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What convinced me..Outline for Lecture four

Michael Trott, NBI

Fourth lecture

Motivation for going beyond leading order in the SMEFT

The RGE of the SMEFT at 

Problems at one loop using                         as an example

Ward identities in the SMEFT related to field space geometry.
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         Corrections correlations between the op expansion and the loop expansionL(8)
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Nima Arkani-Hamed Higgs@10
The SMEFT is exactly a QFT microscope to study the Higgs consistent with other 

Global measurements.

https://indico.cern.ch/event/1135177/contributions/4788694/attachments/2474678/4246383/HiggsJul4CERN2022_NAH.pdf
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How good a microscope do we need?

SMEFT beyond
LO

We are going to have to calculate beyond 

         In the SMEFT.  Why?L(6)
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We need Quantum corrections
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General structure of corrections:

Needed!

log
⇣pi · pj

M2

⌘
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Is the log enough? No. For two reasons

The pattern of the        

can have mild hierarchies making loops 

more important

The finite terms       of the loops are not 

Much smaller than the log terms

Unless pi · pj << M2

<latexit sha1_base64="RgRs9DwkRSCgW/MqEvhNjHP15Tg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKNJFwY0boYJ9QBvDZDJpx04yw8xEqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcEglGlHefbWlhcWl5ZLawV1zc2t7btnd2m4qnEpIE547IdIEUYTUhDU81IW0iC4oCRVjC4HPutByIV5cmtHgrixaiX0IhipI3k2/vCp7CLQ66h8O9htQqv7yq+XXLKzgRwnrg5KYEcdd/+6oYcpzFJNGZIqY7rCO1lSGqKGRkVu6kiAuEB6pGOoQmKifKyyfUjeGSUEEZcmko0nKi/JzIUKzWMA9MZI91Xs95Y/M/rpDo69zKaiFSTBE8XRSmDmsNxFDCkkmDNhoYgLKm5FeI+kghrE1jRhODOvjxPmpWye1Ku3JyWahd5HAVwAA7BMXDBGaiBK1AHDYDBI3gGr+DNerJerHfrY9q6YOUze+APrM8fMw+Tuw==</latexit>

If that was true,                       effects too 

small to experimentally measure.
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<latexit sha1_base64="PPxzL4WhomJvhNCw48fj/3dgQo0=">AAACBXicbVBNS8MwGE7n15xfVY96CA5hgox2CoqnQS9ehAnuA7ZS0jTdwtK0JKkwyi5e/CtePCji1f/gzX9juvWg0wdCnjzP+/LmffyEUaks68soLS2vrK6V1ysbm1vbO+buXkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/tjJ/e49EZLG/E5NEuJGaMhpSDFSWvLMQ8ezazcnp47X0Bcc4CBWEjoez1+eWbXq1gzwL7ELUgUFWp75OQhinEaEK8yQlH3bSpSbIaEoZmRaGaSSJAiP0ZD0NeUoItLNZltM4bFWAhjGQh+u4Ez92ZGhSMpJ5OvKCKmRXPRy8T+vn6rw0s0oT1JFOJ4PClMGVQzzSGBABcGKTTRBWFD9V4hHSCCsdHAVHYK9uPJf0mnU7bN64/a82rwq4iiDA3AEasAGF6AJrkELtAEGD+AJvIBX49F4Nt6M93lpySh69sEvGB/fczCVVQ==</latexit>

C 0
1(hsi), C 0

2(hsi) · · ·C 0
n(hsi)

<latexit sha1_base64="Pa7aR4zXIM1bP0HHpyxuth92Dz4=">AAACNXicbZDLSsNAFIYn9VbrLerSzWARK0hJqqC4KnTjwkUFe4EmhMlk0g6dTMLMRCihL+XG93ClCxeKuPUVnKZdaNsDAx//fw5nzu8njEplWW9GYWV1bX2juFna2t7Z3TP3D9oyTgUmLRyzWHR9JAmjnLQUVYx0E0FQ5DPS8YeNid95JELSmD+oUULcCPU5DSlGSkueedc49eyKwxDvMwKlI3I4O9dybVGGDg5iJaF2+RLXM8tW1coLLoI9gzKYVdMzX5wgxmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3y68ewxOtBDCMhX5cwVz9O5GhSMpR5OvOCKmBnPcm4jKvl6rw2s0oT1JFOJ4uClMGVQwnEcKACoIVG2lAWFD9V4gHSCCsdNAlHYI9f/IitGtV+6Jau78s129mcRTBETgGFWCDK1AHt6AJWgCDJ/AKPsCn8Wy8G1/G97S1YMxmDsG/Mn5+AWQOqWg=</latexit>

hO(s)i
<latexit sha1_base64="slf2CM4ufjo9vQG7qLULEM2EAdo=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSKiiuCm7cWcE+oAllMp20QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAxfOnHMvc+8JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQejm6nffqRSsVg86HFC/QgPBAsZwdpIPfvI41gMOEV3FXWGPDl/9OyyU3VmQMvEzUkZcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn83Wn6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwys/YyJJNRVk/lGYcqRjNM0C9ZmkRPOxIZhIZnZFZIglJtokVjIhuIsnL5NWreqeV2v3F+X6dR5HEY7hBCrgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFsLVj5zCH9gff4Ak4CUkA==</latexit>

General structure of corrections:

log
⇣pi · pj

M2

⌘

<latexit sha1_base64="N/qiXFJ6Ajrl3wHVmfto7t5cMVM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoLgquHEjVLAPaGqYTCft2EkmzNwIJfQf3Pgrblwo4taNO//G6WOhrQcuHM65l3vvCRLBNTjOt7WwuLS8sppby69vbG5t2zu7dS1TRVmNSiFVMyCaCR6zGnAQrJkoRqJAsEbQvxz5jQemNJfxLQwS1o5IN+YhpwSM5NvHQnaxJ1gIRS9UhGaJz7FHOxJw4t8Ps+u78tBTvNuDI98uOCVnDDxP3CkpoCmqvv3ldSRNIxYDFUTrlusk0M6IAk4FG+a9VLOE0D7pspahMYmYbmfjn4b40CgdHEplKgY8Vn9PZCTSehAFpjMi0NOz3kj8z2ulEJ63Mx4nKbCYThaFqcAg8Sgg3OGKURADQwhV3NyKaY+YaMDEmDchuLMvz5N6ueSelMo3p4XKxTSOHNpHB6iIXHSGKugKVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w+ic537</latexit>

Is           with loops enough? Not if the

SMEFT effects are observable.

