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THE DAWN OF QCD: FROM PARTONS TO JETS

= 2-jet event 3-jet event
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Wu, Zobernig "79

Jets 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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JETS AND ENERGY FLOW

Energy Flow Operators

dt lim 7“27”LiT()z‘ (t, Tﬁ)
T —> 00

Sterman 75

E(R)X) =D Ead® (Qp, — Q) [X)

Sterman,Weinberg "77
Basham, Brown, Ellis, Love, “78-79

Sveshnikov, Tkachov, 95
Korchemsky, Sterman, "01

“ becomes the focus of computability”

N played a crucial role in formulating
the first IRC definition to study energy flow, or jets

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin"22
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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 (energy flow) have always been intricately connected to the success of the
collider physics program!
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EXCITING COLLIDER PHYSICS ERA

Possible

Injector

— lon
Collider |}

in I}
Ring /|

Possible Polarized
Detector /

Possible
Detector

Injector (RCS)

(Polarized)
lon Source

LHC, 2008 - Present

RHIC, 2000 - Present
Run 3 running! sPHENIX: 2024- EIC, 2030s-

e Jets at colliders give us the means to probe field theory in datal!

How can we harness jets to continue making breakthroughs in collider frontier?
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW WITHIN JETS

e Modern detectors with spectacular angular resolution gives us an unprecedented opportunity
to peer into the energy flow within jets

e 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
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SCALING BEHAVIORIN QFT

e Why is the study of jet substructure of interestin QFT?

e QFTs display universal scaling behaviors when operators approach one another

YWY

130

g 1.’20'i

O

-

S 110}

2

oo Euclidean Operator Product Expansion
2

< .

© 90" §

- ;

— e
T 80 ¢

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)

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

e In QCD, we developed the proper framework to observe the universal scaling behavior within jets!

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

W |€ (1) € (112)| ) (1| OB (77)[1) S
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SCALING FROM15GEVTO 2 TEV IN DATA!

O B | I T 1T 11 | | | I T 11 || | | | I 1T 1T 11 | | | I T 1T 11 | |
L 14 . -
% - i - } STAR from 15 - 50 GeV
& 125 z % 1 —
1= E 90 —
- - ALICE from 20 - 80 GeV
O.8r OT_T‘ -
0.6— —
0.4— -
_ } CMS from 97 - 1784 GeV
0.2— —
: | | I I | I/I | | | L 1 11 II | | | L 1 11 || = ’
107" 1 10 10°
g (’fll) g (ﬁg) ~ Z Hvig)_i@i (’fll) ’}/(N) X Qg < pT, jet > AR [GeV/C]

I | .
quantum classical

e Universal scaling of QCD operators revealed in data from ALICE, CMS, and STAR, 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, Megaj, Moult "22
Chen, Gao, Li, Xu, Zhang, Zhu "23
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STRONG COUPLING DETERMINATION

e How strong is the Strong Force? In comparison, EM coupling: o, = 0.0072973525693(11)

Quarks are never free, and thus it is very hard to measure their coupling
Summary of as(Mz)

m = NLO v NNLL A A Ao NNLO O LO
Reference Vs (TeV) Observable C M S fie
JHEP 06:018 (2020) 7.8 W/Z cross sec. —— %2
PLB 728:496 (2014) 7 tt cross sec. ——— ?!
EPJC 79:368 (2019) 13 tt . —_— o o o o 4
B = CMS collaboration carried out most precise determination
EPJC 80:658 (2020) 13 tt differential P
. tt ~ ® o
PROBSEID T e ;i of the strong coupling constant for jet substructure
EPJC 73:2604 (2013) 7 R, =
EPJC 75:288 (2015) 7 Inclusive jet o
EPJC 75:186 (2015) 7 3-jet mass 2 . .
JHEP 03:156 (2017) 8 Inclusive jet = a (m ) — 0 1 229 +O'OO4O CMS Collaboratlon 23
L ]
EPJC 77:746 (2017) 8 Dijets (3D) i — & A) Z —0.0050
JHEP 02:142 (2022) 13 Inclusive jet —— -
arxiv:2312.16669 (2024) 13 Dijets (2D/3D) —y—
[ J
CMS-PAS-SMP-22-015 (2024) 13 Energy correlators > > 4(7 uncert al n‘ty
psndo i b (2024) - RM e
Prog. Theor. Exp. Phys. 083C01 (2023 update) : World average —-
L1 1 I | I | I L1 1 1 l L1 1 1 I L1 1 1 I L1 1 1 I 1 1 1 l 1
0.07 0.08 0.09 0.1 0.11 0.12 0.13

s . , Energy Correlators in Jet
This yielded the worlds most precise ag measurement from jet

substructure: ag = 0.1229f8:88§8.
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ROAD TO IMPROVED PRECISION

