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ୈ1ষ ͡Ίʹ

ૉཻࢠཧֶʹ͓͍ͯɺిऑεέʔϧͰͷૉཻࢠͷӡಈ૬࡞ޓ༻Λهड़͢ΔͨΊͷཧͱ
ͯ͠ɺૉཻࢠඪ४͕͋ܕΔɻඪ४ܕͰɺૉཻࢠʹಇ͘૬࡞ޓ༻ͷ͏ͪ 3छྨΛهड़͠ɺ
ͦΕͧΕిऑ૬࡞ޓ༻ɺऑ͍૬࡞ޓ༻ɺ͍ڧ૬࡞ޓ༻ͱݺΕ͍ͯΔɻૉཻࢠͷछྨʹΑͬͯ
Ͳͷྗ͕ಇ͔͕͘มΘͬͯ͘Δɻඪ४ܕૉཻࢠͷཧΛهड़͢ΔϞσϧͱͯ͠ɺ༷ʑͳ࣮
Δ͍ͯ͠ࡏଟ͘ଘݱͰઆ໌Ͱ͖ͳ͍ཧܕՌͱҰக͍ͯ͠ΔɻҰํͰɺඪ४݁ݧ (ྫ
͑ɺχϡʔτϦϊৼಈ҉ࠇ࣭ͷଘࡏͳͲ)ɻૉཻࢠཧֶͰඪ४ܕͷূݕͱ৽
ཧ୳ࡧΛతͱ࣮ͨ͠ݧΛ͜͏ߦͱ͕ॏཁͳςʔϚͱͳ͍ͬͯΔɻ
ΛௐͨΓɺະݱཚࢄΤωϧΪʔঢ়ଶͰͷߴΛিಥͤ͞Δ͜ͱͰࢠͰɺཻݧিಥ࣮ࢠཻ

ͷཻࢠͷൃݟΛతͱ͍ͯ͠Δɻۙ࠷ͷΤωϧΪʔϑϩϯςΟΞͷిࢠཅిࢠিಥ࣮ݧͱͯ͠ɺ
1989ʹCERNͰ LEP(Large Electron Positron collider)͕ελʔτͨ͠ɻॏ৺ܥΤωϧΪʔ
 91GeVͰ࢝·Γɺ࠷ऴతʹ 209GeV·Ͱ౸ୡͨ͠ɻZϘιϯͷਫ਼ີଌఆૉཻࢠͷੈ
ͷܾఆͳͲॏཁͳ࣮݁ݧՌ͕ಘΒΕ͍ͯͨɻͦͷޙɺώοάεཻࢠͷൃݟͱ͍͏՝ʹΜ
͕ͩɺൃݟʹࢸΒͳ͔ͬͨɻͦͷݪҼిࢠͱཅిࢠΛԁܗՃثͰՃͤͨ࣌͞ʹੜ͡Δ
γϯΫϩτϩϯ์ࣹʹΑͬͯিಥΤωϧΪʔΛेʹ্͛Δ͕ࣄͰ͖ͳ͍͜ͱʹ͋ͬͨɻ2008

ɺಉ͡τϯωϧΛར༻ͯ͠େܕϋυϩϯিಥܕՃثͰ͋ΔLHC(Large Hadron Collider)Λ
ɻγϯΫϩτϩϯ์ࣹʹΑΔͨͬ·͕࢝ࡧɺώοάε୳࢝͠։͕ݧ࣮͍ͨ༺ 1पͨΓͷΤω
ϧΪʔଛࣦ−∆E ∝ (E/m)4

R ͱද͞ΕΔɻ͜͜ͰɺEিಥΤωϧΪʔɺmཻࢠͷ࣭ྔɺR

يಓܘͰ͋Δɻ−∆E ∝ 1
m4 Ͱ͋Δ͜ͱ͔Βɺిࢠཅࢠͷ 1013 ഒͷΤωϧΪʔΛࣦ͏

ثͱൺΔͱ֨ஈʹগͳ͍ͨΊɺՃࢠγϯΫϩτϩϯ์ࣹ͕ిࢠͳΔɻͭ·Γɺཅʹࢉܭ
ͰΤωϧΪʔΛेʹ্͛Δ͜ͱ͕ՄͰ͋Δɻͦͯ͠ݧ࣮ 2012ʹώοάεཻ͞ݟൃ͕ࢠ
Εͨɻ
ҰํͰɺLHCͰώοάεͷൃݟग़དྷ͕ͨɺώοάεͷਫ਼ີଌఆ͍͠ɻͦͷݪҼͱͯ͠ɺ

ཅ͕ࢠૉཻࢠͰͳ͍͜ͱ͕͛ڍΒΕΔɻཅࢠΫΥʔΫ ͕ͯͬܨάϧʔΦϯʹΑ͕ͬͯݸ3
ग़དྷ͍ͯΔ (ྫ͑ɺώοάεੜͷେ෦άϧʔΦϯͱάϧʔΦϯͷিಥʹΑΔ)͕ɺώο
άεੜʹΘΕͳ͔ͬͨૉཻࢠԠ͕എࣄܠͱͯ͠େྔʹൃੜͯ͠͠·͏ɻͦͷͨΊώο
άεͷਫ਼ີଌఆʹిࢠཅిࢠিಥͷΑ͏ͳɺഎࣄܠͷগͳ͍ΫϦʔϯͳ࣮͕ڥݧඞཁͰ
͋Δɻ

1



ͦ͜Ͱܭࡏݱըதͷ ILC(International Linear Collider)࣮͕ݧώοάεཻࢠͷڀݚͷݤΛѲͬ
͍ͯΔɻILCిࢠཅిࢠিಥܕͷՃثͰ͋Δ͕ɺͦͷಛՃ͕ثઢܗͰ͋Δ͜ͱͰ͋
Δɻ͜ΕγϯΫϩτϩϯ์ࣹʹ͓͍ͯR → ∞ͷݶۃΛҙຯ͍ͯ͠Δɻ͜ΕʹΑΓՙిཻࢠ
ͷγϯΫϩτϩϯ์ࣹΛ͑ɺेͳΤωϧΪʔΛ֬อ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺॏ৺ܥΤω
ϧΪʔΛߋʹ্͛Δ͜ͱՄͳͨΊɺώοάε͚ͩͰͳ͘ɺߋʹ࣭ྔͷେ͖͍τοϓΫΥʔ
Ϋɺະͷཻࢠͷൃݟظ͞ΕΔɻ
τοϓΫΥʔΫଞͷΫΥʔΫͱҟͳΓɺϋυϩϯԽ͢Δલʹ่յͯ͠͠·͏΄Ͳण໋͕

͍ɻैͬͯɺཧతෆఆੑͷେ͖͍ϋυϩϯԽաఔʹӨ͞ڹΕͳ͍ΫΥʔΫ୯ମͷڀݚτο
ϓΫΥʔΫʹ͓͍ͯͷΈՄͰ͋ΔɻຊڀݚͰɺILCͷॏ৺ܥΤωϧΪʔ 350GeVۙΛτο
ϓΫΥʔΫରੜᮢྖҬͱݺͼɺͦ͜Ͱੜ͞ΕΔτοϓΫΥʔΫରͷӡಈྔΛௐͨɻ
τοϓΫΥʔΫͷण໋͕͍ͱQCDϙςϯγϟϧʹΑͬͯݮ͞Εӡಈྔͷখ͍͞ঢ়ଶͰ่
յ͢ΔɻҰํͰ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ (αs)QCDϙςϯγϟϧͷେ͖͞ΛܾΊ͍ͯΔɻ͜
ΕΒͷؔੑΛ౿·͑ɺӡಈྔ͔ΒτοϓΫΥʔΫͷ่յ෯ͱ͍ڧ૬࡞ޓ༻ͷ݁߹ఆΛ
Δ͜ͱΛඪͱͨ͠ɻੵݟ
ຊจͷߏɺ·ͣୈ 2ষͰૉཻࢠͷӡಈ૬࡞ޓ༻Λهड़͢Δૉཻࢠඪ४ܕΛઆ໌͢

Δɻୈ 3ষͰτοϓΫΥʔΫʹ͍ͭͯઆ໌͠ɺୈ 4ষͰ ILCΛհ͢Δɻୈ 5ষͰγϛϡ
ϨʔγϣϯͷྲྀΕ͔Βߏ࠶ͷखॱ·ͰΛઆ໌͢Δɻୈ 6ষͰͦͷղੳͱ݁ՌΛهड़͠ɺୈ 7

ষͰσΟεΧογϣϯΛ͍ߦɺୈ 8ষͰ·ͱΊͱ͢Δɻ
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ୈ2ষ ૉཻࢠඪ४ܕ

2.1 ֓ཁ
ૉཻࢠඪ४ܕͱ࣭Λߏ͢Δ࠷খ୯ҐͰ͋Δૉཻࢠͷӡಈͱ૬࡞ޓ༻Λهड़͢ΔϞσ

ϧͰ͋Δɻૉཻࢠඪ४ܕʹొ͢Δૉཻࢠશ෦Ͱ 18छྨଘ͢ࡏΔɻεϐϯ͕ͷϘι
ϯͱεϐϯ͕ͷϑΣϧϛΦϯ͕͋ΔɻϘιϯW ʶ , Z, g, γ,hͷ 6छྨɺϑΣϧϛΦϯ
ΫΥʔΫ͕ u,b,c,s,t,bͷ 6छྨ, Ϩϓτϯ͕ e, νe, µ, νµ, τ, ντɺͷ 6छྨͰ͋Δɻ·ͨɺ͜ΕΒͱ
࣭ྔ͕ಉ͡ͰిՙͳͲͷූ߸͕ٯͰ͋Δཻ͕ࢠଘ͢ࡏΔ͜ͱΒΕ͍ͯΔɻͨͩ͠ɺγ, g, Z
ཻ͕ࣗࣗࢠͰ͋Δɻද ͷҰཡΛฒͨɻࢠཻʹ2.1

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: ૉཻࢠඪ४ࢠཻܕ

զʑͷੈքͰૉཻࢠʹಇ͘ྗ 4छྨଘ͠ࡏɺॏྗɺྗ͍ڧɺऑ͍ྗɺి࣓ྗؾͰ͋Δɻͦ
ͷ͏ͪॏྗଞͷྗͱൺΔͱΔ͔ʹখ͍ͨ͞ΊૉཻࢠԠͰݕग़Ͱ͖Δ΄ͲͷӨڹΛ༩͑
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ͳ͍ɻૉཻࢠඪ४ܕͰॏྗҎ֎ͷ 3ͭͷྗʹ͍ͭͯͷΈઆ໌͞ΕΔɻͦΕΒʹ͍ͭͯ࣍અ
Ҏ߱Ͱઆ໌͢Δɻ

2.2 ిऑ૬࡞ޓ༻
GWS(Glashow-Weinberg-Salam)ཧͰɺඪ४ܕͷ૬࡞ޓ༻Ͱ͋Δి࣓૬࡞ޓ༻ͱऑ͍

૬࡞ޓ༻Λ౷Ұతʹهड़͢Δɻ
ిऑ૬࡞ޓ༻SU(2)Lʷ U(1)Y ͷରশੑͱͯ͠هड़͞ΕΔɻ SU(2)LͷྔࢠΛऑ͍ΞΠι

εϐϯ (IW )ɺU(1)Y ͷྔࢠΛϋΠύʔνϟʔδ (YW )ͱͦΕͧΕݺͿɻཻࢠͷిՙΛQɺऑ
͍ΞΠιεϐϯͷୈ 3Λ 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: ඪ४ࢠཻܕͷ֤ΧΠϥϦςΟ͝ͱͷऑ͍ΞΠιεϐϯɺϋΠύʔνϟʔδɺిՙͷ·
ͱΊ
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͞ΒʹɺSU(2)LͷΛWɺU(1)Y ͷΛBͱද͢ɻ͜ͷ࣌

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

ͱͳ͍ͬͯΔɻ
ඪ४ܕͷήʔδཻࢠͷ͏ͪW ʶ W1ͱW2ͷઢܗͰදݱͰ͖Δɻ

W± =
1√
2
(W1 ∓ iW2) (2.3)

ҰํͰதੑͷήʔδཻࢠZͱAW3ͱBͷઢܗͰද͢͜ͱ͕Ͱ͖Δɻ

A = BcosθW +W3sinθW (2.4)

Z = −BsinθW +W3cosθW (2.5)

͜͜Ͱ θW ϫΠϯόʔά֯ͱݺΕɺsin2θW = 0.23ͱͳ͍ͬͯΔɻҎ্ͷ͔ࣜΒి࣓૬࡞ޓ
༻ͱऑ͍૬࡞ޓ༻ͷࠞ߹Λࣔ͢͜ͱ͕Ͱ͖ͨɻ͜͜ͰZ͕ऑ͍૬࡞ޓ༻Λഔհ͠ɺA͕ి࣓
૬࡞ޓ༻Λഔհ͢Δɻ
ZͱA SU(2)Lͱ U(1)Y ͷࠞ߹Ͱ͋ΔͨΊӈ͖רࠨ͖רͲͪΒͱ݁߹͢Δɻ͔͠͠W ʶ

ӈ͖רͷϑΣϧϛΦϯͱ݁߹͢Δ͜ͱͰ͖ͳ͍ɻ

ҰํͰɺ͜ͷཧʹ࣭ྔΛΈࠐΊͳ͍ͱ͍͏͕͋Δɻ·ͣہॴతͳήʔδมΛߟ
͑Δɻ

ψˠ eieα(x)ψ (2.6)

͜ͷมʹରͯ͠ϥάϥϯδΞϯີ͕ෆมͰ͋Δඞཁ͕͋Δɻ͜ͷ࣌ϕΫτϧͷϙςϯγϟ
ϧAµΛಋೖ͢ΔͱҎԼͷΑ͏ͳม͕ཁ͞ٻΕΔɻ

AµˠAµ + ∂µα(x) (2.7)

͜ͷม

Dµ = ∂µ + igAµ(x) (2.8)

