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<latexit sha1_base64="L5JuaCISoQHnFN1MyMbt9a9ksdM=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRS1GXRjQsXFewDmhAmk2k7dDIJMzdiCQV/xY0LRdz6He78G6dtFtp6YOBwzrncOydMBdfgON/W0vLK6tp6aaO8ubW9s2vv7bd0kinKmjQRieqERDPBJWsCB8E6qWIkDgVrh8Prid9+YErzRN7DKGV+TPqS9zglYKTAPvRuTTgigQfsEXINKpH9cWBXnKozBV4kbkEqqEAjsL+8KKFZzCRQQbTuuk4Kfk4UcCrYuOxlmqWEDkmfdQ2VJGbaz6fnj/GJUSLcS5R5EvBU/T2Rk1jrURyaZExgoOe9ifif182gd+nnXKYZMElni3qZwJDgSRc44opRECNDCFXc3IrpgChCwTRWNiW4819eJK2zqnterd3VKvWroo4SOkLH6BS56ALV0Q1qoCaiKEfP6BW9WU/Wi/VufcyiS1Yxc4D+wPr8ARCKljg=</latexit> ⇤
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❖ HTET is a nonperturbative strategy for 
probing strong coupling

❖ HTET is an attempt to impose some EFT-inspired order-by-order control 
over nonperturbative methods to probe strongly coupled theories

❖ We want to be able to understand particle 
physics at strong coupling 

❖ Perturbation theory breaks down at 
confinement
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Kaplan (1992)

❖ Lattice methods have some shortcomings
❖ Tricky to model chiral fermions

Karsten, Smit (1981)

❖ Requires ever increasing computational 
resources 

❖ Explicitly breaks continuous rotational 
and translational invariance

❖ Difficult to obtain dynamical quantities

❖ Lattice field theory is the state of the art method to probe strong coupling 
with errors that are quantifiable and under control Wilson (1974)

Viable alternatives to the lattice?

Alternative to the Lattice?
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❖ Truncated Conformal Space Approach:
<latexit sha1_base64="PRRecjTV5/6fcfGnsjqVvveVB6c=">AAACE3icbVBNS8NAEN34bf2KevSyWARRKIkU9SKIXnpUsFVoS9lsJrp0swm7E7WE/gcv/hUvHhTx6sWb/8ZtzUFbHww83pvZnXlBKoVBz/tyJianpmdm5+ZLC4tLyyvu6lrDJJnmUOeJTPRVwAxIoaCOAiVcpRpYHEi4DLqnA//yFrQRibrAXgrtmF0rEQnO0Eodd6dGj2it00K4x7yrkjvVp7u0Je0LIaONwkhBY7/jlr2KNwQdJ35ByqTAWcf9bIUJz2JQyCUzpul7KbZzplFwCf1SKzOQMt5l19C0VLEYTDsf3tSnW1YJaZRoWwrpUP09kbPYmF4c2M6Y4Y0Z9Qbif14zw+iwnQuVZgiK/3wUZZJiQgcB0VBo4Ch7ljCuhd2V8humGUcbY8mG4I+ePE4aexV/v1I9r5aPT4o45sgG2STbxCcH5JjUyBmpE04eyBN5Ia/Oo/PsvDnvP60TTjGzTv7A+fgGS76d2w==</latexit>

H = Hknown + �Vpert

Integrable or conformal 
(trivial example: free theory)

Yurov, Zamolodchikov (1990), (1991)
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❖ Truncated Conformal Space Approach:
<latexit sha1_base64="PRRecjTV5/6fcfGnsjqVvveVB6c=">AAACE3icbVBNS8NAEN34bf2KevSyWARRKIkU9SKIXnpUsFVoS9lsJrp0swm7E7WE/gcv/hUvHhTx6sWb/8ZtzUFbHww83pvZnXlBKoVBz/tyJianpmdm5+ZLC4tLyyvu6lrDJJnmUOeJTPRVwAxIoaCOAiVcpRpYHEi4DLqnA//yFrQRibrAXgrtmF0rEQnO0Eodd6dGj2it00K4x7yrkjvVp7u0Je0LIaONwkhBY7/jlr2KNwQdJ35ByqTAWcf9bIUJz2JQyCUzpul7KbZzplFwCf1SKzOQMt5l19C0VLEYTDsf3tSnW1YJaZRoWwrpUP09kbPYmF4c2M6Y4Y0Z9Qbif14zw+iwnQuVZgiK/3wUZZJiQgcB0VBo4Ch7ljCuhd2V8humGUcbY8mG4I+ePE4aexV/v1I9r5aPT4o45sgG2STbxCcH5JjUyBmpE04eyBN5Ia/Oo/PsvDnvP60TTjGzTv7A+fgGS76d2w==</latexit>

H = Hknown + �Vpert

❖ HKNOW  provides the set of unperturbed energy eigenstates

Yurov, Zamolodchikov (1990), (1991)

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="cLXRe1DI2Adaqafedcg4Wp535wg=">AAACH3icbVDLSsQwFE19O75GXboJDoILKa34GHeiG5cKzgOmw5BmbjVMmpbkViilf+LGX3HjQhFxN39j5rHwdSBwOOee5OaEqRQGPW/ozMzOzS8sLi1XVlbX1jeqm1tNk2SaQ4MnMtHtkBmQQkEDBUpopxpYHEpohYPLkd96AG1Eom4xT6EbszslIsEZWqlXPQn6ENns+KYCUlMWPM4HZeGe1Q+oW6cHnusdW+Yfl5VmgEkgVIR5r1qz+hj0L/GnpEamuO5VP4N+wrMYFHLJjOn4XordgmkUXEJZCTIDKeMDdgcdSxWLwXSL8VYl3bNKn0aJtkchHavfEwWLjcnj0E7GDO/Nb28k/ud1Mozq3UKoNENQfPJQlEmKCR2VRftCA0eZW8K4FnZXyu+ZZhxtpRVbgv/7y39J89D1T9yjm6Pa+cW0jiWyQ3bJPvHJKTknV+SaNAgnj+SZvJI358l5cd6dj8nojDPNbJMfcIZf8LOg/w==</latexit>

V ! 1

<latexit sha1_base64="HQt9CmQJGH9TiSLGT3LJROZRfZI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeglxwjmAckS5idTJIh81hnZiNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0cNoxJNaJ0ornQrwoZyJmndMstpK9YUi4jTZjS6m/nNMdWGKflgJzENBR5I1mcEWyeF1W7a0QKNpHqS026x5Jf9OdAqCTJSggy1bvGr01MkEVRawrEx7cCPbZhibRnhdFroJIbGmIzwgLYdlVhQE6bzo6fozCk91FfalbRorv6eSLEwZiIi1ymwHZplbyb+57UT278JUybjxFJJFov6CUdWoVkCqMc0JZZPHMFEM3crIkOsMbEup4ILIVh+eZU0LsrBVfny/rJUuc3iyMMJnMI5BHANFahCDepA4BGe4RXevLH34r17H4vWnJfNHMMfeJ8/22CSLA==</latexit>

Hknown
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❖ Truncated Conformal Space Approach:
<latexit sha1_base64="PRRecjTV5/6fcfGnsjqVvveVB6c=">AAACE3icbVBNS8NAEN34bf2KevSyWARRKIkU9SKIXnpUsFVoS9lsJrp0swm7E7WE/gcv/hUvHhTx6sWb/8ZtzUFbHww83pvZnXlBKoVBz/tyJianpmdm5+ZLC4tLyyvu6lrDJJnmUOeJTPRVwAxIoaCOAiVcpRpYHEi4DLqnA//yFrQRibrAXgrtmF0rEQnO0Eodd6dGj2it00K4x7yrkjvVp7u0Je0LIaONwkhBY7/jlr2KNwQdJ35ByqTAWcf9bIUJz2JQyCUzpul7KbZzplFwCf1SKzOQMt5l19C0VLEYTDsf3tSnW1YJaZRoWwrpUP09kbPYmF4c2M6Y4Y0Z9Qbif14zw+iwnQuVZgiK/3wUZZJiQgcB0VBo4Ch7ljCuhd2V8humGUcbY8mG4I+ePE4aexV/v1I9r5aPT4o45sgG2STbxCcH5JjUyBmpE04eyBN5Ia/Oo/PsvDnvP60TTjGzTv7A+fgGS76d2w==</latexit>

H = Hknown + �Vpert

❖ HKNOW  provides the set of unperturbed energy eigenstates

Yurov, Zamolodchikov (1990), (1991)

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="cLXRe1DI2Adaqafedcg4Wp535wg=">AAACH3icbVDLSsQwFE19O75GXboJDoILKa34GHeiG5cKzgOmw5BmbjVMmpbkViilf+LGX3HjQhFxN39j5rHwdSBwOOee5OaEqRQGPW/ozMzOzS8sLi1XVlbX1jeqm1tNk2SaQ4MnMtHtkBmQQkEDBUpopxpYHEpohYPLkd96AG1Eom4xT6EbszslIsEZWqlXPQn6ENns+KYCUlMWPM4HZeGe1Q+oW6cHnusdW+Yfl5VmgEkgVIR5r1qz+hj0L/GnpEamuO5VP4N+wrMYFHLJjOn4XordgmkUXEJZCTIDKeMDdgcdSxWLwXSL8VYl3bNKn0aJtkchHavfEwWLjcnj0E7GDO/Nb28k/ud1Mozq3UKoNENQfPJQlEmKCR2VRftCA0eZW8K4FnZXyu+ZZhxtpRVbgv/7y39J89D1T9yjm6Pa+cW0jiWyQ3bJPvHJKTknV+SaNAgnj+SZvJI358l5cd6dj8nojDPNbJMfcIZf8LOg/w==</latexit>

V ! 1

<latexit sha1_base64="HQt9CmQJGH9TiSLGT3LJROZRfZI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeglxwjmAckS5idTJIh81hnZiNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0cNoxJNaJ0ornQrwoZyJmndMstpK9YUi4jTZjS6m/nNMdWGKflgJzENBR5I1mcEWyeF1W7a0QKNpHqS026x5Jf9OdAqCTJSggy1bvGr01MkEVRawrEx7cCPbZhibRnhdFroJIbGmIzwgLYdlVhQE6bzo6fozCk91FfalbRorv6eSLEwZiIi1ymwHZplbyb+57UT278JUybjxFJJFov6CUdWoVkCqMc0JZZPHMFEM3crIkOsMbEup4ILIVh+eZU0LsrBVfny/rJUuc3iyMMJnMI5BHANFahCDepA4BGe4RXevLH34r17H4vWnJfNHMMfeJ8/22CSLA==</latexit>

Hknown

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="sd4Xrfcw+4RSRDg61uXa6SPtY6w=">AAACH3icbVBNSwMxFMz6bf2qevQSLIIHWXZFa70VRfCoYK3QLSWbvtXQbHZJ3grLsv/Ei3/FiwdFxJv/xrT2oNWBwDDzJnmZMJXCoOd9OlPTM7Nz8wuLlaXlldW16vrGtUkyzaHFE5nom5AZkEJBCwVKuEk1sDiU0A4Hp0O/fQ/aiERdYZ5CN2a3SkSCM7RSr1oP+hDZ7OimAlJTFjzOB2XhHjf2qNuge57rHVrmH5aVswCTQKgI8161ZvUR6F/ij0mNjHHRq34E/YRnMSjkkhnT8b0UuwXTKLiEshJkBlLGB+wWOpYqFoPpFqOtSrpjlT6NEm2PQjpSfyYKFhuTx6GdjBnemUlvKP7ndTKMGt1CqDRDUPz7oSiTFBM6LIv2hQaOMreEcS3srpTfMc042kortgR/8st/yfW+69fdg8uDWvNkXMcC2SLbZJf45Ig0yTm5IC3CyQN5Ii/k1Xl0np035/17dMoZZzbJLzifX9ZWoO4=</latexit>

E ! 1

<latexit sha1_base64="6Ibn8+bOzE+u7HZLcm+XducDBj4=">AAACGHicbVDLSgMxFM34rOOr6tJNsAguyjgjrdZdUQSXFewD2lIymTttaOZBkhHKMJ/hxl9x40IRt935N6aPhbYeCBzOuSe5OW7MmVS2/W2srK6tb2zmtsztnd29/fzBYUNGiaBQpxGPRMslEjgLoa6Y4tCKBZDA5dB0h7cTv/kEQrIofFSjGLoB6YfMZ5QoLfXy5x0PfJ2d3pRCLLOUBqNhllrXlSK2KrhoW3ZZM6ecmXc9nShoYQq8TJw5KaA5ar38uONFNAkgVJQTKduOHatuSoRilENmdhIJMaFD0oe2piEJQHbT6ToZPtWKh/1I6BMqPFV/J1ISSDkKXD0ZEDWQi95E/M9rJ8qvdFMWxomCkM4e8hOOVYQnLWGPCaCKjzQhVDC9K6YDIghVuktTl+AsfnmZNC4s59IqPZQK1Zt5HTl0jE7QGXLQFaqie1RDdUTRM3pF7+jDeDHejE/jaza6YswzR+gPjPEP3amdsA==</latexit>

En

<latexit sha1_base64="091p60PyWB9bbd31SiGgp+qyc0A=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/17X6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP4E1nXM=</latexit>

E1

<latexit sha1_base64="q9ELF3Ktcm963fbvKYP2M7g2Fzc="></latexit>

V = finite

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.Finite volume to 

discretize states



Rachel Houtz August, 2024

Hamiltonian Truncation

7

❖ Truncated Conformal Space Approach:
<latexit sha1_base64="PRRecjTV5/6fcfGnsjqVvveVB6c=">AAACE3icbVBNS8NAEN34bf2KevSyWARRKIkU9SKIXnpUsFVoS9lsJrp0swm7E7WE/gcv/hUvHhTx6sWb/8ZtzUFbHww83pvZnXlBKoVBz/tyJianpmdm5+ZLC4tLyyvu6lrDJJnmUOeJTPRVwAxIoaCOAiVcpRpYHEi4DLqnA//yFrQRibrAXgrtmF0rEQnO0Eodd6dGj2it00K4x7yrkjvVp7u0Je0LIaONwkhBY7/jlr2KNwQdJ35ByqTAWcf9bIUJz2JQyCUzpul7KbZzplFwCf1SKzOQMt5l19C0VLEYTDsf3tSnW1YJaZRoWwrpUP09kbPYmF4c2M6Y4Y0Z9Qbif14zw+iwnQuVZgiK/3wUZZJiQgcB0VBo4Ch7ljCuhd2V8humGUcbY8mG4I+ePE4aexV/v1I9r5aPT4o45sgG2STbxCcH5JjUyBmpE04eyBN5Ia/Oo/PsvDnvP60TTjGzTv7A+fgGS76d2w==</latexit>

H = Hknown + �Vpert

❖ HKNOW  provides the set of unperturbed energy eigenstates

Yurov, Zamolodchikov (1990), (1991)

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="cLXRe1DI2Adaqafedcg4Wp535wg=">AAACH3icbVDLSsQwFE19O75GXboJDoILKa34GHeiG5cKzgOmw5BmbjVMmpbkViilf+LGX3HjQhFxN39j5rHwdSBwOOee5OaEqRQGPW/ozMzOzS8sLi1XVlbX1jeqm1tNk2SaQ4MnMtHtkBmQQkEDBUpopxpYHEpohYPLkd96AG1Eom4xT6EbszslIsEZWqlXPQn6ENns+KYCUlMWPM4HZeGe1Q+oW6cHnusdW+Yfl5VmgEkgVIR5r1qz+hj0L/GnpEamuO5VP4N+wrMYFHLJjOn4XordgmkUXEJZCTIDKeMDdgcdSxWLwXSL8VYl3bNKn0aJtkchHavfEwWLjcnj0E7GDO/Nb28k/ud1Mozq3UKoNENQfPJQlEmKCR2VRftCA0eZW8K4FnZXyu+ZZhxtpRVbgv/7y39J89D1T9yjm6Pa+cW0jiWyQ3bJPvHJKTknV+SaNAgnj+SZvJI358l5cd6dj8nojDPNbJMfcIZf8LOg/w==</latexit>

V ! 1

<latexit sha1_base64="HQt9CmQJGH9TiSLGT3LJROZRfZI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeglxwjmAckS5idTJIh81hnZiNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFMWfG+v63l1tb39jcym8Xdnb39g+Kh0cNoxJNaJ0ornQrwoZyJmndMstpK9YUi4jTZjS6m/nNMdWGKflgJzENBR5I1mcEWyeF1W7a0QKNpHqS026x5Jf9OdAqCTJSggy1bvGr01MkEVRawrEx7cCPbZhibRnhdFroJIbGmIzwgLYdlVhQE6bzo6fozCk91FfalbRorv6eSLEwZiIi1ymwHZplbyb+57UT278JUybjxFJJFov6CUdWoVkCqMc0JZZPHMFEM3crIkOsMbEup4ILIVh+eZU0LsrBVfny/rJUuc3iyMMJnMI5BHANFahCDepA4BGe4RXevLH34r17H4vWnJfNHMMfeJ8/22CSLA==</latexit>

