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THE DAWN OF QCD: FROM PARTONS TO JETS
1

Jets unveiled the partonic nature of QCD, playing an important role in the confirmation of QCD as the 
theory of strong interactions!

2-jet event 3-jet event

Wu, Zobernig `79



Kyle Lee    /45

E(n̂1)

E(n̂2)

Sterman `75

Sterman, Weinberg `77

Sterman-Weinberg jets played a crucial role in formulating 
the first IRC definition to study energy flow, or jets=)

“Energy flow becomes the focus of computability”

JETS AND ENERGY FLOW
2

Energy Flow Operators

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)E(n̂) n̂)

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

Basham, Brown, Ellis, Love, `78-79
Sveshnikov, Tkachov, `95

Korchemsky, Sterman, `01

=

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin`22

Bauer, Fleming, Lee, Sterman `08



Kyle Lee /453

JETS AT COLLIDERS
• The effort to achieve precise predictions of jet cross sections has driven important theoretical 

developments in Quantum Field Theory

• Field of jet physics (energy flow) have always been intricately connected to the success of the 
collider physics program!

9-jet at the LHC

Impressive agreements with data!
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EXCITING COLLIDER PHYSICS ERA
4

LHC, 2008 - Present
RHIC, 2000 - Present

EIC, 2030s-

• Jets at colliders give us the means to probe field theory in data!

How can we harness jets to continue making breakthroughs in collider frontier?

sPHENIX: 2024-Run 3 running!
RHIC, 2000 - Present
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW WITHIN JETS

5

• Relative to inclusive jet cross-section, or one-point energy correlation, jet substructure 
gives us opportunity to study multi-point correlations of energy within jets

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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• Modern detectors with spectacular angular resolution gives us an unprecedented opportunity
to peer into the energy flow within jets
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ū

d̄

d

⇡+

⇡�

VI. Real-time Simulations



VI. Real-time Simulations

II. Precision QCD

V. Hadronization

Overview
I. Universal Scaling

III. Heavy Flavor Physics

IV. Medium Dynamics

QFT perspective of  jet substructure Precise determination of  ↵s

Revealing dead-cone

Revealing medium scale and modificationsDiscrimination between hadronization mechanisms

string

u

ū
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SCALING BEHAVIOR IN QFT
6

• Critical phenomena give us access to universal scaling behavior as Euclidean operators are brought 
together

O(x)O(0) =
X

x�iciOi

Wilson `70

Euclidean Operator Product Expansion

• QFTs display universal scaling behaviors when operators approach one another

• Why is the study of jet substructure of interest in QFT?
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Light-ray Operator Product Expansion

UNIVERSAL LORENTZIAN SCALING WITHIN JETS

=) Profound field theory predictions within jets!

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)E(n̂) n̂)

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

• Jet substructure describes the limit where energy flow operators are brought 
together, thus probing the OPE limit of Lorentzian operators

• Light-ray Operator Product Expansion predicted universal scaling within jets within the context  of CFT

Hofman, Maldacena `08

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, `13
Kologlu, Kravchuk, Simmons Duffin, Zhiboedov, `19

Chang, Kologlu, Kravchuk, Simmons-Duffin, `20
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Korchemsky, `19
Belin, Hofman, Mathys, `19

Much interests from the formal theory:

Chicherin, Moult, Sokatchev, Yan, Zhu `24

Firat, Monin, Rattazzi, Walters `23
Gonzo, Ilderton `23

Hartman, Mathys `24
Chen, Karlsson, Zhiboedov `24
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Light-ray Operator Product Expansion

UNIVERSAL LORENTZIAN SCALING WITHIN JETS
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• Jet substructure describes the limit where energy flow operators are brought 
together, thus probing the OPE limit of Lorentzian operators

• Light-ray Operator Product Expansion predicted universal scaling within jets within the context  of CFT
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Chicherin, Moult, Sokatchev, Yan, Zhu `24
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Hartman, Mathys `24
Chen, Karlsson, Zhiboedov `24

…

CAN THIS UNIVERSAL SCALING OF THE 
FIELD THEORY BE OBSERVED IN JETS???

7
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UNIVERSAL SCALING BEHAVIOR IN JETS!
• In QCD, we developed the proper framework to observe the universal scaling behavior within jets!

