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THE DAWN OF QCD: FROM PARTONS TO JETS

2-jet event 3-jet event

Wu, Zobernig " 79

Evidence for Jet Structure in Hadron Production by e* e~ Annihilation*
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We have found evidence for jet structure in e*e™— hadrons at center-of-mass energies
of 6.2 and 7.4 GeV. At 7.4 GeV the jet-axis angular distribution integrated over azimuthal
angle was determined to be proportional to 1+(0.78 £ 0.12)cos?6.
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unveiled the partonic nature of QCD, playing an important role in the confirmation of QCD as the
theory of strong interactions!
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HIGH-MULTIPLICITY JETS AT COLLIDERS

e The effort to achieve precise predictions of jet cross sections has driven important theoretical
developments in Quantum Field Theory
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e Field of jet physics have always been intricately connected to the success of the collider physics
program!
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS

e Beyond massless QCD jets, highly energetic colliders (the LHC and proposed future colliders)
produce boosted H/W/Z bosons and top quarks whose multi-body decays appear as jets.
Quarks

Gauge Bosons

e Since its introduction in 2008 by Butterworth, Davison, Rubin, and Salam for Higgs reconstruction,
jet substructure has provided a novel way to probe the vast LHC jet data by analyzing energy patterns within jets.
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS

e This has had a tremendous impact on carrying out new physics searches and the need to study

energy flux in QCD.
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 Therefore, important Standard Model and BSM questions are also encoded in the energy flow inside jets.
This motivates a dedicated, precision theoretical program and tools to decode the energy flow inside jets.

new theory insight needed!
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DECODING ASYMPTOTIC ENERGY FLUX IN COLLIDERS
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We probe primordial perturbations by

analyzing correlations in the CMB

Much like cosmology, we infer
microscopic (early time) physics
from asymptotic (late time) energy flux

From QFT point of view,
what field theoretic observables
describe this patterns of energy flux?
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DETECTORS IN QFT

From QFT point of view, what is a detector?

Energy Flow Operators

dt lim TzniT()i(t, TTAL)
T —> 00

)| X) = > Ea6® (Qp, — Q) |X)

From the perspective of QFT, jet substructure is the
study of correlation functions of energy flow operators.

= energy correlators!

=) | @y () - - - )| =) (E(71) -+ E(An)) = (W|E(Ry) - -~ £y )| W)

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin"22
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ENERGY CORRELATORS

Discussion of a perturbative computation of 1-point correlation (£(n))

states., To make this idea more quantitative we define for any state

"angular energy current'" in the é+e- CM frame:

n

a

3, =T Mo . (1)

i=1

where the sum is over the n, massless particles in a, with energies

{ﬂq} and momentum directions {w{} (w, stands for angles 8. and w,).

~_ Sterman 75

Calculations of two-point correlation (£(n;)E(ny)) ¢ S T
to characterize collider events

Basham, Brown, Ellis, Love, " 78
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STRONG INTERACTIONS | NEWS

CERN ERN

® [ J ® o C
Measuring energy correlators inside jets [eo0:d12):d
- 3 November 2023

COURIER

ENERGY CORRELATORS INSIDE JETS

STRONG INTERACTIONS | NEWS

Charming energy-energy correlators
9 September 2025
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MANY COLLIDER “COSMOLOGIES”

* LHC and RHIC pp

* LEP reanalyses measurements

ALFPH e*e, Vs =912 GeV, Preliminary
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Many different collider experiments with correlations of energy flow
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EXCITING COLLIDER PHYSICS ERA
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Injector

Possible
Detector
Location
Electrons

Possible
Detector
Location

Electron
Injector (RCS)

+ More Future

Colliders 3,

(Polarized)
fon Source

AN

LHC, 2008 - Present 1 ~
Run 3 running!

RHIC, 2000 - Present

EIC, 2030s-
SPHENIX: 2024-

How can we harness energy correlators to continue making breakthroughs in collider frontier?
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BRINGING IDEAS FROM FORMAL THEORY, PHENOMENOLOGY,
AND EXPERIMENTALISTS

UC SANTA BARBARA Energy Correlators: From Theory to Experiment

Kavli Ins.titUte fOr. Coordinators: Kyle Lee, lan Moult, and David Simmons-Duffin
Theoretical Physics

Feb 1, 2027 - Feb 4, 2027

Particle and [ "7
Nuclear Physics \g&t.. ==

... This conference will bring together formal

o theorists, phenomenologists, and experimentalists
:j:{ to advance the use of energy flow observables

S across collider physics and formal quantum field
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Asymptotic Detectors are fundamental object
of Lorentzian Field Theories!



. Universal Scaling

What is the QFT perspective
of jet substructure?




Overview

. Universal Scaling

ll. Precision SM

sl

Can we carry out precision
study of the Standard Model?
(For example, a, extraction)

0®
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. Universal Scaling

ll. Precision SM
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Can we understand
confinement mechanism?

