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B0 B̄0

b̄ d̄

d b

Neutral B and Bs meson mixing

t̄

W W

t

• depends on | Vtd Vtb |2   ( | VtsVtb |2   for Bs mixing ) 

• only in SM through quantum fluctuations

V ⇤
tb Vtd

Vtd V ⇤
tb

*
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B(s) mixing occurs via local, effective four quark interactions.

Flavor-changing interactions are "short distance".

b̄ d̄

d b

B0 B̄0
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d b

B0 B̄0

b̄ d̄

d b

B0 B̄0

b̄ d̄

d b

t̄

t

W W

Role of lattice QCD:  a tale of two scales

⇤QCD ⇠ few⇥ 100 MeV

⇤EW ⇠ 100 GeV
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b̄ d̄

d b

B0 B̄0

Physics at disparate scales factorizes

• Wilson coefficients:  short distance, perturbative 

• hadronic matrix elements:  long distance, nonperturbative  

�M = C(V ) hB0|O|B̄0i + . . .
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• Outlook

�Md,s
<latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit>

��s
<latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit>

B(s) � B̄(s)
<latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit>

B ! K
<latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit>

B ! ⇡
<latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit>
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i
d

dt

✓
|B0i
|B̄0i

◆
=

✓
M� i

2
�

◆✓
|B0i
|B̄0i

◆

hermitian M,�

:  "absorptive", short distanceM12

:  "dispersive", long distance�12

M12 �
i

2
�12Mixing characterized by off-diagonal term,                      .

Weak eigenstates are convenient for the calculation...

Observables:           ,          , and �12 = arg

✓
�M12

�12

◆
|M12| |�12|

 
M11 � i

2�11 M12 � i
2�12

M⇤
12 � i

2�
⇤
12 M22 � i

2�22

!

8



M� i

2
�

|BH,Li = p|B0i± q|B̄0i, where |p|2 + |q|2 = 1• eigenstates:

MH,L � i

2
�H,L• eigenvalues:

�M = MH �ML :  oscillation frequency

asl =
|p/q|2 � |q/p|2

|p/q|2 + |q/p|2 :  flavor-specific asymmetry

�� = �L � �H :  decay width difference [and                              ]� = (�L + �H)/2

Experimentally, mass eigenstates are more convenient.

Diagonalize                  ...

Observables

9



�M = 2|M12|
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!

�� = 2|�12| cos�12

 
1 +

1
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����
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����
2

sin

2 �12 + . . .

!

asl =

����
�12

M12

���� sin�12 + . . .

Observables in two bases are related:

⇠10

�8
in SM B0

mixing

⇠10

�10
in SM B0

s mixing

new work underway

lattice QCD focus to date

10Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi, 1603.07770



Oq
1 = b̄↵�µLq

↵ b̄��µLq
�

Oq
2 = b̄↵Lq↵ b̄�Lq�

Oq
3 = b̄↵Lq� b̄�Lq↵

Oq
4 = b̄↵Lq↵ b̄�Rq�

Oq
5 = b̄↵Lq↵ b̄�Rq↵

MEs of 5 operators span space of local 4-quark interactions in and 
beyond the SM:

We calculate hadronic matrix elements of these 5 operators,

Standard Model

NP models

hBq|Oq
i |B̄qiQCD; q = s, d.

11



For all 5       , we obtain values for                     ...
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... and extrapolate to the real world      .

hBq|Oq
i |B̄qiOi
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• FNAL/MILC:  next generation B mixing calculation underway 

• HPQCD:  calculating Bs mixing, dim-7 operators for  

• Current state of the art via Flavor Lattice Averaging Group (FLAG)
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At LO in heavy quark expansion for       , only dim-6 operators contribute.�12
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At NLO, there are dim-7 operators.  Work underway by HPQCD to calculate 
these matrix elements
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O1,2,3,4
<latexit sha1_base64="qET502DJg6L5E7Dv8hw4RHeaA+k=">AAAB/nicbVBNS8NAFHypX7V+RcWTl2ARPJSS1IKepODFmxVsK7QhbLabdulmE3Y3QgkB/4oXD4p49Xd489+4aXPQ1oGFYeY93uz4MaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOujBKBSQdHLBIPPpKEUU46iipGHmJBUOgz0vMn17nfeyRC0ojfq2lM3BCNOA0oRkpLnnk0CJEaY8TS28xLnVqjdl5rZp5Ztev2DNYycQpShQJtz/waDCOchIQrzJCUfceOlZsioShmJKsMEklihCdoRPqachQS6aaz+Jl1qpWhFURCP66smfp7I0WhlNPQ15N5WLno5eJ/Xj9RwaWbUh4ninA8PxQkzFKRlXdhDakgWLGpJggLqrNaeIwEwko3VtElOItfXibdRt2x685ds9q6KuoowzGcwBk4cAEtuIE2dABDCs/wCm/Gk/FivBsf89GSUewcwh8Ynz+qhpSb</latexit><latexit sha1_base64="qET502DJg6L5E7Dv8hw4RHeaA+k=">AAAB/nicbVBNS8NAFHypX7V+RcWTl2ARPJSS1IKepODFmxVsK7QhbLabdulmE3Y3QgkB/4oXD4p49Xd489+4aXPQ1oGFYeY93uz4MaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOujBKBSQdHLBIPPpKEUU46iipGHmJBUOgz0vMn17nfeyRC0ojfq2lM3BCNOA0oRkpLnnk0CJEaY8TS28xLnVqjdl5rZp5Ztev2DNYycQpShQJtz/waDCOchIQrzJCUfceOlZsioShmJKsMEklihCdoRPqachQS6aaz+Jl1qpWhFURCP66smfp7I0WhlNPQ15N5WLno5eJ/Xj9RwaWbUh4ninA8PxQkzFKRlXdhDakgWLGpJggLqrNaeIwEwko3VtElOItfXibdRt2x685ds9q6KuoowzGcwBk4cAEtuIE2dABDCs/wCm/Gk/FivBsf89GSUewcwh8Ynz+qhpSb</latexit><latexit sha1_base64="qET502DJg6L5E7Dv8hw4RHeaA+k=">AAAB/nicbVBNS8NAFHypX7V+RcWTl2ARPJSS1IKepODFmxVsK7QhbLabdulmE3Y3QgkB/4oXD4p49Xd489+4aXPQ1oGFYeY93uz4MaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOujBKBSQdHLBIPPpKEUU46iipGHmJBUOgz0vMn17nfeyRC0ojfq2lM3BCNOA0oRkpLnnk0CJEaY8TS28xLnVqjdl5rZp5Ztev2DNYycQpShQJtz/waDCOchIQrzJCUfceOlZsioShmJKsMEklihCdoRPqachQS6aaz+Jl1qpWhFURCP66smfp7I0WhlNPQ15N5WLno5eJ/Xj9RwaWbUh4ninA8PxQkzFKRlXdhDakgWLGpJggLqrNaeIwEwko3VtElOItfXibdRt2x685ds9q6KuoowzGcwBk4cAEtuIE2dABDCs/wCm/Gk/FivBsf89GSUewcwh8Ynz+qhpSb</latexit><latexit sha1_base64="qET502DJg6L5E7Dv8hw4RHeaA+k=">AAAB/nicbVBNS8NAFHypX7V+RcWTl2ARPJSS1IKepODFmxVsK7QhbLabdulmE3Y3QgkB/4oXD4p49Xd489+4aXPQ1oGFYeY93uz4MaNS2fa3UVpZXVvfKG9WtrZ3dvfM/YOujBKBSQdHLBIPPpKEUU46iipGHmJBUOgz0vMn17nfeyRC0ojfq2lM3BCNOA0oRkpLnnk0CJEaY8TS28xLnVqjdl5rZp5Ztev2DNYycQpShQJtz/waDCOchIQrzJCUfceOlZsioShmJKsMEklihCdoRPqachQS6aaz+Jl1qpWhFURCP66smfp7I0WhlNPQ15N5WLno5eJ/Xj9RwaWbUh4ninA8PxQkzFKRlXdhDakgWLGpJggLqrNaeIwEwko3VtElOItfXibdRt2x685ds9q6KuoowzGcwBk4cAEtuIE2dABDCs/wCm/Gk/FivBsf89GSUewcwh8Ynz+qhpSb</latexit>
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VSA

VSA

• valence b,s quark masses are physical 

• they also have results at two different values of ml/ms to guide the 
subsequent extrapolation in sea quark mass

Davies et al (HPQCD), 0712.09934
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• Introduction 

