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Six Decades of Collider Physics

Translated into a New Geometric Language!

IRC Safety is smoothness Event shapes are distances Jets are projections to Substructure resolves Pileup mitigation moves
in the space of events from events to manifolds. few-particle manifolds. emissions within the jet. away from uniform radiation.

- 'ai
&—0—0 0(5) = min EMDge(E,€) J = argmin EMDg (€, £) 7(7) = min EMDg (7, €"). €. =argminEMD(E, €' + pU).
il €'ePy g'ePy £
Taming infinities Event Shapes Jet Algorithms Jet Substructure Pileup
1960 2020
1977 1997-1998 2014-2019
Thrust, Sphericity C/A jet clustering Constituent Subtraction
[Farhi, PRL 1977] [Wobisch, Wengler, 1998] [Berta, Spousta, Miller, Leitner, JHEP 2014]
[Georgi, Machacek, PRL 1977] [Doskhitzer, Leder, Moretti, Webber, JHEP 1997] 2010_201 5 [Berta, Masetti, Miller, Spousta, JHEP 2019]
9621510 ERE N-(sub)jettiness, XCone
Infrared Safety ks jet clustering - Tacﬂmann waaewimprL2orAnd many morel!
[Kinoshita, JMP 1962] [Ellis, Soper, PRD 1993] [Thaler, {/an TiIburg: JHEP 2011]I
[Lee, Nauenberg, PR 1964] [Catani, Dokshitzer, Seymour, Webber, NPB 1993] [Stewart, Tackmann, Thaler, Vermilion, Wilkason, JHEP 2015]

[Komiske, Metodiey, |DT, JHEP 2020; timeline from Metodiev]
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Going with the (Energy) Flow
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Run Number: 159224, Event Number: 3533152
Date: 2010-07-18 11:05:54 CEST
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Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV
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Event: 144100666
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Energy Flow Representation

Emphasizes infrared and collinear safety

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

Altarelli-Parisi Splitting
Core prediction of QCD

200, . dO d
dPZ'_m'gZ OéC -

;
T 0 =z

Collinear Soft
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Energy Flow Representation

Emphasizes infrared and collinear safety

Composite Hadrons

Quarks & Gluons /
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Energy Flow Representation

Emphasizes infrared and collinear safety Theory

Detection

Composite Hadrons

Quarks & Gluons / j g

Energy Flow: é’ ~ lim ﬁiTOi(t,vtﬁ)

Robust to hadronization and detector effects t— 00

[see e.g. Sveshnikov, Tkachov, PLB 1996; Hofman, Maldacena, JHEP 2008; Mateu, Stewart, |]DT, PRD 201 3;
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, Zhang, Zhu, PRD 2020]
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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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Energy-Energy Correlators

A long history probing the collinear dynamics of QCD:

-1

= ALEPH (a)
%) S
8 . Yeut = 0
Q
Lag e, -
LLJ 0'1 000000000000000000000000
S 14 Lund ME 7.2 /
" .
N2t . %
g o~
S 1 SRR .
Q /
e _ Lund PS 7.2
0.8 L L

cosy

A new chapter leveraging insights from the conformal limit!

[Basham, Brown, Ellis, Love, PRL 1978; ALEPH, PLB 1991]
[cf. lan Moult’s Inspire page; Komiske, Moult, |DT, Zhu, arXiv 2022]
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https://doi.org/10.1103/PhysRevLett.41.1585
https://doi.org/10.1016/0370-2693(91)91926-M
https://inspirehep.net/authors/1079174
https://arxiv.org/abs/2201.07800

QCD Phase Transition in |ets!?
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=== CMS 2011 Open Data |
CMS 2011 Simulation

PyTHIA 6 Generation

AKS5 Jets, [pi°t] < 1.9

Pt € [375,425] GeV

CHS, pPFC > 1 GeV
AR =05

PRELIMINARY

| IO.3I
AR

Are we learning something
about small angle limit of QCD?

First Jet EEC Plot from the LHC (!)

[Komiske, Moult, JDT, Zhu, arXiv 2022; see talks by Moult, BOOST 2019, BOOST 2020]
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https://arxiv.org/abs/2201.07800
https://indico.cern.ch/event/753914/contributions/3444457/
https://indico.cern.ch/event/775951/contributions/3903457/

“Non-Gaussianities” in Collider Energy Flux

CMS Open Data, R; € (0.3, 0.4)

A<O A=0 A>0

Ry\. $

[Chen, Moult, DT, Zhu, JHEP 2022] 1 . *
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https://arxiv.org/abs/2205.02857
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Jets as Weighted Point Clouds

* Energy-Weighted Directions

ﬁ: {falﬁxaﬁya ﬁz}

Energy Direction

(suppressing “unsafe” charge/flavor information)

* Equivalently: Energy Density

p(n) = Z E; ) (R — ;)
icJ 4 1

Energy Direction

Azimuthal Angle ¢
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0.6

0.2

-0.2

Azimuthal Angle ¢
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Rapidity y

