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/22David Wilson (TCD)                  b1 resonancewhy the b1? �2

‘natural’ spin-parities:

‘unnatural’ spin-parities:

<latexit sha1_base64="bxhhZK6AoiMdWsljZhexXsZPxB0=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIsgWENSBN0IRTfiqoJ9QJuWyXTaDp1MwsxECKH+ihsXirj1Q9z5N07bLLT1wOUezrmXuXP8iFGpHOfbyK2srq1v5DcLW9s7u3vm/kFDhrHApI5DFoqWjyRhlJO6ooqRViQICnxGmv74Zuo3H4mQNOQPKomIF6AhpwOKkdJSzyzedWtXTve07HbPyhXdbdvumSXHdmawlombkRJkqPXMr04/xHFAuMIMSdl2nUh5KRKKYkYmhU4sSYTwGA1JW1OOAiK9dHb8xDrWSt8ahEIXV9ZM/b2RokDKJPD1ZIDUSC56U/E/rx2rwaWXUh7FinA8f2gQM0uF1jQJq08FwYolmiAsqL7VwiMkEFY6r4IOwV388jJpVGzXsd3781L1OosjD4dwBCfgwgVU4RZqUAcMCTzDK7wZT8aL8W58zEdzRrZThD8wPn8ALImR3A==</latexit>

<latexit sha1_base64="Rn8tHsAD2umH5TNeHnXykVDAXyA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIsgWENSBN0IRTfiqoJ9QJuWyXTaDp1MwsxECKH+ihsXirj1Q9z5N07bLLT1wOUezrmXuXP8iFGpHOfbyK2srq1v5DcLW9s7u3vm/kFDhrHApI5DFoqWjyRhlJO6ooqRViQICnxGmv74Zuo3H4mQNOQPKomIF6AhpwOKkdJSzyzedWtXTves7HZPyxXdbdvumSXHdmawlombkRJkqPXMr04/xHFAuMIMSdl2nUh5KRKKYkYmhU4sSYTwGA1JW1OOAiK9dHb8xDrWSt8ahEIXV9ZM/b2RokDKJPD1ZIDUSC56U/E/rx2rwaWXUh7FinA8f2gQM0uF1jQJq08FwYolmiAsqL7VwiMkEFY6r4IOwV388jJpVGzXsd3781L1OosjD4dwBCfgwgVU4RZqUAcMCTzDK7wZT8aL8W58zEdzRrZThD8wPn8AL6GR3g==</latexit>

<latexit sha1_base64="Ge5bghD9LgOePBGH6wI2fh6AiCg=">AAACDnicbVDLSgMxFM34rPU16tJNsBQqlDJTxHZZcOOygn1AZxgyaaYNTTJDkhHK0C9w46+4caGIW9fu/BvTdhbaeiBw7jn3cnNPmDCqtON8WxubW9s7u4W94v7B4dGxfXLaVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3Mz93gORisbiXk8T4nM0EjSiGGkjBXbZU3TEUeXacS6rXhV6chxXGo1lEQX1ils3RWCXnJqzAFwnbk5KIEc7sL+8YYxTToTGDCk1cJ1E+xmSmmJGZkUvVSRBeIJGZGCoQJwoP1ucM4NlowxhFEvzhIYL9fdEhrhSUx6aTo70WK16c/E/b5DqqOlnVCSpJgIvF0UpgzqG82zgkEqCNZsagrCk5q8Qj5FEWJsEiyYEd/XkddKt11yn5t5dlVrNPI4COAcXoAJc0AAtcAvaoAMweATP4BW8WU/Wi/VufSxbN6x85gz8gfX5AzYvl7U=</latexit>

e.g.:

