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Motivation
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GFMC Calculations

Carlson, Gandolfi, Pederiva, Pieper, Schiavilla, Schmidt, Wiringa, 2015

This model shows contributions of the three 
body forces in formation of stable nucleus is 

about 15-20%. 
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<latexit sha1_base64="oe7GkuGsZbw53WCR+p4tqlRBP/0=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITvJAWjXAkevGIiXwk0DTbZYEN222zuzXBhl/ixYPGePWnePPfuEAPCr5kkpf3ZjIzL4g5U9pxvq3cxubW9k5+t7C3f3BYtI+O2ypKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJrdzv/NIpWKReNDTmHohHgk2ZARrI/l2sU/GzE+JOytf1mvVC98uORVnAbRO3IyUIEPTt7/6g4gkIRWacKxUz3Vi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tLF4TN0bpQBGkbSlNBoof6eSHGo1DQMTGeI9VitenPxP6+X6GHdS5mIE00FWS4aJhzpCM1TQAMmKdF8aggmkplbERljiYk2WRVMCO7qy+ukXa241xX3/qrUuMniyMMpnEEZXKhBA+6gCS0gkMAzvMKb9WS9WO/Wx7I1Z2UzJ/AH1ucP1++R5w==</latexit>

�c1(3872)
<latexit sha1_base64="fZz/fkyLI3sW+jyMJT7iL55Vj1A=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahUii7Iuqx6MVjBfsB223Jpmkbmk2WJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC2POtHHdbye3tr6xuZXfLuzs7u0fFA+PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+G7mt56o0kyKRzOJaRDhoWADRrCxku92K2Wvm1Yq0/NeseRW3TnQKvEyUoIM9V7xq9OXJImoMIRjrX3PjU2QYmUY4XRa6CSaxpiM8ZD6lgocUR2k85On6MwqfTSQypYwaK7+nkhxpPUkCm1nhM1IL3sz8T/PT8zgJkiZiBNDBVksGiQcGYlm/6M+U5QYPrEEE8XsrYiMsMLE2JQKNgRv+eVV0ryoeldV7+GyVLvN4sjDCZxCGTy4hhrcQx0aQEDCM7zCm2OcF+fd+Vi05pxs5hj+wPn8ARfjj9U=</latexit>

0+(1++)

<latexit sha1_base64="18oZfYZVdXNxBtwnAuleL6mEhIQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqkxE1GXRLlxWsA9o0jKZTtqhk0mYmQghxF9x40IRt36IO//GaZuFth64cDjnXu69x485Uxqhb6u0tr6xuVXeruzs7u0f2IdHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3609uZ332kUrFIPOg0pl6Ix4IFjGBtpKFdbQ6Q62OZNfNBhnI3ZgM0tGuojuaAq8QpSA0UaA3tL3cUkSSkQhOOleo7KNZehqVmhNO84iaKxphM8Zj2DRU4pMrL5sfn8NQoIxhE0pTQcK7+nshwqFQa+qYzxHqilr2Z+J/XT3Rw7WVMxImmgiwWBQmHOoKzJOCISUo0Tw3BRDJzKyQTLDHRJq+KCcFZfnmVdM7rzmXdub+oNW6KOMrgGJyAM+CAK9AAd6AF2oCAFDyDV/BmPVkv1rv1sWgtWcVMFfyB9fkD+U6UVw==</latexit>

D0D̄0⇡0

Branching ratio 
29-67%

<latexit sha1_base64="NhaVnGu1LeXhp5IhnXfQAubCQJ4=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpWxEqseiF48V7Adsl5JNs21oNlmSWaGU/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvSqWw4Pvf3tr6xubWdmGnuLu3f3BYOjpuWZ0ZxptMS206EbVcCsWbIEDyTmo4TSLJ29Hobua3n7ixQqtHGKc8TOhAiVgwCk4KuqnokQqp+f5Fr1T2q/4ceJWQnJRRjkav9NXta5YlXAGT1NqA+CmEE2pAMMmnxW5meUrZiA544KiiCbfhZH7yFJ87pY9jbVwpwHP198SEJtaOk8h1JhSGdtmbif95QQbxTTgRKs2AK7ZYFGcSg8az/3FfGM5Ajh2hzAh3K2ZDaigDl1LRhUCWX14lrcsqqVXJw1W5fpvHUUCn6AxVEEHXqI7uUQM1EUMaPaNX9OaB9+K9ex+L1jUvnzlBf+B9/gAMLo/L</latexit>

⇡1(1600)
<latexit sha1_base64="jrGLoccmQahSTSUCnQLNNOoaxdQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBotQEUsioi6LblxWsA9oY5lMJ+3QySTOTAol5DvcuFDErR/jzr9x0mah1QP3cjjnXubO8SLOlLbtL6uwtLyyulZcL21sbm3vlHf3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjeZ355QqVgo7vU0om6Ah4L5jGBtJNd5SE7TatZP0uN+uWLX7BnQX+LkpAI5Gv3yZ28QkjigQhOOleo6dqTdBEvNCKdpqRcrGmEyxkPaNVTggCo3mR2doiOjDJAfSlNCo5n6cyPBgVLTwDOTAdYjtehl4n9eN9b+lZswEcWaCjJ/yI850iHKEkADJinRfGoIJpKZWxEZYYmJNjmVTAjO4pf/ktZZzbmoOXfnlfp1HkcRDuAQquDAJdThFhrQBAKP8AQv8GpNrGfrzXqfjxasfGcffsH6+AbreZDm</latexit>

1�(1�+)

<latexit sha1_base64="HhgfltCDcpRwWXUp1COaasuEptc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2Fppl5JNs21okl2SWaGU/govHhTx6s/x5r8xbfegrY8EHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x80bZIZxhsskYlpRdRyKTRvoEDJW6nhVEWSP0TDm6n/8MSNFYm+x1HKQ0X7WsSCUXTSYycV89ctV/yqPwNZJkFOKpCj3i1/dXoJyxTXyCS1th34KYZjalAwySelTmZ5StmQ9nnbUU0Vt+F4tvCEnDilR+LEuK+RzNTfHWOqrB2pyFUqigO76E3F/7x2hvFVOBY6zZBrNh8UZ5JgQqbXk54wnKEcOUKZEW5XwgbUUIYuo5ILIVg8eZk0z6rBRTW4O6/UrvM4inAEx3AKAVxCDW6hDg1goOAZXuHNM96L9+59zEsLXt5zCH/gff4A5VSQeQ==</latexit>⇡⇡⇡

<latexit sha1_base64="uf5Ya6vNjOQ1Gz0qnM8xb8vq9Pw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUD2VXinosevEkFeyHtGvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbb+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDK8nfvOJKs0ieW9GMfUF7ksWMoKNlR5uH09LXqXinnQLRbfsToEWiZeRImSodQtfnV5EEkGlIRxr3fbc2PgpVoYRTsf5TqJpjMkQ92nbUokF1X46PXiMjq3SQ2GkbEmDpurviRQLrUcisJ0Cm4Ge9ybif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN78y4ukcVb2zsveXaVYvcriyMEhHEEJPLiAKtxADepAQMAzvMKbo5wX5935mLUuOdnMAfyB8/kDUmOOyg==</latexit>

N⇤(1440)
<latexit sha1_base64="ZDa7/WALZKOqx5NaFLzjuLqp40A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahItTdIuqx6MVjBfuB7VqyabYNzSZLkhXK0n/hxYMiXv033vw3pu0etPpg4PHeDDPzgpgzbVz3y8ktLa+sruXXCxubW9s7xd29ppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywup76rUeqNJPizoxj6kd4IFjICDZWuvdOq2VbDyfHvWLJrbgzoL/Ey0gJMtR7xc9uX5IkosIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpwBHVfjq7eIKOrNJHoVS2hEEz9edEiiOtx1FgOyNshnrRm4r/eZ3EhJd+ykScGCrIfFGYcGQkmr6P+kxRYvjYEkwUs7ciMsQKE2NDKtgQvMWX/5JmteKdV7zbs1LtKosjDwdwCGXw4AJqcAN1aAABAU/wAq+Odp6dN+d93ppzspl9+AXn4xuMfo7i</latexit>

1/2(1/2+)

<latexit sha1_base64="e65NoEuIoigGRjG8t/3bhmXs8Bo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FL56kgrWFdinZNNuGZrMhmRVK6Y/w4kERr/4eb/4b03YP2vpI4PHeDDPzIi2FRd//9gorq2vrG8XN0tb2zu5eef/g0aaZYbzBUpmaVkQtl0LxBgqUvKUNp0kkeTMa3kz95hM3VqTqAUeahwntKxELRtFJzbuOFu51yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nq07ISdO6ZE4Ne4rJDP1d8eYJtaOkshVJhQHdtGbiv957Qzjq3AslM6QKzYfFGeSYEqmt5OeMJyhHDlCmRFuV8IG1FCGLqGSCyFYPHmZPJ5Vg4tqcH9eqV3ncRThCI7hFAK4hBrcQh0awGAIz/AKb572Xrx372NeWvDynkP4A+/zBza1j34=</latexit>

N⇡⇡

Branching ratio 
17-50%

<latexit sha1_base64="WQk4hGfFcbwWDZuKLmJUw5lO5HM=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUhJJUsT0WvXis0C9o07LZbtqlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5XsSZ0rb9ba2tb2xubWd2srt7+weHuaPjpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa88d3Mbz1SqVgo6noSUTfAQ8F8RrA2Uq/eu+wnhEwLV5Vy6aKfy9tFew60SpyU5CFFrZ/76g5CEgdUaMKxUh3HjrSbYKkZ4XSa7caKRpiM8ZB2DBU4oMpN5ldP0blRBsgPpSmh0Vz9PZHgQKlJ4JnOAOuRWvZm4n9eJ9Z+xU2YiGJNBVks8mOOdIhmEaABk5RoPjEEE8nMrYiMsMREm6CyJgRn+eVV0iwVnZui83Cdr96mcWTgFM6gAA6UoQr3UIMGEJDwDK/wZj1ZL9a79bFoXbPSmRP4A+vzB3AakSs=</latexit>

T+
cc(3872)

<latexit sha1_base64="Q0OGKYd5VnjJcBGTuiHtak9rneo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBAiQtgVUY9BLx4jmAckMcxOZpMhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXeXH0th0HW/naXlldW19dxGfnNre2e3sLdfN1GiGa+xSEa66VPDpVC8hgIlb8aa09CXvOEPbyZ+44lrIyJ1j6OYd0LaVyIQjKKVmm7Je0hPxyfdQtEtu1OQReJlpAgZqt3CV7sXsSTkCpmkxrQ8N8ZOSjUKJvk4304Mjykb0j5vWapoyE0nnd47JsdW6ZEg0rYUkqn6eyKloTGj0LedIcWBmfcm4n9eK8HgqpMKFSfIFZstChJJMCKT50lPaM5QjiyhTAt7K2EDqilDG1HehuDNv7xI6mdl76Ls3Z0XK9dZHDk4hCMogQeXUIFbqEINGEh4hld4cx6dF+fd+Zi1LjnZzAH8gfP5A5EwjwM=</latexit>

0(1+)

<latexit sha1_base64="ijU4yIbbBxzoBrU7JIKfnPFjs1M=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoioh6LevBYwX5Am5bNdtMu3Wzi7qZQQn+HFw+KePXHePPfuGlz0NYHA4/3ZpiZ58ecKe0431ZhZXVtfaO4Wdra3tnds/cPGipKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0R7eZ3xxTqVgkHvUkpl6IB4IFjGBtJO+u66CsOjHrnvXsslNxZkDLxM1JGXLUevZXpx+RJKRCE46VartOrL0US80Ip9NSJ1E0xmSEB7RtqMAhVV46O3qKTozSR0EkTQmNZurviRSHSk1C33SGWA/VopeJ/3ntRAfXXspEnGgqyHxRkHCkI5QlgPpMUqL5xBBMJDO3IjLEEhNtciqZENzFl5dJ47ziXlbch4ty9SaPowhHcAyn4MIVVOEealAHAk/wDK/wZo2tF+vd+pi3Fqx85hD+wPr8AYQSkKQ=</latexit>

D0D0⇡+

Interesting resonances decay to three particle final states

Particle Data Group, 2022
LHCb collaboration, 2022
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<latexit sha1_base64="oe7GkuGsZbw53WCR+p4tqlRBP/0=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITvJAWjXAkevGIiXwk0DTbZYEN222zuzXBhl/ixYPGePWnePPfuEAPCr5kkpf3ZjIzL4g5U9pxvq3cxubW9k5+t7C3f3BYtI+O2ypKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJrdzv/NIpWKReNDTmHohHgk2ZARrI/l2sU/GzE+JOytf1mvVC98uORVnAbRO3IyUIEPTt7/6g4gkIRWacKxUz3Vi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tLF4TN0bpQBGkbSlNBoof6eSHGo1DQMTGeI9VitenPxP6+X6GHdS5mIE00FWS4aJhzpCM1TQAMmKdF8aggmkplbERljiYk2WRVMCO7qy+ukXa241xX3/qrUuMniyMMpnEEZXKhBA+6gCS0gkMAzvMKb9WS9WO/Wx7I1Z2UzJ/AH1ucP1++R5w==</latexit>