L(6)
<latexit sha1_base64="BEw0UUE8xOlA8feKpoOR7VpCXPA=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmqqLgquHHhooJ9QBvLZDpph04ezEyUEvMpblwo4tYvceffOGmz0NYDA4dz7uWeOW7EmVSW9W0sLa+srq0XNoqbW9s7u2ZpryXDWBDaJCEPRcfFknIW0KZiitNOJCj2XU7b7vgq89sPVEgWBndqElHHx8OAeYxgpaW+Wer5WI0I5slNep9Uzo7Tvlm2qtYUaJHYOSlDjkbf/OoNQhL7NFCEYym7thUpJ8FCMcJpWuzFkkaYjPGQdjUNsE+lk0yjp+hIKwPkhUK/QKGp+nsjwb6UE9/Vk1lQOe9l4n9eN1behZOwIIoVDcjskBdzpEKU9YAGTFCi+EQTTATTWREZYYGJ0m0VdQn2/JcXSatWtU+qtdvTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYjS4Z+c4+/IHx+QPIp5Oo</latexit>

v2

⇤2

v2

⇤2
>

g2sm v2

16⇡2⇤2
<latexit sha1_base64="n5E+cm/SWe0IYvsgj9M44DZ5SQM="></latexit>

It can be (usually is) true that 

We need the        in general.cl
<latexit sha1_base64="GMLV2fgB8n5PKc99SOo8jXBiq44=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD6wv+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QNEBI3C</latexit>

Therefore we need the bij
<latexit sha1_base64="U2OBj/9SzJfKZ/kiEZ1TXR1E3FU=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0qKJ4KXjxWsB/QLiWbZtu02WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RmvrG5tb24Wd4u7e/sFh6ei4aVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWO72Z+64lpw5V8tJOEBTEZSB5xSqyTmmEv46Npr1T2Kt4ceJX4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsWuymhiWEjsmAdRyVJGYmyObXTvG5U/o4UtqVtHiu/p7ISGzMJA5dZ0zs0Cx7M/E/r5Pa6CbIuExSyyRdLIpSga3Cs9dxn2tGrZg4Qqjm7lZMh0QTal1ARReCv/zyKmlWK/5lpfpwVa7d5nEU4BTO4AJ8uIYa3EMdGkBhBM/wCm9IoRf0jj4WrWsonzmBP0CfP8pGjz4=</latexit>

We need a good (NLO) microscope



12Michael Trott, Niels Bohr Institute, Fri, March 6th 2015Michael Trott, Niels Bohr Institute, April 14th 2015Michael Trott, NBI 241118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 6Michael Trott, NBI

v

⇤QCD

LHC exp

Mheavy?
C1(M), C2(M) · · ·Cn(M)

<latexit sha1_base64="PPxzL4WhomJvhNCw48fj/3dgQo0=">AAACBXicbVBNS8MwGE7n15xfVY96CA5hgox2CoqnQS9ehAnuA7ZS0jTdwtK0JKkwyi5e/CtePCji1f/gzX9juvWg0wdCnjzP+/LmffyEUaks68soLS2vrK6V1ysbm1vbO+buXkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/tjJ/e49EZLG/E5NEuJGaMhpSDFSWvLMQ8ezazcnp47X0Bcc4CBWEjoez1+eWbXq1gzwL7ELUgUFWp75OQhinEaEK8yQlH3bSpSbIaEoZmRaGaSSJAiP0ZD0NeUoItLNZltM4bFWAhjGQh+u4Ez92ZGhSMpJ5OvKCKmRXPRy8T+vn6rw0s0oT1JFOJ4PClMGVQzzSGBABcGKTTRBWFD9V4hHSCCsdHAVHYK9uPJf0mnU7bN64/a82rwq4iiDA3AEasAGF6AJrkELtAEGD+AJvIBX49F4Nt6M93lpySh69sEvGB/fczCVVQ==</latexit>

C 0
1(hsi), C 0

2(hsi) · · ·C 0
n(hsi)

<latexit sha1_base64="Pa7aR4zXIM1bP0HHpyxuth92Dz4=">AAACNXicbZDLSsNAFIYn9VbrLerSzWARK0hJqqC4KnTjwkUFe4EmhMlk0g6dTMLMRCihL+XG93ClCxeKuPUVnKZdaNsDAx//fw5nzu8njEplWW9GYWV1bX2juFna2t7Z3TP3D9oyTgUmLRyzWHR9JAmjnLQUVYx0E0FQ5DPS8YeNid95JELSmD+oUULcCPU5DSlGSkueedc49eyKwxDvMwKlI3I4O9dybVGGDg5iJaF2+RLXM8tW1coLLoI9gzKYVdMzX5wgxmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3y68ewxOtBDCMhX5cwVz9O5GhSMpR5OvOCKmBnPcm4jKvl6rw2s0oT1JFOJ4uClMGVQwnEcKACoIVG2lAWFD9V4gHSCCsdNAlHYI9f/IitGtV+6Jau78s129mcRTBETgGFWCDK1AHt6AJWgCDJ/AKPsCn8Wy8G1/G97S1YMxmDsG/Mn5+AWQOqWg=</latexit>

hO(s)i
<latexit sha1_base64="slf2CM4ufjo9vQG7qLULEM2EAdo=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSKiiuCm7cWcE+oAllMp20QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAxfOnHMvc+8JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQejm6nffqRSsVg86HFC/QgPBAsZwdpIPfvI41gMOEV3FXWGPDl/9OyyU3VmQMvEzUkZcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn83Wn6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwys/YyJJNRVk/lGYcqRjNM0C9ZmkRPOxIZhIZnZFZIglJtokVjIhuIsnL5NWreqeV2v3F+X6dR5HEY7hBCrgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFsLVj5zCH9gff4Ak4CUkA==</latexit>

General structure of corrections:

log
⇣pi · pj

M2

⌘

<latexit sha1_base64="N/qiXFJ6Ajrl3wHVmfto7t5cMVM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoLgquHEjVLAPaGqYTCft2EkmzNwIJfQf3Pgrblwo4taNO//G6WOhrQcuHM65l3vvCRLBNTjOt7WwuLS8sppby69vbG5t2zu7dS1TRVmNSiFVMyCaCR6zGnAQrJkoRqJAsEbQvxz5jQemNJfxLQwS1o5IN+YhpwSM5NvHQnaxJ1gIRS9UhGaJz7FHOxJw4t8Ps+u78tBTvNuDI98uOCVnDDxP3CkpoCmqvv3ldSRNIxYDFUTrlusk0M6IAk4FG+a9VLOE0D7pspahMYmYbmfjn4b40CgdHEplKgY8Vn9PZCTSehAFpjMi0NOz3kj8z2ulEJ63Mx4nKbCYThaFqcAg8Sgg3OGKURADQwhV3NyKaY+YaMDEmDchuLMvz5N6ueSelMo3p4XKxTSOHNpHB6iIXHSGKugKVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w+ic537</latexit>

What do we have?

SMEFTsim 1709.06492, 2012.11343  

UFO, interfaces with Madgraph gives full set of
ai

<latexit sha1_base64="oASF+TCRjRZkOUIGwqbeMcBEVKY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPz7UjcU=</latexit>

For two input parameter schemes

For flavour sym assumptions:
U(3)5

<latexit sha1_base64="4gNI+o5cN1WKjSceZtPeWOuiDQ0=">AAAB7XicbVBNTwIxEJ31E/EL9eilkZjgheyCRuOJxItHTFwggZV0Sxcq3XbTdk0I4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb2dldW19YzO3ld/e2d3bLxwcNrRMFaE+kVyqVog15UxQ3zDDaStRFMchp81weDP1m09UaSbFvRklNIhxX7CIEWys1PBL1bOHi26h6JbdGdAy8TJShAz1buGr05MkjakwhGOt256bmGCMlWGE00m+k2qaYDLEfdq2VOCY6mA8u3aCTq3SQ5FUtoRBM/X3xBjHWo/i0HbG2Az0ojcV//PaqYmugjETSWqoIPNFUcqRkWj6OuoxRYnhI0swUczeisgAK0yMDShvQ/AWX14mjUrZq5Yrd+fF2nUWRw6O4QRK4MEl1OAW6uADgUd4hld4c6Tz4rw7H/PWFSebOYI/cD5/ABM2jh4=</latexit>

MFV , Gen flavour (2499) :1709.06492

:2012.11343  

We need a good (NLO) microscope



12Michael Trott, Niels Bohr Institute, Fri, March 6th 2015Michael Trott, Niels Bohr Institute, April 14th 2015Michael Trott, NBI 241118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 127Michael Trott, NBI

v

⇤QCD

LHC exp

Mheavy?
C1(M), C2(M) · · ·Cn(M)

