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THE LHC

THE LHC - AN INCREDIBLE SUCCESS
▸ Running since 2009 

▸ Experimental performance excellent  
and exceeding expectations!

▸ We are still at the  
beginning of LHC physics! 

▸ 300 fb^-1 until end of 2023 

▸ 3000 fb^-1 in HL - LHC
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Period
Integrated 
Luminosity 

 [fb-1]
Run 1 29.2
Run 2: 2015 4.2
Run 2: 2016 39.7
Run 2: 2017 50.2
Run 2: 2018 66.0

Total Run1 + Run 2 189.3

Today: up to 139 fb^-1



LHC PHYSICS

THE LHC - AN INCREDIBLE SUCCESS
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The quest p.H.
▸ 4th of July 2012: The Higgs Age begins!

✴ Explore a never before observed interaction: Yukawa! 

✴ Gain insight in the mechanism of electro-weak symmetry breaking 

✴ Investigate the generation of fundamental masses 

✴ Determine couplings / interactions with established matter 

✴ Explore the limitations of the Standard Model of particle physics.
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<latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit>

?
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The Method: Predict & Compare.

Precision is key!

H
<latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit><latexit sha1_base64="venyS6Wb6PztQ7mRn1xiaVoAroY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRS48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ/dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldqd3kcRTiDc7gED26gBnVoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AnXmMzA==</latexit>

µ
<latexit sha1_base64="fj3IPfLY5gPjrulXuLI1LZK+gRQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpoJLKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDGz8VOk6Qa7ZcFCaSYETyx8lIGM5QzjJCmRHZrYRNqKEMs3jyELzVl9dJ56ruuXXv4brWvC3iKMMZnMMleNCAJtxDC9rAYALP8ApvjnJenHfnY9lacoqZU/gD5/MHkqyN6g==</latexit><latexit sha1_base64="fj3IPfLY5gPjrulXuLI1LZK+gRQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpoJLKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDGz8VOk6Qa7ZcFCaSYETyx8lIGM5QzjJCmRHZrYRNqKEMs3jyELzVl9dJ56ruuXXv4brWvC3iKMMZnMMleNCAJtxDC9rAYALP8ApvjnJenHfnY9lacoqZU/gD5/MHkqyN6g==</latexit><latexit sha1_base64="fj3IPfLY5gPjrulXuLI1LZK+gRQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpoJLKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDGz8VOk6Qa7ZcFCaSYETyx8lIGM5QzjJCmRHZrYRNqKEMs3jyELzVl9dJ56ruuXXv4brWvC3iKMMZnMMleNCAJtxDC9rAYALP8ApvjnJenHfnY9lacoqZU/gD5/MHkqyN6g==</latexit><latexit sha1_base64="fj3IPfLY5gPjrulXuLI1LZK+gRQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpoJLKsFpz6+4CZJ14BalBgdaw+jUYRSxRXCOT1Nq+58bop9SgYJLPK4PE8piyKR3zfkY1Vdz66eLWObnIlBEJI5OVRrJQf0+kVFk7U0HWqShO7KqXi/95/QTDGz8VOk6Qa7ZcFCaSYETyx8lIGM5QzjJCmRHZrYRNqKEMs3jyELzVl9dJ56ruuXXv4brWvC3iKMMZnMMleNCAJtxDC9rAYALP8ApvjnJenHfnY9lacoqZU/gD5/MHkqyN6g==</latexit>

?
W

<latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit>

W
<latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit>

W
<latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit><latexit sha1_base64="o/0FzsBL3RYmF5/CyyQl+AT/aeU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtDWM2w==</latexit>
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HIGGS BOSON PHYSICS

CURRENT STATUS

Physics at 10 % level
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HIGGS BOSON PHYSICS

THE FUTURE - 3000 FB^-1

▸ Luminosity at 1 % 

▸ Couplings better then 5% 

▸ Differential Cross Sections get precise
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Projections



HIGGS BOSON PHYSICS

THE FUTURE - 3000 FB^-1
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HIGGS BOSON PHYSICS

THE FUTURE - 3000 FB^-1

Theory uncertainties!!!
OPTIMISTIC Scenario:
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DY

CURRENT STATUS - PRECISION DY
�9

▸ Z - pT: One of 
the most 
precise LHC 
observables. 

▸ Comparable 
uncertainties at 
8 TeV.

[Rottoli et al.,1805.05916]
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CURRENT STATUS - PRECISION DY
�10

▸ Leading Jet pT 

▸ NNLO sees slight 
increase of data 
above prediction. 
Calibration?? 

▸ Precision for SM 
process is essential. 

▸ Predict as close as 
possible to the 
experimental 
measurement - 
Fiducial XS

[1901.11041]



TOWARDS 
PREDICTIONS
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THE WAY TO PRECISION LHC PREDICTIONS

H
Long - range, universal 

Short - range,  
process specific hard 

Length-scale ~ 1 fm

~ 10^-4 

�12

� ⇠

Z
dxdyf(x)f(y)�̂ +O

✓
⇤

Q

◆FACTORISATION

▸ Intrinsic limitation = level of target precision?

THE ROCKY ROAD TO PRECISE PREDICTIONS

[Iain’s talk]



� ⇠

Z
dxdyf(x)f(y)�̂ +O

✓
⇤

Q

◆

THE WAY TO PRECISION LHC PREDICTIONS

▸ Perturbative approach to computing partonic cross sections. 

▸ QCD perturbation theory is dominant 

▸ Naively:

↵S = 0.118
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�̂ = �̂(0) + ↵1
S �̂

(0) + ↵2
S �̂

(2) + ↵3
S �̂

(3) . . .

LO NLO NNLO N3LO
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▸ Resum and match where fixed order breaks down

�13THE ROCKY ROAD TO PRECISE PREDICTIONS
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REQUIRED INGREDIENTS FOR PREDICTIONS
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▸ Fixed order perturbation theory breaks in kinematic edges of phase - 
space: Re-order the series! 

▸ Lots of progress!

Resummation!

[Neill, Stewart, Zhu et al., 1805.00736]

N3LL+NNLO Higgs pT

NNLL double resum: Tau + pT
[Lustermans , Michel,  Tackmann, Waalewijn, 1901.03331]

[Johannes’ talk]
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Virtual Corrections!

[Bern,Dixon,Freitas]

gg ! ��
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Virtual Corrections!

[Bern,Dixon,Freitas]

gg ! �� qq̄ ! WW

Aj_A-1.0.inc
Aj_B-1.0.inc
Aj_C-1.0.inc

39 MB
39 MB
27 MB

[Gehrmann, Manteuffel,Tancredi]
[Caola,Henn,Melnikov,Smirnov,Smirnov]

Rapid rise in complexity
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Virtual Corrections!

▸ Higher Orders = New Functions to be understood! 

▸ Huge progress in understanding Elliptic Integrals
✴ Key to just be able to compute. 
✴ Insights on the structure of scattering theory (cuts, 

thresholds, etc.) 
✴ Ties to string theory (propagator) and pure math.

▸ Analytic results for phenomenology:
EWK Form Factor Higgs Production at N3LO

[BM, 1802.00833][1902.09971]
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Virtual Corrections!

