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1 page summary of the “spin puzzle” history 
and RHIC contribution (gluon spin). Pointing 
out the prospect of orbital angular momentum 
measurement, possibly in EIC.



Sec. 1 Introduction
1. ͡Ίʹ

ɹཅࢠΫΥʔΫͱάϧʔΦϯ (߹Θͤͯύʔτϯͱݺ

Ϳ)͔Βߏ͞Ε͍ͯΔɻύʔτϯཅࢠͷӡಈྔͷҰ෦

Λ୲͍ཅࢠΛӡಈ͓ͯ͠Γɺͦͷׂ߹Λ xͰද͢ɻӡಈ

ྔׂ߹ xΛͭ࣋ύʔτϯɺ0 < x < 1ͷൣғͰ࿈ଓతʹ

͠ɺͦͷύʔτϯͷछྨʹΑΓҟͳΔɻ͜ΕΛ

ύʔτϯͷؔ (PDF)ͱݺͿɻxͷൺֱతେ͖͍ͳྖ

Ҭ (x ! 0.1)ՁΫΥʔΫ͕ࢧతʹ͢Δͷʹର͠ɺx

͕খ͚͞Εখ͍͞ྖҬ΄ͲւΫΥʔΫάϧʔΦϯ͕ࢧ

తʹͳΔ͜ͱ͕ΒΕ͍ͯΔ1)ɻւΫΥʔΫάϧʔΦϯ

ɺਫͷதͷ๐ͷΑ͏ʹཅࢠͷதͰμΠφϛοΫʹੜɾফ

໓Λ܁Γฦ͠ͳ͕Βଘ͓ͯ͠ࡏΓɺxΛ๐ͷαΠζͱ͑ߟ

Δͱɺখ͞ͳ๐΄Ͳ༰қ͘େྔʹൃੜ͍͢͠ࣄΛු͍ࢥ

͔ΕΠϝʔδ͍ͩ͢͠Ζ͏1 ɻՃݧ࣮ثͰɺՃ

͢ΔཻࢠͷΤωϧΪʔࢄཚ֯ͳͲͷӡಈֶͷબʹΑ

Γղ ӡಈྔߦҠݩ̐) Q2ʣ͕ҟͳΓɺ؍ଌʹ͔͔Δ x

ͷྖҬҟͳΔɻҰൠʹ x͕খ͍͞ྖҬͷύʔτϯ΄Ͳɺ

ΤωϧΪʔͷϓϩʔϒ͕ඞཁͱͳΔͨΊɺά͍ߴଌʹ؍

ϧʔΦϯͷ؍ଌʹΑΓߴΤωϧΪʔͷՃ͕ثඞཁʹͳ

Δ2ɻՃثٕज़ͷਐาͱڞʹΑΓߴΤωϧΪʔͷཻࢠՃ

͕ՄͱͳΓɺͦΕʹ͍؍ଌͰ౸ୡͰ͖Δ xྖҬ͕খ

͘͞ͳͬͨɻਤ 1ՃثͷߴΤωϧΪʔԽʹ͍ղ

্͕͕Γɺཅࢠͷ෦ߏ͕៛ີʹͯ͑͘ݟΔ༷ࢠΛද͠

͍ͯΔɻQ2 ͷԠͱΈͳͤΔաఔΛ࢜ύʔτϯಉ͘ߴ͕

ϋʔυաఔͱݺͼɺͦͷٯΛιϑτաఔͱݺͿɻ͜ͷΑ͏

ʹཅࢠΛ؍ଌ͢ΔϓϩʔϒͷղɺxʹΑͬͯཅࢠͷ

෦ߏ͕ํ͑ݟҧͬͯ͘Δɻ

ɹཅࢠͷ෦ߏʹ·ͩΑ͘Θ͔͍ͬͯͳ͍͜ͱ͕ଟ

͋͘Δ͕ɺͦΕΛඥղ͘ख͕͔ΓطʹΒΕ͍ͯΔిՙɺ

࣭ྔɺεϐϯͳͲͷཅࢠͷಛੑͰ͋Δɻ͜ΕΒͷཅࢠͷಛ

ੑɺ෦ߏ͔Βઆ໌͞ΕΔ͖ͱͷલఏʹ͖ͮجɺ௰

᧒ͷ߹͏Α͏ʹະͷΫΥʔΫάϧʔΦϯͷಛੑ͕ಛఆ

͞Ε͍ͯ͘ɻ͜͜Ͱཅࢠͷεϐϯ 1/2ɺΫΥʔΫͱάϧʔ

ΦϯͷεϐϯͱͦΕͧΕͷيಓ֯ӡಈྔΛ͠߹Θͤͨશ

֯ӡಈྔͰઆ໌͞ΕΔɺͱ͢ΔεϐϯଇͷূݕΛ௨ͨ͠

෦ߏͷಛఆʹ͍ͭͯৄ͘͠۷ΓԼ͍͛ͯ͘ɻ͜Εݹ

యྗֶͰ͍͏ͱ͜Ζͷ֯ӡಈྔอଘଇʹ૬͠ɺҎԼͷࣜ

Α͏ʹ֤ߏཁૉͷઢܗͰ༩͑ΒΕΔ2)ɻ

1

2
=

1

2
∆Σ+∆G+ Lq

z + LG
z (1)

1
2∆ΣՁͱւΛ߹ΘͤͨΫΥʔΫɾεϐϯɺ∆Gάϧʔ

ΦϯɾεϐϯɺLq
z ͱ LG

z ͦΕͧΕΫΥʔΫͱάϧʔΦϯ
1͜ͷཧ۶ͩͱάϧʔΦϯ x → 0ͷݶۃͰൃ͢ࢄΔ͜ͱʹͳΔ͕ɺ

ཧతʹ੍͞ΕΔͱ༧ଌ͞Ε͍ͯΔɻ͜ͷݱʮάϧʔΦϯ੍ʯ
ͱݺΕ͍ͯΔ͕ɺ࣮ݧͰ·࣮ͩূ͞Ε͍ͯͳ͍ɻ

͍ߴ2 x Λͭ࣋ύʔτϯݩʑཅࢠͰେ͖ͳӡಈྔΛ͍ͯͬ࣋Δͷ
Ͱɺͦͷӡಈͷํʹܰ͘খಥ͘͜ͱͰཅ͔ࢠΒ؆୯ʹ͖ग़ͤΔ͕ɺx
͕খ͍͞ύʔτϯܹ͘͠ୟ͖ग़͞ͳ͍ͱग़ͯ͜ΒΕͳ͍ɻैͬͯখ͍͞
xͷύʔτϯΛ؍ଌ͢ΔʹɺͦΕ͚ͩେ͖ͳিܸΛͦͷύʔτϯʹ༩͑
ΒΕΔߴΤωϧΪʔՃ͕ثඞཁͱͳΔɻҰൠతʹՃثߴΤωϧΪʔ
Ͱ͋Ε͋Δ΄ͲେܕԽ͢Δɻ

海クォークと
グルーオンの
領域

ਤ 1 Ճٕثज़ͷਐԽʹΑΓϓϩʔϒͷΤωϧΪʔ͕͘ߴͳΓɺͦΕʹ
͍؍ଌ͞ΕΔཅࢠͷ෦ߏͷղ (Q2) ͕៛ີʹͳ͍༷ͬͯ͘ࢠɻ
ղ্͕͕ΔͱɺΑΓ x ͷখ͍͞ྖҬͷΞΫηε͕ՄʹͳΔɻxͷ
খ͍͞ྖҬάϧʔΦϯີ͕͕ࣄ͍ߴΒΕɺԠʹάϧʔΦϯ͕ؔΘ
Δ͕֬͘ߴͳΔɻ

ͷيಓ֯ӡಈྔͰ͋Δɻཅࢠͷిՙ̏ͭͷՁΫΥʔΫͷ

ిՙͷ૯Ͱ͏·͘આ໌Ͱ͖ͨͨΊɺεϐϯΫΥʔΫɾ

εϐϯͷ૯Ͱઆ໌Ͱ͖Δͱ 1970∼80ॳָ͞؍Εͯ

͍͕ͨɺ࣮ݧͷ݁Ռཅࢠεϐϯͷ͍͍ͤͥ 1/3ఔ͔͠આ

໌Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻάϧʔΦϯͷಛੑ΄ͱΜͲ

ະͰ͋ͬͨ࣌ɺ͜Εʮཅࢠεϐϯͷύζϧʢಾʣʯͱ

ͷࢠΛͨ͠3ɻཅىେ͖ͳఏʹڀݚߏͷࢠΕͯཅݺ

εϐϯಛੑօ̏ͭͷՁΫΥʔΫ͚ͩͰઆ໌Ͱ͖Δఔ୯७

Ͱͳ͘ɺւΫΥʔΫάϧʔΦϯؚΊͨෳࡶͳܥͱߟ

͑ͳ͚ΕͳΒͳ͍͜ͱ͕ࣔࠦ͞ΕͨͷͰ͋Δɻैͬͯ͜

ͷͷղ໌ɺࣜ 1ͷύζϧͷϐʔεͰ͋ΔͦΕͧΕͷ

߲Λߴਫ਼Ͱଌఆ͠ɺ͜ͷଇ͕Γཱͭ͜ͱΛূ໌͢Δ

͜ͱͰୡ͞ΕΔɻ֤߲ 0 < x < 1ʹ͢Δύʔτϯ

ͷεϐϯيಓ֯ӡಈྔͷੵͰ͋Γɺ؍ଌ͢Δղ

Q2ʹΑΓ֤߲ͷد༩ҟͳΓ͏Δɻεϐϯͱيಓ֯ӡಈྔ

ৗʹม͠߹͍ɺւΫΥʔΫάϧʔΦϯੜɾফ໓

Λ܁Γฦ͠ͳ͕Βଘ͢ࡏΔͷͰɺ࣮ݧͰϓϩʔϒͷٴͿ

Q2,xͷൣғͰཅࢠͷμΠφϛοΫͳ෦ߏͷฏۉΛ؍

ଌ͍ͯ͠Δ͜ͱʹͳΔɻ

ཚͰɺՙిϨϓτϯʢిࢄࢠΤωϧΪʔϨϓτϯ-ཅߴ

ࢠͱԾޫࢠɺཅʹࡍཚ͞ΕΔࢄͳ͍͠ϛϡʔΦϯʣ͕ࢠ

3ʮཅࢠεϐϯͷಾʯͷܦҢͱಛʹΫΥʔΫͷد༩ͷղ໌ɺߟࢀจݙ
3) ͰΑ͘հ͞Ε͍ͯΔɻ
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• History of proton structure from low energy to high 
energy scale

• High energy accelerator and resolution
• Importance of gluon role at low-x (high energy)
• Introduction of spin sum rule and where we are

1. ͡Ίʹ

ɹཅࢠΫΥʔΫͱάϧʔΦϯ (߹Θͤͯύʔτϯͱݺ

Ϳ)͔Βߏ͞Ε͍ͯΔɻύʔτϯཅࢠͷӡಈྔͷҰ෦

Λ୲͍ཅࢠΛӡಈ͓ͯ͠Γɺͦͷׂ߹Λ xͰද͢ɻӡಈ

ྔׂ߹ xΛͭ࣋ύʔτϯɺ0 < x < 1ͷൣғͰ࿈ଓతʹ

͠ɺͦͷύʔτϯͷछྨʹΑΓҟͳΔɻ͜ΕΛ

ύʔτϯͷؔ (PDF)ͱݺͿɻxͷൺֱతେ͖͍ͳྖ

Ҭ (x ! 0.1)ՁΫΥʔΫ͕ࢧతʹ͢Δͷʹର͠ɺx

͕খ͚͞Εখ͍͞ྖҬ΄ͲւΫΥʔΫάϧʔΦϯ͕ࢧ

తʹͳΔ͜ͱ͕ΒΕ͍ͯΔ1)ɻւΫΥʔΫάϧʔΦϯ

ɺਫͷதͷ๐ͷΑ͏ʹཅࢠͷதͰμΠφϛοΫʹੜɾফ

໓Λ܁Γฦ͠ͳ͕Βଘ͓ͯ͠ࡏΓɺxΛ๐ͷαΠζͱ͑ߟ

Δͱɺখ͞ͳ๐΄Ͳ༰қ͘େྔʹൃੜ͍͢͠ࣄΛු͍ࢥ

͔ΕΠϝʔδ͍ͩ͢͠Ζ͏1 ɻՃݧ࣮ثͰɺՃ

͢ΔཻࢠͷΤωϧΪʔࢄཚ֯ͳͲͷӡಈֶͷબʹΑ

Γղ ӡಈྔߦҠݩ̐) Q2ʣ͕ҟͳΓɺ؍ଌʹ͔͔Δ x

ͷྖҬҟͳΔɻҰൠʹ x͕খ͍͞ྖҬͷύʔτϯ΄Ͳɺ

ΤωϧΪʔͷϓϩʔϒ͕ඞཁͱͳΔͨΊɺά͍ߴଌʹ؍

ϧʔΦϯͷ؍ଌʹΑΓߴΤωϧΪʔͷՃ͕ثඞཁʹͳ

Δ2ɻՃثٕज़ͷਐาͱڞʹΑΓߴΤωϧΪʔͷཻࢠՃ

͕ՄͱͳΓɺͦΕʹ͍؍ଌͰ౸ୡͰ͖Δ xྖҬ͕খ

͘͞ͳͬͨɻਤ 1ՃثͷߴΤωϧΪʔԽʹ͍ղ

্͕͕Γɺཅࢠͷ෦ߏ͕៛ີʹͯ͑͘ݟΔ༷ࢠΛද͠

͍ͯΔɻQ2 ͷԠͱΈͳͤΔաఔΛ࢜ύʔτϯಉ͘ߴ͕

ϋʔυաఔͱݺͼɺͦͷٯΛιϑτաఔͱݺͿɻ͜ͷΑ͏

ʹཅࢠΛ؍ଌ͢ΔϓϩʔϒͷղɺxʹΑͬͯཅࢠͷ

෦ߏ͕ํ͑ݟҧͬͯ͘Δɻ

ɹཅࢠͷ෦ߏʹ·ͩΑ͘Θ͔͍ͬͯͳ͍͜ͱ͕ଟ

͋͘Δ͕ɺͦΕΛඥղ͘ख͕͔ΓطʹΒΕ͍ͯΔిՙɺ

࣭ྔɺεϐϯͳͲͷཅࢠͷಛੑͰ͋Δɻ͜ΕΒͷཅࢠͷಛ

ੑɺ෦ߏ͔Βઆ໌͞ΕΔ͖ͱͷલఏʹ͖ͮجɺ௰

᧒ͷ߹͏Α͏ʹະͷΫΥʔΫάϧʔΦϯͷಛੑ͕ಛఆ

͞Ε͍ͯ͘ɻ͜͜Ͱཅࢠͷεϐϯ 1/2ɺΫΥʔΫͱάϧʔ

ΦϯͷεϐϯͱͦΕͧΕͷيಓ֯ӡಈྔΛ͠߹Θͤͨશ

֯ӡಈྔͰઆ໌͞ΕΔɺͱ͢ΔεϐϯଇͷূݕΛ௨ͨ͠

෦ߏͷಛఆʹ͍ͭͯৄ͘͠۷ΓԼ͍͛ͯ͘ɻ͜Εݹ

యྗֶͰ͍͏ͱ͜Ζͷ֯ӡಈྔอଘଇʹ૬͠ɺҎԼͷࣜ

Α͏ʹ֤ߏཁૉͷઢܗͰ༩͑ΒΕΔ2)ɻ

1

2
=

1

2
∆Σ+∆G+ Lq

z + LG
z (1)

