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Fascinating Event Topologies at the LHC

New physics searches involve complicated final states including jets (collimated sprays of hadrons)
s

CMS Experiment at LHC, CERN 5 Run: 279984

Data recorded: Sun Jul 12 07:25:11 2015 CEST Event: 1079767163
Run/Event: 251562 / 111132974 v . 2015-09-22 03:18:13 CEST
Lumi section: 122
Orbit/Crossing: 31722792 / 2253
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Jet Formation in Theory

Good understanding via perturbation theory

Fragmentation
Semi-classical parton shower, effective field theory

Hadronization
Poorly understood (non-perturbative), modeled empirically

Detection

e \ Hadronization
\ .y @ Fragmentation  hadrons @ .

partons @)D @ ...

Cartoon of jet formation as a multi-scale process

Diagram by Eric Metodiev
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Jet Detection in Experiment

K-long
plgelvely
neutron
photon

electron

What information is both theoretically and experimentally robust?
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Energy Flow

Events, Theoretically Events, Experimentally

€)= 1P, q1); (0, @2); - )

quantum state?

set PF candidates?
O(10 million) electrical signals?

parton branching history?

\ J

The energy flow (distribution of energy) is robust to fragmentation,
hadronization, detector effects

Energy Flow «— Infrared and Collinear Safe Information
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Energy Flow

Events, [heoretically | Events, Experimentally
‘5) Energy Flow Representation of Jets
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Particle Physics Histograms

EMD: QCD Jets, k—3-medoids
PyTHIA 8.235, /s = 14 TeV
R = 1.0, pr € [500, 550] GeV

Cross Section (Normalized)

0 50 100 150 200 250 300

Jet Mass (GeV
( ) [PTK, Metodiev, Thaler, 1902.02346]
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Particle Physics Histograms

Three "most"
representative
jets in each bin

EMD: QCD Jets, k—3-medoids
PyTHIA 8.235, /s = 14 TeV
R = 1.0, pr € [500, 550] GeV

Cross Section (Normalized)

0 50 100 150 200 250 300

Jet Mass (GeV
( ) [PTK, Metodiev, Thaler, 1902.02346]
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Boosted W |ets

Abstract space of W jets

[PTK, Metodiev, Thaler, 1902.02346]
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Boosted W |ets

Gray contours
represent the
density of jets

Each circle is a
particular W jet

Abstract space of W jets

[PTK, Metodiev, Thaler, 1902.02346]
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Collider Event Foundations

IRC-safe energy flow is theoretically and experimentally robust
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The Energy Mover’s Distance



The Earth Mover’s Distance

A metric on normalized distributions in a space with a ground distance measure

Ly symmetric, non-negative, triangle inequality, zero iff identical

The minimum "work" (stuff x distance) required to transport supply to demand

Top Jet | Top Jet 2

R/2 ' o o R/2
. . ’..‘ ¢

Azimuthal Angle ¢
o
‘® .
Azimuthal Angle ¢
S

~R/2 A ~R/24 - .

—-R —R/2 0 R/2 R -R —R/2 0 R/2
Rapidity y Rapidity y

Related to optimal transport theory — commonly used as a metric on the space of images

[Peleg, Werman, Rom, |[EEE 1989; Rubner, Tomasi, Guibas, ICCV 1998, IC]V 2000; Pele,Werman, ECCV 2008; Pele, Taskar, GSI 201 3]
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The Earth Mover’s Distance

A metric on normalized distributions in a space with a ground distance measure

Ly symmetric, non-negative, triangle inequality, zero iff identical

The minimum "work" (stuff x distance) required to transport supply to demand

Top Jet | Top Jet 2
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Related to optimal transport theory — commonly used as a metric on the space of images
[Peleg, Werman, Rom, |[EEE 1989; Rubner, Tomasi, Guibas, ICCV 1998, IC]V 2000; Pele,Werman, ECCV 2008; Pele, Taskar, GSI 201 3]
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The Energy Mover’s Distance

[PTK, Metodiev, Thaler, 1902.02346]

EMD between energy flows defines a metric on the space of events

0;;
EMD(E,E") = {;?Lng}xxfijfj ZEZ B ZE§
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Mathematics of the Earth Mover’s Distance

p-Wasserstein distance is a metric on probability distributions

1/p
Wy (p,v) = ( inf / d(z,y)? dJ(z, y))
JET (1) J Mk M

Compare in this direction (M, d), metric space

J (1, v), space of joint distributions
with marginals u, v

ot in this direction

[figure from Kun, Math n Programming]

Earth mover’s distance is 1-VWasserstein
metric on discrete distributions

Recent use in Machine Learning

Wiasserstein Generative Adversarial Networks Wiasserstein(-Wasserstein) Autoencoders

