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ૉཻࢠඪ४໛ܕ



ૉཻࢠඪ४໛ܕ

଎Ͱӡಈ͢Δ෺࣭ͷཧ࿦ߴ ϛΫϩͳੈքͷྗֶ
૬ରੑཧ࿦ + ֶྗࢠྔ = ৔ͷྔࢠ࿦

ྗؾ࣓ి (QED)ֶྗ࣓ిࢠྔ
ऑ͍ྗ

}

ϫΠϯόʔά-αϥϜཧ࿦
ྗؾ࣓ి (QED)ֶྗ࣓ిࢠྔ
ऑ͍ྗ

ྗ͍ڧ ৭ྗֶ(QCD)ࢠྔ

ॏྗ Ұൠ૬ରੑཧ࿦ → ௒ݭཧ࿦(?)

৔ͷྔࢠ࿦Ͱ͸ͳ͍
QED = quantum electrodynamics
QCD = quantum chromodynamics

ૉཻࢠඪ४໛ܕ = ϫΠϯόʔά-αϥϜཧ࿦ + ৭ྗֶࢠྔ
ॏྗҎ֎ͷྗΛઆ໌͢Δૉཻࢠͷཧ࿦

(΄ͱΜͲ)શͯͷՃ଎݁ݧ࣮ثՌΛઆ໌Ͱ͖Δ

4-b



Ճ଎ث খ͞ͳૉཻࢠΛௐ΂ΔͨΊͷେ͖ͳ࣮ݧ૷ஔ
LHC (Large Hadron Collider) @ CERN τϯωϧԁप27km

ཅࢠΛޫ଎ۙ͘·ͰՃ଎ͯ͠িಥͤ͞Δ

https://run2-13tev.web.cern.ch
https://project-hl-lhc-industry.web.cern.ch

Belle II @ KEK
http://www-acc.kek.jp/kekb/explanation.html

ஜ೾ࢁͷ;΋ͱ
τϯωϧԁप3km
KEKBՃ଎͔ثΒΞοϓάϨʔυ
→ SuperKEKBՃ଎ث

ΛՃ଎ͯ͠িಥͤ͞Δࢠͱཅిࢠి
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ஜ೾ࢁͷ;΋ͱ
τϯωϧԁप3km
KEKBՃ଎͔ثΒΞοϓάϨʔυ
→ SuperKEKBՃ଎ث

ΛՃ଎ͯ͠িಥͤ͞Δࢠͱཅిࢠి

ະ஌ͷߴΤωϧΪʔྖҬͰ৽෺ཧݱ৅Λ୳ࡧ

ΤωϧΪʔϑϩϯςΟΞ

ࡧ৅Λ୳ݱΒ৽෺ཧ͔ূݕਫ਼౓ߴ৅ͷݱ஌ͷ෺ཧط

ϧϛϊγςΟʔϑϩϯςΟΞ
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ૉཻࢠඪ४໛ܕ

଎Ͱӡಈ͢Δ෺࣭ͷཧ࿦ߴ ϛΫϩͳੈքͷྗֶ
૬ରੑཧ࿦ + ֶྗࢠྔ = ৔ͷྔࢠ࿦

1965೥ϊʔϕϧ෺ཧֶ৆ ேӬৼҰ࿠͞Μ ேӬه೦ࣨ@େֶձؗ
2008೥ϊʔϕϧ෺ཧֶ৆ খྛ੣͞Μɺӹ઒හӳ͞Μ

ྗؾ࣓ి (QED)ֶྗ࣓ిࢠྔ
ऑ͍ྗ

}

ϫΠϯόʔά-αϥϜཧ࿦
ྗؾ࣓ి (QED)ֶྗ࣓ిࢠྔ
ऑ͍ྗ

ྗ͍ڧ ৭ྗֶ(QCD)ࢠྔ

ॏྗ Ұൠ૬ରੑཧ࿦ → ௒ݭཧ࿦(?)
QED = quantum electrodynamics
QCD = quantum chromodynamics

ૉཻࢠඪ४໛ܕ = ϫΠϯόʔά-αϥϜཧ࿦ + ৭ྗֶࢠྔ
೔ຊਓऀڀݚ͸େ͖ͳݙߩΛ͖ͯͨ͠

↑
← 2008೥ϊʔϕϧ෺ཧֶ৆ ೆ෦ཅҰ࿠͞Μ

1949೥ϊʔϕϧ෺ཧֶ৆ ౬઒लथ͞Μ
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ૉཻࢠཧ࿦ͱ਺஋ࢉܭ



