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THE DAWN OF QCD: FROM PARTONS TO JETS
2-jet event

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

3-jet event

Wu, Zobernig `79

Sterman, Weinberg `77

50 Years of Jets :  
Celebrating the Science of George Sterman  
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HIGH-MULTIPLICITY JETS AT COLLIDERS
• 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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We infer microscopic (early time) physics  
from asymptotic (late time) energy flux 
measured on detectors

JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS
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Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin`22

From QFT point of view, what is a detector?

Sterman `75

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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Light-ray Operator Product Expansion

UNIVERSAL LORENTZIAN SCALING WITHIN JETS
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=) Profound field theory predictions within jets!

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

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

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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SCALING FROM 15 GEV TO 2 TEV IN DATA!

• 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

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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⇤QCD ⇠ 1GeV
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See also Kang, Ringer, Vitev `16

Hard Scale

Jet Scale

Substructure Scale

Nonperturbative Scale

+ fixed order

Ian Moult Xiaoyuan Zhang

• Precision understanding of this scaling requires QCD factorization of multiple scales present in jet processes
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FRAGMENTING PARTON PRODUCTION

Czakon `10 
Czakon, Mitov, Poncelet `21

Czakon, Generet, Mitov, Poncelet `21,24

Two impressive theoretical achievements:

Abreu, Buccioni, Gambuti, Gehrmann, Henn, … et al `18-23

2.STRIPPER formalism: IR subtraction and phase space integrations

7/25

Introduction Applications to QCD observables

Perturbation theory

How far do we need to go?

Another example:
transverse energy-energy
correlator of LHC jets

arXiv:2301.09351 (ATLAS)

Terry Generet, University of Cambridge Higher-order QCD calculations for phenomenology at the LHC
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Hard Scale, FO calculation1.
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Introduction Applications to QCD observables

Overview of NNLO calculations at the LHC

2 → 2 processes essentially fully explored

Massless 2 → 3 processes also explored

Recently: even p p → t t j ! (arXiv:2511.11431)

2 → 1 processes even known at N3LO

Terry Generet, University of Cambridge Higher-order QCD calculations for phenomenology at the LHC

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

Hard Scale, FO calculation1.

9 /24
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Jet Scale2.

Two-loop small-R jet function calculations describe complicated dynamics of IR-safe jet algorithms

10/24



Kyle Lee

JET PRODUCTION AT THE LHC
Hard  Jet + FO⊗

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.
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Figure 18: Combined ratio plots for three representative values of R.

– 22 –

• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.
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Figure 18: Combined ratio plots for three representative values of R.
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• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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1+2

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
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Substructure Scale3.

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

Chen, Moult, Zhang, Zhu `20
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COLLINEAR LIMIT OF ENERGY CORRELATORS
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(5.15)

In both cases, we have plugged in the SU(3) color factors. Note that in the KH→gg expres-
sion, we do not include the matching coe!cient |C(mt, µ)|2 as in Ref. [15]. This coe!cient
also enters the numerator of the projected energy correlator. Since we normalize our distri-
butions to the decay width, |C(mt, µ)|2 cancels between numerator and denominator, and
can be dropped from both provided this is done consistently. Finally, we can combine all
these ingredients according to Eq. (5.5).

Figure 3: Matched predictions for E2C to E6C in e
+
e
↑
↑ qq̄. The upper panels show the

spectra with the sequence LL, NLL+LO, and NNLL+NLO and the lower panels show the
ratio to NNLL+NLO, respectively. The uncertainty band is the envelope of the seven-point
scale variation in Eq. (5.2).

5.2 Matched distributions of projected energy correlators

We now present the matched distributions of projected energy correlators up to N = 6

points. Although N = 2 and N = 3 cases were already presented in the literature [23, 37],

– 23 –

2-point 3-point 4-point

5-point 6-point
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quark jet dominated

• NNLL calculations of projected N-point energy correlators as a function of largest angle xL = (1 − cos θL)/2

Substructure Scale3.
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~ Two-loop projected N-point quark jet function
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we present them here again as well for comparison. The matched perturbative predictions
of