- role of LQCD 

•   

- state of the art 

- work in progress on 

•   

- state of the art 

- restricted to large q2 

•   

- state of the art 

- work in progress, getting around the limitation 

• Outlook

�Md,s
<latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit>

��s
<latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit>

B(s) � B̄(s)
<latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit>

B ! K
<latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit>

B ! ⇡
<latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit>
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• momentum transfer (     ) dependence 

• improbable in the SM

- proportional to Vtb Vts 

- requires quantum fluctuations

*

b̄

B+

u u

K+

s̄
t̄

W

V ⇤
tb Vts

`+

`�

�,
Z

`+

`�

q2
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Physics at disparate scales factorizes

• Wilson coefficients:  short distance, perturbative 

• hadronic matrix elements:  long distance, nonperturbative  

`+

`�

b̄

B+

u u

K+

s̄

d�

dq2
=

✓X

i

Ci hK|Ji|Bi
◆2

+ . . .
<latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit>
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Physics at disparate scales factorizes

`+

`�

b̄

B+

u u

K+

s̄

d�

dq2
=

✓X

i

Ci hK|Ji|Bi
◆2

+ . . .
<latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit><latexit sha1_base64="md3hGpxsRPxvarqxAr65QSIHKsM="></latexit>

Form factors parameterize hadronic matrix elements.  E.g., in SM...

d�

dq2
= K(q2)

⇥
c1 f

2
+(q

2) + c2 f
2
T (q

2) + c3 f+(q
2)fT (q

2)
⇤

<latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit>

21



H
PQ

C
D

, P
RL

 1
11

 (2
01

3)
 1

62
00

2

• Matrix elements calculated at various lattice spacings and quark masses 

- coarse lattices with spacing 0.12 fm, fine lattices with spacing 0.09 fm 

- light quark masses down to 

• results extrapolated to continuum and physical quark masses via ChPT

M⇡ = 250 MeV
<latexit sha1_base64="IR4wDoeZdtdcixEeH/F9Im3zOBU=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkKHpQKHjxUqhgW6EJYbPdtkt3k7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgpLyyura8X10sbm1vaOvbvXUnEqCW2SmMfyPsSKchbRpmaa0/tEUixCTtvh8Hritx+oVCyO7vQoob7A/Yj1GMHaSIF9UA+8hKErVD1zHjNPClSnrXFgl52KMwVaJG5OypCjEdhfXjcmqaCRJhwr1XGdRPsZlpoRTsclL1U0wWSI+7RjaIQFVX42PX+Mjo3SRb1Ymoo0mqq/JzIslBqJ0HQKrAdq3puI/3mdVPcu/IxFSappRGaLeilHOkaTLFCXSUo0HxmCiWTmVkQGWGKiTWIlE4I7//IiaVUrrlNxb0/Ltcs8jiIcwhGcgAvnUIMbaEATCGTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AxxMlEU=</latexit><latexit sha1_base64="IR4wDoeZdtdcixEeH/F9Im3zOBU=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkKHpQKHjxUqhgW6EJYbPdtkt3k7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgpLyyura8X10sbm1vaOvbvXUnEqCW2SmMfyPsSKchbRpmaa0/tEUixCTtvh8Hritx+oVCyO7vQoob7A/Yj1GMHaSIF9UA+8hKErVD1zHjNPClSnrXFgl52KMwVaJG5OypCjEdhfXjcmqaCRJhwr1XGdRPsZlpoRTsclL1U0wWSI+7RjaIQFVX42PX+Mjo3SRb1Ymoo0mqq/JzIslBqJ0HQKrAdq3puI/3mdVPcu/IxFSappRGaLeilHOkaTLFCXSUo0HxmCiWTmVkQGWGKiTWIlE4I7//IiaVUrrlNxb0/Ltcs8jiIcwhGcgAvnUIMbaEATCGTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AxxMlEU=</latexit><latexit sha1_base64="IR4wDoeZdtdcixEeH/F9Im3zOBU=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkKHpQKHjxUqhgW6EJYbPdtkt3k7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgpLyyura8X10sbm1vaOvbvXUnEqCW2SmMfyPsSKchbRpmaa0/tEUixCTtvh8Hritx+oVCyO7vQoob7A/Yj1GMHaSIF9UA+8hKErVD1zHjNPClSnrXFgl52KMwVaJG5OypCjEdhfXjcmqaCRJhwr1XGdRPsZlpoRTsclL1U0wWSI+7RjaIQFVX42PX+Mjo3SRb1Ymoo0mqq/JzIslBqJ0HQKrAdq3puI/3mdVPcu/IxFSappRGaLeilHOkaTLFCXSUo0HxmCiWTmVkQGWGKiTWIlE4I7//IiaVUrrlNxb0/Ltcs8jiIcwhGcgAvnUIMbaEATCGTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AxxMlEU=</latexit><latexit sha1_base64="IR4wDoeZdtdcixEeH/F9Im3zOBU=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkKHpQKHjxUqhgW6EJYbPdtkt3k7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgpLyyura8X10sbm1vaOvbvXUnEqCW2SmMfyPsSKchbRpmaa0/tEUixCTtvh8Hritx+oVCyO7vQoob7A/Yj1GMHaSIF9UA+8hKErVD1zHjNPClSnrXFgl52KMwVaJG5OypCjEdhfXjcmqaCRJhwr1XGdRPsZlpoRTsclL1U0wWSI+7RjaIQFVX42PX+Mjo3SRb1Ymoo0mqq/JzIslBqJ0HQKrAdq3puI/3mdVPcu/IxFSappRGaLeilHOkaTLFCXSUo0HxmCiWTmVkQGWGKiTWIlE4I7//IiaVUrrlNxb0/Ltcs8jiIcwhGcgAvnUIMbaEATCGTwDK/wZj1ZL9a79TFrLVj5zD78gfX5AxxMlEU=</latexit>
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• FLAG provides averaged lattice QCD results 

- z-expansion (Bourrely, Caprini, Lellouch) 

- covariance matrix among all coefficients 

• Lattice calculations simulate with small momenta (large q2, small z) 

- discretization errors                  

- chiral perturbation theory requires 

O(|a~pK |2)
<latexit sha1_base64="dIU/zb0lG19QsamlYpQWmcFlpjI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSBD14KHgRPFjBfkAbw2a7bZduNmF3Uyhp/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5tfWNzK79d2Nnd2z+wD48aKkokoXUS8Ui2AqwoZ4LWNdOctmJJcRhw2gyGNzO/OaJSsUg86nFMvRD3BesxgrWRfNu+L01wZ0QJiv27yVPl3LeLTtmZA60SNyNFyFDz7a9ONyJJSIUmHCvVdp1YeymWmhFOp4VOomiMyRD3adtQgUOqvHR++RSdGaWLepE0JTSaq78nUhwqNQ4D0xliPVDL3kz8z2snunflpUzEiaaCLBb1Eo50hGYxoC6TlGg+NgQTycytiAywxESbsAomBHf55VXSqJRdp+w+XBSr11kceTiBUyiBC5dQhVuoQR0IjOAZXuHNSq0X6936WLTmrGzmGP7A+vwBG+2Sog==</latexit><latexit sha1_base64="dIU/zb0lG19QsamlYpQWmcFlpjI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSBD14KHgRPFjBfkAbw2a7bZduNmF3Uyhp/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5tfWNzK79d2Nnd2z+wD48aKkokoXUS8Ui2AqwoZ4LWNdOctmJJcRhw2gyGNzO/OaJSsUg86nFMvRD3BesxgrWRfNu+L01wZ0QJiv27yVPl3LeLTtmZA60SNyNFyFDz7a9ONyJJSIUmHCvVdp1YeymWmhFOp4VOomiMyRD3adtQgUOqvHR++RSdGaWLepE0JTSaq78nUhwqNQ4D0xliPVDL3kz8z2snunflpUzEiaaCLBb1Eo50hGYxoC6TlGg+NgQTycytiAywxESbsAomBHf55VXSqJRdp+w+XBSr11kceTiBUyiBC5dQhVuoQR0IjOAZXuHNSq0X6936WLTmrGzmGP7A+vwBG+2Sog==</latexit><latexit sha1_base64="dIU/zb0lG19QsamlYpQWmcFlpjI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSBD14KHgRPFjBfkAbw2a7bZduNmF3Uyhp/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5tfWNzK79d2Nnd2z+wD48aKkokoXUS8Ui2AqwoZ4LWNdOctmJJcRhw2gyGNzO/OaJSsUg86nFMvRD3BesxgrWRfNu+L01wZ0QJiv27yVPl3LeLTtmZA60SNyNFyFDz7a9ONyJJSIUmHCvVdp1YeymWmhFOp4VOomiMyRD3adtQgUOqvHR++RSdGaWLepE0JTSaq78nUhwqNQ4D0xliPVDL3kz8z2snunflpUzEiaaCLBb1Eo50hGYxoC6TlGg+NgQTycytiAywxESbsAomBHf55VXSqJRdp+w+XBSr11kceTiBUyiBC5dQhVuoQR0IjOAZXuHNSq0X6936WLTmrGzmGP7A+vwBG+2Sog==</latexit><latexit sha1_base64="dIU/zb0lG19QsamlYpQWmcFlpjI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkpSBD14KHgRPFjBfkAbw2a7bZduNmF3Uyhp/4kXD4p49Z9489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5tfWNzK79d2Nnd2z+wD48aKkokoXUS8Ui2AqwoZ4LWNdOctmJJcRhw2gyGNzO/OaJSsUg86nFMvRD3BesxgrWRfNu+L01wZ0QJiv27yVPl3LeLTtmZA60SNyNFyFDz7a9ONyJJSIUmHCvVdp1YeymWmhFOp4VOomiMyRD3adtQgUOqvHR++RSdGaWLepE0JTSaq78nUhwqNQ4D0xliPVDL3kz8z2snunflpUzEiaaCLBb1Eo50hGYxoC6TlGg+NgQTycytiAywxESbsAomBHf55VXSqJRdp+w+XBSr11kceTiBUyiBC5dQhVuoQR0IjOAZXuHNSq0X6936WLTmrGzmGP7A+vwBG+2Sog==</latexit>