<latexit sha1_base64="xED+TuL3oxYHJmlkTd3aXCWVQqA=">AAACIHicbVBLTwIxGOziC/GFevTSSCSQELJdVDiSePGIiTwSlmy6pUBD95G2a0I2/BQv/hUvHjRGb/pr7C4cFJykyXRmvrTfuCFnUpnml5HZ2Nza3snu5vb2Dw6P8scnHRlEgtA2CXggei6WlDOfthVTnPZCQbHnctp1pzeJ332gQrLAv1ezkA48PPbZiBGstOTk63bIKnYFFiF2UAlZ12Y5uWLHKqGaZZZtOwcXKEI3TdSukoSTL5hVMwVcJ2hJCmCJlpP/tIcBiTzqK8KxlH1khmoQY6EY4XSesyNJQ0ymeEz7mvrYo3IQpwvO4YVWhnAUCH18BVP190SMPSlnnquTHlYTueol4n9eP1KjxiBmfhgp6pPFQ6OIQxXApC04ZIISxWeaYCKY/iskEywwUbrTnC4Bra68TjpWFZlVdHdZaDaWdWTBGTgHJYBAHTTBLWiBNiDgETyDV/BmPBkvxrvxsYhmjOXMKfgD4/sH1X2aqA==</latexit>

e.g.:

seen in pseudoscalar-pseudoscalar scattering 

needs something more than pseudoscalar-pseudoscalar 
e.g.: pseudoscalar-vector scattering or three-body scattering

experimentally the b1(1235) is the lightest axial vector resonance

important step on the road to understanding highly excited states 
- e.g.: hybrids
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<latexit sha1_base64="9vsdwxIv/I03NZEJkmGd53ryT8g=">AAACA3icbVBNS8NAEN34WetX1JtegkWol5IVQY9FLx4r2A9oYtlsN+3SzSbdnQglFLz4V7x4UMSrf8Kb/8Ztm4O2Phh4vDfDzLwgEVyD635bS8srq2vrhY3i5tb2zq69t9/Qcaooq9NYxKoVEM0El6wOHARrJYqRKBCsGQyuJ37zgSnNY3kHo4T5EelJHnJKwEgd+3DoBURlw7EnWAjle1zrYE/xXh9OO3bJrbhTOIsE56SEctQ69pfXjWkaMQlUEK3b2E3Az4gCTgUbF71Us4TQAemxtqGSREz72fSHsXNilK4TxsqUBGeq/p7ISKT1KApMZ0Sgr+e9ifif104hvPQzLpMUmKSzRWEqHIidSSBOlytGQYwMIVRxc6tD+0QRCia2ogkBz7+8SBpnFexW8O15qXqVx1FAR+gYlRFGF6iKblAN1RFFj+gZvaI368l6sd6tj1nrkpXPHKA/sD5/AG5tl1s=</latexit>

In the quark model:

<latexit sha1_base64="dsrfYeJd2zzB/UfV4XfkWBHdMW8=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEsigl6EYi/iqYL9gDYtm+2mXbrZxN1NoYT8Di8eFPHqj/Hmv3Hb5qCtDwYe780wM8+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xtVp35zTKVioXjUk4i6AR4I5jOCtZHc+25Sq6Y3Tjc5O097xZJdtmdAy8TJSAky1HrFr04/JHFAhSYcK9V27Ei7CZaaEU7TQidWNMJkhAe0bajAAVVuMjs6RSdG6SM/lKaERjP190SCA6UmgWc6A6yHatGbiv957Vj7127CRBRrKsh8kR9zpEM0TQD1maRE84khmEhmbkVkiCUm2uRUMCE4iy8vk8ZF2bHLzsNlqXKbxZGHIziGU3DgCipwBzWoA4EneIZXeLPG1ov1bn3MW3NWNnMIf2B9/gCOM5FL</latexit>