√
xL(1→ xL)↑

1

ωtot

dω̂
[N ]

match

dxL
=

1

ωtot

dω̂
[N ]

match

dεL
, (5.16)

for e
+
e
→ and H ↓ gg are shown, respectively, in Fig. 3 and Fig. 4. Here, εL is related to

xL as xL = (1→ cos εL)/2.
For e

+
e
→ and Higgs decay we set the hard scale to Q = mZ = 91.18 GeV and Q =

mH = 125 GeV, respectively. For Higgs bosons produced with nonzero boost at hadron
or lepton colliders, the boost kernel developed in Refs. [84, 85] can be used to obtain the
corresponding distributions in the boosted frame. While LL captures the qualitative shape
of the resummed distribution, its scale variation, formed via the envelope of Eq. (5.2),
underestimates the true theoretical uncertainty. From NLL to NNLL we observe good
convergence across most of the perturbative window, with deviations setting in only at
very small xL. These deviations appear at progressively larger xL as N grows, and at
larger xL in H ↓ gg than in e

+
e
→
↓ qq̄.

This pattern is consistent with the structure of the leading non-perturbative correction.
As discussed in Ref. [50] and visible in Eq. (5.7), the perturbative term scales as 1/xL in
the collinear region while the leading hadronization correction scales has additional rela-
tive scaling N !̄1ω/(Q

↔
xL), and thus the non-perturbative expansion is valid only when

N !̄1ω ↗ Q
↔
xL. Near N !̄1ω ↘ Q

↔
xL the projected correlators begin transitioning to

hadronic degrees of freedom, as confirmed by the Monte Carlo comparisons below; in this

Figure 4: Matched predictions for E2C to E6C in H ↓ gg. The upper panels show the
spectra with the sequence LL, NLL+LO, and NNLL+NLO and the lower panels show the
ratio to NNLL+NLO, respectively. The uncertainty band is the envelope of the seven-point
scale variation in Eq. (5.2).

– 24 –

COLLINEAR LIMIT OF ENERGY CORRELATORS

2-point 3-point 4-point

5-point 6-point

Substructure Scale3.
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gluon jet dominated

• NNLL calculations of projected N-point energy correlators as a function of largest angle xL = (1 − cos θL)/2

~ Two-loop projected N-point gluon jet function

14/24



Kyle Lee

RATIO OF PROJECTED ENERGY CORRELATORS
Substructure Scale3.
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• As expected, we observe that anomalous dimension increases  
with spin-N and is larger for gluon than quark
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KL, Meçaj, Moult `22

See also Chen, Gao, Li, Xu, Zhang `23

ENERGY CORRELATORS AT THE LHC
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Hard  Jet  Substructure⊗ ⊗1+2+3

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  
RATIO OF ENERGY CORRELATORS

• How strong is the Strong Force? In comparison, EM coupling: 
<latexit sha1_base64="AsxUhIqOHCmyQdSJREwVS4kF1So="></latexit>

↵e = 0.0072973525693(11)

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

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

17

CMS `24
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MEASURING ON TRACKS
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}

Charged hadrons 
(tracks)

Neutral hadronsFigure 55: A comparison of the fully-corrected, track-based EEC distribution from this

work (light coral) with the previous DELPHI measurement from Ref. [15] (gray). For

the measurement from this work, the statistical uncertainties are shown as vertical lines,

and the total systematic uncertainties are shown as boxes. For the previous measurement,

the error bars represent the statistical and systematic uncertainties added in quadrature.

The definition of the EEC in this work di!ers from that of the legacy DELPHI analysis.

Specifically, the legacy measurement normalizes the energy of charged track pairs by the

visible event energy, while the current work uses the beam energy.

results that are publicly available on HEPData. The legacy results include a track-only

measurement from 1994 data [15] (red points) and an all-particle measurement using 1991-

1993 data [57] (orange points). Other DELPHI measurements are not shown as their data

is not publicly available. Significant di!erences are observed between this work and the

legacy all-particle thrust measurements. A cross-check of the track-only thrust can be seen

in Appendix K, showing good agreement between this and the legacy results.

8 Summary and outlook

In this note, new measurements of the thrust and EEC observables are presented, using the

DELPHI open data from e+e→ collisions at
→
s = 91.2 GeV. This analysis represents the

first comprehensive physics study using these legacy datasets, establishing a benchmark

for future investigations. A defining feature of this measurement is a rigorous and detailed

evaluation of systematic uncertainties, performed to modern standards.

