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Jet Substructure!
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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A Laboratory for QCD

• Beyond searching for new physics, subtle questions about QCD are
imprinted in collider energy flux:Phase diagram of QCD matter
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TC~154 MeV~ 4 trillion°C ~ 
250,000 times hotter than the sun 
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STAR Detector
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• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution

• Barrel Electromagnetic Calorimeter 
(BEMC) provides energy measurement 
for neutral components of jets, and 
provides jet trigger

• Must correct for detector effects to 
reconstruct correct jet 𝒑𝑻

• Learn what to correct by simulating 
detector effects with PYTHIA + Geant

Andrew Tamis – Hard Probes 2023 – March 29thBoost 2023 July 31, 2023 3 / 26



Observables

• Observables are the link between theory and experiment:
We want to make this link as direct as possible.

〈O〉 = 〈Ψ|O|Ψ〉

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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• As we move to studying more subtle features,
we need to sharpen this link.

• Correctly choosing observables facilitates the
experiment ↔ theory link.
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Correlators=Experiment

• Typically one views the set of correlation functions as what one would
like to calculate/ extract from a system. If you know all the
correlators you have solved the system.

• Two levels of belief:

1 “We will view the correlation functions as our experimental results. We
will treat the correlation functions as the physical properties of a
system.”

2 “What is reality? All that we can measure in our world appears to be
correlation functions. Thus, it is tempting to define the physical theory
of our world as a theory of correlation functions, and correlation
functions may represent the reality of our world.”
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Figure 2: In an experiment involving a QFT Q, the probe (hammer) can be expanded in op-
erators Oi that are intrinsic to Q, schematically eq. (1.1). Similarly, a far-away measurement
apparatus (camera) can be expanded in detectors Di that are intrinsic to Q, eq. (1.2). These
twin expansions cleanly separate the details of the experiment (contained in the coe�cients
hi and cj) from the dynamics of the theory (encoded in matrix elements hOi|Dj |Oki).

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.

– 2 –

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]
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Defining the Problem

• What correlation functions can we measure at colliders?

• What is a 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.

– 2 –

Jet Substructure

• What is the theoretical question we are trying to ask in Jet
Substructure?
“How do we characterize a quantum mechanical system using only
asymptotic measurements?”

=
�

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.

– 2 –

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

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

Primordial fluctuations

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

What cosmic history gave rise to primordial fluctuations?
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I +

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

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

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)

– 2 –
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E(~n) = lim
r!1

r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

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

• Allows us to ask sharp questions about QFT from the asymptotic
energy flux.
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• Provide a sharp link between experimentally measurable observables
and the underlying QFT.

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]

〈Ψ|E(n̂1) · · · E(n̂k)|Ψ〉
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The Quark Gluon Plasma

• Resolving the mystery of how asymptotically free quarks and gluons
conspire to form a strongly coupled fluid is a primary goal of the
nuclear physics program.Phase diagram of QCD matter
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TC~154 MeV~ 4 trillion°C ~ 
250,000 times hotter than the sun 
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TC

STAR Detector

9

• STAR Time Projection Chamber (TPC) 
provides excellent charged track 
resolution

• Barrel Electromagnetic Calorimeter 
(BEMC) provides energy measurement 
for neutral components of jets, and 
provides jet trigger

• Must correct for detector effects to 
reconstruct correct jet 𝒑𝑻

• Learn what to correct by simulating 
detector effects with PYTHIA + Geant

Andrew Tamis – Hard Probes 2023 – March 29th

• Extracting subtle signals in an extremely complicated environment
provides a primary target for new jet substructure techniques.
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• Scaling Behavior of Quarks and Gluons

• Resolving the Scales of the QGP

• Seeing Beauty in the QGP
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Scaling Behavior of Quarks and Gluons
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Imaging the Plasma
Quark&gluon+plasma+is+incredibly+strongly+interac6ng+–+It+
can+slow+down+and+even+stop+very+high+energy+quarks+and+
gluons+passing+through+it+

Probe plasma with energetic quarks and gluons 

P+++++P Pb+++++Pb+
PRC+84+(2011)+024906+

7 

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t
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• Energetic quarks and gluons produced in the collisions shoot through
the plasma, much like the classic Rutherford experiment.

