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http://iaifi.org
https://news.mit.edu/2020/nsf-announces-mit-led-institute-artificial-intelligence-fundamental-interactions-0826

The Manifest Geometry of One Collision
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CMS Experiment at LHC, CERN

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

Lumi section: 122

Orbit/Crossing: 31722792 / 2253

Azimuthal
Symmetry

Substructure \

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions

—




The Emergent Geometry of Many Collisions

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020
based on Komiske, Metodiev, JDT, PRL 2019; using EnergyFlow and CMS Open C
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https://arxiv.org/abs/1908.08542
https://arxiv.org/abs/1902.02346
http://energyflow.network
http://opendata.cern.ch/

The Hidden Geometry of Particle Collisions

E.g. Classic QCD Event Shapes

[Komiske, Metodiev, JDT, JHEP 2020
[Brandt, Peyrou, Sosnowski,Wroblewski, PL 1964; Farhi, PRL 19§51
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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

Six Decades of Collider Physics

Translated into a New Geometric Language!
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[timeline from Eric Metodiev]
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Outline

What is a Collider Event?

' F'\' When are Events Similar?

What can be Geometrized?

"
.
.
.
.
.

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions



Pause

Interrupt me or drop questions in the chat, and 10l try tthansasi go

r

Anticipating a c:oda%v
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What is a Collider Event?
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Collider Event

Collection of points in momentum space
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Jet Formation from QCD
Theory

Detection

Composite Hadrons

PO

Energy Flo B1 im0 (t vt
Robust to hadronization and detector effec ' t!-l-m D (  V D)
Well-debPned for massless gauge theor

[see e.g. Sveshnikov, Tkachov, PLB 1996; Hofman, Maldacena, JHEP 2008; MateU [ Sidwrint,2013;
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, ZharlRDZh02 6
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Jets a¥VeightedPoint Clouds

¥ Energy-Weightedirections

p={E,Dx,0y,0;}
g :

Energy Direction

¥ EquivalentlyEnergy Densit

(@)=  E"@@! o)
itd 4 1
Energy Direction
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Pause

What is a Collider Event?
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OCaloO Energy Density
E(@)=  E;!'(a! o)

i
(see backup for relevance to QCD & ML)
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What is a Collider Event?
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Two Collider Events

Two collections of points in (momentum) space

How OcloseO are these?

“‘
““
.
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The Earth MoverOs Distance

Optimal Transport:  Minimum OworkO (stuff x distance) to make
[Peleg,werman, Rom. IEEE 1989, - Q@ dIStribution look like another distribution

Rubner, Tomasi, Guibas, ICCV 1988]V 2000;
Pele,Werman, ECCV 2008; Pele Taskar, GSI 2013]

DZblai Rembla

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781;Vde#1,1969; Wikipedia]
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The Earth MoverOs Distance

Optimal Transport:  Minimum Owork&i(ffx } to make
Peleg,werman, Rom. IEEE 1989, o@ dIStributionlook like

Rubner, Tomasi, Guibas, ICCV 1988]V 2000;
Pele,Werman, ECCV 2008; Pele Taskar, GS| 2013]

Distance Between
<Z Distributions

DZblai

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781;Vde#1,1969; Wikipedia]
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The Earth MoverOs Distance

Optimal Transport:  Minimum Owork&i(ffx } to make
Peleg,werman, Rom. IEEE 1989, o@ dIStributionlook like

Rubner, Tomasi, Guibas, ICCV 1988]V 2000;
Pele,Werman, ECCV 2008; Pele Taskar, GS| 2013]

Distance Between
<Z Distributions

[Pgure from Kun, Matth Programming]

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781;Vde#1,1969; Wikipedia]
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The Energy MoverOs Distance o,

Top Jet 1 ® Top Jet 2

Optimal transport between energyovsE
/ Lo I | |
% EMD( E, E') = min fi Ml + Ei I Ej!l

