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Lund Jet Plane (LJP)

● 2D representation of emissions inside a jet, where each axis corresponds to

a logarithmic kinematic variable of the splitting, typically:

○ ln(1/Δ) – angle between emitter and emission,

○ ln ( 𝑘𝑇) – relative transverse momentum of the emission.

● Each reconstructed emission gives a point in the Lund plane.

● Different physical regimes of QCD radiation populate different regions of the

plane:

○ soft–collinear emissions (low 𝑘𝑇, small angle),

○ hard–collinear emissions (large momentum fraction),

○ non-perturbative region, etc.

● Useful to study a range of jet-related questions.
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Dead-cone effect

Dead-cone (DC) effect is a direct consequence of QCD,

measuring it experimentally is a strong validation of the theory.

● In QCD, gluon radiation is typically enhanced at small angles.

● For heavy quarks, gluon emission at small angles is

suppressed – the dead-cone effect.

● As a consequence, heavy quarks retain a larger fraction of

their momentum.

Differential probability for emitting a soft gluon from a heavy quark Effective size of the dead-cone angle

𝑚𝑄 – mass of the heavy quark

𝐸𝑄 – energy of the heavy quark before the branching
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First direct dead-cone measurement in b-jets from 𝒕 ҧ𝒕

Previous DC measurements:

○ first direct DC measurement – in charm jets (ALICE) (see backup),

○ indirect or less clean b-jet studies.

This is the first clean, high-purity b-jet measurement in a controlled

environment.

● 2018 𝑝𝑝 collisions at 𝑠 = 13 𝑇𝑒𝑉, luminosity 59.8 𝑓𝑏−1.

● 𝑡 ҧ𝑡 → 𝑑𝑖𝑙𝑒𝑝𝑡𝑜𝑛.

● 2 high-𝑝𝑇 isolated leptons; 2 jets (1 b-tagged).

LJP construction

● Jets reclustered with Cambridge–Aachen (CA) algorithm (see backup).

● Jet declustered in descending angular order, keeping track of:

○ Angular separation Δ𝑅,

○ Relative transverse momentum 𝑘𝑇.

● Lower 𝑘𝑇 threshold is applied to suppress non-perturbative effects.

● LJP measured as emission density normalized per jet.
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Challenges and strategy for measuring the DC effect

Challenges:

● ML based b-tagging biases jet structure →

● → using Tag & Probe method:

○ Tag jet: b-tagged (DeepJet);

○ Probe jet: no tagging → used for measurement.

● B-hadron decays pollute low angle region →

● → using transformer encoder (TFE) to identify B-hadron decay products and

reconstruct the B hadron.

○ TFE trained using kinematic, tracking, and secondary-vertex

information.

○ Performance: ~96% signal efficiency, ~91% background rejection.

Isolation of the dead-cone effect with a massless-b sample

● HERWIG 𝑡 ҧ𝑡 sample with 𝑚𝑏 = 0 in the shower.

● Kinematics preserved (b quarks put back on-shell).

● Provides reference without dead-cone effect.
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Measured emission density vs ln(𝑅/Δ𝑅) for b-jets, unfolded to particle level

Suppression of small-angle emissions consistent with

dead-cone

● Both light-jets and massless-b predictions show a

higher number of collinear emissions compared to

data, as expected.

● The massless b-jet prediction exhibits a more

moderate tail than the light-jet prediction.

● Massless-b disfavored at 4.3σ for 40 < 𝑝𝑇 < 80GeV;

nominal (massive) prediction consistent with data.
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First b-jet substructure measurement clustering B hadron decay products

● 2017 𝑝𝑝 collisions at 𝑠 = 5.02 𝑇𝑒𝑉, luminosity 301 𝑝𝑏⁻¹.

● b-jets identified with ParticleNet graph neural network tagger.

● ParticleNet selection: tagging efficiency 52% for b-jets, with ~0.01%

misidentification rate.

● Track selection:

○ Jet substructure observables are computed using charged-

particle tracks only, with 𝑝𝑇 > 1 𝐺𝑒𝑉, |𝜂| < 2.4,

○ Tracks required to originate from the primary vertex.

