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When one door closes, another door opens.

- Alexander Graham Bell






Abstract

Hadrons that contain b or ¢ quark are a good testbed for the quantum chromo-
dynamics. However, the masses and decay widths of those hadrons cannot be calcu-
lated within the framework of perturbative quantum chromodynamics. To describe
the hadrons, many theoretical models are introduced but the experimental results
have large uncertainty to validate the models. Therefore, precise measurements of
the masses and decay widths of the hadrons are necessary to test the models.

In this dissertation, the measurements of the masses and decay widths of the
¥.(2455)%*+ and ¥, (2520)%++ baryons using the mass differences, m(3.(2455)%/++)—
m(A}) and m(2.(2520)+F) — m(A}), are presented. Furthermore, the mass split-
tings, m(3.(2455)7T) — m(X.(2455)°) and m(X.(2520)7F) —m(X.(2520)), are pre-
sented as well.

By exploiting the large data sample corresponding to the integrated luminos-
ity of 711 fb=! collected at the Y(4S) with the Belle detector at the KEKB eTe~
asymmetric-energy collider, the mass differences of the ¥, (2455) 7+ and X.(2520)%/++

baryons with respect to the A} baryons are measured as

m(X.(2455)%) — m(AS) = 167.2940.01 & 0.02 MeV/c?,
m(X.(2455)T) —m(A}) = 167.514£0.01 +0.02 MeV/c?,
m(Xe(2520)%) — m(AS) = 231.9840.11 4 0.04 MeV/c?,
m(Xe(2520)"1) —m(AS) = 231.9940.10 £ 0.02 MeV/c?,

and the invariant masses of the ¥.(2455)%+% and %.(2520)%** baryons using the

measured mass differences are measured as

m(X.(2455)°) = 2453.7540.01 £0.02 £ 0.14 MeV /c?,
m(X.(2455)TF) = 2453.97 £0.01 £ 0.02 4 0.14 MeV /%,
m(X.(2520)°) = 2518.4440.11 £ 0.04 £+ 0.14 MeV/c?,

)

m(Se(2520)t1) = 2518.45 +0.10 + 0.02 + 0.14 MeV /¢?,



where the first uncertainties are statistical, the second are systematic, and the third

are the total uncertainty of the world average of A mass.
The decay widths of the ¥.(2455)%*+ and ¥.(2520)%** baryons are also mea-

sured to be

[(3.(2455)%) = 1.76 +0.047099 MeV/c?,
[(2.(2455)t) = 1.8440.047597 MeV/c?,
[(2.(2520)°) = 15.41 4 0.41%92) MeV/c?,
['(2.(2455)7F) = 14.77 £ 0.257018 MeV/c?,

where the first uncertainties are statistical, and the second are systematic. From the

results of the mass measurements, the mass splittings, m(3.(2455) ") —m(X.(2455)°)
and m(3.(2520) ") —m(2.(2520)), are also calculated and they are m(X.(2455)7)—
m(S.(2455)%) = 0.22 £ 0.01 £ 0.01 MeV/c? and m(E.(2520)++) — m(E.(2520)°) =

0.01 £ 0.15 = 0.03 MeV/c2.

The measurements are the most precise to date.



SR

bEEcHAIE 2Toe ZUAES FAAL AT AP T2 42
Aggrct. A w ol el gk ZYAES] AT 53 FY AN v A FAML
Ao g+ 75ttt ol B S AYAES AP A, B2 o] 2 A B
o] 2/FHAA T o]l g RY S-S AF st ol= AT AN A7 B84 0]
At} webA, o] AR RYSS AR5 A8l o] AAAEY A 5 ZY
43 54 o] Aot

o] T =ELS B3, £.(2455)YFF 9} £,(2520)+ Y50 Ak B
F& AT A m(S(2455)7) — m(AF) 2 m(S(2520)°F) — m(AD)E ©1&3t
of 5% A5 dxrt = AF 2R m(5.(2455)7F) — m(2.(2455)%) <}
m(3e(2520)*) — m(2,(2520)°) =3 W xS}

vt oA 9] AAwbARL 744 7] 91 KEKBO| A Belle AZ 7] & o] &3}o

m(3.(2520)°)

m(E.(2520)7) — m(A

51 AAElolA A% 711 !+
of 8k $.(2455)%F 9} .(2520)%/ ) A A}

FEo 2 HolHE ARgsto], Al

0.

rlr

167.29 £ 0.01 £ 0.02 MeV/c?,
167.51 £ 0.01 £ 0.02 MeV /c?,
231.98 £0.11 +0.04 MeV/c?,
231.99 4 0.10 + 0.02 MeV/c?,

=
ERAHS
m(2.(2455)°) = 2453.7540.01 £ 0.02 £ 0.14 MeV/c?,
m(2.(2455)7F) = 2453.97 £0.01 £ 0.02 4 0.14 MeV /%,
m(X.(2520)°) = 2518.44 4+ 0.11 £ 0.04 £ 0.14 MeV /c?,
m(2.(2520)7F) = 2518.45+0.10 & 0.02 4 0.14 MeV /c?,
2 339 e, AiA ESEE A4 24 FHA - AsH 2
Aolir MR 23 = A TAA] AA da e & A=t



3,(2455)0/++ 9} 5,(2520)0/++ F Q) Ahe] B3] EL

[(3.(2455)%) = 1.76 4 0.047099 MeV/c?
[(X.(2455)") = 1.8440.04755 MeV/c?
[(3.(2520)°) = 15.41 +0.41132 MeV/c?
[(2.(2455)TF) = 14.77 £ 0.257018 MeV/c?

BAERAL, ARA 2= SAA 24, FHA EFH == A4 24

5 % ) — m(Xc(2455)°) <}
Al ﬁ]éﬂ QI I A= ZH2E m(X.(2455) ) —
1 — m(2.(2520)°) =

=
@
<
~
Q
3
—~
—~~
[\
(@)
DO
=
+
+
~

0.01 & 0.15 & 0.03 Me\//c2 OlD}
o] 274 At 25 7P AW Aot



Acknowledgements

Particle physics is a big challenge to reveal the mysteries of the universe. It
is my great honor to get involved in this most advanced science and challenge to
expand the boundary of human knowledge. There are many people whom I have to
appreciate during my journey.

First of all, I have no words to express my gratitude enough to my thesis ad-
visor, Professor Eunil Won (Korea University, Korea). His passions and professions
for physics encourages and inspires me, and he has been always supportive to my
researches. As a role model and a mentor, he demonstrates the way how I would live

as a physicist in my future career.

I would like to appreciate Dr. Byeong Rok Ko (Korea University, Korea) as well.
Without his deep knowledge on physics, and abundant experience, this study would
be painful. His enthusiasm for physics always motivates me. Whenever I encountered

difficulties even including technical ones, he saved me with brilliant solutions.

The referees of this study in the Belle collaboration, Dr. Anze Zupanc (Jozef
Stefan Institute, Slovenia), Dr. Yuji Kato (Nagoya University, Japan), and Dr. An-
ton Poluektov (Budker Institute of Nuclear Physics, Russia), showed their interests
in my study and faithfully advised through the entire authorship process. Professor
Yoshihide Sakai (KEK, Japan), Professor James Libby (Indian Institute of Technol-
ogy Madras, India), Professor Yasushi Watanabe (Kanagawa University, Japan), Dr.
Bansal Vikas (Pacific Northwest National Laboratory, USA), and Dr. Olivier Schnei-
der (Ecole Polytechnique Federale de Lausanne, Switzerland) gave lots of helps to
perfect this study as well. They all deserve to take my gratitude.

I also express my gratitude to the committee members, Professor Byeonggu
Cheon (Hanyang University, Korea), Professor Un-ki Yang (Seoul National Uni-
versity, Korea), and Professor Jung Keun Ahn (Korea University) for their service

to evaluate this dissertation.

During my Ph. D. course, I was involved in a development of a high level trigger

software for the Belle II experiment. I have learned lots of valuable knowledges and



vi

experiences from my co-worker, Professor Ryosuke Itoh (KEK, Japan) who is the
leader of data acquisition group of the Belle and Belle II experiment. His enthusiasm
and diligence are the greatest lessons that I have ever learned.

I also appreciate for the support from my family. There is always no word to
thank to my father, who has been persistently self-sacrificing.

Dr. Hyuncheong Ha (Samsung Electronics, Korea), my university senior as well
as the former lab senior, introduced the particle physics to me at the first place. He
willingly shared his knowledge and experiences. Without his help, it would be much
harder to settle in this field.

I also thank to my lab colleagues, Jihoon Choi, Kyungtae Kim, Jaebak, Kim,
Kyungmin Lee, Donghyun Lee, Hyunki Moon, Woodo Lee, Hoyong Jung, and An-
drea Maria Kim (Korea University, Korea) and to a former lab member, Minju Lee.

I would like to deeply thank to Korean Belle members; Professor Youngjoon
Kwon (Yonsei University, Korea) and Dr. Yuji Unno (Hanyang University, Korea)
showed their persistent interests in my physics analysis. Oksu Seon (Nagoya Uni-
versity, Japan) who is a former Korean Belle member, Dr. Soo Ryu (Seoul National
University, Korea) and Sunghyun Kim (Hanyang University, Korea) shared the dif-
ficulties as a graduate student. I would also appreciate Professor Sunkee Kim (Seoul
National University, Korea), Professor Soo Kyung Choi (Gyeongsang National Uni-
versity, Korea), Dr. Doris Yangsoo Kim (Soongsil University, Korea), Dr. Kihyeon
Cho, Dr. Young Jin Kim, Dr. Jung Hyun Kim (Korea Institute of Science and
Technology Information, Korea), Dr. Myungjae Lee (Lawrence Berkeley National
Laboratory, USA), Dr. Hyo Jung Hyun (Kyungpook National University, Korea),
Dr. Bong Ho Kim (Seoul National University, Korea), Insoo Lee, and Youngmoon
Goh (Hanyang University, Korea).

I also thank to my university friends, Minho Cho, Sangyoung Seo, Wonthaek
Oh, Guntae Park, and Minyoung Choi as well as my oldest friends, Junhyup Kim,
Yongkwan Jang, Heonchang Jung, Ho Sin Han, and Jeong-hoon Heo.

Finally, I express my gratitude to my love, Sungeun Kim.

At the another open door,
Soohyung Lee



CONTENTS Vii
Contents

1 Introduction 1

1.1 Standard Model . . . . . . .. ..o 1

1.1.1 Quarks . . . . . . . 1

1.1.2 Leptons . . . . . . . . . .. 2

1.1.3 Interactions and Interaction Mediators . . . . .. .. ... .. 3

1.1.4 Mesons and Baryons . . . . ... ... ... L. 5)

1.2 Charmed Baryons . . . . . . . . .. ... 7

1.3 X.Baryons . . ... 11

2 The KEKB Accelerator 17

3 The Belle Detector 20

3.1 Overview . . . . ..o 20

3.2 Beam Pipe and Solenoid Magnet . . . . . ... ... ... ... 21

3.3 Silicon Vertex Detector (SVD) . . . . ... ... ... 23

3.4  Central Drift Chamber (CDC) . . . . ... .. ... ... ... .... 24

3.5 Aerogel Cherenkov Counter (ACC) . . . . ... ... .. ....... 26

3.6 Time-of-Flight Detector (TOF) . . . ... ... ... ... ...... 26

3.7 Electromagnetic Calorimeter (ECL) . . . . . ... ... ... .. ... 27

3.8 Extreme Forward Calorimeter (EFC) . . . . ... ... ... .. ... 28

3.9 K and Muon Detector (KLM) . . . ... ... ... ... ... .. 29

3.10 Trigger System . . . . . . . . .. 31

3.10.1 CDC Trigger System . . . . . . . ... ... ... ... ... 32

3.10.2 TOF Trigger System . . . . . . . .. . ... ... ... .... 34

3.10.3 ECL Trigger System . . . . . . . .. ... .. ... ...... 34

3.10.4 KLM Trigger System . . . . . . . .. ... ... ... ..... 35

3.10.5 EFC Trigger System . . . . . . . . ... ... ... ...... 35

3.10.6 Global Decision Logic . . . . .. .. ... ... ... ..... 36



viii CONTENTS

3.11 Data Acquisition System . . . . . . . .. ... 38
3.12 Particle Identification . . . . . . . . . ..o 40
3.12.1 Kaon identification . . . . . . . ... ... 40

3.12.2 Electron identification . . . . . . .. ... 46

3.12.3 Muon identification . . . . . . .. ... 50

3.13 Data Statistics . . . . . . ..o 53

4 Event Reconstruction and Selection 56
4.1 DataSamples . . . . . . ..o 56
4.2 Track Selection . . . . . . ... 60
4.3 AF and SYTT Reconstruction . . . ... 61
4.4 Event Selection . . . . . ... .o 61

5 Backgrounds 64
5.1 Backgrounds from Excited AT Decays . . . . .. ... ... ... ... 64
5.1.1 Excited Al Decays . . . ... ... ... ... ..., 64

5.1.2  Feed-down Background Tagging . . . . . .. ... ... .... 72

5.1.3 Feed-down Background Correction . . . . ... .. ... ... 75

5.2  Reflection Backgrounds from D*(2010)" Decays . . . . . ... . ... 84
5.3 Random Backgrounds . . . . ... ... ... L. 89
5.3.1 Random Background associated with Fake A; . . . . . . . .. 89

5.3.2  Random Background associated with True A . . . . . . . .. 93

6 =2 — Afn~ Decay 95
7 Fit Procedure 106
7.1 Fit Model . . . . . . . .. 106
7.1.1 Theoretical Model . . . . . . ... ... 106

7.1.2 Detector Resolution . . . . . . .. .. .. ... ... ... ... 108

7.2 Background Model . . . . .. ... oo 113
73 FitResults. . . . . . . . 113

8 Systematic Uncertainties 118
8.1 Resolution Model . . . . . . .. ..o 118
8.2 Momentum Scale . . . . .. ... L 121
8.2.1 Momentum Scale Calibration with K% Sample . . . . . . . .. 124

8.2.2 Systematic Uncertainties . . . . . . . . . .. .. .. ... ... 129

83 FitModel . . . . . .. 130



CONTENTS ix

83.1 FitBias . . . . . . ... 130
8.3.2 Binning Effect . . . . . ..o 130
8.3.3 Effect of the Fit Range . . . . . . . .. .. ... .. ... ... 133
8.4 Background Model . . . . .. ... oo 137
8.4.1 Feed-down Correction . . . . . . . ... .. ... ... .... 137
8.4.2 Wrong Combination Events Subtraction in the Feed-down Back-

ground . . ... 140

8.4.3 Statistical Effect of the Random Background associated with
fake AT . .o 140

8.4.4 Background Model of the Random Background associated with
true AF Lo 140
8.5 Total Systematic Uncertainties . . . . . . . .. .. . ... ... .... 141
9 Results and Discussions 144
A Technical Details of Convolution Method 151
B Breit-Wigner Line Shape 153
B.1 Non-relativistic Breit-Wigner Line Shape . . . . . . . .. ... .. .. 153
B.2 Relativistic Breit-Wigner Line Shape . . . . . . . ... .. ... ... 153

C Development of the High Level Trigger System for the Belle II
Experiment 155



LIST OF FIGURES

List of Figures

1.1
1.2
1.3

2.1

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

3.14

3.15
3.16
3.17
3.18
3.19
3.20
3.21

Elementary particles in the standard model . . . . . . . . .. .. ...
SU(4) multiplets of baryons . . . . . .. ... ...

Mass spectra of charmed and light strange baryons . . . .. . .. ..
The KEKB accelerator . . . . . . .. ... .. ... ... .......

The Belle detector . . . . . . . . .. ..
The silicon vertex detector of the Belle detector . . . . . . . . . . ..
The central drift chamber of the Belle detector . . . . . . . .. .. ..
The aerogel Cherenkov counter of the Belle detector . . . . . . . . . .
The electromagnetic calorimeter of the Belle detector . . . . . . . ..
The extreme forward calorimeter of the Belle detector . . . . . . . ..
Cross-section of a superlayer of KLM of the Belle detector . . . . ..
The Level-1 trigger system for the Belle detector . . . . . . . . . . ..
CDC track segment finder (TSF) . . ... ... ... ... ... ...
CDC track finder (TF) wedge . . . . .. . ... .. ... ... ....
Schematic design of the Global Decision Logic . . . . . . ... . ...
Schematic view of the DAQ system . . . . ... ... ... ... ...
Measured energy-loss in CDC as a function of momentum in loga-
rithm forp, K;and 7w . . . . . . . . . .. .
Distribution of the number of photoelectrons in ACC for each refrac-
tive index . . . . . L
Momentum versus the likelihood ratio for the K /7 separation

Kaon identification efficiency and pion fake rate . . . . . .. .. ...
Kea for electrons and pions . . . . . . . . .. ... ...
Electron identification efficiency and pion fake rate . . . .. .. . ..
Muon likelihoods of muon and pion . . . . . .. ... ... ... ...
Muon identification efficiencies . . . . . . . . .. ...

Pion fake rate in the muon identification . . . . . . . . . . . . . . ..



LIST OF FIGURES

xi

3.22

Integrated luminosity over a decade operation . . . .. .. ... ...

4.1 Demonstration of incorrect generations of the ¥..(2455)™* and %.(2520)%/*+

4.2

4.3
4.4

5.1
5.2
5.3
0.4
3.5

2.6
2.7
2.8

2.9

5.10

5.11

5.12

5.13
5.14
5.15
5.16
5.17
5.18
5.19

baryons in the generic MC . . . . . . . . ... ... L.

Demonstration of missing generation of the excited A baryons in the

generic MC . . . . . ..o
Signal and sideband regions of AT baryon . . .. ... ... ... ..
The reconstructed mass differences of m(pK 77~ )—m(pK ~7") and

m(pK - 7tnt) —m(pK~n") after the selection . . . . . .. ... ...

The feed-down background in the decays of the A.
The feed-down background in the decays of the A,
The feed-down background in the decays of the A.
The feed-down background in the decays of the A,

(2595)* baryon . .
(2625)* baryon . .
(2765)" baryon . .
(2880)" baryon . .
m(pK~7") in the pK~7t7fr, combinations . . .. ... ... ...
m(pK - ntnfh™) — m(pK~n") distribution . . . . . ... ...
Comparison between data and scaled generic MC . . . . . .. .. ..
Comparison between the data and scaled generic MC in the sidebands
of Au(2625)T mass . . . ...
Feed-down backgrounds after the subtraction of the wrong combina-
tion events of the excited A baryons . . . . ... ... ... ...
m(pK -7t rE) — m(pK~—n") distributions before and after the feed-
down subtraction . . . .. ...
Feed-down background from the A.(2595)" decay in different momen-
tum bins of the additional charged hadron . . . . . . .. ... .. ..
Feed-down background from the A.(2625)" decay in different momen-
tum bins of the additional charged hadron . . . . .. ... ... ...
Momentum distributions of the soft pions in the excited A} decays
Corrected and uncorrected feed-down backgrounds . . . . . . . . . ..
m(pK - ntrE) — m(pK~m") after the feed-down subtraction . . . . .
Reflection background from the D*(2010)" decays . . . . . . . .. ..
Random background associated with the fake AT in the MC . . . . .
Random background associated with the fake AT in the MC . . . . .
Comparison of random backgrounds associated with the fake AT be-

tween the signal and sideband of the AT mass . . . .. ... ... ..

58

67
68
69
70

2-dimensional scatter plot of m(pK 77, ) —m(pK 7)) and m(pK~ ntn})—

71



xii

LIST OF FIGURES

5.20 Random background associated with the true AT candidates described

by a threshold function . . . . . . . . .. ... ... ...

6.1 m(pK-7mn;) — m(pK~7") distributions of the Z¢ decays obtained
from the MC simulation . . . . .. ... ... ... ... ... ..
6.2 m(pr~) distribution in the reconstructed data of pK 7 r; and the
contribution to the peak from the A candidates . . . . . .. ... ..
6.3 Feynman diagrams for the decay of 20 — pK—nfn— . . . . . . .. ..
6.4 m(pK ntr;)—m(pK 7") versus m(pK"7%) . . ... ...
6.5 m(pK ntrl) —m(pK 7") versus m(pK 7). . ...

6.6 Feynman diagram for the decay of 20 — Afm— . . . .. ... .. ...

Sttt e e e e e e e e e e e e

6.8 m(pK ntr) and m(pK nt7n~) —m(pK w") from the data that is

6.7 2% — pK ntr versus 20 — Al

not constrained to have A* . . . . ..o

6.9 m(pK ntn")—m(pK 7") from data that is not constrained to have

the A} baryons with various selections . . . . . ... ... ... ...

7.1 Simulated detector response for the ¥.(2455) baryon . . . .. .. ..
7.2 Simulated detector response for the ¥.(2520) baryon . . .. ... ..
7.3 Fit to the mass difference of m(pK - 7ntn;) —m(pK~—n") .. ... ..
7.4 Fit to the mass difference of m(pK " ntn}) —m(pK-—=nt) . ... ...

8.1 Discrepancy between the data and MC in D*(2010)" — D7/
8.2 The mass difference of m(D*(2010)") — m(D°) as a function of 7}

momentuInl . . . . . . ..o
8.3 Calibrated K3 mass as a function of p(z¥77) . . . ... ... .. ..
8.4 Calibrated K3 mass as a function of 1/pp(nta™) . .. ... ... ..
8.5 Calibrated K3 mass as a function of cotf . . . . . . ... ... .. ..
8.6 The mass difference of m(D*(2010)") — m(D°) as a function of the

77 momentum after the calibration . . . . . .. ... ... ... ...
8.7 Bias check from the fitter using 10,000 pseudo-experiments . . . . . .
8.8 Pull distributions of 10,000 pseudo-experiments . . . . . . . .. . ..

