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It is a fantastic honor to receive this award!
I would like to express my deep gratitude to the many people in our 
field that have made it such an exciting journey to explore the 
fundamental nature of interactions. In particular, I’d like to thank my 
friends and colleagues

Babis Anastasiou, Claude Duhr, Johannes Henn,  
Lance Dixon and Gavin Salam



2GUIDO ALTARELLI

1941-2015

▸ “Asymptotic Freedom in Parton Language” 
Evolution of quarks - DGLAP


▸ Perturbative QCD

▸ Electroweak Precision Physics

▸ Neutrino Physics

▸ Small-x physics

▸ …

A giant of the field

My impression of Alterelli is one of an 
incredibly intuitive physicist, who knew how 
to figure out the critical clues towards 
deepening our understanding of fundamental 
interactions.



3PHYSICS IN THE LHC ERA

Today, nearly all observable physics is described by - or believed 
to be described by - the Standard Model of particle physics.

However, the description is incomplete!
▸ Our understanding is insufficient to describe many 

macroscopic phenomena of the world - and therefor lacking 
understanding.


▸ The limitations of this picture are known to us - and we have 
experiments like the LHC to test and explore them!
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Quests in the age of the Higgs:

✴ A new interaction: Yukawa! 

✴ The mechanism of electro-weak symmetry breaking 

✴ Generation of fundamental masses 

✴ Determine couplings / interactions with established matter 

✴ Explore the limitations of the Standard Model of particle physics
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PHYSICS IN THE LHC ERA
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From first principle QFT … … to real life measurement

▸ Describing the real world starting from the simple, concise 
formulation of the SM of particle physics is a huge 
challenge. 


▸ My goal is to sharpen our understanding of fundamental 
interactions such that the precision in our description of 
nature allows us to learn from very precise measurements.

EXPLORING THE HIGH ENERGY FRONTIER OF INTERACTIONS
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▸ Predict using perturbative QCD

The frontier of perturbative QFT at the LHC

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>

Perturbative QCD

▸ Complexity of computing high orders in perturbative QFT 
challenges our methods and understanding.

~1,000,000 Feynman Diagrams

New mathematical structures 

Vastly growing complexity
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2015 2016
2017

2018

2019N3LO

Slide inspired by G. Salam / L. Cieri...

2020

2021

Higgs Threshold Exp.  
[Anastasiou, Duhr, Dulat, Herzog, BM, 15]

Higgs Jet Veto [Banfi, et al. 15]
Higgs VBF  [Dreyer,  Karlberg,16]

Higgs Diff. Threshold App. [Dulat, BM, A. Pelloni,17]

Higgs Diff. qT [Cieri,Chen, Gehrmann,  
Glover,Huss,18]

Higgs (Y approx.) [Dulat, BM,Pelloni,18]

HH (VBF) [Dreyer, Karlberg,18]

Higgs, [BM,18]

bb->H [Dulat, Duhr, BM,19]

ggF->HH [Chen,Li,Shoa,Wang]

Drell-Yan [Dulat, Duhr, BM,20]

bbH 4FS+5FS [Dulat, Duhr, Hirschi, BM,20]

CCDY [Dulat, Duhr, BM,20]
Fully differential Higgs -> 2Photons  [Chen, BM, et al. 21]

Fiducial Higgs and DY [Billis, Tackmann, et al., 21]

Fiducial DY [Camarda,Cieri,Ferrera, 21]DY-Rapidity [Chen,Gehrmann,Glover,et al.]

