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Jets probe a wide range of Q2 
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Energy-energy correlators (EECs)  
What are EECs? 

Why do we study EECs?  

What do we learn from EECs? 
Six lessons from EECs→
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Energy-energy correlators 

σEEC(RL) =
1

Njet ∑
N

∫ ∑
i,j

dR′ 

L
pT,ipT,j

p2
T,jet

δ(R′ 

L − RL,ij)

ΔRL,ij = Δϕ2
ij + Δη2

ij

Energy weight
Soft contribution (MPI, UE) power 

suppressed by energy weight

σEEC

RL,34 RL,12

pT,3pT,4

p2
T,jet

1. Energy weighted two particle correlation inside jet

2. pQCD calculation available in perturbative region 

 well defined probe 

3. EEC shows different scaling as a function of RL 

Large RL early splitting perturbative regime 
Small RL late splitting non-perturbative 
regime


→

→ →
→ →

pT,1pT,2

p2
T,jet

virtuality ∼ pTRL

τ ≃ 1/(pTR2
L)

Lee, Mecaj, Moult (arXiv:2205.03414)

RL

pT

First proposed as event shape observable in 1978! 
PRL 41.1585 (1978)


pT,1

pT,2

pT,3

pT,4

RL,12
RL,34

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.41.1585
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Why do we study energy-energy correlator? 

ALI-PREL-540221
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Why do we study energy-energy correlator? 

ALI-PREL-540221

Decreasing energy scale
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Why do we study energy-energy correlator? 

ALI-PREL-540221

Decreasing energy scale

virtuality ∼ pTRL
τ ≃ 1/(pTR2
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Why do we study energy-energy correlator? 

ALI-PREL-540221

Decreasing energy scale

virtuality ∼ pTRL
τ ≃ 1/(pTR2

L)

RL

Non-perturbative regime

Perturbative regime 

Increasing time
Data agrees free hadron 

scaling

1
Clear	separa)on	of	perturba)ve	
and	non-perba)ve	regime!

C
on

fin
em

en
t

Data in good agreement 
with pQCD calculation
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Energy-energy correlators (E2C) at LHC and RHIC

STAR at RHIC also measured EEC for jets in pp collisions. 

Similar trend: Separation of perturbative & non-perturbative regimes.

Data at large RL well-described by pQCD calculations.


pp, s = 200 GeV
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 (13 TeV)-136.3 fbCMS Preliminary

Energy-energy correlators (E2C) at LHC and RHIC

STAR at RHIC also measured EEC for jets in pp collisions. 

Similar trend: Separation of perturbative & non-perturbative regimes.

Data at large RL well-described by pQCD calculations.


CMS at the LHC measured EECs at higher jet pT and higher .
s

pp, s = 200 GeV



18

What do we learn about hadronization? 

ALI-PREL-540177 ALI-PREL-540181ALI-PREL-540173

Data compared to 
PYTHIA 8 and 
HERWIG 7 MC 
generators


PYTHIA 8 uses 
Lund string model 
for hadronization

 
HERWIG 7 uses 
cluster model for 
hadronization 
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What do we learn about hadronization? 

ALI-PREL-540177 ALI-PREL-540181ALI-PREL-540173

2

Data compared to 
PYTHIA 8 and 
HERWIG 7 MC 
generators


PYTHIA 8 uses 
Lund string model 
for hadronization

 
HERWIG 7 uses 
cluster model for 
hadronization 

Both PYTHIA and HERWIG describe the data within 20%  
HERWIG better predicts the peak RL position over PYTHIA
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Universal transition behavior

ALI-PREL-540213
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Universal transition behavior

ALI-PREL-540213

Scaling angle RL by jet pT 
and normalizing the y-scale.
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Universal transition behavior

ALI-PREL-540213 ALI-PREL-540185

C
on

fin
em
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t

Scaling angle RL by jet pT 
and normalizing the y-scale.
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Universal transition behavior

ALI-PREL-540213 ALI-PREL-540185

3

C
on

fin
em

en
t

Scaling angle RL by jet pT 
and normalizing the y-scale.

