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Characterization of hadrons
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• Spin - parity identification, e.g. 1-+ exotic channels

• Masses

• Couplings to hadronic decay channels

• Couplings to electroweak currents



Infinite Volume transition amplitudes from lattice QCD
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Scattering in the finite volume
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Finite volume correlation 
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momentum space



Finite volume corrections
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Infinite volume: Watson’s theorem.

Finite volume: Lellouch-Lüscher factor.
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*Up to exponentially small corrections
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H(s) = A02(s)M(s)



Infinite volume extractions
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[arXiv:1808.05007] Andersen, Bulava, etal.
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� ! ⇡⇡
<latexit sha1_base64="0G0/IAqAwdWgDwmBSRnEQtAWHo4="></latexit>

K + � ! K⇡

0

0.05

0.10

0.15

0.20

0.140 0.150 0.160 0.170

0
1
2

0.140 0.150 0.160 0.170

<latexit sha1_base64="PUBmUv9TEoe/3g6hT3HtHnlS0Bk="></latexit>

m⇡ ⇡ 280 MeV [arXiv:2208.13755] Radhakrishnan, Dudek, etal.

https://arxiv.org/abs/1808.05007
https://arxiv.org/abs/2208.13755
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+=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit> + +

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

++++ +

A singularity structure in s channel loops not 
present in the two-body scattering amplitude

[aXiv:2012.13338] FO, etal.

7

https://arxiv.org/abs/2012.13338
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Infinite volume analytic structure:
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W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:
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1.9
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2.6

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:
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W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:

1.90 1.95 2.05 2.10 2.15 2.20 2.25
1.9
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2.6

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:
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1.9
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2.5

2.6

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:
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1.9
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2.3

2.4

2.5

2.6

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Infinite volume analytic structure:

1.90 1.95 2.05 2.10 2.15 2.20 2.25
1.9

2.1

2.2

2.3

2.4

2.5

2.6

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>

k
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Resonance form factors
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<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+
<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+
<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+= + Wdf

<latexit sha1_base64="YeRhlzQR6IoVGZe84JtLlv2tfWA=">AAACL3icbVDLSgMxFM3UV62vUZeCBEtBUMqMVHRZdOOygn1Ap5RMJtOGZh4kd8QydOfXuBP9F3Ejbv0FV2baWdjqCYHDOffm3hw3FlyBZb0bhaXlldW14nppY3Nre8fc3WupKJGUNWkkItlxiWKCh6wJHATrxJKRwBWs7Y6uM799z6TiUXgH45j1AjIIuc8pAS31zcMT7JxmBzsBgSElIm1P+g6wB0g9f9I3y1bVmgL/JXZOyihHo29+O15Ek4CFQAVRqmtbMfRSIoFTwSYlJ1EsJnREBqyraUgCpnrp9B8TXNGKh/1I6hsCnqq/O1ISKDUOXF2ZLasWvUz8z+sm4F/2Uh7GCbCQzgb5icAQ4SwU7HHJKIixJoRKrnfFdEgkoaCjm5sSD8eKU6WfyFmp4riR8LKZOix7MZq/pHVWtWvV89tauX6Vx1ZEB+gIHSMbXaA6ukEN1EQUPaIn9IJejWfjzfgwPmelBSPv2UdzML5+AAn7qSc=</latexit>

<latexit sha1_base64="PPVp/gu6jz0qH7CA/73GTTuxBO0="></latexit>

Wdf = M(A22 + f · G)M

<latexit sha1_base64="ixfwHPCrQlx/SlINBJtaL43Yrko="></latexit>si, sf ! sR
<latexit sha1_base64="LNrU3IURJpAF2E5ic0c7WH3pZzk="></latexit>

ifR!R

<latexit sha1_base64="4XnOe04oGS/uAfD0I1XMPU64BrU="></latexit>s ! sR

<latexit sha1_base64="nf7RENnhvwABdHmJrNvz8+42t3c="></latexit>

ic

<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR



Two current insertions

<latexit sha1_base64="QVFQI7TCofO5CVh7yai6bxey5sU="></latexit>
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=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit> + + +

+ ++

[arXiv:2202.02284] FO, etal.

