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Jet Substructure!
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Jet Substructure

• Jet substructure has emerged as a central new technique at colliders:

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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• Has evolved well beyond its origin to have a large impact on BSM,
SM, high energy QCD and nuclear physics.
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Decoding Energy Flux: QGP

• Subtle questions about the QGP are imprinted in collider energy flux:

• Requires development of field theoretic techniques to interpret
correlations in terms of the dynamics of the underlying field theory.

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

Inflationary primordial fluctuations

• Quantum field theory techniques à tools for computing subtle 
signals. 

Similar to 

2 Bootstrapping Inflationary Correlators

2.1 Time Without Time

All cosmological correlations can be traced back to the spacelike boundary of

the inflationary quasi-de Sitter spacetime:

The time dependence of bulk interactions is encoded in the momentum depen-

dence of these boundary correlators.

Is there a purely boundary way to derive these correlators?

2.2 De Sitter Space

The metric of de Sitter space (in conformal coordinates) is

ds2 =
�d⌘2 + dx2

(H⌘)2
. (2.1)

Besides ordinary spatial rotations and translations, the metric is invariant un-

der spacetime dilatations and special conformal transformations:

D:
⌘ ! �⌘

x ! �x
(2.2)

SCT:

⌘ ! ⌘

1 + 2(b · x) + b2(x2 � ⌘2)

x ! x + (x2 � ⌘2)b

1 + 2(b · x) + b2(x2 � ⌘2)

(2.3)

In the limit ⌘ ! 0, these symmetries act as conformal transformations on R3.

12

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
=
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) =

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)

– 2 –
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Outline

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators

Zhong Yang,1 Yayun He,2, 3 Ian Moult,4 and Xin-Nian Wang1, 5
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Energy-energy-correlators (EEC) are a promising observable to study the dynamics of jet evolution
in the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-
state particles. We carry out the first complete calculation of EEC’s using realistic simulations of
high-energy heavy-ion collisions, and dissect the di↵erent dynamics underlying the final distribution
through analyses of jet propagation in a uniform medium. The final EEC distribution is found to be
suppressed at small angles due to energy loss and transverse momentum broadening of jet shower
partons, while enhanced at large angles due to both medium response and radiated gluons. These
modifications are sensitive to the momentum scale of the in-medium interactions, as characterized
by the Debye screening mass. Experimental verification and measurement of such modifications will
shed light on this scale, and the short-distance structure of the QGP in heavy-ion collisions.

1. Introduction.– Jets are powerful probes of the prop-
erties of the quark-gluon plasma (QGP) in high-energy
heavy-ion collisions. Because of the hard scales involved,
they are initiated in the early stages of the collision, and
can resolve the short distance structure of the medium.
The asymptotic freedom of QCD [1, 2] also permits a
perturbative treatment of both the initial production
of jets, and their subsequent interaction with the dense
medium. Experimental data on a variety of jet observ-
ables from the Relativistic Heavy-ion Collider (RHIC)
[3–9] and the Large Hadron Collider (LHC) [10–17] have
shown both the suppression of the jet production cross
section, and the modification of the internal structure
of jets, such as the jet shape and fragmentation func-
tions, consistent with the picture of jet-medium interac-
tions and jet-induced medium response [18]. Through
detailed Bayesian statistical analyses, the jet transport
coe�cient, q̂, that characterizes the strength and nature
of jet-medium interactions [19–24] can be extracted. Jet
substructure observables have also been analysed in the
hope of revealing the space-time structure of medium-
induced splittings [25–31].

Energy-energy correlators (EEC) [32–34] have recently
emerged as excellent jet substructure observables for
studying the space-time structure of the jet shower,
as manifested in the energy flux of final-state parti-
cles [35, 36]. Energy correlators have been studied ex-
tensively in conformal field theories [37–45], but were
only recently found to be sensitive to the intrinsic and
emergent scales of the underlying theory, which imprint
themselves in the correlators at characteristic angular
scales. Recent studies show that the energy correla-
tors of final-state jets in high-energy collisions can man-
ifest the angular scales of the onset of non-perturbative
hadronization [36], and the scale of gluon saturation in

FIG. 1. The short-distance structure of the quark-gluon
plasma from which jet partons scatter is manifest in the an-
gular spectra of the energy flux in the final state.

high-energy nucleons [46–48]. For additional applications
of energy correlators to jet substructure, see e.g. [49–
57]. The spectra of energy correlators inside jets that
have gone through multiple interactions in the QGP have
also been shown to possess features that can be identi-
fied as the consequences of the color-coherence of pro-
duced shower partons [58, 59] before the onset of the
medium-induced gluon radiation. These angular features
can also be used to study the evolution of jet showers ini-
tiated by a heavy-quark [54], and the dead-cone e↵ect of
the medium-induced gluon radiation from a propagating
heavy quark [60]. While the angular spectra of the energy
correlators can indeed reveal the space-time structure of
medium-induced gluon emissions and the color-coherence
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• Decoding Energy Flux

• Scaling Behavior of Quarks and Gluons

• Imaging Intrinsic and
Emergent Scales of the QGP
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Decoding Energy Flux

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Observables

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

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

〈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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Decoding Energy Flux

• In condensed matter physics or cosmology we decode the underlying
dynamics using correlation functions.

