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[http://iaifi.org, MIT News Announcement]

The NSF AI Institute for Artificial Intelligence
and Fundamental Interactions (IAIFI)

Advance physics knowledge — from the smallest building blocks of nature
to the largest structures in the universe — and galvanize AI research innovation

 “eye-phi”
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http://iaifi.org
https://news.mit.edu/2020/nsf-announces-mit-led-institute-artificial-intelligence-fundamental-interactions-0826
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Machine learning that incorporates
first principles, best practices, and domain knowledge

from fundamental physics

Symmetries, conservation laws, scaling relations, limiting behaviors, locality, causality,
unitarity, gauge invariance, entropy, least action, factorization, unit tests,

exactness, systematic uncertainties, reproducibility, verifiability, …

AI2:  Ab Initio Artificial Intelligence
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What aspects of QCD and Jets can be phrased as
well-defined optimization problems?

Do we have deep enough physics principles and/or
rich enough data sets (real or synthetic) such that

machine learning will yield trustable answers?

Apologies that citations/examples in this talk are not (even close to) complete!
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The Lens of Machine Learning

What formalisms are needed to leverage ML for HEP?
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Likelihood Ratio Trick
Key example of simulation-based inference

[see e.g. D’Agnolo, Wulzer, PRD 2019; simulation-based inference in Cranmer, Brehmer, Louppe, PNAS 2020; 
relation to f-divergences in Nguyen, Wainwright, Jordan, AoS 2009; Nachman, Thaler, arXiv 2021]

Learnable Function:

Training Data: Finite samples P and Q

Goal: Estimate p(x) / q(x)

f(x) parametrized by, e.g., neural networks 

−min
f(x)

L =

∫
dx p(x) log

p(x)

q(x)
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Loss Function(al):  

Asymptotically:  

Kullback–Leibler divergence

argmin
f(x)

L =
p(x)

q(x)
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Likelihood ratio

Many HEP problems can be 
expressed in this form!

L = −

〈

log f(x)
〉

P
+

〈

f(x)− 1
〉

Q
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https://arxiv.org/abs/1806.02350
https://arxiv.org/abs/1911.01429
https://arxiv.org/abs/math/0510521
https://arxiv.org/abs/2101.07263


Likelihood Ratio Trick
Key example of simulation-based inference
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Many HEP problems can be 
expressed in this form!

Asymptotically, same structure as Lagrangian mechanics!

Action:

Lagrangian:

Euler-Lagrange: Solution:

L =

∫
dxL(x)

<latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="4miLyAx6p6t5RquYQ9AkM/HLRVc=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5k4bmmSGJCMMY1/ArW/gTnwiX8DnMP1ZWOuBwOGchHvzxbngxgbBl1fb2d3bP6gf+kcN//jktNnomazQDLssE5kexNSg4Aq7 lluBg1wjlbHAfjy7X/T9Z9SGZ+rJljlGkk4UTzmj1kWdcbMVtIOlyLYJ16YFa42b36MkY4VEZZmgxgzDILdRRbXlTODcHxUGc8pmdIJDZxWVaKJqueacXLokIWmm3VGWLNPfLyoqjSll7G5Kaqfmb7cI/+uGhU1vo4qrvLCo2GpQWghiM7L4M0m4RmZF6QxlmrtdCZtS TZl1ZDampFgqmc99xyX8S2Hb9K7bYdAOHwOowzlcwBWEcAN38AAd6AKDBF7hzXvx3r2PFb+atwZ5BhvyPn8A3biSog==</latexit><latexit sha1_base64="8Rw3IBTH0LhNxEUFDTC644OV9bg=">AAACGXicbZDNSgMxFIXv+FvrX3XrJiqigpQZN7oRBDcuXChYFTqlZNI7GsxkhuSOtAzzCL6GL+BW38CduPAFfA7T2oW1Xggczkm4J1+UKWnJ9z+9icmp6ZnZylx1fmFxabm2snBl09wIbIhUpeYm 4haV1NggSQpvMoM8iRReR/cn/fz6AY2Vqb6kXoathN9qGUvByVnt2vYZO2Kh1MTCdRYSdqnolF0W7rEw4XQnuCrOyp3ubru26df9wbBxEQzFJgznvF37CjupyBPUJBS3thn4GbUKbkgKhWU1zC1mXNzzW2w6qXmCtlUMPlSyLed0WJwad1y1gfv7RcETa3tJ5G72W9q/ Wd/8L2vmFB+2CqmznFCLn0VxrhilrE+HdaRBQarnBBdGuq5M3HHDBTmGI1ti7OkkK6sOTPAXw7i42q8Hfj248KECa7ABOxDAARzDKZxDAwQ8wjO8wKv35L157z8IJ7why1UYGe/jGy/vok0=</latexit><latexit sha1_base64="8Rw3IBTH0LhNxEUFDTC644OV9bg=">AAACGXicbZDNSgMxFIXv+FvrX3XrJiqigpQZN7oRBDcuXChYFTqlZNI7GsxkhuSOtAzzCL6GL+BW38CduPAFfA7T2oW1Xggczkm4J1+UKWnJ9z+9icmp6ZnZylx1fmFxabm2snBl09wIbIhUpeYm 4haV1NggSQpvMoM8iRReR/cn/fz6AY2Vqb6kXoathN9qGUvByVnt2vYZO2Kh1MTCdRYSdqnolF0W7rEw4XQnuCrOyp3ubru26df9wbBxEQzFJgznvF37CjupyBPUJBS3thn4GbUKbkgKhWU1zC1mXNzzW2w6qXmCtlUMPlSyLed0WJwad1y1gfv7RcETa3tJ5G72W9q/ Wd/8L2vmFB+2CqmznFCLn0VxrhilrE+HdaRBQarnBBdGuq5M3HHDBTmGI1ti7OkkK6sOTPAXw7i42q8Hfj248KECa7ABOxDAARzDKZxDAwQ8wjO8wKv35L157z8IJ7why1UYGe/jGy/vok0=</latexit><latexit sha1_base64="9xcQnj+K9N9lHlXUPtm5vZCRZn4=">AAACJHicbVC7SgNBFJ31GeMramkzGkQFCbs22ghBG4sUEUwiZEOYndzVwdnZZeauJCz7Cf6GP2Crf2AnFjaWfoeTR+HrwMDhnHu5Z06QSGHQdd+dqemZ2bn5wkJxcWl5ZbW0tt40cao5NHgsY30V MANSKGigQAlXiQYWBRJawe3Z0G/dgTYiVpc4SKATsWslQsEZWqlb2q3RE+oLhdTfoj5CH7Ne3qf+AfUjhjecyayW7/X3u6WyW3FHoH+JNyFlMkG9W/r0ezFPI1DIJTOm7bkJdjKmUXAJedFPDSSM37JraFuqWASmk40+lNMdq/RoGGv7bLSR+n0jY5Exgyiwk8OU5rc3 FP/z2imGx51MqCRFUHx8KEwlxZgO26E9oYGjHFjCuBY2K+U3TDOOtsMfV0IYqCjJi7YY73cNf0nzsOK5Fe/CLVdPJxUVyCbZJnvEI0ekSs5JnTQIJ/fkkTyRZ+fBeXFenbfx6JQz2dkgP+B8fAE3DKPY</latexit><latexit sha1_base64="5vPcAywGBzBbtTW3rmHDgI638IQ=">AAACJHicbVDLSsNAFJ34rPUVdelmtIgKUhIRdCMU3bjoQsGq0JQymd7o0MkkzNxIS8gn+Bv+gFv9A3fiwo1Lv8Np7cLXgYHDOfdyz5wwlcKg5705Y+MTk1PTpZny7Nz8wqK7tHxhkkxzaPBEJvoq ZAakUNBAgRKuUg0sDiVcht3jgX95C9qIRJ1jP4VWzK6ViARnaKW2u1mnhzQQCmmwRgOEHuadokeDHRrEDG84k3m92Optt92KV/WGoH+JPyIVMsJp2/0IOgnPYlDIJTOm6XsptnKmUXAJRTnIDKSMd9k1NC1VLAbTyocfKuiGVTo0SrR9NtpQ/b6Rs9iYfhzayUFK89sb iP95zQyjg1YuVJohKP51KMokxYQO2qEdoYGj7FvCuBY2K+U3TDOOtsMfVyLoqzgtyrYY/3cNf8nFbtX3qv7ZXqV2NKqoRFbJOtkiPtknNXJCTkmDcHJHHsgjeXLunWfnxXn9Gh1zRjsr5Aec9084TKPc</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA=">AAACJHicbVDLattAFL1K+nDdR5Sku24mNaUuFCOVQLIJmGTThRcu1E7AMmY0vnIGj0Zi5irYCH1Cf6M/0G37B92FLrrpst/R8WOR2D0wcDjnXu6ZE+dKWgqC397O7oOHjx7XntSfPnv+Ys/fP+jb rDACeyJTmbmKuUUlNfZIksKr3CBPY4WX8fRi4V/eoLEy059pnuMw5RMtEyk4OWnkv+2wMxZJTSw6YhHhjMpxNWPRexalnK4FV2Wnas7ejfxG0AqWYNskXJNG+yUs0R35f6NxJooUNQnFrR2EQU7DkhuSQmFVjwqLORdTPsGBo5qnaIfl8kMVe+OUMUsy456LtlTvbpQ8 tXaexm5ykdJuegvxf96goOR0WEqdF4RarA4lhWKUsUU7bCwNClJzR7gw0mVl4pobLsh1eO9KgnOd5lXdFRNu1rBN+h9aYdAKPx032uerhqAGr+A1NCGEE2jDR+hCDwR8gW/wHX54X72f3q33azW64613DuEevD//ALD4pDA=</latexit><latexit sha1_base64="5vPcAywGBzBbtTW3rmHDgI638IQ=">AAACJHicbVDLSsNAFJ34rPUVdelmtIgKUhIRdCMU3bjoQsGq0JQymd7o0MkkzNxIS8gn+Bv+gFv9A3fiwo1Lv8Np7cLXgYHDOfdyz5wwlcKg5705Y+MTk1PTpZny7Nz8wqK7tHxhkkxzaPBEJvoq ZAakUNBAgRKuUg0sDiVcht3jgX95C9qIRJ1jP4VWzK6ViARnaKW2u1mnhzQQCmmwRgOEHuadokeDHRrEDG84k3m92Optt92KV/WGoH+JPyIVMsJp2/0IOgnPYlDIJTOm6XsptnKmUXAJRTnIDKSMd9k1NC1VLAbTyocfKuiGVTo0SrR9NtpQ/b6Rs9iYfhzayUFK89sb iP95zQyjg1YuVJohKP51KMokxYQO2qEdoYGj7FvCuBY2K+U3TDOOtsMfVyLoqzgtyrYY/3cNf8nFbtX3qv7ZXqV2NKqoRFbJOtkiPtknNXJCTkmDcHJHHsgjeXLunWfnxXn9Gh1zRjsr5Aec9084TKPc</latexit>

∂L

∂f
= 0

<latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40=">AAACUHicbVDLSsQwFL0d3+NrfOzcBAfBhQyp+FwIg25cuFB0VJiWIc2kYzBNS5IKQ+mH+RvuXLkT/QN3mnYcfB4IOZxzw7k5QSK4Nhg/OpWR0bHxicmp6vTM7Nx8bWHxUsepoqxFYxGr64BoJrhk LcONYNeJYiQKBLsKbo8K/+qOKc1jeWH6CfMj0pM85JQYK3Vq516oCM28hCjDiUBeRMwNteQk/xIzrwxqq17gZ7ixjd39HXcDN3CJjaGSh3mODhDu1OpDD/0l7iepN5ehxGmn9ux1Y5pGTBoqiNZtFyfGz4p0Klhe9VLNEkJvSY+1LZUkYtrPyp1ytGaVLgpjZY80qFS/ v8hIpHU/Cuxk8Tf92yvE/7x2asI9P+MySQ2TdBAUpgKZGBVNoi5XjBrRt4RQxe2uiN4Q26axff9ICVlfRkletcW4v2v4Sy43Gy5uuGdb9ebhoCGYhBVYhXVwYReacAyn0AIK9/AEL/DqPDhvznvFGYwOb1iCH6hUPwCWxrGI</latexit><latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40=">AAACUHicbVDLSsQwFL0d3+NrfOzcBAfBhQyp+FwIg25cuFB0VJiWIc2kYzBNS5IKQ+mH+RvuXLkT/QN3mnYcfB4IOZxzw7k5QSK4Nhg/OpWR0bHxicmp6vTM7Nx8bWHxUsepoqxFYxGr64BoJrhk LcONYNeJYiQKBLsKbo8K/+qOKc1jeWH6CfMj0pM85JQYK3Vq516oCM28hCjDiUBeRMwNteQk/xIzrwxqq17gZ7ixjd39HXcDN3CJjaGSh3mODhDu1OpDD/0l7iepN5ehxGmn9ux1Y5pGTBoqiNZtFyfGz4p0Klhe9VLNEkJvSY+1LZUkYtrPyp1ytGaVLgpjZY80qFS/ v8hIpHU/Cuxk8Tf92yvE/7x2asI9P+MySQ2TdBAUpgKZGBVNoi5XjBrRt4RQxe2uiN4Q26axff9ICVlfRkletcW4v2v4Sy43Gy5uuGdb9ebhoCGYhBVYhXVwYReacAyn0AIK9/AEL/DqPDhvznvFGYwOb1iCH6hUPwCWxrGI</latexit><latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40=">AAACUHicbVDLSsQwFL0d3+NrfOzcBAfBhQyp+FwIg25cuFB0VJiWIc2kYzBNS5IKQ+mH+RvuXLkT/QN3mnYcfB4IOZxzw7k5QSK4Nhg/OpWR0bHxicmp6vTM7Nx8bWHxUsepoqxFYxGr64BoJrhk LcONYNeJYiQKBLsKbo8K/+qOKc1jeWH6CfMj0pM85JQYK3Vq516oCM28hCjDiUBeRMwNteQk/xIzrwxqq17gZ7ixjd39HXcDN3CJjaGSh3mODhDu1OpDD/0l7iepN5ehxGmn9ux1Y5pGTBoqiNZtFyfGz4p0Klhe9VLNEkJvSY+1LZUkYtrPyp1ytGaVLgpjZY80qFS/ v8hIpHU/Cuxk8Tf92yvE/7x2asI9P+MySQ2TdBAUpgKZGBVNoi5XjBrRt4RQxe2uiN4Q26axff9ICVlfRkletcW4v2v4Sy43Gy5uuGdb9ebhoCGYhBVYhXVwYReacAyn0AIK9/AEL/DqPDhvznvFGYwOb1iCH6hUPwCWxrGI</latexit><latexit sha1_base64="jTwafL38s4seBwJzgmInpAJbgnQ=">AAACUHicbVDLSgMxFL1T3/VVdekmWAQXpWTE50IQ3bhwoWhtoTOUTJqpwUxmSDJCGebD/A13rtyJ/oE7zdQWH/VAyOGcG87NCRLBtcH4ySlNTE5Nz8zOlecXFpeWKyurNzpOFWUNGotYtQKimeCS NQw3grUSxUgUCNYM7k4Lv3nPlOaxvDb9hPkR6UkeckqMlTqVKy9UhGZeQpThRCAvIuaWWnKef4uZNwhqq17gZ7i+i93DPbeG63iA2kjJwzxHRwh3KtWRh8aJOyRVGOKiU3nxujFNIyYNFUTrtosT42dFOhUsL3upZgmhd6TH2pZKEjHtZ4OdcrRplS4KY2WPNGig/nyR kUjrfhTYyeJv+q9XiP957dSEB37GZZIaJulXUJgKZGJUNIm6XDFqRN8SQhW3uyJ6S2ybxvb9KyVkfRkledkW4/6tYZzcbNddXHcvd6rHJ8OKZmEdNmALXNiHYziDC2gAhQd4hld4cx6dd+ej5HyNjm5Yg18olT8BHhqxNA==</latexit>

f(x) =
p(x)

q(x)
<latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE=">AAACunicbVFdb9MwFHXC1ygwOuCNF4sKaZuqKg6lHxJIFfDAC2JIdJvURJXj3mRWHcfYDloV5V/w5/grPOGkm8Q6rmTp6NxzfL8SJbixQfDb8+/cvXf/wd7DzqPHT/afdg+enZqi1AzmrBCFPk+o AcElzC23As6VBponAs6S9ccmf/YTtOGF/G43CuKcZpKnnFHrqGX3V6eK2l8WOkviKhi8Dch0RPrBIGijf83U6eHlUY3f4yjVlFU7LqckZOsi41Hjmk4nIZnUqnHVu/LpZBQOR618TMLWF46Hb4b1j1a+7Pau6+PbgFyB3uwFauNkeeDtR6uClTlIywQ1ZkECZeOKasuZ gLoTlQYUZWuawcJBSXMwcdX2VOPXjlnhtNDuSYtb9l9HRXNjNnnilDm1F2Y315D/yy1Km07iiktVWpBsWygtBbYFbm6BV1wDs2LjAGWau14xu6BuvdZd7EaVFDYyV26OT+Dm0/DF1fqqQFNb6OMqojrL6WXt5s2ifoPcBsnuvm6D03BAggH5NuzNPmxXifbQS/QKHSKC xmiGPqMTNEcM/fGwd+Qd++/8xOf+eiv1vSvPc3QjfPsX+3PNaQ==</latexit><latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE=">AAACunicbVFdb9MwFHXC1ygwOuCNF4sKaZuqKg6lHxJIFfDAC2JIdJvURJXj3mRWHcfYDloV5V/w5/grPOGkm8Q6rmTp6NxzfL8SJbixQfDb8+/cvXf/wd7DzqPHT/afdg+enZqi1AzmrBCFPk+o AcElzC23As6VBponAs6S9ccmf/YTtOGF/G43CuKcZpKnnFHrqGX3V6eK2l8WOkviKhi8Dch0RPrBIGijf83U6eHlUY3f4yjVlFU7LqckZOsi41Hjmk4nIZnUqnHVu/LpZBQOR618TMLWF46Hb4b1j1a+7Pau6+PbgFyB3uwFauNkeeDtR6uClTlIywQ1ZkECZeOKasuZ gLoTlQYUZWuawcJBSXMwcdX2VOPXjlnhtNDuSYtb9l9HRXNjNnnilDm1F2Y315D/yy1Km07iiktVWpBsWygtBbYFbm6BV1wDs2LjAGWau14xu6BuvdZd7EaVFDYyV26OT+Dm0/DF1fqqQFNb6OMqojrL6WXt5s2ifoPcBsnuvm6D03BAggH5NuzNPmxXifbQS/QKHSKC xmiGPqMTNEcM/fGwd+Qd++/8xOf+eiv1vSvPc3QjfPsX+3PNaQ==</latexit><latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE=">AAACunicbVFdb9MwFHXC1ygwOuCNF4sKaZuqKg6lHxJIFfDAC2JIdJvURJXj3mRWHcfYDloV5V/w5/grPOGkm8Q6rmTp6NxzfL8SJbixQfDb8+/cvXf/wd7DzqPHT/afdg+enZqi1AzmrBCFPk+o AcElzC23As6VBponAs6S9ccmf/YTtOGF/G43CuKcZpKnnFHrqGX3V6eK2l8WOkviKhi8Dch0RPrBIGijf83U6eHlUY3f4yjVlFU7LqckZOsi41Hjmk4nIZnUqnHVu/LpZBQOR618TMLWF46Hb4b1j1a+7Pau6+PbgFyB3uwFauNkeeDtR6uClTlIywQ1ZkECZeOKasuZ gLoTlQYUZWuawcJBSXMwcdX2VOPXjlnhtNDuSYtb9l9HRXNjNnnilDm1F2Y315D/yy1Km07iiktVWpBsWygtBbYFbm6BV1wDs2LjAGWau14xu6BuvdZd7EaVFDYyV26OT+Dm0/DF1fqqQFNb6OMqojrL6WXt5s2ifoPcBsnuvm6D03BAggH5NuzNPmxXifbQS/QKHSKC xmiGPqMTNEcM/fGwd+Qd++/8xOf+eiv1vSvPc3QjfPsX+3PNaQ==</latexit><latexit sha1_base64="htVSx2ZZujuo2Hdt9ibMaWlHcBA=">AAACunicbVFdb9MwFHXC1yiwdfDIi0WFtE1VFYfSDwmkCXjgBTEkuk1qospxbzKrthNsB62K8i/4c/wVnnDSTmIdV7J0dO45vl9JIbixQfDb8+/df/Dw0d7jzpOnz/YPuofPz01eagYzlotcXybU gOAKZpZbAZeFBioTARfJ6mOTv/gJ2vBcfbfrAmJJM8VTzqh11KL7q1NF7S9znSVxFQzeBmQ6Iv1gELTRv2Hq9Oj6uMbvcZRqyqodl1MSsnGR8ahxTaeTkEzqonHVu/LpZBQOR618TMLWF46Hb4b1j1a+6PZu6uO7gGxBD23jbHHo7UfLnJUSlGWCGjMnQWHjimrLmYC6 E5UGCspWNIO5g4pKMHHV9lTj145Z4jTX7imLW/ZfR0WlMWuZOKWk9srs5hryf7l5adNJXHFVlBYU2xRKS4Ftjptb4CXXwKxYO0CZ5q5XzK6oW691F7tVJYW1koWb4xO4+TR8cbW+FqCpzfVJFVGdSXpdu3mzqN8gt0Gyu6+74DwckGBAvg17px+2u9xDL9ErdIQIGqNT 9BmdoRli6I+HvWPvxH/nJz73Vxup7209L9Ct8O1fdVPNFQ==</latexit>

