G�@0:115< m ( ) < 0:150�*�H�9/ c2

�+�H�m�b�i�2�`�L�>�B�i�b( ) > 1:5 �/���m�;�?�i�2�`���M�;�H�2(� 0) < 0:4 �>�U�D�G�@
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���������� B 0 �6�H�O�H�F�W�L�R�Q�V
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S �D�Q�G� 0 �F�D�Q�G�L�G�D�W�H�V �D�U�H �F�R�P�E�L�Q�H�G �W�R �I�R�U�PB 0 �F�D�Q�G�L�G�D�W�H�V�� �R�Q �Z�K�L�F�K �Z�H �S�H�U�I�R�U�P

�D �Y�H�U�W�H�[ �I�L�W�� �7�Z�R �L�P�S�R�U�W�D�Q�W �Y�D�U�L�D�E�O�H�V �L�QB �I�D�F�W�R�U�L�H�V �D�U�H �W�K�H �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �E�H�D�P

�H�Q�H�U�J�\ �D�Q�G �W�K�HB �P�H�V�R�Q �F�D�Q�G�L�G�D�W�H� E�� �D�Q�G �W�K�H �E�H�D�P���F�R�Q�V�W�U�D�L�Q�H�G �P�D�V�VM �E�F�� �G�H�I�L�Q�H�G �D�V

� E = E �
B �

p
s/2 ; ����������

M �E�F=
q

s/(4 c4) � (p�
B / c)2; ����������

�Z�K�H�U�Hp�
B �D�Q�GE �

B �D�U�H �W�K�H �W�K�U�H�H���P�R�P�H�Q�W�X�P �D�Q�G �H�Q�H�U�J�\ �R�I �W�K�HB �P�H�V�R�Q �L�Q �W�K�H �F�H�Q�W�U�H���R�I��

�P�D�V�V �I�U�D�P�H�� �D�Q�Gs �L�V �W�K�H �V�T�X�D�U�H �R�I �F�H�Q�W�U�H���R�I���P�D�V�V �H�Q�H�U�J�\�� �&�K�D�Q�Q�H�O�V �W�K�D�W �F�R�Q�W�D�L�Q �K�L�J�K��

�H�Q�H�U�J�\ �Q�H�X�W�U�D�O �S�D�U�W�L�F�O�H�V �K�D�Y�H �K�L�J�K�O�\���F�R�U�U�H�O�D�W�H�G� E �D�Q�GM �E�F�� �D�V �E�R�W�K �Y�D�U�L�D�E�O�H�V �K�D�Y�H �W�K�H

�H�Q�H�U�J�L�H�V �R�I �W�K�H �Q�H�X�W�U�D�O �S�D�U�W�L�F�O�H�V �D�V �L�Q�S�X�W�� �7�K�H �H�Q�H�U�J�\ �O�R�V�V �L�Q �W�K�H �(�&�/ �G�X�H �W�R �K�D�G�U�R�Q�L�F

�V�K�R�Z�H�U �U�H�V�X�O�W�V �L�Q �W�D�L�O�V �L�Q �E�R�W�K� E �D�Q�GM �E�F�G�L�V�W�U�L�E�X�W�L�R�Q�V�� �,�Q �R�U�G�H�U �W�R �U�H�G�X�F�H �W�K�L�V �F�R�U�U�H�O�D�W�L�R�Q��
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�Z�H �U�H�S�O�D�F�H �W�K�HB �P�H�V�R�Q �P�R�P�H�Q�W�X�PpB = pK 0
S

+ p� 0 �L�Q �W�K�H �F�D�O�F�X�O�D�W�L�R�Q �R�IM �E�F�Z�L�W�K

pB = pK 0
S

+
q

(E �E�H�D�P� EK 0
S
)2 � M 2

� 0 �
p� 0

jp� 0 j
; ����������

�Z�K�H�U�HpK 0
S

�D�Q�GEK 0
S

�D�U�H �W�K�H �P�R�P�H�Q�W�X�P �D�Q�G �H�Q�H�U�J�\ �R�I �W�K�HK 0
S �F�D�Q�G�L�G�D�W�H��p� 0 �D�Q�GM � 0

�D�U�H �W�K�H� 0 �P�R�P�H�Q�W�X�P �D�Q�G �L�W�V �Q�R�P�L�Q�D�O �P�D�V�V�� �D�Q�GE �E�H�D�P�L�V �W�K�H �E�H�D�P �H�Q�H�U�J�\ �>�����@�� �7�K�H� 0

�P�R�P�H�Q�W�X�P �L�V �V�F�D�O�H�G �E�\ �W�K�H �G�H�G�X�F�H�G �Y�D�O�X�H �I�U�R�P �W�K�H �E�H�D�P �H�Q�H�U�J�\ �D�Q�GK 0
S �H�Q�H�U�J�\�� �Z�K�L�F�K

�D�U�H �P�R�U�H �S�U�H�F�L�V�H�O�\ �P�H�D�V�X�U�H�G�� �H�I�I�H�F�W�L�Y�H�O�\ �P�L�W�L�J�D�W�L�Q�J �W�K�H �O�R�V�V�\ �H�I�I�H�F�W �R�QM �E�F�D�Q�G �W�K�X�V �G�H��

�F�U�H�D�V�L�Q�J �L�W�V �F�R�U�H�O�D�W�L�R�Q �Z�L�W�K� E�� �,�Q �)�L�J���������Z�H �V�K�R�Z �W�K�H �G�L�V�W�U�L�E�X�W�L�R�Q�V �R�IM �E�F��� E �D�Q�G

�P�R�G�L�I�L�H�GM �E�F��� E �I�R�U �W�K�H �V�L�J�Q�D�O��BB �E�D�F�N�J�U�R�X�Q�G�� �D�Q�G �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �V�L�P�X�O�D��

�W�L�R�Q�V�� �:�H �Z�L�O�O �X�V�H �W�K�H �P�R�G�L�I�L�H�GM �E�F�L�Q�V�W�H�D�G �R�I �W�K�H �F�O�D�V�V�L�F�D�OM �E�F�L�Q �W�K�H �I�R�O�O�R�Z�L�Q�J �D�Q�D�O�\�V�L�V��

�)�R�U �F�R�Q�Y�H�Q�L�H�Q�F�H�� �Z�H �Z�L�O�O �U�H�I�H�U �W�R �W�K�H �P�R�G�L�I�L�H�GM �E�F�D�VM �E�F�I�R�U �W�K�H �U�H�V�W �R�I �W�K�L�V �G�R�F�X�P�H�Q�W��

