
標準模型とQCDの基礎

北原 鉄平（千葉大） 

格子上の場の理論　夏の学校2024 

於 筑波大学 

2024年9月10日



/ 61北原 鉄平 (千葉大), 格子上の場の理論 夏の学校2024, 筑波大学, 2024年9月10日
標準模型とQCDの基礎

2

Opening remarks 

▮ 北原です、よろしくお願いします。夏の学校の復活おめでとうございます。 

▮ 専門は素粒子現象論です。2015年学位 (東京大学)、博士論文は超対称性理論

における暗黒物質に対する量子補正。 

▮ 格子QCDの専門家ではありません。 QCDの専門家でもありません。 

▮ 格子QCDが素粒子現象論の中でどのような位置付けで、どのような役割を果

たしているか、最近のトピックを中心にまとめます。
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強い相互作用

▮ 標準模型 Lagrangian  

▮ 強い相互作用 (QCD)
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Running coupling αs(μ)

[PDG2024]
↵s ⌘

g2s
4⇡

<latexit sha1_base64="e9kPmwRKBv3pJIiQEBK//2l/Frw=">AAACMnicbVDLSsNAFJ3UV62vqEs3Q4vgqiS1oMuiG5cV7AOaGibTSTt0Jokzk0IJ2fs1rgT9Fd2JW3/AnZM2C009MHA451zm3uNFjEplWW9GaW19Y3OrvF3Z2d3bPzAPj7oyjAUmHRyyUPQ9JAmjAekoqhjpR4Ig7jHS86bXmd+bESFpGNypeUSGHI0D6lOMlJZcs+ogFk2QK6FDHmI6g44vEE7GrrxvpEnTiWjqmjWrbi0AV4mdkxrI0XbNb2cU4piTQGGGpBzYVqSGCRKKYkbSihNLEiE8RWMy0DRAnMhhsrglhadaGUE/FPoFCi7U3xMJ4lLOuaeTHKmJLHqZ+K/neTwthrMvZGEh5V8OExpEsSIBXu7jxwyqEGb9wREVBCs21wRhQfVJEE+Q7kzpliu6K7vYzCrpNur2eb1x26y1rvLWyuAEVMEZsMEFaIEb0AYdgMEjeAIv4NV4Nt6ND+NzGS0Z+cwx+APj6wdQOKuL</latexit>

0.1

0.2

0.3

0.5

1.1

1.6

1.9

2.5

↵s
<latexit sha1_base64="EX5oeOBs1MNnj2p3X4MaozT/PZk=">AAACF3icbVDLSgMxFM34rPVVdekmWARXZaYKuiy46bKCfUg7lDtppg1NMkOSEcrQr3Al6Le4E7cu/RR3ZtpZ6NQDgcO553JPThBzpo3rfjlr6xubW9ulnfLu3v7BYeXouKOjRBHaJhGPVC8ATTmTtG2Y4bQXKwoi4LQbTG+zefeRKs0ieW9mMfUFjCULGQFjpYcB8HgCQ42HlapbcxfAq8TLSRXlaA0r34NRRBJBpSEctO57bmz8FJRhhNN5eZBoGgOZwpj2LZUgqPbTReA5PrfKCIeRsk8avFB/b6QgtJ6JwDoFmIkuzjLx31kQiHnRnJ3QhUAmvPFTJuPEUEmWecKEYxPhrCQ8YooSw2eWAFHMfgmTCSggxlZZtl15xWZWSade8y5r9buraqOZt1ZCp+gMXSAPXaMGaqIWaiOCBHpCL+jVeXbenHfnY2ldc/KdE/QHzucPJSigpg==</latexit>

gs
<latexit sha1_base64="jQXtHY0wYkQyll2+UVgzpLDpiKQ="></latexit>

非摂動
↵s(m

2
Z)

lattice = 0.1184(8)
<latexit sha1_base64="OZ8H1ds484wEZZG+IY2HZf/RrRs="></latexit>

↵s(m
2
Z)

exp = 0.1175(10)
<latexit sha1_base64="PIrYiJd1Vf60FwMx9Uj/5yu9b+Y="></latexit>
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<latexit sha1_base64="otWvjPlC3TnRjuv8cCdeCRtoyr8="></latexit>
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<latexit sha1_base64="ZmerD4PYedGTjOtCfgwId/aBoEk="></latexit>
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<latexit sha1_base64="jH7vo/dXTxlf1Fb25Twio6ajTEE="></latexit>
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<latexit sha1_base64="iVrpMcne5CUf8nzOWS3a6rEOiDE=">AAACPHicbVDLSsNAFJ3UV62vqEs3g0VwoSVpBd0IRTeupIJ9QBPCZDpph04mYWYilJCf8GtcCfoX7t2JW8GdkzYLbT0wcDjnXObe48eMSmVZb0ZpaXllda28XtnY3NreMXf3OjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1x9e5330gQtKI36tJTNwQDTkNKEZKS5554vhEIc+C8BI6gUA4te0sbWS3HoanhVLPBci9wDOrVs2aAi4SuyBVUKDlmd/OIMJJSLjCDEnZt61YuSkSimJGsoqTSBIjPEZD0teUo5BIN51elcEjrQxgEAn9uIJT9fdEikIpJ6GvkyFSIznv5eK/nu+H2Xw4/0LOLaSCCzelPE4U4Xi2T5AwqCKYNwkHVBCs2EQThAXVJ0E8Qrowpfuu6K7s+WYWSadesxu1+t1ZtXlVtFYGB+AQHAMbnIMmuAEt0AYYPIIn8AJejWfj3fgwPmfRklHM7IM/ML5+AOzfrZk=</latexit>
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格子QCD (1/2)

▮ QCDはエネルギースケール GeV では摂動計算不可能 

▮ クォークとグルーオンの理論 ( GeV) からハドロンの有効場の理論の 

摂動論 ( GeV) に切り替わる (それでも摂動の収束性はあまり良くない) 

▮ 非摂動領域を第一原理計算できる方法が格子QCD計算 [Wilson, 1974] 

▮ 格子QCD計算は有限温度・有限密度にも拡張可能

μ ≲ 1

μ > 1

μ < 1
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格子QCD (2/2)

クォーク場 ψ

グルーオン場 Uμ
ハドロンを作る =  
同じ量子数を持つ 
演算子の虚時間 
における減衰

ユークリッド 
経路積分量子化格子間隔 a

<latexit sha1_base64="kbrk5kpymZFt+AtBqK6QG6lS/Ck=">AAACEHicbVDNSgMxGPy2/tX6V/XoJVgET2W3CnosCOKxiv2BdinZNNuGJtklyQplKfgAngR9Fm/i1TfwUbyZbXvQrQOBYWZCJhPEnGnjul9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsZXmd9+oEqzSN6bSUx9gYeShYxgY6U7jPrlilt1Z0DLxFuQCizQ6Je/e4OIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv101nSKTqwyQGGk7JEGzdTfN1IstJ6IwCYFNiOd9zLxXy8IxDQfzp7QuUImvPRTJuPEUEnmfcKEIxOhbB00YIoSwyeWYKKY/RIiI6wwMXbDkt3Kyy+zTFq1qndWrd2eV+rXj/PVinAEx3AKHlxAHW6gAU0gEMITvMCr8+y8Oe/OxzxacBZLH8IfOJ8/guyeCw==</latexit>

a
<latexit sha1_base64="kbrk5kpymZFt+AtBqK6QG6lS/Ck=">AAACEHicbVDNSgMxGPy2/tX6V/XoJVgET2W3CnosCOKxiv2BdinZNNuGJtklyQplKfgAngR9Fm/i1TfwUbyZbXvQrQOBYWZCJhPEnGnjul9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsZXmd9+oEqzSN6bSUx9gYeShYxgY6U7jPrlilt1Z0DLxFuQCizQ6Je/e4OIJIJKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupRILqv101nSKTqwyQGGk7JEGzdTfN1IstJ6IwCYFNiOd9zLxXy8IxDQfzp7QuUImvPRTJuPEUEnmfcKEIxOhbB00YIoSwyeWYKKY/RIiI6wwMXbDkt3Kyy+zTFq1qndWrd2eV+rXj/PVinAEx3AKHlxAHW6gAU0gEMITvMCr8+y8Oe/OxzxacBZLH8IfOJ8/guyeCw==</latexit>

時空の離散化 =  

運動量カットオフ 
π
a

Uμ = exp(igsaAμ)

予言 = 連続極限 a → 0
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現象論における格子QCD

▮ 高エネルギー領域の物理を積分した有効ハミルトニアン 

▮ 実験と比較可能な遷移振幅

He↵ =
X

i

Ci(µ)Oi(µ)
<latexit sha1_base64="Ryr/+K7KA7WhCPXleQ7n7QEljHE="></latexit>

Wilson係数 C higer-dimensional 演算子 O 繰込みスケール μ
（理論家が量子効果/新物理を含め摂動計算） （だいたい1GeV）

M = hfinal|He↵ |initiali

=
X

i

Ci(µ)hfinal|Oi(µ)|initiali ⌘
X

i

Ci(µ)hOi(µ)i
<latexit sha1_base64="bz5qFF0ubAHVxxoe97+b3qtvZX4="></latexit>

ハドロン行列要素: Hadronic Matrix Element (HME) ⟨Oi(μ)⟩ 格子QCDで非摂動計算

精密測定 
データ
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成功を収めた一例

▮  における Direct CP violation  

▮ 歴史的にいろいろあったが、、、最終的に一致！

K0
L → π+π− ε′ /εK

10種類のWilson係数 (理論家) x 10種類のハドロン行列要素 (lattice)
h⇡⇡ |(s̄�µd�5d)(q̄�µ�5q)|Ki

<latexit sha1_base64="n+P6Ia8WpDH2z+ME1J8Wke6BUHE="></latexit>

Direct CP violation ε′ /εK  phase shift (I=0)ππ  factorΔI = 1/2
lattice QCD

データ

[RBC-UKQCD, 2004.09440]

32.3(2.1)�
<latexit sha1_base64="MtfQswOd/IvYX5bSibcz5/+APww=">AAACInicdVDLSgMxFM34rPU11qWbYBHqZphHS7ssunFZwT6gHUsmzbShmQdJRizD/IorQb/FnbgS/BF3ZtoKWvRA4HDuudyT48WMCmma79ra+sbm1nZhp7i7t39wqB+VOiJKOCZtHLGI9zwkCKMhaUsqGenFnKDAY6TrTS/zefeOcEGj8EbOYuIGaBxSn2IklTTUS45tOLBiG9b5bTrAlONsqJdNo15zqnYdmoZlNhzbUsS2bbPmQMsw5yiDJVpD/XMwinASkFBihoToW2Ys3RRxSTEjWXGQCBIjPEVj0lc0RAERbjrPnsEzpYygH3H1Qgnn6s+NFAVCzAJPOQMkJ2J1lot/zjwvyFbN+QmxEkj6DTelYZxIEuJFHj9hUEYw7wuOKCdYspkiCHOqvgTxBHGEpWq1qLr6LgT+TzqqXsewr6vl5sWytQI4AaegAixQB01wBVqgDTC4Bw/gCTxrj9qL9qq9Laxr2nLnGPyC9vEFVM6jKw==</latexit>

19.9(5.0)
<latexit sha1_base64="a7qaQQg7SYA7OMUi2WB7OFi30BM=">AAACGHicdVDLSgMxFM34rPVVdekmWIS6GTIzLW13RTcuK9gHtqVk0rQNzWSGJCOUoX/hStBvcSdu3fkp7sy0FbTogcDh3HO5J8ePOFMaoQ9rbX1jc2s7s5Pd3ds/OMwdHTdVGEtCGyTkoWz7WFHOBG1opjltR5LiwOe05U+u0nnrnkrFQnGrpxHtBXgk2JARrI1051TtKiyUbHTRz+WRXS55RbcMke2giuc6hriui0oedGw0Rx4sUe/nPruDkMQBFZpwrFTHQZHuJVhqRjidZbuxohEmEzyiHUMFDqjqJfPEM3hulAEchtI8oeFc/bmR4ECpaeAbZ4D1WK3OUvHPme8Hs1VzekKtBNLDSi9hIoo1FWSRZxhzqEOYtgQHTFKi+dQQTCQzX4JkjCUm2nSZNV19FwL/J03XdjzbvSnma5fL1jLgFJyBAnBAGdTANaiDBiBAgAfwBJ6tR+vFerXeFtY1a7lzAn7Bev8CH3yfZA==</latexit>

35.9�
<latexit sha1_base64="oy2sVToDqYXy8VoXij9Gj8ecyHE=">AAACGHicbVDLSsNAFL3xWeur6tJNsAiuQtIq6q7oxmUF+8A2lsl00g6dmYSZiVBK/8KVoN/iTty681PcOWmz0NQDA4dzz+WeOUHMqNKu+2UtLa+srq0XNoqbW9s7u6W9/aaKEolJA0csku0AKcKoIA1NNSPtWBLEA0Zaweg6nbceiVQ0End6HBOfo4GgIcVIG+m+euZcPnQxlbhXKruOO4O9SLyMlCFDvVf67vYjnHAiNGZIqY7nxtqfIKkpZmRa7CaKxAiP0IB0DBWIE+VPZomn9rFR+nYYSfOEtmfq740J4kqNeWCcHOmhys9S8d9ZEPBp3pyeULlAOrzwJ1TEiSYCz/OECbN1ZKct2X0qCdZsbAjCkpov2XiIJMLadFk0XXn5ZhZJs+J4Vadye1quXWWtFeAQjuAEPDiHGtxAHRqAQcATvMCr9Wy9We/Wx9y6ZGU7B/AH1ucP/+OggA==</latexit>

22.45(6)
<latexit sha1_base64="ztSarUsjHDhVSJPnOeSi4fxK+Xk=">AAACFnicbVC7TsMwFHV4lvIqMLJYVEhliZJQHmMFC2OR6ENqo8pxndaq7US2g1RF/QkmJPgWNsTKyqew4bQZIOVIlo7OPVf3+AQxo0o7zpe1srq2vrFZ2ipv7+zu7VcODtsqSiQmLRyxSHYDpAijgrQ01Yx0Y0kQDxjpBJPbbN55JFLRSDzoaUx8jkaChhQjbaSu59n1i9rl2aBSdWxnDrhM3JxUQY7moPLdH0Y44URozJBSPdeJtZ8iqSlmZFbuJ4rECE/QiPQMFYgT5afzvDN4apQhDCNpntBwrv7eSBFXasoD4+RIj1Vxlon/zoKAz4rm7IQqBNLhtZ9SESeaCLzIEyYM6ghmHcEhlQRrNjUEYUnNlyAeI4mwNk2WTVdusZll0vZs99z27uvVxk3eWgkcgxNQAy64Ag1wB5qgBTBg4Am8gFfr2Xqz3q2PhXXFyneOwB9Ynz/r8Z7E</latexit>

16.6(2.3)⇥ 10�4
<latexit sha1_base64="7tKP2kSszBYraC0utQh5OB90p/E=">AAACJ3icbVDLSsNAFJ3UV62vqAsXbgaLUBeGpC3VZdGNywr2AW0sk+mkHTqThJmJUEK+xpWg3+JOdOlnuHPSdqHRAxcO59zLvfd4EaNS2faHUVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9D0nCaEDaiipGepEgiHuMdL3pdeZ3H4iQNAzu1CwiLkfjgPoUI6WloXnkNKxGpWrVzgaKciKhY98n5/V0aJZty54D/iXOkpTBEq2h+TUYhTjmJFCYISn7jh0pN0FCUcxIWhrEkkQIT9GY9DUNkF7mJvMHUniqlRH0Q6ErUHCu/pxIEJdyxj3dyZGayLyXif96nsfTfHO2QuYOUv6lm9AgihUJ8OIeP2ZQhTALDY6oIFixmSYIC6pfgniCBMJKR1vSWTn5ZP6STtVyalb1tl5uXi1TK4JjcAIqwAEXoAluQAu0AQYpeATP4MV4Ml6NN+N90VowljOH4BeMz2/3b6Ru</latexit>

13.9(5.2)⇥ 10�4
<latexit sha1_base64="79bAvCQv8B8VWIhY7y5EhLGWOmI="></latexit>

21.7(8.4)⇥ 10�4
<latexit sha1_base64="AVX8L7LU6fa2MSdC0RupY2fLQzw="></latexit>

; improved NNLO 2005.08976

https://arxiv.org/abs/2004.09440
https://arxiv.org/abs/2005.08976


created by

Past of precision  
measurement physics

Present and Future

Recent progress by 
the lattice QCD

New  
physics?



