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the proton,

the rest of QCD

QCD is a rich forest with lots of trees deserving our attention 

π, d, . . .



The particle zoo the remake 

60+ hadron candidates @ LHCb

Numerous other experimental searches…

https://arxiv.org/abs/2206.15233
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Tetraquarks? 
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https://inspirehep.net/literature/1915457
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https://arxiv.org/abs/1904.03947
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Key questions to answer
Which enhancements in cross sections are actual resonances?

vs.⇠ log(s� st)
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Im[s]
<latexit sha1_base64="whAh94qG6BMm6i9i2uPHPa9kEug=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF71FMA/YLGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jco0oS2iuNLdGBvKmaQtyyyn3VRTLGJOO/H4duZ3nqg2TMlHO0lpJPBQsoQRbJ0U5j0t0L2YhibqV2t+3Z8DrZKgIDUo0OxXv3oDRTJBpSUcGxMGfmqjHGvLCKfTSi8zNMVkjIc0dFRiQU2Uz0+eojOnDFCitCtp0Vz9PZFjYcxExK5TYDsyy95M/M8LM5tcRzmTaWapJItFScaRVWj2PxowTYnlE0cw0czdisgIa0ysS6niQgiWX14l7Yt64NeDh8ta46aIowwncArnEMAVNOAOmtACAgqe4RXePOu9eO/ex6K15BUzx/AH3ucPFfmRHA==</latexit><latexit sha1_base64="whAh94qG6BMm6i9i2uPHPa9kEug=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF71FMA/YLGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jco0oS2iuNLdGBvKmaQtyyyn3VRTLGJOO/H4duZ3nqg2TMlHO0lpJPBQsoQRbJ0U5j0t0L2YhibqV2t+3Z8DrZKgIDUo0OxXv3oDRTJBpSUcGxMGfmqjHGvLCKfTSi8zNMVkjIc0dFRiQU2Uz0+eojOnDFCitCtp0Vz9PZFjYcxExK5TYDsyy95M/M8LM5tcRzmTaWapJItFScaRVWj2PxowTYnlE0cw0czdisgIa0ysS6niQgiWX14l7Yt64NeDh8ta46aIowwncArnEMAVNOAOmtACAgqe4RXePOu9eO/ex6K15BUzx/AH3ucPFfmRHA==</latexit><latexit sha1_base64="whAh94qG6BMm6i9i2uPHPa9kEug=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF71FMA/YLGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jco0oS2iuNLdGBvKmaQtyyyn3VRTLGJOO/H4duZ3nqg2TMlHO0lpJPBQsoQRbJ0U5j0t0L2YhibqV2t+3Z8DrZKgIDUo0OxXv3oDRTJBpSUcGxMGfmqjHGvLCKfTSi8zNMVkjIc0dFRiQU2Uz0+eojOnDFCitCtp0Vz9PZFjYcxExK5TYDsyy95M/M8LM5tcRzmTaWapJItFScaRVWj2PxowTYnlE0cw0czdisgIa0ysS6niQgiWX14l7Yt64NeDh8ta46aIowwncArnEMAVNOAOmtACAgqe4RXePOu9eO/ex6K15BUzx/AH3ucPFfmRHA==</latexit><latexit sha1_base64="whAh94qG6BMm6i9i2uPHPa9kEug=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF71FMA/YLGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jco0oS2iuNLdGBvKmaQtyyyn3VRTLGJOO/H4duZ3nqg2TMlHO0lpJPBQsoQRbJ0U5j0t0L2YhibqV2t+3Z8DrZKgIDUo0OxXv3oDRTJBpSUcGxMGfmqjHGvLCKfTSi8zNMVkjIc0dFRiQU2Uz0+eojOnDFCitCtp0Vz9PZFjYcxExK5TYDsyy95M/M8LM5tcRzmTaWapJItFScaRVWj2PxowTYnlE0cw0czdisgIa0ysS6niQgiWX14l7Yt64NeDh8ta46aIowwncArnEMAVNOAOmtACAgqe4RXePOu9eO/ex6K15BUzx/AH3ucPFfmRHA==</latexit>