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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QCD factorization:

proto-data

Komiske, Moult, Thaler, Zhu `22
KL, Meçaj, Moult `22
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SCALING FROM 15 GEV TO 2 TEV IN DATA!

• Universal scaling of QCD operators revealed in data from ALICE, CMS, and STAR, from 15 GeV to 1784 GeV!
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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h |O[J](~n)| iLight-ray OPE

THE SPECTRUM OF A JET
• The light-ray OPE can be iteratively applied to N-point correlators, predicting their anomalous 

scaling behavior with N

proto-datahE1E2 · · · EN i
hE1E2i

⇠
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Chen, Moult, Zhang, Zhu `20
KL, Meçaj, Moult `22

Chen, Gao, Li, Xu, Zhang, Zhu `23
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STRONG COUPLING DETERMINATION
• How strong is the Strong Force? In comparison, EM coupling: 

<latexit sha1_base64="AsxUhIqOHCmyQdSJREwVS4kF1So="></latexit>

↵e = 0.0072973525693(11)

Energy Correlators in Jet

Quarks are never free, and thus it is very hard to measure their coupling

<latexit sha1_base64="jR6kpclxJYgi1jAgrE/uJV0zDe4=">AAACJHicbVDLSgMxFE181vHV6tJNsBRclRkp6rLoxmUF+4B2KJlMpg1NMkOSEcvQX3CrX+DXuBMXbvwWM+0sbOuBwOGce7knJ0g408Z1v+HG5tb2zm5pz9k/ODw6LldOOjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AI8kiRrDJpcaghoblqlt350DrxCtIFRRoDSvQGYQxSQWVhnCsdd9zE+NnWBlGOJ05g1TTBJMJHtG+pRILqv1sHnaGalYJURQr+6RBc/XvRoaF1lMR2EmBzVivern4r/e8OLCkhTo/sqwFYiWhiW78jMkkNVSSRcAo5cjEKG8MhUxRYvjUEkwUs39EZIwVJsb26tj2vNWu1knnsu5d1RsPjWrztuixBM7AObgAHrgGTXAPWqANCBiDF/AK3uA7/ICf8GsxugGLnVOwBPjzCwDcpDA=</latexit>

4%
<latexit sha1_base64="SN0GKzE0QOHfWd9cPxBv15d/TUE=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgqiRS1GXRjcsK9gFtKJPpbTt0MgkzN9IQ+itu9Qv8F8GduPUbnLZZ2NYDA4dz7uWeOX4kuEbH+bByW9s7u3v5/cLB4dHxSbFUbukwVgyaLBSh6vhUg+ASmshRQCdSQANfQNuf3M/99jMozUP5hEkEXkBHkg85o2ikfrHcQ5hiGksGCimXmMz6xYpTdRawN4mbkQrJ0OiXrEJvELI4AIlMUK27rhOhl1KFnAmYFXqxhoiyCR1B11BJA9Beugg/sy+MMrCHoTJPor1Q/26kNNA6CXwzGVAc63VvLv7rTZcHVrSBnh9Z1fxgLSEOb72UyyhGkGwZcBgLG0N73qA94AoYisQQyhQ3f7TZmCrK0PRcMO25611tktZV1b2u1h5rlfpd1mOenJFzcklcckPq5IE0SJMwMiUv5JW8We/Wp/VlfS9Hc1a2c0pWYP38Aunfq+c=</latexit>

uncertainty

CMS collaboration carried out most precise determination  
of the strong coupling constant for jet substructure

<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)

CMS Collaboration `23

11
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4% uncertainty

CMS collaboration carried out most precise determination
of the strong coupling constant for jet substructure

=)

CMS Collaboration `23

Quarks are never free and thus it is very hard to measure their coupling!