¥

lll. Confinement

Dynamics




Overview

. Universal Scaling

ll. Precision SM

lll. Confinement
IV. Heavy Flavor Jets Dynamics

Can we improve our understanding
of the heavy flavor scale in jets?



Overview

. Universal Scaling

Can we do precision
electroweak studies and
constrain new physics?

ll. Precision SM
V. Electroweak and

New physics

e

lll. Confinement
Dynamics

IV. Heavy Flavor |ets
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What is the QFT perspective
of jet substructure?

. Universal Scaling

ll. Precision SM
V. Electroweak and

New physics

e

lll. Confinement
Dynamics

IV. Heavy Flavor |ets
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SCALING BEHAVIORIN QFT

e Why is the study of jet substructure of interest in QFT?

e QFTs display universal scaling behaviors when operators approach one another

130 |
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e Critical phenomena give us access to universal scaling behavior as Euclidean operators are brought
together
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UNIVERSAL LORENTZIAN SCALING WITHIN JETS

: .. £
e Jet substructure describes the limit where energy flow operators are brought 4 (1) 6’
together, thus probing the OPE limit of Lorentzian operators

> Profound field theory predictions within jets!

Light-ray Operator Product Expansion

E (M1)€ (R2) ~ Y 67720 (7n)

N -

g(’fl) — / dt lim TQHiT()i(t, TTAL)
0

T— 00

Hofman, Maldacena 08

EM)X) =) E.6® (Qz, — Q) |X)

e Light-ray Operator Product Expansion predicted universal scaling within jets within the context
of conformal field theory
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UNIVERSAL LORENTZIAN SCALING WITHIN JETS

: - .
e Jet substructure describes the limit where energy flow operators are brought 4 I
together, thus probing the OPE limit of Lorentzian operators

> Profound field theory predictions within jets!

Light-ray Operator Product Expansion

E (M1)€ (R2) ~ Y 67720 (7n)

N -

()

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

Hofman, Maldacena 08

EM)X) =) E.6® (Qz, — Q) |X)

e Light-ray Operator Product Expansion predicted universal scaling within jets within the context
of conformal field theory
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UNIVERSAL SCALING BEHAVIORIN JETS!

e In QCD, we developed the proper framework to observe the universal scaling behavior within jets!
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SCALING FROM15GEVTO 2 TEV IN DATA!

O | T 1T 11 | | | T 1T 11 | | | | T 1T 11 | | | T 1T 11 |
H 1.4 130 SR
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1 é 90+ &
2 g
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0 100 200
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e Universal scaling of QCD operators revealed in data from STAR, ALICE, and CMS, from 15 GeV to 1784 GeV!
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THE SPECTRUM OF A JET

e Thelight-ray OPE can be iteratively applied to N-point correlators, predicting their anomalous
scaling behavior with N Chen, Moult, Zhang, Zhu 20
KL, Mecaj, Moult "22

Chen, Gao, Li, Xu, Zhang, Zhu 23
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What is the QFT perspective ot jet substructurer?
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STRONG COUPLING DETERMINATION

e How strong is the Strong Force?

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

Summary of as(Mz)

m = NLO NNLL A A A NNLO 0 LO
Reference Vs (TeV) Observable C M S ’
JHEP 06:018 (2020) 7.8 W/Z cross sec. _ i
PLB 728:496 (2014) 7 i cross sec. —_— é |
EPJC 79:368 (2019) 13 i cross sec. ” g -
EPJC 80:658 (2020) 13 tt differential —-—

PRD 98:092014 (2018) 13 gubs"ucmre o
EPJC 73:2604 (2013) 7 R,, -
EPJC 75:288 (2015) 7 Inclusive jet el
EPJC 75:186 (2015) 7 3-jet mass -
JHEP 03:156 (2017) 8 Inclusive jet =
EPJC 77:746 (2017) 8 Dijets (3D) - §
JHEP 02:142 (2022) 13 Inclusive jet —h— -
arxiv:2312.16669 (2024) 13 Dijets (2D/3D) - .
CMS-PAS-SMP-22-015 (2024) 13 Energy correlators ¥
CMS-PAS-SMP-22-005 (2024) 13 R, -
Prog. Theor. Exp. Phys. 083C01 (2023 update) : World average —.-

R P il A0 MY T N A PR RS S AT [l TN, (A TR AT ol Tt N A P R T M B o [T TN A R M G

0.07 0.08 0.09 0.1 0.11 0.12 0.13

(M)

In comparison, EM coupling: o, = 0.0072973525693(11)

