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EFT matching procedure

<latexit sha1_base64="kBWQcyjgHB0dt6nUAQnhDUjN3Zs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSi6LLoxoWLCvYBTQiT6aQZOnkwcyOW0K0bf8WNC0Xc+gfu/BsnbRbaeuDC4Zx7ufcePxVcgWV9GwuLS8srq5W16vrG5ta2ubPbVkkmKWvRRCSy6xPFBI9ZCzgI1k0lI5EvWMcfXhV+555JxZP4DkYpcyMyiHnAKQEteSZ2IgIhJSK/GXsOsAfIW+1xz2mG/NhJQ+56Zs2qWxPgeWKXpIZKND3zy+knNItYDFQQpXq2lYKbEwmcCjauOpliKaFDMmA9TWMSMeXmk0/G+FArfRwkUlcMeKL+nshJpNQo8nVncbea9QrxP6+XQXDh5jxOM2AxnS4KMoEhwUUsuM8loyBGmhAqub4V05BIQkGHV9Uh2LMvz5P2Sd0+q1u3p7XGZRlHBe2jA3SEbHSOGugaNVELUfSIntErejOejBfj3fiYti4Y5cwe+gPj8wcKZJqK</latexit>LUV[�,�]

<latexit sha1_base64="bGT0ck+gCseAVUB8BLjCjuyqrXU=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgqiSi6LIoigsXFfqCJITJdNIOnTyYuRFLyMaNv+LGhSJu/Qd3/o2TtgttPXDhcM693HuPn3AmwTS/tdLC4tLySnm1sra+sbmlb++0ZZwKQlsk5rHo+lhSziLaAgacdhNBcehz2vGHl4XfuadCsjhqwiihboj7EQsYwaAkT993QgwDgnl2m3sO0AfIrq6bue0kA+Z6etWsmWMY88SakiqaouHpX04vJmlIIyAcS2lbZgJuhgUwwmlecVJJE0yGuE9tRSMcUulm4y9y41ApPSOIhaoIjLH6eyLDoZSj0Fedxc1y1ivE/zw7heDczViUpEAjMlkUpNyA2CgiMXpMUAJ8pAgmgqlbDTLAAhNQwVVUCNbsy/OkfVyzTmvm3Um1fjGNo4z20AE6QhY6Q3V0gxqohQh6RM/oFb1pT9qL9q59TFpL2nRmF/2B9vkDEJGY7Q==</latexit>LEFT[�]

<latexit sha1_base64="hb2S9G2hVyFiMdMprkCAdZNyFiU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaGDbbTbt0dxN2N0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZelHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1kmmCG2RhCeqG2FNOZO0ZZjhtJsqikXEaSca3Uz9ziNVmiXy3oxTGgg8kCxmBBsrPaQhQz7nSIR+c8jCas2tuzOgZeIVpAYFmmH1y+8nJBNUGsKx1j3PTU2QY2UY4XRS8TNNU0xGeEB7lkosqA7y2dUTdGKVPooTZUsaNFN/T+RYaD0Wke0U2Az1ojcV//N6mYmvgpzJNDNUkvmiOOPIJGgaAeozRYnhY0swUczeisgQK0yMDapiQ/AWX14m7bO6d1F3785rjesijjIcwTGcggeX0IBbaEILCCh4hld4c56cF+fd+Zi3lpxi5hD+wPn8AbWmkf8=</latexit>

pi ⌧ m�

<latexit sha1_base64="4G3J05iM9g4joQcAZvZt60x+5as=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQPMUZUfQY9KK3KGaBZAg9nUrSpGehu0YNYw7+ihcPinj1N7z5N3aWgyY+KHi8V0VVPT+WQqPjfFuZufmFxaXscm5ldW19w97cqugoURzKPJKRqvlMgxQhlFGghFqsgAW+hKrfuxj61TtQWkThLfZj8ALWCUVbcIZGato7DYQHTO8P6dUNVdBJJMNIDZp23ik4I9BZ4k5InkxQatpfjVbEkwBC5JJpXXedGL2UKRRcwiDXSDTEjPdYB+qGhiwA7aWj+wd03ygt2o6UqRDpSP09kbJA637gm86AYVdPe0PxP6+eYPvMS0UYJwghHy9qJ5JiRIdh0JZQwFH2DWFcCXMr5V2mGEcTWc6E4E6/PEsqRwX3pOBcH+eL55M4smSX7JED4pJTUiSXpETKhJNH8kxeyZv1ZL1Y79bHuDVjTWa2yR9Ynz/SDpX6</latexit>

