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Developing New Analysis Frameworks

Particle theommakes predictioasdinvents new models
Particle experimet@nductmeasurementésdsearches for new physics

Soft Drop jet mass measurement Comparison of ML top taggers New observables sensitive to new signhals
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[Larkoski, Marzani, Soyez, Thaler, JHEP 2014; [Kasieczka, Plehn, et al., 1902.09914; [Cesarotti, Thaler, JHEP 2020;
ATLAS, PRL 2018] using PTK, Metodiev, Thaler, 1810.05165, and others] utilizing PTK, Metodiev, Thaler, PRL 2019]

Twenty more years of the LHC + any future collider(s)
Maximizing physics potential will require insights from data science and ML
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The (Metric) Space of Events

Revealing Hidden Geometry

ITheory Space]
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The (Metric) Space of Events

Revealing Hidden Geometr

ITheory Space]
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Explicit Geometry D Individual Events at the LHC

High-energy collisions produce Pnal state particles with
vdirectiojcharggavojand

Run: 279984
Event: 1079767163
2015-09-22 03:18:13 CEST

ATL

EXPERIMENT

CMS hadronid€ ever ATLAS high jet-multiplicity evel
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Explicit Geometry D Individual Events at the LHC

High-energy collisions produce Pnal state particles with
energy ;charggl3davorand




Machine-Learning-Inspired Methods for Particle Physics

Energy/Particle Flow Networks (EFNs/PFNS)

[PTK, Metodiev, Thaler, JHEP 2019]

Permutation symmetric neural network architecture
for events with variable numbers of particles
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g Quark Jet E! ciency
Can be used to build

Energy Flow Network Latent Space (' = 256)

powerful taggers
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what the network has learne
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Translated Azimuthal Angle !

Dynamic pixel sizing related t(
collinear singularity of QCD!
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Latent space visualization reve‘als
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Translated Rapidity y
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OmniFold Q

[Andreassen, PTK, Metodiev, Nachman, Thaler, PRL Z
Unbinned, full-phase space unfolding of all observables simi
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Back to Explicit Geometry B Events as Distributions of Energy@ )

[PTK, Metodiev, Thaler, JHEP 20RYK, Metodiev, Thaler, JHEP 2020]

Full event is a set of particles havi The [Sow Is unpixelized anc
- _ momentum and chargegidor ignores charge/lRavor informatiol
Fowdistribution fully . .
captures (C-safe information ”
Y B . . .
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Very Basic Question B When are Two Distributions Similar?

Optimal transportminimizes the\@ork" ( X distance required to transport to demand

Optimal transport cosit

Demand

[Monge, 1781;Vaske!n, 1969; Peleg,Werman, Rom, IEEE 1989;
Rubner, Tomasi, Guibas, ICCV 1988]V 2000: Pele,Werman, ECCV 2008: Pele, Taskar, GSI 201.
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The Energy MoverOs Distance (EMD)

[PTK, Metodiev, Thaler, PRL 2019]

EMD between ‘owsddePnes anetricon the space of events

EMD, g( ,E)= min
{f ;" 0}

Cost of optimal transport Cost of

. .. | .
f | =min . Ej %«.

J J J

Capacity constraints to ensure proper transpc

R controls cost of transporting energy vs. destroying/creating it
| -angular weighting exponent
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Triangle inequality satisped 8! dmax/ 2
0! EMD(E, )! EMD(E,E")+EMD( E*, )

l.e.R" jetradius for conical jet
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Geodesics In the Space of Events

[Chu, MIT News 2019

158.7 GeV . s . .
2020: OSocial distancing of e
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Revealing Hidden Geometry
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N-particle Manifolds in the Space of Events

[PTK, Metodiev, Thaler, JHEP 2020]

e

"0

"N

PN = set of all N-particle conbgurations = (@ o)
1=1

HHHH:

P1 : manifold of events with one particl

P2 : manifold of events with two particle

P3 : manifold of events with three particle

\LLI

Py! Pni1! adli P3! Pyl Py

by andcollinearlimits

Q Uniform event, not contained in ari
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DebPning Observables via Event Space Geometry

[PTK, Metodiev, Thaler, JHEP 2020]

Many commoanbservablege distance of closest
approach from event to a speci2nifold