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

a(mz) = 0.1229% 7 1020 > 4% uncertainty

—0.0050

CMS 36.3fb" (13 TeV)
81_6__ Data —— NNLL;0+NP ; Oﬂs(g’?)36 1.021
W[ [§]p)": 97-220 GeV E 0. s
Q 4|pJ* 330-468 GeV =
W1.5- — Jet .
1]p': 638-846 GeV £
L [{]p)": 1101-1410 GeV S
1.4 H o
Energy Correlators in Jet 3 1 >
1 o
1.3_—
1.2F

107"

CMS 24
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ROAD TO IMPROVED PRECISION

Road to precision

m = NLO

mination
e

B fb7'(13 TeV)

) 1.02

20.136 1 7

0100 Jo98 &
o R
we® N

Reference
JHEP 06:018 (2020)

PLB 728:496 (2014)

|.Measurements on Tracks
EPJC 80:658 (2020)

PRD 98:092014 (2018)

EPJC 73:2604 (2013)

EPJC 75:288 (2015)

2.Nonperturbative correctionsz

JHEP 03:156 (2017)

EPJC 77:746 (2017)

JHEP 02:142 (2022)

3.Perturbative corrections

CMS-PAS-SMP-22-015 (2024)

CMS-PAS-SMP-22-005 (2024)

Prog. Theor. Exp. Phys. 083C01

0.07 0.08 0.09 0.1 0.11 0.12 u.13

: 21 V. t —t—t +—
as(M,) 1.2F »

107"
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ROAD TO IMPROVED PRECISION

Road to precision

m = NLO

mination
e

Reference
JHEP 06:018 (2020)

PLB 728:496 (2014)

|.Measurements on Tracks |

EPJC 80:658 (2020)

PRD 98:092014 (2018) B ackup Slide S al nty
EPJC 73:2604 (2013) /

sisssin 2.Nonperturbative correctionss

JHEP 03:156 (2017)

B fb™ (13 TeV)

) 1.02
20.136 1 7
0100 Jo98 &
T T T T . 8‘
- R
-e® N

EPJC 77:746 (2017)

JHEP 02:142 (2022)

e | 3.P€rturbative corrections -— Backup slides

CMS-PAS-SMP-22-015 (2024)

CMS-PAS-SMP-22-005 (2024)

Prog. Theor. Exp. Phys. 083C01

0.07 0.08 0.09 0.1 0.11 0.12 u.13

: 21 V. 1
(M) 121 A =

CMS 24 X,



Overview

. Universal Scaling

Can we carry out precision
study of the Standard Model?

ll. Precision SM

V. Electroweak and
New physics

e

lll. Confinement
Dynamics

IV. Heavy Flavor |ets
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MEASURING TRACKS

e Measuring tracks (i.e. EM charged particles) provides much more precise experimental results

Two-Point Energy Correlators

Modern detectors have
state-of-the-art
tracking systems!

. ALEPH Archived Gen MC «—+ Tracks Ei (1)

—— OPAL Z. Phys. C 59 (1993)
— L3 PLB 257 (1 9912 469-478 ¢ A1l particles g ( ﬁ)

~ —— DELPHI PLB 252 (1990)
1= %\*

— C) 2

— e*e” -

ALEPH reanalyses’25 %

L

10~ e Depend on quantum numbers of final state hadrons other than energy

TTTTTT

> not computable purely from perturbation theory

0.01 0.1 1
0
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MEASURING TRACKS

e Measuring tracks (i.e. EM charged particles) provides much more precise experimental results

Two-Point Energy Correlators

Modern detectors have
state-of-the-art
tracking systems!

. ALEPH Archived Gen MC «—+ Tracks Ei (1)

—— OPAL Z. Phys. C 59 (1993)
— L3 PLB 257 (1 9912 469-478 ¢ A1l particles g ( ﬁ)

—— DELPHI PLB 252 (1990)

@

ALEPH reanalyses’25 %

L

| =™
%
%
l—‘-:-l
i
Q

;—c
i
®

ol
o
»

10~

We need QCD factorization:
separate calculable perturbative from universal nonperturbative dynamics

TTTTTT

| lllllll | 1 lllllll 1 | lllllll
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Can we carry out precision study of the Standard Model?

TRACK FUNCTIONS

e Track functions are non-perturbative functions describing the momentum fraction of initial parton

converted to (charged hadrons).

T,(x) Track Functions

S o

-~
JUQOC

A

‘..'.....H..".

ORIV OVVL

’

D0 00C )

——

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

.\
..>ptr
0 .

e Track function formalism provides the essential
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ENERGY CORRELATORS ON TRACK

e Track functions are non-perturbative functions describing the momentum fraction of initial parton
converted to tracks (charged hadrons).