EK < ⇤�
<latexit sha1_base64="zZCgWoqWIyoRzUgKkcHyD3mNFuA=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0EUXBREEXVSwD2hCmEwm7dDJJMxMxFL6K25cKOLWH3Hn3zhts9DqgYHDOfdw75ww40xpx/mySiura+sb5c3K1vbO7p69X+2oNJeEtknKU9kLsaKcCdrWTHPayyTFSchpNxxdzvzuA5WKpeJejzPqJ3ggWMwI1kYK7OpVcIMayLs1kQgHHhmywK45dWcO9Je4BalBgVZgf3pRSvKECk04VqrvOpn2J1hqRjidVrxc0QyTER7QvqECJ1T5k/ntU3RslAjFqTRPaDRXfyYmOFFqnIRmMsF6qJa9mfif1891fOFPmMhyTQVZLIpzjnSKZkWgiElKNB8bgolk5lZEhlhiok1dFVOCu/zlv6RzWnedunt3Vms2ijrKcAhHcAIunEMTrqEFbSDwCE/wAq/W1Hq23qz3xWjJKjIH8AvWxzdTfZNQ</latexit><latexit sha1_base64="zZCgWoqWIyoRzUgKkcHyD3mNFuA=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0EUXBREEXVSwD2hCmEwm7dDJJMxMxFL6K25cKOLWH3Hn3zhts9DqgYHDOfdw75ww40xpx/mySiura+sb5c3K1vbO7p69X+2oNJeEtknKU9kLsaKcCdrWTHPayyTFSchpNxxdzvzuA5WKpeJejzPqJ3ggWMwI1kYK7OpVcIMayLs1kQgHHhmywK45dWcO9Je4BalBgVZgf3pRSvKECk04VqrvOpn2J1hqRjidVrxc0QyTER7QvqECJ1T5k/ntU3RslAjFqTRPaDRXfyYmOFFqnIRmMsF6qJa9mfif1891fOFPmMhyTQVZLIpzjnSKZkWgiElKNB8bgolk5lZEhlhiok1dFVOCu/zlv6RzWnedunt3Vms2ijrKcAhHcAIunEMTrqEFbSDwCE/wAq/W1Hq23qz3xWjJKjIH8AvWxzdTfZNQ</latexit><latexit sha1_base64="zZCgWoqWIyoRzUgKkcHyD3mNFuA=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0EUXBREEXVSwD2hCmEwm7dDJJMxMxFL6K25cKOLWH3Hn3zhts9DqgYHDOfdw75ww40xpx/mySiura+sb5c3K1vbO7p69X+2oNJeEtknKU9kLsaKcCdrWTHPayyTFSchpNxxdzvzuA5WKpeJejzPqJ3ggWMwI1kYK7OpVcIMayLs1kQgHHhmywK45dWcO9Je4BalBgVZgf3pRSvKECk04VqrvOpn2J1hqRjidVrxc0QyTER7QvqECJ1T5k/ntU3RslAjFqTRPaDRXfyYmOFFqnIRmMsF6qJa9mfif1891fOFPmMhyTQVZLIpzjnSKZkWgiElKNB8bgolk5lZEhlhiok1dFVOCu/zlv6RzWnedunt3Vms2ijrKcAhHcAIunEMTrqEFbSDwCE/wAq/W1Hq23qz3xWjJKjIH8AvWxzdTfZNQ</latexit><latexit sha1_base64="zZCgWoqWIyoRzUgKkcHyD3mNFuA=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE0EUXBREEXVSwD2hCmEwm7dDJJMxMxFL6K25cKOLWH3Hn3zhts9DqgYHDOfdw75ww40xpx/mySiura+sb5c3K1vbO7p69X+2oNJeEtknKU9kLsaKcCdrWTHPayyTFSchpNxxdzvzuA5WKpeJejzPqJ3ggWMwI1kYK7OpVcIMayLs1kQgHHhmywK45dWcO9Je4BalBgVZgf3pRSvKECk04VqrvOpn2J1hqRjidVrxc0QyTER7QvqECJ1T5k/ntU3RslAjFqTRPaDRXfyYmOFFqnIRmMsF6qJa9mfif1891fOFPmMhyTQVZLIpzjnSKZkWgiElKNB8bgolk5lZEhlhiok1dFVOCu/zlv6RzWnedunt3Vms2ijrKcAhHcAIunEMTrqEFbSDwCE/wAq/W1Hq23qz3xWjJKjIH8AvWxzdTfZNQ</latexit>
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HPQCD, PRL 111 (2013) 162002

FNAL/MILC, PRD93 (2016) 025026



Comparison with experiment.

24

with HPQCD, PRL 111 (2013) 162002; PRD 88 (2013) 05409



Properly handling resonances an open issue...

LHCb, PRL 111 (2013) 112003

ψ(4160)
ψ(2S)

ψ(4040)?

ψ(4160)

25

with HPQCD, PRL 111 (2013) 162002; PRD 88 (2013) 05409



with HPQCD, PRL 111 (2013) 162002; PRD 88 (2013) 05409

Large errors from lattice QCD at low q2
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• Introduction 

- role of LQCD 

•   

- state of the art 

- work in progress on 

•   

- state of the art 

- restricted to large q2 

•   

- state of the art 

- work in progress, getting around the limitation 

• Outlook

�Md,s
<latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit>

��s
<latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit>

B(s) � B̄(s)
<latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit>

B ! K
<latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit>

B ! ⇡
<latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit>

27



Same story ... physics at disparate scales factorizes
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Form factors parameterize hadronic matrix elements.  E.g., in SM...
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<latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit><latexit sha1_base64="KpU+T6Yy7ufqVvS6kpqK5ti4bac="></latexit>

d̄
<latexit sha1_base64="EOp+i7RwvkMZY77Lb2ONBz0vbV8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjyULGEEWye1+xHWKB5Ua37dnwOtkqAgNSjQHFS/+rEimaDSEo6N6QV+asMca8sIp9NKPzM0xWSMh7TnqMSCmjCfXztFZ06JUaK0K2nRXP09kWNhzERErlNgOzLL3kz8z+tlNrkOcybTzFJJFouSjCOr0Ox1FDNNieUTRzDRzN2KyAhrTKwLqOJCCJZfXiXti3rg14P7y1rjpoijDCdwCucQwBU04A6a0AICj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AFmyOyw==</latexit><latexit sha1_base64="EOp+i7RwvkMZY77Lb2ONBz0vbV8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjyULGEEWye1+xHWKB5Ua37dnwOtkqAgNSjQHFS/+rEimaDSEo6N6QV+asMca8sIp9NKPzM0xWSMh7TnqMSCmjCfXztFZ06JUaK0K2nRXP09kWNhzERErlNgOzLL3kz8z+tlNrkOcybTzFJJFouSjCOr0Ox1FDNNieUTRzDRzN2KyAhrTKwLqOJCCJZfXiXti3rg14P7y1rjpoijDCdwCucQwBU04A6a0AICj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AFmyOyw==</latexit><latexit sha1_base64="EOp+i7RwvkMZY77Lb2ONBz0vbV8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjyULGEEWye1+xHWKB5Ua37dnwOtkqAgNSjQHFS/+rEimaDSEo6N6QV+asMca8sIp9NKPzM0xWSMh7TnqMSCmjCfXztFZ06JUaK0K2nRXP09kWNhzERErlNgOzLL3kz8z+tlNrkOcybTzFJJFouSjCOr0Ox1FDNNieUTRzDRzN2KyAhrTKwLqOJCCJZfXiXti3rg14P7y1rjpoijDCdwCucQwBU04A6a0AICj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AFmyOyw==</latexit><latexit sha1_base64="EOp+i7RwvkMZY77Lb2ONBz0vbV8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJczOziZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+nfmdJ6oNU/LBTlIaCjyULGEEWye1+xHWKB5Ua37dnwOtkqAgNSjQHFS/+rEimaDSEo6N6QV+asMca8sIp9NKPzM0xWSMh7TnqMSCmjCfXztFZ06JUaK0K2nRXP09kWNhzERErlNgOzLL3kz8z+tlNrkOcybTzFJJFouSjCOr0Ox1FDNNieUTRzDRzN2KyAhrTKwLqOJCCJZfXiXti3rg14P7y1rjpoijDCdwCucQwBU04A6a0AICj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AFmyOyw==</latexit>