L(x) = −p(x) log f(x) + q(x)
(

f(x)− 1
)

<latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM=">AAAC33iclVFNT9wwFHQCben2g6X01ovVVaVFhZWdbvfjUGlVLhw4UKkLSJto5XidYOE4wXaAVZRzb1Wv/Wm99tDfgZOAVJZe+iRLo3kznqf3wkxwbRD65bhr648eP9l42nr2/MXLzfbWq2Od5oqy KU1Fqk5Dopngkk0NN4KdZoqRJBTsJDzfr/onl0xpnsqvZpmxICGx5BGnxFhq3v7tJ8ScUSKKw7J7vQM/wT1Y+PW/MxWHQYF6CCGM8W4F8HCALBiPRx4elTCzjhL6Io1XPR8RHg8aT1W7d0wZ1Zb3q/rxaOD1B7V+iL3a6A37H/rlRRMR8rj7nxl7ENe+nXm7c6eBDwG+ BZ3Ja1DX0bz9x1+kNE+YNFQQrWcYZSYoiDKcCla2/FyzjNBzErOZhZIkTAdFPVsJ31lmAaNU2ScNrNm/HQVJtF4moVVWm9ervYr8V2+Wm2gUFFxmuWGSNkFRLqBJYXVYuOCKUSOWFhCquJ0V0jOiCDX2/PdSIraUSVa27GLw6hoegmOvh1EPf+l3Jp+bDYEN8Aa8BV2A wRBMwAE4AlNAnQNHOlfOtUvcb+5390cjdZ1bzza4V+7PG+VC1Jw=</latexit><latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM=">AAAC33iclVFNT9wwFHQCben2g6X01ovVVaVFhZWdbvfjUGlVLhw4UKkLSJto5XidYOE4wXaAVZRzb1Wv/Wm99tDfgZOAVJZe+iRLo3kznqf3wkxwbRD65bhr648eP9l42nr2/MXLzfbWq2Od5oqy KU1Fqk5Dopngkk0NN4KdZoqRJBTsJDzfr/onl0xpnsqvZpmxICGx5BGnxFhq3v7tJ8ScUSKKw7J7vQM/wT1Y+PW/MxWHQYF6CCGM8W4F8HCALBiPRx4elTCzjhL6Io1XPR8RHg8aT1W7d0wZ1Zb3q/rxaOD1B7V+iL3a6A37H/rlRRMR8rj7nxl7ENe+nXm7c6eBDwG+ BZ3Ja1DX0bz9x1+kNE+YNFQQrWcYZSYoiDKcCla2/FyzjNBzErOZhZIkTAdFPVsJ31lmAaNU2ScNrNm/HQVJtF4moVVWm9ervYr8V2+Wm2gUFFxmuWGSNkFRLqBJYXVYuOCKUSOWFhCquJ0V0jOiCDX2/PdSIraUSVa27GLw6hoegmOvh1EPf+l3Jp+bDYEN8Aa8BV2A wRBMwAE4AlNAnQNHOlfOtUvcb+5390cjdZ1bzza4V+7PG+VC1Jw=</latexit><latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM=">AAAC33iclVFNT9wwFHQCben2g6X01ovVVaVFhZWdbvfjUGlVLhw4UKkLSJto5XidYOE4wXaAVZRzb1Wv/Wm99tDfgZOAVJZe+iRLo3kznqf3wkxwbRD65bhr648eP9l42nr2/MXLzfbWq2Od5oqy KU1Fqk5Dopngkk0NN4KdZoqRJBTsJDzfr/onl0xpnsqvZpmxICGx5BGnxFhq3v7tJ8ScUSKKw7J7vQM/wT1Y+PW/MxWHQYF6CCGM8W4F8HCALBiPRx4elTCzjhL6Io1XPR8RHg8aT1W7d0wZ1Zb3q/rxaOD1B7V+iL3a6A37H/rlRRMR8rj7nxl7ENe+nXm7c6eBDwG+ BZ3Ja1DX0bz9x1+kNE+YNFQQrWcYZSYoiDKcCla2/FyzjNBzErOZhZIkTAdFPVsJ31lmAaNU2ScNrNm/HQVJtF4moVVWm9ervYr8V2+Wm2gUFFxmuWGSNkFRLqBJYXVYuOCKUSOWFhCquJ0V0jOiCDX2/PdSIraUSVa27GLw6hoegmOvh1EPf+l3Jp+bDYEN8Aa8BV2A wRBMwAE4AlNAnQNHOlfOtUvcb+5390cjdZ1bzza4V+7PG+VC1Jw=</latexit><latexit sha1_base64="CIzs/gC4UpWwhuj1TBR+6hF4fYI=">AAAC33iclVHPT9swGHUyGKywrWPHXaxVSEWDys66/jhMQuPCYQcmrYDURJXjOsHCcYLtMKoo592mXfen7cqBvwMnLRIULnySpaf3vef36fvCTHBtEPrvuC9WVl+urb9qbGy+fvO2+W7rWKe5omxE U5Gq05BoJrhkI8ONYKeZYiQJBTsJzw+q/sklU5qn8qeZZSxISCx5xCkxlpo0r/2EmDNKRPG9bF/twK9wDxZ+/e9YxWFQoA5CCGO8WwHc7yELhsOBhwclzKyjhL5I42XPF4SHvbmnqt07poxqy6dl/XDQ87q9Wt/HXm30+t3P3fJiHhHyuP3MjD2Ia9/OpNm608DHAC9A CyzqaNK88acpzRMmDRVE6zFGmQkKogyngpUNP9csI/ScxGxsoSQJ00FRz1bCbctMYZQq+6SBNXvfUZBE61kSWmW1eb3cq8ineuPcRIOg4DLLDZN0HhTlApoUVoeFU64YNWJmAaGK21khPSOKUGPP/yAlYjOZZGXDLgYvr+ExOPY6GHXwj25r/9tiRevgA/gI2gCDPtgH h+AIjAB1Dh3p/HKuXOL+dv+4f+dS11l43oMH5f67BWyW1Eg=</latexit>

Requires shift in theoretical focus from solving problems to specifying problems

[see e.g. D’Agnolo, Wulzer, PRD 2019; simulation-based inference in Cranmer, Brehmer, Louppe, PNAS 2020; 
relation to f-divergences in Nguyen, Wainwright, Jordan, AoS 2009; Nachman, Thaler, arXiv 2021]

https://arxiv.org/abs/1806.02350
https://arxiv.org/abs/1911.01429
https://arxiv.org/abs/math/0510521
https://arxiv.org/abs/2101.07263
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E.g. Detector Unfolding

Simulation

Sy
nt

he
ti

c
N

at
ur

al

Detector-level

Data

Particle-level

Generation

Truth

Pull Weights

Push Weights

Step 1: 
Reweight Sim. to Data

Step 2: 
Reweight Gen.

νn−1

ωn

−−→ νn
<latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="aANR4xqa5G8N4A3PGP5I4W3UWFE=">AAACJ3icdVDdShtBGJ21tmpsa6yX3gwGQYQuuxqSeCd446UF8wPZEGYn3yaD87PMzKrLsu/Q1+gL9La+gXeil73xOZxsItTSHhg4nHM+vvlOnHJmbBA8eSvvVt9/WFvfqG1+/PR5q779pWdUpil0 qeJKD2JigDMJXcssh0GqgYiYQz++Opv7/WvQhil5afMURoJMJUsYJdZJ4/phJLNxIb+GJY5uNZvOLNFa3RSREjAlzimdUUXKcb0R+Eet43bYwoHfbJ6ErbYj7VZw0uzg0A8qNNASF+P6czRRNBMgLeXEmGEYpHZUEG0Z5VDWosxASugVmcLQUUkEmFFR3VTifadMcKK0e9LiSv1zoiDCmFzELimInZm/vbn4L2+Y2aQzKphMMwuSLhYlGcdW4XlBeMI0UMtzRwjVzP0V0xnRhFpX45stCeRSpGXNFfN6Pf4/6R35YeCH35qN086yonW0i/bQAQpRG52ic3SBuoii7+gn+oXuvB/evffgPS6iK95yZge9gff7BX9hqAI=</latexit>

νn−1

Data
−−−→ ωn

<latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hRbfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hRbfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hRbfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="i+iM1Y2AuIdG+9czSK1qRLZgOsY=">AAACenicdVFNa9wwEJXdr2T7tU2OvYgshZamRq69X7dAe+gxhW4SWJtlrJW9IpJsJDnpYvRDey70V/RQ7WYLTdoOCB5v5s2bGRWN4MYS8i0I791/8PDR3n7v8ZOnz573XxycmbrVlM1oLWp9UYBh gis2s9wKdtFoBrIQ7Ly4/LDJn18xbXitvth1w3IJleIlp2A9tei7Lts2meuqyDsSjUfTOB0fkygZJkk69ICMJklKXKbaRafexQ5nXzWvVha0rq+7TEt8pwXZxvFfwH0EC87ra8kq8M2cW/QHJBqNkjSZYG9JxiSN8cZyOJ2mON4JB2gXp4v+j2xZ01YyZakAY+YxaWzegbacCuZ6WWtYA/QSKjb3UIFkJu+24zn8yjNLXNbaP2Xxlv1T0YE0Zi0LXynBrszd3Ib8V27e2nKSd1w1rWWK3hiVrcC2xpub4yXXjFqx9gCo5n5WTFeggVr/M7dcSrZWsnE9f5jf2+P/g7P3UUyi+HM6OJnsTrSHXqIj9BrFaIxO0Cd0imaIou/BfnAQHAY/w6PwTfj2 pjQMdppDdCvC9Be8rLq6</latexit>

[Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020]

Multi-dimensional unbinned detector corrections 
via iterated application of likelihood ratio trick

Use ML to compute
reweighting factors

OmniFold

https://arxiv.org/abs/1911.09107
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[Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020]
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[talk by Badea, ICHEP 2020; cf. ALEPH, EPJC 2004]
[see also Badea, Baty, Chang, Innocenti, Maggi, McGinn, Peters, Sheng, JDT, Lee, PRL 2019]

Back to the Future with ALEPH Archival Data

thrust axis

intrinsically
unbinned!

binned
archive

https://arxiv.org/abs/1911.09107
https://indico.cern.ch/event/868940/contributions/3814556/
https://doi.org/10.1140/epjc/s2004-01891-4
https://arxiv.org/abs/1906.00489
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Machine Learning for QCD and Jets

What collider tasks can be phrased as optimization problems?
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Optimization for QCD and Jets

Jet Algorithms

[e.g. Stewart, Tackmann, JDT, Vermilion, Wilkason, JHEP 2015]

Jet Classification

[e.g. Kasieczka, Plehn, et al., SciPost 2019]

Parameter Estimation

[e.g. Andreassen, Hsu, Nachman, Suaysom, Suresh, PRD 2021]
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[e.g. Kasieczka, Luchmann, Otterpohl, Plehn, SciPost 2020]

https://arxiv.org/abs/1508.01516
https://arxiv.org/abs/1902.09914
https://arxiv.org/abs/2010.03569
https://arxiv.org/abs/2003.11099
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More Optimization for QCD and Jets

Pileup MitigationParton Shower Modeling/Tuning

[e.g. Lai, Neill, Płoskoń, Ringer, arXiv 2020]

η
φ

b
ea
m

Leading vertex charged

Pileup charged

Total neutral

Leading vertex neutral
Inputs to NN ︸ ︷︷ ︸

10 filters ×2

[e.g. Komiske, Metodiev, Nachman, Schwartz, JHEP 2017]

Amplitude Calculations

?
Phase Space Integration

[e.g. Gao, Höche, Isaacson, Krause, Schulz, PRD 2020]

https://arxiv.org/abs/2012.06582
https://arxiv.org/abs/1707.08600
https://arxiv.org/abs/2001.10028


13Jesse Thaler (MIT) — QCD and Jets through the Lens of Machine Learning

From Curmudgeon to Evangelist

What have been helpful guides in pursing ML ⇔ QCD? 

https://www.nytimes.com/2020/11/23/science/artificial-intelligence-ai-physics-theory.html
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?
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Jet Representations

[review in Kagan, arXiv 2020]

Pixelized Image
Calorimetry

… …
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Hierarchical Tree
Binary Splittings

Graphs

[e.g. Brehmer, Macaluso, Pappadopulo,
Cranmer, NeurIPS 2020]

Pairwise Interactions

[e.g. Moreno, Cerri, Duarte, Newman, Nguyen,
Periwal, Pierini, Serikova, Spiropulu, Vlimant, EPJC 2020]

O3

O1 O2E1

E2 E3

E4

E5 E6

Imposes implicit theoretical prior; affects choice of network architecture

See Frédéric’s talk for
Lund Plane + Graph Networks

https://arxiv.org/abs/2012.09719
https://arxiv.org/abs/2011.08191
https://arxiv.org/abs/1908.05318
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Energy Flow Representation
Emphasizes infrared and collinear safety

Detection

p

p

Composite Hadrons

Quarks & Gluons

[see e.g. Sveshnikov, Tkachov, PLB 1996; Hofman, Maldacena, JHEP 2008; Mateu, Stewart, JDT, PRD 2013;
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, Zhang, Zhu, PRD 2020]
[complementary perspective on IRC unsafe information in Chakraborty, Lim, Nojiri, Takeuchi, JHEP 2020]

Theory

Ê

Energy Flow:
Ê ≃ lim

t→∞

n̂iT
0i(t, vtn̂)Robust to hadronization and detector effects

Well-defined for massless gauge theories

https://arxiv.org/abs/hep-ph/9512370
https://arxiv.org/abs/0803.1467
https://arxiv.org/abs/1209.3781
https://arxiv.org/abs/1311.6800
https://arxiv.org/abs/2004.11381
https://arxiv.org/abs/2003.11787
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Jets as Weighted Point Clouds

Energy Direction

•  Equivalently:  Energy Density

ρ(n̂) =
∑

i∈J

Ei δ
(2)(n̂− n̂i)

<latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c=">AAACd3icbVHLahsxFNVM2jR1H5k+dl1U1LTYkJqRE/JYFExKoXSVQp0ErOmgkTW2iKQZJE3AFfrQ7LrqP3QXeexAk/SC4HDOvTpXR0UtuLFpehXFGw8ebj7aetx58vTZ8+3kxctTUzWasjGtRKXP C2KY4IqNLbeCndeaEVkIdlZcfF7qZ5dMG16pH3ZRs0ySmeIlp8QGKk9+YT2venhOrFO+Dz9BbBqZOw4xVxBLYueUCPfNe+hw6zbRsyJz6SBtaycd7KHD3f2DAIYoPdrf9V9y7iHegXjKhCU/XW/Y9zcG8CNco5z386R7cw28D9AadEevQVsnefIHTyvaSKYsFcSYCUpr mzmiLaeC+Q5uDKsJvSAzNglQEclM5tqtPXwfmCksKx2OsrBl/51wRBqzkEXoXL7a3NWW5P+0SWPLw8xxVTeWKboyKhsBbQWXgcMp14xasQiAUM3DrpDOiSbUhm+55VKyhZK174Rg0N0Y7oPT4QClA/R9rzs6XiUEtsAb8A70AAIHYAS+ghMwBhT8jjaj7SiJ/sZv4w9x b9UaR+uZV+BWxegaVra7MA==</latexit><latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c=">AAACd3icbVHLahsxFNVM2jR1H5k+dl1U1LTYkJqRE/JYFExKoXSVQp0ErOmgkTW2iKQZJE3AFfrQ7LrqP3QXeexAk/SC4HDOvTpXR0UtuLFpehXFGw8ebj7aetx58vTZ8+3kxctTUzWasjGtRKXP C2KY4IqNLbeCndeaEVkIdlZcfF7qZ5dMG16pH3ZRs0ySmeIlp8QGKk9+YT2venhOrFO+Dz9BbBqZOw4xVxBLYueUCPfNe+hw6zbRsyJz6SBtaycd7KHD3f2DAIYoPdrf9V9y7iHegXjKhCU/XW/Y9zcG8CNco5z386R7cw28D9AadEevQVsnefIHTyvaSKYsFcSYCUpr mzmiLaeC+Q5uDKsJvSAzNglQEclM5tqtPXwfmCksKx2OsrBl/51wRBqzkEXoXL7a3NWW5P+0SWPLw8xxVTeWKboyKhsBbQWXgcMp14xasQiAUM3DrpDOiSbUhm+55VKyhZK174Rg0N0Y7oPT4QClA/R9rzs6XiUEtsAb8A70AAIHYAS+ghMwBhT8jjaj7SiJ/sZv4w9x b9UaR+uZV+BWxegaVra7MA==</latexit><latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c=">AAACd3icbVHLahsxFNVM2jR1H5k+dl1U1LTYkJqRE/JYFExKoXSVQp0ErOmgkTW2iKQZJE3AFfrQ7LrqP3QXeexAk/SC4HDOvTpXR0UtuLFpehXFGw8ebj7aetx58vTZ8+3kxctTUzWasjGtRKXP C2KY4IqNLbeCndeaEVkIdlZcfF7qZ5dMG16pH3ZRs0ySmeIlp8QGKk9+YT2venhOrFO+Dz9BbBqZOw4xVxBLYueUCPfNe+hw6zbRsyJz6SBtaycd7KHD3f2DAIYoPdrf9V9y7iHegXjKhCU/XW/Y9zcG8CNco5z386R7cw28D9AadEevQVsnefIHTyvaSKYsFcSYCUpr mzmiLaeC+Q5uDKsJvSAzNglQEclM5tqtPXwfmCksKx2OsrBl/51wRBqzkEXoXL7a3NWW5P+0SWPLw8xxVTeWKboyKhsBbQWXgcMp14xasQiAUM3DrpDOiSbUhm+55VKyhZK174Rg0N0Y7oPT4QClA/R9rzs6XiUEtsAb8A70AAIHYAS+ghMwBhT8jjaj7SiJ/sZv4w9x b9UaR+uZV+BWxegaVra7MA==</latexit><latexit sha1_base64="+pBhyt0QH3gFTY3NdTcme+fRsw4=">AAACd3icbVFdSxwxFM2Mrdrth6M+9sHQpWUX7DJZRe1DQZRC6ZOFrgqb6ZDJZnaDSWZIMsI25If61qf+h76ZXUeo2guBwzn35tycFLXgxqbpTRSvPHu+urb+ovPy1es3G8nm1rmpGk3ZiFai0pcF MUxwxUaWW8Eua82ILAS7KK5OF/rFNdOGV+qHndcsk2SqeMkpsYHKk19Yz6oenhHrlO/DzxCbRuaOQ8wVxJLYGSXCffMeOrx0G+tpkbl0kC5rNx3so6O9g8MAhij9dLDnv+TcQ7wL8YQJS3663rDv7w3gR9iinPfzpHt/DXwKUAu6oK2zPPmDJxVtJFOWCmLMGKW1zRzR llPBfAc3htWEXpEpGweoiGQmc8utPXwfmAksKx2OsnDJ/jvhiDRmLovQuXi1eawtyP9p48aWR5njqm4sU/TOqGwEtBVcBA4nXDNqxTwAQjUPu0I6I5pQG77lgUvJ5krWvhOCQY9jeArOhwOUDtD3/e7xSRvROngL3oEeQOAQHIOv4AyMAAW/o9VoI0qiv/FO/CHu3bXG UTuzDR5UjG4B3fu63A==</latexit>