Hknown

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="sd4Xrfcw+4RSRDg61uXa6SPtY6w=">AAACH3icbVBNSwMxFMz6bf2qevQSLIIHWXZFa70VRfCoYK3QLSWbvtXQbHZJ3grLsv/Ei3/FiwdFxJv/xrT2oNWBwDDzJnmZMJXCoOd9OlPTM7Nz8wuLlaXlldW16vrGtUkyzaHFE5nom5AZkEJBCwVKuEk1sDiU0A4Hp0O/fQ/aiERdYZ5CN2a3SkSCM7RSr1oP+hDZ7OimAlJTFjzOB2XhHjf2qNuge57rHVrmH5aVswCTQKgI8161ZvUR6F/ij0mNjHHRq34E/YRnMSjkkhnT8b0UuwXTKLiEshJkBlLGB+wWOpYqFoPpFqOtSrpjlT6NEm2PQjpSfyYKFhuTx6GdjBnemUlvKP7ndTKMGt1CqDRDUPz7oSiTFBM6LIv2hQaOMreEcS3srpTfMc042kortgR/8st/yfW+69fdg8uDWvNkXMcC2SLbZJf45Ig0yTm5IC3CyQN5Ii/k1Xl0np035/17dMoZZzbJLzifX9ZWoO4=</latexit>

E ! 1

<latexit sha1_base64="6Ibn8+bOzE+u7HZLcm+XducDBj4=">AAACGHicbVDLSgMxFM34rOOr6tJNsAguyjgjrdZdUQSXFewD2lIymTttaOZBkhHKMJ/hxl9x40IRt935N6aPhbYeCBzOuSe5OW7MmVS2/W2srK6tb2zmtsztnd29/fzBYUNGiaBQpxGPRMslEjgLoa6Y4tCKBZDA5dB0h7cTv/kEQrIofFSjGLoB6YfMZ5QoLfXy5x0PfJ2d3pRCLLOUBqNhllrXlSK2KrhoW3ZZM6ecmXc9nShoYQq8TJw5KaA5ar38uONFNAkgVJQTKduOHatuSoRilENmdhIJMaFD0oe2piEJQHbT6ToZPtWKh/1I6BMqPFV/J1ISSDkKXD0ZEDWQi95E/M9rJ8qvdFMWxomCkM4e8hOOVYQnLWGPCaCKjzQhVDC9K6YDIghVuktTl+AsfnmZNC4s59IqPZQK1Zt5HTl0jE7QGXLQFaqie1RDdUTRM3pF7+jDeDHejE/jaza6YswzR+gPjPEP3amdsA==</latexit>

En

<latexit sha1_base64="091p60PyWB9bbd31SiGgp+qyc0A=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/17X6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP4E1nXM=</latexit>

E1

<latexit sha1_base64="q9ELF3Ktcm963fbvKYP2M7g2Fzc="></latexit>

V = finite

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.Finite volume to 

discretize states

<latexit sha1_base64="4wNRYyBssSZkytAL5pmTK6vXfSM=">AAACIXicbVDLSgMxFM34rPVVdekmWAQXMsxIq3VXFMGlgq1CW0omvaOhycyQ3JGWYX7Fjb/ixoUi7sSfMX0sfB0IHM65J7k5QSKFQc/7cGZm5+YXFgtLxeWV1bX10sZm08Sp5tDgsYz1TcAMSBFBAwVKuEk0MBVIuA76pyP/+h60EXF0hcMEOordRiIUnKGVuqVauwehzY5vyiAxecbVsJ9n7nFtn7o1uu+5XtUyv5oXz7pthAFmig3ybqlsnTHoX+JPSZlMcdEtvbd7MU8VRMglM6blewl2MqZRcAl5sZ0aSBjvs1toWRoxBaaTjffK6a5VejSMtT0R0rH6PZExZcxQBXZSMbwzv72R+J/XSjGsdTIRJSlCxCcPhamkGNNRXbQnNHCUQ0sY18LuSvkd04yjLbVoS/B/f/kvaR64/qFbuayU6yfTOgpkm+yQPeKTI1In5+SCNAgnD+SJvJBX59F5dt6c98nojDPNbJEfcD6/AL+cofs=</latexit>

Emax

<latexit sha1_base64="q9ELF3Ktcm963fbvKYP2M7g2Fzc="></latexit>

V = finite

<latexit sha1_base64="091p60PyWB9bbd31SiGgp+qyc0A=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/17X6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP4E1nXM=</latexit>

E1
<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="6Ibn8+bOzE+u7HZLcm+XducDBj4=">AAACGHicbVDLSgMxFM34rOOr6tJNsAguyjgjrdZdUQSXFewD2lIymTttaOZBkhHKMJ/hxl9x40IRt935N6aPhbYeCBzOuSe5OW7MmVS2/W2srK6tb2zmtsztnd29/fzBYUNGiaBQpxGPRMslEjgLoa6Y4tCKBZDA5dB0h7cTv/kEQrIofFSjGLoB6YfMZ5QoLfXy5x0PfJ2d3pRCLLOUBqNhllrXlSK2KrhoW3ZZM6ecmXc9nShoYQq8TJw5KaA5ar38uONFNAkgVJQTKduOHatuSoRilENmdhIJMaFD0oe2piEJQHbT6ToZPtWKh/1I6BMqPFV/J1ISSDkKXD0ZEDWQi95E/M9rJ8qvdFMWxomCkM4e8hOOVYQnLWGPCaCKjzQhVDC9K6YDIghVuktTl+AsfnmZNC4s59IqPZQK1Zt5HTl0jE7QGXLQFaqie1RDdUTRM3pF7+jDeDHejE/jaza6YswzR+gPjPEP3amdsA==</latexit>

En

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.Introduce an 

energy cutoff 
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❖ Truncated Conformal Space Approach:
<latexit sha1_base64="PRRecjTV5/6fcfGnsjqVvveVB6c=">AAACE3icbVBNS8NAEN34bf2KevSyWARRKIkU9SKIXnpUsFVoS9lsJrp0swm7E7WE/gcv/hUvHhTx6sWb/8ZtzUFbHww83pvZnXlBKoVBz/tyJianpmdm5+ZLC4tLyyvu6lrDJJnmUOeJTPRVwAxIoaCOAiVcpRpYHEi4DLqnA//yFrQRibrAXgrtmF0rEQnO0Eodd6dGj2it00K4x7yrkjvVp7u0Je0LIaONwkhBY7/jlr2KNwQdJ35ByqTAWcf9bIUJz2JQyCUzpul7KbZzplFwCf1SKzOQMt5l19C0VLEYTDsf3tSnW1YJaZRoWwrpUP09kbPYmF4c2M6Y4Y0Z9Qbif14zw+iwnQuVZgiK/3wUZZJiQgcB0VBo4Ch7ljCuhd2V8humGUcbY8mG4I+ePE4aexV/v1I9r5aPT4o45sgG2STbxCcH5JjUyBmpE04eyBN5Ia/Oo/PsvDnvP60TTjGzTv7A+fgGS76d2w==</latexit>

H = Hknown + �Vpert

❖ Truncate the basis: ❖ Simply compute

<latexit sha1_base64="uyxahrMeKAYEK0Ho8OYo+C8foiw="></latexit>

H
trunc
ij = Ei�ij + �hEi|Vpert|Eji

❖ Results from diagonalizing Hurting are 
surprisingly effective due to the relevancy of 
the perturbing operator

Yurov, Zamolodchikov (1990), (1991)

<latexit sha1_base64="9is46ljn/7es8jlegBdimo37LFg=">AAACCXicbVBLTsMwFHTKr5RfgSUbiwqJVZWgClhWsOmySPQjtaFyHKe16jiR/YKoop6AC7CFG7BDbDkFF+AcOCELaBnJ0mjm/TxeLLgG2/60Siura+sb5c3K1vbO7l51/6Cro0RR1qGRiFTfI5oJLlkHOAjWjxUjoSdYz5teZ37vninNI3kLs5i5IRlLHnBKwEh3rdEQ2AOkoBJJ56Nqza7bOfAycQpSQwXao+rX0I9oEjIJVBCtB44dg5sSBZwKNq8ME81iQqdkzAaGShIy7ab51XN8YhQfB5EyTwLO1d8dKQm1noWeqQwJTPSil4n/er7OBi5sh+DSTbmME2Dmp/nyIBEYIpzFgn2uGAUxM4RQxc39mE6IIhRMeBUTjLMYwzLpntWd83rjplFrXhURldEROkanyEEXqIlaqI06iCKFntAzerEerVfrzXr/KS1ZRc8h+gPr4xvbh5t4</latexit>

Htrunc

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="4wNRYyBssSZkytAL5pmTK6vXfSM=">AAACIXicbVDLSgMxFM34rPVVdekmWAQXMsxIq3VXFMGlgq1CW0omvaOhycyQ3JGWYX7Fjb/ixoUi7sSfMX0sfB0IHM65J7k5QSKFQc/7cGZm5+YXFgtLxeWV1bX10sZm08Sp5tDgsYz1TcAMSBFBAwVKuEk0MBVIuA76pyP/+h60EXF0hcMEOordRiIUnKGVuqVauwehzY5vyiAxecbVsJ9n7nFtn7o1uu+5XtUyv5oXz7pthAFmig3ybqlsnTHoX+JPSZlMcdEtvbd7MU8VRMglM6blewl2MqZRcAl5sZ0aSBjvs1toWRoxBaaTjffK6a5VejSMtT0R0rH6PZExZcxQBXZSMbwzv72R+J/XSjGsdTIRJSlCxCcPhamkGNNRXbQnNHCUQ0sY18LuSvkd04yjLbVoS/B/f/kvaR64/qFbuayU6yfTOgpkm+yQPeKTI1In5+SCNAgnD+SJvJBX59F5dt6c98nojDPNbJEfcD6/AL+cofs=</latexit>

Emax

<latexit sha1_base64="sd4Xrfcw+4RSRDg61uXa6SPtY6w=">AAACH3icbVBNSwMxFMz6bf2qevQSLIIHWXZFa70VRfCoYK3QLSWbvtXQbHZJ3grLsv/Ei3/FiwdFxJv/xrT2oNWBwDDzJnmZMJXCoOd9OlPTM7Nz8wuLlaXlldW16vrGtUkyzaHFE5nom5AZkEJBCwVKuEk1sDiU0A4Hp0O/fQ/aiERdYZ5CN2a3SkSCM7RSr1oP+hDZ7OimAlJTFjzOB2XhHjf2qNuge57rHVrmH5aVswCTQKgI8161ZvUR6F/ij0mNjHHRq34E/YRnMSjkkhnT8b0UuwXTKLiEshJkBlLGB+wWOpYqFoPpFqOtSrpjlT6NEm2PQjpSfyYKFhuTx6GdjBnemUlvKP7ndTKMGt1CqDRDUPz7oSiTFBM6LIv2hQaOMreEcS3srpTfMc042kortgR/8st/yfW+69fdg8uDWvNkXMcC2SLbZJf45Ig0yTm5IC3CyQN5Ii/k1Xl0np035/17dMoZZzbJLzifX9ZWoO4=</latexit>

E ! 1

<latexit sha1_base64="6Ibn8+bOzE+u7HZLcm+XducDBj4=">AAACGHicbVDLSgMxFM34rOOr6tJNsAguyjgjrdZdUQSXFewD2lIymTttaOZBkhHKMJ/hxl9x40IRt935N6aPhbYeCBzOuSe5OW7MmVS2/W2srK6tb2zmtsztnd29/fzBYUNGiaBQpxGPRMslEjgLoa6Y4tCKBZDA5dB0h7cTv/kEQrIofFSjGLoB6YfMZ5QoLfXy5x0PfJ2d3pRCLLOUBqNhllrXlSK2KrhoW3ZZM6ecmXc9nShoYQq8TJw5KaA5ar38uONFNAkgVJQTKduOHatuSoRilENmdhIJMaFD0oe2piEJQHbT6ToZPtWKh/1I6BMqPFV/J1ISSDkKXD0ZEDWQi95E/M9rJ8qvdFMWxomCkM4e8hOOVYQnLWGPCaCKjzQhVDC9K6YDIghVuktTl+AsfnmZNC4s59IqPZQK1Zt5HTl0jE7QGXLQFaqie1RDdUTRM3pF7+jDeDHejE/jaza6YswzR+gPjPEP3amdsA==</latexit>

En

<latexit sha1_base64="091p60PyWB9bbd31SiGgp+qyc0A=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/17X6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP4E1nXM=</latexit>

E1

<latexit sha1_base64="q9ELF3Ktcm963fbvKYP2M7g2Fzc="></latexit>

V = finite

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="cLXRe1DI2Adaqafedcg4Wp535wg=">AAACH3icbVDLSsQwFE19O75GXboJDoILKa34GHeiG5cKzgOmw5BmbjVMmpbkViilf+LGX3HjQhFxN39j5rHwdSBwOOee5OaEqRQGPW/ozMzOzS8sLi1XVlbX1jeqm1tNk2SaQ4MnMtHtkBmQQkEDBUpopxpYHEpohYPLkd96AG1Eom4xT6EbszslIsEZWqlXPQn6ENns+KYCUlMWPM4HZeGe1Q+oW6cHnusdW+Yfl5VmgEkgVIR5r1qz+hj0L/GnpEamuO5VP4N+wrMYFHLJjOn4XordgmkUXEJZCTIDKeMDdgcdSxWLwXSL8VYl3bNKn0aJtkchHavfEwWLjcnj0E7GDO/Nb28k/ud1Mozq3UKoNENQfPJQlEmKCR2VRftCA0eZW8K4FnZXyu+ZZhxtpRVbgv/7y39J89D1T9yjm6Pa+cW0jiWyQ3bJPvHJKTknV+SaNAgnj+SZvJI358l5cd6dj8nojDPNbJMfcIZf8LOg/w==</latexit>

V ! 1
<latexit sha1_base64="q9ELF3Ktcm963fbvKYP2M7g2Fzc="></latexit>

V = finite

<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="091p60PyWB9bbd31SiGgp+qyc0A=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/17X6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP4E1nXM=</latexit>

E1
<latexit sha1_base64="DwzorVk5UYB1um/BOXKn1FCijxI=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXZZyRVuuuKILLCvYBbSmZ9E4bmnmQZIRhmM9w46+4caGI2+78G9NpF9p6IHA4557k5jghZ1JZ1rexsrq2vrGZ28pv7+zu7RcODpsyiASFBg14INoOkcCZDw3FFId2KIB4DoeWM76d+q0nEJIF/qOKQ+h5ZOgzl1GitNQvnHcH4OpsdlMCoUwT6sXjNDGvqyVsVnHJMq2KZnYlzd/1rX6hqIUMeJnYc1JEc9T7hUl3ENDIA19RTqTs2FaoegkRilEOab4bSQgJHZMhdDT1iQeyl2TrpPhUKwPsBkIfX+FM/Z1IiCdl7Dl60iNqJBe9qfif14mUW+0lzA8jBT6dPeRGHKsAT1vCAyaAKh5rQqhgeldMR0QQqnSXeV2CvfjlZdK8MO1Ls/xQLtZu5nXk0DE6QWfIRleohu5RHTUQRc/oFb2jD+PFeDM+ja/Z6IoxzxyhPzAmP3+xnXI=</latexit>

E0

<latexit sha1_base64="6Ibn8+bOzE+u7HZLcm+XducDBj4=">AAACGHicbVDLSgMxFM34rOOr6tJNsAguyjgjrdZdUQSXFewD2lIymTttaOZBkhHKMJ/hxl9x40IRt935N6aPhbYeCBzOuSe5OW7MmVS2/W2srK6tb2zmtsztnd29/fzBYUNGiaBQpxGPRMslEjgLoa6Y4tCKBZDA5dB0h7cTv/kEQrIofFSjGLoB6YfMZ5QoLfXy5x0PfJ2d3pRCLLOUBqNhllrXlSK2KrhoW3ZZM6ecmXc9nShoYQq8TJw5KaA5ar38uONFNAkgVJQTKduOHatuSoRilENmdhIJMaFD0oe2piEJQHbT6ToZPtWKh/1I6BMqPFV/J1ISSDkKXD0ZEDWQi95E/M9rJ8qvdFMWxomCkM4e8hOOVYQnLWGPCaCKjzQhVDC9K6YDIghVuktTl+AsfnmZNC4s59IqPZQK1Zt5HTl0jE7QGXLQFaqie1RDdUTRM3pF7+jDeDHejE/jaza6YswzR+gPjPEP3amdsA==</latexit>

En

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

<latexit sha1_base64="Hpt6vPZT5RPCo9kprhwqC0cPzWI=">AAACGHicbVDLTgIxFO3gC/GFunTTSExckHHGgOKO6MYlJvJIgJBOuQMNnUfajslkMp/hxl9x40Jj3LLzbywwCwVP0uTknHva2+OEnEllWd9Gbm19Y3Mrv13Y2d3bPygeHrVkEAkKTRrwQHQcIoEzH5qKKQ6dUADxHA5tZ3I389tPICQL/EcVh9D3yMhnLqNEaWlQvOgNwdXZ+U0JhDJNqBdP0sS8qZWxWcNly7SqmtnVtGCa5qBY0sIceJXYGSmhDI1BcdobBjTywFeUEym7thWqfkKEYpRDWuhFEkJCJ2QEXU194oHsJ/N1UnymlSF2A6GPr/Bc/Z1IiCdl7Dl60iNqLJe9mfif142UW+snzA8jBT5dPORGHKsAz1rCQyaAKh5rQqhgeldMx0QQqnSXBV2CvfzlVdK6NO0rs/JQKdVvszry6ASdonNko2tUR/eogZqIomf0it7Rh/FivBmfxtdiNGdkmWP0B8b0Bw8qnSg=</latexit> ..
.

(finite Volume to discretize states)
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❖ It’s not cheaper, there is an 
exponential wall

❖ Can we control for these effects?

