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QCD at high energies is jetty

Matrix Element (Fixed Order) 
Inclusive Cross-Sections 

Cross-Section Ratios 
Event Shapes 

etc.
Parton Shower (Resummation) 

Jet Substructure 
Event Shapes 

etc.
Hadronization (Non-Perturbative) 

Jet Substructure 
Fragmentation Functions 

etc.

Studies of QCD at high energies involve jets, which are multi-
faceted, multi-scale probes of the strong interaction’s dynamics.

A single measurement typically probes multiple scales & effects simultaneously!
Salam 0906.1833; 
Marzani, Soyez & Spannowsky 1901.10342 Diagram: Eric Metodiev

https://arxiv.org/abs/0906.1833
https://arxiv.org/abs/1901.10342


T. LeCompte (2013)  
via N. Trahn @ BOOST (2015)

What was happening w/ high energy jets the first time I visited Oxford …

Today, work at the theory-experiment interface is progressing our 
understanding of QCD faster than ever before.

A. Larkoski @ 
BOOST 2015, 

theory summary

https://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf
https://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf
https://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf
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https://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf
https://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf
https://indico.cern.ch/event/382815/sessions/76866/attachments/1139310/1631464/3-VVdiscussion_ntran.pdf
https://indico.cern.ch/event/382815/sessions/76866/attachments/1139310/1631464/3-VVdiscussion_ntran.pdf
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https://indico.cern.ch/event/382815/sessions/76866/attachments/1139310/1631464/3-VVdiscussion_ntran.pdf
https://indico.cern.ch/event/382815/sessions/76866/attachments/1139310/1631464/3-VVdiscussion_ntran.pdf
https://indico.cern.ch/event/382815/sessions/76866/attachments/1139310/1631464/3-VVdiscussion_ntran.pdf
https://indico.cern.ch/event/382815/contributions/910614/attachments/1138045/1629282/BOOST15_Larkoski.pdf
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https://indico.cern.ch/event/382815/contributions/910614/attachments/1138045/1629282/BOOST15_Larkoski.pdf
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1. Experiment rises to meet NNLO theory 

2. Massive implications 

3. High-Luminosity QCD
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/Zanderighi



/Zanderighi
2106.05331v2 
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• Major reduction in scale 
uncertainties that had limited prior 
comparisons w/ measurement


• Took ~106 hours to run! 
(~100 CPU-years)


• At the time, most recent 
measurements of R32 at the LHC 
were from 2011-2013! 
ATLAS 1107.2092, CMS 1106.0647, 1304.7498 

https://arxiv.org/abs/2106.05331v2
https://arxiv.org/abs/1107.2092
https://arxiv.org/abs/1106.0647
https://arxiv.org/abs/1304.7498
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Understanding the details: flavour response

“Flav. response”

• Most of the “third jets” would have a pT in a kinematic 
region with large jet energy scale (JES) uncertainties.


• Driven by differences in the modelling of the 
detector response to quark- and gluon-initiated 
jets.

ATLAS 2405.20206 

https://arxiv.org/abs/2405.20206


MLB  — QCD at High Energies — QCD@LHC 2026 —  Slide 8

• Most of the “third jets” would have a pT in a kinematic 
region with large jet energy scale (JES) uncertainties.


• Driven by differences in the modelling of the 
detector response to quark- and gluon-initiated 
jets.

“Flav. response”

• Understood to be driven by dependence of the JES on 
baryon energy fraction.

• Can cause differences up to 10% in jet energy 

measurement!

• Everything is connected: “low-energy” QCD affects 

“high-energy” measurements

ATLAS 2405.20206 

Understanding the details: flavour response

https://arxiv.org/abs/2405.20206
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Old unc.

Gluon jets

•Around this time, Sherpa was re-tuning their model and paid particular attention to this quantity, which 
enabled a more intelligent modelling uncertainty to be defined with ATLAS multi jet samples.  
See also LH 2023 2406.00708 

•Updated uncertainties factorize different physical effects → percent-level JES for ATLAS above ~60 GeV!

•Approaching ‘optimistic’ HL-LHC projections in Run 2 conditions ATLAS & CMS, 1902.10229

ATLAS 2405.20206 

Understanding the details: flavour response

https://arxiv.org/abs/2406.00708
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/2405.20206
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ATLAS R32
• Precise double- and triple-differential 

measurement of jet production rates.


