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Abstract

KOTO z⇥¥+́> ’™“⇧®ì…r CP L:fî⌥ â&≥�©ú_� ‘⇧Êı�ó∏◊º ◊⇧Ê �◆�◆ì�⌅ KL ! ⇡0⌫⌫̄ ⇥B

)�‘⇧Êı�ó∏◊º_� ‘⇧Êı� ∞̇òA⌫q�_� 8£§&Ò⌦z⇥¥+́>⌥̀¶ 2013∏�⌅¬“'� {9⌃ë:r J-PARC\Å"f

î�⌅'üù◊⇧Ês�⇥◆. ≥Ô⌧ró∏+̨A\Å"f, ⇥B)�‘⇧Êı�ó∏◊º KL ! ⇡0⌫⌫̄ _� ‘⇧Êı� ∞̇òA⌫q�

ç✏H (2.8 ± 0.4) ⇥ 10�11 ñ– \V8£§�◆ì¶ eî✓⇥◆. ⇥B)�‘⇧Êı�ó∏◊º KL ! ⇡0⌫⌫̄ ◊⇧Ê ≈“

Øπ C⌫�‚⌦⌃◆�©úì�⌅ KL ! 2⇡0 \⌥¶ �8π°§ ¥Ú÷⌃¶&h⇤‹ºñ– C⌫]j�◆l� 0AK⌫ U⇥¥s� 2.8m,

fî⇤�‚⌦ 1.9m_� ±̇ö-$3⌥F�gâ̂ F�g�◆ �é⌥ÿ⇧¶l� Inner Barrel\⌥¶ [O⌃u��◆%i✓⇥◆. l�î>r\Å

[O⌃u�&̃#Q eî✓~⌘⌅ F�g�◆ �é⌥ÿ⇧¶l�(Main Barrel)\Å �8�◆#å, F�g�◆ �é⌥ÿ⇧¶_� ¥Ú÷⌃¶s�

5X0 4ü§⌃◆U⇥¥s�Îflñ�pu 7£x�◆�◆%i✓⇥◆. ƒ∫≈“Ç�⌅ í�⌅†Ò\⌥¶ s�6†x�◆#å Inner Barrels�

(2.19± 0.08)⇥ 102ps_�r�ÁflñÏ⌧rK⌫0px⌥̀¶�◆fî⌥⌥̀¶SXâì�⌅�◆%i✓ì¶,◊⇧Ê$Ì⌦H⇡s�ì:rí�⌅

†Òñ–¬“'� ◊⇧Ê$Ì⌦ H⇡s�ì:r_� F⌫Ω®$Ì⌦⌥̀¶ :üx�◆#å Inner Barrels� Main Barrelò–⇥◆

1.5C⌫�8a%~ì…rr�ÁflñÏ⌧rK⌫0px⌥̀¶�◆fî⌥⌥̀¶SXâì�⌅�◆%i✓⇥◆.

c�2018 J-PARC E14 Collaboration
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The KOTO Experiment is searching for branching ratio of KL ! ⇡0⌫⌫̄, one

of rare decay modes of neutral kaon from 2013 in J-PARC, Japan. In Standard

Model, the branching ratio is estimated as (2.8± 0.4)⇥ 10�11. For rejectiong

KL ! 2⇡0, one of major backgrounds of KL ! ⇡0⌫⌫̄ more strongly, Photon

veto detector, Inner Barrel is installed, which consists of Pb-Scintillator with

2.8m length and 1.9 diameter. With contribution of Inner Barrel, total radia-

tion length is increased from 13.5X0 to 18.5X0. Using cosmic-ray signal, time

resolution of Inner Barrel is found to be (2.19±0.08)⇥102ps. Also using neu-

tral kaon signal, it is confirmed that Inner Barrel has about 1.5 times better

time resolution than Main Barrel

c�2018 J-PARC E14 Collaboration
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Chapter 1

Introduction

1.1 DIscrepancy Between Standard Model And Uni-

verse

≥Ô⌧ró∏+̨A(Standard Model)ì…r CPT @/g�A⌥̀¶ l�Ï̄Õ‹ºñ– Ù« {9��◆”̧to�Ü<∆⌥̀¶

[O⌃"Ó⌦�◆ç✏H�◆Å©ú ∏̇ò ∑̇ò�9î�⌅s�è:rs�⇥◆. CPTç✏Hyåïyåï, Charge Conjugation (C) :

{9��◆_�Ñ⇡⌅�◆|æ”Å�⌅®8ä, Parity (P) :/BNÁflña̋≥_�⌧�÷⇧¶@/g�AÅ�⌅®8ä, ~x ! �~x , Time

Reversal (T) : r�Áflñ_� Ï̄ÕÑ⇡⌅ Å�⌅®8ä, t ! �ts�⇥◆. ÄçïÙ« �©ú†ÒÅåï6†xs� Ååï6†xΩ+… M:

C<̧ P@/g�A$Ì⌦_�L:fî⌥ì…r#å�Q‘⇧Êı�ó∏◊º\Å"fõ'aπ1œΩ+…√∫eî✓ç✏H Ï̄ÕÄ�⌅\Å CP@/g�A

$Ì⌦_�L:fî⌥ì…r⌧�_�õ'aπ1œ&̃t� ∑̇ßç✏H⇥◆. ≥Ô⌧ró∏+̨Aì…r@/¬“Ï⌧r{9��◆”̧to�z⇥¥+́>_�

��⌃ı�\⌥¶ ∏̇ò[O⌃"Ó⌦K⌫≈“t�Îflñâ&≥F⌫ƒ∫≈“\Åî>rF⌫�◆ç✏H{9��◆<̧ Ï̄Õ{9��◆>h√∫_� ◆s�

\⌥¶[O⌃"Ó⌦�◆t�3lwÙ«⇥◆. â&≥F⌫ƒ∫≈“\⌥¶Ω®$Ì⌦�◆ì¶eî✓ç✏H ”̧t|9⌃ì…r@/¬“Ï⌧r Ï̄Õ{9��◆�◆

⌥◆ç�⌅{9��◆ñ–Ω®$Ì⌦&̃#Qeî✓⇥◆. CP@/g�A$Ì⌦s�L:t�t� ∑̇ßç✏H⇥◆Ä�⌅{9��◆<̧ Ï̄Õ{9��◆

_�Ã⌫ √∫ç✏H ∞̇†⌥◆⌥Ù«⇥◆. ÎflñÄçï CP@/g�A$Ì⌦s�L:î�⌅⇥◆Ä�⌅,@/g�A$Ì⌦s�L:î�⌅Îflñ�pu{9�

2



1.2 Neutral Kaon System 3

�◆<̧ Ï̄Õ{9��◆_�Ã⌫ √∫_� ◆s��◆î>rF⌫K⌫⌥Ù«⇥◆. �◆t�Îflñ≥î>ró∏+̨A\Å"fs�è:r&h⇤

‹ºñ–\V8£§�◆ç✏H CP@/g�A$Ì⌦_�L:fî⌥_�&Ò⌦ï∏ç✏H@/¬“Ï⌧r{9��◆ñ–Ω®$Ì⌦ù)aƒ∫≈“_�

�©úI⌫<̧ç✏H⌧�o��◆YO⌃⇥◆. s��QÙ«s�è:rı�â&≥z⇥¥⌃◆s�_�‘⇧¶{9⌃u�\⌥¶s�K⌫�◆l�0A

�◆#å CP@/g�A$Ì⌦_�L:fî⌥⌥̀¶õ'aπ1œ�◆ç✏H�Ø ì…rB⌫ƒ∫◊⇧ÊØπ�◆⇥◆.

1.2 Neutral Kaon System

◊⇧Ê$Ì⌦H⇡s�ì:rì…rl�π̈ï∏_�flºl��◆ 1s�ì¶Ñ⇡⌅�◆|æ”s� 0ì�⌅Bjî>r(Meson)s�⇥◆.

◊⇧Ê$Ì⌦H⇡s�ì:rì…r⇥◆6£ßø∫�◆t�3$flº(Quark)_�Ω®$Ì⌦‹ºñ–î>rF⌫Ù«⇥◆.

|K0i= (s, d) (1.1)

|K0i= (s, d) (1.2)

ø∫ �◆t� �©úI⌫ç✏H y©úÙ« �©ú†ÒÅåï6†x_� ì¶ƒª�©úI⌫(eigenstate)ñ–, yåïyåï "fñ–_� {9�

�◆-Ï̄Õ{9��◆_�õ'a>⇢s�⇥◆. ø∫�◆t��©úI⌫ç✏H�◆ì�⌅Îflñ⇥◆s�#Q’™œ̨õ(Fig1.1)ı� ∞̇†s�

"fñ–[O⌘#åeî✓#Q"fë:r|9⌃&h⇤‹ºñ–ø∫�◆t��©úI⌫\⌥¶¢-aÑ⇡⌅y�Ï⌧ro��◆ç✏H�Ø ì…r‘⇧¶�◆0px

�◆⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�ø∫�◆t��©úI⌫�◆[O⌘#åeî✓ç✏H�©úI⌫\⌥¶⇥◆r�⇥◆6£ßı� ∞̇†s�≥

â&≥Ω+…√∫eî✓⇥◆.

s W d

d W s

u,c,t u,c,t

(a)

s u,c,t d

d u,c,t s

W W

(b)

Figure 1.1: Feynman diagram for K0 � K̄0 mixing.

c�2018 J-PARC E14 Collaboration



4 Chapter 1. Introduction

|K1i= 1p
2
(|K0i+ |K0)i (1.3)

|K2i= 1p
2
(|K0i � |K0)i (1.4)

[O⌘#åeî✓ç✏H�©úI⌫ |K1i, |K2iç✏H CPÅ�⌅®8ä_�ì¶ƒª�©úI⌫s�⇥◆.

C P|K1i = 1p
2
(|K̄0i+ |K0i) = |K1i (1.5)

C P|K2i = 1p
2
(|K̄0i � |K0i) = �|K2i (1.6)

z⇥¥+́>&h⇤‹ºñ– õ'a8£§Ù« ◊⇧Ê$Ì⌦ H⇡s�ì:r_� ⇡⇡, ⇡⇡⇡ ‘⇧Êı�\Å"f ⇡⇡ç✏H CP É⇢⌅Ìflñ�◆_�

ì¶ƒª∞̇Øì…r 1s�ì¶ ⇡⇡⇡ç✏H CPÉ⇢⌅Ìflñ�◆_�ì¶ƒª∞̇Øì…r �1s�⇥◆. CP_�ì¶ƒª∞̇Øs�ò–

î>rù)a⇥◆Ä�⌅ K1 �©úI⌫ç✏H ⇡⇡, K2 �©úI⌫ç✏H ⇡⇡⇡ñ–‘⇧Êı�Ù«⇥◆ì¶“qtyåï�◆%i✓⇥◆. ⇡⇡⇡ñ–

_�‘⇧Êı�î�⌅;ü§(Decay Width)ì…r ⇡⇡ñ–_�‘⇧Êı�î�⌅;ü§ò–⇥◆�©ú@/&h⇤‹ºñ–Ååïl�M:Î⌫H

\Å K2_�‘⇧Êı�r�Áflñs� K1ò–⇥◆U⇥¥⇥◆ì¶“qtyåï�◆%i✓⇥◆. 2â̂‘⇧Êı�î�⌅;ü§∑»a⇥◆6£ßı� ∞̇†

s�>⇢ÌflñΩ+…√∫eî✓⇥◆.

1
⌧
= �⇡⇡ =

|~p|
32⇡2m2

K

Z
|Mf i|2 d⌦ (1.7)

Mf i = h⇡⇡|Ĥ|Ki (1.8)

p =
1
2

q
(m2

K � 4m2
⇡)⇠ 208MeV/c (1.9)

3â̂‘⇧Êı�î�⌅;ü§ì…r⇥◆6£ßı� ∞̇†s�>⇢ÌflñΩ+…√∫eî✓⇥◆.

�⇡⇡⇡ =
1

8⇡3

1
32m3

K

Z
|Mf i|2dm2

12dm2
23 (1.10)

Mf i = h⇡⇡⇡|Ĥ|Ki (1.11)

(m2
23)max � (m2

23)min = 4
q

E⇤22 �m2
⇡

q
E⇤23 �m3

⇡ (1.12)

E⇤2 =
m12

2
(1.13)

E⇤3 =
m2

K �m2
12 �m2

⇡

2m12
(1.14)

(m2
12)max � (m2

12)min ⇠ 6⇥ 104(MeV/c2)2 (1.15)
�⇡⇡⇡
�⇡⇡

= 1.15⇥ 10�2 (1.16)

c�2018 J-PARC E14 Collaboration
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1956∏�⌅,⌧0qÎflñı��◆s�#Q€º(Gell-Manm and A. Pais)�◆√∫"Ó⌦s�|�⌅◊⇧Ê$Ì⌦H⇡s�ì:r

⌥̀¶z⇥¥]jñ–µ1œ|⌦⌅�◆%i✓⇥◆. ’™��⌅X<√∫"Ó⌦s�|�⌅◊⇧Ê$Ì⌦H⇡s�ì:rs��◆⇥FKdî⇤ ⇡⇡ñ–‘⇧Êı�

Ü< ⌥̀¶õ'aπ1œ�◆%i✓⇥◆. s�ç✏H√∫"Ó⌦s�|�⌅◊⇧Ê$Ì⌦H⇡s�ì:rs�¢-a#4⇤�◆>⇡ CP_�ì¶ƒª�©úI⌫

�◆⌥◆_î⌥⌥̀¶_�p��◆l�M:Î⌫H\Å, KL⌥̀¶ K1ı� K2_�[O⌘eî⌥‹ºñ–≥â&≥�◆%i✓⇥◆.

|KLi = 1p
1+ ✏2

(|K2i+ ✏|K1i) (1.17)

|KSi = 1p
1+ ✏2

(|K1i+ ✏|K2i) (1.18)

✏ = (2.282 ± 0.011) ⇥ 10�3ì…r Áflñ]X�&h⇤ì�⌅ CP @/g�A$Ì⌦ L:fî⌥(Indirect CP viola-

tion)_�'ë⇤ï∏\⌥¶_�p�Ù«⇥◆. CP@/g�A$Ì⌦_�L:fî⌥ì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�Ñ⇡⌅ı�‘⇧Ê

ı� Í_� CPì¶ƒª∞̇Øs�⇧◆ñ–Å�⌅�◆#å{9⌃#Q±̇ò√∫ï∏eî✓⇥◆. s��Ø ⌥̀¶fî⇤]X�&h⇤ì�⌅ CP

@/g�A$Ì⌦L:fî⌥(Direct CP violation)s�⇤◆ì¶Ù«⇥◆. K2(CPì¶ƒª∞̇Ø -1)�◆ ⇡⇡(CPì¶

ƒª∞̇Ø 1)ñ–‘⇧Êı��◆ç✏H�Ø s�’™\Vs�⇥◆. ÄçïÙ«�©ú†ÒÅåï6†x⌥̀¶≥â&≥�◆ç✏HKâx9⌃û–m�

Óflñx9⌃ï∏H\⌥¶⌃◆6†x�◆#åfî⇤]X�&h⇤ì�⌅ CP@/g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏(✏0)\⌥¶õ'aπ1œ�◆l�0A

�◆#å⇥◆6£ß⌥̀¶ì¶�9Ù«⇥◆.

|⇡+i = |1, 1i,|⇡�i= |1,�1i (1.19)

|⇡+⇡�i = 1p
2
(|1,1i|1,�1i+ |1,�1i|1, 1i) (1.20)

h⇡+⇡�|H |KLi
h⇡+⇡�|H |KSi = ⌘+� ⇠ ✏+ ✏0 (1.21)

⇡⇡_�⌥◆s�ôË€ºó2;(isospin)_� ◆s�M:Î⌫H\Å◊⇧Ê$Ì⌦H⇡s�ì:r[̨t_� ⇡0⇡0 ñ–_�‘⇧Êı�

∞̇òA⌫q�_�q�ç✏H⇥◆6£ßı� ∞̇†s�ì¶)�9Ω+…√∫eî✓⇥◆.

|⇡0i = |1,0i (1.22)

|⇡0⇡0i = |1,0i|1, 0i (1.23)
h⇡0⇡0|H |KLi
h⇡0⇡0|H |KSi = ⌘00 ⇠ ✏� 2✏0 (1.24)

W1>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�‘⇧Êı�ó∏◊º_�‘⇧Êı�∞̇òA⌫q�\⌥¶8£§&Ò⌦�◆#åfî⇤]X�&h⇤ì�⌅ CP@/

g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏\⌥¶õ'aπ1œ�◆�9ì¶î∏ß4⇤�◆%i✓ì¶,#å�Qz⇥¥+́>_�8£§&Ò⌦∞̇Ø_�®Ó⌦Á◆Hì…r

c�2018 J-PARC E14 Collaboration



6 Chapter 1. Introduction

⇥◆6£ßı� ∞̇†⇥◆. s�M:◊⇧Ê$Ì⌦H⇡s�ì:r_�[O⌘eî⌥Ω®õ∏_�0A�©ú⌥̀¶ ∏̇òs�K⌫�◆ì¶eî✓t�3lw

�◆l�M:Î⌫H\Å0A�©ú⌥̀¶ì¶�9�◆t� ∑̇ßl�0A�◆#åz⇥¥√∫¬“Ï⌧rÎflñ⌥̀¶ì¶�9Ù«⇥◆.
����
⌘+�
⌘00

����
2

⇠ 1+ 6Re
⇣ ✏
✏0
⌘

(1.25)

Re(✏/✏0) = (1.68± 0.14)⇥ 10�3 (1.26)

Figure 1.2: Measured Re(✏‘/✏) from each experiments

1.3 CKM Matrix in Standard Model

#Qã"⌅ {9��◆\Å Wò–î>rs� B⌫>h�◆ç✏H ÄçïÙ« �©ú†ÒÅåï6†xs� Ååï6†x�◆Ä�⌅ }fõ

æ̇ò(Flavor)s� ò–î>r&̃t� ∑̇ßç✏HX< s�\⌥¶ 3$flº [O⌘eî⌥(Quark mixing)s�⇤◆ì¶ Ù«

⇥◆. 3$flº[O⌘eî⌥_�\Vñ– B0
s ! K+⇡��◆eî✓⇥◆. s�‘⇧Êı�_��‚⌦ƒ∫ b3$flº�◆ s3$flºñ–

Ñ⇡⌅s��◆ç✏Hı�&Ò⌦\Å"f Wò–î>rs��©ú†ÒÅåï6†x⌥̀¶B⌫>h�◆#å}fõæ̇òs�Å�⌅⇥oÙ«⇥◆. Ï̄ÕÄ�⌅

�0! K+K� _��‚⌦ƒ∫\Åç✏H Wò–î>rs�B⌫>h�◆t� ∑̇ß⌥◆}fõæ̇òs�Å�⌅⇥o�◆t� ∑̇ßç✏H⇥◆.

c�2018 J-PARC E14 Collaboration



1.3 CKM Matrix in Standard Model 7

3[j@/3$flº[O⌘eî⌥⌥̀¶�◆↵◆?/ç✏H'üùß>=⌥̀¶ CKM(Cabibbo-Kobayashi-Maskawa)'üù

ß>=s�⇤◆ì¶Ù«⇥◆.

0
BB@

d 0

s0

b0

1
CCA =

0
BB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vt b

1
CCA

0
BB@

d

s

b

1
CCA (1.27)

#ål�\Å"f, i, j = 1,2, 3ç✏H3$flº_�[j@/\⌥¶≥â&≥Ù«⇥◆. iç✏H0AA·§3$flº(u, c, t)\⌥¶

_�p��◆ 9, jç✏H⌥◆A⌫A·§3$flº(d, s, b)\⌥¶_�p�Ù«⇥◆. Vi jç✏H3$flº j\Å"f3$flºiñ–_�

Ñ⇡⌅s�_�flºl�\⌥¶_�p�Ù«⇥◆. CKM'üùß>=ì…rWò–î>rs�3$flº_�[j@/\⌥¶Ω®Z>⌃�◆t�3lw

Ù«⇥◆ç✏H�Ø ⌥̀¶(ÄçïÙ«�©ú†ÒÅåï6†x_���⌃Ω+À�©ú√∫�◆[j@/\Å✏◆⇤◆⇧◆7�t� ∑̇ßç✏H⇥◆)≥

â&≥Ù«⇥◆. CKM'üùß>=ì…r 3[j@/_�3$flº�◆#Qã"⌅yåïï∏\⌥¶�◆t�ì¶[O⌘#åeî✓6£ß⌥̀¶ 3>h

_�ì¶ƒª 7ò'��◆[O⌘#åeî✓ç✏H�Ø ‹ºñ–≥â&≥�◆%i✓⇥◆. ì¶ƒª 7ò'�_�[O⌘eî⌥⌥̀¶≥â&≥�◆l�

0A�◆#å CKM'üùß>=ì…rƒªm�'�o�(Unitary)'üùß>=‹ºñ–�◆&Ò⌦Ù«⇥◆.

CKM'üùß>=ì…r3$flº[O⌘eî⌥_�&Ò⌦ï∏\⌥¶≥â&≥�◆ç✏H 3>h_�Å�⌅√∫<̧ 3$flº_�Ñ⇡⌅s�ı�&Ò⌦\Å

"fµ1œ“qt�◆ç✏H0A�©ú ◆s�\⌥¶≥â&≥�◆ç✏H 1>h_�Å�⌅√∫\⌥¶s�6†x�◆#å≥â&≥Ù«⇥◆. CKM

'üùß>=_� W1 >h_� Å�⌅√∫\⌥¶ &Ò⌦�◆ç✏H Y>� �◆t�_� @/≥&h⇤ì�⌅ ~Ω”ZO�s� eî✓⇥◆. 'Õ Å�⌅P:

~Ω”ZO�ì…r Euler anglesı� CP@/g�A$Ì⌦L:fî⌥_�0A�©ú⌥̀¶s�6†x�◆ç✏H~Ω”ZO�s�⇥◆. s�M:

4>h_�Å�⌅√∫[̨t⌥̀¶ "Standard Parameter"⇤◆ì¶Ù«⇥◆.

VCKM =

0
BB@

c12c13 s12c13 s13ei�13

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

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

1
CCA (1.28)

#ål�\Å"f, si j ç✏H sin✓i j s�ì¶ ci j ç✏H cos✓i j s�⇥◆. :£§y�, ✓12ç✏H Cabibbo angles�

⇥◆. s�'üùß>=⌥̀¶Ω®$Ì⌦�◆ç✏H 3>h_� Euler angles(✓12,✓13,✓23) <̧ CP@/g�A$Ì⌦L:fî⌥

\Å@/Ù«0A�©ú �13ç✏Hâ&≥F⌫⇥◆6£ßı� ∞̇†s�8£§&Ò⌦&̃#Qeî✓⇥◆.

✓12 = 13.40± 0.05�, ✓13 = 0.201± 0.011�,

✓23 = 2.38± 0.06�, �13 = 1.20± 0.08 rad (1.29)

c�2018 J-PARC E14 Collaboration



8 Chapter 1. Introduction

⇥◆è…r~Ω”ZO�‹ºñ–ç✏H Wolfenstein Parameter⌥̀¶s�6†x�◆#å CKM'üùß>=⌥̀¶≥â&≥Ω+…√∫

eî✓⇥◆. s� M:, 4>h_� Å�⌅√∫\⌥¶ s�6†x�◆#å CKM 'üùß>=⌥̀¶ ≥â&≥�◆ç✏HX< Wolfenstein

Parameterì�⌅ �, A, ⇢, ⌘ ç✏H Standard Parameterı� ⇥◆6£ßı� ∞̇†ì…r õ'a>⇢\⌥¶ �◆î�⌅

⇥◆.

� = s12, A�2 = s23, A�3(⇢ � i⌘) = s13e�i�13 (1.30)

VCKM =

0
BB@

1��2/2 � A�3(⇢ � i⌘)

�� 1��2/2 A�2

A�3(1�⇢ � i⌘) �A�2 1

1
CCA (1.31)

#ål�\Å"f, � = 0.2257+0.0009
�0.0010, A= 0.814+0.021

�0.022, ⇢ = 0.135+0.031
�0.016, ⌘ = 0.349+0.015

�0.017

s�⇥◆. Wolfenstein Parameter\⌥¶ò–Ä�⌅, ∞̇†ì…r[j@/Áflñ_�Ñ⇡⌅s�î�⌅;ü§s�⇥◆è…r[j@/

Áflñ_�Ñ⇡⌅s�ò–⇥◆ ✏H�Ø ⌥̀¶SXâì�⌅Ω+…√∫eî✓⇥◆. ¢∏Ù«, ⌘ç✏H CP@/g�A$Ì⌦L:fî⌥_�'ë⇤ï∏\⌥¶

�◆↵◆⇥∑p⇥◆. CKM'üùß>=⌥̀¶ Unitary'üùß>=‹ºñ–�◆&Ò⌦�◆%i✓l�M:Î⌫H\Å⇥◆6£ßı� ∞̇†ì…r

õ∏| ⌅⌥̀¶Îflñ7·§�◆#å⌥Ù«⇥◆.

