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ૉཻࢠඪ४໛ܕ͸ૉཻࢠͷӡಈ΍૬࡞ޓ༻Λهड़͢Δཧ࿦ମܥͱ༷ͯ͠ʑͳ࣮݁ݧՌͱҰக
͍ͯ͠Δɻ͔͠͠ɺඪ४໛ܕͰ͸આ໌Ͱ͖ͳ͍ݱ৅΋ଟ͘ଘ͢ࡏΔɻૉཻࢠ෺ཧֶͷ࣮ݧ෼໺
Ͱ͸ඪ४໛ܕͷূݕͱ৽෺ཧͷ୳͕ࡧॏཁͳ՝୊ͱͳ͍ͬͯΔɻ
τοϓΫΥʔΫ͸ඪ४໛ܕʹొ৔͢ΔૉཻࢠͷதͰ࠷΋࣭ྔ͕େ͖͘ɺͦͷεέʔϧ͸ిऑ

ରশੑͷഁΕʹҐஔ͍ͯ͠ΔɻτοϓΫΥʔΫͷਫ਼ີଌఆʹΑͬͯඪ४໛ܕͷ֬ೝ΍৽෺ཧͷ
୳͕ࡧਐΉ͜ͱ͕ظ଴͞ΕΔɻILCͷτοϓΫΥʔΫରੜ੒ᮢ஋ྖҬ (350GeV෇ۙ)Ͱͷ࣮ݧ
ʹ͓͍ͯ͸τοϓΫΥʔΫͷੑ࣭Λਫ਼ີʹଌఆ͢Δ͜ͱ͕ՄೳͰ͋Δɻ
ILCʹ͓͚ΔτοϓΫΥʔΫରੜ੒ᮢ஋ྖҬͰͷηϛϨϓτχοΫʹ่յ͢ΔτοϓΫΥʔ

Ϋରੜ੒ΠϕϯτΛ ILDͷݕग़ثϑϧγϛϡϨʔγϣϯΛ༻͍ͯੵ෼ϧϛϊγςΟʔ 200fb−1

෼ͷ౷ܭσʔλΛ࡞੒͠ɺऴঢ়ଶͷཻࢠ৘ใΛߏ࠶ʹج੒Λ͍ߦӡಈྔ෼෍Λ࡞੒ͨ͠ɻͦͷ
෼෍Λ༻͍ͯ toy MCʹΑΔٖߏ࠶੒෼෍ͷ࡞੒Λ͍ߦɺςϯϓϨʔτϑΟοτʹΑͬͯτοϓ
ΫΥʔΫͷ่յ෯ͱ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ਺Λಉ࣌ʹܾఆ͢Δख๏Λཱ֬ͨ͠ɻ
ઌڀݚߦͰ༻͍ΒΕͨϐʔΫҐஔͱ Vtb ͷؔੑ܎ʹΑΓ่յ෯Λଌఆ͢Δख๏Ͱ͸ αs ͷ஋

Λݻఆ͍͕ͯͨ͠ɺຊڀݚͰ͸ɺϐʔΫҐஔʹΑΔଌఆͷ໰୊఺ʹ͍ͭͯ͠࡯ߟɺͦͷվળΛ
ɻͨͬߦ
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ୈ1ষ ͸͡Ίʹ

ૉཻࢠ෺ཧֶʹ͓͍ͯɺిऑεέʔϧͰͷૉཻࢠͷӡಈ΍૬࡞ޓ༻Λهड़͢ΔͨΊͷཧ࿦ͱ
ͯ͠ɺૉཻࢠඪ४໛͕͋ܕΔɻඪ४໛ܕͰ͸ɺૉཻࢠʹಇ͘૬࡞ޓ༻ͷ͏ͪ 3छྨΛهड़͠ɺ
ͦΕͧΕిऑ૬࡞ޓ༻ɺऑ͍૬࡞ޓ༻ɺ͍ڧ૬࡞ޓ༻ͱݺ͹Ε͍ͯΔɻૉཻࢠͷछྨʹΑͬͯ
Ͳͷྗ͕ಇ͔͕͘มΘͬͯ͘Δɻඪ४໛ܕ͸ૉཻࢠͷ෺ཧΛهड़͢ΔϞσϧͱͯ͠ɺ༷ʑͳ࣮
Δ͍ͯ͠ࡏ৅΋ଟ͘ଘݱͰ͸આ໌Ͱ͖ͳ͍෺ཧܕՌͱҰக͍ͯ͠ΔɻҰํͰɺඪ४໛݁ݧ (ྫ
͑͹ɺχϡʔτϦϊৼಈ΍҉ࠇ෺࣭ͷଘࡏͳͲ)ɻૉཻࢠ෺ཧֶ෼໺Ͱ͸ඪ४໛ܕͷূݕͱ৽෺
ཧ୳ࡧΛ໨తͱ࣮ͨ͠ݧΛ͜͏ߦͱ͕ॏཁͳςʔϚͱͳ͍ͬͯΔɻ
৅Λௐ΂ͨΓɺະ஌ݱཚࢄΤωϧΪʔঢ়ଶͰͷߴΛিಥͤ͞Δ͜ͱͰࢠͰ͸ɺཻݧিಥ࣮ࢠཻ

ͷཻࢠͷൃݟΛ໨తͱ͍ͯ͠Δɻۙ࠷ͷΤωϧΪʔϑϩϯςΟΞͷిࢠཅిࢠিಥ࣮ݧͱͯ͠ɺ
1989೥ʹCERNͰ LEP(Large Electron Positron collider)͕ελʔτͨ͠ɻॏ৺ܥΤωϧΪʔ
͸໿ 91GeVͰ࢝·Γɺ࠷ऴతʹ͸ 209GeV·Ͱ౸ୡͨ͠ɻZϘιϯͷਫ਼ີଌఆ΍ૉཻࢠͷੈ୅
਺ͷܾఆͳͲॏཁͳ࣮݁ݧՌ͕ಘΒΕ͍ͯͨɻͦͷޙɺώοάεཻࢠͷൃݟͱ͍͏՝୊ʹ௅Μ
͕ͩɺൃݟʹ͸ࢸΒͳ͔ͬͨɻͦͷݪҼ͸ిࢠͱཅిࢠΛԁܗՃ଎ثͰՃ଎ͤͨ࣌͞ʹੜ͡Δ
γϯΫϩτϩϯ์ࣹʹΑͬͯিಥΤωϧΪʔΛे෼ʹ্͛Δ͕ࣄͰ͖ͳ͍͜ͱʹ͋ͬͨɻ2008

೥ɺಉ͡τϯωϧΛར༻ͯ͠େܕϋυϩϯিಥܕՃ଎ثͰ͋ΔLHC(Large Hadron Collider)Λ
ɻγϯΫϩτϩϯ์ࣹʹΑΔͨͬ·͕࢝ࡧ։࢝͠ɺώοάε୳͕ݧ࣮͍ͨ༺ 1प౰ͨΓͷΤω
ϧΪʔଛࣦ͸−∆E ∝ (E/m)4

R ͱද͞ΕΔɻ͜͜ͰɺE͸িಥΤωϧΪʔɺm͸ཻࢠͷ࣭ྔɺR

͸يಓ൒ܘͰ͋Δɻ−∆E ∝ 1
m4 Ͱ͋Δ͜ͱ͔Βɺిࢠ͸ཅࢠͷ໿ 1013 ഒͷΤωϧΪʔΛࣦ͏

ثͱൺ΂Δͱ֨ஈʹগͳ͍ͨΊɺՃ଎ࢠ͸γϯΫϩτϩϯ์ࣹ͕ిࢠͳΔɻͭ·Γɺཅʹࢉܭ
ͰΤωϧΪʔΛे෼ʹ্͛Δ͜ͱ͕ՄೳͰ͋Δɻͦͯ͠ݧ࣮ 2012೥ʹώοάεཻ͞ݟൃ͕ࢠ
Εͨɻ
ҰํͰɺLHCͰώοάεͷൃݟ͸ग़དྷ͕ͨɺώοάεͷਫ਼ີଌఆ͸೉͍͠ɻͦͷݪҼͱͯ͠ɺ

ཅ͕ࢠૉཻࢠͰ͸ͳ͍͜ͱ͕͛ڍΒΕΔɻཅࢠ͸ΫΥʔΫ ͕ͯͬܨάϧʔΦϯʹΑ͕ͬͯݸ3
ग़དྷ͍ͯΔ (ྫ͑͹ɺώοάεੜ੒ͷେ෦෼͸άϧʔΦϯͱάϧʔΦϯͷিಥʹΑΔ)͕ɺώο
άεੜ੒ʹ࢖ΘΕͳ͔ͬͨૉཻࢠ൓Ԡ͕എࣄܠ৅ͱͯ͠େྔʹൃੜͯ͠͠·͏ɻͦͷͨΊώο
άεͷਫ਼ີଌఆʹ͸ిࢠཅిࢠিಥͷΑ͏ͳɺഎࣄܠ৅ͷগͳ͍ΫϦʔϯͳ࣮͕ڥ؀ݧඞཁͰ
͋Δɻ
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ͦ͜Ͱܭࡏݱըதͷ ILC(International Linear Collider)࣮͕ݧώοάεཻࢠͷڀݚͷݤΛѲͬ
͍ͯΔɻILC͸ిࢠཅిࢠিಥܕͷՃ଎ثͰ͋Δ͕ɺͦͷಛ௃͸Ճ଎͕ثઢܗͰ͋Δ͜ͱͰ͋
Δɻ͜Ε͸γϯΫϩτϩϯ์ࣹʹ͓͍ͯR → ∞ͷݶۃΛҙຯ͍ͯ͠Δɻ͜ΕʹΑΓՙిཻࢠ
ͷγϯΫϩτϩϯ์ࣹΛ཈͑ɺे෼ͳΤωϧΪʔΛ֬อ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺॏ৺ܥΤω
ϧΪʔΛߋʹ্͛Δ͜ͱ΋ՄೳͳͨΊɺώοάε͚ͩͰͳ͘ɺߋʹ࣭ྔͷେ͖͍τοϓΫΥʔ
Ϋ΍ɺະ஌ͷཻࢠͷൃݟ΋ظ଴͞ΕΔɻ
τοϓΫΥʔΫ͸ଞͷΫΥʔΫͱҟͳΓɺϋυϩϯԽ͢Δલʹ่յͯ͠͠·͏΄Ͳण໋͕୹

͍ɻैͬͯɺཧ࿦తෆఆੑͷେ͖͍ϋυϩϯԽաఔʹӨ͞ڹΕͳ͍ΫΥʔΫ୯ମͷڀݚ͸το
ϓΫΥʔΫʹ͓͍ͯͷΈՄೳͰ͋ΔɻຊڀݚͰ͸ɺILCͷॏ৺ܥΤωϧΪʔ 350GeV෇ۙΛτο
ϓΫΥʔΫରੜ੒ᮢ஋ྖҬͱݺͼɺͦ͜Ͱੜ੒͞ΕΔτοϓΫΥʔΫରͷӡಈྔ෼෍Λௐ΂ͨɻ
τοϓΫΥʔΫͷण໋͕௕͍ͱQCDϙςϯγϟϧʹΑͬͯݮ଎͞Εӡಈྔͷখ͍͞ঢ়ଶͰ่
յ͢ΔɻҰํͰ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ਺ (αs)͸QCDϙςϯγϟϧͷେ͖͞ΛܾΊ͍ͯΔɻ͜
ΕΒͷؔੑ܎Λ౿·͑ɺӡಈྔ෼෍͔ΒτοϓΫΥʔΫͷ่յ෯ͱ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ਺Λ
΋Δ͜ͱΛ໨ඪͱͨ͠ɻੵݟ
ຊ࿦จͷߏ੒͸ɺ·ͣୈ 2ষͰૉཻࢠͷӡಈ΍૬࡞ޓ༻Λهड़͢Δૉཻࢠඪ४໛ܕΛઆ໌͢

Δɻୈ 3ষͰ͸τοϓΫΥʔΫʹ͍ͭͯઆ໌͠ɺୈ 4ষͰ ILCΛ঺հ͢Δɻୈ 5ষͰ͸γϛϡ
ϨʔγϣϯͷྲྀΕ͔Βߏ࠶੒ͷखॱ·ͰΛઆ໌͢Δɻୈ 6ষͰͦͷղੳͱ݁ՌΛهड़͠ɺୈ 7

ষͰσΟεΧογϣϯΛ͍ߦɺୈ 8ষͰ·ͱΊͱ͢Δɻ
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ୈ2ষ ૉཻࢠඪ४໛ܕ

2.1 ֓ཁ
ૉཻࢠඪ४໛ܕͱ͸෺࣭Λߏ੒͢Δ࠷খ୯ҐͰ͋Δૉཻࢠͷӡಈͱ૬࡞ޓ༻Λهड़͢ΔϞσ

ϧͰ͋Δɻૉཻࢠඪ४໛ܕʹొ৔͢Δૉཻࢠ͸શ෦Ͱ 18छྨଘ͢ࡏΔɻεϐϯ͕੔਺ͷϘι
ϯͱεϐϯ͕൒੔਺ͷϑΣϧϛΦϯ͕͋ΔɻϘιϯ͸W ʶ , Z, g, γ,hͷ 6छྨɺϑΣϧϛΦϯ͸
ΫΥʔΫ͕ u,b,c,s,t,bͷ 6छྨ, Ϩϓτϯ͕ e, νe, µ, νµ, τ, ντɺͷ 6छྨͰ͋Δɻ·ͨɺ͜ΕΒͱ
࣭ྔ͕ಉ͡ͰిՙͳͲͷූ߸͕ٯͰ͋Δ൓ཻ͕ࢠଘ͢ࡏΔ͜ͱ΋஌ΒΕ͍ͯΔɻͨͩ͠ɺγ, g, Z
͸ࣗ෼ࣗ਎͕൓ཻࢠͰ͋Δɻද ͷҰཡΛฒ΂ͨɻࢠཻʹ2.1

ϑΣϧϛΦϯ
ΫΥʔΫ Ϩϓτϯ

u d e νe
2.2+0.5

−0.4MeV 4.7+0.5
−0.3MeV 0.511MeV ∼0MeV

c s µ νµ
1.275+0.025

−0.035MeV 95+9
−3MeV 105.7MeV ∼0MeV

t b τ ντ
173.0 ʶ 0.4GeV 4.18+0.04

−0.03GeV 1776.86 ʶ 0.12MeV ∼0MeV

Ϙιϯ
ి࣓૬࡞ޓ༻ ऑ͍૬࡞ޓ༻ ༺࡞ޓ૬͍ڧ ώοάε৔

γ Wʶ , Z g h

massless 80.379 ʶ 0.012GeV massless 125.18 ʶ 0.16GeV

91.1876 ʶ 0.0021GeV

ද 2.1: ૉཻࢠඪ४໛ࢠཻܕ

զʑͷੈքͰૉཻࢠʹಇ͘ྗ͸ 4छྨଘ͠ࡏɺॏྗɺྗ͍ڧɺऑ͍ྗɺి࣓ྗؾͰ͋Δɻͦ
ͷ͏ͪॏྗ͸ଞͷྗͱൺ΂Δͱ͸Δ͔ʹখ͍ͨ͞Ίૉཻࢠ൓ԠͰݕग़Ͱ͖Δ΄ͲͷӨڹΛ༩͑
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ͳ͍ɻૉཻࢠඪ४໛ܕͰ͸ॏྗҎ֎ͷ 3ͭͷྗʹ͍ͭͯͷΈઆ໌͞ΕΔɻͦΕΒʹ͍ͭͯ࣍અ
Ҏ߱Ͱઆ໌͢Δɻ

2.2 ిऑ૬࡞ޓ༻
GWS(Glashow-Weinberg-Salam)ཧ࿦Ͱ͸ɺඪ४໛ܕͷ૬࡞ޓ༻Ͱ͋Δి࣓૬࡞ޓ༻ͱऑ͍

૬࡞ޓ༻Λ౷Ұతʹهड़͢Δɻ
ిऑ૬࡞ޓ༻͸SU(2)Lʷ U(1)Y ͷରশੑͱͯ͠هड़͞ΕΔɻ SU(2)Lͷྔࢠ਺Λऑ͍ΞΠι

εϐϯ (IW )ɺU(1)Y ͷྔࢠ਺ΛϋΠύʔνϟʔδ (YW )ͱͦΕͧΕݺͿɻཻࢠͷిՙΛQɺऑ
͍ΞΠιεϐϯͷୈ 3੒෼Λ IW3 ͱ͢Δͱɺ࣍ͷࣜ (2.1)͕ಘΒΕΔɻ

YW ≡ 2(Q− IW3) (2.1)

ҎԼʹϑΣϧϛΦϯͷऑ͍ΞΠιεϐϯɺϋΠύʔνϟʔδɺిՙΛ·ͱΊͨදΛࣔ͢ɻ

ϑΣϧϛΦϯ IW IW3 Q YW

νlL 1/2 +1/2 0 -1

l−L 1/2 -1/2 -1 -1

l−R 0 0 -1 -2

uL 1/2 +1/2 +2/3 +1/3

dL 1/2 -1/2 -1/3 +1/3

uR 0 0 +2/3 +4/3

dR 0 0 -1/3 -2/3

ν lR 1/2 -1/2 0 +1

l
+
R 1/2 +1/2 +1 +1

l
+
L 0 0 +1 +2

uR 1/2 -1/2 -2/3 -1/3

dR 1/2 +1/2 +1/3 -1/3

uL 0 0 -2/3 -4/3

dL 0 0 +1/3 +2/3

ද 2.2: ඪ४໛ࢠཻܕͷ֤ΧΠϥϦςΟ͝ͱͷऑ͍ΞΠιεϐϯɺϋΠύʔνϟʔδɺిՙͷ·
ͱΊ
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͞ΒʹɺSU(2)Lͷ৔ΛWɺU(1)Y ͷ৔ΛBͱද͢ɻ͜ͷ࣌