ROAD TO IMPROVED PRECISION

Energy Correlators in Jet

4% uncertainty=)

1.Measurements on Tracks

2.Power corrections

3.Improved perturbative accuracy

Road to precision

12
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MEASURING TRACKS
• Measuring tracks provides much more precise experimental results

• Depend on quantum numbers of final state hadrons other than energy
<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=) not computable purely from perturbation theory

We need QCD factorization

All particles Tracks

1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

13

Modern detectors have  
state-of-the-art tracking systems!
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TRACK INSIDE JETS
14

Requires separation of parts that are perturbative from universal non-perturbative functions

• Non-perturbative Track functions describe the total energy fraction of charged hadrons from a 
fragmenting quark or a gluon state

QCD factorization:

1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

Chang, Procura, Thaler, Waalewijn `13

KL, Moult `23
KL, Moult, Ringer, Waalewijn `23
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p
s = 13 TeV, 550 > pT > 500 GeV, R = 0.6, |⌘| < 2.1

Track Energy Fraction Inside Jets at the LHC

1 �

d
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d
x
tr
k

ATLAS preliminary 

Jaarsma, Li, Moult, Waalewijn, Zhu et al `21, 22,23
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ENERGY CORRELATORS ON TRACK

• Track function formalism provides the essential matching between partonic and hadronic detectors

<latexit sha1_base64="fsiNG4V1APRrvzYzR8BBWZvWTJQ="></latexit>

hER (~n1) ER (~n2) · · · ER (~nk)i

=
X

i1,i2,···ik

Ti1(1) · · ·Tik(1) hEi1 (~n1) Ei2 (~n2) · · · Eik (~nk)i

+ contact terms moments of T

<latexit sha1_base64="fsiNG4V1APRrvzYzR8BBWZvWTJQ="></latexit>

hER (~n1) ER (~n2) · · · ER (~nk)i

=
X

i1,i2,···ik

Ti1(1) · · ·Tik(1) hEi1 (~n1) Ei2 (~n2) · · · Eik (~nk)i

+ contact terms moments of T

<latexit sha1_base64="Jeql/2e2Iel0GuYwzAnCnDtC9EA=">AAACN3icbVDLSgMxFM34rPXVKq7cBIsgCGVGirosunFZwT6gLSWT3tZgkhmSO9Iy9GPc6hf4Ka7ciVv/wPSxsK0HAodz7uWenDCWwqLvf3grq2vrG5uZrez2zu7efi5/ULNRYjhUeSQj0wiZBSk0VFGghEZsgKlQQj18uh379WcwVkT6AYcxtBXra9ETnKGTOrmj8xbCAFMeaWQcKYJRdtTJFfyiPwFdJsGMFMgMlU7ey7a6EU8UaOSSWdsM/BjbKTMouIRRtpVYiBl/Yn1oOqqZAttOJ/lH9NQpXdqLjHsa6UT9u5EyZe1QhW5SMXy0i95Y/NcbTA/MaV07PjKvhWohIfau26nQcYKg+TRgL5EUIzoukXaFAY5y6AjjRrg/Uv7IjCvQVZ117QWLXS2T2kUxuCyW7kuF8s2sxww5JifkjATkipTJHamQKuEkJS/klbx5796n9+V9T0dXvNnOIZmD9/MLlhKssQ==</latexit>

+contact terms

Only involves NP numbers, not functions• Only depends on the “moments” of track functions
<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)

<latexit sha1_base64="N142x1XyBgs+mdur2+noq7UlalU="></latexit>
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1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

Chang, Procura, Thaler, Waalewijn `13
Jaarsma, Li, Moult, Waalewijn, Zhu et al `21, 22,23

KL, Moult `23
KL, Moult, Ringer, Waalewijn `23

15

Predictions for tracks in Energy Correlators

KL, Li, Moult, Waalewijn `In Progress
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ENERGY CORRELATORS ON TRACK
1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

16

EEC on track for  allows one to study event-wide correlations very precisely!e+e−

Slide from Yu-Chen Chen, Hard Probe 2024

Jaarsma, Li, Moult, Waalewijn, Zhu `In Progress
Reanalysis of  ALEPH data on tracks 

Effective Field Theory methods at the heart of  the theoretical analysis!

Bauer, Fleming, Luke, Pirjol, Stewart `00-01
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POWER CORRECTIONS
1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

KL, Pathak, Stewart, Sun `24
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Schindler, Stewart, Sun `23
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Chen, Monni, Xu, Zhu `24
Lee, Sterman `06

Renormalon subtractions
Hoang, Kluth `08

Hoang, Stewart, et al `07, 09,14,20
Hoang et al`23
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IMPROVING PERTURBATIVE ACCURACY

zis̃ik = angle between i and k = momentum fraction of i
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Unprecedented precision calculation
of jet substructure on the horizon!

