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Six Decades of Collider Physics

Translated into a New Geometric Language!
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[Komiske, Metodiev, JDT, JHEP 2020; timeline from Metodiev]
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https://arxiv.org/abs/2004.04159

Outline

Going with the (Energy) Flow

i  Extended review
i of my virtual

: Israel Physics

:  Colloquium from
i November 2020

‘\. The Energy MoverOs Distance
o

Revealing a Hidden Geometry
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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

SE 121758 W
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ATLAS

EXPERIMENT

Run: 302347
Event: 753275626
2016-06-18B 18:41:48 CEST

CATLAS <
EXPERIMENT

ar 61570, Sveet Humcer 18445417

@ATLAS

EXPERIMENT
http://atlas.ch

-

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

Run: 209787

Event: 144100666
Date: 2012-09-05 5
Time: ©3:57:49 UTC
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Energy Flow Representation

Emphasizaafrared and collinear safety

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

Altarelli-Parisi Spllttln‘ :
Core prediction ofQCD :

Quarks & Gluons

2 d# dz
#”z

Collinear Soft

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

Jesse Thaler (MIT, IAIFI) N The Geometry of Particle Collisions: Hidden in Pigin Si



Energy Flow Representation

Emphasizaafrared and collinear safety

Composite Hadrons

Quarks & Gluons /
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Energy Flow Representation

Emphasizésafrared and collinear safety Theor)

Detection

Composite Hadrons

Quarks & Gluons / j E

Energy Flov | @1 |im 6, T (t, vt i)

Robust to hadronization and detector effec t!"

[see e.g. Sveshnikov, Tkachov, PLB 1996; Hofman, Maldacena, JHEP 2008; MateU [ Sidwrint,2013;
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, ZharfgDZh02 &)
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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 historyprobing the collinear dynamics of QCD:

= ALEPH (a)
%) S -0
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Q
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2 Lund PS 7.2

o8 L — 1 :
-1 ~0.5 0 0.5 1

cosy

A new chapterleveraging insights from the conformal limit!
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S 3/ - @
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[Basham, Brown, Ellis, Love, PRL 1978;ALEPH, PLB 1
[cf. lan MoultOs Inspire page; Komiske, Moult, JDT, Zhu, arXiv 20§
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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 Jets?

(Normalized) EEC Cross Section [nb]

First Jet EEC Plot from the LHC (!) <

=
N

1.0

0.8

- Linear-linear plot

- Stat. errors only

+ -I- CMS 2011 Open Data
fl CMS 2011 Simulation
—-— Pythia 6 Generation ]

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

1

|

1

1

1

1

1

|

4 Il R=0.5
J )
l -
':| PRELIMINARY

Are we learning something
about small angle limit of QCD?

[Komiske, Moult, JDT, Zhu, arXiv 2022; see talks by Moult, BOOST AQDST 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/

ONon-GaussianitiesO in Collider Energy Flux

CMS Open Data, R; € (0.3, 0.4)

[Chen, Moult, JDT, Zhu, JHEP 2022]1 . ﬁ
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https://arxiv.org/abs/2205.02857
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Jets a¥VeightedPoint Clouds

¥ Energy-Weightedirections

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

Energy Direction

¥ EquivalentlyEnergy Densit

(@)=  E"@@! o)
itd 4 1
Energy Direction
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When restricted to IRC safe information,
jets/events are naturally represented
asenergy densities
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Going with the (Energy) Flow

Wﬁé The Energy MoverOs Distance

A\
(20

2.3
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HEP\%

If you ask your local computational geometry
expert how to process densitiesk
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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; Kantorovich, 1939;Nesel 969; 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; Kantorovich, 1939;Nesel 969; 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]

OHorizontalO comparison (EMD) yields better
dynamic range than OverticalO comparison (e.g. KL)

[Pgure from Kun, Math Programming]