•  Energy-Weighted Directions

p⃗ = {E, n̂x, n̂y, n̂z}
<latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE=">AAACfnicjZFPT9swGMadbAxWYCsMbYddrFWgHbqSAIJymFRtmrQjSGtBaqLKcd+0Fo4T2Q5aZvnAx+QLbF9jbtpOg+6wV7L00/P+1eOk4EzpILj3/CdP156tbzxvbG5tv3jZ3NkdqLyUFPo057m8 TogCzgT0NdMcrgsJJEs4XCU3n2f5q1uQiuXim64KiDMyESxllGgnjZp3JqqHDOUkiU3QCepoB52TsHt8eubgKAzOT49tdAvUFNbijzgy/9v0xbajKdFG2NH3P1S18RJ/RBaPmq3lBLwK4QJavT1Ux8Wo+TMa57TMQGjKiVLDMCh0bIjUjHKwjahUUBB6QyYwdChIBio2 9cEW7ztljNNcuic0rtW/OwzJlKqyxFVmRE/V49xM/FduWOq0GxsmilKDoPNFacmxzvHMdzxmEqjmlQNCJXO3YjolklDtfufBlhQqkRW24YwJH9uwCoOjThh0wsuTVu/T3CG0gd6id+g9CtEZ6qGv6AL1EUW/vG3vtffGR/6B/8E/nJf63qLnFXoQfvc3Qle7EA==</la texit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE=">AAACfnicjZFPT9swGMadbAxWYCsMbYddrFWgHbqSAIJymFRtmrQjSGtBaqLKcd+0Fo4T2Q5aZvnAx+QLbF9jbtpOg+6wV7L00/P+1eOk4EzpILj3/CdP156tbzxvbG5tv3jZ3NkdqLyUFPo057m8 TogCzgT0NdMcrgsJJEs4XCU3n2f5q1uQiuXim64KiDMyESxllGgnjZp3JqqHDOUkiU3QCepoB52TsHt8eubgKAzOT49tdAvUFNbijzgy/9v0xbajKdFG2NH3P1S18RJ/RBaPmq3lBLwK4QJavT1Ux8Wo+TMa57TMQGjKiVLDMCh0bIjUjHKwjahUUBB6QyYwdChIBio2 9cEW7ztljNNcuic0rtW/OwzJlKqyxFVmRE/V49xM/FduWOq0GxsmilKDoPNFacmxzvHMdzxmEqjmlQNCJXO3YjolklDtfufBlhQqkRW24YwJH9uwCoOjThh0wsuTVu/T3CG0gd6id+g9CtEZ6qGv6AL1EUW/vG3vtffGR/6B/8E/nJf63qLnFXoQfvc3Qle7EA==</la texit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE=">AAACfnicjZFPT9swGMadbAxWYCsMbYddrFWgHbqSAIJymFRtmrQjSGtBaqLKcd+0Fo4T2Q5aZvnAx+QLbF9jbtpOg+6wV7L00/P+1eOk4EzpILj3/CdP156tbzxvbG5tv3jZ3NkdqLyUFPo057m8 TogCzgT0NdMcrgsJJEs4XCU3n2f5q1uQiuXim64KiDMyESxllGgnjZp3JqqHDOUkiU3QCepoB52TsHt8eubgKAzOT49tdAvUFNbijzgy/9v0xbajKdFG2NH3P1S18RJ/RBaPmq3lBLwK4QJavT1Ux8Wo+TMa57TMQGjKiVLDMCh0bIjUjHKwjahUUBB6QyYwdChIBio2 9cEW7ztljNNcuic0rtW/OwzJlKqyxFVmRE/V49xM/FduWOq0GxsmilKDoPNFacmxzvHMdzxmEqjmlQNCJXO3YjolklDtfufBlhQqkRW24YwJH9uwCoOjThh0wsuTVu/T3CG0gd6id+g9CtEZ6qGv6AL1EUW/vG3vtffGR/6B/8E/nJf63qLnFXoQfvc3Qle7EA==</la texit><latexit sha1_base64="WEzAyYFcy3Trg9DqZo7miH7V7vw=">AAACfnicjZFNSxtBGMdnV21jWm1UaA9ehoZKD2ncVTHxUJAWwaOCUSG7hNnJs8ng7OwyMyuuwxz8mH4B/RqdxCi+HfrAwI//88p/koIzpYPg1vPn5hc+fKwt1j99Xlr+0lhZPVV5KSn0aM5zeZ4Q BZwJ6GmmOZwXEkiWcDhLLv5O8meXIBXLxYmuCogzMhIsZZRoJw0aNyaaDunLURKboB1MoxW0d8Lu9m7HwVYY7O1u2+gSqCmsxb9xZP636cC2ojHRRtjB1RNVLfyI15HFg0bzcQJ+C+EMmmgWR4PGXTTMaZmB0JQTpfphUOjYEKkZ5WDrUamgIPSCjKDvUJAMVGymB1v8 wylDnObSPaHxVH3eYUimVJUlrjIjeqxe5ybie7l+qdNubJgoSg2CPixKS451jie+4yGTQDWvHBAqmbsV0zGRhGr3Oy+2pFCJrLB1Z0z42oa3cLrVDoN2eLzT3P8zs6iG1tF39BOFqIP20SE6Qj1E0b235H31vvnI3/B/+ZsPpb4361lDL8Lv/gPJnLq8</latexit>

Energy Direction

(suppressing “unsafe” charge/flavor information)

Ê
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S
(

J
)

= F
(

V1, V2, . . . , Vℓ

)

<latexit sha1_base64="CLDgcpZzt8LjDFfYB3vgYAEsbYs=">AAADCXiclVLdihMxFM6Mf2tX3a56502wCLtQSjJuu7MXQlEQ8WpF213oDCWTZrphM5khyQhlyBP4At7qG3gn3voUvoDPYWa6gp2K4IHAxznfd87Jx0kKwbVB6IfnX7t+4+atndud3Tt37+119+9P dV4qyiY0F7k6T4hmgks2MdwIdl4oRrJEsLPk8kVdP3vPlOa5fGdWBYszspQ85ZQYl5rve7tV1HSZqWUSV2gwCo9HI9RHgyDAJ3joAMLDcHhk39oo4csD2OKjJvpbwEYZMReUiOq1tbCWHsJn8GXTo9XiaYBxuNFiGITBychO59j22wP/wQ4cOxKL3Oj/UUVMiOZvh/Nu 7zcBbgN8BXrjh6CJ03n3Z7TIaZkxaaggWs8wKkxcEWU4Fcx2olKzgtBLsmQzByXJmI6rZjELn7jMAqa5ck8a2GT/VFQk03qVJY5ZW6nbtTr5t9qsNGkYV1wWpWGSrgelpYAmh/UJwAVXjBqxcoBQxd2ukF4QRahxh7IxJWUrmRW244zBbRu2wTQYYDTAb4564+drh8AO eAQegwOAwTEYg1fgFEwA9ZT30fvkffY/+F/8r/63NdX3rjQPwEb4338BDDHi8Q==</latexit><latexit sha1_base64="CLDgcpZzt8LjDFfYB3vgYAEsbYs=">AAADCXiclVLdihMxFM6Mf2tX3a56502wCLtQSjJuu7MXQlEQ8WpF213oDCWTZrphM5khyQhlyBP4At7qG3gn3voUvoDPYWa6gp2K4IHAxznfd87Jx0kKwbVB6IfnX7t+4+atndud3Tt37+119+9P dV4qyiY0F7k6T4hmgks2MdwIdl4oRrJEsLPk8kVdP3vPlOa5fGdWBYszspQ85ZQYl5rve7tV1HSZqWUSV2gwCo9HI9RHgyDAJ3joAMLDcHhk39oo4csD2OKjJvpbwEYZMReUiOq1tbCWHsJn8GXTo9XiaYBxuNFiGITBychO59j22wP/wQ4cOxKL3Oj/UUVMiOZvh/Nu 7zcBbgN8BXrjh6CJ03n3Z7TIaZkxaaggWs8wKkxcEWU4Fcx2olKzgtBLsmQzByXJmI6rZjELn7jMAqa5ck8a2GT/VFQk03qVJY5ZW6nbtTr5t9qsNGkYV1wWpWGSrgelpYAmh/UJwAVXjBqxcoBQxd2ukF4QRahxh7IxJWUrmRW244zBbRu2wTQYYDTAb4564+drh8AO eAQegwOAwTEYg1fgFEwA9ZT30fvkffY/+F/8r/63NdX3rjQPwEb4338BDDHi8Q==</latexit><latexit sha1_base64="CLDgcpZzt8LjDFfYB3vgYAEsbYs=">AAADCXiclVLdihMxFM6Mf2tX3a56502wCLtQSjJuu7MXQlEQ8WpF213oDCWTZrphM5khyQhlyBP4At7qG3gn3voUvoDPYWa6gp2K4IHAxznfd87Jx0kKwbVB6IfnX7t+4+atndud3Tt37+119+9P dV4qyiY0F7k6T4hmgks2MdwIdl4oRrJEsLPk8kVdP3vPlOa5fGdWBYszspQ85ZQYl5rve7tV1HSZqWUSV2gwCo9HI9RHgyDAJ3joAMLDcHhk39oo4csD2OKjJvpbwEYZMReUiOq1tbCWHsJn8GXTo9XiaYBxuNFiGITBychO59j22wP/wQ4cOxKL3Oj/UUVMiOZvh/Nu 7zcBbgN8BXrjh6CJ03n3Z7TIaZkxaaggWs8wKkxcEWU4Fcx2olKzgtBLsmQzByXJmI6rZjELn7jMAqa5ck8a2GT/VFQk03qVJY5ZW6nbtTr5t9qsNGkYV1wWpWGSrgelpYAmh/UJwAVXjBqxcoBQxd2ukF4QRahxh7IxJWUrmRW244zBbRu2wTQYYDTAb4564+drh8AO eAQegwOAwTEYg1fgFEwA9ZT30fvkffY/+F/8r/63NdX3rjQPwEb4338BDDHi8Q==</latexit><latexit sha1_base64="m/9yOAvQkiM1IzQxy4IXGAhHNgk=">AAADCXiclVLdatswFJa9vy7dT7pd7kYsDFoIQfKa1L0YlA7G2FXHlrQQmyArcioqy0aSB8HoCfYCu23foHdjt3uKvcCeY7KbweKMwQ4IPs75vnOOPk5SCK4NQj88/9btO3fvbd3vbD94+Ohxd+fJ ROelomxMc5Grs4RoJrhkY8ONYGeFYiRLBDtNLl7X9dNPTGmey49mWbA4IwvJU06JcanZjrddRU2XqVokcYUGo/BgNEJ9NAgCfIiHDiA8DIf79oONEr7YhS0+aqK/AWyUEXNOiajeWQtr6R58Bd80PVotXgYYh2sthkEYHI7sZIZtvz3wH+zAsSMxz43+H1XEhGj+tjfr 9n4T4CbAK9ADqziZdX9G85yWGZOGCqL1FKPCxBVRhlPBbCcqNSsIvSALNnVQkozpuGoWs/CFy8xhmiv3pIFN9k9FRTKtl1nimLWVul2rk3+rTUuThnHFZVEaJunNoLQU0OSwPgE454pRI5YOEKq42xXSc6IINe5Q1qakbCmzwnacMbhtwyaYBAOMBvj9fu/oeGXRFngG noNdgMEBOAJvwQkYA+op74t36V35n/1r/6v/7YbqeyvNU7AW/vdfk3binQ==</latexit>

Parametrized with Neural Networks

Provably describes any* safe observable (!)
Excellent jet classification performance

Va

(

J
)

=
∑

i∈J

Ei Φa(n̂i)

<latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4=">AAAC8XicnZLNahsxEMe126/U/XLS3noRNQUHglmtE8c5FExLofTkQu2EepdFK2ttEa12kbQBIwS9tm+QW+i1T9QX6BP0Aapdp6Vx2ksHBD9m5j8zGiktOVM6CL55/o2bt27f2brbunf/wcNH7e2d qSoqSeiEFLyQJylWlDNBJ5ppTk9KSXGecnqcnr6q48dnVCpWiPd6VdI4xwvBMkawdq6k/cNETZGZXKSxCXr9EKFhsBf0gsYcHITD8Ghgpwm2UcoWXbih+J24ATbKsV4SzM1ba2Et3YUvYKSqPDEMRkz8VyH7T9U+GvYHhw5CFBwN+ta8TljdeA9G4yVLcDdaYm2ETdhu 0u78EsLrgC6hM3oCGhsn7e/RvCBVToUmHCs1Q0GpY4OlZoRT24oqRUtMTvGCzhwKnFMVm2ZOC587zxxmhXRHaNh4/1QYnCu1ylOXWV9UbcZq599is0pnw9gwUVaaCrJulFUc6gLWTw3nTFKi+coBJpK5WSFZYomJdh/iSpeMrkRe2pZbDNpcw3WYhj0U9NC7/c7o5XpD YAs8Bc9AFyBwCEbgDRiDCSDeB++j98n77Cv/3L/wv6xTfe9S8xhcMf/rT68o34U=</latexit><latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4=">AAAC8XicnZLNahsxEMe126/U/XLS3noRNQUHglmtE8c5FExLofTkQu2EepdFK2ttEa12kbQBIwS9tm+QW+i1T9QX6BP0Aapdp6Vx2ksHBD9m5j8zGiktOVM6CL55/o2bt27f2brbunf/wcNH7e2d qSoqSeiEFLyQJylWlDNBJ5ppTk9KSXGecnqcnr6q48dnVCpWiPd6VdI4xwvBMkawdq6k/cNETZGZXKSxCXr9EKFhsBf0gsYcHITD8Ghgpwm2UcoWXbih+J24ATbKsV4SzM1ba2Et3YUvYKSqPDEMRkz8VyH7T9U+GvYHhw5CFBwN+ta8TljdeA9G4yVLcDdaYm2ETdhu 0u78EsLrgC6hM3oCGhsn7e/RvCBVToUmHCs1Q0GpY4OlZoRT24oqRUtMTvGCzhwKnFMVm2ZOC587zxxmhXRHaNh4/1QYnCu1ylOXWV9UbcZq599is0pnw9gwUVaaCrJulFUc6gLWTw3nTFKi+coBJpK5WSFZYomJdh/iSpeMrkRe2pZbDNpcw3WYhj0U9NC7/c7o5XpD YAs8Bc9AFyBwCEbgDRiDCSDeB++j98n77Cv/3L/wv6xTfe9S8xhcMf/rT68o34U=</latexit><latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4=">AAAC8XicnZLNahsxEMe126/U/XLS3noRNQUHglmtE8c5FExLofTkQu2EepdFK2ttEa12kbQBIwS9tm+QW+i1T9QX6BP0Aapdp6Vx2ksHBD9m5j8zGiktOVM6CL55/o2bt27f2brbunf/wcNH7e2d qSoqSeiEFLyQJylWlDNBJ5ppTk9KSXGecnqcnr6q48dnVCpWiPd6VdI4xwvBMkawdq6k/cNETZGZXKSxCXr9EKFhsBf0gsYcHITD8Ghgpwm2UcoWXbih+J24ATbKsV4SzM1ba2Et3YUvYKSqPDEMRkz8VyH7T9U+GvYHhw5CFBwN+ta8TljdeA9G4yVLcDdaYm2ETdhu 0u78EsLrgC6hM3oCGhsn7e/RvCBVToUmHCs1Q0GpY4OlZoRT24oqRUtMTvGCzhwKnFMVm2ZOC587zxxmhXRHaNh4/1QYnCu1ylOXWV9UbcZq599is0pnw9gwUVaaCrJulFUc6gLWTw3nTFKi+coBJpK5WSFZYomJdh/iSpeMrkRe2pZbDNpcw3WYhj0U9NC7/c7o5XpD YAs8Bc9AFyBwCEbgDRiDCSDeB++j98n77Cv/3L/wv6xTfe9S8xhcMf/rT68o34U=</latexit><latexit sha1_base64="MYHo9ojyANJmJN/z1V+vmWKEZZg=">AAAC8XicnZLNahsxEMe126/U/YjbHnsRNQUHglmtU8c5FEJKofTkQu2EepdFK2ttEUm7SNqCEYJemzfILfTaJ+oL9An6ANU6bmmc9tIBwY+Z+c+MRsorzrSJom9BeOPmrdt3tu627t1/8HC7/ejx RJe1InRMSl6qkxxrypmkY8MMpyeVoljknB7np6+a+PFHqjQr5XuzrGgq8FyyghFsvCtr/7DJqshUzfPURr1+jNAw2o160co8vIiH8cHATTLskpzNu3BD8TtxA1wisFkQzO1b52Aj3YEvYaJrkVkGEyb/q5D7p2oPDfuDfQ8xig4GfWdfZ6xpvAuT0YJluJsssLHSZWwn a3d+CeF1QGvogLWNsvb3ZFaSWlBpCMdaT1FUmdRiZRjh1LWSWtMKk1M8p1OPEguqU7ua08Hn3jODRan8kQauvH8qLBZaL0XuM5uL6s1Y4/xbbFqbYphaJqvaUEkuGxU1h6aEzVPDGVOUGL70gIliflZIFlhhYvyHuNKloEspKtfyi0Gba7gOk7iHoh56t9c5PFqvaAs8 Bc9AFyCwDw7BGzACY0CCD8Gn4HNwFurwPLwIv1ymhsFa8wRcsfDrTzZ83zE=</latexit>

Linear weights
(i.e. safe)

Permutation
invariant

Energy Flow Networks
Architecture designed around symmetries and interpretability

[Komiske, Metodiev, JDT, JHEP 2019; see also Komiske, Metodiev, JDT, JHEP 2018; code at energyflow.network; 
special case of Zaheer, Kottur, Ravanbakhsh, Poczos, Salakhutdinov, Smola, NIPS 2017;

other set-based architecture in Qu, Gouskos, PRD 2020; Mikuni, Canelli, EPJP 2020; Dolan, Ore, arXiv 2020;
Lorentz-equivariant approach in Bogatskiy, Anderson, Offermann, Roussi, Miller, Kondor, arXiv 2020]

https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1712.07124
https://energyflow.network/
https://arxiv.org/abs/1703.06114
https://arxiv.org/abs/1902.08570
https://arxiv.org/abs/2001.05311
https://arxiv.org/abs/2012.00964
https://arxiv.org/abs/2006.04780
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Easy to plot!

(similar to CNN
filter activation)

Ê

Latent space of dim !

S
(

J
)

= F
(

V1, V2, . . . , Vℓ

)
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Energy Flow Networks
Architecture designed around symmetries and interpretability

[Komiske, Metodiev, JDT, JHEP 2019; see also Komiske, Metodiev, JDT, JHEP 2018; code at energyflow.network; 
special case of Zaheer, Kottur, Ravanbakhsh, Poczos, Salakhutdinov, Smola, NIPS 2017;

other set-based architecture in Qu, Gouskos, PRD 2020; Mikuni, Canelli, EPJP 2020; Dolan, Ore, arXiv 2020;
Lorentz-equivariant approach in Bogatskiy, Anderson, Offermann, Roussi, Miller, Kondor, arXiv 2020]

https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1712.07124
https://energyflow.network/
https://arxiv.org/abs/1703.06114
https://arxiv.org/abs/1902.08570
https://arxiv.org/abs/2001.05311
https://arxiv.org/abs/2012.00964
https://arxiv.org/abs/2006.04780
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Easy to plot!

(similar to CNN
filter activation)
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Energy Flow Networks
Architecture designed around symmetries and interpretability

[Komiske, Metodiev, JDT, JHEP 2019; see also Komiske, Metodiev, JDT, JHEP 2018; code at energyflow.network; 
special case of Zaheer, Kottur, Ravanbakhsh, Poczos, Salakhutdinov, Smola, NIPS 2017;

other set-based architecture in Qu, Gouskos, PRD 2020; Mikuni, Canelli, EPJP 2020; Dolan, Ore, arXiv 2020;
Lorentz-equivariant approach in Bogatskiy, Anderson, Offermann, Roussi, Miller, Kondor, arXiv 2020]

Psychedelic Network Visualization
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https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1712.07124
https://energyflow.network/
https://arxiv.org/abs/1703.06114
https://arxiv.org/abs/1902.08570
https://arxiv.org/abs/2001.05311
https://arxiv.org/abs/2012.00964
https://arxiv.org/abs/2006.04780
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Machine Learning Collinear QCD
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EFN256: Quark vs. Gluon

Pythia 8.230,
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s = 14 TeV

R = 0.4, pT ∈ [500, 550] GeV

Latent Dimension 256
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https://arxiv.org/abs/1810.05165
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Coordinate transformation to the emission plane

[Komiske, Metodiev, JDT, JHEP 2019; see also Dreyer, Salam, Soyez, JHEP 2018]

En Route to the Lund Plane vs.
q g

https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1807.04758
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?