�c1(3872)
<latexit sha1_base64="fZz/fkyLI3sW+jyMJT7iL55Vj1A=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahUii7Iuqx6MVjBfsB223Jpmkbmk2WJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC2POtHHdbye3tr6xuZXfLuzs7u0fFA+PmlomitAGkVyqdog15UzQhmGG03asKI5CTlvh+G7mt56o0kyKRzOJaRDhoWADRrCxku92K2Wvm1Yq0/NeseRW3TnQKvEyUoIM9V7xq9OXJImoMIRjrX3PjU2QYmUY4XRa6CSaxpiM8ZD6lgocUR2k85On6MwqfTSQypYwaK7+nkhxpPUkCm1nhM1IL3sz8T/PT8zgJkiZiBNDBVksGiQcGYlm/6M+U5QYPrEEE8XsrYiMsMLE2JQKNgRv+eVV0ryoeldV7+GyVLvN4sjDCZxCGTy4hhrcQx0aQEDCM7zCm2OcF+fd+Vi05pxs5hj+wPn8ARfjj9U=</latexit>

0+(1++)

<latexit sha1_base64="18oZfYZVdXNxBtwnAuleL6mEhIQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqkxE1GXRLlxWsA9o0jKZTtqhk0mYmQghxF9x40IRt36IO//GaZuFth64cDjnXu69x485Uxqhb6u0tr6xuVXeruzs7u0f2IdHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3609uZ332kUrFIPOg0pl6Ix4IFjGBtpKFdbQ6Q62OZNfNBhnI3ZgM0tGuojuaAq8QpSA0UaA3tL3cUkSSkQhOOleo7KNZehqVmhNO84iaKxphM8Zj2DRU4pMrL5sfn8NQoIxhE0pTQcK7+nshwqFQa+qYzxHqilr2Z+J/XT3Rw7WVMxImmgiwWBQmHOoKzJOCISUo0Tw3BRDJzKyQTLDHRJq+KCcFZfnmVdM7rzmXdub+oNW6KOMrgGJyAM+CAK9AAd6AF2oCAFDyDV/BmPVkv1rv1sWgtWcVMFfyB9fkD+U6UVw==</latexit>

D0D̄0⇡0

Branching ratio 
29-67%

<latexit sha1_base64="NhaVnGu1LeXhp5IhnXfQAubCQJ4=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpWxEqseiF48V7Adsl5JNs21oNlmSWaGU/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvSqWw4Pvf3tr6xubWdmGnuLu3f3BYOjpuWZ0ZxptMS206EbVcCsWbIEDyTmo4TSLJ29Hobua3n7ixQqtHGKc8TOhAiVgwCk4KuqnokQqp+f5Fr1T2q/4ceJWQnJRRjkav9NXta5YlXAGT1NqA+CmEE2pAMMmnxW5meUrZiA544KiiCbfhZH7yFJ87pY9jbVwpwHP198SEJtaOk8h1JhSGdtmbif95QQbxTTgRKs2AK7ZYFGcSg8az/3FfGM5Ajh2hzAh3K2ZDaigDl1LRhUCWX14lrcsqqVXJw1W5fpvHUUCn6AxVEEHXqI7uUQM1EUMaPaNX9OaB9+K9ex+L1jUvnzlBf+B9/gAMLo/L</latexit>

⇡1(1600)
<latexit sha1_base64="jrGLoccmQahSTSUCnQLNNOoaxdQ=">AAAB9HicbVDLSsNAFL2pr1pfVZduBotQEUsioi6LblxWsA9oY5lMJ+3QySTOTAol5DvcuFDErR/jzr9x0mah1QP3cjjnXubO8SLOlLbtL6uwtLyyulZcL21sbm3vlHf3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjeZ355QqVgo7vU0om6Ah4L5jGBtJNd5SE7TatZP0uN+uWLX7BnQX+LkpAI5Gv3yZ28QkjigQhOOleo6dqTdBEvNCKdpqRcrGmEyxkPaNVTggCo3mR2doiOjDJAfSlNCo5n6cyPBgVLTwDOTAdYjtehl4n9eN9b+lZswEcWaCjJ/yI850iHKEkADJinRfGoIJpKZWxEZYYmJNjmVTAjO4pf/ktZZzbmoOXfnlfp1HkcRDuAQquDAJdThFhrQBAKP8AQv8GpNrGfrzXqfjxasfGcffsH6+AbreZDm</latexit>

1�(1�+)

<latexit sha1_base64="HhgfltCDcpRwWXUp1COaasuEptc=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2Fppl5JNs21okl2SWaGU/govHhTx6s/x5r8xbfegrY8EHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x80bZIZxhsskYlpRdRyKTRvoEDJW6nhVEWSP0TDm6n/8MSNFYm+x1HKQ0X7WsSCUXTSYycV89ctV/yqPwNZJkFOKpCj3i1/dXoJyxTXyCS1th34KYZjalAwySelTmZ5StmQ9nnbUU0Vt+F4tvCEnDilR+LEuK+RzNTfHWOqrB2pyFUqigO76E3F/7x2hvFVOBY6zZBrNh8UZ5JgQqbXk54wnKEcOUKZEW5XwgbUUIYuo5ILIVg8eZk0z6rBRTW4O6/UrvM4inAEx3AKAVxCDW6hDg1goOAZXuHNM96L9+59zEsLXt5zCH/gff4A5VSQeQ==</latexit>⇡⇡⇡

<latexit sha1_base64="uf5Ya6vNjOQ1Gz0qnM8xb8vq9Pw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUD2VXinosevEkFeyHtGvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbb+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDK8nfvOJKs0ieW9GMfUF7ksWMoKNlR5uH09LXqXinnQLRbfsToEWiZeRImSodQtfnV5EEkGlIRxr3fbc2PgpVoYRTsf5TqJpjMkQ92nbUokF1X46PXiMjq3SQ2GkbEmDpurviRQLrUcisJ0Cm4Ge9ybif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN78y4ukcVb2zsveXaVYvcriyMEhHEEJPLiAKtxADepAQMAzvMKbo5wX5935mLUuOdnMAfyB8/kDUmOOyg==</latexit>

N⇤(1440)
<latexit sha1_base64="ZDa7/WALZKOqx5NaFLzjuLqp40A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahItTdIuqx6MVjBfuB7VqyabYNzSZLkhXK0n/hxYMiXv033vw3pu0etPpg4PHeDDPzgpgzbVz3y8ktLa+sruXXCxubW9s7xd29ppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywup76rUeqNJPizoxj6kd4IFjICDZWuvdOq2VbDyfHvWLJrbgzoL/Ey0gJMtR7xc9uX5IkosIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpwBHVfjq7eIKOrNJHoVS2hEEz9edEiiOtx1FgOyNshnrRm4r/eZ3EhJd+ykScGCrIfFGYcGQkmr6P+kxRYvjYEkwUs7ciMsQKE2NDKtgQvMWX/5JmteKdV7zbs1LtKosjDwdwCGXw4AJqcAN1aAABAU/wAq+Odp6dN+d93ppzspl9+AXn4xuMfo7i</latexit>

1/2(1/2+)

<latexit sha1_base64="e65NoEuIoigGRjG8t/3bhmXs8Bo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FL56kgrWFdinZNNuGZrMhmRVK6Y/w4kERr/4eb/4b03YP2vpI4PHeDDPzIi2FRd//9gorq2vrG8XN0tb2zu5eef/g0aaZYbzBUpmaVkQtl0LxBgqUvKUNp0kkeTMa3kz95hM3VqTqAUeahwntKxELRtFJzbuOFu51yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nq07ISdO6ZE4Ne4rJDP1d8eYJtaOkshVJhQHdtGbiv957Qzjq3AslM6QKzYfFGeSYEqmt5OeMJyhHDlCmRFuV8IG1FCGLqGSCyFYPHmZPJ5Vg4tqcH9eqV3ncRThCI7hFAK4hBrcQh0awGAIz/AKb572Xrx372NeWvDynkP4A+/zBza1j34=</latexit>

N⇡⇡

Branching ratio 
17-50%

<latexit sha1_base64="WQk4hGfFcbwWDZuKLmJUw5lO5HM=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUhJJUsT0WvXis0C9o07LZbtqlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5XsSZ0rb9ba2tb2xubWd2srt7+weHuaPjpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa88d3Mbz1SqVgo6noSUTfAQ8F8RrA2Uq/eu+wnhEwLV5Vy6aKfy9tFew60SpyU5CFFrZ/76g5CEgdUaMKxUh3HjrSbYKkZ4XSa7caKRpiM8ZB2DBU4oMpN5ldP0blRBsgPpSmh0Vz9PZHgQKlJ4JnOAOuRWvZm4n9eJ9Z+xU2YiGJNBVks8mOOdIhmEaABk5RoPjEEE8nMrYiMsMREm6CyJgRn+eVV0iwVnZui83Cdr96mcWTgFM6gAA6UoQr3UIMGEJDwDK/wZj1ZL9a79bFoXbPSmRP4A+vzB3AakSs=</latexit>

T+
cc(3872)

<latexit sha1_base64="Q0OGKYd5VnjJcBGTuiHtak9rneo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBAiQtgVUY9BLx4jmAckMcxOZpMhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXeXH0th0HW/naXlldW19dxGfnNre2e3sLdfN1GiGa+xSEa66VPDpVC8hgIlb8aa09CXvOEPbyZ+44lrIyJ1j6OYd0LaVyIQjKKVmm7Je0hPxyfdQtEtu1OQReJlpAgZqt3CV7sXsSTkCpmkxrQ8N8ZOSjUKJvk4304Mjykb0j5vWapoyE0nnd47JsdW6ZEg0rYUkqn6eyKloTGj0LedIcWBmfcm4n9eK8HgqpMKFSfIFZstChJJMCKT50lPaM5QjiyhTAt7K2EDqilDG1HehuDNv7xI6mdl76Ls3Z0XK9dZHDk4hCMogQeXUIFbqEINGEh4hld4cx6dF+fd+Zi1LjnZzAH8gfP5A5EwjwM=</latexit>

0(1+)

<latexit sha1_base64="ijU4yIbbBxzoBrU7JIKfnPFjs1M=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoioh6LevBYwX5Am5bNdtMu3Wzi7qZQQn+HFw+KePXHePPfuGlz0NYHA4/3ZpiZ58ecKe0431ZhZXVtfaO4Wdra3tnds/cPGipKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0R7eZ3xxTqVgkHvUkpl6IB4IFjGBtJO+u66CsOjHrnvXsslNxZkDLxM1JGXLUevZXpx+RJKRCE46VartOrL0US80Ip9NSJ1E0xmSEB7RtqMAhVV46O3qKTozSR0EkTQmNZurviRSHSk1C33SGWA/VopeJ/3ntRAfXXspEnGgqyHxRkHCkI5QlgPpMUqL5xBBMJDO3IjLEEhNtciqZENzFl5dJ47ziXlbch4ty9SaPowhHcAyn4MIVVOEealAHAk/wDK/wZo2tF+vd+pi3Fqx85hD+wPr8AYQSkKQ=</latexit>

D0D0⇡+

Interesting resonances decay to three particle final states

Particle Data Group, 2022
LHCb collaboration, 2022
Christoph Hanhart, 2023



The Recipe 

Finite volume 
spectroscopy

Infinite-volume 
scattering amplitude 

Bound-states and 
resonances 

Hansen and Sharpe, 2014, 2015
Mai and Döring, 2017
Briceño, Hansen and Sharpe, 2018
Hansen, Romero-Lopéz and Sharpe, 2020
Blanton and Sharpe, 2020
Jackura, 2022

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

Infinite-volume 
three-body K-matrix
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The Recipe 

Finite volume 
spectroscopy

Infinite-volume 
scattering amplitude 

Bound-states and 
resonances 

Hansen and Sharpe, 2014, 2015
Mai and Döring, 2017
Briceño, Hansen and Sharpe, 2018
Hansen, Romero-Lopéz and Sharpe, 2020
Blanton and Sharpe, 2020
Jackura, 2022

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

Infinite-volume 
three-body K-matrix

5



Application of “The Recipe” 

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

Hansen, Briceño, Edwards, Thomas and Wilson, 2020

For mesonic states
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Application of “The Recipe” 
Hansen, Briceño, Edwards, Thomas and Wilson, 2020