ͱ͍͏มΛ͏ɻ͜͜Ͱ g૬࡞ޓ༻ͷ݁߹ఆΛද͢ɻ

5



͜ͷมΛޙͨͬߦʹ࣭ྔ߲

1

2
m2AµAµˠ

1

2
m2(Aµ + ∂µΛ)(Aµ + ∂µΛ) ̸=

1

2
m2AµAµ (2.9)

ͱͳΔɻ͜ͷΑ͏ʹ࣭ྔ߲ෆมͰͳ͍ɻΑͬͯϥάϥϯδΞϯ͕ෆมͰ͋ΔͨΊʹm = 0

Ͱ͋Δඞཁ͕͋Δɻ͔͠͠ɺWϘιϯͱ ZϘιϯ࣭ྔΛ͍ͯͬ࣋Δ͜ͱ͕ΒΕ͓ͯΓɺͦ
ͷղܾͷͨΊʹώοάεߏػͱݺΕΔཧ͕ඞཁʹͳΔɻ

2.3 ώοάεߏػ
͜͜ͰɺήʔδରশੑͷࣗൃతഁΕͱ࣭ྔͷ֫ಘΛઆ໌͢Δώοάεߏػʹ͍ͭͯհ

͢Δɻ
ॳʹώοάεೋॏ߲Λఆٛ͢Δɻ࠷ͣ·

Φ =

(
φ+

φ0

)
(2.10)

ώοάεೋॏ߲ YW = 1/2ͷྔࢠΛͭ࣋ɻ͜͜Ͱɺφ+ͱφ0ෳૉͰ͋ΔͨΊɺ࣮Λ
ͷΑ͏ʹॻ͖ද͢͜ͱ͕Ͱ͖Δɻ͍࣍ͯ༺

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 ऑ͍ΞΠιεϐϯϕΫτϧͰɺϥάϥϯδΞϯہॴήʔδม

φˠ eiα⃗(x)·τ⃗/2ψ(x) (2.14)
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ʹରͯ͠ෆมͰ͋Δɻ
͜͜Ͱώοάεೋॏ߲ΦͰ φ3 = v,φ1 = φ2 = φ4 = 0ͱ͍͏ΛબͿɻ͜ͷ࣌ώοάε

Φ =
1√
2

(
0

v

)
(2.15)

ͱͳΔɻ͜ΕΛϥάϥϯδΞϯͷӡಈ߲ʹೖ͢Δͱ

(DµΦ)
†(DµΦ) =

(
1

2
vg2

)2

W+
µ W−

µ +
1

2

(
1

2
v
√
g21 + g22

)2

Z0
µZ

µ0 (2.16)

ͱͳΔɻW Ϙιϯͷ࣭ྔ߲m2
WW+W−ɺதੑϘιϯͷ࣭ྔ߲ (m2

ZZµZµ)/2+(m2
γAµAµ)/2

Ͱද͞ΕΔɻΑͬͯɺͦΕͧΕͷ࣭ྔ࣍ͷΑ͏ʹͳΔɻ

mW =
1

2
vg2 (2.17)

mZ =
1

2
v
√

g21 + g22 (2.18)

mγ = 0 (2.19)

͜ͷΑ͏ʹਅۭͷࣗൃతରশੑͷഁΕʹΑͬͯޫࢠҎ֎ͷϘιϯ࣭ྔΛ֫ಘ͢Δɻ͜ͷϝΧ
χζϜΛώοάεߏػͱݺͿɻ

2.4 ϑΣϧϛΦϯͷ࣭ྔ֫ಘ
ήʔδϘιϯͱಉ͘͡ɺϑΣϧϛΦϯώοάεཻࢠͱͷ૬࡞ޓ༻Ͱ࣭ྔΛ֫ಘ͢Δɻͦͷ

૬࡞ޓ༻౬૬࡞ޓ༻ͱݺΕΔɻϑΣϧϛΦϯ͖רࠨೋॏ߲ɺӈ͖רҰॏ߲Ͱද͞ݱΕ
Δ͜ͱΛ౿·͑ɺୈ 3ੈͷΫΥʔΫΛྫͱ͠ɺτοϓΫΥʔΫͷ࣭ྔ֫ಘʹ͍ͭͯઆ໌͢Δɻ

L = − yt√
2

[
(bL, tL)

(
0

v

)
tR + tR(0, v)

(
bL
tL

)]

= − yt√
2
(tLvtR + tRvtL)

= −ytv√
2
tµµ

͜ͷΑ͏ʹ࣭ྔ߲͕ੜ·ΕΔɻ͜͜Ͱ ytτοϓ౬݁߹ఆͰ͋ΔɻτοϓΫΥʔΫͷ࣭ྔ

mt =
1√
2
ytv

ͱͳΔɻ͜ͷΑ͏ʹɺଞͷϑΣϧϛΦϯ౬݁߹Ͱ࣭ྔΛද͢͜ͱ͕Ͱ͖Δɻ
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2.5 ༺࡞ޓ૬͍ڧ
ΫΥʔΫʹಇ͘ྗͰಛతͳͷͱ͍ͯ͠ڧ૬࡞ޓ༻͕͋͛ΒΕΔɻ͍ڧ૬࡞ޓ༻Λઆ໌͢

ΔཧQCDͱݺΕ͍ͯΔɻQCDͷΤωϧΪʔྖҬʹ͓͍ͯʮΫΥʔΫͷด͡ࠐΊʯͱ
ͳΔɻ͘ڧɺΤωϧΪʔྖҬͰ݁߹ఆ͕͠ࡏ͕ଘݱͿཧݺ
৭ՙ͕Ҿͭ࣋ΘΕΔɻΫΥʔΫͱάϧʔΦϯͷߦΑͬͯʹάϧʔΦϯͷަ༺࡞ޓ૬͍ڧ

Ͱ͋Δɻ͜Ε༺࡞ޓ૬͢͜ى͖ SU(3)C ͷରশੑΛͪ࣋ɺ৭ͷ ৭ͷ੨ͱͯ͠ѻΘΕΔݪ3
ɻ͜(ΫΥʔΫάϧʔΦϯʹ৭͕͋ΔΘ͚Ͱͳ͘ɺઆ໌ͷͨΊʹಋೖͨ͠ྫ͑Ͱ͋Δʹࡍ࣮)
ͷ 3৭ʹରͯͦ͠ΕͧΕ৭͕ଘ͠ࡏɺࣗવքʹͦΕࣗͰଘࡏͰ͖Δͷ৭͕നʹͳΔʢΧ
ϥʔγϯάϨοτʣΈ߹ΘͤͷΈͰ͋ΔɻͦͷͨΊ୯ମͷΫΥʔΫ৭Λ༗͍ͯ͠Δ͜ͱ͔
ΒଘࡏͰ͖ͳ͍ͱ͞Ε͍ͯΔɻ݁߹ఆ αsͷΤωϧΪʔґଘੑ࣍ͷࣜͰද͞ΕΔɻ

αs(Q
2) =

12π

(33− 2Nf )ln(
Q2

ΛQCD
)

(2.20)

͜͜ͰɺQӡಈྔεέʔϧΛද͠ɺqΛάϧʔΦϯͷ ӡಈྔͱ͢ΔͱɺQ2ݩ4 = −q2Ͱද͞
ΕΔྔͰ͋ΔɻNf ϑϨʔόʔͷͰɺQ2ͷʹΑͬͯมΘΓ 3͔Β 6ͷࣈΛͱΔɻΛQCD

QCDεέʔϧͱݺΕΔɻΤωϧΪʔεέʔϧ͕େ͖͘ͳΔͱ αsখ͘͞ͳΔɻ͜ͷੑ࣭
Λۙతࣗ༝ੑͱ͏ݴɻ͜ͷੑ࣭ڑ΄Ͳ݁߹ఆ͕খ͘͞ɺߴΤωϧΪʔཧͰઁಈܭ
༗ޮ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
͕େ͖͘ɺઁಈ͕ࢉܭෆՄʹͳΔɻ͔͠͠ɺΛQCD ΑΓॆେ͖ͳΤωϧΪʔྖҬͰ͋Εɺ
ઁಈࢉܭʹΑΔਖ਼֬ͳཧ͕ࢉܭՄʹͳΔɻILCͷΤωϧΪʔྖҬΛQCD ΑΓेେ͖͍
ྖҬͰ͋ΔͨΊɺτοϓΫΥʔΫͷਫ਼ີଌఆʹΑΔQCDͷظ͕ূݕ͞ΕΔɻ
ҰํͰɺ࣮ݧతʹऴঢ়ଶͱͯ͠ΫΥʔΫάϧʔΦϯ͕ͦͷ··ݕग़ث·Ͱಧ͘͜ͱͳ

͘ɺϋυϩϯͷଋͰ͋ΔʮδΣοτʯͱݺΕΔू߹ମͱͯ͠؍ଌ͞ΕΔɻδΣοτʹ͓͓
ͱͷΫΥʔΫͷΤωϧΪʔͳͲͷใ͕อଘ͞Ε͍ͯΔͨΊɺૉཻݧ࣮ࢠͰδΣοτͷଌఆ
͕ॏཁʹͳΔɻ
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2.6 CKMྻߦ
ඪ४ܕͰɺΫΥʔΫϑϨʔόʔͷࠞ߹۩߹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

⎞

⎟⎠

͜ΕΒͷ༷ʑͳ࣮݁ݧՌ͔ΒಘͨͷͰ͋Δ [1]ɻ·ͨɺΫΥʔΫ U ͱΫΥʔΫDͷભҠ
۩߹Λ |VUD|2ͱද͢͜ͱ͕Ͱ͖Δɻ͜ͷ͔ࣜྻߦΒɺτοϓΫΥʔΫϘτϜΫΥʔΫͷ่
յ͕ࢧతͩͱΘ͔Δɻ
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ୈ3ষ τοϓΫΥʔΫ

3.1 τοϓΫΥʔΫ
τοϓΫΥʔΫͱɺૉཻࢠඪ४ཧͰઆ໌͞ΕΔૉཻࢠͷதͰ࠷࣭ྔͷॏ͍ͷͰ͋Δɻ

ͦͷͨΊ่յ෯େ͖ͳͱͳΓɺଞͷΫΥʔΫͱҟͳΓϋυϩϯԽ͢Δલʹ bΫΥʔΫͱW

Ϙιϯʹ่յ͢Δɻද 3.1Ͱ࣭ྔͱ่յ෯Λհ͢Δɻ

࣭ྔ (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)͕ࣔ͢Α͏ʹඪ४ܕͷ่յ෯QCDεέʔϧ (ΛQCD)ΑΓेେ͖͍ɻ

Γt ≃
GFm3

t

8
√
2π

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

͜͜ͰɺGFϑΣϧϛఆɺmtτοϓΫΥʔΫͷ࣭ྔɺVtbCKMྻߦͷɺΛQCD 
QCDεέʔϧΛද͍ͯ͠Δɻ่յ෯QCDεέʔϧΑΓेେ͖͍ͨΊɺઁಈ͕ࢉܭՄͰ
͋Δɻ

3.2 τοϓΫΥʔΫͷ่յ෯
τοϓΫΥʔΫͷ่յ෯ͷଌఆɺඪ४ܕͷূݕ৽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 factorͰ่յʹ͓͚Δ૬࡞ޓ༻Λهड़͢Δɻf1Wͱ
t-bϕΫτϧΧϨϯτͷ݁߹ʹɺf2Wͱ t-bςϯιϧΧϨϯτͷ݁߹ʹͦΕͧΕରԠ͢ΔɻL

ͱRͦΕͧΕͷΧϨϯτͰτοϓΫΥʔΫͷΧΠϥϦςΟ͖רࠨͱӈ͖רΛද͢ɻඪ४ܕ
Ͱ f1L = Vtb = 1ɺf1R = f2L = f2R = 0Ͱ͋Δɻ
ଌఆ͞Ε่ͨյ෯͕ඪ४ܕͷͱͣΕΔ߹ɺ৽ཧ͕ظ͞ΕΔɻ͔͠͠ɺࡏݱͷଌఆ

ਫ਼Ͱ͕ࠩޡେ͖͍ɻྫ͑
√
s = 8TeVͷATLAS࣮ݧͰ Γt = 1.76=0.86

−0.76GeVͱ͍͏݁Ռ
͕ग़͍ͯΔ [2]ɻILC Ͱͷ่յ෯ͷਫ਼ີଌఆ͕ඞཁͰ͋ΔɻILCͷղੳͰ࣭ྔͱಉ༷͡ʹஅ໘
ੵ͔Β่յ෯ΛٻΊΔ͜ͱ͕Ͱ͖Δ [3]ɻ·ͨɺτοϓΫΥʔΫͷӡಈྔ͔Β่յ෯ͷଌ
ఆΛಠཱʹ͜͏ߦͱ͕ՄͰ͋Δ [4]ɻຊڀݚͰӡಈྔ͔ΒͷଌఆΛߦͳͬͨઌڀݚߦ [4]

Λߋʹൃలͤ͞Δ͜ͱΛͨ͠ࢦɻҰํͰɺຊڀݚͷΈͰ่յ෯ͷͦΕͧΕͷ form factorΛ
͢Δ͜ͱͰ͖ͳ͍ɻऴঢ়ଶͷ֯ͳͲ͔Β form factorΛ͢Δ͜ͱকདྷͷ՝
Ͱ͋Δɻਤ 3.1 form factor ͱ่յ෯ͷґଘੑΛ͍ࣔͯ͠Δɻ
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ਤ 3.1: τοϓΫΥʔΫ่յ෯ଌఆਫ਼ͱҟৗ݁߹ͷؔ [5]

่յ෯ɺඪ४ܕͷ NLO(Next-Leading Order)·ͰͷࢉܭͰҎԼͷΑ͏ͳࣜʹͳΔɻ
NLOͷ߹ɺαsͷ͕ޮ͘ɻαs͕େ͖͍ͱ ttͷଋറ͕͘ڧͳΓɺΓtখ͘͞ͳΔɻ