�7�K�H �U�H�F�R�Q�V�W�U�X�F�W�H�GB 0 �F�D�Q�G�L�G�D�W�H�V �D�U�H �U�H�T�X�L�U�H�G �W�R �I�D�O�O �Z�L�W�K�L�Q �W�K�H �P�D�V�V �Z�L�Q�G�R�Z5:272<

M �E�F< 5:288�*�H�9/ c2�� �Z�K�L�F�K �F�R�U�U�H�V�S�R�Q�G�V �W�R �D3� �Z�L�Q�G�R�Z �D�U�R�X�Q�G �W�K�H �Q�R�P�L�Q�D�OB �P�H�V�R�Q

�P�D�V�V�� �D�V �V�K�R�Z�Q �L�Q �)�L�J���������� �:�H �D�S�S�O�\ �D �O�R�R�V�H �U�H�T�X�L�U�H�P�H�Q�W �R�Q �W�K�H �H�Q�H�U�J�\ �G�L�I�I�H�U�H�Q�F�H� 0:3 <

� E < 0:3�*�H�9�� �G�X�H �W�R �W�K�H �O�D�U�J�H �U�D�G�L�D�W�L�Y�H �W�D�L�O �L�Q �W�K�H �V�L�J�Q�D�O� E �G�L�V�W�U�L�E�X�W�L�R�Q �L�Q �G�H�F�D�\�V �W�K�D�W

�F�R�Q�W�D�L�Q �D� 0�� �7�K�H �Y�H�U�W�H�[ �R�I �W�K�H �D�F�F�R�P�S�D�Q�\�L�Q�J �W�D�J���V�L�G�HB �P�H�V�R�Q�V �D�U�H �U�H�F�R�Q�V�W�U�X�F�W�H�G �X�V�L�Q�J

�W�K�H�F�6�B�i�D�O�J�R�U�L�W�K�P �>�����@ �Z�L�W�K �W�K�H�"�i�m�#�2�F�R�Q�V�W�U�D�L�Q�W�� �D�Q�G �Z�H �D�S�S�O�\ �W�D�J �W�U�D�F�N �V�H�O�H�F�W�L�R�Q �R�I �W�K�H

�P�R�V�W �U�H�F�H�Q�W �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V �E�\ �W�K�H �7�'�&�3�9 �V�X�E�J�U�R�X�S �>�����@�� �V�X�P�P�D�U�L�V�H�G �L�Q �7�D�E����������

�7�D�E�O�H �������� �7�K�H �V�W�D�Q�G�D�U�G �7�'�&�3�9 �W�D�J �W�U�D�F�N �V�H�O�H�F�W�L�R�Q��

dr < 0:5 �F�P
jdzj < 2 �F�P

�M�*�.�*�>�B�i�b> 0
�M�a�o�.�>�B�i�b> 0
p � 0:05�*�H�9/ c

���������� �&�R�Q�W�U�R�O �&�K�D�Q�Q�H�O �6�H�O�H�F�W�L�R�Q�V

�:�H �U�H�F�R�Q�V�W�U�X�F�W �W�K�H �F�R�Q�W�U�R�O �F�K�D�Q�Q�H�OB + ! D 0(! K 0
S � 0)� + �L�Q �R�U�G�H�U �W�R �V�W�X�G�\ �W�K�H �G�L�V�F�U�H�S��
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�W�K�H�T�B�Y�,���H�H�O�L�V�W �Z�K�L�O�H �U�H�T�X�L�U�L�Q�J �W�K�D�W�i�?�2�i���A�M�*�.�*���+�+�2�T�i���M�+�2= �i�`�m�2���M�*�.�*�>�B�i�b> 20��
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S
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�I�R�O�O�R�Z �W�K�H �V�D�P�H �S�U�R�F�H�G�X�U�H �L�Q �U�H�F�R�Q�V�W�U�X�F�W�L�Q�J �W�K�HB �P�H�V�R�Q �D�V �L�Q �W�K�H �V�L�J�Q�D�O �F�K�D�Q�Q�H�O �D�Q�G
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�K�D�Y�H �D �M�H�W���O�L�N�H �G�L�V�W�U�L�E�X�W�L�R�Q �D�V �W�K�H �G�H�F�D�\ �W�R �O�L�J�K�W �K�D�G�U�R�Q�V �O�H�D�Y�H�V �O�D�U�J�H �D�Y�D�L�O�D�E�O�H �P�R�P�H�Q�W�X�P

�I�R�U �W�K�H�P �W�R �E�H �F�R�O�O�L�P�D�W�H�G�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G��BB �H�Y�H�Q�W�V �D�U�H �X�Q�L�I�R�U�P�O�\ �G�L�V�W�U�L�E�X�W�H�G �V�L�Q�F�H

�W�K�H �P�D�V�V �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H�(4 S) �U�H�V�R�Q�D�Q�F�H �D�Q�G �W�K�H �V�X�P �R�I �W�K�HB �P�H�V�R�Q �S�D�L�U �L�V

�V�P�D�O�O�� �7�K�HB �P�H�V�R�Q�V �D�U�H �S�U�R�G�X�F�H�G �D�O�P�R�V�W �D�W �U�H�V�W �L�Q �W�K�H �F�H�Q�W�U�H���R�I���P�D�V�V �I�U�D�P�H�� �7�K�H �H�Y�H�Q�W

�V�K�D�S�H �I�R�U �F�R�Q�W�L�Q�X�X�P �D�Q�GBB �H�Y�H�Q�W�V �D�U�H �G�H�S�L�F�W�H�G �L�Q �)�L�J���������� �(�Y�H�Q�W �V�K�D�S�H �Y�D�U�L�D�E�O�H�V �G�H��

�V�F�U�L�E�L�Q�J �W�K�H �R�Y�H�U�D�O�O �V�K�D�S�H �R�I �W�K�H �H�Y�H�Q�W �D�U�H �R�I�W�H�Q �X�V�H�G �W�R �W�U�D�L�Q �D �F�O�D�V�V�L�I�L�H�U �I�R�U �V�X�S�S�U�H�V�V�L�Q�J �W�K�H

�F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G�� �7�K�H�V�H �Y�D�U�L�D�E�O�H�V �W�K�H�P�V�H�O�Y�H�V �P�D�\ �Q�R�W �K�D�Y�H �J�R�R�G �V�H�S�D�U�D�W�L�Q�J �S�R�Z��

�H�U�V�� �7�K�H �V�L�J�Q�D�O �H�I�I�L�F�L�H�Q�F�\ �Z�R�X�O�G �E�H �U�H�G�X�F�H�G �W�R�R �J�U�H�D�W�O�\ �L�I �V�W�U�L�F�W �F�X�W�V �D�U�H �G�L�U�H�F�W�O�\ �D�S�S�O�L�H�G

�W�R �W�K�H�P��

�)�L�J�X�U�H �������� �(�Y�H�Q�W �V�K�D�S�H �R�I �F�R�Q�W�L�Q�X�X�P �D�Q�GBB �H�Y�H�Q�W�V �>�����@��

����



������ �)�D�V�W�%�'�7 �$�O�J�R�U�L�W�K�P

�,�Q �W�K�H �P�X�O�W�L�Y�D�U�L�D�W�H �D�Q�D�O�\�V�L�V�� �W�K�H �S�U�R�E�D�E�L�O�L�W�\ �R�I �D�Q �H�Y�H�Q�W �E�H�L�Q�J �V�L�J�Q�D�O �L�V �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J �D

�V�H�W �R�I �F�K�D�U�D�F�W�H�U�L�V�L�Q�J �Y�D�U�L�D�E�O�H�V �D�Q�G �D �F�O�D�V�V �O�D�E�H�O �W�K�D�W �O�D�E�H�O�V �V�L�J�Q�D�O �D�V ���� �D�Q�G �E�D�F�N�J�U�R�X�Q�G �D�V

������ �7�K�H �D�Q�D�O�\�V�L�V �S�U�R�F�H�H�G�V �L�Q �W�Z�R �V�W�H�S�V�� �W�K�H �I�L�W�W�L�Q�J �S�K�D�V�H �D�Q�G �W�K�H �D�S�S�O�L�F�D�W�L�R�Q �S�K�D�V�H�� �,�Q �W�K�H

�I�R�U�P�H�U �D �G�D�W�D�V�H�W �Z�L�W�K �N�Q�R�Z�Q �O�D�E�H�O�V �L�V �X�V�H�G�� �D�Q�G �L�Q �W�K�H �O�D�W�W�H�U �W�K�H �I�L�W�W�H�G �F�O�D�V�V�L�I�L�H�U �L�V �D�S�S�O�L�H�G

�W�R �G�D�W�D�V�H�W�V �Z�L�W�K �X�Q�N�Q�R�Z�Q �O�D�E�H�O�V��

�,�Q �W�K�L�V �D�Q�D�O�\�V�L�V�� �Z�H �X�V�H �W�K�H �V�W�R�F�K�D�V�W�L�F �J�U�D�G�L�H�Q�W �E�R�R�V�W�H�G �G�H�F�L�V�L�R�Q �W�U�H�H�V �>�����@ �G�H�Y�H�O�R�S�H�G

�I�R�U �W�K�H �%�H�O�O�H �,�, �H�[�S�H�U�L�P�H�Q�W�� �0�X�O�W�L�Y�D�U�L�D�W�H �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �L�V �X�V�H�G �H�[�W�H�Q�V�L�Y�H�O�\ �L�Q�#���b�7�k�� �D�Q�G

�W�K�H �G�H�I�D�X�O�W �P�X�O�W�L�Y�D�U�L�D�W�H �D�O�J�R�U�L�W�K�P �L�V �)�D�V�W�%�'�7�� �Z�K�L�F�K �L�V �I�D�V�W �G�X�U�L�Q�J �I�L�W�W�L�Q�J �D�Q�G �D�S�S�O�L�F�D�W�L�R�Q��

�U�R�E�X�V�W �I�R�U �W�U�D�L�Q�L�Q�J �L�Q �D�Q �D�X�W�R�P�D�W�H�G �H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�Q�G �J�H�Q�H�U�D�W�H�V �D�Q �L�Q�W�H�U�S�U�H�W�D�E�O�H �P�R�G�H�O

�Z�L�W�K �D �J�R�R�G �S�H�U�I�R�U�P�D�Q�F�H�� �:�H �E�U�L�H�I�O�\ �L�Q�W�U�R�G�X�F�H �W�K�H �V�W�R�F�K�D�V�W�L�F �J�U�D�G�L�H�Q�W���E�R�R�V�W�H�G �G�H�F�L�V�L�R�Q

�W�U�H�H �D�O�J�R�U�L�W�K�P �L�Q �W�K�L�V �V�H�F�W�L�R�Q��

�$ �G�H�F�L�V�L�R�Q �W�U�H�H �>�����@ �S�H�U�I�R�U�P�V �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �Z�L�W�K �F�R�Q�V�H�F�X�W�L�Y�H �F�X�W�V �G�H�W�H�U�P�L�Q�H�G �L�Q �W�K�H

�I�L�W�W�L�Q�J �S�K�D�V�H �R�Q �W�K�H �F�K�D�U�D�F�W�H�U�L�V�L�Q�J �Y�D�U�L�D�E�O�H�V�� �7�K�H �P�D�[�L�P�X�P �Q�X�P�E�H�U �R�I �F�R�Q�V�H�F�X�W�L�Y�H �F�X�W�V

�L�V �F�D�O�O�H�G �W�K�H �G�H�S�W�K �R�I �W�K�H �G�H�F�L�V�L�R�Q �W�U�H�H�� �$�W �H�D�F�K �Q�R�G�H �D �E�L�Q�D�U�\ �G�H�F�L�V�L�R�Q �L�V �P�D�G�H�� �D�Q�G �W�K�H

�I�U�D�F�W�L�R�Q �R�I �V�L�J�Q�D�O �H�Y�H�Q�W�V �L�Q �W�K�H �Q�R�G�H �R�I �D�O�O �W�U�D�L�Q�L�Q�J �H�Y�H�Q�W�V �L�V �W�D�N�H�Q �D�V �W�K�H �V�L�J�Q�D�O �S�U�R�E�D�E�L�O��

�L�W�\�� �2�Q�O�\ �H�Y�H�Q�W�V �W�K�D�W �S�D�V�V �W�K�H �S�U�H�F�H�G�L�Q�J �F�X�W�V �D�U�H �F�R�Q�V�L�G�H�U�H�G�� �$ �F�X�P�X�O�D�W�L�Y�H �S�U�R�E�D�E�L�O�L�W�\

�K�L�V�W�R�J�U�D�P �I�R�U �H�D�F�K �Y�D�U�L�D�E�O�H �D�W �H�D�F�K �Q�R�G�H �L�V �F�D�O�F�X�O�D�W�H�G �I�R�U �V�L�J�Q�D�O �D�Q�G �E�D�F�N�J�U�R�X�Q�G�� �7�K�H

