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neutrinos produced and detected in flavor basis

- oscillations are described by PMNS mixing matrix

neutrinos propagate in mass basis

Pontecorvo-Maki-Nakagawa-Sakata matrix relates two bases
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- tremendous progress in our lifetime

PMNS oscillation matrix
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CP violation and mass hierarchy@laboratory

- 4 precise oscillation parameters from JUNO !!!

3  determination of mass hierarchyσ

35 m, 20000 t
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- prompt-delayed time signature: background discrimination

JUNO detection channel

Teng Li et al., ChPC (2017)

99% : � (2.22 MeV)

1% : � (4.95 MeV)
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IBD with reactor antineutrinos
- neutron is heavier than proton by 1.3 MeV  

- MeV-scale physics like in neutron decay
Daya Bay, PRL (2016)
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- neutron measurements for inverse beta decay 

- four-fermion interaction between leptons and heavy nucleons 

- first consistent at 0.1%-level QED radiative corrections
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: beta asymmetry in polarized neutron decay

: theoretical prediction from Standard Model

: superallowed transitions
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O.T., Few-Body Syst (2023)
Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T.,  

PRD (2023) and  PRD (2025)
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Theory of inverse beta decay  
for reactor antineutrinos

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>p

<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>p

<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

O.T., arXiv:2512.07956  
        arXiv:2512.07957
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- %-level improvement to previous results; 0.18% uncertainty

Total cross section

  - this workσ
0 - referenceσ Vud : 0.064%

<latexit sha1_base64="z5ImzUDY7fv8RHtW2ibydLnJFPg=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g6XgKiQ1fbkqunFZwT6gDWEymbRDJw9mJkIN/RI3LhRx66e482+ctBVU9MCFwzn3cu89XsKokKb5oa2tb2xubRd2irt7+wcl/fCoJ+KUY9LFMYv5wEOCMBqRrqSSkUHCCQo9Rvre9Cr3+3eECxpHt3KWECdE44gGFCOpJFcv9dws9ecX0DTMuj2quHrZNKqtRsuq51LNbjarOam26tY5tAxzgTJYoePq7yM/xmlIIokZEmJomYl0MsQlxYzMi6NUkAThKRqToaIRColwssXhc1hRig+DmKuKJFyo3ycyFAoxCz3VGSI5Eb+9XPzLG6YyaDoZjZJUkggvFwUpgzKGeQrQp5xgyWaKIMypuhXiCeIIS5VVUYXw9Sn8n/SqhmUbtRu73L5cxVEAJ+AUnAELNEAbXIMO6AIMUvAAnsCzdq89ai/a67J1TVvNHIMf0N4+AeHNkfQ=</latexit>

gA : 0.171%

<latexit sha1_base64="+RRXGFFKJgotypsIMilasPpnacU=">AAAB9XicdVDLSsNAFJ3UV62vqks3g6XgKiSxT1dVNy4r2Ae0sUymk3boZBJmJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89XsSoVJb1YWRWVtfWN7Kbua3tnd29/P5BW4axwKSFQxaKrockYZSTlqKKkW4kCAo8Rjre5DL1O3dESBryGzWNiBugEac+xUhp6XY0SM5nZ9Ay7ardLw7yBct06tW6XdGSVS7Vak5KnHrFPoW2ac1RAEs0B/n3/jDEcUC4wgxJ2bOtSLkJEopiRma5fixJhPAEjUhPU44CIt1kfvUMFrUyhH4odHEF5+r3iQQFUk4DT3cGSI3lby8V//J6sfJrbkJ5FCvC8WKRHzOoQphGAIdUEKzYVBOEBdW3QjxGAmGlg8rpEL4+hf+TtmPaJbN8XSo0LpZxZMEROAYnwAZV0ABXoAlaAAMBHsATeDbujUfjxXhdtGaM5cwh+AHj7RNwNJEx</latexit>

relative uncertainty
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5-MEV flux excess

- update in cross section at 4-6 MeV: shift by 15-20% of bump
Double Chooz, Nature Phys (2019)
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Energy reconstruction is key

- JUNO: 3% energy reconstruction for precision goals

JUNO, PPNP (2021)
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- analytical positron energy spectrum, 2D/3D distributions 

Bremsstrahlung

Ee, ✓e
<latexit sha1_base64="FtggJ2NL9+Y2eiM9V59ZZHTqU+M=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8SNiNgh6DIniMYB6QLMvspDcZMvtwpjcQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXeXn0ih0ba/rZXVtfWNzcJWcXtnd2+/dHDY1HGqODR4LGPV9pkGKSJooEAJ7UQBC30JLX94O/VbI1BaxNEjjhNwQ9aPRCA4QyO5dx6c0y4OAJkHXqlsV+wZ6DJxclImOepe6avbi3kaQoRcMq07jp2gmzGFgkuYFLuphoTxIetDx9CIhaDdbHb0hJ4apUeDWJmKkM7U3xMZC7Ueh77pDBkO9KI3Ff/zOikG124moiRFiPh8UZBKijGdJkB7QgFHOTaEcSXMrZQPmGIcTU5FE4Kz+PIyaVYrzkWl+nBZrt3kcRTIMTkhZ8QhV6RG7kmdNAgnT+SZvJI3a2S9WO/Wx7x1xcpnjsgfWJ8/6SORiw==</latexit>

