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(⇡1) at SU(3) point

Diagonal elements of the scattering amplitude from [2009.10034 Woss et al.] 
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L/as

<latexit sha1_base64="ii0k94wBPbBEt3j1D3uG+QdpzD8=">AAACDnicbVDLSsNAFJ3UV62vqEs3wSK4KknxtSyI4LKCfUAbwmQ6aYfOJGHmphhC/sEPcKuf4E7c+gt+gb/htM3Cth64cDjnXs7l+DFnCmz72yitrW9sbpW3Kzu7e/sH5uFRW0WJJLRFIh7Jro8V5SykLWDAaTeWFAuf044/vp36nQmVikXhI6QxdQUehixgBIOWPNPEHtx5faBPIEVGRO6ZVbtmz2CtEqcgVVSg6Zk//UFEEkFDIBwr1XPsGNwMS2CE07zSTxSNMRnjIe1pGmJBlZvNPs+tM60MrCCSekKwZurfiwwLpVLh602BYaSWvan4n9dLILhxMxbGCdCQzIOChFsQWdMarAGTlABPNcFEMv2rRUZYYgK6rIWUeJQqRlRe0c04yz2skna95lzVLh8uqo160VEZnaBTdI4cdI0a6B41UQsRNEEv6BW9Gc/Gu/FhfM5XS0Zxc4wWYHz9AnMMnN0=</latexit>

atEcm
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data

<latexit sha1_base64="MI7QqPi3sZWeU4OoLLpRrYlM59M=">AAACAXicbVDLTsJAFL3FF+ILdelmIjFxhS3Bx5LEjQsXmFgggYZMhylMmE6bmalJ07DyA9zqJ7gzbv0Sv8DfcIAuBDzJTU7OuTf33uPHnClt299WYW19Y3OruF3a2d3bPygfHrVUlEhCXRLxSHZ8rChngrqaaU47saQ49Dlt++Pbqd9+olKxSDzqNKZeiIeCBYxgbST3/gL3Vb9csav2DGiVODmpQI5mv/zTG0QkCanQhGOluo4day/DUjPC6aTUSxSNMRnjIe0aKnBIlZfNjp2gM6MMUBBJU0Kjmfp3IsOhUmnom84Q65Fa9qbif1430cGNlzERJ5oKMl8UJBzpCE0/RwMmKdE8NQQTycytiIywxESbfBa2xKNUMaImJZOMs5zDKmnVqs5V9fKhXmnU8oyKcAKncA4OXEMD7qAJLhBg8AKv8GY9W+/Wh/U5by1Y+cwxLMD6+gVNXpdM</latexit>

L/as

<latexit sha1_base64="ii0k94wBPbBEt3j1D3uG+QdpzD8=">AAACDnicbVDLSsNAFJ3UV62vqEs3wSK4KknxtSyI4LKCfUAbwmQ6aYfOJGHmphhC/sEPcKuf4E7c+gt+gb/htM3Cth64cDjnXs7l+DFnCmz72yitrW9sbpW3Kzu7e/sH5uFRW0WJJLRFIh7Jro8V5SykLWDAaTeWFAuf044/vp36nQmVikXhI6QxdQUehixgBIOWPNPEHtx5faBPIEVGRO6ZVbtmz2CtEqcgVVSg6Zk//UFEEkFDIBwr1XPsGNwMS2CE07zSTxSNMRnjIe1pGmJBlZvNPs+tM60MrCCSekKwZurfiwwLpVLh602BYaSWvan4n9dLILhxMxbGCdCQzIOChFsQWdMarAGTlABPNcFEMv2rRUZYYgK6rIWUeJQqRlRe0c04yz2skna95lzVLh8uqo160VEZnaBTdI4cdI0a6B41UQsRNEEv6BW9Gc/Gu/FhfM5XS0Zxc4wWYHz9AnMMnN0=</latexit>

atEcm
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<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Finite volume corrections
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<latexit sha1_base64="iI/4FybgBcgJfTbVbazBcWBV9OI="></latexit>

⇥ lim
E!En

E � En

F�1 +M =

+ =<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>

+

Infinite volume: Watson’s theorem.

Finite volume: Lellouch-Lüscher factor.