• 3D: HT2 vs. jet multiplicity, 3rd jet pT


• 2D: ∆yjj, mjj vs. jet multiplicity (+variants)


• Many measurement bins limited by luminosity 
and PDF uncertainties!


• Multijet cross-section ratios constructed from 
differential measurements (R32, R42, R43, R54)


• NNLO prediction agrees well with data, 
limited by statistical uncertainty on theory 
prediction → compute-limited! 


• Angular measurements compared to HEJ 
prediction with high-energy resummation. 
See Jeppe Andersen’s slides from Monday 
for more on HEJ! 

A wide variety of MC setups were tested— 
in this example, NLO MCs perform 

describe ∆yjj well for 2-jet final states, while 
Sherpa does better for higher multiplicities.

ATLAS 2405.20206 

https://indico.global/event/17070/contributions/162326/
https://indico.global/event/17070/contributions/162326/
https://arxiv.org/abs/2405.20206
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ATLAS R32
• Precise double- and triple-differential 

measurement of jet production rates.


• 3D: HT2 vs. jet multiplicity, 3rd jet pT


• 2D: ∆yjj, mjj vs. jet multiplicity (+variants)


• Precision limited by JES at high HT2, 
sometimes comparable to modelling & 
statistical uncertainties.


• Multijet cross-section ratios constructed from 
differential measurements (R32, R42, R43, R54)


• NNLO prediction agrees well with data, 
limited by statistical uncertainty on theory 
prediction → compute-limited! 


• Angular measurements compared to HEJ 
prediction with high-energy resummation. 
See Jeppe Andersen’s slides from Monday 
for more on HEJ! 

ATLAS 2405.20206 

https://indico.global/event/17070/contributions/162326/
https://indico.global/event/17070/contributions/162326/
https://arxiv.org/abs/2405.20206
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ATLAS Single-Hadron Jet Calibration
• Further work to reduce ATLAS jet 

energy scale uncertainties included 
the development of a calibration 
based on single-hadron response 
measurements. 

• Smearing of individual particle 
measurements in simulation 
reproduces the in situ balance 
correction.


• Improves on balance-based 
calibration by incorporating 
high-pT W→τν measurement.


• Can be extended to different jet 
radii while tracking correlations 
between uncertainty sources.

ATLAS 1607.08842 ATLAS 2407.15627 
ATLAS 2108.09043 

https://arxiv.org/abs/1607.08842
https://arxiv.org/abs/2407.15627
https://arxiv.org/abs/2108.09043


“Optimistic” HL-LHC Projection

2407.15627 

Final ATLAS Run 2 JES uncertainty: 
~0.3% at 300 GeV, ~0.6% at 4 TeV

1902.10229

https://arxiv.org/abs/2407.15627
https://arxiv.org/abs/1902.10229
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ATLAS Dijet Cross-Section
• Unfolded cross-sections compared to full-

colour NNLO pQCD prediction from NNLOJET.


• Non-perturbative and electroweak 
corrections applied.


• Binned in either (mjj, y*) or (mjj, yboost)

ATLAS 2512.19073 

https://arxiv.org/abs/2512.19073
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ATLAS Dijet XS
• Unfolded cross-sections compared to full-

color NNLO pQCD prediction from NNLOJET.


• Non-perturbative and electroweak 
corrections applied.


• Binned in either (mjj, y*) or (mjj, yboost)


• Predictions over-estimate the measured cross-
sections by 15~20%, with best qualitative 
agreement observed for the NNPDF4.0NNLO 
PDF set.


• Best per-bin χ2/d.o.f. values for CT18, best 
overall for ATLASpdf21T3.


• Correlations of JES nuisance parameters in 
fit play an important role! 
Amanda Sarkar Monday 11h10 

ATLAS 2512.19073 

https://indico.global/event/17070/contributions/165991/
https://arxiv.org/abs/2512.19073


Using everything we’ve got

Measurements of azimuthal angular lepton-jet asymmetries at 
H1, improving understanding backgrounds for proton structure 

measurements at HERA & future EIC!

Study of modern flavor-tagging algorithms in archival ALEPH 
data to understand strange tagging prospects at FCC-ee!

MLB  — QCD at High Energies — QCD@LHC 2026 —  Slide 16

• Growing interest in using archival datasets for 
analysis.


• Enabling new comparisons between theory 
and measurement  
See Yi Chen’s talk on recent highlights with 
LEP data, today at 16h40! 