�F�K�D�U�D�F�W�H�U�L�V�L�Q�J �Y�D�U�L�D�E�O�H �D�Q�G �W�K�H �F�X�W �D�W �H�D�F�K �Q�R�G�H �D�U�H �W�K�H �R�Q�H�V �W�K�D�W �O�R�F�D�O�O�\ �P�D�[�L�P�L�V�H �W�K�H

�V�H�S�D�U�D�W�L�R�Q �J�D�L�Q�� �7�K�H �W�U�D�L�Q�L�Q�J �U�H�V�X�O�W �R�I �D �G�H�F�L�V�L�R�Q �W�U�H�H �L�V �R�I�W�H�Q �G�R�P�L�Q�D�W�H�G �E�\ �V�W�D�W�L�V�W�L�F�D�O

�I�O�X�F�W�X�D�W�L�R�Q �L�Q �W�K�H �W�U�D�L�Q�L�Q�J �G�D�W�D�V�H�W�� �O�H�D�G�L�Q�J �W�R �R�Y�H�U���W�U�D�L�Q�L�Q�J �D�Q�G �S�R�R�U �S�H�U�I�R�U�P�D�Q�F�H �R�Q �R�W�K�H�U

�G�D�W�D�V�H�W�V��

�,�Q �R�U�G�H�U �W�R �D�Y�R�L�G �R�Y�H�U���W�U�D�L�Q�L�Q�J�� �D �V�W�R�F�K�D�V�W�L�F �J�U�D�G�L�H�Q�W �E�R�R�V�W�H�G �G�H�F�L�V�L�R�Q �W�U�H�H �X�V�H�V �V�K�D�O��

�O�R�Z �G�H�F�L�V�L�R�Q �W�U�H�H�V �L�Q�V�W�H�D�G �R�I �D �V�L�Q�J�O�H �G�H�H�S �G�H�F�L�V�L�R�Q �W�U�H�H�� �W�K�H �G�H�S�W�K �R�I �H�D�F�K �W�U�H�H �V�W�U�R�Q�J�O�\

�O�L�P�L�W�H�G�� �6�L�J�Q�D�O �D�Q�G �E�D�F�N�J�U�R�X�Q�G �D�U�H �R�Q�O�\ �U�R�X�J�K�O�\ �V�H�S�D�U�D�W�H�G �E�\ �H�D�F�K �G�H�F�L�V�L�R�Q �W�U�H�H�� �$ �V�X�E��

�V�D�P�S�O�H �L�V �U�D�Q�G�R�P�O�\ �G�U�D�Z�Q �I�U�R�P �W�K�H �W�U�D�L�Q�L�Q�J �V�D�P�S�O�H �I�R�U �H�D�F�K �W�U�H�H �D�Q�G �U�H�Z�H�L�J�K�W�H�G�� �7�K�H

�U�D�Q�G�R�P�L�V�D�W�L�R�Q �L�Q�F�U�H�D�V�H�V �W�K�H �U�R�E�X�V�W�Q�H�V�V �D�J�D�L�Q�V�W �R�Y�H�U���W�U�D�L�Q�L�Q�J �V�L�Q�F�H �V�W�D�W�L�V�W�L�F�D�O �I�O�X�F�W�X�D�W�L�R�Q�V

�Z�R�X�O�G �E�H �D�Y�H�U�D�J�H�G �R�X�W �L�Q �W�K�H �V�X�P �R�Y�H�U �D�O�O �W�U�H�H�V �>�����@�� �7�K�H �U�H�Z�H�L�J�K�W�L�Q�J �L�Q�F�U�H�D�V�H�V �W�K�H �L�Q�I�O�X��

�H�Q�F�H �R�I �H�Y�H�Q�W�V �K�D�U�G �W�R �F�O�D�V�V�L�I�\�� �R�I�W�H�Q �O�R�F�D�W�H�G �Q�H�D�U �W�K�H �R�S�W�L�P�D�O �V�H�S�D�U�D�W�L�Q�J �F�X�W�V �>�����@�� �7�K�H

�R�X�W�S�X�W �F�O�D�V�V�L�I�L�H�U �L�V �F�R�Q�V�W�U�X�F�W�H�G �Z�L�W�K �P�X�O�W�L�S�O�H �W�U�H�H�V�� �7�K�H �E�R�R�V�W���Z�H�L�J�K�W�V �F�D�O�F�X�O�D�W�H�G �I�R�U �W�K�H

�W�H�U�P�L�Q�D�O �Q�R�G�H �L�V �W�K�H �R�X�W�S�X�W �R�I �H�D�F�K �G�H�F�L�V�L�R�Q �W�U�H�H�� �D�Q�G �W�K�H �S�U�R�E�D�E�L�O�L�W�\ �R�I �D�Q �H�Y�H�Q�W �E�H�L�Q�J

�V�L�J�Q�D�O �L�V �W�K�H �V�L�J�P�R�L�G���W�U�D�Q�V�I�R�U�P�H�G �V�X�P �R�I �W�K�H �E�R�R�V�W���Z�H�L�J�K�W�V��

����
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�:�H �X�V�H ������������ �F�R�U�U�H�F�W�O�\ �U�H�F�R�Q�V�W�U�X�F�W�H�G �V�L�J�Q�D�O �H�Y�H�Q�W�V ���B�b�a�B�;�M���H= 1�� �D�Q�G �W�K�H �V�D�P�H �D�P�R�X�Q�W

�R�I �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �H�Y�H�Q�W�V �W�K�D�W �V�X�U�Y�L�Y�H �W�K�H �V�H�O�H�F�W�L�R�Q�V �W�R �W�U�D�L�Q �D �&�6 �R�X�W�S�X�W �F�O�D�V�V�L�I�L�H�U��

�$�Q�R�W�K�H�U �V�H�W �R�I �H�Y�H�Q�W�V �R�I �W�K�H �V�D�P�H �D�P�R�X�Q�W �L�V �X�V�H�G �I�R�U �W�H�V�W�L�Q�J �D�Q�G �W�R �F�K�H�F�N �I�R�U �R�Y�H�U���W�U�D�L�Q�L�Q�J��

�:�H �X�V�H �W�K�H �Y�D�U�L�D�E�O�H�B�b�L�Q�i�*�Q�M�i�B�M�m�m�K�1�p�2�M�i�D�V �W�K�H �N�Q�R�Z�Q �O�D�E�H�O�� �D�Q�G �W�K�H �L�Q�S�X�W �Y�D�U�L�D�E�O�H�V