=<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>

+ +

*Up to exponentially small corrections

*
=<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="Gpr4/WQGWiXl4m9CQEQCfHuCcRE=">AAACJXicbVDLSgMxFM34bOtrfOzcBEvBhZQZEXVZFMRlBfvAzlAymUwbmnmQZMRx6Ie4cye68UvcieDK/3CjmU4XtvVAwsm59+ZcjhMxKqRhfGpz8wuLS8uFYmlldW19Q9/caoow5pg0cMhC3naQIIwGpCGpZKQdcYJ8h5GWMzjP6q1bwgUNg2uZRMT2US+gHsVIKqmr71iS+kRYB/ACqit/dfWyUTVGgLPEHJNyrRg93Lze/dS7+rflhjj2SSAxQ0J0TCOSdoq4pJiRYcmKBYkQHqAe6SgaIGVip6Pth7CiFBd6IVcnkHCk/p1IkS9E4juq00eyL6ZrmfhfrRNL79ROaRDFkgQ4N/JiBmUIsyigSznBkiWKIMyp2hXiPuIISxXYhEvUTwTFQn0xZqWK5YTMzTxVWOZ0NLOkeVg1j6tHVyq1M5CjAHbBHtgHJjgBNXAJ6qABMLgHj+AZvGhP2pv2rn3krXPaeGYbTED7+gUr8qh6</latexit>

⇥F ⇥

<latexit sha1_base64="obFrs6siJc9gvE1ALH+HXxfmHrY="></latexit>

H(s) = A02(s)M(s)



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Scattering and pair-production JP(IG)=1−(1+)

HADRON2023 — F. Ortega-Gama       June 9 2023 
66

<latexit sha1_base64="zHIZFOyfkcvlN1QKsZ1VUm70Dkk="></latexit>

atm m/MeV
⇡ 0.0474 284
K 0.0866 519

L = 2.7 fm 

 Two-meson operators
<latexit sha1_base64="2gSk0xQ6nAhEZu8x3IbAUIWph8c=">AAACEnicbVDLSsNAFJ34rPUVHzs3g63gqiQFX7uCG5cV7APaUCbTSTt0kpnOTIQY8hd+gFv9BHfi1h/wC/wNp20WtvXAhcM593IuxxeMKu0439bK6tr6xmZhq7i9s7u3bx8cNhWPJSYNzBmXbR8pwmhEGppqRtpCEhT6jLT80e3Ebz0SqSiPHnQiiBeiQUQDipE2Us8+Lo+7PpLpOCtDLohEmkvVs0tOxZkCLhM3JyWQo96zf7p9juOQRBozpFTHdYT2UiQ1xYxkxW6siEB4hAakY2iEQqK8dPp9Bs+M0ocBl2YiDafq34sUhUoloW82Q6SHatGbiP95nVgH115KIxFrEuFZUBAzqDmcVAH7VBKsWWIIwpKaXyEeIomwNoXNpYhhoihWWdE04y72sEya1Yp7Wbm4r5ZqN3lHBXACTsE5cMEVqIE7UAcNgMETeAGv4M16tt6tD+tztrpi5TdHYA7W1y/VVp4c</latexit>

qq̄ operators 

For renormalization 
of the current

<latexit sha1_base64="ylER6ruVOPFfuknkE1cPWhn0RP4="></latexit>

Cab(t� ts) =
D
Oa(t)O

†
b(ts)

E

<latexit sha1_base64="ZhdKyPBQuApULdfDSC5Nrn6eoxA=">AAACIHicbVDdSgJBGJ21P7M/q8tuBiWwC2U3+iMIhAi6NEgN1JbZcdTB2dll5ttAFu97jh6g23qE7qLLeoFeo1GXSO3AwOGc8/F9c7xQcA22/WmlFhaXllfSq5m19Y3Nrez2Tk0HkaKsSgMRqDuPaCa4ZFXgINhdqBjxPcHqXv9y5NcfmNI8kLcwCFnLJ13JO5wSMJKbzTWFCbeJKwtQBNc+wBeY3cfFq19h6GbzdskeA88TJyF5lKDiZr+b7YBGPpNABdG64dghtGKigFPBhplmpFlIaJ90WcNQSXymW/H4L0O8b5Q27gTKPAl4rP6diImv9cD3TNIn0NOz3kj8z2tE0DlrxVyGETBJJ4s6kcAQ4FExuM0VoyAGhhCquLkV0x5RhIKpb2pL2BtoTvUwY5pxZnuYJ7XDknNSOr45ypfPk47SaA/lUAE56BSV0TWqoCqi6BE9oxf0aj1Zb9a79TGJpqxkZhdNwfr6AXzEoeQ=</latexit>

