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LEP Archival Data

• ALEPH and DELPHI invested significantly
in data preservation.

• In 2017, YenJie Lee initiated a project to
resurrect the LEP data.

LoopFest May 27, 2026 2 / 33



Resurrected LEP Datasets

• ALEPH and DELPHI datasets retrieved!
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Resurrected LEP Datasets

• After heroic efforts there are modernized ALEPH and DELPHI
datasets: QCD ALEPH LEP-I dataset is 28GB!

• Rapidly growing experimental effort focused on LEP archival data.
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An Opportunity

• Archival LEP datasets, combined with modern theory and data
analysis techniques, present a tremendous opportunity for

• Precision QCD Measurements

• Precision Electroweak Measurements

• Searches for Physics Beyond the Standard Model

ALEPH
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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Energy Correlators from Partons to Hadrons
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Energy Correlators from Partons to Hadrons:
Unveiling the Dynamics of the Strong Interactions with Archival ALEPH Data
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Quantum Chromodynamics (QCD) is a remarkably rich theory exhibiting numerous emergent
degrees of freedom, from flux tubes to hadrons. Their description in terms of the underlying quarks
and gluons of the QCD Lagrangian remains a central challenge of modern physics. Colliders o↵er
a unique opportunity to probe these phenomena experimentally: high energy partons produced
from the QCD vacuum excite these emergent degrees, imprinting their dynamics in correlations
in asymptotic energy flux. Decoding these correlations requires measurements with exceptional
angular resolution, beyond that achieved in previous measurements. Recent progress has enabled
precision calculations of energy flux on charged particles alone, allowing data-theory comparisons
for measurements using high resolution tracking detectors. In this Letter, we resurrect thirty-year-
old data from the ALEPH tracker, and perform a high angular resolution measurement of the
two-point correlation of energy flux, probing QCD over three orders of magnitude in scale in a
single measurement. Our measurement unveils for the first time the full spectrum of the correlator,
including light-ray quasi-particle states, flux-tube excitations, and their transitions into confined
hadrons. We compare our measurement with record precision theoretical predictions, achieving
percent level agreement, and revealing interesting new phenomena in the confinement transitions.
More broadly, we highlight the immense potential of this newly unlocked archival data set, the so
called “recycling frontier”, and emphasize synergies with ongoing and future collider experiments.

Introduction. The discovery of the Yang-Mills La-
grangian of Quantum Chromodynamics (QCD) as the
fundamental theory of the strong interactions serves as
one of the great examples of the interplay between theory
and experiment in physics. Fifty years after its discov-
ery [1], many of the emergent phenomena arising from
the QCD Lagrangian remain only partially understood.
Apart from an intrinsic interest in relativistic gauge the-
ories, improving our understanding of QCD is key to ad-
vancing diverse areas of physics, ranging from enabling
precision studies of the Higgs boson, to understanding
the structure of nuclei, and the equations of state of neu-
tron stars.

The complexity of QCD resides in its strong scale de-
pendence, exhibiting a description in terms of asymp-
totically free quarks and gluons in the ultraviolet (UV),
and confined hadronic states in the infrared (IR). At
intermediate scales, and in kinematic limits, QCD ex-
hibits numerous additional emergent degrees of freedom,
such as flux tubes, Reggeons, and Pomerons. Both their
emergence from the underlying quarks and gluons, and
their decays into confined hadrons, remain elusive. While
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FIG. 1: Correlation functions of local operators can be
mapped to correlation functions of energy flow operators,
E(~n), illustrated as blue lines in the Penrose diagram.
These functions characterize asymptotic fluxes, and are
directly measurable at e+e� colliders.

there currently exist no non-perturbative techniques for
understanding QCD in Lorentzian signature, there has
been tremendous theoretical progress in understanding
these phenomena from diverse perspectives, including
lattice QCD, e↵ective field theories, and perturbative
quantum field theory. However, a complete picture, en-
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Phenomena in Gauge Theories

• Tremendous progress in the understanding of gauge theories from
simplified theories.

• Has led to a qualitative, and sometimes quantitative, understanding
of many observables (spectrum, Wilson loops, ...)

On the collinear limit of scattering amplitudes at strong coupling

Benjamin Basso7, Amit Sever2 and Pedro VieiraD

DPerimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada7Laboratoire de Physique Théorique, École Normale Supérieure, Paris 75005, France2School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540, USA

In this letter we consider the collinear limit of gluon scattering amplitudes in planar N = 4 SYM
theory at strong coupling. We argue that in this limit scattering amplitudes map into correlators of
twist fields in the two dimensional non-linear O(6) sigma model, similar to those appearing in recent
studies of entanglement entropy. We provide evidence for this assertion by combining the intuition
springing from the string worldsheet picture and the predictions coming from the OPE series. One of
the main implications of these considerations is that scattering amplitudes receive equally important
contributions at strong coupling from both the minimal string area and its fluctuations in the sphere.

I. INTRODUCTION

In planar N = 4 Super-Yang-Mills theory, scattering
amplitudes and null polygonal Wilson loops are one and
the same [1, 2] at any value of the coupling � = g2

Y MN .
Through the prism of the AdS/CFT correspondence, a
scattering amplitude can then be viewed as a path in-
tegral over the open string configurations that end on
a light-like polygon at the boundary of AdS5 ⇥ S5. At
strong coupling, this partition function is dominated by
its saddle point which in turn is given by a minimal string
area in AdS5. For the n-gluon amplitude this translates
into [1]

Wn = e�
p

�
2⇡ An+... (1)

where Wn is the renormalized amplitude introduced in [3]
and An is the corresponding subtracted area of the clas-
sical string ending on the n-gon. (Both are conformally
invariant and finite quantities which only depend on the
cross-ratios specifying the shape of the boundary null
polygon.) Thanks to the integrability of the classical
worldsheet theory, the problem of computing this area
can be reduced to solving a set of Thermodynamic Bethe
Ansatz equations with An being identified with a free
energy of sort, known as the critical Yang-Yang func-
tional [3–6]. Except for that, little is known about scat-
tering amplitudes at strong coupling, that is about the
ellipsis in (1) – in contrast with the flood of results at
weak coupling, see [7] for a recent review.

Building upon earlier work [6], we proposed in [3] an al-
ternative method for computing the open string partition
function, at any value of the coupling. In this so-called
pentagon approach a generic polygon is broken down into
a sequence of pentagon transitions P as [3, 8]

Wn = h0|Pe�H⌧n�5+iP�n�5+iJ�n�5P . . .

. . . Pe�H⌧1+iP�1+iJ�1P|0i , (2)

see [9] for details. This representation is particularly suit-
able to the analysis of the multi-collinear limit which cor-
responds to the regime of large ⌧i.

����

������	
��
����
�����
��
��	���

FIG. 1. A null polygon Wilson loop sources a colour flux in
the gauge theory whose dual description is that of an open
string ending on it. The Wilson loop expectation value can be
mapped to a correlator in the flux tube theory or, equivalently,
into an open string partition function.

Based on this approach as well as on world-sheet con-
siderations, we shall see that at strong coupling the
collinear limit is governed by the string dynamics in the
five sphere. More precisely, we will show that in this
limit the entire partition function reduces to a correla-
tor of twist operators in the O(6) sigma model, similar
to those encountered in the study of entanglement en-
tropy [10–12].

