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Losing the Particle Physics Forest for the ML/AI/CS Trees

Information content of a particle physics event or jet is small

Kolmogorov complexity of Mandelbrot set is small

(easy to write a short computer program)

This image: 100,000s of pixels

Program to generate it: 2 lines of code

One jet with 30ish particles; ~3000 total bits

LHC has recorded > 10 billion events

Pythia + MadGraph code is about 50 MBytes

Information in physics <<<<< information of data

arXiv:1112.6426
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Losing the Particle Physics Forest for the ML/AI/CS Trees

We know the rules of particle physics and the space in which the data lives

What is the space of pixels in an image of Brad Pitt?

What theory governs his chiseled brow?

Whole subfields of CS are devoted to organizing 
data with no known structure

arXiv:1112.6426

Fundamental theory: the QCD Lagrangian

Particle production governed by recursive equations

Resulting particles live on relativistic phase space



5

Recall: A Lesson for Introductory Physics

Students in introductory physics haven’t honed their physical intuition

Problem:

To make something habit, you have to consciously do the action 1000s of times

If you learn a new physics concept and are asked to solve a problem you must consciously ask:

What is the dumbest next thing that I could do?

1st dumb thing: FBD 2nd dumb thing: Newton #2

m

<latexit sha1_base64="dnYsMWDGd6cwdxzyfB0L4TnZDb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2CWM+Q==</latexit>

✓

<latexit sha1_base64="jeMNMzS8PsU1FWkR24iA8gyofpY=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6terlfa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/po+PMA==</latexit>

~N

<latexit sha1_base64="2r020guQrUbFkUcBRJYLypH+aBw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kgnlAsoTZSW8yZnZ2mZkNhJB/8OJBEa/+jzf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3s785giV5rF8NOME/Yj2JQ85o8ZKjc4IGbnvFktu2Z2DrBIvIyXIUOsWvzq9mKURSsME1brtuYnxJ1QZzgROC51UY0LZkPaxbamkEWp/Mr92Ss6s0iNhrGxJQ+bq74kJjbQeR4HtjKgZ6GVvJv7ntVMTXvsTLpPUoGSLRWEqiInJ7HXS4wqZEWNLKFPc3krYgCrKjA2oYEPwll9eJY2LslcpXz5UStWbLI48nMApnIMHV1CFO6hBHRg8wTO8wpsTOy/Ou/OxaM052cwx/IHz+QMFjo7G</latexit>

~f

<latexit sha1_base64="Z+MvjAeaEVeRKju678qoS85hNkc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VbC20oWy2k3btZhN2N4US+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaj25n/OEaleSwfzCRBP6IDyUPOqLFSqztGRsJeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/NopObNKn4SxsiUNmau/JzIaaT2JAtsZUTPUy95M/M/rpCa89jMuk9SgZItFYSqIicnsddLnCpkRE0soU9zeStiQKsqMDahkQ/CWX14lrYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aEATGDzBM7zCmxM7L86787FoLTj5zDH8gfP5Aynujt4=</latexit>

~Fg

<latexit sha1_base64="v7vmbEJee2V0d2FawjtGSKsp9Bw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BQTxGMA9IljA76U2GzM6uM7OBEPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRQ8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD25nfHKHSPJaPZpygH9G+5CFn1Fip1RkhI3fdfrdYcsvuHGSVeBkpQYZat/jV6cUsjVAaJqjWbc9NjD+hynAmcFropBoTyoa0j21LJY1Q+5P5vVNyZpUeCWNlSxoyV39PTGik9TgKbGdEzUAvezPxP6+dmvDan3CZpAYlWywKU0FMTGbPkx5XyIwYW0KZ4vZWwgZUUWZsRAUbgrf88ippXJS9SvnyoVKq3mRx5OEETuEcPLiCKtxDDerAQMAzvMKb8+S8OO/Ox6I152Qzx/AHzucPc9KPmA==</latexit>

~Fg + ~N + ~f = m~a

<latexit sha1_base64="0DlEd9ngxV6eJApOKHe6sebHl/Q=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVBKHMSEU3QlEQV1LBXqAdhkyaaUOTzJBkCqX0Bdz4Km5cKOLWvTvfxnQ6grb+EPj4zzmcnD+IGVXacb6s3MLi0vJKfrWwtr6xuWVv79RVlEhMajhikWwGSBFGBalpqhlpxpIgHjDSCPpXk3pjQKSikbjXw5h4HHUFDSlG2li+fdAeEAyv/S48hine/kAILyBPCfl20Sk5qeA8uBkUQaaqb3+2OxFOOBEaM6RUy3Vi7Y2Q1BQzMi60E0VihPuoS1oGBeJEeaP0mjE8NE4HhpE0T2iYur8nRogrNeSB6eRI99RsbWL+V2slOjz3RlTEiSYCTxeFCYM6gpNoYIdKgjUbGkBYUvNXiHtIIqxNgAUTgjt78jzUT0puuXR6Vy5WLrM48mAP7IMj4IIzUAE3oApqAIMH8ARewKv1aD1bb9b7tDVnZTO74I+sj2/UI5jk</latexit>

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything
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Example 1: Optimal Observables for Color-Singlet Identification

Problem:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2006.10480

Already assume that there is 
selected hard two-prong structure

W/Z/H

q/g

vs.
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Example 1: Optimal Observables for Color-Singlet Identification

Problem: 1st dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2006.10480

W/Z/H

q/g

vs.

Jet has 3 particles,

minimal for color correlations

Work in limit where third particle is 
much softer than other two
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Example 1: Optimal Observables for Color-Singlet Identification

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2006.10480

W/Z/H

q/g

vs.