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

EMD variant for equal-energy ever

M
EMD, ( ,EY)= lim R'EMD, g( ,E) = min fil’
R"# T N
.................................... ' Enforces equal energy (else inbn on eqgual-energy even
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DebPning Observables via Event Space Geometry

Thrust, spherocity, iIsotropy
Distance of closest appro:

(E) = min EMD»(E, E)

(E)= min EMD4(E, E)

| CN(E) = Er!r!}ip/lu EMD, (E, E)

[Farhi, PRL 1977; Georgi, Machacek, PRL 1¢
*New! [Cesarotti, Thaler,2004.06125
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N-jettiness

Minimum distance from ev
to N-particle manifold

without beam regior

TS (E) = min EMD; (E, E)

with constant beam distande

TI\(I! ,R)(E) — Erlnl|gN EMDI ’R(E, E")

[Brandt, Dahmen, Z. Phys 197!
Stewart, Tackmann,Waalewijn, PRL 20:

O( )= min EMD, r( E)

[PTK, Metodiev, Thaler, JHEP 2020]

N-subjettiness, angularitit

Smallest distance from jet
N-particle manifold
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for recoil-free angularit

1y (J)= min EMD,(J,J )

J' Py
107(3)= min EMD, (3,37
J ' Py

[Ellis,Vermilion,Walsh, Hornig, Lee, JHEP 2C

Thaler,Van Tilburg, JHEP 20JHEP 2012]
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Jets In the Space of Events D The CloBlsarticle Description of aiM-particle Event

Exclusive cone bndir

XCone Pnds N jets by
minimizing N-jettiness

J NP8 (E) =argmin EMD, g (E,J)
J I Py

[Stewart, Tackmann, Thaler,Vermilion,Wilkason, JHEP 2
Thaler,Wilkason, JHEP 201!
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[PTK, Metodiev, Thaler, JHEP 2020]

Seqguential recombinatic

lteratively merges particle:
identibes a jet

OdestroyingO energy
. corresponds to identifying a je

event with one fewer particle after one ste

E S (Ew ) = argmin  EMD, r(Em, By, 1)

By 1" Pumea

[Catani, Dokshitzer, Seymour,Webber, Nucl. Phys. B 16
Ellis, Soper, PRD 199:
Dokshitzer, Leder, Moretti, Webber, JHEP 199

Cacciari, Salam, Soyez, JHEP 2( 16




Visualizing Geometry In the Space of Events

t-Distributed Stochastic Neighbor Embedding (t-SN
MNIST handwritten digits
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5

6

E 3 4 V4

o 8

6 1
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i 0 2

[L. van der Maaten, G. Hinton, JIMLR 2008 ]
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[PTK, Metodiev, Thaler, PRL 201

Geometric space oi/V |els

"one prong"

Gray contours represent the density of jef
Each circle Is a particulay jet

W Jet

#
1 E)z\

v

ConstraintsiV Mass and
# = 0 preprocessing

v

1 bz

17



Visualizing Geometry iIn CMS Open Data

t-SNE Manifold Dimension 2

CMS 2011 Open Data
AK5 Jets, |!1°t | < 1.9
et 1 [399, 401] GeV

CHS, Tracks, pt™© > 1 GeV
Scaled to 400 GeV, Rotated

1.0

- 0.8

|
O
o

|
o
N

- 0.2

t-SNE Manifold Dimension 1

Example jets sprinkled throughout
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0.0

9|l10eld W SSe\ 19r

[PTK, Mastandrea, Metodiev, Naik, Thaler, PRD 2019; code and datasets at emengy®ork]

t-SNE Manifold Dimension 2

CMS 2011 Open Data
AK5 Jets, |l | < 1.9
Pt 1 [399,401] GeV

CHS, Tracks, pt™© > 1 GeV
Scaled to 400 GeV, Rotated

1.0

- 0.8

|
©
o

1
O
AN

- 0.2

t-SNE Manifold Dimension 1

25 most representative jets (OmedoidsO)