<latexit sha1_base64="PPxzL4WhomJvhNCw48fj/3dgQo0=">AAACBXicbVBNS8MwGE7n15xfVY96CA5hgox2CoqnQS9ehAnuA7ZS0jTdwtK0JKkwyi5e/CtePCji1f/gzX9juvWg0wdCnjzP+/LmffyEUaks68soLS2vrK6V1ysbm1vbO+buXkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/tjJ/e49EZLG/E5NEuJGaMhpSDFSWvLMQ8ezazcnp47X0Bcc4CBWEjoez1+eWbXq1gzwL7ELUgUFWp75OQhinEaEK8yQlH3bSpSbIaEoZmRaGaSSJAiP0ZD0NeUoItLNZltM4bFWAhjGQh+u4Ez92ZGhSMpJ5OvKCKmRXPRy8T+vn6rw0s0oT1JFOJ4PClMGVQzzSGBABcGKTTRBWFD9V4hHSCCsdHAVHYK9uPJf0mnU7bN64/a82rwq4iiDA3AEasAGF6AJrkELtAEGD+AJvIBX49F4Nt6M93lpySh69sEvGB/fczCVVQ==</latexit>

C 0
1(hsi), C 0

2(hsi) · · ·C 0
n(hsi)

<latexit sha1_base64="Pa7aR4zXIM1bP0HHpyxuth92Dz4=">AAACNXicbZDLSsNAFIYn9VbrLerSzWARK0hJqqC4KnTjwkUFe4EmhMlk0g6dTMLMRCihL+XG93ClCxeKuPUVnKZdaNsDAx//fw5nzu8njEplWW9GYWV1bX2juFna2t7Z3TP3D9oyTgUmLRyzWHR9JAmjnLQUVYx0E0FQ5DPS8YeNid95JELSmD+oUULcCPU5DSlGSkueedc49eyKwxDvMwKlI3I4O9dybVGGDg5iJaF2+RLXM8tW1coLLoI9gzKYVdMzX5wgxmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3y68ewxOtBDCMhX5cwVz9O5GhSMpR5OvOCKmBnPcm4jKvl6rw2s0oT1JFOJ4uClMGVQwnEcKACoIVG2lAWFD9V4gHSCCsdNAlHYI9f/IitGtV+6Jau78s129mcRTBETgGFWCDK1AHt6AJWgCDJ/AKPsCn8Wy8G1/G97S1YMxmDsG/Mn5+AWQOqWg=</latexit>

hO(s)i
<latexit sha1_base64="slf2CM4ufjo9vQG7qLULEM2EAdo=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSKiiuCm7cWcE+oAllMp20QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAxfOnHMvc+8JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQejm6nffqRSsVg86HFC/QgPBAsZwdpIPfvI41gMOEV3FXWGPDl/9OyyU3VmQMvEzUkZcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn83Wn6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwys/YyJJNRVk/lGYcqRjNM0C9ZmkRPOxIZhIZnZFZIglJtokVjIhuIsnL5NWreqeV2v3F+X6dR5HEY7hBCrgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFsLVj5zCH9gff4Ak4CUkA==</latexit>

General structure of corrections:

log
⇣pi · pj

M2

⌘

<latexit sha1_base64="N/qiXFJ6Ajrl3wHVmfto7t5cMVM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoLgquHEjVLAPaGqYTCft2EkmzNwIJfQf3Pgrblwo4taNO//G6WOhrQcuHM65l3vvCRLBNTjOt7WwuLS8sppby69vbG5t2zu7dS1TRVmNSiFVMyCaCR6zGnAQrJkoRqJAsEbQvxz5jQemNJfxLQwS1o5IN+YhpwSM5NvHQnaxJ1gIRS9UhGaJz7FHOxJw4t8Ps+u78tBTvNuDI98uOCVnDDxP3CkpoCmqvv3ldSRNIxYDFUTrlusk0M6IAk4FG+a9VLOE0D7pspahMYmYbmfjn4b40CgdHEplKgY8Vn9PZCTSehAFpjMi0NOz3kj8z2ulEJ63Mx4nKbCYThaFqcAg8Sgg3OGKURADQwhV3NyKaY+YaMDEmDchuLMvz5N6ueSelMo3p4XKxTSOHNpHB6iIXHSGKugKVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w+ic537</latexit>

What do we have?

SMEFTsim 1709.06492, 2012.11343  

UFO, interfaces with Madgraph gives full set of
ai

<latexit sha1_base64="oASF+TCRjRZkOUIGwqbeMcBEVKY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPz7UjcU=</latexit>

For same set of input parameters and flavour

assumptions a subset of the 

bjk
<latexit sha1_base64="Oc47bteOhi1gTq6p4CqrIpJwHhI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0qKJ4KXjxWsB/QLiWbZtu02WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RmvrG5tb24Wd4u7e/sFh6ei4aVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWO72Z+64lpw5V8tJOEBTEZSB5xSqyTmmEvG42nvVLZq3hz4FXi56QMOeq90le3r2gaM2mpIMZ0fC+xQUa05VSwabGbGpYQOiYD1nFUkpiZIJtfO8XnTunjSGlX0uK5+nsiI7Exkzh0nTGxQ7PszcT/vE5qo5sg4zJJLZN0sShKBbYKz17Hfa4ZtWLiCKGau1sxHRJNqHUBFV0I/vLLq6RZrfiXlerDVbl2m8dRgFM4gwvw4RpqcA91aACFETzDK7whhV7QO/pYtK6hfOYE/gB9/gDNUY9A</latexit>

We need a good (NLO) microscope
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v

⇤QCD

LHC exp

Mheavy?
C1(M), C2(M) · · ·Cn(M)

<latexit sha1_base64="PPxzL4WhomJvhNCw48fj/3dgQo0=">AAACBXicbVBNS8MwGE7n15xfVY96CA5hgox2CoqnQS9ehAnuA7ZS0jTdwtK0JKkwyi5e/CtePCji1f/gzX9juvWg0wdCnjzP+/LmffyEUaks68soLS2vrK6V1ysbm1vbO+buXkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/tjJ/e49EZLG/E5NEuJGaMhpSDFSWvLMQ8ezazcnp47X0Bcc4CBWEjoez1+eWbXq1gzwL7ELUgUFWp75OQhinEaEK8yQlH3bSpSbIaEoZmRaGaSSJAiP0ZD0NeUoItLNZltM4bFWAhjGQh+u4Ez92ZGhSMpJ5OvKCKmRXPRy8T+vn6rw0s0oT1JFOJ4PClMGVQzzSGBABcGKTTRBWFD9V4hHSCCsdHAVHYK9uPJf0mnU7bN64/a82rwq4iiDA3AEasAGF6AJrkELtAEGD+AJvIBX49F4Nt6M93lpySh69sEvGB/fczCVVQ==</latexit>

C 0
1(hsi), C 0

2(hsi) · · ·C 0
n(hsi)