Jet has 3 particles,

minimal for color correlations

Neyman-Pearson:

Likelihood ratio is optimal

O =
|MQCD|

2

|Msinglet|
2

<latexit sha1_base64="JMqcbqqVmceRzCM9WExAm+HFV9Q=">AAACL3icbVBNS8NAEN3U7/pV9ehlsQieSiIVvQiiIl5EBatCU8tmO6lLN5uwOxFLzD/y4l/xIqKIV/+F24+DWh8MPN6bYWZekEhh0HVfncLY+MTk1PRMcXZufmGxtLR8aeJUc6jxWMb6OmAGpFBQQ4ESrhMNLAokXAWdg55/dQfaiFhdYDeBRsTaSoSCM7RSs3SU+ZxJeprTXeqHmvHsYaCc5E0f4R6z84PD/OFmMx8xjFBtCdg3m6WyW3H7oKPEG5IyGeKsWXr2WzFPI1DIJTOm7rkJNjKmUXAJedFPDSSMd1gb6pYqFoFpZP1/c7pulRYNY21LIe2rPycyFhnTjQLbGTG8NX+9nvifV08x3GlkQiUpguKDRWEqKca0Fx5tCQ0cZdcSxrWwt1J+y2xqaCMu2hC8vy+PksvNiletbJ1Xy3v7wzimySpZIxvEI9tkjxyTM1IjnDySZ/JG3p0n58X5cD4HrQVnOLNCfsH5+gY1K6p3</latexit>

Best discriminant is some function 
of the location of the soft particle

Neyman, Pearson 1933
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Example 1: Optimal Observables for Color-Singlet Identification

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2006.10480

W/Z/H

q/g

vs.

Jet has 3 particles,

minimal for color correlations

Neyman-Pearson:

Likelihood ratio is optimal

O =
|MQCD|

2

|Msinglet|
2

<latexit sha1_base64="JMqcbqqVmceRzCM9WExAm+HFV9Q=">AAACL3icbVBNS8NAEN3U7/pV9ehlsQieSiIVvQiiIl5EBatCU8tmO6lLN5uwOxFLzD/y4l/xIqKIV/+F24+DWh8MPN6bYWZekEhh0HVfncLY+MTk1PRMcXZufmGxtLR8aeJUc6jxWMb6OmAGpFBQQ4ESrhMNLAokXAWdg55/dQfaiFhdYDeBRsTaSoSCM7RSs3SU+ZxJeprTXeqHmvHsYaCc5E0f4R6z84PD/OFmMx8xjFBtCdg3m6WyW3H7oKPEG5IyGeKsWXr2WzFPI1DIJTOm7rkJNjKmUXAJedFPDSSMd1gb6pYqFoFpZP1/c7pulRYNY21LIe2rPycyFhnTjQLbGTG8NX+9nvifV08x3GlkQiUpguKDRWEqKca0Fx5tCQ0cZdcSxrWwt1J+y2xqaCMu2hC8vy+PksvNiletbJ1Xy3v7wzimySpZIxvEI9tkjxyTM1IjnDySZ/JG3p0n58X5cD4HrQVnOLNCfsH5+gY1K6p3</latexit>

Consequences:

Observables “designed” to do this 
are suboptimal

O < 1

O > 1

Omin =
1

2

××

Contours of constant optimal observable


“jet color ring”

Contours of constant pull angle
arXiv:1001.5027

See also arXiv:2010.11998

Neyman, Pearson 1933
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Example 1: Optimal Observables for Color-Singlet Identification

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2006.10480

W/Z/H

q/g

vs.

Jet has 3 particles,

minimal for color correlations

Neyman-Pearson:

Likelihood ratio is optimal

O =
|MQCD|

2

|Msinglet|
2

<latexit sha1_base64="JMqcbqqVmceRzCM9WExAm+HFV9Q=">AAACL3icbVBNS8NAEN3U7/pV9ehlsQieSiIVvQiiIl5EBatCU8tmO6lLN5uwOxFLzD/y4l/xIqKIV/+F24+DWh8MPN6bYWZekEhh0HVfncLY+MTk1PRMcXZufmGxtLR8aeJUc6jxWMb6OmAGpFBQQ4ESrhMNLAokXAWdg55/dQfaiFhdYDeBRsTaSoSCM7RSs3SU+ZxJeprTXeqHmvHsYaCc5E0f4R6z84PD/OFmMx8xjFBtCdg3m6WyW3H7oKPEG5IyGeKsWXr2WzFPI1DIJTOm7rkJNjKmUXAJedFPDSSMd1gb6pYqFoFpZP1/c7pulRYNY21LIe2rPycyFhnTjQLbGTG8NX+9nvifV08x3GlkQiUpguKDRWEqKca0Fx5tCQ0cZdcSxrWwt1J+y2xqaCMu2hC8vy+PksvNiletbJ1Xy3v7wzimySpZIxvEI9tkjxyTM1IjnDySZ/JG3p0n58X5cD4HrQVnOLNCfsH5+gY1K6p3</latexit>

Consequences:

Discrimination works in simulation
D2 still apparently has some 
interesting color information

arXiv:1409.6298

Neyman, Pearson 1933
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Example 2: The Topology of Phase Space

Problem:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2008.06508

What is the manifold on which 
particles in collision event live?

For simplicity, let’s take all 
particles as massless
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Example 2: The Topology of Phase Space

Problem: 1st dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2008.06508

What is the manifold on which 
particles in collision event live?

Answer: Relativistic N-body 
phase space

d⇧N =
NY

i=1

⇥
d4pi

⇤
+
�(4)

 
Q�

NX

i=1

pi

!

<latexit sha1_base64="eOIeN0TFuqSUYMXblEeRrTqeE/c="></latexit>

All particles are on-shell, have positive 
energy, and total momentum is conserved

Dirac 1927
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Example 2: The Topology of Phase Space

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2008.06508

What is the manifold on which 
particles in collision event live?