<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit>

<latexit sha1_base64="9ftgOKoU8WEJtVWsBVFClNlYFBI="></latexit>

+MB21 +Wdf A21

Extracted from the respective subprocess

https://arxiv.org/abs/2202.02284


Finite volume two-hadron transitions

<latexit sha1_base64="QVFQI7TCofO5CVh7yai6bxey5sU="></latexit>
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⌦
O⇡⇡(⌧2)J (⌧1)O

†
⇡⇡(0)

↵
L
⇠

X

n,m

hEn|J (0)|EmiL e�En(⌧2�⌧1)�Em⌧1

<latexit sha1_base64="7qMXoOizflJW106XYalCPg15HJE="></latexit>

| hEn|J (0)|EmiL|
2 = tr

�
R(En)WL(En, Em, Q2)R(Em)WL(Em, En, Q

2)
�

<latexit sha1_base64="/zauGdHGrEExo07XhD7cOOiSBvk="></latexit>

<latexit sha1_base64="V5s44nEHkQ4DyhCBe9SzGlAxx3k="></latexit>

(Wdf +M[f ·G]M)
<latexit sha1_base64="y7WLO47YTsEOj3aWBHTJRpgV9xQ="></latexit>

⇥ lim
E!En

E � En

F�1 +M =

<latexit sha1_base64="Qn9cWGR0J9JNmjbZBgMx5treuzk=">AAACSnicbZDLSgMxFIYz9V5vVZdugiIIapkR8bYQQSpuBEWrhaYOmTTTBjOZIckIJQw+is/hA7gTXfsa7tSFZtouvB0IfPznJP/JHyScKe26L05hYHBoeGR0rDg+MTk1XZqZvVBxKgmtkpjHshZgRTkTtKqZ5rSWSIqjgNPL4Pog71/eUKlYLM51J6GNCLcECxnB2kp+aQdxFvmmgnQMK77IUCgxMZW1nM3hlVnzshUUYd0mmJ vjLEOrEGkWUQX90qJbdrsF/4LXh8X9ndvP2u7Z/YlfekfNmKQRFZpwrFTdcxPdMFhqRjjNiihVNMHkGrdo3aLA1qVhul/M4JJVmjCMpT1Cw676/YbBkVKdKLCT+bbqdy8X/+vVUx1uNwwTSaqpID2jMOXQ5pHnBZtMUqJ5xwImktldIWljG5K2qf5wSdodxYiyT/SpuISCmDdzTxuW9zuav3CxXvY2yxunNrU90KtRMA8WwDLwwBbYB0fgBFQBAXfgATyBZ+fReXXenI/eaMHp35kDP6ow+AU0x7b3</latexit>

lim
E!En

E � En

F�1 +M ⇥

<latexit sha1_base64="wcxyM9H2z01MKLApA8zBYY2iDi4=">AAACHHicbVDLSsNAFJ3UV2191Lp0M1gLXZVERF1JwY0LFxXsA5pQJpNJO3QyiTMTIYT6Be7Fjei/uBO3gr/iyknbhW09MHA45965h+NGjEplmt9GbmV1bX0jv1kobm3v7Jb2ym0ZxgKTFg5ZKLoukoRRTlqKKka6kSAocBnpuKPLzO/cEyFpyG9VEhEnQANOfYqR0pJjB0gNMWJpZ9y/7pcqZt2cAC4Ta0YqjfLz40PtqNjsl35sL8RxQLjCDEnZs8xIOSkSimJGxgU7liRCeIQGpKcpRwGRTjoJPYZVrXjQD4V+XMGJ+ncjRYGUSeDqySykXPQy8T+vFyv/3Ekpj2JFOJ4e8mMGVQizBqBHBcGKJZogLKjOCvEQCYSV7mnuSjRMJMVSfzFjharthszLbuqyrMVqlkn7uG6d1k9udGsXYIo8OACHoAYscAYa4Ao0QQtgcAeewCt4M16Md+PD+JyO5ozZzj6Yg/H1C768pPc=</latexit>