3 O i, /\& i]
2 -» fy . R | |
3 —7 T T i J
| in GeV Cost to energy Cost to energy
'R I R/ 2 Rapigity , R/ 2 R
e Edebnes a metric on the space of ever
. 0! EMD(E,E)! EMD(E,E")+EMD( E', E")
RCYIN S
""""""" * (assuming B ! max2, i.e. R$ jet radius for conical jets
E..--.--.--.--.-_._-_-_._-_-__E [Komiske, Metodiev, JDT, PRL 20109;

see also Pele,Werman, ECCV 2008; Pele, Taskar, GSI 2013
[see Ravored variant in Crispim Romc<o, Castro, Milhano, Pedro,Vale, EPJC 202:
[see computational speed up in Cai, Cheng, Craig, Craig, PRD 2020

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions 19




Similarity of Three Energy Flows? '@= &t

J

[Chu, MIT News July 2019]

158.7 GeV

205.8 GeV

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, energgfiwork;
see alternative graph network approach in Mullin, Pacey, Parker, White, WillialfaR, 2021 ]
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Dimensionality of Space of Jets

Nneighbors (r) ! rdim m

6
| — CMS 2011 Open Data
I ) CMS 2011 Simulation
dim(r) ! r— In Npgi r
<Z ( ) | r nelghbors( ) 5\ —-= Pythia 6 Generation
[Grassberger, Procaccia, PRL 1983; KZgl, NIPS 2002] _5 \\ _
@ 4|\ AK5 Jets, |l | < 1.9
2 “\ P | [399,401] GeV
3 N CHS, Tracks, ptF¢ > 1 GeV
g 3 \\ Scaled to 400 GeV, Rotated
£
o
S 2
@)
1
Q
10t

Energy ScaleQ [GeV]

dim"' 2 dim' O

(eventually 0)

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using CMS Open Data]
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Pause

When are Events Similar! .|\ /W%%
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Small Energy MoverOs Distance

Lo [ ! ;
EMD(E, E') = min fij % +u E!  EL
i [ ]

(see backup for more applications)
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What is a Collider Event?

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions
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Master Formula for Collider Physics

! 2E12 d M as " 12.n ‘Zfobs(! n)
n==2

phase space amplitude observable

[Komiske, Metodiev, JDT, JHEP 2020]
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Introducing N-particle Manifolds d

n=2

PN = set of all N-particle conbpgurations

Pv! Pnoad o0 Pl Proobysoll limits

[see related discussion in Larkoski, Melia, PRD 2020]
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When are Two Eventthe Sam@& ew= Ee@! o)

Energy Flounchanged by inPnitesimil emission

v
¥
v
¥

Infrared divergences OliveO together!
@ >

?NX 7 Real:
dPy ! 2SC (?:

> Virtual: —e——e—
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When are Two Eventthe Sam@ Eeo= E@! o)

Energy Flounchanged by inPnitesinadlcollineaemissions

-

-
- -

- - -

- - -
- -
- - -
- - -

——’ —’ —” —)
- - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
-
- - - — . =" -
~ - , T = ) )
~ e e — ~ e C .
-~ --) - il I
-~ S )
- I -
- .:.

" calculable in perturbative quantum Peld theory

Infrared & Collinear Safel

iS* <«— (see backup for subtleties)

Continuity in EMD Spac

[Komiske, Metodiev, JDT, JHEP 2020]
[Sterman,Weinberg, PRL 1977; Sterman, PRD 1979]

[see also Banb, Salam, Zanderighi, JHEP 2005; Larkoski, Marzani, JDT, PRD|2015]
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EMD seems to debne the OnaturalO
geometry for massless gauge theories

Open question: Can you debn{al\/l AB " 12..n 2 directly in this space?

What does it mean to OintegrateO in this space?

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions
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Manifolds for Observables fons(! n)

One Event

Set of Events

Distance of Closest Approackz Observable

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

[Komiske, Metodiev, JDT, JHEP 2020]
Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions 29




E.g. Thrust

How dijet-like I1s an event?

All Back-to-Back Two Particle Conbgurations

- QOO

(using&=2 EMD variant)
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t(E)= min EMD,(E, E)
E'l pBB

[Komiske, Metodiev, JDT, JHEP 2020]
[Brandt, Peyrou, Sosnowski, Wroblewski, PL 1964; Farhi, PRL 1977; ALEPE9HI B
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New! Event Isotropy

How Isotropic Is an event?