Rychkov, Vitale (2015)

Elias-Miro, Rychkov 
Vitale (2017)

Elias-Miro, Hardy (2020)

❖ We want to develop an improvement scheme to 
incorporate the effects of H{h}, order by order<latexit sha1_base64="CjoqDy2zqlikilDe3S8BAiTqd8I=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRTZcV7APaUCaTSTt2MgkzE6GErvwBt/oH7sStX+IP+B1O0iy09cCFwzn3xfFizpS27S+rtLa+sblV3q7s7O7tH1QPj7oqSiShHRLxSPY9rChngnY005z2Y0lx6HHa86a3md97pFKxSNzrWUzdEI8FCxjB2kjd1ijlk/moWrPrdg60SpyC1KBAe1T9HvoRSUIqNOFYqYFjx9pNsdSMcDqvDBNFY0ymeEwHhgocUuWm+bdzdGYUHwWRNCU0ytXfEykOlZqFnukMsZ6oZS8T//V8lS1cuq6DazdlIk40FWRxPEg40hHK4kA+k5RoPjMEE8nM/4hMsMREm9AqJhhnOYZV0r2oO5f1xl2j1rwpIirDCZzCOThwBU1oQRs6QOABnuEFXq0n6816tz4WrSWrmDmGP7A+fwALBZev</latexit>

Hlh

Cohen, Farnsworth, RH, Luty 
(2021)

❖ Intriguingly good results of the TCSA point to the promise of these methods

❖ Truncation effects are small for wisely-chosen theories

Delouche, Miro, 
Ingoldby (2023)

Miro, Ingoldby (’22, ‘21)
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<latexit sha1_base64="a8fFXOAAlIebn8NKSn/WprDKvKo=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQBCHMSFAvQtBLjhHMAkkIPZ2apEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3Az9uv3oLSIwjscxtAOWC8UvuAMjdSxD2iZXtFyp4XwgKmvAEb0lNY6dt4pOBPQReLOSJ7MUOnYX61uxJMAQuSSad10nRjbKVMouIRRrpVoiBkfsB40DQ1ZALqdTu4f0WOjdKkfKVMh0on6eyJlgdbDwDOdAcO+nvfG4n9eM0H/sp2KME4QQj5d5CeSYkTHYdCuUMBRDg1hXAlzK+V9phhHE1nOhODOv7xIamcF97xQvC3mS9ezOLLkkByRE+KSC1IiZVIhVcLJI3kmr+TNerJerHfrY9qasWYz++QPrM8fo1SUmA==</latexit>

H = Hfree + V
❖ Split the Hamiltonian up into the free and 

interacting pieces

❖ Look at a finite corner
<latexit sha1_base64="rCR+PJaijkrvnSgFqzInI0h37QQ="></latexit>

H =

✓
Hll Hlh

Hhl Hhh

◆

❖ The “low” and “high” states in the basis are defined by an energy cutoff EMX

<latexit sha1_base64="WzbwBbwWC8Ucl3SH8u/ElY5ojFM="></latexit>

Ei  Emax ) |stateii 2 Hl

<latexit sha1_base64="EmzVk5aQB+eZ5MJ7O5H2io0yz5s="></latexit>

Ei > Emax ) |stateii 2 Hh

<latexit sha1_base64="m/gviNvFNcWlDmTQk2GQ3WrAetU=">AAACMXicdVDLSgMxFM3Ud31VXboJFsVVmZGibgRRhC4r2FZoy5BJ79TQTGZI7ohl7C+58U/ETReKuPUnTB8LnwcCJ+ecS3JPkEhh0HWHTm5mdm5+YXEpv7yyurZe2NismzjVHGo8lrG+DpgBKRTUUKCE60QDiwIJjaB3PvIbt6CNiNUV9hNoR6yrRCg4Qyv5hUrFbyHcYRZqgAG9p5ObQYYw8AVtaaa6EvKU7p3QCyv8l/ALRb fkjkF/E29KimSKql94anVinkagkEtmTNNzE2xnTKPgEgb5VmogYbzHutC0VLEITDsbbzygu1bp0DDW9iikY/XrRMYiY/pRYJMRwxvz0xuJf3nNFMPjdiZUkiIoPnkoTCXFmI7qox2hgaPsW8K4FvavlN8wzTjakvO2BO/nyr9J/aDkHZbKl+Xi6dm0jkWyTXbIPvHIETklFVIlNcLJA3kmL+TVeXSGzpvzPonmnOnMFvkG5+MTHXaqJg==</latexit>

Hfree|stateii = Ei|stateii

Strong coupling in IR❖ We want to diagonalize H, but its basis is infinite

(finite)

(infinite)

<latexit sha1_base64="heEv/OvAIFK5N/Jgl8VsJYk3YZA=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLopssW7APaUCaTm3boZBJmJkIp9Qfc6h+4E7f+iz/gdzhps9DWAxcO59wXx084U9pxvqzCxubW9k5xt7S3f3B4VD4+6ag4lRTbNOax7PlEIWcC25ppjr1EIol8jl1/cp/53UeUisXiQU8T9CIyEixklGgjtRrDcsWpOgvY68TNSQVyNIfl70EQ0zRCoSknSvVdJ9HejEjNKMd5aZAqTAidkBH2DRUkQuXNFo/O7QujBHYYS1NC2wv198SMREpNI990RkSP1aqXif96gcoWrlzX4a03YyJJNQq6PB6m3NaxnSVhB0wi1XxqCKGSmf9tOiaSUG3yKplg3NUY1knnqupeV2utWqV+l0dUhDM4h0tw4Qbq0IAmtIECwjO8wKv1ZL1Z79bHsrVg5TOn8AfW5w/XsZVS</latexit>

H

<latexit sha1_base64="8AM4AodmewdwutzFjjgXWyC1gPY=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqexKUY9FETxWsB/QXUo2zbahSXZJZqVl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzwkRwA6777RTW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3c789hPThsfqESYJCyQZKB5xSsBK/l3PBzaGTJLxtFeuuFV3DrxKvJxUUI5Gr/zl92OaSqaACmJM13MTCDKigVPBpiU/NSwhdEQGrGupIpKZIJvfPMVnVunjKNa2FOC5+nsiI9KYiQxtpyQwNMveTPzP66YQXQcZV0kKTNHFoigVGGI8CwD3uWYUxMQSQjW3t2I6JJpQsDGVbAje8surpHVR9S6rtYdapX6Tx1FEJ+gUnSMPXaE6ukcN1EQUJegZvaI3J3VenHfnY9FacPKZY/QHzucPfGGR/g==</latexit>

Emax
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❖ The easiest thing to do is just truncate the Hamiltonian (basically TCSA)
<latexit sha1_base64="rCR+PJaijkrvnSgFqzInI0h37QQ="></latexit>

H =

✓
Hll Hlh

Hhl Hhh

◆

❖ The main source of error is mixing coming from H_{h}

❖ We want to develop an improvement scheme to incorporate the effects of H{h}, 
order by order

<latexit sha1_base64="Na0+vS7QfV62YuIqGkzyr9BeAJc=">AAACDnicbVDJSgNBEO1xjXGLevTSGALxEmYkqBch6CXHKGaBJISeTk3SpGehu0YNQ77Ai7/ixYMiXj1782/sLAdNfFDweK+KqnpuJIVG2/62lpZXVtfWUxvpza3tnd3M3n5Nh7HiUOWhDFXDZRqkCKCKAiU0IgXMdyXU3cHV2K/fgdIiDG5xGEHbZ71AeIIzNFInk2vdiF4fmVLhPS13WggPmIDnjegFzRshkXJEjzuZrF2wJ6CLxJmRLJmh0sl8tbohj30IkEumddOxI2wnTKHgEkbpVqwhYnzAetA0NGA+6HYyeWdEc0bpUi9UpgKkE/X3RMJ8rYe+azp9hn09743F/7xmjN55OxFBFCMEfLrIiyXFkI6zoV2hgKMcGsK4EuZWyvtMMY4mwbQJwZl/eZHUTgrOaaF4XcyWLmdxpMghOSJ54pAzUiJlUiFVwskjeSav5M16sl6sd+tj2rpkzWYOyB9Ynz+7o5tB</latexit>

) He↵ = (Hll)

❖ Our strategy will be to define an operator in the fundamental theory and match it to 
the effective theory to determine corrections to Jeff

<latexit sha1_base64="CjoqDy2zqlikilDe3S8BAiTqd8I=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRTZcV7APaUCaTSTt2MgkzE6GErvwBt/oH7sStX+IP+B1O0iy09cCFwzn3xfFizpS27S+rtLa+sblV3q7s7O7tH1QPj7oqSiShHRLxSPY9rChngnY005z2Y0lx6HHa86a3md97pFKxSNzrWUzdEI8FCxjB2kjd1ijlk/moWrPrdg60SpyC1KBAe1T9HvoRSUIqNOFYqYFjx9pNsdSMcDqvDBNFY0ymeEwHhgocUuWm+bdzdGYUHwWRNCU0ytXfEykOlZqFnukMsZ6oZS8T//V8lS1cuq6DazdlIk40FWRxPEg40hHK4kA+k5RoPjMEE8nM/4hMsMREm9AqJhhnOYZV0r2oO5f1xl2j1rwpIirDCZzCOThwBU1oQRs6QOABnuEFXq0n6816tz4WrSWrmDmGP7A+fwALBZev</latexit>

Hlh

<latexit sha1_base64="CjoqDy2zqlikilDe3S8BAiTqd8I=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRTZcV7APaUCaTSTt2MgkzE6GErvwBt/oH7sStX+IP+B1O0iy09cCFwzn3xfFizpS27S+rtLa+sblV3q7s7O7tH1QPj7oqSiShHRLxSPY9rChngnY005z2Y0lx6HHa86a3md97pFKxSNzrWUzdEI8FCxjB2kjd1ijlk/moWrPrdg60SpyC1KBAe1T9HvoRSUIqNOFYqYFjx9pNsdSMcDqvDBNFY0ymeEwHhgocUuWm+bdzdGYUHwWRNCU0ytXfEykOlZqFnukMsZ6oZS8T//V8lS1cuq6DazdlIk40FWRxPEg40hHK4kA+k5RoPjMEE8nM/4hMsMREm9AqJhhnOYZV0r2oO5f1xl2j1rwpIirDCZzCOThwBU1oQRs6QOABnuEFXq0n6816tz4WrSWrmDmGP7A+fwALBZev</latexit>

Hlh

<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵



Rachel Houtz August, 2024

Hamiltonian Truncation Effective Theory Strategy

12

<latexit sha1_base64="a8fFXOAAlIebn8NKSn/WprDKvKo=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQBCHMSFAvQtBLjhHMAkkIPZ2apEnPQneNGMYc/BUvHhTx6m9482/sLAdNfFDweK+KqnpeLIVGx/m2MkvLK6tr2fXcxubW9o69u1fTUaI4VHkkI9XwmAYpQqiiQAmNWAELPAl1b3Az9uv3oLSIwjscxtAOWC8UvuAMjdSxD2iZXtFyp4XwgKmvAEb0lNY6dt4pOBPQReLOSJ7MUOnYX61uxJMAQuSSad10nRjbKVMouIRRrpVoiBkfsB40DQ1ZALqdTu4f0WOjdKkfKVMh0on6eyJlgdbDwDOdAcO+nvfG4n9eM0H/sp2KME4QQj5d5CeSYkTHYdCuUMBRDg1hXAlzK+V9phhHE1nOhODOv7xIamcF97xQvC3mS9ezOLLkkByRE+KSC1IiZVIhVcLJI3kmr+TNerJerHfrY9qasWYz++QPrM8fo1SUmA==</latexit>

H = Hfree + V

❖ Fundamental theory:
<latexit sha1_base64="m/gviNvFNcWlDmTQk2GQ3WrAetU=">AAACMXicdVDLSgMxFM3Ud31VXboJFsVVmZGibgRRhC4r2FZoy5BJ79TQTGZI7ohl7C+58U/ETReKuPUnTB8LnwcCJ+ecS3JPkEhh0HWHTm5mdm5+YXEpv7yyurZe2NismzjVHGo8lrG+DpgBKRTUUKCE60QDiwIJjaB3PvIbt6CNiNUV9hNoR6yrRCg4Qyv5hUrFbyHcYRZqgAG9p5ObQYYw8AVtaaa6EvKU7p3QCyv8l/ALRbfkjkF/E29KimSKql94anVinkagkEtmTNNzE2xnTKPgEgb5VmogYbzHutC0VLEITDsbbzygu1bp0DDW9iikY/XrRMYiY/pRYJMRwxvz0xuJf3nNFMPjdiZUkiIoPnkoTCXFmI7qox2hgaPsW8K4FvavlN8wzTjakvO2BO/nyr9J/aDkHZbKl+Xi6dm0jkWyTXbIPvHIETklFVIlNcLJA3kmL+TVeXSGzpvzPonmnOnMFvkG5+MTHXaqJg==</latexit>

Hfree|stateii = Ei|stateii

Free theory defines basis:

❖ The energy eigenstates are: 

<latexit sha1_base64="pPFGUtU6qszJkrwgkHBH2kyccLc=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqJsyI0XdCEU33VnBPqAdSyZN29BMZkgyQhm78FfcuFDErb/hzr8x03ahrQcCh3Pu5Z4cP+JMacf5tjJLyyura9n13Mbm1vaOvbtXV2EsCa2RkIey6WNFORO0ppnmtBlJigOf04Y/vE79xgOVioXiTo8i6gW4L1iPEayN1LEPKh2BLlE7wHpAME9uxoX6vTjp2Hmn6EyAFok7I3mYodqxv9rdkMQBFZpwrFTLdSLtJVhqRjgd59qxohEmQ9ynLUMFDqjykkn+MTo2Shf1Qmme0Gii/t5IcKDUKPDNZJpTzXup+J/XinXvwkuYiGJNBZke6sUc6RClZaAuk5RoPjIEE8lMVkQGWGKiTWU5U4I7/+VFUj8tumfF0m0pX76a1ZGFQziCArhwDmWoQBVqQOARnuEV3qwn68V6tz6moxlrtrMPf2B9/gBjK5US</latexit>

Hn = O(V n)
<latexit sha1_base64="ameZpcdszI25eKhCtMuPpD1DbDA=">AAACDnicbVDLSgNBEJz1GeNr1aOXwSAIwrIrQb0IQS85RjCJkCzL7KRXB2cfzPSKYckXePFXvHhQxKtnb/6Nk8dBExumKKq66ekKMyk0uu63NTe/sLi0XFopr66tb2zaW9stneaKQ5OnMlXXIdMgRQJNFCjhOlPA4lBCO7y7GPrte1BapMkV9jPwY3aTiEhwhkYK7P160EV4wAKiaEDPaD1w6aFBb4RHBh3HoYFdcR13VHSWeBNSIZNqBPZXt5fyPIYEuWRadzw3Q79gCgWXMCh3cw0Z43fsBjqGJiwG7RejcwZ03yg9GqXKvATpSP09UbBY634cms6Y4a2e9obif14nx+jUL0SS5QgJHy+KckkxpcNsaE8o4Cj7hjCuhPkr5bdMMY4mwbIJwZs+eZa0jhzv2KleViu180kcJbJL9sgB8cgJqZE6aZAm4eSRPJNX8mY9WS/Wu/Uxbp2zJjM75E9Znz+v+5gH</latexit>

He↵ = H0 +H1 +H2 + ...

