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Electron-Positron Colliders

• Multiple proposals for high energy e+e− colliders (FCC-ee, CEPC, ...).

• Large time gap since last Z-pole collider (LEP is now a tourist
exhibition). Many new theory/ AI techniques never tested on real
data. Retired DELPHI Detector
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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.
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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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b). QCD Vacuum Sample, Dec. 1975

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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The CMB of QCD

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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• LHC re-ignited a decades long quest to achieve a precision description
of energy flux in the “little bangs” of QCD collisions.
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50 Years of Energy Flux in Yang-Mills

• The expectation value of energy flux, ⟨E(n⃗1)⟩, at a fixed angle on the
celestial sphere is calculable in perturbation theory.
(Sterman, Dec 1975)

The paper is organized as follows. In Section 2 we compute the multi-point energy cor-

relations hE(n1) . . . E(nk)iH in a free theory and show that they satisfy (1.4) in the limit of

large scaling dimension of the source. In Section 3 we consider the energy-energy correlation

hE(n1)E(n2)iH in planar N = 4 SYM at weak coupling. We choose the source operator to be

the simplest half-BPS operator built out of K scalar fields and examine the dependence of the

energy correlation on K at the leading order in the coupling constant (Born level). In Section 4

we compute the one- and two-loop perturbative corrections to the energy-energy correlation for

arbitrary K and show that they verify the relation (1.4) at large K. In Section 5 we present

an approach that allows us to compute the O(1/K) correction to (1.4) directly, without going

through the details at finite K. In Section 6 we obtain the contact terms necessary to describe

the singular behavior of the energy correlations at the end points, for finite K and for K !1.

In Section 7 we compute the same observable at strong coupling including the first stringy

correction. In Section 8 we present arguments in favor of (1.4) in a generic interacting CFT.

The paper contains several appendices and ancillary files.

2 Energy correlations in the free scalar theory

The energy correlations for a heavy source are expected to have the general form (1.4). In this

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) =

�K(x). It creates the state |H(q)i =
R

d4x eiqxOK(x)|0i containing K massless scalar particles

with the total momentum qµ (with q0 > 0 and q2 > 0).

Figure 1. Multi-point energy correlation hE(n1) . . . E(nk)i in the final state created by a heavy source.

The di↵erential cross-section describing the probability to find K particles in a final state
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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 =
X

k2X

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

Z
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

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
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Stephen Ellis

• Correlators of energy flow operators ⟨E(n⃗1) · · · E(n⃗k)⟩ characterize the
final state in collider experiments in QCD (Ellis et al. 1977)
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total energy W, the energy pattern cross section is given by
00 dN — N E

2

Z 3'' 1+, (1+ cos'8) + ~, (1 —3 cos'8)

Here a is the fine-structure constant (-1/137),
!

Qz is the electric charge of a specific quark type quark
(fiavor), and 8 is the angle between the direction These
r of the detected energy and the beam direction distrib
t, cos8=r l. The asymptotic behavior of the run- cally'
ning coupling is given by quark s

(2)

and gluons among the observed hadrons.
confinement effects further broaden the
ution. They can be treated phenomenologi-
by assuming that the fragmentation of the

(produced with a 1y cos'8 distribution) in-
to hadrons occurs with a distribution character-
ized by a strong cutoff in momentum transverse
to the quark direction. These effects produce a
contribution to the coefficient of the 1-3cos'0
term in Eq. (2) of order (h~)/W, where (h~) is
the average transverse momentum in a quark
fragmentation jet. At presently available ener-
gies the two contributions to this coefficient are
of comparable magnitude, but the confinement

(3)

where N& is the number of quark flavors, and p
is the one-dimensional parameter introduced into
the theory via the renormalization-group analy-
sis. gt is taken to have a value 500 MeV in order
to minimizev the O(1/ln2W) corrections to Eq. (3).
Experimentally, the important feature of the per-
turbative energy cross section (2) is the broaden-
ing of the lowest-order 1+ cos pattern due to
hard gluon emission. Nonperturbative confine-
ment effects distribute the energy carried by the

(Here S„represents the factorials necessary to avoid multiple counting of identical particles. ) Energy
conservation guarantees that the integral of the energy cross section is the usual total cross section.
The inclusive energy summation in the energy cross section should render its perturbative formulation
free (to all orders) of collinear infrared singularities. The energy weighting should remove those sin-
gularities which arise from soft gluon emission.

It should be emphasized that the measurement of the energy cross section, Eq. (1), does not vequi~e
any detailed event by ev-ent -analysis as is the case for tests which specify a quantity involving the de-
finition of a jet axis in each event. '

The order-g result for the energy cross section corresponds to the graphs shown in Fig. 1. This
result is indeed free of mass singularities. Assuming unpolarized electron-positron beams with total
energy R', the energy cross section takes the form'

(0) (b)

(c)
FIG. 1. (a) Lowest-order Feynman graph for e+e

qq. (b) Vertex modification (wave-function renor-
malization not shown). (c), (d) Lowest-order gluon
emission graphs. FIG. 2. Geometry for the experiment.

1586

forward and backward correlati ons depend on as ( q2 !. )  wi th q!. = 2 Wsin  0/2 ,  the 

effective range of the argument is extended down to about 1 GeV . 

2 .  Data taki ng and defi n i ti on of correl ati ons 

For deta i l s  of the PLUTO-detector the reader is referred to references 9) ( DORIS 

vers i on )  and lO ) ( at PETRA ) . Charged tracks are measured i n  the central detector 
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The paper is organized as follows. In Section 2 we compute the multi-point energy cor-

relations hE(n1) . . . E(nk)iH in a free theory and show that they satisfy (1.4) in the limit of

large scaling dimension of the source. In Section 3 we consider the energy-energy correlation

hE(n1)E(n2)iH in planar N = 4 SYM at weak coupling. We choose the source operator to be

the simplest half-BPS operator built out of K scalar fields and examine the dependence of the

energy correlation on K at the leading order in the coupling constant (Born level). In Section 4

we compute the one- and two-loop perturbative corrections to the energy-energy correlation for

arbitrary K and show that they verify the relation (1.4) at large K. In Section 5 we present

an approach that allows us to compute the O(1/K) correction to (1.4) directly, without going

through the details at finite K. In Section 6 we obtain the contact terms necessary to describe

the singular behavior of the energy correlations at the end points, for finite K and for K !1.

In Section 7 we compute the same observable at strong coupling including the first stringy

correction. In Section 8 we present arguments in favor of (1.4) in a generic interacting CFT.

The paper contains several appendices and ancillary files.

2 Energy correlations in the free scalar theory

The energy correlations for a heavy source are expected to have the general form (1.4). In this

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) =

�K(x). It creates the state |H(q)i =
R

d4x eiqxOK(x)|0i containing K massless scalar particles

with the total momentum qµ (with q0 > 0 and q2 > 0).
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• Analogous to correlators in the CMB.
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Energy Correlators at PLUTO

• First measurement of the energy correlator by PLUTO (1979).

forward and backward correlati ons depend on as ( q2 !. )  wi th q!. = 2 Wsin  0/2 ,  the 

effective range of the argument is extended down to about 1 GeV . 

2 .  Data taki ng and defi n i ti on of correl ati ons 

For deta i l s  of the PLUTO-detector the reader is referred to references 9) ( DORIS 

vers i on )  and lO ) ( at PETRA ) . Charged tracks are measured i n  the central detector 

wi thi n a sol i d  angl e of 92% of 4n . Their  momenta are analysed i n  the homogenous 

magneti c fie ld  of 1 . 65 Tesl a .  For the attri buted parti cl e energy al l parti cl es 

are treated as pi ons . Neutral energy i s  detected by shower counters over 97% of 

4n . Both charged and neutral part ic le  correlations have been studi ed and found 

to agree wel l ,  but only the charged correl ati ons fi nal ly entered i nto the 

analys i s  because of better angu l ar preci s i on .  The techni que of the data analys i s  

i s  gi ven i n  deta i l  i n  the references 4 l . The correl ation functi on , f (0 ) ,  i s  de­

fi ned by the fol l ow ing formul a  

( 2 )  f ( 0 )  
dl: 

de 

where za , b  = E a , b/W are the fractional energi es of part i cl es "a "  and "b"  of an 

event.  The sum is extended over al l N parti c l es of an event , l i ke the one shown 

in Fi g .  la . 

PLUTO a) EVENT 155 Ru. 21442 eo.1 no 

5944 22296 31,t 

Fig . 1 ( a )  A typ i cal  2-jet event i s  shown i n  a projection transverse to the 
beams . The curved ful l  l i nes are charged, the dotted strai ght l i nes are 
neutral tracks . ( b )  Shows a typ i cal three jet,  one of which is i nter­
preted as gl uon jet.  
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Fig. 1. Energy-energy correlations for different c.m. energies. Full lines show expectations from fragmentation models (q~ below 
10 GeV, ref. [8] ; q~:lg above, ref. [9], with A = 200 MeV). Dashed lines give pure QCD predictions according to ref. [5] ( 0 ° -50° ) ,  
refs. [ 3,4 ] (50 ° -  120 °) and ref. [ !8 ] (120 ° - 180 °). The value A = 200 MeV has been taken in all o f  them. The dot ted lines repre- 
sent the continuation of  these predictions out of  the regions defined above. 

within errors the data have become nearly energy in- 
dependent. This behaviour is well reproduced by the 
Monte Carlo simulation, as indicated by the full curves 
in fig. 1, provided gluon bremsstrahlung is incorpo- 
rated at high energies [8,9]. 

As a possible alternative description of  these data 
we also show in fig. 1 as dashed curves the predictions 
from a model [6,13] which uses the leading log same 
side predictions [5] for the angular range 0 ~ 50 °, first 

order calculations [3,4] in the central region 50 ° ~ 0 
< 120 ° and leading log opposite side predictions * 2 in 
the backward regime 120 ° < 0. These predictions de- 
pend on only one parameter namely the strong cou- 
pling constant a s or the QCD scale parameter A. The 
value A = 200 MeV has been taken, corresponding to 

,2  Predictions have been taken from eq. (3.3) o f  ref. [ 18]. 
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within errors the data have become nearly energy in- 
dependent. This behaviour is well reproduced by the 
Monte Carlo simulation, as indicated by the full curves 
in fig. 1, provided gluon bremsstrahlung is incorpo- 
rated at high energies [8,9]. 

As a possible alternative description of  these data 
we also show in fig. 1 as dashed curves the predictions 
from a model [6,13] which uses the leading log same 
side predictions [5] for the angular range 0 ~ 50 °, first 

order calculations [3,4] in the central region 50 ° ~ 0 
< 120 ° and leading log opposite side predictions * 2 in 
the backward regime 120 ° < 0. These predictions de- 
pend on only one parameter namely the strong cou- 
pling constant a s or the QCD scale parameter A. The 
value A = 200 MeV has been taken, corresponding to 

,2  Predictions have been taken from eq. (3.3) o f  ref. [ 18]. 
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• First calculation of energy flux correlations from the microscopic QCD
Lagrangian:
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Energy Correlators: Beyond QCD

• 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.
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Energy and charge correlations

Diego M. Hofmana and Juan Maldacenab

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

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
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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)

– 2 –

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)

– 2 –

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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• Cleanly relates correlations in asymptotic energy flux with properties
of the microscopic field theory.

NOPP 2026 August 15, 2026 13 / 35



Energy Correlators

i0

i+

i�

QCD Vacuum Sample # 75

<latexit sha1_base64="yZzpRnyWeF/x604Fuz8DGvNxDcY=">AAAB9HicbVDLSsNAFL2pr1pfVZduBosgCCURqS6LbnRXwT6gjWUynbRDJ5M4MymUkO9w40IRt36MO//GSZuFth4YOJxzL/fM8SLOlLbtb6uwsrq2vlHcLG1t7+zulfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xjeZ355QqVgoHvQ0om6Ah4L5jGBtJLcXYD0imCd3j2dpv1yxq/YMaJk4OalAjka//NUbhCQOqNCEY6W6jh1pN8FSM8JpWurFikaYjPGQdg0VOKDKTWahU3RilAHyQ2me0Gim/t5IcKDUNPDMZBZSLXqZ+J/XjbV/5SZMRLGmgswP+TFHOkRZA2jAJCWaTw3BRDKTFZERlpho01PJlOAsfnmZtM6rTq1au7+o1K/zOopwBMdwCg5cQh1uoQFNIPAEz/AKb9bEerHerY/5aMHKdw7hD6zPH6KIkgc=</latexit>

I+

<latexit sha1_base64="3sdeLSQ+dkGB03/wtLg04ot34Vw=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpKIVJdFN7qrYB/QxjKZTtqhk0mcmRRKyHe4caGIWz/GnX/jpM1CWw8MHM65l3vmeBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1745vMb0+oVCwUD3oaUTfAQ8F8RrA2ktsLsB4RzJO7x7O0X67YVXsGtEycnFQgR6Nf/uoNQhIHVGjCsVJdx460m2CpGeE0LfViRSNMxnhIu4YKHFDlJrPQKToxygD5oTRPaDRTf28kOFBqGnhmMgupFr1M/M/rxtq/chMmolhTQeaH/JgjHaKsATRgkhLNp4ZgIpnJisgIS0y06alkSnAWv7xMWudVp1at3V9U6td5HUU4gmM4BQcuoQ630IAmEHiCZ3iFN2tivVjv1sd8tGDlO4fwB9bnD6WSkgk=</latexit>I�

<latexit sha1_base64="le7RnMqDfmMf1JYvhKUh10T7X0s=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQN2Wm7bR1VxTBZQX7gM5QMmnahmYyQ5IplKHgr7hxoYhbv8Odf2OmraCiBwKHc+7lnhw/YlQqy/owVlbX1jc2M1vZ7Z3dvX3z4LAlw1hg0sQhC0XHR5IwyklTUcVIJxIEBT4jbX98lfrtCRGShvxOTSPiBWjI6YBipLTUM4/dAKkRRiy5nuXdCcGQ9+zznpmzClapbBerUJOLmuM4mtRKdtVyoF2w5siBJRo9893thzgOCFeYISm7thUpL0FCUczILOvGkkQIj9GQdDXlKCDSS+bxZ/BMK304CIV+XMG5+n0jQYGU08DXk2lY+dtLxb+8bqwGNS+hPIoV4XhxaBAzqEKYdgH7VBCs2FQThAXVWSEeIYGw0o1ldQlfP4X/k1axYFcKldtyrn65rCMDTsApyAMbVEEd3IAGaAIMEvAAnsCzcW88Gi/G62J0xVjuHIEfMN4+AaLdlU0=</latexit>E(~n1)
<latexit sha1_base64="XZfsKh+ll+hC3ksoePRVTaHnpf0=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQN8NM3+6KIrisYB/QGYZMmrahmcyQZAplKPgrblwo4tbvcOffmD4EFT0QOJxzL/fkBDGjUtn2h7Gyura+sZnZym7v7O7tmweHLRklApMmjlgkOgGShFFOmooqRjqxICgMGGkHo6uZ3x4TIWnE79QkJl6IBpz2KUZKS7557IZIDTFi6fU0744JhtwvnPtmzrbsYskpVKEmF7VyuaxJrehU7TJ0LHuOHFii4Zvvbi/CSUi4wgxJ2XXsWHkpEopiRqZZN5EkRniEBqSrKUchkV46jz+FZ1rpwX4k9OMKztXvGykKpZyEgZ6chZW/vZn4l9dNVL/mpZTHiSIcLw71EwZVBGddwB4VBCs20QRhQXVWiIdIIKx0Y1ldwtdP4f+kVbCcilW5LeXql8s6MuAEnII8cEAV1MENaIAmwCAFD+AJPBv3xqPxYrwuRleM5c4R+AHj7ROkYpVO</latexit>E(~n2)

<latexit sha1_base64="PZW64dElM+paU/8NlgWj3FsppFE=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqTdNb0YvHCrYV2lA22027dpMNuxOhlP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1PBNTjOh5VbWV1b38hvFra2d3b3ivsHLS0zRVmTSiHVbUg0EzxhTeAg2G2qGIlDwdrh6HLmt++Z0lwmNzBOWRCTQcIjTgkYqdWFIQPSK5Yc26l43rmHHbtc885qviF+1fUrDnZtZ44SWqLRK753+5JmMUuACqJ1x3VSCCZEAaeCTQvdTLOU0BEZsI6hCYmZDibza6f4xCh9HEllKgE8V79PTEis9TgOTWdMYKh/ezPxL6+TQeQHE56kGbCELhZFmcAg8ex13OeKURBjQwhV3NyK6ZAoQsEEVDAhfH2K/yetsu16tnddKdUvlnHk0RE6RqfIRVVUR1eogZqIojv0gJ7QsyWtR+vFel205qzlzCH6AevtEyysj48=</latexit>

✓

<latexit sha1_base64="kjiZ224I4n2JyWkCrY+m/q5/UQY=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAh1ExL7sN0V3bizgn1AG8JkOmmHTiZhZlIsoX/ixoUibv0Td/6Nk7aCih4YOJxzL/fM8WNGpbLtD2NldW19YzO3ld/e2d3bNw8O2zJKBCYtHLFIdH0kCaOctBRVjHRjQVDoM9Lxx1eZ35kQIWnE79Q0Jm6IhpwGFCOlJc80+yFSI4xYejMr3nvOmWcWbMsuOWXbgZrU6/VSSZNaRSsV6Fj2HAWwRNMz3/uDCCch4QozJGXPsWPlpkgoihmZ5fuJJDHCYzQkPU05Col003nyGTzVygAGkdCPKzhXv2+kKJRyGvp6Msspf3uZ+JfXS1RQc1PK40QRjheHgoRBFcGsBjiggmDFppogLKjOCvEICYSVLiuvS/j6KfyftM8tp2pVb8uFxuWyjhw4BiegCBxwARrgGjRBC2AwAQ/gCTwbqfFovBivi9EVY7lzBH7AePsEPBKTbQ==</latexit>O(x1)

<latexit sha1_base64="3m+DWIiqUkJWQViCpyni29PYKK4=">AAAB+XicdVDLSgMxFM3UV62vUZdugkWom2GmL9td0Y07K9gHtMOQSdM2NJMZkkyxDP0TNy4UceufuPNvzLQVVPRA4HDOvdyT40eMSmXbH0ZmbX1jcyu7ndvZ3ds/MA+P2jKMBSYtHLJQdH0kCaOctBRVjHQjQVDgM9LxJ1ep35kSIWnI79QsIm6ARpwOKUZKS55p9gOkxhix5GZeuPeK556Zty275JRtB2pSr9dLJU1qFa1UoGPZC+TBCk3PfO8PQhwHhCvMkJQ9x46UmyChKGZknuvHkkQIT9CI9DTlKCDSTRbJ5/BMKwM4DIV+XMGF+n0jQYGUs8DXk2lO+dtLxb+8XqyGNTehPIoV4Xh5aBgzqEKY1gAHVBCs2EwThAXVWSEeI4Gw0mXldAlfP4X/k3bRcqpW9bacb1yu6siCE3AKCsABF6ABrkETtAAGU/AAnsCzkRiPxovxuhzNGKudY/ADxtsnPZeTbg==</latexit>O(x2)

<latexit sha1_base64="poLTS65QRJQ4yOZUJKz8ViB/vFc=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAh1ExLT1nZXdOPOCvYBbQiT6bQdOpmEmUmxhP6JGxeKuPVP3Pk3TtoKKnpg4HDOvdwzJ4gZlcq2P4yV1bX1jc3cVn57Z3dv3zw4bMkoEZg0ccQi0QmQJIxy0lRUMdKJBUFhwEg7GF9lfntChKQRv1PTmHghGnI6oBgpLfmm2QuRGmHE0ptZ8d53z3yzYFu265RsB2pSq9VcV5NqWStl6Fj2HAWwRMM333v9CCch4QozJGXXsWPlpUgoihmZ5XuJJDHCYzQkXU05Con00nnyGTzVSh8OIqEfV3Cuft9IUSjlNAz0ZJZT/vYy8S+vm6hB1UspjxNFOF4cGiQMqghmNcA+FQQrNtUEYUF1VohHSCCsdFl5XcLXT+H/pHVuORWrclsq1C+XdeTAMTgBReCAC1AH16ABmgCDCXgAT+DZSI1H48V4XYyuGMudI/ADxtsnPxyTbw==</latexit>O(x3)

<latexit sha1_base64="XfTweHBAC4Blq+XrQlmW7MAmyRQ=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAh1ExL7sN0V3bizgn1AG8JkOmmHTiZhZlIsoX/ixoUibv0Td/6Nk7aCih4YOJxzL/fM8WNGpbLtD2NldW19YzO3ld/e2d3bNw8O2zJKBCYtHLFIdH0kCaOctBRVjHRjQVDoM9Lxx1eZ35kQIWnE79Q0Jm6IhpwGFCOlJc80+yFSI4xYejMr3nvlM88s2JZdcsq2AzWp1+ulkia1ilYq0LHsOQpgiaZnvvcHEU5CwhVmSMqeY8fKTZFQFDMyy/cTSWKEx2hIeppyFBLppvPkM3iqlQEMIqEfV3Cuft9IUSjlNPT1ZJZT/vYy8S+vl6ig5qaUx4kiHC8OBQmDKoJZDXBABcGKTTVBWFCdFeIREggrXVZel/D1U/g/aZ9bTtWq3pYLjctlHTlwDE5AETjgAjTANWiCFsBgAh7AE3g2UuPReDFeF6MrxnLnCPyA8fYJQKGTcA==</latexit>O(x4)

<latexit sha1_base64="MZCSeldnh+njccENOiDIxu7VErE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIugl5CIVI9FLx4r2A9sQ9lsN+3SzSbsTsQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IBFco+t+W4WV1bX1jeJmaWt7Z3evvH/Q1HGqKGvQWMSqHRDNBJesgRwFayeKkSgQrBWMbqZ+65EpzWN5j+OE+REZSB5yStBID11kT5iRM2fSK1dcx53BXiZeTiqQo94rf3X7MU0jJpEKonXHcxP0M6KQU8EmpW6qWULoiAxYx1BJIqb9bHbxxD4xSt8OY2VKoj1Tf09kJNJ6HAWmMyI41IveVPzP66QYXvkZl0mKTNL5ojAVNsb29H27zxWjKMaGEKq4udWmQ6IIRRNSyYTgLb68TJrnjld1qncXldp1HkcRjuAYTsGDS6jBLdShARQkPMMrvFnaerHerY95a8HKZw7hD6zPH1umkLo=</latexit>

a).

<latexit sha1_base64="Gam4H0kD1ZLKir81QrOZiv44OiA=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIugl5CIVI9FLx4r2A9sQ9lsJ+3SzSbsTsQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IBFco+t+W4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDRYLGLVDqgGwSU0kKOAdqKARoGAVjC6mfqtR1Cax/Iexwn4ER1IHnJG0UgPXYQnzIIzZ9IrV1zHncFeJl5OKiRHvVf+6vZjlkYgkQmqdcdzE/QzqpAzAZNSN9WQUDaiA+gYKmkE2s9mF0/sE6P07TBWpiTaM/X3REYjrcdRYDojikO96E3F/7xOiuGVn3GZpAiSzReFqbAxtqfv232ugKEYG0KZ4uZWmw2pogxNSCUTgrf48jJpnjte1aneXVRq13kcRXJEjskp8cglqZFbUicNwogkz+SVvFnaerHerY95a8HKZw7JH1ifP10tkLs=</latexit>

b). QCD Vacuum Sample, Dec. 1975

<latexit sha1_base64="ttKIxs/PpbFpAXJUwCHMjNKnHlY=">AAACPHicbZC7TsMwFIYdrqXcCowsFhVSWaqkVIWxgoWNIuhFaqLIcZ3WquNEtoOooj4YCw/BxsTCAEKszDhtBkg5kqVf37n4nN+LGJXKNF+MpeWV1bX1wkZxc2t7Z7e0t9+RYSwwaeOQhaLnIUkY5aStqGKkFwmCAo+Rrje+TPPdeyIkDfmdmkTECdCQU59ipDRyS7c2Q3zICLQDpEYYseR6WnlwrZMcqOXBaR7UNRCzWW6pbFbNWcBFYWWiDLJouaVnexDiOCBcYYak7FtmpJwECUUxI9OiHUsSITxGQ9LXkqOASCeZHT+Fx5oMoB8K/biCM/q7I0GBlJPA05XpvjKfS+F/uX6s/HMnoTyKFeF4/pEfM6hCmDoJB1QQrNhEC4QF1btCPEICYaX9LmoTrPzJi6JTq1qNauOmXm5eZHYUwCE4AhVggTPQBFegBdoAg0fwCt7Bh/FkvBmfxte8dMnIeg7AnzC+fwBYHK2W</latexit>hO(x1)O(x2)O(x3)O(x4)i

<latexit sha1_base64="WmSReExo/96HkIDx143hJZhAlsI="></latexit>Z
d4x eiq·xhO(x)E(n1)E(n2)O(0)i

• 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.
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A Fundamental Limitation

• Correlator measurements fundamentally limited by detector resolution.

• How can we do better without a new detector?
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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

u

ū
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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).
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“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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Jµ

Large Electron Positron Collider (1989-2000) 

Hannah Bossi (MIT) 4QCD @ LHC 2025

• Covered a variety of 
center-of-mass energies 
over ~ a decade! 


• Focused on Z-pole 
energies plus W pair 
production.  

• Four major experiments (ALEPH, OPAL, DELPHI, L3)


• ALEPH results in this talk! 

[See talk by Jingyu Zhang, Thurs. 11:00 for DELPHI]

[CDS Record 567226]

• Today I’ll focus on the recycling frontier with LEP data, for 
more see [CERN Open Data Portal]
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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).
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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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• Energy patterns used to discover the gluon.
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• 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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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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• Covered a variety of 
center-of-mass energies 
over ~ a decade! 


• Focused on Z-pole 
energies plus W pair 
production.  

• Four major experiments (ALEPH, OPAL, DELPHI, L3)


• ALEPH results in this talk! 

[See talk by Jingyu Zhang, Thurs. 11:00 for DELPHI]

[CDS Record 567226]

• Today I’ll focus on the recycling frontier with LEP data, for 
more see [CERN Open Data Portal]
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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).
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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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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
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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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• Energy patterns used to discover the gluon.
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• 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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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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production.  
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• ALEPH results in this talk! 
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• Today I’ll focus on the recycling frontier with LEP data, for 
more see [CERN Open Data Portal]
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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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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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• 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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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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Jµ

Large Electron Positron Collider (1989-2000) 

Hannah Bossi (MIT) 4QCD @ LHC 2025

• Covered a variety of 
center-of-mass energies 
over ~ a decade! 


• Focused on Z-pole 
energies plus W pair 
production.  

• Four major experiments (ALEPH, OPAL, DELPHI, L3)


• ALEPH results in this talk! 

[See talk by Jingyu Zhang, Thurs. 11:00 for DELPHI]

[CDS Record 567226]

• Today I’ll focus on the recycling frontier with LEP data, for 
more see [CERN Open Data Portal]

• Charged particles (tracks) can be measured with exceptional
resolution, neutral particles cannot.

