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THE DAWN OF QCD: FROM PARTONS TO JETS

5 Pe °
7w 2s-jet event

o Ko
-~ R o g
v -.L’ 4 (;4
— (0 ) -
s | —
o/ o/

TIPloasee  JOTAL

. ENERGY
g = - JET | 4,3GEV 7.4GEV

JET2 7.8 8.9

e” g e ~ 5 Tracks 7 Trocks - JET S 4.1 111
S T 287 GeV >99 GeV |
= - /& 3 - B =
2% e -

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

2 /45

Energy Flow Operators

L~

Sterman 75
Basham, Brown, Ellis, Love, 78-79 sterman, Weinberg "77
Sveshnikov, Tkachov, “95
Korchemsky, Sterman, "0
Bauer, Fleming, Lee, Sterman "08
“ becomes the focus of computability”
N played a crucial role in formulating

_\QA
e

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

the first IRC definition to study energy flow, or jets
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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

AQ total (x2) . .
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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

Injection
Line

Possible
On-energy

Injector

||

S— I lon '
Collider ||

/f

Ring

Polarized
Electron
Source

Possible
Detector
Location

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

WYYy

130

N
o

—n

—

-
 §

Euclidean Operator Product Expansion

HEAT CAPACITY (J/MolK)
o
o
o

80 ¢

Wilson “70

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

together, thus probing the OPE limit of Lorentzian operators

Hofman, Maldacena "08 \{
1

Much interests from the formal theory:

Kravchuk, Simmons Duffin, " | 8 Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, |3  Firat, Monin, Rattazzi,Walters

Henn, Sokatchev, Yan, Zhiboedov, " | 9
Korchemsky, "1 9

e Light-ray Operator Product Expansion predi

Kologlu, Kravchuk, Simmons Duffin, Zhiboedov, "1 9
Chang, Kologlu, Kravchuk, Simmons-Duffin, 20
Belin, Hofman, Mathys, " 19  Caron-Huot,Kologlu,Kravchuk,Meltzer,Simmons-Duffin, *22

Chicherin, Moult, Sokatchev,Yan, Zhu *24
cted universal scaling within jets within the context of CFT

Gonzo, llderton
Hartman, Mathys
Chen, Karlsson, Zhiboedov

> Profound field theory predictions within jets!

23
23
24
24

Light-ray Operator Product Expansion

E (M1)€ (R2) ~ Y 67720 (7n)

|

O

dt lim TQTLiT()?; (t, TTAL)
0 r—r 00

EMIX) =) Eud® (Qp, — Q) |X)
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UNIVERSAL LORENTZIAN SCALING WITHIN JETS

e Jet substructure describes the limit where energy flow operators are brought

together, thus probing the OPE limit of Lorentzian operators

Hofman, Maldacena "08

Much interests from the formal theory:

Kravchuk, Simmons Duffin, " | 8 Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, |13  Firat, Monin, Rattazzi,Walters 23
Henn, Sokatchev, Yan, Zhiboedov, " | 9 Kologlu, Kravchuk, Simmons Duffin, Zhiboedov, "1 9

> Profound field theory predictions within jets!

Light-ray Operator Product Expansion

E (M1)€ (R2) ~ Y 67720 (7n)

T— 00

g(’fl) — / dt lim TQTLiT()?;(t, TTAL)
0

EMIX) =) Eud® (Qp, — Q) |X)

Korchemsky, * 19 Chang, Kologlu, Kravchuk, Simmons-Duffin, 20 +  CAN THIS UN|VERSA|: SCALING OF THE

Belin, Hofman, Mathys, " 19  Caron-Huot,Kologlu,Kravchuk,Meltzer,Simmons-Duffin, *22 Chen, Ka

chicherin Moutt Sonund lELD THEORY BE OBSERVED IN JETS???