�n(t� t0) = e�En(t�t0)

<latexit sha1_base64="/gwU4JAa8Sh/N85lORyCNQ3xNuc="></latexit>

Cab(t)v
n
b = Cab(t0)v

n
b �n(t� t0)1. GEVP

2. Fit eigenvalues

<latexit sha1_base64="diW7BSRYV67o5BlhO2NNe3Ye2j4="></latexit>⌦
J (t)⌦†

n(0)
↵
/ h0|J (0)|ni

 Optimized operators

<latexit sha1_base64="BNt94P+g+3KhiROQiH0nHBsal2A=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VxVRLxtRGKghR0UcE+oIlhMp20QycPZiZCCPkDv8MPcKuf4E5cuHHrbzhpi9jWA8MczrmXe+9xI0aFNIxPrTA3v7C4VFwurayurW/om1tNEcYckwYOWcjbLhKE0YA0JJWMtCNOkO8y0nIHl7nfeiBc0DC4k0lEbB/1AupRjKSSHH3f8pHsY8TSWubc3Ft+DM/hdf7/GlfKcPSyUTGGgLPEHJMyGKPu6N9WN8SxTwKJGRKiYxqRtFPEJcWMZCUrFiRCeIB6pKNogHwi7HR4Twb3lNKFXsjVCyQcqn87UuQLkfiuqsyXFNNeLv7ndWLpndkpDaJYkgCPBnkxgzKEeTiwSznBkiWKIMyp2hXiPuIISxXhxJSonwiKRVZSyZjTOcyS5mHFPKkc3x6VqxfjjIpgB+yCA2CCU1AFNVAHDYDBI3gGL+BVe9LetHftY1Ra0MY922AC2tcPtK+laQ==</latexit>

H
µ
L = Kµ

FL1. Extract invariant

2. FV correction
<latexit sha1_base64="CED7BIMz2meJ+0666xZCJTtCtyM="></latexit>

µ0?
0 =

@

@E?

�
M�1 + F

�



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Finite volume spectrum

HADRON2023 — F. Ortega-Gama       June 9 2023 
7

<latexit sha1_base64="MI7QqPi3sZWeU4OoLLpRrYlM59M=">AAACAXicbVDLTsJAFL3FF+ILdelmIjFxhS3Bx5LEjQsXmFgggYZMhylMmE6bmalJ07DyA9zqJ7gzbv0Sv8DfcIAuBDzJTU7OuTf33uPHnClt299WYW19Y3OruF3a2d3bPygfHrVUlEhCXRLxSHZ8rChngrqaaU47saQ49Dlt++Pbqd9+olKxSDzqNKZeiIeCBYxgbST3/gL3Vb9csav2DGiVODmpQI5mv/zTG0QkCanQhGOluo4day/DUjPC6aTUSxSNMRnjIe0aKnBIlZfNjp2gM6MMUBBJU0Kjmfp3IsOhUmnom84Q65Fa9qbif1430cGNlzERJ5oKMl8UJBzpCE0/RwMmKdE8NQQTycytiIywxESbfBa2xKNUMaImJZOMs5zDKmnVqs5V9fKhXmnU8oyKcAKncA4OXEMD7qAJLhBg8AKv8GY9W+/Wh/U5by1Y+cwxLMD6+gVNXpdM</latexit>

L/as

<latexit sha1_base64="ii0k94wBPbBEt3j1D3uG+QdpzD8=">AAACDnicbVDLSsNAFJ3UV62vqEs3wSK4KknxtSyI4LKCfUAbwmQ6aYfOJGHmphhC/sEPcKuf4E7c+gt+gb/htM3Cth64cDjnXs7l+DFnCmz72yitrW9sbpW3Kzu7e/sH5uFRW0WJJLRFIh7Jro8V5SykLWDAaTeWFAuf044/vp36nQmVikXhI6QxdQUehixgBIOWPNPEHtx5faBPIEVGRO6ZVbtmz2CtEqcgVVSg6Zk//UFEEkFDIBwr1XPsGNwMS2CE07zSTxSNMRnjIe1pGmJBlZvNPs+tM60MrCCSekKwZurfiwwLpVLh602BYaSWvan4n9dLILhxMxbGCdCQzIOChFsQWdMarAGTlABPNcFEMv2rRUZYYgK6rIWUeJQqRlRe0c04yz2skna95lzVLh8uqo160VEZnaBTdI4cdI0a6B41UQsRNEEv6BW9Gc/Gu/FhfM5XS0Zxc4wWYHz9AnMMnN0=</latexit>

atEcm
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<latexit sha1_base64="zl2HTK6IFk5Y03wRTe3YNkiJElg="></latexit>