• How can we see there was a 10−14m ball of plasma at the center?

• We must first understand the case where there is no plasma.
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The OPE Limit of Lightray Operators

• Energy flow operators admit an OPE
=⇒ power law scaling in the absence of other scales.

Primordial fluctuations

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

What cosmic history gave rise to primordial fluctuations?
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One of the simplest observables from the theoretical perspective is the Energy-Energy

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

1Z

0

dt lim
r!1

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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• Predicts universal scaling behaviors for correlations in energy flux:
A general phenomenon in QFT. Can it be tested?

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]
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Theory-Experiment Gap I

• Maldacena has been waiting 15 years:
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Theory-Experiment Gap II

CERK-TH.6860/93 

SUCCESSIVE COMBINATION JET ALGORITHM 
FOR HADRON COLLISIONS 

{f:_A 
<1'3- 6- '2. '3 I 

_r.J-lt 8\ t 't 

Stephen D. Ellis* 

Theoretical Physics Division, CERN 
CH - 1211 Geneva 23 

SWITZERLAND 

and 

Davison E. Soper 

Institute of Theoretical Science 
University of Oregon 

Eugene, OR 97403, USA 

Abstract 

Jet finding algorithms, as they are used in e+e- and hadron collisions, arc reviewed and 
compared. It is suggested that a successive combination style algorithm, similar to that 
used in e+ e- physics, might be useful also in hadron collisions, where cone style algorithms 
have been used previously. 

CERN-TH.6860j93 
April1993 

Permanent address: Department of Physics FM-15, University of Washington, Seattle, 
WAUSA. 

1 Introduction 

The measurement of jet cross sections has provided useful tests of Quantum Chro-
rnodynamics both at hadron colliders and at electron-positron collidcrs. The observed jets 
provide a view of the underlying hard quark and gluon interactions that occur at very 
small distance scales. However, this view is inevitably clouded by the subsequent long 
distance showering and eventual hadronization of the primary quarks and gluons. Fur-
thermore, since the quark._<; and gluons carry non-zero color charges and the final hadrons 
do not, there can be no unique association of a jet of hadrons with a single initial quark 
or gluon. Nevertheless, with a suitable definition of the jet cross section one hopes to 
minimize the effect of long distance physics and of the inherent jet ambiguities and obtain 
a fairly precise picture of the short distance dynamics. 

Although the basic hard scattering processes studied in hadron-hadron and in 
electron-positron collisions are much the same, the overall event structure is quite dif-
ferent. In the e+e- ca.<>e the initial state is purely electromagnetic and the entire final 
state can be thought of a.<> arising from the short distance interaction of the virtual pho-
ton with the quarks. In this sense all of the hadron._<; in the final state are associated with 
the hard scattering process. In contrast the overall structure of the hadron-hadron case is 
much more complex. Of the large number of initial state partons, only one "active parton" 
from each incident hadron participates in the hard scattering process. Thus only a fraction 
of the hadrons in the final state arc to be (loosely) associated with the hard scattermg 
process, with the remainder a.<>cribed to the "underlying event". This second contribution 
corresponds to the soft interactions of the remaining partons in the incident hadrons and, 
in first approximation, can be treated a.<; uncorrclated with the hard process. The active 
partons also produce additional radiation in the form of initial state bremsstrahlung that 
is not present in e+ e- events. The underlying event plus the initial state radiation pro-
duce the characteristic "beam jets" of hadron collisions: particles with small momenta 
transverse to the beam axis, but possibly large momenta along the beam axis. The long 
distance soft interactions responsible for the observed color singlet hadrons will, of course, 
result in some degree of dynamical coupling between all of these components. There will 
also be an essentially kinematical correlation induced by the fact that the jet selection or 
trigger process will generally be biased to choose events where the beam jets have higher 
than average global Er and multiplicity (i.e. the underlying event is noisier than average). 