CV, IUIll, 11U LT

e Light-ray Operator Product Expansion predicted universal scaling within jets within the context of CFT
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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) € (7i2)| ¥) (|0 (7) )

Light-ray OPE Two-Point Energy Correlator

1.2
N (&185)
—_—p
% 1.0 ¢ proto-data
- — \ - qu; 0.8 -LL
. T -
- - - =
Z.

0.4 AK5 Jets, |n| < 1.9

pr = 500-550 GeV

0.2

Q‘ @‘N@ ’,5;, @ | L L | L L L 1 | Il | Il Il |
% 0.0
® 0.02 0.05 0.10 0.20 0.50

L2

QCD factorization:

— Z fura ® foyp @ HG, @ GEEC (6)

a,b,c A CD PT pTR
N prt

120 1

dO.pp—>jet(8£)X

dprdnd6

HEAT
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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 | |
m 1.4r 150 ’ -
% 125 i:?:i - } STAR from 15 - 50 GeV
% ' E ; ‘ é 100 1 E : :
I . =
K 'd - ALICE from 20 - 80 GeV
O.Br —
0.6— —
0.4 -
B - CMS from 97 - 1784 GeV
0.2— —
: | | I I | |/| | | | L 1 11 || | | | L 1 11 || ’

™~
N\

10 1 10 10°
E(ny) & (ng) ~ Z §7(3)—2Q), (1) v(N) o as ( P. Y AR [GeV/c]

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

W& (rir) ---E(nn)| ) ] (7
Light-rayope (V101 e
_— \ 3.5 NLL Projected Correlators {
'_,-'J 2 50 B2 E3C/EEC { { .
-~ ~ _ £ | — E4C/EEC ‘
= | ——— Y| — E5C/EEC ! 4 .
: N J_,f < \\'\,L‘ - Ea) | — E6C/EEC {
/1 M 20
2 | - {
= 1.5} _
; /__/2 ‘ AKS Jets, || < 1.9
1.0 - pr = 500-550 GeV
(E1E9 - EN) <@[N+1]> (N = (3) i ! proto-data
(E1E9) - <(O)[3]> L %005 0.010 T 0050 0100 T 0500 1
0L
Y(N) x ag

Ei - En ~ N TH2QNH]

S W

quantum classical
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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 A NNLO 0 Lo
Reference Vs (TeV) Observable C M S fle
JHEP 06:018 (2020) 7.8 W/Z cross sec. —— g
PLB 728:496 (2014) 7 tt cross sec. i — '?!
EPJC 79:368 (2019) 13 tt | —_— o o o o 4
o e = CMS collaboration carried out most precise determination
EPJC 80:658 (2020) 13 tt differential =
. tt a2 (] o
PROBOSEN T e ° of the strong coupling constant for jet substructure
EPJC 73:2604 (2013) 7 R, =
EPJC 75:288 (2015) ¢ Inclusive jet T
EPJC 75:186 (2015) ¢ 3-jet mass o . .
JHEP 03:156 (2017) 8 Inclusive jet = a (m ) — O 1 229 +O°OO4O CMS Collaboratlon 23
L ]
EPJC 77:746 (2017) 8 Dijets (3D) —_—— = A) Z —0 0050
JHEP 02:142 (2022) 13 Inclusive jet —_—a @
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
s sl (2024) - RM gk
Prog. Theor. Exp. Phys. 083C01 (2023 update) : World average —e-
L1 1 I | I | l L1 1 1 l | NI e S | I L1 1 1 I L1 | &=§ I 1 1 1 l 1
0.07 0.08 0.09 0.1 0.11 0.12 0.13

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

substructure: ag = 0.12291'8:88;18.



Kyle Lee 12 /45

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)

7

7

1

1

1

7

EPJC 75:288 (2015) 7

EPJC 75:186 (2015) 7 ®

wesan ) [POWErF corrections

EPJC 77:746 (2017) 8

JHEP 02:142 (2022) 1

arxiv:2312.16669 (2024) 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(

' T R T A
0.07 0.08

This yielded the worlds most precise ag measurement from jet

=5 T +0.0040
substructure: ag = 0.12297 57050
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1. Measurements on Tracks