Predictions for Track Energy Correlators

T,(x) Track Functions

b N . \ 2.0} NLL Projected Correlators on tracks
H Z JCERE) ,
p sO000C e E3C/EEC
. - L
BBOO0000C mz'.:‘,o...o.o.o::. ST . DPir p ?::) 16! — E5C/EEC - (E1E5 -+ EN)
~ = (E182)
. ) ] 1.4
B
@,
Z.
62

Tracks, —0.3 < [n| < 0.3
pr = 500-550 GeV

Chang, Procura, Thaler, Waalewijn " 13 |
Jaarsma, Li, Moult, Waalewijn, Zhu et al 21, 22,23 A
KL, Moult "23,23 ' ' ' | |

0

KL, Li, Moult, Waalewijn "In Progress
Jaarsma, Li, Moult, Waalewijn, Zhu et al "23

e We can use such track-level theoretical predictions to exploit precision track-level
experimental measurements!
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ENERGY CORRELATORS ON TRACK

e Track functions are non-perturbative functions describing the momentum fraction of initial parton
converta

Road to precision

orrelators
|.Measurements on Tracks ks
pﬂ
— Backup slides ¢ £
* AHHI] o A
2.Nonpertu rbative correctionsee\/ 2)
KL, Pathak, Stewart, Sun “24
i,_-’" : ‘ < |n| <0.3
3.Perturbative corrections — Backup slides
Czakon, Generet, Mitov, Poncelet 21  Poncelet, KL, Moult, Terry, Zhang “25 0L
Bonino, Gehrmann, Stagnitto “24 KL, Moult, Zhang 24, *24
e rogress]

e We can use such track-level theoretical predictions to exploit precision track-level
experimental measurements!
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Can we carry out precision study of the Standard Model?

ENERGY CORRELATORS ON TRACK

21/40

e Track functions are non-perturbative functions describing the momentum fraction of initial parton

converte ‘ ’
| orrelators
ks
p" |
—> i 5 N v N
e &)

2)

< |n| <0.3
GeV

A

Will bring unprecedented precision calculation of jet substructure :

rogress|

y =l ATy

e We can use such track-level theoretical predictions to exploit precision track-level
experimental measurements!



Overview

. Universal Scaling

ll. Precision SM

V. Electroweak and

New physics -

e

sl

0®

Can we understand
confinement mechanism?

¥

lll. Confinement

IV. Heavy Flavor Jets Dynamics




Kyle Lee Can we understand confinement mechanism? 22/40

QUARK GLUON SCALING AND HADRONIZATION

e Energy correlators allow the hadronization process to be directly imaged inside high energy
jets: transition from interactingquarks and gluons to free hadrons is clearly visible!

@
~ o
c® ;‘\‘\\ EEC gives angular scale

Aoc ~ o
D
Sensitivity to i
V scales of QCD AQCD
;V Transition
@ Region
sl Two-Point Energy Correlator
| ¢ CMS Open Data .
Free hadrons 2 20 _— ; OPE region
£ =L ?
N = 7
s A 5) ~ Y(3)=20). (#
e @)~ eY = (Z) .  E()E () ~ ) 070, ()
- AKS5 Jets, |n| < 1.9 . . ..
°5 pr = 500-550 GeV describes collinear splittings of
00! | quarks and gluons

I I PR N ST N W | I P S R 1 ! 1 a a a
0.001 0.005 0.010 0.050 0.100 0.500 1

KL, Mecaj, Moult "22

Free .
OPE region Komiske, Moult, Thaler, Zhu “22

Hadrons



Kyle Lee Can we understand confinement mechanism? 22/40

QUARK GLUON SCALING AND HADRONIZATION

e 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!

----------

EEC gives angular scale

‘ Weakly-coupled N 0. .
, Conformal Gauge Theory f PTYi;

Sensitivity to i
scales of QCD AQCD

3.0

Two-Point Energy Correlator
¢ CMS Open Data )
= LL e OPE region

= NLL

250

Free hadrons

2.0/

15

o E () E () ~ Yy 0120 ()

AK5 Jets, [n| < 1.9 . . °op oo
pr = 500-550 GeV describes collinear splittings of

quarks and gluons

KL, Mecaj, Moult "22
Komiske, Moult, Thaler, Zhu "22

Normalized EEC

1.00

05)

0.0! S TR
0.001 0.005 0.010

Free .
PE
Hadrons O regton

1 1 | 1 | 1 a a a
0.050 0.100 0.500 1
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QUARK GLUON SCALING AND HADRONIZATION

e 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!

l do
Dihadron fragmentation functions o(; 5dQ9
give universal behaviors that describe the transition behavior e B T
— E () = mz (only dashed fit) -
0.12— 1 Q=300 GeV .
~ = Q= 1000 GeV 5
- = Q=13000 GeV -
0.09

0.06

0.03

III|IIII|IIII

0.00

‘ 10° 10' -
KL, Stewart “25 Free Transition . Q@
Chang, Chen, Liu, Simmons-Duffin,Yuan, Zhu *25 Hadrons Region OPE region
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CONFINEMENT MAGIC AND DETECTORS

From QFT point of view, what is an asymptotic detectors?
Energy Flow Operators

dt lim r°n*Tp,(t, rn)

r—00

Much interests from various QFTs:

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

Henriksson, Kravchuk, Oertel 23

Herrmann, Kologlu, Moult “24

Critical O(N), Wilson-Fisher, Homrich, Simmons-Duffin, Vieira *24

Fishnet CFTs, QCD, ... Li, Simmons-Duffin "25
Chang, Chen, Simmons-Duffin, Zhu "25
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Can we understand confinement mechanism?