w/ IR regulator

<latexit sha1_base64="4G3J05iM9g4joQcAZvZt60x+5as=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQPMUZUfQY9KK3KGaBZAg9nUrSpGehu0YNYw7+ihcPinj1N7z5N3aWgyY+KHi8V0VVPT+WQqPjfFuZufmFxaXscm5ldW19w97cqugoURzKPJKRqvlMgxQhlFGghFqsgAW+hKrfuxj61TtQWkThLfZj8ALWCUVbcIZGato7DYQHTO8P6dUNVdBJJMNIDZp23ik4I9BZ4k5InkxQatpfjVbEkwBC5JJpXXedGL2UKRRcwiDXSDTEjPdYB+qGhiwA7aWj+wd03ygt2o6UqRDpSP09kbJA637gm86AYVdPe0PxP6+eYPvMS0UYJwghHy9qJ5JiRIdh0JZQwFH2DWFcCXMr5V2mGEcTWc6E4E6/PEsqRwX3pOBcH+eL55M4smSX7JED4pJTUiSXpETKhJNH8kxeyZv1ZL1Y79bHuDVjTWa2yR9Ynz/SDpX6</latexit>

w/ IR regulator

<latexit sha1_base64="A+Dr7oFPvNfVCjl+Kqh0iRoViqA=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9gVRY9RLx4jmAckS5id7SRDZmeXmV4xLMGLv+LFgyJe/Qpv/o2Tx0ETCxqKqm66u4JECoOu++0sLC4tr6zm1vLrG5tb24Wd3ZqJU82hymMZ60bADEihoIoCJTQSDSwKJNSD/vXIr9+DNiJWdzhIwI9YV4mO4Ayt1C7stxAeMLuM7DJMQ6ARQ94TqjtsF4puyR2DzhNvSopkikq78NUKY55GoJBLZkzTcxP0M6ZRcAnDfCs1kDDeZ11oWqpYBMbPxi8M6ZFVQtqJtS2FdKz+nshYZMwgCmynvbBnZr2R+J/XTLFz4WdCJSmC4pNFnVRSjOkoDxoKDRzlwBLGtbC3Ut5jmnG0qeVtCN7sy/OkdlLyzkru7WmxfDWNI0cOyCE5Jh45J2VyQyqkSjh5JM/klbw5T86L8+58TFoXnOnMHvkD5/MHA6SX0g==</latexit>

Amplitude matching
<latexit sha1_base64="xObjKIJNfeXA0Mc9sLtRJiiX2Dg=">AAACB3icbVDLSgMxFM3UV62vqktBgkWomzIjii6LgrisYB/QlpJJb9vQTGZI7qhl6M6Nv+LGhSJu/QV3/o3pY6GtBwKHc+4l9xw/ksKg6347qYXFpeWV9GpmbX1jcyu7vVMxYaw5lHkoQ13zmQEpFJRRoIRapIEFvoSq378c+dU70EaE6hYHETQD1lWiIzhDK7Wy+w2EB0zy9wJ79AoGKmCKtgXrahaYo2Erm3ML7hh0nnhTkiNTlFrZr0Y75HEACrlkxtQ9N8JmwjQKLmGYacQGIsb7rAt1SxULwDSTcY4hPbRKm3ZCbZ9COlZ/byT2JjMIfDsZMOyZWW8k/ufVY+ycNxOhohhB8clHnVhSDOmoFBtYA0c5GCXnWthbKe8xzTja6jK2BG828jypHBe804J7c5IrXkzrSJM9ckDyxCNnpEiuSYmUCSeP5Jm8kjfnyXlx3p2PyWjKme7skj9wPn8A7cKZVw==</latexit>

