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

The NSF AI Institute for Artificial Intelligence
and Fundamental Interactions (IAIFI)
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Advance physics knowledge — from the smallest building blocks of nature

to the largest structures in the universe — and galvanize AI research innovation

 “eye-phi”

http://iaifi.org
https://news.mit.edu/2020/nsf-announces-mit-led-institute-artificial-intelligence-fundamental-interactions-0826
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“Collision Course” “Theoretical Physics for Machine Learning”
Aspen Center for Physics, January 2019

?

Theoretical
(High Energy)

Physics

New insights into particle physics*
facilitated by advances in machine learning*

(and vice versa!)

Mathematics, 
Statistics,

Computer Science

https://sites.google.com/view/phys4ml/home
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Two Anecdotes

Teaching a Machine to
“Think Like a Physicist”

Data analysis strategies motivated by the
symmetries and structures of particle physics

[Komiske, Metodiev, JDT, JHEP 2019] [Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
based on Komiske, Metodiev, JDT, PRL 2019]

Letting Collider Data
Speak for Itself

https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1908.08542
https://arxiv.org/abs/1902.02346


New perspectives on key theoretical concepts
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Exploiting a Core
Prediction of QCD 

Nested Singularities
of Gauge Theories

[Altarelli, Parisi, NPB 1977] [Stewart, Tackmann, Waalewijn, PRL 2010;
JDT, Van Tilburg, JHEP 2011, JHEP 2012;

rephrased via Komiske, Metodiev, JDT, JHEP 2020]
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τN (J ) = min
J 02PN

EMD(J ,J
0)

<latexit sha1_base64="neH/ifYbUPlYeprS5mgTzXw5sxo="></latexit><latexit sha1_base64="neH/ifYbUPlYeprS5mgTzXw5sxo="></latexit><latexit sha1_base64="neH/ifYbUPlYeprS5mgTzXw5sxo="></latexit><latexit sha1_base64="kBcgT3nUWME3C4ofSWZR8l88bt0="></latexit>

https://doi.org/10.1016/0550-3213(77)90384-4
https://arxiv.org/abs/1004.2489
https://arxiv.org/abs/1011.2268
https://arxiv.org/abs/1108.2701
https://arxiv.org/abs/2004.04159
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Can we teach a machine 
to “think” like a physicist?
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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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[Ulyanov, Vedaldi, Lempitsky, CVPR 2018]

Deep Learning

 
(not just increased computational power and large data sets)

E.g. Inpainting

https://arxiv.org/abs/1711.10925
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Deep Learning meets Deep Thinking

Using randomly initialized neural network (!)

Progress made by understanding the structure of problems
(not just increased computational power and large data sets)

[Ulyanov, Vedaldi, Lempitsky, CVPR 2018]

E.g. Inpainting

https://arxiv.org/abs/1711.10925


13Jesse Thaler (MIT) — Machine Learning for Fundamental Physics

cross section phase space amplitude observable

σobs '
1

2E2

CM

∞X
n=2

Z
dΦn |MAB→12...n|

2 fobs(Φn)

<latexit sha1_base64="LifGsJACsSXRID7DHmmjqyM7TFI="></latexit><latexit sha1_base64="LifGsJACsSXRID7DHmmjqyM7TFI="></latexit><latexit sha1_base64="LifGsJACsSXRID7DHmmjqyM7TFI="></latexit><latexit sha1_base64="aG3eZTyMdH8aX5d41hETbiz8OC8="></latexit>

ML Targets for Collider Theory

Master formula
for colliders:

Exciting progress on multiple fronts from
theoretical (and experimental) HEP communities!

Progress in other areas of fundamental physics as well, 
e.g. cosmology, dark matter, string theory, nuclear theory, …

[apologies for focus on research from my group in this talk; see HEPML-LivingReview for extensive bibliography]

https://iml-wg.github.io/HEPML-LivingReview/


Mini-Workshop:  Machine Learning and Open Data
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[Talk by Jack Collins] [Talks by Mihoko Nojiri & Lingfeng Li]

?

Dimensionality via Autoencoding Jet Classification via Topology

[Talks by David Shih & Ben Nachman]

Anomaly Detection
N

N
 E

ffi
c
ie

n
c
y

ATLAS Collaboration 
PRL 125 (2020) 13801, 2005.02983

<latexit sha1_base64="L+ERsgKpzU3GxFNhOIkY1NLP+2k="></latexit>

m
t̃1

= 360 GeV, ∆m = 20 GeV

[Talk by Haipeng An]

CMS Open Data for BSM Searches

https://indico.cern.ch/event/971970/contributions/4145184/
https://indico.cern.ch/event/971970/contributions/4145186/
https://indico.cern.ch/event/971970/contributions/4145389/
https://indico.cern.ch/event/971970/contributions/4145392/
https://indico.cern.ch/event/971970/contributions/4145395/
https://indico.cern.ch/event/971970/contributions/4145192/
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Detector Unfolding

