
Matt LeBlanc (CERN)

Introduction (experimental)
14th Annual Workshop on Boosted Object Phenomenology, 
Reconstruction, Measurements and Searches in High-Energy Physics

BOOST ’22



Sorry if you were expecting someone else.

… it happens quite often.
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Why do we 

BOOST ?

SMACS 0723 via https://www.nasa.gov/webbfirstimages, bullet cluster via https://chandra.harvard.edu/photo/2006/1e0657/more.htmlMatt LeBlanc (CERN) — Overview (Experimental) — BOOST 2022 — Slide 3

• We want to better understand the world 
around us. 

• Many of these questions imply the 
existence of particles beyond the Standard 
Model (BSM).


• We search for them directly, and 
develop new tools to do so.


• We want to improve our understanding the 
Standard Model (SM).


• Measurements resolve tensions, 
improve models (MC & analytic), etc.


• … ultimately help us test the SM 
with improved precision.

http://www.apple.com/uk
https://chandra.harvard.edu/photo/2006/1e0657/more.html


Why do we 

BOOST ?
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Maybe: you search  
for Dark Matter

Maybe: you develop 
 new tools
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• We want to better understand the world 
around us. 

• Many of these questions imply the 
existence of particles beyond the Standard 
Model (BSM).


• We search for them directly, and 
develop new tools to do so.


• We want to improve our understanding the 
Standard Model (SM).


• Measurements resolve tensions, 
improve models (MC & analytic), etc.


• … ultimately help us test the SM 
with improved precision.

Maybe: you search  
for Dark Matter

Maybe: you develop 
 new tools

Maybe: you 
make precision 
measurements

Maybe: you 
improve our 

models

Why do we 

BOOST ?
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Why do we BOOST ? 13 TeV
20 GeV ~ 1 TeV

>0.1–0.5 GeV

 (depends on detector)

• Jets & jet substructure allows us to 
coherently probe QCD over several orders 
of magnitude of energy.


• … from the hardest, TeV-scale emissions 
at the LHC …


• … through the resummation-dominated 
region we can study perturbatively …


• … down to the softest, MeV-scale 
emissions produced by hadronisation and 
non-perturbative processes. 

• We often do this in a single analysis! 

• The tactile nature of Jets+JSS lends itself 
naturally to ML/AI studies:


• Playground for classification, regression 
tasks with well-understood non-ML 
benchmarks.
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of magnitude of energy.
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Why do we BOOST ? 13 TeV
20 GeV ~ 1 TeV

non-perturbative

(hadronisation) fixed-orderρ ∝ −αₛ cᵢ (...) Kasieczka et al. 1902.09914

Better

>0.1–0.5 GeV

 (depends on detector)

https://arxiv.org/pdf/1902.09914.pdf


Kasieczka et al. 1902.09914

• Jets & jet substructure allows us to 
coherently probe QCD over several orders 
of magnitude of energy.


• … from the hardest, TeV-scale emissions 
at the LHC …


• … through the resummation-dominated 
region we can study perturbatively …


• … down to the softest, MeV-scale 
emissions produced by hadronisation and 
non-perturbative processes. 

• We often do this in a single analysis! 

• The tactile nature of Jets+JSS lends itself 
naturally to ML/AI studies:


• Playground for classification, regression 
tasks with well-understood non-ML 
benchmarks.
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Why do we BOOST ? 13 TeV
20 GeV ~ 1 TeV

non-perturbative

(hadronisation) fixed-orderρ ∝ −αₛ cᵢ (...)

>0.1–0.5 GeV

 (depends on detector)

🎉 Better

https://arxiv.org/pdf/1902.09914.pdf


Quick tour of a couple selected 
Run 2 search results.

These will be presented after lunch today 
— so this is very cursory / cherry-picked.


(I will show only one set

 of limits in this talk!)



Run 2 Searches : CMS
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CMS 3W Resonances
CMS-B2G-20-001

DeepAK8

Sotiroulla and Denis will present the 
details from CMS after lunch today!

Lots of CMS ML/AI Jet Tagging Info: 
 CMS-JME-18-002

17 output nodes, calibrate 2Particle & SV CNNs

https://arxiv.org/abs/2201.08476
https://indico.cern.ch/event/1144064/contributions/4940254/
https://indico.cern.ch/event/1144064/contributions/4940253/
http://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/
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CMS 3W Resonances
CMS-B2G-20-001

DeepAK8

Sotiroulla and Denis will present the 
details from CMS after lunch today! Don’t miss the BEST poster from Brendan!

Lots of CMS ML/AI Jet Tagging Info: 
 CMS-JME-18-002

17 output nodes, calibrate 2Particle & SV CNNs

6 output nodes

W/Z/H/t/b/other

CMS, B2G-18-005

*Boost* 4 times,

Compare hl Features

BEST

Run 2 Searches : CMS
Boosted 
Event 
Shape

Tagger

https://arxiv.org/abs/2201.08476
https://indico.cern.ch/event/1144064/contributions/4940254/
https://indico.cern.ch/event/1144064/contributions/4940253/
https://indico.cern.ch/event/1144064/contributions/4940294/
http://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-18-005/
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Ali & Lars will present many ATLAS searches 
for boosted stuff, after lunch today!