Answer: Relativistic N-body 
phase space

d⇧N =
NY

i=1

⇥
d4pi

⇤
+
�(4)

 
Q�

NX

i=1

pi

!

<latexit sha1_base64="eOIeN0TFuqSUYMXblEeRrTqeE/c="></latexit>

Simplify and rewrite in a form 
that makes geometry manifest

Isomorphic to the product of the 
N-1 simplex and the 2N-3 sphere

⇧N ' �N�1 ⇥ S2N�3

<latexit sha1_base64="oBlY96IR4Fr01JTP2OvElHSBo6c=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0FIk7AbI1oGtbAKEc0DsnGZnUySIbMPZ+4KYckv2PgrNhaK2NrZ+TdOHoUmHrhwOOde7r3HiwRXYFnfRmppeWV1Lb2e2djc2t4xd/fqKowlZTUailA2PaKY4AGrAQfBmpFkxPcEa3iDi7HfeGBS8TC4hWHE2j7pBbzLKQEtuWbOqXK3gh3FfXaPnUsmgLhJJW+PHNCSwjd3SbGSPx65ZtYqWBPgRWLPSBbNUHXNL6cT0thnAVBBlGrZVgTthEjgVLBRxokViwgdkB5raRoQva2dTD4a4SOtdHA3lLoCwBP190RCfKWGvqc7fQJ9Ne+Nxf+8Vgzds3bCgygGFtDpom4sMIR4HA/ucMkoiKEmhEqub8W0TyShoEPM6BDs+ZcXSb1YsEuFk+tStnw+iyONDtAhyiEbnaIyukJVVEMUPaJn9IrejCfjxXg3PqatKWM2s4/+wPj8AYJpnDA=</latexit>

Dirac 1927
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Example 2: The Topology of Phase Space

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2008.06508

What is the manifold on which 
particles in collision event live?

Answer: Relativistic N-body 
phase space

d⇧N =
NY

i=1

⇥
d4pi

⇤
+
�(4)

 
Q�

NX

i=1

pi

!

<latexit sha1_base64="eOIeN0TFuqSUYMXblEeRrTqeE/c="></latexit>

Simplify and rewrite in a form 
that makes geometry manifest

Consequences:

Phase space is not Euclidean 
space

ML techniques that assume flat 
space might fail on a curved 

manifold
L(p1, p2, . . . , pn)

p1

p2

pn

...

⇧N ' �N�1 ⇥ S2N�3

<latexit sha1_base64="oBlY96IR4Fr01JTP2OvElHSBo6c=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0FIk7AbI1oGtbAKEc0DsnGZnUySIbMPZ+4KYckv2PgrNhaK2NrZ+TdOHoUmHrhwOOde7r3HiwRXYFnfRmppeWV1Lb2e2djc2t4xd/fqKowlZTUailA2PaKY4AGrAQfBmpFkxPcEa3iDi7HfeGBS8TC4hWHE2j7pBbzLKQEtuWbOqXK3gh3FfXaPnUsmgLhJJW+PHNCSwjd3SbGSPx65ZtYqWBPgRWLPSBbNUHXNL6cT0thnAVBBlGrZVgTthEjgVLBRxokViwgdkB5raRoQva2dTD4a4SOtdHA3lLoCwBP190RCfKWGvqc7fQJ9Ne+Nxf+8Vgzds3bCgygGFtDpom4sMIR4HA/ucMkoiKEmhEqub8W0TyShoEPM6BDs+ZcXSb1YsEuFk+tStnw+iyONDtAhyiEbnaIyukJVVEMUPaJn9IrejCfjxXg3PqatKWM2s4/+wPj8AYJpnDA=</latexit>

Dirac 1927
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Example 2: The Topology of Phase Space

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:2008.06508

What is the manifold on which 
particles in collision event live?

Answer: Relativistic N-body 
phase space

d⇧N =
NY

i=1

⇥
d4pi

⇤
+
�(4)

 
Q�

NX

i=1

pi

!

<latexit sha1_base64="eOIeN0TFuqSUYMXblEeRrTqeE/c="></latexit>

Simplify and rewrite in a form 
that makes geometry manifest

Consequences:

Problems with autoencoders on 
non-trivial manifolds

⇧N ' �N�1 ⇥ S2N�3

<latexit sha1_base64="oBlY96IR4Fr01JTP2OvElHSBo6c=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0FIk7AbI1oGtbAKEc0DsnGZnUySIbMPZ+4KYckv2PgrNhaK2NrZ+TdOHoUmHrhwOOde7r3HiwRXYFnfRmppeWV1Lb2e2djc2t4xd/fqKowlZTUailA2PaKY4AGrAQfBmpFkxPcEa3iDi7HfeGBS8TC4hWHE2j7pBbzLKQEtuWbOqXK3gh3FfXaPnUsmgLhJJW+PHNCSwjd3SbGSPx65ZtYqWBPgRWLPSBbNUHXNL6cT0thnAVBBlGrZVgTthEjgVLBRxokViwgdkB5raRoQva2dTD4a4SOtdHA3lLoCwBP190RCfKWGvqc7fQJ9Ne+Nxf+8Vgzds3bCgygGFtDpom4sMIR4HA/ucMkoiKEmhEqub8W0TyShoEPM6BDs+ZcXSb1YsEuFk+tStnw+iyONDtAhyiEbnaIyukJVVEMUPaJn9IrejCfjxXg3PqatKWM2s4/+wPj8AYJpnDA=</latexit>

Dirac 1927

Textbook example of spontaneous 
symmetry breaking


Autoencoder “tears” manifold at 
random point

arXiv:2102.08380

Figure 4. Performance of an S1 autoencoder with latent dimension dl = 1. The break point �0 is
shown in red in all plots. Top left: Latent representation as a function of input �. Top right: Model
� as a function of input �. Bottom left: Model points (x, y) compared to data (x, y). Bottom
right: Loss as a function of input � for a uniformly-sampled test set.

the fact that the circle with a point excised is topologically equivalent to R.8 As can be seen

in the plot of the model output (Fig. 4, top right), the autoencoder maps points near �0 all

over the circle, with output values of � ranging from �⇡ to ⇡. This is also easily visualized

8Given that the training set is exactly uniform (to machine precision), the appearance of a preferred angle �0

is a textbook example of spontaneous symmetry breaking; as the size of the training set increases, a continuous

family of identical loss minima parameterized by �0 emerges. In future work we plan to investigate how this

symmetry breaking is realized on the loss landscape of the autoencoder, given that �0 is determined by the

stochastic dynamics of network initialization and training.