Ee
<latexit sha1_base64="ymTyJKhG5hxuDLBJtdibv8GfZAw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUwWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WjGSfoR3QgecgZNVZ6uO1hr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gAOHI2l</latexit>

total cross section

- new distributions beyond          spectrum 

Ee, E� , ✓e
<latexit sha1_base64="70e0bNfJler8dXsvT9yWU+sVfJk=">AAACAHicbVA9SwNBEN2L3/Hr1MLCZjEIFhLuoqClKAHLCEaFJBxzm0myZPfu2J0TQkjjX7GxUMTWn2Hnv3ETU/j1YODx3gwz8+JMSUtB8OEVZmbn5hcWl4rLK6tr6/7G5rVNcyOwLlKVmtsYLCqZYJ0kKbzNDIKOFd7E/fOxf3OHxso0uaJBhi0N3UR2pAByUuRvVyM84NWo2QWt4YA3qYcEEUZ+KSgHE/C/JJySEpuiFvnvzXYqco0JCQXWNsIgo9YQDEmhcFRs5hYzEH3oYsPRBDTa1nDywIjvOaXNO6lxlRCfqN8nhqCtHejYdWqgnv3tjcX/vEZOnZPWUCZZTpiIr0WdXHFK+TgN3pYGBamBIyCMdLdy0QMDglxmRRdC+Pvlv+S6Ug4Py5XLo9Lp2TSORbbDdtk+C9kxO2UXrMbqTLARe2BP7Nm79x69F+/1q7XgTWe22A94b58QIZVv</latexit>

e ⌫�
<latexit sha1_base64="MKkgRKiOFG1qxH24TtEu/xYb4mY="></latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit> �

<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

EEM = Ee + E�
<latexit sha1_base64="YXzbkdKtuZ70oAojxV6xrWdZIIg=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocxUQTdCUQpuhAr2AZ1hyKSZNjTJDElGKEN3bvwVNy4UcesvuPNvzLRdaOuBhMM593LvPWHCqNKO820tLC4tr6wW1orrG5tb2/bOblPFqcSkgWMWy3aIFGFUkIammpF2IgniISOtcHCd+60HIhWNxb0eJsTnqCdoRDHSRgrsg1rgcaT7kme12xG8hLWAwBPzez3EOQrsklN2xoDzxJ2SEpiiHthfXjfGKSdCY4aU6rhOov0MSU0xI6OilyqSIDxAPdIxVCBOlJ+N7xjBI6N0YRRL84SGY/V3R4a4UkMemsp8ZzXr5eJ/XifV0YWfUZGkmgg8GRSlDOoY5qHALpUEazY0BGFJza4Q95FEWJvoiiYEd/bkedKslN3TcuXurFS9msZRAPvgEBwDF5yDKrgBddAAGDyCZ/AK3qwn68V6tz4mpQvWtGcP/IH1+QOlIZfi</latexit>

EEM
<latexit sha1_base64="1gGHqDTS3DPLUvaB3fB7NigdmD0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFKbgRKtgHtEPJpGkbmmTGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyTE0ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXUYK0IbJOShagdYU84kbRhmOG1HimIRcNoKxrep35pQpVkoH800or7AQ8kGjGBjJb/W6wpsRkoktftZr1hyy+4caJV4GSlBhnqv+NXthyQWVBrCsdYdz42Mn2BlGOF0VujGmkaYjPGQdiyVWFDtJ/PQM3RmlT4ahMo+adBc/b2RYKH1VAR2Mo2ol71U/M/rxGZw7SdMRrGhkiwODWKOTIjSBlCfKUoMn1qCiWI2KyIjrDAxtqeCLcFb/vIqaVbK3kW58nBZqt5kdeThBE7hHDy4gircQR0aQOAJnuEV3pyJ8+K8Ox+L0ZyT7RzDHzifP7vGkhM=</latexit>

n

<latexit sha1_base64="eCKjyfURfYwRnGvH5ScVmRzh6UM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2amM+g==</latexit>

