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After a particle collision, the underlying microscopic physics gets
imprinted into detailed correlations in macroscopic fluxes, much in
analogy to how our cosmic history is imprinted into correlations in the

Cosmic Microwave Background.

Understanding how to map correlations in macroscopic fluxes to
properties of the underlying quantum field theory (QFT) is therefore key
to addressing a wide variety of questions in particle and nuclear physics.
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Outline

» 50 years of energy flux theories of energy operators
e QCD ->CFT ->QCD
* Energy operators in particle physics

* Energy operators in nuclear physics



The birth of ener

- Jet Structure in é+é- Annihilation
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annihilation ﬁrocesses 1976 1988 2000 2012 2024

The cancellation of mass singularities'in é+e
in the présence'of directly coupled massless pérticles_hasibeen investigated.
Ensembleé of states have been identified, the summation over which producés
transition probabilities which are free of mass Singularities when the
masses of one or more species of hadrons vanish. States included in these | | g(’ﬁ,) |X> p— Z kzo 52 (Qn L Qk) ‘X>

ensembles can be'éharacterizéd as having a "jet-~like" structure. Application .EE;X:
- - v /)

to annihilation processes at high energies in massive theories is discussed,
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Correlation of energy operators

Citations per year

Energy Correlations in Electron-Positron Annihilation: Testing Quantum Chromodynamics g

C. Louis Basham, Lowell S, Brown, Stephen D, Ellis, and Sherwin T. Love >0

Depavtment of Physics, University of Washington, Seattle, Washington 98195

(Received 21 August 1978) 40
An experimental measure is presented for a precise test of quantum chromodynamics. 30
This measure involves the asymmetry in the energy-weighted opening angles of the jets
of hadrons produced in the process e*e” — hadrons at energy w. It is special for several
20

reasons: It is reliably calculable in asymptotically free perturbation theory; it has ra-
pidly vanishing (order 1/w?) corrections due to nonperturbative confinement effects; and O
it is straightforward to determine experimentally. 10
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Wh at is Energy- Energy Correlato r? Basham, Brown, Ellis, Love, 1978
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Experimentalists do not know what and how to extract from it
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most precise and detailed experimental tests of QCD available 7. §]: However, that potential has
not been realized due to disagreement over the predicted value of the next-to-leading order correction
in the strong coupling constant [9, 10, 11, 12, 13]. We report on a new calculation of the O(as?)

Central:

Basham, Brown, Ellis, Love



| wanted to learn about elementary particles
by studying boiling water.

— Polyakov, 1970
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Energy operators

Basham, Brown, Ellis, Love, 1978
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One-point detector function

Is related to a three-point
correlation in QFT!
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Conformal collider bound

uv
a and ¢ monotonically
deceases under RG flow
IR
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Lightray OPE

What happen if two detectors
are close to each other?

Hofman, Maldacena, 2008
Kravchuk, Simmons-Dufffin, 2018
Kravchuk, Kologlu, Simmons-Dufffin, Zhiboedov, 2019
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The analytlc beauty of energy correlators

6x[C()c3 + (x — 2)2) —6(1 —x)(1+ xz)]
C(C+6)*(x—6/(C+ENW(6/(C+6) —x)(x; — x)(x — x5 )x

LO result for C parameter involves
elliptic function

Difficult to make progress
Ellis, Ross, Terrano, 1981

One-point detector function is related
to a local four-point correlation in QFT!