W = (W1,W2,W3) (2.2)

ͱͳ͍ͬͯΔɻ
ඪ४໛ܕͷήʔδཻࢠͷ͏ͪW ʶ ͸W1ͱW2ͷઢܗͰදݱͰ͖Δɻ

W± =
1√
2
(W1 ∓ iW2) (2.3)

ҰํͰதੑͷήʔδཻࢠZͱA͸W3ͱBͷઢܗͰද͢͜ͱ͕Ͱ͖Δɻ

A = BcosθW +W3sinθW (2.4)

Z = −BsinθW +W3cosθW (2.5)

͜͜Ͱ θW ͸ϫΠϯόʔά֯ͱݺ͹Εɺsin2θW = 0.23ͱͳ͍ͬͯΔɻҎ্ͷ͔ࣜΒి࣓૬࡞ޓ
༻ͱऑ͍૬࡞ޓ༻ͷࠞ߹Λࣔ͢͜ͱ͕Ͱ͖ͨɻ͜͜Ͱ͸Z͕ऑ͍૬࡞ޓ༻Λഔհ͠ɺA͕ి࣓
૬࡞ޓ༻Λഔհ͢Δɻ
ZͱA͸ SU(2)Lͱ U(1)Y ͷࠞ߹Ͱ͋ΔͨΊӈ͖רࠨ͖רͲͪΒͱ΋݁߹͢Δɻ͔͠͠W ʶ

͸ӈ͖רͷϑΣϧϛΦϯͱ݁߹͢Δ͜ͱ͸Ͱ͖ͳ͍ɻ

ҰํͰɺ͜ͷཧ࿦ʹ࣭ྔΛ૊ΈࠐΊͳ͍ͱ͍͏໰୊఺͕͋Δɻ·ͣہॴతͳήʔδม׵Λߟ
͑Δɻ

ψˠ eieα(x)ψ (2.6)

͜ͷม׵ʹରͯ͠ϥάϥϯδΞϯີ౓͕ෆมͰ͋Δඞཁ͕͋Δɻ͜ͷ࣌ϕΫτϧ৔ͷϙςϯγϟ
ϧAµΛಋೖ͢ΔͱҎԼͷΑ͏ͳม͕׵ཁ͞ٻΕΔɻ

AµˠAµ + ∂µα(x) (2.7)

͜ͷม׵͸

Dµ = ∂µ + igAµ(x) (2.8)

ͱ͍͏ม׵Λ൐͏ɻ͜͜Ͱ g͸૬࡞ޓ༻ͷ݁߹ఆ਺Λද͢ɻ

5



͜ͷม׵Λޙͨͬߦʹ࣭ྔ߲͸

1

2
m2AµAµˠ

1

2
m2(Aµ + ∂µΛ)(Aµ + ∂µΛ) ̸=

1

2
m2AµAµ (2.9)

ͱͳΔɻ͜ͷΑ͏ʹ࣭ྔ߲͸ෆมͰ͸ͳ͍ɻΑͬͯϥάϥϯδΞϯ͕ෆมͰ͋ΔͨΊʹ͸m = 0

Ͱ͋Δඞཁ͕͋Δɻ͔͠͠ɺWϘιϯͱ ZϘιϯ͸࣭ྔΛ͍࣋ͬͯΔ͜ͱ͕஌ΒΕ͓ͯΓɺͦ
ͷղܾͷͨΊʹώοάεߏػͱݺ͹ΕΔཧ࿦͕ඞཁʹͳΔɻ

2.3 ώοάεߏػ
͜͜Ͱ͸ɺήʔδରশੑͷࣗൃతഁΕͱ࣭ྔͷ֫ಘΛઆ໌͢Δώοάεߏػʹ͍ͭͯ঺հ

͢Δɻ
ॳʹώοάεೋॏ߲Λఆٛ͢Δɻ࠷ͣ·

Φ =

(
φ+

φ0

)
(2.10)

ώοάεೋॏ߲͸ YW = 1/2ͷྔࢠ਺Λ࣋ͭɻ͜͜Ͱɺφ+ͱφ0͸ෳૉ৔Ͱ͋ΔͨΊɺ࣮਺৔Λ
༻͍ͯ࣍ͷΑ͏ʹॻ͖ද͢͜ͱ͕Ͱ͖Δɻ

φ+ =
φ1 + iφ2√

2
,φ0 =

φ3 + iφ4√
2

(2.11)

͜ͷ࣌ϥάϥϯδΞϯ͸

L = (DµΦ)
†DµΦ− µ2Φ†Φ+ λ(Φ†Φ)2 (2.12)

ͱॻ͚Δɻ
͜͜ͰϙςϯγϟϧΛ V = µ2Φ†Φ − λ(Φ†Φ)2 ͱ͢Δͱɺλ < 0Ͱ͋Ε͹ Φ → ∞Ͱϙςϯ

γϟϧ͕ෛͷൃࢄΛ͠ͳ͍ɻµ2 > 0ͷͱ͖ɺϙςϯγϟϧ͸ 0Ͱͳ͍ۃখ஋ (v =
√
µ2/λ)Λ࣋

ͭɻجఈঢ়ଶ͸ (φ+)2 + (φ0)2 = v2Λຬͨ͢શͯͷΦͰ͋Δɻ
ϥάϥϯδΞϯͷڞมඍ෼͸

Dµ = ∂µ − ig1
YW

2
− ig2

τ⃗

2
·Wµ (2.13)

Ͱ͋Δɻτ⃗ ͸ऑ͍ΞΠιεϐϯϕΫτϧͰɺϥάϥϯδΞϯ͸ہॴήʔδม׵

φˠ eiα⃗(x)·τ⃗/2ψ(x) (2.14)
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ʹରͯ͠ෆมͰ͋Δɻ
͜͜Ͱώοάεೋॏ߲ΦͰ φ3 = v,φ1 = φ2 = φ4 = 0ͱ͍͏఺ΛબͿɻ͜ͷ࣌ώοάε৔͸

Φ =
1√
2

(
0

v

)
(2.15)

ͱͳΔɻ͜ΕΛϥάϥϯδΞϯͷӡಈ߲ʹ୅ೖ͢Δͱ

(DµΦ)
†(DµΦ) =

(
1

2
vg2

)2

W+
µ W−

µ +
1

2

(
1

2
v
√
g21 + g22

)2

Z0
µZ

µ0 (2.16)

ͱͳΔɻW Ϙιϯͷ࣭ྔ߲͸m2
WW+W−ɺதੑϘιϯͷ࣭ྔ߲͸ (m2

ZZµZµ)/2+(m2
γAµAµ)/2

Ͱද͞ΕΔɻΑͬͯɺͦΕͧΕͷ࣭ྔ͸࣍ͷΑ͏ʹͳΔɻ

mW =
1

2
vg2 (2.17)

mZ =
1

2
v
√

g21 + g22 (2.18)

mγ = 0 (2.19)

͜ͷΑ͏ʹਅۭͷࣗൃతରশੑͷഁΕʹΑͬͯޫࢠҎ֎ͷϘιϯ͸࣭ྔΛ֫ಘ͢Δɻ͜ͷϝΧ
χζϜΛώοάεߏػͱݺͿɻ

2.4 ϑΣϧϛΦϯͷ࣭ྔ֫ಘ
ήʔδϘιϯͱಉ͘͡ɺϑΣϧϛΦϯ΋ώοάεཻࢠͱͷ૬࡞ޓ༻Ͱ࣭ྔΛ֫ಘ͢Δɻͦͷ

૬࡞ޓ༻͸౬઒૬࡞ޓ༻ͱݺ͹ΕΔɻϑΣϧϛΦϯ͸͖רࠨೋॏ߲ɺӈ͖רҰॏ߲Ͱද͞ݱΕ
Δ͜ͱΛ౿·͑ɺୈ 3ੈ୅ͷΫΥʔΫΛྫͱ͠ɺτοϓΫΥʔΫͷ࣭ྔ֫ಘʹ͍ͭͯઆ໌͢Δɻ

L = − yt√
2

[
(bL, tL)

(
0

v

)
tR + tR(0, v)

(
bL
tL

)]

= − yt√
2
(tLvtR + tRvtL)

= −ytv√
2
tµµ

͜ͷΑ͏ʹ࣭ྔ߲͕ੜ·ΕΔɻ͜͜Ͱ yt͸τοϓ౬઒݁߹ఆ਺Ͱ͋ΔɻτοϓΫΥʔΫͷ࣭ྔ͸

mt =
1√
2
ytv

ͱͳΔɻ͜ͷΑ͏ʹɺଞͷϑΣϧϛΦϯ΋౬઒݁߹Ͱ࣭ྔΛද͢͜ͱ͕Ͱ͖Δɻ
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2.5 ༺࡞ޓ૬͍ڧ
ΫΥʔΫʹಇ͘ྗͰಛ௃తͳ΋ͷͱ͍ͯ͠ڧ૬࡞ޓ༻͕͋͛ΒΕΔɻ͍ڧ૬࡞ޓ༻Λઆ໌͢

Δཧ࿦͸QCDͱݺ͹Ε͍ͯΔɻQCDͷ௿ΤωϧΪʔྖҬʹ͓͍ͯʮΫΥʔΫͷด͡ࠐΊʯͱ
ͳΔɻ͘ڧɺ௿ΤωϧΪʔྖҬͰ݁߹ఆ਺͕͠ࡏ৅͕ଘݱͿ෺ཧݺ
ΘΕΔɻΫΥʔΫͱάϧʔΦϯͷ࣋ͭ৭ՙ͕ҾߦΑͬͯʹ׵͸άϧʔΦϯͷަ༺࡞ޓ૬͍ڧ

Ͱ͋Δɻ͜Ε͸༺࡞ޓ૬͢͜ى͖ SU(3)C ͷରশੑΛ࣋ͪɺ৭ͷ ৭ͷ੺੨྘ͱͯ͠ѻΘΕΔݪ3
ɻ͜(ΫΥʔΫ΍άϧʔΦϯʹ৭͕͋ΔΘ͚Ͱ͸ͳ͘ɺઆ໌ͷͨΊʹಋೖͨ͠ྫ͑Ͱ͋Δʹࡍ࣮)
ͷ 3৭ʹରͯͦ͠ΕͧΕ൓৭͕ଘ͠ࡏɺࣗવքʹͦΕࣗ਎ͰଘࡏͰ͖Δͷ͸৭͕നʹͳΔʢΧ
ϥʔγϯάϨοτʣ૊Έ߹ΘͤͷΈͰ͋ΔɻͦͷͨΊ୯ମͷΫΥʔΫ͸৭Λ༗͍ͯ͠Δ͜ͱ͔
ΒଘࡏͰ͖ͳ͍ͱ͞Ε͍ͯΔɻ݁߹ఆ਺ αsͷΤωϧΪʔґଘੑ͸࣍ͷࣜͰද͞ΕΔɻ

αs(Q
2) =

12π

(33− 2Nf )ln(
Q2

ΛQCD
)

(2.20)

͜͜ͰɺQ͸ӡಈྔεέʔϧΛද͠ɺqΛάϧʔΦϯͷ ӡಈྔͱ͢ΔͱɺQ2ݩ4 = −q2Ͱද͞
ΕΔྔͰ͋ΔɻNf ͸ϑϨʔόʔͷ਺ͰɺQ2ͷ஋ʹΑͬͯมΘΓ 3͔Β 6ͷ਺ࣈΛͱΔɻΛQCD

͸QCDεέʔϧͱݺ͹ΕΔɻΤωϧΪʔεέʔϧ͕େ͖͘ͳΔͱ αs͸খ͘͞ͳΔɻ͜ͷੑ࣭
Λ઴ۙతࣗ༝ੑͱ͏ݴɻ͜ͷੑ࣭͸୹ڑ཭΄Ͳ݁߹ఆ਺͕খ͘͞ɺߴΤωϧΪʔ෺ཧͰઁಈܭ
༗ޮʹͳΔ͜ͱΛҙຯ͢ΔɻαsͷΤωϧΪʔґଘੑΛਤ͕ࢉ 2.1ʹࣔ͢ɻ
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9. Quantum chromodynamics 39

They are well within the uncertainty of the overall world average quoted above. Note,
however, that the average excluding the lattice result is no longer as close to the value
obtained from lattice alone as was the case in the 2013 Review, but is now smaller by
almost one standard deviation of its assigned uncertainty.

Notwithstanding the many open issues still present within each of the sub-fields
summarised in this Review, the wealth of available results provides a rather precise and
reasonably stable world average value of αs(M2

Z), as well as a clear signature and proof of
the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

αs (Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO
pp –> tt (NNLO)

)(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [434],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.

June 5, 2018 19:47

ਤ 2.1: ͷ݁߹ఆ਺༺࡞ޓ૬͍ڧ αsͷΤωϧΪʔґଘੑ [1]

ઁಈࢉܭ͸ αsͰల։ͯ͠ߦΘΕΔɻͦͷͨΊɺΤωϧΪʔ͕ΛQCD ʹ͍ۙྖҬͰ͸ αsͷ஋
͕େ͖͘ɺઁಈ͕ࢉܭෆՄೳʹͳΔɻ͔͠͠ɺΛQCD ΑΓॆ෼େ͖ͳΤωϧΪʔྖҬͰ͋Ε͹ɺ
ઁಈࢉܭʹΑΔਖ਼֬ͳཧ࿦͕ࢉܭՄೳʹͳΔɻILCͷΤωϧΪʔྖҬ͸ΛQCD ΑΓे෼େ͖͍
ྖҬͰ͋ΔͨΊɺτοϓΫΥʔΫͷਫ਼ີଌఆʹΑΔQCDͷظ͕ূݕ଴͞ΕΔɻ
ҰํͰɺ࣮ݧతʹ͸ऴঢ়ଶͱͯ͠ΫΥʔΫ΍άϧʔΦϯ͕ͦͷ··ݕग़ث·Ͱಧ͘͜ͱ͸ͳ

͘ɺϋυϩϯͷଋͰ͋ΔʮδΣοτʯͱݺ͹ΕΔू߹ମͱͯ͠؍ଌ͞ΕΔɻδΣοτʹ͸͓͓΋
ͱͷΫΥʔΫͷΤωϧΪʔͳͲͷ৘ใ͕อଘ͞Ε͍ͯΔͨΊɺૉཻݧ࣮ࢠͰ͸δΣοτͷଌఆ
͕ॏཁʹͳΔɻ
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2.6 CKMྻߦ
ඪ४໛ܕͰ͸ɺΫΥʔΫϑϨʔόʔͷࠞ߹۩߹ΛҎԼͷ ߦ3 3ྻͷྻߦͰද͞ΕΔɻ
⎛

⎜⎝
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞

⎟⎠ =

⎛

⎜⎝
0.97420 ʶ 0.00021 0.2243 ʶ 0.0005 (3.94 ʶ 0.36) ʷ 10−3

0.218 ʶ 0.004 0.997 ʶ 0.017 (42.2 ʶ 0.8) ʷ 10−3

(8.1 ʶ 0.5) ʷ 10−3 (39.4 ʶ .23) ʷ 10−3 1.019 ʶ 0.025

⎞

⎟⎠

͜ΕΒͷ஋͸༷ʑͳ࣮݁ݧՌ͔Βಘͨ΋ͷͰ͋Δ [1]ɻ·ͨɺΫΥʔΫ U ͱΫΥʔΫDͷભҠ
۩߹Λ |VUD|2ͱද͢͜ͱ͕Ͱ͖Δɻ͜ͷ͔ࣜྻߦΒɺτοϓΫΥʔΫ͸ϘτϜΫΥʔΫ΁ͷ่
յ͕ࢧ഑తͩͱΘ͔Δɻ
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ୈ3ষ τοϓΫΥʔΫ

3.1 τοϓΫΥʔΫ
τοϓΫΥʔΫͱ͸ɺૉཻࢠඪ४ཧ࿦Ͱઆ໌͞ΕΔૉཻࢠͷதͰ࠷΋࣭ྔͷॏ͍΋ͷͰ͋Δɻ

ͦͷͨΊ่յ෯΋େ͖ͳ஋ͱͳΓɺଞͷΫΥʔΫͱҟͳΓϋυϩϯԽ͢Δલʹ bΫΥʔΫͱW

Ϙιϯʹ่յ͢Δɻද 3.1Ͱ࣭ྔͱ่յ෯Λ঺հ͢Δɻ

࣭ྔ (direct measurement) 173.0 ʶ 0.4 GeV

࣭ྔ (cross section measurement) 160 +5
−4 GeV

่յ෯ 1.41 +0.19
−0.15GeV

ද 3.1: τοϓΫΥʔΫͷύϥϝλ [1]