Energy Flow Networks ⇔ IRC Safety + Permutations
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vs.
Quark 
Cq = 4/3

Gluon 
Cg = 3 = 9/3

Find such that
Quark

Gluon
h

( )

<latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="4jjUhxK/BwEv+hur9m3Cz8iSMp0=">AAACQXicbVDLahsxFL3jpInjtomTZpeNiCmkUIwmL9s7k3bRZQKxHfAMRiNrxiIazUTSBMwwP9Tf6A90635AobuQbTfVjL3IowckHc49V/dyglRwbTBeOLW19Tcbm/Wtxtt377d3mrt7Q51kirIB TUSibgKimeCSDQw3gt2kipE4EGwU3H4p66N7pjRP5LWZp8yPSSR5yCkxVpo0v+Ze9clYRYGf4zY+P+ud4M+4fYbdTq9nCcbn3ZPjYlZ4FzyKjpB3d5eRqX2qu9Q+TZqt0lcCvSbuirT6+1DhctL87U0TmsVMGiqI1mMXp8bPiTKcClY0vEyzlNBbErGxpZLETPt5tWiB PlplisJE2SMNqtSnHTmJtZ7HgXXGxMz0y1op/q82zkzY9XMu08wwSZeDwkwgk6AyOjTlilEj5pYQqrjdFdEZUYQaG/CzKSGbyzgtGjYY92UMr8nwuO3itnt12upfLBOCOhzAIRyBCx3owze4hAFQ+A4/YQG/nB/OH+fBeVxaa86q5wM8g/P3H752rOA=</latexit><latexit sha1_base64="8SO8vlNfFPHIXZ+2O3AixnXFXH4=">AAACQXicbVDLSgMxFM3Ud31VXboJFqGClIyvtjtRFy4r2FboDCWTZqbBTGZMMkIZ5of8DX/ArX6A4E7cujHTdmGtB5Iczj0393K8mDOlEXq1CnPzC4tLyyvF1bX1jc3S1nZbRYkktEUiHsk7DyvK maAtzTSnd7GkOPQ47Xj3l3m980ilYpG41cOYuiEOBPMZwdpIvdJV6ow+6crAc1NURWenjWN0iKqnyK41GoYgdFY/PsoGmXPBgqACnYeHBPfNM7pz7aBXKue+HHCW2BNSBhM0e6V3px+RJKRCE46V6too1m6KpWaE06zoJIrGmNzjgHYNFTikyk1Hi2Zw3yh96EfSHKHh SP3dkeJQqWHoGWeI9UD9reXif7Vuov26mzIRJ5oKMh7kJxzqCObRwT6TlGg+NAQTycyukAywxESbgKem+HQowjgrmmDsvzHMkvZR1UZV++akfH4xiWgZ7II9UAE2qIFzcA2aoAUIeAIv4BW8Wc/Wh/VpfY2tBWvSswOmYH3/AEXKrIw=</latexit>

h
( )

= 1
<latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdal iUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdal iUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="xE+8GpNQNyhqEOMDmxBvKCxtyy0=">AAACQnicbVBNSxtBGH43ftSmVaPtzctgKChImNVqkoMQLAWPCsYI2SXMTmY3Q2Zn15lZISz7i/wb/oEe1XsPvZVePTibKPjRF2Z4eJ7n/eAJUsG1wfjWqczNLyx+WPpY/fR5eWW1trZ+rpNMUdal iUjURUA0E1yyruFGsItUMRIHgvWC8Y9S710xpXkiz8wkZX5MIslDTomx1KD2M/emQ/oqCvwcN/DBfnsP7+DGPnab7bYFGB+09naLUeEFPNpC3mVGhs+/ZbbRIXIHtXppLAu9B+4TqHe+wrROBrXf3jChWcykoYJo3XdxavycKMOpYEXVyzRLCR2TiPUtlCRm2s+nlxbo m2WGKEyUfdKgKfuyIyex1pM4sM6YmJF+q5Xk/7R+ZsKWn3OZZoZJOlsUZgKZBJXZoSFXjBoxsYBQxe2tiI6IItTYhF9tCdlExmlRtcG4b2N4D853Gy5uuKff652jWUKwBBuwCVvgQhM6cAwn0AUK1/AL7uDeuXH+OH+dfzNrxXnq+QKvynl4BHb1rJk=</latexit><latexit sha1_base64="BO8+nCPq18cnFPBtjI3aDdgledQ=">AAACQnicbVDLSsQwFE19O75GXboJDoKCDOnovBaCKIJLBUeFaRnSNO0E07QmqTCUfpG/4Q+4VPcu3IlbF6bjCL4uJBzOOffB8RLOlEbowRobn5icmp6ZLc3NLywulZdXzlWcSkI7JOaxvPSwopwJ 2tFMc3qZSIojj9ML7+qw0C9uqFQsFmd6kFA3wqFgASNYG6pXPsqc4ZCuDD03Q1XUqLd30Daq1pHdbLcNQKjR2qnl/dzxWLgJnesU+1+/YbbgHrR75UphLAr+BfYIVMCoTnrlZ8ePSRpRoQnHSnVtlGg3w1IzwmleclJFE0yucEi7BgocUeVmw0tzuGEYHwaxNE9oOGS/ d2Q4UmoQecYZYd1Xv7WC/E/rpjpouRkTSaqpIJ+LgpRDHcMiO+gzSYnmAwMwkczcCkkfS0y0SfjHloAORJTkJROM/TuGv+C8VrVR1T7drewfjCKaAWtgHWwCGzTBPjgGJ6ADCLgF9+ARPFl31ov1ar19WsesUc8q+FHW+wf+OqxF</latexit>

h
( )

= 0
<latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hd BUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hd BUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="4hluKcepKlAfJrfNRk6i7kcWxe8=">AAACQnicbVDLSiNBFL3t2/jKjO5mUxgEBQnVvpIshKAIs1QwKqSbUF2pTopUV/dUVQ+Epr/I3/AHXKp7F+7E7SymOlHwdaGKwznnPjhBIrg2GN85E5NT0zOzc/OlhcWl5ZXyj58XOk4VZS0ai1hd BUQzwSVrGW4Eu0oUI1Eg2GUwOC70y79MaR7LczNMmB+RnuQhp8RYqlM+ybzRkLbqBX6Gq/hgv7GLt3F1H7u1RsMCjA/quzt5P/cC3ttE3p+UdN9+y2yhQ4Q75UphLAp9Be4rqDTXYFSnnfKj141pGjFpqCBat12cGD8jynAqWF7yUs0SQgekx9oWShIx7WejS3O0YZku CmNlnzRoxL7vyEik9TAKrDMipq8/awX5ndZOTVj3My6T1DBJx4vCVCAToyI71OWKUSOGFhCquL0V0T5RhBqb8IctIRvKKMlLNhj3cwxfwcVO1cVV92yv0jwaJwRz8AvWYRNcqEETfsMptIDCNdzCPTw4N86T8+y8jK0TzmvPKnwo599/dV2smA==</latexit><latexit sha1_base64="q+Qb+5tOrRSE6qeJVX12u3ieLtA=">AAACQnicbVDLSsQwFE19O75GXboJDoKCDOnovBaCKIJLBUeFaRnSNO0E07QmqTCUfpG/4Q+4VPcu3IlbF6bjCL4uJBzOOffB8RLOlEbowRobn5icmp6ZLc3NLywulZdXzlWcSkI7JOaxvPSwopwJ 2tFMc3qZSIojj9ML7+qw0C9uqFQsFmd6kFA3wqFgASNYG6pXPsqc4ZCuDD03Q1XUqLd30Daq1pHdbLcNQKjR2qnl/dzxWLgJnesU+1+/YbbgHkS9cqUwFgX/AnsEKmBUJ73ys+PHJI2o0IRjpbo2SrSbYakZ4TQvOamiCSZXOKRdAwWOqHKz4aU53DCMD4NYmic0HLLf OzIcKTWIPOOMsO6r31pB/qd1Ux203IyJJNVUkM9FQcqhjmGRHfSZpETzgQGYSGZuhaSPJSbaJPxjS0AHIkrykgnG/h3DX3Beq9qoap/uVvYPRhHNgDWwDjaBDZpgHxyDE9ABBNyCe/AInqw768V6td4+rWPWqGcV/Cjr/QP8oqxE</latexit>

(Neyman-Pearson lemma)

Best you can do: h
(

J
)

=
p
(

J |Q
)

p
(

J |Q
)

+ p
(

J |G
)

<latexit sha1_base64="IzlE1EVYgywKENoL1TpFUDGPaBw=">AAAD0HicxVJLa9tAEF5LfaTuI07TWy9LTSGhwezKjiwdCqY9tPSUlDoJWMKs1it7yeqBdhVi1KX02p/XW/9Af0dXsgON3VMpdGDhY+ab+WZmJ8oFlwqhHy3LvnP33v2dB+2Hjx4/2e3sPT2TWVlQ NqaZyIqLiEgmeMrGiivBLvKCkSQS7Dy6fFvHz69YIXmWflLLnIUJmac85pQo45rutb5XQVNlUsyjsEI95B77fXSEescID33fAIRcr+/ohQ4iPj+Am/zGjraADhKiFpSI6oPWsE49hK9hEBeEVnlT6a8Kfd7U9z3XGbgNe4gdXANnOOgPdKDYtapOddP2of4fovAV/Jeq hoFxI2a+xq3TfN9zsLdWfXcz6rTTvakItwFeg+7oGWjsZNr5GcwyWiYsVVQQKScY5SqsSKE4FUy3g1KynNBLMmcTA1OSMBlWTW8avjSeGYyzwrxUwcb7e0ZFEimXSWSY9XRyM1Y7/xSblCr2woqnealYSldCcSmgymB9yXDGC0aVWBpAaMFNr5AuiLkvZe79lkrMlmmS 67ZZDN5cwzY4c3oY9fDpoDt6s9oQ2AHPwQtwADAYghF4D07AGFDLt6bWwuL2R/va/mJ/XVGt1jpnH9wy+9svMdkiJA==</latexit><latexit sha1_base64="IzlE1EVYgywKENoL1TpFUDGPaBw=">AAAD0HicxVJLa9tAEF5LfaTuI07TWy9LTSGhwezKjiwdCqY9tPSUlDoJWMKs1it7yeqBdhVi1KX02p/XW/9Af0dXsgON3VMpdGDhY+ab+WZmJ8oFlwqhHy3LvnP33v2dB+2Hjx4/2e3sPT2TWVlQ NqaZyIqLiEgmeMrGiivBLvKCkSQS7Dy6fFvHz69YIXmWflLLnIUJmac85pQo45rutb5XQVNlUsyjsEI95B77fXSEescID33fAIRcr+/ohQ4iPj+Am/zGjraADhKiFpSI6oPWsE49hK9hEBeEVnlT6a8Kfd7U9z3XGbgNe4gdXANnOOgPdKDYtapOddP2of4fovAV/Jeq hoFxI2a+xq3TfN9zsLdWfXcz6rTTvakItwFeg+7oGWjsZNr5GcwyWiYsVVQQKScY5SqsSKE4FUy3g1KynNBLMmcTA1OSMBlWTW8avjSeGYyzwrxUwcb7e0ZFEimXSWSY9XRyM1Y7/xSblCr2woqnealYSldCcSmgymB9yXDGC0aVWBpAaMFNr5AuiLkvZe79lkrMlmmS 67ZZDN5cwzY4c3oY9fDpoDt6s9oQ2AHPwQtwADAYghF4D07AGFDLt6bWwuL2R/va/mJ/XVGt1jpnH9wy+9svMdkiJA==</latexit><latexit sha1_base64="IzlE1EVYgywKENoL1TpFUDGPaBw=">AAAD0HicxVJLa9tAEF5LfaTuI07TWy9LTSGhwezKjiwdCqY9tPSUlDoJWMKs1it7yeqBdhVi1KX02p/XW/9Af0dXsgON3VMpdGDhY+ab+WZmJ8oFlwqhHy3LvnP33v2dB+2Hjx4/2e3sPT2TWVlQ NqaZyIqLiEgmeMrGiivBLvKCkSQS7Dy6fFvHz69YIXmWflLLnIUJmac85pQo45rutb5XQVNlUsyjsEI95B77fXSEescID33fAIRcr+/ohQ4iPj+Am/zGjraADhKiFpSI6oPWsE49hK9hEBeEVnlT6a8Kfd7U9z3XGbgNe4gdXANnOOgPdKDYtapOddP2of4fovAV/Jeq hoFxI2a+xq3TfN9zsLdWfXcz6rTTvakItwFeg+7oGWjsZNr5GcwyWiYsVVQQKScY5SqsSKE4FUy3g1KynNBLMmcTA1OSMBlWTW8avjSeGYyzwrxUwcb7e0ZFEimXSWSY9XRyM1Y7/xSblCr2woqnealYSldCcSmgymB9yXDGC0aVWBpAaMFNr5AuiLkvZe79lkrMlmmS 67ZZDN5cwzY4c3oY9fDpoDt6s9oQ2AHPwQtwADAYghF4D07AGFDLt6bWwuL2R/va/mJ/XVGt1jpnH9wy+9svMdkiJA==</latexit><latexit sha1_base64="sxCJP+5I3A+DURVT7XykiFJoYNY=">AAAD0HicxVJLaxsxEJZ3+0jdl9MeexE1hYQGI62d9e6hENpDS09JqZOA1xitrLVFtA8kbYnZitJrf15v/QP9HdVuNtDYPZVCBwQfM9/MNzOauBBcaYR+dBz31u07d3fude8/ePjocW/3yanKS0nZ hOYil+cxUUzwjE0014KdF5KRNBbsLL54U8fPPjGpeJ591OuCzVKyzHjCKdHWNd/tfK+ipspULuNZhQbIPwyH6AANDhEeh6EFCPnB0DMrE8V8uQc3+Y0dbAETpUSvKBHVe2NgnboPX8EokYRWRVPprwp93tQPA98b+Q17jD1cA288Go5MpNmlrk5M0/a++R+i8CX8l6qW gXEjZr/Gr9PCMPBw0Kq+vR513utfV4TbALegD1o7nvd+RouclinLNBVEqSlGhZ5VRGpOBTPdqFSsIPSCLNnUwoykTM2qpjcDX1jPAia5tC/TsPH+nlGRVKl1GltmPZ3ajNXOP8WmpU6CWcWzotQso1dCSSmgzmF9yXDBJaNarC0gVHLbK6QrYu9L23u/oZKwdZYWpmsX gzfXsA1OvQFGA3wy6h+9ble0A56B52APYDAGR+AdOAYTQJ3QmTsrh7sf3Ev3i/v1iup02pyn4Ia5334BuR4h0A==</latexit>

Classifier1 0

Signal Background

Quark/Gluon Classification
“Hello, World!” of Jet Physics

e.g.

[see e.g. Gras, Höche, Kar, Larkoski, Lönnblad, Plätzer, Siódmok, Skands, Soyez, JDT, JHEP 2017;
Komiske, Metodiev, Schwartz, JHEP 2017; Komiske, Metodiev, JDT, JHEP 2018]

https://arxiv.org/abs/1704.03878
https://arxiv.org/abs/1612.01551
https://arxiv.org/abs/1809.01140
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vs.
Quark 
Cq = 4/3

Gluon 
Cg = 3 = 9/3

Classifier1 0

Signal Background

Quark/Gluon Classification
“Hello, World!” of Jet Physics

e.g.

[see e.g. Gras, Höche, Kar, Larkoski, Lönnblad, Plätzer, Siódmok, Skands, Soyez, JDT, JHEP 2017;
Komiske, Metodiev, Schwartz, JHEP 2017; Komiske, Metodiev, JDT, JHEP 2018]

What do you mean by “quark” and “gluon”?

Jets are clusters of colorless hadrons!

Parton shower “truth” is but a (useful) fiction!

https://arxiv.org/abs/1704.03878
https://arxiv.org/abs/1612.01551
https://arxiv.org/abs/1809.01140
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[Komiske, Metodiev, JDT, JHEP 2018; using Metodiev, Nachman, JDT, JHEP 2017; Metodiev, JDT, PRL 2018]
see also Blanchard, Flaska, Handy, Pozzi, Scott, PLMR 2013; Katz-Samuels, Blanchard, Scott, JMLR 2016]

Topic Modeling to Disentangle Jet Categories
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Pythia 8.230,
√
s = 14 TeV

R = 0.4, pT ∈ [500, 550] GeV

Z+jet

Dijets

Quark

Gluon

Topic 1

Topic 2

While you can’t unambiguously label individual jets, you can
extract quark and gluon distributions from hadron-level measurements

Key concept from natural language
processing:  “anchor words”

https://arxiv.org/abs/1809.01140
https://arxiv.org/abs/1708.02949
https://arxiv.org/abs/1802.00008
https://arxiv.org/abs/1303.1208
https://arxiv.org/abs/1710.01167
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?

Energy Flow Networks ⇔ IRC Safety + Permutations

Jet Topics ⇔ Hadron-Level Approach to QCD Partons 
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?