0.0

9|l1oeld W SSe\ 19

Size is proportional to number of jets associated to that mec
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Quantifying Event-Space Manifolds

l !
. . |
dim(Q) = Ql—ln l (EMD( ;,Ej)<Q)
Correlation dimensionhow does the # of ' j
elements within a ball of size Q change?
| 8
dim! 1 dim! 2 EMD :Intrinsic|Dimension
7 Pythia 8.235, s=14 TeV
R=1.0, pr " [500,550] GeV
6
= .
= Top jets
o O —— W jets
£
A
— 4
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©
O 3
dim! O dim! O S | e e Decays
2% IRLLLLTTTEIPPRR.
. 11 . d
N neigh. (Q) ! lem = dim(Q) = QE IN N peign. (Q) expectl + 1
1
Correlation dimension lessons: )
Decays are "constant" dim. at | o
Y o 10t 102 108

Energy ScaleQ (GeV)

[Grassberger, Procaccia, PRL 1983; PTK, Metodiev, Thaler, PRL 201¢
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Quantifying Event-Space Manifolds

| !
dim(Q) = Q= In | (EMD( {,E) <Q)
Correlation dimensionhow does the # of ' j
elements within a ball of size Q change?
8
dim! 1 dim! 2 EMD : Intrinsic Dimension
Z Pythia 8.235, §=14 TeV
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N neigh. (Q) ! lem =" dim(Q) = Q% IN N neigh. (Q) \\\\\““
1 \\“‘:“
Correlation dimension lessons: \31\
Decays are "constant" dim. at lo@ 0 BE—
Complexity hierarchy: QCD <W <Top 10 10° 10°
Fragmentation increases dim. at smaller scales Energy ScaleQ (GeV)

[Grassberger, Procaccia, PRL 1983; PTK, Metodiev, Thaler, PRL 201¢
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Quantifying Event-Space Manifolds

| !
dim(Q) = Q— In | (EMD( {,E})<Q)
Correlation dimensionmhow does the # of ' j
elements within a ball of size Q change?
| 38
dim! 1 dim! 2 EMD : Intrinsic Dimension
7 Pythia 8.235, s=14 TeV
A R=1.0, pr " [500,550] GeV
N\
- 6 \\
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5 \\ \ Top Jets
T © N\ W — W jets
£ N\ —— QCD jets
— 4 \
O VRN
= A\ —— Hadrons
o 3 \\ \\ D
= \ \ ——- Partons
dm! O dim! O 8 .......... \\\ ‘.\‘.‘ ...... Decays
2 ---------- . ‘-‘
. " . d \ “
N neigh. (Q) ! lem - dim(Q) = Q—= IN Npeign. (Q) Y ‘\\
dQ Kk
1 .
. . . N
Correlation dimension lessons: SR,
Decays are "constant" dim. at lo@ 0101 P "'“'103
Complexity hierarchy: QCD <W <Top
Fragmentation increases dim. at smaller scales Energy ScaleQ (GeV)
Hadronization important around 20-30 GeV [Grassberger, Procaccia, PRL 1983; PTK, Metodiev, Thaler, PRL 201
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Quantifying Event-Space Manifolds

Correlation dimensionhoy
elements within a ball ¢

dim! 1

dim! O

N neigh. (Q) ! Qdim =" dim(Q

Correlation dimensiol
Decays are "constant”
Complexity hierarchy: ¢
Fragmentation increas
Hadronization importal

Correlation Dimension

E in CMS Open Data

V@B,

6
— CMS 2011 Open Data
CMS 2011 Simulation
O '\ —= Pythia 6 Generation
\\
4|y AKS5 Jets, |!1et | < 1.9
\ P 1 [399,401] GeV
\\ CHS, Tracks, pff¢ > 1 GeV
3 \ Scaled to 400 GeV, Rotated
2
1
0
10

Energy ScaleQ [GeV]

*More In backug

| (EMD( i,Ej)<Q)
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*Preliminary LL calculation for QG jets in backup

Procaccia, PRL 1983: PTK, Metodiev, Thaler, PRL 201
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Quantifying Event-Space Manifolds

E In CMS Open Data E unfolded via OmniFolc
7 — ODataO OTruthO
5 Sim. -=Gen.
S | OmniFold
2 |
qf:) 5\ D/T : Hemwig 7.1.5 default
s |\ S/G : Pythia 8.243 tune 26
Q4| Delphes 3.4.2 CMS Detector
- \ Z+jet: pZ > 200 GeV, R =0.4
-% 3 \ P > 500 GeV, scaled to 500 GeV
9
S 2
O
1
0
o 12
L
95 10|
=
nd 0.8 \\N- ______ -——_~”—_/-—\’_~—,\
10 107
Energy ScaleQ [GeV]
*More in backuf Herwig as OdataO and Pythia as
: - —_— P RL 201

