
1

■ 研究紹介

ILCの検出器
ி҅ܖྸܖٻᄂᆮᅹཋྸݦܖૌ

ჽ ߷ ଢ ദ

akimasa@epx.phys.tohoku.ac.jp

ᢿܖྸܖٻ߸̮

ݱ ݢ ΰ ᒔ

cottera@azusa.shinshu-u.ac.jp

ʋ߸ܖྸܖٻᄂᆮᨈཋྸܖᢿᧉ

஛ Ҿ ٻ ᲦӴ࠴ ޢ ࿎ ೔

suehara@phys.kyushu-u.ac.jp, yoshioka@phys.kyushu-u.ac.jp
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1 はじめに
ᨥȪȋǢǳȩǤȀȸᚘဒ׎ (International Linear Col-

lider: ILC)Ʒ౨Ј֥ᛇኬᚨᚘ୿ (Detailed Baseline Doc-

ument: DBD)[1] ƕьᡮ֥Ʒ২ᘐᚨᚘ୿ƱƱǋƴ 2012

঺ƠᲦ2013ܦ஛ƴ࠰ ࠰ 6 உƴπ᧏ƞǕƨŵILC Ʒཋྸ

ƴƭƍƯƸЭӭƷ᭗ǨȍȫǮȸȋȥȸǹƴᄂᆮኰʼᚡʙ

[2]ƕਫ਼᠍ƞǕƯƍǔƷưᲦஜᆜưƸ ILCƷ౨Ј֥ƴƭ

ƍƯᚐᛟƢǔŵ2004 ƴȪȋǢǳȩǤȀȸьᡮ֥Ʒؕ࠰

ஜ২ᘐƕឬˡݰьᡮᆰ඼ƴൿܭƞǕƯƔǒᲦILCᚘဒƸ

࣯ᡮƴᡶޒƠƯƖƨŵ࢘଺Ღ౨Ј֥ǳȳǻȗȈƸ 4ƭƋ

ǓᲦ2006࠰ƴƸ౨Ј֥ᭌ܇୿Ღ2007࠰ƴƸ౨Ј֥ǳȳ

ǻȗȈإԓ୿ƕӲ౨Ј֥ǳȳǻȗȈ౨᚛ȁȸȠƴǑǓ˺

঺ƞǕƨŵྵנƸ ILD[3]ᲦSiDƱƍƏ 2ƭƷ౨Ј֥ǳȳ

ǻȗȈƕ੩కƞǕƯƓǓᲦpush-pull ưɟƭƷᘔᆳࡸ૾

ໜǛσஊƢǔʖܭưƋǔŵƳƓᲦILDƸ ଺Ǣ࢘࠰2007

ǸǢɼݰƷ GLD Ʊ഑߸ɼݰƷ LDC ƕወӳƠƨǋƷư

ƋǔŵSiDƸɟᝦƠƯ҅቟ɼݰƷǋƱư౨᚛ǛᘍƬƯƍ

ǔŵILCƴƓƚǔ౨Ј֥ƸᲦьᡮ֥ƷࣱᏡǛஇٻᨂƴႆ

ੱƢǔƨǊƴࢼஹƷᩓ܇ȷᨗᩓ܇ǳȩǤȀȸưဇƍǒǕ

Ưƍƨ౨Јࣱ֥ᏡǛٻƖƘϴƙ࣏ᙲƕƋǔ:

• W Ʊ Z Ʒɧ٭ឋ᣽ǛЎᩉưƖǔƩƚƷ᭗ƍǸǧȃ

ȈǨȍȫǮȸЎᚐᏡᲴσ/Ejet ≤ 30%/
√
Ejet(GeV)

• ǸǧȃȈƷȕȬȸȐȸǛ᭗ƍјྙưӷܭƢǔƨǊƷ

ΟǕƨ impact parameter ЎᚐᏡᲴ

σ ≤ 5⊕ 10/pβ sin3/2 θ (µm)

• ཎƴȒȃǰǹӒៃឋ᣽ยܭƷƨǊƴ࣏ᙲƳᒵᩓቩ

Ƣǔ᭗ƍᢃѣ᣽ЎᚐᏡᲴσ/p2tݣƴ܇ ≤ 5 × 10−5

(GeV/c)−1

ILDᲦSiD ƱǋƴɥᚡࣱᏡǛ฼ƨƢƨǊƴέᡶႎƳȆ

ǯȎȭǸȸƷ᭗ችኬǻȳǵȸǛ઀᠍Ơƨ౨Ј֥ƱƳƬ

ƯƍǔŵଐஜǰȫȸȗƸƓǋƴ ILD ౨Ј֥ǳȳǻȗȈ

ƴ᧙Ƣǔ᧏ႆᄂᆮǛᘍƬƯƍǔƷưᲦˌɦưƸ ILD ౨

Ј֥ƴƭƍƯƷᛇኬǛᡓǂǔŵILD ౨Ј֥Ƹόለ࢟Ʒ

൮ဇ౨Ј֥ƴƳƬƯƍǔŵ׋ 1 ƴ ILD ౨Ј֥Ʒܦ঺Ǥ

ȡȸǸ׋ǛᅆƢŵILD౨Ј֥Ʒɼᙲ 3౨Ј֥ƸᲦْߐໜ

౨Ј֥ (VTX) ƱƠƯ᭗ችኬƔƭ˯ཋឋ᣽ƷȔǯǻȫ౨

Ј֥Ღ᫠ួ౨Ј֥ƱƠƯ᭗ЎᚐᏡƔƭ˯ཋឋ᣽Ʒ Time

Projection Chamber (TPC)Ღ᭗ችኬǻȳǵȸǛͳƑƨ

ǵȳȗȪȳǰǫȭȪȡȸǿ [ᩓᄬǫȭȪȡȸǿ (ECAL)

ƱȏȉȭȳǫȭȪȡȸǿ (HCAL)] ƕ౨᚛ƞǕƯƍǔŵ

׋ 2 ƔǒƜǕǒɼᙲ౨Ј֥ƷٻǇƔƳٻƖƞƱᣐፗǛ

৭੮ƠƯƍƨƩƖƨƍŵHCAL Ƹ ECAL ƷͨٳƔǒ

1m Ʒҽǈưנ܍ƠᲦƦƷͨٳƴ 3.5 T ǽȬȎǤȉᄬ

ჽᲦȟȥȸǪȳ౨Ј֥ψȪǿȸȳȨȸǯƕƭƮƘŵ᭗ƍ

ǸǧȃȈǨȍȫǮȸЎᚐᏡǛᢋ঺ƢǔƨǊᲦʙᝋϐನ঺

ƴƸ Particle Flow Algorithm (PFA)[4] ƱԠƹǕǔ৖

ඥǛဇƍǔŵƜǕƸᲦǸǧȃȈɶƷӲቩ܇ƷǨȍȫǮȸ

ǛᲦᒵᩓቩ܇Ƹ᫠ួ౨Ј֥ưᲦɶࣱቩ܇ƸǫȭȪȡȸǿ

ưž᣻ᙐƳƘſยܭƢǔƱƍƏ૾ඥưƋǓᲦƜǕƴǑǓ
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׋ 1: ILD ౨Ј֥Ʒܦ঺ǤȡȸǸ׋ŵ

1m

ECAL

HCAL

TPC

VTX

׋ 2: (color online) ȢȳȆǫȫȭǷȟȥȬȸǷȧȳƴǑǔǤ

șȳȈȇǣǹȗȬǤŵ

ǸǧȃȈǨȍȫǮȸƷࠢٻƳӼɥƕ஖ࢳƞǕǔŵ׋ 2ƴ

ƸȢȳȆǫȫȭǷȟȥȬȸǷȧȳƴǑǔǤșȳȈƕᘙᅆ

ƞǕƯƍǔŵᒵᩓቩ܇Ƹ PFAƴǑǓǫȭȪȡȸǿɶƷ

ǷȣȯȸƱ᫠ួ౨Ј֥ƷȈȩȃǯƕࣖݣƮƚǒǕ ɶ׋)

ƷӲᑥƴࣖݣ)ᲦƜƷئӳƸȈȩȃǯƷ୺ྙƔǒǨȍȫ

ǮȸƕยܭƞǕǔŵȈȩȃǯƕࣖݣƠƳƍǷȣȯȸƷǨ

ȍȫǮȸƸǫȭȪȡȸǿưยܭƞǕǔŵPFA ƴƓƍƯ

᣻ᙲƳƜƱƸǸǧȃȈɶƷӲቩ܇ƷӷܭȷЎᩉưƋǓᲦ

ƜƷƨǊƴ 3ഏΨႎƴ᭗ችኬƳ౨Ј֥ƕ࣏᪰ƱƳǔŵˌ

ɦƷӲራưƸْߐໜ౨Ј֥Ღ᫠ួ౨Ј֥ᲦǫȭȪȡȸǿ

Ʒɼᙲ 3౨Ј֥ƷᛇኬƴƭƍƯᲦଐஜǰȫȸȗƷ෇ѣǛ

ʩƑƯᡓǂǔŵƳƓᲦƜǕǒƷኵǈӳǘƤƴǑǔ ILD

౨Ј֥ƷࣱᏡƕέƴᡓǂƨவˑǛᢋ঺ƠƯƍǔƜƱƸǷ

ȟȥȬȸǷȧȳưᄩᛐƞǕƯƍǔŵ

2 崩壊点検出器
2.1 崩壊点検出器の概要
ILCْߐໜ౨Ј֥ƷɼƳႸႎƸ bǯǩȸǯᲦcǯǩȸǯ

ǛᜤКƠᲦ᠉ƍ u,d,sǯǩȸǯƱǰȫȸǪȳƔǒЎᩉƢ

ǔƜƱưƋǔŵbȏȉȭȳᲦcȏȉȭȳƸƦǕƧǕ 1.5 psᲦ

0.4 psᆉࡇƷݤԡǛਤƭƨǊᲦဃ঺ໜ (ɟഏӒࣖໜ)Ɣǒ

ૠႊ µm Ɣǒૠ mm ᫠ǜƩࢸƴْߐƢǔŵǇƨᲦْߐ

Ƹ b → c → sƷǑƏƴឪƜǔƨǊᲦbǯǩȸǯǸǧȃȈ

ƸɟഏӒࣖໜᲦʚഏْߐໜ (b → c)Ღɤഏْߐໜ (c → s)

