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ALI-PUB-580891
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Active area of research  

Recent results from ALEPH, ALICE, CMS,  
STAR — wide energy range! 

Extension to QCD matter in experiment! 

Energy Correlators in Jets
Motivation

See talk by A. Nambrath! 
See poster by P. Dhanker! 
See poster by B. Liangman!

arXiv:2409.12687

https://arxiv.org/abs/arXiv:2409.12687
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Project along  RLpi2
T

pi1
T

pi3
T

Energy Correlators in Jets
Definition and construction
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ENC(RL) =
iN

∑
i1,i2..ik

∫dRLδ(RL − ΔR̂L) ⋅
1

(pT,jet)N
⋅ (pi1

T pi2
T . . piN

T )

Largest distance between N particles

Number of particles in the correlation 

E3C: Projected 3-point correlator 

Step 1. Find a jet
Step 2. Create triplets from jet constituents
Step 3. Find the largest distance between     
            any pair in the triplet
Step 4. Fill an energy-weighted histogram

Track pT
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The ALICE Detector
Constructing jets  

4

9/10/24, 1:06 PM The-ALICE-detector-system-at-the-LHC.ppm (850×607)

https://www.researchgate.net/publication/329798781/figure/fig1/AS:705759830614018@1545277664787/The-ALICE-detector-system-at-the-LHC.ppm 1/1

This analysis: Run 2 data at , Charged-particle,  
anti-  jets, R = 0.4, 0.5,  > 1 GeV/c to build  
correlators 

s = 13 TeV
kT |ηjet | < ptrack

T

Inner Tracking System

Time Projection Chamber

ALICE tracking detectors offer great angular resolution 
(~ 1mrad for  GeV/c) ptrack

T = 1

20 - 40 GeV/c

40 - 60 GeV/c

60 - 80 GeV/c

kT
pTpT

Charged-particle jet  binspT
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QFT Detour: Anomalous dimensions
What they are and why they matter 

5

Probes quantum  
mechanical corrections!  
Measuring and extracting 
these is a great way to probe  
QCD dynamics

In the case of energy correlators, extracting these 
probes the strong coupling constant,  ! αS

QFT operators have a scaling/mass  
dimension . E.g., in 3+1D, scalar field   
has  = 1, fermion field  has  = 3/2

Quantum mechanical effects        
gets shifted by “anomalous dimensions”, 

:       
                  

Δ𝒪 ϕ
Δϕ ψ Δψ

Δ𝒪

γ𝒪
Δ𝒪 = Δ𝒪 + γ𝒪
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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

γ2

Non-perturbative Perturbative

Results: EEC
pp s = 13 TeV

Confinement
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Similar behavior as the 
EEC  

 is the anomalous  
dimension of E3C 
operator!

γ3

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

Non-perturbative Perturbative
Confinement

Results: E3C
pp s = 13 TeV
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∝ αSln(RL)

Slope in non-perturbative 
regime is the same for all 
jet  bins.pT

Slope in perturbative  
regime ~ Rγ3−γ2

L
 

 Slope  

Change in slope with jet 
 — indicative of 

running of coupling

pQCD prediction:  
 

Reproduced in data! 

γ3 − γ2 ∝ αs
⟹ ∝ αs

pT

γN+1 > γN

Trivial correlation low  
regime comes from free  
streaming hadrons 

RL

Results: E3C/EEC
pp s = 13 TeV

https://pdf.sciencedirectassets.com/271560/1-s2.0-S0550321300X0805X/1-s2.0-0550321373901442/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240911T201604Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY266ST2SK/20240911/us-east-1/s3/aws4_request&X-Amz-Signature=6fac3aa12b8833c5d4bdb23b48cf5a7998a87a5a523c514ad1fc7eb4a4137975&hash=1fd76b1c60c0c1b3df0ff3304c3a447c7bb624211cb6ac2baa7e280db350ab52&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0550321373901442&tid=spdf-6a5c636b-4057-48f7-8fcd-92f79c307a11&sid=919f44e78b26c64ef25b541387018a2bab74gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=0f165f0257035651555658&rr=8c1a55587f54c420&cc=us
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 extraction at ALICE : E3C/EEC RatioαS