WL

<latexit sha1_base64="pMaXklUYDzeKNUDRITcJlhXG57M=">AAACEXicbVDLSsNAFL3xWeur6lKQwVJwVRIRdSUFNy6r2Ac0oUymk3boZBJmJkII/QN3oqB/4k7c+gX+iisnbRe29cDA4dzHuXP8mDOlbfvbWlpeWV1bL2wUN7e2d3ZLe/tNFSWS0AaJeCTbPlaUM0EbmmlO27GkOPQ5bfnD67zeeqBSsUjc6zSmXoj7ggWMYG2kOzfrlsp21R4DLRJnSsq1o9ccb/Vu6cftRSQJqdCEY6U6jh1rL8NSM8LpqOgmisaYDHGfdgwVOKTKy8aXjlDFKD0URNI8odFY/TuR4VCpNPRNZ4j1QM3XcvG/WifRwaWXMREnmgoyMQoSjnSE8m+jHpOUaJ4agolk5lZEBlhiok04My7xIFWMKLNiyooV1494L/c0YTnz0SyS5mnVOa+e3ZrUrmCCAhzCMZyAAxdQgxuoQwMIBPAIz/BiPVnv1of1OWldsqYzBzAD6+sXPRWh2Q==</latexit> {
<latexit sha1_base64="pMaXklUYDzeKNUDRITcJlhXG57M=">AAACEXicbVDLSsNAFL3xWeur6lKQwVJwVRIRdSUFNy6r2Ac0oUymk3boZBJmJkII/QN3oqB/4k7c+gX+iisnbRe29cDA4dzHuXP8mDOlbfvbWlpeWV1bL2wUN7e2d3ZLe/tNFSWS0AaJeCTbPlaUM0EbmmlO27GkOPQ5bfnD67zeeqBSsUjc6zSmXoj7ggWMYG2kOzfrlsp21R4DLRJnSsq1o9ccb/Vu6cftRSQJqdCEY6U6jh1rL8NSM8LpqOgmisaYDHGfdgwVOKTKy8aXjlDFKD0URNI8odFY/TuR4VCpNPRNZ4j1QM3XcvG/WifRwaWXMREnmgoyMQoSjnSE8m+jHpOUaJ4agolk5lZEBlhiok04My7xIFWMKLNiyooV1494L/c0YTnz0SyS5mnVOa+e3ZrUrmCCAhzCMZyAAxdQgxuoQwMIBPAIz/BiPVnv1of1OWldsqYzBzAD6+sXPRWh2Q==</latexit> {

<latexit sha1_base64="OpT1dIDFHvTUo5C6lz5u+YV2yRM=">AAACGnicbVC7TsMwFHXKq5RXgZHFoqrEVCWAgAkqsTAWRB9SElWO47ZWHTuyHaQo6mewIfgXmBArC7/ChJN2oIUjWTo693GObxAzqrRtf1mlpeWV1bXyemVjc2t7p7q711EikZi0sWBC9gKkCKOctDXVjPRiSVAUMNINxtd5vftApKKC3+s0Jn6EhpwOKEbaSK4XIT3CiGV3k361ZjfsAvAvcWakdvV2UqDVr357ocBJRLjGDCnlOnas/QxJTTEjk4qXKBIjPEZD4hrKUUSUnxWRJ7BulBAOhDSPa1iovycyFCmVRoHpzCOqxVou/ldzEz248DPK40QTjqdGg4RBLWD+fxhSSbBmqSEIS2qyQjxCEmFtrjTnEo9SRbEyK2asUvcCwcLc0xzLWTzNX9I5bjhnjdNbu9a8BFOUwQE4BEfAAeegCW5AC7QBBgI8gmfwYj1Zr9a79TFtLVmzmX0wB+vzByEGpBs=</latexit>

R
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Dotted lines: place on-
shell the quantities at 
the end of the 
propagator. 

