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THE HIGGS BOSON
AFTER DISCOVERY



3THE HIGGS AFTER DISCOVERY

▸ The Higgs mechanism in the Standard Model allowed us with very 
few assumptions to unify the  electroweak force and generate 
fundamental mass.


▸ The SM Higgs mechanism may be the simplest one compatible with 
experiment - many more working theories have been proposed! 
 
 
 

▸ We want to figure out if the Higgs boson we discovered really is the 
one predicted by the Standard Model and if all its consequences are 
realized in nature.

• Which Higgs boson did we find?


• Are there more?


• Is the Higgs composite?



4THE HIGGS AFTER DISCOVERY - THE BIGGER PICTURE
▸ The coupling and mass of the Higgs boson introduce the 

electroweak scale into our universe. Why does it take this value? 
 

▸ The hope to unify with gravity: 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Why do the “couplings” differ so much?
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HIERARCHY PROBLEM



5THE HIGGS AFTER DISCOVERY - THE BIGGER PICTURE
▸ Dark Matter! We know it exists but we don’t know what it is! 

The Higgs couples to particles with mass - maybe also dark matter?
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�̄

HIGGS PORTAL

▸ CP violation is derived from Higgs boson Yukawa couplings.  
We don’t have enough of it to explain why we have more matter than anti-
matter in the universe.


▸ Quarks and leptons have very different masses - why?


▸ Could the Higgs be driving inflation in the early universe?
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▸ With the LHC and the discovery of the 
Higgs we gained for the first time a 
window to study a huge part of the 
fundamental interactions in a 
controlled laboratory setting. 


▸ Exploring this sector of interactions will 
get us closer to answers about the 
most pressing questions of physics of 
our time.

THE HIGGS AFTER DISCOVERY - THE BIGGER PICTURE
▸ We have some pretty foundational gaps in our understanding of the universe!


Neutrino masses, matter-anti-matter asymmetry, inflation, hierarchy of masses, gravity, 
dark matter, dark energy, ….
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▸ We are still in the  
early stages of LHC physics! 

Today: up to 139 fb^-1

LHC Timeline:

THE LHC - NOW

Next Run:  
300 fb^-1 at 13.6 TeV early 2022
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▸ We are still in the  
early stages of LHC physics! 

Today: up to 139 fb^-1

HL-LHC: 20 x current data

THE LHC - THINGS TO COME

LHC Timeline:
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P

✤ We look for the low energy output of proton collisions:  
Photons, electrons, muons, mesons, baryons.

✤ The rates and distributions of the final 
states tell us what happened in the 
interaction at very short time scales.

<latexit sha1_base64="075NG7Yg3PKV9HMW1lCFnLVw05Q=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkoioi6LblxGsA9oQriZTtuhM0mYmQgldOXGX3HjQhG3foM7/8Zpm4W2Hrjcwzn3MnNPlHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqiSThDZIwhPZjkBRzmLa0Exz2k4lBRFx2oqGNxO/9UClYkl8r0cpDQT0Y9ZjBLSRQvvQV6wvIMw9/9TzdeL3QQjAszYO7apTc6bAi8QtSBUV8EL7y+8mJBM01oSDUh3XSXWQg9SMcDqu+JmiKZAh9GnH0BgEVUE+PWOMj43Sxb1Emoo1nqq/N3IQSo1EZCYF6IGa9ybif14n072rIGdxmmkak9lDvYxjneBJJrjLJCWajwwBIpn5KyYDkEC0Sa5iQnDnT14kzbOae1Fz786r9esijjI6QEfoBLnoEtXRLfJQAxH0iJ7RK3qznqwX6936mI2WrGJnH/2B9fkDDJmY3A==</latexit>�P P!��
is a function of couplings and masses and changes dependent 
on the property of the propagating degrees of freedom.

OBSERVING THE HIGGS BOSON
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✤ In the SM we can factorize the production and decay 
process to very good approximation!

H
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⇠ 1

(q2 �m2
h)

2 + �2
hm

2
h

✤ Width of the Higgs is very narrow!
<latexit sha1_base64="Wtcf1CT3wfOKMRjbWP1uU+H5wtA=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2FXgnoMetCLEME8IBvC7KSTDJnZXWZ6xbDm4K948aCIV3/Dm3/j5HHQxIKGoqqb7q4glsKg6347C4tLyyurmbXs+sbm1nZuZ7dqokRzqPBIRroeMANShFBBgRLqsQamAgm1oH858mv3oI2IwjscxNBUrBuKjuAMrdTK7ftXTCnmG6Fo0Ud4wPQGqsNWLu8W3DHoPPGmJE+mKLdyX3474omCELlkxjQ8N8ZmyjQKLmGY9RMDMeN91oWGpSFTYJrp+P4hPbJKm3YibStEOlZ/T6RMGTNQge1UDHtm1huJ/3mNBDvnzVSEcYIQ8smiTiIpRnQUBm0LDRzlwBLGtbC3Ut5jmnG0kWVtCN7sy/OkelLwTgvebTFfupjGkSEH5JAcE4+ckRK5JmVSIZw8kmfySt6cJ+fFeXc+Jq0LznRmj/yB8/kDsHqV5g==</latexit>

� ⇠ 4MeV
<latexit sha1_base64="qUruJLWjG1X7U8ID+IZVyp5TQkc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN5akiLosunFZwT6giWUynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR3d6lFBf4H7EQkawNlLXPvA0TpGnmEDIde6z02p1rLp22ak4U6BF4uakDDnqXfvL68UkFTTShGOlOq6TaD/DUjPC6bjkpYommAxxn3YMjbCgys+m14/RsVF6KIylqUijqfp7IsNCqZEITKfAeqDmvYn4n9dJdXjpZyxKUk0jMlsUphzpGE2iQD0mKdF8ZAgmkplbERlgiYk2gZVMCO78y4ukWa245xX39qxcu8rjKMIhHMEJuHABNbiBOjSAwCM8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AFtTk98=</latexit>

⌧ ⇠ 10�22s

120 122 124 126 128 130
q [GeV]

BW
[q
]

�=0.004MeV

�=10 GeV

�=1 GeV

OBSERVING THE HIGGS BOSON



11

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�

<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

✤ In the SM we can factorize the production and decay 
process to very good approximation!

H
<latexit sha1_base64="DL8Csn7M0n0MePYqYDo8A/I5OIM=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoSEsSRF0WXeiygn1A04bJdNIOnUnizEQooV/hxl9x40IRt+LOv3HaZqGtBy6cOede5t7jx4xKZVnfRm5peWV1Lb9e2Njc2t4xd/caMkoEJnUcsUi0fCQJoyGpK6oYacWCIO4z0vSHVxO/+UCEpFF4p0Yx6XDUD2lAMVJa8syyKymHbiAQTu1xWrrvOmXuDbrOcdc5ca8R52jyglNt7JlFq2JNAReJnZEiyFDzzC+3F+GEk1BhhqRs21asOikSimJGxgU3kSRGeIj6pK1piDiRnXR61hgeaaUHg0joChWcqr8nUsSlHHFfd3KkBnLem4j/ee1EBRedlIZxokiIZx8FCYMqgpOMYI8KghUbaYKwoHpXiAdIR6R0kgUdgj1/8iJpOBX7rGLfnharl1kceXAADkEJ2OAcVMENqIE6wOARPINX8GY8GS/Gu/Exa80Z2cw++APj8weko53J</latexit>

⇠ 1

(q2 �m2
h)

2 + �2
hm

2
h

✤ Width of the Higgs is very narrow!
<latexit sha1_base64="Wtcf1CT3wfOKMRjbWP1uU+H5wtA=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET2FXgnoMetCLEME8IBvC7KSTDJnZXWZ6xbDm4K948aCIV3/Dm3/j5HHQxIKGoqqb7q4glsKg6347C4tLyyurmbXs+sbm1nZuZ7dqokRzqPBIRroeMANShFBBgRLqsQamAgm1oH858mv3oI2IwjscxNBUrBuKjuAMrdTK7ftXTCnmG6Fo0Ud4wPQGqsNWLu8W3DHoPPGmJE+mKLdyX3474omCELlkxjQ8N8ZmyjQKLmGY9RMDMeN91oWGpSFTYJrp+P4hPbJKm3YibStEOlZ/T6RMGTNQge1UDHtm1huJ/3mNBDvnzVSEcYIQ8smiTiIpRnQUBm0LDRzlwBLGtbC3Ut5jmnG0kWVtCN7sy/OkelLwTgvebTFfupjGkSEH5JAcE4+ckRK5JmVSIZw8kmfySt6cJ+fFeXc+Jq0LznRmj/yB8/kDsHqV5g==</latexit>

� ⇠ 4MeV
<latexit sha1_base64="qUruJLWjG1X7U8ID+IZVyp5TQkc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN5akiLosunFZwT6giWUynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR3d6lFBf4H7EQkawNlLXPvA0TpGnmEDIde6z02p1rLp22ak4U6BF4uakDDnqXfvL68UkFTTShGOlOq6TaD/DUjPC6bjkpYommAxxn3YMjbCgys+m14/RsVF6KIylqUijqfp7IsNCqZEITKfAeqDmvYn4n9dJdXjpZyxKUk0jMlsUphzpGE2iQD0mKdF8ZAgmkplbERlgiYk2gZVMCO78y4ukWa245xX39qxcu8rjKMIhHMEJuHABNbiBOjSAwCM8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AFtTk98=</latexit>

⌧ ⇠ 10�22s
How well does it work: Example H ->ZZ ->4 leptons

<latexit sha1_base64="1qeJy5B/iuii8v87G9ZJfvw7btc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CZaCp7IrVj0WvXisYD+wu5Rsmm1Dk+ySZIWy9F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDvzO09UaRbLBzNJaCDwULKIEWys9OhrJpBX96uoX664NXcOtEq8nFQgR7Nf/vIHMUkFlYZwrHXPcxMTZFgZRjidlvxU0wSTMR7SnqUSC6qDbH7xFFWtMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eLzXRdZAxmaSGSrJYFKUcmRjN3kcDpigxfGIJJorZWxEZYYWJsSGVbAje8surpH1e8y5r3v1FpXGTx1GEEziFM/DgChpwB01oAQEJz/AKb452Xpx352PRWnDymWP4A+fzB8s5j7A=</latexit>

⇠ 15% of the cross section off peak

OBSERVING THE HIGGS BOSON
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The lifetime of the Higgs

▸ In the SM, we can compute it: 
 

▸ We find:


▸ Experimentally this is very hard to measure!  
We would need to have an energy resolution on our photons and 
muons at the MeV scale while they have  ~ 50 GeV of momentum!


▸ What if the Higgs is decaying to unknown things (DM)? 