Ʒ 3 ƭƷْߐໜǛਤƪᲦc ǯǩȸǯǸǧȃȈƸʚƭƷߐ

ْໜᲦu,d,sǯǩȸǯǸǧȃȈƱǰȫȸǪȳǸǧȃȈƸɟ

ƭƷْߐໜƠƔਤƨƳƍŵƭǇǓᲦǸǧȃȈɶƷᒵᩓቩ

ْߐ਴ƠᲦɟഏȷʚഏȷɤഏٳȷܭƷ᫠ួǛች݅ƴย܇

ໜǛ౨ЈưƖǕƹǯǩȸǯᜤКƕӧᏡƱƳǔŵཎᇿƢǂ

ƖƸӒࣖໜऴإǛဇƍƨ᭗ԼឋƳ c ǯǩȸǯᜤКƸǯ

ȪȸȳƳ࿢ؾƷȬȗȈȳǳȩǤȀȸưƷǈӧᏡưƋǓᲦ

cǯǩȸǯƷื߷ኽӳƷยܭǛӧᏡƴƢǔŵǯǩȸǯᜤ

КǛƢǔƨǊƴ ILC ໜ౨Ј֥ƴᙲ൭ƞǕǔɼƳࣱْߐ

ᏡƸ 1⃝ˮፗЎᚐᏡƕ 3 µmˌɦᲦ ᣻ǯȸȭȳ૝ʏǛٶ2⃝

৮ƑǔƨǊƴ 1 ƋƨǓƷཋឋ᣽ƕޖ 0.15 X0 ˌɦᲦ 3⃝
இϋޖƷҞࢲƕ 1.6 cmᲦ 4⃝ҩஊྙƕૠ%ˌɦưƋǔŵ˂

Ʒ᬴ܱƱൔ᠋ƠӈƠƍᙲ൭ưƋǔƕᲦILCْߐໜ౨Ј֥

Ʒ્ݧዴ࿢ؾƸ 1 kGy/yearᲦ1011neq/cm2/yearƱȏȉ

ȭȳǳȩǤȀȸƱൔ᠋ƠǯȪȸȳưƋǔƨǊᲦ્ݧዴ᎑

ࣱǍҩஊྙǛƦǕǄƲൢƴƤƣƴ౨Ј֥ƷЎᚐᏡǛɥƛ

ǔƜƱǛ᧏ႆ᪮ႸƴưƖǔŵْߐໜ౨Ј֥ƷನᡯǛ׋ 3

ƴᅆƢŵɟᙸ ǛɟኵƱƠƨޖƷǑƏƴᙸƑǔƕᲦ2ޖ3

ȀȖȬȃȈƕ ƋǔƨǊᲦᚘޖ3 ƷޖƔǒƳǔŵஇϋޖ6

ҞࢲƸ 1.6 cm ưƋǓ | cos θ| < 0.96 ǛǫȐȸƠᲦஇٳ

ƸࢲƷҞޖ 6.0 cmưƋǓ | cos θ| < 0.90ǛǫȐȸƢǔŵ

׋ 3: ໜ౨Ј֥Ʒನᡯŵْߐ
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2.2 崩壊点検出器のセンサーテクノロジー
ɥᚡƷᙲ൭Ǜ฼ƨƢǂƘȔǯǻȫْߐໜ౨Ј֥Ʒ᧏

ႆƕɭမɶưᘍǘǕƯƍǔŵˊᘙႎƳǋƷƸȕȩȳǹ

ƷMIMOSA/AROM (CMOSǻȳǵȸ)ᲦȉǤȄƕɼƷ

DEPleted Field Effect Transistor (DEPFET)ᲦǢȡȪ

ǫƷChronopixel (CMOSǻȳǵȸ)ᲦƦƠƯଐஜƷFine

Pixel CCD (FPCCD)ưƋǔŵƢǂƯƷȆǯȎȭǸȸư

1layer ƷҽƞƸ 50 µm ᆉࡇƱ˯ཋឋ᣽ưƋǔŵILC Ƹ

1312(ǇƨƸ 2625)Ʒᩓ܇ȷᨗᩓ܇Ȑȳȁƕ 1 msƷȈȬ

ǤȳǛ࢟঺ƠᲦȈȬǤȳƕ 5 HzưᘔᆳƢǔȓȸȠನᡯư

ƋǔŵȈȬǤȳ᧓Ʒ 199 msƸȓȸȠᘔᆳƕឪƜǒƳƍŵ

ƜƷǑƏƳȓȸȠನᡯưҩஊྙǛҗЎݱƞƍ͌ƴ৮Ƒǔ

ƨǊƴ 2ƭƷᛠǈЈƠ૾ඥƕᎋƑƩƞǕƨŵ1ƭႸƸൔ

᠋ႎٻƖƳȔǯǻȫǛဇƍǔƕᲦȓȸȠᘔᆳƷ 1 msƷ᧓

ƴ 10ׅƔǒ 100ׅᆉࡇȇȸǿǛᛠǈЈƠƯҩஊྙǛɦ

ƛǔ૾ඥưᲦMIMOSA/AROM Ǎ DEPFET ƕ੔ဇƠ

Ưƍǔŵ2ƭႸƸ᩼ࠝƴݱƞƳȔǯǻȫǛဇƍᲦȓȸȠ

ᘔᆳɶƸȒȃȈǛ఍ኛƠȓȸȠƕᘔᆳƠƳƍ 199 msƴ

ȇȸǿǛ᠃ᡛƢǔ૾ඥưᲦChronopixelǍ FPCCDƕ੔

ဇƠƯƍǔŵЭᎍƸȈȬǤȳ᧓ƴᛠǈЈƠׅែƷᩓเǛ

ǪȕƴƢǔ Power pulsing ǛဇƍෞᝲᩓщǛɦƛǔƜƱ

ƕӧᏡưƋǓᲦࢸᎍƸ᭗ǨȍȫǮȸᩓ܇ȷᨗᩓ܇ȓȸȠ

ឪ׆Ʒ EMIȎǤǺƕᛠǈЈƠɶƴʈǒƳƍƱƍƏᧈ৑

ƕƋǔŵMIMOSA/AROMƸBrookheavenƷ STARܱ

᬴ƓǑƼ CERNƷ ALICE᬴ܱᲦDEPFETƸKEKƷ

Belle II᬴ܱƴ੔ဇƞǕᲦǇƨ CCDƸ CERNƷ NA32

᬴ܱǍ SLACƷ SLD᬴ܱ [5]ư෇៫Ơƨŵ

2.3 Fine Pixel CCD (FPCCD)

FPCCD ƸȔǯǻȫǵǤǺǛ 5 µm ᚌ (3᳸6layer Ƹ

10 µmᚌ)Ʊ᩼ࠝƴኬƔƘƢǔƜƱưᲦȁȣȳȍȫૠǛ

ǍƠҩஊྙǛ˯Ƙ৮ƑᲦƞǒƴ᭗ᢃѣ᣽᪸؏ưƷǤȳف

ȑǯȈȑȩȡȸǿЎᚐᏡ 1 µmˌɦǛᢋ঺ƢǔŵǷȟȥ

ȬȸǷȧȳƴǑǔƱ
√
s = 500 GeVưƷஇϋޖƷҩஊྙ

Ƹ 1.2%ƱҗЎݱƞƍŵዮȁȣȳȍȫૠƸኖ 109 Ʊᐔٻ

ưƋǔŵஊज़ޖƷҽƞƸ 15 µm ưμᆰʅ҄ƞǕƯƓǓ

ᩓᒵƷਘ૝Ǜ᧸ƙŵЭᡓƷ SLD᬴ܱƴဇƍǒǕƨCCD

Ƹ 20 µm ᚌưƋǔƷưᲦȔǯǻȫǵǤǺƸ 16 ̿ǋ᭗

ችኬưƋǔŵྵנǇưƴ 6 µm ᚌƷ FPCCD ƕ᧏ႆƞ

ǕƯƓǓᲦ8 µmᚌǇưѣ˺ᄩᛐǛƠƯƍǔŵ׋ 4Ƹݱ

ȗȭȈǿǤȗȁȃȗư׹ 4ƭƷ᪸؏ƴǘƔǕƯƓǓᲦɥ

Ɣǒ 12, 9.6, 8, 6 µm ᚌƷȔǯǻȫƕ઀᠍ƞǕƯƍǔŵ

CCDưƋǔƷư pixelƝƱƴᛠǈЈƠׅែƸ઀᠍ƞǕƯ

ƓǒƣᲦCCD Ʒ್ƴƷǈᛠǈЈƠׅែƕ઀᠍ƞǕƯƓ

ǓᲦɟƭƷᛠǈЈƠȁȣȳȍȫư 20000(್) g 128(ጏ)