When restricted to IRC safe information,
jets/events are naturally represented
as energy densities
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| F'\' The Energy Mover’s Distance
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HEP \%\
ML

If you ask your local computational geometry
expert how to process densities. ..
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The Earth Mover’s Distance

Optimal Transport:  Minimum “work” (stuff x distance) to make
[Peleg Werman, Rom IEEE 1989 gne distribution look like another distribution

Rubner, Tomasi, Guibas, ICCV 1998, IC]V 2000;
Pele,Werman, ECCV 2008; Pele Taskar, GSI 2013]

!& fl"~ ’,,\.c\,y q

-Le?:,vk ; AU
= RS By T
i v o RN

s o TS

Deéblai Remblai

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Kantorovich, 1939;Vaserstein, | 969; Wikipedia]
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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

The Earth Mover’s Distance

Optimal Transport:  Minimum “work” (stuff x distance) to make
[Peleg Werman, Rom, IEEE 1989 one distribution look like another distribution

Rubner, Tomasi, Guibas, ICCV 1998, IC]V 2000;
Pele,Werman, ECCV 2008; Pele Taskar, GSI 2013]

Additive Weight: @ Distance Between

—

Ground Distance: p—— Distributions

Deblai Remblai

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Kantorovich, 1939;Vaserstein, | 969; Wikipedia]
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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

“Horizontal” comparison (EMD) yields better
dynamic range than “vertical” comparison (e.g. KL)

Compare in this direction See backup for

other HEP applications

[figure from Kun, Math n Programming]



https://indico.cern.ch/event/809820/contributions/3632620/
https://fr.wikipedia.org/wiki/Terrassement
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://jeremykun.com/tag/wasserstein-metric/

Similarity of Two Energy Flows

Azimuthal Angle ¢

R
R/2 A o
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125.4 GeV

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, DT, energyflow.network]
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E(n) = ZEM(”@ — i)

Optimal Transport:

Earth Mover’s Distance

a.k.a. [-Wasserstein metric
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http://dx.doi.org/10.1103/PhysRevLett.123.041801
http://energyflow.network/

The Energy Mover’s Distance E@—eF!

® Top Jet 1 ® Top Jet 2

R
Optimal transport between energy flows...
R/2 1
: o wi e EMD(&,E") = min Zij — ZE;
E j oy W\ {f} .
~r2{ - . TN | | | ]
. in GeV Cost to move energy Cost to create energy
EMD: 125.4 GeV
-R T T T
~R —R/2 0 R/2 R
Rapidity y
o . ...defines a metric on the space of events
. 0 <EMD(&, &) < EMD(E,E") + EMD(E, ")
£ e, &
*i ............. * (assuming R = Omax/2, i.e. R = jet radius for conical jets)
E..--.--.--.--.--.--_--_--_--_E [Komiske, Metodiey, |DT, PRL 2019;

see also Pele,Werman, ECCV 2008; Pele, Taskar, GSI 201 3;
[see flavored variant in Crispim Romao, Castro, Milhano, Pedro,Vale, EPJC 2021]
[see linearized and unbalanced transport in Cai, Cheng, Craig, Craig, PRD 2020, arXiv 2021]
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https://arxiv.org/abs/1902.02346
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://arxiv.org/abs/2004.09360
https://arxiv.org/abs/2008.08604
https://arxiv.org/abs/2111.03670

Similarity of Three Energy Flows

[Chu, MIT News July 2019]

122.5 GeV 158.7 GeV

205.8 GeV

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiey, |DT, energyflow.network; m
, %

see alternative graph network approach in Mullin, Pacey, Parker, White, Williams, JHEP 2021]
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http://dx.doi.org/10.1103/PhysRevLett.123.041801
http://energyflow.network/
https://arxiv.org/abs/1912.10625
http://news.mit.edu/2019/new-physics-anomalous-particles-0726

“Cool graphics, Jesse, but this choice of
metric seems a bit arbitrary...”

My answer c. 2020: Yes, this is a choice, but it is
a very nice choice, trust me

My answer c. 2023:  Yes, this is a choice, but it is
the only “faithful” choice

[Ba, Dogra, Gambhir, Tasissa, JDT, in progress]
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The Forest and the Trees

A Histogram of Observables

CMS 2011 Open Data
AKS5 Jets, [piet| < 1.9

=
W

Pt € [399,401] GeV
CHS, pl;FC > 1 GeV, Tracks
Rotated, Scaled to 400 GeV

<
N

Differential Cross Section [pb/GeV]
-

Collider data is i.i.d.