*without !⇡
operators
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• 17 elastic levels 

• 25 𝜋𝜋-like levels 

• 7 KK-like levels



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>
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<latexit sha1_base64="jvwRrrADf71+3TGw468lNZgINt8="></latexit>

M` =
Ecm

2q?
ei�` sin �`

<latexit sha1_base64="rCYOPP2C76NXA0/zE0bHhnlNUTI="></latexit>

M�1
` =

1

(2q?)`
K�1

`

1

(2q?)`
� i⇢CM

<latexit sha1_base64="/iClxXmTe5xvTloTek0jH2B4TM4=">AAACHXicbZDLSsNAFIYnXmu9VV26cLAIQrEkxdtGKLgR3FSwF2himEwn6dCZJMxMhBKy9Dl8ALf6CO7ErfgEvobTNgvbemCYn/8/hzPzeTGjUpnmt7GwuLS8slpYK65vbG5tl3Z2WzJKBCZNHLFIdDwkCaMhaSqqGOnEgiDuMdL2BtejvP1IhKRReK+GMXE4CkLqU4yUttzSwa1rwSto+wLhNHioZemJrHB9V+wAcY7cUtmsmuOC88LKRRnk1XBLP3YvwgknocIMSdm1zFg5KRKKYkayop1IEiM8QAHpahkiTqSTjj+SwSPt9KAfCX1CBcfu34kUcSmH3NOdHKm+nM1G5n9ZN1H+pZPSME4UCfFkkZ8wqCI4ogJ7VBCs2FALhAXVb4W4jzQTpdlNbYn7Q0mxzIqajDXLYV60alXrvHp2d1qu13JGBbAPDsExsMAFqIMb0ABNgMETeAGv4M14Nt6ND+Nz0rpg5DN7YKqMr19H5aFc</latexit>

K1 =
g2

�s+m2
+ �



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Coupled channel fit
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<latexit sha1_base64="zy3oWwGF3b2cW+GtUW8skBXPRbI="></latexit>

Kab =
gagb

�s+m2
r

+ �ab

<latexit sha1_base64="8jGmreiLib2U7F0UBFW+jtq25/U="></latexit>

M`,aa =
⌘e2i�`,a � 1

2i⇢a

<latexit sha1_base64="JZ/j0n55yuKn1gpQXnmD2wqXwRg="></latexit>

M`,ab =

p
1� ⌘2ei(�`,a+�`,b)

2
p
⇢a⇢b



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Rho resonance
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[1] 2303.10701 Rodas et al.

<latexit sha1_base64="qpUloOWmWouV8rz6hvBP5GKrFAc="></latexit>

M(s) ⇠ g2R
(m⇢ � i�⇢/2)2 � s

<latexit sha1_base64="eQa/fM0apWwh2ZPQvf//5Y8Trqw=">AAACE3icbVDLSsNAFJ3UV62vqLhyM9gKrkoSrLoRCm7cCFXsA9oQJtNJO3QmCTMTIYR+hh/gVj/Bnbj1A/wCf8Npm4VtPXDhcM69nMvxY0alsqxvo7Cyura+UdwsbW3v7O6Z+wctGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafujm4nffiJC0ih8VGlMXI4GIQ0oRkpLnnlUGXgP8Bo6tXPYizmsVeAdaXlm2apaU8BlYuekDHI0PPOn149wwkmoMENSdm0rVm6GhKKYkXGpl0gSIzxCA9LVNEScSDebvj+Gp1rpwyASekIFp+rfiwxxKVPu602O1FAuehPxP6+bqODKzWgYJ4qEeBYUJAyqCE66gH0qCFYs1QRhQfWvEA+RQFjpxuZS4mEqKZbjkm7GXuxhmbScqn1Rrd075bqTd1QEx+AEnAEbXII6uAUN0AQYZOAFvII349l4Nz6Mz9lqwchvDsEcjK9fFNqbuw==</latexit>