25/40

CORRELATION BETWEEN CHARGED HADRONS

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

RN 1] ‘,I;;J;;»’: g
N ey el e

STAR "25

1.2
1.0
0.8

0.6

Charged EEC

0.4~

0.2

PT — 100 GeV

Two-Point Charged Correlators

Gluon Jet

0.001

confinement transition region

! ! ! | [ T ! ! ! | | !
/ 0.005 0.010 0.050 0.100 /

perturbative region

0.500

string

confinement transition region

0.8

0.7-

0.4

0.3"

KL, Moult "23

(E+E-), (E4E4),(E-E)

Two-Point Charged Correlators

NLL accuracy

Up-type Jet
P — 1 TeV

(ELEL) + (E_E)
- : —ggtrgtr>

| o | | | | | | | .-
0.100 / 0.500 1

perturbative region

(EE2)
<gtrgtr>

| | | | o | | | | |
0.007 0.010 0.050

e The correlation between unlike-signed hadron pair is expected to grow in string-like hadronization
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CORRELATION BETWEEN CHARGED HADRONS

e Unlike-signed charged correlators are as the angle becomes smaller!
‘23

Probing Confinement with energy correlators  [-¢-/

12- (Backup slides)
" Two-Pc Lt
' o 0 — — OI'Telalors
I. Measuring flavor correlations (Ex+ (71) - (7i2))
é . Gluon KL, Moult, Song, Sterman [In Progress] curaty
T o pr=10 : ; :
o0 | — N e —
oo Il. Measuring spin correlations (&,(7i;)&(7i2)) v Jet
04 Kuk, KL, Michel, Sun 25 .
| RERCEE
0.2'_ <gtrgtr>
0001 4 o S
[ a e
confinement transition region perturbative region confinement transition region perturbative region

e The correlation between unlike-signed hadron pair is expected to grow in
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CORRELATION BETWEEN CHARGED HADRONS

e Unlike-signed charged correlators are as the angle becomes smaller!
‘23

Probing Confinement with energy correlators  [-¢-/

12- (Backup slides)
" Two-Pc Lt
- . 0 — — orrelators
I. Measuring flavor correlations (Ex+ (71) - (7i2))
é 0_8:_ Gluon KL, Moult, Song, Sterman [In Progress] curaty
t | pr=100 : . :
0 | — N —
oo Il. Measuring spin correlations (&,(7i;)&(7i2)) v Jet
04 Kuk, KL, Michel, Sun 25 =1 1eV
| 1)+ (€& )
o2 Explore different correlations to unlock confinement! (Eurber)
0001 4 oO. S
[ a e
confinement transition region perturbative region confinement transition region perturbative region

e The correlation between unlike-signed hadron pair is expected to grow in
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UNRAVELING HEAVY FLAVOR DYNAMICS

o are important for understanding medium, hadronization, Higgs, BSM
searches, flavor tagging, gluon structure, etc.

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

Li,Vitev " 18

Lee, Shrivastava,Vaidya "9

Attems, Brewer, et al “22

von Kuk, Michel, Sun "23

o give access to an angular scale p ~ pr0;;

This gives sensitivity to scales of QCD — Aqcp,mq,
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BEAUTIFUL AND CHARMING CORRELATORS

® capture the effects of intrinsic mass of heavy quarks

Heavy Flavor Energy Flow Operator :

_ 2.0 I
120} _ = |
| Two-Point Enerey Correlator 2 R . ‘
100, i%:y , = (E(m)Ex (1)) B NLO :
o . <5(n1 )57-[ (n2)> o | = S = Pythia -
E = = Light Jet = _ <g(n1)g(n2)> |
— 80__ = = (Charm Jet \C-)/ ' ‘
O = = Beauty Jet eS| o
% 60 S = """ # = Beauty Hadrons
= =
O ] = _
=z 40' : ng 0.5- -
2ol AKS5 Jets, [n| < 1.9 _— 5| AKS5 Jets, |n| < 1.9 |
- pr = 500-550 GeV - E _ pr = 500-550 GeV -
Y001 0005 0010 0050 0100 0.500 *0.001 | 005 0.010 0050 0.100 T 050
9 Craft, KL, Mecaj, Moult "22
. . meg
e Ratio of the clearly shows the dead-cone regionaround 0 < —

