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• Masses and decay widths 
• Couplings to hadronic decay channels 
• Couplings to electroweak currents

[Dudek et al. (HadSpec) 1309.2608]
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<latexit sha1_base64="3lIusIle5ruUrJSo05gOZzABqlg=">AAACAnicbVDLSsNAFL3xWeur6tLNYBFclUSkdlnoRlxVsA9oY5lMJ+3YySTMTIQQsvMD3OonuBO3/ohf4G84bbOwrQcuHM65l3vv8SLOlLbtb2ttfWNza7uwU9zd2z84LB0dt1UYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTRpTv/NEpWKhuNdJRN0AjwTzGcHaSO3bh7TZyAalsl2xZ0CrxMlJGXI0B6Wf/jAkcUCFJhwr1XPsSLsplpoRTrNiP1Y0wmSCR7RnqMABVW46uzZD50YZIj+UpoRGM/XvRIoDpZLAM50B1mO17E3F/7xerP2amzIRxZoKMl/kxxzpEE1fR0MmKdE8MQQTycytiIyxxESbgBa2RONEMaKyoknGWc5hlbQvK061Ur27KtdreUYFOIUzuAAHrqEON9CEFhB4hBd4hTfr2Xq3PqzPeeualc+cwAKsr19La5fi</latexit>

JPCHybrids
[Woss et al. (HadSpec) 2009.10034]

<latexit sha1_base64="GwizGBt3sFLi1nXTdTMjBopF/uk=">AAACE3icbVBLSgNBFOzxG+NvVFy5GQyCCwkzIokbIaALN0IE84FMCD2dl6RJz4fuN2IY5hgewK0ewZ249QCewGvYSWZhEgseFFXvUY/yIsEV2va3sbS8srq2ntvIb25t7+yae/t1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IbXY7/xCFLxMHjAUQRtn/YD3uOMopY65qHfcSN+VbZt98xFeMLkDuppxyzYRXsCa5E4GSmQDNWO+eN2Qxb7ECATVKmWY0fYTqhEzgSkeTdWEFE2pH1oaRpQH1Q7mbyfWida6Vq9UOoJ0Jqofy8S6is18j296VMcqHlvLP7ntWLsXbYTHkQxQsCmQb1YWBha4y6sLpfAUIw0oUxy/avFBlRShrqxmZRoMFKcqTSvm3Hme1gk9fOiUyqW7i8KlZusoxw5IsfklDikTCrkllRJjTCSkBfySt6MZ+Pd+DA+p6tLRnZzQGZgfP0CrdqeAA==</latexit>

m⇡ = 700MeV

<latexit sha1_base64="alavanGxZ9CSEbnfFXgtt/TY0Eo=">AAACCXicbVBLSgNBFHzjN8Zf1KWbxiAIYpiREN0IgWzEVQTzgWQSejo9SZOej909wjDMCTyAWz2CO3HrKTyB17CTzMIkFjwoqt6jHuWEnEllmt/Gyura+sZmbiu/vbO7t184OGzKIBKENkjAA9F2sKSc+bShmOK0HQqKPYfTljOuTfzWExWSBf6DikNqe3joM5cRrLRk3/WSei29sXrJxXnaLxTNkjkFWiZWRoqQod4v/HQHAYk86ivCsZQdywyVnWChGOE0zXcjSUNMxnhIO5r62KPSTqZPp+hUKwPkBkKPr9BU/XuRYE/K2HP0pofVSC56E/E/rxMp99pOmB9GivpkFuRGHKkATRpAAyYoUTzWBBPB9K+IjLDAROme5lLCUSwZkWleN2Mt9rBMmpclq1Kq3JeL1XLWUQ6O4QTOwIIrqMIt1KEBBB7hBV7hzXg23o0P43O2umJkN0cwB+PrF8GkmkA=</latexit>

JPC = 1�+
<latexit sha1_base64="jV7T5dPlXzflNneDoShLgKzeBdw="></latexit>

⌘81 (⇡1 at SU(3) point)

Characterization of hadrons (Lattice QCD) [Dudek et al. 1309.2608] 
[Woss et al. 2009.10034]
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Study of resonances

Spacelike Timelike

⇢

<latexit sha1_base64="+K00HIUJ4SUX0GbOoO77gf5oKnU=">AAACEXicbVDLSsNAFJ3UV62vqks3g0VwVRJRdFl047KCfUAbymQ6aYbOI8xMhBD6C25c6K+4E7d+gX/i0kmahW09MHA493HunCBmVBvX/XYqa+sbm1vV7drO7t7+Qf3wqKtlojDpYMmk6gdIE0YF6RhqGOnHiiAeMNILpnd5vfdElKZSPJo0Jj5HE0FDipHJpaGK5KjecJtuAbhKvJI0QIn2qP4zHEuccCIMZkjrgefGxs+QMhQzMqsNE01ihKdoQgaWCsSJ9rPi1hk8s8oYhlLZJwws1L8TGeJapzywnRyZSC/XcvG/2iAx4Y2fUREnhgg8NwoTBo2E+cfhmCqCDUstQVhReyvEEVIIGxvPgktIUsFju6EgSOQTE2W9azYqbzmYVdK9aHqXzauHy0brtgytCk7AKTgHHrgGLXAP2qADMIjAM3gFb86L8+58OJ/z1opTzhyDBThfv2HendQ=</latexit>