A surprising consequence of this identification and of
the strongly coupled dynamics of the O(6) sigma model
is an additional exponentially large contribution to Wn

of the same order as the classical area An. As we will
explain, accommodating for the sphere indeed corrects
the minimal area prescription such that

log Wn = �
p
�

2⇡
An +

p
�

48

(n � 4)(n � 5)

n
+ o(

p
�) , (3)

to leading order at strong coupling. More excitingly, the
dynamics of the O(6) sigma model also allows us to start
unveiling the ↵0 corrections. For the six gluons ampli-
tude, for instance, we shall find that

W6 = f6 �
� 7

288 e
p

�
144�

p
�

2⇡ A6(1 + O(1/
p
�)) (4)

where the � independent prefactor f6 is a yet to be de-
termined function of the hexagon cross-ratios {⌧, �, �}.
Computing this function for generic kinematics is beyond

ar
X

iv
:1

40
5.

63
50

v1
  [

he
p-

th
]  

24
 M

ay
 2

01
4

Figure 1: Riemann surface of the function S(�) for twist-2 operators. Plot of the real

part of S(�) for complex values of �, generated from about 2200 numerical data points for � ⇡ 6.3.

We have mapped two Riemann sheets of this function. The thick red lines show the position of

cuts. The upper sheet corresponds to physical values of the spin. Going through a cut we arrive at

another sheet containing yet more cuts.

values of the spin S is known to have a very rich structure, in particular the region S ' �1

is described by BFKL physics. As we show, within the framework of QSC it is not hard

to specify any value of the Lorentz spin S as the conserved charges enter the equations

through the asymptotics which can in principle take any complex values. Then we can

compute the analytically continued scaling dimension � directly for complex S (or even

interchange their roles and study S as a function of �). The result of this calculation can

be seen on Fig. 1.

Let us stress that the algorithm is very simple and mainly consists of elementary matrix

operations. As such it can be easily implemented on various platforms. In particular, we

believe the performance could be increased by a few orders with a lower level, e.g. C++,

implementation. In this paper we mostly aim to demonstrate our algorithm, prototyped

in Mathematica. To illustrate how the algorithm works, as an attachement to this paper

we provide a Mathematica notebook with a simple implementation of our method.

Finally, to improve the performance of our method we used the further simplification

of the QSC obtained in [26], which allows us to eliminate auxiliary functions !ij from our

algorithm and close the equations using Q-functions only (we demonstrate this for the sl(2)

sector states).

– 3 –

• Despite this progress, sharpening this picture for real world QCD
remains an extraordinary challenge.
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QCD in the Real World

• The beautiful aspect of QCD is that it is real
=⇒ we can (in principle) access all its phenomena experimentally.

Bootstrapping the simplest correlator in planar N = 4 SYM at all loops

Frank Coronado1,2,3

1Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada
2Department of Physics & Astronomy, University of Waterloo, Waterloo, ON N2L 3G1, Canada

3ICTP South American Institute for Fundamental Research, São Paulo, SP Brazil 01440-070

We present the full form of a four-point correlation function of large BPS operators in planar
N = 4 Super Yang-Mills to any loop order. We do this by following a bootstrap philosophy based
on three simple axioms pertaining to (i) the space of functions arising at each loop order, (ii) the
behaviour in the OPE in a double-trace dominated channel and (iii) the behaviour under a double
null limit. We discuss how these bootstrap axioms are in turn strongly motivated by empirical
observations up to nine loops unveiled through integrability methods in our previous work [9] on
this simplest correlation function.

I. INTRODUCTION

Integrability methods have shaped a new path for the
explicit evaluation of correlators of local operators in pla-
nar N = 4 SYM [1–5] and also non-planar [6–8], specially
for four-point functions of large protected single-trace op-
erators. In [9] we used integrability-based methods to
find the loop corrections to the polarized four-point func-
tion we named as the simplest. This correlator consists
of four external protected operators with R-charge po-
larizations chosen as shown in figure 1. In the limit of
long operators1 (K � 1), we argued this four-point func-
tion admits a factorization into the tree level part which
carries all the dependence on the external scaling dimen-
sion K and the loop corrections which are given by the
squared of the function O (the octagon)

hO1O2O3O4i =


1

x2
12x

2
13x

2
24x

2
34

�K
2

⇥ O2(z, z̄) (1)

where the cross ratios are defined in terms of the space-
time positions as:

zz̄ = u =
x2

12x
2
34

x2
13x

2
24

and (1�z)(1�z̄) = v =
x2

14x
2
23

x2
13x

2
24

In this paper we present some of the analytic properties
of the octagon O which follow from the explicit nine-loop
results in [9]. These properties include a restriction on
the space of functions that appear at any loop order and
the remarkable simplicity of the octagon in two di↵erent
kinematical limits: the OPE limit (z ! 1, z̄ ! 1) and
the double light-cone limit (z ! 0, z̄ ! 1).

We also state that these three analytic properties can
be used to uniquely define the octagon and with that

1 The rank of the gauge group Nc ! 1 is the largest parameter
followed by K. Then the planar correlator is expanded in powers
of the ’t Hooft coupling g2.

O1(0) O2(z)

O3(1) O4(1)

•
•

•

P
 in

•
•

•
P

 out

FIG. 1. The simplest four-point function with external opera-

tors O1(0, 0) = Tr(Z
K
2 X̄

K
2 )+cyclic permutations, O2(z, z̄) =

Tr(XK ), O3(1, 1) = Tr(Z̄K) and O4(1,1) = Tr(Z
K
2 X̄

K
2 )+

cyclic permutations. The Wick contractions form a perime-
ter with four bridges of width K

2
. According to Hexagonal-

izaiton [3] in the limit K � 1 the loop corrections are ob-
tained by summing over 2D intermediate multiparticle states
 in and  out on mirror cuts 1-4 and 2-3 respectively, with
both sums evaluating to O. Alternatively the octagon O rep-
resents the resummation of planar Feynman diagrams draw
inside(outside) the perimeter.

also the simplest correlator (1). We show how to solve
this bootstrap problem by first introducing a Steinmann
basis of Ladders which resolve two of the aforementioned
analytic properties. Then using the third property to
completely fix the coe�cients in an Ansatz constructed
with the Steinmann basis.

This bootstrap approach reproduces the explicit re-
sults obtained from perturbation theory and integrabil-
ity and allows us to easily extend them to arbitrary loop
order. We accompany this letter with an ancillary file
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QCD Vacuum Sample # 75
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What We Have

• Challenging to identify microscopic phenomenon in QCD experiments
=⇒ link between experiment and recent progress in field theory lost.
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Energy Correlators: Beyond QCD
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Conformal collider physics:
Energy and charge correlations

Diego M. Hofmana and Juan Maldacenab

a Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544, USA

bSchool of Natural Sciences, Institute for Advanced Study

Princeton, NJ 08540, USA

We study observables in a conformal field theory which are very closely related to the

ones used to describe hadronic events at colliders. We focus on the correlation functions

of the energies deposited on calorimeters placed at a large distance from the collision.

We consider initial states produced by an operator insertion and we study some general

properties of the energy correlation functions for conformal field theories. We argue that

the small angle singularities of energy correlation functions are controlled by the twist of

non-local light-ray operators with a definite spin. We relate the charge two point function

to a particular moment of the parton distribution functions appearing in deep inelastic

scattering. The one point energy correlation functions are characterized by a few numbers.