• Kinoshita-Lee-Nauenberg theorem requires sum over all states to
achieve an infrared finite answer: “The expectation value of energy
flux, ⟨E(n⃗1)⟩, is calculable in perturbation theory.”
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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
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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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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 –

Discovering the Gluon

• Energy patterns used to discover the gluon.
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ū
u

d

u

u

ū
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• 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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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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production.  

• Four major experiments (ALEPH, OPAL, DELPHI, L3)


• ALEPH results in this talk! 

[See talk by Jingyu Zhang, Thurs. 11:00 for DELPHI]
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IR Detector

• Modern Effective Field Theory techniques enable systematic matching
between UV detectors (quarks/ gluons) and IR detectors (hadrons).

• Enables precision theoretical calculations
for measurements with tracking detectors.
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QCD in Focus
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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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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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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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b). QCD Vacuum Sample, Dec. 1975

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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momentum one for the one-dimensional fermions being 

z ( l )  = fo °° doei°~t+i°)z(o). 

351 

In addition to ordinary QCD gluon vertices the action (3) brings in two other 
elements, viz., the propagator of the one-dimensional fermions and the vertex 
describing the interaction between gluons and these fermions: 

/ i 
°1 -- - °2 0 ( o 2 - o l )  

l +  i0 ' 

, ~k ~, i g n ~ ( n o )  
0 

ign~A~( k ) 8( l '  + ( kn ) - l ) , 

(25) 

where n,  = (p ,  or q,) is one of the vectors characterizing the directions of the two 
lines shown in fig. 2. 

It is worth noting here that fig. 2 may be treated as an amplitude of the elastic 
scattering of an on-mass-shell (l = 0) one-dimensional fermion on a colour singlet 
potential. The contributions to this amplitude are due to both the self-energy 
corrections ~(1) = ~(0) + lON(O)/Ol + . . .  to the fermion lines and vertex correc- 
tions T(I, l ' ;  3,). The latter satisfy the equality 

r ( 0 , 0 ; 0 ) =  0f(t)01 ,=0 

following from the gauge properties of eq. (3). Hence, the total result for the cusp 
singularity of the diagram shown in fig. 2 is given by 

r ( 0 , 0 ;  7) + ~ = V(0,0; y) - V(0,0; 0) (26) 
l=O 

and to calculate it one can consider only the vertex corrections which in the lowest 
nontrivial order in the strong coupling constant a s are determined by the diagrams 
shown in fig. 3. In the following the K~SRMs subtraction procedure is used. 

\ 

Fig. 3. Diagram contributing to the one-loop cusp anomalous dimension. 
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total energy W, the energy pattern cross section is given by
00 dN — N E

2

Z 3'' 1+, (1+ cos'8) + ~, (1 —3 cos'8)

Here a is the fine-structure constant (-1/137),
!

Qz is the electric charge of a specific quark type quark
(fiavor), and 8 is the angle between the direction These
r of the detected energy and the beam direction distrib
t, cos8=r l. The asymptotic behavior of the run- cally'
ning coupling is given by quark s

(2)

and gluons among the observed hadrons.
confinement effects further broaden the
ution. They can be treated phenomenologi-
by assuming that the fragmentation of the

(produced with a 1y cos'8 distribution) in-
to hadrons occurs with a distribution character-
ized by a strong cutoff in momentum transverse
to the quark direction. These effects produce a
contribution to the coefficient of the 1-3cos'0
term in Eq. (2) of order (h~)/W, where (h~) is
the average transverse momentum in a quark
fragmentation jet. At presently available ener-
gies the two contributions to this coefficient are
of comparable magnitude, but the confinement

(3)

where N& is the number of quark flavors, and p
is the one-dimensional parameter introduced into
the theory via the renormalization-group analy-
sis. gt is taken to have a value 500 MeV in order
to minimizev the O(1/ln2W) corrections to Eq. (3).
Experimentally, the important feature of the per-
turbative energy cross section (2) is the broaden-
ing of the lowest-order 1+ cos pattern due to
hard gluon emission. Nonperturbative confine-
ment effects distribute the energy carried by the

(Here S„represents the factorials necessary to avoid multiple counting of identical particles. ) Energy
conservation guarantees that the integral of the energy cross section is the usual total cross section.
The inclusive energy summation in the energy cross section should render its perturbative formulation
free (to all orders) of collinear infrared singularities. The energy weighting should remove those sin-
gularities which arise from soft gluon emission.

It should be emphasized that the measurement of the energy cross section, Eq. (1), does not vequi~e
any detailed event by ev-ent -analysis as is the case for tests which specify a quantity involving the de-
finition of a jet axis in each event. '

The order-g result for the energy cross section corresponds to the graphs shown in Fig. 1. This
result is indeed free of mass singularities. Assuming unpolarized electron-positron beams with total
energy R', the energy cross section takes the form'

(0) (b)

(c)
FIG. 1. (a) Lowest-order Feynman graph for e+e

qq. (b) Vertex modification (wave-function renor-
malization not shown). (c), (d) Lowest-order gluon
emission graphs. FIG. 2. Geometry for the experiment.

1586

Figure 1: One of the more complicated diagrams. Single lines represent gluons, and the
external double lines represent the background field. The presence of the 10 purely gluonic
vertices creates a large expression after the substitution of the Feynman rules.

2.2 Group notations

In this section we introduce our notations for the group invariants appearing in the results

of the next section. T a are the generators of the representation of the fermions, and fabc are

the structure constants of the Lie algebra of a compact simple Lie group,

T aT b − T bT a = ifabc T c . (2.12)

The quadratic Casimir operators CF and CA of the N -dimensional fermion and the NA-

dimensional adjoint representation are given by [T aT a]ik = CF δik and f acdf bcd = CAδ
ab,

respectively. The trace normalization of the fermion representation is Tr(T aT b) = TF δ
ab.

At L ≥ 4 loops also quartic group invariants enter the beta function. These can be expressed

in terms of contractions of the totally symmetric tensors

d abcd
F = 1

6 Tr(T a T b T c T d + five bcd permutations ) ,

d abcd
A = 1

6
Tr(CaCbCcCd + five bcd permutations ) . (2.13)

Here the matrices [ Ca ]bc = −if abc are the generators of the adjoint representation. It

should be noted that in QCD-like theories without particles that are colour neutral, Furry’s

theorem [36] prevents the occurrence of symmetric tensors with an odd number of indices.

For the fermions transforming according to the fundamental representation and the stan-

dard normalization of the SU(N) generators, these ‘colour factors’ have the values

TF =
1

2
, CA = N , CF =

NA

2N
=

N2 − 1

2N
,

d abcd
A d abcd

A

NA
=

N2(N2 + 36)

24
,

d abcd
F d abcd

A

NA
=

N(N2 + 6)

48
,

d abcd
F d abcd

F

NA
=

N4 − 6N2 + 18

96 N2
. (2.14)

The results for QED (i.e., the group U(1)) are obtained for CA = 0, d abcd
A = 0, CF = 1,

TF = 1, dabcd
F = 1, and NA = 1. For a discussion of other gauge groups the reader is referred

to ref. [11].

4
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gard.
Let us consider a Yang-Mills theory given by

the Lagrangian
a~ P

pp a

where the C„,are the structure constants of
some (semisimple) Lie group G. Since the theory
is massless, the renormalization is performed
at an (arbitrary) Euclidean point. For example,
the wave-function renormalization constant Z, (g,
A/I) will be defined in terms of the unrenormal-
ized vector-meson propagator D „,'' (in the Lan-
da.u gauge),

(6)

(For a thorough discussion of the renormalization
see the work of Lee and Zinn-Justin. ") The re-
normalization-group equations for this theory are
easily derived. " In the Landau gauge they are
identical with (1). In order to investigate the sta-
bility of the origin, it is sufficient to calculate P
to lowest order in perturbation theory. To this
order we have

where A is a UV cutoff, and Z, the charge-renor-
malization constant. In Abelian gauge theories
~, = Z, = 1 -g'C ink (C & 0), as a consequence of
gauge invariance and the Kallen-Lehman repre-
sentation, and thus P (g) =—g~ which leads to IR
stability at g = 0. Non-Abelian theories have no
such requirement; Z, and Z, are gauge dependent
and can be greater tha, n 1. Thus P(g), which
must be gauge independent in lowest order, could
have any sign at g= 0. We have calculated Z, and

3 for the above Lagrangian, and we find that'

P y
= —(g'/16vr')~~~ C,(G) + 0(g'),

where C,(G) is the quadratic Casimir operator of
the adjoint representation of the group G: g„c„,
&&c„,=C,(G) 5,~ [e.g. , C,(SU(N)) =N]. The solu-
tion of (3) is then g'(t) =g'/(1 —2P~g 'A, and g-0 as t-~ as long as the physical coupling con-
stant g is in the domain of attraction of the ori-
gin. "

We have thus established that for all non-Abel-
ian gauge theories based on semisimple Lie
groups the origin is UV stable. It is easy to in-
corporate fermions into such a theory without de-
stroying the UV stability. The fermion interac-

tion is given by L~= ttI(z y-5 g—y B'l8'}/+ mass
terms, where M' are the matrices of some rep-
resentation A of the gauge group C. The only ef-
fect of the fermions is to change the value of
P(g) by the amount"

P~(R}= (g'/16m') —,
' T(A),

where Tr(M'M') = T(A)5,~, T(A) = C( A)d(R)/x,
d(A) is the dimension of the representation A,
and r is the order of the group, i.e., the number
of generators, and C,(A) is the quadratic Casimir
operator of the representation. Although the fer-
mions tend to destabilize the origin, there is
room to spare. For example, in the case of
SU(3): P „=—ll, whereas P~(3) =~, P~(8) = 4,
etc., so that one could accomodate as many as
sixteen triplets. One can therefore construct
many asymptotically free theories with fermions.
The vector mesons, however, will remain mass-
less until the gauge symmetry is spontaneously
broken. One might hope that this would be a con-
sequence of the dynamics, "but at the present the
only known way of achieving this is to introduce
scalar Higgs mesons, whose nonvanishing vacuum
expectation values break the symmetry.

The introduction of scalar mesons has a very
destabilizing effect on the UV stability of the ori-
gin. Their contribution to P(g) is small; a sca, lar
meson transforming under a complex (real) rep-
resentation A of the gauge group adds to P a
term equal to z (-,') of Eq. (9). The problem with
scalar mesons is that they necessarily have
their own quartic couplings, and one must deal
with a new coupling constant. Consider the La-
grangian for the coupling of scalars belonging to
a representation A of G:

where V(p) contains cubic, quadratic, and linear
terms in y (which have no effect on the UV be-
havior of the theory) plus, perhaps, additional
quartic terms invariant under G. The renormal-
ization-group equations have an additional term,
P ~(g, A) 8/BA, and one must investigate the UU
stability of the origin (g= A = 0) with respect to
both g and A. [if there are other quartic invariants
in V(y) there will be additional coupling constants
to consider]. The structure of the renormaliza-
tion-group equation for g is unchanged to lowest
order, whereas for the coupling constant I —= A/g'
we have"

dr(r, f, g')/df=g '[Xr'+Br+ C]
(where we have neglected terms of order g", g'I',
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Fig. 2. Contour with a corner. 

one angle y in it. In this case the extra divergent contribution in (4.1) comes from 
the vicinity of the corner at the point so. Expanding X&V) near so we get 

dr dr’ 
f(c) = G+(%)“-(so”+ _Y_(so) r’) Qa2 (4.6) 

plus a contribution from the smooth part of the contour. 
The logarithmic contributions coming from these two terms combine to give 

f(c) = >(c) + (7 cot y - 1) log f t finite terms 

(Here (i+(so)X_(so)) = cos y.) The qualitative nature of the extra term in (4.7) 
is associated with the violent brensstrahlung that takes place at the corner. This 
phenomenon plays an important role in the interaction of loops, as we will see later. 
Let us return now to the discussion of the conjecture (4.5). To perform higher- 
order calculations it appears to be very helpful to use dimensional regularization of 
all integrals. By that we mean that the contour itself has a fixed number of dimen- 
sions, but the propagator is chosen to belong to 4 - E dimensional space. Diver- 
gences, as usual, are replaced by the poles in E. This trick is convenient, since the 
linear divergence in (4.1) disappears and the conjecture (4.5) is replaced by the 
simple statement that all poles in E can be absorbed in the charge renormalization. 
Let us check this in the fourth order of perturbation theory. We have 

(Tr G(c)) = 1 +g$r(c) +gzf2(c) + . . . . 

Our conjecture concerning renormalization in this order means that 

b 
f2(c) = -fi(c) + terms finite as e + 0 

E 

(4.8) 

(4.9) 

(where b = !$ C2(G) (167~~)~~). If (4.9) is true then by redefining the coupling con- 
stant we are able to cancel the divergent part of (Tr G(c)). The computation leading 
to (4.9) will not be given here. We have verified that (4.9) is true, but will not 
present the computation here. We merely note that up to fourth order our reformaliza- 
tion conjecture checks. We lack, however, a general proof of it and can present here 
only some non-rigorous arguments. Let us examine the divergent part of the log 
(Tr G(c)) E W(c), which is the effective action for the test particle guided along c. 
Let us guess that this divergent part depends locally on the trajectory x(s). The 
linearly divergent part of W(c). M’,(c), should be parametrization invariant and 
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Let us guess that this divergent part depends locally on the trajectory x(s). The 
linearly divergent part of W(c). M’,(c), should be parametrization invariant and 

UCSB Physics Colloquium April 14, 2026 37 / 67

ASYMPTOTICALLY FREE GAUGE THEORIES. II 985

tv(b, k)"+ k 4+ b,„(&k) —k+&& (6k) - hpkv(b, k)

(a) (0)

y(Z k)" ' (,~')

(b) crossed + crossed

(b)

(c) I

2 crossed

p~»a p&.