1
2∆ΣՁͱւΛ߹ΘͤͨΫΥʔΫɾεϐϯɺ∆Gάϧʔ

ΦϯɾεϐϯɺLq
z ͱ LG

z ͦΕͧΕΫΥʔΫͱάϧʔΦϯ
1͜ͷཧ۶ͩͱάϧʔΦϯ x → 0ͷݶۃͰൃ͢ࢄΔ͜ͱʹͳΔ͕ɺ

ཧతʹ੍͞ΕΔͱ༧ଌ͞Ε͍ͯΔɻ͜ͷݱʮάϧʔΦϯ੍ʯ
ͱݺΕ͍ͯΔ͕ɺ࣮ݧͰ·࣮ͩূ͞Ε͍ͯͳ͍ɻ

͍ߴ2 x Λͭ࣋ύʔτϯݩʑཅࢠͰେ͖ͳӡಈྔΛ͍ͯͬ࣋Δͷ
Ͱɺͦͷӡಈͷํʹܰ͘খಥ͘͜ͱͰཅ͔ࢠΒ؆୯ʹ͖ग़ͤΔ͕ɺx
͕খ͍͞ύʔτϯܹ͘͠ୟ͖ग़͞ͳ͍ͱग़ͯ͜ΒΕͳ͍ɻैͬͯখ͍͞
xͷύʔτϯΛ؍ଌ͢ΔʹɺͦΕ͚ͩେ͖ͳিܸΛͦͷύʔτϯʹ༩͑
ΒΕΔߴΤωϧΪʔՃ͕ثඞཁͱͳΔɻҰൠతʹՃثߴΤωϧΪʔ
Ͱ͋Ε͋Δ΄ͲେܕԽ͢Δɻ

海クォークと
グルーオンの
領域

ਤ 1 Ճٕثज़ͷਐԽʹΑΓϓϩʔϒͷΤωϧΪʔ͕͘ߴͳΓɺͦΕʹ
͍؍ଌ͞ΕΔཅࢠͷ෦ߏͷղ (Q2) ͕៛ີʹͳ͍༷ͬͯ͘ࢠɻ
ղ্͕͕ΔͱɺΑΓ x ͷখ͍͞ྖҬͷΞΫηε͕ՄʹͳΔɻxͷ
খ͍͞ྖҬάϧʔΦϯີ͕͕ࣄ͍ߴΒΕɺԠʹάϧʔΦϯ͕ؔΘ
Δ͕֬͘ߴͳΔɻ

ͷيಓ֯ӡಈྔͰ͋Δɻཅࢠͷిՙ̏ͭͷՁΫΥʔΫͷ

ిՙͷ૯Ͱ͏·͘આ໌Ͱ͖ͨͨΊɺεϐϯΫΥʔΫɾ

εϐϯͷ૯Ͱઆ໌Ͱ͖Δͱ 1970∼80ॳָ͞؍Εͯ

͍͕ͨɺ࣮ݧͷ݁Ռཅࢠεϐϯͷ͍͍ͤͥ 1/3ఔ͔͠આ

໌Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻάϧʔΦϯͷಛੑ΄ͱΜͲ

ະͰ͋ͬͨ࣌ɺ͜Εʮཅࢠεϐϯͷύζϧʢಾʣʯͱ

ͷࢠΛͨ͠3ɻཅىେ͖ͳఏʹڀݚߏͷࢠΕͯཅݺ

εϐϯಛੑօ̏ͭͷՁΫΥʔΫ͚ͩͰઆ໌Ͱ͖Δఔ୯७

Ͱͳ͘ɺւΫΥʔΫάϧʔΦϯؚΊͨෳࡶͳܥͱߟ

͑ͳ͚ΕͳΒͳ͍͜ͱ͕ࣔࠦ͞ΕͨͷͰ͋Δɻैͬͯ͜

ͷͷղ໌ɺࣜ 1ͷύζϧͷϐʔεͰ͋ΔͦΕͧΕͷ

߲Λߴਫ਼Ͱଌఆ͠ɺ͜ͷଇ͕Γཱͭ͜ͱΛূ໌͢Δ

͜ͱͰୡ͞ΕΔɻ֤߲ 0 < x < 1ʹ͢Δύʔτϯ

ͷεϐϯيಓ֯ӡಈྔͷੵͰ͋Γɺ؍ଌ͢Δղ

Q2ʹΑΓ֤߲ͷد༩ҟͳΓ͏Δɻεϐϯͱيಓ֯ӡಈྔ

ৗʹม͠߹͍ɺւΫΥʔΫάϧʔΦϯੜɾফ໓

Λ܁Γฦ͠ͳ͕Βଘ͢ࡏΔͷͰɺ࣮ݧͰϓϩʔϒͷٴͿ

Q2,xͷൣғͰཅࢠͷμΠφϛοΫͳ෦ߏͷฏۉΛ؍

ଌ͍ͯ͠Δ͜ͱʹͳΔɻ

ཚͰɺՙిϨϓτϯʢిࢄࢠΤωϧΪʔϨϓτϯ-ཅߴ

ࢠͱԾޫࢠɺཅʹࡍཚ͞ΕΔࢄͳ͍͠ϛϡʔΦϯʣ͕ࢠ

3ʮཅࢠεϐϯͷಾʯͷܦҢͱಛʹΫΥʔΫͷد༩ͷղ໌ɺߟࢀจݙ
3) ͰΑ͘հ͞Ε͍ͯΔɻ
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ՁΫΥʔΫɿ
ϋυϩϯͷࢠɺதؒࢠ֩
ͷ࣮ମΛ୲͏ΫΥʔࢠྔ
Ϋ͓ΑͼΫΥʔΫɻཅࢠ
ͷ߹+2/3ͷిՙΛͭ࣋ u
ΫΥʔΫ͕ೋͭͱ-1/3ͷి
ՙΛͭ࣋ dΫΥʔΫ͕ՁΫ
ΥʔΫɻ͜ ΕΒΛ͠߹Θͤ
Δͱཅࢠͷిՙ+1ʹͳΔɻ

ཅࢠεϐϯͷύζϧʢಾʣɿ
ཅࢠεϐϯଇ (ड़ޙ) ͷ
֤߲Λύζϧͷϐʔεʹ
४͑ɺͦΕͧΕΫΥʔΫɾ
εϐϯͷϐʔεʢӈ্ʣɺ
άϧʔΦϯɾεϐϯͷϐʔ
εʢ্ࠨʣɺͦͯ͠ΫΥʔ
ΫͱάϧʔΦϯͷيಓ֯ӡ
ಈྔͷϐʔεʢͦΕͧΕӈ
ԼɺࠨԼʣͱ͢Δɻ͜ΕΒ
ҰͭҰͭΛஸೡʹଌఆ͢Δ
͜ͱͰɺϐʔεͷେ͖͞
ྠֲ͕ϋοΩϦ͠ɺશͯͷ
ϐʔε͕ग़ଗ͏͜ͱͰཅࢠ
εϐϯ 1/2ͱ͍͏ύζϧ͕
Δɻ݁͢͠ɺಾղ͖͕

ཅࢠͷεϐϯଇɿ
ཅࢠεϐϯɺཅࢠͷߏཁ
ૉͰ͋ΔΫΥʔΫͱάϧʔ
Φϯͷεϐϯͱيಓ֯ӡಈ
ྔ͕ͦΕͧΕد༩͢ΔͰ
༩͑Β͑Δɺͱ͢Δଇɻݹ
యྗֶͷ֯ӡಈྔอଘଇʹ
૬͢Δɻ

ཅࢠߴΤωϧΪʔʹ͓͍ͯྔࢠ৭ྗֶ

(QCD)ʹ͖ͮجΫΥʔΫͱάϧʔΦϯ͔

Βߏ͞ΕΔͱཧղ͞Ε͍ͯΔ͕ɺཅࢠͷ

εϐϯྔࢠ 1/2 Λͦͷߏཁૉ͔Βઆ
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1. ͡Ίʹ

ɹཅࢠΫΥʔΫͱάϧʔΦϯ (߹Θͤͯύʔτϯͱݺ

Ϳ)͔Βߏ͞Ε͍ͯΔɻύʔτϯཅࢠͷӡಈྔͷҰ෦

Λ୲͍ཅࢠΛӡಈ͓ͯ͠Γɺͦͷׂ߹Λ xͰද͢ɻӡಈ

ྔׂ߹ xΛͭ࣋ύʔτϯɺ0 < x < 1ͷൣғͰ࿈ଓతʹ

͠ɺͦͷύʔτϯͷछྨʹΑΓҟͳΔɻ͜ΕΛ

ύʔτϯͷؔ (PDF)ͱݺͿɻxͷൺֱతେ͖͍ͳྖ

Ҭ (x ! 0.1)ՁΫΥʔΫ͕ࢧతʹ͢Δͷʹର͠ɺx

͕খ͚͞Εখ͍͞ྖҬ΄ͲւΫΥʔΫάϧʔΦϯ͕ࢧ

తʹͳΔ͜ͱ͕ΒΕ͍ͯΔ1)ɻւΫΥʔΫάϧʔΦϯ

ɺਫͷதͷ๐ͷΑ͏ʹཅࢠͷதͰμΠφϛοΫʹੜɾফ

໓Λ܁Γฦ͠ͳ͕Βଘ͓ͯ͠ࡏΓɺxΛ๐ͷαΠζͱ͑ߟ

Δͱɺখ͞ͳ๐΄Ͳ༰қ͘େྔʹൃੜ͍͢͠ࣄΛු͍ࢥ

͔ΕΠϝʔδ͍ͩ͢͠Ζ͏1 ɻՃݧ࣮ثͰɺՃ

͢ΔཻࢠͷΤωϧΪʔࢄཚ֯ͳͲͷӡಈֶͷબʹΑ

Γղ ӡಈྔߦҠݩ̐) Q2ʣ͕ҟͳΓɺ؍ଌʹ͔͔Δ x

ͷྖҬҟͳΔɻҰൠʹ x͕খ͍͞ྖҬͷύʔτϯ΄Ͳɺ

ΤωϧΪʔͷϓϩʔϒ͕ඞཁͱͳΔͨΊɺά͍ߴଌʹ؍

ϧʔΦϯͷ؍ଌʹΑΓߴΤωϧΪʔͷՃ͕ثඞཁʹͳ

Δ2ɻՃثٕज़ͷਐาͱڞʹΑΓߴΤωϧΪʔͷཻࢠՃ

͕ՄͱͳΓɺͦΕʹ͍؍ଌͰ౸ୡͰ͖Δ xྖҬ͕খ

͘͞ͳͬͨɻਤ 1ՃثͷߴΤωϧΪʔԽʹ͍ղ

্͕͕Γɺཅࢠͷ෦ߏ͕៛ີʹͯ͑͘ݟΔ༷ࢠΛද͠

͍ͯΔɻQ2 ͷԠͱΈͳͤΔաఔΛ࢜ύʔτϯಉ͘ߴ͕

ϋʔυաఔͱݺͼɺͦͷٯΛιϑτաఔͱݺͿɻ͜ͷΑ͏

ʹཅࢠΛ؍ଌ͢ΔϓϩʔϒͷղɺxʹΑͬͯཅࢠͷ

෦ߏ͕ํ͑ݟҧͬͯ͘Δɻ

ɹཅࢠͷ෦ߏʹ·ͩΑ͘Θ͔͍ͬͯͳ͍͜ͱ͕ଟ

͋͘Δ͕ɺͦΕΛඥղ͘ख͕͔ΓطʹΒΕ͍ͯΔిՙɺ

࣭ྔɺεϐϯͳͲͷཅࢠͷಛੑͰ͋Δɻ͜ΕΒͷཅࢠͷಛ

ੑɺ෦ߏ͔Βઆ໌͞ΕΔ͖ͱͷલఏʹ͖ͮجɺ௰

᧒ͷ߹͏Α͏ʹະͷΫΥʔΫάϧʔΦϯͷಛੑ͕ಛఆ

͞Ε͍ͯ͘ɻ͜͜Ͱཅࢠͷεϐϯ 1/2ɺΫΥʔΫͱάϧʔ

ΦϯͷεϐϯͱͦΕͧΕͷيಓ֯ӡಈྔΛ͠߹Θͤͨશ

֯ӡಈྔͰઆ໌͞ΕΔɺͱ͢ΔεϐϯଇͷূݕΛ௨ͨ͠

෦ߏͷಛఆʹ͍ͭͯৄ͘͠۷ΓԼ͍͛ͯ͘ɻ͜Εݹ

యྗֶͰ͍͏ͱ͜Ζͷ֯ӡಈྔอଘଇʹ૬͠ɺҎԼͷࣜ

Α͏ʹ֤ߏཁૉͷઢܗͰ༩͑ΒΕΔ2)ɻ

1

2
=

1

2
∆Σ+∆G+ Lq

z + LG
z (1)

1
2∆ΣՁͱւΛ߹ΘͤͨΫΥʔΫɾεϐϯɺ∆Gάϧʔ

ΦϯɾεϐϯɺLq
z ͱ LG

z ͦΕͧΕΫΥʔΫͱάϧʔΦϯ
1͜ͷཧ۶ͩͱάϧʔΦϯ x → 0ͷݶۃͰൃ͢ࢄΔ͜ͱʹͳΔ͕ɺ

ཧతʹ੍͞ΕΔͱ༧ଌ͞Ε͍ͯΔɻ͜ͷݱʮάϧʔΦϯ੍ʯ
ͱݺΕ͍ͯΔ͕ɺ࣮ݧͰ·࣮ͩূ͞Ε͍ͯͳ͍ɻ

͍ߴ2 x Λͭ࣋ύʔτϯݩʑཅࢠͰେ͖ͳӡಈྔΛ͍ͯͬ࣋Δͷ
Ͱɺͦͷӡಈͷํʹܰ͘খಥ͘͜ͱͰཅ͔ࢠΒ؆୯ʹ͖ग़ͤΔ͕ɺx
͕খ͍͞ύʔτϯܹ͘͠ୟ͖ग़͞ͳ͍ͱग़ͯ͜ΒΕͳ͍ɻैͬͯখ͍͞
xͷύʔτϯΛ؍ଌ͢ΔʹɺͦΕ͚ͩେ͖ͳিܸΛͦͷύʔτϯʹ༩͑
ΒΕΔߴΤωϧΪʔՃ͕ثඞཁͱͳΔɻҰൠతʹՃثߴΤωϧΪʔ
Ͱ͋Ε͋Δ΄ͲେܕԽ͢Δɻ

海クォークと
グルーオンの
領域

ਤ 1 Ճٕثज़ͷਐԽʹΑΓϓϩʔϒͷΤωϧΪʔ͕͘ߴͳΓɺͦΕʹ
͍؍ଌ͞ΕΔཅࢠͷ෦ߏͷղ (Q2) ͕៛ີʹͳ͍༷ͬͯ͘ࢠɻ
ղ্͕͕ΔͱɺΑΓ x ͷখ͍͞ྖҬͷΞΫηε͕ՄʹͳΔɻxͷ
খ͍͞ྖҬάϧʔΦϯີ͕͕ࣄ͍ߴΒΕɺԠʹάϧʔΦϯ͕ؔΘ
Δ͕֬͘ߴͳΔɻ