ՊֶϩʔυϚοϓࢉܭ
http://hpci-aplfs.aics.riken.jp/roadmap 201403.html

ૉཻࢠ෼໺

(a) ૑Γग़͢ଟ༷ͳ֊૚ͷཧղ͕ྗ͍ڧ
• ଄ͷཧղߏͷ֊૚ྗ͍ڧ
ΫΥʔΫɾάϧʔΦϯ→ཅࢠɾதੑ֩ࢠݪ→ࢠ

• ΫΥʔΫɾάϧʔΦϯͷߴԹɾີߴ౓૬ߏ଄
ॳظӉ஦ɺΫΥʔΫάϧʔΦϯϓϥζϚɺதੑࢠ੕಺෦

RHIC࣮ݧ@BNL, LHC ALICE࣮ݧ@CERN

(b) ඪ४໛ܕΛ௒͑ͨ෺ཧͷ୳ࡧ
• BϑΝΫτϦʔ࣮ݧϋυϩϯྻߦཁૉͷਫ਼ີࢉܭ

Belle II࣮ݧ@KEKɺLHCb࣮ݧ@CERN

• ϛϡʔཻࢠҟৗ࣓ؾೳ཰ͷ௒ߴਫ਼౓ཧ࿦ࢉܭ
J-PARC, FNAL

• ૉཻࢠ൓Ԡ֬཰ࣗಈࢉܭγεςϜ(Ճ଎ݧ࣮ثσʔλղੳ)
LHC@CERN, ILCܭը

• ඪ४໛ܕΛ௒͑ͨཧ࿦ͷ୳ࡧ
௒ରশཧ࿦ɺ௒ݭཧ࿦ɺ΢ΥʔΩϯάςΫχΧϥʔཧ࿦

QCDࢠ֨ or ήʔδཧ࿦ʹؔ࿈ࢠ֨
6-a



(৭ྗֶࢠྔࢠ֨)QCDࢠ֨ u c t
d s b
νe νμ ντ
e μ τ

γ
g
W
Z H

アップ チャーム トップ

ダウン ストレンジ ボトム

電子ν ミューν タウν

電子 ミューオン タウ

光子

グルーオン

W ボソン

Z ボソン ヒッグス

フェルミオン ボソン

ク
ォ
ー
ク

レ
プ
ト
ン

ྗ͍ڧ ΫΥʔΫͱάϧʔΦϯ

ཅࢠͱதੑࢠ → ֩ࢠݪ
ΫΥʔΫ → ཅࢠͱதੑࢠ

}

ʹଋറ͢Δྗ

྆ํͱ΋ΫΥʔΫͱάϧʔΦϯͷྗ͕ݩʹͳΔ

ϋυϩϯͷେ͖͞(1 fm=10−15m)ఔ౓Ͱ͸ʮྗ͍ڧʯ͸͍ڧ
→ ΫΥʔΫ͸ϋυϩϯʹด͡ࠐΊΒΕ͍ͯΔ

ϋυϩϯ: தؒࢠɾόϦΦϯͷ૯শɺόϦΦϯ: ཅࢠ΍தੑࢠͷ஥ؒ

தؒࢠ: ΫΥʔΫͱ൓ΫΥʔΫ όϦΦϯ: ΫΥʔΫ3ݸ
https://ja.wikipedia.org/wiki/ϑΝΠϧ:Quark structure pion.svg, https://ja.wikipedia.org/wiki/ϑΝΠϧ:Quark structure proton.svg
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QCDࢠ֨

L

a Uµ(x)

ψ(x+ µ̂)

ψ(x)