These differences between the event structure of e+e- collisions and hadron-hadron 
collisions have, quite naturally, led to differences in the way jet definitions have been 
employed in the two cases. One might categorize the differences as follows. 

First, the cross sections studied arc different. In e+e- collisions, where the entire 
event arises from an initially small number of energetic partons, one typically works with 
exclusive jet cross sections describing the production of exactly n jets and nothing else 
In hadron-hadron collisions the practice has been to measure inclusive large PT jet cross 
sections, that is, cross sections to make n JetS with specified properties plus any number 
of other unobserved jets or particles not in jets. 

Second, the variables used are different. For e+e- annihilation, one wants to empha-
size rotational invariance Thus the natural variables are energies E and polar angles(),¢. 
For hadron-hadron collisions, one wants to empha.<>ize invariance under boosts along the 
berun axis since, in fact, the c.m. frame of the hard scattering is typically moving in the 

1 

• Steve Ellis has been waiting 45 years:
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Finally....

• A milestone in connecting jet substructure with QFT.

• Observation of new field theory phenomenon never tested in other
systems.

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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”This is the first time I ever found the LHC interesting”
-Anonymous Field Theorist

Theoretical Comparison (R = 0.6)

21
Andrew Tamis – Hard Probes 2023 – March 29th

N
or

m
al

ize
d 

EE
C

N
or

m
al

ize
d 

EE
C

∆𝑅 ∆𝑅

Kyle Lee, MITKyle Lee, MIT

Fr
ee

 H
ad

ro
n

Tr
an

si
tio

n
Q

ua
rk

/G
lu

on

Fr
ee

 H
ad

ro
n

Tr
an

si
tio

n

Q
ua

rk
/G

lu
on

• Theoretical comparison calculated in the Perturbative Region ( 3GeV
pTJetLow

< ∆𝑅 < Jet R) 

received directly from Kyle Lee, MIT.
• Behavior agrees well with directly calculable theoretical expectations!

15 < 𝐉𝐞𝐭 𝐩𝐓 < 20 GeV/c 30 < 𝐉𝐞𝐭 𝐩𝐓 < 50 GeV/c

R. Cruz-Torres - HP23 32

Comparison to pQCD

NLL calculations correspond to full (charged+neutral) jets and are normalized to data in perturbative region

Perturbative 
region

Free hadron 
scaling

Higher  pch jet
T

Lee et al., arXiv:2205.03414
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Imaging Emergent and Intrinsic Scales

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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e + A, 10 ⇥ 100 GeV, 4 ⇥ 108 events

1.0 < ⌘ < 3.5, 20 < pT < 30 GeV

<latexit sha1_base64="AfY78Zxz7b881R6FTW9BLE8FsqI="></latexit>

e + A, 10 ⇥ 100 GeV, 4 ⇥ 108 events

1.0 < ⌘ < 3.5, 20 < pT < 30 GeV

<latexit sha1_base64="ZW94k0U76fQSitxgYUI+Q+7ESMU=">AAACGXicbVC7TgJBFJ3FF+ILtbTZSEysyK4hakm0ECwMJvJIYCWzwwUmzD4yc9dANvyHiZX+iZ2xtfJHrB1gCwFPMsnJOffmnjluKLhCy/o2Uiura+sb6c3M1vbO7l52/6CmgkgyqLJABLLhUgWC+1BFjgIaoQTquQLq7uB64tefQCoe+A84CsHxaM/nXc4oaumxhTDEGErl2/LdzbidzVl5awpzmdgJyZEElXb2p9UJWOSBj0xQpZq2FaITU4mcCRhnWpGCkLIB7UFTU596oJx4mnpsnmilY3YDqZ+P5lT9uxFTT6mR5+pJj2JfLXoT8V9vODswp7neQhrsXjox98MIwWezMN1ImBiYk5rMDpfAUIw0oUxy/R+T9amkDHWZGV2UvVjLMqmd5e3zfOG+kCteJZWlyRE5JqfEJhekSEqkQqqEEUmeySt5M16Md+PD+JyNpoxk55DMwfj6BcnsoXI=</latexit>