9

pp s = 13 TeV

∝ αSln(RL)
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 extraction at ALICE : E3C/EEC RatioαS

9

pp s = 13 TeV

Trends between theory and data agree
Current work: extract  and map to  γ αS

∝ αSln(RL)

Slope in perturbative  
regime ~ Rγ3−γ2

L

Cause uncertainty in mapping  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Do’s and dont’s
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Do’s and dont’s

To extract  precisely using 
E3C/EEC, we need to account 
for jet energy scale differences

αS

Trivial scaling does not work  
— as expected
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Do’s and dont’s

To extract  precisely using 
E3C/EEC, we need to account 
for jet energy scale differences

αS

Track functions — one avenue for 
creating a mapping!
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 extraction at ALICE : E3C/EEC RatioαS

11

Motivation 

∝ αSln(RL)

arXiv:2402.13864

4% precision! Map to  — access non-perturbative 
corrections at our energy scales!

αS

ALICE 
jet energy range

arXiv:2405.19396

https://arxiv.org/pdf/2402.13864
https://arxiv.org/pdf/2405.19396
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Preliminary results used bin-by-bin  
correction method (possible due to 
excellent  resolution at ALICE) 
 
 
 

Map charged to full jets to set the jet 
energy scale (via track functions or via a 
model dependent mapping)


Perform 3D unfolding to extract 
anomalous dimensions and relate to  

RL

αS

Slope in perturbative  
regime ~ Rγ3−γ2

L

Ongoing work
pp s = 13 TeV

fcorr(Rdet
L , pdet

T,jet) = ENCdet /ENCtrue

ENCtrue(ptrue
T,jet) = (1/fcorr)ENCdet(pdet

T,jet)
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earlier today! 
See C. Andres’ talk in  
this session! 
See A. Rai’s poster!
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Energy Correlators in Heavy Ion Collisions
Active area of research!
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Experimentally interesting because ratios  
are more robust to detector effects! 


Ratios will also cancel some uncorrelated background effects

A study in the Hybrid Model
A.Rai et al arXiv:2407.13818

“Flat” region corresponds 
to the presence of the  
wake 


In pp, we access the  
anomalous dimensions of  
vacuum QCD.  
Interpretation for HIC?

https://arxiv.org/pdf/2407.13818
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Background Subtraction in Heavy Ion Collisions
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Pythia study: Energy Correlators in a Thermal Toy

E3C

Curves are bin width normalized

Adding uncorrelated  
background to Pythia jet, 
New Jet = Signal + Bkg

 Goal: Correct the black curve 
(total) so it matches the pink 
curve (sss)  

 How to achieve this? 
- Correct uncorrelated bkg using  
min bias/mixed events  
- Correct for jet-selection bias

 Embedding Pythia jets in a thermal toy — now we have signal (s) and background (b) particles  
 in our jets (  subtraction already performed)ρA

**Similar study for EEC  in backup 
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Background Subtraction for E3C
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A multi-cone story 

Jet Thermal Cone 1

(B1)3 = B1B1B1
  J2B1 = (S + B)2B1

B1(B2)2=B1B2B2

J = S + B
J3 = S3 + B3 + 3S2B + 3SB2

  J(B1)2 = (S + B)(B1)2

(B1)2B2=B1B1B2

  JB1B2 = SB1B2+BB1B2

B1B2B3

J = S + B B1 B2 B3

We need a 3rd  
cone because of 

this term!