0.0
0 20 40 60 80 100 120

Track Mass mypack [GeV]

[Komiske, Mastandrea, Metodiev, Naik, J]DT, PRD 2020;
using CMS Open Data]
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https://arxiv.org/abs/1908.08542
http://opendata.cern.ch/

Building the Forest from the Trees

CMS 2011 Open Data H The SPGCC Of Energy Flows

AK5 Jets, |nPet] < 1.9
Pt € [399,401] GeV

OI}ORI] WL SSRIN 19

t-SNE Manifold Dimension 2

CHS, Tracks, pqpﬂFC > 1 GeV
Scaled to 400 GeV, Rotated

t-SNE Manifold Dimension 1

0.0

[Komiske, Mastandrea, Metodiev, Naik, J]DT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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https://arxiv.org/abs/1908.08542
http://jmlr.org/papers/v9/vandermaaten08a.html
http://opendata.cern.ch/

Building the Forest from the Trees

The Space of Energy Flows

OI}ORI] WL SSRIN 19

[Komiske, Mastandrea, Metodiev, Naik, J]DT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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https://arxiv.org/abs/1908.08542
http://jmlr.org/papers/v9/vandermaaten08a.html
http://opendata.cern.ch/

A Super-Fractal Forest made from Trees

: CMS
=
6 — —
i — CMS 2011 Open Data |
| CMS 2011 Simulation | Dimension of Space of Energy Flows
D \ — = PyTHIA 6 Generation
g N
SN . i
7 ATy AKS5 Jets, [niet| < 1.9
= 0 \ | Pt € [399,401] GeV _
At \\ CHS, Tracks, p2F¢ > 1 GeV |
g 3 i \\ Scaled to 400 GeV, Rotated
R
8 B
3 2[ T
O 1
1f ]
0 L L L L L L M |
10 102

Energy Scale @) [GeV]

[Komiske, Mastandrea, Metodiev, Naik, J]DT, PRD 2020;
using Grassberger, Procaccia, PRL 1983; Kégl, NIPS 2002; using CMS Open Data]
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https://arxiv.org/abs/1908.08542
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.346
http://papers.nips.cc/paper/2290-intrinsic-dimension-estimation-using-packing-numbers
http://opendata.cern.ch/

A Calculable Super-Fractal Forest of Trees

: Sa
dim;(Q) ~ ——= C;In Q
n pr
6 — - - .
: —— PvyTHIA 6 Generation | QCD CGICUIGUO” Of the
a LL Theory - Dimension of Space of Energy Flows

51 i
) [ — Gluons C, =3
2 4h — Quarks C,=4/3
2 I
[eb) -\ .
g [\ AKS5 Jets, |npiet| < 1.9
oy \ piSt € [399,401] GeV 1
.5 Y Charged only, pglFC > 1 GeV
E ' \ Scaled to 400 GeV, Rotated
(€D} K
Saf N :
@) i \\

AN PRELIMINARY
N
1 B \\'*,. -

O L 1 1 1 1 1 L
101 102

[Komiske, Kryhin, JDT, PRD 2022;
using Metodiey, JDT, PRL 2018; Komiske, Metodiev, |DT, JHEP 2018;
Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh, ICLR SimDL 2021]
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https://arxiv.org/abs/2205.04459
https://arxiv.org/abs/1802.00008
https://arxiv.org/abs/1809.01140
https://arxiv.org/abs/1911.09107
https://arxiv.org/abs/2105.04448
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https://arxiv.org/abs/2205.04459
https://arxiv.org/abs/1802.00008
https://arxiv.org/abs/1809.01140
https://arxiv.org/abs/1911.09107
https://arxiv.org/abs/2105.04448

Viewed through the data science lens,
the EMD unlocks a suite of
geometric analysis strategies
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Revealing a Hidden Geometry
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Given a metric space, the first geometric object
you might think to construct is...

Jesse Thaler (MIT, IAIFI) — The Geometry of Particle Collisions: Hidden in Plain Sight

36



Introducing N-particle Manifolds

PN = set of all N-particle configurations

DD -
OO -
ICIOIONS

Py D Pn—1D...D P2 DP1 by soft/collinear limits

[see related discussion in Larkoski, Melia, PRD 2020]
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https://arxiv.org/abs/2008.06508

Infrared & Collinear Safety

=~ calculable in perturbative quantum field theory

is*

Continuity in EMD Space

[Komiske, Metodiev, DT, [HEP 2020]
[Sterman,Weinberg, PRL 1977; Sterman, PRD 1979]
[see also Banfi, Salam, Zanderighi, JHEP 2005; Larkoski, Marzani, |DT, PRD 2015]



https://arxiv.org/abs/2008.06508
https://arxiv.org/abs/2004.04159
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1436
https://journals-aps-org.libproxy.mit.edu/prd/pdf/10.1103/PhysRevD.19.3135
https://arxiv.org/abs/hep-ph/0407286
https://arxiv.org/abs/1502.01719

Manifolds for Observables

One Event

Set of Events

Distance of Closest Approach = Observable

O(E) = min EMD(E, &)
EemM

[Komiske, Metodiev, DT, JHEP 2020]
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https://arxiv.org/abs/2004.04159

E.g. Thrust

How dijet-like is an event?

t(£) = min EMDy(&E,&")

E'c pBB
e e : T - —T
: : ALEPH
: : =.123 (QCD + Lund ME)
' 1 % 10 | -eeee a, = .120 (QCD porton level)
. 1 N~ ‘.
1 e A

! I © ¥
1 I .
I . e b
I . i :
1
] : A\ 1 y¢u( —_— 0.03 . 1
: 1 qLQ I l
' : e |
: : o
. I ?#6‘ ’( Fit ’
: : 0.1 | K | J
1 2 i *e r
I- ----------------------- | " LI 1

0.5 0.6 0.7 0.8 0.9 1

t
All Back-to-Back Two Particle Configurations ] — ——
2Ecm

OOV )

(using =2 EMD variant)

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

New! Event Isotropy

How isotropic is an event?