▸ Highly technical 

✴ 2-loop, 5-point planar QCD 
N=4 / 8 SYM 

✴ 3-loop, 4-point N=4 / 8 SYM 

✴ 4-loop, 3-point, planar+ 
QCD

e.g. [1901.02898, 1903.06171, 1612.04389]

[Henn, BM: 1902.07221, 1608.00850]

e.g. [1811.11699, 1812.04586, 1812.11057, …]

▸ Analytic tools are growing more 
powerful! 
(Laporta, Differential Equations, etc.) 

▸ New technology is being developed 
(Finite Field arithmethics, geometric 
IBPs, etc.) 

▸ Numerical techniques are on the rise. 
(SecDec, Local Subtraction, TayInt)
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Real Corrections!

▸ When integrating over final state parton momenta we encounter soft 
and collinear singularities. That causes problems - we need to regulate. 

NNLO:

Inclusive DY ~ CPU seconds
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Real Corrections!

NNLO:

Inclusive DY ~ CPU seconds

Differential DY (pT, Y, etc.) ~ 10-100 CPU hours

▸ When integrating over final state parton momenta we encounter soft 
and collinear singularities. That causes problems - we need to regulate. 
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Real Corrections!

NNLO:

Inclusive DY ~ CPU seconds

Differential DY (pT, Y, etc.) ~ 10-100 CPU hours

Differential DY+Jet (pT-Z) ~ 100000 CPU hours

▸ When integrating over final state parton momenta we encounter soft 
and collinear singularities. That causes problems - we need to regulate. 
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REQUIRED INGREDIENTS FOR PREDICTIONS
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Real Corrections!
▸ Current state of the art: 

▸ Extension to one higher order or one more leg is very complicated.  

▸ Requires improved understanding of structure of real singularities. 

▸ Many developments in the past couple of years:

2 ! 2
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@ NNLO QCD

▸ Antenna 
▸ STRIPPER 
▸ FKS+ 
▸ Nonlinear Mappings 
▸ Colourful  
▸ Projection To Born 
▸ Geometric Subtraction 
▸ Physical Sector Decomposition 
▸ …

▸ qT 
▸ N-Jettiness

Subtraction Slicing

Power corrections: [Gherardo’s talk]
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REQUIRED INGREDIENTS FOR PREDICTIONS
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All the Rest!
▸ Parton Distribution Functions 

▸ Parton Showers 

▸ Electro-Weak Corrections 

▸ Mass Effects 

▸ Uncertainty Estimates 

▸ Perturbative Convergence? 

▸ …

N3LO?, Theory Uncertainties, Small-x, Threshold, Non-pert., Flavour Thresholds, ….

Higher Log accuracy, hadronization, formal accuracy, matching to FO, merging, …

Combination with FO, final state definition, interference, large logs, ….

Mass definitions, small mass expansions, resummation of small mass effects, ….

Theory definition, What beyond scale variation, bin-to-bin correlation, statistical basis?

?

[Frank’s talk]

[Christian’s talk?]
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HIGGS BOSON RAPIDITY DISTRIBUTION
HIGGS BOSON RAPIDITY DISTRIBUTION �25

Y =
1

2
log

✓
2P1ph
2P2ph

◆

<latexit sha1_base64="KhklfXe1RzKvqslcmH+QvkZ5h+M=">AAACInicbZDLSsNAFIYnXmu9RV26GSxC3ZSkCOpCKLpxGcFepClhMp0kQycXZk6EEvosbnwVNy4UdSX4ME4vC209MPDx/+dw5vx+JrgCy/oylpZXVtfWSxvlza3tnV1zb7+l0lxS1qSpSGXHJ4oJnrAmcBCsk0lGYl+wtj+4HvvtByYVT5M7GGasF5Mw4QGnBLTkmRf3l24gCS3sUVEfuSINsStYANWpWnc8G2depE3sePUJupKHEZx4ZsWqWZPCi2DPoIJm5Xjmh9tPaR6zBKggSnVtK4NeQSRwKtio7OaKZYQOSMi6GhMSM9UrJieO8LFW+jhIpX4J4In6e6IgsVLD2NedMYFIzXtj8T+vm0Nw3it4kuXAEjpdFOQCQ4rHeeE+l4yCGGogVHL9V0wjorMBnWpZh2DPn7wIrXrNtmr27WmlcTWLo4QO0RGqIhudoQa6QQ5qIooe0TN6RW/Gk/FivBuf09YlYzZzgP6U8f0D0IijMQ==</latexit><latexit sha1_base64="KhklfXe1RzKvqslcmH+QvkZ5h+M=">AAACInicbZDLSsNAFIYnXmu9RV26GSxC3ZSkCOpCKLpxGcFepClhMp0kQycXZk6EEvosbnwVNy4UdSX4ME4vC209MPDx/+dw5vx+JrgCy/oylpZXVtfWSxvlza3tnV1zb7+l0lxS1qSpSGXHJ4oJnrAmcBCsk0lGYl+wtj+4HvvtByYVT5M7GGasF5Mw4QGnBLTkmRf3l24gCS3sUVEfuSINsStYANWpWnc8G2depE3sePUJupKHEZx4ZsWqWZPCi2DPoIJm5Xjmh9tPaR6zBKggSnVtK4NeQSRwKtio7OaKZYQOSMi6GhMSM9UrJieO8LFW+jhIpX4J4In6e6IgsVLD2NedMYFIzXtj8T+vm0Nw3it4kuXAEjpdFOQCQ4rHeeE+l4yCGGogVHL9V0wjorMBnWpZh2DPn7wIrXrNtmr27WmlcTWLo4QO0RGqIhudoQa6QQ5qIooe0TN6RW/Gk/FivBuf09YlYzZzgP6U8f0D0IijMQ==</latexit><latexit sha1_base64="KhklfXe1RzKvqslcmH+QvkZ5h+M=">AAACInicbZDLSsNAFIYnXmu9RV26GSxC3ZSkCOpCKLpxGcFepClhMp0kQycXZk6EEvosbnwVNy4UdSX4ME4vC209MPDx/+dw5vx+JrgCy/oylpZXVtfWSxvlza3tnV1zb7+l0lxS1qSpSGXHJ4oJnrAmcBCsk0lGYl+wtj+4HvvtByYVT5M7GGasF5Mw4QGnBLTkmRf3l24gCS3sUVEfuSINsStYANWpWnc8G2depE3sePUJupKHEZx4ZsWqWZPCi2DPoIJm5Xjmh9tPaR6zBKggSnVtK4NeQSRwKtio7OaKZYQOSMi6GhMSM9UrJieO8LFW+jhIpX4J4In6e6IgsVLD2NedMYFIzXtj8T+vm0Nw3it4kuXAEjpdFOQCQ4rHeeE+l4yCGGogVHL9V0wjorMBnWpZh2DPn7wIrXrNtmr27WmlcTWLo4QO0RGqIhudoQa6QQ5qIooe0TN6RW/Gk/FivBuf09YlYzZzgP6U8f0D0IijMQ==</latexit><latexit sha1_base64="KhklfXe1RzKvqslcmH+QvkZ5h+M=">AAACInicbZDLSsNAFIYnXmu9RV26GSxC3ZSkCOpCKLpxGcFepClhMp0kQycXZk6EEvosbnwVNy4UdSX4ME4vC209MPDx/+dw5vx+JrgCy/oylpZXVtfWSxvlza3tnV1zb7+l0lxS1qSpSGXHJ4oJnrAmcBCsk0lGYl+wtj+4HvvtByYVT5M7GGasF5Mw4QGnBLTkmRf3l24gCS3sUVEfuSINsStYANWpWnc8G2depE3sePUJupKHEZx4ZsWqWZPCi2DPoIJm5Xjmh9tPaR6zBKggSnVtK4NeQSRwKtio7OaKZYQOSMi6GhMSM9UrJieO8LFW+jhIpX4J4In6e6IgsVLD2NedMYFIzXtj8T+vm0Nw3it4kuXAEjpdFOQCQ4rHeeE+l4yCGGogVHL9V0wjorMBnWpZh2DPn7wIrXrNtmr27WmlcTWLo4QO0RGqIhudoQa6QQ5qIooe0TN6RW/Gk/FivBuf09YlYzZzgP6U8f0D0IijMQ==</latexit>

▸ Compute the rapidity distribution of the Higgs Boson at the LHC. 