<latexit sha1_base64="FjahiZTGJmg1V2syOZ35amdFtJY=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1UxIp6kYoiuDOCvYBbQyT6aQdOpmEmYlQQn7Ajb/ixoUibt2782+ctEG09cCFwzn3cu89XsSoVJb1ZczNLywuLRdWiqtr6xub5tZ2U4axwKSBQxaKtockYZSThqKKkXYkCAo8Rlre8CLzW/dESBryWzWKiBOgPqc+xUhpyTX3uwFSA4xYcpm6CacpPIM/0nUKy807fuiaJatijQFniZ2TEshRd83Pbi/EcUC4wgxJ2bGtSDkJEopiRtJiN5YkQniI+qSjKUcBkU4y/iaFB1rpQT8UuriCY/X3RIICKUeBpzuzQ+W0l4n/eZ1Y+adOQnkUK8LxZJEfM6hCmEUDe1QQrNhIE4QF1bdCPEACYaUDLOoQ7OmXZ0nzqGIfV6o31VLtPI+jAHbBHigDG5yAGrgCddAAGDyAJ/ACXo1H49l4M94nrXNGPrMD/sD4+Aaq0JtK</latexit>

Eni = O(V n)

<latexit sha1_base64="1f+qFrmMJWeENeFhGRbj/oj52Vw=">AAACD3icbVBNS8NAEN34WetX1KOXxaJ4KokU9SIUReixgv2AppTNdtou3WzC7kYoaf+BF/+KFw+KePXqzX/jps1BWx8MPN6bYWaeH3GmtON8W0vLK6tr67mN/ObW9s6uvbdfV2EsKdRoyEPZ9IkCzgTUNNMcmpEEEvgcGv7wJvUbDyAVC8W9HkXQDkhfsB6jRBupY59UxsyTRPQ54CvsBUQPKOHJ7aTD8BgznHkdu+AUnSnwInEzUkAZqh37y+uGNA5AaMqJUi3XiXQ7IVIzymGS92IFEaFD0oeWoYIEoNrJ9J8JPjZKF/dCaUpoPFV/TyQkUGoU+KYzPVjNe6n4n9eKde+ynTARxRoEnS3qxRzrEKfh4C6TQDUfGUKoZOZWTAdEEqpNhHkTgjv/8iKpnxXd82LprlQoX2dx5NAhOkKnyEUXqIwqqIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz//Y5wE</latexit>

H|ii = Ei|ii

<latexit sha1_base64="qQglayvujDYMbFXOWKOtTYX3YUc=">AAACKHicbZBLS8NAEMc39VXrK+rRy2IRBCEkpagXsSgFjxXsA9oQNttNu3TzYHcjlJCP48Wv4kVEkV79JG7SHGrrwC5/fjPDzPzdiFEhTXOmldbWNza3ytuVnd29/QP98Kgjwphj0sYhC3nPRYIwGpC2pJKRXsQJ8l1Guu7kPst3nwkXNAye5DQito9GAfUoRlIhR78d+EiOMWJJM3UovIFN9V/ARZpYNF1GtRwZhuHoVdMw84CrwipEFRTRcvSPwTDEsU8CiRkSom+ZkbQTxCXFjKSVQSxIhPAEjUhfyQD5RNhJfmgKzxQZQi/k6gUS5nSxI0G+EFPfVZXZtmI5l8H/cv1Yetd2QoMoliTA80FezKAMYeYaHFJOsGRTJRDmVO0K8RhxhKXytqJMsJZPXhWdmmFdGvXHerVxV9hRBifgFJwDC1yBBngALdAGGLyAN/AJvrRX7V371mbz0pJW9ByDP6H9/AK7HqSD</latexit>

Ei = Ei + E1i + E2i + ...

and can be written as

❖ We want to define a calculable, finite-dimensional Heft such that:
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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<latexit sha1_base64="UKf3nhrLzb+bioGAx/BHSTWhw1k="></latexit>

UIP(tf , ti) = 1� i

Z tf

ti

dtUIP(tf , t)VIP(t)

❖ Time evolution:
<latexit sha1_base64="oVRIZ+oxSqW21e6w4MLhC3U8L1o="></latexit>

UIP(tf , ti) = T exp

⇢
�i

Z tf

ti

dtVIP(t)

�

❖ Implicit relation can be evaluated iteratively order-by-order

<latexit sha1_base64="ubc02UFe0fBKPO+PcW7sHcQUPPw="></latexit>

hf |⌃|ii = �fi +
hf |V |ii

Ef � Ei
+

X

↵

hf |V |↵ih↵|V |ii

(Ef � Ei) (Ef � E↵)
+O(V 3)

<latexit sha1_base64="5QxJW3Jux/EH8xq3GAYaxi+W/cE="></latexit>

hf |⌃|ii ⌘ lim
tf!1

hf |UIP (tf , 0)|ii = �fi +
hf |V |ii

Ef � Ei
+
X

↵

hf |V |↵ih↵|V |ii

(Ef � Ei) (Ef � E↵)
+O(V 3)❖ Define an operator to match: 

❖ This gives an expansion:
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❖ More convenient to define: 
<latexit sha1_base64="zwE/sYUezj83p6JOZ4vhmxI0Y1E="></latexit>

hf |⌃|ii = �fi +
hf |T |ii
Ef � Ei

❖ Matching is accomplished by setting the T matrix equal in both theories and 
evaluating H_i

<latexit sha1_base64="ameZpcdszI25eKhCtMuPpD1DbDA=">AAACDnicbVDLSgNBEJz1GeNr1aOXwSAIwrIrQb0IQS85RjCJkCzL7KRXB2cfzPSKYckXePFXvHhQxKtnb/6Nk8dBExumKKq66ekKMyk0uu63NTe/sLi0XFopr66tb2zaW9stneaKQ5OnMlXXIdMgRQJNFCjhOlPA4lBCO7y7GPrte1BapMkV9jPwY3aTiEhwhkYK7P160EV4wAKiaEDPaD1w6aFBb4RHBh3HoYFdcR13VHSWeBNSIZNqBPZXt5fyPIYEuWRadzw3Q79gCgWXMCh3cw0Z43fsBjqGJiwG7RejcwZ03yg9GqXKvATpSP09UbBY634cms6Y4a2e9obif14nx+jUL0SS5QgJHy+KckkxpcNsaE8o4Cj7hjCuhPkr5bdMMY4mwbIJwZs+eZa0jhzv2KleViu180kcJbJL9sgB8cgJqZE6aZAm4eSRPJNX8mY9WS/Wu/Uxbp2zJjM75E9Znz+v+5gH</latexit>

He↵ = H0 +H1 +H2 + ...
<latexit sha1_base64="+f+cPrPLM7EVMtQjtK9CXLIu2JI=">AAACCnicbVDJSgNBEO1xjXGLevTSGgRBCDMS1IsQ9JJjBLNAEoaeTk3SpGehu0YMQ85e/BUvHhTx6hd482/sLIeY+KDg8V4VVfW8WAqNtv1jLS2vrK6tZzaym1vbO7u5vf2ajhLFocojGamGxzRIEUIVBUpoxApY4Emoe/3bkV9/AKVFFN7jIIZ2wLqh8AVnaCQ3d1R2WwiPmILvD+k1Lbs2PaO1GdHN5e2CPQZdJM6U5MkUFTf33epEPAkgRC6Z1k3HjrGdMoWCSxhmW4mGmPE+60LT0JAFoNvp+JUhPTFKh/qRMhUiHauzEykLtB4EnukMGPb0vDcS//OaCfpX7VSEcYIQ8skiP5EUIzrKhXaEAo5yYAjjSphbKe8xxTia9LImBGf+5UVSOy84F4XiXTFfupnGkSGH5JicEodckhIpkwqpEk6eyAt5I+/Ws/VqfVifk9YlazpzQP7A+voFvFiZrQ==</latexit>

He↵ = H0 + Ve↵

<latexit sha1_base64="e9Grr+nxs5hbUIbzr3ZC6+3++PA="></latexit>

hf |T |iie↵ = hf |Ve↵|ii+
<X

↵

hf |Ve↵|↵ih↵|Ve↵|ii

Ef � E↵
+

<X

↵,�

hf |Ve↵|↵ih↵|Ve↵|�ih�|Ve↵|ii

(Ef � E↵) (Ef � E�)
+O(V 4)

<latexit sha1_base64="7ywyaxpLJcboOp+cHBzWCnBqWOU="></latexit>

hf |T |iifund = hf |V |ii+
X

↵

hf |V |↵ih↵|V |ii

Ef � E↵
+
X

↵,�

hf |V |↵ih↵|V |�ihf |V |ii

(Ef � E↵)(Ef � E�)
+O(V 4)

<latexit sha1_base64="GPB6DiMCcjqafl5f1nlrDi8qMsY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRTZcVTVtoQ5lMJu3QySTMTIQSCv6AW/0Dd+LWX/EH/A4nbRbaeuDC4Zz74vgJZ0rb9pdVWlvf2Nwqb1d2dvf2D6qHRx0Vp5JQl8Q8lj0fK8qZoK5mmtNeIimOfE67/uQ297uPVCoWiwc9TagX4ZFgISNYG+m+NWTDas2u23OgVeIUpAYF2sPq9yCISRpRoQnHSvUdO9FehqVmhNNZZZAqmmAywSPaN1TgiCovm786Q2dGCVAYS1NCo7n6eyLDkVLTyDedEdZjtezl4r9eoPKFS9d1eO1lTCSppoIsjocpRzpGeRYoYJISzaeGYCKZ+R+RMZaYaJNYxQTjLMewSjoXdeey3rhr1Jo3RURlOIFTOAcHrqAJLWiDCwRG8Awv8Go9WW/Wu/WxaC1Zxcwx/IH1+QNhcJYu</latexit>

Hi
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<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

❖ The matching defines Heft, analogous to normal QM perturbation theory:

<latexit sha1_base64="e9Grr+nxs5hbUIbzr3ZC6+3++PA="></latexit>

hf |T |iie↵ = hf |Ve↵|ii+
<X

↵

hf |Ve↵|↵ih↵|Ve↵|ii

Ef � E↵
+

<X

↵,�

hf |Ve↵|↵ih↵|Ve↵|�ih�|Ve↵|ii

(Ef � E↵) (Ef � E�)
+O(V 4)

<latexit sha1_base64="7ywyaxpLJcboOp+cHBzWCnBqWOU="></latexit>

hf |T |iifund = hf |V |ii+
X

↵

hf |V |↵ih↵|V |ii

Ef � E↵
+
X

↵,�

hf |V |↵ih↵|V |�ihf |V |ii

(Ef � E↵)(Ef � E�)
+O(V 4)

<latexit sha1_base64="tSt4AsScgkmYuQudhMaJyFxAPUI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBO0o0r</latexit>...

<latexit sha1_base64="tSt4AsScgkmYuQudhMaJyFxAPUI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBO0o0r</latexit>...

<latexit sha1_base64="tSt4AsScgkmYuQudhMaJyFxAPUI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBO0o0r</latexit>...

<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵



Rachel Houtz August, 2024

2D phi4Theory
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<latexit sha1_base64="KDw+pvLfeCW83JA30LZyylfJ/6I="></latexit>

�4

<latexit sha1_base64="n/ERLfJR5D/cMMklA19b98xIkec="></latexit>

L =
1

2
(@�)2 � 1

2
m2�2 � �

4!
�4

<latexit sha1_base64="669lLbqKbqSbNo+fAAHGuPZgPmo="></latexit>

[�] = 2
<latexit sha1_base64="eeoyvafayXgs5OK5bDNof1Plgns="></latexit>

[m] = 1

❖ Relevant couplings: weakly coupled in UV, strongly coupled in IR

<latexit sha1_base64="jBxFoqwMipAerhPaRRPKEujVF/U="></latexit>

H0 =
X

k

!ka
†
kak

<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

❖ Test this method out on a specific theory:

❖ Quantized on a circle of radius R:

❖ The goal is to calculate Heft, which will be an expansion in V:
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...
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<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

<latexit sha1_base64="EkooFkwtzfo0uG/ETGWNasGoLSs=">AAAB8nicbVBNSwMxFMzWr1q/qh69BIvgqeyWol6EohePFWwtbJeSzWbb0GyyJG+FsvRnePGgiFd/jTf/jWm7B20dCAwz88h7E6aCG3Ddb6e0tr6xuVXeruzs7u0fVA+PukZlmrIOVULpXkgME1yyDnAQrJdqRpJQsMdwfDvzH5+YNlzJB5ikLEjIUPKYUwJW8v2+sNmIBNeNQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfL7yFJ9ZJcKx0vZJwHP190ROEmMmSWiTCYGRWfZm4n+en0F8FeRcphkwSRcfxZnAoPDsfhxxzSiIiSWEam53xXRENKFgW6rYErzlk1dJt1H3LurN+2atdVPUUUYn6BSdIw9doha6Q23UQRQp9Ixe0ZsDzovz7nwsoiWnmDlGf+B8/gCfdZDV</latexit>

[�] = 2
<latexit sha1_base64="VqRk08NvbrUWJDME5wuoS0PrQq0=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWRoi6LblxWsA9oYplMJu3QySTMTIQSu/BX3LhQxK2/4c6/cdpmoa0HBg7n3MO9c4KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+H1xG8/UKlYIu70KKV+jPuCRYxgbaSefdhCnmIx8rjJhBh56YDd11DPrjhVZwq0SNyCVKBAo2d/eWFCspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8ev8YnRglRFEizRMaTdXfiRzHSo3iwEzGWA/UvDcR//O6mY4u/ZyJNNNUkNmiKONIJ2hSBgqZpETzkSGYSGZuRWSAJSbaVFY2JbjzX14krbOqe16t3dYq9auijhIcwTGcggsXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMkqMgfwB9bnDzxtlPc=</latexit>

V ⇠ ��4

<latexit sha1_base64="9dIW20C3NIQCdTDmwatfvdW4Pg8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui266s4J9QBPDZDpph85MwsxEKKUbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3WR+55FIRWNxr8cJ8TkaCBpRjLSRAvuoEQhPUQ49jvQQIwZvK+0HcRbYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0f4ESU0xI9OSlyqSIDxCA9IzVCBOlD+ZPTCFp0bpwyiWpoSGM/X3xARxpcY8NJ3ZmWrRy8T/vF6qoyt/QkWSaiLwfFGUMqhjmKUB+1QSrNnYEIQlNbdCPEQSYW0yK5kQ3MWXl0n7vOpeVGt3tXL9Oo+jCI7BCagAF1yCOmiAJmgBDKbgGbyCN+vJerHerY95a8HKZw7BH1ifP0DvlYw=</latexit>

Hn ⇠ O(V n)

<latexit sha1_base64="tNNP7hyWSg1g8Lyhpl/6PcJpgsc=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRJb1GVRhC4r2Ac0aZhMJ+3QmSTMTMQS8hdu/BU3LhRxqzv/xuljoa0HBg7n3MOde4KEUals+9sorKyurW8UN0tb2zu7e+b+QUvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0baweh64rfviZA0ju7UOCEeR4OIhhQjpSXftOp+BbqScuiGAuEMukyH+6hXgXkGb/zMFRxy9JD3smqeQ98s25Y9BVwmzpyUwRwN3/xy+zFOOYkUZkjKrmMnysuQUBQzkpfcVJIE4REakK6mEeJEetn0rhyeaKUPw1joFyk4VX8nMsSlHPNAT3KkhnLRm4j/ed1UhZdeRqMkVSTCs0VhyqCK4aQk2KeCYMXGmiAsqP4rxEOk+1G6ypIuwVk8eZm0zizn3KreVsu1q3kdRXAEjsEpcMAFqIE6aIAmwOARPINX8GY8GS/Gu/ExGy0Y88wh+APj8wcyvp68</latexit>

H3 ⇠ �
3

E4
max

<latexit sha1_base64="q84Ip4xR6Cq6ERxZH4tyYwal1Mc="></latexit>

H2 ⇠
�
2

E2
max

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�<latexit sha1_base64="g4dXVD4y/BJxciyT470dTbARO4M="></latexit>

Hn ⇠
�
n

E
2n�2
max

X

a

Z
Cna

✓
H0

Emax
,
R

�1

Emax
,
mQ

Emax

◆
Ona

✓
@x

Emax
,

@t

Emax
,�

◆

❖ Very roughly from dimensional analysis:

❖ Concretely, we calculate Heft: as:
<latexit sha1_base64="h4UHSQFHdql/u7BMe6lV2QhyR6I="></latexit>

V =

Z
dx


1

2
m2

V : �2 : +
�

4!
: �4 :

�
<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

uses

<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵

❖ Develop Feynman rules to more easily evaluate these sums
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Diagrammatic Calculation of the Transition Matrix
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<latexit sha1_base64="kC99epNVIxIKehDevV8LJJEubew="></latexit>

k6

<latexit sha1_base64="nHZrJJyydHZ0dzGAZEYaDTcldkc="></latexit>

k5

<latexit sha1_base64="V2I8Th8bZUAoYTcXubRFJe1Js+c="></latexit>

k4

<latexit sha1_base64="i75sFWOikMwU2RMUmCXkoY8Bayw="></latexit>

k3 <latexit sha1_base64="vUThXPN21X5Infxgau6Uqn6EFTg="></latexit>

k1

<latexit sha1_base64="ETwqjD6YfP3w75MfEIaeN7VHTfw="></latexit>

k2

<latexit sha1_base64="1TyQ0yDsf4KRHJyzoxosGl9Tdpk="></latexit>

hf |T |iifund 3
X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

❖ For example, part of the transition matrix in the fundamental theory can be 
found using:

❖ In the effective theory, we instead find:

<latexit sha1_base64="kC99epNVIxIKehDevV8LJJEubew="></latexit>

k6

<latexit sha1_base64="nHZrJJyydHZ0dzGAZEYaDTcldkc="></latexit>

k5

<latexit sha1_base64="V2I8Th8bZUAoYTcXubRFJe1Js+c="></latexit>

k4

<latexit sha1_base64="i75sFWOikMwU2RMUmCXkoY8Bayw="></latexit>

k3 <latexit sha1_base64="vUThXPN21X5Infxgau6Uqn6EFTg="></latexit>

k1

<latexit sha1_base64="ETwqjD6YfP3w75MfEIaeN7VHTfw="></latexit>

k2

<latexit sha1_base64="/AgPxkU9TRLzru4m+V4lNOp3rp8="></latexit>

=
1

8

✓
�

2⇡R

◆2 X

k1,..k6

�k1+k2,k5+k6hf |��
4 �

�
3 �

+
2 �

+
1 |ii

1

2!k5

1

2!k6

⇥(Emax � Ef + !3 + !4 � !5 � !6)

!3 + !4 � !5 � !6 + i✏

<latexit sha1_base64="ND5MhtHddXpGFOMWH6x7QqAeiLo="></latexit>

=
1

8

✓
�

2⇡R

◆2 X

k1,..k6

�k1+k2,k5+k6hf |��
4 �

�
3 �

+
2 �

+
1 |ii

1

2!k5

1

2!k6

1

!3 + !4 � !5 � !6 + i✏
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❖ Arrange Lambda EM and eventually take 

The mass parameter

19

❖ 2D phi^4 theory is super-renormalizable
<latexit sha1_base64="669lLbqKbqSbNo+fAAHGuPZgPmo="></latexit>