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

En, EEM

<latexit sha1_base64="Oh/3fbxkPFcLWhz189giXoPgPEw=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcSJmRii6LUnAjVLAPaIchk2ba0CQzJBmxDPMrblwo4tYfceffmGlnoa0HAodz7uWenCBmVGnH+bZWVtfWNzZLW+Xtnd29ffug0lFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mNzkfveRSEUj8aCnMfE4GgkaUoy0kXy70vTFGWz6A470WPK0eZf5dtWpOTPAZeIWpAoKtHz7azCMcMKJ0JghpfquE2svRVJTzEhWHiSKxAhP0Ij0DRWIE+Wls+wZPDHKEIaRNE9oOFN/b6SIKzXlgZnMI6pFLxf/8/qJDq+8lIo40UTg+aEwYVBHMC8CDqkkWLOpIQhLarJCPEYSYW3qKpsS3MUvL5POec2t1y7u69XGdVFHCRyBY3AKXHAJGuAWtEAbYPAEnsEreLMy68V6tz7moytWsXMI/sD6/AEV1ZPY</latexit>

consistency at  
cross-section level

En, ✓n

<latexit sha1_base64="512JxIYa2r4aY0DnIaVS4Snma0Y=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8SNiViB6DIniMYB6QLMvsZJIMmZ1dZ3oDYcl3ePGgiFc/xpt/4+Rx0MSChqKqm+6uMJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwbuJUM15jsYx1M6SGS6F4DQVK3kw0p1EoeSMc3E78xpBrI2L1iKOE+xHtKdEVjKKV/LtAnZM29jnSQAWFoltypyDLxJuTIsxRDQpf7U7M0ogrZJIa0/LcBP2MahRM8nG+nRqeUDagPd6yVNGIGz+bHj0mp1bpkG6sbSkkU/X3REYjY0ZRaDsjin2z6E3E/7xWit1rPxMqSZErNlvUTSXBmEwSIB2hOUM5soQyLeythPWppgxtTnkbgrf48jKpX5S8cunyoVys3MzjyMExnMAZeHAFFbiHKtSAwRM8wyu8OUPnxXl3PmatK8585gj+wPn8AQYekaE=</latexit>

En, E� , ✓n

<latexit sha1_base64="0a7Z/b2TEy4cdJ7czvNanFZ3q70=">AAACAHicbVDLSgNBEJz1GeMr6sGDl8EgeJCwKxE9BiXgMYKJQjYsvZPZZHBmdpnpFULIxV/x4kERr36GN//GyePgq6ChqOqmuyvOpLDo+5/e3PzC4tJyYaW4ura+sVna2m7ZNDeMN1kqU3Mbg+VSaN5EgZLfZoaDiiW/ie8uxv7NPTdWpPoaBxnvKOhpkQgG6KSotFuP9BGtR2EPlIIjGmKfI0TOKfsVfwL6lwQzUiYzNKLSR9hNWa64RibB2nbgZ9gZgkHBJB8Vw9zyDNgd9HjbUQ2K285w8sCIHjilS5PUuNJIJ+r3iSEoawcqdp0KsG9/e2PxP6+dY3LWGQqd5cg1my5KckkxpeM0aFcYzlAOHAFmhLuVsj4YYOgyK7oQgt8v/yWt40pQrZxcVcu181kcBbJH9skhCcgpqZFL0iBNwsiIPJJn8uI9eE/eq/c2bZ3zZjM75Ae89y8tZ5WF</latexit>
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Access each particle kinematics

- control over each particle is necessary to achieve precision

positron
static limit

Eνe = 3.5 MeV

dσ dσ
LO

, %

−1.0

0

1.0

−0.5

0.5

Ee [MeV]
1.0 2.00.5 1.5

positron
positron + photon
static limit

Eνe = 3.5 MeV

dσ dσ
LO

0.90

0.95

1.00

1.05

E [MeV]
2.190 2.195 2.200 2.205

Eνe
≈ mn − mp + Ee+ + Eγ + O ( 1

M )

- evaluate radiative process w/o no-recoil approximation 

- 1st analytic expression for positron energy spectrum
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Conclusions

- total cross section, energy spectra, 2D/3D distributions in IBD               

- precision physics: important to control  and  kinematics 

    in calibration of energy response in liquid scintillators

γ e+

radiative corrections
in EFT framework
+ scheme-dependence

Standard Model -> LEFT-> HB  -> EFTχPT π/ 

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>p

<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

- 1st consistent inclusion of all QCD/EW effects at 0.1% level
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Thanks for your attention !!!