Run 2 Searches : ATLAS
Trimmed Calo-jet 

+ High-Level DNN

ATLAS-CONF-2021-043

W’ -> tb search

https://indico.cern.ch/event/1144064/contributions/4940268/
https://indico.cern.ch/event/1144064/contributions/4940277/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043/
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Unsupervised

Anomaly VRNN

Used to define

Signal region

ATLAS-CONF-2022-045

Silvia has a poster 
about this!Combine tracking 


& Calorimeter info

(Run 2 style, “TCCs”)

Run 2 Searches : ATLAS
Trimmed Calo-jet 

+ High-Level DNN

ATLAS-CONF-2021-043

W’ -> tb search

Ali & Lars will present many ATLAS searches for 
boosted stuff, after lunch today!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/
https://indico.cern.ch/event/1144064/contributions/4940283/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043/
https://indico.cern.ch/event/1144064/contributions/4940268/
https://indico.cern.ch/event/1144064/contributions/4940277/
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Ali & Lars will present many ATLAS searches for 
boosted stuff, after lunch today!

Combine tracking 

& Calorimeter info

(Run 2 style, “TCCs”)

Trimmed Calo-jet 

+ High-Level DNN

Run 2 Searches : ATLAS

Unsupervised

Anomaly VRNN

Used to define

Signal region

New Diboson resonances

Combination of 9 Run 2 analyses!

ATLAS-CONF-2022-028

ATLAS-CONF-2022-045

ATLAS-CONF-2021-043

Silvia has a poster 
about this!

Sometimes ATLAS & CMS 
use a simple, cut-based 

JSS approach … but 
sometimes, they do not.

W’ -> tb search

https://indico.cern.ch/event/1144064/contributions/4940268/
https://indico.cern.ch/event/1144064/contributions/4940277/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-043/
https://indico.cern.ch/event/1144064/contributions/4940283/
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How can we BOOST our 
searches further in Run 3?

Run 2 searches did not find 
conclusive signs of BSM.

I will spare us looking  
at the summary plots: 

ATLAS, CMS

https://atlaspo.cern.ch/public/summary_plots/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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• Big improvements to boosted object tagging on display from both ATLAS and CMS, but via 
completely different approaches! (Do not directly compare these plots to each-other!)

better

Different jet inputs (UFOS: track+calo objects, cluster splitting) Different architectures (GNN vs. CNN)

ATLAS & CMS : BOOSTing apart?
Y. Huang o.b.o. ATLAS @ BOOST '21 H. Qu o.b.o. CMS @ BOOST '21

Reminder: Last Year

https://indico.cern.ch/event/1037559/contributions/4440946/
https://indico.cern.ch/event/1037559/contributions/4447039/
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Seirinkan, Tokyo DevilCraft, Tokyo

Metaphor

(I think both look great.)
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ATLAS UFOs

ATLAS Jet Definitions Group, LS2 ATLAS, Early Run 3

First R=0.4 UFO jet performance studies! Performance equivalent to or 
better than R=0.4 PFlow jets.

Don’t miss Nathan’s poster!

ATL-PHYS-PUB-2022-038 (Brand new!)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-038/


H(cc)
CMS HIG-21-008 
(New!)
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Higgs Boson, 
You will be 
assimilated. 

— ParticleNet

Particle kinematics & PID info

Graph Neural Network

5% of cross-section

In this category!

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html


H(cc)
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CMS HIG-21-008 (New!)

4-7x improved rejection of H(bb) and V+jets

Vs. DeepAK8 (CNN)

ParticleNet jet mass Regression 

improves Jet Mass Resolution by ~50%

Qu & Gouskos 1902.08570
Regression: CMS DP-2021-017

Better

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html
https://arxiv.org/abs/1902.08570
https://cds.cern.ch/record/2777006/files/DP2021_017.pdf
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ATLAS assimilated by ParticleNet!?

Tobias will tell us about ATLAS’s newest 
UFO-based top taggers on Wednesday Morning!

Don’t miss Kevin’s poster!

ATL-PHYS-PUB-2022-39 (New! Link doesn’t work yet.)

Interesting that ATLAS & CMS are converging on similar approaches — 
but we should be mindful that AUC is not the only important metric!


More aspects of our simulation enters the picture when we rely 
on low-level info.


(c.f. Fig. 42-43, CMS-JME-18-002)

Breaking News!

ParticleNet

EFNBetter

Preliminary Preliminary Preliminary

Boosted tops

https://indico.cern.ch/event/1144064/contributions/4940280/
https://indico.cern.ch/event/1144064/contributions/4940286/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-39%20/
https://arxiv.org/abs/2004.08262


Coming soon:


ATLAS 13 TeV open sim


R=1.0 UFO Soft-Drop jets 
 

~ for ~


 boosted top tagging, 
 ML/AI studies!

ATLAS assimilated by ParticleNet *really badly*!?
Even more Breaking News!

Your training sample’s 
statistics will become 

our own.