(with Feynman diagrams)

<latexit sha1_base64="zT7tJSii49lsjixVIRVibhylAek=">AAACD3icbVBNS8NAEN34WetX1KOXYFHqpSSi6LHqxWMF0xaaEDbbTbt088HuRCwh/8CLf8WLB0W8evXmv3HT5qCtDwYe780wM89POJNgmt/awuLS8spqZa26vrG5ta3v7LZlnApCbRLzWHR9LClnEbWBAafdRFAc+px2/NF14XfuqZAsju5gnFA3xIOIBYxgUJKnHzk+GziZE2IYEsyzy9xzgD5AZrfzeuKx44mfe3rNbJgTGPPEKkkNlWh5+pfTj0ka0ggIx1L2LDMBN8MCGOE0rzqppAkmIzygPUUjHFLpZpN/cuNQKX0jiIWqCIyJ+nsiw6GU49BXncXdctYrxP+8XgrBhZuxKEmBRmS6KEi5AbFRhGP0maAE+FgRTARTtxpkiAUmoCKsqhCs2ZfnSfukYZ01zNvTWvOqjKOC9tEBqiMLnaMmukEtZCOCHtEzekVv2pP2or1rH9PWBa2c2UN/oH3+ALV0nRI=</latexit>

AUV(pi)

<latexit sha1_base64="KmZgdVt1dC+pW8jbMIr/S0Jv9Bw=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSDGJuyKomVUFMsIeUE2LLOT2WTI7IOZu2JY9hNs/BUbC0VsLe38GyfJFpp4YOBwzrnMvceNBFdgmt9GbmFxaXklv1pYW9/Y3Cpu7zRVGEvKGjQUoWy7RDHBA9YADoK1I8mI7wrWcodXY791z6TiYVCHUcS6PukH3OOUgJac4qHt8r6d2D6BASUiuUgdG9gDJNc39bQcOfxoEkidYsmsmBPgeWJlpIQy1Jzil90LaeyzAKggSnUsM4JuQiRwKlhasGPFIkKHpM86mgbEZ6qbTA5K8YFWetgLpX4B4In6eyIhvlIj39XJ8eJq1huL/3mdGLzzbsKDKAYW0OlHXiwwhHjcDu5xySiIkSaESq53xXRAJKGgOyzoEqzZk+dJ87hinVbMu5NS9TKrI4/20D4qIwudoSq6RTXUQBQ9omf0it6MJ+PFeDc+ptGckc3soj8wPn8ANlqdUA==</latexit>

AEFT(pi)

<latexit sha1_base64="ZUU0HxYHekvFsTPhYGjLFLjnzBk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokoehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI4fjMU=</latexit>=

<latexit sha1_base64="kBWQcyjgHB0dt6nUAQnhDUjN3Zs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSi6LLoxoWLCvYBTQiT6aQZOnkwcyOW0K0bf8WNC0Xc+gfu/BsnbRbaeuDC4Zx7ufcePxVcgWV9GwuLS8srq5W16vrG5ta2ubPbVkkmKWvRRCSy6xPFBI9ZCzgI1k0lI5EvWMcfXhV+555JxZP4DkYpcyMyiHnAKQEteSZ2IgIhJSK/GXsOsAfIW+1xz2mG/NhJQ+56Zs2qWxPgeWKXpIZKND3zy+knNItYDFQQpXq2lYKbEwmcCjauOpliKaFDMmA9TWMSMeXmk0/G+FArfRwkUlcMeKL+nshJpNQo8nVncbea9QrxP6+XQXDh5jxOM2AxnS4KMoEhwUUsuM8loyBGmhAqub4V05BIQkGHV9Uh2LMvz5P2Sd0+q1u3p7XGZRlHBe2jA3SEbHSOGugaNVELUfSIntErejOejBfj3fiYti4Y5cwe+gPj8wcKZJqK</latexit>LUV[�,�]