Production Cross Sections 

https://arxiv.org/pdf/1503.06056.pdf
https://arxiv.org/pdf/1610.07922.pdf
https://arxiv.org/pdf/1606.00840.pdf
https://arxiv.org/pdf/1710.03016.pdf
https://arxiv.org/pdf/1807.11501.pdf
https://arxiv.org/pdf/1810.09462
https://arxiv.org/pdf/1811.07906.pdf
https://arxiv.org/pdf/1802.00833.pdf
https://arxiv.org/pdf/1904.09990.pdf
https://arxiv.org/abs/1912.13001
https://arxiv.org/pdf/2001.07717
https://arxiv.org/pdf/2004.04752.pdf
https://arxiv.org/pdf/2007.13313.pdf
https://arxiv.org/pdf/2102.07607.pdf
https://arxiv.org/pdf/2102.08039.pdf
https://arxiv.org/pdf/2103.04974.pdf
https://arxiv.org/pdf/2107.09085.pdf


N3LO AT THE LHC RIGHT NOW
Single* Electroweak Boson Production 
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i

Q2 �M2 + iM�
<latexit sha1_base64="t+Bs+MaWPrc+x30NgQsEojYVMMw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBEMtMEXRZdKGbQgv2AZ1pyaSZNjTJDElGKEM3bvwVNy4Uces/uPNvTNtZaPXAhcM593LvPUHMqNKO82XllpZXVtfy64WNza3tHXt3r6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLqe+q17IhWNxJ0ex8TnaCBoSDHSRurZh14oEU7pJK13y2fVbvmUwir0bhDnaNKzi07JmQH+JW5GiiBDrWd/ev0IJ5wIjRlSquM6sfZTJDXFjEwKXqJIjPAIDUjHUIE4UX46+2ICj43Sh2EkTQkNZ+rPiRRxpcY8MJ0c6aFa9Kbif14n0eGln1IRJ5oIPF8UJgzqCE4jgX0qCdZsbAjCkppbIR4iE4s2wRVMCO7iy39Js1xynZJbPy9WrrI48uAAHIET4IILUAG3oAYaAIMH8ARewKv1aD1bb9b7vDVnZTP74Besj2+oLpdf</latexit><latexit sha1_base64="t+Bs+MaWPrc+x30NgQsEojYVMMw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBEMtMEXRZdKGbQgv2AZ1pyaSZNjTJDElGKEM3bvwVNy4Uces/uPNvTNtZaPXAhcM593LvPUHMqNKO82XllpZXVtfy64WNza3tHXt3r6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLqe+q17IhWNxJ0ex8TnaCBoSDHSRurZh14oEU7pJK13y2fVbvmUwir0bhDnaNKzi07JmQH+JW5GiiBDrWd/ev0IJ5wIjRlSquM6sfZTJDXFjEwKXqJIjPAIDUjHUIE4UX46+2ICj43Sh2EkTQkNZ+rPiRRxpcY8MJ0c6aFa9Kbif14n0eGln1IRJ5oIPF8UJgzqCE4jgX0qCdZsbAjCkppbIR4iE4s2wRVMCO7iy39Js1xynZJbPy9WrrI48uAAHIET4IILUAG3oAYaAIMH8ARewKv1aD1bb9b7vDVnZTP74Besj2+oLpdf</latexit><latexit sha1_base64="t+Bs+MaWPrc+x30NgQsEojYVMMw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBEMtMEXRZdKGbQgv2AZ1pyaSZNjTJDElGKEM3bvwVNy4Uces/uPNvTNtZaPXAhcM593LvPUHMqNKO82XllpZXVtfy64WNza3tHXt3r6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLqe+q17IhWNxJ0ex8TnaCBoSDHSRurZh14oEU7pJK13y2fVbvmUwir0bhDnaNKzi07JmQH+JW5GiiBDrWd/ev0IJ5wIjRlSquM6sfZTJDXFjEwKXqJIjPAIDUjHUIE4UX46+2ICj43Sh2EkTQkNZ+rPiRRxpcY8MJ0c6aFa9Kbif14n0eGln1IRJ5oIPF8UJgzqCE4jgX0qCdZsbAjCkppbIR4iE4s2wRVMCO7iy39Js1xynZJbPy9WrrI48uAAHIET4IILUAG3oAYaAIMH8ARewKv1aD1bb9b7vDVnZTP74Besj2+oLpdf</latexit><latexit sha1_base64="t+Bs+MaWPrc+x30NgQsEojYVMMw=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBEMtMEXRZdKGbQgv2AZ1pyaSZNjTJDElGKEM3bvwVNy4Uces/uPNvTNtZaPXAhcM593LvPUHMqNKO82XllpZXVtfy64WNza3tHXt3r6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLqe+q17IhWNxJ0ex8TnaCBoSDHSRurZh14oEU7pJK13y2fVbvmUwir0bhDnaNKzi07JmQH+JW5GiiBDrWd/ev0IJ5wIjRlSquM6sfZTJDXFjEwKXqJIjPAIDUjHUIE4UX46+2ICj43Sh2EkTQkNZ+rPiRRxpcY8MJ0c6aFa9Kbif14n0eGln1IRJ5oIPF8UJgzqCE4jgX0qCdZsbAjCkppbIR4iE4s2wRVMCO7iy39Js1xynZJbPy9WrrI48uAAHIET4IILUAG3oAYaAIMH8ARewKv1aD1bb9b7vDVnZTP74Besj2+oLpdf</latexit>