[h/t Niles-Weed, ML4Jets 2020; Monge, 1781; Kantorovich, 1939;Nesel 969; Wikipedia]
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Similarity of Two Energy Flows e=&=E@! 6)

R
R/ 2
Optimal Transport:
g
g 07 ~ "
E Earth MoverOs Distance
< | a.k.a. 1-Wasserstein metric
I R/ 21
IR T T T
I'R I R/ 2 0 R/ 2 R
Rapidity y
R R
R/ 2 R/ 2 -
p p A S
125.4 GeV B o |
£ £ .
DY 3 N q .
| R/ 2 | RI24 .
IR T T T IR T T T
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]
Jesse Thaler (MIT, IAIFI) N The Geometry of Particle Collisions: Hidden in Pigin Si 24




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]
: -» 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 2019;

see also Pele,Werman, ECCV 2008; Pele, Taskar, GSI 2013;
[see Ravored variant in Crispim Romco, Castro, Milhano, Pedro,Vale, EPJC 2021]
[see linearized and unbalanced transport in Cai, Cheng, Craig, Craig, PR[2202@021]
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Similarity of Three Energy Flows ‘'®= &t e

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, WillilfaR, 2021 ]
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OCool graphics, Jesse, but this choice of
metric seems a bit arbitraryEO

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

My answer c. 202 Yes, this Is a choice, but
the only OfaithfulO choic

[Ba, Dogra, Gambhir, Tasissa, JDT, in progress]
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The Forestand thelrees

MOD

o
o1

A Histogranof Observables

o
N

CMS 2011 Open Data E
AK5 Jets, |1t < 1.9
P1 399, 401] GeV

CHS, ptF¢ > 1 GeV, Tracks
Rotated, Scaled to 400 GeV /

Collider data is i.i.d.

©
W

o
N

O
=

Di! erential Cross Section [pb/GeV]

0.0

0 20 40 60 80 100 120
Track Mass My, [GeV]

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using CMS Open Data]
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Building the-orestfrom theTrees

— 1.0
CMS 2011 Open Data
s S [ A TheSpacof Energy Flows
1 [399, 401] GeV
[N 0.8
C L]
o . :
& @ :
q’ 1
£ 0.6 § 5
) 7 :
o n :
S 3 5
— T '
c il ;
g 0.4 ?J..l
L > i
7 .
U.) .
- N 0.2 :
—— =
CHS, Tracks, p°¢ >1GeV [\
Scaled to 400 GeV, Rotated 0.0

t-SNE Manifold Dimension 1

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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Building the-orestfrom theTrees

TheSpacof Energy Flows

T
o
(00)

- 0.6

o
I
9|11oel4 W SSeA 18r

- 0.2

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using van der Maaten, Hinton, JMLR 2008; using CMS Open Data]
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A Super-Fractatorestmade fromlrees

MOD —

6
— CMS 2011 Open Data
. CMS 2011 Simulation Dimensioof Spac@of Energy Flows
\ —=— Pythia 6 Generation
5,1\
@ 4|\ AKS5 Jets, |1t | < 1.9
= \ | U1 [399, 401] GeV
a N CHS, Tracks, pPF¢ > 1 GeV
S 3 \\ Scaled to 400 GeV, Rotated
:
D
S 2
O
1
Q
10t

Energy ScaleQ [GeV]

[Komiske, Mastandrea, Metodiev, Naik, JDT, PRD 2020;
using Grassberger, Procaccia, PRL 1983; KZgl, NIPS 2002; using CMS Open Data]
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A ulable Super-Fractatorestof Trees

. 8! s Q
dim; | Ciln—
Im; (Q) . n o ng

6 - n
\ : :
\ —= Pythia 6 Generation CI) UIalonOf the
\ : .
A LL Theory Dimensioof Spaceof Energy Flows
\
\ — _
c . \ Gluons Cy=3
24 \\ Quarks
c %
o\ _
_qé \\ AK5 Jets, |1° | < 1.9
Q IRY P 1 [399,401] GeV
S N Charged only, p°/¢ > 1 GeV
= .\ r MT
© D) Scaled to 400 GeV, Rotated
0 N
S 2 .
@ N
e
N
N
1 S
\\'...
R
\4,:...
O a2
10t 107