༗ִؒࢠ֨ݶaΛಋೖ(ൃݱ͕ࢄΕͳ͍)
ӡಈྔΧοτΦϑ: |p| ≤ π/a

༗ۭ࣌ݩ4࣍ݶ = L3 × T

ΫΥʔΫ৔ ψ(x) : ఺্ࢠ֨
άϧʔΦϯ৔ Uµ(x): ఺Λͭͳ͙ϦϯΫࢠ֨
ϢʔΫϦουۭ࣌: ؒ࣌ڏ

ύϥϝʔλࢉܭ : aɺL, TɺΫΥʔΫ࣭ྔmq

QCDͷ݁ՌΛಘΔʹ͸ແݶମੵݶۃɾ࣮ݱతΫΥʔΫ࣭ྔݶۃɾ࿈ଓ͕ݶۃඞཁ

ແݶମੵݶۃ: ʹతݧܦ Lmπ > 4 ఔ౓Ͱे෼
mπ: ϋυϩϯͷதͰҰ൪͍ܰύΠதؒࢠͷ࣭ྔɺm2

π ∝ mq

:ݶۃతΫΥʔΫ࣭ྔ࣮ݱ քੈ࣮ݱ mphys
π = 0.135GeV, େม͕ࢉܭ͔͠͠

mphys
π ΑΓେ͖ͳmπෳ਺఺Ͱ͠ࢉܭɺmπ → mphys

π ֎ૠ or Ͱ͸mphysۙ࠷
π Ͱ௚઀ࢉܭ

࿈ଓݶۃ: ෳ਺ͷִ֨ؒࢠaͰ͠ࢉܭɺa→ 0֎ૠ
8



QCDࢠ֨

L

a Uµ(x)

ψ(x+ µ̂)

ψ(x)

༗ִؒࢠ֨ݶaΛಋೖ(ൃݱ͕ࢄΕͳ͍)
ӡಈྔΧοτΦϑ: |p| ≤ π/a

༗ۭ࣌ݩ4࣍ݶ = L3 × T

ΫΥʔΫ৔ ψ(x) : ఺্ࢠ֨
άϧʔΦϯ৔ Uµ(x): ఺Λͭͳ͙ϦϯΫࢠ֨
ϢʔΫϦουۭ࣌: ؒ࣌ڏ
ύϥϝʔλࢉܭ : aɺL, TɺΫΥʔΫ࣭ྔmq

෺ཧྔOͷظ଴஋
⟨O(ψ,ψ, U)⟩ =

∫
DUDψDψP[U ]O(ψ,ψ, U)

Nf : ΫΥʔΫͷ਺

P[U ] ∝ exp(−NfψD[U,mq]ψ − Sg[U ])
ΫΥʔΫ࡞༻ άϧʔΦϯ࡞༻

άϥεϚϯੵ෼ ψψ → D−1[U,mq]: ΫΥʔΫ఻ൖؔ਺
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QCDࢠ֨

L

a Uµ(x)

ψ(x+ µ̂)

ψ(x)

༗ִؒࢠ֨ݶaΛಋೖ(ൃݱ͕ࢄΕͳ͍)
ӡಈྔΧοτΦϑ: |p| ≤ π/a

༗ۭ࣌ݩ4࣍ݶ = L3 × T

ΫΥʔΫ৔ ψ(x) : ఺্ࢠ֨
άϧʔΦϯ৔ Uµ(x): ఺Λͭͳ͙ϦϯΫࢠ֨
ϢʔΫϦουۭ࣌: ؒ࣌ڏ
ύϥϝʔλࢉܭ : aɺL, TɺΫΥʔΫ࣭ྔmq

෺ཧྔOͷظ଴஋ (άϥεϚϯੵ෼ޙ)

⟨O(ψ,ψ, U)⟩ =
∫

DU P[U ]O(D−1[U,mq], U) · · · ඇৗʹେ͖ͳࣗ༝౓ͷੵ෼

Nf : ΫΥʔΫͷ਺

P[U ] ∝ (detD[U,mq])Nf exp(−Sg[U ])
֬཰ͱղऍ
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QCDࢠ֨

L

a Uµ(x)

ψ(x+ µ̂)

ψ(x)