Resistance is futile.
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ATL-PHYS-PUB-2022-39 
(New! Link doesn’t work yet.)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-39%20/


ATLAS ATL-PHYS-PUB-2022-021 (New!)

JES Flavour Response uncertainty related to 
differences in gluon jet response in different generators: 

limits precision in many LHC analyses.
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“Difference between gluon jet response between 
Pythia8 and other MC generators”

Defines

Current


Uncertainty

(Kinda)

JES Flavour Response

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/


ATLAS ATL-PHYS-PUB-2022-021 (New!)

By re-weighting the baryon and kaon fractions within Herwig and Sherpa 
jets to match Pythia, the jet response in all generators can be made closer.

Get closer 
to Py8

Get closer 
to Py8

Pythia v8.235 vs. Herwig v7.1.6 Pythia v8.235 vs. Sherpa 2.2.5

Chris will tell you all about 
This & More On Thursday Afternoon!
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JES Flavour Response

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/
https://indico.cern.ch/event/1144064/contributions/4940281/


JES Flavour Response
ATLAS ATL-PHYS-PUB-2022-021 (New!)

By re-weighting the baryon and kaon fractions within Herwig and Sherpa 
jets to match Pythia, the jet response in all generators can be made closer.

Sherpa can also brought to Pythia 
out-of-the-box by re-tuning 

 to LEP data!

Get closer 
to Py8

Get closer 
to Py8

Pythia v8.235 vs. Herwig v7.1.6 Pythia v8.235 vs. Sherpa 2.2.5
Pythia v8.235 vs. 


Re-tuned Sherpa 2.2.5

Chris will tell you all about 
This & More On Thursday Afternoon!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/


JES Flavour Response
ATLAS ATL-PHYS-PUB-2022-021 (New!)

Chris will ask ALICE to do this
on Thursday Afternoon!

Gian will tell us about how ALICE have done this


inclusively (so-far) on Tuesday Afternoon!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/


Heavy Hadrons @ LHC

Gian will tell us about the latest


From ALICE in pp on Tuesday Afternoon!
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Soft-drop observables in

D0-tagged jets! Brand new!

Charm fragmentation fractions

differ significantly from LEP, HERA!

ALICE 2112.08156 CERN-EP-2021-088

CERN-EP-2022-171 (New!)

ALICE has complementary abilities to 

ATLAS & CMS — particularly PID.

& Ezra in Pb+Pb on Thursday Morning! 

~5σ

… should include LHC data

in tuning / validation!

https://alice-publications.web.cern.ch/node/7614
https://alice-publications.web.cern.ch/node/7107
https://alice-publications.web.cern.ch/node/8385


ATLAS, Phys. Rev. Lett. 124, 222002 (2020)

ATLAS Lund jet planeCMS jet shapes in ttbar

CMS, Phys. Rev. D 98, 092014 (2018)

ATLAS Fragmentation Functions w/ jet topics extraction
ATLAS, Phys. Rev. D 100, 052011 (2019)

CMS mt w/ XCone jets
CMS, Phys. Rev. Lett. 124, 202001 (2020)
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCJetSubstructureMeasurements

https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.124.222002&v=25b0b5ad
https://arxiv.org/abs/1808.07340
https://arxiv.org/abs/1906.09254
https://arxiv.org/abs/1911.03800
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCJetSubstructureMeasurements


Can make many comparisons from these results — here, note how agreement improves for larger 
R, or with grooming. Studying a dijet topology (q/g-like jet admixture) exposes mis-modelling at the 
gluon-initiated jet enriched region (large thrust).

Soft-drop

(Remove soft radiation)

Soft-drop &

More GluonsMore Quarks,


Higher angular exp.

κ=1, β=2
Larger jet


 radius

CMS-SMP-20-010

CMS q/g Angularities
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Daniel will tell you about the 
NLO+NLL’ calculations on Tuesday morning!

(311 public figures!)

https://doi.org/10.48550/arXiv.2109.03340


• Both ATLAS and CMS have made comparisons of 
charged+neutral & charged-only 
measurements.


• Measurements made using only inner-detector 
signals improve experimental resolution & 
measurement precision.


• “Smaller angles, softer signals, more bins.”


• Trade-off: IRC safety. Recently, extra NP-
corrections or folding made to compare 
theory to charged-particle only picture.


• … but, we now have data/theory 
comparisons that would have otherwise not 
been possible (e.g. ATLAS LJP)!
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Lund jet plane

@ all-orders QCD

Extra reach into collinear region — 
sensitive to npQCD effects!

Similar level of 
(dis)agreement 

— charged-only 
measurements 
can be more 
useful for MC 

tuning!
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Yibei will tell you about the latest 
theoretical progress with track 
functions on Tuesday morning!

https://doi.org/10.48550/arXiv.2109.03340
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
https://doi.org/10.48550/arXiv.2004.03540
https://doi.org/10.48550/arXiv.2007.06578
https://indico.cern.ch/event/1144064/contributions/4940385/


1-IsoRing128 = 0.92 
Njets = 12 

Most (ring-like ) 
isotropic event selected 

in Run 2 dataset!