1. Measurements on Tracks
2. Power corrections
3. Improved perturbative accuracy

{

Encodes complicated jet clustering algorithm details

KL, Meçaj, Moult `22
Kang, KL, Zhao `20
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Czakon, Generet, Mitov, Poncelet `21
Bonino, Gehrmann, Stagnitto `24

KL, Moult, Zhang `24,24
KL, Moult, Zhang `In Progress

Kang, Ringer, Vitev `16
Neill, Ringer, Sato, `21
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UNRAVELING HEAVY FLAVOR DYNAMICS
• Heavy quark dynamics are important for understanding medium, hadronization, Higgs, BSM 

searches, flavor tagging, gluon structure, etc.

H

b

b̄

Q

Q̄

• Heavy quark introduces new mass scale            mQ

• Jet substructure allows us to precisely probe the dynamics from this new heavy quark scale

Run 3 and sPHENIX will give us a lot more access to heavy quarks with precise data!

19

Fickinger, Fleming, Kim, Mereghetti `16
Kang, Ringer, Vitev `17

Li, Vitev `18
Lee, Shrivastava, Vaidya `19

…

https://inspirehep.net/authors/1614031
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• Energy correlators allow the hadronization process to be directly imaged inside high energy 
jets: transition from interacting quarks and gluons to free hadrons is clearly visible!

Free hadrons

QUARK GLUON SCALING AND HADRONIZATIONQUARK GLUON SCALING AND HADRONIZATION

EEC gives angular scale
µ ⇠ pT ✓ij

Interacting quarks and gluons
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IDENTIFYING THE INTRINSIC HEAVY QUARK SCALE

• Ratio of the two-point correlators clearly shows the dead-cone region around 

virtuality ⇠ pT ✓+mQ

• Two-point correlators capture the effects of intrinsic mass, displaying earlier formation of 
heavy bound states due to their mass

✓ . mQ

E

Craft, KL, Meçaj, Moult `22

21
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HIGHER POINT CORRELATORS
• Higher-point correlators probe more detailed aspects of interactions

• Cosmologists are hunting for non-gaussianities
(genuine 3-pt correlation) in CMB to distinguish 
models of inflation

• I have computed the first necessary analytical
ingredients for 3-pt correlations within 
heavy jets!

Triple collinear splitting functions

=) Can now compute 3-point correlations!

Craft, Gonzalez, KL, Meçaj, Moult `23
Dhani, Rodrigo, Sborlini `23

Maldacena `02, Komatsu `10 
Cabass, Pajer, Stefanyszyn, Supel `21,…

22
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Ratio of Three-Point Massive Correlators

hE1E2EM i
hE1E2EM=0i E1

E2
EM

⇠M12

⇠21M
�2M1

�M12

�21M

1.0

0.8

0.6

0.4

0.2

0

• Achieve analytic calculation using our                
splitting functions

1 ! 3

• Application: three-point correlations probe the non-trivial dynamics of the dead-cone
Craft, Gonzalez, KL, Meçaj, Moult `In Progress

23

PROBING THE DYNAMICS OF THE DEAD-CONE
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Ratio of Three-Point Massive Correlators
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PROBING THE DYNAMICS OF THE DEAD-CONE
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Ratio of Three-Point Massive Correlators
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PROBING THE DYNAMICS OF THE DEAD-CONE
Craft, Gonzalez, KL, Meçaj, Moult `In Progress
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Holguin, Moult, Pathak, Procura, Schöfbeck `22,23,24

Large samples of highly boosted top quarks produced at the LHC! 

W boson allows calibration of the top quark jet to circumvent 
determination of the NP effects in the hard scale! 

Yet another demonstration of higher-point correlator giving  
more rich information of the underlying dynamics

ENERGY ENERGY CORRELATORS ON TOP JET

24/45
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PUSHING THE LIMIT OF HIGHER POINTS

• Modern amplitude method allows 
computation of the integrand up to 11-point 
for N=4.

• Intricate view of OPE and spinning operators in 
four-point.

He, Jiang, Yang, Zhang `24
Chicherin, Moult, Sokatchev, Yan, Zhu `24

Gonzalez, KL, Harris, Moult, Rothman `In Progress

25
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CREATING BIG BANG MATTER ON EARTH
• Can we use asymptotic correlations to understand the complicated microscopic dynamics of the 

state created by Heavy Ion Collisions at the LHC?