[�] = 2
<latexit sha1_base64="eeoyvafayXgs5OK5bDNof1Plgns="></latexit>

[m] = 1

<latexit sha1_base64="U6AztGzOqVmjpN8+PEQ99VKV6ts=">AAACDHicbZC7TsMwFIadcivlVmBksaiQmKoEVcBYwcLAUBC9SE1UOc5pa9Vxgu0gVVEfgIVXYWEAIVYegI23wU0zQMuRLH36zzm2/9+POVPatr+twtLyyupacb20sbm1vVPe3WupKJEUmjTikez4RAFnApqaaQ6dWAIJfQ5tf3Q57bcfQCoWiTs9jsELyUCwPqNEG6lXrrgqCXsj7OoIZ5ga5nCP3WtzSUDwLZ6YKbtqZ4UXwcmhgvJq9MpfbhDRJAShKSdKdR071l5KpGaUw6TkJgpiQkdkAF2DgoSgvDQzM8FHRglwP5LmCI0z9fdGSkKlxqFvJkOih2q+NxX/63UT3T/3UibiRIOgs4f6CcfG+TQZHDAJVPOxAUIlM3/FdEgkodrkVzIhOPOWF6F1UnVOq7WbWqV+kcdRRAfoEB0jB52hOrpCDdREFD2iZ/SK3qwn68V6tz5mowUr39lHf8r6/AFevJqM</latexit>X

k

!
X

k⇤R

❖ We still implemented a “renormalization” scheme 

❖ This will aid in demonstrating separation of IR and UV scales

❖ We can also use m_Q as a variational parameter to test convergence 

❖ Start with a Wilsonian cutoff in the fundamental theory 

We’ve compactified onto a 
circle for finite V, so 
momenta are now discrete<latexit sha1_base64="QdgZZdqPZSYCr8YIuERiV+HMjOU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEirosiuDCRQX7gCaUyXSSDp08mLmRllA3/oobF4q49S/c+TdO2yy09cDA4ZxzuXOPlwiuwLK+jcLS8srqWnG9tLG5tb1j7u41VZxKyho0FrFse0QxwSPWAA6CtRPJSOgJ1vIGVxO/9cCk4nF0D6OEuSEJIu5zSkBLXfPAudXhHsFOEODrrgNsCFlIhuOuWbYq1hR4kdg5KaMc9a755fRimoYsAiqIUh3bSsDNiAROBRuXnFSxhNABCVhH04iETLnZ9IIxPtZKD/ux1C8CPFV/T2QkVGoUejoZEuireW8i/ud1UvAv3IxHSQosorNFfiowxHhSB+5xySiIkSaESq7/immfSEJBl1bSJdjzJy+S5mnFPqtU76rl2mVeRxEdoiN0gmx0jmroBtVRA1H0iJ7RK3oznowX4934mEULRj6zj/7A+PwBFFGWrg==</latexit>

⇤ � Emax
<latexit sha1_base64="gDLwGxS3DoVXf/Wybj76KEwkitQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkqMuiGxcuKtgHNKFMJpN26GQSZiZiCf0VNy4UceuPuPNvnLZZaOuBgcM55zL3niDlTGnH+bZKa+sbm1vl7crO7t7+gX1Y7agkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/M/O4jlYol4kFPUurHeChYxAjWRhrYVe/OhEOMPJ0gj4lITwZ2zak7c6BV4hakBgVaA/vLCxOSxVRowrFSfddJtZ9jqRnhdFrxMkVTTMZ4SPuGChxT5efz3afo1CghihJpntBorv6eyHGs1CQOTDLGeqSWvZn4n9fPdHTl50ykmaaCLD6KMo7MnbMiUMgkJZpPDMFEMrMrIiMsMdGmroopwV0+eZV0zuvuRb1x36g1r4s6ynAMJ3AGLlxCE26hBW0g8ATP8Apv1tR6sd6tj0W0ZBUzR/AH1ucPZA2UCg==</latexit>

⇤ ! 1

❖ The UV divergences can be eliminated by normal ordering

<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>

�4

<latexit sha1_base64="0JTJd8/TqZPt4ksLMkQlStQvnjw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48JmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+m/ntJ6oNU/LRThIaCjyULGYEWyc9iH6jX674VX8OtEqCnFQgR71f/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrjmzBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDa6ql43LSu02j6MIJ3AK5xDANdTgHurQBAJDeIZXePO49+K9ex+L1oKXzxzDH3ifPy5cjb4=</latexit>mQ

Delouche, Miro, Ingoldby, 
arXiv:2312.09221
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The mass parameter
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<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }

❖ Define the coefficient of
<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
Log divergent piece 

The mass parameter
❖ Define the coefficient of

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
Log divergent piece 

Quantization mass:
<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

The mass parameter
❖ Define the coefficient of

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
Log divergent piece 

Quantization mass:
<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

The mass parameter
❖ Define the coefficient of

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
Log divergent piece 

Quantization mass:
<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

Bare mass, 
absorbs 
divergence

The mass parameter
❖ Define the coefficient of

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
Log divergent piece 

Quantization mass:
<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

Bare mass, 
absorbs 
divergence

The mass parameter
❖ Define the coefficient of

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :
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❖ Define the coefficient of

❖ To demonstrate separation of scales, we introduce MR , which depends on a 
renormalization scale mu 

<latexit sha1_base64="0ZAPCxSBXD86XzIyy5duMfnnr/Y="></latexit> X

|k|⇤R

1

!k
⇠

Z ⇤ dk

!k
⇠ ln⇤

<latexit sha1_base64="AUN/hOwY37GszqgjadSFstlK1/0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyWotJT0YvHCvYD2rVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa+M43yi3tr6xuZXfLuzs7u0fFA+PWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2xzczv/3ElOaRvDeTmHkhGUoecEqMlTq1XjziD5Vav1hyys4ceJW4GSlBhka/+NUbRDQJmTRUEK27rhMbLyXKcCrYtNBLNIsJHZMh61oqSci0l87vneIzqwxwEClb0uC5+nsiJaHWk9C3nSExI73szcT/vG5igisv5TJODJN0sShIBDYRnj2PB1wxasTEEkIVt7diOiKKUGMjKtgQ3OWXV0mrUnYvytW7aql+ncWRhxM4hXNw4RLqcAsNaAIFAc/wCm/oEb2gd/SxaM2hbOYY/gB9/gA7s490</latexit>

: �2 :

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }

<latexit sha1_base64="xWiLpZQfKDWLnsBFPwbFqJUR1vk="></latexit>

m2
R(µ) = m2

0 +
�

8⇡R

X

µR<|k|⇤R

1

!k

Log divergent piece 

Quantization mass:
<latexit sha1_base64="GUZR6jjt80WlnX0Kp5Yy+sXkv9M="></latexit>

!k =
q

(k/R)2 +m2
Q

Bare mass, 
absorbs 
divergence

<latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µ

<latexit sha1_base64="2gVuUjSoLWGmiPt/ksfEjTgIYX0=">AAAB6nicbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjcv66APaoWTSTBuaZIYkI5Shn+DGhSJu/SJ3/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqZ+64lpw2P1aMcJCyQZKB5xSqyTHmTvvleueFVvBrxM/JxUIEe9V/7q9mOaSqYsFcSYju8lNsiItpwKNil1U8MSQkdkwDqOKiKZCbLZqRN84pQ+jmLtSlk8U39PZEQaM5ah65TEDs2iNxX/8zqpja6CjKsktUzR+aIoFdjGePo37nPNqBVjRwjV3N2K6ZBoQq1Lp+RC8BdfXibNs6p/UT2/O6/UrvM4inAEx3AKPlxCDW6hDg2gMIBneIU3JNALekcf89YCymcO4Q/Q5w8v4I2/</latexit>mR

<latexit sha1_base64="E0GbSQKiu6/uJbGIuhkDTKN4NQM="></latexit>

m2
V = m2

R(µ)�m2
Q +

�

8⇡R

X

|k|<µR

1

!k,
<latexit sha1_base64="jETzFstUGE8pjIouyUT3D51MHBM="></latexit>

mNO = mR(µ = 0) = mQ

The mass parameter
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<latexit sha1_base64="ojZeB5OlDw/xTmKoYcMXwqxep5Y="></latexit>

O(V )

<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

Start here
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<latexit sha1_base64="ojZeB5OlDw/xTmKoYcMXwqxep5Y="></latexit>

O(V )

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

Start here

Effective theory 
<latexit sha1_base64="6M2ZY9Xxqb67TMi5uvsx4LZMvzg="></latexit>

H1 =

Z
dx


1

2
m

2
V 1 : �2 : +

�1

4!
: �4 :

�

Fundamental Theory
<latexit sha1_base64="0DXnUcJZ9n0pC54QI73tulyJSHw="></latexit>

V =

Z
dx


1

2
m2

V : �2 : +
�

4!
: �4 :

�

❖ Matching yields (trivially at this order):

<latexit sha1_base64="XTNDWUOFeyeL2MChYj7dRbSxnAE="></latexit>

m2
V 1 = m2

V

<latexit sha1_base64="gXgsLsmywdV9Zyk0J9pnfIXmsuM="></latexit>

�1 = �

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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❖ Matching at first order: 
<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="ww76XoC2Ahl/+SjPhVkXRBUcpj4="></latexit>

He↵ = H0 +

Z
dx


1

2
m

2
V : �2 : +

�

4!
: �4 :

�
+ ...

❖ Trivially gives:

❖ Same diagrams in both effective theory and fundamental theory at tree level

<latexit sha1_base64="ojZeB5OlDw/xTmKoYcMXwqxep5Y="></latexit>

O(V )
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<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

Started here✓m

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

Now we compute this 

Started here✓m

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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❖ Matching at second order: 
<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

❖ Vertex correction diagrams

<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

<latexit sha1_base64="XhbnVQwPujE3MeteYhLv3NgMsLQ="></latexit>

H2 =

Z
dx


1

2
m

2
V 2 : �2 : +

�2

4!
: �4 :

�
❖ This will determine the coupling constants of 

<latexit sha1_base64="TkM6DEMow23R0igcvhRLsGNmBjI="></latexit>

= T2

���
fund

� T2

���
e↵

<latexit sha1_base64="OFgyP3+vO3Tbg7w+3ohD1RsdcSc="></latexit>

hf |T2|ii

❖ Diagram evaluation example:



Rachel Houtz August, 2024

The Local Approximation

33

❖ Diagram evaluation example:

❖ The full answer will have complicated dependence on IR scales, but this 
can be expanded out assuming separation of scales:

<latexit sha1_base64="jiLE7K/vtJqLUaOJKfmfVcC5H2k="></latexit>

mQ . !1234 . Ei,f ⌧ Emax

<latexit sha1_base64="0Cxr9vW/Mc8pCYaJ16XQJRmIQMQ="></latexit>

m2
V|{z} = m2

0|{z}� m2
Q|{z}
+

�

8⇡R

X

|k|⇤R

1

!k

| {z }
IR scales From the step function 

<latexit sha1_base64="2ch1BOE9NtgkZ9DRWRRt07hwM7Q="></latexit>

!5,6 & Emax
<latexit sha1_base64="chIDt4fdvEUCNeylI8BXEaB1qTY=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+BChplSH90V3bhUsVpoS8lk7kxDMw+SO0oZ+ilu/BU3LhTRnX6Nae1CWy8kHM655+bmeKkUGh3n05qZnZtfWFxaLqysrq1vFDe3bnSSKQ51nshENTymQYoY6ihQQiNVwCJPwq3XOxvqt3egtEjia+yn0I5YGItAcIaG6hSPWz4ExjualKcpXoE/yFXoDXL7sFw9oLZbLQ/vo5NBoXUlwi4ypZL7TrHk2M6o6DRwx6BExnXRKX60/IRnEcTIJdO66ToptnOmUHAJZnamIWW8x0JoGhizCHQ7H601oHuG8WmQKHNipCP2tyNnkdb9yDOdEcOuntSG5H9aM8PgpJ2LOM0QYv7zUJBJigkdpkV9oYCj7BvAuBJmV8q7TDGOJtOCCcGd/PI0uCmb9OzKZaVUOx3HsUR2yC7ZJy45JjVyTi5InXDyQJ7IC3m1Hq1n6816/2mdscaebfKnrK9vdLOh3g==</latexit>)

❖ The local approximation: set all external energies = 0
<latexit sha1_base64="7LCXiy5wvvK5pUmye1J32tTJki0="></latexit>X

k

⇥(2!k � Emax)

!3
k

[1 +O(Ei,f/Emax)]
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<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

We are in the process of 
computing this

Started here

Matching at Second Order O(V2)
<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

✓m

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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<latexit sha1_base64="MLc9jzqB9DGU7Fv0syLaUkQpbHs="></latexit>

hf |H3|iie↵ =
>X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E↵)(Ef � E�)

+
<X

↵

>X

�

hf |V |↵ih↵|V |�ih�|V |ii
(Ef � E�)(E↵ � E�)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="KIxapQodQK21epaCFoy5/Z2Pj3w=">AAACMHicbVDLSiNBFK12fMZXnFm6uRgUV6FbgjMbQXShSwUThXRoqiu3Y2F1dVN1WwxtPsmNn6IbB2YQt36FlZhFfByo4nDOuVTdE+dKWvL9v97Uj+mZ2bn5hcri0vLKanXtZ8tmhRHYFJnKzEXMLSqpsUmSFF7kBnkaKzyPrw6H/vk1GiszfUb9HDsp72mZSMHJSVH1KFRc9xRCArdwHAXulhCakRaFhDdUYpIMoAKwtQeT4dZkFKJqza/7I8BXEoxJjY1xElUfwm4mihQ1CcWtbQd+Tp2SG5JC4aASFhZzLq54D9uOap6i7ZSjhQew6ZQuJJlxRxOM1MmJkqfW9tPYJVNOl/azNxS/89oFJX86pdR5QajF+0NJoYAyGLYHXWlQkOo7woWR7q8gLrnhglzHFVdC8Hnlr6S1Uw92643TRm3/YFzHPFtnG2ybBew322fH7IQ1mWB37JH9Y/+9e+/Je/Ze3qNT3njmF/sA7/UNTAOmtA==</latexit>

hf |H1|iie↵ = hf |V |ii

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

We are in the process of 
computing this

Started here

Where do we stop? Go back to power counting.

Matching at Second Order O(V2)
<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

✓m

❖ Matching conditions to define 
<latexit sha1_base64="2/Kl9XKOQG/uJmT9tjhHCet/Xhw=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4KokUdVl002UF+4AmlMnkph06eTBzI5bQD/AH3OofuBO3foY/4Hc4abPQ1gMXDufcF8dLBFdoWV9GaW19Y3OrvF3Z2d3bP6geHnVVnEoGHRaLWPY9qkDwCDrIUUA/kUBDT0DPm9zmfu8BpOJxdI/TBNyQjiIecEZRS05r6CA8YgZBMBtWa1bdmsNcJXZBaqRAe1j9dvyYpSFEyARVamBbCboZlciZgFnFSRUklE3oCAaaRjQE5Wbzn2fmmVZ8M4ilrgjNufp7IqOhUtPQ050hxbFa9nLxX89X+cKl6xhcuxmPkhQhYovjQSpMjM08FNPnEhiKqSaUSa7/N9mYSspQR1fRwdjLMayS7kXdvqw37hq15k0RUZmckFNyTmxyRZqkRdqkQxhJyDN5Ia/Gk/FmvBsfi9aSUcwckz8wPn8A9nSaaQ==</latexit>

He↵
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<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...

<latexit sha1_base64="EkooFkwtzfo0uG/ETGWNasGoLSs=">AAAB8nicbVBNSwMxFMzWr1q/qh69BIvgqeyWol6EohePFWwtbJeSzWbb0GyyJG+FsvRnePGgiFd/jTf/jWm7B20dCAwz88h7E6aCG3Ddb6e0tr6xuVXeruzs7u0fVA+PukZlmrIOVULpXkgME1yyDnAQrJdqRpJQsMdwfDvzH5+YNlzJB5ikLEjIUPKYUwJW8v2+sNmIBNeNQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfL7yFJ9ZJcKx0vZJwHP190ROEmMmSWiTCYGRWfZm4n+en0F8FeRcphkwSRcfxZnAoPDsfhxxzSiIiSWEam53xXRENKFgW6rYErzlk1dJt1H3LurN+2atdVPUUUYn6BSdIw9doha6Q23UQRQp9Ixe0ZsDzovz7nwsoiWnmDlGf+B8/gCfdZDV</latexit>

[�] = 2
<latexit sha1_base64="VqRk08NvbrUWJDME5wuoS0PrQq0=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWRoi6LblxWsA9oYplMJu3QySTMTIQSu/BX3LhQxK2/4c6/cdpmoa0HBg7n3MO9c4KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+H1xG8/UKlYIu70KKV+jPuCRYxgbaSefdhCnmIx8rjJhBh56YDd11DPrjhVZwq0SNyCVKBAo2d/eWFCspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8ev8YnRglRFEizRMaTdXfiRzHSo3iwEzGWA/UvDcR//O6mY4u/ZyJNNNUkNmiKONIJ2hSBgqZpETzkSGYSGZuRWSAJSbaVFY2JbjzX14krbOqe16t3dYq9auijhIcwTGcggsXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMkqMgfwB9bnDzxtlPc=</latexit>

V ⇠ ��4

<latexit sha1_base64="9dIW20C3NIQCdTDmwatfvdW4Pg8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui266s4J9QBPDZDpph85MwsxEKKUbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3WR+55FIRWNxr8cJ8TkaCBpRjLSRAvuoEQhPUQ49jvQQIwZvK+0HcRbYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0f4ESU0xI9OSlyqSIDxCA9IzVCBOlD+ZPTCFp0bpwyiWpoSGM/X3xARxpcY8NJ3ZmWrRy8T/vF6qoyt/QkWSaiLwfFGUMqhjmKUB+1QSrNnYEIQlNbdCPEQSYW0yK5kQ3MWXl0n7vOpeVGt3tXL9Oo+jCI7BCagAF1yCOmiAJmgBDKbgGbyCN+vJerHerY95a8HKZw7BH1ifP0DvlYw=</latexit>

Hn ⇠ O(V n)

