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֓ཁ

ೆ෦-Goldstone ͷఆཧʹΑΔͱɼେҬతରশੑ͕ࣗൃతʹഁΕΔͱഁΕͨରশੑͷͱ
͍͠ͷθϩ࣭ྔͷཻࢠʢೆ෦ΰʔϧυετϯϘιϯ,NGBʣ͕ग़͢ݱΔɽͨͩ͠ɼରশ
ݺٖೆ෦ΰʔϧυετϯϘιϯͱࢠ࣭ྔΛ֫ಘ͠ɼ͜ͷཻࢠతͳ߹ཻࣅ͕ۙੑ

ΕΔɽώοάεϘιϯʢ125GeV/c2ʣΧΠϥϧରশੑͷࣗൃతഁΕʹ͍ग़͢ݱΔٖೆ෦

ΰʔϧυετϯϘιϯͰ͋Δ π0 தؒࢠʢ135MeV/c2ʣͳͲ 2 ͕ࢠյ͢Δ่ཻʹࢠޫ 3 ܻ
ҟͳΔΤωϧΪʔྖҬʹଘ͢ࡏΔ͜ͱ͔ΒɼଞͷΤωϧΪʔྖҬʹಉ༷ʹޫͱ݁߹͢Δ

ະͷରশੑ༝དྷͷཻ͕ࢠଘ͢ࡏΔ͜ͱ͕͑ߟΒΕΔɽPeccei-QuinnରশੑͷࣗൃతഁΕ
ʹ͍ݱΕΔΞΫγΦϯɼεέʔϧରশੑͷഁΕʹ͏σΟϥτϯ͕ͦͷྫͱͯ͛͠ڍ

ΒΕΔɽ࣭ྔ͕ 10−7ʙ10−6 eV/c2 ྖҬͷΛ୳͢ࡧΔ࣮ݧͱͯ͠ɼGHz ଳϚΠΫϩΛ
ूޫ͢Δ͜ͱΛ༻͍ͯະΛհͨ͠ޫࢄࢠޫ-ࢠཚΛ୳͢ࡧΔख๏͕ఏҊ͞Ε͍ͯΔ [1]ɽ
୳ݧ࣮ࡧͰɼ͍ॏ৺ܥΤωϧΪʔڞ໐ঢ়ଶΛͭ͘Γͩ͢ʮੜޫʯͱɼڞ໐Λಛఆͷऴ

ঢ়ଶͱ༠ಋ͢Δʮ༠ಋޫʯΛ༻͍Δɽ͜ΕΒೋछྨͷ GHzଳϚΠΫϩΛूޫ͢Δޫֶ
ཧΛཱ֬ݪ࡞ɾಈܭͷઃڸ͕Մมͳඇ࣠์໘ڑͷతɼযڀݚඞཁͰ͋Δɽຊ͕ܥ

͠ɼௐ๏ͳͲΛशಘ͢ΔͨΊͷϓϩτλΠϓΛ͢࡞ࢼΔ͜ͱͰ͋ΔɽຊڀݚͰɼࣗ༝ۭ

ؒͰͷϚΠΫϩूޫޫֶܥͷઃܭɾ։ൃΛߦͳ͍ɼزԿޫֶΛԾఆ͢ΔͱɼϨʔβʔฏߦ

ϏʔϜΛॎ 8.6cmɼԣ 15cmͷྖҬ·ͰूޫՄͳযڑ͕ 5 mఔͰՄมͰ͋Δඇ࣠
์໘ڸΛ͠࡞ಘΔ͜ͱΛࣔͨ͠ɽ
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1

ୈ 1ষ

ং

1.1 ඪ४ܕ

ΫΥʔΫͱϨϓτϯ࣭Λߏ͢Δ࠷খ୯ҐͰ͋Δૉཻͩࢠͱ͑ߟΒΕ͍ͯΔɽͦΕ

ͧΕ 3ੈ 6छྨͷཻ͕֬ࢠೝ͞Ε͍ͯΔʢද 1.1ʣɽཻࢠεϐϯͷͷͱε
ϐϯͷͷʹྨ͞ΕɼεϐϯͷཻࢠΛϘιϯʢϘʔεཻࢠʣͱ͍͍ɼͷཻࢠΛ

ϑΣϧϛΦϯʢϑΣϧϛཻࢠʣͱ͍͏ɽΫΥʔΫͱϨϓτϯશͯϑΣϧϛΦϯͰ͋Δɽ

ද 1.1: ࣭Λߏ͢Δૉཻࢠ

ୈҰੈ ୈೋੈ ୈੈࡾ

ΫΥʔΫ
uʢΞοϓʣ cʢνϟʔϜʣ tʢτοϓʣ

dʢμϯʣ sʢετϨϯδʣ bʢϘτϜʣ

Ϩϓτϯ
e−ʢిࢠʣ µ−ʢϛϡʔཻࢠʣ τ−ʢλཻࢠʣ

νeʢిࢠχϡʔτϦϊʣ νµʢϛϡʔχϡʔτϦϊʣ ντʢλχϡʔτϦϊʣ

ཅࢠೋͭͷ u ΫΥʔΫͱҰͭͷ d ΫΥʔΫ͔ΒΓɼதੑࢠҰͭͷ u ΫΥʔΫͱ

ೋͭͷ d ΫΥʔΫ͔ΒΔɽΫΥʔΫ͔ͭࡾΒΔཻࢠΛόϦΦϯͱ͍͍ɼΫΥʔΫͱ

ΫΥʔΫ͔ΒΔϝιϯʢதؒࢠʣͱ͍͏ɽόϦΦϯͱϝιϯΛ·ͱΊͯϋυϩϯͱݺͿɽ

࣭ؒͷ૬࡞ޓ༻ɼ͍ڧ૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼऑ͍૬࡞ޓ༻ɼॏྗ૬࡞ޓ༻ͷ࢛छ

ྨ֬ೝ͞Ε͍ͯΔɽ͍ڧ૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼऑ͍૬࡞ޓ༻ʹؔͯ͠ɼͦΕΒΛഔհ

͢ΔήʔδϘιϯ͕ଘ͠ࡏɼͦΕͧΕάϧʔΦϯɼޫࢠɼWɾZϘιϯʢ·ͱΊͯΟʔΫ
Ϙιϯͱ͍͏ʣͱݺΕΔʢ1.2ʣɽάϥϏτϯʢॏྗࢠʣॏྗ૬࡞ޓ༻Λഔհ͢ΔͱݴΘ
Ε͍ͯΔήʔδϘιϯͰɼ2020 Ͱ͋Δɽݟະൃࡏݱ2݄
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ද 1.2: ྗΛഔհ͢Δૉཻࢠ

૬࡞ޓ༻ͷछྨ ήʔδཻࢠ ౸ୡڑ ૬ରతͳ݁߹ఆͷେ͖͞

༺࡞ޓ૬͍ڧ gʢάϧʔΦϯʣ ʙ10−15m 1
༺࡞ޓ૬ؾ࣓ి γʢޫࢠʣ ∞ 1

137

ऑ͍૬࡞ޓ༻ Z,W±ʢΟʔΫϘιϯʣ ʙ10−17m ʙ10−5

ॏྗ૬࡞ޓ༻ άϥϏτϯʁ ∞ ʙ10−39

͜ΕʹՃ͑ɼཻ ͱͯ͠ɼ2012ࢠΛ༩͑Δཻྔ࣭ʹࢠ 7݄ʹԤभߏػڀݚ֩ࢠݪʢCERNʣ
ͷେܕϋυϩϯিಥܕՃثʢlarge hadron collider, LHCʣͰώοάεཻ͔ͨͬͭݟ͕ࢠɽ
ඪ४ܕʢstandard model, SMʣͱࣗવքʹ͓͚Δॏྗ૬࡞ޓ༻Ҏ֎ͷ͍ڧɼి࣓ɼऑ

͍૬࡞ޓ༻ʹ͍ͭͯͷૅجཧͰ͋Γɼిऑ૬࡞ޓ༻ʹؔ͢Δάϥγϣʔ-ϫΠϯόʔά-α
ϥϜʢGlashow Weinberg Salam, GWSʣཧɼ͍ڧ૬࡞ޓ༻ʹؔ͢Δྔࢠ৭ྗ ʢֶquantum
chromodynamics, QCDʣɼώοάεߏػʹΑΔϑΣϧϛΦϯͷ࣭ྔ֫ಘʹ͍ͭͯͷཧɼ
ΫΥʔΫͷੈؒࠞ߹ʹ͍ͭͯͷখྛɾӹཧͷ૯শͰ͋Δɽ

ඪ४ཧଟ͘ͷཧݱΛઆ໌͢Δ͜ͱʹޭ͍ͯ͠Δ͕ɼ҉ࠇ࣭ͷଘࡏɼόϦΦϯ

ͷഁΕɼΠϯϑϨʔγϣϯͳͲඪ४ཧͰઆ໌Ͱ͖ͳ͍ݱͰ͋Γɼඪ४ཧΛ͑

ͨ৽ཧཧͷख͕͔ΓʹͳΔͱ͞Ε͍ͯΔɽ·ͨɼඪ४ཧʹཧతʹܾఆ͢Δ͜

ͱͷͰ͖ͳ͍ύϥϝʔλʔʢ25 ɼθCPݸ ΛೖΕΔͱ 26 ʣΛؚΉɽ12ݸ छྨͷΫΥʔΫɾ
Ϩϓτϯͷ࣭ྔ muɼmdɼmcɼmsɼmtɼmbɼmeɼmµɼmτɼmν1ɼmν2ɼmν3 ͱήʔδ૬ޓ૬