9.1 Comparison of the mass differences and widths of the %.(2455)° and
¥.(2520)° baryons with the results from other experiments . . . . . .
9.2 Comparison of the mass differences and widths of the ¥.(2455)* and

¥.(2520)"* baryons with the results from other experiments . . . . .



LIST OF FIGURES xiii
C.1 Tllustration of the Belle IT HLT system . . . . . .. .. ... ... .. 156
C.2 Node management of the Belle IT HLT system . . . . . ... ... .. 157
C.3 Data flow in the HLT system. Since there is only one FIFO drawn in

the left node, it seems that two separated flows of node information

and event data share one FIFO, but they use different FIFOs in the

actual implementation. . . . . . .. ..o 158
C.4 Performance test of the Belle II high level trigger software . . . . .. 160



Xiv

LIST OF TABLES

List of Tables

1.1
1.2
1.3
1.4
1.5

1.6
1.7

1.8

2.1

3.1

3.2

5.1
5.2

9.3

5.4

9.5
0.6

6.1

Quarks and their properties in the standard model . . . . . . . . . .. 3
Leptons and their properties in the standard model . . . . . . . . .. 3
Known properties of the A} and 3, baryons . . . . . ... ... ... 9
Known properties of the =, and €2, baryons . . . . . ... ... ... 10
Theoretical predictions to the masses of the ¥.(2455) and ¥.(2520)
baryons . . . ... 12
Theoretical predictions to the mass splittings of m(X) —m(X2) . . 13
Comparison to the results from other experiments for the neutral >
baryons . . . ... 14
Comparison to the results from other experiments for the doubly-
charged X, baryons . . . . . .. ..o oo 15
The KEKB accelerator parameters . . . . . . ... ... ... .... 19
Total cross-section and trigger rates with £ = 10** cm™2s7! from
various physics processes at T(4S) . . . . ... ... 31
Total integrated luminosity over the experiments. . . . . . . . . . .. 54
Properties of A} baryons . . . . . . ... ..o 65
The acceptance for the positively charged hadrons from the decay of
A(2625)T — X078 81
The acceptance for the negatively charged hadrons from the decay of
A(2625)T = SFtoy 82
The acceptance for the charged hadrons from the decay of A.(2625)" —
0 83

The track finding efficiency and the acceptance of a charged hadron . 84
DY decays of which is possible to be a background . . . . .. ... .. 87

Decays of the Z0 baryon . . . . . . ... ... ... ... ... 96



LIST OF TABLES XV

7.1
7.2

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11
8.12

9.1

9.2

9.3

C.1
C.2

Estimated parameters of the detector response functions . . . . . .. 112
Fit results of the ¥.(2455)%*F and ¥.(2520)%** baryons . . . . . . . 114

Estimated detector resolutions of the data and MC from the D*(2010)*

decay . . . . . . 120
Systematic uncertainties due to the discrepancy between the data and
MC . . 121

Systematic uncertainties due to the statistical effect of the detector

TESPOTISES .+« v v v v e e e e e e e e e e e 121
Input and fit values of the pseudo-experiments for the test of fitter . . 131
Estimated parameters for the neutral ¥, baryons in various bin sizes . 134
Estimated parameters for the doubly-charged ¥, baryons in various

bin sizes . . . . . .. 135
Estimated parameters for the ¥.(2520)° baryon in various fit ranges . 136
Estimated parameters for the ¥.(2520)"" baryon in various fit ranges 136
Estimated parameters for the neutral 3. baryons with fluctuated nor-

malizations of the feed-down background . . . . . . .. ... ... .. 138

Estimated parameters for the doubly-charged Y. baryons with fluc-

tuated normalizations of the feed-down background . . . . . . .. .. 139
Total systematic uncertainties for the neutral 3, baryons . . . . . . . 142
Total systematic uncertainties for the doubly-charged ¥, baryons . . 143

Measurements of the masses and widths of the %.(2455)%++ and

Ye(2520)%*F baryons . . . ... 146
Comparison with the results from other experiments for the neutral
Yebaryons . ..o 147
Comparison with the results from other experiments for the doubly-
charged X, baryons . . . . . ... L oo 148
Test bench for the Belle II high level trigger system . . . . .. .. .. 158

FIFO performance . . . . . .. .. ... ... ... ... ... 159






Chapter 1

Introduction

1.1 Standard Model

The standard model has been the most successful theory to describe the elemen-
tary particles that are constituents of the universe, and the interactions among them.
In the standard model, there are six quarks, six leptons, four interaction mediators
involved in the interactions among the particles, and the Higgs boson which gives
masses to massive elementary particles. The elementary particles in the standard

model are summarized in Fig. 1.1.

1.1.1 Quarks

Quarks are basic blocks of hadrons, and there are six different types known as
flavors: up (u), down (d), charm (c), strange (s), top (t), and bottom (b). Quarks
have spin %, therefore, they are fermions, and u, ¢, and ¢t quarks have +§ of the
magnitude of the electron charge while d, s, and b quarks have —é of the magnitude
of the electron charge. These quarks are classified into three generations: (2), (§)>
and (Z) For example, u and d quarks have similar masses (m, = 2.3737 MeV/c?
and my = 4.870% MeV/c? [3]) while ¢ and s quarks have the masses away from them
(me = 1275 £ 25 MeV /c? and m, = 954+ 5 MeV/c? [3]). The known properties of
quarks are summarized in Table 1.1.

In addition to the flavors, quarks have another quantum number called color
charge. The color charge is introduced in quantum chromodynamics (QCD) and
consists of three colors: red, green, and blue. A quark is an eigenstate of a color
charge, and the strong interaction among quarks can be explained by exchanging

the colors.
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Figure 1.1: Elementary particles in the standard model. Anti-particles are not listed.

Image is taken from Ref. [2].

Particles made of the quarks by the strong interaction are called hadrons. From
the constituent quark numbers, the hadrons are classified into two types: baryons
and mesons. The baryons contain three quarks, namely, qqq, and the mesons contain
a quark and an anti-quark, that is, ¢gg where ¢ = {u, d, ¢, s, b}. For example, a proton
consists of two u and a d quarks (uud), therefore, it is a baryon. On the other hand,
a positively charged pion (7+) consists of an u and a d quarks (ud), therefore, it is a
meson. Since the quarks are fermions, the baryons are fermions that have half-integer

spin while the mesons are bosons that have integer spin.

1.1.2 Leptons

Leptons are another kind of the elementary particles in the standard model.
Leptons can exist as free particles while quarks usually cannot. There are six leptons
with different flavors in the standard model: electron (e~), electron neutrino (v.),
muon (x~ ), muon neutrino (v,), tau (77), and tau neutrino (v,). Electrons, muons,

and taus are negatively charged leptons! while the neutrinos are electrically neutral.

IPositively charged leptons also exist as their corresponding anti-particles, for example, the

anti-particle of the electron is positron (e™).
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Generation Quark | @ |U D C S T B Mass
First generation U +§e 1 0 0 0 0 O 2.3707 MeV/c?
d |-i]0 -1 0 0 0 0] 48] MeV/c
Second generation & +§e 0 0 1 0 0 0] 1275425 MeV/c?
s |—ze|/0 0 0 -1 0 0| 95+5MeV/c
Third generation t +§e 0 0 0 0 1 0/|173.54+1.0GeV/c?
b | —3e|0 0 0 0 -1]4.18%0.03 GeV/c?

Table 1.1: Quarks and their properties in the standard model. @), U, D, C, S, T,
and B denote the charge in terms of the magnitude of the electron charge e, upness,
downness, charm, strangeness, truth, and beauty of the quark [1]. The masses are

the current world average [3].

Generation Quark | @ |L. L, L Mass
First generation e —lej 1 0 0 0.51 MeV/c?
Ve 0O |1 0 0 <2eV/c?
Second generation | p~ —le| 0 1 O 105.66 MeV /c?
vy O |0 1 0 <2eV/c?
Third generation T~ —le| 0 0 1 |1776.82+0.16 MeV/c?
v, 0 ]0 0 1 <2eV/c?

Table 1.2: Leptons and their properties in the standard model. @), L., L,, and L,

denote the charge, electron number, muon number, and tau number of the lepton

s
[1]. The masses are the current world average [3].

Leptons have spin %, therefore, they are fermions as quarks are. Similar to the quarks,
the leptons can be classified into three generations by their flavors [4]: (8_), (“_),

Ve vy,

and (TV:) The known properties of leptons are summarized in Table 1.2.

1.1.3 Interactions and Interaction Mediators

There are four fundamental interactions among the elementary particles: grav-
itational?, electromagnetic, strong, and weak interactions. These interactions take
place by exchanging the corresponding mediators. Photon () is involved in the
electromagnetic interaction, gluon (g) in strong interaction, and W= and Z° in the

weak interaction. These particles have spin 1, therefore, they are bosons.

2The gravitational interaction is not included in the standard model [1].
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The electromagnetic interaction mediated by photon is a binding force in atoms,
molecules, and crystals. Maxwell formulated the electromagnetic interaction in his
theory, also known as Maxwell’s equation. Tomonaga [5], Schwinger [6, 7], and Feyn-
man [8, 9, 10] perfected the theory of electromagnetic interaction with relativistic
quantum theory known as quantum electrodynamics (QED), and it successfully de-
scribes the quantum mechanical electromagnetic interaction. The electromagnetic
interaction affects to charged particles, and the range of the electromagnetic inter-
action is infinite.

The strong interaction mediated by gluon is a binding force in nucleons and
atomic nuclei. Quantum chromodynamics (QCD) [11, 12, 13, 14] is the theory of the
strong interaction. The gluon is an eigenstate of two color charges while a quark is
an eigenstate of a color charge. Therefore, there can be nine species of the gluons:
7, rb, g, bF, bb, bg, g7, gb, and ¢g, and they form nine states which consist of a

color octet,

(rb+bF), — \/_(rﬁ — g7),

1

V2 2

Lobrwm), g oh)
——=\r ), = )
NG St +g

1 _ i _
—(rF—bb), ———=(bg— gb),
\/5( ) ﬂ(g gb)

1 1 _
—(rg + gr), —(rT+ bb — 2¢g7),
\/Q(g gr) 6( 99)

and a color singlet,

1 _
—(r7 4 bb + g3g).

V3

Since the color singlet leads the gluon to be a free particle, it is excluded in QCD,
therefore, there are only eight eigenstates of the gluons [1]. The strong interaction
affects in short distance and to quarks that have color charges, and the range of the
strong interaction is roughly 107% m.

The weak interaction [15, 16, 17] mediated by W* and Z° bosons accounts for
nuclear beta decay. Similar to the way that electron charge produces the electro-
magnetic interaction, and color charge produces the strong interaction, weak isospin
produces the weak interaction, and all quarks and leptons carry the weak isospin.
The weak interaction is the only interaction that is able to change the flavor of a
quark and violates parity symmetry (P) [18, 19] as well as charge conjugation parity
symmetry (C'P) [20, 21, 22, 23, 24, 25]. There are two kinds of weak interactions:

charged and neutral. The charged weak interaction is mediated by W=+ bosons and
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affects to charged leptons and quarks while the neutral weak interaction is mediated
by Z° boson and affects to neutrinos. The range of the weak interaction is about

107 1% m.

1.1.4 Mesons and Baryons

Hadrons consisting of a quark and an anti-quark (¢q) are called mesons. Since
the quarks are spin % particles, the mesons can have spin 0 with anti-parallel con-
figuration and spin 1 with parallel configuration of two spins. Without any orbital
excitation, which means that the quantum number of the orbital angular momen-
tum is zero (I = 0), spin 0 mesons are referred as pseudoscalar meson while spin 1

mesons are referred as vector mesons. Since the parity of a meson follows [26]

P = (_1)l+17

the quantum numbers of pseudoscalar and vector mesons are JZ = 0~ and J¥ = 1-,

respectively. With the lightest two quarks, v and d, possible combinations are

L1 = (1)
1
1.0) = S5(H+ 4D
1,-1) = ()
0,0) = ——(1.—11)

where the first and second in ket states are the spin and the third component of
isospin (I3), and the upward and downward arrows denote spin up (3) and down
(—1) states. In terms of SU(2) group where SU stands for special unitary [1, 26], it

can be written as
202 = 3d1,

in other words, a combination of a triplet and a singlet where the triplet is spin 1
states, and the singlet is spin 0 state. If it extends to include an s quark, mesons

belong to SU(3) group, and
33 = 841,

therefore, it consists of an SU(3) octet and a singlet. Furthermore, SU(4) group is

expressed to be

404 = 151
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by including a ¢ quark.
Hadrons consisting of three quarks (gqq) are referred as baryons. Since there are
three quarks in baryons, the baryons can have spin % and % Assuming no orbital
1+

. . +
excitation, the quantum numbers of baryons are J¥ = 5 and JP = % because

their parity follows® [27]
P = (-4

With the lightest two quarks, u, and d, possible combinations of baryons are

2.3) = am

2.3) = et
3-3) = R )
-3 - e

53), = Tt
3-3), = -l
33), = e
3), = -

where the subscript ij in ket states denotes the interchange of i-th and j-th quarks?,

and in terms of SU(2) group,
20202 = 45D2y D2y

where the subscripts of S and M in right-hand side stand for symmetric and mixed

(12 and 23 are asymmetric), respectively. In SU(3) group by including s quark,
3R3I®3 = 10sP8y B8y D1y

where the subscript of A in right-hand side stands for asymmetric. Similarly, in

SU(4) group by including ¢ quark,

40404 = 205D 20) D20y D44,

3Since the parities for quarks and anti-quarks are defined as +1 and —1, respectively, anti-

particles of baryons have opposite parities.
“The interchanges of the first and third quarks are not independent, that is, | };3 =] )5+ )os-
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Figure 1.2: SU(4) multiplets of baryons [3]; (a) the multiplet of 205 with an SU(3)
decuplet on the lowest level; (b) the multiplet of 20,, with an SU(3) octet on the
lowest level; (c) the 4-plet. Images are taken from Ref. [3].

and the SU(4) multiplets are shown in Fig. 1.2, and known baryons can be viewed

in this framework.

1.2 Charmed Baryons

Baryons that consist of ggc where ¢ = {u,d, s} are called the charmed baryons.
Charmed baryons which does not contain any s quark are classified by their isospin:
the A. baryons for isospin 0 and the Y. baryons for isospin 1. Charmed baryons
which contain an s quark are named the =. baryons, and charmed baryons with
two s quarks are called the 2. baryons. By their quark contents, they have different
charge states as well as their excited states, therefore, there are 17 known charmed
baryons. Tables 1.3 and 1.4 summarize the properties of the charmed baryons.

The charmed baryons have an analogous mass spectrum to the light strange
baryons which consist of qgs where ¢ = {u,d} as shown in Fig. 1.3. The spectra
seem to be similar to each other, especially A and ¥ to A. and X, because they
differ only by the replacement of the s quark with a ¢ quark. In case of the others,
however, = and 2 have more than one s quark, the chance for the replacement is

larger, therefore, the spectra of =. and €2, are richer than = and €2 spectra.
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Figure 1.3: Mass spectra of charmed (left) and light strange (right) baryons [3]. The
same shapes of marks on the states denote that they belong to the same SU(4)
multiplet, and the same colors of marks mean that they belong to the same SU(3)
multiplet within the same SU(4) multiplet. Images are taken from Ref. [3].
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1.3 X. Baryons

The charmed baryons which consist of uuc, ddc, or udc with an isospin 1 are called
the . baryons. The X, baryons only decay into A [3]. Since the 3, baryons have
short lifetimes, it is natural to expect that the decay widths appear in their invariant

mass distribution from the relation
h
r = —
-

where I" and 7 are the decay width and lifetime of a particle, and A is the reduced
Planck constant (= 1.054 x 1073 J-s [3]).

As seen in Table 1.3, their properties are not precisely measured so far, especially
for the excite states. For example, the uncertainties for the decay widths of the
¥.(2520)%+F baryons are approximately 10% relative to the central values. The
uncertainties are dominated not only statistically but also systematically. Therefore,
large data sample and reducing the systematic uncertainties are desirable for the
precise measurements of the properties of the . baryons.

Though the quantum chromodynamics, a theory for the strong interaction, has
been successful, the framework of perturbative QCD hardly calculates the masses
and decay widths of hadrons. In low-energy regime, the strong coupling constant ag
becomes large, and this makes the calculation practically impossible. To overcome
this problem, many theoretical models are introduced, such as the lattice QCD
(34, 35, 36], heavy quark effective theory (HQET) [37], quark model [38], QCD sum
rule [39], bag model [40], and hyper central model [41, 42], and their predictions are

summarized in Table 1.5.
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m(Ee(2455)4) — m(5e(2455)°)  m(E.(2520)+F) — m(5.(2520)°)
[44] 0.18
[45] 3.0
[46] 1.4
[47] 0.5
[48] 0.84
[49] 0.37 0.19

Table 1.6: Theoretical predictions to the mass splittings of m(XF+) — m(X2) in
MeV/c%.

An interesting phenomenon of the Y. baryons is the mass hierarchy among them
which is referred to as the mass splittings, m(XF) — m(XY) and m(3) — m(X0).
According to the quark model, a d quark is heavier than a u quark, and the quark
contents of the XY and X1 * baryons are ddc and uud, respectively. Therefore, one
may naively expect that the X0 baryon is heavier than the ¥ baryon. However,
as seen in Table 1.3, the experimental results seem to contradict the expectation,
especially for the masses of ¥.(2455)%++* baryons, although the uncertainties are
too large to conclude.

The sources of the mass splitting are known to be: the mass differences of quarks,
the Coulomb interaction between charged quarks, and their dipole-dipole (or hyper-
fine) interaction [43]. Based on the knowledge, theoretical predictions of the mass
splitting are performed [43, 44, 45, 46, 47, 48, 49], and they are listed in Table 1.6.
Since the contributions of the electromagnetic potential from the Coulomb and hy-
perfine interaction are large, the mass splittings of m(X1 ") — m(X0) are expected
to be positive which is contrary to the naive expectation but consistent with the
experimental results. Therefore, the precise measurements of the mass splittings of
m(EFT) — m(X0) can verify the theoretical calculation as well.

Many experiments measured the properties of the . (2455)%++ and X.(2520)%*+
baryons as listed in Tables 1.7 and 1.8. The uncertainties of the results are large,

and they are dominated not only statistically but also systematically.
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In this dissertation, the measurements of masses, decay widths, and mass split-
tings of the ¥.(2455)%** and X.(2520)”** baryons are discussed. In Chapters 2
and 3, the KEKB accelerator and Belle detector that the data used in this study are
taken by are introduced. The event reconstruction and selection for this study are
discussed in Chapter 4. The studies on backgrounds are covered in Chapters 5 and
6, the fit procedure of this study is described in Chapter 7, and the systematic un-
certainties are estimated in Chapter 8. Finally, Chapter 9 is devoted for the results

and conclusions of this study.
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Chapter 2

The KEKB Accelerator

The KEKB accelerator is a positron-electron (e*e™) circular collider with asym-
metric energies of a 3.5 GeV positron beam and an 8 GeV electron beam [64, 65].
The KEKB accelerator is located at High Energy Accelerator Research Organiza-
tion (also known as KEK) in Tsukuba, Japan. It consists of a 3.5 GeV positron
storage ring known as low-energy ring (referred to as “LER”) and an 8 GeV elec-
tron storage ring known as high-energy ring (referred to as “HER”). The rings are
approximately 3 km long in circumference each. The asymmetric energies of the
electron and positron beams make the produced B mesons boost in the laboratory-
frame, therefore, it allows to measure the decay-time differences between the B° and
B° mesons. This boost makes the produced B mesons have about 200 um of mean
flight length in the laboratory-frame, therefore, it provides a good environment to
study time-dependent C'P violation of particles.

The electron and positron beams consist of roughly 1,000 bunches with a bunch
spacing of 0.59 m and collide with a +11 mrad crossing angle near the interaction
point (referred to as “IP”). Since the main target of the KEKB accelerator is produc-

! a nominal center-of-mass energy is tuned to the Y (4S) resonance

tion of B mesons
at 10.58 GeV although it also produces not only T resonances up to Y(55) but also
quark-antiquark (qg) fragmentation?. Figure 2.1 illustrates the KEKB accelerator
and its parameters are shown in Table 2.1.

The target luminosity of the KEKB accelerator at the beginning of its operation
was 1x10%* em™2s71. The peak luminosity was recorded 2.11 x 10** ecm™2s7! in 2009,

and it is the world best luminosity ever achieved by any e*e™ accelerator [66, 67].