-o' 6+/ I (-) (b, p, ) (b p&) ( & )
ab / )o

p, c

all momenta flow into vertices

(c)

crossed

FIG. 1. (a) The vertex for "Ov (order 0). (b) The
vertex for "0+ (order 0). (c) The vertex for "Ov (order
g). (d) The vertex for "0 (order g).

as is shown by explicit calculation.
It is argued in detail in Appendix A that one can

solve this problem by going to a gauge in which
no ghosts are present, so that the mixing does not
appear. Moreover, the anomalous dimensions of
the gauge-invariant operators "0,"0~ and their
mixing are gauge-independent, so they may be
calculated in the standard Fermi-type gauges.
In the remainder of the text we shall take the re-
sults of Appendix A for granted and ignore the
ghost mixings.

According to the prescriptions of Sec. II the
light-cone behavior of the coefficients in the
Wilson expansion, and thereby the high-q' be-
havior of the moments of the structure functions,
will be controlled by the renormalization group
Eqs. (20). The only missing ingredient in these
equations is the matrix y.

As was briefly mentioned in Sec. II, operators
of the same structure (tensor and symmetry prop-
erties) and twist will mix, and only certain linear
combinations of them will be multiplicatively re-
normalizable in the usual sense. This phenom-
enon appears already in Fig. 2(a), where we see
that "0", which in lowest order vanishes between
fermion states, acquires (logarithmically diver-
gent) contributions in higher order. In order to
compute the y matrix of Eq. (21}to second order
in g we must according to Eq. (22) express the
renormalized operators in terms of the bare ones.

(d)

FIG. 2. Graphs for computing p (radiative corrections
to matrix elements). (a) The matrix element of "Ov
between fermion states. (b) The matrix element of
"0+between vector states. (c) The matrix element of
"0 between vector states. (d) The matrix element of

between fermion states.

This is most easily done by taking matrix elements
between vector and fermion states, since the bare
operators have trivial matrix elements. We are
thus lead to computing the logarithmically diver-
gent pieces of the matrix elements of "0 and "0
with the same tensor structure (twist) as "0»,„
and "0~ „between these states. From this we
determine the wave-function renormalization ma-
trix and thereby y. The computations involve
evaluating the graphs of Figs. 2(a)-2(d}. Because
we want to amputate the external propagators
there will also be an order-g' contribution to the
diagonal elements of y due to the possibility of
seU-energy insertions on the propagators, as in
Eq. I(5.18).

To summarize the results we introduce the ma-
trix

"y=
yvv yvv

where "y~« is given by g(&/6 p) In(Z)~«and so
forth.

The results of the computations are (for n =even,
n) 2)
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total energy W, the energy pattern cross section is given by
00 dN — N E

2

Z 3'' 1+, (1+ cos'8) + ~, (1 —3 cos'8)

Here a is the fine-structure constant (-1/137),
!

Qz is the electric charge of a specific quark type quark
(fiavor), and 8 is the angle between the direction These
r of the detected energy and the beam direction distrib
t, cos8=r l. The asymptotic behavior of the run- cally'
ning coupling is given by quark s

(2)

and gluons among the observed hadrons.
confinement effects further broaden the
ution. They can be treated phenomenologi-
by assuming that the fragmentation of the

(produced with a 1y cos'8 distribution) in-
to hadrons occurs with a distribution character-
ized by a strong cutoff in momentum transverse
to the quark direction. These effects produce a
contribution to the coefficient of the 1-3cos'0
term in Eq. (2) of order (h~)/W, where (h~) is
the average transverse momentum in a quark
fragmentation jet. At presently available ener-
gies the two contributions to this coefficient are
of comparable magnitude, but the confinement

(3)

where N& is the number of quark flavors, and p
is the one-dimensional parameter introduced into
the theory via the renormalization-group analy-
sis. gt is taken to have a value 500 MeV in order
to minimizev the O(1/ln2W) corrections to Eq. (3).
Experimentally, the important feature of the per-
turbative energy cross section (2) is the broaden-
ing of the lowest-order 1+ cos pattern due to
hard gluon emission. Nonperturbative confine-
ment effects distribute the energy carried by the

(Here S„represents the factorials necessary to avoid multiple counting of identical particles. ) Energy
conservation guarantees that the integral of the energy cross section is the usual total cross section.
The inclusive energy summation in the energy cross section should render its perturbative formulation
free (to all orders) of collinear infrared singularities. The energy weighting should remove those sin-
gularities which arise from soft gluon emission.

It should be emphasized that the measurement of the energy cross section, Eq. (1), does not vequi~e
any detailed event by ev-ent -analysis as is the case for tests which specify a quantity involving the de-
finition of a jet axis in each event. '

The order-g result for the energy cross section corresponds to the graphs shown in Fig. 1. This
result is indeed free of mass singularities. Assuming unpolarized electron-positron beams with total
energy R', the energy cross section takes the form'

(0) (b)

(c)
FIG. 1. (a) Lowest-order Feynman graph for e+e

qq. (b) Vertex modification (wave-function renor-
malization not shown). (c), (d) Lowest-order gluon
emission graphs. FIG. 2. Geometry for the experiment.

1586

(a) (b) (c)

Figure 1. Sample four-loop diagrams contributing to different color structures in eq. (2.4). Dou-
ble lines denote the four light-like Wilson lines, and wavy lines represent gluons. Diagram (a)
contributes to Γ

(4)
s or Γ

(4)
f for a scalar or fermion in the loop, respectively; diagram (b) contributes

to Γ(4); diagram (c) contributes to Γ(4) and Γ
(4)
g .

insertion. Section 3 is dedicated to the analytic calculation of the relevant three-loop
Feynman integrals. After reviewing the definitions in 3.1, we explain in section 3.2 our
method for choosing a basis of integrals possessing simple transcendental weight properties.
We make use of a convenient choice of loop variables to simplify this analysis. In section 3.3
we apply the differential equations method to compute all basis integrals. We present the
integrated results for F to three loops in section 4. In section 5, we derive general formulae
for performing the integration over the Lagrangian insertion, to extract the cusp anomalous
dimension at the next loop order. Section 6 contains the main results of this paper – the
expressions for the four-loop cusp anomalous dimension in N = 4 super Yang-Mills and in
QCD, for an arbitrary representation of the Wilson line. Finally, we conclude and give an
outlook in section 7.

2 Cusp anomalous dimension from a correlation function

The connection between infrared asymptotics of on-shell scattering amplitudes and form
factors and ultraviolet divergences of semi-infinite cusped Wilson loops has been previously
used to obtain the cusp anomalous dimension. In this paper, we follow another approach
to computing the cusp anomalous dimension that relies on the relation between off-shell
correlation functions of local operators and light-like Wilson loops.

2.1 The quartic Casimir terms in different gauge theories

As was mentioned above, the cusp anomalous dimension governs the ultraviolet divergences
of light-like Wilson loops. The simplest example of such an object is a null rectangular
Wilson loop

〈WA(x1, x2, x3, x4)〉 =
1

NA
〈trA P exp

(
i

∮

C
dx · A(x)

)
〉 , (2.1)

where the contour C is a rectangle with vertices located at four points xi that are light-like
separated, x2

i,i+1 = 0 (with i = 1, . . . , 4 and i + 4 ≡ i). We took the representation to be

– 4 –
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Fig. 2. Contour with a corner. 

one angle y in it. In this case the extra divergent contribution in (4.1) comes from 
the vicinity of the corner at the point so. Expanding X&V) near so we get 

dr dr’ 
f(c) = G+(%)“-(so”+ _Y_(so) r’) Qa2 (4.6) 

plus a contribution from the smooth part of the contour. 
The logarithmic contributions coming from these two terms combine to give 

f(c) = >(c) + (7 cot y - 1) log f t finite terms 

(Here (i+(so)X_(so)) = cos y.) The qualitative nature of the extra term in (4.7) 
is associated with the violent brensstrahlung that takes place at the corner. This 
phenomenon plays an important role in the interaction of loops, as we will see later. 
Let us return now to the discussion of the conjecture (4.5). To perform higher- 
order calculations it appears to be very helpful to use dimensional regularization of 
all integrals. By that we mean that the contour itself has a fixed number of dimen- 
sions, but the propagator is chosen to belong to 4 - E dimensional space. Diver- 
gences, as usual, are replaced by the poles in E. This trick is convenient, since the 
linear divergence in (4.1) disappears and the conjecture (4.5) is replaced by the 
simple statement that all poles in E can be absorbed in the charge renormalization. 
Let us check this in the fourth order of perturbation theory. We have 

(Tr G(c)) = 1 +g$r(c) +gzf2(c) + . . . . 

Our conjecture concerning renormalization in this order means that 

b 
f2(c) = -fi(c) + terms finite as e + 0 

E 

(4.8) 

(4.9) 

(where b = !$ C2(G) (167~~)~~). If (4.9) is true then by redefining the coupling con- 
stant we are able to cancel the divergent part of (Tr G(c)). The computation leading 
to (4.9) will not be given here. We have verified that (4.9) is true, but will not 
present the computation here. We merely note that up to fourth order our reformaliza- 
tion conjecture checks. We lack, however, a general proof of it and can present here 
only some non-rigorous arguments. Let us examine the divergent part of the log 
(Tr G(c)) E W(c), which is the effective action for the test particle guided along c. 
Let us guess that this divergent part depends locally on the trajectory x(s). The 
linearly divergent part of W(c). M’,(c), should be parametrization invariant and 
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A zero of P at which dP/dg&0 is said to be an in-
frared- (IR) stable fixed point, since g approaches
such a fixed point when X-0 (t- -~).

A theory is said to be asymPtotically free if g„
vanishes. In that case y(g„) =0 and the Green' s
functions can be expanding for large Euclidean mo-
menta, in a asymptotic series in g(t ) I plus a
modification due to the integral in (2.29)]. Since
in all theories P(0) =0, the origin of coupling-con-
stant space is either UV- or IR-stable. It has
recently been proved" that no renormalizable field
theory without non-Abelian gauge fields can be
asymptotically free.

Asymptotically free field theories are clearly of
great theoretical interest. They provide one with
models in which the asymptotic behavior of am-
plitudes is calculable by ordinary perturbation the-
ory. In addition there appears to be evidence, ex-
perimental and theoretical, that such theories are
required to explain deep- inelastic scatter ing. The
phenomenon of scaling predicted by Bjorken" is,
up to logarithmic corrections, a true asymptotic
feature of asymptotically free theories. Further-
more, it now appears that Bjorken scaling can
only occur if the strong interactions are asymp-
totically free." The fact that the only theories
that can be asymptotically free are those involving
non-Abelian gauge fields and that, as we shall see
in the following, asymptotically free gauge theo-
ries can be constructed, is a strong argument for
a gauge theory of the strong interactions.

III. CALCULATION OF THE RENORMALIZATION-GROUP
PARAMETERS

We shall now proceed to calculate the renormal-
ization-group parameters P and y to lowest non-
trivial order in perturbation theory, that is to or-
der g' and g', respectively. To calculate these
functions one must calculate the renormalization
constants Z, and Z, to order g' and use Eqs. (2.18)
and (2.19). These constants can only depend on the
renormalization point p via the ratio A/g, where
A is the ultraviolet cutoff. It is therefore sufficient
to calculate the logarithmically diver gent terms
(of order g') in Z, and Z, . It then follows that
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graphs shown in Fig. 2. We calculate from these
graphs and (2.6) that
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(3.4)

in the case of SV(N), C,(SV(N)) =N
Similarly the charge renormalization constant is

determined by the Feynman graphs shown in Fig.
3 and yields
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A useful check on the above calculations is pro-
vided by the Ward identity, Eq. (2.10), which re-
lates the vector-meson and the ghost-renormaliza-
tion constants. The latter are much easier to cal-
culate. The relevant graphs are shown in Figs. 4
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where C,(G) is the value of the quadratic Casimir
operator for the adjoint representation of the gauge
group G. Namely,
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(We denote the anomalous dimension of the vector
mesons by y~. ) The calculations are thus greatly
simplified. In particular it is not necessary to
specify the regularization method employed.

The wave-function renormalization constant is
determined by the vector-meson self-energy
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FIG. 3. The trilinear vector-meson vertex correc-
tions.
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FIG. 1. Sample Feynman diagrams for off-shell quark self energies with an operator insertion (crossed vertex) contributing to
different color coefficients of the splitting functions P

(3)±
ns (upper two rows) and P

(3)s
ns (lower row) at four loops. Both, planar

and non-planar diagrams contribute. The operator insertion may involve up to four gluons (curly lines) in addition to the two
quarks (straight lines).

The renormalization of the non-singlet operators takes
a multiplicative form

OR
ns(µ, n) = Zns(µ, n)OB

ns(n) , (6)

with OB and OR denoting the bare and renormalized
operators, respectively. This simple multiplicative renor-
malization is in stark contrast to the quark singlet sec-
tor, which mixes with the gluon operator and with fur-
ther gauge-variant operators, leading to a conceptually
involved renormalization pattern [6, 13, 38] that could
be fully understood only quite recently [18, 39–41].

The anomalous dimension �ns is defined through

dZns(µ, n)

d ln µ
= �2�ns(µ, n) Zns(µ, n) . (7)

Its perturbative expansion in the renormalized coupling
as = ↵s(µ)/(4⇡) reads

�ns =

1X

l=0

al+1
s �(l)

ns , (8)

where �
(l)
ns is the (l + 1) loop contribution. The de-

pendence on the Mellin moment index n is omitted for
brevity. Employing dimensional regularization in 4 � 2✏
dimensions, one can extract the anomalous dimensions
from the single ✏-pole terms of renormalization constants
Zns(µ, n).