ࣜ (3.1)͕ࣔ͢Α͏ʹඪ४໛ܕͷ่յ෯͸QCDεέʔϧ (ΛQCD)ΑΓे෼େ͖͍ɻ

Γt ≃
GFm3

t

8
√
2π

|Vtb|2 ∼ 1.4GeV ≫ ΛQCD(∼ 200MeV) (3.1)

͜͜ͰɺGF͸ϑΣϧϛఆ਺ɺmt͸τοϓΫΥʔΫͷ࣭ྔɺVtb͸CKMྻߦͷ੒෼ɺΛQCD ͸
QCDεέʔϧΛද͍ͯ͠Δɻ่յ෯͸QCDεέʔϧΑΓे෼େ͖͍ͨΊɺઁಈ͕ࢉܭՄೳͰ
͋Δɻ

3.2 τοϓΫΥʔΫͷ่յ෯
τοϓΫΥʔΫͷ่յ෯ͷଌఆ͸ɺඪ४໛ܕͷূݕ΍৽෺ཧ୳ࡧʹ͓͍ͯॏཁͰ͋Δɻ่յ

෯ͷ஋͸ tbW Vertexʹҟৗ݁߹ͷଘࡏΛؚΊͨͱ͖༗ҙʹमਖ਼͞ΕΔɻͦͷࣜΛҎԼʹࣔ͢ɻ
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Γ(tˠ bW ) =
GF

8
√
2π

m3
t (1− x2)[(1 + x2 − 2x4)(f 2

1L + f 2
1R)

+ (2− x2 − x4)(f 2
2L + f 2

2R) + 6x(1− x2)(f1Lf2R + f2Lf1R)] (3.2)

͜͜Ͱ x = mW/mtͰ͋Δɻf͸ form factorͰ่յ఺ʹ͓͚Δ૬࡞ޓ༻Λهड़͢Δɻf1͸Wͱ
t-bϕΫτϧΧϨϯτͷ݁߹ʹɺf2͸Wͱ t-bςϯιϧΧϨϯτͷ݁߹ʹͦΕͧΕରԠ͢ΔɻL

ͱR͸ͦΕͧΕͷΧϨϯτͰτοϓΫΥʔΫͷΧΠϥϦςΟ͖רࠨͱӈ͖רΛද͢ɻඪ४໛ܕ
Ͱ͸ f1L = Vtb = 1ɺf1R = f2L = f2R = 0Ͱ͋Δɻ
ଌఆ͞Ε่ͨյ෯͕ඪ४໛ܕͷ஋ͱͣΕΔ৔߹ɺ৽෺ཧ͕ظ଴͞ΕΔɻ͔͠͠ɺࡏݱͷଌఆ

ਫ਼౓Ͱ͸͕ࠩޡେ͖͍ɻྫ͑͹
√
s = 8TeVͷATLAS࣮ݧͰ͸ Γt = 1.76=0.86

−0.76GeVͱ͍͏݁Ռ
͕ग़͍ͯΔ [2]ɻILC Ͱͷ่յ෯ͷਫ਼ີଌఆ͕ඞཁͰ͋ΔɻILCͷղੳͰ͸࣭ྔͱಉ༷͡ʹஅ໘
ੵ͔Β่յ෯ΛٻΊΔ͜ͱ͕Ͱ͖Δ [3]ɻ·ͨɺτοϓΫΥʔΫͷӡಈྔ෼෍͔Β΋่յ෯ͷଌ
ఆΛಠཱʹ͜͏ߦͱ͕ՄೳͰ͋Δ [4]ɻຊڀݚͰ͸ӡಈྔ෼෍͔ΒͷଌఆΛߦͳͬͨઌڀݚߦ [4]

Λߋʹൃలͤ͞Δ͜ͱΛ໨ͨ͠ࢦɻҰํͰɺຊڀݚͷΈͰ͸่յ෯ͷͦΕͧΕͷ form factorΛ
෼཭͢Δ͜ͱ͸Ͱ͖ͳ͍ɻऴঢ়ଶͷ֯౓෼෍ͳͲ͔Β form factorΛ෼཭͢Δ͜ͱ͸কདྷͷ՝୊
Ͱ͋Δɻਤ 3.1͸ form factor ͱ่յ෯ͷґଘੑΛ͍ࣔͯ͠Δɻ
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ਤ 3.1: τοϓΫΥʔΫ่յ෯ଌఆਫ਼౓ͱҟৗ݁߹ͷؔ܎ [5]

่յ෯͸ɺඪ४໛ܕͷ NLO(Next-Leading Order)·ͰͷࢉܭͰ͸ҎԼͷΑ͏ͳࣜʹͳΔɻ
NLOͷ৔߹ɺαsͷ஋͕ޮ͘ɻαs͕େ͖͍ͱ ttͷଋറ͕͘ڧͳΓɺΓt͸খ͘͞ͳΔɻ

Γt =
GFm3

t

8
√
2π

|Vtb|2
(
1− M2

W

m2
t

)2(
1 + 2

M2
W

m2
t

)[
1− 2αs

3π

(
2π2

3
− 5

2

)]
∼ 1.35|Vtb|2

Vtb ͸ CKMྻߦͷ੒෼ͰɺτοϓΫΥʔΫͱϘτϜΫΥʔΫͷ่յͷؔੑ܎Λࣔ͢ύϥϝλɻ
ඪ४໛ܕͰ͸ 1ʹ͍ۙ஋ͱ͞Ε͍ͯΔɻ͜ͷ஋͕ 1͔ΒͣΕΔ৔߹ɺ৽෺ཧͷஹީͩͱΈͳ͢
͜ͱ͕Ͱ͖Δɻ

3.3 ΫΥʔίχ΢Ϝ
ΫΥʔίχ΢Ϝͱ͸ɺΫΥʔΫͱ൓ΫΥʔΫͷଋറঢ়ଶͰ͋Δɻిࢠཅిࢠͷଋറঢ়ଶ͸ϙ

δτϩχ΢Ϝͱݺ͹ΕɺJ/ψཻࢠ΍ΥཻࢠͳͲ͕ΫΥʔίχ΢ϜͷҰ෦Ͱ͋ΔɻҰํͰɺτο
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ϓΫΥʔΫϖΞͷଋറঢ়ଶͰ͋Δτοϙχ΢Ϝ͸ɺτοϓΫΥʔΫͷ่յ෯͕େ͖͍ͨΊɺଋറ
ঢ়ଶΛܗ੒͢Δલʹ่յͯ͠͠·͍ɺଋറঢ়ଶͱͯ͠ଘࡏͰ͖ͳ͍ͱ͞Ε͍ͯΔɻ͔͠͠ɺτο
ϓΫΥʔΫରੜ੒ͷᮢ஋ྖҬͰ͋Ε͹τοϙχ΢ϜʹΑΔஅ໘ੵ্ঢΛஅ໘ੵଌఆʹΑͬͯ֬
ೝ͠ɺ1Sঢ়ଶͳͲͷঢ়ଶͷޮՌΛௐ΂Δ͜ͱ͕Ͱ͖Δɻτοϙχ΢Ϝͷ่յ͸τοϓΫΥʔΫ
ͷ่յͱಉٛͰ͋Γɺtt͸Ұൠతʹ͸ಉ࣌ʹ่յͤͣͲͪΒ͔͕ઌʹ่յ͢ΔɻͦͷͨΊɺτο
ϙχ΢Ϝͱͯ͠͸τοϓΫΥʔΫͷ่յ෯ͷ 2ഒఔ౓ʹͳΔɻ

3.4 τοϓΫΥʔΫରੜ੒ᮢ஋෇ۙͷ෺ཧ
࣭ྔͷඇৗʹେ͖͍τοϓΫΥʔΫ͸େ͖ͳ่յ෯Λ͍࣋ͬͯΔɻ͜ͷ࣌ɺτοϓΫΥʔΫ

͸QCDͷඇઁಈྖҬʹ౸ୡ͢Δલʹ่յ͢ΔɻͦͷͨΊɺઁಈQCDΛ༻͍ͨ৴པͰ͖Δධ
Ձ͕ՄೳͰ͋ΔɻBethe-SalpeterํఔࣜΛຬ଍͢ΔɻBethe-Salpeterํఔࣜ͸ඇ૬ର࿦ۙࣅͰ
SchrödingerํఔࣜͱͳΔɻ [

H −
(
E + i

Γθ

2

)]
G = 1

͜͜ͰH͸ϋϛϧτχΞϯɺE͸ΤωϧΪʔɺΓθ͸τοϙχ΢Ϝͷ่յ෯ (Γθ ∼ 2Γt)ɺG͸ά
Ϧʔϯؔ਺ͷԋࢠࢉͰ͋Δɻ͜ͷ࣌ɺશஅ໘ੵ͸ҎԼͷΑ͏ͳࣜͰද͞ΕΔɻ

σtt ∝ Im < x = 0|G|x = 0 >∼ Im
∑

n

|Ψn(0)|2

E− En + iΓn/2

nͷ࿨͸શͯͷτοϙχ΢Ϝڞ໐ʹ͍ͭͯͱ͍ͬͯΔɻશஅ໘ੵͷଌఆ͸೾ಈؔ਺ͷݪ఺Ͱͷ
஋ͷઈର஋ͷΈʹΑΔ͜ͱ͕Θ͔Δɻ
ҰํͰඍ෼அ໘ੵ͸ҎԼͷΑ͏ͳࣜͰද͢ɻ

dσtt
d|p| ∼ | < p|G|x = 0 > |2 ∼

∣∣∣∣Σ
φn(p)Ψ∗

n(0)

E − En + iΓn/2

∣∣∣∣
2

ඍ෼அ໘ੵ (τοϓΫΥʔΫͷӡಈྔ෼෍)͸ӡಈྔۭؒͷ೾ಈؔ਺Λ൓ө͢Δɻ
அ໘ੵଌఆʹΑͬͯ ΓtɺmtɺytΛଌఆͰ͖Δɻ·ͨɺӡಈྔ෼෍Ͱॏཁͳ 1SϐʔΫͷҐஔ

(E1S)͸அ໘ੵଌఆʹΑͬͯಘΒΕΔɻ1SϐʔΫͱ͸ɺτοϙχ΢Ϝڞ໐ঢ়ଶͷ͏ͪ࠷΋Τω
ϧΪʔͷ௿͍ঢ়ଶͷݺশͰɺஅ໘ੵଌఆͰ্ཱ͕ͪΓ͔Β࠷ॳͷϐʔΫͱͯ͋͠ΒΘΕΔঢ়ଶ
Ͱ͋ΔɻE1S ∼ 2mt − α2

smtͱۙ͞ࣅΕΔ [6]ɻ
τοϓΫΥʔΫ่͕յͯ͠Ͱ͖ͨWϘιϯͷ่յϞʔυ͸ 2छྨ͋ΔɻW ˠ qqͱW ˠ lν

ͰɺτοϓΫΥʔΫରͷ؍఺͔Βͩͱ࣍ͷ 3ͭͷ૊Έ߹Θ͕ͤଘ͠ࡏɺͦΕͧΕͷݺͼํΛࣔ
ͨ͠ɻ
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ttˠ bWbW ˠ bqqbqq(ϑϧϋυϩχοΫ) (3.3)

ttˠ bWbW ˠ bqqblν(ηϛϨϓτχοΫ) (3.4)

ttˠ bWbW ˠ blνblν(ϑϧϨϓτχοΫ) (3.5)

ILCʹ͓͚ΔτοϓΫΥʔΫରੜ੒ͷηϛϨϓτχοΫϞʔυͷϑΝΠϯϚϯμΠΞάϥϜΛ
ҎԼʹࣔ͢ɻ

ਤ 3.2: ৴߸ࣄ৅ͷϑΝΠϯϚϯਤ

ରੜ੒ᮢ஋ྖҬʹ͓͍ͯɺτοϓΫΥʔΫ͸ඇৗʹখ͞ͳӡಈྔΛ࣋ͬͨঢ়ଶͰੜ੒͞ΕΔɻ
τοϓΫΥʔΫରͷڑ཭͕͍ۙͨΊQCDϙςϯγϟϧ V (r) = −4

3
Ћs

r + kr͕ΫʔϩϯྗͷΑ
͏ͳܗͰಇ͘ɻ
ttͷᮢ஋ྖҬͰ͸શஅ໘ੵ͕ଌఆ͞ΕΔɻશஅ໘ੵΛࣔࣜ͢ΛҎԼʹࣔ͢ɻ

σtot(e
+e−ˠ tt) ∝ −Im

∑

n

|φn(0)|2

E − En + iΓt
(3.6)

ᮢ஋εΩϟϯʹΑͬͯτοϓΫΥʔΫͷ࣭ྔɺ่յ෯ɺώοάε࣭ྔɺτοϓ౬઒݁߹ͳͲଟ
͘ͷύϥϝλ͕ଌఆͰ͖Δɻ
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τοϓΫΥʔΫ͸ଞͷΫΥʔΫͱҟͳΓɺϋυϩϯԽ͢Δલʹ่յ͢ΔɻͦͷͨΊ່ཻࢠΛ
༺࡞ޓ੒͢Δ͜ͱͰεϐϯ΍࣭ྔͳͲΛଌఆ͢Δ͜ͱ͕Ͱ͖ΔɻτοϓΫΥʔΫ͸ऑ͍૬ߏ࠶
ʹΑͬͯ΄ͱΜͲ͕ bΫΥʔΫͱWϘιϯʹ่յ͢ΔɻҎԼʹτοϓΫΥʔΫͷ่յͷ༷ࢠͱ
QCDϙςϯγϟϧΛࣔ͢ɻ

ਤ 3.3: QCDϙςϯγϟϧͱτοϓΫΥʔΫͷ่յͷ༷ࢠ [7]

τοϓΫΥʔΫͷण໋ʹΑͬͯϙςϯγϟϧͷͲͷҐஔͰ่յ͢Δ͔͕ܾ·Δɻͭ·Γɺτο
ϓΫΥʔΫͷण໋͕୹͚Ε͹ϙςϯγϟϧͷ௿͍ҐஔͰ่յ͠ɺτοϓΫΥʔΫͷӡಈྔ͕େ
͖͘ͳΔɻ͜ͷ͜ͱ͔ΒɺτοϓΫΥʔΫͷӡಈྔͱ่յ෯ʹ૬͕ؔ͋Δ͜ͱ͕Θ͔Δɻ·ͨɺ
τοϓΫΥʔΫରੜ੒ᮢ஋ྖҬͰ͸͍ڧ૬࡞ޓ༻ͷ݁߹ఆ਺ (αs)͸ϙςϯγϟϧͱ࣍ͷΑ͏ͳ
Δɻ͕͋܎ؔ

VQCD ∼ −4αs

3r

͕ͨͬͯ͠ αs΋ӡಈྔͱ૬͕ؔ͋Δɻ
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QCDϙςϯγϟϧ͸ VQCD(r) ∼ −4
3
Ћs

r + krͱද͢͜ͱ͕Ͱ͖Δ͕ɺରੜ੒ྖҬͰ͸τοϓ
ΫΥʔΫରͷڑ཭͕͍ۙͨΊΫʔϩϯܕͷϙςϯγϟϧͱΈͳ͢͜ͱ͕Ͱ͖Δɻ
τοϓΫΥʔΫରੜ੒ᮢ஋ྖҬͰ͸ɺੜ੒அ໘ੵͷଌఆʹΑ༷ͬͯʑͳύϥϝλΛੵݟ΋ͬ

͍ͯΔɻྫ͑͹ɺτοϓΫΥʔΫରͷؒͰͷώοάεͷަ׵ʹΑͬͯɺஅ໘ੵ͕ 9ˋ্ঢ͢Δ
͜ͱ͕஌ΒΕ͓ͯΓɺͦͷ্ঢ཰͔Βτοϓ౬઒݁߹Λ୳Δ͜ͱ͕Ͱ͖Δɻ

ਤ 3.4: VtbΛม͑ͨͱ͖ͷஅ໘ੵͷมԽ

ਤ 3.4͸mt = 174GeVɺαs = 0.12ͷ৚݅Ͱ Vtb ΛมԽͤͨ࣌͞ͷஅ໘ੵͷมԽͰ͋Δɻ่յ
෯ͷେ͖͞͸அ໘ੵͷ஋ͷେ͖͞ʹײ౓͕͋Δɻ
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ਤ 3.5: αsΛม͑ͨͱ͖ͷஅ໘ੵͷมԽ

ਤ 3.5͸mt = 174GeVɺVtb = 1.00Ͱ αsΛมԽͤͨ࣌͞ͷஅ໘ੵͰ͋Δɻαsͷ஋͸ 1Sϐʔ
ΫͷҐஔΛมԽͤ͞Δɻ1SϐʔΫ͸ 3.3અͰ঺հͨ͠Α͏ʹɺ