Road to precision

m = NLO

Reference s
JHEP 06:018 (2020)

PLB 728:496 (201 4)
EPJC 79:368 (2019)

|.Measurements on Tracks
PRD 98:092014 (2018)

EPJC 73:2604 (2013)

2.Power corrections

JHEP 02:142 (2022)

arxiv:2312.16669 (2024)

7
7

1

1

1

7
EPJC 75:288 (2015) 7
7

8

8

1

1
CMS-PAS-SMP-22-015 (2024) 1
1

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

3.Improved perturbative accuracy

Prog. Theor. Exp. Phys. 083C01 (2(

I [ T T e B
0.07 0.08

This yielded the worlds most precise ag measurement from jet

o i +0.0040
substructure: ag = 0.12297 57050
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ROAD TO IMPROVED PRECISION

Road to precision

m = NLO

Reference s
JHEP 06:018 (2020)

PLB 728:496 (201 4)
EPJC 79:368 (2019)
l.Measurements on Tracks
PRD 98:092014 (2018)

EPJC 73:2604 (2013)

1
1
1
EPJC 75:288 (2015) 7 B aCkup Slide S
8
8

2.Power corrections

JHEP 03:156 (2017)
EPJC 77:746 (2017)

JHEP 02:142 (2022)

arxiv:2312.16669 (2024)
CMS-PAS-SMP-22-015 (2024)
CMS-PAS-SMP-22-005 (2024)

3.lmproved perturbative accuracy - Backup slides

Prog. Theor. Exp. Phys. 083C01 (2(

I [ T T e B
0.07 0.08

This yielded the worlds most precise ag measurement from jet

i i +0.0040
substructure: ag = 0.12297 5 joz0-
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MEASURING TRACKS

e Measuring tracks provides much more precise experimental results

T I 1 1 1 I I T Ll Ll L I ] L] I ] I L] T T 1 I 1 Ll Ll Ll I T T T 1 Ll I Ll Ll Ll Ll ' T T 1 T I ] T Ll l 1 1 1

(ol — L L = (ol =L DL LA DL L B —
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S 2.5 Vs=13TeV, 329 fb" X Data - = C V5= 13 TeV, 32,9 fb” X Data =
o — Calorimeter-based, anti- k R=0.8 H Pythla 8.186 _ o) 2.5 :_ Track-based, anti- k R=0.8 L] Pyth'a 8.186 _:
~ 2_— Soft Drop, z_ = 0.1, f = 5 % Sherpa 2.1 — ~ - Soft Drop, z_ = 01 p=2 % Sherpa 2.1 .
2 - p*>300 GeV + Herwig++2.7 7 2 20 pi** > 300 GeV + Herwig++2.7 -
o} - ] o - .
= 1.5¢ . < 15K -
~— [ _ - T b 4 2 _
L — | | L — - N N —
= _— = 1 e x\\\;&& -
: A : - . z
0.5F - . e 0.5F . =
=, S %\f - L * \\\*\:
E #i t izl — —t—— i ——t | ——— | ——— I ——t | —t iE ..g E_"?i i”i'r‘f”i i¥| —— | ——t I 1 | —— ' ——— I —— |E
5 15E = S 155 % %
D S D - =
e gmww LA \% g ;WM\\\% LN B \\\\*\\\\\\%\\\\ S EIC detector
o OE = o OFE =
-"= - || I L1 1 1 I L1 1 1 l L1 11 1 I L1 1 1 I L1 1 1 3 -"= = 1 I L1 1 1 I L1 1 1 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 = [} o
Ry ey S TR R - a— -8.5 Ry e y I TR R - a— —8 EIC will have state-of-the-art tracking systems!
All particles Tracks

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

> not computable purely from perturbation theory

We need OCD factorization
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TRACK INSIDE JETS

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

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

Track Energy Fraction Inside Jets in DIS

HERA Vs = 320GeV, 60 > Q > 40GeV, R=08, 0.8 >2>03, 0.7>y>02 | 0.0012k AN A \ R R\