�X�V�H�G �I�R�U �W�U�D�L�Q�L�Q�J �W�K�H �G�L�V�F�U�L�P�L�Q�D�W�R�U �L�Q�F�O�X�G�HM �E�F�� �H�Y�H�Q�W �V�K�D�S�H �Y�D�U�L�D�E�O�H�V�� �D�Q�G �Y�H�U�W�H�[ �Y�D�U�L��

�D�E�O�H�V��

�‡M �E�F�� �P�R�G�L�I�L�H�G �E�H�D�P���F�R�Q�V�W�U�D�L�Q�H�G �P�D�V�V��

�‡�_�k�� �Q�R�U�P�D�O�L�V�H�G �V�H�F�R�Q�G �)�R�[���:�R�O�I�U�D�P �P�R�P�H�Q�W��

�‡�+�Q�b�h�"�h�P�� �F�R�V�L�Q�H �R�I �W�K�H �D�Q�J�O�H �E�H�W�Z�H�H�Q �W�K�H �V�L�J�Q�D�OB �W�K�U�X�V�W �D�[�L�V �D�Q�G �W�K�H �U�H�V�W �R�I �H�Y�H�Q�W

���5�2�(�� �W�K�U�X�V�W �D�[�L�V��

�‡�+�Q�b�h�"�x�� �F�R�V�L�Q�H �R�I �W�K�H �D�Q�J�O�H �E�H�W�Z�H�H�Q �W�K�H �V�L�J�Q�D�OB �W�K�U�X�V�W �D�[�L�V �D�Q�G �W�K�Hz���D�[�L�V��

�‡�.�2�H�i���w�� �V�S�D�F�L�D�O �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �V�L�J�Q�D�O �D�Q�G �W�D�J���V�L�G�HB �G�H�F�D�\ �Y�H�U�W�L�F�H�V �L�Q �W�K�H

�E�H�D�P �G�L�U�H�F�W�L�R�Q��

�‡�.�2�H�i���w�1�`�`�� �H�U�U�R�U �R�I�.�2�H�i���w��

�‡�i�?�`�m�b�i���t�B�b�*�Q�b�h�?�2�i���� �F�R�V�L�Q�H �R�I �W�K�H �S�R�O�D�U �D�Q�J�O�H �F�R�P�S�R�Q�H�Q�W �R�I �W�K�H �W�K�U�X�V�W �D�[�L�V��

�‡�i�?�`�m�b�i�P�K�� �P�D�J�Q�L�W�X�G�H �R�I �W�K�H �5�2�( �W�K�U�X�V�W �D�[�L�V��

�‡�*�J�a�+�Q�b�h�?�2�i���� �S�R�O�D�U �D�Q�J�O�H �R�I �W�K�H �V�L�J�Q�D�OB �L�Q �W�K�H�(4 S) �I�U�D�P�H��

�‡dr �� �W�U�D�Q�V�Y�H�U�V�H �G�L�V�W�D�Q�F�H �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �,�3��

�‡�/�+�Q�b�h�?�2�i���� �F�R�V�L�Q�H �R�I �W�K�H �S�R�O�D�U �D�Q�J�O�H �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �,�3��

�‡�/�T�?�B�� �D�]�L�P�X�W�K�D�O �D�Q�J�O�H �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �,�3��

�‡�E�a�6�q�o���`�B���#�H�2�b�� �.�D�N�X�Q�R���6�X�S�H�U���)�R�[���:�R�O�I�U�D�P �P�R�P�H�Q�W�V��
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�‡�G�L�I�I�H�U�H�Q�F�H �R�I �Z�U�R�Q�J���W�D�J �I�U�D�F�W�L�R�Q�V �E�H�W�Z�H�H�QB 0 �D�Q�GB 0 ��� wr ����

�:�H �H�[�W�U�D�F�W �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �D�Q�G �G�L�U�H�F�W�&�3�D�V�\�P�P�H�W�U�\ �I�U�R�P �D �V�L�P�X�O�W�D�Q�H�R�X�V

�I�L�W �R�Y�H�U �D�O�O �V�H�Y�H�Qr ���E�L�Q�V�� �Z�L�W�K �W�K�H �I�O�D�Y�R�X�U �S�D�U�D�P�H�W�H�U�V �I�L�[�H�G �W�R �Y�D�O�X�H�V �G�H�W�H�U�P�L�Q�H�G �I�U�R�P

B 0 ! D �� � + �>�����@�� �7�K�H�\ �D�U�H �*�D�X�V�V�L�D�Q �F�R�Q�V�W�U�D�L�Q�H�G �L�Q �W�K�H �I�L�Q�D�O �I�L�W �Z�L�W�K �P�H�D�Q�V �D�Q�G �Z�L�G�W�K�V

�V�S�H�F�L�I�L�H�G �L�Q �7�D�E�������� �D�Q�G �7�D�E���������� �:�H �J�D�L�Q �D�G�G�L�W�L�R�Q�D�O �V�W�D�W�L�V�W�L�F�D�O �V�L�J�Q�D�O���W�R���E�D�F�N�J�U�R�X�Q�G

�V�H�S�D�U�D�W�L�R�Q �L�Q �W�K�H �I�L�W �V�L�Q�F�H �W�K�Hr �G�L�V�W�U�L�E�X�W�L�R�Q �L�V �G�L�I�I�H�U�H�Q�W �I�R�U �V�L�J�Q�D�O �D�Q�G �F�R�Q�W�L�Q�X�X�P�� �7�K�H

q � r �G�L�V�W�U�L�E�X�W�L�R�Q �R�I �W�K�H �J�H�Q�H�U�L�F �0�& �V�D�P�S�O�H �L�V �V�K�R�Z�Q �L�Q �)�L�J���������� �)�R�U �W�K�HBB �E�D�F�N�J�U�R�X�Q�G

�F�R�P�S�R�Q�H�Q�W�� �Z�H �X�V�H �W�K�H �V�D�P�H �I�O�D�Y�R�X�U �S�D�U�D�P�H�W�H�U�V �D�V �I�R�U �W�K�H �V�L�J�Q�D�O �F�R�P�S�R�Q�H�Q�W�� �D�Q�G �I�R�U �W�K�H

�F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �F�R�P�S�R�Q�H�Q�W �W�K�H �S�D�U�W�L�D�O �H�I�I�L�F�L�H�Q�F�L�H�V �D�U�H �I�L�[�H�G �W�R �Y�D�O�X�H�V �R�E�W�D�L�Q�H�G