Re[s]
<latexit sha1_base64="32UzVJltruxRWD9J53IYiQaEor4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF49RzAM2S5id9CZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNoUUVV7obEwOcSWhZZjl0Uw1ExBw68fh25neeQBum5KOdpBAJMpQsYZRYJ4V5Twv8ANPQRP1qza/7c+BVEhSkhgo0+9Wv3kDRTIC0lBNjwsBPbZQTbRnlMK30MgMpoWMyhNBRSQSYKJ+fPMVnThngRGlX0uK5+nsiJ8KYiYhdpyB2ZJa9mfifF2Y2uY5yJtPMgqSLRUnGsVV49j8eMA3U8okjhGrmbsV0RDSh1qVUcSEEyy+vkvZFPfDrwf1lrXFTxFFGJ+gUnaMAXaEGukNN1EIUKfSMXtGbZ70X7937WLSWvGLmGP2B9/kDF4qRHQ==</latexit><latexit sha1_base64="32UzVJltruxRWD9J53IYiQaEor4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF49RzAM2S5id9CZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNoUUVV7obEwOcSWhZZjl0Uw1ExBw68fh25neeQBum5KOdpBAJMpQsYZRYJ4V5Twv8ANPQRP1qza/7c+BVEhSkhgo0+9Wv3kDRTIC0lBNjwsBPbZQTbRnlMK30MgMpoWMyhNBRSQSYKJ+fPMVnThngRGlX0uK5+nsiJ8KYiYhdpyB2ZJa9mfifF2Y2uY5yJtPMgqSLRUnGsVV49j8eMA3U8okjhGrmbsV0RDSh1qVUcSEEyy+vkvZFPfDrwf1lrXFTxFFGJ+gUnaMAXaEGukNN1EIUKfSMXtGbZ70X7937WLSWvGLmGP2B9/kDF4qRHQ==</latexit><latexit sha1_base64="32UzVJltruxRWD9J53IYiQaEor4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF49RzAM2S5id9CZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNoUUVV7obEwOcSWhZZjl0Uw1ExBw68fh25neeQBum5KOdpBAJMpQsYZRYJ4V5Twv8ANPQRP1qza/7c+BVEhSkhgo0+9Wv3kDRTIC0lBNjwsBPbZQTbRnlMK30MgMpoWMyhNBRSQSYKJ+fPMVnThngRGlX0uK5+nsiJ8KYiYhdpyB2ZJa9mfifF2Y2uY5yJtPMgqSLRUnGsVV49j8eMA3U8okjhGrmbsV0RDSh1qVUcSEEyy+vkvZFPfDrwf1lrXFTxFFGJ+gUnaMAXaEGukNN1EIUKfSMXtGbZ70X7937WLSWvGLmGP2B9/kDF4qRHQ==</latexit><latexit sha1_base64="32UzVJltruxRWD9J53IYiQaEor4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF49RzAM2S5id9CZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNoUUVV7obEwOcSWhZZjl0Uw1ExBw68fh25neeQBum5KOdpBAJMpQsYZRYJ4V5Twv8ANPQRP1qza/7c+BVEhSkhgo0+9Wv3kDRTIC0lBNjwsBPbZQTbRnlMK30MgMpoWMyhNBRSQSYKJ+fPMVnThngRGlX0uK5+nsiJ8KYiYhdpyB2ZJa9mfifF2Y2uY5yJtPMgqSLRUnGsVV49j8eMA3U8okjhGrmbsV0RDSh1qVUcSEEyy+vkvZFPfDrwf1lrXFTxFFGJ+gUnaMAXaEGukNN1EIUKfSMXtGbZ70X7937WLSWvGLmGP2B9/kDF4qRHQ==</latexit>

(mR � i�/2)2
<latexit sha1_base64="TomDGWpfo8w+iC6ZdJJ8zCHNGcU=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhVSOVCSCgmOFRzgWBB9SG2IHNdprdpOZDugKvRTuHAAIa58CTf+BrfNAVpGWmk0s6vdnSBmVGnH+bZyS8srq2v59cLG5tb2jl3cbaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC8nfuuBSEUjcadHMfE46gsaUoy0kXy7WOb+7THtXiHO0Un16L7q2yWn4kwBF4mbkRLIUPftr24vwgknQmOGlOq4Tqy9FElNMSPjQjdRJEZ4iPqkY6hAnCgvnZ4+hodG6cEwkqaEhlP190SKuFIjHphOjvRAzXsT8T+vk+jw3EupiBNNBJ4tChMGdQQnOcAelQRrNjIEYUnNrRAPkERYm7QKJgR3/uVF0qxWXKfi3pyWahdZHHmwDw5AGbjgDNTANaiDBsDgETyDV/BmPVkv1rv1MWvNWdnMHvgD6/MHB+KSig==</latexit><latexit sha1_base64="TomDGWpfo8w+iC6ZdJJ8zCHNGcU=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhVSOVCSCgmOFRzgWBB9SG2IHNdprdpOZDugKvRTuHAAIa58CTf+BrfNAVpGWmk0s6vdnSBmVGnH+bZyS8srq2v59cLG5tb2jl3cbaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC8nfuuBSEUjcadHMfE46gsaUoy0kXy7WOb+7THtXiHO0Un16L7q2yWn4kwBF4mbkRLIUPftr24vwgknQmOGlOq4Tqy9FElNMSPjQjdRJEZ4iPqkY6hAnCgvnZ4+hodG6cEwkqaEhlP190SKuFIjHphOjvRAzXsT8T+vk+jw3EupiBNNBJ4tChMGdQQnOcAelQRrNjIEYUnNrRAPkERYm7QKJgR3/uVF0qxWXKfi3pyWahdZHHmwDw5AGbjgDNTANaiDBsDgETyDV/BmPVkv1rv1MWvNWdnMHvgD6/MHB+KSig==</latexit><latexit sha1_base64="TomDGWpfo8w+iC6ZdJJ8zCHNGcU=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhVSOVCSCgmOFRzgWBB9SG2IHNdprdpOZDugKvRTuHAAIa58CTf+BrfNAVpGWmk0s6vdnSBmVGnH+bZyS8srq2v59cLG5tb2jl3cbaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC8nfuuBSEUjcadHMfE46gsaUoy0kXy7WOb+7THtXiHO0Un16L7q2yWn4kwBF4mbkRLIUPftr24vwgknQmOGlOq4Tqy9FElNMSPjQjdRJEZ4iPqkY6hAnCgvnZ4+hodG6cEwkqaEhlP190SKuFIjHphOjvRAzXsT8T+vk+jw3EupiBNNBJ4tChMGdQQnOcAelQRrNjIEYUnNrRAPkERYm7QKJgR3/uVF0qxWXKfi3pyWahdZHHmwDw5AGbjgDNTANaiDBsDgETyDV/BmPVkv1rv1MWvNWdnMHvgD6/MHB+KSig==</latexit><latexit sha1_base64="TomDGWpfo8w+iC6ZdJJ8zCHNGcU=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhVSOVCSCgmOFRzgWBB9SG2IHNdprdpOZDugKvRTuHAAIa58CTf+BrfNAVpGWmk0s6vdnSBmVGnH+bZyS8srq2v59cLG5tb2jl3cbaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC8nfuuBSEUjcadHMfE46gsaUoy0kXy7WOb+7THtXiHO0Un16L7q2yWn4kwBF4mbkRLIUPftr24vwgknQmOGlOq4Tqy9FElNMSPjQjdRJEZ4iPqkY6hAnCgvnZ4+hodG6cEwkqaEhlP190SKuFIjHphOjvRAzXsT8T+vk+jw3EupiBNNBJ4tChMGdQQnOcAelQRrNjIEYUnNrRAPkERYm7QKJgR3/uVF0qxWXKfi3pyWahdZHHmwDw5AGbjgDNTANaiDBsDgETyDV/BmPVkv1rv1MWvNWdnMHvgD6/MHB+KSig==</latexit>



If a real resonance, what is its inner structure?

