
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⇧¶\Å ì¶�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 z⇥¥+́>ì…r &Ò⌦ß>=ù)a cî⌥⌥̀¶ ⌃◆

6†x�◆#å �é⌥ÿ⇧¶l�ñ– {9�⌃◆�◆ç✏H ◊⇧Ê$Ì⌦ H⇡s�ì:r_� fî⇤yåï~Ω”Üæ”_� Ó⌧r1lx|æ”(Transverse

Momentum)s�Ååïl�(⇠ 10MeV)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)�◆fî⇤yåï~Ω”Üæ”_�

Ó⌧r1lx|æ”⌥̀¶�◆t�ì¶eî✓⇥◆. ø∫>h_�◊⇧Ê$Ì⌦p��◆�◆�◆t�ç✏Hfî⇤yåï~Ω”Üæ”_�Ó⌧r1lx|æ”Îflñ

�pu ⇡0ï∏fî⇤yåï~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_�fî⇤yåï~Ω”Üæ”_�Ó⌧r1lx|æ”⌥̀¶’™@/ñ–ò–î>rÙ«⇥◆.

s�\⌥¶ì¶�9�◆#åø∫>h_�‘⇧Êı�ó∏◊º\⌥¶ø∫F�g�◆_�fî⇤yåï~Ω”Üæ”_�Ó⌧r1lx|æ”‹ºñ–Ω®Z>⌃
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16 Chapter 2. KOTO Experiment

Ω+…√∫eî✓⇥◆. Ù«º#⌅ø∫>h_�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✓⇥◆. ◊⇧Ê$Ì⌦p��◆

\⌥¶¡∫r��◆ì¶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 ! ⇡0⌫⌫̄\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∫>hF�g�◆�◆ ⇡0\Å"f“qt$Ì⌦HÜd⌥̀¶�◆&Ò⌦�◆#å◊⇧Ê$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®>hyåïï∏ç✏H⇥◆6£ß

ı� ∞̇†⇥◆(Fig2.1).

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«⇥◆(Fig2.2).

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⌫�‚⌦⌃◆�©ú_�"È∂ì�⌅ì…r◊⇧Ê$Ì⌦�◆<̧�é⌥ÿ⇧¶l�_� Ï̄Õ6£xs�⇥◆.

c�2018 J-PARC E14 Collaboration



2.1 Identification of Signal 17

Figure 2.1: Reconstruction of Pi0.

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

�‚⌦⌃◆�©ús� “qt$Ì⌦&̃ç✏H s�ƒªç✏H �é⌥ÿ⇧¶l� :£§$Ì⌦_� q�0px“⌃¶(Inefficiency)M:Î⌫H\Å #å

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

6£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«⇥◆(Fig2.3). ⇥◆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⇥◆(Fig2.4). ◊⇧Ê$Ì⌦�◆ç✏Hø∫�◆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✏H Z⇢}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✓⇥◆(Fig2.5). 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&�⌅◆

c�2018 J-PARC E14 Collaboration



18 Chapter 2. KOTO Experiment

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

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

u�ø∫>h_�F�g�◆�◆{9�⌃◆Ù«�Ø %É!3⌥ò–s�>⇡Ù«⇥◆(Fig2.6). s��QÙ«⌃◆| ⌅⌥̀¶s�K⌫

�◆l�0A�◆#å◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�t�&h⌥\Å ∑̇ò¿“p�≥ou≥&h⇤⌥̀¶[O⌃u�(2785mm)�◆

#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«⇥◆IFig2.7). LINAC\Å"f H�\⌥¶�◆5≈qÙ« H�\⌥¶ H+ñ–Å�⌅®8ä

Ù«⇥◆. Å�⌅®8äù)a H+ç✏H RCS\Å"f 3 GeV�◆t��◆5≈qù)a⇥◆. �◆5≈qù)a H+ç✏H MR‹ºñ–{9�

⌃◆�◆#å MR\Å"f 30 GeV�◆t��◆5≈qù)a⇥◆.

c�2018 J-PARC E14 Collaboration



2.2 Experimental Apparatus 19

Figure 2.3: Distribution of Pt versus VertexZ from M.C. generation of KL !
⇡0⇡0 events. Normalized background number is 0.02. Missing two gammas

induced background.