– 11 –
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything arXiv:1906.01639, 2008.09673

quark jet

gluon jet

vs.

Just assume that the only 
difference is the total color
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem: 1st dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything

quark jet

gluon jet

vs.

Most naive results from stats/ML

Choose a basis of IRC safe observables 
to express particle momenta

Universal Approx.

Theorem

Neyman-Pearson

Lemma

Most naive results from stats/ML

L({pi}) = L({xi})

<latexit sha1_base64="6akJHcfKuLZBof0pBeS9SaYXbdU=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAp1E1JpKIboejGhYsK9gJNCJPppB06mYSZiVhCn8CNr+LGhSJuXbvzbZymWdTWHwZ+vnMOZ87vx4xKZVk/RmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH19N654EISSN+r8YxcUM04DSgGCmNPLOSOhgxeDupOmnsUWdyAi/hHHvMmGeWrZqVCS4bOzdlkKvpmd9OP8JJSLjCDEnZs61YuSkSimJGJiUnkSRGeIQGpKctRyGRbpqdM4EVTfowiIR+XMGMzk+kKJRyHPq6M0RqKBdrU/hfrZeo4MJNKY8TRTieLQoSBlUEp9nAPhUEKzbWBmFB9V8hHiKBsNIJlnQI9uLJy6Z9WrPrtbO7erlxlcdRBEfgGFSBDc5BA9yAJmgBDJ7AC3gD78az8Wp8GJ+z1oKRzxyCPzK+fgFByJr8</latexit>

L({xi}) =
pg({xi})
pq({xi})

<latexit sha1_base64="rUfpCHtDkQ2BOGVrQ/1ipXuhQNE=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0Wom5JIi26EohsXLirYBzQlTKaTduhkEmcmYgn5Ejf+ihsXigiu9G+ctsFH64GBc8+5lzv3eBGjUlnWp5FbWFxaXsmvFtbWNza3zO2dpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84fnYb90SIWnIr9UoIt0A9Tn1KUZKS65ZTRyMGLxMS05y51InPYSn0PEFwknk9r/FVFc3P5VrFq2yNQGcJ3ZGiiBD3TXfnV6I44BwhRmSsmNbkeomSCiKGUkLTixJhPAQ9UlHU44CIrvJ5LwUHmilB/1Q6McVnKi/JxIUSDkKPN0ZIDWQs95Y/M/rxMo/6SaUR7EiHE8X+TGDKoTjrGCPCoIVG2mCsKD6rxAPkM5G6UQLOgR79uR50jwq25Vy9apSrJ1lceTBHtgHJWCDY1ADF6AOGgCDe/AInsGL8WA8Ga/G27Q1Z2Qzu+APjI8vzhSiUw==</latexit>

Cybenko 1989, etc

Neyman, Pearson 1933

arXiv:1906.01639, 2008.09673
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{pi}i2JJ

N-subjettiness 
(also EFPs, ECFs,…)

arXiv:1704.08249
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

N-subjettinesses and related observables accomplish this
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For visualization simplicity, just consider (𝜏1,𝜏2)

⌧1

⌧2

Example 3: The Likelihood for Quark vs. Gluon Discrimination



20

For visualization simplicity, just consider (𝜏1,𝜏2)

⌧1

⌧2

IRC safety + additivity = exponential suppression

Exponentially small probability in regions where    ⌧N ! 0

Particle production as Poisson process

Example 3: The Likelihood for Quark vs. Gluon Discrimination
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For visualization simplicity, just consider (𝜏1,𝜏2)

⌧1

⌧2

/ CA

/ CF < CA

gluon jet
⌧gluonN > ⌧quarkN

Additivity then implies

Exponentially more likely to be 
quark than gluon here

quark jet

Example 3: The Likelihood for Quark vs. Gluon Discrimination
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything

quark jet

gluon jet

vs.

Most naive results from stats/ML

Universal Approx.

Theorem

Neyman-Pearson

Lemma

L({pi}) = L({xi})

<latexit sha1_base64="6akJHcfKuLZBof0pBeS9SaYXbdU=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAp1E1JpKIboejGhYsK9gJNCJPppB06mYSZiVhCn8CNr+LGhSJuXbvzbZymWdTWHwZ+vnMOZ87vx4xKZVk/RmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH19N654EISSN+r8YxcUM04DSgGCmNPLOSOhgxeDupOmnsUWdyAi/hHHvMmGeWrZqVCS4bOzdlkKvpmd9OP8JJSLjCDEnZs61YuSkSimJGJiUnkSRGeIQGpKctRyGRbpqdM4EVTfowiIR+XMGMzk+kKJRyHPq6M0RqKBdrU/hfrZeo4MJNKY8TRTieLQoSBlUEp9nAPhUEKzbWBmFB9V8hHiKBsNIJlnQI9uLJy6Z9WrPrtbO7erlxlcdRBEfgGFSBDc5BA9yAJmgBDJ7AC3gD78az8Wp8GJ+z1oKRzxyCPzK+fgFByJr8</latexit>