X

i or j

|Vi j|2 = 1 (1.32)

X

i

Vi jV
⇤

ik = 0 (1.33)

'Õ Å�⌅P: dî⇤ì…r �◆�◆_� 0AA·§ 3$flº(⌥◆A⌫A·§ 3$flº)\Å"f ó∏é✏H ⌥◆A⌫A·§ 3$flº(0AA·§

3$flº)ñ–_� Ñ⇡⌅s�_� Ω+Àì…r ó∏é✏H 3$flº [j@/\Å"f ∞̇†⇥◆ç✏H �Ø ⌥̀¶ _�p�Ù«⇥◆. s�\⌥¶

Weak University⇤◆ì¶Ù«⇥◆. ø∫Å�⌅P:dî⇤ì…rƒªm�↵◆o�'üùß>=_�&Ò⌦_�ñ–¬“'�%3⇧⌥̀¶

√∫eî✓ç✏HX<4ü§ôË®Ó⌦Ä�⌅�©ú\Å"f[j$Ì⌦Ï⌧r_�Ω+À⌥̀¶�åôyåï+̨A‹ºñ–≥â&≥Ω+…√∫eî✓⇥◆. s�

\⌥¶ƒªm�↵◆o��åôyåï+̨As�⇤◆ì¶Ù«⇥◆. 8̇x#å$¡ >h_�"fñ–⇥◆è…r�åôyåï+̨A⌥̀¶Îflñ[̨t√∫

eî✓⇥◆. #å$¡ >h_��åôyåï+̨Aì…ró∏ø∫>·§∞̇†ì…rV,⇠s�\⌥¶�◆t�>⇡ &̃ç✏HX<,s�M:�åôyåï+̨A

_�V,⇠s�(Z⇢}s�)ç✏H≥Ô⌧ró∏+̨A\Å"f≈“Å©ú�◆ç✏H CP@/g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏<̧õ'a∫�⌅s�

eî✓⇥◆.

c�2018 J-PARC E14 Collaboration



1.3 CKM Matrix in Standard Model 9

Figure 1.3: Parameters in CKM matrix according to ⇢ and ⌘

Figure 1.4: Unitary Triangle.

c�2018 J-PARC E14 Collaboration
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1.4 KL! ⇡0⌫⌫̄

KL ! ⇡0⌫⌫̄ç✏H ◊⇧Ê$Ì⌦ H⇡s�ì:r_� ⇥B)� ‘⇧Êı�ó∏◊º ◊⇧Ê �◆�◆s�⇥◆. KL ! ⇡0⌫⌫̄

⌃◆| ⌅ì…r FCNC(Flavor Changing Neutral Current)ı�&Ò⌦⌥̀¶:üx�◆#å{9⌃#QËflñ⇥◆. s�

M: s3$flº�◆ dñ–Ñ⇡⌅s��◆l�0A�◆#å s3$flº�◆0AA·§3$flºñ–Ù«Å�⌅Ñ⇡⌅s�Ù«+'0AA·§

3$flº�◆⇥◆r� d3$flºñ–Ñ⇡⌅s�Ù«⇥◆. }fõæ̇òs�ø∫Å�⌅⇧◆7�Ÿºñ– Wò–î>rs�B⌫>hÙ«⇥◆.

≥Ô⌧ró∏+̨A_� Tree Level√∫Ô⌧r\Å"f FCNCı�&Ò⌦ì…ry©ú�◆>⇡%3⇤]j~√Œì¶eî✓l�M:Î⌫H

\Å KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶õ'aπ1œ�◆ç✏H�Ø ì…rB⌫ƒ∫#Qß>�⇥◆. �◆t�Îflñ‘⇧Êı�∞̇òA⌫q��◆Ååï

l�M:Î⌫H\ÅDhñ–Ó⌧r ”̧to�â&≥�©ú‹ºñ–¬“'�_�%Ú⌦Üæ”⌥̀¶�©ú@/&h⇤‹ºñ–y©ú�◆>⇡~√Œ⌥̀¶√∫

eî✓⇥◆.

KL ! ⇡0⌫⌫̄_� ‘⇧Êı�∞̇òA⌫q�ç✏H fî⇤]X�&h⇤ì�⌅ CP @/g�A$Ì⌦ L:fî⌥\Å ê�⌅yåô�◆⇥◆. KL ì…r

K0
<̧ K̄0ñ–[O⌘#åeî✓#Q KL ! ⇡0⌫⌫̄_�î�⌅;ü§⌥̀¶⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆.

A(KL ! ⇡0⌫⌫̄) =
1p

2
p

1+ ✏2
{(1+ ✏)A(K0! ⇡0⌫⌫̄)� (1� ✏)A(K̄0! ⇡0⌫⌫̄)}

⇠ 1p
2
(A(K0! ⇡0⌫⌫̄)� A(K̄0! ⇡0⌫⌫̄))

/ V ⇤td Vts � V ⇤tsVtd

/ 2i⌘ (1.34)

#ål�\Å"f, ⌘ç✏H Wolfenstein parametersñ–≥â&≥Ù« CKM'üùß>=_� ∞̇Øs� 9, ƒªm�

↵◆o��åôyåï+̨A_�Z⇢}s�s�⇥◆. 0A_�dî⇤‹ºñ–¬“'� KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q��◆fî⇤]X�

&h⇤ì�⌅ CP@/g�A$Ì⌦L:fî⌥_�'ë⇤ï∏<̧q�YVÜ< ⌥̀¶ ∑̇ò√∫eî✓⇥◆. KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫

q�ç✏H⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆.

Br(KL ! ⇡0⌫⌫̄) = L

✓
Im(V ⇤td Vts)
�5

X (xt)
◆2

(1.35)

L = (2.231± 0.013)⇥ 10�10
Å
�

0.225

ã8

(1.36)

xt =
Å

Mt

MW

ã2

(1.37)
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#ål�\Å"f, �ç✏H Cabibbo angles�ì¶, Lç✏H Hadronic Matrix Element_�>⇢Ìflñ��⌃

ı�s�ì¶, X (xi)ç✏H Inami-LimÜ< √∫s�⇥◆. KL ! ⇡0⌫⌫̄⌃◆| ⌅ì…r loop\⌥¶:üxK⌫3$flº

�◆ Ñ⇡⌅s��◆ç✏HX<, s� M: �¿ªA·§ 3$flº<̧ Wò–î>rs� loop\⌥¶ B⌫>hÙ«⇥◆. 0AA·§ u3$flº

�◆ c3$flº�◆Ñ⇡⌅s�\⌥¶B⌫>h�◆>⇡ &̃Ä�⌅ K0 ‘⇧Êı�_�î�⌅;ü§0A�©úı� K̄0 ‘⇧Êı�_�î�⌅;ü§0A

�©ús�"fñ– ∞̇†⌥◆"f KL ! ⇡0⌫⌫̄‘⇧Êı�\⌥¶õ'aπ1œ�◆l�jÀµ[̨t⇥◆. Ï̄ÕÄ�⌅ t3$flº�◆Ñ⇡⌅s�

\⌥¶B⌫>hΩ+…�‚⌦ƒ∫\Åç✏H K0<̧ K̄0_�î�⌅;ü§0A�©ús�⇥◆ÿ‘l�M:Î⌫H\Å KL ! ⇡0⌫⌫̄‘⇧Êı�

\⌥¶õ'aπ1œΩ+…√∫eî✓⇥◆. loop\⌥¶B⌫>h�◆ç✏H3$flº<̧ò–î>rs�Ñ⇡⌅¬“¡∫���l�M:Î⌫H\Å⌧�

o��◆|�⌅�©ú†ÒÅåï6†x⌥̀¶U⇥∑>⇡ì¶�9�◆t� ∑̇ß⌥◆ï∏ù)a⇥◆. s��QÙ«>⇢Ìflñ⌥̀¶ Inami-Lim

Ü< √∫\Å"f √∫'üùÙ«⇥◆. Ù«º#⌅, L_� ∞̇Øì…r K+ ! ⇡0e+⌫e‘⇧Êı�\⌥¶ õ'aπ1œ�◆#å %3⇧ì…r

Hadronic Matrix Element_� ∞̇Ø⌥̀¶∆“ÿ⇧¶K⌫ì:r�Ø s�⇥◆.

KL ! ⇡0⌫⌫̄ ⌃◆| ⌅ì…r ≥Ô⌧r ó∏+̨A_� CP @/g�A$Ì⌦ L:fî⌥_� \V8£§⌥̀¶ SXâì�⌅Ω+… √∫ eî✓ç✏H

a%~ì…r‘⇧Êı�ó∏◊ºs�⇥◆. Ï̄Õ@/ñ–, KL ! ⇡0⌫⌫̄⌃◆| ⌅ì…rDhñ–Ó⌧r ”̧to�\⌥¶Ñ√–“êo�◆ç✏HX<

ƒªo��◆⇥◆. ƒ∫≈“\Åî>rF⌫�◆ç✏H{9��◆<̧ Ï̄Õ{9��◆_�>h√∫_� ◆s�\⌥¶ì¶�9�◆Ä�⌅â&≥F⌫

≥Ô⌧ró∏+̨As�]jr��◆ç✏H CP@/g�A$Ì⌦L:fî⌥_�flºl�ç✏Hâ&≥F⌫ƒ∫≈“\⌥¶[O⌃"Ó⌦�◆t�3lw

Ù«⇥◆. KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶&Ò⌦SXây�8£§&Ò⌦�◆#å CP@/g�A$Ì⌦L:fî⌥s�â&≥F⌫üÌÔ⌧ró∏

+̨A\Å"f]jr��◆ç✏H~Ω”ZO� @̧\ÅDhñ–Ó⌧rı�&Ò⌦‹ºñ– CP@/g�A$Ì⌦L:fî⌥s�{9⌃#Qzåô⌥̀¶

SXâì�⌅Ω+…√∫eî✓⇥◆.

KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q�_�8£§&Ò⌦⌥̀¶3lq≥ñ–�◆ç✏Hz⇥¥+́>s�Y>��◆t�eî✓⇥◆. 'Õ Å�⌅

P:ñ– KTeVs�⇥◆. KTeV\Å"fç✏H KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q�8£§&Ò⌦⌥̀¶ ⇡0 ! ��_��‚⌦
ƒ∫<̧ ⇡0! �e+e� �‚⌦ƒ∫\⌥¶�◆*$"f√∫'üù�◆%i✓⇥◆. ø∫Å�⌅P:ñ– KOTO_��◆{9⌃!¡ z⇥¥

+́>ì�⌅ E391as�⇥◆. E391az⇥¥+́>\Å"fç✏Hö∏fî⇤ ⇡0! ���‚⌦ƒ∫Îflñ⌥̀¶“qtyåï�◆%i✓⇥◆.

c�2018 J-PARC E14 Collaboration
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Figure 1.5: Unitary Triangle.
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Figure 1.6: (a) : FCNC in Standard Model, (b) : FCNC in New Physics.

c�2018 J-PARC E14 Collaboration



Chapter 2

KOTO Experiment

2.1 Identification of Signal

KOTO z⇥¥+́>ì…r KL ! ⇡0⌫⌫̄\⌥¶ �é⌥ÿ⇧¶Ω+… M: ⇡0ñ–¬“'�_� 2>h_� F�g�◆\⌥¶ �é⌥

ÿ⇧¶�◆ì¶ 1lxr�\Å �é⌥ÿ⇧¶Ù« 2>h_� F�g�◆ @̧\Å ⌥◆¡∫�Ø ï∏ \O�6£ß⌥̀¶ SXâì�⌅Ù«⇥◆. ⇡0
_�

Dalitz decay_��‚⌦ƒ∫‘⇧Êı�∞̇òA⌫q��◆ 1.125%ñ–Ååïl�M:Î⌫H\Å KL ! ⇡0⌫⌫̄_��é⌥

ÿ⇧¶\Åì¶�9�◆t� ∑̇ßç✏H⇥◆. ’™��⌅X<◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�◊⇧Ê KL ! ���◆î>rF⌫�◆#å
KL ! ⇡0⌫⌫̄_��é⌥ÿ⇧¶õ∏| ⌅⌥̀¶Îflñ7·§Ù«⇥◆. KOTO�é⌥ÿ⇧¶l�ñ–{9�⌃◆�◆ç✏H◊⇧Ê$Ì⌦H⇡s�ì:r

_� ]X�Ç�⌅~Ω”Üæ”_� Ó⌧r1lx|æ”(Tangeital Momentum)s� Ååï6£ß(⇠ 10MeV)⌥̀¶ ∑̇òì¶ eî✓

l�M:Î⌫H\Å 2>hF�g�◆_�]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”_�Ω+À⌥̀¶ì¶�9Ù«⇥◆. KL ! ⇡0⌫⌫̄_�

�‚⌦ƒ∫ø∫>h_�◊⇧Ê$Ì⌦p��◆(Neutrino)�◆]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”⌥̀¶�◆t�ì¶eî✓⇥◆. ø∫

>h_�◊⇧Ê$Ì⌦p��◆�◆�◆t�ç✏H]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”Îflñ�pu ⇡0ï∏]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”

⌥̀¶ Ï̄Õ@/~Ω”Üæ”‹ºñ–�◆|9⌃�Ø s�⇥◆. Ù«º#⌅ KL ! ��_�ø∫>h_�F�g�◆ç✏H"È∂A⌫◊⇧Ê$Ì⌦
H⇡s�ì:r_�]X�Ç�⌅~Ω”Üæ”Ó⌧r1lx|æ”⌥̀¶’™@/ñ–ò–î>rÙ«⇥◆. s�\⌥¶ì¶�9�◆#åø∫>h_�‘⇧Ê

ı�ó∏◊º\⌥¶ø∫F�g�◆_�]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”‹ºñ–Ω®Z>⌃Ω+…√∫eî✓⇥◆. Ù«º#⌅ø∫>h_�

13
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F�g�◆@̧\Å⌥◆¡∫�Ø ï∏\O�6£ß⌥̀¶SXâì�⌅�◆l�0A�◆#å◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�t�&h⌥≈“Å�⌅

⌥̀¶yåô⌘◆ç✏HC⌫]j�é⌥ÿ⇧¶l�[̨t⌥̀¶[O⌃u��◆%i✓⇥◆. ø∫>h_�F�g�◆s�@̧\Å⇥◆è…r{9��◆�◆

“qt$Ì⌦&̃%3✓⌥̀¶M:C⌫]j�é⌥ÿ⇧¶l�\⌥¶s�6†x�◆#åK⌫{©ú{9��◆\⌥¶π1‘⌥◆⇥∑p⇥◆.

2.1.1 ⇡0 Reconstruction

ø∫>h_�F�g�◆�◆ KL ! ��\Å"f“qt$Ì⌦HÜd⌥̀¶SXâì�⌅�◆l�0A�◆#å ⇡0 F⌫Ω®$Ì⌦⌥̀¶

Ù«⇥◆. ⇡0 F⌫Ω®$Ì⌦⌥̀¶�◆l�0A�◆#åø∫>h_�F�g�◆_�\Å�-t�<̧�é⌥ÿ⇧¶l�_�≥Ä�⌅\Å

"f_�{9�⌃◆0Au�\⌥¶8£§&Ò⌦Ù«⇥◆. ø∫>h_�F�g�◆_�&Ò⌦SXâÙ«ÿ⇧¶µ1œt�&h⌥⌥̀¶ó∏ÿ‘l�M:

Î⌫H\Å ⇡0
_�Ω®>hyåïï∏(Opening Angle)⌥̀¶ ∑̇ò√∫\O�⇥◆. Ω®>hyåïï∏\⌥¶>⇢Ìflñ�◆l�0A

�◆#åø∫>h F�g�◆�◆ ⇡0MÆo6£ß⌥̀¶�◆&Ò⌦�◆#åΩ®>hyåïï∏>⇢Ìflñr�◊⇧Ê$Ì⌦�◆s�ì:r_�&Ò⌦

t�|9⌃|æ”⌥̀¶s�6†xÙ«⇥◆. ◊⇧Ê$Ì⌦�◆s�ì:r_�&Ò⌦t�|9⌃|æ”⌥̀¶s�6†x�◆#å>⇢Ìflñ&̃ç✏HΩ®>hyåï

ï∏ç✏H⇥◆6£ßı� ∞̇†⇥◆.

m2
⇡0 = (e1 + e2)2 � ( ~p1 + ~p2)2

= 2e1e2(1� cos✓ ) (2.1)

◊⇧Ê$Ì⌦H⇡s�ì:rcî⌥_�;ü§s�B⌫ƒ∫ ∑̊™l�M:Î⌫H\Å(± ⇠ 5cm)ø∫F�g�◆_�ÿ⇧¶µ1œt�&h⌥_�

x, y~Ω”Üæ”⌥̀¶ 0s�⇤◆ì¶�◆&Ò⌦Ù«⇥◆. �◆&Ò⌦⌥̀¶s�6†x�◆#åF�g�◆_� zÿ⇧¶µ1œt�&h⌥Îflñ⌥̀¶>⇢

ÌflñΩ+…√∫eî✓>⇡ù)a⇥◆. �◆&Ò⌦[̨t⌥̀¶s�6†x�◆#åF⌫Ω®$Ì⌦ù)a ⇡0
_�]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”ı�

zÿ⇧¶µ1œt�&h⌥⌥̀¶s�6†x�◆#å KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶Ç�⌅◊̨òÙ«⇥◆.

2.1.2 Background

KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶õ'aπ1œ�◆l�0A�◆#å KOTO�é⌥ÿ⇧¶l�\Åö∏fî⇤ø∫>h_�F�g�◆

Îflñs�eî✓⌥̀¶�Ø ⌥̀¶ØπΩ®�◆l�M:Î⌫H\Åz⇥¥]j KL ! ⇡0⌫⌫̄⌃◆| ⌅s�⌥◆m�#Qï∏⇥◆è…r"È∂

ì�⌅\Å_�K⌫C⌫�‚⌦⌃◆�©ús�“qtU⇥¥√∫eî✓⇥◆. C⌫�‚⌦⌃◆�©ú_�"È∂ì�⌅ì…rflº>⇡ø∫�◆t�ñ–�◆

–̧t√∫eî✓⇥◆. 'Õ Å�⌅ C⌫�‚⌦⌃◆�©úì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�#å�Q�◆t�‘⇧Êı�ó∏◊ºs�⇥◆. ø∫

Å�⌅P:C⌫�‚⌦⌃◆�©úì…r◊⇧Ê$Ì⌦�◆_��é⌥ÿ⇧¶l�<̧_� Ï̄Õ6£xs�⇥◆.

◊⇧Ê$Ì⌦H⇡s�ì:r_�#å�Q�◆t�‘⇧Êı�ó∏◊ºñ–¬“'�C⌫�‚⌦⌃◆�©ús�“qt$Ì⌦|®c√∫eî✓⇥◆. C⌫

c�2018 J-PARC E14 Collaboration
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Figure 2.1: Reconstruction of Pi0.

Figure 2.2: DIstribution of Vertex Z versus Tengential momentum of recon-

structed ⇡0 from KL ! ⇡0⌫⌫̄ decays in GEANT4 M.C..

c�2018 J-PARC E14 Collaboration
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�‚⌦⌃◆�©ús�“qt$Ì⌦&̃ç✏Hs�ƒªç✏H�é⌥ÿ⇧¶l�:£§$Ì⌦_�q�0px“⌃¶(Inefficiency)M:Î⌫H\Å#åÏ⌧r

_�{9��◆\⌥¶µ1œ|⌦⌅�◆t�3lw�◆⌧��◆,#åÏ⌧r_�{9��◆�◆�é⌥ÿ⇧¶l��◆⌥◆ç�⌅ ”̧t|9⌃ı� Ï̄Õ6£x�◆

#å⌃◆⇤◆4R!Qo�l�M:Î⌫Hs�⇥◆. @/≥&h⇤‹ºñ– KL ! ⇡0⇡0 ⌃◆| ⌅_��‚⌦ƒ∫ø∫>h_�◊⇧Ê

$Ì⌦�◆s�ì:r‹ºñ–¬“'�W1>h_�F�g�◆�◆�◆ö∏>⇡ &̃ç✏HX<ø∫>h_�F�g�◆\⌥¶�é⌥ÿ⇧¶l��◆

�é⌥ÿ⇧¶�◆t�3lw�◆#å�◆ Qt�ø∫>h_�F�g�◆Îflñs�zåô>⇡ &̃#QC⌫�‚⌦⌃◆�©ú⌥̀¶ƒªµ1œÙ«⇥◆.

⇥◆6£ß‹ºñ– KL ! ⇡+⇡�⇡0 ⌃◆| ⌅_��‚⌦ƒ∫Ñ⇡⌅�◆\⌥¶�◆î�⌅�◆s�ì:r(⇡+,⇡�)s� KOTO

�é⌥ÿ⇧¶l��◆¿”_�cî⌥�◆s�·‘<̧ Ï̄Õ6£x�◆#å⌃◆⇤◆4R!Q�9"fø∫>h_�F�g�◆Îflñ⌥̀¶�é⌥ÿ⇧¶

�◆>⇡ù)a⇥◆.

◊⇧Ê$Ì⌦�◆ç✏H ø∫ �◆t� ~Ω”ZO�‹ºñ– C⌫�‚⌦⌃◆�©ú⌥̀¶ ƒªµ1œΩ+… √∫ eî✓⇥◆. 'Õ Å�⌅P: ~Ω”ZO�ì…r

◊⇧Ê$Ì⌦�◆_� ⇡0,⌘“qt$Ì⌦s�⇥◆. ◊⇧Ê$Ì⌦�◆�◆ KOTO�é⌥ÿ⇧¶l�<̧ Ï̄Õ6£x�◆#å ⇡0�◆ ⌘\⌥¶“qt

$Ì⌦�◆#å “qt$Ì⌦ù)a {9��◆�◆ �é⌥ÿ⇧¶&̃ç✏H �‚⌦ƒ∫s�⇥◆. s� M: ≈“ñ– �é⌥ÿ⇧¶ù)a ø∫ >h_� F�g

�◆ç✏HZ⇢}ì…r]X�Ç�⌅~Ω”Üæ”_�Ó⌧r1lx|æ”(⇠150MeV/c)⌥̀¶�◆t�>⇡ù)a⇥◆. s��QÙ« Ï̄Õ6£xì…r

KOTO �é⌥ÿ⇧¶l� ◊⇧Ê NCC\Å"f �◆Å©ú ≈“Øπ�◆>⇡ µ1œ“qt�◆ì¶ eî✓⇥◆. ø∫ Å�⌅P:ç✏H ◊⇧Ê$Ì⌦

�◆_� CsI \P⌃|æ”>⇢<̧_� Ï̄Õ6£xs�⇥◆. ◊⇧Ê$Ì⌦�◆�◆ CsI \P⌃|æ”>⇢<̧ Ï̄Õ6£xΩ+… M: \Å�-t�

�◆ ✏Hø1œ{9��◆\⌥¶“qt$Ì⌦�◆#åK⌫{©úø1œ{9��◆�◆◊⇧Ê$Ì⌦�◆_�{9�⌃◆0Au�<̧⇥◆è…r/BM\Å"f

⇥◆r� Ï̄Õ6£x⌥̀¶{9⌃‹º&�⌅◆u�ø∫>h_�F�g�◆�◆{9�⌃◆Ù«�Ø %É!3⌥ò–s�>⇡Ù«⇥◆. s��Q

Ù«⌃◆| ⌅⌥̀¶s�K⌫�◆l�0A�◆#å◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�t�&h⌥\Å ∑̇ò¿“p�≥ou≥&h⇤⌥̀¶[O⌃

u�(2714mm)�◆#å◊⇧Ê$Ì⌦�◆“qt$Ì⌦X<s�'�\⌥¶2[1pqÙ«⇥◆.

2.2 Experimental Apparatus

2.2.1 J-PARC Accelerator

J-PARC É⇢⌅Ω®ôËç✏H LINAC(Linear Accelerator), RCS(Rapid Cycling Syn-

chrotron)’™o�ì¶ MR(Main Ring)‹ºñ–Ω®$Ì⌦&̃#Q 30 GeV\Å�-t�_�[jl��◆y©ú

Ù«Ä™ú$Ì⌦�◆cî⌥⌥̀¶]j/BNÙ«⇥◆. LINAC\Å"f H�\⌥¶�◆5≈qÙ«+' RCS\Å"f H�\⌥¶ H+ñ–

Å�⌅®8äÙ«⇥◆. Å�⌅®8äù)a H+ç✏H 3 GeV�◆t��◆5≈q&̃ì¶, MR\Å"f 30 GeV�◆t��◆5≈qù)a

⇥◆. ÿ⇧ÊÏ⌧ry��◆5≈qù)aÄ™ú$Ì⌦�◆ç✏H{9⌃&Ò⌦Ù«≈“l�\⌥¶�◆t�ì¶z⇥¥+́>z⇥¥ñ–{9⌃&Ò⌦Ù«[jl�

c�2018 J-PARC E14 Collaboration
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ñ–{9�⌃◆Ù«⇥◆(Slow Extraction). {9�⌃◆�◆ç✏Hr�Áflñì…rÄçï 2úÌs� 9Ä™ú$Ì⌦�◆�◆⇥◆r�

�◆5≈q&̃ç✏Hr�Áflñì…r 4úÌs�⇥◆. J-PARCì…r 8̇x 6úÌ_�≈“l�\⌥¶�◆t�ì¶{9⌃&Ò⌦Ù«[jl�

_�Ä™ú$Ì⌦�◆\⌥¶]j/BNÙ«⇥◆. s��QÙ«≈“l�\⌥¶ Spills�⇤◆ì¶≥â&≥Ù«⇥◆ .Ä™ú$Ì⌦�◆_�[jl�

ç✏H POT(Proton On Target)‹ºñ–≥â&≥Ω+…√∫eî✓ç✏HX< 2015∏�⌅ 10⇥Z4_��‚⌦ƒ∫Ù«≈“

l�_� POT_�flºl�ç✏HÄçï ⇠ 1013s�⇥◆.

Figure 2.3: Reconstruction of Pi0.

2.2.2 Hadron Beam Facility

�◆5≈qù)aÄ™ú$Ì⌦�◆[̨tì…r HBF\Åï∏Ç√Ã�◆#å "T1 Target"≥&h⇤ı�{9⌃¬“ Ï̄Õ6£xÙ«⇥◆.

T1 Targetì…r HBF_��©ú¿”\Å0Au��◆#åÄ™ú$Ì⌦�◆<̧≥&h⇤_� Ï̄Õ6£x‹ºñ–#å�Q�◆t�

_�ø1œ{9��◆[̨ts�“qt$Ì⌦Ù«⇥◆. �©ú¿”\Å"f“qt$Ì⌦ù)aø1œ{9��◆[̨tì…ryåïcî⌥⇤◆ì�⌅‹ºñ–î�⌅'üù

Ù«⇥◆. cî⌥⇤◆ì�⌅◊⇧Ê KOTOz⇥¥+́>ì…r KLcî⌥⇤◆ì�⌅\Å0Au�Ù«⇥◆. ◊⇧Ê$Ì⌦�◆<̧◊⇧Ê!̌tH⇡s�

ì:rs�{9�⌃◆�◆ç✏Hq�÷⌃¶ı� HBF_�flºl�\⌥¶ì¶�9�◆#åÄ™ú$Ì⌦�◆_�{9�⌃◆~Ω”Üæ”ı� 16ï∏

,�⌘#å4R"f0Au�Ù«⇥◆. KLcî⌥⇤◆ì�⌅\Åç✏HF�g�◆\⌥¶f✏®√∫�◆ç✏H&Ò⌦ß>=⌥̂¶2ü§ı��◆Ñ⇡⌅{9��◆

\⌥¶��⌃�Q?/ç✏HÑ⇡⌅�◆$3⇤s�[O⌃u�&̃#Qeî✓⇥◆.

c�2018 J-PARC E14 Collaboration
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Figure 2.4: KOTO Full detector in 2015.

