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Measurement of energy-energy correlator: history at e+e- 2

EEC: event shape observable proposed for e+e- experiment in 1978 [PRL 41 (1978) 1585]

Widely measured at e+e-

Azimuthal distanceEnergy weightAll particles

Extract αS at NNLO+NNLL
~ 2% precision
[arXiv:1804.09146].



Energy-energy correlator at LHC 3

Adaptions for hadron collider

Transverse EEC (TEEC)  
PLB 141 (1984) 447

Transverse energy weight

All jets

EEC inside jets 
Chen, Moult, Zhang, and Zhu, arXiv:2004.11381 

ΔR

All particles inside a jet

ΔR1,2

E1

E2

Angular correlation between jets in an event Angular correlation between particles in a jet

https://arxiv.org/abs/2004.11381
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Adaptions for hadron collider

Transverse EEC (TEEC)  
PLB 141 (1984) 447

ΔR1,2

E1

E2

Angular correlation between jets in an event Angular correlation between particles in a jet

Energy scale Q ~ O (TeV) 

Fixed order QCD dominant 
NNLO pQCD available [JHEP 03 (2023) 129]

Energy scale Q ~ pT * ΔR ~ O (10 GeV) 

Collinear QCD dominant 
NLO+NNLLapprox, arXiv:2307.07510 

EEC inside jets 
Chen, Moult, Zhang, and Zhu, arXiv:2004.11381 

https://arxiv.org/abs/2307.07510
https://arxiv.org/abs/2004.11381


Measurement of TEEC 5ATLAS, JHEP 07 (2023) 85
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E1E2E3

E3
xL

ΔR2,3

E3C

E3C =
dσ[3]

dxL
=

n

∑
i,j,k

∫ dσ
EiEjEk

E3
δ(xL − max(ΔRi,j, ΔRi,k, ΔRj,k))

Quark/Gluon HadronConfinement

ΔR1,2

E1

E2

ΔR2,3

E3

ΔR3,1

Energy correlators in jets: E2C & E3C

E2C =
dσ[2]

dxL
=

n

∑
i,j

∫ dσ
EiEj

E2
δ(xL − ΔRi,j)

Jet substructure observable, sensitive to jet formation



EEC reconstructed from open data 7

arXiv: 2201.07800

A few caveats! 

Data only, detector effects not removed

Statistical correlation between bins



8

pp

total (2x)

inelastic

Jets

dijets

incl

�

pT > 125 GeV

nj � 3

pT > 25 GeV

nj � 1

nj � 2

pT > 100 GeV

W

nj � 2

nj � 3

nj � 5

nj � 1

nj � 6

nj � 7

nj � 4

nj � 0

Z

nj � 7

nj � 6

nj � 4

nj � 3

nj � 2

nj � 1

nj � 5

nj � 0

nj � 7

nj � 6

nj � 4

nj � 3

nj � 2

nj � 1

nj � 5

t̄t

total

nj � 6

nj � 5

nj � 4

nj � 7

nj � 8

t

tot.

tZj

Wt

t-chan

s-chan

VV

tot.

WW

WZ

ZZ

WW

WZ

ZZ

WW

WZ

ZZ

�� H

VH

H!bb

total

ggF

H!WW

H!ZZ!4`

VBF

H!WW

H!��

H!⌧⌧

WV V�

Z�

W �

t̄tW

tot.

t̄tZ

tot.

t̄tH

tot.

t̄t� ���Wjj

EWK

Zjj

EWK

WW

Excl.

tot.

Z��W��WW�Z�jjVVjj
EWK

W
±
W
±

WZ
10�3

10�2

10�1

1

101

102

103

104

105

106

1011

�
[p

b
]

Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section Measurements

Measurement in nutshell

Dijet events in central region  

• Large cross section 

anti-kT with R = 0.4 

Probe energy scale dependency  

• 8  region in 97 ~ 1784 GeV 

Neutral & charged & photon with  > 1 GeV 

• All particles included

|η | < 2.1

pjet
T

pT

CMS, PRL 133 (2024), 071903



BOOST 2023    Jul 31, 2023

Unfolding: detector hadron -> true hadron 

Unfold jet constituents: 

• ,  and energy weight, 3D unfolding 

•  bins 

•4400x4400 migration matrix and regularization 

pjet
T xL

10 * 22 * 20 = 4400

9

Unfolding

Detector level

Particle level

Unfolding

xL

E1 * E2

Q2

E′￼1 * E′￼2

Q′￼2

pjet′￼

Tpjet
T

Reconstructed hadronsTrue hadrons

x′￼L

Extra experimental steps: unfolding



BOOST 2023    Jul 31, 2023
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Multi entry distribution for every jet, statistical correlation important

Extra experimental steps: statistical correlations

xL

E2C correlation matrix

Detector level => Unfolding => Normalization 

Independent statistics for E2C, E3C
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pjet
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pjet
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E2C correlation matrix
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E3C after unfolding 11

Non-interacting hadron 
random distribution 

integer power-law scaling
Interacting partons 
non-integer scaling

Phase transition 

from parton to hadron

Time

Confinement

Using all neutral & charged hadrons > 1GeV in a jet

CMS, PRL 133 (2024), 071903



12Unfolded E2C vs MC

Data vs various parton shower 
model, difference ~ 10% 


No model match data well in 
all  region


           : Data stat error 

               : Exp systematic 

               : Theo systematic 
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 (13 TeV)-136.3 fbCMS
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NLO+NNLLapprox ,Chen, Gao, Li, Xu, Zhang, and Zhu, arXiv:2307.07510 

 αs(mZ) = 0.1229+0.0040
−0.0050

 = 0.1229+0.0014(stat.)+0.0030(theo.)+0.0023(exp.)
−0.0012(stat.)−0.0033(theo.)−0.0036(exp.)