ATLAS-CONF-2022-056

 (Branch New! Link doesn’t work yet)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-056/


Many Event Shapes can be recast as  
‘Optimal Transport’ problems  
& solved using (IRC-safe) techniques from 
Topology & Computer Vision.

This allows us to instead quantify the distance 
between events and isotropic radiation patterns, 

resulting in new & better-performing event shapes!

ATLAS-CONF-2022-056


Key Pheno

Ideas:

EMDs (Wasserstein Distances between events)

Komiske, Metodiev & Thaler


1902.02346, 2004.04159

Event Isotropies

Cesarotti & Thaler


2004.06125

“Work” to re-arrange event into 
reference geometry: distance*energy


p-Wasserstein distance (a.k.a. EMD)
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ATLAS Multijet Event Isotropies w/ Optimal Transport

LINK TO ANIMATIONS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-056/
https://arxiv.org/abs/1902.02346
https://arxiv.org/abs/2004.04159
https://arxiv.org/abs/2004.06125
https://cernbox.cern.ch/index.php/s/rYYF20n3je2rtXI
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Results: IRing128

Dijets Isotropic

Ring-like Isotropy

Sensitivity to

Matrix Element

Sensitivity to 
PS model

ATLAS ATLAS-CONF-2022-056 (New!)

Manuel will tell you all about  this & and other  ATLAS multijet cross-section measurements,
 on Thursday morning!
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Enhanced sensitivity to isotropic multijet configurations

Relative to other event shapes!

NJets = 12, 1-IsoRing128 = 0.92

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-056/
https://indico.cern.ch/event/1144064/contributions/4940279/
https://indico.cern.ch/event/1144064/contributions/4940279/
https://indico.cern.ch/event/1144064/contributions/4940279/
https://indico.cern.ch/event/1144064/contributions/4940279/
https://indico.cern.ch/event/1144064/contributions/4940279/
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https://indico.cern.ch/event/1144064/contributions/4940279/


BOOSTing Tunes

J. Ngadiuba, Exp. Intro 2021

P. Maksimovic, Exp. Intro 2019
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https://indico.cern.ch/event/1037559/contributions/4428523/attachments/2290656/3894538/BOOST21_exp_intro.pdf
https://indico.cern.ch/event/1037559/contributions/4428523/attachments/2290656/3894538/BOOST21_exp_intro.pdf
http://www.apple.com/uk


Tune-y Tuesday?

• What can we learn from our existing oeuvre of 
measurements? 


• Unclear that all mis-modelling we observe can 
be solved by tuning NP parameters.


• Can learn something about e.g. the 
universality of hadronisation


• Compare w/ recent Sherpa tune to LEP 
data? 

• Propose to have an initial chat for anyone 
interested during Tuesday PM coffee break, 
before poster session! 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Les Houches '19, Chapter 3

https://arxiv.org/abs/2003.01700


How are we progressing 
toward our next milestones?


αS, mt, other stuff & the future



Lund Jet Plane — BOOSTing each other!

Beautiful 
exchanges between 
phenomenology, 

multiple 
experiments and 

AI/ML results!
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Pb+Pb?

https://arxiv.org/abs/2007.06578
https://arxiv.org/abs/1807.04758
https://arxiv.org/abs/2012.08526
https://arxiv.org/abs/2004.03540
https://arxiv.org/abs/2111.00020
https://arxiv.org/abs/2106.05713
https://inspirehep.net/literature/1992901
https://arxiv.org/abs/1903.09644


Lund Jet Plane

Lund Jet Plane*

* I do not mean to imply that any 
results are ‘non-perturbative’

1/∆

1/z 

or 

kt

Pb+Pb?

Lund Jet Plane
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https://arxiv.org/abs/2007.06578
https://arxiv.org/abs/1807.04758
https://arxiv.org/abs/2012.08526
https://arxiv.org/abs/2004.03540
https://arxiv.org/abs/2111.00020
https://arxiv.org/abs/2106.05713
https://inspirehep.net/literature/1992901
https://arxiv.org/abs/1903.09644


Direct Observation of Dead Cone Effect
ALICE 2106.05713
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Nima will tell you all about 
this On Thursday morning!

First observation of a 

fundamental QFT (QCD) 

phenomenon


& experimental 
confirmation of nonzero 

charm quark mass!

https://arxiv.org/abs/2106.05713
https://indico.cern.ch/event/1144064/contributions/4939803/
https://indico.cern.ch/event/1144064/contributions/4939803/
https://indico.cern.ch/event/1144064/contributions/4939803/
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https://indico.cern.ch/event/1144064/contributions/4939803/
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https://indico.cern.ch/event/1144064/contributions/4939803/


Strong coupling from JSS (Prospects)
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Hofie : Thursday Morning!MLB : Tuesday Morning

Prediction: we will see the first αS extractions from JSS during Run 3!