Simulation

S
y
n

th
e
ti

c
N

a
tu

ra
l

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="></latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs="></latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs="></latexit><latexit sha1_base64="aANR4xqa5G8N4A3PGP5I4W3UWFE="></latexit>

νn−1

Data
−−−→ ωn

<latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM="></latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM="></latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM="></latexit><latexit sha1_base64="i+iM1Y2AuIdG+9czSK1qRLZgOsY="></latexit>

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

Multi-dimensional unbinned detector corrections 
via iterated binary classification

Use ML
to compute
likelihood ratio

OmniFold

https://arxiv.org/abs/1911.09107


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

10−5

10−4

10−3

10−2

10−1

100

N
or
m
al
iz
ed

C
ro
ss

S
ec
ti
on

Preliminary

ALEPH E.P.J. C (2004)

ALEPH Raw 1994 Data

Pythia 6 + Geant 3 Sim.

Pythia 6 Gen.

IBU ln(1− T ) + stat.

UniFold ln(1− T ) + stat.

−8 −6 −4 −2

Thrust ln(1− T )

0.85

1.0

1.15

R
a
ti
o
to

G
en

.

[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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photon

electron 

muon

pion

kaon

K-long

proton

neutron

elem
en

tary
co

m
p
o
site

γ

e±

µ±

π
±

K±

K0

L

p/p

n/n
<latexit sha1_base64="I5feN0vDsiYXYL8H+w04WPPQDZU="></latexit><latexit sha1_base64="I5feN0vDsiYXYL8H+w04WPPQDZU="></latexit><latexit sha1_base64="I5feN0vDsiYXYL8H+w04WPPQDZU="></latexit><latexit sha1_base64="sq3NwMbqYsSgSL8dY37oOFdft70="></latexit>

T E H MCollider Event
Collection of points in (momentum) space
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[Popular Science, 2013]

Point Cloud
Collection of points in (position) space

https://www.popsci.com/cars/article/2013-09/google-self-driving-car
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Jet Formation from QCD

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]

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
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From Energy Flow to Weighted Point Clouds

Energy Direction

•  Equivalently:  Energy Density

ρ(n̂) =
X

i∈J

Ei δ
(2)(n̂− n̂i)

<latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c="></latexit><latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c="></latexit><latexit sha1_base64="Xi76+WRM9gKGZEXwMoPwmwePE0c="></latexit><latexit sha1_base64="+pBhyt0QH3gFTY3NdTcme+fRsw4="></latexit>

•  Energy-Weighted Directions

~p = {E, n̂x, n̂y, n̂z}
<latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="WEzAyYFcy3Trg9DqZo7miH7V7vw="></latexit>

Energy Direction

(suppressing “unsafe” charge/flavor information)

Ê
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The
Machine

Properly specified problem
(i.e. loss function)

Many (labeled)
examples

�

J
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“Thinking” Like a Physicist

S
�

J
�
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Solution

V
�

J
�

<latexit sha1_base64="qawSUMIPvsXov6U3kBwJ3DsgnTs="></latexit><latexit sha1_base64="qawSUMIPvsXov6U3kBwJ3DsgnTs="></latexit><latexit sha1_base64="qawSUMIPvsXov6U3kBwJ3DsgnTs="></latexit><latexit sha1_base64="Y2WdUD7zyzPEjcDiq+/BGVicSpg="></latexit>

Verification

Check that answer
is physically sensible

Symmetry:

Safety: ~p = {E, n̂x, n̂y, n̂z}
<latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="m5ybEdqulY2UhcDmSEi/3dapqJE="></latexit><latexit sha1_base64="WEzAyYFcy3Trg9DqZo7miH7V7vw="></latexit>

Energy weighting (QFT!) 

Unordered, Variable Length Set (QM!)

J = { ~p1, ~p2, ~p3, . . . , ~pN}
<latexit sha1_base64="Bm1R0LlSzZ5R7dPJRAxoNv06f3o="></latexit><latexit sha1_base64="Bm1R0LlSzZ5R7dPJRAxoNv06f3o="></latexit><latexit sha1_base64="Bm1R0LlSzZ5R7dPJRAxoNv06f3o="></latexit><latexit sha1_base64="OfddMVsmfB71VI5cdZYnbQ+fGAk="></latexit>
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S
�

J
�

= F
�

V1, V2, . . . , V`

�
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Parametrized with Neural Networks

Provably describes any* safe observable (!)

Excellent jet classification performance

Va

�

J
�

=
X

i∈J

Ei Φa(n̂i)
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Linear weights
(i.e. safe)

Permutation
invariant

[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]

Energy Flow Networks
Architecture designed around symmetries and interpretability

?
ML

HEP

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
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Easy to plot!