• Proof-of-Concept studies to prepare for 
future colliders 
2412.14092 H1 studies in prep for EIC  
2603.06524 Modern flavor tagging @ALEPH 

• The LHC has also collected many distinct 
datasets so-far: are they deprecated as time 
passes, or is ‘more different’ when it comes to 
data?


• If you cast your mind back: ratios of jet 
cross sections at 2.76 TeV / 7 TeV have 
previously contributed to PDF fits.

https://indico.global/event/17070/contributions/162435/
https://arxiv.org/abs/2412.14092
https://arxiv.org/abs/2603.06524
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/DataQuality

ATLAS 1304.4739 CMS 1609.05331

• Growing interest in using archival datasets for 
analysis.


• Enabling new comparisons between theory 
and measurement  
See Yi Chen’s talk on recent highlights with 
LEP data, today at 16h40! 

• Proof-of-Concept studies to prepare for 
future colliders 
2412.14092 H1 studies in prep for EIC  
2603.06524 Modern flavor tagging @ALEPH 

• The LHC has also collected many distinct 
datasets so-far: are they forgotten as time 
passes, or is ‘more different’ when it comes to 
data?


• Ratios of jet cross sections have previously 
been used in PDF fits (2.76 TeV / 7 TeV).

Using everything we’ve got

https://twiki.cern.ch/twiki/bin/view/CMSPublic/DataQuality
https://arxiv.org/pdf/1304.4739
https://arxiv.org/abs/1609.05331
https://indico.global/event/17070/contributions/162435/
https://arxiv.org/abs/2412.14092
https://arxiv.org/abs/2603.06524


• Growing interest in using archival datasets for 
analysis.


• Enabling new comparisons between theory 
and measurement  
See Yi Chen’s talk on recent highlights with 
LEP data, today at 16h40! 

• Proof-of-Concept studies to prepare for 
future colliders 
2412.14092 H1 studies in prep for EIC  
2603.06524 Modern flavor tagging @ALEPH 

• The LHC has also collected many distinct 
datasets so-far: are they forgotten as time 
passes, or is ‘more different’ when it comes to 
data?


• Ratios of jet cross sections have previously 
been used in PDF fits (2.76 TeV / 7 TeV).

https://twiki.cern.ch/twiki/bin/view/CMSPublic/DataQuality

ATLAS 1304.4739 CMS 1609.05331
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Using everything we’ve got

https://indico.global/event/17070/contributions/162435/
https://arxiv.org/abs/2412.14092
https://arxiv.org/abs/2603.06524
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DataQuality
https://arxiv.org/pdf/1304.4739
https://arxiv.org/abs/1609.05331
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CMS incl. jets combination
• Four double-differential inclusive jet cross-section measurements 

performed for direct comparison and simultaneous study.


• sqrt(s) = 2.76 TeV, 7 TeV, 8 TeV, 13 TeV 

• Unfolded cross-sections in different data sets compared to NNLOJet 
fixed-order theory predictions


• Small subleading colour contributions


• Electroweak corrections @ NLO, 
up to 11% in forward region


• Non-perturbative QCD corrections  
5~20%, ~4% unc.


• All measurements use R=0.7 jets and  
track jet energy correction nuisance  
parameters.


• PDF fits are sensitive to the treatment  
of such correlations! ATLAS 2112.11266 
 Amanda Sarkar Monday 11h10

NNLOJet 
+NLO QED 
+NP

CMS 2412.16665

https://arxiv.org/abs/2112.11266
https://indico.global/event/17070/contributions/165991/
https://arxiv.org/abs/2412.16665
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• Four double-differential inclusive jet cross-section measurements 
performed for direct comparison and simultaneous study.


• sqrt(s) = 2.76 TeV, 7 TeV, 8 TeV, 13 TeV 

• Unfolded cross-sections in different data sets compared to NNLOJet 
fixed-order theory predictions


• Small subleading colour contributions


• Electroweak corrections @ NLO, 
up to 11% in forward region


• Non-perturbative QCD corrections  
5~20%, ~4% unc.


• All measurements use R=0.7 jets and  
track jet energy correction nuisance  
parameters.


• PDF fits are sensitive to the treatment  
of such correlations! ATLAS 2112.11266 
 Amanda Sarkar Monday 11h10

CMS 2412.16665

CMS incl. jets combination

NNLOJet 
+NLO QED 
+NP

https://arxiv.org/abs/2112.11266
https://indico.global/event/17070/contributions/165991/
https://arxiv.org/abs/2412.16665
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CMS incl. jets QCD analysis

• Simultaneous extraction of PDFs and strong coupling at NNLO, from HERA+CMS data. 