1
1
1 1
1 1
1 1
1 1
1 1 —_
: : | (E) = EMD( E, U)
1 1
1 1
1 1
T % 8 o —_— .
: : I"#$% &'(%)(*+
. - I
. : "1 /01 1 -2334
: . — "156./01 ! 2---
------------------------ n ! 6—_ /01 ! ’2___ ]

-
-
-
_______
—_ ~—

[Cesarotti, IDT, JHEP 2020;
see also Cesarotti, Reece, Strassler, arXiv 2020]
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Six Decades of Collider Physics

Translated into a New Geometric Language!
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[timeline from Eric Metodiev]
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N-subjettiness

Ubiquitous jet substructure observable used for almost a decadeE

. - _ - T " "
!N(J)— Mmin Eimln{ Tis 209 =er N,i}
N axes .
|
" |
e o '3
% ° 11 I
o |
!R!R | RI2 0 RI2 R " l2
0 11
IR | RI2 Rapigityy RI2 R

[JDT,Van Tilburg, JHEP 20JHEP 2012;
based on Brandt, Dahmen, ZPC 1979; Stewart, Tackmann, Waalewijn, PRL 2010]
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N-subjettiness = to ManifoldEMD

Eis secretly an optimal transport problem

In(J )= m|n EMD(J ,J )

I| PN
R | -----------------------------
1
I 1
1
R/ 2 11 3 1
— 1
% 1
< 1
g 0 '
N 1
< I
I R/I2 1
| 1
1
1
| R ! 1
'R I'R/I2 0 R/ 2 R
1
1
1
0 11 1
1
1
1
'R/ 2 1
1
1
1
'R -
'R I R/I2 0 R/ 2 R
Rapidity y

[JDT,Van Tilburg, JHEP 20JHEP 2012;
rephrased in the language of Komiske, Metodiev, JDT, PRL 2019]
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Pause

* IRC Safety, Observables,

What can be Geometrize - # ~ JetAlgorithms, Pileup Mitigation

Ve

And now, the grand IDnaIeRv
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How far down does this rabbit hole go?
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Direction Space

Direction

— —

OAzimuthO

Angular Distance

ORapidityO
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M
| E—'i:(l'“)“

-
=
[

- M
N = 2ninyy

(for massless particles)
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Direction Space Distribution

* . @® - WeightedDirection
E e.°
g @.
o
o
ORapidityO
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pr
- =(1,0)"
0= (L,5)
E;

2n; Ny
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Event Space
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Event E(d) =

EMD

Energy
MoverOs Distance

E (B! 6)

EMD(EE)=min  fy !

L

[Komiske, Metodiev, JDT, PRL 2019]
39




Event Space Distribution

—( = EMD

Energy
MoverOs Distanc

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions

Event E@)=

Ei (B! o)

EMD(E,E') =min  f;!;

{f}

]
(for equal total energy
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Theory Space

/‘ \ ‘ = Theory T(E)= !."(E! E)
G a —e¢ = (MD | MD(T,T')=min  FapEMD(E,, E)
r——ed Cross-Section N
MoverOs Distanc

A distance between theo|

[Komiske, Metodiev, JDT, JHEP 2020]
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guenched je *«.,, .

...-’



Theory Prime:
In-Medium QCD
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Theory:
Vacuum QCD

..............................
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Jet Quenching via Quantile Matching

Equivalent to following a geodesic in theory space (!)

@

T

10> JEWEL |
| Di-Jet
| et 100
[nb] p_c||_uant
200°¢V]
1d 1-5 ——— \\\,: 250
| —— Pb-Pb (0-10% cent.) 300
100 150 200 250

pr [GeV]

[Brewer, Milhano, JDT, PRL 2019]
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Summary

>4/
LS

3

What |S a CO”lder Event’? (ask me about QCD/ML relevance)

An unordered set of particles that describes
the energy 3ow away from the collision point

When are Events Similar?  @skmemore about ey

When they are close in the geometric space
triangulated by the energy moverOs distance

What can be Geometnzed? (ask me more about safety)

Many concepts/techniques in quantum Peld theory
and collider physics from the last half century
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FIn

Whew!\v
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Backup Slides
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Energy-Energy Correlators

PE~ R
P

A long history In probing collinear dynamics of QCD

<«<— Theoretical challenges with
small angle (collinear) limit

[Basham, Brown, Ellis, Love, PRL 1978;ALEPH, PLB 1991
see Chen, Moult, Zhang, Zhu, PRD 2020]
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QCD Phase Transition In Jets?