1
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1
1 1
1
1 1
1 1
1 1
1 1
1 1
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: ' 25; , ‘f Event Isotropy
1 _

] 1 . T q9
: ] ,? 20t —— N=10, AUC = 0.997 1
i : g Lo, — N=25,AUC = 1.000

z

< 10}

2 .

)

St

m 5_ ,/\\\

0 } —————— I

00 02 04 06 08 10

A=A

[Cesarotti, |DT, JHEP 2020;
see also Cesarotti, Reece, Strassler, JHEP 2021]
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https://arxiv.org/abs/2004.06125
https://arxiv.org/abs/2009.08981

Six Decades of Collider Physics

Translated into a New Geometric Language!

IRC Safety is smoothness Event shapes are distances Jets are projections to Substructure resolves Pileup mitigation moves
in the space of events from events to manifolds. few-particle manifolds. emissions within the jet. away from uniform radiation.

- 'ai
&—0—0 0(5) = min EMDge(E,€) J = argmin EMDg (€, £) 7(7) = min EMDg (7, €"). €. =argminEMD(E, €' + pU).
€'ePy g'ePy £
Taming infinities Event Shapes Jet Algorithms Jet Substructure Pileup
1960 2020
1977 1997-1998 2014-2019
Thrust, Sphericity C/A jet clustering Constituent Subtraction
[Farhi, PRL 1977] [Wobisch, Wengler, 1998] [Berta, Spousta, Miller, Leitner, JHEP 2014]
[Georgi, Machacek, PRL 1977] [Doskhitzer, Leder, Moretti, Webber, JHEP 1997] 2010_201 5 [Berta, Masetti, Miller, Spousta, JHEP 2019]
9621510 ERE N-(sub)jettiness, XCone
Infrared Safety ks jet clustering - Tacﬂmann waaewimprL2orAnd many morel!
[Kinoshita, JMP 1962] [Ellis, Soper, PRD 1993] [Thaler, {/an TiIburg: JHEP 2011]I
[Lee, Nauenberg, PR 1964] [Catani, Dokshitzer, Seymour, Webber, NPB 1993] [Stewart, Tackmann, Thaler, Vermilion, Wilkason, JHEP 2015]

[Komiske, Metodiey, |DT, JHEP 2020; timeline from Metodiev]
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https://arxiv.org/abs/2004.04159

More Fun with N-particle Manifolds

%  N-jettiness

Distance of closest approach to N-particle manifold
[Brandt, Dahmen, ZPC 1979; Stewart, Tackmann, Waalewijn, PRL 2010]

Exclusive Cone Jet Finding

Point of closest approach on N-particle manifold
_ ___________________________________ . [Stewart, Tackmann, |DT,Vermilion, Wilkason, |[HEP 2015]

Sequential Jet Recombination

Iteratively stepping between various N-particle manifolds

[Catani, Dokshitzer, Seymour, Webber, NPB 1993; Ellis, Soper, PRD 1993]
[Dokshitzer, Leder, Moretti,Webber, JHEP 1997;Wobisch,Wengler, arXiv 1999]
[Butterworth, Couchman, Cox,Waugh, CPC 2003; Larkoski, Neill, DT, JHEP 2014]

[Komiske, Metodiev, DT, JHEP 2020]
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https://link.springer.com/article/10.1007/BF01450381
https://arxiv.org/abs/1004.2489
http://arxiv.org/abs/1508.01516
https://doi.org/10.1016/0550-3213(93)90166-M
https://arxiv.org/abs/hep-ph/9305266
https://arxiv.org/abs/hep-ph/9707323
https://arxiv.org/abs/hep-ph/9907280
https://arxiv.org/abs/hep-ph/0210022
https://arxiv.org/abs/1401.2158
https://arxiv.org/abs/2004.04159

N-subjettiness

Ubiquitous jet substructure observable used for almost a decade...