༗ִؒࢠ֨ݶaΛಋೖ(ൃݱ͕ࢄΕͳ͍)
ӡಈྔΧοτΦϑ: |p| ≤ π/a
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ϞϯςΧϧϩγϛϡϨʔγϣϯΛ༻͍ͨඇઁಈࢉܭ

෺ཧྔOͷظ଴஋
⟨O(ψ,ψ, U)⟩ =

∫
DU P[U ]O(D−1[U,mq], U)

⟨O(ψ,ψ, U)⟩ =
1

N഑Ґ

N഑Ґ∑

i

O(D−1[Ui,mq], Ui) + ౷ࠩޡܭ

खॱ
֬཰P[U ]ʹै͍ήʔδ഑ҐUiΛੜ੒→എܠ৔UiͰD−1[Ui,mq]Λࢉܭ
→෺ཧྔO(D−1[Ui,mq], Ui)Λࢉܭ→ͦΕΛN഑Ґճ܁ฦ͠ɺ౷ܭฏۉΛऔΔ
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QCDࢠ֨

L

a Uµ(x)

ψ(x+ µ̂)

ψ(x)

༗ִؒࢠ֨ݶaΛಋೖ(ൃݱ͕ࢄΕͳ͍)
ӡಈྔΧοτΦϑ: |p| ≤ π/a

༗ۭ࣌ݩ4࣍ݶ = L3 × T

ΫΥʔΫ৔ ψ(x) : ఺্ࢠ֨
άϧʔΦϯ৔ Uµ(x): ఺Λͭͳ͙ϦϯΫࢠ֨
ϢʔΫϦουۭ࣌: ؒ࣌ڏ
ύϥϝʔλࢉܭ : aɺL, TɺΫΥʔΫ࣭ྔmq

෺ཧྔOͷظ଴஋

⟨O(ψ,ψ, U)⟩ =
1

N഑Ґ

N഑Ґ∑

i

O(D−1[Ui,mq], Ui) + ౷ࠩޡܭ

D−1[U,mq]͕֨ࢠQCDͷओཁͳࢉܭ (શମͷ໿8ׂҎ্)

– ήʔδ഑Ґੜ੒ͱ෺ཧྔଌఆʹඞཁ

– ඇৗʹେ͖ͳྻߦ (L3 × T × 12: L = 30, T = 60→໿2ઍສ)

– খ͍͞mq΄Ͳ͔͔͕ؒ࣌ࢉܭΔ⇒ mphys
π ͷࢉܭ͸͕͔͔࣌ؒΔ
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Λ༻͍ͨ͜Ε·Ͱͷ݁ՌࢉܭQCDࢠ֨



QCDࢠ֨ ͜Ε·Ͱͷ݁Ռ1 ϋυϩϯ࣭ྔ ϋυϩϯ: தؒࢠɾόϦΦϯ

HPCIઓུϓϩάϥϜ෼໺5՝୊1, ුా͞Μ (PACS Collaboration), PoS(LATTICE2015)075

͍Ζ͍Ζͳϋυϩϯ࣭ྔͷ࣮ݧ஋ͱ֨ࢠQCD݁ࢉܭՌͷ૬ରࠩ

Πϯϓοτ: πதؒࢠ, Kதؒࢠ+ΩόϦΦϯ
→ Ξοϓɾμ΢ϯΫΥʔΫ࣭ྔ, ετϨϯδΫΥʔΫ࣭ྔ+ִ֨ؒࢠ

ཅࢠɾதੑࢠ(N)͸࣮ݧ஋ͱҰகɺͦͷଞ΋10%Ҏ಺Ͱ࣮ݧ஋Λݱ࠶
10



QCDࢠ֨ ͜Ε·Ͱͷ݁Ռ2 ϋυϩϯྻߦཁૉ ϋυϩϯ: தؒࢠɾόϦΦϯ
:ࢠ֩ ཅࢠɾதੑࢠ

πதؒࢠ, Kத่ؒࢠյఆ਺ ՙిੑ࣠ࢠ֩
π− → µ−ν, K− → µ−ν n→ pe−ν

Lmπ > 4, a < 0.1 fmΛຬͨ͢ࢉܭ

[151]

Figure 10: Values of fπ and fK . The black squares and grey bands indicate our estimates
(68) and (69). The black triangles represent the experimental values quoted by the PDG, see
Eq. (70).