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  CKMྻߦͷͰɺτοϓΫΥʔΫͱϘτϜΫΥʔΫͷ่յͷؔੑΛࣔ͢ύϥϝλɻ
ඪ४ܕͰ 1ʹ͍ۙͱ͞Ε͍ͯΔɻ͜ͷ͕ 1͔ΒͣΕΔ߹ɺ৽ཧͷஹީͩͱΈͳ͢
͜ͱ͕Ͱ͖Δɻ

3.3 ΫΥʔίχϜ
ΫΥʔίχϜͱɺΫΥʔΫͱΫΥʔΫͷଋറঢ়ଶͰ͋Δɻిࢠཅిࢠͷଋറঢ়ଶϙ

δτϩχϜͱݺΕɺJ/ψཻࢠΥཻࢠͳͲ͕ΫΥʔίχϜͷҰ෦Ͱ͋ΔɻҰํͰɺτο
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ϓΫΥʔΫϖΞͷଋറঢ়ଶͰ͋ΔτοϙχϜɺτοϓΫΥʔΫͷ่յ෯͕େ͖͍ͨΊɺଋറ
ঢ়ଶΛܗ͢Δલʹ่յͯ͠͠·͍ɺଋറঢ়ଶͱͯ͠ଘࡏͰ͖ͳ͍ͱ͞Ε͍ͯΔɻ͔͠͠ɺτο
ϓΫΥʔΫରੜͷᮢྖҬͰ͋ΕτοϙχϜʹΑΔஅ໘ੵ্ঢΛஅ໘ੵଌఆʹΑͬͯ֬
ೝ͠ɺ1Sঢ়ଶͳͲͷঢ়ଶͷޮՌΛௐΔ͜ͱ͕Ͱ͖ΔɻτοϙχϜͷ่յτοϓΫΥʔΫ
ͷ่յͱಉٛͰ͋ΓɺttҰൠతʹಉ࣌ʹ่յͤͣͲͪΒ͔͕ઌʹ่յ͢ΔɻͦͷͨΊɺτο
ϙχϜͱͯ͠τοϓΫΥʔΫͷ่յ෯ͷ 2ഒఔʹͳΔɻ

3.4 τοϓΫΥʔΫରੜᮢۙͷཧ
࣭ྔͷඇৗʹେ͖͍τοϓΫΥʔΫେ͖ͳ่յ෯Λ͍ͯͬ࣋Δɻ͜ͷ࣌ɺτοϓΫΥʔΫ

QCDͷඇઁಈྖҬʹ౸ୡ͢Δલʹ่յ͢ΔɻͦͷͨΊɺઁಈQCDΛ༻͍ͨ৴པͰ͖Δධ
Ձ͕ՄͰ͋ΔɻBethe-SalpeterํఔࣜΛຬ͢ΔɻBethe-Salpeterํఔࣜඇ૬ରۙࣅͰ
SchrödingerํఔࣜͱͳΔɻ [

H −
(
E + i

Γθ

2

)]
G = 1

͜͜ͰHϋϛϧτχΞϯɺEΤωϧΪʔɺΓθτοϙχϜͷ่յ෯ (Γθ ∼ 2Γt)ɺGά
ϦʔϯؔͷԋࢠࢉͰ͋Δɻ͜ͷ࣌ɺશஅ໘ੵҎԼͷΑ͏ͳࣜͰද͞ΕΔɻ

σtt ∝ Im < x = 0|G|x = 0 >∼ Im
∑

n

|Ψn(0)|2

E− En + iΓn/2

nͷશͯͷτοϙχϜڞ໐ʹ͍ͭͯͱ͍ͬͯΔɻશஅ໘ੵͷଌఆಈؔͷݪͰͷ
ͷઈରͷΈʹΑΔ͜ͱ͕Θ͔Δɻ
ҰํͰඍஅ໘ੵҎԼͷΑ͏ͳࣜͰද͢ɻ

dσtt
d|p| ∼ | < p|G|x = 0 > |2 ∼

∣∣∣∣Σ
φn(p)Ψ∗

n(0)

E − En + iΓn/2

∣∣∣∣
2

ඍஅ໘ੵ (τοϓΫΥʔΫͷӡಈྔ)ӡಈྔۭؒͷಈؔΛө͢Δɻ
அ໘ੵଌఆʹΑͬͯ ΓtɺmtɺytΛଌఆͰ͖Δɻ·ͨɺӡಈྔͰॏཁͳ 1SϐʔΫͷҐஔ

(E1S)அ໘ੵଌఆʹΑͬͯಘΒΕΔɻ1SϐʔΫͱɺτοϙχϜڞ໐ঢ়ଶͷ͏ͪ࠷Τω
ϧΪʔͷ͍ঢ়ଶͷݺশͰɺஅ໘ੵଌఆͰ্ཱ͕ͪΓ͔Β࠷ॳͷϐʔΫͱͯ͋͠ΒΘΕΔঢ়ଶ
Ͱ͋ΔɻE1S ∼ 2mt − α2

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

ͰɺτοϓΫΥʔΫରͷ؍͔Βͩͱ࣍ͷ 3ͭͷΈ߹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)

ILCʹ͓͚ΔτοϓΫΥʔΫରੜͷηϛϨϓτχοΫϞʔυͷϑΝΠϯϚϯμΠΞάϥϜΛ
ҎԼʹࣔ͢ɻ

ਤ 3.2: ৴߸ࣄͷϑΝΠϯϚϯਤ

ରੜᮢྖҬʹ͓͍ͯɺτοϓΫΥʔΫඇৗʹখ͞ͳӡಈྔΛͨͬ࣋ঢ়ଶͰੜ͞ΕΔɻ
τοϓΫΥʔΫରͷڑ͕͍ۙͨΊQCDϙςϯγϟϧ V (r) = −4

3
Ћs

r + kr͕ΫʔϩϯྗͷΑ
͏ͳܗͰಇ͘ɻ
ttͷᮢྖҬͰશஅ໘ੵ͕ଌఆ͞ΕΔɻશஅ໘ੵΛࣔࣜ͢ΛҎԼʹࣔ͢ɻ

σtot(e
+e−ˠ tt) ∝ −Im

∑

n

|φn(0)|2

E − En + iΓt
(3.6)

ᮢεΩϟϯʹΑͬͯτοϓΫΥʔΫͷ࣭ྔɺ่յ෯ɺώοάε࣭ྔɺτοϓ౬݁߹ͳͲଟ
͘ͷύϥϝλ͕ଌఆͰ͖Δɻ
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τοϓΫΥʔΫଞͷΫΥʔΫͱҟͳΓɺϋυϩϯԽ͢Δલʹ่յ͢ΔɻͦͷͨΊ່ཻࢠΛ
༺࡞ޓ͢Δ͜ͱͰεϐϯ࣭ྔͳͲΛଌఆ͢Δ͜ͱ͕Ͱ͖ΔɻτοϓΫΥʔΫऑ͍૬ߏ࠶
ʹΑͬͯ΄ͱΜͲ͕ bΫΥʔΫͱWϘιϯʹ่յ͢ΔɻҎԼʹτοϓΫΥʔΫͷ่յͷ༷ࢠͱ
QCDϙςϯγϟϧΛࣔ͢ɻ

ਤ 3.3: QCDϙςϯγϟϧͱτοϓΫΥʔΫͷ่յͷ༷ࢠ [7]

τοϓΫΥʔΫͷण໋ʹΑͬͯϙςϯγϟϧͷͲͷҐஔͰ่յ͢Δ͔͕ܾ·Δɻͭ·Γɺτο
ϓΫΥʔΫͷण໋͕͚Εϙςϯγϟϧͷ͍ҐஔͰ่յ͠ɺτοϓΫΥʔΫͷӡಈྔ͕େ
͖͘ͳΔɻ͜ͷ͜ͱ͔ΒɺτοϓΫΥʔΫͷӡಈྔͱ่յ෯ʹ૬͕ؔ͋Δ͜ͱ͕Θ͔Δɻ·ͨɺ
τοϓΫΥʔΫରੜᮢྖҬͰ͍ڧ૬࡞ޓ༻ͷ݁߹ఆ (αs)ϙςϯγϟϧͱ࣍ͷΑ͏ͳ
Δɻ͕͋ؔ

VQCD ∼ −4αs

3r

͕ͨͬͯ͠ αsӡಈྔͱ૬͕ؔ͋Δɻ
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QCDϙςϯγϟϧ VQCD(r) ∼ −4
3
Ћs

r + krͱද͢͜ͱ͕Ͱ͖Δ͕ɺରੜྖҬͰτοϓ
ΫΥʔΫରͷڑ͕͍ۙͨΊΫʔϩϯܕͷϙςϯγϟϧͱΈͳ͢͜ͱ͕Ͱ͖Δɻ
τοϓΫΥʔΫରੜᮢྖҬͰɺੜஅ໘ੵͷଌఆʹΑ༷ͬͯʑͳύϥϝλΛੵݟͬ

͍ͯΔɻྫ͑ɺτοϓΫΥʔΫରͷؒͰͷώοάεͷަʹΑͬͯɺஅ໘ੵ͕ 9ˋ্ঢ͢Δ
͜ͱ͕ΒΕ͓ͯΓɺͦͷ্ঢ͔Βτοϓ౬݁߹Λ୳Δ͜ͱ͕Ͱ͖Δɻ

ਤ 3.4: VtbΛม͑ͨͱ͖ͷஅ໘ੵͷมԽ

ਤ 3.4mt = 174GeVɺαs = 0.12ͷ݅Ͱ Vtb ΛมԽͤͨ࣌͞ͷஅ໘ੵͷมԽͰ͋Δɻ่յ
෯ͷେ͖͞அ໘ੵͷͷେ͖͞ʹײ͕͋Δɻ
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ਤ 3.5: αsΛม͑ͨͱ͖ͷஅ໘ੵͷมԽ

ਤ 3.5mt = 174GeVɺVtb = 1.00Ͱ αsΛมԽͤͨ࣌͞ͷஅ໘ੵͰ͋Δɻαsͷ 1Sϐʔ
ΫͷҐஔΛมԽͤ͞Δɻ1SϐʔΫ 3.3અͰհͨ͠Α͏ʹɺ

√
s1S ∼ 2mt − α2

smt ͱۙࣅͰ
͖Δɻ
ຊڀݚͰ༻͍ͨӡಈྔॏཁͳଌఆͰ͋ΔɻτοϓΫΥʔΫͷӡಈྔ่յ෯ͱαs

ΤωܥΛม͑Δɻ·ͨɺτοϓΫΥʔΫͷ࣭ྔॏ৺ܗ͕͋ΓɺͦͷʹΑ͕ͬͯײʹ
ϧΪʔΛ

√
s = 2mtΛج४ͱΓܾΊΔ͜ͱͰ࣭ྔͷײΛେ෯ʹݮΒ͠ɺ࣭ྔ͕Θ͔Βͳͯ͘

ଞͷύϥϝλΛܾఆ͢Δ͜ͱ͕Ͱ͖Δɻ࣮ࡍͷ࣮ݧͰ࠷ॳʹᮢεΩϟϯΛ͍ߦ 1SϐʔΫ
ͷҐஔΛܾΊ࣭ྔΛٻΊΔɻ͜ͷޙʹӡಈྔ֯ͳͲͷղੳʹΑͬͯύϥϝλΛܾ
ఆ͢Δͱ͍͏ྲྀΕʹͳΔ͜ͱ͕༧͞ΕΔɻ
ҎԼʹ֤ύϥϝλΛมԽͤͨ࣌͞ͷΠϕϯτੜϓϩάϥϜ (physsim)[8]ʹΑΔӡಈྔ

Λ͍͔ͭࣔ͘͢ɻ
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ਤ 3.6: τοϓΫΥʔΫͷ࣭ྔΛม͑ͨͱ͖ͷӡಈྔͷมԽ

͜͜Ͱύϥϝλͱͯ͠mt = 174GeV,Vtb = 1.0,αs = 0.12, ͦΕͧΕॏ৺ܥΤωϧΪʔΛ√
s = 2mt − 1ͱ͍ͯ͠Δɻ͜͜ͰɺͦΕͧΕͷઢʹ͓͚Δ࣭ྔͱॏ৺ܥΤωϧΪʔҎԼͷΑ

͏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: τοϓ౬݁߹ఆΛม͑ͨͱ͖ͷӡಈྔͷมԽ

ਤ 3.7τοϓ౬݁߹ఆͷΛม͑ͨ࣌ͷӡಈྔͷ༷ࢠͰ͋Δɻ͜͜ͰϐʔΫҐ
ஔ͕มԽ͍ͯ͠ͳ͍͜ͱ͕Θ͔ΔɻҎԼʹͦΕͧΕͷઢʹ͓͚Δτοϓ౬݁߹ఆΛࣔ͢ɻ

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: αsΛม͑ͨͱ͖ͷӡಈྔͷมԽ

ਤ 3.6 αs ΛมԽͤͨ࣌͞ͷӡಈྔͷ༷ࢠͰ͋Δɻttϙςϯγϟϧ V (r) ∼ −4
3
αs
r ͱ

ͳ͍ͬͯΔͨΊɺαs͕େ͖͘ͳΔͱϙςϯγϟϧ͕খ͘͞ͳΓɺӡಈྔ͕େ͖͘ͳΔɻ
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ਤ 3.9: VtbΛม͑ͨͱ͖ͷӡಈྔͷมԽ

ਤ 3.7 Vtb ͷΛมԽͤͨ࣌͞ͷӡಈྔͷ༷ࢠͰ͋ΔɻΫʔϩϯܕͷϙςϯγϟϧʹ
Αͬͯɺ่յ෯͕େ͖͍߹ɺϙςϯγϟϧ͕খ͍͞ঢ়ଶͰ่յ͢ΔͨΊӡಈྔ͕େ͖͘ͳΔɻ
Vtb͕େ͖͘ͳΔͱӈʹγϑτ͢Δɻ
Ҏ্ΑΓɺӡಈྔ͔Β࣭ྔͱτοϓ౬݁߹ఆͷʹΑΒͣɺ่յ෯ͱαsͷଌఆ͕