(E(n)€(n2)) ~ (JTTJ)

Huge efforts in the past on computing 4-pt correlators
and related integrals =>
Full analytic results of EEC up to NLO (N=4 SYM)
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Balitsky et al., 2013 N=4 SYM@NLO

Henn, Sokatchev, Yan, Zhiboedov, 2019 N=4 SYM@NNLO
Dixon, Luo, Shtabovenko, Yang, HXZ, 2018 QCD@NLO
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z(1-z)/0, do/dz

Back to QCD: pert. theory
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Back to QCD: non-pert. theory

2.0 — \ Q = 91.2 GeV
: //f\\\ '\ A = 23 GeV
: ’/’, \\\\\.\ - = = O(O(sz)
| 5 _J! \\ — — — Resummed
- - e Resum+NP(qq)
| Resum+NP(all)

SLD

ds /dy

.y
-

)
S

‘ I | | I

OO | | | | | | | l | | | | | | | | l | l | | | | | | I | | |

0 10 20 30 40 o0
X

Dokshitzer, Marchesini, Webber, 1999

Importance of quark-gluon correlation
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Looking inside a jet
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Normalized EEC

oD _

Discovery of scaling and imaging the
hadronization transition
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Energy operator
In particle physics
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LEP reloaded

Perturbative convergence, () = 91.2 GeV
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Complete analysis of EEC in the full phase space from experiment and theory
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Top quark mass
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Three-point energy correlation can provide a precise measurement
for top quark mass at high luminosity LHC
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Quarkonium energy correlators
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Charging the energy correlators
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Nucleon E
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Cao, Liu, HXZ, 2023

nergy Correlators
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CGC and saturation scale
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Search for the scale of gluon saturation
from angle scan
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Collins-Soper Kernel
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Non-perturbative Spin physics
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Important for understanding QCD chiral

_ Kang, Lee, Fan, Shao, 2024
symmetry breaking!
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Probing properties of QGP
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Two—Point Energy Correlator
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EEC

PbPb

10

1.70 nb™' PbPb (5.02 TeV)

R CMS Preliminary
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s PbPb 0-10%, n=1
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.

i | .
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Particle and

Nuclear Physics Gravity
Conformal Quantum
Field Theory Information

Energy correlators physics provides a window connecting
particles and nuclear physics, conformal field theory, gravity and
quantum information
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1. Wuhan, Huazhong normal university EEC one-day workshop, 2023

2.
3.
4.
5.
6.

Mainz MITP two-week program, 2024

Simons Center for Geometry and Physics, 2024

Wuhan C3NT inauguration two-week program, 2025
Lanzhou fragmentation function and EEC workshop, 2025

KITP 3 month program, 2027 ENERGY OPERATORS

IN PARTICLE PHYSICS,
QUANTUM FIELD THEORY
AND GRAVITY

Energy Correlators at the

MITP Collider Frontier eV &
SCIENT'FIC July 8 — 19 2024 ’\(\:a ,‘l _ I"Stit.um ;)fParticle Physics Centercf?)?triladccl::;?%heory
PROGRAM ' CECR G RERMEN G December 16-20, 2024

@ https://indico.mitp.uni-mainz.de/event/358

Organized by: Thomas Hartman (Cornell), Zohar Komargodski (SCGP),
Gregoire Mathys (EPFL), lan Moult (Yale)

New Opportunities in Particle and

Nuclear Physics with Energy Correlators Participants include: Adam Ball, Alexandre Homrich, Ameen Ismail, Andrea
Puhm, Andrew Fitzpatrick, Andrzej Pokraka, Andrei Parnachev, Alessandro

Podo, Bianka Mecaj, Cyuan-Han Chang, David Simmons-Duffin, Enrico Herr-
Central China Normal University, Wuhan, China mann, George Sterman, Gilad Perez, Gregory Korchemsky, Gregoire Mathys,
May 05 - 17, 2025 Hua Xing Zhu, lan Moult, Jonathan Sorce, Julio Parra-Martinez, Kai Yan, Kara

Central China Center for Nuclear Theory

Farnsworth, Kyle Lee, Lance Dixon, Leonardo Rastelli, Lorenzo Ricci, Manuela
Kulaxizi, Matthew Walters, Murat Kologlu, Robin Karlsson, Thomas Hartman,
Tom Faulkner, Yuri Lensky, Yue-Zhou Li, Zohar Komargodski.

Expecting more surprises in the coming years. Stay tuned!
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