(similar to CNN
filter activation)

Ê

Latent space of dim 𝓁

S
�

J
�

= F
�

V1, V2, . . . , V`

�
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Va

�

J
�

=
X

i∈J

Ei Φa(n̂i)

<latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4="></latexit><latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4="></latexit><latexit sha1_base64="+NXHWecmei+FQJ/kuD+SU735mn4="></latexit><latexit sha1_base64="MYHo9ojyANJmJN/z1V+vmWKEZZg="></latexit>

Energy Flow Networks
Architecture designed around symmetries and interpretability

?
ML

HEP

[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]

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
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0.8

1.0
Latent Dimension 8 Latent Dimension 16

Psychedelic Network Visualization

For the case of quark vs. gluon classification
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0.4

0.6

Latent Dimension 32 Latent Dimension 64

Psychedelic Network Visualization
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0 0 0 2 0 4 0 6 0 8 1 0

0.0

0.2

Latent Dimension 128 Latent Dimension 256

Psychedelic Network Visualization

Singularity structure of QCD!
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Machine Learning Collinear QCD

4 0.6 0.8 1.0−4 −3 −2 −1 0

EFN256: Quark vs. Gluon

Pythia 8.230,
√
s = 14 TeV

R = 0.4, pT ∈ [500, 550] GeV

Latent Dimension 256

Filter

Best fit, slope = 1.61

2 0.4 0.6 0

Radial Distance, ln
θ

R
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Collinear

dPi→ig '

2αs

π
Ci

dθ

θ

dz

z

Soft

Cq = 4/3
Cg = 3 z

θ

[Komiske, Metodiev, JDT, JHEP 2019]

vs.

q g

https://arxiv.org/abs/1810.05165
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How “close” are these? 

Two Collider Events
Two collections of points in (momentum) space

8.5 km?
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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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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, arXiv 2020]
[see computational speed up in Cai, Cheng, Craig, Craig, arXiv 2020]
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Optimal transport between energy flows…
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…defines a metric on the space of events
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(assuming R ≥ θmax/2, i.e. R ≥ jet radius for conical jets)

0 ≤ EMD(E , E 0) ≤ EMD(E , E 00) + EMD(E 0
, E

00)
<latexit sha1_base64="TK3ajme9+B4d5SDKQQetmBHukIw="></latexit><latexit sha1_base64="TK3ajme9+B4d5SDKQQetmBHukIw="></latexit><latexit sha1_base64="TK3ajme9+B4d5SDKQQetmBHukIw="></latexit><latexit sha1_base64="jmJDpUHwj0yB9wqculicGsetXrw="></latexit>

https://arxiv.org/abs/1902.02346
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ρ(n̂) =
X

i∈J

Ei δ
(2)(n̂− n̂i)
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122.5 GeV 158.7 GeV

205.8 GeV

[Chu, MIT News July 2019]

Triangulating the Space of Jets

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, energyflow.network;
see alternative graph network approach in Mullin, Pacey, Parker, White, Williams, arXiv 2019]

http://news.mit.edu/2019/new-physics-anomalous-particles-0726
http://dx.doi.org/10.1103/PhysRevLett.123.041801
http://energyflow.network/
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
∂
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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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⇒

(a) D≃ 0

(b) D≃ 2(c) D≃ 1

(d) D≃ 2

dim≃0

dim≃1 dim≃2
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(eventually 0)
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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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t-SNE Manifold Dimension 1

t
-S
N
E

M
a
n
if
o
ld

D
im

e
n
s
io
n
2

CMS 2011 Open Data

AK5 Jets, |ηjet| < 1.9

p
jet
T

∈ [399, 401] GeV

CHS, Tracks, pPFC
T

> 1 GeV

Scaled to 400 GeV, Rotated
0.0

0.2

0.4

0.6

0.8

1.0

J
e
t
M
a
s
s
m

F
r
a
c
t
ile

k-medoids
Arranged via t-SNE

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008]

https://arxiv.org/abs/1908.08542
http://jmlr.org/papers/v9/vandermaaten08a.html
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[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008]

https://arxiv.org/abs/1908.08542
http://jmlr.org/papers/v9/vandermaaten08a.html
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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

X

i

Ei min {θ1,i, θ2,i, . . . , θN,i}
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https://arxiv.org/abs/1011.2268
https://arxiv.org/abs/1108.2701
https://link.springer.com/article/10.1007/BF01450381
https://arxiv.org/abs/1004.2489
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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]
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The Hidden Geometry of Particle Collisions 30Eric M. Metodiev, MIT
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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.

argminℇ ∈ EMD , ℇ, ℇ′ℇ minℇ ∈ EMD , ℇ, ℇ′ ℇ argminℇ EMD ℇ, ℇ′ 𝜌𝒰 .minℇ ∈ EMD , ℇ′ .

