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THE DAWN OF QCD: FROM PARTONS TO JETS

. 50 Years of Jets:
3 -]Et event Celebrating the Science of George Sterman
May 18-20, 2026

2=-jet event

Wu, Zobernig " 79

| HUTP-77/A044
d JETS FROM QUANTUM CHROMODYNAMICS

George Sterman®™
~ Institute for Theorxetical Physics
g] State University of New York at Stony Brook
Stony Brook, New York 11780

qd e
/% 1z

and

. T

g Steven Weinberg . \
6 Lyman Laboratory of Physies Sterman,Welnberg /7

62 —_— — . Harvard University

(7 (Z Cambridge, Massachusetts 02138

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 developments of multi-
loop calculations in Quantum Field Theory
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS

From QFT point of view, what is a detector?

Energy Flow Operators Sterman 75

We infer microscopic (early time) physics
from asymptotic (late time) energy flux
measured on detectors

(W et |E(771)E (702) | et )

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin"22
“Conformal collider physics” Hofman, Maldacena *08
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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

> Profound field theory predictions within jets!

Light-ray Operator Product Expansion

E (R1) € (z) ~ Y 079720 ()

e Light-ray Operator Product Expansion predicted universal scaling within jets within the context
of conformal field theory

5 /24
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SCALING FROM15GEVTO 2 TEV IN DATA!

O

m ' N
s :
s STAR from 15 - 50 GeV S1AR

:
ALICE from 20 - 80 GeV

S

ALICE

+
0.8 }
0.6

0.4
CMS from 97 - 1784 GeV

0.2

pT 9 [GeV/c]

e Universal scaling of QCD operators revealed in data from STAR, ALICE, and CMS, from 15 GeV to 1784 GeV!
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QCD FACTORIZATION FRAMEWORK OF JET SUBSTRUCTURE

do
k .
dprdn db - Z f’i/P 9 fj/P Y Hq;j R Jp @ | ® T'| + fixed order
T L -
0,0,k PDFs Parton Jet |
KL, Moult, Zhang “24 SC:t?;?ingPFOd uction

See also Kang, Ringer,Vitev "1 6

lan Moult  Xiaoyuan Zhang Energy scales

Substructure Scale pr0 ~ 30 GeV

e Precision understanding of this scaling requires QCD factorization of multiple scales present in jet processes

e




Outline.

Energy scales

!. Hard Scale

2. Jet Scale
1+2. NNLL + NNLO

3. Substructure Scale prf ~ 30 GeV
1+2+3. NLL

4. Nonperturbative Scale

1+2+3+4. NLL

5. Electroweak Jets and New Physics
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FRAGMENTING PARTON PRODUCTION

e BT E Y Hard Scale, FO calculation
o | ATLAS "23 ATLAS
> {oE- | | | | | | | " 3 Particle-level TEEC
' ‘ - COS ¢ S 11E- Hr,> 1000 GeV _J Vs=13TeV; 139 10"
g 51 . - B e o S 8 MMHT 2014 (NNLO)
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Two impressive theoretical achievements:

1.Computation of 5-point two-loop amplitudes

Abreu, Buccioni, Gambuti, Gehrmann, Henn, ... et al " 18-23

2.STRIPPER formalism: IR subtraction and phase space integrations Czakon * 10

Czakon, Mitov, Poncelet "2 |
Czakon, Generet, Mitov, Poncelet "2 1,24
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FRAGMENTING PARTON PRODUCTION

'. Hard Scale, FO calculation

Stripper Formalism automates IR subtraction at NNLO order allowing computation of many NNLO processes
beyond massless limit and color-singlet processes

De Florian et al.

MATRIX

Grazzini et al.

Caola et al.

77

Grazzini et al.

Timeline borrowed
from René Poncelet

Gehrmann-De Ridder et al. Currie et al.

VBF

Cacciari et al. Campbell et al.

Boughezal et al. Campbell et al.

Boughezal et al.

H
Boughezal et al.

Zry Wr

Grazzini et al.

WH tot. Jj (partial) t
Brein et al. Currie et al. Czakon et al.
H tot. H, é 4 /o'
Ravindran et al. Catani et al. Catani et al. Grazzini et al

Gehmann-De Ridder et al.