[Arjovsky, Chintala, Bottou, 1701.07875; [Tolstikhin, Bousquet, Gelly, Shoelkopf, 1711.01558]
in particle physics: [Zhang, Gao, Jiao, Liu,Wang,Yang, 1902.09323]

- Erdmann, Geiger, Glombitza, Schmidt, 1802.03325

- Erdmann, Glombitza, Quast, 1807.01954]
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Visualizing Jet Formation — QCD Jets ("

500 GeV
@

fragmentation l EMD:111.6 GeV

hadronization l EMD: 18.1 GeV
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Visualizing Jet Formation — QCD Jets ("

500 GeV
@

fragmentation l EMD:111.6 GeV

hadronization l EMD: 18.1 GeV
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Visualizing Jet Formation — W Jets T

500 GeV

decay 78.3 GeV

26.3 GeV

fragmentation

I
;

hadronization l 12.9 GeV
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Visualizing Jet Formation — W Jets T
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fragmentation
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Visualizing Jet Formation — Top Jets

500 GeV

o
decay l 161.1 GeV

fragmentation l 47.1 GeV
..

8

hadronization l 27.0 GeV
.'
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Visualizing Jet Formation — Top Jets

500 GeV

o
decay l 161.1 GeV

fragmentation l 47.1 GeV
..

8

hadronization l 27.0 GeV
.'
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The Energy Mover’s Distance

Quantifies the difference in energy flow between events
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Particle Physics Applications
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Azimuthal Angle ¢

Quantifying Event Modifications

Mathematics

|-Wasserstein metric bounds the difference in

expectation values between distributions

T

EMD(E, ') >

RL
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via Kantorovich-Rubinstein duality
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e.g. bounding |IRC-
safe angularities

AO(E) =" 6]

Can do the same for
pileup, detector effects

-1.0

-1.0 —0.2 0.2

Rapidity y

—0.6

0.6

) [Berger, Kucs, Sterman, hep-ph/0303051;
Ellis, Vermilion,Walsh, Hornig, Lee, 1001.0014;
Larkoski, Thaler, Waalewijn, 1408.3122]
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Angularity Modification AXB=1 (GeV)
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[PTK, Metodiev, Thaler, 1902.02346]

Physics

IRC-safe observables

L o) - o)
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Additive |IRC-safe observable

=> Events close in EMD are close according to
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Azimuthal Angle ¢

Quantifying Event Modifications

Mathematics

|-Wasserstein metric bounds the difference in

expectation values between distributions
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Angularity Modification AXB=1 (GeV)
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Azimuthal Angle ¢

Quantifying Event Modifications

Mathematics

|-Wasserstein metric bounds the difference in

expectation values between distributions

T
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via Kantorovich-Rubinstein duality
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Physics

IRC-safe observables
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Visualizing the Metric Space of W Jets

Embed high-dimension manifold in t-Distributed Stochastic Neighbor Embedding
low-dimensional space? s iges
s g;'? :ﬂ%’;ﬁﬂ

A 12k

AT MNIST handwritten digits
e 8
o s

27

Heq ’# 7 1,7'7"’
w L M A gw}‘;"’, 3
» § 9“1 8 ,’ e 7’,53777. 7,,11
""\;i N 72 172
\‘“1\‘%%3‘ Y qr-y\gf’% a4
e o
q.% 3
S 5
to N2
ST
\. v ’ x ?#:" :',’ :"5 o ! l/{{//’;/’//
b LI T T T / 7
el 84 : % 9"?;3. 'p ALY
dy L3 xRy nEd 117 ¢,
o 6“‘5*’“?““ y ’:”?" bt XS A cyif'h g0
et N .
il T et T
T VA UL
o :G‘}‘ té“%’?“ ! 3 ai’ ¢ ‘Ilbll{l”:lll r'h/
T i nil g
. . . — . 5 1wl e,
Constraints: W Mass and ¢ = 0 preprocessing 241 TR
b b i
’ 1

Patrick Komiske — The (Metric) Space of Collider Events [L. van der Maaten, G. Hinton, JMLR 2008 ] 22



Visualizing the Metric Space of W Jets

Embed high_dimension manifold in t-Distributed Stochastic NEigthI’ Embedding

low-dimensional space?