/ 61北原 鉄平 (千葉大), 格子上の場の理論 夏の学校2024, 筑波大学, 2024年9月10日
標準模型とQCDの基礎

10

格子QCDのホットトピック@現象論の物理

▮ フレーバー物理 

▮ K中間子, CP対称性の破れの観測量, CKM行列要素決定 

▮ B中間子, CKM行列要素決定 

▮ ミューオン異常磁気双極子モーメント (g-2) 

▮ 中性子電気双極子モーメント (EDM)



フレーバー物理 と 格子QCD
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Theoretical viewpoints of Flavor physics (1/2)

▮ Three types of approaches to investigate new physics: 

▮ Fundamental physics in ideal setup and apply it to this Universe 

▮ Top-down: based on symmetry, breaking, and naturalness  

▮ Bottom-up: based on experimental data and this Universe 

▮ Since quark and lepton flavor physics has a ton of experimental data, the study of 

flavor physics has been mainly performed by the bottom-up approach 

▮ Ultimate goals of the flavor physics are resolving serious problems in this Universe, e.g., 

matter-antimatter asymmetry, flavor hierarchy, neutrino mass, strong CP problem etc
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Theoretical viewpoints of Flavor physics (2/2)

New pardcleSM pardclehunt a new physics

Collider physics
High-energy fronder 

s > mNP

complement

Precision measurement 
High-intensity fronder  

Heavy quark

Light meson, 
lepton

Small theoretical uncertainty             Good sensitivity to NP 

Effecdve 
field theory

Future lepton colliders (ILC, CEPC, FCC-ee, CLIC, CCC) will be capable of both frontiers  

Hadronization is calculable by lattice QCD 
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格子QCDにおけるハドロン

▮ マルチスケールの物理 

▮ 重いハドロンの方が難しい。逆に

KやD中間子は精度良く計算可能。

計算コストは に比例(L/a)7L2

a
<latexit sha1_base64="CyraUa+FCXhrO3zVcJ6ztpVZg/8=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cdmCfUA7lEx6pw1NMkOSEcrQL3Al6Le4E7d+gp/izkw7C516IHA491zuyQlizrRx3S9nbX1jc2u7tFPe3ds/OKwcHXd0lCgKbRrxSPUCooEzCW3DDIderICIgEM3mN5l8+4jKM0i+WBmMfiCjCULGSXGSi0yrFTdmrsAXiVeTqooR3NY+R6MIpoIkIZyonXfc2Pjp0QZRjnMy4NEQ0zolIyhb6kkArSfLoLO8blVRjiMlH3S4IX6eyMlQuuZCKxTEDPRxVkm/jsLAjEvmrMTuhDIhDd+ymScGJB0mSdMODYRzsrBI6aAGj6zhFDF7JcwnRBFqLEVlm1XXrGZVdKp17zLWr11VW3c5q2V0Ck6QxfIQ9eoge5RE7URRYCe0At6dZ6dN+fd+Vha15x85wT9gfP5AwDsnV0=</latexit>

L
<latexit sha1_base64="hjqHSx3s2aCxLYU8xve3ms4aNMk=">AAACD3icbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5ctGAf0A4lk2ba0CQzJBmhlH6BK0G/xZ249RP8FHdm2lno1AOBw7nnck9OEHOmjet+OYW19Y3NreJ2aWd3b/+gfHjU1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3KbzziNVmkXywUxj6gs8kixkBBsrNe8H5YpbdRdAq8TLSAUyNAbl7/4wIomg0hCOte55bmz8GVaGEU7npX6iaYzJBI9oz1KJBdX+bBF0js6sMkRhpOyTBi3U3xszLLSeisA6BTZjnZ+l4r+zIBDzvDk9oXOBTHjtz5iME0MlWeYJE45MhNJy0JApSgyfWoKJYvZLiIyxwsTYCku2Ky/fzCpp16reRbXWvKzUb7LWinACp3AOHlxBHe6gAS0gQOEJXuDVeXbenHfnY2ktONnOMfyB8/kD3dadSA==</latexit>Lattice size

a
<latexit sha1_base64="CyraUa+FCXhrO3zVcJ6ztpVZg/8=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cdmCfUA7lEx6pw1NMkOSEcrQL3Al6Le4E7d+gp/izkw7C516IHA491zuyQlizrRx3S9nbX1jc2u7tFPe3ds/OKwcHXd0lCgKbRrxSPUCooEzCW3DDIderICIgEM3mN5l8+4jKM0i+WBmMfiCjCULGSXGSi0yrFTdmrsAXiVeTqooR3NY+R6MIpoIkIZyonXfc2Pjp0QZRjnMy4NEQ0zolIyhb6kkArSfLoLO8blVRjiMlH3S4IX6eyMlQuuZCKxTEDPRxVkm/jsLAjEvmrMTuhDIhDd+ymScGJB0mSdMODYRzsrBI6aAGj6zhFDF7JcwnRBFqLEVlm1XXrGZVdKp17zLWr11VW3c5q2V0Ck6QxfIQ9eoge5RE7URRYCe0At6dZ6dN+fd+Vha15x85wT9gfP5AwDsnV0=</latexit>

1

L
< m⇡ < mK < mD < mB <

1

a
<latexit sha1_base64="sT7xEcNt+vO4jZFFMGqweWvxYbs="></latexit>

B

π
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Cabibbo-Kobayashi-Maskawa matrix (1/4)

▮ Cabibbo-Kobayashi-Maskawa (CKM) matrix  is introduced as misalignment of 

 and 

V

Yu Yd

QL = (V †
CKMuL, dL)

T
<latexit sha1_base64="aq9vWhIgGlX8T2J4RvoScsl8qVY="></latexit>

L = �Q̄LY
u
UH̃ � Q̄LY

d
DH + h.c.

! �Q̄LV
†
CKMdiag(yu, yc, yt)UH̃ � Q̄Ldiag(yd, ys, yb)DH + h.c.

<latexit sha1_base64="hRuDRn4j+JUV5ZheFklCrq2Z7r4="></latexit>

with mass eigenstates uL, dL

Lcc = �g
X

a=1,2

Q̄LT
a /W aQL

= � gp
2
ūLVCKM /W+dL � gp

2
d̄L /W�V †

CKMuL
<latexit sha1_base64="F3Re2W93hNmVXYyqJ75folyhyP0="></latexit>

then A tree-level 
flavor-changing  
charged current 
appears

特異値分解: 任意の複素行列は2つの 
ユニタリー行列を用いて実対角化可能
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Cabibbo-Kobayashi-Maskawa matrix (2/4)

▮ Within the SM, the CKM matrix has to be the  unitary matrix 

▮ If the unitarity violation is observed, it is clear signal of the new physics 

3 × 3

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="XsVwTGSeCoTPYwQt88qvL6MJpkU="></latexit>

If SM is correct : 

V †V = V V † = 1
<latexit sha1_base64="CdiffBqVAoL3EROI9jxGxs66r5w=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV2VSxbaLQsGNK6lgp4V2LJlMpg3NPEgyQhmKG3/FjQtF3PoV7vwbM32Aih64cHLOvdzc48acSWVZn0ZuaXlldS2/XtjY3NreMXf3bBklgtAWiXgkOi6WlLOQthRTnHZiQXHgctp2RxeZ376jQrIovFHjmDoBHoTMZwQrLfXNA/s27Xl4MIE2rOtaPOuobxatkmVZCCGYEVQ5tzSp1aplVIUoszSKYI5m3/zoeRFJAhoqwrGUXWTFykmxUIxwOin0EkljTEZ4QLuahjig0kmnJ0zgsVY86EdCV6jgVP0+keJAynHg6s4Aq6H87WXiX143UX7VSVkYJ4qGZLbITzhUEczygB4TlCg+1gQTwfRfIRligYnSqRV0CItL4f/ELpfQaal8fVZsXM3jyINDcAROAAIV0ACXoAlagIB78AiewYvxYDwZr8bbrDVnzGf2wQ8Y719YCZYq</latexit>

V †V 6= V V † 6= 1
<latexit sha1_base64="fsMCpY/uiD2cj2JNoPgexAIdDgM=">AAACCnicdVC7TsMwFHV4lvIqMLIYKiSmKkmjtmyVWJhQkWhaqSmV4zqtVccJtoNURZ1Z+BUWBhBi5QvY+BuctiBAcCTLx+fcq+t7/JhRqUzz3VhYXFpeWc2t5dc3Nre2Czu7rowSgUkTRywSbR9JwignTUUVI+1YEBT6jLT80Wnmt26IkDTil2ock26IBpwGFCOlpV7hwL1KvT4aTKALPU6u9fWlTN9Wr1A0Sye1iu1UoFkyzaplWxmxq07ZgZZWMhTBHI1e4c3rRzgJCVeYISk7lhmrboqEopiRSd5LJIkRHqEB6WjKUUhkN52uMoFHWunDIBL6cAWn6veOFIVSjkNfV4ZIDeVvLxP/8jqJCmrdlPI4UYTj2aAgYVBFMMsF9qkgWLGxJggLqv8K8RAJhJVOL69D+NwU/k9cu2SVS/aFU6yfz+PIgX1wCI6BBaqgDs5AAzQBBrfgHjyCJ+POeDCejZdZ6YIx79kDP2C8fgB+WpmM</latexit>

unitarity is satisfied

New physics signal
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Cabibbo-Kobayashi-Maskawa matrix (3/4)

▮ In the SM, the CKM matrix produces single CP-violating phase [Kobayashi, Maskawa, ‘73]  

▮ The complex 9 components can be parametrized only 4 parameters in the SM

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="d7uBut/gJQaQPrfDxWmdMCDv6Vg="></latexit>

3 rotation angles 
+ 1 CP-violating phase

SM prediction = 4 parameters

overconstrain

9 flavor-changing processes

2N2 �N2 � N(N � 1)

2
� (2N � 1) =

1

2
(N � 1)(N � 2)

<latexit sha1_base64="QFS7u+IJj+7sDNYNHZ6ZOSsqgtw="></latexit>

unitarity rotation

N-generation 
CKM

quark redefinition 

# of  
CPV phase
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Cabibbo-Kobayashi-Maskawa matrix (4/4)

▮ The precision determinations of the CKM/PMNS elements are crucial to 

understanding the origin of quark/lepton flavor 

▮ Each component can be measured independently without imposing the unitarity 

▮ One can test the CKM unitarity conditions from data:   

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="XsVwTGSeCoTPYwQt88qvL6MJpkU="></latexit>

K and B mesons mixing

B meson decaysK meson decays
β decays

D meson decays

SM NP?
V V † = 3 or 6= I3?

<latexit sha1_base64="zROODE0mSPrvc6E+0MtsXU10HWw="></latexit>
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CKM成分測定の例

▮  の崩壊チャネル (  の6種) のデータと理論の比較K → πℓν K+, K0
L, K0

S × e, μ

�(K ! ⇡`⌫) =
C2

KG2
Fm

5
K

192⇡3
SEW |Vus|2

���fK0⇡�

+ (0)
���
2
IK`

⇣
1 + �K`

EM + �K⇡
SU(2)

⌘2

<latexit sha1_base64="e1kBYePQKg/tM+1pt9AKMDIVpZE="></latexit>

h⇡ (p0) |s̄�µu|K(p)i =
✓
pµ + p0µ +

m2
K �m2

⇡

q2
qµ

◆
f+(q

2) +
m2

K �m2
⇡

q2
qµf0(q

2)
<latexit sha1_base64="VLrYPfZxJpmvpAxrLHXW1KlBt4A="></latexit>

ハドロン行列要素

理論式 量子効果 量子効果位相空間

格子QCD

データと  の比較                    の決定Γ(K → πℓν) |Vus |

q ⌘ p� p0
<latexit sha1_base64="xGcEaggxV/h/GfMMQSnVIzDTmHs=">AAACH3icbVDLSgMxFM3UV62Pjrp0EyyiG8tMFXRZdOOygn1AO5RMmmlDM5k0yRTK0C9xJei3uBO3/RR3ZtpZ6NQDgcO553JPji8YVdpxFlZhY3Nre6e4W9rbPzgs20fHLRXFEpMmjlgkOz5ShFFOmppqRjpCEhT6jLT98UM6b0+JVDTiz3omiBeiIacBxUgbqW+XJ7BHJjGdQgGvoLjo2xWn6iwB14mbkQrI0Ojb371BhOOQcI0ZUqrrOkJ7CZKaYkbmpV6siEB4jIakayhHIVFesgw+h+dGGcAgkuZxDZfq740EhUrNQt84Q6RHKj9LxX9nvh/O8+b0hMoF0sGdl1AuYk04XuUJYgZ1BNOy4IBKgjWbGYKwpOZLEI+QRFibSkumKzffzDpp1arudbX2dFOp32etFcEpOAOXwAW3oA4eQQM0AQYxeAFv4N16tT6sT+trZS1Y2c4J+ANr8QPQxKJk</latexit>
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Current data without unitarity 

▮ PDG averages without imposing the unitarity condition [PDG2024] 

0

@
|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

1

A =

0

@
0.97367(32) 0.22431(85) 0.00382(20)
0.221(4) 0.975(6) 0.0411(12)
0.0086(2) 0.0415(9) 1.010(27)

1

A

|�VCKM|
|VCKM| =

0

@
0.033 0.38 5.2
1.8 0.62 2.9
2.3 2.2 2.7

1

A%

<latexit sha1_base64="BljjLY2+0vCikpLRPSN32JdCGKw="></latexit>

scale factor 2.5 (us)

scale factor 3.0 (cb)

scale factor 1.4 (ub)

inc. vs exc. tentionsCAA

Even if one includes the scale factor, the 1st-row unitarity violation is shown at 2.3σ [PDG2024] 
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CKM unitarity triangle (1/2)

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="N1bhooIwInsG3xHibFWCa9JvTAE="></latexit>

Unitarity condition

(six) triangles can be drawn on a complex plane

V †V = 3
<latexit sha1_base64="F+1mbxowlt2LP5BS1HVkaNGN2XA="></latexit>

⇢̄+ i⌘̄ = �VudV ⇤
ub

VcdV ⇤
cb

<latexit sha1_base64="jCIJPKYiXjC/n6vGBWBmsxTk+0o="></latexit>

S =
⌘̄

2
<latexit sha1_base64="cf5niXhuMGqBwAN9mR1Nxxn6ZjA="></latexit>

VtdV
⇤
tb ⇠ �3

<latexit sha1_base64="SOeLgUzS5xNjrMmlOoeIIC8rKEQ=">AAACC3icbVC7TsMwFHV4lvIqMLJYrZCYqqRFgglVYmEsEn1ITRs5jtNatZPIvkGqouws/AoLAwix8gNs/A3uY4CWI9k6Oufea9/jJ4JrsO1va219Y3Nru7BT3N3bPzgsHR23dZwqylo0FrHq+kQzwSPWAg6CdRPFiPQF6/jjm6nfeWBK8zi6h0nC+pIMIx5ySsBIXqnc9jII8unt54PMJRpy7GousSvMlIAM6l6pYlftGfAqcRakghZoeqUvN4hpKlkEVBCte46dQD8jCjgVLC+6qWYJoWMyZD1DIyKZ7mezXXJ8ZpQAh7EyJwI8U393ZERqPZG+qZQERnrZm4r/eb0Uwqt+xqMkBRbR+UNhKjDEeBoMDrhiFMTEEEIVN3/FdEQUoWDiK5oQnOWVV0m7VnXq1drdRaVxvYijgE5RGZ0jB12iBrpFTdRCFD2iZ/SK3qwn68V6tz7mpWvWoucE/YH1+QNYX5s0</latexit>