l
<latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit>

l̄
<latexit sha1_base64="T0tQ2FsqROI4BuD0aEK2qm1SA5k=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROZpMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbERomuGQNy61g7VQzTCLBWtHodua3npg2XMkHO05ZmOBA8phTtE5qdiPURPTKFb/qz0FWSZCTCuSo98pf3b6iWcKkpQKN6QR+asMJasupYNNSNzMsRTrCAes4KjFhJpzMr52SM6f0Say0K2nJXP09McHEmHESuc4E7dAsezPxP6+T2fg6nHCZZpZJulgUZ4JYRWavkz7XjFoxdgSp5u5WQoeokVoXUMmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEUHuEZXuHNU96L9+59LFoLXj5zDH/gff4AIoyO0w==</latexit><latexit sha1_base64="T0tQ2FsqROI4BuD0aEK2qm1SA5k=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROZpMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbERomuGQNy61g7VQzTCLBWtHodua3npg2XMkHO05ZmOBA8phTtE5qdiPURPTKFb/qz0FWSZCTCuSo98pf3b6iWcKkpQKN6QR+asMJasupYNNSNzMsRTrCAes4KjFhJpzMr52SM6f0Say0K2nJXP09McHEmHESuc4E7dAsezPxP6+T2fg6nHCZZpZJulgUZ4JYRWavkz7XjFoxdgSp5u5WQoeokVoXUMmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEUHuEZXuHNU96L9+59LFoLXj5zDH/gff4AIoyO0w==</latexit><latexit sha1_base64="T0tQ2FsqROI4BuD0aEK2qm1SA5k=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROZpMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbERomuGQNy61g7VQzTCLBWtHodua3npg2XMkHO05ZmOBA8phTtE5qdiPURPTKFb/qz0FWSZCTCuSo98pf3b6iWcKkpQKN6QR+asMJasupYNNSNzMsRTrCAes4KjFhJpzMr52SM6f0Say0K2nJXP09McHEmHESuc4E7dAsezPxP6+T2fg6nHCZZpZJulgUZ4JYRWavkz7XjFoxdgSp5u5WQoeokVoXUMmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEUHuEZXuHNU96L9+59LFoLXj5zDH/gff4AIoyO0w==</latexit><latexit sha1_base64="T0tQ2FsqROI4BuD0aEK2qm1SA5k=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROZpMxszPLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbERomuGQNy61g7VQzTCLBWtHodua3npg2XMkHO05ZmOBA8phTtE5qdiPURPTKFb/qz0FWSZCTCuSo98pf3b6iWcKkpQKN6QR+asMJasupYNNSNzMsRTrCAes4KjFhJpzMr52SM6f0Say0K2nJXP09McHEmHESuc4E7dAsezPxP6+T2fg6nHCZZpZJulgUZ4JYRWavkz7XjFoxdgSp5u5WQoeokVoXUMmFECy/vEqaF9XArwb3l5XaTR5HEU7gFM4hgCuowR3UoQEUHuEZXuHNU96L9+59LFoLXj5zDH/gff4AIoyO0w==</latexit>