2.2.2 Hadron Beam Facility(HBF)

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

{9�⌃◆Ù«⇥◆(Slow Extraction). {9�⌃◆�◆ç✏Hr�Áflñì…rÄçï 2úÌs� 9Ä™ú$Ì⌦�◆�◆⇥◆r��◆

5≈q&̃ç✏Hr�Áflñì…r 4úÌs�⇥◆. Ä™ú$Ì⌦�◆cî⌥ì…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⌦�◆_�[j

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

≈“l�_� POT_�flºl�ç✏HÄçï ⇠ 1013s�⇥◆. �◆5≈qù)aÄ™ú$Ì⌦�◆[̨tì…r HBF\Åï∏Ç√Ã�◆#å

"T1 Target"≥&h⇤ı� {9⌃¬“ Ï̄Õ6£xÙ«⇥◆. T1 Targetì…r HBF_� �©ú¿”\Å 0Au��◆#å Ä™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�⌅'üùÙ«⇥◆. cî⌥⇤◆ì�⌅◊⇧Ê KOTOz⇥¥+́>ì…r KLcî⌥

⇤◆ì�⌅\Å0Au�Ù«⇥◆. KLcî⌥⇤◆ì�⌅ì…rÄ™ú$Ì⌦�◆_�{9�⌃◆~Ω”Üæ”ı� 16ï∏_�yåïï∏\⌥¶s�Í⌧r

c�2018 J-PARC E14 Collaboration
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Figure 2.4: Event display about how backgrounds come from KL ! ⇡+⇡�⇡0

decay. FIgures show the dead points of charged pions. Because charged pions

are missing at beam pipe materials, only two gammas are detected.

⇥◆(Fig2.8). s�ç✏HÄ™ú$Ì⌦�◆<̧≥&h⇤_� Ï̄Õ6£x‹ºñ–¬“'�“qt$Ì⌦ù)a◊⇧Ê$Ì⌦�◆<̧◊⇧Ê$Ì⌦H⇡

s�ì:r_�yåïï∏\Å✏◆è…rÃ⌫ √∫\⌥¶ì¶�9Ù«�Ø s�⇥◆. KLcî⌥⇤◆ì�⌅\Åç✏HF�g�◆\⌥¶f✏®√∫�◆

ç✏H&Ò⌦ß>=⌥̂¶2ü§ı��◆Ñ⇡⌅{9��◆\⌥¶��⌃�Q?/ç✏HÑ⇡⌅�◆$3⇤s�[O⌃u�&̃#Qeî✓⇥◆(Fig2.10).

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⌫]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✓⇥◆.

c�2018 J-PARC E14 Collaboration
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Figure 2.5: Distribution of Pt versus VertexZ from M.C. generation of ⇡0 pro-

duction from neutron. Neutrons are injected to NCC and ⇡0s are generated at

NCC. Many backgrounds which is outside signal box are made.

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�◆
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22 Chapter 2. KOTO Experiment

Figure 2.6: Distribution of Pt versus VertexZ from M.C. generation of neutron

projection to CsI calorimeter. Many backgrounds which is inside signal box are

made.

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<s�'�√∫|9�

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)

FB<̧ MBç✏H◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�t�&h⌥⌥̀¶≈“Øπ�◆>⇡ —̧t�Q⌘◆ì¶eî✓⇥◆. ◊⇧Ê$Ì⌦H⇡s�

ì:r_�‘⇧Êı�ñ–¬“'�“qt$Ì⌦ù)aF�g�◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆. FB<̧ MBç✏H ±̇ö-$3⌥F�gâ̂_�≥ë:r+̨A

\P⌃|æ”>⇢ñ–]jÅåï&̃#Q¥Ú÷⌃¶&h⇤‹ºñ–~Ω”⌃◆U⇥¥s�\⌥¶ Z̨tß4✓⇥◆. $3⌥F�gâ̂_�$3⌥F�g⌥̀¶{9�l�
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Figure 2.7: Penorama of J-PARC laboratory

Figure 2.8: Mimetic diagram of Hadron Beam Facility.

c�2018 J-PARC E14 Collaboration



24 Chapter 2. KOTO Experiment

Figure 2.9: Schematic view of T1 Target system

Figure 2.10: Drawing of KL Beam Line

0AK⌫F�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶⌃◆6†x�◆%i✓ç✏HX<úÌ2ü§“êo$3⌥F�g⌥̀¶�8π°§Z⇢}ì…r¥Ú÷⌃¶ñ–�é⌥ÿ⇧¶

�◆l�0A�◆#å R329-EGPXF�gÑ⇡⌅�◆7£xC⌫õ'a⌥̀¶⌃◆6†x�◆%i✓⇥◆. FBç✏H 16>h_�ó∏—̋tñ–

�◆æ∫#Q4Reî✓ì¶ MBç✏H 32>h_�ó∏—̋tñ–�◆æ∫#Q4Reî✓⇥◆. MBç✏HÄ™úA·§=ÂQ\Å"fí�⌅

†Ò\⌥¶{9�ç✏H Ï̄ÕÄ�⌅, FBç✏HÙ«A·§=ÂQ\Å"fÎflñí�⌅†Ò\⌥¶{9�ç✏H⇥◆.