[Komiske, Metodiev, JDT, JHEP 2020; timeline by Metodiev]

Six Decades of Collider Physics
Translated into a New Geometric Language!
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https://arxiv.org/abs/2004.04159
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“Collision Course” “Theoretical Physics for Machine Learning”
Aspen Center for Physics, January 2019

?

Theoretical
(High Energy)

Physics

New insights into particle physics*
facilitated by advances in machine learning*

(and vice versa!)

Mathematics, 
Statistics,

Computer Science

https://sites.google.com/view/phys4ml/home
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Gravitational Waves Nuclear Physics Astrophysics

Particle Colliders Mathematical Physics Dark Matter

…

Artificial Intelligence ⇔ Fundamental Interactions

Machine learning that incorporates first principles, best practices,
and domain knowledge from fundamental physics

[http://iaifi.org]

http://iaifi.org
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Rise of the Machines?

What is a Collider Event?

When are Collider Events Similar?

44

Summary

Machine learning offers powerful tools to analyze collision debris
Progress towards the fusion of deep learning and “deep thinking”

Unordered set of particles describing energy flow of jets
Inspires network architectures designed for symmetry and safety

When their energy flows are similar
Inspires unsupervised learning strategies based on event geometry
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Fig. 4 | Exploring NOvA’s event-selection neural network using  The subplots show example event topologies from points in the two-

CMS:  Z → e+e– calibration

ATLAS:  H → μ+μ– search

MicroBooNE:  Object Identification

NOvA:  Object Classification

Machine learning is transforming many aspects of society,
including fundamental physics research

Extensive Use of ML in HEP

[Radovic, Williams, Rousseau, Kagan, Bonacorsi, Himmel, Aurisano, Terao, Wongjirad, Nature 2018]

https://www.nature.com/articles/s41586-018-0361-2
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Off-the-Shelf ML for HEP?

2D Images?
Appropriate for fixed-grid calorimeters,

but less ideal for tracking detectors

Natural Language?
Clustering can yield “semantic” structure, but 

identical particles have no intrinsic ordering

3D Objects?
Much closer to particle physics,

though doesn’t capture all symmetries 

https://adeshpande3.github.io/A-Beginner's-Guide-To-Understanding-Convolutional-Neural-Networks/
https://cs224d.stanford.edu/
https://github.com/timzhang642/3D-Machine-Learning


ML Targets for Collider Theory

[apologies for focus on research from my group in this talk; see HEPML-LivingReview for extensive bibliography]
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e.g. Normalizing Flowse.g. Parameter Inference

[Brehmer, Kling, Espejo, Cranmer, CSBS 2020] [Gao, Höche, Isaacson, Krause, Schulz, PRD 2020]

e.g. Symbolic Regression e.g. Jet Classification

[Udrescu, Tan, Feng, Neto, Wu, Tegmark, NeurIPS 2020]
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[Kasieczka, Plehn, et al., SciPost 2019]

https://iml-wg.github.io/HEPML-LivingReview/
https://arxiv.org/abs/1907.10621
https://arxiv.org/abs/2001.10028
https://arxiv.org/abs/2006.10782
https://arxiv.org/abs/1902.09914
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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]

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 =

Z
dx p(x) log

p(x)

q(x)
<latexit sha1_base64="DHXBjqaYO+bfMooFpxGVp6lB6cI="></latexit><latexit sha1_base64="DHXBjqaYO+bfMooFpxGVp6lB6cI="></latexit><latexit sha1_base64="DHXBjqaYO+bfMooFpxGVp6lB6cI="></latexit><latexit sha1_base64="TU7q4dQBpc+LJp2rM/pH2uS50uM="></latexit>

Loss Function(al):  

Asymptotically:  

Kullback–Leibler divergence

argmin
f(x)

L =
p(x)

q(x)
<latexit sha1_base64="C44EPfIX41lNtDowReWFHN5q4Ug="></latexit><latexit sha1_base64="C44EPfIX41lNtDowReWFHN5q4Ug="></latexit><latexit sha1_base64="C44EPfIX41lNtDowReWFHN5q4Ug="></latexit><latexit sha1_base64="aV3VBbPgU5blfbcq1YETF1NKiLY="></latexit>

Likelihood ratio

Many HEP problems can be 
expressed in this form!