<latexit sha1_base64="LpyJzFmlWY5JyLCdNz8MdiM1+K0="></latexit>

+O(e�mL)

<latexit sha1_base64="UEaUAMZZ5U1HdPoQgwTyWEfpElU=">AAACInicbVDLSsNAFJ3UV62vVJduBkvBhZREinZZcOOygn1AE8NkOmmHziRhZqKE0E9xJ/ov7sSV4Je4ctJmYVsPDBzOuXfO5fgxo1JZ1pdR2tjc2t4p71b29g8Oj8zqcU9GicCkiyMWiYGPJGE0JF1FFSODWBDEfUb6/vQm9/uPREgahfcqjYnL0TikAcVIackzq1MvuHAkHXP04MSCcuKZNathzQHXiV2QGijQ8cwfZxThhJNQYYakHNpWrNwMCUUxI7OKk0gSIzxFYzLUNEScSDebnz6Dda2MYBAJ/UIF5+rfjQxxKVPu60mO1ESuern4nzdMVNByMxrGiSIhXgQFCYMqgnkPcEQFwYqlmiAsqL4V4gkSCCvd1lJKPEklxVJ/UbBK3fEjNsozdVn2ajXrpHfZsK8azbtmrd0qaiuDU3AGzoENrkEb3IIO6AIMnsAzeAVvxovxbnwYn4vRklHsnIAlGN+/1mOkcg==</latexit>

kf ,�
0 <latexit sha1_base64="jUvb6PmEizKQTRXgZvhqt6QWXwQ=">AAACGXicbVBNS8MwGE7n15xfU49egmPgQUYrQ3ccePE4wX3gWkaapltYmpQkFUrZv/Am+l+8iVdP/hVPplsPbvOBwMPzfjxvHj9mVGnb/rZKG5tb2zvl3cre/sHhUfX4pKdEIjHpYsGEHPhIEUY56WqqGRnEkqDIZ6TvT2/zev+JSEUFf9BpTLwIjTkNKUbaSI/TEb10FR1HaFSt2Q17DrhOnILUQIHOqPrjBgInEeEaM6TU0LFj7WVIaooZmVXcRJEY4Skak6GhHEVEedn84hmsGyWAoZDmcQ3n6t+JDEVKpZFvOiOkJ2q1lov/1YaJDlteRnmcaMLxwihMGNQC5t+HAZUEa5YagrCk5laIJ0girE1ISy7xJFUUK7OiYJW66wsW5J4mLGc1mnXSu2o4143mfbPWbhWxlcEZOAcXwAE3oA3uQAd0AQYcPINX8Ga9WO/Wh/W5aC1ZxcwpWIL19Qt4E6En</latexit>

ki,�

<latexit sha1_base64="gkrN5zPZk/HzwQbavFD+K3vAGpE=">AAACGHicbVBNS8MwGE79nPNr6tFLcAw8yGhl6I4DLx4nuA9Zy0jTdAtLmpqkQin7Fd5E/4s38erNv+LJdOvBbT4QeHjej+fN48eMKm3b39ba+sbm1nZpp7y7t39wWDk67iqRSEw6WDAh+z5ShNGIdDTVjPRjSRD3Gen5k5u83nsiUlER3es0Jh5Ho4iGFCNtpIfHC5eZ5gANK1W7bs8AV4lTkCoo0B5WftxA4ISTSGOGlBo4dqy9DElNMSPTspsoEiM8QSMyMDRCnCgvmx08hTWjBDAU0rxIw5n6dyJDXKmU+6aTIz1Wy7Vc/K82SHTY9DIaxYkmEZ4bhQmDWsD89zCgkmDNUkMQltTcCvEYSYS1yWjBJR6nimJlVhSsXHN9wYLc04TlLEezSrqXdeeq3rhrVFvNIrYSOAVn4Bw44Bq0wC1ogw7AgINn8ArerBfr3fqwPueta1YxcwIWYH39ApCToKs=</latexit>