Underlying event,

 colour reconnection

Jet rates, cross-section ratios 
usually compared to fixed-

order calculations

LHC ExtractionsLEP Extractions

e+e- 


👨🍳🤌

Thrust extraction sensitive in 
resummation-dominated 

region

soft-drop grooming 

→ mitigate soft/wide-angled 
contributions

Soft-drop mass prediction  
→ precise resummation

LHC Extractions from JSS

https://indico.cern.ch/event/1144064/contributions/4940391/
https://indico.cern.ch/event/1144064/contributions/4940355/


Top sector measurements w/ JSS
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CMS-TOP-21-012

Alexander : Thursday Afternoon Kevin (after lunch) & Titas (Thurs. PM)

Many other new results!

Boosted mtop CMS-TOP-21-014
ATLAS-TOPQ-2019-23
ATLAS-TOPQ-2019-28

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-012/index.html
https://indico.cern.ch/event/1144064/contributions/4940228/
https://indico.cern.ch/event/1144064/contributions/4940274/
https://indico.cern.ch/event/1144064/contributions/4940226/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-28/
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Alexander will tells us more (with increased precision), Thursday Afternoon!

In situ JES/JMS calibration

 from boosted W’s inside of tops

+ re-tuned FSR αS(MZ)  
in fiducial region w/ τ32 

(in backup)

BOOST ‘19

CMS Boosted Top Mass — Cool Details

New!

ModellingExperimental

ModellingExperimental

CMS-PAS-TOP-21-012

https://indico.cern.ch/event/1144064/contributions/4940228/
https://indico.cern.ch/event/753914/contributions/3444281/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-012/index.html
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BOOST 2022 is the fourteenth conference of a 
series of successful joint theory/experiment 

workshops  […] to generate new ideas & 
develop new approaches on the 

reconstruction and use of boosted decay 
topologies in particle physics and beyond.

“jet substructure” (*)

“jet” (*)

}

* ”jet" not "blazar" not "black hole" not "Kerr" not "Supernovae" not "blazars" not "black holes" not "Radio" not "Galaxy" not "optical" not "accretion" not "GRB" not "gravitational"

** ”jet substructure" or "soft drop" or "soft-drop" or "Lund jet plane" or "jet topics" or "Particle Flow Network" or "boosted top" or "boosted boson" or "jet fragmentation"

ATLAS TDR (1999) 

CMS TDR (2006) 

ALICE Physics TDR (2005)

EIC CDR (2021) 

ILC Snowmass (2021) 

(19+ times!)

ILC TDR (2013)

“(Jet) Substructure” mentioned?

Jet substructure has been established as a versatile  
& mainstream tool for many areas of collider physics!

BOOST is

Expanding

https://cds.cern.ch/record/391176/files/cer-0317330.pdf
https://cdsweb.cern.ch/record/922757/files/lhcc-2006-001.pdf
https://cds.cern.ch/record/879894/files/lhcc-2005-030.pdf
https://cds.cern.ch/record/391176/files/cer-0317330.pdf
https://arxiv.org/pdf/2203.07622.pdf
https://arxiv.org/pdf/2203.07622.pdf


Boostin’ is Legit
• JSS has been established as a versatile and 

mainstream tool for many areas of collider physics.

• Proving ground for many ML/AI studies and other  

interdisciplinary techniques (optimal transport, 
statistical demixing, etc.)


• Can coherently probe huge range of energy scales 
with a single analysis.


• Helping to push boundaries & beat projections of 
what we can do with LHC data!


• JSS being considered explicitly in the design of future 
detectors / facilities.

• Clemens will tell you about that on 

 Friday afternoon!
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Ellis, Jacob & Landshoff

2022

1976

ALICE

https://indico.cern.ch/event/1144064/contributions/4941010/
https://inspirehep.net/literature/100764


“BOOSTAMOS”

It means:


Let’s BOOST!



The QCD coupling, αS, is known with far less precision than those of other gauge field theories:


δα~10-10 ≪ δGF~10-7 ≪ δG~10−5 ≪ δαS~10-3


This uncertainty is driven by tensions within the αS world average, and it is becoming 
increasingly relevant in predictions related to Higgs & top production, EWPOs, etc.

Strong coupling 

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.

Most precise collider extractions 
 (LEP) in tension with other results…

No LHC input from jets at NNLO+!

Lattice average most precise input.

PDG World Average (NNLO+)

MLB (CERN) — Going off-topic to demix quarks and gluons in αS  extractions — BOOST 2022 — Slide 47

Abbate et al. Phys.Rev.D 83 (2011) 074021

Some material from D. d’Enterria @ Moriond QCD ‘22

αS (MZ) = 0.1182 ± 0.0008 (lattice)

αS (MZ) = 0.1135 ± 0.0010 (e+e- thrust)
vs. Tension 


> 3σ

Fixed-order predictions, extractions 
from jet rates, etc.

https://pdg.lbl.gov/2021/html/authors_2021.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://moriond.in2p3.fr/QCD/2022/ThursdayAfternoon/dEnterria.pdf


Semi-visible jets

Matt LeBlanc (CERN) — Overview (Experimental) — BOOST 2022 — Slide 48

July workshop @ ETH: https://indico.cern.ch/event/1133166/

Picture strongly depends on details of model: 
Huge variance from one choice of parameters to another

Organising the space of models 
is a big open question here, 
preventing systematic study.

