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Fundamental Problem in Particle Physics: Binary Discrimination

CMS-PHO-EVENTS-2013-003

Is this event from a Higgs decay (signal) or continuum production (background)?
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Optimal Discriminant Observable Solution: Likelihood Ratio

<latexit sha1_base64="PQgPrQSpGmv45q0GSuNau8OR3Vs=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxC3ZREinYjFN24cFHRXqAJYTKdNEMnkzAzEUrIc7jxVdy4UMSduPFtnLZZaOsPAx//OYcz5/cTRqWyrG9jaXlldW29tFHe3Nre2TX39jsyTgUmbRyzWPR8JAmjnLQVVYz0EkFQ5DPS9UdXk3r3gQhJY36vxglxIzTkNKAYKW15pu2ESMHMwYjBm7zqtEJ6Ai+gEwiEs8S7nDm5xrsCPbNi1ayp4CLYBVRAoZZnfjqDGKcR4QozJGXfthLlZkgoihnJy04qSYLwCA1JXyNHEZFuNj0th8faGcAgFvpxBafu74kMRVKOI193RkiFcr42Mf+r9VMVNNyM8iRVhOPZoiBlUMVwkhMcUEGwYmMNCAuq/wpxiHQqSqdZ1iHY8ycvQue0Zp/V6rf1SrNRxFECh+AIVIENzkETXIMWaAMMHsEzeAVvxpPxYrwbH7PWJaOYOQB/ZHz9AHKGnz8=</latexit>

L̂(�) = pB(�)

pS(�)

Neyman, Pearson 1933
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Optimal Discriminant Observable Solution: Likelihood Ratio

<latexit sha1_base64="PQgPrQSpGmv45q0GSuNau8OR3Vs=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxC3ZREinYjFN24cFHRXqAJYTKdNEMnkzAzEUrIc7jxVdy4UMSduPFtnLZZaOsPAx//OYcz5/cTRqWyrG9jaXlldW29tFHe3Nre2TX39jsyTgUmbRyzWPR8JAmjnLQVVYz0EkFQ5DPS9UdXk3r3gQhJY36vxglxIzTkNKAYKW15pu2ESMHMwYjBm7zqtEJ6Ai+gEwiEs8S7nDm5xrsCPbNi1ayp4CLYBVRAoZZnfjqDGKcR4QozJGXfthLlZkgoihnJy04qSYLwCA1JXyNHEZFuNj0th8faGcAgFvpxBafu74kMRVKOI193RkiFcr42Mf+r9VMVNNyM8iRVhOPZoiBlUMVwkhMcUEGwYmMNCAuq/wpxiHQqSqdZ1iHY8ycvQue0Zp/V6rf1SrNRxFECh+AIVIENzkETXIMWaAMMHsEzeAVvxpPxYrwbH7PWJaOYOQB/ZHz9AHKGnz8=</latexit>

L̂(�) = pB(�)

pS(�)

Neyman, Pearson 1933Phase Space

Background Distribution
Signal Distribution

<latexit sha1_base64="05k7seqHO9NCOq0mAg80BgdeN9w=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5ENGXAxsIigvmA5Ah7m7lkyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWD2aSoB/RoeQhZ9RYqZP1GBXkbtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+b3zslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ1P+MySQ1KtlgUpoKYmMyeJwOukBkxsYQyxe2thI2ooszYiEo2BG/55VXSuqh6V9XL+8tKvZbHUYQTOIVz8OAa6nALDWgCAwHP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/sX6PuQ==</latexit>

L

Signal Background
<latexit sha1_base64="shfNda+MdchhC5ZvMj84IU5duJo=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhBiE+4kaMqAjYVFRPMByRH2NnvJkr3dc3cvEI78DhsLRWz9MXb+GzfJFZr4YODx3gwz84KYM21c99tZW9/Y3NrO7eR39/YPDgtHx00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQz81tjqjST4tFMYupHeCBYyAg2VvLj3kMp7RLM0d30olcoumV3DrRKvIwUIUO9V/jq9iVJIioM4VjrjufGxk+xMoxwOs13E01jTEZ4QDuWChxR7afzo6fo3Cp9FEplSxg0V39PpDjSehIFtjPCZqiXvZn4n9dJTFj1UybixFBBFovChCMj0SwB1GeKEsMnlmCimL0VkSFWmBibU96G4C2/vEqal2Xvqly5rxRr1SyOHJzCGZTAg2uowS3UoQEEnuAZXuHNGTsvzrvzsWhdc7KZE/gD5/MHrbCRXg==</latexit>