q,�

<latexit sha1_base64="SxbhIpxAK1bR/4ehb6ojeYlWf3c="></latexit>

w�
�,�0 =

Prescription is 
needed for on 
shell expansion

<latexit sha1_base64="WTPTKd2ckHHmHSkqsVpCrCRmn2Y="></latexit>

w�
�,�0(Q2, k2f , k

2
i ) = w�

�,�0(Q2) + �w�
�,�0(Q2, k2i ) + w�

�,�0(Q2, k2f )� + �w�
�,�0(Q2, k2f , k

2
i )� .

Finite volume corrections of the triangle diagram
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[[arXiv:1812.10504] FO, etal.]
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<latexit sha1_base64="SPYJBl8bjXlvkW/3lreNIri1Ws8="></latexit>

⇠

1

L3

X

k

�
Z

d3k

(2⇡)3

�
i

(Pf � k)2 �m2 + i✏
f(Q2)

i

(Pi � k)2 �m2 + i✏
= f(Q2) ·G(Pf , Pi)

https://arxiv.org/abs/1812.10504
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Brick-Wall frame: one-body FFs

[Durand et al., 1962]

[Lorce, 2009]

The multipole expansion of currents in the BW frame: 

The relationship between multipoles and Lorentz FFs is well 
known for arbitrary spin

Spinors + EM current:

Charge, and magnetic dipole

Dirac and Pauli FFs

Sachs FFs: multipole 
charge and magnetic 
dipole

<latexit sha1_base64="UEaUAMZZ5U1HdPoQgwTyWEfpElU=">AAACInicbVDLSsNAFJ3UV62vVJduBkvBhZREinZZcOOygn1AE8NkOmmHziRhZqKE0E9xJ/ov7sSV4Je4ctJmYVsPDBzOuXfO5fgxo1JZ1pdR2tjc2t4p71b29g8Oj8zqcU9GicCkiyMWiYGPJGE0JF1FFSODWBDEfUb6/vQm9/uPREgahfcqjYnL0TikAcVIackzq1MvuHAkHXP04MSCcuKZNathzQHXiV2QGijQ8cwfZxThhJNQYYakHNpWrNwMCUUxI7OKk0gSIzxFYzLUNEScSDebnz6Dda2MYBAJ/UIF5+rfjQxxKVPu60mO1ESuern4nzdMVNByMxrGiSIhXgQFCYMqgnkPcEQFwYqlmiAsqL4V4gkSCCvd1lJKPEklxVJ/UbBK3fEjNsozdVn2ajXrpHfZsK8azbtmrd0qaiuDU3AGzoENrkEb3IIO6AIMnsAzeAVvxovxbnwYn4vRklHsnIAlGN+/1mOkcg==</latexit>

kf ,�
0 <latexit sha1_base64="jUvb6PmEizKQTRXgZvhqt6QWXwQ=">AAACGXicbVBNS8MwGE7n15xfU49egmPgQUYrQ3ccePE4wX3gWkaapltYmpQkFUrZv/Am+l+8iVdP/hVPplsPbvOBwMPzfjxvHj9mVGnb/rZKG5tb2zvl3cre/sHhUfX4pKdEIjHpYsGEHPhIEUY56WqqGRnEkqDIZ6TvT2/zev+JSEUFf9BpTLwIjTkNKUbaSI/TEb10FR1HaFSt2Q17DrhOnILUQIHOqPrjBgInEeEaM6TU0LFj7WVIaooZmVXcRJEY4Skak6GhHEVEedn84hmsGyWAoZDmcQ3n6t+JDEVKpZFvOiOkJ2q1lov/1YaJDlteRnmcaMLxwihMGNQC5t+HAZUEa5YagrCk5laIJ0girE1ISy7xJFUUK7OiYJW66wsW5J4mLGc1mnXSu2o4143mfbPWbhWxlcEZOAcXwAE3oA3uQAd0AQYcPINX8Ga9WO/Wh/W5aC1ZxcwpWIL19Qt4E6En</latexit>