⇢

<latexit sha1_base64="+K00HIUJ4SUX0GbOoO77gf5oKnU=">AAACEXicbVDLSsNAFJ3UV62vqks3g0VwVRJRdFl047KCfUAbymQ6aYbOI8xMhBD6C25c6K+4E7d+gX/i0kmahW09MHA493HunCBmVBvX/XYqa+sbm1vV7drO7t7+Qf3wqKtlojDpYMmk6gdIE0YF6RhqGOnHiiAeMNILpnd5vfdElKZSPJo0Jj5HE0FDipHJpaGK5KjecJtuAbhKvJI0QIn2qP4zHEuccCIMZkjrgefGxs+QMhQzMqsNE01ihKdoQgaWCsSJ9rPi1hk8s8oYhlLZJwws1L8TGeJapzywnRyZSC/XcvG/2iAx4Y2fUREnhgg8NwoTBo2E+cfhmCqCDUstQVhReyvEEVIIGxvPgktIUsFju6EgSOQTE2W9azYqbzmYVdK9aHqXzauHy0brtgytCk7AKTgHHrgGLXAP2qADMIjAM3gFb86L8+58OJ/z1opTzhyDBThfv2HendQ=</latexit>

<latexit sha1_base64="e+TBulgmGRgJJn2KNY0f80Ujj58="></latexit>

<latexit sha1_base64="fAOmowhQ+rQxsuuTnwxSEAAKHfk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgxbArIXoMePEY0TwgWcPspDcZMju7zMwKYcnBD/Cqn+BNvPopfoG/4STZg0ksaCiquunu8mPOlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sf3Uz91hNKxSLxoMcxeiEZCBYwSrSR7vHxolcsOWVnBnuVuBkpQYZ6r/jT7Uc0CVFoyolSHdeJtZcSqRnlOCl0E4UxoSMywI6hgoSovHR26sQ+M0rfDiJpSmh7pv6dSEmo1Dj0TWdI9FAte1PxP6+T6ODaS5mIE42CzhcFCbd1ZE//tvtMItV8bAihkplbbTokklBt0lnYEg/HilE1KZhk3OUcVknzsuxWy9W7SqlWyTLKwwmcwjm4cAU1uIU6NIDCAF7gFd6sZ+vd+rA+5605K5s5hgVYX7/S7JZ9</latexit>

e�
<latexit sha1_base64="fAOmowhQ+rQxsuuTnwxSEAAKHfk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgxbArIXoMePEY0TwgWcPspDcZMju7zMwKYcnBD/Cqn+BNvPopfoG/4STZg0ksaCiquunu8mPOlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sf3Uz91hNKxSLxoMcxeiEZCBYwSrSR7vHxolcsOWVnBnuVuBkpQYZ6r/jT7Uc0CVFoyolSHdeJtZcSqRnlOCl0E4UxoSMywI6hgoSovHR26sQ+M0rfDiJpSmh7pv6dSEmo1Dj0TWdI9FAte1PxP6+T6ODaS5mIE42CzhcFCbd1ZE//tvtMItV8bAihkplbbTokklBt0lnYEg/HilE1KZhk3OUcVknzsuxWy9W7SqlWyTLKwwmcwjm4cAU1uIU6NIDCAF7gFd6sZ+vd+rA+5605K5s5hgVYX7/S7JZ9</latexit>

e�

q

<latexit sha1_base64="Bz1V5GQR3NOAh1i8GYLh0hJuvFc=">AAACEXicbVDLTsJAFJ36RHxVWbqZSEzcSFpi0JUhunEJiTwSKGQ6TGHCdFpmpiRNw1f4AW71E9wZt36BX+BvOIUuBDzJTU7OuTfn5rgho1JZ1rexsbm1vbOb28vvHxweHZsnp00ZRAKTBg5YINoukoRRThqKKkbaoSDIdxlpueOH1G9NiZA04E8qDonjoyGnHsVIaalvFuq9cpdMIjqFV5NeGd5BK983i1bJmgOuEzsjRZCh1jd/uoMARz7hCjMkZce2QuUkSCiKGZnlu5EkIcJjNCQdTTnyiXSS+fMzeKGVAfQCoYcrOFf/XiTIlzL2Xb3pIzWSq14q/ud1IuXdOgnlYaQIx4sgL2JQBTBtAg6oIFixWBOEBdW/QjxCAmGl+1pKCUexpFjO0mbs1R7WSbNcsiulSv26WL3POsqBM3AOLoENbkAVPIIaaAAMYvACXsGb8Wy8Gx/G52J1w8huCmAJxtcvBpmb2Q==</latexit>

Q2 ⌘ �q2 > 0
<latexit sha1_base64="ra30wmzTDtgRV//u3OleotBxoBM=">AAACBHicbVDLSsNAFL3xWeur6tLNYBFclaRIdSUFXbisYB/QxjKZTtqhk0mcmQghdOsHuNVPcCdu/Q+/wN9w0mZhWw9cOJxzL/fe40WcKW3b39bK6tr6xmZhq7i9s7u3Xzo4bKkwloQ2SchD2fGwopwJ2tRMc9qJJMWBx2nbG19nfvuJSsVCca+TiLoBHgrmM4K1kTqPD1V0hexiv1S2K/YUaJk4OSlDjka/9NMbhCQOqNCEY6W6jh1pN8VSM8LppNiLFY0wGeMh7RoqcECVm07vnaBTowyQH0pTQqOp+ncixYFSSeCZzgDrkVr0MvE/rxtr/9JNmYhiTQWZLfJjjnSIsufRgElKNE8MwUQycysiIywx0SaiuS3RKFGMqEmWjLOYwzJpVStOrVK7Oy/Xb/KMCnAMJ3AGDlxAHW6hAU0gwOEFXuHNerberQ/rc9a6YuUzRzAH6+sX2MeXiA==</latexit>