M EAS U R I N G T RAC Ks 2. Power corrections
3. Improved perturbative accuracy

e Measuring tracks provides much more precise experimental results

(@} L e e (®oN = e e e e
o ~ ATLAS S8 ] o 3 ATLAS S —
S 250 ls=13TeV,320 16" =& Data - S . _F (s=13Tev, 329" W Data -
o ~ Calorimeter-based, anti-k R =0.8 m Pythia 8.186 _ ) 2-5:_ Track-based, anti-k R =0.8 = Pythia 8.186 =
—~ 2_—SoftDrop z =01,p= 2 % Sherpa2.1 = —~ - Soft Drop, z t—o1 B=2 % Sherpa 2.1 -
2 - pl**d>300 GeVv + Herwig++2.7 A : 20 ple*¢ > 300 GeV + Herwig++2.7 -
S 15[ = > L sE E
= f \ - = r.ox -
1= N S - Ry S
= \\\t\\\\k - 1: e &\w;k\\ .
0.5 . N = 0.5 ¥ —
- i o I . &=
..g ?‘?i t izl — T i | ——— | ——— | ——— I ——— | 1 iE ..g :_|'?i i”i":‘f”i i*l —+— | | ——— I 1 | ——— | ——— I —— |E
a 19 \ &S S 15g% %=
o CETERNERdgegats € B S T SN TR - -
o 05F TN = o 05F - d d h
.g :l L1 1 I | I I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 l: ."= :I 1 I | I I L1 1 1 I L1 1 1 I L1 1 1 I I 11 :‘ Mo ern eteCtors ave
r 45 4 35 3 25 2 -15 -1 -05 £ 45 -4 35 -3 25 -2 15 -1 -05 . -
0 0 state-of-the-art tracking systems!
All particles Tracks
%
-
: oy A
e Depend on quantum numbers of final state hadrons other than energy ANV
. % \\\\\\\\\\
> not computable purely from perturbation theory
&

We need QCD factorization Vg s



Kyle Lee 14 /45

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

QCD factorization:
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

N N R
fragmentmg quark or a gluon state AN A AN I N e
; AR AU O R N Y
00010l ACAA AU O N L Yy
. . 0010F al S A A A WO N\ \ U B
Track Energy Fraction Inside Jets at the LHC LA AR R R R A O N\ LYY
40— T 0.0008f A A A A AR A WL W\ X WA I
7 | um [ AL AL AL A A R AW WO LY
550.0006-— \\\\4\\\\\\\\\\\\ *—.
F AL AL AL AL AL AU AR A W N X\ N Yy
N N NS \\ R
, — 00IE B W, i, \\\\\\\\\\\\\\\\\V
3- — = . EEE N Y N U U U N
 VE=13TeV, 550 > pr > 500 GeV, R = 0.6, [n] < 2.1 T o e N B M N N R T R NN
7 | F AL AL AL AL A A A A A AR AR A AN
7 —NLL | oooool\\\\\\\\\\\\\\\\
, ﬁ , 00005 -00004 00003 00002 -00001  0.0000
2 ]
; RoK
, \ | i =800
I 1 [ ATLAS Preliminary ol
— \ | | VS=13TeV, 140 fb~! 8 DgiE |
f \ | 10
1 \
: \

o
Chang, Procura, Thaler, Waalewijn " |3 80 0.6 0.8 To = 8| " \ ! ':;
Jaarsma, Li, Moult, Waalewijn, Zhu et al “21,22,23 Lork | **x | iate
KL, Moult, Ringer, Waalewijn 23 I o ...
KL, Moult “23 ATLAS preliminary

6_

—6.00 =575 —550 —525 —5.00 —475 —450 300
K2K3
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1. Measurements on Tracks

ENERGY CORRELATORS ON TRACK 0 o hercorbative accuracy

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

T 'E
C e Enltment eai) = T Ta):- 100 € ()8, ()66 ()
T ot +contact terms

e Only depends on the “moments” of track functions > Only involves NP numbers, not functions
Predictions for tracks in Energy Correlators
2.0/ NLL Projected Correlators on tracks
2 ol — E3C/EEC
= — E4C/EEC
Chang, Procura, Thaler, Waalewijn "1 3 N — E5C/EEC . (E1&2---EN)
Jaarsma, Li, Moult, Waalewijn, Zhu et al “21,22,23 = | (6 B0
KL, Moult, Ringer, Waalewijn “23 |4
KL, Moult *23 % 12
: Tracks, —0.3 < |n| < 0.3 ‘
18] Bri= D000 Sk t (€12 EN) N <©[N+1]> ~ YN+ =(3)
KL, Li, Moult, Waalewijn “In Progress | | | | o o (E1E2) (OBl L
%b0s 0010 0050 0400 0500 1

0
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1. Measurements on Tracks
ENERGY CORRELATORS ON TRACK oo rorcommative accuracy

Slide from Yu-Chen Chen, Hard Probe 2024

(Three Loop DGLAP Evolution)