<latexit sha1_base64="yQkFfPvH8ycAxtxp/1dwwqW3Ums=">AAACDHicbVDLSsNAFJ3UV62vqks3wSK4KokUdSMUXeiygn1AU8rNdNIOnUnCzI1YQj7Ajb/ixoUibv0Ad/6N08dCWw8MHM45lzv3+LHgGh3n28otLa+sruXXCxubW9s7xd29ho4SRVmdRiJSLR80EzxkdeQoWCtWDKQvWNMfXo395j1TmkfhHY5i1pHQD3nAKaCRusWSh5BceIECmrpZ6l2DlNBNPWQPmGKE5SzLTMopOxPYi8SdkRKZodYtfnm9iCaShUgFaN12nRg7KSjkVLCs4CWaxUCH0GdtQ0OQTHfSyTGZfWSUnh1EyrwQ7Yn6eyIFqfVI+iYpAQd63huL/3ntBIPzTsrDOEEW0umiIBE2Rva4GbvHFaMoRoYAVdz81aYDMMWg6a9gSnDnT14kjZOye1qu3FZK1ctZHXlyQA7JMXHJGamSG1IjdULJI3kmr+TNerJerHfrYxrNWbOZffIH1ucPBJGcQg==</latexit>

⌧ =
1

�tot.

<latexit sha1_base64="wPvnd6wbUqDDR++oK0HTyVXd/aU="></latexit>

�tot. = �h!bb̄ + �h!WW + �h!gg + �h!ZZ + . . .

<latexit sha1_base64="qUruJLWjG1X7U8ID+IZVyp5TQkc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN5akiLosunFZwT6giWUynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmdKO820VlpZXVteK66WNza3tHXt3r6niVBLaIDGPZTvAinIW0YZmmtN2IikWAaetYHg98VsPVCoWR3d6lFBf4H7EQkawNlLXPvA0TpGnmEDIde6z02p1rLp22ak4U6BF4uakDDnqXfvL68UkFTTShGOlOq6TaD/DUjPC6bjkpYommAxxn3YMjbCgys+m14/RsVF6KIylqUijqfp7IsNCqZEITKfAeqDmvYn4n9dJdXjpZyxKUk0jMlsUphzpGE2iQD0mKdF8ZAgmkplbERlgiYk2gZVMCO78y4ukWa245xX39qxcu8rjKMIhHMEJuHABNbiBOjSAwCM8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AFtTk98=</latexit>

⌧ ⇠ 10�22s
<latexit sha1_base64="Nkzti6SwJl1eHbpP41LyGg3RlAk=">AAACC3icbVA9SwNBEN3zM8avqKXNkiBYhTsJahm00EaIYD4gF8LeZpIs2b07dufEcKS38a/YWChi6x+w89+4+Sg08cHA470ZZuYFsRQGXffbWVpeWV1bz2xkN7e2d3Zze/s1EyWaQ5VHMtKNgBmQIoQqCpTQiDUwFUioB4PLsV+/B21EFN7hMIaWYr1QdAVnaKV2Lu9fMaVY20d4wBQjLI58IxQtTYUbqI3auYJbdCegi8SbkQKZodLOffmdiCcKQuSSGdP03BhbKdMouIRR1k8MxIwPWA+aloZMgWmlk19G9MgqHdqNtK0Q6UT9PZEyZcxQBbZTMeybeW8s/uc1E+yet1IRxglCyKeLuomkGNFxMLQjNHCUQ0sY18LeSnmfacbRxpe1IXjzLy+S2knROy2WbkuF8sUsjgw5JHlyTDxyRsrkmlRIlXDySJ7JK3lznpwX5935mLYuObOZA/IHzucPhmGbXg==</latexit>

�tot. ⇠ 4MeV

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

<latexit sha1_base64="l3ZUJhdWfp7ggAtndbOIPY0iuPM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5kmNBB4JFnECDZWevRDrJBPxmxQrbl1NwdaJV5BalCgNah++cOYpIJKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUokF1UGWHzxDZ1YZoihWtqRBufp7IsNC66kIbafAZqyXvbn4n9dPTXQdZEwmqaGSLBZFKUcmRvPv0ZApSgyfWoKJYvZWRMZYYWJsRhUbgrf88irpXNS9y3rjvlFr3hRxlOEETuEcPLiCJtxBC9pAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBVk2QHg==</latexit>

�̄



13OBSERVING THE HIGGS BOSON

Z

Z<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

The lifetime of the Higgs
▸ Use the large off-shell cross section in H->4l!

<latexit sha1_base64="KB/NteQ9gRgEX8tThLCsC/T3EuM="></latexit>

�PP!h!4µ ⇠
g2hggg

2
hZZ

(q2 �m2
h)

2 � �2
tot.m

2
h

<latexit sha1_base64="VtvhfIF+xYpmt4EV3DJTPlQx9bw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrulqBeh6MVjBfsh7bZk02wbmmTXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dldW19YzO3ld/e2d3bLxwcNnSUKELrJOKRagVYU84krRtmOG3FimIRcNoMRjdTv/lElWaRvDfjmPoCDyQLGcHGSg+P3fKV6A275V6h6JbcGdAy8TJShAy1XuGr049IIqg0hGOt254bGz/FyjDC6STfSTSNMRnhAW1bKrGg2k9nB0/QqVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z2snJrz0UybjxFBJ5ovChCMToen3qM8UJYaPLcFEMXsrIkOsMDE2o7wNwVt8eZk0yiXvvFS5qxSr11kcOTiGEzgDDy6gCrdQgzoQEPAMr/DmKOfFeXc+5q0rTjZzBH/gfP4A9miP3w==</latexit>

q2 = m2
h

<latexit sha1_base64="384zowX9Q/hJRqeK5d7sDJUKukg=">AAACIXicbZDNSgMxFIUz/lv/qi7dBIvgqsyIqEvRhS4VbC3t1CGTZqbBZGZI7oglzKu48VXcuFCkO/FlzNQutPVC4OOce7m5J8wE1+C6n87M7Nz8wuLScmVldW19o7q51dRprihr0FSkqhUSzQRPWAM4CNbKFCMyFOw2vD8v/dsHpjRPkxsYZKwrSZzwiFMCVgqqJ36kCDVxYPpxXNwd4JLabUuF8S+IlCQwPrBHMJBCvSg7ZNC3blCtuXV3VHgavDHU0LiugurQ76U0lywBKojWHc/NoGuIAk4FKyp+rllG6D2JWcdiQiTTXTO6sMB7VunhKFX2JYBH6u8JQ6TWAxnaTkmgrye9UvzP6+QQnXQNT7IcWEJ/FkW5wJDiMi7c44pREAMLhCpu/4ppn9jIwIZasSF4kydPQ/Og7h3VD68Pa6dn4ziW0A7aRfvIQ8foFF2iK9RAFD2hF/SG3p1n59X5cIY/rTPOeGYb/Snn6xvH46SC</latexit>

g2hggg
2
hZZ

�2
tot.m

2
h

<latexit sha1_base64="PkZk/9b6rcEUnN2cJWXSG6Iz8Ms=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSop4I0YtHTOQjwkK6pUBD213brgnZ8C+8eNAYr/4bb/4bC+xBwZdM8vLeTGbmBRFn2rjut5NZW9/Y3Mpu53Z29/YP8odHDR3GitA6CXmoWgHWlDNJ64YZTluRolgEnDaD8c3Mbz5RpVko780kor7AQ8kGjGBjpYfHbqlSEb1Rt9TLF9yiOwdaJV5KCpCi1st/dfohiQWVhnCsddtzI+MnWBlGOJ3mOrGmESZjPKRtSyUWVPvJ/OIpOrNKHw1CZUsaNFd/TyRYaD0Rge0U2Iz0sjcT//PasRlc+QmTUWyoJItFg5gjE6LZ+6jPFCWGTyzBRDF7KyIjrDAxNqScDcFbfnmVNEpF76JYvisXqtdpHFk4gVM4Bw8uoQq3UIM6EJDwDK/w5mjnxXl3PhatGSedOYY/cD5/AH1hkCg=</latexit>

q2 >> m2
h

<latexit sha1_base64="shXKEXD7q6KHe6l0ZUz86MYAhf4=">AAACEnicbZC7TsMwFIYdrqXcCowsFhVSO1AlUQWMFSyMRaIXtU0jx3USq84F20GqojwDC6/CwgBCrExsvA1O2wFafsnS5/+cI/v8TsyokLr+ra2srq1vbBa2its7u3v7pYPDtogSjkkLRyziXQcJwmhIWpJKRroxJyhwGOk44+u83nkgXNAovJOTmFgB8kLqUoyksuxSdeByhFPPTn3Py4YmzKnXU5SllfuheRbY/tCsqqtdKus1fSq4DMYcymCupl36GowinAQklJghIfqGHksrRVxSzEhWHCSCxAiPkUf6CkMUEGGl05UyeKqcEXQjrk4o4dT9PZGiQIhJ4KjOAElfLNZy879aP5HupZXSME4kCfHsITdhUEYwzweOKCdYsokChDlVf4XYRyojqVIsqhCMxZWXoW3WjPNa/bZeblzN4yiAY3ACKsAAF6ABbkATtAAGj+AZvII37Ul70d61j1nrijafOQJ/pH3+ABnZnRc=</latexit>

g2hggg
2
hZZ

(q2 �m2
h)

2

Ratio:

<latexit sha1_base64="PRv7K4005tpArS0v1eken1H2nkc=">AAACG3icbZC7TsMwFIYd7pRbgJHFokKCgSqJKmCsYIARJFqQmjZyXIda2EmwTxBVlPdg4VVYGECICYmBt8G9DNDyS5Y+/+cc2ecPU8E1OM63NTU9Mzs3v7BYWlpeWV2z1zcaOskUZXWaiERdh0QzwWNWBw6CXaeKERkKdhXenvTrV/dMaZ7El9BLWUuSm5hHnBIwVmB7fqQIzf1TIiUJch/YA+SQQKUo2h6WQbftFfnuXdvbH/CeuQZ22ak4A+FJcEdQRiOdB/an30loJlkMVBCtm66TQisnCjgVrCj5mWYpobfkhjUNxkQy3coHuxV4xzgdHCXKnBjwwP09kROpdU+GplMS6OrxWt/8r9bMIDpq5TxOM2AxHT4UZQJDgvtB4Q5XjILoGSBUcfNXTLvEhAUmzpIJwR1feRIaXsU9qFQvquXa8SiOBbSFttEuctEhqqEzdI7qiKJH9Ixe0Zv1ZL1Y79bHsHXKGs1soj+yvn4AgzehCw==</latexit>

�2
tot.m

2
h

(q2 �m2
h)

2

arXiv:1307.4935

<latexit sha1_base64="rc0BtivU/3/zGB9o46Qfs7s43No="></latexit>

�CMS
tot. = 3.2+2.8

�2.2GeV
<latexit sha1_base64="EL5ILXqPQuGLgWyjEHWkzK+5B4c=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BL16ECOaByRJmJ51kyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNIc6j2SkWwEzIIWCOgqU0Io1sDCQ0AxG11O/+QjaiEjd4zgGP2QDJfqCM7TSQwfhCdNbaEy6xZJbdmegy8TLSIlkqHWLX51exJMQFHLJjGl7box+yjQKLmFS6CQGYsZHbABtSxULwfjp7OIJPbFKj/YjbUshnam/J1IWGjMOA9sZMhyaRW8q/ue1E+xf+qlQcYKg+HxRP5EUIzp9n/aEBo5ybAnjWthbKR8yzTjakAo2BG/x5WXSOCt75+XKXaVUvcriyJMjckxOiUcuSJXckBqpE04UeSav5M0xzovz7nzMW3NONnNI/sD5/AHUppEI</latexit>

MeV

https://arxiv.org/pdf/1307.4935.pdf


14THE HIGGS BOSON MASS
▸ Width of the peak due to experimental resolution.