MCFM at NNLO Z bb (mass.)
Boughezal et al. Mazzitelli al.
WW HH w. top-mass bb ttH (soft-H) H bb (mass.)
Grazzini et al. Grazzini et al. Catani et al. Catani et al. Biello al.
Z.Z+decays Z+b VH+j ttH (mass.)
Grazzini et al. Kallweit et al. Gauld et al. Gauld et al. Devoto al.
g o
Campbell et al. Poncelet et al. Poncelet et al ‘ Gauld et al. Buonocore al.
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A

S;. = angle between 7 and £

B

z; = momentum fraction of 2

KL, Moult, Zhang "24
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Jet Scale
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Two-loop small-R jet function calculations describe complicated dynamics of IR-safe jet algorithms
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JET PRODUCTION AT THE LHC

Terry Generet  Rene Poncelet

i
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Generet, KL, Moult, Poncelet, Zhang "25

Combining the hard function with jet function, we describe the jet production at the LHC at NNLO + NNLL
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PROJECTED N-POINT ENERGY CORRELATORS

Chen, Moult, Zhang, Zhu "20 3. Substructure Scale

(Wyer [E()E(i2) - E(IN) | Waer )|,

g ---En ~ G2V

quantum classical

(E1&2---EN) ~ 97N+ =7(3)
(E1&2) .

V(N) o as

6; = Largest Angle
Or, = 64

Projected energy correlators “projects” higher-point energy correlators to its largest angle,
giving access to higher-spin twist-2 anomalous operators
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COLLINEARLIMIT OF ENERGY CORRELATORS

Substructure Scale
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KL, Li, Xu, Zhang 26

- NNLL calculations of projected N-point energy correlators as a function of largest angle x; = (1 — cos 6;)/2
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COLLINEARLIMIT OF ENERGY CORRELATORS

Substructure Scale
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- NNLL calculations of projected N-point energy correlators as a function of largest angle x; = (1 — cos 6;)/2
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RATIO OF PROJECTED ENERGY CORRELATORS

2. Substructure Scale

15 /24

* As expected, we observe that anomalous dimension increases

with spin-N and is larger for gluon than quark
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ENERGY CORRELATORS AT THELHC

Normalized EEC

Two-Point |

snergy Correlator

AK5 Jets, |n| < 1.9

pr = 500-550 GeV

|
0.20

-
0.50

ENC/EEC Ratios

3.0

N
3

1+2+3 Hard @ Jet @ Substructure

N
o
T T T

—
(62}
T T T T T

1.0+

|

- NLL Projected Correlators

I T Ll ] T Ll Ll T ]

ESC/EEC AKS Jets, || < 1.9

E5C/EEC
E6C /EEC

|
0.01

| 1 ' | 1 ' ' |
0.02 0.05 0.10

HL KL, Megaj, Moult *22
See also Chen, Gao, Li, Xu, Zhang "23

Combining the functions of the hard + jet + projected ENC jet scales,
we can study projected correlators at the LHC!
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STRONG COUPLING DETERMINATION WITH

e How strong is the Strong Force?

RATIO OF ENERGY CORRELATORS

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

PRD 98:092014 (2018) 13 gubs"ucmre o
EPJC 73:2604 (2013) 7 R,, B
EPJC 75:288 (2015) 7 Inclusive jet el
EPJC 75:186 (2015) 7 3-jet mass i
JHEP 03:156 (2017) 8 Inclusive jet =
EPJC 77:746 (2017) 8 Dijets (3D) - §
JHEP 02:142 (2022) 13 Inclusive jet —a -
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 0.09 0.1 0.11 0.12 0.13
(M)

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

a,(m,) = 0.1229
&
2
Energy Correlators in Jet

1.02

—

-0.98

8LL°0

+0.0040 .
_0.0050 > | 4% uncertainty

cmMs ~36.3fb™' (13 TeV)
o Ot Mt ol

[ [$]p): 97-220 GeV ... 0.100

- [#]p)": 330-468 GeV : e
15T [1)p)": 638-846 GeV ]

I Ip;'e‘:11o1-141oeev 3
1'4:_ H . 3 LR

E ' a7 i
1.3_— — o w
N N

CMS 24

107"
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MEASURING ON TRA

Track EECineTe™

100_ llllllll | lllllll' | llllllll Illlllll | Illlllll

- eTe”,Vs=91.2GeV

llllllll | Illlllll | llllllll llllllll | Illlllll

| Illlllll i

. DELPHI 4~ Fully corrected (1994 + 1995) !
+ DELPHI EPJC14:557-584,2000

| llllllll

0.01 0.1 1 n-1 m-0.1
6.