�I�U�R�P �V�L�P�X�O�D�W�L�R�Q��

�7�K�H �V�L�J�Q�D�O �\�L�H�O�G �F�D�Q �E�H �F�R�P�S�X�W�H�G �I�U�R�P �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �E�\

N sig
K 0

S � 0 = 2 � NB B � B K 0 � 0 � f K 0 ! K 0
S

� � K 0
S � 0 ; ����������

�Z�K�H�U�HN sig
K 0
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�E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q ���I�L�W �S�D�U�D�P�H�W�H�U����f K 0 ! K 0
S

�L�V �W�K�H �I�U�D�F�W�L�R�Q �R�IK 0
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�‡�7�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �R�IB 0 ! K 0� 0 ���� �S�D�U�D�P�H�W�H�U����
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�:�H �G�H�U�L�Y�H �W�K�H �I�O�D�Y�R�X�U �3�'�) �E�\ �L�Q�F�R�U�S�R�U�D�W�L�Q�J �W�K�H �I�O�D�Y�R�X�U �S�D�U�D�P�H�W�H�U�V �L�Q�W�R �(�T�Q����������

�Z�K�L�F�K �W�K�H�Q �E�H�F�R�P�H�V

P(� t; q) =
e�j � t j/ � B 0

4� B 0
f 1 � q� w + q� (1 � 2w) + [ q(1 � 2w) + � (1 � q� w)]

� [A �F�R�V(� md� t) + S �V�L�Q(� md� t)] g:
����������

�,�Q�W�H�J�U�D�W�L�Q�J �R�Y�H�U �W�K�H �G�H�F�D�\ �W�L�P�H�� �Z�H �R�E�W�D�L�Q �W�K�H �W�L�P�H���L�Q�W�H�J�U�D�W�H�G �I�O�D�Y�R�X�U �3�'�) �V�K�D�S�H�V �G�H��

�V�F�U�L�E�H�G �E�\

Psig (q) =
1
2

[1 � q� wr + q� r (1 � 2wr ) + (1 � 2� d)f q(1 � 2wr ) + � r (1 � q� wr )g � A K 0 � 0 ];

PB B (q) =
1
2

[1 � q� wr + q� r (1 � 2wr ) + (1 � 2� d)f q(1 � 2wr ) + � r (1 � q� wr )g � A B B ];

Pqq(q) =
1
2

(1 � q � A qq);

����������

�Z�K�H�U�H� d �L�V �W�K�H �W�L�P�H���L�Q�W�H�J�U�D�W�H�GB 0 �P�L�[�L�Q�J �S�D�U�D�P�H�W�H�U�� �7�K�H �E�D�F�N�J�U�R�X�Q�G �D�V�\�P�P�H�W�U�L�H�VAB B

����



�D�Q�GAqq �D�U�H �I�L�[�H�G �W�R �]�H�U�R �L�Q �W�K�H �I�L�Q�D�O �I�L�W �W�R �G�H�F�U�H�D�V�H �W�K�H �H�V�W�L�P�D�W�H�G �X�Q�F�H�U�W�D�L�Q�W�\ �D�Q�G �E�L�D�V �R�Q

AK 0 � 0 �� �7�K�H �W�R�W�D�O �3�'�)P(� E; C0; q) �L�V �W�K�H �S�U�R�G�X�F�W �R�IP(� E)��P(C0)�� �D�Q�GP(q)��

Pr;j (� E; C0; q) = Pj (� E) � P j (C0) � Pr;j (q); ����������

�Z�K�H�U�Hj �G�H�Q�R�W�H�V �W�K�H �I�L�W �F�R�P�S�R�Q�H�Q�W�V �D�Q�Gr �G�H�Q�R�W�H�V �I�O�D�Y�R�X�U �W�D�J�J�H�Ur ���E�L�Q�V�� �7�K�H� E �D�Q�GC0

�G�L�V�W�U�L�E�X�W�L�R�Q�V �D�U�H �P�R�G�H�O�O�H�G �Z�L�W�K �W�K�H �V�D�P�H �3�'�) �R�Y�H�U �G�L�I�I�H�U�H�Q�Wr ���E�L�Q�V�� �:�H �X�V�H �W�K�H �H�[�W�H�Q�G�H�G

�P�D�[�L�P�X�P �X�Q�E�L�Q�Q�H�G �O�L�N�H�O�L�K�R�R�G �P�H�W�K�R�G �W�R �G�H�W�H�U�P�L�Q�H �W�K�H �E�U�D�Q�F�K�L�Q�J �I�U�D�F�W�L�R�Q �D�Q�G �W�K�H �G�L�U�H�F�W

�&�3�D�V�\�P�P�H�W�U�\�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �Z�K�L�F�K �D�U�H �H�Q�F�R�G�H�G �L�Q �W�K�H �V�L�J�Q�D�O �3�'�) �D�Q�G �V�L�J�Q�D�O �\�L�H�O�G�� �7�K�H

�O�L�N�H�O�L�K�R�R�G �L�V �J�L�Y�H�Q �E�\

L (� E; C0; q) =
e� N

N !

Y

r

N rY

i

X

j

� r;j N j P i
r;j (� E; C0; q); ����������

�Z�K�H�U�HN �L�V �W�K�H �Q�X�P�E�H�U �R�I �D�O�O �W�K�H �H�Y�H�Q�W�V��N j �L�V �W�K�H �Q�X�P�E�H�U �R�I �H�Y�H�Q�W �I�R�U �H�D�F�K �I�L�W �F�R�P�S�R�Q�H�Q�W��

Nr �L�V �W�K�H �Q�X�P�E�H�U �R�I �H�Y�H�Q�W�V �L�Q �H�D�F�Kr ���E�L�Q��i �U�H�S�U�H�V�H�Q�W�V �W�K�Hi ���W�K �H�Y�H�Q�W�� �D�Q�G� r;j �L�V �W�K�H �S�D�U�W�L�D�O

�H�I�I�L�F�L�H�Q�F�\ �I�R�U �I�L�W �F�R�P�S�R�Q�H�Q�Wj �L�Q �H�D�F�Kr ���E�L�Q�� �D�V �J�L�Y�H�Q �L�Q �7�D�E���������D�Q�G �7�D�E����������

�7�D�E�O�H ��������B 0 ! K 0
S � 0 �3�'�) �V�K�D�S�H�V �D�Q�G �W�K�H �F�R�U�U�H�O�D�W�L�R�Q �F�R�H�I�I�L�F�L�H�Q�W�V �E�H�W�Z�H�H�Q� E �D�Q�G �W�K�H

� ���W�U�D�Q�V�I�R�U�P�H�G �F�R�Q�W�L�Q�X�X�P �V�X�S�S�U�H�V�V�L�R�Q �R�X�W�S�X�W��� E �L�V �P�R�G�H�O�O�H�G �Z�L�W�K �D �G�R�X�E�O�H���V�L�G�H�G �&�U�\�V��
�W�D�O �%�D�O�O �O�L�Q�H�V�K�D�S�H�� �D �*�D�X�V�V�L�D�Q�� �D�Q�G �D �I�L�U�V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O �I�R�U �W�K�H �V�L�J�Q�D�O��BB �E�D�F�N�J�U�R�X�Q�G��
�D�Q�G �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G�� �U�H�V�S�H�F�W�L�Y�H�O�\��C0 �L�V �P�R�G�H�O�O�H�G �Z�L�W�K �I�L�U�V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O�V �I�R�U
�V�L�J�Q�D�O �D�Q�GBB �E�D�F�N�J�U�R�X�Q�G�� �D�Q�G �D�Q �H�[�S�R�Q�H�Q�W�L�D�O �I�X�Q�F�W�L�R�Q �I�R�U �W�K�H �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G��

�&�R�P�S�R�Q�H�Q�W � E C0 �F�R�U�U��

B 0 ! K 0
S � 0 �V�L�J�Q�D�O �'�R�X�E�O�H �&�% ���V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O ������������

BB �E�D�F�N�J�U�R�X�Q�G �*�D�X�V�V�L�D�Q���V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O ������������

�&�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G ���V�W���R�U�G�H�U �S�R�O�\�Q�R�P�L�D�O �H�[�S��ax + bx2�� ������������

�7�D�E�O�H �������� �6�K�D�S�H �S�D�U�D�P�H�W�H�U�V �I�R�UB 0 ! K 0
S � 0 �W�K�D�W �D�U�H �I�L�[�H�G �L�Q �W�K�H �I�L�Q�D�O �I�L�W��

�&�R�P�S�R�Q�H�Q�W �9�D�U�L�D�E�O�H �3�D�U�D�P�H�W�H�U�)�L�W �5�H�V�X�O�W

�6�L�J�Q�D�O � E

� � 0:01216� 0:00017

� L 0:05077� 0:00027

� R 0:03519� 0:00012

nL 4:499� 0:093

nR 1:773� 0:032

� L 1:0477� 0:0082

� R 2:147� 0:011

BB �E�D�F�N�J�U�R�X�Q�G
� E

� � 0:41� 0:11

� 0:155� 0:031

C0 a1 � 0:62� 0:11

����



���D�� �6�L�J�Q�D�O �F�R�P�S�R�Q�H�Q�W

���E��B B �E�D�F�N�J�U�R�X�Q�G �F�R�P�S�R�Q�H�Q�W

���F�� �&�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �F�R�P�S�R�Q�H�Q�W

�)�L�J�X�U�H �������� �/�H�I�W�� �W�K�H� E �G�L�V�W�U�L�E�X�W�L�R�Q ���E�O�D�F�N �G�R�W�V �Z�L�W�K �H�U�U�R�U �E�D�U�V�� �I�R�U �V�L�J�Q�D�O��BB �E�D�F�N��
�J�U�R�X�Q�G�� �D�Q�G �F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G �L�Q �W�K�HB 0 ! K 0

S � 0 �V�D�P�S�O�H�� �7�K�H �U�H�V�X�O�W �R�I �D �I�L�W �L�V
�R�Y�H�U�O�D�L�G �D�V �E�O�X�H �V�R�O�L�G �O�L�Q�H�V�� �5�L�J�K�W�� �V�D�P�H �E�X�W �I�R�U �W�K�H� ���W�U�D�Q�V�I�R�U�P�H�G �F�R�Q�W�L�Q�X�X�P �V�X�S�S�U�H�V��
�V�L�R�Q �R�X�W�S�X�WC0 �G�L�V�W�U�L�E�X�W�L�R�Q��
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������ �)�L�W�W�H�U �9�D�O�L�G�D�W�L�R�Q

�%�H�I�R�U�H �S�H�U�I�R�U�P�L�Q�J �W�K�H �I�L�W �W�R �G�D�W�D�� �Z�H �I�L�U�V�W �Y�D�O�L�G�D�W�H �W�K�H �I�L�W�W�H�U �R�Q1�D�E� 1 �R�I �V�L�P�X�O�D�W�H�G �V�D�P��

�S�O�H �D�Q�G �S�V�H�X�G�R �H�[�S�H�U�L�P�H�Q�W�V �R�I �7�R�\�0�& �D�Q�G �J�V�L�P �G�D�W�D�V�H�W�V�� �7�K�H �I�L�W �U�H�V�X�O�W �D�J�U�H�H �Z�L�W�K �W�K�H

�V�L�P�X�O�D�W�L�R�Q �W�U�X�W�K �D�Q�G �Z�H �R�E�V�H�U�Y�H �Q�R �E�L�D�V �I�U�R�P �W�K�H �H�Q�V�H�P�E�O�H �W�H�V�W�V�� �:�H �D�O�V�R �S�H�U�I�R�U�P �S�D�U�W�L�D�O

�X�Q�E�O�L�Q�G�L�Q�J �Z�L�W�K62:8�I�E� 1 �R�I �0�R�U�L�R�Q�G �G�D�W�D �W�R �F�K�H�F�N �W�K�D�W �W�K�H �U�H�V�X�O�W �D�U�H �L�Q �D�J�U�H�H�P�H�Q�W �Z�L�W�K

�W�K�H �S�U�H�Y�L�R�X�V �%�H�O�O�H �,�, �P�H�D�V�X�U�H�P�H�Q�W �D�Q�G �W�K�H �Z�R�U�O�G �D�Y�H�U�D�J�H �U�H�S�R�U�W�H�G �E�\ �W�K�H �3�'�* �>���@��

���������� �)�L�W �W�R �6�L�P�X�O�D�W�H�G �'�D�W�D

�:�H �Y�D�O�L�G�D�W�H �W�K�H �I�L�W�W�H�U �R�Q �D �V�L�P�X�O�D�W�H�G �V�D�P�S�O�H �F�R�U�U�H�V�S�R�Q�G�L�Q�J �W�R �D�Q �L�Q�W�H�J�U�D�W�H�G �O�X�P�L�Q�R�V�L�W�\ �R�I