√
s1S ∼ 2mt − α2

smt ͱۙࣅͰ
͖Δɻ
ຊڀݚͰ༻͍ͨӡಈྔ෼෍΋ॏཁͳଌఆͰ͋ΔɻτοϓΫΥʔΫͷӡಈྔ෼෍͸่յ෯ͱαs

ΤωܥΛม͑Δɻ·ͨɺτοϓΫΥʔΫͷ࣭ྔ͸ॏ৺ܗ౓͕͋Γɺͦͷ஋ʹΑͬͯ෼෍͕ײʹ
ϧΪʔΛ

√
s = 2mtΛج४ͱΓܾΊΔ͜ͱͰ࣭ྔͷײ౓Λେ෯ʹݮΒ͠ɺ࣭ྔ͕Θ͔Βͳͯ͘

΋ଞͷύϥϝλΛܾఆ͢Δ͜ͱ͕Ͱ͖Δɻ࣮ࡍͷ࣮ݧͰ͸࠷ॳʹᮢ஋εΩϟϯΛ͍ߦ 1SϐʔΫ
ͷҐஔΛܾΊ࣭ྔΛٻΊΔɻ͜ͷޙʹӡಈྔ෼෍΍֯౓෼෍ͳͲͷղੳʹΑͬͯύϥϝλΛܾ
ఆ͢Δͱ͍͏ྲྀΕʹͳΔ͜ͱ͕༧૝͞ΕΔɻ
ҎԼʹ֤ύϥϝλΛมԽͤͨ࣌͞ͷΠϕϯτੜ੒ϓϩάϥϜ (physsim)[8]ʹΑΔӡಈྔ෼෍

Λ͍͔ͭࣔ͘͢ɻ
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ਤ 3.6: τοϓΫΥʔΫͷ࣭ྔΛม͑ͨͱ͖ͷӡಈྔ෼෍ͷมԽ

͜͜Ͱ͸ύϥϝλͱͯ͠mt = 174GeV,Vtb = 1.0,αs = 0.12, ͦΕͧΕॏ৺ܥΤωϧΪʔΛ√
s = 2mt − 1ͱ͍ͯ͠Δɻ͜͜ͰɺͦΕͧΕͷઢʹ͓͚Δ࣭ྔͱॏ৺ܥΤωϧΪʔ͸ҎԼͷΑ

͏ʹͳ͍ͬͯΔɻ

ࠇ : mt = 176GeV,
√
s = 351GeV

੺ : mt = 175GeV,
√
s = 349GeV

྘ : mt = 174GeV,
√
s = 347GeV

੨ : mt = 173GeV,
√
s = 345GeV

ϐϯΫ : mt = 172GeV,
√
s = 343GeV
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ਤ 3.7: τοϓ౬઒݁߹ఆ਺Λม͑ͨͱ͖ͷӡಈྔ෼෍ͷมԽ

ਤ 3.7͸τοϓ౬઒݁߹ఆ਺ͷ஋Λม͑ͨ࣌ͷӡಈྔ෼෍ͷ༷ࢠͰ͋Δɻ͜͜Ͱ͸ϐʔΫҐ
ஔ͕มԽ͍ͯ͠ͳ͍͜ͱ͕Θ͔ΔɻҎԼʹͦΕͧΕͷઢʹ͓͚Δτοϓ౬઒݁߹ఆ਺Λࣔ͢ɻ

ࠇ : yt = 0.8

੺ : yt = 0.9

྘ : yt = 1.0

੨ : yt = 1.1

ϐϯΫ : yt = 1.2
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ਤ 3.8: αsΛม͑ͨͱ͖ͷӡಈྔ෼෍ͷมԽ

ਤ 3.6͸ αs ΛมԽͤͨ࣌͞ͷӡಈྔ෼෍ͷ༷ࢠͰ͋Δɻttϙςϯγϟϧ͸ V (r) ∼ −4
3
αs
r ͱ

ͳ͍ͬͯΔͨΊɺαs͕େ͖͘ͳΔͱϙςϯγϟϧ͕খ͘͞ͳΓɺӡಈྔ͕େ͖͘ͳΔɻ
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ਤ 3.9: VtbΛม͑ͨͱ͖ͷӡಈྔ෼෍ͷมԽ

ਤ 3.7͸ Vtb ͷ஋ΛมԽͤͨ࣌͞ͷӡಈྔ෼෍ͷ༷ࢠͰ͋ΔɻΫʔϩϯܕͷϙςϯγϟϧʹ
Αͬͯɺ่յ෯͕େ͖͍৔߹ɺϙςϯγϟϧ͕খ͍͞ঢ়ଶͰ่յ͢ΔͨΊӡಈྔ͕େ͖͘ͳΔɻ
Vtb͕େ͖͘ͳΔͱӈʹγϑτ͢Δɻ
Ҏ্ΑΓɺӡಈྔ෼෍͔Β͸࣭ྔͱτοϓ౬઒݁߹ఆ਺ͷ஋ʹΑΒͣɺ่յ෯ͱαsͷଌఆ͕

ՄೳͰ͋Δɻ

3.5 ӡಈྔ෼෍
τοϓΫΥʔΫͷӡಈྔ෼෍͸ɺཧ࿦తʹ͸ඍ෼அ໘ੵΛҙຯ͢Δ ( dσ

d|Pt|)ɻτοϓΫΥʔΫ
ͷӡಈྔ͸ɺ̏δΣοτͷߏ࠶੒ʹΑͬͯٻΊΔ͜ͱ͕Ͱ͖Δɻຊڀݚͷ ILCͷΤωϧΪʔྖ
ҬͰ͸τοϓΫΥʔΫ͕ϖΞͰੜ੒͞ΕɺτοϓΫΥʔΫ่͕յͯ͠ݱΕͨWͷ่յϞʔυʹ
Αͬͯ̏छྨͷऴঢ়ଶ͕ଘ͢ࡏΔWϘιϯ͕྆ํΫΥʔΫϖΞʹ่յ͢ΔϑϧϋυϩχοΫɺ
ยํ͕ΫΥʔΫϖΞͰ΋͏ยํ͕ϨϓτϯͱχϡʔτϦϊʹ่յ͢ΔηϛϨϓτχοΫɺWϘ
ιϯ͕྆ํϨϓτϯͱχϡʔτϦϊʹ่յ͢ΔϑϧϨϓτχοΫͷ̏छྨͰ͋Δɻ͜ͷ͏ͪɺ
ϑϧϋυϩχοΫ͸ऴঢ়ଶʹ 6ຊͷδΣοτ͕͋ΓɺWϘιϯ༝དྷͷ 4ຊͷδΣοτͷࣝผ͕
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೉͍͠ɻϑϧϨϓτχοΫ͸̎ݸͷχϡʔτϦϊͷӡಈྔΛܾఆ͢Δ͜ͱ͕೉͍ͨ͠Ίɺτο
ϓΫΥʔΫରͷਖ਼͍͠ߏ࠶੒͕͍ߦқ͍ηϛϨϓτχοΫϞʔυͰղੳΛͨͬߦɻ
ҎԼͷ ͷάϥϑ͸ɺ340GeV͔Βݸ11 350GeV·Ͱॏ৺ܥΤωϧΪʔΛ 1GeVมԽͤͯ͞ɺ

ͦΕͧΕͰ VtbΛ 0.8͔Β 1.2·Ͱ ΈͰมԽͤͨ࣌͞ͷӡಈྔ෼෍ͷҧ͍Λ͍ࣔͯ͠Δɻࠁ0.1
৭ͱ Vtbͷ஋͸ҎԼͷΑ͏ͳରԠؔ܎ʹ͋Δɻ

ࠇ : Vtb = 0.80

੺ : Vtb = 0.90

྘ : Vtb = 1.00

੨ : Vtb = 1.10

ϐϯΫ : Vtb = 1.20

·ͨɺ͜ΕΒͷ෼෍Ͱ͸ɺԣ࣠͸ӡಈྔ (GeV)ɺॎ࣠͸Πϕϯτ਺ΛશΠϕϯτ਺Ͱׂͬͨ஋
Λऔ͍ͬͯΔɻ

√
s=340GeV

√
s=341GeV
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√
s=342GeV

√
s=343GeV

√
s=344GeV

√
s=345GeV

√
s=346GeV

√
s=347GeV

24



√
s=348GeV

√
s=349GeV

√
s=350GeV

ΤωϧΪʔͷ௿͍ྖҬͰ͸෼෍ͷҧ͍͕Θ͔Γʹ͍ͨ͘Ίɺ่յ෯ͷଌఆʹ͓͍ͯ͸Τωϧ
Ϊʔ͕େ͖͍ํ͕ྑ͍ɻ
ҰํͰɺҎԼͷ ΤωϧΪʔͰͷܥͷάϥϑͰ͸ͦΕͧΕͷॏ৺ݸ11 αsͷେ͖͞ʹΑΔ෼෍

ͷҧ͍Λ͍ࣔͯ͠Δɻ৭ͱ αs͸ҎԼͷΑ͏ͳରԠؔ܎ʹ͋Δɻ

ࠇ : αs = 0.110

੺ : αs = 0.115

྘ : αs = 0.120

੨ : αs = 0.125

ϐϯΫ : αs = 0.130

͜ΕΒ΋ԣ࣠͸ӡಈྔ (GeV)ɺॎ࣠͸Πϕϯτ਺ΛશΠϕϯτ਺Ͱׂͬͨ஋Λऔ͍ͬͯΔɻ
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√
s=340GeV

√
s=341GeV

√
s=342GeV

√
s=343GeV

√
s=344GeV

√
s=345GeV
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√
s=346GeV

√
s=347GeV

√
s=348GeV

√
s=349GeV

√
s=350GeV

௿ΤωϧΪʔͰ͸͞ߴͷҧ͍ΛݟΔ͜ͱ͕Ͱ͖ɺߴΤωϧΪʔͰ͸ϐʔΫͷҧ͍͕ݟΒΕΔɻ
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͜ΕΒΛ౿·͑ɺVtbͱαsͲͪΒʹ΋ҧ͍͕ݟΒΕΔΤωϧΪʔΛબ୒͢Δ͜ͱ͕๬·͍͠ɻ
ຊڀݚͰ͸ॏ৺ܥΤωϧΪʔΛ 347GeVͰ͜͏ߦͱͱͨ͠ɻ͜Ε͸ઌڀݚߦ [2]Ͱ༻͍ΒΕͨ஋
ͱಉ͡Ͱ͋Δɻ
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ୈ4ষ ILC(International Linear
Collider)

ILC(International Linear Collider)ͱ͸ɺ࣍ ੈ୅ͷిࢠཅిࢠিಥܕઢܗՃ଎ثͰɺશ௕20km

ͷ࣮ݧ૷ஔͰ͋Δɻॏ৺ܥΤωϧΪʔ 250GeVͰώοάεཻࢠ౳ͷਫ਼ີଌఆʹΑΔඪ४໛ܕͷ
༗ྗͰ͋Δ͕ɺΦϓγϣϯͱͯ͠࠷Λ໨తͱͯ͠Քಇ͢Δ͜ͱ͕ࡧͱ৽෺ཧ୳ূݕ 350GeV΍
500GeVɺ͞Βʹ͸ 1TeVͷ࣮ݧ΋ՄೳͰ͋Δɻ
ຊষͰ͸ 4.1અͰՃ଎ثʹ͍ͭͯɺ4.2અͰ ILDଌఆثʹ͍ͭͯͦΕͧΕઆ໌͢Δɻ

4.1 Ճ଎ث
ILC͸ઢܗͰ͋ΔͨΊɺ1όϯν͋ͨΓͷিಥػձ͕ 1ճ͔͠ͳ͍ɻͦͷͨΊ 1όϯν͋ͨ

ΓͷϧϛϊγςΟͷ͕͞ߴॏཁͰ͋ΔɻϧϛϊγςΟͷఆٛΛࣜ (4.1)ʹࣔ͢ɻ

L = frep
nbN2

4πσ∗
xσ

∗
y

(4.1)

frep͸িಥස౓ɺnb͸ 1τϨΠϯ಺ͷόϯν ਺ɺN͸(ͷूஂࢠɾཅిࢠి) 1όϯν಺ͷཻࢠ
਺ɺσ∗

xͱσ∗
y ͸ͦΕͧΕিಥ఺Ͱͷਫฏํ޲ͱਨ௚ํ޲ͷϏʔϜαΠζΛද͍ͯ͠Δɻ

ILCͷՃ଎ث͸େ͖͘෼͚Δͱ࣍ͷ 3ͭʹ෼ྨͰ͖Δɻ

• ݯࢠɾཅిࢠి

• μϯϐϯάϦϯά

• ओઢܗՃ଎ث

ΓΛ཈੍͠ɺओઢ͕޿Λੜ੒͠ɺμϯϐϯάϦϯάͰϏʔϜͷࢠͱཅిࢠͰిݯࢠɾཅిࢠి
ͰϏʔϜΛՃ଎͠িಥͤ͞ΔɻਤثՃ଎ܗ 4.1ʹ ILCͷ໛ࣜਤΛࣔ͢ɻ
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ਤ 4.1: ILCͷ໛ࣜਤ [9]

4.1.1 ݯࢠి

ILCͰ͸ిݯࢠͰภ͞ۃΕͨిࢠΛੜ੒͢Δɻ·ͣDCॐͷϨʔβʔΛGaAsͳͲͷޫిӄ
൘ʹরࣹ͢Δɻ͜ΕʹΑΓޫిޮՌ͕ൃੜ͠ɺ140͔Βۃ 160keVͷภ͕ࢠిۃੜ੒͞ΕΔɻภ
཰ͷ໨ඪ͸ۃ 80%Ͱ͋Δɻੜ੒͞Εͨిࢠ͸ৗ఻ಋՃ଎ۭಎͰ 76MeV·ͰՃ଎͞Εɺόϯν
Λܗ੒͢Δɻͦͷޙɺ௒఻ಋՃ଎ۭಎͰ 5GeV·ͰՃ଎͞ΕΔɻ·ͨɺ௒఻ಋιϨϊΠυʹΑͬ
ͷεϐϯΛਨ௚ʹ੔͑μϯϐϯάϦϯάʹೖࣹ͢Δɻਤࢠిͯ ଄Λࣔ͢ɻߏͷݯࢠిʹ4.2
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ਤ 4.2: ILCͷిݯࢠ [10]

4.1.2 ཅిݯࢠ

ILCͰ͸ΞϯδϡϨʔλʔํࣜΛ༻͍ͯภ͞ۃΕͨཅిࢠΛੜ੒͢ΔɻిݯࢠͰੜ੒͞Εͨ
ϏʔϜΛΞϯδϡϨʔλʔͱ͍͏૷ஔʹೖΕΔɻͦͷதʹ͸࣓ੴ͕ෳ਺ฒ΂ΒΕ͓ͯΓɺࢠి
ϏʔϜ͕ऄ͠ߦͳ͕ΒਐΈγϯΫϩτϩϯ์ࣹʹΑͬͯ 10MeVఔ౓ͷޫࢠΛ์ग़ͤ͞Δɻ์
ग़͞Εͨޫࢠ͸ۚଐͷඪతʹͿ͚ͭΒΕɺి࣓γϟϫʔΛൃੜ͢Δɻ͜ͷి࣓γϟϫʔͷத͔
ΒཅిࢠΛऔΓग़͢͜ͱͰɺภ͞ۃΕͨཅిࢠΛੜ੒͢Δɻཅిࢠͷภۃ͸ 30%Λ໨ඪͱͯ͠
͍Δ͕ɺΞοϓάϨʔυʹΑͬͯ͸ 60%·ͰՄೳͱ͞Ε͍ͯΔɻཅిࢠੜ੒ʹ༻͍ΒΕͨిࢠ
ϏʔϜ͸ͦͷ··ओઢܗՃ଎ثʹ໭͞ΕΔɻੜ੒͞Εͨཅిࢠ͸ৗ఻ಋՃ଎ثͰ 400MeV·Ͱ
Ճ଎͞Εɺͦͷޙɺ௒఻ಋՃ଎ثͰ 5GeV·ͰՃ଎͞ΕɺμϯϐϯάϦϯάʹೖࣹ͞ΕΔɻཅ
Λਤ؍ͷ֓ݯࢠి 4.3ʹࣔ͢ɻ
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ਤ 4.3: ILCͷཅిݯࢠ [10]

4.1.3 μϯϐϯάϦϯά

ILCͰ͸ϏʔϜͷ͕޿ΓΛμϯϐϯάϦϯάͰখ͘͢͞ΔɻϏʔϜͷ͕޿ΓΛҎԼͷࣜͰఆ
ٛ͢Δɻ

σx,y =
√
βx,yɾϵx,y (4.2)

͜͜Ͱ β͸Ճ଎ثύϥϝλͷϕʔλؔ਺ɺϵ͸Τϛολϯεͱݺ͹ΕΔɻిݯࢠɾཅిݯࢠͰੜ
੒͞ΕͨϏʔϜΛɺԁप 3.2kmͷμϯϐϯάϦϯάʹೖࣹ͠ɺ5GeVͰपճ͢Δɻԁހ෦෼Ͱ
͸੍ಈ์ࣹʹΑͬͯޫ͕ࢠϏʔϜ͔Β์ग़͞ΕΤωϧΪʔ͸ݮগ͢Δɻ͜ͷ࣌ɺޫࢠ͸ਐํߦ
ߴ͸มԽ͠ͳ͍ɻҰํͰɺ௚ઢ෦෼Ͱ͸޲ํߦΔ͕ਐݮग़͢ΔͨΊɺϏʔϜͷӡಈྔ͸์ʹ޲
प೾Ճ଎ʹΑͬͯਐ޲ํߦͷΤωϧΪʔΛճ෮͢Δɻ͜ͷΑ͏ͳաఔΛͯܦɺΤϛολϯεΛ
খ͘͞͠ɺϏʔϜͷ͕޿ΓΛ཈੍͢Δ͜ͱ͕Ͱ͖Δɻਤ 4.4ʹμϯϐϯάϦϯάͷ֓؍Λࣔ͢ɻ
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ਤ 4.4: ILCͷμϯϐϯάϦϯά [10]