▸ Extract mass from fit to peak in  
 

▸ A precision observable!


<latexit sha1_base64="LV3nIZXls9E3IYscLRq+Ptp+KEI=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxIUZdFN11WsA/oDOVOmrahSWZIMmIZ+ituXCji1h9x59+YtrPQ1gMhh3Pu5d57ooQzbTzv2ylsbG5t7xR3S3v7B4dH7nG5reNUEdoiMY9VNwJNOZO0ZZjhtJsoCiLitBNN7uZ+55EqzWL5YKYJDQWMJBsyAsZKfbfcCEyMgxEIAfnXdyte1VsArxM/JxWUo9l3v4JBTFJBpSEctO75XmLCDJRhhNNZKUg1TYBMYER7lkoQVIfZYvcZPrfKAA9jZZ80eKH+7shAaD0Vka0UYMZ61ZuL/3m91AxvwozJJDVUkuWgYcqxPXceBB4wRYnhU0uAKGZ3xWQMCoixcZVsCP7qyeukfVn1r6q1+1qlfpvHUUSn6AxdIB9dozpqoCZqIYKe0DN6RW/OzHlx3p2PZWnByXtO0B84nz8355Pt</latexit>

H ! ��
<latexit sha1_base64="UZRFErEQFVmJkOVHkNwN9YEGeZg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclUSKuiy66bKCfdAmlMl00g6dScLMpFBC/8SNC0Xc+ifu/BsnbRbaemCYwzn3cu89QcKZ0o7zbW1sbm3v7Jb2yvsHh0fH9slpW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB5CH3O1MqFYujJz1LqC/wKGIhI1gbaWDbDU/HqId6+VfzRDqwK07VWQCtE7cgFSjQHNhf3jAmqaCRJhwr1XedRPsZlpoRTudlL1U0wWSCR7RvaIQFVX622HyOLo0yRGEszYs0Wqi/OzIslJqJwFQKrMdq1cvF/7x+qsM7P2NRkmoakeWgMOXIXJnHgIZMUqL5zBBMJDO7IjLGEhNtwiqbENzVk9dJ+7rq3lRrj7VK/b6IowTncAFX4MIt1KEBTWgBgSk8wyu8WZn1Yr1bH8vSDavoOYM/sD5/AAPykqA=</latexit>

H ! ZZ ! 4µ

<latexit sha1_base64="Bl/Pwe/+4Deugk4yM97LIGSa6xs=">AAACCnicbVA9SwNBEN3zM8avqKXNahCsjjuJX4UQtDBlBBOFXAh7m4ku2b07dufEcKS28a/YWChi6y+w89+4+Sg0+mDg8d4MM/PCRAqDnvflTE3PzM7N5xbyi0vLK6uFtfW6iVPNocZjGevrkBmQIoIaCpRwnWhgKpRwFXbPBv7VHWgj4ugSewk0FbuJREdwhlZqFbZUq3Li75Xc4xINEO4xo+dQp/0gUdRz/f1gp1Uoeq43BP1L/DEpkjGqrcJn0I55qiBCLpkxDd9LsJkxjYJL6OeD1EDCeJfdQMPSiCkwzWz4Sp/uWKVNO7G2FSEdqj8nMqaM6anQdiqGt2bSG4j/eY0UO0fNTERJihDx0aJOKinGdJALbQsNHGXPEsa1sLdSfss042jTy9sQ/MmX/5L6nusfuKWLUrF8Oo4jRzbJNtklPjkkZVIhVVIjnDyQJ/JCXp1H59l5c95HrVPOeGaD/ILz8Q17YJea</latexit>

mH = 124.94 GeV ± 0.15%



15HIGGS BOSON COUPLINGS

▸ For computations we can separate production and decay - not in observation.


▸ A single measurement will not allow us to determine specific coupling constants of the 
Higgs boson.


▸ Measure many different combinations!


▸ A convenient parametrization: 


We measure production times decay!

Z

Z <latexit sha1_base64="4NznpbK6ee/KCfXhFkG6xJVS5EE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSlqMuiG5cV7EPbNEymk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE8SMKu0431ZhbX1jc6u4XdrZ3ds/sA+P2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkEk+uZ33kkUtFI3Ok0Jh5HI0FDipE2km+X+4pyeO/rQQ2O/OxhPB3UfLviVJ054Cpxc1IBOZq+/dUfRjjhRGjMkFI914m1lyGpKWZkWuonisQIT9CI9AwViBPlZfPjp/DUKEMYRtKU0HCu/p7IEFcq5YHp5EiP1bI3E//zeokOL72MijjRRODFojBhUEdwlgQcUkmwZqkhCEtqboV4jCTC2uRVMiG4yy+vknat6p5X67f1SuMqj6MIjsEJOAMuuAANcAOaoAUwSMEzeAVv1pP1Yr1bH4vWgpXPlMEfWJ8/plSUIw==</latexit>

⇠ Y 2
t g

2
Zh
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Kappa - Framework

Slide by Marumi Kado @ Higgs2021

HIGGS BOSON COUPLINGS



17HIGGS BOSON COUPLINGS

Where we stand:

Slide from arXiv:2207.00478v1 [Salam,Wang,Zanderighi]

https://arxiv.org/pdf/2207.00478.pdf


18HIGGS BOSON COUPLINGS

▸ Testing a key prediction of the SM: 
Coupling proportional to the mass!


▸ Experimentally true over 3 orders of 
magnitude.


Coupling ~ Mass



19HIGGS BOSON SELF COUPLING

<latexit sha1_base64="69dSCZ89b2bt+YncFre6rtz/L/k=">AAACKnicbVDLSgMxFM34rPU16tJNsAgtYpkpRd0IVTcuK9gHdNqSyaRtaDIzJBmhDP0eN/6Kmy6U4tYPMTOdhbYeCJx7zr1J7nFDRqWyrLmxtr6xubWd28nv7u0fHJpHx00ZRAKTBg5YINoukoRRnzQUVYy0Q0EQdxlpueOHxG+9ECFp4D+rSUi6HA19OqAYKS31zbtm0amPaOn20uFRr1KESdVzPDQcEpEWpQuH6fs8BGFx1exV+mbBKlsp4CqxM1IAGep9c+Z4AY448RVmSMqObYWqGyOhKGZkmnciSUKEx2hIOpr6iBPZjdNVp/BcKx4cBEIfX8FU/T0RIy7lhLu6kyM1ksteIv7ndSI1uOnG1A8jRXy8eGgQMagCmOQGPSoIVmyiCcKC6r9CPEICYaXTzesQ7OWVV0mzUravytWnaqF2n8WRA6fgDBSBDa5BDTyCOmgADF7BO/gAn8abMTPmxteidc3IZk7AHxjfP+40pJA=</latexit>

V (�) = �µ2(�†�) + �(�†�)2

<latexit sha1_base64="g2+aLWZOXP5TY2nyj7BYx7Bi/yM=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2S4JgFXZDfDSBoIWWEcwDsiHMTm6SIbMPZ+4Gw5Lexl+xsVDE1h+w82+cPApNPDBwOOce7tzjRYIrtO1vI7Wyura+kd7MbG3v7O6Z+wc1FcaSQZWFIpQNjyoQPIAqchTQiCRQ3xNQ9wZXE78+BKl4GNzhKIKWT3sB73JGUUttM+u3+yVX3UtMCq7QuQ4dD0tO4dRFeMDkGmrjtpmz8/YU1jJx5iRH5qi0zS+3E7LYhwCZoEo1HTvCVkIlciZgnHFjBRFlA9qDpqYB9UG1kuktY+tYKx2rG0r9ArSm6u9EQn2lRr6nJ32KfbXoTcT/vGaM3YtWwoMoRgjYbFE3FhaG1qQYq8MlMBQjTSiTXP/VYn0qKUNdX0aX4CyevExqhbxzli/eFnPly3kdaXJEsuSEOOSclMkNqZAqYeSRPJNX8mY8GS/Gu/ExG00Z88wh+QPj8wfTV5rs</latexit>

mh =
p
2�v = 125GeV

Measuring the potential of the Higgs

▸ In principle, we know the potential of the SM


▸ The potential in the SM is the simplest solution compatible with (gauge) symmetry.


<latexit sha1_base64="PBc7FSCbaXR4nF1rSvWr3/5weQQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1iJOE+xEdKhEKRtFK7Val1xiJi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGN74mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6R1WfWuqrWHWrl+m8dRgFM4gwp4cA11uIcGNIHBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9V7o7t</latexit>

V (�)

<latexit sha1_base64="5woa2AhwFXqrkL5bju3TM2iWDCI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvNeuOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlp44o</latexit>

�

Why not:

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="AalOhrei39EWWTSyAukwLz0npdY="></latexit>

V (�) = µ2↵(sin(�|�|2)) + �|�|4

We just know about the VEV and the mass.



20HIGGS BOSON SELF COUPLING
Measuring the potential of the Higgs

▸ Produce 2 Higgs bosons and measure the self coupling!

▸ Two contributions - 
Interfering destructively. 


▸ Notoriously hard to compute and to measure!
<latexit sha1_base64="lrISU0bMKVYddibDx0O2I+ZxjRA=">AAACEnicbVC7SgNBFJ31GeNr1dJmMAS0CbshmDRC0CZlBPOAbAizk9lkyMzuMnNXDEu+wcZfsbFQxNbKzr9x8ig08cDA4Zx7uXOOHwuuwXG+rbX1jc2t7cxOdndv/+DQPjpu6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHN1O/dc+U5lF4B+OYdSUZhDzglICRevaFp/lAkl5ar3sQ4VptclUsFyol7AF7gDTwJ14ssVv08j075xScGfAqcRckhxao9+wvrx/RRLIQqCBad1wnhm5KFHAq2CTrJZrFhI7IgHUMDYlkupvOIk1w3ih9HETKvBDwTP29kRKp9Vj6ZlISGOplbyr+53USCCrdlIdxAiyk80NBIrAJP+0H97liFMTYEEIVN3/FdEgUoWBazJoS3OXIq6RZLLiXhdJtKVe9XtSRQafoDJ0jF5VRFdVQHTUQRY/oGb2iN+vJerHerY/56Jq12DlBf2B9/gCKA5wf</latexit>

�PP!HH = 27.84fb± 12%
<latexit sha1_base64="qbFAwLPnftdEos3u2LU+0oS0pJY=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKgmqgAWpgqVjkehDaqLqxnVaq3YS2Q6iivoZLPwKCwMIsXbjb3DbDFC4kn2PzrlX9jlBwpnSjvNlFVZW19Y3ipulre2d3T17/6Cl4lQS2iQxj2UnAEU5i2hTM81pJ5EURMBpOxjdzvT2A5WKxdG9HifUFzCIWMgIaEP17DNPsYGAXtbwdIzreHZ7AxAC8ja5dl3H0PRRZ2Ew6dllp+LMC/8Fbg7KKK9Gz556/ZikgkaacFCq6zqJ9jOQmhFOJyUvVTQBMoIB7RoYgaDKz+bGJvjEMH0cxtKcSOM5+3MjA6HUWARmUoAeqmVtRv6ndVMdXvkZi5JU04gsHgpTjo37WUq4zyQlmo8NACKZ+SsmQ5BAtMmyZEJwly3/Ba3zintRqd5Vy7WbPI4iOkLH6BS56BLVUB01UBMR9IRe0Bt6t56tV+vD+lyMFqx85xD9Kmv6DX4mn3I=</latexit>

�P!H!�� = 110fbCompare:

▸ Look at bottom quark decays of the Higgs - harder to see but larger branching ratio.