<latexit sha1_base64="tNNP7hyWSg1g8Lyhpl/6PcJpgsc=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRJb1GVRhC4r2Ac0aZhMJ+3QmSTMTMQS8hdu/BU3LhRxqzv/xuljoa0HBg7n3MOde4KEUals+9sorKyurW8UN0tb2zu7e+b+QUvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0baweh64rfviZA0ju7UOCEeR4OIhhQjpSXftOp+BbqScuiGAuEMukyH+6hXgXkGb/zMFRxy9JD3smqeQ98s25Y9BVwmzpyUwRwN3/xy+zFOOYkUZkjKrmMnysuQUBQzkpfcVJIE4REakK6mEeJEetn0rhyeaKUPw1joFyk4VX8nMsSlHPNAT3KkhnLRm4j/ed1UhZdeRqMkVSTCs0VhyqCK4aQk2KeCYMXGmiAsqP4rxEOk+1G6ypIuwVk8eZm0zizn3KreVsu1q3kdRXAEjsEpcMAFqIE6aIAmwOARPINX8GY8GS/Gu/ExGy0Y88wh+APj8wcyvp68</latexit>

H3 ⇠ �
3

E4
max

<latexit sha1_base64="q84Ip4xR6Cq6ERxZH4tyYwal1Mc="></latexit>

H2 ⇠
�
2

E2
max

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�<latexit sha1_base64="g4dXVD4y/BJxciyT470dTbARO4M="></latexit>

Hn ⇠
�
n

E
2n�2
max

X

a

Z
Cna

✓
H0

Emax
,
R

�1

Emax
,
mQ

Emax

◆
Ona

✓
@x

Emax
,

@t

Emax
,�

◆

❖ Very roughly from dimensional analysis:



Rachel Houtz August, 2024

Power Counting

37

<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...
<latexit sha1_base64="EkooFkwtzfo0uG/ETGWNasGoLSs=">AAAB8nicbVBNSwMxFMzWr1q/qh69BIvgqeyWol6EohePFWwtbJeSzWbb0GyyJG+FsvRnePGgiFd/jTf/jWm7B20dCAwz88h7E6aCG3Ddb6e0tr6xuVXeruzs7u0fVA+PukZlmrIOVULpXkgME1yyDnAQrJdqRpJQsMdwfDvzH5+YNlzJB5ikLEjIUPKYUwJW8v2+sNmIBNeNQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfL7yFJ9ZJcKx0vZJwHP190ROEmMmSWiTCYGRWfZm4n+en0F8FeRcphkwSRcfxZnAoPDsfhxxzSiIiSWEam53xXRENKFgW6rYErzlk1dJt1H3LurN+2atdVPUUUYn6BSdIw9doha6Q23UQRQp9Ixe0ZsDzovz7nwsoiWnmDlGf+B8/gCfdZDV</latexit>

[�] = 2
<latexit sha1_base64="VqRk08NvbrUWJDME5wuoS0PrQq0=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWRoi6LblxWsA9oYplMJu3QySTMTIQSu/BX3LhQxK2/4c6/cdpmoa0HBg7n3MO9c4KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+H1xG8/UKlYIu70KKV+jPuCRYxgbaSefdhCnmIx8rjJhBh56YDd11DPrjhVZwq0SNyCVKBAo2d/eWFCspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8ev8YnRglRFEizRMaTdXfiRzHSo3iwEzGWA/UvDcR//O6mY4u/ZyJNNNUkNmiKONIJ2hSBgqZpETzkSGYSGZuRWSAJSbaVFY2JbjzX14krbOqe16t3dYq9auijhIcwTGcggsXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMkqMgfwB9bnDzxtlPc=</latexit>

V ⇠ ��4<latexit sha1_base64="9dIW20C3NIQCdTDmwatfvdW4Pg8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui266s4J9QBPDZDpph85MwsxEKKUbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3WR+55FIRWNxr8cJ8TkaCBpRjLSRAvuoEQhPUQ49jvQQIwZvK+0HcRbYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0f4ESU0xI9OSlyqSIDxCA9IzVCBOlD+ZPTCFp0bpwyiWpoSGM/X3xARxpcY8NJ3ZmWrRy8T/vF6qoyt/QkWSaiLwfFGUMqhjmKUB+1QSrNnYEIQlNbdCPEQSYW0yK5kQ3MWXl0n7vOpeVGt3tXL9Oo+jCI7BCagAF1yCOmiAJmgBDKbgGbyCN+vJerHerY95a8HKZw7BH1ifP0DvlYw=</latexit>

Hn ⇠ O(V n)

<latexit sha1_base64="g4dXVD4y/BJxciyT470dTbARO4M="></latexit>

Hn ⇠
�
n

E
2n�2
max
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Z
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Emax
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Emax
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Emax
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✓
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Emax
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Emax
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◆

<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>

H2 ⇠
�
2

E2
max

X

a

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�

<latexit sha1_base64="tNNP7hyWSg1g8Lyhpl/6PcJpgsc=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRJb1GVRhC4r2Ac0aZhMJ+3QmSTMTMQS8hdu/BU3LhRxqzv/xuljoa0HBg7n3MOde4KEUals+9sorKyurW8UN0tb2zu7e+b+QUvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0baweh64rfviZA0ju7UOCEeR4OIhhQjpSXftOp+BbqScuiGAuEMukyH+6hXgXkGb/zMFRxy9JD3smqeQ98s25Y9BVwmzpyUwRwN3/xy+zFOOYkUZkjKrmMnysuQUBQzkpfcVJIE4REakK6mEeJEetn0rhyeaKUPw1joFyk4VX8nMsSlHPNAT3KkhnLRm4j/ed1UhZdeRqMkVSTCs0VhyqCK4aQk2KeCYMXGmiAsqP4rxEOk+1G6ypIuwVk8eZm0zizn3KreVsu1q3kdRXAEjsEpcMAFqIE6aIAmwOARPINX8GY8GS/Gu/ExGy0Y88wh+APj8wcyvp68</latexit>

H3 ⇠ �
3

E4
max

❖ What is the dependence on EMAX for each of these progressive corrections?
<latexit sha1_base64="7143uQNrn8N4GSZEA7v7H5NoRy0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB4jmAckS5idzCZD5rHMzIphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LBjhMaCjyQLGYEWyd1bntZVwsk8NOkV674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezkCTpxSh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpN/0d9pimxfOwIJpq5WxEZYo2JdSmVXAjB4svLpHlWDS6q5/fnldp1HkcRjuAYTiGAS6jBHdShAQQUPMMrvHnWe/HevY95a8HLZw7hD7zPHyWokS4=</latexit>

Emax

<latexit sha1_base64="TEIxVAfM8UUc4Qcu1CAKMb18gdI="></latexit>

O(1/E3
max)

<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>

H2 ⇠
�
2

E2
max

X

a

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�
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<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...
<latexit sha1_base64="EkooFkwtzfo0uG/ETGWNasGoLSs=">AAAB8nicbVBNSwMxFMzWr1q/qh69BIvgqeyWol6EohePFWwtbJeSzWbb0GyyJG+FsvRnePGgiFd/jTf/jWm7B20dCAwz88h7E6aCG3Ddb6e0tr6xuVXeruzs7u0fVA+PukZlmrIOVULpXkgME1yyDnAQrJdqRpJQsMdwfDvzH5+YNlzJB5ikLEjIUPKYUwJW8v2+sNmIBNeNQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfL7yFJ9ZJcKx0vZJwHP190ROEmMmSWiTCYGRWfZm4n+en0F8FeRcphkwSRcfxZnAoPDsfhxxzSiIiSWEam53xXRENKFgW6rYErzlk1dJt1H3LurN+2atdVPUUUYn6BSdIw9doha6Q23UQRQp9Ixe0ZsDzovz7nwsoiWnmDlGf+B8/gCfdZDV</latexit>

[�] = 2
<latexit sha1_base64="VqRk08NvbrUWJDME5wuoS0PrQq0=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWRoi6LblxWsA9oYplMJu3QySTMTIQSu/BX3LhQxK2/4c6/cdpmoa0HBg7n3MO9c4KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+H1xG8/UKlYIu70KKV+jPuCRYxgbaSefdhCnmIx8rjJhBh56YDd11DPrjhVZwq0SNyCVKBAo2d/eWFCspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8ev8YnRglRFEizRMaTdXfiRzHSo3iwEzGWA/UvDcR//O6mY4u/ZyJNNNUkNmiKONIJ2hSBgqZpETzkSGYSGZuRWSAJSbaVFY2JbjzX14krbOqe16t3dYq9auijhIcwTGcggsXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMkqMgfwB9bnDzxtlPc=</latexit>

V ⇠ ��4
<latexit sha1_base64="9dIW20C3NIQCdTDmwatfvdW4Pg8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui266s4J9QBPDZDpph85MwsxEKKUbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3WR+55FIRWNxr8cJ8TkaCBpRjLSRAvuoEQhPUQ49jvQQIwZvK+0HcRbYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0f4ESU0xI9OSlyqSIDxCA9IzVCBOlD+ZPTCFp0bpwyiWpoSGM/X3xARxpcY8NJ3ZmWrRy8T/vF6qoyt/QkWSaiLwfFGUMqhjmKUB+1QSrNnYEIQlNbdCPEQSYW0yK5kQ3MWXl0n7vOpeVGt3tXL9Oo+jCI7BCagAF1yCOmiAJmgBDKbgGbyCN+vJerHerY95a8HKZw7BH1ifP0DvlYw=</latexit>

Hn ⇠ O(V n)

<latexit sha1_base64="g4dXVD4y/BJxciyT470dTbARO4M="></latexit>
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n

E
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max

X
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Z
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Emax
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Emax
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mQ

Emax
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Ona
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Emax
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@t

Emax
,�

◆

<latexit sha1_base64="tNNP7hyWSg1g8Lyhpl/6PcJpgsc=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRJb1GVRhC4r2Ac0aZhMJ+3QmSTMTMQS8hdu/BU3LhRxqzv/xuljoa0HBg7n3MOde4KEUals+9sorKyurW8UN0tb2zu7e+b+QUvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0baweh64rfviZA0ju7UOCEeR4OIhhQjpSXftOp+BbqScuiGAuEMukyH+6hXgXkGb/zMFRxy9JD3smqeQ98s25Y9BVwmzpyUwRwN3/xy+zFOOYkUZkjKrmMnysuQUBQzkpfcVJIE4REakK6mEeJEetn0rhyeaKUPw1joFyk4VX8nMsSlHPNAT3KkhnLRm4j/ed1UhZdeRqMkVSTCs0VhyqCK4aQk2KeCYMXGmiAsqP4rxEOk+1G6ypIuwVk8eZm0zizn3KreVsu1q3kdRXAEjsEpcMAFqIE6aIAmwOARPINX8GY8GS/Gu/ExGy0Y88wh+APj8wcyvp68</latexit>

H3 ⇠ �
3

E4
max

❖ Local approximation: only keep terms up to

➡ We can stop at

<latexit sha1_base64="eMgNDwEle4Oq2GCq/o9Vlh4g4oI=">AAACBXicbVDLSgMxFM3UV62vqktdBItQN3WmFHVZFMGdFewDOuOQSTNtaJIZkoxYhm7c+CtuXCji1n9w59+YPhbaeuDC4Zx7ufeeIGZUadv+tjILi0vLK9nV3Nr6xuZWfnunoaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWbQvxj5zXsiFY3ErR7ExOOoK2hIMdJG8vP7Lke6hxFLr4dF5/jST13JIUcPw7vykZ8v2CV7DDhPnCkpgClqfv7L7UQ44URozJBSbceOtZciqSlmZJhzE0VihPuoS9qGCsSJ8tLxF0N4aJQODCNpSmg4Vn9PpIgrNeCB6RzdrGa9kfif1050eOalVMSJJgJPFoUJgzqCo0hgh0qCNRsYgrCk5laIe0girE1wOROCM/vyPGmUS85JqXJTKVTPp3FkwR44AEXggFNQBVegBuoAg0fwDF7Bm/VkvVjv1sekNWNNZ3bBH1ifP0EUl8c=</latexit>

O(1/E2
max)

<latexit sha1_base64="SxzwRXEL/1CsQmjiAgToP4DCOcU=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELxwxyiOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzSRBP6JDyUPOqLHSQ71f6RdLbtldgKwTLyMlyNDoF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietStm7Klfvq6XabRZHHs7gHC7Bg2uoQR0a0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz/G8416</latexit>

H2

<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>
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Emax
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�<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>
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Emax
(�+ �

3)i�̇+O(1/E2
max)

�

❖ What is the dependence on EMAX for each of these progressive corrections?
<latexit sha1_base64="7143uQNrn8N4GSZEA7v7H5NoRy0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB4jmAckS5idzCZD5rHMzIphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LBjhMaCjyQLGYEWyd1bntZVwsk8NOkV674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezkCTpxSh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpN/0d9pimxfOwIJpq5WxEZYo2JdSmVXAjB4svLpHlWDS6q5/fnldp1HkcRjuAYTiGAS6jBHdShAQQUPMMrvHnWe/HevY95a8HLZw7hD7zPHyWokS4=</latexit>

Emax
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❖ Adding together the other diagrams builds the full operator, giving:

<latexit sha1_base64="OFgyP3+vO3Tbg7w+3ohD1RsdcSc="></latexit>

hf |T2|ii

<latexit sha1_base64="1NM0jniCWdmME49JLrPZCLNyQq4="></latexit>

T2

���
fund

� T2

���
e↵

' � 3�2

4!(16⇡R)

X

k

⇥(2!k � Emax)

!3
k

Z
dx : �4 :

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

❖ Matching determines:

<latexit sha1_base64="FdCy4i2JP45TFSkKnCttCd7vCAk="></latexit>

H2 ' �2

4!

Z
dx : �4 :

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="1NM0jniCWdmME49JLrPZCLNyQq4="></latexit>
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���
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� T2

���
e↵

' � 3�2

4!(16⇡R)

X

k

⇥(2!k � Emax)

!3
k

Z
dx : �4 :

<latexit sha1_base64="8qg7ajxT20NzgKJLG7FRxay8hnk="></latexit>

) �2 = � 3�2

16⇡R

X

k

⇥(2!k � Emax)

!3
k

Diagrammatic Matching O (V^2): Four External Legs
<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)
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❖ Mass correction: 
<latexit sha1_base64="OFgyP3+vO3Tbg7w+3ohD1RsdcSc="></latexit>

hf |T2|ii

❖ Evaluate diagrams

❖ UV/IR mixing: some intermediate momenta can be large, while others small 

❖ Separation of scales is not manifest diagram-by-diagram, but only when all 
diagrams are added together 

Diagrammatic Matching O (V^2): Two External Legs
<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)
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❖ Matching and evaluating all diagrams with two external legs gives:

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="1NM0jniCWdmME49JLrPZCLNyQq4="></latexit>
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���
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���
e↵
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4!(16⇡R)

X

k

⇥(2!k � Emax)

!3
k

Z
dx : �4 :

<latexit sha1_base64="ECXTVX3/m5/KpLkwVmtVCaeblWE="></latexit>

H2 ' 1

2
m

2
V 2

Z
dx : �2 :

❖ And we find the coupling in 
<latexit sha1_base64="ECXTVX3/m5/KpLkwVmtVCaeblWE="></latexit>

H2 ' 1

2
m

2
V 2

Z
dx : �2 :

Diagrammatic Matching O (V^2): Two External Legs
<latexit sha1_base64="rHiaZGSEKMD6vfKhIdug2hpoCO4="></latexit>

O(V 2)

<latexit sha1_base64="dIEsIQzIoenjKD1ROuUjmDcFjqs="></latexit>

hf |H2|iie↵ =
>X

↵

hf |V |↵ih↵|V |ii
Ef � E↵

<latexit sha1_base64="reuqBvZZNO3FmcGV0vaTAqow080="></latexit>
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❖ The coupling constants in the non-normal-ordered HEFF should not have 
any UV/IR mixing, using 

Separation of Scales

The NO operator coefficients can have 
UV/IR mixing, as they are essentially 
renormalized at 

<latexit sha1_base64="U9vKRhSiD/Ul4CguiQTY14y73ls=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA22027dHcTdjdCCP0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3czv/NElWaxfDRZQgOBR5JFjGBjJb8v0ht3UK25dXcOtEq8gtSgQGtQ/eoPY5IKKg3hWOue5yYmyLEyjHA6rfRTTRNMJnhEe5ZKLKgO8vmxU3RmlSGKYmVLGjRXf0/kWGididB2CmzGetmbif95vdRE10HOZJIaKsliUZRyZGI0+xwNmaLE8MwSTBSztyIyxgoTY/Op2BC85ZdXSfui7l3WGw+NWvO2iKMMJ3AK5+DBFTThHlrgAwEGz/AKb450Xpx352PRWnKKmWP4A+fzB1IajmA=</latexit>

µ = 0

❖ The UV/IR contributions are:
<latexit sha1_base64="3MCpTDxJYUbU8bmbDUI/imKIros="></latexit>
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X
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⇥(!3 + !4 + !5 � Emax)

!3!4!5(�!3 � !4 � !5)

<latexit sha1_base64="2dnU+2EdilA0Ji7Lu06wS4q12WU="></latexit>
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X
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IR sensitive 