Λද͢͞ڧͷ༺࡞ޓ αɼGFɼαS ͱώοάεͷਅۭظͱώοάεཻࢠͷ࣭ྔ vɼmHɼ

ྻߦͱΧϏϘɾখྛɾӹʢCKMʣྻߦʢPMNSʣాࡔͼɼϙϯςίϧϘɾɾதɾٴ
Λද͢ θ12ɼθ13ɼθ23ɼδɼλɼAɼρɼη Ͱ͋Δɽ͜Εʹޙड़͢Δɼ

θCP ≃ 0 (1.1)

ΛؚΊΔ߹͋Δɽ͜ΕΒͷύϥϝʔλʔ࣮ݧ؍ଌ͔Βܾఆ͞Εɼ্هͷແடংύ

ϥϝʔλʔΛඪ४ཧͰ༧͢ݴΔ͜ͱͰ͖͍ͯͳ͍ [2]ɽ

1.2 ࣭ࠇ҉

ӉΛߏ͢Δ࣭ͷ͏ͪඪ४ܕͰཧղ͞Ε͍ͯΔ࣭ͷׂ߹Θ͔ͣ 5% ͰɼΓ
ͷ 68%҉ࠇΤωϧΪʔɼ27%҉ࠇ࣭ͱΑΕΔͷͰ͋Δ [3]ɽ
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ਤ 1.1: PlanckӴʹΑΔ؍ଌ݁ՌɽόϦΦϯ࣭ɼ҉ࠇ࣭ɼ҉ࠇΤωϧΪʔͷׂ߹ [3]ɽ

ཧֶͷະղܾͷҰͭͱͯ͠҉ࠇ࣭ͷݕग़͕͛ڍΒΕΔɽ҉ࠇ࣭͕ଘ͢ࡏ

Δ͜ͱॏྗϨϯζޮՌͳͲ͔Βؒతʹ͔֬ΊΒΕ͍ͯΔ͕ɼະͩݕग़͞Εͨ͜ͱ

ͳ͍ɽ҉ࠇ࣭ͷ୳ࠪ๏ҎԼͷ 3ͭͷํ๏ʹେผ͞ΕΔ [4]ɽ

• ՃثΛ༻͍ͯ҉ࠇ࣭Λੜ͢Δํ๏
• Ӊۭؒʹඬ͏҉ࠇ่࣭͕յͨ͠৴߸Λݕग़͢Δํ๏
• पғʹඬ͏҉ࠇ࣭Λݕग़ثͰ୳ࠪ͢Δํ๏

࣭ͷީิͱͯ͠ࠇ҉ weakly interacting massive particlesʢWIMPʣɼΞΫγΦϯɼες
ϥΠϧχϡʔτϦϊͳͲ͕͑ߟΒΕ͍ͯΔɽ

WIMP ͱ 10 GeV/c2 ͔Β TeV/c2 ྖҬʹଘ͢ࡏΔ࣭ͱऑ݁͘߹͢ΔཻࢠͰ͋

ΔɽݱͷૉཻࢠཧֶͰɼӉͷԹ͕ྫྷ͑ΔʹͭΕͯɼରশੑ͕ഁΕɼSM ͷΤ

ωϧΪʔεέʔϧͷ૬ݱ͕༺࡞ޓΕͨͱ͑ߟΒΕ͍ͯΔɽ͍ߴΤωϧΪʔྖҬʹ͓͍

ͯॏྗҎ֎ͷऑ͍૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼ͍ڧ૬࡞ޓ༻Λ౷Ұ͢ΔཧΛେ౷Ұཧ

ʢgrand unified theoryʣͱ͍͏ɽେ౷ҰཧͷΤωϧΪʔεέʔϧͱి࣓૬࡞ޓ༻ͷεέʔ
ϧ͕େ͖͘ҟͳ͍ͬͯͯෆࣗવͰ͋Δɽ͜ΕΛղܾ͢ΔͨΊʹಋೖ͞Εͨͷ͕ɼରশ

ੑʢsupersymmetry,SUSYʣͰ͋ΔɽରশੑͱϑΣϧϛΦϯͱϘιϯͷؒͷରশੑͰɼ
ද 1.1ɼ 1.2ͷඪ४ཧͷཻͦࢠΕͧΕʹର͠ɼରশੑཻࢠͷϖΞ*1͕ଘ͢ࡏΔ͜ͱ͕༧

,ʢLSPࢠ͍ܰରশੑཻ࠷Ε͍ͯΔɽ͞ݴ lightest supersymmetric particleʣWIMP

*1 ϑΣϧϛΦϯʹϘιϯͷϖΞɼϘιϯʹϑΣϧϛΦϯͷϖΞ
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ͷީิͱͳΓ͏Δ [5][6]ɽ
ΞΫγΦϯ Peccei-QuinnରশੑʢPQରশੑʣͷഁΕʹ͍͋ΒΘΕΔٖೆ෦-ΰʔϧ

υετϯϘιϯʢpseudo Nambu Goldstone boson, p-NGBʣͰɼ࣭ྔ͕ 0.2 eV/c2 ΑΓܰ

͍ͱ͖ʹ҉ࠇ࣭ͷީิͱͳΓ͏Δɽਤ 1.2ͷ੨͍ྖҬଘ٫͞غ͕ࡏΕͨྖҬ [5]ɽ

ਤ 1.2: ΞΫγΦϯͷ࣭ྔҬɽ੨͍ྖҬఱମ؍ଌʹΑͬͯ٫͞غΕ͍ͯΔɽϐϯΫͷྖҬ
ɼ҉ࠇ࣭ͷީิͱͳΓ͏ΔྖҬɽփ৭࣮ݧ୳ߦ͕ࡧΘΕ͍ͯΔ/ߦΘΕ͍ͯͨྖҬɽ
࣠ΞΫγΦϯͷ࣭ྔ [5]ɽ

χϡʔτϦϊӉʹޫࢠͱಉఔଘ͢ࡏΔͨΊɼΘ͔ͣͰχϡʔτϦϊʹ࣭ྔ͕

͋ΔͳΒ҉ࠇ࣭ͷީิͱͳΓ͏Δɽ͔͠͠ɼ͍ܰχϡʔτϦϊ૬ରతʹӡಈ͠ʢ

Λઆ໌Ͱ͖ͳ͍ͨΊɼχϡʔτϦϊͷΈ͕ߏن࣭Ӊͷখࠇ࣭ʣɼ͍҉ࠇ҉͍

࣭Ͱ͋Δ͜ͱ൱ఆ͞Ε͍ͯΔࠇ҉ [7]ɽ
εςϥΠϧχϡʔτϦϊ keV/c2 ྖҬͷ SU(2)×U(1)Y Ұॏ߲χϡʔτϦϊͰ

ʮcusp/core ʯΛղܾ͢Δɽcusp/core ͱ dark matter halo த৺෦ͷີ
͕ཧͱ؍ଌͰ৯͍ҧ͏ͷ͜ͱͰ͋ΔɽཧͰɼத৺ີ͕ൃ͢ࢄΔ͜ͱʢcusp
ଌʹΑΔͱத৺ີ͕ฏୱʢcore؍ʣ͕༧͞Ε͍ͯΔ͕ɼߏ ʣͱͳ͍ͬͯΔߏ
[5]ɽ
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1.3 ΤωϧΪʔࠇ҉

ԕํͷ Ia ଌ݁Ռ͔ΒӉ͕Ճு͍ͯ͠Δ͜ͱ͕໌Β͔ͱͳͬͨɽ؍৽രൃͷܕ
ଞʹӉഎܠࣹ (cosmic microwave background, CMB) όϦΦϯԻڹৼಈ (baryon
acoustic oscillation, BAO) ͳͲͷ؍ଌ݁Ռ҉ࠇΤωϧΪʔͷଘࡏΛཪ͚͍ͯΔɽΞΠ
ϯγϡλΠϯํఔ͔ࣜΒɼӉͷுՃʹ͍ͭͯɼ

ä
a
=−4πG

3
(ρ +3p)+

Λ
3

(1.2)

