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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 corrections
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Infinite volume: Watson’s theorem.

Finite volume: Lellouch-Lüscher factor.
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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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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

1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
0.00

0.02

m
2
R

ea
l
S
in

g
G E?

i /m
2 ° 10°5

1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
E?

f/m

0.00

0.05

m
2
Im

ag
S
in

g
G

8



<latexit sha1_base64="QVFQI7TCofO5CVh7yai6bxey5sU="></latexit>

FDSA 2022 - JLab, USA        Nov 16th 2022
8

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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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:
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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

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

1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
0.00

0.02

m
2
R

ea
l
S
in

g
G E?

i /m

1.99

2 ° 10°5

2 + 10°5

2.01

2.05

2.2

2.26

1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
E?

f/m

0.00

0.05

m
2
Im

ag
S
in

g
G

8



Resonance form factors

<latexit sha1_base64="QVFQI7TCofO5CVh7yai6bxey5sU="></latexit>

FDSA 2022 - JLab, USA        Nov 16th 2022
9

<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 ⇥
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Dotted lines: place on-
shell the quantities at 
the end of the 
propagator. 
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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
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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
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• Boost to from 
BW to lattice 
frame

<latexit sha1_base64="OCf2BNXOEIifg8V22Mu12dfBscU="></latexit>

wBW,µ
��0 = [⇤BW (�k/!k)]

µ
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✓
1/2 J 1/2
⌧ � ⌧ 0

◆
M�

J (Q
2)

3

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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B [MeV]
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mb

E0,L

• Energies: Finite volume 
effects vanish for deeply 
bound states.

<latexit sha1_base64="MMIBM//grl0X1vtwQXbabopnvFg=">AAACIXicbVDLSgMxFM3UV62vUcGNm2ApuCozItVlqRsXIi3YB7RDyaRpG5qZhCRTHEr/xJ3ozr9w407cieCHuDLTdmFbDwQO59ybczm+YFRpx/m0Uiura+sb6c3M1vbO7p69f1BTPJKYVDFnXDZ8pAijIalqqhlpCElQ4DNS9wdXiV8fEqkoD+90LIgXoF5IuxQjbaS2bQftW3gDW0gIye+hW2jbWSfvTACXiTsj2eJR5Zu+lF7Lbfun1eE4CkioMUNKNV1HaG+EpKaYkXGmFSkiEB6gHmkaGqKAKG80uXwMc0bpwC6X5oUaTtS/GyMUKBUHvpkMkO6rRS8R//Oake5eeiMaikiTEE+DuhGDmsOkBtihkmDNYkMQltTcCnEfSYS1KWsuRfRjRbEyX8xYJtfyOeskmaYsd7GaZVI7y7uF/HnFtFYCU6TBMTgBp8AFF6AIrkEZVAEGQ/AAnsCz9Wi9We/Wx3Q0Zc12DsEcrK9fmrWmkg==</latexit>

mNL ⇡ 16

• Matrix elements: more 
significant volume 
dependence from G even 
below threshold.
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[Briceño et al., 2019]
<latexit sha1_base64="MMnIEtS3oqjIIra2gKleCwSCY90="></latexit>

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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