ki,�

<latexit sha1_base64="gkrN5zPZk/HzwQbavFD+K3vAGpE=">AAACGHicbVBNS8MwGE79nPNr6tFLcAw8yGhl6I4DLx4nuA9Zy0jTdAtLmpqkQin7Fd5E/4s38erNv+LJdOvBbT4QeHjej+fN48eMKm3b39ba+sbm1nZpp7y7t39wWDk67iqRSEw6WDAh+z5ShNGIdDTVjPRjSRD3Gen5k5u83nsiUlER3es0Jh5Ho4iGFCNtpIfHC5eZ5gANK1W7bs8AV4lTkCoo0B5WftxA4ISTSGOGlBo4dqy9DElNMSPTspsoEiM8QSMyMDRCnCgvmx08hTWjBDAU0rxIw5n6dyJDXKmU+6aTIz1Wy7Vc/K82SHTY9DIaxYkmEZ4bhQmDWsD89zCgkmDNUkMQltTcCvEYSYS1yWjBJR6nimJlVhSsXHN9wYLc04TlLEezSrqXdeeq3rhrVFvNIrYSOAVn4Bw44Bq0wC1ogw7AgINn8ArerBfr3fqwPueta1YxcwIWYH39ApCToKs=</latexit>

q,�

<latexit sha1_base64="yO/ZuKrQy8hASg5Gcvcdymi9gkw="></latexit>

w�,BW
��0 (kf , ki) = 2mN

X

J

✓
1/2 J 1/2
� � �0

◆
M�

J (Q
2) ,

<latexit sha1_base64="p6nICMQ+fzpGc9omHHyMak1PVEU="></latexit>

F1(Q
2) =

1

1 +Q2/(4M2)

✓
C(Q2) +

Q2

4M2
M1(Q

2)

◆
,

F2(Q
2) =

1

1 +Q2/(4M2)

�
�C(Q2) +M1(Q

2)
�
,

7
-5
¥

¥̂÷

https://journals.aps.org/pr/abstract/10.1103/PhysRev.126.1882
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.113011
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G with spin 1/2 and an EM current

<latexit sha1_base64="E8x8KloAzRki/cCsLL20zLy7kmY="></latexit>

[G · w]µ�;�0(Pf , Pi, L) =


1

L3

X

k

�
Z

d3k

(2⇡)3

�
1

2!k

1

(Pf � k)2 �m2 + i✏
wBW,µ

��0
1

(Pi � k)2 �m2 + i✏

<latexit sha1_base64="n19JIRar29iywRTHMTyE8YmXb9g="></latexit>

✏µ0 = �µ0
✏µ±1 = ✏µ±1(0)

<latexit sha1_base64="W/svVVjkrFiOA92zTYsHN97fQ5E="></latexit>

M0
J(Q

2) = �J0C(Q2)

M1
J(Q

2) = �J1M1(Q
2)