-7 7
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ITheory Space]
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Templated Metric Construction

Inpus
P GointO that live in the ground metric space
P Ground metricO that measures point distances

X0 O associated to each point
Outpu
P Anew metricfor collectionsof points

P A metric space where these distributions live

Ground space

X = Point

—— = Ground metric

Patrick Komiske b The Hidden Geometry of Particle Collisions

p-Wasserstein metric from optimal transport theol

™ 1/p
Wp (1, 1) = inf d(x, y)P dJ (x, )
A CHD RN VENY
(M, d), metric space
J (u4,!), space of joint
with u, !
Distribution space
= Distribution
—— = New Metric




Templated Metric Constructio® Energy MoverOs Distance

[PTK, Metodiev, Thaler, PRL 2019]

Inpus
P GointO that live in the ground metric space p-Wasserstein metric from optimal transport theol
P Ground metricO that measures point distances : .
DO O associated to each point Wo(i,1)=inf o d0y)P I (xy)
(M, d), metric space
Outpm J (u,!), space of joint
: : _ with H, !
P Anew metricfor collectionsof points
P A metric space where these distributions live
Rapidity-azimuth plar Event spac
X = Direction (y," ) A K : * = Event
. PR vl , ,
—— = Angular distancéd L :
_ ‘ . E : — = EMD

Patrick Komiske b The Hidden Geometry of Particle Collisions 26



Bootstrapping to the Cross-Section MoverOs Distafice ( MD)

Rapidity-azimuth plar Event spac

.
R .
* %
*
- .
Q .
* .
*
° .
Q .
Q .
\4 .
*
Q .
Q .
.

X = Direction (y,") €

—— = Angular distanc&m®:

—

&MD Is a metric
between theorie!

Theory space

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Metodiev, Thaler, 2004.04159]

Event

2.3

— = EMD

event weights = cross sec
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The Space of Theories

[PTK, Metodiev, Thaler, 2004.04159]

&MD provides a rigorous construction of theory space

AK5 Jets, |!et |
U1 [399, 401]

t-SNE Manifold Dimension 2

CHS, Tracks, pt™ > 1 GeV
Scaled to 400 GeV, Rotated

CMS 2011 Open Data

1.0

< 1.9

GeV
- 0.8

T
o
(@))

o
D
9|l1oeld W SSe 18

- 0.2

t-SNE Manifold Dimension 1
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0.0

heories are distinguished by theinergyl2ows only
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Applications ok MD and the Space of Theories

k-eventiness debne

IN

N-(sub)jettines: => v = min  min{EMD( ,Ki),...,EMD( ,Ki)}

vy = ern!ilrlk! MD, ( ,TH

Jet clusterinc => Event clust_ering enablec!
‘ b Exclusive cone bnding

b Sequential recombinati

ﬁ 0.4//"
| re)p”pT 0.3 | | |
1¢%», Pseudo-Ratio JEWEL . . _
Jet quenching in Hi collisio. = > N Quantile matching:
Lo 20 NS | € ( quant) | | € ( AA)
[Brewer, Milhano, Thaler, PRL 201 ![n(g]ﬂ ) 150 guan " PP Pr RV %)
1P AnAGeV ,
200GeV] : .
Eis exactly a theory moving prob
10 Y --- b 250 uant -
—— Pb-Pb (0-10% cent.) 300 p_cll_ = TM( TAA : Tpp )[p’.?.‘A _
100 150 200 250 t
pr [GeV]

optimal pr-only theory movemen
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b (Sow Is theoretically and experimentally robust
b EMD metrizes the space of energy [3ows (events)
b Manifolds in the space of events can be visualized and quantibped

Revealing Hidden Geometry

b Event space exhibits a rich geometry that can be probed using the EMD
b Decades worth of collider techniques are naturally described in this geometry

b Many new technigques are suggested, and new light is shed on old ones

[Theory Space]