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

For mesonic states
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Application of “The Recipe” 
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

m
2 1
3
/m

2 ⇡
m

2 1
3
/m

2 ⇡

m2
12/m

2
⇡

2⇥ 108

3⇥ 108

4⇥ 108

5⇥ 108

1⇥ 108

3⇥ 108

5⇥ 108

7⇥ 108

<latexit sha1_base64="lVki9weuVJmBEna3T2utBSvk6l8=">AAACBXicbVA7T8MwGHR4lvIKMMJgUSExVUmFgLGChbFI9CE1IXJcp7VqO5HtIFVRFhb+CgsDCLHyH9j4N7hpBmg5ydLp7nv5woRRpR3n21paXlldW69sVDe3tnd27b39jopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Hrqdx+IVDQWd3qSEJ+joaARxUgbKbCPvGJGFjKEx3kGvRzy+0aQuY0c5oFdc+pOAbhI3JLUQIlWYH95gxinnAiNGVKq7zqJ9jMkNcWM5FUvVSQxi9CQ9A0ViBPlZ8UFOTwxygBGsTRPaFiovzsyxJWa8NBUcqRHat6biv95/VRHl35GRZJqIvBsUZQyqGM4jQQOqCRYs4khCEtqboV4hCTC2gRXNSG4819eJJ1G3T2vu7dnteZVGUcFHIJjcApccAGa4Aa0QBtg8AiewSt4s56sF+vd+piVLlllzwH4A+vzB9UZmCE=</latexit>

}m2
12

<latexit sha1_base64="Jkq6KO/KAI2zj25NQwhBYMCRF7g=">AAACBXicbVA7T8MwGHTKq5RXgBEGiwqJqUoKAsYKFsYi0YfUhMhxndaq7US2g1RFWVj4KywMIMTKf2Dj3+C2GaDlJEunu+/lCxNGlXacb6u0tLyyulZer2xsbm3v2Lt7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXE7zwQqWgs7vQ4IT5HA0EjipE2UmAfetMZWcgQHuUZ9HLI7+tB5p7mMA/sqlNzpoCLxC1IFRRoBvaX149xyonQmCGleq6TaD9DUlPMSF7xUkUSswgNSM9QgThRfja9IIfHRunDKJbmCQ2n6u+ODHGlxjw0lRzpoZr3JuJ/Xi/V0aWfUZGkmgg8WxSlDOoYTiKBfSoJ1mxsCMKSmlshHiKJsDbBVUwI7vyXF0m7XnPPa+7tWbVxVcRRBgfgCJwAF1yABrgBTdACGDyCZ/AK3qwn68V6tz5mpSWr6NkHf2B9/gDWoJgi</latexit>

}m2
13

<latexit sha1_base64="fUO5E+r1xy8NoXrbP7xXqE2vWX4=">AAACBnicbVDNS8MwHE3n15xfVY8iBIfgabRT1OPQi8cJ7gPWWtIs3cKStiSpMEJPXvxXvHhQxKt/gzf/G7OtB918EHi89/vKC1NGpXKcb6u0tLyyulZer2xsbm3v2Lt7bZlkApMWTlgiuiGShNGYtBRVjHRTQRAPGemEo+uJ33kgQtIkvlPjlPgcDWIaUYyUkQL70JvO0CFDeJRrCPl9PdDuaQ49DfPArjo1Zwq4SNyCVEGBZmB/ef0EZ5zECjMkZc91UuVrJBTFjOQVL5MkNZvQgPQMjREn0tfTE3J4bJQ+jBJhXqzgVP3doRGXcsxDU8mRGsp5byL+5/UyFV36msZppkiMZ4uijEGVwEkmsE8FwYqNDUFYUHMrxEMkEFYmuYoJwZ3/8iJp12vuec29Pas2roo4yuAAHIET4IIL0AA3oAlaAINH8AxewZv1ZL1Y79bHrLRkFT374A+szx8wzphK</latexit>

m2
13{

<latexit sha1_base64="dhQ8FvWdRMj3VI6BOCHpIJlEIFU=">AAACBnicbVDNS8MwHE39nPOr6lGE4BA8jXaIehx68TjBfcBaS5qlW1iSliQVRunJi/+KFw+KePVv8OZ/Y9b1oJsPAo/3fl95YcKo0o7zbS0tr6yurVc2qptb2zu79t5+R8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfD31uw9EKhqLOz1JiM/RUNCIYqSNFNhHXjEjCxnC4zyDkN83gsxt5NDLYB7YNafuFICLxC1JDZRoBfaXN4hxyonQmCGl+q6TaD9DUlPMSF71UkUSswkNSd9QgThRflackMMTowxgFEvzhIaF+rsjQ1ypCQ9NJUd6pOa9qfif1091dOlnVCSpJgLPFkUpgzqG00zggEqCNZsYgrCk5laIR0girE1yVROCO//lRdJp1N3zunt7VmtelXFUwCE4BqfABRegCW5AC7QBBo/gGbyCN+vJerHerY9Z6ZJV9hyAP7A+fwAvRJhJ</latexit>

m2
12{

Hansen, Briceño, Edwards, Thomas and Wilson, 2020

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

For mesonic states

8



Possible Application of “The Recipe” 

<latexit sha1_base64="SFqyXnSkttLQbkD/vlkoUOesNmk=">AAAB+3icbVDLSsNAFL2pr1pftS7dDBbBVUlE1GVRBBcuKtgHtCFMppN26GQSZiZiCfkVNy4UceuPuPNvnKZZaOuBgcM59zXHjzlT2ra/rdLK6tr6RnmzsrW9s7tX3a91VJRIQtsk4pHs+VhRzgRta6Y57cWS4tDntOtPrmd+95FKxSLxoKcxdUM8EixgBGsjedXaIJ+R+hyTSZbeeHeZV63bDTsHWiZOQepQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0diMxyPaN1TgkCo3zfdm6NgoQxRE0jyhUa7+7khxqNQ09E1liPVYLXoz8T+vn+jg0k2ZiBNNBZkvChKOdIRmQaAhk5RoPjUEE8nMrYiMscREm7gqJgRn8cvLpHPacM4bzv1ZvXlVxFGGQziCE3DgAppwCy1oA4EneIZXeLMy68V6tz7mpSWr6DmAP7A+fwB/15S9</latexit>

EL

<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3

Draper et al. 2023
Hörz et al. 2021

For baryonic states
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Three Body Scattering Amplitude 

= + + + ⋯
<latexit sha1_base64="TObBkkmRp4YjJPXOEYyzyhVRFvc=">AAACOHicbVDLSsNAFJ3UV62vqEs3g0Vw05IUUTdC0YJuxAr2AU0Ik+m0HTp5MDMRSshnufEz3IkbF4q49QuctEH68MDAOefey9x73JBRIQ3jVcstLa+sruXXCxubW9s7+u5eUwQRx6SBAxbwtosEYdQnDUklI+2QE+S5jLTc4VVabz0SLmjgP8hRSGwP9X3aoxhJZTn6neUhOcCIxbUEXsDSn7xNnAq8hrO6NKct6svpplri6EWjbIwBF4mZkSLIUHf0F6sb4MgjvsQMCdExjVDaMeKSYkaSghUJEiI8RH3SUdRHHhF2PD48gUfK6cJewNVTm4zd6YkYeUKMPFd1piuK+Vpq/lfrRLJ3bsfUDyNJfDz5qBcxKAOYpgi7lBMs2UgRhDlVu0I8QBxhqbIuqBDM+ZMXSbNSNk/L5v1JsXqZxZEHB+AQHAMTnIEquAF10AAYPIE38AE+tWftXfvSvietOS2b2Qcz0H5+Aaeqq7s=</latexit>

D = �M2GM2 �M2

Z
GD

Integral Equation for 
Infinite volume three particle scattering amplitude 

Assuming 
<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3
<latexit sha1_base64="P90b6eAJzBgAaKaynDpX7p3sQzI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxiv2ANpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHq7dXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezSCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G3S5wqZEWNLKFPc3krYkCrKjA2nZEPwFl9eJs2zqndR9e7PK7WbPI4iHMExnIIHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AH8po0B</latexit>

= 0

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q

, and all identical scalar particles 

10



Three Body Scattering Amplitude 

= + + + ⋯
<latexit sha1_base64="TObBkkmRp4YjJPXOEYyzyhVRFvc=">AAACOHicbVDLSsNAFJ3UV62vqEs3g0Vw05IUUTdC0YJuxAr2AU0Ik+m0HTp5MDMRSshnufEz3IkbF4q49QuctEH68MDAOefey9x73JBRIQ3jVcstLa+sruXXCxubW9s7+u5eUwQRx6SBAxbwtosEYdQnDUklI+2QE+S5jLTc4VVabz0SLmjgP8hRSGwP9X3aoxhJZTn6neUhOcCIxbUEXsDSn7xNnAq8hrO6NKct6svpplri6EWjbIwBF4mZkSLIUHf0F6sb4MgjvsQMCdExjVDaMeKSYkaSghUJEiI8RH3SUdRHHhF2PD48gUfK6cJewNVTm4zd6YkYeUKMPFd1piuK+Vpq/lfrRLJ3bsfUDyNJfDz5qBcxKAOYpgi7lBMs2UgRhDlVu0I8QBxhqbIuqBDM+ZMXSbNSNk/L5v1JsXqZxZEHB+AQHAMTnIEquAF10AAYPIE38AE+tWftXfvSvietOS2b2Qcz0H5+Aaeqq7s=</latexit>

D = �M2GM2 �M2

Z
GD

Assuming 
<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3
<latexit sha1_base64="P90b6eAJzBgAaKaynDpX7p3sQzI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxiv2ANpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHq7dXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezSCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G3S5wqZEWNLKFPc3krYkCrKjA2nZEPwFl9eJs2zqndR9e7PK7WbPI4iHMExnIIHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AH8po0B</latexit>

= 0

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q

, and all identical scalar particles 

Leading order
 effective range expansion

<latexit sha1_base64="kBYICZW5oafqTRDO6XmPMUspJaw="></latexit>

M2 =
1

K�1
2 � i⇢

=
1

⇢ cot �0 � i⇢

=
16⇡

p
�q

� 1
a � i

q
�q

4 �m2

If a>0, we have a bound-state in the two body system with mass, 
<latexit sha1_base64="JPXAn+jqwQ65aSUZArQDRCURNKw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEN9aZQdSNUHTjsoJ9QDsdMmnahiaZMckIZShu/BU3LhRx61e4829M21lo64ELh3Pu5d57wphRpR3n28otLC4tr+RXC2vrG5tb9vZOTUWJxKSKIxbJRogUYVSQqqaakUYsCeIhI/VwcD326w9EKhqJOz2Mic9RT9AuxUgbKbD3eBDCS+i11L3UKW978Bi6J6jtjQK76JScCeA8cTNSBBkqgf3V6kQ44URozJBSTdeJtZ8iqSlmZFRoJYrECA9QjzQNFYgT5aeTF0bw0Cgd2I2kKaHhRP09kSKu1JCHppMj3Vez3lj8z2smunvhp1TEiSYCTxd1EwZ1BMd5wA6VBGs2NARhSc2tEPeRRFib1AomBHf25XlS80ruWcm9PS2Wr7I48mAfHIAj4IJzUAY3oAKqAINH8AxewZv1ZL1Y79bHtDVnZTO74A+szx8yqpVh</latexit>

mb = 2
p
m2 � 1/a2

<latexit sha1_base64="NcXC8ulgDykqzWb3SiCH0nxaXZM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyUpoi6LbnQhVLAPaEKYTKft0MmDmRuxhOLGX3HjQhG3foU7/8ZJm4W2HrhwOOde7r3HjwVXYFnfxsLi0vLKamGtuL6xubVt7uw2VZRIyho0EpFs+0QxwUPWAA6CtWPJSOAL1vKHl5nfumdS8Si8g1HM3ID0Q97jlICWPHPfAfYA6XUwLjsBgQElIr0Ze9Vj7Jklq2JNgOeJnZMSylH3zC+nG9EkYCFQQZTq2FYMbkokcCrYuOgkisWEDkmfdTQNScCUm05eGOMjrXRxL5K6QsAT9fdESgKlRoGvO7Mz1ayXif95nQR6527KwzgBFtLpol4iMEQ4ywN3uWQUxEgTQiXXt2I6IJJQ0KkVdQj27MvzpFmt2KcV+/akVLvI4yigA3SIyshGZ6iGrlAdNRBFj+gZvaI348l4Md6Nj2nrgpHP7KE/MD5/ALLtlvc=</latexit>

Im(M2)