ȔǯǻȫǛᛠǈЈƢŵȈȬǤȳɶƴ્ݧዴƴǑǔᩓᒵǛ

̬ਤƠᲦȈȬǤȳ᧓ƴᩓᒵǛȐǱȄȪȬȸƷǑƏƴ᠃ᡛ

ƠƯƍƘƜƱƴǑǓᛠǈЈƢŵƦƷƨǊ᭗ᡮƳ ADCƕ

ᙲƱƳǔŵᩓᒵƷ᠃ᡛƸȔǯǻȫϋƷȝȆȳǷȣȫʟ࣏

ৎǛᩓןưСࣂƠᘍƏŵ્ݧዴƴǑǓ 0.17eVƱ 0.42eV

ƴȈȩȃȗȬșȫƕႆဃƠᩓᒵ᠃ᡛјྙƕफ҄ƢǔƜƱ

ƕǘƔƬƯƍǔƨǊᲦ−40éǇưϬǍƠᩓᒵ᠃ᡛјྙƷ

फ҄Ǜ᧸ƙŵ˯ཋឋ᣽ƷǯȩǤǪǹǿȃȈƸ᣻ᙲƳ᧏ႆ

᪮ႸưƋǔŵǇƨᲦǻȳǵȸƷҽǈƸ 50 µm Ʊᕓƍƨ

ǊᲦ˯ཋឋ᣽ưܭܤƳૅਤನᡯƷ᧏ႆǋᘍǘƳƘƯƸƳ

ǒƳƍŵ

׋ 4: FPCCD ȗȭȈǿǤȗȁȃȗŵ׹ݱ

2.4 FPCCD読み出しASIC

ᛠǈЈƠ ASIC ƴᙲ൭ƞǕǔࣱᏡƸ 1⃝ȇȸǿᛠǈЈ

Ơᡮࡇƕ 10 Mpixel/s ˌɥᲦ 2⃝ȎǤǺȬșȫ 30ᩓ܇ˌ

ɦᲦ 3⃝ෞᝲᩓщ 6 mW/chưƋǔŵෞᝲᩓщǛ৮Ƒǔƨ

ǊƴᩓᒵϐᣐЎ׹Ʒᡣഏൔ᠋ADCǛဇƍᲦǇƨᛠǈЈ

ƠᡮࡇǛᢋ঺ƢǔƨǊƴ 5 Mpixel/s Ʒ ADC Ǜ 2 ƭɳ

ЗƴဇƍƨŵȎǤǺǛ৮ƑǔƨǊƴȭȸȑǹȕǣȫǿȸ

ƱႻ᧙ʚ᣻ǵȳȗȪȳǰׅែǛܱᘺƠƨŵྵנǇưƴ 3

ׅƷȁȃȗᚾ˺ǛᘍƳƬƯƓǓᲦɤഏᚾ˺Ƹ TSMC ᅈ

Ʒ 0.25 µm ȗȭǻǹǛဇƍƯƢǂƯƷբ᫆ໜǛǯȪǢ

Ơƨŵ

2.5 研究体制
FPCCD Ƹ KEKᲦJAXAᲦ̮߸ܖٻᲦி҅ܖٻƕ᧏

ႆǛᘍƳƬƯƍǔŵଐஜƷᄂᆮೞ᧙ƠƔӋьƠƯƍƳƍ

ƕᲦȡȳȐȸƴƸǤȳȉᲦǹȚǤȳᲦȉǤȄ (ᢅӊƴƸș

ȍǺǨȩ)ƔǒƷӋьᎍƕƓǓᲦILCƕ׎ᨥႎưƋǔƜ

ƱǛܱज़ƢǔŵʻࢸƸȓȸȠȆǹȈƴǑǔᩓᒵƷਘ૝ȷ

ˮፗЎᚐᏡȷ౨ЈјྙƷยܭᲦ6 µm ᚌ CCD Ʒѣ˺౨

ᚰᲦ5 µm ᚌ CCD Ʒ᧏ႆǛᘍƳƍᲦILC ƴӼڼᚨ᧏࡫

ƚƯǻȳǵȸ২ᘐƷܦ঺ǛႸਦƢŵ

34



3

2.2 崩壊点検出器のセンサーテクノロジー
ɥᚡƷᙲ൭Ǜ฼ƨƢǂƘȔǯǻȫْߐໜ౨Ј֥Ʒ᧏

ႆƕɭမɶưᘍǘǕƯƍǔŵˊᘙႎƳǋƷƸȕȩȳǹ

ƷMIMOSA/AROM (CMOSǻȳǵȸ)ᲦȉǤȄƕɼƷ

DEPleted Field Effect Transistor (DEPFET)ᲦǢȡȪ

ǫƷChronopixel (CMOSǻȳǵȸ)ᲦƦƠƯଐஜƷFine

Pixel CCD (FPCCD)ưƋǔŵƢǂƯƷȆǯȎȭǸȸư

1layer ƷҽƞƸ 50 µm ᆉࡇƱ˯ཋឋ᣽ưƋǔŵILC Ƹ

1312(ǇƨƸ 2625)Ʒᩓ܇ȷᨗᩓ܇Ȑȳȁƕ 1 msƷȈȬ

ǤȳǛ࢟঺ƠᲦȈȬǤȳƕ 5 HzưᘔᆳƢǔȓȸȠನᡯư

ƋǔŵȈȬǤȳ᧓Ʒ 199 msƸȓȸȠᘔᆳƕឪƜǒƳƍŵ

ƜƷǑƏƳȓȸȠನᡯưҩஊྙǛҗЎݱƞƍ͌ƴ৮Ƒǔ

ƨǊƴ 2ƭƷᛠǈЈƠ૾ඥƕᎋƑƩƞǕƨŵ1ƭႸƸൔ

᠋ႎٻƖƳȔǯǻȫǛဇƍǔƕᲦȓȸȠᘔᆳƷ 1 msƷ᧓

ƴ 10ׅƔǒ 100ׅᆉࡇȇȸǿǛᛠǈЈƠƯҩஊྙǛɦ

ƛǔ૾ඥưᲦMIMOSA/AROM Ǎ DEPFET ƕ੔ဇƠ

Ưƍǔŵ2ƭႸƸ᩼ࠝƴݱƞƳȔǯǻȫǛဇƍᲦȓȸȠ

ᘔᆳɶƸȒȃȈǛ఍ኛƠȓȸȠƕᘔᆳƠƳƍ 199 msƴ

ȇȸǿǛ᠃ᡛƢǔ૾ඥưᲦChronopixelǍ FPCCDƕ੔

ဇƠƯƍǔŵЭᎍƸȈȬǤȳ᧓ƴᛠǈЈƠׅែƷᩓเǛ

ǪȕƴƢǔ Power pulsing ǛဇƍෞᝲᩓщǛɦƛǔƜƱ

ƕӧᏡưƋǓᲦࢸᎍƸ᭗ǨȍȫǮȸᩓ܇ȷᨗᩓ܇ȓȸȠ

ឪ׆Ʒ EMIȎǤǺƕᛠǈЈƠɶƴʈǒƳƍƱƍƏᧈ৑

ƕƋǔŵMIMOSA/AROMƸBrookheavenƷ STARܱ

᬴ƓǑƼ CERNƷ ALICE᬴ܱᲦDEPFETƸKEKƷ

Belle II᬴ܱƴ੔ဇƞǕᲦǇƨ CCDƸ CERNƷ NA32

᬴ܱǍ SLACƷ SLD᬴ܱ [5]ư෇៫Ơƨŵ

2.3 Fine Pixel CCD (FPCCD)

FPCCD ƸȔǯǻȫǵǤǺǛ 5 µm ᚌ (3᳸6layer Ƹ

10 µmᚌ)Ʊ᩼ࠝƴኬƔƘƢǔƜƱưᲦȁȣȳȍȫૠǛ

ǍƠҩஊྙǛ˯Ƙ৮ƑᲦƞǒƴ᭗ᢃѣ᣽᪸؏ưƷǤȳف

ȑǯȈȑȩȡȸǿЎᚐᏡ 1 µmˌɦǛᢋ঺ƢǔŵǷȟȥ

ȬȸǷȧȳƴǑǔƱ
√
s = 500 GeVưƷஇϋޖƷҩஊྙ

Ƹ 1.2%ƱҗЎݱƞƍŵዮȁȣȳȍȫૠƸኖ 109 Ʊᐔٻ

ưƋǔŵஊज़ޖƷҽƞƸ 15 µm ưμᆰʅ҄ƞǕƯƓǓ

ᩓᒵƷਘ૝Ǜ᧸ƙŵЭᡓƷ SLD᬴ܱƴဇƍǒǕƨCCD

Ƹ 20 µm ᚌưƋǔƷưᲦȔǯǻȫǵǤǺƸ 16 ̿ǋ᭗

ችኬưƋǔŵྵנǇưƴ 6 µm ᚌƷ FPCCD ƕ᧏ႆƞ

ǕƯƓǓᲦ8 µmᚌǇưѣ˺ᄩᛐǛƠƯƍǔŵ׋ 4Ƹݱ

ȗȭȈǿǤȗȁȃȗư׹ 4ƭƷ᪸؏ƴǘƔǕƯƓǓᲦɥ

Ɣǒ 12, 9.6, 8, 6 µm ᚌƷȔǯǻȫƕ઀᠍ƞǕƯƍǔŵ

CCDưƋǔƷư pixelƝƱƴᛠǈЈƠׅែƸ઀᠍ƞǕƯ

ƓǒƣᲦCCD Ʒ್ƴƷǈᛠǈЈƠׅែƕ઀᠍ƞǕƯƓ

ǓᲦɟƭƷᛠǈЈƠȁȣȳȍȫư 20000(್) g 128(ጏ)