JSS of these models exhibits diverse pheno 
—I think there’s a lot of room for members of the 

BOOST community to get involved!

Slides from T. Kljnsma, SVJ JSS working group

Two SVJ pheno talks this week — Sukanya (Wed. Morning)

& Jeremi (Wed. Afternoon) will tell us about their JSS!

https://indico.cern.ch/event/1133166/
https://indico.cern.ch/event/1133166/contributions/4859649/attachments/2475819/4248783/0706_svjworkshop_f1.pdf
https://indico.cern.ch/event/1144064/contributions/4940316/


Semi-visible jets from CMS & ATLAS
CMS CMS-EXO-19-020, ATLAS CONF-2022-038 (New!)

SVJ can be enriched in heavy flavour, depending 
on hidden sector mass spectrum: 
 
Will lepton jets from BOOST ’09 return!?

S. Kulkarni @ SVJ '22

Analyses currently rely heavily 
on imbalance between leading 
jets due to invisibles produced 
in shower …

pT balance of j1, j2

Azimuthal difference between j1, j2Bump hunt in transverse mass
Matt LeBlanc (CERN) — Overview (Experimental) — BOOST 2022 — Slide 49

BDT:  
tauij, ECFs, mSD, 
girth, major/minor 
axes, flavour info, 
∆ϕ(jet,MET) 

“Variables 
sensitive to 
multiplicity are 
excluded” (p.10) … plenty of room here for JSS 

to improve sensitivity to certain 
sets of models.

https://arxiv.org/abs/2112.11125
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-038/
https://indico.cern.ch/event/1133166/contributions/4760987/subcontributions/386906/attachments/2475721/4248592/Kulkarni_SVJ_workshop_2022.pdf


• New measurement of generalized angularities 
from CMS! 
 
 
 
 
 
 

• Explores differences between quark-enriched 
and gluon-enriched selections (Z+jets vs. 
dijets).


• Exponents of energy/angular components 
can probe different aspects of QCD.


• Focusing on three angularities today which are 
IRC-safe (κ>0).

CMS q/g Angularities

CMS, arXiv.2109.03340

Products of constituent

Relative pT and angle,


Vary weight of each component

κ=1, β=2 κ=1, β=2

κ=1, β=1 κ=1, β=1

Larger

Angular

Exponent

Smaller

Angular

Exponent

Better

Agreement

Throughout

Deteriorating

Agreement


For wide-angled

Contributions
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(311 public figures!)

https://doi.org/10.48550/arXiv.2109.03340


Predictions for three IRC-safe angularities available at NLO+NLL, with & without soft-
drop! For ungroomed observables, agreement improves for larger angular exponents.

κ=1, β=0.5 κ=1, β=1 κ=1, β=2

UNGROOMED
CMS, arXiv.2109.03340

Larger Angular ExponentLower Angular Exponent

CMS q/g Angularities
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https://doi.org/10.48550/arXiv.2109.03340


Removing soft radiation via soft-drop (zcut=0.1, ß=0) accentuates 
disagreements already observed in LHA: description of soft-collinear splittings?

Larger Angular ExponentLower Angular Exponent

κ=1, β=0.5 κ=1, β=1 κ=1, β=2

SOFT-DROP
CMS, arXiv.2109.03340

CMS q/g Angularities
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https://doi.org/10.48550/arXiv.2109.03340


Global Electroweak Fit
gFitter collab. 1803.01853

Where can we contribute most significantly to this picture?


mt is an obvious place to start BOOSTing!
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https://arxiv.org/abs/1803.01853


Top Mass w/ JSS : Indirect Prospects (near & far)
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ATL-PHYS-PUB-2021-034

Jack : Thursday AfternoonATLAS @ BOOST21

Top imprints itself Into

 3-point energy correlator

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-034/
https://indico.cern.ch/event/1144064/contributions/4940386/
https://indico.cern.ch/event/1037559/contributions/4440953/
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CMS Boosted Top Mass — Cool Details, suite.



Soft-drop / mMDT
• This algorithm has played a central role in understanding JSS 

since its proposal in 2013 / 2014.


• Recluster jet constituents with C/A algorithm, then remove 
soft & wide-angle radiation failing SD condition.


• Removes Non-Global Logarithms: first analytical 
predictions for JSS @>LL rely on the SD/mMDT procedure.


• Observables characterizing the hardest splitting in SD jets 
have been studied thoroughly by experiment and theory:


• ρ = log10(mj / pTj)


•  zg = pTj2 / pTj1 


•  Rg = ∆R(j1,j2)


• Many other schema for understanding JSS are built from this 
tree-based declustering technique (e.g. Lund jet plane).

j

j1

j2

if 
not

Dasgupta, Fregoso, Marzani, Salam, JHEP09 (2013) 029, 

Larkowski, Marzani, Soyez, Thaler, JHEP 1405 (2014) 146 MLB (CERN) — Jet reconstruction in ATLAS — Semi-Visible Jets  Workshop @ ETH Zurich, July 2022 — Slide 56

https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657


1. Begin with an anti-kt jet.


2. Recluster jet constituents using 
Cambridge/Aachen (C/A) algorithm 
(angular-ordering).


3. Iterating inward from widest-angle 
radiation, discard subjets when they fail 
the Soft Drop condition.


• Two parameters: zcut and ß.