<latexit sha1_base64="Pa7aR4zXIM1bP0HHpyxuth92Dz4=">AAACNXicbZDLSsNAFIYn9VbrLerSzWARK0hJqqC4KnTjwkUFe4EmhMlk0g6dTMLMRCihL+XG93ClCxeKuPUVnKZdaNsDAx//fw5nzu8njEplWW9GYWV1bX2juFna2t7Z3TP3D9oyTgUmLRyzWHR9JAmjnLQUVYx0E0FQ5DPS8YeNid95JELSmD+oUULcCPU5DSlGSkueedc49eyKwxDvMwKlI3I4O9dybVGGDg5iJaF2+RLXM8tW1coLLoI9gzKYVdMzX5wgxmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3y68ewxOtBDCMhX5cwVz9O5GhSMpR5OvOCKmBnPcm4jKvl6rw2s0oT1JFOJ4uClMGVQwnEcKACoIVG2lAWFD9V4gHSCCsdNAlHYI9f/IitGtV+6Jau78s129mcRTBETgGFWCDK1AHt6AJWgCDJ/AKPsCn8Wy8G1/G97S1YMxmDsG/Mn5+AWQOqWg=</latexit>

hO(s)i
<latexit sha1_base64="slf2CM4ufjo9vQG7qLULEM2EAdo=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSKiiuCm7cWcE+oAllMp20QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAxfOnHMvc+8JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQejm6nffqRSsVg86HFC/QgPBAsZwdpIPfvI41gMOEV3FXWGPDl/9OyyU3VmQMvEzUkZcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn83Wn6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwys/YyJJNRVk/lGYcqRjNM0C9ZmkRPOxIZhIZnZFZIglJtokVjIhuIsnL5NWreqeV2v3F+X6dR5HEY7hBCrgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFsLVj5zCH9gff4Ak4CUkA==</latexit>

General structure of corrections:

log
⇣pi · pj

M2

⌘

<latexit sha1_base64="N/qiXFJ6Ajrl3wHVmfto7t5cMVM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoLgquHEjVLAPaGqYTCft2EkmzNwIJfQf3Pgrblwo4taNO//G6WOhrQcuHM65l3vvCRLBNTjOt7WwuLS8sppby69vbG5t2zu7dS1TRVmNSiFVMyCaCR6zGnAQrJkoRqJAsEbQvxz5jQemNJfxLQwS1o5IN+YhpwSM5NvHQnaxJ1gIRS9UhGaJz7FHOxJw4t8Ps+u78tBTvNuDI98uOCVnDDxP3CkpoCmqvv3ldSRNIxYDFUTrlusk0M6IAk4FG+a9VLOE0D7pspahMYmYbmfjn4b40CgdHEplKgY8Vn9PZCTSehAFpjMi0NOz3kj8z2ulEJ63Mx4nKbCYThaFqcAg8Sgg3OGKURADQwhV3NyKaY+YaMDEmDchuLMvz5N6ueSelMo3p4XKxTSOHNpHB6iIXHSGKugKVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w+ic537</latexit>

        results increasingly available:

We need a good (NLO) microscope

         basis. Murphy 2005.00059 

GeoSMEFT enables many dim 8 results

L(8)
<latexit sha1_base64="yDyTQqpx3+0e7fobKVG77HDgbXI=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBHqpiRVsLgquHHhooJ9QBvLZDpph04mYWailJhPceNCEbd+iTv/xkmbhbYeGDiccy/3zPEiRqWy7W9jZXVtfWOzsFXc3tnd2zdLB20ZxgKTFg5ZKLoekoRRTlqKKka6kSAo8BjpeJOrzO88ECFpyO/UNCJugEac+hQjpaWBWeoHSI0xYslNep9U6qfpwCzbVXsGa5k4OSlDjubA/OoPQxwHhCvMkJQ9x46UmyChKGYkLfZjSSKEJ2hEeppyFBDpJrPoqXWilaHlh0I/rqyZ+nsjQYGU08DTk1lQuehl4n9eL1Z+3U0oj2JFOJ4f8mNmqdDKerCGVBCs2FQThAXVWS08RgJhpdsq6hKcxS8vk3at6pxVa7fn5cZlXkcBjuAYKuDABTTgGprQAgyP8Ayv8GY8GS/Gu/ExH10x8p1D+APj8wfLs5Oq</latexit>

L(8)
<latexit sha1_base64="yDyTQqpx3+0e7fobKVG77HDgbXI=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBHqpiRVsLgquHHhooJ9QBvLZDpph04mYWailJhPceNCEbd+iTv/xkmbhbYeGDiccy/3zPEiRqWy7W9jZXVtfWOzsFXc3tnd2zdLB20ZxgKTFg5ZKLoekoRRTlqKKka6kSAo8BjpeJOrzO88ECFpyO/UNCJugEac+hQjpaWBWeoHSI0xYslNep9U6qfpwCzbVXsGa5k4OSlDjubA/OoPQxwHhCvMkJQ9x46UmyChKGYkLfZjSSKEJ2hEeppyFBDpJrPoqXWilaHlh0I/rqyZ+nsjQYGU08DTk1lQuehl4n9eL1Z+3U0oj2JFOJ4f8mNmqdDKerCGVBCs2FQThAXVWS08RgJhpdsq6hKcxS8vk3at6pxVa7fn5cZlXkcBjuAYKuDABTTgGprQAgyP8Ayv8GY8GS/Gu/ExH10x8p1D+APj8wfLs5Oq</latexit>

1803.08001, 1909.08470,

 2001.01453, 2007.00565

Some specific processes known
Drell Yan/di-lepton: 2003.11615, 2106.05337

mono-lepton: 2203.11976

https://arxiv.org/abs/2005.00059
https://arxiv.org/abs/1803.08001
https://arxiv.org/abs/1909.08470
https://arxiv.org/abs/2001.01453
https://arxiv.org/abs/2007.00565
https://arxiv.org/abs/2203.11976
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v

⇤QCD

LHC exp

Mheavy?
C1(M), C2(M) · · ·Cn(M)

<latexit sha1_base64="PPxzL4WhomJvhNCw48fj/3dgQo0=">AAACBXicbVBNS8MwGE7n15xfVY96CA5hgox2CoqnQS9ehAnuA7ZS0jTdwtK0JKkwyi5e/CtePCji1f/gzX9juvWg0wdCnjzP+/LmffyEUaks68soLS2vrK6V1ysbm1vbO+buXkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/tjJ/e49EZLG/E5NEuJGaMhpSDFSWvLMQ8ezazcnp47X0Bcc4CBWEjoez1+eWbXq1gzwL7ELUgUFWp75OQhinEaEK8yQlH3bSpSbIaEoZmRaGaSSJAiP0ZD0NeUoItLNZltM4bFWAhjGQh+u4Ez92ZGhSMpJ5OvKCKmRXPRy8T+vn6rw0s0oT1JFOJ4PClMGVQzzSGBABcGKTTRBWFD9V4hHSCCsdHAVHYK9uPJf0mnU7bN64/a82rwq4iiDA3AEasAGF6AJrkELtAEGD+AJvIBX49F4Nt6M93lpySh69sEvGB/fczCVVQ==</latexit>

C 0
1(hsi), C 0

2(hsi) · · ·C 0
n(hsi)

<latexit sha1_base64="Pa7aR4zXIM1bP0HHpyxuth92Dz4=">AAACNXicbZDLSsNAFIYn9VbrLerSzWARK0hJqqC4KnTjwkUFe4EmhMlk0g6dTMLMRCihL+XG93ClCxeKuPUVnKZdaNsDAx//fw5nzu8njEplWW9GYWV1bX2juFna2t7Z3TP3D9oyTgUmLRyzWHR9JAmjnLQUVYx0E0FQ5DPS8YeNid95JELSmD+oUULcCPU5DSlGSkueedc49eyKwxDvMwKlI3I4O9dybVGGDg5iJaF2+RLXM8tW1coLLoI9gzKYVdMzX5wgxmlEuMIMSdmzrUS5GRKKYkbGJSeVJEF4iPqkp5GjiEg3y68ewxOtBDCMhX5cwVz9O5GhSMpR5OvOCKmBnPcm4jKvl6rw2s0oT1JFOJ4uClMGVQwnEcKACoIVG2lAWFD9V4gHSCCsdNAlHYI9f/IitGtV+6Jau78s129mcRTBETgGFWCDK1AHt6AJWgCDJ/AKPsCn8Wy8G1/G97S1YMxmDsG/Mn5+AWQOqWg=</latexit>

hO(s)i
<latexit sha1_base64="slf2CM4ufjo9vQG7qLULEM2EAdo=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSKiiuCm7cWcE+oAllMp20QyeTMDMRSij4K25cKOLW73Dn3zhts9DWAxfOnHMvc+8JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQejm6nffqRSsVg86HFC/QgPBAsZwdpIPfvI41gMOEV3FXWGPDl/9OyyU3VmQMvEzUkZcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn83Wn6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwys/YyJJNRVk/lGYcqRjNM0C9ZmkRPOxIZhIZnZFZIglJtokVjIhuIsnL5NWreqeV2v3F+X6dR5HEY7hBCrgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFsLVj5zCH9gff4Ak4CUkA==</latexit>