b1

<latexit sha1_base64="YmXxVbqzZA0NO51lonEgFiGj0fk=">AAACEXicbVC7TsMwFHXKq4RXgJElogKVJUoQEowVLIxFog+piSrHdVqrfkS2g1RV/QUWfoWFAYRY2dj4G5w0A7Qc2dLxuefq+p44pURp3/+2Kiura+sb1U17a3tnd8/ZP2grkUmEW0hQIbsxVJgSjluaaIq7qcSQxRR34vFNXu88YKmI4Pd6kuKIwSEnCUFQG6nv1E9DLcKUhILhIZzzev4uzlkY2rnB87y+U/M9v4C7TIKS1ECJZt/5CgcCZQxzjShUqhf4qY6mUGqCKJ7ZYaZwCtEYDnHPUA4ZVtG02Gjmnhhl4CZCmsu1W6i/O6aQKTVhsXEyqEdqsZaL/9V6mU6uoinhaaYxR/NBSUZdLdw8HndAJEaaTgyBSBLzVxeNoIRImxBtE0KwuPIyaZ97ge8Fdxe1xnUZRxUcgWNQBwG4BA1wC5qgBRB4BM/gFbxZT9aL9W59zK0Vq+w5BH9gff4AzDecTw==</latexit>

E852 experiment PLB541 35 (2002)

hashed region: 
ω final state selection cut

partial wave analysis
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E852 experiment PLB541 35 (2002)

<latexit sha1_base64="9WeUWwaOqkvVr6XcEPXxFSTFsHs=">AAACMHicbVDLSgMxFM3UVx1fVZdugkVxNcyooMuigi4r2gc0dcikmTY0MxmTjFBKP8mNn6IbBUXc+hWm7Szs48CFwzn3cu89QcKZ0q77YeUWFpeWV/Kr9tr6xuZWYXunqkQqCa0QwYWsB1hRzmJa0UxzWk8kxVHAaS3oXg792hOVion4XvcS2oxwO2YhI1gbyS9cB74HD5EWKGFIRLSN0WOKWw8nd76HkA0N5rlXE67jOH6h6DruCHCWeBkpggxlv/CKWoKkEY014ViphucmutnHUjPC6cBGqaIJJl3cpg1DYxxR1eyPHh7AA6O0YCikqVjDkfp/oo8jpXpRYDojrDtq2huK87xGqsPzZp/FSappTMaLwpRDLeAwPdhikhLNe4ZgIpm5FZIOlphok7FtQvCmX54l1WPHcx3v9rRYusjiyIM9sA+OgAfOQAncgDKoAAKewRv4BF/Wi/VufVs/49aclc3sgglYv38PBqXb</latexit>
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<latexit sha1_base64="WNEeYHmGFAHzb5UxzZr7bGEi5UE="></latexit>

the b1 on the lattice �5

<latexit sha1_base64="9vsdwxIv/I03NZEJkmGd53ryT8g=">AAACA3icbVBNS8NAEN34WetX1JtegkWol5IVQY9FLx4r2A9oYtlsN+3SzSbdnQglFLz4V7x4UMSrf8Kb/8Ztm4O2Phh4vDfDzLwgEVyD635bS8srq2vrhY3i5tb2zq69t9/Qcaooq9NYxKoVEM0El6wOHARrJYqRKBCsGQyuJ37zgSnNY3kHo4T5EelJHnJKwEgd+3DoBURlw7EnWAjle1zrYE/xXh9OO3bJrbhTOIsE56SEctQ69pfXjWkaMQlUEK3b2E3Az4gCTgUbF71Us4TQAemxtqGSREz72fSHsXNilK4TxsqUBGeq/p7ISKT1KApMZ0Sgr+e9ifif104hvPQzLpMUmKSzRWEqHIidSSBOlytGQYwMIVRxc6tD+0QRCia2ogkBz7+8SBpnFexW8O15qXqVx1FAR+gYlRFGF6iKblAN1RFFj+gZvaI368l6sd6tj1nrkpXPHKA/sD5/AG5tl1s=</latexit>

In the quark model:

<latexit sha1_base64="dsrfYeJd2zzB/UfV4XfkWBHdMW8=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEsigl6EYi/iqYL9gDYtm+2mXbrZxN1NoYT8Di8eFPHqj/Hmv3Hb5qCtDwYe780wM8+LOFPatr+t3Mrq2vpGfrOwtb2zu1fcP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xtVp35zTKVioXjUk4i6AR4I5jOCtZHc+25Sq6Y3Tjc5O097xZJdtmdAy8TJSAky1HrFr04/JHFAhSYcK9V27Ei7CZaaEU7TQidWNMJkhAe0bajAAVVuMjs6RSdG6SM/lKaERjP190SCA6UmgWc6A6yHatGbiv957Vj7127CRBRrKsh8kR9zpEM0TQD1maRE84khmEhmbkVkiCUm2uRUMCE4iy8vk8ZF2bHLzsNlqXKbxZGHIziGU3DgCipwBzWoA4EneIZXeLPG1ov1bn3MW3NWNnMIf2B9/gCOM5FL</latexit>

b1

a1
<latexit sha1_base64="ie5+dWwxrB4yYvgYI+X2jYzfhxM=">AAACA3icbVBNS8NAEN3Ur1q/ot70EixCvZREBT0WvXisYD+giWGz3bRLN5t0dyKUUPDiX/HiQRGv/glv/hu3bQ7a+mDg8d4MM/OChDMFtv1tFJaWV1bXiuuljc2t7R1zd6+p4lQS2iAxj2U7wIpyJmgDGHDaTiTFUcBpKxhcT/zWA5WKxeIORgn1ItwTLGQEg5Z882DoBlhmw7HLaQiV+7O677iS9fpw4ptlu2pPYS0SJydllKPum19uNyZpRAUQjpXqOHYCXoYlMMLpuOSmiiaYDHCPdjQVOKLKy6Y/jK1jrXStMJa6BFhT9fdEhiOlRlGgOyMMfTXvTcT/vE4K4aWXMZGkQAWZLQpTbkFsTQKxukxSAnykCSaS6Vst0scSE9CxlXQIzvzLi6R5WnXsqnN7Xq5d5XEU0SE6QhXkoAtUQzeojhqIoEf0jF7Rm/FkvBjvxsestWDkM/voD4zPH3GJl10=</latexit>

cf:
<latexit sha1_base64="U9dWrnCGi3+EgbHldmiHQOIO5hg=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBL0IxV7EUwX7AW1aNttNu3SzibubQgn5HV48KOLVH+PNf+O2zUFbHww83pthZp4Xcaa0bX9bubX1jc2t/HZhZ3dv/6B4eNRUYSwJbZCQh7LtYUU5E7Shmea0HUmKA4/TljeuzfzWhErFQvGopxF1AzwUzGcEayO5972kXktvnF5SLqf9Ysmu2HOgVeJkpAQZ6v3iV3cQkjigQhOOleo4dqTdBEvNCKdpoRsrGmEyxkPaMVTggCo3mR+dojOjDJAfSlNCo7n6eyLBgVLTwDOdAdYjtezNxP+8Tqz9azdhIoo1FWSxyI850iGaJYAGTFKi+dQQTCQztyIywhITbXIqmBCc5ZdXSfOi4tgV5+GyVL3N4sjDCZzCOThwBVW4gzo0gMATPMMrvFkT68V6tz4WrTkrmzmGP7A+fwCLKZFJ</latexit>

<latexit sha1_base64="5CmsM2mgkJv/6ddhdYT7vJZAsG0=">AAACAHicbVC7TsMwFL0prxJeBQYGFosKxBQlCAnGChbGItGH1ESV4zqtVceJbAepirrwKywMIMTKZ7DxNzhtBmg5sqXjc+7V9T1hypnSrvttVVZW19Y3qpv21vbO7l5t/6CtkkwS2iIJT2Q3xIpyJmhLM81pN5UUxyGnnXB8W/idRyoVS8SDnqQ0iPFQsIgRrI3Urx2d+TrxU1Ye3y7ejuP0a3XXcWdAy8QrSR1KNPu1L3+QkCymQhOOlep5bqqDHEvNCKdT288UTTEZ4yHtGSpwTFWQzxaYolOjDFCUSHOFRjP1d0eOY6UmcWgqY6xHatErxP+8Xqaj6yBnIs00FWQ+KMo40gkq0kADJinRfGIIJpKZvyIywhITbTKzTQje4srLpH3heK7j3V/WGzdlHFU4hhM4Bw+uoAF30IQWEJjCM7zCm/VkvVjv1se8tGKVPYfwB9bnD+EClUY=</latexit>

working at a heavier than physical pion mass:

<latexit sha1_base64="SxQ/liS1KMXfpFxazAMvAUUtwCE=">AAACInicbZDLSsNAFIYnXmu9RV26GSyKq5KoYIsIRTduhAr2Ak0pk+lJO3QmCTMToYQ+ixtfxY0LRV0JPozTNgttPTDw83/nMOf8fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uXUWJpFCjEY9k0ycKOAuhppnm0IwlEOFzaPiD6zFvPIBULArv9TCGtiC9kAWMEm2sjl0WHS9m+OgSn5Zd78ITRPelSG+hPvK8vIGRgB4xvFSawR274BSdSeF54WaigLKqduwPrxvRRECoKSdKtVwn1u2USM0oh1HeSxTEhA5ID1pGhkSAaqeTE0f40DhdHETSvFDjift7IiVCqaHwTed4RzXLxuZ/rJXooNROWRgnGkI6/ShIONYRHueFu0wC1XxoBKGSmV0x7RNJqDap5k0I7uzJ86J+UnSdont3VqhcZXHk0D46QMfIReeogm5QFdUQRY/oGb2iN+vJerHerc9p64KVzeyhP2V9/wAc+KI1</latexit>

ω is stable

<latexit sha1_base64="YmXxVbqzZA0NO51lonEgFiGj0fk=">AAACEXicbVC7TsMwFHXKq4RXgJElogKVJUoQEowVLIxFog+piSrHdVqrfkS2g1RV/QUWfoWFAYRY2dj4G5w0A7Qc2dLxuefq+p44pURp3/+2Kiura+sb1U17a3tnd8/ZP2grkUmEW0hQIbsxVJgSjluaaIq7qcSQxRR34vFNXu88YKmI4Pd6kuKIwSEnCUFQG6nv1E9DLcKUhILhIZzzev4uzlkY2rnB87y+U/M9v4C7TIKS1ECJZt/5CgcCZQxzjShUqhf4qY6mUGqCKJ7ZYaZwCtEYDnHPUA4ZVtG02Gjmnhhl4CZCmsu1W6i/O6aQKTVhsXEyqEdqsZaL/9V6mU6uoinhaaYxR/NBSUZdLdw8HndAJEaaTgyBSBLzVxeNoIRImxBtE0KwuPIyaZ97ge8Fdxe1xnUZRxUcgWNQBwG4BA1wC5qgBRB4BM/gFbxZT9aL9W59zK0Vq+w5BH9gff4AzDecTw==</latexit>

earlier studies:  
Lang et al JHEP 04 162 (2014) 
Michael & McNeile PRD 73 074506
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⌦†
⇡ =

X

i

viO
†
i

local qq-like constructions

two-hadron 
constructions

optimised operator formed from the 
eigenvector from the variational method, 
e.g.:

three-hadron 
constructions

<latexit sha1_base64="rlZa9O8IgocPAxazCXmwFwFW/EE="></latexit>

<latexit sha1_base64="xe7thTy4xeRjR5j+DOUqAoLyZGI="></latexit>

<latexit sha1_base64="tErGkXHvMrR6xbxBbDP8SLQRoCc="></latexit>

these “two-hadron” parts 
constructed from  
a0, ρ, K* variational analysis

contains both meson-meson  
and local qq-like constructions
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Symanzik-improved Wilson-Clover fermions 

Distillation (Peardon et al 2009) to efficiently  
handle the many wick contractions