q2 > 0

Structural information Production mechanisms

<latexit sha1_base64="bIJ07FrDFlCdALvdHv60heLV1Ao=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoMgCGFXQvQY8OIxonlAsobZSW8yZHZ2mZkVwpKDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPd5cecKe0431ZubX1jcyu/XdjZ3ds/KB4eNVWUSIoNGvFItn2ikDOBDc00x3YskYQ+x5Y/upn6rSeUikXiQY9j9EIyECxglGgj3ePjRa9YcsrODPYqcTNSggz1XvGn249oEqLQlBOlOq4Tay8lUjPKcVLoJgpjQkdkgB1DBQlReens1Il9ZpS+HUTSlND2TP07kZJQqXHom86Q6KFa9qbif14n0cG1lzIRJxoFnS8KEm7ryJ7+bfeZRKr52BBCJTO32nRIJKHapLOwJR6OFaNqUjDJuMs5rJLmZdmtlqt3lVKtkmWUhxM4hXNw4QpqcAt1aACFAbzAK7xZz9a79WF9zltzVjZzDAuwvn4Bz7qWew==</latexit>

e+

<latexit sha1_base64="cvMuA9BUTPHDuWhsNArgl4/I/lI=">AAACAXicbVDLTgJBEOz1ifhCPXqZSEy8SHYNQY8kXjxi4gIJrGR2mIUJs7OTmVmTDeHkB3jVT/BmvPolfoG/4QB7ELCSTipV3enuCiVn2rjut7O2vrG5tV3YKe7u7R8clo6OmzpJFaE+SXii2iHWlDNBfcMMp22pKI5DTlvh6Hbqt56o0iwRDyaTNIjxQLCIEWys5Hcle7zslcpuxZ0BrRIvJ2XI0eiVfrr9hKQxFYZwrHXHc6UJxlgZRjidFLupphKTER7QjqUCx1QH49mxE3RulT6KEmVLGDRT/06Mcax1Foe2M8ZmqJe9qfif10lNdBOMmZCpoYLMF0UpRyZB089RnylKDM8swUQxeysiQ6wwMTafhS1ymGlG9KRok/GWc1glzauKV6vU7qvlejXPqACncAYX4ME11OEOGuADAQYv8ApvzrPz7nw4n/PWNSefOYEFOF+/bB6XYQ==</latexit>

⇡�

<latexit sha1_base64="RZwiHxh3kVJqjgRezC8NCZk8xE0=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBAEIexKiB4DXjxGcJNAsobZyWwyZHZ2mJkVlpCTH+BVP8GbePVL/AJ/w0myB5NY0FBUddPdFUrOtHHdb2dtfWNza7uwU9zd2z84LB0dN3WSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHkwmaRDjgWARI9hYye9K9njZK5XdijsDWiVeTsqQo9Er/XT7CUljKgzhWOuO50oTjLEyjHA6KXZTTSUmIzygHUsFjqkOxrNjJ+jcKn0UJcqWMGim/p0Y41jrLA5tZ4zNUC97U/E/r5Oa6CYYMyFTQwWZL4pSjkyCpp+jPlOUGJ5Zgoli9lZEhlhhYmw+C1vkMNOM6EnRJuMt57BKmlcVr1ap3VfL9WqeUQFO4QwuwINrqMMdNMAHAgxe4BXenGfn3flwPueta04+cwILcL5+AWjsl18=</latexit>

⇡+

q
<latexit sha1_base64="fAOmowhQ+rQxsuuTnwxSEAAKHfk=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgxbArIXoMePEY0TwgWcPspDcZMju7zMwKYcnBD/Cqn+BNvPopfoG/4STZg0ksaCiquunu8mPOlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sf3Uz91hNKxSLxoMcxeiEZCBYwSrSR7vHxolcsOWVnBnuVuBkpQYZ6r/jT7Uc0CVFoyolSHdeJtZcSqRnlOCl0E4UxoSMywI6hgoSovHR26sQ+M0rfDiJpSmh7pv6dSEmo1Dj0TWdI9FAte1PxP6+T6ODaS5mIE42CzhcFCbd1ZE//tvtMItV8bAihkplbbTokklBt0lnYEg/HilE1KZhk3OUcVknzsuxWy9W7SqlWyTLKwwmcwjm4cAU1uIU6NIDCAF7gFd6sZ+vd+rA+5605K5s5hgVYX7/S7JZ9</latexit>

e�
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Two-to-two 

Transition amplitude

4

Resonant meson form factors

<latexit sha1_base64="42l7AXJgLvdlF3TIGBlzHILr7q8=">AAACCHicbVDLSsNAFL2pr1pfVZduBovgqiQi1Y1QdOOygn1AE8pkOm2HTiZhZiKEkB/wA9zqJ7gTt/6FX+BvOGmzsK0HLhzOuZd7OH7EmdK2/W2V1tY3NrfK25Wd3b39g+rhUUeFsSS0TUIeyp6PFeVM0LZmmtNeJCkOfE67/vQu97tPVCoWikedRNQL8FiwESNYG8l1A6wnBPO0m90MqjW7bs+AVolTkBoUaA2qP+4wJHFAhSYcK9V37Eh7KZaaEU6zihsrGmEyxWPaN1TggCovnWXO0JlRhmgUSjNCo5n69yLFgVJJ4JvNPKNa9nLxP68f69G1lzIRxZoKMn80ijnSIcoLQEMmKdE8MQQTyUxWRCZYYqJNTQtfokmiGFFZxTTjLPewSjoXdadRbzxc1pq3RUdlOIFTOAcHrqAJ99CCNhCI4AVe4c16tt6tD+tzvlqyiptjWID19QtYu5q3</latexit>W =
<latexit sha1_base64="yu6Cw8FnxSjrnPbo13fglsZ/4Rg=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEYxTwgWcLsZDYZMjuzzMwKyxLwA7zqJ3gTr/6KX+BvOEn2YBILGoqqbrq7gpgzbVz321lZXVvf2CxsFbd3dvf2SweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvxW09UaSbFo0lj6kd4IFjICDZWegive6WyW3GnQMvEy0kZctR7pZ9uX5IkosIQjrXueG5s/Awrwwin42I30TTGZIQHtGOpwBHVfja9dIxOrdJHoVS2hEFT9e9EhiOt0yiwnRE2Q73oTcT/vE5iwis/YyJODBVktihMODISTd5GfaYoMTy1BBPF7K2IDLHCxNhw5rbEw1QzosdFm4y3mMMyaZ5XvGqlen9Rrt3kGRXgGE7gDDy4hBrcQR0aQCCEF3iFN+fZeXc+nM9Z64qTzxzBHJyvXzZgljQ=</latexit>