<latexit sha1_base64="WAMtB/BtTHjVW/YfUs3EFAJiK6Y=">AAAB/XicbVDLSgNBEJyNrxhf8XHzMhiEeAm7Iuox6EVvEcwDkrDMTibJkJnZdaZXjEvwV7x4UMSr/+HNv3GS7EETCxqKqm66u4JIcAOu++1kFhaXlleyq7m19Y3Nrfz2Ts2EsaasSkMR6kZADBNcsSpwEKwRaUZkIFg9GFyO/fo904aH6haGEWtL0lO8yykBK/n5vRawB0iu5ajYMrwniX93hP18wS25E+B54qWkgFJU/PxXqxPSWDIFVBBjmp4bQTshGjgVbJRrxYZFhA5IjzUtVUQy004m14/woVU6uBtqWwrwRP09kRBpzFAGtlMS6JtZbyz+5zVj6J63E66iGJii00XdWGAI8TgK3OGaURBDSwjV3N6KaZ9oQsEGlrMheLMvz5Pacck7LXk3J4XyRRpHFu2jA1REHjpDZXSFKqiKKHpEz+gVvTlPzovz7nxMWzNOOrOL/sD5/AEPmZT2</latexit>

Im(�q)

<latexit sha1_base64="CgN5Wj/iE15S0wP6fjt7ePTqOSA=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2FGRD0GvXiMYhbIhNDTqUma9Cx214hxCP6KFw+KePU/vPk3dpaDJj4oeLxXRVU9L5ZCo21/W5mFxaXllexqbm19Y3Mrv71T01GiOFR5JCPV8JgGKUKookAJjVgBCzwJda9/OfLr96C0iMJbHMTQClg3FL7gDI3Uzu+5CA+Y3sCw6GrRDVj77oi28wW7ZI9B54kzJQUyRaWd/3I7EU8CCJFLpnXTsWNspUyh4BKGOTfREDPeZ11oGhqyAHQrHV8/pIdG6VA/UqZCpGP190TKAq0HgWc6A4Y9PeuNxP+8ZoL+eSsVYZwghHyyyE8kxYiOoqAdoYCjHBjCuBLmVsp7TDGOJrCcCcGZfXme1I5LzmnJuT4plC+mcWTJPjkgReKQM1ImV6RCqoSTR/JMXsmb9WS9WO/Wx6Q1Y01ndskfWJ8/ETKU9w==</latexit>

Re(�q)

Two-body scattering
 amplitude

11

<latexit sha1_base64="RBKTcCf125ZjjcXGREUgVP4zak8=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovFVUhqqXUhFN24rGAf0NQwmU7aoTNJmJkIJRQ3/oobF4q49Svc+TdOHwttPXDhzDn3MveeIGFUKsf5NpaWV1bX1nMb5ubW9s6utbffkHEqMKnjmMWiFSBJGI1IXVHFSCsRBPGAkWYwuB77zQciJI2jOzVMSIejXkRDipHSkm8dFjiCl9Ate55Z4H5wX9SvM/uiUvKtvGM7E8BF4s5IHsxQ860vrxvjlJNIYYakbLtOojoZEopiRkaml0qSIDxAPdLWNEKcyE42OWEET7TShWEsdEUKTtTfExniUg55oDs5Un05743F/7x2qsJKJ6NRkioS4elHYcqgiuE4D9ilgmDFhpogLKjeFeI+EggrnZqpQ3DnT14kjaLtlm33tpSvXs3iyIEjcAxOgQvOQRXcgBqoAwwewTN4BW/Gk/FivBsf09YlYzZzAP7A+PwBh/eTrA==</latexit>

ma = 16

m2
b = 3.984



Three Body Scattering Amplitude 

= + + + ⋯
<latexit sha1_base64="TObBkkmRp4YjJPXOEYyzyhVRFvc=">AAACOHicbVDLSsNAFJ3UV62vqEs3g0Vw05IUUTdC0YJuxAr2AU0Ik+m0HTp5MDMRSshnufEz3IkbF4q49QuctEH68MDAOefey9x73JBRIQ3jVcstLa+sruXXCxubW9s7+u5eUwQRx6SBAxbwtosEYdQnDUklI+2QE+S5jLTc4VVabz0SLmjgP8hRSGwP9X3aoxhJZTn6neUhOcCIxbUEXsDSn7xNnAq8hrO6NKct6svpplri6EWjbIwBF4mZkSLIUHf0F6sb4MgjvsQMCdExjVDaMeKSYkaSghUJEiI8RH3SUdRHHhF2PD48gUfK6cJewNVTm4zd6YkYeUKMPFd1piuK+Vpq/lfrRLJ3bsfUDyNJfDz5qBcxKAOYpgi7lBMs2UgRhDlVu0I8QBxhqbIuqBDM+ZMXSbNSNk/L5v1JsXqZxZEHB+AQHAMTnIEquAF10AAYPIE38AE+tWftXfvSvietOS2b2Qcz0H5+Aaeqq7s=</latexit>

D = �M2GM2 �M2

Z
GD

Assuming 
<latexit sha1_base64="RerveUrWlXS1iV348QIovWcEZ4Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyVRUZdFN4KbCvYBbQiT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbNbre3td1SUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT25yv/tIpWKReNDTmLohHgkWMIK1kbxadRBiPSaYp3eZl55lXq1uN+wZ0DJxClKHAi2v9jUYRiQJqdCEY6X6jh1rN8VSM8JpVhkkisaYTPCI9g0VOKTKTWfBM3RslCEKImme0Gim/t5IcajUNPTNZB5TLXq5+J/XT3Rw5aZMxImmgswPBQlHOkJ5C2jIJCWaTw3BRDKTFZExlpho01XFlOAsfnmZdE4bzkXDuT+vN6+LOspwCEdwAg5cQhNuoQVtIJDAM7zCm/VkvVjv1sd8tGQVOwfwB9bnD/aYk0o=</latexit>

K3
<latexit sha1_base64="P90b6eAJzBgAaKaynDpX7p3sQzI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxiv2ANpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHq7dXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezSCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G3S5wqZEWNLKFPc3krYkCrKjA2nZEPwFl9eJs2zqndR9e7PK7WbPI4iHMExnIIHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AH8po0B</latexit>

= 0

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q

, and all identical scalar particles 

<latexit sha1_base64="SrSP4/W47lQ7JFd/RfgS0+wwBRo="></latexit>

D =
�g

�p �m2
b

M'b
�g

�k �m2
b

Two-body bound-state residue
Two-body bound-state mass

<latexit sha1_base64="MBKkfHbeHwqmIvofmwdWfUEOsO0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpXnWjbrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6qwd15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH0cqjcw=</latexit>mb

<latexit sha1_base64="mFQcdlBR6Z0VaZjlNP3+sTDIt7E=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGi/YA2ls12ki7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtJ1SaJ/LBjFL0YxpJHnJGjZXuo8dqr1R2K+4MZJl4OSlDjnqv9NXtJyyLURomqNYdz02NP6bKcCZwUuxmGlPKhjTCjqWSxqj98ezUCTm1Sp+EibIlDZmpvyfGNNZ6FAe2M6ZmoBe9qfif18lMeOWPuUwzg5LNF4WZICYh079JnytkRowsoUxxeythA6ooMzadog3BW3x5mTSrFe+i4t2dl2vXeRwFOIYTOAMPLqEGt1CHBjCI4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AHzso2V</latexit>

g2
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spectator, ( )φ spectator, ( )φ



Consistency checks using Toy Model:

<latexit sha1_base64="SrSP4/W47lQ7JFd/RfgS0+wwBRo="></latexit>

D =
�g

�p �m2
b

M'b
�g

�k �m2
b

1. System dynamics fixed by two-body scattering length only.
2. Bound state pole in the integration interval, numerically most demanding scenario.
3. Finite volume results are available for comparison
4. Hints at Efimov Physics:

Unitarity Limit: 
<latexit sha1_base64="YGIWU5nM/QuGwmNcxluSz1cDQOs=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN9ZERN0IRTcuK9gHNCFMJpN26OThzI1QQnHjr7hxoYhbv8Kdf+O0zUKrBy73cM69zNzjp4IrsKwvozQ3v7C4VF6urKyurW+Ym1stlWSSsiZNRCI7PlFM8Jg1gYNgnVQyEvmCtf3B1dhv3zOpeBLfwjBlbkR6MQ85JaAlz9y5ww5NwAmYAOJZ+AIf2kdEN8szq1bNmgD/JXZBqqhAwzM/nSChWcRioIIo1bWtFNycSOBUsFHFyRRLCR2QHutqGpOIKTefnDDC+1oJcJhIXTHgifpzIyeRUsPI15MRgb6a9cbif143g/DczXmcZsBiOn0ozASGBI/zwAGXjIIYakKo5PqvmPaJJBR0ahUdgj178l/SOq7ZpzX75qRavyziKKNdtIcOkI3OUB1dowZqIooe0BN6Qa/Go/FsvBnv09GSUexso18wPr4BhSSU6w==</latexit>

q cot �0 = �1/a = 0

Two body scattering amplitude has a pole at the threshold: 

<latexit sha1_base64="TzqyfCA22WHmGE++4oHta6yOzLM="></latexit>

M2 =
16⇡

p
�q

�i
q

�q

4 �m2

Geometrically separated, infinite tower of  three-body bound-states:
<latexit sha1_base64="sjV+N6ECVfr9XfWccZx1YxAegEc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIAg1KaJuhKIUXJUK9gFtDJPJpB06mYSZiVBCNv6KGxeKuPUz3Pk3TtsstHpg4HDOPdy5x4sZlcqyvozCwuLS8kpxtbS2vrG5ZW7vtGWUCExaOGKR6HpIEkY5aSmqGOnGgqDQY6Tjja4nfueBCEkjfqfGMXFCNOA0oBgpLbnmXt1NG8d2Bi9h3W2c9JmO+ui+6pplq2JNAf8SOydlkKPpmp99P8JJSLjCDEnZs61YOSkSimJGslI/kSRGeIQGpKcpRyGRTjo9IIOHWvFhEAn9uIJT9WciRaGU49DTkyFSQznvTcT/vF6iggsnpTxOFOF4tihIGFQRnLQBfSoIVmysCcKC6r9CPEQCYaU7K+kS7PmT/5J2tWKfVezb03LtKq+jCPbBATgCNjgHNXADmqAFMMjAE3gBr8aj8Wy8Ge+z0YKRZ3bBLxgf3wuolMg=</latexit>

EN+1 = EN/�2

<latexit sha1_base64="yojDTj1+2fG5Sf4ip4kdz2dYGq4=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4CkkttS6EohuXFewD2lAmk0k7dPJgZiKW0F9x40IRt/6IO//GaZuFth4YOJxzLvfO8RLOpLLtb2NtfWNza7uwU9zd2z84NI9KbRmngtAWiXksuh6WlLOIthRTnHYTQXHocdrxxrczv/NIhWRx9KAmCXVDPIxYwAhWWhqYpT7XYR+ja1SpWLWr6kV9YJZty54DrRInJ2XI0RyYX30/JmlII0U4lrLn2IlyMywUI5xOi/1U0gSTMR7SnqYRDql0s/ntU3SmFR8FsdAvUmiu/p7IcCjlJPR0MsRqJJe9mfif10tVUHczFiWpohFZLApSjlSMZkUgnwlKFJ9ogolg+lZERlhgonRdRV2Cs/zlVdKuWE7Ncu6r5cZNXkcBTuAUzsGBS2jAHTShBQSe4Ble4c2YGi/Gu/GxiK4Z+cwx/IHx+QOp3pI/</latexit>

� = 22.69438
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in !gure  4. As long as this dissociation is weak, the trimer 
resnonances are narrow and follow the E!mov scenario. They 
can therefore be quali!ed as E!mov states. In fact, it is the 
situation encountered in ultra-cold atomic gases—see sec-
tion 2.1.7.2. For very strong losses by dissociation, the trimer 
resonances are broad and a theoretical study indicates that the 
E!mov spectrum is rotated in the complex energy plane [119], 
where the imaginary part of the energy correspond to the reso-
nance width.

2.1.5.2. Structure. Although the peculiar energy spectrum 
of E!mov states is often presented as their de!ning charac-
teristic, their spatial structure is also worth considering, as 
it makes them very different from other three-body bound 
states such as water or ozone molecules. Ozone molecules, 
for instance, have a relatively well de!ned geometry, with an 
O–O length of about 0.127 nm and an O–O–O angle of about 
117°. Although the electrons are delocalised around the oxy-
gen nuclei, the relative positions of the nuclei are quite local-
ised, as a result of the strong binding interaction provided by 

the bonding electrons. E!mov states, on the other hand, are 
very diffuse objects without a well de!ned geometry.

In the intuitive picture of the E!mov attraction, the par-
ticles keep moving back and forth between one another, 
thereby inducing the E!mov attraction that keeps them 
together. Thus, for an E!mov state made of atoms, one 
may say that the atoms themselves play the role of bonding 
electrons by performing an exchange motion. The electrons 
play a role only when the atoms come in contact, within the 
radius of their electronic cloud, which is on the order of a 
few tenths of nanometre for light atoms. The motion of the 
atoms, on the other hand, occurs at distances larger than 
the size of their electronic cloud, around three times for the 
ground state and much more for excited states. As result, 
E!mov states of atoms are much larger and diffuse than 
usual molecules. This is shown in !gure  6 for the case of 
helium-4 trimers, whose excited state is typically !fty times 
or more larger than ozone molecules.