▸ Gluon Fusion - dominant production mechanism. 

▸ Heavy top quark EFT. 

▸ Compute N3LO corrections. 

▸ Get fully analytic results for the partonic cross sections.

With Andrea Pelloni and Falko Dular



//EXPAND
Simplifications:

▸ Perform expansion around kinematic limit: Production Threshold

z =
m2

H

ŝ
⇠ 1

p1

p2

H

z̄ = 1� z �̂(z̄) = �SV + �(0) + z̄�(1) + . . .

▸ Expand to sufficiently high order to ensure stable results. 

▸ Remarkably successful for inclusive N3LO.
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SO WE USE OUR CROSS SECTION MACHINE AND COMPUTE!
�27HIGGS BOSON RAPIDITY DISTRIBUTION



OUR PARTONIC COEFFICIENT FUNCTION - SUMMARY

Ingredients:

★Six terms in the expansion around the partonic threshold. 

★ Integrates to the exact N3LO cross section. 

★Contains a bunch of logarithms exactly. 

�28HIGGS BOSON RAPIDITY DISTRIBUTION
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OUR PARTONIC COEFFICIENT FUNCTION - SUMMARY
�29HIGGS BOSON RAPIDITY DISTRIBUTION

@�̂(3)

@Y
(xa, xb) =

<latexit sha1_base64="DKbp7ogemVaEp2ZoeV//AQjPJeM=">AAACIXicbVDLSgMxFM34rPVVdekmWIQWpMyoYDdC0Y3LCvYhnTrcSTNtaOZBkpGWYX7Fjb/ixoUi3Yk/Y/oAtfXAhcM59yb3HjfiTCrT/DSWlldW19YzG9nNre2d3dzefl2GsSC0RkIeiqYLknIW0JpiitNmJCj4LqcNt3899huPVEgWBndqGNG2D92AeYyA0pKTK9ueAJLYEQjFgGO7B8qWrOvDQ1I4K6bpj3Wf4sLAgZOB4xYvsZPLmyVzArxIrBnJoxmqTm5kd0IS+zRQhIOULcuMVDsZP044TbN2LGkEpA9d2tI0AJ/KdjK5MMXHWulgLxS6AoUn6u+JBHwph76rO31QPTnvjcX/vFasvHI7YUEUKxqQ6UdezLEK8Tgu3GGCEsWHmgARTO+KSQ90ZEqHmtUhWPMnL5L6ackyS9bteb5yNYsjgw7RESogC12gCrpBVVRDBD2hF/SG3o1n49X4MEbT1iVjNnOA/sD4+gbV5KM5</latexit><latexit sha1_base64="DKbp7ogemVaEp2ZoeV//AQjPJeM=">AAACIXicbVDLSgMxFM34rPVVdekmWIQWpMyoYDdC0Y3LCvYhnTrcSTNtaOZBkpGWYX7Fjb/ixoUi3Yk/Y/oAtfXAhcM59yb3HjfiTCrT/DSWlldW19YzG9nNre2d3dzefl2GsSC0RkIeiqYLknIW0JpiitNmJCj4LqcNt3899huPVEgWBndqGNG2D92AeYyA0pKTK9ueAJLYEQjFgGO7B8qWrOvDQ1I4K6bpj3Wf4sLAgZOB4xYvsZPLmyVzArxIrBnJoxmqTm5kd0IS+zRQhIOULcuMVDsZP044TbN2LGkEpA9d2tI0AJ/KdjK5MMXHWulgLxS6AoUn6u+JBHwph76rO31QPTnvjcX/vFasvHI7YUEUKxqQ6UdezLEK8Tgu3GGCEsWHmgARTO+KSQ90ZEqHmtUhWPMnL5L6ackyS9bteb5yNYsjgw7RESogC12gCrpBVVRDBD2hF/SG3o1n49X4MEbT1iVjNnOA/sD4+gbV5KM5</latexit><latexit sha1_base64="DKbp7ogemVaEp2ZoeV//AQjPJeM=">AAACIXicbVDLSgMxFM34rPVVdekmWIQWpMyoYDdC0Y3LCvYhnTrcSTNtaOZBkpGWYX7Fjb/ixoUi3Yk/Y/oAtfXAhcM59yb3HjfiTCrT/DSWlldW19YzG9nNre2d3dzefl2GsSC0RkIeiqYLknIW0JpiitNmJCj4LqcNt3899huPVEgWBndqGNG2D92AeYyA0pKTK9ueAJLYEQjFgGO7B8qWrOvDQ1I4K6bpj3Wf4sLAgZOB4xYvsZPLmyVzArxIrBnJoxmqTm5kd0IS+zRQhIOULcuMVDsZP044TbN2LGkEpA9d2tI0AJ/KdjK5MMXHWulgLxS6AoUn6u+JBHwph76rO31QPTnvjcX/vFasvHI7YUEUKxqQ6UdezLEK8Tgu3GGCEsWHmgARTO+KSQ90ZEqHmtUhWPMnL5L6ackyS9bteb5yNYsjgw7RESogC12gCrpBVVRDBD2hF/SG3o1n49X4MEbT1iVjNnOA/sD4+gbV5KM5</latexit><latexit sha1_base64="DKbp7ogemVaEp2ZoeV//AQjPJeM=">AAACIXicbVDLSgMxFM34rPVVdekmWIQWpMyoYDdC0Y3LCvYhnTrcSTNtaOZBkpGWYX7Fjb/ixoUi3Yk/Y/oAtfXAhcM59yb3HjfiTCrT/DSWlldW19YzG9nNre2d3dzefl2GsSC0RkIeiqYLknIW0JpiitNmJCj4LqcNt3899huPVEgWBndqGNG2D92AeYyA0pKTK9ueAJLYEQjFgGO7B8qWrOvDQ1I4K6bpj3Wf4sLAgZOB4xYvsZPLmyVzArxIrBnJoxmqTm5kd0IS+zRQhIOULcuMVDsZP044TbN2LGkEpA9d2tI0AJ/KdjK5MMXHWulgLxS6AoUn6u+JBHwph76rO31QPTnvjcX/vFasvHI7YUEUKxqQ6UdezLEK8Tgu3GGCEsWHmgARTO+KSQ90ZEqHmtUhWPMnL5L6ackyS9bteb5yNYsjgw7RESogC12gCrpBVVRDBD2hF/SG3o1n49X4MEbT1iVjNnOA/sD4+gbV5KM5</latexit>