EIC Vs = 140GeV, 25 > Q > 15GeV, R =10.8, 0.8 > 2 > 0.3, 0.7 >y > 0.2 i : & & & \ \ \ \ \ \\ \
| 0.0010F x«\x\\\\\\\

HERA NLL | AL AL AR AR A NS\
B EIC NLL | 0.0008} A \ \ R U U

£ 00006k A&&\\\\\\\'
LOAA AR A A R A Ay
o x\\\\\\\\\\\\
TUTTE A A A A AR AR A A A A N R \\(\
A AR AR RRR R R (Y
0.00021 A A «\\\\\\\\\\\\

0.5

Chang, Procura, Thaler, Waalewijn " 13
Jaarsma, Li, Moult, Waalewijn, Zhu et al "21, 22 |
KL, MOUIt, Rlnger, WaaIeWijn 23 80 o2 o2 T os _ _
KL, Moult *23 Ltrk Ko k3

ooooo'. N &\\\\\\\\\\\\\ \

..........................

-0.0005 -0.0004 -0.0003 -0.0002 -0.0001 0. 0000
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ENERGY CORRELATORS ON TRACK

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

T'E

T'E

(

T'E

(Er (111) Er (1i2) -+ - ER (

Nk

))

(1) (&, (1) Eiy (1i2) -+~ &y, (1K)

“+contact terms

e Only depends on the “moments” of track functions > Only involves NP numbers, not functions

Predictions for tracks in Energy Correlators

Reanalysis of ALEPH data on tracks

ALEPH e*e, Vs = 91.2 GeV, Work-in-progress

10 5
L : . — —— Archived MC + detector I I I i
Chang, Procura, Thaler, Waalewijn " 13 2.0/ NLL Projected Correlators on tracks C — Data |
Jaarsma, Li, Moult, Waalewijn, Zhu et al "21, 22,23 , | — E3C/EEC S| 1 Bossi Chen. Chen. Lee “24 —=
. . S 1.8 My - ’ ’ ’ E
KL, Moult, Ringer, Waalewijn 23 =t 0 — E4C/EEC wis' F P .
I o — - » o " —
KL, Moult *23 g 16/ B £5C/EEC ) e o i n L
KL, Li, Moult, Waalewijn “In Progress @ | (E1E2) B Mo
= 1.4 z " Ky
S 0°k ~ !
= : | | L | | -
[ . Tracks, —0.3 < [n| < 0.3 1.4 5’5, BALY ™ ! I ! | H
1.0/ pr = 500-550 GeV o 12 -J|'|H it o X | I
[ = 1L T T, e Comem e ototene L astete  taamn e N sy 8.4 | P
- g 1jgr i o Mm] i
6sl - 0.8F- TS
0005 0.010 0.050 0.100 0.500 1 0.6:l Lol C ol C ol TR Lo 1 Lo s '
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UNRAVELING HEAVY FLAVOR DYNAMICS

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

h

and will give us a lot more access to heavy quarks with precise data!
e Heavy quarkintroduces new mass scale 771

o allows us to precisely probe the dynamics from this new heavy quark scale
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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!

Free hadrons

_da — const

do2

d

d_g — const x 20

EEC gives angular scale
p~ prb;;

Free Hadrons

dNEEC
dR,

1

N jet

ALICE Preliminary
pp Vs =5.02 TeV

e @ E () € (Rp) ~ ) 070720, ()

:— pﬁh Part 5 1.0 GeV/c

universal anomalous
scaling region

Interacting quarks and gluons

e Data
~ pQCD (NLL) A
— AxR, -

] N

- KL, Mecaj, Moult "22
1 Komiske, Moult, Thaler, Zhu "22
: ALICE 23
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IDENTIFYING THE INTRINSIC HEAVY QUARK SCALE

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

™ . . . T T T ' ' ' T ' ' 20' |
i -+
. =
| Two-Point Energy Correlator | == NTL,O
1001 —
+~ 1.5+
i rg i <g g > - . , 4
O L Light Jet e 162/ Beauty Pythia _
[ 80t
"= = Charm Jet O <g g > _
S = = Beauty Jet = 4ol 162/ Light - = 7
= 60 S
= N
S 4l R
< i : C%; 0.5+ i}
_ AKS5 Jets, |n] < 1.9 | = AKS5 Jets, |n| < 1.9
201 . O '
_ pr = 500-550 GeV : LLE pr = 500-550 GeV
Y001 B Y rra— 0.050  0.100 0500 *b.001 0.005 0,010 © 00s0 0100 ICE