In addition to the broad distribution of sizes, there is also 
a broad distribution of geometries for three particles form-
ing an E!mov state. The most probable geometries in this 

Figure 6. Ozone molecule (O3) compared to E!mov states of helium-4 atoms (He3) on the same scale. Each molecule is represented 
schematically as a typical snapshot of its geometry. The ozone molecule is enlarged to show its structure (readers of the electronic version 
are invited to zoom in). The nuclei are represented by small dots (red for oxygen, blue for helium), and the electronic cloud is shown as a 
grey halo. For the helium trimers, the atomic cloud formed by the motion of the helium atoms is shown as a light blue halo. The structure 
of the excited helium trimer is closest to that of an ideal E!mov state, which is typically described by an elongated triangle con!guration. 
The structural properties of the ground helium trimer do not conform fully to those of E!mov states, but are nonetheless very different from 
more compact molecules like O3.

Rep. Prog. Phys. 80 (2017) 056001

Vitaly Efimov, 1970

(Romero-López, Sharpe, Blanton, 
Briceño and Hansen, 2019)
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Solving Integral Equations
1. Introduce  

2. Project onto partial wave,            sector 
 
 
 

3. Soften singularities using non-zero epsilon, or isolate them 

4. Write as matrix equation: 
 
 

5. Recover the exact result by taking               ,             limit   

6.

<latexit sha1_base64="5u+lHaysx7nxvrdh1DuPzpK3Slo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6kYounFZwT6gCWUyvWmHTiZhZiKU0IUbf8WNC0Xc+hHu/BunaRbaemDgcM59zQkSzpR2nG+rtLK6tr5R3qxsbe/s7tn7B20Vp5JCi8Y8lt2AKOBMQEszzaGbSCBRwKETjG9mfucBpGKxuNeTBPyIDAULGSXaSH276uUzsoATOp5mGGMPOMdX2MHTvl1z6k4OvEzcgtRQgWbf/vIGMU0jEJpyolTPdRLtZ0RqRjlMK16qIDF7yBB6hgoSgfKz/IApPjbKAIexNE9onKu/OzISKTWJAlMZET1Si95M/M/rpTq89DMmklSDoPNFYcqxjvEsETxgEqjmE0MIlczciumISEK1ya1iQnAXv7xM2qd197zu3p3VGtdFHGVURUfoBLnoAjXQLWqiFqLoET2jV/RmPVkv1rv1MS8tWUXPIfoD6/MH3N6W7Q==</latexit>

` = 0

<latexit sha1_base64="pgzbF5SWvaGapixcRnet9ANIOBo=">AAACEXicbVDLSgMxFM3UV62vUZdugkXoqsyIqMuiG5cV7AM6pWTStA3NJENyRylDf8GNv+LGhSJu3bnzb0yns9DWA4HDOfeVE8aCG/C8b6ewsrq2vlHcLG1t7+zuufsHTaMSTVmDKqF0OySGCS5ZAzgI1o41I1EoWCscX8/81j3Thit5B5OYdSMylHzAKQEr9dxKkM1IQ0HoeJpiHLDYcKEkDjQfjoBorR6wh6c9t+xVvQx4mfg5KaMc9Z77FfQVTSImgQpiTMf3YuimRAOngk1LQWJYbJeSIetYKknETDfNrpniE6v08UBp+yTgTP3dkZLImEkU2sqIwMgsejPxP6+TwOCym3IZJ8AknS8aJAKDwrN4cJ9rRkFMLCFUc3srpiOiCQUbYsmG4C9+eZk0T6v+edW/PSvXrvI4iugIHaMK8tEFqqEbVEcNRNEjekav6M15cl6cd+djXlpw8p5D9AfO5w+O0J10</latexit>

✏ ! 0

<latexit sha1_base64="y7Md1ZIh0zG7UxCDoXJR4WvvAKc=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiuSlJEBRGKunAjVLAPaEKYTCbt0MmDmYlQQj7Gjb/ixoUPXLjxW5ykAW3rhYFzz7l35sxxY0aFNIwvbWFxaXlltbJWXd/Y3NrWd3Y7Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOuOrnK9+0C4oFF4L8cxsQM0CKlPMZKKcvRzq7gjdRnCoyyF0AqQHGLE0usMXvx2t5nT8KY6mDl6zagbRcF5YJagBspqOfq75UU4CUgoMUNC9E0jlnaKuKSYkaxqJYLEygcakL6CIQqIsNPCYAYPFeNBP+LqhBIW7N+NFAVCjANXTeY2xayWk/9p/UT6Z3ZKwziRJMSTh/yEQRnBPDHoUU6wZGMFEOZUeYV4iDjCUuVaVSGYs1+eB51G3Typm3fHteZlGUcF7IMDcARMcAqa4Aa0QBtg8AiewSt40560F+1D+5yMLmjlzh6YKu37B00PpTI=</latexit>

D = M2dM2

<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)

<latexit sha1_base64="jJPXN/uhMOH673wG+d/HfAGivlo=">AAACDXicbVDLSgMxFM34rPU16tJNsAquyoyIuiy6cSUV7AM6pWTSTBuaSYbkjlKG+QE3/oobF4q4de/OvzF9LLT1QOBwzn3lhIngBjzv21lYXFpeWS2sFdc3Nre23Z3dulGppqxGlVC6GRLDBJesBhwEayaakTgUrBEOrkZ+455pw5W8g2HC2jHpSR5xSsBKHfcwGM/IQkHoIM8wvgk07/WBaK0ecMBlBMO845a8sjcGnif+lJTQFNWO+xV0FU1jJoEKYkzL9xJoZ0QDp4LlxSA1LLELSY+1LJUkZqadjS/J8ZFVujhS2j4JeKz+7shIbMwwDm1lTKBvZr2R+J/XSiG6aGdcJikwSSeLolRgUHgUDe5yzSiIoSWEam5vxbRPNKFgAyzaEPzZL8+T+knZPyv7t6elyuU0jgLaRwfoGPnoHFXQNaqiGqLoET2jV/TmPDkvzrvzMSldcKY9e+gPnM8fUEycWg==</latexit>

N ! 1

<latexit sha1_base64="R4sf9iwlhz4zX7OUnb4UralP0uw="></latexit>

d(N, ✏) = �G(✏)� P ·G(✏) · M2(✏) · d(N, ✏)

<latexit sha1_base64="TO+odYq4zT8jNudrUfy6RiaCPQo="></latexit>

M'b = g2 lim
�p,�k!m2

b

dS
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bound-state, (b) bound-state, (b)

spectator, ( )φ spectator, ( )φ
<latexit sha1_base64="qdypOXGDmwA01D/ZWSZmV407PWQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJr OvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3BGM+g==</latexit>p <latexit sha1_base64="8HotZ7L9jIC+JMZElREUEsd2+jQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD1H2M9Q==</latexit>

k

<latexit sha1_base64="vsDpfYbw0s5cDF7qjMYBdSqobT4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A4J2M/Q==</latexit>s



Kinematic Region of Interest
<latexit sha1_base64="wq6H54QY7aS5r7JvL4du/erIRys=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0Wveitgv2A7lKyabYNTbJLMiuWpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPBDbjut1NYWV1b3yhulra2d3b3yvsHLROnmrImjUWsOyExTHDFmsBBsE6iGZGhYO1wdDP1249MGx6rBxgnLJBkoHjEKQEr+T6wJ8ju5KRqTnvliltzZ8DLxMtJBeVo9Mpffj+mqWQKqCDGdD03gSAjGjgVbFLyU8MSQkdkwLqWKiKZCbLZzRN8YpU+jmJtSwGeqb8nMiKNGcvQdkoCQ7PoTcX/vG4K0VWQcZWkwBSdL4pSgSHG0wBwn2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TFpnNe+i5t2fV+rXeRxFdISOURV56BLV0S1qoCaiKEHP6BW9Oanz4rw7H/PWgpPPHKI/cD5/ANMBkYs=</latexit>

Im(s)

<latexit sha1_base64="ns9/4K9UfELGuv8h5mBuT7lfuoE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvXiMYh6QXcLspDcZMvtgplcMS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x+0dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/dTP32Iygt4ugBxwl4IRtEIhCcoZFcF+EJs3uYVPVpr1yxa/YMdJk4OamQHI1e+cvtxzwNIUIumdZdx07Qy5hCwSVMSm6qIWF8xAbQNTRiIWgvm908oSdG6dMgVqYipDP190TGQq3HoW86Q4ZDvehNxf+8borBlZeJKEkRIj5fFKSSYkynAdC+UMBRjg1hXAlzK+VDphhHE1PJhOAsvrxMWmc156Lm3J1X6td5HEVyRI5JlTjkktTJLWmQJuEkIc/klbxZqfVivVsf89aClc8ckj+wPn8A1JKRjA==</latexit>

Re(s)
<latexit sha1_base64="pzjs8jan9WDsSPTizDRmJHKnzsk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfVY9OKxgv2Adi3ZNNvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNOYtowzDDaTtWFIuA01Ywupn6rSeqNJPRvRnH1Bd4ELGQEWys1CyfidOHaq9YcivuDGiZeBkpQYZ6r/jV7UuSCBoZwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsjbCg2k9n107QiVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUxbFiaERmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpViveRcW7Oy/VrrM48nAEx1AGDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDNhWOPQ==</latexit>

(3m)2
<latexit sha1_base64="nZtq+F/Z8VAieBcKpIJNWQIFtS8=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQkUoSRH1IhS9eKxgP6CNYbPdtEt3k7C7KZTSi3/FiwdFvPozvPlv3LY5aPXBwOO9GWbmBQlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSWidxDyWrQAryllE65ppTluJpFgEnDaDwc3Ubw6pVCyO7vUooZ7AvYiFjGBtJN8+6AyxTPoMBegKlQQ6RcIPTh4qvl10ys4M6C9xM1KEDDXf/ux0Y5IKGmnCsVJt10m0N8ZSM8LppNBJFU0wGeAebRsaYUGVN549MEHHRumiMJamIo1m6s+JMRZKjURgOgXWfbXoTcX/vHaqw0tvzKIk1TQi80VhypGO0TQN1GWSEs1HhmAimbkVkT6WmGiTWcGE4C6+/Jc0KmX3vOzenRWr11kceTiEIyiBCxdQhVuoQR0ITOAJXuDVerSerTfrfd6as7KZffgF6+MbeDuUYw==</latexit>

'b = (m+mb)
2

<latexit sha1_base64="SM8YqUPOhC0TCwBpak2+HGOiQYM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMruIuqx6MVjBfsB7bZk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2F47uZ33qiSrNYPppJQgOBh5JFjGBjpa7o+egC+aIf9vx+ueJW3TnQKvFyUoEc9X75qzuISSqoNIRjrTuem5ggw8owwum01E01TTAZ4yHtWCqxoDrI5jdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpCa6CTImk9RQSRaLopQjE6NZAGjAFCWGTyzBRDF7KyIjrDAxNqaSDcFbfnmVNP2qd1X1Hi4rtds8jiKcwCmcgwfXUIN7qEMDCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AOw8kFA=</latexit>

m2 + 2m2
b

<latexit sha1_base64="wZvjVisDzysRYeb8QeStKdzMQ1w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJVECBgrWBiLRB9Sm0aO67RWbSeyHaQq6sDCr7AwgBArH8HG3+C2GaDlSFf36Jx7Zd8TJowq7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHN1O/9UCkorG41+OE+BwNBI0oRtpIgV3qRhLhrMKDsOfBM8h73mnPm2SmTwK77FSdGeAycXNSBjnqgf3V7cc45URozJBSHddJtJ8hqSlmZFLspookCI/QgHQMFYgT5WezIybwxCh9GMXSlNBwpv7eyBBXasxDM8mRHqpFbyr+53VSHV35GRVJqonA84eilEEdw2kisE8lwZqNDUFYUvNXiIfIpKJNbkUTgrt48jJpelX3ourenZdr13kcBVACx6ACXHAJauAW1EEDYPAInsEreLOerBfr3fqYj65Y+c4R+APr8wdss5at</latexit>

(m2
b �m2)2

m2

15

<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)



Singularities in Region of Interest
<latexit sha1_base64="wq6H54QY7aS5r7JvL4du/erIRys=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0Wveitgv2A7lKyabYNTbJLMiuWpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPBDbjut1NYWV1b3yhulra2d3b3yvsHLROnmrImjUWsOyExTHDFmsBBsE6iGZGhYO1wdDP1249MGx6rBxgnLJBkoHjEKQEr+T6wJ8ju5KRqTnvliltzZ8DLxMtJBeVo9Mpffj+mqWQKqCDGdD03gSAjGjgVbFLyU8MSQkdkwLqWKiKZCbLZzRN8YpU+jmJtSwGeqb8nMiKNGcvQdkoCQ7PoTcX/vG4K0VWQcZWkwBSdL4pSgSHG0wBwn2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TFpnNe+i5t2fV+rXeRxFdISOURV56BLV0S1qoCaiKEHP6BW9Oanz4rw7H/PWgpPPHKI/cD5/ANMBkYs=</latexit>