21HIGGS BOSON SELF COUPLING
Measuring the potential of the Higgs

▸ Produce 2 Higgs bosons and measure the self coupling!

<latexit sha1_base64="M1peHrDr4bzDyIgY/L2KoyToHRs=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkEVMFawdAwSfUhNVN24bmvVTiLbQaqiziz8CgsDCLHyBWz8DU6bAVquZN+jc+6VfU6YcKa043xbK6tr6xubpa3y9s7u3r59cNhScSoJbZKYx7ITgqKcRbSpmea0k0gKIuS0HY5vc739QKVicXSvJwkNBAwjNmAEtKF69onn+TrGjQbOW+iHIHGI/SEIAfO7Z1ecqjMrvAzcAlRQUV7P/vL7MUkFjTThoFTXdRIdZCA1I5xOy36qaAJkDEPaNTACQVWQzaxM8Zlh+ngQS3MijWfs740MhFITEZpJAXqkFrWc/E/rpnpwHWQsSlJNIzJ/aJBybFznueA+k5RoPjEAiGTmr5iMQALRJr2yCcFdtLwMWhdV97Jau6tV6jdFHCV0jE7ROXLRFaqjBvJQExH0iJ7RK3qznqwX6936mI+uWMXOEfpT1ucPO0yZXw==</latexit>

PP ! HH ! bb̄��



22HIGGS BOSON SELF COUPLING
Measuring the potential of the Higgs

▸ Future colliders:


<latexit sha1_base64="kHoaiv+iPZwjenERC5jVTRs9v04=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A5wCNjw==</latexit>

e+

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e�

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
▸ Measurement of the trilinear Higgs coupling to 

20-30% 


▸ Impressive potential for other Higgs couplings!


▸ Future machine colliding 
electrons and positrons. 


▸ Measuring the Higgs potential 
is one of the motivations to 
build new machines!



23EFFECTIVE FIELD THEORY 
Parametrizing what we don’t know

▸ Consider a very heavy scalar particle 
coupling to the Higgs Boson.


<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h

<latexit sha1_base64="IKR//aXcXgvo0xzGkofyQJb4R4w=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwxkUcCK5kdemHCzO46M2tCCD/hxYPGePV3vPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLR7cxvPaHSPI7uzThBX9JBxEPOqLFSu/bQTRSX2CuW3LI7B1klXkZKkKHeK351+zFLJUaGCap1x3MT40+oMpwJnBa6qcaEshEdYMfSiErU/mR+75ScWaVPwljZigyZq78nJlRqPZaB7ZTUDPWyNxP/8zqpCa/9CY+S1GDEFovCVBATk9nzpM8VMiPGllCmuL2VsCFVlBkbUcGG4C2/vEqaF2Xvsly5q5SqN1kceTiBUzgHD66gCjWoQwMYCHiGV3hzHp0X5935WLTmnGzmGP7A+fwB+0GP8g==</latexit>

H
0

<latexit sha1_base64="K2SR44TWjmjoApuToeKpzCkUWAE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJVgETyWRop5K0UuPFewHtDFsttt26e4m7G4KNfSXePGgiFd/ijf/jds2B219MPB4b4aZeWHMqNKu+23lNja3tnfyu4W9/YPDon103FJRIjFp4ohFshMiRRgVpKmpZqQTS4J4yEg7HN/N/faESEUj8aCnMfE5Ggo6oBhpIwV2kQdp/bEXS8rJrFqdBHbJLbsLOOvEy0gJMjQC+6vXj3DCidCYIaW6nhtrP0VSU8zIrNBLFIkRHqMh6RoqECfKTxeHz5xzo/SdQSRNCe0s1N8TKeJKTXloOjnSI7XqzcX/vG6iBzd+SkWcaCLwctEgYY6OnHkKTp9KgjWbGoKwpOZWB4+QRFibrAomBG/15XXSuix7V+XKfaVUu83iyMMpnMEFeHANNahDA5qAIYFneIU368l6sd6tj2VrzspmTuAPrM8fsSqTHw==</latexit>

mH0 >> v

<latexit sha1_base64="pVlbZV7R0cZekg/yw6OiZDT8Yd4=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVZJa1I1QdNNlBfuAJg2T6aQdOpOEmYlQQn7Ajb/ixoUibt2782+ctllo64ELh3Pu5d57/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr++Hbqdx6IkDQK79UkJi5Hw5AGFCOlJc88uXYCgXBKs/S8akEnprBfhdxLG30nFpSTrF/NPLNsVawZ4DKxc1IGOZqe+eUMIpxwEirMkJQ924qVmyKhKGYkKzmJJDHCYzQkPU1DxIl009k3GTzVygAGkdAVKjhTf0+kiEs54b7u5EiN5KI3Ff/zeokKrtyUhnGiSIjni4KEQRXBaTRwQAXBik00QVhQfSvEI6TTUTrAkg7BXnx5mbSrFfuiUrurles3eRxFcASOwRmwwSWogwZoghbA4BE8g1fwZjwZL8a78TFvLRj5zCH4A+PzB+Stmtc=</latexit>

=
i

320⇡2m2
H0

<latexit sha1_base64="/tXfCgv/phyN4iWdXUGRraX8tNk="></latexit>

LH0 =⇠ i

320⇡2m2
H0

h6

▸ Very heavy mass shrinks interactions to a point.


▸ Generates effective coupling of 6 Higgs bosons!

<latexit sha1_base64="5lol9unrTKi3CHyXvjcB75Awmeg=">AAACHXicbVA7T8MwGHR4lvIqMLJYVEhlqZJSFcYKFgaGItGH1LSV4zipVceJbAepivJHWPgrLAwgxMCC+Dc4aQdoOcnS+e472d85EaNSmea3sbK6tr6xWdgqbu/s7u2XDg47MowFJm0cslD0HCQJo5y0FVWM9CJBUOAw0nUm15nffSBC0pDfq2lEBgHyOfUoRkpLo1LdphzankA4sZmOuWjUSBP7NqfDWlqxW2M6tF3k+0TA7HI2PB+VymbVzAGXiTUnZTBHa1T6tN0QxwHhCjMkZd8yIzVIkFAUM5IW7ViSCOEJ8klfU44CIgdJvl0KT7XiQi8U+nAFc/V3IkGBlNPA0ZMBUmO56GXif14/Vt7lIKE8ihXhePaQFzOoQphVBV0qCFZsqgnCguq/QjxGuiqlCy3qEqzFlZdJp1a1GtX6Xb3cvJrXUQDH4ARUgAUuQBPcgBZoAwwewTN4BW/Gk/FivBsfs9EVY545An9gfP0Alnqhlg==</latexit>

2 �6

⇤2
(�†�)3

<latexit sha1_base64="YV/9K79WWalMm1G4Dxn5BXgPDH0="></latexit>

m6
H0

Z
d4k

6Y

i

1

(k + pi)2 �m2
H0

⇠ m6
H0

Z
d4k

1

((k)2 �m2
H0)6

+O(pi)



24EFFECTIVE FIELD THEORY 
Parametrizing what we don’t know

▸ We know the mass dimension of 
our familiar fields.


▸ Write down every product of fields of dimension higher than 4.


<latexit sha1_base64="0BPr70CxISpIG0agQPDwrmBV1gI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANJTNdtIu3Wzi7kYopX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFMMGS0Si2iHVKLjEhuFGYDtVSONQYCsc3k791hMqzRP5YEYpBjHtSx5xRo2V2n6nPuDBtdctV9yqOwNZJl5OKpCj3i1/dXoJy2KUhgmqte+5qQnGVBnOBE5KnUxjStmQ9tG3VNIYdTCe3TshJ1bpkShRtqQhM/X3xJjGWo/i0HbG1Az0ojcV//P8zERXwZjLNDMo2XxRlAliEjJ9nvS4QmbEyBLKFLe3EjagijJjIyrZELzFl5dJ86zqXVTP788rtZs8jiIcwTGcggeXUIM7qEMDGAh4hld4cx6dF+fd+Zi3Fpx85hD+wPn8AT8Lj3Y=</latexit>

[�] = 1

<latexit sha1_base64="2AB3XciUVS/9QQGilQ/ZSK6/r2s="></latexit>X

i

gi

⇤2
Oi({A,Z,W, h, g, e

�
, u, d, . . . )

▸ Make sure that the resulting Lagrangian is gauge invariant under all 
SM symmetries. (This relates some of the newly introduced couplings.).


▸ Make sure there are no redundancies (equations of motion).

Dim=6 SMEFT Dimension 6 Standard Model 
Effective Field Theory



25SMEFT
Parametrizing what we don’t know

▸ Assuming we see only our known SM fields directly, SMEFT provides a way of parametrizing low energy 
effective implications of physics at a high mass scale. 


▸ The framework is well defined from a QFT point of view.


▸ We can calculate! We see for any observable what the implications are.


▸ Many operators! 
2499


▸ 59 if we choose only 
flavor diagonal 
operators.




26SMEFT
Parametrizing what we don’t know

▸ Include in global fit of many observables to see if 
there are deviations for some operators.


▸ A daunting task!


▸ We can also pick subsets of observables - this limits 
at lowest orders the number of operators involved.


arXiv:2012.02779

https://arxiv.org/pdf/2012.02779.pdf
https://arxiv.org/pdf/2012.02779.pdf
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PRECISION QFT 
FOR HIGGS BOSON PHYSICS
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<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

✤ Production Cross Section of Higgs Bosons

H

Production

✤ How many Higgs Bosons do we produce at the LHC?


✤ Important for the extraction of coupling constants.


✤ Consistency check of SM

Agreement with measurements today at the level of ~ 7 %.

µ =
�obs.

�SM
<latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit>

OBSERVING THE HIGGS BOSON
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µ =
�obs.

�SM
<latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit><latexit sha1_base64="ZHm8Eg+g2iiDmC7OLn2poFJqttA=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIrkqigm6Eohs3QkV7gSaEyXTSDp1JwsyJWEIexI2v4saFIm5cCL6N0zYLbf1h4Oc753Dm/EHCmQLb/jZKC4tLyyvl1cra+sbmlrm901JxKgltkpjHshNgRTmLaBMYcNpJJMUi4LQdDC/H9fY9lYrF0R2MEuoJ3I9YyAgGjXzz2BXpuRtKTDJXsb7AfuYCfYAsDlQtz/MZenutmW9W7Zo9kTVvnMJUUaGGb366vZikgkZAOFaq69gJeBmWwAinecVNFU0wGeI+7WobYUGVl02Oy60DTXpWGEv9IrAm9PdEhoVSIxHoToFhoGZrY/hfrZtCeOZlLEpSoBGZLgpTbkFsjZOyekxSAnykDSaS6b9aZIB1UqDzrOgQnNmT503rqObYNefmpFq/KOIooz20jw6Rg05RHV2hBmoigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzK+fgAQaKPY</latexit>

▸ How will precision on Higgs observables 
develop over the next decade?