<latexit sha1_base64="nrvIBx/RIBsSG7THHnYuL/1jgrg=">AAACCXicbVDLSsNAFJ3UV62vVJdugkVwVRJRdFkUxGUF+4A2lMl00g6dmYSZG7WEfoHf4FbX7sStX+HSP3HSZmFbD1w4nHMv53KCmDMNrvttFVZW19Y3ipulre2d3T27vN/UUaIIbZCIR6odYE05k7QBDDhtx4piEXDaCkbXmd96oEqzSN7DOKa+wAPJQkYwGKlnl7tAnyC9SSTJBMwnPbviVt0pnGXi5aSCctR79k+3H5FEUAmEY607nhuDn2IFjHA6KXUTTWNMRnhAO4ZKLKj20+nrE+fYKH0njJQZCc5U/XuRYqH1WARmU2AY6kUvE//zOgmEl37KZJwAlWQWFCbcgcjJenD6TFECfGwIJoqZXx0yxAoTMG3NpQQi68RbbGCZNE+r3nnVvTur1K7ydoroEB2hE+ShC1RDt6iOGoigR/SCXtGb9Wy9Wx/W52y1YOU3B2gO1tcvHYebGw==</latexit>

Functional
<latexit sha1_base64="f80wtEeUfk+8HcVlp3jJi7fj4bI=">AAACCnicbZDPSsNAEMY39V+t/2I9egkWwVNJRNFj0YvHCrYV2lA222m7dLMJuxNpCX0Dn8Grnr2JV1/Co2/ips3Btn4w8PHNDDP8glhwja77bRXW1jc2t4rbpZ3dvf0D+7Dc1FGiGDRYJCL1GFANgktoIEcBj7ECGgYCWsHoNuu3nkBpHskHnMTgh3QgeZ8ziibq2uUOwhhTncSgUFEGetq1K27VnclZNV5uKiRXvWv/dHoRS0KQyATVuu25MfopVciZgGmpk2iIKRvRAbSNlTQE7aez36fOqUl6Tj9SpiQ6s/TvRkpDrSdhYCZDikO93MvC/3rtBPvXfsplnCBINj/UT4SDkZOBcHpcAUMxMYYyxc2vDhtSgwANroUrQZgx8ZYJrJrmedW7rLr3F5XaTU6nSI7JCTkjHrkiNXJH6qRBGBmTF/JK3qxn6936sD7nowUr3zkiC7K+fgFEvJvD</latexit>

supertraces

<latexit sha1_base64="O2OawNHS5UKV/90W+lY/wVAP0rs=">AAACA3icbVA9SwNBEJ3zM8avqKXNYhAsJNyJomXQRrCJYD4gOcLeZpMs2d07d/eEcFzpb7DV2k5s/SGW/hP3kitM4oNhHu/NMMMLIs60cd1vZ2l5ZXVtvbBR3Nza3tkt7e03dBgrQusk5KFqBVhTziStG2Y4bUWKYhFw2gxGN5nffKJKs1A+mHFEfYEHkvUZwcZKficQyV16mrVW2i2V3Yo7AVokXk7KkKPWLf10eiGJBZWGcKx123Mj4ydYGUY4TYudWNMIkxEe0LalEguq/WTydIqOrdJD/VDZkgZN1L8bCRZaj0VgJwU2Qz3vZeJ/Xjs2/Ss/YTKKDZVkeqgfc2RClCWAekxRYvjYEkwUs78iMsQKE2NzmrkSiCwTbz6BRdI4q3gXFff+vFy9ztMpwCEcwQl4cAlVuIUa1IHAI7zAK7w5z8678+F8TkeXnHznAGbgfP0CqgCYqw==</latexit>