ȔǯǻȫǛᛠǈЈƢŵȈȬǤȳɶƴ્ݧዴƴǑǔᩓᒵǛ

̬ਤƠᲦȈȬǤȳ᧓ƴᩓᒵǛȐǱȄȪȬȸƷǑƏƴ᠃ᡛ

ƠƯƍƘƜƱƴǑǓᛠǈЈƢŵƦƷƨǊ᭗ᡮƳ ADCƕ

ᙲƱƳǔŵᩓᒵƷ᠃ᡛƸȔǯǻȫϋƷȝȆȳǷȣȫʟ࣏

ৎǛᩓןưСࣂƠᘍƏŵ્ݧዴƴǑǓ 0.17eVƱ 0.42eV

ƴȈȩȃȗȬșȫƕႆဃƠᩓᒵ᠃ᡛјྙƕफ҄ƢǔƜƱ

ƕǘƔƬƯƍǔƨǊᲦ−40éǇưϬǍƠᩓᒵ᠃ᡛјྙƷ

फ҄Ǜ᧸ƙŵ˯ཋឋ᣽ƷǯȩǤǪǹǿȃȈƸ᣻ᙲƳ᧏ႆ

᪮ႸưƋǔŵǇƨᲦǻȳǵȸƷҽǈƸ 50 µm Ʊᕓƍƨ

ǊᲦ˯ཋឋ᣽ưܭܤƳૅਤನᡯƷ᧏ႆǋᘍǘƳƘƯƸƳ

ǒƳƍŵ

׋ 4: FPCCD ȗȭȈǿǤȗȁȃȗŵ׹ݱ

2.4 FPCCD読み出しASIC

ᛠǈЈƠ ASIC ƴᙲ൭ƞǕǔࣱᏡƸ 1⃝ȇȸǿᛠǈЈ

Ơᡮࡇƕ 10 Mpixel/s ˌɥᲦ 2⃝ȎǤǺȬșȫ 30ᩓ܇ˌ

ɦᲦ 3⃝ෞᝲᩓщ 6 mW/chưƋǔŵෞᝲᩓщǛ৮Ƒǔƨ

ǊƴᩓᒵϐᣐЎ׹Ʒᡣഏൔ᠋ADCǛဇƍᲦǇƨᛠǈЈ

ƠᡮࡇǛᢋ঺ƢǔƨǊƴ 5 Mpixel/s Ʒ ADC Ǜ 2 ƭɳ

ЗƴဇƍƨŵȎǤǺǛ৮ƑǔƨǊƴȭȸȑǹȕǣȫǿȸ

ƱႻ᧙ʚ᣻ǵȳȗȪȳǰׅែǛܱᘺƠƨŵྵנǇưƴ 3

ׅƷȁȃȗᚾ˺ǛᘍƳƬƯƓǓᲦɤഏᚾ˺Ƹ TSMC ᅈ

Ʒ 0.25 µm ȗȭǻǹǛဇƍƯƢǂƯƷբ᫆ໜǛǯȪǢ

Ơƨŵ

2.5 研究体制
FPCCD Ƹ KEKᲦJAXAᲦ̮߸ܖٻᲦி҅ܖٻƕ᧏

ႆǛᘍƳƬƯƍǔŵଐஜƷᄂᆮೞ᧙ƠƔӋьƠƯƍƳƍ

ƕᲦȡȳȐȸƴƸǤȳȉᲦǹȚǤȳᲦȉǤȄ (ᢅӊƴƸș

ȍǺǨȩ)ƔǒƷӋьᎍƕƓǓᲦILCƕ׎ᨥႎưƋǔƜ

ƱǛܱज़ƢǔŵʻࢸƸȓȸȠȆǹȈƴǑǔᩓᒵƷਘ૝ȷ

ˮፗЎᚐᏡȷ౨ЈјྙƷยܭᲦ6 µm ᚌ CCD Ʒѣ˺౨

ᚰᲦ5 µm ᚌ CCD Ʒ᧏ႆǛᘍƳƍᲦILC ƴӼڼᚨ᧏࡫

ƚƯǻȳǵȸ২ᘐƷܦ঺ǛႸਦƢŵ
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3 中央飛跡検出器
3.1 TPCの概要
ILD-TPCưƸǢȫǴȳǛɼ˳ƱƢǔฆӳǬǹǛဇƍ

ǔŵᒵᩓቩ܇ƕᡫᢅƢǔƱᲦƦƷ᫠ួƴඝƬƯǬǹƕǤ

Ǫȳ҄ƞǕᲦƦƷᨥƴဃơǔᩓ܇ (ˌɦᲦ̮ӭᩓ܇) Ǜ

ȓȸȠ᠆ƴඝƬƨ z ૾ӼƴȉȪȕȈƞƤᲦǨȳȉǭȣȃ

ȗɥ (x,y᩿) Ʒ౨Ј֥ưᛠǈЈƠᲦƜƷ x, y ᩿ƴ৲ࢨƞ

Ǖƨ᫠ួǛยܭƢǔŵƜƷऴإƱᲦȉȪȕȈ଺᧓Ɣǒࢽ

ǒǕǔ z ऴإƱǛӳǘƤƯ᫠ួƷɤഏΨϐನ঺ǛᘍƏŵ

TPC ƸƜƷȉȪȕȈƷᧈƞƕཎࣉႎưƋǓᲦILD-TPC

ƷئӳᲦƓǑƦ 2m ƴǋƳǔŵǇƨᲦ̮ӭᩓ܇ƕࣇ᣽

ưƋǔƨǊᲦᛠǈЈƠƷᨥƴƸǬǹࠢف (᭗ᩓئǛƔƚ

ƨǬǹɶưƷ̮ӭࠢف) Ǜ࣏ᙲƱƢǔŵTPC ƷɼƳМ

ໜƸᲦ

1. ȐȬȫᢿƴȕȭȳȈǨȳȉᛠǈЈƠׅែ (ˌɦᲦFE

ׅែ)ƕɧᙲưᲦཋឋ᣽Ǜࠢٻƴ˯ถưƖǔŵǬǹ

౨Ј֥ƷɶưǋᲦನᡯཋƕݲƳƘཋឋ᣽ƕݱƞƍŵ

2. ɟ᫠ួ࢘ƨǓƷยܭໜƕٻƖƍ (200ໜˌɥ)ŵؙཉ

Ƴ᫠ួϐನ঺Ʊ dE/dxยܭƴǑǔቩ܇ᜤКǛܱྵŵ

3. ̮ӭӓᨼƷƨǊƴ TPC ϋƔƚǔᩓئ (ˌɦᲦȉȪ

ȕȈᩓئ)ƱᲦᢃѣ᣽ยܭƷƨǊƷᄬئƕǄǅ࠯ᘍŵ

ȉȪȕȈɶƷ̮ӭᩓ܇Ʒਘ૝ƕ৮ƑǒǕᲦᧈុᩉȉ

ȪȕȈưǋ᭗ˮፗЎᚐᏡ (100 µm ˌɦ) ƕᢋ঺ӧ

ᏡŵƜǕƸᲦILDƷᢃѣ᣽ЎᚐᏡႸ೅Ǜ฼ƨƢŵ

ɟ૾ưᲦᧈុᩉȉȪȕȈƞƤǔƱᲦᩓئǍᄬئƷപǈ

Ʒࢨ᪪ǛӖƚǍƢƍƱƍƏഎໜǋƋǔŵƨƱƑƹᩓئƷ

പǈƸᲦTPC ƷನᡯႎƳችࡇƩƚưƳƘᲦǤǪȳȐȃ

ǯȕȭȸ (ˌɦᲦǤǪȳBF) ƱԠƹǕǔᲦǬǹᢅࠢفᆉ

ưဃơǔ໯ૠƷǤǪȳƕȉȪȕȈ᪸؏ƴᡞ්ƢǔƜƱƴ

ǑƬƯǋဃơǔƷưᲦƠƬƔǓƱƠƨݣሊƕ࣏ᙲƴƳǔŵ

3.2 キーテクノロジー
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׋ 6: LP1 Ʒϋᢿ ƴᲱƭƷȀȟȸȢǸȥȸȫᲦ᩿ͨښŵ(߼)

ƴƸȉȪȕȈᩓئǛ࢟঺ƢǔǹȈȪȃȗƕɳƿŵܱᨥƷȓȸ
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CERNᲦଐஜƕɶ࣎ƱƳƬƯᡶǊƯƍǔŵ

3.3.2 日本グループの活動
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ǦǧǢ᧏ႆƳƲᲦILD-TPC᧏ႆǛૅƑǔؕᄽᄂᆮƷɶ

лǛௐƨƠƯƍǔࢫႎ࣎ [8]ŵ

ଐஜǰȫȸȗƕਖ਼ᡶƢǔ౨Ј֥ȢǸȥȸȫƷǳȳǻȗ

ȈƸᲦᨩӳƏȢǸȥȸȫƷؾမƴဃơǔɧज़᪸؏Ǜஇݱ
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Ơƨ҄ࡇ݅ FEׅែƷϬҲǋ᣻ᙲƳᛢ᫆ưƋǓᲦ˯ෞᝲ