Energy ScaleQ [GeV]

[Komiske, Kryhin, JDT, PRD 2022;

using Metodiev, JDT, PRL 2018; Komiske, Metodiev, JDT, JHEP 2018;
Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh, ICLR SimDL 2021]
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A ulable torestof Trees

MOD (Q

—— CVU Topics Gluon-Gluon —— CVU Topics — GG/QQ
=== Pythia Parton = Quark-Gluon === Pythia Parton =— (GG+QQ)/2QG
— Quark-Quark ) LL Theory

CMS 2011 Open Data
PFN R-Fit Fractions

AKS5 Jets, ['| < 1.9
1 [495,505] GeV

CMS 2011 Open Data
PFN R-Fit Fractions

AKS Jets, || < 1.9
1 [495,505] GeV

c
Q
2}
c
Q
£
(@)
c
9
+—
©
[}
S
| —
o
@)

Correlation Dimension Ratio

Ratio to Pythia

40 80 160 250 500 ' 40 80 160 250
Energy ScaleQ [GeV] Energy ScaleQ [GeV]

Energy ScaleQ [GeV]

[Komiske, Kryhin, JDT, PRD 2022;
using Metodiev, JDT, PRL 2018; Komiske, Metodiev, JDT, JHEP 2018;
Andreassen, Komiske, Metodiev, Nachman, JDT, PRL 2020; + Suresh, ICLR SimDL 2021]
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Viewed through the data science lens,
the EMD unlocks a suite of
geometric analysis strategies
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Going with the (Energy) Flow

Wﬁé The Energy MoverOs Distance

A\
(20

2.3
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Given a metric space, the Prst geometric object
you might think to construct ISk
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Introducing N-particle Manifolds

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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Introducing N-particle Manifolds

PN = set of all N-particle conbpgurations

Infrared & Collinear Safel

%calculable in perturbative quantum pbeld theor)

IS*

Continuity in EMD Spac

‘ ‘ > O [Komiske, Metodiev, JDT, JHEP 2020]|
[ ! | [Sterman,Weinberg, PRL 1977; Sterman, PRD 1979]
[see also Banb, Salam, Zanderighi, JHEP 2005; Larkoski, Marzani, JDT, PRD|2015]

Pv! Pnoad o0 Pl Proobysoll limits

[see related discussion in Larkoski, Melia, PRD 2020]
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Manifolds for Observables

One Event

Set of Events

Distance of Closest Approackz Observable

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

[Komiske, Metodiev, JDT, JHEP 2020]
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E.g. Thrust

How dijet-like I1s an event?

t(E)= min_ EMD,(E, E)

All Back-to-Back Two Particle Conbgurations

- QOO

(using&=2 EMD variant)

Jesse Thaler (MIT, IAIFI) N The Geometry of Particle Collisions: Hidden in Pigit Si

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"#$% &' (%) (*+
. e I
" : “1 .01 I -2334]
: . — "156./01 ! 2---
------------------------ n ! 6-. /01 ! ,2___ ]

-

-
_______
- ~

[Cesarotti, IDT, JHEP 2020;
see also Cesarotti, Reece, Strassler, JHEP 2021]
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Six Decades of Collider Physics

Translated into a New Geometric Language!