General structure of corrections:

log
⇣pi · pj

M2

⌘

<latexit sha1_base64="N/qiXFJ6Ajrl3wHVmfto7t5cMVM=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUmqoLgquHEjVLAPaGqYTCft2EkmzNwIJfQf3Pgrblwo4taNO//G6WOhrQcuHM65l3vvCRLBNTjOt7WwuLS8sppby69vbG5t2zu7dS1TRVmNSiFVMyCaCR6zGnAQrJkoRqJAsEbQvxz5jQemNJfxLQwS1o5IN+YhpwSM5NvHQnaxJ1gIRS9UhGaJz7FHOxJw4t8Ps+u78tBTvNuDI98uOCVnDDxP3CkpoCmqvv3ldSRNIxYDFUTrlusk0M6IAk4FG+a9VLOE0D7pspahMYmYbmfjn4b40CgdHEplKgY8Vn9PZCTSehAFpjMi0NOz3kj8z2ulEJ63Mx4nKbCYThaFqcAg8Sgg3OGKURADQwhV3NyKaY+YaMDEmDchuLMvz5N6ueSelMo3p4XKxTSOHNpHB6iIXHSGKugKVVENUfSIntErerOerBfr3fqYtC5Y05k99AfW5w+ic537</latexit>

        one loop results developed:

We need a good (NLO) microscope

L(6)
<latexit sha1_base64="BEw0UUE8xOlA8feKpoOR7VpCXPA=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmqqLgquHHhooJ9QBvLZDpph04ezEyUEvMpblwo4tYvceffOGmz0NYDA4dz7uWeOW7EmVSW9W0sLa+srq0XNoqbW9s7u2ZpryXDWBDaJCEPRcfFknIW0KZiitNOJCj2XU7b7vgq89sPVEgWBndqElHHx8OAeYxgpaW+Wer5WI0I5slNep9Uzo7Tvlm2qtYUaJHYOSlDjkbf/OoNQhL7NFCEYym7thUpJ8FCMcJpWuzFkkaYjPGQdjUNsE+lk0yjp+hIKwPkhUK/QKGp+nsjwb6UE9/Vk1lQOe9l4n9eN1behZOwIIoVDcjskBdzpEKU9YAGTFCi+EQTTATTWREZYYGJ0m0VdQn2/JcXSatWtU+qtdvTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYjS4Z+c4+/IHx+QPIp5Oo</latexit>

µ ! e�
<latexit sha1_base64="GByn0Ymk+KL93m/cIIQkaPwGfkQ=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkpSBcVTwYvHCvYDmlAm2026dDcJuxulhHrxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZkktEkSnshOAIpyFtOmZprTTiopiIDTdjC8nvjteyoVS+I7PUqpLyCKWcgIaCP17ENPZNiTLBpokDJ5wBR7EQgBPbviVJ0p8CJxC1JBBRo9+8vrJyQTNNaEg1Jd10m1n4PUjHA6LnuZoimQIUS0a2gMgio/n34wxidG6eMwkaZijafq74kchFIjEZhOAXqg5r2J+J/XzXR46ecsTjNNYzJbFGYc6wRP4sB9JinRfGQIEMnMrZgMQALRJrSyCcGdf3mRtGpV96xauz2v1K+KOEroCB2jU+SiC1RHN6iBmoigR/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/EpyWng==</latexit>

        Pruna, Signer 1408.3565

h ! ��
<latexit sha1_base64="n1o0zsrLDT7/VsAEdG2rFmGAUyA=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKiquCG5cV7APaUG6mk2ToTBJmJkoJXbjxV9y4UMStH+HOv3HaZqGtBy73cM69zNzjp5wp7Tjf1srq2vrGZmmrvL2zu7dvHxy2VZJJQlsk4Yns+qAoZzFtaaY57aaSgvA57fij66nfuadSsSS+0+OUegLCmAWMgDbSwK5EuC9ZGGmQMnnA/RCEgKIN7KpTc2bAy8QtSBUVaA7sr/4wIZmgsSYclOq5Tqq9HKRmhNNJuZ8pmgIZQUh7hsYgqPLy2RETfGKUIQ4SaSrWeKb+3shBKDUWvpkUoCO16E3F/7xepoNLL2dxmmkak/lDQcaxTvA0ETxkkhLNx4YAkcz8FZMIJBBtciubENzFk5dJu15zz2r12/Nq46qIo4Qq6BidIhddoAa6QU3UQgQ9omf0it6sJ+vFerc+5qMrVrFzhP7A+vwBWFmX4A==</latexit>

        1505.03706, 1505.02646,1507.3568

         1807.11504, 2107.07470

h ! ZZ,Z�
<latexit sha1_base64="09HSA/1yycU4qXZmL/KaW9c1bOE=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCoqrghuXFeyDPig300kydCYJMxOlhIIbf8WNC0Xc+hPu/Bunj4W2HrhwOOde7r3HSzhT2nG+rdzS8srqWn69sLG5tb1j7+7VVZxKQmsk5rFseqAoZxGtaaY5bSaSgvA4bXiD67HfuKdSsTi608OEdgUEEfMZAW2knn0Q4o5kQahByvgBt1qnuIU7AQgBPbvolJwJ8CJxZ6SIZqj27K9OPyapoJEmHJRqu06iuxlIzQino0InVTQBMoCAtg2NQFDVzSY/jPCxUfrYj6WpSOOJ+nsiA6HUUHimU4AO1bw3Fv/z2qn2L7sZi5JU04hMF/kpxzrG40Bwn0lKNB8aAkQycysmIUgg2sRWMCG48y8vknq55J6VyrfnxcrVLI48OkRH6AS56AJV0A2qohoi6BE9o1f0Zj1ZL9a79TFtzVmzmX30B9bnD5geltE=</latexit>

1801.01136, 1903.12046

h ! f̄ f
<latexit sha1_base64="40En/f9jtyb418Nyy60OWOumB5Q=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgED1KSKiieCl48VrAf0ISy2W7apZts2N0oJRS8+Fe8eFDEq3/Cm//GbZuDtj4YeLw3w8y8IOFMacf5tgpLyyura8X10sbm1vaOvbvXVCKVhDaI4EK2A6woZzFtaKY5bSeS4ijgtBUMryd+655KxUR8p0cJ9SPcj1nICNZG6toHA+RJ1h9oLKV4QF6AZRaOkXeKwq5ddirOFGiRuDkpQ4561/7yeoKkEY014Vipjusk2s+w1IxwOi55qaIJJkPcpx1DYxxR5WfTH8bo2Cg9FAppKtZoqv6eyHCk1CgKTGeE9UDNexPxP6+T6vDSz1icpJrGZLYoTDnSAk0CQT0mKdF8ZAgmkplbERlgiYk2sZVMCO78y4ukWa24Z5Xq7Xm5dpXHUYRDOIITcOECanADdWgAgUd4hld4s56sF+vd+pi1Fqx8Zh/+wPr8AQVGlxU=</latexit>