1o ALEPH e'e, Vs=91.2 GeV, Preliminary Reanalysis of ALEPH data on tracks
E —— Fully Corrected Data = Jaarsma, Li, Moult, Waalewijn, Zhu "In Progress
— —— Track Function Theory Calculation 7 -
jo2—  (NNLL Colinear + NNNLL Sudakov) _ Collinear Limit: Back-to-Back Limit:
= = : . -NNNLL Sudakov Resummation
- - -NNLL Collinear Resummation _ Non-Perturbalive Paramater: [©
!
|

extracted from thrust

i
VTN A ¢ 18 . =
1 10 E#E e T Non-Perturbative Parameter .
w - = {2 = Collins-Soper Kernel extracted from
i - = extracted from thrust .
RN [ = lattice QCD
e[® 4L N
o], [ St BiSSIBRIETIe = Effective Field Theory methods at the heart of the theoretical analysis!
= A Collinear DACK-10-DACK ny J
10 g_ Uv R _§ : ’ .
= T E #; o+
1 7 P\ 1B /
1075 = —_——— = = J»
E Light‘ra,\.)_-' OPE Wilson Liuo OPE E " .‘ s
10—3" || Illllll 1 1 Illllll | 1 lllllll 1 1 lllllll L 11 11 1 |llllll || Illllll 1 1 |Illlll | | |llllll || I,l p k \
10™ 107 172 1-10? 1-10* HS § 1
z = (1- cos(0))/2 . ;] -

Bauer, Fleming, Luke, Pirjol, Stewart "00-0 |

EEC on track for eTe™ allows one to studv event-wide correlations very precisely!
Yy YP Yy
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e e in the collinear limit exhibits same
universal behavior as hadron jets

1do™ 1d6NV | N Q1

o dvr |2V Q(ag (1 21))*?

o2 dmL

Renormalon subtractions

Hoang, Kluth 08
Hoang, Stewart, et al 07, 09,14,20
Hoang et al 23

POWER CORRECTIONS

[ [ 1 | [

2-point energy correlator

— R, NLL + LO + Q(Ry)
== R,NLL+LO

$ Pythia § Herwig ~ OPAL(1993) / =

o Y 4
‘% ‘ —

| - = = / —
—— == #= | |

| | |

[ [ 1 |

3-point energy correlator

€+€_, Q = mz

III|IIII|IIII|IIII|I

ll|ll IIII|IIII|I

llll|llll|ll§'

III|IIII|IIII|IIII|I

01 (radians)

Slope of pE3C/EEC(had)
Slope of pE3C/EEC(part)

Slope of pE3C/EEC

Measurements on Tracks

3. Improved perturbative accuracy

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

[ [ [ [ |

[

[ [ [ | [ [ [ [ |

0.6 _
= = R, NLL +LO + Q(Ry) -

i --- R, NLL +LO i

B as(mz) =0.125 .
0.5 —_— g (my) = 0.115 —
I — a;(mz) =0.105 |
0.4/ % h
0.3 _
i C - )}
0.2l | | | ] |
1.2;—;# L =
1.1E - r . N
Y B A R P -
0.8;_§ R N N N N R B B B £ P%thuf i Helrwzlg | —;
0 500 1000 1500 2000

Q(GeV)

At Q=1000, 10% impact of power correction
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IMPROVING PERTURBATIVE ACCURACY

Czakon, Generet, Mitov, Poncelet "2 |
) ... N Bonino, Gehrmann, Stagnitto “24 R
(W€ (1) -+ E(rig—1)| V) g

= Zfa/A®fb/B®ch @G, PI(0L) = iL‘-v ""JJ -

]?ZC: pr R = KL, Megaj, Moult *22

- - Kang, KL, Zhao "20
pror, o % \

22 P2 3 22 P2 2202
2 r°Q°R B N 2 r°Q°R N y Q- 07
G <;,9L,ln 12 ,u> = Z]:/o dyy— Jij (;,y,ln 12 ,u) Ji o { In 2

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

do.pp—>jet(N—proj)X

dprdndfy,

KL, Moult, Zhang 24,24 —_—

KL Moult, Zhang “In Progress Fincodes complicated jet clustering algorithm details
Kang, Ringer,Vitev "1 6

A B @ Neill, Ringer, Sato, "2 | ol | T ' T . T . .
57 ><_:1'5 638<p%<846 GeV 846<p;<1101 GeV 1101 <p;<1410 GeV*_ 1410<p1’_<1784 \*{
= 15 1O e H_
S;r = angle between 7 and k z; = momentum fraction of 2 ﬂg!%m- 1 -.-'*"'**‘ - ﬂ‘ﬁ* il + Hﬁﬁ
1.3 - 1 - m,.,,..*‘?“ R !
YRy 11-i: e + 1 | i
_ -y _%1.02- NE—— _-- N i S .“ e
e o o ° > ) : \\\\\\\‘\Q\\\\‘ YNIN
3 \; | # Unprecedented precision calculation £ 1 =gph  ~==i——77 HHRE
of jet substructure on the horizon! go v v
107 10 X, 10 10™