QCD scale of 
 NNLLapprox

Neutral hadron 
energy scale

major source

Uncertainty ~ 4%, 

Q~ O(10) GeV, collinear regime

Most precise from jet substructure to date

Perturbative region

https://arxiv.org/abs/2307.07510


Non-perturbative region 14

Theorists took our measurement and made a much nicer plot!

Now non-perturbative region also has predictions

Data used to extract fragmentation related parameter a0=3.8 GeV

arXiv: 2411.11782



15Many EEC experimental measurements!

Boost workshop 2025

STAR ALICE

ALICE

Also studies on jet quenching



Charm-tagged jet EEC 

Dead cone effect, 
suppression of radiation 
from massive quarks


Interplay between 
hadronization, mass effects

16ALICE, arXiv:2504.03431 



Reanalysis EEC in e+e- data 17

Previous measurement 
Very few bins in the collinear region

New measurement 
Goes down to theta~10-2



Reanalysis EEC in e+e- data 18

New measurement 
Goes down to theta~10-2

If E3C/E2C can be measured 
1-2% uncertainty on αS

arXiv:2406.10946

https://arxiv.org/abs/2406.10946


• A lot of developments in PS models towards NLL and 
NNLL models

• Panscale, Deductor, ALARIC..


• A key to higher order PS model, spin correlation in the 
shower due to gluon spin-1 nature 


• Current LL PS models: 

• Herwig fully implemented

• Pythia ad-hoc modulation

19Other jet substructures From Gregory Soyez
NLL PS developments



Spin correlation in PS
• Can be seen in 


• gluon production & decay plane angles / EEC


• However


• Cancellation of g->qq and g->gg, overall effect small


• Not clear how non-perturbative effect plays a role


• Would be interesting to test in data


• An immediate application H→ gg→ qqqq search

20

H->gg->qqqq spin correlation

arXiv:2103.16526, in Panscale

https://arxiv.org/pdf/2103.16526v1


Measurement of spin correlation in PS
A measurement of spin-sensitive observable  inside jets

- Angle between gluon production and decay plane, X→ Xg → Xqq(gg)


A few difficulties

- How to find PS splitting chain inside jet

- How to pick up only X→ Xg → Xqq

Δφ

21
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Important to tag this one
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jet

3

42

10

 production of intermediate q/g 
 decay of intermediate q/g

- Restore parton splitting in jets 

- C/A decluster

Hadrons / Partons

C/A jet

subjet1

subjet2

subjet0

Subjet

 Primary Lund plane 
 Secondary Lund plane

subjet 4

subjet 3

 Primary Lund plane 
 Secondary Lund plane
 Primary Lund plane 
 Secondary Lund plane

Analysis strategy
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  0->1,2, max  in primary lund plane 
  2->3,4, max  in secondary lund plane 

kT
kT

- In each jet, select subjets representing splitting of 0 -> 1, 2 (2->3,4)

arXiv:2111.01161

Analysis strategy

- need flavor tagging on subjet 3&4 

- g->qq; g->gg; q->qg;

- True flavor learnt from matching to parton subjets 

- Parton subjets flavor 

- IFN algorithm: infrared and collinear safe definition 

- Machine learning and categorization

jet

3

42

10

 production of intermediate q/g 
 decay of intermediate q/g

https://arxiv.org/pdf/2111.01161


24Spin effect in other categories
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- Inclusive spin effect is 0.5% level, also tiny in non-qq categories 

- Difference between Pythia and Herwig is small, most dominant in g->gg 

- Data agrees better with Herwig in unmatched and qg, and Pythia in gg category
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Spin effects in qq category

qq category  
 > 0.6scoreg→qq̄

Paper

Data favors the correlation-on model, but still visible 
difference
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- Leading uncertainties 

FSR  

MC stat  

Pileup

- 6.8 σ from correlation-off, 1.9 σ from correlation-on 

- Observation of spin correlation effect in PS
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Summary

• Interesting program in jet substructure


• A lot of ongoing developments from both theory and experiment side


• LHC a great avenue for QCD studies!

26



Zhejiang University Measurement of gluon spin effects in jet showers September 11, QCD@LHC

Backup



0 0.2 0.4 0.6 0.8 1 1.2 1.4
gen

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

gen

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

1/
N

 d
N

 (13.6 TeV)1−Run 3, 34.7 fbCMS preliminary

Data
Pythia
Herwig

Data
Pythia
Herwig

0 0.2 0.4 0.6 0.8 1 1.2 1.4
/2|π-ϕ∆/2-|π

0.9
0.95

1
1.05

1.1
1.15

D
at

a/
Py

th
ia

Unfolding

- Reco (gen) phase space:  

score (g->qq) >0.6 

jet pT > 700 (600) GeV 

- Since  should be symmetric around π/2, we unfold 
π/2 − |  − π/2| 

- Leading uncertainties 

modeling uncertainty (1-7%) 

Different unfolding results from PYTHIA and HERWIG. 

tracking efficiency (1–3%) 

- Data agrees better with PYTHIA

Δφ
Δφ

subjet2 pT> 130 (120) GeV 

all particles pT >1 GeV