f
<latexit sha1_base64="O+5ABhsfpxFli/Ildf0h7al79NM=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAUrMKujVoZsLFMwFwgWcLs5GwyZnZ2mZkVwpInsLFQxNZHsrOz9Sl0cik0+sPAx/+fw5xzgkRwbVz33cktLa+sruXXCxubW9s7xd29ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGV5O8eYdK81jemFGCfkT7koecUWOtWtgtltyyOxX5C94cSpdfnxcfAFDtFt86vZilEUrDBNW67bmJ8TOqDGcCx4VOqjGhbEj72LYoaYTaz6aDjsmxdXokjJV90pCp+7Mjo5HWoyiwlRE1A72YTcz/snZqwnM/4zJJDUo2+yhMBTExmWxNelwhM2JkgTLF7ayEDaiizNjbFOwRvMWV/0LjtOy5Za/mlipHMFMeDuAQTsCDM6jANVShDgwQ7uERnpxb58F5dl5mpTln3rMPv+S8fgMk+pAI</latexit><latexit sha1_base64="dazDngeKeIsl07uH21pZXesrR80=">AAAB6HicbZC7SgNBFIbPxluMUaOWNoNRsAq7NmplwMYyAXORZAmzk7PJmNkLM7NCWPIENhaK2PpIdhY+gL6ETi6FJv4w8PH/5zDnHC8WXGnbfrcyS8srq2vZ9dxGfnNru7CzW1dRIhnWWCQi2fSoQsFDrGmuBTZjiTTwBDa8weU4b9yhVDwKr/UwRjegvZD7nFFtrKrfKRTtkj0RWQRnBsWL78/zr4+bfKVTeGt3I5YEGGomqFItx461m1KpORM4yrUThTFlA9rDlsGQBqjcdDLoiBwZp0v8SJoXajJxf3ekNFBqGHimMqC6r+azsflf1kq0f+amPIwTjSGbfuQnguiIjLcmXS6RaTE0QJnkZlbC+lRSps1tcuYIzvzKi1A/KTl2yanaxfIhTJWFfTiAY3DgFMpwBRWoAQOEe3iEJ+vWerCerZdpacaa9ezBH1mvP+F2kVQ=</latexit><latexit sha1_base64="dazDngeKeIsl07uH21pZXesrR80=">AAAB6HicbZC7SgNBFIbPxluMUaOWNoNRsAq7NmplwMYyAXORZAmzk7PJmNkLM7NCWPIENhaK2PpIdhY+gL6ETi6FJv4w8PH/5zDnHC8WXGnbfrcyS8srq2vZ9dxGfnNru7CzW1dRIhnWWCQi2fSoQsFDrGmuBTZjiTTwBDa8weU4b9yhVDwKr/UwRjegvZD7nFFtrKrfKRTtkj0RWQRnBsWL78/zr4+bfKVTeGt3I5YEGGomqFItx461m1KpORM4yrUThTFlA9rDlsGQBqjcdDLoiBwZp0v8SJoXajJxf3ekNFBqGHimMqC6r+azsflf1kq0f+amPIwTjSGbfuQnguiIjLcmXS6RaTE0QJnkZlbC+lRSps1tcuYIzvzKi1A/KTl2yanaxfIhTJWFfTiAY3DgFMpwBRWoAQOEe3iEJ+vWerCerZdpacaa9ezBH1mvP+F2kVQ=</latexit><latexit sha1_base64="lNh/Uz2/5r8XZ75PwyFkexxSELQ=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRjTxRFoveiTx4hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa0aBac+vuAmSdeAWpQYHmoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx6IxcWmVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP41GXKFzIipJZQpbm8lbEwVZcZmU7EheKsvr5P2dd1z617LrTUuijjKcAbncAUe3EAD7qEJPjBAeIZXeHMenRfn3flYtpacYuYU/sD5/AHAq4zI</latexit>