Figure 2.5: KOTO Full detector in 2015.

2.2.3 KOTO Detector

KOTO�é⌥ÿ⇧¶l�ç✏HF�g�◆_�\Å�-t�<̧ 0Au�\⌥¶õ'aπ1œ�◆l�0AÙ« CsI\P⌃|æ”>⇢<̧

◊⇧Ê$Ì⌦ H⇡s�ì:r_� ‘⇧Êı�t�&h⌥⌥̀¶ yåô⌘◆ì¶ eî✓ç✏H C⌫]j �é⌥ÿ⇧¶l�[̨tñ– Ω®$Ì⌦&̃#Q eî✓⇥◆.
c�2018 J-PARC E14 Collaboration
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Figure 2.6: KOTO Full detector in 2015.

C⌫]j �é⌥ÿ⇧¶l�_� �‚⌦ƒ∫ F�g�◆\⌥¶ C⌫]j�◆l� 0AÙ« �é⌥ÿ⇧¶l�<̧ �◆Ñ⇡⌅{9��◆\⌥¶ C⌫]j�◆

l�0AÙ«�é⌥ÿ⇧¶l��◆eî✓⇥◆. F�g�◆\⌥¶C⌫]j�◆l�0AÙ«�é⌥ÿ⇧¶l�ç✏H NCC, CC03, CC04,

CC05, CC06, OEV, FBAR, BHPV, BHGC�◆eî✓ì¶�◆Ñ⇡⌅{9��◆\⌥¶C⌫]j�◆l�0AÙ«�é⌥

ÿ⇧¶l�ç✏H CV, BCV, BPCV, LCV, newBHCV�◆eî✓⇥◆.

CsI Calorimeter

KOTOz⇥¥+́>ì…rï∏iÁ⌦&̃t� ∑̇ßç✏H(Undoped) CsI\P⌃|æ”>⇢\⌥¶F�g�◆_�\Å�-t�<̧ 0Au�

_��é⌥ÿ⇧¶⌥̀¶0A�◆#å⌃◆6†xÙ«⇥◆. CsI\P⌃|æ”>⇢_�ó∏Ä™úì…rø∫�◆t��◆eî✓⇥◆. CsI\P⌃|æ”>⇢

◊⇧Ê ✏H�Ø ì…rÈflñÄ�⌅&h⇤s� 50⇥50 mm2s�⇥◆. Ååïì…r CsI\P⌃|æ”>⇢_�ÈflñÄ�⌅&h⇤ì…r 25⇥25

mm2s�⇥◆. ø∫açç✏H ó∏ø∫ 500 mms�⇥◆. s� ø∫açç✏H 27 ~Ω”⌃◆U⇥¥s�(Radiation

Length, X0)<̧ 1lx{9⌃�◆⇥◆. Ååïì…r CsI \P⌃|æ”>⇢ç✏H 2240 >hs�ì¶  ✏H CsI \P⌃|æ”>⇢ç✏H

476>hs�⇥◆. yåï CsI\P⌃|æ”>⇢ç✏H 953 mm Ï̄Õt�2£ß_�"È∂:üx+̨A€º_Öì�⌅o�€ºt�t�@/

Óflñ\Å ¡̇¢#åeî✓⇥◆. CsI��⌃&Ò⌦ì…r"È∂A⌫ KTeVz⇥¥+́>\Å"f⌃◆6†x�◆~⌘⌅�Ø s�⇥◆. F�gÑ⇡⌅�◆

7£xC⌫õ'aı� CsI��⌃&Ò⌦⌃◆s�_�/BNl�:£ß⌥̀¶\O�E⌫l�0A�◆#åz⇥¥o�ñBHF⌫|9⌃_�»“"Ó⌦Ù«

ì¶¡∫(Silicon Cookie)\⌥¶ ∂̇ö{9��◆%i✓⇥◆. ¢∏Ù« CsI��⌃&Ò⌦‹ºñ–¬“'� UVynC⌥̀¶ ◆Èflñ�◆

l�0AK⌫ UV filter\⌥¶ ∂̇ö{9��◆%i✓⇥◆. KOTOz⇥¥+́>ì…rî�⌅/BN�©úI⌫\Å"fs�¿“#Qt�l�M:

Î⌫H\Å CsI\P⌃|æ”>⇢_�F�gÑ⇡⌅�◆7£xC⌫õ'as� ±̇ùì…rÑ⇡⌅∑̇ö\Å"fÅåï1lxΩ+…√∫eî✓ï∏2ü§ KOTO

z⇥¥+́>\Å"f�◆â̂&h⇤‹ºñ–Ñ⇡⌅∑̇ö/BN/ÂLr�€º%7õ⌥̀¶>hµ1œ�◆%i✓⇥◆. Ù«º#⌅,X<#Qw�√∫|9�

c�2018 J-PARC E14 Collaboration
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1lxÓflñF�gÑ⇡⌅�◆7£xC⌫õ'a_� Gain⌥̀¶8£§&Ò⌦�◆l�0A�◆#å LASERr�€º%7õ⌥̀¶s�6†x�◆%i✓⇥◆.

Front Barrel (FB) and Main Barrel (MB)

KOTO_��é⌥ÿ⇧¶l�ç✏H pi0_�F⌫Ω®$Ì⌦⌥̀¶0AÙ« CsIÑ⇡⌅�◆l�\P⌃|æ”>⇢<̧, CsIÑ⇡⌅�◆l�\P⌃

|æ”>⇢ñ–{9�⌃◆�◆t� ∑̇ßç✏H⇥◆è…r{9��◆\⌥¶�é⌥ÿ⇧¶�◆l�0AÙ«#å�Q�◆t�_�C⌫]j�é⌥ÿ⇧¶l�

ñ–Ω®$Ì⌦ù)a⇥◆. ’™aÀ>\Å"fó∏é✏HC⌫]j�é⌥ÿ⇧¶l�\⌥¶SXâì�⌅Ω+…√∫eî✓⇥◆. �◆Å©ú�©ú¿”\Åeî✓

ç✏HC⌫]j�é⌥ÿ⇧¶l�, FB(Front Barrel)ì…r�©ú¿”A·§\Å"f_�◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�\Å@/

Ù«⌃◆| ⌅⌥̀¶C⌫]j�◆ç✏H%i⇤Ω+…⌥̀¶Ù«⇥◆. FBç✏H≥ë:r+̨A \P⌃|æ”>⇢_��é⌥ÿ⇧¶l�s� 9,$3⌥F�g

â̂\Å�◆Å©ús�1pxF�g$3⌥ƒª\⌥¶]X�Ç√Ã�◆#å,�©ú¿”A·§\Åeî✓ç✏HF�gÑ⇡⌅�◆7£xC⌫õ'as��◆Å©ús�

1lxF�g$3⌥ƒª\Å"f�◆ö∏ç✏HúÌ2ü§ynC⌥̀¶{9�6£ß‹ºñ–,í�⌅†Ò\⌥¶SXâì�⌅Ù«⇥◆. NCC(Neutron

Collar Counter, Hinemos)ç✏H CsI��⌃&Ò⌦‹ºñ–Îflñ[̨t#Qî�⌅\P⌃|æ”>⇢s� 9,⌃◆| ⌅_�Ï⌧r$3⇤

\Åeî✓#Q"f≈“Øπ�◆>⇡⌃◆6†x&̃ç✏H�é⌥ÿ⇧¶l�s�⇥◆. MB(Main Barrelì…r FB<̧ ∞̇†ì…r≥

ë:r+̨A \P⌃|æ”>⇢�é⌥ÿ⇧¶l�s� 9, FB<̧ç✏H⇥◆ÿ‘>⇡�©ú¿”A·§ı��◆¿”A·§ó∏ø∫\Å"fí�⌅†Ò\⌥¶

F�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶:üxK⌫{9�#Q[̨tì�⌅⇥◆. BCV(Barrel Charged Veto)ç✏H MB\Å"f⌃◆

6†x�◆ç✏H$3⌥F�gâ̂ 2Å©ú⌥̀¶⌃◆6†x�◆#åÎflñé✏H�é⌥ÿ⇧¶l�s� 9,�◆Ñ⇡⌅{9��◆�◆�◆ö∏ç✏H⌃◆| ⌅

\Å@/K⌫C⌫]j�◆l�0AÙ«�é⌥ÿ⇧¶l�s�⇥◆. BCV%i⇤y�F�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶:üxK⌫í�⌅†Ò\⌥¶

{9�ç✏H⇥◆. CV(Charged Veto)ç✏H CsIÑ⇡⌅�◆l�\P⌃|æ”>⇢⇧◆ñ– ∑̇°\Å0Au��◆ 9, CsIñ–

[̨t#Qö∏ç✏H�◆Ñ⇡⌅{9�]j\⌥¶C⌫]j�◆l�0AÙ«�é⌥ÿ⇧¶l�s�⇥◆. CV¢∏Ù«$3⌥F�gâ̂\Å�◆Å©ús�

1lxF�g$3⌥ƒª�◆]X�Ç√Ã&̃#Qeî✓ç✏HΩ®õ∏s�⇥◆. LCVç✏H CsIÓflñA·§Ω®"Ì⌦ı� Beam pipe_�

⌃◆s�\Åeî✓ç✏H�◆Ñ⇡⌅{9��◆_�C⌫]j�é⌥ÿ⇧¶l�s�⇥◆. CC03ç✏H LCV_�⇧◆æ̇†A·§\Å"f beam

pipe≈“0A_�{9��◆[̨t⌥̀¶�é⌥ÿ⇧¶�◆ç✏HC⌫]j�é⌥ÿ⇧¶l�s�⇥◆. OEV(Outer Edge Veto)ç✏H

F�g�◆�◆ CsI\Å"fÑ⇡⌅�◆l� Ï̄Õ6£x⌥̀¶Ω+…M:,Ñ⇡⌅�◆l� Ï̄Õ6£xs� CsIµ1⁄‹ºñ–Dh#Q�◆ö∏ç✏H

�Ø \Å@/K⌫�é⌥ÿ⇧¶�◆l�0AÙ«�é⌥ÿ⇧¶l�s�⇥◆. CC04, CC05, CC06ï∏ Beam pipe≈“

0A_�{9��◆\⌥¶�é⌥ÿ⇧¶�◆ç✏HC⌫]j�é⌥ÿ⇧¶l�s�⇥◆. BHCV, BHPV, BHGCç✏H Beam pipe�◆

¿”A·§_� �é⌥ÿ⇧¶l�s�⇥◆. BHCV\Å"fç✏H �◆Ñ⇡⌅{9��◆\⌥¶ �é⌥ÿ⇧¶�◆ì¶, BHCV<̧ BHPV⌃◆

s�\Å Concrete Walls�eî✓#Q"f�◆Ñ⇡⌅{9��◆\⌥¶f✏®√∫Ù«⇥◆. ’™+'\Å BHPV, BHGC\Å

"fF�g�◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆. BHGC+'\Åç✏H, Calibartion⌥̀¶0AÙ« BHTS Trigger�é⌥ÿ⇧¶l�

c�2018 J-PARC E14 Collaboration
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�◆eî✓⇥◆.

2.3 Data Acqusition Setup for Physics Data

E14 z⇥¥+́>\Å"f KL ! ⇡0⌫⌫̄ ⌥̀¶ õ'aπ1œ�◆l� 0AK⌫ CsI\Å ÿ⇧ÊÏ⌧rÙ« í�⌅†Ò�◆ eî✓

6£ß⌥̀¶ SXâì�⌅Ü< ı� 1lxr�\Å, ⇥◆è…r C⌫]j �é⌥ÿ⇧¶l�\Å ⌥◆¡∫ í�⌅†Òï∏ \O�6£ß⌥̀¶ SXâì�⌅Ù«

⇥◆. s��QÙ« SXâì�⌅⌥̀¶ L1 Trigger\Å"f √∫'üùÙ«⇥◆. �é⌥ÿ⇧¶l�\Å"f �◆ö∏ç✏H ⌥◆±̇òñ–

’™(analogue)_�ÿ⇧¶ß4⇤í�⌅†Ò\⌥¶ Flash ADC\Å"fn�t�_O⌃⇥oÙ«⇥◆. n�t�_O⌃⇥où)aí�⌅

†Ò�◆ :£§&Ò⌦ Î⌫H)3⇤∞̇Ø⌥̀¶ �≈⌥‹ºÄ�⌅, �é⌥ÿ⇧¶l�\Å í�⌅†Ò�◆ eî✓⇥◆ç✏H �Ø ‹ºñ– &Ò⌦_�Ù«⇥◆.

CsI �é⌥ÿ⇧¶l�<̧ ⇥◆è…r C⌫]j �é⌥ÿ⇧¶l�_� %i⇤1lxr�(anticoincidence)�©úS!⌫{9⌃ M:, L1

Request�◆‡‘o�⌧�ù)a⇥◆. L1 Request_�‡‘o�⌧�í�⌅†Ò�◆eî✓ì¶, L2\Åzåô⌥◆eî✓ç✏Heî⌥

r�$�Å©ú/BNÁflñs�ÿ⇧ÊÏ⌧r�◆⇥◆Ä�⌅,s��©úS!⌫⌥̀¶ MACTRIS+\Å"f Û̄ÕÈflñ�◆#å L2Èflñ>⇢ñ–

�≈⌥#QÁflñ⇥◆. L2\Å"fç✏H KL ! ⇡0⌫⌫̄‘⇧Êı�ó∏◊º\⌥¶ KL ! �� <̧q�ìß�◆l�0AK⌫"f,

COE(Center of Energy)>⇢Ìflñ⌥̀¶√∫'üùÙ«⇥◆. L2_� COE Û̄ÕÈflñì…r COE_� ∞̇Øs�:£§

&Ò⌦Î⌫H)3⇤∞̇Øò–⇥◆Z⇢}ì…r�Ø ⌥̀¶ØπΩ®Ù«⇥◆. L2_�Èflñ>⇢\⌥¶⌧�u�Ä�⌅, L3\Å"f 2î�⌅ZO�_� +̨A

dî⇤‹ºñ–X<s�'�\⌥¶$�Å©úÙ«⇥◆.

E14z⇥¥+́>ì…rC⌫]j�é⌥ÿ⇧¶l�[̨t_�$Ì⌦0pxı�X<s�'�2[1pqï∏◊⇧Ê_��©úI⌫\⌥¶SXâì�⌅�◆l�

0AK⌫"f, ≈“ñ– [j �◆t�_� õ∏| ⌅‹ºñ– X<s�'�\⌥¶ 2[1pqÙ«⇥◆. 'Õ Å�⌅P:ç✏H "Physics

Trigger"s�⇥◆, s�õ∏| ⌅ì…r KL ! ⇡0⌫⌫̄‘⇧Êı�ó∏◊ºÎflñ⌥̀¶ò–l�0AÙ«õ∏| ⌅‹ºñ–, CsI

�é⌥ÿ⇧¶l�<̧ C⌫]j�é⌥ÿ⇧¶l�_� %i⇤1lxr�<̧ COE\⌥¶ 1lxr�\Å ØπΩ®Ù«⇥◆. ø∫ Å�⌅P:ç✏H

"Normalization Trigger"s�⇥◆. s� õ∏| ⌅ì…r E14 z⇥¥+́>‹ºñ– {9�⌃◆�◆ç✏H KL\⌥¶ SXâì�⌅

�◆l� 0AÙ« õ∏| ⌅‹ºñ–, CsI �é⌥ÿ⇧¶l�<̧ C⌫]j�é⌥ÿ⇧¶l�_� %i⇤1lxr�Îflñ⌥̀¶ ØπΩ®�◆ì¶,

COE\⌥¶ØπΩ®�◆t� ∑̇ßç✏H⇥◆. s�õ∏| ⌅ì…r≈“ñ– KL ! 3⇡0, KL ! 2⇡0, KL ! 2�‘⇧Ê

ı�ó∏◊º\⌥¶õ'aπ1œ�◆�9ç✏H3lq&h⇤⌥̀¶�◆î�⌅⇥◆. [jÅ�⌅P:ç✏H "Minimum bias Trigger"s�

⇥◆,s�õ∏| ⌅ì…rö∏fî⇤ CsI�é⌥ÿ⇧¶l�_�ÿ⇧ÊÏ⌧rÙ«í�⌅†ÒÎflñ⌥̀¶ØπΩ®Ù«⇥◆. "Minimum Bias

Trigger"õ∏| ⌅ì…r "Normalization Trigger"õ∏| ⌅ı�ò–ì¶�◆�◆ç✏H‘⇧Êı�ó∏◊ºç✏H ∞̇†

t�Îflñ,ø∫õ∏| ⌅_�q�ìß\⌥¶:üxK⌫"fC⌫]j�é⌥ÿ⇧¶l�_��©úI⌫\⌥¶SXâì�⌅�◆ì¶�◆�◆ç✏H�Ø s�

c�2018 J-PARC E14 Collaboration
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3lq&h⇤s�⇥◆.

Trigger Name CsI Threshold COE Threshold Veto Counter

Physics Trigger 650MeV 165mm On

Normalization Trigger 650MeV 0 On

Minimum Bias Trigger 650MeV 0 Off

Table 2.1: List of trigger conditions

c�2018 J-PARC E14 Collaboration
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Figure 2.7: KOTO Full detector in 2015.

c�2018 J-PARC E14 Collaboration
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Figure 2.8: Trigger system for physics data acquisition

c�2018 J-PARC E14 Collaboration



Chapter 3

Inner Barrel

3.1 Motivation of installation of Inner Barrel

KL ! ⇡0⌫⌫̄ ‘⇧Êı�∞̇òA⌫q�\⌥¶8£§&Ò⌦Ω+… M: KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅ì…r ≈“ØπÙ« C⌫

�‚⌦⌃◆�©ús�⇥◆. ◊⇧Ê$Ì⌦ H⇡s�ì:r‹ºñ–¬“'� �◆ì:r 4>h_� F�g�◆ ◊⇧Ê 2>h_� F�g�◆�◆ �é⌥

ÿ⇧¶s� &̃t� ∑̇ß⌥̀¶ M: KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅ì…r C⌫�‚⌦⌃◆�©ús� |®c √∫ eî✓⇥◆. s�\⌥¶ K⌫

��⌃�◆l�0AK⌫"f CsI\P⌃|æ”>⇢ñ–î�⌅'üù�◆t� ∑̇ßç✏HF�g�◆[̨t⌥̀¶üÌó:rq�û–�é⌥ÿ⇧¶l�\⌥¶

:üxK⌫ SXâì�⌅�◆#å KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅⌥̀¶ KL ! ⇡0⌫⌫̄ ‘⇧Êı�⌃◆| ⌅‹ºñ–¬“'� C⌫]j

Ù«⇥◆. Main Barrel(MB)ì…r KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅_� C⌫]j\Å ≈“ØπÙ« %i⇤Ω+…⌥̀¶ Ù«

⇥◆. MB\⌥¶üÌÜ< Ù« 2015∏�⌅_��é⌥ÿ⇧¶l�®8ä�‚⌦⌥̀¶s�6†x�◆#å KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅⌥̀¶

C⌫]j�◆%i✓⌥̀¶ M: C⌫]j&̃t� ∑̇ßç✏H C⌫�‚⌦⌃◆| ⌅_� Ã⌫ √∫ç✏H KL ! ⇡0⌫⌫̄ ⌃◆| ⌅ 1>h{©ú

2.60>hs�⇥◆. s��QÙ«C⌫�‚⌦⌃◆�©ú⌥̀¶C⌫]j�◆t�3lw�◆ç✏H"È∂ì�⌅ì…r\P⌃|æ”>⇢:£§$Ì⌦ì�⌅q�

0px“⌃¶(Inefficiency)M:Î⌫Hs�⇥◆. MB_�q�0px“⌃¶⌥̀¶◊⇧¶s�l�0AK⌫"f MBÓflñA·§\Å¬“

�◆&h⇤ì�⌅≥ë:r+̨A \P⌃|æ”>⇢\⌥¶[O⌃u��◆l�ñ–�◆%i✓⇥◆. Dhñ–[O⌃u�Ù«≥ë:r+̨A \P⌃|æ”>⇢�◆

⇧◆ñ– Inner Barrel(IB)s�⇥◆. Dhñ–[O⌃u�Ù« IB\Å_�K⌫"f KL ! 2⇡0 ‘⇧Êı�⌃◆| ⌅_�

25
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C⌫]j Í_�‘⇧Êı�⌃◆| ⌅_�Ã⌫ √∫�◆ 1.39>hñ–◊⇧¶#Q[̨t�Ø ‹ºñ–\V�©úÙ«⇥◆.

Ù«º#⌅, CsI\P⌃|æ”>⇢<̧F�g�◆_� Ï̄Õ6£x\Å"f“qt$Ì⌦&̃ç✏Hø1œ{9��◆◊⇧Ê,{9⌃¬“ç✏HF�g�◆_�

Figure 3.1: KL ! 2⇡0 background event.

Detector Number of BG from KL ! 2⇡0

MB 2.60

MB+IB(5X0) 1.39

MB+IB(10X0) 1.30

Table 3.1: Number of BG from KL ! 2⇡0 according to radiation length(X0)

{9�⌃◆~Ω”Üæ”ı� Ï̄Õ@/~Ω”Üæ”‹ºñ–î�⌅'üùÙ«⇥◆. Ï̄Õ@/~Ω”Üæ”‹ºñ–î�⌅'üù�◆ç✏H{9��◆◊⇧Ê{9⌃¬“

ç✏H MB\Åí�⌅†Ò\⌥¶zåôl�>⇡ &̃ç✏HX<,s��QÙ«í�⌅†ÒM:Î⌫H\Å◊⇧Ê$Ì⌦H⇡s�ì:rF⌫Ω®$Ì⌦_�

√∫6†x|æ”s�&h⇤#Qt�>⇡ù)a⇥◆. s�M:, MB\Åí�⌅†Ò\⌥¶zåôl�ç✏Hâ&≥�©ú⌥̀¶ Back Splash⇤◆

ì¶Ù«⇥◆. Back Splash\Å_�K⌫ MB\Å“qtl�ç✏Hí�⌅†Ò\⌥¶◊⇧Ê$Ì⌦H⇡s�ì:r\Å_�K⌫“qtl�

ç✏Hí�⌅†Òñ–¬“'�l�î>r_� MBò–⇥◆Ã∫ß¬ �◆>⇡Ω®Z>⌃�◆l�0AK⌫"f, IB_�r�ÁflñÏ⌧rK⌫

0px⌥̀¶ MB_�r�ÁflñÏ⌧rK⌫0pxò–⇥◆ø�À“6x�◆ï∏2ü§ IB\⌥¶]jÅåï�◆%i✓⇥◆.
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3.2 Composition of IB

F�g�◆>⇢8£§l�ñ–"f_�%i⇤Ω+…⌥̀¶�◆�è⇤,/BNÁflñ@/q�¥Ú÷⌃¶&h⇤‹ºñ–√∫'üùΩ+…√∫eî✓ï∏

2ü§ IBç✏H ≥ë:r+̨A \P⌃|æ”>⇢(Sampling Calorimeter)ñ–]jÅåï&̃%3✓⇥◆. F�g�◆<̧_� Ï̄Õ

6£x⌥̀¶¥Úı�&h⇤‹ºñ–{9⌃‹ºv�l�0A�◆#åyåï8£xs� 5mmø∫aç_�$3⌥F�gâ̂<̧ 1mmø∫

aç_� ±̇ö_�ìß@/Ω®$Ì⌦‹ºñ– 8̇x 258£x⌥̀¶s�Í⌧r⇥◆. 0.188mm_� Ï̄Õ⌃◆t�\⌥¶ ±̇öı�$3⌥

F�gâ̂ ⌃◆s�\Å C⌫u��◆#å $3⌥F�gâ̂\Å"f ynCs� ⇣◆4R�◆�◆ç✏H �Ø ⌥̀¶ %3⇤]jÙ«⇥◆. IB_�

32>h_�ó∏—̋ts�"È∂+̨A⌥̀¶s�¿“>⇡�◆ì¶, {9��◆�◆ IB_�◊⇧Êdî⌥\Å"fî�⌅'üùΩ+…M:�é⌥ÿ⇧¶

l�⌃◆s�_�:£ß‹ºñ–t��◆�◆ç✏H�Ø ⌥̀¶}åïl�0A�◆#å IB_�ÈflñÄ�⌅⌥̀¶⌃◆⇥◆o�g1J‹ºñ–]j

Ååï�◆%i✓⇥◆. IB\⌥¶t�t�@/<̧õ∏wn��◆l�0A�◆#åó∏—̋t_�0A⌥◆A⌫\Å ∑̇ò¿“p�≥ou Û̄Õ⌥̀¶

∑°≠%i✓⇥◆. IB_�√∫fî⇤~Ω”Üæ”_�ø∫açç✏H 173.0mms� 9|�⌅A·§_��-q�ç✏H 178.0mm ¬̇™

ì…rA·§_��-q�ç✏H 146.0mms�⇥◆. IB_�cî⌥~Ω”Üæ”_�U⇥¥s�ç✏H|�⌅~Ω”Üæ”‹ºñ– 2777mm,

¬̇™ì…r~Ω”Üæ”‹ºñ– 2650mms�⇥◆. IB_�ìß@/Ω®õ∏<̧ ∑̇ò¿“p�≥ou Û̄Õs�"fñ– ∏̇ò∑°≠#Q

eî✓>⇡�◆l�0A�◆#å Stainless Band\⌥¶s�6†x�◆#å IB_� 9Á✓HX<\⌥¶ ”̧�#QÔ⌧r⇥◆. IB_�

F�gÑ⇡⌅�◆7£xC⌫õ'aì…r�©ú¿”_�É⇢⌅��⌃~Ω”ZO�ı��◆¿”_�É⇢⌅��⌃~Ω”ZO�s�⇥◆ÿ‘⇥◆. s�ç✏Hî�⌅/BN

Óflñ_�/BNÁflñs�ÿ⇧ÊÏ⌧r�◆t� ∑̇ßl�M:Î⌫H\Å�◆¿”~Ω”Üæ”_�F�g$3⌥ƒª\⌥¶ 90ï∏6f#Q"fF�gÑ⇡⌅

�◆7£xC⌫õ'aı�É⇢⌅��⌃Ù«⇥◆.