T~ (J) = min ZEZ min {60y ;,02.,...,0n.:}

N axes “—
(/
R
B |
R/2 - o o2 - | T3
z
E X X
£ :
—R/2
|
R ' ' ' ’ ’ .
"R “R/2 0 R/ RO o T2
0 o * .'.
X
~R/2 1 .
-R . ; .
"R —R/2 0 R/2 R
Rapidity y

DT, Van Tilburg, JHEP 201 1, |HEP 2012; LS
based on Brandt, Dahmen, ZPC 1979; Stewart, Tackmann, Waalewijn, PRL 2010] .
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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

N-subjettiness = Point to Manifold EMD

...is secretly an optimal transport problem

/
J'EPn
R | ----------------------------- ]
. 1 1
. * 1 1
~ ' 1

R/2 ’ 0l o T3 1 :
< X ! I
%;D . 1 1
< . . 1 ]
ERE e @ . 1

=]
: X X : :
= . :
—R/2 1 1 1
| : :
R . - . . ' 1
-R —é/2 0 RI/2 R - o. : T2 : 1
, - o . 1
. x . :
1 1
0 . . 1
. R4 ! 1
p : :

° , 1
—R/2 1 . :
1 1
1 1
7R T T T I- I
R —R/2 0 R/2 R
Rapidity y

[JDT,Van Tilburg, JHEP 201 1, |HEP 2012;
rephrased in the language of Komiske, Metodiev, |DT, PRL 2019]
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https://arxiv.org/abs/1011.2268
https://arxiv.org/abs/1108.2701
https://arxiv.org/abs/1902.02346

Deep Manifold Learning O(&) = min EMD(E, £')
SHAPER: Optimal transport meets gradient descent

3-subjettiness vs. 3-ellipsiness + pileup

@ Event @ Structure Points 3-Subjettiness Epoch 0 e Event ® Background 3-Ellipsiness + Pileup Epoch 0
50 050
‘o
025 025
o
Q2 2 s
< : » : 000
Z 0w . @ 2 £
E o .. g
g <
-0.25 -0.25 5
2 1" .
050 -0.50 Major Axis: 0.244, e: 0.256, 6. 0.006, z: 0.333 GeV
Major Axas: 0,257, e:0.257, §:6.276, z. 0.333 GeV
Major Axis: 0,240, e:0.260, 6: 0010, z. 0.333 GV
Background: 0,000 GeV
EMD: 0.706 GeV EMD: 0425 GeV
-0.50 -0.25 0.00 025 050 -0.50 -0.25 000 025 050
Rapidity Rapidity

[Ba, Dogra, Gambhir, Tasissa, JDT, in progress;
inspired by Tankala, Tasissa, Murphy, Ba, arXiv 2020;
algorithmic progress in Kitouni, Nolte, Williams, arXiv 2022]
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https://arxiv.org/abs/2012.02134
https://arxiv.org/abs/2209.15624

Pileup Mitigation

[see review in Soyez, PR 2019]

Uniform event contamination from Pileup Mitigation:
overlapping proton-proton collisions “Move away” from uniform event
Voronoi Constituent Subtraction Apollonius

[Cacciari, Salam, Soyez, |HEP 2008] [Berta, Spousta, Miller, Leitner, JHEP 2014] [Komiske, Metodiev, |DT, JHEP 2020]
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https://arxiv.org/abs/1801.09721
https://arxiv.org/abs/1403.3108
https://arxiv.org/abs/0802.1188
https://arxiv.org/abs/2004.04159

Pileup and Infrared Radiation AnNiHilAtion

Recursive Safe Subtraction: tree-based approx. to optimal transport grooming

-
Jet grooming Popular groomers at LHC PIRANHA grooming
removes soft junk use discontinuous hard cutoffs grooms continuously without
from jets to get high (zcut), sensitive to hard cutoffs, using geometry
energy information hadronization and detector effects and optimal transport
\.
Ungroomed Soft Drop (5=0) PIRANHA

/
Zpard < Zhard

Seft Drop Hadronization Response

-
(" . e ) QCD Jets, Pythia 8.244 101 QCD Jets, Pythia 8.244
Eating up the competition: 0| pr 500GV e | pros0Ge B
. ) 2= <) Ze=.
PIRANHA groomed jets % o T - \
are less sensitive to 2 2 :
oy T o
hadronization and detector $) S e o0
o o 10! o
effects, offering greater 3 3 .
precision in the study of I £ e
5 E T 10°6 T 10!
our subatomic universe ) Spread/sensitive: Worse! ¥ Less spread: Better! ’
w7 1077 10°¢ 1077 1071 1079 1072 107" 10° 1 1077 107 10°° 107 107 1072 107! 10° o
Parton Level 052) ~ mz/p% Parton Level 052) ~ mz/p%

[Slides from Sam Alipour-fard]
[Alipour-fard, Komiske, Metodiev, |DT, in progress]
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We are just beginning to leverage the
conceptual richness of optimal transport
for high-energy physics applications
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Summary

Going with the (Energy) Flow

Restricting our attention to IRC safe information
is a theoretically motivated data analysis strategy

| F.\' The Energy Mover’s Distance

i T Optimal transport allows us to triangulate the space
. @ | of collider events and define an emergent geometry

Revealing a Hidden Geometry

We can gain new perspectives on concepts/techniques
in QFT and collider physics from the last half century
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Backup Slides
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“Collision Course”

CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974

Lumi section: 122

L S Orbit/Crossing: 31722792 / 2253

Compact Muon Solencid
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: “Theoretical Physics for Machine Learning” :

¢¢ e 9
COI I IS I O n CO U rse : Aspen Center for Physics, January 2019

(Theoretical)
High Energy

Physics \
\Mathematics,

Statistics,
Computer Science

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

(and vice versal)
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https://sites.google.com/view/phys4ml/home

Fun with Three Point Correlators

Quark Jet o Gluon Jet le—d

1072

102
3.00
114

2.95
112
2.90

10 110 2.85

108 2.80

106
2.70

1074 + ; : . {
0 /2 n 3n/2 2n 0 R n 3n/2 2n

0 0
(a) (b)

Quark Jet with Tag lo—6

102 102

Gluon Jet with Tag

1.4

1.2

1.0

0.8

104

(d)
(with help from b-tagging)

fects of spinning gluons!