● B hadrons decay weakly →

→ multiple charged, highly collimated tracks →

→ to mitigate, using BDT identification + recombination of decay

products into a pseudo–B hadron.
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Novel partial reconstruction of B hadrons to remove decay contamination

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/
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Cleaning the small-angle region – partial B-hadron reconstruction

● BDT WP selected: 92% signal efficiency, 95% background rejection rate → 97%

purity of decay products in tagged tracks.

● Removes non-QCD contributions from weak decays, restores QCD branching

structure → enables sensitivity to small-angle suppression (dead-cone).
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Simulated 𝑅𝑔 distribution comparison
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BDT ROC curve
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Soft-Drop grooming

● Jets reclustered with Cambridge–Aachen.

● Apply SD grooming: stops at first splitting satisfying the SD

condition → one selected emission per jet.

● Extract groomed observables (see backup):

○ Momentum balance 𝑧𝑔.

○ Groomed jet radius 𝑅𝑔.

○ Additionally: fragmentation function 𝑧𝑏, 𝑐ℎ.
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Angular distribution of splitting tagged by SD for 

different jet flavours

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.094008?utm_source=chatgpt.com
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/
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Comparison of groomed observables 𝑹𝒈 and 𝒛𝒈 between b and inclusive jets

● b-jets show suppressed small-angle splittings (small 𝑅𝑔 ​) vs

inclusive jets.

● Suppression increases toward the collinear region → consistent

with the dead-cone effect.
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● Lower 𝑧𝑔 for b-jets →

more asymmetric splittings (b quark

retains momentum in the splitting).

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/
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Measurements of b fragmentation: CMS and ATLAS

● CMS measurement: B hadron carries most of the jet momentum

→ consistent with hard fragmentation of the b quark.

● ATLAS measurements (13 𝑇𝑒𝑉) in:

○ jets (also implemented in Rivet) – confirms same behavior with explicit B hadron measurement.

○ 𝑡 ҧ𝑡 events – shows the same pattern in the jet internal structure.
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inclusive jets 𝑡 ҧ𝑡

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-52/
https://rivet.hepforge.org/analyses/ATLAS_2021_I1913061.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/
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First detailed LJP measurement in boosted heavy-particle jets
The first LJP measurement by ATLAS to use 𝑹 = 𝟏. 𝟎 jets

● 2015-2018 𝑝𝑝 collisions at 𝑠 = 13 𝑇𝑒𝑉, luminosity 140 𝑓𝑏⁻¹.

● High-𝑝𝑇 𝑡 ҧ𝑡 events in the semileptonic decay channel.

● Full decay products of top quark or daughter 𝑊 boson.

● Large anti-𝑘𝑡 to capture full decay inside one jet (𝑅 = 1.0 , 𝑝𝑇 > 350 𝐺𝑒𝑉).

● Jet trimming algorithm applied to reduce pile-up and underlying event.

LJP construction

● Reclustering with Cambridge–Aachen.

● Extracting (Δ𝑅, 𝑧) from core branch at each step and filling LJP.

● Building 2D emission density.

ATLAS STDM-2020-31

ATLAS STDM-2020-31
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2022-24/
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Measured LJP for the top jet and 𝑊 jet selections
Clear structure in the LJP reflecting different physics regimes

● Lower left region: decays of high-𝑝𝑇 top and 𝑊 can be distinguished.

● Upper-right region: soft and collinear radiation – suppressed emission density.

● Top jets – the peak in the lower-left corner shifted towards wider angles (heavier mass).

● Average number of emissions per jet:

○ Top jets: 6.74 ± 0.02 (stat.) ± 0.13 (syst.)

○ W jets 6.02 ± 0.04 (stat.) ± 0.22 (syst.)
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Top quark jets W-boson jets

ATLAS STDM-2020-31
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LJP slice: comparison of MC generator setups

Agreement between a given Monte Carlo prediction and data depends on the LJP region

● Quantitative comparison performed over the full LJP and subregions.

● W jets: no generator provides a fully consistent description across the entire LJP.