3.2.1 Plastic Scintillator of IB

IB\⌥¶]jÅåï�◆l�0AK⌫⌃◆6†xÙ«$3⌥F�gâ̂_�flºl�ç✏HÄçï 2700⇥160⇥5mm3s�⇥◆.

Beam~Ω”Üæ”‹ºñ–U⇥¥ì¶,ø∫aç�◆B⌫ƒ∫ ∑̊™⌥◆"f◊⇧Êß4⇤\Å_�Ù«+̨Aâ̂_�Å�⌅+̨As�{9⌃#Q±̇ò

√∫eî✓l�M:Î⌫H\Å�◆â̂¡∫>⇡\⌥¶t�◊üùΩ+…√∫eî✓ï∏2ü§e�¶o�€ºw�E$ô(polystyrene)ı�Bj

↵◆⌥◆flºwn=(meta-acrylate)⌥̀¶Ω+À$Ì⌦Ù« MS resign(80% polystyrene + 20% meta-

acrylate)⌥̀¶≈“Øπ ”̧t|9⌃ñ–⌃◆6†x�◆%i✓⇥◆. s��QÙ«Dhñ–Ó⌧rΩ+À$Ì⌦ZO�‹ºñ–Îflñ[̨t#Qî�⌅
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Figure 3.2: Front View of Inner Barrel

Figure 3.3: Side View of Inner Barrel

$3⌥F�gâ̂ç✏Hl�î>r$3⌥F�gâ̂ò–⇥◆ 2C⌫_�y©úï∏\⌥¶�◆î�⌅⇥◆. �◆t�Îflñ$3⌥F�gâ̂_�$3⌥F�g\Å

@/Ù«yåôZ̊U⇥¥s��◆ 8C⌫&Ò⌦ï∏ ¬̇™⌥◆&í✓l�M:Î⌫H\Å(Äçï 45cm)$3⌥F�gs�Ñ⇡⌅�◆�◆ç✏HB⌫

|9⌃_�yåôZ̊U⇥¥s�\⌥¶ Z̨to�l�0A�◆#åF�g$3⌥ƒª\⌥¶⌃◆6†xÙ«⇥◆.
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3.2.2 Wavelength Shifting Fiber of IB

IB_� $3⌥F�gâ̂ç✏H l�î>r $3⌥F�gâ̂_� yåôZ̊U⇥¥s�(300cm) q�K⌫"f ynC_� yåôZ̊U⇥¥

s�(45cm)�◆ B⌫ƒ∫ ¬̇™l�M:Î⌫H\Å, �◆Å©ús�1lx F�g$3⌥ƒª\⌥¶ $3⌥F�gâ̂_� <↵Ã\Å ¬“Ç√Ã�◆

#å, ynCs�$3⌥F�gâ̂\Å"fyåôZ̊&̃t� ∑̇ßì¶�◆Å©ús�1lxF�g$3⌥ƒª\⌥¶:üxK⌫s�1lx�◆>⇡Ù«

⇥◆. ⌃◆6†xÙ«�◆Å©ús�1lxF�g$3⌥ƒªç✏H Saint Gobain⌃◆_�ó∏4Sq"Ó⌦, BCF-92ñ–yåôZ̊U⇥¥

s��◆Äçï 5ms�⇥◆. ⌃◆6†xÙ«�◆Å©ús�1lxF�g$3⌥ƒª_�ó∏Ä™úì…r&Ò⌦⌃◆yåï+̨Aó∏Ä™ús� 9Ù«

Å�⌅_� U⇥¥s��◆ 1.5mms�⇥◆. IB\Å"f ⌃◆6†xÙ« �◆Å©ús�1lx F�g$3⌥ƒªç✏H Ù«Å�⌅_� 9̨tA⌫

Á̀⌦(Single Cladding)s�%Éo�&̃#Qeî✓⇥◆. �◆Å©ús�1lxF�g$3⌥ƒªç✏H,$3⌥F�gâ̂\Å"f�◆ö∏

ç✏H$3⌥F�g⌥̀¶f✏®√∫�◆#å,�8 ±̇ùì…r\Å�-t�_�$3⌥F�g⌥̀¶~Ω”ÿ⇧¶Ù«⇥◆. s��QÙ«$Ì⌦|9⌃⌥̀¶s�

6†x�◆#å$3⌥F�g_��◆Å©ú⌥̀¶⇧◆‹„J√∫eî✓⇥◆. �◆Å©ús�1lxF�g$3⌥ƒª\⌥¶s�6†x�◆#å$3⌥F�g⌥̀¶

ó∏‹ºç✏Hı�&Ò⌦\Å"fs�F�g|æ”\Ål�#å�◆ç✏HØπì�⌅ì…rF�g$3⌥ƒª_�yåôZ̊U⇥¥s�<̧F�g$3⌥ƒª

_��◆¥nu¥Ú÷⌃¶(Trapping Efficiency)s�⇥◆. yåôZ̊U⇥¥s�\Å✏◆è…rF�g|æ”_�yåôôËç✏H⇥◆

6£ßı� ∞̇†s�≈“#Qî�⌅⇥◆.

LY = LY0e�z/Lat t (3.1)

#ål�"f, LYç✏HF�g|æ”(Light Yeild)⌥̀¶_�p��◆ì¶, LY0ç✏H%É6£ß\Å“qt$Ì⌦ù)aF�g|æ”s� 9,

zç✏H$3⌥F�gs�s�1lxÙ«⌧�o�s� 9, Lat tç✏HF�g$3⌥ƒª_�yåôZ̊U⇥¥s�ì¶, s�yåôZ̊U⇥¥s�ç✏H

$3⌥F�gs��◆t�ì¶eî✓ç✏H�◆Å©ú(�)_�Ü< √∫s�⇥◆.

Lat t = Lat t(�) (3.2)

F�g$3⌥ƒª�◆$3⌥F�g⌥̀¶�◆ø∫ç✏H¥Úı�ç✏HF�g$3⌥ƒª?/¬“\Å"f_�Ñ⇡⌅Ï̄Õ⌃◆\⌥¶:üxK⌫"fs�¿“

#Qî�⌅⇥◆. $3⌥F�gs��◆Å©ús�1lxF�g$3⌥ƒªÓflñ\Å"f1px~Ω”&h⇤(Istropic)‹ºñ–F⌫“qt$Ì⌦ &̃%3✓

⌥̀¶M:,F�g$3⌥ƒª_��◆¥nu¥Úı�ç✏HÄçï 8%s�⇥◆.
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Figure 3.4: Emission And Absorption Spectrum of BCF-92 along wavelength.

Figure 3.5: Picture of scintillator and wavelength shifting fiber.

3.2.3 PMTs of IB

�◆Å©ús�1lxF�g$3⌥ƒª\⌥¶s�6†x�◆#åó∏ì…r$3⌥F�g⌥̀¶8£§&Ò⌦�◆l�0A�◆#åF�gÑ⇡⌅�◆7£x

C⌫õ'a(PhotoMultiplier Tube)\⌥¶⌃◆6†xÙ«⇥◆. F�gÑ⇡⌅�◆7£xC⌫õ'aì…rF�g6£ß�FG‹ºñ– [̨t#Q

ö∏ç✏HF�g�◆\⌥¶s�6†x�◆#åF�gÑ⇡⌅¥Úı�(Photoelectric effect)\⌥¶ƒªµ1œ�◆#åF�gÑ⇡⌅�◆\⌥¶
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Îflñ[̨t#Q⇥∑p⇥◆. s�M:F�gÑ⇡⌅�◆�◆Îflñ[̨t#Qî�⌅SXâ“⌃¶⌥̀¶Ä™ú�◆¥Ú÷⌃¶(Quantum Efficiency,

QE)⇤◆�◆ 9,⇥◆6£ßı� ∞̇†s�&Ò⌦_�ù)a⇥◆.

QE(�) =
Number of photoelectron

Number of incident photon

Ä™ú�◆¥Ú÷⌃¶ì…r $3⌥F�g_� �◆Å©ú\Å @/Ù« Ü< √∫s�l� M:Î⌫H\Å, �◆Å©ús�1lx F�g$3⌥ƒª\Å"f

~Ω”ÿ⇧¶&̃ç✏H $3⌥F�g\Å ∑̇ò¥̇ùç✏H F�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶ ⌃◆6†x�◆ç✏H�Ø s� ◊⇧ÊØπ�◆⇥◆. IBç✏H

Ä™ú =ÂQ\Å"f í�⌅†Ò\⌥¶ {9�ç✏HX<, s�\⌥¶ �©ú¿”<̧ �◆¿”ñ– Ω®Ï⌧rÙ«⇥◆. �©ú¿”\Å"f ⌃◆6†x

�◆ç✏H F�gÑ⇡⌅�◆7£xC⌫õ'aì…r R329EGPs� 9, �◆¿”\Å"f ⌃◆6†x�◆ç✏H F�gÑ⇡⌅�◆7£xC⌫õ'aì…r

R7724s�⇥◆. R329EGPç✏Hl�î>r_� R329F�gÑ⇡⌅�◆7£xC⌫õ'a\Å"f,F�g6£ß�FG¬“Ï⌧r⌥̀¶úÌ

2ü§ynC\Å�8ê�⌅yåôÙ« ”̧t|9⌃ñ–⇧◆ı✓H�Ø s�⇥◆.(Extended Green Photocatthod)¢∏Ù«

R329EGP_�F�g6£ß�FGì…r·‘o�7£ß +̨AI⌫ñ– æ̇£#åeî✓l�M:Î⌫H\Å,{9�⌃◆�◆ç✏HynC_�s�1lx

�‚⌦ñ–�◆U⇥¥#Qî�⌅⇥◆. ynC_�s�1lx�‚⌦ñ–�◆U⇥¥#Qt�Ÿºñ–,F�gÑ⇡⌅¥Úı��◆{9⌃#Q±̇ò�◆0px$Ì⌦

s�Z⇢}⌥◆î�⌅⇥◆. F�gÑ⇡⌅¥Úı�\Å_�K⌫“qt$Ì⌦ù)aF�gÑ⇡⌅�◆ç✏H,F�gÑ⇡⌅�◆7£xC⌫õ'a?/¬“\ÅC⌫

u�ù)a⇥◆s�î∏◊º\⌥¶⌧�u�Ä�⌅"f7£x;ü§ù)a⇥◆. R329EGP_��‚⌦ƒ∫ 12>h_�⇥◆s�î∏◊ºñ–

Ω®$Ì⌦&̃ì¶, R7724_��‚⌦ƒ∫ 10>h_�⇥◆s�î∏◊ºñ–Ω®$Ì⌦ù)a⇥◆.

3.2.4 Inner Barrel Inside Malin Barrel

32>h_�¢-a$Ì⌦ù)a IBç✏Ht�t�@/\Åì¶&Ò⌦&̃#Q"È∂:üx+̨A⌥̀¶s�¿“>⇡ù)a⇥◆. "È∂:üx_�

⇧◆æ̇†A·§ Ï̄Õt�2£ßì…r 1018mms�ì¶,ÓflñA·§ Ï̄Õt�2£ßì…r 840mms�⇥◆. Inner Barrelì…r

l�î>r_� Main Barrel_�ÓflñA·§\Å0Au�Ù«⇥◆. Main Barrelı� Inner Barrel_�◊⇧Êdî⌥

0Au�_� ◆s�ç✏H 227.5mmñ–, Inner Barrels��8�◆¿”\Å0Au�Ù«⇥◆.

Main Barreló∏—̋t⌃◆s�_�:£ßı�, Inner Barreló∏—̋t⌃◆s�_�:£ß⌥̀¶"fñ–Bj7⌦≈“

l�0A�◆#å, Inner Barreló∏—̋t_�~Ω”0Ayåï_�◊⇧Êdî⌥⌥̀¶ Main Barreló∏—̋t_�~Ω”0Ayåï

_�◊⇧Êdî⌥⌥̀¶ìß ◆Ù«⇥◆.
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(a) (b)

Figure 3.6: (a) : QE of R329, (b) : QE of R7724.

Figure 3.7: Inner Barrel inside KOTO (side view).

c�2018 J-PARC E14 Collaboration



3.2 Composition of IB 33

Figure 3.8: Inner Barrel inside KOTO from downstream(front view).
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Chapter 4

Cosmic-Ray Test

4.1 Advantage of Test With Cosmic Ray

ƒ∫≈“Ç�⌅ì…rI⌫Ä™ú>⇢µ1⁄\Å"f¬“'�t�Ω®ñ–Üæ”�◆ç✏HZ⇢}ì…r\Å�-t�\⌥¶�◆î�⌅{9��◆

[̨t_�⇥◆µ1œs�⇥◆. 1 ◆ƒ∫≈“Ç�⌅ì…r@/l�<̧ Ï̄Õ6£x�◆#å#å�Q>h_� 2 ◆ƒ∫≈“Ç�⌅⌥̀¶Îflñ

[̨t#Q⇥∑p⇥◆. “qt$Ì⌦ù)a 2 ◆ƒ∫≈“Ç�⌅◊⇧Ê¡ªì:r{9��◆�◆≈“ñ–t�Ω®_�t�≥Ä�⌅\Åï∏≤̇òÙ«

⇥◆. s��QÙ« 2 ◆ƒ∫≈“Ç�⌅ì…r√∫ GeV_�\Å�-t�\⌥¶�◆t�l�M:Î⌫H\Å GeV√∫Ô⌧r_��◆

Ñ⇡⌅{9��◆\⌥¶ÁflñÈflñ�◆>⇡⌃◆6†x�◆ç✏H~Ω”ZO�◊⇧Ê�◆�◆s�⇥◆. Z⇢}ì…r\Å�-t�\⌥¶�◆î�⌅{9��◆

ç✏HÈflñ0AU⇥¥s�{©úB⌫|9⌃\Å"f⌧�_�{9⌃&Ò⌦Ù«flºl�_��©ú†ÒÅåï6†x⌥̀¶{9⌃‹ºÜ�⌅⇥◆. s��Q

Ù«{9��◆\⌥¶ j̨ôËs�ì:r⇥o{9��◆(Minimum Ionizing Particle, MIP)⇤◆ì¶Ù«⇥◆. �é⌥

ÿ⇧¶l�Óflñ\Å"f{9⌃&Ò⌦Ù«flºl�_��©ú†ÒÅåï6†xs�{9⌃#Q�◆l�M:Î⌫H\Åyåï�é⌥ÿ⇧¶l�_�l�Ô⌧r

í�⌅†Òñ–⌃◆6†xΩ+…√∫eî✓⇥◆.
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4.2 Data Acqusition Setup

IBñ– {9�⌃◆�◆ç✏H ƒ∫≈“Ç�⌅⌥̀¶ ‡‘o�⌧��◆l� 0AK⌫"f, MB\⌥¶ ‡‘o�⌧� �é⌥ÿ⇧¶l�ñ–

+ã s�6†xÙ«⇥◆. ‡‘o�⌧�\⌥¶ Îflñ[̨tl� 0AK⌫"f MB �é⌥ÿ⇧¶l�_� ó∏é✏H G⌫V,⌃_� í�⌅†Ò_�

Ω+À⌥̀¶ SXâì�⌅Ù«⇥◆. s� M:, í�⌅†Ò_� Ω+Às� :£§&Ò⌦ Î⌫H)3⇤ ∞̇Ø(2500 ADC)ò–⇥◆ flº⇥◆Ä�⌅,

512 ns r�Áflñ1lxÓflñ ‡‘o�⌧�\⌥¶ \P⌃#Q"f, yåï �é⌥ÿ⇧¶l�\Å"f �◆ö∏ç✏H í�⌅†Ò[̨t⌥̀¶ Flash

ADC(Analog-Digital Converter)\⌥¶s�6†x�◆#å$�Å©úÙ«⇥◆. MB_��‚⌦ƒ∫ 125 MHz

Flash ADC\⌥¶⌃◆6†x�◆ì¶, IB_��‚⌦ƒ∫ 500 MHz FADC\⌥¶⌃◆6†xÙ«⇥◆.

Figure 4.1: Trigger Setup for Cosmic-ray data taking

4.3 Analysis of Cosmic-Ray Test

4.3.1 Pulse Shape Analysis

Flash ADC\⌥¶s�6†x�◆#år�Áflñ\Å✏◆è…r�◆+̨A_�[jl�\⌥¶$�Å©úÙ«⇥◆. F�gÑ⇡⌅�◆7£x

C⌫õ'a_�{9�ß4⇤í�⌅†Òç✏H�é⌥ÿ⇧¶l�\Å"fƒ∫≈“Ç�⌅s�Îflñ◊ºç✏H$3⌥F�gs�Ÿºñ–ƒ∫≈“Ç�⌅s�Îflñ

◊ºç✏H$3⌥F�g_�Ã⌫ √∫�◆�◆+̨A_�flºl�\⌥¶��⌃&Ò⌦Ù«⇥◆.
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36 Chapter 4. Cosmic-Ray Test

Number o f PhotoElec t ron/ Pulse Height/ Pulse Area

�◆+̨A_�Ï⌧r$3⇤⌥̀¶√∫'üù�◆#åí�⌅†Ò_�r�Áflñı�\Å�-t�\⌥¶&Ò⌦_�Ω+…√∫eî✓⇥◆. �◆+̨A_�

Ï⌧r$3⇤_�Èflñ>⇢ç✏H,

1) Ö̀X<€ºª1œ(Pedestal, Ppulse)_�&Ò⌦_�

2) j̨@/∞̇Ø(Pulse Height, Hpulse)_�&Ò⌦_�

3)r�Áflñ(Pulse Time, Tpulse)_�&Ò⌦_�

4)V,⇠s�(Pulse Area, Ipulse)_�&Ò⌦_�

ñ–s�¿“#Qî�⌅⇥◆. Ö̀X<€ºª1œì…r�é⌥ÿ⇧¶l�\Åí�⌅†Ò�◆\O�⌥̀¶M: Flash ADC_�Ñ⇡⌅∑̇öı�

]X�t�Ñ⇡⌅∑̇ö_�  ◆s�\⌥¶ _�p�Ù«⇥◆. í�⌅†Ò�◆ Îflñ[̨t#Q?/ç✏H Ñ⇡⌅¿”�◆ \O�‹ºŸºñ– ]X�t�

Ñ⇡⌅∑̇öı�_� Ñ⇡⌅0A ◆�◆ Å�⌅�◆t� ∑̇ß⌥◆"f r�Áflñ\Å ✏◆è…r í�⌅†Ò_� flºl�ç✏H {9⌃&Ò⌦�◆⇥◆.

Flash ADCX<s�'�√∫|9�®8ä�‚⌦\Å"fç✏Hr�Áflñ\Å✏◆è…r�◆+̨A_�[jl�\⌥¶$�Å©ú�◆Ÿºñ–

Ö̀X<€ºª1œ⌥̀¶B⌫‡‘o�⌧�⌅◆⇥◆&Ò⌦_�Ù«⇥◆. Ö̀X<€ºª1œ⌥̀¶&Ò⌦_��◆l�0A�◆#å,í�⌅†Ò_�

�◆Å©úZ⇢}ì…r¬“Ï⌧r⌥̀¶‡‘o�⌧�;ü§_�◊⇧Êdî⌥‹ºñ–t�É⇢⌅Ù«⇥◆. t�É⇢⌅Ù«í�⌅†Ò\⌥¶√∫|9��◆%i✓

‹ºŸºñ–, ∑̇°¬“Ï⌧r\Åç✏Hí�⌅†Ò�◆î>rF⌫�◆t� ∑̇ß⌥̀¶�Ø s�⇤◆ì¶�◆&Ò⌦Ù«⇥◆. í�⌅†Ò_� ∑̇°¬“

Ï⌧r⌥̀¶s�6†x�◆#å Ö̀X<€ºª1œ(Ppulse)⌥̀¶⇥◆6£ßı� ∞̇†s�&Ò⌦_�Ù«⇥◆.

Ppulse =
i=kX

i=0

Ci (4.1)

Ciç✏Hr�Áflñ i\Å"f_� Flash ADC_� ADCG⌫V,⌃√∫s�⇥◆. kç✏H�é⌥ÿ⇧¶l�ñ–¬“'�_�Ñ⇡⌅

¿”�◆î>rF⌫�◆t� ∑̇ßç✏H¬“Ï⌧r⌥̀¶≥â&≥Ù«⇥◆. F�gÑ⇡⌅�◆7£xC⌫õ'a\Å"fí�⌅†Ò�◆µ1œ“qt�◆Ä�⌅

Flash ADC_�Ñ⇡⌅∑̇öı�]X�t�Ñ⇡⌅∑̇ö_� ◆s��◆Å�⌅⇥oÙ«⇥◆. Ñ⇡⌅0A ◆_�Å�⌅⇥o|æ”◊⇧Ê,�◆

Å©ú ✏H ∞̇Ø⌥̀¶í�⌅†Ò_� j̨@/∞̇Ø(Hpluse)‹ºñ–&Ò⌦_�Ù«⇥◆. �◆+̨A_�r�Áflñì…r "�◆+̨A_�flº

l��◆Î⌫H)3⇤ ∞̇Ø⌥̀¶�≈⌥⌥̀¶M:"ñ–&Ò⌦_�Ù«⇥◆. Î⌫H)3⇤∞̇Øì…r�◆+̨A_� j̨@/∞̇Øı�q�YV�◆ç✏H

∞̇Ø‹ºñ–&Ò⌦_�Ù«⇥◆. �◆+̨A_� j̨@/∞̇Ø\Åq�YV�◆ç✏HÎ⌫H)3⇤∞̇Ø⌥̀¶&Ò⌦_��◆#år�Áflñ��⌃&Ò⌦

_�flºl�_�î>r¥Úı�(Timewalk)\⌥¶~Ω”t�Ω+…√∫eî✓⇥◆. Î⌫H)3⇤∞̇Ø(HTresh)ı��◆+̨A_�r�
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4.3 Analysis of Cosmic-Ray Test 37

Áflñ(Tpulse)ç✏H⇥◆6£ßı� ∞̇†s�&Ò⌦_�Ù«⇥◆.

HTresh =
1
F
⇥ Hpulse (4.2)

Tpulse =
HTresh � Ci

Ci+1 � Ci
+ i (4.3)

F(> 1)ç✏HÎ⌫H)3⇤∞̇Ø⌥̀¶&Ò⌦K⌫≈“ç✏Hq�YV�©ú√∫s�⇥◆. 125MHz FADC(MB)_��‚⌦ƒ∫r�

Áflñ_�Èflñ0Aç✏H 8 ns, 500MHz FADC(IB)_��‚⌦ƒ∫r�Áflñ_�Èflñ0Aç✏H 2 nss�⇥◆. E14

z⇥¥+́>_��‚⌦ƒ∫ F\⌥¶ 2ñ–&Ò⌦_�Ù«⇥◆. Ù«º#⌅,�◆+̨A_�V,⇠s�(Ipulse)ç✏H Ö̀X<€ºª1œ⌥̀¶s�

6†x�◆#å⇥◆6£ßı� ∞̇†s�&Ò⌦_�Ù«⇥◆.

Ipulse =
i=nX

i=0

(Ci � Ppulse) (4.4)

E14 z⇥¥+́>\Å"fç✏H 512 ns ;ü§_� ‡‘o�⌧�í�⌅†Ò\⌥¶ ⌃◆6†x�◆ì¶ eî✓#Q"f, 125MHz

FADC_��‚⌦ƒ∫ n∞̇Øì…r 64s�ì¶, 500MHz FADC_��‚⌦ƒ∫ n∞̇Øì…r 256s�⇥◆.

Figure 4.2: Pulse Shape and Variables, Constant Fraction =
1
2
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38 Chapter 4. Cosmic-Ray Test

4.3.2 Selection of Pulse of Cosmic-Ray Data

Ï⌧r$3⇤_� X<s�'� Ç�⌅◊̨òõ∏| ⌅‹ºñ– �◆ +̨A_� V,⇠s�(Ipulse)<̧ �◆ +̨A_� j̨@/

&h⌥(Hpluse)_� q�\⌥¶ ⌃◆6†x�◆%i✓⇥◆. �é⌥ÿ⇧¶Ù« í�⌅†Òç✏H $3⌥F�gâ̂\Å"f �◆ì:r $3⌥F�gs�

Ÿºñ–$3⌥F�g[̨ts�µ1œ“qt�◆ç✏Hr�Áflñ_�Ω®õ∏ç✏Hó∏ø∫ ∞̇†l�M:Î⌫H\Å�◆+̨A_�ó∏Ä™ú⌥̀¶ Û̄Õ

Èflñ�◆ç✏H~Ω”ZO�‹ºñ–�◆+̨A_�V,⇠s�<̧�◆+̨A_�=⇣G@/l�_�q�\⌥¶SXâì�⌅�◆%i✓⇥◆.