Extracting quantum interference efj

[Chen, Moult, Zhu, PRL 2021]
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https://arxiv.org/abs/2011.02492

Wasserstein in HEP

Generative Modeling BSM Characterization

28X, 4.4% 6.0 X, 7.6 X, 9.2 X, 13.0 X 16.2 X 1.0, '
R | 'R | B | B | B | N 70 i * Single Field, y=0 |
[ | BN | r | | [ I NN N [ [ | EEE 0 [ | W | —_ J L4 Single Field, v = 0.15 |
< pEEESE | DS ESNE | (NESENE | (NS D ENE | W PR e | 9 g v =0.
- e . - - -y (T SRy > 0.8¢ * Single Field, v = 0.75
c = By W mw =y O Em | e | n 3 [ Field, ]
© tam it i Sl ts ity miie o I x B * TwoField, v =2
[} i SRt TR o Rl wmir o | 2 L * Two Field, v; = 3
N i cmfe o u | Wl [ B 0 | R g 0.6} .
O]  EpmEe g  EmENDE [ BE o pmE | Bm o mE | e | 2 __06] o TwoField vi=4 |
L. m SR B mmn EmE - g man 3 e
Bttt ittt b, . b5 . AW, . .k N W AR Lk D DU AW 1 a3 Finite Sphere Bound |
ST ny=100 |
. . . 70 0.4i \ 7
S T m Eem | 5o L _
=z m o B | miEW n e =
S spn- B my HE o | 0 mmm Bm | DN SO g I
< " - . C AT R i Th A u 3 02l
LB 1 i B L L o {10 5 20 T
Q) [ B | N fx Wmofilm s I | -
1 11 BN NS NN | B GEENEN BN | S mad L]
< i SE|E e | J | W SR N | g [ 1
A | EEE | el | B Y 2
Il [ o B W ] N e i 8 0.0 —————02—
\ S O W v N A e - e e e A 0 50 100 150 200
Multiplicity
[Erdmann, Geiger, Glombitza, Schmidt, CSBS 2018; Erdmann, Glombitza, Quast, CSBS 2019; [Cesarotti, Reece, Strassler, [HEP 2021, arXiv 2020]

Chekalina, Orlova, Ratnikov, Ulyanov, Ustyuzhanin, Zakharov, CHEP 2018]

Estimated Simulation/Unfolding Jet Classification

OTUS encoder-decoder: Z - X Ground truth: z— x

1.0 1

0.8 1

0.6 1

044 Signal: W
\ Background: QCD

0 i 021 kNN (AUC=0.845)
N | |.|£||.|I|=”-I” —— SVM (AUC=0.869)
. F | r T 0] — LDA(AUC-0.704)
1 [ [ [ ] .
[ T T
T % 2 % A0 s o T o e 2 % w0 sk o T o 00 02 04 06 08 10
Signal Efficiency
[Howard, Mandt, Whiteson, Yang, arXiv 2021] [Cai, Cheng, Craig, Craig, PRD 2020]
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https://arxiv.org/abs/1802.03325
https://arxiv.org/abs/1807.01954
https://arxiv.org/abs/1812.01319
https://arxiv.org/abs/2008.08604
https://arxiv.org/abs/2101.08944
https://arxiv.org/abs/2009.08981
https://arxiv.org/abs/2011.06599

Linearized Optimal Transport

With the help of a reference event, “ D
transportation distances™ can be ’ R

...............

: . . N
efficiently mapped to Euclidean distances s P

FASS RN

SO

s N
QCD 1 & W

\ }
H -
NI N NI -
L eSO N e e e ee K

Enables coordinate-based techniques like Linear Discriminate Analysis

y
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1

—1 0 1
11 -3 sigma -2 sigma -1 sigma 0 sigma 1 sigma 2 sigma 3 sigma
(mean jet) -
. . o : . ".
.i‘ L4 v * Y . .
-1 K
eeo(@ O eaweo °

[Cai, Cheng, Craig, Craig, PRD 2020]
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https://arxiv.org/abs/2008.08604