 μ+ → e+νeν̄μ(γ)π+ → μ+νμ(γ) K+ → μ+νμ(γ)

<latexit sha1_base64="OYyw8nqmrCkpjv9mTSzK7UUAIl0=">AAACEnicbVDLSgMxFM34rPVVdekmWARdWGZE1GXRjcsKtgqdWjLpnTaYZIbkjlBKv8GNv+LGhSJuXbnzb0zbQXwdCBzOuZebc6JUCou+/+FNTc/Mzs0XFoqLS8srq6W19YZNMsOhzhOZmKuIWZBCQx0FSrhKDTAVSbiMbk5H/uUtGCsSfYH9FFqKdbWIBWfopHZpN9QZhes9GmJCv7iEGHdo2GVKMRoa0e3hbrtU9iv+GPQvCXJSJjlq7dJ72El4pkAjl8zaZuCn2Bowg4JLGBbDzELK+A3rQtNRzRTY1mAcaUi3ndKhcWLc00jH6veNAVPW9lXkJhXDnv3tjcT/vGaG8XFrIHSaIWg+ORRnkrr4o35oRxjgKPuOMG6E+yvlPWYYR9di0ZUQ/I78lzT2K8FhJTg/KFdP8joKZJNskR0SkCNSJWekRuqEkzvyQJ7Is3fvPXov3utkdMrLdzbID3hvn0Bfm/k=</latexit>

⌫e� ! ⌫e� (�)

<latexit sha1_base64="PEi75oG5CmiGMXDiMABiwhRd0GE="></latexit>

⌫̄`p ! `+n (�)
<latexit sha1_base64="XiZKfOxlgOoeR6vyHGOB1pXBuig=">AAACFnicbVDLSgMxFM34rPVVdekmWARdWGZE1GXRjcsKVoXOOGTSO20wyQzJHaGUfoUbf8WNC0Xcijv/xvSx8HUgcDjnXm7OSXIpLPr+pzc1PTM7N19aKC8uLa+sVtbWL21WGA5NnsnMXCfMghQamihQwnVugKlEwlVyezr0r+7AWJHpC+zlECnW0SIVnKGT4speqIs4BCmppiFmdEhv9mhOQwkp7tCww5RiNDSi08XduFL1a/4I9C8JJqRKJmjElY+wnfFCgUYumbWtwM8x6jODgksYlMPCQs74LetAy1HNFNioP4o1oNtOadM0M+5ppCP1+0afKWt7KnGTimHX/vaG4n9eq8D0OOoLnRcImo8PpYWkLv+wI9oWBjjKniOMG+H+SnmXGcbRNVl2JQS/I/8ll/u14LAWnB9U6yeTOkpkk2yRHRKQI1InZ6RBmoSTe/JInsmL9+A9ea/e23h0ypvsbJAf8N6/APIRnfw=</latexit>

⌫`n ! `�p (�)

<latexit sha1_base64="jVQQuxhdejy85ugm+Dwe75V1PTw=">AAACLHicbVBNS8NAEN34WetX1KOXxSLopSRS1GO1F48KtgpNLJvtpl3c3YTdiVBC/T9e/CuCeFDEq7/DbZuD2j4YeLw3w8y8KBXcgOd9OHPzC4tLy6WV8ura+samu7XdMkmmKWvSRCT6NiKGCa5YEzgIdptqRmQk2E103xj5Nw9MG56oaxikLJSkp3jMKQErddxGoLLHu7zmDQNJoK9lfqaHOIAEzzYEi+EABz0iJcGB5r0+HHbcilf1xsDTxC9IBRW47LivQTehmWQKqCDGtH0vhTAnGjgVbFgOMsNSQu9Jj7UtVUQyE+bjZ4d43ypdHCfalgI8Vn9P5EQaM5CR7Rwdbv57I3GW184gPg1zrtIMmKKTRXEmsM1ilBzucs0oiIElhGpub8W0TzShYPMt2xD8/y9Pk9ZR1T+u+le1Sv28iKOEdtEeOkA+OkF1dIEuURNR9IRe0Dv6cJ6dN+fT+Zq0zjnFzA76A+f7B6daqG0=</latexit>

⌫ 40Ar ! ⌫ 40Ar (�)

n ! pe�⌫e

<latexit sha1_base64="mArEST3XkXHxW/Dfqe4oEfylnmI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSpBRTBWsDAWiT6kJkSOe9NadZzIdpCqqAsLv8LCAEKs/AMbf4PbZoCWI1k6Ovdc2+cECWdK2/a3VVhaXlldK66XNja3tnfKu3stFaeSQpPGPJadgCjgTEBTM82hk0ggUcChHQyvJ/P2A0jFYnGnRwl4EekLFjJKtJH88qHAro5xguH+FLuxsU5uylyRjn3wyxW7ak+BF4mTkwrK0fDLX24vpmkEQlNOlOo6dqK9jEjNKIdxyU0VJIQOSR+6hgoSgfKyaYoxPjZKD4exNEdoPFV/b2QkUmoUBcYZET1Q87OJ+N+sm+rw0suYSFINgs4eClOOTe5JJbjHJFDNR4YQKpn5K6YDIgnVpriSKcGZj7xIWmdVp1Y9v61V6ld5HUV0gI7QCXLQBaqjG9RATUTRI3pGr+jNerJerHfrY2YtWPnOPvoD6/MHqdaYEw==</latexit>

谢谢
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Standard Model -> LEFT-> HB  -> EFTχPT π/ 