�� �D�E� 1�� �7�K�H �U�H�V�X�O�W �R�I �W�K�H �I�L�W �L�V �V�K�R�Z�Q �L�Q �)�L�J���������W�R �)�L�J���������� �D�Q�G �W�K�H �I�L�W�W�H�G �S�D�U�D�P�H�W�H�U�V �D�Q�G

�W�K�H �V�L�P�X�O�D�W�L�R�Q �W�U�X�W�K �D�U�H �O�L�V�W�H�G �L�Q �7�D�E���������� �7�K�H �R�Y�H�U�O�D�L�G �I�L�W �P�D�W�F�K �W�K�H �0�& �G�L�V�W�U�L�E�X�W�L�R�Q�� �D�Q�G

�W�K�H �I�L�W�W�H�G �S�K�\�V�L�F�V �S�D�U�D�P�H�W�H�U�V �D�U�H �L�Q �D�J�U�H�H�P�H�Q�W �Z�L�W�K �W�K�H �V�L�P�X�O�D�W�L�R�Q �W�U�X�W�K��

�7�D�E�O�H �������� �)�L�W �U�H�V�X�O�W �I�R�U �W�K�H �I�L�W �W�R �W�K�H1�D�E� 1 �V�L�P�X�O�D�W�L�R�Q �V�D�P�S�O�H �I�R�UB 0 ! K 0
S � 0��

�3�D�U�D�P�H�W�H�U �)�L�W �5�H�V�X�O�W�6�L�P�X�O�D�W�L�R�Q �7�U�X�W�K

BK 0 � 0 ��8:84� 0:35) � 10� 6 9:09� 10� 6

A K 0 � 0 0:036� 0:092 ��

BB �\�L�H�O�G 209� 47 200

qq �\�L�H�O�G 5911� 99 5906

qq � E ���V�W �S�D�U�D�P� 1:060� 0:082 �±

qq C0 �D � 6:48� 0:22 �±

qq C0 �E 1:59� 0:33 �±

����



���D�� �)�L�W�W�L�Q�J �U�H�J�L�R�Q�� �Z�K�H�U�H� 0:3 < � E < 0:3 �D�Q�G0 < C 0 < 1

���E�� �6�L�J�Q�D�O���H�Q�K�D�Q�F�H�G �U�H�J�L�R�Q�� �G�H�I�L�Q�H�G �E�\� 0:13 < � E < 0:1 �D�Q�G0:24 < C 0 < 1

���F�� �%�D�F�N�J�U�R�X�Q�G���H�Q�K�D�Q�F�H�G �U�H�J�L�R�Q�� �G�H�I�L�Q�H�G �E�\0:1 < � E < 0:3 �D�Q�G0 < C 0 < 0:24

�)�L�J�X�U�H �������� �7�K�H� E �D�Q�GC0 �G�L�V�W�U�L�E�X�W�L�R�Q�V �R�I1�D�E� 1 �J�H�Q�H�U�L�F�J�*�R�8�`�B�V�L�P�X�O�D�W�L�R�Q �L�Q ���D�� �W�K�H
�I�L�W�W�L�Q�J �U�H�J�L�R�Q�� ���E�� �W�K�H �V�L�J�Q�D�O���H�Q�K�D�Q�F�H�G �U�H�J�L�R�Q�� �D�Q�G ���F�� �W�K�H �E�D�F�N�J�U�R�X�Q�G���H�Q�K�D�Q�F�H�G �U�H�J�L�R�Q��
�7�K�H �I�L�W �U�H�V�X�O�W �W�R �W�K�H �V�D�P�S�O�H �L�V �R�Y�H�U�O�D�L�G �Z�L�W�K �D �V�R�O�L�G �E�O�D�F�N �O�L�Q�H�� �D�Q�G �W�K�H �I�L�W �F�R�P�S�R�Q�H�Q�W�V �D�U�H
�V�K�R�Z�Q �D�V �E�O�D�F�N �G�D�V�K�H�G �O�L�Q�H ���V�L�J�Q�D�O���� �U�H�G �V�K�D�G�H�G �D�U�H�D ��BB �E�D�F�N�J�U�R�X�Q�G���� �D�Q�G �S�X�U�S�O�H �V�K�D�G�H�G
�D�U�H�D ���F�R�Q�W�L�Q�X�X�P �E�D�F�N�J�U�R�X�Q�G����
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���D�� ���W�Kr ���E�L�Q

���E�� ���V�Wr ���E�L�Q

���F�� ���Q�Gr ���E�L�Q

���G�� ���U�Gr ���E�L�Q

�)�L�J�X�U�H �������� �7�K�H� E �D�Q�GC0 �G�L�V�W�U�L�E�X�W�L�R�Q�V �R�I �� �D�E� 1 �J�H�Q�H�U�L�F�J�*�R�8�`�B�V�L�P�X�O�D�W�L�R�Q �S�U�R�M�H�F�W�H�G
�W�R �H�D�F�Kr ���E�L�Q��
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���D�� ���W�Kr ���E�L�Q

���E�� ���W�Kr ���E�L�Q

���F�� ���W�Kr ���E�L�Q

�)�L�J�X�U�H �������� �7�K�H� E �D�Q�GC0 �G�L�V�W�U�L�E�X�W�L�R�Q�V �R�I �� �D�E� 1 �J�H�Q�H�U�L�F�J�*�R�8�`�B�V�L�P�X�O�D�W�L�R�Q �S�U�R�M�H�F�W�H�G
�W�R �H�D�F�Kr ���E�L�Q��
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���������� �3�V�H�X�G�R���(�[�S�H�U�L�P�H�Q�W�V

�:�H �D�O�V�R �Y�D�O�L�G�D�W�H �W�K�H �I�L�W�W�H�U �Z�L�W�K �D �O�D�U�J�H �H�Q�V�H�P�E�O�H �R�I �7�R�\�0�& �G�D�W�D�V�H�W�V�� �G�U�D�Z�Q �I�U�R�P �W�K�H �Q�R�P��

�L�Q�D�O �I�L�W �V�K�D�S�H�V�� �:�H �J�H�Q�H�U�D�W�H �H�Y�H�Q�W�V �I�R�U �H�D�F�K �F�R�P�S�R�Q�H�Q�W �F�R�U�U�H�V�S�R�Q�G�L�Q�J �W�R �W�K�H �L�Q�W�H�J�U�D�W�H�G
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