▸ Reaching precision targets of percent 
level phenomenology is a huge 
challenge!

OBSERVING THE HIGGS BOSON

<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

✤ Production Cross Section of Higgs Bosons

Production

<latexit sha1_base64="FLmIyDLkKBJGMSCZJa29LRHj2Qs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1qte8rNRv8jqKcAKncA4eXEEd7qABLWCA8Ayv8OY8Oi/Ou/OxiBacfOYY/sD5/AGrkYza</latexit>

P

H
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~88.2

LO NLO NNLO N3LO

�̂ = �̂(0) + ↵1
S �̂

(1) + ↵2
S �̂

(2) + ↵3
S �̂

(3) + . . .
<latexit sha1_base64="4FaGgvfjXlIrReVbnvBAXut7488="></latexit><latexit sha1_base64="4FaGgvfjXlIrReVbnvBAXut7488="></latexit><latexit sha1_base64="4FaGgvfjXlIrReVbnvBAXut7488="></latexit><latexit sha1_base64="4FaGgvfjXlIrReVbnvBAXut7488="></latexit>

Leading Order
✤ How do we make our predictions precise: Perturbation Theory! 

Expand in couplings:
<latexit sha1_base64="yQWc6nQrEHHm3LHa7qFOddBwqjs=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgapiIaJdFNy4r2gd0hiGTZtrQJDMkGbGU/oobF4q49Ufc+Tem7Sy09cCFwzn3cu89ccaZNr7/7ZTW1jc2t8rblZ3dvf0D97Da1mmuCG2RlKeqG2NNOZO0ZZjhtJspikXMaSce3cz8ziNVmqXywYwzGgo8kCxhBBsrRW41wDwb4ug+0ExA30OoHrk13/PngKsEFaQGCjQj9yvopyQXVBrCsdY95GcmnGBlGOF0WglyTTNMRnhAe5ZKLKgOJ/Pbp/DUKn2YpMqWNHCu/p6YYKH1WMS2U2Az1MveTPzP6+UmqYcTJrPcUEkWi5KcQ5PCWRCwzxQlho8twUQxeyskQ6wwMTauig0BLb+8StrnHrr00N1FrXFdxFEGx+AEnAEErkAD3IImaAECnsAzeAVvztR5cd6dj0VrySlmjsAfOJ8/KJSTNg==</latexit>

↵S ⇠ 0.118
<latexit sha1_base64="KmRZzLQ9i76giqpILSsxhIbRiC8=">AAACB3icbZA9SwNBEIb34nf8iloKshgEq3CnYiyDNpYK5gNyIextJsmS3btjd04MRzob/4qNhSK2/gU7/417eoUmvrDw8M4Ms/MGsRQGXffTKczNLywuLa8UV9fWNzZLW9sNEyWaQ51HMtKtgBmQIoQ6CpTQijUwFUhoBqOLrN68BW1EFN7gOIaOYoNQ9AVnaK1uac9nMh6ybuoj3GEKqjKZ+EYo6lZct3rcLZUzyERnwcuhTHJddUsffi/iiYIQuWTGtD03xk7KNAouYVL0EwMx4yM2gLbFkCkwnfT7jgk9sE6P9iNtX4j02/09kTJlzFgFtlMxHJrpWmb+V2sn2D/rpCKME4SQ/yzqJ5JiRLNQaE9o4CjHFhjXwv6V8iHTjKONrmhD8KZPnoXGUcU7rXjXJ+XaeR7HMtkl++SQeKRKauSSXJE64eSePJJn8uI8OE/Oq/P201pw8pkd8kfO+xfUi5ic</latexit>

↵em. ⇠ 0.0073
Rule of thumb:

<latexit sha1_base64="9GRpOZKClH6hcI0gFno2vN4reXI=">AAACC3icbVBNS8NAEN34bf2KevSyWARPJSmiHotePCraKjSxbLZTu3Q3CbsTsYTcvfhXvHhQxKt/wJv/xm2bg18PBh7vzTAzL0qlMOh5n87U9Mzs3PzCYmVpeWV1zV3faJkk0xyaPJGJvoqYASliaKJACVepBqYiCZfR4HjkX96CNiKJL3CYQqjYTSx6gjO0UsfdDphM+6yTBwh3mIOqFUVghKKlfn5d77hVr+aNQf8SvyRVUuK0434E3YRnCmLkkhnT9r0Uw5xpFFxCUQkyAynjA3YDbUtjpsCE+fiXgu5YpUt7ibYVIx2r3ydypowZqsh2KoZ989sbif957Qx7h2Eu4jRDiPlkUS+TFBM6CoZ2hQaOcmgJ41rYWynvM8042vgqNgT/98t/Sate8/dr/tletXFUxrFAtsg22SU+OSANckJOSZNwck8eyTN5cR6cJ+fVeZu0TjnlzCb5Aef9C2LYm0A=</latexit>

↵em. ⇠ ↵2
S

✤ How precise do we want to be?
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Leading Order - Loop Induced

▸ Adding quantum corrections is hard! Exploit hierarchy of masses
<latexit sha1_base64="/8RmMHSkkjoyO6lKCuUguvCHgAE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUU+l6KXHCvYD22XJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx3czv/NElWaxfDCThPoCDyWLGMHGSo8iMKhWQyJoBOWKW3XnQKvEy0kFcjSD8ld/EJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif10tNdONnTCapoZIsFkUpRyZGs/fRgClKDJ9Ygoli9lZERlhhYmxIJRuCt/zyKmlfVL2rqnd/Wanf5nEU4QRO4Rw8uIY6NKAJLSAg4Rle4c3Rzovz7nwsWgtOPnMMf+B8/gAxt4/0</latexit>

mt >> mH

mt ! 1

▸ Two ways to think about it:

1. Create an EFT by integrating out the top quark 
 

2. Expand in powers of 

t

<latexit sha1_base64="74NQzQSeb9nYZTK0u5LOmnrGegs="></latexit>

LEFT ⇠ h

v
CtGµ⌫G

µ⌫

<latexit sha1_base64="SSC3ghLMoYb5fx2F8g/4Wufcl3w=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyGpRV0W3bisYC/QxDCZTtqhM5MwMxFK6M6Nr+LGhSJufQV3vo3TNgtt/WHg4z/ncOb8Ucqo0q77bS0tr6yurZc2yptb2zu79t5+SyWZxKSJE5bIToQUYVSQpqaakU4qCeIRI+1oeD2ptx+IVDQRd3qUkoCjvqAxxUgbK7SP/FginPNwcF8d5zXIQ23AV5RD1/HOQrviOu5UcBG8AiqgUCO0v/xegjNOhMYMKdX13FQHOZKaYkbGZT9TJEV4iPqka1AgTlSQT+8YwxPj9GCcSPOEhlP390SOuFIjHplOjvRAzdcm5n+1bqbjyyCnIs00EXi2KM4Y1AmchAJ7VBKs2cgAwpKav0I8QCYYbaIrmxC8+ZMXoVV1vHPHu61V6ldFHCVwCI7BKfDABaiDG9AATYDBI3gGr+DNerJerHfrY9a6ZBUzB+CPrM8fLQqYNA==</latexit>

m2
h

4m2
t

⇠ 0.13
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mt ! 1

t

How well does it work?
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LHC 13 TeV
PDF4LHC15.0
gg Luminosity

s > 4m2
t

s < 4m2
t

How often is the available energy in a 
scattering process      too small to produce 
a top quark pair?

▸ Quite good 
approximation!


▸ We know the UV theory! 


▸ We can correct for it by 
including top quark mass 
dependence to some 
degree!

<latexit sha1_base64="1IwtN4Ec8QgYXSBvM21zpqY2Vs4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildteMNWZm2itX3Ko7B1klXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJp6VuanhC2YgOeMdSRSNu/Gx+75ScWaVPwljbUkjm6u+JjEbGTKLAdkYUh2bZm4n/eZ0Uwxs/EypJkSu2WBSmkmBMZs+TvtCcoZxYQpkW9lbChlRThjaikg3BW355lTQvqt5V1Xu4rNRu8ziKcAKncA4eXEMN7qEODWAg4Rle4c0ZOy/Ou/OxaC04+cwx/IHz+QOozZBh</latexit>p
s

<latexit sha1_base64="Rx1rhLQMuLbN9GeMzv+lX3dYZ3M=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXcJUY9ELxwxkQ8DK+mWLjS03U3bNSEbfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357SeqNIvkvZnE1Bd4KFnICDZWehD9+mMFXSDdL5bcsjsHWiVeRkqQodEvfvUGEUkElYZwrHXXc2Pjp1gZRjidFnqJpjEmYzykXUslFlT76fzgKTqzygCFkbIlDZqrvydSLLSeiMB2CmxGetmbif953cSE137KZJwYKsliUZhwZCI0+x4NmKLE8IklmChmb0VkhBUmxmZUsCF4yy+vklal7F2WvbtqqXaTxZGHEziFc/DgCmpQhwY0gYCAZ3iFN0c5L86787FozTnZzDH8gfP5Azg5j2A=</latexit>

m2
H
/s
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✤ What precision is required for phenomenology? 

Very precise.  
Experimental uncertainty now: 7 % and in the future: 2.5 %


✤ How close to the experimental outcome should the prediction be? 
Idealized observable. Inclusive cross section - no cuts on final state 
products. In the end we predict a number.


✤ What methods are suitable for the problem at hand? 
• Automated Numerical Calculation: Low to medium precision, easy to use.  

NLO corrections fully automatic, nothing at NNLO automatic.


• Tailored Numerical Calculation: Medium to high precision, suitable for 
intricate observables, mostly slow evaluation time.


• Analytic calculations: Tailored for certain observables, fast evaluation, 
applicable to problem with few parameters.
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�(0)
<latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit>

LO

1 Diagram
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�(0)
<latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit>

+↵1
S�

(1)
<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>
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1 Diagram
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36GLUON FUSION

�(0)
<latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit>

+↵1
S�

(1)
<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>
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+↵2
S�

(2)
<latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit>
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�(0)
<latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit><latexit sha1_base64="GC/QYzOrio4wKvkSM8CXAQ+zPvE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/QxLLZbtqlu5uwuxFK6N/w4kERr/4Zb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hYyfc1Gwn8mNXd89mgWnMbbg60SryC1KBAa1D98ocxSQWVhnCsdd9zExNkWBlGOJ1V/FTTBJMJHtG+pRILqoMsv3mGzqwyRFGsbEmDcvX3RIaF1lMR2k6BzVgve3PxP6+fmug6yJhMUkMlWSyKUo5MjOYBoCFTlBg+tQQTxeytiIyxwsTYmCo2BG/55VXSuWh4bsO7v6w1b4o4ynACp1AHD66gCXfQgjYQSOAZXuHNSZ0X5935WLSWnGLmGP7A+fwBV3qRNg==</latexit>

+↵1
S�

(1)
<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>

+

LO

NLO

1 Diagram

~10 Diagrams

+↵2
S�

(2)
<latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit>

~1000 Diagrams

+↵3
S�

(3)
<latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit>

N3LO

VVV RVV

RRR

RV^2 RRV100 000 diagrams
37
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Order Integrals After Relations
0 1 1
1 ~100 2
2 ~50000 27
3 517531178 1027

Feynman diagrams lead to Feynman integrals

• Integrand: scalar products of virtual and real particle 
particle momenta.


