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Probing new physics with mixing
Neutral meson mixing is tree-level suppressed in the Standard Model
Sensitive to Beyond Standard Model heavy degrees of freedom 

Mixing through up-type quarks
Kaon mixing successfully predicted charm-quark mass 
B-meson mixing inferred top-quark mass 

and through down-type quarks
D-meson mixing as window to new physics?
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Standard Model D-meson mixing is 
predominantly long-ranged

Lorentz invariant 4-quark operators
Same operators as K and B-meson mixing, 
and π+→π- transition that enters short-range 
0νbb [1805.02634].

D-meson mixing constraints on NP
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<latexit sha1_base64="5BfLknnw8xH1luQhjpK4woGaPWQ=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFNy5bsA9oh5LJ3GlDM5khyQhlKH6AW/0Ed+LWb/EL/A3TdjZtPRA4nHOS3HuCVHBtXPfH2djc2t7ZLe2V9w8Oj44rJ6dtnWSKYYslIlHdgGoUXGLLcCOwmyqkcSCwE4wfZn7nGZXmiXwykxT9mA4ljzijxkrNzqBSdWvuHGSdeAWpQoHGoPLbDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYq5tYIThktizVNIYtZ/Pp5+SS6uEJEqUPdKQubr0DI21nsSBTcbUjPSqNxP/83qZie78nMs0MyjZ4qMoE8QkZFYFCblCZsTEEsoUtwsQNqKKMmMLK9tmvNUe1kn7uua5Na95U63fFx2V4Bwu4Ao8uIU6PEIDWsAA4RXe4N15cT6cT+drEd1wijtnsATn+w+1+pWs</latexit><latexit sha1_base64="5BfLknnw8xH1luQhjpK4woGaPWQ=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFNy5bsA9oh5LJ3GlDM5khyQhlKH6AW/0Ed+LWb/EL/A3TdjZtPRA4nHOS3HuCVHBtXPfH2djc2t7ZLe2V9w8Oj44rJ6dtnWSKYYslIlHdgGoUXGLLcCOwmyqkcSCwE4wfZn7nGZXmiXwykxT9mA4ljzijxkrNzqBSdWvuHGSdeAWpQoHGoPLbDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYq5tYIThktizVNIYtZ/Pp5+SS6uEJEqUPdKQubr0DI21nsSBTcbUjPSqNxP/83qZie78nMs0MyjZ4qMoE8QkZFYFCblCZsTEEsoUtwsQNqKKMmMLK9tmvNUe1kn7uua5Na95U63fFx2V4Bwu4Ao8uIU6PEIDWsAA4RXe4N15cT6cT+drEd1wijtnsATn+w+1+pWs</latexit><latexit sha1_base64="5BfLknnw8xH1luQhjpK4woGaPWQ=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFNy5bsA9oh5LJ3GlDM5khyQhlKH6AW/0Ed+LWb/EL/A3TdjZtPRA4nHOS3HuCVHBtXPfH2djc2t7ZLe2V9w8Oj44rJ6dtnWSKYYslIlHdgGoUXGLLcCOwmyqkcSCwE4wfZn7nGZXmiXwykxT9mA4ljzijxkrNzqBSdWvuHGSdeAWpQoHGoPLbDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYq5tYIThktizVNIYtZ/Pp5+SS6uEJEqUPdKQubr0DI21nsSBTcbUjPSqNxP/83qZie78nMs0MyjZ4qMoE8QkZFYFCblCZsTEEsoUtwsQNqKKMmMLK9tmvNUe1kn7uua5Na95U63fFx2V4Bwu4Ao8uIU6PEIDWsAA4RXe4N15cT6cT+drEd1wijtnsATn+w+1+pWs</latexit><latexit sha1_base64="5BfLknnw8xH1luQhjpK4woGaPWQ=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFNy5bsA9oh5LJ3GlDM5khyQhlKH6AW/0Ed+LWb/EL/A3TdjZtPRA4nHOS3HuCVHBtXPfH2djc2t7ZLe2V9w8Oj44rJ6dtnWSKYYslIlHdgGoUXGLLcCOwmyqkcSCwE4wfZn7nGZXmiXwykxT9mA4ljzijxkrNzqBSdWvuHGSdeAWpQoHGoPLbDxOWxSgNE1Trnuemxs+pMpwJnJb7mcaUsjEdYq5tYIThktizVNIYtZ/Pp5+SS6uEJEqUPdKQubr0DI21nsSBTcbUjPSqNxP/83qZie78nMs0MyjZ4qMoE8QkZFYFCblCZsTEEsoUtwsQNqKKMmMLK9tmvNUe1kn7uua5Na95U63fFx2V4Bwu4Ao8uIU6PEIDWsAA4RXe4N15cT6cT+drEd1wijtnsATn+w+1+pWs</latexit>

d, s,X
<latexit sha1_base64="40FCESi2rCyjQ5OdbgoJM/FlMvE=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwUUoiguKq4MZlBdMW2lAmk5t26GQSZiZCCV35AW71E9yJW7/EL/A3nLbZtPXAhcM5585wT5ByprTj/Filjc2t7Z3ybmVv/+DwqHp80lZJJil6NOGJ7AZEIWcCPc00x24qkcQBx04wvp/5nWeUiiXiSU9S9GMyFCxilGgjeWFd1buDas1pOHPY68QtSA0KtAbV336Y0CxGoSknSvVcJ9V+TqRmlOO00s8UpoSOyRBzZQIjDJfEnqGCxKj8fH7B1L4wSmhHiTQjtD1Xl54hsVKTODDJmOiRWvVm4n9eL9PRrZ8zkWYaBV18FGXc1ok9q8MOmUSq+cQQQiUzB9h0RCSh2pRWMc24qz2sk/ZVw3Ua7uN1rXlXdFSGMziHS3DhBprwAC3wgAKDV3iDd+vF+rA+ra9FtGQVO6ewBOv7DzLtlwQ=</latexit><latexit sha1_base64="40FCESi2rCyjQ5OdbgoJM/FlMvE=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwUUoiguKq4MZlBdMW2lAmk5t26GQSZiZCCV35AW71E9yJW7/EL/A3nLbZtPXAhcM5585wT5ByprTj/Filjc2t7Z3ybmVv/+DwqHp80lZJJil6NOGJ7AZEIWcCPc00x24qkcQBx04wvp/5nWeUiiXiSU9S9GMyFCxilGgjeWFd1buDas1pOHPY68QtSA0KtAbV336Y0CxGoSknSvVcJ9V+TqRmlOO00s8UpoSOyRBzZQIjDJfEnqGCxKj8fH7B1L4wSmhHiTQjtD1Xl54hsVKTODDJmOiRWvVm4n9eL9PRrZ8zkWYaBV18FGXc1ok9q8MOmUSq+cQQQiUzB9h0RCSh2pRWMc24qz2sk/ZVw3Ua7uN1rXlXdFSGMziHS3DhBprwAC3wgAKDV3iDd+vF+rA+ra9FtGQVO6ewBOv7DzLtlwQ=</latexit><latexit sha1_base64="40FCESi2rCyjQ5OdbgoJM/FlMvE=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwUUoiguKq4MZlBdMW2lAmk5t26GQSZiZCCV35AW71E9yJW7/EL/A3nLbZtPXAhcM5585wT5ByprTj/Filjc2t7Z3ybmVv/+DwqHp80lZJJil6NOGJ7AZEIWcCPc00x24qkcQBx04wvp/5nWeUiiXiSU9S9GMyFCxilGgjeWFd1buDas1pOHPY68QtSA0KtAbV336Y0CxGoSknSvVcJ9V+TqRmlOO00s8UpoSOyRBzZQIjDJfEnqGCxKj8fH7B1L4wSmhHiTQjtD1Xl54hsVKTODDJmOiRWvVm4n9eL9PRrZ8zkWYaBV18FGXc1ok9q8MOmUSq+cQQQiUzB9h0RCSh2pRWMc24qz2sk/ZVw3Ua7uN1rXlXdFSGMziHS3DhBprwAC3wgAKDV3iDd+vF+rA+ra9FtGQVO6ewBOv7DzLtlwQ=</latexit><latexit sha1_base64="40FCESi2rCyjQ5OdbgoJM/FlMvE=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwUUoiguKq4MZlBdMW2lAmk5t26GQSZiZCCV35AW71E9yJW7/EL/A3nLbZtPXAhcM5585wT5ByprTj/Filjc2t7Z3ybmVv/+DwqHp80lZJJil6NOGJ7AZEIWcCPc00x24qkcQBx04wvp/5nWeUiiXiSU9S9GMyFCxilGgjeWFd1buDas1pOHPY68QtSA0KtAbV336Y0CxGoSknSvVcJ9V+TqRmlOO00s8UpoSOyRBzZQIjDJfEnqGCxKj8fH7B1L4wSmhHiTQjtD1Xl54hsVKTODDJmOiRWvVm4n9eL9PRrZ8zkWYaBV18FGXc1ok9q8MOmUSq+cQQQiUzB9h0RCSh2pRWMc24qz2sk/ZVw3Ua7uN1rXlXdFSGMziHS3DhBprwAC3wgAKDV3iDd+vF+rA+ra9FtGQVO6ewBOv7DzLtlwQ=</latexit>