Barrel Charged Veto (BCV)

MBñ– [̨t#Qö∏ç✏H�◆Ñ⇡⌅{9��◆\⌥¶�é⌥ÿ⇧¶�◆l�0A�◆#å MB_�ÓflñA·§¬“Ï⌧r\Å 10 mmø∫

c�2018 J-PARC E14 Collaboration
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Front Barrel Main Barrel

Length (m) 2.75 5.5

Number of scintillator layers 59 45

Number of lead layers 59(1.5 mm) 15(1.0 mm) + 30(2.0 mm)

Thickness (X0) 16.5 13.5

Table 2.1: Specification of Front Barrel and Main Barrel.

aç_� $3⌥F�gâ̂\⌥¶ [O⌃u��◆%i✓⇥◆. BCVç✏H MB<̧ ∞̇†ì…r U⇥¥s�(5.5 mm)s� 9 ó∏—̋t_�

Ã⌫ √∫ï∏MB<̧ ∞̇†s� 32>hs�⇥◆. MB<̧⌅◆̄Õ�◆t�ñ–Ä™úA·§=ÂQ\Å"fí�⌅†Ò\⌥¶{9�ç✏H⇥◆.

Neutron Collar Counter (NCC)

NCCç✏H FBÓflñ\Å[O⌃u�ù)a CsI��⌃&Ò⌦+̨A �é⌥ÿ⇧¶l�s�⇥◆. NCCç✏H�©ú¿”\Å"f‘⇧Êı�Ù«◊⇧Ê

$Ì⌦H⇡s�ì:r\Å"f�◆ì:rF�g�◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆. ¢∏Ù« NCCç✏H◊⇧Ê$Ì⌦H⇡s�ì:rı�Ü< aç ±̇ò

⌥◆ö∏ç✏H◊⇧Ê$Ì⌦�◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆. ◊⇧Ê$Ì⌦�◆�◆ NCC¬“Ï⌧r\Å"f ⇡0\⌥¶Îflñ[̨t#QC⌫�‚⌦⌃◆�©ú

⌥̀¶ƒªµ1œ�◆l�M:Î⌫H\Ås�\⌥¶�é⌥ÿ⇧¶�◆ç✏H�Ø ì…rC⌫�‚⌦⌃◆�©ú_�]j⌧�\Å◊⇧ÊØπ�◆⇥◆. �◆

�◆_� NCCç✏HÈflñÄ�⌅&h⇤s� 66 ⇥ 66 mm2s�ì¶ø∫açç✏H 146 mms�⇥◆. CsI��⌃&Ò⌦\Å"f

µ1œ“qtÙ«$3⌥F�gâ̂\⌥¶ 40>h_��◆Å©ús�1lxF�g$3⌥ƒª\⌥¶s�6†x�◆#å$3⌥F�g⌥̀¶ó∏ì…r⇥◆. �◆

�◆_� NCCó∏—̋t{©ú 8̇x 40>h_��◆Å©ús�1lxF�g$3⌥ƒª\⌥¶⌃◆6†x�◆%i✓⇥◆. NCC\⌥¶[j¬“

Ï⌧r‹ºñ–�◆*'#Qyåï¬“Ï⌧r\Å"f>hZ>⌃&h⇤ì�⌅(Individual)[j>h_�í�⌅†Ò<̧[j¬“Ï⌧r_�

í�⌅†Ò_�Ω+À(Common)⌥̀¶{9�ç✏H⇥◆. s�M:>hZ>⌃&h⇤ì�⌅í�⌅†Ò\⌥¶{9�l�0A�◆#åF�g$3⌥ƒª

40>h◊⇧Êyåï 4>hmî⇤ 8̇x 12>h\⌥¶⌃◆6†x�◆%i✓ì¶[j¬“Ï⌧r_�í�⌅†Ò_�Ω+À⌥̀¶{9�l�0A�◆

#å 28>h_�F�g$3⌥ƒª\⌥¶⌃◆6†x�◆%i✓⇥◆.

Charged Veto (CV)

CVç✏H CsI\P⌃|æ”>⇢∑̇°\Å"f CsI\P⌃|æ”>⇢ñ– [̨t#Qö∏ç✏H�◆Ñ⇡⌅{9��◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆. CVç✏H

3 mmø∫aç<̧ 7 cm;ü§_�$3⌥F�gâ̂<̧ 7>h_� 1 mmt�2£ß_��◆Å©ús�1lxF�g$3⌥ƒªñ–
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s�¿“#Q4Reî✓⇥◆. yåï CVó∏—̋t\Å"f�◆ö∏ç✏Hí�⌅†Ò\⌥¶Ä™úA·§=ÂQ\Å"f{9�ç✏H⇥◆. s�M:

ÜΩ”�©ú�◆Å©ús�1lxF�g$3⌥ƒª<̧�◆�◆Ó⌧rA·§ı��◆Å©ús�1lxF�g$3⌥ƒª<̧Ä�⌅A·§s�eî✓⇥◆. F�g

$3⌥ƒª_� yåôZ̊U⇥¥s��◆ U⇥¥l� M:Î⌫H\Å(⇠ 5m) ¥̇ßì…r F�g|æ”⌥̀¶ %3⇧⌥̀¶ √∫ eî✓⇥◆. CVç✏H

2>h_�8£x‹ºñ–Ω®$Ì⌦&̃#Qeî✓ç✏HX<�©ú¿”A·§\Åeî✓ç✏H8£x⌥̀¶ Front CV,�◆¿”A·§\Åeî✓ç✏H

8£x⌥̀¶ Rear CV⇤◆Ù«⇥◆. Front CV_��‚⌦ƒ∫ 48>h_�ó∏—̋tñ–s�¿“#Q4Reî✓ì¶ Rear

CV_��‚⌦ƒ∫ 44>h_�ó∏—̋tñ–s�¿“#Q4Reî✓⇥◆. ó∏—̋t[̨t⌥̀¶Ω+À5g"f 16yåï+̨A⌥̀¶s�¿“

>⇡�◆#å CsI\P⌃|æ”>⇢ ∑̇°A·§\Å0Au��◆>⇡ù)a⇥◆.

Scintillatorl BC404 (Saint-Gobain)

Wavelength Shifting Fiber Y-11(350)MSJ (Kuraray)

1 mm in diameter

Glue EJ500 (Eljen)

Table 2.2: Specification of CV

Outer Edge Veto(OEV)

OEVç✏H CsI\P⌃|æ”>⇢<̧ CsI\P⌃|æ”>⇢\⌥¶t�t�K⌫≈“ç✏H"È∂:üx+̨AΩ®õ∏”̧t⌃◆s�\Å0Au�

�◆#å CsI\P⌃|æ”>⇢\Å"fDh#Q�◆ö∏ç✏HÑ⇡⌅�◆l�⇥◆µ1œ⌥̀¶�é⌥ÿ⇧¶Ù«⇥◆. OEVç✏H ±̇ö-$3⌥F�g

â̂ ≥ë:r+̨A �é⌥ÿ⇧¶l�s� 9s�M: ±̇ö_�ø∫açç✏H 1.5 mm$3⌥F�gâ̂_�ø∫açç✏H 5.0. mm

s�⇥◆. OEVç✏HÙ«A·§=ÂQ\Å"fÎflñí�⌅†Ò\⌥¶{9�‹º 9 8̇x 44>h_�ó∏—̋tñ–Ω®$Ì⌦&̃#Qeî✓

⇥◆. CsI\P⌃|æ”>⇢t�t�@/<̧ CsI\P⌃|æ”>⇢⌃◆s�_� ∑̇öß4⇤⌥̀¶|⌦⌅n�l�0A�◆#å�é⌥ÿ⇧¶l�_�

�◆Å©ú�◆o�\Å€º_Öì�⌅o�€º\⌥¶V,⇣%3✓⇥◆.

Collar Counter 03(CC03) and Linear Charged Veto(LCV)

CC03ç✏H cî⌥ �◆s�⁄‘ @̧#4⇤ı� CsI \P⌃|æ”>⇢ ⌃◆s�\Å 0Au��◆#å cî⌥ �◆s�·‘ ≈“Å�⌅\Å

µ1œ“qt�◆ç✏H {9��◆[̨t⌥̀¶ �é⌥ÿ⇧¶Ù«⇥◆. CC03ç✏H CsI ��⌃&Ò⌦‹ºñ– Ω®$Ì⌦&̃#Q 45.5 ⇥ 18
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mm2
_�ÈflñÄ�⌅&h⇤ı� 500 mm2

_�ø∫aç\⌥¶�◆î�⌅⇥◆. Ù«º#⌅ LCVç✏Hcî⌥�◆s�·‘?/#4⇤\Å

0Au��◆#åcî⌥�◆s�·‘<̧ Ï̄Õ6£x�◆l�Ñ⇡⌅\Å LCV<̧Ä�⌅$� Ï̄Õ6£x�◆>⇡�◆#å{9��◆[̨ts�

�é⌥ÿ⇧¶l��◆⌥◆ç�⌅ ”̧t|9⌃\Å Ï̄Õ6£x�◆#å\O�#Qt�t� ∑̇ß>⇡Ù«⇥◆. LCVç✏H 3 mmø∫aç_�

$3⌥F�gâ̂\Å 15>h_��◆Å©ús�1lxF�g$3⌥ƒª\⌥¶⌃◆6†x�◆#å$3⌥F�g⌥̀¶ó∏ì…r⇥◆. $3⌥F�gâ̂<̧�◆

Å©ús�1lxF�g$3⌥ƒªç✏H CV<̧ ∞̇†ì…r�Ø ⌥̀¶⌃◆6†x�◆%i✓⇥◆.

Collar Counters(CC04, CC05 and CC06)

◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�ñ–“qt$Ì⌦ù)a{9��◆�◆cî⌥�◆s�·‘ÓflñA·§‹ºñ– [̨t#Qyå§⌥̀¶M:K⌫

{©ú{9��◆\⌥¶�é⌥ÿ⇧¶�◆l�0A�◆#åcî⌥�◆s�·‘≈“Å�⌅\Å�é⌥ÿ⇧¶l�\⌥¶[O⌃u��◆%i✓⇥◆. s��Q

Ù«�é⌥ÿ⇧¶l�\⌥¶ CC0X⇤◆ì¶Ù«⇥◆. [O⌃u�ù)a�é⌥ÿ⇧¶l�[̨tì…ryåïyåï CC04, CC05’™o�ì¶

CC06�◆eî✓⇥◆. �é⌥ÿ⇧¶l�ç✏H CsI��⌃&Ò⌦‹ºñ–s�¿“#Q4Reî✓⇥◆.