Takeaway: We need a third cone to correct for E3Cs!

 jet

 signal particles in jet 
 bkg particles in jet 

 bkg particles in thermal cones

J :
S :
B :
B1 B2 B3 :

 B3≠ B2B1

 B3≠ BB2
1

Cones centered on jet axis of jet radius R

Thermal Cone 2 Thermal Cone 3

**Similar method for EEC but only 2 cones needed 
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Background Subtraction in Heavy Ion Collisions
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Pythia study: Energy Correlators in a Thermal Toy

E3C

Curves are bin width normalized

Thermal cone  
correction

Thermal cone correction works but doesn’t give complete closure — culprit is the jet selection 
bias from upward underlying event fluctuations 
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Background Subtraction for E3C
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Pythia study: Jet selection bias and c-factor correction

Underestimation of  related to jet selection 
bias — more likely to select jets that sit on an 
“upward fluctuation of the background” —  
more background particles in jet 

ρjet
UE c-factor = E3C(RL)cone

bkg /E3C(RL)jet
bkg

Thermal  
cone 

+ 
c-factor 

 correction

Accounting for background UE density 
differences gives closure!



Ananya Rai, Yale University                                                                    Hard Probes 2024

Talk outline

Why study jet substructure 
with Energy Correlators?

Extending Energy Correlator 
measurements to  

Heavy Ions

Outlook and summary

Energy Correlator 
measurements at ALICE

2−10 1−10 1
LR

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

E3
C

/E
2C  = 0.8R jets, Tkanti-

c < 240 GeV/
T,jet
p < c140 GeV/

Vacuum
Medium w/ wake
Medium w/o wake

A.Rai et al arXiv:2407.13818

https://arxiv.org/pdf/2407.13818
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Summary and Outlook
Energy Correlators in vacuum QCD and beyond

19

Energy Correlators show clear 
separation of energy scales 

inside jets

Ratios of projected correlators are  
sensitive to running of the strong  

coupling, . We can extract the slopes  
of E3C/EEC and relate them to  by mapping  

to the correct jet energy scale 

αS
αS

We understand how to perform  
background subtraction in the QGP for 

the correlators. 
Time to go looking 

for jet modification in the QGP!
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Backup
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Jets and Jet Substructure
Looking inside jets 

Modeled by iterative splittings of hard 
scattered partons during the initial 
collision 
 
 
 
 

20

Multi-scale objects: QCD evolution  
imprinted on jets as they go from  
perturbative to non-perturbative  
scales
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Some intuition from other systems 
Correlation Functions

Correlation functions indicate phase 
transitions 
Eg 1: Ferromagnetic transition, correlation 
length  
 
 
 
 
 
 
 

→ ∞

ξ ∼ 1/(T − TC)ν

21

Image Credit: Austin Joyce

Eg 2: Use correlations to trace back 
to possible inflation scenarios 
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Energy Correlators in Jets
Constructing the correlators  

22

E3C: Projected 3-point correlator 
Project along  RL

1. Find a jet
2. Create pairs from jet constituents
3. Fill an energy-weighted histogram 

1. Find a jet
2. Create triplets from jet constituents
3. Find the largest distance between any pair in 

the triplets
4. Fill an energy-weighted histogram

EEC (or E2C): 2-point correlator 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ALI-PREL-557442 ALI-PREL-557457 ALI-PREL-557472

23

Herwig shows better agreement for ENC. Differences more pronounced in the hadronization 
region (non-perturbative corrections matter!)
The ratio to MC sits at unity for E3C/EEC — non-perturbative power corrections as modeled 
in MC largely cancel. E3C/EEC isolates perturbative physics

Comparison to MC generators
pp s = 13 TeV

40-60 GeV/c40-60 GeV/c 40-60 GeV/c
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 extraction at ALICE : E3C/EEC RatioαS

24

pp s = 13 TeV

Trends between theory and data agree
Current work: extract  and map to  γ αS

∝ αSln(RL)

Slope in perturbative  
regime ~ Rγ3−γ2

L

Cause uncertainty in mapping,  
will compete with jet energy resolution  

ENC(RL) = −
d

dRL [(1,1)exp (−
γ(0)(N + 1)

β0
ln ( αs(RLμ)

αs(μ) ))(xq, xg)] HJ(μ)

Jet production 
 crossxJet  scalepT

QCD beta function  
(1 loop)

 q/g fractionAt LL collinear in pQCD

PhysRevLett.130.051901

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.051901
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Background Subtraction in Heavy Ion Collisions
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Energy Correlators in a Thermal Toy