ՄͰ͋Δɻ

3.5 ӡಈྔ
τοϓΫΥʔΫͷӡಈྔɺཧతʹඍஅ໘ੵΛҙຯ͢Δ ( dσ

d|Pt|)ɻτοϓΫΥʔΫ
ͷӡಈྔɺ̏δΣοτͷߏ࠶ʹΑͬͯٻΊΔ͜ͱ͕Ͱ͖Δɻຊڀݚͷ ILCͷΤωϧΪʔྖ
ҬͰτοϓΫΥʔΫ͕ϖΞͰੜ͞ΕɺτοϓΫΥʔΫ่͕յͯ͠ݱΕͨWͷ่յϞʔυʹ
Αͬͯ̏छྨͷऴঢ়ଶ͕ଘ͢ࡏΔWϘιϯ͕྆ํΫΥʔΫϖΞʹ่յ͢ΔϑϧϋυϩχοΫɺ
ยํ͕ΫΥʔΫϖΞͰ͏ยํ͕ϨϓτϯͱχϡʔτϦϊʹ่յ͢ΔηϛϨϓτχοΫɺWϘ
ιϯ͕྆ํϨϓτϯͱχϡʔτϦϊʹ่յ͢ΔϑϧϨϓτχοΫͷ̏छྨͰ͋Δɻ͜ͷ͏ͪɺ
ϑϧϋυϩχοΫऴঢ়ଶʹ 6ຊͷδΣοτ͕͋ΓɺWϘιϯ༝དྷͷ 4ຊͷδΣοτͷࣝผ͕
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͍͠ɻϑϧϨϓτχοΫ̎ݸͷχϡʔτϦϊͷӡಈྔΛܾఆ͢Δ͜ͱ͕͍ͨ͠Ίɺτο
ϓΫΥʔΫରͷਖ਼͍͠ߏ࠶͕͍ߦқ͍ηϛϨϓτχοΫϞʔυͰղੳΛͨͬߦɻ
ҎԼͷ ͷάϥϑɺ340GeV͔Βݸ11 350GeV·Ͱॏ৺ܥΤωϧΪʔΛ 1GeVมԽͤͯ͞ɺ

ͦΕͧΕͰ VtbΛ 0.8͔Β 1.2·Ͱ ͷӡಈྔͷҧ͍Λ͍ࣔͯ͠Δɻ࣌ΈͰมԽͤͨ͞ࠁ0.1
৭ͱ VtbͷҎԼͷΑ͏ͳରԠؔʹ͋Δɻ

ࠇ : Vtb = 0.80

 : Vtb = 0.90

 : Vtb = 1.00

੨ : Vtb = 1.10

ϐϯΫ : Vtb = 1.20

·ͨɺ͜ΕΒͷͰɺԣ࣠ӡಈྔ (GeV)ɺॎ࣠ΠϕϯτΛશΠϕϯτͰׂͬͨ
Λऔ͍ͬͯΔɻ

√
s=340GeV

√
s=341GeV
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√
s=342GeV

√
s=343GeV

√
s=344GeV

√
s=345GeV

√
s=346GeV

√
s=347GeV
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√
s=348GeV

√
s=349GeV

√
s=350GeV

ΤωϧΪʔͷ͍ྖҬͰͷҧ͍͕Θ͔Γʹ͍ͨ͘Ίɺ่յ෯ͷଌఆʹ͓͍ͯΤωϧ
Ϊʔ͕େ͖͍ํ͕ྑ͍ɻ
ҰํͰɺҎԼͷ ΤωϧΪʔͰͷܥͷάϥϑͰͦΕͧΕͷॏ৺ݸ11 αsͷେ͖͞ʹΑΔ

ͷҧ͍Λ͍ࣔͯ͠Δɻ৭ͱ αsҎԼͷΑ͏ͳରԠؔʹ͋Δɻ

ࠇ : αs = 0.110

 : αs = 0.115

 : αs = 0.120

੨ : αs = 0.125

ϐϯΫ : αs = 0.130

͜ΕΒԣ࣠ӡಈྔ (GeV)ɺॎ࣠ΠϕϯτΛશΠϕϯτͰׂͬͨΛऔ͍ͬͯΔɻ
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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

ΤωϧΪʔͰ͞ߴͷҧ͍ΛݟΔ͜ͱ͕Ͱ͖ɺߴΤωϧΪʔͰϐʔΫͷҧ͍͕ݟΒΕΔɻ
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͜ΕΒΛ౿·͑ɺVtbͱαsͲͪΒʹҧ͍͕ݟΒΕΔΤωϧΪʔΛબ͢Δ͜ͱ͕·͍͠ɻ
ຊڀݚͰॏ৺ܥΤωϧΪʔΛ 347GeVͰ͜͏ߦͱͱͨ͠ɻ͜Εઌڀݚߦ [2]Ͱ༻͍ΒΕͨ
ͱಉ͡Ͱ͋Δɻ

28



ୈ4ষ ILC(International Linear
Collider)

ILC(International Linear Collider)ͱɺੈ࣍ͷిࢠཅిࢠিಥܕઢܗՃثͰɺશ20km

ͷ࣮ݧஔͰ͋Δɻॏ৺ܥΤωϧΪʔ 250GeVͰώοάεཻࢠͷਫ਼ີଌఆʹΑΔඪ४ܕͷ
༗ྗͰ͋Δ͕ɺΦϓγϣϯͱͯ͠࠷Λతͱͯ͠Քಇ͢Δ͜ͱ͕ࡧͱ৽ཧ୳ূݕ 350GeV
500GeVɺ͞Βʹ 1TeVͷ࣮ݧՄͰ͋Δɻ
ຊষͰ 4.1અͰՃثʹ͍ͭͯɺ4.2અͰ ILDଌఆثʹ͍ͭͯͦΕͧΕઆ໌͢Δɻ

4.1 Ճث
ILCઢܗͰ͋ΔͨΊɺ1όϯν͋ͨΓͷিಥػձ͕ 1ճ͔͠ͳ͍ɻͦͷͨΊ 1όϯν͋ͨ

ΓͷϧϛϊγςΟͷ͕͞ߴॏཁͰ͋ΔɻϧϛϊγςΟͷఆٛΛࣜ (4.1)ʹࣔ͢ɻ

L = frep
nbN2

4πσ∗
xσ

∗
y

(4.1)

frepিಥසɺnb 1τϨΠϯͷόϯν ɺN(ͷूஂࢠɾཅిࢠి) 1όϯνͷཻࢠ
ɺσ∗

xͱσ∗
y ͦΕͧΕিಥͰͷਫฏํͱਨํͷϏʔϜαΠζΛද͍ͯ͠Δɻ

ILCͷՃثେ͖͚͘Δͱ࣍ͷ 3ͭʹྨͰ͖Δɻ

• ݯࢠɾཅిࢠి

• μϯϐϯάϦϯά

• ओઢܗՃث

ΓΛ੍͠ɺओઢ͕Λੜ͠ɺμϯϐϯάϦϯάͰϏʔϜͷࢠͱཅిࢠͰిݯࢠɾཅిࢠి
ͰϏʔϜΛՃ͠িಥͤ͞ΔɻਤثՃܗ 4.1ʹ ILCͷࣜਤΛࣔ͢ɻ
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ਤ 4.1: ILCͷࣜਤ [9]

4.1.1 ݯࢠి

ILCͰిݯࢠͰภ͞ۃΕͨిࢠΛੜ͢Δɻ·ͣDCॐͷϨʔβʔΛGaAsͳͲͷޫిӄ
൘ʹরࣹ͢Δɻ͜ΕʹΑΓޫిޮՌ͕ൃੜ͠ɺ140͔Βۃ 160keVͷภ͕ࢠిۃੜ͞ΕΔɻภ
ͷඪۃ 80%Ͱ͋Δɻੜ͞ΕͨిࢠৗಋՃۭಎͰ 76MeV·ͰՃ͞Εɺόϯν
Λܗ͢ΔɻͦͷޙɺಋՃۭಎͰ 5GeV·ͰՃ͞ΕΔɻ·ͨɺಋιϨϊΠυʹΑͬ
ͷεϐϯΛਨʹ͑μϯϐϯάϦϯάʹೖࣹ͢Δɻਤࢠిͯ Λࣔ͢ɻߏͷݯࢠిʹ4.2
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ਤ 4.2: ILCͷిݯࢠ [10]

4.1.2 ཅిݯࢠ

ILCͰΞϯδϡϨʔλʔํࣜΛ༻͍ͯภ͞ۃΕͨཅిࢠΛੜ͢ΔɻిݯࢠͰੜ͞Εͨ
ϏʔϜΛΞϯδϡϨʔλʔͱ͍͏ஔʹೖΕΔɻͦͷதʹ࣓ੴ͕ෳฒΒΕ͓ͯΓɺࢠి
ϏʔϜ͕ऄ͠ߦͳ͕ΒਐΈγϯΫϩτϩϯ์ࣹʹΑͬͯ 10MeVఔͷޫࢠΛ์ग़ͤ͞Δɻ์
ग़͞ΕͨޫࢠۚଐͷඪతʹͿ͚ͭΒΕɺి࣓γϟϫʔΛൃੜ͢Δɻ͜ͷి࣓γϟϫʔͷத͔
ΒཅిࢠΛऔΓग़͢͜ͱͰɺภ͞ۃΕͨཅిࢠΛੜ͢Δɻཅిࢠͷภۃ 30%Λඪͱͯ͠
͍Δ͕ɺΞοϓάϨʔυʹΑͬͯ 60%·ͰՄͱ͞Ε͍ͯΔɻཅిࢠੜʹ༻͍ΒΕͨిࢠ
ϏʔϜͦͷ··ओઢܗՃثʹ͞ΕΔɻੜ͞ΕͨཅిࢠৗಋՃثͰ 400MeV·Ͱ
Ճ͞ΕɺͦͷޙɺಋՃثͰ 5GeV·ͰՃ͞ΕɺμϯϐϯάϦϯάʹೖࣹ͞ΕΔɻཅ
Λਤ؍ͷ֓ݯࢠి 4.3ʹࣔ͢ɻ
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ਤ 4.3: ILCͷཅిݯࢠ [10]

4.1.3 μϯϐϯάϦϯά

ILCͰϏʔϜͷ͕ΓΛμϯϐϯάϦϯάͰখ͘͢͞ΔɻϏʔϜͷ͕ΓΛҎԼͷࣜͰఆ
ٛ͢Δɻ

σx,y =
√
βx,yɾϵx,y (4.2)

͜͜Ͱ βՃثύϥϝλͷϕʔλؔɺϵΤϛολϯεͱݺΕΔɻిݯࢠɾཅిݯࢠͰੜ
͞ΕͨϏʔϜΛɺԁप 3.2kmͷμϯϐϯάϦϯάʹೖࣹ͠ɺ5GeVͰपճ͢Δɻԁހ෦Ͱ
੍ಈ์ࣹʹΑͬͯޫ͕ࢠϏʔϜ͔Β์ग़͞ΕΤωϧΪʔݮগ͢Δɻ͜ͷ࣌ɺޫࢠਐํߦ
ߴมԽ͠ͳ͍ɻҰํͰɺઢ෦ͰํߦΔ͕ਐݮग़͢ΔͨΊɺϏʔϜͷӡಈྔ์ʹ
पՃʹΑͬͯਐํߦͷΤωϧΪʔΛճ෮͢Δɻ͜ͷΑ͏ͳաఔΛͯܦɺΤϛολϯεΛ
খ͘͞͠ɺϏʔϜͷ͕ΓΛ੍͢Δ͜ͱ͕Ͱ͖Δɻਤ 4.4ʹμϯϐϯάϦϯάͷ֓؍Λࣔ͢ɻ
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ਤ 4.4: ILCͷμϯϐϯάϦϯά [10]

4.1.4 ओઢܗՃث

μϯϐϯάϦϯάΛ௨աͨ͠ϏʔϜRTMLʹΑͬͯ 5GeV͔Β 15GeV·ͰՃ͞Εɺओઢ
ϏʔϜͷΤϛολϯεΛอͪͳ͕ΒثՃܗͰӡΕΔɻओઢ·ثՃܗ 250GeV·ͰՃ
ͤ͞Δɻશ 22kmɺฏۉՃޯ 31.5MV/m͕TDRͷઃܭͰ͋Δɻ෦ʹ 9ͭͷηϧ
Λͭ࣋χΦϒՃۭಎ͕ଘ͠ࡏɺӷମϔϦϜͰ 2KʹอͨΕ͍ͯΔɻ͜ͷՃۭಎʹ 1.3GHz

ͷߴपిྗΛ͠څڙՃిΛ࣮͢ݱΔɻઢܗՃثͰͦͷ͞Λ৳͢͜ͱͰॏ৺ܥΤ
ωϧΪʔΛ্͛Δ͜ͱ͕ՄͰ͋Δɻ

4.2 ثग़ݕ

4.2.1 ֓ཁ

ILCͷݕग़ث ILD(International Large Detector)ͱ SiD(Silicon Detector)ͷ 2छྨ͕ఆ
͞Ε͍ͯΔɻILDΞδΞΛத৺ʹ։ൃ͕ਐΜͰ͍ͯɺSiDΞϝϦΧΛத৺ʹ͕͞ڀݚΕͯ
͍ΔɻຊڀݚͰ ILDͷγϛϡϨʔγϣϯΛ༻͍͍ͯΔͨΊɺILDͷؔ͢ΔৄࡉͷΈઆ໌͢Δɻ
ҎԼʹ ILDͷϨΠΞτΛදࣔ͢Δɻ
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ਤ 4.5: ILDͷஅ໘ਤ (ࣈͷ୯Ґmm)[10]