Contents CC04 CC05 CC06

Number of Modules 42(E391) + 54(E391) + 54(E391) +

16(KTeV) + 4(Scintillator) 4(Scintillator)

4(Scintillator)

Central Z Position [mm] 7415 8793 10338

Table 2.3: Information of CC0X

Beam Pipe Charged Veto(BPCV)

cî⌥�◆s�·‘ç✏H�é⌥ÿ⇧¶l��◆⌥◆m�Ÿºñ–◊⇧Ê$Ì⌦H⇡s�ì:r\Å"f“qt$Ì⌦ù)a{9��◆�◆cî⌥�◆s�·‘

<̧ Ï̄Õ6£x�◆Ä�⌅K⌫{©ú{9��◆\⌥¶{9⌧#Q!Qwn=√∫eî✓⇥◆. s��QÙ«�‚⌦ƒ∫\⌥¶~Ω”t��◆l�0A�◆

#åcî⌥�◆s�·‘<̧∑°≠#Qeî✓ç✏H�é⌥ÿ⇧¶l�\⌥¶[O⌃u��◆%i✓⇥◆. BPCVç✏H 1000 mm_�U⇥¥s�

<̧ 200 mm_�;ü§ 5 mm_�ø∫aç_�$3⌥F�gâ̂ 9 CC05<̧ CC06⌃◆s�\Å0Au��◆#å

cî⌥�◆s�·‘_�⇧◆æ̇†A·§⌥̀¶ —̧t�Q⌘◆ì¶eî✓⇥◆. 4>h_�ó∏—̋tñ–Ω®$Ì⌦&̃#Qeî✓‹º 9€º_Ö

ì�⌅o�€º⌃Ωô◊ºñ–cî⌥�◆s�·‘<̧¬“Ç√Ã&̃#Qeî✓⇥◆. $3⌥F�gâ̂\Å"f�◆ì:rynC⌥̀¶ 10>h_�

�◆Å©ús�1lxF�g$3⌥ƒªñ–Ù«A·§=ÂQ\Å"f{9�ç✏H⇥◆.
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Beam Hole Charged Veto(BHCV)

◊⇧Ê$Ì⌦ H⇡s�ì:r\Å"f “qt$Ì⌦ù)a �◆Ñ⇡⌅{9��◆�◆ B⌫ƒ∫ ±̇ùì…r ]X�Ìflñ~Ω”Üæ”_� Ó⌧r1lx|æ”⌥̀¶

�◆t�ì¶ cî⌥ �◆s�·‘ ÓflñA·§⌥̀¶ t��◆>⇡ &̃Ä�⌅ CC0X�◆ BPCV�◆ �◆Ñ⇡⌅{9��◆\⌥¶ �é⌥ÿ⇧¶

Ω+… √∫ \O�>⇡ ù)a⇥◆. s� M: cî⌥ ◊⇧Êdî⌥\Å BHCV\⌥¶ ø∫#Q �◆Ñ⇡⌅{9��◆\⌥¶ �é⌥ÿ⇧¶Ù«⇥◆.

cî⌥ ◊⇧Êdî⌥\Åç✏H #å�Q �◆t� ◊⇧Ê$Ì⌦{9��◆�◆ ¥̇ßs� t��◆�◆Ÿºñ–(F�g�◆, ◊⇧Ê$Ì⌦�◆, ◊⇧Ê$Ì⌦

H⇡s�ì:r) j̨@/Ù« �◆Ñ⇡⌅{9��◆Îflñ Ï̄Õ6£x�◆ï∏2ü§ Gas �é⌥ÿ⇧¶l�ñ– ]jÅåï&̃%3✓⇥◆. �◆

Ñ⇡⌅{9��◆�◆ Gas\⌥¶ t��◆�◆Ä�⌅"f Gas_� Ñ⇡⌅�◆\⌥¶ [̨t‰º>⇡ Ù«⇥◆. Ù«º#⌅ BHCV ?/

¬“\Å [O⌃u�ù)a Ñ⇡⌅Ç�⌅\Å Ñ⇡⌅∑̇ö  ◆s�\⌥¶ ��⌃#Q∫°ß‹ºñ–+ã [̨t‰º>⇡ ù)a Ñ⇡⌅�◆�◆ Ñ⇡⌅Ç�⌅⌥̀¶

↵◆ì¶f✏À�QÑ⇡⌅¿”\⌥¶Îflñé✏H⇥◆. s�Ñ⇡⌅¿”_�í�⌅†Ò\⌥¶s�6†x�◆#å�◆Ñ⇡⌅{9��◆\⌥¶�é⌥ÿ⇧¶Ù«⇥◆.