P Is rigorously constructed using the cross-section moverOs disfanbe

b &MD uses the EMD as ground metric and cross sections as weights

b Theories can be explored with tools developed for events (e&entiness)

Patrick Komiske b The Hidden Geometry of Particle Collisions 30



EnergyFlow - Python Package

Parallelized: |/ D calculations via the Wasserstein library
=EN/PENmplementations in TensorFlow/Keras
Detailedexamplesdemos anddocumentation

Interfaces withCIVS 2011A Jet Primary Datadwsted onZenodo

Patrick Komiske b The Hidden Geometry of Particle Collisions
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Additional Slides
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Neural Network Architectures for Particle Physics

Particle physics events are naturally point clouds (alternatively, imagealergneters)

Point cloud: "A set of data points in space" BDWikipe( An unordered collection of particles

Multi-jet
event at CMS

LIDAR data from self-driving car sensc Due to quantum-mechanical indistinguishabl

Patrick Komiske b (Machine) Learning Fundamental Physics 33



Energy/Particle Flow Networks (EFNs/PFNs)

"#$%&'()* +,%)$-#,()

"$! "#$%E&'() .)/$)*)0%#%&10 2-)0% .)/$)*)0%#%&10

$
C_ID.

____________________________________________________

20)$34"#$%&'() 5(16 7)%61$8

Particle Flow Network (P Energy Flow Network (E

oM t oM

PEN({py.....ow D= F 1 (p)

=1 =1

Fully general latent spa C-safe latent spac
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EFN({p},..., pvl)=F L (8)

4.0
Quark vs. Gluoln Jets

35 Pythia 8.230, s=14 TeV

' R=0.4, pr " [500,550] GeV
£ 30
=
)
3 25
S
=
o 2.0
&)
c
]
S 15
g) — PFEN-ID
N 10 1 RNN-I1D

( EFPs
0.5 —— DNN Multiplicity
CNN Nsp
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Quark Jet E! ciency

Latent space visualization re\
what the network has learne

Dynamic pixel sizing related t
collinear singularity of QCD!

[Zaheer, Kottur, Ravanbhakhsh, P—czos, Salakhutdinov, Smola, 1703.06114;

PTK, Metodiev, Thaler,1810.05165:
]

Improved performance (and trair
compared to RNN and CNN

Energy Flow Network Latent Space (' = 256)

Translated Azimuthal Angle !

| R | R/ 2 0 R/ 2 R
Translated Rapidity y
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OmniFold B Unbinned, Full Phase-Space Unfolding Q

[Andreassen, PTK, Metodiev, Nachman, Thaler, 1911.Q®PIK talk at ML4Jets 2020]

weights particle-le(zdnto be consistent
with Data once passed through the detector
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TE 0.10 ‘ e /\‘[j T:U 0 7
' - : Z 005 yi ¥ Z 05 ‘_‘,;ff;/
b Reweights to data, pulls weights back to particle-levatn. 1 | \ N
. e - L T
: : et - e iy S8 1i1.2 } = ——
Step B ReweightSen to (step 1)weighted gena, 52 o —— = ' e -
pushes weights to detector-leval 114 112 110 ts 16 4 12 00 02 04 06 08 10 12
Soft Drop Jet Mass In! N -subjettiness Ratio ! §; =
C safe Sudakov saf

Patrick Komiske b (Machine) Learning Fundamental Physics
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Explicit Geometry D Individual Events in Theory

Good understanding via perturbation theory O
| I
| t'.-'-m o; T- (t,vto)

Fragme
Semi-classical parton shower, effective beld theory and
aRes
Hadronization Stid
PR obust to non-perturbative anc
Poorly understood (non-perturbative), modeled em/p};g’ailyj e detector effects
/‘/:/‘ . -~ _
< s PR i Well-dePned for massless gau
d o T P / .
P theories
; Rt / /
P P g
/‘//;ﬁ//‘/'/ // Correlation functions calculatec
Pt | / in N=4 SYM and QCD
Detection

Hadronization

hadrons€PER E

[Sveshnikov, Tkachav, PLB 1996; Hofman, Maldacena, JHEP 2008; Mateu, Stewart, TIZ0&B8F
Diagram by Eric Metodie Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, PRL 2014; Chen, Moult, Zhang, Zhi3200
Dixon, PTK, Moult, Thaler, Zhwip appear sopgee more here]
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Table of Observables DePned via Event Space Geometry