gR = 254± 5 MeV

<latexit sha1_base64="o5bytjjz76MO/38Kc7s7tcOBlE0="></latexit>

Re(m⇢) = 797± 2.6 MeV

�⇢/2 = 28.5± 1.0 MeV
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<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Pair production
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<latexit sha1_base64="BNt94P+g+3KhiROQiH0nHBsal2A=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VxVRLxtRGKghR0UcE+oIlhMp20QycPZiZCCPkDv8MPcKuf4E5cuHHrbzhpi9jWA8MczrmXe+9xI0aFNIxPrTA3v7C4VFwurayurW/om1tNEcYckwYOWcjbLhKE0YA0JJWMtCNOkO8y0nIHl7nfeiBc0DC4k0lEbB/1AupRjKSSHH3f8pHsY8TSWubc3Ft+DM/hdf7/GlfKcPSyUTGGgLPEHJMyGKPu6N9WN8SxTwKJGRKiYxqRtFPEJcWMZCUrFiRCeIB6pKNogHwi7HR4Twb3lNKFXsjVCyQcqn87UuQLkfiuqsyXFNNeLv7ndWLpndkpDaJYkgCPBnkxgzKEeTiwSznBkiWKIMyp2hXiPuIISxXhxJSonwiKRVZSyZjTOcyS5mHFPKkc3x6VqxfjjIpgB+yCA2CCU1AFNVAHDYDBI3gGL+BVe9LetHftY1Ra0MY922AC2tcPtK+laQ==</latexit>

H
µ
L = Kµ

FL

<latexit sha1_base64="PlHvLkPeLz5Rs/maS/iqsn6wBGQ="></latexit>

f =
M
q?2

1

r̃n
FL

Lellouch-Lüscher factor

<latexit sha1_base64="XgjszQcNngIdbLzfCSb1zz61fMc=">AAACH3icbZDLTgIxFIY7eEO8oS7dVIkJbMgM8bYxIbohcYOJXBIYSKd0oKGdGdqOCZnM2ufwAdzqI7gzbnkCX8MOsBDwT5p8+c85Oae/EzAqlWlOjNTa+sbmVno7s7O7t3+QPTyqSz8UmNSwz3zRdJAkjHqkpqhipBkIgrjDSMMZ3if1xjMRkvrekxoHxOao71GXYqS01c2etjlSA4xYVIk7bR7mR4Vb+JAQdPOjTqkAu9mcWTSngqtgzSEH5qp2sz/tno9DTjyFGZKyZZmBsiMkFMWMxJl2KEmA8BD1SUujhziRdjT9SgzPtdODri/08xScun8nIsSlHHNHdyaHy+VaYv5Xa4XKvbEj6gWhIh6eLXJDBpUPk1xgjwqCFRtrQFhQfSvEAyQQVjq9hS3BYCwplnFGJ2Mt57AK9VLRuipePl7kynfzjNLgBJyBPLDANSiDCqiCGsDgBbyBd/BhvBqfxpfxPWtNGfOZY7AgY/ILnByiBw==</latexit>

H
µ(q) = Kµf(q2)

<latexit sha1_base64="Zr02bcgSlj/4fKVDj0INbpGy258=">AAACAXicbVDLTsJAFL31ifhCXbqZSExckZb4WrggunGJiQUSqGQ6TGHCdFpnpiZNw8oPcKuf4M649Uv8An/DAboQ8CQ3OTnn3tx7jx9zprRtf1tLyyura+uFjeLm1vbObmlvv6GiRBLqkohHsuVjRTkT1NVMc9qKJcWhz2nTH96M/eYTlYpF4l6nMfVC3BcsYARrI7mPD9Uru1sq2xV7ArRInJyUIUe9W/rp9CKShFRowrFSbceOtZdhqRnhdFTsJIrGmAxxn7YNFTikyssmx47QsVF6KIikKaHRRP07keFQqTT0TWeI9UDNe2PxP6+d6ODSy5iIE00FmS4KEo50hMafox6TlGieGoKJZOZWRAZYYqJNPjNb4kGqGFGjoknGmc9hkTSqFee8cnZ3Wq5d5xkV4BCO4AQcuIAa3EIdXCDA4AVe4c16tt6tD+tz2rpk5TMHMAPr6xfq5pcb</latexit>