4.1.4 ओઢܗՃ଎ث

μϯϐϯάϦϯάΛ௨աͨ͠ϏʔϜ͸RTMLʹΑͬͯ 5GeV͔Β 15GeV·ͰՃ଎͞Εɺओઢ
͸ϏʔϜͷ௿ΤϛολϯεΛอͪͳ͕ΒثՃ଎ܗͰӡ͹ΕΔɻओઢ·ثՃ଎ܗ 250GeV·ͰՃ
଎ͤ͞Δɻશ௕ 22kmɺฏۉՃ଎ޯ഑ 31.5MV/m͕TDRͷઃܭ஋Ͱ͋Δɻ಺෦ʹ͸ 9ͭͷηϧ
Λ࣋ͭχΦϒՃ଎ۭಎ͕ଘ͠ࡏɺӷମϔϦ΢ϜͰ 2KʹอͨΕ͍ͯΔɻ͜ͷՃ଎ۭಎʹ 1.3GHz

ͷߴप೾ిྗΛ͠څڙՃ଎ి৔Λ࣮͢ݱΔɻઢܗՃ଎ثͰ͸ͦͷ௕͞Λ৳͹͢͜ͱͰॏ৺ܥΤ
ωϧΪʔΛ্͛Δ͜ͱ͕ՄೳͰ͋Δɻ

4.2 ثग़ݕ

4.2.1 ֓ཁ

ILCͷݕग़ث͸ ILD(International Large Detector)ͱ SiD(Silicon Detector)ͷ 2छྨ͕૝ఆ
͞Ε͍ͯΔɻILD͸ΞδΞΛத৺ʹ։ൃ͕ਐΜͰ͍ͯɺSiD͸ΞϝϦΧΛத৺ʹ͕͞ڀݚΕͯ
͍ΔɻຊڀݚͰ͸ ILDͷγϛϡϨʔγϣϯΛ༻͍͍ͯΔͨΊɺILDͷؔ͢ΔৄࡉͷΈઆ໌͢Δɻ
ҎԼʹ ILDͷϨΠΞ΢τΛදࣔ͢Δɻ
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ਤ 4.5: ILDͷஅ໘ਤ (਺ࣈͷ୯Ґ͸mm)[10]

4.2.2 ඈ੻ݕग़ث

ɾ่յ఺ݕग़ث
่յ఺ݕग़ث (VTX)͸ཻࢠͷ่յ఺ͷଌఆΛ͍ߦɺδΣοτͷϑϨʔόʔλάΛཁ͞ٻΕΔɻ
่յ఺ݕग़ثͷিಥ܎਺෼ղೳ͸ҎԼͷཁ͕͋ٻΔɻ

σr ≤ 5⊕ 10

pβsin3/2θ
(µm) (4.3)
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͜͜Ͱɺp, β͸ཻࢠͷӡಈྔͱ଎౓ɺθ͸ϏʔϜ࣠ͱͷ֯౓Λࣔ͢ɻୈ 1߲͸ݕग़ثͷ෼ղೳʹ
ΑΔ஋ɺୈ 2߲͸ϨΠϠʔͷଟॏࢄཚʹΑΔ஋Ͱ͋Δɻ่յ఺ݕग़ث͸ଟ૚ߏ଄Ͱ͋Γɺ֤Ϩ
ΠϠʔʹϐΫηϧηϯαʔ͕औΓ෇͚ΒΕΔɻ࠷಺૚͸িಥ఺͔Β 16mmʹҐஔ͠ɺϏʔϜ༝
དྷͷഎࣄܠ৅ͷӨڹΛड͚΍͍͢ɻ͜ΕʹΑΓϐΫηϧ઎༗཰͸͘ߴͳͬͯ͠·͏ͨΊɺ઎༗
཰ΛԼ͛Δ͜ͱ͕ཁ͞ٻΕΔɻީิͱͯ͠ɺFPCCD΍ CMOSͷ։ൃ͕ਐΊΒΕ͍ͯΔɻ ਤ
4.6ʹ่յ఺ݕग़ثͷ֓؍Λࣔ͢ɻ

ਤ 4.6: ่յ఺ݕग़ثͷ֓؍ਤ [10]

ɾγϦίϯඈ੻ݕग़ث (SIT,SET)

γϦίϯඈ੻ݕग़ث͸ɺ่յ఺ݕग़ثͱओඈ੻ݕग़ثͷؒΛิ͠׬ɺӡಈྔ෼ղೳͷ্޲ͱཻ
Ͱ͋ΔɻλΠϜελϯثग़ݕͷి࣓ΧϩϦϝʔλ΁ͷೖࣹͷҐஔͱ࣌ؒͷଌఆΛ໨తͱͨ͠ࢠ
ϓػೳͱ͍͏ 1όϯνຖͷিಥΛಡΈग़͢γεςϜ͕ଘ͠ࡏɺಛʹFPCCD͸ 1τϨΠϯຖͷಡ
Έग़͠Ͱ͋ΔͨΊɺ͜ͷػೳ͕ඇৗʹॏཁͰ͋Δɻਤ 4.7ʹγϦίϯඈ੻ݕग़ثͷ֓؍Λࣔ͢ɻ
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ਤ 4.7: γϦίϯඈ੻ݕग़ث (SIT,SET)ͷ֓؍ਤ [10]

ɾओඈ੻ݕग़ث
ओඈ੻ݕग़ث (TPC : Time Projection Chember)͸ɺՙిཻࢠͷඈ੻Λߴ෼ղೳͰ ʹతݩ3࣍
Λଌఆ͢Δ͜ͱͰͦͷӡಈܘ཰൒ۂͷࢠͰ͋Δɻ࣓৔ͷதΛ௨աͨ͠ՙిཻثग़ݕ੒͢Δߏ࠶
ྔΛٻΊΔɻTPCͷ಺෦͸Ψε͕ॆຬ͓ͯ͠Γɺ͜͜Λՙిཻ͕ࢠ௨ա͢ΔͱΨεͷ෼͕ࢠ෼
཭͠ɺൃੜͨ͠ి͕ࢠಡΈग़͠૷ஔʹ͔ͯͬ޲υϦϑτ͢Δɻ͜ͷ૷ஔͰಘΒΕͨిࢠͷҐஔ
৘ใ͔Β ৘ใΛಘΔ͜ͱ͕Ͱ͖ɺͦ͜ʹυϦϑτ࣌ؒΛՃ͑Δ͜ͱͰݩ2࣍ ߏ࠶৘ใΛݩ3࣍
੒Ͱ͖ΔɻTPCʹཁ͞ٻΕΔӡಈྔ෼ղೳ͸ҎԼͷΑ͏ʹͳ͍ͬͯΔɻ

σ(1/p) ≥ 9× 10−5(GeV/c)−1 (4.4)

4.2.3 ΧϩϦϝʔλ

ΧϩϦϝʔλ͸಺෦Ͱγϟϫʔ͕ൃੜ͠ɺཻࢠͷΤωϧΪʔΛଌఆ͢Δɻి࣓ΧϩϦϝʔλ
ͱϋυϩϯΧϩϦϝʔλͷ 2छྨ͕ଘ͢ࡏΔɻి࣓ΧϩϦϝʔλ͸ి࣓γϟϫʔ (γɺిࢠ)Λɺ
ϋυϩϯΧϩϦϝʔλ͸ϋυϩϯγϟϫʔ (ՙిϋυϩϯɺதੑϋυϩϯɺδΣοτ)ΛͦΕͧ
Εଌఆ͢Δɻ
ILCͰ͸δΣοτΛଟ਺ؚΉΠϕϯτΛଟ͘ѻ͏ɻྫ͑͹ώοάεͷղੳͰ͸δΣοτ͕W

༝དྷ͔ Z༝དྷ͔ਫ਼౓ྑࣝ͘ผ͢Δ͜ͱ͕ཁ͞ٻΕΔɻ͜ͷ࣌ɺҎԼͷΑ͏ͳΤωϧΪʔ෼ղೳ
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͕ཁ͞ٻΕΔɻ

σEjet ∼
30%

Ejet(GeV)
(4.5)

ɾి࣓ΧϩϦϝʔλ
ి࣓ΧϩϦϝʔλͰ͸ γ͕ଌఆ͞ΕΔɻηϯαʔ૚ͱٵऩ૚͕ަޓʹฒͼɺηϯαʔ૚͸γϦ
ίϯηϯαʔ΍γϯνϨʔλ͕૝ఆ͞Εɺٵऩ૚Ͱ͸λϯάεςϯ͕༻͍ΒΕΔɻਤ 4.8ʹి
࣓ΧϩϦϝʔλͷ֓؍Λࣔ͢ɻ

ਤ 4.8: ి࣓ΧϩϦϝʔλͷ֓؍ਤ [10]

ɾϋυϩϯΧϩϦϝʔλ
ϋυϩϯΧϩϦϝʔλͰ͸ి࣓ΧϩϦϝʔλͰଌఆͰ͖ͳ͍ϋυϩϯγϟϫʔ͕ଌఆ͞ΕΔɻ
ϋυϩϯ͸૬࡞ޓ༻௕͕௕͍ͨΊɺେ͖ͳ෺࣭ྔ͕ٻΊΒΕΔɻٵऩ૚ʹ͸మɺηϯαʔ૚ʹ
͸γϯνϨʔλ΍Ψεݕग़ثͳͲ͕ߟҊ͞Ε͍ͯΔɻਤ 4.9ʹ͸ϋυϩϯΧϩϦϝʔλͷ֓؍
Λࣔ͢
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ਤ 4.9: ϋυϩϯΧϩϦϝʔλͷ֓؍ਤ [10]

4.2.4 ֎૚෦

ILDͷ֎૚෦͸ιϨϊΠυίΠϧͱϦλʔϯϤʔΫ/ϛϡʔΦϯݕग़ثͰ͋Δɻ
ιϨϊΠυίΠϧ͸ 3.5Tͷ࣓৔Λൃੜͤ͞Δ໾ׂΛ୲͍ͬͯΔɻϦλʔϯϤʔΫ͸͜ͷ࣓৔

Λݕग़ثͷ֎ʹग़͞ͳ͍໾ׂ͕͋Δɻ·ͨɺϛϡʔΦϯݕग़ثͰ͸ίΠϧͷ֎ଆ·Ͱ౸ୡͨ͠
ϛϡʔΦϯͷݕग़΍ϋυϩϯΧϩϦϝʔλ͔Β࿙Εग़ͨ͠ΤωϧΪʔͷݕग़ͱ͍͏໾ׂ΋୲ͬ
͍ͯΔɻਤ 4.10Ͱ͸ϛϡʔΦϯݕग़ثͰݕग़͞ΕΔϛϡʔΦϯͷඈ੻ͷ༷ࢠΛࣔͨ͠ɻ
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ਤ 4.10: ϛϡʔΦϯݕग़ثͷγϛϡϨʔγϣϯʹ͓͚ΔϛϡʔΦϯͷඈ੻ [9]

4.2.5 લํݕग़ث

ϏʔϜۙ͘ʹ͸લํݕग़͕ثઃஔ͞ΕΔɻ͜Ε͸ϧϛϊγςΟ΍ϏʔϜαΠζͷଌఆ͕ՄೳͰ
͋Δɻ·ͨɺଌఆثશମͷݕग़ൣғͷ্޲ͱ͍͏໾ׂ΋͋Δɻલํݕग़ث͸LumiCalɺBeamCalɺ
ϖΞϞχλͰߏ੒͞ΕΔɻ
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ɾLumiCal

LumiCalͰ͸ϧϛϊγςΟͷଌఆ͕ߦΘΕΔɻϧϛϊγςΟ͸൓Ԡஅ໘ੵͷେ͖ͳόʔόʔ
ཚࢄ (e+e−ˠ e+e−)ͷଌఆΛ༻͍ͯɺҎԼͷΑ͏ʹܾ·Δɻ

L =
Nbhabha

σ
(4.6)

͜͜ͰNbhabha͸όʔόʔࢄཚͷΠϕϯτ਺ɺσ͸൓Ԡஅ໘ੵͰ͋Δɻ͜͜Ͱ͸ 0.1%ҎԼͷଌఆ
ਫ਼౓͕ཁ͞ٻΕΔɻLumiCal͸֯ۃ 32∼72mradͷൣғΛΧόʔ͍ͯ͠Δɻਤ 4.11ʹ LumiCal

ͷ֓؍Λࣔ͢ɻ

ਤ 4.11: LumiCalͷ֓؍ਤ [10]

ɾBeamCal

BeamCal͸ϧϛϊγςΟͱϏʔϜύϥϝλͷଌఆΛ໨తͱͨ͠૷ஔͰ͋ΔɻϏʔϜিಥ࣌ʹ
ੜ੒͞ΕΔେྔͷిࢠཅిࢠͷϖΞόοΫάϥ΢ϯυͷΤωϧΪʔଛࣦͷ෼෍͔Β͜ΕΒΛଌ
ఆ͢Δɻ BeamCal͸֯ۃ 5∼40mradΛΧόʔ͍ͯ͠Δɻਤ 4.12ʹBeamCalͷ֓؍Λࣔ͢ɻ
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ਤ 4.12: BeamCalͷ֓؍ਤ [10]

ɾϖΞϞχλ
ϖΞϞχλͱ͸ɺিಥ఺ϏʔϜܗঢ়ϞχλͰ͋ΔɻϏʔϜಉ࢜ͷ૬࡞ޓ༻Ͱੜ੒͞ΕͨϖΞ

όοΫάϥ΢ϯυͷ෼෍Λ༻͍ͯϏʔϜͷαΠζ΍ܗঢ়Λଌఆ͢Δ͜ͱ͕໨తͰ͋Δɻ
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ୈ5ষ γϛϡϨʔγϣϯ

5.1 ֓ཁ
ຊڀݚͰ͸ৄٕࡉज़ઃܭॻ (DBD)ʹ͍ͨͮج৚݅Ͱ ILCͷγϛϡϨʔγϣϯΛͨͬߦɻ
ͦͷྲྀΕΛઆ໌͢Δɻ࠷ॳʹΠϕϯτδΣωϨʔλʔʹΑͬͯ෺ཧࣄ৅Λੜ੒͢Δɻຊڀݚ

Ͱ͸Physsim[6]ͱ͍͏δΣωϨʔλʔΛ༻͍ͨɻ࣍ʹݕग़ثγϛϡϨʔγϣϯΛ͏ߦɻຊڀݚ
Ͱ͸Mokka[11]ͱ͍͏Geant4Λϕʔεͱͨ͠ιϑτΛ࢖༻ͨ͠ɻݕʹޙ࠷ग़ثγϛϡϨʔγϣ
ϯͰಘͨσʔλͷߏ࠶੒Λ͏ߦɻຊڀݚͰ͸Marlinͱ͍͏ιϑτΛ༻͍ͨɻ͜ͷߏ࠶੒Λͨܦ
ɻͨͬߦղੳΛʹޙ

5.2 ෺ཧࣄ৅ͷੜ੒
Physsimͱ͍͏δΣωϨʔλʔͰ෺ཧࣄ৅Λੜ੒ͨ͠ [6]ɻPhyssim ͸ϔϦγςΟৼ෯Λܭ

Δ͢ࢉ HELASɺੜ੒͢Δ෺ཧࣄ৅ͷඍ෼அ໘ੵΛ͢ࢉܭΔ BASESɺBASES ͷ݁Ռ͔Βج
ຊཻࢠΛੜ੒͢Δ SPRING Ͱߏ੒͞Ε͍ͯΔɻSPRING Ͱੜ੒͞Εͨجຊཻࢠͷ࣌ؒൃల͸
JSFHadronizerʹΑͬͯߦΘΕΔɻJSFHadronizer͸ΫΥʔΫɾάϧʔΦϯͷύʔτϯγϟϫʔ
ͱϋυϩϯԽͷࢉܭΛ୲͏ PYTHIA6.4ͱɺϔϦγςΟΛྀͨ͠ߟ Н Մ͕ࢉܭͷ่յͷࢠཻ
ೳͰ͋Δ TAUOLAΛݩͱͯ͠࡞ΒΕ͍ͯΔɻిࢠͱཅిࢠ͸ͱ΋ʹ͖רࠨͱӈ׬ʹרશภۃ
ͤͨ͞αϯϓϧΛ͏࢖ɻ

5.3 γϛϡϨʔγϣϯثग़ݕ
ຊڀݚͰ͸ ILCͰ࢖༻͞ΕΔݕग़ثͷ͏ͪ ILDͷγϛϡϨʔγϣϯΛ࣮ͨ͠ࢪɻMokkaͱ͍

͏Geant4Λϕʔεʹͨ͠ιϑτΛ༻͍ͨɻMokkaͰ͸ PFA[12]ͱ͍͏ΞϧΰϦζϜʹैͬͯ
γϛϡϨʔγϣϯ͕ߦΘΕΔɻ
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ɾParticle Flow Algorithm