!Therefore, the KEKB accelerator is a B-factory.
2Since the particles studied in this study are made from the quark fragmentation, Y resonances

are not main concern in this dissertation.
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Figure 2.1: The KEKB accelerator. Once the electrons and positrons are produced,
they are accelerated in the linear accelerator (Linac) and separately go into the
storages. The electron beam (HER) goes clockwise while the positron beam (LER)
goes counterclockwise. There are four experimental areas of Fuji, Nikko, Tsukuba,
and Oho. The electron and positron beams collide to each other at Tsukuba area

where the Belle detector is located. Image is taken from [68].
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Parameters LER HER
Energy (E) 3.5 GeV 8.0 GeV
Circumference (C) 3016.26 m
Luminosity (£) 1 x 103 em2s™!
Crossing angle (6,,) +11 mrad

Tune shift (£,/€,) 0.039 / 0.052 m

Beta function at IP (5,/8,) 0.33 / 0.01

Beam current (I) 26 A 1.TA
Natural bunch length (o) 0.4 cm

Energy spread (og) 7.1 x107* 6.7 x 1074
Bunch spacing (sg) 0.59 m

Particles / bunch (N) 3.3 x 10" 1.4 x 1010
Emittance (e, /¢,) 1.8 x107% / 3.6 x 1071 m
Synchrotron tune (v;) 0.01 - 0.02

Betatron tune (v,/v,) 45.52 / 45.08 47.52 / 46.08
Momentum compaction factor (o) 1x107*—=2x107*
Energy loss / turn (Up) 0.81 / 1.5 MeV 3.5 MeV
RF voltage (V) 5-10 MV 10 - 20 MV
RF frequency (frr) 508.887 MHz
Harmonic number (h) 5120
Longitudinal damping time (7,) 43 / 23 ms 23 ms
Total beam power (B,) 2.7 /4.5 MW 4.0 MW
Radiational power (Psg) 2.1/4.0MW 3.8 MW
HOM power (Puom) 0.57 MW 0.15 MW
Bending radius (p) 16.3 m 104.5 m
Length of bending (l3) 0.915 m 5.86 m

Table 2.1: Parameter of the KEKB accelerator [68].
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Chapter 3

The Belle Detector

3.1 Overview

The Belle detector [69, 70] is a large solid-angle magnetic spectrometer to de-
tect charged and neutral particles. It has a volume of 7.3 m in length and 7.2 m in
diameter as illustrated in Fig. 3.1. The Belle detector consists of its sub-detectors
to detect various charged and neutral particles. As described in further sections,
the sub-detectors of the Belle detector are silicon vertex detector (SVD) [71, 72],
central drift chamber (CDC) [73], aerogel Cherenkov counter (ACC) [74], time of
flight detector (TOF) [75], electromagnetic calorimeter (ECL) [76], extreme forward
calorimeter (EFC) [77], K? and muon chamber (KLM) [78] with a 1.5 T supercon-
ducting solenoid magnet.

In the configuration of the Belle detector, a coordinate is defined as that the
z-axis is parallel to the electron beam (HER), and the z- and y-axes are aligned
horizontally and vertically corresponding to a right-handed coordinate system, re-
spectively. The origin of the coordinate system is defined as the position of the
nominal interaction point. In addition, the polar angle 6 is defined as the angle from
the positive z-axis, the radial component r is defined as transversal from the z-axis,
and the azimuthal angle ¢ is defined as the angle around the z-axis from the positive
x-axis which lies in the xy plane.

The sub-detectors cover a full 27 in the azimuthal angle (¢) and three ranges
in the polar angle (6); the barrel region which covers from 34° to 127°, the forward
endcap region which covers from 17° to 34°, and the backward endcap region which
covers from 127° to 150°. Therefore, the maximum coverage of the detector in the
polar angle is from 17° to 150° which corresponds to 92% of the solid angle.

The data from each sub-detectors are triggered by the Belle trigger system [79]
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Figure 3.1: The Belle detector. Image is taken from Ref. [81].

and stored through the Belle data acquisition system [80].

3.2 Beam Pipe and Solenoid Magnet

In order to precisely measure the decay vertices of the B mesons, the detector
should be placed as close to the interaction point as possible. Also, to minimize
the multiple Coulomb scattering in the beam pipe wall, a thin beam pipe [69] is
required. The central part of the beam pipe which is defined as —4.6 cm < z <
10.1 cm is a double-wall beryllium cylinder with an inner diameter of 40 mm. The
beam pipe is designed to have an 20 and 23 mm of an inner and outer wall radius,
and the gap between the inner and outer wall provides a helium gas channel for
cooling. With an assumption of a 100 W heat load which is uniformly distributed,
the maximum temperatures for the beryllium walls are calculated to be 25°C and
5°C with 2 g/s helium flow velocity at a 1.5 atm pressure and a 0.0007 atm pressure
drop, respectively. The outer beryllium wall is coated by a 20 um thick gold sheet
to reduce the low-energy X-ray background from HER.

After the upgrade of the silicon vertex detector in 2003, the beam pipe was
replaced of which has the radius of 15 mm, and the thickness of the gold coating
of the beryllium wall was changed to be 10 um [72]. This replacement allows the
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Figure 3.2: The silicon vertex detector of the Belle detector. Side-view (top), quarter-
view (left-bottom), and top-view (right-bottom) are illustrated. Images are taken
from Ref. [81].

silicon vertex detector to be closer to the interaction point, therefore, it gives better

vertex resolution.

To measure the momenta of charged particles, it is necessary to make the tra-
jectory of the particles bend by using a magnetic field. A charged particles traveling

in a magnetic field follows a helix path with a radius of curvature given by

o7l
r= 0.3B

where R is the radius of the curvature in meter, pr is the transversal component
of the momentum vector of the charged particle in GeV /¢, and B is the magnetic
field in Tesla that the charged particle travels in. To give a magnetic field, there is
a superconducting solenoid which provides a magnetic field of 1.5 T. The supercon-
ducting solenoid has a cylindrical volume of 3.4 m in diameter and 4.4 m in length
and consists of a single layer niobium-titanium-copper alloy embedded in a high

purity aluminum stabilizer.
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3.3 Silicon Vertex Detector (SVD)

The silicon vertex detector (SVD) [71, 72] is the innermost sub-detector and
provides an ability to measure the spatial information of the decay vertices of de-
tected particles. The SVD consists of four layers of the double-sided silicon detector
(DSSD) which is originally developed for the DELPHI detector [82]. At the be-
ginning of the experiment, the SVD had three layers with 8, 10, and 14 ladders
surrounding the z-axis with radii of 30, 45.5, and 60.5 m, and they covered a polar
angle of 23° < 6§ < 139° which corresponds to 86% of the full solid angle (SVD1) [71].
In 2003, the SVD1 was upgraded to cover larger solid angle and to have more layers
(SVD2) [72]. The first, second, third, and fourth layers consist of 6, 12, 18, and 18
ladders surrounding the z-axis with radii of 20, 43.5, 70, and 88 mm, respectively, as
shown in Fig. 3.2. Each ladders consist of 2, 3, 5, and 6 DSSDs for the first, second,
third, and fourth layers. The SVD2 covers the polar angle of 17° < 8 < 150° which
corresponds to 92% of the full solid angle.

There are two kinds of the DSSD for ladders; 76.4 x 34.9 mm for the fourth
layer and 79.2 x 28.4 mm for the others. Strips on each side of a DSSD are arranged
perpendicular to those on the other side, and this enables to measure not only the
z-position but also r — ¢ position. The strip pitch of the DSSD for the inner three
layers is 75 pm in the z-axis and 50 um in the ¢ direction while the one for the
fourth layer is 73 pum in the z-axis and 65 pm in the ¢ direction. On each sides, 1024
and 512 strips are placed in z-axis and ¢ direction, respectively.

The performance of the SVD1 and SVD2 are measured by the resolution on the
point of closest approach to the interaction point, known as the impact parameters.

The resolutions in r — ¢ plane are given by

4.
oVl = 192 %
pBsin®? 6

35.5
O'?YDQ = 219@ﬁ
pBsin®/? 6

and along z-axis,
44.
O'ZS,VDl = 422 @ 7332
pBsin®? 6
31.9
O'SVD2 — 278 EB ﬁ
pBsin®? 6
in um where p is a momentum of a particle, 5 is a ratio of a particle velocity and

the speed of light (v/c), and 6 is a polar angle between a momentum vector of a
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Figure 3.3: The central drift chamber of the Belle detector. Side-view (left) and

top-view (right) are illustrated. Lengths are in mm. Image is taken from Ref. [69].

particle and the z-axis.

3.4 Central Drift Chamber (CDC)

The central drift chamber (CDC) [73] is a charged particle tracking system
which measures track momentum from a curvature of a charged particle in the
magnetic field induced by the solenoid magnet, and is illustrated in Fig. 3.3. The
CDC measures the energy deposit per unit length (dF/dx) of a charged track to
provide the particle identification information as well. It covers the angular range of
17° < 6 < 150° which corresponds to 92% of the full solid angle.

The inner side of the CDC is enclosed with aluminum as well as the outer edges.
The outer radius is 880 mm, and the inner radius extends to 80 mm without any walls
in order to obtain good tracking efficiency for low momentum tracks with minimal
interleaving material. The forward and backward inner regions have conical shapes
to clear the accelerator components while maximizing the acceptance.

There are 50 cylindrical layers, each containing between three and six either axial
or small-angle stereo layers, and three cathode strip layers. A positively biased sense
wire is surrounded by eight negatively biased field wires, and they make a drift cell
which is nearly square. The sense wires are gold-plated tungsten wires of 30 pum
in diameter to maximize the drift electric field, and the field wires are unplated
aluminium of 126 pm in diameter. There are 8,400 drift cells inside the CDC, and

each of them has a maximum drift distance between 8 and 10 mm and a radial
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Figure 3.4: The aerogel Cherenkov counter of the Belle detector. Image is taken from

Ref. [69].

thickness that ranges from 15.5 and 17 mm except for the inner three layers.

The CDC is filled by a low-Z gas, such as a 50% helium (He) and 50% ethane
(CyHg) mixture, which is selected to reduce multiple Coulomb scattering for a good

momentum resolution, especially for low momentum tracks.

When a charged particle passes through the drift cell, it ionizes electrons which
are accelerated by the electric field. The accelerated electrons produce secondary
ionizations in the gas, and the resulting avalanche is collected by the sense wires.
This process is called gas amplification, and it increases the signal by a factor in
excess of 10°. Before the amplification, the electrons have a specific drift velocity,
therefore, the measured pulse height and drift time are related to the energy deposit,
dE/dz. Roughly half the wires are in parallel to the z-axis to provide the transverse
momentum (pr) information while the rest of wires are rotated by a small angle of

+50 mrad to the z-axis to maximize the resolution along the z-axis.

The pp resolution of the CDC is given by

% _ 0.35
= (O.28pT)€B( B)

with pr given in GeV/c. If information from the SVD is combined, the resolution

improves to

0.30
Ter _ (0.19pT)@(—).

pbr &
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3.5 Aerogel Cherenkov Counter (ACC)

The aerogel Cherenkov counter (ACC) [74] separates charged kaons and pions
which have momenta in the range from approximately 1.2 to 3.5 GeV/c. Charged
particles that pass a medium with a velocity larger than the speed of light in the
medium Cpedium €mit coherent radiation known as Cherenkov radiation. The speed
of light in a medium is related to the refractive index n of the medium by cpeqium =
Cyacuum /T Where Cyacqum 18 the speed of light in vacuum. For a particle with mass m,

momentum p, and velocity 3, the Cherenkov radiation is emitted if

n>l— 1+(m)2
B p)’

By choosing a suitable refractive index, pions at a given momentum may satisfy the
condition above, therefore, they emit Cherenkov radiation while kaons at the same
momentum would not. Using this phenomenon, the ACC is able to separate charged
kaons and pions.

The ACC consists of 960 counter modules segmented into 60 cells in the az-
imuthal direction for the barrel part which covers the angle 34° < 6 < 127°, and
228 modules arranged in 5 concentric layers for the front end-cap part which covers
17° < 0 < 34° of the detector as shown in Fig. 3.4. The barrel part consists of five
types of silica aerogels with different refractive indices. From the low to high 6 angle,
360 modules of aerogels with the refractive index of 1.010, 60 modules with 1.013,
240 modules with 1.015, 240 modules with 1.020, and 60 modules with 1.028 are
located in the barrel part of the ACC. Five aerogel tiles are stacked in an aluminum
box of approximate dimensions 12 x 12 x 12 cm?®. In order to detect Cherenkov
light effectively, one and two fine mesh-type photomultiplier tubes (FM-PMTSs) are
attached directly to the aerogel on the sides of the box in the end-cap and barrel

part, respectively.

3.6 Time-of-Flight Detector (TOF)

The time-of-flight detector (TOF) [75] provides an additional information for
the particle identification especially for the K/m separation. The TOF system is
designed for the slow particles of momenta p < 1.2 GeV /¢, which corresponds to
90% of particles produced from BB events and is not covered by the momentum
range of the ACC detector discussed in Sec. 3.5. The TOF detector has 100 ps time
resolution for a 1.2 m flight length.
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Figure 3.5: The electromagnetic calorimeter of the Belle detector. Image is taken
from Ref. [69].

In addition to the particle identification, the TOF provides fast timing signals for
the trigger system to generate gate signals for analog-to-digital converters (ADC)
and stop signals for time-to-digital converters (TDC). In order to keep the fast
trigger rate below 70 kHz, a thin trigger scintillation counters (T'SC) is used.

The TOF consists of 128 TOF counters of plastic scintillators and 64 TSCs in a
barrel side. Two trapezoidal-shaped TOF counters and a TSC form a TOF module
with a 1.5 cm intervening radial gap. The TSC in a module is read out via a single
photomultiplier tube (PMT) which is coupled to the T'SC via a plastic light guide.
In total 64 TOF modules are located at a radius 1.2 m from the interaction point

and cover a polar angle range from 34° to 120°.

3.7 Electromagnetic Calorimeter (ECL)

Electrons interacting in a material lose their energy via ionization loss and
bremsstrahlung radiation. The bremsstrahlung photons can cause e™e™ pair produc-
tion if the energy of the electron is sufficient. The electrons and positrons from the
pair production can also make further ionization and bremsstrahlung photons, and
the same process can continue, therefore, the electromagnetic shower is produced.

The electromagnetic calorimeter (ECL) [76] is designed to measure this electromag-



28 CHAPTER 3. THE BELLE DETECTOR

netic shower for the electron and photon identification.

Most of the photons are end products of cascade decays, therefore, they have
relatively low-energy of < 500 MeV. Moreover, a few important decays, such as
B — K*y and BY — 7%7° produce photons energies up to 4 GeV, therefore, a high
resolution over wide-energy range is required.

The ECL consists of 8,736 cesium iodide crystals, doped with thallium (CsI(T1))
and consists of three parts: the barrel, forward and backward end-cap parts as shown
in Fig. 3.5. The barrel part covers a polar angle 32.2° < 6 < 128.7° and consists
of 46 and 144 segments in polar and azimuthal angles, therefore, 6,624 crystals in
total. The forward end-cap part covers a polar angle 12.4° < 6 < 31.4° and consists
of 13 segments in polar angle and up to 144 segments in azimuthal angle, therefore,
1152 crystals in total. The backward end-cap part covers 130.7° < 6 < 155.1° and
consists of 10 segments in polar angle and up to 144 segments in azimuthal angle,
therefore, 960 crystals in total. The shape of each crystal varies by position, but a
typical crystal has a tower-like shape with a front face of 55 mm x 55 mm, a rear
face of 65 mm x 65 mm, and a length of 30 cm.

Since the angular coverage of the ECL is the same with the CDC described in
Sec. 3.4, photons can be identified by matching charged track from the CDC and a
shower profile in the ECL. The position resolution of the ECL is

0.27 & 34 1.8
o = 0. —
VE VE

in mm, and the energy resolution is

OE 0.066 0.81
£ _ 1.34
B ( E >@(@)@ k

with energy E given in GeV.

3.8 Extreme Forward Calorimeter (EFC)

The extreme forward calorimeter (EFC) [77] extends the angular coverage of
the ECL to 6.4° < 6 < 11.5° by the forward EFC and 163.3° < 6 < 171.2° by
the backward EFC as shown in Fig. 3.6. It uses radiation-hard crystals of bismuth
germanate (BiyGe3Oqz) and is attached to the front faces of the cryostats of the
compensation solenoid magnets of the KEKB accelerator surrounding the beam
pipe.

The EFC improves the sensitivity to some physics processes such as B — 7v and

provides ability to function as a beam mask to reduce backgrounds for CDC and
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Figure 3.6: The extreme forward calorimeter of the Belle detector. Image is taken
from Ref. [69].

information for beam and luminosity monitoring. It can also be used as a tagging

device for two-photon physics.

3.9 K; and Muon Detector (KLM)

Since particles such as K, and p are not stopped within the detectors explained
so far, the K and muon detector (KLM) [78] for detecting K, and p is installed
at the most outer side of the Belle detector. The KLM consists of a barrel part
which covers the polar angle 45° < # < 125° and end-cap parts which extend the
angular coverage to 20° < 6 < 155°. It consists of alternating 15 detector layers and
14 iron plate layers with a thickness of 4.7 cm. The detector layers detect charged
particles by using glass-electrode-resistive plate counters (RPC). The RPC consists
of two parallel plates with a gas-filled gap which provides a high resistivity. Figure
3.7 illustrates a superlayer of the KLM.

If a K, interacts in the iron plates, a shower of ionized particles is created. An
ionized particle passing through the gap induces a streamer in the gas and results a
local discharge of the plates, and the discharge makes a signal. By matching the track
in the CDC, i can be identified. In contrast, K does not make a track in the CDC

because they are electrically neutral, therefore, by the lack of a matching track in the
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Figure 3.7: Cross-section of a superlayer of KLM of the Belle detector. Image is
taken from Ref. [69].
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Physics process Cross-section (nb) Rate (Hz)
Y(4S) — BB 1.2 12
Hadron production from continuum 2.8 28
whpm Tt 1.6 16
Bhabha (6, > 17°) 44 4.4
¥y (Oap, > 17°, pr > 0.1 GeV/c) ~15 ~35
Total ~67 ~96

Table 3.1: Total cross-section and trigger rates with £ = 103* cm™2s7! from various

physics processes at T (4.5) [69].

CDC, K, can be identified. Furthermore, p interactions can be distinguishable from
hadronic interactions by their increased penetration depth and characteristically

narrower clusters.

3.10 Trigger System

The Belle trigger system consists of the Level-1 hardware trigger and the Level-
3 software trigger. The Level-1 hardware trigger consists of sub-detector trigger
systems and the central trigger system called as the Global Decision Logic (GDL)
[79]. The Level-3 software trigger is implemented in an online computing farm as a
part of the data acquisition system (DAQ) described in Sec. 3.11.

Table 3.1 summarizes the total cross-section and trigger rates at the designed
luminosity of 10** em™?s™! for various physical processes [69]. Because of the high
luminosity and beam current, there are many events which are not manageable by
the DAQ system. In order to collect physical interesting events and discard uninter-
esting events, a powerful trigger system is desired. Based on the simulation studies,
approximately 100 Hz beam-related backgrounds are expected, and triggering the
backgrounds is necessary. In this section, the Level-1 hardware trigger system is

discussed, and its schematic view is shown in Fig. 3.8.

The Belle trigger system extensively utilizes programmable logic chips, such as
field programmable gate array (FPGA) and complex programmable logic device
(CPLD) chips, which provides the large flexibility of the trigger logic and reduce the

number of types of hardware modules.
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Figure 3.8: The Level-1 trigger system for the Belle detector. Image is taken from
Ref. [69].

3.10.1 CDC Trigger System

The CDC trigger system triggers the events detected by the CDC detector. It
is required to be fully efficient for tracks originating from the interaction point and
relatively insensitive to background tracks from other sources. The CDC trigger
provides the capabilities of r — ¢ trigger based on signals from axial superlayers.

The r — ¢ trigger is the main component of the charged track triggers. It is
formed using discriminated axial-wire hit signals. Anode wires in each superlayer
are grouped into track segment finder (TSF) cells as shown in Fig. 3.9, and the
hit pattern in each cell is examined by a memory lookup (MLU) table to test if a
candidate track segment exists. There are 17 and 11 wires in the TSF cells for the
innermost and outer superlayers, and 64, 96, 144, 192, 240, and 288 TSF cells are
defined as the superlayer radius increases. The TSF cells in the innermost superlayers

are important to reject tracks originating away from the interaction point.

The TSF outputs are processed by logical OR operation in a superlayer to form
track finder (TF) wedges. There are 64 wedges, and a wedge is shown in Fig. 3.10.
The hit patterns of the TF wedge are fed into the next MLU stage, and the second-
stage MLU provides several outputs based on different track categories according to

short and full track patterns where the short track is in the three innermost trigger
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Figure 3.9: CDC track segment finder (TSF) for the innermost (left) and outer
(right) superlayers. Image is taken from Ref. [69].

Figure 3.10: CDC track finder (TF) wedge. Image is taken from Ref. [69].
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layers with pr > 200 MeV /¢, and the full track is of which goes through all CDC
trigger layers with pr > 300 MeV/c. Finally, the output signals from the 64 TF
wedges are determined as an event topology by counting the number of short and
full tracks, determining the maximum opening angle between tracks, and recognizing
the back-to-back topologies. The determined topology signals are sent to the GDL

which is discussed later.

3.10.2 TOF Trigger System

The TOF trigger system provides an event timing signal and information on the
hit multiplicity and topology to the GDL. The information on the hit multiplicity
and topology can be used for the internal event selection and the reduction of the
timing signal rate before the delivery to the GDL. The timing signal is referred by
the SVD, CDC, and ECL readout electronics, therefore, the TOF trigger system
should be able to provide the precise information to them on time. For the CDC
and ECL readout electronics, a time jitter is less than 10 ns, and the mean time
stays within a small time range from 4.8 to 7.2 ns for the TOF configuration. Since
the time jitter is expected to be less than 1 ns at nominal discrimination level,
the TOF provides a time jitter about 5 ns. For the SVD readout electronics, the
shaping time is required to be faster than 2 us by GDL to make an event decision.
The TOF readout and trigger system provides the information with approximately
a 0.85 us delay which includes about 500 ns to calculate internal event multiplicity

and topology.

3.10.3 ECL Trigger System

The ECL is expected to generate fast trigger signals to provide a fully efficient
trigger for both neutral and charged particles. The ECL trigger is considered as both
a total energy and a cluster counting trigger. The total energy trigger is sensitive to
events with high electromagnetic energy deposit while the cluster counting trigger
is sensitive to multi-hadronic events that contain low-energy clusters and minimum
ionizing particles. Fast shaped signals with a 200 ns shaping time from each counter
are generated in Shaper/QT (SHQT) and merged into a trigger cell (TC) composed
of adjacent 4 x 4 crystals that are minimum units for ECL trigger system. Each TC
is controlled by a trigger circuit board named sum-trigger module (STM), and a TC
signal above a threshold energy from 50 to 100 MeV is recognized as a hit cluster.