f =
<latexit sha1_base64="BFc+MpQIvAySz4Z16+fmf4Y5ryE=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclUSkuhGKbtwIFewDmlAm00k7dDIJMxMhhP6AH+BWP8GduPUv/AJ/w0mbhW09cOFwzr3cw/FjzpS27W9rZXVtfWOztFXe3tnd268cHLZVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0449vc7/zRKVikXjUaUy9EA8FCxjB2kiuG2I9Iphn95PrfqVq1+wp0DJxClKFAs1+5ccdRCQJqdCEY6V6jh1rL8NSM8LppOwmisaYjPGQ9gwVOKTKy6aZJ+jUKAMURNKM0Giq/r3IcKhUGvpmM8+oFr1c/M/rJTq48jIm4kRTQWaPgoQjHaG8ADRgkhLNU0MwkcxkRWSEJSba1DT3JR6lihE1KZtmnMUelkn7vObUa/WHi2rjpuioBMdwAmfgwCU04A6a0AICMbzAK7xZz9a79WF9zlZXrOLmCOZgff0CSK2arQ==</latexit>

M =

<latexit sha1_base64="SkaI6j26LbstH579E99h8B6W6BM="></latexit>

fR!R

<latexit sha1_base64="yXvA/llccOCZQJUnGOqnjrq3rAo="></latexit>

fR
<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

c

Hadronic two-to-two 

Scattering amplitude

Production amplitude 

with hadronic final state 
interactions
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Two-to-two 

Transition amplitude

4

Resonant meson form factors

<latexit sha1_base64="42l7AXJgLvdlF3TIGBlzHILr7q8=">AAACCHicbVDLSsNAFL2pr1pfVZduBovgqiQi1Y1QdOOygn1AE8pkOm2HTiZhZiKEkB/wA9zqJ7gTt/6FX+BvOGmzsK0HLhzOuZd7OH7EmdK2/W2V1tY3NrfK25Wd3b39g+rhUUeFsSS0TUIeyp6PFeVM0LZmmtNeJCkOfE67/vQu97tPVCoWikedRNQL8FiwESNYG8l1A6wnBPO0m90MqjW7bs+AVolTkBoUaA2qP+4wJHFAhSYcK9V37Eh7KZaaEU6zihsrGmEyxWPaN1TggCovnWXO0JlRhmgUSjNCo5n69yLFgVJJ4JvNPKNa9nLxP68f69G1lzIRxZoKMn80ijnSIcoLQEMmKdE8MQQTyUxWRCZYYqJNTQtfokmiGFFZxTTjLPewSjoXdadRbzxc1pq3RUdlOIFTOAcHrqAJ99CCNhCI4AVe4c16tt6tD+tzvlqyiptjWID19QtYu5q3</latexit>W =
<latexit sha1_base64="yu6Cw8FnxSjrnPbo13fglsZ/4Rg=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEYxTwgWcLsZDYZMjuzzMwKyxLwA7zqJ3gTr/6KX+BvOEn2YBILGoqqbrq7gpgzbVz321lZXVvf2CxsFbd3dvf2SweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvxW09UaSbFo0lj6kd4IFjICDZWegive6WyW3GnQMvEy0kZctR7pZ9uX5IkosIQjrXueG5s/Awrwwin42I30TTGZIQHtGOpwBHVfja9dIxOrdJHoVS2hEFT9e9EhiOt0yiwnRE2Q73oTcT/vE5iwis/YyJODBVktihMODISTd5GfaYoMTy1BBPF7K2IDLHCxNhw5rbEw1QzosdFm4y3mMMyaZ5XvGqlen9Rrt3kGRXgGE7gDDy4hBrcQR0aQCCEF3iFN+fZeXc+nM9Z64qTzxzBHJyvXzZgljQ=</latexit>

f =
<latexit sha1_base64="BFc+MpQIvAySz4Z16+fmf4Y5ryE=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclUSkuhGKbtwIFewDmlAm00k7dDIJMxMhhP6AH+BWP8GduPUv/AJ/w0mbhW09cOFwzr3cw/FjzpS27W9rZXVtfWOztFXe3tnd268cHLZVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0449vc7/zRKVikXjUaUy9EA8FCxjB2kiuG2I9Iphn95PrfqVq1+wp0DJxClKFAs1+5ccdRCQJqdCEY6V6jh1rL8NSM8LppOwmisaYjPGQ9gwVOKTKy6aZJ+jUKAMURNKM0Giq/r3IcKhUGvpmM8+oFr1c/M/rJTq48jIm4kRTQWaPgoQjHaG8ADRgkhLNU0MwkcxkRWSEJSba1DT3JR6lihE1KZtmnMUelkn7vObUa/WHi2rjpuioBMdwAmfgwCU04A6a0AICMbzAK7xZz9a79WF9zlZXrOLmCOZgff0CSK2arQ==</latexit>

M =

<latexit sha1_base64="SkaI6j26LbstH579E99h8B6W6BM="></latexit>

fR!R

<latexit sha1_base64="yXvA/llccOCZQJUnGOqnjrq3rAo="></latexit>

fR
<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

c

Hadronic two-to-two 

Scattering amplitude

Production amplitude 

with hadronic final state 
interactions
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Lüscher formalism