4.2.2 ඈݕग़ث

ɾ่յݕग़ث
่յݕग़ث (VTX)ཻࢠͷ่յͷଌఆΛ͍ߦɺδΣοτͷϑϨʔόʔλάΛཁ͞ٻΕΔɻ
่յݕग़ثͷিಥղҎԼͷཁ͕͋ٻΔɻ

σr ≤ 5⊕ 10

pβsin3/2θ
(µm) (4.3)
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͜͜Ͱɺp, βཻࢠͷӡಈྔͱɺθϏʔϜ࣠ͱͷ֯Λࣔ͢ɻୈ 1߲ݕग़ثͷղʹ
ΑΔɺୈ 2߲ϨΠϠʔͷଟॏࢄཚʹΑΔͰ͋Δɻ่յݕग़ثଟߏͰ͋Γɺ֤Ϩ
ΠϠʔʹϐΫηϧηϯαʔ͕औΓ͚ΒΕΔɻ࠷িಥ͔Β 16mmʹҐஔ͠ɺϏʔϜ༝
དྷͷഎࣄܠͷӨڹΛड͚͍͢ɻ͜ΕʹΑΓϐΫηϧ༗͘ߴͳͬͯ͠·͏ͨΊɺ༗
ΛԼ͛Δ͜ͱ͕ཁ͞ٻΕΔɻީิͱͯ͠ɺFPCCD CMOSͷ։ൃ͕ਐΊΒΕ͍ͯΔɻ ਤ
4.6ʹ่յݕग़ثͷ֓؍Λࣔ͢ɻ

ਤ 4.6: ่յݕग़ثͷ֓؍ਤ [10]

ɾγϦίϯඈݕग़ث (SIT,SET)

γϦίϯඈݕग़ثɺ่յݕग़ثͱओඈݕग़ثͷؒΛิ͠ɺӡಈྔղͷ্ͱཻ
Ͱ͋ΔɻλΠϜελϯثग़ݕͷଌఆΛతͱͨؒ࣌͠ͷి࣓ΧϩϦϝʔλͷೖࣹͷҐஔͱࢠ
ϓػͱ͍͏ 1όϯνຖͷিಥΛಡΈग़͢γεςϜ͕ଘ͠ࡏɺಛʹFPCCD 1τϨΠϯຖͷಡ
Έग़͠Ͱ͋ΔͨΊɺ͜ͷػ͕ඇৗʹॏཁͰ͋Δɻਤ 4.7ʹγϦίϯඈݕग़ثͷ֓؍Λࣔ͢ɻ
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ਤ 4.7: γϦίϯඈݕग़ث (SIT,SET)ͷ֓؍ਤ [10]

ɾओඈݕग़ث
ओඈݕग़ث (TPC : Time Projection Chember)ɺՙిཻࢠͷඈΛߴղͰ ʹతݩ࣍3
Λଌఆ͢Δ͜ͱͰͦͷӡಈܘۂͷࢠͰ͋Δɻ࣓ͷதΛ௨աͨ͠ՙిཻثग़ݕ͢Δߏ࠶
ྔΛٻΊΔɻTPCͷ෦Ψε͕ॆຬ͓ͯ͠Γɺ͜͜Λՙిཻ͕ࢠ௨ա͢ΔͱΨεͷ͕ࢠ
͠ɺൃੜͨ͠ి͕ࢠಡΈग़͠ஔʹ͔ͯͬυϦϑτ͢Δɻ͜ͷஔͰಘΒΕͨిࢠͷҐஔ
ใ͔Β ΛՃ͑Δ͜ͱͰؒ࣌ใΛಘΔ͜ͱ͕Ͱ͖ɺͦ͜ʹυϦϑτݩ࣍2 ߏ࠶ใΛݩ࣍3
Ͱ͖ΔɻTPCʹཁ͞ٻΕΔӡಈྔղҎԼͷΑ͏ʹͳ͍ͬͯΔɻ

σ(1/p) ≥ 9× 10−5(GeV/c)−1 (4.4)

4.2.3 ΧϩϦϝʔλ

ΧϩϦϝʔλ෦Ͱγϟϫʔ͕ൃੜ͠ɺཻࢠͷΤωϧΪʔΛଌఆ͢Δɻి࣓ΧϩϦϝʔλ
ͱϋυϩϯΧϩϦϝʔλͷ 2छྨ͕ଘ͢ࡏΔɻి࣓ΧϩϦϝʔλి࣓γϟϫʔ (γɺిࢠ)Λɺ
ϋυϩϯΧϩϦϝʔλϋυϩϯγϟϫʔ (ՙిϋυϩϯɺதੑϋυϩϯɺδΣοτ)ΛͦΕͧ
Εଌఆ͢Δɻ
ILCͰδΣοτΛଟؚΉΠϕϯτΛଟ͘ѻ͏ɻྫ͑ώοάεͷղੳͰδΣοτ͕W

༝དྷ͔ Z༝དྷ͔ਫ਼ྑࣝ͘ผ͢Δ͜ͱ͕ཁ͞ٻΕΔɻ͜ͷ࣌ɺҎԼͷΑ͏ͳΤωϧΪʔղ
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͕ཁ͞ٻΕΔɻ

σEjet ∼
30%

Ejet(GeV)
(4.5)

ɾి࣓ΧϩϦϝʔλ
ి࣓ΧϩϦϝʔλͰ γ͕ଌఆ͞ΕΔɻηϯαʔͱٵऩ͕ަޓʹฒͼɺηϯαʔγϦ
ίϯηϯαʔγϯνϨʔλ͕ఆ͞ΕɺٵऩͰλϯάεςϯ͕༻͍ΒΕΔɻਤ 4.8ʹి
࣓ΧϩϦϝʔλͷ֓؍Λࣔ͢ɻ

ਤ 4.8: ి࣓ΧϩϦϝʔλͷ֓؍ਤ [10]

ɾϋυϩϯΧϩϦϝʔλ
ϋυϩϯΧϩϦϝʔλͰి࣓ΧϩϦϝʔλͰଌఆͰ͖ͳ͍ϋυϩϯγϟϫʔ͕ଌఆ͞ΕΔɻ
ϋυϩϯ૬࡞ޓ༻͕͍ͨΊɺେ͖ͳ࣭ྔ͕ٻΊΒΕΔɻٵऩʹమɺηϯαʔʹ
γϯνϨʔλΨεݕग़ثͳͲ͕ߟҊ͞Ε͍ͯΔɻਤ 4.9ʹϋυϩϯΧϩϦϝʔλͷ֓؍
Λࣔ͢

37



ਤ 4.9: ϋυϩϯΧϩϦϝʔλͷ֓؍ਤ [10]

4.2.4 ֎෦

ILDͷ֎෦ιϨϊΠυίΠϧͱϦλʔϯϤʔΫ/ϛϡʔΦϯݕग़ثͰ͋Δɻ
ιϨϊΠυίΠϧ 3.5Tͷ࣓Λൃੜͤ͞ΔׂΛ୲͍ͬͯΔɻϦλʔϯϤʔΫ͜ͷ࣓

Λݕग़ثͷ֎ʹग़͞ͳׂ͍͕͋Δɻ·ͨɺϛϡʔΦϯݕग़ثͰίΠϧͷ֎ଆ·Ͱ౸ୡͨ͠
ϛϡʔΦϯͷݕग़ϋυϩϯΧϩϦϝʔλ͔Β࿙Εग़ͨ͠ΤωϧΪʔͷݕग़ͱ͍͏ׂ୲ͬ
͍ͯΔɻਤ 4.10ͰϛϡʔΦϯݕग़ثͰݕग़͞ΕΔϛϡʔΦϯͷඈͷ༷ࢠΛࣔͨ͠ɻ
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ਤ 4.10: ϛϡʔΦϯݕग़ثͷγϛϡϨʔγϣϯʹ͓͚ΔϛϡʔΦϯͷඈ [9]

4.2.5 લํݕग़ث

ϏʔϜۙ͘ʹલํݕग़͕ثઃஔ͞ΕΔɻ͜ΕϧϛϊγςΟϏʔϜαΠζͷଌఆ͕ՄͰ
͋Δɻ·ͨɺଌఆثશମͷݕग़ൣғͷ্ͱ͍͏ׂ͋Δɻલํݕग़ثLumiCalɺBeamCalɺ
ϖΞϞχλͰߏ͞ΕΔɻ
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ɾLumiCal

LumiCalͰϧϛϊγςΟͷଌఆ͕ߦΘΕΔɻϧϛϊγςΟԠஅ໘ੵͷେ͖ͳόʔόʔ
ཚࢄ (e+e−ˠ e+e−)ͷଌఆΛ༻͍ͯɺҎԼͷΑ͏ʹܾ·Δɻ

L =
Nbhabha

σ
(4.6)

͜͜ͰNbhabhaόʔόʔࢄཚͷΠϕϯτɺσԠஅ໘ੵͰ͋Δɻ͜͜Ͱ 0.1%ҎԼͷଌఆ
ਫ਼͕ཁ͞ٻΕΔɻLumiCal֯ۃ 32∼72mradͷൣғΛΧόʔ͍ͯ͠Δɻਤ 4.11ʹ LumiCal

ͷ֓؍Λࣔ͢ɻ

ਤ 4.11: LumiCalͷ֓؍ਤ [10]

ɾBeamCal

BeamCalϧϛϊγςΟͱϏʔϜύϥϝλͷଌఆΛతͱͨ͠ஔͰ͋ΔɻϏʔϜিಥ࣌ʹ
ੜ͞ΕΔେྔͷిࢠཅిࢠͷϖΞόοΫάϥϯυͷΤωϧΪʔଛࣦͷ͔Β͜ΕΒΛଌ
ఆ͢Δɻ BeamCal֯ۃ 5∼40mradΛΧόʔ͍ͯ͠Δɻਤ 4.12ʹBeamCalͷ֓؍Λࣔ͢ɻ
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ਤ 4.12: BeamCalͷ֓؍ਤ [10]

ɾϖΞϞχλ
ϖΞϞχλͱɺিಥϏʔϜܗঢ়ϞχλͰ͋ΔɻϏʔϜಉ࢜ͷ૬࡞ޓ༻Ͱੜ͞ΕͨϖΞ

όοΫάϥϯυͷΛ༻͍ͯϏʔϜͷαΠζܗঢ়Λଌఆ͢Δ͜ͱ͕తͰ͋Δɻ
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ୈ5ষ γϛϡϨʔγϣϯ

5.1 ֓ཁ
ຊڀݚͰৄٕࡉज़ઃܭॻ (DBD)ʹ͍ͨͮج݅Ͱ ILCͷγϛϡϨʔγϣϯΛͨͬߦɻ
ͦͷྲྀΕΛઆ໌͢Δɻ࠷ॳʹΠϕϯτδΣωϨʔλʔʹΑͬͯཧࣄΛੜ͢Δɻຊڀݚ

ͰPhyssim[6]ͱ͍͏δΣωϨʔλʔΛ༻͍ͨɻݕʹ࣍ग़ثγϛϡϨʔγϣϯΛ͏ߦɻຊڀݚ
ͰMokka[11]ͱ͍͏Geant4Λϕʔεͱͨ͠ιϑτΛ༻ͨ͠ɻݕʹޙ࠷ग़ثγϛϡϨʔγϣ
ϯͰಘͨσʔλͷߏ࠶Λ͏ߦɻຊڀݚͰMarlinͱ͍͏ιϑτΛ༻͍ͨɻ͜ͷߏ࠶Λͨܦ
ɻͨͬߦղੳΛʹޙ

5.2 ཧࣄͷੜ
Physsimͱ͍͏δΣωϨʔλʔͰཧࣄΛੜͨ͠ [6]ɻPhyssim ϔϦγςΟৼ෯Λܭ

Δ͢ࢉ HELASɺੜ͢Δཧࣄͷඍஅ໘ੵΛ͢ࢉܭΔ BASESɺBASES ͷ݁Ռ͔Βج
ຊཻࢠΛੜ͢Δ SPRING Ͱߏ͞Ε͍ͯΔɻSPRING Ͱੜ͞Εͨجຊཻࢠͷൃؒ࣌ల
JSFHadronizerʹΑͬͯߦΘΕΔɻJSFHadronizerΫΥʔΫɾάϧʔΦϯͷύʔτϯγϟϫʔ
ͱϋυϩϯԽͷࢉܭΛ୲͏ PYTHIA6.4ͱɺϔϦγςΟΛྀͨ͠ߟ Н Մ͕ࢉܭͷ่յͷࢠཻ
Ͱ͋Δ TAUOLAΛݩͱͯ͠࡞ΒΕ͍ͯΔɻిࢠͱཅిࢠͱʹ͖רࠨͱӈʹרશภۃ
ͤͨ͞αϯϓϧΛ͏ɻ

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
ILCͰظ͞ΕΔཧࣄଟ͘ͷδΣοτΛؚΉେྔͷཻࢠΛѻ͏ɻͦͷͨΊɺΤωϧΪʔ

ղͷਫ਼͕ॏཁʹͳΔɻ
ද 5.1ʹδΣοτͷͱ ILDݕग़ثͷղΛࣔ͢ɻਤ 5.1Ͱ࣮ࡍͷWWͱ ZZͷࣝผ

ͷͨΊͷ PFAʹΑΔύϑΥʔϚϯεΛࣔ͢ɻ ZZͷߏ࠶ɺ੨͕WWͷߏ࠶Ͱ͋Δɻ

δΣοτཁૉ δΣοτʹΊΔׂ߹ ثग़ݕ σE/E

ՙిཻࢠ 60% ඈݕग़ث 0.00002 ʷ E

ࢠޫ 30% ECAL 0.2/E

தੑϋυϩϯ 10% HCAL 0.6/E

ද 5.1: δΣοτͷͱ ILDݕग़ثͷղ

ਤ 5.1: PFAͷΤωϧΪʔղ [10]

5.4 ߏ࠶
ILDݕग़ثͰτοϓΫΥʔΫࣗͷݕग़Λ͢Δ͜ͱෆՄͰ͋ΔɻτοϓΫΥʔΫ่͕

յͯ͠Ͱ່ཻ͖ͨࢠͷඈΤωϧΪʔΛଌఆ͢ΔɻΑͬͯɺτοϓΫΥʔΫࣗΛௐΔʹ
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͜ΕΒͷऴঢ়ଶʹଘ͢ࡏΔཻ͕ࢠͲͷཻࢠ༝དྷ͔ΛௐΔඞཁ͕͋ΔɻτοϓΫΥʔΫ༝དྷ
ͱࢥΘΕΔͷΛߏ࠶͍͖ͯͦ͠ͷσʔλΛτοϓΫΥʔΫͷσʔλͱΈͳ͠ղੳΛ͏ߦɻ
ຊڀݚͰτοϓΫΥʔΫͷ่յϞʔυͱͯ͠ηϛϨϓτχοΫΛબ͍ͯ͠ΔɻηϛϨϓ