VudV
⇤
ub ⇠ �3

<latexit sha1_base64="xB6nSUWZdn8ljtLs/N7re0khCKM=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqRFgglVYmEsEn1ITRo5jtNatZPIdpCqKDsLv8LCAEKs/AAbf4PTZoCWI9k6Oufea9/jJ4xKZVnfxtr6xubWdmWnuru3f3BoHh33ZJwKTLo4ZrEY+EgSRiPSVVQxMkgEQdxnpO9Pbwq//0CEpHF0r2YJcTkaRzSkGCkteWat52VpkBe3n48yB0mVQ0dSDh2mpwRo1PLMutWw5oCrxC5JHZToeOaXE8Q45SRSmCEph7aVKDdDQlHMSF51UkkShKdoTIaaRogT6WbzXXJ4ppUAhrHQJ1Jwrv7uyBCXcsZ9XcmRmshlrxD/84apCq/cjEZJqkiEFw+FKYMqhkUwMKCCYMVmmiAsqP4rxBMkEFY6vqoOwV5eeZX0mg271WjeXdTb12UcFXAKauAc2OAStMEt6IAuwOARPINX8GY8GS/Gu/GxKF0zyp4T8AfG5w9bnZs2</latexit>

VcdV
⇤
cb ⇠ �3

<latexit sha1_base64="py2Vtr2gYovp9oG3sDBRwZSBD0A=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqRFgglVYmEsEn1ITRo5jtNatZPIdpCqKDsLv8LCAEKs/AAbf4PTZoCWI9k6Oufea9/jJ4xKZVnfxtr6xubWdmWnuru3f3BoHh33ZJwKTLo4ZrEY+EgSRiPSVVQxMkgEQdxnpO9Pbwq//0CEpHF0r2YJcTkaRzSkGCkteWat52U4yIvbz0eZg6TKoSMphw7TUwI0anlm3WpYc8BVYpekDkp0PPPLCWKcchIpzJCUQ9tKlJshoShmJK86qSQJwlM0JkNNI8SJdLP5Ljk800oAw1joEyk4V393ZIhLOeO+ruRITeSyV4j/ecNUhVduRqMkVSTCi4fClEEVwyIYGFBBsGIzTRAWVP8V4gkSCCsdX1WHYC+vvEp6zYbdajTvLurt6zKOCjgFNXAObHAJ2uAWdEAXYPAInsEreDOejBfj3fhYlK4ZZc8J+APj8wchQZsS</latexit>

B triangle
↵

<latexit sha1_base64="BgJkyeda3tRD9Jwznjo8ahn2954=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeKF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AIyCjxs=</latexit>

�
<latexit sha1_base64="1URMOM3iXAugYNCR34c/eS8I/cE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY8RLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPh+yPGA==</latexit>

�
<latexit sha1_base64="GRjr0q0zxLECmq+ncQbdLsZaWwE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjx4rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHE146n</latexit>

VtsV
⇤
tb ⇠ �2

<latexit sha1_base64="kwzDTeM/Aod94XDN19E13fpP9Jw=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUFCSZUiYWxSPQhNWnluE5r1XnIvkGqouws/AoLAwix8gNs/A1OmwFajmTr6Jx7r32PFwuuwLK+jdLa+sbmVnm7srO7t39gHh51VJRIyto0EpHseUQxwUPWBg6C9WLJSOAJ1vWmN7nffWBS8Si8h1nM3ICMQ+5zSkBLQ7PaGaagsvz2skHqEAUZdhQPsCP0lBEZNIZmzapbc+BVYhekhgq0huaXM4poErAQqCBK9W0rBjclEjgVLKs4iWIxoVMyZn1NQxIw5abzXTJ8qpUR9iOpTwh4rv7uSEmg1CzwdGVAYKKWvVz8z+sn4F+5KQ/jBFhIFw/5icAQ4TwYPOKSURAzTQiVXP8V0wmRhIKOr6JDsJdXXiWdRt0+rzfuLmrN6yKOMjpBVXSGbHSJmugWtVAbUfSIntErejOejBfj3fhYlJaMoucY/YHx+QNvSptC</latexit>

VcsV
⇤
cb ⇠ �2

<latexit sha1_base64="zVpKtHySGQuYXprLNx7qZj9vPEg=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUFCSZUiYWxSPQhNWnkOE5r1U4i20Gqouws/AoLAwix8gNs/A1OmwFajmTr6Jx7r32PnzAqlWV9G5W19Y3Nrep2bWd3b//APDzqyTgVmHRxzGIx8JEkjEakq6hiZJAIgrjPSN+f3hR+/4EISePoXs0S4nI0jmhIMVJa8sx6z8uwzIvbz0eZg6TKoSMphw7TUwI0anlmw2pac8BVYpekAUp0PPPLCWKcchIpzJCUQ9tKlJshoShmJK85qSQJwlM0JkNNI8SJdLP5Ljk81UoAw1joEyk4V393ZIhLOeO+ruRITeSyV4j/ecNUhVduRqMkVSTCi4fClEEVwyIYGFBBsGIzTRAWVP8V4gkSCCsdX02HYC+vvEp6raZ93mzdXTTa12UcVXAC6uAM2OAStMEt6IAuwOARPINX8GY8GS/Gu/GxKK0YZc8x+APj8wc4LJsg</latexit>

VusV
⇤
ub ⇠ �4

<latexit sha1_base64="SAq6uetxjMKP9ri3Xjwh32zhUJk=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqRUgglVYmEsEn1ITRo5jtNatZPIdpCqKDsLv8LCAEKs/AAbf4PTZoCWI9k6Oufea9/jJ4xKZVnfxtr6xubWdmWnuru3f3BoHh33ZJwKTLo4ZrEY+EgSRiPSVVQxMkgEQdxnpO9Pbwq//0CEpHF0r2YJcTkaRzSkGCkteWat52WpzIvbz0eZg6TKoSMphw7TUwI0anlm3WpYc8BVYpekDkp0PPPLCWKcchIpzJCUQ9tKlJshoShmJK86qSQJwlM0JkNNI8SJdLP5Ljk800oAw1joEyk4V393ZIhLOeO+ruRITeSyV4j/ecNUhVduRqMkVSTCi4fClEEVwyIYGFBBsGIzTRAWVP8V4gkSCCsdX1WHYC+vvEp6zYZ90Wjetert6zKOCjgFNXAObHAJ2uAWdEAXYPAInsEreDOejBfj3fhYlK4ZZc8J+APj8wd1kJtG</latexit>

Bs triangle

�s
<latexit sha1_base64="K6BYpIdJVW3Tr0bk+nUW/N6zj9Y=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHixWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTeM71S2a24c7BV4uWkDDnqvdJXt5+ILMKYhOLGdDw3JX/CNUmhcFrsZgZTLkZ8gB1LYx6h8Sfzc6fs3Cp9FibaVkxsrv6emPDImHEU2M6I09AsezPxP6+TUXjjT2ScZoSxWCwKM8UoYbPfWV9qFKTGlnChpb2ViSHXXJBNqGhD8JZfXiXNasW7rFQfrsq12zyOApzCGVyAB9dQg3uoQwMEjOAZXuHNSZ0X5935WLSuOfnMCfyB8/kDUWaPjQ==</latexit>

VudV
⇤
cd ⇠ �

<latexit sha1_base64="840k33lFkv+OXUnU/2CX1/CL9Gg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBBOqxMJYJPqQmhA5jtNatZ3IdpCqKCsLv8LCAEKs/AEbf4PbZoCWI9k6Oufea98Tpowq7TjfVmVldW19o7pZ29re2d2z9w+6KskkJh2csET2Q6QIo4J0NNWM9FNJEA8Z6YXj66nfeyBS0UTc6UlKfI6GgsYUI22kwIbdIM+iwtw4Ku5zDyldQE9RDj1mpkQosOtOw5kBLhO3JHVQoh3YX16U4IwToTFDSg1cJ9V+jqSmmJGi5mWKpAiP0ZAMDBWIE+Xns00KeGKUCMaJNEdoOFN/d+SIKzXhoankSI/UojcV//MGmY4v/ZyKNNNE4PlDccagTuA0FhhRSbBmE0MQltT8FeIRkghrE17NhOAurrxMus2Ge9Zo3p7XW1dlHFVwBI7BKXDBBWiBG9AGHYDBI3gGr+DNerJerHfrY15ascqeQ/AH1ucPAfqagQ==</latexit>

VubV
⇤
cb ⇠ �5

<latexit sha1_base64="h2paR584M+t/PlMeuIh6R1xGOss=">AAACC3icbVC7TsMwFHXKq5RXgJHFokJiqpICgglVYmEsEn1ITRo5jtNatZ3IdpCqKDsLv8LCAEKs/AAbf4P7GKDlSLaOzrn32veEKaNKO863VVpZXVvfKG9WtrZ3dvfs/YO2SjKJSQsnLJHdECnCqCAtTTUj3VQSxENGOuHoZuJ3HohUNBH3epwSn6OBoDHFSBspsI/bQZ6FhblxWPRzDyldQE9RDj1mpkSofxHYVafmTAGXiTsnVTBHM7C/vCjBGSdCY4aU6rlOqv0cSU0xI0XFyxRJER6hAekZKhAnys+nuxTwxCgRjBNpjtBwqv7uyBFXasxDU8mRHqpFbyL+5/UyHV/5ORVpponAs4fijEGdwEkwMKKSYM3GhiAsqfkrxEMkEdYmvooJwV1ceZm06zX3rFa/O682rudxlMEROAanwAWXoAFuQRO0AAaP4Bm8gjfryXqx3q2PWWnJmvccgj+wPn8APmubJA==</latexit>

VusV
⇤
cs ⇠ �

<latexit sha1_base64="ZLKi5FHzrT3t7w3I2RXh+dCrYdg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBBOqxMJYJPqQmhA5jtNatZ3IdpCqKCsLv8LCAEKs/AEbf4PbZoCWI9k6Oufea98Tpowq7TjfVmVldW19o7pZ29re2d2z9w+6KskkJh2csET2Q6QIo4J0NNWM9FNJEA8Z6YXj66nfeyBS0UTc6UlKfI6GgsYUI22kwIbdIM9UYW6sivvcQ0oX0FOUQ4+ZKREK7LrTcGaAy8QtSR2UaAf2lxclOONEaMyQUgPXSbWfI6kpZqSoeZkiKcJjNCQDQwXiRPn5bJMCnhglgnEizREaztTfHTniSk14aCo50iO16E3F/7xBpuNLP6cizTQReP5QnDGoEziNBUZUEqzZxBCEJTV/hXiEJMLahFczIbiLKy+TbrPhnjWat+f11lUZRxUcgWNwClxwAVrgBrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDMkKanw==</latexit>

VudV
⇤
us ⇠ �

<latexit sha1_base64="y1gISjE7J4HdwwpjOEDVK2TYfP4=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBGMlGBiLRB9SEyLHcVurthPZDlIVZWXhV1gYQIiVP2Djb3DaDNByJFtH59x77XvChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByVfi9ByIVjcWdnibE52gk6JBipI0U2LAbZGmUF7fK7zMPKZ1DT1EOPWamRCiw607DmQEuE7ckdVCiHdhfXhTjlBOhMUNKDVwn0X6GpKaYkbzmpYokCE/QiAwMFYgT5WezTXJ4YpQIDmNpjtBwpv7uyBBXaspDU8mRHqtFrxD/8wapHl76GRVJqonA84eGKYM6hkUsMKKSYM2mhiAsqfkrxGMkEdYmvJoJwV1ceZl0mw33rNG8Pa+3rss4quAIHINT4IIL0AI3oA06AINH8AxewZv1ZL1Y79bHvLRilT2H4A+szx84k5qo</latexit>

VcdV
⇤
cs ⇠ �

<latexit sha1_base64="wmNJJs2ludvPCNoDH/Amg6Ibw0s=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBGMlGBiLRB9SEyLHcVurthPZDlIVZWXhV1gYQIiVP2Djb3DaDNByJFtH59x77XvChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByVfi9ByIVjcWdnibE52gk6JBipI0U2LAbZDjKi1vl95mHlM6hpyiHHjNTIhTYdafhzACXiVuSOijRDuwvL4pxyonQmCGlBq6TaD9DUlPMSF7zUkUShCdoRAaGCsSJ8rPZJjk8MUoEh7E0R2g4U393ZIgrNeWhqeRIj9WiV4j/eYNUDy/9jIok1UTg+UPDlEEdwyIWGFFJsGZTQxCW1PwV4jGSCGsTXs2E4C6uvEy6zYZ71mjentdb12UcVXAEjsEpcMEFaIEb0AYdgMEjeAav4M16sl6sd+tjXlqxyp5D8AfW5w/+cJqE</latexit>

VtdV
⇤
ts ⇠ �5

<latexit sha1_base64="A4mhP+gUBLhlrpeOQiVaKASmc/M=">AAACC3icbVC7TsMwFHXKq5RXgZHFokJiqpICgrESDIxFog+paSvHcVqrjhPZN0hVlJ2FX2FhACFWfoCNv8FtM0DLkWwdnXPvte/xYsE12Pa3VVhZXVvfKG6WtrZ3dvfK+wctHSWKsiaNRKQ6HtFMcMmawEGwTqwYCT3B2t74euq3H5jSPJL3MIlZLyRDyQNOCRhpUD5uDVLws+mts37qEg0ZdjUPsSvMFJ/0Lwblil21Z8DLxMlJBeVoDMpfrh/RJGQSqCBadx07hl5KFHAqWFZyE81iQsdkyLqGShIy3Utnu2T4xCg+DiJljgQ8U393pCTUehJ6pjIkMNKL3lT8z+smEFz1Ui7jBJik84eCRGCI8DQY7HPFKIiJIYQqbv6K6YgoQsHEVzIhOIsrL5NWreqcVWt355X6TR5HER2hY3SKHHSJ6ugWNVATUfSIntErerOerBfr3fqYlxasvOcQ/YH1+QN4gJtN</latexit>

D 

K
�c

<latexit sha1_base64="CeMwK3WDoNvhoPLXGxkUmK8KrFA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHixWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTeE71S2a24c7BV4uWkDDnqvdJXt5+ILMKYhOLGdDw3JX/CNUmhcFrsZgZTLkZ8gB1LYx6h8Sfzc6fs3Cp9FibaVkxsrv6emPDImHEU2M6I09AsezPxP6+TUXjjT2ScZoSxWCwKM8UoYbPfWV9qFKTGlnChpb2ViSHXXJBNqGhD8JZfXiXNasW7rFQfrsq12zyOApzCGVyAB9dQg3uoQwMEjOAZXuHNSZ0X5935WLSuOfnMCfyB8/kDOSaPfQ==</latexit>
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22

[CKM fitter 2023]

CPV

B ! ⇡⇡
<latexit sha1_base64="rTqTFIAdANjs75K3f7V5puyaSvc=">AAACGHicdVBLSwMxGMzWV62vqkcvwSJ4WrK11vZW9OKxgn1gdynZNNuGZrNLkhXK0n/hSdDf4k28evOneDPbVtCiHwkMM/ORyfgxZ0oj9GHlVlbX1jfym4Wt7Z3dveL+QVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/vgq0zv3VCoWiVs9iakX4qFgASNYG+ru0tWRGzNz+sUSsuu1KqqUIbIRqpVR1YBz5NSdOnQMk00JLKbZL366g4gkIRWacKxUz0Gx9lIsNSOcTgtuomiMyRgPac9AgUOqvHSWeApPDDOAQSTNFRrO2J8bKQ6VmoS+cYZYj9SylpF/ar4fTpfN2RNqKZAOal7KRJxoKsg8T5BwqCOYtQQHTFKi+cQATCQzX4JkhCUm2nRZMF19FwL/B+2y7ZzZ5ZtKqVFZtJYHR+AYnAIHXIAGuAZN0AIECPAAnsCz9Wi9WK/W29yasxY7h+DXWO9fsvuheQ==</latexit>

B ! DK
<latexit sha1_base64="m24FEgwDBWYpP6p2UIU5IYCYIOI=">AAACFXicdVDLSgMxFM34rPVVdekmWARXQ2astd0VdSG4qWAf0A4lk2ba0ExmSDJCGfoRrgT9Fnfi1rWf4s5MW0GLHggczj2Xe3L8mDOlEfqwlpZXVtfWcxv5za3tnd3C3n5TRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oMpu37qlULBJ3ehxTL8QDwQJGsDZS66KrI3h10ysUkV2tlFHJhchGqOKisiFnyKk6VegYJUMRzFHvFT67/YgkIRWacKxUx0Gx9lIsNSOcTvLdRNEYkxEe0I6hAodUeek07gQeG6UPg0iaJzScqj83UhwqNQ594wyxHqrFWSb+OfP9cLJozk6ohUA6qHgpE3GiqSCzPEHCoakiqwj2maRE87EhmEhmvgTJEEtMtCkyb7r6LgT+T5qu7Zza7m2pWCvNW8uBQ3AEToADzkENXIM6aAACRuABPIFn69F6sV6tt5l1yZrvHIBfsN6/AFasn6A=</latexit>