- first consistent at 0.1%-level QED radiative corrections

                                                       O.T. and Yi-Bo Yang, Universe (2026) 
Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T., PRD (2024) and PRD (2025) 

V. Cirigliano, J. de Vries, L. Hayen, E. Mereghetti, and A. Walker-Loud, PRL (2022)

Nucleon axial-vector charge
- effective field theory approach to low-energy charged currents

   FLAG2024 2+1

            FLAG2024 2+1+1

(2c4 - c3)LQCD - cN3LO
4

                       cBorn
4  - cBorn

3

                              cN3LO
4  - cN3LO

3

gQCD
A

1.22 1.24 1.26 1.28 1.30 1.32 1.34

HBχPT

lattice QCD
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Update in nuclear/neutron decay

- numerically quantified shifts in Vud and gA 1  ≲ σ

- evaluate radiative process w/o no-recoil approximation 

mn = mp + Ee + E� + E⌫ +O

✓
1

M

◆

<latexit sha1_base64="fGXSi9LndCACvdNy6xm12lJwHeU="></latexit>

- Vud from superallowed transitions and neutron decay 

changes by 1 uncertainty of radiative corrections

- gA from beta asymmetry in polarized neutron decay 

changes by 1/3 of PERKEO-III experimental uncertainty

A =
N" �N#
N" +N#

<latexit sha1_base64="Rj2zzzYB0WzoIpmyAuTkSvsnqKE=">AAACMHicbVDNS8MwHE3n15xfVY9egkMQxNHKRC/C1IOeZIL7gK2UNEu3sDQtSeoYpX+SF/8UvSgo4tW/wnTbwW0+CLy893skv+dFjEplWe9GbmFxaXklv1pYW9/Y3DK3d+oyjAUmNRyyUDQ9JAmjnNQUVYw0I0FQ4DHS8PrXmd94JELSkD+oYUScAHU59SlGSkuueXMJL2DbFwgnd27SjiMkRDhI4THMrp1wwMdCOm0fzdquWbRK1ghwntgTUgQTVF3zRcdxHBCuMENStmwrUk6ChKKYkbTQjiWJEO6jLmlpylFApJOMFk7hgVY60A+FPlzBkfo3kaBAymHg6ckAqZ6c9TLxP68VK//cSSiPYkU4Hj/kxwyqEGbtwQ4VBCs21ARhQfVfIe4h3Z7SHRd0CfbsyvOkflKyy6XT+3KxcjWpIw/2wD44BDY4AxVwC6qgBjB4Aq/gA3waz8ab8WV8j0dzxiSzC6Zg/PwCAaeq4Q==</latexit>

V 0+!0+

ud = 0.97373(31)

<latexit sha1_base64="qOjhEfIXWhcd1npbJpyoOr0e1QY=">AAACC3icbVBLSwMxGMzWV62vVY9eQotQEZZdW6kehKIXjxXsA9rtks1m29DsgyQrlGXvXvwrXjwo4tU/4M1/Y/o4aOtAyDDzfSQzbsyokKb5reVWVtfWN/Kbha3tnd09ff+gJaKEY9LEEYt4x0WCMBqSpqSSkU7MCQpcRtru6Gbitx8IFzQK7+U4JnaABiH1KUZSSY5ebPVTs38KezKC6s6cNPEyeAVN47JWqVXKFevE0UumYU4Bl4k1JyUwR8PRv3pehJOAhBIzJETXMmNpp4hLihnJCr1EkBjhERqQrqIhCoiw02mWDB4rxYN+xNUJJZyqvzdSFAgxDlw1GSA5FIveRPzP6ybSv7BTGsaJJCGePeQnDKrgk2KgRznBko0VQZhT9VeIh4gjLFV9BVWCtRh5mbTODKtqnN9VS/XreR15cASKoAwsUAN1cAsaoAkweATP4BW8aU/ai/aufcxGc9p85xD8gfb5A2Rrl3E=</latexit>

V 0+!0+

ud = 0.97361(31)

<latexit sha1_base64="yZIIc/oq9exn1f+IEjLUL36Vvoc=">AAACC3icbVBLSwMxGMz6rPW16tFLaBEqwrJrq9WDUPTisYJ9QLtdstlsG5p9kGSFsuzdi3/FiwdFvPoHvPlvTB8HbR0IGWa+j2TGjRkV0jS/taXlldW19dxGfnNre2dX39tviijhmDRwxCLedpEgjIakIalkpB1zggKXkZY7vBn7rQfCBY3CezmKiR2gfkh9ipFUkqMXmr3U7J3AroygujMnTbwMXkHTuKyWz61S2Tp29KJpmBPARWLNSBHMUHf0r64X4SQgocQMCdGxzFjaKeKSYkayfDcRJEZ4iPqko2iIAiLsdJIlg0dK8aAfcXVCCSfq740UBUKMAldNBkgOxLw3Fv/zOon0L+yUhnEiSYinD/kJgyr4uBjoUU6wZCNFEOZU/RXiAeIIS1VfXpVgzUdeJM1Tw6oYZ3eVYu16VkcOHIICKAELVEEN3II6aAAMHsEzeAVv2pP2or1rH9PRJW22cwD+QPv8AV/Sl24=</latexit>