ͷيಓ֯ӡಈྔͰ͋Δɻཅࢠͷిՙ̏ͭͷՁΫΥʔΫͷ

ిՙͷ૯Ͱ͏·͘આ໌Ͱ͖ͨͨΊɺεϐϯΫΥʔΫɾ

εϐϯͷ૯Ͱઆ໌Ͱ͖Δͱ 1970∼80ॳָ͞؍Εͯ

͍͕ͨɺ࣮ݧͷ݁Ռཅࢠεϐϯͷ͍͍ͤͥ 1/3ఔ͔͠આ

໌Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻάϧʔΦϯͷಛੑ΄ͱΜͲ

ະͰ͋ͬͨ࣌ɺ͜Εʮཅࢠεϐϯͷύζϧʢಾʣʯͱ

ͷࢠΛͨ͠3ɻཅىେ͖ͳఏʹڀݚߏͷࢠΕͯཅݺ

εϐϯಛੑօ̏ͭͷՁΫΥʔΫ͚ͩͰઆ໌Ͱ͖Δఔ୯७

Ͱͳ͘ɺւΫΥʔΫάϧʔΦϯؚΊͨෳࡶͳܥͱߟ

͑ͳ͚ΕͳΒͳ͍͜ͱ͕ࣔࠦ͞ΕͨͷͰ͋Δɻैͬͯ͜

ͷͷղ໌ɺࣜ 1ͷύζϧͷϐʔεͰ͋ΔͦΕͧΕͷ

߲Λߴਫ਼Ͱଌఆ͠ɺ͜ͷଇ͕Γཱͭ͜ͱΛূ໌͢Δ

͜ͱͰୡ͞ΕΔɻ֤߲ 0 < x < 1ʹ͢Δύʔτϯ

ͷεϐϯيಓ֯ӡಈྔͷੵͰ͋Γɺ؍ଌ͢Δղ

Q2ʹΑΓ֤߲ͷد༩ҟͳΓ͏Δɻεϐϯͱيಓ֯ӡಈྔ

ৗʹม͠߹͍ɺւΫΥʔΫάϧʔΦϯੜɾফ໓

Λ܁Γฦ͠ͳ͕Βଘ͢ࡏΔͷͰɺ࣮ݧͰϓϩʔϒͷٴͿ

Q2,xͷൣғͰཅࢠͷμΠφϛοΫͳ෦ߏͷฏۉΛ؍

ଌ͍ͯ͠Δ͜ͱʹͳΔɻ

ཚͰɺՙిϨϓτϯʢిࢄࢠΤωϧΪʔϨϓτϯ-ཅߴ

ࢠͱԾޫࢠɺཅʹࡍཚ͞ΕΔࢄͳ͍͠ϛϡʔΦϯʣ͕ࢠ

3ʮཅࢠεϐϯͷಾʯͷܦҢͱಛʹΫΥʔΫͷد༩ͷղ໌ɺߟࢀจݙ
3) ͰΑ͘հ͞Ε͍ͯΔɻ

ղઆ ߏͷεϐϯࢠিಥͰ୳Δཅࢠཅ–ࢠཅۃΤωϧΪʔภߴ 2

Ph.D from Hiroshima Univ.  in heavy ion physics at RHIC
ex-PHENIX collaborator.  
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Sec.2 Gluon Spin Measurement at RHIC
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ਤ 2 িಥʹ͓͚ΔแׅతϋυϩϯੜԠͷμࢠཅ–ࢠΤωϧΪʔཅߴ
ΠΞάϥϜɻ
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q,q
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ਤ 3 িಥʹ͓͚ΔύʔτϯͷૉաఔμΠΞάϥࢠཅ–ࢠΤωϧΪʔཅߴ
Ϝͷྫɻਤ 2 ͷύʔτϯ a, b ͕ͦΕͧΕʢIʣάϧʔΦϯ-άϧʔΦϯͷ
ԠɺʢIIʣ άϧʔΦϯ-() ΫΥʔΫͷԠɺʢIIIʣ() ΫΥʔΫ-()
ΫΥʔΫͷԠɻ

ʹΑΓͦΕͧΕͷૉաఔͷׂ߹9) ਤ 4ͷΑ͏ʹ༧ଌ͞Ε

Δ7ɻԣ࣠ π0 ͷԣӡಈྔ8ͰɺpT ͷখ͍͞ྖҬάϧʔ

Φϯ͕ૉաఔʹΊΔׂ߹͕͕͍ߴɺpT ͕େ͖͘ͳΔʹ͠

͕ͨͬͯάϧʔΦϯͷد༩ݮগ͠ɺΘͬͯΫΥʔΫͷ

༩͕େ͖͘ͳΔɻ͜Εد pT ͕ૉաఔͷύʔτϯ a, bͷ

xͱൺྫؔʹ͋ΔͷͰɺpT ͷখ͍͞ྖҬখ͍͞ xྖҬ

ͰࢧతͳάϧʔΦϯͷد༩͕େ͖͘ͳΔͨΊͰ͋Δɻ

ҰํഁؔࡅιϑτաఔͳͷͰ pQCD ͷద༻֎Ͱ͋

Δɻͦ͜Ͱɺ͜͜Ͱ e+e− Ԡͷ࣮ݧσʔλΛੜϋυ

ϩϯछຖʹάϩʔόϧQCDղੳͨ͠Ϟσϧ9ࢉܭΛഁؔࡅ

ʹద༻͢Δɻ

άϧʔΦϯɾεϐϯͷଌఆʹɺিಥཅࢠΛͲͪΒॎภ

Δ͜ͱͰਤͤ͞ۃ 2ͷඇภۃؔͱඇภۃඍஅ໘ੵ

ΛɺͦΕͧΕภۃؔ ∆fa(x1)ɺ∆fb(x2)ͱภۃඍ

அ໘ੵ d∆σ̂ab→cX ʹஔ͖͑Δɻ࣮ݧͰɺཅࢠͷਐํߦ

ͷ࢜ಉࢠཅͨ͠ۃॎภʹํߦͱʢʣฏํߦର͠ฏʹ

িಥԠஅ໘ੵ σ++(σ+−)Λ༻͍ͯ10)ɺೋॏϔϦγςΟʔ

ඇରশ ALL

ALL =
σ++ − σ+−

σ++ + σ+− (2)

7ਤ 2ͷ hΛ π0 ͱͨ͠߹ͷࢉܭͰɺޙʹൺֱ͢Δ࣮ݧσʔλͱ݅
Λଗ͑ΔͨΊϥϐσΟςΟʔΛ |η| < 0.35 ͷதԝྖҬʹݶఆ͍ͯ͠Δ9)ɻ

8π0 ͷӡಈྔΛϏʔϜ࣠ʹਨͳฏ໘ʹࣹӨͨ͠ɻ
9DIS/SIDIS  RHIC σʔλݧσʔλͳͲҟͳΔԠաఔͷ࣮ݧ࣮

ΛूͤدΊ্ͨͰɺϑϨΩγϒϧͳؔͰશͯͷσʔλΛटඌҰ؏ͯ͠
ϑΟοτ͢Δݱతͳղੳख๏ɻϑΟοτ͢Δؔܥσʔληοτͷ
ҧ͍ʹΑΓҟͳΔϞσϧ͕͋Δɻ

pT [GeV]

gg

qg

qq + qq + ...
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ਤ 4
√
s = 200 GeVʹ͓͚Δཅࢠ–ཅࢠিಥԠͷதԝϥϐσΟςΟʔ

ྖҬ (|η| < 0.35) ͷ π0 ੜͷૉաఔׂ߹ͷ pQCD ༧ଌɻάϧʔΦϯ-
άϧʔΦϯʢ࣮ઢʣɺάϧʔΦϯ-ΫΥʔΫʢഁઢʣɺΫΥʔΫ-ΫΥʔΫ
ԠʢઢʣɺͦΕͧΕͷׂ߹Λ π0 ͷԣӡಈྔ pT ͷؔͰ͍ࣔͯ͠Δɻ

Λଌఆ͠ɺάϧʔΦϯ g ͷภۃؔ ∆g(x) Λࢉग़͢

Δ10 ɻύʔτϯ a, b pT ʹΑΓΫΥʔΫάϧʔΦϯͷ

ҙ͕ඞཁͰ͋Δɻʹࣄ༩ͷׂ߹͕มԽ͢Δد

·ͱΊΔͱɺਤ 2Λॎภۃཅࢠ–ཅࢠিಥͱͨ͠߹ͷ

ԠͰະ a, b͕άϧʔΦϯͷ߹ͷ∆fg(x) ≡ ∆g(x)ͩ

͚ͰɺΫΥʔΫภۃؔ∆fq(x) ≡ ∆q(x)ɺd∆σ̂ab→cXɺ

ͦͯ͠Dh
c (z)ࠩޡ͖͕ͩطͷཧྔͱͯ͠ѻ͏ɻҰͭ

ͷALLଌఆʹରͯ͠ະ͕ҰͭͳͷͰɺݪཧతʹ∆g(x)

Λࢉग़Ͱ͖Δ11ɻ

2.2. RHICͷೋॏϔϦγςΟඇରশଌఆ

ඇରশଌఆʹͱͬͯɺεϐϯґଘͷஅ໘ੵࠩΛΑΓݦ

ஶʹ؍ଌͰ͖ΔͨΊɺϏʔϜͷภۃ͚ߴΕ͍ߴ΄Ͳ

ྑ͍ɻRHICͰϏʔϜͷڧͱภۃΛঃʑʹվળ͠ɺภ

ۉϥϯฏ͍ͨͯ͛ܝॳͷඪͱͯ͠ۃ 50 ∼ 65 %Λ

ୡ͍ͯ͠ΔɻALLɺPHENIXͱ STARͱݺΕΔ̎ͭ

ͷେ͕ݧ࣮ܕಉ࣌ʹଌఆ͍ͯ͠Δɻೋͭͷ࣮ݧͰݕग़ث

ग़ޮݕͱΞΫηϓλϯε͕େ͖͘ҟͳΓɺͦͷ݁Ռߏ

ͷཻࢠӡಈྔͷґଘੑҟͳΔɻॎภۃཅࢠ–ཅࢠিಥ

ʹ͓͍ͯ PHENIXͷதԝϥϐσΟςΟʔྖҬ (|η| < 0.35)

Ͱ؍ଌ͞Εͨ π0 ͷੜඇରশ ALL Λਤ 5ʹࣔ͢ ɻԣ

࣠ xT িಥΤωϧΪʔͷҧ͍Λ֨نԽ͢Δҝʹಋೖͨ͠

ԣӡಈྔͰɺxTࢉ = 2pT /
√
sͰఆٛ͞ΕΔɻ࢛֯Ͱࣔ͢

√
s = 510 GeVͷσʔλɺؙͰࣔ͞Εͨ

√
s = 200 GeV

ͷσʔλ11)ʹൺͯখ͍͞ xT ྖҬʹ͢Δɻ
√
s = 200

GeV ͷσʔλͰ ALL ̌ͱ͢Δղऍͱໃ६͠ͳ͍͕ɺ√
s = 510 GeVͷσʔλͰ໌Β͔ʹਖ਼ͷΛ͍ࣔͯ͠

Δɻ͜ΕΒͷ࣮ݧσʔλ࣮ઢɺഁઢɺઢͰࣔ̏ͭ͢ͷ

ҟͳΔάϩʔόϧQCDղੳϞσϧ12, 13, 14)ʹΑΓΑ͘ݱ࠶

͞Ε͍ͯΔɻxT ͕େ͖͘ͳΔʹैͬͯඇରশ͕େ͖͘ͳ

10∆g(x),∆q(x)ͷύʔτϯؔ Q2 ͷؔͰ͋Δ͕ɺ؆ૉ
ԽͷͨΊ Q2 ґଘੑলུ͢Δɻ

ग़ʹલग़ͷάϩʔόϧࢉͷࡍ11࣮ QCDղੳٕज़Λͯ͠ۦɺӡಈֶ
తʹྡΓ߹͏σʔλ͕Β͔ʹ͕ܨΔͳͲͷ݅ΛՃ͑ͯࢉग़͢Δɻ

ղઆ ߏͷεϐϯࢠিಥͰ୳Δཅࢠཅ–ࢠཅۃΤωϧΪʔภߴ 4

7

! !!"#"$

!#"#$$

! "#!"#$%

$
%%&"&$

"!

!

"

#
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ਤ 3 িಥʹ͓͚ΔύʔτϯͷૉաఔμΠΞάϥࢠཅ–ࢠΤωϧΪʔཅߴ
Ϝͷྫɻਤ 2 ͷύʔτϯ a, b ͕ͦΕͧΕʢIʣάϧʔΦϯ-άϧʔΦϯͷ
ԠɺʢIIʣ άϧʔΦϯ-() ΫΥʔΫͷԠɺʢIIIʣ() ΫΥʔΫ-()
ΫΥʔΫͷԠɻ

ʹΑΓͦΕͧΕͷૉաఔͷׂ߹9) ਤ 4ͷΑ͏ʹ༧ଌ͞Ε

Δ7ɻԣ࣠ π0 ͷԣӡಈྔ8ͰɺpT ͷখ͍͞ྖҬάϧʔ

Φϯ͕ૉաఔʹΊΔׂ߹͕͕͍ߴɺpT ͕େ͖͘ͳΔʹ͠

͕ͨͬͯάϧʔΦϯͷد༩ݮগ͠ɺΘͬͯΫΥʔΫͷ

༩͕େ͖͘ͳΔɻ͜Εد pT ͕ૉաఔͷύʔτϯ a, bͷ

xͱൺྫؔʹ͋ΔͷͰɺpT ͷখ͍͞ྖҬখ͍͞ xྖҬ

ͰࢧతͳάϧʔΦϯͷد༩͕େ͖͘ͳΔͨΊͰ͋Δɻ

ҰํഁؔࡅιϑτաఔͳͷͰ pQCD ͷద༻֎Ͱ͋

Δɻͦ͜Ͱɺ͜͜Ͱ e+e− Ԡͷ࣮ݧσʔλΛੜϋυ

ϩϯछຖʹάϩʔόϧQCDղੳͨ͠Ϟσϧ9ࢉܭΛഁؔࡅ

ʹద༻͢Δɻ

άϧʔΦϯɾεϐϯͷଌఆʹɺিಥཅࢠΛͲͪΒॎภ

Δ͜ͱͰਤͤ͞ۃ 2ͷඇภۃؔͱඇภۃඍஅ໘ੵ

ΛɺͦΕͧΕภۃؔ ∆fa(x1)ɺ∆fb(x2)ͱภۃඍ

அ໘ੵ d∆σ̂ab→cX ʹஔ͖͑Δɻ࣮ݧͰɺཅࢠͷਐํߦ

ͷ࢜ಉࢠཅͨ͠ۃॎภʹํߦͱʢʣฏํߦର͠ฏʹ

িಥԠஅ໘ੵ σ++(σ+−)Λ༻͍ͯ10)ɺೋॏϔϦγςΟʔ

ඇରশ ALL

ALL =
σ++ − σ+−

σ++ + σ+− (2)