Which enhancements in cross sections are actual resonances?

vs.⇠ log(s� st)
<latexit sha1_base64="rM2GvACDrjlUcqCcXrBfXmgr5RQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUgyURQY9FLx4r2A9oQtlsN+3S3WzYnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzolRwA5737aytb2xubZd2yrt7+weH7tFxy6hMU9akSijdiYhhgiesCRwE66SaERkJ1o5G9zO/PWbacJU8wSRloSSDhMecErBSz3UDwyUOhBpUzaXpwUXPrXg1bw68SvyCVFCBRs/9CvqKZpIlQAUxput7KYQ50cCpYNNykBmWEjoiA9a1NCGSmTCfXz7F51bp41hpWwngufp7IifSmImMbKckMDTL3kz8z+tmEN+GOU/SDFhCF4viTGBQeBYD7nPNKIiJJYRqbm/FdEg0oWDDKtsQ/OWXV0nrquZ7Nf/xulK/K+IooVN0hqrIRzeojh5QAzURRWP0jF7Rm5M7L86787FoXXOKmRP0B87nD3wCkuU=</latexit><latexit sha1_base64="rM2GvACDrjlUcqCcXrBfXmgr5RQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUgyURQY9FLx4r2A9oQtlsN+3S3WzYnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzolRwA5737aytb2xubZd2yrt7+weH7tFxy6hMU9akSijdiYhhgiesCRwE66SaERkJ1o5G9zO/PWbacJU8wSRloSSDhMecErBSz3UDwyUOhBpUzaXpwUXPrXg1bw68SvyCVFCBRs/9CvqKZpIlQAUxput7KYQ50cCpYNNykBmWEjoiA9a1NCGSmTCfXz7F51bp41hpWwngufp7IifSmImMbKckMDTL3kz8z+tmEN+GOU/SDFhCF4viTGBQeBYD7nPNKIiJJYRqbm/FdEg0oWDDKtsQ/OWXV0nrquZ7Nf/xulK/K+IooVN0hqrIRzeojh5QAzURRWP0jF7Rm5M7L86787FoXXOKmRP0B87nD3wCkuU=</latexit><latexit sha1_base64="rM2GvACDrjlUcqCcXrBfXmgr5RQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUgyURQY9FLx4r2A9oQtlsN+3S3WzYnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzolRwA5737aytb2xubZd2yrt7+weH7tFxy6hMU9akSijdiYhhgiesCRwE66SaERkJ1o5G9zO/PWbacJU8wSRloSSDhMecErBSz3UDwyUOhBpUzaXpwUXPrXg1bw68SvyCVFCBRs/9CvqKZpIlQAUxput7KYQ50cCpYNNykBmWEjoiA9a1NCGSmTCfXz7F51bp41hpWwngufp7IifSmImMbKckMDTL3kz8z+tmEN+GOU/SDFhCF4viTGBQeBYD7nPNKIiJJYRqbm/FdEg0oWDDKtsQ/OWXV0nrquZ7Nf/xulK/K+IooVN0hqrIRzeojh5QAzURRWP0jF7Rm5M7L86787FoXXOKmRP0B87nD3wCkuU=</latexit><latexit sha1_base64="rM2GvACDrjlUcqCcXrBfXmgr5RQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUgyURQY9FLx4r2A9oQtlsN+3S3WzYnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzolRwA5737aytb2xubZd2yrt7+weH7tFxy6hMU9akSijdiYhhgiesCRwE66SaERkJ1o5G9zO/PWbacJU8wSRloSSDhMecErBSz3UDwyUOhBpUzaXpwUXPrXg1bw68SvyCVFCBRs/9CvqKZpIlQAUxput7KYQ50cCpYNNykBmWEjoiA9a1NCGSmTCfXz7F51bp41hpWwngufp7IifSmImMbKckMDTL3kz8z+tmEN+GOU/SDFhCF4viTGBQeBYD7nPNKIiJJYRqbm/FdEg0oWDDKtsQ/OWXV0nrquZ7Nf/xulK/K+IooVN0hqrIRzeojh5QAzURRWP0jF7Rm5M7L86787FoXXOKmRP0B87nD3wCkuU=</latexit>

⇠ 1

s� (mR � i
2�)