Im(s)

<latexit sha1_base64="ns9/4K9UfELGuv8h5mBuT7lfuoE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvXiMYh6QXcLspDcZMvtgplcMS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x+0dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/dTP32Iygt4ugBxwl4IRtEIhCcoZFcF+EJs3uYVPVpr1yxa/YMdJk4OamQHI1e+cvtxzwNIUIumdZdx07Qy5hCwSVMSm6qIWF8xAbQNTRiIWgvm908oSdG6dMgVqYipDP190TGQq3HoW86Q4ZDvehNxf+8borBlZeJKEkRIj5fFKSSYkynAdC+UMBRjg1hXAlzK+VDphhHE1PJhOAsvrxMWmc156Lm3J1X6td5HEVyRI5JlTjkktTJLWmQJuEkIc/klbxZqfVivVsf89aClc8ckj+wPn8A1JKRjA==</latexit>

Re(s)
<latexit sha1_base64="pzjs8jan9WDsSPTizDRmJHKnzsk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfVY9OKxgv2Adi3ZNNvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNOYtowzDDaTtWFIuA01Ywupn6rSeqNJPRvRnH1Bd4ELGQEWys1CyfidOHaq9YcivuDGiZeBkpQYZ6r/jV7UuSCBoZwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsjbCg2k9n107QiVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUxbFiaERmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpViveRcW7Oy/VrrM48nAEx1AGDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDNhWOPQ==</latexit>

(3m)2
<latexit sha1_base64="nZtq+F/Z8VAieBcKpIJNWQIFtS8=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQkUoSRH1IhS9eKxgP6CNYbPdtEt3k7C7KZTSi3/FiwdFvPozvPlv3LY5aPXBwOO9GWbmBQlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSWidxDyWrQAryllE65ppTluJpFgEnDaDwc3Ubw6pVCyO7vUooZ7AvYiFjGBtJN8+6AyxTPoMBegKlQQ6RcIPTh4qvl10ys4M6C9xM1KEDDXf/ux0Y5IKGmnCsVJt10m0N8ZSM8LppNBJFU0wGeAebRsaYUGVN549MEHHRumiMJamIo1m6s+JMRZKjURgOgXWfbXoTcX/vHaqw0tvzKIk1TQi80VhypGO0TQN1GWSEs1HhmAimbkVkT6WmGiTWcGE4C6+/Jc0KmX3vOzenRWr11kceTiEIyiBCxdQhVuoQR0ITOAJXuDVerSerTfrfd6as7KZffgF6+MbeDuUYw==</latexit>

'b = (m+mb)
2

<latexit sha1_base64="SM8YqUPOhC0TCwBpak2+HGOiQYM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMruIuqx6MVjBfsB7bZk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2F47uZ33qiSrNYPppJQgOBh5JFjGBjpa7o+egC+aIf9vx+ueJW3TnQKvFyUoEc9X75qzuISSqoNIRjrTuem5ggw8owwum01E01TTAZ4yHtWCqxoDrI5jdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpCa6CTImk9RQSRaLopQjE6NZAGjAFCWGTyzBRDF7KyIjrDAxNqaSDcFbfnmVNP2qd1X1Hi4rtds8jiKcwCmcgwfXUIN7qEMDCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AOw8kFA=</latexit>

m2 + 2m2
b

<latexit sha1_base64="wZvjVisDzysRYeb8QeStKdzMQ1w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJVECBgrWBiLRB9Sm0aO67RWbSeyHaQq6sDCr7AwgBArH8HG3+C2GaDlSFf36Jx7Zd8TJowq7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHN1O/9UCkorG41+OE+BwNBI0oRtpIgV3qRhLhrMKDsOfBM8h73mnPm2SmTwK77FSdGeAycXNSBjnqgf3V7cc45URozJBSHddJtJ8hqSlmZFLspookCI/QgHQMFYgT5WezIybwxCh9GMXSlNBwpv7eyBBXasxDM8mRHqpFbyr+53VSHV35GRVJqonA84eilEEdw2kisE8lwZqNDUFYUvNXiIfIpKJNbkUTgrt48jJpelX3ourenZdr13kcBVACx6ACXHAJauAW1EEDYPAInsEreLOerBfr3fqYj65Y+c4R+APr8wdss5at</latexit>

(m2
b �m2)2

m2

16

<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)

<latexit sha1_base64="TnV0S9o3kcxQHZD0ibE7AumlbMY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJUKGVXRD0WvQheKtgPaJeSTbNtaJLdJlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXhBzpo3rfjsrq2vrG5u5rfz2zu7efuHgsKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLyd+s0nqjSL5KMZx9QXuC9ZyAg2Vmrdl+KyLo/OuoWiW3FnQMvEy0gRMtS6ha9OLyKJoNIQjrVue25s/BQrwwink3wn0TTGZIj7tG2pxIJqP53dO0GnVumhMFK2pEEz9fdEioXWYxHYToHNQC96U/E/r52Y8NpPmYwTQyWZLwoTjkyEps+jHlOUGD62BBPF7K2IDLDCxNiI8jYEb/HlZdI4r3iXFe/holi9yeLIwTGcQAk8uIIq3EEN6kCAwzO8wpszcl6cd+dj3rriZDNH8AfO5w+yEo8Y</latexit>

K(p, s, q)<latexit sha1_base64="SOdL9YrhCZmvx90HGkMxHWioNS0=">AAACBnicbVDLSgNBEJz1GeMr6lGEwWCIEMKuSPQiBL0oXiKYB2RDmJ1MkiEzu+tMrxiWnLz4K148KOLVb/Dm3zh5HDSxoKGo6qa7ywsF12Db39bc/MLi0nJiJbm6tr6xmdraruggUpSVaSACVfOIZoL7rAwcBKuFihHpCVb1ehdDv3rPlOaBfwv9kDUk6fi8zSkBIzVTexlJzpyC6yYzLrAHiK/kwMXX2TCnc3eHzVTaztsj4FniTEgaTVBqpr7cVkAjyXyggmhdd+wQGjFRwKlgg6QbaRYS2iMdVjfUJ5LpRjx6Y4APjNLC7UCZ8gGP1N8TMZFa96VnOiWBrp72huJ/Xj2C9mkj5n4YAfPpeFE7EhgCPMwEt7hiFETfEEIVN7di2iWKUDDJJU0IzvTLs6RylHcKeefmOF08n8SRQLtoH2WRg05QEV2iEiojih7RM3pFb9aT9WK9Wx/j1jlrMrOD/sD6/AH2v5bm</latexit>

ma = 16

Im K(p, s, q)

 is the spectator momenta corresponding to two-body subchannel energy, p σp = 2m2



Singularities in Region of Interest
<latexit sha1_base64="wq6H54QY7aS5r7JvL4du/erIRys=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0Wveitgv2A7lKyabYNTbJLMiuWpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPBDbjut1NYWV1b3yhulra2d3b3yvsHLROnmrImjUWsOyExTHDFmsBBsE6iGZGhYO1wdDP1249MGx6rBxgnLJBkoHjEKQEr+T6wJ8ju5KRqTnvliltzZ8DLxMtJBeVo9Mpffj+mqWQKqCDGdD03gSAjGjgVbFLyU8MSQkdkwLqWKiKZCbLZzRN8YpU+jmJtSwGeqb8nMiKNGcvQdkoCQ7PoTcX/vG4K0VWQcZWkwBSdL4pSgSHG0wBwn2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TFpnNe+i5t2fV+rXeRxFdISOURV56BLV0S1qoCaiKEHP6BW9Oanz4rw7H/PWgpPPHKI/cD5/ANMBkYs=</latexit>

Im(s)

<latexit sha1_base64="ns9/4K9UfELGuv8h5mBuT7lfuoE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvXiMYh6QXcLspDcZMvtgplcMS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x+0dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/dTP32Iygt4ugBxwl4IRtEIhCcoZFcF+EJs3uYVPVpr1yxa/YMdJk4OamQHI1e+cvtxzwNIUIumdZdx07Qy5hCwSVMSm6qIWF8xAbQNTRiIWgvm908oSdG6dMgVqYipDP190TGQq3HoW86Q4ZDvehNxf+8borBlZeJKEkRIj5fFKSSYkynAdC+UMBRjg1hXAlzK+VDphhHE1PJhOAsvrxMWmc156Lm3J1X6td5HEVyRI5JlTjkktTJLWmQJuEkIc/klbxZqfVivVsf89aClc8ckj+wPn8A1JKRjA==</latexit>

Re(s)
<latexit sha1_base64="pzjs8jan9WDsSPTizDRmJHKnzsk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfVY9OKxgv2Adi3ZNNvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNOYtowzDDaTtWFIuA01Ywupn6rSeqNJPRvRnH1Bd4ELGQEWys1CyfidOHaq9YcivuDGiZeBkpQYZ6r/jV7UuSCBoZwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsjbCg2k9n107QiVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUxbFiaERmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpViveRcW7Oy/VrrM48nAEx1AGDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDNhWOPQ==</latexit>

(3m)2
<latexit sha1_base64="nZtq+F/Z8VAieBcKpIJNWQIFtS8=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQkUoSRH1IhS9eKxgP6CNYbPdtEt3k7C7KZTSi3/FiwdFvPozvPlv3LY5aPXBwOO9GWbmBQlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSWidxDyWrQAryllE65ppTluJpFgEnDaDwc3Ubw6pVCyO7vUooZ7AvYiFjGBtJN8+6AyxTPoMBegKlQQ6RcIPTh4qvl10ys4M6C9xM1KEDDXf/ux0Y5IKGmnCsVJt10m0N8ZSM8LppNBJFU0wGeAebRsaYUGVN549MEHHRumiMJamIo1m6s+JMRZKjURgOgXWfbXoTcX/vHaqw0tvzKIk1TQi80VhypGO0TQN1GWSEs1HhmAimbkVkT6WmGiTWcGE4C6+/Jc0KmX3vOzenRWr11kceTiEIyiBCxdQhVuoQR0ITOAJXuDVerSerTfrfd6as7KZffgF6+MbeDuUYw==</latexit>

'b = (m+mb)
2

<latexit sha1_base64="SM8YqUPOhC0TCwBpak2+HGOiQYM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMruIuqx6MVjBfsB7bZk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2F47uZ33qiSrNYPppJQgOBh5JFjGBjpa7o+egC+aIf9vx+ueJW3TnQKvFyUoEc9X75qzuISSqoNIRjrTuem5ggw8owwum01E01TTAZ4yHtWCqxoDrI5jdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpCa6CTImk9RQSRaLopQjE6NZAGjAFCWGTyzBRDF7KyIjrDAxNqaSDcFbfnmVNP2qd1X1Hi4rtds8jiKcwCmcgwfXUIN7qEMDCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AOw8kFA=</latexit>

m2 + 2m2
b

<latexit sha1_base64="wZvjVisDzysRYeb8QeStKdzMQ1w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJVECBgrWBiLRB9Sm0aO67RWbSeyHaQq6sDCr7AwgBArH8HG3+C2GaDlSFf36Jx7Zd8TJowq7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHN1O/9UCkorG41+OE+BwNBI0oRtpIgV3qRhLhrMKDsOfBM8h73mnPm2SmTwK77FSdGeAycXNSBjnqgf3V7cc45URozJBSHddJtJ8hqSlmZFLspookCI/QgHQMFYgT5WezIybwxCh9GMXSlNBwpv7eyBBXasxDM8mRHqpFbyr+53VSHV35GRVJqonA84eilEEdw2kisE8lwZqNDUFYUvNXiIfIpKJNbkUTgrt48jJpelX3ourenZdr13kcBVACx6ACXHAJauAW1EEDYPAInsEreLOerBfr3fqYj65Y+c4R+APr8wdss5at</latexit>

(m2
b �m2)2

m2

17

<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)

We are here

Two-body poles enclosing the end-point 
of integration

<latexit sha1_base64="MfxpHtn9ftRJ/qRd/eyQXuS1qlk=">AAACC3icbVA9SwNBEN3z2/MrammzGAwRQrgTiTaCaKPYKJgo5ELY22x0ye7eZXdODEd6G/+KjYUitv4BO/+Nm+QKNT4YeLw3w8y8MBbcgOd9OROTU9Mzs3Pz7sLi0vJKbnWtZqJEU1alkYj0dUgME1yxKnAQ7DrWjMhQsKuwczzwr+6YNjxSl9CLWUOSG8XbnBKwUjO3WZAEH2C/goPALQTA7iE9lf0AnxW7zbBkSt3tZi7vlb0h8DjxM5JHGc6buc+gFdFEMgVUEGPqvhdDIyUaOBWs7waJYTGhHXLD6pYqIplppMNf+njLKi3cjrQtBXio/pxIiTSmJ0PbKQncmr/eQPzPqyfQ3m+kXMUJMEVHi9qJwBDhQTC4xTWjIHqWEKq5vRXTW6IJBRufa0Pw/748Tmo7Zb9S9i9284dHWRxzaANtoiLy0R46RCfoHFURRQ/oCb2gV+fReXbenPdR64STzayjX3A+vgGKU5g6</latexit>

ma = 16

Im K(qb, s, q)

 is the spectator momenta corresponding to two-body subchannel energy, qb σq = m2
b