7ਤ 2ͷ hΛ π0 ͱͨ͠߹ͷࢉܭͰɺޙʹൺֱ͢Δ࣮ݧσʔλͱ݅
Λଗ͑ΔͨΊϥϐσΟςΟʔΛ |η| < 0.35 ͷதԝྖҬʹݶఆ͍ͯ͠Δ9)ɻ

8π0 ͷӡಈྔΛϏʔϜ࣠ʹਨͳฏ໘ʹࣹӨͨ͠ɻ
9DIS/SIDIS  RHIC σʔλݧσʔλͳͲҟͳΔԠաఔͷ࣮ݧ࣮

ΛूͤدΊ্ͨͰɺϑϨΩγϒϧͳؔͰશͯͷσʔλΛटඌҰ؏ͯ͠
ϑΟοτ͢Δݱతͳղੳख๏ɻϑΟοτ͢Δؔܥσʔληοτͷ
ҧ͍ʹΑΓҟͳΔϞσϧ͕͋Δɻ

pT [GeV]
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qg

qq + qq + ...
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ਤ 4
√
s = 200 GeVʹ͓͚Δཅࢠ–ཅࢠিಥԠͷதԝϥϐσΟςΟʔ

ྖҬ (|η| < 0.35) ͷ π0 ੜͷૉաఔׂ߹ͷ pQCD ༧ଌɻάϧʔΦϯ-
άϧʔΦϯʢ࣮ઢʣɺάϧʔΦϯ-ΫΥʔΫʢഁઢʣɺΫΥʔΫ-ΫΥʔΫ
ԠʢઢʣɺͦΕͧΕͷׂ߹Λ π0 ͷԣӡಈྔ pT ͷؔͰ͍ࣔͯ͠Δɻ

Λଌఆ͠ɺάϧʔΦϯ g ͷภۃؔ ∆g(x) Λࢉग़͢

Δ10 ɻύʔτϯ a, b pT ʹΑΓΫΥʔΫάϧʔΦϯͷ

ҙ͕ඞཁͰ͋Δɻʹࣄ༩ͷׂ߹͕มԽ͢Δد

·ͱΊΔͱɺਤ 2Λॎภۃཅࢠ–ཅࢠিಥͱͨ͠߹ͷ

ԠͰະ a, b͕άϧʔΦϯͷ߹ͷ∆fg(x) ≡ ∆g(x)ͩ

͚ͰɺΫΥʔΫภۃؔ∆fq(x) ≡ ∆q(x)ɺd∆σ̂ab→cXɺ

ͦͯ͠Dh
c (z)ࠩޡ͖͕ͩطͷཧྔͱͯ͠ѻ͏ɻҰͭ

ͷALLଌఆʹରͯ͠ະ͕ҰͭͳͷͰɺݪཧతʹ∆g(x)

Λࢉग़Ͱ͖Δ11ɻ

2.2. RHICͷೋॏϔϦγςΟඇରশଌఆ

ඇରশଌఆʹͱͬͯɺεϐϯґଘͷஅ໘ੵࠩΛΑΓݦ

ஶʹ؍ଌͰ͖ΔͨΊɺϏʔϜͷภۃ͚ߴΕ͍ߴ΄Ͳ

ྑ͍ɻRHICͰϏʔϜͷڧͱภۃΛঃʑʹվળ͠ɺภ

ۉϥϯฏ͍ͨͯ͛ܝॳͷඪͱͯ͠ۃ 50 ∼ 65 %Λ

ୡ͍ͯ͠ΔɻALLɺPHENIXͱ STARͱݺΕΔ̎ͭ

ͷେ͕ݧ࣮ܕಉ࣌ʹଌఆ͍ͯ͠Δɻೋͭͷ࣮ݧͰݕग़ث

ग़ޮݕͱΞΫηϓλϯε͕େ͖͘ҟͳΓɺͦͷ݁Ռߏ

ͷཻࢠӡಈྔͷґଘੑҟͳΔɻॎภۃཅࢠ–ཅࢠিಥ

ʹ͓͍ͯ PHENIXͷதԝϥϐσΟςΟʔྖҬ (|η| < 0.35)

Ͱ؍ଌ͞Εͨ π0 ͷੜඇରশ ALL Λਤ 5ʹࣔ͢ ɻԣ

࣠ xT িಥΤωϧΪʔͷҧ͍Λ֨نԽ͢Δҝʹಋೖͨ͠

ԣӡಈྔͰɺxTࢉ = 2pT /
√
sͰఆٛ͞ΕΔɻ࢛֯Ͱࣔ͢

√
s = 510 GeVͷσʔλɺؙͰࣔ͞Εͨ

√
s = 200 GeV

ͷσʔλ11)ʹൺͯখ͍͞ xT ྖҬʹ͢Δɻ
√
s = 200

GeV ͷσʔλͰ ALL ̌ͱ͢Δղऍͱໃ६͠ͳ͍͕ɺ√
s = 510 GeVͷσʔλͰ໌Β͔ʹਖ਼ͷΛ͍ࣔͯ͠

Δɻ͜ΕΒͷ࣮ݧσʔλ࣮ઢɺഁઢɺઢͰࣔ̏ͭ͢ͷ

ҟͳΔάϩʔόϧQCDղੳϞσϧ12, 13, 14)ʹΑΓΑ͘ݱ࠶

͞Ε͍ͯΔɻxT ͕େ͖͘ͳΔʹैͬͯඇରশ͕େ͖͘ͳ

10∆g(x),∆q(x)ͷύʔτϯؔ Q2 ͷؔͰ͋Δ͕ɺ؆ૉ
ԽͷͨΊ Q2 ґଘੑলུ͢Δɻ

ग़ʹલग़ͷάϩʔόϧࢉͷࡍ11࣮ QCDղੳٕज़Λͯ͠ۦɺӡಈֶ
తʹྡΓ߹͏σʔλ͕Β͔ʹ͕ܨΔͳͲͷ݅ΛՃ͑ͯࢉग़͢Δɻ
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ਤ 2 িಥʹ͓͚ΔแׅతϋυϩϯੜԠͷμࢠཅ–ࢠΤωϧΪʔཅߴ
ΠΞάϥϜɻ
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ਤ 3 িಥʹ͓͚ΔύʔτϯͷૉաఔμΠΞάϥࢠཅ–ࢠΤωϧΪʔཅߴ
Ϝͷྫɻਤ 2 ͷύʔτϯ a, b ͕ͦΕͧΕʢIʣάϧʔΦϯ-άϧʔΦϯͷ
ԠɺʢIIʣ άϧʔΦϯ-() ΫΥʔΫͷԠɺʢIIIʣ() ΫΥʔΫ-()
ΫΥʔΫͷԠɻ

ʹΑΓͦΕͧΕͷૉաఔͷׂ߹9) ਤ 4ͷΑ͏ʹ༧ଌ͞Ε

Δ7ɻԣ࣠ π0 ͷԣӡಈྔ8ͰɺpT ͷখ͍͞ྖҬάϧʔ

Φϯ͕ૉաఔʹΊΔׂ߹͕͕͍ߴɺpT ͕େ͖͘ͳΔʹ͠

͕ͨͬͯάϧʔΦϯͷد༩ݮগ͠ɺΘͬͯΫΥʔΫͷ

༩͕େ͖͘ͳΔɻ͜Εد pT ͕ૉաఔͷύʔτϯ a, bͷ

xͱൺྫؔʹ͋ΔͷͰɺpT ͷখ͍͞ྖҬখ͍͞ xྖҬ

ͰࢧతͳάϧʔΦϯͷد༩͕େ͖͘ͳΔͨΊͰ͋Δɻ

ҰํഁؔࡅιϑτաఔͳͷͰ pQCD ͷద༻֎Ͱ͋

Δɻͦ͜Ͱɺ͜͜Ͱ e+e− Ԡͷ࣮ݧσʔλΛੜϋυ

ϩϯछຖʹάϩʔόϧQCDղੳͨ͠Ϟσϧ9ࢉܭΛഁؔࡅ

ʹద༻͢Δɻ

άϧʔΦϯɾεϐϯͷଌఆʹɺিಥཅࢠΛͲͪΒॎภ

Δ͜ͱͰਤͤ͞ۃ 2ͷඇภۃؔͱඇภۃඍஅ໘ੵ

ΛɺͦΕͧΕภۃؔ ∆fa(x1)ɺ∆fb(x2)ͱภۃඍ

அ໘ੵ d∆σ̂ab→cX ʹஔ͖͑Δɻ࣮ݧͰɺཅࢠͷਐํߦ

ͷ࢜ಉࢠཅͨ͠ۃॎภʹํߦͱʢʣฏํߦର͠ฏʹ

িಥԠஅ໘ੵ σ++(σ+−)Λ༻͍ͯ10)ɺೋॏϔϦγςΟʔ

ඇରশ ALL

ALL =
σ++ − σ+−

σ++ + σ+− (2)

7ਤ 2ͷ hΛ π0 ͱͨ͠߹ͷࢉܭͰɺޙʹൺֱ͢Δ࣮ݧσʔλͱ݅
Λଗ͑ΔͨΊϥϐσΟςΟʔΛ |η| < 0.35 ͷதԝྖҬʹݶఆ͍ͯ͠Δ9)ɻ

8π0 ͷӡಈྔΛϏʔϜ࣠ʹਨͳฏ໘ʹࣹӨͨ͠ɻ
9DIS/SIDIS  RHIC σʔλݧσʔλͳͲҟͳΔԠաఔͷ࣮ݧ࣮

ΛूͤدΊ্ͨͰɺϑϨΩγϒϧͳؔͰશͯͷσʔλΛटඌҰ؏ͯ͠
ϑΟοτ͢Δݱతͳղੳख๏ɻϑΟοτ͢Δؔܥσʔληοτͷ
ҧ͍ʹΑΓҟͳΔϞσϧ͕͋Δɻ

pT [GeV]
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ਤ 4
√
s = 200 GeVʹ͓͚Δཅࢠ–ཅࢠিಥԠͷதԝϥϐσΟςΟʔ

ྖҬ (|η| < 0.35) ͷ π0 ੜͷૉաఔׂ߹ͷ pQCD ༧ଌɻάϧʔΦϯ-
άϧʔΦϯʢ࣮ઢʣɺάϧʔΦϯ-ΫΥʔΫʢഁઢʣɺΫΥʔΫ-ΫΥʔΫ
ԠʢઢʣɺͦΕͧΕͷׂ߹Λ π0 ͷԣӡಈྔ pT ͷؔͰ͍ࣔͯ͠Δɻ

Λଌఆ͠ɺάϧʔΦϯ g ͷภۃؔ ∆g(x) Λࢉग़͢

Δ10 ɻύʔτϯ a, b pT ʹΑΓΫΥʔΫάϧʔΦϯͷ

ҙ͕ඞཁͰ͋Δɻʹࣄ༩ͷׂ߹͕มԽ͢Δد

·ͱΊΔͱɺਤ 2Λॎภۃཅࢠ–ཅࢠিಥͱͨ͠߹ͷ

ԠͰະ a, b͕άϧʔΦϯͷ߹ͷ∆fg(x) ≡ ∆g(x)ͩ

͚ͰɺΫΥʔΫภۃؔ∆fq(x) ≡ ∆q(x)ɺd∆σ̂ab→cXɺ

ͦͯ͠Dh
c (z)ࠩޡ͖͕ͩطͷཧྔͱͯ͠ѻ͏ɻҰͭ

ͷALLଌఆʹରͯ͠ະ͕ҰͭͳͷͰɺݪཧతʹ∆g(x)

Λࢉग़Ͱ͖Δ11ɻ

2.2. RHICͷೋॏϔϦγςΟඇରশଌఆ

ඇରশଌఆʹͱͬͯɺεϐϯґଘͷஅ໘ੵࠩΛΑΓݦ

ஶʹ؍ଌͰ͖ΔͨΊɺϏʔϜͷภۃ͚ߴΕ͍ߴ΄Ͳ

ྑ͍ɻRHICͰϏʔϜͷڧͱภۃΛঃʑʹվળ͠ɺภ

ۉϥϯฏ͍ͨͯ͛ܝॳͷඪͱͯ͠ۃ 50 ∼ 65 %Λ

ୡ͍ͯ͠ΔɻALLɺPHENIXͱ STARͱݺΕΔ̎ͭ

ͷେ͕ݧ࣮ܕಉ࣌ʹଌఆ͍ͯ͠Δɻೋͭͷ࣮ݧͰݕग़ث

ग़ޮݕͱΞΫηϓλϯε͕େ͖͘ҟͳΓɺͦͷ݁Ռߏ

ͷཻࢠӡಈྔͷґଘੑҟͳΔɻॎภۃཅࢠ–ཅࢠিಥ

ʹ͓͍ͯ PHENIXͷதԝϥϐσΟςΟʔྖҬ (|η| < 0.35)

Ͱ؍ଌ͞Εͨ π0 ͷੜඇରশ ALL Λਤ 5ʹࣔ͢ ɻԣ

࣠ xT িಥΤωϧΪʔͷҧ͍Λ֨نԽ͢Δҝʹಋೖͨ͠

ԣӡಈྔͰɺxTࢉ = 2pT /
√
sͰఆٛ͞ΕΔɻ࢛֯Ͱࣔ͢

√
s = 510 GeVͷσʔλɺؙͰࣔ͞Εͨ

√
s = 200 GeV

ͷσʔλ11)ʹൺͯখ͍͞ xT ྖҬʹ͢Δɻ
√
s = 200

GeV ͷσʔλͰ ALL ̌ͱ͢Δղऍͱໃ६͠ͳ͍͕ɺ√
s = 510 GeVͷσʔλͰ໌Β͔ʹਖ਼ͷΛ͍ࣔͯ͠

Δɻ͜ΕΒͷ࣮ݧσʔλ࣮ઢɺഁઢɺઢͰࣔ̏ͭ͢ͷ

ҟͳΔάϩʔόϧQCDղੳϞσϧ12, 13, 14)ʹΑΓΑ͘ݱ࠶

͞Ε͍ͯΔɻxT ͕େ͖͘ͳΔʹैͬͯඇରশ͕େ͖͘ͳ

10∆g(x),∆q(x)ͷύʔτϯؔ Q2 ͷؔͰ͋Δ͕ɺ؆ૉ
ԽͷͨΊ Q2 ґଘੑলུ͢Δɻ

ग़ʹલग़ͷάϩʔόϧࢉͷࡍ11࣮ QCDղੳٕज़Λͯ͠ۦɺӡಈֶ
తʹྡΓ߹͏σʔλ͕Β͔ʹ͕ܨΔͳͲͷ݅ΛՃ͑ͯࢉग़͢Δɻ
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Sec. 2 Gluon Spin Measurement ResultsΔͷɺૉաఔͷ x͕େ͖͘ͳΔͨΊΫΥʔΫɾεϐϯͷ

ׂ߹͕૿͍͑ͯͨ͘ΊͰ͋Δɻ

 )s/
T

 (=2pTx
0 0.05 0.1

LL
A

0

0.01

0.02

PHENIX

|<0.35!+X  |0" #pp 
510 GeV: Run12-13
510 GeV: rel. lum. uncertainty
200 GeV: Run6-9 (PRD90,012007)
200 GeV: rel. lum. uncertainty

510 GeV / 200 GeV pol. scale uncert. 6.5% / 4.8%

Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted)