Hardy and Towner, PRC (2020)



Eνe
≈ mn − mp + Ee+ + Eγ + O ( 1

M )

Energy response depends  
on energy and particle

Precise energy reconstruction 
for oscillation program

18

- control over each particle is necessary to achieve precision

re
co

ns
tru

ct
ed

/tr
ue

Energy reconstruction is key
⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>p

<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>

O ( 1
M )

JUNO, arXiv:2511.14590



Energy response depends  
on energy and particle

Precise energy reconstruction 
for oscillation program
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<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>p

<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

- control over each particle is necessary to achieve precision

re
co

ns
tru

ct
ed

/tr
ue

JUNO, arXiv:2511.14590

Energy reconstruction is key

Eνe
≈ mn − mp + Ee+ + Eγ + O ( 1

M )

⌫e

<latexit sha1_base64="bN4BoDXpYBJ5ULlF/88J+pz+56k=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQvpK213RjcsK9gFNCJPppB06mYSZSaGE/okbF4q49U/c+TdO2goqemDgcM493DsnSBiVyrY/jI3Nre2d3cJecf/g8OjYPDntyTgVmHRxzGIxCJAkjHLSVVQxMkgEQVHASD+Y3uR+f0aEpDG/V/OEeBEacxpSjJSWfNN0Y23n6czl6cInvlmyLbvaqLVa0LYqzbpTdTSxKy2n6cCyZS9RAmt0fPPdHcU4jQhXmCEph2U7UV6GhKKYkUXRTSVJEJ6iMRlqylFEpJctL1/AS62MYBgL/biCS/V7IkORlPMo0JMRUhP528vFv7xhqsKml1GepIpwvFoUpgyqGOY1wBEVBCs21wRhQfWtEE+QQFjpsoq6hK+fwv9Jr2KVa1b9rlZqX6/rKIBzcAGuQBk0QBvcgg7oAgxm4AE8gWcjMx6NF+N1NbphrDNn4AeMt0/B3JRr</latexit>

e+

<latexit sha1_base64="CTD49YbJFxz6hq9LPb+YeFFna+I=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpDpY9ruim5cVrS10I4lk2ba0ExmSDJCGfoJblwo4tYvcuffmD4EFT1w4XDOvdx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8ftFWUSEJbJOKR7PhYUc4EbWmmOe3EkuLQ5/TWH1/M/Nt7KhWLxI2exNQL8VCwgBGsjXRN7876+QKyUalartchsou1iltyDUHFultzoWOjOQpgiWY//94bRCQJqdCEY6W6Doq1l2KpGeF0muslisaYjPGQdg0VOKTKS+enTuGJUQYwiKQpoeFc/T6R4lCpSeibzhDrkfrtzcS/vG6ig5qXMhEnmgqyWBQkHOoIzv6GAyYp0XxiCCaSmVshGWGJiTbp5EwIX5/C/0m7aDtlu3JVLjTOl3FkwRE4BqfAAVXQAJegCVqAgCF4AE/g2eLWo/VivS5aM9Zy5hD8gPX2CW0jjes=</latexit>
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Supernova and DAR energiesπ

- extends 0.1%-level predictions to energies above 10 MeV

- include pion degrees of freedom to inverse beta decay  

- work at leading and next-to-leading order in HBChPT 

- neglect recoil diagrams without pions O.T., arXiv:2604.07113
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<latexit sha1_base64="WjRMf9JI7jy3qTKnxAg3jHUWZHU="></latexit>
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Supernova and DAR energiesπ

- extends 0.1%-level predictions to energies above 10 MeV

O.T., arXiv: 2604.07113

Wilson coefficient c4 enters 
at higher energies 
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Charged current in SM. Vertexes
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<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

- contribution to effective couplings

�,

<latexit sha1_base64="XdFl1GRBfOVkpZ3JB8IMQz2EUSo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pku2mX7iZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJnjEmoYbwTqJYigDwdrB+G7mt5+Y0jyOHs0kYb7EYcRDTtFYqd0bopR40S9X3Ko7B1klXk4qkKPRL3/1BjFNJYsMFah113MT42eoDKeCTUu9VLME6RiHrGtphJJpP5ufOyVnVhmQMFa2IkPm6u+JDKXWExnYTolmpJe9mfif101NeONnPEpSwyK6WBSmgpiYzH4nA64YNWJiCVLF7a2EjlAhNTahkg3BW355lbQuq16tevVQq9Rv8ziKcAKncA4eXEMd7qEBTaAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wfzgI9T</latexit>