͕Γཱͭɽρ ΤωϧΪʔີɼp ѹྗɽa εέʔϧҼࢠͱݺΕΔ͚ͩؒ࣌ͷؔ

ͰӉ͕શମͱͯ͠ுͨ͠Γऩॖͨ͠Γ͢ΔईΛද͢ɽӈลୈҰ߲௨ৗͷΤωϧ

Ϊʔ ρ + 3p ͕ਖ਼Ͱ͋Δ͔ΒෛͱͳΔɽ͜ΕӉ͕ऩॖ͢Δ͜ͱΛࣔ͢ɽӉఆ

ʢӈลୈೋ߲ʣྺ࢙తʹΞΠϯγϡλΠϯʹΑͬͯɼ࣭ͷॏྗΛଧͪফͯ͠੩ࢭӉ

ͱ͢ΔͨΊʹಋೖ͞ΕͨɽுӉਖ਼ͷӉఆʹΑͬͯ؆୯ʹઆ໌Ͱ͖Δɽ͜ͷଞ

ʹɼ·͍͔ͩͯͬͭݟͳ͍ΤωϧΪʔ͕ଘ͢ࡏΔͱओு͢Δཱ͋Δɽ͜ͷະͷΤω

ϧΪʔΛ҉ࠇΤωϧΪʔͱݺͿ [8]ɽ
ຊڀݚͷۃڀతͳ؍ଌରσΟϥτϯͱݺΕΔεΧϥʔͷҰछͰ͋ΔɽσΟϥτ

ϯɼ༗ݶ౸ୡڑͷॏྗݯͱଊ͑ΒΕɼ҉ࠇΤωϧΪʔݯͷީิͱͳΔɽ͍যڑ

ͷύϥϘϥϛϥʔΛ༻͍ͯ GHzଳϚΠΫϩΛूޫ͢Δ͜ͱʹΑΓσΟϥτϯ͕༧͞Ε
ΔΤωϧΪʔྖҬͷ୳ࡧΛ͜͏ߦͱ͕Ͱ͖Δɽ

1.4 ରশੑͷഁΕͱΞΫγΦϯ

ରশੑͷഁΕɼ࣍ͷࡾछྨʹྨ͞ΕΔɽ

• ໌ࣔతͳରশੑͷഁΕ
• ࣗൃతͳରশੑͷഁΕ
• ҟৗʹΑΔରশੑͷഁΕࢠྔ

ೆ෦-Goldstone ఆཧʹΑΔͱɼܥͷେҬత࿈ଓରশੑ͕ࣗൃతʹഁΕͨ߹ɼഁΕͨର
শੑͷ͚࣭ͩྔ 0ͷཻࢠʢNambu Goldstone boson, NGBʣ͕৽ͨʹग़͢ݱΔɽͨͩ͠ɼ
HiggsߏػͰ NGB͕ൃੜ͢Δ͔ΘΓʹήʔδ͕࣭ྔΛ֫ಘ͢Δɽ
ඪ४ܕͷ QCD Lagrangian  CP ରশͳ߲ͱ CP ඇରশͳ߲͕ଘ͢ࡏΔɽྵ࣭ྔ

ͷΫΥʔΫ͔ΒͳΔܥͷ QCD Lagrangian ͍ڧ૬࡞ޓ༻ʹؔͯ͠ SUL(3)× SUR(3)×
UV (1)×UA(1) มʹରͯ͠ରশͰ͋ΔɽSUL+R(3) ରশੑ͕ࣗൃతʹഁΕΔ͜ͱʹΑΓɼ

pNGB ͱͯ͠ π0ɼπ±ɼK0ɼK0ɼK± ͱ η த͕ؒࢠग़͢ݱΔɽUA(1) ରশੑ͕ࣗൃతʹഁ
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ΕΔ͜ͱʹΑΓ η ′ த͕ؒࢠग़͢ݱΔɽπ0 தؒࢠͱ η ′ தؒࢠͷ࣭ྔɼ

mη ′ ≤
√

3mπ0 (1.3)

ͱ༧͞Ε͍ͯΔ͕ɼ࣮ݧʹΑΔͱ mπ = 135MeV/c2ɼmη ′ = 985MeV/c2 ͕ಘΒΕΔɽ͜

ͷໃ६Λ U(1)A ͱ͍͏ɽCP ରশͰ͋Δ QCD Lagrangian ʹ৽ͨʹ CP ରশͰͳ͍
߲ΛՃ͑Δ͜ͱʹΑΓɼ͜ͷղܾ͞ΕΔɽ

LSM = L0 +
g2θCP

32π2 Gα
µν G̃µν

α (1.4)

Ga
µν άϧʔΦϯͷ͞ڧςϯιϧͰ͋Δɽ͜͜Ͱ৽ͨʹಋೖ͢ΔਅۭΛ θ ਅۭͱݺͿɽ
ͷྔࢠʹ͓͚Δਅۭʢࣗ༝ਅۭʣͱɼཻࢠͷ૯ݸԋࢠࢉͷݻ༗ 0 ΛͱΔঢ়ଶͰ
͋Δɽ૬࡞ޓ༻͕ଘ͢ࡏΔ߹ɼཻࢠͷԾతͳੜͱফ໓ʹΑΓਅۭภ͖ى͕ۃΔͨ

Ίఆৗঢ়ଶͰͳ͘ͳΔɽࣗ༝ͱ૬࡞ޓ༻Λ͠ͳ͍ϋΠθϯϕϧάදࣔͰਅۭภ

Τω࠷ఆٛ͞Εͳ͍ͨΊɼϋϛϧτχΞϯͷ͕ࢠࢉԋݸʹͳ͍ΘΓ͖ىͷۃ

ϧΪʔݻ༗ΛͱΔঢ়ଶ͕ਅۭͱఆٛ͞ΕΔɽ

ΠϯελϯτϯͷڀݚʹΑΓ͖ר͖Ͱ۠ผ͞ΕΔΑ͏ͳઁಈతͳਅۭͷߏ͕ଘ

͖Λ͖רΔ͜ͱ͕͔ͬͨɽ͜ͷਅۭ͍ͯ͠ࡏ 1 ͚ͩม͑Δήʔδม T1 ʹର͠

ͯෆมͰͳ͍ɽͦ͜Ͱ৽ͨʹ T1 ʹରͯ͠ήʔδෆมͳ͖͖ͭרʹ͍ͭͯແݶʹॖୀ͠

ͨਅۭ͕ಋೖ͞Εͨɽ͜ͷਅۭΛ θ ਅۭͱݺͼɼ༗ޮϥάϥϯδΞϯʹແݩ࣍ύϥϝʔλ
θCP ͕ೖΔʢࣜ 1.4ʣɽ
ͱ͜Ζ͕ɼதੑؾిࢠࢠۃϞʔϝϯτͷଌఆΑΓɼ

|θCP|! 10−9 (1.5)

ͱͳ͓ͬͯΓɼඪ४ཧͷϑϦʔύϥϝʔλͷҰ͕ͭ 0 ͱͳΓɼෆࣗવͰ͋Δɽ͜ͷ
Λ͍ڧ CPͱ͍͏ɽ
ͦ͜Ͱɼ৽ͨʹ Peccei-Quinnରশੑ UPQ(1)Λಋೖ͢Δ͜ͱʹΑΓ͍ڧ CPΛղܾ

͢ΔɽΞΫγΦϯ PQ ରশੑͷࣗൃతഁΕʹ͍ग़͢ݱΔཻࢠͰ͋Δɽ৽ͨͳϥάϥϯ
δΞϯɼ

LSM = L0 +
1
2

∂µ φa∂ µ φa +
g2

32π2 (θCP +
φa

fa
)Gα

µν G̃µν
α (1.6)

ͱॻ͖͢͜ͱ͕Ͱ͖Δ [9]ɽӈลୈ߲ࡾ

θCP +
φa

fa
(1.7)

͕ 0ͱͳΕྑ͘ɼ
|θCP|∼−φa

fa
(1.8)

ΞΫγΦϯͷಋೖʹΑͬͯɼϑϦʔύϥϝʔλͷҰͭ θCP ͕ 0 ͱͳͬͯ͠·͏͕ղܾ
͞ΕΔɽ
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ܠഎڀݚ

2.1 ४ฏࢠޫ-ࢠޫߦিಥܥ
࣭ྔ 135MeV/c2 ͷதੑ π தؒࢠ࣭ྔ 126GeV/c2 ͷώοάεϘιϯͳͲ 2 ่ʹࢠޫ

յ͢ΔΑ͏ͳཻ͕ࢠ 3 ܻҟͳΔΤωϧΪʔྖҬʹଘ͢ࡏΔɽ͜ΕΒͷཻࢠҎ֎ʹ 2 ࢠޫ
ͱڞ໐͢Δະཻ͕ࢠଘ͢ࡏΔՄੑ͕͋Δ [12]ɽޫࢠରΛিಥͤ͞ɼ2 յ͢Δ่ʹࢠޫ
ཚʢγγࢄ໐ڞͱͰɼະΛհͨ͜͢͜͠ىաఔΛٯ → φ → γγʣΛ୳͢ࡧΔ͜ͱ͕Ͱ͖
Δɽిࢠཅిࢠিಥ࣮ݧͰԾޫࢠର͔Βͷ π0 தؒࢠੜ͕؍ଌ͞Ε͓ͯΓɼԾ͕

͍ޫ͔ࢠΒੜ͞Ε͍ͯΔ [10][11]ɽ
GHzଳϚΠΫϩΛ͔͢Γিಥͤ͞Δ͜ͱʹΑΓ͍ॏ৺ܥΤωϧΪʔͰͷࢄཚ͕࣮ݱ

Ͱ͖ɼµeV࣭ྔҬͷ ରΛ͔͢ΓিࢠΔ͜ͱ͕Ͱ͖Δɽޫ͢ࡧ໐͢ΔະΛ୳ڞͱࢠ2ޫ
ಥͤ͞ΔͨΊʹɼ͍যڑͷύϥϘϥΛ༻͍ͯ GHzଳϚΠΫϩΛूޫ͢Δɽ୳࣮ࡧ
ߟΛڹͰੜ༻ͱ༠ಋ༻ͷΤωϧΪʔͷҟͳͬͨϚΠΫϩΛ༻͍ΔɽഒͳͲͷӨݧ

ྀ͠ΤωϧΪʔͷൺ͕ൺͱͳΒͳ͍Α͏ઃఆ͢Δɽੜ༻ϚΠΫϩͷΤωϧΪʔΛ

ωɼ༠ಋ༻ϚΠΫϩͷΤωϧΪʔΛ uω ͱ͢Δͱɼ͜ͷաఔͷޫࢠͷ࢝ঢ়ଶͱऴঢ়ଶɼ

ω +ω → (2−u)ω +uω (2.1)