26
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RESOLVING THE QGP USING ENERGY CORRELATORS
Two-point energy correlators clearly identify the medium angular scale at which correlations 
are modified!

EEC gives angular scale
<latexit sha1_base64="X6klVkvHu1ri0QxtGhsaFq6kaCY=">AAACOXicbVDLSsNAFJ34rPXV6sKFm8EiuCqJFHVZdOOyQl/QhDCZTNuxM0mYuRFLyNe41S/wS1y6E7f+gNPHwrYeuHA4517uvSdIBNdg2x/W2vrG5tZ2Yae4u7d/cFgqH7V1nCrKWjQWseoGRDPBI9YCDoJ1E8WIDATrBKO7id95YkrzOGrCOGGeJIOI9zklYCS/dOLK1NVc4sRvYheGDIif8cfcL1Xsqj0FXiXOnFTQHA2/bBXdMKapZBFQQbTuOXYCXkYUcCpYXnRTzRJCR2TAeoZGRDLtZdMPcnxulBD3Y2UqAjxV/05kRGo9loHplASGetmbiP96z7MFC1qoJ0sWtUAuXQj9Gy/jUZICi+jswH4qMMR4EiMOuWIUxNgQQhU3P2I6JIpQMGEXTXrOclarpH1Zda6qtYdapX47z7GATtEZukAOukZ1dI8aqIUoytELekVv1rv1aX1Z37PWNWs+c4wWYP38AqDGrSw=</latexit>

µ ⇠ pT ✓ij

27
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RESOLVING THE QGP USING ENERGY CORRELATORS

EEC gives angular scale
<latexit sha1_base64="X6klVkvHu1ri0QxtGhsaFq6kaCY=">AAACOXicbVDLSsNAFJ34rPXV6sKFm8EiuCqJFHVZdOOyQl/QhDCZTNuxM0mYuRFLyNe41S/wS1y6E7f+gNPHwrYeuHA4517uvSdIBNdg2x/W2vrG5tZ2Yae4u7d/cFgqH7V1nCrKWjQWseoGRDPBI9YCDoJ1E8WIDATrBKO7id95YkrzOGrCOGGeJIOI9zklYCS/dOLK1NVc4sRvYheGDIif8cfcL1Xsqj0FXiXOnFTQHA2/bBXdMKapZBFQQbTuOXYCXkYUcCpYXnRTzRJCR2TAeoZGRDLtZdMPcnxulBD3Y2UqAjxV/05kRGo9loHplASGetmbiP96z7MFC1qoJ0sWtUAuXQj9Gy/jUZICi+jswH4qMMR4EiMOuWIUxNgQQhU3P2I6JIpQMGEXTXrOclarpH1Zda6qtYdapX47z7GATtEZukAOukZ1dI8aqIUoytELekVv1rv1aX1Z37PWNWs+c4wWYP38AqDGrSw=</latexit>

µ ⇠ pT ✓ij

• Energy correlators for heavy-ion collisions generating much excitement and progress!

21 talks / posters at hard probe on energy correlators!

Two-point energy correlators clearly identify the medium angular scale at which correlations 
are modified!

28

Andres, Dominguez, Holguin, Marquet, Moult `23,24
Bossi, Kudinoor, Moult, Pablos, Rai, Rajagopal `24 …

Barata, Milano, Sadofyev `23
Barata, Caucal, Soto-Ontoso, Szafron `23 

Yang, He, Moult, Wang `23
Devereaux, Fan, Ke, KL, Moult `23
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…AND DATA!
29
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RESOLVING THE QGP USING ENERGY CORRELATORS
EEC gives angular scale

Barata, Brewer, KL, Silva `In Progress
• Heavy quarks are effective probe of the medium. 

Nontrivial interaction between intrinsic mass and medium effects!

30
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RESOLVING THE FEMTOSCALE IN JETS
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• Femtoscale nuclear size dependence can be resolved within jets using 
two-point correlations
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WHAT IS A DETECTOR?

ER =
X

i2R

Ei
• Interesting measurements of energy flow can be made on a restricted set of hadronic states, R, for 

example, charged hadrons (tracks)

Well-defined detectors

All observables

IRC safe

EE± EQ
En

E
En

• Provides a sharp link between underlying field theory and observables

• What constitutes a well-defined field theory definition for a detector?