ILCͰ༻͍ΒΕΔ Particle Flow Algorithm(PFA)ʹ͍ͭͯઆ໌͢Δɻ
ILCͰظ଴͞ΕΔ෺ཧࣄ৅͸ଟ͘ͷδΣοτΛؚΉେྔͷཻࢠΛѻ͏ɻͦͷͨΊɺΤωϧΪʔ

෼ղೳͷਫ਼౓͕ॏཁʹͳΔɻ
ද 5.1ʹδΣοτͷ૊੒ͱ ILDݕग़ثͷ෼ղೳΛࣔ͢ɻਤ 5.1Ͱ͸࣮ࡍͷWWͱ ZZͷࣝผ

ͷͨΊͷ PFAʹΑΔύϑΥʔϚϯεΛࣔ͢ɻ੺͸ ZZͷߏ࠶੒ɺ੨͕WWͷߏ࠶੒Ͱ͋Δɻ

δΣοτཁૉ δΣοτʹ઎ΊΔׂ߹ ثग़ݕ σE/E

ՙిཻࢠ 60% ඈ੻ݕग़ث 0.00002 ʷ E

ࢠޫ 30% ECAL 0.2/E

தੑϋυϩϯ 10% HCAL 0.6/E

ද 5.1: δΣοτͷ૊੒ͱ ILDݕग़ثͷ෼ղೳ

ਤ 5.1: PFAͷΤωϧΪʔ෼ղೳ [10]

5.4 ੒ߏ࠶
ILDݕग़ثͰ͸τοϓΫΥʔΫࣗ਎ͷݕग़Λ͢Δ͜ͱ͸ෆՄೳͰ͋ΔɻτοϓΫΥʔΫ่͕

յͯ͠Ͱ່ཻ͖ͨࢠͷඈ੻΍ΤωϧΪʔΛଌఆ͢ΔɻΑͬͯɺτοϓΫΥʔΫࣗ਎Λௐ΂Δʹ
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͸͜ΕΒͷऴঢ়ଶʹଘ͢ࡏΔཻ͕ࢠͲͷཻࢠ༝དྷ͔Λௐ΂Δඞཁ͕͋ΔɻτοϓΫΥʔΫ༝དྷ
ͱࢥΘΕΔ΋ͷΛߏ࠶੒͍͖ͯͦ͠ͷσʔλΛτοϓΫΥʔΫͷσʔλͱΈͳ͠ղੳΛ͏ߦɻ
ຊڀݚͰ͸τοϓΫΥʔΫͷ่յϞʔυͱͯ͠ηϛϨϓτχοΫΛબ୒͍ͯ͠ΔɻηϛϨϓ

τχοΫͰ͋ΔͨΊऴঢ়ଶʹ͸ΤωϧΪʔͷେཱ͖͍ͨ͠ݽϨϓτϯ͕ಛ௃Ͱ͋Γɺͦͷޙ 4

ຊͷδΣοτΛΫΥʔΫͱΈͳ͠ɺͦΕ͕ bΒ͍͔͠Ͳ͏͔൑ผ͢Δɻଛࣦ ӡಈྔΛχϡʔݩ4
τϦϊͱԾఆ͠ɺ3-jetͷτοϓΫΥʔΫͱɺbΫΥʔΫͱϨϓτϯͱχϡʔτϦϊʹ่յͨ͠
τοϓΫΥʔΫΛߏ࠶੒͢ΔɻҎԼͰ͸ͦΕͧΕͷखॱʹؔͯ͠ৄ͘͠આ໌͢Δɻ

ɾIsolated lepton tagging

ऴঢ়ଶʹ͸δΣοτʹؚ·ΕΔϨϓτϯͱWϘιϯ่͕յͯ͠ੜ੒ͨ͠Ϩϓτϯͷ 2छྨ͕
ଘ͢ࡏΔɻͦͷ͏ͪWϘιϯ༝དྷͷ΋ͷΛཱݽϨϓτϯͱఆٛ͢Δɻ͜ͷ࣌ɺίʔϯΤωϧ
ΪʔΧοτʹΑͬͯબผΛ͏ߦɻͦͷྲྀΕ͸ɺՙిτϥοΫͷӡಈྔͰ 15GeVΑΓେ͖͍΋ͷ
Λ୳͠ɺ௖֯ͱͯ͠ cosθ > 0.96ͷίʔϯΛఆٛ͢Δɻ͜ͷίʔϯͷ಺෦ͰΤωϧΪʔ͕ 0͔Β
10GeVͷ৔߹ͷϨϓτϯΛཱݽϨϓτϯͱͨ͠ɻຊڀݚͰ͸ཱݽϨϓτϯ͕ 1Ͱ͋Δ͜ͱΛཁ
ɻͨ͠ٻ

ɾϏʔϜόοΫάϥ΢ϯυͷআڈ

͜͜Ͱ͸ϏʔϜ༝དྷͷഎࣄܠ৅Λ͑ߟΔɻഎࣄܠ৅ͱͯ͠ϏʔϜ͔Β์ग़͞Εͨޫࢠ 2͕ͭ
ϋυϩϯΛੜ੒͢Δ΋ͷ͕͋Δɻ͜ΕΛऔΓআͨ͘Ίʹ anti-kT ΞϧΰϦζϜΛ༻͍Δɻ
·ͣɺݕग़ثͰଊཻ͑ͨࢠશͯΛδΣοτ༝དྷͱ͠ɺΫϥελʔΛϦετΞοϓ͢Δɻͦͷ

த͔Β 2ͭͷΫϥελʔΛબ୒͠ɺҎԼͰఆٛ͞ΕΔ 2ͭͷΫϥελʔͷڑ཭ͱϏʔϜͱͷڑ
཭ΛٻΊΔɻ

dij = min(k2
T i
, k2

T j
)
∆2

ij

R2
(5.1)

∆2
ij = (yi − yj)

2 + (φ2
i − φ2

j) (5.2)

diB = k2
Tj

(5.3)

͜͜ͰɺkT ͸ཻࢠͷϏʔϜ࣠ʹର͢Δԣӡಈྔɺy͸ϥϐσΟςΟɺφ͸ํҐ֯ɺR͸δΣοτ
ͷ൒ܘΛද͢ɻdij ͱ diB Λશཻࢠͷ૊Έ߹ΘͤͰ͠ࢉܭɺͦͷதͰ࠷খ஋ΛͱΔ૊Έ߹ΘͤΛ
બͿɻ͜ͷ࣌ dij খͳΒ͹ɺiͱ࠷͕ j͸ ͱͯ͠վΊͯΫϥελʔϦετʹ௥Ճ͢ΔɻdiBࢠ1ཻ
খͷ৔߹͸࠷͕ iΛδΣοτͱΈͳ͠ɺΫϥελʔϦετ͔Β֎͢ɻຊղੳͰ͸R = 0.7ɺཻࢠ
ͷԣӡಈྔ͕ 0.6GeVҎ্Ͱ͋Δ͜ͱΛ৚݅ͱͨ͠ɻ͜ͷ৚݅Ͱ࠷ऴతʹδΣοτʹߏ࠶੒͞Ε
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ͳཻ͍ࢠΛഎࣄܠ৅ͱͯ͠আͨ͠ڈɻͦͷޙɺδΣοτʹߏ࠶੒ཻͨ͠ࢠΛ࠶ͼ෼ղ͠ɺߏ࠶
੒ͷલͷঢ়ଶʹ໭ͨ͠ɻ

ɾ4-jet tagging

Isolated Lepton TaggingʹΑͬͯ࢒Γ͸δΣοτʹؚ·ΕΔཻࢠͷΈʹͳͬͨɻಉ͡δΣοτ
ʹؚ·ΕΔཻ͔ࢠͲ͏͔ࣝผ͢ΔY஋ͱ͍͏΋ͷΛҎԼʹఆٛ͢Δɻ

Yij =
2min(Ei,Ej)(1− cosθij)

E2
vis

(5.4)

͜͜ͰEiͱEj ͸ཻࢠͷΤωϧΪʔɺθij ͸ཻࢠ i, jͷͳ֯͢౓ɺEvis͸ՄࢹΤωϧΪʔΛද͢ɻ
͜ͷY஋͕࠷খͱͳΔ૊Έ߹Θͤ͸ಉ͡δΣοτʹଐ͢Δ΋ͷͱ͢Δɻ͜ͷΑ͏ʹཻͯ͠ࢠΛ
ऴతʹδΣοτ͕࠷ɺ͖ߦ੒ͯ͠ߏ࠶ 4ຊʹͳΔ·Ͱߏ࠶੒ΛਐΊͨɻ

ɾb quark tagging

4ຊͷ jetͷ͏ͪbΫΥʔΫͱ b̄ΫΥʔΫΛબผ͢Δඞཁ͕͋ΔɻbΫΥʔΫͷࣝผʹ͸ iLCSoft

ͷLCFIPlusͱ͍͏΋ͷΛ༻͍ͨɻϑϨʔόʔλάʹ͸ROOTͷTMVAͱ͍͏ղੳπʔϧΛ༻
͍ͨɻ͜͜Ͱ͸৴߸ࣄ৅ͱഎࣄܠ৅ͷଟม਺෼ྨΛ͍ߦɺαϯϓϧΛجʹͯ͠ɺ͋Δೖྗ͕Ͳ
ͷఔ౓৴߸ࣄ৅Β͍͠ͷ͔Λ͢ࢉܭΔ͜ͱ͕Ͱ͖ΔɻຊղੳͰ͸TMVAͷதͷBDT(Boosted

Decison Trees)ʹΑΔτϨʔχϯάΛߦͳͬͨɻ
τϨʔχϯάαϯϓϧͱͯ͠

√
s = 500GeVͰ ৅Λ༻͍ͨɻͦࣄͷΫΥʔΫ͕ੜ੒͞ΕΔݸ6

ͷύϑΥʔϚϯεΛਤ 5.2ʹࣔ͢ɻ
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ਤ 5.2: LCFIPlusΛ༻͍ͨϑϨʔόʔλάੑೳ [[10]

ɾWϘιϯͷߏ࠶੒

4ຊͷ jetͷ͏ͪ bͱ b͕̄൑ผͰ͖ͨɻ͢Δͱͨͬ࢒ 2ຊ͸WϘιϯ่͕յͯ͠ੜ੒͞Εͨ
΋ͷͩͱ෼͔Δɻ͕ͨͬͯ͠ɺͨͬ࢒ 2ຊΛ଍ͨ͠΋ͷΛWϘιϯͱΈͳ͢ɻ·ͨɺཱݽϨϓ
τϯͱଛࣦ ӡಈྔΛ଍͠߹ΘͤΔ͜ͱͰ΋͏ҰํͷWϘιϯΛΈͳͤΔɻݩ4

ɾτοϓΫΥʔΫͷߏ࠶੒

੒ͨ͠WϘιϯͱߏ࠶ bΫΥʔΫΛ଍͠߹ΘͤͯτοϓΫΥʔΫΛߏ࠶੒͢ΔɻbΒ͍͠ jet

͕ bͳͷ͔ b̄ͳͷ͔൑ผ͕Ͱ͖ͳ͍ͨΊɺਖ਼͘͠τοϓΫΥʔΫΛߏ࠶੒͢Δ͜ͱ͕೉͍͠ɻ
ͦ͜ͰɺbΫΥʔΫͱWϘιϯͷ಺֯Λ cosθbW ͱఆٛ͠ɺͦΕ͕࠷খͱͳΔ૊Έ߹ΘͤͰτο
ϓΫΥʔΫΛߏ࠶੒͢Δ͜ͱͰ૊Έؒҧ͍ΛݮΒ͢ͱ͍͏͕ڀݚઌڀݚߦͰߦΘΕͨɻͦͷ৚
݅ͰɺຊڀݚͰ΋τοϓΫΥʔΫΛߏ࠶੒ͨ͠ɻ
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͜ΕΒͷखॱΛͯܦಘΒΕͨӡಈྔ෼෍Λਤ 5.3ʹࣔ͢ɻ͜͜Ͱ͸ 3δΣοτͦΕͧΕͷӡಈ
ྔΛ଍͠߹ΘͤͯτοϓΫΥʔΫͷӡಈྔͱΈͳ͍ͯ͠Δɻ

ਤ 5.3: δΣωϨʔλʔϨϕϧͷτοϓΫΥʔΫͷӡಈྔ෼෍ͱߏ࠶੒ͨ͠τοϓΫΥʔΫͷӡ
ಈྔ෼෍

͜ͷߏ࠶੒ͨ͠෼෍͕MCͱͣΕΔཧ༝͸ݕग़ثͷੑೳ΍ߏ࠶੒ͷ૊Έؒҧ͍ͳͲͷܥ౷త
ͳζϨؚ͕·Ε͍ͯΔɻ
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ୈ6ষ ղੳͱ݁Ռ

6.1 ղੳͷํ਑
ୈ 5ষͰτοϓΫΥʔΫͷߏ࠶੒ʹΑͬͯӡಈྔ෼෍͕࡞੒Ͱ͖ͨɻຊղੳͰ͸͜ͷӡಈྔ

෼෍ΛҟͳΔΠϯϓοτύϥϝλͰେྔʹ࡞੒͠ɺͦͷܗͷҧ͍Λ༻͍ͨղੳΛ͜͏ߦͱΛ໨
ඪͱͨ͠ɻ͔͠͠ݕग़ثϑϧγϛϡϨʔγϣϯΛ͏ߦʹ͸๲େͳ͕࣌ؒඞཁͰ͋ΔͨΊɺେྔ
ͷݕग़ثϑϧγϛϡϨʔγϣϯʹΑΔσʔλΛ࡞Δ͜ͱ͸ɺσʔλྔͷ؍఺͔Β΋ɺඇ࣮ݱత
Ͱ͋ΔɻͦͷͨΊɺ1౓ݕग़ثϑϧγϛϡϨʔγϣϯΛ͍ߦɺτοϓΫΥʔΫͷӡಈྔ͕γϛϡ
ϨʔγϣϯʹΑͬͯͲͷΑ͏ͳӨڹΛड͚Δ͔ௐ΂ͨɻͦͷޙɺݕग़ثϑϧγϛϡϨʔγϣϯ
ͷӨڹΛड͚ͨӡಈྔ෼෍ΛԠ౴ؔ਺ͱΈͳ͠ɺphyssimͰ͞ࢉܭΕͨӡಈྔ෼෍ʹରٖͯ͠
σʔλͰ͋Δӡಈྔ෼෍Λݧతͳ࣮ࣅɻٖͦͯͨͬ͠ߦϑϧγϛϡϨʔγϣϯΛثग़ݕతͳࣅ
੒ͨ͠ɻ͜ͷख๏Λ࡞ toy MCͱݺͼɺtoy MCͰ࡞੒ͨ͠෼෍Λٖߏ࠶੒෼෍ͱݺͿɻ

6.2 ੒๏࡞੒෼෍ͷߏ࠶ٖ (toy MC)

τοϓΫΥʔΫͷӡಈྔͷߏ࠶੒ͷաఔͰͷݕग़ثͷӨڹ΍૊Έؒҧ͍ͳͲʹ͓͍ͯɺτο
ϓΫΥʔΫͷύϥϝλͷ஋͸ؔ܎ͳ͍ɻͭ·Γɺ͋ΔӡಈྔΛ࣋ͭτοϓΫΥʔΫ͸Πϯϓο
τύϥϝλʹΑΒͣɺਤ 5.3ͷߏ࠶੒ͨ͠ӡಈྔ෼෍ʹै࣮ͬͯݧͰͷଌఆ஋ͱͯ͠ಘΒΕΔ
͜ͱ͕ظ଴͞ΕΔɻ
ॳʹɺਤ࠷ͣ· 5.3ΑΓಘΒΕͨδΣωϨʔλʔαϯϓϧͷӡಈྔͱτοϓΫΥʔΫΛߏ࠶

੒ͯ͠ٻΊͨӡಈྔͷ૬ؔΛਤ 6.1ʹࣔ͢ɻ
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ਤ 6.1: δΣωϨʔλʔαϯϓϧͷӡಈྔͱߏ࠶੒ͨ͠τοϓΫΥʔΫͷӡಈྔͷ૬ؔ

͜ΕΛ༻͍ٖͯߏ࠶੒෼෍ਤ࡞੒ΛࢼΈͨɻ࣍ͷਤ 6.2͸ɺਤ 5.3ͷӡಈྔ෼෍ͰδΣωϨʔ
λʔαϯϓϧͷӡಈྔ͕ 10GeV͔Β 11GeV·Ͱʹؚ·Ε͍ͯΔ 2623Πϕϯτ͕ɺݕग़ثϑϧ
γϛϡϨʔγϣϯͱΠϕϯτߏ࠶੒ʹΑͬͯͲͷΑ͏ͳ෼෍ͱͳΔ͔ௐ΂ͨ΋ͷͰ͋Δɻ
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ਤ 6.2: Ԡ౴ؔ਺ͷྫɻδΣωϨʔλʔϨϕϧͰ 10GeV͔Β 11GeVͷྖҬͷӡಈྔΛ࣋ͭτο
ϓΫΥʔΫ͕ߏ࠶੒ʹΑΓͲͷΑ͏ͳӡಈྔͱͯ͠؍ଌ͞ΕΔ͔Λද͢ɻ