D0
<latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit>

D
0

<latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit>

D0
<latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit>

K+
<latexit sha1_base64="KHVPYcJbJHRFJ/KwRsEOUXrlgYY=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkUQhJKIoLgquBHcVLQPaGOZTG7aoZNJmJkIJXThB7jVT3Anbv0Uv8DfcNpm09YDA4dzzszce/yEM6Ud58cqrKyurW8UN0tb2zu7e+X9g6aKU0mxQWMey7ZPFHImsKGZ5thOJJLI59jyhzcTv/WMUrFYPOpRgl5E+oKFjBJtpIe7p7NeueJUnSnsZeLmpAI56r3ybzeIaRqh0JQTpTquk2gvI1IzynFc6qYKE0KHpI+ZMoEBBnNix1BBIlReNp1/bJ8YJbDDWJojtD1V554hkVKjyDfJiOiBWvQm4n9eJ9XhlZcxkaQaBZ19FKbc1rE9KcMOmESq+cgQQiUzC9h0QCSh2lRWMs24iz0sk+Z51XWq7v1FpXadd1SEIziGU3DhEmpwC3VoAIU+vMIbvFsv1of1aX3NogUrv3MIc7C+/wDIppY9</latexit><latexit sha1_base64="KHVPYcJbJHRFJ/KwRsEOUXrlgYY=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkUQhJKIoLgquBHcVLQPaGOZTG7aoZNJmJkIJXThB7jVT3Anbv0Uv8DfcNpm09YDA4dzzszce/yEM6Ud58cqrKyurW8UN0tb2zu7e+X9g6aKU0mxQWMey7ZPFHImsKGZ5thOJJLI59jyhzcTv/WMUrFYPOpRgl5E+oKFjBJtpIe7p7NeueJUnSnsZeLmpAI56r3ybzeIaRqh0JQTpTquk2gvI1IzynFc6qYKE0KHpI+ZMoEBBnNix1BBIlReNp1/bJ8YJbDDWJojtD1V554hkVKjyDfJiOiBWvQm4n9eJ9XhlZcxkaQaBZ19FKbc1rE9KcMOmESq+cgQQiUzC9h0QCSh2lRWMs24iz0sk+Z51XWq7v1FpXadd1SEIziGU3DhEmpwC3VoAIU+vMIbvFsv1of1aX3NogUrv3MIc7C+/wDIppY9</latexit><latexit sha1_base64="KHVPYcJbJHRFJ/KwRsEOUXrlgYY=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkUQhJKIoLgquBHcVLQPaGOZTG7aoZNJmJkIJXThB7jVT3Anbv0Uv8DfcNpm09YDA4dzzszce/yEM6Ud58cqrKyurW8UN0tb2zu7e+X9g6aKU0mxQWMey7ZPFHImsKGZ5thOJJLI59jyhzcTv/WMUrFYPOpRgl5E+oKFjBJtpIe7p7NeueJUnSnsZeLmpAI56r3ybzeIaRqh0JQTpTquk2gvI1IzynFc6qYKE0KHpI+ZMoEBBnNix1BBIlReNp1/bJ8YJbDDWJojtD1V554hkVKjyDfJiOiBWvQm4n9eJ9XhlZcxkaQaBZ19FKbc1rE9KcMOmESq+cgQQiUzC9h0QCSh2lRWMs24iz0sk+Z51XWq7v1FpXadd1SEIziGU3DhEmpwC3VoAIU+vMIbvFsv1of1aX3NogUrv3MIc7C+/wDIppY9</latexit><latexit sha1_base64="KHVPYcJbJHRFJ/KwRsEOUXrlgYY=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkUQhJKIoLgquBHcVLQPaGOZTG7aoZNJmJkIJXThB7jVT3Anbv0Uv8DfcNpm09YDA4dzzszce/yEM6Ud58cqrKyurW8UN0tb2zu7e+X9g6aKU0mxQWMey7ZPFHImsKGZ5thOJJLI59jyhzcTv/WMUrFYPOpRgl5E+oKFjBJtpIe7p7NeueJUnSnsZeLmpAI56r3ybzeIaRqh0JQTpTquk2gvI1IzynFc6qYKE0KHpI+ZMoEBBnNix1BBIlReNp1/bJ8YJbDDWJojtD1V554hkVKjyDfJiOiBWvQm4n9eJ9XhlZcxkaQaBZ19FKbc1rE9KcMOmESq+cgQQiUzC9h0QCSh2lRWMs24iz0sk+Z51XWq7v1FpXadd1SEIziGU3DhEmpwC3VoAIU+vMIbvFsv1of1aX3NogUrv3MIc7C+/wDIppY9</latexit>

⇡�
<latexit sha1_base64="tGqwxdI/DReOmQOnGou35exHf+Y=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwY0lEUFwV3LisYNpCG8tkctMOnUzCzEQooSs/wK1+gjtx65f4Bf6G0zabth64cDjn3BnuCVLOlHacH6u0tr6xuVXeruzs7u0fVA+PWirJJEWPJjyRnYAo5Eygp5nm2Eklkjjg2A5Gd1O//YxSsUQ86nGKfkwGgkWMEm0kr5eyp4t+tebUnRnsVeIWpAYFmv3qby9MaBaj0JQTpbquk2o/J1IzynFS6WUKU0JHZIC5MoEhhgti11BBYlR+PrtgYp8ZJbSjRJoR2p6pC8+QWKlxHJhkTPRQLXtT8T+vm+noxs+ZSDONgs4/ijJu68Se1mGHTCLVfGwIoZKZA2w6JJJQbUqrmGbc5R5WSeuy7jp19+Gq1rgtOirDCZzCObhwDQ24hyZ4QIHBK7zBu/VifVif1tc8WrKKnWNYgPX9B47Ilz0=</latexit><latexit sha1_base64="tGqwxdI/DReOmQOnGou35exHf+Y=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwY0lEUFwV3LisYNpCG8tkctMOnUzCzEQooSs/wK1+gjtx65f4Bf6G0zabth64cDjn3BnuCVLOlHacH6u0tr6xuVXeruzs7u0fVA+PWirJJEWPJjyRnYAo5Eygp5nm2Eklkjjg2A5Gd1O//YxSsUQ86nGKfkwGgkWMEm0kr5eyp4t+tebUnRnsVeIWpAYFmv3qby9MaBaj0JQTpbquk2o/J1IzynFS6WUKU0JHZIC5MoEhhgti11BBYlR+PrtgYp8ZJbSjRJoR2p6pC8+QWKlxHJhkTPRQLXtT8T+vm+noxs+ZSDONgs4/ijJu68Se1mGHTCLVfGwIoZKZA2w6JJJQbUqrmGbc5R5WSeuy7jp19+Gq1rgtOirDCZzCObhwDQ24hyZ4QIHBK7zBu/VifVif1tc8WrKKnWNYgPX9B47Ilz0=</latexit><latexit sha1_base64="tGqwxdI/DReOmQOnGou35exHf+Y=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwY0lEUFwV3LisYNpCG8tkctMOnUzCzEQooSs/wK1+gjtx65f4Bf6G0zabth64cDjn3BnuCVLOlHacH6u0tr6xuVXeruzs7u0fVA+PWirJJEWPJjyRnYAo5Eygp5nm2Eklkjjg2A5Gd1O//YxSsUQ86nGKfkwGgkWMEm0kr5eyp4t+tebUnRnsVeIWpAYFmv3qby9MaBaj0JQTpbquk2o/J1IzynFS6WUKU0JHZIC5MoEhhgti11BBYlR+PrtgYp8ZJbSjRJoR2p6pC8+QWKlxHJhkTPRQLXtT8T+vm+noxs+ZSDONgs4/ijJu68Se1mGHTCLVfGwIoZKZA2w6JJJQbUqrmGbc5R5WSeuy7jp19+Gq1rgtOirDCZzCObhwDQ24hyZ4QIHBK7zBu/VifVif1tc8WrKKnWNYgPX9B47Ilz0=</latexit><latexit sha1_base64="tGqwxdI/DReOmQOnGou35exHf+Y=">AAACAXicbVDLSsNAFL2pr1pfVZdugkVwY0lEUFwV3LisYNpCG8tkctMOnUzCzEQooSs/wK1+gjtx65f4Bf6G0zabth64cDjn3BnuCVLOlHacH6u0tr6xuVXeruzs7u0fVA+PWirJJEWPJjyRnYAo5Eygp5nm2Eklkjjg2A5Gd1O//YxSsUQ86nGKfkwGgkWMEm0kr5eyp4t+tebUnRnsVeIWpAYFmv3qby9MaBaj0JQTpbquk2o/J1IzynFS6WUKU0JHZIC5MoEhhgti11BBYlR+PrtgYp8ZJbSjRJoR2p6pC8+QWKlxHJhkTPRQLXtT8T+vm+noxs+ZSDONgs4/ijJu68Se1mGHTCLVfGwIoZKZA2w6JJJQbUqrmGbc5R5WSeuy7jp19+Gq1rgtOirDCZzCObhwDQ24hyZ4QIHBK7zBu/VifVif1tc8WrKKnWNYgPX9B47Ilz0=</latexit>