ͱͳΔ [13]ɽ
িಥΤωϧΪʔɼܥিಥʹ͓͚Δॏ৺ࢠޫ

ECMS = 2ω sinϑ (2.2)

ͱͳΔɽ
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ਤ 2.1: ४ฏࢠޫ-ࢠޫߦিಥܥͰޫࢠରΛઙ͍֯Ͱিಥͤ͞Δ͜ͱͰ࣭ྔͷڞ໐ੜ
͕Մɽ͜ΕʹΑΓ µ-eV/c2 ఔͷ࣭ྔҬͰͷ୳͕ࡧͰ͖Δ [1]ɽ

͞ΒʹɼίώʔϨϯτޫಉ࢜Λࢄཚͤ͞Δ͜ͱʹΑΓɼ͕֬ GHzଳϚΠΫϩͷڧ
ͷ 3ʹൺྫ͢ΔΑ͏ͳ 2ମࢄཚΛ͜͢͜ىͱ͕Ͱ͖Δɽ

2.2 ༠ಋ

ੜ༻ͷϚΠΫϩͱ༠ಋ༻ͷϚΠΫϩͷׂʹ͍ͭͯड़Δɽڞ໐Λ੍ڧతʹ༠ಋ

่յͤ͞Δ͜ͱʹΑΓण໋ͷͰ͋ͬͯ؍ଌ͢Δ͜ͱ͕Ͱ͖Δɽ༠ಋޫΛಋೖ͢Δ͜

ͱͰɼ่յޫࢠରͷҰํ༠ಋޫͱ͍͠ʹ༠ಋ͞ΕΔɽ͏Ұํͷ่յޫࢠӡಈ

ྔɾΤωϧΪʔอଘΛຬͨ͢ͱͳΔ [1][13]ɽ
ਤ 2.1 ͷ৭ͷޫಉ࢜ͷࢄཚ͕؍ଌରͷޫࢄࢠޫ-ࢠཚͰ͋Δɽऴঢ়ଶͷ่յೋޫࢠͷ

͏ͪҰํΛ৭ͷޫʹࢦఆ͢ΔޮՌ͕༠ಋͰ͋Δɽ͏Ұํͷ่յޫࢠͷӡಈྔɾ

ΤωϧΪʔอଘଇ͔ΒҰҙʹఆ·Γɼਤͷ੨৭ͷ৴߸ޫͱͯ͠؍ଌ͞ΕΔɽ

2.3 ຊڀݚͷత

কདྷͷޫࢄࢠޫ-ࢠཚΛ༻͍ͨະ୳ݧ࣮ࡧͰɼܘ mɼযڑे mͷඇ࣠์
໘ڸΛ࣮͢Δ͜ͱ͕ཁ͞ٻΕ͍ͯΔɽ·ͨɼGHzଳϚΠΫϩΛ༻͍Δ͜ͱʹΑͬͯ
µeV/c2 ࣭ྔҬͷΛ୳͢ࡧΔ͜ͱ͕Ͱ͖Δ [1]ɽ
ຊڀݚͷతɼযڑ͕Մมͳඇ࣠์໘ڸͷઃܭɾௐํ๏Λཱ֬͠ɼௐ๏ͳͲ
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Λशಘ͢ΔͨΊͷϓϩτλΠϓΛ͢࡞ࢼΔ͜ͱͰ͋Δɽযڑ͕ՄมͰ͋Δ͜ͱͷ࠷େ

ͷརࢄཚ֯ ϑ Λม͑Δ͜ͱͰ୳ྖࡧҬΛมߋͰ͖Δ͜ͱʹ͋Δɽ3 ষͰઆ໌͢Δɼೋ
৭ͷޫΛࠞ߹͢Δޫݯʢಋͱి࣓ϗʔϯ෦ʣͳͲɼ֓ࡏݱ೦ઃܭͷஈ֊ʹ͋Δɽ͜

ΕΒͷઃܭͷมߋʹॊೈʹରԠՄͰ͖Δඞཁੑ͔ΒɼযڑΛ༰қʹมߋɾௐͰ͖

Δߏػͷ։ൃɼޫֶܥશମͷઃܭΛ͢Δ্Ͱॏཁͳ՝Ͱ͋Δɽ
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ܥֶޫ

ຊষͰɼ֓೦ઃܭͷஈ֊ʹ͋Δ҉ࠇ࣭୳ݧ࣮ࡧͷޫֶܥʹ͍ͭͯઆ໌͢Δɽ

ͷ֓ཁਤΛਤܥͷޫֶݧ࣮ࡧ࣭୳ࠇ҉ 3.1ʹࣔ͢ɽ

ਤ 3.1: ཁɽಋͰ֓ܥֶޫ 2 ৭ͷ GHz ଳϚΠΫϩΛࠞ߹͠ɼࣗ༝ۭؒʹϗʔϯΞ
ϯςφ͔Β์ग़͠͞Εͨ GHz ଳϚΠΫϩΛ 2 ͷύϥϘϥΛ༻͍ͯूޫ͢Δɽ2 ৭ͷ
GHzଳϚΠΫϩͷͦΕͧΕͷภޫΛଗ͑ΔภޫࢠͳͲͷޫֶૉࢠΛઃஔ͢ΔͨΊʹɼҰ
ϏʔϜΛฏߦԽ͍ͯ͠Δɽ
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3.1 ϚΠΫϩ

ి࣓ৼಈʢɾΤωϧΪʔʣ͝ͱʹྨ͞ΕΔʢਤ 3.2ʣɽҰൠతʹϚΠΫϩ
 300 MHz͔Β 300 GHzͷిΛ͢ࢦɽ͜ͷྖҬʹ UHFʢultra high frequencyʣɼ
SHFʢsuper high frequencyʣɼϛϦɼαϒϛϦΛؚΉɽຊจͰ GHz ଳϚΠΫ
ϩͱ 1 GHz͔Β 10 GHzͷଳͷϚΠΫϩΛ͢ࢦɽ

ਤ 3.2: ి࣓ͷछྨ [14]

3.2 ൃৼث

GHz ଳͷ৴߸ݯͱͯ͠ɼถ Mini-Circuits ࣾͷ Synthesized Signal GeneratorʢSSG-
6000RCʣΛ༻͍Δɽप 25ʙ6000 MHz ͷؒͰมߋՄͰɼ-65ʙ+14 dBm ͷڧ
ͷύϧεޫʢۣܗʣٴͼ࿈ଓޫΛ์ग़Մʢ࣮ݧͰ༻͍ͨ 3.5 GHz 10 dBm·ͰʣͰ
͋Δɽ

dBmʢσγϕϧϛϦϫοτʣͱɼిྗͷ୯ҐͰిྗ P[mW]ͱͷؔɼ

x[dBm] = 10log10
P

1[mW] (3.1)

Ͱද͞ΕΔɽ

USB/Ethernet ʹΑΓ PC ΑΓૢ࡞ՄͰɼి࣓ϗʔϯͱಉ࣠έʔϒϧʢN ίωΫλʣܕ
Ͱଓ͞Ε͍ͯΔɽ
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ਤ 3.3: Mini-Circuitsࣾ SSG-6000RC

3.3 ి࣓ϗʔϯ

ಉ࣠έʔϒϧΛΘΔ৴߸ಋʹଓ͞ΕΔɽಉ࣠έʔϒϧͷਊઢ͕ಋఈ෦ͷ

ಥىͱɼಉ࣠έʔϒϧͷ֎ઢ͕ಋຊମͱଓ͞Ε͍ͯΔɽਤ 3.4 ͷۜ৭ͷ෦Λಋ
ͱݺͼɼஅ໘ੵ͕ҰఆͰ͋ΔɽಋΛΘΔి࣓ɼి࣓ϗʔϯ෦ʹೖΓঃʑʹ

ͷஅ໘ੵΛେ͖͘͠ͳ͕Βɼ࠷ऴతʹࣗ༝ۭؒͱ์ग़͞ΕΔɽঃʑʹஅ໘ੵΛม͑Δ

ͷɼಋʢ͋Δ͍ಉ࣠έʔϒϧʣͱࣗ༝ۭؒͰͷΠϯϐʔμϯεΛΒ͔ʹ߹ͤ͞

ΔͨΊͰ͋Δɽࣗ༝ۭؒʢେؾதʣͷΠϯϐʔμϯε Z ɼۭؾதͷ༠ి ε ͱಁ࣓ µ
Λ͍ͪͯɼ

Z =

√
µ
ε (3.2)

ͱॻ͚Δɽ

ถ Pasternack Enterprises ࣾͷ PE9863/NF10 Λ༻͍Δɽ࠷େͷग़ྗ 10 dBm Ͱɼਫ
ฏํͷϏʔϜΞύʔνϟʔʢਤ 3.4 ͷ։ޱ෦͔Β์ग़͞ΕΔϏʔϜ͕͕Δ֯ʣ
54.1 deg.ɼਨํ 50.8 deg.ʢ෯ʣͰ͋Δ [15]ɽ
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ਤ 3.4: ి࣓ϗʔϯ PE9863/NF10ɽը໘खલ։ޱ෦͔ΒϚΠΫϩ͕์ग़͞ΕΔɽ