The noise level of TC units is measured to be about 8 MeV, and the root-mean-
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square (RMS) timing resolution is less than 20 ns.

Total energy information is one of the most effective triggers to identify hadronic
events in high-energy e™e™ annihilation. The total energy trigger recognizes interest-
ing events by testing the deposit energy in the ECL. Using the total energy deposit
composing specific ¢-rings, which is a logical segment defined along the ¢ direction,
a Bhabha event are identified if an event has a larger total energy than the defined
threshold energy. Along the 6 direction, 12 and 5 ¢-rings are arranged in the bar-
rel and end-cap regions (3 in the forward and 2 in the backward end-cap regions).
The Bhabha events are triggered using back-to-back condition in the center-of-mass

frame, and the trigger efficiency is greater than 99%.

3.10.4 KLM Trigger System

The role of the KLM trigger is to save events which include muon tracks as many
as possible. Therefore, the high efficient trigger is desired. The KLM subsystem
consists of the barrel and end-cap KLM, and both are divided into forward and
backward parts. Each of the forward and backward parts of the barrel KLM consists
of 8 sectors while each of the end-cap KLM consists of 4 sectors. Each sectors has 15
and 14 superlayers for the barrel and end-cap KLM, and each superlayers consists
of two RPC plates. The output of superlayers has 48 (barrel ¢, z, and end-cap 6
readout) or 96 copper strips (end-cap ¢ readout).

Because of the geometric configuration of the KLM, the trigger efficiency drops at
cosf) = —0.6 and cos § = 0.9 in polar angle, and ¢ = £1.5. Except for the geometric
effect, the KLM trigger efficiency is estimated to be about 98% in average.

3.10.5 EFC Trigger System

The EFC trigger system provides two types of trigger information according to
the energy and location of signals in the BisGe3O;2 crystals: a Bhabha trigger from
coplanar forward and backward coincidence of energetic electromagnetic shower, and
a two-photon trigger from a single electromagnetic shower together with CDC tracks
or ECL clusters.

The EFC trigger consists of defined trigger cells. Two neighboring ¢ segments
have three trigger cells according to different 6 angles. There are two crystals in the
innermost ¢ segment while four crystals in the others. The analog sum of crystal
signals from the same trigger cell is fed into a constant fraction discriminator and

gives the trigger output. The threshold energy of the trigger cell is approximately
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1 GeV. The trigger cells are grouped into four sectors in the azimuthal direction in
each of the forward and backward EFC.

For the Bhabha trigger, the trigger output of one sector is used to form a back-to-
back logic, and it is also combined with central tracking and calorimeter information

for the two-photon trigger.

3.10.6 Global Decision Logic

The Global Decision Logic (GDL) [79] is the central trigger system of the Belle
detector, and its schematic design is shown in Fig. 3.11. It receives up to 48 trigger
signals from sub-detectors and makes global correlations among them. The GDL is
designed to function in a pipelined manner with 32 MHz clock in order to avoid
dead-time losses, and it takes 350 ns to generate the final trigger signal. The GDL

utilizes the following modules to process the trigger signals:

e Input Trigger Delay (ITD) which adjusts the timing of input trigger signals to
satisfy the latency of 1.85 us,

e Final Trigger Decision (FTD) which performs the global trigger logic, corre-

lating the information from sub-detector trigger systems,

e Prescale and Mask (PSNM) which prescales the high rate input triggers for

calibration and monitoring, and disables the unused triggers from FTD,

e Timing Decision (TMD) which generates the final trigger signal at 2.2 us
latency based on the timing trigger from TOF and ECL,

and they utilize the FPGA and CPLD chips for the sufficient flexibility of the Belle
trigger system.

The timing decision logic uses a 64 MHz clock to provide 16 ns timing accuracy.
The trigger signals from GDL are synchronized to the beam crossing time since clock
signals are made from the KEKB RF signal. The trigger signals at each step of GDL

are sent to scalers to monitor trigger rates and dead-times.
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Figure 3.11: Schematic design of the Global Decision Logic. The components are

described in the text. Image is taken from Ref. [69].
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3.11 Data Acquisition System

In order to satisfy the data acquisition (DAQ) requirements, the DAQ system
[80] works at 500 Hz with a dead-time fraction of less than 10% by utilizing the
distributed-parallel system. The schematic view of the Belle DAQ system is shown
in Fig. 3.12.

The entire system is segmented into seven subsystems in parallel that each han-
dles the data from a sub-detector. Data from the subsystems are merged by an event
builder to be handled as an event-by-event data. The event data transferred to an
online computing farm, and the farm processes higher level of triggering by doing a
fast event reconstruction. The processed data in the online computing farm are sent
to a mass storage system via optical fibers.

A typical data size of a hadronic event by BB or ¢g production is measured to
be approximately 30 kB which corresponds to the maximum data transfer rate of
15 MB/s.

Instead of using analog-to-digital converter to digitize the amplitude of a signal,
a charge-to-time (Q-to-T") technique [83] is employed to read out signals from the
most of the detectors. By digitizing a time interval between start and stop time of
discharge in a capacitor, the timing and amplitude of the input signal is determined.
The data from the CDC, ACC, TOF, ECL, and EFC are read out by using the Q-to-
T and TDC techniques, and the data from KLM is read out by using the TDC only.
However, the data from the SVD are read out by intelligent flash analog-to-digital

converter modules with an embedded digital signal processors.
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3.12 Particle Identification

Using the information collected by the sub-detectors described in this chapter,
the particle identification can be done [84]. The particle identification can be divided

into three pieces; the kaon, electron, and muon identifications.

3.12.1 Kaon identification

For the kaon identification, the information from the CDC, TOF, and ACC are
used. In the CDC, the kaon identification including the separation from proton

and pion is done by using the energy-loss (dE/dx) measurement which follows the
Bethe-Bloch formula [85],
—% = 27TNa7“gmech§;—Z {ln (%) — 252}

where N, is the Avogadro’s number (= 6.022x 10?3 mol™'), r. is the classical electron
radius (= 2.817 x 107! c¢m), m, is the electron mass, z is a charge of an incident
particle in units of e, § is a v/c of an incident particle, v is the Lorentz factor
(= 1/@,) Whax 1s @ maximum energy transfer in a single collision, and p, Z,
A are a density, an atomic number, and an atomic weight of an absorbing material.
The measured energy-loss in CDC is shown in Fig. 3.13. In the CDC, 47 layers are
used to measure dE/dzx, and the 80% truncated mean method is employed to get
the dE'/dx value for a charged track. The particle likelihood in the CDC is defined

assuming Gaussian distribution of the energy-loss
67X12/2

V2TO4E /da

where 04g/q4. is resolution of dE/dx, and X7 is defined as

2 _ ((dE/dl’)measured—(dE/dx)i)2

Xi
OdE /dx

CDC
L;

where (dE/dx)measurea 18 the measured energy-loss, and (dE/dz); is the expected
energy-loss for i-th particle species (e, u, m, K, or p).
In the TOF, the particle likelihood is defined as

efng/z

ndf
1—1 V2ToToR

where oror is TOF resolution, and X? is defined as

TOF
L,

Xi = ATET'A
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Figure 3.13: Measured energy-loss in CDC as a function of momentum in logarithm

for p, K, and 7. Image is taken from Ref. [84].
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Figure 3.14: Distribution of the number of photoelectrons in ACC for each refractive

index. Tmage is taken from Ref. [84].

where A; is a vector of time difference from the expected time assuming i-th particle,
and F is a 2 x 2 error matrix. The time difference used in the vector A; is defined
as AF =tF  eq — tF where k is 0 or 1 which indicates PMT of two ends of a TOF
counter.

In the ACC, the particle likelihood is determined from the number of photoelec-
tron distributions as shown in Fig. 3.14 and probability density function for each
particle species expected from Monte Carlo simulation.

Using the particle likelihoods described above, the total likelihood is defined as
L; = LFPC x LToF x cAcC

for each particle species. Since there is no TOF counter in the end-cap region, and the
ACC is installed in the barrel and forward end-cap region, the full kaon identification

only works for the barrel region. For the forward end-cap region, the identification
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is carried out using CDC and ACC. In order to separate particle i from background
particle j, the likelihood ratio P(i : j) is defined as

L;
Li+ L

P(i:j) =

Figure 3.15 shows the momentum versus the likelihood ratio for the K/m sepa-
ration using the experimental data in the barrel region. The kaon and pion samples
are selected from a decay of D*(2010)" — D°(— D%z™)xS. By applying a selec-
tion of P(K : m) > 0.6, the momentum dependance of kaon identification efficiency
and pion fake rate are shown in Fig. 3.16. The average efficiency and fake rate of
momentum range from 0.5 to 4.0 GeV/c in the barrel region are (87.99 + 0.12)%
and (8.53£0.10)%, and (82.67 £ 0.43)% and (7.81+0.29)% in the forward end-cap

region with a momentum range from 0.8 to 4.0 GeV/ec.
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Figure 3.15: Momentum versus the likelihood ratio for the K/m separation in the
barrel region. The kaon (red-full circle) and pion (blue-open circle) tracks are clearly

separated. Image is taken from Ref. [84].
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3.12.2 Electron identification

The electron identification is done by five measurements; cluster-track matching
X%, E/p ratio, shower shape, dE/dz, and the number of photoelectrons.
The cluster-track matching x? is defined between CsI cluster and charged track

in which the extrapolated point is nearest to the Csl cluster as
X2 = (A¢/ong) + (A0/oa0)?

where A¢ and A are differences between the Csl cluster position and the extrap-
olated point of charged track at the appropriate depth in Csl, oa4 and oy are the
fitted widths of A¢ and A# distribution of the electron sample. Using the cluster-
track matching distribution of electrons and pions obtained from ete™ — ete ete”
for electrons and K9 — 77~ for pions, each probability density function is defined
by fitting a function of which is a sum of the exponential and linear functions.

The E/p ratio is defined as a ratio of measured energy in Csl and measured
momentum in CDC, and the ratio provides a powerful discrimination in a wide
momentum range, for example, if the charged track is required to have E/p greater
than 0.8, the electron efficiency and the pion fake rate are 76.1% and 3.4% for the
track momentum of greater than 0.8 GeV/c. The probability density functions of
electrons and pions are determined by fitting each E/p ratio distribution in each
momentum and angle region.

The shower shape is the ratio of energy deposit in 3 x 3 counters (referred to
as F9) and 5 x 5 counters (referred to as E25) surrounding a counter which has a
peak energy deposit. The electron distribution has a peak £9/FE25 = 0.95 while the
pion distribution has a peak at £9/FE25 = 1.0. The probability density functions of
electrons and pions are determined by fitting each shower distribution.

The energy-loss dE//dx also provides a powerful discrimination, especially in the
low momentum region, therefore, it is used as a complementary measurement to the
E /p ratio.

Since the Cherenkov threshold of electron is a few MeV/c while that of pion is
between 0.5 and 1.0 GeV /c depending on the refractive index, the ACC can be used
to separate electron from pion background. The probability density functions for
electrons and pions are obtained from a Monte-Carlo simulation of the ACC.

From the measurements, the electron identification likelihood is defined as

Lo - ML
[T, 2o+ 110, £E
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where L1 (L) is the likelihood of an i-th measurement assuming electron (not elec-
tron). The obtained Lgq is shown in Fig. 3.17.

The electron identification efficiency and the pion fake rate are estimated with a
selection of Leq > 0.5 and found to be (92.440.4)% and (0.254+0.02)%, respectively,

for a momentum range from 1.0 to 3.0 GeV/¢, as shown in Fig. 3.18.
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Figure 3.17: Lq for electrons (solid) and pions (dashed). Image is taken from Ref.
[84].
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Figure 3.18: Electron identification efficiency (top) and pion fake rate (bottom).
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Figure 3.19: Muon likelihoods of muon (left) and pion (right). Images are taken from
Ref. [84].

3.12.3 Muon identification

Muon tracks are identified by using the information from KLM. From the KLM
hit information, the range difference AR between the calculated range using mea-
sured momentum and measured range in KLM and hit finding y? which is a reduced
x? of track fitting within KLM volume are calculated. The probability densities of
both AR and x? are defined by experimentally, and probabilities for muon, pion,

and kaon are calculated as
P, = Py1(AR) x Pa(x?)

where 7 indicates muon, pion, and kaon. The muon identification likelihood is con-
structed with the probabilities as

Y
K P,+ P, + Pg’

and it shown Fig. 3.19.

The muon identification efficiency and pion fake rate are estimated using ete™ —
ete putu~ and K% — mt7r~ processes. The efficiencies and pion fake rates with
selections of £, > 0.9 (tight cut) and £, > 0.1 (loose cut) are shown in Figs. 3.20
and 3.21. The average of the muon identification efficiency and pion fake rate are
(92.5+0.8)% and (2.764-0.09)% for the loose cut, and (88.840.9)% and (1.35+0.07)%
for the tight cut, respectively.
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Figure 3.20: Muon identification efficiencies for the loose cut (open circle) and tight

cut (full circle) as functions of momentum. Image is taken from Ref. [84].
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Figure 3.21: Pion fake rate in the muon identification for the loose cut (open circle)

and tight cut (full circle) as functions of momentum. Image is taken from Ref. [84].
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3.13 Data Statistics

For the operation of the Belle detector for a decade, a huge amount of experimen-
tal data were accumulated corresponding to the integrated luminosity of 980 fb~! in
total. The experiments were separately performed over the period and named EXPn
where n is the experiment number of which is conventionally assigned as an odd
number from 7 to 73. The integrated luminosities for each experiments are summa-
rized in Table 3.2. Due to the center-of-mass energy of the KEKB accelerator, various
T resonances can be produced. The corresponding integrated luminosities to the T
resonances and non-resonances (referred to as “off-resonance”) are 5.7, 24.9, 2.9,
702.6, 121.1, and 95 fb~! for T(15), Y(295), T(35), T(4S), and Y(5S) resonances,
and off-resonance, respectively. From EXPO7 to EXP65, (771.581 + 10.566) x 10°¢ of
BB pairs were taken. Figure 3.22 shows the integrated luminosity over a decade

operation of the Belle detector.
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Experiment | YT(1S) Y(25) 7Y(3S) 7Y(4S) 7T(55)  Off-resonance
7 - - - 5.92 - 0.59
9 - - - 4.44 - -
11 - - - 8.13 - 1.21
13 - - - 10.73 - 1.20
15 - - - 12.52 - 1.38
17 - - - 11.18 - 0.85
19 - - - 24.96 - 3.57
21 - - - 4.38 - -
23 - - - 6.27 - 1.42
25 - - - 26.95 - 1.67
27 - - - 25.43 - 3.75
31 - - - 17.73 - 2.38
33 - - - 17.51 - 2.70
35 - - - 16.69 - 1.94
37 - - - 60.91 - 6.05
39 - - - 41.16 - 6.17
41 - - - 58.75 - 5.54
43 - - - 56.21 1.81 6.45
45 - - - 12.95 - 2.30
47 - - - 37.21 - 3.41
49 - - 2.92 27.02 - 2.80
51 - - - 39.24 - 4.76
93 - - - - 21.37 -
55 - - - 72.09 - 7.67
61 - - - 34.10 - 4.26
63 - - - 32.86 - 4.93
65 5.75 - - 37.75 - 6.19
67 - 6.57 - - 27.29 3.21
69 - - - - 47.65 4.83
71 - 18.34 - - 22.94 2.73
73 - - - - - 1.03

Table 3.2: Total integrated luminosity over the experiments in fb~!. The integrated

luminosity for the energy scan is excluded.
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Figure 3.22: Integrated luminosity over a decade operation by the Belle (blue) and
its competitor, the BABAR experiment (green) [86]. Image is taken from Ref. [81].
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Chapter 4

Event Reconstruction and

Selection

As discussed in Sec. 1.3, there is only a known decay of ¥.(2455/2520)%++ —
Afrmg /™1 where 7, is a low-momentum pion (referred to as “the slow pion”). The
decay chain of A7 — pK~x" is chosen for the measurements of masses, widths, and
mass splittings of ¥.(2455)%++ and ¥,(2520)%+* baryons. In this Chapter, data
samples, event reconstruction and selection for the study are discussed. However, not
only the data samples of the ¥.(2455)%*F and ¥.(2520)%*F baryons but also other
control samples are used for various purposes. Since the track and event selections
are different for them, the selection criteria for those samples are described later,

accordingly.

4.1 Data Samples

The data used in this study were accumulated during the period from January
2000 to June 2008, and it corresponds to the integrated luminosity of 711 fb~!
collected at the Y(4S5) resonance with the Belle detector at the KEKB accelerator
described in Chapters 2 and 3.

In addition to the data sample, a Monte Carlo (MC) simulation (referred to as
“the generic MC”) of which is officially performed by the Belle collaboration and is
intended to be the same with the real data obtained from the experiment (referred
to as “the data”) is utilized in the study for several purposes. MC simulations
dedicated to specific decay channels (referred to as “the signal MC”) are also used

for various purposes. The events in data sets of the MC simulation are generated

!'Throughout this dissertation, the charge-conjugate decay modes are implied.
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with PYTHIA [87], decays of unstable particles are simulated with EVTGEN [88], and
detector response is simulated with GEANT3 [89]. Both the data and generic MC are
processed with BASF, the Belle analysis framework [90] for the reconstruction of final
state particles.

In case of the generic MC, there are a few problems in the sample. First of all, the
masses of the AT baryon and its anti-particle, the A, baryon, are different because of
a wrong input mass of the A7 baryon in the input table that is used in the generation,
therefore, the charge-conjugate decay mode of the generic MC is unusable. Moreover,
the input mass of the 3.(2455)"F baryon (m(X.(2455)")mc = 2440.2 MeV/c?) is
significantly different from the world average (m(X.(2455)" " )ppg = 2453.98 + 0.16
MeV/c?) [3]. This makes the generic MC sample for the X.(2455)™" baryon useless.

Another problem is a wrong generation of the ¥.(2520)%*+ baryons. The event
generation package PYTHIA requires an internal particle codes (known as KC code) to
generate a particle, but it turns out that the KC codes for the .(2520)%*+ baryons
were missed when the generic MC was produced. As a consequence, the ¥,(2520)%*+
baryons were not generated properly as shown in Fig. 4.1.

Finally, some of heavier charmed baryons were not generated. For example, the
excited A} baryons are necessary to study a background contribution as is to be
discussed in Sec. 5.1, however, the excited A} baryons are missed in the generic MC
sample as shown in Fig. 4.2. The ZY baryon is also required to study an another
background contribution, but it is missed as well.

In conclusion, the generic MC samples for the X.(2455)%*++ and %,(2520)%*+
are practically useless for the study of the signal events. However, they are still useful
to study the background events, such as random backgrounds, therefore, they are
used for the studies of the background events as will be discussed in later sections.

The data samples of both the data and MC need an additional calibration be-
cause of the inaccurate momentum scale of the Belle detector. This calibration is

discussed in Sec. 8.2 and is applied to all the samples used in this study.



58 CHAPTER 4. EVENT RECONSTRUCTION AND SELECTION

N C
Q -
> -

6000—
= N
0 -
S  5000{—
~ -
..9 -
c -
S 4000}
> -
L N

3000—

2000(—

_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 11
P14 016 018 02 022 024 026 028 03 0832
m(pK m*ny)-m(pK n) (GeV/c?)

&~ 7000
Q
>
< 6000
0
£ 5000
~
i
C
$ 4000
>
i

3000

2000

1000

P oi6 018 02 022 024 02 02 03 032
m(pK *n?)-m(pK *) (GeV/c?)
Figure 4.1: Demonstration of incorrect generation of the .(2455)*" and
¥.(2520)%** baryons in the mass differences of m(pK 7¥7;) — m(pK~7+) (top)
and m(pK~ntnl) —m(pK~7") (bottom) in the generic MC. Because of the wrong
input mass of the ¥.(2455)" baryon, the signal events are located at wrong position

near 150 MeV/c?, and the ¥.(2520)%*F baryons are generated with wrong decay

widths and the normalization because of the imperfect generation.
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Figure 4.2: Demonstration of missing generation of the excited A} baryons in the
generic MC. Charge conjugate mode is excluded because of the wrong input mass

of the A} baryon.
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4.2 Track Selection

All the charged tracks are required to have an impact parameter with respect to
the interaction point of less than 3 cm along the z-axis, and less than 1 c¢m in the
r — ¢ plane. These requirements guarantee the charged tracks to be produced near
the interaction point. Furthermore, each track is required to make at least two hits
on the SVD in each of the two measuring coordinates, the z-axis and r — ¢ plane.

The particles are identified by combining the information from the CDC, ACC,
and TOF as described in Sec. 3.12. By applying the particle identification likelihood
[84] criteria, they are identified as proton, kaon, or pion. The selection criteria for

the proton identification are

L
Plp:K)=——2—>09
A
L
Plp:m)=—+—2->09
M= L,
where L£(i) is the particle identification likelihood for a particle i. For the kaon
identification,
L
P(K:p)=—5——>09
Ben =27,
Lk
P(K:7m)=—5——>06
( ) Lx+ L ’
and for the pion identification,
Lr
P(r:p)=———>09
(m:p) C+L,
L
P(r:K)=—+—"—+ >0.6.
R =

The particle identification efficiencies and the fake rates are estimated for the
particle identification selection criteria above. The efficiencies and the fake rates are
estimated with signal MC samples. For the proton identification, the criteria P(p :
h) > 0.9, where h is K or 7, have the efficiency of 83.78%. For the kaon identification,
the K/ separation efficiency and fake rate are estimated to be (90.58 +0.53)% and
(9.77 + 0.33)%, respectively. For the pion identification, one has to treat the pions
from A decay and the slow pions () from the S/ decays, differently. The K/m
separation efficiency and fake rate for the pions from Al decay are estimated to be
(92.63 £+ 0.69)% and (7.84 £+ 0.33)%, and that for the slow pions from the R0/
decays are (99.18 + 0.89)% and (5.93 + 0.52)%, respectively.
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4.3 A} and S0 Reconstruction

With selected charged particles, a A candidate is reconstructed by combining
p, K—, and 7. Daughter tracks of the A} candidate are refit to a common vertex,
and those candidates with fit failure are discarded.

