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Reformulating QCD measurements using energy correlators

Energy-weighted
multiple particle
correlation function

_=e)

SPPC Coalliger Ring (100K )

LTB : Linac to Booster - I I -
e CEPCSPRCacceleratorfayout Electron-Proton (lon) Scattering

Electron-Positron Scattering 4



Energy flow operator

The energy flow operator measures the energy deposition on a detector at direction 7

Tkachov, 1995
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The energy flow operator (ANEC) also found important
application in black hole physics and quantum information!



General lightray operator

Hofman, Maldacena 08; Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 19
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lightray operator living on local twist operator of
the celestial sphere dimension A and spin J
determined by celestial determined by bulk

dimension \ / dimension
At twist 2 the relevant unpolarized operators are
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CFT picture receives controllable logarithmic corrections in QCD

o Dixon, Moult, HXZ, 2019



Normalized EEC

Visualizing quark/gluon hadronization (real-time confinement)
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Normalized EEC

Understanding the picture

NOT REAL MEASUREMENT
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scaling law

/

lim &£(nqy)&(ng) = Z c;0™~*Q;(f1) + running coupling

ffLQ —)fll

Large RL (perturbative region)

very small R. (free hadrons)

Starting from any given point, the
number of points correlated with it
grow linearly with radius R
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Strong coupling from projected EECs

https://cds.cern.ch/record/2866560, 2023

See Prof. Meng Xiao’s talk @ CERN Courier @CERNCourier - Aug 22
Florencia Canelli showed an overview of brand-new results from the
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Spin interference from energy correlators

_ A\

One-loop perturbation theory calculation:
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H. Chen, M.X. Luo, Moult, T.Z. Yang, X.Y. Zhang, HXZ, 2019

10

e

Cp2
\%/> =)

Cy2

H. Chen, Moult, HXZ, 2021
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Analytic ¢ Toy shower O(a?) - %?iy?r;}
%103 Quark jet Gluon jet x1073
2 2 2.98
1.080 &
1.075 /..\ /\ A A /\ T
Al < <
31Id S| & \
Tz 1m0 R R S B L
© >
1.065 / \_/ \ 4 / v 2.95
1.
o AR TR T S S 2.94

Karlberg, Salam, Scyboz, Verheyen, 2022



<

Non-Gaussianity at the LHC

Technique from
collider physics
and QCD

UV to IR

<

>

Interpreted
through lens of
cosmology

Phenomenological to Formal

H. Chen, Moult, Thaler, HXZ, 2022

CMS .| Ry, € (0.3, 0.4)
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<«—— Theory to Experiment —>

Computed Analyzed
through lens of with public
conformal field theory collider data
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Slide adapted from J. Thaler, Snowmass, July, 2022



Energy correlators for jets at the EIC/EICC

12



ep and nucleon structure

o Structure function
measurement: PDFs(x)

 SIDIS:

e TMD

* spin
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The Nucleon Energy Correlator
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Probing gluon saturation

H.Y. Liu, X.H. Liu, J.C. Pan, F. Yuan, HXZ, 2023
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Track energy correlators at the CEPC/FCC-ee

LTB : Linac to Booster CEPC-SppC accelerator layout

BTC : Booster to Collider Ring
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Understanding hadronization with high precision data

iﬁﬂ‘%ﬁ Hadroni Zat i on QCD conserves baryon number, strangeness, and momentum

IR KEZ Baryon number =>» Particle Correlations
qQ @D qq gqq @ q
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gxlxa Eﬁ@ q qvq P q eV must be well resolve

How local?

E.g., how far from a baryon (or a strange
particle) do you have to go before you find
an anti-baryon (anti-strange)?

credit: Peter Skands

As an example, evolution of charge quantum number
can be probed by track EEC with precision
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(1/ 0,sum)do/dp

Ratio to Data

problem of plle up at the LHC

Track EEC
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Difference of parton showers

larger than exp. uncertainty

Ordinary EEC

do

dcosy

BB
Z/da 2 §(cos x — cos ;)

[Basham, Brown, Ellis, Love]

Track EEC

E. —

H. Chen, Moult, X.Y. Zhang, HXZ, 2020
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First ever NLO
calculation for
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observable!
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HXZ, 2021



Projected energy correlators on track
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C———9 Function
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charged

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

e mm———— * Non-vanishing slope visible starting from
10~ 0.001 0.010 0.100 1 three points: signal of multiple-particle

L correlation in the fragmentation process
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Positive and negative charge energy correlator

0.8

0.7}

0.4

0.3F

0.2l

Two-Point Charged Correlators

NLL accuracy
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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
e Scaling behavior in jet evolution and real time hadronization
e 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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