D
0

<latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit>

D0
<latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit><latexit sha1_base64="mOLL7wLYsqIq7ZDIIRvpuY4ZTzc=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisaB/QjiWTudOGZjJDkhFK6cIPcKuf4E7c+il+gb9h2s6mrQcCh3NOkntPkAqujev+OCura+sbm4Wt4vbO7t5+6eCwoZNMMayzRCSqFVCNgkusG24EtlKFNA4ENoPBzcRvPqPSPJGPZpiiH9Oe5BFn1Fjp4fbJ7ZbKbsWdgiwTLydlyFHrln47YcKyGKVhgmrd9tzU+COqDGcCx8VOpjGlbEB7ONI20MdwTmxbKmmM2h9N5x+TU6uEJEqUPdKQqTr3DI21HsaBTcbU9PWiNxH/89qZia78EZdpZlCy2UdRJohJyKQMEnKFzIihJZQpbhcgrE8VZcZWVrTNeIs9LJPGecVzK979Rbl6nXdUgGM4gTPw4BKqcAc1qAODHrzCG7w7L86H8+l8zaIrTn7nCObgfP8BxWaWOw==</latexit>

D
0

<latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit><latexit sha1_base64="ovho8QPqvaBUEjdFC4U8dRlo+QY=">AAACCnicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFcFXbisYB/QTksmk2lDM8mQZIQy9A/8ALf6Ce7ErT/hF/gbZtrZtPVA4HDOuTfcEyScaeO6P87a+sbm1nZpp7y7t39wWDk6bmmZKkKbRHKpOgHWlDNBm4YZTjuJojgOOG0H47vcbz9TpZkUT2aSUD/GQ8EiRrCxUr8nrZnPZvfTvjuoVN2aOwNaJV5BqlCgMaj89kJJ0pgKQzjWuuu5ifEzrAwjnE7LvVTTBJMxHtJM28CIhgti11KBY6r9bHbKFJ1bJUSRVPYJg2bqwhocaz2JA5uMsRnpZS8X//O6qYlu/IyJJDVUkPlHUcqRkSjvBYVMUWL4xBJMFLMHIDLCChNj2yvbZrzlHlZJ67LmuTXv8apavy06KsEpnMEFeHANdXiABjSBgIJXeIN358X5cD6dr3l0zSlmTmABzvcfDB2bYQ==</latexit>

+
<latexit sha1_base64="T3gQUyxdl+Xw9EBpqcDtZB3f2xA=">AAAB/XicbVDLSgMxFL1TX7W+qi7dBIsgCGVGBMVVwY3LFuwD2qFkMnfa0ExmSDJCGYof4FY/wZ249Vv8An/D9LFp64HA4ZyT5N4TpIJr47o/TmFjc2t7p7hb2ts/ODwqH5+0dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjB6mPrtZ1SaJ/LJjFP0YzqQPOKMGis1rvrlilt1ZyDrxFuQCixQ75d/e2HCshilYYJq3fXc1Pg5VYYzgZNSL9OYUjaiA8y1DQwxXBK7lkoao/bz2fQTcmGVkESJskcaMlOXnqGx1uM4sMmYmqFe9abif143M9Gdn3OZZgYlm38UZYKYhEyrICFXyIwYW0KZ4nYBwoZUUWZsYSXbjLfawzppXVc9t+o1biq1+0VHRTiDc7gED26hBo9QhyYwQHiFN3h3XpwP59P5mkcLzuLOKSzB+f4Db66VgA==</latexit><latexit sha1_base64="T3gQUyxdl+Xw9EBpqcDtZB3f2xA=">AAAB/XicbVDLSgMxFL1TX7W+qi7dBIsgCGVGBMVVwY3LFuwD2qFkMnfa0ExmSDJCGYof4FY/wZ249Vv8An/D9LFp64HA4ZyT5N4TpIJr47o/TmFjc2t7p7hb2ts/ODwqH5+0dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjB6mPrtZ1SaJ/LJjFP0YzqQPOKMGis1rvrlilt1ZyDrxFuQCixQ75d/e2HCshilYYJq3fXc1Pg5VYYzgZNSL9OYUjaiA8y1DQwxXBK7lkoao/bz2fQTcmGVkESJskcaMlOXnqGx1uM4sMmYmqFe9abif143M9Gdn3OZZgYlm38UZYKYhEyrICFXyIwYW0KZ4nYBwoZUUWZsYSXbjLfawzppXVc9t+o1biq1+0VHRTiDc7gED26hBo9QhyYwQHiFN3h3XpwP59P5mkcLzuLOKSzB+f4Db66VgA==</latexit><latexit sha1_base64="T3gQUyxdl+Xw9EBpqcDtZB3f2xA=">AAAB/XicbVDLSgMxFL1TX7W+qi7dBIsgCGVGBMVVwY3LFuwD2qFkMnfa0ExmSDJCGYof4FY/wZ249Vv8An/D9LFp64HA4ZyT5N4TpIJr47o/TmFjc2t7p7hb2ts/ODwqH5+0dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjB6mPrtZ1SaJ/LJjFP0YzqQPOKMGis1rvrlilt1ZyDrxFuQCixQ75d/e2HCshilYYJq3fXc1Pg5VYYzgZNSL9OYUjaiA8y1DQwxXBK7lkoao/bz2fQTcmGVkESJskcaMlOXnqGx1uM4sMmYmqFe9abif143M9Gdn3OZZgYlm38UZYKYhEyrICFXyIwYW0KZ4nYBwoZUUWZsYSXbjLfawzppXVc9t+o1biq1+0VHRTiDc7gED26hBo9QhyYwQHiFN3h3XpwP59P5mkcLzuLOKSzB+f4Db66VgA==</latexit><latexit sha1_base64="T3gQUyxdl+Xw9EBpqcDtZB3f2xA=">AAAB/XicbVDLSgMxFL1TX7W+qi7dBIsgCGVGBMVVwY3LFuwD2qFkMnfa0ExmSDJCGYof4FY/wZ249Vv8An/D9LFp64HA4ZyT5N4TpIJr47o/TmFjc2t7p7hb2ts/ODwqH5+0dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjB6mPrtZ1SaJ/LJjFP0YzqQPOKMGis1rvrlilt1ZyDrxFuQCixQ75d/e2HCshilYYJq3fXc1Pg5VYYzgZNSL9OYUjaiA8y1DQwxXBK7lkoao/bz2fQTcmGVkESJskcaMlOXnqGx1uM4sMmYmqFe9abif143M9Gdn3OZZgYlm38UZYKYhEyrICFXyIwYW0KZ4nYBwoZUUWZsYSXbjLfawzppXVc9t+o1biq1+0VHRTiDc7gED26hBo9QhyYwQHiFN3h3XpwP59P5mkcLzuLOKSzB+f4Db66VgA==</latexit>

Unfortunately a large number of multi-particle 
intermediate states makes long-distance hard. 

Fortunately New Physics is only short-distance.

O1 = (c̄�µLu)[c̄�µLu]

O2 = (c̄Lu)[c̄Lu]

O3 = (c̄Lu][c̄Lu)

O4 = (c̄Lu)[c̄Ru]

O5 = (c̄Lu][c̄Ru)
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xNP
12 =

1

MD�D

X

i

CNP
i (µ)hOii(µ)
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New Physics bound 
The intersection of theory and experiment 
provides bound of New Physics

experiment perturb. NP LQCD



Introduction to Lattice QCD
Lattice QCD is QCD with non-perturbative (lattice) regularization 

Allows for first-principles approach to calculating hadronic observables

quarks (ψ)

gluons (U)

lattice spacing (a) 
(UV regulator)

finite volume (L3 x T) 
(IR regulator)

Evaluate Feynman path integral on the lattice
Wick rotate so domain of integration is finite

hAi = 1

Z

Z
[d ][d ̄][dU ]Ae�S[ ̄, ,U ]

=
1

Z

Z
[dU ]det

�
/D +m

�
e�S[U ]A
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Importance sample gauge field ~ e�S[U ]�ln det /D
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Observables from simple average hAi ⇡ 1

N

NX

i=1

A[Ui]
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• continuum limit
• infinite volume
• light pion mass

tcomp. / 1/a6
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tcomp. / V 5/4
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exponentially bad
- condition number
- signal-to-noise

Major lattice uncertainties and related issues

http://nasa.gov


Hadron spectroscopy on the Lattice
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B mesons offset by −4000 MeV

updated of plot in [hep-lat/1203.1204] 

Set quark masses and coupling constant
Rest of hadron spectrum is a prediction of QCD



Precision structure calculations

Lattice QCD is increasingly effective at 
precision calculations of more diverse 
observables.

Example here is the weak axial coupling of 
the nucleon determined to 1% precision. 
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Sub-percent precision for heavy-light 
meson structure calculations

Example here is the D, Ds, B, and Bs 
decay constants from the Fermilab/MILC 
collaboration. 

[1712.09262]

Tentative publication date 
May 30 2018 6pm London time 



CKM triangle parameterization

Precise B-meson mixing bag parameters

SU(3) breaking ratio at ~1.5% precision updating bound of CKM unitarity. 