• Constraints on high-x gluon and dv PDFs improved by CMS jet data.


• Most precise determination of the strong coupling from jet data to-date; good agreement with the PDG world average.

• Running of strong coupling tested across Q = 100 GeV — 1.6 TeV from a single analysis! Agrees w/ QCD RGE.

CMS 2412.16665

https://arxiv.org/abs/2412.16665


1. Experiment rises to meet NNLO theory 

2. Massive implications 

3. High-Luminosity QCD
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Flavour fragmentation
• Heavy-flavour fragmentation is central to much of the LHC 

physics program.


• QCD


• Higgs measurements


• Top measurements


• BSM


• Related uncertainties limit our precision!


• Modern flavor taggers exploit jet substructure / 
fragmentation more than displaced vertices, etc. 
ATL-PHYS-PUB-2025-029 

• The best pizza is made with the best ingredients. 🍕

CMS 2302.01967 

mt with profile likelihood (CMS) 

Slide adapted from Ka Wa Ho

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-029/
https://arxiv.org/abs/2302.01967
https://indico.cern.ch/event/1651468/contributions/6942246/attachments/3270731/5842684/PhysicsForum.pdf
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Perturbative mass effects: the Dead Cone
• Precise modelling of heavy quark mass effects is 

essential to obtain an accurate description of 
QCD, and for processes involving b-quarks 
(Higgs, top, BSM).


• LO probability for collinear gluon emission from a 
massive quark radiator: 
 
P = θ2dθ2/[θ2 + (mq /Eq )2]2 
 

Dead-Cone Effect: 
Radiation suppressed for θ0 = mq /Eq


• Lund jet plane picture of JSS: iteratively decluster 
jet constituents with C/A and study splittings.


• QCD radiation obeys angular ordering.


• … but the B-hadron decay products don’t!
CMS 2608.29412 

b

https://arxiv.org/abs/2608.29412
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tt ̅tag & probe

• Tag & Probe strategy avoids  
b-tagging requirement on 
measured jets, avoiding bias & 
associated systematics.

Tag

Probe

• Dileptonic tt ̅events selected with 
lepton triggers in e-µ channel 
gives pure sample of b-jets for 
measurement.


CMS 2608.29412 

• Dead cone is 
most pronounced 
at low energies, 
so this sample is 
well-suited.

https://arxiv.org/abs/2608.29412


• B-hadron decays do not follow QCD 
angle-ordering, spoiling LJP 
reconstruction. 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B-hadron reconstruction

CMS 2608.29412 
Figures from Lida Kalipoliti @ BOOST 2024

• Transformer Encoder 
(TFE) identifies B-hadron 
decays based on jet, 
tracking & SV info.

• Significantly improves 

measurement resolution!

https://arxiv.org/abs/2608.29412
https://agenda.infn.it/event/37093/contributions/234284/attachments/124152/182470/Kalipoliti_boost2024.pdf
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Evidence for the Dead Cone in b-jets
• Nominal Pythia prediction overestimates the 

measured cross-section in the wide-angled region.


• Nominal Herwig underestimates emissions in the 
intermediate region.


• Two massless references, light jet and b-jet 
massless kernel, overestimate the measured cross-
section.


• b-jet fragmentation modified by more than just 
dead cone effect: npQCD and kinematic effects 
can complicate interpretation vs. light jets.


• Massless kernel obtained by setting the b-quark 
mass to 0 during Herwig parton shower, then 
bringing them back on-shell by momentum 
shuffling between color-connected parsons.


• Data strongly prefer predictions with dead cone 
(4.3σ)



1. Experiment rises to meet NNLO theory 

2. Massive implications 

3. High-Luminosity QCD
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What can we expect at the HL-LHC?
• H→bb̅ has been called the ‘holy grail’ of jet 

substructure, H→cc ̅once thought impossible.


• Heavily reliant on powerful, fully-supervised 
AI/ML tagging algorithms.


• Calibrations for these taggers currently use 
g→bb̅, g→cc ̅proxies.


• Differences between color singlet radiation 
patterns are expected.


• Sophisticated AI/ML classifiers can potentially 
tell the difference.


• Can we instead study color singlets?