=X OL#,. &5$5+ "(#55 8 #(, B 1EHR-#$&5,1(245 St 58 -H#SE-*F#2,&*(5$,* DOL5,-C2,G#$#5*3;#5 OBEES &I 18*(+*:#5
&($,"HSSEL2HSHSHH(S  [-++$H#:#(,5$,*$+1(&/*3'5: I# HE1-,&23#$+1(&/*3'5:

#+&55&*(5$_&,"&($,"#$F#,: 1 1.$/-*+$C(&*-+$-1'&1,&*(:

€*; L sce aEXE aL C;;yg"“ af *a&) T:8 L ece (84)a *yL "% <o (*&"E éi) &
1+&(GCP&(/&(&,&#5 8;#(,$D"1E#5 S#,$Q3G*-&,"+5 S#,$DCL5,-C2,C-#

0&3#CE
>?2@7 ‘ ‘ ‘ ‘ ‘ ‘ ‘
>?BB >?2?BH>??0 A7>RHA7>?
I"-C5,<$DE"#-&2&,. APQ$F#,$23C5,#-&(G 4*(5,&,C#(,$DCL,-12,&*(
TY1-"&<$0XWS$>?BBV T]*L&52" < (G3#-<$>?70V TN-, 1TIE*C5, £ $9&33#-<PWHE, (#-<$S%80¢
T)#*-G&<$912"12#Z<$0XW$>?BBV TI5Z"&,\-<WH #<G-H, &JHLLI-<$S%B0$>27BY A 7S THAT>| T -, 1<$915#, &<$ISBBACH ESSYB0$AT>?
>?@AH>?@R >770 IJHK5CLMF#,, SLBBS(#

— 1 1 1 *

—(/ -1-#3D1/4,. Gf F#’$23C5’#'&(G TD#_1-,<$112Z+1({f13#_&F(<SOXWSAT>7V q $'1 ($+ -#a

TU&(*5"€,1<$S90$>?@AV T833&5<$D*E#-<$0X[$>?26V TI"13#-<$ 1($!&3LC-G<$S%BOSAT>>V

TWH#<SILCH(LH#-G<$0X$>? @RV T41,1(&<$[*Z5"& H-<$D#.+*C-<$HLL#-<$J0"$>276V

TD#_1-,<$112Z+1((<$!"13#-<$ #-+&38&*(<$]&3Z15*(<$S%80$A7>IV

[Komiske, Metodiev, JDT, JHEP 2020; timeline from Metodiev]
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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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N-subjettiness

Ubiquitous jet substructure observable used for almost a decadeE

. - _ - T n "
!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 | P N
R | .............................
]
' ]
]
R/ 2 1 11 3 1
_ ]
% ]
< |
g -
5 ]
< 1
I R/ 2 A 1
| 1
]
]
'R T T T ! ]
IR I R/ 2 0 R/ 2 R 2
" :
]
]
0 11 ]
]
]
]
I R/ 2 A 1
]
]
]
IR T T T |
I R | RI2 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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Deep Manifold Learning O(E) = min EMD(E,E)

E'l M
SHAPER: Optimal transport meets gradient descent

3-subjettiness vs. 3-ellipsiness + pileup

[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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Pileup Mitigation

y ox J
[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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lleup andnfrared adiation n 1 1l tion
Recursive Safe Subtraction: tree-based approx. to optimagnemspagt

Jet grooming
removes soft junk
from jets to get high
energy information

Popular groomers at LHC

usediscontinuous hard cuto! s
(zcut), sensitive to

hadronization and detector!eacts

grooms without
hard cutd s, usinggeometry

and optimal transport

Ungroomed

Zhard

-
Eating up the competition:

are less sensitiveto
hadronization and detector
el ects, d ering greater
precision in the study of
our subatomic universe

\

Soft Drop ¢ =o)

AN

Spread/sensitiveWorse!

Less spreadBetter!