K, X

<latexit sha1_base64="49dDZl7LGdNxeQwJDas3hX/WrW8=">AAACJnicbZDLSsNAFIYn9VbrLerSTbAIdWFJRNFlURQXLir0Bk0sk+m0HTrJhJkTsYS8hQ/hM7jVtTsRd/omTi8L2/rDwMd/zuHM+f2IMwW2/WVkFhaXlleyq7m19Y3NLXN7p6ZELAmtEsGFbPhYUc5CWgUGnDYiSXHgc1r3+5fDev2BSsVEWIFBRL0Ad0PWYQSDtlpm0Q0w9AjmyW3acoE+QnJ1XUnvkzEXnCMuRHSYpk036jGvZebtoj2SNQ/OBPJoonLL/HHbgsQBDYFwrFTTsSPwEiyBEU7TnBsrGmHSx13a1BjigCovGd2VWgfaaVsdIfULwRq5fycSHCg1CHzdObxCzdaG5n+1Zgydcy9hYRQDDcl4USfmFghrGJLVZpIS4AMNmEim/2qRHpaYgI5yaosfpDoTZzaBeagdF53Ton13ki9dTNLJoj20jwrIQWeohG5QGVURQU/oBb2iN+PZeDc+jM9xa8aYzOyiKRnfv8MFpw8=</latexit>

L(1-loop)
EFT [�]

<latexit sha1_base64="Cr2s0cYdkW7oEVCJfIDgRJnoUH0=">AAACJHicbZDJSgNBEIZ7XGPcoh69DAYhgoQZUfQYFMWDhwjZIDOGnk7FNOlZ6K4RwzAv4UP4DF717E08eBF8EzvLwST+0PDxVxXV9XuR4Aot68uYm19YXFrOrGRX19Y3NnNb2zUVxpJBlYUilA2PKhA8gCpyFNCIJFDfE1D3eheDev0BpOJhUMF+BK5P7wPe4Yyitlq5Q8en2GVUJDdpy0F4xOTyqpLeJSMuoAQ4SNOmE3W528rlraI1lDkL9hjyZKxyK/fjtEMW+xAgE1Sppm1F6CZUImcC0qwTK4go69F7aGoMqA/KTYZXpea+dtpmJ5T6BWgO3b8TCfWV6vue7hzcoKZrA/O/WjPGzpmb8CCKEQI2WtSJhYmhOYjIbHMJDEVfA2WS67+arEslZaiDnNji+anOxJ5OYBZqR0X7pGjdHudL5+N0MmSX7JECsckpKZFrUiZVwsgTeSGv5M14Nt6ND+Nz1DpnjGd2yISM71+2U6aT</latexit>

L(tree)
EFT [�]

<latexit sha1_base64="Pr3xWr2Y+icxikiSX+3lzjGPIGM=">AAACCHicbVDLSsNAFJ34rPUVdekmWARXJRFFl0URXFawD2hDmUxv26GTSZi5KZbQH/Ab3Oranbj1L1z6J07aLGzrgQuHc+7hXk4QC67Rdb+tldW19Y3NwlZxe2d3b98+OKzrKFEMaiwSkWoGVIPgEmrIUUAzVkDDQEAjGN5mfmMESvNIPuI4Bj+kfcl7nFE0Use22whPmN7JJARFESYdu+SW3SmcZeLlpERyVDv2T7sbMROXyATVuuW5MfopVciZgEmxnWiIKRvSPrQMlTQE7afTzyfOqVG6Ti9SZiQ6U/VvIqWh1uMwMJshxYFe9DLxP6+VYO/aT7mMEwTJZod6iXAwcrIanC5XwFCMDaFMcfOrwwZUUYamrLkrQZh14i02sEzq52Xvsuw+XJQqN3k7BXJMTsgZ8cgVqZB7UiU1wsiIvJBX8mY9W+/Wh/U5W12x8swRmYP19QtF7Zqk</latexit>