[Terms with two distributions](xa, xb)

+
5X

i=0

"
logi(1� xa)

1� xa

#

+

f (i)
+ (xb)

<latexit sha1_base64="IZuWc6xyM3jkwZif0IDycvOHdiI="></latexit><latexit sha1_base64="IZuWc6xyM3jkwZif0IDycvOHdiI="></latexit><latexit sha1_base64="IZuWc6xyM3jkwZif0IDycvOHdiI="></latexit><latexit sha1_base64="IZuWc6xyM3jkwZif0IDycvOHdiI="></latexit>

+
5X

i=2

logi(1� xa)f
(i)
L (xa, xb)

<latexit sha1_base64="EwT5osAFHtHigL4R/Fiso4dfXPE="></latexit><latexit sha1_base64="EwT5osAFHtHigL4R/Fiso4dfXPE="></latexit><latexit sha1_base64="EwT5osAFHtHigL4R/Fiso4dfXPE="></latexit><latexit sha1_base64="EwT5osAFHtHigL4R/Fiso4dfXPE="></latexit>

+frest(xa, xb)
<latexit sha1_base64="Vlc19NWqUcvxvvO+lzsd9Y2gesA=">AAACAnicbVDLSgNBEJz1bXxFPYmXwSBElDBr1OhN9OIxglEhCcvspFcHZx/M9ErCErz4K148KOLVr/Dm3zh5HDRa0FBUddPd5SdKGmTsyxkbn5icmp6Zzc3NLywu5ZdXLk2cagE1EatYX/vcgJIR1FCigutEAw99BVf+3WnPv7oHbWQcXWAngWbIbyIZSMHRSl5+bTvwsgZCGzMNBrvdYtvjO23P3/LyBVaqHJXLZUZZ6YAd7u5XLGF9UHdICmSIqpf/bLRikYYQoVDcmLrLEmxmXKMUCrq5Rmog4eKO30Dd0oiHYJpZ/4Uu3bRKiwaxthUh7as/JzIeGtMJfdsZcrw1o15P/M+rpxgcNjMZJSlCJAaLglRRjGkvD9qSGgSqjiVcaGlvpeKWay7QppazIbijL/8ll7sll5Xc873C8ckwjhmyTjZIkbikQo7JGamSGhHkgTyRF/LqPDrPzpvzPmgdc4Yzq+QXnI9vkW+Xhw==</latexit><latexit sha1_base64="Vlc19NWqUcvxvvO+lzsd9Y2gesA=">AAACAnicbVDLSgNBEJz1bXxFPYmXwSBElDBr1OhN9OIxglEhCcvspFcHZx/M9ErCErz4K148KOLVr/Dm3zh5HDRa0FBUddPd5SdKGmTsyxkbn5icmp6Zzc3NLywu5ZdXLk2cagE1EatYX/vcgJIR1FCigutEAw99BVf+3WnPv7oHbWQcXWAngWbIbyIZSMHRSl5+bTvwsgZCGzMNBrvdYtvjO23P3/LyBVaqHJXLZUZZ6YAd7u5XLGF9UHdICmSIqpf/bLRikYYQoVDcmLrLEmxmXKMUCrq5Rmog4eKO30Dd0oiHYJpZ/4Uu3bRKiwaxthUh7as/JzIeGtMJfdsZcrw1o15P/M+rpxgcNjMZJSlCJAaLglRRjGkvD9qSGgSqjiVcaGlvpeKWay7QppazIbijL/8ll7sll5Xc873C8ckwjhmyTjZIkbikQo7JGamSGhHkgTyRF/LqPDrPzpvzPmgdc4Yzq+QXnI9vkW+Xhw==</latexit><latexit sha1_base64="Vlc19NWqUcvxvvO+lzsd9Y2gesA=">AAACAnicbVDLSgNBEJz1bXxFPYmXwSBElDBr1OhN9OIxglEhCcvspFcHZx/M9ErCErz4K148KOLVr/Dm3zh5HDRa0FBUddPd5SdKGmTsyxkbn5icmp6Zzc3NLywu5ZdXLk2cagE1EatYX/vcgJIR1FCigutEAw99BVf+3WnPv7oHbWQcXWAngWbIbyIZSMHRSl5+bTvwsgZCGzMNBrvdYtvjO23P3/LyBVaqHJXLZUZZ6YAd7u5XLGF9UHdICmSIqpf/bLRikYYQoVDcmLrLEmxmXKMUCrq5Rmog4eKO30Dd0oiHYJpZ/4Uu3bRKiwaxthUh7as/JzIeGtMJfdsZcrw1o15P/M+rpxgcNjMZJSlCJAaLglRRjGkvD9qSGgSqjiVcaGlvpeKWay7QppazIbijL/8ll7sll5Xc873C8ckwjhmyTjZIkbikQo7JGamSGhHkgTyRF/LqPDrPzpvzPmgdc4Yzq+QXnI9vkW+Xhw==</latexit><latexit sha1_base64="Vlc19NWqUcvxvvO+lzsd9Y2gesA=">AAACAnicbVDLSgNBEJz1bXxFPYmXwSBElDBr1OhN9OIxglEhCcvspFcHZx/M9ErCErz4K148KOLVr/Dm3zh5HDRa0FBUddPd5SdKGmTsyxkbn5icmp6Zzc3NLywu5ZdXLk2cagE1EatYX/vcgJIR1FCigutEAw99BVf+3WnPv7oHbWQcXWAngWbIbyIZSMHRSl5+bTvwsgZCGzMNBrvdYtvjO23P3/LyBVaqHJXLZUZZ6YAd7u5XLGF9UHdICmSIqpf/bLRikYYQoVDcmLrLEmxmXKMUCrq5Rmog4eKO30Dd0oiHYJpZ/4Uu3bRKiwaxthUh7as/JzIeGtMJfdsZcrw1o15P/M+rpxgcNjMZJSlCJAaLglRRjGkvD9qSGgSqjiVcaGlvpeKWay7QppazIbijL/8ll7sll5Xc873C8ckwjhmyTjZIkbikQo7JGamSGhHkgTyRF/LqPDrPzpvzPmgdc4Yzq+QXnI9vkW+Xhw==</latexit>