B ! J/ K
<latexit sha1_base64="MESGX7IsWk5E6GVWm9Okh5IJRfE=">AAACG3icdVDLSgMxFM34rPVVdekmWARXY2astd0V3YhuKtgHdIaSSTNtaOZhkhHK0O9wJei3uBO3LvwUd2baClr0QOBw7rnck+PFnEmF0IexsLi0vLKaW8uvb2xubRd2dpsySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q0vsnnrngrJovBWjWLqBrgfMp8RrLTknjsqglfHTl0yeN0tFJFZrZRRyYbIRKhio7Imp8iqWlVoaSVDEcxQ7xY+nV5EkoCGinAsZcdCsXJTLBQjnI7zTiJpjMkQ92lH0xAHVLrpJPQYHmqlB/1I6BcqOFF/bqQ4kHIUeNoZYDWQ87NM/HPmecF43pydkHOBlF9xUxbGiaIhmebxEw51IVlRsMcEJYqPNMFEMP0lSAZYYKJ0nXnd1Xch8H/StE3rxLRvSsVaadZaDuyDA3AELHAGauAS1EEDEHAHHsATeDYejRfj1XibWheM2c4e+AXj/QtjKKG5</latexit>

� = 0.22498+23
�21

A = 0.8215+47
�82

⇢̄ = 0.1562+112
�40

⌘̄ = 0.3551+51
�57

<latexit sha1_base64="SldIvZD+0nrznXbFmQhId48w3ZM="></latexit>

[CKM fitter 2023]

CKM unitarity triangle (2/2)

fit with unitarity

without unitarity

↵+ � + � = 172(5)�
<latexit sha1_base64="sysyqabcxvs9wZSTMlMkxjooUCc=">AAACNXicbVDLSgMxFM34rPVVdekmWAoVocxUpW6EghvdVbAP6NRyJ03b0GRmSDJCGfoFfo0rQb/EhTtx69qd6XQW2noh5HDOudx7jxdyprRtv1lLyyura+uZjezm1vbObm5vv6GCSBJaJwEPZMsDRTnzaV0zzWkrlBSEx2nTG11N9eYDlYoF/p0eh7QjYOCzPiOgDdXNFVzg4RDwCXY9qpN/AEIAvnQq5eL58b1LmCTdXN4u2UnhReCkII/SqnVz324vIJGgviYclGo7dqg7MUjNCKeTrBspGgIZwYC2DfRBUNWJk3MmuGCYHu4H0jxf44T93RGDUGosPOMUoIdqXpuS/2qeJybz5ukINbeQ7l90YuaHkaY+me3TjzjWAZ5GiHtMUqL52AAgkpmTMBmCBKJN0FmTlTOfzCJolEvOaal8e5av3qSpZdAhOkJF5KAKqqJrVEN1RNAjekIv6NV6tt6tD+tzZl2y0p4D9Kesrx/xnKoD</latexit>

[PDG2024]
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▮ Global fit of the exclusive decays (black 

contour) provides lower values of |Vcb| and |Vub| 

▮ Inclusive one gives higher values 

▮ Long standing ~3σ tension between the 

exclusive and inclusive determinations  

▮ Unitarity condition gives a different point 

▮ Belle will give a lager Vcbexcl input ( )B → D*

23

|Vcb| — |Vub| plane 
[FLAG2023]

unitarity 

[CKMfitter2023]

[Belle, 2310.20286]|Vcb |BGL = 41.0(7) × 10−3

https://arxiv.org/abs/2310.20286
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Kaon-mixing CPV  vs |Vcb|εK

▮ The indirect CP violation εK in kaon decays ( ) is very sensitive to |Vcb|KL → ππ

Exclusive Vcb gives a lower value of the SM 
predicdon of , 4.9σ deviadon from data|εK |

Propordonal to |Vcb|4 

Kaon physics + unitarity  
obviously prefer inclusive Vcb value

[SWME collaboration, 2312.02986]

"K ' �Im(V ⇤
tsVtd)Re(V

⇤
tsVtd)⌘ttSbox(xt)

' A4�10⌘̄(1� ⇢̄)⌘ttSbox(xt)

= |Vcb|4�2⌘̄(1� ⇢̄)⌘ttSbox(xt)
<latexit sha1_base64="tKUMbXIZDO9SJ/SutLTGLuAgb2o="></latexit>

unitarity condition

|εK |exp

exclusive Vcb prediction inclusive Vcb prediction

no lattice uncertainty

K̄0
<latexit sha1_base64="XOtoPaccP0lrhm3neaVGJs2ugU8=">AAACF3icbVDLSgMxFM34rPVVdekmWARXZaYKuiy6EdxUsA9px5KkmTY0yQxJRijDfIUrQb/Fnbh16ae4M9POQqceCBzOPZd7cnDEmTau++UsLa+srq2XNsqbW9s7u5W9/bYOY0Voi4Q8VF2MNOVM0pZhhtNupCgSmNMOnlxl884jVZqF8s5MI+oLNJIsYAQZK933MVLJTfrgDipVt+bOABeJl5MqyNEcVL77w5DEgkpDONK657mR8ROkDCOcpuV+rGmEyASNaM9SiQTVfjILnMJjqwxhECr7pIEz9fdGgoTWU4GtUyAz1sVZJv47w1ikRXN2QhcCmeDCT5iMYkMlmecJYg5NCLOS4JApSgyfWoKIYvZLkIyRQsTYKsu2K6/YzCJp12veaa1+e1ZtXOatlcAhOAInwAPnoAGuQRO0AAECPIEX8Oo8O2/Ou/Mxty45+c4B+APn8wc6tKCu</latexit> K0

<latexit sha1_base64="xw+U7XztEuwznJ0qJEje1O4lAGI=">AAACE3icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXRjeCmgmkLbSyT6bQdOpmEmYlQQr7BlaDf4k7c+gF+ijsnbRaaemDgcO653DPHjzhT2ra/rNLK6tr6RnmzsrW9s7tX3T9oqzCWhLok5KHs+lhRzgR1NdOcdiNJceBz2vGn19m880ilYqG417OIegEeCzZiBGsjuclt+mAPqjW7bs+BlomTkxrkaA2q3/1hSOKACk04Vqrn2JH2Eiw1I5ymlX6saITJFI9pz1CBA6q8ZB42RSdGGaJRKM0TGs3V3xsJDpSaBb5xBlhPVHGWif/OfD9Ii+bshCoE0qNLL2EiijUVZJFnFHOkQ5QVhIZMUqL5zBBMJDNfQmSCJSba1FgxXTnFZpZJu1F3zuqNu/Na8ypvrQxHcAyn4MAFNOEGWuACAQZP8AKv1rP1Zr1bHwtrycp3DuEPrM8f/zee9Q==</latexit>

https://arxiv.org/abs/2312.02986
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1st-row Unitarity test in CKM matrix

▮ Thanks to the improvement of lattice QCD, the 1st-row unitarity test is 

currently excited

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Sum of the absolute values must become  
exact 1 within the SM

Unitarity condition

V V † = 3
<latexit sha1_base64="wErUs2hFbYlB18J8nZTQD2tXLUs="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1
<latexit sha1_base64="cykTB/YmSIeD3o1yok4/4nmmKC0=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUhDIZxbYLoaALlxXsA9qxZNK0Dc08SDJCmfYT3Pgrblwo4talO//GzLRCFb0QOI97ubnHDTmTyrI+jczC4tLySnY1t7a+sbllbu/UZRAJQmsk4IFoulhSznxaU0xx2gwFxZ7LacMdXiR+444KyQL/Ro1C6ni477MeI1hpqWMejuudOOpOxrc2PIYpkfPETck56ph5q2BZFkIIJgAVzywNyuWSjUoQJZauPJhVtWN+tLsBiTzqK8KxlC1khcqJsVCMcDrJtSNJQ0yGuE9bGvrYo9KJ04Mm8EArXdgLhH6+gqk6PxFjT8qR5+pOD6uB/O0l4l9eK1K9khMzP4wU9cl0US/iUAUwSQd2maBE8ZEGmAim/wrJAAtMlM4wp0P4vhT+D+p2AZ0U7OvTfOVyFkcW7IF9cAQQKIIKuAJVUAME3INH8AxejAfjyXg13qatGWM2swt+lPH+BSifnAg=</latexit>

1st-row unitarity condition 
10−5

SM NP?
V V † = 3 or 6= I3?

<latexit sha1_base64="zROODE0mSPrvc6E+0MtsXU10HWw="></latexit>
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Lattice improvement

▮ Leading uncertainties from kaon form factors have been improved significantly

[FLAG2021, 2111.09849]

time

h⇡ (p0) |s̄�µu|K(p)i
<latexit sha1_base64="TqQRd+YO70z2qB7fBtG2N1I1KJc="></latexit>

h0 |s̄�µ�5u|K(p)i
<latexit sha1_base64="NiBS+gPZfRHzjrgIBSfHEsRNsA4="></latexit>

https://arxiv.org/abs/2111.09849
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 determinations |Vud |  and |Vus |
[Crivellin, Kirk, TK, Mescia, 2212.06862]

One can see several tensions in  determinations|Vus |
[Ma, et al., 2308.16755]

* new lattice result for super-allowed β decays is not included 
(reduce CAA tension  level)0.5σ

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.16755


/ 61北原 鉄平 (千葉大), 格子上の場の理論 夏の学校2024, 筑波大学, 2024年9月10日
標準模型とQCDの基礎

28

Global fit of |Vud |  and |Vus |
[Crivellin, Kirk, TK, Mescia, 2212.06862]

Error budgets: 
LO: data, FFs

 
NLO: Isospin breaking 
correction

h⇡ (p0) |s̄�µu|K(p)i
<latexit sha1_base64="TqQRd+YO70z2qB7fBtG2N1I1KJc="></latexit>

K`3

K0
L,S ! ⇡+`⌫̄

K� ! ⇡0`⌫̄

(` = e, µ)
<latexit sha1_base64="B+DrzymmKg90fg+j/TJZ5T6A4no="></latexit>

Kµ2/⇡µ2
<latexit sha1_base64="qGqHkqZddJUCd5CrRFW3QzpgTag=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASL4KpORrHtrqALwU0Fe4HOMGTStA3NXEgyQh0GX8WNC0Xc+h7ufBszbQUVPRD4+P9zOCe/H3MmlWV9GIWFxaXlleJqaW19Y3PL3N5pyygRhLZIxCPR9bGknIW0pZjitBsLigOf044/Ps/9zi0VkkXhjZrE1A3wMGQDRrDSkmfuXXmpEyTQzo6dmE3ZzjyzbFUsy0IIwRxQ9czSUK/XbFSDKLd0lcG8mp757vQjkgQ0VIRjKXvIipWbYqEY4TQrOYmkMSZjPKQ9jSEOqHTT6fUZPNRKHw4ioV+o4FT9PpHiQMpJ4OvOAKuR/O3l4l9eL1GDmpuyME4UDcls0SDhUEUwjwL2maBE8YkGTATTt0IywgITpQMr6RC+fgr/h7ZdQScV+/q03LiYx1EE++AAHAEEqqABLkETtAABd+ABPIFn4954NF6M11lrwZjP7IIfZbx9AiPNlQw=</latexit>

K� ! µ⌫̄

⇡� ! µ⌫̄
<latexit sha1_base64="EBciTXoJEgerjsm2C+U0Ubi4hzE=">AAACGnicdVDLSgMxFM34rPU16tJNsAhuLJMqtt0VdCG4qWAf0BlLJs20oZnMkGSEMvQ73Pgrblwo4k7c+Ddm2goq9UDgcM693Jzjx5wp7Tif1sLi0vLKam4tv76xubVt7+w2VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOUPzzO/dUelYpG40aOYeiHuCxYwgrWRujZyA4lJenV7DF0dQTdMoOtj6YpknLoxmyN37YJTdBwHIQQzgspnjiHVaqWEKhBllkEBzFDv2u9uLyJJSIUmHCvVQU6svRRLzQin47ybKBpjMsR92jFU4JAqL51EG8NDo/RgEEnzhIYT9edGikOlRqFvJkOsB+qvl4nzvE6ig4qXMhEnmgoyPRQkHJq0WU+wxyQlmo8MwUQy81dIBth0pU2beVPCd1L4P2mWiuikWLo+LdQuZnXkwD44AEcAgTKogUtQBw1AwD14BM/gxXqwnqxX6206umDNdvbAL1gfX6HaoKk=</latexit>

Error budgets: 
LO: FFs 

 
NLO: data, radiative 
correction

h0 |s̄�µ�5u|K(p)i
<latexit sha1_base64="NiBS+gPZfRHzjrgIBSfHEsRNsA4="></latexit>
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1

<latexit sha1_base64="cykTB/YmSIeD3o1yok4/4nmmKC0=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUhDIZxbYLoaALlxXsA9qxZNK0Dc08SDJCmfYT3Pgrblwo4talO//GzLRCFb0QOI97ubnHDTmTyrI+jczC4tLySnY1t7a+sbllbu/UZRAJQmsk4IFoulhSznxaU0xx2gwFxZ7LacMdXiR+444KyQL/Ro1C6ni477MeI1hpqWMejuudOOpOxrc2PIYpkfPETck56ph5q2BZFkIIJgAVzywNyuWSjUoQJZauPJhVtWN+tLsBiTzqK8KxlC1khcqJsVCMcDrJtSNJQ0yGuE9bGvrYo9KJ04Mm8EArXdgLhH6+gqk6PxFjT8qR5+pOD6uB/O0l4l9eK1K9khMzP4wU9cl0US/iUAUwSQd2maBE8ZEGmAim/wrJAAtMlM4wp0P4vhT+D+p2AZ0U7OvTfOVyFkcW7IF9cAQQKIIKuAJVUAME3INH8AxejAfjyXg13qatGWM2swt+lPH+BSifnAg=</latexit>

Uncertainty from 
 is negligible |Vub |

global fit

⇡e3 : ⇡+ ! ⇡0e+⌫
<latexit sha1_base64="z8v5txGaumnvfLbaObV1nGpa2Ps="></latexit>

Error budgets: 
LO: data

https://arxiv.org/abs/2212.06862
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Significance of Cabibbo-Angle Anomaly (CAA)

▮ Global fit (including with correlations) [Crivellin, Kirk, TK, Mescia, 2212.06862]

⇢(Vud, Vus) = 0.09
<latexit sha1_base64="VMVXxA16hqTSLj3OKOWXcXjdLXQ=">AAACKnicbVDLSsNAFJ34rPUVdaebwSJUkJJUQV0IRTcuK9gHtCFMJtN26GQSZiZCCQG/xpWg3+KuuPUn3Dlps9DUA8M9nHMvc+/xIkalsqypsbS8srq2Xtoob25t7+yae/ttGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjju8zvPBEhacgf1SQiToCGnA4oRkpLrnnYF6Ow2naT2E/PsiLTU3gDrZp17ZoVXWaAi8TOSQXkaLrmd98PcRwQrjBDUvZsK1JOgoSimJG03I8liRAeoyHpacpRQKSTzG5I4YlWfDgIhX5cwZn6eyJBgZSTwNOdAVIjWfQy8V/P84K02Jx9IQsLqcGVk1AexYpwPN9nEDOoQpjlBn0qCFZsognCguqTIB4hgbDS6ZZ1VnYxmUXSrtfs81r94aLSuM1TK4EjcAyqwAaXoAHuQRO0AAbP4AW8gXfj1fgwpsbnvHXJyGcOwB8YXz8k1aao</latexit>

 (UCN) and  level (in-beam) deviations from SM−2.8σ −3.8σ

neutron-lifetime data dependence (bottle vs beam)test of unitarity 

[TK, Tobioka, 2308.13003]

w/ bottle UCN best 

τbottle
n = 877.75(36)sec

τbeam
n = 887.7(2.2)sec

|Vud |bottle
n = 0.974 13(43)

|Vud |beam
n = 0.968 66(131)

the single most precise data 

Long-standing  inconsistency (neutron lifetime anomaly)  4σ

our result

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.13003
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SMEFT