Figure 4.3: Selection of Pulses

4.3.3 Selection of Track of Cosmic-Ray Data

�é⌥ÿ⇧¶l�í�⌅†Ò_�flºl�ç✏Hƒ∫≈“Ç�⌅s�B⌫|9⌃\Å"fs�1lxÙ«⌧�o�\Åq�YV�◆l�M:

Î⌫H\Å, ƒ∫≈“Ç�⌅‹ºñ–¬“'� {9⌃&Ò⌦Ù« í�⌅†Ò_� flºl�\⌥¶ %3⇧l� 0AK⌫"f �é⌥ÿ⇧¶l� Óflñ\Å"f

j̨ôË_�s�1lx⌧�o�ñ–π°ßfî⇤ì�⌅ƒ∫≈“Ç�⌅⌥̀¶Ç�⌅◊̨òÙ«⇥◆. ƒ∫≈“Ç�⌅s��é⌥ÿ⇧¶l�Óflñ\Å"fs�

1lx�◆ç✏H⌧�o�ç✏H 2�◆t�~Ω”Üæ”‹ºñ–U⇥¥#Q|9⌃√∫eî✓⇥◆. cî⌥~Ω”Üæ”‹ºñ–_�U⇥¥s�<̧cî⌥

ı�√∫fî⇤Ù«~Ω”Üæ”‹ºñ–_�U⇥¥s�s�⇥◆. cî⌥ı�√∫fî⇤Ù«~Ω”Üæ”‹ºñ–_�l�÷⇧¶#Qfî⌥_�&Ò⌦
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4.3 Analysis of Cosmic-Ray Test 39

ï∏\⌥¶ Ç�⌅◊̨ò�◆l� 0A�◆#å ƒ∫≈“Ç�⌅_� {9�⌃◆0Au�\⌥¶ s�6†xÙ«⇥◆. {9�⌃◆0Au�_�  ◆s�

�◆ 200mmò–⇥◆ Ååï⌥̀¶�Ø ⌥̀¶ ØπΩ®Ù«⇥◆. cî⌥ı� √∫fî⇤Ù« ~Ω”Üæ”‹ºñ–_� l�÷⇧¶#Qfî⌥_�

&Ò⌦ï∏\⌥¶Ç�⌅◊̨ò�◆l�0A�◆#åyåïó∏—̋t_�0Au�\⌥¶s�6†xÙ«⇥◆. ó∏—̋t0Au�_� ◆s�ç✏H

|M1 �M0 � 16|< 2#å⌥Ü< ⌥̀¶ØπΩ®Ù«⇥◆.(Miç✏H Module i_� ID)

(a) (b)

Figure 4.4: (a) Selection of Comic ray track along Module ID , (b) Selection of

Cosmic ray track along Hit position

4.3.4 Correction of Hit Position From Cosmic-Rays

ƒ∫≈“Ç�⌅ı� IB_� Ï̄Õ6£x‹ºñ–$3⌥F�gs�“qt$Ì⌦ù)a⇥◆. $3⌥F�gì…r$3⌥F�gâ̂ñ–¬“'��◆Å©ú

s�1lxF�g$3⌥ƒª\⌥¶:üx�◆#åF�gÑ⇡⌅�◆7£xC⌫õ'a‹ºñ–Ñ⇡⌅�◆Ù«⇥◆. �◆+̨A_�Ï⌧r$3⇤⌥̀¶s�6†x�◆

#å>⇢ÌflñÙ«r�Áflñì…r{9��◆�◆{9�⌃◆Ù«r�Áflñ¥Úı�<̧{9��◆�◆Ñ⇡⌅�◆Ù«r�Áflñ¥Úı�\⌥¶ó∏

ø∫�◆î�⌅⇥◆. IB�◆Ä™úA·§=ÂQ_�F�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶s�6†x�◆#åí�⌅†Ò\⌥¶{9�#Q{9�⌃◆_�
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40 Chapter 4. Cosmic-Ray Test

{9�⌃◆0Au�\⌥¶F⌫Ω®$Ì⌦Ω+…√∫eî✓⇥◆.

TU pMeas = Tincidence + Tprop to up +OU p (4.5)

TDownMeas = Tincidence + Tprop to down +ODown (4.6)

Tprop to up =
Z

Vprop
(4.7)

Tprop to down =
L � Z
Vprop

(4.8)

TU pMeas � TDownMeas = 2
Z

Vprop
+OU p �ODown (4.9)

#ål�\Å"f, TU pMeasç✏H�©ú¿”A·§F�gÑ⇡⌅�◆7£xC⌫õ'a_�í�⌅†Ò\⌥¶Ï⌧r$3⇤K⌫"f%3⇧ì…rr�Áflñ,

TDownMeasç✏H �◆¿” A·§ F�gÑ⇡⌅�◆7£xC⌫õ'a_� r�Áflñ, Tincidenceç✏H z⇥¥]j {9��◆_� �é⌥ÿ⇧¶l�

ñ–_�{9�⌃◆r�Áflñ, Tpropç✏H{9��◆<̧_� Ï̄Õ6£x‹ºñ–“qt|�⌅$3⌥F�g_�F�gÑ⇡⌅�◆7£xC⌫õ'a�◆t�

_�î�⌅'üùr�Áflñ, Vpropç✏H$3⌥F�g_�î�⌅'üù5≈qß4⇤, Zç✏H{9��◆_�{9�⌃◆0Au�, Oç✏HyåïF�gÑ⇡⌅

�◆7£xC⌫õ'a_�%Ú⌦&h⌥r�Áflñ, Lç✏H IB(MB)_�U⇥¥s�s�⇥◆. yåï IB_�F�gÑ⇡⌅�◆7£xC⌫õ'aı�É⇢⌅

��⌃ù)aH⇡s�⌥̂¶_�U⇥¥s��◆ Flash ADC\Å"f_�í�⌅†Ò_�t�É⇢⌅s�Ñ⇡⌅¬“⇥◆ÿ‘l�M:Î⌫H\Å

yåïG⌫V,⌃_�r�Áflñ_�%Ú⌦&h⌥s�"fñ–{9⌃u��◆t� ∑̇ßç✏H⇥◆. ’™�QŸºñ– IB_�◊⇧Êdî⌥⌥̀¶t�

�◆ç✏Hƒ∫≈“Ç�⌅_�í�⌅†Ò\Å@/Ù«Ä™úA·§\Å"f8£§&Ò⌦Ù«r�Áflñ_� ◆s�ç✏H 0s�⌥◆u⇥¥√∫eî✓

⇥◆. ’™XO⇣l�M:Î⌫H\ÅÄ™úA·§\Å"f8£§&Ò⌦Ù«r�Áflñ_� ◆s�\⌥¶ 0‹ºñ–Îflñ[̨t#Q≈“ç✏Hò–&Ò⌦

s�Ä9⌃Øπ�◆⇥◆. s�\⌥¶ó∏—̋t?/¬“_�ò–&Ò⌦s�⇤◆ì¶Ù«⇥◆. ó∏—̋t?/¬“_�ò–&Ò⌦⌥̀¶0A�◆

#åÄ™úA·§\Å"f8£§&Ò⌦Ù«r�Áflñ_� ◆s�_�Ï⌧rüÌ\⌥¶SXâì�⌅Ù«⇥◆. s�Ï⌧rüÌç✏Hƒ∫≈“Ç�⌅{9�

�◆_�{9�⌃◆0Au�\Å@/Ù«Ï⌧rüÌs�ì¶ƒ∫≈“Ç�⌅{9��◆_�Ï⌧rüÌç✏H IB_�0Au�<̧õ'a>⇢\O�

s�{9⌃&Ò⌦K⌫⌥Ù«⇥◆. s�Ï⌧rüÌ_�Ä™ú=ÂQ⌥̀¶�‚⌦+́>&h⇤>⇢ÈflñÜ< √∫ñ–�H⌃◆(Fitting)Ù«⇥◆.

F(x) = p0ex p

ñ
�
✓

min(x , p1)� p1p
2p2

◆2ô
(4.10)

F(x) = p0ex p

ñ
�
✓

max(x , p1)� p1p
2p2

◆2ô
(4.11)

#ål�\Å"f, p0ç✏H Ï⌧rüÌ_� flºl�, p1ì…r >⇢Èflñ_� 0Au�, p2ç✏H >⇢Èflñ_� l�÷⇧¶l�\⌥¶ �◆

↵◆⇥∑p⇥◆. �H⌃◆\⌥¶ √∫'üù�◆#å �‚⌦>⇢∞̇Ø(bu, bd)⌥̀¶ ��⌃&Ò⌦Ω+… √∫ eî✓⇥◆. ��⌃&Ò⌦ù)a �©ú√∫
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4.3 Analysis of Cosmic-Ray Test 41

Figure 4.5: Result of Edge fitting

bu, bd\⌥¶s�6†x�◆#å?/¬“ò–&Ò⌦ù)ar�Áflñ TCorU p, TCorDown ⌥̀¶⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…

√∫eî✓⇥◆.

TCorU p = TU pMeas � (bu + bd)/4.0 (4.12)

TCorDown = TDownMeas + (bu + bd)/4.0 (4.13)

4.3.5 Correction of Hit Time From Cosmic-Ray Tracks

IB_�Ä™úA·§=ÂQ_�í�⌅†Ò\⌥¶s�6†x�◆#å{9��◆_�{9�⌃◆r�Áflñ⌥̀¶F⌫Ω®$Ì⌦Ω+…√∫eî✓⇥◆.

F⌫Ω®$Ì⌦&̃ç✏H{9�⌃◆r�Áflñì…r0A\Å"f√∫'üùÙ«ó∏—̋t?/¬“_�ò–&Ò⌦\Å%Ú⌦Üæ”⌥̀¶~√Œt�∑̇ß

ç✏H⇥◆. ’™�QŸºñ–,{9�⌃◆r�Áflñ_�%Ú⌦&h⌥¢∏Ù« ¥̇ù2X1>⌥Ù«⇥◆.

TU pMeas + TDownMeas = 2Tincidence + L/Vprop +OU p +ODown (4.14)
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42 Chapter 4. Cosmic-Ray Test

{9�⌃◆{9��◆�◆ IB_�#å�Qó∏—̋t⌥̀¶t��◆∞̇òM:,yåïó∏—̋tÁflñ_�{9�⌃◆r�Áflñ_� ◆s�ç✏H

{9��◆�◆s�1lx�◆ç✏HX<��⌃o�ç✏Hr�Áflñı�{9⌃u�K⌫⌥Ù«⇥◆.

ToFi j = T i
incidence � T j

incidence (4.15)

T i
incidence =

T i
U pMeas + T i

DownMeas

2
�Oi (4.16)

#ål�\Å"f, ToFi jç✏H {9��◆�◆ ó∏—̋t i\Å"f ó∏—̋t jñ– s�1lx�◆ç✏H X< ��⌃o�ç✏H r�Áflñ,

T i
incidenceç✏H {9��◆�◆ ó∏—̋t i\Å {9�⌃◆Ù« {9�⌃◆r�Áflñ, Oi = Oi

U p + Oi
Downç✏H i ó∏—̋t_�

%Ú⌦&h⌥s�⇥◆. ¢∏Ù«, L/Vpropç✏H�©ú√∫s�Ÿºñ–¡∫r�Ù«⇥◆.

(i, j)ä©ú⌥̀¶ s�6†x�◆Ä�⌅ ToFi j_� õ'a>⇢\⌥¶ 8̇x 64⇥63÷2=2016>h\⌥¶ %3⇧⌥̀¶ √∫ eî✓⇥◆.

�◆t�Îflñp�t�√∫ç✏H Oi 64>hs�Ÿºñ–,s�\⌥¶Ñ⇡⌅¬“ Ï̄Õ%Ú⌦�◆l�0AK⌫"f,⌦◆s�]jY�L�é⌥

&Ò⌦⌥̀¶⌃◆6†xÙ«⇥◆. ⌦◆s�]jY�L⌥̀¶:üxK⌫\V�©ú�◆ì¶�◆�◆ç✏H�Ø ì…r ToFi j +Oi �Oj s�Ÿº

ñ–⌦◆s�]jY�L⌥̀¶⇥◆6£ßı� ∞̇†s�&h⇤⌥̀¶√∫eî✓⇥◆.

�2 =
X

i 6= j

(Mi j � ToFi j �Oi +Oj)2

S2
i j

(4.17)

#ål�\Å"f, Mi j<̧ Si jç✏H T i
incidence � T j

incidence_�Ï⌧rüÌ\⌥¶�◆ƒ∫r�Óflñ(Gaussian)Ï⌧rüÌ

ñ–�H⌃◆�◆#å%3⇧ì…r®Ó⌦Á◆Hı�≥Ô⌧rº#⌅ ◆s�⇥◆. ⌦◆s�]jY�L�é⌥&Ò⌦⌥̀¶:üxK⌫yåïó∏—̋t_�

Oi⌥̀¶Ω®Ω+…√∫eî✓ì¶,0A_�ó∏—̋t?/¬“_�ò–&Ò⌦��⌃ı�<̧ Ü< aç IB_�yåïF�gÑ⇡⌅�◆7£xC⌫

õ'a⌅◆⇥◆_�r�Áflñò–&Ò⌦⌥̀¶Ω+…√∫eî✓⇥◆.

4.3.6 Attenuation Effect

IB?/¬“\Å"f “qt$Ì⌦ù)a $3⌥F�gs� �◆Å©ús�1lx F�g$3⌥ƒªÓflñ\Å"f Ñ⇡⌅�◆�◆ç✏H ï∏◊⇧Ê\Å

$3⌥F�g_�í<Hz⇥¥s�ƒªµ1œÙ«⇥◆. s�\⌥¶yåôZ̊¥Úı�(Attenuation Effect)⇤◆ì¶Ù«⇥◆. yåô

Z̊¥Úı�<̧µ1œ“qtS⇧è√∫ç✏H$3⌥F�g_�Ã⌫ √∫ı�q�YV�◆#å⇥◆6£ßı� ∞̇†s�“qtyåïΩ+…√∫eî✓⇥◆.

�dN
dX
/ N (4.18)

N = N0e�x/� (4.19)

c�2018 J-PARC E14 Collaboration
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Figure 4.6: Determination of Mi j and Si j

#ål�"f �ç✏HyåôZ̊¥Úı�_�flºl�\⌥¶�◆↵◆?/#QyåôZ̊U⇥¥s�(Attenuation Length)⇤◆

ì¶Ù«⇥◆. yåôZ̊U⇥¥s��◆U⇥¥Ä�⌅yåôZ̊¥Úı��◆ ∏̇ò{9⌃#Q�◆t� ∑̇ßì¶,yåôZ̊U⇥¥s��◆ ¬̇™‹º

Ä�⌅yåôZ̊¥Úı��◆ ∏̇ò{9⌃#QËflñ⇥◆. ¢∏Ù«yåôZ̊U⇥¥s�ç✏H$3⌥F�g_��◆Å©ú\Å✏◆⇤◆ ≤̇ò⇤◆î�⌅

⇥◆. yåôZ̊¥Úı�ç✏H$3⌥F�gs�s�1lx�◆ç✏H⌧�o�<̧õ'a>⇢�◆eî✓l�M:Î⌫H\År�Áflñ&Ò⌦ò–\⌥¶

s�6†x�◆#åí�⌅†Ò�◆µ1œ“qtÙ«t�&h⌥⌥̀¶F⌫Ω®$Ì⌦Ù«⇥◆. Í̄Õ⇥◆ƒ∫(Landau)�H⌃◆\⌥¶s�6†x

�◆#åyåï0Au�⌅◆⇥◆_� Ipulse_�Ï⌧rüÌ_�@/≥∞̇Ø⌥̀¶&Ò⌦Ù«⇥◆. Í̄Õ⇥◆ƒ∫Ï⌧rüÌç✏H�◆Ñ⇡⌅

{9��◆�◆B⌫|9⌃\Å"fSXâ“⌃¶&h⇤‹ºñ–{9⌧#Q!Qo�ç✏H\Å�-t�_�Ï⌧rüÌ\⌥¶ ∏̇ò\V8£§�◆ç✏H�Ø 

‹ºñ– ∑̇ò�94Reî✓⇥◆.

f (x) = p0ex p
ï
�1

2

ß
x � p1

p2
+ ex p

Å
� x � p1

p2

ã™ò
(4.20)

#ål�\Å"f p0ç✏H&Ò⌦Ω©⇥o�©ú√∫, p1ì…r j̨ë�⌅∞̇Ø, p2ì…rÏ⌧rÌflñ⌥̀¶_�p�Ù«⇥◆.

0Au�\Å✏◆è…r Ipluse \⌥¶⇥◆6£ßı� ∞̇†s��H⌃◆&h⇤‹ºñ–≥â&≥Ω+…√∫eî✓⇥◆.

N = N0ex p
Å
� z

p1 + zp2

ã
(4.21)

c�2018 J-PARC E14 Collaboration
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Figure 4.7: Distribution of IntegratedADC according to Hit position of particle

#ål�\Å"f, N0ç✏HúÌl�_�$3⌥F�g_�Ã⌫ √∫s�ì¶, p1ì…r≈“ØπyåôZ̊U⇥¥s�, p2ç✏H�◆Å©ú\Å

✏◆è…ryåôZ̊¥Úı�_�Å�⌅⇥o\⌥¶ì¶�9Ù«�©ú√∫s�⇥◆. “qt$Ì⌦ù)a$3⌥F�gì…r#å�Q#å�Q ∞̇Ø_�

�◆Å©ú⌥̀¶�◆t�Ÿºñ–�◆Å©ú⌅◆⇥◆_�yåôZ̊U⇥¥s��◆⇥◆ÿ‘l�M:Î⌫H\Å p2⌥̀¶�‚⌦+́>&h⇤‹ºñ–

ï∏{9��◆%i✓⇥◆.

4.4 Results

4.4.1 Propagation Velocity

ƒ∫≈“Ç�⌅s� IBñ– {9�⌃◆�◆ç✏H 0Au�_� Ï⌧rüÌ\⌥¶ s�6†x�◆#å $3⌥F�gs� IB?/¬“\Å"f

Ñ⇡⌅�◆�◆ç✏H5≈qï∏\⌥¶>⇢ÌflñΩ+…√∫eî✓⇥◆. ⇥◆6£ßdî⇤⌥̀¶ì¶�9�◆#å

|bd � bu|= 2
L

Vprop
(4.22)

c�2018 J-PARC E14 Collaboration
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Figure 4.8: Attenuation Effect Meani j and SDi j

ò–&Ò⌦ù)ar�Áflñı�,�é⌥ÿ⇧¶l�_�z⇥¥]jU⇥¥s�ñ–$3⌥F�g_� IBÓflñ\Å"f_�Ñ⇡⌅�◆5≈qß4⇤⌥̀¶>⇢Ìflñ

Ω+…√∫eî✓⇥◆. ynC_�B⌫|9⌃Óflñ\Å"f_�Ñ⇡⌅�◆5≈qß4⇤(v)ç✏H v =
c
n
ı� ∞̇†s�B⌫|9⌃_�œ„J]X⌃

“⌃¶(n)ı� õ'a>⇢�◆t�Îflñ, µ1œ“qtÙ« ó∏é✏H ynC_� î�⌅'üù~Ω”Üæ”s� F�gÑ⇡⌅�◆7£xC⌫õ'aı� √∫fî⇤

Ù«~Ω”Üæ”s�⌥◆m�Ÿºñ–,$3⌥F�g_�z⇥¥]js�1lx⌧�o��◆U⇥¥#Qt�Ÿºñ–8£§&Ò⌦&̃ç✏HÑ⇡⌅�◆5≈q

ß4⇤(186.7nm/ns) ì…r B⌫|9⌃\Å"f_� ynC_� 5≈qß4⇤(
300nm/ns

1.56
= 192.3nm/ns)ò–⇥◆

Ååï⇥◆.

c�2018 J-PARC E14 Collaboration
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Figure 4.9: Propagation Velocity along Module ID

4.4.2 Time Resolution

ƒ∫≈“Ç�⌅X<s�'�\⌥¶s�6†x�◆#å IB_�r�ÁflñÏ⌧rK⌫0px⌥̀¶®Ó⌦�◆Ω+…√∫eî✓⇥◆. ƒ∫≈“Ç�⌅

ì…rynC\Å�◆�◆Ó⌧r5≈qß4⇤⌥̀¶�◆t�Ÿºñ–ƒ∫≈“Ç�⌅�‚⌦ñ–Ç�⌅◊̨ò⌥̀¶�◆Ä�⌅�©ú†ÒÅåï6†x_�flºl�

ç✏HÁ◆H{9⌃�◆⇥◆ì¶Ω+…√∫eî✓⇥◆. {9⌃&Ò⌦Ù«flºl�_��©ú†ÒÅåï6†xì…r/BI{9⌃&Ò⌦Ù«Ã⌫ √∫_�$3⌥

F�g⌥̀¶_�p�Ù«⇥◆. r�ÁflñÏ⌧rK⌫0pxì…r$3⌥F�g_�Ã⌫ √∫\Å✏◆⇤◆"f ≤̇ò⇤◆t�Ÿºñ–r�€º%7õ�©ú

‹ºñ–�©ú†ÒÅåï6†x_�flºl��◆Å�⌅⇥o�◆t� ∑̇ß>⇡�◆ç✏H�Ø s�◊⇧ÊØπ�◆⇥◆. r�Áflñ⌥̀¶8£§&Ò⌦Ω+…

M:#Qã"⌅l�Ô⌧r&h⌥(‡‘o�⌧�r�Áflñ)s�r�Ååï&h⌥s� &̃#Qr�Ååï&h⌥‹ºñ–¬“'�_�r�Áflñ⌥̀¶

8£§&Ò⌦Ù«⇥◆. l�Ô⌧r&h⌥s�ô⇡•[̨to�>⇡ù)a⇥◆Ä�⌅8£§&Ò⌦Ù«r�Áflñs�l�Ô⌧r&h⌥_�ô⇡•[̨taÀ>¥Úı�

c�2018 J-PARC E14 Collaboration
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\⌥¶üÌÜ< Ù«⇥◆. l�Ô⌧r&h⌥_�ô⇡•[̨taÀ>¥Úı�\⌥¶\O�E⌫l�0A�◆#å,�é⌥ÿ⇧¶l�z�o�_�r�Áflñ

⌥̀¶NSÔ⌧r⇥◆.

T i
incidence = T i

Real Incidence + T0 (4.23)

T i
incidence � T j

incidence = T i
Real Incidence � T j

Real Incidence (4.24)

#ål�\Å"f T i
Real Incidenceç✏Hs��©ú&h⇤ì�⌅{9�⌃◆r�Áflñ, T0ç✏H‡‘o�⌧�í�⌅†Ò\Å_�K⌫&Ò⌦Ù«

%É6£ßr�Áflñs�⇥◆. Ä™úA·§ í�⌅†Ò_� T i
incidence\⌥¶ ó∏—̋tz�o� NS≈“#Q T0_� ¥Úı�\⌥¶ \O�

�±p⇥◆. ’™ ��⌃ı�ñ– T i
incidence_�  ◆s�ç✏H T i

Real Incidence_�  ◆s�<̧ ∞̇†⇥◆. {9��◆_� 5≈q

ß4⇤⌥̀¶ ynC_� 5≈qß4⇤‹ºñ– �◆&Ò⌦�◆Ä�⌅ T i
incidence  ◆s�ç✏H ÜΩ”�©ú ∞̇†ì…r r�Áflñ⌥̀¶ �◆↵◆?/

#Q⌥ Ù«⇥◆. yåï �é⌥ÿ⇧¶l�_� r�Áflñ Ï⌧rK⌫0pxs� eî✓‹ºŸºñ–, T i
incidence  ◆s�ç✏H �◆ƒ∫r�

Óflñ(Gaussian)Ï⌧rüÌ\⌥¶�◆↵◆?/ì¶,Ï⌧rüÌ_�≥Ô⌧rº#⌅ ◆\⌥¶⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫

eî✓⇥◆.

�Dist ribution =
q
�2

Detector1 +�
2
Detector2 (4.25)

#ål�"f �Detectoriç✏H�é⌥ÿ⇧¶l� i_�r�ÁflñÏ⌧rK⌫0pxs�⇥◆. KOTO_��é⌥ÿ⇧¶l�r�€º%7õ⌥̀¶

s�6†x�◆#å, MB_� 2>h_�8£xı� IB\⌥¶s�6†x�◆#å 3>h_��é⌥ÿ⇧¶l�Áflñ_�r�Áflñ_� ◆s�

_�Ï⌧rüÌ\⌥¶Îflñ[̨t√∫eî✓⇥◆. 3>h_�Ï⌧rüÌ\⌥¶s�6†x�◆#å, IB_�r�ÁflñÏ⌧rK⌫0px⌥̀¶⇥◆6£ß

ı� ∞̇†s�>⇢ÌflñΩ+…√∫eî✓⇥◆.

�IB =
«
�2

histOMB�IB
+�2

histI MB�IB
��2

histOMB�I MB
(4.26)

��2
IB =

3X

i=1

(
�histi

��histi

2�IB
)2 (4.27)

�detectorç✏H K⌫{©ú �é⌥ÿ⇧¶l�_� r�Áflñ Ï⌧rK⌫0pxs�⇥◆. yåï �é⌥ÿ⇧¶l�_� r�Áflñ Ï⌧rK⌫0pxì…r,

IB_��‚⌦ƒ∫ 219± 8 ps, OMB_��‚⌦ƒ∫ 308± 6 ps IMB_��‚⌦ƒ∫ 416± 4 pseî⌥⌥̀¶SXâ

ì�⌅�◆%i✓⇥◆. IBç✏H 25MeV_�\Å�-t�\⌥¶f✏®√∫�◆ì¶, OMBç✏H 30MeV_�\Å�-t�\⌥¶f✏®

√∫Ü< \Åï∏‘⇧¶Ω®�◆ì¶, IB�◆ OMB\Åq�K⌫�8⇣◆è…r‘⇧Êı�r�Áflñ⌥̀¶�◆t�ç✏H$3⌥F�gâ̂

\⌥¶⌃◆6†x�◆ì¶, OMBç✏H 125MHz Flash ADC\⌥¶⌃◆6†x�◆ç✏H Ï̄ÕÄ�⌅\Å, IBç✏H 500MHz

Flash ADC\⌥¶⌃◆6†x�◆l�M:Î⌫H\Å�8a%~ì…rr�ÁflñÏ⌧rK⌫0px⌥̀¶�◆î�⌅⇥◆.

c�2018 J-PARC E14 Collaboration
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(a) (b)

(c)

Figure 4.10: (a) Fitting result of Outer Main Barrel and Inner Barrel (b) Fitting

result of Outer Main Barrel and Inner Main Barrel (c) Fitting result of Inner

Main Barrel and Inner Barrel

Detector Wavelength Shifting Fiber Flash ADC

IB BCF-92 (2.7ns) 500MHz FADC

MB Y11 (12.5ns) 125MHz FADC

Table 4.1: Comparison between Main Barrel and Inner Barrel about composi-

tion

c�2018 J-PARC E14 Collaboration
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Figure 4.11: Feynman Diagram of KL ! 3⇡0

c�2018 J-PARC E14 Collaboration



Chapter 5

KL! 3⇡0 Reconstruction

5.1 Motivation

�é⌥ÿ⇧¶l�\Åí�⌅†Ò\⌥¶zåô|�⌅{9��◆�◆¡∫%¡ s�µ1fl)Ä?/ç✏H�Ø ⌥̀¶ Particle Identifica-

tions�⇤◆ì¶Ù«⇥◆. ë:rç7HÎ⌫H\Å"f]jr��◆ç✏H KL ! 3⇡0 F⌫Ω®$Ì⌦ì…r�é⌥ÿ⇧¶l�\Å{9�⌃◆

Ù«{9��◆�◆◊⇧Ê$Ì⌦H⇡s�ì:r_�F�g�◆ì�⌅t�⌥◆ç�⌅t�SXâì�⌅�◆ç✏H~Ω”ZO�s�⇥◆. F⌫Ω®$Ì⌦⌥̀¶

s�6†xÙ«�◆#åF�g�◆_�“qt$Ì⌦0Au�<̧Ó⌧r1lx|æ”⌥̀¶\V8£§�◆ì¶ MB(IB)\ÅÎflñé✏Hí�⌅†Ò\⌥¶

Ñ√–“êoΩ+…√∫eî✓⇥◆. 0.997&Ò⌦SXâï∏_�F�g�◆Ç�⌅◊̨ò⌥̀¶s�6†x�◆#å>⇢8£§l�_�r�ÁflñÏ⌧rK⌫

0pxı�≥ë:r+̨A \P⌃|æ”>⇢_�:£§$Ì⌦ì�⌅ Sampling Fraction⌥̀¶s�K⌫Ω+…√∫eî✓⇥◆.