eHIJING

<latexit sha1_base64="m71POmi/EB9diVDjKABJ/UWx3FM=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgQoYZqY9NoehGcFPBPqAdSibNtKGZzJBkxFLqZwiu9E/ciVuX/ohr03YWtvVA4HDOvdyT48ecKe0431ZmaXlldS27ntvY3Nreye/u1VSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57Tu96/Hfv2BSsUica8HMfVC3BUsYARrI7UEKiHHPjt5ui0V2/mCYzsToEXipqQAKSrt/E+rE5EkpEITjpVquk6svSGWmhFOR7lWomiMSR93adNQgUOqvOEk8wgdGaWDgkiaJzSaqH83hjhUahD6ZjLEuqfmvbH4r/c4PTCj+eFcGh1cekMm4kRTQaZhgoQjHaFxSajDJCWaDwzBRDLzH0R6WGKiTZU5U5Q7X8siqZ3a7rldvCsWyldpZVk4gEM4BhcuoAw3UIEqEIjhGV7hzXqx3q0P63M6mrHSnX2YgfX1C5Gunws=</latexit>

n = 0.5, K = 4

0.1 0.2 0.5 1 2 5

0.00

0.02

0.04

0.06

0.08

FIG. 6. The EEC ratio, hEnEni, for various nuclei without the A1/6 scaling used in Fig. 5. As described in the Letter, both
the onset angle and the peak height depend on the size of the nucleus in the expected manner.
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FIG. 7. The gluon jet transport parameter in units of GeV2/fm used in eHIJING as a function of Q2 and xB with K = 2, 4, 10
at the averaged thickness of a gold nucleus. The region outside of the kinematic limit (Q2/xB > s) is not plotted.

Note that jet moves behind the nucleus in the collider frame.

In the forward rapidity region, where pT ⌧ pT e⌘ ⌧ mNeyA and y ⌧ 1. The medium-induced radiation generates
a characteristic angle in the EEC distribution,

✓L ⇠ e
yA�⌘

2p
pT L

(4)

where L is the path length of the jet in the rest frame of the nucleus. The root-mean-squared collisional broadening
of the angle for two daugther partons with energy fraction x (quark) and 1 � x (gluon) is,

p
h�✓2i =

q̂gL

p2
T

✓
CF /CA

x2
+

1

(1 � x)2

◆
(5)

Again, q̂g and L are defined in the rest frame of the nucleus. For a nucleon beam energy EN = 100 GeV that
corresponds to yA = 4.6 and a jet with pT = 20 GeV produced with xB = 0.3, which translates into ⌘ ⇡ 1.1,p

h�✓2i ⇡ 0.18 for symmetric splitting (x = 0.5) and ✓L ⇡ 0.27. These values are comparable to the onset of medium
signals in Fig. 2.
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The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

Introduction.—The future electron-ion collider (EIC)
will provide the first electron-nucleus collisions at

p
s

up to 90 GeV, for a wide variety of nuclei [1–3].
This presents a unique opportunity to study a broad
range of phenomena in cold nuclear matter, ranging
from parton energy loss and transport phenomena,
to in-medium transverse-momentum broadening, and
medium-modified hadronization. Additionally, the clean
nature of the electron probe makes electron-ion collisions
a simple system with a static nuclear medium that can
serve as a foundation for understanding the more com-
plex case of heavy-ion collisions [4–7].