2
<latexit sha1_base64="KYZ0i6AdAD2N2kGrsiLH8kW1zJo=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoQktSBF0WXeiyin1AE8NkOmmHziRhZiKUkH9w46+4caGIWzfu/BunbRbaeuDCmXPuZe49fsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMBqSlqKKkW4sCOI+Ix1/dDnxOw9ESBqFd2ocE5ejQUgDipHSkmeeOJJy6AQC4dTOUlmtcO+2OnvTLK1nzhXiHB3f1zPPLFs1awq4SOyclEGOpmd+Of0IJ5yECjMkZc+2YuWmSCiKGclKTiJJjPAIDUhP0xBxIt10elMGj7TSh0EkdIUKTtXfEyniUo65rzs5UkM5703E/7xeooJzN6VhnCgS4tlHQcKgiuAkINingmDFxpogLKjeFeIh0nkoHWNJh2DPn7xI2vWabdXsm9Ny4yKPowgOwCGoABucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AObeduw==</latexit><latexit sha1_base64="KYZ0i6AdAD2N2kGrsiLH8kW1zJo=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoQktSBF0WXeiyin1AE8NkOmmHziRhZiKUkH9w46+4caGIWzfu/BunbRbaeuDCmXPuZe49fsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMBqSlqKKkW4sCOI+Ix1/dDnxOw9ESBqFd2ocE5ejQUgDipHSkmeeOJJy6AQC4dTOUlmtcO+2OnvTLK1nzhXiHB3f1zPPLFs1awq4SOyclEGOpmd+Of0IJ5yECjMkZc+2YuWmSCiKGclKTiJJjPAIDUhP0xBxIt10elMGj7TSh0EkdIUKTtXfEyniUo65rzs5UkM5703E/7xeooJzN6VhnCgS4tlHQcKgiuAkINingmDFxpogLKjeFeIh0nkoHWNJh2DPn7xI2vWabdXsm9Ny4yKPowgOwCGoABucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AObeduw==</latexit><latexit sha1_base64="KYZ0i6AdAD2N2kGrsiLH8kW1zJo=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoQktSBF0WXeiyin1AE8NkOmmHziRhZiKUkH9w46+4caGIWzfu/BunbRbaeuDCmXPuZe49fsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMBqSlqKKkW4sCOI+Ix1/dDnxOw9ESBqFd2ocE5ejQUgDipHSkmeeOJJy6AQC4dTOUlmtcO+2OnvTLK1nzhXiHB3f1zPPLFs1awq4SOyclEGOpmd+Of0IJ5yECjMkZc+2YuWmSCiKGclKTiJJjPAIDUhP0xBxIt10elMGj7TSh0EkdIUKTtXfEyniUo65rzs5UkM5703E/7xeooJzN6VhnCgS4tlHQcKgiuAkINingmDFxpogLKjeFeIh0nkoHWNJh2DPn7xI2vWabdXsm9Ny4yKPowgOwCGoABucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AObeduw==</latexit><latexit sha1_base64="KYZ0i6AdAD2N2kGrsiLH8kW1zJo=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoQktSBF0WXeiyin1AE8NkOmmHziRhZiKUkH9w46+4caGIWzfu/BunbRbaeuDCmXPuZe49fsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMBqSlqKKkW4sCOI+Ix1/dDnxOw9ESBqFd2ocE5ejQUgDipHSkmeeOJJy6AQC4dTOUlmtcO+2OnvTLK1nzhXiHB3f1zPPLFs1awq4SOyclEGOpmd+Of0IJ5yECjMkZc+2YuWmSCiKGclKTiJJjPAIDUhP0xBxIt10elMGj7TSh0EkdIUKTtXfEyniUo65rzs5UkM5703E/7xeooJzN6VhnCgS4tlHQcKgiuAkINingmDFxpogLKjeFeIh0nkoHWNJh2DPn7xI2vWabdXsm9Ny4yKPowgOwCGoABucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AObeduw==</latexit>

“just a poser”

X(2370)

radii? 

PDFs?

Key questions to answer

“the real deal”

https://inspirehep.net/literature/1821564


If a real resonance, what is its inner structure?

Given structural information, can we say anything 
about the nature?

Which enhancements in cross sections are actual resonances?

vs.⇠ log(s� st)
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Can we deduce general principles from the QCD spectrum?
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X(2370)

radii? 

PDFs?

Key questions to answer

“the real deal”

https://inspirehep.net/literature/1821564


A Lattice QCD program running in parallel with experiments is critical. 
 Guide experimental searches,
 Confirm existence [e.g. tetraquarks, pentaquarks],
 Understand their nature [observations are not enough!]. 

Need for a Lattice QCD spectroscopy program
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Most QCD states are 
 resonances or multi-body bound states,  
 dynamical enhancement in scattering amplitudes.

Need for a Lattice QCD spectroscopy program



A Lattice QCD program running in parallel with experiments is critical. 
 Guide experimental searches,
 Confirm existence [e.g. tetraquarks, pentaquarks],
 Understand their nature [observations are not enough!]. 

Most QCD states are 
 resonances or multi-body bound states,  
 dynamical enhancement in scattering amplitudes.

Challenges to overcome:
 scattering amplitudes are direct inaccessible via lattice QCD, 
 formalism needed to access amplitudes, 
 increasingly complicated correlators to evaluate,
 increasingly complicated amplitude analysis,
 warm bodies, 
 …

cross-pollination with 
experimental searches

}

EXOHAD
EXOTIC HADRONS TOPICAL COLLABORATION

Need for a Lattice QCD spectroscopy program

https://www.exohad.org/


LQCD is finally up to the challenge!
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short-distance dynamics 

Tremendous formal progress:
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LQCD is finally up to the challenge!

integral 
equations

K2
<latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit>

short-distance dynamics 

M2 =
⇥
K�1

2 � i⇢
⇤�1

<latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit>

Tremendous formal progress:



LQCD is finally up to the challenge!

analytic 
continuation

M2 =
�g2

s�
�
m� i�2

�2
<latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit>

integral 
equations

det
⇥
F�1(P,L) +K2

⇤
= 0

<latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit>

K2
<latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit>

short-distance dynamics 

M2 =
⇥
K�1

2 � i⇢
⇤�1

<latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit>

Tremendous formal progress:



LQCD is finally up to the challenge!