74

Isovector charges gA

Several mfi < 165 MeV results.
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Expt

Impose Lmfi > 4, a < 0.1 fm
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Expt

ETMC: [Alexandrou,Mon,15:15] Nf = 2 twisted mass fermions, Lmfi = 3. Increased
statistics on 1507.04936, 579 configs ◊ 16 measurements, gA = 1.22(3)(2) - systematics
from fitting.
PACS: [Kuramashi,Thu,16:30] Nf = 2 + 1 NP clover, stout smeared links,
mfi = 145 MeV, a = 0.085 fm, 146 configs ◊ 64 measurements, tf ≠ ti =1.3 fm, Lmfi = 6
PNDME: [Gupta,Thu,17:50]

8 / 49

FLAG Working Group Sara CollinsجௐߨԋεϥΠυ

arXiv:1607.00299 [hep-lat] ձٞࡍࠃ Lattice 2016

ͱҰகݧ࣮ ޲܏஋ΑΓ5%ఔ౓௿͍ݧ࣮
௕೥ͷ໰୊ͷҰͭ

ήʔδ഑Ґੜ੒ P [U ] ∝ (detD[U,mq])
Nf

Nf = 2: u, dΫΥʔΫ, Nf = 2+ 1: u, d, sΫΥʔΫ, Nf = 2+ 1+ 1: u, d, s, cΫΥʔΫ
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QCDࢠ֨ ͜Ε·Ͱͷ݁Ռ3 ϋυϩϯܗঢ়Ҽࢠ ϋυϩϯ: தؒࢠɾόϦΦϯ

:ࢠ֩ ཅࢠɾதੑࢠ

Fࢠঢ়Ҽܗ (Q2) = 1−
1

6
Q2⟨r2⟩+ · · ·; Q2 ӡಈྔҠߦ, ⟨r2⟩ ฏۉೋ৐൒ܘ

̸= 1 → ఺ঢ়ཻࢠͰ͸ͳ͘಺෦ߏ଄ɺେ͖͞Λ࣋ͭ

πதؒܗࢠঢ়Ҽࢠ ࢠঢ়Ҽܗࢠ֩
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0 0.05 0.1 0.15 0.2
Q2[GeV2]

0.5

0.6

0.7

0.8

0.9

1

F 1(Q
2 )

Experiment
m
π
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լ਺͞Μ (PACS Collaboration) TY et al. (PACS Collaboration)

ͲͪΒ΋࣮ݧ஋Λྑ͘ݱ࠶
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QCDࢠ֨ ͜Ε·Ͱͷ݁Ռ3 ϋυϩϯܗঢ়Ҽࢠ ϋυϩϯ: தؒࢠɾόϦΦϯ
:ࢠ֩ ཅࢠɾதੑࢠ

Fࢠঢ়Ҽܗ (Q2) = 1−
1

6
Q2⟨r2⟩+ · · ·; Q2 ӡಈྔҠߦ, ⟨r2⟩ ฏۉೋ৐൒ܘ

̸= 1 → ఺ঢ়ཻࢠͰ͸ͳ͘಺෦ߏ଄ɺେ͖͞Λ࣋ͭ

πதؒࢠฏۉೋ৐൒ܘ ܘೋ৐൒ۉฏࢠ֩

0 0.1 0.2 0.3 0.4
m2
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0.2

0.3

0.4

0.5

〈r2 〉
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HPQCD Nf=2+1+1 HISQ
RBC/UKQCD Nf=2+1 DWF
PACS-CS Nf=2+1 Clover
ETMC Nf=2 TM
JLQCD Nf=2+1 Overlap
m
π
=0.145GeV (preliminary)
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2 ]

experiment
Nf=2+1 DWF (2.7fm)
Nf=2 DWF (1.9fm)
Nf=0 DWF (3.6fm)
Nf=2 Wilson (1.9fm)
Nf=0 Wilson (3.0fm)
Nf=2+1 Mix (2.5fm)
m
π
=0.145 GeV (preliminary)