As with any collider experiment, the key to success is
extracting the details of the interactions of quarks and
gluons with the nuclear matter from asymptotic observ-
ables measured on hadrons. This is complicated by the
complexity of the perturbative interactions of quarks and
gluons, and the hadronization process in Quantum Chro-
modynamics (QCD). However, this complexity also rep-
resents an opportunity: energetic sprays of final state
hadrons take the form of emergent multi-scale objects
called jets, allowing intrinsic scales of the nuclear medium
to be imprinted into scales of the jet. The study of the de-
tailed internal structure of jets as a means to understand
the underlying microscopic collision is referred to as jet
substructure [8, 9], and its importance for the success of
the EIC program has been emphasized in a number of
recent studies [10–26].

Numerous spectacular recent advances in the under-
standing and analysis of jets, ranging from new ma-
chine learning (ML) approaches to unfold hyperdimen-
sional data [27], to techniques enabling calculations on
tracks [28–31], to new approaches for performing pertur-
bative calculations [32–35], allow one to re-imagine the
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FIG. 1. A parton knocked out of a nucleon propagates a
distance ⌧ ⇠ 1/pT ✓

2, thereby directly imprinting nuclear time
scales into angular scales of the two-point correlator in jet
substructure.

future of jet substructure at the EIC. Central to recent
developments in jet substructure has been the use of en-
ergy correlators [36–40], which measure statistical cor-
relations in the energy flux within a jet, see Fig. 1. In
addition to their theoretical properties, these observables
allow the formation of jets to be imaged as a function of
scale, making them ideal for nuclear physics applications.
This feature of the energy correlators has been illustrated
for imaging the hadronization transition [41], measuring
the top quark mass [42], observing intrinsic mass scales
of heavy quarks before hadronization [43], resolving the
scales of the quark-gluon plasma [44], and identifying the
saturation scale in the color glass condensate [45–47].

In this Letter, we initiate a study of energy correla-
tors in jet substructure at the EIC. Using state-of-the-art
simulations, we demonstrate that the energy correlators
cleanly image QCD dynamics as a function of scale, al-
lowing us to isolate medium modifications from initial-
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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• Upshot: Massless QCD above the confinement scale exhibits
powerlaw scaling in energy flux =⇒ any new scale introduced into
the system will imprint itself at a characteristic scale.
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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One of the simplest observables from the theoretical perspective is the Energy-Energy

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

d�

dz
=
X

i,j

Z
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) =

�Z

0

dt lim
r!�

r2niT0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (�s) , (1.4)
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Figure 1: Just as the CMB radiation from the Big Bang propagates to null infinity, where corre-

lations in the temperature are measured [46], so does the radiation produced in the “Little Bang”

in relativistic heavy-ion collisions. In this case, the radiation is measured by energy flux operators

E(~n) at null infinity. Time scales in the microscopic collision are imprinted in angular scales of the

energy distribution on the celestial sphere.

theoretical approaches taken for the treatment of the medium-induced radiation. In section 4 we

present and discuss the numerical evaluation of this two-point correlator, showing that a consistent

picture of colour coherence emerges from the di↵erent jet quenching formalisms considered. Sec-

tion 5 is dedicated to a technical discussion on the limitations of our current theoretical framework,

particularly highlighting the parametric size of subleading corrections not accounted for. Finally,

we summarise and conclude in section 6. We further provide two appendices: in appendix A we

give a detailed review of the EEC distribution in vacuum, and in appendix B we expand on the

numerical results presented in section 4.

2 Energy Correlators as a Probe of the Quark-Gluon Plasma

The standard approach to studying jet substructure in collider experiments is through the use of

jet shapes, which are observables that are sensitive in some manner to the shape of radiation in

a jet. Examples of jet shape observables include thrust, jet mass, angularities, etc. Jet shapes

received significant attention in early work on jet substructure in p-p collisions, and thus study-

ing their modifications in the presence of a QGP became a natural approach to studying jets in

heavy-ion collisions. However, addressing how a given shape is modified by the jet interactions

with the medium is extremely di�cult, since a jet’s shape contains competing dynamics at many

di↵erent scales, each of which may be modified in a di↵erent way. We would instead like to have jet

substructure observables that are sensitive to the QGP’s dynamics at a given scale, which requires

a completely novel approach to jet substructure.