Energy Flow Networks ⇔ IRC Safety + Permutations

Jet Topics ⇔ Hadron-Level Approach to QCD Partons 
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The Earth Mover’s Distance

[Peleg, Werman, Rom, IEEE 1989;
Rubner, Tomasi, Guibas, ICCV 1998, ICJV 2000;

Pele, Werman, ECCV 2008; Pele Taskar, GSI 2013]

Optimal Transport: Minimum “work” (stuff x distance) to make
one distribution look like another distribution

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Vaseršteĭn,1969; Wikipedia]

Déblai Remblai

https://ieeexplore.ieee.org/document/192468
https://ieeexplore.ieee.org/document/710701
https://link.springer.com/article/10.1023/A:1026543900054
https://link.springer.com/chapter/10.1007/978-3-540-88690-7_37
https://link.springer.com/chapter/10.1007/978-3-642-40020-9_43
https://indico.cern.ch/event/809820/contributions/3632620/
https://fr.wikipedia.org/wiki/Terrassement
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The Earth Mover’s Distance

[Peleg, Werman, Rom, IEEE 1989;
Rubner, Tomasi, Guibas, ICCV 1998, ICJV 2000;

Pele, Werman, ECCV 2008; Pele Taskar, GSI 2013]

Optimal Transport: Minimum “work” (stuff x distance) to make
one distribution look like another distribution

Additive Weight:

Ground Distance:

Déblai Remblai

Distance Between
Distributions⇒

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Vaseršteĭn,1969; Wikipedia]

https://ieeexplore.ieee.org/document/192468
https://ieeexplore.ieee.org/document/710701
https://link.springer.com/article/10.1023/A:1026543900054
https://link.springer.com/chapter/10.1007/978-3-540-88690-7_37
https://link.springer.com/chapter/10.1007/978-3-642-40020-9_43
https://indico.cern.ch/event/809820/contributions/3632620/
https://fr.wikipedia.org/wiki/Terrassement
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The Earth Mover’s Distance

[Peleg, Werman, Rom, IEEE 1989;
Rubner, Tomasi, Guibas, ICCV 1998, ICJV 2000;

Pele, Werman, ECCV 2008; Pele Taskar, GSI 2013]

Optimal Transport: Minimum “work” (stuff x distance) to make
one distribution look like another distribution

Additive Weight:

Ground Distance:

Déblai Remblai

Distance Between
Distributions⇒

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Vaseršteĭn,1969; Wikipedia]

[figure from Kun, Math ∩ Programming]

https://ieeexplore.ieee.org/document/192468
https://ieeexplore.ieee.org/document/710701
https://link.springer.com/article/10.1023/A:1026543900054
https://link.springer.com/chapter/10.1007/978-3-540-88690-7_37
https://link.springer.com/chapter/10.1007/978-3-642-40020-9_43
https://indico.cern.ch/event/809820/contributions/3632620/
https://fr.wikipedia.org/wiki/Terrassement
https://jeremykun.com/tag/wasserstein-metric/
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EMD: 125.4 GeV

Top Jet 1 Top Jet 2

[Komiske, Metodiev, JDT, PRL 2019; see also Pele, Werman, ECCV 2008; Pele, Taskar, GSI 2013]
[see flavored variant in Crispim Romão, Castro, Milhano, Pedro, Vale, EPJC 2021]

[see computational speed up in Cai, Cheng, Craig, Craig, PRD 2020]
[see graph network approach in Mullin, Pacey, Parker, White, Williams, arXiv 2019]
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Optimal transport between energy flows…

Cost to create energyCost to move energyin GeV

The Energy Mover’s Distance Ei
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E
′

j
<latexit sha1_base64="tGqfW1Gw0tT0fd9LBTTcnVLY3FI=">AAACKnicbZDLSgMxFIbPeLfe6mXnZrCILrQkItruiiK4VLCt0A4lk2ZqNJMZkoxQhnkKX8MXcKtv4K64FZ/DdOrCWn8IfPznnJzD78eCa4PQwJmanpmdm19YLCwtr6yuFdc3GjpKFGV1GolI3fpE M8ElqxtuBLuNFSOhL1jTfzgf1puPTGkeyRvTj5kXkp7kAafEWKtTPEzb+Sct1fO9FJURQhjjgyHg0xNkoVqtHOFKdtG538s6xVLeYuVOAv6BUm0Lcl11il/tbkSTkElDBdG6hVFsvJQow6lgWaGdaBYT+kB6rGVRkpBpL80vytxd63TdIFL2SePm7u+JlIRa90PfdobE 3Om/taH5X62VmKDipVzGiWGSjhYFiXBN5A4zcrtcMWpE3wKhittbXXpHFKHGJjm2JWB9GcZZwQaD/8YwCY2jMkZlfH1cqp2NEoIF2IYd2AcMp1CDS7iCOlB4ghd4hTfn2Xl3Bs7HqHXK+ZnZhDE5n9/oY6Pa</latexit><latexit sha1_base64="tGqfW1Gw0tT0fd9LBTTcnVLY3FI=">AAACKnicbZDLSgMxFIbPeLfe6mXnZrCILrQkItruiiK4VLCt0A4lk2ZqNJMZkoxQhnkKX8MXcKtv4K64FZ/DdOrCWn8IfPznnJzD78eCa4PQwJmanpmdm19YLCwtr6yuFdc3GjpKFGV1GolI3fpE M8ElqxtuBLuNFSOhL1jTfzgf1puPTGkeyRvTj5kXkp7kAafEWKtTPEzb+Sct1fO9FJURQhjjgyHg0xNkoVqtHOFKdtG538s6xVLeYuVOAv6BUm0Lcl11il/tbkSTkElDBdG6hVFsvJQow6lgWaGdaBYT+kB6rGVRkpBpL80vytxd63TdIFL2SePm7u+JlIRa90PfdobE 3Om/taH5X62VmKDipVzGiWGSjhYFiXBN5A4zcrtcMWpE3wKhittbXXpHFKHGJjm2JWB9GcZZwQaD/8YwCY2jMkZlfH1cqp2NEoIF2IYd2AcMp1CDS7iCOlB4ghd4hTfn2Xl3Bs7HqHXK+ZnZhDE5n9/oY6Pa</latexit><latexit sha1_base64="tGqfW1Gw0tT0fd9LBTTcnVLY3FI=">AAACKnicbZDLSgMxFIbPeLfe6mXnZrCILrQkItruiiK4VLCt0A4lk2ZqNJMZkoxQhnkKX8MXcKtv4K64FZ/DdOrCWn8IfPznnJzD78eCa4PQwJmanpmdm19YLCwtr6yuFdc3GjpKFGV1GolI3fpE M8ElqxtuBLuNFSOhL1jTfzgf1puPTGkeyRvTj5kXkp7kAafEWKtTPEzb+Sct1fO9FJURQhjjgyHg0xNkoVqtHOFKdtG538s6xVLeYuVOAv6BUm0Lcl11il/tbkSTkElDBdG6hVFsvJQow6lgWaGdaBYT+kB6rGVRkpBpL80vytxd63TdIFL2SePm7u+JlIRa90PfdobE 3Om/taH5X62VmKDipVzGiWGSjhYFiXBN5A4zcrtcMWpE3wKhittbXXpHFKHGJjm2JWB9GcZZwQaD/8YwCY2jMkZlfH1cqp2NEoIF2IYd2AcMp1CDS7iCOlB4ghd4hTfn2Xl3Bs7HqHXK+ZnZhDE5n9/oY6Pa</latexit><latexit sha1_base64="QY5oJAE9VG7CKwQUE8pp+mUFuZk=">AAACKnicbZDLSgMxFIYz9VbrbdSlm8EiutCSFLHtriiCywr2Au1QMmmmjc1khiQjlGGewtfwBdzqG7grbsXnML0sbPWHwMd/zsk5/F7EmdIQjq3Myura+kZ2M7e1vbO7Z+8fNFQYS0LrJOShbHlY Uc4ErWumOW1FkuLA47TpDW8m9eYTlYqF4kGPIuoGuC+YzwjWxuraF0ln+klb9j03gQUIIULofAKodAUNVCrlIiqnt93H07Rr56ctRs5fQHPIg7lqXfu70wtJHFChCcdKtRGMtJtgqRnhNM11YkUjTIa4T9sGBQ6ocpPpRalzYpye44fSPKGdqft7IsGBUqPAM50B1gO1 XJuY/9XasfbLbsJEFGsqyGyRH3NHh84kI6fHJCWajwxgIpm51SEDLDHRJsmFLT4diSBKcyYYtBzDX2gUCwgW0P1lvno9jygLjsAxOAMIlEAV3IEaqAMCnsEreAPv1ov1YY2tz1lrxprPHIIFWV8/b7ejhg==</latexit>

fij
<latexit sha1_base64="7LdxnbyIDYkP3P7vJMY8KHqULzY=">AAACVXicbZDLSgMxFIZPx3u91cvOzWARXEhJxtLLrujGpYLVQjuUTJqp0UxmSDJCGebVfA1xL+70DQTTqQutHgh8/Oc/OYc/SATXBqGXkrOwuLS8srpWXt/Y3Nqu7Oze6DhVlHVpLGLVC4hmgkvW NdwI1ksUI1Eg2G3wcD7t3z4ypXksr80kYX5ExpKHnBJjpWGlFw6zbFD801fjwM9Qrd1qePXGCaoh1MQenoLXrJ/Wc57PORFCGBcGhJsNZKHdbnm4ld/n+bBSLQy23L+Av6Ha2YeiLoeVt8EopmnEpKGCaN3HKDF+RpThVLC8PEg1Swh9IGPWtyhJxLSfFffk7pFVRm4Y K/ukcQv150RGIq0nUWCdETF3er43Ff/r9VMTtvyMyyQ1TNLZojAVrondaZzuiCtGjZhYIFRxe6tL74gi1NjQf20J2URGSV62weD5GP7CjVfDqIav6tXO2SwhWIUDOIRjwNCEDlzAJXSBwhO8wjt8lJ5Ln86iszyzOqXvmT34Vc72F7t8r1g=</latexit><latexit sha1_base64="7LdxnbyIDYkP3P7vJMY8KHqULzY=">AAACVXicbZDLSgMxFIZPx3u91cvOzWARXEhJxtLLrujGpYLVQjuUTJqp0UxmSDJCGebVfA1xL+70DQTTqQutHgh8/Oc/OYc/SATXBqGXkrOwuLS8srpWXt/Y3Nqu7Oze6DhVlHVpLGLVC4hmgkvW NdwI1ksUI1Eg2G3wcD7t3z4ypXksr80kYX5ExpKHnBJjpWGlFw6zbFD801fjwM9Qrd1qePXGCaoh1MQenoLXrJ/Wc57PORFCGBcGhJsNZKHdbnm4ld/n+bBSLQy23L+Av6Ha2YeiLoeVt8EopmnEpKGCaN3HKDF+RpThVLC8PEg1Swh9IGPWtyhJxLSfFffk7pFVRm4Y K/ukcQv150RGIq0nUWCdETF3er43Ff/r9VMTtvyMyyQ1TNLZojAVrondaZzuiCtGjZhYIFRxe6tL74gi1NjQf20J2URGSV62weD5GP7CjVfDqIav6tXO2SwhWIUDOIRjwNCEDlzAJXSBwhO8wjt8lJ5Ln86iszyzOqXvmT34Vc72F7t8r1g=</latexit><latexit sha1_base64="7LdxnbyIDYkP3P7vJMY8KHqULzY=">AAACVXicbZDLSgMxFIZPx3u91cvOzWARXEhJxtLLrujGpYLVQjuUTJqp0UxmSDJCGebVfA1xL+70DQTTqQutHgh8/Oc/OYc/SATXBqGXkrOwuLS8srpWXt/Y3Nqu7Oze6DhVlHVpLGLVC4hmgkvW NdwI1ksUI1Eg2G3wcD7t3z4ypXksr80kYX5ExpKHnBJjpWGlFw6zbFD801fjwM9Qrd1qePXGCaoh1MQenoLXrJ/Wc57PORFCGBcGhJsNZKHdbnm4ld/n+bBSLQy23L+Av6Ha2YeiLoeVt8EopmnEpKGCaN3HKDF+RpThVLC8PEg1Swh9IGPWtyhJxLSfFffk7pFVRm4Y K/ukcQv150RGIq0nUWCdETF3er43Ff/r9VMTtvyMyyQ1TNLZojAVrondaZzuiCtGjZhYIFRxe6tL74gi1NjQf20J2URGSV62weD5GP7CjVfDqIav6tXO2SwhWIUDOIRjwNCEDlzAJXSBwhO8wjt8lJ5Ln86iszyzOqXvmT34Vc72F7t8r1g=</latexit><latexit sha1_base64="HZl8MXw3JFbBU7pTCnjMx1a/INk=">AAACVXicbZDLSsNAFIan8V5vVZdugkVwIWEmhl52ohuXCrYW2hAm00k7djIJMxOhhLyaryHuxZ2+geA07UKrBwY+/vOfOYc/TDlTGsLXirWyura+sblV3d7Z3duvHRx2VZJJQjsk4YnshVhRzgTt aKY57aWS4jjk9CGcXM/6D09UKpaIez1NqR/jkWARI1gbKaj1oiDPB+U/fTkK/Rw67VbD9Rrn0IGwiVw0A7fpXXgFK5acEEKESgNEzQY00G63XNQqHosiqNVLgyn7L6AF1MGiboPa+2CYkCymQhOOleojmGo/x1IzwmlRHWSKpphM8Ij2DQocU+Xn5T2FfWqUoR0l0jyh 7VL9OZHjWKlpHBpnjPVYLfdm4n+9fqajlp8zkWaaCjJfFGXc1ok9i9MeMkmJ5lMDmEhmbrXJGEtMtAn915aITkWcFlUTDFqO4S90XQdBB9159curRUSb4BicgDOAQBNcghtwCzqAgGfwBj7AZ+Wl8mWtWutzq1VZzByBX2XtfwNC0K8E</latexit>

θij
<latexit sha1_base64="sey5ZgtR25kSqHr2ixrXcBlF49U=">AAACWnicbZBNa9tAEIbH6lfi9MNtc+tF1BR6KGZXMf64mfbSYwJ1ErCFWa1H9jarldgdFYzQr+uvKOQc6LX9A13LOSROBxYe3nlnZ3iTQitHjP1qBY8eP3n67OCwffT8xctXnddvzl1eWolTmevc XibCoVYGp6RI42VhUWSJxovk6su2f/EDrVO5+UabAuNMrIxKlRTkpUUnntMaSSyqat58NrOrJK5YbzwaRP3BJ9ZjbMgjvoVo2D/p16reczLGOG8MjA8HzMN4PIr4qP5e14tOtzH4Ch8Cv4Xu5BiaOl10bubLXJYZGpJaODfjrKC4EpaU1Fi356XDQsgrscKZRyMydHHV 3FOHH7yyDNPc+mcobNS7E5XInNtkiXdmgtZuv7cV/9eblZSO4kqZoiQ0crcoLXVIebjNNFwqi5L0xoOQVvlbQ7kWVkjyyd/bkuLGZEXd9sHw/RgewnnU46zHz/rdyeddQnAA7+A9fAQOQ5jAVziFKUj4Cb/hD/xtXQdBcBgc7axB63bmLdyr4PgfTyCwlw==</latexi t><latexit sha1_base64="sey5ZgtR25kSqHr2ixrXcBlF49U=">AAACWnicbZBNa9tAEIbH6lfi9MNtc+tF1BR6KGZXMf64mfbSYwJ1ErCFWa1H9jarldgdFYzQr+uvKOQc6LX9A13LOSROBxYe3nlnZ3iTQitHjP1qBY8eP3n67OCwffT8xctXnddvzl1eWolTmevc XibCoVYGp6RI42VhUWSJxovk6su2f/EDrVO5+UabAuNMrIxKlRTkpUUnntMaSSyqat58NrOrJK5YbzwaRP3BJ9ZjbMgjvoVo2D/p16reczLGOG8MjA8HzMN4PIr4qP5e14tOtzH4Ch8Cv4Xu5BiaOl10bubLXJYZGpJaODfjrKC4EpaU1Fi356XDQsgrscKZRyMydHHV 3FOHH7yyDNPc+mcobNS7E5XInNtkiXdmgtZuv7cV/9eblZSO4kqZoiQ0crcoLXVIebjNNFwqi5L0xoOQVvlbQ7kWVkjyyd/bkuLGZEXd9sHw/RgewnnU46zHz/rdyeddQnAA7+A9fAQOQ5jAVziFKUj4Cb/hD/xtXQdBcBgc7axB63bmLdyr4PgfTyCwlw==</latexi t><latexit sha1_base64="sey5ZgtR25kSqHr2ixrXcBlF49U=">AAACWnicbZBNa9tAEIbH6lfi9MNtc+tF1BR6KGZXMf64mfbSYwJ1ErCFWa1H9jarldgdFYzQr+uvKOQc6LX9A13LOSROBxYe3nlnZ3iTQitHjP1qBY8eP3n67OCwffT8xctXnddvzl1eWolTmevc XibCoVYGp6RI42VhUWSJxovk6su2f/EDrVO5+UabAuNMrIxKlRTkpUUnntMaSSyqat58NrOrJK5YbzwaRP3BJ9ZjbMgjvoVo2D/p16reczLGOG8MjA8HzMN4PIr4qP5e14tOtzH4Ch8Cv4Xu5BiaOl10bubLXJYZGpJaODfjrKC4EpaU1Fi356XDQsgrscKZRyMydHHV 3FOHH7yyDNPc+mcobNS7E5XInNtkiXdmgtZuv7cV/9eblZSO4kqZoiQ0crcoLXVIebjNNFwqi5L0xoOQVvlbQ7kWVkjyyd/bkuLGZEXd9sHw/RgewnnU46zHz/rdyeddQnAA7+A9fAQOQ5jAVziFKUj4Cb/hD/xtXQdBcBgc7axB63bmLdyr4PgfTyCwlw==</latexi t><latexit sha1_base64="LXUPkepJGaWUdC33RfIlJs4YfBo=">AAACWnicbZBNSyNBEIY748dqdN24uzcvg0HwIKF7NuTjJu5ljwpGhWQIPZ2apNeenqG7ZiEM8+v8FQueBa/6B+yMOWi0oOHhrbe6ijfKlLRI6f+at7a+sflla7u+s/t171tj//uVTXMjYCBSlZqb iFtQUsMAJSq4yQzwJFJwHd3+XvSv/4GxMtWXOM8gTPhUy1gKjk4aN8IRzgD5uChG1WdDM43Cgrb6vU7Q7pzQFqVdFrAFBN32r3YpyxUnpZSxykBZt0Md9Pu9gPXKv2U5bjQrgyv/I7AlNMmyzseNh9EkFXkCGoXi1g4ZzTAsuEEpFJT1UW4h4+KWT2HoUPMEbFhU95T+ kVMmfpwa9zT6lfp2ouCJtfMkcs6E48yu9hbiZ71hjnEvLKTOcgQtXhfFufIx9ReZ+hNpQKCaO+DCSHerL2bccIEu+XdbYpjrJCvrLhi2GsNHuApajLbYRbt5eraMaIsckENyTBjpklPyh5yTARHkjjySJ/Jcu/c8b9vbebV6teXMD/KuvJ8v1mWwQw==</latexit>

…defines a metric on the space of events

E
<latexit sha1_base64="xJMMaFYt+VCgv8hMyxbnb02e+5U=">AAACBnicdVDLSsNAFL2pr1pf9bFzM1gEVyWppa27ggguK9gHtKFMppN26GQSZiZCCN37A271D9yJW3/DH/A7nLQKVvTAhcM593LvPV7EmdK2/W7lVlbX1jfym4Wt7Z3dveL+QUeFsSS0TUIeyp6H FeVM0LZmmtNeJCkOPE673vQy87t3VCoWiludRNQN8FgwnxGsjdQfBFhPCObp1WxYLNnli0atUq0hu2zbdafiZKRSr55XkWOUDKXmEczRGhY/BqOQxAEVmnCsVN+xI+2mWGpGOJ0VBrGiESZTPKZ9QwUOqHLT+ckzdGqUEfJDaUpoNFd/TqQ4UCoJPNOZnah+e5n4l9eP td9wUyaiWFNBFov8mCMdoux/NGKSEs0TQzCRzNyKyARLTLRJaWmLTxMRRLOCCeb7e/Q/6VTKjl12bpxSs7FICPJwDCdwBg7UoQnX0II2EAjhAR7hybq3nq0X63XRmrO+Zg5hCdbbJ8LfmmI=</latexit><latexit sha1_base64="xJMMaFYt+VCgv8hMyxbnb02e+5U=">AAACBnicdVDLSsNAFL2pr1pf9bFzM1gEVyWppa27ggguK9gHtKFMppN26GQSZiZCCN37A271D9yJW3/DH/A7nLQKVvTAhcM593LvPV7EmdK2/W7lVlbX1jfym4Wt7Z3dveL+QUeFsSS0TUIeyp6H FeVM0LZmmtNeJCkOPE673vQy87t3VCoWiludRNQN8FgwnxGsjdQfBFhPCObp1WxYLNnli0atUq0hu2zbdafiZKRSr55XkWOUDKXmEczRGhY/BqOQxAEVmnCsVN+xI+2mWGpGOJ0VBrGiESZTPKZ9QwUOqHLT+ckzdGqUEfJDaUpoNFd/TqQ4UCoJPNOZnah+e5n4l9eP td9wUyaiWFNBFov8mCMdoux/NGKSEs0TQzCRzNyKyARLTLRJaWmLTxMRRLOCCeb7e/Q/6VTKjl12bpxSs7FICPJwDCdwBg7UoQnX0II2EAjhAR7hybq3nq0X63XRmrO+Zg5hCdbbJ8LfmmI=</latexit><latexit sha1_base64="xJMMaFYt+VCgv8hMyxbnb02e+5U=">AAACBnicdVDLSsNAFL2pr1pf9bFzM1gEVyWppa27ggguK9gHtKFMppN26GQSZiZCCN37A271D9yJW3/DH/A7nLQKVvTAhcM593LvPV7EmdK2/W7lVlbX1jfym4Wt7Z3dveL+QUeFsSS0TUIeyp6H FeVM0LZmmtNeJCkOPE673vQy87t3VCoWiludRNQN8FgwnxGsjdQfBFhPCObp1WxYLNnli0atUq0hu2zbdafiZKRSr55XkWOUDKXmEczRGhY/BqOQxAEVmnCsVN+xI+2mWGpGOJ0VBrGiESZTPKZ9QwUOqHLT+ckzdGqUEfJDaUpoNFd/TqQ4UCoJPNOZnah+e5n4l9eP td9wUyaiWFNBFov8mCMdoux/NGKSEs0TQzCRzNyKyARLTLRJaWmLTxMRRLOCCeb7e/Q/6VTKjl12bpxSs7FICPJwDCdwBg7UoQnX0II2EAjhAR7hybq3nq0X63XRmrO+Zg5hCdbbJ8LfmmI=</latexit><latexit sha1_base64="/ZU7DIYV7P5OV3UzGhQ3R5jg7B0=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwFZJY2roriOCygn1AGspkOmmHTiZhZiKEkL0/4Fb/wJ249Tf8Ab/DSVvBih64cDjnXu69x48ZlcqyPozS2vrG5lZ5u7Kzu7d/UD086skoEZh0ccQiMfCR JIxy0lVUMTKIBUGhz0jfn10Vfv+eCEkjfqfSmHghmnAaUIyUltxhiNQUI5Zd56NqzTIvWw2n3oCWaVlN27EL4jTrF3Voa6VADSzRGVU/h+MIJyHhCjMkpWtbsfIyJBTFjOSVYSJJjPAMTYirKUchkV42PzmHZ1oZwyASuriCc/XnRIZCKdPQ153FifK3V4h/eW6igpaX UR4ninC8WBQkDKoIFv/DMRUEK5ZqgrCg+laIp0ggrHRKK1sCkvIwzis6mO/v4f+k55i2Zdq3dq3dWkZUBifgFJwDGzRBG9yADugCDCLwCJ7As/FgvBivxtuitWQsZ47BCoz3L0ozmg4=</latexit>