Beam Hole Photon Veto(BHPV)

BHPVç✏H CC06�é⌥ÿ⇧¶l�ò–⇥◆�◆¿”\Å0Au��◆#å�◆Å©ú�◆¿”�◆t�î�⌅'üùÙ«F�g�◆\⌥¶

�é⌥ÿ⇧¶Ù«⇥◆. BHPVç✏Hcî⌥_�◊⇧Êdî⌥\Å0Au��◆#å◊⇧Ê$Ì⌦H⇡s�ì:rı�Ü< aç{9�⌃◆�◆ç✏H ¥̇ß

ì…r ◊⇧Ê$Ì⌦�◆�◆ BHPV⌥̀¶ t��◆�◆>⇡ ù)a⇥◆. s� M: ◊⇧Ê$Ì⌦�◆<̧ Ï̄Õ6£x�◆t� ∑̇ß‹ºÄ�⌅"f

F�g�◆<̧_� Ï̄Õ6£xÎflñ⌥̀¶ƒªï∏�◆l�0A�◆#å ±̇ö-\Å#Qñ–7ãq(aerogel)Ω®õ∏ñ–�é⌥ÿ⇧¶l�

\⌥¶ ]jÅåï�◆%i✓⇥◆. F�g�◆�◆ BHPVñ– {9�⌃◆�◆#å ±̇ö\Å"f ä©ú“qt$Ì⌦(Pair-Creation)⌥̀¶

{9⌃‹ºÜ�⌅⇥◆. BHPVç✏H “qt$Ì⌦ù)a Ñ⇡⌅�◆-Ä™úÑ⇡⌅�◆�◆ \Å#Qñ–7ãq\Å"f Îflñ◊ºç✏H â̂E$ôùÔ

·‘(Cherenkov)ynC⌥̀¶�é⌥ÿ⇧¶Ù«⇥◆. �é⌥ÿ⇧¶l�]jÅåï\Å⌃◆6†xÙ«\Å#Qñ–7ãq_�œ„J]X⌃÷⌃¶ì…r

n = 1.03s� 9,\Å#Qñ–7ãq_�ÈflñÄ�⌅&h⇤ì…r 320 ⇥ 320 mm2s�ì¶,ø∫açç✏H 58 mms�

⇥◆. \Å#Qñ–7ãq ∑̇°\Å ä©ú“qt$Ì⌦⌥̀¶ {9⌃‹ºv�l� 0AÙ« ±̇ö_� ø∫açç✏H 0Au�\Å ✏◆⇤◆ 1.5

mm<↵ ì…r 3.0 mm\⌥¶⌃◆6†x�◆%i✓⇥◆. “qt$Ì⌦ù)a â̂E$ôùÔ·‘ynC⌥̀¶'Õ Å�⌅P:ñ–⌧�÷⇧¶ñ–

Ï̄Õr�r�Ü�⌅⇥◆6£ß/BGÄ�⌅\Å"f_� Ï̄Õ⌃◆\⌥¶s�6†x�◆#åÄ™úA·§=ÂQ\Å"f{9�%3✓⇥◆. s�M: Ï̄Õ

⌃◆&̃ç✏H/BGÄ�⌅ì…r Winston Coneó∏Ä™ú‹ºñ–]jÅåï&̃%3✓⇥◆.

Beam Hole Guard Counter(BHGC)

ñBHflºo�‡‘#4⇤_�[O⌃u�ñ–ì�⌅�◆#å BHPV_�0Au��◆Å�⌅�‚⌦ù)a Í\ÅF�g�◆_�î�⌅'üù�◆

0pxÙ«{9�â̂yåï⌥̀¶ BHPV�◆ÿ⇧ÊÏ⌧ry�W=✏ì¶eî✓t�3lw�◆l�M:Î⌫H\Ås�\⌥¶ò–¢-a�◆l�0A
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K⌫ BHPV_��◆Å©ú�◆¿”¬“Ï⌧r\Å BHGC\⌥¶[O⌃u��◆%i✓⇥◆.