At one-loop order, all three non-singlet anomalous di-
mensions agree with each other. ��ns and �+

ns differ from
two loops onwards and �V

ns deviates from ��ns starting at
three loops.

To compute the four-loop anomalous dimensions, we
calculate Feynman diagrams for matrix elements (4) with
two external quarks and an operator insertion on a quark
line. We generate O(16k) diagrams with Qgraf [42], from
which we select the ones contributing to the non-singlet
anomalous dimensions. Example diagrams are shown in
fig. 1.

We perform the Lorentz, Dirac and color algebra with
Form [43, 44] and Color.h [45]. For an operator of spin n
the corresponding Feynman rule gives rise to terms like
(�·k)n�1, where k is the momentum of any particle adja-
cent to the operator. These symbolic powers in numera-
tor insertions can be transformed into linear propagators
by the introduction of an auxiliary parameter t [46, 47].
For example, we replace

(� · k)n�1 !
1X

n=1

tn(� · k)n�1 =
t

1 � t� · k
, (9)

thus allowing to perform symbolic manipulations and re-
expand the final result to extract the contribution for a
specific value n.

The resulting scalar Feynman integrals can be indexed
by 52 complete sets of standard and linear propaga-
tors (integral families) and assigned to 549 top-level sec-
tors with 13 different propagators and their subsectors.
Here, a sector refers to a set of different propagator de-
nominators. We encounter O(3M) unreduced integrals
with at most 13 different propagators. Using momentum
shift relations, this number reduces to O(260k) integrals,
with up to 5 irreducible scalar products in the numera-
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A zero of P at which dP/dg&0 is said to be an in-
frared- (IR) stable fixed point, since g approaches
such a fixed point when X-0 (t- -~).

A theory is said to be asymPtotically free if g„
vanishes. In that case y(g„) =0 and the Green' s
functions can be expanding for large Euclidean mo-
menta, in a asymptotic series in g(t ) I plus a
modification due to the integral in (2.29)]. Since
in all theories P(0) =0, the origin of coupling-con-
stant space is either UV- or IR-stable. It has
recently been proved" that no renormalizable field
theory without non-Abelian gauge fields can be
asymptotically free.

Asymptotically free field theories are clearly of
great theoretical interest. They provide one with
models in which the asymptotic behavior of am-
plitudes is calculable by ordinary perturbation the-
ory. In addition there appears to be evidence, ex-
perimental and theoretical, that such theories are
required to explain deep- inelastic scatter ing. The
phenomenon of scaling predicted by Bjorken" is,
up to logarithmic corrections, a true asymptotic
feature of asymptotically free theories. Further-
more, it now appears that Bjorken scaling can
only occur if the strong interactions are asymp-
totically free." The fact that the only theories
that can be asymptotically free are those involving
non-Abelian gauge fields and that, as we shall see
in the following, asymptotically free gauge theo-
ries can be constructed, is a strong argument for
a gauge theory of the strong interactions.
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We shall now proceed to calculate the renormal-
ization-group parameters P and y to lowest non-
trivial order in perturbation theory, that is to or-
der g' and g', respectively. To calculate these
functions one must calculate the renormalization
constants Z, and Z, to order g' and use Eqs. (2.18)
and (2.19). These constants can only depend on the
renormalization point p via the ratio A/g, where
A is the ultraviolet cutoff. It is therefore sufficient
to calculate the logarithmically diver gent terms
(of order g') in Z, and Z, . It then follows that
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A useful check on the above calculations is pro-
vided by the Ward identity, Eq. (2.10), which re-
lates the vector-meson and the ghost-renormaliza-
tion constants. The latter are much easier to cal-
culate. The relevant graphs are shown in Figs. 4
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where C,(G) is the value of the quadratic Casimir
operator for the adjoint representation of the gauge
group G. Namely,
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(We denote the anomalous dimension of the vector
mesons by y~. ) The calculations are thus greatly
simplified. In particular it is not necessary to
specify the regularization method employed.

The wave-function renormalization constant is
determined by the vector-meson self-energy
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FIG. 3. The trilinear vector-meson vertex correc-
tions.

Figure 1: One of the more complicated diagrams. Single lines represent gluons, and the
external double lines represent the background field. The presence of the 10 purely gluonic
vertices creates a large expression after the substitution of the Feynman rules.

2.2 Group notations

In this section we introduce our notations for the group invariants appearing in the results

of the next section. T a are the generators of the representation of the fermions, and fabc are

the structure constants of the Lie algebra of a compact simple Lie group,

T aT b − T bT a = ifabc T c . (2.12)

The quadratic Casimir operators CF and CA of the N -dimensional fermion and the NA-

dimensional adjoint representation are given by [T aT a]ik = CF δik and f acdf bcd = CAδ
ab,

respectively. The trace normalization of the fermion representation is Tr(T aT b) = TF δ
ab.

At L ≥ 4 loops also quartic group invariants enter the beta function. These can be expressed

in terms of contractions of the totally symmetric tensors

d abcd
F = 1

6 Tr(T a T b T c T d + five bcd permutations ) ,

d abcd
A = 1

6
Tr(CaCbCcCd + five bcd permutations ) . (2.13)

Here the matrices [ Ca ]bc = −if abc are the generators of the adjoint representation. It

should be noted that in QCD-like theories without particles that are colour neutral, Furry’s

theorem [36] prevents the occurrence of symmetric tensors with an odd number of indices.

For the fermions transforming according to the fundamental representation and the stan-

dard normalization of the SU(N) generators, these ‘colour factors’ have the values

TF =
1

2
, CA = N , CF =

NA

2N
=

N2 − 1

2N
,

d abcd
A d abcd

A

NA
=

N2(N2 + 36)

24
,

d abcd
F d abcd

A

NA
=

N(N2 + 6)

48
,

d abcd
F d abcd

F

NA
=

N4 − 6N2 + 18

96 N2
. (2.14)

The results for QED (i.e., the group U(1)) are obtained for CA = 0, d abcd
A = 0, CF = 1,

TF = 1, dabcd
F = 1, and NA = 1. For a discussion of other gauge groups the reader is referred

to ref. [11].

4
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gard.
Let us consider a Yang-Mills theory given by

the Lagrangian
a~ P

pp a

where the C„,are the structure constants of
some (semisimple) Lie group G. Since the theory
is massless, the renormalization is performed
at an (arbitrary) Euclidean point. For example,
the wave-function renormalization constant Z, (g,
A/I) will be defined in terms of the unrenormal-
ized vector-meson propagator D „,'' (in the Lan-
da.u gauge),

(6)

(For a thorough discussion of the renormalization
see the work of Lee and Zinn-Justin. ") The re-
normalization-group equations for this theory are
easily derived. " In the Landau gauge they are
identical with (1). In order to investigate the sta-
bility of the origin, it is sufficient to calculate P
to lowest order in perturbation theory. To this
order we have

where A is a UV cutoff, and Z, the charge-renor-
malization constant. In Abelian gauge theories
~, = Z, = 1 -g'C ink (C & 0), as a consequence of
gauge invariance and the Kallen-Lehman repre-
sentation, and thus P (g) =—g~ which leads to IR
stability at g = 0. Non-Abelian theories have no
such requirement; Z, and Z, are gauge dependent
and can be greater tha, n 1. Thus P(g), which
must be gauge independent in lowest order, could
have any sign at g= 0. We have calculated Z, and

3 for the above Lagrangian, and we find that'

P y
= —(g'/16vr')~~~ C,(G) + 0(g'),

where C,(G) is the quadratic Casimir operator of
the adjoint representation of the group G: g„c„,
&&c„,=C,(G) 5,~ [e.g. , C,(SU(N)) =N]. The solu-
tion of (3) is then g'(t) =g'/(1 —2P~g 'A, and g-0 as t-~ as long as the physical coupling con-
stant g is in the domain of attraction of the ori-
gin. "

We have thus established that for all non-Abel-
ian gauge theories based on semisimple Lie
groups the origin is UV stable. It is easy to in-
corporate fermions into such a theory without de-
stroying the UV stability. The fermion interac-

tion is given by L~= ttI(z y-5 g—y B'l8'}/+ mass
terms, where M' are the matrices of some rep-
resentation A of the gauge group C. The only ef-
fect of the fermions is to change the value of
P(g) by the amount"

P~(R}= (g'/16m') —,
' T(A),

where Tr(M'M') = T(A)5,~, T(A) = C( A)d(R)/x,
d(A) is the dimension of the representation A,
and r is the order of the group, i.e., the number
of generators, and C,(A) is the quadratic Casimir
operator of the representation. Although the fer-
mions tend to destabilize the origin, there is
room to spare. For example, in the case of
SU(3): P „=—ll, whereas P~(3) =~, P~(8) = 4,
etc., so that one could accomodate as many as
sixteen triplets. One can therefore construct
many asymptotically free theories with fermions.
The vector mesons, however, will remain mass-
less until the gauge symmetry is spontaneously
broken. One might hope that this would be a con-
sequence of the dynamics, "but at the present the
only known way of achieving this is to introduce
scalar Higgs mesons, whose nonvanishing vacuum
expectation values break the symmetry.

The introduction of scalar mesons has a very
destabilizing effect on the UV stability of the ori-
gin. Their contribution to P(g) is small; a sca, lar
meson transforming under a complex (real) rep-
resentation A of the gauge group adds to P a
term equal to z (-,') of Eq. (9). The problem with
scalar mesons is that they necessarily have
their own quartic couplings, and one must deal
with a new coupling constant. Consider the La-
grangian for the coupling of scalars belonging to
a representation A of G:

where V(p) contains cubic, quadratic, and linear
terms in y (which have no effect on the UV be-
havior of the theory) plus, perhaps, additional
quartic terms invariant under G. The renormal-
ization-group equations have an additional term,
P ~(g, A) 8/BA, and one must investigate the UU
stability of the origin (g= A = 0) with respect to
both g and A. [if there are other quartic invariants
in V(y) there will be additional coupling constants
to consider]. The structure of the renormaliza-
tion-group equation for g is unchanged to lowest
order, whereas for the coupling constant I —= A/g'
we have"

dr(r, f, g')/df=g '[Xr'+Br+ C]
(where we have neglected terms of order g", g'I',

1344
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where nf is the number of fermion (in QCD, quark) flavours. βn are the same in all MS-like

schemes [13,14], i.e. within the class of renormalization schemes which differ only by a shift

of the scale µ. In the same notation and scheme, the five-loop contribution reads
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ζ denotes the Riemann zeta function with ζ3 ∼= 1.202056903, ζ4 = π4/90 ∼= 1.08232323 and

ζ5 ∼= 1.036927755. As expected from the lower-order and QED results, higher values of the

zeta function do not occur despite their occurrence in the results for individual diagrams;

for further discussions see ref. [23, 46].

Inserting the group factors of SU(3) as given in eq. (2.14) leads to the QCD results
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• Transforms theoretical predictions from a qualitative description to a
precision science.

NOPP 2026 August 15, 2026 21 / 35



Energy Correlators from Partons to Hadrons

ALEPH

NNLLcol + NNLOFO + NNNNLLb2b

10°5 10°4 10°3 10°2 10°1 0.5 1°10°1 1°10°2 1°10°3 1°10°4 1°10°5

z = (1° cos(µ))/2

10°1 10°1

100 100

101 101

E
E

C

5

(a)

0 25000 50000 75000 100000 125000

Luminosity Block (time-ordered)

10�1

100

101

102

103

104

105

106

107

108

E
↵
ec
ti
ve

C
ro
ss

S
ec
ti
on

[n
b
]

Jet370
Jet300
Jet240
Jet190
Jet150

Jet110

Jet80

Jet60

Jet30

CMS 2011 Open Data
Jet Primary Dataset
Single Jet Triggers

(b)

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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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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Lightray-Hadron Transition

• Achieves a description of the QCD analog of the “CMB” for the
simplest e+e− “little bangs”.

• Exciting opportunity for αs measurements, improving parton showers,
and sharpening our understanding of gauge theory phenomena.
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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
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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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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
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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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Anomalies

• Anomalies are fundamental aspects of quantum field theories

2

COLLIDER FLUXES AND ANOMALIES

Although it is challenging to turn on the SU(2)L ⇥
U(1)Y background fields in Eq. (1), collider experiments
produce electroweak W and Z bosons at short distances,
allowing access to the consequences of the anomaly in the
linear response regime. In the simplified context of hy-
pothetical collider experiments in conformal field theories
(CFTs), Ref. [39] showed how anomalies of the currents
coupling to particles produced at intermediate stages of a
high-energy collision are imprinted in asymptotic fluxes.
We review this in the context of CFTs, before showing
how it can be generalized to the SM, and realized ex-
perimentally using high-statistics samples of on-shell Z-
bosons produced at LEP and SLC.

