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1. EECs probes jet dynamics from perturbative (large RL) to 
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QCD emissions in parton showers are angular ordered

➡Early splittings (perturbative) wider RL

➡ Late splittings (non-perturbative) narrower RL
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EEC(RL) =
1

Njet

X

i,j

Z
dR0

L�(RL �R0
L)

pT,ipT,j

p2T,jet

<latexit sha1_base64="xRbHIva1PxRsAhM/3FlTfe/x5Fg="></latexit>

Derived from QFT and precise 
theoretical calculations
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8ALICE: towards low jet pT
ALICE Collaboration
https://arxiv.org/abs/2409.12687 

• Scaling EEC with pT,jet x RL
• Absolute normalization! ln(pT)/(pT) x EEC
• Parton-hadron transition at 2.39 GeV/c/<pT

jet> 
• Clear linear EEC (RL) at small RL – “free” hadron region 
• pQCD [test at low pT] – pQCD/Data ~20% or better
• Baseline for measurements in Pb-Pb

See also CMS measurements in pp at 5 TeV (jets 120 < pT <200 GeV/c)
arXiv:2503.19993 (discussed later within AA context)

Mateusz Ploskon @ LHCP 2025

“late”
(dominating small angles)

“early”
(dominating 
large angles)
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ALICE arXiv:2409.12687 • Scaling ΣEEC with pT,jetRL ⇒ Proportional to virtuality


• Small RL: Clear linear scaling ⇒ “free” hadron region


• Large RL: Well described by pQCD ⇒ max. dev. ~20%


• Peaks are aligned at pT,jetRL ≈ 2.4 GeV/c

➡ Implies a common energy scale for parton–hadron 

transition

Phys. Rev. D111 (2025) L011502
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PYTHIA Monash: pT-ordered parton shower + Lund string hadronizaiton

HERWIG: angular-ordered parton shower + cluster hadronization
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PYTHIA Monash: pT-ordered parton shower + Lund string hadronizaiton

HERWIG: angular-ordered parton shower + cluster hadronization

Mainly driven by 
unlike-sign pairs
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Testing model sensitivity
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PYTHIA Monash: pT-ordered parton shower + Lund string hadronizaiton

PYTHIA Vincia: color-connected dipole emitter

Manifests more in 
like-sign pairs
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Sherpa Lund (string breaking) and AHADIC (cluster hadronization)

➡ Isolate hadronization effect

➡Difference primarily at low-RL


➡Data has preference for string-breaking

9

ALI-PREL-600001

Testing fragmentation/hadronization models
Charge dependent EEC’s
keep track of particles’ electric charge

cluster 
hadronization

Overall reasonable agreement of MC with data
LHC data slightly favors models with string-breaking/Lund
Clear imprint of charge ordering (unlike sign) in EEC’s (not surprising)
Like-sign EEC’s – sensitivity to leading parton charge (?)
Charge (Q) weighted EEC’s magnify model-data tensions

See also
STAR Collaboration 

(pp@200GeV/c)
arXiv:2502.15925

T. Hwang
QM 2005

String breaking (Lund)

Mateusz Ploskon @ LHCP 2025
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Njet

X

i,j2jet

Z
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pTipTj

p2T,jet

Charged weighted EEC is overall sensitive to models
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ALI-PREL-557422 Ananya Rai, Yale University                                                                    Hard Probes 2024 6

QCD evolution from right (perturbative 
partons) to left (non-perturbative, free 
streaming hadrons), with peak region 
representing confinement transition 

Curve shifts left with increasing jet  – 
elongating the perturbative regime  

 — anomalous dimension of EEC 
operator - quantum correction!

Powers of the slope: 
“Scaling behavior”  

pT

δ2

Non-perturbative Perturbative

Results: EEC
pp s = 13 TeV

Confinement

Slope ~ 1/R1−γ2
L
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ALI-PREL-558358

Ananya Rai, Yale University                                                                    Hard Probes 2024 7

 

Similar behavior as the 
EEC  

 is the anomalous  
dimension of E3C 
operator!