Curves are bin width normalized

EEC

See talk by J. Viinikainen 
See talk by A. Tamis 

Adding uncorrelated  
background to Pythia jet, 
New Jet = Signal + Bkg

 Embedding Pythia jets in a thermal toy — now we have signal (s) and background (b) particles

 Want to reduce this problem to a pp jet  scale unfolding problem pT

Curves are bin width normalized

E3C
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Background Subtraction: EEC
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A multi-cone story 

Jet

J = S + B

J2 = S2 + B2 + 2SB

S2 = 2S1S2 + 2S1S3 + . . . . .

B2 = 2B1B2 + 2B1B3 + . . . . .Want to correct 
this background

2SB = 2S1B1 + 2S1B2 + . . . . .

Note: S2 includes terms such as S1S1 + S2S2 + . . . . . but RL = 0 for these

J = S + B

B2 includes terms such as B1B1 + B2B2 + . . . . . but RL = 0 for these
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Background Subtraction for EEC
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A multi-cone story 

Jet

J = S + B

J2 = S2 + B2 + 2SB

S2 = 2S1S2 + 2S1S3 + . . . . .
B2 = 2B1B2 + 2B1B3 + . . . . .

(B1)2 = B1B1
 = JB1 (S + B)B1

(B1)2 = 2(B1B2)1 + 2(B1B3)1 + . . . .
 = 2JB1 2(S + B)B1

J = S + B B1

Thermal Cone 1



Ananya Rai, Yale University                                                                    Hard Probes 2024

Background Subtraction for EEC
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A multi-cone story 

Jet

J = S + B

J2 = S2 + B2 + 2SB

S2 = 2S1S2 + 2S1S3 + . . . . .
B2 = 2B1B2 + 2B1B3 + . . . . .

However,   BB1 ≠ BB

J = S + B B1

Thermal Cone 1

(B1)2 = B1B1
 = JB1 (S + B)B1

(B1)2 = 2(B1B2)1 + 2(B1B3)1 + . . . .
 = 2JB1 2(S + B)B1
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Background Subtraction for EEC
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A multi-cone story 

Jet

J = S + B

J2 = S2 + B2 + 2SB

 B1 B2

However,   BB1 ≠ BB

S2 = 2S1S2 + 2S1S3 + . . . . .
B2 = 2B1B2 + 2B1B3 + . . . . .

Therefore, we need to a third cone that can account for this:   BB1 = B1B2

J = S + B B1 B2

Thermal Cone 1 Thermal Cone 2

(B1)2 = B1B1
 = JB1 (S + B)B1

(B1)2 = 2(B1B2)1 + 2(B1B3)1 + . . . .
 = 2JB1 2(S + B)B1
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Background Subtraction for EEC
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A multi-cone story 

Jet Mixed Event 2

J = S + B

J2 = S2 + B2 + 2SB

(B1)2 = B1B1
 = JB1 (S + B)B1

 B1 B2

S2 = J2 − 2JB1 + 2B1B2

  BB1 ≠ BB

J = S + B B1 B2

Thermal Cone 1 Thermal Cone 2
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A multi-cone story  
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Background subtraction for E3C 

Jet Mixed Event 1

(B′￼)3 = B′￼B′￼B′￼

  J2B′￼= (S + B)2B′￼

Mixed Event 2

B′￼(B′￼′￼)2=B′￼B′￼′￼B′￼′￼

J = S + B
J3 = S3 + B3 + 3S2B + 3SB2

  J(B′￼)2 = (S + B)(B′￼)2

(B′￼)2B′￼′￼=B′￼B′￼B′￼′￼

  JB′￼B′￼′￼= SB′￼B′￼′￼+BB′￼B′￼′￼

B′￼B′￼′￼B̃

We need a 3rd  
cone because of 

this term!