Enumerate

<latexit sha1_base64="4U6A2NF2ztGDD40t1amt7WwsJ5Y=">AAACB3icbVDLSsNAFJ3UV62PRl26CRbBVUlE0WVRBJcV7APaUCbTm3boZBJmbool9AP8Bre6didu/QyX/olJm4VtPXDhcM69nMvxIsE12va3UVhb39jcKm6Xdnb39svmwWFTh7Fi0GChCFXboxoEl9BAjgLakQIaeAJa3ug281tjUJqH8hEnEbgBHUjuc0YxlXpmuYvwhMndmIqYIkx7ZsWu2jNYq8TJSYXkqPfMn24/ZHEAEpmgWnccO0I3oQo5EzAtdWMNEWUjOoBOSiUNQLvJ7PGpdZoqfcsPVToSrZn69yKhgdaTwEs3A4pDvexl4n9eJ0b/2k24jGIEyeZBfiwsDK2sBavPFTAUk5RQpnj6q8WGVFGGaVcLKV6QdeIsN7BKmudV57JqP1xUajd5O0VyTE7IGXHIFamRe1InDcJITF7IK3kzno1348P4nK8WjPzmiCzA+PoFa5CaKw==</latexit>

Evaluate

<latexit sha1_base64="16igLemJ8zMzJvoTKIOIyKBzecA=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHZF0WNQEI8RzAOSJcxOOsmQ2dllplcMS8CLv+LFgyJe/Qlv/o2zSQ6aWNBQVHXT3RXEUhh03W9nYXFpeWU1t5Zf39jc2i7s7NZMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeDK4yv34P2ohI3eEwBj9kPSW6gjO0Uruw30J4wPQ6UTwTmKQhQ94XqjdqF4puyR2DzhNvSopkikq78NXqRDwJQSGXzJim58bop0yj4BJG+VZiIGZ8wHrQtFSxEIyfjn8Y0SOrdGg30rYU0rH6eyJloTHDMLCd9sK+mfUy8T+vmWD3wk+FihMExSeLuomkGNEsENoRGjjKoSWMa2FvpbzPNONoY8vbELzZl+dJ7aTknZXc29Ni+XIaR44ckENyTDxyTsrkhlRIlXDySJ7JK3lznpwX5935mLQuONOZPfIHzucP2k6YSg==</latexit>

<latexit sha1_base64="TjCOxlvFFKA/KijP6z2/uDL8T34=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEuikzouiy6MZlBfuAdiiZNNOGZjJDckcsQ3Hjr7hxoYhbv8Kdf2OmnYW2Hggczrk3yTl+LLgGx/m2CkvLK6trxfXSxubW9o69u9fUUaIoa9BIRKrtE80El6wBHARrx4qR0Bes5Y+uM791z5TmkbyDccy8kAwkDzglYKSefdAF9gBpxdyHzaKmiseZczLp2WWn6kyBF4mbkzLKUe/ZX91+RJOQSaCCaN1xnRi8lCjgVLBJqZtoFhM6IgPWMVSSkGkvnUaY4GOj9HEQKXMk4Kn6eyMlodbj0DeTIYGhnvcy8T+vk0Bw6aVcxgkwSWcPBYnAEOGsD9znilEQY0OICW/+iumQKELBtFYyJbjzkRdJ87Tqnled27Ny7Sqvo4gO0RGqIBddoBq6QXXUQBQ9omf0it6sJ+vFerc+ZqMFK9/ZR39gff4AxpSXqw==</latexit>

Functional matching
(with supertrace)
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Equate to derive {ci}

Amplitudes and functional views for matching. [2011.02484]

Our on-shell method is based on the amplitude matching view.
On-shell amplitudes:
independent of gauge complexness and unphysical freedoms

Systematic on-shell operator basis decomposition.
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Hard region

• UV amplitudes: A1L
UV = A1L

UV

∣∣
soft

+ A1L
UV

∣∣∣∣
hard

.

• Regions:
hard region l ∼M � m, pi , soft region l ∼ m, pi �M .

• EFT amplitudes: A1L
EFT = ciBi + (non-local) + (EFT 1-L).

⇒ Matching: ciBi atM scale
======= A1L

UV

∣∣
hard

.