<latexit sha1_base64="bCd3/eHKWUZ4fjy4mWSjJNV07tc="></latexit>

K(p, s, q) =
q2

(2⇡)2!q
GS(p, s, q)M2(q, s)



<latexit sha1_base64="MfxpHtn9ftRJ/qRd/eyQXuS1qlk=">AAACC3icbVA9SwNBEN3z2/MrammzGAwRQrgTiTaCaKPYKJgo5ELY22x0ye7eZXdODEd6G/+KjYUitv4BO/+Nm+QKNT4YeLw3w8y8MBbcgOd9OROTU9Mzs3Pz7sLi0vJKbnWtZqJEU1alkYj0dUgME1yxKnAQ7DrWjMhQsKuwczzwr+6YNjxSl9CLWUOSG8XbnBKwUjO3WZAEH2C/goPALQTA7iE9lf0AnxW7zbBkSt3tZi7vlb0h8DjxM5JHGc6buc+gFdFEMgVUEGPqvhdDIyUaOBWs7waJYTGhHXLD6pYqIplppMNf+njLKi3cjrQtBXio/pxIiTSmJ0PbKQncmr/eQPzPqyfQ3m+kXMUJMEVHi9qJwBDhQTC4xTWjIHqWEKq5vRXTW6IJBRufa0Pw/748Tmo7Zb9S9i9284dHWRxzaANtoiLy0R46RCfoHFURRQ/oCb2gV+fReXbenPdR64STzayjX3A+vgGKU5g6</latexit>

ma = 16

Im K(qb, s, q)

Singularities in Region of Interest
<latexit sha1_base64="wq6H54QY7aS5r7JvL4du/erIRys=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0Wveitgv2A7lKyabYNTbJLMiuWpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPBDbjut1NYWV1b3yhulra2d3b3yvsHLROnmrImjUWsOyExTHDFmsBBsE6iGZGhYO1wdDP1249MGx6rBxgnLJBkoHjEKQEr+T6wJ8ju5KRqTnvliltzZ8DLxMtJBeVo9Mpffj+mqWQKqCDGdD03gSAjGjgVbFLyU8MSQkdkwLqWKiKZCbLZzRN8YpU+jmJtSwGeqb8nMiKNGcvQdkoCQ7PoTcX/vG4K0VWQcZWkwBSdL4pSgSHG0wBwn2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TFpnNe+i5t2fV+rXeRxFdISOURV56BLV0S1qoCaiKEHP6BW9Oanz4rw7H/PWgpPPHKI/cD5/ANMBkYs=</latexit>

Im(s)

<latexit sha1_base64="ns9/4K9UfELGuv8h5mBuT7lfuoE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvXiMYh6QXcLspDcZMvtgplcMS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x+0dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/dTP32Iygt4ugBxwl4IRtEIhCcoZFcF+EJs3uYVPVpr1yxa/YMdJk4OamQHI1e+cvtxzwNIUIumdZdx07Qy5hCwSVMSm6qIWF8xAbQNTRiIWgvm908oSdG6dMgVqYipDP190TGQq3HoW86Q4ZDvehNxf+8borBlZeJKEkRIj5fFKSSYkynAdC+UMBRjg1hXAlzK+VDphhHE1PJhOAsvrxMWmc156Lm3J1X6td5HEVyRI5JlTjkktTJLWmQJuEkIc/klbxZqfVivVsf89aClc8ckj+wPn8A1JKRjA==</latexit>

Re(s)
<latexit sha1_base64="pzjs8jan9WDsSPTizDRmJHKnzsk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfVY9OKxgv2Adi3ZNNvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNOYtowzDDaTtWFIuA01Ywupn6rSeqNJPRvRnH1Bd4ELGQEWys1CyfidOHaq9YcivuDGiZeBkpQYZ6r/jV7UuSCBoZwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsjbCg2k9n107QiVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUxbFiaERmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpViveRcW7Oy/VrrM48nAEx1AGDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDNhWOPQ==</latexit>

(3m)2
<latexit sha1_base64="nZtq+F/Z8VAieBcKpIJNWQIFtS8=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQkUoSRH1IhS9eKxgP6CNYbPdtEt3k7C7KZTSi3/FiwdFvPozvPlv3LY5aPXBwOO9GWbmBQlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSWidxDyWrQAryllE65ppTluJpFgEnDaDwc3Ubw6pVCyO7vUooZ7AvYiFjGBtJN8+6AyxTPoMBegKlQQ6RcIPTh4qvl10ys4M6C9xM1KEDDXf/ux0Y5IKGmnCsVJt10m0N8ZSM8LppNBJFU0wGeAebRsaYUGVN549MEHHRumiMJamIo1m6s+JMRZKjURgOgXWfbXoTcX/vHaqw0tvzKIk1TQi80VhypGO0TQN1GWSEs1HhmAimbkVkT6WmGiTWcGE4C6+/Jc0KmX3vOzenRWr11kceTiEIyiBCxdQhVuoQR0ITOAJXuDVerSerTfrfd6as7KZffgF6+MbeDuUYw==</latexit>

'b = (m+mb)
2

<latexit sha1_base64="SM8YqUPOhC0TCwBpak2+HGOiQYM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMruIuqx6MVjBfsB7bZk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2F47uZ33qiSrNYPppJQgOBh5JFjGBjpa7o+egC+aIf9vx+ueJW3TnQKvFyUoEc9X75qzuISSqoNIRjrTuem5ggw8owwum01E01TTAZ4yHtWCqxoDrI5jdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpCa6CTImk9RQSRaLopQjE6NZAGjAFCWGTyzBRDF7KyIjrDAxNqaSDcFbfnmVNP2qd1X1Hi4rtds8jiKcwCmcgwfXUIN7qEMDCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AOw8kFA=</latexit>

m2 + 2m2
b

<latexit sha1_base64="wZvjVisDzysRYeb8QeStKdzMQ1w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJVECBgrWBiLRB9Sm0aO67RWbSeyHaQq6sDCr7AwgBArH8HG3+C2GaDlSFf36Jx7Zd8TJowq7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHN1O/9UCkorG41+OE+BwNBI0oRtpIgV3qRhLhrMKDsOfBM8h73mnPm2SmTwK77FSdGeAycXNSBjnqgf3V7cc45URozJBSHddJtJ8hqSlmZFLspookCI/QgHQMFYgT5WezIybwxCh9GMXSlNBwpv7eyBBXasxDM8mRHqpFbyr+53VSHV35GRVJqonA84eilEEdw2kisE8lwZqNDUFYUvNXiIfIpKJNbkUTgrt48jJpelX3ourenZdr13kcBVACx6ACXHAJauAW1EEDYPAInsEreLOerBfr3fqYj65Y+c4R+APr8wdss5at</latexit>

(m2
b �m2)2

m2
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<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)

We are here

Two-body branch points enclosing 
one end-point of the integration interval

<latexit sha1_base64="bCd3/eHKWUZ4fjy4mWSjJNV07tc="></latexit>

K(p, s, q) =
q2

(2⇡)2!q
GS(p, s, q)M2(q, s)

 is the spectator momenta corresponding to two-body bound-state energy, qb σq = m2
b



Complications in obtaining amplitude

<latexit sha1_base64="rtCCRuuTUXCkRat9Kif3LfcpWxI="></latexit>

dS(p, s, k) = �GS(p, s, k)�
Z qmax

0
dq

q2

(2⇡)2!q
GS(p, s, q)M2(q, s)dS(q, s, k)

<latexit sha1_base64="wq6H54QY7aS5r7JvL4du/erIRys=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0Wveitgv2A7lKyabYNTbJLMiuWpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPBDbjut1NYWV1b3yhulra2d3b3yvsHLROnmrImjUWsOyExTHDFmsBBsE6iGZGhYO1wdDP1249MGx6rBxgnLJBkoHjEKQEr+T6wJ8ju5KRqTnvliltzZ8DLxMtJBeVo9Mpffj+mqWQKqCDGdD03gSAjGjgVbFLyU8MSQkdkwLqWKiKZCbLZzRN8YpU+jmJtSwGeqb8nMiKNGcvQdkoCQ7PoTcX/vG4K0VWQcZWkwBSdL4pSgSHG0wBwn2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TFpnNe+i5t2fV+rXeRxFdISOURV56BLV0S1qoCaiKEHP6BW9Oanz4rw7H/PWgpPPHKI/cD5/ANMBkYs=</latexit>

Im(s)

<latexit sha1_base64="ns9/4K9UfELGuv8h5mBuT7lfuoE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXRD0GvXiMYh6QXcLspDcZMvtgplcMS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x+0dJwqDk0ey1h1fKZBigiaKFBCJ1HAQl9C2x/dTP32Iygt4ugBxwl4IRtEIhCcoZFcF+EJs3uYVPVpr1yxa/YMdJk4OamQHI1e+cvtxzwNIUIumdZdx07Qy5hCwSVMSm6qIWF8xAbQNTRiIWgvm908oSdG6dMgVqYipDP190TGQq3HoW86Q4ZDvehNxf+8borBlZeJKEkRIj5fFKSSYkynAdC+UMBRjg1hXAlzK+VDphhHE1PJhOAsvrxMWmc156Lm3J1X6td5HEVyRI5JlTjkktTJLWmQJuEkIc/klbxZqfVivVsf89aClc8ckj+wPn8A1JKRjA==</latexit>

Re(s)
<latexit sha1_base64="pzjs8jan9WDsSPTizDRmJHKnzsk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfVY9OKxgv2Adi3ZNNvGJpslyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2DppaJIrRBJJeqHWBNOYtowzDDaTtWFIuA01Ywupn6rSeqNJPRvRnH1Bd4ELGQEWys1CyfidOHaq9YcivuDGiZeBkpQYZ6r/jV7UuSCBoZwrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYsjbCg2k9n107QiVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUxbFiaERmS8KE46MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQAUbgrf48jJpViveRcW7Oy/VrrM48nAEx1AGDy6hBrdQhwYQeIRneIU3RzovzrvzMW/NOdnMIfyB8/kDNhWOPQ==</latexit>

(3m)2
<latexit sha1_base64="nZtq+F/Z8VAieBcKpIJNWQIFtS8=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksQkUoSRH1IhS9eKxgP6CNYbPdtEt3k7C7KZTSi3/FiwdFvPozvPlv3LY5aPXBwOO9GWbmBQlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSWidxDyWrQAryllE65ppTluJpFgEnDaDwc3Ubw6pVCyO7vUooZ7AvYiFjGBtJN8+6AyxTPoMBegKlQQ6RcIPTh4qvl10ys4M6C9xM1KEDDXf/ux0Y5IKGmnCsVJt10m0N8ZSM8LppNBJFU0wGeAebRsaYUGVN549MEHHRumiMJamIo1m6s+JMRZKjURgOgXWfbXoTcX/vHaqw0tvzKIk1TQi80VhypGO0TQN1GWSEs1HhmAimbkVkT6WmGiTWcGE4C6+/Jc0KmX3vOzenRWr11kceTiEIyiBCxdQhVuoQR0ITOAJXuDVerSerTfrfd6as7KZffgF6+MbeDuUYw==</latexit>

'b = (m+mb)
2

<latexit sha1_base64="SM8YqUPOhC0TCwBpak2+HGOiQYM=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRZBEMruIuqx6MVjBfsB7bZk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFaENEvNYtUOsKWeSNgwznLYTRbEIOW2F47uZ33qiSrNYPppJQgOBh5JFjGBjpa7o+egC+aIf9vx+ueJW3TnQKvFyUoEc9X75qzuISSqoNIRjrTuem5ggw8owwum01E01TTAZ4yHtWCqxoDrI5jdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpCa6CTImk9RQSRaLopQjE6NZAGjAFCWGTyzBRDF7KyIjrDAxNqaSDcFbfnmVNP2qd1X1Hi4rtds8jiKcwCmcgwfXUIN7qEMDCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AOw8kFA=</latexit>

m2 + 2m2
b

<latexit sha1_base64="wZvjVisDzysRYeb8QeStKdzMQ1w=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKQJVECBgrWBiLRB9Sm0aO67RWbSeyHaQq6sDCr7AwgBArH8HG3+C2GaDlSFf36Jx7Zd8TJowq7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gpHN1O/9UCkorG41+OE+BwNBI0oRtpIgV3qRhLhrMKDsOfBM8h73mnPm2SmTwK77FSdGeAycXNSBjnqgf3V7cc45URozJBSHddJtJ8hqSlmZFLspookCI/QgHQMFYgT5WezIybwxCh9GMXSlNBwpv7eyBBXasxDM8mRHqpFbyr+53VSHV35GRVJqonA84eilEEdw2kisE8lwZqNDUFYUvNXiIfIpKJNbkUTgrt48jJpelX3ourenZdr13kcBVACx6ACXHAJauAW1EEDYPAInsEreLOerBfr3fqYj65Y+c4R+APr8wdss5at</latexit>