analytic 
continuation

M2 =
�g2

s�
�
m� i�2

�2
<latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit><latexit sha1_base64="zCe4RwEfY4bWom4BPCq50SlIEcg="></latexit>

integral 
equations

det
⇥
F�1(P,L) +K2

⇤
= 0

<latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit><latexit sha1_base64="+fh3qp0sGu0MTwHqyCi47JdcNh8=">AAACGXicbVDLSsNQEL3xbX1FXboJFkFRS1IE3QiiIIIuKtgqJLHc3E7aS28e3DsRSshvuPFX3LhQxKWu/BuTNgtfBwYO58wwM8eLBVdomp/a2PjE5NT0zGxlbn5hcUlfXmmpKJEMmiwSkbzxqALBQ2giRwE3sQQaeAKuvf5J4V/fgVQ8Cq9wEIMb0G7Ifc4o5lJbN50OoCPAR/v0Nt21ss3GzsXWthNQ7DEq0vOsndYzR/JuD91Ds1Jp61WzZg5h/CVWSaqkRKOtvzudiCUBhMgEVcq2zBjdlErkTEBWcRIFMWV92gU7pyENQLnp8LPM2MiVjuFHMq8QjaH6fSKlgVKDwMs7i4vVb68Q//PsBP0DN+VhnCCEbLTIT4SBkVHEZHS4BIZikBPKJM9vNViPSsowD7MIwfr98l/Sqtcss2Zd7lWPjss4ZsgaWSebxCL75IickQZpEkbuySN5Ji/ag/akvWpvo9YxrZxZJT+gfXwBLbSfHg==</latexit>

K2
<latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit><latexit sha1_base64="rOOCCz4+oP+8Ji1RL/t4gXTxUA0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0GXRjeCmgn1AG8JkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431ZlY3Nre6e6W9vbPzg8so9PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpneF35tRqVgsnvQ8oV6Ex4KFjGBtJN+2hxHWE4J59pD7WTNHvl13Gs4CaJ24JalDibZvfw1HMUkjKjThWKmB6yTay7DUjHCa14apogkmUzymA0MFjqjyskXyHF0YZYTCWJonNFqovzcyHCk1jwIzWeRUq14h/ucNUh3eeBkTSaqpIMtDYcqRjlFRAxoxSYnmc0MwkcxkRWSCJSbalFUzJbirX14n3WbDdRru41W9dVvWUYUzOIdLcOEaWnAPbegAgRk8wyu8WZn1Yr1bH8vRilXunMIfWJ8/TsuTbQ==</latexit>

short-distance dynamics 

M2 =
⇥
K�1

2 � i⇢
⇤�1

<latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit><latexit sha1_base64="/uzgYs9g7hWDTdPCCUIGvifuuss=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIblqSIuhGKboRRKhgL9DEMplO2qGTCzMnQgl5Gze+ihtBRXTpm5ikQbT1h4Gf75zDnPM7IWcSDONTKS0sLi2vlFfVtfWNzS1te6ctg0gQ2iIBD0TXwZJy5tMWMOC0GwqKPYfTjjO+yOqdeyokC/xbmITU9vDQZy4jGFLU184sD8OIYB5fJ/24npxanLrQ+6FXOb2Lq2ZSZZYYBZZgwxHYOVHVvlYxakYufd6YhamgQs2+9mINAhJ51AfCsZQ90wjBjrEARjhNVCuSNMRkjIe0l1ofe1TacX5noh+kZKC7gUifD3pOf0/E2JNy4jlpZ7a/nK1l8L9aLwL3xI6ZH0ZAfTL9yI24DoGehaYPmKAE+CQ1mAiW7qqTERaYQBptFoI5e/K8addrplEzb44qjfMijjLaQ/voEJnoGDXQJWqiFiLoAT2hV/SmPCrPyrvyMW0tKcXMLvoj5esblOKmSg==</latexit>

EL
<latexit sha1_base64="knBxXngiOY2zOkbgt4jJwH/xl/Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBA8eKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWj2acoB/RgeQhZ9RY6eGmd9crV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bnTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6ZRsCN7iy8ukeVb13Kp3f16pXeVxFOEIjuEUPLiAGtxCHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MH5tuNiA==</latexit><latexit sha1_base64="knBxXngiOY2zOkbgt4jJwH/xl/Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBA8eKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWj2acoB/RgeQhZ9RY6eGmd9crV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bnTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6ZRsCN7iy8ukeVb13Kp3f16pXeVxFOEIjuEUPLiAGtxCHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MH5tuNiA==</latexit><latexit sha1_base64="knBxXngiOY2zOkbgt4jJwH/xl/Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBA8eKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWj2acoB/RgeQhZ9RY6eGmd9crV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bnTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6ZRsCN7iy8ukeVb13Kp3f16pXeVxFOEIjuEUPLiAGtxCHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MH5tuNiA==</latexit><latexit sha1_base64="knBxXngiOY2zOkbgt4jJwH/xl/Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBA8eKtoPaEPZbCft0s0m7G6EEvoTvHhQxKu/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWj2acoB/RgeQhZ9RY6eGmd9crV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bnTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6ZRsCN7iy8ukeVb13Kp3f16pXeVxFOEIjuEUPLiAGtxCHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MH5tuNiA==</latexit>