L({xi}) =
pg({xi})
pq({xi})

<latexit sha1_base64="rUfpCHtDkQ2BOGVrQ/1ipXuhQNE=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0Wom5JIi26EohsXLirYBzQlTKaTduhkEmcmYgn5Ejf+ihsXigiu9G+ctsFH64GBc8+5lzv3eBGjUlnWp5FbWFxaXsmvFtbWNza3zO2dpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84fnYb90SIWnIr9UoIt0A9Tn1KUZKS65ZTRyMGLxMS05y51InPYSn0PEFwknk9r/FVFc3P5VrFq2yNQGcJ3ZGiiBD3TXfnV6I44BwhRmSsmNbkeomSCiKGUkLTixJhPAQ9UlHU44CIrvJ5LwUHmilB/1Q6McVnKi/JxIUSDkKPN0ZIDWQs95Y/M/rxMo/6SaUR7EiHE8X+TGDKoTjrGCPCoIVG2mCsKD6rxAPkM5G6UQLOgR79uR50jwq25Vy9apSrJ1lceTBHtgHJWCDY1ADF6AOGgCDe/AInsGL8WA8Ga/G27Q1Z2Qzu+APjI8vzhSiUw==</latexit>

IRC safe observables have a

Sudakov form factor

pg({xi}) ⇠ e�CAf({xi})

<latexit sha1_base64="18F11c7BUzh0zaQ3dIdt/QtrHOU=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0siFV1Wu3FZwT6giWEynbRDJ5MwMxFLyA+48VfcuFDErXt3/o3TB6KtBy4czrmXe+/xY0alsqwvI7ewuLS8kl8trK1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmD2shv3REhacRv1DAmboh6nAYUI6UlzzyIvV7JSe896mRH0JE0hOQ2Pa55F8GPnHlm0SpbY8B5Yk9JEUxR98xPpxvhJCRcYYak7NhWrNwUCUUxI1nBSSSJER6gHuloylFIpJuOv8ngoVa6MIiELq7gWP09kaJQymHo684Qqb6c9Ubif14nUcG5m1IeJ4pwPFkUJAyqCI6igV0qCFZsqAnCgupbIe4jgbDSARZ0CPbsy/OkeVK2K+XT60qxejmNIw/2wD4oARucgSq4AnXQABg8gCfwAl6NR+PZeDPeJ605YzqzC/7A+PgGBsea6Q==</latexit>

pq({xi}) ⇠ e�CF f({xi})

<latexit sha1_base64="zx+zeoUxzLBl7ILBKG+77XyXWU0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1YUmkostiQVxWsA9oYphMJ+3QySTOTMQS8gNu/BU3LhRx696df+P0gWjrgQuHc+7l3nv8mFGpLOvLmJtfWFxazq3kV9fWNzbNre2GjBKBSR1HLBItH0nCKCd1RRUjrVgQFPqMNP1+deg374iQNOLXahATN0RdTgOKkdKSZ+7H3m3RSe896mSH0JE0hOQmPap6F8GPnHlmwSpZI8BZYk9IAUxQ88xPpxPhJCRcYYakbNtWrNwUCUUxI1neSSSJEe6jLmlrylFIpJuOvsnggVY6MIiELq7gSP09kaJQykHo684QqZ6c9obif147UcGZm1IeJ4pwPF4UJAyqCA6jgR0qCFZsoAnCgupbIe4hgbDSAeZ1CPb0y7OkcVyyy6WTq3Khcj6JIwd2wR4oAhucggq4BDVQBxg8gCfwAl6NR+PZeDPex61zxmRmB/yB8fENHwSa+A==</latexit>

Vanishes exponentially in the soft/
collinear limits; CA > CF

Cybenko 1989, etc

Neyman, Pearson 1933

arXiv:1906.01639, 2008.09673
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything

quark jet

gluon jet

vs.

Most naive results from stats/ML

Universal Approx.

Theorem

Neyman-Pearson

Lemma

L({pi}) = L({xi})

<latexit sha1_base64="6akJHcfKuLZBof0pBeS9SaYXbdU=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAp1E1JpKIboejGhYsK9gJNCJPppB06mYSZiVhCn8CNr+LGhSJuXbvzbZymWdTWHwZ+vnMOZ87vx4xKZVk/RmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH19N654EISSN+r8YxcUM04DSgGCmNPLOSOhgxeDupOmnsUWdyAi/hHHvMmGeWrZqVCS4bOzdlkKvpmd9OP8JJSLjCDEnZs61YuSkSimJGJiUnkSRGeIQGpKctRyGRbpqdM4EVTfowiIR+XMGMzk+kKJRyHPq6M0RqKBdrU/hfrZeo4MJNKY8TRTieLQoSBlUEp9nAPhUEKzbWBmFB9V8hHiKBsNIJlnQI9uLJy6Z9WrPrtbO7erlxlcdRBEfgGFSBDc5BA9yAJmgBDJ7AC3gD78az8Wp8GJ+z1oKRzxyCPzK+fgFByJr8</latexit>

L({xi}) =
pg({xi})
pq({xi})
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IRC safe observables have a

Sudakov form factor

pg({xi}) ⇠ e�CAf({xi})