L = −

⌦

log f(x)
↵

P
+

⌦

f(x)− 1
↵

Q
<latexit sha1_base64="/BAofgnPH6B4QebhXUNq+8pNlqE="></latexit><latexit sha1_base64="/BAofgnPH6B4QebhXUNq+8pNlqE="></latexit><latexit sha1_base64="/BAofgnPH6B4QebhXUNq+8pNlqE="></latexit><latexit sha1_base64="kPIkJdH6omNFCZSl9SSaGcCTYJg="></latexit>

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


Likelihood Ratio Trick
Key example of simulation-based inference

Many HEP problems can be 
expressed in this form!
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[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]

Asymptotically, same structure as Lagrangian mechanics!

Action:

Lagrangian:

Euler-Lagrange: Solution:

L =

Z
dxL(x)

<latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="4miLyAx6p6t5RquYQ9AkM/HLRVc=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5k4bmmSGJCMMY1/ArW/gTnwiX8DnMP1ZWOuBwOGchHvzxbngxgbBl1fb2d3bP6gf+kcN//jktNnomazQDLssE5kexNSg4Aq7lluBg1wjlbHAfjy7X/T9Z9SGZ+rJljlGkk4UTzmj1kWdcbMVtIOlyLYJ16YFa42b36MkY4VEZZmgxgzDILdRRbXlTODcHxUGc8pmdIJDZxWVaKJqueacXLokIWmm3VGWLNPfLyoqjSll7G5Kaqfmb7cI/+uGhU1vo4qrvLCo2GpQWghiM7L4M0m4RmZF6QxlmrtdCZtSTZl1ZDampFgqmc99xyX8S2Hb9K7bYdAOHwOowzlcwBWEcAN38AAd6AKDBF7hzXvx3r2PFb+atwZ5BhvyPn8A3biSog==</latexit><latexit sha1_base64="8Rw3IBTH0LhNxEUFDTC644OV9bg=">AAACGXicbZDNSgMxFIXv+FvrX3XrJiqigpQZN7oRBDcuXChYFTqlZNI7GsxkhuSOtAzzCL6GL+BW38CduPAFfA7T2oW1Xggczkm4J1+UKWnJ9z+9icmp6ZnZylx1fmFxabm2snBl09wIbIhUpeYm4haV1NggSQpvMoM8iRReR/cn/fz6AY2Vqb6kXoathN9qGUvByVnt2vYZO2Kh1MTCdRYSdqnolF0W7rEw4XQnuCrOyp3ubru26df9wbBxEQzFJgznvF37CjupyBPUJBS3thn4GbUKbkgKhWU1zC1mXNzzW2w6qXmCtlUMPlSyLed0WJwad1y1gfv7RcETa3tJ5G72W9q/Wd/8L2vmFB+2CqmznFCLn0VxrhilrE+HdaRBQarnBBdGuq5M3HHDBTmGI1ti7OkkK6sOTPAXw7i42q8Hfj248KECa7ABOxDAARzDKZxDAwQ8wjO8wKv35L157z8IJ7why1UYGe/jGy/vok0=</latexit><latexit sha1_base64="8Rw3IBTH0LhNxEUFDTC644OV9bg=">AAACGXicbZDNSgMxFIXv+FvrX3XrJiqigpQZN7oRBDcuXChYFTqlZNI7GsxkhuSOtAzzCL6GL+BW38CduPAFfA7T2oW1Xggczkm4J1+UKWnJ9z+9icmp6ZnZylx1fmFxabm2snBl09wIbIhUpeYm4haV1NggSQpvMoM8iRReR/cn/fz6AY2Vqb6kXoathN9qGUvByVnt2vYZO2Kh1MTCdRYSdqnolF0W7rEw4XQnuCrOyp3ubru26df9wbBxEQzFJgznvF37CjupyBPUJBS3thn4GbUKbkgKhWU1zC1mXNzzW2w6qXmCtlUMPlSyLed0WJwad1y1gfv7RcETa3tJ5G72W9q/Wd/8L2vmFB+2CqmznFCLn0VxrhilrE+HdaRBQarnBBdGuq5M3HHDBTmGI1ti7OkkK6sOTPAXw7i42q8Hfj248KECa7ABOxDAARzDKZxDAwQ8wjO8wKv35L157z8IJ7why1UYGe/jGy/vok0=</latexit><latexit sha1_base64="9xcQnj+K9N9lHlXUPtm5vZCRZn4="></latexit><latexit sha1_base64="5vPcAywGBzBbtTW3rmHDgI638IQ="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="8vxtnXiFvfGW0xbeZIJI9D9XEPA="></latexit><latexit sha1_base64="5vPcAywGBzBbtTW3rmHDgI638IQ="></latexit>

∂L

∂f
= 0

<latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40="></latexit><latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40="></latexit><latexit sha1_base64="7xwMYpS6lejwTNM/LMAnO42aG40="></latexit><latexit sha1_base64="jTwafL38s4seBwJzgmInpAJbgnQ="></latexit>

f(x) =
p(x)

q(x)
<latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE="></latexit><latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE="></latexit><latexit sha1_base64="quzVQzouxbo/tOnoZlw/ZCJVKpE="></latexit><latexit sha1_base64="htVSx2ZZujuo2Hdt9ibMaWlHcBA="></latexit>