3.4 ύϥϘϥϛϥʔ

Ξϯςφ͕ೖࣹޫΛ͠ͳ͍ͨΊʹඇ࣠ύϥϘϥ͕ඞཁͰ͋ΔɽೖࣹϏʔϜத৺࣠

ʹର͠ਫฏํʹ 1.5 m ͣΕͨযΛͭ࣋ύϥϘϥ໘Λͨ͠࡞ɽઐऀۀʹൃ͢Δ͜
ͱݕ౼͕ͨ͠ɼ10 cm ఔͷΛࣹ͢ΔͨΊʹɼmm ఔͷද໘ͷՃਫ਼͕Ͱ
ेͰ͋ΔͨΊɼࣗ࡞ՄͰ͋Δͱஅͨ͠ɽ·ͨɼযڑΛՄมͳઃܭͱ͢Δ͜ͱͰɼ

Δະͷ࣭ྔྖҬΛม͑Δ͢ࡧΔ͜ͱͰɼ୳͢ߋΤωϧΪʔΛมܥཚͷॏ৺ࢄࢠޫ-ࢠޫ
͜ͱ͕ՄͱͳΔɽ4ষͰযڑΛՄมʹͰ͖Δߏػͷઃܭɾ։ൃʹ͍ͭͯड़Δɽ
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ਤ 3.5: ύϥϘϥϛϥʔ

3.5 ϧʔϓΞϯςφ

ϧʔϓΞϯςφੑࢦ 8 ͷܕࣈͰϧʔϓ໘͔Β౸དྷ͢Δిʹײ͕͋Δ͕ʢਤ
3.7ʣɼϧʔϓ໘ʹਨํ͔Β౸དྷ͢Δిʹؔͯ͠ײ͕ͳ͍ɽ࠷େڧʹର͢Δ࠷খ
ڧ 5.1×10−4 ഒͰ͋Δ [16]ɽ
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ਤ 3.6: ϧʔϓΞϯςφ

ਤ 3.7: ϧʔϓΞϯςφײͷํґଘੑɽԁपํΛɼํܘੵڧ [mW]
Λରද͍ࣔͯ͠Δ [16]ɽ

ϧʔϓΞϯςφɼϗʔϯ͔Β์ग़ͨ͠ϚΠΫϩͷϏʔϜϓϩϑΝΠϧΛଌఆ͠ूޫ

Λ֬ೝ͢Δ͜ͱɼϏʔϜൖ໘ͰͷภޫΛଌఆ͢Δ༻్ʹ༻͍Δɽ

3.6 εϖΫτϥϜΞφϥΠβ

εϖΫτϥϜΞφϥΠβͱप͝ͱͷిྗʢ͋Δ͍ిѹʣΛଌఆ͢ΔثػͰ͋Δɽ

༻͍ΔͷɼtektronixࣾεϖΫτϥϜΞφϥΠβ RSA306BͰଌఆՄৼಈɼ9 kHz
ʙ6.2 GHz Ͱ͋Δɽ-160ʙ+20 dBm ͷೖྗϨϕϧͷ৴߸Λղ 1Hz Ͱଌఆ͢Δ͜ͱ͕
Ͱ͖Δɽ
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ਤ 3.8: tektronixεϖΫτϥϜΞφϥΠβ RSA306B

ϗʔϯΞϯςφ͔Β์ग़ͨ͠ 3 GHzɼ10 dBm ͷۣܗΛਤ 3.6 ͷϧʔϓΞϯςφͱε
ϖΫτϥϜΞφϥΠβΛ༻͍ͯଌఆͨ݁͠Ռ͕ҎԼͷਤ 3.9 Ͱ͋Δɽ3 GHz ͷి࣓͕ਖ਼
ࣗ͘͠༝ۭؒʹ์ग़͞Ε͍ͯΔɽ

ਤ 3.9: 3 GHzɼ10 dBmͷۣܗΛεϖΫτϥϜΞφϥΠβͰଌఆͨ͠ɽ
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ୈ 4ষ

ඇ࣠์໘ڸͷ࡞

4.1 ์໘ͷઃܭ

ຊڀݚͰɼޫֶܥͷઃܭزԿޫֶʹߦ͍ͯͮجͳ͕ͬͨɼి࣓ͷൖಈํఔ

ࣜͰهड़͞ΕΔɽ·ͨɼྔֶྗࢠͷෆ֬ఆੑݪཧ͔ΒޫΛҰʹूޫ͢Δ͜ͱෆՄͰɼ

ूޫۙͰ͋Δ෯Λྖͨͬ࣋Ҭʹ͍ͯ͠ࡏہΔ*1ɽ্هͷೋʹཹҙ͢Δඞཁ͕͋Δ

ͷͷɼزԿޫֶͷۙे͕ࣅʹཱ͢ΔεέʔϧͰޫֶܥΛ࣮͢Δ͜ͱͰɼࢄཚ֯ ϑ
ͷෆఆੑͷӨڹΛখ͘͞Ͱ͖ΔͳͲͷར͋Δɽ͜Εɼࢄཚͷॏ৺ܥΤωϧΪʔ ECMS

ͷෆఆੑΛখ͘͢͞Δ͜ͱʹͭͳ͕Δɽ

ճస์໘ʢ์ઢΛ࣠ͷपΓʹ 180 ճసͯ͠ಘΒΕΔۂ໘ʣʹ࣠ͱฏߦʹೖࣹ͠
ͨޫશͯ์໘ͷযΛ௨Δɽ์໘ͷҰ෦ΛύϥϘϥͱͯ͠༻͍ͨɽϏʔϜܘ

45 cmɼযڑ f = 500 cmɼඇ࣠֯ʢճస์໘ͷͱযͱύϥϘϥத৺ͷͳ͢

֯ʣθ ɼ
tanθ =

3
10

(4.1)

Λຬͨ͢ઃܭͱͨ͠ɽޙड़͢ΔΑ͏ʹɼϨʔβʔΛ༻͍ͯϛϥʔ໘ͷௐ͢Δ͜ͱ͔Βࣨ

Ͱͷ࣮͕ݧཁ͞ٻΕΔɽ࣮ݧஔΛઃஔͰ͖ΔεϖʔεͷཁͰɼযڑΛ 5 m ͱ͠
ͨɽকདྷతʹɼযڑΛԆ͠ɼࣜ 2.2ͷॏ৺ܥΤωϧΪʔΛԼ͛Δ͜ͱʹΑΓɼ͞Β
ͳΔ࣭ྔҬͰͷ୳ࡧΛ͢ࢦɽ

ճస์໘ͷࣜɼ

z =
1

4 f
(x2 + y2) =

1
2000

(x2 + y2) (4.2)

ͱͨ͠ɽ͜ͷ์໘ͷ
{
−172.5 ≤ x ≤−127.5
−25 ≤ y ≤ 25

(4.3)

*1 ճંݶքͱ͍͏ɽෆ֬ఆੑ͔ؔΒӡಈྔʹԠܾͯ͡·Δɽ
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෦ΛύϥϘϥͱͯ͠༻͍ͨɽ

ਤ 4.1: ্͕ઃ์ͨ͠ܭ໘ͷஅ໘ͱͳΔ์ઢɽԼઢɽ์ઢΘ͔ͣʹԼʹತʹ
ͳ͍ͬͯΔɽ

ਤ 4.2ɼਤ 4.3ͷΑ͏ʹɼύϥϘϥʹฏߦϏʔϜ͕ೖࣹͨ͠ࡍʹɼϏʔϜ͔࣠Β 1.5m
Εͨɼಉ͡͞ߴͷʹযΛ݁ͿΑ͏ઃͨ͠ܭɽ

ਤ 4.2: যͷਫฏҐஔɽਅ্͔Βͨݟਤɽ

ਤ 4.3: যͷਨҐஔɽਅԣ͔Βͨݟਤɽ

4.2 ΞΫϦϧ൘Λ༻͍ͨۂ໘ۙࣅ

Λͭڸ͢Δํ๏ɼׂܗ໘Λڸͯ͠༺ԠΛརڸ๏Ҏ֎ʹɼۜํͨ͠࡞ʹࡍ࣮

ͳ͗߹ΘͤΔํ๏ͳͲݕ౼͕ͨ͠ɼ͍ͣΕͷํ๏Ͱۂͷௐ༰қʹ͑ߦͳ͍ͱ

அ͠ɼฏ໘Λมۂͯͤ͞ܗ໘Λ࣮͢ݱΔํ๏Λ༻͍Δ͜ͱͱͨ͠ɽਤ 4.1ʹ͋ΔΑ͏ʹɼ
์໘΄ͱΜͲฏ໘ͱΈͳͤΔ͜ͱ͔Βฏ໘൘Λมͤ͞ܗΔํ๏Ͱेʹ࡞ՄͰ
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͋Δͱͨ͑ߟɽ͜ͷํ๏σΟϑΥʔϚϒϧϛϥʔͱݺΕΔޫֶૉ͔ࢠΒணΛಘͨɽ

σΟϑΥʔϚϒϧϛϥʔͱɼਤ 4.4ʹ͋ΔΑ͏ʹڸͷද໘Λมͯͤ͞ܗɼࣹޫͷ໘Λ
Ͱ͋ΔɽࢠҰʹิਖ਼͢ΔͨΊʹ༻͍Δૉۉ

ਤ 4.4: σΟϑΥʔϚϒϧϛϥʔͷಈݪ࡞ཧɽਤ্͔Β໘͕ཚΕ͍ͯΔ͕ೖࣹ͍ͯ͠
ΔɽࠨԼͷηϯαͰ໘ͷཚΕΛಡΈऔΓɼ্ࠨͷϛϥʔΛม͠ܗɼ໘Λิਖ਼͢Δ [17]ɽ