▮ In general new physics scenario, if the NP scale is much higher than the EW scale, one 

can consider the dimension-six Standard Model Effective Field Theory (SMEFT), where 

 gauge symmetry is conserved below cutoff scale SU(3)C × SU(2)L × U(1)Y Λ

LSMEFT = LSM +
X

i

CiQi

<latexit sha1_base64="wSjEbtedKK1qUQ3GQK4t53E0wNE="></latexit>

[Grzadkowski, et al., 1008.4884]

independent dimension-six operator contributing to CKM non-unitarity

https://arxiv.org/abs/1008.4884
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Modified W and Z couplings

▮ After the spontaneous electroweak symmetry breaking  with , 

W and Z quark currents are modified  

▮ Non-unitary VCKM provides non-trivial effects to Z currents including FCNCs

⟨H0⟩ = v/ 2 v = 246 GeV

LW,Z = � g2p
2
W+

µ
ūi�
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V ·

⇣
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2
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<latexit sha1_base64="sHhXusJ5bPtqRL8oOGkkDLt836c="></latexit>

Observed VCKM matrix (non-unitarity)SM terms
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SMEFT fitting for CAA

▮ SMEFT global fit implies right-handed W-u-d and W-u-s currents   are preferred CHud

[Crivellin, Kirk, TK, Mescia, 2212.06862]

Best pull

[unit of ( ) ]10−3v−2

no contribution 
to  mixingD − D̄

[Grossman, Passemar, Schacht, 1911.07821]

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/1911.07821
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New physics interpretations of CAA

▮ EFT fittings:  fit [1912.08823]; right-handed current fit [1911.07821, 2112.02087]; 

 fit [2002.07184];  fit [2102.02825] 

▮ Heavy SU(2)L vector boson (~10 TeV) [2005.13542] 

▮ Leptoquark (~5TeV) [2104.05730] 

▮ Vector-like Quark (1-5 TeV) [1906.02714, 2103.05549; 2001.02853; 2103.13409] 

▮ Vector-like Lepton (1-2 TeV) [2005.03933; 2008.01113; 2008.03261]

(H†iDI
μH)(L̄γμτIL)

W-ℓ-ν GF

L L
N

W± H H

H
eavy N

ew
 Physics

 coupling W-ℓ-ν
Light 
NP

Best pull

Best pull

Vector-like quark can explain CAA with 
EWPO, FCNC, collider bounds [Crivellin, 
Kirk, TK, Mescia, 2212.06862]

▮ Heavy right-handed neutrino (type I seesaw) cannot explain the tension 

[the unphysical region |mixing|2 <0  is favored] 

▮ MeV sterile neutrino [TK, Tobioka, 2308.13003] 

https://arxiv.org/abs/1912.08823
https://arxiv.org/abs/1911.07821
https://arxiv.org/abs/2112.02087
https://arxiv.org/abs/2002.07184
https://arxiv.org/abs/2102.02825
https://arxiv.org/abs/2005.13542
https://arxiv.org/abs/2104.05730
https://arxiv.org/abs/1906.02714
https://arxiv.org/abs/2103.05549
https://arxiv.org/abs/2001.02853
https://arxiv.org/abs/2103.13409
https://arxiv.org/abs/2005.03933
https://arxiv.org/abs/2008.01113
https://arxiv.org/abs/2008.03261
https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.13003
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Heavy NP: VL-quarks

▮ The most natural extension of the SM that leads to modified gauge couplings 

to quarks are the vector-like quarks (VLQs); theoretically well-motivated, e.g., 

by GUTs, composite and extra-dimensional models and little Higgs models 

▮ Five kinds of VLQs that can provide the modified gauge coupling after 

integrated out

C(3)
Hq

CHudLH-W current RH-W current (preferred)
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Heavy NP: VL-quark Q

SM pull is  
2.1σ

★
SM pull is  
1.1σ ★
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2nd-row unitarity

▮ Recently, 2nd-row unitarity violation was also reported 

▮ A global fit of |Vcs| has been preformed 

[Bolognani, et al, 2407.06145]

scale factor = 2.5

 FFs = FNAL/MILC, HPQCD (nominal) 
                     = + ETM with scale factor 
D → K

lattice QCDあ 
グループ間の 
tension

https://arxiv.org/abs/2407.06145
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Different point from the PDG value

▮ Currently, |Vcs| is determined by ,  decays;  

▮ Including ,  data 

▮ New BESIII data on ,  

▮ New lattice results ( ) 

▮ Dispersive bounds are imposed in the form factors of  

▮ New global fits:  [-2.7σ from PDG],  [-1.5σ] 

▮ The difference mainly could be explained by (1) missing of the electroweak correction [photon/Z-W 

box]  in PDG , (2) lattice FFs shift O(1)% in  

D0,+ → Kℓ+ν D+
s → ℓ+ν |Vcs |PDG = 0.975(6)

D*+
s → e+ν Λc → Λℓ+ν

D+
s → μ+ν D+

s → τ+ν

D → K

c → sℓ+ν (D → K, Λc → Λ)

|Vcs |nominal = 0.957(3) |Vcs |with sf = 0.963(5)

D+
s → ℓ+ν D → K [Bolognani, et al, 2407.06145]

https://arxiv.org/abs/2407.06145
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D → K form factors f+ 

⌦
K̄(p0) |s̄�µc|D(p)

↵
<latexit sha1_base64="m1jLJ2eBaMvY740QIfwEb5iYZfE="></latexit>

2018
2022
2022

O(1)% bad  
shift of |Vcs|

lattice QCDあ 
グループ間の 
tension
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Other unitarity tests

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Unitarity condition

1st-row unitarity |Vud|2 + |Vus|2 + |Vub|2 � 1 = �(15.1±5.3)⇥ 10�4
<latexit sha1_base64="20QuYlvPclAz4+S6j2S1dHe21kc="></latexit>

2nd-row unitarity 

10−5

|Vcd|2 + |Vcs|2 + |Vcb|2 � 1 =
<latexit sha1_base64="7GMiAdlrdXhZPKBWt/pS3KPlmk4=">AAACOHicbZBLS8NAEMc39VXrK+rRy2IRCmJJqqAXoeBFbxXsA9oYNptNu3TzYHcjlDRfwU/jSdDv4c2bePXmzU3ag6YOLPzmPzPszN+JGBXSMN600tLyyupaeb2ysbm1vaPv7nVEGHNM2jhkIe85SBBGA9KWVDLSizhBvsNI1xlfZfXuA+GChsGdnETE8tEwoB7FSCrJ1mvTjp1gN53eN+BxzmLGME+cLDkx4SW09apRN/KAi2DOoQrm0bL174Eb4tgngcQMCdE3jUhaCeKSYkbSyiAWJEJ4jIakrzBAPhFWkl+UwiOluNALuXqBhLn6eyJBvhAT31GdPpIjUaxl4r81x/HTYnP2hSgsJL0LK6FBFEsS4Nk+XsygDGHmInQpJ1iyiQKEOVUnQTxCHGGpvK4or8yiM4vQadTN03rj9qzavJm7VgYH4BDUgAnOQRNcgxZoAwwewRN4Aa/as/aufWifs9aSNp/ZB39C+/oBTQasTA==</latexit>

�0.034± 0.008 [�4.3�]

�0.022± 0.012 [�1.9�]
<latexit sha1_base64="gQ11hUx9/9mWhtcbwcymIWtyS74="></latexit>

[Bolognani, et al, 2407.06145]

�0.00151± 0.00053 [�2.8�]
<latexit sha1_base64="U8By+GFNNeDRtWw1YAiC28Zz9l0=">AAACMnicbVDLSsNAFJ34rPUVdelmaBHctCStxS4LbnRXwT6gCWUynbRDZ5IwMxFKqGu/xpWgv6I7cesPuHPSZqGpBwYO55zL3Hu8iFGpLOvNWFvf2NzaLuwUd/f2Dw7No+OuDGOBSQeHLBR9D0nCaEA6iipG+pEgiHuM9LzpVer37omQNAzu1CwiLkfjgPoUI6WloVmqWFXLshs2dCIOU2416vBhUKlVm46kY47coVle6BpwldgZKYMM7aH57YxCHHMSKMyQlAPbipSbIKEoZmRedGJJIoSnaEwGmgaIE+kmi1vm8EwrI+iHQr9AwYX6eyJBXMoZ93SSIzWReS8V//U8j8/z4fQLmVtI+U03oUEUKxLg5T5+zKAKYdofHFFBsGIzTRAWVJ8E8QQJhJVuuai7svPNrJJurWrXq7Xbi3LrJmutAE5BCZwDG1yCFrgGbdABGDyCJ/ACXo1n4934MD6X0TUjmzkBf2B8/QDsw6dX</latexit>

[Crivellin, Kirk, TK, Mescia, 2212.06862]

nominal

sf

https://arxiv.org/abs/2407.06145
https://arxiv.org/abs/2212.06862
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0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Unitarity condition

1st-row unitarity |Vud|2 + |Vus|2 + |Vub|2 � 1 = �(15.1±5.3)⇥ 10�4
<latexit sha1_base64="20QuYlvPclAz4+S6j2S1dHe21kc="></latexit>

2nd-row unitarity 

10−5

|Vcd|2 + |Vcs|2 + |Vcb|2 � 1 =
<latexit sha1_base64="7GMiAdlrdXhZPKBWt/pS3KPlmk4=">AAACOHicbZBLS8NAEMc39VXrK+rRy2IRCmJJqqAXoeBFbxXsA9oYNptNu3TzYHcjlDRfwU/jSdDv4c2bePXmzU3ag6YOLPzmPzPszN+JGBXSMN600tLyyupaeb2ysbm1vaPv7nVEGHNM2jhkIe85SBBGA9KWVDLSizhBvsNI1xlfZfXuA+GChsGdnETE8tEwoB7FSCrJ1mvTjp1gN53eN+BxzmLGME+cLDkx4SW09apRN/KAi2DOoQrm0bL174Eb4tgngcQMCdE3jUhaCeKSYkbSyiAWJEJ4jIakrzBAPhFWkl+UwiOluNALuXqBhLn6eyJBvhAT31GdPpIjUaxl4r81x/HTYnP2hSgsJL0LK6FBFEsS4Nk+XsygDGHmInQpJ1iyiQKEOVUnQTxCHGGpvK4or8yiM4vQadTN03rj9qzavJm7VgYH4BDUgAnOQRNcgxZoAwwewRN4Aa/as/aufWifs9aSNp/ZB39C+/oBTQasTA==</latexit>

�0.034± 0.008 [�4.3�]

�0.022± 0.012 [�1.9�]
<latexit sha1_base64="gQ11hUx9/9mWhtcbwcymIWtyS74="></latexit>

[Bolognani, et al, 2407.06145]

�0.00151± 0.00053 [�2.8�]
<latexit sha1_base64="U8By+GFNNeDRtWw1YAiC28Zz9l0=">AAACMnicbVDLSsNAFJ34rPUVdelmaBHctCStxS4LbnRXwT6gCWUynbRDZ5IwMxFKqGu/xpWgv6I7cesPuHPSZqGpBwYO55zL3Hu8iFGpLOvNWFvf2NzaLuwUd/f2Dw7No+OuDGOBSQeHLBR9D0nCaEA6iipG+pEgiHuM9LzpVer37omQNAzu1CwiLkfjgPoUI6WloVmqWFXLshs2dCIOU2416vBhUKlVm46kY47coVle6BpwldgZKYMM7aH57YxCHHMSKMyQlAPbipSbIKEoZmRedGJJIoSnaEwGmgaIE+kmi1vm8EwrI+iHQr9AwYX6eyJBXMoZ93SSIzWReS8V//U8j8/z4fQLmVtI+U03oUEUKxLg5T5+zKAKYdofHFFBsGIzTRAWVJ8E8QQJhJVuuai7svPNrJJurWrXq7Xbi3LrJmutAE5BCZwDG1yCFrgGbdABGDyCJ/ACXo1n4934MD6X0TUjmzkBf2B8/QDsw6dX</latexit>

[Crivellin, Kirk, TK, Mescia, 2212.06862]

nominal

sf

2nd-column unitarity |Vus|2 + |Vcs|2 + |Vts|2 � 1 =
<latexit sha1_base64="0KfewmUjnDcZ/zDg6yDLKhFSGz0=">AAACOHicbZBLS8NAEMc39VXrK+rRy2IRCmJJqqAXoeBFbxXsA9oYNttNu3TzYHcjlDRfwU/jSdDv4c2bePXmzU2ag6YOLPzmPzPszN8JGRXSMN600tLyyupaeb2ysbm1vaPv7nVEEHFM2jhgAe85SBBGfdKWVDLSCzlBnsNI15lcpfXuA+GCBv6dnIbE8tDIpy7FSCrJ1muzjh1HIpndN+BxyjhnmCYyS05MeAltvWrUjSzgIpg5VEEeLVv/HgwDHHnEl5ghIfqmEUorRlxSzEhSGUSChAhP0Ij0FfrII8KKs4sSeKSUIXQDrp4vYab+noiRJ8TUc1Snh+RYFGup+G/Ncbyk2Jx+IQoLSffCiqkfRpL4eL6PGzEoA5i6CIeUEyzZVAHCnKqTIB4jjrBUXleUV2bRmUXoNOrmab1xe1Zt3uSulcEBOAQ1YIJz0ATXoAXaAINH8ARewKv2rL1rH9rnvLWk5TP74E9oXz/CfqyP</latexit>

�0.032± 0.006 [�5.2�]

�0.021± 0.010 [�2.0�]
<latexit sha1_base64="vSR8TG0JGdDhcdqOFIZtixdGCYE="></latexit>

nominal

sf

Other unitarity tests

https://arxiv.org/abs/2407.06145
https://arxiv.org/abs/2212.06862
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0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Unitarity condition

1st-row unitarity |Vud|2 + |Vus|2 + |Vub|2 � 1 = �(15.1±5.3)⇥ 10�4
<latexit sha1_base64="20QuYlvPclAz4+S6j2S1dHe21kc="></latexit>

2nd-row unitarity 

10−5

|Vcd|2 + |Vcs|2 + |Vcb|2 � 1 =
<latexit sha1_base64="7GMiAdlrdXhZPKBWt/pS3KPlmk4=">AAACOHicbZBLS8NAEMc39VXrK+rRy2IRCmJJqqAXoeBFbxXsA9oYNptNu3TzYHcjlDRfwU/jSdDv4c2bePXmzU3ag6YOLPzmPzPszN+JGBXSMN600tLyyupaeb2ysbm1vaPv7nVEGHNM2jhkIe85SBBGA9KWVDLSizhBvsNI1xlfZfXuA+GChsGdnETE8tEwoB7FSCrJ1mvTjp1gN53eN+BxzmLGME+cLDkx4SW09apRN/KAi2DOoQrm0bL174Eb4tgngcQMCdE3jUhaCeKSYkbSyiAWJEJ4jIakrzBAPhFWkl+UwiOluNALuXqBhLn6eyJBvhAT31GdPpIjUaxl4r81x/HTYnP2hSgsJL0LK6FBFEsS4Nk+XsygDGHmInQpJ1iyiQKEOVUnQTxCHGGpvK4or8yiM4vQadTN03rj9qzavJm7VgYH4BDUgAnOQRNcgxZoAwwewRN4Aa/as/aufWifs9aSNp/ZB39C+/oBTQasTA==</latexit>

�0.034± 0.008 [�4.3�]

�0.022± 0.012 [�1.9�]
<latexit sha1_base64="gQ11hUx9/9mWhtcbwcymIWtyS74="></latexit>

[Bolognani, et al, 2407.06145]

�0.00151± 0.00053 [�2.8�]
<latexit sha1_base64="U8By+GFNNeDRtWw1YAiC28Zz9l0=">AAACMnicbVDLSsNAFJ34rPUVdelmaBHctCStxS4LbnRXwT6gCWUynbRDZ5IwMxFKqGu/xpWgv6I7cesPuHPSZqGpBwYO55zL3Hu8iFGpLOvNWFvf2NzaLuwUd/f2Dw7No+OuDGOBSQeHLBR9D0nCaEA6iipG+pEgiHuM9LzpVer37omQNAzu1CwiLkfjgPoUI6WloVmqWFXLshs2dCIOU2416vBhUKlVm46kY47coVle6BpwldgZKYMM7aH57YxCHHMSKMyQlAPbipSbIKEoZmRedGJJIoSnaEwGmgaIE+kmi1vm8EwrI+iHQr9AwYX6eyJBXMoZ93SSIzWReS8V//U8j8/z4fQLmVtI+U03oUEUKxLg5T5+zKAKYdofHFFBsGIzTRAWVJ8E8QQJhJVuuai7svPNrJJurWrXq7Xbi3LrJmutAE5BCZwDG1yCFrgGbdABGDyCJ/ACXo1n4934MD6X0TUjmzkBf2B8/QDsw6dX</latexit>