E ′

<latexit sha1_base64="6s2gfmQo1u1yO2FHOibELYUYAaQ=">AAACMnicdVDLSgMxFL3js9ZXfezcBIvoQkoiqO2uIIJLBatCO5RMmqnBTGZIMkIZ5kv8DX/ArX6B7kRw5UeYaS2o6IXA4ZxzHzlBIoWxGD97E5NT0zOzpbny/MLi0nJlZfXCxKlmvMViGeurgBou heItK6zkV4nmNAokvwxujgr98pZrI2J1bgcJ9yPaVyIUjFpHdSv7WWc4pK37gZ/hGsaYELJbAHJ4gB1oNOp7pJ53ImqvGZXZcb6ddyvVsRWNrWhsRaSQXFWb6zCs027lvdOLWRpxZZmkxrQJTqyfUW0Fkzwvd1LDE8puaJ+3HVQ04sbPhpflaMsxPRTG2j1l0ZD93pHR yJhBFDhncaT5rRXkX1o7tWHdz4RKUssVGy0KU4lsjIqsUE9ozqwcOECZFu5WxK6ppsy6RH9sCflARUledsGMf4/+Bxd7NYJr5IxUm/VRQlCCDdiEHSBwCE04gVNoAYM7eIBHePLuvRfv1XsbWSe8r541+FHexyc966e4</latexit><latexit sha1_base64="6s2gfmQo1u1yO2FHOibELYUYAaQ=">AAACMnicdVDLSgMxFL3js9ZXfezcBIvoQkoiqO2uIIJLBatCO5RMmqnBTGZIMkIZ5kv8DX/ArX6B7kRw5UeYaS2o6IXA4ZxzHzlBIoWxGD97E5NT0zOzpbny/MLi0nJlZfXCxKlmvMViGeurgBou heItK6zkV4nmNAokvwxujgr98pZrI2J1bgcJ9yPaVyIUjFpHdSv7WWc4pK37gZ/hGsaYELJbAHJ4gB1oNOp7pJ53ImqvGZXZcb6ddyvVsRWNrWhsRaSQXFWb6zCs027lvdOLWRpxZZmkxrQJTqyfUW0Fkzwvd1LDE8puaJ+3HVQ04sbPhpflaMsxPRTG2j1l0ZD93pHR yJhBFDhncaT5rRXkX1o7tWHdz4RKUssVGy0KU4lsjIqsUE9ozqwcOECZFu5WxK6ppsy6RH9sCflARUledsGMf4/+Bxd7NYJr5IxUm/VRQlCCDdiEHSBwCE04gVNoAYM7eIBHePLuvRfv1XsbWSe8r541+FHexyc966e4</latexit><latexit sha1_base64="6s2gfmQo1u1yO2FHOibELYUYAaQ=">AAACMnicdVDLSgMxFL3js9ZXfezcBIvoQkoiqO2uIIJLBatCO5RMmqnBTGZIMkIZ5kv8DX/ArX6B7kRw5UeYaS2o6IXA4ZxzHzlBIoWxGD97E5NT0zOzpbny/MLi0nJlZfXCxKlmvMViGeurgBou heItK6zkV4nmNAokvwxujgr98pZrI2J1bgcJ9yPaVyIUjFpHdSv7WWc4pK37gZ/hGsaYELJbAHJ4gB1oNOp7pJ53ImqvGZXZcb6ddyvVsRWNrWhsRaSQXFWb6zCs027lvdOLWRpxZZmkxrQJTqyfUW0Fkzwvd1LDE8puaJ+3HVQ04sbPhpflaMsxPRTG2j1l0ZD93pHR yJhBFDhncaT5rRXkX1o7tWHdz4RKUssVGy0KU4lsjIqsUE9ozqwcOECZFu5WxK6ppsy6RH9sCflARUledsGMf4/+Bxd7NYJr5IxUm/VRQlCCDdiEHSBwCE04gVNoAYM7eIBHePLuvRfv1XsbWSe8r541+FHexyc966e4</latexit><latexit sha1_base64="GX0YRlk3MTMmhSk9r6NiPQRN9go=">AAACMnicdVDdSsMwGE3n//yreulNcIheyEgGunkniOClgtPBWkaapVtYmpYkFUbpk/gavoC3+gR6J4JXPoTpXEFFPwgczjnfT06QCK4NQs9OZWZ2bn5hcam6vLK6tu5ubF7rOFWUtWksYtUJiGaC S9Y23AjWSRQjUSDYTTA6LfSbW6Y0j+WVGSfMj8hA8pBTYizVcw8zbzKkqwaBn6E6QghjfFAA3DxCFhwftxq4lXsRMUNKRHaW7+U9t1ZaYWmFpRXiQrJVA9O66LnvXj+macSkoYJo3cUoMX5GlOFUsLzqpZolhI7IgHUtlCRi2s8ml+Vw1zJ9GMbKPmnghP3ekZFI63EU WGdxpP6tFeRfWjc1YcvPuExSwyT9WhSmApoYFlnBPleMGjG2gFDF7a2QDoki1NhEf2wJ2VhGSV61wZS/h/+D60Ydozq+xLWT1jSiRbANdsA+wKAJTsA5uABtQMEdeACP4Mm5d16cV+fty1pxpj1b4Ec5H5/FMKdk</latexit>

E ′′

<latexit sha1_base64="38IkxiKWovD98CxUIQJpV3c/9lk=">AAACM3icdVDLSgMxFL3js9ZXfezcBIvoQkpGsba7ggguK1gV2qFk0kwNzWSGJCOUYf7E3/AH3OoPiDsRd/6DmdaCih4IHM4995Hjx4Jrg/GzMzU9Mzs3X1goLi4tr6yW1tYvdZQoylo0EpG69olm gkvWMtwIdh0rRkJfsCt/cJLXr26Z0jySF2YYMy8kfckDTomxUrdUTTujIW3V970UV3D1qH6I93HlCLvH9bolGFdrhwdZJyTmhhKRnma7u1m3VJ540cSLJl7kWpKj3NiEEZrd0nunF9EkZNJQQbRuuzg2XkqU4VSwrNhJNIsJHZA+a1sqSci0l45Oy9COVXooiJR90qCR +r0jJaHWw9C3zvxK/buWi3/V2okJal7KZZwYJul4UZAIZCKUh4V6XDFqxNASQhW3tyJ6QxShxkb6Y0vAhjKMs6INZvJ79D+5PKi4uOKeu+VGbZwQFGALtmEPXDiGBpxBE1pA4Q4e4BGenHvnxXl13sbWKeerZwN+wPn4BPDcqA8=</latexit><latexit sha1_base64="38IkxiKWovD98CxUIQJpV3c/9lk=">AAACM3icdVDLSgMxFL3js9ZXfezcBIvoQkpGsba7ggguK1gV2qFk0kwNzWSGJCOUYf7E3/AH3OoPiDsRd/6DmdaCih4IHM4995Hjx4Jrg/GzMzU9Mzs3X1goLi4tr6yW1tYvdZQoylo0EpG69olm gkvWMtwIdh0rRkJfsCt/cJLXr26Z0jySF2YYMy8kfckDTomxUrdUTTujIW3V970UV3D1qH6I93HlCLvH9bolGFdrhwdZJyTmhhKRnma7u1m3VJ540cSLJl7kWpKj3NiEEZrd0nunF9EkZNJQQbRuuzg2XkqU4VSwrNhJNIsJHZA+a1sqSci0l45Oy9COVXooiJR90qCR +r0jJaHWw9C3zvxK/buWi3/V2okJal7KZZwYJul4UZAIZCKUh4V6XDFqxNASQhW3tyJ6QxShxkb6Y0vAhjKMs6INZvJ79D+5PKi4uOKeu+VGbZwQFGALtmEPXDiGBpxBE1pA4Q4e4BGenHvnxXl13sbWKeerZwN+wPn4BPDcqA8=</latexit><latexit sha1_base64="38IkxiKWovD98CxUIQJpV3c/9lk=">AAACM3icdVDLSgMxFL3js9ZXfezcBIvoQkpGsba7ggguK1gV2qFk0kwNzWSGJCOUYf7E3/AH3OoPiDsRd/6DmdaCih4IHM4995Hjx4Jrg/GzMzU9Mzs3X1goLi4tr6yW1tYvdZQoylo0EpG69olm gkvWMtwIdh0rRkJfsCt/cJLXr26Z0jySF2YYMy8kfckDTomxUrdUTTujIW3V970UV3D1qH6I93HlCLvH9bolGFdrhwdZJyTmhhKRnma7u1m3VJ540cSLJl7kWpKj3NiEEZrd0nunF9EkZNJQQbRuuzg2XkqU4VSwrNhJNIsJHZA+a1sqSci0l45Oy9COVXooiJR90qCR +r0jJaHWw9C3zvxK/buWi3/V2okJal7KZZwYJul4UZAIZCKUh4V6XDFqxNASQhW3tyJ6QxShxkb6Y0vAhjKMs6INZvJ79D+5PKi4uOKeu+VGbZwQFGALtmEPXDiGBpxBE1pA4Q4e4BGenHvnxXl13sbWKeerZwN+wPn4BPDcqA8=</latexit><latexit sha1_base64="+lum/7TkQghLeYEyqy3W68R6ZD8=">AAACM3icdVDLSgMxFM34tr6qLt0Ei+hCSqaltd0VRHBZwVZhOpRMmmlDM5khyQjDMH/ib/gDbvUHxJ2IO//BTB+gogcCh3PPfeR4EWdKI/RiLSwuLa+srq0XNja3tneKu3tdFcaS0A4JeShvPawo Z4J2NNOc3kaS4sDj9MYbn+f1mzsqFQvFtU4i6gZ4KJjPCNZG6hfraW8yxJFDz01RGdVrzSo6ReUass+aTUMQqjeqlawXYD0imKcX2fFx1i+W5l4498K5F9qG5CiBGdr94kdvEJI4oEITjpVybBRpN8VSM8JpVujFikaYjPGQOoYKHFDlppPTMnhklAH0Q2me0HCifu9I caBUEnjGmV+pftdy8a+aE2u/4aZMRLGmgkwX+TGHOoR5WHDAJCWaJ4ZgIpm5FZIRlphoE+mPLT5NRBBlBRPM/Pfwf9KtlG1Utq/sUqsxi2gNHIBDcAJscAZa4BK0QQcQcA8ewRN4th6sV+vNep9aF6xZzz74AevzC3gwp7s=</latexit>

(assuming R ≥ θmax/2, i.e. R ≥ jet radius for conical jets)

0 ≤ EMD(E , E ′) ≤ EMD(E , E ′′) + EMD(E ′
, E

′′)
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https://arxiv.org/abs/2004.09360
https://arxiv.org/abs/2008.08604
https://arxiv.org/abs/1912.10625
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Dimensionality of Space of Jets

[Grassberger, Procaccia, PRL 1983; Kégl, NIPS 2002]

Nneighbors(r) ∼ r
dim
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dim(r) ∼ r
∂

∂r
lnNneighbors(r)
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⇒

(a) D≃ 0

(b) D≃ 2(c) D≃ 1

(d) D≃ 2

dim≃0

dim≃1 dim≃2

dim≃2
(eventually 0)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.346
http://papers.nips.cc/paper/2290-intrinsic-dimension-estimation-using-packing-numbers
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Dimensionality of Space of Jets

[Grassberger, Procaccia, PRL 1983; Kégl, NIPS 2002]

Nneighbors(r) ∼ r
dim
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Cg = 3
Cq = 4/3

QCD

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.346
http://papers.nips.cc/paper/2290-intrinsic-dimension-estimation-using-packing-numbers
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Dimensionality of Space of Jets

[Grassberger, Procaccia, PRL 1983; Kégl, NIPS 2002]

Nneighbors(r) ∼ r
dim
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dim(r) ∼ r
∂

∂r
lnNneighbors(r)
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[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using CMS Open Data]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.346
http://papers.nips.cc/paper/2290-intrinsic-dimension-estimation-using-packing-numbers
https://arxiv.org/abs/1908.08542
http://opendata.cern.ch/
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N-subjettiness
Ubiquitous jet substructure observable used for almost a decade…

[JDT, Van Tilburg, JHEP 2011, JHEP 2012;
based on Brandt, Dahmen, ZPC 1979; Stewart, Tackmann, Waalewijn, PRL 2010]

τN (J ) = min
N axes

∑

i

Ei min {θ1,i, θ2,i, . . . , θN,i}

<latexit sha1_base64="PmFIT7K6/Eh7dQYuKLob18yejwY=">AAAD7XiclVPLihNBFK10+xjjKzO6c1MYhBFCqGpDHouBoAjiIoxgMgOp0FRXqpNiqh903ZYJbS31D9yJW7/JH3DrL9jpzMLJuEguFBzOvfecy+VWkGplgJBfNce9dfvO3YN79fsPHj563Dg8mpgk z4Qci0Qn2XnAjdQqlmNQoOV5mkkeBVqeBRdv1vmzTzIzKok/wiqVs4gvYhUqwaGk/MPaHwY890fHBavEptkimBWkPeh3vU63RdqE9KhH18DrdV51LIs4LAXXxXtrX+ITzCIV+8VWNyGE0qqJ0F6XlGAw6Hu0b0esxUBeQsEvpbHW4p1tTR75Cr/1la0sMdMyBFYwWErg uw9AbWtXS2VtC++r7+2rr+cJmP19Rnv5YIxZphZLYNZvNCvZMvBNQK9Ac/gUVXHqN36zeSLySMYgNDdmSkkKs4JnoISWts5yI1MuLvhCTksY80iaWVGNZvGLkpnjMMnKFwOu2H87Ch4Zs4qCsnJ9V2Y7tyb/l5vmEPZnhYrTHGQsNkZhrjEkeH3meK4yKUCvSsBFpspZ sVjyjAsoP8M1l1Cu4ii19XIxdHsNN8HEa1PSph86zeHrzYbQAXqGnqNjRFEPDdE7dIrGSDgT57PzxfnqJu4397v7Y1Pq1K56nqBr4f78C/bNKmk=</latexit><latexit sha1_base64="PmFIT7K6/Eh7dQYuKLob18yejwY=">AAAD7XiclVPLihNBFK10+xjjKzO6c1MYhBFCqGpDHouBoAjiIoxgMgOp0FRXqpNiqh903ZYJbS31D9yJW7/JH3DrL9jpzMLJuEguFBzOvfecy+VWkGplgJBfNce9dfvO3YN79fsPHj563Dg8mpgk z4Qci0Qn2XnAjdQqlmNQoOV5mkkeBVqeBRdv1vmzTzIzKok/wiqVs4gvYhUqwaGk/MPaHwY890fHBavEptkimBWkPeh3vU63RdqE9KhH18DrdV51LIs4LAXXxXtrX+ITzCIV+8VWNyGE0qqJ0F6XlGAw6Hu0b0esxUBeQsEvpbHW4p1tTR75Cr/1la0sMdMyBFYwWErg uw9AbWtXS2VtC++r7+2rr+cJmP19Rnv5YIxZphZLYNZvNCvZMvBNQK9Ac/gUVXHqN36zeSLySMYgNDdmSkkKs4JnoISWts5yI1MuLvhCTksY80iaWVGNZvGLkpnjMMnKFwOu2H87Ch4Zs4qCsnJ9V2Y7tyb/l5vmEPZnhYrTHGQsNkZhrjEkeH3meK4yKUCvSsBFpspZ sVjyjAsoP8M1l1Cu4ii19XIxdHsNN8HEa1PSph86zeHrzYbQAXqGnqNjRFEPDdE7dIrGSDgT57PzxfnqJu4397v7Y1Pq1K56nqBr4f78C/bNKmk=</latexit><latexit sha1_base64="PmFIT7K6/Eh7dQYuKLob18yejwY=">AAAD7XiclVPLihNBFK10+xjjKzO6c1MYhBFCqGpDHouBoAjiIoxgMgOp0FRXqpNiqh903ZYJbS31D9yJW7/JH3DrL9jpzMLJuEguFBzOvfecy+VWkGplgJBfNce9dfvO3YN79fsPHj563Dg8mpgk z4Qci0Qn2XnAjdQqlmNQoOV5mkkeBVqeBRdv1vmzTzIzKok/wiqVs4gvYhUqwaGk/MPaHwY890fHBavEptkimBWkPeh3vU63RdqE9KhH18DrdV51LIs4LAXXxXtrX+ITzCIV+8VWNyGE0qqJ0F6XlGAw6Hu0b0esxUBeQsEvpbHW4p1tTR75Cr/1la0sMdMyBFYwWErg uw9AbWtXS2VtC++r7+2rr+cJmP19Rnv5YIxZphZLYNZvNCvZMvBNQK9Ac/gUVXHqN36zeSLySMYgNDdmSkkKs4JnoISWts5yI1MuLvhCTksY80iaWVGNZvGLkpnjMMnKFwOu2H87Ch4Zs4qCsnJ9V2Y7tyb/l5vmEPZnhYrTHGQsNkZhrjEkeH3meK4yKUCvSsBFpspZ sVjyjAsoP8M1l1Cu4ii19XIxdHsNN8HEa1PSph86zeHrzYbQAXqGnqNjRFEPDdE7dIrGSDgT57PzxfnqJu4397v7Y1Pq1K56nqBr4f78C/bNKmk=</latexit><latexit sha1_base64="d/SciImyf7gIlsLPeWrKIGrZl7U=">AAAD7XiclVPLihNBFK10+xjjK6NLN4VBGCGEqp6Qx0IYFEFchBFMZiAVmupKdVJM9YOu2zKhraX+gTtx6zf5A279Bbt7snAyLpILBYdz7z3ncrkVpFoZIORXw3Fv3b5z9+Be8/6Dh48etw6fTE2S Z0JORKKT7DzgRmoVywko0PI8zSSPAi3Pgos3Vf7sk8yMSuKPsE7lPOLLWIVKcCgp/7DxhwHP/fFRwWqxWbYM5gXpjoZ9r9fvkC4hA+rRCniD3nHPsojDSnBdvLf2JX6FWaRiv9jqJoRQWjcROuiTEoxGQ48O7Zh1GMhLKPilNNZavLOtySNf4be+srUlZlqGwAoGKwl8 9wGo7exqqazt4H31vX319SIBs7/PeC8fjDHL1HIFzPqtdi1bBr4J6Aa00SZO/dZvtkhEHskYhObGzChJYV7wDJTQ0jZZbmTKxQVfylkJYx5JMy/q0Sx+UTILHCZZ+WLANftvR8EjY9ZRUFZWd2W2cxX5v9wsh3A4L1Sc5iBjcWUU5hpDgqszxwuVSQF6XQIuMlXOisWK Z1xA+RmuuYRyHUepbZaLodtruAmmXpeSLv3Qa5+83qzoAD1Dz9ERomiATtA7dIomSDhT57PzxfnqJu4397v746rUaWx6nqJr4f78C34hKhU=</latexit>
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39Jesse Thaler (MIT) — QCD and Jets through the Lens of Machine Learning

N-subjettiness = Point to Manifold EMD
…is secretly an optimal transport problem

[JDT, Van Tilburg, JHEP 2011, JHEP 2012;
rephrased via Komiske, Metodiev, JDT, JHEP 2020; see opposite limit in Cesarotti, JDT, JHEP 2020]