? Hard region:

1

(l + pi)2 −M2
=

1

l2 −M2
[1− . . . ] , 1

(l + pi)2 −m2
=

1

l2
[1− . . . ] .

Using the identities, the integrand can be expanded as

A1L,integrand
UV =

N
(l2)α(l2 −M2)β

+O
(

1

Mn

)
⇒ A1L

UV

∣∣∣∣
hard

=
∑ gk

Mk
Bk.
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General Structure of the One-Loop Integral

One-loop amplitudes can be decomposed as:

A1L
N =

∑
i

(
C
{i}
4 I

{i}
4 + C

{i}
3 I

{i}
3 + C

{i}
2 I

{i}
2 + C

{i}
1 I

{i}
1

)
+R.

• C : coefficients in d = 4. Ii : scalar integrals. R : the
rational term.

? Rational terms originate from setting d = 4− 2ε and taking
ε→ 0 in the dimensional regularization scheme.

C(d)I2 =
[
C(4) + ε×R+O(ε2)

][
1
ε + . . .

] ε→0
==== C(4)I2 +R

Most scalar integrals have specific branch cuts: I2( s ), I3( s ),
I4( s1 , s2 )

The tadpole integral I1 and the massive bubble integral
I2(M2) are independent of kinematics.
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Generalized Unitary Method

Optical Theorem. By using optical theorem, the discontinuity
can be obtained from tree level on-shell amplitudes.

−i DiscA1L
∣∣∣
sI

=
∑
σ1,σ2

∫
d4l1

(2π)2
× δ+

(
l21 −m2

1

)
δ+
(
l22 −m2

2

)
×ATree

L (lσ22 , i . . . j, lσ11 )×ATree
R

(
−l−σ11 , j + 1, . . . , i− 1,−l−σ22

)
,
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Recovering Propagators

Task

Extract coefficients of scalar integrals from discontinuity.

Recovering:

2πδ+(l2 −m2)→ − i

l2 −m2 + iε
=
−i
Dl,m

.

Phase space integrals ⇒
Projection on integrals via discontinuity∫

dΠLIPSALAR = PX
∫

d4l

(2π)4

i

Dl1,m1

i

Dl2,m2

ALAR,

X = (l1 + l2)2. PX extracts the X-channel discontinuity.

E.g. Ps[I2(s) + 6 I2(t) + I4(s, t)] = I2(s) + I4(s, t)
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Sewed Integrand

A1L
full =

nC∑
k=1

k−1∏
j=1

(
1− Psj

)
Psk

[
A1L

∣∣∣cuts

sk

]
.

Using the sewed integrand, we could recover the full amplitude by
following steps:

Calc all related
ATree
L,R

Sew
ATree
L ×ATree

L

Remove terms
without correct

discontinuity
via Psk

Merge all channels:∑nC
k=1 .

Remove existing

via
k−1∏
j=1

(1− Psj )

for each channel
Completeness relations

Recovering propagators
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D-Dimensional Contribution Recovering

d-dimensional loop momentum:

l̄ = l + µ̃ , µ̃2 = gµν−2εl
µlν .

• d-dim on-shell conditions: l̄2 = m2 ↔ l2 = m2 + µ̃2 .

• Massive spinors: masses shift as m2 → m2 + µ̃2.

• Massless spinors: d-dimensional equations of motion:

/̄l |l] = /̃µ |l] , /̄l |l〉 = /̃µ |l〉 .

• Integral:
∫

dd l̄ =
∫

d4l d−2εµ̃. µ̃2, 〈aµ̃b], . . .
e.g. I3[µ̃2] = −1/2, I4[µ̃4] = −1/6.
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Simple Example: Scalar QED γ+γ−γ+γ− 1-loop

A1L
∣∣∣cuts

sk
is from sewing tree level amplitudes in d dimension.