EECs distribution in different jet pT aligns around 2.4 GeV/c  
 Universal scaling behavior !→

ΛQCD ∼ pT,jetRL
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Higher point energy correlator: EEEC (E3C)/EEC (E2C)
 

https://cds.cern.ch/record/2866560
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Higher point energy correlator: EEEC (E3C)/EEC (E2C)

ALI-PREL-558363

Free hadron scaling 
region: Flat

Perturbative region: 
slope sensitive to 𝜶s

 

https://cds.cern.ch/record/2866560


26

Higher point energy correlator: EEEC (E3C)/EEC (E2C)

ALI-PREL-558363
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arXiv:	2307.07510	

https://cds.cern.ch/record/2866560


200 400 600 800 1000 1200 1400 1600
 (GeV) j

T
p

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Sl
op

e 
of

 E
3C

/E
2C

Data

 (13 TeV)-136.3 fbCMS Preliminary

Slope = Height / Base

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

Data

Theory NNLL

RΔ

R
Δ

/d
[2

]
σd

R
Δ

/d
[3

]
σd

97to220 220to330 330to468 468to638 638to846 846to1101 1101to1410 1410to1784

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

Data

Theory NNLL

RΔ

R
Δ

/d
[2

]
σd

R
Δ

/d
[3

]
σd

97to220 220to330 330to468 468to638 638to846 846to1101 1101to1410 1410to1784

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1−10
0.97
0.98
0.99

1
1.01
1.02
1.03

Data

Theory NNLL

RΔ

R
Δ

/d
[2

]
σd

R
Δ

/d
[3

]
σd

97to220 220to330 330to468 468to638 638to846 846to1101 1101to1410 1410to1784

Base

H
ei

gh
t

200
400

600
800

1000
1200

1400
1600

JetPT (G
eV)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Slope of E3C/E2C

D
ATA

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

1− 10
0.97
0.98
0.99

1
1.01
1.02
1.03

Data

Theory NNLL

RΔ

R
Δ
/d

[2
]

σd

R
Δ
/d

[3
]

σd

97to220220to330330to468468to638638to846846to11011101to14101410to1784

−0.7−1200 400 600 800 1000 1200 1400 1600
)Lxlog(

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Sl
op

e 
of

 E
3C

/E
2C

DATA

 (13 TeV)-136.3 fbCMS Preliminary

27

Higher point energy correlator: EEEC (E3C)/EEC (E2C)
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Free hadron scaling 
region: Flat
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slope sensitive to 𝜶s

pjet
T ↑ Q ↑

slope ↓ αs(Q) ↓

CMS-PAS-SMP-22-015

arXiv:	2307.07510	
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Free hadron scaling 
region: Flat

Perturbative region: 
slope sensitive to 𝜶s

Highest	precision	constraint	
on	𝜶s	using	jet	substructure!	

slope ↓ αs(Q) ↓

CMS-PAS-SMP-22-015

arXiv:	2307.07510	
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 Gluon-initiated shower  Quark-initiated shower

Flavor dependence in the QCD shower

CA

CF
=

9
4

Casimir color factors 

Gluon-initiated showers are expected 
to have a broader and softer 

fragmentation profile than quark-
initiated showers
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 Gluon-initiated shower  Quark-initiated shower

Flavor dependence in the QCD shower

CA

CF
=

9
4

Casimir color factors 

Gluon-initiated showers are expected 
to have a broader and softer 

fragmentation profile than quark-
initiated showers

Mass effects 

A harder fragmentation is expected in low 
energy heavy-quark initiated showers due to 

the presence of a dead cone 

 Heavy-quark-initiated shower



arXiv: 2210.09311

Heavy-flavor jet EECs
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Small angle correlation suppressed for 
heavy-quark initiated jet  
(beauty < charm < light)

Transition region shifted to larger RL due 
to mass

Heavy-flavor jet EECs
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arXiv: 2210.09311