1512.02508, 1904.06358, 2007.15238

g g ! h (j)
<latexit sha1_base64="Q0CPvbG2jOdK0Yos+n/2XI/zd1w=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQQcpMFRRXBTcuK9gHtEPJpOlMNJMMSUYpQxdu/BU3LhRx60e482/MtLPQ1gP3cjjnXpJ7/JhRpR3n2yosLa+srhXXSxubW9s79u5eW4lEYtLCggnZ9ZEijHLS0lQz0o0lQZHPSMe/u8z8zj2Rigp+o8cx8SIUcDqiGGkjDexyAPvH0DRJg1AjKcUDDDOpens0sCtOzZkCLhI3JxWQozmwv/pDgZOIcI0ZUqrnOrH2UiQ1xYxMSv1EkRjhOxSQnqEcRUR56fSICTw0yhCOhDTFNZyqvzdSFCk1jnwzGSEdqnkvE//zeokenXsp5XGiCcezh0YJg1rALBE4pJJgzcaGICyp+SvEIZIIa5NbyYTgzp+8SNr1mntSq1+fVhoXeRxFUAYHoApccAYa4Ao0QQtg8AiewSt4s56sF+vd+piNFqx8Zx/8gfX5A5Ydlhs=</latexit>

1708.00460,1806.08832, 2107.07470
�Z

<latexit sha1_base64="Lgf+JXM54t80XzAZJlKKL82xXo4=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKexGQfEU8KDHCOaByRJ6J5NkyMzsOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcacaeN5305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRaoWoKWeS1g0znLZiRVGEnDbD0fXUbz5RpVkk7804poHAgWR9RtBYqdW5QSGw+9AtlryyN4O7TPyMlCBDrVv86vQikggqDeGoddv3YhOkqAwjnE4KnUTTGMkIB7RtqURBdZDO7p24J1bpuf1I2ZLGnam/J1IUWo9FaDsFmqFe9Kbif147Mf3LIGUyTgyVZL6on3DXRO70ebfHFCWGjy1Bopi91SVDVEiMjahgQ/AXX14mjUrZPytX7s5L1assjjwcwTGcgg8XUIVbqEEdCHB4hld4cx6dF+fd+Zi35pxs5hD+wPn8Abv/j74=</latexit>

1611.09879, 1808.05948, 1909.02000
t ! bW

<latexit sha1_base64="KFJcwK6BdFZRIELdSDO4hevtS0g=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVHaroHgqePFYwX5Au5Rsmm1Ds8mSzFrK2p/ixYMiXv0l3vw3pu0etPXBwOO9GWbmhYngBjzv21lb39jc2i7sFHf39g8O3dJR06hUU9agSijdDolhgkvWAA6CtRPNSBwK1gpHtzO/9ci04Uo+wCRhQUwGkkecErBSzy0B7mo+GALRWo1xiFs9t+xVvDnwKvFzUkY56j33q9tXNI2ZBCqIMR3fSyDIiAZOBZsWu6lhCaEjMmAdSyWJmQmy+elTfGaVPo6UtiUBz9XfExmJjZnEoe2MCQzNsjcT//M6KUTXQcZlkgKTdLEoSgUGhWc54D7XjIKYWEKo5vZWTIdEEwo2raINwV9+eZU0qxX/olK9vyzXbvI4CugEnaJz5KMrVEN3qI4aiKIxekav6M15cl6cd+dj0brm5DPH6A+czx+OapOD</latexit>

1907.00997 

A rather limited QCD NLOcode 2008.11743

1908.05295 Denkens Stoffer one loop 
matching to LEFT 

https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295
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Note cross correlation at sub-leading order

What convinced me..Consistency checks at one loop

The operator and loop expansion are not independent.

If you choose to rescale  (or not) the Wilson coefficient at L6 by SM 
parameters, it changes the one loop result and the dimension 8 result in a 

A = ASM + C̃(6)
i g21 + · · ·

<latexit sha1_base64="VcCehDppGPfXEy8nZ5cRCW2b3KE="></latexit>

So sub-leading terms in the series are correlated  with L.O. conventions, 
and one another, in a consistent calc:

A = ASM + C̃(6)
i ĝ21

"
1 +

d0 + djC̃
(6)
j

16⇡2
+

e0 + ekC̃
(6)
k log(pi·pj

M2 )

16⇡2
+ · · ·

#

<latexit sha1_base64="AZ6GyOPHTcWb51T+/aGHOXpDroE="></latexit>
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⇠ 125GeV ⇠ 2000GeVRunning

Modification of 

Higgs properties The “interesting scales”

u
d

dµ

✓ ◆
=

g2

16⇡2

✓
5 �5
0 0.1

◆✓ ◆

This is a quantum effect

⇠ 125GeV ⇠ 2000GeVRunning

Modification of 

Higgs properties The “interesting scales”

u
d

dµ

✓ ◆
=

g2

16⇡2

✓
5 �5
0 0.1

◆✓ ◆

This is a quantum “operator mixing” effect

RGE basics

ci(mh) =

✓
�ij � �ij log

✓
⇤

mh

◆◆
cj(⇤)

Michael Trott, NBI 241118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 11Nordic Winter School on Particle Physics and Cosmology 11Michael Trott, NBI



RGE results

12Michael Trott, Niels Bohr Institute, Fri, March 6th 2015Michael Trott, Niels Bohr Institute, April 14th 2015

Energy scale:

⇠ GeV ⇠ 100sGeV ⇠ 91.2GeV ⇠ 190GeV⇠ 125GeV ⇠ 2000GeV

LHC

h pole

LEPII

4 fermions

12

EFT: SMEFTEFT: WET (or LEFT)

Running

arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, Trott
arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott

arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

Complete SMEFT RGE:Complete LEFT RGE:
1711.05270 Jenkins, Manohar, Stoffer

HEFT/SMEFT matching LEFT:

1709.04486 Jenkins, Manohar, Stoffer

Michael Trott, NBI



Each dot can be 59 types operator

Not a trivial exercise

Michael Trott, NBI 251118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 13Michael Trott, NBI
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Not a trivial exercise

4 of 10 diagrams for h ! � �

Michael Trott, NBI 261118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 14Michael Trott, NBI



Not a trivial exercise

Two diagrams that were challenging. 25 4 fermion ops (neglecting flavour)
Hard part is the group theory, not the divergence.
Had to keep all indicies for true EFT generality and testing MFV etc..

Michael Trott, NBI 271118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 15Michael Trott, NBI



It is the SMEFT not Higgs EFT.

Michael Trott, NBI 281118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 16Michael Trott, NBI

It does not really make sense to think of just RGE improving a sector like 

“the Higgs sector”. We need the whole RGE evolution.

Consider the SM equations of motion:

Higgs:

Fermion:

Gauge field:

SMEFT Renormalisation
• Alonso Jenkins,Manohar,Trott  1312.2014

• Jenkins,Manohar,Trott 1310.4838

• Jenkins,Manohar,Trott 1308.2627

https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1308.2627


EOM effects essential in RGE

Michael Trott, NBI 291118M.Trott, Durham, 6th September 2017 46Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 145113M.Trott, HEFT 2015 - Chicago,USA. 15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology 17Michael Trott, NBI

The EOM have been used EXTENSIVELY in reducing the basis to 59 operators.

Our intuition does not accommodate that, but it is a fact. 
Here is one way this non-intuitive physics shows up.