After the reconstruction of the AF candidates, they are combined with the slow
pion tracks to form the Y/ candidates. With the assumption of that the lifetime
of the Y/ baryons are short, the AT production vertex is found by fitting the
trajectory of the A} candidate to the ete™ interaction point. If the fit fails, the
event is discarded. Finally, a slow pion track is refit to the A} production vertex,
and the fit results such as the confidence level of the fit are taken as additional
information for further event selection. If the slow pion vertex fit fails, the event is

discarded as well.

4.4 Event Selection

To improve the signal-to-background ratio, further event selection is performed.
Only the events that the Al candidates have invariant masses within a A} mass
signal region are selected. The A mass signal region is defined as from 2278.07 to
2295.79 MeV /c? which corresponds to £2.10 around the nominal A} mass where o
represents the A} invariant mass resolution, and the sideband region is defined as
from 2259.16 to 2267.76 MeV/c? or from 2305.58 to 2314.18 MeV /c* to have the
same area with that of the defined signal region. as shown in Fig. 4.3. Furthermore,
candidates with confidence level of the slow pion vertex fit constrained to the AF
production vertex greater than 0.1% are kept to improve the momentum resolution

Y+ candidates are required to have their momentum

of the slow pion. Finally, the
in the center-of-mass frame (p*) greater than 2.0 GeV/c to suppress combinatorial
backgrounds.

Figure 4.4 shows the mass difference distribution of m(pK~ntn;) — m(pK =)
and m(pK ~ntn])—m(pK~7") after the reconstruction with the selection described

so far.
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Figure 4.3: Signal (red-hatched) and sideband (blue-hatched) region of the A
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have the same area with the sideband regions defined. Sum of two Gaussian distri-
butions and a linear function are used in the fit as signal and background probability

density function, respectively.
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Chapter 5
Backgrounds

In the mass difference distribution of m(pK~nt7E) — m(pK "), uninterested
events usually called as backgrounds exist. It is necessary to extract these back-
grounds correctly for the unbiased description of the signal events. From the study

on these backgrounds, the background components are categorized as:
e Background from the excited A} decays
e Backgrounds from the D*(2010)" and =% — A7~ decays

e Background due to the wrong combinations (referred to as the “random back-

ground”).

5.1 Backgrounds from Excited A Decays

5.1.1 Excited A} Decays

There are four known excited states of AT baryons (referred to as A*T); A.(2595)7,
A.(2625)F, A.(2880)", and A.(2940)". There is also an excited state of A.(2765)"
which is not well observed to date. The properties of these excited Al baryons are
summarized in Table 5.1.

The final states of these excited AT baryons are very similar to those of S/
baryons except for an additional pion. For example, the A.(2595)%, A.(2625)%,
A (2765)F, and A.(2880)" baryons decay to Afwim, (referred to as “non-resonant
decay”). If a pion is missed in these decays, the final states are identical to the decay
of the S0/ baryons. Furthermore, the excited A} also has resonant decays that
include Y/ baryons, for example, the A.(2625)" — R Therefore, the

reconstruction of the X2/ candidates is a partial reconstruction for these excited
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Mass (MeV/c?) Decay modes Fraction (I';/T")
AL(2595)F | 2592.25£0.28 | Armims ~ 67 %
5 (2455) s (24+7) %
%, (2455)07F (24+7) %
Arrtr; 3-body (18 £ 10) %
A.(2625)" | 2628114019 | Afrtas ~ 67 %
S, (2455) 1 | <5@90% C. L.
5. (2455)07F <5@90% C. L.
Afntn; 3-body large
A(2765)T | 2766.6 + 2.4 Afnfn; 3-body seen
A.(2880)*" | 2881.53+0.35 | Afmfn; seen
3.(2455)0/ 7t~ seen
3,(2520)0/ 7/~ seen
A.(2940)* | 2939.3714 3.(2455)0/++rt/~ seen

Table 5.1: Properties of the excited A} baryons [3]. Only channels that have the
final state of the ATnn, are listed. The A.(2765)" baryon is not promoted yet.

s

A} baryons, and there are three cases of the partial reconstruction as described

below.

e Signal resonant decay: Although the reconstruction is a partial reconstruction
of the A** baryon that a pion is not included, the reconstructed candidate is a
signal event of the o/t baryons. For example, although a positively charged

F) is missed in the reconstruction of the decay of A.(2625)" — X7 F

S C s )

pion (m

the candidate is the signal event of the X0 decay.

e Background resonant decay: If a pion is missed in the reconstruction, and
the decay of the A*" baryon does not contain the signal particle but other
particle, the reconstructed candidate is a background event. For example if
a positively charged pion (7)) is missed in the reconstruction of the decay
of A.(2625)T — X1 (— Afn)n,, the candidate has a wrong combination,

therefore, it comes as a background event.

e Non-resonant decay: The partial reconstruction of the A} 7}, that a pion is

missed is always a background event.

The backgrounds from these excited Al decays are referred to as “feed-down”

backgrounds throughout this study.
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The existence of the feed-down backgrounds are confirmed from the MC simula-
tion dedicated to the decays of the A" baryons. In the simulation, 1,000,000 events
are generated with PYTHIA [87], decayed with EVTGEN [88], and simulated the
detector response with GEANT3 [89] for each decay channel. The simulated events

are reconstructed with the same method described in Chapter 4.

In the decays of the A.(2595)" baryon, all events are shown in the mass differ-
ence region up to 175 MeV/c? as described in Fig. 5.1. Correctly reconstructed SO/
events are located at the same position with the input mass of the simulation, and in-
correctly reconstructed events from the resonant decay, for instance, the combination
of the Af7; from the A.(2595)" — Xt x decay in the m(pK ntn; ) —m(pK n™")
space, is located near 140 MeV/c?. The events from the non-resonant decay of
Ao(2595)" — Afnfn are widely distributed over the space.

In the decays of the A.(2625)" baryon, the events are distributed from 140 to
210 MeV/c? as shown in Fig. 5.2. The events from the resonant decay that includes
the signal events are located at the expected position, and wrongly reconstructed

events from the resonant decay are shown next to the signal events near 175 MeV /c?

while the events from the non-resonant decay are distributed widely over the space.

In case of the decay of the A.(2765)" baryon, the only known decay channel
is the non-resonant decay, A.(2765)" — Afxfw,. The distribution is broad over
the space. Together with it, the ones from the A.(2595)" and A.(2625)" baryons
are shown in Fig. 5.3, and the numbers of the events shown in the interest region
(140 to 320 MeV/c?) are small, therefore, it is concluded that the contribution from
A.(2765)" decay is negligible.

In the decays of the A.(2880)" baryon, there are five known decay channels of
A.(2880) — X,.(2455)°7F, A.(2880) — S.(2455)* 7, A.(2880) — $.(2520)°77,
A.(2880) — X.(2520)T 7, and A.(2880) — Afnfw,, and all decay channels are
simulated accordingly. As shown in Fig. 5.4, the distribution is dominated by the
signal events, and the feed-down backgrounds are negligible because the wrong com-
binations from the resonant decays are kinematically distributed in higher mass
region.

The feed-down backgrounds from the A.(2595)" and A.(2625)" decays are also
found in 2-dimensional scatter plot of the mass differences m(pK 77, )—m(pK " 7*)
and m(pK - 7t7r}) — m(pK~7) taken from the data sample of the pK ntnf7;
combinations as shown in Fig. 5.5.

Therefore, the feed-down backgrounds can be dominated only by the decays of
the A.(2595)" and A.(2625)" baryons.
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Figure 5.1: The feed-down backgrounds (blue-solid line) in the decays of the
A.(2595)" baryons in m(pK ntw;) — m(pK n") (top) and m(pK ntrn}) —
m(pK ") (bottom) spaces obtained from the signal MC. The decay contributions
of the A.(2595)" — X.(2455)°7F (red-dashed line), A.(2595)" — ¥.(2455) T,

S

(blue-dashed line), and A.(2595)% — Afnfn, (green-dashed line) are also shown.

s

They do not reflect the real branching fractions because the production rates are

unknown.
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Figure 5.2: The feed-down backgrounds (blue-solid line) in the decays of the
A.(2625)% baryon in m(pK 7ntn;) — m(pK n") (top) and m(pK ntn}l) —
m(pK~7t) (bottom) spaces obtained from the signal MC. The decay contribu-
tions of A.(2625)T — X.(2455)%7} (red-dashed line), A.(2595)" — ¥.(2455)" T

s

(blue-dashed line), and A.(2625)% — Afnfn, (green-dashed line) are also shown.

S

They do not reflect the real branching fractions because the production rates are

unknown.
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and the normalization is not accounted.
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Figure 5.4: The feed-down backgrounds (blue-solid line) in the decays of the
A.(2880)F baryon in m(pK 7ntn;) — m(pK n") (top) and m(pK ntn}l) —
m(pK~7") (bottom) spaces obtained from the signal MC. The decay contributions
of A.(2880) — $.(2455)°7F (red-dashed line), A.(2595)% — %,.(2455)" 7= (blue-

s

dashed line), A.(2880)" — ¥.(2520)°7} (red-dotted-dashed line), A.(2595)" —

s

¥.(2520)T 7, (blue-dotted-dashed line), and A.(2880)" — Afnfm;

S

(green-dashed
line) are also shown. They do not reflect the real branching fractions because the

production rates are unknown.
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Figure 5.5: 2-dimensional scatter plot of m(pK n'n;) — m(pK 7") and
m(pK~ntn}) — m(pK~7") in the pK ntnfn; combinations. The feed-down

backgrounds appear in those mass differences because of interferences between
¥.(2455)%*+ and A’* signal events.
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Figure 5.6: m(pK ~ntnth™)—m(pK =) distribution with the defined signal regions
of the A.(2595)" (red) and A.(2625)" (blue) baryons in the data.

5.1.2 Feed-down Background Tagging

The shape of the feed-down backgrounds can be obtained from the simulation,
and it can be used as a non-parametric probability density function (PDF) in the
fit. Unfortunately, the generic MC does not contain the excited A baryons, and
therefore, there should be other options to extract the feed-down backgrounds. One
option is to use the signal MC, but the normalization of the feed-down events is
practically impossible to estimate because the cross sections and branching fractions
of the excited A} decays are not well established. As a consequence, the feed-down

extraction has to rely on the data.

In order to extract the feed-down backgrounds, a tagging method is applied. Dur-
+

+ events, an additional charged track is attached

ing the reconstruction of pK 77
to the candidate event, and the combination is tested if it is suitable in forming

the excited A} baryons. In other words, if a pK~7wtmy /=

event and an additional
charged hadron (h~/*) has a mass within a defined mass window of the excited A}

baryon, the event is tagged as a feed-down background event. For this purpose, the
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Figure 5.7: Comparison between the data (blue) and scaled generic MC (red). The
generic MC sample is scaled to fit to the data.

signal regions of the excited A} baryons are defined as:

m(A.(2595)") —m(A}) € [302,312] MeV/c?

C

m(A.(2625)") —m(A}) € [336,347] MeV/c?

(¢

and are illustrated in Fig. 5.6. As shown in Fig. 5.6, wrong combination events
also exist below the excited Al signal events, and they have to be removed from
the feed-down backgrounds for the unbiased estimation of the fit. Since the generic
MC does not contain any signal events of the excited A} baryons, it is a good
sample to describe the wrong combination events of the excited A} baryons. The
normalizations of the wrong combination events are determined by scaling the MC
sample to fit the data in the mass difference of m(pK " ntnin,) — m(pK n") as
shown in Fig. 5.7. In order to confirm how the scaled MC sample fits to the the
data, it is compared with the data in the sideband region of the mass difference,
m(pK " ntntn.) —m(pK - 7t), as shown in Fig. 5.8.

To obtain the unbiased feed-down shape, the shape of the wrong combination
events of the excited Al signal events obtained from the scaled generic MC are
subtracted from the shape of the tagged events as feed-down obtained from the

data. Finally, the obtained feed-down backgrounds are subtracted from the mass
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difference distribution of m(pK ~nt7E) — m(pK~7"). The feed-down backgrounds
after the subtraction are shown in Fig. 5.9, and the mass difference distribution of
m(pK~7r7E) —m(pK ") before and after the feed-down background subtraction

are shown in Fig. 5.10.

5.1.3 Feed-down Background Correction

To tag the feed-down background events, full reconstruction of the Afnwfn, is
performed, and therefore, the tagged events imply the track finding efficiency and
acceptance due to the detector geometry for an additional charged hadron while the
feed-down backgrounds appear in the mass difference of m(pK ~nt7E) —m(pK—7")
do not. Therefore, the obtained feed-down backgrounds are underestimated and
have to be corrected by taking into account of the efficiency and acceptance for the
additional charged hadron. In addition, the feed-down backgrounds have different
behavior as a function of the momentum of the additional charged hadron as shown
in Figs. 5.11 and 5.12. To correct for the feed-down backgrounds, the efficiency and
acceptance are obtained as a function of the momentum of the additional charged
track.

From the signal MC of the excited A} baryons, the momenta of charged pions
are almost in the momentum region up to 600 MeV/c as shown in Fig. 5.13. Since
only negligible events exceed momentum of 600 MeV /¢, and the charged tracks
are required to have momentum greater than 100 MeV /c in the reconstruction, we
set the momentum bins to be 100 to 150, 150 to 200, 200 to 325, and 325 to 600
MeV/c to apply the efficiency and acceptance as a function of the charged track
momentum. From the signal MC, we found that the charged pions directly from the
A.(2595)" baryon are softer than the ones from the 29+ baryons. In the decays of
the A.(2625)" baryon, however, the momentum of charged pions directly from the
excited A.(2625)" baryon are slightly harder than the ones from the o/t baryons
although their momentum distributions are almost the same.

The track finding efficiency is imported from the former study of the Belle ex-
periment (Ref. [91] for p(h*) < 0.2 GeV/c and Ref. [92] for p(h*) > 0.2 GeV/c)
and summarized in Table 5.5. Since the momentum bins of the charged track in the
former study are different from the defined bins in this study, the efficiencies are
calculated again by taking weighted average with the numbers of charged hadrons
obtained from the signal MC accordingly.

In addition to the track finding efficiency, the acceptance due to the detector

geometry also has to be considered. The acceptance is obtained from the signal
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Figure 5.9: Feed-down background from the A.(2595)" (blue) and A.(2625)"
(red) decays in the mass difference of m(pK - 7tn;) — m(pK =) (top) and

m(pK - 7tn}) — m(pK~7") (bottom) after the subtraction of the wrong combi-

nation events of the excited A} baryons.
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shown.
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p(h*) (MeV/c) Ngenerated(hi) Naccepted(hi) Eacceptance(h:t)
100 - 150 155,709 141,601 90.94 %
150 - 200 173,964 158,118 90.89 %
200 - 250 158,707 145,574 91.73 %
250 - 325 179,307 164,574 91.78 %
325 - 600 211,793 178,717 84.38 %

Total 879,480 788,584 89.66 %

Table 5.2: The acceptance for the positively charged hadrons from the decay of
A.(2625)" — X7

MC of the excited A} decays. Since the acceptance for a charged track can be
assumed to be similar between the A.(2595)" and A.(2625)" baryons, the accep-
tances are studied from the decays of A.(2625)T — X0 A.(2625)" — SiTn,,

and A.(2625)" — Afrnfr;. One million events are generated and simulated for

each, and the acceptance is estimated by

N accepted (hi )

Eacceptance (hi ) = W (5 . ].)

where €acceptance(R) is the acceptance for a charged hadron, Ngenerated(h™) and
Naccepted(hi) are the numbers of the charged hadrons from the excited A} decays
generated and accepted by the geometry, respectively. The numbers of the accepted
charged hadrons are counted by checking if the hadron is within the detector ge-
ometry (17° < 6 < 150° where 6 is the polar angle from the beam axis). In other
words, if the cosine value of the angle (cosf) between a charged hadron momentum

vector and the beam axis satisfies
—0.8660 < cosf < 0.9563,

the charged hadron is counted as an accepted one. The numbers of generated and
accepted charged hadrons, and acceptances as a function of the charged hadron

momentum are summarized in Tables 5.2, 5.3, 5.4 and 5.5.
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p(h™) (MeV/c) | Nienerated (h¥) Naccepted (7)) | €acceptance (A )
100 - 150 156,494 142,244 90.89 %
150 - 200 175,532 159,496 90.86 %
200 - 250 160,235 146,941 91.70 %
250 - 325 179,266 164,390 91.70 %
325 - 600 211,342 178,412 84.42 %
Total 882,869 791,483 89.65 %

Table 5.3: The acceptance for the negatively charged hadrons from the decay of
Ao(2625)T — S .

S
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p(h*) (GeV/e) | 0.1-0.15|0.15-0.2 | 0.2-0.25 | 0.25 - 0.325 | 0.325 - 0.6
€rracking(hE) | 75.00 % | 75.00 % | 83.50 % | 84.80 % | 90.40 %
€accoptance (hE) | 91.20 % | 91.12% | 91.45 % | 90.93% | 84.36 %

Table 5.5: The track finding efficiency and the acceptance of a charged hadron
obtained from the former study of the Belle experiment (Ref. [91] for p(h*) < 0.2
GeV/c and Ref. [92] for p(h*) > 0.2 GeV/c) and the signal MC, respectively. The
efficiencies are calculated for the defined momentum regions by taking weighted

average with the numbers of charged hadrons accordingly.

The obtained efficiency and the acceptance are applied to the feed-down back-
grounds as a function of the momentum of the additional charged hadron by
Nuncorrected (Feed-down)

6tracking ( hi ) : Eacceptance (hi )

Morrected (Feed-dOWIl) =

(5.2)

where Noorrected (Feed-down) and Nyncorrected (Feed-down) are the yields of corrected
and uncorrected feed-down backgrounds, etrack-mg(hi) is the track finding efficiency,
and eacceptance(hi) is the acceptance. Figure 5.14 illustrates the corrected and uncor-
rected feed-down backgrounds.

Finally, the wrong combination events of the excited Al baryons subtracted and
corrected feed-down backgrounds are removed from the mass difference distribution,

m(pK~—ntrE) — m(pK~m"), as shown in Fig. 5.15.

5.2 Reflection Backgrounds from D*(2010)" Decays

Another possible contribution to backgrounds is a wrong combination of a proton
and a D*(2010)* in the decay of D*(2010)* — D°x. Since the pion in the decay
of D*(2010)" — D%rf has low momentum, there is a probability of which the
wrong combination can be identified of a background source. Furthermore, the decay
chains of D° — K~77X where X is additional massive hadron(s) increase the
probability to form a background event. Table 5.6 summarizes possible decays of D°
to contribute this background.

If the decays of D*(2010)" — D% with D° — K~n* X are partially involved
in the wrong combination, they make a reflection background event. For example, if
a negatively charged kaon (K ) and a positively charged pion (7") of a decay of the
D*(2010)" meson with D® — K-7"7T7~, and the soft pion from the D*(2010)"
meson are combined with a random proton, then it becomes the same final state
particles of pK 77} with the decays of the ¥.(2455)"* and .(2520)*" baryons.



5.2. REFLECTION BACKGROUNDS FROM D*(2010)* DECAYS 85

N =
O L
> B
2 1000~
o) L
9 -
< 800
P B
2 B
(0] -
ol 600
400
200~
II: III IIIIIIIIIIIIIIII- IIIIII
014 015 016 017 018 019 02 021 022
m(pK n*ry)-m(pK nc*) (GeV/c?)
(\T\
L
3 1000
=
Lo
S 800
~
@
C
2 600
L

400

200!

S
| | | | | - |
| I I | I I | I 11 | I I | I I 11 1 | I

0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.21 0.22
m(pK ntrt)-m(pK+) (GeV/c?)
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tom) distributions after the final feed-down subtraction.
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Decay mode Branching fraction
KX (54.7 £ 2.8) %
K7t (3.88 £0.05) %
K—ntnd (13.9+0.5) %
K rntrta~ (8.071535) %
K-rtatn—nxd (4.2+0.4) %

Table 5.6: D° decays of which is possible to be a background [3]. X is additional

massive hadrons. Only significant decays are summarized in this table.

However, in the case of the ¥.(2455)° and ¥.(2520)° baryons, the reflection
background can only exist if the D*(2010)~ meson is involved because a negatively
charged soft pion is necessary to form the combination of the same final state parti-
cles. Since the decay of the D*(2010)~ meson includes D9, the charge conjugations of
the decays summarized in Table 5.6 cannot form the same final state. Only possibil-
ity is that the decay of D includes K7 ~, but the branching fraction of D* — K*X
is small (=(3.440.4) %) comparing with the decays of D° — K~ X ((54.7+2.8) %)
3], therefore, the reflection backgrounds from the D*(2010)" meson are dominant
and only appear in the decay of the ¥.(2455)"" and X.(2520)"* baryons.

The reflection backgrounds are investigated by using generic MC as shown in
Fig. 5.16. As expected, the reflection backgrounds are only significantly found in the
mass difference of m(pK~7n7}) — m(pK~n"). These backgrounds can be treated
as random backgrounds due to wrong combinations. As discussed in Sec. 5.3.1, the
reflection backgrounds from the D*(2010)* decays are described as a part of the

random backgrounds.
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5.3 Random Backgrounds

Since the events are combinations of four charged tracks, there are naturally
contributions from background events due to wrong combinations of tracks. The
random background is classified into a random background associated with true and
fake AT because a Al candidate also can be a wrong combination of three charged

tracks.