δ3

Preserve the overall  
“size” of the correlation  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Results: E3C
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QCD evolution from right (perturbative 
partons) to left (non-perturbative, free 
streaming hadrons), with peak region 
representing confinement transition 

Curve shifts left with increasing jet  – 
elongating the perturbative regime  

 — anomalous dimension of EEC 
operator - quantum correction!

Powers of the slope: 
“Scaling behavior”  

pT

δ2

Non-perturbative Perturbative

Results: EEC
pp s = 13 TeV

Confinement

Slope ~ 1/R1−γ2
L
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Similar behavior as the 
EEC  

 is the anomalous  
dimension of E3C 
operator!

δ3

Preserve the overall  
“size” of the correlation  
by keeping information  
about largest angle

Non-perturbative Perturbative
Confinement

Results: E3C
pp s = 13 TeV

Slope ~ 1/R1−γ3
L

Large-RL slope: probe the quantum corrections

➡Αnomalous dimensions of EEC (γ2) and E3C (γ3) operators


➡EEC/E3C  ∝ Rγ3−γ2
L ∝ αs ln RT Phys. Rev. D102 (2020) 054012
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0.100: 97-220 GeV jet
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: 330-468 GeV jet
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: 638-846 GeV jet
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: 1101-1410 GeV jet
T
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6
s via jet E3C/E2C ratio

CMS Collaboration
arXiv:2402.13864
Phys. Rev. Lett. 133 (2024) 071903

Most precise determination of QCD coupling constant from jet substructure measurements

Leveraging scaling properties of EEC’s => slope of E3C/E2C => extraction of s
Slope in perturbative regime and  => E3C/E2C slope    

Mateusz Ploskon @ LHCP 2025

change in 
E3C/E2C slope with pT,jet 
 running s=s(Q)

(xL=RL)

Determination of αs

21

Large-RL slope: probe the quantum corrections

➡Αnomalous dimensions of EEC (γ2) and E3C (γ3) operators


➡EEC/E3C  ∝ Rγ3−γ2
L ∝ αs ln RT Phys. Rev. D102 (2020) 054012

CMS Phys. Rev. Lett. 133 (2024) 071903



ALICE: Towards lower jet pT
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Run 3 data

• Charged particle jets down to pT,jet = 20 GeV/c 
➡Small RL: identical slope for all pT,jet intervals 
➡Map to αs: access non-perturbative correlations


• Ongoing: map charged to full jets to set energy scale

➡Track functions, model dependent mapping…
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EEC in heavy-ion collisions
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Phys. Rev. Lett. 130 (2023) 262301

Sensitive to the onset of color coherence
A non-exhaustive list of theoretical activities…

Onset Peak

Quark Matter 2025Ananya Rai, Yale University 4

Energy Correlators in Heavy Ion Collisions
Motivation

Large angle enhancement due to 
medium response 

Many more papers!

Sensitivity to the onset of  
color coherence

PRL.132.011901 PRL.130.262301

Decoherence
Coherence

E ~ ̂qL2



EEC in heavy-ion collisions
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Phys. Rev. Lett. 130 (2023) 262301

Sensitive to the onset of color coherence
A non-exhaustive list of theoretical activities…

Phys. Rev. Lett. 132 (2024) 1

Large angle enhancement 
due to medium response

Onset Peak



EEC in Pb–Pb collisions

25

ALI-PREL-604198 ALI-PREL-604179 ALI-PREL-604174ALI-PREL-604217
Increasing jet pT

Onset of suppression seems to shift to smaller angles at higher jet pT (?)
See also CMS arXiv:2503.19993



EEC in Pb–Pb collisions
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ALI-PREL-604436ALI-PREL-604453 ALI-PREL-604431 ALI-PREL-604242
Increasing jet pT

• No significant difference between w and w/o wake, slightly favor elastic scattering?