h1|J |2iL
<latexit sha1_base64="psXuOGOhsp1vT0Hwl0kgGmV1v1Q=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIEXRbdiLioYB/QhHAznbRDJ5MwMxFK2rUbf8WNC0Xc+gXu/Bunj4W2HrhwOOde7r0nTDlT2nG+raXlldW19cJGcXNre2fX3ttvqCSThNZJwhPZCkFRzgSta6Y5baWSQhxy2gz7V2O/+UClYom414OU+jF0BYsYAW2kwD7yOIgup9gdejHoHgGe34yGFU9O5eA2sEtO2ZkALxJ3Rkpohlpgf3mdhGQxFZpwUKrtOqn2c5CaEU5HRS9TNAXShy5tGyogpsrPJ6+M8IlROjhKpCmh8UT9PZFDrNQgDk3n+Fw1743F/7x2pqMLP2cizTQVZLooyjjWCR7ngjtMUqL5wBAgkplbMemBBKJNekUTgjv/8iJpVMquU3bvzkrVy1kcBXSIjtEpctE5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZMppX</latexit><latexit sha1_base64="psXuOGOhsp1vT0Hwl0kgGmV1v1Q=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIEXRbdiLioYB/QhHAznbRDJ5MwMxFK2rUbf8WNC0Xc+gXu/Bunj4W2HrhwOOde7r0nTDlT2nG+raXlldW19cJGcXNre2fX3ttvqCSThNZJwhPZCkFRzgSta6Y5baWSQhxy2gz7V2O/+UClYom414OU+jF0BYsYAW2kwD7yOIgup9gdejHoHgGe34yGFU9O5eA2sEtO2ZkALxJ3Rkpohlpgf3mdhGQxFZpwUKrtOqn2c5CaEU5HRS9TNAXShy5tGyogpsrPJ6+M8IlROjhKpCmh8UT9PZFDrNQgDk3n+Fw1743F/7x2pqMLP2cizTQVZLooyjjWCR7ngjtMUqL5wBAgkplbMemBBKJNekUTgjv/8iJpVMquU3bvzkrVy1kcBXSIjtEpctE5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZMppX</latexit><latexit sha1_base64="psXuOGOhsp1vT0Hwl0kgGmV1v1Q=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIEXRbdiLioYB/QhHAznbRDJ5MwMxFK2rUbf8WNC0Xc+gXu/Bunj4W2HrhwOOde7r0nTDlT2nG+raXlldW19cJGcXNre2fX3ttvqCSThNZJwhPZCkFRzgSta6Y5baWSQhxy2gz7V2O/+UClYom414OU+jF0BYsYAW2kwD7yOIgup9gdejHoHgGe34yGFU9O5eA2sEtO2ZkALxJ3Rkpohlpgf3mdhGQxFZpwUKrtOqn2c5CaEU5HRS9TNAXShy5tGyogpsrPJ6+M8IlROjhKpCmh8UT9PZFDrNQgDk3n+Fw1743F/7x2pqMLP2cizTQVZLooyjjWCR7ngjtMUqL5wBAgkplbMemBBKJNekUTgjv/8iJpVMquU3bvzkrVy1kcBXSIjtEpctE5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZMppX</latexit><latexit sha1_base64="psXuOGOhsp1vT0Hwl0kgGmV1v1Q=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIEXRbdiLioYB/QhHAznbRDJ5MwMxFK2rUbf8WNC0Xc+gXu/Bunj4W2HrhwOOde7r0nTDlT2nG+raXlldW19cJGcXNre2fX3ttvqCSThNZJwhPZCkFRzgSta6Y5baWSQhxy2gz7V2O/+UClYom414OU+jF0BYsYAW2kwD7yOIgup9gdejHoHgGe34yGFU9O5eA2sEtO2ZkALxJ3Rkpohlpgf3mdhGQxFZpwUKrtOqn2c5CaEU5HRS9TNAXShy5tGyogpsrPJ6+M8IlROjhKpCmh8UT9PZFDrNQgDk3n+Fw1743F/7x2pqMLP2cizTQVZLooyjjWCR7ngjtMUqL5wBAgkplbMemBBKJNekUTgjv/8iJpVMquU3bvzkrVy1kcBXSIjtEpctE5qqJrVEN1RNAjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZMppX</latexit>
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Tremendous formal progress:

Purely hadronic reactions
Electroweak transitions

Structural information



Generalized eigenvalue problem (GEVP), 
large basis: 
contractions: 
“diagonalization”

It is now common to have  kinematic points

𝒪b ∼ q̄ Γb q, πππ, πKK, …,

𝒪(100)

C2pt.
ab (t, P) ≡ ⟨0 |𝒪b(t, P)𝒪†

a(0,P) |0⟩ = ∑
n

Zb,nZ*a,ne−Ent

LQCD is finally up to the challenge!



Hansen, RB, Edwards, Thomas, & Wilson (2020)
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det[F�1(P,L) +M(P )] = 0

ππ scattering 

(I=2 channel, )mπ ∼ 390 MeV
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resonance pole
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s� s0
<latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit><latexit sha1_base64="1RHIIvMgpWVtvTP7jOrPmVdBEIw=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRvFgSEfRY9OKxgq2FJoTNdtMu3U3C7kaoIfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4QnshtiRTmLaVszzWk3lRSLkNP7cHQ98e8fqFQsie/0OKW+wIOYRYxgbaTAPvAUE8iLJCa5W+TqVAVOEdh1p+FMgRaJW5I6lGgF9pfXT0gmaKwJx0r1XCfVfo6lZoTTouZliqaYjPCA9gyNsaDKz6fXF+jYKH0UJdJUrNFU/T2RY6HUWISmU2A9VPPeRPzP62U6uvRzFqeZpjGZLYoyjnSCJlGgPpOUaD42BBPJzK2IDLFJQpvAaiYEd/7lRdI5a7hOw709rzevyjiqcAhHcAIuXEATbqAFbSDwCM/wCm/Wk/VivVsfs9aKVc7swx9Ynz8NWJTz</latexit>