J = S + B B′￼ B̃

 J2B′￼= (S2 + B2 + 2SB)B′￼=S2B′￼+B2B′￼+2SBB′￼

  J(B′￼)2= B1B′￼1
2+B1B′￼2

2+ . . . + S1B′￼1
2+S1B′￼2

2+ . . .
S3 = 3(S2

1S2 + S2
1S3 + . . ) + 6S1S2S3 + . . .

B3 = 3(B2
1B2 + B2

1B3 + . . ) + 6B1B2B3 + . . .
S2B = (S2

1B1 + S2
1B2 + . . ) + 2S1S2B1 + . . .

B2S = (B2
1S1 + B2

1S2 + . . ) + 2B1B2S1 + . . . JB′￼B′￼′￼=S1B′￼1B′￼′￼1+ . . . +S5B′￼3B′￼′￼2+ . . . +B1B′￼1B′￼′￼1+B2B′￼1B′￼′￼1+ . . .

 
 BB′￼′￼B′￼

 
 
 

2SBB′￼

B1B′￼1
2

B′￼ B′￼′￼

Thermal Cone 1 Thermal Cone 2 Thermal Cone 3
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A multi-cone story  
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Background subtraction for E3C 

Jet

(B′￼)3 = B′￼B′￼B′￼

  J2B′￼= (S + B)2B′￼

B′￼(B′￼′￼)2=B′￼B′￼′￼B′￼′￼

J = S + B
J3 = S3 + B3 + 3S2B + 3SB2

  J(B′￼)2 = (S + B)(B′￼)2

(B′￼)2B′￼′￼=B′￼B′￼B′￼′￼

  JB′￼B′￼′￼= SB′￼B′￼′￼+BB′￼B′￼′￼

B′￼B′￼′￼B̃

J = S + B B′￼ B′￼′￼ B̃

S3 = J3 − (B′￼)3 − 3J2B′￼− 3J(B′￼)2 + 3(B′￼)2B′￼′￼+ 3B′￼(B′￼′￼)2 + 6JB′￼B′￼′￼− 6B′￼B′￼′￼B̃

We need a 3rd  
cone because of 

this term!

Thermal Cone 1 Thermal Cone 2 Thermal Cone 3
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Background Subtraction in Heavy Ion Collisions
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Correcting for jet selection bias 
Simple study: Add thermal tracks to your Pythia jet to artificially add background particles to the jet.  

Forcing the thermal background to have the same number of tracks

No c-factor correction needed!
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Background Subtraction in Heavy Ion Collisions
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Correcting for jet selection bias 
Now, add extra tracks under the jet and force the thermal background to have less tracks

c-factor correction needed!
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Background Subtraction in Heavy Ion Collisions
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Before and after c-factor correction: EEC
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Background Subtraction in Heavy Ion Collisions
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Before and after c-factor correction: EEC Split Test
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Background Subtraction in Heavy Ion Collisions
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Jet selection bias 

/  = B′￼B′￼′￼B̃ BB′￼B′￼′￼ c1

 -  -  + /  = (3J2B′￼ 3f2(B′￼)2B′￼′￼ 6f5JB′￼B′￼′￼ 6f1B′￼B′￼′￼B̃) 3S2B c7

/  = (B′￼)3 B3 c4

/ = (B′￼)2B′￼′￼ B2B′￼ c2

 - /   = (6JB′￼B′￼′￼ 6f1B′￼B′￼′￼B̃) 6SBB′￼) c5

/ = B′￼(B′￼′￼)2 B(B′￼)2 c3

 - /  = (3J(B′￼)2 3f3B′￼(B′￼′￼)2) 3SB2 c6
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̂n2

̂n1
̂n3

Energy Correlators in Jets
Definition

38


ENC(RL) = (
N

∏
k=1

∫dΩ ⃗nk) δ(RL − ΔR̂L) ⋅
1

(Ejet)(N)
⟨ℰ( ⃗n1)ℰ( ⃗n2)…ℰ( ⃗nN)⟩

Largest distance between N particles

Number of particles in the correlation 
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Jet selection bias due to UE fluctuations
Upwards fluctuations pass the cut

39