<latexit sha1_base64="J/K/oi+0HI7DGvM7u1RdNUrKWvI=">AAACDXicbVDLSsNAFJ3UV62PRl26GSxC3ZSkSHUlBRFcuKhgH9DGMJlO2qGTSZiZCCHkG/wAt/oJ7sSt3+AX+BtO2yxs64ELh3Pu5VyOFzEqlWV9G4W19Y3NreJ2aWd3b79sHhx2ZBgLTNo4ZKHoeUgSRjlpK6oY6UWCoMBjpOtNrqd+94kISUP+oJKIOAEacepTjJSWXLN84/LHdCAVEvWsenfmmhWrZs0AV4mdkwrI0XLNn8EwxHFAuMIMSdm3rUg5KRKKYkay0iCWJEJ4gkakrylHAZFOOns8g6daGUI/FHq4gjP170WKAimTwNObAVJjuexNxf+8fqz8SyelPIoV4Xge5McMqhBOW4BDKghWLNEEYUH1rxCPkUBY6a4WUqJxIimWWUk3Yy/3sEo69ZrdqDXuzyvNq7yjIjgGJ6AKbHABmuAWtEAbYBCDF/AK3oxn4934MD7nqwUjvzkCCzC+fgEshZuN</latexit>

E?2
n (L)

<latexit sha1_base64="PehatipnNhcNukjt/WDQeyScji8=">AAACDXicbVDLSsNAFL2pr1ofjbp0M1iEuimJSHUjFN24ESrYB7ShTKaTdujkwcxECKHf4Ae41U9wJ279Br/A33DSZmFbD1w4nHMv93DciDOpLOvbKKytb2xuFbdLO7t7+2Xz4LAtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+7kNvM7T1RIFgaPKomo4+NRwDxGsNLSwCz3fazGBPP0flqVZ9cDs2LVrBnQKrFzUoEczYH50x+GJPZpoAjHUvZsK1JOioVihNNpqR9LGmEywSPa0zTAPpVOOgs+RadaGSIvFHoChWbq34sU+1Imvqs3s5hy2cvE/7xerLwrJ2VBFCsakPkjL+ZIhShrAQ2ZoETxRBNMBNNZERljgYnSXS18icaJZEROS7oZe7mHVdI+r9n1Wv3hotK4yTsqwjGcQBVsuIQG3EETWkAghhd4hTfj2Xg3PozP+WrByG+OYAHG1y96WpvA</latexit>

M(s) =

<latexit sha1_base64="Us+CLZOaTg1KSMXn2FQAcw7CaBQ="></latexit>

det(F (s, L) +M�1(s)) = 0
<latexit sha1_base64="ia8BJoY8dxvSlIfm7NbCQp9mTs0=">AAACGXicbVDLSsNAFJ3UV62vqMtuBotQEUsiUrssuHEhWME+oIlhMp20QycPZiZCCFn4HX6AW/0Ed+LWlV/gbzhpu7CtBy4czrmXe+9xI0aFNIxvrbCyura+UdwsbW3v7O7p+wcdEcYckzYOWch7LhKE0YC0JZWM9CJOkO8y0nXHV7nffSRc0DC4l0lEbB8NA+pRjKSSHL18Ci0fyRFGLL3NquQhPfMdK6LwJjtx9IpRMyaAy8SckQqYoeXoP9YgxLFPAokZEqJvGpG0U8QlxYxkJSsWJEJ4jIakr2iAfCLsdPJEBo+VMoBeyFUFEk7UvxMp8oVIfFd15geLRS8X//P6sfQadkqDKJYkwNNFXsygDGGeCBxQTrBkiSIIc6puhXiEOMJS5Ta3JRolgmKRlVQy5mIOy6RzXjPrtfrdRaXZmGVUBGVwBKrABJegCa5BC7QBBk/gBbyCN+1Ze9c+tM9pa0GbzRyCOWhfv9XsoCA=</latexit>

+O(e�m⇡L)

[Commun.Math.Phys. 105, 153 (1986) and extensions] 
See Briceno et al. (2017) 1706.06223 for a review

<latexit sha1_base64="Mojhkk3CrFnnkuF3HHvyLjE5nQM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNNShX7Ko9B1knTk4qkKMxKP/0hxFLAgw1E1SpnmPH2s2o1JwJnJb6icKYsgkdYc/QkAao3Gx+6JRcGGVI/EiaCjWZq38nMhoolQae6QyoHqtVbyb+5/US7d+6GQ/jRGPIFov8RBAdkdnXZMglMi1SQyiT3NxK2JhKyrTJZmlLPE4VZ2paMsk4qzmsk/ZV1alVa83rSv0uz6gIZ3AOl+DADdThARrQAgYIL/AKb9az9W59WJ+L1oKVz5zCEqyvX8RClfo=</latexit>s

L
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<latexit sha1_base64="Exe0qv3iI1uMJbWr0fBAEtFRg4k=">AAACKnicbVDLSsNAFJ3UV62vqCtxEywFVyXporosunEjVLAPaNIymUyaoZNMmJkIIQS/xp3ov7grbv0KV07aLLT1wMDh3Me5c9yYEiFNc65VNja3tnequ7W9/YPDI/34pC9YwhHuIUYZH7pQYEoi3JNEUjyMOYahS/HAnd0W9cET5oKw6FGmMXZCOI2ITxCUSproZzYP2LhlQ1dkdghlgCDN7vN83JrodbNpLmCsE6skdVCiO9G/bY+hJMSRRBQKMbLMWDoZ5JIgivOanQgcQzSDUzxSNIIhFk62+EJuNJTiGT7j6kXSWKi/JzIYCpGGruosrhSrtUL8rzZKpH/tZCSKE4kjtDTyE2pIZhR5GB7hGEmaKgIRJ+pWAwWQQyRVan9c4iAVBAm1omS1hu0y6hWeKixrNZp10m81rXaz/WDWOzdlbFVwDi7AJbDAFeiAO9AFPYDAM3gBb+Bde9U+tLn2uWytaOXMKfgD7esHj9an9A==</latexit>