์໘Λද͢ݱΔͨΊʹɼޫ໘ΛషΓ͚ͨΞΫϦϧ൘ʢް͞ 3 mmʣΛ͚Δ/͛ۂΔ
͜ͱ͕Ͱ͖ΔߏػΛઃܭɾͨ͠࡞ɽॎ 50 cmɼԣ 45 cmͷ์໘Λॎ 10 cmɼԣ 45 cm
ʹ 5ׂ͠ɼͦΕͧΕͷΛ෯ 10 cmͷΞΫϦϧ൘Λ͛ۂΔ͜ͱͰ์໘Λ࣮ͨ͠ݱʢਤ
3.5ʣɽ͖݀͋ϘʔυΛ໘ʹਨʹཱͯɼ2ຊͷ಄Ͷ͡ͰΞΫϦϧ൘Λݻఆ͠ɼϛϥʔ໘
ͷཪଆ͔Β 12ຊͷͶ͡ͰΞΫϦϧ൘Λԡ͢͜ͱʹΑΓύϥϘϥͷۂ໘Λ࣮ͨ͠ݱɽ

ਤ 4.5: ্͔ΒͨݟύϥϘϥͷߏػਤɽཪ͔ΒϘϧτͰΞΫϦϧ൘Λԡ͍ͯͯ͛͠ۂΔɽ

ύϥϘϥͷॎํͷۂ໘Λ࣮͢ݱΔͨΊɼ֤ஈʹԠͨ͡ຕͷΰϜϫογϟʔΛ͖݀͋
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ϘʔυͱΞΫϦϧ൘ͷؒʹڬΜͰ಄Ͷ͡Ͱݻఆͨ͠ɽ1 ஈͷ্ͷͶ͡ʹ 3 ຕͷΰϜ
ϫογϟʔɼԼͷͶ͡ʹ 2 ຕͷΰϜϫογϟʔΛڬΉ͜ͱʹΑΓɼਤ 3.5 Ͱ 1 ஈͷ
ΞΫϦϧ൘ͷ্෦Λը໘खલʹ͔ͤΔ͜ͱ͕Մʹͳͬͨɽ·ͨɼ͜Εͱ 2 ྻͷͶ͡Ͱ
ཪ໘͔Βԡ͠ग़͢͜ͱʹΑΓઞΓ֯ௐͰ͖Δɽ͜͜ͰઞΓ֯ͱɼϛϥʔͷਨํ

ͷۂ໘Λ 5ຕͷΞΫϦϧ൘Ͱۙ͢ࣅΔࡍͷ֯Λ͍͏ʢਤ 4.7ʣɽ

ਤ 4.6: ԣ͔ΒͨݟύϥϘϥͷߏػਤɽΞΫϦϧ൘ͷཪʹΰϜϫογϟʔΛڬΈɼΞΫϦϧ
൘ͷ্෦ͱԼ෦Ͱ͕͞ߴҟͳΔΑ͏ઃஔ͍ͯ͠Δɽ
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ਤ 4.7: ԣ͔ΒͨݟύϥϘϥߏػʢৄࡉʣ

4.3 ϨʔβʔޫΛ༻͍ͨύϥϘϥۂௐ

ύϥϘϥϛϥʔ͕ GHzଳϚΠΫϩΛਖ਼͘͠ूޫ͍ͯ͠Δ͜ͱΛ֮ࢹతʹ֬ೝ͢Δ͜ͱ
ඇৗʹࠔͰ͋ΔɽزԿޫֶʹ͍ͨͮجύϥϘϥͷযڑޫͷʹґଘ͠ͳ͍ͨ

Ίɼޫ࿏ͷ͕؍༰қͳ৭ϨʔβʔޫΛ༻͍ͯύϥϘϥͷूޫੑΛධՁͨ͠ɽHuepar
ࣾ BOX01GܕϨʔβʔग़͠ثʢϨʔβʔ 510ʙ530nmʣΛ༻͍ͨɽ͜ͷޫݯɼ
ॻܩͳͲͰਫฏઢԖઢͳͲΛݱஙݐΔϨʔβʔޫΛࣹग़͢ΔͷͰɼ͢ࢄൃʹܕࣈे

͘༻్ʹ༻͍ΒΕΔɽ 10 cmͷϏʔϜ෯Λͪ࣋ฏߦͳϨʔβʔޫΛ࣮͢ݱΔ͜ͱࠔ
ͳͨΊɼҰ͔Βઢ্ͷϨʔβʔΛࣹग़͠ύϥϘϥͰࣹͤ͞ɼࣹ૾ͷ͕͞ϏʔϜൖ

໘ͰҰఆͱͳΔΑ͏ʹύϥϘϥͷۂΛௐͨ͠ɽύϥϘϥͷযͱ͍ͨ͠ҐஔʹϨʔ

βʔޫݯΛઃஔ͠ɼ͔ͦ͜Βे͢ࢄ֦ʹʹܕࣈΔϨʔβʔޫΛύϥϘϥϛϥʔʹ͔ͯͬ

ࣹग़͢ΔɽύϥϘϥϛϥʔͰࣹ͞ΕͨϏʔϜ෯͕Ұఆͷ··Ͱ͋ΕɼࣹϏʔϜฏ

Ͱ͋Δͱ͍͑Δɽߦ
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ਤ 4.8: ύϥϘϥௐݪཧɽύϥϘϥͷযͱ͍ͨ͠ҐஔʹϨʔβʔޫݯΛઃஔ͠ɼ͔ͦ͜
Β֦͢ࢄΔϨʔβʔޫΛύϥϘϥϛϥʔʹࣹ͔ͯͬग़͢ΔɽύϥϘϥϛϥʔͰࣹ͞Ε

ͨϏʔϜ෯͕Ұఆͷ··Ͱ͋ΕɼࣹϏʔϜฏߦͰ͋Δͱ͍͑Δɽ

ࣹ૾Λඪతʢਤ 4.10ʙਤ 4.13ͷ͖݀͋ϘʔυʣʹӨͨ͠ࡍʹɼग़͠Ϩʔβʔͷ૾
ͷ͕͞ΞΫϦϧ൘ͷ͞ͱ͍͠ 45 cmͱͳΔ͜ͱΛ֬ೝͨ͠ɽௐʹ͖݀͋Ϙʔυ
ͷཪଆ͔ΒΞΫϦϧ൘Λԡ֤͢ஈ 12ຊͷͶ͡Λ༻͍ͨɽ
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ਤ 4.9: ֤ஈ ߦ2 × 6ྻ × 5ஈ = ͷͶ͡Ͱഎ໘͔ΒύϥϘϥΛԡ͠ग़͢͜ͱʹΑΓݸ60
Δɽ͢ݱ໘Λදۂ

֤ஈͰࣹ͞Εͨ૾͕ύϥϘϥͷத৺ʢ3ஈʣͱಉ͡͞ߴʹӨ͞ΕΔͱɼਤ 4.3ͷΑ
Ͱ͖Δɽܗ໘Λۂʹ͏

ҎԼɼ࣮ࡍͷௐखॱΛࣔ͢ɽͳ͓ɼҎԼʹࣔ͢ௐύϥϘϥͷ 2ஈΛ༻͍ͯߦͳͬ
ͨͷͰ͋Δɽ
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ਤ 4.10: ΞΫϦϧ൘͕Ͷ͡Ε͍ͯΔ

ਤ 4.10 ͰɼϛϥʔࠨͰࣹͨ͠૾ͱϛϥʔӈͰࣹͨ͠૾ͷ͕͞ߴҟͳ͍ͬͯ
Δɽ͜ΕϛϥʔͷࠨӈͰઞΓ͕֯ҟͳ͍ͬͯΔ͜ͱ͕ݪҼͰ͋ΔɽϛϥʔӈଆͰࣹ͠

ͨ૾ඪͷ͞ߴʢਤ 4.10ͷ͕ۭ͍͍݀ͯΔ͍ࠇମʣʹୡ͍ͯ͠ΔͷͰϛϥʔӈଆͷͶ
ͦ͡ͷ··ͰɼϛϥʔࠨଆͰࣹͨ͠૾্͕ʹҠಈ͢ΔΑ͏ʹϛϥʔࠨଆ্ஈͷͶ͡Λ

؇ΊͯɼԼஈͷͶ͡ΛకΊΔɽ͜ΕʹΑΓઞΓ͕֯খ͘͞ͳΓɼϛϥʔࠨଆͰࣹͨ͠૾͕

্ʹҠಈͨ͠ɽͦͷௐͷ݁Ռ͕ҎԼͷਤ 4.11Ͱ͋Δɽ
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ਤ 4.11: தԝ෦͕྆෦ʹରͯ͠ԼΛ͍͍ͯΔ

ਤ 4.11Ͱϛϥʔͷࠨӈͷ૾ͷ͞ߴͦΖ͍ͬͯΔ͕ɼதԝ෦Ͱࣹͨ͠૾͕ඪͷ
ӈͷ͓͋Γ֯ʹൺେ͖͘ࠨͷԼʹӨ͞Ε͍ͯΔɽ͜Εɼதԝ෦ͷ͓͋Γ͕֯͞ߴ

ͳ͓ͬͯΓɼΞΫϦϧ൘ͷத৺෦͕ࠨӈ෦ʹରͯ͠ԼΛ͘Α͏ʹͶ͡Ε͍ͯΔ͜ͱ͕ݪ

ҼͰ͋ΔɽͦͷͨΊத৺෦ԼஈͷͶ͡ΛకΊͯௐΛߦͳͬͨɽ·ͨɼ૾ ͷӈ͕ਤͷࠇઢ

ʢࠇઢͷִ͕ؒ 45 cmʣΛΈग़ͯ͠͠·͍ͬͯΔͨΊɼϛϥʔӈͷ্ԼͷͶ͡ΛకΊɼ
૾Λ 5.8 mઌͷ͖݀͋ϘʔυʹӨͨ͠ࡍʹ૾ͷ͕͞ 45 cmͱͳΔΑ͏ௐͨ͠ɽ͜Ε
ʹΑΓɼࣹͨ͠ઢϨʔβʔޫ͕ेԕํʹ͓͍͕ͯ͞ෆมͰ͋Δ͜ͱΛ୲อͰ͖Δɽ
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ਤ 4.12: தԝ෦ͷ͓͋Γ֯Λमਖ਼

