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What I hope to do
• Why are we as a community interested in these quantities - JSS and EECs

• What have we learned so far about QCD and about QGP (quantitatively)

• What are we currently measuring and how can we push the envelope? 

3

What I will not do
• Definition and details of all substructure observables 

• Exhaustive summary of all measurements (new and old) on this topic (sorry)

• One specific path for the future - there are many and we need them all!
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Introducing our 
observables

4

Vacuum pQCD 
to npQCD

Looking ahead/
whats next?

QGP properties 
and q/g 
evolution

( x , t)



RKE @ HP 2024 - Jet SS and EEC

Types of jet substructure observables
5

A useful way to tag jet populations  

Combinations of particles/tracks/
towers 4-momenta

Exploiting the clustering 
information in addition to 

measured 4-momenta
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Jet Mass, angularities,  
Energy-Energy Correlators


Charge correlator 


Charge-Balance function 

6

Groomed observables


Multi-fold correlations  
of splittings


Lund Planes
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Introducing our 
observables

7

Vacuum pQCD 
to npQCD

Looking ahead/
whats next?

QGP properties 
and q/g 
evolution

( x , t)
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Differential studies of the Dead Cone!

• High statistics allows to study  
spitting functions 

c → c + g

8

• Mass dependence with b-jets tagged with  
b-hadrons (potential flavor dependence?)

See talk by Jochen Klein 

See talk by Lida Kalipoliti  

https://indico.cern.ch/event/1339555/contributions/6040883/attachments/2934146/5153284/2024-09-25_HP_HF-Jet-Fragmentation_jkl.pdf
https://indico.cern.ch/event/1339555/contributions/6040771/#preview:5153268
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Energy-Energy Correlators
9

0.001 0.01 0.1 1

DGLAP style  
ordered parton  
shower  

• Energy weighted pairwise 
distance of particles within 
your jet (or the event!) 

Δr, ΔR, RL

Hofman, Maldacena JHEP 0805 (2008) 012 
Dixon, Moult, Zhu PRD 100, 014009 (2019) 

Andres, Holguin et. al PRL. 130, 26, 262301 (2023) 
Andres, Holguin et. al JHEP 09 (2023) 088 

Can be used for 
a precise extraction 
of  - see backupαs
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Energy-Energy Correlators
10

Δr, ΔR, RL

0.001 0.01 0.1 1

• Energy weighted pairwise 
distance of particles within 
your jet (or the event!) 

Random particle  
distribution within  
a jet cone 

Free-hadron
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Energy-Energy Correlators
11

0.001 0.01 0.1 1

• Energy weighted pairwise 
distance of particles within 
your jet (or the event!) 


• Potential separation of scales - 
crucial for physics of multi-
scale processes!

Realistic jet!

Δr, ΔR, RL
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Energy-Energy Correlators
12

0.001 0.01 0.1 1

• Energy weighted pairwise 
distance of particles within 
your jet (or the event!) 


• Indication of the initial hard 
scattering scale!  

  RL,peak ∝
ΛQCD

pT,jet

Increasing jet hard scale

Δr, ΔR, RL
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Energy-Energy Correlators
13

⟨pT⟩Δr, ΔR, RL

0.1 1 10 100

• Energy weighted pairwise 
distance of particles within 
your jet (or the event!) 


• Indication of the initial hard 
scattering scale! 

Universality of  
the transition region!
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General structure of 2-point 
correlators within jets!

14

See talks by Andrew Tamis, 
Anjali Nambrath, Ananya Rai 

and Jussi Viinikainen

e+e-
See talk by Janice Chen

Compiled by Andrew Tamis,  
Showed by Helen Caines at QM 2023

ALEPH, ALICE, STAR, CMS, 2-point 
correlators: O(10) - O(1000) GeV

Emerging  
  

differences! 
q/g

https://indico.cern.ch/event/1339555/contributions/6040791/attachments/2933173/5151424/Tamis_HardProbes_2024_v6.pdf
https://indico.cern.ch/event/1339555/contributions/6040810/attachments/2932582/5150292/HP24_ALICE_EECs.pdf
https://indico.cern.ch/event/1339555/contributions/6040781/attachments/2933199/5151431/ARai_HP24.pdf
https://indico.cern.ch/event/1339555/contributions/6040817/attachments/2932677/5150446/jussi_energyEnergyCorrelators_hardProbes2024.pdf
https://indico.cern.ch/event/1339555/contributions/6040770/attachments/2933196/5151428/First%20measurement%20of%20the%20energy-energy%20correlator%20in%20the%20back-to-back%20limit%20using%20archived%20ALEPH%20e+e-%20data%20at%2091.2%20GeV_v2.pdf
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Introducing our 
observables