« Data — NNLLppo+NP () = 0.118
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UNRAVELING HEAVY FLAVOR DYNAMICS

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

Fickinger, Fleming, Kim, Mereghetti " 16
Kang, Ringer,Vitev "1 7

Li Vitev " 18

Lee, Shrivastava, Vaidya " 19

19 /45

o,

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


https://inspirehep.net/authors/1614031
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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

Normalized EEC

EEC gives angular scale

p~ prb;;

Csaki, Ismail “24

Free Hadrons
(]

150

1.0/

universal anomalous
scaling region

Two-Point Energy Correlator -

¢ CMS Open Data

&= LL
— NLL

AKS5 Jets, |n| < 1.9 |
pr = 500-550 GeV |

I [ I i a -
0.050 0.100 0.500

L
1

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

vl do V]
o dQL
- I I I |:| [ I I T T | .
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e Two-point correlators capture the effects of intrinsic mass, displaying earlier formation of
heavy bound states due to their mass

Normalized EEC

e Ratio of the two-point correlators clearly shows the dead-cone regionaround 6 <

1001

120/ virtuality ~ pr-+mgo

Two-Point Energy Correlator

: - . nght Jet
"= = Charm Jet

= = Beauty Jet
60

80

401

201

]
q

0

oLl ; . A =R
0.001 0.005 0.010

AKS5 Jets, |n] < 1.9 |
pr = 500-550 GeV

! | R R ! .
0.050 0.100 0.500

EEC(Beauty)/EEC(Light) Ratio

2.07

0.0

IDENTIFYING THE INTRINSIC HEAVY QUARK SCALE
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1.5}
1.0

0.5

<81 82 > Beauty

<gl 52 > Light

— NLO
= = Pythia

AKS5 Jets, |n| < 1.9
pr = 500-550 GeV

R
0.005 0.010

! I !
0.050

I
0.100

! I
0.500

9 Craft, KL, Mecaj, Moult "22

e

b
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HIGHER POINT CORRELATORS

o probe more detailed aspects of interactions

s

)
SN

-
- .o~

Maldacena 02, Komatsu " 10
Cabass, Pajer, Stefanyszyn, Supel "21,...

Cosmologists are hunting for

(genuine

) in CMB to distinguish

Craft, Gonzalez, KL, Megaj, Moult "23
Dhani, Rodrigo, Sborlini “23

Triple collinear splitting functions _ %

g2
q,
Q) — > 3
M> q2
Q p— ><3 g1
g2
Q —>—— >NQ3

> Can now compute 3-point correlations!

e | have computed the first necessary analytical
ingredients for within
heavy jets!
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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

(E1E2E0r)
<51525M: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

(1656 0)
(E1E2Ep—0)

10 &l

- | 0.8

0.6

0.4

Eo

0.2
0

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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ENERGY ENERGY CORRELATORS ON TOP JET

pp — tX (13 TeV)

_ e No Cg‘":C(g"l(l—C(qm) dEEEEC(Cg“') 10. i LI I LN B B (LN INLRSLLL B

Pr € [500,525] GeV (rescaled) - o~ d((vCr + V) /2) I pp—tX, pr € [500,525] GeV

/ S QN - m} i my = 172.5 GeV, my = 80.4 GeV

i, 14 m B 2 7 R o -

4:3 : Eil RN :

2 C(Q' : — | i | "'8 5 | » ~ - \_

1 (] B <

D '—— No (g cut (rescaled)’ i

s =y ! cut __ cut\2 __ N

0.25 S, [ (3= (RYY) =00 ]

0.50 ~ B v ¢ ’ i

. 5 t o

: - p; :

Cgv"t ) _1.00 \/m‘l‘ \/G 2 O T P |/| ooy v by oy o s b by oy
& oz ) 0 01 02 03 04 05 06
(=2 x1077) 2
0.2 150 Pythia 8.3 ¢

Holguin, Moult, Pathak, Procura, Schofbeck "22,23,24

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

Il/ﬁ»

\ i /).7)
‘ ) W boson allows 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
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PUSHING THE LIMIT OF HIGHER POINTS

1,21
x9, 29
: ; ON
collinear- . PN42——> : X
\ W
=1

LNz~ N

FIG. 1. The 1 - N splitting function from collinear limit of
squared amplitudes with n = N+3 legs.

e Modern amplitude method allows
computation of the integrand up to 11-point

for N=4. He, Jiang,Yang, Zhang "24
Chicherin, Moult, Sokatchev,Yan, Zhu 24

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

Gonzalez, KL, Harris, Moult, Rothman "In Progress
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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 lon Collisions at the LHC?