KL, Moult `23

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin`22
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WHAT IS A DETECTOR?

ER =
X

i2R

Ei
• Interesting measurements of energy flow can be made on a restricted set of hadronic states, R, for 

example, charged hadrons (tracks)

Well-defined detectors

All observables

IRC safe

EE± EQ
En

E
En

• Provides a sharp link between underlying field theory and observables

• What constitutes a well-defined field theory definition for a detector?
Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin`22

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Two-Point Charged Correlators

CORRELATION BETWEEN CHARGED HADRONS

• Unlike-signed charged correlators are correlated more as the angle becomes smaller!

• The correlation between unlike-signed hadron pair is expected to grow in string-like hadronization
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ū

d̄

d

⇡+

⇡�

hE+E�i, hE+E+i, hE�E�i, hEK+E⇡�i, hEK+E⇡+i, · · ·

!"!!# !"!!$ !"!#! !"!$! !"#!! !"$!!

!"%

!"&

!"'

!"(

#"!

#"%

Gluon Jet
pT = 100 GeV

confinement transition region

hE+E+i+ hE�E�i

hE+E�i
hEtrEtrE EtrEtrE i

Two-Point Charged Correlators

hE+E+i+ hE�E�i
hEtrEtrE EtrEtrE i

hE+E�i
hEtrEtrE EtrEtrE i

pT = 1 TeV
Up-type Jet

NLL accuracy

Two-Point Charged Correlators

perturbative regionconfinement transition region perturbative region

KL, Moult `23
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Clustering model
(Herwig)

DISCRIMINATING HADRONIZATION 
MECHANISMS

Lund string model
(Pythia)

• Two-point charged correlators already nontrivially probe the two
hadronization mechanisms by eye, and pave the path to go even beyond!

Two-Point Kaon-Pion Correlators
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⇡�K+ Lund string Two-Point Kaon-Pion Correlators
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KL, Moult, Song, Sterman `In Progress
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See also Chien, Deshpande, Mondal, Sterman
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GENERALIZING ENERGY FLOW CORRELATIONS
• Writing down more general detectors allows us to systematically consider more general correlations!
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Three-PointThree-Point EQ Correlators

Up-type Jet

Down-type Jet

Gluon Jets

hEQEQEQi
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NLL accuracy

Higher-point charged correlators

KL, Moult `23
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QUANTUM COMPUTING PLATFORMS
37

• We are living in the era of quantum computing revolution
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REAL-WORLD DIGITAL COMPUTING HARDWARE

38

• We are living in the era of quantum computing revolution

• Can these devices be utilized to simulate our nature?
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SIMULATING SCATTERING PROCESSES
39

Jordan, Lee, Preskill `11-`17

• Shown to be BQP in complexity for  
Scalar Field Theory, but each step requires 
significant amount of resources
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SIMULATING ENERGY CORRELATORS
40
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• Everything can be formulated at the operator level, which one can construct in the Hamiltonian 
formulation
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SIMULATING ENERGY CORRELATORS
41

• Key tasks

1.Develop the Hamiltonian formulation  
of field theory of interest on lattice 

2.Write down the appropriate operators  
in the Hamiltonian formulation 

3.Compute time evolution and correlations
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dt rd�1niT0i(t, r~n)
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SIMULATING ENERGY CORRELATORS
42

• Energy flow being captured in real time on lattice

KL, Turro, Yao `24
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NONPERTURBATIVE TRANSITION
43

Free hadrons Interacting quarks and gluons
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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• Can we see observe nontrivial confinement transition between the two regions?
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NONPERTURBATIVE TRANSITION
44

Free hadrons

hE (~n1) E (~n2) · · · E (~nN )i ⇡ hEiN =
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◆N
• Consistent with the free hadron region!

KL, Turro, Yao `24
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QUANTUM SIMULATIONS
45

• Quantum devices can simulate  
energy correlators!
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RHIC

LHC

EIC
Primordial fluctuationsW

hat cosmic history gave rise to primordial fluctuations?

t

10
1
0
yr

10
5
yr

10 �
3
2
s?

E(~n1)

E(~n2)
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Conformal Colliders meet Jets in 
Particle Colliders!

Jets provide sharp link between 
underlying field theory and real world!