● Top jets: best agreement from Sherpa 2.2.10, with remaining discrepancies confined to specific regions.
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W-boson jets

ATLAS STDM-2020-31
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Top quark jets

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-31/
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𝝌𝟐 and 𝑝-values for the full LJP across 𝒕 ҧ𝒕 MC samples

Top jets

● Best overall agreement: Sherpa (~33%)

● Hard-scatter modelling: little impact (Powheg vs

aMC@NLO: ~15% vs ~14%)

● Herwig: best with v7.1, degraded in v7.2

● MEC off: strongly degrades agreement (~1%)

● Improved agreement: RTT (~20%), FSR up (~17%)
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W jets

● All models poorly describe data: p-values < 1%

● Relatively better: Sherpa and Herwig

ATLAS STDM-2020-31

ATLAS STDM-2020-31

LJP is very sensitive to radiation modelling, data disfavours some shower configurations

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-31/
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Summary

The Lund jet plane provides a powerful, differential probe of QCD radiation patterns and jet substructure in both ATLAS

and CMS measurements.

● Direct observation of the dead-cone effect in b-jets (CMS):

○ First direct observation of the dead-cone effect in b-jets.

● Jet fragmentation function & groomed substructure of b-jets (CMS):

○ New method enables precise b-jet substructure measurements.

○ Results show mass effects consistent with dead-cone suppression.

● Lund jet plane in hadronic top and W decays (ATLAS):

○ First measurement in top/W jets reveals significant discrepancies between data and MC.
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Thank you for your attention!

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-25-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-31/
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Previous measurement – Dead-cone measurements in charm (ALICE)

● 𝑝𝑝 collisions at 𝑠 = 13 𝑇𝑒𝑉, luminosity 25 𝑛𝑏−1.

● Jets tagged with a fully reconstructed D⁰ meson →

charm-initiated jets.

● Reconstruction of the showering charm quark using

iterative declustering.

● Tracking of the charm-quark branch through the

shower.

● Measuring ratio of the emission density between c

jets and inclusive jets (splittings with 𝑘𝑇
> 200 𝑀𝑒𝑉):

● Results: suppression of small-angle splittings in

charm jets → first direct experimental observation

of the dead-cone effect in QCD.

Nature 605 (2022) 440-446

Nature 605 (2022) 440-446
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Soft-Drop grooming

● Recursively declusters jets into subjets.

● Condition:

● 𝛽 = 0, 𝑧𝑐𝑢𝑡 = 0.1, 𝑘𝑇 > 1 𝐺𝑒𝑉

● Stops at first splitting satisfying the SD condition →

one selected emission per jet.

● Groomed observables:

○ Momentum balance:

○ Groomed jet radius:

𝑝𝑇,𝑖 – 𝑝𝑇 of each subjet

Δ𝑅1,2 – distance on the rapidity-azimuth plane of

the two subjets at each declustering step

𝑅 – jet clustering distance parameter (𝑅 = 0.4) 

𝑧𝑐𝑢𝑡 and 𝛽 – SD grooming parameters (tunable)

arXiv 2511.10666

arXiv 2511.10666
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Jet fragmentation function (CMS)

Fragmentation observable

● Measures how much jet momentum is carried by the b-hadron.

● Sensitive to:

○ heavy-quark fragmentation,

○ parton shower modeling,

○ hadronisation effects.

● The fragmentation distribution peaks at large 𝑧𝑏,𝑐ℎ : the B hadron

carries a substantial fraction of the jet momentum.
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Lund jet plane in hadronic decays of top quarks and W bosons (ATLAS)

LJP reconstruction

● Reclustering with Cambridge–Aachen:

○ clusters pairs of proto-jets according to angular

separation Δ𝑅,

○ at each step: higher-𝑝T proto-jet is considered the

core, lower- 𝑝T one – the emission.

● Extracting (Δ𝑅, 𝑧) from core branch at each step and

filling LJP:

● The histograms of the LJP coordinates for all emissions

are normalised using 𝑁jets (total number of jets) and the

bin widths to give the density of emissions
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LJP slices: sensitivity to parton shower modelling

LJP is very sensitive to radiation modelling, data disfavours some shower configurations

● Same hard process with different shower modelling.

● Direct probe of parton shower and hadronisation effects.

● Significant discrepancies for some configurations.

● Sensitivity varies across different LJP regions.

Top quark jets
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W-boson jets

ATLAS STDM-2020-31
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-31/
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