IYIOD) Linear-linear plot

=
N

Stat. errors only

N

=
o

T T T T ™
- = ————

o
©

(Normalized) EEC Cross Section [nb]
o
(o))

<+ 4+ CMS 2011 Open Data
CMS 2011 Simulation
== Pythia 6 Generation

AKS5 Jets, |1t | < 1.9
U1 [375,425] GeV
CHS, pPF¢ > 1 GeV

0.4]
-\
0.2 '\_;
I __
0.0 .F-T\-__\__-EHE_ —
0.0 0.1 0.2 0.3 0.4 0.5
'R

Are we learning something
about small angle limit of QCD?

First Jet EEC Plot from the LHC (!)

0.6

C

(Normalized) EEC Cross Section [nb]

q
4

[YIOD) Log-log plot (

<+ 4 CMS 2011 Open Data
1P CMS 2011 Simulation
—= Pythia 6 Generation
AKS5 Jets, |liet | < 1.9
10 2| p* 1 [375,425] Gev T
CHS, pPFC > 1GeV %=~ 1
ey r
s \‘_
10 4 S \
7. \
/- H
7" 1
/_.
10| 6 /’,-I-"'.
|r t
it :
10 8 L& :
10 ° 10 4 10 3 10 2: 101 1P
I R
< -

Hadronic Phas i Partonic Phas

[Komiske, Moult, JDT, Zhu, in progress; see talks by Moult, BOOST,BNOST 2020]
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Point Clal

Collection of points in position space

[Popular Science, 2013]
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Aside: Machine Learning for Jets w5y 0

Symmetry J = {Pl,pz,ps,---,pl\l}

Unordered,VariabIe Length Set (('QI\

Safety p= {E, iy, by, 0,}

L Energy weighting (QFT!)

Properly specibed:>
problem

Many (labeled)  j |:> Machine |:>Veri|2>cation \/- J

examples

Check that answe
IS physically sens

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions
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E.g. Energy Flow Networks

Gluon
y4 : o
N AP splitting probability

I

[Komiske, Metodiev, JDT, JHEP 2019; see also Komiske, Metodiev, JDZOIGERD 2020;
special case of Zaheer, Kottur, Ravanbakhsh, Poczos, Salakhutdinov, Smola, NIP
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OmniFold

Detector-level Particle-level
. Data
©
-
Step 2:
Reweight Gen.
Data ! o 1.!!! oy .
O G f
D eneratuon
g —
= =
>
7)) Push Weights

I

Multi-dimensional unbinned detector corretiions

[Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 20@
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HEP\%

Using, e.g.,
Energy Flow
Networks
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OmniFold

c
Q
)

(&)

b
0p)

2]

n

o

S
@)
e

)
N
'

E

@)
Z

1¢°

MOD

binned

F
Y2
/

—
ol
L4

/ archive

/
- /
/" 4+ ALEPH E.P.J. C (2004)

1 ALEPH Raw 1994 Data
Pythia 6 + Geant 3 Sim.

-— Pythia 6 Gen.

<+ IBUIn(1 ! T) + stat.
UniFold In(1 ! T) + stat.

| _71
T=%
i

[talk by Badea, ICHEP 2020; cf. ALEPH, EPJC 2004]

ThrustIn(1 ! T)

[see also Badea, Baty, Chang, Innocenti, Maggi, McGinn, Peters, Sheng, JRI,2&E|P

[Andreassen, Komiske, Metodiev, Nachman,
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Similarity of Two Energy Flows? &= E@! 6)

R
R/ 2 .
Optimal Transport:
g
T 0 ~ .
E Earth MoverOs Distance
< | a.k.a. 1-Wasserstein metric
I R/I2
IR
I'R I R/2 0 R/ 2 R
Rapidity y
R R
R/ 2 R/ 2
- . €«
5 o 125.4 GeV B0 |
£ I= .
DY 3 N q .
| R/ 2 | R/2 .
IR IR
IR 1 R/2 0 R/ 2 R I'R I R/ 2 0 R/ 2 R
Rapidity y Rapidity y