4.  When the SD condition is satisfied, stop!


• Soft and Wide-Angle radiation is 
removed.

j

Dasgupta, Fregoso, Marzani, Salam, JHEP09 (2013) 029, 

Larkowski, Marzani, Soyez, Thaler, JHEP 1405 (2014) 146

Soft-drop / mMDT
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657


j

1. Begin with an anti-kt jet.


2. Recluster jet constituents using 
Cambridge/Aachen (C/A) algorithm 
(angular-ordering).


3. Iterating inward from widest-angle 
radiation, discard subjets when they fail 
the Soft Drop condition.


• Two parameters: zcut and ß.


4.  When the SD condition is satisfied, stop!


• Soft and Wide-Angle radiation is 
removed.

Dasgupta, Fregoso, Marzani, Salam, JHEP09 (2013) 029, 

Larkowski, Marzani, Soyez, Thaler, JHEP 1405 (2014) 146

Soft-drop / mMDT
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657


1. Begin with an anti-kt jet.


2. Recluster jet constituents using 
Cambridge/Aachen (C/A) algorithm 
(angular-ordering).


3. Iterating inward from widest-angle 
radiation, discard subjets when they 
fail the Soft Drop condition.


• Two parameters: zcut and ß.


4.  When the SD condition is satisfied, stop!


• Soft and Wide-Angle radiation is 
removed.

j1

j2

j

if 
not

Dasgupta, Fregoso, Marzani, Salam, JHEP09 (2013) 029, 

Larkowski, Marzani, Soyez, Thaler, JHEP 1405 (2014) 146

Soft-drop / mMDT
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657


j

j1

j2

1. Begin with an anti-kt jet.


2. Recluster jet constituents using 
Cambridge/Aachen (C/A) algorithm 
(angular-ordering).


3. Iterating inward from widest-angle 
radiation, discard subjets when they fail 
the Soft Drop condition.


• Two parameters: zcut and ß.


4.  When the SD condition is satisfied, 
stop!


• Soft and Wide-Angle radiation is 
removed.

if 
not

Dasgupta, Fregoso, Marzani, Salam, JHEP09 (2013) 029, 

Larkowski, Marzani, Soyez, Thaler, JHEP 1405 (2014) 146

Soft-drop / mMDT
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657


core

emission 1

emission 2

emission 3

emission 4
core

core
core

Lund jet plane

1. C/A Reclustering:

Combine closest pairs 
of charged particles or 
tracks!

2. C/A Declustering:

Unwind, widest angles first.  
Each step is an emission, or,  
a point in the Lund Jet Plane!

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
R)Δln(R/

0

1

2

3

4

5

6ln
(1

/z
)

Particle-level Emission

Detector-level Emission

 Simulation PreliminaryATLAS
Pythia 8 Lund Plane Event Display

A single jet results in a set of 
coordinate points in the LJP …

Dreyer, Soyez, Salam 1807.04758

QCD radiation within jets 
is approx. uniform in  
ln(E), ln(θ):

… a collection of jets gives a 
distribution:

CollinearWide-angle

Soft

Emission

Even

Splitting

Matt LeBlanc (CERN) — Jet & Photon Physics at ATLAS and CMS — Moriond QCD 2022 — Slide 61

https://arxiv.org/abs/1807.04758
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-035/


Probability of emission 
enhanced for kt ~ z ∆R ~ ΛQCD,  

Sensitivity to  
choice of hadronisation 

models.
Wide-angled,

even splittings

Wide-angled,

soft splittings

Co-linear,

even splittings

Region of hard, 

wide-angle 

(perturbative) 
splittings.


Populated ~uniformly.

ATLAS Collab., Phys. Rev. Lett. 124, 222002 (2020), (HepData, Rivet)

Here there be 

non-perturbative 

physics.
The Lund

 jet plane
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.124.222002&v=25b0b5ad
https://www.hepdata.net/record/93183
https://rivet.hepforge.org/analyses/ATLAS_2020_I1790256.html


Multijet Event Isotropies with 
Optimal Transport in ATLAS


ATLAS-CONF-2022-056

http://www.apple.com/uk


Event shapes

Event shapes interpolate between collider event topologies.

They have seen a wide variety of applications in collider physics for over 50 years.

Gluon observation

 (JADE, 1980)

From 

1-Thrust


C-Parameter

Monash tune

 (Skands et al. 2014)

BSM?