⇡+
<latexit sha1_base64="qOU6HB4dd2yVybXX/22L7zwUk4c=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0GPRi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzdJWeXtnd2+/cnDYNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj26nfeuLaiEQ94DjlQUwHSkSCUbSS303F43mvUnVr7gxkmXgFqUKBRq/y1e0nLIu5QiapMR3PTTHIqUbBJJ+Uu5nhKWUjOuAdSxWNuQny2bETcmqVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafMo2BG/x5WXSvKh5bs27v6zWb4o4SnAMJ3AGHlxBHe6gAT4wEPAMr/DmKOfFeXc+5q0rTjFzBH/gfP4AbAqOag==</latexit><latexit sha1_base64="qOU6HB4dd2yVybXX/22L7zwUk4c=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0GPRi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzdJWeXtnd2+/cnDYNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj26nfeuLaiEQ94DjlQUwHSkSCUbSS303F43mvUnVr7gxkmXgFqUKBRq/y1e0nLIu5QiapMR3PTTHIqUbBJJ+Uu5nhKWUjOuAdSxWNuQny2bETcmqVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafMo2BG/x5WXSvKh5bs27v6zWb4o4SnAMJ3AGHlxBHe6gAT4wEPAMr/DmKOfFeXc+5q0rTjFzBH/gfP4AbAqOag==</latexit><latexit sha1_base64="qOU6HB4dd2yVybXX/22L7zwUk4c=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0GPRi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzdJWeXtnd2+/cnDYNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj26nfeuLaiEQ94DjlQUwHSkSCUbSS303F43mvUnVr7gxkmXgFqUKBRq/y1e0nLIu5QiapMR3PTTHIqUbBJJ+Uu5nhKWUjOuAdSxWNuQny2bETcmqVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafMo2BG/x5WXSvKh5bs27v6zWb4o4SnAMJ3AGHlxBHe6gAT4wEPAMr/DmKOfFeXc+5q0rTjFzBH/gfP4AbAqOag==</latexit><latexit sha1_base64="qOU6HB4dd2yVybXX/22L7zwUk4c=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0GPRi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzdJWeXtnd2+/cnDYNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj26nfeuLaiEQ94DjlQUwHSkSCUbSS303F43mvUnVr7gxkmXgFqUKBRq/y1e0nLIu5QiapMR3PTTHIqUbBJJ+Uu5nhKWUjOuAdSxWNuQny2bETcmqVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafMo2BG/x5WXSvKh5bs27v6zWb4o4SnAMJ3AGHlxBHe6gAT4wEPAMr/DmKOfFeXc+5q0rTjFzBH/gfP4AbAqOag==</latexit>

d�

dq2
=

✓X

i

Ci h⇡|Ji|Bi
◆2

+ . . .
<latexit sha1_base64="WWViVCF4UNpnY72ZN8rdSD9kimI="></latexit><latexit sha1_base64="WWViVCF4UNpnY72ZN8rdSD9kimI="></latexit><latexit sha1_base64="WWViVCF4UNpnY72ZN8rdSD9kimI="></latexit><latexit sha1_base64="WWViVCF4UNpnY72ZN8rdSD9kimI="></latexit>
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f?r
�1/2
1

<latexit sha1_base64="E/Ih/Nyd/511N5sG7xY/42gKXFo=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWCeloMuCG5cV7APaccikmTY0kwlJRizD/IobF4q49Ufc+Tem7Sy09cCFwzn3cu89oeRMG8/7dtbWNza3tks75d29/YND96jS0UmqCG2ThCeqF2JNORO0bZjhtCcVxXHIaTec3Mz87iNVmiXi3kwl9WM8EixiBBsrBW4lCgaSKglVgB6yC3RZzwO36tW8OeAqQQWpggKtwP0aDBOSxlQYwrHWfeRJ42dYGUY4zcuDVFOJyQSPaN9SgWOq/Wx+ew7PrDKEUaJsCQPn6u+JDMdaT+PQdsbYjPWyNxP/8/qpia79jAmZGirIYlGUcmgSOAsCDpmixPCpJZgoZm+FZIwVJsbGVbYhoOWXV0mnXkNeDd01qs1GEUcJnIBTcA4QuAJNcAtaoA0IeALP4BW8Obnz4rw7H4vWNaeYOQZ/4Hz+AH9fk2A=</latexit><latexit sha1_base64="E/Ih/Nyd/511N5sG7xY/42gKXFo=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWCeloMuCG5cV7APaccikmTY0kwlJRizD/IobF4q49Ufc+Tem7Sy09cCFwzn3cu89oeRMG8/7dtbWNza3tks75d29/YND96jS0UmqCG2ThCeqF2JNORO0bZjhtCcVxXHIaTec3Mz87iNVmiXi3kwl9WM8EixiBBsrBW4lCgaSKglVgB6yC3RZzwO36tW8OeAqQQWpggKtwP0aDBOSxlQYwrHWfeRJ42dYGUY4zcuDVFOJyQSPaN9SgWOq/Wx+ew7PrDKEUaJsCQPn6u+JDMdaT+PQdsbYjPWyNxP/8/qpia79jAmZGirIYlGUcmgSOAsCDpmixPCpJZgoZm+FZIwVJsbGVbYhoOWXV0mnXkNeDd01qs1GEUcJnIBTcA4QuAJNcAtaoA0IeALP4BW8Obnz4rw7H4vWNaeYOQZ/4Hz+AH9fk2A=</latexit><latexit sha1_base64="E/Ih/Nyd/511N5sG7xY/42gKXFo=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWCeloMuCG5cV7APaccikmTY0kwlJRizD/IobF4q49Ufc+Tem7Sy09cCFwzn3cu89oeRMG8/7dtbWNza3tks75d29/YND96jS0UmqCG2ThCeqF2JNORO0bZjhtCcVxXHIaTec3Mz87iNVmiXi3kwl9WM8EixiBBsrBW4lCgaSKglVgB6yC3RZzwO36tW8OeAqQQWpggKtwP0aDBOSxlQYwrHWfeRJ42dYGUY4zcuDVFOJyQSPaN9SgWOq/Wx+ew7PrDKEUaJsCQPn6u+JDMdaT+PQdsbYjPWyNxP/8/qpia79jAmZGirIYlGUcmgSOAsCDpmixPCpJZgoZm+FZIwVJsbGVbYhoOWXV0mnXkNeDd01qs1GEUcJnIBTcA4QuAJNcAtaoA0IeALP4BW8Obnz4rw7H4vWNaeYOQZ/4Hz+AH9fk2A=</latexit><latexit sha1_base64="E/Ih/Nyd/511N5sG7xY/42gKXFo=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWCeloMuCG5cV7APaccikmTY0kwlJRizD/IobF4q49Ufc+Tem7Sy09cCFwzn3cu89oeRMG8/7dtbWNza3tks75d29/YND96jS0UmqCG2ThCeqF2JNORO0bZjhtCcVxXHIaTec3Mz87iNVmiXi3kwl9WM8EixiBBsrBW4lCgaSKglVgB6yC3RZzwO36tW8OeAqQQWpggKtwP0aDBOSxlQYwrHWfeRJ42dYGUY4zcuDVFOJyQSPaN9SgWOq/Wx+ew7PrDKEUaJsCQPn6u+JDMdaT+PQdsbYjPWyNxP/8/qpia79jAmZGirIYlGUcmgSOAsCDpmixPCpJZgoZm+FZIwVJsbGVbYhoOWXV0mnXkNeDd01qs1GEUcJnIBTcA4QuAJNcAtaoA0IeALP4BW8Obnz4rw7H4vWNaeYOQZ/4Hz+AH9fk2A=</latexit>