ᩓщ҄ƷƨǊƷ Power pulsingǍϬҲನᡯƷ౨᚛ƱƠƯ

ǷȟȥȬȸǷȧȳǛᡶǊƯƍǔǄƔᲦKEKย֥ܭ᧏ႆ

ܴƷ 2Ⴛ CO2 ϬҲǷǹȆȠǛ෇ƔƠᲦܱೞƴұƠƨᚾ

᬴ȜȸȉƷ˺঺Ღᚾ᬴ǛᘍƬƯƍǔŵƦƠƯᲦ᩼ɟಮᄬ

ɶưƷ᫠ួϐನ঺ǢȫǴȪǺȠƳƲᲦǽȕȈǦǧǢ᧏ئ

ႆƷ᩿ưǋ᣻ᙲƳ෇៫ǛƠƯƍǔŵ

4 カロリメータ
4.1 カロリメータの概要

ǫȭȪȡȸǿƸ PFAƷࣱᏡǛ߼ӫƢǔஇ᣻ᙲย֥ܭ

ƷɟƭưƋǓᲦILCƷǫȭȪȡȸǿƸPFAƷࣱᏡǛஇǋ

ႆੱưƖǔǑƏᚨᚘƞǕƯƍǔŵPFAƴƓƍƯᲦǸǧȃ

ȈǨȍȫǮȸЎᚐᏡƸᲦǫȭȪȡȸǿᐯ៲ƷǨȍȫǮȸ

ЎᚐᏡƴьƑ PFA ƴǑǔǸǧȃȈɶƷቩ܇ЎᩉᏡƴ߼

ӫƞǕǔ ׋) 8)ŵቩ܇ЎᩉᏡǛɥƛǔƴƸǫȭȪȡȸǿ

ƷኬЎ҄ƕ࣏ᙲưƋǓᲦƦƷƨǊ ILC ƷǫȭȪȡȸǿ

Ƹ್૾ӼᲦጏ૾ӼƱǋࣇኬƴЎлƞǕƨǵȳȗȪȳǰǫ

ȭȪȡȸǿƱƳƬƯƍǔŵ

׋ 8: ILD ౨Ј֥ƴǑǔ PFA ǛဇƍƨǸǧȃȈǨȍȫǮȸЎ

ᚐᏡ [4]ŵPerfect pattern recognition ƸǫȭȪȡȸǿᐯ˳Ʒ

ЎᚐᏡƷ݃ɨǛᅆƠᲦQuadrature difference Ƹቩ܇ƷȞȃȁ

ȳǰڂ૗ƴឪ׆Ƣǔ঺ЎǛᅆƢŵ

ǫȭȪȡȸǿƸᩓᄬǷȣȯȸǛยܭƢǔ ECAL Ʊɼ

ƴȏȉȭȳǷȣȯȸǛยܭƢǔ HCAL ƓǑƼȓȸȠ᠆

૾ӼǛǫȐȸƢǔ FCAL(ஜᆜưƸᚑǕƳƍ) ƴЎƔǕ

ǔŵECALƸ᭗݅ࡇƔƭǳȳȑǯȈƳᩓᄬǷȣȯȸƴݣ

ࣖƢǔƨǊࣇኬЎлƕᙲ൭ƞǕᲦHCAL Ƹᧈƍȏȉȭ

ȳႻʝ˺ဇᧈƷƨǊٻƖƳ˳ᆢƕ࣏ᙲƱƞǕǔŵECAL

ƷؕஜᚨᚘƸ ޖƱǻȳǵȸޖƷǿȳǰǹȆȳԈӓޖ30

ƷኵƔǒƳǓᲦǻȳǵȸޖƷǪȗǷȧȳƱƠƯᲦ1)ǷȪ

ǳȳǻȳǵȸᲦ2) ǷȳȁȬȸǿƱȔǯǻȫ҄ή܇౨Ј

֥ (PPD) [9]Ღ3)ɲᎍƷȏǤȖȪȃȉನᡯƕᄂᆮƞǕƯ

ƍǔŵԈӓ˳ƸЭ૾ƕᕓƘ૾ࢸƕҽƍನᡯưᲦӳᚘ 24

ᧈƱƳǔŵHCALݧ્ Ƹ 48 ˳ƷᤧƷԈӓޖ (ӳᚘ 6 ȏ

ȉȭȳႻʝ˺ဇᧈ) Ʊ 1 cm ǇƨƸ 3 cm ᚌƷǻȳǵȸ

ǑǓ঺ǔŵǻȳǵȸƱƠƯƸᲦǷȳȁȬȸǿƱ PPD ƴ

ǑǔǋƷᲦǬǹࠢفƴǑǔǋƷ (RPCᲦmicromegas Ƴ

Ʋ)ƕ੩కƞǕƯƍǔŵILCǫȭȪȡȸǿƷ᧏ႆᲦȓȸ

ȠȆǹȈƸ 17ȶ׎ 57 ೞ᧙ (ƏƪଐஜƔǒ 4 ೞ᧙) ƕӋ

ьƢǔ CALICE (Calorimeter for ILC)ǳȩȜȬȸǷȧ

ȳ [10]ƴǑǓਖ਼ᡶƞǕƯƍǔŵ
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4.2 シリコンECAL (SiECAL)