Experimental measurements on tracks (charged hadrons)

provide more precise angular resolutions!

m—0.01

18 /24

CKS

NP measurements

Track EEC In Jets

Neutral hadrons  Charged hadrons
(tracks)
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PUTTING JET SUBSTRUCTURE ON TRACK(S)

1072 x (U|E, (1) - Eor (An) | W) +2+3+4 Hard Q Jet @ Substructure @ Track
60
I I N | T | I I I

50

40

R=0.4,/s=13TeV
pr > 1100 GeV, |n| < 0.3

30

20

m " m
v i

A
4

10

IIII|‘JIII|IIII|IIII|IIII|IIII

O IIIIII|
1 102 1071

KL, Li, Moult, Waalewijn “26
See also Jaarsma, Li, Moult, Waalewijn, Zhu "25

=
o

Combining the functions of the hard + jet + projected ENC jet + track scales,
we can study projected track energy correlators at the LHC!
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QCD FACTORIZATION FRAMEWORK OF JET SUBSTRUCTURE

do |
dprdndf; <
1,7,k PDFs Parton Jet =
KL, Moult, Zhang "24 Hard Production S
Scattering

Energy scales

Substructure Scale pr6 ~ 30 GeV

Precision jet substructure near the horizon!
Stay tuned!



Outline.

Energy scales

!. Hard Scale

2. Jet Scale
1+2
3. Substructure Scale prf ~ 30 GeV
1+2+3

4. Nonperturbative Scale

| +2+3+4

5. Electroweak Jets and New Physics
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STANDARD MODEL OF JETS

 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
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HIGGS AT REST ‘

See also Holguin, Moult, Pathak, Procura, Sule "26

1 AU xx o e o ARAREL A A L

I'xx do 10 \

107!
1™ ~ “ide-angled
10_2 Jf/( 6~ 1
1073 | bf/ \
~ACEEEE ]
10~

1075 == (VE|&(r1)E(,)| W) (NNLL ooy +NLO+N*LLy,,) X: Higgs at Rest
Anjie Gao  Xiaoyuan Zhang 10-6 (T4 |E(71)E(72)| W f}) (NLL oy +NLO+N*LLy,,) -> ,H. mpg =125 Ge\_f
= (WIEn (i) Ex(712) | Uff) (LOAN'LLy,) o~ XX =gg or b
| 1 1 1 |||||I 1 1 1 |||||I 1 1 1 |||||I | Illllll 1 1 Illlll 1 1 1 Illlll 1 1 1 ]
1073 1072 107! 10 10Y 107! 1072 1073

0 T™— 0
Energy correlators for Higgs decays into various channels, computed with remarkable accuracy!

Similar calculations for other color-singlet resonances
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BOOSTED HIGGS JETS

1 dF%E—(EXX

back-to-back

0~ 1

0~ 0

wide-angled

23/24

HN 1 FXX do

—_—
Large Boost

E>>mH

collinear

I
= (U7E()

7, )E(
(WE1E(7,)E(75) | TE) (NLLou+NLO+N*LL1g;)
— (U1E,,(11)Ex(72) | UE) (LO+N*LLyg)

| | I | | | | | | I
2)|[ U2 ) (NNLL o +NLO+N*LLyg,) -

Boosted Higgs (y=4)

The precision EEC calculations of Higgs decay can also be boosted to the LHC kinematics
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35.9 fb™ (13 TeV)
G e L L B L L) B R B L Limits from Energy Correlator 35.9 fb' (13 TeV)
— — [ = c | T T T T T T T T |
: pp z V :'I ' -I : "é) 1= ---0=== EEC, Inclusive CMS Expected limit |
0.05 — || EEC (total background), Inclusive 1 : : i -1 9 - . Sgoﬁ = =0== Qurrecast of GMS Expected limit i
— —— EEC (total background), Inclusive + grooming : ' : : 4 © I ESEOS’ CMS selection |
B -= EEC (total background), CMS selection 1 : it 1 2 i 05% i
0_04_— = 7' ey GO : : : : — ?;l | —— ggog Inclusive + jet mass window ]
— =" Ly gev— A0 Py ! B Q 95%
_ LR 4 O
| - '--i | — - T
0.03— 1 | ! — 9
B ' | ! _
1
- 1 -
B =~ : | 107"
0.01— ]
- = NN \ - B i
= J \\m\\\\\\\\ \ §\§\§\w\ R \\ ﬁa_f | j
-12 _10 -4 -2 2 | | | | | | | |
10 20 30 40 50 60 70 8090100
Log(ARZ/Aeref)

Z' mass (GeV)

Ricci, Riembau, Son "26

New physics light Z' resonances that hadronically decay will appear as a signal in the EEC scaling region
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Energy scales

!. Hard Scale

2. Jet Scale

3. Substructure Scale prf ~ 30 GeV

4. Nonperturbative Scale

5. Electroweak Jets and New Physics