The track-based EEC measurement achieves a significantly improved resolution over

previous DELPHI results, enabling detailed studies of QCD in the collinear (ωL ↑ 0) and

back-to-back (ωL ↑ ε) regions. The all-particle thrust measurement focuses on systematic

uncertainty breakdown, provides a high-precision result for new constraints on the strong

coupling constant (ϑs) and non-perturbative physics models. Crucially, by establishing this

binned result, this work serves as an essential benchmark for future unbinned measurements

of these and other event shapes with the same data [3, 58].

– 54 –

Track EEC in e+e−
Track EEC in Jets

Experimental measurements on tracks (charged hadrons) 
provide more precise angular resolutions!

/24



Kyle Lee

PUTTING JET SUBSTRUCTURE ON TRACK(S)

19

KL, Li, Moult, Waalewijn `26

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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✓L

Hard  Jet  Substructure  Track⊗ ⊗ ⊗1+2+3+4

Combining the functions of the hard + jet + projected ENC jet + track scales,  
we can study projected track energy correlators at the LHC!

/24
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R = 0.4,
p
s = 13TeV

pT � 1100GeV, |⌘| < 0.3

See also Jaarsma, Li, Moult, Waalewijn, Zhu `25
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QCD FACTORIZATION FRAMEWORK OF JET SUBSTRUCTURE
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pT ⇠ 500GeV
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⇤QCD ⇠ 1GeV

KL, Moult, Zhang `24

Hard Scale

Jet Scale

Substructure Scale

Nonperturbative Scale

+ fixed order

Precision jet substructure near the horizon!
Stay tuned!
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Outline.
Energy scales
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Hard Scale
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Nonperturbative Scale
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5. Electroweak Jets and New Physics

1+2

1+2+3

1+2+3+4



Kyle Lee

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.
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HIGGS AT REST
22

Gao, KL, Zhang `26 
See also Holguin, Moult, Pathak, Procura, Sule `26

Xiaoyuan ZhangAnjie Gao

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
23

Large Boost
<latexit sha1_base64="NZ4fhwNwYd1wquC21/YFQC+h4YI="></latexit>

E � mH

The precision EEC calculations of Higgs decay can also be boosted to the LHC kinematics
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LIGHT Z’ RESONANCES
24/24

4

with a broad view to realistic experimental and theory
systematics.

Associated production with a photon.— We con-
sider the production of the Z 0 in association with a pho-
ton, following the CMS analysis [43] from which we bor-
row the event selection and setup. The signal pp ! Z 0� is
generated at leading order (LO) in QCD with MadGraph,
and subsequently showered with Pythia 8. The non-
resonant backgrounds, �+jets, QCD multijet, and reso-
nant ones �V +jets (V = W, Z) are similarly simulated
at LO by MadGraph with the default factorization and
renormalization scales, interfaced with the Pythia 8.
The NNPDF30 is used. All background samples were
matched using kT -jet MLM matching allowing up to four
extra jets (two extra jets for �V +jets background) in the
5-flavor scheme.

Events are required to contain exactly one photon with
pT� > 200GeV and |⌘� | < 2.4 (2.1). All particles in an
event are clustered into jets by Fastjet [44] using the
anti-kT algorithm with a jet radius Rj = 0.8 (AK8), and
the leading jet is required to satisfy pTj > 200GeV and
|⌘j | < 2.4. This is taken as a baseline AK8 jet over
which the inclusive EEC is computed. Further details on
the CMS analysis exploiting the soft-drop mass mSD, the
shape variable N2, and the related variables are reported
in the Appendix.

Our data set and analysis are well validated by repro-
ducing the soft drop mass distribution after imposing the
same CMS selection, as detailed in the Appendix. The
EEC is computed weighting by pTipTj/p2T over all pairs
of particles inside a jet and then averaging over all the
events. A comparison of the EEC spectra between the
QCD background and signal is shown in Fig. 2. The
EEC is presented in terms of �R2/�R2

ref where the ref-
erence scale is fixed in terms of the SM Z-boson mass,
�R2

ref = 4m2
Z/p

2
Tj . In Fig. 2, ECs originating from

boosted Z 0 exhibit resonant shapes at �R2
? ⇠ 4m2

Z0/p2Tj ,
below which both background and signal spectra are sim-
ilar, as one probes the individual quark jets from the Z 0

decay. At larger angles �R2 > �R2
?, the Z 0 spectrum

rapidly falls off, as large-angle radiation is suppressed for
color-singlet states.