pS(L)
<latexit sha1_base64="cSlCocWjSPuwe2o5eouxFXDdNgY=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhBiE+4kaMqgjYVFBPMByRH2NnvJkr3dc3cvEI78DhsLRWz9MXb+GzfJFZr4YODx3gwz84KYM21c99tZW9/Y3NrO7eR39/YPDgtHx00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQ781tjqjST4tFMYupHeCBYyAg2VvLj3k0p7RLM0f30olcoumV3DrRKvIwUIUO9V/jq9iVJIioM4VjrjufGxk+xMoxwOs13E01jTEZ4QDuWChxR7afzo6fo3Cp9FEplSxg0V39PpDjSehIFtjPCZqiXvZn4n9dJTFj1UybixFBBFovChCMj0SwB1GeKEsMnlmCimL0VkSFWmBibU96G4C2/vEqal2Xvqlx5qBRr1SyOHJzCGZTAg2uowR3UoQEEnuAZXuHNGTsvzrvzsWhdc7KZE/gD5/MHk0KRTQ==</latexit>

pB(L)

<latexit sha1_base64="e9xnYB9qneD2ycoWtJIWTU1KNns=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AnQVMGbCwsIpgPuBxhb7OXLNnbPXb3hHDkZ9hYKGLrr7Hz37hJrtDEBwOP92aYmRcmnGnjut9OYWNza3unuFva2z84PCofn3S0TBWhbSK5VL0Qa8qZoG3DDKe9RFEch5x2w8nt3O8+UaWZFI9mmtAgxiPBIkawsZKfVLM+wRzdzy4H5YpbcxdA68TLSQVytAblr/5QkjSmwhCOtfY9NzFBhpVhhNNZqZ9qmmAywSPqWypwTHWQLU6eoQurDFEklS1h0EL9PZHhWOtpHNrOGJuxXvXm4n+en5qoEWRMJKmhgiwXRSlHRqL5/2jIFCWGTy3BRDF7KyJjrDAxNqWSDcFbfXmddK5q3nWt/lCvNBt5HEU4g3Ooggc30IQ7aEEbCEh4hld4c4zz4rw7H8vWgpPPnMIfOJ8/TbSQmA==</latexit>

p(
L
)

Problem reduced to calculating signal/background distributions on phase space

Can be systematically predicted if the likelihood ratio is Infrared and Collinear Safe
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Example:  versus H → bb̄ g → bb̄

This problem jump-started modern jet substructure!
0802.2470

Instead of bespoke designing an

observable/technique, let matrix elements


on phase space do the work for us

Establish theoretically optimal discrimination

performance for a DNN implementation of this problem
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Likelihood at Leading Order
<latexit sha1_base64="uPuRyr0xNSXqWsoegsBWtbQiv4I="></latexit>

L̂(�) =
p(0)g (�(0))

p(0)
H

(�(0))
+O(↵s)

<latexit sha1_base64="2p0r5VYAupeNFIZidTFWSTP2zAk=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQrspiRTtsuCmywr2Am0Mk+m0HTqZhJmJUELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+IOZMacf5tnIbm1vbO/ndwt7+weGRfXzSVlEiCW2RiEeyG2BFORO0pZnmtBtLisOA004wuZ3XO49UKhaJez2NqRfikWBDRrA2lm+fxX7jIS055Vmp3xyzJZZ9u+hUnIXQOrgZFCFT07e/+oOIJCEVmnCsVM91Yu2lWGpGOJ0V+omiMSYTPKI9gwKHVHnp4vwZujTOAA0jaZ7QaOH+nkhxqNQ0DExniPVYrdbm5n+1XqKHNS9lIk40FWS5aJhwpCM0zwINmKRE86kBTCQztyIyxhITbRIrmBDc1S+vQ/uq4l5XqnfVYr2WxZGHc7iAErhwA3VoQBNaQCCFZ3iFN+vJerHerY9la87KZk7hj6zPH8gclA8=</latexit>

p(0)
H

(�(0)) =
<latexit sha1_base64="KDmNBUvB8WdEsr0NGazL08siUTM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY4kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU9VMu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2jdl77ZcaVZKtWoWRx4u4BKuwYM7qEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nWWMyw==</latexit>