You renormalize and obtain a divergence, for example

This operator form is not retained in the basis, so remove it:

via field redefinition

(People met this in flavour 

physics Gilman-Wise

Phys.Rev. D20 (1979) 2392)

An operator            can mix with an operator            when 

                       

O1

NO 1PI diagram exists that corresponds to the mixing.

O2



1

What convinced me..An example set of loop calcs

1



SMEFT decay widths of the Z at one loop

121

This is a multi-scale hard problem, BRM results 

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

�HAD

Z

�Z! ̄ 

�Z

R0
`

R0
b

↵̂

ĜF

M̂Z

Need to loop improve the extraction of parameters AND the decay process 
of interest.

input shifts decay process (wavefunction&process)

LSZ defn:

  arXiv:1611.09879  One Loop Z  C. Hartmann, W. Shepherd, MT 

see also : Passarino et al arXiv:1607.01236 , arXiv:1505.03706

M.Trott, Durham, 6th September 2017

/ yt,�

18Michael Trott, NBI



Loops present

122

~ 30 massive loops in addition to the RGE dim reg results of inputs and 
outputs need loops arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, Trott

arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

M.Trott, Durham, 6th September 2017 19Michael Trott, NBI



Main conclusions

123

MORE PARAMETERS (At least) the following operators contribute at one 
loop to EWPD,  that are not present at tree level.

Distinctions between operators made at LO not relevant

M.Trott, Durham, 6th September 2017

Need to combine data sets carefully due to hierarchies in experimental 
precision and different scales of measurements

20Michael Trott, NBI



SMEFT Subtleties

21

�(h ! � �) Defining the basis of operators as 

Oi = (OHB ,OHW ,OHWB ,OW ,OeB ,O
⇤
eB

,OuB ,O
⇤
uB

,OdB ,O
⇤
dB

,OeW ,O⇤
eW

,OuW ,O⇤
uW

,OdW ,O⇤
dW

)

3x3 sub-matrix of ops that contribute at tree level            and first at one loop

Counter-term  subtraction is  proportional to v

Zi,j =
1

16⇡2

Michael Trott, NBI



Michael Trott, Niels Bohr Institute

The required loops.

22Michael Trott, NBI

Calculate in BF method, in        gauge, for operators that contribute at tree levelR⇠

Gauge dependence cancels         remaining divergences cancel exactly



Michael Trott, Niels Bohr Institute

NLO EFT -  fix finite terms
Define vev of the theory as the one point function vanishing - fixes �v

The finite terms that are fixed by renormalization conditions (at one loop) in the theory 

enter as

Michael Trott, Niels Bohr Institute 23Michael Trott, NBI



Michael Trott, Niels Bohr Institute

NLO EFT - fix finite terms
Remaining finite terms fixed by defining in renormalization conditions on the couplings and

two point function residues and poles

So also calc:

Michael Trott, Niels Bohr Institute 24Michael Trott, NBI



Michael Trott, Niels Bohr Institute

Renormalization conditions

25Michael Trott, NBI

The finite terms that are fixed by renormalization conditions (at one loop) in the theory 

enter as

Remaining finite terms fixed by defining in renormalization conditions on the couplings and

two point function residues and poles

Cancels!

This relation follows from a Ward identity

using BFM.



Michael Trott, Niels Bohr Institute

NLO SMEFT

26Michael Trott, NBI

The final tree result is of the form

Where

1505.02646 Hartmann, Trott



Michael Trott, Niels Bohr Institute

NLO SMEFT

26aMichael Trott, NBI

The final tree result is of the form

Where

1505.02646 Hartmann, Trott

Fixed by renorm

conditions



Michael Trott, Niels Bohr Institute

NLO SMEFT

26bMichael Trott, NBI

The final tree result is of the form

Where

1505.02646 Hartmann, Trott

“(not so) Large” 

log terms consistent with

RGE



Michael Trott, Niels Bohr Institute

NLO SMEFT

26cMichael Trott, NBI

The final tree result is of the form

Where

1505.02646 Hartmann, Trott

Finite terms with associated

logs terms



Michael Trott, Niels Bohr Institute

NLO SMEFT

26cMichael Trott, NBI

The final tree result is of the form

Where

1505.02646 Hartmann, Trott

“Pure” finite terms not in 

         and no associated

log
C� �



NLO EFT - Physics lessons

26cMichael Trott, NBI

Operators can contribute a “pure finite term” at NLO and not have a corresponding

RGE log.  This fact consistent with results in 1505.03706 Ghezzi et al.

Finite terms are not small in general compared to the log terms 

Log mu dependence of RGE consistent with full one loop result,

but important modification due to mass scales running (vev not 0)

The RGE is not a good proxy for the full one loop structure 

of the SMEFT.

(0’s in the rge do not mean 0’s guaranteed at one loop for finite terms)



Michael Trott, Niels Bohr Institute

NLO SMEFT

27Michael Trott, NBI

An unusual feature of the calculation
1505.02646 Hartmann, Trott



Michael Trott, Niels Bohr Institute

 SMEFT gauge fixing issues.

28

The fields are redefined at each order in the power counting, this leads to the appearance

of L6 Wilson coefficients in the gauge fixing term.

Some operators in          then source ghosts!L6

The mismatch of the mass eigenstates in the SMEFT with the SM means gauge fixing

in the former also results in some interesting local contact operators 

This cancels the unusual divergences in                                      exactly.�SMEFT (h ! ��)

Michael Trott, NBI



Michael Trott, Niels Bohr Institute

 Another geoSMEFT clue

29Michael Trott, NBI

This was extremely confusing. The BFM usually removes such terms by design.

Not just at tree level but at one loop. In other gauge fixing approaches, 

this term is removed by a gauge fixing condition. 


What is going on here with the vev redefinitions?



What convinced me..SMEFT Ward identities in BFM



Michael Trott, Niels Bohr Institute

 Aside on the BFM
Here we are gauge fixing in the BFM:

Double the fields, introduce background fields that have gauge sym unbroken when gauge 
fixing quantum fields

F ! F̂ + F
<latexit sha1_base64="33ouJGVe4mGccJJE6vQaqb8YL6s=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQShJFRRXBaG4rGAf0IQymU6aoZMHMzdKCcWNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPlwiuwLK+jcLS8srqWnG9tLG5tb1j7u61VJxKypo0FrHseEQxwSPWBA6CdRLJSOgJ1vaG1xO/fc+k4nF0B6OEuSEZRNznlICWeuZBHTuSDwIgUsYP2AkIZPUxPsX1nlm2KtYUeJHYOSmjHI2e+eX0Y5qGLAIqiFJd20rAzYgETgUbl5xUsYTQIRmwrqYRCZlys+kLY3yslT72Y6krAjxVf09kJFRqFHq6MyQQqHlvIv7ndVPwL92MR0kKLKKzRX4qMMR4kgfuc8koiJEmhEqub8U0IJJQ0KmVdAj2/MuLpFWt2GeV6u15uXaVx1FEh+gInSAbXaAaukEN1EQUPaJn9IrejCfjxXg3PmatBSOf2Ud/YHz+AL2bllQ=</latexit>

30Michael Trott, NBI

Abbott Acta Phys.Polon.B 13 (1982) 33



SMEFT gauge fixing solution!

Michael Trott, Niels Bohr Institute 31Michael Trott, NBI

Problem: contact operators change mass and weak eigenstate relationship.

This can be understood as a “curved field space” due to the contact operators.

Solution:define a gauge fixing term on the  “curved field space”

arXiv:1803.08001  Helset, Paraskevas, Trott 



SMEFT gauge fixing solution!

39Michael Trott, IPMUMichael Trott, Niels Bohr Institute 32Michael Trott, NBI



SMEFT gauge fixing solution!