[Slides from Sam Alipour-fard]

[Alipour-fard, Komiske, Metodiev, JDT, in progress]
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We are just beginning to leverage the
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

Wﬁé The Energy MoverOs Distance

g Optimal transport allows us to triangulate the space
z f) of collider events and debne an emergent geometry

2.3
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Backup Slides
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OCollision CourseO
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= Y~ u ~ : OTheoretical Physics for Machine Lez
O CO I I IS I O n CO u rseO Aspen Center for Physics, January 2

(Theoretical)
High Energy

PhYSiCS \

New Insights infaarticle physics*
facilitated by advancesin

(and vice versa!)
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Fun with Three Point Correlators

(@) (b)

(c) (d)
(with help from b-tagging)

Extracting quantum interference effects of spinning gluon

[Chen, Moult, Zhu, PRL 2021]
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Wasserstein in HEP

Generative Modeling BSM Characterization

2.8 Xo 4.4 Xo 6.0 Xo 7.6 Xo 9.2 Xo 13.0 Xo 16.2 Xo

Geant4

WGAN

[Erdmann, Geiger, Glombitza, Schmidt, CSBS 2018; Erdmann, Glombitza, Quast, CSBS 2019 [Cesarotti, Reece, Strassler, JHEP 2@2%iv 2020]
Chekalina, Orlova, Ratnikov, Ulyanov, Ustyuzhanin, Zakharov, CHEP 2018]

Estimated Simulation/Unfolding Jet Classibcation

[Howard, Mandt, Whiteson,Yang, arXiv 2021] [Cai, Cheng, Craig, Craig, PRD 2020]
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Linearized Optimal Transport

With the help of areference event,
transportation distances* can be
mapped toEuclidean distances

Enablesoordinate-based techniquéke Linear Discriminate Analysis

[Cali, Cheng, Craig, Craig, PRD 2020]
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Opening a Dialogue Between Communities
HEP domain knowledde

Analyzing Jetwith

&

[Cai, Cheng, Craig, Craig, PRD 20a0Xiv 2021]

.0
B
Interpolating between
& Kernel Methods ~ *~
(see next slide to justify color coding) o

t=0. t=.25 t=.50 t=1.00 t=5.00

[Feydy, SZjournZ,Vialard, Amari, TrouvZ, PeyrZ, arXiv 2018]
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Siloing In the ScientiPc Community

Kernek (", #) = 3& ,k!" '%& , k!#'+ 3&, k! #'
nN nN nN M "M M
= 3 it K(Xi, X)) % i# k(X)) + 3 #itj K(Yi,Yj)
i=1 j=1 i=1 j=1 i=1 j=1

Kernel methods. Formulas in the mould of Egs. (3.99-3.101) arbiquitous in applied
sciences from physics to machine learning, applying a convolution is the simplest way c
modelling spatial correlations and pair-wise interactiol )e
an
Before going any further, we devote a few pages to a short panorar
around the six major interpretations of Eq. (3.99). As we identify with each other the theories o

R

blurred squared distancesn imaging sciences,

Sobolev normsin functional analysis,

maximum mean discrepanciesn statistics,

reproducing kernel Hilbert spaces in machine learning and

Kriging , splinesor Gaussian processeas geostatistics, imaging and probabillities,

o0 hkowNE

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

[Feydy, Geometric data analysis, beyond convolutions]
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Observable Taxonomy

See backup for
example observables

All Observables

Measurable at a collider

DebPned 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

“IIIIIIIIIIIIIIIIIIII..
.

EMD Hslder Continuous Sudakov Safe
Everywhere invariant to infinitesimal

.

)

|
a
. . ]
Discontinuous on some .

infrared & collinear emissions N-particle manifolds .

*

I‘

L J .
SEpsEEEEEEEEEEEEEEEEES

[Komiske, Metodiev, JDT, JHEP 2020; cf. Sterman, PRD 1979; Banb, Salam, Zanderighi, JlaE@2008arzani, JDT, PRD 2015]
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The Spectrum of Safety

All Observablles Comments

Multiplicity ( ! i 1) ) IR unsafe and C unsafe
Momentum Dispersion [65] | i Ei"-# IR safe but C unsafe
Sphericity Tensor [66] (! PP ) IR safe but C unsafe
Number of Non-Zero Calorimeter Deposits C safe but IR unsafe