H

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="nB4/4/8AOCgE1xcQe9L+Ke8aNmw=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFaDclkaJdFty4rGAv0MYwmU7aoZNJmJkIJRR8FTcuFHHrc7jzbZy2WWjrDwMf/zmHc+YPEs6Udpxva219Y3Nru7BT3N3bPzi0j47bKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGN7N655FKxWJxrycJ9SI8FCxkBGtj+fZp4g8fsrJTmZb7zRFbYMW3S07VmQutgptDCXI1ffurP4hJGlGhCcdK9Vwn0V6GpWaE02mxnyqaYDLGQ9ozKHBElZfNz5+iC+MMUBhL84RGc/f3RIYjpSZRYDojrEdquTYz/6v1Uh3WvYyJJNVUkMWiMOVIx2iWBRowSYnmEwOYSGZuRWSEJSbaJFY0IbjLX16F9mXVvarW7mqlRj2PowBncA5lcOEaGnALTWgBgQye4RXerCfrxXq3Phata1Y+cwJ/ZH3+APlGlC4=</latexit>

p(0)g (�(0)) =
<latexit sha1_base64="gSeeetc46waPVlaDAJ3DoldLm0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHzGGM6g==</latexit>g

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="gSeeetc46waPVlaDAJ3DoldLm0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHzGGM6g==</latexit>g

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="KDmNBUvB8WdEsr0NGazL08siUTM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY4kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU9VMu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2jdl77ZcaVZKtWoWRx4u4BKuwYM7qEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nWWMyw==</latexit>

H

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

( <latexit sha1_base64="bE0f+MRsYCqZ7kwQ2W0zYwrxJuQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRZBUMpuKdpjwYvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNpneZ332iSrNIPppZTH2Bx5KFjGCTSd7g+mpYrrhVdwG0TrycVCBHa1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIQNP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6N9X6Q73SbORxFOEMzuESPLiFJtxDC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MH+g2NhQ==</latexit>

1+ (<latexit sha1_base64="OjPAkKxuq/4p3j1r6kT2e78ksYA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkoiRbssuHHhooJ9QBPKzXTSDJ08mJmIJRTc+CtuXCji1p9w5984bbPQ1gMXDufcy733eAlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXQ8k5SyiLcUUp91EUAg9Tjve6Grqd+6pkCyO7tQ4oW4Iw4j5jIDSUt88cgJQOHMIcHwzqTjNgJ05kCQifuibZatqzYCXiZ2TMsrR7JtfziAmaUgjRThI2bOtRLkZCMUIp5OSk0qaABnBkPY0jSCk0s1mP0zwqVYG2I+Frkjhmfp7IoNQynHo6c4QVCAXvan4n9dLlV93MxYlqaIRmS/yU45VjKeB4AETlCg+1gSIYPpWTAIQQJSOraRDsBdfXibt86p9Ua3d1sqNeh5HER2jE1RBNrpEDXSNmqiFCHpEz+gVvRlPxovxbnzMWwtGPnOI/sD4/AECspcb</latexit>

L̂(�) ⇡ <latexit sha1_base64="yX8+2pPp8HN8jeTHIUw+q5aBlzY=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEilISKdplwY07K9gHNCHcTCft0MmDmYlQQsFfceNCEbd+hzv/xmmbhbYeuHA4517uvcdPOJPKsr6Nwsrq2vpGcbO0tb2zu2fuH7RlnApCWyTmsej6IClnEW0ppjjtJoJC6HPa8Uc3U7/zSIVkcfSgxgl1QxhELGAElJY88+jcucgcAhzfTSoO8GQInjzzzLJVtWbAy8TOSRnlaHrml9OPSRrSSBEOUvZsK1FuBkIxwumk5KSSJkBGMKA9TSMIqXSz2fkTfKqVPg5ioStSeKb+nsgglHIc+rozBDWUi95U/M/rpSqouxmLklTRiMwXBSnHKsbTLHCfCUoUH2sCRDB9KyZDEECUTqykQ7AXX14m7cuqfVWt3dfKjXoeRxEdoxNUQTa6Rg10i5qohQjK0DN6RW/Gk/FivBsf89aCkc8coj8wPn8AryqUpw==</latexit>

+O(↵s)

