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Reformulating QCD measurements using energy correlators

4

i0

i+

i�

Proton-Proton Scattering

Electron-Proton (Ion) Scattering
Electron-Positron Scattering

Energy-weighted 
multiple particle 

correlation function



Energy flow operator

E(~n) = lim
r!1

r2
Z 1

0
dt ~niT

0i(t, r~n)
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E(~n)|pi = p0�(2)(p̂� n̂)|pi

Tkachov, 1995

The energy flow operator measures the energy deposition on a detector at direction ⃗n
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The energy flow operator (ANEC) also found important 
application in black hole physics and quantum information!



General lightray operator
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local twist operator of 
dimension  and spin JΔ

lightray operator living on 
the celestial sphere

Hofman, Maldacena 08; Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 19

determined by bulk 
dimension

determined by celestial 
dimension
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At twist 2 the relevant unpolarized operators are

CFT picture receives controllable logarithmic corrections in QCD
Dixon, Moult, HXZ, 2019
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Visualizing quark/gluon hadronization (real-time confinement)
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NOT REAL MEASUREMENT

https://cds.cern.ch/record/2866560, 2023
See Prof. Meng Xiao’s talk

Komiske, Moult, Thaler, HXZ, 2022



Understanding the picture
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NOT REAL MEASUREMENT

Komiske, Moult, Thaler, HXZ, 2022

Large RL (perturbative region)
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lim
n̂2!n̂1

E(n̂1)E(n̂2) =
X

ci✓
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Oi(n̂1) + running coupling

scaling law

very small RL (free hadrons)

Starting from any given point, the 
number of points correlated with it 

grow linearly with radius R

真
空
相
变



Strong coupling from projected EECs
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https://cds.cern.ch/record/2866560, 2023
See Prof. Meng Xiao’s talk

Theory predictions: W. Chen, J. Gao, Y.B. Li, Z. Xu, X.Y. Zhang, HXZ, 2023
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One-loop perturbation theory calculation:

H. Chen, M.X. Luo, Moult, T.Z. Yang, X.Y. Zhang, HXZ, 2019

H. Chen, Moult, HXZ, 2021

Spin interference from energy correlators

Karlberg, Salam, Scyboz, Verheyen, 2022



11 Slide adapted from J. Thaler, Snowmass, July, 2022

Non-Gaussianity at the LHC
H. Chen, Moult, Thaler, HXZ, 2022



Energy correlators for jets at the EIC/EICC
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ep and nucleon structure
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• Structure function 
measurement: PDFs(x)


• SIDIS:


• TMD


• spin


• How can we utilize the 
forward information and 
what does it probes?

???



The Nucleon Energy Correlator
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X.H. Liu, HXZ, 2022

H.T. Cao, Liu, HXZ, 2023

high energylow energy

small x

large x



Probing gluon saturation
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H.Y. Liu, X.H. Liu, J.C. Pan, F. Yuan, HXZ, 2023



Track energy correlators at the CEPC/FCC-ee
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Understanding hadronization with high precision data
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credit: Peter Skands

As an example, evolution of charge quantum number 
can be probed by track EEC with precision



Track EEC
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• Ordinary EEC

• Track EEC

Ei → ∫ dxi Ti(xi)xiEi = Ti(1)Ei

problem of pile up at the LHC

Chang, Procura, Thaler, Waalewijn, 2013

H. Chen, Moult, X.Y. Zhang, HXZ, 2020

Y.B. Li, Moult, van 
Velzen, Waalewijn, 

HXZ, 2021

First ever NLO 
calculation for 
track-based 
observable!



Projected energy correlators on track
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Y.B. Li, Jaarsma, Moult, Waalewijn, HXZ, 2023

H. Chen, Y.B. Li, Jaarsma, Moult, Waalewijn, HXZ, 2022

• Ratio of charged v.s. all-hadron 
calculable for projected EECs


• Non-vanishing slope visible starting from 
three points: signal of multiple-particle 
correlation in the fragmentation process

RL RL

RL
RL

H. Chen, Moult, X.Y. Zhang, HXZ, 2020



Positive and negative charge energy correlator
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• Beyond track, sign of particle 
charge can also make a difference


• Enhanced small angle correlation 
between opposite charge 
particles

Lee, Moult, 2023



Summary
• Resurgence of interests in EEC and its generalization inspired by conformal 

collider physics


• Remarkably  rich QCD dynamics can be probed by EECs


• Scaling behavior in jet evolution and real time hadronization


• Spinning gluon effects in jet substructure


• Non-Gaussianity at the LHC


• Scaling in DIS through nucleon EEC


• Probing Gluon saturation


• Global quantum number in parton fragmentation from EECs: track EEC
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