<latexit sha1_base64="9Q5SAx1vQus427jW7JtIHrj1ZR4="></latexit>
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<latexit sha1_base64="X6qhBlpBwEha5mK8i+kigeL0cKM=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEinosiuCxgv2AJoTNdtsu3U3C7kRaQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5oWJ4Boc59sqrKyurW8UN0tb2zu7e/b+QVPHqaKsQWMRq3ZINBM8Yg3gIFg7UYzIULBWOLyZ+q1HpjSPowcYJ8yXpB/xHqcEjBTYR55Msae5xLeBB2wEmSSjSWCXnYozA14mbk7KKEc9sL+8bkxTySKggmjdcZ0E/Iwo4FSwSclLNUsIHZI+6xgaEcm0n83On+BTo3RxL1amIsAz9fdERqTWYxmaTklgoBe9qfif10mhd+VnPEpSYBGdL+qlAkOMp1ngLleMghgbQqji5lZMB0QRCiaxkgnBXXx5mTTPK+5FpXpfLdeu8ziK6BidoDPkoktUQ3eojhqIogw9o1f0Zj1ZL9a79TFvLVj5zCH6A+vzBzY8law=</latexit>

µ ⇠ Emax

<latexit sha1_base64="cQR/5OoEzt5vHytpKNtNN9QqTnA=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRS48V7Ac0pWy2k3bpZhN2J2IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2I2gjYvWAkwR6ERsqEQrO0Ep+ve8jPGEGYTjtlytu1Z2DrhIvJxWSo9Evf/mDmKcRKOSSGdP13AR7GdMouIRpyU8NJIyP2RC6lioWgell85un9MwqAxrG2pZCOld/T2QsMmYSBbYzYjgyy95M/M/rphje9DKhkhRB8cWiMJUUYzoLgA6EBo5yYgnjWthbKR8xzTjamEo2BG/55VXSuqh6V9XL+8tK7TaPo0hOyCk5Jx65JjVSJw3SJJwk5Jm8kjcndV6cd+dj0Vpw8plj8gfO5w9hGpHs</latexit>

He↵

<latexit sha1_base64="JYSXlcsy7nXUVU0QSlgTpF25r58=">AAACFXicbVDLSgMxFM3UV62vqks3wSJUlDJTiroRiiK4bMU+oK1DJk3b0GRmSO5Iy9CfcOOvuHGhiFvBnX9j+lho9UA4J+feS3KPFwquwba/rMTC4tLySnI1tba+sbmV3t6p6iBSlFVoIAJV94hmgvusAhwEq4eKEekJVvP6l+N67Z4pzQP/FoYha0nS9XmHUwLGctPH0s3f5fERlm7Z8LnhG8NZ3JSRuV25TWADiCUZjPChm87YOXsC/Fc4M5FBM5Tc9GezHdBIMh+oIFo3HDuEVkwUcCrYKNWMNAsJ7ZMuaxjpE8l0K55sNcIHxmnjTqDM8QFP3J8TMZFaD6VnOiWBnp6vjc3/ao0IOmetmPthBMyn04c6kcAQ4HFEuM0VoyCGRhCquPkrpj2iCAUTZMqE4Myv/FdU8znnJFcoFzLFi1kcSbSH9lEWOegUFdE1KqEKougBPaEX9Go9Ws/Wm/U+bU1Ys5ld9AvWxzcInJus</latexit>

m2
2 +m2

Q = m2
R(µ = Emax)
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Separation of Scales

<latexit sha1_base64="ke4EtEU71amTj0msLdZD2UQLStY="></latexit>
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3 “Un-normal ordering” the phi interaction
<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>
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Contributes to 
<latexit sha1_base64="rvlUAHhKnWcgOjw03dcO/mldaww=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+54kqzaS4N9OY+hEeCRYygo2V2v14zB5qg3LFrbpzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4ZWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXqt5FtX5XrzSu8ziKcAKncA4eXEIDbqEJLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wc+M47s</latexit>
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❖ Summing all of these mixed IR/UV contributions together yields:

Separation of Scales

<latexit sha1_base64="cabendH/OJtcb6u5X6SLOaSS/2w="></latexit>
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❖ The UV/IR mixing vanishes! Separation of scales is manifest.

❖ This justifies the local approximation, can expand in powers of 
<latexit sha1_base64="QwQM1Uabt+bWabksEef5yTJc5fI=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJqIkVdFqXgsoJ9QBvCZDpph04ezNxIS8jGX3HjQhG3foY7/8Zpm4VWD1w4nHMv997jxYIrsKwvo7C0vLK6VlwvbWxube+Yu3stFSWSsiaNRCQ7HlFM8JA1gYNgnVgyEniCtb3RzdRvPzCpeBTewyRmTkAGIfc5JaAl1zyouyk/xX6Gz3Dd7QEbQxqQceaaZatizYD/EjsnZZSj4ZqfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046eyDDx1rpYz+SukLAM/XnREoCpSaBpzsDAkO16E3F/7xuAv6Vk/IwToCFdL7ITwSGCE/TwH0uGQUx0YRQyfWtmA6JJBR0ZiUdgr348l/SOq/YF5XqXbVcu87jKKJDdIROkI0uUQ3dogZqIooy9IRe0KvxaDwbb8b7vLVg5DP76BeMj2+J6ZXD</latexit>

Ei,f/Emax

<latexit sha1_base64="HoYNCJZCTQ4vqte3f338JfZNTtM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUMkp6MVjBPPAZA2zk95kcHZ2mZkVQshfePGgiFf/xpt/4yTZgyYWNBRV3XR3BYng2rjut5NbWV1b38hvFra2d3b3ivsHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBU8Xk/91hMqzWN5Z0YJ+hEdSB5yRo2V7qvdZMgfKqRKesWSW3ZnIMvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/DFVhjOBk0I31ZhQ9kgH2LFU0gi1P55dPCEnVumTMFa2pCEz9ffEmEZaj6LAdkbUDPWiNxX/8zqpCS/9MZdJalCy+aIwFcTEZPo+6XOFzIiRJZQpbm8lbEgVZcaGVLAheIsvL5PmWdk7L1duK6XaVRZHHo7gGE7BgwuowQ3UoQEMJDzDK7w52nlx3p2PeWvOyWYO4Q+czx/u74/K</latexit>
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Matching Results and Implementation

45
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�2 = � 3�2

16⇡R

X

k

⇥ (2!k � Emax)

!3
k

<latexit sha1_base64="YhZNjRAHib9x+KSUhXv08Y3fArs="></latexit>

He↵ = H0 +

Z
dx


1

2

�
m

2
V +m

2
V2

�
: �2 : +

�
2 + �2

4!
: �4 :

�
❖ Final answer at this order:

❖ Corrected couplings*

Computationally costly to build matrices

❖ Tuning the couplings, adding matrices together, and diagonalizing is cheap
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*local approximation, neglecting 
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Improved Probe of DE1

46

❖ Very quick approach to the correct first excited energy level
❖ Results obtained on a laptop comparable to others requiring a grid

<latexit sha1_base64="0N4jI8W6Qmhtt6bCxKHhQ0+cWGU="></latexit>

�E1 ⌘ E1 � E0

<latexit sha1_base64="xRtrnNZxguwPwUK93Sx9wwagSiQ="></latexit>

�E1

Elias-Miro, Rychkov Vitale (2017)
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❖ 1EEEE2 scaling❖ 1EEEE2 scaling

Error Scaling with EEE 

47

Raw Truncation Truncation + Improvement

<latexit sha1_base64="QE8AQex0BMehcxiIXTH0V9XmkzU="></latexit>

1/E3
max

<latexit sha1_base64="zVy6PPjq9w7nJt0wzWuKJPMLwJ8="></latexit>

1/E2
max

<latexit sha1_base64="AxJdf5up/kYN0Xdu2eDzaQ39AbU="></latexit>

Emax
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Excited States

48

❖ 1EEEE2 scaling persists:
<latexit sha1_base64="QE8AQex0BMehcxiIXTH0V9XmkzU="></latexit>
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2D Ising Model Checks

49

• 2D phi is in the same universality class as the 2D 
Ising model

Anand, Genest, Katz, Khandker, 
Walters, arXiv:1704.04500

Onsager, Phys. Rev. 05, 117 (1944)

• 2D Ising Model phase transition:

Decreasing T 

Demidov, www.ibiblio.org/e-notes/Perc/ising.htm

• Expect energy spectrum of 2D phi to map onto 
operator dimensions of 2D Ising model

<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>
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<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>
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• Indicates Z2 symmetry 
is spontaneously 
broken  

50

Probing the Critical Coupling
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0
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4

• Degenerate ground 
state emergence for 
strong coupling 

<latexit sha1_base64="5PEXV6BC8QlAq/nisMjhTSPt6JQ="></latexit>

Z2

• What happens to the 
spectrum at larger 
coupling?
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0
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4

• Should reproduce its 
spectrum near the 
critical coupling

• What happens to the 
spectrum at larger 
coupling?

• 2D phi4 is in same 
universality class as the 
2D Ising model

<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>

�4

Probing the Critical Coupling
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• Shaded: Critical 
coupling region

• What happens to the 
spectrum at larger 
coupling?

• 2D phi4 is in same 
universality class as the 
2D Ising model

<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>
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Probing the Critical Coupling
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• The improved theory 
shows better agreement 
when compared to the 
raw truncation
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• Shaded: Critical 
coupling region

• Dark colors: raw
• Light colors: improved

Probing the Critical Coupling
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• The second excited 
state also probes the 2D 
Ising model prediction
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• Shaded: Critical 
coupling region

• Dark colors: raw
• Light colors: improved

Probing the Critical Coupling
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• The third excited state 
also probes the 2D Ising 
model prediction
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• No Z2 degeneracy for 
higher excited states, 
probably an artifact of 
finite R

<latexit sha1_base64="5PEXV6BC8QlAq/nisMjhTSPt6JQ="></latexit>

Z2

• Shaded: Critical 
coupling region

• Dark colors: raw
• Light colors: improved

Probing the Critical Coupling
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• The full spectrum

• Odd/Even states

• No Z2 degeneracy for 
higher excited states, 
probably an artifact of 
finite R

<latexit sha1_base64="5PEXV6BC8QlAq/nisMjhTSPt6JQ="></latexit>

Z2

• Shaded: Critical 
coupling region

• Dark colors: raw
• Light colors: improved

Probing the Critical Coupling
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Stronger Couplings (Z2 even)

57

<latexit sha1_base64="XT0wZoeI/3217/4RiQrQKh/jwFs="></latexit>

Z2

❖ Need to increase truncation scale to see power-law scaling 
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Stronger Couplings (Z2 odd)

58

❖ Need to increase truncation scale to see power-law scaling 

<latexit sha1_base64="XT0wZoeI/3217/4RiQrQKh/jwFs="></latexit>

Z2
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Stronger Couplings (Z2 odd)
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❖ Need to increase truncation scale to see power-law 
scaling 

<latexit sha1_base64="XT0wZoeI/3217/4RiQrQKh/jwFs="></latexit>

Z2

Numerical Noise from degenerate eigenvalues
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Stronger Couplings (Z2 odd)
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❖ Need to increase truncation scale to see power-law 
scaling 

<latexit sha1_base64="XT0wZoeI/3217/4RiQrQKh/jwFs="></latexit>

Z2

Numerical Noise from degenerate eigenvalues
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<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>

H2 ⇠
�
2

E2
max

X

a

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>

H2 ⇠
�
2

E2
max

X

a

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�

vs.

<latexit sha1_base64="7LCXiy5wvvK5pUmye1J32tTJki0="></latexit>X

k

⇥(2!k � Emax)

!3
k

[1 +O(Ei,f/Emax)]
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Numerical Noise at NLO
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❖ By the time the corrections have smoothed to a scaling regime, noise makes it 
difficult to distinguish 1/EMAX3 vs. 1/EMAX^ scaling 

❖ Strategies: increase RR or increase LL

<latexit sha1_base64="LUkKNXSibpH99PIRRIshuwqE+MY=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU02kqMeiCB4r2A9oY9hsN+3S3STsbsQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IOFMacf5tpaWV1bX1gsbxc2t7Z2SvbvXVHEqCW2QmMeyHWBFOYtoQzPNaTuRFIuA01YwvJr4rQcqFYujOz1KqCdwP2IhI1gbybdL7sm1n3WlQAI/ju+rvl12Ks4UaJG4OSlDjrpvf3V7MUkFjTThWKmO6yTay7DUjHA6LnZTRRNMhrhPO4ZGWFDlZdPDx+jIKD0UxtJUpNFU/T2RYaHUSASmU2A9UPPeRPzP66Q6vPAyFiWpphGZLQpTjnSMJimgHpOUaD4yBBPJzK2IDLDERJusiiYEd/7lRdI8rbhnlepttVy7zOMowAEcwjG4cA41uIE6NIBACs/wCm/Wk/VivVsfs9YlK5/Zhz+wPn8ArhiSeQ==</latexit>

1/E4
max

<latexit sha1_base64="erHebBhSdqZ9VDguk7l26rU5qZw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVzXRoi6LIrisYB/QxjCZTtqhM0mYmYg19EvcuFDErZ/izr9x+lho64ELh3Pu5d57goQzpR3n28otLa+sruXXCxubW9tFe2e3oeJUElonMY9lK8CKchbRumaa01YiKRYBp81gcDX2mw9UKhZHd3qYUE/gXsRCRrA2km8X3eNrP+tIgQR+HN2f+nbJKTsToEXizkgJZqj59lenG5NU0EgTjpVqu06ivQxLzQino0InVTTBZIB7tG1ohAVVXjY5fIQOjdJFYSxNRRpN1N8TGRZKDUVgOgXWfTXvjcX/vHaqwwsvY1GSahqR6aIw5UjHaJwC6jJJieZDQzCRzNyKSB9LTLTJqmBCcOdfXiSNk7J7Vq7cVkrVy1kcediHAzgCF86hCjdQgzoQSOEZXuHNerJerHfrY9qas2Yze/AH1ucPrJSSeA==</latexit>

1/E3
max

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�
<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
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❖ Introduced a scheme for systematic, 
order-by-order improvement for 
Hamiltonian truncation: HTET

❖ Fast results obtained on a laptop

❖ Demonstrated improvement from 1/
EMXx^2 scaling for raw truncation to 1/
EMX^3   scaling for improved theory

❖ This improvement program would be more convincing at NLO

❖ 2D phi theory at next order (1/EMX^4 scaling)

❖ Next order may require state-dependent counterterms

<latexit sha1_base64="zVy6PPjq9w7nJt0wzWuKJPMLwJ8="></latexit>

1/E2
max

<latexit sha1_base64="QE8AQex0BMehcxiIXTH0V9XmkzU="></latexit>

1/E3
max

<latexit sha1_base64="TEJ7Afpgs1UrqHH6rrOnFQxjTJM="></latexit>

1/E4
max

<latexit sha1_base64="A4SPiuUdo6wMSgW6V2E6ISccll8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QriWbZttoNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w9aRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7ejxeuq3n6g2TIo7O1Y0TPBQsJgRbJ3U6qkRu6/1yxW/6s+AlkmQkwrkaPTLX72BJGlChSUcG9MNfGXDDGvLCKeTUi81VGHyiIe066jACTVhNrt2gk6cMkCx1K6ERTP190SGE2PGSeQ6E2xHZtGbiv953dTGl2HGhEotFWS+KE45shJNX0cDpimxfOwIJpq5WxEZYY2JdQGVXAjB4svLpHVWDc6rtdtapX6Vx1GEIziGUwjgAupwAw1oAoEHeIZXePOk9+K9ex/z1oKXzxzCH3ifP0E7ju4=</latexit>

�4



Thank you!
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Matching Strategy

66

❖ Start with some initial state at and the, turn off interactions adiabatically for 
<latexit sha1_base64="GssBSGl6pZFyvBsrNAlcoQHU4D8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqY19QW6I2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+7pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZr+TgdCcoZxYQpkW9lbCRlRThjahkg3BW355lbQuqt5ltfZQq9Rv8ziKcAKncA4eXEEd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf9P46y</latexit>

ti = 0
<latexit sha1_base64="Xlh+aGWx7UxTj4HW/ZuVBoo5ewo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvXisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPeC12ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fz+vFK7yeMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w/Uzo2D</latexit>

t > 0

<latexit sha1_base64="ZfDFkq+csBMr7fxTwUiIGtro8Sg=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FgSKeqy6MZlBZsWmlgm05t26GQSZiZCCdn4K25cKOLWz3Dn3zh9LLT1wMDhnHu5c06Ycqa043xbS8srq2vrpY3y5tb2zq69t++pJJMUmjThiWyHRAFnApqaaQ7tVAKJQw6tcHgz9luPIBVLxL0epRDEpC9YxCjRRurahx72dYI9DA/5mQ+pYjwRWBddu+JUnQnwInFnpIJmaHTtL7+X0CwGoSknSnVcJ9VBTqRmlENR9jMFKaFD0oeOoYLEoIJ8EqDAJ0bp4SiR5gmNJ+rvjZzESo3i0EzGRA/UvDcW//M6mY6ugpyJNNMg6PRQlHFsIo/bwD0mgWo+MoRQycxfMR0QSag2nZVNCe585EXinVfdi2rtrlapX8/qKKEjdIxOkYsuUR3dogZqIooK9Ixe0Zv1ZL1Y79bHdHTJmu0coD+wPn8AeVGVtw==</latexit>