• We are interested only in the Higgs: Integrate over all 
other momenta in the cross section! 


• Individual diagrams are UV and IR divergent: 
Analytic computation in dimensional regularization. 

• There is a plethora of tools, techniques and research on 
how to compute scattering cross sections!

<latexit sha1_base64="Kf5D+DQ5YpWt7YsLT1og8gXVs3Y=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUBFKUkRdFt24rGAf0KRhMpm0QyeTYWYilNKNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPKBhV2nG+rcLK6tr6RnGztLW9s7tn7x+0VJpJTJo4ZanshEgRRjlpaqoZ6QhJUBIy0g6Ht1O//Uikoil/0CNB/AT1OY0pRtpIgX3kUa5h1IsE9CLCNArOK6JXOwvsslN1ZoDLxM1JGeRoBPaXF6U4SwjXmCGluq4jtD9GUlPMyKTkZYoIhIeoT7qGcpQQ5Y9nD0zgqVEiGKfSlDlnpv6eGKNEqVESms4E6YFa9Kbif1430/G1P6ZcZJpwPF8UZwzqFE7TgBGVBGs2MgRhSc2tEA+QRFibzEomBHfx5WXSqlXdy6p7f1Gu3+RxFMExOAEV4IIrUAd3oAGaAIMJeAav4M16sl6sd+tj3lqw8plD8AfW5w/v5pVV</latexit>Z
ddp�+(p

2)

<latexit sha1_base64="qdypOXGDmwA01D/ZWSZmV407PWQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3BGM+g==</latexit>p <latexit sha1_base64="SGr0WPY7umphULE5kNw+HwivzJo=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgxbJbinoRil48VrAf0C4lm51tQ7PJmmQLpfR3ePGgiFd/jDf/jWm7B219MPB4b4aZeUHCmTau++3k1tY3Nrfy24Wd3b39g+LhUVPLVFFoUMmlagdEA2cCGoYZDu1EAYkDDq1geDfzWyNQmknxaMYJ+DHpCxYxSoyV/PCmelHpQqIZl6JXLLlldw68SryMlFCGeq/41Q0lTWMQhnKidcdzE+NPiDKMcpgWuqmGhNAh6UPHUkFi0P5kfvQUn1klxJFUtoTBc/X3xITEWo/jwHbGxAz0sjcT//M6qYmu/QkTSWpA0MWiKOXYSDxLAIdMATV8bAmhitlbMR0QRaixORVsCN7yy6ukWSl7l2XvoVqq3WZx5NEJOkXnyENXqIbuUR01EEVP6Bm9ojdn5Lw4787HojXnZDPH6A+czx/nAZGM</latexit>

d = 4� 2✏
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Integration-By-Part

0 =

Z
ddk

@

@kµ


kµ

1

k2 �m2
. . .

�

<latexit sha1_base64="OD8pHDULatt4GA4C+wp6wHtMz+U="></latexit><latexit sha1_base64="OD8pHDULatt4GA4C+wp6wHtMz+U="></latexit><latexit sha1_base64="OD8pHDULatt4GA4C+wp6wHtMz+U="></latexit><latexit sha1_base64="OD8pHDULatt4GA4C+wp6wHtMz+U="></latexit>

Order Integrals After Relations
0 1 1
1 ~100 2
2 ~50000 27
3 517531178 1027

c1I1 + c2I2 + · · · = 0
<latexit sha1_base64="ta4LbzgmD+TedInvCm4RKmNp2lc=">AAACA3icbVBNS8NAFHypX7V+Rb3pZbEIQqEkRdCLUPSitwq2FdoQNttNu3SzCbsboYSCF/+KFw+KePVPePPfuG1z0NaBB8PMG3bfBAlnSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTSWiTxDyW9wFWlDNBm5ppTu8TSXEUcNoOhlcTv/1ApWKxuNOjhHoR7gsWMoK1kXz7gPguujFTIX7NkBqqdHuxVujC8e2yU3WmQIvEzUkZcjR8+8tESRpRoQnHSnVcJ9FehqVmhNNxqZsqmmAyxH3aMVTgiCovm94wRsdG6aEwlmaERlP1dyLDkVKjKDCbEdYDNe9NxP+8TqrDcy9jIkk1FWT2UJhypGM0KQT1mKRE85EhmEhm/orIAEtMtKmtZEpw509eJK1a1XWq7u1puX6Z11GEQziCE3DhDOpwDQ1oAoFHeIZXeLOerBfr3fqYrRasPLMPf2B9/gBWRJTC</latexit><latexit sha1_base64="ta4LbzgmD+TedInvCm4RKmNp2lc=">AAACA3icbVBNS8NAFHypX7V+Rb3pZbEIQqEkRdCLUPSitwq2FdoQNttNu3SzCbsboYSCF/+KFw+KePVPePPfuG1z0NaBB8PMG3bfBAlnSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTSWiTxDyW9wFWlDNBm5ppTu8TSXEUcNoOhlcTv/1ApWKxuNOjhHoR7gsWMoK1kXz7gPguujFTIX7NkBqqdHuxVujC8e2yU3WmQIvEzUkZcjR8+8tESRpRoQnHSnVcJ9FehqVmhNNxqZsqmmAyxH3aMVTgiCovm94wRsdG6aEwlmaERlP1dyLDkVKjKDCbEdYDNe9NxP+8TqrDcy9jIkk1FWT2UJhypGM0KQT1mKRE85EhmEhm/orIAEtMtKmtZEpw509eJK1a1XWq7u1puX6Z11GEQziCE3DhDOpwDQ1oAoFHeIZXeLOerBfr3fqYrRasPLMPf2B9/gBWRJTC</latexit><latexit sha1_base64="ta4LbzgmD+TedInvCm4RKmNp2lc=">AAACA3icbVBNS8NAFHypX7V+Rb3pZbEIQqEkRdCLUPSitwq2FdoQNttNu3SzCbsboYSCF/+KFw+KePVPePPfuG1z0NaBB8PMG3bfBAlnSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTSWiTxDyW9wFWlDNBm5ppTu8TSXEUcNoOhlcTv/1ApWKxuNOjhHoR7gsWMoK1kXz7gPguujFTIX7NkBqqdHuxVujC8e2yU3WmQIvEzUkZcjR8+8tESRpRoQnHSnVcJ9FehqVmhNNxqZsqmmAyxH3aMVTgiCovm94wRsdG6aEwlmaERlP1dyLDkVKjKDCbEdYDNe9NxP+8TqrDcy9jIkk1FWT2UJhypGM0KQT1mKRE85EhmEhm/orIAEtMtKmtZEpw509eJK1a1XWq7u1puX6Z11GEQziCE3DhDOpwDQ1oAoFHeIZXeLOerBfr3fqYrRasPLMPf2B9/gBWRJTC</latexit><latexit sha1_base64="ta4LbzgmD+TedInvCm4RKmNp2lc=">AAACA3icbVBNS8NAFHypX7V+Rb3pZbEIQqEkRdCLUPSitwq2FdoQNttNu3SzCbsboYSCF/+KFw+KePVPePPfuG1z0NaBB8PMG3bfBAlnSjvOt1VYWl5ZXSuulzY2t7Z37N29lopTSWiTxDyW9wFWlDNBm5ppTu8TSXEUcNoOhlcTv/1ApWKxuNOjhHoR7gsWMoK1kXz7gPguujFTIX7NkBqqdHuxVujC8e2yU3WmQIvEzUkZcjR8+8tESRpRoQnHSnVcJ9FehqVmhNNxqZsqmmAyxH3aMVTgiCovm94wRsdG6aEwlmaERlP1dyLDkVKjKDCbEdYDNe9NxP+8TqrDcy9jIkk1FWT2UJhypGM0KQT1mKRE85EhmEhm/orIAEtMtKmtZEpw509eJK1a1XWq7u1puX6Z11GEQziCE3DhDOpwDQ1oAoFHeIZXeLOerBfr3fqYrRasPLMPf2B9/gBWRJTC</latexit>

Example: Feynman integrals are related to each other!

• Large reduction in complexity! 


• High degree of automatization and efficient 
computational tools required!


• Still need to compute the remaining integrals!



40GLUON FUSION

Example: Computing Integrals

• Analytic computation helps shed light on mathematical aspects of QFT: We can study the 
functions that appear, analytic properties, features that re-occur at different orders …


• For example: Multiple Poly Logarithms 
Special class of functions spanning an array of scattering amplitudes and cross sections 
and ubiquitous in QFT and String Theory. Definition:
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<latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit>

900 000 Higgs Bosons

@ 13 TeV in 2018
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<latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit>
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<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>

900 000 Higgs Bosons

+1 100 000 Higgs Bosons

@ 13 TeV in 2018
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+↵2
S�

(2)
<latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit>

900 000 Higgs Bosons

+1 100 000 Higgs Bosons

+500 000 Higgs Bosons

@ 13 TeV in 2018
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44PRODUCING HIGGS BOSONS - THEORY
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� = �(0)
<latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit>

+↵1
S�

(1)
<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>

+↵2
S�

(2)
<latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit>

+↵3
S�

(3)
<latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit>

900 000 Higgs Bosons

+1 100 000 Higgs Bosons

+500 000 Higgs Bosons

+100 000 Higgs Bosons

@ 13 TeV in 2018

�� ��� ���� ���� ����

� 			 			


 			 			