τχοΫͰ͋ΔͨΊऴঢ়ଶʹΤωϧΪʔͷେཱ͖͍ͨ͠ݽϨϓτϯ͕ಛͰ͋Γɺͦͷޙ 4

ຊͷδΣοτΛΫΥʔΫͱΈͳ͠ɺͦΕ͕ bΒ͍͔͠Ͳ͏͔ผ͢Δɻଛࣦ ӡಈྔΛχϡʔݩ4
τϦϊͱԾఆ͠ɺ3-jetͷτοϓΫΥʔΫͱɺbΫΥʔΫͱϨϓτϯͱχϡʔτϦϊʹ่յͨ͠
τοϓΫΥʔΫΛߏ࠶͢ΔɻҎԼͰͦΕͧΕͷखॱʹؔͯ͠ৄ͘͠આ໌͢Δɻ

ɾIsolated lepton tagging

ऴঢ়ଶʹδΣοτʹؚ·ΕΔϨϓτϯͱWϘιϯ่͕յͯ͠ੜͨ͠Ϩϓτϯͷ 2छྨ͕
ଘ͢ࡏΔɻͦͷ͏ͪWϘιϯ༝དྷͷͷΛཱݽϨϓτϯͱఆٛ͢Δɻ͜ͷ࣌ɺίʔϯΤωϧ
ΪʔΧοτʹΑͬͯબผΛ͏ߦɻͦͷྲྀΕɺՙిτϥοΫͷӡಈྔͰ 15GeVΑΓେ͖͍ͷ
Λ୳͠ɺ֯ͱͯ͠ cosθ > 0.96ͷίʔϯΛఆٛ͢Δɻ͜ͷίʔϯͷ෦ͰΤωϧΪʔ͕ 0͔Β
10GeVͷ߹ͷϨϓτϯΛཱݽϨϓτϯͱͨ͠ɻຊڀݚͰཱݽϨϓτϯ͕ 1Ͱ͋Δ͜ͱΛཁ
ɻͨ͠ٻ

ɾϏʔϜόοΫάϥϯυͷআڈ

͜͜ͰϏʔϜ༝དྷͷഎࣄܠΛ͑ߟΔɻഎࣄܠͱͯ͠ϏʔϜ͔Β์ग़͞Εͨޫࢠ 2͕ͭ
ϋυϩϯΛੜ͢Δͷ͕͋Δɻ͜ΕΛऔΓআͨ͘Ίʹ anti-kT ΞϧΰϦζϜΛ༻͍Δɻ
·ͣɺݕग़ثͰଊཻ͑ͨࢠશͯΛδΣοτ༝དྷͱ͠ɺΫϥελʔΛϦετΞοϓ͢Δɻͦͷ

த͔Β 2ͭͷΫϥελʔΛબ͠ɺҎԼͰఆٛ͞ΕΔ 2ͭͷΫϥελʔͷڑͱϏʔϜͱͷڑ
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 ཻࢠͷϏʔϜ࣠ʹର͢ΔԣӡಈྔɺyϥϐσΟςΟɺφํҐ֯ɺRδΣοτ
ͷܘΛද͢ɻdij ͱ diB ΛશཻࢠͷΈ߹ΘͤͰ͠ࢉܭɺͦͷதͰ࠷খΛͱΔΈ߹ΘͤΛ
બͿɻ͜ͷ࣌ dij খͳΒɺiͱ࠷͕ j ͱͯ͠վΊͯΫϥελʔϦετʹՃ͢ΔɻdiBࢠ1ཻ
খͷ߹࠷͕ iΛδΣοτͱΈͳ͠ɺΫϥελʔϦετ͔Β֎͢ɻຊղੳͰR = 0.7ɺཻࢠ
ͷԣӡಈྔ͕ 0.6GeVҎ্Ͱ͋Δ͜ͱΛ݅ͱͨ͠ɻ͜ͷ݅Ͱ࠷ऴతʹδΣοτʹߏ࠶͞Ε
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ͳཻ͍ࢠΛഎࣄܠͱͯ͠আͨ͠ڈɻͦͷޙɺδΣοτʹߏ࠶ཻͨ͠ࢠΛ࠶ͼղ͠ɺߏ࠶
ͷલͷঢ়ଶʹͨ͠ɻ

ɾ4-jet tagging

Isolated Lepton TaggingʹΑͬͯΓδΣοτʹؚ·ΕΔཻࢠͷΈʹͳͬͨɻಉ͡δΣοτ
ʹؚ·ΕΔཻ͔ࢠͲ͏͔ࣝผ͢ΔYͱ͍͏ͷΛҎԼʹఆٛ͢Δɻ

Yij =
2min(Ei,Ej)(1− cosθij)

E2
vis

(5.4)

͜͜ͰEiͱEj ཻࢠͷΤωϧΪʔɺθij ཻࢠ i, jͷͳ֯͢ɺEvisՄࢹΤωϧΪʔΛද͢ɻ
͜ͷY͕࠷খͱͳΔΈ߹Θͤಉ͡δΣοτʹଐ͢Δͷͱ͢Δɻ͜ͷΑ͏ʹཻͯ͠ࢠΛ
ऴతʹδΣοτ͕࠷ɺ͖ߦͯ͠ߏ࠶ 4ຊʹͳΔ·Ͱߏ࠶ΛਐΊͨɻ

ɾb quark tagging

4ຊͷ jetͷ͏ͪbΫΥʔΫͱ b̄ΫΥʔΫΛબผ͢Δඞཁ͕͋ΔɻbΫΥʔΫͷࣝผʹ iLCSoft

ͷLCFIPlusͱ͍͏ͷΛ༻͍ͨɻϑϨʔόʔλάʹROOTͷTMVAͱ͍͏ղੳπʔϧΛ༻
͍ͨɻ͜͜Ͱ৴߸ࣄͱഎࣄܠͷଟมྨΛ͍ߦɺαϯϓϧΛجʹͯ͠ɺ͋Δೖྗ͕Ͳ
ͷఔ৴߸ࣄΒ͍͠ͷ͔Λ͢ࢉܭΔ͜ͱ͕Ͱ͖ΔɻຊղੳͰTMVAͷதͷBDT(Boosted

Decison Trees)ʹΑΔτϨʔχϯάΛߦͳͬͨɻ
τϨʔχϯάαϯϓϧͱͯ͠

√
s = 500GeVͰ Λ༻͍ͨɻͦࣄͷΫΥʔΫ͕ੜ͞ΕΔݸ6

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

ɾWϘιϯͷߏ࠶

4ຊͷ jetͷ͏ͪ bͱ b͕̄ผͰ͖ͨɻ͢Δͱͨͬ 2ຊWϘιϯ่͕յͯ͠ੜ͞Εͨ
ͷͩͱ͔Δɻ͕ͨͬͯ͠ɺͨͬ 2ຊΛͨ͠ͷΛWϘιϯͱΈͳ͢ɻ·ͨɺཱݽϨϓ
τϯͱଛࣦ ӡಈྔΛ͠߹ΘͤΔ͜ͱͰ͏ҰํͷWϘιϯΛΈͳͤΔɻݩ4

ɾτοϓΫΥʔΫͷߏ࠶

ͨ͠WϘιϯͱߏ࠶ bΫΥʔΫΛ͠߹ΘͤͯτοϓΫΥʔΫΛߏ࠶͢ΔɻbΒ͍͠ jet

͕ bͳͷ͔ b̄ͳͷ͔ผ͕Ͱ͖ͳ͍ͨΊɺਖ਼͘͠τοϓΫΥʔΫΛߏ࠶͢Δ͜ͱ͕͍͠ɻ
ͦ͜ͰɺbΫΥʔΫͱWϘιϯͷ֯Λ cosθbW ͱఆٛ͠ɺͦΕ͕࠷খͱͳΔΈ߹ΘͤͰτο
ϓΫΥʔΫΛߏ࠶͢Δ͜ͱͰΈؒҧ͍ΛݮΒ͢ͱ͍͏͕ڀݚઌڀݚߦͰߦΘΕͨɻͦͷ
݅ͰɺຊڀݚͰτοϓΫΥʔΫΛߏ࠶ͨ͠ɻ
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͜ΕΒͷखॱΛͯܦಘΒΕͨӡಈྔΛਤ 5.3ʹࣔ͢ɻ͜͜Ͱ 3δΣοτͦΕͧΕͷӡಈ
ྔΛ͠߹ΘͤͯτοϓΫΥʔΫͷӡಈྔͱΈͳ͍ͯ͠Δɻ

ਤ 5.3: δΣωϨʔλʔϨϕϧͷτοϓΫΥʔΫͷӡಈྔͱߏ࠶ͨ͠τοϓΫΥʔΫͷӡ
ಈྔ

͜ͷߏ࠶͕ͨ͠MCͱͣΕΔཧ༝ݕग़ثͷੑߏ࠶ͷΈؒҧ͍ͳͲͷܥ౷త
ͳζϨؚ͕·Ε͍ͯΔɻ
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ୈ6ষ ղੳͱ݁Ռ

6.1 ղੳͷํ
ୈ 5ষͰτοϓΫΥʔΫͷߏ࠶ʹΑͬͯӡಈྔ͕࡞Ͱ͖ͨɻຊղੳͰ͜ͷӡಈྔ

ΛҟͳΔΠϯϓοτύϥϝλͰେྔʹ࡞͠ɺͦͷܗͷҧ͍Λ༻͍ͨղੳΛ͜͏ߦͱΛ
ඪͱͨ͠ɻ͔͠͠ݕग़ثϑϧγϛϡϨʔγϣϯΛ͏ߦʹେͳ͕ؒ࣌ඞཁͰ͋ΔͨΊɺେྔ
ͷݕग़ثϑϧγϛϡϨʔγϣϯʹΑΔσʔλΛ࡞Δ͜ͱɺσʔλྔͷ؍͔Βɺඇ࣮ݱత
Ͱ͋ΔɻͦͷͨΊɺ1ݕग़ثϑϧγϛϡϨʔγϣϯΛ͍ߦɺτοϓΫΥʔΫͷӡಈྔ͕γϛϡ
ϨʔγϣϯʹΑͬͯͲͷΑ͏ͳӨڹΛड͚Δ͔ௐͨɻͦͷޙɺݕग़ثϑϧγϛϡϨʔγϣϯ
ͷӨڹΛड͚ͨӡಈྔΛԠؔͱΈͳ͠ɺphyssimͰ͞ࢉܭΕͨӡಈྔʹରٖͯ͠
σʔλͰ͋ΔӡಈྔΛݧతͳ࣮ࣅɻٖͦͯͨͬ͠ߦϑϧγϛϡϨʔγϣϯΛثग़ݕతͳࣅ
ͨ͠ɻ͜ͷख๏Λ࡞ toy MCͱݺͼɺtoy MCͰ࡞ͨ͠Λٖߏ࠶ͱݺͿɻ

6.2 ๏࡞ͷߏ࠶ٖ (toy MC)

τοϓΫΥʔΫͷӡಈྔͷߏ࠶ͷաఔͰͷݕग़ثͷӨڹΈؒҧ͍ͳͲʹ͓͍ͯɺτο
ϓΫΥʔΫͷύϥϝλͷؔͳ͍ɻͭ·Γɺ͋ΔӡಈྔΛͭ࣋τοϓΫΥʔΫΠϯϓο
τύϥϝλʹΑΒͣɺਤ 5.3ͷߏ࠶ͨ͠ӡಈྔʹै࣮ͬͯݧͰͷଌఆͱͯ͠ಘΒΕΔ
͜ͱ͕ظ͞ΕΔɻ
ॳʹɺਤ࠷ͣ· 5.3ΑΓಘΒΕͨδΣωϨʔλʔαϯϓϧͷӡಈྔͱτοϓΫΥʔΫΛߏ࠶

ͯ͠ٻΊͨӡಈྔͷ૬ؔΛਤ 6.1ʹࣔ͢ɻ
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ਤ 6.1: δΣωϨʔλʔαϯϓϧͷӡಈྔͱߏ࠶ͨ͠τοϓΫΥʔΫͷӡಈྔͷ૬ؔ

͜ΕΛ༻͍ٖͯߏ࠶ਤ࡞ΛࢼΈͨɻ࣍ͷਤ 6.2ɺਤ 5.3ͷӡಈྔͰδΣωϨʔ
λʔαϯϓϧͷӡಈྔ͕ 10GeV͔Β 11GeV·Ͱʹؚ·Ε͍ͯΔ 2623Πϕϯτ͕ɺݕग़ثϑϧ
γϛϡϨʔγϣϯͱΠϕϯτߏ࠶ʹΑͬͯͲͷΑ͏ͳͱͳΔ͔ௐͨͷͰ͋Δɻ
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ਤ 6.2: ԠؔͷྫɻδΣωϨʔλʔϨϕϧͰ 10GeV͔Β 11GeVͷྖҬͷӡಈྔΛͭ࣋το
ϓΫΥʔΫ͕ߏ࠶ʹΑΓͲͷΑ͏ͳӡಈྔͱͯ͠؍ଌ͞ΕΔ͔Λද͢ɻ

؍ʹΑΓͲͷΑ͏ͳӡಈྔͱͯ͠ߏ࠶ઢ͕δΣωϨʔλʔαϯϓϧͷใͰ͍ઢ͕͍ࠇ
ଌ͞ΕΔ͔Λද͢Ͱ͋Δɻ͜ͷ͍ઢΛ 10GeV͔Β 11GeVʹ͓͚ΔԠؔͱఆٛ͢Δɻ
͜ͷԠؔΛΛ 0͔Β 200GeV·Ͱ 1GeV͝ͱʹ ͢ΔɻδΣωϨʔλʔαϯϓϧ࡞ݸ200
ΛɺύϥϝλΛมԽͤͯ͞େྔʹ࡞͠ɺαϯϓϧͷ 1GeV͝ͱͷΠϕϯτͰಉ͡ 1GeVͷ
ྖҬͷԠؔͰৼΓ͠ɺ200ݸͷΛ͠߹ΘͤΔ͜ͱͰٖࣅతͳ࣮ݧσʔλͱΈͳ͠ɺ
ͦͷΛ༻͍ͯղੳΛਐΊ͍ͯ͘ɻਤ 6.3Ͱੑݱ࠶Λࣔ͢ɻ
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ਤ 6.3: ͷൺֱߏ࠶ͱߏ࠶ٖ