CMS./l| CMS Experiment at LHC, CERN

. :l Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV
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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!

L~ DT Hij Resolving the Scales of the Quark-Gluon Plasma with Energy Correlators (2022)

Carlota Andres,! Fabio Dominguez,? Raghav Kunnawalkam
Elayavalli,%° Jack Holguin,! Cyrille Marquet,! and Ian Moult®

0.100 Two~—Point Energy Correlator
0.050

0.010

0.005" -
E=100 GeV, L=2 fm

dz®
do

W g=10GeVfm! .

1

- W § =20 GeVfm™! i

. W §=30GeV*m™!
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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!

12th International Conference on Hard and Electromagnetic
Probes of High-Energy Nuclear Collisions

Sep 22-27, 2024 Q
DEJIMA MESSE NAGASAKI

Asia/Tokyo timezone

21 talks / posters at hard probe on energy correlators!

Overview Contribution List

Scientific Program

== 21/338 | O correlator Y &

Timetable

330. Jets: Substructures and energy-energy correlator
® 9/26/24,11:15 AM

Registration/Apply for Plenary Session VI Bar ata, Milano, SGdOfer 23

Call for Abstracts

Vo Srianfieh Srnnart Barata, Caucal, Soto-Ontoso, Szafron 23
Yang, He, Moult, Wang "23

Devereaux, Fan, Ke, KL, Moult "23

Andres, Dominguez, Holguin, Marquet, Moult “23,24

Bossi, Kudinoor, Moult, Pablos, Rai, Rajagopal "24 ...

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

0.5

CMS-PAS-HIN-23-004

1.70 nb” PbPb (5.02 TeV) + 302 pb™' pp (5.02 TeV)

 CMS Preliminary 120 < jet p_< 140 GeV &

anti-kT R=04
n | <1.6

jet

ph>1 GeV, n=1

1 | Illllll | 1

Ar

...AND DATA!

PbPb to pp ratio, centrality evolution

EEC

1

135 < jet p_ < 155
120 < jet p_ < 140

10

= —O—:B:ZB__:@:‘D'_D_
01— _D_'D'
—0—

i Pythia8 5.02 TeV

I IIIIIIII

ps" > 3.0 GeV

o 120 <jet p, < 140 GeV (pp, no E-loss)

n 135<jet p, < 155 GeV (PbPb, before E-loss)

0

1 ¢lllllll

1 llllllll

1.2

-

Ar

107"

CMS-PAS-HIN-23-004

1.70 nb”' PbPb (5.02 TeV) + 302 pb”' pp (5.02 TeV)

CMS Preliminary 120 < jet p, < 140 GeV
anti-k; R=0.4
n. | <1.6

jet

z&= PbPb 0-10% / pp

[ Hybrid, full wake h
L Holguin, k=0.3 p$ St

- [1CoLBT, q=1 n=1

! : . — : :
1.5 o Data syst. unc. — - Data stat. unc.

Theory
Data
[T T T

s

107 10™
Ar
Pablos, Kudinoor, Rajagopal

Holguin, Andrés, Dominguez, Marquet, Moult
Yang, He, Wang
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RESOLVING THE QGP USING ENERGY CORRELATORS
N _vaccomaclighy
HJ PT 9” 1.5 | — \r;a:d((:licg r:lt?/(\:/alcg:(lig ht)
—— med(cc)/vac(light)
1.0/ ———==ezzccm--m- /oo o o -
0.5
°225 20 -15 -10 -05 00
Log[6]
EEC,,eq(cCc)/EEC, c(cc)-1
06 Esocev 14 T ey
0 4: —E=100 GeV E 12 o — E,=100 GeV
| —E=200 GeV = 10] “.‘ — E,=200 GeV
0.2 —E=300 GeV 5 8 V' — E,=300 GeV -
- — E=500 GeV E 6 — E4=500 GeV -
*r C Dy -02 © 2/
) 0L
Tfﬁ'ﬁrﬁﬁb'c:-‘:?:ﬁﬁﬁ v-—c;; *‘ -2.5 -2.0 -1.5 -1.0 -0.5 -2.5

Log[€]

e Heavy quarks are effective probe of the medium.
Nontrivial interaction between intrinsic mass and medium effects!