b
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BEAVU™
° STRONG INTERACTIONS | NEWS
o
8%%}{ Charming energy-energy correlators
| 9 September 2025 ) ‘ X>
A report from the ALICE experiment.
- ALICE
' ALICE pp, Y5 = 13 TeV PYTHIA 8 Monash Narrow sprays of particles called jets erupt
I 2.5 - ch.-particle jets, anti-k,, R=0.4 - DO-tagged jets
1001 5 < p? < 15 GeV, |y,:| < 0.8 e from high-energy quarks and gluons. The )
I 20 10 < p#< 15GeV, |n, | <05 pe> 5 GeV ]
8 e T ~ 5| @ Dtaggedjets s NLO pQCD ALICE collaboration has now measured so- 118
F_; 80 = ( A o™ A=seey called energy—energy correlators (EECs) of
=i inclusive jets g~ LIRS . . -
S = om [ 0.5 - charm-quark jets for the first time - - =
— 60"
CES : - revealing new details of the elusive “dead
—~ i ._,% | b}
O 4ol 8208~ cone” effect.
. i 5 é 0.4 — |
201 g;zz: - d Unlike in quantum electrodynamics, the 5, [l < 1.9
: i _;:go.z; - 74\ quantum chromodynamics (QCD) coupling 0-550 GeV :
0. B0 e s constant gets weaker at higher energies — a : 0.500
0.001 10 Lo hstant gets weak IShet enerst ALICE "25 '
feature known as asymptotic freedom. This L, Mecaj, Moult *22
meg

e Ratio of the

clearly shows the dead-cone regionaround 6 < —

~ B
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BONUS: RESOLVING THE QGP USING HEAVY FLAVOR
ENERGY CORRELATORS

1 = Charm Hadrons Barata, Brewer, KL, Silva "25

(Wanse| &y (1) Ex (i2) [TAMSC)
(1711) E3¢ (712) [P )

See also

Andres, Dominguez, Holguin, Marquet, Moult “23,24
Bossi, Kudinoor, Moult, Pablos, Rai, Rajagopal "24
Barata, Kang, Mayo, Penttala "24

05 U CMS 25
« Heavy flavor EEC allow gluon to heavy flavor splitting to be isolated
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HIGHER POINT CORRELATORS

o probe more detailed aspects of interactions

Triple collinear splitting functions _ %

g2
d1
Q) — > 3
M> q2
Q p— ><3 (051
g2
Q) —»— > Q)3

Maldacena 02

—> Can now compute 3-point correlations!
Cosmologists are hunting for

genuine ) in CMB to distinguish Craft, Gonzalez, KL, Megaj, Moult "23

Dhani, Rodrigo, Sborlini “23
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PROBING THE DYNAMICS OF THE DEAD-CONE

e Application: probe the non-trivial dynamics of the dead-cone
Craft, Gonzalez, KL, Mecaj, Moult [In Progress]

Ratio of Three-Point Massive Correlators

Eo

e Three-point structure allows us to probe the
nontrivial shape of the dead-cone
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PROBING THE DYNAMICS OF THE DEAD-CONE

e Application: three-point correlations probe the non-trivial dynamics of the dead-cone
Craft, Gonzalez, KL, Mecaj, Moult [In Progress]
Ratio of Three-Point Massive Correlators

(E1E9Ey)
(E1E2E3)

10 &l

0.8

0.6
0.4

%

0.2

0

e Three-point structure allows us to probe the
nontrivial shape of the dead-cone
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PROBING THE DYNAMICS OF THE DEAD-CONE

e Application: probe the non-trivial dynamics of the dead-cone
Craft, Gonzalez, KL, Mecaj, Moult [In Progress]

Ratio of Three-Point Massive Correlators
(E1E2Ew )

(E1E5E3)
1.0

0.8 8 1

0.6

Eo

0.4

0.2

0

e Three-point structure allows us to probe the
nontrivial shape of the dead-cone



Kyle Lee Can we improve our understanding ot the heavy flavor scale in jets? 31/40

BONUS: PUSHING THE LIMIT OF HIGHER POINTS

e Phenomenologically interesting to probe OPE and spinning operators

Gonzalez, Harris, KL, Moult, Rothman [In Progress]
90°

1
ENC Cozu'/o d:Bl o o 'd:BN 5(1 — Z.’Bz) (.’B1 ok .’IIN)2 Pl((i)>N ]

4 Chicherin, Moult, Sokatchev,Yan, Zhu *24 270°

e Analytic computation for ./ = | ‘
He, Jiang,Yang, Zhang "24

Push the precision of higher-point correlators to probe dynamics nontrivially!
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JET SUBSTRUCTURE:
ELECTROWEAK SCALE AND NEW PHYSICS

e Since its firstintroduction in 2008 by Butterworth, Davison, Rubin and Salam to reconstruct Higgs,
modern jet substructure studies have been widely used for electroweak and new heavy resonances.