q2 < 0

q

Finite-volume matrix elements

Relative momentum 
in cm frame

<latexit sha1_base64="qycPWHZQO476Vi6ofDyfd+VNQU8=">AAACA3icbVC7TsNAEFzzDOEVoKSxiJCoIhvxKiNoKINEHlJiovPlnJxyPpu7NZJlpeQDaOET6BAtH8IX8BtcEhckYaSVRjO72t3xY8E1Os63tbS8srq2Xtgobm5t7+yW9vYbOkoUZXUaiUi1fKKZ4JLVkaNgrVgxEvqCNf3hzdhvPjGleSTvMY2ZF5K+5AGnBI3UfHzoaCSqWyo7FWcCe5G4OSlDjlq39NPpRTQJmUQqiNZt14nRy4hCTgUbFTuJZjGhQ9JnbUMlCZn2ssm5I/vYKD07iJQpifZE/TuRkVDrNPRNZ0hwoOe9sfif104wuPIyLuMEmaTTRUEibIzs8e92jytGUaSGEKq4udWmA6IIRZPQzJZ4kGpO9ahoknHnc1gkjdOKe1E5vzsrV6/zjApwCEdwAi5cQhVuoQZ1oDCEF3iFN+vZerc+rM9p65KVzxzADKyvX5LfmKc=</latexit>

q?



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Matrix elements
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000_T1mP

Table 1: ratio fits
hJ (t)⌦†

n(0)i
h⌦n(t)⌦†

n(0)i
Level # �i(⇢) [�i, �j ](⇢2)
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fit

<latexit sha1_base64="tLvoxcYl3GZ6f9B5sezWzXk1K1g="></latexit> ⌦
J (t)⌦†

n(0)
↵

D
⌦n(t)⌦

†
n(0)

E = h0|J (0)|niZ�1/2
n +O(e�(EN�En)t)

<latexit sha1_base64="jf4f/JH4IGrDieH7HO+LnsrSy+U=">AAACCXicbVDLSsNAFL3xWeur6tLNYBEEsSTF17LSjcsK9gFtLJPppB06k8SZiRBCvsAPcKuf4E7c+hV+gb/h9LGwrQcuHM65l3M5XsSZ0rb9bS0tr6yurec28ptb2zu7hb39hgpjSWidhDyULQ8ryllA65ppTluRpFh4nDa9YXXkN5+oVCwM7nUSUVfgfsB8RrA2kltFp+gG0Yf0TOisWyjaJXsMtEicKSnCFLVu4afTC0ksaKAJx0q1HTvSboqlZoTTLN+JFY0wGeI+bRsaYEGVm46fztCxUXrID6WZQKOx+vcixUKpRHhmU2A9UPPeSPzPa8fav3ZTFkSxpgGZBPkxRzpEowZQj0lKNE8MwUQy8ysiAywx0aanmZRokChGVJY3zTjzPSySRrnkXJYu7s6LlfK0oxwcwhGcgANXUIFbqEEdCDzCC7zCm/VsvVsf1udkdcma3hzADKyvX/pFmcY=</latexit>

C +Ae�mtFit function:
Optimized operators

<latexit sha1_base64="nF6k525DgxZHPDIyZuQbBjpbPMY="></latexit>

h0|J ⇢
impro|ni = h0|⇢|ni � 1

4
(1� ⇠)atEn h0|⇢2|ni

anisotropy



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Invariant matrix element

HADRON2023 — F. Ortega-Gama       June 9 2023 
13

<latexit sha1_base64="6PaZ92HSUGP4v8zTpjNGceFw21Q="></latexit>

h0|J µ(0)|n, P, 1�i = 2p
3
✏µ(P,�)FL(P

2)
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atEcm
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<latexit sha1_base64="lcvz9fDPpFjSNDgyaEdeKjv/kho="></latexit>

FL(P
2) =

r
2En

L3

Z1/2
n ZV Cd,⇤,⇢

n

Kn(~d,⇤, J)

<latexit sha1_base64="BNt94P+g+3KhiROQiH0nHBsal2A=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VxVRLxtRGKghR0UcE+oIlhMp20QycPZiZCCPkDv8MPcKuf4E5cuHHrbzhpi9jWA8MczrmXe+9xI0aFNIxPrTA3v7C4VFwurayurW/om1tNEcYckwYOWcjbLhKE0YA0JJWMtCNOkO8y0nIHl7nfeiBc0DC4k0lEbB/1AupRjKSSHH3f8pHsY8TSWubc3Ft+DM/hdf7/GlfKcPSyUTGGgLPEHJMyGKPu6N9WN8SxTwKJGRKiYxqRtFPEJcWMZCUrFiRCeIB6pKNogHwi7HR4Twb3lNKFXsjVCyQcqn87UuQLkfiuqsyXFNNeLv7ndWLpndkpDaJYkgCPBnkxgzKEeTiwSznBkiWKIMyp2hXiPuIISxXhxJSonwiKRVZSyZjTOcyS5mHFPKkc3x6VqxfjjIpgB+yCA2CCU1AFNVAHDYDBI3gGL+BVe9LetHftY1Ra0MY922AC2tcPtK+laQ==</latexit>