fT
<latexit sha1_base64="rVYtuy5QShVdfGk0P4VcpZv9kBc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r9gvaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFre2d3r7hfOjg8Oj4pn551TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu4XffeLaiFi1cJZwP6JjJULBKFrpMRy2huWKW3WXIJvEy0kFcjSH5a/BKGZpxBUySY3pe26CfkY1Cib5vDRIDU8om9Ix71uqaMSNny1PnZMrq4xIGGtbCslS/T2R0ciYWRTYzojixKx7C/E/r59ieOtnQiUpcsVWi8JUEozJ4m8yEpozlDNLKNPC3krYhGrK0KZTsiF46y9vks5N1XOr3kOt0qjlcRThAi7hGjyoQwPuoQltYDCGZ3iFN0c6L86787FqLTj5zDn8gfP5AyEajaM=</latexit><latexit sha1_base64="rVYtuy5QShVdfGk0P4VcpZv9kBc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r9gvaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFre2d3r7hfOjg8Oj4pn551TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu4XffeLaiFi1cJZwP6JjJULBKFrpMRy2huWKW3WXIJvEy0kFcjSH5a/BKGZpxBUySY3pe26CfkY1Cib5vDRIDU8om9Ix71uqaMSNny1PnZMrq4xIGGtbCslS/T2R0ciYWRTYzojixKx7C/E/r59ieOtnQiUpcsVWi8JUEozJ4m8yEpozlDNLKNPC3krYhGrK0KZTsiF46y9vks5N1XOr3kOt0qjlcRThAi7hGjyoQwPuoQltYDCGZ3iFN0c6L86787FqLTj5zDn8gfP5AyEajaM=</latexit><latexit sha1_base64="rVYtuy5QShVdfGk0P4VcpZv9kBc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r9gvaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFre2d3r7hfOjg8Oj4pn551TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu4XffeLaiFi1cJZwP6JjJULBKFrpMRy2huWKW3WXIJvEy0kFcjSH5a/BKGZpxBUySY3pe26CfkY1Cib5vDRIDU8om9Ix71uqaMSNny1PnZMrq4xIGGtbCslS/T2R0ciYWRTYzojixKx7C/E/r59ieOtnQiUpcsVWi8JUEozJ4m8yEpozlDNLKNPC3krYhGrK0KZTsiF46y9vks5N1XOr3kOt0qjlcRThAi7hGjyoQwPuoQltYDCGZ3iFN0c6L86787FqLTj5zDn8gfP5AyEajaM=</latexit><latexit sha1_base64="rVYtuy5QShVdfGk0P4VcpZv9kBc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r9gvaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFre2d3r7hfOjg8Oj4pn551TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu4XffeLaiFi1cJZwP6JjJULBKFrpMRy2huWKW3WXIJvEy0kFcjSH5a/BKGZpxBUySY3pe26CfkY1Cib5vDRIDU8om9Ix71uqaMSNny1PnZMrq4xIGGtbCslS/T2R0ciYWRTYzojixKx7C/E/r59ieOtnQiUpcsVWi8JUEozJ4m8yEpozlDNLKNPC3krYhGrK0KZTsiF46y9vks5N1XOr3kOt0qjlcRThAi7hGjyoQwPuoQltYDCGZ3iFN0c6L86787FqLTj5zDn8gfP5AyEajaM=</latexit>

fkr
�1/2
1

<latexit sha1_base64="QGtX58744aFsgclFkYtOcVFDZNQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJNSkGPBS8eK9gPaGPYbCft0s0m7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEAWcCWhqpjl0EgkkCji0g9H11G8/gFQsFnd6nIAXkYFgIaNEG8m3j0K/lxBJOAeOpe/eZ+fuRXXi22Wn4syAl4mbkzLK0fDtr14/pmkEQlNOlOq6TqK9jEjNKIdJqZcqSAgdkQF0DRUkAuVls/sn+NQofRzG0pTQeKb+nshIpNQ4CkxnRPRQLXpT8T+vm+rwysuYSFINgs4XhSnHOsbTMHCfSaCajw0hVDJzK6ZDkwbVJrKSCcFdfHmZtKoV16m4t7VyvZbHUUTH6ASdIRddojq6QQ3URBQ9omf0it6sJ+vFerc+5q0FK585RH9gff4AmoOVHg==</latexit><latexit sha1_base64="QGtX58744aFsgclFkYtOcVFDZNQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJNSkGPBS8eK9gPaGPYbCft0s0m7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEAWcCWhqpjl0EgkkCji0g9H11G8/gFQsFnd6nIAXkYFgIaNEG8m3j0K/lxBJOAeOpe/eZ+fuRXXi22Wn4syAl4mbkzLK0fDtr14/pmkEQlNOlOq6TqK9jEjNKIdJqZcqSAgdkQF0DRUkAuVls/sn+NQofRzG0pTQeKb+nshIpNQ4CkxnRPRQLXpT8T+vm+rwysuYSFINgs4XhSnHOsbTMHCfSaCajw0hVDJzK6ZDkwbVJrKSCcFdfHmZtKoV16m4t7VyvZbHUUTH6ASdIRddojq6QQ3URBQ9omf0it6sJ+vFerc+5q0FK585RH9gff4AmoOVHg==</latexit><latexit sha1_base64="QGtX58744aFsgclFkYtOcVFDZNQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJNSkGPBS8eK9gPaGPYbCft0s0m7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEAWcCWhqpjl0EgkkCji0g9H11G8/gFQsFnd6nIAXkYFgIaNEG8m3j0K/lxBJOAeOpe/eZ+fuRXXi22Wn4syAl4mbkzLK0fDtr14/pmkEQlNOlOq6TqK9jEjNKIdJqZcqSAgdkQF0DRUkAuVls/sn+NQofRzG0pTQeKb+nshIpNQ4CkxnRPRQLXpT8T+vm+rwysuYSFINgs4XhSnHOsbTMHCfSaCajw0hVDJzK6ZDkwbVJrKSCcFdfHmZtKoV16m4t7VyvZbHUUTH6ASdIRddojq6QQ3URBQ9omf0it6sJ+vFerc+5q0FK585RH9gff4AmoOVHg==</latexit><latexit sha1_base64="QGtX58744aFsgclFkYtOcVFDZNQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJNSkGPBS8eK9gPaGPYbCft0s0m7G6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lRSaNKYx7ITEAWcCWhqpjl0EgkkCji0g9H11G8/gFQsFnd6nIAXkYFgIaNEG8m3j0K/lxBJOAeOpe/eZ+fuRXXi22Wn4syAl4mbkzLK0fDtr14/pmkEQlNOlOq6TqK9jEjNKIdJqZcqSAgdkQF0DRUkAuVls/sn+NQofRzG0pTQeKb+nshIpNQ4CkxnRPRQLXpT8T+vm+rwysuYSFINgs4XhSnHOsbTMHCfSaCajw0hVDJzK6ZDkwbVJrKSCcFdfHmZtKoV16m4t7VyvZbHUUTH6ASdIRddojq6QQ3URBQ9omf0it6sJ+vFerc+5q0FK585RH9gff4AmoOVHg==</latexit>