+(xa $ xb)
<latexit sha1_base64="ZE+0Wbn3NJ81BjJKdtE85iq/zRc=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCRAi7iaLHoBePEcwDkmWZncwmQ2YfzPRqQsjBi7/ixYMiXv0Ib/6Nk2QRjRY0FFXddHd5seAKLOvTyCwtr6yuZddzG5tb2zvm7l5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wOfWbt0wqHoU3MIqZE5BeyH1OCWjJNfPHxaFLcEcwHyTv9YFIGd1hPHS9I9csWCVrBmyVTit22argb8VOSQGlqLnmR6cb0SRgIVBBlGrbVgzOmEjgVLBJrpMoFhM6ID3W1jQkAVPOePbEBB9qpYv9SOoKAc/UnxNjEig1CjzdGRDoq0VvKv7ntRPwz50xD+MEWEjni/xEYIjwNBHc5ZJRECNNCJVc34ppn0hCQeeW0yHYiy//JY1yybZK9vVJoXqRxpFFeXSAishGZ6iKrlAN1RFF9+gRPaMX48F4Ml6Nt3lrxkhn9tEvGO9fjkSXZA==</latexit><latexit sha1_base64="ZE+0Wbn3NJ81BjJKdtE85iq/zRc=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCRAi7iaLHoBePEcwDkmWZncwmQ2YfzPRqQsjBi7/ixYMiXv0Ib/6Nk2QRjRY0FFXddHd5seAKLOvTyCwtr6yuZddzG5tb2zvm7l5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wOfWbt0wqHoU3MIqZE5BeyH1OCWjJNfPHxaFLcEcwHyTv9YFIGd1hPHS9I9csWCVrBmyVTit22argb8VOSQGlqLnmR6cb0SRgIVBBlGrbVgzOmEjgVLBJrpMoFhM6ID3W1jQkAVPOePbEBB9qpYv9SOoKAc/UnxNjEig1CjzdGRDoq0VvKv7ntRPwz50xD+MEWEjni/xEYIjwNBHc5ZJRECNNCJVc34ppn0hCQeeW0yHYiy//JY1yybZK9vVJoXqRxpFFeXSAishGZ6iKrlAN1RFF9+gRPaMX48F4Ml6Nt3lrxkhn9tEvGO9fjkSXZA==</latexit><latexit sha1_base64="ZE+0Wbn3NJ81BjJKdtE85iq/zRc=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCRAi7iaLHoBePEcwDkmWZncwmQ2YfzPRqQsjBi7/ixYMiXv0Ib/6Nk2QRjRY0FFXddHd5seAKLOvTyCwtr6yuZddzG5tb2zvm7l5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wOfWbt0wqHoU3MIqZE5BeyH1OCWjJNfPHxaFLcEcwHyTv9YFIGd1hPHS9I9csWCVrBmyVTit22argb8VOSQGlqLnmR6cb0SRgIVBBlGrbVgzOmEjgVLBJrpMoFhM6ID3W1jQkAVPOePbEBB9qpYv9SOoKAc/UnxNjEig1CjzdGRDoq0VvKv7ntRPwz50xD+MEWEjni/xEYIjwNBHc5ZJRECNNCJVc34ppn0hCQeeW0yHYiy//JY1yybZK9vVJoXqRxpFFeXSAishGZ6iKrlAN1RFF9+gRPaMX48F4Ml6Nt3lrxkhn9tEvGO9fjkSXZA==</latexit><latexit sha1_base64="ZE+0Wbn3NJ81BjJKdtE85iq/zRc=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCRAi7iaLHoBePEcwDkmWZncwmQ2YfzPRqQsjBi7/ixYMiXv0Ib/6Nk2QRjRY0FFXddHd5seAKLOvTyCwtr6yuZddzG5tb2zvm7l5DRYmkrE4jEcmWRxQTPGR14CBYK5aMBJ5gTW9wOfWbt0wqHoU3MIqZE5BeyH1OCWjJNfPHxaFLcEcwHyTv9YFIGd1hPHS9I9csWCVrBmyVTit22argb8VOSQGlqLnmR6cb0SRgIVBBlGrbVgzOmEjgVLBJrpMoFhM6ID3W1jQkAVPOePbEBB9qpYv9SOoKAc/UnxNjEig1CjzdGRDoq0VvKv7ntRPwz50xD+MEWEjni/xEYIjwNBHc5ZJRECNNCJVc34ppn0hCQeeW0yHYiy//JY1yybZK9vVJoXqRxpFFeXSAishGZ6iKrlAN1RFF9+gRPaMX48F4Ml6Nt3lrxkhn9tEvGO9fjkSXZA==</latexit>

Exact! Soft limit

Exact! Consistency Relations

Exact! Consistency Relations

Threshold Expansion

Ensure Inclusive Cross Section

[Johannes’ talk]

+�(1� xa)f�(xb) + �(1� xb)f�(xa)
<latexit sha1_base64="MleldMy+qoSJDTju2M6z+vXmbcM=">AAACH3icbVDLSgMxFM34rPU16tJNsAgWsWRabeuu6MalgtVCW4Y7aUZDMw+SjLQM/RM3/oobF4qIO//GtM6iVg9cODnnXnLv8WLBlSbky5qbX1hcWs6t5FfX1jc27a3tGxUlkrImjUQkWx4oJnjImpprwVqxZBB4gt16/fOxf/vApOJReK2HMesGcBdyn1PQRnLt6mGnx4SGA+do4ELRd7PnwPWK05Y3bUHRtQukVDutVCoEk1KV1MsnNUPIBNjJSAFluHTtz04voknAQk0FKNV2SKy7KUjNqWCjfCdRLAbahzvWNjSEgKluOrlvhPeN0sN+JE2FGk/U6YkUAqWGgWc6A9D3atYbi/957UT79W7KwzjRLKQ/H/mJwDrC47Bwj0tGtRgaAlRysyum9yCBahNp3oTgzJ78l9yUSw4pOVfHhcZZFkcO7aI9dIAcVEMNdIEuURNR9Iie0St6s56sF+vd+vhpnbOymR30C9bXN16aoVY=</latexit><latexit sha1_base64="MleldMy+qoSJDTju2M6z+vXmbcM=">AAACH3icbVDLSgMxFM34rPU16tJNsAgWsWRabeuu6MalgtVCW4Y7aUZDMw+SjLQM/RM3/oobF4qIO//GtM6iVg9cODnnXnLv8WLBlSbky5qbX1hcWs6t5FfX1jc27a3tGxUlkrImjUQkWx4oJnjImpprwVqxZBB4gt16/fOxf/vApOJReK2HMesGcBdyn1PQRnLt6mGnx4SGA+do4ELRd7PnwPWK05Y3bUHRtQukVDutVCoEk1KV1MsnNUPIBNjJSAFluHTtz04voknAQk0FKNV2SKy7KUjNqWCjfCdRLAbahzvWNjSEgKluOrlvhPeN0sN+JE2FGk/U6YkUAqWGgWc6A9D3atYbi/957UT79W7KwzjRLKQ/H/mJwDrC47Bwj0tGtRgaAlRysyum9yCBahNp3oTgzJ78l9yUSw4pOVfHhcZZFkcO7aI9dIAcVEMNdIEuURNR9Iie0St6s56sF+vd+vhpnbOymR30C9bXN16aoVY=</latexit><latexit sha1_base64="MleldMy+qoSJDTju2M6z+vXmbcM=">AAACH3icbVDLSgMxFM34rPU16tJNsAgWsWRabeuu6MalgtVCW4Y7aUZDMw+SjLQM/RM3/oobF4qIO//GtM6iVg9cODnnXnLv8WLBlSbky5qbX1hcWs6t5FfX1jc27a3tGxUlkrImjUQkWx4oJnjImpprwVqxZBB4gt16/fOxf/vApOJReK2HMesGcBdyn1PQRnLt6mGnx4SGA+do4ELRd7PnwPWK05Y3bUHRtQukVDutVCoEk1KV1MsnNUPIBNjJSAFluHTtz04voknAQk0FKNV2SKy7KUjNqWCjfCdRLAbahzvWNjSEgKluOrlvhPeN0sN+JE2FGk/U6YkUAqWGgWc6A9D3atYbi/957UT79W7KwzjRLKQ/H/mJwDrC47Bwj0tGtRgaAlRysyum9yCBahNp3oTgzJ78l9yUSw4pOVfHhcZZFkcO7aI9dIAcVEMNdIEuURNR9Iie0St6s56sF+vd+vhpnbOymR30C9bXN16aoVY=</latexit><latexit sha1_base64="MleldMy+qoSJDTju2M6z+vXmbcM=">AAACH3icbVDLSgMxFM34rPU16tJNsAgWsWRabeuu6MalgtVCW4Y7aUZDMw+SjLQM/RM3/oobF4qIO//GtM6iVg9cODnnXnLv8WLBlSbky5qbX1hcWs6t5FfX1jc27a3tGxUlkrImjUQkWx4oJnjImpprwVqxZBB4gt16/fOxf/vApOJReK2HMesGcBdyn1PQRnLt6mGnx4SGA+do4ELRd7PnwPWK05Y3bUHRtQukVDutVCoEk1KV1MsnNUPIBNjJSAFluHTtz04voknAQk0FKNV2SKy7KUjNqWCjfCdRLAbahzvWNjSEgKluOrlvhPeN0sN+JE2FGk/U6YkUAqWGgWc6A9D3atYbi/957UT79W7KwzjRLKQ/H/mJwDrC47Bwj0tGtRgaAlRysyum9yCBahNp3oTgzJ78l9yUSw4pOVfHhcZZFkcO7aI9dIAcVEMNdIEuURNR9Iie0St6s56sF+vd+vhpnbOymR30C9bXN16aoVY=</latexit>