15

Vacuum pQCD 
to npQCD

Looking ahead/
whats next?

QGP properties 
and q/g  
evolution

( x , t)



RKE @ HP 2024 - Jet SS and EEC

Compilation by Alba Soto

• Can we use jet substructure 
observables to study *how* jets lose 
energy? 


• How can we experimentally ask this 
question? 

16
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Does energy loss depend on angle/scale?

See talks by Anne Sickles and Martin Rybar 

Narrow jets

wide jets

https://indico.cern.ch/event/1339555/contributions/6040769/attachments/2932240/5149634/sickles_092324.pdf
https://indico.cern.ch/event/1339555/contributions/6040792/attachments/2932263/5149672/HP2024_Rybar.pdf
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Does energy loss depend on angle/scale?

Lets compare both vacuum and quenched 
spectral shape to quantify similarity in energy loss 

See talks by Anne Sickles and Martin Rybar 

https://indico.cern.ch/event/1339555/contributions/6040769/attachments/2932240/5149634/sickles_092324.pdf
https://indico.cern.ch/event/1339555/contributions/6040792/attachments/2932263/5149672/HP2024_Rybar.pdf


RKE @ HP 2024 - Jet SS and EEC

19

Jet pT

dσ
dpT

pp

• Lets say we start with some jet 
spectra - 

What is the selection bias?
For inclusive jets…
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Jet pT

dσ
dpT

Rg, θ, ⋯

1/Nj

pp

• Larger the boost (jet pT) -  
                          smaller the angle!

What is the selection bias?
For inclusive jets…
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Jet pT

dσ
dpT

Rg

pp

pp
AA

Jet pT

• Energy loss/suppression is 
some shift in the spectra 
to the left/down 

What is the selection bias?
For inclusive jets…

Assume energy loss 
not dependent on 
opening angle!

1/Nj
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Jet pT

dσ
dpT

Rg

pp

pp
AA

Jet pT

What is the selection bias?
For inclusive jets…

1/Nj
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Choosing a fixed jet pT results in  
your substructure obvs showing modification

Jet pT

dσ
dpT

Rg

pp

pp
AA

Rg

AA
pp

1

0

Jet pT

What is the selection bias?
For inclusive jets…

1/Nj
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Choosing a fixed jet pT results in  
your substructure obvs showing modification

Jet pT

dσ
dpT

Rg

pp

pp
AA

Rg

RAA

0.4

0

Jet pT

What is the selection bias?
For inclusive jets…

1/Nj
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Jet pT

dσ
dpT

Rg

pp

pp
AA

Jet pT

One additional bias 
For inclusive jets…

Jets that survive/escape  
energy loss and end up  
in your selection region!  

Rg

Beware the survivors!

Nj

1/Nj
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Energy loss and narrowing

• We now have evidence of PbPb 
jets starting at higher virtuality

26

See talk by Jussi Viinikainen

See talk by Bas Hofman

• Exploring systematic methods to reduce 
such biases with differential measurements!

CMS-HIN-23-004

https://indico.cern.ch/event/1339555/contributions/6040817/attachments/2932677/5150446/jussi_energyEnergyCorrelators_hardProbes2024.pdf
https://indico.cern.ch/event/1339555/contributions/6040813/attachments/2932139/5149654/Hard%20Probes%202024.pdf
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Introducing our 
observables

27

Vacuum pQCD 
to npQCD

Looking ahead/
whats next?

QGP properties 
and q/g 
evolution

( x , t)
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Exploiting substructure to probe hadronization
28

See talk by Youqi Song See talk by Nuno Olavo

See talk by Andrew Tamis 

Transition region!
• Substructure observables show clear sensitivity to charge separation and 

string breaking within vacuum jets!