5.2 Data sets

GEANT4 l�Ï̄Õ_� M.C.(Monte carlo)<̧ 2015, 2016 ’™o�ì¶ 2017∏�⌅ X<s�

'�\⌥¶s�6†x�◆#å KL ! 3⇡0 F⌫Ω®$Ì⌦⌥̀¶Ï⌧r$3⇤�◆%i✓⇥◆. F⌫Ω®$Ì⌦_�0pxß4⇤⌥̀¶®Ó⌦�◆�◆l�

0A�◆#å Ñ⇡⌅Ìflñπ̈⌃◆\⌥¶ s�6†xÙ« M.C. X<s�'�\⌥¶ “qt$Ì⌦�◆#å Ï⌧r$3⇤�◆%i✓⇥◆. M.C. X<

50
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s�'�_�“qt$Ì⌦ì…rflº>⇡ 4Èflñ>⇢ñ–�◆*'#Qî�⌅⇥◆. 'Õ Å�⌅P:Èflñ>⇢ç✏H GEANT4Ñ⇡⌅Ìflñπ̈

⌃◆s�⇥◆. s�Èflñ>⇢ç✏H{9��◆<̧B⌫|9⌃Áflñ_� Ï̄Õ6£x⌥̀¶>⇢Ìflñ�◆#ål�2ü§�◆ç✏HÈflñ>⇢s�⇥◆.

ø∫Å�⌅P:Èflñ>⇢ç✏H�◆+̨A Ñ⇡⌅Ìflñπ̈⌃◆s�⇥◆. �◆+̨A Ñ⇡⌅Ìflñπ̈⌃◆ç✏H GEANT4Ñ⇡⌅Ìflñπ̈⌃◆_�

��⌃ı�\Å"f %3⇧ì…r Ï̄Õ6£x &Ò⌦ò–\⌥¶ s�6†x�◆#å z⇥¥]j �é⌥ÿ⇧¶l�\Å"f %3⇧ç✏H í�⌅†Ò\⌥¶ F⌫â&≥

�◆ç✏H Èflñ>⇢s�⇥◆. [j Å�⌅P: Èflñ>⇢ç✏H Clusterings�⇥◆. Clusteringì…r CsI \P⌃|æ”>⇢_�

í�⌅†Ò\⌥¶s�6†x�◆#å CsI\P⌃|æ”>⇢ñ–{9�⌃◆Ù«F�g�◆\⌥¶F⌫Ω®$Ì⌦�◆ç✏HÈflñ>⇢s�⇥◆. W1Å�⌅

P:Èflñ>⇢ç✏H KL ! 3⇡0 F⌫Ω®$Ì⌦s�⇥◆. F⌫Ω®$Ì⌦ù)aF�g�◆<̧ MB_�í�⌅†Ò\⌥¶s�6†x�◆#å

KL ! 3⇡0 F⌫Ω®$Ì⌦⌥̀¶√∫'üùÙ«⇥◆. M.C.X<s�'�\⌥¶“qt$Ì⌦Ω+…M:◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Ê

Figure 5.1: Analysis flow for Monte Carlo

ı�ó∏◊º\⌥¶ø∫�◆t�õ∏| ⌅‹ºñ–î�⌅'üù�◆%i✓⇥◆. 'Õ Å�⌅P:õ∏| ⌅ì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Ê

ı�ó∏◊º\⌥¶F⌫â&≥Ù«~Ω”ZO�s�⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�ó∏◊º\⌥¶F⌫â&≥�◆#å,◊⇧Ê$Ì⌦H⇡

s�ì:r_� KL ! 3⇡0 ‘⇧Êı�ó∏◊ºs�@̧\Å⇥◆è…r‘⇧Êı�ó∏◊º�◆ KL ! 3⇡0 ñ–\O⌃⌅◆�◆ ∏̇ò

3lwF⌫Ω®$Ì⌦&̃ç✏Ht�SXâì�⌅�◆%i✓⇥◆. ø∫Å�⌅P:õ∏| ⌅ì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�ó∏◊º\⌥¶

KL ! 3⇡0 ñ–]jÙ«Ù«�‚⌦ƒ∫s�⇥◆. ‘⇧Êı�ó∏◊º\⌥¶]jÙ«�◆#å◊⇧Ê$Ì⌦�◆s�ì:r_� Dalitz

Decay�◆{9⌃#Qzå§6£ß\Åï∏‘⇧¶Ω®�◆ì¶\O⌃⌅◆�◆ ¥̇ßì…r⌃◆| ⌅s� 6>h_�F�g�◆ñ–"f⌃◆| ⌅

s�F⌫Ω®$Ì⌦&̃ç✏Ht�SXâì�⌅�◆%i✓⇥◆. ¢∏Ù«‘⇧Êı�ó∏◊º\⌥¶]jÙ«�◆#å ∑̇ò✓◆◊⇧Ê$Ì⌦H⇡s�ì:r

_�:üx>⇢|æ”⌥̀¶¥Ú÷⌃¶&h⇤‹ºñ– Z̨tß4✓⇥◆.. ø∫�◆t�õ∏| ⌅\Å@/K⌫yåïyåï 109>h_�◊⇧Ê$Ì⌦

H⇡s�ì:r⌥̀¶“qt$Ì⌦�◆%i✓⇥◆.

c�2018 J-PARC E14 Collaboration
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KOTOz⇥¥+́>\Å"fƒ∫É⇢⌅Ù«í�⌅†Ò(Accidentals)ç✏HB⌫ƒ∫◊⇧ÊØπÙ« ∏̇ö6£ßs�⇥◆. M.C.�◆

z⇥¥+́>\Å"f 2[1pqÙ« X<s�'�\⌥¶ ∏̇ò F⌫â&≥�◆l� 0A�◆#å ƒ∫É⇢⌅Ù« í�⌅†Ò\⌥¶ F⌫â&≥�◆%i✓

⇥◆. M.C.\Å"f ƒ∫É⇢⌅Ù« í�⌅†Ò\⌥¶ F⌫â&≥�◆l� 0A�◆#å "Accidental Overlay" ı�&Ò⌦⌥̀¶

î�⌅'üù�◆%i✓⇥◆. z⇥¥+́>\Å"f X<s�'�\⌥¶ 2[1pqΩ+… M: "TMon X<s�'�" \⌥¶ Ü< aç 2[1pq

�◆%i✓⇥◆. J-PARC T1 ≥&h⇤_� �◆¿”\Å $3⌥F�g �é⌥ÿ⇧¶l�\⌥¶ [O⌃u��◆#å Ä™ú$Ì⌦�◆ cî⌥_�

Å÷∏1lxï∏(Activity)\⌥¶ SXâì�⌅Ù«⇥◆. s� M: $3⌥F�g �é⌥ÿ⇧¶l�ñ–¬“'�_� í�⌅†Ò\⌥¶ ‡‘o�⌧�

í�⌅†Òñ–⌃◆6†x�◆#åX<s�'�\⌥¶2[1pq�◆ç✏HX<s�X<s�'�\⌥¶ TMonX<s�'�⇤◆ì¶Ù«

⇥◆. TMon X<s�'�ç✏H Clock Trigger X<s�'�<̧ ƒª⌃◆�◆t�Îflñ cî⌥_� [jl�\⌥¶ ì¶�9

Ù« &h⌥s� Clock Trigger X<s�'�<̧ ⇥◆è…r&h⌥s�⇥◆. M.C. X<s�'� “qt$Ì⌦ı�&Ò⌦ ◊⇧Ê �◆

+̨A Ñ⇡⌅Ìflñπ̈⌃◆ı�&Ò⌦\Å"f TMonX<s�'�\⌥¶ M.C.��⌃ı�\Å�8�◆ç✏H�Ø s� "Accidental

Overlay"ı�&Ò⌦s�⇥◆.

COut
i = C M .C .

i + C T Mon
i (5.1)

#ål�\Å"f C M .C .
i ç✏H M.C._� j≈@ &Ò⌦ò–\⌥¶ s�6†x�◆#å F⌫â&≥Ù« �◆+̨A_� iÅ�⌅ P: Z⇢}s�,

C T Mon
i ç✏H TMonX<s�'�\Å"f2[1pqÙ«�◆+̨A_� iÅ�⌅P:Z⇢}s�, COut

i ç✏H’™ —̧t⌥̀¶Ω+À5g

"f j̨7·x&h⇤‹ºñ–⌃◆6†x&̃ç✏H�◆+̨A_� iÅ�⌅P:Z⇢}s�s�⇥◆. M.C.X<s�'�“qt$Ì⌦\Å⌃◆6†x

Ù« TMonX<s�'�ç✏H 2015∏�⌅_�X<s�'�\⌥¶⌃◆6†x�◆%i✓⇥◆.

Ï⌧r$3⇤⌥̀¶0A�◆#å⌃◆6†xÙ«X<s�'�_�‡‘o�⌧�õ∏| ⌅ì…r "Minimum bias Trigger"s�

KL decay Number of KLs Effective Number of KLs Accidental Data

KL ! 3⇡0 Only 109 5.12⇥ 109 2015

Natural KL 109 109 2015

Table 5.1: List of trigger conditions

⇥◆. "Physics Trigger"õ∏| ⌅_��‚⌦ƒ∫ COEÇ�⌅◊̨òs�&h⇤6†x&̃Ÿºñ–Ï⌧r$3⇤\Å&h⇤Ω+À�◆t�

∑̇ß⇥◆. ¢∏Ù« "Normalization Trigger" õ∏| ⌅_� �‚⌦ƒ∫ MB\Å Z⇢}ì…r \Å�-t��◆ zåô⌧�

4Reî✓⌥̀¶M:K⌫{©ú⌃◆| ⌅⌥̀¶$�Å©ú�◆l� ∑̇ßl�M:Î⌫H\ÅÏ⌧r$3⇤⌥̀¶0A�◆#å⌃◆6†x�◆l�\Å

&h⇤Ω+À�◆t� ∑̇ßì…rX<s�'�s�⇥◆. "Normalization Trigger"õ∏| ⌅_�X<s�'�ç✏H MB\Å
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±̇ùì…r\Å�-t��◆zåô⌧�4Reî✓⌥̀¶�‚⌦ƒ∫\ÅÎflñ "Minimum Bias Trigger"õ∏| ⌅_�X<s�

'�<̧1lx{9⌃�◆>⇡⌃◆6†xΩ+…√∫eî✓⇥◆.

X<s�'�_�:üx>⇢|æ”ì…r P.O.T.(Proton On Target) ∞̇Ø⌥̀¶s�6†x�◆#å≥â&≥Ω+…√∫eî✓⇥◆.

P.O.T.ç✏H Secondary Emission Chamber(S.E.C.)⌥̀¶s�6†x�◆#å��⌃&Ò⌦Ù«⇥◆. �◆5≈qù)a

Ä™ú$Ì⌦�◆�◆ T1 Targetı� Ï̄Õ6£x�◆#å◊⇧Ê$Ì⌦H⇡s�ì:rcî⌥⌥̀¶“qt$Ì⌦Ù«⇥◆. s�M:{9⌃¬“_�

ø1œ{9��◆[̨tì…rÄ™ú$Ì⌦�◆cî⌥_�î�⌅'üù~Ω”Üæ”ı� Ï̄Õ@/~Ω”Üæ”‹ºñ–î�⌅'üù�◆ç✏HX<K⌫{©úø1œ{9�

�◆[̨t_�Ä™ú⌥̀¶8£§&Ò⌦Ù« ∞̇Øs� S.E.C.s�⇥◆. P.O.T.∞̇Øı� S.E.C∞̇Ø_�q�YV�©ú√∫ç✏HÑ⇡⌅Ìflñ

π̈⌃◆\⌥¶s�6†x�◆#å%3⇧ç✏H⇥◆. s�q�YV�©ú√∫(CSecToPot)\⌥¶s�6†x�◆#å P.O.T. ∞̇Ø⌥̀¶>⇢

ÌflñÙ«⇥◆. z⇥¥+́>∏�⌅ï∏⌅◆⇥◆_�®8ä�‚⌦s�⇥◆ÿ‘Ÿºñ–,yåï®8ä�‚⌦⌅◆⇥◆_� CSecToPot\⌥¶>⇢Ìflñ

Ù«⇥◆.

P.O.T.= CSecToPot ⇥ S.E.C . (5.2)

2015∏�⌅\Å2[1pqÙ«X<s�'�_�Ä™úì…r P.O.T.Èflñ0Añ–, 2.3⇥ 1019, 2016∏�⌅\Å2[1pqÙ«

X<s�'�_�Ä™úì…r 2.77⇥ 1018, 2017∏�⌅\Å2[1pqÙ«X<s�'�_�Ä™úì…r 1.02⇥ 1019 s�

⇥◆.

Experiment time [year] 2015 2016 2017

P.O.T. 2.30⇥ 1019 2.77⇥ 1018 1.02⇥ 1019

IB installation Not installed Installed Installed

CDT Trigger X X O

CSecToPot 9.79⇥ 109 10.97⇥ 109 10.97⇥ 109

Table 5.2: List of trigger conditions
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5.3 Principle of KL! 3⇡0 Reconstruction

5.3.1 Clustering

Ù« >h_� F�g�◆�◆ CsI \P⌃|æ”>⇢\Å {9�⌃◆�◆Ä�⌅, #å�Q G⌫V,⌃_� CsI \P⌃|æ”>⇢\Å

í�⌅†Ò\⌥¶ zåô|�⌅⇥◆. #å�Q G⌫V,⌃_� í�⌅†Ò\⌥¶ �◆�◆_� F�g�◆ñ– F⌫Ω®$Ì⌦�◆l� 0A�◆#å

Clustering ı�&Ò⌦⌥̀¶ √∫'üùÙ«⇥◆. F�g�◆_� F⌫Ω®$Ì⌦⌥̀¶ 0A�◆#å yåï CsI \P⌃|æ”>⇢ G⌫V,⌃

_�í�⌅†Ò�◆ 3 MeVs��©ú{9⌃�Ø ⌥̀¶ØπΩ®Ù«⇥◆. ÎflñÄçï 3 MeVs�K⌫_�í�⌅†Ò�◆î>rF⌫�◆

Ä�⌅K⌫{©úG⌫V,⌃\Åí�⌅†Ò�◆\O�⇥◆ì¶“qtyåïÙ«⇥◆. Ù«>h_�G⌫V,⌃(M0)\Å@/�◆#å Ï̄Õ�‚⌦

70mmÓflñ_�⇥◆è…rG⌫V,⌃\Å"f(M1)í�⌅†Ò�◆î>rF⌫Ù«⇥◆Ä�⌅ø∫G⌫V,⌃_�í�⌅†Òç✏H�◆�◆

_�F�g�◆�◆Îflñ[̨t#Q⇥∑pí�⌅†Ò⇤◆ì¶“qtyåïÙ«⇥◆. ∞̇†ì…r~Ω”ZO�‹ºñ–G⌫V,⌃ M1 ≈“0A_�G⌫

V,⌃⌥̀¶⇥◆r�π1‘ç✏H⇥◆. �◆t�ÎflñÈflñ�◆�◆_�G⌫V,⌃s� Cluster\⌥¶s�¿“>⇡|®c�‚⌦ƒ∫\Åç✏H

F�g�◆�◆Îflñé✏Hí�⌅†Òñ–“qtyåï�◆t� ∑̇ßç✏H⇥◆. Cluster_�\Å�-t�ç✏Hó∏é✏HG⌫V,⌃_�í�⌅

†Ò_�flºl�(eMch
)_�Ω+À‹ºñ–&Ò⌦_�Ù«⇥◆.

Ecluster =
X

ch

eMch
(5.3)

s�M:, Eclusterç✏Hz⇥¥]jF�g�◆_�\Å�-t�(Egamma)\⌥¶ ∏̇ò≥â&≥�◆t�3lw�◆l�M:Î⌫H\Å

ò–&Ò⌦Ü< √∫( f (Ecluster))\⌥¶ M.C.\⌥¶s�6†x�◆#åÎflñé✏H⇥◆. s�M:F�g�◆�◆Îflñé✏Hí�⌅†Ò⇤◆

ì¶“qtyåï&̃t� ∑̇ßç✏H Cluster_��‚⌦ƒ∫s�ı�&Ò⌦⌥̀¶î�⌅'üù�◆t� ∑̇ßç✏H⇥◆.

Egamma = Ecluster ⇥ f (Ecluster) (5.4)

s�M:F�g�◆_�{9�⌃◆yåïï∏\⌥¶ì¶�9�◆l�0A�◆#å◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥_�F⌫Ω®$Ì⌦

s�Ç�⌅'üù&̃#Q⌥Ù«⇥◆.

5.3.2 Vertex Reconstruction of Two ⇡0s From Five �s

KL ! 3⇡0 ‘⇧Êı�ó∏◊º\Å"fç✏H ⇡0
_� Dalitz Decay�◆{9⌃#Q�◆t� ∑̇ßç✏H⇥◆Ä�⌅ j̨

7·x&h⇤‹ºñ– 6>h_�F�g�◆�◆�◆ö∏>⇡ù)a⇥◆. 6>h_�F�g�◆◊⇧Ê 5>h_�F�g�◆�◆ CsI\P⌃|æ”
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>⇢\Å{9�⌃◆�◆ì¶�◆ Qt� 1>h_�F�g�◆�◆ MB(IB)ñ–{9�⌃◆�◆ç✏H�‚⌦ƒ∫\⌥¶“qtyåï�◆�◆.

5>h_�F�g�◆◊⇧Ê\Å"f 4>h_�F�g�◆ç✏Hyåïyåï◊⇧Ê$Ì⌦�◆s�ì:r‹ºñ–¬“'��◆ì:rF�g�◆s�

ì¶◊⇧Ê$Ì⌦�◆s�ì:r_�√∫"Ó⌦ì…r c⌧ ⇠ 10�5mms�Ÿºñ– 2>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�=⇣Gf± 

&h⌥(Vertex)ì…r"fñ– ∞̇†⇥◆ì¶�◆&Ò⌦Ù«⇥◆. ◊⇧Ê$Ì⌦�◆s�ì:r_�F⌫Ω®$Ì⌦ì…r 5>h◊⇧Ê 2>h_�

F�g�◆\⌥¶ì¶ÿ‘ì¶◊⇧Ê$Ì⌦�◆s�ì:r_�|9⌃|æ”⌥̀¶�◆&Ò⌦�◆#å=⇣Gf± &h⌥⌥̀¶>⇢ÌflñÙ«⇥◆. s�M:

KOTO z⇥¥+́>s� ⌃◆6†x�◆ç✏H cî⌥_� ;ü§s� B⌫ƒ∫ ∑̊™‹ºŸºñ–(⇠ ±5cm) =⇣Gf± &h⌥_� X, Y

$Ì⌦Ï⌧r⌥̀¶ 0‹ºñ–�◆&Ò⌦Ù«⇥◆. =⇣Gf± &h⌥_�>⇢Ìflñì…r⇥◆6£ßı� ∞̇†s�s�¿“#Qî�⌅⇥◆.

cos✓ = 1� m2
⇡0

2E1E2
(5.5)

cos✓ =
~r1 · ~r2 + Z2

ver tex∆
r2

1 + Z2
ver tex

∆
r2

2 + Z2
ver tex

(5.6)

#ål�\Å"f, m⇡0ì…r◊⇧Ê$Ì⌦�◆s�ì:r_�&Ò⌦t�|9⌃|æ”, E1, E2ç✏HF�g�◆_�\Å�-t�, r1, r2ç✏H

F�g�◆_� CsI \P⌃|æ”>⇢\Å"f_� ]X�Ç�⌅ª°§ 0Au�, Zver texç✏H ◊⇧Ê$Ì⌦ �◆s�ì:r_� =⇣Gf± &h⌥s�

⇥◆. 5>h_�F�g�◆◊⇧Ê 2>h_�◊⇧Ê$Ì⌦�◆s�ì:r⌥̀¶F⌫Ω®$Ì⌦�◆ç✏H�Ø s�Ÿºñ–F�g�◆_�Ç�⌅◊̨ò

\Åeî✓#Q"f 8̇x 5⇥ 4C2 ⇥2 C2

2!
= 15�◆t��‚⌦ƒ∫_�√∫�◆eî✓⇥◆. s� 15�◆t�õ∏Ω+À_�

�◆Å©ú &h⇤Ω+ÀÙ« F�g�◆_� õ∏Ω+À⌥̀¶ ì¶ÿ‘l� 0A�◆#å =⇣Gf± &h⌥ ⌦◆s�]jY�L(Vertex Chi2,

�2
ver tex)⌥̀¶&Ò⌦_�Ù«⇥◆.

�2
ver tex =

2X

i=1

(Zver texith⇡0 � Zver texKL
)2

�2
Zver texi th⇡0

(5.7)

#ål�\Å"f, Zver texith⇡0 ç✏H z⇥¥+́>\Å"f 8£§&Ò⌦�◆ç✏H ◊⇧Ê$Ì⌦ �◆s�ì:r_� =⇣Gf± &h⌥s�ì¶,

�Zver texi th⇡0
ç✏H◊⇧Ê$Ì⌦�◆s�ì:r_�=⇣Gf± &h⌥_�≥Ô⌧rº#⌅ ◆s�⇥◆. Zver texKL

ç✏H⌦◆s�]jY�L�é⌥

&Ò⌦‹ºñ–¬“'�%3⇧#Qt�ç✏H◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥s�⇥◆. 15�◆t�õ∏Ω+À◊⇧Ê\Å"fyåïyåï

_�⌦◆s�]jY�L⌥̀¶>⇢Ìflñ�◆#å⌦◆s�]jY�Ls��◆Å©ú ±̇ùì…r�‚⌦ƒ∫\⌥¶Ç�⌅◊̨ò�◆ì¶,�◆Å©ú ±̇ùì…r

⌦◆s�]jY�Ls�%3⇧#Qt�ï∏2ü§�◆ç✏H Zver texKL
_� ∞̇Ø⌥̀¶◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥‹ºñ–⌃◆

6†xÙ«⇥◆. s�M:⌦◆s�]jY�L⌥̀¶ j̨ôËñ–Îflñ◊ºç✏H◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥ì…r⇥◆6£ßı�

∞̇†s� j̨t√∫eî✓⇥◆.

Zver texKL
=

 
Zver tex1st⇡0

�2
Zver tex1st⇡0

+
Zver tex2nd⇡0

�2
Zver tex2nd⇡0

!
/

 
1

�2
Zver tex1st⇡0

+
1

�2
Zver tex2nd⇡0

!
(5.8)
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5.3.3 Selection of Hit on Barrel

KL ! 3⇡0 ‘⇧Êı�ó∏◊º\Å"f“qt$Ì⌦ù)aF�g�◆�◆zåô|�⌅ Barrel_�í�⌅†Ò\⌥¶ì¶\⌥¶M:

�̀¶⇧◆è…rí�⌅†ÒÎflñ⌥̀¶ì¶ÿ‘l�0A�◆#å[j�◆t�Ç�⌅◊̨òõ∏| ⌅⌥̀¶ì¶�9�◆%i✓⇥◆.. 'Õ Å�⌅P:

õ∏| ⌅ì…r\Å�-t�s�⇥◆. ∏̇ö6£ßı�í�⌅†Ò\⌥¶¥Úı�&h⇤‹ºñ–Ω®Z>⌃�◆l�0A�◆#åí�⌅†Ò_�flº

l��◆ 2 MeVò–⇥◆ 9̨t�Ø ⌥̀¶ØπΩ®�◆%i✓⇥◆. ø∫Å�⌅P:õ∏| ⌅ì…rí�⌅†Ò_�Ã⌫ √∫s�⇥◆. Ù«

>h_�8£x\ÅÎ⌫H)3⇤ ∞̇Ø(2 MeV)ò–⇥◆ ✏Hí�⌅†Ò�◆ 2>hs��©úeî✓⌥̀¶M:#å�Q>h_�F�g�◆

�◆ Barrelñ– {9�⌃◆�◆%i✓⇥◆ì¶ “qtyåï�◆#å K⌫{©ú ⌃◆| ⌅⌥̀¶ C⌫]j�◆%i✓⇥◆.. [j Å�⌅P: õ∏

| ⌅ì…rí�⌅†Ò_�r�Áflñs�⇥◆. ‡‘o�⌧�í�⌅†Òç✏H CsI\P⌃|æ”>⇢í�⌅†Ò_�Ω+À⌥̀¶s�6†x�◆#åÎflñ

[̨tl�M:Î⌫H\Å‡‘o�⌧�r�Áflñı� CsI\P⌃|æ”>⇢í�⌅†Ò_�r�Áflñì…rx9⌃]X�Ù«õ'a>⇢�◆eî✓⇥◆.