[Crivellin, Kirk, TK, Mescia, 2212.06862]

nominal

sf

2nd-column unitarity |Vus|2 + |Vcs|2 + |Vts|2 � 1 =
<latexit sha1_base64="0KfewmUjnDcZ/zDg6yDLKhFSGz0=">AAACOHicbZBLS8NAEMc39VXrK+rRy2IRCmJJqqAXoeBFbxXsA9oYNttNu3TzYHcjlDRfwU/jSdDv4c2bePXmzU2ag6YOLPzmPzPszN8JGRXSMN600tLyyupaeb2ysbm1vaPv7nVEEHFM2jhgAe85SBBGfdKWVDLSCzlBnsNI15lcpfXuA+GCBv6dnIbE8tDIpy7FSCrJ1muzjh1HIpndN+BxyjhnmCYyS05MeAltvWrUjSzgIpg5VEEeLVv/HgwDHHnEl5ghIfqmEUorRlxSzEhSGUSChAhP0Ij0FfrII8KKs4sSeKSUIXQDrp4vYab+noiRJ8TUc1Snh+RYFGup+G/Ncbyk2Jx+IQoLSffCiqkfRpL4eL6PGzEoA5i6CIeUEyzZVAHCnKqTIB4jjrBUXleUV2bRmUXoNOrmab1xe1Zt3uSulcEBOAQ1YIJz0ATXoAXaAINH8ARewKv2rL1rH9rnvLWk5TP74E9oXz/CfqyP</latexit>

�0.032± 0.006 [�5.2�]

�0.021± 0.010 [�2.0�]
<latexit sha1_base64="vSR8TG0JGdDhcdqOFIZtixdGCYE="></latexit>

nominal

sf

VudV
⇤
cd + VusV

⇤
cs + VubV

⇤
cb = 0

<latexit sha1_base64="uZlzPkpG4h90NSe9t9gYINAqQ6s="></latexit>

1st × 2nd-row unitarity 

10−4

⇡ �|Vud||Vcd|+ |Vus||Vcs| =
<latexit sha1_base64="qTZr6ufzROHyJYmfpnWmRV91FIg=">AAACO3icbVDLSsNAFJ3UV62vqEs3g0UQiiWpgm6EghvdVbAPaEOYTKbt0MmDmYlY0nyEX+NK0M9w7U7cunDnJM1CUw8M93DOvcy9xwkZFdIw3rTS0vLK6lp5vbKxubW9o+/udUQQcUzaOGAB7zlIEEZ90pZUMtILOUGew0jXmVylfveecEED/05OQ2J5aOTTIcVIKsnWawMUhjx4gCezjh1HbjJLK1a1lgkiF1S9tPWqUTcywEVi5qQKcrRs/XvgBjjyiC8xQ0L0TSOUVoy4pJiRpDKIBAkRnqAR6SvqI48IK86OSuCRUlw4DLh6voSZ+nsiRp4QU89RnR6SY1H0UvFfz3G8pNicfiEKC8nhhRVTP4wk8fF8n2HEoAxgGiR0KSdYsqkiCHOqToJ4jDjCUsVdUVmZxWQWSadRN0/rjduzavMmT60MDsAhOAYmOAdNcA1aoA0weARP4AW8as/au/ahfc5bS1o+sw/+QPv6Acm+sHU=</latexit>

�(0.8± 4.0)⇥ 10�3

+(0.6± 4.0)⇥ 10�3
<latexit sha1_base64="cZubxiVu9bYiChDpWUcM24/FSUg=">AAACSXicbVDLSsNAFJ20Pmp8RV26GSxCRRqStmjdFdzoroJ9QBPLZDqtQ2eSMDMRSui3+DWuBF37Ge7UldPHQtseuHA4517uvSeIGZXKcT6MTHZtfWMzt2Vu7+zu7VsHh00ZJQKTBo5YJNoBkoTRkDQUVYy0Y0EQDxhpBcPrid96IkLSKLxXo5j4HA1C2qcYKS11ratiwbGrXsxhxXbOPEU5kdB1HtJieex55rl2L1a7XSvv2M4UcJm4c5IHc9S71rfXi3DCSagwQ1J2XCdWfoqEopiRseklksQID9GAdDQNkV7mp9MXx/BUKz3Yj4SuUMGp+nciRVzKEQ90J0fqUS56E3GlFwR8vNg8WSEXDlL9qp/SME4UCfHsnn7CoIrgJFbYo4JgxUaaICyofgniRyQQVjp8U2flLiazTJol2y3bpbtKvnY7Ty0HjsEJKAAXXIIauAF10AAYPIMX8AbejVfj0/gyfmatGWM+cwT+IZP9Ba64ros=</latexit>

nominal

sf

Other unitarity tests

https://arxiv.org/abs/2407.06145
https://arxiv.org/abs/2212.06862


ミューオンg-2 と 格子QCD
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Muon magnetic dipole moment (g-2)

▮ Definition of “spin g-factor” and g-2 

H = �
eQ`

2m`
g`~S · ~B = �~µ` ·

~B
<latexit sha1_base64="16Gp8+iGwzg1Y3lKqeSQfdmGEUk="></latexit>

~µ` = g`
eQ`

2m`

~S
<latexit sha1_base64="GtOvn0iV0QxySjNmDEYTI3e2i+Y="></latexit>

spin magnetic moment:

43

= � eQ`

4m`

¯̀�µ⌫`F
µ⌫ � eQ`

4m`
a` ¯̀�µ⌫`F

µ⌫ = � eQ`

8m`
(2 + 2a`)¯̀�µ⌫`F

µ⌫

<latexit sha1_base64="kSllucQjB6KMkHXU3W1ut44JosM="></latexit>

L = ¯̀(iD �m`)`
<latexit sha1_base64="jd9z6hHuBUqB/1AVkQ+dW4SSi0A=">AAACFHicbVBNS8MwGE7n15xfVY9egkOYiKOdgl6EoR48eJjgPmAtJc2yLSxpS5IKo/RHePGvePGgiFcP3vw3plsPuvlCwpPneV/ePI8fMSqVZX0bhYXFpeWV4mppbX1jc8vc3mnJMBaYNHHIQtHxkSSMBqSpqGKkEwmCuM9I2x9dZXr7gQhJw+BejSPicjQIaJ9ipDTlmUcOR2qIEUtuU3gBHR+JxCGMpbBC4TU8htzLnofZ5Zllq2pNCs4DOwdlkFfDM7+cXohjTgKFGZKya1uRchMkFMWMpCUnliRCeIQGpKthgDiRbjIxlcIDzfRgPxT6BApO2N8TCeJSjrmvOzMLclbLyP+0bqz6525CgyhWJMDTRf2YQRXCLCHYo4JgxcYaICyo/ivEQyQQVjrHkg7BnrU8D1q1qn1Srd2dluuXeRxFsAf2QQXY4AzUwQ1ogCbA4BE8g1fwZjwZL8a78TFtLRj5zC74U8bnD2AFnR8=</latexit> —

EoM

[“F1(0)”] radiative corrections [“F2(0)”]
a` =

g` � 2

2
<latexit sha1_base64="nyKUAXuoN0wtYuY4Rnd5KnpMqY0="></latexit>

g` = 2 + 2a`
<latexit sha1_base64="eEaXSxtNnrGFnos/voJiSqr9pWg="></latexit>

g-2 : 

spin-magnetic field interaction 
rest frame

spin g-factor

observable

q ! 0
<latexit sha1_base64="U8QutsFPjpMSQ6RyC9sa0CYOVI0=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgasiMtba7ohuXFewD2qFk0kwbmnmYZIQy9CPcuFDErd/jzr8xfQgqeiBwOOdecs/xE8GVxvjDyq2srq1v5DcLW9s7u3vF/YOWilNJWZPGIpYdnygmeMSammvBOolkJPQFa/vjq5nfvmdS8Ti61ZOEeSEZRjzglGgjte9QT8cI94slbNeqFVx2EbYxrrq4Ysg5dmpODTlGmaEESzT6xffeIKZpyCJNBVGq6+BEexmRmlPBpoVeqlhC6JgMWdfQiIRMedn83Ck6McoABbE0L9Jorn7fyEio1CT0zWRI9Ej99mbiX1431UHVy3iUpJpFdPFRkApkIs6yowGXjGoxMYRQyc2tiI6IJFSbhgqmhK+k6H/Scm3nzHZvyqX65bKOPBzBMZyCAxdQh2toQBMojOEBnuDZSqxH68V6XYzmrOXOIfyA9fYJtFuPKg==</latexit>

Le↵
<latexit sha1_base64="zFgxDjKPTQs+6cn1hwnx8gMWV04=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi6Lbly4qGAf0IQwmU7aoTOTMDMRSgj4K25cKOLW73Dn3zhps9DWAwOHc+7lnjlhwqjSjvNtVVZW19Y3qpu1re2d3T17/6Cr4lRi0sExi2U/RIowKkhHU81IP5EE8ZCRXji5KfzeI5GKxuJBTxPiczQSNKIYaSMF9pHHkR5jxLK7PMg8ySGJojyw607DmQEuE7ckdVCiHdhf3jDGKSdCY4aUGrhOov0MSU0xI3nNSxVJEJ6gERkYKhAnys9m8XN4apQhjGJpntBwpv7eyBBXaspDM1mEVYteIf7nDVIdXfkZFUmqicDzQ1HKoI5h0QUcUkmwZlNDEJbUZIV4jCTC2jRWMyW4i19eJt1mwz1vNO8v6q3rso4qOAYn4Ay44BK0wC1ogw7AIAPP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AY91ld4=</latexit>

UV-div. → renormalization UV-finite
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Muon g-2

Theory (4 contributions)

QED EW Hadronic vacuum 
polarization (HVP)

Hadronic light-
by-light (HLbL)

4-loop analytic 2-loop analytic Phenomenological
Lattice

Pheno.
Lattice

Experiment (2+1 exp.)

BNL ’97-‘01
FNAL Run4 
was done
J-PARC  
near future

Discrepancy

5-loop numeric

small disagreement here 

44

Consistent



[Muon g-2 Collab. 2023, 2308.06230]

FNAL Run-2/3 data confirmed the previous results

Now, we know  very preciselyaμ(Exp)

aμ(Exp) =
(g − 2)μ

2
(Exp) = 116 592 059(22) × 10−11

factor of two improved

https://arxiv.org/abs/2308.06230
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Current status of  vs aμ(Exp) aμ(SM)

data-driven lattice from [Bi, et al] 

Hadronic-vacuum polarization (HVP)

 [BMW, 2002.12347, 
2407.10913]

H

Discrepancy
BMW ‘24

https://inspirehep.net/literature/1832266
https://arxiv.org/abs/2002.12347
https://arxiv.org/abs/2407.10913
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leading-order HVP

▮ The virtual meson contributions to the vacuum polarization 

47

[White Paper, 2006.04822]

https://arxiv.org/abs/2006.04822
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Data-driven approach (Dispersive approach) (1/2)

▮ General formula of the vacuum polarization (VP) 

▮ Dispersive relation of the HVP 

▮ Optical theorem

⇧µ⌫(q2) = (q2gµ⌫ � qµq⌫)⇧(q2)
<latexit sha1_base64="Nca1bbGlbOPTNqlzySnGJF7YRZk="></latexit>

�(e+e� ! hadron inclusive)(s)

=
X

exc.

�(e+e� ! hadron exclusive)(s)
<latexit sha1_base64="KQABaHa4vpRoYPDu89FSzjhtsnE="></latexit>

48

~q
<latexit sha1_base64="PsHJkb5vbml6p/FoFU43ktMep8g=">AAACFXicdVDLSsNAFJ3UV62vqks3g0VwFZL0EZdFNy4r2AfYUCbTSTt0Mokzk0IJ+QhXgn6LO3Hr2k9x56StoEUPDBzOPZd75vgxo1JZ1odRWFvf2Nwqbpd2dvf2D8qHRx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+pOrfN6dEiFpxG/VLCZeiEacBhQjpaVuf0pwep8NyhXLtOyGazvQMh2rart1Teq1uus0oG1ac1TAEq1B+bM/jHASEq4wQ1Le2VasvBQJRTEjWamfSBIjPEEjcqcpRyGRXjqPm8EzrQxhEAn9uIJz9edGikIpZ6GvnSFSY7k6y8U/Z74fZqvm/IRcCaSCCy+lPE4U4XiRJ0gYVBHMK4JDKghWbKYJwoLqL0E8RgJhpYss6a6+C4H/k45j2lXTualVmpfL1orgBJyCc2ADFzTBNWiBNsBgAh7AE3g2Ho0X49V4W1gLxnLnGPyC8f4FskSgew==</latexit>

⇧(q2)
<latexit sha1_base64="sZRBEM+KqyVfkf5G+XOY9fg+S5I=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BItQL2W3CnosevFYwX5gu5Zsmm1Ds9k1yQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPz/FhwbRznG+VWVtfWN/Kbha3tnd294v5BU0eJoqxBIxGptk80E1yyhuFGsHasGAl9wVr+6Hrqt56Y0jySd2YcMy8kA8kDTomx0j3u1jkuPz5UT3vFklNxZsDLxM1ICTLUe8Wvbj+iScikoYJo3XGd2HgpUYZTwSaFbqJZTOiIDFjHUklCpr10dvEEn1ilj4NI2ZIGz9TfEykJtR6Hvu0MiRnqRW8q/ud1EhNceimXcWKYpPNFQSKwifD0fdznilEjxpYQqri9FdMhUYQaG1LBhuAuvrxMmtWKe1ap3p6XaldZHHk4gmMogwsXUIMbqEMDKEh4hld4Qxq9oHf0MW/NoWzmEP4Aff4Aj4GPiQ==</latexit>

(s)
<latexit sha1_base64="EwYffjOkb1U5xURm57mX0gVjVVY=">AAACEXicbVDLSgMxFL3js9ZX1aWbYBHqpsxUQZdFNy4r2ge0Q8mkmTY0yQxJRiiln+BK0G9xJ279Aj/FnZl2Fjr1QOBw7rnckxPEnGnjul/Oyura+sZmYau4vbO7t186OGzpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxv0nn7kSrNIvlgJjH1BR5KFjKCjZXuK/qsXyq7VXcOtEy8jJQhQ6Nf+u4NIpIIKg3hWOuu58bGn2JlGOF0VuwlmsaYjPGQdi2VWFDtT+dRZ+jUKgMURso+adBc/b0xxULriQisU2Az0vlZKv47CwIxy5vTEzoXyIRX/pTJODFUkkWeMOHIRCitBw2YosTwiSWYKGa/hMgIK0yMLbFou/LyzSyTVq3qnVdrdxfl+nXWWgGO4QQq4MEl1OEWGtAEAkN4ghd4dZ6dN+fd+VhYV5xs5wj+wPn8AfDondQ=</latexit>

~q
<latexit sha1_base64="PsHJkb5vbml6p/FoFU43ktMep8g=">AAACFXicdVDLSsNAFJ3UV62vqks3g0VwFZL0EZdFNy4r2AfYUCbTSTt0Mokzk0IJ+QhXgn6LO3Hr2k9x56StoEUPDBzOPZd75vgxo1JZ1odRWFvf2Nwqbpd2dvf2D8qHRx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+pOrfN6dEiFpxG/VLCZeiEacBhQjpaVuf0pwep8NyhXLtOyGazvQMh2rart1Teq1uus0oG1ac1TAEq1B+bM/jHASEq4wQ1Le2VasvBQJRTEjWamfSBIjPEEjcqcpRyGRXjqPm8EzrQxhEAn9uIJz9edGikIpZ6GvnSFSY7k6y8U/Z74fZqvm/IRcCaSCCy+lPE4U4XiRJ0gYVBHMK4JDKghWbKYJwoLqL0E8RgJhpYss6a6+C4H/k45j2lXTualVmpfL1orgBJyCc2ADFzTBNWiBNsBgAh7AE3g2Ho0X49V4W1gLxnLnGPyC8f4FskSgew==</latexit>