Barata, Brewer, KL, Silva "In Progress
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RESOLVING THE FEMTOSCALE IN JETS

Devereaux, Fan, Ke, KL, Moult “23

e Femtoscale nuclear size dependence can be resolved within jets using

two-point correlations

E"E" Correlator Ratio

0.08_
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0.04;
0.02:-
0.00:
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\ PT L
-1.0 \ \ ; ‘ ‘ -
. 3
(E"E™) Nuclear Size Dependence .~ - e+ “He -
12 e 1 1 4
o $et =
5 % e+ *Ca
- e-t/ -1.6¢ ._.""— 1 64 ﬁ 8
& Peak Value ~ 0.0173A4%-261 e+ Cu | +—
18l | e+ 197AU— r — E
‘ O
_§_ e _I_ 238UE - e
285 0.5 1.0 15 2.0 25 o E‘
log A F!- O
cHIJING n=05 K=4 @&
e+ A, 10 x 100 GeV, 4 x 10% events = = -
1.0 < n < 3.5, 20 < pp < 30 GeV =i - (]
P oant o = i L.l Gm
| | | | | L | | L
1 0.5 ) 10

: .
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/—pTA1/6

0.08_
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-4 ¢+ °He
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% ¢+ 2®U

eHIJING
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1.0 <n < 3.5, 20 < pr < 30 GeV

n=05 K=4

0.1

0.2
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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,
s flayor flow
R/2 A - e R/2 - - —
a s K
(2] ) -
e
=
<
0 . 0 )
. g E ! . Ky
@ 'S ! X
- s L
-R/2 1 . J e e ~R/2 - e el
I Y ’ A"
~R : , R
-R /2 0 R/2 R _ T T T
/ 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

34 /45

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 ! ! ! | [ R !
0.001 / 0.005 0.010 0.050 0.100 /

confinement transition region

perturbative region

0.500

string

0.5

confinement transition region

0.8
0.7-

0.6/

0.4

0.31

<gl & >7 <g—|-g+>7 <8_5_>

Two-Point Charged Correlators

NLL accuracy

Up-type Jet
PT = 1 TeV

(ELEL) + (E_E)
- : —ggtrgtr>

| | | | ! | | | | ._
0.100 / 0.500 1

perturbative region

(ELE)
<5trgtr>

| | | | Lo | | | | |
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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DISCRIMINATING HADRONIZATION
MECHANISMS

KL, Moult, Song, Sterman "In Progress

0.71 B = f
| m (qu) K *(us)
- 1~ KT Lund string Two-Point Kaon-Pion Correlators "
0.6¢
S | — pr > 600 GeV
= - K Clustering ——
m L
g — | |
0.5 — |
= — -
8 — —— Pythia (Ep+Ex—) - l
' — | o e — Ex+ & | :
04 Herwig (ExcrEn) - (Excvbar) Lund string model
Herwi | | Pythia
( g) | bythia TR | (Pythia)
: Herwig (Ex+Ep-) + (Ex+Exv) |
0.3} . . L] . . S —— | . D ——
0.001 0.005 0.010 0.050 0.100 0.500 1

See also Chien, Deshpande, Mondal, Sterman

-

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



Kyle Lee 36/45

GENERALIZING ENERGY FLOW CORRELATIONS

e Writing down more general detectors allows us to systematically consider more general correlations!
KL, Moult 23

TH (1

. —R — R —R —R
< TR (Er, () - Ery (IN') Ery (A12) -+ Ery (TTn2) -+ - Er, (11%) -+ - Er, (TINE))
—,—/ﬁ,—/ \—,—/

N7 times Ns times N times
R2
TRk g 0.10 I S I
| Three-Point £ Correlators
0.05 NLL accuracy égigigii

Higher-point charged correlators - |
Eo (7)) k) = ExQud (m _ k) k) | | \ Up-type Jet
~0-0%7 Down-type Jet |

B Gluon Jet

I I P T S 1 TR W R SR S | 1 1 PR I S R N
01 0.005 0.010 0.050 0.100 0.500 1
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QUANTUM COMPUTING PLATFORMS

For example IBMQ

* Superconducting qubits Go g|e (\. IONQ
* Trapped ion devices

Honeywell 5 Dhwaue

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

Many “commercial” computers are networking together ever-growing number of qubits