ਤ 5 PHENIX িಥԠͷதԝϥϐࢠཅ-ࢠཅۃͰଌఆ͞Εͨॎภݧ࣮
σΟςΟʔྖҬ (|η| < 0.35)ͷ π0 ੜඇରশ ALLɻ࢛֯

√
s = 510

GeVɺؙ 
√
s = 200 GeVͷσʔλ11)ɻԣ࣠ԣӡಈྔ xT = 2pT /

√
sɻ

࣮ઢɺഁઢɺઢͦΕͧΕͷিಥΤωϧΪʔʹର͢Δάϩʔόϧ QCD
ղੳϞσϧ12ࢉܭ, 13, 14)ɻ

STAR࣮ݧͰେ͖ͳΞΫηϓλϯεΛ׆༻ͯ͠ऴঢ়ଶʹ

୯δΣοτ12Λݕग़͠ɺδΣοτͷALLΛଌఆͨ͠15, 16)(ਤ

6)ɻδΣοτଌఆɺ∆g(x)ͷࢉग़աఔͰਤ 2ͷ π0ଌఆͰ

ෆՄආͰ͋ͬͨഁؔࡅͷϞσϧґଘੑΛճආͰ͖Δͷ

͚͕ݟେͷརͰ͋ΔɻҰํͰόοΫάϥϯυͱ࠷͕

͔ͭͳ͘ͳΔ͍ xT ྖҬͰɺδΣοτͷଌఆ͕ࠔʹͳ

ΔɻRHICͷ࣮ݧσʔλɺxT ͷ͍ྖҬΛ PHENIXͷ

π0ଌఆͰɺྖ͍ߴҬΛ STARͷδΣοτଌఆͰ૬ิతʹ

ཏ͢Δ͜ͱʹΑΓɺ͍ӡಈֶͰάϩʔόϧ QCDղੳʹ

Λ༩͍͑ͯΔɻݶ੍

ͱ͜ΕΒݧଘͷDIS࣮ط PHENIXͱ STARͷ࣮ݧσʔ

λΛՃ͑ͯάϩʔόϧQCDղੳͨ݁͠Ռɺconfidence level

90%Ҏ্Ͱ Q2 = 10 (GeV/c)2 ʹ͓͚ΔάϧʔΦϯɾεϐ

ϯͷੵ
∫ 0.2
0.05 ∆g(x)dx = 0.20+0.06

−0.07 ͕ಘΒΕͨ
13ɻ͜ͷ

0.20ͱ͍͏ɺཅࢠεϐϯ 1/2 = 0.5ͷຌͦ 40%ʹ૬

͠ɺΫΥʔΫɾεϐϯͱಉϨϕϧΛάϧʔΦϯɾεϐϯ

͕୲͏͜ͱΛ͍ࣔࠦͯ͠ΔɻRHICͰ͞ޙࠓΒʹ͜ͷਫ਼

্ʹΊ͍ͯ͘ɻSTAR࣮ݧͰऴঢ়ଶʹ̎δΣοτ

Λಉܭ࣌ଌ͠ʢp+ p → jet+ jet+Xʣɺύʔτϯ a, bͷͦ

ΕͧΕͷӡಈྔׂ߹ xa, xbΛಛఆ͢Δ͜ͱͰɺ౷ܭམͪ

Δ͕ӡಈֶมͷܾఆਫ਼ΛߴΊΔଌఆͳ͞Ε͍ͯΔ14ɻ

12ύʔτϯ͕ඈͼग़͢ࡍɺయܕతʹΫϥελʔঢ়ͷෳͷϋυϩϯͳͲ
ͷཻ࢟ʹࢠΛม͑ͯग़ͯ͘Δɻ͜ͷΫϥελʔΛδΣοτͱݺͿɻ

13ੵൣғͷ 0.05 < x < 0.2  RHIC ͷ͋ΔྖҬɻײʹݧ࣮
14DIS ͰࢄཚϨϓτϯΛଌఆ͢Δ͜ͱͰɺԠͷ Q2, x Λಛఆ͢Δ
͜ͱ͕Ͱ͖Δɻ͔͠͠ཅࢠ–ཅࢠিಥͰͷϋυϩϯੜ p+ p → h+X 
δΣοτੜ p+ p → h+ jetͰɺԠͷ Q2, xΛಛఆ͢Δ͜ͱͰ͖
ͳ͍ͷͰɺԠͷϞϯςΧϧϩγϛϡϨʔγϣϯʹΑΔ༧ଌΛར༻͢Δɻ

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

s/
T

p = 2Tx Parton Jet 

0.00

0.02

0.04

0.06

L
L

A

 = 200 GeVsSTAR,
 Jet + X→p+p

| < 1η = 0.6, |R
T

kAnti-

 STAR 2015, This work
 STAR 2009, PRL 115 (2015) 092002
 DSSV14
 NNPDFpol1.1

Rel. Lumi. Sys.
2015     2009

 6.5% (2009) scale uncertainty from polarization not shown± 6.1% (2015) and ±

ਤ 6 STAR Ͱଌఆ͞Εͨݧ࣮
√
s = 200 GeV ʹ͓͚Δॎภۃཅࢠ-ཅ

িಥԠͷதԝϥϐσΟςΟʔྖҬࢠ (|η| < 1) ͷ୯δΣοτੜඇରশ
 ALLɻԣ࣠δΣοτͷԣӡಈྔ xT = 2pT /

√
s Ͱɺ2009 ͱ 2015

ʹऔಘ࣮ͨ͠ݧσʔλΛͦΕͧΕ15֯ࡾ)ɺ16࢛֯) Ͱࣔ͢ɻ࣮ઢͱͦͷ
ઢӨɺഁઢিಥΤωϧΪʔʹର͢Δάϩʔόϧ QCD ղੳϞσϧࢉܭ
14, 12)ɻ

ҰํάϧʔΦϯͷεϐϯͷد༩Λଌఆ͢Δͷʹɺ͜ͷ

0.05 < x < 0.2 ͱ͍͏ՁΫΥʔΫ͕ࢧతʹଘ͢ࡏΔྖ

Ҭ͚ͩͰྑ͍ͷ͔ʁͱͷ൷ৗʹ͋Δɻਤ 1͕ࣔ͢Α͏

ʹɺάϧʔΦϯ͕ଘײࡏΛ૿͢ͷΑΓ͍ x͔ͩΒάϧʔ

Φϯ͕ࢧతʹͳΔ xྖҬੵൣғΛ͛ͳ͚Εɺ

άϧʔΦϯɾεϐϯଌఆͷܾணʹࢸΒͳ͍ɻ͜ͷܾணɺ

 xྖҬΛߴ౷ܭଌఆͰ͖Δ EIC࣮ݧΛͨͳ͚Ε͚Ε

ͳΒͳ͍5) ɻ

3. ւΫΥʔΫɾεϐϯ

ऑ͍૬࡞ޓ༻ͷύϦςΟඇอଘΑ͘ΒΕ͍ͯΔɻऑ

͍૬࡞ޓ༻Λഔհ͢ΔW/ZϘιϯͷଘࡏ 1980ʹݟ

͔ͭͬͨɻಛʹՙిW ࢠཻ͖רࠨɾӈ͖רཻࢠͱ͔͠

૬࡞ޓ༻Λ͠ͳ͍ಛΛͭ࣋ɻӈ͖רɺ͖רࠨཻࢠͷε

ϐϯͷ͕͖ͦͷӡಈྔํʹରͯ͠ฏߦɺฏߦʹ૬

͢Δɻ࣭ྔ̌ͷཻࢠʹͱͬͯ͜ΕอଘྔͰ͋ΔɻRHIC

ͷߴΤωϧΪʔภۃཅࢠ–ཅࢠিಥͷW ੜԠɺ͜ͷ

ಛΛ͔ͤ׆ཅࢠεϐϯʹ͓͚ΔΫΥʔΫͱΫΥʔΫɾ

εϐϯͷد༩ΛௐΔϓϩʔϒͱͯ͠༗༻Ͱ͋ΔɻҰํͷ

ภۃཅࢠϏʔϜͷεϐϯͷ͖Λಛఆ͢Δͱɺྫ͑ɺཅ

ͳεϐϯߦΫΥʔΫͱฏͭ࣋ͳεϐϯΛߦεϐϯʹฏࢠ

Λͭ࣋ΫΥʔΫʹΑΔW ੜͱಛఆ͢Δ͜ͱ͕Ͱ͖Δɻ

͠ۃεϐϯภʹߦɾฏߦରͯ͠ฏʹͰɺӡಈํݧ࣮

ͨཅࢠͷW ੜஅ໘ੵ σ+
W , σ−

W Λଌఆ͠ɺҎԼͷࣜࢉܭ

ͰύϦςΟඇอଘ୯εϐϯඇରশ AL ͱͯ͠ٻΊΔɻ

AL =
σ+
W − σ−

W

σ+
W + σ−

W

(3)

͏ҰͭͷརɺW ϘιϯͷిՙʹΑͬͯؔ༩͢Δ

ΫΥʔΫɾΫΥʔΫͷϑϨʔόʔΛ΄΅ಛఆͰ͖Δ͜ͱɻ

ਤ 7ͷμΠΞάϥϜ (a) ͕ࣔ͢௨ΓɺW+ Ϙιϯओʹి
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Δͷɺૉաఔͷ x͕େ͖͘ͳΔͨΊΫΥʔΫɾεϐϯͷ

ׂ߹͕૿͍͑ͯͨ͘ΊͰ͋Δɻ

 )s/
T

 (=2pTx
0 0.05 0.1
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|<0.35!+X  |0" #pp 
510 GeV: Run12-13
510 GeV: rel. lum. uncertainty
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Sec 3. Sea Quark Spin
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s = 510

GeVͰՔಇͨ͠ɻPHENIX࣮ݧͱ STAR࣮͍ͣݧΕW

ϘιϯͷϨϓτϯ่յνϟϯωϧΛଌఆରͱ͓ͯ͠Γɺ

ʢʣి17ࢠ) ·ͨʢʣϛϡʔΦϯ18)Λݕग़ͨ͠ɻχϡʔ

τϦϊଌఆʹ͔͔Βͳ͍͕ɺதԝϥϐσΟςΟʔྖҬͰ

W ͷ࣭ྔΤωϧΪʔΛ΄΅ϨϓτϯͱχϡʔτϦϊ͕

όϥϯεྑ͚ͣͭ͘߹͏ͷͰɺϨϓτϯ͚ͩଌఆ͠

ͯൺֱత༰қʹW ่յ༝དྷͰ͋Δ͜ͱΛಛఆͰ͖ΔɻҰ

ํલํɾํޙͷϥϐσΟςΟʔྖҬͰɺ(W ੜʹؔΘ

Δύʔτϯͷݩʑͷӡಈྔׂ߹ x͕ӡಈֶʹد༩͢ΔޮՌ

͕ແࢹͰ͖ͳ͘ͳΓɺ) ͜ͷόϥϯεద༻Ͱ͖ͣߴΤω

ϧΪʔ͔ͭϨϓτϯ୯ಠͰݕग़͞ΕΔࣄΛɺଞͷόοΫ

άϥϯυϨϓτϯࣄ͔Βࣝผ͢Δ৻ॏͳղੳΛཁ͢Δɻ

͜ͷΑ͏ͳղੳΛͯܦɺPHENIXɺSTAR࣮྆ݧͱʹW

ͷ୯εϐϯඇରশ AL ͷଌఆʹޭͨ͠ɻͦͷ݁ՌΛਤ

8ʹ·ͱΊͯࣔ͢ɻPHENIXͱ STARͰΞΫηϓλϯε

ϨϓτϯΤωϧΪʔͷΧοτ͕݅ҧ͏ͷͰɺҙ͕ඞ

ཁͰ͋Δɻ৽ͨʹಘΒΕͨ RHICͷσʔλશମతʹ༗ݶ

ͷඇରশੑΛ͍ࣔͯ͠ΔͷͰɺūΫΥʔΫ16ɺd̄ΫΥʔΫɾ

15W+(W−)͘͝كʹ us̄(sū)ͷΑ͏ͳॏ͍ϑϨʔόʔͷΈ߹Θͤ
Ͱੜ͞ΕΔ͕ɺRHIC ͷΤωϧΪʔͰແࢹͰ͖Δఔස͕͍ɻ

16ൺֱతߴਫ਼ͷW+ ͷதԝϥϐσΟςΟʔۙͷσʔλ ūΫΥʔ
Ϋɾεϐϯ͕༗ݶͱ͠ͳ͍ͱઆ໌Ͱ͖ͳ͍ɻ

εϐϯ17ڞʹθϩͰͳ͍͜ͱΛ͍ࣔࠦͯ͠Δɻ·ͨɺա

ͷڈ SIDISσʔλ͕৭ೱ͘ө͞Εͨάϩʔόϧ QCDղ

ੳͰ༧ଌͨ͠ཧ༧ଌʢ࣮ઢɺઢഁઢʣͱҰக͠ͳ

͍ݟΒΕɺطଘͷཧղʹվળΛଅ͍ͯ͠ΔɻW+ͷޙ

ํʢෛͷ ηʣσʔλ͕͍͔͞͞༧ଌΑΓඇରশ͕খ͞

ཧ༧ଌΑߦݱ༩دΒɺd̄ΫΥʔΫɾεϐϯͷ͔͍

Γখ͍͜͞ͱΛࣔࠦ͠ɺW− ͷσʔλ͕༧ଌ AL Λ

༩دஶʹ্ճ͍ͬͯΔ͜ͱ͔ΒɺūΫΥʔΫɾεϐϯͷݦ

େ͖͍͜ͱΛ͍ࣔࠦͯ͠Δɻ

    
l
η

2− 1− 0 1 2

L
A

1.0−

0.5−

0.0

0.5
+,e+µ→+Z+W

 = 510 GeVsp+p at 
>16 GeVµ

T
 (2012), pµ

LPHENIX A
>16 GeVµ

T
 (2013), pµ

LPHENIX A
 > 30 GeVe

T
 (2011-2012), pe

LPHENIX A
 > 30 GeVe

T
 (2013), pe

LPHENIX A

(a)

    
l
η

2− 1− 0 1 2

L
A

0.5−

0.0

0.5

1.0
-,e-µ→+Z-W >25GeV

T
(2012), Ee

LSTAR A
>25GeV

T
(2013), Ee

LSTAR A
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(b)

ਤ 8 Wͱ ZϘιϯ͔Βͷਖ਼ɾෛ่յϨϓτϯͷ୯ॎεϐϯඇରশ AL

ΛϨϓτϯͷϥϐσΟςΟʔͷؔͱͯ͠ϓϩοτͨ͠17, 18)ɻൺֱͷͨ
ΊʹɺRHIC ͷσʔλΛؚΊͣʹάϩʔόϧ QCD ղੳͨ͠ҟͳΔೋͭ
ͷཧ༧ଌΛ࣮ઢ14)ɺઢഁઢ12) Ͱࣔ͢ɻ

͜ΕΒͷੈ࣍৽ଌఆσʔλ༷ʑͳϞσϧͷূݕʹ

ཱͯΒΕ͍ͯΔɻཅࢠͷجఈঢ়ଶΛ֩ࢠͱ πதؒࢠͷܥͷ

ෳ߹ঢ়ଶͰ͋Δͱ͢Δ πதؒࢠͷӢϞσϧɺཅࢠͷ༷ʑ

ͳಛੑΛهड़͢Δͷʹޭ͍ͯ͠Δ͕ɺϞσϧͷதʹւ

ΫΥʔΫ ūͱ d̄ͷεϐϯภۃͷࠩւΫΥʔΫ ūͱ d̄

ඇภۃͷࠩͱಉ͡ූ߸Λͭ࣋ͱ༧ଌ͢Δͷ͋Δɻ

RHICͷW ଌఆ݁ՌɺͦͷϞσϧΛ٫ͨ͠غɻରরతʹ

ଞͷϞσϧɺྫ͑ΧΠϥϧΫΥʔΫɾιϦτϯɾϞσϧ

͕༧ଌ͢Δූ߸࣮ݧσʔλʹҰக͓ͯ͠Γɺఆੑతʹ

σʔλͱ߹͍ͬͯΔɻݧ࣮

4. ԣภۃཅࢠিಥʹΑΔཅࢠ෦ͷيಓӡಈͷ
ڀݚ

ཅࢠεϐϯ 1/2 ʹର͢ΔάϧʔΦϯɾεϐϯͷد༩ͷ

͕໌Β͔ʹͳ͖ͬͯͨͨΊɺཅࢠεϐϯͷཧղͱͯ͠ॏཁ

17W− ͷσʔλ͕ η < 1 ҎԼͰৗʹཧϞσϧΑΓେ͖͍ͷɺd̄
͕ཧͷఆΑΓେ͖ͭ͘θϩͰͳ͍͜ͱΛ͍ࣔࠦͯ͠Δɻ
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ՙ +2/3ͷ uΫΥʔΫͱిՙ +1/3ͷ dΫΥʔΫ (d̄)ͷ