2.3 Data Acqusition System

2.3.1 Wavefom

KOTO z⇥¥+́>\Å"fç✏H ó∏é✏H �é⌥ÿ⇧¶l�_� X<s�'�\⌥¶ r�Áflñ\Å ✏◆è…r ADC_� flºl�

ñ– 2[1pqÙ«⇥◆. 2[1pqÙ« X<s�'�\⌥¶ r�Áflñ\Å ✏◆è…r ADC_� flºl�ñ– ’™o�>⇡ &̃Ä�⌅

�◆+̨A_� r�Áflñ\Å ✏◆è…r ó∏_̨v⌥̀¶ ]⇢t √∫ eî✓⇥◆. FADC\⌥¶ s�6†x�◆#å s��QÙ« ~Ω”dî⇤_�

X<s�'� √∫|9�⌥̀¶ √∫'üùΩ+… √∫ eî✓⇥◆. @/¬“Ï⌧r_� �é⌥ÿ⇧¶l�\Å"f ⌃◆6†x�◆ç✏H FADCç✏H

125-MHz FADCñ– 8 ns⌅◆⇥◆ ADC_�Z⇢}s�\⌥¶l�2ü§Ù«⇥◆. \V@̧_��é⌥ÿ⇧¶l�[̨ts�eî✓

ç✏HX< newBHCV, BHPV, BHGC’™o�ì¶ BPCV_��‚⌦ƒ∫ 500-MHz FADC\⌥¶⌃◆6†xÙ«

⇥◆. 125-MHz FADC_� �‚⌦ƒ∫ CsI \P⌃|æ”>⇢_� X<s�'� 2[1pq⌥̀¶ 0AK⌫ fî⇤]X� KOTO

z⇥¥+́>\Å"f]jÅåïù)a�Ø s�⇥◆. 125-MHzñ–�◆+̨A⌥̀¶l�2ü§�◆Ä�⌅�◆+̨A_�ó∏_̨v⌥̀¶s�

K⌫�◆l� jÀµ[̨t#Q"f 125-MHz_� �‚⌦ƒ∫ Gaussian Shaper ï∏{9��◆%i✓⇥◆. Gaussian

Shaper�◆�◆+̨A⌥̀¶ GaussianÏ⌧rüÌñ–(�‰º�9"f�◆+̨A⌥̀¶ ∑̇ò⌥◆ò–l�~1�>⇡K⌫Ô⌧r⇥◆.

s�M: Gaussian_�≥Ô⌧rº#⌅ ◆ç✏H � = 27 nss�⇥◆. 20 MeVs��©ú_�í�⌅†Ò\Å@/�◆

#å Gaussian Shaper�◆r�ÁflñÏ⌧rK⌫0px⌥̀¶ 1 nss��©ú‚Ï‡‘o�t� ∑̇ßç✏H&h⌥⌥̀¶ì¶�9Ω+…

M: Gaussian Shaper�◆�◆+̨A_�Ï⌧r$3⇤\Å ✏Hï∏π°ß⌥̀¶Ô⌧r⇥◆ì¶Ω+…√∫eî✓⇥◆. 500-MHz

FADC_��‚⌦ƒ∫ Gaussian Shaper\⌥¶⌃◆6†x�◆t� ∑̇ßç✏H⇥◆. {9⌃¬“�é⌥ÿ⇧¶l�_��‚⌦ƒ∫⌥◆

±̇òñ–’™_�p�Ï⌧rí�⌅†Ò\⌥¶⌃◆6†xÙ«⇥◆. p�Ï⌧rù)aí�⌅†Ò\⌥¶⌃◆6†xÜ< ‹ºñ–+ãí�⌅†Ò_� ∏̇ö6£ß

⌥̀¶◊⇧¶{9⌃√∫eî✓⇥◆. p�Ï⌧rù)aí�⌅†Ò\⌥¶{9�ç✏H�é⌥ÿ⇧¶l�ç✏H CsI\P⌃|æ”>⇡<̧ CVs�⇥◆.
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2.3.2 Triggering

KOTOz⇥¥+́>\Å"f KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶õ'aπ1œ�◆l�0A�◆#å CsI\P⌃|æ”>⇢\Åÿ⇧ÊÏ⌧r

Ù«í�⌅†Ò�◆eî✓6£ß⌥̀¶SXâì�⌅�◆ì¶1lxr�\Å⇥◆è…rC⌫]j�é⌥ÿ⇧¶l�\Å⌥◆¡∫í�⌅†Òï∏\O�6£ß⌥̀¶

SXâì�⌅Ù«⇥◆. s��QÙ«%i⇤1lxr�(Anticoincidence)\⌥¶SXâì�⌅�◆ç✏HÈflñ>⇢\⌥¶ "L1 Trigger"

⇤◆ì¶Ù«⇥◆. í�⌅†Ò�◆eî✓⌧��◆\O�6£ß⌥̀¶SXâì�⌅�◆l�0A�◆#åK⌫{©ú�◆ç✏H�é⌥ÿ⇧¶l�_�ó∏

é✏Hó∏—̋t_�í�⌅†Ò_�Ω+À⌥̀¶s�6†xÙ«⇥◆. ó∏é✏Hó∏—̋t_�í�⌅†Ò_�Ω+Às�Î⌫H)3⇤∞̇Øò–⇥◆ 9̨t

M:í�⌅†Ò�◆eî✓⇥◆ì¶ Û̄ÕÈflñ�◆ì¶,í�⌅†Ò_�Ω+Às�Î⌫H)3⇤∞̇Øò–⇥◆Ååï⌥̀¶M:í�⌅†Ò�◆\O�⇥◆

ì¶ Û̄ÕÈflñÙ«⇥◆. CsI \P⌃|æ”>⇢\Å í�⌅†Ò�◆ eî✓‹ºÄ�⌅"f 1lxr�\Å ⇥◆è…r C⌫]j �é⌥ÿ⇧¶l�_�

í�⌅†Ò�◆\O�⇥◆ì¶ Û̄ÕÈflñ�◆%i✓⌥̀¶M: "L2 Trigger"Èflñ>⇢ñ–�≈⌥#QÁflñ⇥◆. "L2 Trigger"Èflñ

>⇢\Å"fç✏H CsI\P⌃|æ”>⇢_�í�⌅†Ò-flºl�-◊⇧Êdî⌥, Center of Energy(COE)\⌥¶>⇢ÌflñÙ«⇥◆.