For N = 1 superconformal theories the one point function for states created by the R-

current or the stress tensor are determined by the two parameters a and c characterizing the

conformal anomaly. Demanding that the measured energies are positive we get bounds on

a/c. We also give a prescription for computing the energy and charge correlation functions

in theories that have a gravity dual. The prescription amounts to probing the falling

string state as it crosses the AdS horizon with gravitational shock waves. In the leading,

two derivative, gravity approximation the energy is uniformly distributed on the sphere

at infinity, with no fluctuations. We compute the stringy corrections and we show that
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For N = 1 superconformal theories the one point function for states created by the R-

current or the stress tensor are determined by the two parameters a and c characterizing the

conformal anomaly. Demanding that the measured energies are positive we get bounds on

a/c. We also give a prescription for computing the energy and charge correlation functions

in theories that have a gravity dual. The prescription amounts to probing the falling

string state as it crosses the AdS horizon with gravitational shock waves. In the leading,

two derivative, gravity approximation the energy is uniformly distributed on the sphere

at infinity, with no fluctuations. We compute the stringy corrections and we show that

• Energy Correlators are interesting observables for characterizing
generic quantum theories. (Hofman, Maldacena, 2008)
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Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = �@µ1 · · · @µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.

– 2 –

Jet Substructure

• What is the theoretical question we are trying to ask in Jet
Substructure?
“How do we characterize a quantum mechanical system using only
asymptotic measurements?”
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observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = ��µ1 · · · �µJ�. When interactions are turned on, OJ gets an
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scales characterizing the measurement.
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• This has proven to be a fruitful lens through which to study general
aspects of QFT.
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di�erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

�(z) =
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2
C(↵s) z�

N=4
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r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

• Calorimeter cells can be given a field theoretic definition in terms of
light-ray operators.

• Allows us to ask sharp questions about QFT from the asymptotic
energy flux.
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FIG. 13: An illustration of an energy operator in a Pen-
rose diagram for Minkowski spacetime. In a generic QFT,
the detector operator is defined using a limiting proce-
dure, illustrated by the dashed line. In a CFT, the oper-
ator can be directly placed at null infinity, illustrated by
the solid blue line.

of light-ray operators with an eye towards their applica-
tion in collider physics. In particular, we will cover the
topics of the quantum numbers of light-ray operators,
Regge trajectories, reciprocity, and Regge intercepts.

The energy operator as defined in (4) is expressed in
terms of an r ! 1 limit, making it di�cult to study.
Since the most important property of the energy opera-
tor discussed in this review is its scaling behavior under
boosts, it is convenient to map the Minkowski spacetime
into a finite region using a Penrose diagram. This is rep-
resented in Fig. 13, where the full spacetime is mapped
into a finite region by a conformal transformation that
preserves the causal structure. For the sake of illustra-
tion, we have only shown two spatial dimensions. The
detector sitting at r and and integrated over the time
component is represented by the dashed blue line. Light-
like radiation from the origin in the direction of the de-
tector will be recorded by the detector.

From a theoretical perspective, it is convenient to
express the energy operator in a manifestly covariant
form (Belitsky et al., 2014b). For a light-like particle
propagating in the n̂ direction, we introduce two null ref-
erence vectors nµ = (1, n̂) and n̄ = (1,�n̂). Using these
reference vectors, we can define light-cone coordinates
x+ = x� = n̄ · x, x� = x+ = n · x, in terms of which any
four vector can be decomposed as

xµ =
x+

n · n̄
nµ +

x�
n · n̄

n̄µ + xµ
? . (27)

The large r limit should be understood as taking x+ ! 1
while keeping x� fixed. We can then write the energy

operator as

E(n) = lim
x+!1

(x+)2

(n · n̄)4

1Z

�1

dx+T++(x) . (28)

This is represented as the solid blue line at future null in-
finity in Fig. 13. The definition in (28) make manifest the
symmetry of the energy operator under boosts. Under a
scaling nµ ! ⇢nµ, E(⇢n) = ⇢�3E(n) (Hofman and Mal-
dacena, 2008; Belitsky et al., 2014b). Since energy opera-
tors are a physical observable, the manifestation of boost
symmetry is significant because it allows us to under-
stand certain properties of measurements using symme-
try, notably the scaling behavior when two detectors be-
come close (Hofman and Maldacena, 2008; Kologlu et al.,
2021; Chang et al., 2020; Chen et al., 2020c), as in Eq. 20.

The transformation that maps a local operator to a
null-integrated operator is referred to as the light trans-
form (Kravchuk and Simmons-Du�n, 2018). The result-
ing operator is commonly called a light-ray operator. A
number of other integral transforms were also introduced
in (Kravchuk and Simmons-Du�n, 2018). To charac-
terize a light-ray operator, it is useful to consider its
Lorentzian collinear spin JL, which corresponds to the
quantum number under boosts, and its Lorentzian scal-
ing dimension �L. For the energy operator, these quan-
tities are given by

JL = 1 �� = �3 , �L = 1 � J = �1 , (29)

where � = 4 and J = 2 represent the scaling dimension
and spin, respectively, of the local energy-momentum
tensor operator.

Among light-ray operators, the energy operator stands
out as one of the most significant example. Perhaps its
most important property is that expectation values of the
energy operator are non-negative in any state in a QFT,

hE(n)i � 0 , (30)

also known as the average null energy condition (ANEC).
In general relativity, the violation of ANEC can lead to
the construction of time machines from wormhole solu-
tions (Morris et al., 1988). As a result, significant e↵ort
has has been devoted to rigorously proving the ANEC in
(30).

In a free field theory, the ANEC is straightforward to
understand because it corresponds to the measurement
of the energy of freely propagating particles in a specific
direction n̂, as shown in Eq. (2), where k0 is manifestly
positive. For an interacting, Lorentz-invariant QFT, the
ANEC has been proven using two distinct approaches.
The first approach relies on the microcausality of the
theory (Hartman et al., 2017), while the second employs
methods from quantum information theory, particularly
the monotonicity of relative entropy (Faulkner et al.,
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• Provides a direct relation between correlation functions of local
operators, and measurements of asymptotic fluxes.

• Function of angles, zij = (1− cos θij)/2, on the celestial sphere.

• Can use insights from simpler theories to sharpen our understanding
of real world QCD at colliders.

LoopFest May 27, 2026 10 / 33



Energy Correlator in N = 4 SYM

• The energy correlator can be computed non-perturbatively in N = 4
SYM using the numerical conformal bootstrap + integrability.

Nc = 2 Nc → ∞
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Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO20′→ssg and MO20′→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k0

j δ(2)(Ω"ki
− Ω"n)δ(2)(Ω"kj

− Ω"n′)

×
(
|MO20′→s(k1)s(k2)g(k3)|2 + |MO20′→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 =
g2

2(2π)4

q2
0

sin2 θ

∫ 1

0

dτ1

1 − τ1(1 − cos θ)/2
+ O(g4)

=
g2

(2π)4
q2
0

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+ O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1 − cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 =
a

4π2

q2
0

8z3

(
−z ln(1 − z)

1 − z

)
+ O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by
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Jet Substructure

• What is the theoretical question we are trying to ask in Jet
Substructure?
“How do we characterize a quantum mechanical system using only
asymptotic measurements?”
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Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = ��µ1 · · · �µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.
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• This has proven to be a fruitful lens through which to study general
aspects of QFT.
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Insights from Conformal Field Theory

[Hofman, Maldacena]
[Korchemsky, Sterman]
[Ore, Sterman]
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I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di�erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

�(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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E(~n) = lim
r!1

r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

• Calorimeter cells can be given a field theoretic definition in terms of
light-ray operators.