f?,k
<latexit sha1_base64="mgAj8WI4BsmdY8QIf3xW/YBL6/M=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPEhJRNCDh4IXjxVsLTShbLaTdulms+xuhBqKf8WLB0W8+j+8+W/ctjlo64OBx3szzMyLJGfaeN63U1paXlldK69XNja3tnfc3b2WTjNFoUlTnqp2RDRwJqBpmOHQlgpIEnG4j4bXE//+AZRmqbgzIwlhQvqCxYwSY6WuexB380CCkqc4kEQRzoGPu27Vq3lT4EXiF6SKCjS67lfQS2mWgDCUE607vidNmBNlGOUwrgSZBknokPShY6kgCegwn14/xsdW6eE4VbaEwVP190ROEq1HSWQ7E2IGet6biP95nczEl2HOhMwMCDpbFGccmxRPosA9poAaPrKEUMXsrZgObAbU2MAqNgR//uVF0jqr+V7Nvz2v1q+KOMroEB2hE+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox6y15BQz++gPnM8fdR+VMg==</latexit><latexit sha1_base64="mgAj8WI4BsmdY8QIf3xW/YBL6/M=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPEhJRNCDh4IXjxVsLTShbLaTdulms+xuhBqKf8WLB0W8+j+8+W/ctjlo64OBx3szzMyLJGfaeN63U1paXlldK69XNja3tnfc3b2WTjNFoUlTnqp2RDRwJqBpmOHQlgpIEnG4j4bXE//+AZRmqbgzIwlhQvqCxYwSY6WuexB380CCkqc4kEQRzoGPu27Vq3lT4EXiF6SKCjS67lfQS2mWgDCUE607vidNmBNlGOUwrgSZBknokPShY6kgCegwn14/xsdW6eE4VbaEwVP190ROEq1HSWQ7E2IGet6biP95nczEl2HOhMwMCDpbFGccmxRPosA9poAaPrKEUMXsrZgObAbU2MAqNgR//uVF0jqr+V7Nvz2v1q+KOMroEB2hE+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox6y15BQz++gPnM8fdR+VMg==</latexit><latexit sha1_base64="mgAj8WI4BsmdY8QIf3xW/YBL6/M=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPEhJRNCDh4IXjxVsLTShbLaTdulms+xuhBqKf8WLB0W8+j+8+W/ctjlo64OBx3szzMyLJGfaeN63U1paXlldK69XNja3tnfc3b2WTjNFoUlTnqp2RDRwJqBpmOHQlgpIEnG4j4bXE//+AZRmqbgzIwlhQvqCxYwSY6WuexB380CCkqc4kEQRzoGPu27Vq3lT4EXiF6SKCjS67lfQS2mWgDCUE607vidNmBNlGOUwrgSZBknokPShY6kgCegwn14/xsdW6eE4VbaEwVP190ROEq1HSWQ7E2IGet6biP95nczEl2HOhMwMCDpbFGccmxRPosA9poAaPrKEUMXsrZgObAbU2MAqNgR//uVF0jqr+V7Nvz2v1q+KOMroEB2hE+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox6y15BQz++gPnM8fdR+VMg==</latexit><latexit sha1_base64="mgAj8WI4BsmdY8QIf3xW/YBL6/M=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPEhJRNCDh4IXjxVsLTShbLaTdulms+xuhBqKf8WLB0W8+j+8+W/ctjlo64OBx3szzMyLJGfaeN63U1paXlldK69XNja3tnfc3b2WTjNFoUlTnqp2RDRwJqBpmOHQlgpIEnG4j4bXE//+AZRmqbgzIwlhQvqCxYwSY6WuexB380CCkqc4kEQRzoGPu27Vq3lT4EXiF6SKCjS67lfQS2mWgDCUE607vidNmBNlGOUwrgSZBknokPShY6kgCegwn14/xsdW6eE4VbaEwVP190ROEq1HSWQ7E2IGet6biP95nczEl2HOhMwMCDpbFGccmxRPosA9poAaPrKEUMXsrZgObAbU2MAqNgR//uVF0jqr+V7Nvz2v1q+KOMroEB2hE+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox6y15BQz++gPnM8fdR+VMg==</latexit>

• Matrix elements calculated at 4 lattice spacings: 0.12, 0.09, 0.06, 0.045 fm 

• light quark masses down to 

• results extrapolated to continuum and physical quark masses via ChPT 

•         are linear combinations of        , and 

M⇡ = 177 MeV
<latexit sha1_base64="Ne/ZMblpx2+Bw9UCb1WUZhIR+50=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEhHpQKHjxUqhgP6AJYbPdtks3m7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYvFvR4n1I/wQLA+I1gbKbCP6oGXMHSN3Gr1MfNkhOq0NQnsslNxZkDLxM1JGXI0AvvL68UkjajQhGOluq6TaD/DUjPC6aTkpYommIzwgHYNFTiiys9m50/QqVF6qB9LU0Kjmfp7IsORUuMoNJ0R1kO16E3F/7xuqvuXfsZEkmoqyHxRP+VIx2iaBeoxSYnmY0MwkczcisgQS0y0SaxkQnAXX14mrfOK61Tcu4ty7SqPowjHcAJn4EIVanALDWgCgQye4RXerCfrxXq3PuatBSufOYQ/sD5/ACi8lE0=</latexit><latexit sha1_base64="Ne/ZMblpx2+Bw9UCb1WUZhIR+50=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEhHpQKHjxUqhgP6AJYbPdtks3m7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYvFvR4n1I/wQLA+I1gbKbCP6oGXMHSN3Gr1MfNkhOq0NQnsslNxZkDLxM1JGXI0AvvL68UkjajQhGOluq6TaD/DUjPC6aTkpYommIzwgHYNFTiiys9m50/QqVF6qB9LU0Kjmfp7IsORUuMoNJ0R1kO16E3F/7xuqvuXfsZEkmoqyHxRP+VIx2iaBeoxSYnmY0MwkczcisgQS0y0SaxkQnAXX14mrfOK61Tcu4ty7SqPowjHcAJn4EIVanALDWgCgQye4RXerCfrxXq3PuatBSufOYQ/sD5/ACi8lE0=</latexit><latexit sha1_base64="Ne/ZMblpx2+Bw9UCb1WUZhIR+50=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEhHpQKHjxUqhgP6AJYbPdtks3m7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYvFvR4n1I/wQLA+I1gbKbCP6oGXMHSN3Gr1MfNkhOq0NQnsslNxZkDLxM1JGXI0AvvL68UkjajQhGOluq6TaD/DUjPC6aTkpYommIzwgHYNFTiiys9m50/QqVF6qB9LU0Kjmfp7IsORUuMoNJ0R1kO16E3F/7xuqvuXfsZEkmoqyHxRP+VIx2iaBeoxSYnmY0MwkczcisgQS0y0SaxkQnAXX14mrfOK61Tcu4ty7SqPowjHcAJn4EIVanALDWgCgQye4RXerCfrxXq3PuatBSufOYQ/sD5/ACi8lE0=</latexit><latexit sha1_base64="Ne/ZMblpx2+Bw9UCb1WUZhIR+50=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEhHpQKHjxUqhgP6AJYbPdtks3m7C7EUqo+Fe8eFDEq7/Dm//GbZuDtj4YeLw3w8y8MOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2JFORO0qZnmtJNIiqOQ03Y4upn67QcqFYvFvR4n1I/wQLA+I1gbKbCP6oGXMHSN3Gr1MfNkhOq0NQnsslNxZkDLxM1JGXI0AvvL68UkjajQhGOluq6TaD/DUjPC6aTkpYommIzwgHYNFTiiys9m50/QqVF6qB9LU0Kjmfp7IsORUuMoNJ0R1kO16E3F/7xuqvuXfsZEkmoqyHxRP+VIx2iaBeoxSYnmY0MwkczcisgQS0y0SaxkQnAXX14mrfOK61Tcu4ty7SqPowjHcAJn4EIVanALDWgCgQye4RXerCfrxXq3PuatBSufOYQ/sD5/ACi8lE0=</latexit>

f0,+
<latexit sha1_base64="bOX1WbylH1cqUiQzzGOlYytzamU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEpSBD14KHjxWMF+QBvKZjtpl242YXcjlNAf4cWDIl79Pd78N27bHLT1wcDjvRlm5gWJ4Nq47rdTWFvf2Nwqbpd2dvf2D8qHRy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjO9mfvsJleaxfDSTBP2IDiUPOaPGSu2wn7mXF9N+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NwpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsdzLgCpkRE0soU9zeStiIKsqMTahkQ/CWX14lrVrVc6vew1WlfpvHUYQTOIVz8OAa6nAPDWgCgzE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8/gouO/g==</latexit><latexit sha1_base64="bOX1WbylH1cqUiQzzGOlYytzamU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEpSBD14KHjxWMF+QBvKZjtpl242YXcjlNAf4cWDIl79Pd78N27bHLT1wcDjvRlm5gWJ4Nq47rdTWFvf2Nwqbpd2dvf2D8qHRy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjO9mfvsJleaxfDSTBP2IDiUPOaPGSu2wn7mXF9N+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NwpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsdzLgCpkRE0soU9zeStiIKsqMTahkQ/CWX14lrVrVc6vew1WlfpvHUYQTOIVz8OAa6nAPDWgCgzE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8/gouO/g==</latexit><latexit sha1_base64="bOX1WbylH1cqUiQzzGOlYytzamU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEpSBD14KHjxWMF+QBvKZjtpl242YXcjlNAf4cWDIl79Pd78N27bHLT1wcDjvRlm5gWJ4Nq47rdTWFvf2Nwqbpd2dvf2D8qHRy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjO9mfvsJleaxfDSTBP2IDiUPOaPGSu2wn7mXF9N+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NwpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsdzLgCpkRE0soU9zeStiIKsqMTahkQ/CWX14lrVrVc6vew1WlfpvHUYQTOIVz8OAa6nAPDWgCgzE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8/gouO/g==</latexit><latexit sha1_base64="bOX1WbylH1cqUiQzzGOlYytzamU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEpSBD14KHjxWMF+QBvKZjtpl242YXcjlNAf4cWDIl79Pd78N27bHLT1wcDjvRlm5gWJ4Nq47rdTWFvf2Nwqbpd2dvf2D8qHRy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjO9mfvsJleaxfDSTBP2IDiUPOaPGSu2wn7mXF9N+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NwpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsdzLgCpkRE0soU9zeStiIKsqMTahkQ/CWX14lrVrVc6vew1WlfpvHUYQTOIVz8OAa6nAPDWgCgzE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8/gouO/g==</latexit>