լ਺͞Μ (PACS Collaboration) TY et al. (PACS Collaboration)

mphys
π ෇ۙͷ͕ࢉܭॏཁ
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QCDࢠ֨ ͜Ε·Ͱͷ݁Ռ4 ϋυϩϯ2ମࢄཚɾ่յաఔ
ϋυϩϯ: தؒࢠɾόϦΦϯ

π+π+ → π+π+ࢄཚաఔ ρத่ؒࢠյաఔ (ρ→ ππ)
ཚ௕ࢄ a0 (ཚ෺ཧྔࢄຊతͳج΋࠷) ཚҐ૬ࠩࢄ δ1 (܎ཚ֬཰ʹ௚઀ؔࢄ)

ཚ֬཰ࢄ ∝ sin δ21

-0.05 -0.045 -0.04 -0.035 -0.03
a0m

π

Nf=2+1 NPLQCD(2012)

Nf=2 CP-PACS(2004)
Nf=2+1 MA NPLQCD(2006)
Nf=2+1 MA NPLQCD(2008)
Nf=2 ETMC(2010)

Nf=2 JLQCD(2011)

Nf=2+1 PQ Fu(2012)
Nf=2+1 Fu(2013)
Nf=2+1 PACS-CS(2014)

CGL(2001)

NA48/2(2010)
NA48/2(2010) w/ ChPT

E865(2010) w/ ChPT
E865(2010)
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FIG. 7. P -wave ⇡⇡ isospin-1 elastic scattering phase-shift extracted from energy levels plotted in Figures 3 and 4, assuming
F -wave and higher partial-wave amplitudes are negligible in this energy region. Two points whose phase-shift values have
rather large error bars are not shown. Grey dashed vertical line shows the ⇡⇡⇡⇡ threshold.
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FIG. 8. P -wave ⇡⇡ isospin-1 elastic scattering phase-shift.
Points as in Figure 7. Curve shows the Breit-Wigner descrip-
tion whose parameters are given in Eq. 3.

thresholds, Im I
ij

(s) = ��
ij

⇢
i

(s), ensures unitarity, and
whose real part is defined by a dispersive integral that
ensures that t(s) has no pseudothreshold branch point
(at s = 0).

In single-channel ⇡⇡ scattering with ` = 1, the K-
matrix is just a single function, and a convenient form
is

K(s) =
g2

m2 � s
+

NX

n=0

�
n

✓
s

s
0

◆
n

, (5)

with s
0

= 4m2

⇡

. Along with a suitable subtraction in the
dispersive integral for I(s) so that Re I(s = m2) = 0, this
gives a t(s) behavior that is similar to a Breit-Wigner, but
with the polynomial allowing more freedom in the en-
ergy dependence. The 22 energy levels below 4⇡ thresh-

FIG. 9. P -wave ⇡⇡ isospin-1 elastic scattering phase-shift.
Points as in Figure 7. Curves show the Breit-Wigner fit to
the whole elastic region (grey), a Breit-Wigner with Hippel-
Quigg [41] barrier corrections (orange), and a Breit-Wigner
description of a narrower energy region around the resonance
peak (red).

old have been described by this form for three choices,
N = 0, 1, 2, and without any polynomial term at all –
the results are presented in Table III. There is negli-
gible improvement in the �2/N

dof

adding terms linear
or quadratic in s, and the corresponding parameters are
found to possess an increasingly large degree of correla-
tion. The phase-shifts corresponding to the fits in Ta-
ble III are plotted in Figure 10.
The assumption that ⇡⇡ F -wave scattering plays a

negligible role in determining the spectrum in the elas-
tic region, as was assumed in the previous analysis, can
be tested using the energy levels we have determined.
The irreps [100] B

1

and B
2

have JP = 3� as their

mπ = 240 MeV
TY PoS LATTICE2014 009 Hadron Spectrum Collaboration, PRD92 094502

ଟ͘ͷࢉܭͰ࣮ݧΛݱ࠶ Մೳࢉܭ໐ঢ়ଶΛڞ

ϋυϩϯ2ମܥͷੑ࣭ͷཧղ΋ਐΜͰ͍Δ
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ࢉܭ௚઀֩ࢠݪ͍ͨ༺QCDΛࢠ֨