Instead of considering the shapes or splitting histories of a jet, we can think of the pattern

of energy flux deposited on the detectors, which can be viewed as the celestial sphere. This is

illustrated in figure 1 in the form of a Penrose diagram. Averaged over many events, this produces

a density field of energy flux, much like the CMB, or like a two-dimensional condensed matter

– 3 –

[Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult]
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• The QGP introduces a number
of new scales into the problem.

• Here we will consider the
simplest case of a static
medium.

• We will focus on one scale,
θL ∼ 1√

LE
, which determines

the angle at which splittings
resolve the medium
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Resolving the Scales of the QGP

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Resolving the Scales of the QGP

• Presence of sharp transition is a robust prediction.

Figure 3: Top: The n = 1 EEC in (3.10) of a E = 100GeV quark jet evaluated through the

multiple scattering HO (green), multiple scattering Yukawa (blue), and single scattering GLV (red)

approaches compared to the vacuum NLL result (black dashed). Both plots show the same curves,

either with (left) or without (right) log scaling on the y-axis. Bottom: Same as the top panel for

di↵erent sets of medium parameters chosen so the amplitude and onset of the medium enhancement

qualitatively match among the di↵erent models. All curves are normalised by the integrated vacuum

result ⌃
(1)
vac.

di↵erent sets of medium parameters.7 One can observe that the angle at which the in-medium EEC

starts to deviate from the vacuum result (the onset angle) is mostly dependent on the length of

the medium L, whilst the area of the medium enhancement (amplitude) depends on both q̂ and L.

We would like to quantitatively determine how features of the EEC spectra scale with the medium

and jet parameters, with the ultimate goal of studying the correlator spectra’s sensitivity to the

dynamics of colour coherence. To this end, we generalise the fitting procedure used for the EEC

computed within the HO approach in [27], so it allows us to study the signatures of coherence

within all the medium-induced radiation approaches considered in this manuscript.8 This improved

fitting method, which we outline in the following section, increases both the robustness and model

independence of our analysis.

7See appendix B for additional figures showing the two-point correlator within all the jet quenching models

considered in this paper and di↵erent sets of parameters.
8We do not study in this manuscript the onset angle, previously explored in [27], as it is not necessary to determine

the emergence of colour coherence and its extraction is challenging in the GLV approach due to the more gradual

vacuum to medium enhancement transition.

– 15 –

• Detailed behavior of the transition is sensitive to parameters of the
underlying physical model =⇒ Measurements will be exciting!
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Seeing Beauty in the QGP with Energy Correlators
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Heavy Quarks in the QGP

• Heavy quarks provide an ideal probe of the QGP
since they cannot be thermally produced.

• Large samples of b,c quarks will produced in next heavy ion runs.

• Rich system due to the presence of two scales θL ∼ 1√
LE

, θ0 ∼ m
E

• Deadcone is a feature of vacuum, its modification due to medium
induced radiation provides a sensitive probe of the QGP.
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Resolving Two Scales

• If θL � θ0, the dynamics of the two scales are separated.

• We can now bring θL → θ0 and see if we can fill the “dead cone”
with medium induced radiation.
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Zombie Cones

• As θL/θ0 → 1 medium induced
radiation increasingly fills the
deadcone.

• Dynamics when θL ∼ θ0 requires
explicit in medium calculation.
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Resolving the Scales of the QGP

• A particularly clean target for experiment will be the b/c ratio: Both
can be traced through the plasma, and the dynamics between mc and
mb is perturbatively calculable.
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Summary
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• Correlation functions, 〈E(n1) · · · E(nk)〉,
provide a sharp link between theory and
experiment. And can now be directly measured
:)

• Intrinsic and emergent scales imprint
themselves in correlation functions at
characteristic scales.

• Heavy quarks in the QGP provide a rich
multi-scale system which is sure to provide new
insights into its microscopic dynamics.
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Thanks!
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