<latexit sha1_base64="QsxqUhfNaCIAs6/uij9869lJ9jU=">AAACFnicbVDLSgMxFM34rPU16tJNsAgt2DJTinYjFNx0WcE+oNOWTCbThiYzQ5IR6tCvcOOvuHGhiFtx59+YtrPQ1gMhJ+fcy809bsSoVJb1baytb2xubWd2srt7+weH5tFxS4axwKSJQxaKjoskYTQgTUUVI51IEMRdRtru+Gbmt++JkDQM7tQkIj2OhgH1KUZKSwOz6DmNEe0neaswhfAaeg/OBfR4v6wvxyNMobx+wCIf1PvlwsDMWSVrDrhK7JTkQIrGwPxyvBDHnAQKMyRl17Yi1UuQUBQzMs06sSQRwmM0JF1NA8SJ7CXztabwXCse9EOhT6DgXP3dkSAu5YS7upIjNZLL3kz8z+vGyq/2EhpEsSIBXgzyYwZVCGcZQY8KghWbaIKwoPqvEI+QQFjpJLM6BHt55VXSKpfsy1LltpKrVdM4MuAUnIE8sMEVqIE6aIAmwOARPINX8GY8GS/Gu/GxKF0z0p4T8AfG5w+/rZv1</latexit>

d�(0) = dz dm2 �(m2 �m2
H
)

Energy Fraction
Invariant Mass

Fixed to Higgs Mass

On-shell, unpolarized decay
<latexit sha1_base64="NGXNiPFENrpB5G63Km9VCV5Oycg=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgpYklK0S4LblxWsA9o0zCZTtqhk2SYmQht6NaNv+LGhSJu/QN3/o3TNgttPTBwOOde7pzjc0alsu1vY219Y3NrO7eT393bPzg0j46bMk4EJg0cs1i0fSQJoxFpKKoYaXNBUOgz0vJHNzO/9UCEpHF0r8acuCEaRDSgGCkteSbk3qCXWnZxak2KsMtFzFUMJ73yheVcToq9smcW7JI9B1wlTkYKIEPdM7+6/RgnIYkUZkjKjmNz5aZIKIoZmea7iSQc4REakI6mEQqJdNN5kik810ofBrHQL1Jwrv7eSFEo5Tj09WSI1FAuezPxP6+TqKDqpjTiiSIRXhwKEgZ12FktsE8FwYqNNUFYUP1XiIdIIKx0eXldgrMceZU0yyXnqlS5qxRq1ayOHDgFZ8ACDrgGNXAL6qABMHgEz+AVvBlPxovxbnwsRteMbOcE/IHx+QP7qZfw</latexit>

p(0)g (z) / z2 + (1� z)2

 splitting function at fixed massg → bb̄

<latexit sha1_base64="AXxIMfeMV+k6MeB3iPiNx0jk6i8=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCRSwzpWiXBTcuK9gHtNOSSTNtMJMJSUZsh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33uMLRpV2nG8rs7K6tr6R3cxtbe/s7tn7Bw0VxRKTOo5YJFs+UoRRTuqaakZaQhIU+ow0/fvrqd98IFLRiN/pkSBeiAacBhQjbaSefdRBQsjoEY67JXhecC/GZ91Sz847RWcGuEzclORBilrP/ur0IxyHhGvMkFJt1xHaS5DUFDMyyXViRQTC92hA2oZyFBLlJbPrJ/DUKH0YRNIU13Cm/p5IUKjUKPRNZ4j0UC16U/E/rx3roOIllItYE47ni4KYQR3BaRSwTyXBmo0MQVhScyvEQyQR1iawnAnBXXx5mTRKRfeyWL4t56uVNI4sOAYnoABccAWq4AbUQB1gMAbP4BW8WU/Wi/VufcxbM1Y6cwj+wPr8AfgZk5Y=</latexit>

⇡ z2 + (1� z)2

6

Constant
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Leading-Order Distributions
H→bb vs. g→bb
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Leading-Order ROC Curve
H→bb vs. g→bb
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Only sensitive to relative energy fractions of decay products

Likelihood at Leading Order

7

Very poor discrimination power

Missing key physics information at this order:

Higgs is color singlet, gluon is color octet



*Ignoring virtual terms

*

Likelihood at Next-to-Leading Order

<latexit sha1_base64="aBxPv8eF5eug4mq/xs3yR3L0bfs="></latexit>

L̂(�) =
p(0)g (�(0)) + ↵s

2⇡ p(1)g (�(1)) +O(↵2
s
)

p(0)
H

(�(0)) + ↵s
2⇡ p(1)

H
(�(1)) +O(↵2

s
)

=
p(0)g (�(0))

p(0)
H

(�(0))
+

↵s

2⇡

p(0)g (�(0))

p(0)
H

(�(0))

 
p(1)g (�(1))

p(0)g (�(0))
�

p(1)
H

(�(1))

p(0)
H

(�(0))

!
+O(↵2

s
)

8



*Ignoring virtual terms

*

Likelihood at Next-to-Leading Order

Working in soft and/or collinear limit

<latexit sha1_base64="aBxPv8eF5eug4mq/xs3yR3L0bfs="></latexit>

L̂(�) =
p(0)g (�(0)) + ↵s

2⇡ p(1)g (�(1)) +O(↵2
s
)

p(0)
H

(�(0)) + ↵s
2⇡ p(1)

H
(�(1)) +O(↵2

s
)

=
p(0)g (�(0))

p(0)
H

(�(0))
+

↵s

2⇡

p(0)g (�(0))

p(0)
H

(�(0))

 
p(1)g (�(1))

p(0)g (�(0))
�

p(1)
H

(�(1))

p(0)
H

(�(0))

!
+O(↵2

s
)

<latexit sha1_base64="r2livSnrvuac4FPz2fL/+FTlzJc=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQrspiRTtsuCmywr2Am0Mk+m0HTqZhJmJUELBV3HjQhG3Poc738Zpm4W2/jDw8Z9zOGf+IOZMacf5tnIbm1vbO/ndwt7+weGRfXzSVlEiCW2RiEeyG2BFORO0pZnmtBtLisOA004wuZ3XO49UKhaJez2NqRfikWBDRrA2lm+fxX7jIS255Vmp3xyzJZZ9u+hUnIXQOrgZFCFT07e/+oOIJCEVmnCsVM91Yu2lWGpGOJ0V+omiMSYTPKI9gwKHVHnp4vwZujTOAA0jaZ7QaOH+nkhxqNQ0DExniPVYrdbm5n+1XqKHNS9lIk40FWS5aJhwpCM0zwINmKRE86kBTCQztyIyxhITbRIrmBDc1S+vQ/uq4l5XqnfVYr2WxZGHc7iAErhwA3VoQBNaQCCFZ3iFN+vJerHerY9la87KZk7hj6zPH8s1lBE=</latexit>

p(1)
H

(�(1)) ≈
<latexit sha1_base64="KDmNBUvB8WdEsr0NGazL08siUTM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY4kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU9VMu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2jdl77ZcaVZKtWoWRx4u4BKuwYM7qEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nWWMyw==</latexit>

H

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="cpijbWOkM4jHF9yXbX32LOL0Td8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK7T6KiJtBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7lipql/jZ4toZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYZ1PxMqSZErtlwUppJgTOavk6HQnKGcWkKZFvZWwsZUU4Y2oJINwVt9eZ20r6redbV2X6s06nkcRTiDc7gED26gAXfQhBYweIRneIU3J3ZenHfnY9lacPKZU/gD5/MHthePMw==</latexit>⇥ ( (<latexit sha1_base64="Vh+DRiTx01VbHCLW+y2QNko3194=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXguYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10rouezflSqNSqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3FxjK4=</latexit>

+
<latexit sha1_base64="Vh+DRiTx01VbHCLW+y2QNko3194=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXguYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10rouezflSqNSqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3FxjK4=</latexit>

+

 collinear

emissions
b  collinear


emissions
b̄ soft Abelian


dipole emissions

<latexit sha1_base64="yw2j6gHWOfL2/CjHgvxbG94lxtM=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFaDclkaJdFty4rGAv0MYwmU7aoZNJmJkIJRR8FTcuFHHrc7jzbZy2WWjrDwMf/zmHc+YPEs6Udpxva219Y3Nru7BT3N3bPzi0j47bKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2gnGN7N655FKxWJxrycJ9SI8FCxkBGtj+fZp4g8fsrJbmZb7zRFbYMW3S07VmQutgptDCXI1ffurP4hJGlGhCcdK9Vwn0V6GpWaE02mxnyqaYDLGQ9ozKHBElZfNz5+iC+MMUBhL84RGc/f3RIYjpSZRYDojrEdquTYz/6v1Uh3WvYyJJNVUkMWiMOVIx2iWBRowSYnmEwOYSGZuRWSEJSbaJFY0IbjLX16F9mXVvarW7mqlRj2PowBncA5lcOEaGnALTWgBgQye4RXerCfrxXq3Phata1Y+cwJ/ZH3+APxflDA=</latexit>