• One approach will be to study bosons 
recoiling against another object (gluon or 
photon)

CMS 2509.22535 See also: A. Hinzmann @ BOOST '25 Buckley et al. 2006.10480 

Octet

Singlet

https://arxiv.org/abs/2509.22535
https://indico.physics.brown.edu/event/18/contributions/402/attachments/230/499/W-jet-mass-hinzmann.pdf
https://arxiv.org/pdf/2006.10480
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Recoiling bosons

• Measurements with large backgrounds, but recoil-based approach facilitates data-driven estimates.

• S+B template fits extrapolating across photon isolation & b-jet multiplicity, or in sidebands constructed using 

AI/ML decorrelation techniques.
CMS 2509.22535 

ControlSignalControl Signal

https://arxiv.org/abs/2509.22535
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Z(bb) & W(qq) jet mass lineshapes

• Proof-of-concepts for probing heavy-flavour, colour-singlet physics.

• Such measurements have large uncertainties due to statistical & modelling effects, but will improve with time 

— watch this space in Run 4!

mW = 80.85 ± 0.55 GeV 
(0.36 stat., 0.44 syst.)

CMS 2603.19963 ATLAS 1907.07093 

https://arxiv.org/abs/2603.19963
https://arxiv.org/abs/1907.07093
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Going high-dimensional
• An increasing number of high-

dimensional, unbinned 
measurements


• Omnifold technique utilizes AI/
ML classifiers to learn the 
detector response & regularize 
unfolding


• Classifier reweights particle-
level MC to obtain measured 
distribution.


• Unbinned techniques could lead 
to significant improvements over 
current methods.


• c.f. Neural Simulation Based 
Inference (NSBI) 
improvements to Higgs width 
extraction.  
ATLAS 2412.01548 

Canelli et al. 2507.09582

New!

ATLAS-CONF-2026-009 

https://arxiv.org/abs/2412.01548
https://arxiv.org/abs/2507.09582
https://cds.cern.ch/record/2968092/files/ATLAS-CONF-2026-009.pdf
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ATLAS Fully-Differential Z+Jets

• Method validated against IBU and lower-dimensional unbinned approach (‘multifold’).


• Allows for the construction of arbitrary observables from published weights ex post facto: comparison of various 
jet algorithms, complex observables (EEC, intrinsic dimension) showcase utility of this approach.


• Significant investment of computing resources to produce such results:  
how to ensure better standardization & adoption of such measurement products? Incompatible w/ HEPData

See Hanfei’s talk from yesterday for more details! ATLAS-CONF-2026-009 

https://indico.global/event/17070/contributions/162355/attachments/76837/149191/qcd_lhc_2026_atlas_jet.pdf
https://cds.cern.ch/record/2968092/files/ATLAS-CONF-2026-009.pdf
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Who will do the work?
• The measurements I presented were, to my 

knowledge, mainly the result of human effort.


• Several recent demonstrations of agentic physics 
analysis, e.g. Moreno et al. 2603.20179


• AI has the potential to be transformative for the 
way we do physics analysis. 

• Could spend less time debugging pipelines, 
more time connecting results, synthesizing 
ideas, teaching one another …


• Scientific AI and automation should expand what 
we can discover while preserving our scientific 
agency and responsibility for the results. 

• Tilman will call this slide dramatic @10h00 on 
Friday morning — don’t miss it! 

Primary Lund jet 
plane density 

measurement in 
archival ALEPH 

data, performed by 
Claude Opus 4.8! 

 
2603.20179

Are we Spot?

https://arxiv.org/abs/2603.20179
https://indico.global/event/17070/contributions/166007/
https://indico.global/event/17070/contributions/166007/
https://arxiv.org/abs/2603.20179


Conclusions
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Conclusions
• A parade of legacy SM results using ‘boostology’ has 

been taking place with Run 2 data.


• We are not afraid to apply knowledge of QCD 
dynamics within jets to get the most out of LHC 
data!


• Measurements with high-energy & boosted jets are 
helping to drive a virtuous cycle of experiment-
theory interactions.


• Let’s continue this into the High-Luminosity Era!


• High-energy QCD measurements are also the site of 
many studies incorporating interdisciplinary data 
science techniques.


• AI/ML and unbinned methods, but also Optimal 
Transport, Topic Modeling, agentic workflows and 
more.

Aim High!



Extra
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ATLAS Single-Hadron Jet Calibration

ATLAS 2407.15627 

https://arxiv.org/abs/2407.15627
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R32 uncertainties

ATLAS 2407.15627 

https://arxiv.org/abs/2407.15627