<latexit sha1_base64="18F11c7BUzh0zaQ3dIdt/QtrHOU=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0siFV1Wu3FZwT6giWEynbRDJ5MwMxFLyA+48VfcuFDErXt3/o3TB6KtBy4czrmXe+/xY0alsqwvI7ewuLS8kl8trK1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmD2shv3REhacRv1DAmboh6nAYUI6UlzzyIvV7JSe896mRH0JE0hOQ2Pa55F8GPnHlm0SpbY8B5Yk9JEUxR98xPpxvhJCRcYYak7NhWrNwUCUUxI1nBSSSJER6gHuloylFIpJuOv8ngoVa6MIiELq7gWP09kaJQymHo684Qqb6c9Ubif14nUcG5m1IeJ4pwPFkUJAyqCI6igV0qCFZsqAnCgupbIe4jgbDSARZ0CPbsy/OkeVK2K+XT60qxejmNIw/2wD4oARucgSq4AnXQABg8gCfwAl6NR+PZeDPeJ605YzqzC/7A+PgGBsea6Q==</latexit>

pq({xi}) ⇠ e�CF f({xi})

<latexit sha1_base64="zx+zeoUxzLBl7ILBKG+77XyXWU0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1YUmkostiQVxWsA9oYphMJ+3QySTOTMQS8gNu/BU3LhRx696df+P0gWjrgQuHc+7l3nv8mFGpLOvLmJtfWFxazq3kV9fWNzbNre2GjBKBSR1HLBItH0nCKCd1RRUjrVgQFPqMNP1+deg374iQNOLXahATN0RdTgOKkdKSZ+7H3m3RSe896mSH0JE0hOQmPap6F8GPnHlmwSpZI8BZYk9IAUxQ88xPpxPhJCRcYYakbNtWrNwUCUUxI1neSSSJEe6jLmlrylFIpJuOvsnggVY6MIiELq7gSP09kaJQykHo684QqZ6c9obif147UcGZm1IeJ4pwPF4UJAyqCA6jgR0qCFZsoAnCgupbIe4hgbDSAeZ1CPb0y7OkcVyyy6WTq3Khcj6JIwd2wR4oAhucggq4BDVQBxg8gCfwAl6NR+PZeDPex61zxmRmB/yB8fENHwSa+A==</latexit>

Consequences:

Likelihood is IRC safe

⌧1

⌧2

Entire singular region is mapped to 
the unique value L = 0

Cybenko 1989, etc

Neyman, Pearson 1933

arXiv:1906.01639, 2008.09673
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything

quark jet

gluon jet

vs.

Most naive results from stats/ML

Universal Approx.

Theorem

Neyman-Pearson

Lemma

L({pi}) = L({xi})
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L({xi}) =
pg({xi})
pq({xi})

<latexit sha1_base64="rUfpCHtDkQ2BOGVrQ/1ipXuhQNE=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0Wom5JIi26EohsXLirYBzQlTKaTduhkEmcmYgn5Ejf+ihsXigiu9G+ctsFH64GBc8+5lzv3eBGjUlnWp5FbWFxaXsmvFtbWNza3zO2dpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84fnYb90SIWnIr9UoIt0A9Tn1KUZKS65ZTRyMGLxMS05y51InPYSn0PEFwknk9r/FVFc3P5VrFq2yNQGcJ3ZGiiBD3TXfnV6I44BwhRmSsmNbkeomSCiKGUkLTixJhPAQ9UlHU44CIrvJ5LwUHmilB/1Q6McVnKi/JxIUSDkKPN0ZIDWQs95Y/M/rxMo/6SaUR7EiHE8X+TGDKoTjrGCPCoIVG2mCsKD6rxAPkM5G6UQLOgR79uR50jwq25Vy9apSrJ1lceTBHtgHJWCDY1ADF6AOGgCDe/AInsGL8WA8Ga/G27Q1Z2Qzu+APjI8vzhSiUw==</latexit>

IRC safe observables have a

Sudakov form factor

pg({xi}) ⇠ e�CAf({xi})
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pq({xi}) ⇠ e�CF f({xi})
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Consequences:

Explains why IRC safe observables 
are good q/g discriminants
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FIG. 2: 2D Histograms of the two best observables, along with the likelihood formed by combining them bin-by-bin.

of this figure, we show the 2D bin-by-bin likelihood dis-
tribution. Given these variables, the discriminant that
achieves optimal gluon rejection for a fixed quark effi-
ciency is a simple cut on the appropriate likelihood con-
tour. Cutting out the top-right corner, for example, elim-
inates the most egregiously gluey jets. In practice, this
can be pre-computed or measured in each jet pT window.
As part of jet energy scale calibrations, Atlas [22] has
measured these two variables in dijet, γ-jet, and multi-
jet samples and used them individually to determine the
flavor composition to 10% precision.
The same method can be applied for more than 2 ob-

servables, but then the exact likelihood becomes impos-
sible to map efficiently with limited training samples. A
multivariate technique like Boosted Decision Trees can
be employed to approximate this multidimensional like-
lihood distribution, as explained in [18].
In summary, quite a number of single variables do com-

parably well, while some (like pull or planar flow) do
quite poorly at gluon tagging. We examined many com-
binations of observables, and found significant improve-
ment by looking at pairs, but only marginal gains be-
yond that. The results for the gluon rejection as a func-
tion of quark efficiency are shown for a number of the
more interesting observables and combinations in Fig-
ure 3 for 200GeV jets. The relative performance of
variables changed little with pT even though the op-
timal cuts do. Definitions and distributions of these
variables, and thousands of others, can be found on
http://jets.physics.harvard.edu/qvg. Good pairs
of variables included one from the discrete category de-
scribed above, such as particle count, and one more con-
tinuous shape variable, like the linear radial moment
(girth).
As an example using these curves to estimate the im-

provement in a search’s reach, consider X → WW →
qq̄qq̄ whose background is mostly 4-jets from QCD, each
of which is a gluon 80% of the time [3]. By operating at
60% quark efficiency, only 1/10th of gluons pass the tag-
ger, which means (20%)4 of the total QCD background
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FIG. 3: Gluon rejection curves for several observables as a
function of Quark Jet Acceptance. The results for 200GeV
Jets are shown, but other samples give similar results. The
best pair of observables is charged track multiplicity and lin-
ear radial moment (girth). The best group of five also includes
jet mass for the hardest subjet of size R=0.2, the average kT
of all Rsub=0.1 subjets, and the 3rd such small subjet’s pT
fraction.

passes. One measure of statistical significance in a count-
ing experiment is S/

√
B, perhaps within a particular in-

variant mass window. Any starting significance can be
improved by a factor of 3.2 using these cuts. The 60%
operating point was chosen to maximize this significance
improvement for this particular background composition,
which highlights the need to characterize background re-
jection for all signal efficiencies.