O( ): Ilgnlin EMD, ,R( ,E)

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

E'' M
Name ' Manifold M
Thrust | t(E) 2 PZP: 2-particle events, back to back
Spherocity ~ s(E) 1 PBB: 2-particle events, back to back
Broadening (E) 1 Py, 2-particle events

N -jettiness T, ’(E)
Isotropy | ' )(E)

Pn . N -particle events
M y: Uniform events

Jet Angularities ", (J)
N -subjettiness #lff )(J )

P1. 1-particle jets
Pn o N -particle jets

Patrick Komiske b The Hidden Geometry of Particle Collisions
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Visualizing Jet Formation(ECD Jets

500 GeV

hadronization EMD:18.1 GeV

Patrick Komiske b The Hidden Geometry of Particle Collisions
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Visualizing Jet Formationvid Jets

500 GeV

decay /8.3 GeV

hadronization 12.9 GeV

Patrick Komiske b The Hidden Geometry of Particle Collisions

Two-prong decay
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Visualizing Jet Formation D Top Jets

500 GeV

decay 161.1 GeV

hadronization 27.0 GeV

Patrick Komiske b The Hidden Geometry of Particle Collisions

Three-prong decay
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N-particle Manifolds in the Space of EveBt$nfrared Divergences

PN = set of all N-particle conbgurations = (@ o)

r----------------

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Metodiev, Thaler, JHEP 2020]

e

“ 0

"N

HHHH:

1=1

2! s

(%ow Is unchanged by exact'/collinearemissions

Functions of [2ow automatically satisfy exactC invariance!

Realandvirtual divergences appear naturally together

Pv! Pnyir2! aab P3l Pyl Py

by andcollinearlimits
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DebPning IRC Safety Precisely

[Sterman,Weinberg, PRL 1997; Sterman, PRD 1978; Banb, Salam, Zanderighi, JHEP 2

andcollineasafety Is a proxy for perturbative calculability of an observable

Exact C Invariance
O(pL,.--,Py )= OOpy,PLs---:Py )
oy, ...,pPy)=OCpL, (! )Py, ....py)

Guarantees observable is well-dePned-or:gy3ows
Allows for pathological observables, e.g. pseudo-multipl

Smooth ~C invariance

o(py,.--,py) = I!i!mOO(!pg‘,pﬁ,...,p,*\‘,l)

O(py, .-, Py) = lim O("py, (1! ")pL,....Py)

py! ph

Eliminates common observables with hard bounde

Patrick Komiske b The Hidden Geometry of Particle Collisions 42



More EMD Geometry B Continuity in the Space of Events

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Metodiev, Thaler, 2004.04159]

Classicd’ 9 debnition of continuity in a metric spac

An observable O is EMD continuous at an event E if, for
any | > 0, there exists a" > 0 such that for all events E':

EMD(E,E)< " = IO(E)" O(E)| < !.

Towards a geometric debnition ¢iC Safety

C Safety =MD Continuity

*on all but a negligible sedf events

aa negligible set is one that contains no positive-radius EML

\LL
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Perturbation Theory in the Space of Events

SUdakOV Safety [Larkoski, Thaler, JHEP 2014; Larkoski, Marzani, Thaler, PRD

Some observables have discontinuitiedfor someN
A resummed - C-safe can mitigate the divergences

p(OSudako\, ) — p(OSudakov | ) p( )

Event geometry suggedts(sub)jettiness as universal compan

Fixed-Order CaICUIabIIIty [Sterman, PRD 1979; Banb, Salam, Zanderighi, JHEF

Is a statement of integrability on eaBh

EMD continuity must be upgraded to EMD-HSIder continuity on eBgh

im 90! O(E)

= >
e EMD( ,E)° 0, ¢>0

Example:V(E) = To(E) 1+ In E(E)/ T3(E)

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Metodiev, Thaler, 2004.04159]

Infrared singularities of massless
gauge theories appear on edah

3 EMD continuous but not EMD Hslder continuous (it is Sudakov safe
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Hierarchy of IRC Safety DebPnitions