Huge deviation  
from MC

https://indico.cern.ch/event/1339555/contributions/6041014/attachments/2934142/5153305/hp_092524_v5.pdf
https://indico.cern.ch/event/1339555/contributions/6040833/attachments/2933814/5152666/Probing%20Hadronization%20Through%20Jet%20Substructure%20Analysis.pdf
https://indico.cern.ch/event/1339555/contributions/6040791/attachments/2933173/5151424/Tamis_HardProbes_2024_v6.pdf
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Modifications of EECs 29

• No energy loss with 
modification at large RL

See talk by Anjali Nambrath

• Enhancement in PbPb goes away with track  GeV or   
potential disentangling of medium response/recoils, wake, 
elastic 2-2 scatterings and coherence-decoherence transition

pT > 2 E2E2

See talk by Jussi Viinikainen

CMS-HIN-23-004

https://indico.cern.ch/event/1339555/contributions/6040810/attachments/2932582/5150292/HP24_ALICE_EECs.pdf
https://indico.cern.ch/event/1339555/contributions/6040817/attachments/2932677/5150446/jussi_energyEnergyCorrelators_hardProbes2024.pdf
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Studying the impact of 
flavor within the EECs

Making use of inclusive jets!3-point EEE-Corr

Bossi et. al. 2407.13818 

E=50 GeV

E=100 GeV

E=200 GeV

E=300 GeV

E=500 GeV

-2.5 -2.0 -1.5 -1.0 -0.5

-0.2

0.0

0.2

0.4

0.6

Log[θ]

EECmed(cc)/EECvac(cc)-1

See talk by Jasmine Brewer

See talk by 
 Carlota Andres

See talk by Anjali Nambrath
Identify signature of the wake in jets

g → cc̄

https://indico.cern.ch/event/1339555/contributions/6040800/attachments/2934135/5153281/JasmineBrewer-HP24.pdf
https://indico.cern.ch/event/1339555/contributions/6040806/attachments/2933172/5151382/andresc_HP2024.pdf
https://indico.cern.ch/event/1339555/contributions/6040810/attachments/2932582/5150292/HP24_ALICE_EECs.pdf
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• The era of precision jet 

substructure is on its way


• Tools available that allow us to 
separate scale dependent physics 
for example - pQCD vs npQCD 


• Experimental tomography is here!

• Interactions with the QGP are 
imprinted at varying scales and they 
are measurable now!


• Calculating EECs are a hard but 
necessary task for understanding 
QGP properties
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What did we learn in vacuum?

• We directly ‘saw’ the 
suppression of radiation 
contained within an angle 
- Dead cone effect!

32

ALICE, Nature 605 (2022)

• Splittings tagged within a 
jet including an identified 
heavy flavor hadron! 
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Precise extraction of αs

33

The Strong Coupling

M. Swiatlowski (TRIUMF) August 4, 2023

EECs for … in practice�s

33

Chengfeng 

Huge amount of effort! %

Now need to scrutinize 
and understand… #

(Overlay from MLB)

• Proof of principle ↵s can be extracted from jet substructure in
complicated hadron collider environment: 4% accuracy.

• Jet substructure is now a precision science!
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Uncertainty ~ 4%, most precise from 
jet-substructure measurement to date


Benefit from:  

Ratio: most uncertainties cancel out 
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 also shown to be running in the Lund plane!αs

The Strong Coupling

M. Swiatlowski (TRIUMF) August 4, 2023

EECs for … in practice�s
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Chengfeng 

Huge amount of effort! %

Now need to scrutinize 
and understand… #

(Overlay from MLB)

• Proof of principle ↵s can be extracted from jet substructure in
complicated hadron collider environment: 4% accuracy.

• Jet substructure is now a precision science!
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Uncertainty ~ 4%, most precise from 
jet-substructure measurement to date
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See talk by Ananya Rai

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

Ratio of 3-point to 2-point correlators

https://indico.cern.ch/event/1339555/contributions/6040781/attachments/2933199/5151431/ARai_HP24.pdf