e In parallel, a surge of ML techniques now enables more efficient tagging of these objects.
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JET SUBSTRUCTURE:
ELECTROWEAK SCALE AND NEW PHYSICS

e Concretely, can advancements in energy correlator calculations give precision extraction of
top quark mass? Need to improve understanding of multi-prong structure and boost
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BOOSTED HIGGS JETS

—p
Large Boost

E>>mH

e Can we discriminate scalar (Higgs) vs color octet vector (gluons) sourcing heavy quark pairs?
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H IGGS AT R EST Gao, KL, Zhang 26

1dFEEC IIII_I_I_I'I'I IIII_I_I_I'I'I IIII_I_I_I'I'I I'I'I_I_I_IIII I'I'I_I_I_IIII I'I'I_I_I_IIII

wide-angled

NN X
Higgs at Rest

513 o my = 125 GeV

106 (W E(71)E(72) | W35) (NLLcon+NLO+N'LL) g i
— (U [En(71)Ex(Ta)|[Th;) (LO+N*LLya) b~ 0 XX =gg or bb
1 L1 I_I_LLIJ 1 L1 I_I_LLIJ 1 L1 I_I_LLIJ ] LI_I_I_I_I L1 1 LI_I_I_I_I L1 1 LI_I_I_I_I L1 1
1073 1072 10~! 10° 10° 10~! 1072 1075
0 T —0
e Using “heavy flavor detector” vs “ " clearly discriminates back-to-back

region vs collinear emissions within b-jets.
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BOOSTED HIGGS JETS

Kyle Lee
1 dF%ESXX
FXX do

o
(P17

— (U |&(7,)E(79) [ TH ) (NNLL oy +NLO+N*LLy,z,)
&(

= (W3l En (1) En(7i2)| 3p) (LOAN'LLigy)

Boosted Higgs (v=4)
mpg =125 GeV

XX =gg or bb

)W) (NLL oy +NLO+N*LLyyp)

0.2
Gao, KL, Zhang "26

0.4 0.6 0.8

e Within boosted jets with two b quarks, radiation patterns
are clearly distinguished depending on the source

36/40
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BOOSTED HIGGS JETS

i I ' ' I ' ' ' I ' ' ] 40_ Tt Tt Tt [ T T Tt T [ T T T T ] T T T 1
F1 dFlEigxx : = (U |E(1,)E(7) | WE ) (NNLL (op+NLO+N*LLyg,) - F1 drglngb : my =125 GeV
il . . _ b - BN my =200 GeV
- s (D€ )E(72) | 91F) (NLLo+NLO+N*LLyz,) & 3.5¢ S oy
: = (T |Ex(71)En(7i2)Ty5) (LO+N'LLy) i i , .
o B 3.0¢ i Boosted Higgs
: : : | B, —
"B | Boosted Higgs (y= 4) 1 291 H o 500 f} o H
- 195 GeV | . : ; i <‘I’bz§\5(n1)5(n2)|‘l’b5>
4 M = . w{:“ : 2.0F i \ NLL ooy +NLO+N*LLy,,
l XX: or bb : 2 i - i |
30 9 i o - 1.5} i : |
2h . - 1.0 § § §
L i - 0.5 j §
Oi‘f i i 1 1 1 | I |i 1 | 1 1 1 - OO "I TR T B B T |E L s :- e —
0.2 0.4 0.6 0.8 0.5 1.0 1.5 2.0
v, 0

Gao, KL, Zhang "26 L. . . ..
e Within boosted jets with two b quarks, radiation patterns

are clearly distinguished depending on the source
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WEIGHING TOP QUARK WITH ENERGY CORRELATORS

10.

2
My

m; = 172.5 GeV, my = 80.4 GeV _

7.5 ¢ =£(ﬁ1\4+RL)/2)2T

Py
~ /
[ No (s cut (rescaled)’
- - - (= (R =01

Projected EEEC
o
I

2.5 A
A ¢~
I . ‘ P
O_IlIIIAl’l/IIIIIIlIIlllIllIIIIIII
0 0.1 0.2 0.3 0.4 0.5 0.6

Holguin, Moult, Pathak, Procura, Schofbeck "24
Holguin, KL, Moult, Pathak [In Progress]

e Three-point energy correlators can give measurements of top quark mass
e Precise understanding of squeezed configuration important to understand

do —1 —Zz
~ HQup) [ eI (13, ) Ty b ) S )
d$12d2
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WEIGHING TOP QUARK WITH ENERGY CORRELATORS

10. i I 1 1

1 I I 1 I I I I 1 I I 1 I 1 1 I 1 I I 1 1 I
pp—tX, pr € [500,525] GeV _

m; = 172.5 GeV, my = 80.4 GeV _

¢ = ((Rm + Ri)/2)* ]

~

‘)
TN xxr
(~—

7.5F

[ No (s cut (rescaled)’
- - - (= (R =01

Projected EEEC
o
I

7
.’ Ce ~

- P’
1 1 1 | 1 1 1 1 1

Holguin, Moult, Pathak, Procura, Schofbeck "24
W—I— Holguin, KL, Moult, Pathak [In Progress]

e Three-point energy correlators can give measurements of top quark mass
e Precise understanding of squeezed configuration important to understand

do —1 —Zz
~ HQup) [ eI (13, ) Ty b ) S )
d$12d2

Carry out precision electroweak studies and explore applications to
BSM searches using energy correlators!
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Energy correlators provide sharp link between
underlying field theory and real world!