0

9 Craft, KL, Mecaj, Moult "22

e

b

e Ratio of the two-point correlators clearly shows the dead-cone regionaround 6 <
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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, Megaj, Moult "In Progress

Ratio of Three-Point Massive Correlators

(E1&2E01)
>~ — (E1E2En1=0) 51

1.0

0.8
0.6
0.4

0.2

Eo

0

e Achieve usingour 1 — 3
splitting functions
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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, Megaj, Moult "In Progress
Ratio of Three-Point Massive Correlators

(E1E2E0)
S e (E1&2Em=0)

10 &l

%

e Achieve analytic calculationusingour 1 — 3
splitting functions
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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, Megaj, Moult "In Progress

Ratio of Three-Point Massive Correlators
(E1EE )
(E1E2E0—0)

1.0

. 0.8 81

Q-

e Achieve usingour 1 — 3
splitting functions

0.6

0.4
0.2

0
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RESOLVING THE FEMTOSCALE IN JETS

Devereaux, Fan, Ke, KL, Moult "23

20/27

e Femtoscale nuclear size dependence can be resolved within jets using

two-point correlations | 1
HHUCI ~ ~ 1 6
vorL  /prAY/
0.08 ' ' ' ——— ' ' ' —— 0.08

9 (EME™) Nuclear Size Dependence .~ €+ “He o & ¢+ °He

+ - 12 ® 4 . i 4

T 0.06 3 o Tt He 5 g5 #e+'He
i : § 14/ 0. +c+ °C g . % c+12C S

e

8 zg L o°. % ¢+ “Ca . -6 c + 0Ca e+ A, 10 x 100 GeV, 4 x 10% events
+~ 0.04+ ;%6 . Peak Value ~ 0.0173A9-261 e + 64CU ﬁ 8 0.04" € + 64CU. LO<m <35, 20 <pr <30 GeV
< e e+9Au [= < : e +TAu n=05 K =4

D 238 - L L 238 ’

- -8 | | | | et UE - _ % c+U

Q 002' | | | logA. | | F!' ~ 8 0.02+
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WHAT IS A DETECTOR? &5

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

e Interesting measurements of energy flow can be made on a restricted set of hadronic states, R, for
example, charged hadrons (tracks) Ep — Z £,

1€ER
e Provides asharp link between underlying field theory and observables

KL, Moult “23

The energy flow is unpixelized and Full event is a set of particles having
ignores charge/flavor information momentum and charge/flavor
R R
Energy Flow Charge,
. flayor flow
R/2 A - ®- R/2 - -. -
° < K
o ) -
e
=
<
0 . T 0 )
r = a = : 0
‘. ™Y E | 7 1:,,
'.‘ . < 5}%?@,\{(,
-R/2' . . ° e®" _R/z_ ! ,,_L R
“ i
~R : . R
~R ~R/2 0 R/2 R —R- - - '
Rapidity y R ~R/2 0 R/2 R
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WHAT IS A DETECTOR? &5

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

e Interesting measurements of energy flow can be made on a restricted set of hadronic states, R, for
example, charged hadrons (tracks) Ep — Z £,

1€ER
e Provides asharp link between underlying field theory and observables

KL, Moult “23
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CORRELATION BETWEEN CHARGED HADRONS

1.2

Charged EEC

23 /27

KL, Moult "23

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

1.0:-
0.8!
0.6:—
0.4:-

0.2

Two-Point Charged Correlators

Gluon Jet
PT — 100 GeV

! ! ! | I T ! ! ! | | !
0.001 / 0.005 0.010 0.050 0.100 /

confinement transition region

perturbative region

0.500

string

confinement transition region

<gl & >7 <g—|-g+>7 <5_5_>

0.8

0.7-

Two-Point Charged Correlators

NLL accuracy

0.4

0.31

Up-type Jet
P — 1 TeV

(ELEL) + (E_E)
- : —ggtrgtr>

(EE2)
<gtrgtr>

! | IR ! ! ! | I T | ! ! ! | L .-
0.007 0.010 0.050 0.100 / 0.500 1

perturbative region

e The correlation between unlike-signed hadron pair is expected to grow in string-like hadronization
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DISCRIMINATING HADRONIZATION
MECHANISMS