The FNAL/MILC result for B-meson mixing is the companion project to D-mixing of this talk.
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Outline

Lattice corrlation functions

Renormalization and matching

The physical point extrapolation

Uncertainty budget

Implications of New Physics



Calculating observables on the lattice
Lattice correlation functions 
Extracting the D-meson spectrum


and the matrix elements


Spectral decomposition 
to extract the D-meson spectrum


and the matrix elements

C(t� t0) =
X

x

hD(x, t)D†(0, t0)i
<latexit sha1_base64="3pCs94Wu2Rzh4XxmvfFSHbvbadY=">AAACUnicbVJNSwMxEE3rV61fVY9egkWooGVXBEUQhHrwqGBV6NYlm53dBrPZJZkVy9I/5u/w4s2b6E/wZFqLUvVB4PHezIR5SZBJYdBxnkvlqemZ2bnKfHVhcWl5pba6dmXSXHNo81Sm+iZgBqRQ0EaBEm4yDSwJJFwHd62hf30P2ohUXWI/g27CYiUiwRlaya9dthq4i76zTY+pZ/LE9xKGvSAqHgbUk0zFEuhp40fcwW16eu uFLI5B02/DsYYd4ulRh1+rO01nBPqXuGNSJ2Oc+7VXL0x5noBCLpkxHdfJsFswjYJLGFS93EDG+B2LoTC2oAfhhNixVLEETLcYRTKgW1YJaZRqexTSkToxhiXG9JPAVg5XML+9ofif18kxOuwWQmU5guJfF0W5pJjSYb40FBo4yr4ljGthF6C8xzTjaF+hapNxf+fwl1ztNV2n6V7s10+OxhlVyAbZJA3ikgNyQs7IOWkTTh7JC3kj76Wn0kfZ/pKv0nJp3LNOJlBe/ARF8bM/</latexit><latexit sha1_base64="3pCs94Wu2Rzh4XxmvfFSHbvbadY=">AAACUnicbVJNSwMxEE3rV61fVY9egkWooGVXBEUQhHrwqGBV6NYlm53dBrPZJZkVy9I/5u/w4s2b6E/wZFqLUvVB4PHezIR5SZBJYdBxnkvlqemZ2bnKfHVhcWl5pba6dmXSXHNo81Sm+iZgBqRQ0EaBEm4yDSwJJFwHd62hf30P2ohUXWI/g27CYiUiwRlaya9dthq4i76zTY+pZ/LE9xKGvSAqHgbUk0zFEuhp40fcwW16eu uFLI5B02/DsYYd4ulRh1+rO01nBPqXuGNSJ2Oc+7VXL0x5noBCLpkxHdfJsFswjYJLGFS93EDG+B2LoTC2oAfhhNixVLEETLcYRTKgW1YJaZRqexTSkToxhiXG9JPAVg5XML+9ofif18kxOuwWQmU5guJfF0W5pJjSYb40FBo4yr4ljGthF6C8xzTjaF+hapNxf+fwl1ztNV2n6V7s10+OxhlVyAbZJA3ikgNyQs7IOWkTTh7JC3kj76Wn0kfZ/pKv0nJp3LNOJlBe/ARF8bM/</latexit><latexit sha1_base64="3pCs94Wu2Rzh4XxmvfFSHbvbadY=">AAACUnicbVJNSwMxEE3rV61fVY9egkWooGVXBEUQhHrwqGBV6NYlm53dBrPZJZkVy9I/5u/w4s2b6E/wZFqLUvVB4PHezIR5SZBJYdBxnkvlqemZ2bnKfHVhcWl5pba6dmXSXHNo81Sm+iZgBqRQ0EaBEm4yDSwJJFwHd62hf30P2ohUXWI/g27CYiUiwRlaya9dthq4i76zTY+pZ/LE9xKGvSAqHgbUk0zFEuhp40fcwW16eu uFLI5B02/DsYYd4ulRh1+rO01nBPqXuGNSJ2Oc+7VXL0x5noBCLpkxHdfJsFswjYJLGFS93EDG+B2LoTC2oAfhhNixVLEETLcYRTKgW1YJaZRqexTSkToxhiXG9JPAVg5XML+9ofif18kxOuwWQmU5guJfF0W5pJjSYb40FBo4yr4ljGthF6C8xzTjaF+hapNxf+fwl1ztNV2n6V7s10+OxhlVyAbZJA3ikgNyQs7IOWkTTh7JC3kj76Wn0kfZ/pKv0nJp3LNOJlBe/ARF8bM/</latexit><latexit sha1_base64="3pCs94Wu2Rzh4XxmvfFSHbvbadY=">AAACUnicbVJNSwMxEE3rV61fVY9egkWooGVXBEUQhHrwqGBV6NYlm53dBrPZJZkVy9I/5u/w4s2b6E/wZFqLUvVB4PHezIR5SZBJYdBxnkvlqemZ2bnKfHVhcWl5pba6dmXSXHNo81Sm+iZgBqRQ0EaBEm4yDSwJJFwHd62hf30P2ohUXWI/g27CYiUiwRlaya9dthq4i76zTY+pZ/LE9xKGvSAqHgbUk0zFEuhp40fcwW16eu uFLI5B02/DsYYd4ulRh1+rO01nBPqXuGNSJ2Oc+7VXL0x5noBCLpkxHdfJsFswjYJLGFS93EDG+B2LoTC2oAfhhNixVLEETLcYRTKgW1YJaZRqexTSkToxhiXG9JPAVg5XML+9ofif18kxOuwWQmU5guJfF0W5pJjSYb40FBo4yr4ljGthF6C8xzTjaF+hapNxf+fwl1ztNV2n6V7s10+OxhlVyAbZJA3ikgNyQs7IOWkTTh7JC3kj76Wn0kfZ/pKv0nJp3LNOJlBe/ARF8bM/</latexit>

COi(tx, ty) =
X

x,y

hD†(y, t0 + ty)O(0, t0)D
†(x, t0 + tx)i

<latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="f214l/vY9N6cmhmCPrNHa/De3x8=">AAAB7nicbZDNSsNAFIVv6l+NVevazWARXJXEjS4FNy4r2B+ooUwmN+3QySTM3Agl9AXc+gjuxBfyCXwNpz+bth4YOJxzmTvzxYWSloLgx6vt7R8cHtWP/ZOGf3p23mz0bF4agV2Rq9wMYm5RSY1dkqRwUBjkWaywH08fF33/DY2VuX6hWYFRxsdaplJwclFn1GwF7WAptmvCtWnBWqPm72uSizJDTUJxa4dhUFBUcUNSKJz7r6 XFgospH2Nl3cAEk41w6KzmGdqoWr59zq5dkrA0N+5oYst04xqeWTvLYjeZcZrY7W4R/tcNS0rvo0rqoiTUYrUoLRWjnC1AsEQaFKRmznBhpPsAExNuuCCHy3dgwm0Mu6Z32w6DdvgcQB0u4QpuIIQ7eIAn6EAXBCTwDh/e3Pv0vlYAa96a5AVsyPv+A70mkvw=</latexit><latexit sha1_base64="5ZePVlCBnhDBJRD0WCc8JDYp+zo=">AAACjnicbVHBatwwEJXdtE23SbPtNRfRELpLwiLnkl4KLekh9NIUsklgvTWyPPaKyLKRxmWN8Zf0y/oF/Y3KzqZhsxkQPN6beWLexKWSFhn74/nPtp6/eLn9avB6Z/fN3vDtzpUtKiNgKgpVmJuYW1BSwxQlKrgpDfA8VnAd3551+vUvMFYW+hLrEuY5z7RMpeDoqGj4+yxqwpzjQmLzvY1kO8JoeYxRPaafaGirfCXHabNsj+ 9h3bah4jpTQL/+DBOeZWBGD6KbZ0edx4Pzf5X16nhzbHk/thyHpveOhgdswvqimyBYgQOyqoto+DdMClHloFEobu0sYCXOG25QCgXtIKwslFzc8gwa6xoWkKyRMwc1z8HOmz7Zlh46JqFpYdzTSHt2zYbn1tZ57Dq7NexjrSOf0mYVph/njdRlhaDF3UdppSgWtDsTTaQBgap2gAsj3QJULLjhAt0xBy6Z4HEOm+DqZBKwSfCDkW2yT96TEQnIKflMzskFmRLhed4Hj3mBv+9/8c/vMvS9VZjvyFr53/4BQerMAg==</latexit><latexit sha1_base64="5ZePVlCBnhDBJRD0WCc8JDYp+zo=">AAACjnicbVHBatwwEJXdtE23SbPtNRfRELpLwiLnkl4KLekh9NIUsklgvTWyPPaKyLKRxmWN8Zf0y/oF/Y3KzqZhsxkQPN6beWLexKWSFhn74/nPtp6/eLn9avB6Z/fN3vDtzpUtKiNgKgpVmJuYW1BSwxQlKrgpDfA8VnAd3551+vUvMFYW+hLrEuY5z7RMpeDoqGj4+yxqwpzjQmLzvY1kO8JoeYxRPaafaGirfCXHabNsj+ 9h3bah4jpTQL/+DBOeZWBGD6KbZ0edx4Pzf5X16nhzbHk/thyHpveOhgdswvqimyBYgQOyqoto+DdMClHloFEobu0sYCXOG25QCgXtIKwslFzc8gwa6xoWkKyRMwc1z8HOmz7Zlh46JqFpYdzTSHt2zYbn1tZ57Dq7NexjrSOf0mYVph/njdRlhaDF3UdppSgWtDsTTaQBgap2gAsj3QJULLjhAt0xBy6Z4HEOm+DqZBKwSfCDkW2yT96TEQnIKflMzskFmRLhed4Hj3mBv+9/8c/vMvS9VZjvyFr53/4BQerMAg==</latexit><latexit sha1_base64="FlTdjP1pRchNfEG15Qu8/3jJFSs=">AAACmXicbVFda9RAFJ3Er7p+rfrYl8FF3MWyTHxRBKFSH4ovVnTbwmYNk8lNduhkEmZuZEPIL/GX+Qv8G07S1LJdLwwczrn3DPfcuFTSImO/Pf/W7Tt37+3dHz14+Ojxk/HTZ6e2qIyAhShUYc5jbkFJDQuUqOC8NMDzWMFZfHHU6Wc/wVhZ6O9Yl7DKeaZlKgVHR0XjX0dRE+Yc1xKbL20k2ylGmwOM6hn9QENb5YMcp82mPb iCdduGiutMAf30I0x4loGZXotunr3uPK6d/6msV2e7Y5ursc0sNL13NJ6wOeuL7oJgABMy1Ek0/hMmhahy0CgUt3YZsBJXDTcohYJ2FFYWSi4ueAaNdQ1rSLbIpYOa52BXTZ9sS186JqFpYdzTSHt2y4bn1tZ57Dq7NexNrSP/py0rTN+tGqnLCkGLy4/SSlEsaHcmmkgDAlXtABdGugWoWHPDBbpjjlwywc0cdsHpm3nA5sFXNjl8P2S0R/bJCzIlAXlLDskxOSELIjzPe+UxL/D3/Y/+sf/5stX3hpnnZKv8b38BKoHM+w==</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit><latexit sha1_base64="FOKNcCxW6CGoIXn91T09xxKvqn8=">AAACmXicbVHbattAEF2pt8S9xGke87LUlNo0mFUpNBQKKelDyEtTWicByxWr1UhesrqwOyoWQl+SL+sX9De6UpQGxx1YOJwzc5Y5ExZKGmTst+M+ePjo8ZOt7cHTZ89f7Ax3X56bvNQCZiJXub4MuQElM5ihRAWXhQaehgouwqvjVr/4BdrIPPuBVQGLlCeZjKXgaKlgeH0c1H7KcSmx/toEshljsDrAoJrQT9Q3ZdrLYVyvmo NbWDWNr3iWKKBffvoRTxLQ4zvRzrO3rced8z+Vdepkc2x1O7aa+LrzDoYjNmVd0U3g9WBE+joLhn/8KBdlChkKxY2Ze6zARc01SqGgGfilgYKLK55AbWzDEqI1cm5hxlMwi7pLtqGvLRPRONf2ZUg7ds2Gp8ZUaWg72zXMfa0l/6fNS4wPF7XMihIhEzcfxaWimNP2TDSSGgSqygIutLQLULHkmgu0xxzYZLz7OWyC83dTj029b+9HRx/7jLbIPnlFxsQjH8gROSFnZEaE4zhvHOZ47r772T1xT29aXaef2SNr5X7/CyvBzP8=</latexit>