H
µ
L = Kµ

FL



<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

• Lellouch-Lüscher factor

Finite volume correction
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<latexit sha1_base64="CED7BIMz2meJ+0666xZCJTtCtyM="></latexit>
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<latexit sha1_base64="fWJCYQU/hMIQhjNKhYR9wbbA+ZY="></latexit>

r̃n =
1

q?

s
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<latexit sha1_base64="EwmSuW9zWWLHC7AdKmju/4bb8EU="></latexit>

Timelike form factor
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<latexit sha1_base64="0wQD92WCsZk4C0q8G+nhaSz5Uos="></latexit>

⌦(s) = exp

✓
s

⇡

Z 1
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Watson’s theorem:
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Smooth function fit
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Form factor fit: spacelike and timelike region
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• Isovector p-wave in elastic and coupled channel regions 
• Finite-volume spectrum 
• Scattering amplitude 

• Pair production amplitude 
• Zero-to-two finite volume matrix elements 
• Lellouch-Lüscher factor 
• Form factor fit across spacelike and timelike region 

• Future work to extend the analysis to the coupled channel 
region.

Summary and outlook
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Operator basis
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III. ENERGY SPECTRUM

We extract energy levels from the lattice by solving the generalized eigenvalue problem

(GEVP) form matrices of two-point correlation functions

Cij(t)v
↵
j = �↵(t, t0)Cij(t0)v

↵
j . (1)

TABLE I. Operator basis in each of the irreps used to form the matrix Cij(t).

[000] T�
1 [100] A1 [110] A1 [111] A1 [200] A1

11⇥  ̄� 8⇥  ̄� 9⇥  ̄� 10⇥  ̄� 11⇥  ̄� 

⇡[100]⇡[100] ⇡[100]⇡[000] ⇡[110]⇡[000] ⇡[111]⇡[000] ⇡[200]⇡[000]

K[100]K [000] K[110]K [000] ⇡[110]⇡[100] K[200]K [000]

⇡[110]⇡[100] ⇡[111]⇡[100] K[111]K [000]

K[110]K [100]

TABLE II. Operator basis in each of the irreps that receives contribution from positive and negative

parity states used to form the matrix Cij(t).

[100] E2 [110] B1 [110] B2 [111] E2 [200] E2

17⇥  ̄� 12⇥  ̄� 15⇥  ̄� 12⇥  ̄� 15⇥  ̄� 

⇡[110]⇡[100] ⇡[100]⇡[100] ![110]⇡[000] ⇡[110]⇡[100] ⇡[110]⇡[110]

![110]⇡[000] ⇡[111]⇡[100] K[110]K [100]

K[100]K [100] ⇡[110]⇡[110]

⇡[110]⇡[110] �[110]⇡[000]

�[110]⇡[000]

![100]⇡[100]

[1] A. J. Woss, J. J. Dudek, R. G. Edwards, C. E. Thomas, and D. J. Wilson (Hadron Spectrum),

Decays of an exotic 1�+ hybrid meson resonance in QCD, Phys. Rev. D 103, 054502 (2021),

arXiv:2009.10034 [hep-lat].
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atEth Eth/MeV
⇡⇡ 0.0947 567
KK 0.1732 1037
⇡⇡⇡⇡ 0.1894 1134
⇡! 0.1896 1135
⇡⇡⌘ 0.1908 1142
⇡� 0.2183 1307

⇡KK 0.2206 1320
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MC statistics
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MC configurations 

# time sources 

Correlation timeslice extent

400 

4 

40

348 

1 

32

348 
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32

For renormalization 
of the current
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Typical spectrum
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Coupled channels fit:
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Optimized operators
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Typical three point fit
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Correlation between slope and energies
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1.00• Slopes away from the 
resonance are highly 
correlated to the 
Lüscher energy. 

• The slopes close to 
the resonance have 
high correlation to g.

Correlation matrix between slopes, Lüscher energies 
and scattering parameters