• Allows us to ask sharp questions about QFT from the asymptotic
energy flux.
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Energy Correlators in Experiment

• We can directly measure the ⟨JE(n1)E(n2)J⟩ from angular
correlations in e+e− collisions:
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Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = �@µ1 · · · @µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.
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Discovering the Gluon

• Energy patterns used to discover the gluon.
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ū

p�
�

p�

p�

p�

These
are

2
jets

This
are

not2
but3

jets

Jets
can

stilltellus
the

Q
C

D
finalstate

ofthe
hard

interaction
process

�
36

years
ago:D

iscovery
ofthe

gluon

Frank
Tackm

ann
(D

E
S

Y
)

U
nderstanding

Jets
w

ith
E

ffective
Field

Theories.
D

E
S

Y
P

hysics
S

em
inar2015-02-24

3
/32

Sau Lan Wu

• Jets play a central role in colliders as proxies for quarks and gluons.
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Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = �@µ1 · · · @µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.
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Bootstrapping the simplest correlator in planar N = 4 SYM at all loops

Frank Coronado1,2,3

1Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada
2Department of Physics & Astronomy, University of Waterloo, Waterloo, ON N2L 3G1, Canada

3ICTP South American Institute for Fundamental Research, São Paulo, SP Brazil 01440-070

We present the full form of a four-point correlation function of large BPS operators in planar
N = 4 Super Yang-Mills to any loop order. We do this by following a bootstrap philosophy based
on three simple axioms pertaining to (i) the space of functions arising at each loop order, (ii) the
behaviour in the OPE in a double-trace dominated channel and (iii) the behaviour under a double
null limit. We discuss how these bootstrap axioms are in turn strongly motivated by empirical
observations up to nine loops unveiled through integrability methods in our previous work [9] on
this simplest correlation function.

I. INTRODUCTION

Integrability methods have shaped a new path for the
explicit evaluation of correlators of local operators in pla-
nar N = 4 SYM [1–5] and also non-planar [6–8], specially
for four-point functions of large protected single-trace op-
erators. In [9] we used integrability-based methods to
find the loop corrections to the polarized four-point func-
tion we named as the simplest. This correlator consists
of four external protected operators with R-charge po-
larizations chosen as shown in figure 1. In the limit of
long operators1 (K � 1), we argued this four-point func-
tion admits a factorization into the tree level part which
carries all the dependence on the external scaling dimen-
sion K and the loop corrections which are given by the
squared of the function O (the octagon)

hO1O2O3O4i =


1

x2
12x

2
13x

2
24x

2
34

�K
2

⇥ O2(z, z̄) (1)

where the cross ratios are defined in terms of the space-
time positions as:

zz̄ = u =
x2

12x
2
34

x2
13x

2
24

and (1�z)(1�z̄) = v =
x2

14x
2
23

x2
13x

2
24

In this paper we present some of the analytic properties
of the octagon O which follow from the explicit nine-loop
results in [9]. These properties include a restriction on
the space of functions that appear at any loop order and
the remarkable simplicity of the octagon in two di↵erent
kinematical limits: the OPE limit (z ! 1, z̄ ! 1) and
the double light-cone limit (z ! 0, z̄ ! 1).

We also state that these three analytic properties can
be used to uniquely define the octagon and with that

1 The rank of the gauge group Nc ! 1 is the largest parameter
followed by K. Then the planar correlator is expanded in powers
of the ’t Hooft coupling g2.
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O3(1) O4(1)
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P
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FIG. 1. The simplest four-point function with external opera-

tors O1(0, 0) = Tr(Z
K
2 X̄

K
2 )+cyclic permutations, O2(z, z̄) =

Tr(XK ), O3(1, 1) = Tr(Z̄K) and O4(1,1) = Tr(Z
K
2 X̄

K
2 )+

cyclic permutations. The Wick contractions form a perime-
ter with four bridges of width K

2
. According to Hexagonal-

izaiton [3] in the limit K � 1 the loop corrections are ob-
tained by summing over 2D intermediate multiparticle states
 in and  out on mirror cuts 1-4 and 2-3 respectively, with
both sums evaluating to O. Alternatively the octagon O rep-
resents the resummation of planar Feynman diagrams draw
inside(outside) the perimeter.

also the simplest correlator (1). We show how to solve
this bootstrap problem by first introducing a Steinmann
basis of Ladders which resolve two of the aforementioned
analytic properties. Then using the third property to
completely fix the coe�cients in an Ansatz constructed
with the Steinmann basis.

This bootstrap approach reproduces the explicit re-
sults obtained from perturbation theory and integrabil-
ity and allows us to easily extend them to arbitrary loop
order. We accompany this letter with an ancillary file
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• Provides a sharp relation between experimental observables and the
⟨JTTJ⟩ four-point function.
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Studying Confinement with Energy Correlators

• The measurement of the energy correlators probes the dynamics of
QCD at the scale Q2z or Q2(1− z) =⇒ probe the theory over
multiple orders of magnitude for a fixed collider energy.
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b). QCD Vacuum Sample, Dec. 1975
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µ2 ⇠ 1

(xi � xj)2
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µ2 ⇠ Q2
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µ2 ⇠ Q2(1 � z)
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µ2 ⇠ Q2z

• Given sufficient angular resolution, one can achieve sub-confinement
resolution, and observe the transition from partons to hadrons.
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The Legacy of LEP

• Although measurements improved, the most precise measurements
made at LEP failed to achieve sub-confinement resolution.
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PSfrag replacements

θ

E("n) E("n′)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO20′→ssg and MO20′→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k0

j δ(2)(Ω"ki
− Ω"n)δ(2)(Ω"kj

− Ω"n′)

×
(
|MO20′→s(k1)s(k2)g(k3)|2 + |MO20′→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 =
g2

2(2π)4

q2
0

sin2 θ

∫ 1

0

dτ1

1 − τ1(1 − cos θ)/2
+ O(g4)

=
g2

(2π)4
q2
0

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+ O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1 − cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 =
a

4π2

q2
0

8z3

(
−z ln(1 − z)

1 − z

)
+ O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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Confinement

• Precision data for confining transitions unavailable.
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Toy Worlds

• We can first consider “data” in toy worlds.

• Free theory with a large charge operator: ϕk
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Introduction

Jets of Hadrons.

QCD doesn’t let us observe quarks and gluons directly, only jets of hadrons
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Jets can still tell us the QCD final state of the hard interaction process
) 36 years ago: Discovery of the gluon
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JetsofHadrons.

QCDdoesn’tletusobservequarksandgluonsdirectly,onlyjetsofhadrons
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Introduction
JetsofHadrons.
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ū

p
k �

p
?

p
?

p
k

These
are

2
jets

This
are

not 2
but 3

jets

Jets
can

still tell us
the

Q
C

D
final state

of the
hard

interaction
process

)
36

years
ago: D

iscovery
of the

gluon

Frank
Tackm

ann
(D

E
S

Y
)

U
nderstanding

Jets
w

ith
E

ffective
Field

Theories.

D
E

S
Y

P
hysics

S
em

inar 2015-02-24
3

/ 32

Introduction

Jets
ofH

adrons.
Q

C
D

doesn’tletus
observe

quarks
and

gluons
directly,only

jets
ofhadrons

u

d

u

u

ū
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ū
u

d

u

u

ū
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Introduction

Jets of Hadrons.

QCD doesn’t let us observe quarks and gluons directly, only jets of hadrons
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ū

pk �
p?

p?

pk

These are 2 jets

This are not 2 but 3 jets

Jets can still tell us the QCD final state of the hard interaction process

)
36 years ago: Discovery of the gluon

Frank Tackmann (DESY)

Understanding Jets with Effective Field Theories.

DESY Physics Seminar 2015-02-24
3 / 32

Introduction

Jets of Hadrons.

QCD doesn’t let us observe quarks and gluons directly, only jets of hadrons

u
d

u

u

ū
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ū
u

d

u

u

ū
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Toy Worlds

• Conformal gauge theory at (weakish) coupling.

• Kinematic limits cleanly probe the low spin (J = 3) and high spin
(J → ∞) limits of twist-2 operators.
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Toy Worlds

• The small-angle limit is governed by the “light-ray” OPE.