⇢2|M|2

<latexit sha1_base64="FtOF+BObeC+GbXJSZ99V9cX6bJM=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSDEJuwGiZaBgFhYRDAPSNYwO3s3O2T2wcyssCwBv8E2/oyd2Fr5LxZOHoVJPDBwOOcO957jxJxJZZrfRm5jc2t7J79b2Ns/ODwqHp+0ZZQICi0a8Uh0HSKBsxBaiikO3VgACRwOHWfUmPqdZxCSReGjSmOwAzIMmccoUVrqNgb35eZT9XJQLJkVcwa8TqwFKaEFmoPiT9+NaBJAqCgnUvYsM1Z2RoRilMO40E8kxISOyBB6moYkAGlns3vH+EIrLvYioV+o8Ez9+yMjgZRp4OjJgChfrnpT8T+vlyjvxs5YGCcKQjpf5CUcqwhPw2OXCaCKp5oQKpi+FVOfCEKVrmhpS+ynklG5FCSTOqkP7rig67JWy1kn7WrFqlVqD1el+u3LvLg8OkPnqIwsdI3q6A41UQtRxNErmqA3Y2K8Gx/G53w0ZyzKPkVLML5+AU3koUk=</latexit>

CL(P
2)

Alternative approach with spatial wf 
[Ishii et al. (HALQCD) 1203.3642]

<latexit sha1_base64="Feg/7dO4r3nTiIuLszaBBX2a/xE="></latexit>

Cij(t) ⌘
D
Oi(t)O

†
j(0)

E
=

X

n=0

Z
n⇤
i Z

n
j e

�Ent

https://arxiv.org/abs/1203.3642
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Two-hadron production

<latexit sha1_base64="J/K/oi+0HI7DGvM7u1RdNUrKWvI=">AAACDXicbVDLSsNAFJ3UV62PRl26GSxC3ZSkSHUlBRFcuKhgH9DGMJlO2qGTSZiZCCHkG/wAt/oJ7sSt3+AX+BtO2yxs64ELh3Pu5VyOFzEqlWV9G4W19Y3NreJ2aWd3b79sHhx2ZBgLTNo4ZKHoeUgSRjlpK6oY6UWCoMBjpOtNrqd+94kISUP+oJKIOAEacepTjJSWXLN84/LHdCAVEvWsenfmmhWrZs0AV4mdkwrI0XLNn8EwxHFAuMIMSdm3rUg5KRKKYkay0iCWJEJ4gkakrylHAZFOOns8g6daGUI/FHq4gjP170WKAimTwNObAVJjuexNxf+8fqz8SyelPIoV4Xge5McMqhBOW4BDKghWLNEEYUH1rxCPkUBY6a4WUqJxIimWWUk3Yy/3sEo69ZrdqDXuzyvNq7yjIjgGJ6AKbHABmuAWtEAbYBCDF/AK3oxn4934MD7nqwUjvzkCCzC+fgEshZuN</latexit>

E?2
n (L)

<latexit sha1_base64="6R/dg1Rwne6gwkk41WtGWd2exAE="></latexit>

| hn|J (0)|0i|2 =
1

L3
f(s) · Rn · f(s)

[Meyer (2011) 1105.1892] 
[Lellouch, Luscher (2001) hep-lat/0003023]

<latexit sha1_base64="Mojhkk3CrFnnkuF3HHvyLjE5nQM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNNShX7Ko9B1knTk4qkKMxKP/0hxFLAgw1E1SpnmPH2s2o1JwJnJb6icKYsgkdYc/QkAao3Gx+6JRcGGVI/EiaCjWZq38nMhoolQae6QyoHqtVbyb+5/US7d+6GQ/jRGPIFov8RBAdkdnXZMglMi1SQyiT3NxK2JhKyrTJZmlLPE4VZ2paMsk4qzmsk/ZV1alVa83rSv0uz6gIZ3AOl+DADdThARrQAgYIL/AKb9az9W59WJ+L1oKVz5zCEqyvX8RClfo=</latexit>s

L

<latexit sha1_base64="pA6yn6hBuEpPH00pET2OvJjhdRI=">AAACX3icbVDPSxwxGM2Ottpta0d7Kl5Cl8Ja6DJTivUiCLUgXrTQVenO7pDJfusGk8yQfCMsIX9f/4YePfXUa72aWffgrweBl/fex5e8opLCYpL8aUVLy8+er6y+aL989XrtTby+cWLL2nDo81KW5qxgFqTQ0EeBEs4qA0wVEk6Li2+Nf3oJxopS/8RZBUPFzrWYCM4wSHnMMrh0R7no4hbNFMMpZ9Id+lGm6m6y5XczW6vcOe 13Ex8CIAN1TwRd4n+Nmhz96HNBYeQ+fc/DFX0ed5JeMgd9TNIF6ZAFjvP4bzYuea1AI5fM2kGaVDh0zKDgEnw7qy1UjF+wcxgEqpkCO3TzKjz9EJQxnZQmHI10rt6dcExZO1NFSDafsA+9RnzKG9Q42Rk6oasaQfPbRZNaUixp0ysdCwMc5SwQxo0Ib6V8ygzjGNq/t6Wazqzg1rdDM+nDHh6Tk8+9dLu3/eNLZ29/0dEq2STvSZek5CvZIwfkmPQJJ7/JP/KfXLeuopVoLYpvo1FrMfOW3EP07gYF9rnZ</latexit>