Scaling IBM Quantum technology

=
O
5

1024°

384"
256*
22 25 29 35 64* . l
R — J— e e ——

2021 2023 2025 2027 2028

Year

2019 2021 2023 Beyond

S e O G

27 65 127 433 1121 Path to
million and
beyond

@
S
<]
Q
S
S
!
o
>
<

Qubits

IBM Quantum Roadmap, 2020 lonQ Roadmap, 2020

Superconducting Qubits Trapped lon

e We are living in the era of quantum computing revolution

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

R

Jordan, Lee, Preskill “11-"17

CMS Experiment at the LHC, CERN
Data recorded: 2016-May-20 22:35:55.226560 GMT
Run / Event / LS: 274199 / 548714092 / 285

39/45

Simulation protocol

2 L o ol

Digitize the field theory on a spatial lattice

Prepare wave packets of the free field theory

Turn on interactions adiabatically

Unitary time evolution

After the scattering turn interactions off adiabatically

Perform measurement
e 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

Simulation protocol

|. Digitize the field theory on a spatial lattice
Prepare wave packets of the free field theory
Turn on interactions adiabatically

Unitary time evolution

After the scattering turn interactions off adiabatically

S L 2

Perform measurement

(€ (7)) € (i), = — / A2 (0|71 ()€ (i) € (2) J*(0)]0)

Otot , :

e Everything can be formulated at the operator level, which one can construct in the Hamiltonian
formulation
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SIMULATING ENERGY CORRELATORS

o 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

o

E(n) = lim dt r@n'Th, (t, rit)

T— 00 0
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SIMULATING ENERGY CORRELATORS

e Energy flow being captured in real time on lattice

0 5 10 15 20
¢

(a) Orange region.

[ ———— <H22+blue>(t) + (I)§:2+blue(t)

- <H22+blue> (t)

0 5 10 15 20
¢

42 /45

KL, Turro,Yao 24

(b) Orange and blue regions.
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NONPERTURBATIVE TRANSITION

universal anomalous
scaling region

Free Hadrons
e

Free hadrons °e Interacting quarks and gluons
N 3'0, [ ;
. S S Q) | . |
E E E ~ (EVN = [ = : Two-Point Energy Correlator | . . . .
(€ (1) € (ni2) (nin)) =~ (€) (Qd 25| : £ (nl) P (n2) N 297(3) Z@i (nl)
o | ¢ CMS Open Data :
K =1L | TS
. f =L
< I
=
O 1.0r
Za } A
: AKS5 Jets, || < 1.9 ]
0-5; { } { pr = 500-57570 GeV -
g %
%001 0005 0010 005 0100 0500 1

Ry,

e Can we see observe nontrivial confinement transition between the two regions?



Kyle Lee 44 /45

NONPERTURBATIVE TRANSITION

KL, Turro,Yao "24

Free hadrons

e Consistent with the free hadron region!
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QUANTUM SIMULATIONS

Fxact -===Adiabatic and Trotter #  Enmulator ag®=0.6 — Exact -===Adiabatic and Trotter ¥ Emulator ag’=0.6

— = 0.04f

N 0. I

= = 0.02

= 0.00 - L

S _0.02 S —0.02f

E —0.04} E —0.04

i i

= —0.06} = —0.06}

S | 3] . | .

L 0.5 .0 L5 2.0 0.0 0.5 L0 L5 2.0
4 b s 78S SN =75 e
(a) Results for ag? = 0.6 with the two detectors at (2,0) and (0,2). (b) Results for ag? = 0.6 with the two detectors at (2,0) and (1, 2). R ~}
—hixgct = Adiabatic and Trotter *  Emulator ag®=1.0 —ibixact s Adiabatic and Trotter *  Emulator ag’=1.0

= 0.004} = 0.004]

Il l

=, 0oy = 0.002

T 0.000f T 0.000f
S 5 —0.002}
= OS] & —0.004}

T —0.006} T

= = —0.006/

S —0.008 = d ° ° I
S | : S poosl . ' e Quantum devices can simulate

0.0 (.5 1.0 1.5 2.0 0.0 (0.5 1.0 1.5 2.0
h h

|
(c) Results for ag? = 1 with the two detectors at (0,2) and (2,0). (d) Results for ag? = 1 with the two detectors at (0,2) and (2, 1). energy correlators.
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Jets provide sharp link between
underlying field theory and real world!

Injection
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Caollider ||

Ring = [/
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