• Exhibits power law scaling with lowest twist spin-3 operator.
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Toy Worlds

• Back-to-back limit (z → 1) sensitive to conserved gauge flux, large
spin limit of twist-2 operators: J ∼ 1/(1− z)

• Logarithmic growth of anomalous dimensions,
∆− J = 2 + Γcusp(λ)(log J + γE) +Bδ(λ) +O(1/J)
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Energy Correlators from Partons to Hadrons

ALEPH

NNLLcol + NNLOFO + NNNNLLb2b
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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Perturbation Theory

• In the bulk (z ∼ 1/2) region, no single state in any OPE dominates.

• Perform a perturbative expansion in partonic Fock states.
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-

<latexit sha1_base64="IdkO0ul8QCWoU2Dt5Iot+r5QZ4c=">AAACAnicdVDLSgMxFM34tr5GXYmbYBEEcci0trU70Y1LBauFvsiktzY0kxmSjFiG4sZfceNCEbd+hTv/xrRWUNEDFw7n3EtyThALrg0h787E5NT0zOzcfGZhcWl5xV1du9BRohhUWCQiVQ2oBsElVAw3AqqxAhoGAi6D3vHQv7wGpXkkz00/hkZIryTvcEaNlVruBjR3obmH6yayAzcm7dK2iqQetNws8Ug5X/BzmHh+ueznSpYU8mVCCtj3yAhZNMZpy32rtyOWhCANE1Trmk9i00ipMpwJGGTqiYaYsh69gpqlkoagG+kowgBvW6WNO5GyIw0eqd8vUhpq3Q8DuxlS09W/vaH4l1dLTOegkXIZJwYk+3yokwhs8w77wG2ugBnRt4Qyxe1fMetSRZmxrWVsCV9J8f/kIuf5Ra94tp89PBrXMYc20RbaQT4qoUN0gk5RBTF0i+7RI3py7pwH59l5+VydcMY36+gHnNcPMEOXXA==</latexit>

e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p

s = 91.2GeV

<latexit sha1_base64="mIOqyeW4oLunBro5AgF+xkQ+c2I=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkyrW3triiCywr2AW0pmTRtQzOZIckUylDwV9y4UMSt3+HOvzHTVlDRA4HDOfdyT44XcqY0Qh9WamV1bX0jvZnZ2t7Z3bP3DxoqiCShdRLwQLY8rChngtY105y2Qkmx73Ha9MZXid+cUKlYIO70NKRdHw8FGzCCtZF69lHHx3pEMI+vZ7nOhBIoeu5Zz84iB1UKRTcPkeNWKm6+bEixUEGoCF0HzZEFS9R69nunH5DIp0ITjpVquyjU3RhLzQins0wnUjTEZIyHtG2owD5V3XgefwZPjdKHg0CaJzScq983YuwrNfU9M5mEVb+9RPzLa0d6cNGNmQgjTQVZHBpEHOoAJl3APpOUaD41BBPJTFZIRlhiok1jGVPC10/h/6SRd9ySU7o9z1Yvl3WkwTE4ATnggjKoghtQA3VAQAwewBN4tu6tR+vFel2MpqzlziH4AevtE6A+lUs=</latexit>E(~n1)
<latexit sha1_base64="3XLcarjfXA77JBLA5RpmvYmLBOA=">AAAB/nicdVDLSgMxFM3UV62vUXHlJliEuhkyU9vaXVEElxXsA9pSMmnahmYyQ5IplKHgr7hxoYhbv8Odf2P6EFT0QOBwzr3ck+NHnCmN0IeVWlldW99Ib2a2tnd29+z9g7oKY0lojYQ8lE0fK8qZoDXNNKfNSFIc+Jw2/NHVzG+MqVQsFHd6EtFOgAeC9RnB2khd+6gdYD0kmCfX01x7TAkUXe+sa2eRg8r5gutB5LjlsuuVDCnkywgVoOugObJgiWrXfm/3QhIHVGjCsVItF0W6k2CpGeF0mmnHikaYjPCAtgwVOKCqk8zjT+GpUXqwH0rzhIZz9ftGggOlJoFvJmdh1W9vJv7ltWLdv+gkTESxpoIsDvVjDnUIZ13AHpOUaD4xBBPJTFZIhlhiok1jGVPC10/h/6TuOW7RKd6eZyuXyzrS4BicgBxwQQlUwA2oghogIAEP4Ak8W/fWo/VivS5GU9Zy5xD8gPX2CaHDlUw=</latexit>E(~n2)

<latexit sha1_base64="8/ZqrD27bZyJP6HIzShQbSOpcfE=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6a1rbMrunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmDUIfzsrq2vrGZm4rv72zu7dfODhs6ThVhDZJzGPVCbGmnEnaNMxw2kkUxSLktB2Or2Z++54qzWJ5ayYJDQQeShYxgo2VWr0hFgL3C0XkIr9c8UoQuZ7ve6WaJZWyj1AFei6aowiWaPQL771BTFJBpSEca931UGKCDCvDCKfTfC/VNMFkjIe0a6nEguogm187hadWGcAoVrakgXP1+0SGhdYTEdpOgc1I//Zm4l9eNzXRRZAxmaSGSrJYFKUcmhjOXocDpigxfGIJJorZWyEZYYWJsQHlbQhfn8L/SavkelW3enNerF8u48iBY3ACzoAHaqAOrkEDNAEBd+ABPIFnJ3YenRfnddG64ixnjsAPOG+f8TuPZw==</latexit>�

<latexit sha1_base64="8/ZqrD27bZyJP6HIzShQbSOpcfE=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ6a1rbMrunFZwT6gHUomzbSxSWZIMkIZ+g9uXCji1v9x59+YPgQVPXDhcM693HtPmHCmDUIfzsrq2vrGZm4rv72zu7dfODhs6ThVhDZJzGPVCbGmnEnaNMxw2kkUxSLktB2Or2Z++54qzWJ5ayYJDQQeShYxgo2VWr0hFgL3C0XkIr9c8UoQuZ7ve6WaJZWyj1AFei6aowiWaPQL771BTFJBpSEca931UGKCDCvDCKfTfC/VNMFkjIe0a6nEguogm187hadWGcAoVrakgXP1+0SGhdYTEdpOgc1I//Zm4l9eNzXRRZAxmaSGSrJYFKUcmhjOXocDpigxfGIJJorZWyEZYYWJsQHlbQhfn8L/SavkelW3enNerF8u48iBY3ACzoAHaqAOrkEDNAEBd+ABPIFnJ3YenRfnddG64ixnjsAPOG+f8TuPZw==</latexit>�

Hannah Bossi (MIT) for the  alliance*   
QCD @ LHC 

Stony Brook, NY, USA 
September 9th, 2025

e+e−

MIT HIG’s work was supported by US DOE-NP

Precision QCD Measurements 
Using Archived ALEPH Data

* Anthony Badea, Austin Baty, Hannah Bossi, Paoti Chang, Yu-Chen Chen, Yi Chen, Gian 
Michele Innocenti, Yen-Jie Lee, Luke Lu, Marcello Maggi, Chris McGinn, Benjamin 

Nachman, Michael Peters, Tzu-An Sheng, Jesse Thaler, Jingyu Zhang

• Incorporates:
• |qq̄⟩
• |qq̄g⟩
• |qq̄gg⟩
• |qq̄qq̄⟩
• |qq̄qq̄g⟩
• |qq̄ggg⟩

LoopFest May 27, 2026 20 / 33



Sudakov Resummation
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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• z → 1 limit provides a sensitive probe of the log(J) growth of
anomalous dimensions.
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-