ௐͷ݁Ռɼࣹ૾ͷ෯͕ਖ਼͘͠ 45 cm ͱͳͬͨɽਤ 4.12 ͷΑ͏ͳ݁ͼঢ়ͷߏ
ʹӈͷͱதԝ෦ͰҟͳΔ͜ͱࠨ͕ڑ͢ͳΘͪযۂҼɼύϥϘϥͷݪΒΕΔݟ

͋Δɽ͜ͷۂͷҧ͍ɼਤ 4.20 ͷΑ͏ʹɼॎํͷϨʔβʔ૾ͷͣΕͱͯ͠؍ଌ͞Ε
Δɽ·ͨɼΞΫϦϧ൘ͷத৺෦ͱࠨӈ෦ͷͶ͡ΕΛ͞Βʹิਖ਼ͨ͠ɽͦͷ݁Ռ͕ਤ 4.13
Ͱ͋Δɽ
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ਤ 4.13: தԝ෦ͷ͓͋Γ֯Λमਖ਼͠ɼ૾͕ઢͱͳͬͨɽ

ࣹ૾ઢͱͳ͕ͬͨɼਤ 4.12ͷ݁ͼঢ়ߏ͕Ұ෦ઢͱॏͳ͍ͬͯͯͬΔɽ͜
ͷ͜ͱ͔Βɼஈʢ1 ຕͷΞΫϦϧ൘ʣͷ֤Ͱযڑ͕Ұͭʹఆ·͍ͬͯͳ͍͜ͱΛ
ද͢ɽ
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4.4 ूޫੑଌఆ

ਤ 4.14: 1ஈͷௐ݁Ռ

ਤ 4.14ͷઢɼਤ 4.3ͷഁઢͱಉ͡͞ߴʢύϥϘϥத৺ʣͰɼઢཧతͳ์
໘ͰϨʔβʔ͕ࣹ͞Εͨ࣌ͷ૾ͷҐஔΛࣔ͢ɽ͜ͷઢΛඪʹɼύϥϘϥͷઞΓ֯Λ

ௐͨ͠ɽ

1ஈͷඪʢഁઢʣͱͷͣΕɼਤͷ͖݀͋Ϙʔυͷ 0.5άϦουʢ2.5 cm×0.5" 1.3 cmʣ
Ͱ͋ͬͨɽࠩޡϨʔβʔ૾ͷ͕Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.15: 2ஈͷௐ݁Ռ

2ஈͷඪͱͷͣΕɼਤͷ͖݀͋Ϙʔυͷ 1.5άϦουʢ2.5 cm×1.5 " 3.8 cmʣͰ
͋ͬͨɽࠩޡϨʔβʔ૾ͷ͕Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.16: 3ஈͷௐ݁Ռ

3ஈͷඪͱͷͣΕɼਤͷ͖݀͋Ϙʔυͷ 2άϦουʢ2.5 cm × 2 = 5.0 cmʣͰ͋ͬ
ͨɽࠩޡϨʔβʔ૾ͷ͕Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.17: 4ஈͷௐ݁Ռ

4ஈͷඪͱͷͣΕɼਤͷ͖݀͋Ϙʔυͷ 0άϦουʢ2.5 cm × 0 = 0.0 cmʣͰ͋ͬ
ͨɽࠩޡϨʔβʔ૾ͷ͕Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.18: 5ஈͷௐ݁Ռ

5ஈͷඪͱͷͣΕɼਤͷ͖݀͋Ϙʔυͷ 0άϦουʢ2.5 cm × 0 = 0.0 cmʣͰ͋ͬ
ͨɽࠩޡϨʔβʔ૾ͷ͕Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.19: ύϥϘϥத৺রࣹͨ͠ɽ

ਤ 4.18ͷΑ͏ʹύϥϘϥͷத৺ʢ಄Ͷ͡ͰࢭΊ͍ͯΔ෦ʣʹϨʔβʔΛরࣹ͠ɼ
ࣹ૾ͷͣΕΛ؍ଌͨ͠ɽ
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ਤ 4.20: ԣํͷௐ݁Ռ

ӈํʹ 3.5άϦουʢ8.8 cmʣɼࠨʹ 2άϦουʢ5.0 cmʣͣΕ͍ͯΔɽ͜ͷͣΕҰ
ຕͷΞΫϦϧ൘ͰͷযڑͣΕʹىҼ͢ΔͷͰ͋Δɽ

4.5 ूޫੑ݁Ռ

ॎํͷ࠷େͷͣΕ 3ஈͷ 5.0 cmɼԣํͷͣΕ 8.8 cmͰ͋ͬͨɽਤ 4.14ʙ4.20
ͷଌఆͰɼࣹ૾Λ 5.8 m ઌͷ͖݀͋ϘʔυʹӨ͠ଌఆΛߦͳͬͨɽॎԣͷͣΕͦ
ΕͧΕೖࣹ֯ʹͯ͠ࢉɼ0.000862 radɼ0.0151 radͱͳΔɽযڑ 5 mͷύϥϘϥͱ
࣮ͯͨ͠͠ࡍͷযͷͣΕɼॎ ±4.3 cmɼԣ ±7.6 cmͱͳΔɽ͜ΕʹΑΓɼͨ͠࡞
ඇ࣠์໘ڸॎ 50 cmɼԣ 45 cmͷฏߦϚΠΫϩΛॎ 8.6 cm×ԣ 15 cm=129 cm2 ʹ
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ूޫͰ͖Δ͜ͱ͕Θ͔ͬͨɽ
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ୈ 5ষ

݁

ͨ͠࡞ඇ࣠์໘ڸॎ 50 cmɼԣ 45 cmͷฏߦϚΠΫϩΛॎ 8.6 cmɼԣ 15 cmͷ
ํྖܗҬ 129cm2 ʹूޫͰ͖Δɽ͜ΕʹΑΓɼزԿޫֶΛԾఆ͢ΔͱɼϨʔβʔฏߦϏʔ

ϜΛॎ 8.6cmɼԣ 15cmͷྖҬ·ͰूޫՄͳযڑ͕ 5 mఔͰՄมͰ͋Δඇ࣠์
໘ڸΛ͠࡞ಘΔ͜ͱΛࣔͤͨɽ

ॎํͷͣΕ͕࠷େͱͳͬͨͷ 3 ஈͰ͋ͬͨɽ͜Ε 3 ஈʹΰϜϫογϟʔΛ
ઃஔ͓ͯ͠Βͣɼ࠲ʹཱͯͨ൘ͷͣΕͶ͡ͷక·Γ߹͍ʹىҼ͢ΔΈΛิਖ਼Ͱ͖

ͳ͔ͬͨ͜ͱ͕ҰҼͰ͋ΔɽԣํͷͣΕΞΫϦϧ൘Λࡏݱͷ 3 mm ͔Βബ͍ͷม
Δ͜ͱͰରԠͰ͖ΔͰ͋Ζ͏ɽ͔͘͢ࡉɼͶ͡Ͱௐ͢ΔάϦουΛ͠ߋ
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ୈ 6ষ

ٞ

3 GHzͷϚΠΫϩΛൃৼثͷ࠷େڧͷ 10 dBm(=10mW)Ͱ์ࣹ͠ɼਤ 3.1ͷΑ͏ͳ
Ͱɼ10ܥֶޫ dBmͷ৴߸ΛશͯूޫͰ͖ͨͱԾఆ͢ΔͱɼूޫͰͷޫࢠ 3.93×1018

cm2/ݸ ͱͳΔɽ࣮ࡍʹɼൃৼثͱϗʔϯͷؒͷ Nܕέʔϒϧɼಋͱి࣓ϗʔϯٴͼ
ಋͱࣗ༝ۭؒͷΠϯϐʔμϯεෆ߹ٴͼɼϛϥʔͷࣹޮͳͲʹిڧ͕ΑΓ

ਰ͢Δ͜ͱ͕༧͞ΕΔɽݮ

GHz ଳϚΠΫϩͰͷूޫͷ༷ࢠΛ࣮͢؍ʹࡍΔͨΊʹɼඍখϧʔϓΞϯςφ*1Λ༻

͍ͯϏʔϜϓϩϑΝΠϧूޫ࣌ͷϏʔϜͰͷภޫͷ༷ࢠΛଌఆ͢Δඞཁ͕͋Δɽ

ి࣓քγϛϡϨʔλʔΛ༻͍࣮ͨࡍͷϚΠΫϩͷൖͷγϛϡϨʔτॏཁͰ͋Δɽ

ͳͬͨߦΛࢉܭ͍ͯͮجʹԿޫֶز͑ߟͷӡಈΛࢠɼޫܭճͷύϥϘϥϛϥʔͷઃࠓ

͕ɼճંׯবͱ͍ͬͨͷੑྀ࣭͢ߟΔඞཁ͕͋ΔɽΞϯςφͷܗঢ়ɼ࣭ࡐɼڥք

݅ͳͲɼଟذʹΘͨΔ݅ΛΛઃఆ͢Δ͕Ͱ͖ɼࣗಈͰϝογϡΛ࠷దԽͨ͠ಈํఔࣜ

ͷ༗ݶཁૉղ͔Βɼ࣮ଌ͢Δཧྔ·Ͱ͢ࢉܭΔ͜ͱ͕ՄͰ͋ΔɽANSYS-HFSS(High
Frequency Structure Simulator) Λ༻͍ͯɼઃ͢ܭΔࡍʹແͨ͠ࢹͱͯ͠ͷੑ࣭͕Ͳͷ
Α͏ͳޫֶܥͷηοτΞοϓͷ߹ʹແࢹͰ͖ͳ͘ͳΔ͔ΛۃݟΊΔ͜ͱ͕ՄͰ͋Δɽ