The approach of [39] uses the canonical signature of
an anomalous current, namely the presence of contact or
“Schwinger” terms [40] in the divergence of an anomalous
three-point function of currents [41–45]

@x
µhJµ

Q(x)J⌫(y)J⇢(z)i (2)

/ dJJQ✏
⌫⇢↵�@y

↵@
z
��

(4)(x � y)�(4)(x � z) ,

as appears in the familiar ⇡0 ! �� decay [41, 42].
In a CFT, this contact term, and hence the anomaly,
uniquely fixes the structure of the full three-point func-
tion, hJµ

Q(x)J⌫(y)J⇢(z)i [46, 47]. While the three-point
function itself cannot be directly measured in colliders,
the flux of a U(1) charge [39]

Q(~n) = lim
r!1

r2

Z 1

0

dt ni J i
Q(t, r~n) , (3)

as a function of the angle on the detector can be measured
in momentum eigenstates

J =

Z
d4x eiq·xJ(x) , (4)

where q = (E, 0, 0, 0). Since we always work with
momentum eigenstates, we drop the momentum label
for simplicity. To condense notation, operators with-
out explicit position dependence are Fourier transformed
in this manner. This expectation value, hQ(~n)iJ ⌘
h0|J†Q(~n)J |0i/h0|J†J |0i, can be directly computed from
the current three-point function, and takes the form [39]

hQ(~n)iJ =
3

⇡

dJJQ

cJ

i✏ijk✏⇤i ✏jnk

✏⇤l ✏l
, (5)

where ✏ is the polarization vector of the current. Ex-
pressed in terms of lab variables, this manifests as a char-
acteristic cos(✓) asymmetry, where ✓ is the angle between
the spin vector and the direction of the charge detector.

This direct relation between the anomaly and the
charge correlator is illustrated in Fig. 2, which also em-
phasizes the well-known fact that the contact term for
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Q(~n) = lim
r!1

r2

Z 1

0

dt ni J i
Q(t, r~n)

FIG. 2. An anomalous hJQJJi three-point function can be
realized experimentally by tuning s = m2

Z in an e+e� collider,
and measuring the flux of an anomalous current, hQ(~n)i.

a local anomaly is fixed by long distance e↵ects [48–50].
For a recent study of anomalies from an on-shell perspec-
tive, see [51].

We therefore see in the simplified setting of “conformal
colliders” how anomalies manifest in macroscopic fluxes.
Conformal colliders directly probe the non-conservation
of an anomalous current without necessitating the gen-
eration of topologically non-trivial field configurations.
Unlike the total charge Q =

R
d⌦Q(~n), Q(~n) is a non-

topological symmetry operator, related to large gauge
transformations of the background U(1) field [52]. While
hQiJ = 0, hQ(n̂)iJ is non-zero even in topologically triv-
ial field configurations, allowing for a macroscopic conse-
quence of the anomaly without net charge production.

This approach is not specific to charge. Indeed, it
applies equally well to the more familiar case of energy
flux [39], but unfortunately not for the states easily ac-
cessed in real-world colliders. In analogy with Eq. 1,
in the presence of a background gravitational field, a
four-dimensional conformal field theory exhibits a trace
anomaly [53–55]

Tµ
µ =

c

16⇡2
W 2 � a

16⇡2
E , (6)

where W is the Weyl tensor, E is the Euler density, and
a and c are anomaly coe�cients. To slightly simplify the
presentation, we restrict ourselves to an N = 1 supercon-
formal field theory. In this case, much in analogy with
the hJJJi three-point function, the hTTT i three-point
function is completely fixed by the anomaly coe�cients
[47, 56, 57]. The flux of energy [58, 59]

E(~n) = lim
r!1

r2

Z 1

0

dt ni T0i(t, r~n) , (7)

in a stress tensor state, h0|TE(~n)T |0i/h0|TT |0i ⌘
hE(n̂)iT is then also completely fixed in terms of the
anomaly [39],

hE(n̂)iT =
E
4⇡

"
1 +

6(c � a)

c

 
✏⇤ij✏ilnjnl

✏⇤ij✏ij
� 1

3

!#
. (8)

• Do they have a macroscopic impact at colliders?
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Anomalies and Charge Correlators

• Triangle diagram can be directly accessed by the measurement of a
charge correlator on the Z-pole. 2

COLLIDER FLUXES AND ANOMALIES

Although it is challenging to turn on the SU(2)L ⇥
U(1)Y background fields in Eq. (1), collider experiments
produce electroweak W and Z bosons at short distances,
allowing access to the consequences of the anomaly in the
linear response regime. In the simplified context of hy-
pothetical collider experiments in conformal field theories
(CFTs), Ref. [39] showed how anomalies of the currents
coupling to particles produced at intermediate stages of a
high-energy collision are imprinted in asymptotic fluxes.
We review this in the context of CFTs, before showing
how it can be generalized to the SM, and realized ex-
perimentally using high-statistics samples of on-shell Z-
bosons produced at LEP and SLC.

The approach of [39] uses the canonical signature of
an anomalous current, namely the presence of contact or
“Schwinger” terms [40] in the divergence of an anomalous
three-point function of currents [41–45]

@x
µhJµ

Q(x)J⌫(y)J⇢(z)i (2)

/ dJJQ✏
⌫⇢↵�@y

↵@
z
��

(4)(x � y)�(4)(x � z) ,

as appears in the familiar ⇡0 ! �� decay [41, 42].
In a CFT, this contact term, and hence the anomaly,
uniquely fixes the structure of the full three-point func-
tion, hJµ

Q(x)J⌫(y)J⇢(z)i [46, 47]. While the three-point
function itself cannot be directly measured in colliders,
the flux of a U(1) charge [39]

Q(~n) = lim
r!1

r2

Z 1

0

dt ni J i
Q(t, r~n) , (3)

as a function of the angle on the detector can be measured
in momentum eigenstates

J =

Z
d4x eiq·xJ(x) , (4)

where q = (E, 0, 0, 0). Since we always work with
momentum eigenstates, we drop the momentum label
for simplicity. To condense notation, operators with-
out explicit position dependence are Fourier transformed
in this manner. This expectation value, hQ(~n)iJ ⌘
h0|J†Q(~n)J |0i/h0|J†J |0i, can be directly computed from
the current three-point function, and takes the form [39]

hQ(~n)iJ =
3

⇡

dJJQ

cJ

i✏ijk✏⇤i ✏jnk

✏⇤l ✏l
, (5)

where ✏ is the polarization vector of the current. Ex-
pressed in terms of lab variables, this manifests as a char-
acteristic cos(✓) asymmetry, where ✓ is the angle between
the spin vector and the direction of the charge detector.

This direct relation between the anomaly and the
charge correlator is illustrated in Fig. 2, which also em-
phasizes the well-known fact that the contact term for
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Q(~n) = lim
r!1

r2

Z 1

0

dt ni J i
Q(t, r~n)

FIG. 2. An anomalous hJQJJi three-point function can be
realized experimentally by tuning s = m2

Z in an e+e� collider,
and measuring the flux of an anomalous current, hQ(~n)i.

a local anomaly is fixed by long distance e↵ects [48–50].
For a recent study of anomalies from an on-shell perspec-
tive, see [51].

We therefore see in the simplified setting of “conformal
colliders” how anomalies manifest in macroscopic fluxes.
Conformal colliders directly probe the non-conservation
of an anomalous current without necessitating the gen-
eration of topologically non-trivial field configurations.
Unlike the total charge Q =

R
d⌦Q(~n), Q(~n) is a non-

topological symmetry operator, related to large gauge
transformations of the background U(1) field [52]. While
hQiJ = 0, hQ(n̂)iJ is non-zero even in topologically triv-
ial field configurations, allowing for a macroscopic conse-
quence of the anomaly without net charge production.

This approach is not specific to charge. Indeed, it
applies equally well to the more familiar case of energy
flux [39], but unfortunately not for the states easily ac-
cessed in real-world colliders. In analogy with Eq. 1,
in the presence of a background gravitational field, a
four-dimensional conformal field theory exhibits a trace
anomaly [53–55]

Tµ
µ =

c

16⇡2
W 2 � a

16⇡2
E , (6)

where W is the Weyl tensor, E is the Euler density, and
a and c are anomaly coe�cients. To slightly simplify the
presentation, we restrict ourselves to an N = 1 supercon-
formal field theory. In this case, much in analogy with
the hJJJi three-point function, the hTTT i three-point
function is completely fixed by the anomaly coe�cients
[47, 56, 57]. The flux of energy [58, 59]

E(~n) = lim
r!1

r2

Z 1

0

dt ni T0i(t, r~n) , (7)

in a stress tensor state, h0|TE(~n)T |0i/h0|TT |0i ⌘
hE(n̂)iT is then also completely fixed in terms of the
anomaly [39],

hE(n̂)iT =
E
4⇡

"
1 +

6(c � a)

c
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Anomalies and Forward-Backward Asymmetries

• Anomalies generate asymmetries in charge flux.

Observing Macroscopic Consequences of Electroweak Anomalies
with Archival DELPHI Data

Jingyu Zhang,1, ⇤ Kyle Lee,2, † Ian Moult,3, ‡ Yi Chen,1, § and Yen-Jie Lee4, ¶

1Department of Physics and Astronomy, Vanderbilt University, Nashville, TN, USA
2High Energy Physics Division, Argonne National Laboratory, Lemont, IL, USA

3Department of Physics, Yale University, New Haven, CT 06511, USA
4Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

In this Letter, we emphasize that asymmetries in charge flux produced in the decays of on-shell Z-
bosons provide a macroscopic manifestation of electroweak anomalies in the Standard Model (SM).
We propose that these can be cleanly observed using charge correlators, providing a new formulation
of forward-backward asymmetry measurements that is particularly well suited for precision studies
of hadronic decays. Using archival DELPHI data, we perform a first measurement of the one-point
charge correlator of electromagnetic charge flux on hadrons, and cleanly observe the macroscopic
imprint of the underlying anomaly. Our analysis illustrates the potential of charge correlators as
precision electroweak observables, and motivates a renewed e↵ort to resolve longstanding tensions
in hadronic asymmetry measurements.

INTRODUCTION

Anomalies play a central role in our understanding of
quantum field theory: trace anomalies govern our under-
standing of the scale dependence of quantum field theo-
ries (QFTs) in even dimensions via the celebrated a and
c theorems [1–3]; ’t Hooft anomalies constrain renormal-
ization group flows and infrared phases of QFTs [4]; (the
absence of) gauge anomalies constrain the matter con-
tent, representations, and space-time dimensionality of
consistent gauge [5–7] and string theories [8, 9]. Beyond
their theoretical interest, anomalies are responsible for
numerous remarkable macroscopic phenomena realizable
in the laboratory, including negative magneto-resistance
[10, 11], anomalous thermoelectric transport [12], and the
chiral magnetic e↵ect [13].

The SM of particle physics possesses a rich set of
(approximate) global symmetries, many of which ex-
hibit mixed ’t Hooft anomalies with the electroweak
SU(2)L ⇥ U(1)Y symmetries,

@µJµ
Q =

1

16⇡2

h
dab

WWQ W a
µ⌫
fW bµ⌫ + dYYQ Yµ⌫

eY µ⌫
i

. (1)

Here Q denotes a generic charge, for example, baryon
number, lepton number, or a flavor symmetry. Due to
great experimental e↵ort, the couplings and quantum
numbers of the SM are (mostly) well measured, mak-
ing the calculation of the anomaly coe�cients in Eq. (1)
a textbook exercise [14]. However, macroscopic phenom-
ena manifesting the e↵ects of Eq. (1) in terrestrial ex-
periments are harder to come by: proposed possibili-
ties include anomaly-mediated neutrino-photon scatter-
ing [15, 16], and the production of non-trivial topological
field configurations at colliders [17–31]. Apart from the
general interest in testing structural aspects of quantum
field theory, phenomena mediated by anomalies are of-
ten robust, even in messy real-world experiments, making
them ideal candidates for precision SM measurements.
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FIG. 1. Decays of Z-bosons produced in electron-positron
collisions exhibit a flux asymmetry related to the presence of
a mixed electroweak anomaly of the current being measured.

In this Letter, we emphasize a clean macroscopic con-
sequence of Eq. (1): asymmetries in charge fluxes of de-
caying on-shell Z bosons, as produced in high statistics at
LEP and SLC. We show that if these fluxes are measured
with charge correlators, see Fig. 1, the asymmetry can be
directly related to the anomaly of the underlying theory.
Our framing provides a new set of observables, and a
fresh perspective, on the well-studied physics of forward-
backward asymmetries at the Z-pole [32, 33]. Due to its
relation to the protected anomaly, our perspective is par-
ticularly powerful for many-body hadronic states, where
tensions in forward-backward asymmetry measurements
have persisted for many years [34–36]. Using archival
data from the DELPHI experiment [37, 38], we perform
the first measurement of these correlations, illustrating
in real data that they provide a clean macroscopic illus-
tration of the underlying anomaly, and providing a first
indication of their potential for precision physics.

Anomalous Fluxes
• Anomalies can be directly accessed in colliders using charge detectors.

PSfrag replacements
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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 < � < �, 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��,
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Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

hE(�n)E(�n�)i =
g2
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� 1
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1 + cos �

sin4 �
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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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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)

The paper is organized as follows. In Section 2 we compute the multi-point energy cor-

relations hE(n1) . . . E(nk)iH in a free theory and show that they satisfy (1.4) in the limit of

large scaling dimension of the source. In Section 3 we consider the energy-energy correlation

hE(n1)E(n2)iH in planar N = 4 SYM at weak coupling. We choose the source operator to be

the simplest half-BPS operator built out of K scalar fields and examine the dependence of the

energy correlation on K at the leading order in the coupling constant (Born level). In Section 4

we compute the one- and two-loop perturbative corrections to the energy-energy correlation for

arbitrary K and show that they verify the relation (1.4) at large K. In Section 5 we present

an approach that allows us to compute the O(1/K) correction to (1.4) directly, without going

through the details at finite K. In Section 6 we obtain the contact terms necessary to describe
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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��

��

0

dt niji(t, r~n)=
�

i

hiOi (1.1)

=
�

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.
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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.
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Charge Correlators

• Recent push to transition from jets to correlators has been very
successful for energy flux.

• The charge of jets has
been measured starting with LEP.