D0 D̄0Oi

t0 + tx t0 + tyt0
D†(x, t) ⇠ ū(x, t)�5c(x, t)

<latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="f214l/vY9N6cmhmCPrNHa/De3x8=">AAAB7nicbZDNSsNAFIVv6l+NVevazWARXJXEjS4FNy4r2B+ooUwmN+3QySTM3Agl9AXc+gjuxBfyCXwNpz+bth4YOJxzmTvzxYWSloLgx6vt7R8cHtWP/ZOGf3p23mz0bF4agV2Rq9wMYm5RSY1dkqRwUBjkWaywH08fF33/DY2VuX6hWYFRxsdaplJwclFn1GwF7WAptmvCtWnBWqPm72uSizJDTUJxa4dhUFBUcUNSKJz7r6XFgospH2Nl3cAEk41w6KzmGdqoWr59zq5dkrA0N+5oYst04xqeWTvLYjeZcZrY7W4R/tcNS0rvo0rqoiTUYrUoLRWjnC1AsEQaFKRmznBhpPsAExNuuCCHy3dgwm0Mu6Z32w6DdvgcQB0u4QpuIIQ7eIAn6EAXBCTwDh/e3Pv0vlYAa96a5AVsyPv+A70mkvw=</latexit><latexit sha1_base64="GzALoAmo3UrCDXlb6HOjdkXd79U="></latexit><latexit sha1_base64="GzALoAmo3UrCDXlb6HOjdkXd79U="></latexit><latexit sha1_base64="hENs8UQ2XO/5zQWWQ3mV2S+wqgM="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit><latexit sha1_base64="hQ9sMbqJrY2A7bclBw9P3G6lwR0="></latexit>

Oi(0, t0) ⇠ c̄(0, t0)�u(0, t0)c̄(0, t0)�
0u(0, t0)

<latexit sha1_base64="oCjVViO/C05MTTf4PCgAGcNLzSQ="></latexit><latexit sha1_base64="oCjVViO/C05MTTf4PCgAGcNLzSQ="></latexit><latexit sha1_base64="oCjVViO/C05MTTf4PCgAGcNLzSQ="></latexit><latexit sha1_base64="oCjVViO/C05MTTf4PCgAGcNLzSQ="></latexit>

C(t) ⇠
X

n

|Zn|2e�Ent

<latexit sha1_base64="FpRAPBWwxJCc6pv7OsSgDfhmK18=">AAACIXicbVDLSgMxFM34tr6qLt0Ei6ALy0wRFFcFEVwqWFtsa8mkt20wyQzJHaFM+wF+hx/gVj/BnbgTP8DfMH1s2nog4eSck4R7wlgKi77/7c3NLywuLa+sZtbWNza3sts7dzZKDIcSj2RkKiGzIIWGEgqUUIkNMBVKKIePFwO//ATGikjfYjeGumJtLVqCM3RSI5u7OMQjWrNCuS1RDU179w3deyhQeEiPL90Z+y7l5/0h6C wJxiRHxrhuZH9rzYgnCjRyyaytBn6M9ZQZFFxCP1NLLMSMP7I2pNYFOtCcEKuOaqbA1tPhhH164JQmbUXGLY10qE48w5S1XRW6pGLYsdPeQPzPqybYOqunQscJguajj1qJpBjRQV20KQxwlF1HGDfCDUB5hxnG0ZWacc0E0z3MkrtCPvDzwc1Jrng+7miF7JF9ckgCckqK5IpckxLh5Jm8kjfy7r14H96n9zWKznnjO7tkAt7PH2DUosI=</latexit><latexit sha1_base64="FpRAPBWwxJCc6pv7OsSgDfhmK18=">AAACIXicbVDLSgMxFM34tr6qLt0Ei6ALy0wRFFcFEVwqWFtsa8mkt20wyQzJHaFM+wF+hx/gVj/BnbgTP8DfMH1s2nog4eSck4R7wlgKi77/7c3NLywuLa+sZtbWNza3sts7dzZKDIcSj2RkKiGzIIWGEgqUUIkNMBVKKIePFwO//ATGikjfYjeGumJtLVqCM3RSI5u7OMQjWrNCuS1RDU179w3deyhQeEiPL90Z+y7l5/0h6C wJxiRHxrhuZH9rzYgnCjRyyaytBn6M9ZQZFFxCP1NLLMSMP7I2pNYFOtCcEKuOaqbA1tPhhH164JQmbUXGLY10qE48w5S1XRW6pGLYsdPeQPzPqybYOqunQscJguajj1qJpBjRQV20KQxwlF1HGDfCDUB5hxnG0ZWacc0E0z3MkrtCPvDzwc1Jrng+7miF7JF9ckgCckqK5IpckxLh5Jm8kjfy7r14H96n9zWKznnjO7tkAt7PH2DUosI=</latexit><latexit sha1_base64="FpRAPBWwxJCc6pv7OsSgDfhmK18=">AAACIXicbVDLSgMxFM34tr6qLt0Ei6ALy0wRFFcFEVwqWFtsa8mkt20wyQzJHaFM+wF+hx/gVj/BnbgTP8DfMH1s2nog4eSck4R7wlgKi77/7c3NLywuLa+sZtbWNza3sts7dzZKDIcSj2RkKiGzIIWGEgqUUIkNMBVKKIePFwO//ATGikjfYjeGumJtLVqCM3RSI5u7OMQjWrNCuS1RDU179w3deyhQeEiPL90Z+y7l5/0h6C wJxiRHxrhuZH9rzYgnCjRyyaytBn6M9ZQZFFxCP1NLLMSMP7I2pNYFOtCcEKuOaqbA1tPhhH164JQmbUXGLY10qE48w5S1XRW6pGLYsdPeQPzPqybYOqunQscJguajj1qJpBjRQV20KQxwlF1HGDfCDUB5hxnG0ZWacc0E0z3MkrtCPvDzwc1Jrng+7miF7JF9ckgCckqK5IpckxLh5Jm8kjfy7r14H96n9zWKznnjO7tkAt7PH2DUosI=</latexit><latexit sha1_base64="FpRAPBWwxJCc6pv7OsSgDfhmK18=">AAACIXicbVDLSgMxFM34tr6qLt0Ei6ALy0wRFFcFEVwqWFtsa8mkt20wyQzJHaFM+wF+hx/gVj/BnbgTP8DfMH1s2nog4eSck4R7wlgKi77/7c3NLywuLa+sZtbWNza3sts7dzZKDIcSj2RkKiGzIIWGEgqUUIkNMBVKKIePFwO//ATGikjfYjeGumJtLVqCM3RSI5u7OMQjWrNCuS1RDU179w3deyhQeEiPL90Z+y7l5/0h6C wJxiRHxrhuZH9rzYgnCjRyyaytBn6M9ZQZFFxCP1NLLMSMP7I2pNYFOtCcEKuOaqbA1tPhhH164JQmbUXGLY10qE48w5S1XRW6pGLYsdPeQPzPqybYOqunQscJguajj1qJpBjRQV20KQxwlF1HGDfCDUB5hxnG0ZWacc0E0z3MkrtCPvDzwc1Jrng+7miF7JF9ckgCckqK5IpckxLh5Jm8kjfy7r14H96n9zWKznnjO7tkAt7PH2DUosI=</latexit>