,

<latexit sha1_base64="qV4ztchpZO4JJt3AzKkJY/q5rmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlZ9irlq3qlVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3WhjLg=</latexit>
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Charged current in SM. Boxes

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

, �

<latexit sha1_base64="hRua+l0NBM2bwGF+qDVHYpdnBuo=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4kJJIRY9FLx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epoqxBYxGrdoCaCR6xhuFGsHaiGMpAsFYwup36rSemNI+jBzNOmC9xEPGQUzRWap+T7gClxF6p7FbcGcgy8XJShhz1Xumr249pKllkqECtO56bGD9DZTgVbFLsppolSEc4YB1LI5RM+9ns3gk5tUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwms/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERFW0I3uLLy6R5UfGqlcv7arl2k8dRgGM4gTPw4ApqcAd1aAAFAc/wCm/Oo/PivDsf89YVJ585gj9wPn8ASJSPfQ==</latexit>

, �

<latexit sha1_base64="hRua+l0NBM2bwGF+qDVHYpdnBuo=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4kJJIRY9FLx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epoqxBYxGrdoCaCR6xhuFGsHaiGMpAsFYwup36rSemNI+jBzNOmC9xEPGQUzRWap+T7gClxF6p7FbcGcgy8XJShhz1Xumr249pKllkqECtO56bGD9DZTgVbFLsppolSEc4YB1LI5RM+9ns3gk5tUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwms/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERFW0I3uLLy6R5UfGqlcv7arl2k8dRgGM4gTPw4ApqcAd1aAAFAc/wCm/Oo/PivDsf89YVJ585gj9wPn8ASJSPfQ==</latexit>

- contribution to effective couplings
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- vanishing contribution to matching
besides loops with t quark

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

- contribution to effective couplings
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- scheme dependence of 1-loop matching and 2-loop running

- NDR scheme for 𝛾5 for evanescent operators E

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

LEFT Lagrangian

�↵���µPL ⌦ �µ���↵PL = 4 (1 + a (4� d)) �µPL ⌦ �µPL + E (a)
<latexit sha1_base64="KR1qcdQ2r4hz4RhijdfFAnWgcEo="></latexit>

Buras and Weisz, NPB (1990)

scheme
independent

scheme
dependent

||

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

+...
<latexit sha1_base64="nhDUZWAESigrF1+TcxW0GWfEZsY=">AAAB6nicZVBNS8NAEJ3Ur7Z+VT16WSwFQQhJPeix6MVjBfuBbSib7aZdutmE3Y1YQv+CBy9avHr3t3j01+imLWLrg4HHezO8mfFjzpR2nC8rt7a+sbmVLxS3d3b39ksHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrzG89UKlYJO70OKZeiAeCBYxgnUlntm33SmXHdmZA/4m7IOVaIZ7efzx+13ulz24/IklIhSYcK9VxnVh7KZaaEU4nxW6iaIzJCA9ox1CBQ6q8dLbrBFWM0kdBJE0JjWbq34kUh0qNQ990hlgPVbGyYmbqr7kUpYNLL2UiTjQVZJ4UJBzpCGWXoz6TlGg+NgQTycyyiAyxxERTaX7grl78nzSrtntuV2/NM65gjjwcwwmcggsXUIMbqEMDCAzhCV7g1eLWszW13uatOWsxcwRLsN5/AA0nkMs=</latexit>

for quarks

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

<latexit sha1_base64="2eFE0bQXKDjShlJxbVPvRxRxxcY="></latexit>

LLEFT ⇠ GFVudC
r
�(a, µ)ēL�⇢⌫eL ūL�

⇢dL
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four-fermion interaction between leptons and heavy nucleons 

<latexit sha1_base64="dF9nhRQmRmHKm3nHO25MGnv/eiQ="></latexit>

Le↵ = �
p
2GFVude�µPL⌫e ·N (gV v

µ � 2gAS
µ) ⌧+N

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

hadronic scale

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

scale separation introduces large logarithms: 

<latexit sha1_base64="VbjVbQcHsNxOLEooU93bR1OA6zs="></latexit>

ln
MZ

⇤had

<latexit sha1_base64="CvX/5HAca2fYri5FpqSn5iB2qB0="></latexit>

ln
⇤had

me

explain ~ half of radiative correction to neutron lifetime
<latexit sha1_base64="MOR3WYVtYB9IUuz0tT1rHIqTPmo=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWAp1E1I0jZpF0JRFy4r2Ac0pUym03bo5MHMRCi1C3/FjQtF3Pob7vwbpw9BRQ9cOJxzL/fe48eMCmmaH1pqZXVtfSO9mdna3tnd0/cPGiJKOCZ1HLGIt3wkCKMhqUsqGWnFnKDAZ6Tpjy5mfvOWcEGj8EaOY9IJ0CCkfYqRVFJXP/IuCZMInkHXcEsOzNvuKfRyXT1rGmbBLVYq0DTscskpOIqYdsUpO9AyzDmyYIlaV3/3ehFOAhJKzJAQbcuMZWeCuKSYkWnGSwSJER6hAWkrGqKAiM5kfv8U5pTSg/2IqwolnKvfJyYoEGIc+KozQHIofnsz8S+vnch+uTOhYZxIEuLFon7CoIzgLAzYo5xgycaKIMypuhXiIeIISxVZRoXw9Sn8nzRsw3IM67qYrZ4v40iDY3AC8sACLqiCK1ADdYDBHXgAT+BZu9cetRftddGa0pYzh+AHtLdPdnSTLw==</latexit>