P2
<latexit sha1_base64="HCtUNp3JQxizVnLfnOcMYXRPGOE=">AAACDHicdVDLSgMxFL3js9ZXfezcBIvgqmRa7WNXcOOygq1COwyZNKPBTGZIMkIZ5hf8Abf6B+7Erf/gD/gdZloFFT0QOJxzL/fkBIng2mD85szNLywuLZdWyqtr6xubla3tgY5TRVmfxiJWlwHR THDJ+oYbwS4TxUgUCHYR3JwU/sUtU5rH8txMEuZF5ErykFNirORXNkcRMdeUiKyX+1k99ytVXMPN404DI1w7xm6r07EE42a7UUeuJQWq3V2YoudX3kfjmKYRk4YKovXQxYnxMqIMp4Ll5VGqWULoDbliQ0sliZj2smnwHB1YZYzCWNknDZqq3zcyEmk9iQI7WcTUv71C /MsbpiZsexmXSWqYpLNDYSqQiVHRAhpzxagRE0sIVdxmRfSaKEKN7erHlZBNZJTkZVvM1+/R/2RQr7m45p4dVbvtWUNQgj3Yh0NwoQVdOIUe9IFCCvfwAI/OnfPkPDsvs9E553NnB37Aef0AdLWcWQ==</latexit><latexit sha1_base64="HCtUNp3JQxizVnLfnOcMYXRPGOE=">AAACDHicdVDLSgMxFL3js9ZXfezcBIvgqmRa7WNXcOOygq1COwyZNKPBTGZIMkIZ5hf8Abf6B+7Erf/gD/gdZloFFT0QOJxzL/fkBIng2mD85szNLywuLZdWyqtr6xubla3tgY5TRVmfxiJWlwHR THDJ+oYbwS4TxUgUCHYR3JwU/sUtU5rH8txMEuZF5ErykFNirORXNkcRMdeUiKyX+1k99ytVXMPN404DI1w7xm6r07EE42a7UUeuJQWq3V2YoudX3kfjmKYRk4YKovXQxYnxMqIMp4Ll5VGqWULoDbliQ0sliZj2smnwHB1YZYzCWNknDZqq3zcyEmk9iQI7WcTUv71C /MsbpiZsexmXSWqYpLNDYSqQiVHRAhpzxagRE0sIVdxmRfSaKEKN7erHlZBNZJTkZVvM1+/R/2RQr7m45p4dVbvtWUNQgj3Yh0NwoQVdOIUe9IFCCvfwAI/OnfPkPDsvs9E553NnB37Aef0AdLWcWQ==</latexit><latexit sha1_base64="HCtUNp3JQxizVnLfnOcMYXRPGOE=">AAACDHicdVDLSgMxFL3js9ZXfezcBIvgqmRa7WNXcOOygq1COwyZNKPBTGZIMkIZ5hf8Abf6B+7Erf/gD/gdZloFFT0QOJxzL/fkBIng2mD85szNLywuLZdWyqtr6xubla3tgY5TRVmfxiJWlwHR THDJ+oYbwS4TxUgUCHYR3JwU/sUtU5rH8txMEuZF5ErykFNirORXNkcRMdeUiKyX+1k99ytVXMPN404DI1w7xm6r07EE42a7UUeuJQWq3V2YoudX3kfjmKYRk4YKovXQxYnxMqIMp4Ll5VGqWULoDbliQ0sliZj2smnwHB1YZYzCWNknDZqq3zcyEmk9iQI7WcTUv71C /MsbpiZsexmXSWqYpLNDYSqQiVHRAhpzxagRE0sIVdxmRfSaKEKN7erHlZBNZJTkZVvM1+/R/2RQr7m45p4dVbvtWUNQgj3Yh0NwoQVdOIUe9IFCCvfwAI/OnfPkPDsvs9E553NnB37Aef0AdLWcWQ==</latexit><latexit sha1_base64="KOxF7/xLsYdqqJTwGj/l/E7wiKw=">AAACDHicdVDLSgMxFM34rPXRqks3wSK4KpnWvnYFNy4r2Ae0w5BJM21oJjMkGaEM8wv+gFv9A3fi1n/wB/wOM20FK3ogcDjnXu7J8SLOlEbow9rY3Nre2c3t5fcPDo8KxeOTngpjSWiXhDyUAw8r ypmgXc00p4NIUhx4nPa92XXm9++pVCwUd3oeUSfAE8F8RrA2klssjAKspwTzpJO6SSV1iyVURvVaq4ogKteQ3Wi1DEGo3qxWoG1IhhJYoeMWP0fjkMQBFZpwrNTQRpF2Eiw1I5ym+VGsaITJDE/o0FCBA6qcZBE8hRdGGUM/lOYJDRfqz40EB0rNA89MZjHVby8T//KG sfabTsJEFGsqyPKQH3OoQ5i1AMdMUqL53BBMJDNZIZliiYk2Xa1d8elcBFGaN8V8/x7+T3qVso3K9u1Vqd1cVZQDZ+AcXAIbNEAb3IAO6AICYvAInsCz9WC9WK/W23J0w1rtnII1WO9f+/qcBQ==</latexit>

τ3
<latexit sha1_base64="KqQR3F4dUEcWwyc0uHPsydYe0oY=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgW7LLhxWcFeoAlhMp20QyeTMDMRSshz+Bq+gFt9A8GFuBMfw0nahW39YeDjP+fMOfx+zKhUlvVhlNbWNza3ytuVnd29/YPq4VFXRonApIMjFom+ jyRhlJOOooqRfiwICn1Gev7kNq/3HomQNOIPahoTN0QjTgOKkdKWV7VTp/hkIEa+m1r1hpXrcgUyR6HES6+yzKvWrHrhWeYq2HOotU6gUNurfjvDCCch4QozJOXAtmLlpkgoihnJKk4iSYzwBI3IQCNHIZFuWlyVmefaGZpBJPTjyizcvxMpCqWchr7uDJEay+Vabv5X GyQqaLop5XGiCMezRUHCTBWZeU7mkAqCFZtqQFhQfauJx0ggrHSaC1sCMuVhnFV0MPZyDKvQbdRtq27fX9dazVlCUIZTOIMLsOEGWnAHbegAhid4gVd4M56Nd+PT+Jq1loz5zDEsyPj5BYsIpcM=</latexit><latexit sha1_base64="KqQR3F4dUEcWwyc0uHPsydYe0oY=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgW7LLhxWcFeoAlhMp20QyeTMDMRSshz+Bq+gFt9A8GFuBMfw0nahW39YeDjP+fMOfx+zKhUlvVhlNbWNza3ytuVnd29/YPq4VFXRonApIMjFom+ jyRhlJOOooqRfiwICn1Gev7kNq/3HomQNOIPahoTN0QjTgOKkdKWV7VTp/hkIEa+m1r1hpXrcgUyR6HES6+yzKvWrHrhWeYq2HOotU6gUNurfjvDCCch4QozJOXAtmLlpkgoihnJKk4iSYzwBI3IQCNHIZFuWlyVmefaGZpBJPTjyizcvxMpCqWchr7uDJEay+Vabv5X GyQqaLop5XGiCMezRUHCTBWZeU7mkAqCFZtqQFhQfauJx0ggrHSaC1sCMuVhnFV0MPZyDKvQbdRtq27fX9dazVlCUIZTOIMLsOEGWnAHbegAhid4gVd4M56Nd+PT+Jq1loz5zDEsyPj5BYsIpcM=</latexit><latexit sha1_base64="KqQR3F4dUEcWwyc0uHPsydYe0oY=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgW7LLhxWcFeoAlhMp20QyeTMDMRSshz+Bq+gFt9A8GFuBMfw0nahW39YeDjP+fMOfx+zKhUlvVhlNbWNza3ytuVnd29/YPq4VFXRonApIMjFom+ jyRhlJOOooqRfiwICn1Gev7kNq/3HomQNOIPahoTN0QjTgOKkdKWV7VTp/hkIEa+m1r1hpXrcgUyR6HES6+yzKvWrHrhWeYq2HOotU6gUNurfjvDCCch4QozJOXAtmLlpkgoihnJKk4iSYzwBI3IQCNHIZFuWlyVmefaGZpBJPTjyizcvxMpCqWchr7uDJEay+Vabv5X GyQqaLop5XGiCMezRUHCTBWZeU7mkAqCFZtqQFhQfauJx0ggrHSaC1sCMuVhnFV0MPZyDKvQbdRtq27fX9dazVlCUIZTOIMLsOEGWnAHbegAhid4gVd4M56Nd+PT+Jq1loz5zDEsyPj5BYsIpcM=</latexit><latexit sha1_base64="i+um0Dabifojc2j9VzRYGi5lvkw=">AAACLnicbZDLSsNAFIYnXmu9RV26CRbBhYSkCnZZcOOygr1AEsJkOmmHTiZhZiKEkOfwNXwBt/oGggtxJz6GkzQL2/rDwMd/zplz+IOEEiEt60NbW9/Y3Npu7DR39/YPDvWj44GIU45wH8U05qMA CkwJw31JJMWjhGMYBRQPg9ltWR8+Yi5IzB5klmAvghNGQoKgVJav27lbfeLwSeDlltm2Sl2uQOFKmPr5VVH4essyK88yVsGuoQVq9Xz92x3HKI0wk4hCIRzbSqSXQy4JorhouqnACUQzOMGOQgYjLLy8uqowzpUzNsKYq8ekUbl/J3IYCZFFgeqMoJyK5Vpp/ldzUhl2 vJywJJWYofmiMKWGjI0yJ2NMOEaSZgog4kTdaqAp5BBJlebClhBnLEqKpgrGXo5hFQZt07ZM+/661e3UETXAKTgDF8AGN6AL7kAP9AECT+AFvII37Vl71z61r3nrmlbPnIAFaT+/Elylbw==</latexit>

τ2
<latexit sha1_base64="OCMGyArS3uD5slhCVygpthd/noA=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgS7LLhxWcG2QhvKZDpph85MwsxECCHP4Wv4Am71DQQX4k58DCdpF7b1h4GP/5wz5/D7EaNKO86HVVpb39jcKm9Xdnb39g+qh0ddFcYSkw4OWSgf fKQIo4J0NNWMPESSIO4z0vOnN3m990ikoqG410lEPI7GggYUI22sYdVNB8UnfTn2vdSpN5xclyuQDTSKh2kjy4bVmlMvPMdeBXcOtdYJFGoPq9+DUYhjToTGDCnVd51IeymSmmJGssogViRCeIrGpG9QIE6UlxZXZfa5cUZ2EErzhLYL9+9EirhSCfdNJ0d6opZruflf rR/roOmlVESxJgLPFgUxs3Vo5znZIyoJ1iwxgLCk5lYbT5BEWJs0F7YEJBE8yiomGHc5hlXoNuquU3fvrmqt5iwhKMMpnMEFuHANLbiFNnQAwxO8wCu8Wc/Wu/Vpfc1aS9Z85hgWZP38AolupcI=</latexit><latexit sha1_base64="OCMGyArS3uD5slhCVygpthd/noA=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgS7LLhxWcG2QhvKZDpph85MwsxECCHP4Wv4Am71DQQX4k58DCdpF7b1h4GP/5wz5/D7EaNKO86HVVpb39jcKm9Xdnb39g+qh0ddFcYSkw4OWSgf fKQIo4J0NNWMPESSIO4z0vOnN3m990ikoqG410lEPI7GggYUI22sYdVNB8UnfTn2vdSpN5xclyuQDTSKh2kjy4bVmlMvPMdeBXcOtdYJFGoPq9+DUYhjToTGDCnVd51IeymSmmJGssogViRCeIrGpG9QIE6UlxZXZfa5cUZ2EErzhLYL9+9EirhSCfdNJ0d6opZruflf rR/roOmlVESxJgLPFgUxs3Vo5znZIyoJ1iwxgLCk5lYbT5BEWJs0F7YEJBE8yiomGHc5hlXoNuquU3fvrmqt5iwhKMMpnMEFuHANLbiFNnQAwxO8wCu8Wc/Wu/Vpfc1aS9Z85hgWZP38AolupcI=</latexit><latexit sha1_base64="OCMGyArS3uD5slhCVygpthd/noA=">AAACLnicbZDLSsNAFIZP6q3WW73s3ASL4EJKUgS7LLhxWcG2QhvKZDpph85MwsxECCHP4Wv4Am71DQQX4k58DCdpF7b1h4GP/5wz5/D7EaNKO86HVVpb39jcKm9Xdnb39g+qh0ddFcYSkw4OWSgf fKQIo4J0NNWMPESSIO4z0vOnN3m990ikoqG410lEPI7GggYUI22sYdVNB8UnfTn2vdSpN5xclyuQDTSKh2kjy4bVmlMvPMdeBXcOtdYJFGoPq9+DUYhjToTGDCnVd51IeymSmmJGssogViRCeIrGpG9QIE6UlxZXZfa5cUZ2EErzhLYL9+9EirhSCfdNJ0d6opZruflf rR/roOmlVESxJgLPFgUxs3Vo5znZIyoJ1iwxgLCk5lYbT5BEWJs0F7YEJBE8yiomGHc5hlXoNuquU3fvrmqt5iwhKMMpnMEFuHANLbiFNnQAwxO8wCu8Wc/Wu/Vpfc1aS9Z85hgWZP38AolupcI=</latexit><latexit sha1_base64="ioB2LPklbwPAdaCrjFSL7r5PwJg=">AAACLnicbZDLSsNAFIYn9VbrLerSTbAILiQkRbDLghuXFewFkhAm00k7dDIJMxMhhDyHr+ELuNU3EFyIO/ExnKRZ2NYfBj7+c86cwx8klAhpWR9aY2Nza3unudva2z84PNKPT4YiTjnCAxTTmI8D KDAlDA8kkRSPE45hFFA8Cua3ZX30iLkgMXuQWYK9CE4ZCQmCUlm+budu9YnDp4GXW2bHKnW1BoUrYernnaLw9bZlVp5lrINdQxvU6vv6tzuJURphJhGFQji2lUgvh1wSRHHRclOBE4jmcIodhQxGWHh5dVVhXChnYoQxV49Jo3L/TuQwEiKLAtUZQTkTq7XS/K/mpDLs ejlhSSoxQ4tFYUoNGRtlTsaEcIwkzRRAxIm61UAzyCGSKs2lLSHOWJQULRWMvRrDOgw7pm2Z9v11u9etI2qCM3AOLoENbkAP3IE+GAAEnsALeAVv2rP2rn1qX4vWhlbPnIIlaT+/EMKlbg==</latexit>

J
<latexit sha1_base64="ExPMY3VaKcIHcnf9hY3G/UyXlDQ=">AAACBnicdVDJSgNBEK2JW4xbXG5eGoPgaZgRIfEW8CKeIpgFJiH0dHqSJj3dQ3ePEIbc/QGv+gfexKu/4Q/4HXYmCsblQcHjvSqq6oUJZ9p43ptTWFpeWV0rrpc2Nre2d8q7ey0tU0Vok0guVSfE mnImaNMww2knURTHIaftcHwx89u3VGkmxY2ZJLQX46FgESPYWCnoxtiMCObZ1bRfrnjuedWzQL+J73o5KvUDyNHol9+7A0nSmApDONY68L3E9DKsDCOcTkvdVNMEkzEe0sBSgWOqe1l+8hQdW2WAIqlsCYNy9ftEhmOtJ3FoO2cn6p/eTPzLC1IT1XoZE0lqqCDzRVHK kZFo9j8aMEWJ4RNLMFHM3orICCtMjE1pYUtEJyJOpiUbzNf36H/SOnV9z/Wvzyr12jwhKMIhHMEJ+FCFOlxCA5pAQMI9PMCjc+c8Oc/Oy7y14HzO7MMCnNcPsDCaWA==</latexit><latexit sha1_base64="ExPMY3VaKcIHcnf9hY3G/UyXlDQ=">AAACBnicdVDJSgNBEK2JW4xbXG5eGoPgaZgRIfEW8CKeIpgFJiH0dHqSJj3dQ3ePEIbc/QGv+gfexKu/4Q/4HXYmCsblQcHjvSqq6oUJZ9p43ptTWFpeWV0rrpc2Nre2d8q7ey0tU0Vok0guVSfE mnImaNMww2knURTHIaftcHwx89u3VGkmxY2ZJLQX46FgESPYWCnoxtiMCObZ1bRfrnjuedWzQL+J73o5KvUDyNHol9+7A0nSmApDONY68L3E9DKsDCOcTkvdVNMEkzEe0sBSgWOqe1l+8hQdW2WAIqlsCYNy9ftEhmOtJ3FoO2cn6p/eTPzLC1IT1XoZE0lqqCDzRVHK kZFo9j8aMEWJ4RNLMFHM3orICCtMjE1pYUtEJyJOpiUbzNf36H/SOnV9z/Wvzyr12jwhKMIhHMEJ+FCFOlxCA5pAQMI9PMCjc+c8Oc/Oy7y14HzO7MMCnNcPsDCaWA==</latexit><latexit sha1_base64="ExPMY3VaKcIHcnf9hY3G/UyXlDQ=">AAACBnicdVDJSgNBEK2JW4xbXG5eGoPgaZgRIfEW8CKeIpgFJiH0dHqSJj3dQ3ePEIbc/QGv+gfexKu/4Q/4HXYmCsblQcHjvSqq6oUJZ9p43ptTWFpeWV0rrpc2Nre2d8q7ey0tU0Vok0guVSfE mnImaNMww2knURTHIaftcHwx89u3VGkmxY2ZJLQX46FgESPYWCnoxtiMCObZ1bRfrnjuedWzQL+J73o5KvUDyNHol9+7A0nSmApDONY68L3E9DKsDCOcTkvdVNMEkzEe0sBSgWOqe1l+8hQdW2WAIqlsCYNy9ftEhmOtJ3FoO2cn6p/eTPzLC1IT1XoZE0lqqCDzRVHK kZFo9j8aMEWJ4RNLMFHM3orICCtMjE1pYUtEJyJOpiUbzNf36H/SOnV9z/Wvzyr12jwhKMIhHMEJ+FCFOlxCA5pAQMI9PMCjc+c8Oc/Oy7y14HzO7MMCnNcPsDCaWA==</latexit><latexit sha1_base64="mkvvNO5IlOBoVho0vevrWglo9yk=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwVRIRWncFN+Kqgn1AGspkOmmHziPMTIQQsvcH3OofuBO3/oY/4Hc4aStYHwcuHM65l3vvCWNGtXHdd6e0srq2vlHerGxt7+zuVfcPulomCpMOlkyqfog0 YVSQjqGGkX6sCOIhI71weln4vTuiNJXi1qQxCTgaCxpRjIyV/AFHZoIRy67zYbXm1i8argX8Tby6O0MNLNAeVj8GI4kTToTBDGnte25sggwpQzEjeWWQaBIjPEVj4lsqECc6yGYn5/DEKiMYSWVLGDhTv09kiGud8tB2Fifqn14h/uX5iYmaQUZFnBgi8HxRlDBoJCz+ hyOqCDYstQRhRe2tEE+QQtjYlJa2RCQVPM4rNpiv7+H/pHtW99y6d3NeazUXEZXBETgGp8ADDdACV6ANOgADCR7AI3hy7p1n58V5nbeWnMXMIViC8/YJN4SaBA==</latexit>

P3
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Pileup

And many more!

IRC Safety is smoothness
in the space of events

Event shapes are distances
from events to manifolds.

Jets are projections to
few-particle manifolds.

Substructure resolves
emissions within the jet.

Pileup mitigation moves
away from uniform radiation.
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ℇ
EMD ℇ, ℇ′ 𝜌𝒰 .min
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[Komiske, Metodiev, JDT, JHEP 2020; timeline by Metodiev]

Six Decades of Collider Physics
Translated into a New Geometric Language!
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?

Energy Flow Networks ⇔ IRC Safety + Permutations

Jet Topics ⇔ Hadron-Level Approach to QCD Partons 

Energy Mover’s Distance ⇔ Geometric Strategies for Collider Physics 
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Can strategy be defined on physical final states?

Can theoretical structures be encoded directly?

Can we leverage unsupervised machine learning?