While the cut on the shape variable N2 in [43] was
crucial to reduce the background by the factor of 10, it
introduces the artificial violation of the scaling as the cut
retains only the phase space favorable for a two-prong res-
onance. The violation is clearly observed by comparing
two curves (solid and dashed blue) in Fig. 2, which differ
mainly by the N2 variable.3

3 Although the grooming via the soft drop changes the overall dis-
tribution in Fig. 2, compared to that from the baseline AK8 jet
(shaded green), one sees that the scaling regions in both cases
are well identified.

12− 10− 8− 6− 4− 2− 0 2
)2

refR∆/2R∆Log(

0.01

0.02

0.03

0.04

0.05

0.06

EE
C

γ Z'→pp 

 (13 TeV)-135.9 fb

EEC (total background), Inclusive
EEC (total background), Inclusive + grooming
EEC (total background), CMS selection

q q→30 GeVZ'
q q→50 GeVZ'

FIG. 2. The weighted average of EEC for two benchmark
Z0 masses and total background for three different scenarios.
Events are restricted to those with pTj > 200 GeV.

For two-prong resonances of mass mX , the squared ra-
tio of angular distances scales as �R2

?/�R2
ref ⇠ m2

X/m2
Z

whereas its logarithmic value is bounded due to a jet size
by log(R2

j/�R2
ref) which is roughly �0.24 for pTj ⇠ 200

GeV. Targeting a mass up to mZ0 ⇠ 100 GeV requires
pTj to be harder than ⇠ 250 GeV. To take into account
the pT dependent behavior, events are split into pT bins
in steps of 100 GeV up to 600 GeV and the overflow bin.

To estimate the sensitivity to the Z 0, we set up the
�2 test similarly to [23]. For each pT bin, we compute
the expected EEC in bins of log(�R2/�R2

ref) as a func-
tion of g0q and mZ0 . It is interesting to highlight that the
expected product of fluxes at different bins is highly cor-
related, given in terms of a particular kinematical slice
of the four-point correlator h(EE)i(EE)ji, with (EE)k de-
noting the two-energy detectors separated by a distance
in the k-th bin. Since we are using the same setup as [43]
with sensitivity currently limited by statistics, we don’t
include any systematic uncertainty. We discuss this point
below. The expected 95%CL exclusion is computed from
this �2 following [45], assuming that the measurement
coincides with the SM expectation.

The resulting sensitivity is presented in Fig. 3. The
expected limit from the CMS Collaboration (solid red)
was taken from [43]. Our recast of the CMS bounds via
the mSD measurement using our data is shown in dashed
blue line. While it appears slightly stronger than the
CMS result, we use our recast as the baseline to measure
the quality of performances with EEC observables. The
inclusive EEC (dotted black, solid circle) in Fig. 3 rep-
resents the sensitivity derived from the ungroomed base-
line AK8 jets with no further cuts on their constituents.
Compared to the inclusive EEC, the sensitivity from the
EEC with AK8 jets on which the same CMS selection as
in [43] was imposed (dotted-dashed orange, open trian-
gle) does not show a meaningful improvement, as was in-

<latexit sha1_base64="1lcEMhIa6+7R2E0Ya8PodP+Vx7o="></latexit>

Z 0

5

dicated by the aforementioned violation of scaling. This
implies that a precise measurement of the EEC at the in-
clusive level is roughly equivalent to imposing the CMS
selection. Remarkably, the upper limit from the consid-
erably simpler inclusive EEC observable is comparable
with our CMS recast despite its factor of 10 bigger back-
ground size.