Constraints: W Mass and ¢ = 0 preprocessing

Y

t-SNE Manifold Dimension 2
one prong

Ilpeoueleqll

"bottom heavy" pr € [500,510] GeV
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t-SNE Manifold Dimension 1

[L. van der Maaten, G. Hinton, JMLR 2008 ]
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Manifold Dimensions of Event Space

Correlation dimension: how does the # of
elements within a ball of size Q change!?

dim = 1 /\\

. d
Nneigh.(Q) X lem — dlm(Q) — Q@ In Nneigh.(Q)

Correlation dimension lessons:
Decays are "constant” dim. at low Q

Patrick Komiske — The (Metric) Space of Collider Events

Correlation Dimension

0

cmey:Qgng:Z]xEMthyﬂ<gn

EMD: Intrinsic Dimension
PYTHIA 8.235, /s = 14 TeV
R = 1.0, pr € [500,550] GeV
—— Top jets
1 .. — W jets
expect 3 + 1
........... -+ Decays
expect 1 + 1 .
- LETL LA —
10! 10° 10°

Energy Scale @Q (GeV)

[Grassberger, Procaccia, PRL 1983; PTK, Metodiev, Thaler, 1902.02346] 74




Manifold Dimensions of Event Space

Correlation dimension: how does the # of

0
di 0L O(EMD(E;, &'
elements within a ball of size Q change? m(@Q) “30 n;; (EMD(£;,&5) < Q)

dim = 1 o \fjlm =2 8 <
& Pt \\ EMD: Intrinsic Dimension
¥ ® oo/
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S
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Correlation dimension lessons: - \:\ \
Decays are "constant” dim. at low Q N W
Complexity hierarchy: QCD <W <Top NI
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Energy Scale @Q (GeV)
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Manifold Dimensions of Event Space

Correlation dimension: how does the # of
elements within a ball of size Q change!?

dim = 1 /\\

\% /

dim — 0 dim =0
| | d

Nneigh.(Q) X lem — dlm(Q) — Q@ In Nneigh.(Q)

Correlation dimension lessons:
Decays are "constant” dim. at low Q
Complexity hierarchy: QCD <W <Top
Fragmentation increases dim. at smaller scales
Hadronization important around 20-30 GeV
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Quark and Gluon Correlation Dimensions

Leading log calculation:

Jo'p Q
Cz' In
1 T pr/2

color factor

Gluon

Quark

Cr=4/3 Ca=3
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Correlation Dimension

dim(Q) = Q% In ZZ@(EMD(&,E’J-) < Q)
(2

8
PRELIMINARY EMD: Intrinsic Dimension
74 PyTHIA 8.230, /s = 14 TeV
\\ R =1.0, pr ~ 500 GeV
6 -
—  (Gluon Jets
o — Quark Jets
7 -  Hadrons
3 === Partons
""" Theory, LL
2 -
1 o
0 —
10! 102

Energy Scale @) (GeV)
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Visualizing Jets with CMS Open Data

® Jet 1l @ Jet 2

Application of EMD techniques to the PRELIMINARY - .
jet primary dataset in 7.
CMS 2011 Open Data T f
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|dentifying Representative Jets

medoid: element selected to best represent a set of elements

«-medoids: k clusters to minimize total distance of points to medoids

. .
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EMD: QCD Jets, k—3-medoids
PYTHIA 8.235, /s = 14 TeV
R = 1.0, pr € [500,550] GeV

~—~
o)
O
N
:{
:
~
O
.
~—
S
2
+~
Q
)
N
99}
R
O
—~
Qo

r--------------------'
.
.
.
.
*

: 0 50 100 150 200 250 300
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[PTK, Metodiev, Thaler, 1902.02346]
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Jet Classification via Nearest-Neighbor Density Estimation

_______________ eg6-NN 0 QCD vs.W Jets

)
0]
]

EMD: W Jets vs. QCD Jets
PYTHIA 8.235, /s = 14 TeV
R = 1.0, pr € [500,550] GeV

—— PFN AUC = 0.919
EFPs ]ML AUC = 0.917]
EFN AUC = 0.904]
—— EMD k_3NN  [AUC = 0.887

AP=0 =D AUC = 0.776)

"""""""""""""""""""""" ! 0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Approaches Performance Of W Jet Signal Efficiency
modern machine learning

o
(@)
]

i
W
]

QCD Jet Background Rejection

o
N}
]

[PTK, Metodiev, Thaler, 1902.02346;
comparison to Thaler,Van Tilburg, 1011.2268, 1108.2701; PTK, Metodiev, Thaler, 1712.07124, 1810.05165;]
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Collider Event Foundations

IRC-safe energy flow is theoretically and experimentally robust

The Energy Mover’s Distance

Quantifies the difference in energy flow between events

Particle Physics Applications

Quantifying madifications, visualizing and exploring event space
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Further Directions

EMD: QCD Jet Angularity ,’ 1072
%‘ 354 PyTHIA 8.235, /5 = 14 TeV Y
3 R = 1.0, pr € [500,550] GeV Y
~ 4
= 30 A 4
I >,
S
o7
. 25 e
Nl 10-3
erimenta 4
201

15 1

Quantify (or even mitigate?) pileup/detector effects
Non-parametric density estimates (unfolding?)