Hannah Bossi (MIT) for the  alliance*   
QCD @ LHC 

Stony Brook, NY, USA 
September 9th, 2025

e+e−

MIT HIG’s work was supported by US DOE-NP

Precision QCD Measurements 
Using Archived ALEPH Data

* Anthony Badea, Austin Baty, Hannah Bossi, Paoti Chang, Yu-Chen Chen, Yi Chen, Gian 
Michele Innocenti, Yen-Jie Lee, Luke Lu, Marcello Maggi, Chris McGinn, Benjamin 

Nachman, Michael Peters, Tzu-An Sheng, Jesse Thaler, Jingyu Zhang

<latexit sha1_base64="IdkO0ul8QCWoU2Dt5Iot+r5QZ4c=">AAACAnicdVDLSgMxFM34tr5GXYmbYBEEcci0trU70Y1LBauFvsiktzY0kxmSjFiG4sZfceNCEbd+hTv/xrRWUNEDFw7n3EtyThALrg0h787E5NT0zOzcfGZhcWl5xV1du9BRohhUWCQiVQ2oBsElVAw3AqqxAhoGAi6D3vHQv7wGpXkkz00/hkZIryTvcEaNlVruBjR3obmH6yayAzcm7dK2iqQetNws8Ug5X/BzmHh+ueznSpYU8mVCCtj3yAhZNMZpy32rtyOWhCANE1Trmk9i00ipMpwJGGTqiYaYsh69gpqlkoagG+kowgBvW6WNO5GyIw0eqd8vUhpq3Q8DuxlS09W/vaH4l1dLTOegkXIZJwYk+3yokwhs8w77wG2ugBnRt4Qyxe1fMetSRZmxrWVsCV9J8f/kIuf5Ra94tp89PBrXMYc20RbaQT4qoUN0gk5RBTF0i+7RI3py7pwH59l5+VydcMY36+gHnNcPMEOXXA==</latexit>

e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p

s = 91.2GeV

• Percent level understanding of QCD energy flux.

LoopFest May 27, 2026 22 / 33



Collinear Confinement Transition

• Confinement in the collinear limit clearly imprinted as transition to
free hadron scaling.
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Conformal Gauge Theory
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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Sudakov Confinement Transition

• Perturbative flux tube enables smooth transition with confining
behavior.
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Conformal Gauge Theory

ALEPH

NNLLcol + NNLOFO + NNNNLLb2b
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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A New Era of Theory-Data Comparison

ALEPH
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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• Exciting opportunity for αs measurements, improving parton showers,
and sharpening our understanding of gauge theory phenomena.

• Comparison with finite coupling results in conformal gauge theories
will elucidate differences.

LoopFest May 27, 2026 25 / 33



Reviving the Precision Electroweak Program
Q

u
a
n
tu

m
 G

ra
v
ity

P
ro

to
n
s

E
le
c
tro

n
s

C
e
lls

M
o
le
c
u
le
s

T
h
e
 U

n
iv

e
rse

T
h
e
 T

e
V
 S

c
a
le

H
a
irs

U
s

S
o
la

r S
y
ste

m

P
la

n
e
t

G
a
la

x
y

G
ra

n
d
 U

n
ific

a
tio

n

10
11

m 10
−4

m 10
−19

m 10
−34

m10
26

m

The Standard Model

4 fundamental
forces 

focus
today

LoopFest May 27, 2026 26 / 33



Electroweak Precision

LZZS =
gMZ

2cW

Z�Z
�

mX

l=1

ylS
0
l , (13)

where MZ is the mass of the Z. In general, the coe�cients ca, da, and rl in Eqs. (9)
and (10) are complex, while the yl in Eq. (13) are real. The n ⇥ n matrix X in Eq. (11)
is Hermitian. The m ⇥ m matrix Y in Eq. (12) is real and antisymmetric. We let ma

denote the mass of H±
a and ml denote the mass of S0

l .

2.2 One-loop diagrams

At one-loop level, the diagrams contributing to the Zbb̄ vertex are shown in Figs. 1 and 2,
for charged and neutral scalars, respectively. This classification of the diagrams was pro-
posed in Ref. [7], wherein the diagrams in Fig. 3 were also mentioned, but then neglected.
The diagrams in Fig. 3 involving the charged scalars do not give new contributions beyond
the Standard Model (SM) in models with only scalar singlets and doublets, because in
these models there are no ZW±H⌥

a couplings other than the ZW±G⌥ already present in
the SM. The diagrams in Fig. 3 involving neutral scalars are proportional to mb. This is
because the coupling of the Z to the bottom quarks in Eq. (1) conserves chirality, i.e. the
ingoing and outgoing bottom quarks have the same chirality, while the analogous coupling
of a neutral scalar does not contain the matrix �� and therefore it changes the chirality of
the bottom quark. Hence, in the diagrams in Fig. 3c),d) there must be a mass insertion in
the internal bottom-quark propagator in order to change the chirality of the bottom-quark
line once again. Since the diagrams in Fig. 3 are convergent, one may neglect them by tak-
ing mb = 0, and this is what was done in Ref. [7]. Nevertheless, because mb could appear
multiplied by a large coe�cient (such as tan� = v2/v1 in the 2-symmetric 2HDM, see
for instance Table 2 in Ref. [4]) we will also present their calculation in order to check the
validity of this approximation. The diagrams in Figs. 1 and 2 are divergent and must be
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Figure 1: Two diagrams with charged scalars contributing to the Zbb̄ vertex.

renormalized. We follow the on-shell renormalization scheme of Hollik [29, 30]. Applying
multiplicative renormalization, the renormalized vertex acquires some terms leading to a
correction to the Z propagator; these are part of the oblique parameters and were shown
to be very small in Ref. [7]. Here we are looking for the terms that change the tree-level
couplings, which after renormalization may be written as

i�̂Zff
µ =�i�µ

g

cW

⇥�
g0

Lb + �gL

�
PL+

�
g0

Rb + �gR

�
PR

⇤
, (14)
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Figure 1: Left: Comparison of the fit results with the direct measurements in units of the experimental
uncertainty. The fit results are compared between the scenario using the two-loop calculations of the Z
partial widths with the four-loop O(↵t↵

3
s) correction to MW (colour, top bars), and the one-loop calculation

used in a previous publication [4] (shaded gray, bottom bars). Right: Comparison of the fit results with the
indirect determination in units of the total uncertainty, defined as the uncertainty of the direct measurement
and that of the indirect determination added in quadrature. The indirect determination of an observable
corresponds to a fit without using the corresponding direct constraint from the measurement.
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indirect determination in units of the total uncertainty, defined as the uncertainty of the direct measurement
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• The lack of explicit new physics at the LHC has shifted attention to
precision measurements.

• Precision Electroweak data still dominated by LEP
=⇒ uncertainties dominated by QCD.

• Archival data combined with new theoretical techniques presents an
opportunity to modernize the precision electroweak program.
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SU(2)×U(1)

• The Electroweak Theory is famously chiral
=⇒ Exciting new field theoretic phenomena!
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Baryon Number Violation Through Anomalies

• One of the most famous predictions is the violation of Baryon number
through mixed electroweak anomalies.VOLUME $7, +UMBER I PHYSICAL REVIEW LETTERS 5 'JUz. v 1976

Symmetry Breaking through Bell-Jackiw Anomalies*

G. 't Hooftt
Department of Physics ~ Harvard University, Cambridge, Massachusetts 02138

{Received 22 March 1976)

In models of fermions coupled to gauge fields certain current-conservation laws are vio-
lated by Bell- Jackiw anomalies. In perturbation theory the total charge corresponding to
such currents seems to be still conserved, but here it is shown that nonperturbative ef-
fects can give rise to interactions that violate the charge conservation. One consequence
is baryon and lepton number nonconservation in V -A gauge theories with charm. Another
is the nonvanishing mass squared of the g.