5.3.1 Random Background associated with Fake A}

Although the selection criteria include the reconstructed A} mass to be within
2278.07 to 2295.27 MeV/c?, it does not guarantee that the selection includes the
true A} baryons only because of the potential wrong combination of p, K, and
7t tracks. The random background associated with the fake Al candidates can be
extracted from the A mass sidebands. For this purpose, the sideband regions of the

A} mass are defined as

m(A} left-sideband) € [2259.16,2267.76] MeV /c?
m(A] right-sideband) € [2305.58,2314.18] MeV /c?,

and the sum of two sideband area is intended to be the same with the area below the
signal in the signal region (m(AF) €[2278.07, 2295.27] MeV/c?* which corresponds
to +£2.10 from the nominal A7 mass where o represents the A} invariant mass
resolution). The signal and sideband regions of the A7 mass are already shown in
Fig. 4.3.

The obtained shapes of the random background associated with the fake AT are
shown in Figs. 5.17 (from the generic MC) and 5.18 (from data). As discussed in Sec.
5.2, the contribution of reflection backgrounds from the D*(2010)" decays is only
significant in the mass difference of m(pK -~ 7"7}) —m(pK~7"). Since the reflection
backgrounds from the D*(2010)" decays are already included in the random back-
ground associated with the fake AT candidates, the obtained shapes of the random
background associated with the fake AT candidates are used to describe both back-
grounds. For the further test of the consistency of the sideband, the behaviors of the
random backgrounds associated with the fake A} are compared between the signal
and sideband regions as shown in Fig. 5.19, and it is confirmed that the random
background associated with the fake AT candidates from the AT mass sideband well
describes the behavior of the actual random background associated with the fake

A} candidates.
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generic MC.
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sideband region.
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In the fits to the mass differences of m(pK~nt7E) — m(pK~n), the obtained
shapes of random backgrounds associated with fake A} candidates are used as his-
togram PDFs with fixed normalizations. For the normalizations, the numbers of
events in the random backgrounds associated with the fake AT candidates are found
from the A} mass sidebands in the data to be 187441 £433 and 125734 £ 355 in the
mass difference space m(pK " n"nF) —m(pK~7"), respectively. The uncertainties of
the normalizations are accounted as sources of systematic uncertainties as discussed

in Sec. 8.4.3.

5.3.2 Random Background associated with True A}

The random background associated with the true A} is parameterized by a

threshold function,
B(Am;co,c) = (Am —my)0e cr(dm—ms) (5.3)

where Am is the mass difference of m(pK~7"nE) — m(A}) as a random variable,
m, is a nominal mass of the pion (m, = 139.57 MeV/c? [3]), ¢p and ¢; are fit
parameters. The PDF is confirmed by using the generic MC which only includes
random background associated with the true Al baryons as shown in Fig. 5.20.
The variations of the PDF for the background are a possible source of systematic

uncertainties, and it is discussed in Sec. 8.4.4.



94 CHAPTER 5. BACKGROUNDS

700

600

500

Events / (0.5 MeV/c?)

400

300

200

100§

(data-fit)
Vit

014 016 018 02 022 024 026 028 03 032
m(pKrtry)-m(pKn*)

600

500

400

Events / (0.5 MeV/c?)

300

200

-}

1003

(data-fit)

S pLoamwm

14 016 018 02 022 024 026 028 03 032
m(pKn*n)-m(pK ")

Figure 5.20: Random background associated with the true A} candidates in

m(pK - ntn;) — m(pK~—n") (top) and m(pK 7ntn}) — m(pK~n") (bottom) ob-

tained from the generic MC. The background events (point with error bar) are

described by Eq. (5.3) (red line) as discussed in the text. The bottom plots are the

differences between the data and fit results divided by fit errors, and they represent

the fit quality.



95

Chapter 6
=) —» Afn~ Decay

In the mass difference of m(pK 77, ) — m(pK 7t), a small peak near 185
MeV /c? is found as shown in Fig. 5.15. This peak is quite significant to be considered
as a statistical fluctuation, and no such a fluctuation is found in the mass difference
of m(pK-ntn}) — m(pK~7"). If a nominal mass of the A} baryons is added to
the peak position, that is, 185 + 2286.46 = 2471.46 MeV/c?, it is very likely to
originate from the Z0 baryon (m(Z2) = 2470.887022 MeV/c? [3]). Therefore, this
peak is thought to be from a decay of the Z2 baryon, but there are no known decay
of 22 — pK~m 7~ to date. One may expect that the peak is a reflection background
of the ZY decays, and Table 6.1 summarizes the candidates of the Z° decays.

To check the contributions from the known ZU decays, signal MC data sets
are generated and simulated. Most probable decays, such as the Z0 — pK~ K 7"
(100,000 events generated), =0 — AKY (100,000 events generated), 20 — AK 7"
(1,000,000 events generated), and 2% — AK w7 7~ (1,000,000 events generated)
are tested as shown in Fig. 6.1, but only small contributions are found from the
decays of 2% — AK 7" while others are negligible. Furthermore, the contribution
from the decays of 22 — AK 7" have broad width comparing with the small peak
found in data. To validate some decay modes which include the A baryon, the exis-
tence of and contribution from the A baryon in data are checked. From the m(pr™)
distribution, a small portion of the A baryon is found. To check the contribution
from the A baryon without the random background of pm—, a signal region of the
A baryon is define as m(A) € [1112,1120] MeV/c?, and the sideband regions are
defined as m(A) € [1100,1104] MeV/c? or m(A) € [1130,1134] MeV /c? as shown in
Fig. 6.2 (left). It turns out that there is no contribution from the A baryon to the
peak as shown in Fig. 6.2 (right).
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Decay mode

Fraction (I';/T)

pK~K 7t
pK K (892)°
pK~K~7t no K (892)°
AK?
AR
AKntntn—

+

™

—
—

Ertatae

QK™+

SEEN

S€EEN

seen

seen

SEeEN

SEeEn

seen

seen

SEeEN

Table 6.1: Decays of the 20 baryon [3]. Only probable candidates are summarized.

The branching ratios of the listed decays are not well measured to date.
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Figure 6.1: m(pK ~ntm;) — m(pK~7") distributions of the 2% — pK~ K7 (top-
left), 2% — AKY (top-right), =0 — AK 7" (bottom-left), and 20 — AK 7w nta™
(bottom-right) decays.
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Figure 6.3: Feynman diagrams for the decay of =2 — pK~7"7~. Cabibbo factor
|Vis| is involved in the s — w (left) quark transition and |V.4| is involved in the

¢ — d (right) quark transitions via W boson exchange.

Another possibility is a decay of 20 — pK 77~ that is not observed yet. This
decay implies a weak decay with s — u or ¢ — d quark transition as shown in Fig.
6.3. From the MC simulation, the width is found to be much broader than the peak
found in the data.

From the 2-dimensional plot of the m(pK ~ntr7, ) —m(pK~n") and m(pK~7t),
the peak seems to be correlated with the AT baryon as shown in Figs. 6.4 and
6.5. In addition, if the decay includes the A baryon, the width of m(pK 7" r;) —
m(pK~7) is expected to be comparable with the peak. In this context, an another
possibility of 22 — At~ decay is considered. The decay also implies a weak decay
with s — u quark transition, therefore, a Cabibbo-suppressed decay as shown in
Fig. 6.6. From a simulated data sample of =% — Af7r~ decay, the decay mode is
fit to the properties of the peak found in data better than the phase-space decay
of 20 — pK 77~ as shown in Fig. 6.7. To confirm the decay channel, the mass
distribution of m(pK~7t77) is studied with a data sample that is not constrained

to have the Af baryon in the data as shown in Fig. 6.8.

0

To reconstruct the =,

candidates without the constraint to the A} baryon, all
charged tracks of p, K~, and 7% are required to have an impact parameter with
respect to the interaction point of less than 1 cm along the electron beam direction
and less than 0.1 cm in the plane transverse to the electron beam direction. Moreover,
each track is required to have at least two associated vertex detector hits in each of

the two measuring coordinates of the r — ¢ plane and z-axis. The charged particles
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are identified by applying the particle identification likelihood criteria of

R 4())
P(p:K)= £00) + L(K) > 0.9
N 412
Pp:7m) = £+ L0r) > 0.9
for the proton identification,
T 4 .9
P(K :p) = COK) + L) > 0.9
oy LK)
P(K:m) = £0K) + £07) > 0.6
for the kaon identification, and
N ¢
P(ﬂ.p)—m>0.9
e )
P(r:K)= m > 0.6.

0
c

for the pion identification. The =  candidates are reconstructed from four charged
particles of p, K—, and 7*, and the daughter tracks are refit to a common vertex. If
the vertex fit fails, the event is discarded, and only the events that the y? value of
the vertex fit less than 20 are selected. To improve the signal-to-background ratio,

the Z0 candidates are required to have a center-of-mass frame momentum greater

than 2.5 GeV/ec.

From the sample, the existence of the peak is tested with accepting or rejecting
the AT and =2 candidates as shown in Fig. 6.9. To accept the A} and ZY candidates,
they are required to be m(A}) € [2278.07,2295.27] MeV/c? as defined in previous
section, and m(Z%) € [2470.08,2471.68] MeV/c* according to the world average
of 2% mass [3]. To reject them, m(A}) ¢ [2278.07,2295.27] MeV/c? and m(Z0) ¢
[2470.08, 2471.68] MeV /c? are required. As shown in Fig. 6.9, the dominant portion
of the peak is found with accepting the A} and Z2 baryons both. In our conclusion,
the peak is from the decay of =% — A7~ that is not observed from any other

experiments as of today.
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Figure 6.4: 2-dimensional plot of m(pK ntn;) — m(pK n") versus m(pK 7).
The peak near 185 MeV/c? in m(pK ~ntm,) — m(pK~7") seems to associate with
the A} candidates.
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Figure 6.5: 2-dimensional plot of m(pK "7t n}t) —m(pK~7") versus m(pK 7). No
peak found around 185 MeV/c? in m(pK —ntw]) — m(pK 7).
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Figure 6.6: Feynman diagram for the decay of =% — Afz~. Cabibbo factor |V,,| is

involved in the s — u quark transition via W~ boson decay.
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Figure 6.7: The mass difference distributions of m(pK - 7ntn;) — m(pK~n") (left),
and the 2-dimensional scatter plot of m(pK~n") and m(pK~n"n;) — m(pK~7")
(right) of the 2% — pK 77~ (top) and 20 — Afr; (bottom) decays. Since the
combination of pK 7" in the phase-space decay of =0 — pK 77~ is not suitable
for the A mass, the mass difference distribution of m(pK - n*n;) — m(pK~7") is
naturally broader than the one of 2% — Afn, decay which is consistent with the
peak found in data. In the 2-dimensional scatter plot, only events within the A}

signal region are taken.
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Figure 6.8: m(pK ~n"7~) (top) and m(pK 7ntn~) —m(pK ") (bottom) from the
data that is not constrained to have Al candidates with requiring m(pK 7") €
[2278.07,2295.27] MeV/c?. The hatched region (top) is the defined signal region
of the =% mass according to the world average [3] and the hatched region (bot-
tom) is the mass difference of m(pK 7ntn~) — m(pK~7t) corresponding to the
defined signal region. Because of many background events, the =0 events cannot be
distinguishable in the mass distribution of m(pK ~7t7~). In addition, since there
is random background events below the signal events of =2, the mass difference
of m(pK~ntn~) — m(pK~n") corresponding to the defined signal region appears

broader than the peak.
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the 20 (top-right), rejecting the A} and accepting the =° (bottom-left), and rejecting
the AT and Z° (bottom-right).
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Chapter 7

Fit Procedure

7.1 Fit Model

Since the %,(2455)%++ and X.(2520)%*F baryons have relatively short lifetime,
one should consider both the detector resolution and decay widths at the same time.
Therefore, the convolution of the two effects is used to describe the mass spectra
of the ¥.(2455)%*F and X.(2520)%+F baryons. The convolution method used in
this study is described in Appendix A. Using the convolution method, our model to

describe the data becomes

M(Am; Amg,T') = T(Am;Amg, ') @ R(Am)
+oo
= / T(Am; Amg, T)R(Am — Am/)d(Am')  (7.1)
where M (Am; Amg,T") is the fit model, T'(Am; Amyg,T") is the theoretical model,
R(Am) is the detector response function with the mass difference Am as a random

variable, Amg and I are the mass difference and the decay width as fit parameters.

7.1.1 Theoretical Model

A relativistic Breit-Wigner line shape is employed for the theoretical model
T(Am; Amg,T') in Eq. (7.1). It is the simplest form of all Breit-Wigner line shape
which takes into account the threshold behavior that the transition amplitude has
to vanish at threshold. Therefore, the relativistic Breit-Wigner line shape is believed
to describe the ¥.(2455)%%F and %.(2520)%** baryons better than non-relativistic
Breit-Wigner that does not take into account the threshold behavior and is only a

first approximation [93]. The Breit-Wigner line shape is discussed in Appendix B.
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The relativistic Breit-Wigner function is defined as [94]
dN momI'(m)
—
dm (mg —m2)2 +m2T2(m)

(7.2)

where m is the mass defined as m = Am + m,+ with a nominal mass of the Af
baryon (m,+ = 2286.46 MeV/c* [3]) as a random variable, my is a nominal mass of
the R/ ++ baryon, respectively, and I'(m) is

o = ne ()" F

where

V2 = (s +me)?) - (m? = (myy = my)?)

2m

V8 = (s +me)?) - (m = (myy — me)?)

qQ = 2m0 )

L is an orbital angular momentum quantum number, R is the Blatt-Weisskopf damp-
ing radius, I'g is a nominal decay width of the no/+t baryon, and F'(z) is the Blatt-
Weisskopf form factor [95] defined as

FLZO(x) =1
1
FL:l —
1
F'=%2) = ————.
(z) 94 322 + 24

Since the X.(2455)%*++ and X.(2520)%** baryons are known to be ground states
with spin % and %, respectively, they have no orbital excitations (L.=0). Furthermore,
the relation between parity (P) and the angular momentum quantum number for

baryons is known as
P=(-1)"
and the total angular momenta and parities J* of the ¥.(2455)%*+ and X,(2520)%/++
1+

baryons are 5 and %+, respectively, according to the quark model prediction [3].

This makes the Blatt-Weisskopf form factor vanish in Eq. (7.3). Therefore, the decay
width term for the ¥.(2455)% %+ and X.(2520)%+* baryons becomes

T(m) = Dol (7.4)

Therefore, the theoretical model to describe the ¥.(2455)%*+ and %.(2520)%*+

baryons are

(7.5)
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7.1.2 Detector Resolution

In case of the particles that have relatively long lifetime, one can assume that
the mass distribution of such particles only reflects the detector resolution because
of their negligible decay widths and a finite resolution of the detector. In case of the
3.(2455)%*+ and X.(2520)%** baryons, however, the mass distributions cannot be
described with the resolution only because of their large decay widths. Therefore,
the models for the ¥.(2455)%+F and ¥.(2520)%** baryons should take into account
the decay widths and the detector resolution simultaneously.

One may expect that the A} momentum resolution in the mass difference of
m(AFrE) — m(A[) significantly cancels. If Am is only dominated by the soft pion
momentum resolution, it is possible to extract the detector response function R(Am)
in Eq. (7.1) from a control sample. However, it turns out that a small contribution

from the A7 momentum resolution still exists. From the energy-momentum relation,

Am = m(AfrE) - m(A])

= (B + B2 ) — |Pys + 5,2 —m(A})

= \/mQ(Ai) +m? () + 2Eps Bt — |Pye |[P7£] cos ) —m(AL) (7.6)

where E is an energy of a particle, p is a momentum vector of a particle. The
resolution of Am in Eq. (7.6) can be written as a function of momenta of the A

and the soft pion, that is,

sam)? = (8g§m>) (3pye)? + (aéﬁm)) opp (D

2 2
and the factors of <w> and <w> in Eq. (7.7) represent contributions
DA+ P+

c Ts

from the momentum resolutions of the A} and the soft pion. The ratio between

those factors are given as

? 251 p L2 2
(am) TR AR L
( Opp+ ) B <|pAﬂ mz(Aj)HﬁA:rP |pﬂ§t| cos .
9(Am) 2 . mQ(A;r)‘HﬁA;rP . 2 .
Op & |p7r§t| pr TS A \pAﬂ cos b

and using a rough estimation of each quantity in Eq. (7.8) obtained from the signal
MC samples, the contribution from the A momentum resolution is found to be
about 10%. Therefore, the resolution of Am is dominated by the soft pion momentum
resolution, but there is a contribution from the A momentum resolution. As a

consequence, the detector response functions for the ,(2455)%*F and X.(2520)%*+
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baryons cannot be obtained from samples of similar processes, for example, a well
known decay of D*(2010)* — D%rf. Therefore, the detector response function
R(Am) in Eq. (7.1) is obtained from signal MC samples for the ¥.(2455)%+* and
¥.(2520)%*+ baryons.

Since the decay widths should be decoupled from the mass distribution, the gen-
erated Y.(2455)%*+ and ¥.(2520)%** baryons are set not to have the widths by
modifying the property table of particles in PYTHIA [87]. The events are generated
with PYTHIA, decays of unstable particles are simulated with EVTGEN [88], and the de-
tector response is simulated with GEANT3 [89] for the ¥.(2455)%*+ and X.(2520)%*+
baryons separately. For the unbiased description to the detector response, a sum of

three Gaussian functions is used, that is,

R<Am7 Ky 0cy Om, Ot, f17 f2) = flG(Am7 [y UC) + f2G<Am7 1,y Um)
+(1 = fi = fo) - G(Am; p, o)

where f; and f, are fractions of the Gaussians, p is the central value which is shared
by all Gaussians, and o; (i={core (c¢), middle (m), and tail (¢)}) is the resolution of
each Gaussians as fit parameters. The resolutions of each Gaussians are constrained
to be 0. < 7, < 0, in order to describe the core, middle, and tail parts of the detector
response properly. Although the sample to obtain the detector response is a signal
MC, a small contribution of wrong combination, in other words, random background
is found. In order to prevent any bias from the random background, a threshold
function Eq. (5.3) is used. Figures 7.1 and 7.2 show the simulated detector responses,
and the obtained parameters of the detector response functions are summarized in
Table. 7.1.

The obtained resolutions are assumed that the simulation is consistent with the
data. In fact, however, there is a discrepancy between the data and MC, therefore,

the discrepancy is accounted as a source of systematic uncertainty as discussed in
Sec. 8.1.
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Figure 7.1: Simulated detector response for the ¥.(2455) baryon. The vertical axis
in top plot is in logarithmic scale. The bottom plots are the differences between
the data and fit results divided by the statistical uncertainty of the data, and they
represent the fit quality.
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Figure 7.2: Simulated detector response for the ¥.(2520) baryon. The vertical axis
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7.2 Background Model

As discussed in Chapter 5, various sources of backgrounds are studied. Since
the feed-down backgrounds are subtracted, and the reflection backgrounds from the
D*(2010)" decays belong to in the random background associated with fake AF
candidates, there are only two contributions of the random backgrounds associated
with the true and fake A}

The random background associated with the fake Al are obtained from the
sidebands of A mass in the data as discussed in Sec. 5.3.1. The obtained shape of
the random background associated with the fake A} is used as a histogram PDF
with a fixed normalization. The normalizations are also obtained from the sidebands
of the Al mass in the data, and they are 187441 + 433 and 125734 + 355 for the
mass differences of m(pK 7t ;) — m(pK 7%) and m(pK ntn]) — m(pK~ =),
respectively. The statistical uncertainties of the fixed normalizations are accounted
as a source of systematic uncertainty as discussed in Sec. 8.4.3.

The random background associated with the true A" candidates is parameterized

with a threshold function (5.3).

0
c

The contribution from the =) — Az~ decay described in Chapter 6 is also
included as a source of the backgrounds. Since the Z2 baryon is known to have a
short decay widths, a Gaussian function is added to describe the peak in the data

for the unbiased estimation of the fit parameters.

7.3 Fit Results

By combining the signal and background PDFs discussed so far, the mass differ-
ence distributions of m(pK n7;) — m(pK " 7t) and m(pK " 7t7}) — m(pK—n")
are parameterized with the binned maximum likelihood method. The fit results are
shown in Figs. 7.3 and 7.4, and summarized in Table 7.2. The fits are performed
from 150 to 320 MeV/c?, and the threshold region up to 150 MeV/c? is excluded
from the fit in order to avoid the complication of backgrounds.

The fits are done with a popular analysis framework, ROOT [96], especially utiliz-
ing RooFit [97], a data modeling package, and PyROOT [98], a Python [99] interface
to ROOT. For the minimization, MINUIT [100] with MIGRAD, HESSE, and MINOS is used
as a package in ROOT.