+�inc.(xaxb)
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VALIDATION AT NNLO
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▸ Our approximation performs nicely! 

▸ Especially for central rapidities |Y| < 3 
Larger Rapidities ~ More energetic final states = further from threshold 

▸ After first couple of orders: Systematic improvement by including more 
terms in threshold expansion. 

▸ To cover the remaining difference to exact NNLO other ingredients than 
threshold expansion are necessary.
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VALIDATION AT N3LO

▸ Similar picture as at NNLO. 

▸ Central rapidities very stable under adding more threshold 
terms. 

▸ Larger rapidities: expansion varies more. 

▸ High confidence in central rapidity region.
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HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY
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HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY - RATIO

▸ Flat correction throughout entire rapidity range. 

▸ Significant reduction in scale uncertainty. 

▸ Excellent agreement with other computation of 
[Cieri,Chen,Gehrmann,Glover,Huss]

�34

[Dulat,BM,Pelloni]



FULLY DIFFERENTIAL 
CROSS SECTIONS
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DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS

Typical treatment of singularities in fixed order perturbation theory: 
Example:

Fully Differential Cross Sections

�36

+Integrated Counter Term

� ⇠
Z q2

0
dp2?

1

(p2?)
1+✏

(M(p2?)� M̃(0))
<latexit sha1_base64="IAd8yVk4rDwHBHyBvkYvJkVtNUo="></latexit><latexit sha1_base64="IAd8yVk4rDwHBHyBvkYvJkVtNUo="></latexit><latexit sha1_base64="IAd8yVk4rDwHBHyBvkYvJkVtNUo="></latexit><latexit sha1_base64="IAd8yVk4rDwHBHyBvkYvJkVtNUo="></latexit>

Divergence

Matrix Element

Local Counter Term



DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS
Fully Differential Cross Sections

�37

+Integrated Counter Term

Divergence Local Counter Term

Measurement Function

Integrate over n-partons

�J ⇠
Z

d�n(M(�n,�Born)J(�n,�Born)� M̃(�n,�Born)J(0,�Born))
<latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit>

IRC - Safety: J(�n,�Born) ! J(0,�Born)
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in singular limits

Typical treatment of singularities in fixed order perturbation theory: 
More general example:



DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

The perfect subtraction algorithm!

Fully Differential Cross Sections

�38

+Integrated Counter Term

�J ⇠
Z

d�n(M(�n,�Born)J(�n,�Born)� M̃(�n,�Born)J(0,�Born))
<latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit><latexit sha1_base64="gEtEmP0nZX9oYm3DSNLh6UegsTU="></latexit>

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]



DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

The perfect subtraction algorithm!

Fully Differential Cross Sections

�39

�J ⇠
Z

d�nM(�n,�Born)
h
J(�n,�Born)� J(0,�Born)

i

<latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit>

+Integrated Counter Term
M̃(�n,�Born) = M(�n,�Born)

<latexit sha1_base64="6CEyc7E8UmO77Lxr1lqz/xx0W2w=">AAACLHicfVBNSwMxEM36WetX1aOXYBEUpOyKoBehtBcvQgXbCt1Ssum0DWazSzIrlqU/yIt/RRAPFvHq7zD9OGgrPhjm8d4MybwglsKg6w6dhcWl5ZXVzFp2fWNzazu3s1szUaI5VHkkI30XMANSKKiiQAl3sQYWBhLqwX155NcfQBsRqVvsx9AMWVeJjuAMrdTKlX0Usg30+siPe6KlTsYt9REeMS1FWg0Gx/Tyf7uVy7sFdww6T7wpyZMpKq3cq9+OeBKCQi6ZMQ3PjbGZMo2CSxhk/cRAzPg960LDUsVCMM10fOyAHlqlTTuRtqWQjtWfGykLjemHgZ0MGfbMrDcS//IaCXYumqlQcYKg+OShTiIpRnSUHG0LDRxl3xLGtbB/pbzHNONo883aELzZk+dJ7bTguQXv5ixfLE3jyJB9ckCOiEfOSZFckQqpEk6eyAt5J0Pn2XlzPpzPyeiCM93ZI7/gfH0DDOSoGA==</latexit><latexit sha1_base64="6CEyc7E8UmO77Lxr1lqz/xx0W2w=">AAACLHicfVBNSwMxEM36WetX1aOXYBEUpOyKoBehtBcvQgXbCt1Ssum0DWazSzIrlqU/yIt/RRAPFvHq7zD9OGgrPhjm8d4MybwglsKg6w6dhcWl5ZXVzFp2fWNzazu3s1szUaI5VHkkI30XMANSKKiiQAl3sQYWBhLqwX155NcfQBsRqVvsx9AMWVeJjuAMrdTKlX0Usg30+siPe6KlTsYt9REeMS1FWg0Gx/Tyf7uVy7sFdww6T7wpyZMpKq3cq9+OeBKCQi6ZMQ3PjbGZMo2CSxhk/cRAzPg960LDUsVCMM10fOyAHlqlTTuRtqWQjtWfGykLjemHgZ0MGfbMrDcS//IaCXYumqlQcYKg+OShTiIpRnSUHG0LDRxl3xLGtbB/pbzHNONo883aELzZk+dJ7bTguQXv5ixfLE3jyJB9ckCOiEfOSZFckQqpEk6eyAt5J0Pn2XlzPpzPyeiCM93ZI7/gfH0DDOSoGA==</latexit><latexit sha1_base64="6CEyc7E8UmO77Lxr1lqz/xx0W2w=">AAACLHicfVBNSwMxEM36WetX1aOXYBEUpOyKoBehtBcvQgXbCt1Ssum0DWazSzIrlqU/yIt/RRAPFvHq7zD9OGgrPhjm8d4MybwglsKg6w6dhcWl5ZXVzFp2fWNzazu3s1szUaI5VHkkI30XMANSKKiiQAl3sQYWBhLqwX155NcfQBsRqVvsx9AMWVeJjuAMrdTKlX0Usg30+siPe6KlTsYt9REeMS1FWg0Gx/Tyf7uVy7sFdww6T7wpyZMpKq3cq9+OeBKCQi6ZMQ3PjbGZMo2CSxhk/cRAzPg960LDUsVCMM10fOyAHlqlTTuRtqWQjtWfGykLjemHgZ0MGfbMrDcS//IaCXYumqlQcYKg+OShTiIpRnSUHG0LDRxl3xLGtbB/pbzHNONo883aELzZk+dJ7bTguQXv5ixfLE3jyJB9ckCOiEfOSZFckQqpEk6eyAt5J0Pn2XlzPpzPyeiCM93ZI7/gfH0DDOSoGA==</latexit><latexit sha1_base64="6CEyc7E8UmO77Lxr1lqz/xx0W2w=">AAACLHicfVBNSwMxEM36WetX1aOXYBEUpOyKoBehtBcvQgXbCt1Ssum0DWazSzIrlqU/yIt/RRAPFvHq7zD9OGgrPhjm8d4MybwglsKg6w6dhcWl5ZXVzFp2fWNzazu3s1szUaI5VHkkI30XMANSKKiiQAl3sQYWBhLqwX155NcfQBsRqVvsx9AMWVeJjuAMrdTKlX0Usg30+siPe6KlTsYt9REeMS1FWg0Gx/Tyf7uVy7sFdww6T7wpyZMpKq3cq9+OeBKCQi6ZMQ3PjbGZMo2CSxhk/cRAzPg960LDUsVCMM10fOyAHlqlTTuRtqWQjtWfGykLjemHgZ0MGfbMrDcS//IaCXYumqlQcYKg+OShTiIpRnSUHG0LDRxl3xLGtbB/pbzHNONo883aELzZk+dJ7bTguQXv5ixfLE3jyJB9ckCOiEfOSZFckQqpEk6eyAt5J0Pn2XlzPpzPyeiCM93ZI7/gfH0DDOSoGA==</latexit>