ରফ໓աఔͰੜ͞ΕΔɻಉ༷ʹW−Ϙιϯ (b)ͷΑ͏

ʹओʹిՙ −1/3ͷ dΫΥʔΫͱిՙ −2/3ͷ uΫΥʔ

Ϋ (ū)ͷରফ໓աఔͰੜ͞ΕΔ15ɻલड़ͷ௨Γ͢Ͱʹ u

ΫΥʔΫͱ dΫΥʔΫɾεϐϯͷد༩ RHICͷӡಈֶྖ

ҬͰྑ͘ଌΒΕ͍ͯΔͷͰɺଌఆͨ͠ AL ͔ΒΫΥʔ

Ϋɾεϐϯͷد༩ΛϑϨʔόʔຖʹࢉग़͢Δ͜ͱ͕Ͱ͖Δɻ

ऴঢ়ଶʹϋυϩϯΛଌఆ͢Δ SIDISͱҟͳΓɺRHICͰ

W ͷϋυϩϯ่յͰͳ͘Ϩϓτϯ่յνϟϯωϧΛଌ

ఆ͢Δ͜ͱͰɺഁؔࡅʹΑΔϞσϧґଘΛࢉग़աఔ͔Β

ഉআ͍ͯ͠ΔɻҎ্ͷར͔ΒɺւΫΥʔΫͷੈ࣍ଌఆ

ͷҐஔ͚ͱ͞ΕΔɻRHICͰ̎ͭͷཅࢠϏʔϜͲͪΒ

ภ͍ͯ͠ۃΔ͕ɺALͷଌఆͰͲͪΒ͔ͷཅࢠͷΈॎภ

Δͱͯ͠ѻ͏ɻW͍ͯ͠ۃ Ϙιϯཅࢠͷ 80ഒͷ࣭ྔ (
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ਤ 7 িಥͷࢠཅ–ࢠཅۃΤωϧΪʔඇภߴ (a)W+ ੜԠɺ(b)W− ੜ
ԠμΠΞάϥϜɻ

80 GeV/c2)Λͭ࣋ɻ͜ͷ༷ͳॏཻ͍ࢠΛेͳ౷ྔܭੜ

͢ΔͨΊʹɺRHICߴ࠷িಥিಥΤωϧΪʔ
√
s = 510

GeVͰՔಇͨ͠ɻPHENIX࣮ݧͱ STAR࣮͍ͣݧΕW

ϘιϯͷϨϓτϯ่յνϟϯωϧΛଌఆରͱ͓ͯ͠Γɺ

ʢʣి17ࢠ) ·ͨʢʣϛϡʔΦϯ18)Λݕग़ͨ͠ɻχϡʔ

τϦϊଌఆʹ͔͔Βͳ͍͕ɺதԝϥϐσΟςΟʔྖҬͰ

W ͷ࣭ྔΤωϧΪʔΛ΄΅ϨϓτϯͱχϡʔτϦϊ͕

όϥϯεྑ͚ͣͭ͘߹͏ͷͰɺϨϓτϯ͚ͩଌఆ͠

ͯൺֱత༰қʹW ่յ༝དྷͰ͋Δ͜ͱΛಛఆͰ͖ΔɻҰ

ํલํɾํޙͷϥϐσΟςΟʔྖҬͰɺ(W ੜʹؔΘ

Δύʔτϯͷݩʑͷӡಈྔׂ߹ x͕ӡಈֶʹد༩͢ΔޮՌ

͕ແࢹͰ͖ͳ͘ͳΓɺ) ͜ͷόϥϯεద༻Ͱ͖ͣߴΤω

ϧΪʔ͔ͭϨϓτϯ୯ಠͰݕग़͞ΕΔࣄΛɺଞͷόοΫ

άϥϯυϨϓτϯࣄ͔Βࣝผ͢Δ৻ॏͳղੳΛཁ͢Δɻ

͜ͷΑ͏ͳղੳΛͯܦɺPHENIXɺSTAR࣮྆ݧͱʹW

ͷ୯εϐϯඇରশ AL ͷଌఆʹޭͨ͠ɻͦͷ݁ՌΛਤ

8ʹ·ͱΊͯࣔ͢ɻPHENIXͱ STARͰΞΫηϓλϯε

ϨϓτϯΤωϧΪʔͷΧοτ͕݅ҧ͏ͷͰɺҙ͕ඞ

ཁͰ͋Δɻ৽ͨʹಘΒΕͨ RHICͷσʔλશମతʹ༗ݶ

ͷඇରশੑΛ͍ࣔͯ͠ΔͷͰɺūΫΥʔΫ16ɺd̄ΫΥʔΫɾ

15W+(W−)͘͝كʹ us̄(sū)ͷΑ͏ͳॏ͍ϑϨʔόʔͷΈ߹Θͤ
Ͱੜ͞ΕΔ͕ɺRHIC ͷΤωϧΪʔͰແࢹͰ͖Δఔස͕͍ɻ

16ൺֱతߴਫ਼ͷW+ ͷதԝϥϐσΟςΟʔۙͷσʔλ ūΫΥʔ
Ϋɾεϐϯ͕༗ݶͱ͠ͳ͍ͱઆ໌Ͱ͖ͳ͍ɻ

εϐϯ17ڞʹθϩͰͳ͍͜ͱΛ͍ࣔࠦͯ͠Δɻ·ͨɺա

ͷڈ SIDISσʔλ͕৭ೱ͘ө͞Εͨάϩʔόϧ QCDղ

ੳͰ༧ଌͨ͠ཧ༧ଌʢ࣮ઢɺઢഁઢʣͱҰக͠ͳ

͍ݟΒΕɺطଘͷཧղʹվળΛଅ͍ͯ͠ΔɻW+ͷޙ

ํʢෛͷ ηʣσʔλ͕͍͔͞͞༧ଌΑΓඇରশ͕খ͞

ཧ༧ଌΑߦݱ༩دΒɺd̄ΫΥʔΫɾεϐϯͷ͔͍

Γখ͍͜͞ͱΛࣔࠦ͠ɺW− ͷσʔλ͕༧ଌ AL Λ

༩دஶʹ্ճ͍ͬͯΔ͜ͱ͔ΒɺūΫΥʔΫɾεϐϯͷݦ

େ͖͍͜ͱΛ͍ࣔࠦͯ͠Δɻ

    
l
η

2− 1− 0 1 2

L
A

1.0−

0.5−

0.0

0.5
+,e+µ→+Z+W

 = 510 GeVsp+p at 
>16 GeVµ

T
 (2012), pµ

LPHENIX A
>16 GeVµ

T
 (2013), pµ

LPHENIX A
 > 30 GeVe

T
 (2011-2012), pe

LPHENIX A
 > 30 GeVe

T
 (2013), pe

LPHENIX A

(a)

    
l
η

2− 1− 0 1 2

L
A

0.5−

0.0

0.5

1.0
-,e-µ→+Z-W >25GeV

T
(2012), Ee

LSTAR A
>25GeV

T
(2013), Ee

LSTAR A
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(b)

ਤ 8 Wͱ ZϘιϯ͔Βͷਖ਼ɾෛ่յϨϓτϯͷ୯ॎεϐϯඇରশ AL

ΛϨϓτϯͷϥϐσΟςΟʔͷؔͱͯ͠ϓϩοτͨ͠17, 18)ɻൺֱͷͨ
ΊʹɺRHIC ͷσʔλΛؚΊͣʹάϩʔόϧ QCD ղੳͨ͠ҟͳΔೋͭ
ͷཧ༧ଌΛ࣮ઢ14)ɺઢഁઢ12) Ͱࣔ͢ɻ

͜ΕΒͷੈ࣍৽ଌఆσʔλ༷ʑͳϞσϧͷূݕʹ

ཱͯΒΕ͍ͯΔɻཅࢠͷجఈঢ়ଶΛ֩ࢠͱ πதؒࢠͷܥͷ

ෳ߹ঢ়ଶͰ͋Δͱ͢Δ πதؒࢠͷӢϞσϧɺཅࢠͷ༷ʑ

ͳಛੑΛهड़͢Δͷʹޭ͍ͯ͠Δ͕ɺϞσϧͷதʹւ

ΫΥʔΫ ūͱ d̄ͷεϐϯภۃͷࠩւΫΥʔΫ ūͱ d̄

ඇภۃͷࠩͱಉ͡ූ߸Λͭ࣋ͱ༧ଌ͢Δͷ͋Δɻ

RHICͷW ଌఆ݁ՌɺͦͷϞσϧΛ٫ͨ͠غɻରরతʹ

ଞͷϞσϧɺྫ͑ΧΠϥϧΫΥʔΫɾιϦτϯɾϞσϧ

͕༧ଌ͢Δූ߸࣮ݧσʔλʹҰக͓ͯ͠Γɺఆੑతʹ

σʔλͱ߹͍ͬͯΔɻݧ࣮

4. ԣภۃཅࢠিಥʹΑΔཅࢠ෦ͷيಓӡಈͷ
ڀݚ

ཅࢠεϐϯ 1/2 ʹର͢ΔάϧʔΦϯɾεϐϯͷد༩ͷ

͕໌Β͔ʹͳ͖ͬͯͨͨΊɺཅࢠεϐϯͷཧղͱͯ͠ॏཁ

17W− ͷσʔλ͕ η < 1 ҎԼͰৗʹཧϞσϧΑΓେ͖͍ͷɺd̄
͕ཧͷఆΑΓେ͖ͭ͘θϩͰͳ͍͜ͱΛ͍ࣔࠦͯ͠Δɻ

ղઆ ߏͷεϐϯࢠিಥͰ୳Δཅࢠཅ–ࢠཅۃΤωϧΪʔภߴ 6
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New generation sea-quark measurement at RHIC
Advantages in 
1. Avoid ambiguity introduced by the hadron 

fragmentation function.
2. Hard scale reliable description by pQCD.
3. Flavor is almost fixed.



Transverse Single Spin Asymmetry

ੑ͕૿͍ͯ͠ΔͷΫΥʔΫͱάϧʔΦϯͷيಓӡಈʹΑ

Δد༩ͷڀݚͰ͋ΔɻΫΥʔΫɾεϐϯͷد༩͕ 30%ɺά

ϧʔΦϯɾεϐϯͷد༩͕ 40%Ͱ͋ΔͳΒɺΓͷ 30%

ΫΥʔΫͱάϧʔΦϯͷيಓ֯ӡಈྔ͕୲͏ͱ͍͏ͷ͕

ࣜʢ1ʣͷεϐϯଇͷࣔ͢ͱ͜ΖͰ͋Γɺ͜ΕΛূ໌ͨ͠

͍ɻRHICͰͷ͚ͩڀݚͰيಓ֯ӡಈྔʹ݁ͼ͚

ܾͯఆ͢Δ͜ͱͰ͖ͳ͍͕ɺΫΥʔΫͱάϧʔΦϯͷي

ಓӡಈͷଌఆΛͨ͏ߦΊͷཧతΈ͍ͬͯΔɻͦ

ͷੈ࣍ͯ͠ EIC࣮ݧͱ߹ΘͤΔ͜ͱʹΑΓɺيಓ֯ӡಈ

ྔͷܾఆ͕Ͱ͖Δ͜ͱ͕ࣔ͞Ε͍ͯΔɻ

ʢԣۃภʹରͯ͠ਨํʹํߦਐڀݚಓӡಈͷي

ภۃʣͨ͠ཅࢠϏʔϜΛ༻͍ͨલํଌఆ࣮ݧͰͷ πதؒࢠ

ͷେ͖ͳࠨӈඇରশͷൃ͔ݟΒൃల͖ͯͨ͠ɻਤ 9ʹࣔ

͞ΕΔΑ͏ʹɺԣภͨ͠ۃཅࢠͱແภۃͳཅࢠͱͷিಥʹ

͓͍ͯɺऴঢ়ଶʹϋυϩϯʢК, K, Б, D, J/С தؒࢠʣ

ʢԾʣޫࢠΛੜ͢ΔԠͰɺੜஅ໘ੵ͕ೖࣹཅࢠ

ͷεϐϯͷ͖ʹґଘ͢ΔݱΛ୯εϐϯඇରশ (SSA) ͱ

ͼɺিಥ࣠ͷํҐ֯ݺ φʹର͢Δඇରশੑͱͯ͠දΕΔ19)ɻ

SSAΛද͢ࠨӈඇରশAN ภۃͷ࣠ʹରͯ͠ࠨଆͷ

ੜஅ໘ੵࢠཻ σL ͱӈଆͷஅ໘ੵ σR ͔Β

AN =
σL − σR

σL + σR
(4)

ͷΑ͏ʹٻΊΒΕΔɻ

φ!
"

# ! "

!"#$%

ਤ 9 ԣภͨ͠ۃཅࢠͱແภۃͳཅࢠͱͷিಥʹ͓͍ͯɺऴঢ়ଶʹϋυϩ
ϯޫࢠΛੜ͢ΔԠͰɺੜஅ໘ੵ͕ೖࣹཅࢠͷεϐϯͷ͖ʹґଘ
͢ΔݱΛ୯εϐϯඇରশʢSSAʣͱݺͿɻ