͜͜Ͱ Vtb = 0.8ͱͯ͠࡞ͨ͠δΣωϨʔλʔαϯϓϧΛ༻͍ͨݕग़ثϑϧγϛϡϨʔ
γϣϯσʔλͱɺVtb =1.0Ͱݕग़ثϑϧγϛϡϨʔγϣϯΛߏ࠶͍ߦͨ͠Λ༻͍ͯ toy

MCͰ࡞ٖͨ͠ߏ࠶Λൺֱ͍ͯ͠Δɻ͍͔ͣࡉΕʹؔͯ͠ޙ΄Ͳ͢ߟΔɻ

6.3 ςϯϓϨʔτϑΟοτ
VtbͷΛ 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)

͜͜ͰɺiϏϯͰɺ1͔Β 200·ͰͷΛͱΔɻyiRecoͱ yipreco ͦΕͧΕɺi൪ͷϏϯͷ
ॎ࣠ͷΛͱΓɺσyiReco

 yiRecoͷΤϥʔͰ͋Δɻ
ࣜ (6.1)ͷࢉܭΛɺ࡞ͨ͠શͯͷٖߏ࠶Ͱ͍ߦɺχ2 ͷΛϓϩοτͨ͠ɻͦͷάϥ

ϑͷ࠷খͷҙຯ͢Δͱ͜Ζɺ࠷͕ܗҰக͍ͯ͠Δͱ͍͏͜ͱͰ͋Δɻͦͷ࣌ͷύϥϝλ
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σʔλʹΑͬͯಘΒΕͨύϥϝλͷͱ͍͏͜ͱʹͳΔɻ·ͣɺ่յ෯ͱαsΛͦΕͧΕݧ࣮͕
ಠཱͰٻΊɺͦͷ౷ࠩޡܭಉٻʹ࣌Ίͨɻͦͷޙɺಉ࣌ଌఆ͍ߦɺਅ͔ΒͲͷఔͣΕ
Δͷ͔ͨ͠ূݕɻ

6.3.1 ่յ෯ (Γt)

·ͣɺ่յ෯ͷ͕ҟͳΔ࣌ͷӡಈྔΛ༻͍ͨղੳΛ͏ߦɻඪ४ܕͷ LOͰ่յ෯
 |Vtb|2ͷൺྫ͍ͯ͠Δ͜ͱ͔ΒɺҎ߱Ͱ VtbΛ༻͍͍ͯΔ͕ɺҙຯͱ่ͯ͠յ෯ͱಉٛͰ
͋Δɻ
·ͣɺਤ 6.5ʹ Vtbͱχ2ͷؔੑΛࣔ͢ɻ

ਤ 6.4: Vtbͷ χ2ͷάϥϑ

͜ͷ χ2ʹରͯ͠ɺ2ؔ࣍ͰϑΟοςΟϯάΛߦͳͬͨɻͦͷ݁Ռ

Vtb = 0.9959 ʶ 0.0027
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ͱͳͬͨɻࠩޡ χ2ͷ࠷খ͔Β+1ͷ࣌ͷ Vtbͷ͔Βಘͨɻ
͜ͷͱ͖ɺ|Vtb|2 = 0.9918 ʶ 0.0054ͱͳΔɻ

6.3.2 ͷ݁߹ఆ༺࡞ޓ૬͍ڧ (αs)

ͷ݁߹ఆ༺࡞ޓ૬͍ڧ (αs)ӡಈྔͷײʹܗ͕͋ΔͨΊɺଌఆ͕ՄͰ͋Δɻͨ
ͩ͠ αs ILC͕ӡస͍ͯ͠ΔࠒʹɺLHCͳͲͷϋυϩϯ࣮ݧ֨ࢠQCDʹΑͬͯ αsͷਫ਼
ີଌఆ͕ظ͞Ε͍ͯΔɻͦͷͨΊ ILCͰ่յ෯ͷΈΛଌఆ͢ΔՄੑ͕͋Δ͕ɺ͜͜Ͱ
ILCͰͷ αsͷଌఆਫ਼ΛௐΔɻ
Vtbͱಉ༷ʹ֤ٖߏ࠶ͷ χ2Λ͠ࢉܭɺਤ 6.6ͷάϥϑΛ࡞ͨ͠ɻ

ਤ 6.5: αsͷ χ2ͷάϥϑ

ͳͬͨɻͦͷ݁ՌߦͰϑοςΟϯάΛؔ࣍2

αs = 0.1189 ʶ 0.0005
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ͱͳͬͨɻࠩޡ χ2ͷ࠷খ͔Β+1ͷ࣌ͷ αsͷ͔Βಘͨɻ
͜͜ͰɺͦΕͧΕยํ͕طͷ߹ͷଌఆΛߦͳ͕ͬͨɺ྆ํະͰ͋ͬͯௐΔ͜ͱ

͕Ͱ͖ΔɻͦΕʹ͍߲ͭͯ࣍Ͱઆ໌͢Δɻ

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

ม͑ 11ɺ͜ΕΒΛ༻͍ͨશ 121௨ΓͷΈ߹Θͤʹରͯ͠ χ2 Λͨ͠ࢉܭɻ͜ͷ ݩ࣍3
ͷఈΛऔΔ͕ຊڀݚͷଌఆ๏ͰੵݟΒΕΔ Γt ͱ αs ͱ͍͏͜ͱʹͳΔɻVtb ͱ αs ΛΈ߹
Θٖͤͨߏ࠶ શͯͷݸ121 χ2Λද 6.1ʹ·ͱΊͨɻ

54



ද
6.
1:
࠶
ߏ



ͱ
ٖ
࠶
ߏ



ʹ
Α
Δ
χ
2

V
tb

0.
90

0.
92

0.
94

0.
96

0.
98

1.
00

1.
02

1.
04

1.
06

1.
08

1.
10

0.
13
0

68
2.
50
1

48
2.
23
7

37
8.
8

47
6.
14
2

61
7.
45
8

88
0.
13
7

12
65
.8
1

17
50
.5
5

23
47
.7
1

30
11
.9
1

38
10
.1
8

0.
12
8

77
8.
47
4

51
2.
71
3

31
7.
10
8

26
8.
80
3

37
5.
60
3

53
7.
95
8

88
4.
50
2

12
62
.1
7

17
95
.9
8

23
95
.0
6

31
17
.5
9

0.
12
6

94
1.
82
3

55
2.
20
3

33
0.
90
1

18
7.
91
5

19
5.
57
1

38
7.
77

60
1.
94
8

91
4.
19
8

13
84
.5
6

19
44
.2
3

25
92
.3
8

0.
12
4

11
10
.0
9

67
3.
18
4

42
5.
32
2

22
4.
60
4

16
0.
89
5

24
8.
46
7

39
2.
8

67
6.
30
4

10
74
.4
4

15
68
.3
2

21
49
.8
1

0.
12
2

13
26
.4
8

82
6.
10
4

49
8.
87
1

23
4.
66
2

15
7.
08
5

16
9.
57
4

29
2.
50
9

53
4.
93
2

84
3.
81
2

12
85
.4
9

18
53
.4
7

α
s

0.
12
0

15
47
.7
7

98
5.
24
8

60
2.
57
9

30
5.
04

15
5.
01
3

16
1.
45
5

21
5.
13
7

40
5.
15
6

71
5.
33
8

11
18
.4

16
25
.7
4

0.
11
8

17
03
.0
5

11
32
.6
6

71
7.
68
4

45
4.
42
7

25
4.
30
5

12
5.
57
5

19
9.
96
7

35
0.
89
7

60
1.
48
8

10
02
.9
5

14
29
.1

0.
11
6

18
86
.7
6

13
60
.1
7

86
3.
84
7

51
4.
95
1

29
3.
04
9

20
1.
52
4

21
2.
40
7

54
7.
87
6

54
7.
87
6

89
0.
44
8

12
90
.1
8

0.
11
4

20
33
.2
4

14
18
.0
9

95
1.
63
5

58
3.
46

34
3.
43
9

22
2.
92
3

22
1.
60
6

31
8.
69
6

54
1.
54
2

82
5.
76

12
04
.2
1

0.
11
2

21
45
.4
3

15
18
.8
5

10
13
.9

63
4.
02
1

38
1.
81
8

25
4.
59
9

23
0.
75
7

32
2.
83
6

49
5.
63
9

76
2.
6

11
38
.6
8

0.
11
0

22
22
.5
9

16
09
.0
1

10
73
.8
2

70
4.
66
2

46
4.
78
3

32
3.
91
8

26
9.
75
8

32
9.
90
8

50
5.
72

74
7.
59
1

11
12
.7
2

55



x࣠ʹ αsɺy࣠ʹ Vtbɺz࣠ʹ χ2Λϓϩοτͨ͠ߴઢΛਤ 6.7ʹࣔ͢ɻ·ͨɺಉ࠷ʹ࣌খ
ͷۙͰ 2ม ͳͬͨɻߦʹΑΔϑΟςΟϯάΛؔ࣍2

ਤ 6.6: χ2ͷߴઢͱͦͷϑΟοςΟϯά

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

ͱ ∂F (x, y)/∂y = 0͔Β࿈ཱํఔࣜΛղ͖ɺͦΕͧΕͷ࠷খΛٻΊͨɻ
͜ͷϑΟοςΟϯάʹΑͬͯɺҎԼͷ࠷খΛಘͨɻ

Vtb = 0.9933 (6.2)

αs = 0.1199 (6.3)

ਤ 6.8Ͱ 3σ(χ2ͷ࠷খ+9)·ͰͷྖҬΛࣔ͢ɻ
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ਤ 6.7: ϑΟοςΟϯάؔͷ࠷খͷۙ

ਅͰ͋Δ Vtb = 1.00ͱαs = 0.12ͱ͍͏ࠓճͷଌఆͰ 2.55σʹҐஔ͍ͯ͠Δɻαsਅ
ͱ΄ͱΜͲҰக͍ͯ͠Δ͕ɺVtbͷͣΕ͕େ͖͍ɻ͜Εٖߏ࠶ͷ࡞ʹ͓͍ͯ 1GeV͝
ͱͷԠؔΛఆٛͨͨ͠Ίɺͦͷ 1GeVͷྖҬͰͷҧ͍Λແ͍ͯ͠ࢹΔ͜ͱ͕ݪҼͩͱߟ
͑ΒΕΔɻਤ 6.9ʹ VtbͷͷҟͳΔ 3ͭͷٖߏ࠶Λࣔ͢ɻͦΕͧΕͷҎԼͷ௨ΓͰ
͋Δɻ

ࠇ : Vtb = 0.96

 : Vtb = 1.00

੨ : Vtb = 1.04
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ਤ 6.8: ͷൺֱߏ࠶ٖ

͕Β͔Ͱͳ͍ͨΊɺӡಈྔͷେ͖͍ྖҬͰͷ;Β͖ͭʹΑΔχ2ͷӨ͕ڹେ͖͘ͳͬ
͍ͯΔɻ౷ܭΛ૿͠ΛΒ͔ʹ͢Δ͜ͱɺԠؔͷྖҬΛ 1GeVΑΓ͘͢ڱΔɺ
͋Δ͍ԠؔͷఆٛΛɺߏ࠶ͨ͠ӡಈྔͱδΣωϨʔλʔϨϕϧͷӡಈྔͷ 1Πϕϯτ
ຖͷൺͱ͢ΔͳͲɺվળํ๏͍͔ͭ͑͘ߟΒΕΔɻ
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ୈ7ষ σΟεΧογϣϯ

7.1 ઌڀݚߦͷվળ
ઌڀݚߦ [2]Ͱߏ࠶ͨ͠ӡಈྔͷϐʔΫΛ༷ʑͳύϥϝλ͔Βཧతʹ༧͞ΕΔ

ϐʔΫҐஔͱൺֱ่ͯ͠յ෯ΛٻΊ͍ͯͨɻ͔͠͠ͳ͕Β͜ͷख๏ʹΑΔͱɺϐʔΫҐஔʹର
͢Δݕग़ثͷӨྀ͞ߟ͕ڹΕ͍ͯͳ͍ɻཧతͳ༧ͱͯ͠ physsimʹΑΓ͞ࢉܭΕͨӡಈྔ
ͷϐʔΫҐஔͱ VtbͷؔΛਤ 7.1ʹࣔ͢ɻҰํͰɺphyssimͰ͞ࢉܭΕͨӡಈྔʹݕ
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 ɺ͍ઢ͕ؔ࣍1 ͰͷϑΟςΟϯάؔͰ͋Δɻؔ࣍2
ਤ 7.3ͷߏ࠶ͨ͠ӡಈྔͷϐʔΫҐஔɺ

Ppeak = 19.84 ʶ 0.12GeV

Ͱ͋ͬͨɻ
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ਤ 7.3: ͨ͠τοϓΫΥʔΫͷӡಈྔͱͦͷϐʔΫҐஔߏ࠶

·ͣɺઌڀݚߦͱಉ༷ʹɺϐʔΫҐஔΛਤ 7.1͔ΒٻΊͨϑΟοςΟϯάؔʹͯΊΔͯ
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
ϐʔΫҐஔΛਤʹ࣍ 7.2ͷ ͳͬͨ߹ɺߦͰϑΟοςΟϯάΛؔ࣍1