(৭ྗֶࢠྔࢠ֨)QCDࢠ֨

ਤ:ೖࢯߐఏڙ

ྗ͍ڧ ΫΥʔΫͱάϧʔΦϯ

ཅࢠͱதੑࢠ → ֩ࢠݪ
ΫΥʔΫ → ཅࢠͱதੑࢠ

}

ʹଋറ͢Δྗ

྆ํͱ΋ΫΥʔΫͱάϧʔΦϯͷྗ͕ݩʹͳΔ

૑Δ֊૚ੑͷཧղ͕ྗ͍ڧ
ϋυϩϯͷ࣭ྔ΍େ͖͞ͳͲͷجຊతͳੑ࣭͸΄΅ݱ࠶

ͷ੒ޭࢉܭQCDΛ༻͍ͨඇઁಈ࿦తࢠ֨
︷ ︸︸ ︷
ΫΥʔΫͱάϧʔΦϯ→ ཅࢠͱதੑࢠ→ →ΫΥʔΫͱάϧʔΦϯ֩ࢠݪ ཅࢠͱதੑࢠ→ ֩ࢠݪ
︸ ︷︷ ︸

࣍ͷ໨ඪ: ͷੑ࣭ͷఆྔతཧղ֩ࢠݪͨ͠ʹجQCDΛ(ࢠ֨)

͸·ͩ࢝·ͬͨ͹͔Γࢉܭ௚઀֩ࢠݪ
Ͱ͖Δ͔ݱ࠶ͷଋറΤωϧΪʔΛ֩ࢠݪ஌ͷܰطͷ໨ඪ͸ࡏݱ

↔ؒ઀ࢉܭ: QCDʹΑΔ֩ྗϙςϯγϟϧࢠ֨
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4Heͱ3HeͷଋറΤωϧΪʔࢉܭ ༺ಉརڞࡍֶ 15a-31, 16a32

∆E(4He) = m4He − 4mN ∆E(3He) = m3He − 3mN
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TY et al. Nf=2+1 V

∞
preliminary

∆E(3He) [MeV]

TY et al. PRD86:074514; PRD92:no.1:014501

஋ͱಉ͡ΦʔμʔͷଋറΤωϧΪʔݧ࣮

কདྷͷ՝୊: తͳmπ࣮ݱ = 0.135 GeV෇ۙͰ࣮ݧ஋Λݱ࠶Ͱ͖Δ͔?
→ mπ ∼ 0.145 GeV on L ∼ 8 fm ͷߦ࣮ࢉܭத

:ؚݯࢿࢉܭ HPCI System Research Project hp160124

݁Ռͷ৴པੑͷڧԽ→ෆఆੑͷ֬ೝ: ·ɺִؒࢠ๏ɺ֨ํࢉܭ · ·
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10೥ͷల๬ޙࠓ



কདྷͷల๬

্޲ೳͷੑػࢉܭ10೥ͷޙࠓ : ໿100ഒ
τοϓ1ػࢉܭ 100ϖλFlops → 10ΤΫαFlops (10000ϖλFlops)

• ౷ܭ਺100ഒ → 1/10ࠩޡ
(յఆ਺่ࢠյఆ਺ɺKத่ؒࢠπதؒ)ࢉܭ஋Λ௒͑Δਫ਼౓ͷݧ࣮
͜Ε·Ͱࠔ೉͕ͩͬͨࢉܭՄೳʹ(֩ࢠݪ௚઀ࢉܭɺߏ֩ࢠݪ଄ࢉܭ)

• ࢉܭݩQCD͸4࣍ࢠ֨ 4√100 ≈ 3 ⇒ Ұล͕໿3ഒͷ֨ࢠαΠζࢉܭՄೳ
1/4ഒ+Ұลͷ௕͞3/4ഒִؒࢠ֨
0.08ִؒࢠ֨ fm→ 0.02 fmɺ࢛࣍ݩମੵ(8 fm)4 → (6 fm)4