લํʹੜ͞Εͨ πத͕ؒࢠେ͖ͳࠨӈඇରশΛͭ࣋

͜ͱ 1970ʹ 10 GeVҎԼͷภۃཅࢠϏʔϜʹΑΔ

ޙΕɺͦͷ͞ݟͰൃݧఆඪత࣮ݻ 1990ࠒʹถࠃϑΣϧϛ

ՃڀݚثॴͰ 200 GeVͷภۃཅࢠϏʔϜΛ༻͍ͨݻఆඪ

త࣮ߦ͕ݧΘΕɺߴΤωϧΪʔͰ AN ͕ফ͑ͳ͍͜ͱ͕

ࣔ͞Εͨ 20)ɻߴΤωϧΪʔࢄཚ࣮ݧͷଟ͘ͷݱΛΑ͘࠶

ʯࢠಠཱͳΫΥʔΫɺάϧʔΦϯ͔ΒΔཅʹ͍ޓΔʮ͢ݱ

ͱ͍͏୯७ͳඳ૾Ͱ͜ͷେ͖ͳඇରশΛઆ໌Ͱ͖ͳ͍

͜ͱ͕ΒΕ͍ͯͨɻߴΤωϧΪʔաఔͷهड़ʹޭͯ͠

͖ͨ pQCDͷύʔτϯϞσϧͰɺSSA αsmq/Q ʢαs

݁ڧ߹ఆɺmq  uɺdΫΥʔΫͷ࣭ྔɺQ 1 GeV

Ҏ্ͷߴΤωϧΪʔεέʔϧʣఔͷແࢹͰ͖Δ͔͠༩

͑ͳ͍ 21)ɻͦͯ͠RHICͰͷภۃཅࢠিಥݧ࣮ܕͰɺ͞

Βʹ 10ഒ͍ߴॏ৺ܥΤωϧΪʔͷিಥͰ π தؒࢠͷࠨ

ӈඇରশɺಉ༷ͳେ͖͞Λͭ࣋͜ͱ͕ࣔ͞Εͨɻਤ 10

ɺπ0 িಥΤωϧΪʔͱԣӡಈྔ͍͕ pT ͷൣғͰେ͖

ͳεϐϯඇରশΛͭ࣋͜ͱΛ͍ࣔͯ͠Δ 22)ɻ

ਤ 10 Fermilab-E704 ɺSTARݧ࣮ ɺPHENIXݧ࣮ ɺRHICfݧ࣮ ࣮
ΑΓଌఆ͞Εͨʹݧ π0 ͷ AN ͷ݁Ռɻ

Ίͯ୯७ͳۃͱͯ͠ݱ SSA Ͱ͋Δ͕ɺͦͷൃੜػ

Λߏ QCD͔Βղ໌͢ΔͨΊɺࢄཚաఔΛղੳ͢Δཧ

తΈͷ֦ு͕ඞཁͰ͋ΔɻཅࢠͷߏΛ୯ʹॎํͷ

ӡಈྔͱ͍͏̍ݩ࣍తͳهड़Ͱཧղ͢ΔͷͰͳ͘ɺ

ʮΫΥʔΫɾάϧʔΦϯඳ૾ʯͰলུ͞Ε͖ͯͨࣗ༝ʹޫ

ΛͯΔɻSSA ϋυϩϯੜΛ͏ SIDISཅࢠ–ཅࢠ

িಥաఔͷஅ໘ੵʹ༷ʑͳํҐ֯ඇରশੑͱͯ͠ݱΕΔͨ

ΊɺͦͷݯىΛ໌Β͔ʹ͘͢ɺRHICʹ͓͍ͯ͞Βʹ

Δɻ͍ͯ͠ߦͳଌఆ͕ਐࡉৄ

SSAཧͷൃలʹΑΓɺେ͖ͳ SSAΛՄʹ͢Δ̎ͭͷ

ϝΧχζϜ͕ఏҊ͞Ε͍ͯΔɻͦͷ̍ͭɺ2.1ষͰड़ͨ

ҼࢠԽΛɺύʔτϯͷԣӡಈྔΛؚΊ֦ͯுͨ͠ʮԣӡಈ

ྔґଘʢTMD=Transverse Momentum DependentʣҼࢠ

ԽʯͷΈ 23)Ͱఆٛ͞ΕΔύʔτϯɾഁؔࡅʹΑ

Γ SSAΛهड़͢ΔͷͰ͋Δɻཅࢠͷӡಈํʢॎํʣ

ʹର͢Δطଘͷύʔτϯؔʹର͠ɺͦΕʹਨͳʡ

ԣ ʡํ ࣍Λ̏ߏࢠɻ͜Εཅ͏ߦͷ֦ுɺҰൠԽΛ

ಓӡಈΛؚΉɻཅيுͨ͠ͷͰ͋Γɺύʔτϯͷ֦ʹݩ

෦ͷࢠಓӡಈΛදͨ͢Ίʹɺཅي෦ͷύʔτϯͷࢠ

Ґஔͱӡಈྔ͕ඞཁͳͷͰɺ̏ݩ࣍ͷ֦ு͕ඞཁͱͳΔɻ

͏̍ͭɺԣӡಈྔΛಋೖͤͣطଘͷҼࢠԽͷΈͰɺ

ύʔτϯͷྔࢠతଟମ૬ؔͷ݁ՌݱΕΔʮπΠετ̏؍ଌ

ྔʯ 24, 25) ͱͯ͠ SSAΛهड़͢ΔʢπΠετ̏ߏػʣͷ
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ੑ͕૿͍ͯ͠ΔͷΫΥʔΫͱάϧʔΦϯͷيಓӡಈʹΑ

Δد༩ͷڀݚͰ͋ΔɻΫΥʔΫɾεϐϯͷد༩͕ 30%ɺά

ϧʔΦϯɾεϐϯͷد༩͕ 40%Ͱ͋ΔͳΒɺΓͷ 30%

ΫΥʔΫͱάϧʔΦϯͷيಓ֯ӡಈྔ͕୲͏ͱ͍͏ͷ͕

ࣜʢ1ʣͷεϐϯଇͷࣔ͢ͱ͜ΖͰ͋Γɺ͜ΕΛূ໌ͨ͠

͍ɻRHICͰͷ͚ͩڀݚͰيಓ֯ӡಈྔʹ݁ͼ͚

ܾͯఆ͢Δ͜ͱͰ͖ͳ͍͕ɺΫΥʔΫͱάϧʔΦϯͷي

ಓӡಈͷଌఆΛͨ͏ߦΊͷཧతΈ͍ͬͯΔɻͦ

ͷੈ࣍ͯ͠ EIC࣮ݧͱ߹ΘͤΔ͜ͱʹΑΓɺيಓ֯ӡಈ

ྔͷܾఆ͕Ͱ͖Δ͜ͱ͕ࣔ͞Ε͍ͯΔɻ

ʢԣۃภʹରͯ͠ਨํʹํߦਐڀݚಓӡಈͷي

ภۃʣͨ͠ཅࢠϏʔϜΛ༻͍ͨલํଌఆ࣮ݧͰͷ πதؒࢠ

ͷେ͖ͳࠨӈඇରশͷൃ͔ݟΒൃల͖ͯͨ͠ɻਤ 9ʹࣔ

͞ΕΔΑ͏ʹɺԣภͨ͠ۃཅࢠͱແภۃͳཅࢠͱͷিಥʹ

͓͍ͯɺऴঢ়ଶʹϋυϩϯʢК, K, Б, D, J/С தؒࢠʣ

ʢԾʣޫࢠΛੜ͢ΔԠͰɺੜஅ໘ੵ͕ೖࣹཅࢠ

ͷεϐϯͷ͖ʹґଘ͢ΔݱΛ୯εϐϯඇରশ (SSA) ͱ

ͼɺিಥ࣠ͷํҐ֯ݺ φʹର͢Δඇରশੑͱͯ͠දΕΔ19)ɻ

SSAΛද͢ࠨӈඇରশAN ภۃͷ࣠ʹରͯ͠ࠨଆͷ

ੜஅ໘ੵࢠཻ σL ͱӈଆͷஅ໘ੵ σR ͔Β

AN =
σL − σR

σL + σR
(4)

ͷΑ͏ʹٻΊΒΕΔɻ

φ!
"

# ! "

!"#$%

ਤ 9 ԣภͨ͠ۃཅࢠͱແภۃͳཅࢠͱͷিಥʹ͓͍ͯɺऴঢ়ଶʹϋυϩ
ϯޫࢠΛੜ͢ΔԠͰɺੜஅ໘ੵ͕ೖࣹཅࢠͷεϐϯͷ͖ʹґଘ
͢ΔݱΛ୯εϐϯඇରশʢSSAʣͱݺͿɻ

લํʹੜ͞Εͨ πத͕ؒࢠେ͖ͳࠨӈඇରশΛͭ࣋

͜ͱ 1970ʹ 10 GeVҎԼͷภۃཅࢠϏʔϜʹΑΔ

ޙΕɺͦͷ͞ݟͰൃݧఆඪత࣮ݻ 1990ࠒʹถࠃϑΣϧϛ

ՃڀݚثॴͰ 200 GeVͷภۃཅࢠϏʔϜΛ༻͍ͨݻఆඪ

త࣮ߦ͕ݧΘΕɺߴΤωϧΪʔͰ AN ͕ফ͑ͳ͍͜ͱ͕

ࣔ͞Εͨ 20)ɻߴΤωϧΪʔࢄཚ࣮ݧͷଟ͘ͷݱΛΑ͘࠶

ʯࢠಠཱͳΫΥʔΫɺάϧʔΦϯ͔ΒΔཅʹ͍ޓΔʮ͢ݱ

ͱ͍͏୯७ͳඳ૾Ͱ͜ͷେ͖ͳඇରশΛઆ໌Ͱ͖ͳ͍

͜ͱ͕ΒΕ͍ͯͨɻߴΤωϧΪʔաఔͷهड़ʹޭͯ͠

͖ͨ pQCDͷύʔτϯϞσϧͰɺSSA αsmq/Q ʢαs

݁ڧ߹ఆɺmq  uɺdΫΥʔΫͷ࣭ྔɺQ 1 GeV

Ҏ্ͷߴΤωϧΪʔεέʔϧʣఔͷແࢹͰ͖Δ͔͠༩

͑ͳ͍ 21)ɻͦͯ͠RHICͰͷภۃཅࢠিಥݧ࣮ܕͰɺ͞

Βʹ 10ഒ͍ߴॏ৺ܥΤωϧΪʔͷিಥͰ π தؒࢠͷࠨ

ӈඇରশɺಉ༷ͳେ͖͞Λͭ࣋͜ͱ͕ࣔ͞Εͨɻਤ 10

ɺπ0 িಥΤωϧΪʔͱԣӡಈྔ͍͕ pT ͷൣғͰେ͖

ͳεϐϯඇରশΛͭ࣋͜ͱΛ͍ࣔͯ͠Δ 22)ɻ

ਤ 10 Fermilab-E704 ɺSTARݧ࣮ ɺPHENIXݧ࣮ ɺRHICfݧ࣮ ࣮
ΑΓଌఆ͞Εͨʹݧ π0 ͷ AN ͷ݁Ռɻ

Ίͯ୯७ͳۃͱͯ͠ݱ SSA Ͱ͋Δ͕ɺͦͷൃੜػ

Λߏ QCD͔Βղ໌͢ΔͨΊɺࢄཚաఔΛղੳ͢Δཧ

తΈͷ֦ு͕ඞཁͰ͋ΔɻཅࢠͷߏΛ୯ʹॎํͷ

ӡಈྔͱ͍͏̍ݩ࣍తͳهड़Ͱཧղ͢ΔͷͰͳ͘ɺ

ʮΫΥʔΫɾάϧʔΦϯඳ૾ʯͰলུ͞Ε͖ͯͨࣗ༝ʹޫ

ΛͯΔɻSSA ϋυϩϯੜΛ͏ SIDISཅࢠ–ཅࢠ

িಥաఔͷஅ໘ੵʹ༷ʑͳํҐ֯ඇରশੑͱͯ͠ݱΕΔͨ

ΊɺͦͷݯىΛ໌Β͔ʹ͘͢ɺRHICʹ͓͍ͯ͞Βʹ

Δɻ͍ͯ͠ߦͳଌఆ͕ਐࡉৄ

SSAཧͷൃలʹΑΓɺେ͖ͳ SSAΛՄʹ͢Δ̎ͭͷ

ϝΧχζϜ͕ఏҊ͞Ε͍ͯΔɻͦͷ̍ͭɺ2.1ষͰड़ͨ

ҼࢠԽΛɺύʔτϯͷԣӡಈྔΛؚΊ֦ͯுͨ͠ʮԣӡಈ

ྔґଘʢTMD=Transverse Momentum DependentʣҼࢠ

ԽʯͷΈ 23)Ͱఆٛ͞ΕΔύʔτϯɾഁؔࡅʹΑ

Γ SSAΛهड़͢ΔͷͰ͋Δɻཅࢠͷӡಈํʢॎํʣ

ʹର͢Δطଘͷύʔτϯؔʹର͠ɺͦΕʹਨͳʡ

ԣ ʡํ ࣍Λ̏ߏࢠɻ͜Εཅ͏ߦͷ֦ுɺҰൠԽΛ

ಓӡಈΛؚΉɻཅيுͨ͠ͷͰ͋Γɺύʔτϯͷ֦ʹݩ

෦ͷࢠಓӡಈΛදͨ͢Ίʹɺཅي෦ͷύʔτϯͷࢠ

Ґஔͱӡಈྔ͕ඞཁͳͷͰɺ̏ݩ࣍ͷ֦ு͕ඞཁͱͳΔɻ

͏̍ͭɺԣӡಈྔΛಋೖͤͣطଘͷҼࢠԽͷΈͰɺ

ύʔτϯͷྔࢠతଟମ૬ؔͷ݁ՌݱΕΔʮπΠετ̏؍ଌ

ྔʯ 24, 25) ͱͯ͠ SSAΛهड़͢ΔʢπΠετ̏ߏػʣͷ
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The last missing piece of the ”Spin Puzzle”
Not yet established neither theoretically nor experimentally.



Transverse Single Spin Asymmetry

Ͱ͋Δɻ

ਤ 11 ॎ࣠ํʹԣภͨ͠ۃཅࢠதͰͷΫΥʔΫͷيಓӡಈΛࣔ͢ԣӡ
ಈྔͷඇରশੑΛද͢ Sivers ؔ?)ɻ

TMDؔͷ̍ͭʹԣภۃཅࢠதͰͷແภۃΫΥʔ

Ϋͷԣӡಈྔͷཅࢠεϐϯͷ͖ʹର͢ΔඇରশੑΛ

ࣔ͢ͷ͕͋Γɺൃऀݟͷ໊ʹͪͳΜͰ Siversؔ 26)