• Can correlations in charge actually be measured in experiment?

Volume 259, number 3 PHYSICS LETTERS B 25 April 1991 

2. Method 

As quarks are not observed directly,  their  charges 
have to be inferred from the resulting hadronic  final 
states. Various e+e - exper iments  [ 3 - 7 ]  have 
achieved this by using a weighted charge method  
originally proposed  by Field and Feynman  [ 8 ]. This 
method  is based on the premise that  there is a high 
probabil i ty that the original quark is contained in one 
of  the leading hadrons.  A correlat ion between the 
weighted charge of  the hadrons  and the par ton  charge 
has a l ready been observed in neutr ino and muon 
scattering exper iments  [ 9,10 ] where the current  je t  
mainly originates from a single flavour. 

Longi tudinal  m o m e n t u m  weighting with respect to 
the thrust axis of  the event is used here. Other  collab- 
orat ions  have weighted by pseudorapidi ty ,  longitu- 
dinal m o m e n t u m  of  the part icle with respect to the 
jet,  or both. Alternative weighting schemes were found 
to yield s imilar  charge f inding efficiencies. 

The convent ions  for geometry are shown in fig. 1 a. 
The thrust axis ex is or iented so that  it points  in the 
forward direct ion (def ined by the e -  beam) .  The 
event is separated in two hemispheres  by a plane per- 
pendicular  to the thrust  axis. The charge in the for- 
ward hemisphere  is reconstructed as 

~pre'r >°lPi-e x I~q, 
Qv = 3, pr~>Olpi .eTl~ , (4)  

where qi is the charge o f  part icle  i and K is a weighting 
parameter.  Similarly, in the backward hemisphere the 
charge QB is reconstructed using all part icles with 
pi'eT<O. Two quanti t ies  are formed from these 
charges: the charge flow QvB = QF-  QB, and the total  
event charge Q= QF+ QB. 

As an example,  fig. lb  shows the QvB dis t r ibut ions  
for Z-~uO events as reconstructed from Monte  Carlo 
s imula t ion  ~ of  the hadronic  final state where the u 
or  ~ quark goes into the forward hemisphere.  The dif- 
ference between the means  of  the d is t r ibut ions  dem- 
onstrates  that  the analysis at hadron level dist in-  
guishes between a u or a fi quark going into the 
forward hemisphere.  Similar  d is t r ibut ions  are ob- 

~ The patrons are generated using the DYMU event generator 
[ 11 ] and are subsequently fragmented using the JETSET string 
fragmentation [12]. For the particle decays detailed heavy 
flavour decay tables are used. 

(a) 

Backward " ' 
Hemisphere 

e 

Forward --~ Thrust 
Hemisphere Axis 

.. +Z 

(b) 

1 dN 
N dOrB 

ALEPH E=II All ZC-.~u ~ e v e n t s  

Ez] O-quark  ~ u  q u a r k  
forw@rd f o r w c r d  

- 2  -1 .5  1 - 0 5  0 0.5 ! 1.5 2 

Qr~ 

Fig. I. (a) Schematic of an e+e-~qCl collision. Thrust axis is 
defined to be pointing in the electron (+z)  direction. (b) Sim- 
ulated distribution of (1/N) dN/dQva for three cases: (i) the 
quark in the forward hemisphere is a u (solid); (ii) the quark in 
the forward hemisphere is a u (hatched); (iii) the quark in the 
forward hemisphere is either u or f~ (unfilled). Arrows at -+5 in- 
dicate the QFB values expected if the quarks were directly 
observed. 

ta ined  for other quark flavours. The charge separa- 
t ion ~r - (Q~for~ard)  is obta ined from the average 
value of  QFB for events with a quark f going in the 
forward direction.  At pa t ton  level ~r= 2qf. At hadron 
level the average QFa of  a specific quark f lavour going 
in the forward direct ion is smaller  than 2q f (see table 
1) ~,2. 

The average QFB in the inclusive hadronic  event 

~2 For footnote see next page. 
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Other Applications of Charge Correlators

• Many recent proposals to use charge correlators in nuclear physics
(See talk by Dingyu Shao). 3

OPEs are

J̃q
D(bT , µ, ⇣) =

X

j

C̃D
j/q(bT , µ, ⇣) Qj , (9)

J̃q
1,?(bT , µ, ⇣) =

X

j

C̃Collins
j/q (bT , µ, ⇣) D?

j (µ) . (10)

Here µ and ⇣ are the renormalization and Collins-Soper
scales, respectively, and the sum runs over quark flavors
j. In the unpolarized channel, the nonperturbative ma-
trix element matches directly onto the parton charge Qj ,
since the leading term in the small-bT expansion is the
total-charge operator whose matrix element is fixed by
the electromagnetic Ward identity. In the transverse-
spin channel, the nonperturbative coe�cient D?

j (µ) can
be related to the charge-weighted moment of the Collins

function H
?(1)
1h/j (z, µ) through

D?
j (µ) =

X

h

Z
dz Qh Mh H

?(1)
1h/j (z, µ) (11)

=
X

h̄

Z
dz (�Qh̄) Mh̄H

?(1)

1h̄/j̄
(z, µ) = �D?

j̄ (µ) .

Here Mh balances the mass dimensions in the Trento
convention [62], and the last equality follows from charge
conjugation. Eq. (11) identifies D?

j as the intrinsic trans-
verse charge dipole dynamically generated by the Collins
e↵ect. We note that the z integral arises only if we
choose to relate the charge-flow operator to the TMD
FFs through its hadronic spectral decomposition. The
charge-flow detector performs the inclusive sum directly,
without measuring z or reconstructing a z integral.

The relation to the standard TMD FFs further in-
dicates that the short-distance coe�cients in Eqs. (9)
and (10) can be obtained from the usual TMD match-
ing coe�cients

C̃F
j/q(bT , µ, ⇣) =
Z 1

0

dz
h
CF

j/q(z, bT , µ, ⇣) � CF
j̄/q(z, bT , µ, ⇣)

i
, (12)

with F 2 {D, Collins}. The unpolarized matching co-
e�cients C̃D are known to N3LO [49, 63, 64], while the
transversely polarized coe�cients CCollins are known up
to NLO [25, 65–68]. At leading order, both matching co-
e�cients reduce to �jq. We note that a complete twist-
3 collinear treatment also contains contributions from
quark-gluon-quark correlators [66, 69–71]. Their phe-
nomenological impact remains largely unexplored and is
deferred to future work.

RHIC phenomenology.— Now we demonstrate how
the transverse charge distribution probes the incoming
proton transversity. We consider measurements of charge
flow inside jets in transversely polarized proton-proton

FIG. 2: Geometry of transverse charge-flow measurements
inside a jet in p"p collisions. The azimuthal angles �s and �n

are measured with respect to the reaction plane defined by
the beam and jet axes.

collisions,

d⌃Q(n̂)

d⌘ dpT
=

X

h2J

Z
d2⌦h Qh �

(2)(n̂ � n̂h)
d�

d2⌦h d⌘ dpT
,

(13)

Here the sum runs over charged hadrons in the jet. The
jet is characterized by its transverse momentum pT and
rapidity ⌘. As illustrated in fig. 2, the incoming beams
and the jet axis define the reaction plane, relative to
which the proton-spin azimuth �s and the charge-flow
azimuth �n are measured.

For small ✓n, the charge flow cross section takes the
azimuthal form

d⌃Q(n̂)

d⌘ dpT
= ZQ

UU + sin(�s � �n) ZQ
UT . (14)

Given the connection between the transverse charge dis-
tribution and the TMD FFs, we can immediately show
that the unpolarized (ZQ

UU ) and spin-dependent (ZQ
UT )

structure functions factorize similarly as the hadron-in-
jet process with the FFs replaced by the transverse charge
distribution, which gives

ZQ
UU =

↵2
s

s
✓n

X

a,b,c

Z
dxa

xa
fa/A(xa, µ)

Z
dxb

xb
fb/B(xb, µ)

⇥ HU
ab!c(ŝ, t̂, û, µ) Jc

D(pT ✓n) �(ŝ + t̂ + û), (15)

ZQ
UT =

↵2
s

s
✓n

X

a,b,c

Z
dxa

xa
ha

1(xa, µ)

Z
dxb

xb
fb/B(xb, µ)

⇥ HCollins
ab!c (ŝ, t̂, û, µ) pT ✓n Jc

1,?(pT ✓n) �(ŝ + t̂ + û). (16)

Here, the soft function has been absorbed into the trans-
verse charge distributions Jc

D and Jc
1,?. ŝ, t̂, and û are

the partonic Mandelstam variables. f is the unpolar-
ized collinear PDF, and ha

1 is the transversity distribu-
tion of the polarized proton. The hard functions HU

ab!c

and HCollins
ab!c describe the unpolarized hard scattering and

transverse-spin transfer to the parton c that initiates the
observed jet, respectively [17, 18, 72, 73]. Jet algorithm
dependence can be incorporated within the fragmenting
jet function framework [34, 74, 75].

4

FIG. 3: The transverse charge distribution SSA A
sin(�s��n)
UT

for charged pions as a function of xT = 2pT /
p

s at center-
of-mass energies

p
s = 200 GeV (solid curves) and 510 GeV

(dashed curves), integrated over 0 < ✓n < 0.4, in the JAM3D-
22 and TMD-evolution frameworks. Uncertainties are propa-
gated from parametrizations of transversity PDFs and Collins
functions.

For ✓n � ⇤QCD/!, the transverse charge distributions
can be evaluated using TMD evolution

Jq
D(pT ✓n) =

Z 1

0

dbT bT

2⇡
J0(bT pT ✓n) e�

1
2 SD

pert(!,bT )

⇥
X

j

C̃D
j/q(bT , µb) Qj , (17)

pT ✓n Jq
1,?(pT ✓n) =

Z 1

0

dbT b2
T

2⇡
J1(bT pT ✓n) e�

1
2 SCollins

pert (!,bT )

⇥
X

j

C̃Collins
j/q (bT , µb) D?

j (µb), (18)

where ! ⇠ pT is the hard scale and µb = 2e��E /bT . We
adopt the b⇤-prescription to avoid the Landau pole with
b⇤ = bT /

p
1 + b2

T /b2
max and bmax = 1.5 GeV�1 [76–78].

The Sudakov factors [25, 79] contain the TMD evolution
e↵ects.

For the phenomenological study, since the charge
dipole D?

j has not been measured, we estimate its size
from the charged-pion Collins functions available from
global analyses. We present predictions using two ap-
proaches. The first uses the TMD-evolution framework
in eqs. (17) and (18) with NLL TMD resummation and
LO OPE matching coe�cients. The transversity distri-
bution, Collins function, and nonperturbative Sudakov
factors are taken from the global analysis Ref. [25]. The
second uses the JAM3D-22 global analysis [27], where
the transverse-momentum dependence is modeled by
Gaussian profiles and the collinear components are only
evolved by the DGLAP equations. The comparison be-
tween these two approaches provides a useful estimate
of the present sensitivity to TMD evolution and to the
modeling of transverse momentum dependence.

In fig. 3, we show the transverse charge distribution

single spin asymmetry (SSA), A
sin(�s��n)
UT = ZQ

UT /ZQ
UU ,

FIG. 4: The transverse charge distribution SSA A
sin(�s��n)
UT

for charged pions as a function of ✓n at
p

s = 200 GeV, pT =
13.3 GeV (solid curves) and

p
s = 510 GeV, pT = 34.5 GeV

(dashed curves), evaluated in the JAM3D and TMD-evolution
frameworks. Uncertainties are propagated from parametriza-
tions of transversity PDFs and Collins FFs.

as a function of xT = 2pT /
p

s. We select jets with pseu-
dorapidity 0 < ⌘ < 0.9 with respect to the polarized pro-
ton beam. For this pT -di↵erential evaluation, the struc-
ture functions are integrated over 0 < ✓n < 0.4. The two
collision energies,

p
s = 200 and 510 GeV, lead to very

similar asymmetries when compared at fixed xT , con-
sistent with the energy independence observed in recent
STAR measurements of TMD spin asymmetries [80].

In fig. 4, we show the ✓n dependence of the SSA for two
representative STAR kinematics,

p
s = 510 GeV with

pT = 34.5 GeV and
p

s = 200 GeV with pT = 13.3 GeV,
which probe comparable values of xT . Compared with
the corresponding non-charge-weighted observables, the
transverse charge asymmetry is strongly enhanced, reach-
ing 20%–25% in the TMD-evolution framework and ex-
ceeding unity in magnitude at larger ✓n in JAM3D. We
note that values above unity do not imply a positivity vi-
olation, because ZQ

UU is a charge-weighted monopole mo-
ment rather than a positive-definite yield and is strongly
suppressed by cancellations between oppositely charged
hadrons. At the same time, ZQ

UT is approximately twice
its non-charge-weighted counterpart because the charge
dipoles of oppositely charged pions add coherently after
charge weighting.

This coherent enhancement in the Collins channel also
indicates that the transverse charge distribution need
not su↵er a loss of relative statistical precision com-
pared with the separate positively and negatively charged
hadron distributions. We further illustrate this point in
the Supplemental Material [61] using transversely polar-
ized SIDIS events generated by PYTHIA 8.3 [81] with
StringSpinner [82–85] at COMPASS and EIC [53, 54]
kinematics.

The enhancement of the JAM3D predictions in the
large-✓n region is mainly driven by the transverse-

2

figuration as ✓ ! ⇡ in the Breit frame, as illustrated
in Fig. 1. Building on the analysis of the charge-charge
correlator in unpolarized e+e� annihilation [35], with ad-
ditional inputs from charge-conjugation symmetry in the
soft sector, we will show that the OPCC in back-to-back
DIS admits a controlled TMD factorization and is IRC
finite. This turns an experimentally advantageous mea-
surement, based only on charged-track angles and charge
signs, into an ideal probe of the Sivers e↵ect at a future
electron-ion collider (EIC) and similar facilities.