Opening a Dialogue Between Communities

HEP domain knowledge < interdisciplinary insights

N T ITIT AT
Analyzing Jets with
Linearized Transport -
& Partial Transport ;
0 o ‘9% :
—M2{ Wy 1329 Gev m<(K=100):1.329<ééV }ﬁ{(K=10):1.326 ch HK(K=1): 0.998 GeV HK(K=0.1): 0.137 GeV
=L,7 0.0 1.7 =L.q 0.0 L7 =17 y0.0 1.7 -1.7 0.0 L1 =17 0.0 1.7
[Cai, Cheng, Craig, Craig, PRD 2020, arXiv 2021]
=%
| +
R
Interpolating between
Optimal Transport < ~. é}
& Kernel Methods a
(see next slide to justify color coding) =3 :%
i
t=0. t= .25 t= .50 t=1.00 t=5.00

[Feydy, Séjourné,Vialard, Amari, Trouvé, Peyré, arXiv 2018]
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https://arxiv.org/abs/2008.08604
https://arxiv.org/abs/2111.03670
https://arxiv.org/abs/1810.08278

Siloing in the Scientific Community

Kernelg (o, B) = 3{a, kxa) — (o, kxB) + 3(B, k*3)
N N N M M M
= %ZZO@O@' k(xi,zj) — Zz&zﬁg (wi,y;) + %Z Bi B k(vi, y5)
i=1j=1 i=1j=1 i=1j=1

Kernel methods. Formulas in the mould of Egs. (3.99-3.101) are ubiquitous in applied
sciences: from physics to machine learning, applying a convolution is the simplest way of
modelling spatial correlations and pair-wise interactions. Unfortunately though, few papers
and textbooks take the time to draw explicit links between fields that have, at first glance,
very little in common. Before going any further, we devote a few pages to a short panorama
around the six major interpretations of Eq. (3.99). As we identify with each other the theories of:

Newtonian gravitation and electrostatics in physics,

blurred squared distances in imaging sciences,

Sobolev norms in functional analysis,

maximum mean discrepancies in statistics,

reproducing kernel Hilbert spaces in machine learning and

Kriging, splines or Gaussian processes in geostatistics, imaging and probabilities,

AN

we will hopetully help the reader to get a deeper understanding of a theory that is central to
modern data sciences.

[Feydy, Geometric data analysis, beyond convolutions]
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http://www.jeanfeydy.com/geometric_data_analysis.pdf

Observable Taxonomy

See backup for
example observables

All Observables

Measurable at a collider

Defined on Energy Flows

Invariant to exact infrared & collinear emissions everywhere except a negligible set of events

Infrared & Collinear Safe

EMD continuous everywhere except a negligible set of events

‘-IIIIIIIIIIIIIIIIIII...
.

EMD Hélder Continuous Sudakov Safe
Everywhere invariant to infinitesimal

L
) )
a
a
. . |
Discontinuous on some .
infrared & collinear emissions N-particle manifolds .

*

.

I s*
......-.............-‘

[Komiske, Metodiev, DT, JHEP 2020; cf. Sterman, PRD 1979; Banfi, Salam, Zanderighi, JHEP 2005; Larkoski, Marzani, JDT, PRD 2015]
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https://arxiv.org/abs/2004.04159
https://journals-aps-org.libproxy.mit.edu/prd/pdf/10.1103/PhysRevD.19.3135
https://arxiv.org/abs/hep-ph/0407286
https://arxiv.org/abs/1502.01719

The Spectrum of Safety

All Observables

Comments

Multiplicity (>, 1)
Momentum Dispersion [65] (3°; E?)
Sphericity Tensor [66] (3, pi'pY)

Number of Non-Zero Calorimeter Deposits

IR unsafe and C unsafe
IR safe but C unsafe
IR safe but C unsafe
C safe but IR unsafe

Defined on Energy Flows

Pseudo-Multiplicity (min{N | 7x = 0})

Robust to exact IR or C emissions

Infrared & Collinear Safe

Jet Energy (3, E;)
Heavy Jet Mass [67]
Soft-Dropped Jet Mass [38, 68|
Calorimeter Activity [69] (Nos)

Disc. at jet boundary
Disc. at hemisphere boundary
Disc. at grooming threshold

Disc. at cell boundary

Sudakov Safe

Groomed Momentum Fraction [39] (z,)
Jet Angularity Ratios [37]
N-subjettiness Ratios [47, 48] (Tn41/7N)
V' parameter [36] (Eq. (2.11))

Disc. on 1-particle manifold
Disc. on 1-particle manifold
Disc. on N-particle manifold

Holder disc. on 3-particle manifold

EMD Holder Continuous Everywhere

Thrust [40, 41]

Spherocity [42]

Angularities [70]

N-jettiness [44] (Tn)

C' parameter [71-74]

Linear Sphericity [72] (3; Eini'nY)
Energy Correlators [36, 75-77]
Energy Flow Polynomials [15, 17]

Resummation beneficial at C = %
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On my reading list...

Renormalization Group Flow as Optimal Transport

Jordan Cotler!?3 and Semon Rezchikov?