While being inclusive makes the inclusive EEC well
suited for anomaly detection, once a more specific target
is set combining it with some kinematic observables can
be a way of enhancing the sensitivity or further improving
in a particular parameter space. Given that the signal in
terms of the jet mass is localized around mZ0 , we adopt
the (ungroomed) jet mass window (±20% of a Z 0 mass)
as the single selection in our inclusive EEC. Measuring
the EEC in this jet mass window reveals a distinct be-
havior of the QCD background depending on the ratio
mj/pTj . While in the moderately boosted case the EEC
gets considerably distorted around �R2

Z0 , in the highly
boosted case, mj/pTj ⌧ 1, the spectrum is similar to
the inclusive case for �R2 < �R2

Z0 . At larger angles the
spectrum sharply decreases. In the same region, the sig-
nal still displays a sharp resonant feature, and therefore
the measurement dramatically enhances the reach.

We can see in Fig. 3 how measuring inclusive EEC in-
side the jet mass window indeed enhances the sensitivity
(long-dashed pink) due to the reduced background while
keeping its smoothly falling shape.

While we focused on the CMS analysis [43], a similar
discussion is expected to be applicable to the CMS search
for the low-mass vector resonances [46] produced with
ISR and the more recent ATLAS [47] analysis of the j+�
channel.

Learning from the CMS ↵s measurement.–
The recent CMS measurement of ECs inside jets [23]

precisely characterizes the energy-flow distributions in
dijet events to extract the strong coupling ↵S(mZ).
While not directly optimized for new physics searches,
it provides direct access to realistic systematics in a
well-defined experimental setup. As a proof of princi-
ple, we recast this analysis to derive limits on the light
hadrophilic Z 0 recoiling against a hard jet.

Following [23], we simulate Z 0 + jet signal events and
compute the EEC and the three-point energy correla-
tor (EEEC) on the leading AK4 jets in several pT win-
dows; the EEEC is projected onto the longest angular
side, integrated over the remaining angles. Full details
on the event selection and observable construction are
given in Appendix. The projected sensitivity is derived
incorporating all sources of systematic and statistical un-
certainties provided by CMS [23] and combining EEC
and EEEC. The results are shown in Fig. 4.

Interestingly, despite the event selection being far from
optimal for a new physics search, in particular the small
clustering radius Rj = 0.4, the sensitivity is nonethe-
less competitive with other state-of-the-art searches, as
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Our recast of CMS Expected limit

Limits from Energy Correlator  (13 TeV)-135.9 fb

FIG. 3. Upper limits at 95% CL on the coupling strength g0q of
Z0 ! qq̄ from various EEC analyses and recasting of the CMS
search on low mass resonances produced in association with
a photon, pp ! Z0�. The two bands for each limit represent
1 and 2 standard deviation intervals.

described above. Several remarks concern the system-
atics. The CMS analysis lists 9 sources of experimental
systematic uncertainty, including scale variations, pileup,
and unfolding, and 6 sources of theoretical uncertainty,
including PDF and ↵s variations. In the CMS analy-
sis [23], each systematic is assumed to be fully correlated
among the bins, so that the covariance matrix of each sys-
tematic is ⌃ab = �a�b, with a, b denoting the angular and
pT bins (see the Appendix for more details). At the cur-
rent luminosity of 36.3 fb�1, these systematics are com-
parable in size to the statistical uncertainties and their
inclusion has a noticeable impact on the reach, as shown
in Fig. 4. However, the strong correlation implies that
even if the systematics do not improve, at higher lumi-
nosity it becomes increasingly difficult for a new physics
signal to be absorbed into systematic shifts, since it is
the full shape of the EEC and EEEC distributions that
drives the sensitivity. As a result, the expected sensitivity
improves with the luminosity, even under the assump-
tion that the systematics remain unchanged. We must
emphasize, however, that our signal ECs are at particle
level; detector granularity and smearing effects at these
small angular scales, together with the unfolding proce-
dure, may degrade the sensitivity compared to Fig. 4.
Nonetheless, these results encourage to reconsider these
aspects in a dedicated experimental setup, with unfolded
particle level treatment of systematics. A concrete bench-
mark could be the measurement of the SM Z,W boson
contributions, which Fig. 4 suggests to be within reach.
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Conclusion.
Energy scales
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pT ✓ ⇠ 30GeV
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pTR ⇠ 100GeV
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pT ⇠ 500GeV
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⇤QCD ⇠ 1GeV
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