؍੒ʹΑΓͲͷΑ͏ͳӡಈྔͱͯ͠ߏ࠶ઢ͕δΣωϨʔλʔαϯϓϧͷ৘ใͰ੺͍ઢ͕͍ࠇ
ଌ͞ΕΔ͔Λද͢෼෍Ͱ͋Δɻ͜ͷ੺͍ઢΛ 10GeV͔Β 11GeVʹ͓͚ΔԠ౴ؔ਺ͱఆٛ͢Δɻ
͜ͷԠ౴ؔ਺ΛΛ 0͔Β 200GeV·Ͱ 1GeV͝ͱʹ ੒͢ΔɻδΣωϨʔλʔαϯϓϧ࡞ݸ200
ΛɺύϥϝλΛมԽͤͯ͞େྔʹ࡞੒͠ɺαϯϓϧͷ 1GeV͝ͱͷΠϕϯτ਺Ͱಉ͡ 1GeVͷ
ྖҬͷԠ౴ؔ਺ͰৼΓ௚͠ɺ200ݸͷ෼෍Λ଍͠߹ΘͤΔ͜ͱͰٖࣅతͳ࣮ݧσʔλͱΈͳ͠ɺ
ͦͷ෼෍Λ༻͍ͯղੳΛਐΊ͍ͯ͘ɻਤ 6.3Ͱੑݱ࠶Λࣔ͢ɻ
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ਤ 6.3: ੒෼෍ͷൺֱߏ࠶੒෼෍ͱߏ࠶ٖ

͜͜Ͱ͸ Vtb = 0.8ͱͯ͠࡞੒ͨ͠δΣωϨʔλʔαϯϓϧΛ༻͍ͨݕग़ثϑϧγϛϡϨʔ
γϣϯσʔλͱɺVtb =1.0Ͱݕग़ثϑϧγϛϡϨʔγϣϯΛߏ࠶͍ߦ੒ͨ͠෼෍Λ༻͍ͯ toy

MCͰ࡞੒ٖͨ͠ߏ࠶੒෼෍Λൺֱ͍ͯ͠Δɻ͍͔ͣࡉΕʹؔͯ͠͸ޙ΄Ͳ͢࡯ߟΔɻ

6.3 ςϯϓϨʔτϑΟοτ
Vtbͷ஋Λ 0.95͔Β 1.05·Ͱ VtbΛ 0.01ຖʹɺαs͸ 0.115͔Β 0.125·Ͱ 0.001ຖʹɺͦΕͧ

ΕδΣωϨʔλʔαϯϓϧΛ࡞੒͠ɺtoy MCͰ৽ͨʹٖߏ࠶੒෼෍Λ࡞੒ͨ͠ɻͦΕΒͷ෼
෍Λ༻͍ͯɺߏ࠶੒σʔλͱͷάϥϑͷͣΕ࣍ͷ χ2ͰఆྔతʹධՁͨ͠ɻ

χ2 =
200∑

i=0

(yiReco − yipReco)
2

σ2
yiReco

(6.1)

͜͜Ͱɺi͸Ϗϯ਺Ͱɺ1͔Β 200·Ͱͷ஋ΛͱΔɻyiRecoͱ yipreco ͸ͦΕͧΕɺi൪໨ͷϏϯͷ
ॎ࣠ͷ஋ΛͱΓɺσyiReco

͸ yiRecoͷΤϥʔͰ͋Δɻ
ࣜ (6.1)ͷࢉܭΛɺ࡞੒ͨ͠શͯͷٖߏ࠶੒෼෍Ͱ͍ߦɺχ2 ͷ஋Λϓϩοτͨ͠ɻͦͷάϥ

ϑͷ࠷খ஋ͷҙຯ͢Δͱ͜Ζ͸ɺ࠷΋͕ܗҰக͍ͯ͠Δͱ͍͏͜ͱͰ͋Δɻͦͷ࣌ͷύϥϝλ
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σʔλʹΑͬͯಘΒΕͨύϥϝλͷ஋ͱ͍͏͜ͱʹͳΔɻ·ͣɺ่յ෯ͱαsΛͦΕͧΕݧ࣮͕
ಠཱͰٻΊɺͦͷ౷ࠩޡܭ΋ಉ࣌ʹٻΊͨɻͦͷޙɺಉ࣌ଌఆ΋͍ߦɺਅ஋͔ΒͲͷఔ౓ͣΕ
Δͷ͔ͨ͠ূݕɻ

6.3.1 ่յ෯ (Γt)

·ͣɺ่յ෯ͷ஋͕ҟͳΔ࣌ͷӡಈྔ෼෍Λ༻͍ͨղੳΛ͏ߦɻඪ४໛ܕͷ LOͰ͸่յ෯
͸ |Vtb|2ͷൺྫ͍ͯ͠Δ͜ͱ͔ΒɺҎ߱Ͱ͸ VtbΛ༻͍͍ͯΔ͕ɺҙຯͱͯ͠͸่յ෯ͱಉٛͰ
͋Δɻ
·ͣɺਤ 6.5ʹ Vtbͱχ2ͷؔੑ܎Λࣔ͢ɻ

ਤ 6.4: Vtbͷ χ2ͷάϥϑ

͜ͷ χ2ʹରͯ͠ɺ2࣍ؔ਺ͰϑΟοςΟϯάΛߦͳͬͨɻͦͷ݁Ռ

Vtb = 0.9959 ʶ 0.0027
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ͱͳͬͨɻࠩޡ͸ χ2ͷ࠷খ஋͔Β+1ͷ࣌ͷ Vtbͷ஋͔Βಘͨɻ
͜ͷͱ͖ɺ|Vtb|2 = 0.9918 ʶ 0.0054ͱͳΔɻ

6.3.2 ͷ݁߹ఆ਺༺࡞ޓ૬͍ڧ (αs)

ͷ݁߹ఆ਺༺࡞ޓ૬͍ڧ (αs)΋ӡಈྔ෼෍ͷײʹܗ౓͕͋ΔͨΊɺଌఆ͕ՄೳͰ͋Δɻͨ
ͩ͠ αs͸ ILC͕ӡస͍ͯ͠Δࠒʹ͸ɺLHCͳͲͷϋυϩϯ࣮ݧ΍֨ࢠQCDʹΑͬͯ αsͷਫ਼
ີଌఆ͕ظ଴͞Ε͍ͯΔɻͦͷͨΊ ILCͰ͸่յ෯ͷΈΛଌఆ͢ΔՄೳੑ͕͋Δ͕ɺ͜͜Ͱ͸
ILCͰͷ αsͷଌఆਫ਼౓Λௐ΂Δɻ
Vtbͱಉ༷ʹ֤ٖߏ࠶੒෼෍ͷ χ2Λ͠ࢉܭɺਤ 6.6ͷάϥϑΛ࡞੒ͨ͠ɻ

ਤ 6.5: αsͷ χ2ͷάϥϑ

2࣍ؔ਺ͰϑοςΟϯάΛߦͳͬͨɻͦͷ݁Ռ

αs = 0.1189 ʶ 0.0005
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ͱͳͬͨɻࠩޡ͸ χ2ͷ࠷খ஋͔Β+1ͷ࣌ͷ αsͷ஋͔Βಘͨɻ
͜͜Ͱ͸ɺͦΕͧΕยํ͕ط஌ͷ৔߹ͷଌఆΛߦͳ͕ͬͨɺ྆ํະ஌Ͱ͋ͬͯ΋ௐ΂Δ͜ͱ

͕Ͱ͖ΔɻͦΕʹ͍߲ͭͯ࣍Ͱઆ໌͢Δɻ

6.4 Γtͱαsͷಉ࣌ଌఆ
࣍ʹ αsΛ 0.11͔Β 0.13·Ͱ 0.002ͣͭ஋Λม͑ 11఺ɺVtbΛ 0.9͔Β 1.1·Ͱ 0.02ͣͭ஋Λ

ม͑ 11఺ɺ͜ΕΒΛ༻͍ͨશ 121௨Γͷ૊Έ߹Θͤʹରͯ͠ χ2 Λͨ͠ࢉܭɻ͜ͷ ෼෍ݩ3࣍
ͷఈΛऔΔ஋͕ຊڀݚͷଌఆ๏Ͱੵݟ΋ΒΕΔ Γt ͱ αs ͱ͍͏͜ͱʹͳΔɻVtb ͱ αs Λ૊Έ߹
Θٖͤͨߏ࠶੒෼෍ શͯͷݸ121 χ2Λද 6.1ʹ·ͱΊͨɻ
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x࣠ʹ αsɺy࣠ʹ Vtbɺz࣠ʹ χ2Λϓϩοτͨ͠౳ߴઢΛਤ 6.7ʹࣔ͢ɻ·ͨɺಉ࣌ʹ࠷খ஋
ͷۙ๣Ͱ 2ม਺ 2࣍ؔ਺ʹΑΔϑΟςΟϯάΛߦͳͬͨɻ

ਤ 6.6: χ2ͷ౳ߴઢͱͦͷϑΟοςΟϯά

͜͜Ͱ͸ VtbΛ 0.96͔Β 1.04·ͰɺαsΛ 0.114͔Β 0.126·ͰͷൣғʹߜΓɺ2ม਺ 2࣍ؔ਺
F (x, y) = ax2 + by2 + cxy + dx + ey + f ͰϑΟοςΟϯάΛͨͬߦɻͦͷޙ ∂F (x, y)/∂x = 0

ͱ ∂F (x, y)/∂y = 0͔Β࿈ཱํఔࣜΛղ͖ɺͦΕͧΕͷ࠷খ஋ΛٻΊͨɻ
͜ͷϑΟοςΟϯάʹΑͬͯɺҎԼͷ࠷খ஋Λಘͨɻ

Vtb = 0.9933 (6.2)

αs = 0.1199 (6.3)

ਤ 6.8Ͱ 3σ(χ2ͷ࠷খ஋+9)·ͰͷྖҬΛࣔ͢ɻ

56



ਤ 6.7: ϑΟοςΟϯάؔ਺ͷ࠷খ஋ͷۙ๣

ਅ஋Ͱ͋Δ Vtb = 1.00ͱαs = 0.12ͱ͍͏஋͸ࠓճͷଌఆͰ 2.55σʹҐஔ͍ͯ͠Δɻαs͸ਅ஋
ͱ΄ͱΜͲҰக͍ͯ͠Δ͕ɺVtbͷͣΕ͕େ͖͍ɻ͜Ε͸ٖߏ࠶੒෼෍ͷ࡞੒ʹ͓͍ͯ 1GeV͝
ͱͷԠ౴ؔ਺Λఆٛͨͨ͠Ίɺͦͷ 1GeVͷྖҬ಺Ͱͷҧ͍Λແ͍ͯ͠ࢹΔ͜ͱ͕ݪҼͩͱߟ
͑ΒΕΔɻਤ 6.9ʹ Vtbͷ஋ͷҟͳΔ 3ͭͷٖߏ࠶੒෼෍Λࣔ͢ɻͦΕͧΕͷ஋͸ҎԼͷ௨ΓͰ
͋Δɻ

ࠇ : Vtb = 0.96

੺ : Vtb = 1.00

੨ : Vtb = 1.04
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ਤ 6.8: ੒෼෍ͷൺֱߏ࠶ٖ

෼෍͕׈Β͔Ͱͳ͍ͨΊɺӡಈྔͷେ͖͍ྖҬͰͷ;Β͖ͭʹΑΔχ2΁ͷӨ͕ڹେ͖͘ͳͬ
͍ͯΔɻ౷ܭ਺Λ૿΍͠෼෍Λ׈Β͔ʹ͢Δ͜ͱ΍ɺԠ౴ؔ਺ͷྖҬΛ 1GeVΑΓ͘͢ڱΔɺ
͋Δ͍͸Ԡ౴ؔ਺ͷఆٛΛɺߏ࠶੒ͨ͠ӡಈྔͱδΣωϨʔλʔϨϕϧͷӡಈྔͷ 1Πϕϯτ
ຖͷൺͱ͢ΔͳͲɺվળํ๏͸͍͔ͭ͑͘ߟΒΕΔɻ
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ୈ7ষ σΟεΧογϣϯ

7.1 ઌڀݚߦͷվળ
ઌڀݚߦ [2]Ͱ͸ߏ࠶੒ͨ͠ӡಈྔ෼෍ͷϐʔΫΛ༷ʑͳύϥϝλ͔Βཧ࿦తʹ༧૝͞ΕΔ

ϐʔΫҐஔͱൺֱ่ͯ͠յ෯ΛٻΊ͍ͯͨɻ͔͠͠ͳ͕Β͜ͷख๏ʹΑΔͱɺϐʔΫҐஔʹର
͢Δݕग़ثͷӨྀ͞ߟ͕ڹΕ͍ͯͳ͍ɻཧ࿦తͳ༧૝ͱͯ͠ physsimʹΑΓ͞ࢉܭΕͨӡಈྔ
෼෍ͷϐʔΫҐஔͱ Vtbͷؔ܎Λਤ 7.1ʹࣔ͢ɻҰํͰɺphyssimͰ͞ࢉܭΕͨӡಈྔ෼෍ʹݕ
ग़ثϑϧγϛϡϨʔγϣϯͷޮՌΛ؆қతʹՃ͑Δख๏͕ 6.2߲Ͱઆ໌ͨ͠ toy MCͰ͋Δɻtoy

MCͰ࡞੒ٖͨ͠ߏ࠶੒෼෍ͷ VtbͱPpeak ͷؔੑ܎ ʹڞ) αs=0.12Ͱݻఆ)Λਤ 7.2ʹͦΕͧΕ
ࣔ͢ɻ

ਤ 7.1: δΣωϨʔλʔαϯϓϧͷӡಈྔϐʔΫҐஔͱ Vtbͷؔ܎
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ਤ 7.2: ੒෼෍ͷӡಈྔϐʔΫҐஔͱߏ࠶ٖ Vtbͷؔ܎

ਤ ઢ͕͍ࠇ͍͓ͯʹ7.2 1࣍ؔ਺ɺ੺͍ઢ͕ 2࣍ؔ਺ͰͷϑΟςΟϯάؔ਺Ͱ͋Δɻ
ਤ 7.3ͷߏ࠶੒ͨ͠ӡಈྔ෼෍ͷϐʔΫҐஔ͸ɺ

Ppeak = 19.84 ʶ 0.12GeV

Ͱ͋ͬͨɻ
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ਤ 7.3: ੒ͨ͠τοϓΫΥʔΫͷӡಈྔ෼෍ͱͦͷϐʔΫҐஔߏ࠶

·ͣɺઌڀݚߦͱಉ༷ʹɺϐʔΫҐஔΛਤ 7.1͔ΒٻΊͨϑΟοςΟϯάؔ਺ʹ౰ͯ͸ΊΔͯ
VtbΛٻΊΔͱ

Vtb = 1.143 ʶ 0.008

ͱͳΔɻ͜ͷ࣌
|Vtb|2 = 1.306 ʶ 0.018

ͱͳΓɺ
Γt ∼ 1.5|Vtb|2GeV

Ͱ͋ΔͨΊɺ
Γt = 1.959 ʶ 0.027GeV

ͱͳΔɻ
࣍ʹϐʔΫҐஔΛਤ 7.2ͷ 1࣍ؔ਺ͰϑΟοςΟϯάΛߦͳͬͨ৔߹ɺ

Vtb = 0.992 ʶ 0.009

ͱͳΔɻ͜ͷ࣌
|Vtb|2 = 0.984 ʶ 0.018
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ͱͳΓɺಉ༷ʹ่յ෯Λ͢ࢉܭΔͱ

Γt = 1.477 ʶ 0.026GeV

ͱͳΔɻҰํͰ 2࣍ؔ਺ͰϑΟοςΟϯάΛߦͳ͍ VtbΛٻΊͨ৔߹ɺ

Vtb = 1.004 ʶ 0.009

ͱͳΔɻ͜ͷ࣌
|Vtb|2 = 1.008 ʶ 0.018

ͱͳΓɺಉ༷ʹ่յ෯Λ͢ࢉܭΔͱ

Γt = 1.512 ʶ 0.027GeV

ͱͳΔɻ
ઌڀݚߦͰ͸ࠩޡͷධՁͷΈΛߦͳ͍͕ͬͯͨɺຊղੳͰ΋ࠩޡͷධՁʹ͓͍ͯಉఔ౓ͷ݁

ՌͱͳͬͨɻΓtͷத৺஋ΛٻΊΔ৔߹ʹ͸ͪ͜Βͷख๏Ͱ͜͏ߦͱ΋͑ߟΒΕΔɻ࣍ʹɺVtbͱ
αs Λ 2ม਺ͱͨ͠৔߹ͷϐʔΫҐஔͷؔ܎Λද 7.1ʹ·ͱΊɺͦͷ ઢͰߴϓϩοτΛ౳ݩ2࣍
ਤ 7.4ʹࣔͨ͠ɻ
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ਤ 7.4: ֤ Vtbͱ αsͷٖߏ࠶੒෼෍͔ΒٻΊͨϐʔΫҐஔͷ ϓϩοτݩ2࣍

ਤ 7.4͔Βɺ࣮ݧͰӡಈྔ෼෍Λ࡞੒͠ϐʔΫҐஔΛଌఆͨ͋͠ͱɺ͜ͷϓϩοτ͔Β Vtbͱ
αsΛܾΊΑ͏ͱͯ͠΋ɺ౳ߴઢͷͲͷ఺ͳͷ͔ܾΊΔ͜ͱ͸ग़དྷͳ͍ɻҰྫͱͯ͠ɺਤ 7.5Ͱɺ
ϐʔΫ͕ಉ͕ͩ͡ύϥϝλ͕ҟͳΔ 2ͭͷςϯϓϨʔτΛൺֱͨ͠ɻ
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ਤ 7.5: ಉ͡ϐʔΫҐஔͰύϥϝλͷ஋͕ҟͳΔӡಈྔ෼෍