40Michael Trott, IPMUMichael Trott, Niels Bohr Institute 33Michael Trott, NBI



Michael Trott, Niels Bohr Institute

 Another geoSMEFT clue

34Michael Trott, NBI

The geometric BFM gauge fixing cancels this mixing at all orders in the vev expansion!

Exactly as it should be. You need to gauge fix geometrically to have the usual BFM 
benefits.



112

GeoSMEFT based loop corrections?

M.Trott, HEFT 2015 - Chicago,USA. 11Nordic Winter School on Particle Physics and CosmologyMichael Trott, NBI, Sept 9-13 Maria Laach 8143Michael Trott, NBI, Sept 30 - Oct 4 Oxford

Will this simplify the NLO SMEFT radiative correction program?(Yes)

Immediate BFM Ward Identities have already been derived:

Background field gauge transformation

Photon identities: Z identities:

One loop behaviour works!

Michael Trott, NBI

Geometric mass

1909.08470 Corbett, Helset, Trott

Michael Trott, Niels Bohr Institute 35Michael Trott, NBI

https://arxiv.org/abs/1909.08470


112

GeoSMEFT based loop corrections?

M.Trott, HEFT 2015 - Chicago,USA. 11Nordic Winter School on Particle Physics and CosmologyMichael Trott, NBI, Sept 9-13 Maria Laach 8144Michael Trott, NBI, Sept 30 - Oct 4 Oxford

Expanding out the Ward ID you get expressions like this:

Michael Trott, NBI

Consider the operator CHWB
<latexit sha1_base64="oaingZztZWq1tQlec3QqF2s0AJU=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQfFU7KXHCrZbaJeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCxubW9k5xt7S3f3B4VD4+6eg4VZS1aSxi1Q2IZoJL1jbcCNZNFCNRIJgXTBpz33tiSvNYPpppwvyIjCQPOSXGSl5jkDW9+9mgXHGqzgJ4nbg5qUCO1qD81R/GNI2YNFQQrXuukxg/I8pwKtis1E81SwidkBHrWSpJxLSfLc6d4QurDHEYK1vS4IX6eyIjkdbTKLCdETFjverNxf+8XmrCWz/jMkkNk3S5KEwFNjGe/46HXDFqxNQSQhW3t2I6JopQYxMq2RDc1ZfXSadWda+qtYfrSv0uj6MIZ3AOl+DCDdShCS1oA4UJPMMrvKEEvaB39LFsLaB85hT+AH3+ANZ+jzc=</latexit>

Which exactly cancels:

Geometric mass

All one and two point ward ID working out at one loop. Powerful new 

NLO code tool is being developed using this as a theory cross check by 
Tyler Corbett.

2010.08451 Corbett, Trott
2010.15852 Corbett

Michael Trott, Niels Bohr Institute 36Michael Trott, NBI

https://arxiv.org/abs/2010.08451
https://arxiv.org/abs/2010.15852


What convinced me..Current state of the art
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Best practice example in geoSMEFT 

M.Trott, HEFT 2015 - Chicago,USA. 11Nordic Winter School on Particle Physics and CosmologyMichael Trott, NBI, Sept 9-13 Maria Laach 8144Michael Trott, NBI, Sept 30 - Oct 4 OxfordMichael Trott, NBIMichael Trott, Niels Bohr Institute 37Michael Trott, NBI

State of the art 

has        at tree and loop 

Level and also 

L(6)
<latexit sha1_base64="BEw0UUE8xOlA8feKpoOR7VpCXPA=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUmqqLgquHHhooJ9QBvLZDpph04ezEyUEvMpblwo4tYvceffOGmz0NYDA4dz7uWeOW7EmVSW9W0sLa+srq0XNoqbW9s7u2ZpryXDWBDaJCEPRcfFknIW0KZiitNOJCj2XU7b7vgq89sPVEgWBndqElHHx8OAeYxgpaW+Wer5WI0I5slNep9Uzo7Tvlm2qtYUaJHYOSlDjkbf/OoNQhL7NFCEYym7thUpJ8FCMcJpWuzFkkaYjPGQdjUNsE+lk0yjp+hIKwPkhUK/QKGp+nsjwb6UE9/Vk1lQOe9l4n9eN1behZOwIIoVDcjskBdzpEKU9YAGTFCi+EQTTATTWREZYYGJ0m0VdQn2/JcXSatWtU+qtdvTcv0yr6MAB3AIFbDhHOpwDQ1oAoFHeIZXeDOejBfj3fiYjS4Z+c4+/IHx+QPIp5Oo</latexit>

�(h ! ��)
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L(8)
<latexit sha1_base64="yDyTQqpx3+0e7fobKVG77HDgbXI=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBHqpiRVsLgquHHhooJ9QBvLZDpph04mYWailJhPceNCEbd+iTv/xkmbhbYeGDiccy/3zPEiRqWy7W9jZXVtfWOzsFXc3tnd2zdLB20ZxgKTFg5ZKLoekoRRTlqKKka6kSAo8BjpeJOrzO88ECFpyO/UNCJugEac+hQjpaWBWeoHSI0xYslNep9U6qfpwCzbVXsGa5k4OSlDjubA/OoPQxwHhCvMkJQ9x46UmyChKGYkLfZjSSKEJ2hEeppyFBDpJrPoqXWilaHlh0I/rqyZ+nsjQYGU08DTk1lQuehl4n9eL1Z+3U0oj2JFOJ4f8mNmqdDKerCGVBCs2FQThAXVWS08RgJhpdsq6hKcxS8vk3at6pxVa7fn5cZlXkcBjuAYKuDABTTgGprQAgyP8Ayv8GY8GS/Gu/ExH10x8p1D+APj8wfLs5Oq</latexit>

Here

Scheme

Scheme
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Best practice example in geoSMEFT 
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State of the art 

has        at tree and loop 

Level and also 

L(6)
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L(8)
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The various contributions

|Aa,ij
SM +Aa,ij

SMEFT |
2 = |Aa,ij

SM +
Aa,ij

SMEFT,6

⇤2
+

Aa,ij
SMEFT,8

⇤4
+ · · · |2

= |Aa,ij
SM |2 +Aa,ij

SM

Aa,ij
SMEFT,6

⇤2
+ |

Aa,ij
SMEFT,6

⇤2
|2 +Aa,ij

SM

Aa,ij
SMEFT,8

⇤4
+ h.c + · · ·

<latexit sha1_base64="NhRK1Wvgi7Qi87vg+xxlnWBT7s8="></latexit>
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Best practice example in geoSMEFT 
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State of the art 

has        at tree and loop 

Level and also 

L(6)
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“Quadratic” Terms obtained in SMEFTsim                    only!
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Benefits of the Background Field method one loop approach in SMEFT.

Consistency checks at one loop/dim8

Many cross checks afforded (Ward identities and more).

Clean understanding of ward identities.

One loop redefinition of input parameters INDIVIDUALLY gauge 
independent.

Cross checks of Our calc in 2107.07470   

Stoffer/Denkens in 1908.05295

https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295
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Cancelation of large mt dependent logs in relations between observables:

Expected and anticipated in Hartmann/Trott. 1505.02646


Consistency checks at one loop/dim8

Expected cancelation confirmed in 2107.07470  and  1908.05295

Cancelation in single Higgs, single dev observables with tadpole term and 
GF extraction.

https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/2107.07470
https://arxiv.org/abs/1908.05295
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Gauge independence of a common partial matrix element in single Higgs 
processes in BFM:


Consistency checks at one loop/dim8

Gauge independent combination in result:



What convinced me..There is so much SMEFT/geoSMEFT to do!