CsI\P⌃|æ”>⇢_�í�⌅†Ò<̧ Barrel_�í�⌅†Ò�◆�◆�◆_�◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�ñ–¬“'�“qt

$Ì⌦ù)a�‚⌦ƒ∫\Åø∫�é⌥ÿ⇧¶l�í�⌅†ÒÁflñ_�r�Áflñ�©úõ'aõ'a>⇢�◆eî✓⇥◆. s�É⇢⌅õ'a$Ì⌦⌥̀¶ì¶�9

�◆#å Barrelí�⌅†Ò_�r�ÁflñÏ⌧rüÌ\Å"fÏ⌧rüÌ_�◊⇧Êdî⌥‹ºñ–¬“'� ± 35nsÓflñA·§\Åeî✓ç✏H

í�⌅†ÒÎflñ⌥̀¶Ç�⌅◊̨ò�◆%i✓⇥◆.

5.3.4 Reconstruction of Sixth �

◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &Ò⌦⌥̀¶Ω®�◆ì¶ Barrel\Å0A_�õ∏| ⌅\Å✏◆è…r Hit⌥̀¶ì¶è…r

+'\Å, Barrel‹ºñ–{9�⌃◆Ù«F�g�◆_�Ó⌧r1lx|æ”~Ω”Üæ”⌥̀¶ Barrel_� Module ID(MI D),r�

Áflñ&Ò⌦ò–,◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥⌥̀¶s�6†x�◆#åΩ®Ω+…√∫eî✓⇥◆. s�M: Barrel\Å{9�

⌃◆Ù«F�g�◆0Au�_� x , y $Ì⌦Ï⌧rì…r MI D\⌥¶s�6†x�◆#å, zç✏H Barrel_�r�Áflñ&Ò⌦ò–\⌥¶s�

6†x�◆#åΩ®�◆%i✓⇥◆.

x = r cos(MI D ⇥ 32
360
) (5.9)

y = r sin(MI D ⇥ 32
360
) (5.10)

z =
(Tup � Tdown)Vprop

2
� Zver texKL

(5.11)

k̂ =
x x̂ + y ŷ + zẑp

x2 + y2 + z2
(5.12)
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#ål�\Å"f, rì…r Barrel ◊⇧Êdî⌥_� Ï̄Õt�2£ß, Tup, Tdownì…r IB\Å"f {9�#Q[̨tì�⌅ í�⌅†Ò_�

�©ú¿”A·§ r�Áflñı� �◆¿”A·§ r�Áflñs�ì¶, k̂ç✏H Barrel\Å {9�⌃◆Ù« F�g�◆_� Ó⌧r1lx~Ω”Üæ”s�

⇥◆. ÓflñA·§ MB(IMB)_��‚⌦ƒ∫ r = 1068 mm,⇧◆æ̇†A·§ MB(OMB)_��‚⌦ƒ∫ r = 1218

mms�⇥◆. 5Å�⌅ P: F�g�◆_� s�1lx~Ω”Üæ”ì…r CsI \P⌃|æ”>⇢ñ–¬“'� Ω®Ω+… √∫ eî✓‹ºŸºñ–

2>hF�g�◆_�>hΩ®yåïï∏(opening angle)\⌥¶>⇢ÌflñΩ+…√∫eî✓⇥◆. F�g�◆⌃◆s�_�>hΩ®

yåïï∏\⌥¶s�6†x�◆#å◊⇧Ê$Ì⌦�◆s�ì:r_�|9⌃|æ”⌥̀¶�◆&Ò⌦Ù«⇥◆6£ß 6Å�⌅P:F�g�◆_�\Å�-t�

\⌥¶>⇢ÌflñΩ+…√∫eî✓⇥◆.

cos✓ = k̂ · k̂5 (5.13)

E6 =
m2
⇡0

2E5(1� cos✓ )
(5.14)

k̂5ç✏H CsI\Å{9�⌃◆Ù«⇥◆$¡ Å�⌅P:F�g�◆_�s�1lx~Ω”Üæ”, cos✓ç✏Hø∫F�g�◆⌃◆s�_�>hΩ®

yåïï∏, E6ç✏H 6Å�⌅P:F�g�◆_�\Å�-t�s�⇥◆.

5.3.5 Reconstruction of KL Vertex X, Y

úÌl�_�=⇣Gf± &h⌥>⇢Ìflñı�&Ò⌦\Å"f◊⇧Ê$Ì⌦�◆s�ì:r_� X, Y=⇣Gf± &h⌥⌥̀¶ 0‹ºñ–�◆&Ò⌦

�◆%i✓⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�]X�Ç�⌅Ó⌧r1lx|æ”(Tangential Momentum)⌥̀¶>⇢ÌflñΩ+…M: X,

Y=⇣Gf± &h⌥s�◊⇧ÊØπÙ«ØπôËñ–Ååï6†x�◆l�M:Î⌫H\Å X, Y=⇣Gf± &h⌥⌥̀¶Ω®�◆l�0A�◆#å

Ï̄Õ4ü§Ååï\O�⌥̀¶√∫'üù�◆%i✓⇥◆. Ï̄Õ4ü§Ååï\O�_�'Õ Å�⌅P:Èflñ>⇢ç✏H COE_�>⇢Ìflñs�⇥◆. 6>h

_�F�g�◆_�\Å�-t�<̧Ó⌧r1lx|æ”⌥̀¶ó∏ø∫Ω®Ÿ̨°l�M:Î⌫H\Å#å$¡ >h_�F�g�◆_� Center

of Energy\⌥¶⇥◆6£ßı� ∞̇†s�>⇢ÌflñΩ+…√∫eî✓⇥◆.

XCoE ⇥ ((
5X

i=1

Ei) + E6) = (
5X

i=1

xi Ei) +
zCsI � Zver texKL

z � Zver texKL

⇥ E6X (5.15)

YCoE ⇥ ((
5X

i=1

Ei) + E6) = (
5X

i=1

yi Ei) +
zCsI � Zver texKL

z � Zver texKL

⇥ E6Y (5.16)

#ål�\Å"f, X (Y )COEç✏H COE_� X(Y)~Ω”Üæ”$Ì⌦Ï⌧r_�flºl�, x(y)iç✏H CsI\P⌃|æ”>⇢ñ–

{9�⌃◆Ù«F�g�◆_�\P⌃|æ”>⇢\Å"f_�0Au�, zCsI = 6148 mmì…r CsI\P⌃|æ”>⇢_�≥Ä�⌅_�

0Au�\⌥¶_�p�Ù«⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�]X�Ç�⌅Ó⌧r1lx|æ”_�flºl��◆B⌫ƒ∫Ååï6£ß⌥̀¶ì¶�9
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Figure 5.2: Schematic View of KL ! 3⇡0 Reconstruction

�◆#å(⇠ 10MeV/c) X (Y )COE\⌥¶ X, Y=⇣Gf± &h⌥‹ºñ–⌃◆6†xÙ«⇥◆. X, Y=⇣Gf± &h⌥s�⇧◆

7�%3✓‹ºŸºñ–ø∫Å�⌅F⌫Èflñ>⇢\Å"fç✏H⇧◆ü̃∂=⇣Gf± &h⌥⌥̀¶s�6†x�◆#å[jÅ�⌅P:◊⇧Ê$Ì⌦�◆

s�ì:r_�Ω®>hyåïï∏\⌥¶⇥◆r�>⇢ÌflñÙ«⇥◆. ⇥◆r�>⇢ÌflñÙ«Ω®>hyåïï∏ç✏HF�g�◆_�\Å�-t�

F⌫Ω®$Ì⌦\Å⇥◆r�%Ú⌦Üæ”⌥̀¶p�u�>⇡ù)a⇥◆. ⇥◆r�>⇢Ìflñ&̃ç✏HF�g�◆_�\Å�-t�\⌥¶s�6†x

�◆#å X, Y=⇣Gf± &h⌥⌥̀¶⇥◆r�>⇢ÌflñÙ«⇥◆. ë:rÏ⌧r$3⇤\Å"fç✏Hs� Ï̄Õ4ü§ı�&Ò⌦⌥̀¶ 10⇥rr�

'üùÙ«⇥◆. r�'üùs�⌅◆¡∫o� &̃Ä�⌅Dh\�v>⇡>⇢ÌflñÙ«◊⇧Ê$Ì⌦�◆s�ì:r_�=⇣Gf± &h⌥⌥̀¶s�6†x

�◆#åF�g�◆[̨t_�\Å�-t�<̧Ó⌧r1lx|æ”⌥̀¶⇥◆r�>⇢ÌflñÙ«⇥◆.
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(a) (b) (c)

Figure 5.3: (a) Iteraction Status (b) Vertex X Distributions. MC with red line,

Data with Black line (c) Vertex Y Distributions. MC with red line, Data with

Black line

5.3.6 Invariant Mass of KL

◊⇧Ê$Ì⌦H⇡s�ì:r_�&Ò⌦t�|9⌃|æ”⌥̀¶⇥◆6£ßı� ∞̇†s�F⌫Ω®$Ì⌦Ω+…√∫eî✓⇥◆.

MK0
L
=

Ç
3X

i=1

Ei⇡

å2

�
Ç

3X

i=1

~Pi⇡

å2

(5.17)

#ål�\Å"f, MK0
L
ç✏H 3>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�&Ò⌦t�|9⌃|æ”, Ei⇡ç✏H iÅ�⌅P:�◆s�ì:r_�\Å

�-t�s�ì¶, ~Pi⇡ç✏H iÅ�⌅P:�◆s�ì:r_�Ó⌧r1lx|æ”s�⇥◆. yåïyåï_��◆s�ì:rs� 2>h_�F�g�◆

ñ–/BI⇧◆ñ–(⇠ 10�24s)‘⇧Êı��◆l�M:Î⌫H\Å◊⇧Ê$Ì⌦H⇡s�ì:r_�&Ò⌦t�|9⌃|æ”ì…r⇥◆6£ßı� ∞̇†

s�⇥◆r�F⌫Ω®$Ì⌦|®c√∫eî✓⇥◆.

MK2
L
=

Ç
6X

i=1

Ei

å2

�
Ç

6X

i=1

~Pi�

å2

(5.18)

#ål�\Å"f, ~Pi�ç✏H iÅ�⌅P:F�g�◆_�Ó⌧r1lx|æ”s�⇥◆.
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5.4 Event Selection

⌃◆| ⌅ Ç�⌅◊̨ò_� ØπôËç✏H 3�◆t�ñ– �◆–̧t √∫ eî✓⇥◆. 'Õ Å�⌅P:ç✏H Barrel\Å zåô|�⌅

í�⌅†Ò_� &Ò⌦ò–s�⇥◆. Barrel\Å zåô|�⌅ í�⌅†Ò_� 0Au�<̧ r�Áflñ\Å ✏◆⇤◆, ¥Ú÷⌃¶&h⇤‹ºñ–

C⌫�‚⌦⌃◆�©ú⌥̀¶ ]j⌧�Ω+… √∫ eî✓⇥◆. ø∫ Å�⌅P:ç✏H ⇥◆è…r �é⌥ÿ⇧¶l�\⌥¶ s�6†xÙ« C⌫]js�⇥◆.

KL ! 3⇡0
_� ‘⇧Êı�\Å"f 5>h_� F�g�◆�◆ CsI \P⌃|æ”>⇢ñ– {9�⌃◆�◆ì¶ 1>h_� F�g�◆�◆

Barrelñ–{9�⌃◆�◆%i✓l�M:Î⌫H\Å⇥◆è…rC⌫]j�é⌥ÿ⇧¶l�\Åí�⌅†Ò�◆\O�#Q⌥Ù«⇥◆. C⌫]j

�é⌥ÿ⇧¶l�\Åí�⌅†Ò�◆eî✓⌥̀¶M:K⌫{©úC⌫]j�é⌥ÿ⇧¶l�\⌥¶s�6†x�◆#å¥Ú÷⌃¶&h⇤‹ºñ–C⌫�‚⌦⌃◆

�©ú⌥̀¶]j⌧�Ω+…√∫eî✓⇥◆. [jÅ�⌅P:ç✏HÓ⌧r1lxÜ<∆&h⇤õ∏| ⌅s�⇥◆. F⌫Ω®$Ì⌦Ù«F�g�◆,◊⇧Ê$Ì⌦

�◆s�ì:r,◊⇧Ê$Ì⌦H⇡s�ì:r_�:£§&Ò⌦Å�⌅√∫\Åõ∏| ⌅⌥̀¶≈“#QC⌫�‚⌦⌃◆�©ú⌥̀¶¥Ú÷⌃¶&h⇤‹ºñ–]j

⌧��◆%i✓⇥◆.

5.4.1 Hit of Barrel Selection

◊⇧Ê$Ì⌦H⇡s�ì:r_�#å$¡ Å�⌅P:F�g�◆�◆ Barrel\Å{9�⌃◆�◆t� ∑̇ßÄå§6£ß\Åï∏‘⇧¶Ω®�◆

ì¶⌃◆| ⌅s�F⌫Ω®$Ì⌦&̃ç✏H�‚⌦ƒ∫�◆eî✓⇥◆. s��QÙ«�‚⌦ƒ∫�◆{9⌃#Q�◆ç✏H@/≥&h⇤ì�⌅s�

ƒª\⌥¶ 2�◆t�ñ–�◆–̧t√∫eî✓⇥◆,'Õ Å�⌅P:s�ƒªç✏H CsI\P⌃|æ”>⇢\Å"f_�Ñ⇡⌅�◆l�⇥◆µ1œ

_�[j#Q�◆yåô(EM Shower Leakage)s�ì¶, ø∫Å�⌅P:s�ƒªç✏H Barrel_�ƒ∫É⇢⌅Ù«í�⌅

†Ò(Accidental Hit)s�⇥◆. Ñ⇡⌅�◆l�⇥◆µ1œs� CsI\P⌃|æ”>⇢ñ–¬“'�[j#Q�◆∞̇ò�‚⌦ƒ∫ CsI

\P⌃|æ”>⇢�H%É\Å"f Barrel_�í�⌅†Ò�◆“qt$Ì⌦ù)a⇥◆. ƒ∫É⇢⌅Ù« Hit_��‚⌦ƒ∫\Åç✏Hr�Áflñ_�

��⌃¥̇ù6£ß$Ì⌦s�ò–s�t� ∑̇ßç✏H⇥◆. ø∫s�ƒªñ–¬“'�“qt$Ì⌦&̃ç✏HC⌫�‚⌦⌃◆⌃◆⌥̀¶]j⌧��◆l�

0A�◆#å Barrelí�⌅†Ò_�Ç�⌅◊̨òõ∏| ⌅⌥̀¶&h⇤6†xÙ«⇥◆. MB_��‚⌦ƒ∫ �ç✏H 2.164[ns], IB_�

Selection Range name

Gamma Hit Position[mm] 3000 < HitZ < 5500 HitZ Cut

Vertex Time Difference[ns] -3� < TV T D <3� TV T D Cut

Table 5.3: List of barrel hit selection, � will be defined later
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�‚⌦ƒ∫ �ç✏H 1.68[ns]s�⇥◆.

5.4.2 Detector Veto

Barrel>⇢8£§l�<̧ CsI\P⌃|æ”>⇢s�@̧_��é⌥ÿ⇧¶l�\Åÿ⇧ÊÏ⌧rÙ«í�⌅†Ò�◆eî✓⌥̀¶M:◊⇧Ê

$Ì⌦H⇡s�ì:r_�í�⌅†Ò�◆K⌫{©ú�é⌥ÿ⇧¶l�\Å{9�⌃◆�◆%i✓⇥◆ì¶“qtyåï�◆#å⌃◆| ⌅⌥̀¶C⌫]jÙ«

⇥◆. �é⌥ÿ⇧¶l�⌅◆⇥◆_�C⌫]jõ∏| ⌅ì…r⇥◆6£ßı� ∞̇†⇥◆.

Detector Timing Width[ns] Energy Threshold[MeV] Note

CV 50 0.2 Charged Veto

BCV 50 0.5

BPCV 30 1.0

LCV 30 2.0

newBHCV Coincidence Hit 0.001 2 layers

NCC 40 2..0 Photon Veto

CC03 40 3.0

CC04 50 3.0

CC05 50 3.0

CC06 50 3.0

OEV 70 2.0

FBAR 45 2.0

BHPV Coincidence Hit 3.0 3 layers

BHGC Coincidence Hit 3.0 1 layer

Table 5.4: List of trigger conditions
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5.4.3 Kinematic Cut

�̀¶⇧◆ÿ‘>⇡F⌫Ω®$Ì⌦ù)a KL ! 3⇡0⌥̀¶ì¶�9�◆l�0A�◆#åF⌫Ω®$Ì⌦ù)aF�g�◆_�Ç�⌅

◊̨òõ∏| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆. 'Õ Å�⌅P:ñ–F�g�◆_�F⌫Ω®$Ì⌦ù)a\Å�-t�<̧õ'a∫�⌅ù)aÇ�⌅◊̨òõ∏

| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆. F�g�◆_�\Å�-t�ç✏H 100 MeVò–⇥◆flºì¶ 2000 MeVò–⇥◆Ååï⌥̀¶

�Ø ⌥̀¶ØπΩ®�◆%i✓⇥◆. ◊⇧Ê$Ì⌦cî⌥⌥̀¶⌃◆6†x�◆ç✏H KOTOz⇥¥+́>\Åç✏Hƒ∫É⇢⌅Ù«í�⌅†Ò�◆ ¥̇ßs�

î>rF⌫�◆l�M:Î⌫H\Ås�\⌥¶¥Úı�&h⇤‹ºñ–��⌃�Q≈“l�0A�◆#å 100 MeV_�õ∏| ⌅⌥̀¶&h⇤

6†x�◆%i✓⇥◆. ’™o�ì¶ CsI\P⌃|æ”>⇢ñ–¬“'��◆ö∏ç✏Hí�⌅†Ò◊⇧Ê\Å"füÌ⇥o(Saturation)ù)a

í�⌅†Ò\⌥¶⌃◆6†x�◆t� ∑̇ßl�0A�◆#å 2000 MeV_�õ∏| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆. ø∫Å�⌅P:ç✏H

F�g�◆ ⌃◆s�_� ⌧�o�s�⇥◆. F�g�◆ ⌃◆s�_� ⌧�o��◆ B⌫ƒ∫ �◆�◆ƒ∫Ä�⌅ ø∫ >h_� F�g�◆

�◆ Îflñ◊ºç✏H Ñ⇡⌅�◆l�⇥◆µ1œ⌥̀¶ �◆�◆_� \P⌃|æ”>⇢\Å"f /BNƒªΩ+… √∫ eî✓⇥◆. s�ç✏H ø∫ >h

_� F�g�◆\⌥¶ 1lxr�\Å F⌫Ω®$Ì⌦�◆l� #Qß>�>⇡Ù«⇥◆. ’™�QŸºñ– ø∫ >h_� F�g�◆ ⌃◆s�

\Å 175 mms��©ú_� ⌧�o��◆ eî✓#Q⌥ Ü< ⌥̀¶ ØπΩ®�◆%i✓⇥◆. [j Å�⌅P:ç✏H F�g�◆_� CsI

\P⌃|æ”>⇢\Å"f_� 0Au�s�⇥◆. F�g�◆�◆ CsI \P⌃|æ”>⇢_� �◆Å©ú�◆o�\Å {9�⌃◆�◆Ä�⌅ F�g

�◆�◆ Îflñ◊ºç✏H Ñ⇡⌅�◆l�⇥◆µ1œs� CsI \P⌃|æ”>⇢µ1⁄‹ºñ– [j#Q�◆∞̇ò √∫ eî✓⇥◆. s�ç✏H F�g

�◆_� \Å�-t� F⌫Ω®$Ì⌦⌥̀¶ #Qß>�>⇡ �◆l� M:Î⌫H\Å F�g�◆_� 0Au��◆ r < 850 mm<̧

|x | > 150 mm <↵ ì…r |y | > 150 mm {9⌃ �Ø ⌥̀¶ ØπΩ®�◆%i✓⇥◆. W1 Å�⌅P:ç✏H F�g�◆

_� Shape�2s�⇥◆. Shape�2
Í̄Õ, F�g�◆�◆ {9�⌃◆�◆#å CsI \P⌃|æ”>⇢\Å zåôl�ç✏H \Å�-

t�Ï⌧rüÌ_�\V8£§ı�õ'a∫�⌅Ù«⇥◆. Shape�2\Å@/K⌫ �2 < 4.6_�õ∏| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆.

F�g�◆\Å@/Ù«Ç�⌅◊̨òõ∏| ⌅ı��8‘⇧¶#Q, 3>h_�◊⇧Ê$Ì⌦�◆s�ì:r◊⇧Ê\Å"f CsI\P⌃|æ”>⇢

\⌥¶s�6†x�◆#å��⌃&Ò⌦�◆ç✏H 2>h_�◊⇧Ê$Ì⌦�◆s�ì:r\Å@/Ù«Ç�⌅◊̨òõ∏| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆.

◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥⌥̀¶s�6†x�◆#å◊⇧Ê$Ì⌦�◆s�ì:r_�&Ò⌦t�|9⌃|æ”⌥̀¶>⇢Ìflñ�◆%i✓⇥◆.

'Õ Å�⌅P:ñ– 2>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�|9⌃|æ”s�Ñ⇡⌅¬“ 129.98< m< 139.98 MeV/c2eî⌥

⌥̀¶ØπΩ®�◆%i✓⇥◆. ø∫Å�⌅P:ñ– 2>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�|9⌃|æ” ◆s��◆ |m1 �m2| < 5

MeV/c2eî⌥⌥̀¶ØπΩ®�◆%i✓⇥◆.
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◊⇧Ê$Ì⌦H⇡s�ì:r\Å@/Ù«Ç�⌅◊̨òõ∏| ⌅ï∏&h⇤6†x�◆%i✓⇥◆. 'Õ Å�⌅P:ñ–◊⇧Ê$Ì⌦H⇡s�ì:r_�

=⇣Gf± &h⌥ì…r KOTOz⇥¥+́>_�‘⇧Êı�/BNÁflñ?/¬“\Åeî✓#Q⌥�◆Ÿºñ– 2500 < Zver texKL
<

5000 mm_�Ç�⌅◊̨òõ∏| ⌅⌥̀¶&h⇤6†x�◆%i✓⇥◆. ø∫Å�⌅P:ñ–◊⇧Ê$Ì⌦H⇡s�ì:r=⇣Gf± &h⌥⌥̀¶>⇢

ÌflñΩ+…M:⌃◆6†xÙ« �2
V T Z\Åõ'a∫�⌅�◆#å,'Õ Å�⌅P: 4�õ∏Ω+À_� �2

V T Z �◆ �
2
V T Z < 4eî⌥⌥̀¶

ØπΩ®�◆%i✓ì¶ø∫Å�⌅P: 4�õ∏Ω+À_� �2
V T Z�◆ �

2
V T Z > 10eî⌥⌥̀¶ØπΩ®�◆%i✓⇥◆. s�ç✏H'Õ 

Å�⌅P:õ∏Ω+Às�"Ó⌦—̨ò�◆>⇡ �̀ä‹ºÄ�⌅"f1lxr�\Åø∫Å�⌅P:õ∏Ω+Às�"Ó⌦—̨ò�◆>⇡d⌥¶aÀ>⌥̀¶Øπ

Ω®Ù«⇥◆ç✏H_�p�s�⇥◆. [jÅ�⌅P:ñ–◊⇧Ê$Ì⌦H⇡s�ì:r_�]X�Ç�⌅Ó⌧r1lx|æ”s� Pt < 40 MeV/c

eî⌥⌥̀¶ØπΩ®�◆%i✓⇥◆.

KL ! 3⇡0ì…r 3â̂‘⇧Êı�_�\Vs�⇥◆. KL_� 3â̂‘⇧Êı�_�Ó⌧r1lxÜ<∆&h⇤õ∏| ⌅‹ºñ–¬“'�

0A�©ú/BNÁflñ �©ú_� Ω®5≈qõ∏| ⌅⌥̀¶ Îflñ7·§K⌫⌥ Ù«⇥◆. s��Ø ⌥̀¶ ≥â&≥Ù« Ï⌧rüÌ\⌥¶ Dalitz

plots�⇤◆ì¶Ù«⇥◆. Dalitz Cuts�Í̄Õ, KL ! 3⇡0\Å"f“qt$Ì⌦ù)a 3>h_� ⇡0�◆Ω®5≈qõ∏

| ⌅⌥̀¶Îflñ7·§�◆t� ∑̇ß⌥̀¶M:⌃◆| ⌅⌥̀¶C⌫]jÜ< ⌥̀¶_�p�Ù«⇥◆.

Cut variable Selected region note

� Energy 100<e<2000 [MeV] � Quality

Distance between � d>175 [mm]

Radial Position of � in CsI r<850 [mm]

X, Y Position of � |x|)>150 or |y|>150) [mm]

Shape�2 �2<4.6

⇡0 Mass 129.98<m<139.98 [MeV/c2] ⇡0 Quality

Differece of two ⇡0s |m1 �m2|<5 [MeV/c2]

KL Vertex 2500<Zver texKL
<5000 [mm] K0

L Quality

1st Vertex �2 �2 < 4

2nd Vertex �2 �2 > 10

KL Pt Pt < 40 [MeV/c]

Dalitz Cut Graphical Cut Kinematic Boundary

Table 5.5: List of event selections
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Figure 5.4: (a) Before applying Dalitz Cut (b) After applying Dalitz Cut

5.5 Reconstruction Quality

M.C.\⌥¶ s�6†x�◆#å KL ! 3⇡0 ‘⇧Êı�ó∏◊º_� F⌫Ω®$Ì⌦_� &Ò⌦SXâ$Ì⌦⌥̀¶ SXâì�⌅�◆%i✓

⇥◆. �é⌥ÿ⇧¶l�_� Ï̄Õ6£x⌥̀¶s�6†x�◆#åF⌫Ω®$Ì⌦Ù« ”̧to�|æ”⌥̀¶ M.C.\Å"f“qt$Ì⌦Ù« ∞̇Øı�

q�ìß�◆#åF⌫Ω®$Ì⌦_�&Ò⌦SXâ$Ì⌦⌥̀¶SXâì�⌅�◆%i✓⇥◆. q�ìß_�~Ω”ZO�‹ºñ–F⌫Ω®$Ì⌦Ù« ∞̇Øı�

“qt$Ì⌦Ù« ∞̇Ø_� ◆s�\⌥¶SXâì�⌅�◆%i✓ì¶yåïyåï_� ◆s�\⌥¶“qt$Ì⌦Ù« ∞̇Ø\Å✏◆⇤◆"fSXâì�⌅�◆

%i✓⇥◆. F⌫Ω®$Ì⌦Ù« ∞̇Øı�“qt$Ì⌦Ù« ∞̇Ø ◆s�_�Ï⌧rüÌ\⌥¶�◆ƒ∫r�Ù«Ü< √∫ñ–�H⌃◆�◆#å

yåïÏ⌧rüÌ_�≥Ô�rº#⌅ ◆\⌥¶Ω®�◆%i✓⇥◆.