10 4
- 1074

Angularity Modification AN

Automated data compression (triggering?) 0-

0 5 10 15 20 25 30 35 40
Parton-Hadron EMD (GeV)

EMD: Intrinsic Dimension
PyTHIA 8.230, /s = 14 TeV

Theoretical iy
é 5_“ —— Gluon Jets
Define new observables with EMD!? : o
§ ! Hadrons
Precision QCD calculations of event space geometry!? 2. - P
Event Mover’s Distance between ensembles? 2
N
0 T
10! 102
Energy Scale @ (GeV)
Algorithmic

Loss function for modern ML in particle physics!?
Metric trees to turn O(N2) into O(N logN)?
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Phenomenology | Reconstruction | Searches | Algorithms | Measurements | Calculations

[BOOST 2019, July 22-26, MIT]

Modeling | Machine Learning | Pileup Mitigation | Heavy-lon Collisions | Future Colliders



EnergyFlow Python Package https://energyflow.network

Parallelized EMD calculations via the Python Optimal Transport library
Keras implementations of EFNs, PFNs, DNNs, CNN:s, efficient EFP computation

Several detailed examples and demos for common use cases and visualization procedures

Docs » Home

EnergyFlow Welcome to EnergyFlow

Home

Particles Observable

er-Particle Representation Event Representation

1 77_ I \\ Latent Space
- n@* P ' 5

o5

Energy/Particle Flow Network

Welcome to EnergyFlow

References

Copyright

EMD: 125.4 GeV

Installation
EnergyFlow is a Python package containing a suite of particle physics tools. Originally designed to

i compute Energy Flow Polynomials (EFPs), as of version 0.10.0 the package expanded to include

Examples implementations of Energy Flow Networks (EFNs) and Particle Flow Networks (PFNSs). As of version

FAQs 0.11.0 , functions for facilitating the computation of the Energy Mover's Distance (EMD) on particle

physics events are included. To summarize the main features:

Energy Flow Polynomials . . . .

e Energy Flow Polynomials: EFPs are a collection of jet substructure observables which form a
complete linear basis of IRC-safe observables. EnergyFlow provides tools to compute EFPs on

EMD events for several energy and angular measures as well as custom measures.

Architectures

Measures
e Energy Flow Networks: EFNs are infrared- and collinear-safe models designed for learning from

collider events as unordered, variable-length sets of particles. EnergyFlow contains customizable
Keras implementations of EFNs.

Generation

Utils

Datasets

¢ Particle Flow Networks: PFNs are general models designed for learning from collider events as
unordered, variable-length sets of particles, based on the Deep Sets framework. EnergyFlow
contains customizable Keras implementations of PFNs.

© GitHub ¢ Energy Mover's Distance: The EMD is a common metric between probability distributions that
has been adapted for use as a metric between collider events. EnergyFlow contains code to
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Connection to N-subjettiness
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, [JDT,Van Tilburg, 1011.2268, 1108.2701;
[slide from talk by |. Thaler] based on Brandt, Dahmen, ZPC 1979; Stewart, Tackmann, Waalewijn, 1004.2489]
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Pileup Removal with Machine Learning (PUMML) and EMD

PUMML with jet images PUMML with EMD

- pixel-based loss function - no pixelation
- compared specific IRC-safe observables - related to all IRC-safe observables
Leading Vertex with Pileup PUMML PUPPI SoftKiller
> o
‘a . n'c 2 ‘c ‘t ‘a
¢ .o W, : , 4 ¢ | ¢ ¢
0.07 -
3 True EMD: Pileup Performance [ + Pileup, npy = 140
1 w. Pileup 0.06 PYTHIA 8.183, /s = 13 TeV [—1 w. CHS

= 3 SoftKiller ' R = 0.4 Jets, pr >100 GeV 1 w. SoftKiller
D 1 w. PUPPI
N PUPPI 0.05 -
o 3 PUMML [ [ w. PUMML
=
‘g - 0.04 -
= -
5 <
b 0.03 -
e
4 I 0.02 -
G

| 0.01 -

' : ' ' 0.00 +=- . . - —
0 20 40 60 80 100 0 20 40 60 80 100 120 140 160
Jet Mass (GeV) EMD to Leading Vertex Jet (GeV)

[PTK, Metodiev, Nachman, Schwartz, 1707.08600]
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Stress-Energy Flow Operator
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Stress-energy flow — measure of event/jet structure that is robust to
non-perturbative and detector effects

[Sveshnikov, Tkachov, hep-ph/9512370; Hofman, Maldacena, 0803.1467; Mateu, Stewart, Thaler, 1209.3781; PTK, Metodiev, Thaler, 1712.07124, 1810.05165]
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