L(x) = −p(x) log f(x) + q(x)
�

f(x)− 1
�

<latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM="></latexit><latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM="></latexit><latexit sha1_base64="K298pScNYU/Ys1xSLKz/x92RmiM="></latexit><latexit sha1_base64="CIzs/gC4UpWwhuj1TBR+6hF4fYI="></latexit>

Requires shift in theoretical focus from solving problems to specifying problems

https://arxiv.org/abs/1806.02350
https://arxiv.org/abs/1911.01429
https://arxiv.org/abs/math/0510521
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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]

Volume  257, n u m b e r 3,4 P HYS IC S  LE TTE R S  B 28 Ma rch  1991 

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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(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 

CE EC 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  

fe c ts  and the  ha dro niz a tio n pro c e s s  [ 3 ].  In this  s e c - 

tio n the  va ria ble s  thrus t,  T, o bla te ne s s ,  O, a nd the  C- 

pa ra me te r,  as  de fine d in re f. [ 71 , are  re c o ns ide re d in 

the  c o nte xt o f pre -c lus te re d e ve nts .  

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. 

In o rde r to  unde rs ta nd be tte r the  re le va nc e  o f the s e  

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 .06 ,  for e xa mple ,  a lmo s t all e ve nts  in the  fit 

4 8 8  

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
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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/
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η φ

b
ea
m

pre-process

convolutional layer

max-pooling

dense layer

quark jet

gluon jet

| {z }

×3

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

From Curmudgeon…
Jet classification via image recognition

vs.

Quark

Gluon

Multi-channel convolutional neural networks

https://arxiv.org/abs/1612.01551
https://arxiv.org/abs/1704.03878
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[Komiske, Metodiev, JDT, JHEP 2018;
using Metodiev, Nachman, JDT, JHEP 2017; Metodiev, JDT, PRL 2018; Komiske, Metodiev, JDT, JHEP 2019]

…to Evangelist
Jet flavor definitions via natural language processing

Topic Modeling / Blind Source Separation 

vs.

Quark

Gluon

https://arxiv.org/abs/1809.01140
https://arxiv.org/abs/1708.02949
https://arxiv.org/abs/1802.00008
https://arxiv.org/abs/1810.05165
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vs.
Quark 

Cq = 4/3
Gluon 

Cg = 3 = 9/3

Find such that
Quark

Gluon

h

 !
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(Neyman-Pearson lemma)

Best you can do: h
�

J
�

=
p
�

J |Q
�

p
�

J |Q
�

+ p
�

J |G
�
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Classifier1 0

Signal Background

E.g. 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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E.g. Search for Supersymmetry

[Bhattacherjee, Mukhopadhyay, Nojiri, Sakakie, Webber, JHEP 2017]
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Classifier:  Boosted decision tree (for each of 4 jets)

Inputs:  Jet mass, width, track multiplicity

Signal:  Quark enriched

Background:  Gluon enriched

signal →← background
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?
ML

HEP

https://arxiv.org/abs/1609.08781
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Learning from the Machine vs.

q g
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EFN2: Quark vs. Gluon

Pythia 8.230,
√
s = 14 TeV

R = 0.4, pT ∈ [500, 550] GeV

Learned Filter Φ1(θ)

Learned Filter Φ2(θ)

Closed-Form Φ(θ)

[Komiske, Metodiev, JDT, JHEP 2019;
cf. Larkoski, JDT, Waalewijn,JHEP 2014; using Berger, Kucs, Sterman, PRD 2003; Ellis,Vermilion,Walsh, Hornig, Lee, JHEP 2010]

cf. Angularities:

f(θ) = θβ
For 𝓁 = 2 EFN, radial moments: 

X

i∈jet

zif(θi)
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https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1408.3122
https://arxiv.org/abs/hep-ph/0303051
https://arxiv.org/abs/1001.0014


[Komiske, Metodiev, JDT, JHEP 2019;
cf. Larkoski, JDT, Waalewijn,JHEP 2014; using Berger, Kucs, Sterman, PRD 2003; Ellis,Vermilion,Walsh, Hornig, Lee, JHEP 2010]

vs.

q g

Learning from the Machine
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cf. Angularities:

f(θ) = θβ
For 𝓁 = 2 EFN, radial moments: 

X

i∈jet

zif(θi)
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EFN outperformed a 
domain expert (i.e. me)
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C(A,B)

BDT(λ(1), λ(2), λ(1/2))

Angularity λ
(1)

Angularity λ
(2)

Angularity λ
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But we reverse engineered 
the machine (and learned 
something about QCD)