• JEWEL consistently overestimates the low-RL enhancement

• CoLBT does well at low-RL but doesn’t capture large-RL suppression



Next: higher order correlators
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Energy Correlators in Heavy Ion Collisions
Motivation

Extension to  
higher point correlators! 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JHEP12(2024)073 arXiv:2503.13603

Wake effects in  
EEEC

Ratios uniquely sensitive 
to energy flow 

Analytic calculations of higher point correlators 

JHEP 2412 (2024) 073

arXiv:2503.13603

Higher order correlators


• Imaging the wakes of jets with E3C


• Uniquely sensitive to energy flow

A non-exhaustive list of theoretical activities…



EEC in p–Pb collisions

28

ALI-PREL-581947

• Significant difference between EEC in p–Pb w. r. t. pp at the lowest jet pT


• Comparing to PYTHIA with an nPDF turned on, and PYTHIA Angantyr

➡Neither captures behavior at large RL



EEC in p–Pb collisions
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ALI-PREL-582400ALI-PREL-581947

• Significant difference between EEC in p–Pb w. r. t. pp at the lowest jet pT


• Comparing to PYTHIA with an nPDF turned on, and PYTHIA Angantyr

➡Neither captures behavior at large RL



EEC in p–Pb collisions
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ALI-PREL-581947

• Significant difference between EEC in p–Pb w. r. t. pp at the lowest jet pT


• Varies mechanisms reproduce data

➡Multi-scatterings in CNM, kT-broadening, twist-4 OPE correlations

J. Barata et al., Phys.Rev. Lett. 134 (2025) 25

C. Andres et al., arXiv:2411.15298



EEC in p–Pb collisions
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ALI-PREL-581947

• Significant difference between EEC in p–Pb w. r. t. pp at the lowest jet pT


• A dramatic shift in the EECs due to jet constituent multiplicity

➡ Largely reproduce data by shifting 12% of jets to higher multiplicities
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The EEC depends on jet 
constituent multiplicity.
- Separate EECs based on the # of jet 

constituents (charged hadrons)
- inclusive EEC from PYTHIA 
- EEC from jets with 2-6 tracks
- EEC from jets with 7-10 tracks
- EEC from jets with 11+ tracks

- We see a dramatic shift in the EECs 
due to jet constituent multiplicity 

- If we redistribute 12% of jets to 
higher multiplicities, we can largely 
reproduce the measured p-Pb EEC 
modification

28



Dead-cone of charm radiations

32

One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect

• Direct observation for charm 
quarks in pp — QCD vacuum

ALICE Nature 605 (2022) 440
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Dead-cone in QCD medium
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One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect

• Direct observation for charm 
quarks in pp — QCD vacuum

ALICE Nature 605 (2022) 440

• In the QCD medium: the 
medium-induced radiations 
fill the dead-cone

➡Dead-cone resulted 

depletion becomes gentle 

Phys. Rev. D110 (2024) L031503

?



One more thing…
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PYTHIA, lots of PYTHIA in this one…

Gluons only – jets of 100 GeV – anti-kT R=0.4 – C/A re/declustering

arXiv:2210.09311

ALICE arXiv:2504.03431
M. Ploskon

Can ENC + Lund plan image the dead-cone in QCD medium?

➡First observation in vacuum: ALICE Nature 605 (2022) 440
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N-point energy correlators in jets
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 8 Apr. 2025Preeti Dhankher

 Elucidating QCD using charm jet substructure with ALICE  30 Aug. 2024Preeti Dhankher 118
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Soft contribution (hadronization, UE) power 
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QCD emissions in parton showers are angular ordered.

early splittings (perturbative) wider (RL,12) 

late splittings (non-perturbative)  narrower (RL,34)

𝓞
𝓞

1. EECs probes jet dynamics from perturbative (large RL) to 
non-perturbative scales (small RL).


2. Energy-weighted two-particle-correlation inside jet

3. Derived from QFT & IRC safe observable  precise 

theoretical calculations
𝓞

Energy-energy correlator: separate evolution scales 

∼EEC(RL) = 1
Njet ∑

Njet
∫ ∑

i,j
dR− 

L
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p2
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θ(R− 

L Δ RL,ij)

10/16

Phys. Rev. Lett. 130 (2023) 051901
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Higher order correlators
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Phys. Rev. Lett. 130 (2023) 051901

ENC/EEC ratio


• Cancel the leading non-perturbative contribution and 
isolate a clean perturbative scaling


• Higher oder — larger quark–gluon discrimination power

E3C/EEC E6C/EEC



Universal scaling
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ALI-PREL-579739 ALI-PREL-604262