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]



DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

The perfect subtraction algorithm!

Fully Differential Cross Sections

�40
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J(�n,�Born)� J(0,�Born)
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+Integrated Counter Term
M̃(�n,�Born) = M(�n,�Born)
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•Fully local subtraction 

•No large numerical discrepancy between local CT and matrix element possible 

•Successfully used in DIS - like processes (VBF H / HH @ N3LO, differential DIS) 

•Need to know Integrated Counter Term exactly. Hard!! 

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]



DIFFERENTIAL CROSS SECTIONS

SUBTRACTION ALGORITHMS - PROJECTION TO BORN

The perfect subtraction algorithm!

Fully Differential Cross Sections
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<latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit><latexit sha1_base64="ZPqJVAbG1Abe2P0tNknO+sW2CkU="></latexit>

+Integrated Counter Term

[Cacciari,Dreyer,Karlberg,Salam,Zanderighi]

d�

dzdY
<latexit sha1_base64="lrywTdZUfu47QmTRy93Whz/A2pQ=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEBD0WvXisYFulCWWz2bRLd5OwuxFqCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4Qn8i7AinIW07ZmmtO7VFIsAk67wehq4ncfqFQsiW/1OKW+wIOYRYxgbaS+feBFEpM89BQbCFzk4SMK74u+XXcazhRokbglqUOJVt/+8sKEZILGmnCsVM91Uu3nWGpGOC1qXqZoiskID2jP0BgLqvx8en6Bjo0SoiiRpmKNpurviRwLpcYiMJ0C66Ga9ybif14v09GFn7M4zTSNyWxRlHGkEzTJAoVMUqL52BBMJDO3IjLEJg9tEquZENz5lxdJ57ThOg335qzevCzjqMIhHMEJuHAOTbiGFrSBQA7P8Apv1pP1Yr1bH7PWilXO7MMfWJ8/sgiV8Q==</latexit><latexit sha1_base64="lrywTdZUfu47QmTRy93Whz/A2pQ=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEBD0WvXisYFulCWWz2bRLd5OwuxFqCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4Qn8i7AinIW07ZmmtO7VFIsAk67wehq4ncfqFQsiW/1OKW+wIOYRYxgbaS+feBFEpM89BQbCFzk4SMK74u+XXcazhRokbglqUOJVt/+8sKEZILGmnCsVM91Uu3nWGpGOC1qXqZoiskID2jP0BgLqvx8en6Bjo0SoiiRpmKNpurviRwLpcYiMJ0C66Ga9ybif14v09GFn7M4zTSNyWxRlHGkEzTJAoVMUqL52BBMJDO3IjLEJg9tEquZENz5lxdJ57ThOg335qzevCzjqMIhHMEJuHAOTbiGFrSBQA7P8Apv1pP1Yr1bH7PWilXO7MMfWJ8/sgiV8Q==</latexit><latexit sha1_base64="lrywTdZUfu47QmTRy93Whz/A2pQ=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEBD0WvXisYFulCWWz2bRLd5OwuxFqCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4Qn8i7AinIW07ZmmtO7VFIsAk67wehq4ncfqFQsiW/1OKW+wIOYRYxgbaS+feBFEpM89BQbCFzk4SMK74u+XXcazhRokbglqUOJVt/+8sKEZILGmnCsVM91Uu3nWGpGOC1qXqZoiskID2jP0BgLqvx8en6Bjo0SoiiRpmKNpurviRwLpcYiMJ0C66Ga9ybif14v09GFn7M4zTSNyWxRlHGkEzTJAoVMUqL52BBMJDO3IjLEJg9tEquZENz5lxdJ57ThOg335qzevCzjqMIhHMEJuHAOTbiGFrSBQA7P8Apv1pP1Yr1bH7PWilXO7MMfWJ8/sgiV8Q==</latexit><latexit sha1_base64="lrywTdZUfu47QmTRy93Whz/A2pQ=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJVEBD0WvXisYFulCWWz2bRLd5OwuxFqCPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCDlTGnH+bYqS8srq2vV9drG5tb2jr2711FJJgltk4Qn8i7AinIW07ZmmtO7VFIsAk67wehq4ncfqFQsiW/1OKW+wIOYRYxgbaS+feBFEpM89BQbCFzk4SMK74u+XXcazhRokbglqUOJVt/+8sKEZILGmnCsVM91Uu3nWGpGOC1qXqZoiskID2jP0BgLqvx8en6Bjo0SoiiRpmKNpurviRwLpcYiMJ0C66Ga9ybif14v09GFn7M4zTSNyWxRlHGkEzTJAoVMUqL52BBMJDO3IjLEJg9tEquZENz5lxdJ57ThOg335qzevCzjqMIhHMEJuHAOTbiGFrSBQA7P8Apv1pP1Yr1bH7PWilXO7MMfWJ8/sgiV8Q==</latexit>