V ! V e�✏t

❖ Evolve the state to to=+infinity  and computer its overlap with states<latexit sha1_base64="HsTAzZNWEQVnvT30dzyJgpbnhBs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBZBEEoiRT0WvXisYG2hCWGz3bRLN5uwOymE0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmhangGhzn26qsrW9sblW3azu7e/sH9uHRk04yRVmHJiJRvZBoJrhkHeAgWC9VjMShYN1wfDfzuxOmNE/kI+Qp82MylDzilICRAtuGIMIeJPgCe1xGkAd23Wk4c+BV4pakjkq0A/vLGyQ0i5kEKojWfddJwS+IAk4Fm9a8TLOU0DEZsr6hksRM+8X88ik+M8oAR4kyJQHP1d8TBYm1zuPQdMYERnrZm4n/ef0Mohu/4DLNgEm6WBRlAptPZzHgAVeMgsgNIVRxcyumI6IIBRNWzYTgLr+8Sp4uG+5Vo/nQrLduyziq6ASdonPkomvUQveojTqIogl6Rq/ozSqsF+vd+li0Vqxy5hj9gfX5A2GIkt0=</latexit>

tf ! +1
<latexit sha1_base64="CVFuvNbcfOKlzaT10011FOcAV7Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRBI8V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNvjvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+ien5/Xqld53EU4QiO4RQ8uIQa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wcVzI2u</latexit>

Ei

<latexit sha1_base64="z+Aobdg9fZD60oz5ZOyAvoDXrQI="></latexit>

lim
tf!1

hf |e�iHeff tf |ii = lim
✏!0+

hf |T exp
⇢
�i

Z 1

0
dt(H0 + V e

�✏t)

�
|ii

❖ Go to the interaction picture:
<latexit sha1_base64="81JmF2DnCqTXw0uZBi847Im/KSg="></latexit>

OIP(t) = eiH0tO SPe
�iH0t

<latexit sha1_base64="qpQ3AwX0B4xgAyJI8hi6o2l0am8=">AAACLHicbVDLSgMxFM34tr6qLt0Ei6CbMiOibgSxG91VtA/o1CGT3tZgJjMkd8Qy7Qe58VcEcaGIW7/D9LHQ6oHAyTnnktwTJlIYdN13Z2p6ZnZufmExt7S8srqWX9+omjjVHCo8lrGuh8yAFAoqKFBCPdHAolBCLbwrDfzaPWgjYnWN3QSaEeso0RacoZWCfKnnJ0bs4h71NVMdCYGP8IAZvSjTPj2hcJMJeh64FO21RyfD2VW5nwvyBbfoDkH/Em9MCmSMcpB/8VsxTyNQyCUzpuG5CTYzplFwCf2cnxpIGL9jHWhYqlgEppkNl+3THau0aDvW9iikQ/XnRMYiY7pRaJMRw1sz6Q3E/7xGiu3jZiZUkiIoPnqonUqKMR00R1tCA0fZtYRxLexfKb9lmnG0/Q5K8CZX/kuq+0XvsHhweVA4PRvXsUC2yDbZJR45IqfknJRJhXDySJ7JG3l3npxX58P5HEWnnPHMJvkF5+sbhWyl7w==</latexit>

| (t)i IP = eiH0t| (t)iSP

<latexit sha1_base64="oVRIZ+oxSqW21e6w4MLhC3U8L1o="></latexit>

UIP(tf , ti) = T exp

⇢
�i

Z tf

ti

dtVIP(t)

�
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<latexit sha1_base64="ZfDFkq+csBMr7fxTwUiIGtro8Sg=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FgSKeqy6MZlBZsWmlgm05t26GQSZiZCCdn4K25cKOLWz3Dn3zh9LLT1wMDhnHu5c06Ycqa043xbS8srq2vrpY3y5tb2zq69t++pJJMUmjThiWyHRAFnApqaaQ7tVAKJQw6tcHgz9luPIBVLxL0epRDEpC9YxCjRRurahx72dYI9DA/5mQ+pYjwRWBddu+JUnQnwInFnpIJmaHTtL7+X0CwGoSknSnVcJ9VBTqRmlENR9jMFKaFD0oeOoYLEoIJ8EqDAJ0bp4SiR5gmNJ+rvjZzESo3i0EzGRA/UvDcW//M6mY6ugpyJNNMg6PRQlHFsIo/bwD0mgWo+MoRQycxfMR0QSag2nZVNCe585EXinVfdi2rtrlapX8/qKKEjdIxOkYsuUR3dogZqIooK9Ixe0Zv1ZL1Y79bHdHTJmu0coD+wPn8AeVGVtw==</latexit>

V ! V e�✏t

❖ We would prefer to match an operator order by order

❖ Start by turning off interactions adiabatically 

<latexit sha1_base64="u4FDhK5qg/xy50NGKMed9OMXM1Y="></latexit>

lim
tf!1

hf |e�iHefftf |ii = lim
✏!0+

hf |T exp

⇢
�i

Z 1

0
dtH0 + V e

�it

�
|ii

❖ Evolving in time, we find an ill-defined phase

❖ Can be factored out in the interaction picture
<latexit sha1_base64="O13wNY+sHKN51jqVJ84s14Tb3Jw=">AAACLnicdVDLSsNAFJ34tr6qLt0MFkE3JRFRN4Iogu4iWhWaGibT2zo4mYSZG7HEfJEbf0UXgoq49TOc1i58Hhg4nHMud+6JUikMuu6TMzA4NDwyOjZempicmp4pz86dmCTTHGo8kYk+i5gBKRTUUKCEs1QDiyMJp9Hlbtc/vQJtRKKOsZNCI2ZtJVqCM7RSWN67oYFvxDKu0EAz1ZYQBgjXmB/4Bd2icJ4Luh+6FAv6X/LIL8Jyxa26PdDfxOuTCunDD8sPQTPhWQwKuWTG1D03xUbONAouoSgFmYGU8UvWhrqlisVgGnnv3IIuWaVJW4m2TyHtqV8nchYb04kjm4wZXpifXlf8y6tn2Nps5EKlGYLin4tamaSY0G53tCk0cJQdSxjXwv6V8gumGUfbcMmW4P08+Tc5Wa1669W1w7XK9k6/jjGyQBbJMvHIBtkm+8QnNcLJLbknz+TFuXMenVfn7TM64PRn5sk3OO8fZ0+nmg==</latexit>

| (t)iIP = eiH0t| (t)iSP
<latexit sha1_base64="TToTi05jA9OzK8VarmByZ0qWktY=">AAACL3icbVDJSgNBFOxxN25Rj14ag+DFMCNBvQiiIHoyolkgiUNP5yVp0rPQ/UYMw/yRF3/Fi4giXv0LO4ugiQUNRVU9+r3yIik02varNTU9Mzs3v7CYWVpeWV3Lrm+UdRgrDiUeylBVPaZBigBKKFBCNVLAfE9Cxeue9f3KPSgtwuAWexE0fNYOREtwhkZys+d1n2GHM5lcpW4d4QGTy2JKjyncJYJeuDbFlE5mbkzGJPZ+Im42Z+ftAegkcUYkR0YoutnnejPksQ8Bcsm0rjl2hI2EKRRcQpqpxxoixrusDTVDA+aDbiSDe1O6Y5QmbYXKvADpQP09kTBf657vmWR/cz3u9cX/vFqMraNGIoIoRgj48KNWLCmGtF8ebQoFHGXPEMaVMLtS3mGKcTQVZ0wJzvjJk6S8n3cO8oXrQu7kdFTHAtki22SXOOSQnJALUiQlwskjeSZv5N16sl6sD+tzGJ2yRjOb5A+sr2/Ghaje</latexit>

OIP = eiH0tOSPe
�iH0t

❖ Time evolution:
<latexit sha1_base64="oVRIZ+oxSqW21e6w4MLhC3U8L1o="></latexit>

UIP(tf , ti) = T exp

⇢
�i

Z tf

ti

dtVIP(t)

�



Rachel Houtz August, 2024

Expansion of the Transition Matrix

68

❖ Time evolution:
<latexit sha1_base64="oVRIZ+oxSqW21e6w4MLhC3U8L1o="></latexit>

UIP(tf , ti) = T exp

⇢
�i

Z tf

ti

dtVIP(t)

�
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<latexit sha1_base64="U5I/Ne3OGyTpa6KHsz4hZ7Eunuw="></latexit>

He↵ = H0 +H1 +H2 + ...
<latexit sha1_base64="EkooFkwtzfo0uG/ETGWNasGoLSs=">AAAB8nicbVBNSwMxFMzWr1q/qh69BIvgqeyWol6EohePFWwtbJeSzWbb0GyyJG+FsvRnePGgiFd/jTf/jWm7B20dCAwz88h7E6aCG3Ddb6e0tr6xuVXeruzs7u0fVA+PukZlmrIOVULpXkgME1yyDnAQrJdqRpJQsMdwfDvzH5+YNlzJB5ikLEjIUPKYUwJW8v2+sNmIBNeNQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfL7yFJ9ZJcKx0vZJwHP190ROEmMmSWiTCYGRWfZm4n+en0F8FeRcphkwSRcfxZnAoPDsfhxxzSiIiSWEam53xXRENKFgW6rYErzlk1dJt1H3LurN+2atdVPUUUYn6BSdIw9doha6Q23UQRQp9Ixe0ZsDzovz7nwsoiWnmDlGf+B8/gCfdZDV</latexit>

[�] = 2
<latexit sha1_base64="VqRk08NvbrUWJDME5wuoS0PrQq0=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWRoi6LblxWsA9oYplMJu3QySTMTIQSu/BX3LhQxK2/4c6/cdpmoa0HBg7n3MO9c4KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g+H1xG8/UKlYIu70KKV+jPuCRYxgbaSefdhCnmIx8rjJhBh56YDd11DPrjhVZwq0SNyCVKBAo2d/eWFCspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8ev8YnRglRFEizRMaTdXfiRzHSo3iwEzGWA/UvDcR//O6mY4u/ZyJNNNUkNmiKONIJ2hSBgqZpETzkSGYSGZuRWSAJSbaVFY2JbjzX14krbOqe16t3dYq9auijhIcwTGcggsXUIcbaEATCDzCM7zCm/VkvVjv1sdsdMkqMgfwB9bnDzxtlPc=</latexit>

V ⇠ ��4<latexit sha1_base64="9dIW20C3NIQCdTDmwatfvdW4Pg8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclkaIui266s4J9QBPDZDpph85MwsxEKKUbf8WNC0Xc+hnu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tgorq2vrG8XN0tb2zu6evX/QVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3WR+55FIRWNxr8cJ8TkaCBpRjLSRAvuoEQhPUQ49jvQQIwZvK+0HcRbYZafqzACXiZuTMsjRDOwvrx/jlBOhMUNK9Vwn0f4ESU0xI9OSlyqSIDxCA9IzVCBOlD+ZPTCFp0bpwyiWpoSGM/X3xARxpcY8NJ3ZmWrRy8T/vF6qoyt/QkWSaiLwfFGUMqhjmKUB+1QSrNnYEIQlNbdCPEQSYW0yK5kQ3MWXl0n7vOpeVGt3tXL9Oo+jCI7BCagAF1yCOmiAJmgBDKbgGbyCN+vJerHerY95a8HKZw7BH1ifP0DvlYw=</latexit>

Hn ⇠ O(V n)

<latexit sha1_base64="g4dXVD4y/BJxciyT470dTbARO4M="></latexit>

Hn ⇠
�
n

E
2n�2
max

X

a

Z
Cna

✓
H0

Emax
,
R

�1

Emax
,
mQ

Emax

◆
Ona

✓
@x

Emax
,

@t

Emax
,�

◆

<latexit sha1_base64="tNNP7hyWSg1g8Lyhpl/6PcJpgsc=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRJb1GVRhC4r2Ac0aZhMJ+3QmSTMTMQS8hdu/BU3LhRxqzv/xuljoa0HBg7n3MOde4KEUals+9sorKyurW8UN0tb2zu7e+b+QUvGqcCkiWMWi06AJGE0Ik1FFSOdRBDEA0baweh64rfviZA0ju7UOCEeR4OIhhQjpSXftOp+BbqScuiGAuEMukyH+6hXgXkGb/zMFRxy9JD3smqeQ98s25Y9BVwmzpyUwRwN3/xy+zFOOYkUZkjKrmMnysuQUBQzkpfcVJIE4REakK6mEeJEetn0rhyeaKUPw1joFyk4VX8nMsSlHPNAT3KkhnLRm4j/ed1UhZdeRqMkVSTCs0VhyqCK4aQk2KeCYMXGmiAsqP4rxEOk+1G6ypIuwVk8eZm0zizn3KreVsu1q3kdRXAEjsEpcMAFqIE6aIAmwOARPINX8GY8GS/Gu/ExGy0Y88wh+APj8wcyvp68</latexit>

H3 ⇠ �
3

E4
max

❖ What is the dependence on EMAX for each of these progressive corrections?
<latexit sha1_base64="7143uQNrn8N4GSZEA7v7H5NoRy0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB4jmAckS5idzCZD5rHMzIphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LBjhMaCjyQLGYEWyd1bntZVwsk8NOkV674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezkCTpxSh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpN/0d9pimxfOwIJpq5WxEZYo2JdSmVXAjB4svLpHlWDS6q5/fnldp1HkcRjuAYTiGAS6jBHdShAQQUPMMrvHnWe/HevY95a8HLZw7hD7zPHyWokS4=</latexit>

Emax

<latexit sha1_base64="TEIxVAfM8UUc4Qcu1CAKMb18gdI="></latexit>

O(1/E3
max)

<latexit sha1_base64="ODoAccC3SQjqwmjqpnpU9tkHSWc="></latexit>

H2 ⇠
�
2

E2
max

X

a

Z 
�
2 + �

4 +
R

�1 +H0

Emax

�
1 + �

2 + �
4
�
+

1

Emax
(�+ �

3)i�̇+O(1/E2
max)

�
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<latexit sha1_base64="NxycqakViuSKlifXb2RswzPZ9y4="></latexit>

1

8

✓
�

2⇡R

◆2 X

k1,..k6

�k1+k2,k5+k6hf |��
4 �

�
3 �

+
2 �

+
1 |ii

1

2!k5

1

2!k6

1

!3 + !4 � !5 � !6 + i✏

<latexit sha1_base64="pZuFT1IetgguZkPxMLbgqqv/71Y="></latexit>

1

8

✓
�

2⇡R

◆2 X

k1,..k6

�k1,k2+k5+k6hf |��
4 �

�
3 �

�
2 �

+
1 |ii

1

2!k5

1

2!k6

1

!3 + !4 � !5 � !6 + i✏

<latexit sha1_base64="fIL7NJt4qhlvSdcY+dC91l++sgM="></latexit>

1

8

✓
�

2⇡R

◆2 X

k1,..k6

�k1+k2,k5+k6hf |��
4 �

�
3 �

+
2 �

+
1 |ii

1

2!k5

1

2!k6

1

�!1 � !2 � !5 � !6 + i✏

<latexit sha1_base64="kC99epNVIxIKehDevV8LJJEubew="></latexit>

k6

<latexit sha1_base64="nHZrJJyydHZ0dzGAZEYaDTcldkc="></latexit>

k5

<latexit sha1_base64="V2I8Th8bZUAoYTcXubRFJe1Js+c="></latexit>

k4

<latexit sha1_base64="i75sFWOikMwU2RMUmCXkoY8Bayw="></latexit>

k3 <latexit sha1_base64="vUThXPN21X5Infxgau6Uqn6EFTg="></latexit>

k1

<latexit sha1_base64="ETwqjD6YfP3w75MfEIaeN7VHTfw="></latexit>

k2

<latexit sha1_base64="kC99epNVIxIKehDevV8LJJEubew="></latexit>

k6

<latexit sha1_base64="nHZrJJyydHZ0dzGAZEYaDTcldkc="></latexit>

k5

<latexit sha1_base64="V2I8Th8bZUAoYTcXubRFJe1Js+c="></latexit>

k4

<latexit sha1_base64="i75sFWOikMwU2RMUmCXkoY8Bayw="></latexit>

k3

<latexit sha1_base64="ETwqjD6YfP3w75MfEIaeN7VHTfw="></latexit>

k2

<latexit sha1_base64="vUThXPN21X5Infxgau6Uqn6EFTg="></latexit>

k1

<latexit sha1_base64="kC99epNVIxIKehDevV8LJJEubew="></latexit>

k6

<latexit sha1_base64="nHZrJJyydHZ0dzGAZEYaDTcldkc="></latexit>

k5

<latexit sha1_base64="V2I8Th8bZUAoYTcXubRFJe1Js+c="></latexit>

k4

<latexit sha1_base64="i75sFWOikMwU2RMUmCXkoY8Bayw="></latexit>

k3

<latexit sha1_base64="ETwqjD6YfP3w75MfEIaeN7VHTfw="></latexit>

k2

<latexit sha1_base64="vUThXPN21X5Infxgau6Uqn6EFTg="></latexit>

k1
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<latexit sha1_base64="1yxkYmPTaSk7sRw3yfaWKk1qXm8=">AAACKXicbVDLTgIxFO34RHyhLt00EhMXZjJDEGFHcOMSEnkkQEin3IGGziNtx4RM+B03/oobTTTq1h+xDLMQ8CZtTs655972OCFnUlnWl7GxubW9s5vZy+4fHB4d505OWzKIBIUmDXggOg6RwJkPTcUUh04ogHgOh7YzuZvr7UcQkgX+g5qG0PfIyGcuo0RpapCr9obgam8yKQ5DVeMRzGIxcmaxaVcK19gslEv6Lt5UZtnechv2Bo1BLm+ZVlJ4HdgpyKO06oPcW28Y0MgDX1FOpOzaVqj6MRGKUQ56RyQhJHRCRtDV0CceyH6cLJ7hS80MsRsIfXyFE/avIyaelFPP0Z0eUWO5qs3J/7RupNxyP2Z+GCnw6WKRG3GsAjyPDQ+ZAKr4VANCBdNvxXRMBKFKh5vVIdirX14HrYJpl8xio5iv1tI4MugcXaArZKNbVEX3qI6aiKIn9ILe0YfxbLwan8b3onXDSD1naKmMn1/GTaWv</latexit>mQ