A1L

∣∣∣∣cuts
s

=

∫
d4−2ε l̄

(2π)4−2ε
ATree
γ+γ−φφ†(1, 2, l̄s, l̄)ATree

γ+γ−φφ†(3, 4,−l̄,−l̄s)
i

l̄2
i

l̄2s

=

∫
d4−2ε l̄

(2π)4−2ε

4
(〈

2l̄s1
]〈

4l̄3
])2

t2Dl̄Dl̄s

,
(
〈2l1] + 〈2µ̃1]

)
×
(

1

Dp1+l̄

+
1

Dp1+l̄s

)(
1

Dp3−l̄
+

1

Dp3−l̄s

)

=

∫
[dl̄]

4 Tr−
[
2l̄s13l̄4

]2
〈13〉2[24]2t2

(. . . )

Tr± [p1p2 . . . ] = Tr
[
PL/R/p1

PR/L/p2
. . .
]
.
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Weighted Projection

Merging

Weighted projection ⇔ Remove redundancies

∑
sk

Pweighted
sk

[
A1L

∣∣∣cuts

sk

]

=
∑
k

k−1∏
j

(
1− Psj

)
Psk

[
A1L

∣∣∣cuts

sk

]
.

e.g.

Pweighted
s I4(s, t) = I4(s, t)/2
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s channel sewed result

Pweighted
s

[
A
∣∣∣∣cuts

s

]
=

i [13]2

(4π)2t2 [24]2

×
[
(4t2 + 8tu− 8tuε)I2(s)− 8s2uI3(s) + 2s2u2I4(s, u)

+ (16t2+32tu)I3[µ̃2](s) + 8stuI4[µ̃2](s, u)

+ 4t2(I4[µ̃4](s, t)+(t↔ u))
]

ε→0
==== c2sI2(s) + c3sI3(s) + c4sI4(s, u) +Rs

Rs = − i [13]2

(4π)2t2 [24]2
(24tu+

28

3
t2) .
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Recovering Rational Terms: Obvious case in t-channel.

ATree
γ2+φφ

†(p1, p3, l̄, l̄t), ATree
γ2−φφ

†(p2, p4,−l̄t,−l̄) needed.

ATree
γ2+φφ

† = −2i [13]2 µ̃2

t

(
1

Dl̄+p1

+
1

Dl̄t+p1

)
µ̃→0

==== 0

Pweighted
t

[
A
∣∣∣∣cuts

t

]
=

8i [13]2 〈24〉2
(4π)2t2

(
I4[µ̃4](s, t)

2
+ s↔ u

)
= 0 +Rt

Rt =
−4i [13]2

3(4π)2 [24]2
.

A1L
merged = Pweighted

t

[
A
∣∣∣∣cuts

t

]
+

{
Pweighted
s

[
A
∣∣∣∣cuts

s

]
+ (s↔ u)

}
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Rational contribution to Wilson coefficients

Lint = −g φAµAµ − g1φ ψ̄ψ − g2φ χ̄χ,

Integrating out the massive fields gives the Wilson coefficients for

〈12〉 〈34〉, representing ψ−1 ψ̄
−
2 χ
−
3 χ̄
−
4 .

Using our procedure, the one-loop amplitude is:

A1L =
g2g1g2 〈12〉 〈34〉

(
−12M4 + 4M2s− s2

)
64π2M4(s−M2)2

I2(s;M2,M2)+ R .

Rational term: R =
2ig2g1g2 〈12〉 〈34〉
(4π)2(s−M2)2

.

I(s,M2,M2) = c0 log

(
µ2

M2

)
+ c1

s

M2
+ . . .

The next-leading-order contribution from this loop amplitude is

cNLO
1

M4
〈12〉 〈34〉 =

2g2g1g2

(4π)2M4
〈12〉 〈34〉 .
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Summary

• The on-shell method avoids complexness from gauge factors
and unphysical modes.

On-shell ATree with µ̃ for −2ε contribution is needed.

Sew in d-dim and recover propagators can recover integrals
with correct discontinuity.

Rational terms can be recovered.

Rational terms can contribute to Wilson coefficients.

? Generalize to high loops.
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Thanks for your attention!
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