Debned on Energy Flows

Pseudo-Multiplicity (min {N | Ty =0}) Robust to exact IR or C emissions

Infrared & Collinear Safe

Jet Energy (! i Eji) Disc. at jet boundary

Heavy Jet Mass p7] Disc. at hemisphere boundary
Soft-Dropped Jet Mass B8, 69 Disc. at grooming threshold
Calorimeter Activity [ 69] (Ngs) Disc. at cell boundary

Sudakov Safe

Groomed Momentum Fraction [39] (zg) Disc. on 1-particle manifold
Jet Angularity Ratios [ 37] Disc. on 1-particle manifold
N -subjettiness Ratios §7, 48] ('n+1/!N) Disc. on N -particle manifold

V parameter [36] (Eq. (2.11) Helder disc. on 3-particle manifold

EMD Helder Continuous Everywhere

Thrust [40, 41]

Spherocity [42]

Angularities [70]

N -jettiness [44] (Tyn)

C parameter [71D/74] Resummation benebpcial atC = %
Linear Sphericity [72] (! Einf'ni)

Energy Correlators [36, 75D77)

Energy Flow Polynomials [15, 17]
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On my reading listE

Renormalization Group Flow as Optimal Transport

Jordan Cotler 123 and Semon Rezchikov *

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

Abstract

We establish that PolchinskiOs equation for exact renormalization groupdiv is equivalent to the
optimal transport gradient Bow of a Peld-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 resul@pply more broadly to
other exact renormalization group Bow equations, including widely usé specializations of Wegner-
Morris 3ow. Moreover, our optimal transport framework for RG allows us to reformulate RG
Bow as a variational problem. This enables new numerical techniques anestablishes a systematic
connection between neural network methods and RG 3ows of conventionddeld theories.

[Cotler, Rezchikov, arXiv 2022]
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Deep Manifold Learning O(E) = min EMD(E,E)

E'l M
SHAPER: Optimal transport meets gradient descent

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

[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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lleup andnfrared adiation n 1 1l tion
Recursive Safe Subtraction: tree-based approx. to optimagnemspagt

Fixed couplingmultiple emission calculations:
)
Soft Drop/mMDT PIRANHA-RSS (=1
\ Y,
PR vt
Sharp cuto! I kink I smooth

[Slides from Sam Alipour-fard]
[Alipour-fard, Komiske, Metodiev, JDT, in progress]
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Introducing Theory Space
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Direction Space

Direction

— —

OAzimuthO

Angular Distance

ORapidityO
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(for massless particles)
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Direction Space Distribution

* . @® - WeightedDirection
xg ‘
£ e.°
[ @, |
° P — = Angular Distanc

ORapidityO
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Event Space

Event E(d) = . E; (B! o)
EMD EMD(E,E') =min  f;!;
Energy {r} i j

MoverOs Distance

[Komiske, Metodiev, JDT, PRL 2019]
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Event Space Distribution

= Event E@)=  E;j!(a! o)
i
—( = EMD EMD(E,E) =min  fj!;
Energy th ]
MoverQOs Distanc
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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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\ W

guenched je *«.,, .

...-’



Theory Prime:
In-Medium QCD

Theory:
Vacuum QCD

..............................
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Jet Quenching viaAR?

0.6
Raa =
T o5
| € '
“AA 04
| € 1 |
PP 0.3
10
g e
do-d" 101
Pr #
nb
GeV 10 2

| =& p-p e

| —e— Pb-Pb (0-5% cent.)

W . CMS 2016
Ratio (Raa) Inclusive Jet

100 150 200 250
pr [GeV]

Average
) loss

per pr
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Jet Quenching via £a!

Quantile matching as optimal transport

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

1M JEWEL |
5 Di-Jet
et 100
'15Op_c||_uant
200GV
] \\
10 | === p-p Ry 250
| —— PDb-Pb (0-10% cent.) 200
100 150 200 250

pr [GeV]

[Brewer, Milhano, JDT, PRL 2019]
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