r1 = 0.3117(22) fm
<latexit sha1_base64="d9B8dWWny+I5RxSc2v8UXZwNe8k=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyFThbpQKLhxWcE+oA1hMp20Q2eSMDMRSqhu/BU3LhRx61e482+ctllo64ELh3Pu5d57goQzpV3321paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEb91TqVgc3elRQj2B+xELGcHaSL59KH0Er6DrnCFULVcqpw9ZVwoYirFvl1zHnQIuEpSTEshR9+2vbi8mqaCRJhwr1UFuor0MS80Ip+NiN1U0wWSI+7RjaIQFVV42fWEMT4zSg2EsTUUaTtXfExkWSo1EYDoF1gM1703E/7xOqsMLL2NRkmoakdmiMOVQx3CSB+wxSYnmI0MwkczcCskAS0y0Sa1oQkDzLy+SZsVBroNuz0u1yzyOAjgCx6AMEKiCGrgBddAABDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6/AEId5Sh</latexit><latexit sha1_base64="d9B8dWWny+I5RxSc2v8UXZwNe8k=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyFThbpQKLhxWcE+oA1hMp20Q2eSMDMRSqhu/BU3LhRx61e482+ctllo64ELh3Pu5d57goQzpV3321paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEb91TqVgc3elRQj2B+xELGcHaSL59KH0Er6DrnCFULVcqpw9ZVwoYirFvl1zHnQIuEpSTEshR9+2vbi8mqaCRJhwr1UFuor0MS80Ip+NiN1U0wWSI+7RjaIQFVV42fWEMT4zSg2EsTUUaTtXfExkWSo1EYDoF1gM1703E/7xOqsMLL2NRkmoakdmiMOVQx3CSB+wxSYnmI0MwkczcCskAS0y0Sa1oQkDzLy+SZsVBroNuz0u1yzyOAjgCx6AMEKiCGrgBddAABDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6/AEId5Sh</latexit><latexit sha1_base64="d9B8dWWny+I5RxSc2v8UXZwNe8k=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyFThbpQKLhxWcE+oA1hMp20Q2eSMDMRSqhu/BU3LhRx61e482+ctllo64ELh3Pu5d57goQzpV3321paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEb91TqVgc3elRQj2B+xELGcHaSL59KH0Er6DrnCFULVcqpw9ZVwoYirFvl1zHnQIuEpSTEshR9+2vbi8mqaCRJhwr1UFuor0MS80Ip+NiN1U0wWSI+7RjaIQFVV42fWEMT4zSg2EsTUUaTtXfExkWSo1EYDoF1gM1703E/7xOqsMLL2NRkmoakdmiMOVQx3CSB+wxSYnmI0MwkczcCskAS0y0Sa1oQkDzLy+SZsVBroNuz0u1yzyOAjgCx6AMEKiCGrgBddAABDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6/AEId5Sh</latexit><latexit sha1_base64="d9B8dWWny+I5RxSc2v8UXZwNe8k=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyFThbpQKLhxWcE+oA1hMp20Q2eSMDMRSqhu/BU3LhRx61e482+ctllo64ELh3Pu5d57goQzpV3321paXlldWy9sFDe3tnd27b39popTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4fXEb91TqVgc3elRQj2B+xELGcHaSL59KH0Er6DrnCFULVcqpw9ZVwoYirFvl1zHnQIuEpSTEshR9+2vbi8mqaCRJhwr1UFuor0MS80Ip+NiN1U0wWSI+7RjaIQFVV42fWEMT4zSg2EsTUUaTtXfExkWSo1EYDoF1gM1703E/7xOqsMLL2NRkmoakdmiMOVQx3CSB+wxSYnmI0MwkczcCskAS0y0Sa1oQkDzLy+SZsVBroNuz0u1yzyOAjgCx6AMEKiCGrgBddAABDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6/AEId5Sh</latexit>
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Du et al. (FNAL/MILC), PRD93 (2016) 034005 Bailey et al. (FNAL/MILC), PRL 115 (2015) 152002

• Lattice uncertainties greatest at low q2 from kinematic extrapolation 

• on par with experiment for now, but would be good to improve this...
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Problems:   

• Growth in discretization errors with momentum 

• Chiral Perturbation Theory valid only for 

Solutions: 

• with HISQ quark action, observe  

• Hard Pion Chiral Perturbation Theory 

• chiral physics and kinematics factorize 

• HPChPT with z-expansion

Bijnens and Jemos, NPB 846, 145 (2011)

with HPQCD, PRD 90, 054506 (2014)

q2 & 17 GeV2

� ⇠ 0.1⇥ |a~p⇡|2
<latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit>
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Problems:   

• Growth in discretization errors with momentum 

• Chiral Perturbation Theory valid only for 

Solutions: 

• with HISQ quark action, observe  

• Hard Pion Chiral Perturbation Theory 

• chiral physics and kinematics factorize 

• HPChPT with z-expansion

Bijnens and Jemos, NPB 846 (2011) 145

with HPQCD, PRD 90 (2014) 054506

q2 & 17 GeV2

� ⇠ 0.1⇥ |a~p⇡|2
<latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit><latexit sha1_base64="zH0T2++yfXEfyDmxbtDUBPvnvZM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqmQYGCoxMJYJPqQmhI5rtNatR3LdipVaf+AhV9hYQAhVlY2/ga3zQAtR7J8dM69uveeSDKqjed9Oyura+sbm4Wt4vbO7t6+e3DY0EmqMKnjhCWqFSFNGBWkbqhhpCUVQTxipBkNbqZ+c0iUpom4NyNJOhz1BI0pRsZKoXsWaNrjCNqPQ6/sw8BQTjQco2BIMJRhIOn4oRK6Ja/szQCXiZ+TEshRC92voJvglBNhMENat31Pmk6GlKGYkUkxSDWRCA9Qj7QtFcgO7WSzeybw1CpdGCfKPmHgTP3dkSGu9YhHtpIj09eL3lT8z2unJr7qZFTI1BCB54PilEGTwGk4sEsVwYaNLEFYUbsrxH2kEDY2wqINwV88eZk0KmXfBnl3Uape53EUwDE4AefAB5egCm5BDdQBBo/gGbyCN+fJeXHenY956YqT9xyBP3A+fwAVXptn</latexit>
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B→πlν form factors: a = 0.12 fm, M
π
 = 489 MeV

PRELIMINARY
f0

f+
B ! ⇡`⌫ preliminary

• improved uncertainty at low q2 

• greater confidence in kinematic extrapolation
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• Introduction 

- role of LQCD 

•   

- state of the art 

- work in progress on 

•   

- state of the art 

- restricted to large q2 

•   

- state of the art 

- work in progress, getting around the limitation 

• Outlook

�Md,s
<latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit><latexit sha1_base64="rC12w2kxaVgg5YSCr86GoQx88NY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoM6sGLEME8IFnD7GxvMmT2wcysEpb8hxcPinj1X7z5N06SPWhiQUNR1U13l5cIrrRtf1uFpeWV1bXiemljc2t7p7y711RxKhk2WCxi2faoQsEjbGiuBbYTiTT0BLa84dXEbz2iVDyO7vUoQTek/YgHnFFtpIfuNQpNyW0v80/UuFeu2FV7CrJInJxUIEe9V/7q+jFLQ4w0E1SpjmMn2s2o1JwJHJe6qcKEsiHtY8fQiIao3Gx69ZgcGcUnQSxNRZpM1d8TGQ2VGoWe6QypHqh5byL+53VSHVy4GY+SVGPEZouCVBAdk0kExOcSmRYjQyiT3NxK2IBKyrQJqmRCcOZfXiTN06pjV527s0rtMo+jCAdwCMfgwDnU4Abq0AAGEp7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A2LeSEw==</latexit>