KL ! ⇡0⌫⌫̄⌃◆| ⌅s�{9⌃#Q±̇òM: ⇡0
_�]X�Ìflñ~Ω”Üæ”_�Ó⌧r1lx|æ”_�flºl�\⌥¶ì¶�9�◆#å

COE_� ∞̇Øs� 165 mmò–⇥◆ 9̨t�Ø ⌥̀¶ØπΩ®Ù«⇥◆("Physics Trigger"). COE�◆Î⌫H)3⇤

∞̇Ø⌥̀¶�≈⌥ç✏H⇥◆Ä�⌅ "L3 Trigger"ñ–�≈⌥#Q�◆"fX<s�'�\⌥¶$�Å©úÙ«⇥◆. J-PARC\Å$�Å©ú

ù)aX<s�'�ç✏H KEKñ–⇥◆r�Ñ⇡⌅5≈xù)a⇥◆.

KOTO z⇥¥+́>\Å"f KL ! ⇡0⌫⌫̄_� ‘⇧Êı�∞̇òA⌫q�\⌥¶ >⇢Ìflñ�◆�9Ä�⌅ KL ! ⇡0⌫⌫̄ ⌃◆| ⌅

_� Ã⌫ √∫<̧ Ñ⇡⌅â̂ ◊⇧Ê$Ì⌦ H⇡s�ì:r_� Ã⌫ √∫ï∏ Ä9⌃Øπ�◆>⇡ ù)a⇥◆. Ñ⇡⌅â̂ ◊⇧Ê$Ì⌦ H⇡s�ì:r

_� Ã⌫ √∫\⌥¶ ∑̇òl� 0A�◆#å ◊⇧Ê$Ì⌦ H⇡s�ì:r_� ⇥◆è…r ‘⇧Êı�ó∏◊º_� X<s�'�ï∏ 2[1pqÙ«

⇥◆. s�M:2[1pq�◆ç✏H‘⇧Êı�Ÿº◊ºç✏H KL ! ⇡0⇡0⇡0, KL ! ⇡0⇡0 ’™o�ì¶ KL ! ��
s�⇥◆. s�<̧ ∞̇†ì…r ‘⇧Êı�ó∏◊º\⌥¶ 2[1pqΩ+… M:\Åç✏H COE_� ∞̇Ø⌥̀¶ í�⌅�‚⌦Êºt� ∑̇ßç✏H

⇥◆("Normalization Trigger").

Ù«º#⌅C⌫]j�é⌥ÿ⇧¶l�_�$Ì⌦0px⌥̀¶SXâì�⌅�◆l�0A�◆#åC⌫]j�é⌥ÿ⇧¶l�_�í�⌅†Ò_�#å¬“\⌥¶

¡∫r��◆ì¶X<s�'�\⌥¶2[1pqÙ«⇥◆. s�XO⇣>⇡2[1pqÙ«X<s�'�\⌥¶Ï⌧r$3⇤�◆#åÏ⌧r$3⇤��⌃

ı�\⌥¶ Normalization Trigger<̧q�ìßÙ«⇥◆. q�ìß\⌥¶:üx�◆#å:£§&Ò⌦C⌫]j�é⌥ÿ⇧¶l��◆

s��©ús�\O�ç✏Ht�SXâì�⌅Ω+…√∫eî✓⇥◆("Minimum Bias Trigger").
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Figure 2.11: KOTO Detector in 2015.
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Figure 2.12: Front view of CsI Calorimeter

Figure 2.13: Readout systme of CsI Calorimeter.
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Figure 2.14: Side view of one module of Main Barrel.

Figure 2.15: Front view of Front Barrel and Main Barrel. Inner circle means

FB and outer circle means MB.
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Figure 2.16: Front and side view of NCC and HINEMOS.

Figure 2.17: Configuration of CV.
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Figure 2.18: Schematic view of CC03 and LCV.

Figure 2.19: Configuration of CC04.
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Figure 2.20: Configuration of BPCV.

Figure 2.21: Schematic view of BHPV from above.

Figure 2.22: Configuation of BHPV.
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Figure 2.23: Pulse shape before Gaussian Shaping(dots) and after Gaussian

shaping(line).

Figure 2.24: Block diagram of trigger system.
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