KL, Moult, Song, Sterman "In Progress

0.71 o - y
| m (qu) K *(us)
- 17~ KT Lund string Two-Point Kaon-Pion Correlators >
0.6
| S pr > 600 GeV
= 7~ KT Clustering ——
m L
- o | |
0.5 — |
2 — N d
< =S -
5 — —— Pythia (Exc+En-) - |
' — o (Ep+& - Ex+& | :
04— Herwig (Excrbn) + (Exvbas) Lund string model
Herwi | | Pythia
( g) | bythia TR | (Pythia)
: Herwig <8K+ 57T—> + <5K+57T+> _
0.3; . . A | . . e e e . . R
0.001 0.005 0.010 0.050  0.100 0.500 1

See also Chien, Deshpande, Mondal, Sterman

-

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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NUCLEON ENERGY CORRELATORS

e Recent proposal to measure the target remnants can probe nuclear structure directly!

Collinear PDFs and Fracture Functions

Xy Q@

NEEC. | L TR
| G 0=0
Efreehadrongas
NP hadronizatio
\5 1071 £ Probes TMD structure :
W
©
N
S
£
2 102; EIC: e(18GeV)+p(275GeV), Q=20GeV
: —— NLL+a.+N2LL+NP 0 I S — et U
4 T \
—— NLL+as?+N>LL+NP - free hadron
P
-3 By s s WY ST WY I L U -
b -8 -6 -4 =9 0 2 E(0)
y=In(tan[6/2]) Liu, Zhu 24

Can, Li, Mi "23
Liu, Zhu 22
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NUCLEON ENERGY CORRELATORS

e Deviation from collinear factorization showing sensitivity to the saturation scale Q!

rp =3 x 107°, Q% = 25GeV?, /s = 105GeV

4 :F — PROTON MV 1cBK —— GOLD MV rcBK '

Qt;n 2 _ PROTON GBW GOLD GBW _

% [ ---- PROTON Coll. —— GOLD Coll. :

gj 15[~ @ PROTON PYTHIAS2 @ GOLD FULL CGC =

3

'g‘ Liu, Liu, Pan, Yuan, Zhu “23
2
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MOMENTUM IMBALANCE OF ENERGY FLOW

e One can further measure azimuthal angle dependence of the momentum imbalance of jets in
order to study spin correlations

: S = {7T+7 77_}
1.5 + S={r"}
| | 5= {n} ——
Breltjrame . Perturbative Unc. | |
1 B Model Unc. BN
o
H -D-® 5 05
1 = 2 '
Collins 21

:
D1=® !

Unpolarized - /5 =105 GeV

—0.9 F Q=21 GeV
. 0.1 <y<0.85
EIC kinematics

EIC can measuvre thes collins effect! : ' ' | |
0.0001 0.001 0.01 0.1 0.3

T Kang, KL, Shao, Zhao "23
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Jets provide sharp link between
underlying field theory and real world!
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Jets form a universal language,
uniting studies across all colliders.
They create a bridge between

the underlying field theory

and the real world!

JETS Proviae snarp nnK petween
underlying field theory and real world!

Electron
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Backup slides
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1. Measurements on Tracks

ENERGY CORRELATORS ON TRACK 0 o hercormative accuracy

Reanalysis of ALEPH data on tracks

Jaarsma, Li, Moult, Waalewijn, Zhu "In Progress
ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress
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EEC on track for eTe™ allows one to study event-wide correlations very precisely!
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e e in the collinear limit exhibits same
universal behavior as hadron jets

1de™ 1de™M | N Q1

o dvr |2V Q(ap (1 21))?
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POWER CORRECTIONS
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2-point energy correlator
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3-point energy correlator
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1. Measurements on Tracks

3. Improved perturbative accuracy

Schindler, Stewart, Sun "23
KL, Pathak, Stewart, Sun 24
Chen, Monni, Xu, Zhu 24

— R, NLL+LO+ Q(Ry) -
--- R, NLL +LO

as(mgz) =0.125 n
— s(My) = 0.115
— ozs(mz) = 0.105
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At Q=1000, 10% impact of power correction
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IMPROVING PERTURBATIVE ACCURACY

Czakon, Generet, Mitov, Poncelet "2 |

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