s0 = (mR � i�R/2)
2

<latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit><latexit sha1_base64="vNbprrv9Fvl65dVNpVrxWSa63oE=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIsTDuBkEbIWihZQzmAcm6zE5mkyEzs8vMrBCWNP6KjYUitn6GnX/jJNlCEw9cOJxzL/feE8SMKu0439bC4tLyympuLb++sbm1be/sNlSUSEzqOGKRbAVIEUYFqWuqGWnFkiAeMNIMBtdjv/lIpKKRuNfDmHgc9QQNKUbaSL69r3znssj92gnt3CDOkV87LR8/lH274JScCeA8cTNSABmqvv3V6UY44URozJBSbdeJtZciqSlmZJTvJIrECA9Qj7QNFYgT5aWTB0bwyChdGEbSlNBwov6eSBFXasgD08mR7qtZbyz+57UTHV54KRVxoonA00VhwqCO4DgN2KWSYM2GhiAsqbkV4j6SCGuTWd6E4M6+PE8a5ZLrlNy7s0LlKosjBw7AISgCF5yDCrgFVVAHGIzAM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gD8vZS2</latexit>

ππ scattering 

(I=1 channel)

Dudek, Edwards, & Thomas (2012)

Wilson, RB, Dudek, Edwards, & Thomas (2015)



Coupled  and the f0’sππ, KK
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Structure of multi-particles states

analytic 
continuation

integral 
equations

short-distance dynamics 

An idea to wet your palette 

let us focus on this

h2|J µ|2iL
<latexit sha1_base64="L6qT9ou77vnIR44Q3QjK8h9pK1s=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRF0GXRjYiLCvYBTQyT6bQdOjMJMxOhpP0CN/6KGxeKuHXtzr9x0mahrQcuHM65l3vvCWNGlXacb6uwsrq2vlHcLG1t7+zu2fsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD0WXmtx+IVDQSd3ocE5+jgaB9ipE2UmBXPIbEgBFYm3gc6SFGLL2e3ns8mdQ8ObeCm8AuO1VnBrhM3JyUQY5GYH95vQgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjp7ZworRunBfiRNCQ1n6u+JFHGlxjw0ndnJatHLxP+8bqL7535KRZxoIvB8UT9hUEcwywb2qCRYs7EhCEtqboV4iCTC2iRYMiG4iy8vk1at6jpV9/a0XL/I4yiCI3AMToALzkAdXIEGaAIMHsEzeAVv1pP1Yr1bH/PWgpXPHII/sD5/ABZ1nBw=</latexit><latexit sha1_base64="L6qT9ou77vnIR44Q3QjK8h9pK1s=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRF0GXRjYiLCvYBTQyT6bQdOjMJMxOhpP0CN/6KGxeKuHXtzr9x0mahrQcuHM65l3vvCWNGlXacb6uwsrq2vlHcLG1t7+zu2fsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD0WXmtx+IVDQSd3ocE5+jgaB9ipE2UmBXPIbEgBFYm3gc6SFGLL2e3ns8mdQ8ObeCm8AuO1VnBrhM3JyUQY5GYH95vQgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjp7ZworRunBfiRNCQ1n6u+JFHGlxjw0ndnJatHLxP+8bqL7535KRZxoIvB8UT9hUEcwywb2qCRYs7EhCEtqboV4iCTC2iRYMiG4iy8vk1at6jpV9/a0XL/I4yiCI3AMToALzkAdXIEGaAIMHsEzeAVv1pP1Yr1bH/PWgpXPHII/sD5/ABZ1nBw=</latexit><latexit sha1_base64="L6qT9ou77vnIR44Q3QjK8h9pK1s=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRF0GXRjYiLCvYBTQyT6bQdOjMJMxOhpP0CN/6KGxeKuHXtzr9x0mahrQcuHM65l3vvCWNGlXacb6uwsrq2vlHcLG1t7+zu2fsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD0WXmtx+IVDQSd3ocE5+jgaB9ipE2UmBXPIbEgBFYm3gc6SFGLL2e3ns8mdQ8ObeCm8AuO1VnBrhM3JyUQY5GYH95vQgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjp7ZworRunBfiRNCQ1n6u+JFHGlxjw0ndnJatHLxP+8bqL7535KRZxoIvB8UT9hUEcwywb2qCRYs7EhCEtqboV4iCTC2iRYMiG4iy8vk1at6jpV9/a0XL/I4yiCI3AMToALzkAdXIEGaAIMHsEzeAVv1pP1Yr1bH/PWgpXPHII/sD5/ABZ1nBw=</latexit><latexit sha1_base64="L6qT9ou77vnIR44Q3QjK8h9pK1s=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRF0GXRjYiLCvYBTQyT6bQdOjMJMxOhpP0CN/6KGxeKuHXtzr9x0mahrQcuHM65l3vvCWNGlXacb6uwsrq2vlHcLG1t7+zu2fsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD0WXmtx+IVDQSd3ocE5+jgaB9ipE2UmBXPIbEgBFYm3gc6SFGLL2e3ns8mdQ8ObeCm8AuO1VnBrhM3JyUQY5GYH95vQgnnAiNGVKq6zqx9lMkNcWMTEteokiM8AgNSNdQgThRfjp7ZworRunBfiRNCQ1n6u+JFHGlxjw0ndnJatHLxP+8bqL7535KRZxoIvB8UT9hUEcwywb2qCRYs7EhCEtqboV4iCTC2iRYMiG4iy8vk1at6jpV9/a0XL/I4yiCI3AMToALzkAdXIEGaAIMHsEzeAVv1pP1Yr1bH/PWgpXPHII/sD5/ABZ1nBw=</latexit>

RB, Jackura, Ortega-Gama, Sherman (2021)



2 + 𝒥μ → 2

(2m)2 (2m′￼)2
Re[s]

Im[s]

(3m)2

Goal: isolated ALL kinematic singularities of amplitudes in a kinematic region.