p(1)g (�(1)) ≈
<latexit sha1_base64="gSeeetc46waPVlaDAJ3DoldLm0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHzGGM6g==</latexit>g

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="cpijbWOkM4jHF9yXbX32LOL0Td8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI8FLx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK7T6KiJtBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7lipql/jZ4toZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYZ1PxMqSZErtlwUppJgTOavk6HQnKGcWkKZFvZWwsZUU4Y2oJINwVt9eZ20r6redbV2X6s06nkcRTiDc7gED26gAXfQhBYweIRneIU3J3ZenHfnY9lacPKZU/gD5/MHthePMw==</latexit>⇥ ( (<latexit sha1_base64="Vh+DRiTx01VbHCLW+y2QNko3194=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXguYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10rouezflSqNSqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3FxjK4=</latexit>

+
<latexit sha1_base64="Vh+DRiTx01VbHCLW+y2QNko3194=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXguYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10rouezflSqNSqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3FxjK4=</latexit>

+

 collinear

emissions
b  collinear


emissions
b̄ soft Abelian


dipole emissions
soft non-Abelian

dipole emissions

<latexit sha1_base64="Vh+DRiTx01VbHCLW+y2QNko3194=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXguYY8OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3M399hMqzSP5YKYx+iEdST7kjBorNa76xZJbdhcg68TLSAky1PvFr94gYkmI0jBBte56bmz8lCrDmcBZoZdojCmb0BF2LZU0RO2ni0Nn5MIqAzKMlC1pyEL9PZHSUOtpGNjOkJqxXvXm4n9eNzHDqp9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10rouezflSqNSqlWzOPJwBudwCR7cQg3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3FxjK4=</latexit>

+
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*Ignoring virtual terms

*

Likelihood at Next-to-Leading Order

Almost Everything at NLO Cancels; Only non-Abelian Emissions Remain

<latexit sha1_base64="aBxPv8eF5eug4mq/xs3yR3L0bfs="></latexit>

L̂(�) =
p(0)g (�(0)) + ↵s

2⇡ p(1)g (�(1)) +O(↵2
s
)

p(0)
H

(�(0)) + ↵s
2⇡ p(1)

H
(�(1)) +O(↵2

s
)

=
p(0)g (�(0))

p(0)
H

(�(0))
+

↵s

2⇡

p(0)g (�(0))

p(0)
H

(�(0))

 
p(1)g (�(1))

p(0)g (�(0))
�

p(1)
H

(�(1))

p(0)
H

(�(0))

!
+O(↵2

s
)

<latexit sha1_base64="gSeeetc46waPVlaDAJ3DoldLm0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m+p187pSr+VxFOEMzuESPLiFOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHzGGM6g==</latexit>g

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

<latexit sha1_base64="KDmNBUvB8WdEsr0NGazL08siUTM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY4kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU9VMu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2jdl77ZcaVZKtWoWRx4u4BKuwYM7qEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nWWMyw==</latexit>

H

<latexit sha1_base64="WbjOqWGUu6YMogqMdBIn23mRkDg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6reTfW6eV2p1/I4inAG53AJHtxCHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDxM2M5Q==</latexit>

b

<latexit sha1_base64="SAUErzorqGcKgw+Rmae20B0nMxo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8kGoeDcsWregvgdeLnpAI5moPyV3+oaBozaakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1SSmJkgW1w7wxdOGeJIaVfS4oX6eyIjsTHTOHSdMbFjs+rNxf+8XmqjepBxmaSWSbpcFKUCW4Xnr+Mh14xaMXWEUM3drZiOiSbUuoBKLgR/9eV10r6q+tfV2n2t0qjncRThDM7hEny4gQbcQRNaQOERnuEV3pBCL+gdfSxbCyifOYU/QJ8/E1COyA==</latexit>

b̄

( <latexit sha1_base64="bE0f+MRsYCqZ7kwQ2W0zYwrxJuQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRZBUMpuKdpjwYvHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHSUKELbJOKR6gVYU84kbRtmOO3FimIRcNoNpneZ332iSrNIPppZTH2Bx5KFjGCTSd7g+mpYrrhVdwG0TrycVCBHa1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIQNP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6N9X6Q73SbORxFOEMzuESPLiFJtxDC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MH+g2NhQ==</latexit>