M.C.\⌥¶s�6†x�◆#åF⌫Ω®$Ì⌦ù)a⌃◆| ⌅[̨t ◊⇧Ê\Å"f �̀¶⇧◆ÿ‘>⇡F⌫Ω®$Ì⌦&̃t� ∑̇ßç✏H

⌃◆| ⌅⌥̀¶õ∏⌃◆�◆%i✓⇥◆.

1)◊⇧Ê$Ì⌦H⇡s�ì:rs� KL ! 3⇡0
@̧\Å⇥◆è…ró∏◊ºñ–‘⇧Êı��◆%i✓6£ß\Åï∏‘⇧¶Ω®�◆ì¶

KL ! 3⇡0 F⌫Ω®$Ì⌦s�s�¿“#Qî�⌅�‚⌦ƒ∫

2) KL ! 3⇡0 ‘⇧Êı��◆{9⌃#Qzå§t�Îflñ◊⇧Ê$Ì⌦�◆s�ì:r_� Dalitz Decay�◆µ1œ“qt�◆#å

6>h_�F�g�◆�◆⌥◆_î⌥\Åï∏‘⇧¶Ω®�◆ì¶ 6>h_�F�g�◆ñ–F⌫Ω®$Ì⌦ù)a�‚⌦ƒ∫

3) KL ! 3⇡0 ‘⇧Êı�\Å"f 6>h_�F�g�◆�◆�◆MÛft�Îflñ 5>h_�F�g�◆�◆ CsI\P⌃|æ”>⇢
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5.5 Reconstruction Quality 65

Variable � Error of �

Zver texKL
49.25 [mm] 0.62 [mm]

Xver texKL
13.28 [mm] 0.15 [mm]

Yver texKL
13.90 [mm] 0.17 [mm]

EReco
6 � EGen

6

EGen
6

9.69⇥ 10�2 1.03⇥ 10�3

Table 5.6: List of event selections

ñ–{9�⌃◆�◆t� ∑̇ß⌧��◆ 1>h_�F�g�◆�◆ Barrelñ–{9�⌃◆�◆t� ∑̇ßì…r�‚⌦ƒ∫

\⌥¶ �̀¶⇧◆ÿ‘>⇡F⌫Ω®$Ì⌦&̃t� ∑̇ßÄå§⇥◆ì¶&Ò⌦_��◆%i✓⇥◆. 1)_��‚⌦ƒ∫◊⇧Ê$Ì⌦H⇡s�ì:r_�

yåï‘⇧Êı�ó∏◊º_�SXâ“⌃¶⌥̀¶F⌫â&≥�◆#åSXâì�⌅�◆%i✓ì¶◊⇧Ê$Ì⌦H⇡s�ì:r 109>h_�$Ì⌦“qtõ∏| ⌅

\Å"fç✏H KL ! 3⇡0 ‘⇧Êı�ó∏◊ºs�@̧\Å⇥◆è…r‘⇧Êı�ó∏◊º_��‚⌦ƒ∫F⌫Ω®$Ì⌦&̃t� ∑̇ßÄå§

⇥◆. 2)_��‚⌦ƒ∫�8 ¥̇ßì…r KL ! 3⇡0 ‘⇧Êı�ó∏◊º\⌥¶%3⇧l�0A�◆#å◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Ê

ı�ó∏◊º\⌥¶ KL ! 3⇡0ñ–]jÙ«�◆%i✓⇥◆. 3)_��‚⌦ƒ∫%i⇤r� ¥̇ßì…r:üx>⇢|æ”⌥̀¶%3⇧l�0A

�◆#å 2) <̧ ∞̇†ì…r M.C.X<s�'�\⌥¶⌃◆6†x�◆%i✓⇥◆. 2)\⌥¶SXâì�⌅�◆l�0A�◆#å M.C.\Å

"f“qt$Ì⌦ù)a{9��◆[̨t_� Particle Encoding⌥̀¶SXâì�⌅�◆%i✓⇥◆. Particle Encodings�Í̄Õ,

Ñ⇡⌅Ìflñπ̈⌃◆\Å"fyåï{9��◆⌅◆⇥◆ì¶ƒªÙ« ID\⌥¶{9⌃&Ò⌦Ù«Ω©gÀ:\Å✏◆⇤◆ ’̧w�◆\⌥¶Bj|�⌅�Ø 

s�⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r‹ºñ–¬“'�_�◊⇧Ê$Ì⌦�◆s�ì:rs� 3>h�◆eî✓#Q⌥�◆ì¶1lxr�\Å◊⇧Ê

$Ì⌦�◆s�ì:r‹ºñ–¬“'�F�g�◆�◆ 6>heî✓6£ß⌥̀¶SXâì�⌅�◆%i✓⇥◆. 3)\⌥¶SXâì�⌅�◆l�0A�◆#å

F�g�◆_� j̨úÌ Ï̄Õ6£xt�&h⌥⌥̀¶SXâì�⌅�◆%i✓⇥◆. F�g�◆_� j̨úÌ Ï̄Õ6£xt�&h⌥⌥̀¶SXâì�⌅�◆#å

#Qã"⌅�é⌥ÿ⇧¶l�\Å"f Ï̄Õ6£x�◆%i✓ç✏Ht�SXâì�⌅�◆%i✓⇥◆.

Variable Number of events
Number of event

Total Reconstructed Event
Contamination from other decays 0 0

Contamination from Dalitz decay 13.28 [mm] 0.15 [mm]

Missing One Gamma 13.90 [mm] 0.17 [mm]

Table 5.7: List of event selections
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66 Chapter 5. KL ! 3⇡0 Reconstruction

5.6 Data/M.C.

P.O.T.\⌥¶ ◊⇧Ê$Ì⌦ H⇡s�ì:r_� {9�⌃◆Ã⌫ √∫ñ– ≥â&≥�◆l� 0AK⌫"f, "Normalization

Trigger"<̧ "Minimum Bias Trigger"\Å"f_� Èflñ0A P.O.T. {©ú F⌫Ω®$Ì⌦&̃ç✏H KL !
3⇡0, KL ! 2⇡0 ’™o�ì¶ KL ! 2�_�>h√∫\⌥¶ M.C.\Å"f_�√∫6†xï∏<̧q�ìßÙ«⇥◆.

CP.O.T.toK L ⇥
P

all NKL dataP
all P.O.T.

=

P
all NKL M .C .P
all Nincident

(5.19)

q�YV�©ú√∫ CP.O.T.toK Lç✏Hz⇥¥+́>õ∏| ⌅_�Å�⌅⇥o\Å✏◆⇤◆Å�⌅⇥oΩ+…√∫eî✓‹ºŸºñ–,yåïz⇥¥+́>

õ∏| ⌅⌅◆⇥◆ CP.O.T.toK L\⌥¶8£§&Ò⌦Ù«⇥◆.

KL ! 3⇡0F⌫Ω®$Ì⌦s�¢-a—́ù)a⌃◆| ⌅\Å@/�◆#å, Data<̧ M.C._�q�ìß\⌥¶�◆%i✓

⇥◆. Data_�◊⇧Ê$Ì⌦H⇡s�ì:r_�Ã⌫ √∫ç✏HÄçï 8.146⇥ 109>hs�⇥◆. Data\Å"f_�◊⇧Ê$Ì⌦

H⇡s�ì:r_�Ã⌫ √∫(nKL ,data)ç✏H⇥◆6£ßı� ∞̇†s�Ω®Ω+…√∫eî✓⇥◆.

nKL ,data = P.O.T.⇥ CP.O.T.toK L ⇥ Cpre (5.20)

Cpreç✏Hyåï‡‘o�⌧�⌅◆⇥◆_� Prescale ∞̇Ø‹ºñ–,‡‘o�⌧��◆ CpreÅ�⌅µ1œ“qtΩ+…M:,Ù«>h_�

⌃◆| ⌅⌥̀¶ X<s�'�ñ– $�Å©úÙ«⇥◆ç✏H _�p�s�⇥◆. "Physics Trigger"_� �‚⌦ƒ∫ Cpre = 1,

"Normalization Trigger"_� �‚⌦ƒ∫ Cpre = 30, "Minimum Bias Trigger"_� �‚⌦ƒ∫

Cpre = 300s�⇥◆. M.C._��‚⌦ƒ∫ KL ! 3⇡0 ‘⇧Êı�ó∏ï∏_�H⇡s�ì:r⌥̀¶ 109>h“qt$Ì⌦�◆

%i✓ì¶, s�ç✏H ◊⇧Ê$Ì⌦ H⇡s�ì:r 5.12⇥ 109 = 109/0.1952ı� 1lx{9⌃�◆⇥◆. Datañ–¬“'�

_�Ï⌧rüÌ<̧ M.C.ñ–¬“'�_�Ï⌧rüÌ_�&Ò⌦Ω©⇥o�©ú√∫ç✏H NData to M .C . =
8.146⇥ 109

5.12⇥ 109
=

1.59s�⇥◆. &Ò⌦Ω©⇥o�©ú√∫\⌥¶s�6†x�◆#åÏ⌧rüÌ\⌥¶&Ò⌦Ω©⇥oÙ«+', Data/M.C.\⌥¶◊⇧Ê$Ì⌦

H⇡s�ì:r_�=⇣Gf± &h⌥,◊⇧Ê$Ì⌦H⇡s�ì:r_�]X�Ç�⌅(tangential)Ó⌧r1lx|æ”, 6>hF�g�◆_�‘⇧¶Å�⌅

|9⌃|æ”,#å$¡ Å�⌅P:F�g�◆_�F⌫Ω®$Ì⌦ù)a\Å�-t�,#å$¡ Å�⌅P:F�g�◆_� MBñ–_�{9�⌃◆

t�&h⌥,#å$¡ Å�⌅P:F�g�◆_� MB\Åzåô|�⌅\Å�-t�\⌥¶q�ìß�◆%i✓⇥◆.
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Figure 5.5: (a) Before applying Dalitz Cut (b) After applying Dalitz Cutc�2018 J-PARC E14 Collaboration
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(a) (b)

(c) (d)

(e) (f)

Figure 5.6: Distributions of TV T D according to EDepc�2018 J-PARC E14 Collaboration



Chapter 6

Study of Barrel Response With �

From K0
L

6.1 Vertex Time Difference

F⌫Ω®$Ì⌦ù)a KL ! 3⇡0 ‘⇧Êı�⌃◆| ⌅\Å"f 6>h_�F�g�◆ç✏H>·§∞̇†ì…rr�Áflñ\Å>·§∞̇†ì…r

t�&h⌥(◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�t�&h⌥)\Å"f“qt$Ì⌦&̃#Q,yåï�é⌥ÿ⇧¶l�ñ–ÿ⇧¶µ1œÙ«⇥◆. ◊⇧Ê!̌t

H⇡s�ì:r_�‘⇧Êı�t�&h⌥s� ∏̇òF⌫Ω®$Ì⌦ &̃#Qeî✓⇥◆Ä�⌅,�é⌥ÿ⇧¶l�_�8£§&Ò⌦r�Áflñı�8£§&Ò⌦0A

u�\⌥¶s�6†x�◆#å,F�g�◆_�ÿ⇧¶µ1œr�Áflñ<↵ ì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�r�Áflñ(TKL
)⌥̀¶>⇢Ìflñ

Ω+…√∫eî✓⇥◆.

TKL
= TDetected � | ~rDetector � ~rver tex |/c (6.1)

#ål�\Å"f TDetectedç✏HF�g�◆<̧�é⌥ÿ⇧¶l�_� Ï̄Õ6£xr�Áflñs�ì¶, ~rDetectorç✏HF�g�◆_��é⌥ÿ⇧¶

l�ñ–_�{9�⌃◆0Au�, ~rver texç✏H◊⇧Ê$Ì⌦H⇡s�ì:r_� 3 ◆"È∂=⇣Gf± &h⌥s�⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�

‘⇧Êı�r�Áflñì…r CsI\P⌃|æ”>⇢\⌥¶s�6†x�◆#å>⇢ÌflñΩ+…√∫eî✓⌥̀¶ ⌧̃rÎflñ⌥◆m�⇤◆, MB(IB)\⌥¶
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70 Chapter 6. Study of Barrel Response With � From K0
L

s�6†x�◆#å>⇢ÌflñΩ+…√∫eî✓⇥◆. yåï�é⌥ÿ⇧¶l�\Å"f�é⌥ÿ⇧¶�◆ç✏HF�g�◆ç✏H�◆�◆_�◊⇧Ê$Ì⌦H⇡

s�ì:r_�‘⇧Êı�ñ–ì�⌅Ù«F�g�◆s�Ÿºñ–,yåï�é⌥ÿ⇧¶l�\Å"f>⇢Ìflñ&̃ç✏H◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Ê

ı�r�Áflñì…r"fñ– ∞̇†⌥◆⌥Ù«⇥◆. ’™�QŸºñ–ø∫�é⌥ÿ⇧¶l�ñ–¬“'�_� TKL
 ◆s�_�Ï⌧rüÌ

ç✏Hø∫�é⌥ÿ⇧¶l�Áflñ_�%Ú⌦&h⌥ ◆s��◆◊⇧Êdî⌥⌥̀¶s�¿“ì¶,ø∫�é⌥ÿ⇧¶l�_�r�ÁflñÏ⌧rK⌫0px_�

Ω+ÀÎflñ�pu_�≥Ô⌧rº#⌅ ◆\⌥¶�◆î�⌅⇥◆.

T Barrel
KL
� T CsI

KL
⌘ TV T D (6.2)

TV T D ⇠ g(OBarrel �OCsI ,�) (6.3)

� =
q
�2

CsI +�
2
Barrel (6.4)

#ål�\Å"f ODetectorç✏H yåï �é⌥ÿ⇧¶l�_� %Ú⌦&h⌥, g(M , S)ç✏H ®Ó⌦Á◆Hs� M , ≥Ô⌧rº#⌅ ◆�◆

Sì�⌅�◆ƒ∫r�ÓflñÏ⌧rüÌ\⌥¶_�p�Ù«⇥◆.

Figure 6.1: (Unitary Triangle.
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6.1 Vertex Time Difference 71

6.1.1 Fine Time Calibration

ø∫�é⌥ÿ⇧¶l�Áflñ_� TKL
_� ◆s�\⌥¶SXâì�⌅Ü< ‹ºñ–+ã,ø∫�é⌥ÿ⇧¶l�Áflñ_�%Ú⌦&h⌥ ◆s�\⌥¶

SXâì�⌅Ω+…√∫eî✓⇥◆. s��QÙ«%Ú⌦&h⌥ ◆\⌥¶ó∏—̋tZ>⌃ñ–SXâì�⌅�◆#åp�[jr�Áflñ%Ú⌦&h⌥õ∏]X⌃

⌥̀¶√∫'üùÙ«⇥◆.Barrel_�Module ID�◆⇧◆7�#Qï∏ CsI\P⌃|æ”>⇢_�%Ú⌦&h⌥ì…rÅ�⌅�◆t� ∑̇ß

‹ºŸºñ–,yåï Barrel_�ó∏—̋tı� CsI\P⌃|æ”>⇢_�%Ú⌦&h⌥ ◆_�Å�⌅⇥oç✏Hó∏ø∫ Barrel\Å"f

ì:r⇥◆. iÅ�⌅P: Barrel_� TV T D\⌥¶ T i
V T D⇤◆≥â&≥�◆Ä�⌅,⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆.

T i
V T D ⇠ g(Oi

Barrel �OCsI) (6.5)

T i
V T D_� �◆ƒ∫r�Óflñ �H⌃◆\⌥¶ �◆#å, �◆ƒ∫r�Óflñ Ï⌧rüÌ_� ◊⇧Êdî⌥∞̇Ø⌥̀¶ ó∏—̋t_� %Ú⌦

&h⌥(Oi
Barrel)‹ºñ–&Ò⌦_�Ù«⇥◆. p�[jr�Áflñ%Ú⌦&h⌥õ∏]X⌃⌥̀¶�◆l�0AK⌫⇥◆6£ßı� ∞̇†s�&h⇤

Figure 6.2: (Unitary Triangle.

6†xÙ«⇥◆.

T i
F ine = T i

incidence �Oi
Barrel +O0

Barrel (6.6)

T i
F ineç✏Hp�[j%Ú⌦&h⌥õ∏]X⌃ù)ar�Áflñs�⇥◆.
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6.1.2 Time Resolution of Barrel Counter

�é⌥ÿ⇧¶l�\Å"f{9�ç✏H$3⌥F�g_�Ã⌫ √∫\Å✏◆⇤◆�é⌥ÿ⇧¶l�_�r�ÁflñÏ⌧rK⌫0pxs� ≤̇ò⇤◆fî⌥

ì…rV,⌃o� ∑̇ò�94Reî✓⇥◆. �◆�◆_�$3⌥F�g\Å@/K⌫"f,r�Áflñ\Å✏◆è…rSXâ“⌃¶x9⌃ï∏Ü< √∫\⌥¶

f (t) = f (t, m,�)<̧ ∞̇†s� j̨t√∫eî✓⌥̀¶M:, n>h_�$3⌥F�gs�1lxr�\Å“qt$Ì⌦&̃%3✓⌥̀¶M:

n>h_�SXâ“⌃¶x9⌃ï∏Ü< √∫ç✏H⇥◆6£ßı� ∞̇†⇥◆.

f (t) = f (t, m,
�p
n
) (6.7)

#ål�\Å"f, mì…rSXâ“⌃¶x9⌃ï∏Ü< √∫_�®Ó⌦Á◆H, �ç✏HSXâ“⌃¶x9⌃ï∏Ü< √∫_�≥Ô⌧rº#⌅ ◆s�⇥◆.

$3⌥F�g_�Ã⌫ √∫(L)ç✏H Birks’ law\Å✏◆⇤◆,⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆.

d L
d x

= S
dE
d x

1+ kb
dE
d x

⇠ S
dE
d x

(6.8)

�t / Constant ⇥ 1p
Edep

(6.9)

#ål�\Å"f, kbç✏H Birks’ constantñ–, e�¶o�€ºw�E$ô l� Ï̄Õ $3⌥F�g â̂_� �‚⌦ƒ∫

0.126mm/MeV s�⇥◆. ⌅◆̄Õ�◆t�ñ–, Barrel_� r�Áflñ Ï⌧rK⌫0pxì…r Barrel\Å zåô

⌧�î�⌅\Å�-t�\Å✏◆⇤◆"fÅ�⌅⇥oÙ«⇥◆. s�Å�⌅⇥o\⌥¶ì¶�9�◆#å, TV T D Ï⌧rüÌ_�≥Ô⌧rº#⌅

 ◆ç✏H⇥◆6£ßı� ∞̇†s�"f’̧tΩ+…√∫eî✓⇥◆.

� =
q
�2

CsI +�
2
Barrel(EDep) (6.10)

�Barrel(EDep) / p0p
EDep

(6.11)

#ål�\Å"f EDepì…r Barrel\Åzåô⌧�î�⌅\Å�-t�s�ì¶, p0ç✏Hq�YV�©ú√∫s�⇥◆. yåï EDep\Å

✏◆è…r TV T D Ï⌧rüÌ_�≥Ô⌧rº#⌅ ◆\⌥¶SXâì�⌅Ü< ‹ºñ–+ã, Barrel_�zåô⌧�î�⌅\Å�-t�\Å✏◆

è…rr�ÁflñÏ⌧rK⌫0px⌥̀¶\V8£§�◆%i✓⇥◆. s�M:, CsI\P⌃|æ”>⇢ñ–¬“'�ö∏ç✏Hr�ÁflñÏ⌧rK⌫0pxs�

∞̇†s�üÌÜ< &̃#Qeî✓⇥◆. TV T D_�r�ÁflñÏ⌧rK⌫0px⌥̀¶SXâì�⌅�◆ç✏H�Ø s�Ÿºñ–, TV T D Cut⌥̀¶

&h⇤6†x�◆t� ∑̇ßÄå§⇥◆. ¢∏Ù«p�[j%Ú⌦&h⌥õ∏]X⌃⌥̀¶&h⇤6†x�◆#å, TV T D_�ó∏—̋tÁflñ_� ◆s�

\⌥¶\O�”êx⇥◆.
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6.1.3 Back Splash Events

TV T D_�↵◆{©ú$Ì⌦ì…r, �̀¶⇧◆è…r◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥_�F⌫Ω®$Ì⌦ı�◊⇧Ê$Ì⌦H⇡s�

ì:r_� F�g�◆�◆ Îflñ◊ºç✏H í�⌅†Ò{9⌃ M: ƒª¥Ú�◆⇥◆. CsI \P⌃|æ”>⇢ñ– {9�⌃◆Ù« F�g�◆�◆ {9�

⌃◆Ù«~Ω”Üæ”ı� Ï̄Õ@/~Ω”Üæ”‹ºñ–î�⌅'üù�◆ç✏Hø1œ{9��◆\⌥¶Îflñ[̨t√∫eî✓ç✏HX<,s�\⌥¶ ’Back

Splash’ ⇤◆ì¶ Ù«⇥◆. s��QÙ« ø1œ {9��◆ç✏H ≈“ñ– Barrel\Å {9�⌃◆�◆#å í�⌅†Ò\⌥¶ zåô|�⌅

⇥◆. q�2ü§◊⇧Ê$Ì⌦H⇡s�ì:r_�=⇣Gf± &h⌥s� �̀¶⇧◆ÿ‘>⇡F⌫Ω®$Ì⌦&̃%3✓⌥̀¶t�⇤◆ï∏, Barrel_�

í�⌅†Òç✏H◊⇧Ê$Ì⌦H⇡s�ì:r\Å"fì:rí�⌅†Ò�◆⌥◆m�Ÿºñ–, TV T D Ï⌧rüÌ_�◊⇧Êdî⌥ì…r�8s��©ú

�é⌥ÿ⇧¶l�Áflñ_�%Ú⌦&h⌥ ◆s��◆⌥◆m�⇥◆. ’™@/í�⌅,%Ú⌦&h⌥ ◆s�ç✏H⇥◆6£ßı� ∞̇†s��◆↵◆Ë≠q

√∫eî✓⇥◆.

TV T D = OBarre �OCsI + ToFTrue � ToFFalse (6.12)

ToFTrue = | ~rCsI � ~rver tex |/c + | ~rBarrel � ~rCsI |/c (6.13)

ToFFalse = | ~rBarrel � ~rver tex |/c (6.14)

#ål�\Å"f ToFTrue ç✏H �̀¶⇧◆è…rí�⌅†Ò_�q�'üùr�Áflñ, ToFFalseç✏H ∏̇ò3lwù)aí�⌅†Ò_�q�

'üùr�Áflñs�⇥◆. s��QÙ«í�⌅†Ò[̨t_�:£§fÁ⌦ì…r, ∏̇ò3lwù)aí�⌅†Ò_�q�'üùr�Áflñ⌥̀¶s�6†x�◆

#å TV T D\⌥¶>⇢Ìflñ�◆l�M:Î⌫H\Å, TV T D_�◊⇧Êdî⌥s��é⌥ÿ⇧¶l�Áflñ_�%Ú⌦&h⌥ ◆s�ò–⇥◆÷º

è2; ∞̇Ø⌥̀¶�◆t�>⇡ù)a⇥◆.

Back Splash⌃◆| ⌅⌥̀¶SXâì�⌅�◆l�0AK⌫"f, 6>h_�F�g�◆�◆ CsI\P⌃|æ”>⇢\Å{9�⌃◆�◆ç✏H

�‚⌦ƒ∫\⌥¶ ∂̇ò(Rò–Äå§⇥◆. 6>h_�F�g�◆�◆ó∏ø∫ CsI\P⌃|æ”>⇢\Å{9�⌃◆�◆%i✓l�M:Î⌫H\Å,

ƒ∫É⇢⌅Ù«j≈@⌥̀¶]j@̧�◆Ä�⌅⇥◆è…r�é⌥ÿ⇧¶l�\Åç✏Hí�⌅†Ò�◆\O�#Q⌥Ù«⇥◆.

6.2 Sampling Fratcion

F�g�◆\⌥¶¥Ú÷⌃¶&h⇤‹ºñ–>⇢8£§�◆l�0A�◆#å, Inner Barrel(Main Barrel)ì…r$3⌥F�g

â̂<̧ ±̇ö_�ìß@/Ω®õ∏ñ–s�¿“#Q4Reî✓⇥◆. Barrel\Å{9�⌃◆Ù«F�g�◆ç✏H$3⌥F�gâ̂<̧ ±̇ö

\Å"f ó∏ø∫ Ï̄Õ6£x�◆ç✏H Ï̄ÕÄ�⌅, $3⌥F�gâ̂\Å"f µ1œ“qt�◆ç✏H ynCÎflñ⌥̀¶ í�⌅†Òñ–"f {9�‹ºŸº

ñ–,��⌃≤DGF�g�◆_�\Å�-t�◊⇧Ê{9⌃¬“Îflñ⌥̀¶õ'aπ1œ�◆>⇡ù)a⇥◆. s�M:F�g�◆�◆ Barrel\Å
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zåô|�⌅Ñ⇡⌅â̂ \Å�-t� <̧$3⌥F�gâ̂\Åzåô|�⌅\Å�-t�_�q�\⌥¶ Sampling Fractions�⇤◆

ì¶Ù«⇥◆.

S.F.=
EActive

EActive + EPassive
(6.15)

6.2.1 Fine Energy Calibration
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Figure 6.3: Distributions of TV T D according to EDep
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7.1 Reconstruction of Gamma Energy

7.2 Timing Resolution of Barrel

7.3 Recovery of Signal From Back Splash Event
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Figure 7.1: Timing resolution evaluted by 5g+1g analysis
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Figure 7.2: Timing resolution evaluted by 5g+1g analysis
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