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 ͳ͍ߦͰϑΟοςΟϯάΛؔ࣍2 VtbΛٻΊͨ߹ɺ

Vtb = 1.004 ʶ 0.009

ͱͳΔɻ͜ͷ࣌
|Vtb|2 = 1.008 ʶ 0.018

ͱͳΓɺಉ༷ʹ่յ෯Λ͢ࢉܭΔͱ

Γt = 1.512 ʶ 0.027GeV

ͱͳΔɻ
ઌڀݚߦͰࠩޡͷධՁͷΈΛߦͳ͍͕ͬͯͨɺຊղੳͰࠩޡͷධՁʹ͓͍ͯಉఔͷ݁

ՌͱͳͬͨɻΓtͷத৺ΛٻΊΔ߹ʹͪ͜Βͷख๏Ͱ͜͏ߦͱ͑ߟΒΕΔɻ࣍ʹɺVtbͱ
αs Λ 2มͱͨ͠߹ͷϐʔΫҐஔͷؔΛද 7.1ʹ·ͱΊɺͦͷ ઢͰߴϓϩοτΛݩ࣍2
ਤ 7.4ʹࣔͨ͠ɻ
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ਤ 7.4: ֤ Vtbͱ αsͷٖߏ࠶͔ΒٻΊͨϐʔΫҐஔͷ ϓϩοτݩ࣍2

ਤ 7.4͔Βɺ࣮ݧͰӡಈྔΛ࡞͠ϐʔΫҐஔΛଌఆͨ͋͠ͱɺ͜ͷϓϩοτ͔Β Vtbͱ
αsΛܾΊΑ͏ͱͯ͠ɺߴઢͷͲͷͳͷ͔ܾΊΔ͜ͱग़དྷͳ͍ɻҰྫͱͯ͠ɺਤ 7.5Ͱɺ
ϐʔΫ͕ಉ͕ͩ͡ύϥϝλ͕ҟͳΔ 2ͭͷςϯϓϨʔτΛൺֱͨ͠ɻ
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ਤ 7.5: ಉ͡ϐʔΫҐஔͰύϥϝλͷ͕ҟͳΔӡಈྔ

ਤ 7.5͔ΒΘ͔ΔΑ͏ʹɺVtbͱ αsͷ͕ҟͳ͍ͬͯͯϐʔΫҐஔಉ͕͡ଘ͢ࡏΔɻ
͔͠͠ͷܗʹҧ͍͕ݱΕ͍ͯΔͨΊɺςϯϓϨʔτϑΟοτͰͦͷҧ͍Λࣔ͢͜ͱ͕Ͱ
͖Δɻ
ϐʔΫҐஔΛར༻ͨ͠ଌఆͰɺͲͪΒ͔͕طʹਫ਼ີͳΛ࣮݁ݧՌͱͯ͠ಘ͍ͯͳ͚Ε

͏ҰํͷΛಘΔ͜ͱ͕ࠔͰ͋Δ͕ɺςϯϓϨʔτϑΟοτͰ͋Εಉ࣌ଌఆͷ߹Ͱ
ยํ͕طͰ͋ͬͯਫ਼ͷ͍ߴଌఆ͕ՄͰ͋Δ͜ͱ͕Θ͔ͬͨɻ

7.2 ͷలޙࠓ
ຊڀݚτοϓΫΥʔΫରͷηϛϨϓτχοΫϞʔυͷΈΛར༻͕ͨ͠ɺϑϧϋυϩχοΫ

ϞʔυͱϑϧϨϓτχοΫϞʔυͷղੳඞཁͰ͋Δɻ·ͨଟ͘ͷഎࣄܠ͕ଘ͢ࡏΔͨΊɺ
ͦΕΒΛྀ͠ߟͳ͚ΕͳΒͳ͍ɻ͜ΕΒޙࠓͷ՝Ͱ͋Δɻ
·ͨɺtoy MCʹΑΔٖߏ࠶ͷ࡞ʹ͓͍ͯɺϏϯ෯Λ 1GeVͱ͍͕ͯͨ͠ɺ1GeVͷ

෯ͷதʹύϥϝλͷӨؚ͕ڹ·ΕΔͨΊɺີݫʹਖ਼͍͠ख๏Ͱͳ͍ɻྫ͑δΣωϨʔλʔ
αϯϓϧͷใͱߏ࠶ͷใͷࠩΛ֬ؔͱͯ͠ద༻͢Δ͜ͱͰɺδΣωϨʔλʔα
ϯϓϧͷӡಈྔͷͦΕͧΕʹରͯ͠ԠؔΛద༻ͤ͞Δͱ͍͏ख๏͕͋Δɻ͋Δ͍δΣ
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ωϨʔλʔαϯϓϧͷύϥϝλΛม͑ͨͷ֤ӡಈྔͷͷൺΛߏ࠶ʹॏΈ͚͠ɺ
ΒΕΔɻ͑ߟͱ͢Δखஈߏ࠶ٖ
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ୈ8ষ ·ͱΊ

ૉཻࢠඪ४ܕૉཻࢠͷཧΛهड़͢ΔϞσϧͱͯ͠ɺ༷ʑͳ࣮݁ݧՌͱҰக͍ͯ͠Δɻ
ҰํͰɺඪ४ܕͰઆ໌Ͱ͖ͳ͍ཧݱଟ͘ଘ͍ͯ͠ࡏΔɻૉཻࢠཧֶͰඪ४
ܕͷূݕͱ৽ཧ୳ࡧΛతͱ࣮ͨ͠ݧΛ͜͏ߦͱ͕ॏཁͳςʔϚͱͳ͍ͬͯΔɻ
τοϓΫΥʔΫඪ४ܕͷதͰ࠷ॏ͘ɺͦͷ่յ෯QCDεέʔϧʹൺɺΔ͔ʹେ

͖͍ɻτοϓΫΥʔΫͷ่յ෯ͷଌఆඪ४ܕͷূݕ৽ཧͷ୳͕ࡧՄͰ͋Δ͜ͱ͔Βɺ
ॏཁͳڀݚͰ͋Δɻ·ͨɺ͍ڧ૬࡞ޓ༻ͷ݁߹ఆͷଌఆQCDͷূݕͱͯ͠ॏཁͳҙຯΛ
Λ༩͑ΔͨΊɺILCͰͷτοڹɻ͜ΕΒ̎ͭͷͲͪΒτοϓΫΥʔΫͷӡಈྔʹӨͭ࣋
ϓΫΥʔΫରੜᮢྖҬͰͷτοϓΫΥʔΫରੜΠϕϯτΛݕग़ثϑϧγϛϡϨʔγϣϯ
Λ༻͍ͯੵϧϛϊγςΟ200fb−1 ͷ౷ܭσʔλΛ༻͍ͯτοϓΫΥʔΫͷӡಈྔΛ࡞
͠ɺͦͷ͔Β͜ΕΒΛٻΊΔղੳख๏ͷ։ൃڀݚΛͨͬߦɻ
ઌڀݚߦͰϑϦʔύϥϝλͰ͋Δ αs VtbΛݻఆ͠δΣωϨʔλʔαϯϓϧʹݕग़ثϑϧ

γϛϡϨʔγϣϯΛ࣮͠ߦӡಈྔͷߏ࠶ΛͨͬߦɻຊڀݚͰ͜ΕΒϑϦʔύϥϝλͷ
Λࣗ༝ʹબ͠ɺେྔͷݕग़ثϑϧγϛϡϨʔγϣϯσʔλΛ࡞ͦ͠ΕΒͻͱͭͻͱͭͷ
σʔλͱൺֱ͢Δ͜ͱͰఆྔతʹධՁ͠ϑϦʔύϥϝλͷΛܾఆ͢Δݧͷ࣮ࡍͷҧ͍Λ࣮ܗ
ख๏Λͨ͠ࢦɻ͔͠͠ɺେྔͷݕग़ثϑϧγϛϡϨʔγϣϯσʔλΛಘΔʹେͳؒ࣌ͱ
σʔλྔΛඞཁͱ͢ΔͨΊ࣮ݱతͰͳ͍ɻͦ͜Ͱɺ̍ͭͷ࣮ݧσʔλ͔Βݕग़ثߏ࠶ͷ
ӨڹΛಡΈऔΓɺେྔͷδΣωϨʔλʔαϯϓϧʹͦͷӨڹΛԠؔͱͯ͠ॏΈ͚ٖ͠࠶
ͷҧ͍ΛఆྔతʹධՁͨ͠ɻ͜ܗςϯϓϨʔτϑΟοτʹΑͬͯޙͨ͠ɻͦͷ࡞Λߏ
ͷ݁ՌɺαsΛݻఆͨ࣌͠ͷ VtbͷଌఆͰɺ

Vtb = 0.9959 ʶ 0.0027

VtbΛݻఆͨ࣌͠ͷ αsͷଌఆͰɺ

αs = 0.1189 ʶ 0.0005

Vtbͱ αsͷಉ࣌ଌఆͰ,

Vtb = 0.9933

αs = 0.1199
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ͱ͍͏݁ՌͱͳΓɺਅ͔Β 2.55МͷζϨͰଌఆͰ͖Δ͜ͱ͕Θ͔ͬͨɻ͜ͷͣΕٖߏ࠶
࡞ख๏ͷվળʹΑͬͯߋʹਫ਼͕ྑ͘ͳΔͱ͑ߟΒΕΔɻ
·ͨɺઌڀݚߦͰαsΛݻఆ͠ӡಈྔͷϐʔΫҐஔͷใ͔Β่յ෯ΛੵݟΔ͜ͱΛ

Δ͜ͱੵݟɺαsΛܾΊΔ͜ͱ͕Ͱ͖ͳ͚ΕɺϐʔΫͷใ͚ͩͰ่յ෯Λ͕͍ͨͯͬߦ
Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻ͜ͷ͔Βɺຊڀݚͷղੳख๏͕༏ҐͰ͋Δ͜ͱ͕Θ͔ͬͨɻ
ຊڀݚτοϓΫΥʔΫରੜͷηϛϨϓτχοΫϞʔυͷղੳΛ͕ͨͬߦɺϑϧϨϓτχο

ΫϞʔυϑϧϋυϩχοΫϞʔυͷղੳɺ·ͩ e+e−ˠW+W−ͳͲͷഎࣄܠͷআڈͷڀݚ
ඞཁͰ͋Δɻ
·ͨɺٖߏ࠶ͷ࡞ʹ͓͍ͯɺδΣωϨʔλʔαϯϓϧͰ 1GeVຖͷྖҬͰԠؔ

Λఆ͕ٛͨ͠ɺີݫʹແݶখͷ෯ͰԠؔΛ࡞͠ͳ͚ΕͳΒͳ͍ɻ͜Εʹؔͯ͠࠶
͞ظͨ͠ӡಈྔͱδΣωϨʔλʔαϯϓϧͷӡಈྔͷൺ͋Δ͍ࠩΛͱΔख๏Ͱվળ͕ߏ
ΕΔɻ
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ँࣙ

ຊڀݚΛ͏ߦʹ͋ͨΓɺଟ͘ͷํʑͷ͕͋ྗڠΓ·ͨ͠ɻ
ຊઌੜʹຊςʔϚΛ༩͍͖͑ͯͨͩɺILCͷηϛφʔղੳϛʔςΟϯάɺάϧʔϓϛʔࢁ

ςΟϯάͳͲͰڀݚͷΞυόΠεΛ͍͖ͨͩ·ͨ͠ɻ·ͨɺڀݚҎ֎ͷ໘Ͱɺ৺ݴ͓͍ڧ༿
ྭ·͠Λ͍͖ͨͩɺޙ࠷·ͰΓ͖Δ͜ͱ͕Ͱ͖·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ༩ಹྮ
ઌੜɺࢲͷम࢜ 1ͷՆ͔ࠒΒࣨڀݚʹདྷΒΕɺղੳͷઓུϓϩάϥϛϯάΛ͍ͨͯ͑ڭ
͖ͩ·ͨ͠ɻ·ͨɺ༷ʑͳ໘Ͱॿ͚͍͖ͯͨͩɺେม͓ͯ͠ँײΓ·͢ɻࠤ؏ઌੜͱྮઌ
ੜηϛφʔͰ͓ੈʹͳΓ·ͨ͠ɻ
·ͨɺILCͷཧάϧʔϓͷօ༷ʹ͍ͨ͠ँײ·͢ɻಛʹKEKͷ౻Ҫ༷ʹຊڀݚͷཧ

ʹؔ͢Δ૬ஊٙͳͲʹɺ͓͍͠த͓͍͖͑ͨͩ·ͯ͋͠Γ͕ͱ͏͍͟͝·ͨ͠ɻ
ᘯ͞Μʹಉ͡౻ࠤʹͷֶੜͷօ༷ʹେม͓ੈʹͳΓ·ͨ͠ɻಛࣨڀݚ ILCͷཧղੳ

Λ͍ͬͯͨͱ͍͏ԑ͋ΓɺڀݚͷߟࢀʹͳΔॿݴΛଟ͍ͨͩ͘͘͜ͱ͕Ͱ͖·ͨ͠ɻڀݚ
ࣨͷօ༷ͱڀݚҎ֎Ͱָ͍ؒ࣌͠Λڞ༗Ͱ͖·ͨ͠ɻ
ຊ ILCʹͱͬͯຊͷڐՄΛಘΔͱ͍͏ॏཁͳϛογϣϯ͕༩͑ΒΕͨͰͨ͠ɻ

2018Ͱͷ݁ݟૹΒΕɺ2019 3݄·Ͱ͕ݶظԆʹͳΓ·ͨ͠ɻඇৗʹ͍͠ݫঢ়ͩگ
ͱฉ͍͓ͯΓ·͕͢ɺ࣮͢ݱΔ͜ͱΛ͓ͯͬئΓ·͢ɻຽؒۀاͷब৬ͱ͍͏ಓΛબ͢Δ
͜ͱʹͳΓ·͕ͨ͠ɺILCͷͱཧֶͷߋͳΔൃలΛف೦͓ͯ͠Γ·͢ɻ
Λड़ɺँײΕͨՈͷͯ͑͘ࢧΛࢲɺ͜͜·Ͱ͖͍ͩͨͯ͠ڐɺେֶӃͷਐֶΛʹޙ࠷

ँࣙͱ͍͖ͤͯͨͩ͞·͢ɻ
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