3 volumes: 2 - 3 fm 
L/as = 16, 20, 24     T/at = 128     mπL ~ 4 - 6 
anisotropic action:  3.5 finer spacing in time

mπ = 391 MeV

mK = 549 MeV

mη = 587 MeV

mω = 881 MeV

mɸ = 1017 MeV

heavier-than-physical light quark masses 
- suppresses multi-body channels
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<latexit sha1_base64="EEhliuJoh3huxE1T2K8HguCTqlM=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHgxWME84BkCbOT2eyQeSwzs0JY8gtePCji1R/y5t84m+xBEwsaiqpuuruilDNjff/b29jc2t7ZrexV9w8Oj45rJ6ddozJNaIcornQ/woZyJmnHMstpP9UUi4jTXjS9K/zeE9WGKfloZykNBZ5IFjOCbSENdaJGtbrf8BdA6yQoSR1KtEe1r+FYkUxQaQnHxgwCP7VhjrVlhNN5dZgZmmIyxRM6cFRiQU2YL26do0unjFGstCtp0UL9PZFjYcxMRK5TYJuYVa8Q//MGmY2bYc5kmlkqyXJRnHFkFSoeR2OmKbF85ggmmrlbEUmwxsS6eKouhGD15XXSvW4EfiN4uKm3mmUcFTiHC7iCAG6hBffQhg4QSOAZXuHNE96L9+59LFs3vHLmDP7A+/wBHKqOPQ==</latexit>

<latexit sha1_base64="GAg8RBP8vRNCdMTyw9VCACscfas=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0duF3n1BpHstHM0vQj+hY8pAzaqz0QIfusFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp86JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrChp9xmaQGJVsuClNBTEwWf5MRV8iMmFlCmeL2VsImVFFmbDoVG4K3+vI66VzVPbfu3V/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzRHOi/PufCxbS04xcwp/4Hz+AOQRjX4=</latexit>

<latexit sha1_base64="h/xAW7Xtt+2Nt1kO2T+wiLRGE1s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jNs1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2mtwu/+8S1EbF6xFnC/YiOlQgFo2ilh3DoDqs1t+7mIOvEK0gNCrSG1a/BKGZpxBUySY3pe26CfkY1Cib5vDJIDU8om9Ix71uqaMSNn+WnzsmFVUYkjLUthSRXf09kNDJmFgW2M6I4MaveQvzP66cYNvxMqCRFrthyUZhKgjFZ/E1GQnOGcmYJZVrYWwmbUE0Z2nQqNgRv9eV10rmqe27du7+uNRtFHGU4g3O4BA9uoAl30II2MBjDM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AeuvjYM=</latexit>

used in many calculations to-date

use moving frames 
- different QC, more energies obtained
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Elastic scattering: Lüscher 1986,1991 
Generalised to moving frames: Gottlieb, Rummukainen 1995 
Unequal masses: Prelovsek, Leskovec 2012 

Many derivations of the coupled-channel extension, all in agreement: 
He, Feng, Liu 2005 - two channel QM, strong coupling 
Hansen & Sharpe 2012 - field theory, multiple two-body channels 
Briceño & Davoudi 2012 - strongly-coupled Bethe-Salpeter amplitudes 
Guo et al 2012 - Hamiltonian & Lippmann-Schwinger 

Also derivations in specific channels, or for a specific parameterization of the interactions like  
NREFT, chiral PT, Finite Volume Hamiltonian, etc. 

Briceño 2014 - Generalised to scattering of particles with non-zero spin, and spin-½. 

Significant steps towards a general 3-body quantization condition are being made

infinite volume scattering  
t-matrix

known finite-volume  
functionsphase space

Direct extension of the elastic quantization condition

det [1+ i⇢(E) · t(E) · (1+ iM(E,L))] = 0
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determinant condition: 
- several unknowns at each value of energy 
- energy levels typically do not coincide 
- underconstrained problem for a single energy

one solution: use energy dependent parameterizations 
- Constrained problem when #(energy levels) > #(parameters) 
- Essential amplitudes respect unitarity of the S-matrix 

t =

✓
⇡⇡ ! ⇡⇡ ⇡⇡ ! KK̄
KK̄ ! ⇡⇡ KK̄ ! KK̄

◆

S†S = 1 ! Im t�1 = �⇢

t�1 = K�1 � i⇢K-matrix approach:

⇢ij = �ij
2ki
Ecm

det [1+ i⇢(E) · t(E) · (1+ iM(E,L))] = 0

Chew-Mandelstam 
phase space: t�1 = K�1 + I use a dispersion relation to generate a real 

part from iρ

• any form real for real energies is valid 
• we use a broad selection of K-matrices 
• neglects left-hand cut
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<latexit sha1_base64="nR9EGiJGIVGYUfirot7EHFu+FjM="></latexit>

e.g.: single-channel K-matrix with one pole:
<latexit sha1_base64="ivASOdDz7ns970V0rsKVYAfsBUY=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JiEit0Uim5cSQX7gCaGyXTSDp08mJkIJeQn3Pgrblwo4lZw5984abPQ1gMXDufcy733eDElXBjGt1JaWl5ZXSuvVzY2t7Z31N29Do8ShnAbRTRiPQ9yTEmI24IIinsxwzDwKO5646vc7z5gxkkU3olJjJ0ADkPiEwSFlFz1xEYjcm+d3bh2AMWIBekg8rOG7TOIUvNcN7PUMk6trGHo9ZqrVg3dmEJbJGZBqqBAy1W/7EGEkgCHAlHIed80YuGkkAmCKM4qdsJxDNEYDnFf0hAGmDvp9KtMO5LKQPMjJisU2lT9PZHCgPNJ4MnO/HQ+7+Xif14/EX7dSUkYJwKHaLbIT6gmIi2PSBsQhpGgE0kgYkTeqqERlIEIGWRFhmDOv7xIOpZuGrp5W6s2L4s4yuAAHIJjYIIL0ATXoAXaAIFH8AxewZvypLwo78rHrLWkFDP74A+Uzx+eSp0n</latexit>
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<latexit sha1_base64="1DzvpvXmoi2yqegf0+91fCZRmJQ=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JjUQuuiUHTjSirYBzQxTKaTdujkwcxEKCE/4cZfceNCEbeCO//GSZuFth64cDjnXu69x40o4cIwvpXC0vLK6lpxvbSxubW9o+7udXgYM4TbKKQh67mQY0oC3BZEUNyLGIa+S3HXHV9lfvcBM07C4E5MImz7cBgQjyAopOSoJxYakfvK2Y1j+VCMmJ8MQi9tWB6DKDGr+kWaVIzT87Rh6PWao5YN3ZhCWyRmTsogR8tRv6xBiGIfBwJRyHnfNCJhJ5AJgihOS1bMcQTRGA5xX9IA+pjbyfSrVDuSykDzQiYrENpU/T2RQJ/zie/Kzux0Pu9l4n9ePxZe3U5IEMUCB2i2yIupJkIti0gbEIaRoBNJIGJE3qqhEZSBCBlkSYZgzr+8SDoV3TR087Zabl7mcRTBATgEx8AENdAE16AF2gCBR/AMXsGb8qS8KO/Kx6y1oOQz++APlM8fr06dMg==</latexit>

e.g.: two-channel K-matrix with one pole:
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e.g.: three-channel K-matrix  
with a pole and constants:

<latexit sha1_base64="KhYx33KNOddT3+DdYQS6ApmpukE="></latexit>
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<latexit sha1_base64="KhYx33KNOddT3+DdYQS6ApmpukE="></latexit>

det [1+ i⇢(E) · t(E) · (1+ iM(E,L))] = 0
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treating ρ, K* as stable states

useful to check that the  πω, πφ 
amplitudes are insensitive to the  
effects of these nearby channels

resonance pole position is robust

<latexit sha1_base64="jsdk+VPzWpaevKofu154leSywlY="></latexit>
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we have computed the b1 resonance 
in dynamically coupled partial waves at 
mπ = 391 MeV 

it has all the hallmarks of the 
experimental b1 - a broad resonance 
pole with a dominant 3S1 and subleading 
3D1 components 

3-body operators were used in extracting 
the spectrum 

3 and 5 coupled-channel systems were 
obtained 
  
a consistent pole position was found 
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accepted in PRL
https://arxiv.org/abs/1904.03188