hOi(t)J µ(0)i =
X

n=0

hn|J µ(0)|0iZn⇤
i e

�Ent

Rn ⌘ lim
E!En

E � En

F�1 +M

• Lellouch-Lüscher factor

Normalization of 
dynamic FV state     
& rescattering effects

<latexit sha1_base64="yXvA/llccOCZQJUnGOqnjrq3rAo="></latexit>

fR

<latexit sha1_base64="4XnOe04oGS/uAfD0I1XMPU64BrU="></latexit>s ! sR

<latexit sha1_base64="yu6Cw8FnxSjrnPbo13fglsZ/4Rg=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEYxTwgWcLsZDYZMjuzzMwKyxLwA7zqJ3gTr/6KX+BvOEn2YBILGoqqbrq7gpgzbVz321lZXVvf2CxsFbd3dvf2SweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvxW09UaSbFo0lj6kd4IFjICDZWegive6WyW3GnQMvEy0kZctR7pZ9uX5IkosIQjrXueG5s/Awrwwin42I30TTGZIQHtGOpwBHVfja9dIxOrdJHoVS2hEFT9e9EhiOt0yiwnRE2Q73oTcT/vE5iwis/YyJODBVktihMODISTd5GfaYoMTy1BBPF7K2IDLHCxNhw5rbEw1QzosdFm4y3mMMyaZ5XvGqlen9Rrt3kGRXgGE7gDDy4hBrcQR0aQCCEF3iFN+fZeXc+nM9Z64qTzxzBHJyvXzZgljQ=</latexit>

f =
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Lattice QCD form factors workflow

+

=

+

+...

finite-volume  
spectrum

finite-volume 
one-body

matrix elements +

=

+

+...

partial wave 
amplitudes

amplitudes
two-hadron
form factors +

=

+

+...

finite-volume 
two-to-two

matrix elements
2+ J ! 2

<latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit><latexit sha1_base64="bo0j1Ljgtq+2HxeRnhholob7S8E=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUJIi6LLoRlxVsA9oQplMJ+3QySTM3Iil9Afc+CtuXCji1r07/8ZJG0RbDwwczrmXuecEieAaHOfLWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwmfnNO6Y0j+UtDBPmR6QnecgpASN17EMP2D0EIa7gE+xFBPqUCHyNPYjxj9WxS07ZmQDPEzcnJZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOil2qWEDogPdY2VJKIaX80STPGR0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBRVOCOxt5njQqZdfwm9NS9SKvo4D20QE6Ri46Q1V0hWqojih6QE/oBb1aj9az9Wa9T0cXrHxnD/2B9fENv52aEw==</latexit>

amplitudes and 
form factors

1+ J ! 1
<latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit><latexit sha1_base64="Me3IU5esO6jY3WXc770pEOr+QFY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQhJKIoMuiG3FVwT6gCWUynbRDJ5MwcyOW0h9w46+4caGIW/fu/BsnbRBtPTBwOOde5p4TJIJrcJwvq7CwuLS8Ulwtra1vbG7Z2zsNHaeKsjqNRaxaAdFMcMnqwEGwVqIYiQLBmsHgMvObd0xpHstbGCbMj0hP8pBTAkbq2AcesHsIQuziY+xFBPqUCHyNPYjxj9Wxy07FmQDPEzcnZZSj1rE/vW5M04hJoIJo3XadBPwRUcCpYOOSl2qWEDogPdY2VJKIaX80STPGh0bp4jBW5knAE/X3xohEWg+jwExm9+pZLxP/89ophOf+iMskBSbp9KMwFdhEzarBXa4YBTE0hFDFza2Y9okiFEyBJVOCOxt5njROKq7hN6fl6kVeRxHtoX10hFx0hqroCtVQHVH0gJ7QC3q1Hq1n6816n44WrHxnF/2B9fENvHqaEQ==</latexit>
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Matrix elements of excited states
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P 2 < 0

f⇡

spacelike

<latexit sha1_base64="VRoyJU+lOgpz/uWzW7fClubXFeI="></latexit>

�(P )

P 2 > 4m2
⇡

⇡(p1)

⇡(p2)

f⇡

timelike

Applying LL factor to 
lattice matrix elements

Directly from lattice 
matrix elements

[Feng et al. 1412.6319] 
[Andersen et al. 1808.05007] 

[Erben et al. 1910.01083]

Previous pion timelike ff 
lattice calculations
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Omnès representationK-matrix representation
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f =
A

K�1 � i⇢
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⌦(s) = exp

 
s

⇡

Z 1

4m2
⇡

s0
�(s0)
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!

Dispersive solution satisfying unitarity and analyticity

Elastic solution:

Unitarity and Watson’s theorem
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a a
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Analyticity is not guaranteed
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Pion vector form factor
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Timelike form factor above KK threshold
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Relative momentum 
in cm frame

The uncertainty near 
KK threshold is 
driven by the nearby 
resonance
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 meson decay constantρ
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Eq. (5.2.2),

Fa(s)/m
2
⇡ =

NaX

n=0

ha,n ·
⇣

s�s0
s0

⌘n
. (8.6)

We emphasize here that the function F⇡⇡(s) obtained in the coupled-channel case does not

have to resemble the similarly named function in the elastic case, presented in Sec. 8.1.1.

This can be seen by considering f⇡(s), which should be similar between the two cases, and

which has a representation,

f⇡ =
1

k? 2
⇡⇡

M⇡⇡,⇡⇡

"
F⇡⇡ +

k
?
⇡⇡

k?
KK

M⇡⇡,KK

M⇡⇡,⇡⇡
FKK

#
, (8.7)

in the coupled-channel case, where we have factored out the elastic ⇡⇡ scattering in analogy

to Eq. (1.41). Below the KK threshold, the expression within square brackets is real and

smooth (because the ratio of scattering amplitude components does not posses the ⇡⇡

branch cut), and serves as the effective F in the prior elastic case.