Be
tte

r

https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1408.3122
https://arxiv.org/abs/hep-ph/0303051
https://arxiv.org/abs/1001.0014
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Similarity of Two Energy Flows?
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[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, energyflow.network]

Earth Mover’s Distance
a.k.a. 1-Wasserstein metric

Optimal Transport: 

E(n̂) =
X

i

Ei δ(n̂− n̂i)

<latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="4miLyAx6p6t5RquYQ9AkM/HLRVc=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5k4bmmSGJCMMY1/ArW/gTnwiX8DnMP1ZWOuBwOGchHvzxbngxgbBl1fb2d3bP6gf+kcN//jktNnomazQDLssE5kexNSg4Aq7lluBg1wjlbHAfjy7X/T9Z9SGZ+rJljlGkk4UTzmj1kWdcbMVtIOlyLYJ16YFa42b36MkY4VEZZmgxgzDILdRRbXlTODcHxUGc8pmdIJDZxWVaKJqueacXLokIWmm3VGWLNPfLyoqjSll7G5Kaqfmb7cI/+uGhU1vo4qrvLCo2GpQWghiM7L4M0m4RmZF6QxlmrtdCZtSTZl1ZDampFgqmc99xyX8S2Hb9K7bYdAOHwOowzlcwBWEcAN38AAd6AKDBF7hzXvx3r2PFb+atwZ5BhvyPn8A3biSog==</latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="qKIrP57JaHpnjSZQxXXIqcUXqdA="></latexit><latexit sha1_base64="+jkUzWVJEZ317+LV8bD9y6kkhjI="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="4miLyAx6p6t5RquYQ9AkM/HLRVc=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5k4bmmSGJCMMY1/ArW/gTnwiX8DnMP1ZWOuBwOGchHvzxbngxgbBl1fb2d3bP6gf+kcN//jktNnomazQDLssE5kexNSg4Aq7lluBg1wjlbHAfjy7X/T9Z9SGZ+rJljlGkk4UTzmj1kWdcbMVtIOlyLYJ16YFa42b36MkY4VEZZmgxgzDILdRRbXlTODcHxUGc8pmdIJDZxWVaKJqueacXLokIWmm3VGWLNPfLyoqjSll7G5Kaqfmb7cI/+uGhU1vo4qrvLCo2GpQWghiM7L4M0m4RmZF6QxlmrtdCZtSTZl1ZDampFgqmc99xyX8S2Hb9K7bYdAOHwOowzlcwBWEcAN38AAd6AKDBF7hzXvx3r2PFb+atwZ5BhvyPn8A3biSog==</latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="qKIrP57JaHpnjSZQxXXIqcUXqdA="></latexit><latexit sha1_base64="+jkUzWVJEZ317+LV8bD9y6kkhjI="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="4miLyAx6p6t5RquYQ9AkM/HLRVc=">AAAB7XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5k4bmmSGJCMMY1/ArW/gTnwiX8DnMP1ZWOuBwOGchHvzxbngxgbBl1fb2d3bP6gf+kcN//jktNnomazQDLssE5kexNSg4Aq7lluBg1wjlbHAfjy7X/T9Z9SGZ+rJljlGkk4UTzmj1kWdcbMVtIOlyLYJ16YFa42b36MkY4VEZZmgxgzDILdRRbXlTODcHxUGc8pmdIJDZxWVaKJqueacXLokIWmm3VGWLNPfLyoqjSll7G5Kaqfmb7cI/+uGhU1vo4qrvLCo2GpQWghiM7L4M0m4RmZF6QxlmrtdCZtSTZl1ZDampFgqmc99xyX8S2Hb9K7bYdAOHwOowzlcwBWEcAN38AAd6AKDBF7hzXvx3r2PFb+atwZ5BhvyPn8A3biSog==</latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="m6qBQcvyn96RZ5ssG2ZpMuhCLzU="></latexit><latexit sha1_base64="qKIrP57JaHpnjSZQxXXIqcUXqdA="></latexit><latexit sha1_base64="+jkUzWVJEZ317+LV8bD9y6kkhjI="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="JKRqqrUYJT2llhd3PPj8KBuC75Q="></latexit><latexit sha1_base64="+jkUzWVJEZ317+LV8bD9y6kkhjI="></latexit>

http://dx.doi.org/10.1103/PhysRevLett.123.041801
http://energyflow.network/
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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)

dimi(Q) ' �

8αs

π

Ci ln
Q

pT
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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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Least Representative Jets
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New Physics?
Or tails of QCD?

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020]

https://arxiv.org/abs/1908.08542
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Back to the Future with Thrust
How dijet-like is an event?