��s
<latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit><latexit sha1_base64="lStWBIxuYqVCgb4kBbFxfiLXWKE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeigh4r2A9oQphsN+3S3STsbpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd1vqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHV1O/80ClYkl8r8cp9QUMYhYxAtpIgV31rinXgL0bEAKCXE0Cu+bUnRnwMnELUkMFmoH95fUTkgkaa8JBqZ7rpNrPQWpGOJ1UvEzRFMgIBrRnaAyCKj+fnT7Bx0bp4yiRpmKNZ+rviRyEUmMRmk4BeqgWvan4n9fLdHTh5yxOM01jMl8UZRzrBE9zwH0mKdF8bAgQycytmAxBAtEmrYoJwV18eZm0T+uuU3fvzmqNyyKOMjpER+gEuegcNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wfo2ZPE</latexit>

B(s) � B̄(s)
<latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit>

B ! K
<latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit><latexit sha1_base64="h2nFOB1OMfJRuwvqDQkMtXD6YOw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJelbgQ3FewD2qFk0kwbmskMyR2hDP0INy4Ucev3uPNvTNtZaOuBwOGce8k9J0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek9u533ni2ohYPeI04X5ER0qEglG0UqdB+hiT+0G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLc2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbzxM6GSFLliy4/CVBIbcZ6dDIXmDOXUEsq0sLcSNqaaMrQNlWwJ3mrkddK+qnpu1Xu4rtQbeR1FOINzuAQPalCHO2hCCxhM4Ble4c1JnBfn3flYjhacfOcU/sD5/AEuMY7M</latexit>

B ! ⇡
<latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit>
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•                     matrix elements   

- next generation calculation underway by FNAL/MILC 

- HPQCD calculating Bs mixing, dim-7 operators for 

•              form factors 

- HPQCD calculation underway, extending to q2=0 

- Ongoing work, including charm decays, by other collaborations 

- ETMC, RBC/UKQCD, ALPHA, ...

B(s) � B̄(s)
<latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit><latexit sha1_base64="j7SsANMbY6t1tbOT8mG1+7tHYYA=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkIuiy1I3LCvYBbQiT6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLpw5517m3hMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkY3U7/9QKVisbjX44R6ER4IFjKCtZF8+6juZxV1NjnvBVii/OHbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42236CTo3SR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvYyJJNVUkPlHYcqRjtE0CtRnkhLNx4ZgIpnZFZEhlphoE1jJhOAunrxMWhdV16m6d5flWj2PowjHcAIVcOEKanALDWgCgUd4hld4s56sF+vd+pi3Fqx85hD+wPr8AaQ4lAs=</latexit>

B ! ⇡
<latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit><latexit sha1_base64="RKvdfb6dAm54kleX2nH1t0V4cZA=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnqxmUF+5DOUDJppg1NMiHJCGXoV7hxoYhbP8edf2PazkJbDwQO59xL7jmx4sxY3//21tY3Nre2Szvl3b39g8PK0XHbpJkmtEVSnupujA3lTNKWZZbTrtIUi5jTTjy+nfmdJ6oNS+WDnSgaCTyULGEEWyc9NlBoUxQq1q9U/Zo/B1olQUGqUKDZr3yFg5RkgkpLODamF/jKRjnWlhFOp+UwM1RhMsZD2nNUYkFNlM8PnqJzpwxQkmr3pEVz9fdGjoUxExG7SYHtyCx7M/E/r5fZ5CbKmVSZpZIsPkoyjlzIWXo0YJoSyyeOYKKZuxWREdaYWNdR2ZUQLEdeJe3LWuDXgvurar1R1FGCUziDCwjgGupwB01oAQEBz/AKb572Xrx372MxuuYVOyfwB97nD990j8o=</latexit>

Look forward to...



Thank you!

backup slides...



Basics of lattice QCD...



QCD correlation function:  continuum PI, Euclidean, Berezin integration done

hXi =
R
dG X[G, (/D +m)�1] e�S[G]+ln det(/D+m)

R
dG e�S[G]+ln det(/D+m)

9



O = B(T )⇥Oi(t)⇥ B̄(0)†

X a composite operator...

B interpolating & 4-quark mixing operators

Wick contractions

O = Tr[�5(/D +mb)
�1
t,T �1 (/D +md)

�1
T,t] Tr[�5(/D +mb)

�1
t,0 �2 (/D +md)

�1
0,t ]

O = (d̄�5b)T (b̄�1d b̄�2d)t (d̄�5b)0

X = (final state)⇥ (interaction)⇥ (initial state)

†

hXi =
R
dG X[G, (/D +m)�1] e�S[G]+ln det(/D+m)

R
dG e�S[G]+ln det(/D+m)

QCD correlation function:  continuum PI, Euclidean, Berezin integration done

9



•    

•   

•   

•   

•  and much more...

Z
d

4
x !

X

x,y,z,t

@µf(x) =
f(x+ a)� f(x)

a

hXi =
R
dG X[G, (/D +m)�1] e�S[G]+ln det(/D+m)

R
dG e�S[G]+ln det(/D+m)

Numerically evaluate

discretize     and S /D

9



importance sampling

generate {Gn} with 
probability distribution

e�S[G]+ln det(/D+m)

hXi =
R
dG X[G, (/D +m)�1] e�S[G]+ln det(/D+m)

R
dG e�S[G]+ln det(/D+m)

hXi = 1

N

NX

n=1

X[Gn, (/D +m)�1
n ]

a
L

Numerically evaluate

10



More on B mixing...



�M = C(V ) hB0|O|B̄0i

Extract V from combination with experiment.

Bazavov et al. (FNAL/MILC), PRD93 (2016) 113016



Extract V from combination with experiment.

�M = C(V ) hB0|O|B̄0i

Bazavov et al. (FNAL/MILC), PRD93 (2016) 113016



•          parametrizes the matrix element 

•     is proportional to Vtd / Vts⇠

f2B̂

Bazavov et al. (FNAL/MILC), PRD93 (2016) 113016



hOii(µ) = Zij(aµ) hOii(1/a) + O(↵2
s,↵sa⇤QCD)

Zij = ZV 4
bb
ZV 4

qq
[�ij + ↵s⇣

[1]
ij +O(↵2

s)]

... match lattice results to continuum scheme and scale:

• "mostly nonperturbative" matching coefficients:

• continuum MS-NDR, at scale    :µ hOii(µ)

• lattice, at scale        :1/a hOii(1/a)



... extrapolate to continuum and physical quark masses:  
           rooted, staggered, heavy meson SU(3) chiral perturbation theory

• generic & light quark discretization and chiral extrapolation

• heavy quark tuning and discretization

• higher order matching effects

hOii = �i + �j [� logs]ij + [analytic]i

+ [mb tuning]i + [amb e↵ects]i

+ �j [O(↵2
s) matching e↵ects]ij

Bernard, PRD87 (2013) 114503



... extrapolate to continuum and physical quark masses:  
           rooted, staggered, heavy meson SU(3) chiral perturbation theory

• generic & light quark discretization and chiral extrapolation

• heavy quark tuning and discretization

• higher order matching effects

hOii = �i + �j [� logs]ij + [analytic]i

+ [mb tuning]i + [amb e↵ects]i

+ �j [O(↵2
s) matching e↵ects]ij

Bernard, PRD87 (2013) 114503



... extrapolate to continuum and physical quark masses:  
           rooted, staggered, heavy meson SU(3) chiral perturbation theory

• generic & light quark discretization and chiral extrapolation

• heavy quark tuning and discretization

• higher order matching effects

hOii = �i + �j [� logs]ij + [analytic]i

+ [mb tuning]i + [amb e↵ects]i

+ �j [O(↵2
s) matching e↵ects]ij

Bernard, PRD87 (2013) 114503



r3 1
hO

q 1
i/M

B
q

• mNPR (mostly nonperturbative renormalization) matching with O(    ) 
• chiral logs with analytic terms through NNLO 
• HQ (heavy quark) discretization through O(                 ) 
• simultaneous fit to all 5 matrix elements

↵sa, a
2, a3

↵2
s



r3 1
hO

q 1
i/M

B
q

vary how the matching is done



r3 1
hO

q 1
i/M

B
q

variations in chiral perturbation theory



r3 1
hO

q 1
i/M

B
q

vary accommodation of discretization effects



r3 1
hO

q 1
i/M

B
q

reduce precision of a priori information



r3 1
hO

q 1
i/M

B
q

study impact of  
• data with largest lattice spacing 
• data with finest lattice spacing 
• simultaneous fit to all 5 operators