ϘτϜΫΥʔΫΛ௚઀औΓೖΕͨࢉܭ(Belle II࣮ݧͱؔ͢܎Δਫ਼ີࢉܭ)
Ξοϓɾμ΢ϯΫΥʔΫ࣭ྔmu,d = 0.003 GeV ↔ ϘτϜΫΥʔΫ࣭ྔmb = 5GeV

:ࢉܭਫ਼౓ͷߴ mπL > 4ͱmba ∼< 0.5Λຬͨ͢ඞཁ͕͋Δ
༗ݶମੵޮՌͱ༗ִ͔ؒࢠ֨ݶΒͷෆఆੑΛे෼཈͑Δ

• QED(ྔֶྗ࣓ిࢠ)ΛؚΊͨߴਫ਼౓γϛϡϨʔγϣϯ
༗ݶମੵޮՌ QCD ∼ e−mπL ↔ QCD+QED ∼ (mπL)−1

mπL > 4ͷෳ਺ମੵΛͨͬ࢖ແݶମੵ֎ૠ
ΑΓੈ࣮ݱքʹ͍ۙཧ࿦ࢉܭ(ཅࢠ↔தੑࢠɺπ+ ↔ π0ɺ3He↔ 3H)

16



কདྷͷల๬

্޲ೳͷੑػࢉܭ10೥ͷޙࠓ : ໿100ഒ
τοϓ1ػࢉܭ 100ϖλFlops → 10ΤΫαFlops (10000ϖλFlops)

ਫ਼౓Խߴ + ݙߩ΁ͷݧ࣮ + Խ࣮ݱ

• ʹՄೳ͕ࢉܭ೉ͩͬͨࠔɺ͜Ε·Ͱࢉܭ஋Λ௒͑Δਫ਼౓ͷݧ࣮
ͱͨ͠৴པੑͷཱ֬ݻͷ֬ࢉܭQCDࢠ֨

• ϘτϜΫΥʔΫΛ௚઀औΓೖΕͨࢉܭ
ਫ਼ີଌఆ࣮ݧͱͷݻڧͳ࿈ܞ

• QEDΛؚΊͨߴਫ਼౓γϛϡϨʔγϣϯ

քͱͷඍົͳζϨͷ֬ೝੈ࣮ݱͱࢉܭQCDࢠ֨
քʹ͍ۙγϛϡϨʔγϣϯੈ࣮ݱQCDΑΓ΋ࢠ֨→

16-a



·ͱΊ

• ૉཻࢠඪ४໛ܕ
ࣗવքͷ4ͭͷྗͷ͏ͪɺྗ͍ڧɺऑ͍ྗɺి࣓ྗؾΛهड़͢Δૉཻࢠͷཧ࿦

• ૉཻࢠ෺ཧͱ਺஋ࢉܭ
ڀݚ͚ͨ޲΁ࡧΛ௒͑ͨ෺ཧͷ୳ܕ଄ͷཧղͱඪ४໛ߏͷ֊૚ྗ͍ڧ

• QCDࢠ֨
Δํ๏͢ࢉܭʹड़͢ΔQCDΛඇઁಈతهΛྗ͍ڧ
͜Ε·Ͱϋυϩϯ1ମɺதؒ2ࢠମͳͲͷੑ࣭Λ͢ݱ࠶Δ͜ͱʹ੒ޭ

• ࢉܭ௚઀֩ࢠݪ͍ͨ༺QCDΛࢠ֨
ΫΥʔΫͱάϧʔΦϯ͔Β֩ࢠݪͷੑ࣭Λཧղ͢Δ͜ͱ͕໨త
Ͱ͖Δ͔ʹ௅ઓதݱ࠶ଋറΤωϧΪʔ͕֩ࢠݪ஌ͷܰط

• 10೥ͷల๬ޙࠓ
:ࢉܭQCD(+QED)ࢠ֨ ਫ਼౓Խߴ + ݙߩ΁ͷݧ࣮ + Խ࣮ݱ
:ࡏݱ ͍͔͓͕͠ࢉܭQCDࢠ֨→஋ͱҟͳΔ݁Ռݧ࣮
কདྷ: ݴQCD͔Βͷ৽͍͠༧ࢠ֨→஋ͱҟͳΔ݁Ռݧ࣮
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