[Komiske, Metodiev, JDT, PRL 2019; code at Komiske, Metodiev, JDT, Boarggtwork]
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Dimensionality of Space of Jets — ¢

Nneighbors (r) ! rdim

|
<7 dim(r)! rW'” N neighbors (I')

[Grassberger, Procaccia, PRL 1983; KZgl. NIPS 2002]

dim"' 2

S

[ ]
o

dim*1

dim"' 2

(eventually 0)

Jesse Thaler (MIT) N The Hidden Geometry of Particle Collisions

Correlation Dimension
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Most Representative Jets

[http://opendata.cern.ch/]

— 1.0

CMS 2011 Open Data

AK5 Jets, [11€t ]| < 1.9

P 1 [399,401] GeV _
~ 0.8 Arranged via t-SNE
-
ke, P e i
& )
c 06 = * *
= S ek ke
i . "
— 3 u
o)
3 : * X

4 o
2 8 * K
LL o S
P . *......lh 4
) : A
- 0.2 : ’;*
CHS, Tracks, p?™ > 1 GeV * _____________________
Scaled to 400 GeV, Rotated

t-SNE Manifold Dimension 1

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020; using van der Maaten, BMLR 2008]
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Most Representative Jets
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[http://opendata.cern.ch/]

Arranged via t-SNE

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020; using van der Maaten, BVILR 2008]
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Least Representative Jets

[http://opendata.cern.ch/]

M@B),

=
(=X

New Physics’

S IS Sotvied

0 10 QED:

2 OOOOOOOE R
S 10 CMS 2011 Open Data 5

< AK5 Jets, |1®| < 1.9 : **: u*

n 1 [399,401] GeV E * *

@ 10 1 CHS, pf¥© > 1 GeV, Tracks ) ¢ * X

8 _I_I_Rotljld,_scaled to 400 GeV - \‘ *

% w0 * ..... f.'u.. ““:'.‘:E

5 10° Treing

— 1
50 100 150 200

Mean EMD to Dataset Q; i, [GeV]

H
Q
IN

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020]
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More Fun with N-particle Manifolds

,e(, . 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, JDT,Vermilion,Wilkason, JHEP 2015]

Seqguential Jet Recombination

lteratively stepping between various N-particle manifold:

[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, JDT, JHEP 2014]

[Komiske, Metodiev, JDT, JHEP 2020]
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Pileup Mitigation

[see review in Soyez, PR 2019]

Uniform event contamination from Pileup Mitigation:
overlapping proton-proton collisions OMove awayO from uniform event
Constituent Subtract Apolloniu
[Cacciari, Salam, Soyez, JHEP 2 [Berta, Spousta, Miller, Leitner, JHEP 2C [Komiske, Metodiev, JDT, JHEP 20
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Observable Taxonomy

All Observables

Comments

Multiplicity ( ;1)
"
Momentum Dispersion [65] ' i Ej
|

Sphericity Tensor [66] (* ; pp})

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

-

Infrared & Collinear Safe

EMD continuous everywhere except a negligible set of events

EMD HsSIder Continuous

Everywhere invariant to infinitesimal
infrared & collinear emissions .

Sudakov Safe

Discontinuous on some
N-particle manifolds

[Komiske, Metodiev, JDT, JHEP 2020; cf. Ster
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Debned on Energy Flows

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

Robust to exact IR or C emissions

Infrared & Collinear Safe

Jet Energy (i i Ei)
Heavy Jet Mass p7]
Soft-Dropped Jet Mass B8, 68|
Calorimeter Activity [ 69] (Ngs)

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

Disc. at cell boundary

Sudakov Safe

Groomed Momentum Fraction [39] (zg)
Jet Angularity Ratios [ 37]

N -subjettiness Ratios §7, 48] (!n+1/!N)
V parameter [36] (Eq. (2.11))

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

Helder disc. on 3-particle manifold

EMD Helder Continuous Everywhere

Thrust [40, 41]

Spherocity [42]

Angularities [70]

N -jettiness [44] (Tn)

C parameter [71P74]

Linear Sphericity [72] (! i Eint'n})
Energy Correlators [36, 75P77]
Energy Flow Polynomials [15, 17]

Resummation benebcial atC = 3

man, PRD 1979; Banb, Salam, Zanderighi, JrdE&®208arzani, JDT, PRD 2015]
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