FIG. 1: Sketch of the OPCC observable in transversely
polarized DIS showing the measured angles in the Breit

frame.

TMDs with a One Point Charge Correlator. We
consider the back-to-back region illustrated in Fig. 1,
where the charge-flow direction is measured at (✓, �) with
✓ ! ⇡ in the Breit frame. It is useful to introduce

✓̄ ⌘ ⇡ � ✓ ⌧ 1, (5)

so that qT = Q✓̄
2 is the transverse momentum of the mea-

sured charge-flow direction. For transversely-polarized
proton beams, the OPCC cross section in Eq. (4) con-
tains the angular structures

⌃Q(~n, xB , Q2) = FUU + |St| sin(�� �S) FUT + . . . .
(6)

The first term is the charge-weighted unpolarized struc-
ture function, while the second term is the charge-flow
analogue of the Sivers modulation. The ellipses denotes
other angular structure not relevant to our analysis.

Following the standard mode decomposition and field
redefinition procedure in the soft-collinear e↵ective the-
ory (SCET) framework [36–39], we find that at the lead-
ing power in ✓̄2, the unpolarized and polarized structure
functions in the Breit frame admit the TMD factoriza-
tion [40]

FUU = �0H(Q2, µ)
✓̄Q2

4

Z 1

0

b db

2⇡
J0

✓
b
Q✓̄

2

◆

⇥
X

f

e2
fJf,Q(b, µ, ⌫)ff

1 (xB , b, µ, ⌫)S(b, µ, ⌫) , (7)

and

FUT = �0H(Q2, µ)
✓̄Q2

4

Z 1

0

b2 db

4⇡
J1

✓
b
Q✓̄

2

◆

⇥
X

f

e2
fJf,Q(b, µ, ⌫)f?,f

1T (xB , b, µ, ⌫)S(b, µ, ⌫) , (8)

where J0 and J1 are Bessel functions of the first kind. �0

denotes the Born normalization, and H is the hard func-
tion. The functions ff

1 and f?,f
1T are the unsubtracted

unpolarized TMD and the unsubtracted Sivers function,
respectively. We can absorb the square root of the soft
factor S into the TMD distributions and the jet function
Jf,Q.

We note that the charge detector only acts on the
jet function Jf,Q. It does not introduce a new charge-
dependent soft function. The soft factor S is a vacuum
matrix element of Wilson lines Yn/Yn̄ and in particular,
a single insertion of the charge detector Q into the soft
Wilson-line matrix element vanishes by charge conjuga-
tion, hYnY †

n̄ (b)Q(~n)Yn̄Y †
n (0)i⌦ = 0, so the soft function

remains the standard SIDIS TMD soft function.
The jet function appearing in Eqs. (7) and (8) can

be related to the charge-weighted TMD fragmentation
function DT,h f

Jf,Q(b) =
X

h

Z 1

0

dzhQhDT,h f (zh, b) . (9)

By charge conjugation, Jf,Q = �Jf̄ ,Q and therefore the
integration is well-defined when zh ! 0 [35, 41, 42].

For perturbative transverse separations b ⌧ ⇤�1
QCD, up

to O(b2⇤2
QCD) corrections, the jet function can be fur-

ther factorized onto the collinear fragmentation function
Dh i, which gives [35]

Jf,Q =
X

h,i

Z
dzhQh

Z 1

zh

dz

z
Dh i

⇣zh

z

⌘
Ii f (z, b)

=
X

h,i

Z
dzhQh Dh i(zh)

Z
dz Ii f (z, b)

=
X

i

Z
dz Qi Ii f (z, b) , (10)

where charge conservation is used in the fragmentation
process, such that Qi =

P
h

R
dzh QhDh i(zh). 1. From

Eq. (10), we can see clearly that the jet function is per-
turbatively calculable and contains no independent non-
perturbative fragmentation function or track function.

1 Possible z ' 0 caveats associated with the standard charge-
conservation sum rule for the charge-odd collinear-fragmentation
combination assumed here have been discussed in [43, 44]. For
the OPCC such a soft z ⇡ 0 contribution can be assigned to the
soft/zero-bin sector, whose one-point charge insertion vanishes
by charge-conjugation symmetry.

4

We next predict the OPCC Sivers asymmetry defined
as ASivers = FUT /FUU . We implement the matching
in Eq. (11) at the TMD distribution boundary µJ =
2e��E

b⇤ , ⌫J = Q with the NLO matching coe�cient [52]

Cf i (x1, x2, b; µJ , ⌫J)

=�fi

✓
1 � ↵sCF

2⇡

⇡2

12

◆
�(1 � x1) �(1 � x2)

+ �fi
↵s

2⇡

✓
CF � CA

2

◆
(1 � x1)�

✓
1 � x2

x1

◆
. (12)

We follow Ref. [56, 57] to parameterize the Qiu-Sterman
function at µ0 =

p
1.9 GeV as

TF i/p(x, x, µ0) = Ni
(↵i + �i)

(↵i+�i)

↵↵i
i ��i

i

⇥ x↵i(1 � x)�i fi/p(x, µ0) . (13)

where fi/p is the unpolarized collinear PDF, and Ni,
↵i and �i are set to the values fitted in Ref. [57].
TF i/p(x, x, µ0) is evolved to µJ using the relevant

DGLAP evolution [57] to evaluate f?,f
1T (x, b, µJ , ⌫J). We

implement the N2LL TMD resummation for FUT and
the same Collins-Soper kernel is used as the unpolarized
case, with g1 = 0.18. Fig. 4 shows the N2LL prediction
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FIG. 4: N2LL resummed prediction for the OPCC
Sivers asymmetry at the EIC kinematics. The error

band indicates the scale uncertainty.

for the Sivers asymmetry ASivers assuming EIC kinemat-
ics. We see that the OPCC probe predicts a sizeable
Sivers asymmetry with systematically-improveable theo-
retical uncertainties.

Conclusions and Outlook. We have proposed a one-
point charge correlator (OPCC) as a probe of the Sivers
e↵ect in back-to-back deep-inelastic scattering. In the
TMD region, charge conservation and charge-conjugation
invariance of the QCD soft sector lead to a TMD factor-
ization theorem and render the net-charge measurement

IRC finite. The measured azimuthal direction of the net
charge flow can then be correlated with the transverse
spin of the proton, giving a charged-track analogue of
the usual Sivers modulation.

The OPCC can be predicted with systematically-
improveable theoretical accuracy using currently avail-
able perturbative ingredients, reaching N3LL accuracy
for the unpolarized distribution and N2LL accuracy for
the Sivers asymmetry. At the same time, the experimen-
tal measurement is exceptionally simple. It uses only the
charge signs and angular directions of charged tracks,
with no final-state energy measurement, hadron identi-
fication, or jet reconstruction. This combination of the-
oretical control and experimental minimality makes the
OPCC a clean and promising probe of the Sivers e↵ect
at a future EIC and related facilities.

While our analysis has focused on the Sivers asymme-
try, the logic of the OPCC is more broadly applicable to
other similar TMD observables. The same idea may also
replace the reconstructed jet in lepton-jet imbalance mea-
surements [58–64] by the charge-flow direction, defining
a back-to-back lepton–charge-flow imbalance for TMD
studies. Analogous conserved-charge correlators can be
formulated in the target-fragmentation region, in paral-
lel with the nucleon energy correlator (NEC) [26–31]. In
that case, replacing energy flow by charge flow would
provide a complementary charged-track probe of the an-
gular structure of target remnants and fracture-type cor-
relations. One application of this extension would be to
revisit the light-quark dipole-operator constraints pro-
posed with the nucleon energy correlator in Ref. [65]
using a nucleon-charge correlator. We thus expect the
OPCC to open a new charge-and-angle-based route to
nucleon structure, connecting the experimental simplic-
ity of tracking measurements with precise theoretical con-
trol.
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First Measurement of Charge Flux
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Abstract: The chiral structure of the Z couplings imprints a parity-odd flow of electric

charge on hadronic Z decays. The related forward-backward asymmetries, a key set of

observables in the electroweak precision program, were measured at LEP and SLC using

the jet charge. The one-point charge correlator o↵ers a complementary route, measuring

the hadronic charge flow directly as a function of polar angle relative to the incoming

electron-beam axis, without reference to jets or a reconstructed quark direction, following

the formalism developed in a companion paper. We report its first measurement, using

61 pb�1 of archival DELPHI Open Data recorded at
p

s = 91.2 GeV in 1994 and 1995.

Detector e↵ects are corrected in two stages. The first is derived from fully simulated

samples, and the second bounds the residual charge-misreconstruction di↵erence between

data and simulation using a measurement in e+e� ! ⌧+⌧� events. The measured charge

correlator exhibits the characteristic parity-odd sin(2✓) modulation and agrees with the

PYTHIA 8.3 prediction. The measurement demonstrates the experimental feasibility of

the observable and establishes strategies for controlling associated detector e↵ects, paving

the way for a new program of charge-flux measurements, both in archival e+e� data and

at future colliders.

Keywords: Electron-positron collisions, electroweak precision physics, charge correla-

tors, forward-backward asymmetry, LEP, DELPHI Open Data

• Extends connection between theory and experiment in the “correlator
program”.
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Anomalous Charge Flux

• First measurement of charge correlator. 5

As for the leptonic current, J�l
, we can express the

mixed anomaly coe�cient for the electromagnetic charge
on baryons, J�B

, as a linear combination of the anomaly
coe�cients for T3, Y , and B

dZZ�B
=

1 � 4s2
W

2
dT3T3B + s4

W (dT3T3B + dY Y B) . (14)

Its measurement therefore provides direct access to mixed
electroweak anomalies involving baryon number. The
non-anomalous nature of the electromagnetic current im-
plies

dZZ�B
+ dZZ�L

= dZZ� = 0 , (15)

which provides a relation between leptonic and hadronic
charge fluxes.

Unlike in the leptonic sector where we could neglect in-
teractions, QCD corrections violate conformal symmetry
and must be carefully incorporated. Remarkably, due to
special properties of the anomaly, corrections are highly
constrained, preserving a relation between the anomaly
coe�cient and the one-point charge correlator. Due to
the asymptotic freedom of QCD, at Z-pole energies, the
breaking of conformal symmetry in QCD can be treated
perturbatively. For simplicity, we ignore explicit break-
ing arising from Yukawa couplings (masses). We have
verified that such corrections are small. Perturbative
QCD corrections are flavor universal, and therefore ap-
ply to any hadronic current, so we keep our discussion
generic. Ignoring explicit breaking, the three-point func-
tion of currents, hJ↵(x)J�(y)J�(z)i, satisfies the anoma-
lous conformal Ward identities, whose solution is [136]

hJ↵(x)J�(y)J�(z)i = �↵��(x � y, z � y) (16)

+ �(gi)�̄↵��(x � y, z � y; gi) .

Here �↵��(x � y, z � y) is fixed by the anomaly, while
�̄↵��(x � y, z � y; gi) captures non-conformal contribu-
tions, and appears with an explicit prefactor of the �-
function. While this result applies generically, here we
focus on the dominant QCD corrections, so that the
�-function is that of QCD. Explicit calculations of the
three-point correlator in QCD [137, 138] have verified this
structure. We see that the relation between the anomaly
coe�cient and the charge correlator distribution is only
modified by �-function terms, which start at ↵2

s. Com-
bining this with the perturbative results of [139], we can
explicitly compute the result for the correlator of electro-
magnetic flux on baryons in QCD

hQ�B
(~n)iJZ

= Ae
3

⇡

dZZ�B

cZ,B
cos ✓ (17)

·
✓

1 �
⇣↵s

4⇡

⌘2

12�0CF ⇣3 + O
�
↵3

s

�
+ O (⇤QCD/mZ)

◆
,

where �0 = 11/3CA � 2/3nf is the one-loop �-function.
Due to the protected structure of the anomaly, pertur-
bative corrections first appear at ↵2

s and are therefore
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FIG. 3. The electromagnetic charge flow on hadrons
hQ�B(~n)iJZ measured in e+e� ! hadrons at

p
s = MZ using

archival DELPHI data. The ✓ odd modulation is caused by
the underlying mixed electroweak anomaly of this current.

extremely tiny. We are not aware of other QCD event
shape observables where the one-loop correction vanishes.
In our numerical results, we will also incorporate the
↵3

s corrections, obtained from [139], although they are
lengthy, so we do not reproduce them here. Addition-
ally, there are non-perturbative corrections, which scale
as ⇤QCD/mZ . We have verified this in parton shower
simulations, from which we also extract their value. We
plan to characterize these corrections in more detail in
future work.

This analysis establishes the theoretical interpretation
of charge flux measurements in the SM, and their rela-
tion to its underlying anomaly structure. Remarkably,
despite the complexity of a hadronic QCD collision, the
anomaly is cleanly imprinted in the macroscopic struc-
ture of charge flux. The use of the charge correlator
avoids the necessity of jets, hemispheres, and primary
quarks, and directly extracts the asymmetry, Eq. (17),
from a simple measurement. To verify that this is borne
out in data, we use archival DELPHI data to measure
the one-point charge correlator of charge flux on hadrons,
and compare with our theoretical predictions in Eq. (17).

ARCHIVAL ANALYSIS WITH DELPHI DATA

In recent years, there has been an e↵ort to reana-
lyze [140–144] archival LEP data using modern experi-
mental techniques. To probe electromagnetic charge flow

• 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
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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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