LO-HVP

コーシーの積分公式
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Data-driven approach (Dispersive approach) (2/2)

▮ Data-driven HVP contributions

49

K(s,m2
µ) =

Z 1

0
dx

x(1� x)

x2 + (1� x) s
m2

µ
<latexit sha1_base64="byvR3J8v8XmLIkBYcYsLNECRQXk="></latexit>

“R-ratio”

“Kernel”

R(s) =
�(e+e� ! hadrons)

�(e+e� ! µ+µ�)

= �(e+e� ! hadrons)
3s

4⇡↵2
<latexit sha1_base64="uniz8ZIw3xoMP0J/pRyaImRh54A="></latexit>

[White Paper, 2006.04822]

https://arxiv.org/abs/2006.04822
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Lattice calculations (1/2)

▮ On the other hand, the HVP on the lattice simulation can be obtained via the 

vector-current correlator (in Euclidian time t) 

with

aHLO,LO
µ = 4↵2mµ

Z 1

0
dtG(t)K̃(t)t3

<latexit sha1_base64="ovslXLHZ4ej49aogoZPeSAcc/VY="></latexit>

G(t) =
1

e2

X

µ=1,2,3

Z
d3x hJµ(~x, t)Jµ(0)i

<latexit sha1_base64="YtELRCf4Y41klj5an2uc99WmqVU="></latexit>

Jµ = e

✓
2

3
ū�µu� 1

3
d̄�µd�

1

3
s̄�µs+

2

3
c̄�µc

◆

<latexit sha1_base64="08K4v9mg/OUyzxhi7pilbM4Ecj8="></latexit>

Kernel  is defined in, eg, 1107.4388K̃(t)

https://arxiv.org/abs/1107.4388
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Lattice calculations (2/2)

▮ BMW group calculated all HVP by QCD and QED lattice simulation
[BMW lattice, 2002.12347, Nature ’21]

R-ratio value: 2.1σ and 4.0σ difference from BMW20 and BMW24

Nf=2+1+1, staggered quarks

figure from  
Miura-san’s slide

https://arxiv.org/abs/2002.12347
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Windows method

▮ Three other lattice groups confirmed the 

BMW result with “intermediate (IM) 

window methods” [RBC-UKQCD, 1801.07224]

 [BMW, 2407.10913]
R-ratio

lattice

aHVP
μ = ∫ dt

“IM
” contribution

IMは全体の⅓

BMW ‘24

https://arxiv.org/abs/1801.07224
https://arxiv.org/abs/2407.10913
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New physics contributions

▮  muon g-2 anomaly implies that NP scale is around the electroweak scale 

▮ TeV scale NP (e.g., Supersymmetry) with large  (e.g., , chiral enhancements) 

▮ MeV scale NP with small  (e.g.,  )

5.1σ

gNP tan β

gNP gNP ∼ 10−3

New physics (NP)

=
m2

µ

16⇡2

g2NP

M2
NP

<latexit sha1_base64="YWMelTBmL5O87W16WBqS2vUDl+c=">AAACJnicbZBNS8MwGMfT+TbnW9Wjl+AQPI12inoZDL14USa4F1jrSLN0C0vakqTCKP00XvwqXjxMRLz5Ucy6HubmA4Ff/v/nIXn+XsSoVJb1bRRWVtfWN4qbpa3tnd09c/+gJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDP1289ESBoGj2ocEZejQUB9ipHSUs+s1aDjC4QT3kscHqdP1TSxL6ATUU0zZ6AdweF9IzPv5m89s2xVrKzgMtg5lEFejZ45cfohjjkJFGZIyq5tRcpNkFAUM5KWnFiSCOERGpCuxgBxIt0kWzOFJ1rpQz8U+gQKZur8RIK4lGPu6U6O1FAuelPxP68bK//KTWgQxYoEePaQHzOoQjjNDPapIFixsQaEBdV/hXiIdDZKJ1vSIdiLKy9Dq1qxzyrVh/Ny/TqPowiOwDE4BTa4BHVwCxqgCTB4AW9gAj6MV+Pd+DS+Zq0FI585BH/K+PkFIAqlkA==</latexit>

Δaμ ≡ aμ(Exp) − aWP
μ (SM) = (24.9 ± 4.8) × 10−10 (5.1σ)

MNP ≈ gNP × 150 GeV

+仮定: もし
格子QCD
に間違いが
あったら
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New physics interpretations 

NP type diagrams mass range probe

Supersymmtery 200～500 GeV

Leptoquark 1.5～2.1 TeV

Vector-like lepton 100 GeV～1 TeV

Scalar extensions
10～100 GeV (A), 

 150～300 GeV (H)

Axion-like particle 40 MeV～200 GeV

U(1) Lμ-Lτ 10～200 MeV

e�0
2e�±

1 !
�
h�̃0

1

� �
W±�̃0

1

�
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See [Endo, Iwamoto, TK, High Energy News, 2021] for details
H

eavy N
P

Light N
P

https://www.jahep.org/hepnews/2021/40-2-2-g2.pdf


中性子EDM と 格子QCD
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QCD θ項

▮ 対称性から許される Lagrangian 

▮ θ項はP (CP) 対称性を破る。サイズは特別な理由がなければO(1)のはず 

▮ θ項は非摂動効果で中性子の電気双極子モーメント (EDM)  を生む 

▮ 格子QCDで計算可能

[dn]

LSM = �1

4
F

a
µ⌫F

µ⌫a + i

X

i

 ̄i�
µ
Dµ i �

X

ij

 ̄iyijH j + h.c.

+(DµH)†(Dµ
H)� µ

2|H|2 � �|H|4
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スピン-電場 相互作用
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格子QCD上の中性子EDM

▮ 格子QCDではこの2点相関を計算

hN(p0) |q̄�µq|N(p)i
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中性子EDM

[Liang, et al., 2301.04331]

https://arxiv.org/abs/2301.04331
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強いCP問題

▮ 格子QCDの最新の計算結果 

▮ 一方で、中性子EDMの測定から、厳しい上限がついている 

▮ O(1)のはずの                    強いCP問題θ̄ < 10−10 ⋘ δCKM ≃ 1.2

dn = − (1.48(34) × 10−16) θ̄ e cm

[Liang, et al., 2301.04331]

|dn |exp < 1.8 × 10−26 e cm (90 % CL)

| θ̄ | < 1.2 × 10−10 (90 % CL)

[Abel et al., 2001.11966]

LO ハドロニック ダイアグラム

n np
π— π—

https://arxiv.org/abs/2301.04331
https://arxiv.org/abs/2001.11966
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Solutions of strong CP problem

▮ Axion model: elegant solution, but compatibility with quantum gravity is debatable [axion 

quality problem] 

▮ Massless up-quark theory:  with  from nonperturbative effect, but already ruled 

out by lattice QCD simulation  

▮ Discrete symmetry: forbid the bare θ parameter  

▮ Discrete symmetry is softly and explicitly broken. Soft: to produce the SM spectrum 

and the CKM-phase. Explicit by Planck suppressed: to avoid quality problem and  

domain wall problem.

yu = 0 mu

[Kamionkowski, March-Russell, hep-th/9202003, Barr, Seckel, ’92, Holman, et al., hep-ph/9203206]

[Alexandrou, et al., 2002.07802]

[Spontaneous CP violation, Nelson, ’84, Barr, ’84;  
P violation Babu, Mohapatra, ’90, Barr, et al., ‘91]

Radiative θ (from soft breaking) is an interesting topic

https://arxiv.org/abs/hep-th/9202003
https://arxiv.org/abs/hep-ph/9203206
https://arxiv.org/abs/2002.07802
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3-loop radiative θ in new physics model

▮ LR対称性模型における、θへの3ループ量子補正と中性子EDMからの制限

of parameter region would be excluded by nEDM and the perturbative unitarity bounds≈ 50 %

[Hisano, TK, Osamura, Yamada, 2301.13405]

https://arxiv.org/abs/2301.13405
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まとめ: Take-home messages

▮ QCDが与える非摂動な寄与、特にハドロン行列要素

は格子QCDで第一原理計算が可能 

▮ 格子QCD計算の数値誤差が年々減少している 

▮ いくつかの事象では、格子QCDが新物理発見の鍵を

握っている 

▮ CKM行列要素決定・ミューオンg-2・中性子EDM

Present and Future

New  
physics?

lattice QCD



Backup slides

(c) KMI/Nagoya-U
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Wolfenstein four parameters

▮ Based on the fact　　　　　　　　　　　　, one can parametrize the CKM 

matrix by 4-real parameter (with Taylor expansion by )λn

1 ≫ sinθ12 ≫ sinθ23 ≫ sinθ13

sin ✓12 ⌘ � =
|Vus|p

|Vud|2 + |Vus|2

sin ✓23 ⌘ A�2 =
|Vcb|p

|Vud|2 + |Vus|2

sin ✓13e
�i� ⌘ A�3(⇢� i⌘) = Vub
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⇢̄+ i⌘̄ = �VudV ⇤
ub

VcdV ⇤
cb
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phase convention independent

λ, A, ρ̄, η̄

4 fitting parameters (assuming unitarity)
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Wolfenstein parametrization

▮ Wolfenstein parametrization at leading order is expressed as

VCKM '

0

@
1� 1

2�
2 � A�3(⇢� i⌘)

�� 1� 1
2�

2 A�2

A�3(1� ⇢� i⌘) �A�2 1

1

A
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It is unitary up to  terms. 

Fittings of CPV physics are insufficiency at this order; , 

so that the phase convention independent  parameters must be introduced

O(λ4)

Vts ⊃ − iAλ4η, Vcd ⊃ − iA2λ5η
ρ̄ + iη̄
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|Vcb| from W exclusive decay

▮ CEPC plans to probe |Vcb| from e+e− → W+W−, W → bc, W → ℓν

|Vcb| could be measured to a 
relative uncertainty of 0.4-1.5% 
(stat), ~1% (syst) at the CEPC 

1.7%

1.2%

[Ruan, et al,  2406.01675; Marzocca, et al, 2405.08880]

inclusive 

exclusive fit

[FLAG2023]

https://arxiv.org/abs/2406.01675
https://arxiv.org/abs/2405.08880
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W inclusive decay
▮ Inclusive-hadronic decay of W boson, , is proportional to (in the 

massless  limit) 

▮  can determine |Vcs| and it probes the CKM unitarity test directly

W → qq̄′ 

q

W → qq̄′ 

1

∝ |Vud |2 + |Vus |2 + |Vub |2 + |Vcd |2 + |Vcs |2 + |Vcb |2

1

= 2 in the CKM unitarity

[d’Enterria, Srebre, 1603.06501; CMS, 2201.07861]

= 1.9987+0.0016-0.0014 from flavor

CMS Run2 35.9fb-1 result: unitarity test

CMS Run2 0.967 (11) 1.984 (21)

flavor[PDG] 0.975 (6) 1.9987 (+16-14)

|Vcs |

BR(W → qq̄′ ) = (67.32 ± 0.02stat ± 0.23syst) %

BR(W → qq̄′ ) = (67.46 ± 0.04stat ± 0.28syst) %
direct measurement

assuming LFU

https://arxiv.org/abs/1603.06501
https://arxiv.org/abs/2201.07861
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Light NP: sterile neutrinos?

▮ New right-handed gauge-singlet fermions  are introduced  

▮ The mass matrix and mixings 

NI (I = 1,2,…)

Lmass = �1

2
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0 MD
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<latexit sha1_base64="KzekhhIqbWUBED4puCXhNrnCdoU="></latexit>

MD = vy`I
<latexit sha1_base64="mI2OJ1GvSLF+TPFKQVLodyCpxS8=">AAACIXicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1QsAtdCBXsA9oYJtNJO3TyYGZSCSGf4krQb3En7sQvceekzUJTDwwczj2Xe+Y4IaNCGsanVlpZXVvfKG9WtrZ3dvf06n5XBBHHpIMDFvC+gwRh1CcdSSUj/ZAT5DmM9JzpVTbvzQgXNPDvZRwSy0Njn7oUI6kkW6/e2i14OYPxQzIkjMGb1NZrRt2YAy4TMyc1kKNt69/DUYAjj/gSMyTEwDRCaSWIS4oZSSvDSJAQ4Skak4GiPvKIsJJ59BQeK2UE3YCr50s4V39vJMgTIvYc5fSQnIjiLBP/nTmOlxbN2QlRCCTdCyuhfhhJ4uNFHjdiUAYwqwuOKCdYslgRhDlVX4J4gjjCUpVaUV2ZxWaWSbdRN0/rjbuzWrOVt1YGh+AInAATnIMmuAZt0AEYPIIn8AJetWftTXvXPhbWkpbvHIA/0L5+ANz7o4M=</latexit>

U`I =
vy`I

MI<latexit sha1_base64="Q2TXlY/VyOaA4ERqJsGpshBb86k="></latexit>

mass eigenstates

active-sterile 
mixing matrix

mlight = O

✓
y2v2

M

◆
, mheavy = O(M)

<latexit sha1_base64="6BhD8bx2kAwcAidTv1jgCEPn0VY="></latexit>

massive SM neutrinos Sterile neutrinos



/ 61北原 鉄平 (千葉大), 格子上の場の理論 夏の学校2024, 筑波大学, 2024年9月10日
標準模型とQCDの基礎

68

Sterile neutrino contributions

▮ Two contributions to the leptonic and semi-leptonic decays 

▮ When the sterile neutrino masses are much smaller than the decay Q-value 

, the total contribution from 1+2 is canceled(MN ≪ Q)

1. modifies active neutrino coupling 2. decay into sterile neutrino if kinematically possible

e−

ν̄ light
∝ cos θe

e−

ν̄ heavy 4
∝ sin θ(4)

e
X with phase  

space suppression

|M|2 = |MSM|2 cos2 ✓e + |MSM|2 sin2 ✓e ⇥ f(MN , Q)

' |MSM|2 (cos2 ✓e + sin2 ✓e) = |MSM|2
<latexit sha1_base64="PKQ5fTNwqZgcNOVQ1Wec2D81Wz0="></latexit>

sterile-neutrino contributions 
are suppressed when MN ≪ Q

[Isakov, Strikman, ’86; 
Deutxh, Lebrun, Prieels, '90]
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Super-allowed (0+→0+) nuclear β decays

▮ |Vud| is determined by the global fit of the super-allowed (0+→0+) nuclear β-decays

JP = 0+ ! 0+
<latexit sha1_base64="MlCZ/93BUeAruOaoJ4UxUfY7tqk=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIsgCCWpYtuFUNCFuKpgH9BOSybNtKGZB0lGLEN/xY0LRdz6I+78GzNtBRU9EHI4517uvceNBFcaoQ8rs7S8srqWXc9tbG5t79i7+aYKY0lZg4YilG2XKCZ4wBqaa8HakWTEdwVrueOL1G/dMal4GNzqScQcnwwD7nFKtJH6dv66V4fnEPWOYVeHs79vF1ARIYQxhinB5TNkSLVaKeEKxKllUAAL1Pv2e3cQ0thngaaCKNXBKNJOQqTmVLBprhsrFhE6JkPWMTQgPlNOMtt9Cg+NMoBeKM0LNJyp3zsS4is18V1T6RM9Ur+9VPzL68TaqzgJD6JYs4DOB3mxgObKNAg44JJRLSaGECq52RXSEZGEahNXzoTwdSn8nzRLRXxSLN2cFmqXiziyYB8cgCOAQRnUwBWogwag4B48gCfwbE2tR+vFep2XZqxFzx74AevtE26bkiE=</latexit>

with β+ decay (p+ → n + e+νe)
J is total nuclear angular momentum, P = (-1)L = parity and L is orbital angular

Fermi decay (vector current) Gamow-Teller decay (axial-vector current)

e�
<latexit sha1_base64="LsvLbtX3pYLyAMO5GTxy2Yoc0UU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBi2VTxba3gh48VrQf0K4lm6ZtaDa7JFmhLP0JXjwo4tVf5M1/Y7atoKIPBh7vzTAzz48E18Z1P5zM0vLK6lp2PbexubW9k9/da+owVpQ1aChC1faJZoJL1jDcCNaOFCOBL1jLH1+kfuueKc1DeWsmEfMCMpR8wCkxVrphdye9fMEtuq6LMUYpweVz15JqtVLCFYRTy6IAC9R7+fduP6RxwKShgmjdwW5kvIQow6lg01w31iwidEyGrGOpJAHTXjI7dYqOrNJHg1DZkgbN1O8TCQm0ngS+7QyIGenfXir+5XViM6h4CZdRbJik80WDWCATovRv1OeKUSMmlhCquL0V0RFRhBqbTs6G8PUp+p80S0V8WixdnxVql4s4snAAh3AMGMpQgyuoQwMoDOEBnuDZEc6j8+K8zlszzmJmH37AefsENgeNxA==</latexit> ⌫