SiECALƸദ૾࢟ƷǻȫǛɳǂƨǷȪǳȳȑȃȉǛ૤

ƖᛄǊƨǋƷǛǻȳǵȸޖƱƢǔǫȭȪȡȸǿưᲦྵנ

ȑȃȉƷҽǈƸ 325 µmᲦǻȫǵǤǺƸ 5 × 5 mm2 ƕؕ

ஜȇǶǤȳƱƳƬƯƍǔŵ30ޖƷ ECALμ˳ưƸྵנ

Ʒ ILD ƷٻƖƞưƸኖ 1 ΕǻȫƱƳǔŵƜƷǑƏƳٶ

ૠƷȁȣȳȍȫǛਤƭǫȭȪȡȸǿƸᢅӊƴ̊ƕƳƘᲦ

ILC ย֥ܭƷٻƖƳཎࣉưƋǔŵǷȪǳȳǻȫƓǑƼ

ȑȃȉǛ׋ 9ƴᅆƢŵǷȪǳȳȑȃȉƸ n׹Ҟݰ˳ƷȐ

ȫǯᢿЎƱ p׹ (p+ ƷǻȫᢿЎƓǑƼǤȳǷȥȬȸ(׹

ǿᲦȡǿȫᩓಊƔǒ঺ƬƯƍǔŵǻȫᢿЎƱȡǿȫᩓಊ

ƸٶૠƷȔȳư੗ዓƞǕƯƍǔŵᩓಊ᧓ƴƸ 120 V (ྵ

ƕƔƚǒǕᲦμᆰʅ҄ཞ७ןƷˁಮ)ƷᡞȐǤǢǹᩓנ

ưѣ˺Ƣǔŵǻȫ᧓Ʒɧज़᪸؏Ƹ 10 µm ƱǻȫǵǤǺ

Ʒ 5 mm ƴൔǂҗЎݱƞƍŵǻȳǵȸƷȪȸǯǫȬȳ

ȈǍ᩺ᩓܾ᣽Ʒᩓࣱ܍̔ןƸˁಮƱǑƘɟᐲƠƯƓǓ

ǒǕƯƍǔࢽɟƳࣱᏡƕר [11]ŵ׋ 10Ƹ SiECALƷޖ

׋ 9: (߼ ǷȪǳȳǻȫƷ೉׋ࡸŵӫ) ᚸ̖ဇ 5.5 mm ᚌǷȪ

ǳȳȑȃȉŵ

ನᡯ (Slab) ǛᅆƠƯƍǔŵSiECAL ưƸ 1 Ʒǿȳǰޖ

ǹȆȳԈӓ˳Ʊ 2 ƷǻȳǵȸȷǨȬǯȈȭȋǯǹǛޖ

ȑȃǱȸǸ҄ƠƨǋƷǛ Slab ƱƠᲦǿȳǰǹȆȳನᡯ

˳ (ψԈӓ˳)Ʒ᧓ƴਬǈᡂǜưޖನᡯǛ࢟঺Ƣǔŵǻȳ

ǵȸƷȔǯǻȫͨƸ PCBƱݰᩓࣱ੗ბдư੗ዓƞǕƯ

ƍǔŵPCBƴƸ SKIROCƱƍƏASICƕ઀᠍ƞǕƯƍ

ǔŵSKIROCƸ ILCǷȪǳȳǫȭȪȡȸǿƷƨǊƴȕ

ȩȳǹƷOMEGAǰȫȸȗ [12]ư᧏ႆƞǕƯƍǔǋƷ

ưᲦ1௏Ʒȁȃȗư 64ȁȣȳȍȫƷᛠǈЈƠǛᘍƏƜƱ

ƕưƖǔŵSKIROCƴƸȗȪǢȳȗȷ᭗ᡮǷǧȸȑȸ (Ȉ

ȪǬȸဇ)ƓǑƼ 2ᆔ᫏ƷǲǤȳǛਤƭ˯ᡮǷǧȸȑȸᲦ

ADCƓǑƼ 15ȁȣȳȍȫƷǢȊȭǰȡȢȪƕԃǇǕƯ

ƓǓᲦ1ȈȬǤȳ (1 ms)᧓ƴӲȁȃȗưႆဃƠƨȈȪǬ

ƱƦǕƴݣƢǔӲǻȫƷADC͌Ǜ̬܍ƠᲦȈȬǤȳ᧓

(199 ms)ƴᛠǈЈƠǛᘍƏŵᩓщƸ Power pulsingೞನ

ƴǑǓȇȸǿӓᨼȷᛠǈЈƠƴ࣏ᙲƳ଺᧓Ʒǈ̓ዅƞǕ

ǔŵ঻ŷƸ ILCƱӷಮƷޖನᡯƱǨȬǯȈȭȋǯǹǛͳ

Ƒƨ SiECAL technological prototype Ǜᙌ˺ƠᲦ2012

ƴ࠰Ღ13࠰ 10ȑȃȉЎƷǻȳǵȸƓǑƼׅែǛဇƍƯ

DESYƴƯȓȸȠȆǹȈǛᘍƍ ׋) 11)Ღᩓ܇ƷȈȩȃǯ

ǍMIP̮ӭǛӓᨼƢǔƜƱƴ঺ыƠƨŵpower pulsing

׋ 10: SiECAL Ʒޖನᡯŵ

ᢃ᠃ƷܱᚰǋᘍƬƨŵʻࢸ ASICǍ PCBƷોᑣǛᘍƬ

ƨࢸᲦǑǓٻᙹ೉Ƴᚾ᬴ǛᘍƏŵSiECALᐯ˳ƷࣱᏡƴ

׋ 11: DESYƴƯȓȸȠȆǹȈƕᘍǘǕƨ SiECAL techno-
logical prototypeŵ

ƭƍƯƸᲦ2007࠰ƓǑƼ ƴ࠰2008 ǛဇƍƨȓȸȠޖ30

ȆǹȈǛCERNƓǑƼ FermilabưᘍƬƨŵஜȓȸȠȆ

ǹȈƸ 1 cm × 1 cmƷǻȫǵǤǺƔƭ٭੭ȷᛠǈЈƠׅ

ែƸޖƷٳƴƋǔ physics prototypeǛဇƍƯᘍǘǕƨŵ

ஜȗȭȈǿǤȗƸȑȃȉ᧓ƷǮȣȃȗƕٻƖƍನᡯƩƕᲦ

ǮȣȃȗᢿЎǛᨊƍƨࣱᏡƱƠƯƸᲦ6-45GeVƷᩓ܇ȓȸ

ȠƴݣƠƯ (16.53±0.14±0.50)%/
√

E(GeV)+(1.07±
0.07± 0.10)%Ღ(ᛚࠀƷᇹɟ᪮ƸወᚘᛚࠀᲦᇹʚ᪮Ƹኒ

ወᛚࠀᲦˌɦӷơ), 4-20 GeVƷᨗᩓ܇ȓȸȠƴݣƠƯ

(16.67±0.30±0.44)%/
√

E(GeV)+(1.75±0.24±0.39)%

(preliminary)ƷǨȍȫǮȸЎᚐᏡƕࢽǒǕƨ [13]ŵILD

ƷƨǊƷ SiECALƷ᧏ႆƸȕȩȳǹƷLLRᲦLALƳƲᲦ

ʋ߸ܖٻᲦிʮܖٻƴǑǓᡶǊǒǕƯƍǔŵଐஜǰȫȸ

ȗƸཎƴȓȸȠȆǹȈƷᚐௌǍǷȟȥȬȸǷȧȳƴǑǔ

இᢘ҄ᲦǷȪǳȳǻȳǵȸƷؕᄽཎࣱᚐௌưᝡྂƠƯƓ

ǓᲦʻࢸDAQǍನᡯƷஇᢘ҄ƴƭƍƯǋᄂᆮǛᡶǊƯ

ƍƘʖܭưƋǔŵ

4.3 シンチレータ ECAL (ScECAL)

ScECALưƸᲦ 45× 5mm2 ƷݱƞƳჺώ࢟ȗȩǹȆ

ǣȃǯǷȳȁȬȸǿǛޖ൑ƴႺᘍƞƤƯᣐፗƢǔŵӲǷ

ȳȁȬȸǿƷႆήǛྵᘍ 2.45 × 1.9 × 0.85mm3 Ʒȑȃ

ǱȸǸƴݥλƞǕƨ 1 × 1mm ஊज़᩿ᆢƷPPDưᛠǈ

ЈƢŵМໜƸ, 1) ȁȣȳȍȫૠǛɟఐถǒƢƜƱƕưƖ
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ǔᲦ3) ଺᧓ЎᚐᏡƕ ∼ 1 nsᲦ4) ᄬئƷࢨ᪪ǛӖƚƳƍᲦ

ƳƲưƋǔŵ׋ 12 (߼ ƴᲦɟ௏ƷǿȳǰǹȆȳԈӓޖǛ

ਬǜƩ 2 ௏Ʒ౨ЈޖƱᲦӫ) ƴǷȳȁȬȸǿƱPPDƷ

ɟ̊ǛᅆƢŵμ˳ƷನᡯƸ SiECAL ƱǄǅӷơưƋǔŵ

׋ 12: (߼ ScECALʚޖŵӫ) ǷȳȁȬȸǿƱPPDŵ

4.3.1 基本性能

ScECALƷཎࣉƸᲦჺώ࢟ǷȳȁȬȸǿǛဇƍƯƦ

ƷࠢႻ࢘Ʒദ૾ЎлࡇǛࡽƖЈƢƜƱưƋǓᲦstrip

splitting algorithm (SSA) ƱԠƹǕǔ૾ඥǛƢưƴ

ᄩᇌƠƯƍǔ [14]ŵƜƷ૾ඥǛPFAǢȫǴȪǺȠƱ́

ဇƠƨئӳƷ 100 GeV ǸǧȃȈƷǨȍȫǮȸЎᚐ

ᏡǛჺώǻȫᧈƷ᧙ૠƱƠƯ׋ 13 ƴᅆƢŵǻȫ߼

ࠢǛ 5mm ᲦҽƞǛ 1mmƴܭ׍ƠƯƷǷȟȥȬȸ

ǷȧȳኽௐưƋǔŵǻȫᧈǛ 60 mm ƴ˦ƹƠƯ

ǋᲦǸǧȃȈǨȍȫǮȸЎᚐᏡƸǑƘ̬ƨǕƯƍǔŵ

ǇƨᲦ׋ 13 ӫƸ 45× 5mm2 Ǎദ૾ǻȫ ScECALƷᲦ

45GeV - 250GeV ǸǧȃȈƷǨȍȫǮȸЎᚐᏡưƋ

ǓᲦSSA Ǜ̅ƬƨئӳƷ 45× 5mm2 ScECALƸᲦӷ

ơǻȫ᩿ᆢǛਤƭ 15 × 15mm2 ƷئӳǑǓଢǒƔ

ƴǑƘᲦ5× 5mm2 ScECALƔǒƷэ҄ƸǘƣƔ 0.2%

ưƋǔŵƞǒƴᲦჺώޖǛɟޖ൑ƴ 10 × 10mm2 Ʒ

Length of strip     (mm)
0 20 40 60 80 100

R
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S
90

/E
   

   
   

 (
%

)

2

2.5

3

3.5

4

4.5

5

ScECAL w/o SSA
ScECAL w/  SSA

(GeV)duEnergy of One Jet 
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90
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 (
%

)
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5 w/o SSA×45
15×15

SSAo5 w/×45

SSAo w/10alt
5×Sc 5

5×Si 5

׋ 13: SSAǛ̅ƬƨئӳƱ̅ƬƯƍƳƍئӳƷǸǧȃȈǨȍ

ȫǮȸЎᚐᏡƷǷȳȁȬȸǿᧈƞࣱ̔܍Ღ߼) ƱᲦӲᆔǷȳȁ

Ȭȸǿ࢟ཞƴǑǔǸǧȃȈƷǨȍȫǮȸЎᚐᏡᲦӫ). alt10 Ƹ

ɟޖƓƖƴ 10× 10mm2 ദ૾ǿǤȫޖƴፗƖ੭ƑƨȢȇȫŵ

ദ૾ǻȫƴፗƖ੭ƑƨئӳᲦǸǧȃȈǨȍȫǮȸЎ

ᚐᏡƸ 5× 5mm2 ScECALƷئӳƱǄƱǜƲᢐᑥƕ

ƳƘƳǔŵҥቩ܇ƴݣƢǔǨȍȫǮȸЎᚐᏡƴƭƍ

ƯƸ 180× 180mm2, Ღӳᚘޖ30 2160 Ʒ 45× 10 ×

3mm ǻȫӲŷǛ PPD (1mm2 ƴ 1600Ȕǯǻȫ)