f 0
<latexit sha1_base64="0e5EDelD9QwRMtdaL6qOhf1p9Gs=">AAAB73icbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNpYRzAWSNcxOziZDZnbXmVkhLHkJGwtFbH0dOztbn0Inl0ITfxj4+P9zmHNOkAiujet+OAuLS8srq7m1/PrG5tZ2YWe3puNUMayyWMSqEVCNgkdYNdwIbCQKqQwE1oP+5Siv36PSPI5uzCBBX9JuxEPOqLFWI7xtJYpLbBeKbskdi8yDN4XixffX+ScAVNqF91YnZqnEyDBBtW56bmL8jCrDmcBhvpVqTCjr0y42LUZUovaz8bxDcmSdDgljZV9kyNj93ZFRqfVABrZSUtPTs9nI/C9rpiY88zMeJanBiE0+ClNBTExGy5MOV8iMGFigTHE7K2E9qigz9kR5ewRvduV5qJ2UPLfkXbvF8iFMlIN9OIBj8OAUynAFFagCAwEP8ATPzp3z6Lw4r5PSBWfaswd/5Lz9AICmkyU=</latexit><latexit sha1_base64="NNXAGImzUyeoML9uP2B1Rssqs1Y=">AAAB73icbZC7TgMxEEVnwyuEAAFKGouARBXt0gAVkWgog0QeKFkir+NNrNjexfYiRav8BA0FCNHyO3QUfAD8BDiPAhKuZOno3hl5ZoKYM21c993JLCwuLa9kV3Nr+fWNzcLWdk1HiSK0SiIeqUaANeVM0qphhtNGrCgWAaf1oH8+yut3VGkWySsziKkvcFeykBFsrNUIb1qxYoK2C0W35I6F5sGbQvHs+/P06+M6X2kX3lqdiCSCSkM41rrpubHxU6wMI5wOc61E0xiTPu7SpkWJBdV+Op53iA6s00FhpOyTBo3d3x0pFloPRGArBTY9PZuNzP+yZmLCEz9lMk4MlWTyUZhwZCI0Wh51mKLE8IEFTBSzsyLSwwoTY0+Us0fwZleeh9pRyXNL3qVbLO/DRFnYhT04BA+OoQwXUIEqEOBwD4/w5Nw6D86z8zIpzTjTnh34I+f1Bz0xlHE=</latexit><latexit sha1_base64="NNXAGImzUyeoML9uP2B1Rssqs1Y=">AAAB73icbZC7TgMxEEVnwyuEAAFKGouARBXt0gAVkWgog0QeKFkir+NNrNjexfYiRav8BA0FCNHyO3QUfAD8BDiPAhKuZOno3hl5ZoKYM21c993JLCwuLa9kV3Nr+fWNzcLWdk1HiSK0SiIeqUaANeVM0qphhtNGrCgWAaf1oH8+yut3VGkWySsziKkvcFeykBFsrNUIb1qxYoK2C0W35I6F5sGbQvHs+/P06+M6X2kX3lqdiCSCSkM41rrpubHxU6wMI5wOc61E0xiTPu7SpkWJBdV+Op53iA6s00FhpOyTBo3d3x0pFloPRGArBTY9PZuNzP+yZmLCEz9lMk4MlWTyUZhwZCI0Wh51mKLE8IEFTBSzsyLSwwoTY0+Us0fwZleeh9pRyXNL3qVbLO/DRFnYhT04BA+OoQwXUIEqEOBwD4/w5Nw6D86z8zIpzTjTnh34I+f1Bz0xlHE=</latexit><latexit sha1_base64="XmWxCS1sg4wbKB3bPdgzhBtDQ4g=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFqNgFe5stAzYWEYwH5CcYW8zlyzZ3Tt394QQ8idsLBSx9e/Y+W/cJFdo4oOBx3szzMyLUsGN9f1vr7C2vrG5Vdwu7ezu7R+UD4+aJsk0wwZLRKLbETUouMKG5VZgO9VIZSSwFY1uZn7rCbXhibq34xRDSQeKx5xR66R2/NBNNZfYK1f8qj8HWSVBTiqQo94rf3X7CcskKssENaYT+KkNJ1RbzgROS93MYErZiA6w46iiEk04md87JedO6ZM40a6UJXP198SESmPGMnKdktqhWfZm4n9eJ7PxdTjhKs0sKrZYFGeC2ITMnid9rpFZMXaEMs3drYQNqabMuohKLoRg+eVV0rysBn41uPMrtbM8jiKcwClcQABXUINbqEMDGAh4hld48x69F+/d+1i0Frx85hj+wPv8ARxmj+U=</latexit>