Injection
Line

Possible
On-energy

Injector

E I lon ]
Collider

Ring

Possible Polarized
Detector Electron
Location Source

Electrons

Possible
Detector
Location

Electron
Injector (RCS)

(Polarized)
fon Source
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MANY MORE EXCITING PROPOSALS...

e Using di-hadron correlations, improve light-quark Yukawa coupling determinations

200

Michel “25

150

100

50+

ok

ya/y3"

—50

—100

sz =1 ]
- Astat: ]

—150
Agtat B Asyst i
—200 Pl FERREREEE FEREREREE IEEERRRER |
—-300 —200 -—-100 0 100 200 300

Yu/ ySM

4l 0O erc i Huang, Tong,Wang *25
- (] LHeC x 10 [,
2: kIZ] HERA
B
3 0r
N
Q L
e
2+
_4F
-3 ) -1 0 1 2 3
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DISCRIMINATING HADRONIZATION
MECHANISMS

EIC can discrimenate this! KL, Moult, Song, Sterman [In Progress]|
0.7k ' ' A L ' ' A R ' ' T v o, - y
| m (qu) K *(us)
- 7~ K1 Lund string Two-Point Kaon-Pion Correlators >
8 7~ KT Clustering ——
m L
- o | |
0.5/ _
o0 == . d
= — -
8 — ——— Pythia (Ex+Er-) - |
| | | - |
04— Herwig (Excrbn) + (Exvbas) Lund string model
Herwi | ' Pythi
(Herwig) | —— Pythia (Exc+En+) - (Pythia)
: Herwig <8K+ 57T—> + <5K+57T+> _
0.3¢ . . A DR . . A R . . N R
0.001 0.005 0.010 0.050 0.100 0500 1

-

R

e Two-point charged correlators already nontrivially probe the two
hadronization mechanisms by eye, and pave the path to go even beyond!
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(£,(711)&,(7i2)) TESTING THE QUANTUMNESS OF
~ CONFINEMENT PROCESS

Casi, KL, Moult [In Progress]

q,g — hihy X
" Physical
"I Entangled
Separable
B CHSH Violating
Pure State

55 STAR AA STAR
[arXiv:2506.05499] ©7%

e By additionally probing spins of outgoing hadron
pairs, we are able to determine whether the
confinement process is quantum.
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e e in the collinear limit exhibits same
universal behavior as hadron jets

1do™  1dsV |'N Q1
o drt, QNQ(a?L(l—a:L))?’/Q

o) d%L

POWER CORRECTIONS

KL, Pathak, Stewart, Sun "24 [PRL]

oN 1 do!V!

o dQL
4
3 E 2-point energy correlator

S N — R, NLL + LO + Q(Ry)
2 . == R, NLL + LO .
1 NW% E Herwig OPAL(lng),}V—E

— Y=
O - | | | | | | I=].$ === === T —
4B B | -
i :
2 =
1 -
y | 1 | -
4 =
3 -\\ 4-point energy correlator =
2 E \\ =

— T~ =
i ———+—+—+++ S
3 - 5-point energy correlator é
2 - E
1 E E
O = l | l L | | | -

| | |
0.4 0.6 0.8 1.0
01, (radians)
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1. Measurements on Tracks

3. Improved perturbative accuracy
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At Q=1000, 10% impact of power correction
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IMPROVING PERTURBATIVE ACCURACY

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

(W |E (1i1) -+ & (My-1)| )

e Dominant uncertainty was from the
calculation of the single jet state.
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e Our factorization theorem is able to interface with state-of-the-art
perturbative calculations to import into jet substructure studies
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LORENTZIAN FIELD THEORETIC OBJECT:
ASYMPTOTIC DETECTORS APPLIED TO DIFFERENT SYSTEM

| 2+ 1 Quantum Conformal
Gravity . Field
Computing Theor
eories
E(n1) E(na)
N

E(7i3)

KL, Turro,Yao 24
Herrmann, Kang, KL, Moran, Zhou [In Progress]

Herrmann, Kologlu, Moult, Parra-Martinez,Yan "25 Hofman, Maldacena 08

Importantly, energy correlators can be explored in general Lorentzian field theories.
QFT connections allow cross-pollination of ideas from different systems / field theories
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