ưᛠǈЈƢȗȭȈǿǤȗǛ˺঺ƠᲦFermilab ư 2 -

32GeVƷ ᩓ܇ȓȸȠƴݣƢǔࣱᏡᚾ᬴ǛᘍƬƨŵወ

ᚘ᪮ƕ (12.8±0.1(stat.)±0.4(syst.))/
√

E(GeV)Ღܭૠ

᪮ƕ (1.0 ± 0.1(stat.)+0.5
−1.0(syst.) )% ưƋǓᲦ஖ࢳᡫǓ

ƷࣱᏡǛᅆƠƨŵǇƨᲦႺዴࣱǋǑƘᲦႺዴȕǣȃȈƔ

ǒƷஇٻƷƣǕƸ 1.6 ± 0.7%ưƋǔ [15]ŵ

4.3.2 ILD への実装に向けたプロトタイプ

ǻȳǵȸƷᛠǈЈƠƔǒȇǸǿȫ҄ǇưƷೞᏡǛɟ

ȜȸȉƴƓƞǊƯޖ᧓ƴ؈ǊᡂǉᚨᚘƸᲦScECALƴ

ƱƬƯǋ࣏᪰ưƋǔŵ2013 ƴƸƜƷƨǊƴ᧏ႆƠƨ࠰

ؕெ 2 ƷȗȭȈǿǤȗƴƭƍƯȓȸȠȆǹȈǛᘍƬޖ

ƨŵ׋ 14 (߼ ƸɟޖƷؕெƱᲦؕெǛǳȳȈȭȸȫƢ

ǔǤȳǿȸȕǧȸǹ፭ƷϙჇưƋǔŵ180 × 180mm2 Ʒ

ƜƷؕெƴƸᲮ̾Ʒ ASIC (SPIROC2, Omega) ƕ઀᠍

ƞǕᲦƦǕƧǕƷ ASIC Ƹ 36 ȁȣȳȍȫƔǒƷ̮ӭǛ

ƠᲦȇǣǸǿȫ҄ƠƯᲦǤȳǿȸȕǧȸǹƴᡛǓЈࠢف

ƢŵƜƷؕெƷᘻƴɳƿ 144 ƷǷȳȁȬȸǿƸӲŷƕ

ӒݧȕǣȫȠưᙴǘǕƯƓǓᲦƦǕƴǑƬƯᢘࡇƳή᣽

Ʊή᣽ƷˮፗɟಮࣱᲦήǯȭǹȈȸǯƷ৮СǛ̬ƬƯƍ

ǔŵ׋ 14 ӫƸ 3 GeV Ʒᩓ܇ȓȸȠƴݣƢǔ SSA ƴǑ

ǔ 5× 5mm2 ኬЎлƷಮ܇ưƋǔŵ

׋ 14: 4 ƭƷ ASIC Ǜ઀᠍ƠƨؕெᲦ߼) ƱᲦ 5× 5mm2 Ў

лƞǕƨ 3 GeV ᩓ܇Ƿȣȯȸૺ᩿ƷǨȍȫǮȸЎࠋᲦӫ)ŵ

4.3.3 開発とその展望

ScECAL Ʒ᧏ႆƴƸᲦ̮߸ܖٻᲦிʮܖٻᲦሇඬ

ƕӋьƠƯƍܖٻƔǒঅ҅׎Ღ᪡ܖٻᲦଐஜഫᅹܖٻ

ǔᲨྵנƷPPDƸӲޖƴ׶ႺᣐፗƞǕᲦƦƷҽǈƕࠢ

∼ 0.9mm ƷȇȃȉǹȚȸǹǛƭƘǔŵƜǕǛƳƘƢƨ

ǊƴᲦPPDǛǷȳȁȬȸǿƷɦ᩿ƴᘺბƢǔȇǶǤȳ

ǛஇᡈᎋకƠᲦ᬴ܱܴưƸƦƷࣱᏡǛᄩᛐƠƨŵ2012

ᅈƸ˟ࡸᲦා௅țȈȋǯǹఇ࠰ 1 × 1mm2 ƴ 10,000 Ȕ

ǯǻȫǛਤƭPPDǛ᧏ႆƠᲦPPD ཎஊƷ᫬ԧྵᝋǛᚐ

ൿƴᡈƮƚƨŵʻࢸƷɟ࠰᧓ƸƜƷǑƏƳஇᡈƷႆޒǛ

ԃǉᛇኬƳȇǶǤȳƷஇᢘ҄ǛᘍƍᲦƦƷࢸȞǹȗȭȀ

ǯǷȧȳƷᄂᆮǛǑǓஜ఍҄Ƣǔŵ
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ǔᲦ3) ଺᧓ЎᚐᏡƕ ∼ 1 nsᲦ4) ᄬئƷࢨ᪪ǛӖƚƳƍᲦ

ƳƲưƋǔŵ׋ 12 (߼ ƴᲦɟ௏ƷǿȳǰǹȆȳԈӓޖǛ

ਬǜƩ 2 ௏Ʒ౨ЈޖƱᲦӫ) ƴǷȳȁȬȸǿƱPPDƷ

ɟ̊ǛᅆƢŵμ˳ƷನᡯƸ SiECAL ƱǄǅӷơưƋǔŵ

׋ 12: (߼ ScECALʚޖŵӫ) ǷȳȁȬȸǿƱPPDŵ

4.3.1 基本性能

ScECALƷཎࣉƸᲦჺώ࢟ǷȳȁȬȸǿǛဇƍƯƦ

ƷࠢႻ࢘Ʒദ૾ЎлࡇǛࡽƖЈƢƜƱưƋǓᲦstrip

splitting algorithm (SSA) ƱԠƹǕǔ૾ඥǛƢưƴ

ᄩᇌƠƯƍǔ [14]ŵƜƷ૾ඥǛPFAǢȫǴȪǺȠƱ́

ဇƠƨئӳƷ 100 GeV ǸǧȃȈƷǨȍȫǮȸЎᚐ

ᏡǛჺώǻȫᧈƷ᧙ૠƱƠƯ׋ 13 ƴᅆƢŵǻȫ߼

ࠢǛ 5mm ᲦҽƞǛ 1mmƴܭ׍ƠƯƷǷȟȥȬȸ

ǷȧȳኽௐưƋǔŵǻȫᧈǛ 60 mm ƴ˦ƹƠƯ

ǋᲦǸǧȃȈǨȍȫǮȸЎᚐᏡƸǑƘ̬ƨǕƯƍǔŵ

ǇƨᲦ׋ 13 ӫƸ 45× 5mm2 Ǎദ૾ǻȫ ScECALƷᲦ

45GeV - 250GeV ǸǧȃȈƷǨȍȫǮȸЎᚐᏡưƋ

ǓᲦSSA Ǜ̅ƬƨئӳƷ 45× 5mm2 ScECALƸᲦӷ

ơǻȫ᩿ᆢǛਤƭ 15 × 15mm2 ƷئӳǑǓଢǒƔ

ƴǑƘᲦ5× 5mm2 ScECALƔǒƷэ҄ƸǘƣƔ 0.2%

ưƋǔŵƞǒƴᲦჺώޖǛɟޖ൑ƴ 10 × 10mm2 Ʒ

Length of strip     (mm)
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׋ 13: SSAǛ̅ƬƨئӳƱ̅ƬƯƍƳƍئӳƷǸǧȃȈǨȍ

ȫǮȸЎᚐᏡƷǷȳȁȬȸǿᧈƞࣱ̔܍Ღ߼) ƱᲦӲᆔǷȳȁ

Ȭȸǿ࢟ཞƴǑǔǸǧȃȈƷǨȍȫǮȸЎᚐᏡᲦӫ). alt10 Ƹ

ɟޖƓƖƴ 10× 10mm2 ദ૾ǿǤȫޖƴፗƖ੭ƑƨȢȇȫŵ

ദ૾ǻȫƴፗƖ੭ƑƨئӳᲦǸǧȃȈǨȍȫǮȸЎ

ᚐᏡƸ 5× 5mm2 ScECALƷئӳƱǄƱǜƲᢐᑥƕ

ƳƘƳǔŵҥቩ܇ƴݣƢǔǨȍȫǮȸЎᚐᏡƴƭƍ

ƯƸ 180× 180mm2, Ღӳᚘޖ30 2160 Ʒ 45× 10 ×

3mm ǻȫӲŷǛ PPD (1mm2 ƴ 1600Ȕǯǻȫ)