Model N⇡⇡ NKK Ndof
�

2
/Ndof

reference �
(1) ref. iter.

a 1 0 32 � 3 5.51 2.62 5.26
b 0 1 32 � 3 4.39 2.41 4.90
c 1 1 32 � 4 4.53 2.48 4.92
d 2 0 32 � 4 4.87 2.55 5.28

Table 8.1: Global description of full set of timelike finite-volume matrix elements. Variations in
polynomial order in Eq. (8.6) used with reference coupled-channel scattering amplitude (fifth col-
umn), an alternative coupled channel amplitude with more parameter freedom, Eq. (5.15) (sixth
column), and reference coupled-channel amplitude with a modified iterative fitting strategy de-
scribed at the end of Sec 7.4 (seventh column).

We describe all the F (L)
n data shown in Fig. 6.6 using the finite volume correction

factions r̃n,a(L) computed from the reference coupled-channel amplitude and smooth func-

tions F⇡⇡, FKK each described by polynomials of order 1, leads to the result summarized

in Fig. 8.5. The description given by the green points is observed to be in good qualita-

tive agreement with the constraining lattice data, with just a few isolated points having

significant deviations which produce a somewhat large �
2
/Ndof.

Examining Figures 8.2 and 8.4a we see that the points which are most discrepant in

148
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P-wave 
barrier factor

Decay constant normalization

Coupled channel unitary parameterizations:
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Transition form factors (resonances)
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FIG. 1. Our results for the absolute values of the reduced transition amplitudes f(q2, s) T (s)
16⇡

p
s
as a function of q2 and

p
s, for

the four di↵erent form factors. Here we show the entire q
2 region and the

p
s region in the vicinity of the ⇢ resonance.

through

h~P ,⇤, r, n|Jµ
L |pBiFV =

q
R

~P,⇤
n h~P ,⇤, r, n|Jµ

L |pBi, (7)

where R
~P,⇤
n is the finite-volume pole residue often re-

ferred to as the Lellouch-Lüscher factor [39, 45, 48]:

R
~P,⇤
n = 2En lim

E!En

(E � En)⇣
F ~P,⇤

⌘�1
(s) + T (s)

. (8)

The Lellouch-Lüscher factor corrects the normalization
and removes finite-volume e↵ects caused by the ⇡⇡ in-

teractions. Above, En =
q
sn + ~P 2 is the lattice en-

ergy of the n-th state in the irrep ⇤, and F
~P,⇤ is the

finite-volume function [80–84], which is a combination of
generalized zeta functions and depends on the spatial lat-
tice size [85]. Equations (7) and (8) neglect mixing with
higher partial waves, which is very small for the channel
considered here [86].

Lattice parameters, analysis, and results.—We
use a single set of gauge field configurations on a 323⇥96

lattice with a spacing of a ⇡ 0.11 fm. This ensemble
includes dynamical up, down, and strange Clover-Wilson
fermions [87, 88] with m⇡ ⇡ 320 MeV. We implement
the heavy b quark through an anisotropic Clover action
[89, 90] with parameters tuned to remove heavy-quark
discretization errors. Full details of the lattice actions
and parameters are given in the Supplemental Material
[50].

To determine the transition form factors f = V,A0, A1

and A12, on the lattice we calculated three-point correla-
tion functions, (6), using three di↵erent source-sink sep-
arations and all two-pion irreps with JP = 1� with total
momentum |~P |  2⇡

L

p
3 combined with current momenta

insertions with |~q|  2⇡
L

p
3 and B-meson momenta with

|~pB |  2⇡
L

p
3. This corresponds to the hiqh-q2 and low-s

region, (aq)2 2 (5.87, 6.91) and a
p
s 2 (0.40, 0.59); see

the Supplemental Material [50] for details. The finite-
volume matrix elements, h~P ,⇤, r, n|Jµ

L |pBiFV , are ex-
tracted from the three-point functions in two ways: by
fitting one- and two-state models for both the source and
sink to the raw three-point functions and by fitting one-

<latexit sha1_base64="Y95Tx4CHKd6DlaFY2QaaPPKdd3w="></latexit>
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FIG. 6. Density plot of the fitted transition amplitude
V⇡�!⇡⇡ (in lattice units, nominal parametrization “BWII F1
K2”) in the a

p
s and (aq)2 plane. The locations of the discrete

lattice QCD data points are indicated by the orange points
with error bars.

FIG. 7. The transition amplitude V⇡�!⇡⇡ (in lattice units,
nominal parametrization “BWII F1 K2”), sliced by value of
invariant mass

p
s, as a function of q2. The shaded bands

correspond to the 1� regions of the fitted parametrizations;
their colors and brightness match the data points at the same
a
p
s, as indicated by the symbols in the legend.
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FIG. 8. The transition amplitude V⇡�!⇡⇡ as a function of
⇡⇡ invariant mass, for three di↵erent values of the q2. The top
panel corresponds to the nominal parametrization “BWII F1
K2”, and the bottom panel corresponds to the parametriza-
tion “BWI F1 K2”.

FIG. 9. Like Fig. 5, but for the function F (q2, s). The data
points are divided by the central value of the Breit-Wigner
factor (cf. Eq. (8)) to represent the same quantity.

In Fig. 5 we present the fitted V⇡�!⇡⇡ combined with
the data points in a three-dimensional plot as a function
of

p
s and q

2. Figure 6 instead shows a top-down view
as a density plot, where the discrete values of

p
s allowed

by the finite volume for which we have results appear as
vertically aligned points.

The slices of the fitted amplitude at these discrete val-
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Summary and outlook

The extraction of form factors of resonant states complements the determination 
of their masses and widths. 

Transition amplitudes. 
Timelike form factors in coupled channel region. 

Future LQCD calculations of transition amplitudes: 
Non-resonant channels. 
Conventional resonances, eg. 𝜌 decaying to 𝜋𝜋. 

Exotic resonances, which typically decay to multiple channels.

a
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Back up
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Spectra • 17 elastic levels 
• 15 above KK threshold
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Matrix elements
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