COi(tx, ty) ⇠
X

m,n

ZnZOi
nmZ†

me�En|tx|e�Emty

<latexit sha1_base64="bwza/kRbV1clg8FremCbpqk+uRQ=">AAACcHicbVFNbxMxEPUulIZQaKCXSj1giJAKaqPdCgnUU6UKiVuLRNqq2cTyeieJVdu7smcRkbv/E35B7/wAhPNxSctItp7fvJnRPOeVkg6T5HcUP3q88WSz9bT9bOv5i+3Oy1cXrqytgL4oVWmvcu5ASQN9lKjgqrLAda7gMr85necvf4B1sjTfcVbBUPOJkWMpOAaKdewp85nmOJXozxomm31kPw+Qzd7TzEkdrlozrw9MQ6 +ZoQup4MpfN6P1OuaNDppRVvDJBCzTFEb+8Aszt6HhbbN86NC4YZ1u0ksWQR+CdAW6ZBXnrHOXFaWoNRgUijs3SJMKh55blEJB085qBxUXN3wC3gXBFIo1chCg4Rrc0C8Ma+i7wBR0XNpwDNIFu9aGa+dmOg/K+Y7ufm5O/i83qHH8eeilqWoEI5aDxrWiWNK5+7SQFgSqWQBcWBkWoGLKLRcY/qgdnEnv+/AQXBz10qSXfvvYPTleedQie+Qt2Scp+UROyFdyTvpEkF/kb7QZtaI/8W78On6zlMbRqmaHrEX84R94j7//</latexit><latexit sha1_base64="bwza/kRbV1clg8FremCbpqk+uRQ=">AAACcHicbVFNbxMxEPUulIZQaKCXSj1giJAKaqPdCgnUU6UKiVuLRNqq2cTyeieJVdu7smcRkbv/E35B7/wAhPNxSctItp7fvJnRPOeVkg6T5HcUP3q88WSz9bT9bOv5i+3Oy1cXrqytgL4oVWmvcu5ASQN9lKjgqrLAda7gMr85necvf4B1sjTfcVbBUPOJkWMpOAaKdewp85nmOJXozxomm31kPw+Qzd7TzEkdrlozrw9MQ6 +ZoQup4MpfN6P1OuaNDppRVvDJBCzTFEb+8Aszt6HhbbN86NC4YZ1u0ksWQR+CdAW6ZBXnrHOXFaWoNRgUijs3SJMKh55blEJB085qBxUXN3wC3gXBFIo1chCg4Rrc0C8Ma+i7wBR0XNpwDNIFu9aGa+dmOg/K+Y7ufm5O/i83qHH8eeilqWoEI5aDxrWiWNK5+7SQFgSqWQBcWBkWoGLKLRcY/qgdnEnv+/AQXBz10qSXfvvYPTleedQie+Qt2Scp+UROyFdyTvpEkF/kb7QZtaI/8W78On6zlMbRqmaHrEX84R94j7//</latexit><latexit sha1_base64="bwza/kRbV1clg8FremCbpqk+uRQ=">AAACcHicbVFNbxMxEPUulIZQaKCXSj1giJAKaqPdCgnUU6UKiVuLRNqq2cTyeieJVdu7smcRkbv/E35B7/wAhPNxSctItp7fvJnRPOeVkg6T5HcUP3q88WSz9bT9bOv5i+3Oy1cXrqytgL4oVWmvcu5ASQN9lKjgqrLAda7gMr85necvf4B1sjTfcVbBUPOJkWMpOAaKdewp85nmOJXozxomm31kPw+Qzd7TzEkdrlozrw9MQ6 +ZoQup4MpfN6P1OuaNDppRVvDJBCzTFEb+8Aszt6HhbbN86NC4YZ1u0ksWQR+CdAW6ZBXnrHOXFaWoNRgUijs3SJMKh55blEJB085qBxUXN3wC3gXBFIo1chCg4Rrc0C8Ma+i7wBR0XNpwDNIFu9aGa+dmOg/K+Y7ufm5O/i83qHH8eeilqWoEI5aDxrWiWNK5+7SQFgSqWQBcWBkWoGLKLRcY/qgdnEnv+/AQXBz10qSXfvvYPTleedQie+Qt2Scp+UROyFdyTvpEkF/kb7QZtaI/8W78On6zlMbRqmaHrEX84R94j7//</latexit><latexit sha1_base64="bwza/kRbV1clg8FremCbpqk+uRQ=">AAACcHicbVFNbxMxEPUulIZQaKCXSj1giJAKaqPdCgnUU6UKiVuLRNqq2cTyeieJVdu7smcRkbv/E35B7/wAhPNxSctItp7fvJnRPOeVkg6T5HcUP3q88WSz9bT9bOv5i+3Oy1cXrqytgL4oVWmvcu5ASQN9lKjgqrLAda7gMr85necvf4B1sjTfcVbBUPOJkWMpOAaKdewp85nmOJXozxomm31kPw+Qzd7TzEkdrlozrw9MQ6 +ZoQup4MpfN6P1OuaNDppRVvDJBCzTFEb+8Aszt6HhbbN86NC4YZ1u0ksWQR+CdAW6ZBXnrHOXFaWoNRgUijs3SJMKh55blEJB085qBxUXN3wC3gXBFIo1chCg4Rrc0C8Ma+i7wBR0XNpwDNIFu9aGa+dmOg/K+Y7ufm5O/i83qHH8eeilqWoEI5aDxrWiWNK5+7SQFgSqWQBcWBkWoGLKLRcY/qgdnEnv+/AQXBz10qSXfvvYPTleedQie+Qt2Scp+UROyFdyTvpEkF/kb7QZtaI/8W78On6zlMbRqmaHrEX84R94j7//</latexit>

• Set t0 = 0 without loss of generality

• The equations are (approximately) 

correct up to various lattice artifacts



Bayesian inference
Bayes Theorem 

Likelihood and prior are Gaussian as a 
result of the central limit theorem 

path integral average


where


Fit strategy 
• Constrained curve fitting

• Simultaneously fit to 2 and 3pt correlator

• Loss function includes correlations


Gaussian distribution allows shortcuts 
Perform maximum likelihood regression.

Bootstrap to obtain posterior distribution.

Circumvents MC’ing Bayes Theorem.