ưᛠǈЈƢȗȭȈǿǤȗǛ˺঺ƠᲦFermilab ư 2 -

32GeVƷ ᩓ܇ȓȸȠƴݣƢǔࣱᏡᚾ᬴ǛᘍƬƨŵወ

ᚘ᪮ƕ (12.8±0.1(stat.)±0.4(syst.))/
√

E(GeV)Ღܭૠ

᪮ƕ (1.0 ± 0.1(stat.)+0.5
−1.0(syst.) )% ưƋǓᲦ஖ࢳᡫǓ

ƷࣱᏡǛᅆƠƨŵǇƨᲦႺዴࣱǋǑƘᲦႺዴȕǣȃȈƔ

ǒƷஇٻƷƣǕƸ 1.6 ± 0.7%ưƋǔ [15]ŵ

4.3.2 ILD への実装に向けたプロトタイプ

ǻȳǵȸƷᛠǈЈƠƔǒȇǸǿȫ҄ǇưƷೞᏡǛɟ

ȜȸȉƴƓƞǊƯޖ᧓ƴ؈ǊᡂǉᚨᚘƸᲦScECALƴ

ƱƬƯǋ࣏᪰ưƋǔŵ2013 ƴƸƜƷƨǊƴ᧏ႆƠƨ࠰

ؕெ 2 ƷȗȭȈǿǤȗƴƭƍƯȓȸȠȆǹȈǛᘍƬޖ

ƨŵ׋ 14 (߼ ƸɟޖƷؕெƱᲦؕெǛǳȳȈȭȸȫƢ

ǔǤȳǿȸȕǧȸǹ፭ƷϙჇưƋǔŵ180 × 180mm2 Ʒ

ƜƷؕெƴƸᲮ̾Ʒ ASIC (SPIROC2, Omega) ƕ઀᠍

ƞǕᲦƦǕƧǕƷ ASIC Ƹ 36 ȁȣȳȍȫƔǒƷ̮ӭǛ

ƠᲦȇǣǸǿȫ҄ƠƯᲦǤȳǿȸȕǧȸǹƴᡛǓЈࠢف

ƢŵƜƷؕெƷᘻƴɳƿ 144 ƷǷȳȁȬȸǿƸӲŷƕ

ӒݧȕǣȫȠưᙴǘǕƯƓǓᲦƦǕƴǑƬƯᢘࡇƳή᣽

Ʊή᣽ƷˮፗɟಮࣱᲦήǯȭǹȈȸǯƷ৮СǛ̬ƬƯƍ

ǔŵ׋ 14 ӫƸ 3 GeV Ʒᩓ܇ȓȸȠƴݣƢǔ SSA ƴǑ

ǔ 5× 5mm2 ኬЎлƷಮ܇ưƋǔŵ

׋ 14: 4 ƭƷ ASIC Ǜ઀᠍ƠƨؕெᲦ߼) ƱᲦ 5× 5mm2 Ў

лƞǕƨ 3 GeV ᩓ܇Ƿȣȯȸૺ᩿ƷǨȍȫǮȸЎࠋᲦӫ)ŵ

4.3.3 開発とその展望

ScECAL Ʒ᧏ႆƴƸᲦ̮߸ܖٻᲦிʮܖٻᲦሇඬ

ƕӋьƠƯƍܖٻƔǒঅ҅׎Ღ᪡ܖٻᲦଐஜഫᅹܖٻ

ǔᲨྵנƷPPDƸӲޖƴ׶ႺᣐፗƞǕᲦƦƷҽǈƕࠢ

∼ 0.9mm ƷȇȃȉǹȚȸǹǛƭƘǔŵƜǕǛƳƘƢƨ

ǊƴᲦPPDǛǷȳȁȬȸǿƷɦ᩿ƴᘺბƢǔȇǶǤȳ

ǛஇᡈᎋకƠᲦ᬴ܱܴưƸƦƷࣱᏡǛᄩᛐƠƨŵ2012

ᅈƸ˟ࡸᲦා௅țȈȋǯǹఇ࠰ 1 × 1mm2 ƴ 10,000 Ȕ

ǯǻȫǛਤƭPPDǛ᧏ႆƠᲦPPD ཎஊƷ᫬ԧྵᝋǛᚐ

ൿƴᡈƮƚƨŵʻࢸƷɟ࠰᧓ƸƜƷǑƏƳஇᡈƷႆޒǛ

ԃǉᛇኬƳȇǶǤȳƷஇᢘ҄ǛᘍƍᲦƦƷࢸȞǹȗȭȀ

ǯǷȧȳƷᄂᆮǛǑǓஜ఍҄Ƣǔŵ
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4.4 ILD のハドロンカロリメータ
ILD-HCALưƸ 1mƷHCALҽƴݣƠƯᲦ48ޖЎлᲦ

Ӳޖƴ 20mmƷᤧԈӓޖǛ̅ƏŵᤧƸ˂Ʒ᣻᣿ޓǑǓǋ

ȏȉȭȳႻʝ˺ဇᧈƱ્ݧᧈƱƷൔƕݱƞƘ (λI/X0 =

9.5)ᲦȏȉȭȳǷȣȯȸɶưᩓᄬႻʝ˺ဇƢǔ঺ЎƷᚇ

ยǋᢘࡇƴӧᏡƱƢǔŵǻȳǵȸޖƴƸʚƭƷǳȳǻȗ

ȈƕƋǔŵɟƭƸ ScECALƱӷಮᲦȗȩǹȆǣȃǯǷȳ

ȁȬȸǿǛPPDưᛠǈЈƢŵƨƩƠǷȳȁȬȸǿƷ࢟

ཞƸ 30× 30× 3mm3 ǿǤȫưƋǔŵɟ૾ᲦǬǹ౨Ј֥

ǛဇƍƯЎлࡇǛ 10× 10mm2 ǇưݱƞƘƠᲦƜƷቩࡇ

ƷȐǤȊȪȸऴإƔǒȏȉȭȳǷȣȯȸǛϐನሰƢǔƱ

ƍƏȇǣǸǿȫȏȉȭȳǫȭȪȡȸǿ (DHCAL) Ʒǳȳ

ǻȗȈƕƋǔŵƠƔƠᲦ30 - 40 GeV ˌɥƷቩ܇Ǩȍȫ

ǮȸƴƳǔƱቩ܇ૠƷ᫬ԧƕᢤƚǒǕƳƍƨǊᲦƦƷǨ

ȍȫǮȸǵǤǺǛ 3 െ᨞ (2ȓȃȈ) ǇưࡰКƢǔHCAL

ƕ ILD-HCALƷǋƏɟ૾ƷͅᙀưƋǔŵЭᎍǛǢȊȭ

ǰȏȉȭȳǫȭȪȡȸǿ (AHCAL) ᎍǛǻȟȇǸࢸ[16]

ǿȫȏȉȭȳǫȭȪȡȸǿ (SDHCAL) [17] ƱԠƿŵǇ

ƨᲦ30× 30mm2 Ʊӷ᩿ᆢƷ 90× 10mm 2 ƷǷȳȁȬȸ

ǿƱ SSAƴǑǔ 10 × 10mm2 ЎлƷ Strip AHCALƷ

ᄂᆮǋڼǇƬƯƍǔᲨƜƜưƸAHCALƷ᧏ႆཞඞƷǈ

ǛإԓƢǔŵAHCALǰȫȸȗƸ 1 × 1m2× 38 Ʒȗޖ

ȭȈǿǤȗǛ˺঺ƠᲦCERN Ʊ Fermilab ưƦƷؕஜࣱ

ᏡǛܱᚰƠƨŵȏȉȭȳǷȣȯȸƷǨȍȫǮȸЎᚐᏡǛ

᭗ǊǔƜƱƷᩊƠƞƸᲦƦƷɶưȏȉȭȳӒࣖƱᩓᄬႻ

ʝ˺ဇƕӷ଺ƴƓƜǓᲦƦǕǒƷӒࣖư౨ЈޖƴᓳƱƢ

ǨȍȫǮȸൔƴᢌƍƕƋǓᲦƞǒƴƸƦƷฆӳൔƕǤș

ȳȈ൑ƴੵǒƙƜƱƔǒஹǔŵAHCALưƸᩓᄬႻʝ˺

ဇƷئӳƴǨȍȫǮȸ݅ࡇƕ᭗ƘƳǔƜƱǛМဇƠƯᲦ

ǻȫ൑ƴȏȉȭȳӒࣖǒƠƞƱᩓᄬႻʝ˺ဇǒƠƞǛൿ

ǊǔƔᲦǋƠƘƸǯȩǹǿȸμ˳ƷǻȫǨȍȫǮȸƷЎ

ƴǑǓࠋ ᩓᄬႻʝ˺ဇྙǛൿǊƯఄദǛᘍƍᲦҥኝƴ

ǨȍȫǮȸԧǛӕƬƨئӳƴൔǂƯᲦ20% ǄƲǑƍǨ

ȍȫǮȸЎᚐᏡ 45%/
√
Ebeam(GeV)(π±, 10 - 80GeV)

ǛࢽƯƍǔ [18]ŵƜƷ২ᘐƴƸ౨Ј֥ƕࣇኬЎлƞǕƯ

ƍǔƜƱƕ᣻ᙲưƋǓᲦPFA ƷǈƳǒƣᲦҥቩ܇ƴݣ

ƢǔࣱᏡƴƱƬƯǋࣇኬЎлƕٻЏƱƳƬƯƍǔ̊ưƋ

ǔŵAHCALƱ ScECALƷᛠǈЈƠ২ᘐƸǄƱǜƲσᡫ

ƠƯƓǓᲦ2014࠰ƷᅸƴƸᲦAHCAL 30 ᲦScECALޖ

ܭƷȗȭȈǿǤȗƴǑǔσӷȆǹȈȓȸȠ᬴ܱǛʖޖ4

ƠƯƍǔŵ

5 最後に
ILC౨Ј֥Ʒ᧏ႆƸɭမႎƴᘍǘǕƯƍǔƕᲦஜᆜư

ᅆƠƨǑƏƴଐஜǰȫȸȗƷᝡྂƸƱƯǋٻƖƍŵILC

ƱӷሁˌɥƷщưᲦ౨Ј֥᧏ႆנǋྵࢸƠƨܭᚨƕൿ࡫

ƦƠƯ࡫ᚨǛਖ਼ᡶƠƳƘƯƸƳǒƳƍŵƦƷƨǊƴƸᲦ

ᒉ৖ᄂᆮᎍǍૠ࠰ˌϋƴҦٟӭǛӕǔܖဃƳƲƷ෇ƖƷ

ƍƍɭˊƕȪȸȀȸǷȃȗǛႆੱƢǔƜƱƕ᣻ᙲƩƱज़

ơǔŵɭမஇ᭗ƷǳȩǤȀȸ౨Ј֥᧏ႆƴᐻԛǛਤƬƯ

ƍǔ૾ƸƜƷ᣻ᙲƳೞ˟Ǜᡜƞƣƴ଱᩼ӋьƠƯƍƨƩ

Ɩƨƍŵ
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