1+

soft non-Abelian

dipole emissions

(<latexit sha1_base64="MNUNl01z/MyuDBARGFlCT1mk9TM=">AAACAHicbVDLSgNBEJyNrxhfqx48eBkMQkQJuyFojgEv3oxgHpBdQ+9kkgyZfTAzK4RlL/6KFw+KePUzvPk3TpI9aGJBQ1HVTXeXF3EmlWV9G7mV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8UBSzgLaVExx2okEBd/jtO2Nr6d++5EKycLgXk0i6vowDNiAEVBa6plH585F4hDg+DYtOcCjEfTkQ+WsZxatsjUDXiZ2RoooQ6Nnfjn9kMQ+DRThIGXXtiLlJiAUI5ymBSeWNAIyhiHtahqAT6WbzB5I8alW+ngQCl2BwjP190QCvpQT39OdPqiRXPSm4n9eN1aDmpuwIIoVDch80SDmWIV4mgbuM0GJ4hNNgAimb8VkBAKI0pkVdAj24svLpFUp25fl6l21WK9lceTRMTpBJWSjK1RHN6iBmoigFD2jV/RmPBkvxrvxMW/NGdnMIfoD4/MH4sOVSw==</latexit>

+O(↵2
s)

<latexit sha1_base64="OjPAkKxuq/4p3j1r6kT2e78ksYA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkoiRbssuHHhooJ9QBPKzXTSDJ08mJmIJRTc+CtuXCji1p9w5984bbPQ1gMXDufcy733eAlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXQ8k5SyiLcUUp91EUAg9Tjve6Grqd+6pkCyO7tQ4oW4Iw4j5jIDSUt88cgJQOHMIcHwzqTjNgJ05kCQifuibZatqzYCXiZ2TMsrR7JtfziAmaUgjRThI2bOtRLkZCMUIp5OSk0qaABnBkPY0jSCk0s1mP0zwqVYG2I+Frkjhmfp7IoNQynHo6c4QVCAXvan4n9dLlV93MxYlqaIRmS/yU45VjKeB4AETlCg+1gSIYPpWTAIQQJSOraRDsBdfXibt86p9Ua3d1sqNeh5HER2jE1RBNrpEDXSNmqiFCHpEz+gVvRlPxovxbnzMWwtGPnOI/sD4/AECspcb</latexit>

L̂(�) ⇡

10

Likelihood ratio explicitly sensitive to difference in color representations!

Don’t anticipate “new physics” effects at even higher orders



Likelihood at Next-to-Leading Order
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Higgs Likelihood Distributions

H→bb vs. g→bb
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Gluon Likelihood Distributions

H→bb vs. g→bb
��

���

11

Very small modification to LO distribution for Higgs:

color singlets do not emit at wide angles

Qualitative change at NLO for gluon distribution, way beyond naive scale variations

Cf. “giant K-factors” that arise when new processes open at NLO 
1006.2144



Likelihood at Next-to-Leading Order
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Next-to-Leading Order ROC Curve
H→bb vs. g→bb
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12

Excellent discrimination performance almost exclusively due to sensitivity to color



Likelihood at Next-to-Leading Order
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Next-to-Leading Order ROC Curve
H→bb vs. g→bb
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2105.03989

Cf. to DNN Results

NLO required for qualitative understanding

Improved discrimination as  increasespT

“Perfect” discrimination for  pT → ∞

13



Conclusions

14

Theoretical predictions for binary discrimination

establish robust bounds for DNN implementation

Likelihood for  versus  discrimination is maximally sensitive to color repsH → bb̄ g → bb̄

What about application to other problems? q versus g?  QCD versus top?

This work suggests that likelihood IRC safety requires indistinguishable final states

For q vs. g, must “wash out” flavor information for IRC safety

For QCD vs. top, only  is indistinguishable backgroundb → bqq̄

1906.01639