ANSYS-HFSS(High Frequency Structure Simulator) ༗ݶཁૉ๏ʢྖҬΛϝογϡʹ
ͷۭؒݩ࣍ࡾΔํ๏ʣʹΑΓɼ͢ࢉܭׂ͠ Maxwell ํఔࣜΛղ͘ιϑτΣΞͰ͋Δ [
ࢀর]ɽ

HFSSΛ༻͍Δͱɼ2छྨͷͷ GHzଳϚΠΫϩΛಉ͡ಋͰࠞ߹͠ɼి࣓ϗʔ
ϯ͔Βࣗ༝ۭؒʹ์ग़Ͱ͖ΔޫݯͷઃܭͳͲʹ͞ΒͳΔԠ༻Λ͢Δ͜ͱ͕Ͱ͖Δɽ

*1 ʹରͯ͠Ξϯςφͷ༗ޮ͕ 1/4ҎԼͷͷΛඍখϧʔϓΞϯςφͱݺͿɽ
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ୈ 7ষ

ల

େىؾҼͷ৴߸͕όοΫάϥϯυͱͳΔͨΊɺ୳ݧ࣮ࡧΛ࣮͢ࢪΔࡍɺूޫਅۭνΣ

ϯόʔͰ͏ߦඞཁ͕͋Δɽ·ͨɺೋ৭ͷҟͳΔͷ GHzଳϚΠΫϩΛಉ͡ಋੁ͔
Βಉ࣠Ͱࠞ߹͢Δٕज़ʹ͍ͭͯ՝͕͍ͯͬΔɽ

͞ΒʹɺύϥϘϥϛϥʔͷযڑΛ͘ʢtanϑ = 1
100 ఔʣͨ͠ޫֶܥͰޫࢠΛ͔͢

Γিಥͤ͞Δ͜ͱ͕Ͱ͖Εɺࣜ 2.2ͷॏ৺ܥΤωϧΪʔ

ECMS = 2ω sinϑ = 2.44×10−6[eV/c2] (7.1)

ͱͳΓɺ୳ࡧՄ࣭ྔҬ͕σΟϥτϯͷ࣭ྔҬʹ౸ୡ͢Δ [1]ɽσΟϥτϯ࣭ྔ 10−7ʙ

10−6eV/c2ɼ݁߹ͷ͞ڧ 10−21/GeVʹ༧͞Ε͍ͯΔʢ7.1ʣɽ·ͨɼύϧεѹॖʹΑΔޫ
ՄͱͳΔɽࡧΛ૿Ճͤ͞Δ͜ͱʹΑΓऑ͍݁߹ྖҬ·Ͱ୳ڧͷݯ

ਤ 7.1: σΟϥτϯͷ࣭ྔྖҬͱఏҊ͞Ε͍ͯΔ࣮ݧख๏Ͱͷ୳ࡧՄྖҬ [1]
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A ి࣓ϗʔϯ͔Βͷ์ࣹͷγϛϡϨʔγϣϯ

ANSYSࣾ HFSSΛ༻͍ͯి࣓ϗʔϯ͔Β์ࣹͨ͠ GHzଳϚΠΫϩڧͷγϛϡϨʔ
γϣϯΛͨͬߦɽANSYS-HFSS(High Frequency Structure Simulator) ༗ݶཁૉ๏ʢྖ
ҬΛϝογϡʹׂ͢͠ࢉܭΔํ๏ʣʹΑΓɼۭؒݩ࣍ࡾͷMaxwellํఔࣜΛղ͘ιϑτ
ΣΞͰ͋Δɽ

ANSYS ࣾͷ HFSS Λ༻͍Δ͜ͱͰɼಈํఔࣜΛղ͘ࡍʹͲͷఔ·ͰزԿޫֶͷۙ
ཱ͢Δ͔ΛγϛϡϨʔγϣϯ͢Δ͜ͱ͕ՄͱͳΔɽ͕ࣅ

ճɼ3ࠓ GHz ͷి࣓ΛϗʔϯΞϯςφ͔Βࣗ༝ۭؒʹ์ग़ͨ͠ࡍͷి࣓քΛ
γϛϡϨʔτͨ͠ɽਤ A.1 ͷΑ͏ʹɼϗʔϯΞϯςφถ Pasternack Enterprises ࣾͷ
PE9863/NF10ͱಉ͡αΠζͷϗʔϯΞϯςφΛσβΠϯ͠ɼࢉܭΛߦͳͬͨɽ

ਤ A.1: HFSS্ͰσβΠϯͨ͠ϗʔϯΞϯςφ
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ਤ A.2: ϗʔϯΞϯςφ PE9863/NF10ͷڧ [dBm]
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ँࣙ

ຊڀݚΛਐΊΔ্Ͱ͓ੈʹͳͬͨଟ͘ͷํʹँײਃ্͛͠·͢ɽຊڀݚͷ͖͔͚ͬΛ

ͩͬͨ͘͞ຊؒีݠॿڭʹ͍͠ʹ͔͔ΘΒͣɼڀݚΛਐΊΔ্Ͱత֬ͳΞυόΠε

Λ͖·ͨ͠ɽ

तʹϥϘϥτϦΤΫααΠζຖिͷϛʔςΟϯάʹ͓͍ͯෆेͳΛڭଠݡ֞ࢤ

ʹڭതॿོࡾɽͨ͠·͖͍͍ͨͩͨͯ͠ݴ͔Βॿࢹఠ͍͍ͯͨͩͨ͠Γɼ৽͍͠ࢦ

B4ͷ֩ࢠݪཧֶθϛͰ͓ੈʹͳΓ·ͨ͠ɽ֩ࢠݪཧʹؔ͢ΔཧղΛେ͖͘खॿ͚͠
͖ͯ·ͨ͠ɽޱࢁཔਓಛॿڭʹݕग़ثθϛͰ͓ੈʹͳΓ·ͨ͠ɽ࣮ମݧΛަ͑ͨ

ଟ͘ͷΛฉ͔͍͖ͤͯͨͩɼকདྷऀڀݚΛ্͢ࢦͰوॏͳମ͕ݧͰ͖·ͨ͠ɽ

େਖ਼య໊༪ڭतͱ൧পণོॿڭʹେֶӃਐֶʹ͍ͭͯଟ͘ͷ૬ஊʹ͍͖ͬͯͨͩ

·ͨ͠ɽদଜ।ڭतͱඉࠀޱ।ڭतʹɼେֶੜ׆શൠʹ͍༷ͭͯʑͳΞυόΠεΛ

͍͖ͨͩ·ͨ͠ɽ

ָ͍͠ҰؒΛૹΒ͍͍ͤͯͨͩͨΫΥʔΫཧֶࣨڀݚͷֶੜͷօ༷ʹ͓ྱਃ্͛͠

·͢ɽಛʹɼࣲాૣ༝ཬ͞Μɼڞಉऀڀݚͱͯ͠ඍখϧʔϓΞϯςφͷ࡞ͳͲଟ͘ͷ࣮

͖͍ͩͨͯ͑ڭʹཧʹ͍ͭͯஸೡܠ༞ี͞ΜʹഎݪΛख͍͖ͬͯͨͩ·ͨ͠ɽฏݧ

·ͨ͠ɽࢁᚠੜ͞Μɼඌ࡚ھ͞Μɼۙ౻ৎਔ͞ΜʹଔͷߏͳͲʹ͍ͭͯଟ͘ͷΞ

υόΠεΛ͍͖ͨͩ·ͨ͠ɽ·ͨɼಉ͡෦ͷ৴ኍߊल͞Μɼେݹࠤւ͞Μɼେݩւ͞

Μɼాۅ༐ར͞ΜʹڀݚͷͪΖΜɼͩ͘Βͳ͍ʹ͓͖߹͍͍͖ͨͩ͋Γ͕ͱ

͏͍͟͝·ͨ͠ɽͦͯ͠ɼಉظͷଜ݈ే͘Μͱಙຊྋ߳͞Μɼཧͷٞʹͱ͜ͱΜ͖

͋ͬͯ͘Εͯ͋Γ͕ͱ͏ɽ

·ͨɼຊֶӉՊֶηϯλʔਫ࢙߃।ڭतʹɼ͓͍͠த෭ࠪͱͯؒ࣌͠Λׂ͍͍ͯ

͖ͨͩ·ͨ͠ɽซͤͯँײਃ্͛͠·͢ɽ

͠ँײ͘ਂʹकͬͯ͘ΕͨՈɼ༑ਓͨͪݟͳΓ·͕ͨ͠ɼ͜Ε·ͰԹ͔͍Ͱʹޙ࠷

·͢ɽ
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