+~~ ~~ +p

then the topological quantum number is
n = (g'/32~') fG„,'G„„'d'x,

with
a~pv 2~ pvnacng

(2)

n is an integer for all field configurations in Eu-
clidean space that have the vacuum (or a gauge
transformation thereof) at the boundary. In Min-
kowsky space n would be i times an integer (if we
take d'x and e»„ to be real and A„B/Bx, imagi-
nary).
The solution with n = I in Euclidean space is

~,( ),1 2 1I,„v(x -xn)'
g (x-x,)'+Z'' (4)

Here, x, is free because of translation invariance
and ~ is a free scale parameter; g is a tensor
that maps antisymmetric representations of SO(4)
onto vectors of one of its two invariant subgroups

When one attempts to construct a realistic mod-
el of nature one is often confronted with the dif-
ficulty that most simple models have too much
symmetry. Many symmetries in nature are slight-
ly broken, which leads to, for instance, the lep-
ton and quark masses, and CI' violation. Here I
propose to consider a new source of symmetry
breaking: the Bell- Jackiw anomaly.
My starting point is the solution of classical

field equations given by Belavin et al. in four-
dimensional (4D) Euclidean gauge-field theories.
The solution is obtained from the vacuum by map-
ping SU(2) gauge transformations onto a large
sphere in Euclidean space. Taking the new,
gauge-rotated, vacuum as a boundary condition,
they obtain a nontrivial solution inside the sphere,
characterized by a topological quantum number.
If the Lagrangian is

SO(3):

Qattv ealtv ( t l"t ~ I t 2i 3) y

q,a„=-5,„(a,v =1,2, 3),
1atta hyatt (at t" I & 2~ 3) t

Thus isospin is linked to one of the SO(3) sub-
groups of SO(4). The solution has

S =fZ(a") dax = S"/—g'. (6)
Since we have a 4D rotational symmetry, the so-
lution is not only localized in three-space, but al-
so instantaneous in time. I shall refer to such ob-
jects as "Euclidean-gauge solitons, "' EGS for
short.
There is a simple heuristic argument that ex-

plains why these solutions of the Euclidean field
equations are relevant for describing a tunneling
mechanism in real (Minkowsky) space-time, from
one vacuum state to a gauge-rotated vacuum (a
gauge rotation that cannot be obtained via a series
of infinitesimal gauge rotations). Consider an or-
dinary quantum mechanical system with a poten-
tial barrier V larger than the available energy E,
which I put equal to zero. Then the leading expo-
nential of the tunneling amplitude is exp(- Jpdx),
with

p /2nz=V-E.
This corresponds to the classical equations of
motion, except for a sign difference. Thus the
leading exponential is obtained by replacing in the
equations of motion t by it and computing the ac-
tion S for a path from one to the other vacuum.
[Note that both in Euclidean and in Minkowsky
space the gauge group is the compact group SU(2).]
Suppose now that we have in addition N mass-

less fermion doublets coupled to the gauge field:
E

g fet minn g qt D qt
t= j.
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• Can we measure its magnitude without observing explicit baryon
number violation?
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Anomalous Fluxes
• Anomalies can be directly accessed in colliders using charge detectors.

PSfrag replacements

θ

E("n) E("n′)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO20′→ssg and MO20′→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k0

j δ(2)(Ω"ki
− Ω"n)δ(2)(Ω"kj

− Ω"n′)

×
(
|MO20′→s(k1)s(k2)g(k3)|2 + |MO20′→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 =
g2

2(2π)4

q2
0

sin2 θ

∫ 1

0

dτ1

1 − τ1(1 − cos θ)/2
+ O(g4)

=
g2

(2π)4
q2
0

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+ O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1 − cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 =
a

4π2

q2
0

8z3

(
−z ln(1 − z)

1 − z

)
+ O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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50 Years of Energy Flux in Yang-Mills

• The first attempt to connect energy flux in colliders to correlation
functions in QCD was made 50 years ago: The expectation value of
energy flux, hE(~n1)i, at a fixed angle on the celestial sphere is
calculable in perturbation theory. (Sterman, Dec 1975)
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section, we show that the relations (1.4) are indeed satisfied in the free scalar theory.

We consider a free massless scalar field �(x) and choose the source operator to be OK(x) =
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3

we suppress indices for simplicity of presentation). In
a conformal field theory (CFT), the two-point function
is fixed by the dimension of the operators up to a nu-
merical coe�cient. For the case of Jµ = �̄�µ�, this
leads to the well known �(Q2) ⇠ 1/Q2 scaling of the to-
tal cross-section. In QCD the two-point function has a
more complicated structure due to the presence of numer-
ous hadronic resonances, but can be well described using
perturbation theory after smearing (Poggio et al., 1976).
The total cross-section provides a first, and in our eyes
extremely beautiful, example of relating a macroscopic
measurement in colliders to a fundamental correlator, in
this case the two-point correlator, in QCD.

However, this is not entirely satisfying. We would re-
ally like to be able to “see” the states that connect the
two currents, much like we do when we look at a collider
event display. In the study of condensed matter systems
it is clear how to proceed: we can simply measure higher
point functions, for example those obtain through the
insertion of the stress tensor, hJTJi. In gauge theories,
this problem also has a remarkable history going back
to the original work of Poynting (Poynting, 1884), who
considered the discharge of a capacitor through a high
resistance wire, allowing him to follow the flow of en-
ergy. As illustrated in Fig. 2, e+e� collider experiments
are conceptually similar to Poynting’s original setup, in
that they study the rapid neutralization of a quark anti-
quark dipole. While the Poynting vector extends to clas-
sical Yang-Mills (see e.g. (Coleman, 1977) for the case
of plane waves), since QCD confines with a time scale of
t ⇠ 1/�QCD, we can neither measure higher point corre-
lation functions of local operators, nor follow the flow of
energy in the Yang-Mills fields. Instead, we must learn to
characterize asymptotic fluxes of confined hadrons. The
study of such observables in Yang-Mills theories is a giant
conceptual leap, both in understanding that they can be
calculated in perturbation theory, since asymptotic mea-
surements are ultimately sensitive to the infrared struc-
ture of the theory, and in formulating the precise nature
of the observables to study.

Generalizing, eq. (1), it is natural to view the two-
point function as the norm of a state, and to define a
three-point function, which is the expectation value of
a particular operator in this state. Motivated by what
a physical detector does in an experiment, namely mea-
sure the expectation value of energy flux in a particular
direction, Sterman introduced the energy flux operator1

(Sterman, 1975), via its action on on-shell particle states

E(n̂)|Xi =
�

k�X

k0�2(⌦n � ⌦k)|Xi . (2)

1 Throughout this review we will interchangeable use the language
“energy flux operator”, “energy flow operator”, “energy opera-
tor”, “Average Null Energy (ANE) operator” and “Average Null
Energy Condition (ANEC) operator.

OF ENERGY IN THE ELECTROMAGNETIC FIELD. 351

for the line integral o f the m agnetic intensity 2irra round the wire is 47r X current 
through it, and PZ=V.

But by Oh m ’s  law V = ? R  and iV  = i 2R, or the heat developed according to J o u l e ’s  
law.