Small angle correlation suppressed for 
heavy-quark initiated jet  
(beauty < charm < light)

Transition region shifted to larger RL due 
to mass

Unique opportunities with ALICE due to 
the excellent PID + vertexing 

Heavy-flavor jet EECs
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Small angle correlation suppressed for 
heavy-quark initiated jet  
(beauty < charm < light)

Transition region shifted to larger RL due 
to mass K−
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Unique opportunities with ALICE due to 
the excellent PID + vertexing 

Heavy-flavor jet EECs
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Heavy-flavor jet EECs

arXiv: 2210.09311

Small angle correlation suppressed for 
heavy-quark initiated jet  
(beauty < charm < light)

Transition region shifted to larger RL due 
to mass
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Comparison of 
Inclusive jet (gluon 
dominated) and HF 
jet at very low jet 
pT.

 
aiming for Hard 
Probes 2024! 
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Exploring quark-gluon plasma with EECs

36



Exploring quark-gluon plasma with EECs

Path length 
 L
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Exploring quark-gluon plasma with EECs

Path length 
 L

Partons traversing through QGP:  
How does parton loses energy? 
How does energy redistribution happen?  
Role of parton color charge and mass? 
What’s the path-length dependence? 
… 

Then find out about QGP: medium 
properties, transport coefficient … 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Exploring quark-gluon plasma with EECs

Increasing time

Decreasing θ

Path length 
 L

39



Exploring quark-gluon plasma with EECs

QGP introduces new scale:   
Splitting time:  

 



θL

τ ∼ 1/pTθ2

θ ∼ 1/ LIncreasing time

Decreasing θ

Path length 
 L
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Exploring quark-gluon plasma with EECs

QGP introduces new scale:   
Splitting time:  
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Exploring quark-gluon plasma with EECs

QGP introduces new scale:   
Splitting time:  

 



θL

τ ∼ 1/pTθ2

θ ∼ 1/ LIncreasing time

Decreasing θ

Path length 
 L

Medium 

induced radiation 
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Exploring quark-gluon plasma with EECs

QGP introduces new scale:   
Splitting time:  

 



θL

τ ∼ 1/pTθ2

θ ∼ 1/ LIncreasing time

Decreasing θ

Path length 
 L

QGP signal cleanly 
imprinted in EECs!

6

Medium 

induced radiation 
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Exploring quark-gluon plasma with EECs

Impact of medium on jet: 
Jet modified by the medium

Bullet
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Exploring quark-gluon plasma with EECs

Impact of medium on jet: 
Jet modified by the medium

Impact of jet on medium: 
Hydrodynamic wake

Bullet

Jet
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Different predictions for EECs in heavy-ion

Andres,	Holguin,	
Moult,	et	al	

arXiv:	2312,	12527	(2023)	

CoLBT:	Transport	model	with	effect	of	medium	“wake”	

PRL	132,	011901	(2024)	46

https://arxiv.org/abs/2312.12527
https://arxiv.org/pdf/2310.01500
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Different predictions for EECs in heavy-ion

Andres,	Holguin,	
Moult,	et	al	

arXiv:	2312,	12527	(2023)	

CoLBT:	Transport	model	with	effect	of	medium	“wake”	

PRL	132,	011901	(2024)	

PbPb	results	coming	soon!	Real	data	confronts	models	
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Summary 

We have entered an exciting era in studying QCD with energy-energy 
correlators.

1. Showed clear separation of perturbative and non-perturbative regime.

2. Data showed reasonable agreement with MC. HERWIG better predicts the 

peak RL of the distribution over PYTHIA.

3. Universal transition behavior: EEC distribution in different jet pT intervals 

aligns around 2.4 GeV/c when angle RL scaled by jet pT

4. Highest precision constraint on 𝜶s using jet substructure.

5. EEC amplitude and peak position depend on the flavor of the parton 

initiating the shower.

6. In heavy-ion collisions, EECs help to understand the QGP and put 

constraints on jet quenching predictions. 
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Heavy quark production in pp collisions 