Energy Flow Networks ⇔ IRC Safety + Permutations

Jet Topics ⇔ Hadron-Level Approach to QCD Partons 

Energy Mover’s Distance ⇔ Geometric Strategies for Collider Physics 

QCD and Jets through the Lens of ML

And now… Frédéric’s perspective on ML ⇔ QCD!
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Ê

Energy-Energy Correlators

Ê

[Basham, Brown, Ellis, Love, PRL 1978; ALEPH, PLB 1991;
see Chen, Moult, Zhang, Zhu, PRD 2020]
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is  ins e ns itive  to  the  re n o rm a liz a tio n  s ca le  [ 16 ]. 
Th e  EEC is  de fine d  by the  e xpre s s ion  

1 - -  EiE, 
E E C ( c o s z ) =  ~ v ~ , ~  ~ ~ a ( c o s z - c o s z u ) ,  (3 ) 

whe re  N is  the  n u m b e r o f e ve n ts ,  the  indice s  i, j run  
o ve r a ll pa rtic le s  in a  g ive n  e ve n t,  E, is  the  e ne rgy o f 
the  ith pa rtic le , a nd  Zo is  the  a ngle  be twe e n  the  m o - 
m e n ta  o f pa rtic le s  i a n d j.  Th e  AEEC is  de fine d  a s  

AE E C (c o s  Z) = E E C (  - c o s  Z) - E E C (c o s  Z) . (4 ) 

Th e  e xp e rim e n ta l re s ult fo r the  EEC a n d  AEEC 
d is tribu tions  a re  s hown in fig. 2 toge the r with  the  
p re d ic tion  o f the  h a d ro n  a n d  p a rto n  le ve l d is tribu - 
tions  fro m  mode l ca lcu la tions . In  the  Lund  P S  mode l 
the s e  ra tios  de via te  fro m  1 by a t le a s t (5 -1 0 )% ,  in- 
d ica ting  a  m o d e ra te  s e ns itivity o f the  EEC a n d  AEEC 
d is tribu tions  to  h a d ro n iz a tio n  e ffe cts . Th e  ra tios  de - 
rive d  fro m  the  Lund  ME mode l,  howe ve r,  de via te  
fro m  1 by m o re  th a n  20%, s ugge s ting th a t h ighe r or- 
de r p e rtu rb a tive  co rre c tions  a re  ve ry im p o rta n t e ve n  
a t LEP  e ne rgie s . The re fo re  one  e xpe cts  re la tive ly la rge  
the ore tica l unce rta in tie s  fo r c~ if de rive d  fro m  the s e  
d is tribu tions .  

Th e  s ys te ma tic  d is to rtions  o f the  EEC d is tribu tion  
va n is h  to  a  la rge  e xte n t if one  cons ide rs  p re -c lus te re d  
e ve nts  (CEEC va ria b le ).  Th is  is  s hown in fig. 3 whe re  
the  m e a s u re d  CEEC d is tribu tion  is  d is p la ye d  to- 
ge the r with  the  ra tio  o f h a d ro n  a n d  p a rto n  le ve l dis - 

tribu tions  fro m  mode l ca lcu la tions  fo r two  va lue s  o f 
Ycu,. Th e  d is to rtions  due  to  h ighe r o rde r p e rtu rb a tive  
e ffe c ts  a n d  due  to  h a d ro n iz a tio n  a re  ve ry s ma ll in the  
ce n tra l ra nge . The  CEEC d is tribu tion  cha nge s  in 
s ha pe  with  va rying  You,- Th is  is  qua n tita tive ly pre - 
d ic te d  by the  s e cond  o rde r Q C D ca lcu la tion  which  is  
s hown in fig. 3 a fte r co rre c tion  s ing the  Lund  ME 
mode l.  Th e  curve s  c o rre s p o n d  to  c q (M 2) =0 .1 1 8  fo r 
a  re n o rm a liz a tio n  s ca le /z= ½Mz. 

Th e  s ys te ma tic  e ffe cts  fo r the  AEEC ca n be  a ls o 
s o m e wh a t re duce d  by the  pre -c lus te ring  bu t the y re - 
m a in  la rge r tha n  15%. Als o, a fte r p re -c lus te ring  the  
s trong  coup ling  cons ta n t de rive d  fro m  AEEC wa s  
found  to  be  a ga in  m o re  s trongly d e p e n d e n t on  the  re - 
n o rm a liz a tio n  s ca le . Th e  AEEC is  the re fo re  no t fur- 
the r cons ide re d  in th is  d is cus s ion  o f p re -c lus te re d  
s ha pe  va ria b le s . 

Although  the  re s idua l fra g m e n ta tio n  e ffe c ts  fo r the  
CEEC a re  s ma ll the y a re  s lightly a s ym m e tric  in cos z .  
F ro m  the  re s ults  o f a ll mode ls  (de s c ribe d  in the  pre - 
vious  s e c tion ),  it is  found  tha t the  ra nge  

- 0.5 < cos  Z < 0 ha s  cons is te n tly s ma ll a nd  cons ta n t 
d is to rtions . Th is  ra nge  is  the re fo re  chos e n  to  fit 
c~s (Mz ) .  Th e  cha nge  o f the  re s ults  whe n  m o vin g  to  a  
s ym m e tric  ra nge  - 0 . 2 5 < c o s x < 0 . 2 5  ha s  be e n  in- 
c lude d  in the  the ore tica l e rror. Th e  re s ults  fro m  fits  
o f the  s e cond  o rde r Q C D p re d ic tion  to  the  da ta  a re  
p re s e n te d  in fig. 4 a s  func tion  o f You, be fore  corre c- 
tion  fo r re s idua l fra g m e n ta tio n  e ffe c ts  (fig. 4 a ),  a nd  
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Fig. 2. Me a s u re d  EEC (a ) a n d  AEEC (b ) d is trib u tio n s  to g e th e r with  the  ra tio  o f d is trib u tio n s  on  h a d ro n  a n d  p a tto n  le ve l, a s  d e rive d  
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Fig. 4. Re s ults  for c~s (M~) as  func tion o fy ~ ,  from QCD fits  to  e ve nt s hape  dis tributions  be fore  corre c tion for fragme ntation e ffe cts  (a ),  
(c ),  and afte r corre c tion with e s tima te d the ore tica l unce rta intie s  for a fixe d s ca le  # = ~ Mz  inc lude d in the  e rrors  (b ),  (d ).  

Table  1 
Fit inte rvals , va lue s  for c q(M~ )  be fore  corre c tion for fragme nta tion e ffe cts  ( ~  . . . . .  ), range  o f corre c te d va lue s  ( O Ls  c ° r r  ) ,  and range  o f 
va lue s  corre c te d for ha dro niz a tio n a lone  (~  ~,a ). The  re no rma liz a tio n s ca le  # = ½  Mz  applie s  throughout. 

Variable  3'cm Fit inte rval oq (M~ ) . . . . . .  cq (M~ ) . . . .  a s  ( M~  ) h.d 

CEEC 0 .02  - 0 . 5 - 0 . 0  0 .115  + 0 ,002  0 ,1 1 5 -0 .1 2 3  0 .1 1 9 -0 .1 2 4  
7" 0 .03  0 .8 -0 .9  0 .120  +_ 0 .003  0 ,1 1 8 -0 .1 2 5  0 .1 2 6 -0 .1 2 8  
C 0 .03  0 .4 -0 .6  0 .119  +0 .0 0 3  0 .1 1 9 -0 .1 2 7  0 .1 2 5 -0 .1 2 7  
O 0 .03  0 .3 -0 .4  0 .114_+0.003  0 .1 1 3 -0 .1 2 0  0 .1 1 8 -0 .1 2 0  
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The  fits  o f a s ( M~ )  we re  pe rfo rme d in inte rva ls  
c o nta ine d in tho s e  c ho s e n in re f. [3 ].  In a dditio n it 
wa s  re quire d that the  range s  are  we ll ins ide  the  kine - 
ma tic  bo unda rie s  impo s e d o n the  e ve nt s ha pe  dis tri- 
butio n due  to  pre -c lus te ring  up to  yc m=0 . 0 6 .  The  
range s  are  lis te d in ta ble  1. The  re s ults  o f the  fits  are  
dis pla ye d in figs . 4c ,  4d as  func tio n o fy ~ t be fo re  cor- 
re c tio n for fra g me nta tio n e ffe c ts ,  and a fte r c o rre c - 

tio n with the o re tic a l e rrors  for a fixe d re no rma liz a - 
tio n s c a le /~  = ½  Mz  inc lude d.  

S imila rly to  the  CEEC, the  fitte d c ~ s (M~ ) be c o me s  
s table  for Ycut > 0 .02 .  At the  s a me  time  the  re s ults  fro m 
the  va rio us  e ve nt s hape  va ria ble s  are  a ppro a c hing  
e a c h o the r and the  the o re tic a l unc e rta intie s  de c re a s e .  
The  s ta biliz a tio n is  s lo we r,  ho we ve r,  than for CEEC. 
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o bs e rva tio ns  o ne  has  to  ta ke  into  a c c o unt the  e xte nt 
to  whic h the  g loba l e ve nt s ha pe  va ria ble s  be c o me  
mo re  s tro ng ly c o rre la te d due  to  the  pre -c lus te ring .  At 
Ycut----0 .0 6 ,  for e xa mple ,  a lmo s t all e ve nts  in the  fit 
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Theoretical challenges with
small angle (collinear) limit

Extracting the 
strong coupling 
constant

https://doi.org/10.1103/PhysRevLett.41.1585
https://doi.org/10.1016/0370-2693(91)91926-M
https://arxiv.org/abs/2004.11381


45Jesse Thaler (MIT) — QCD and Jets through the Lens of Machine Learning

QCD Phase Transition in Jets?

[Komiske, Moult, JDT, Zhu, in progress; see talks by Moult, BOOST 2019, BOOST 2020]
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First Jet EEC Plot from the LHC (!)

Are we learning something
about small angle limit of QCD?

Linear-linear plot

https://indico.cern.ch/event/753914/contributions/3444457/
https://indico.cern.ch/event/775951/contributions/3903457/


QCD and Jets through the Lens of Machine Learning II
KITP, New Physics from Precision at High Energies, 30 March 2021

Frédéric Dreyer

with Jesse Thaler



Representation of jets

Jets are high-dimensional objects, can be represented in numerous ways

[Cogan, Kagan, Strauss, Schwartzman, 2014]

[Louppe, Cho, Becot, Cranmer, 2017]

[Komiske, Metodiev, Thaler, 2017]

Choice of basis is a balance between

I Theory-motivated encoding of radiation patterns
I Constraints on neural network architecture

Frédéric Dreyer 1/22

https://arxiv.org/abs/1407.5675
https://arxiv.org/abs/1702.00748
https://arxiv.org/abs/1712.07124


Lund diagrams

I Lund diagrams in the (ln I, ln)
plane are a very useful way of
representing emissions.

I Di�erent kinematic regimes are
clearly separated, used to illustrate
branching phase space in parton
shower Monte Carlo simulations and
in perturbative QCD resummations.

I Soft-collinear emissions are emitted
uniformly in the Lund plane

3F
2 / �B

3I

I

3


[Andersson et al, Z.Phys. C43 (1989) 625]
[FD, Salam, Soyez, JHEP 1812 (2018) 064]
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Lund plane representation

To create a Lund plane representation of a jet, use the (Cambridge/Aachen)
clustering sequence of the jet to associate a unique Lund tree to each jet.

1. Undo the last clustering step, defining two subjets 91 , 92
ordered in transverse momentum.

2. Save the kinematics of the current declustering step 8 as
a tuple T (8) = {:C ,�, I ,< ,#}

� ⌘ (H1 � H2)2 + ()1 � )2)2 , :C ⌘ ?C2�,

<
2 ⌘ (?1 + ?2)2 , I ⌘ ?C2

?C1+?C2
, # ⌘ tan�1 H2�H1

)2�)1
.

3. Repeat this procedure on both 91 and 92 until they are
single particles.

Cambridge/Aachen clustering: pairwise recombination of particles with smallest � separation.

[FD, Salam, Soyez, JHEP 1812 (2018) 064]

Frédéric Dreyer 3/22

https://arxiv.org/abs/1807.04758


Lund plane representation

I Each jet is thus mapped onto a tree of Lund declusterings from its
clustering sequence.

I Primary sequence of hardest transverse momentum branch is of
particular interest for measurements and visualisation.

Frédéric Dreyer 4/22



Jets as Lund images

Average over declusterings of hardest branch for 2 TeV jets.

, jetsQCD jets

I Hard splittings visible along the diagonal line with jet mass < = <, .
Frédéric Dreyer 5/22



Measurement of the primary Lund plane

Lund images provide an opportunity for experimental measurements and
comparisons with theory
I Lund plane can be predicted analytically, and the calculation is

systematically improvable.
I Can be compared to data and used e.g. for �B extractions.
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(emission, core)RΔ = RΔ [Lifson, Salam, Soyez, JHEP 10 (2020) 170]

[ATLAS Collaboration, PRL 124 (2020) 22, 222002]
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https://arxiv.org/abs/2007.04319
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Log-likelihood use of Lund Plane

Log-likelihood approach takes two inputs:

I First one obtained from the “leading” emission, defined as first emision
satisfying I > 0.025 (⇠ mMDT tagger).

L✓ (< , I) = ln
✓

1
#(

3#(

3<3I

�
1
#⌫

3#⌫

3<3I

◆

I The second one which brings sensitivity to non-leading emissions.

L=✓ (�, :C ;�(✓ )) = ln
⇣
⌧(=✓ )
(

�
⌧(=✓ )
⌫

⌘

Overall log-likelihood signal-background discriminator for a given jet is then
given by

Ltot = L✓ (<(✓ )
, I

(✓ )) +
’
8<✓

L=✓ (�(8)
, :

(8)
C

;�(✓ )) +N(�(✓ ))
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Boosted ] tagging with the primary Lund plane

I LL approach already
provides substantial
improvement over
best-performing substructure
observable.

I LSTM network substantially
improves on results obtained
with other methods.

I Large gain in performance,
particularly at higher
e�ciencies.

Frédéric Dreyer 8/22



Mapping the full Lund plane to a graph

I Performance can be improved further by taking secondary/tertiary Lund
planes into account, particularly relevant for top tagging.

I Treat each declustering of the Lund tree as a node on a graph.

Attributes
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Many promising applications of graphs, e.g.
[Henrion et al. DLPS NIPS ’17]
[Martinez et al. EPJP 134 (2019) 7, 333]
[Moreno et al. EPJC 80, 58 (2020)]
[Qu, Gouskos, PRD 101, 056019 (2020)]

ln 1/�
ln
k t
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https://dl4physicalsciences.github.io/files/nips_dlps_2017_29.pdf
https://arxiv.org/abs/1810.07988
https://arxiv.org/abs/1908.05318
https://arxiv.org/abs/1902.08570


LundNet models

Tuple of kinematic variables as input for each node
⇢

LundNet-5 : (ln :C , ln�, ln I , ln< ,#)
LundNet-3 : (ln :C , ln�, ln I)

Lund coordinates

EdgeConv Block
C = (32, 32)

EdgeConv Block
C = (64, 64)

EdgeConv Block
C = (128, 128)

Global Average Pooling

Fully Connected
256, ReLU, Dropout = 0.1

Fully Connected
2

Softmax

Lund tree

EdgeConv Block
C = (32, 32)

EdgeConv Block
C = (64, 64)

EdgeConv Block
C = (128, 128)

Concatenate

Linear (384) + BN + ReLU

ReLU

features

Lund tree feature pairs

Linear (C1) + BN + ReLU

Aggregation

Linear (C2) + BN + ReLU

(a)

(b) (c)

edge features

[FD, Qu, JHEP 03 (2021) 052]

T 0 (8) =⇤3
:=0 h⇥ (T (8)

,T (9: ) )
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https://arxiv.org/abs/2012.08526


Boosted object tagging with graph networks

I Graph-based methods outperform our previous benchmarks
significantly.

I LundNet model provides substantial improvement over ParticleNet and
is an order of magnitude faster to train/deploy.

[FD, Qu, JHEP 03 (2021) 052]
Frédéric Dreyer 11/22

https://arxiv.org/abs/2012.08526


Complexity of models

I Direct use of the Lund tree as the graph structure removes the need for
a costly nearest-neighbour search.

I LundNet reduces training and inference time by order of magnitude
compared to previous graph methods.

I Due to their higher-level kinematic inputs, LundNet takes significantly
less epochs to converge to a good solution.

I Training and inference time of the model are reduced as transverse
momentum cut is increased and more nodes are removed from input.
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Understanding what the network is learning

Can we determine what is driving performance of a neural network?

I Consider their application on a simple task where we have first
principle understanding.

I Build analytic likelihood-ratio discriminatant for this configuration and
compare them with ML models.

We will consider quark/gluon discrimination.

Frédéric Dreyer 13/22



Calculating Lund plane variables

Primary Lund-plane density can be computed to single-logarithmic accuracy
for both quarks and gluons.

[Lifson, Salam, Soyez, JHEP 10 (2020) 170]

For given jet with Lund declusterings
{�8 , :C ,8 , . . . } define likelihood ratio

Ldensity =
÷
8

⌧6(�8 , :C ,8)
⌧@(�8 , :C ,8)

Frédéric Dreyer 14/22

https://arxiv.org/abs/2007.04319


Building an analytic q/g discriminant

For a jet with primary declusterings {�8 , :C ,8 , I8 , . . . } compute the likelihood
ratio

Lprimary =
?6({�8 , :C ,8 , I8 , . . . })
?@({�8 , :C ,8 , I8 , . . . })

where ?@ ,6({�8 , :C ,8 , I8 , . . . )} is the probability to observe the given set of
declusterings if the jet were a quark or a gluon.

?@({�8 , :C ,8 , I8 , . . . }) = ?
(final)(@ |@0) + ?

(final)(6 |@0)
?6({�8 , :C ,8 , I8 , . . . }) = ?

(final)(@ |60) + ?
(final)(6 |60)

We can compute all single-logarithms from running coupling and collinear
e�ects.

Frédéric Dreyer 15/22



Optimal discriminant at single-logarithmic accuracy

I Computation in the collinear limit where Lund declusterings are
strongly ordered in angle �1 � �2 � · · · � �= .

I Construct the quark & gluon probability distribution iteratively from first
splitting.

Probabilities after including all Lund declusterings expressed as

?
(final) = (

=+1,=
%̃
(=)

(
= ,=�1

. . . %̃
(8)
(
8 ,8�1

. . . %̃
(1)
(

1,0
?
(0)

where ( is a NLL Sudakov matrix and % a matrix of splitting kernels.

P̃ (1) P̃ (2) P̃ (i) P̃ (n)

p(0) S(1,0) S(2,1) S(i,i�1) S(n,n�1) S(n+1,n)
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Comparison with pure-collinear parton shower

I Compare analytic and deep learning approaches in events generated
in the strong-angular-ordered limit.

I In this limit analytic approach is exact and becomes optimal
discriminant.

Frédéric Dreyer 17/22



Application to full Monte Carlo

I Applying to /+jet events generated with Pythia 8: di�erence in
performance, but same qualitative behaviour.

[FD, Soyez, Takacs, in progress]
Frédéric Dreyer 18/22



Robustness to model-dependent e�ects

I Performance compared to resilience to MPI and hadronisation corrections.
I Vary Lund plane cut on :C , which reduces sensitivity to the non-pert. region.
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I LundNet-3 performs well
even at high resilience.

I Most ML models can reach
very good performance but
are not particularly resilient
to non-perturbative e�ects.

(c.f. arXiv:1803.07977)
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Robustness to model-dependent e�ects

I Performance compared to resilience to detector smearing e�ects.
I Vary Lund plane cut on :C , which partly reduces sensitivity to detector e�ects.
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But what does the machine learn?

I Important limitation stems from the fact that labelled training data is
usually obtained from Monte Carlo event generators.

I But parton shower simulations are not perfect tools!
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simulation / truth

Common dipole showers display
quark/gluon di�erences that

should not be there.

I How to be sure ML models are not
overfitting unphysical features?

[Dasgupta, FD, Hamilton, Monni, Salam, Soyez, Phys.Rev.Lett. 125 (2020) 5, 052002]
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Designing new showers for precision physics

[Dasgupta, FD, Hamilton, Monni, Salam, Soyez, Phys.Rev.Lett. 125 (2020) 5, 052002]

Paves the way for improved simulations with more
accurate physical description of perturbative radiation.
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Conclusions

I Jet substructure provides a unique practical playground for recent
developments in machine learning.

I Discussed new ways to study and exploit radiation patterns in a jet
using the Lund plane.

I Through appropriate benchmarks, it is possible to gain some
first-principles understanding of neural network performance.

I Combination of physical insight and machine learning needed to
design models that combine performance and robustness.
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