It seems then that none of the energy of a current travels along the wire, but that 
it comes in from the nonconducting medium surrounding the wire, that as soon as it 
enters it begins to be transformed into heat, the amount crossing successive layers of 
the wire decreasing till by the time the centre is reached, where there is no magnetic 
force, and therefore no energy passing, it has all been transformed into heat. A con-
duction current then may be said to consist of this inward flow of energy with its 
accompanying magnetic and electromotive forces, and the transformation of the energy 
into heat within the conductor.

We have now to inquire how the energy travels through the medium on its way to 
the wire.

(2.) Discharge of a condenser through a wire.

We shall first consider the case of the slow discharge of a simple condenser consist-
ing of two charged parallel plates when connected by a wire of very great resistance, 
as in this case we can form an approximate idea of the actual path of the energy.

Fig. 2.

Let A and B, fig. 2, be the two plates of the condenser, A being positively and B 
negatively electrified. Then before discharge the sections of the equipotential surfaces 
will be somewhat as sketched. The chief part of the energy resides in the part of the 
dielectric between the two plates, but there will be some energy wherever there is 
electromotive intensity. Between A and B the E.M.I. will be from A to B, and every-
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FIG. 2: The evolution of the study of energy flux in
gauge theories. Top: The slow discharge of a capacitor in
electromagnetism, as studied in Poynting’s original work
(Poynting, 1884). Bottom: The rapid neutralization of a
quark-antiquark color dipole in Yang-Mills theory.

where ⌦n and ⌦k are the angular positions of the detec-
tor and a particle with momentum k. In his own words,
“energy flow became the focus of calculability”, and this
has been the foundation of our study of colliders for the
subsequent 50 years. As written, this particular defini-
tion is only valid in a theory with asymptotic particles,
as is the case in QCD, but we will later see that it can be
formulated in terms of the stress tensor of the underlying
theory, generalizing it to any theory with a local stress
tensor.

Armed with the energy flux operator, it is now nat-
ural to consider its correlation functions in various
states. From an experimental perspective, these corre-
lation functions characterize the distribution of energy
flux, and played an important role in establishing QCD
as the theory of the strong interaction. The simplest of
all collider observables is the three-point function, also
referred to as the one-point energy correlator, as first in-
troduced by Sterman

EC(n̂) =
1

�Q

�
d4x eiQ·xh0|J(x)E(n̂)J(0)|0i . (3)

This observable characterizes the direction of energy flux
in an event. Sterman (Sterman, 1975) further argued
that this one-point function is infrared and collinear safe,
enabling its systematic calculation in perturbation the-
ory, a property of crucial importance in later develop-
ments.

The next seminal step was the introduction of an op-
erator definition of the energy flux operator, relating
it to the stress tensor of the underlying theory (Svesh-

PSfrag replacements

�

E(�n) E(�n�)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors ~n and ~n�.

back-to-back. For 0 < � < �, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO20��ssg and MO20��s��,

hE(�n)E(�n�)i = ��1
tot

�
dPS3

3�

i,j=1

k0
i k0

j �
(2)(��ki

� ��n)�(2)(��kj
� ��n�)

�
�
|MO20��s(k1)s(k2)g(k3)|2 + |MO20��s(k1)�(k2)�(k3)|2

�
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

hE(�n)E(�n�)i =
g2

2(2�)4

q2
0

sin2 �

� 1

0

d�1

1 � �1(1 � cos �)/2
+ O(g4)

=
g2

(2�)4
q2
0

1 + cos �

sin4 �
ln

2

1 + cos �
+ O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, �1 = 2k0

1/q
0. For � ! 0, the expression in the right-hand side of (3.16) scales as

O(��2), whereas for w = � � � ! 0 it has the well-known Sudakov behavior O(w�2 ln(w�2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1 � cos �)/2 , (3.17)

where 0 < � < � is the angle between the detector vectors �n and �n�. Then, the double-energy
correlation takes the following form at one loop

hE(�n)E(�n�)i =
a

4�2

q2
0

8z3

�
�z ln(1 � z)

1 � z

�
+ O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4�2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by
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Q(~n) = lim
r!1

1Z

0

dt niji(t, r~n)=
X

i

hiOi (1.1)

=
X

j

cjDj (1.2)

Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

“measure at a point” “measure in cross-sections”
UV divergence IR divergence

need to renormalize need to renormalize
theory-dependent theory-dependent

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

After suitably renormalizing the detector to remove the divergences, we obtain a new “good”

observable, but its anomalous dimension (suitably-defined) is theory-dependent.

Recall that the space of local operators has a simple nonperturbative definition via radial

quantization in the UV CFT: it is its Hilbert space of states on Sd�1. Thus, local operators

provide a basis of fundamental objects in which measurements at a point can be expanded.

Similarly, detectors provide a basis of fundamental objects in which measurements near in-

finity can be expanded, see figure 2. However, we do not currently possess a similarly clean

nonperturbative definition of the space of detectors. They are less well-understood objects,

and we seek to explore them in this work, focusing mostly on the case of conformal theories.

We summarize the analogy between detectors and local operators in table 1.

The simplest kind of detector is the integral of a local operator along a light-ray at future

null infinity I +. In this case, the way renormalization works is easy to understand: the

renormalized detector is the null integral of a renormalized local operator. For example, in

a free scalar theory, the operator EJ just mentioned can be defined for even integer J � 2

as a null-integral of OJ = �@µ1 · · · @µJ�. When interactions are turned on, OJ gets an

anomalous dimension, and thus so does EJ , leading to a nontrivial dependence on infrared

scales characterizing the measurement.

– 2 –
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J

2

II. SIMPLIFICATION

Using the relations

Q“ = TL3 + Y , QZ =
g

cos ◊w

!
TL3 - sin2 ◊wQ“

"
, (8)

where g = e/ sin ◊w, I find that I can rewrite the object whose trace you measure:

Q“Q“QZPq = –Y Y B + —TL3 TL3 B + “TL3 BB + ”Y BB , (9)

with

– = -e tan ◊w , — = e cot ◊w , ” = -2e tan ◊w , “ = e(2 + 3 cos 2◊w) csc 2◊w . (10)

Now each of those four terms look like a potential anomaly, although the last two are traceless. Thus what you
measure is

-e tan ◊wTrY Y B + e cot ◊wTrTL3 TL3 B (11)

which is a linear combination of the baryon current anomalies in the Standard Model.

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>� <latexit sha1_base64="wF9UNcg9VoS4m5MXBKV+QA8JZT4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALxTjOk=</latexit>

Z

<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

Kyle Lee
• In the real world:

LoopFest May 27, 2026 30 / 33



Anomalous Charge Flux

• First direct measurement of baryon number anomaly coefficients.

• Control over percent level fluctuations in QCD fluxes.

PSfrag replacements

θ

E("n) E("n′)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO20′→ssg and MO20′→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k0

j δ(2)(Ω"ki
− Ω"n)δ(2)(Ω"kj

− Ω"n′)

×
(
|MO20′→s(k1)s(k2)g(k3)|2 + |MO20′→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 =
g2

2(2π)4

q2
0

sin2 θ

∫ 1

0

dτ1

1 − τ1(1 − cos θ)/2
+ O(g4)

=
g2

(2π)4
q2
0

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+ O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1 − cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 =
a

4π2

q2
0

8z3

(
−z ln(1 − z)

1 − z

)
+ O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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• Newly achieved precision in QCD calculations + archival data
=⇒ opens the door to a re-imagined precision electroweak program.
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An Opportunity

• Archival LEP datasets, combined with modern theory and data
analysis techniques, present a tremendous opportunity for

• Precision QCD Measurements

• Precision Electroweak Measurements

• Searches for Physics Beyond the Standard Model

ALEPH
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵ divided by the number of events in the MC
sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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