Measurements of these variables are underway, but it
would be very interesting to see distributions of and cor-
relations between as many of the variables in Figure 3
as possible. To this end, it has recently been observed
that 99% pure samples of quark jets can be obtained in
γ+2jet events, and 95% pure samples of gluon jets can be

arXiv:1106.3076

Simplify the work of an NN and 
give it IRC safe inputs

Cybenko 1989, etc

Neyman, Pearson 1933

arXiv:1906.01639, 2008.09673
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Example 3: The Likelihood for Quark vs. Gluon Discrimination

Problem: 1st dumb thing: 2nd dumb thing:

If the dumbest thing works, then it isn’t so dumb, and you can completely understand everything

quark jet

gluon jet

vs.

Most naive results from stats/ML

Universal Approx.

Theorem

Neyman-Pearson

Lemma

L({pi}) = L({xi})

<latexit sha1_base64="6akJHcfKuLZBof0pBeS9SaYXbdU=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAp1E1JpKIboejGhYsK9gJNCJPppB06mYSZiVhCn8CNr+LGhSJuXbvzbZymWdTWHwZ+vnMOZ87vx4xKZVk/RmFldW19o7hZ2tre2d0z9w/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH19N654EISSN+r8YxcUM04DSgGCmNPLOSOhgxeDupOmnsUWdyAi/hHHvMmGeWrZqVCS4bOzdlkKvpmd9OP8JJSLjCDEnZs61YuSkSimJGJiUnkSRGeIQGpKctRyGRbpqdM4EVTfowiIR+XMGMzk+kKJRyHPq6M0RqKBdrU/hfrZeo4MJNKY8TRTieLQoSBlUEp9nAPhUEKzbWBmFB9V8hHiKBsNIJlnQI9uLJy6Z9WrPrtbO7erlxlcdRBEfgGFSBDc5BA9yAJmgBDJ7AC3gD78az8Wp8GJ+z1oKRzxyCPzK+fgFByJr8</latexit>

L({xi}) =
pg({xi})
pq({xi})

<latexit sha1_base64="rUfpCHtDkQ2BOGVrQ/1ipXuhQNE=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0Wom5JIi26EohsXLirYBzQlTKaTduhkEmcmYgn5Ejf+ihsXigiu9G+ctsFH64GBc8+5lzv3eBGjUlnWp5FbWFxaXsmvFtbWNza3zO2dpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84fnYb90SIWnIr9UoIt0A9Tn1KUZKS65ZTRyMGLxMS05y51InPYSn0PEFwknk9r/FVFc3P5VrFq2yNQGcJ3ZGiiBD3TXfnV6I44BwhRmSsmNbkeomSCiKGUkLTixJhPAQ9UlHU44CIrvJ5LwUHmilB/1Q6McVnKi/JxIUSDkKPN0ZIDWQs95Y/M/rxMo/6SaUR7EiHE8X+TGDKoTjrGCPCoIVG2mCsKD6rxAPkM5G6UQLOgR79uR50jwq25Vy9apSrJ1lceTBHtgHJWCDY1ADF6AOGgCDe/AInsGL8WA8Ga/G27Q1Z2Qzu+APjI8vzhSiUw==</latexit>

IRC safe observables have a

Sudakov form factor

pg({xi}) ⇠ e�CAf({xi})

<latexit sha1_base64="18F11c7BUzh0zaQ3dIdt/QtrHOU=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0siFV1Wu3FZwT6giWEynbRDJ5MwMxFLyA+48VfcuFDErXt3/o3TB6KtBy4czrmXe+/xY0alsqwvI7ewuLS8kl8trK1vbG6Z2ztNGSUCkwaOWCTaPpKEUU4aiipG2rEgKPQZafmD2shv3REhacRv1DAmboh6nAYUI6UlzzyIvV7JSe896mRH0JE0hOQ2Pa55F8GPnHlm0SpbY8B5Yk9JEUxR98xPpxvhJCRcYYak7NhWrNwUCUUxI1nBSSSJER6gHuloylFIpJuOv8ngoVa6MIiELq7gWP09kaJQymHo684Qqb6c9Ubif14nUcG5m1IeJ4pwPFkUJAyqCI6igV0qCFZsqAnCgupbIe4jgbDSARZ0CPbsy/OkeVK2K+XT60qxejmNIw/2wD4oARucgSq4AnXQABg8gCfwAl6NR+PZeDPeJ605YzqzC/7A+PgGBsea6Q==</latexit>

pq({xi}) ⇠ e�CF f({xi})

<latexit sha1_base64="zx+zeoUxzLBl7ILBKG+77XyXWU0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1YUmkostiQVxWsA9oYphMJ+3QySTOTMQS8gNu/BU3LhRx696df+P0gWjrgQuHc+7l3nv8mFGpLOvLmJtfWFxazq3kV9fWNzbNre2GjBKBSR1HLBItH0nCKCd1RRUjrVgQFPqMNP1+deg374iQNOLXahATN0RdTgOKkdKSZ+7H3m3RSe896mSH0JE0hOQmPap6F8GPnHlmwSpZI8BZYk9IAUxQ88xPpxPhJCRcYYakbNtWrNwUCUUxI1neSSSJEe6jLmlrylFIpJuOvsnggVY6MIiELq7gSP09kaJQykHo684QqZ6c9obif147UcGZm1IeJ4pwPF4UJAyqCA6jgR0qCFZsoAnCgupbIe4hgbDSAeZ1CPb0y7OkcVyyy6WTq3Khcj6JIwd2wR4oAhucggq4BDVQBxg8gCfwAl6NR+PZeDPex61zxmRmB/yB8fENHwSa+A==</latexit>

Consequences:

Explains why IRC safe observables 
are good q/g discriminants

Cybenko 1989, etc

Neyman, Pearson 1933

IRC safe optimality validated in 
explicit NN implementation

arXiv:2103.09103
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TABLE II. Comparison of the quark-gluon classification per-
formance of EFN and PFN networks, via AUC, on jets with
hadronization e↵ects included.

