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When are two jets similar?
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When are two jets similar?

These two jets o0lookd similar, but hav

How do we quantify this?
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When are two jets similar?
How a jet gets its shape

| ~ Detection
o\ Hadronization
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When are two jets similar?
A jet 1se

Theoretically: very complicated Experimentally: very complicatec

~

" Detection
@ ~ Hadronlzatlon

Fragmentation  hadrons @

partons @@ ...

However:
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K-long
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The energy flodistribution of energy) is the information that is robust to:

V. Tkacbav éS}ZBQ] ‘

fragmentation, hadroni zZaty

. Tkachov, 9601

308]

[P.S. Cherzor, N.A. Sveshnikov, 9710349]

Energy flowe Infrared and Collinear (IRC) Safe information
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When are two jets similar?
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Outline
When are two jets similar?
When they have similar distributions of enercg
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The Energy Mover 0s Di stance
Revi ew: The Earth Mover ds Di st ance

Earth Mover 0st ibe smiamicmum owor ko
rearrange one pile of dirt into another [PelegWerman Ron

[Rubner Tomasj Guiba}

iCdn

Metric on the space of (normalized) distributiorsymmetric, naregative, triangle inequalit
Distributions are close in EME their expectation values are close.

Also known as thdl-Wasserstein metric.
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The Energy Mover 0s Di stance
From Earth to Energy

Ener gy Mover:0st hDei sntianni emrgyx aogMaor k O
rearrange oneevent(pile of energy) into another ... cvm thaer 1002.02346]
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The Energy Mover 0s Di stance
From Earth to Energy

Ener gy Mover:0st hDei sntianni emrgyx aogMaor k O
rearrange On$vent(plle Of energy) Into anOther [P.T. Komiske, EMM, J. Thaler, 1902.02346
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Work to rearrange one event into another.
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Movie Time: Visualizing the EMD

Taking a walk in the space of events

® Top Jet 1 ® Top Jet 2
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EMD is the cost of an optimal transport problem. , |
| |
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Movie Time: Visualizing Jet Formation s
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Movie Time: Visualizing QCD Jet Formation S
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Movie Time: Visualizing Jet Formation s
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Movie Time: Visualizing Top Jet Formation yr
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Visualize energy movement and jet formatio
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CMS Open Data

An amazing resource for physics exploration and probprinciple studies. i
opendatacernch
opendata
open About ~
@
—
Explore more than 1 petabyte e /
of open data from particle physics!

jet primary datasef

Search l
search examples: collision datasets, keywords:education, energy:7TeV /
°

L ]
Explore Focus on
datasets ATLAS
®

software ALICE
environments CMS
documentation LHCb

OPERA

v Get started v
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CMSOpenData

Many exciting physics applications with the CMS Open Data already.

Exposing the QCD splitting function
[Tripathee Xue, Larkoski MarzaniThaler, 1704.05842]
[Larkoski MarzaniThalerTripathee Xue, 1704.05066]

Looking for parity violation in jets
[Lester, Schott, 1904.11195]

— 2011 CMS Open Data

£ of 7Tev, 201 pp!

& Isolated Sample, pf'>60 GeV
fm,=(1.3+0.4)7

~t§ 40 vimy,=(13+04)%

Searching for dimuon resonances
[Cesarotti, Soreq, Strassler, Thaler, Xue, 1902.04222]

20 30 40 50 60

T Analyzing collision data with deep learning techniques
N ' : [MadrazgoCachalglesias, de Lucas, 1708.07034]
: é‘ o | [Andrews,PauliniGleyzerPoczos1807.11916]
PRI [Andrews, et al., 1902.08276]
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http://doi.org/10.7483/OPENDATA.CMS.UP77.P6PQ

Jet Substructure Observables

Study jet substructure at truth and detector level.
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https://arxiv.org/abs/1704.05066
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EEE® Jets in CMS Open Data

A great resource for physics exploration
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Exploring the Space of Jets
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Most Representative Jet&:medoids

Eric M. Metodiev, MIT
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Towards Anomaly Detection ;.. Typical
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Complements recent developments in &
anomaly detection for collider physics.

[Collins, Howe, Nachman, 1805.02664]
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[FarinaNakai Shih, 1808.08992]
[Cerri, NguyenPierini Spiropuluvlimant 1811.10276]
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Exploring the Space dets: Visualizing the Manifold

Visualize the space of events witbistributed Stochastic Neighbor EmbeddingStlE).

[L. van der Maaten, G. Hinton]

Finds an embedding into a lesimensional manifold that respects distances.

What does the space
of jets look like?

Eric M. Metodiev, MIT
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Exploring the Space dets: Visualizing the Manifold

What does the space
of jets look like?

t-SNE Manifold Dimension 1
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Exploring the Space of Jets: Correlation Dimension

VoLuME 50, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JANUARY 1983

Characterization of Strange Attractors

Peter Grassberger'® and Itamar Procaccia
Chemical Physics Department, Weizmann Institule of Science, Rehovol 76100, Isvael
(Received 7 September 1982)

A new measure of strange attractors is introduced which offers a practical algorithm to
determine their character from the time series of a single observable. The relation of this
new measure to fractal dimension and information-theoretic entropy is discussed,

Intuition:

dim=2 dim=0 Energy scalé Count neighbors in
(eventually 0) dependence ball of radiug)
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Exploring the Space of Jets: Correlation Dimension //X
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Correlation Dimension
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W jets are more complicated.

Top jets are most complex.
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Correlation Dimension
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Exploring the Space of Jets: Correlation Dimension

CMS 2011 Open Data
with CHS

with pFtc > 2 GeV
with Tracks Only
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Effecs PRELIMINARY
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101 102

Dimension blows up at
low energies.
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Energy Scale @ [GeV] Can we understand this analytically

Eric M. Metodiev, MIT Exploring theSpaceof Jets w. CMS Open D2



Exploring the Space of Jets: Correlation Dimension
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Exploring the Space of Jets
New ways to visualize and probe collider de
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EMD and IRCSafe Observables

Events close in EMD are close in any infrared and collinear safe observak

Additive IRGsafe observables: ! (3) OB()
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i.e. bound on its derivative

e.g. jet angularities:
[C. Berger, T. Kucs, and G. Sterman, 0303051]
[A. Larkoski, J. Thaler, and W. Waalewijn, 1408.3122] O —

Forf  pjetangularities:
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https://arxiv.org/abs/hep-ph/0303051
https://arxiv.org/abs/1408.3122

-
Old Observables in a New Language
Thrust is the EMD between the event and two baitkback particles.
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Quantifying Detector Effects

Detection
0\ Hadronization
hadrons’@ é

Fragmatation
partons @@ @ ¢

Eric M. Metodiev, MIT Exploring theSpaceof Jets w. CMS Open Do A



-
Quantifying Detector Effects with EMD
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Quantifying Detector Effects with EMD
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PileupMitigation

Can use vertex information in CMS Open Data to find charged pileup particles.
Allows us to study the effect of pileup on radiation pattern and observables.
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PileupMitigation

Can use vertex information in CMS Open Data to find charged pileup particles.
Allows us to study the effect of pileup on radiation pattern and observables.
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Quantify pileup mitigation performance with EMD (more in backup).

Optimize machine learniAgased pileup mitigation methods to minimize EMD?
[Komiske, EMM, Nachman, Schwartz, 1707.08600]

[Martinez, Cerri, Pierini, Spiropulu,Vlimant, 1810.07988]
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https://arxiv.org/abs/1707.08600
https://arxiv.org/abs/1810.07988
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Jets in CMS Open Data

A great resource for physics exploration
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Going Beyond FATEA
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