� 			 			

�
��
��
��
��
��

+4 %



45PRODUCING HIGGS BOSONS - THEORY

45

� = �(0)
<latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit><latexit sha1_base64="XMzADIuGuNoJPyAaoczZ6hiLuTY=">AAAB/HicbVDLSgMxFL3js9bXaJdugkWomzIjgm6EohuXFewD2rFk0kwbmmSGJCOUof6KGxeKuPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3ZWVtfWNzYLW8Xtnd29fffgsKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqZ+q1HqjSL5b0ZJzQQeCBZxAg2Vuq5pa5mA4Gv5u0hq3ink55b9qreDGiZ+DkpQ456z/3q9mOSCioN4Vjrju8lJsiwMoxwOil2U00TTEZ4QDuWSiyoDrLZ8RN0YpU+imJlSxo0U39vZFhoPRahnRTYDPWiNxX/8zqpiS6DjMkkNVSS+UNRypGJ0TQJ1GeKEsPHlmCimL0VkSFWmBibV9GG4C9+eZk0z6q+V/Xvzsu16zyOAhzBMVTAhwuowS3UoQEExvAMr/DmPDkvzrvzMR9dcfKdEvyB8/kDBSCUVw==</latexit>
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(1)
<latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit><latexit sha1_base64="xOT2ClaZU0Mu9oS2ZiMog5ngyeI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJRNBl0Y3LivYBTRpuppN26OTBzEQooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nv8hDOpLOvbKCwtr6yuFddLG5tb2zvm7l5TxqkgtEFiHou2D5JyFtGGYorTdiIohD6nLX94PfFbD1RIFkf3apRQN4R+xAJGQGnJMw9OHeDJALy7ro0dyfohdLOKfTL2zLJVtabAi8TOSRnlqHvml9OLSRrSSBEOUnZsK1FuBkIxwum45KSSJkCG0KcdTSMIqXSz6QdjfKyVHg5ioStSeKr+nsgglHIU+rozBDWQ895E/M/rpCq4dDMWJamiEZktClKOVYwnceAeE5QoPtIEiGD6VkwGIIAoHVpJh2DPv7xImmdV26rat+fl2lUeRxEdoiNUQTa6QDV0g+qogQh6RM/oFb0ZT8aL8W58zFoLRj6zj/7A+PwByWGVzg==</latexit>
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(2)
<latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit><latexit sha1_base64="Vz1SBE6+tk/Y4W+OlNhoJCDqXA0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJJiqDLohuXFe0DmjTcTCft0MmDmYlQQt34K25cKOLWv3Dn3zhts9DqgQuHc+7l3nv8hDOpLOvLKCwtr6yuFddLG5tb2zvm7l5LxqkgtEliHouOD5JyFtGmYorTTiIohD6nbX90NfXb91RIFkd3apxQN4RBxAJGQGnJMw9OHeDJELzbXg07kg1C6GWV2snEM8tW1ZoB/yV2TsooR8MzP51+TNKQRopwkLJrW4lyMxCKEU4nJSeVNAEyggHtahpBSKWbzT6Y4GOt9HEQC12RwjP150QGoZTj0NedIaihXPSm4n9eN1XBhZuxKEkVjch8UZByrGI8jQP3maBE8bEmQATTt2IyBAFE6dBKOgR78eW/pFWr2lbVvjkr1y/zOIroEB2hCrLROaqja9RATUTQA3pCL+jVeDSejTfjfd5aMPKZffQLxsc3zHiV0A==</latexit>
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(3)
<latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit><latexit sha1_base64="20gN4hFXRVqoGwDeuJYeeURjres=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQIkKYMYIeg148RjQLZCZDTacnadKz0N0jhCFe/BUvHhTx6l9482/sLAdNfFDweK+Kqnp+wplUlvVt5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLB0k5i2hdMcVpKxEUQp/Tpj+4HvvNByoki6N7NUyoG0IvYgEjoLTkmQenDvCkD95dp4IdyXohdLJS5WTkmUWrbE2AF4k9I0U0Q80zv5xuTNKQRopwkLJtW4lyMxCKEU5HBSeVNAEygB5taxpBSKWbTT4Y4WOtdHEQC12RwhP190QGoZTD0NedIai+nPfG4n9eO1XBpZuxKEkVjch0UZByrGI8jgN3maBE8aEmQATTt2LSBwFE6dAKOgR7/uVF0jgr21bZvj0vVq9mceTRITpCJWSjC1RFN6iG6oigR/SMXtGb8WS8GO/Gx7Q1Z8xm9tEfGJ8/z4+V0g==</latexit>

900 000 Higgs Bosons

+1 100 000 Higgs Bosons

+500 000 Higgs Bosons

+100 000 Higgs Bosons

@ 13 TeV in 2018

N3LO Corrections:
✤ Reduce perturbative uncertainty from 9 % -> 2.5 %.

✤ Stabilize the perturbative expansion.
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46PRODUCING HIGGS BOSONS - THEORY

▸ Electro-weak corrections.


▸ Neglected quark mass effects.


▸ Coupling to bottom, charm quarks.


▸ Estimate uncertainties. 
 

▸ …
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Sources of Uncertainty

Much more than QCD corrections

Truncation of perturbative series

PDF, ↵S
<latexit sha1_base64="7lQGfh50gkstUwAD1aHWQ4Qkm3M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbmd+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIi9h1654lbdOcgq8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFrqppolSEc4YB1LJUZM+9n83ik5s0qfhLGyJQ2Zq78nMoy0nkSB7YzQDPWyNxP/8zqpCa/9jMskNUzSxaIwFcTEZPY86XPFqBETS5Aqbm8ldIgKqbERlWwI3vLLq6R5UfXcqnd/Wand5HEU4QRO4Rw8uIIa3EEdGkBBwDO8wpszdl6cd+dj0Vpw8plj+APn8wfoWY/e</latexit><latexit sha1_base64="7lQGfh50gkstUwAD1aHWQ4Qkm3M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbmd+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIi9h1654lbdOcgq8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFrqppolSEc4YB1LJUZM+9n83ik5s0qfhLGyJQ2Zq78nMoy0nkSB7YzQDPWyNxP/8zqpCa/9jMskNUzSxaIwFcTEZPY86XPFqBETS5Aqbm8ldIgKqbERlWwI3vLLq6R5UfXcqnd/Wand5HEU4QRO4Rw8uIIa3EEdGkBBwDO8wpszdl6cd+dj0Vpw8plj+APn8wfoWY/e</latexit><latexit sha1_base64="7lQGfh50gkstUwAD1aHWQ4Qkm3M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbmd+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIi9h1654lbdOcgq8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFrqppolSEc4YB1LJUZM+9n83ik5s0qfhLGyJQ2Zq78nMoy0nkSB7YzQDPWyNxP/8zqpCa/9jMskNUzSxaIwFcTEZPY86XPFqBETS5Aqbm8ldIgKqbERlWwI3vLLq6R5UfXcqnd/Wand5HEU4QRO4Rw8uIIa3EEdGkBBwDO8wpszdl6cd+dj0Vpw8plj+APn8wfoWY/e</latexit><latexit sha1_base64="7lQGfh50gkstUwAD1aHWQ4Qkm3M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbmd+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIi9h1654lbdOcgq8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFrqppolSEc4YB1LJUZM+9n83ik5s0qfhLGyJQ2Zq78nMoy0nkSB7YzQDPWyNxP/8zqpCa/9jMskNUzSxaIwFcTEZPY86XPFqBETS5Aqbm8ldIgKqbERlWwI3vLLq6R5UfXcqnd/Wand5HEU4QRO4Rw8uIIa3EEdGkBBwDO8wpszdl6cd+dj0Vpw8plj+APn8wfoWY/e</latexit>

[Dulat, Lazopoulos, BM,18]
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48FULLY DIFFERENTIAL PREDICTIONS TO PRODUCE A HIGGS BOSON 

✤ Predict distributions as measurable by the LHC


✤ Experimental statistics requires precision. 


✤ High degree of flexibility to compute many 
different observables is required.

Example:  
Cross section predictions for the fiducial di-photon cross section via gluon fusion.

<latexit sha1_base64="LeMy539Mwvt8uPlH68FfyM5ILX0=">AAACC3icbVBPS8MwHE3nvzn/VT16CRuCsDFaEfU49LJjBbcV1jLSLN3CkrYkqTDK7l78Kl48KOLVL+DNb2O69aCbD0Ie7/1+JO8FCaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBZugCRhNCIdRRUjbiII4gEjvWBym/u9ByIkjaN7NU2Iz9EooiHFSGlpYFYdr+F4Kobtugvz2xshzhH0GgWruwOzZjWtOeAqsQtSAwWcgfnlDWOcchIpzJCUfdtKlJ8hoShmZFbxUkkShCdoRPqaRogT6WfzLDN4qpUhDGOhT6TgXP29kSEu5ZQHepIjNZbLXi7+5/VTFV77GY2SVJEILx4KUwZ15rwYOKSCYMWmmiAsqP4rxGMkEFa6voouwV6OvEq65037smnfXdRaN0UdZXACquAM2OAKtEAbOKADMHgEz+AVvBlPxovxbnwsRktGsXMM/sD4/AGVdJjf</latexit>

P P ! H +X ! � � +X

Realistic selection cuts of final state products in the detector:

Ability to compute a large range of observables:
<latexit sha1_base64="HAGAHYNuMKtG48GY8g+Z+DznUic=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV0R9Vj04rGC/YB2W7LpbBuaZEOSVcrS/+HFgyJe/S/e/Dem7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4cNk6SaQp0mPNGtiBjgTELdMsuhpTQQEXFoRqPbqd98BG1YIh/sWEEoyECymFFindRVvY4CrbqdARGC9Eplv+LPgJdJkJMyylHrlb46/YSmAqSlnBjTDnxlw4xoyyiHSbGTGlCEjsgA2o5KIsCE2ezqCT51Sh/HiXYlLZ6pvycyIowZi8h1CmKHZtGbiv957dTG12HGpEotSDpfFKcc2wRPI8B9poFaPnaEUM3crZgOiSbUuqCKLoRg8eVl0jivBJeV4P6iXL3J4yigY3SCzlCArlAV3aEaqiOKNHpGr+jNe/JevHfvY9664uUzR+gPvM8fvL6Sqw==</latexit>

p�?
<latexit sha1_base64="gM+c05IRenp56V6EhE2lrdieECo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Ye0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbTS3UO/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oXVe/2vFK7zuMowhEcwyl4cAk1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xsBSo2e</latexit>

YH

<latexit sha1_base64="yyt648CVBN3pVeWY6o8rHwNwsbU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+yFtKJPtpl26u4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9o6jhVhDZIzGPVDlFTziRtGGY4bSeKogg5bYWjm6nfeqJKs1jem3FCA4EDySJG0Fip/dDrDlAI7JUrXtWbwV0mfk4qkKPeK391+zFJBZWGcNS643uJCTJUhhFOJ6VuqmmCZIQD2rFUoqA6yGb3TtwTq/TdKFa2pHFn6u+JDIXWYxHaToFmqBe9qfif10lNdBVkTCapoZLMF0Upd03sTp93+0xRYvjYEiSK2VtdMkSFxNiISjYEf/HlZdI8q/oXVf/uvFK7zuMowhEcwyn4cAk1uIU6NIAAh2d4hTfn0Xlx3p2PeWvByWcO4Q+czx/uWY/n</latexit>

Y�
<latexit sha1_base64="agbh9WtytTSmLD2Vxi2mecpgSVI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LevBYwX5IE8Jku2mX7iZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWV1b3yhvVra2d3ar9t5+WyWZJLRFEp7IbgiKchbTlmaa024qKYiQ0044up76nUcqFUviez1OqS9gELOIEdBGCuyqd0O5BvwQeAMQAgK75tSdGfAycQtSQwWagf3l9ROSCRprwkGpnuuk2s9BakY4nVS8TNEUyAgGtGdoDIIqP58dPsHHRunjKJGmYo1n6u+JHIRSYxGaTgF6qBa9qfif18t0dOnnLE4zTWMyXxRlHOsET1PAfSYp0XxsCBDJzK2YDEEC0SarignBXXx5mbRP6+553b07qzWuijjK6BAdoRPkogvUQLeoiVqIoAw9o1f0Zj1ZL9a79TFvLVnFzAH6A+vzByaVksQ=</latexit>

�Y�

<latexit sha1_base64="14T0uJmugwUlG87Y8AsrjS1MaUw=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KomIeix68VjBfkATwmS7aZfuJmF3opTan+LFgyJe/SXe/Ddu2xy09cHA470ZZuZFmeAaXffbWlldW9/YLG2Vt3d29/btykFLp7mirElTkapOBJoJnrAmchSskykGMhKsHQ1vpn77gSnN0+QeRxkLJPQTHnMKaKTQrvg01T4OGELo90FKCO2qW3NncJaJV5AqKdAI7S+/l9JcsgSpAK27npthMAaFnAo2Kfu5ZhnQIfRZ19AEJNPBeHb6xDkxSs+JU2UqQWem/p4Yg9R6JCPTKQEHetGbiv953Rzjq2DMkyxHltD5ojgXDqbONAenxxWjKEaGAFXc3OrQASigaNIqmxC8xZeXSeus5l3UvLvzav26iKNEjsgxOSUeuSR1cksapEkoeSTP5JW8WU/Wi/VufcxbV6xi5pD8gfX5A4WtlCw=</latexit>

cos ✓� Jets …



49FULLY DIFFERENTIAL PREDICTIONS TO PRODUCE A HIGGS BOSON 

✤ Scattering Events are complex!