Jet pT Range EFN PFN �(PFN-EFN)
200-220 GeV 0.814 ± 0.001 0.828 ± 0.001 0.014 ± 0.002
500-550 GeV 0.819 ± 0.001 0.838 ± 0.001 0.019 ± 0.002

1000-1100 GeV 0.827 ± 0.001 0.848 ± 0.001 0.021 ± 0.002

TABLE III. Comparison of the quark-gluon classification per-
formance of EFN and PFN networks, via AUC, on jets with
no hadronization e↵ects included.

Jet pT Range EFN PFN �(PFN-EFN)
200-220 GeV 0.739 ± 0.001 0.737 ± 0.001 -0.002 ± 0.002
500-550 GeV 0.753 ± 0.001 0.750 ± 0.001 -0.003 ± 0.002

1000-1100 GeV 0.759 ± 0.001 0.758 ± 0.001 -0.001 ± 0.002

be seen in observables sensitive to the number of non-
perturbative emissions, such as tower multiplicity, as il-
lustrated in Fig. 3. The number of towers in quark
and gluon jets increases when including hadronization
e↵ects, indicating that despite low-pT detector cuto↵s,
calorimeter towers may be sensitive to non-perturbative
emissions, resulting in statistically significant contribu-
tions to quark/gluon jet classifiers.

PFNs are very flexible networks, allowing a vast space
of possible functions. To understand how the PFNs
capture the IRC-unsafe information, we seek to nar-
row the scope of possible functional forms. First, we
attempt to narrow down the energy weighting expo-
nents of the necessary IRC-unsafe information by com-
paring the performance of EFN[]s for the range of val-
ues  2 {�1, � 1

2 , � 1
4 , 1

4 , 1
2 , 3

2}. The selected range covers
both softer and harder radiation, as large values of 
accentuate harder hadrons while small values of  accen-
tuate softer hadrons.

FIG. 3. Distributions of tower multiplicity (nt) for quark- and
gluon-initiated jets with pT 2 [500, 550] GeV, simulated with
hadronization e↵ects (solid line) and without hadronization
e↵ects (dashed line).

As shown in Tab. IV and Fig. 4, EFN[] performs well
for energy weighting exponents close to zero, with the
best performing values between 1

4    1
2 . This indi-

cates that the IRC-unsafe information in the PFN-EFN
gap is mainly due to soft radiation, and can potentially be
captured by observables with small energy weighting ex-
ponents. In addition, we note how soft radiation becomes
more relevant with higher jet pT, as the EFN[ = 1

4 ] and
the EFN[ = 1

2 ] increasingly outperform the EFN as en-
ergy increases. For simplicity, we take  = 1

2 to be the
critical energy weighting exponent as it consistently out-
performs or e↵ectively matches the other  values.

Having isolated the critical energy weighting exponent
which captures the IRC-unsafe information, the next step
is to identify the critical angular weighting exponent, �.
However, unlike the energy weighting, the EFN structure
does not allow us to easily constrain the critical angular
weighting values. Instead, we search for a set of observ-
ables with specific angular weighting exponents which
can be combined with IRC-safe observables to approxi-
mate the PFN performance. We consider IRC-unsafe ob-
servables with energy weighting exponent  = 1

2 and an-
gular weighting exponent � 2 { 1

2 , 1, 2}, to cover narrow-
and wide-angle radiation. A summary of the high-level
models and the corresponding IRC-safe and IRC-unsafe
observables used in the search is shown in Table I.

The results for the traditional features (N-subjettiness,
jet mass, tower multiplicity, and IRC-unsafe generalized
angularities) are shown in Table V and illustrated in Fig-
ure 5. These traditional observables fail to capture su�-
cient IRC-safe and IRC-unsafe information to match the
PFN in all energy ranges.

The results for the LDA models using EFPs and tower
multiplicity are shown in Table VI and illustrated in
Figure 6. In contrast to the traditional features, IRC-
safe EFPs largely capture the IRC-safe information used
by the EFNs; in addition, there is a boost in perfor-
mance when combining them with IRC-unsafe EFPs with
small angular weighting exponents such as � = 1

2 , nearly
matching the PFN performances4. The boost in perfor-
mance provided by the IRC-unsafe observables increases
with energy range, which is consistent with the results
illustrated in Fig. 4, corroborating the importance of
IRC-unsafe observables for jets with higher pT. Although
less compact than the traditional observables, EFPs are
more e↵ective at capturing the necessary information for
quark/gluon classification.

4 LDA models trained on IRC-safe and IRC-unsafe EFPs with
d <= 6 and d <= 7 are also considered, in each case provid-
ing a marginal improvement in AUC, at the cost of significantly
more EFP variables. LDA models with EFPs with d <= 5 are
thus chosen in this paper as they result in a good approximation
of the PFN performances while having a manageable size of EFP
variables.
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It is our job as physicists to make sure we understand the problem well 
so that we can trust machine learning to output something sensible