(m2
b �m2)2

m2

Two body amplitude has a pole in the integration region

Singularity cut from the one particle exchange function

Momentum integration interval

Set  spectator momenta corresponding to two body bound statep, k = qb
<latexit sha1_base64="MfxpHtn9ftRJ/qRd/eyQXuS1qlk=">AAACC3icbVA9SwNBEN3z2/MrammzGAwRQrgTiTaCaKPYKJgo5ELY22x0ye7eZXdODEd6G/+KjYUitv4BO/+Nm+QKNT4YeLw3w8y8MBbcgOd9OROTU9Mzs3Pz7sLi0vJKbnWtZqJEU1alkYj0dUgME1yxKnAQ7DrWjMhQsKuwczzwr+6YNjxSl9CLWUOSG8XbnBKwUjO3WZAEH2C/goPALQTA7iE9lf0AnxW7zbBkSt3tZi7vlb0h8DjxM5JHGc6buc+gFdFEMgVUEGPqvhdDIyUaOBWs7waJYTGhHXLD6pYqIplppMNf+njLKi3cjrQtBXio/pxIiTSmJ0PbKQncmr/eQPzPqyfQ3m+kXMUJMEVHi9qJwBDhQTC4xTWjIHqWEKq5vRXTW6IJBRufa0Pw/748Tmo7Zb9S9i9284dHWRxzaANtoiLy0R46RCfoHFURRQ/oCb2gV+fReXbenPdR64STzayjX3A+vgGKU5g6</latexit>

ma = 16

Im K(qb, s, q)

Above  thresholdφb
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<latexit sha1_base64="bCd3/eHKWUZ4fjy4mWSjJNV07tc="></latexit>

K(p, s, q) =
q2

(2⇡)2!q
GS(p, s, q)M2(q, s)
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Romero-López et al.

ma = 16

η = 15

∆
ρ
ϕ
b

(E/m)2

ma = 16

η = 15

ma = 16

η = 15

      on the real  axiss

Above  thresholdφb

Follows two-body unitarity condition:
<latexit sha1_base64="yDsKfKmB3yURKz/3JtTrmbTu5zE=">AAACGnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi6rLoxo1QwT6gCWEynTZDJ5M4MymUNN/hxl9x40IRd+LGv3HSZqGtBwYO58zlnnv8mFGpLOvbKK2srq1vlDcrW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOvc7YyIkjfi9msTEDdGQ0wHFSGnJM+0pdEQQeakzRiIOKPQz6IRIBRix9Db7rU8dRh6g7ZlVq27NAJeJXZAqKND0zE+nH+EkJFxhhqTs2Vas3BQJRTEjWcVJJIkRHqEh6WnKUUikm85Oy2BNK304iIR+XMGZ+nsiRaGUk1CnruWp5aKXi/95vUQNLt2U8jhRhOP5okHCoIpg3hPsU0GwYhNNEBZUZ4U4QAJhpdus6BLsxZOXSfu0bp/X7buzauOqqKMMjsAxOAE2uAANcAOaoAUweATP4BW8GU/Gi/FufMy/loxi5hD8gfH1A94joWA=</latexit>

|⇢'bM'b|  1

Romero-López, Sharpe, Blanton, Briceño and Hansen, 2019
Jackura, Briceño, Dawid, Islam, and McCarty, 2020

<latexit sha1_base64="R/akJSAXnleXkdUTrg7IF1tEJmw=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURUZdFN26ECvYBTQiT6aQdOnkwMxFqCP6KGxeKuPU/3Pk3TtostPXAwOGce7lnjp9wJpVlfRuVpeWV1bXqem1jc2t7x9zd68g4FYS2Scxj0fOxpJxFtK2Y4rSXCIpDn9OuP74u/O4DFZLF0b2aJNQN8TBiASNYackzD5wQqxHBPLvNvcxJRgz5uWfWrYY1BVokdknqUKLlmV/OICZpSCNFOJayb1uJcjMsFCOc5jUnlTTBZIyHtK9phEMq3WyaPkfHWhmgIBb6RQpN1d8bGQ6lnIS+niyyynmvEP/z+qkKLt2MRUmqaERmh4KUIxWjogo0YIISxSeaYCKYzorICAtMlC6spkuw57+8SDqnDfu8Yd+d1ZtXZR1VOIQjOAEbLqAJN9CCNhB4hGd4hTfjyXgx3o2P2WjFKHf24Q+Mzx+/kJVq</latexit>

M�b

20

<latexit sha1_base64="ObgjHZ4nDVjogIgy4/tnARDbbD0=">AAACDXicbVC7TgJBFJ31ieADtbSZCCZWuEuhlkQbS0zkkbC4mR0GmDD7yMxdItnsD9j4KzaaaIyNhb2dH6K1w0Kh4EkmOTnnvua4oeAKTPPTWFhcWl5Zzaxlc+sbm1v57Z26CiJJWY0GIpBNlygmuM9qwEGwZigZ8VzBGu7gfOw3hkwqHvhXMApZ2yM9n3c5JaAlJ1+0gd1AOid2BaGDJFZObA+JDPscu8mRd11OnHzBLJkp8DyxpqRQKX49vg1z31Un/2F3Ahp5zAcqiFItywyhHRMJnAqWZO1IsVAvIz3W0tQnHlPtOL0iwQda6eBuIPXzAafq746YeEqNPFdXegT6atYbi/95rQi6p+2Y+2EEzKeTRd1IYAjwOBrc4ZJRECNNCJVc34ppn0hCQQeY1SFYs1+eJ/VyyTouWZdWoXKGJsigPbSPDpGFTlAFXaAqqiGKbtE9ekLPxp3xYLwYr5PSBWPas4v+wHj/AZLpoOo=</latexit>

s'b/m2
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Spectra obtained using 3-body Quantization condition
Phase shift calculated using 2-body Lüscher formalism

<latexit sha1_base64="5xZmfqpgtS+8jxKtRHPMxLNy4qk=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwVHerqMeiF48V7Ae0a8mm2TY0yS5JtlCW/hMvHhTx6j/x5r8xbfegrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2/fPThs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkO76Z+c0SVZrF8NOOEBgL3JYsYwcZKXdfV3eyiM8IqGbDJuXiqdN2SV/ZmQMvEz0kJctS67lenF5NUUGkIx1q3fS8xQYaVYYTTSbGTappgMsR92rZUYkF1kM0un6BTq/RQFCtb0qCZ+nsiw0LrsQhtp8BmoBe9qfif105NdBNkTCapoZLMF0UpRyZG0xhQjylKDB9bgoli9lZEBlhhYmxYRRuCv/jyMmlUyv5V2X+4LFVv8zgKcAwncAY+XEMV7qEGdSAwgmd4hTcnc16cd+dj3rri5DNH8AfO5w8zJJNg</latexit>

s3'/m
2

<latexit sha1_base64="lTbDxnwTTUOqRu9ytXXolhl92bQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqMegCB4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDRgsaiqpuuruihDNjff/LKywtr6yuFddLG5tb2zvl3b2mUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxpdT/3WI9WGKflgxwkNBR5IFjOCrZPub05Er1zxq/4M6C8JclKBHPVe+bPbVyQVVFrCsTGdwE9smGFtGeF0UuqmhiaYjPCAdhyVWFATZrNTJ+jIKX0UK+1KWjRTf05kWBgzFpHrFNgOzaI3Ff/zOqmNL8OMySS1VJL5ojjlyCo0/Rv1mabE8rEjmGjmbkVkiDUm1qVTciEEiy//Jc3TanBeDe7OKrWrPI4iHMAhHEMAF1CDW6hDAwgM4Ale4NXj3rP35r3PWwtePrMPv+B9fAPR541/</latexit>

E/m

<latexit sha1_base64="krUaGQEHZra2dsyprg90yfX1APw=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVHdF1GNREI8V7Ae0S8mmaRuaTZZk1lrW/hQvHhTx6i/x5r8xbfegrQ8GHu/NMDMvjAU34HnfztLyyuraem4jv7m1vbPrFvZqRiWasipVQulGSAwTXLIqcBCsEWtGolCweji4nvj1B6YNV/IeRjELItKTvMspASu13UIL2COkNzU8PFGYJjBuu0Wv5E2BF4mfkSLKUGm7X62OoknEJFBBjGn6XgxBSjRwKtg430oMiwkdkB5rWipJxEyQTk8f4yOrdHBXaVsS8FT9PZGSyJhRFNrOiEDfzHsT8T+vmUD3Mki5jBNgks4WdROBQeFJDrjDNaMgRpYQqrm9FdM+0YSCTStvQ/DnX14ktdOSf17y786K5assjhw6QIfoGPnoApXRLaqgKqJoiJ7RK3pznpwX5935mLUuOdnMPvoD5/MHx7KTsQ==</latexit>

FV w/o cut

<latexit sha1_base64="sdi9kuzKJ5N/bw/6A8xjpN1f7Ws=">AAAB+XicbVDLTgJBEJzFF+Jr1aOXicTEE+4Sox6JXjyikUfCIpkdGpgw+8hML5Fs+BMvHjTGq3/izb9xgD0oWEknlarudHf5sRQaHefbyq2srq1v5DcLW9s7u3v2/kFdR4niUOORjFTTZxqkCKGGAiU0YwUs8CU0/OHN1G+MQGkRhQ84jqEdsH4oeoIzNFLHtj2EJ0zvYeJRfRY8ljt20Sk5M9Bl4makSDJUO/aX1414EkCIXDKtW64TYztlCgWXMCl4iYaY8SHrQ8vQkAWg2+ns8gk9MUqX9iJlKkQ6U39PpCzQehz4pjNgONCL3lT8z2sl2LtqpyKME4SQzxf1EkkxotMYaFco4CjHhjCuhLmV8gFTjKMJq2BCcBdfXib1csm9KLl358XKdRZHnhyRY3JKXHJJKuSWVEmNcDIiz+SVvFmp9WK9Wx/z1pyVzRySP7A+fwD9OZM8</latexit>

Re s/m2

<latexit sha1_base64="sdi9kuzKJ5N/bw/6A8xjpN1f7Ws=">AAAB+XicbVDLTgJBEJzFF+Jr1aOXicTEE+4Sox6JXjyikUfCIpkdGpgw+8hML5Fs+BMvHjTGq3/izb9xgD0oWEknlarudHf5sRQaHefbyq2srq1v5DcLW9s7u3v2/kFdR4niUOORjFTTZxqkCKGGAiU0YwUs8CU0/OHN1G+MQGkRhQ84jqEdsH4oeoIzNFLHtj2EJ0zvYeJRfRY8ljt20Sk5M9Bl4makSDJUO/aX1414EkCIXDKtW64TYztlCgWXMCl4iYaY8SHrQ8vQkAWg2+ns8gk9MUqX9iJlKkQ6U39PpCzQehz4pjNgONCL3lT8z2sl2LtqpyKME4SQzxf1EkkxotMYaFco4CjHhjCuhLmV8gFTjKMJq2BCcBdfXib1csm9KLl358XKdRZHnhyRY3JKXHJJKuSWVEmNcDIiz+SVvFmp9WK9Wx/z1pyVzRySP7A+fwD9OZM8</latexit>
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<latexit sha1_base64="TdAtgLQ5tvKtk7zdyp3WSi3DPcI="></latexit>

lim
q!0

q cot �'b = � 1

b0
Fit to leading order effective range expansion to 

get  scattering length, φb b0

Hints at possible trimers

<latexit sha1_base64="3YNtNeX6qHXWpw+38rD6B7kaqNI="></latexit>

M'b =
8⇡

p
s

q cot �'b � iq
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

21

Romero-López, Sharpe, Blanton, Briceño and Hansen, 2019
Jackura, Briceño, Dawid, Islam, and McCarty, 2020

Bedaque, Hammer, van Kolck, 1999
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Three body breakups
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Summary

• We have addressed the complications in studying bound-state-spectator 
amplitude above threshold and shown possible solutions to them


• We have performed consistency checks with toy model that provides 
confidence for both finite-volume and infinite-volume formalisms 


• Solutions hint at possible trimers below  threshold 


• Moving singularities can create complication in the complex plane - will be 
discussed in Part II.

φb
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Thank you 