Observation: kinematic singularities are due to intermediate particles goin on-
shell. 
 



Let's isolate all possible singularities of…

+ · · ·=iWµ =
<latexit sha1_base64="G9Y5oMRwuWyU2LaSLp8nkN218CU=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUQE3QhFNy4r2Ae0sUymk3bozCTMTIQQ4q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDGjSrvut7Wyura+sVnZqm7v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSD6U3hdx+JVDQS9zqNic/RWNCQYqSNNLRrdMCRnmDEsm7+kA14kl8N7brbcGdwlolXkjqUaA3tr8EowgknQmOGlOp7bqz9DElNMSN5dZAoEiM8RWPSN1QgTpSfzcLnzolRRk4YSfOEdmbq740McaVSHpjJIqla9ArxP6+f6PDSz6iIE00Enh8KE+boyCmacEZUEqxZagjCkpqsDp4gibA2fVVNCd7il5dJ56zhuQ3v7rzevC7rqMARHMMpeHABTbiFFrQBQwrP8Apv1pP1Yr1bH/PRFavcqcEfWJ8/RfSVKA==</latexit><latexit sha1_base64="G9Y5oMRwuWyU2LaSLp8nkN218CU=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUQE3QhFNy4r2Ae0sUymk3bozCTMTIQQ4q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDGjSrvut7Wyura+sVnZqm7v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSD6U3hdx+JVDQS9zqNic/RWNCQYqSNNLRrdMCRnmDEsm7+kA14kl8N7brbcGdwlolXkjqUaA3tr8EowgknQmOGlOp7bqz9DElNMSN5dZAoEiM8RWPSN1QgTpSfzcLnzolRRk4YSfOEdmbq740McaVSHpjJIqla9ArxP6+f6PDSz6iIE00Enh8KE+boyCmacEZUEqxZagjCkpqsDp4gibA2fVVNCd7il5dJ56zhuQ3v7rzevC7rqMARHMMpeHABTbiFFrQBQwrP8Apv1pP1Yr1bH/PRFavcqcEfWJ8/RfSVKA==</latexit><latexit sha1_base64="G9Y5oMRwuWyU2LaSLp8nkN218CU=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUQE3QhFNy4r2Ae0sUymk3bozCTMTIQQ4q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDGjSrvut7Wyura+sVnZqm7v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSD6U3hdx+JVDQS9zqNic/RWNCQYqSNNLRrdMCRnmDEsm7+kA14kl8N7brbcGdwlolXkjqUaA3tr8EowgknQmOGlOp7bqz9DElNMSN5dZAoEiM8RWPSN1QgTpSfzcLnzolRRk4YSfOEdmbq740McaVSHpjJIqla9ArxP6+f6PDSz6iIE00Enh8KE+boyCmacEZUEqxZagjCkpqsDp4gibA2fVVNCd7il5dJ56zhuQ3v7rzevC7rqMARHMMpeHABTbiFFrQBQwrP8Apv1pP1Yr1bH/PRFavcqcEfWJ8/RfSVKA==</latexit><latexit sha1_base64="G9Y5oMRwuWyU2LaSLp8nkN218CU=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUQE3QhFNy4r2Ae0sUymk3bozCTMTIQQ4q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDGjSrvut7Wyura+sVnZqm7v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSD6U3hdx+JVDQS9zqNic/RWNCQYqSNNLRrdMCRnmDEsm7+kA14kl8N7brbcGdwlolXkjqUaA3tr8EowgknQmOGlOp7bqz9DElNMSN5dZAoEiM8RWPSN1QgTpSfzcLnzolRRk4YSfOEdmbq740McaVSHpjJIqla9ArxP6+f6PDSz6iIE00Enh8KE+boyCmacEZUEqxZagjCkpqsDp4gibA2fVVNCd7il5dJ56zhuQ3v7rzevC7rqMARHMMpeHABTbiFFrQBQwrP8Apv1pP1Yr1bH/PRFavcqcEfWJ8/RfSVKA==</latexit>

= iM i

k2 �m2 + i✏
i!µ + “smooth”

<latexit sha1_base64="FUgLlar4uZ7wekvKIvsDy4izNy8="></latexit><latexit sha1_base64="FUgLlar4uZ7wekvKIvsDy4izNy8="></latexit><latexit sha1_base64="FUgLlar4uZ7wekvKIvsDy4izNy8="></latexit><latexit sha1_base64="FUgLlar4uZ7wekvKIvsDy4izNy8="></latexit>

2 + 𝒥μ → 2



+= + · · ·

+= + +

Lorentz decomposition of off-shell  amplitude:

Off-shell form factor 

1 + 𝒥 → 1
ωμ(kf , ki) = ∑

j

Kμ
j (kf , ki) fj(Q2, k2

f , k2
i )

fj(Q2, k2
f , k2

i ) = fj(Q2)
+[ fj(Q2, k2

f , k2
i ) − fj(Q2, k2

f , m2)]
+[ fj(Q2, k2

f , k2
i ) − fj(Q2, m2, k2

i )]
+[ fj(Q2, k2

f , m2) + fj(Q2, m2, k2
i ) − fj(Q2, k2

f , k2
i ) − fj(Q2, m2, m2)]

[on-shell]
[left-cut]
[right-cut]

[smooth]

iWµ =
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2 + 𝒥μ → 2

(2m)2 (2m′￼)2
Re[s]

Im[s]

(3m)2

Goal: isolated ALL kinematic singularities of amplitudes in a kinematic region.

Observation: kinematic singularities are due to intermediate particles goin on-shell. 
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QCD is a rich forest with lots of trees deserving our attention 
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JUNE 18 - JULY 26
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and Scientists (REYES), a program designed to 
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