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>

k

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="0aZ1K7GbzC0jdTA4UbLYDklLpQQ=">AAACGXicbVBNS8MwGE7n15xfU49egmPgQUYrQ3ccePE4wX3gWkaapltYmpQkFUrZv/Am+l+8iVdP/hVPplsPbvOBwMPzfjxvHj9mVGnb/rZKG5tb2zvl3cre/sHhUfX4pKdEIjHpYsGEHPhIEUY56WqqGRnEkqDIZ6TvT2/zev+JSEUFf9BpTLwIjTkNKUbaSI+dUXjpKjqO0Khasxv2HHCdOAWpgQKdUfXHDQROIsI1ZkipoWPH2suQ1BQzMqu4iSIxwlM0JkNDOYqI8rL5xTNYN0oAQyHN4xrO1b8TGYqUSiPfdEZIT9RqLRf/qw0THba8jPI40YTjhVGYMKgFzL8PAyoJ1iw1BGFJza0QT5BEWJuQllziSaooVmZFwSp11xcsyD1NWM5qNOukd9VwrhvN+2at3SpiK4MzcA4ugANuQBvcgQ7oAgw4eAav4M16sd6tD+tz0VqyiplTsATr6xdE46EJ</latexit>

Pf ,�
<latexit sha1_base64="51mBPeJX/EOtIBexesbbHtuI66o=">AAACGnicbVDLSsNAFJ3UV62vqks3wVJ0ISWRol0W3LisYB/QhDKZTNqh8wgzEyGEfoY70X9xJ27d+CuunLRZ2NYDA4dzH+fOCWJKlHacb6u0sbm1vVPereztHxweVY9PekokEuEuElTIQQAVpoTjriaa4kEsMWQBxf1gepfX+09YKiL4o05j7DM45iQiCGojDTsjcuUpMmbwYlStOQ1nDnuduAWpgQKdUfXHCwVKGOYaUajU0HVi7WdQaoIonlW8ROEYoikc46GhHDKs/Gx+8syuGyW0IyHN49qeq38nMsiUSllgOhnUE7Vay8X/asNERy0/IzxONOZoYRQl1NbCzv9vh0RipGlqCESSmFttNIESIm1SWnKJJ6kiSJkVBavUvUDQMPc0Ybmr0ayT3nXDvWk0H5q1dquIrQzOwDm4BC64BW1wDzqgCxAQ4Bm8gjfrxXq3PqzPRWvJKmZOwRKsr1+z/6E9</latexit>

Pi,�
0
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• Boost to from 
BW to lattice 
frame
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wBW,µ
��0 = [⇤BW (�k/!k)]
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J (Q
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5D1/2⇤
⌧ 0�0 (RT (k̂i))

• Thomas precession • SO(3) to cartesian
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A toy example: the Deuteron electric charge
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• Energies: Finite volume 
effects vanish for deeply 
bound states.
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mNL ⇡ 16

• Matrix elements: more 
significant volume 
dependence from G even 
below threshold.
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[Briceño et al., 2019]
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W0(Pf = Pi = (E,0)) = Q0
@M
@E

https://doi.org/10.1103/PhysRevD.100.114505
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[R. Briceño, M. Hansen, A. Jackura (2020)]• Perturbative systems


• Consistent with Feynman-Hellmann theorem.


• Matches with the results of a perturbative interaction.

L3
hE0|J |E0iL =

5X

j=0

�j

Lj
+O

�
1/L6

�
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[R. Briceño, M. Hansen, A. Jackura (2019)]

[A. Jackura, FO (in preparation)]

hEn|Q̂|EniL = tr
�
R(En)WL(En, En, Q

2)
�
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• Ward identities: forward limit

Verifications of the formalism

<latexit sha1_base64="WxAV5UaiBNrteHsPt5/zYQbHiHQ="></latexit>

R / W�1
L

https://doi.org/10.1103/PhysRevD.101.094508
https://doi.org/10.1103/PhysRevD.100.114505


• Lattice QCD offers a great opportunity to measure 
hadronic and electroweak properties of the QCD 
spectrum which complement experimental efforts.


• Analytic structure of two-body amplitudes in the infinite 
volume drives finite volume corrections of the lattice.


• First calculations at heavier-than-physical pion mass 
lattices have shown the feasibility of this research 
direction.


• FV corrections can be significant even for bound states.

Summary and outlook
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