ਤ 7.5͔ΒΘ͔ΔΑ͏ʹɺVtbͱ αsͷ஋͕ҟͳ͍ͬͯͯ΋ϐʔΫҐஔ͸ಉ͡෼෍͕ଘ͢ࡏΔɻ
͔͠͠෼෍ͷܗʹ͸ҧ͍͕ݱΕ͍ͯΔͨΊɺςϯϓϨʔτϑΟοτͰͦͷҧ͍Λࣔ͢͜ͱ͕Ͱ
͖Δɻ
ϐʔΫҐஔΛར༻ͨ͠ଌఆͰ͸ɺͲͪΒ͔͕طʹਫ਼ີͳ஋Λ࣮݁ݧՌͱͯ͠ಘ͍ͯͳ͚Ε͹

΋͏Ұํͷ஋ΛಘΔ͜ͱ͕ࠔ೉Ͱ͋Δ͕ɺςϯϓϨʔτϑΟοτͰ͋Ε͹ಉ࣌ଌఆͷ৔߹Ͱ΋
ยํ͕ط஌Ͱ͋ͬͯ΋ਫ਼౓ͷ͍ߴଌఆ͕ՄೳͰ͋Δ͜ͱ͕Θ͔ͬͨɻ

7.2 ͷల๬ޙࠓ
ຊڀݚ͸τοϓΫΥʔΫରͷηϛϨϓτχοΫϞʔυͷΈΛར༻͕ͨ͠ɺϑϧϋυϩχοΫ

ϞʔυͱϑϧϨϓτχοΫϞʔυͷղੳ΋ඞཁͰ͋Δɻ·ͨଟ͘ͷഎࣄܠ৅͕ଘ͢ࡏΔͨΊɺ
ͦΕΒΛྀ͠ߟͳ͚Ε͹ͳΒͳ͍ɻ͜ΕΒ͸ޙࠓͷ՝୊Ͱ͋Δɻ
·ͨɺtoy MCʹΑΔٖߏ࠶੒෼෍ͷ࡞੒ʹ͓͍ͯɺϏϯ෯Λ 1GeVͱ͍͕ͯͨ͠ɺ1GeVͷ

෯ͷதʹύϥϝλͷӨؚ͕ڹ·ΕΔͨΊɺີݫʹ͸ਖ਼͍͠ख๏Ͱ͸ͳ͍ɻྫ͑͹δΣωϨʔλʔ
αϯϓϧͷ৘ใͱߏ࠶੒ͷ৘ใͷࠩΛ֬཰෼෍ؔ਺ͱͯ͠ద༻͢Δ͜ͱͰɺδΣωϨʔλʔα
ϯϓϧͷӡಈྔͷ஋ͦΕͧΕʹରͯ͠Ԡ౴ؔ਺Λద༻ͤ͞Δͱ͍͏ख๏͕͋Δɻ͋Δ͍͸δΣ
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ωϨʔλʔαϯϓϧͷύϥϝλΛม͑ͨ෼෍ͷ֤ӡಈྔͷ஋ͷൺΛߏ࠶੒෼෍ʹॏΈ෇͚͠ɺ
ΒΕΔɻ͑ߟ੒෼෍ͱ͢Δखஈ΋ߏ࠶ٖ
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ୈ8ষ ·ͱΊ

ૉཻࢠඪ४໛ܕ͸ૉཻࢠͷ෺ཧΛهड़͢ΔϞσϧͱͯ͠ɺ༷ʑͳ࣮݁ݧՌͱҰக͍ͯ͠Δɻ
ҰํͰɺඪ४໛ܕͰ͸આ໌Ͱ͖ͳ͍෺ཧݱ৅΋ଟ͘ଘ͍ͯ͠ࡏΔɻૉཻࢠ෺ཧֶ෼໺Ͱ͸ඪ४
໛ܕͷূݕͱ৽෺ཧ୳ࡧΛ໨తͱ࣮ͨ͠ݧΛ͜͏ߦͱ͕ॏཁͳςʔϚͱͳ͍ͬͯΔɻ
τοϓΫΥʔΫ͸ඪ४໛ܕͷதͰ࠷΋ॏ͘ɺͦͷ่յ෯͸QCDεέʔϧʹൺ΂ɺ͸Δ͔ʹେ

͖͍ɻτοϓΫΥʔΫͷ่յ෯ͷଌఆ͸ඪ४໛ܕͷূݕ΍৽෺ཧͷ୳͕ࡧՄೳͰ͋Δ͜ͱ͔Βɺ
ॏཁͳڀݚͰ͋Δɻ·ͨɺ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ਺ͷଌఆ͸QCDͷূݕͱͯ͠ॏཁͳҙຯΛ
࣋ͭɻ͜ΕΒ̎ͭͷ஋͸ͲͪΒ΋τοϓΫΥʔΫͷӡಈྔʹӨڹΛ༩͑ΔͨΊɺILCͰͷτο
ϓΫΥʔΫରੜ੒ᮢ஋ྖҬͰͷτοϓΫΥʔΫରੜ੒ΠϕϯτΛݕग़ثϑϧγϛϡϨʔγϣϯ
Λ༻͍ͯੵ෼ϧϛϊγςΟ200fb−1 ͷ౷ܭσʔλΛ༻͍ͯτοϓΫΥʔΫͷӡಈྔ෼෍Λ࡞੒
͠ɺͦͷ෼෍͔Β͜ΕΒΛٻΊΔղੳख๏ͷ։ൃڀݚΛͨͬߦɻ
ઌڀݚߦͰ͸ϑϦʔύϥϝλͰ͋Δ αs΍ VtbΛݻఆ͠δΣωϨʔλʔαϯϓϧʹݕग़ثϑϧ

γϛϡϨʔγϣϯΛ࣮͠ߦӡಈྔ෼෍ͷߏ࠶੒ΛͨͬߦɻຊڀݚͰ͸͜ΕΒϑϦʔύϥϝλͷ
஋Λࣗ༝ʹબ୒͠ɺେྔͷݕग़ثϑϧγϛϡϨʔγϣϯσʔλΛ࡞੒ͦ͠ΕΒͻͱͭͻͱͭͷ
σʔλͱൺֱ͢Δ͜ͱͰఆྔతʹධՁ͠ϑϦʔύϥϝλͷ஋Λܾఆ͢Δݧͷ࣮ࡍͷҧ͍Λ࣮ܗ
ख๏Λ໨ͨ͠ࢦɻ͔͠͠ɺେྔͷݕग़ثϑϧγϛϡϨʔγϣϯσʔλΛಘΔʹ͸๲େͳ࣌ؒͱ
σʔλྔΛඞཁͱ͢ΔͨΊ࣮ݱతͰ͸ͳ͍ɻͦ͜Ͱɺ̍ͭͷ࣮ݧσʔλ͔Βݕग़ث΍ߏ࠶੒ͷ
ӨڹΛಡΈऔΓɺେྔͷδΣωϨʔλʔαϯϓϧʹͦͷӨڹΛԠ౴ؔ਺ͱͯ͠ॏΈ෇͚ٖ͠࠶
ͷҧ͍ΛఆྔతʹධՁͨ͠ɻ͜ܗςϯϓϨʔτϑΟοτʹΑͬͯޙ੒ͨ͠ɻͦͷ࡞੒෼෍Λߏ
ͷ݁ՌɺαsΛݻఆͨ࣌͠ͷ VtbͷଌఆͰ͸ɺ

Vtb = 0.9959 ʶ 0.0027

VtbΛݻఆͨ࣌͠ͷ αsͷଌఆͰ͸ɺ

αs = 0.1189 ʶ 0.0005

Vtbͱ αsͷಉ࣌ଌఆͰ͸,

Vtb = 0.9933

αs = 0.1199
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ͱ͍͏݁ՌͱͳΓɺਅ஋͔Β 2.55МͷζϨͰଌఆͰ͖Δ͜ͱ͕Θ͔ͬͨɻ͜ͷͣΕ͸ٖߏ࠶੒
෼෍࡞੒ख๏ͷվળʹΑͬͯߋʹਫ਼౓͕ྑ͘ͳΔͱ͑ߟΒΕΔɻ
·ͨɺઌڀݚߦͰ͸αsΛݻఆ͠ӡಈྔ෼෍ͷϐʔΫҐஔͷ৘ใ͔Β่յ෯Λੵݟ΋Δ͜ͱΛ

΋Δ͜ͱ͸ੵݟɺαsΛܾΊΔ͜ͱ͕Ͱ͖ͳ͚Ε͹ɺϐʔΫͷ৘ใ͚ͩͰ่յ෯Λ͕͍ͨͯͬߦ
Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻ͜ͷ఺͔Βɺຊڀݚͷղੳख๏͕༏ҐͰ͋Δ͜ͱ͕Θ͔ͬͨɻ
ຊڀݚ͸τοϓΫΥʔΫରੜ੒ͷηϛϨϓτχοΫϞʔυͷղੳΛ͕ͨͬߦɺϑϧϨϓτχο

ΫϞʔυ΍ϑϧϋυϩχοΫϞʔυͷղੳɺ·ͩ e+e−ˠW+W−ͳͲͷഎࣄܠ৅ͷআڈͷڀݚ
΋ඞཁͰ͋Δɻ
·ͨɺٖߏ࠶੒෼෍ͷ࡞੒ʹ͓͍ͯɺδΣωϨʔλʔαϯϓϧͰ 1GeVຖͷྖҬͰԠ౴ؔ਺

Λఆ͕ٛͨ͠ɺີݫʹ͸ແݶখͷ෯ͰԠ౴ؔ਺Λ࡞੒͠ͳ͚Ε͹ͳΒͳ͍ɻ͜Εʹؔͯ͠͸࠶
଴͞ظ੒ͨ͠ӡಈྔͱδΣωϨʔλʔαϯϓϧͷӡಈྔͷൺ͋Δ͍͸ࠩΛͱΔख๏Ͱվળ͕ߏ
ΕΔɻ
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ँࣙ

ຊڀݚΛ͏ߦʹ͋ͨΓɺଟ͘ͷํʑͷ͕͋ྗڠΓ·ͨ͠ɻ
ຊઌੜʹ͸ຊςʔϚΛ༩͍͖͑ͯͨͩɺILCͷηϛφʔ΍ղੳϛʔςΟϯάɺάϧʔϓϛʔࢁ

ςΟϯάͳͲͰڀݚͷΞυόΠεΛ͍͖ͨͩ·ͨ͠ɻ·ͨɺڀݚҎ֎ͷ໘Ͱ΋ɺ৺ݴ͓͍ڧ༿
΍ྭ·͠Λ͍͖ͨͩɺޙ࠷·Ͱ΍Γ͖Δ͜ͱ͕Ͱ͖·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ༩ಹྮ
ઌੜ͸ɺࢲͷम࢜ 1೥ͷՆ͔ࠒΒࣨڀݚʹདྷΒΕɺղੳͷઓུ΍ϓϩάϥϛϯάΛ͍ͨͯ͑ڭ
͖ͩ·ͨ͠ɻ·ͨɺ༷ʑͳ৔໘Ͱॿ͚͍͖ͯͨͩɺେม͓ͯ͠ँײΓ·͢ɻࠤ؏ઌੜͱ௕ྮઌ
ੜ͸ηϛφʔͰ͓ੈ࿩ʹͳΓ·ͨ͠ɻ
·ͨɺILCͷ෺ཧάϧʔϓͷօ༷ʹ΋͍ͨ͠ँײ·͢ɻಛʹKEKͷ౻Ҫ༷ʹ͸ຊڀݚͷཧ

࿦ʹؔ͢Δ૬ஊ΍ٙ໰ͳͲʹɺ͓๩͍͠த͓౴͍͖͑ͨͩ·ͯ͋͠Γ͕ͱ͏͍͟͝·ͨ͠ɻ
ᘯ͞Μʹ͸ಉ͡౻ࠤʹͷֶੜͷօ༷ʹ΋େม͓ੈ࿩ʹͳΓ·ͨ͠ɻಛࣨڀݚ ILCͷ෺ཧղੳ

Λ΍͍ͬͯͨͱ͍͏ԑ΋͋ΓɺڀݚͷߟࢀʹͳΔॿݴΛଟ͍ͨͩ͘͘͜ͱ͕Ͱ͖·ͨ͠ɻڀݚ
ࣨͷօ༷ͱ͸ڀݚҎ֎Ͱ΋ָ͍࣌ؒ͠Λڞ༗Ͱ͖·ͨ͠ɻ
ຊ೥౓͸ ILCʹͱͬͯ೔ຊ੓෎ͷڐՄΛಘΔͱ͍͏ॏཁͳϛογϣϯ͕༩͑ΒΕͨ೥Ͱͨ͠ɻ

2018೥಺Ͱͷ݁࿦͸ݟૹΒΕɺ2019೥ 3݄·Ͱ͕ݶظԆ௕ʹͳΓ·ͨ͠ɻඇৗʹ͍͠ݫঢ়ͩگ
ͱฉ͍͓ͯΓ·͕͢ɺ࣮͢ݱΔ͜ͱΛ͓ͯͬئΓ·͢ɻຽؒۀا΁ͷब৬ͱ͍͏ಓΛબ୒͢Δ
͜ͱʹͳΓ·͕ͨ͠ɺILCͷ׬੒ͱ෺ཧֶͷߋͳΔൃలΛف೦͓ͯ͠Γ·͢ɻ
Λड़΂ɺँײΕͨՈ଒΁ͷͯ͑͘ࢧΛࢲɺ͜͜·Ͱ͖͍ͩͨͯ͠ڐɺେֶӃ΁ͷਐֶΛʹޙ࠷

ँࣙͱ͍͖ͤͯͨͩ͞·͢ɻ

69



ݙจߟࢀ

[1] Particle Data Group

http://pdg.lbl.gov/

[2] The ATLAS Collaboration, ”Direct top-quark decay width measurement in the tt lep-

ton+jets channel at
√
s = 8 TeV with the ATLAS experiment”

https://arxiv.org/pdf/1709.04207.pdf

[3] ງ๎ޱ༟ɹ”ࡍࠃϦχΞίϥΠμʔʹ͓͚ΔτοϓΫΥʔΫରੜ੒ᮢ஋ྖҬͷڀݚ”

http://epx.phys.tohoku.ac.jp/eeweb/paper/2014_Mthesis_horiguchi.pdf

[4] খᖒਗ਼໌ɹ”ࡍࠃϦχΞίϥΠμʔʹ͓͚Δτοϓରੜ੒ᮢ஋ྖҬͰͷτοϓΫΥʔΫͷӡ
ಈྔ෼෍ͷڀݚ”

http://epx.phys.tohoku.ac.jp/eeweb/paper/2017_Mthesis_ozawa.pdf

[5] P.Agrawal, S.Mitra, A.Shivaji,”Effect of Anomalous Couplings on the Associated Produc-

tion of a Single Top Quark and a Higgs Boson at the LHC”

https://arxiv.org/pdf/1211.4362.pdf

[6] K.Fujii, T.Matsui, and Y.Sumino, ”Physics at tt̄ threshold in e+e− collisions,” Phys. Rev.

D 50, 4341 (1994)

[7] http://www-jlc.kek.jp/jlc/en/node/103

[8] Physsim

http://www-jlc.kek.jp/subg/offl/physsim/

[9] ILCϓϩάϨεϨϙʔτ
https://www2.kek.jp/ilc/ja/contents/ILC_Report_2018/

[10] ILC Technical Design Report

http://www.linearcollider.org/ILC/Publications/Technical-Design-Report

70

http://pdg.lbl.gov/
https://arxiv.org/pdf/1709.04207.pdf
http://epx.phys.tohoku.ac.jp/eeweb/paper/2014_Mthesis_horiguchi.pdf
http://epx.phys.tohoku.ac.jp/eeweb/paper/2017_Mthesis_ozawa.pdf
https://arxiv.org/pdf/1211.4362.pdf
http://www-jlc.kek.jp/jlc/en/node/103
http://www-jlc.kek.jp/subg/offl/physsim/
https://www2.kek.jp/ilc/ja/contents/ILC_Report_2018/
http://www.linearcollider.org/ILC/Publications/Technical-Design-Report


[11] Mokka

https://ilcsoft.desy.de/portal/software_packages/mokka/

[12] J.S.Marshall and M.A.Thomson, ”Pandora Particle Flow Algorithm”

https://arxiv.org/pdf/1308.4537.pdf

[13] M.Peter and Y.Sumino, ”Final-State Interactions in e+e− → tt → bl+З bW− Near Top

Quark Threshold”

https://arxiv.org/pdf/hep-ph/9708223.pdf

[14] ϦχΞίϥΠμʔࡍࠃ (ILC)ʹؔ͢Δ༗ࣝऀձٞ
http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/

[15] R.K.Ellis, W.J.Strling, and B.R.Webber, ”QCD and Collider Physics” , CAMBRIDGE

UNIVERSITY PRESS

[16] Top Quark Physics

http://acfahep.kek.jp/acfareport/node112.html
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