Since the subtraction of the feed-down background implies a correction account-

ing the track finding efficiency and detector acceptance, a few bins in the data sam-
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Am (MeV/c*) T (MeV/c?) Niignal Reduced x? (ndf)
¥.(2455)° 16729 £0.01 1.76 £0.04 32484 + 291 1.01 (347)
¥.(2455)TT | 167.51+£0.01 1.844+0.04 35984 + 311 0.98 (350)
¥.(2520)° 231984+ 0.11 1541£0.41 40796 £ 851 1.01 (347)
¥.(2520)tT | 231.99+0.10 14.77+0.25 43728 + 511 0.98 (350)

Table 7.2: Fit results of the ¥,(2455)%+% and ¥.(2520)%** baryons. Am is the
mass differences of m(X.(2455)%+F) — m(AF) and m(X.(2520)+F) — m(AF), T
is the decay widths of the X.(2455)%++ and ¥.(2520)%++ baryons, Niga is the
signal yields of the X.(2455)** and X.(2520)%*F baryons, and reduced x? is the
x? divided by the numbers of degrees of freedom (ndf).

ples may have weighted errors that is not compatible with the maximum likelihood
method. The weights appear in covariance matrix elements without any correction

S df () df ()
2w o, db,

H

7%

(7.9)

i=1
where N is the total number of measurements, w; and f(x;) are the weight and the
probability of the i-th measurement, respectively, and @ is a fit parameter. In this
case, the covariance matrix of § is cov(g) = H~!, and the errors scale depends on
1/ vazl w; which is incorrect. To get the correct errors with weighted events, the

N N . :
errors scale should depend on >, w?/ > ", w;, therefore, the covariance matrix

should be [101]

cov(fl) = H'H'H™! (7.10)
where
N
df () df (x;)
H &= 2 W \0) Y \Ti)
W= v b, do,

i=1
Since HESSE gives wrong errors based on Eq. (7.9), the correction to the weighted
errors is applied by using RooFit which recalculates the errors according to Eq.
(7.10).

As discussed in Sec. 7.2, an additional Gaussian function is added to describe the
contribution from the Z0 — Af7~ decay in the mass difference of m(pK 7", ) —
m(pK~7") only. The mean and width of the Gaussian from the fit are found to
be 184.08 £ 0.15 and 1.21 + 0.18 MeV/c?, respectively, and 710 & 105 signal events
are found. The estimated properties are consistent with the ones obtained from the

signal MC and world average [3].
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The signal significance of the 2% — A7~ decay from the fit is roughly estimated.
From the fits with and without the Gaussian for the 20 — AF 7~ signal, logarithms

of likelihood values are

InLiest = 6369761.86232
InLom = 6369701.08839

where L. and L, are the likelihood values obtained from the fit with and without
the Gaussian, respectively. By taking the ratio of two likelihood, that is,

‘Cnull

»Ctest
= —2In Lnull + 2Iln Ltest

= 121.54786,

—2In A —21n

and the numbers of degrees of freedom of A is 3, therefore, the p-value can be
approximately estimated from the y? distribution to be 3.58 x 10~26. This significance

corresponds to 10.58¢0 where ¢ is a standard deviation of a normal distribution.



116 CHAPTER 7. FIT PROCEDURE

<~ 5000~
L - .
% B — Fit model
= oo Il Background
3 - N(Z.(2455)°%) = 32484 + 291
< - N(Z.(2520)°) = 40796 = 851
(7))
£ 30001~ v2/ndf = 1.01
()
0 .
LIJ |
2000
1000{—
:’:':\ 4_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
G| £ 2
Tloo 9
ST -2r
4

140 160 180 200 220 240 260 280 300 320
m(pK mtrr)-m(pK ) (MeV/c?)

Figure 7.3: Fit to the mass difference of m(pK " 7n*n;) — m(pK~7") obtained from
the data (points with error bar) with the model (solid lines). The backgrounds
(dashed lines) are shown as well. The bottom histogram is the difference between
the values of the data and fit divided by the statistical uncertainty of the data to
illustrate the fit quality.
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Figure 7.4: Fit to the mass difference of m(pK~n"n}l) — m(pK~7") obtained from
the data (points with error bar) with the model (solid lines). The backgrounds
(dashed lines) are shown as well. The bottom histogram is the difference between
the values of the data and fit divided by the statistical uncertainty of the data to
illustrate the fit quality.
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Chapter 8
Systematic Uncertainties

Because of many reasons, for example, an imperfection of the detector perfor-
mance, there are naturally systematic uncertainties. Various sources of the system-
atic uncertainties that affect to the results of this study have been studied. Some
sources affect to the m(3.(2455)%+) —m(A}) and m(3.(2520)%+F) —m(A}), some
affect to the decay widths of the ¥,(2455)%+F and X.(2520)%** baryons while some
affect to both. In this chapter, various sources of the systematic uncertainties are

discussed, and the systematic uncertainties are estimated.

8.1 Resolution Model

Since the detector response functions are obtained from the MC simulation as
discussed in Sec. 7.1.2, and there is no guarantee of which the data and MC are
consistent, one has to account the discrepancy between the data and MC as a source
of a systematic uncertainty. Since the detector responses affect to the measurements
of the decay widths of the ¥.(2455) %+ and ¥.(2520)%*F baryons, the systematic
uncertainty from the discrepancy between the data and MC is expected to be a
dominant source for the systematic uncertainties of the decay widths.

To estimate the discrepancy between the data and MC, a decay of D*(2010)" —
D%(— K—n%)m} is chosen as a control sample. Since the decay width of D*(2010)"
meson is small, and the decay is well known, it would be a good sample to study
the discrepancy.

For the estimation, the full dataset of the data and generic MC corresponding to
the integrated luminosity of 710 fb~! are used. In the reconstruction of the events,
all charged tracks of K—, 7", and 7} are required to have an impact parameter with

respect to the interaction point of less than 3 cm along the z-axis and less than 1
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cm in the r — ¢ plane. Furthermore, the tracks are required to have at least two
associated vertex detector hits in each of the two measuring coordinates of the z-axis
and r — ¢ plane. For the particle identification, the particle identification likelihood

criteria

L(m
P(r:K)= —£<W)LZ<K) > 0.6

for the pion identification are applied. The D° candidate is reconstructed by combin-
ing K~ and 7 tracks, and they are refit to have a common vertex. During the vertex
fit, the events of which the vertex fit fails are discarded. The D*(2010)" candidates
are reconstructed by appending a positively charged pion'. The trajectory of the D°
candidates are fit to the interaction point to find the production vertex of the D°
candidate, and the soft pion is refit to the production vertex of the D candidate.
The events of which the vertex fit fails are discarded as well. To improve the soft
pion momentum resolution, only the events of which the confidence level of the m}
vertex fit greater than 0.1% are kept. To improve the signal-to-background ratio,
the D° candidates are required to have an invariant mass in the range from 1810 to
1910 MeV/c?, and the D*(2010)" candidates are required to have a center-of-mass
momentum greater than 2.5 GeV/c.

After the reconstruction of the events, a binned maximum likelihood fit is per-
formed in the mass difference of m(K ntn}) — m(K~n"). To parameterize the
signal events, a sum of a Gaussian and a bifurcated Gaussian distribution function
is used as a PDF, which is,

fG(Am; p,00) + (1= f) - BG(Am; p, 01, 05)

where (G is a Gaussian function, BG is a bifurcated Gaussian function, Am is the
mass difference of m(K~7ntn}) — m(K~n") as a random variable, and y, o., oy,
or, and f are the mass difference of m(D*(2010)") —m(D"), a width of a Gaussian,
left and right widths of a bifurcated Gaussian, and a fraction of the Gaussian,
respectively, as fit parameters. For the background parameterization, a threshold

function in Eq. (5.3) is employed.

!The pions from the D*(2010)* — D7} decay have a low momentum, therefore, they are the

soft pions.
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p(rf) (MeV/c) Taata (MeV/c?)  Tue (MeV/c?) T data/OMC
100 - 170 0.603 = 0.007 0.551 £+ 0.004 1.094 £0.014
170 — 215 0.546 £ 0.005 0.497 £ 0.004 1.099 £ 0.014
215 — 240 0.528 £ 0.006 0.483 £ 0.004 1.093 £ 0.015
240 — 270 0.525 £ 0.002 0.476 £+ 0.004 1.103 £ 0.015
270 — 300 0.522 £ 0.006 0.478 £ 0.004 1.092 = 0.015
300 — 340 0.527 £ 0.004 0.478 £ 0.004 1.103 £ 0.012
340 — 400 0.525 £ 0.005 0.485 £ 0.004 1.083 £ 0.013
400 — 700 0.502 £ 0.005 0.487 £ 0.004 1.031 £ 0.014

Table 8.1: Estimated detector resolutions of the data and MC from the D*(2010)"

decay. Tgata and oy are the weighted averages of the resolution defined as ¢ =
VIt + (1= [f)o% (or > op).

Since the detector response varies by the soft pion momentum, the fits are done
in various momentum bins of the soft pion. The momentum bins of the soft pion are
defined as 100 to 175, 175 to 215, 215 to 240, 240 to 270, 270 to 300, 300 to 340,
340 to 400, and 400 to 700 MeV /c. The fit results are summarized in Table 8.1, and

the discrepancy is shown in Fig. 8.1.

The systematic uncertainties from this discrepancy are estimated by varying the
widths of the detector response function from +1.7% to +11.8%. The range of the
variance of the width is chosen by taking the minimum discrepancy in the momentum
bin of 400 < p(7}) < 700 MeV /¢ and the maximum discrepancy in the momentum
bin of 240 < p(n) < 270 MeV /¢ with considering their statistical errors. The scale

factors are shared by all Gaussians in the detector response function (7.9).

From the fit to the mass differences of m(pK~n7%) — m(pK ~nt) with varying
the detector resolution, the systematic uncertainties are estimated as single-sided
values of 0.19, 0.25, and 0.24 MeV/c? for the decay widths of the %.(2455)%++,
¥.(2520)°, and X.(2520) T baryons, respectively, and they are summarized in Table
8.2.

Since the obtained detector response functions have statistical errors as shown in
Table 7.1, the statistical fluctuation of the detector resolution can be a source of the
systematic uncertainty. The widths in the detector response functions are fluctuated
by +1o0 deviation to estimate the statistical effect, and the systematic uncertain-
ties are found to be 0.01 and 0.04 MeV/c? for the ¥.(2455)”** and X.(2520)%++

baryons, respectively, and summarized in Table 8.3. The uncertainties due to the
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Am (MeV/c?) I (MeV/c?)
5, (2455)° - —0.19
5, (2455) - ~0.19
3, (2520)° - —0.25
3.(2520) - —0.24

Table 8.2: Systematic uncertainties due to the discrepancy between the data and
MC. Am is the mass difference of m(3.) — m(A}), and T is the decay width. No

uncertainty is found for the mass differences.

Am (MeV/c?) I (MeV/c?)
5.(2455)° - £0.01
5,.(2455)+ - +0.01
5.(2520)° - £0.04
5.(2520) - +£0.04

Table 8.3: Systematic uncertainties due to the statistical effect of the detector re-
sponses. Am is the mass difference of m(X.) —m(A}), and I is the decay width. No

uncertainty is found for the mass differences.

statistical effect are small comparing with the uncertainty from the discrepancy
between the data and MC.

8.2 Momentum Scale

There is a possible bias in the measurement of charged track momenta because
of the wrong momentum scale of the Belle detector, for example, the energy loss
of a charged particle in materials. This bias may affect to the measurements of
mass of a particle significantly, therefore, it should be accounted as a source of a
systematic uncertainty. To study this effect, the control sample of a mesonic decay
of D*(2010)" — D°(— K m")r} defined in Sec. 8.1 is used. As shown in Fig.
8.2, the measured mass difference of m(D*(2010)%) — m(D°) depends on the soft
pion momentum. In order to minimize the systematic uncertainty from this effect,

a momentum scale calibration is performed.
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Figure 8.1: Weighted averages of the detector resolution (7) obtained from the data

(black point with error bar) and MC (red point with error bar) using the decay of

D*(2010)" — D°(— K—n")r] as a function of 7} momentum (top). The ratio of

the resolutions between the data and MC (Ggata/Tnmc) is also shown (bottom) as a

function of 77 momentum.
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Figure 8.2: The mass difference of m(D*(2010)*) — m(D°) as a function of 7}
momentum obtained from the data (black points) and MC (red points). The world
average of the mass difference m(D*(2010)") — m(D°) = 145.421 + 0.010 MeV /c?
3] is also shown (hatched). The same model in Sec. 8.1 is used in the fit.
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8.2.1 Momentum Scale Calibration with K2 Sample

For the study of the momentum scale calibration, a mesonic decay of K2 — 77~
is chosen as a control sample. Since the pions from the K2 decay cover wide range
of momentum, and there are a lot of the K2 mesons in the data samples, the decay
of K2 meson is a good sample to calibrate the momentum scale.

Partial sample of the full data set corresponding to the integrated luminosity of
72 fb~! is used for the calibration. For the event selection, goodKs() [102] which is
the Belle standard method to select a good K3 candidate is applied. In addition,
the daughter tracks of the KY candidate are required to have at least two associated
vertex detector hits in each of the two measuring coordinates of the z-axis and r — ¢
plane. Since the low momentum pions are desirable, the pion tracks are also required
to have a transverse momentum in the range from 100 MeV/c to 800 MeV/c.

The calibration is performed in two steps. First, the charged pions of which have
higher momentum than 200 MeV /¢ are calibrated. In this step, two charged pions
are required to have similar momenta to simplify the formula (|p(7 ™) — p(77)| <2
MeV/c). After the calibration for the higher momentum pions, the charged pions
which have the momentum less than 200 MeV/c are calibrated. To simplify the
formula, only one pion is required to have the momentum less than 200 MeV/c,
and the other is required to have the momentum greater than 200 MeV /¢ which is
supposed to be calibrated in the first step.

The reconstructed mass of the Kg meson can be written as
M?* = 4m?2 + 2p*(1 — cos ©) (8.1)

where M is a reconstructed mass of a K2 meson, m, is a nominal mass of a pion,
p is @ momentum of a pion (" p(7) ~ p(x7)), and O is an angle between two
charged pion momentum vectors assumed to have negligible error. With a definition
of M? = M? — 4m?2, Eq. (8.1) can be written as

M?* = 2p*(1 — cos ©)

MdM = 2pdp(1 — cos©)

~dM dp

L= 8.2
M D (8:2)
The ratio in Eq. (8.2) can be obtained as functions of the momentum (p), inverse
of the transverse momentum (1/pr) of a pion, and the cosine value of the angle

between a pion momentum vector and the beam axis (cos ). By using the functions,
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the momenta of charged pions are calibrated iteratively as the first step of the
momentum scale calibration.
In the second step of the calibration, the mass of the K2 meson can be written

as
M? = 2m?2 + 2(EyE; — pup; cos O) (8.3)

where Ej, and p; are the energy and momentum of the pions of which have the
momentum greater than 200 MeV/c, and E; and p; are energy and momentum of
the pions of which have the momentum less than 200 MeV/c. Since the pions of
which have the momentum greater than 200 MeV /c are calibrated in the first step,
there should not be any difference of the momentum, that is, dp, = 0. By requiring

| cos ©] < 0.01 to neglect the cosine term in Eq. (8.3),
M? ~ 2m2 +2E,E).

By defining M? = M? — 2m?2,

M? = 2E,E
= 2Eh \/ m72r +p127
therefore,
- d
MM = By —e (2 dpy = 0)
V mz + b
_ Ewpidp,
E,
Thus, the ratio can be written,
dM _ pudp
M 2E?}
dpi

S — 4
2pi(1+ %) 84)
From the approximation of m?2/p? &~ m2/ < p? >= « where < p? > is an average
value of p?, Eq. (8.4) becomes
M dp
M 2ap
and the factor « is found to be 3.48 and 3.72 in the data and MC, respectively.

(8.5)

The ratio in Eq. (8.5) is obtained as functions of p;, 1/p;r, and cos @ as done in
the first step, and the pions of which have the momentum less than 200 MeV /c are
calibrated accordingly. Figures 8.3, 8.4, and 8.5 compare dM / M for each steps of
the calibration as functions of p and 1/pr of K9, and cos # where 6 is an polar angle

of K% momentum vector from the beam axis, respectively.
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Figure 8.3: Calibrated K¢ mass as a function of p(7+7~) before the calibration (open

black circle), after the calibration only for p(7*7~) > 200 MeV/c events (open blue

square), and after the calibration for all momentum range (open red circle) using

the generic MC sample.
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Figure 8.6: The mass difference of m(D*(2010)") — m(D°) as a function of the 7}
momentum after the calibration obtained from the data (black points) and MC
(red points). The world average of the mass difference m(D*(2010)") — m(D°) =
145.421 4 0.010 MeV /c? [3] is also shown (hatched). The same model in Sec. 8.1 is
employed in the fit.

8.2.2 Systematic Uncertainties

The obtained calibration function from the K9 decay is applied to the decay of
D*(2010)" — D°(— K—7")r} decay to confirm the calibration. As shown in Fig.
8.6, the result of the calibration seems to be fine. The calibration function is applied

to the data and MC for this study as well.

To estimate the systematic uncertainty due to the momentum scale, the cal-
ibrated sample of the D*(2010)% decay is compared to the world average value,
m(D*(2010)T) — m(D°) = 145.421 + 0.010 MeV/c? [3]. By taking the maximum
difference between the measured and the world average of the mass difference, the

systematic uncertainty is conservatively assigned with 0.02 MeV /c?.
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8.3 Fit Model

The systematic uncertainties due to the fit model are also studied. Possible
sources are fit bias, effects from various bin sizes of the sample and from the fit

ranges.

8.3.1 Fit Bias

Fit bias can be a source of the systematic uncertainty. The uncertainty is tested
by utilizing pseudo-experiments. During the production of 10,000 pseudo-experiments,
they are intended to be kept in data-driven way, in other words, the detector res-
olutions and the normalizations of the signal and background events are the same
with the values obtained from the fit in Chapter 7. After the production of the
pseudo-experiments, all data sets are fit with the same probability density functions
used in Chapter 7. By comparing the input and fit values, the systematic uncer-
tainties are estimated. The fit results of the pseudo-experiments are shown in Fig.
8.7 and summarized in Table 8.4. No uncertainty is found for the mass differences
of m(X.(2455)%*+) — m(A}) and m(X.(2520)%*F) — m(A}), and only minor un-
certainties are found for the widths of the ¥.(2455)%** and ¥.(2520)%** baryons.
The systematic uncertainties for the widths of the ¥.(2455)% %% and X.(2520)%*+
baryons are assigned to be 0.02 and 0.04 MeV /c?, respectively.

The pull distributions of the pseudo-experiments are also shown in Fig. 8.8. The
pull is defined as

T —p
g

where x is estimated fit parameters for a pseudo-experiment, p is true value, and
o is fit error of the parameter. From fits to the pull distributions with a Gaussian
function, it is confirmed that the pull distributions are close to a normal distribution

which has a Gaussian with a mean of 0 and a width of 1.

8.3.2 Binning Effect

Since maximum likelihood fits are done to the binned data sets, the parameter
estimation in the fit can be affected by the size of the bins. The size of the bin
used in the fit is 0.5 MeV/c%. To estimate the effect of the size of the bin, the
bin size is varied from 0.1 MeV/c? to 1.0 MeV/c?, and the estimated parameters

are summarized in Tables 8.5 and 8.6. The uncertainties for the mass differences of
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Fit (MeV/c?)

|Input - Fit| (MeV/c?)

Input (MeV/c?)
Am(X,(2455)%++) 167.30
Am(X,(2520)%++) 231.90
[(%,(2455)%++) 2.20
['(%.(2520)%++) 14.90

167.30 -

231.90 -
2.22 0.02
14.94 0.04

Table 8.4: Input and fit values of the pseudo-experiments for the test of fitter. By

comparing the input and fit values, the differences |Input - Fit| are assigned as the

systematic uncertainties due to the biased estimation of the fitter.
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Figure 8.7: Bias check from the fitter using 10,000 pseudo-experiments (histogram)
for the mass difference of the ¥,(2455)%*+ (top-left) and ¥.(2520)%** baryons (top-
right), and the widths of the ¥.(2455)”** (bottom-left) and X.(2520)%+ baryons

(bottom-right). Fits with a Gaussian function (red line) are also shown.
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Figure 8.8: Pull distributions of 10,000 pseudo-experiments (histogram) for the mass
difference of the %.(2455)%*+ (top-left) and ¥.(2520)%+F baryons (top-right), and
the widths of the ¥.(2455)%+F (bottom-left) and X.(2520)%+* baryons (bottom-

right). Fits with a Gaussian function (red line) are also shown.
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m(Xe(2455)% ) —m(A}) and m(2,(2520)%++) —m(A}) are found to be negligible.
The uncertainties for the decay widths are found to be 0.09, 0.06, 0.04, and 0.05
MeV/c? for the X.(2455)°, ¥.(2455) 7, $.(2520)%, and 3.(2455)"F, respectively.

8.3.3 Effect of the Fit Range

The effect due to the various fit ranges is also studied. To estimate the uncer-
tainty, 12 different fit ranges are defined to include the ¥, (2455)%++ and X,(2520)%/++
both, and separately; 140 to 320, 150 to 320, 190 to 280, 190 to 290, 190 to 300,
190 to 310, 190 to 320, 200 to 280, 200 to 290, 200 to 300, 200 to 310, and 200 to
320 MeV/c?. The uncertainties for the ¥.(2455)%** baryons are found to be neg-
ligible. In case of the ¥.(2520)%** baryons, non-negligible uncertainties are found,
especially for the decay widths. The estimated parameters in the various fit ranges
are summarized in Tables 8.7 and 8.8. The root-mean-square (RMS) values of the
estimated parameters in the various fit ranges are assigned as the systematic uncer-
tainties due to the fit range. The uncertainties are found to be 0.03 and 0.01 MeV /c?
for the mass differences of m(%.(2520)%) —m(AF) and m(3.(2520)*) —m(AS), and
0.19 and 0.17 MeV /c? for the decay widths of the ¥.(2520)? and 3.(2520)* " baryons,
respectively.