Y Harvard Society of Fellows, Cambridge, MA 02138 USA
2Black Hole Initiative, Harvard University, Cambridge, MA 02138 USA
3 Center for Fundamental Laws of Nature, Harvard University, Cambridge, MA 02138 USA
4 Department of Mathematics, Harvard University, Cambridge, MA 02138 USA

Abstract

We establish that Polchinski’s equation for exact renormalization group flow is equivalent to the
optimal transport gradient flow of a field-theoretic relative entropy. This provides a compelling
information-theoretic formulation of the exact renormalization group, expressed in the language of
optimal transport. A striking consequence is that a regularization of the relative entropy is in fact an
RG monotone. We compute this monotone in several examples. Our results apply more broadly to
other exact renormalization group flow equations, including widely used specializations of Wegner-
Morris flow. Moreover, our optimal transport framework for RG allows us to reformulate RG
flow as a variational problem. This enables new numerical techniques and establishes a systematic

connection between neural network methods and RG flows of conventional field theories.

[Cotler, Rezchikov, arXiv 2022]
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https://arxiv.org/abs/2202.11737

Deep Manifold Learning O(&) = min EMD(E, £')
SHAPER: Optimal transport meets gradient descent

How triangle-like / ring-like is this jet?

« Event « Structure Points « Event Background « Structure Points
| R oS V150 /4 =y 10 -
it . ..' o a0 5 e .
.' ‘.:.’. o e® '-...; R
05 ) L T 05 .
0 | - " .
2 s .:,-.Q.O‘ priise 0, 2 el
S & f ' .‘ ! ° ..... E &
g o0 A N5 AR : S 00 :
=] o p 3 = S =]
E . o : E
N . - ', 7% o N
< i @ e o. ... . <
-0.5 . A -0.5
e .
oy ° ol \.
e . -
. »
-1.0 ' “e -1.0
: B Radlus 0.950, z 1.000° GeV
Zp- 0.000 GeV : Background: 0.000 GeV
. EMD: 2.458, GeV - - EMD 0.638 GeV _
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Rapidity Rapidity

[Ba, Dogra, Gambhir, Tasissa, JDT, in progress;
inspired by Tankala, Tasissa, Murphy, Ba, arXiv 2020;
algorithmic progress in Kitouni, Nolte, Williams, arXiv 2022]
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https://arxiv.org/abs/2012.02134
https://arxiv.org/abs/2209.15624

Pileup and Infrared Radiation AnNiHilAtion

Recursive Safe Subtraction: tree-based approx. to optimal transport grooming

( )

Soft Drop/mMDT

0.40

-+ Integration
I 4 Shower
Analytic (Many Emissions)
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Q| -t zaw=01 FaFt )

Zeit =0.2
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e = myp}

_J

I5

Sharp

cutoff— kink

Fixed coupling, multiple emission calculations:

J

PIRANHA-RSS -y
0.40 ‘ ; ‘ ‘ : :
<+ Integration
035" 4 Shower
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T S . cut . - \\.\-.;.;
©
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No sharp cutoff— smooth

[Slides from Sam Alipour-fard]

[Alipour-fard, Komiske, Metodiev, |DT, in progress]
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Introducing Theory Space
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Direction Space

X X = Direction
SR ¢ X ,
_ — = Angular Distance
“Rapidity”

Jesse Thaler (MIT, IAIFI) — The Geometry of Particle Collisions: Hidden in Plain Sight
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Direction Space Distribution

: * O Weighted Direction

“Azimuth”

o ® — = Angular Distance

“Rapidity”
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Event Space

Event E(R) = FE;6(h—7

EMD EMD(E, ') _rgg?zz]‘;j i

(for equal total energy)

Energy
Mover’s Distance

[Komiske, Metodiev, JDT, PRL 2019]
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https://arxiv.org/abs/1902.02346

Event Space Distribution

Weighted Event  £(7) = »  E; 6(7 — 1)

s s
gk -
* *";ii O =EMD maes) =YY s,

Energy
Mover’s Distance

(for equal total energy)
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Theory Space

/‘ \ ‘ = Theory T(E) = Zoa 0(E — &)
G a —® = >MD YMD(T7,7T") = r{nf}?ZZFabEMD Ea, &)
| | Cross-Section
Mover’s Distance

(for equal total xsec)

A distance between theories!

(e.g. EMD : N-jettiness :: 2MD : k-eventiness)

[Komiske, Metodiev, DT, JHEP 2020]
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https://arxiv.org/abs/2004.04159

1 e ¥
C CMS Experiment at LHC, CERN {‘ Leos
periment a : R P o<
‘\‘ Data recorded: Wed Nov 25 12:21:51 2015 CET TR : .
N ' Run/Event: 262548 / 14582169 o \ *
\ Lumi section: 309 o e .
y .
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Theory Prime: Theory:
In-Medium QCD Vacuum QCD

...........................................................

Optimal transportation plan defines mapping
between in-medium jets and vacuum jets!
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Jet Quenching via Raa!
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Compare in this direction
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Compare in this direction

Jet Quenching via Qaa!
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Quantile matching as optimal transport

(For the record, we had no idea about OT when we suggested this method)
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