�⇤
<latexit sha1_base64="IbtetI0G3rtSPbzb4QxBGI+7ZVs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+gjWWy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDP1W09MaR5H92acMF/iIOIhp2is1O4OUEp8OOuVK27VnYEsEy8nFchR75W/uv2YppJFhgrUuuO5ifEzVIZTwSalbqpZgnSEA9axNELJtJ/N7p2QE6v0SRgrW5EhM/X3RIZS67EMbKdEM9SL3lT8z+ukJrzyMx4lqWERnS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUcmG4C2+vEya51XPrXp3F5XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4ApBSPsQ==</latexit><latexit sha1_base64="IbtetI0G3rtSPbzb4QxBGI+7ZVs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+gjWWy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDP1W09MaR5H92acMF/iIOIhp2is1O4OUEp8OOuVK27VnYEsEy8nFchR75W/uv2YppJFhgrUuuO5ifEzVIZTwSalbqpZgnSEA9axNELJtJ/N7p2QE6v0SRgrW5EhM/X3RIZS67EMbKdEM9SL3lT8z+ukJrzyMx4lqWERnS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUcmG4C2+vEya51XPrXp3F5XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4ApBSPsQ==</latexit><latexit sha1_base64="IbtetI0G3rtSPbzb4QxBGI+7ZVs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+gjWWy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDP1W09MaR5H92acMF/iIOIhp2is1O4OUEp8OOuVK27VnYEsEy8nFchR75W/uv2YppJFhgrUuuO5ifEzVIZTwSalbqpZgnSEA9axNELJtJ/N7p2QE6v0SRgrW5EhM/X3RIZS67EMbKdEM9SL3lT8z+ukJrzyMx4lqWERnS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUcmG4C2+vEya51XPrXp3F5XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4ApBSPsQ==</latexit><latexit sha1_base64="IbtetI0G3rtSPbzb4QxBGI+7ZVs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+gjWWy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1EzxiDcONYO1EMZSBYK1gdDP1W09MaR5H92acMF/iIOIhp2is1O4OUEp8OOuVK27VnYEsEy8nFchR75W/uv2YppJFhgrUuuO5ifEzVIZTwSalbqpZgnSEA9axNELJtJ/N7p2QE6v0SRgrW5EhM/X3RIZS67EMbKdEM9SL3lT8z+ukJrzyMx4lqWERnS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUcmG4C2+vEya51XPrXp3F5XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4ApBSPsQ==</latexit>