[Komiske, Metodiev, JDT, JHEP 2020]
[Brandt, Peyrou, Sosnowski, Wroblewski, PL 1964; Farhi, PRL 1977;  ALEPH, PLB 1991]

t
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All Back-to-Back Two Particle Configurations
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(using β=2 EMD variant)

t(E) = min
E02PBB

2

EMD2(E , E
0)
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Fig. 5. Measured dis tributions  for T, C and O for Yc,t = 0.03 together with uncorrected and corrected QCD pre dictions  for a = ½Mz. 

Ta ble  3 

Re s ults  fo r c%(M~ ) with  combine d  e xpe rime nta l e rro rs  a nd e rro rs  due  to  mode l corre c tions  toge the r with  coe fficie nts  o fa  pa ra me te ri- 

za tion for the  cha nge  cq ( f)  - ~s  ( f=  0.25 ) = q In ( 4 f ) + c2 In 2 ( 4 f ). The  la s t co lumn give s  a  lowe r limit fo r the  sca le  p a ra m e te rfwh e re  the  

pa ra me te riza tion  is  s till with in  the  s ta tis tica l e rro r o f the  fitte d va lue . 

Dis tribu tion  a s  (M~),  f=  0.25 c j c2 fmi. 

CEEC 0.118 +_ 0.002 +_ 0.005 0.00371 0,00034 0.002 

T 0.123 + 0.004 _+ 0.006 0.00449 0,00035 0.001 

C 0.124 +_ 0.004 +_ 0.006 0.00427 0.00037 0.001 

O 0.115 + 0.004 _+ 0.005 0.00375 0.00035 0.001 

ore tica l e rro rs .  Th e  c o m b in e d  s ca le  d e p e n d e n c e  is  7 .  Co nc lus io ns  

th e n  

O~s( M~,  f ) -o ~ (  M ~ , f  ---0.25 ) 

= 0 . 0 0 3 5 6  ln ( 4 f)  +0 . 0 0 0 3 5  ln 2 (4 f)  , 

wh ic h  le a ds  to  a  va ria tio n  o f -o.oo9+°°°6 for s ca le s  ra n g in g  

fro m  th e  b -q u a rk m a s s  u p  to  Mz. 

490  

The  s tro ng  c o upling  c o ns ta nt ha s  be e n  m e a s u re d  

fro m a n a na lys is  o f the  s truc ture  o f pre -c lus te re d 

e ve nts .  Ene rg y-e ne rg y  c o rre la tio n,  thrus t,  C-pa ra m-  

e te r a nd o bla te ne s s  a ll y ie ld  c o ns is te nt va lue s  fo r 

~ s ( M~ )  with  mo de ra te  the o re tic a l e rrors .  The  c o rn- 

1−
t

2ECM
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(flipped, linear version of
ALEPH thrust plot from before)

https://arxiv.org/abs/2004.04159
https://www.sciencedirect.com/science/article/abs/pii/003191636491176X
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1587
https://www.sciencedirect.com/science/article/abs/pii/037026939191926M
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Event Isotropy from Collider Geometry
How uniform is an event?

[Cesarotti, JDT, JHEP 2020;
see also Cesarotti, Reece, Strassler, arXiv 2020]
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I(E) = EMD(E ,U)
<latexit sha1_base64="YLHQoDj6hzfetCL286HgRysq9JE="></latexit><latexit sha1_base64="YLHQoDj6hzfetCL286HgRysq9JE="></latexit><latexit sha1_base64="YLHQoDj6hzfetCL286HgRysq9JE="></latexit><latexit sha1_base64="5Um7CHIyV0W3v8QLVUK9oepvxiY="></latexit>

Event Isotropy

qq

N=10, AUC = 0.997

N=25, AUC = 1.000

N=50, AUC = 1.000

https://arxiv.org/abs/2004.06125
https://arxiv.org/abs/2009.08981
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More Collisions
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Leafless Multigraphs
Connected All

Edges d A307317 A307316

1 0 0
2 1 1
3 2 2
4 4 5
5 9 11
6 26 34
7 68 87
8 217 279
9 718 897

10 2 553 3 129

11 9 574 11 458

12 38 005 44 576

13 157 306 181 071

14 679 682 770 237

15 3 047 699 3 407 332

16 14 150 278 15 641 159

[Brewer, Milhano, JDT, PRL 2019] [Komiske, Metodiev, JDT, JHEP 2018;
Brewer, JDT, Turner; arXiv 2020]

Jet Quenching
via Optimal Transport

Quark/Gluon Definitions
via Blind Source Separation

Kinematic Decomposition
via Graph Theory

[Komiske, Metodiev, JDT, 
JHEP 2018, PRD 2020]
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https://arxiv.org/abs/1809.01140
https://arxiv.org/abs/2008.08596
https://arxiv.org/abs/1712.07124
https://arxiv.org/abs/1911.04491