All Observables

Measurable at a collider

DePned 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

guiEENEEEEEEEEEEEEEERNNy,

EMD HSlder Continuous Sudakov Safe

Everywhere invariant to infinitesimal Discontinuous on some
infrared & collinear emissions N-particle manifolds

...IIIIIIIIIIIIIIIII.-“

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Metodiev, Thaler, 2004.04159]
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Quark and Gluon Correlation Dimensions

| !
. . I
dim(Q) = Q—In | (EMD( ;,E'}) <Q)
Leading log (single emission) calculation:
8
EMD IntrinsicIDimension
8| 7 Pythia 8.230, s=14 TeV
dim;(Q) !'" >C: In Q R=1.0, pr " 500 GeV
pr/2 6
S
1% Gluon Jets
G —_—
2 Quark Jets
S
Is 4 — Hadrons
%‘2’ %3 \ - == Partons
s N Theory, LL
@)
2
Quark 1
Ce=4/3 0
10

Energy ScaleQ (GeV)

[PTK, Metodiev, Thalep appear sopn
Patrick Komiske b The Hidden Geometry of Particle Collisions 46



Particle-level (1PTHIA)

Correlation Dimension at Particle and Detector Levels

Detector-level (RTHIA + GEANT 4)

CMS Open Data

12 ———] 12 —— 12 ——
| All PFCs | | All PFCs | | All PFCs |
Lol All PFCs, ptF¢ > 1 GeV Lol All PFCs, pftc > 1 GeV Lol All PFCs, pftc > 1 GeV
! == Tracks | == Tracks ! == Tracks
= | — = Tracks, pff¢ > 1 GeV = | — = Tracks, pf™© > 1 GeV = | — = Tracks, pf™© > 1 GeV
@) @) o
2 8 | | : 2 8 _— i
CICJ - Pythia 6 Generation GC) - CMS 2011 Simulation % - CMS 2011 Open Data
£ i AK5 Jets, [!®t| < 1.9 £ i AK5 Jets, |!1et | < 1.9 £ i AK5 Jets, |!1®t | < 1.9
2 5l P 1 [399,401] GeV 1 Q 5 P 1 [399,401] GeV, CHS Q 4 P 1 [399,401] GeV, CHS
_5 - Scaled to 400 GeV, Rotated _5 ] Scaled to 400 GeV, Rotated _5 P Scaled to 400 GeV, Rotated
© © . I [
S AN AN N N
S 4rss - s 4F SO - S 4r S -
Q LN Q RN o NN
U i NN U \\\\ U I \\\\
NN ~ N
SN > N
NN N N
A > N
2r T3 ] 2r Teal ] 2r N ]
- §~§ . i ~~ 1 i \
| Sama | I ~'~'~.,~ 1 i
0 . . . .....T-‘~,A - 0 . . . ey ——— . 0 . . . o o
10t 107 10t 107 10t 107

Energy ScaleQ [GeV]

Energy ScaleQ [GeV] Energy ScaleQ [GeV]
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Visualizing Geometry in CMS Open Data

Di! erential Cross Section [pb/GeV]

Q
=

Q
N

Q
w

10 |

-
oA

CMS 2011 Open Data

<2

AK5 Jets, |1t ] < 1.9
Pt 1 [399, 401] GeV
CHS pr™c > 1 GeV, Tracks
Rotated, Scaled to 400 GeV

50 100

150
Mean EMD to Dataset Q; 4, [GeV]

200

Patrick Komiske b The Hidden Geometry of Particle Collisions

[PTK, Mastandrea, Metodiev, Naik, Thaler, PRD 26G8e and datasets at energylRow.network]

EMDfor anomaly detection

< 4 medoids in each bin of anomalin€@s

nth moment of EMD distribution for a dataset

(EMD(I,3))"

How far does this go

!N
Vi = Ni min{EMD (J;,K1),...,EMD(Ji,Kk)}
I =1 I \ I
k-eventiness jet from datase! medoids
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Pileup at the (HL-)LHC

Pileup Is uniform (on average) radiation from additional protaoijsains

VBF Higgs + 200 pileup vertice te + 200 pileup vertices

Patrick Komiske b The Hidden Geometry of Particle Collisions
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Pileup Mitigation Iin Event Space