Since the fit qualities are fine, and the uncertainties due to the fit range are
consistent within the statistical uncertainties, one might be redundant to account
them as a systematic uncertainty, but they are assigned as a systematic uncertainty

in a conservative manner.
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Fit ranges Am(%.(2520)%) ['(3.(2520)°) X% /ndf
140 — 320 231.99 £0.11 14.74 £0.37 1.01
150 — 320 231.99 £ 0.11 15.41£0.41 1.01
190 — 280 231.93 +£0.12 15.20 £ 0.38 1.10
190 — 290 231.93+£0.11 15.11 £ 0.32 1.07
190 - 300 231.93 £ 0.11 15.02 £ 0.33 1.07
190 - 310 231.93 £ 0.11 14.79 £ 0.32 1.04
190 — 320 231.92+£0.11 14.60 £ 0.31 1.06
200 — 280 231.91 £ 0.12 15.21+0.44 1.17
200 — 290 231.91 £ 0.12 15.12 £ 0.46 1.13
200 — 300 231.91 £0.12 15.07 £0.42 1.11
200 - 310 231.90 £ 0.12 14.87 £0.37 1.08
200 — 320 231.88 £ 0.12 14.77 £+ 0.36 1.10

Table 8.7: Estimated parameters for the ¥.(2520)° baryon in various fit ranges. Am,
I, and x?/ndf are the mass difference of m(%.)—m(A[), decay width, and x? divided

by the numbers of degrees of freedom, respectively. The values are in MeV /c? for

the fit range, Am, and T'.

Fit ranges Am(X.(2520)*F) ['(X.(2520)") X /ndf
140 — 320 232.00 = 0.09 14.47+0.31 1.02
150 — 320 231.99 £ 0.10 14.77 £ 0.25 0.98
190 — 280 231.97£0.10 14.76 £ 0.34 1.12
190 — 290 231.96 = 0.10 14.93 £0.31 1.09
190 - 300 231.96 £ 0.10 14.73 £0.29 1.09
190 - 310 231.96 = 0.10 14.53 £ 0.29 1.09
190 — 320 231.96 = 0.10 14.43 £ 0.28 1.09
200 — 280 231.97£0.10 14.67 £ 0.40 1.04
200 — 290 231.97 +£0.10 14.92 £ 0.41 1.01
200 — 300 231.96 £ 0.10 14.70 £ 0.35 1.03
200 — 310 231.95+0.10 14.53 £ 0.33 1.02
200 — 320 231.95 £ 0.10 14.44 £ 0.31 1.03

Table 8.8: Estimated parameters for the ¥..(2520)"" baryon in various fit ranges.
Am, T, and x?/ndf are the mass difference of m(X.) — m(A}), decay width, and
x? divided by the numbers of degrees of freedom, respectively. The values are in
MeV/c? for the fit range, Am, and T
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8.4 Background Model

There are possible sources of the systematic uncertainties due to the background
modeling; uncertainty from the feed-down correction, statistical effect of the random
background associated with the fake Al candidates, and various modeling of the

random background associated with the true A} candidates.

8.4.1 Feed-down Correction

As discussed in Sec. 5.1.3, the feed-down backgrounds from the excited A} decays
are corrected by taking into account the tracking efficiency and the acceptance of
the Belle detector. Since there are uncertainties of the tracking efficiency and the
acceptance, one has to account the uncertainties as a systematic uncertainties.

The feed-down backgrounds are corrected by using Eq. (5.2). From the error
propagation of Eq. (5.2), the uncertainty due to the feed-down correction can be

described as

5Morrected (Feed—down) o 5-/\[ uncorrected (Feed—down) 2
Morrected (Feed—down) B N uncorrected (Feed—down)

1/2

5 rackin, hi 2 5 acceptance h:l: 2
+(et kg(i))+<6 ot (i)) (8.6)
Etracking<h ) EaCCeptance<hf )

and the quantities of each terms are found to be

5./\/ uncorrected (Feed-down)

0.46

N uncorrected (Feed_down) %
(5 rackin, hi

ﬂk—w 1.80%
6tracking(h )
nce h:t

5€aCCepta ( < ) = 017%,
€acceptance<h )

therefore, the total uncertainty is found to be 1.87%. The systematic uncertainties
are found by varying the normalization of the feed-down backgrounds +1.87% and
the estimated parameters are summarized in Tables 8.9 and 8.10. Only small un-
certainties are found for the decay widths of ¥.(2520)%** baryons, but they are

consistent within the statistical uncertainties.
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8.4.2 Wrong Combination Events Subtraction in the Feed-

down Background

As discussed in Sec. 5.1.2, the wrong combination events of the excited A} candi-
dates are subtracted by using the generic MC. Since the wrong combination events
obtained from the generic MC might be underestimated or overestimated, there-
fore, this can be a source of a systematic uncertainty. To estimate the uncertainty,
the normalization of the wrong combination events of the excited Al candidates
is varied by +10 where o is the statistical uncertainty of the random background.
Only small systematic uncertainties are found for the decay widths of 3.(2520)%/*+

baryons, and they are consistent within the statistical uncertainties.

8.4.3 Statistical Effect of the Random Background associ-
ated with fake A}

In the fit, the random backgrounds associated with the fake AT candidates are
obtained from the sideband of the A} mass as discussed in Sec. 5.3.1. The nor-
malizations of the random background associated with the fake AT candidates are
fixed in the fit as obtained from the sideband of the A mass in the data, and the
statistical effect of the normalization can be a source of a systematic uncertainty. To
estimate this effect, the normalization of the random background associated with
the fake A' candidates are varied by +1o where o is the statistical uncertainty
of the random background associated with the fake A} candidates obtained from
the data. Since the statistical uncertainties of the random backgrounds are small
(433 for m(pK~ntn~) —m(pK~—n") and 355 for m(pK " 7ntnt) —m(pK~n")), only

negligible systematic uncertainties are found.

8.4.4 Background Model of the Random Background asso-

ciated with true A

To describe the random background associated with the true A} candidates, Eq.
(5.3) is used. To estimate the possibility of other PDFs for the background, the

following functions are tested:

Bi(Am;co,c1) = co(Am —m)? + cy(Am — my)*?

Bo(Amico,cr,c3) = co(Am —m)Y? + er(Am — my )32 + co(Am — m,)*/?
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+

F) —m(pK n") as a random variable,

where Am is the mass difference m(pK 7" x
m., is a nominal mass of a pion [3], cg, ¢1, and ¢, are the fit parameters. No systematic

uncertainties are found from the various background PDFs.

8.5 Total Systematic Uncertainties

The systematic uncertainties discussed so far are summarized in Tables 8.11 and
8.12.

The systematic uncertainties for the mass difference of m(X.(2455)%) — m(A[)
and m(3.(2455)7") — m(AJ) are found to be +0.02 MeV /c? and they are compara-
ble with the statistical uncertainties. In case of the mass difference m(3.(2520)°) —
m(Al) and m(2.(2455)"") — m(AJ), the systematic uncertainties are found to be
4+0.04 and £0.02 MeV/c?, and they are small comparing with the statistical uncer-
tainties.

The systematic uncertainties for the decay widths of the 3.(2455)° and ¥.(2455) "
baryons are found to be 09 and T5:57 MeV/c?, and they are large compared with
the statistical uncertainties by factor 5 in maximum. They are dominated by the
resolution model as expected. Small contributions from the fit model are found. In
case of the decay widths of the 3.(2520)° and 3.(2520)™ " baryons, the systematic
uncertainties are found to be 329 and {54* MeV/c?, and they are comparable with
the statistical uncertainties. Both resolution model and the fit model contribute to

the uncertainties.
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Chapter 9
Results and Discussions

As discussed throughout this dissertation, the mass differences of m(%,(2455)%/++)—
m(A}) and m(2.(2520)FF) — m(A}), and the decay widths of the X.(2455)%++
and X.(2520)%+F baryons are measured. From the mass differences, the invariant
masses of the ¥,(2455)% %+ and %.(2520)%*+ baryons are also calculated by adding
the world average mass of the A baryon [3]. The mass, mass difference, and decay
width values are summarized in Table 9.1.

The mass splittings of m(3.(2455)") — m(2.(2455)°) and m(32.(2520)") —
m(3.(2520)°) are also calculated from the mass differences of m(3.(2455)%+F) —
m(A}) and m(3.(2520)%*++) —m(A7F). They are calculated to be m(3.(2455)+%) —
m(X,(2455)%) = 0.22 4 0.01 £ 0.01 MeV/c? and m(5,(2520)++) — m(X,.(2520)°) =
0.0140.15+0.03 MeV/c? where the first error is statistical and the second is system-
atic. In the calculation of the mass splittings, the most of the systematic uncertainties

are canceled, for example, the systematic uncertainty due to the momentum scale.

These measurements are far more accurate compared with the results from other
experiments. The comparison with others are summarized in Tables 9.2 and 9.3, and
visualized in Figs. 9.1 and 9.2. The measurements in this dissertation significantly
reduce the total uncertainties of the measurements. Comparing with the world aver-
ages [3], the total uncertainties of the mass differences of m(3.(2455)%*+) —m(A})
and m(3.(2520)% ) —m(A}) are roughly reduced by a factor four, the decay widths
of the ¥.(2455)%*+ baryons approximately by a factor two with taking average of
the asymmetric uncertainties, and the decay widths of the X.(2520)%++* baryons
roughly by factors of three and five, respectively. These improvements are achieved
not only in statistical but also in systematic.

For the mass splittings of m/(X.(2455)"") —m(3.(2455)°) and m(3.(2520)7") —
m(%.(2520)Y), the total uncertainties are roughly reduced by factors of nine and



145

six, respectively. As many theoretical calculations indicate, the ¥.(2455)%" baryon
is heavier than the ¥.(2455)° baryon because the electromagnetic coupling is more
dominant than the mass difference between u and d quarks. But in case of the mass
splitting of the X.(2520)%*+ baryons, the statistical and systematic uncertainties
are still large to determine which is heavier. By comparing the theoretical expecta-
tions, Ref. [44] gives a close prediction for the mass splitting of m(X.(2455)" ") —
m(%.(2455)°). For the mass splitting of m(3.(2520)7) — m(2.(2520)), it is hard
to conclude due to the large statistical uncertainty. To improve the measurement of

the mass splittings of m(X.(2520)™") —m(3.(2520)°), larger data sample is desired.
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Appendix A

Technical Details of Convolution
Method

Convolution theorem is defined as

Fog = J% / Zg(y)f(x—y)dy (A1)

with a consideration of two functions f(x) and g(x) with Fourier transforms of
F(t) and G(t) [103]. Equation (A.1) can be transformed by introducing the Fourier

transforms as

/_ :g(y)f(:c —y)dy = \/% /_ : g(y) /_ : F(t)e M9 dtdy

1 oo oo ‘ '
= \/—2_71'/ [/ g(y)e”ydy] e "t dt

= /Oo F(t)G(t)e " dt, (A.2)

0
and this reads that the Fourier inverse transform of a product of Fourier transforms
is the convolution of the original functions f ® g.

The convolution theorem is often used to describe an experimental data of which
a theoretical distribution is modified by a detector response function. In that case,
a theoretical model and a detector response function can be the original functions
of f(x) and g(z) with a random variable z. The relation, Eq. (A.2), is useful to
calculated the convolved distribution function, especially the analytical form of the
functions are not given.

In addition, an explicit way for normalization is required for PDF's, however, a
convolution of two normalized PDF's on a finite domain is not generally normal-

ized [97]. Therefore, the convolved probability density function should include its
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normalization term as

o fF@)g(z —y)dy
fle)®g(@) = - = F@)g(z — y)dyds’

In this study, the convolution is calculated by using RooFit [97], a data modeling

package included in ROOT [96]. In RooFit, a class named RooFFTConvPdf enables
the calculation by using Eq. (A.2). It samples f(x) and g(x) for discrete Fourier
transforms and calculate the convolution F'(¢)G(t) in the frequency domain. Then,
it performs inverse Fourier transform to the convolved function. Finally, it represents
the discrete result as a continuous function through the interpolation.

RooFit also provides other ways to calculate the convolution such as a numerical
calculation of the integral using RooNumConvPdf class, however, it is not practically

useful because of a huge processing time.
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Appendix B
Breit-Wigner Line Shape

The Breit-Wigner line shape was introduced by Breit and Wigner in 1936 [104]
and is the most commonly used parameterization of dynamics of scattering [93]. In

this chapter, various form of the Breit-Wigner line shapes are discussed.

B.1 Non-relativistic Breit-Wigner Line Shape

The non-relativistic Breit-Wigner line shape is the simplest one. It is symmetric
and does not take into account any threshold behaviors of transition amplitude,
therefore, it is only a first approximation [93]. The non-relativistic Breit-Wigner is

given as a function of mass (m),

mol'o

m3 — m? — imoly

where mg and I'y are a nominal mass and width of a particle.

B.2 Relativistic Breit-Wigner Line Shape

In dynamics of partial amplitudes, K-matrix formalism [105, 106] and F-vector
approach [107] are often used. In these formalism, the Breit-Wigner line shape is
derived as the parameterization of the dynamics, and the Blatt-Weisskopf form fac-
tor [95] is employed in the form of the Breit-Wigner line shape. The non-relativistic
Breit-Wigner line shape treat the Blatt-Weisskopf factor as a constant for a simple
approximation, but this may be invalid if the distribution is near a kinematic thresh-
old. The transition amplitude at the threshold should vanish because the breakup

momentum is zero at the threshold. This is referred to as a threshold behavior, and
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the Blatt-Weisskopf factor is employed to vanish the transition amplitude at the
threshold.

From the F-vector approach [107], the relativistic Breit-Wigner line shape is
derived. The relativistic Breit-Wigner line shape is given by

mOFOBL< ; p3>

p_ FPo
PR’ PR
2 2 _
mg —m? —imol'(m)

where p, pg, and pr are a momentum, a nominal momentum, and the Fermi mo-

mentum [108] of a particle, By, is the Blatt-Weisskopf form factor, and

2 2
2
o) = v (5. 2
R R

The relativistic Breit-Wigner line shape is asymmetric, and the width in the denom-
inator depends on the mass, therefore, the line shape is referred to as “relativistic”

which in terms of relativity is not quite correct [93].
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Appendix C

Development of the High Level
Trigger System for the Belle 11

Experiment

During the Ph. D. course, a development of the high level trigger (HLT) system
for the Belle II experiment, an upgrade of the Belle experiment, is performed as a
service to the collaboration [111, 112, 113, 114].

The Belle II experiment [115] is planned to start its operation in 2016, and the
research and development are being performed for the upgrade. Since the target

~257! which is a factor 10 higher

luminosity of the Belle II experiment is 8 x 10% c¢cm
than that of the Belle experiment, the requirement for the online processing is cru-
cial. The event rate and data transfer rate to be processed by HLT is expected to
be approximately 30 kHz and 2 GB/s, therefore, it is a challenge in the aspect of
computing. Furthermore, the analysis software for the Belle II experiment is being
developed from the scratch, and it is required that the online software is compatible
with the offline software. Since the former software [90] was developed in an old-
fashioned way and is not capable to handle ROOT files which are the most popular

format for handling data in high energy physics. To satisfy the requirements, a new

high level trigger software is being developed.

To satisfy the requirement of the software consistency between online and of-
fline, the Belle 1T analysis software, basf2 [116], is used in the essential part of the
high level trigger software. The basf2 has modular structure on a software pipeline
architecture, therefore, it is flexible and versatile in the data processing. To extend
the software to meet the requirements for the high level trigger system, a super-

framework which wraps the basf2 is considered. For the similar naming policy, the



APPENDIX C. DEVELOPMENT OF THE HIGH LEVEL TRIGGER SYSTEM FOR THE BELLE Il
156 EXPERIMENT

_ HLT Farm (O(10) units)

Unit (20 worker nodes)

Event
Merger

Event
Separator

Event builder

I Worker Node

Worker Node

B > I

Figure C.1: Hlustration of the Belle II HLT system. The system consists of O(10)

units, and a unit contains 20 worker nodes that process the event data. The data
taken from the detector is reduced by sub-detector triggers first, and an event builder
collects them and builds event data. The event data are passed to the HLT system
and are distributed over worker nodes by an event separator. After the event pro-
cessing, the event data are collected by an event merger and are sent to an online

storage.

high level trigger software is named as hbasf2 [114], where h stands for the high level
trigger. By making a super-framework, the online and offline software are essentially

the same, and the modules to process event data are kept exactly the same.

Since the amount of data to be processed in HLT is huge, massive parallel pro-
cessing utilizing many CPU cores is necessary. The Belle II high level trigger system
is designed to consist of many units where a unit consists of O(10) computers with
many CPU cores as illustrated in Fig. C.1. The computers are connected via 10Gb
ethernet connection for the data transfer and 1Gb ethernet connection for the node
control. Though the essential part of the processing is done by basf2, it does not
provide further key functions; networking, node management and monitoring. There-
fore, the hbasf2 should provide functions to transfer data over network, to manage

and to monitor the nodes.

For the global management of nodes, there is a special node called manager node
which is in charge of node initialization and management. Once an input file that
contains the information of the HLT farm formatted as XML [117] is provided from
outside of the system, the manager node parses it and distributes an individual
node information to a proper node according to the input file. The node accepts
particular node information and initializes itself accordingly. The node behaviors
are predefined in Python scripts as same as a typical execution of basf2. The node

management system is illustrated in Fig. C.2.
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Figure C.2: Node management of the Belle II HLT system. An input XML file con-
tains all the information of HLT farm. Once a XMLParser parses the XML file, node
information are stored into an internal node information pool formatted as a map
container of standard template library (STL) [118]. The information are sent to par-
ticular nodes by a NodeManager, and the nodes in the HLT farm initialize themselves

according to the received information.

Between two nodes, the hbasf2 uses a standard transmission control protocol
(TCP) [119] socket based on the IPv4 specification [120, 121, 122] for the data com-
munication. The C++ style implementation has been developed, namely, B2Socket
as a base class. Inherited classes from the B2Socket, a HLTSender and HLTReceiver,
provide interfaces for the data transfer. Since they are separated processes from the
framework, there are shared memories based on FIFO (First-In-First-Out) for the
interprocess communication.

The B2Socket is used not only for the node information distribution but also for
the actual event data distribution. Since the B2Socket utilizes the standard TCP
socket, the data should be serialized for the communication. The event data are
serialized by using TMessage [123] of ROOT for the communication while the node
information are serialized as plain text by boost package [124].

The interface between a HLTSender/HLTReceiver and the basf2 framework is
provided by modules, the HLTInput and HLTOutput. These modules access FIFOs
for the data communication. The data flow between nodes in the HLT system is
summarized in Fig. C.3.

In 2012, the working version of the hbasf2 was tested with three sets of the HLT
test bench installed at Tsukuba experimental hall in KEK. The specification of the
test bench is summarized in Table C.1.

Before the performance test of the framework, the components of the framework

have been tested as unit tests; a data transfer rate test of the B2Socket, a perfor-
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Figure C.3: Data flow in the HLT system. Since there is only one FIFO drawn in

HLTInput

the left node, it seems that two separated flows of node information and event data

share one FIFO, but they use different FIFOs in the actual implementation.

CPU Memory Total CPU cores
Test set 1 | Intel Xeon 3.2 GHz (12-core) * 10 48 GB 120 cores
Test set 2 | Intel Xeon 2.7 GHz (12-core) *4 24 GB 48 cores
Test set 3 | Intel Xeon 2.5 GHz (8-core) * 2 12 GB 16 cores

Table C.1: Test bench for the Belle IT high level trigger system. 172 cores are available

in total.

mance test of FIFOs in various situations, and HLTInput/HLTOutput performance
test.

From the B2Socket unit test, the transfer rate is evaluated as 392.4 MB/s for 1.4
GB data transfer. The performance is expected to be even better by a TCP tuning
of the test bench in future.

For the FIFO unit test, three different situations are considered; worker node
(one-to-one), event separator (one-to-many), and event merger (many-to-one). In a
worker node, a FIFO is shared by only one HLTSender /HLTReceiver and only one
HLTOutput /HLTInput, respectively. In an event separator, a FIFO is shared by one
HLTOutput and many HLTSenders. On the other hand, a FIFO is shared by many
HLTReceivers and a HLTInput in an event merger. From the unit test of the FIFO
in different situations, the performance of FIFO is evaluated as summarized in Table
C.2. The performance is high enough as expected.

In the reality of the HLT operation, all data are given by an event builder and
passed to an online storage over the network. But for the HLT system test, the

input and output (I/O) of data rely on a local hard disk because there are no event
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Table C.2: FIFO performance. The cases listed are; one-to-one is that a process
writes, and another process reads; one-to-many is that a process writes, and 4 pro-
cesses read; many-to-one is that 4 processes write, and a process reads, simultane-

ously.

Transfer rate (GB/s)

one-to-one 2.34
one-to-many 2.21
many-to-one 1.60

builder and online storage available at the moment. For this purpose, specialized
I/O modules that read and write serialized data are developed. The I/O modules,
SeqRootInput and SeqRootOutput, certainly make overheads during the test so
that the overheads should be analyzed as well. From the test, the I/O rate of the
module is measured 110.1 MB/s for 416 MB data.

After confirming the performance of each components, the maximum perfor-
mance of the framework is carried out utilizing up to 172 CPU cores as shown
in Fig. C.4. The expectations are estimated by extending a result of single CPU
processing, and it is confirmed that the linearity of the performance is kept as the
number of CPU cores increases.

The test results conclude that the developed HLT software satisfies the require-
ment of high performance with ~ O(10) CPUs. The performance is expected to be

improved with more tunings of software and network in future.
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Figure C.4: Performance test of the Belle II high level trigger software. The measured
(data points) and the expected (line) performance are shown. The event rate (blue
open-square) and the transfer rate (red open-circle) exceed 300 Hz and 250 MB/s
with utilizing up to 172 CPU cores. The vertical dashed-lines at 120 and 156 CPU
cores indicate different test sets defined in Table C.1. Test set 1 is used before the
first vertical dashed-line (up to 120 cores), test set 2 is used between the first and
second vertical dashed-lines (from 120 to 156 cores), and test set 3 is used after the

second vertical dashed-line (from 156 to 172 cores).
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