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

Z
<latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit>

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

⇤
<latexit sha1_base64="oieQYW6igwCjxDHBvGYPKf3XzHI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeilx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLHSfe3xvFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0nzouK5Fe/usly9yeMowDGcwBl4cAVVqEEdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w+2YI1o</latexit><latexit sha1_base64="oieQYW6igwCjxDHBvGYPKf3XzHI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeilx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLHSfe3xvFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0nzouK5Fe/usly9yeMowDGcwBl4cAVVqEEdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w+2YI1o</latexit><latexit sha1_base64="oieQYW6igwCjxDHBvGYPKf3XzHI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeilx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLHSfe3xvFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0nzouK5Fe/usly9yeMowDGcwBl4cAVVqEEdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w+2YI1o</latexit><latexit sha1_base64="oieQYW6igwCjxDHBvGYPKf3XzHI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeilx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLHSfe3xvFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0nzouK5Fe/usly9yeMowDGcwBl4cAVVqEEdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w+2YI1o</latexit>

bbH
<latexit sha1_base64="erf23+HTXihzt3QM1nVZ+REnV84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeilx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD0HQGJQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtShAU1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHxGXjaQ=</latexit><latexit sha1_base64="erf23+HTXihzt3QM1nVZ+REnV84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeilx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD0HQGJQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtShAU1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHxGXjaQ=</latexit><latexit sha1_base64="erf23+HTXihzt3QM1nVZ+REnV84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeilx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD0HQGJQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtShAU1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHxGXjaQ=</latexit><latexit sha1_base64="erf23+HTXihzt3QM1nVZ+REnV84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeilx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD0HQGJQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtShAU1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHxGXjaQ=</latexit>
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▸ Inclusive cross sections - idealized observables.


▸ First fully differential predictions for Higgs and DY production



N3LO AT THE LHC RIGHT NOW
Single* Electroweak Boson Production 

Predictions for  
various processes:

Take-away: 1. N3LO correction: few percent.

2. Residual Uncertainty: percent level.

3. N3LO: Improves predictions and reduces uncertainties.

4. Other uncertainties of comparable size.

N3LO required for target precision for LHC observables



N3LO - THE BENEFITS

▸ Testing a central 
prediction of the SM.


▸ Probe the properties of 
the Higgs.

How many Higgs bosons are produced at the 
LHC?

µ =
�obs.

�SM
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<latexit sha1_base64="dETaeAwbtdkw/1Axo71h69x1wuY="></latexit>
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THE CHALLENGES AHEAD



12My research today

My goal is to find a better understanding of 
nature to provide answers to our 
fundamental questions.
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p2
<latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit>

pi
<latexit sha1_base64="JL3Wpb1QX8jd/mqnwR2ah6rFk6A=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe2Lvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AVRgjdA=</latexit><latexit sha1_base64="JL3Wpb1QX8jd/mqnwR2ah6rFk6A=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe2Lvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AVRgjdA=</latexit><latexit sha1_base64="JL3Wpb1QX8jd/mqnwR2ah6rFk6A=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe2Lvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AVRgjdA=</latexit><latexit sha1_base64="JL3Wpb1QX8jd/mqnwR2ah6rFk6A=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe2Lvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AVRgjdA=</latexit>