Pileup: uniform (on average) radiation from additional proton-proton colsi

Pileup mitigation: Omoving awayO from the uniform event

Q “ Uniform radiation with unit energy densi

Pileup radiation to be subtracte

s. pileup energy density \

\ L\

Event with pileup contaminatic

I+ 1 U:all events with a uniform compone ——

< OCleanedO event, free of pile

| :the space of all energy®'s -

Ec (E,!)=argmin EMD, (EE + ! U)
E'l |

Patrick Komiske b The Hidden Geometry of Particle Collisions
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Pileup Mitigation Iin Event Space

Area subtraction
Particle energies corrected proportional to area of associated region

Ec(E,!) =argmin EMD, (E,E + ! U)

Patrick Komiske b The Hidden Geometry of Particle Collisions

E'l !

[Cacciari, Salam, Soy

ez, JHEP 2

Constituent subtractior Apollonius

[Berta, Spousta, Miller, Leitner, JHEP 2C [PTK, Metodiev, Thaler, 2004.0415

Lays down grid of OghostO particli Ghosts are optimally assigned to
particles by minimizing EMD
Ghosts associate to nearest particl
Apollonius regions have an

Vanished particles donOt attract ght understood continuum limit
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Beyond Observables viaWeighted Cross Sections

Standard observable (e.g. EFPS)

Calculate a single number for each jet/event
and study distribution of values

Weighted cross section .
Calculate a distributional quantity per event —~~ -
and study the mean distribution .

e.g. energy-energy correlator |

d! o g4 EiE;
dcos! Q2

\

#(cos$; ! cos!)

Patrick Komiske  Probing QCD with Energy Flow Observables

‘ S(0) = dt lim r2n' Toi (t, r B)
, /.: 0

Stress-energydiv

;’ ///
- Detection
Hadronization
Fragme hadrons@ E
part L 1)
1 d! - 10E(8;) 444y )0 "
| ot dDq @ adiy 100 "

Correlations of energy (3ow operators can be directly

Diagram by lan Moul

[PTK, Moult, Thaler, Zhup appear sopn 52



Energy-Energy Correlators b Projection to Longest Side

[PTK, Moult, Thaler, Zhup appear sopn

Integrate out shape dependence but keep overall size dependence

d IN]

dX|_
10°
Pythia 8.244 3
L | AK4 Jets, |y | < 25 __.._-:_-:.EE’" =t =
107 pet 1 [500,550] Gev o E
Hadron-level e e =
10 2 oty ha
10 3 e <
T |2 e -
= el o .
—|—. 10 4 1"!':"1-" o -
ﬂhv' X
| ﬂ i i*' Quarks Gluons E
10 ° |y Tt
||_:I'" | ;.?_II 'H' + N = N = -
106 [0 Hﬂ HE NS
11 iIi + N=4 N =4
B | 4+ N=5 4 N=5 ]
10 ° 10 4 10 3 10 2 10 1 1P
XL
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n 1! i]_!
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V4 V4
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© / - ‘\‘.'
g 1d 5 - -o-"'- 1
) /-
é /++
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10 6
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10 4 10 3 10 2 10 1 10°
I R
.+ MOD
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EEEC D Full Shape Dependence

Forx ( 0.0

Pythia 8.244 Gluons Hadron-Level

. _
: 10 2
less aligne
A
3" 10 3
8
10 4
" "
*
4 10 S
" 10 ©
8
7
v 10
more alignec | g
10° 10 1 10 2 10 3
!
" Pythia 8.244 Quarks Hadron-Level
2
10 2
3 10 3
8
10 4
®
4 10 °
" 10 ©
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0 — 10 8
10° 10 ¢ 10 2 10 3

» more collinear

less collinear <
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[PTK, Moult, Thaler, Zhup appear sopn
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Visualizing the 3D EEEC

Pythia Jets
pr ) [500,550]GeV

PythiaQuark Jets
pPr) [500,5501GeV

Patrick Komiske  Probing QCD with Energy Flow Observables

[PTK, Moult, Thaler, Zhup appear sopn

Time In the videos corresponds to
In X, going from O to -

Color corresponds to log of EEC
(red is large, blue is small)

Uniformly persistent  Is roughly the
perturbatively accessible region
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