✤ Calculations involving one loop  
corrections (QCD or EWK) have 
been automated to a very large 
degree: NLO Revolution


✤ Fully automatic generation of NLO 
events including parton showers 
hadronization are easily accessible 
through public tools. 


✤ The challenge: How to move this 
enormous success to higher 
precision and higher orders?

NLO

[Frank Kraus]
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Typical strategy: 

Loop Integrals: 
Analytic Computation

Final state phase space integrals: 
 Numeric Computation

• High degree of analytic 
complexity. (Similar to the case 
of inclusive cross section)


• Currently used in physical 
predictions: 2-loop amplitudes 
for 2 -> 3 scattering massless. 


• State of the art in amplitude 
computations: 5 particle 
amplitudes at 2 loops.

For example [2107.14733]

• Numerical integration over final state 
phase space requires regularization 
of infrared divergences.


• Fairly intricate and make high 
precision computations numerically 
expensive: 10^5 CPU hours / per 
prediction not uncommon. 


• State of the art: Algorithms to 
operate for any cross section at the 
LHC at NNLO, color singlet 
production at N3LO.

NNLO
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[2102.07607]

<latexit sha1_base64="LeMy539Mwvt8uPlH68FfyM5ILX0=">AAACC3icbVBPS8MwHE3nvzn/VT16CRuCsDFaEfU49LJjBbcV1jLSLN3CkrYkqTDK7l78Kl48KOLVL+DNb2O69aCbD0Ie7/1+JO8FCaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujFOBSQfHLBZugCRhNCIdRRUjbiII4gEjvWBym/u9ByIkjaN7NU2Iz9EooiHFSGlpYFYdr+F4Kobtugvz2xshzhH0GgWruwOzZjWtOeAqsQtSAwWcgfnlDWOcchIpzJCUfdtKlJ8hoShmZFbxUkkShCdoRPqaRogT6WfzLDN4qpUhDGOhT6TgXP29kSEu5ZQHepIjNZbLXi7+5/VTFV77GY2SVJEILx4KUwZ15rwYOKSCYMWmmiAsqP4rxGMkEFa6voouwV6OvEq65037smnfXdRaN0UdZXACquAM2OAKtEAbOKADMHgEz+AVvBlPxovxbnwsRktGsXMM/sD4/AGVdJjf</latexit>

P P ! H +X ! � � +X

✤ Prediction for the rapidity 
distribution in gluon fusion at 
N3LO in QCD including cuts on 
final state photons as imposed 
by the ATLAS collaboration.


✤ Enables direct comparison of 
precise theory and experiment.


✤ Can study the perturbative 
progression in fiducial volume.


✤ Optimize particle cuts.

https://arxiv.org/pdf/2102.07607.pdf
https://arxiv.org/pdf/2102.07607.pdf
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✤ Vector boson fusion Higgs 
production at NNLO.


✤ Realistic selection cuts on jets 
produced alongside the Higgs.


✤ Nice example of new ideas 
being produced for the 
prediction of differential cross 
sections: 


[1506.02660]

[1506.02660]

https://arxiv.org/pdf/1506.02660.pdf
https://arxiv.org/pdf/1506.02660.pdf
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✤ Once scattering amplitudes and algorithms for subtraction of IR singularities 
became available more widespread automatization could begin!


✤ Public tools for the computation for fully differential NNLO cross sections:


https://mcfm.fnal.gov

MCFM

https://matrix.hepforge.org

Matrix

https://mcfm.fnal.gov
https://matrix.hepforge.org


54TRANSVERSE MOMENTUM DISTRIBUTION

<latexit sha1_base64="xo5TWyv4eCWjrNsQVKmyqfAzM5Y=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdEfVY9OKxgq2F7rJks9k2NMmGJCuUpXjxr3jxoIhXf4U3/41puwdtfTDweG+GmXmxZFQbz/t2KkvLK6tr1fXaxubW9o67u9fRWa4waeOMZaobI00YFaRtqGGkKxVBPGbkPh5eT/z7B6I0zcSdGUkSctQXNKUYGStF7kGQKoSLJNC0z9G4SGQUSKLkGEZu3Wt4U8BF4pekDkq0IvcrSDKccyIMZkjrnu9JExZIGYoZGdeCXBOJ8BD1Sc9SgTjRYTF9YQyPrZLANFO2hIFT9fdEgbjWIx7bTo7MQM97E/E/r5eb9DIsqJC5IQLPFqU5gyaDkzxgQhXBho0sQVhReyvEA2QzMTa1mg3Bn395kXROG/55w789qzevyjiq4BAcgRPggwvQBDegBdoAg0fwDF7Bm/PkvDjvzsesteKUM/vgD5zPH/Xgl8o=</latexit>

d�

dp?

✤ One of the precision observables in Higgs Boson phenomenology.


✤ Higgs recoils agains hadronic jets.


✤ How to predict depends on  
the kinematic regime!
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<latexit sha1_base64="xo5TWyv4eCWjrNsQVKmyqfAzM5Y=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdEfVY9OKxgq2F7rJks9k2NMmGJCuUpXjxr3jxoIhXf4U3/41puwdtfTDweG+GmXmxZFQbz/t2KkvLK6tr1fXaxubW9o67u9fRWa4waeOMZaobI00YFaRtqGGkKxVBPGbkPh5eT/z7B6I0zcSdGUkSctQXNKUYGStF7kGQKoSLJNC0z9G4SGQUSKLkGEZu3Wt4U8BF4pekDkq0IvcrSDKccyIMZkjrnu9JExZIGYoZGdeCXBOJ8BD1Sc9SgTjRYTF9YQyPrZLANFO2hIFT9fdEgbjWIx7bTo7MQM97E/E/r5eb9DIsqJC5IQLPFqU5gyaDkzxgQhXBho0sQVhReyvEA2QzMTa1mg3Bn395kXROG/55w789qzevyjiq4BAcgRPggwvQBDegBdoAg0fwDF7Bm/PkvDjvzsesteKUM/vgD5zPH/Xgl8o=</latexit>

d�

dp?

✤ At low transverse momenta, fixed order perturbation theory breaks down: 
Resummation!

<latexit sha1_base64="m2RHIznlFKrDGS7UwPdJrCpdfks="></latexit>

�(n) ⇠ ↵n
S log(2n�1)(p2?)�

LL + . . .

✤ Low pT contains largest bit of cross section.


✤ Resumed cross sections at very high precision:  
N3LO +N3LL` 

<latexit sha1_base64="F3UBAPJX4XSRB0OfePb87y14Zgk=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCncqamERtNAygvmAXAh7m0myZO9u2Z0Tw5HGxr9iY6GIrf/Bzn/j5qPQxAcDj/dmmJkXKCkMuu63Mze/sLi0nFnJrq6tb2zmtrYrJk40hzKPZaxrATMgRQRlFCihpjSwMJBQDXpXQ796D9qIOLrDvoJGyDqRaAvO0ErN3J5q+gq0ohfUNyKkxy71ER4wvYbKoJnLuwV3BDpLvAnJkwlKzdyX34p5EkKEXDJj6p6rsJEyjYJLGGT9xIBivMc6ULc0YiGYRjr6YkAPrNKi7VjbipCO1N8TKQuN6YeB7QwZds20NxT/8+oJts8bqYhUghDx8aJ2IinGdBgJbQkNHGXfEsa1sLdS3mWacbTBZW0I3vTLs6RyVPBOC97tSb54OYkjQ3bJPjkkHjkjRXJDSqRMOHkkz+SVvDlPzovz7nyMW+ecycwO+QPn8wfdipeK</latexit>

p? <⇠ 30GeV

[2102.08039]

https://arxiv.org/pdf/2102.08039.pdf
https://arxiv.org/pdf/2102.08039.pdf
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<latexit sha1_base64="xo5TWyv4eCWjrNsQVKmyqfAzM5Y=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdEfVY9OKxgq2F7rJks9k2NMmGJCuUpXjxr3jxoIhXf4U3/41puwdtfTDweG+GmXmxZFQbz/t2KkvLK6tr1fXaxubW9o67u9fRWa4waeOMZaobI00YFaRtqGGkKxVBPGbkPh5eT/z7B6I0zcSdGUkSctQXNKUYGStF7kGQKoSLJNC0z9G4SGQUSKLkGEZu3Wt4U8BF4pekDkq0IvcrSDKccyIMZkjrnu9JExZIGYoZGdeCXBOJ8BD1Sc9SgTjRYTF9YQyPrZLANFO2hIFT9fdEgbjWIx7bTo7MQM97E/E/r5eb9DIsqJC5IQLPFqU5gyaDkzxgQhXBho0sQVhReyvEA2QzMTa1mg3Bn395kXROG/55w789qzevyjiq4BAcgRPggwvQBDegBdoAg0fwDF7Bm/PkvDjvzsesteKUM/vgD5zPH/Xgl8o=</latexit>

d�

dp?

✤ Heavy top quark effective theory is not adequate if pT becomes large!


✤ Very interesting observable:  
Resolve inner workings of the top quark loop.


✤ Currently:  
NLO corrections are available for large pT


✤ Very complicated computation using fully  
numerical techniques for two loop amplitudes!

t, X?

b̄
<latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit>

b
<latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit>

<latexit sha1_base64="fXnLDnzYYkPPoDYfu/jAX9gTM10=">AAACAXicbVA9SwNBEN3zM8avqI1gsxgEq3AXRK0kaKFlBPMBSQh7m0myZO9u2Z0TwxEb/4qNhSK2/gs7/42b5ApNfDDweG+GmXm+ksKg6347C4tLyyurmbXs+sbm1nZuZ7dqolhzqPBIRrruMwNShFBBgRLqSgMLfAk1f3A19mv3oI2IwjscKmgFrBeKruAMrdTO7at2U4FW9IIWXZc2ER4wuYbqqJ3LuwV3AjpPvJTkSYpyO/fV7EQ8DiBELpkxDc9V2EqYRsEljLLN2IBifMB60LA0ZAGYVjL5YESPrNKh3UjbCpFO1N8TCQuMGQa+7QwY9s2sNxb/8xoxds9biQhVjBDy6aJuLClGdBwH7QgNHOXQEsa1sLdS3meacbShZW0I3uzL86RaLHinBe/2JF+6TOPIkANySI6JR85IidyQMqkQTh7JM3klb86T8+K8Ox/T1gUnndkjf+B8/gC+QJXO</latexit>

p? > 200GeV

[1802.00349]

https://arxiv.org/pdf/1802.00349.pdf


57THE HIGGS BOSON

bernhard@slac.stanford.edu

▸ The Higgs Boson is very exciting and we are able to explore it!


▸ Thanks to the organizers of the Fermilab-CERN school!

THANK YOU!
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