<latexit sha1_base64="s5eDKFy60NQUH7qcLRgT2gs4RKQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkV2+4KunBZwdpCZyiZNNOGZjJDHkIZ+htuXCji1p9x59+YaSuo6IHA4Zx7uDcnTAXXBqEPr7Cyura+UdwsbW3v7O6V9w/udGIVZR2aiET1QqKZ4JJ1DDeC9VLFSBwK1g0nl7nfvWdK80TemmnKgpiMJI84JcZJvp84M8/60g7KFVRFCGGMYU5w/QI50mw2argBcW45VMAS7UH53R8m1MZMGiqI1n2MUhNkRBlOBZuVfKtZSuiEjFjfUUlipoNsfvMMnjhlCKNEuScNnKvfExmJtZ7GoZuMiRnr314u/uX1rYkaQcZlag2TdLEosgKaBOYFwCFXjBoxdYRQxd2tkI6JItS4mkquhK+fwv/JXa2Kz6q1m/NK62pZRxEcgWNwCjCogxa4Bm3QARSk4AE8gWfPeo/ei/e6GC14y8wh+AHv7RPDzJIt</latexit>

Nucleus

eR
<latexit sha1_base64="lxS9D1YYXpGvdYAsUzKd+WJB3Uc=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHVX0IXL+mgttKFMpjft0MmDmYlQQj/BjQtF3PpF7vwbJ20FFT1w4XDOvdx7j59wJpVlfRiFldW19Y3iZmlre2d3r7x/0JFxKii0acxj0fWJBM4iaCumOHQTAST0Odz5k/Pcv7sHIVkc3appAl5IRhELGCVKSzcwuB6UK5Z51qg5bg1bpmXVbcfOiVN3qy62tZKjgpZoDcrv/WFM0xAiRTmRsmdbifIyIhSjHGalfiohIXRCRtDTNCIhSC+bnzrDJ1oZ4iAWuiKF5+r3iYyEUk5DX3eGRI3lby8X//J6qQoaXsaiJFUQ0cWiIOVYxTj/Gw+ZAKr4VBNCBdO3YjomglCl0ynpEL4+xf+TjmPaVdO5civNi2UcRXSEjtEpslEdNdElaqE2omiEHtATeja48Wi8GK+L1oKxnDlEP2C8fQKCuY32</latexit>

spin singlet

e�
<latexit sha1_base64="LsvLbtX3pYLyAMO5GTxy2Yoc0UU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBi2VTxba3gh48VrQf0K4lm6ZtaDa7JFmhLP0JXjwo4tVf5M1/Y7atoKIPBh7vzTAzz48E18Z1P5zM0vLK6lp2PbexubW9k9/da+owVpQ1aChC1faJZoJL1jDcCNaOFCOBL1jLH1+kfuueKc1DeWsmEfMCMpR8wCkxVrphdye9fMEtuq6LMUYpweVz15JqtVLCFYRTy6IAC9R7+fduP6RxwKShgmjdwW5kvIQow6lg01w31iwidEyGrGOpJAHTXjI7dYqOrNJHg1DZkgbN1O8TCQm0ngS+7QyIGenfXir+5XViM6h4CZdRbJik80WDWCATovRv1OeKUSMmlhCquL0V0RFRhBqbTs6G8PUp+p80S0V8WixdnxVql4s4snAAh3AMGMpQgyuoQwMoDOEBnuDZEc6j8+K8zlszzmJmH37AefsENgeNxA==</latexit>

Nucleus

spin triplet

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

Forbidden in the super-allowed decays

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

positron-neutrino pair must be spin singlet

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit> N

<latexit sha1_base64="hWyjN4pulhStYo40uNvm5z814TE=">AAACD3icdVDLSgMxFM34rPVVdekmWARXJali211BF66kBfuAdiiZNNOGJpkhyQil9AtcCfot7sStn+CnuDPTVtCiBwKHc+7lnpwgFtxYhD68ldW19Y3NzFZ2e2d3bz93cNg0UaIpa9BIRLodEMMEV6xhuRWsHWtGZCBYKxhdpX7rnmnDI3VnxzHzJRkoHnJKrJPqt71cHhUQQhhjmBJcukSOVCrlIi5DnFoOebBArZf77PYjmkimLBXEmA5GsfUnRFtOBZtmu4lhMaEjMmAdRxWRzPiTWdApPHVKH4aRdk9ZOFN/bkyINGYsAzcpiR2aZS8V//SCQE6Xh9MTZimQDcv+hKs4sUzReZ4wEdBGMC0H9rlm1IqxI4Rq7r4E6ZBoQq2rMOu6+i4E/k+axQI+LxTrF/nq9aK1DDgGJ+AMYFACVXADaqABKGDgATyBZ+/Re/Fevbf56Iq32DkCv+C9fwE3BZ2C</latexit>

1. Theoretically clean and nucleus independent 
2. Precisely measurable in experiments

⌫
<latexit sha1_base64="s5eDKFy60NQUH7qcLRgT2gs4RKQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkV2+4KunBZwdpCZyiZNNOGZjJDHkIZ+htuXCji1p9x59+YaSuo6IHA4Zx7uDcnTAXXBqEPr7Cyura+UdwsbW3v7O6V9w/udGIVZR2aiET1QqKZ4JJ1DDeC9VLFSBwK1g0nl7nfvWdK80TemmnKgpiMJI84JcZJvp84M8/60g7KFVRFCGGMYU5w/QI50mw2argBcW45VMAS7UH53R8m1MZMGiqI1n2MUhNkRBlOBZuVfKtZSuiEjFjfUUlipoNsfvMMnjhlCKNEuScNnKvfExmJtZ7GoZuMiRnr314u/uX1rYkaQcZlag2TdLEosgKaBOYFwCFXjBoxdYRQxd2tkI6JItS4mkquhK+fwv/JXa2Kz6q1m/NK62pZRxEcgWNwCjCogxa4Bm3QARSk4AE8gWfPeo/ei/e6GC14y8wh+AHv7RPDzJIt</latexit>

Advantages
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Super-allowed β-decay Q values

1.8 3.2 4.4

5.0

5.0 5.4

6.0 MeV

6.6 7.2
Q values [MeV]

[Hardy, Towner, ’20]

There are 15 super-
allowed β-decay data

| | is predominantly 
determined by data of  
Al → Mg transition 
(Q=3.2 MeV)

Vud

V0+→0+

ud = 0.97367(32)

Vn; bottle
ud = 0.97413(43)

Q = 0.78 MeV

super-allowed

[Cirigliano et al, 2208.11707]

Q = Emax
ν

~3MeV sterile neutrino 
provides a big impact  
on the CAA tension

https://arxiv.org/abs/2208.11707
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Sterile neutrino lifetime

▮ The O(MeV) sterile neutrino lifetime  [e.g. 1202.2841, 1504.04855] 

▮ We assume that the O(MeV) sterile neutrino can promptly decay into dark sector 

to avoid the BBN bound

(N → νeν̄ℓνℓ, νee+e−)

τN ∼ 300 × ( MI

2MeV )
−5

UeN
−2

 sec ≫  BBN dme [100-1000 sec]

Energy injection from such a long-lived sterile neutrino modifies 
the light nuclei abundance after the BBN;  
The MeV sterile neutrino is excluded by the primordial 
abundance of 4He (Yp measurement) 

N ! ⌫e�
⇤ ! ⌫e��

<latexit sha1_base64="lk51yF0zDtm8jGunc2fWN0ll3PM=">AAACPnicbVDLSgMxFM34rPU16tJNsAiuykwVdFlwoxupYB/QGcudNG1Dk8yQZIRS+hd+jStBf8IfcCdudWc6nYW2Xgg5nHMu994TJZxp43lvztLyyuraemGjuLm1vbPr7u03dJwqQusk5rFqRaApZ5LWDTOcthJFQUScNqPh5VRvPlClWSzvzCihoYC+ZD1GwFiq45ZvcGBijAOZdigOkgG7D0CbjMy5PggB+ddxS17ZywovAj8HJZRXreN+B92YpIJKQzho3fa9xIRjUIYRTifFINU0ATKEPm1bKEFQHY6zuyb42DJd3IuVfdLgjP3dMQah9UhE1inADPS8NiX/1aJITObN0xF6biHTuwjHTCapoZLM9umlHNtsplniLlOUGD6yAIhi9iRMBqCAGJt40WblzyezCBqVsn9artyelarXeWoFdIiO0Any0TmqoitUQ3VE0CN6Qi/o1Xl23p0P53NmXXLyngP0p5yvH82TryU=</latexit>

; we checked that this decay channel is consistent with cosmology

https://arxiv.org/abs/1202.2841
https://arxiv.org/abs/1504.04855
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Sterile neutrino solution for CAA

1. To avoid cosmological bounds, 
mechanism for the shorter lifetime is 
needed 
2. To avoid 0νββ bound, the inverse 
seesaw model is needed 
3. To avoid  bound, 
additional dim-6 interaction is needed

π+ → e+N

MeV sterile neutrino provides good 
effects on  from super-
allowed β decays, and no impacts 
on the other meson decays

|Vud |

[TK, Tobioka, 2308.13003]

But, viable model is challenging; 

https://arxiv.org/abs/2308.13003
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Near future of aμ(Th)

▮ Long-distance contribution to HVP (BMW) has not been cross-checked by other lattice group 

▮ The intermediate window observables (⅓ of the total HVP) have been cross-checked well 

▮ CMD-2, CMD-3 and SND collaborations are using the same facility, but only CMD-3 provides 

the different result of the  cross section  

▮ New analysis of BaBar (in 2024), update analysis of SND, update and new analysis of BES 

III, update and new blind analysis of KLOE, and Belle II result (in 2025) of the  cross 

sections will be reported in near future  

▮ MUonE (space-like HVP) final-goal result will be announced in LHC Run 4 (~2030)

π+π−

π+π−

[see details, Statement of  the Muon g-2 Theory Initiative]

https://muon-gm2-theory.illinois.edu/


�(e+e� ! hadron inclusive)(s)

=
X

exc.

�(e+e� ! hadron exclusive)(s)
<latexit sha1_base64="KQABaHa4vpRoYPDu89FSzjhtsnE="></latexit>

�(e+e� ! hadron inclusive)(s)

=
X

exc.

�(e+e� ! hadron exclusive)(s)
<latexit sha1_base64="KQABaHa4vpRoYPDu89FSzjhtsnE="></latexit>

+ �(e+e� ! unknown QCD)
<latexit sha1_base64="K+DbA4D6yj/QsxWRRea9GgshnQo="></latexit>

!?
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Unknown QCD in HVP (1/2) 　 .

[Keshavarzi, Marciano, Passera, Sirlin, 2006.12666]

EW fit could be no problem only when the 
low energy region of  
( ) are modified by unknown 
QCD.

e+e− → hadrons
s ≲ 0.7 GeV

H
ig

gs
 m

as
s

s

Is there unknown QCD contribution to HVP? 
[Today’s topic]

This possibility is severely constrained by 
the electroweak (EW) fit (right figure)

OK with mh

125GeV Higgs 

75

0

Here: 
4σ muon g-2 
anomaly is 
supposed to be 
explained by 
unknown QCD 
contribution to 
the HVP at 

s0 GeV

[GeV]

[G
eV

]
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Unknown QCD in HVP (2/2) 　 .

▮ Focus on  e+e− → hadrons s ≲ 0.7 GeV

then there is additional tension: 
8% change of  resonance (             ), 
or 
4% change of  (             ),

e+e− → ρ

e+e− → 2π data
while data fit has only 1% error  
[Keshavarzi, Nomura, Teubner, 1911.00367]

[Colangelo, Hoferichter, Stoffer, 2010.07943]

data fit  
[KNT]

When one considers that the lattice value 
can be explained by the unknown QCD 
effects ( ), s ≲ 0.7 GeV

76

Updated data ( ) will 
be provided by Belle II experiment.

e+e− → hadrons
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 BLR + bino-stau coannihilation

Bino-stau coannihilation 
with correct ΩDM

Large μ with small  is  
favored in this study  
(BHR gives negative contribution) 

tan β

+ universal slepton mass

Benchmark points

stau mass < 200 GeV  
→ good target for ILC500 

[Endo, Hamaguchi, Iwamoto, TK, 2104.03217]
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strong bound from:

XENONnT (DM direct detection) 
can probe this scenario 

Benchmark point

https://arxiv.org/abs/2209.13935
https://arxiv.org/abs/2104.03217
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The simplest explanation in 2HDM was excluded

▮ There was a room that muon g-2 anomaly can be explained by lepto-philic 

(type-X) 2HDM 

▮ It is found that such a 2HDM is completely excluded by flavor and collider 

bounds

tan�
<latexit sha1_base64="7m75V+013IdmvY28iOcc/S8WAEs=">AAACF3icdVBNS0JBFJ1nX2ZfVss2QxK0kveeoraT2rQ0yI9QkXnjqIMz8x4z9wUi/opWQf2WdtG2ZT+lXfPUoKQODBzOPZd75gSR4AZc98NJra1vbG6ltzM7u3v7B9nDo4YJY01ZnYYi1K2AGCa4YnXgIFgr0ozIQLBmML5K5s17pg0P1S1MItaVZKj4gFMCVrrrAFGdgAHpZXNu/qJS8osl7OZdt+z5XkL8crFQxJ5VEuTQErVe9rPTD2ksmQIqiDFtz42gOyUaOBVslunEhkWEjsmQtS1VRDLTnc4Dz/CZVfp4EGr7FOC5+nNjSqQxExlYpyQwMquzRPxzFgRytmpOTpiVQDCodKdcRTEwRRd5BrHAEOKkJNznmlEQE0sI1dx+CdMR0YSCrTJju/ouBP9PGn7eK+T9m2KuerlsLY1O0Ck6Rx4qoyq6RjVURxRJ9ICe0LPz6Lw4r87bwppyljvH6Bec9y/9UaEl</latexit>

[Takeuchi, Iguro, TK, Lang, 2304.09887]

2304.09887

https://arxiv.org/abs/2304.09887
https://arxiv.org/abs/2304.09887


量子色力学（強い力）の数学的理解 

暗黒物質・暗黒エネルギーの解明 

大統一理論の謎、階層性問題の謎 

ニュートリノ質量機構 

フレーバーと世代の起源の解明 

インフレーション宇宙の解明 

 宇宙のバリオン数生成の謎 

 真空・時空構造の理解 

量子重力・超弦理論の解明

標準模型
における 
問題点 

これらの謎は 

「標準模型を
超える物理」
が確かに存在すること
を示唆している
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超対称性理論

▮ 最も人気が「あった」標準模型を超える物理が超対称性理論 

▮ スピン間が1/2だけ異なる超対称性粒子を導入する（素粒子の種類は倍）

標準模型粒子は 
「18」

超対称性粒子も 
18種類

(偶数個のヒッグス粒子
を予言）

https://ific.uv.es/sct/physics_susy
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超対称性の五つの裏づけ（？）

▮ 1. 標準模型の謎の「階層性問題」の解決 

▮ 2. ゲージ場とゲージ対称性の統一、大統一理論の実現 

▮ 3. 最も軽い超対称性粒子が暗黒物質の性質と一致 

▮ 4. 真空の安定性 

▮ 5. 超対称性代数は標準模型の座標変換不変性の自然な拡張として得られた 

▮ 宇宙のバリオン数生成の謎やニュートリノ質量機構との相性も◎
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ゲージ対称性の統一 (左) と真空の安定性 (右)

[北原のD論から]

標準模型 (点線）

超対称性理論

短距離長距離

強い力

弱い力

U(1)Yの力

トップ湯川

ヒッグス4点

超対称性理論



標準模型では一致しない（が、かなり近づく）

超対称性理論は、何の調整もせずとも、 
三つの力の大きさの統一が達成される！

超対称性は、このように信じるに
足る理由がある（あった）
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超対称性探索: 最新の結果
[ATL-PHYS-PUB-2023-025]