ͱݺΕ͍ͯΔɻਤ 11ԣภͨ͠ۃཅࢠதͰͷΫΥʔΫͷ

ಓӡಈΛද͠ɺuΫΥʔΫͱي dΫΥʔΫରํͷي

ಓӡಈΛ͍ͯͬߦΔ͜ͱΛࣔ͢ɻ͜ͷؔ௨ৗͷഁؔࡅ

ͱରΛͳ͢͜ͱͰɺπதؒࢠੜʹ͓͚Δ AN Λهड़Ͱ

͖Δɻ

TMDഁؔࡅఆٛ͞ΕΔɻಛʹॏཁͳͷɺTransver-

sity δq(x)ͱରΛͳ͢͜ͱͰ SSAΛҾ͖͢͜ىCollins

Ͱ͋Δؔࡅഁ 27)ɻ͜Εɺԣภͨ͠ۃΫΥʔΫ͔Βɺπ

தؒࢠͳͲͷʢແภۃʣϋυϩϯ͕ΫΥʔΫɾεϐϯͱਨ

ํͷԣӡಈྔΛͬͯੜ͞ΕΔࡍͷɺΫΥʔΫɾε

ϐϯͱԣӡಈྔͱͷ૬ؔΛදؔ͢Ͱ͋Δɻ

ཅࢠதͷύʔτϯͷӡಈຊདྷ̏ݩ࣍తͰ͋Δͣͳͷ

ͰɺύʔτϯͷԣӡಈྔґଘΛؚΉ TMDɾഁؔࡅ

ɺ̍ݩ࣍తͳॎํͷӡಈྔΛهड़͢Δύʔτϯ

ɾഁؔࡅͷࣗવͳ֦ுͱ͔ͯ͠ͳΓ͔͘ݹΒͦͷଘࡏ

͕ೝࣝ͞Ε͍ͯͨɻ͔͠͠ͳ͕Βɺಛʹ͞ΕΔΑ͏ʹ

ͳͬͨͷൺֱతۙ࠷Ͱ͋Γɺͦͷഎܠʹɺ্ड़ͨ͠େ

͖ͳ AN ͷൃ͕͋ݟΔɻTMDؔɺཅࢠதʹ͓͚

ΔΫΥʔΫͷӡಈྔۭؒʹ͓͚Δ̏ߏݩ࣍Λදͯ͠

͍ΔͰ͓͓͖ͳؔ৺ΛूΊɺͦͷଌఆ͕ਐ͍ͯ͠ߦΔɻ

ҰํɺTMDҼࢠԽʹΑΒͣطଘͷҼࢠԽͷΈ SSA

Λهड़͢Δํ๏ͰɺpQCDͰ͞ࢉܭΕΔϋʔυաఔͷஅ

໘ੵʹ (M/Q)t−2ʢM ཅࢠͷ࣭ྔʣͷΦʔμʔͰد༩͢

ΔɾഁؔࡅʮπΠετ tʯͷؔͱݺΕΔɻߴΤ

ωϧΪʔͰओཁ߲ͱͯ͠ޮ͘πΠετ̎ͷɾഁؔࡅ

ɺ֬ؔͱͯ͠ͷҙຯΛ18ͭ࣋ɻπΠετ͕̏Ҏ

্ͷɾഁؔࡅͷد༩ʮ࣍ߴπΠετޮՌʯͱݺ

ΕΔɻͦΕΒɺύʔτϯؒͷྔࢠతଟମ૬ؔʹΑΔޮՌ

Ͱ͋Γɺ֬ղऍΛͨͬ࣋ύʔτϯؔͷد༩ͱຊ

࣭తʹҟͳΔɻπΠετ̏૬ؔؔͷදతͳͷͱͯ͠

ԣภۃཅࢠதͷΫΥʔΫɾάϧʔΦϯ૬ؔؔ७ਮʹά

ϧʔΦϯؒͷ૬ؔΛද̏͢άϧʔΦϯ૬ؔؔɺύʔτϯ
18͜ͷπΠετ͕͍̎ΘΏΔύʔτϯϞσϧͷΈɻ

͔ΒϋυϩϯͷഁࡅաఔʹݱΕΔπΠετ̏ഁؔࡅͳ

Ͳ͕͋Δɻ

ͷه্ TMDɾഁؔࡅͱπΠετ̏૬ؔؔͷ̎

ͭͷߏػҟͳΔӡಈֶྖҬͷ SSAΛهड़͢ΔͰ૬ิత

Ͱ͋ΔɻRHICͰͷԣภۃʹର͢Δଌఆͱͯ͠ॏཁͳ՝

ɺલํͷཻࢠੜʹର͢Δඇରশͷɺཻࢠͷͭ࣋ԣӡ

ಈྔ pT ͷґଘੑΛ໌Β͔ʹ͢Δ͜ͱͰ͋Δɻཅࢠ–ཅࢠ

িಥʹ͓͚Δϋυϩϯੜաఔʹର͢Δ͍ߴ pT Ͱͷඇର

শπΠετ 3ͷޮՌʹΑΓઆ໌͢Δ͜ͱ͕Ͱ͖Δɻ

ਤ 12 JAMڞಉڀݚάϧʔϓʹΑΔάϩʔόϧQCDղੳͷ݁ՌɻTMD
ͷޮՌͱπΠετ 3 ͷޮՌΛऔΓೖΕɺDIS աఔɺe+e− িಥɺཅࢠি
ಥͷඇରশσʔλʹର͢Δάϩʔόϧ QCD ղੳ͕ߦΘΕͨ28)ɻ

ਤ 12ʹۙ࠷ JAMڞಉڀݚάϧʔϓʹΑΓߦΘΕͨά

ϩʔόϧ QCDղੳͷ݁ՌΛࣔ͢ɻTMDͷޮՌͱπΠε

τ 3ͷޮՌΛऔΓೖΕɺDISաఔɺe+e−িಥɺཅࢠিಥͷ

ඇରশσʔλʹର͢Δάϩʔόϧ QCDղੳ͕ߦΘΕͨ
28)ɻRHICͷॳظʹ PHENIX࣮ݧɺSTAR࣮ݧͱҟͳ

ΔিಥͰߦΘΕͨ BRAHMS࣮ݧલํεϖΫτϩϝʔ

λʹΑΔՙిཻࢠੜΛଌఆͨ͠ൺֱతখنͳ࣮ݧͰ͋

Δ29)ɻ୯ಠͷϝΧχζϜɺ୯ಠͷ͚ؔͩͰ͜ͷ݁Ռ͕

ࣔ͢Α͏ͳਫ਼Ͱશͯͷ࣮݁ݧՌΛઆ໌͢Δ͜ͱͰ͖ͳ

͍ɻpQCDΛ֦ுͨ͠ 2ͭͷϝΧχζϜΛؚΊͯάϩʔό

ϧ QCDղੳΛ͜͏ߦͱʹΑΓ͜͜·Ͱͷ߹ੑΛͨͬ࣋

ޭΛऩΊΔ͜ͱ͕Ͱ͖Δɻ

ਤ 13 PHENIX ͷੜࢠޫ͍ͨ༺ͷதԝి࣓ΧϩϦϝʔλΛݧ࣮
աఔʹର͢Δ AN ଌఆ݁Ռɻ

JAMͷΑ͏ͳάϩʔόϧQCDղੳʹ͓͍ͯཅࢠ෦ͷ

3άϧʔΦϯ૬ؔؔʹେ͖ͳ੍ݶΛ༩͑Δ AN ͷଌఆ݁

ղઆ ߏͷεϐϯࢠিಥͰ୳Δཅࢠཅ–ࢠཅۃΤωϧΪʔภߴ 8

11

Ռ͕ۙ࠷ಘΒΕͨɻPHENIX࣮ݧʹ͓͚Δޫࢠͷੜ

աఔʹର͢Δ AN ͷଌఆͰ͋Δɻਤ 13ʹͦͷ݁ՌΛࣔ͢
30)ɻޫࢠͷੜաఔͰάϧʔΦϯͱΫΥʔΫͷࢄཚ

͔Βޫ͕ࢠੜ͞ΕΔɻάϧʔΦϯಉ࢜ͷ༥߹ʹΑΔ

ॏ͍ΫΥʔΫੜͱڞʹཅࢠ෦ͷάϧʔΦϯΛௐΔ͜

ͱ͕Ͱ͖Δ࠷͖Ε͍ͳաఔͰ͋ΔɻRHICʹ͓͍ͯภۃ

ཅࢠিಥً͕ߴɺߴภۃͰୡ͞Εͨ͜ͱʹΑΓɺޫ

ͷੜաఔʹର͢Δࢠ AN ͷଌఆ 1%ҎԼͱ͍͏ਫ਼

ͰߦΘΕͨɻ͜Ε 3άϧʔΦϯ૬ؔؔͷཧࢉܭͷ

༧ͱಉఔͰ͋Γɺ3άϧʔΦϯ૬ؔؔʹର͢Δେ͖

ͳ੍ͱͳΔɻ

ҰํɺRHICͰͷԣภۃিಥͷඇରশଌఆͱͯ͠ɺpQCD

͚ͩͰઆ໌Ͱ͖ͳ͍ݱಘΒΕͨɻAnDY࣮ݧલํ

ͷδΣοτੜʹର͢Δ AN Λଌఆͨ͠ͱ͜Ζඇৗʹখ͞

͍Ͱ͋Δ͜ͱΛใͨ͠ࠂ 31)ɻAnDY࣮ݧBRAHMS࣮

ͷʹલํి࣓ΧϩϦϝʔλΛઃஔͯ͠લํδΣοτͷݧ

ి࣓Λଌఆ࣮ͨ͠ݧͰ͋Δɻલํͷϋυϩϯੜ͕େ

͖ͳͷ AN Λࣔ͢ͷʹରͯ͠ɺົحͳ݁ՌͰ͋Δɻ͜ͷ

݁Ռ STAR࣮ݧͷલํి࣓ΧϩϦϝʔλΛ༻͍ͨδΣο

τͷి࣓ͷଌఆʹ͓͍͔ͯ֬ΊΒΕͨ 22)ʢਤ 14ʣɻ

ਤ 14 STAR ͷલํి࣓ΧϩϦϝʔλΛ༻͍ͨδΣοτͷి࣓ݧ࣮
ʹର͢Δ AN ଌఆ݁Ռͱ AnDY ͷ݁Ռͷൺֱɻݧ࣮

δΣοτཅࢠ෦ͷύʔτϯʢΫΥʔΫɺάϧʔΦϯʣ

͕িಥաఔͰࢄཚ͞Εɺऴঢ়ଶͷύʔτϯͷഁࡅͷ݁Ռͱ

ͯ͠ੜ͞ΕΔɻpQCDͰδΣοτੜͷ AN ϋυϩ

ϯੜͷ AN ͱಉ༷ʹେ͖ͳΛͭ࣋͜ͱ͕ظ͞Εͨɻ

͜ͷ݁ՌɺuΫΥʔΫͱ dΫΥʔΫʹىҼ͢ΔδΣοτੜ

ͷ AN ͷූ߸͕ٯʹ͍ޓͷͨΊʹΩϟϯηϧ͞ΕͨՄ

ੑ͋Δɻ͔͠͠ɺϋυϩϯੜͷAN ࣗମ͕ pQCDҎ֎

ͷϝΧχζϜʹҼΔՄੑ͑ߟΒΕΔɻ

ͦ͜Ͱϋυϩϯੜͱͯ͠δΣοτ෦ͷϋυϩϯͱɺͦ

ΕҎ֎ͷϋυϩϯͷAN ͷൺֱ͕ߦΘΕͨɻδΣοτύʔ

τϯ͕ഁͨ͠ࡅͷͳͷͰɺੜ͞ΕΔཻࢠͷଟॏ͕ߴ

͍ɻSTAR࣮͕ݧલํͷి࣓ΧϩϦϝʔλΛ༻͍ͨ π0 ੜ

ͷ AN ʹରͯ͠ޫࢠͷଟॏґଘੑΛௐͨͱ͜Ζɺଟ

ॏ͕͍ߴδΣοτݯىͱ͑ߟΒΕΔ π0ͷ AN ɺδΣο

τ͔ΒΓ͞Εͨʢisolatedʣπ0 ͷ AN ʹֱͯখ͍͞

ͱͳΔ͜ͱΛࣔͨ͠22)ɻ͜ͷ݁Ռͷղऍͱͯ͑͠ߟΒΕ

ΔҰͭCollinsഁؔࡅͷ zґଘੑ19Ͱ͋Γɺ͏Ұͭ

લํϋυϩϯੜͷAN ͕ pQCDͰ͞ࢉܭΕΔϋʔυͳա

ఔͱҟͳΔճંݱͳͲͷιϑτͳաఔʹͮ͘جՄੑ

Ͱ͋Δɻ

·ͨલड़ͷਤ 10ʹࣔ͞ΕΔRHICf࣮͕ࣔ͢ݧ͍ pT ͷ

π0ͷAN ·ͨಉ༷ͳՄੑΛࣔ݁͢ՌͰ͋Δ 33)ɻRHICf

લํʹੜ͞ΕΔݧ࣮ π0ੜͷAN Λଌఆͨ͠ɻ͜ͷ

pT ͷ͍ྖҬ pQCD͕ద༻Ͱ͖ͳ͍ιϑτͳաఔʹࢧ

͞ΕΔྖҬͷͨΊɺ͍ߴ pT Ͱࣔ͞ΕΔΑ͏ͳେ͖ͳAN

ͳ͍͔ຢҟͳΔ AN ͷͷৼ͕༧͞Ε͕ͨɺଌఆ

ͨ͠ͱ͜Ζਤ 10͕ࣔ͢Α͏ʹɺ͍ߴ pT ͷ݁Ռͱඇৗʹۙ

͍εέʔϧ͞Εͨ݁Ռ͕ࣔ͞Εͨɻ͜ͷεέʔϧ͞Εͨ݁

Ռલํͷ π0ͷAN ͍͕ pT ͷൣғʹΔڞ௨ͳϝΧχ

ζϜʹΑΔͷͰ͋Δ͜ͱΛࣔࠦ͢Δ͕ɺͦΕιϑτͳ

աఔͰ͋ΔՄੑΛ͍ࣔͯ͠Δɻ

͜ΕΒͷݱɺيಓӡಈͷཅࢠεϐϯʹର͢Δد༩ͷ

ʹͱͱڀݚ RHICͷӡసऴྃ·Ͱͷภۃཅࢠিಥ࣮ݧͷ

த৺తͳ՝ͱͳΓɺߴԽ͞Ε࣮ͨݧஔʹΑΔڀݚΛ

ଓ͢Δɻܧ

5. ·ͱΊͱޙࠓͷల

ཅࢠͷεϐϯ 1/2͕ɺཅࢠΛߏ͢ΔΫΥʔΫάϧʔΦ

ϯ͔ΒͲͷΑ͏ʹͭ͘ΒΕ͍ͯΔ͔આ໌͢ΔࢼΈɺQCD

ͷͷ՝Ͱ͋ΔɻཅࢠͷεϐϯଇʹΑΕɺཅࢠε

ϐϯ 1/2ΫΥʔΫͷεϐϯɺάϧʔΦϯͷεϐϯɺΫΥʔ

ΫͱάϧʔΦϯͷيಓ֯ӡಈྔͷͰ༩͑ΒΕΔɻ࣮ٕݧ

ज़ͱ QCDͷൃలʹ͍ɺͦΕͧΕͷཁૉҰͭҰͭஸೡ

ʹଌఆ͞Ε͖ͯͨɻઌ͢ߦΔߴΤωϧΪʔภۃϨϓτϯ–ཅ

༩دཚʹΑͬͯΫΥʔΫɾεϐϯͷࢄࢠ 1/3ఔͰ͋Δ͜

ͱ͕ಛఆ͞ΕͨɻάϧʔΦϯɾεϐϯد༩ΫΥʔΫɾεϐ

ϯد༩ͷւΫΥʔΫͷਫ਼ີଌఆΛ͠ࢦɺ2000ʹ

RHICͷภۃཅࢠ–ཅࢠিಥ࣮ݧϓϩάϥϜ͕ʹ্ཱ͕ͪͬ

ͨɻւΫΥʔΫɾεϐϯͷد༩ʹରͯ͠ɺPHENIXٴͼ

STARͷ̎େ࣮ݧͰW ϘιϯੜΛհͨ͠ੈ࣍ଌఆʹΑ

Γɺैདྷͷݟͷਫ਼্ʹՌΛग़ͨ͠ɻ·ͨɺάϧʔ

Φϯɾεϐϯͷد༩ 10ʹٴͿଌఆͷɺ͍ͭʹθϩͰ

ͳ͘େຌΫΥʔΫɾεϐϯͱಉఔͱͷ͋ͨΓ͕͚ͭΒ

Εͨɻ͜ͷ݁ՌʹΑΓɺཅࢠͷεϐϯଇʹ͓͚Δޙ࠷ͷ

ະͱͳͬͨيಓ֯ӡಈྔ͕վΊͯޫ٭Λཋͼͯ

19Collins ʹؔࡅഁ z ґଘੑ͕͋Γɺz ͕͍ͱඇରশখ͘͞
ͳΓɺٯʹ z ͕େ͖͘ͳΔͱ͘ߴͳΔ͕͋Δ32)ɻଟॏ͕͍ߴͱݸʑ
ͷཻࢠͷ z খ͘͞ͳΔͷͰɺඞવతʹඇରশখ͘͞ͳΔɻ
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