� = 7.756(27)%

Logarithms in neutron decay

-  ,  encode electroweak logarithms and hadronic corrections gV gA
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Effect of running
MZ

<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

matching scale

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

- cancellation of various contributions -> 0.07 % effect

- renormalization group equations

<latexit sha1_base64="lVhJinHOlYFk02bbdZYQelUAGdg="></latexit>

µ
dgV (µ)

dµ
=

✓
�̃0

↵

⇡
+ �̃1

⇣↵
⇡

⌘2
◆

gV (µ)

- resummed result with leading  correctionsααs

<latexit sha1_base64="mS0T1t91G3yS34n7aE49k1CSmk8="></latexit>

g1�loop
V (µ� = me)� 1 = (2.430± 0.012)%

- one-loop result without  contributionsααs

<latexit sha1_base64="QLSk7EhWs+Pzui1+a7ihzcVCxKg="></latexit>

µ
dCr

� (a, µ)

dµ
=

✓
�0

↵

⇡
+ �1

⇣↵
⇡

⌘2
+ �se

↵

⇡

↵s

4⇡

◆
Cr

� (a, µ)

<latexit sha1_base64="2eFE0bQXKDjShlJxbVPvRxRxxcY="></latexit>

LLEFT ⇠ GFVudC
r
�(a, µ)ēL�⇢⌫eL ūL�

⇢dL

hadronic error

gV (µ� = me)� 1 = (2.499± 0.013) %

<latexit sha1_base64="KSP2eho4UHgjqoXQMZcux0MC8pw="></latexit>

full error
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Invariant amplitudes

- four amplitudes for massless charged lepton

- 8 invariant amplitudes for charged-current elastic scattering

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

`(k0)
<latexit sha1_base64="k16LC33jMPrk1/+7piFWbg974NI=">AAAB73icdVDLSgMxFM34rPVVdekmWMS6GTLTVuuu6MZlBfuAdiiZNNOGZjJjkhHK0J9w40IRt/6OO//GTFtBRQ9cOJxzL/fe48ecKY3Qh7W0vLK6tp7byG9ube/sFvb2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ376nUrFI3OpJTL0QDwULGMHaSJ0e5bw0PjntF4rIRqhaPqtCZDuuU63UDKmg8oXrQsdYGYpggUa/8N4bRCQJqdCEY6W6Doq1l2KpGeF0mu8lisaYjPGQdg0VOKTKS2f3TuGxUQYwiKQpoeFM/T6R4lCpSeibzhDrkfrtZeJfXjfRQc1LmYgTTQWZLwoSDnUEs+fhgElKNJ8Ygolk5lZIRlhiok1EeRPC16fwf9JybadsuzeVYv1yEUcOHIIjUAIOOAd1cA0aoAkI4OABPIFn6856tF6s13nrkrWYOQA/YL19AlkMj4Y=</latexit>

⌫`(k)
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- four extra amplitudes for massive charged lepton
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Neutron lifetime measurements

beam method bottle method

how many neutrons survive?how many neutrons pass?

29
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Neutron lifetime puzzle

- 0.3 seconds uncertainty of UCN @LANL : σ (3 ∼ 4) Π 10∼4
- Vud from 0+ 0+ + gA from  asymmetry  bottle− ν →

UCN : F. Gonzales et al., PRL (2021)σ
D. Castelvecchi, Nature(2021)

10x

0+ 0+−
gA

- 8-9 seconds discrepancy beam vs bottle method : 3-5γ
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Vud determinations

- neutron decay becomes competitive with 0+->0+

UCNτ

2022 Fundamental Symmetries, Neutrons, and Neutrinos (FSNN) white paper 
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Our work

- quantification of perturbative/nonperturbative uncertainties
- shift of central value by ~1 error of radiative corrections 

- detailed error budget and perturbative corrections
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- tensions in gA data: puzzle is not resolved

Andrzej Czarnecki, William J. Marciano, Alberto Sirlin, PRL (2018)

Susan Gardner, Mohammadreza Zakeri, Universe (2024)

Neutron lifetime puzzle
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Neutrino mass hierarchy

- matter effects can resolve neutrino mass hierarchy

matter effect

forward scattering
on atomic electrons
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