P (A|data) / P (data|A)P (A)
<latexit sha1_base64="pUDVJ37gznWbIpqLwVJmOOExswA=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyxCuykzIiiuWty4rGAv0JaSyZy2oZkLyRmxTPscPocP4FYfQdyIO/EtTC+bth4I/Pz/n4TzebEUGh3n01pb39jc2s7sZHf39g8O7aPjmo4SxaHKIxmphsc0SBFCFQVKaMQKWOBJqHuD20lefwSlRRQ+4DCGdsB6oegKztBYHdut5MujFsITqiD1GbJxgbZiFcUY0Up+IRiVC6Zc6Ng5p+ hMh64Kdy5yZD6Vjv3T8iOeBBAil0zrpuvE2E6ZQsEljLOtREPM+ID1INWm0Ad/wWwaGbIAdDud7jum58bxaTdS5oRIp+7CMyzQehh4phkw7OvlbGL+lzUT7F63UxHGCULIZx91E0kNjAk86gsFHOXQCMaVMAtQ3meKcTSIs4aMu8xhVdQuiq5TdO8vc6WbOaMMOSVnJE9cckVK5I5USJVw8kxeyRt5t16sD+vL+p5V16z5nROyMNbvHyTZqWg=</latexit><latexit sha1_base64="pUDVJ37gznWbIpqLwVJmOOExswA=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyxCuykzIiiuWty4rGAv0JaSyZy2oZkLyRmxTPscPocP4FYfQdyIO/EtTC+bth4I/Pz/n4TzebEUGh3n01pb39jc2s7sZHf39g8O7aPjmo4SxaHKIxmphsc0SBFCFQVKaMQKWOBJqHuD20lefwSlRRQ+4DCGdsB6oegKztBYHdut5MujFsITqiD1GbJxgbZiFcUY0Up+IRiVC6Zc6Ng5p+ hMh64Kdy5yZD6Vjv3T8iOeBBAil0zrpuvE2E6ZQsEljLOtREPM+ID1INWm0Ad/wWwaGbIAdDud7jum58bxaTdS5oRIp+7CMyzQehh4phkw7OvlbGL+lzUT7F63UxHGCULIZx91E0kNjAk86gsFHOXQCMaVMAtQ3meKcTSIs4aMu8xhVdQuiq5TdO8vc6WbOaMMOSVnJE9cckVK5I5USJVw8kxeyRt5t16sD+vL+p5V16z5nROyMNbvHyTZqWg=</latexit><latexit sha1_base64="pUDVJ37gznWbIpqLwVJmOOExswA=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyxCuykzIiiuWty4rGAv0JaSyZy2oZkLyRmxTPscPocP4FYfQdyIO/EtTC+bth4I/Pz/n4TzebEUGh3n01pb39jc2s7sZHf39g8O7aPjmo4SxaHKIxmphsc0SBFCFQVKaMQKWOBJqHuD20lefwSlRRQ+4DCGdsB6oegKztBYHdut5MujFsITqiD1GbJxgbZiFcUY0Up+IRiVC6Zc6Ng5p+ hMh64Kdy5yZD6Vjv3T8iOeBBAil0zrpuvE2E6ZQsEljLOtREPM+ID1INWm0Ad/wWwaGbIAdDud7jum58bxaTdS5oRIp+7CMyzQehh4phkw7OvlbGL+lzUT7F63UxHGCULIZx91E0kNjAk86gsFHOXQCMaVMAtQ3meKcTSIs4aMu8xhVdQuiq5TdO8vc6WbOaMMOSVnJE9cckVK5I5USJVw8kxeyRt5t16sD+vL+p5V16z5nROyMNbvHyTZqWg=</latexit><latexit sha1_base64="pUDVJ37gznWbIpqLwVJmOOExswA=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyxCuykzIiiuWty4rGAv0JaSyZy2oZkLyRmxTPscPocP4FYfQdyIO/EtTC+bth4I/Pz/n4TzebEUGh3n01pb39jc2s7sZHf39g8O7aPjmo4SxaHKIxmphsc0SBFCFQVKaMQKWOBJqHuD20lefwSlRRQ+4DCGdsB6oegKztBYHdut5MujFsITqiD1GbJxgbZiFcUY0Up+IRiVC6Zc6Ng5p+ hMh64Kdy5yZD6Vjv3T8iOeBBAil0zrpuvE2E6ZQsEljLOtREPM+ID1INWm0Ad/wWwaGbIAdDud7jum58bxaTdS5oRIp+7CMyzQehh4phkw7OvlbGL+lzUT7F63UxHGCULIZx91E0kNjAk86gsFHOXQCMaVMAtQ3meKcTSIs4aMu8xhVdQuiq5TdO8vc6WbOaMMOSVnJE9cckVK5I5USJVw8kxeyRt5t16sD+vL+p5V16z5nROyMNbvHyTZqWg=</latexit>

P (A|data) / e��2
datae��2

prior
<latexit sha1_base64="gew0YtapOiOHFzl3KMTjAl4QEc4=">AAACUXicbZHNTuMwFIVvw3/5mQ6znI1FhQQLqgSNBGIFYsOyaCggNaVynFtq4cSWfYOoMnkwnoMVK5YMjzC7cUs3Ba5k6eicY1v+nBglHYXhcy2Ym19YXFpeqa+urW98a3zfvHS6sAI7QittrxPuUMkcOyRJ4bWxyLNE4VVydzrOr+7ROqnzCxoZ7GX8NpcDKTh5q9/43d45+RMTPpDNypQTr3ZZbKw2pBnelHuxGMqb/X45U6 mqLzNjpbY+7DeaYSucDPssoqlownTa/cZrnGpRZJiTUNy5bhQa6pXckhQKq3pcODRc3PFbLJ0vDDGdMbte5jxD1ysnRCq27Z2UDbT1Kyc2cWeO4ZlzoyzxzYzT0H3MxuZXWbegwWGvlLkpCHPxftGgUMzjGuNlqbQoSI284MJK/wAmhtxyQf4T6p5M9JHDZ3G534rCVnT+q3l8NGW0DD9hC3YgggM4hjNoQwcEPMIL/IW32lPtXwBB8F4NatM9P2BmgtX/0GW2gQ==</latexit><latexit sha1_base64="gew0YtapOiOHFzl3KMTjAl4QEc4=">AAACUXicbZHNTuMwFIVvw3/5mQ6znI1FhQQLqgSNBGIFYsOyaCggNaVynFtq4cSWfYOoMnkwnoMVK5YMjzC7cUs3Ba5k6eicY1v+nBglHYXhcy2Ym19YXFpeqa+urW98a3zfvHS6sAI7QittrxPuUMkcOyRJ4bWxyLNE4VVydzrOr+7ROqnzCxoZ7GX8NpcDKTh5q9/43d45+RMTPpDNypQTr3ZZbKw2pBnelHuxGMqb/X45U6 mqLzNjpbY+7DeaYSucDPssoqlownTa/cZrnGpRZJiTUNy5bhQa6pXckhQKq3pcODRc3PFbLJ0vDDGdMbte5jxD1ysnRCq27Z2UDbT1Kyc2cWeO4ZlzoyzxzYzT0H3MxuZXWbegwWGvlLkpCHPxftGgUMzjGuNlqbQoSI284MJK/wAmhtxyQf4T6p5M9JHDZ3G534rCVnT+q3l8NGW0DD9hC3YgggM4hjNoQwcEPMIL/IW32lPtXwBB8F4NatM9P2BmgtX/0GW2gQ==</latexit><latexit sha1_base64="gew0YtapOiOHFzl3KMTjAl4QEc4=">AAACUXicbZHNTuMwFIVvw3/5mQ6znI1FhQQLqgSNBGIFYsOyaCggNaVynFtq4cSWfYOoMnkwnoMVK5YMjzC7cUs3Ba5k6eicY1v+nBglHYXhcy2Ym19YXFpeqa+urW98a3zfvHS6sAI7QittrxPuUMkcOyRJ4bWxyLNE4VVydzrOr+7ROqnzCxoZ7GX8NpcDKTh5q9/43d45+RMTPpDNypQTr3ZZbKw2pBnelHuxGMqb/X45U6 mqLzNjpbY+7DeaYSucDPssoqlownTa/cZrnGpRZJiTUNy5bhQa6pXckhQKq3pcODRc3PFbLJ0vDDGdMbte5jxD1ysnRCq27Z2UDbT1Kyc2cWeO4ZlzoyzxzYzT0H3MxuZXWbegwWGvlLkpCHPxftGgUMzjGuNlqbQoSI284MJK/wAmhtxyQf4T6p5M9JHDZ3G534rCVnT+q3l8NGW0DD9hC3YgggM4hjNoQwcEPMIL/IW32lPtXwBB8F4NatM9P2BmgtX/0GW2gQ==</latexit><latexit sha1_base64="gew0YtapOiOHFzl3KMTjAl4QEc4=">AAACUXicbZHNTuMwFIVvw3/5mQ6znI1FhQQLqgSNBGIFYsOyaCggNaVynFtq4cSWfYOoMnkwnoMVK5YMjzC7cUs3Ba5k6eicY1v+nBglHYXhcy2Ym19YXFpeqa+urW98a3zfvHS6sAI7QittrxPuUMkcOyRJ4bWxyLNE4VVydzrOr+7ROqnzCxoZ7GX8NpcDKTh5q9/43d45+RMTPpDNypQTr3ZZbKw2pBnelHuxGMqb/X45U6 mqLzNjpbY+7DeaYSucDPssoqlownTa/cZrnGpRZJiTUNy5bhQa6pXckhQKq3pcODRc3PFbLJ0vDDGdMbte5jxD1ysnRCq27Z2UDbT1Kyc2cWeO4ZlzoyzxzYzT0H3MxuZXWbegwWGvlLkpCHPxftGgUMzjGuNlqbQoSI284MJK/wAmhtxyQf4T6p5M9JHDZ3G534rCVnT+q3l8NGW0DD9hC3YgggM4hjNoQwcEPMIL/IW32lPtXwBB8F4NatM9P2BmgtX/0GW2gQ==</latexit>