�Born = {z, Y }
<latexit sha1_base64="HcqU2xL1nMI+7yys7pHnmrL+RrU=">AAACA3icbVBNS8NAEN3Ur1q/ot70EiyCBymJCHoRSr14rGA/pAlhs922SzebsDsRawh48a948aCIV/+EN/+N2zYHbX0w8Hhvhpl5QcyZAtv+NgoLi0vLK8XV0tr6xuaWub3TVFEiCW2QiEeyHWBFORO0AQw4bceS4jDgtBUML8d+645KxSJxA6OYeiHuC9ZjBIOWfHPPjQfMT12g95DWIimy7MJNH45v3cw3y3bFnsCaJ05OyihH3Te/3G5EkpAKIBwr1XHsGLwUS2CE06zkJorGmAxxn3Y0FTikyksnP2TWoVa6Vi+SugRYE/X3RIpDpUZhoDtDDAM1643F/7xOAr1zL2UiToAKMl3US7gFkTUOxOoySQnwkSaYSKZvtcgAS0xAx1bSITizL8+T5knFsSvO9Wm5WsvjKKJ9dICOkIPOUBVdoTpqIIIe0TN6RW/Gk/FivBsf09aCkc/soj8wPn8AxgyYOQ==</latexit><latexit sha1_base64="HcqU2xL1nMI+7yys7pHnmrL+RrU=">AAACA3icbVBNS8NAEN3Ur1q/ot70EiyCBymJCHoRSr14rGA/pAlhs922SzebsDsRawh48a948aCIV/+EN/+N2zYHbX0w8Hhvhpl5QcyZAtv+NgoLi0vLK8XV0tr6xuaWub3TVFEiCW2QiEeyHWBFORO0AQw4bceS4jDgtBUML8d+645KxSJxA6OYeiHuC9ZjBIOWfHPPjQfMT12g95DWIimy7MJNH45v3cw3y3bFnsCaJ05OyihH3Te/3G5EkpAKIBwr1XHsGLwUS2CE06zkJorGmAxxn3Y0FTikyksnP2TWoVa6Vi+SugRYE/X3RIpDpUZhoDtDDAM1643F/7xOAr1zL2UiToAKMl3US7gFkTUOxOoySQnwkSaYSKZvtcgAS0xAx1bSITizL8+T5knFsSvO9Wm5WsvjKKJ9dICOkIPOUBVdoTpqIIIe0TN6RW/Gk/FivBsf09aCkc/soj8wPn8AxgyYOQ==</latexit><latexit sha1_base64="HcqU2xL1nMI+7yys7pHnmrL+RrU=">AAACA3icbVBNS8NAEN3Ur1q/ot70EiyCBymJCHoRSr14rGA/pAlhs922SzebsDsRawh48a948aCIV/+EN/+N2zYHbX0w8Hhvhpl5QcyZAtv+NgoLi0vLK8XV0tr6xuaWub3TVFEiCW2QiEeyHWBFORO0AQw4bceS4jDgtBUML8d+645KxSJxA6OYeiHuC9ZjBIOWfHPPjQfMT12g95DWIimy7MJNH45v3cw3y3bFnsCaJ05OyihH3Te/3G5EkpAKIBwr1XHsGLwUS2CE06zkJorGmAxxn3Y0FTikyksnP2TWoVa6Vi+SugRYE/X3RIpDpUZhoDtDDAM1643F/7xOAr1zL2UiToAKMl3US7gFkTUOxOoySQnwkSaYSKZvtcgAS0xAx1bSITizL8+T5knFsSvO9Wm5WsvjKKJ9dICOkIPOUBVdoTpqIIIe0TN6RW/Gk/FivBsf09aCkc/soj8wPn8AxgyYOQ==</latexit><latexit sha1_base64="HcqU2xL1nMI+7yys7pHnmrL+RrU=">AAACA3icbVBNS8NAEN3Ur1q/ot70EiyCBymJCHoRSr14rGA/pAlhs922SzebsDsRawh48a948aCIV/+EN/+N2zYHbX0w8Hhvhpl5QcyZAtv+NgoLi0vLK8XV0tr6xuaWub3TVFEiCW2QiEeyHWBFORO0AQw4bceS4jDgtBUML8d+645KxSJxA6OYeiHuC9ZjBIOWfHPPjQfMT12g95DWIimy7MJNH45v3cw3y3bFnsCaJ05OyihH3Te/3G5EkpAKIBwr1XHsGLwUS2CE06zkJorGmAxxn3Y0FTikyksnP2TWoVa6Vi+SugRYE/X3RIpDpUZhoDtDDAM1643F/7xOAr1zL2UiToAKMl3US7gFkTUOxOoySQnwkSaYSKZvtcgAS0xAx1bSITizL8+T5knFsSvO9Wm5WsvjKKJ9dICOkIPOUBVdoTpqIIIe0TN6RW/Gk/FivBsf09aCkc/soj8wPn8AxgyYOQ==</latexit>

For Higgs Boson Production: 

Integrated Counter Term



HIGGS BOSON IN REAL LIFE
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<latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit>

In collaboration with [Chen,Dulat,Gehrmann, Glover,Huss,Pelloni]

▸ Combination with H+J  

▸ Validation at NNLO 

▸ Fiducial Cross Sections 
for LHC 
Phenomenology! 

▸ Extension to N3LO in 
progress
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CONCLUSIONS

▸ The LHC provides a remarkable opportunity to study high 
energy physics. 

▸ Many fascinating avenues have to be explored to match and 
surpass the experimental demand. 

▸ We computed the Higgs Boson Rapidity Distribution at N3LO. 

▸ Our result is the cornerstone for future fully differential 
predictions of Higgs boson phenomenology.

Thank you!
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HIGGS BOSON RAPIDITY DISTRIBUTIONS AT N3LO

HIGGS BOSON RAPIDITY - RATIO

▸ Very compatible with rescaling of NNLO distribution 

▸ Good news for current experimental usage!  
Re-weighted Parton-Shower MC.
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HIGGS BOSON IN REAL LIFE

H ! ��
<latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit><latexit sha1_base64="hKrAONVBvuoXuimZxfu+ZKYxzWc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQZdFN11WsA9oQrmZTtKhM0mYmSglFDf+ihsXirj1K9z5N07bLLT1wL0czrmXmXuClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuAIpyFtOWZprTbiopiIDTTjC6mfqdeyoVS+I7PU6pLyCKWcgIaCP17aOGJ1k01CBl8oC9CISAee/bVafmzICXiVuQKirQ7Ntf3iAhmaCxJhyU6rlOqv0cpGaE00nFyxRNgYwgoj1DYxBU+fnshAk+NcoAh4k0FWs8U39v5CCUGovATArQQ7XoTcX/vF6mwys/Z3GaaRqT+UNhxrFO8DQPPGCSEs3HhgCRzPwVkyFIINqkVjEhuIsnL5P2ec11au7tRbV+XcRRRsfoBJ0hF12iOmqgJmohgh7RM3pFb9aT9WK9Wx/z0ZJV7ByiP7A+fwBuqJdw</latexit>

▸ Leading Photon Y 

▸ Extension to N3LO in 
progress 

▸ Combination with other 
uncertainties required! 
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