 (Anchordoqui et al. 2011)

QCD Colour Factors 

(Kluth et al. 2000)

Matt LeBlanc (CERN) — Multijet event isotropies with optimal transport — STDM-2020-20 Paper Approval Meeting 2022.08.09 — Slide 64

https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269300X09252/1-s2.0-0370269380906802/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220217T140314Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYW3R2N4RF/20220217/us-east-1/s3/aws4_request&X-Amz-Signature=f9e8fda083514694d9e44cbeec7826f812b0b67ffe258f4a48312c5a4d33648f&hash=6c0fd798cc60229d96f3ac29992f06d7694f4b5a5ad5ca68f557ac9ff0670589&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0370269380906802&tid=spdf-a0719a0f-18cc-406e-8ff2-17eb17eaf955&sid=96e36c7c649b7346b81ae6e3c85144cc8847gxrqb&type=client&ua=4c0206055b0a0754535757&rr=6def8ed359643b58
https://arxiv.org/abs/1404.5630
https://arxiv.org/abs/1012.1870
https://arxiv.org/pdf/hep-ex/0012044.pdf


Transverse Thrust
ٲ

EMD

• Transverse Thrust is an extremely well-
understood event shape in pp collisions.


• Quantifies how “back-to-back” an 
event is.


• Small values: back-to-back.


• Largest values: Mercedes events


• (c.f. Fig. 1 in STDM-2019-02), or 
event displays here.


• Are Mercedes events isotropic?


• Transverse thrust really just quantifies 
if an event is back-to-back, or not back-
to-back.

Matt LeBlanc (CERN) — Multijet event isotropies with optimal transport — STDM-2020-20 Paper Approval Meeting 2022.08.09 — Slide 65

Small Trans. thrust Large Trans. thrust

R. Poncelet 
@ Moriond QCD ’22


Trans. Thrust 

W/ 2,3 jets @ NNLO

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-02/
https://moriond.in2p3.fr/QCD/2022/ThursdayMorning/Poncelet.pdf


Event Isotropy
Cesarotti & Thaler, 2004.06125

• Quantifies how far the radiation pattern of a 
collider event is from a isotropic distribution.


• Will define what I mean by far precisely on 
the next slide.


• We will be precise with what we mean by 
isotropic.


• Isotropic in transverse plane? → ring-like


• Isotropic in rapidity-azimuth? → cylindrical


• Original proposal motivated by certain BSM 
models that do not produce ‘jetty’ signatures.


• Certain dark showers models, SUEP, low-mass 
instantons, etc.

DIPOLE

ٲ

RING
ΐ

CYLINDER Ucyl

} “Is this approach also 
useful for precision 

QCD studies?”

Matt LeBlanc (CERN) — Multijet event isotropies with optimal transport — STDM-2020-20 Paper Approval Meeting 2022.08.09 — Slide 66

https://arxiv.org/abs/2004.06125


Energy-Mover’s Distance (EMD)
Komiske, Metodiev & Thaler, 2004.06125

• Need to define a IRC-safe distance metric between 
collider radiation patterns.


• EMD defines the minimum work required to re-
arrange one event into another.


• Given a metric, we can study collider physics using 
techniques from topology.


• Corresponds to the p-Wasserstein class of 
metrics.


• This metric is often utilized in computer vision: 
formulated as Optimal Transport problems.


• We can solve these problems with computer vision 
tools/libraries. 1, 2, 3


• Some have even been adapted for particle 
physics use since this analysis began! 4, 5

a.k.a. Earth-Mover’s Distance

Figures/Cartoons from Komiske et al.
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https://users.cs.duke.edu/~tomasi/papers/rubner/rubnerIccv98.pdf
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• We measured three EMDs, per-event:


• The two maximally-distant 1D isotropies 
that conserve transverse momentum.


• IsoRing2 is equivalent to transverse 
thrust — can be used to directly 
evaluate performance of 
IsoRing128.


• The 2D extension of isotropy into 
rapidity-phi space (IsoCyl16).


• Take calibrated R=0.4 PFlow jets with pT > 
60 GeV, |y| < 4.4 as inputs to calculations. 


• Calculation also includes jet-based recoil 
vector to balance visible momenta.


• Measurement made in inclusive bins of jet 
multiplicity and HT2 = pT,1+pT,2.
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Animated Visualisations of OT Calculation
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Animations are at this link : 
https://cernbox.cern.ch/index.php/s/rYYF20n3je2rtXI

https://cernbox.cern.ch/index.php/s/rYYF20n3je2rtXI
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IsoRing2

Back-to-Back

IsoRing2 and IsoRing128 take extreme values for qualitatively different events.

IsoRing128 takes extreme values for much rarer multijet final states (increased dynamic range).

IsoRing128

Back-to-Back Isotropic
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Events that saturate IsoRing2 only 
have intermediate IsoRing128 values! 

(“increased dynamic range”) 

IsoRing128 saturated by “perfectly 
(and only perfectly) isotropic events.”


 
3-pronged configurations are not 
isotropic in the same way as a 

multijet event.
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Results: IRing128 & IRing2
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"Transverse Thrust” Ring-like Isotropy
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Matrix Element

Sensitivity to 
PS model
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Dynamic
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NLO

Performs


Best 

ATLAS CONF-STDM-2022-12 (New!)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/


1-IRingN=128 = 0.83

1-ICylN=16 = 0.85

Njet = 6



IRingN=2 = 0.0001

Njet = 2



1-ICylN=16 = 0.48

Njet = 2

Inset from Cesarotti & Thaler, 2004.06125

https://arxiv.org/abs/2004.06125