�2 =

✓
Cfit � Cdata

�data

◆2

+

✓
Ai � Āi

�Ai

◆2

<latexit sha1_base64="KTPMwVCibIkg/BfMEU/ThuazgGY=">AAACj3icbZHfatswFMZl71+b/Wm6XY6BWNjWMRrsMugobKT0ZrvrYGkLcWpk+TgWlWwjHY8GoYfY4+0J9gi7rZKYbUl3QPDxO+d8Qp+yRgqDUfQzCO/cvXf/wdZ27+Gjx092+rtPz0zdag5jXstaX2TMgBQVjFGghItGA1OZhPPs6mTRP/8O2oi6+obzBqaKzSpRCM7Qo7T/I+GluDygH2kiocA9mhSacXtyaROEa9TKFgKdo/ v0H5QzZM45mxgxUyzd5DTRYlbiW2/7rrNduR6nYj/JmLbHLhV/1z127s9O2h9Ew2hZ9LaIOzEgXZ2m/V9JXvNWQYVcMmMmcdTg1DKNgktwvaQ10DB+xWZgjR8oIV+DEy8rpsBM7TJPR195ktOi1v5USJd0zYYpY+Yq85OKYWk2ewv4v96kxeLD1IqqaREqvrqoaCXFmi4+h+ZCA0c594JxLfwDKC+Zjw79F/Z8MvFmDrfF2cEwjobx1/eD0VGX0RZ5Tl6SPRKTQzIin8kpGRNOfgcvgtfBm3A3PAw/haPVaBh0O8/IWoVfbgBe5Mph</latexit><latexit sha1_base64="KTPMwVCibIkg/BfMEU/ThuazgGY=">AAACj3icbZHfatswFMZl71+b/Wm6XY6BWNjWMRrsMugobKT0ZrvrYGkLcWpk+TgWlWwjHY8GoYfY4+0J9gi7rZKYbUl3QPDxO+d8Qp+yRgqDUfQzCO/cvXf/wdZ27+Gjx092+rtPz0zdag5jXstaX2TMgBQVjFGghItGA1OZhPPs6mTRP/8O2oi6+obzBqaKzSpRCM7Qo7T/I+GluDygH2kiocA9mhSacXtyaROEa9TKFgKdo/ v0H5QzZM45mxgxUyzd5DTRYlbiW2/7rrNduR6nYj/JmLbHLhV/1z127s9O2h9Ew2hZ9LaIOzEgXZ2m/V9JXvNWQYVcMmMmcdTg1DKNgktwvaQ10DB+xWZgjR8oIV+DEy8rpsBM7TJPR195ktOi1v5USJd0zYYpY+Yq85OKYWk2ewv4v96kxeLD1IqqaREqvrqoaCXFmi4+h+ZCA0c594JxLfwDKC+Zjw79F/Z8MvFmDrfF2cEwjobx1/eD0VGX0RZ5Tl6SPRKTQzIin8kpGRNOfgcvgtfBm3A3PAw/haPVaBh0O8/IWoVfbgBe5Mph</latexit><latexit sha1_base64="KTPMwVCibIkg/BfMEU/ThuazgGY=">AAACj3icbZHfatswFMZl71+b/Wm6XY6BWNjWMRrsMugobKT0ZrvrYGkLcWpk+TgWlWwjHY8GoYfY4+0J9gi7rZKYbUl3QPDxO+d8Qp+yRgqDUfQzCO/cvXf/wdZ27+Gjx092+rtPz0zdag5jXstaX2TMgBQVjFGghItGA1OZhPPs6mTRP/8O2oi6+obzBqaKzSpRCM7Qo7T/I+GluDygH2kiocA9mhSacXtyaROEa9TKFgKdo/ v0H5QzZM45mxgxUyzd5DTRYlbiW2/7rrNduR6nYj/JmLbHLhV/1z127s9O2h9Ew2hZ9LaIOzEgXZ2m/V9JXvNWQYVcMmMmcdTg1DKNgktwvaQ10DB+xWZgjR8oIV+DEy8rpsBM7TJPR195ktOi1v5USJd0zYYpY+Yq85OKYWk2ewv4v96kxeLD1IqqaREqvrqoaCXFmi4+h+ZCA0c594JxLfwDKC+Zjw79F/Z8MvFmDrfF2cEwjobx1/eD0VGX0RZ5Tl6SPRKTQzIin8kpGRNOfgcvgtfBm3A3PAw/haPVaBh0O8/IWoVfbgBe5Mph</latexit><latexit sha1_base64="KTPMwVCibIkg/BfMEU/ThuazgGY=">AAACj3icbZHfatswFMZl71+b/Wm6XY6BWNjWMRrsMugobKT0ZrvrYGkLcWpk+TgWlWwjHY8GoYfY4+0J9gi7rZKYbUl3QPDxO+d8Qp+yRgqDUfQzCO/cvXf/wdZ27+Gjx092+rtPz0zdag5jXstaX2TMgBQVjFGghItGA1OZhPPs6mTRP/8O2oi6+obzBqaKzSpRCM7Qo7T/I+GluDygH2kiocA9mhSacXtyaROEa9TKFgKdo/ v0H5QzZM45mxgxUyzd5DTRYlbiW2/7rrNduR6nYj/JmLbHLhV/1z127s9O2h9Ew2hZ9LaIOzEgXZ2m/V9JXvNWQYVcMmMmcdTg1DKNgktwvaQ10DB+xWZgjR8oIV+DEy8rpsBM7TJPR195ktOi1v5USJd0zYYpY+Yq85OKYWk2ewv4v96kxeLD1IqqaREqvrqoaCXFmi4+h+ZCA0c594JxLfwDKC+Zjw79F/Z8MvFmDrfF2cEwjobx1/eD0VGX0RZ5Tl6SPRKTQzIin8kpGRNOfgcvgtfBm3A3PAw/haPVaBh0O8/IWoVfbgBe5Mph</latexit>

Examples 
D-meson mass O1 matrix element

Fit over black data pts.

Ground state prior 
width in blue.

Ground state posterior 
in dark blue.

Ground state priors are 
unconstraining.



Sensitivity analysis
tmin and tmax stability plots 

Imaginary time correlators decay exponentially.


Excited-state contamination is exp. worse at short time.

Varying tmin studies excited-state systematic effects.


Large degrees-of-freedom with finite statistics lends to 
numerical instability.

Varying tmax studies statistical effects.


Bootstrap is Gaussian distributed.

Bootstrap distribution 

matrix element study 
1 state fit

2 state fit

3 state fit

final fit tmin=8 tmax=30

lines and right axis shows 
(almost) the p-value

C(t) ⇠
X

n

|Zn|2e�Ent
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bootstrap

jackknife

naive error propagation



Renormalization and heavy-quark mass correction
Renormalization 
Discretizing QCD on the lattice non-perturbatively regulates the theory.

Renormalization sets different lattice spacings to the same scale.

Perform mostly non-perturbative renormalization (vertex renormalization is still perturbative).
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Renormalization coefficients with ρ to one-loop.


Determined for both BBGLN and BMU evanescent operators.

Heavy-quark mass correction 
The input quark mass is a free parameter of QCD.

Slight mis-tunings are corrected by varying the 
input quark mass, and then extrapolating to the 
physical Ds mass.


Physical charm quark mass

Input charm quark mass

Extra charm quark mass for extrapolation

Linear extrapolation to physical mass



Asqtad gauge configurations and partial quenching
Lattice action details 
Light quark action 
Asqtad staggered action

Error starting at 


Gluon action 
Lüscher-Weisz action

Error starting at 


Heavy-quark action 
Fermilab clover action

Error starting at 

unofficial MILC cow 
MILC = MIMD Lattice Computation 
(the acronym has an acronym in the acronym)

O(↵sa
2, a4)
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pion mass in the sea valence pion masses

Multiple lattice spacing controls continuum extrapolation.

Large number of pion masses control pion mass extrapolation.


Physical values indicated by cyan star.




Extrapolation to the physical point

Cyan band is continuum QCD
 Physical point given by black asterisk.

Example chiral-continuum extrapolation for the Standard Model V-A operator

Extrapolation performed simultaneously for the five 4-quark operators (four not shown).

χ2/d.o.f. = 122.5 / 510


SU(3) partially-quenched heavy meson rooted staggered chiral perturbation theory 

Includes:

Staggered chiral logs + pion and lattice spacing polynomial expansion.

Beyond tree-level heavy-quark discretization estimates.

Correction to heavy-quark mass tuning.

Beyond one-loop renormalization estimates.

Fi = F logs.
i + F analytic

i + FHQdisc.
i + F

i + F renorm

i
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Sensitivity analysis

final result

scale dependence


renormalization


prior width sensitivity


generic one-loop 
discretization

heavy-quark disc.


finite volume


subset analysis

Final result is insensitive to sensible changes made to the extrapolation.



Result and uncertainty analysis
Error budget

!16

Total error budget

FV is uncertainty to IV extrapolation (estimated from NLO FV vs no FV fit) 
EM from one-loop EM  
Isospin comes in as                     . χPT is symmetric under  
Quenching charm sea quark comes in at  
Result

(md �mu)
2

↵QED/⇡
md $ mu

↵s(⇤QCD/2mc)
2 ⇠ 2%

ETMC has 2 and 2+1+1 flavor results. [Nf = 2: Phys. Rev. D 90, 014502, Nf = 2+1+1: Phys. Rev. D 92, 034516]



Implications for New Physics
Simple example where NP goes through O5 
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Standard Model

CP-violating process 
pushes prediction 
along the y-axis

CP-conserving process pushes prediction along the x-axis

D-mixing can 
constrain BSM 
models with sizable 
CP-violation.

Length of grey 
band is the theory 
uncertainty from 
Standard Model 
long-distance. 


Much more work 
needs to be done 
to understand 
resonant states. 

⇤NP = 40, 000 TeV
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⇤NP = 18, 000 TeV
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CNP
i (⇤NP) =

ImFiLi

⇤2
i,NP

s.t. Fi = Li = 1
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Assume sizable CP-violation



Flavor-violating Higgs model
Exclusion bands on the magnitude of Yukawa couplings 

The Wilson coefficients are 

where
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HNP
�C=2 = C

uc
2 (mh)O2 + C̃

uc
2 (mh)Õ2 + C

uc
4 (mh)O4
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marginalize over the phase to obtain 
exclusion contours in the Ycu-Yuc plane



Summary and outlook

We calculate short-distance matrix elements for D-meson mixing.

They offer useful constrains on BSM models, especially ones with sizable CP 
violation.

SM long-distance is still a very important piece that is missing, but very hard to 
calculate.

There is a lot of progress being made on multi-hadron systems for both theory and 
applications.
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