�⇤
<latexit sha1_base64="/t5+A/q6WRhqeZ9sxwNFzSh/w5k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+krWWy3bRLd5OwuxFK6K/w4kERr/4cb/4bN20O2vpg4PHeDDPz/FhwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRVmDRiJSbR81EzxkDcONYO1YMZS+YC1/fJP5rSemNI/CezOJWU/iMOQBp2is9NAdopT4eFbqlytu1Z2BLBMvJxXIUe+Xv7qDiCaShYYK1LrjubHppagMp4JNS91EsxjpGIesY2mIkuleOjt4Sk6sMiBBpGyFhszU3xMpSq0n0redEs1IL3qZ+J/XSUxw1Ut5GCeGhXS+KEgEMRHJvicDrhg1YmIJUsXtrYSOUCE1NqMsBG/x5WXSPK96btW7u6jUrvM4inAEx3AKHlxCDW6hDg2gIOEZXuHNUc6L8+58zFsLTj5zCH/gfP4A2xWPxQ==</latexit><latexit sha1_base64="/t5+A/q6WRhqeZ9sxwNFzSh/w5k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+krWWy3bRLd5OwuxFK6K/w4kERr/4cb/4bN20O2vpg4PHeDDPz/FhwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRVmDRiJSbR81EzxkDcONYO1YMZS+YC1/fJP5rSemNI/CezOJWU/iMOQBp2is9NAdopT4eFbqlytu1Z2BLBMvJxXIUe+Xv7qDiCaShYYK1LrjubHppagMp4JNS91EsxjpGIesY2mIkuleOjt4Sk6sMiBBpGyFhszU3xMpSq0n0redEs1IL3qZ+J/XSUxw1Ut5GCeGhXS+KEgEMRHJvicDrhg1YmIJUsXtrYSOUCE1NqMsBG/x5WXSPK96btW7u6jUrvM4inAEx3AKHlxCDW6hDg2gIOEZXuHNUc6L8+58zFsLTj5zCH/gfP4A2xWPxQ==</latexit><latexit sha1_base64="/t5+A/q6WRhqeZ9sxwNFzSh/w5k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+krWWy3bRLd5OwuxFK6K/w4kERr/4cb/4bN20O2vpg4PHeDDPz/FhwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRVmDRiJSbR81EzxkDcONYO1YMZS+YC1/fJP5rSemNI/CezOJWU/iMOQBp2is9NAdopT4eFbqlytu1Z2BLBMvJxXIUe+Xv7qDiCaShYYK1LrjubHppagMp4JNS91EsxjpGIesY2mIkuleOjt4Sk6sMiBBpGyFhszU3xMpSq0n0redEs1IL3qZ+J/XSUxw1Ut5GCeGhXS+KEgEMRHJvicDrhg1YmIJUsXtrYSOUCE1NqMsBG/x5WXSPK96btW7u6jUrvM4inAEx3AKHlxCDW6hDg2gIOEZXuHNUc6L8+58zFsLTj5zCH/gfP4A2xWPxQ==</latexit><latexit sha1_base64="/t5+A/q6WRhqeZ9sxwNFzSh/w5k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisYD+krWWy3bRLd5OwuxFK6K/w4kERr/4cb/4bN20O2vpg4PHeDDPz/FhwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRVmDRiJSbR81EzxkDcONYO1YMZS+YC1/fJP5rSemNI/CezOJWU/iMOQBp2is9NAdopT4eFbqlytu1Z2BLBMvJxXIUe+Xv7qDiCaShYYK1LrjubHppagMp4JNS91EsxjpGIesY2mIkuleOjt4Sk6sMiBBpGyFhszU3xMpSq0n0redEs1IL3qZ+J/XSUxw1Ut5GCeGhXS+KEgEMRHJvicDrhg1YmIJUsXtrYSOUCE1NqMsBG/x5WXSPK96btW7u6jUrvM4inAEx3AKHlxCDW6hDg2gIOEZXuHNUc6L8+58zFsLTj5zCH/gfP4A2xWPxQ==</latexit>

✴ Develop N3LO predictions to be the 
backbone for LHC precision 
phenomenology now and in the 
future. 

✴ Create new technology to improve 
our ability to predict 

✴ Study and learn from the structure 
of perturbative QFT

Fully differential predictions for 
Higgs production at N3LO

Collinear Expansion: New technology 
to approximate cross sections.

Cusp anomalous dimension at 4 loops.
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Thank you!

“The beautiful naive parton model of Bjorken, Feynman and 
others has by now evolved into the QCD improved parton 
model. This powerful language has become such a familiar 
and widespread tool for everyday practice in high energy 
physics that one is led to take all its new successes as 
granted and in a way obvious.” - Guido Altarelli, 1985

Let’s follow Altarelli’s example and continue to 
explain the fundamental interactions of nature!