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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dz
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X

i,j

Z
d�

EiEj

Q2
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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)

– 2 –
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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

• What is the analog for collider physics?
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Defining the Problem

• What is a detector?

=
X

i

hiOi (1.1)

=
X

j

cjDj (1.2)

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

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.

– 2 –

• To be able to understand subtle signals in energy flux, we must
understand what a detector is in Quantum Field Theory.

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]
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Calorimeter Cells in Field Theory

[Hofman, Maldacena]
[Korchemsky, Sterman]
[Ore, Sterman]
[Basham, Brown, Ellis, Love]
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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
=
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) =

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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operators [4–7]
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for some source operator O. This provides a connection between event shape observables and

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
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2
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N=4
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〈Ψ|E(n̂1) · · · E(n̂k)|Ψ〉

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

• Provides a sharp link between experimentally measurable observables
and the underlying QFT.

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?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0

yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

1010 yr
<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

105 yr
<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10�32 s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

I +

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

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

��

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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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
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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
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E(~n) = lim
r!1

r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

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

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

• See talk by Ananya Rai on realities of vacuum measurement.
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• See talk by Jussi Viinikainen on realities of heavy ion measurement.
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Scaling Behavior of Quarks and Gluons

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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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]
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for some source operator O. This provides a connection between event shape observables and
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Scaling Behavior in QFT

15

Condensate Laboratory Aboard the ISS (CLASS) Concept Design
At the temperature of BEC, gravity can play a significant role in the cooling, 
trapping and dynamics of the ultra-cold atoms. Recognizing the potential benefits 
that microgravity research in this science area aboard the ISS might yield, the 
concept design of the CLASS was developed. CLASS was intended to provide 
researchers the capability to explore interactions in Bose Einstein Condensates 
of atoms at lower temperatures than achievable on the ground. The principal 
investigator for this experiment was Nobel laureate W. Phillips from the National 
Institute of Standards and Technology (NIST) in Gaithersburg, Maryland.

Matter Near Critical Phase Transitions 
The condensed phase of simple gases 
provides a unique test bed for the predictions 
of fundamental theories. For a certain 
combination of temperature and pressure, 
determined by the molecular properties of 
the gas, the differences between the liquid 
and the vapor phases disappear. This state 
of the system is the critical point, in the 
neighborhood of which the fluid system 
exhibits the unusual properties of universality 
and scaling. Universality implies that 
the same parameters (critical exponents) 
characterize the system under many different 
conditions; scaling implies that the equations 
describing the system’s behavior do not 

change their form when the length scale is altered. Critical points are found in 
many different materials including fluids, solids, alloys, fluid mixtures and magnets.

The physics of matter near critical points have been explored in detail in ground-
based experiments. Fundamental theories have been developed to explain the 
unusual behavior of universality and scaling for matter near critical points. 
The special interest in this phenomenon is because the theoretical explanation, 
renormalization group (RG) theory, has implications for many diverse fundamental 
and applied research areas including weather modeling, metallurgy, oil field 
recovery, elementary particle physics, and cosmology. The region very close to the 
critical transition, where correction terms are small compared to critical anomalies, 

Figure 3.3.1. Heat capacity of superfluid helium in 
microgravity conditions. (Source: J. Nissen)
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• Scaling behavior in Euclidean regime well understood.
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The OPE Limit of Lightray Operators

• Energy flow operators admit a Lorentzian OPE: “the lightray OPE”

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�
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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 behavior in correlations of energy flux at
energies E � ΛQCD .

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]
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Scaling Behavior in Jets

• The E(n̂1)E(n̂2) OPE inside high-energy jets!Kyle Lee /33

SCALING FROM 15 GEV TO 2 TEV!
10

• Universal scaling measured in real data from ALICE, CMS, and STAR from 15 GeV to 1784 GeV!
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• Revealing the universal scaling of the Lorentzian operators in QCD in real world collider!

• Dominated by classical scaling. Can we accurately measure
anomalous scaling?

Thanks to Helen Caines, Meng Xiao, ChenFeng Lu,

Andrew Tamis, Ananya Rai.
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The Spectrum of a Jet
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• The light-ray OPE predicts that the N -point correlators develop an
anomalous scaling that depends on N .

〈E1E2···EJ−1〉
〈E1E2〉 ∼ 〈O[J]〉

〈O[3]〉 ∼ R
γ(J)−γ(3)
L

• Directly probes the spectrum of (twist-2) lightray
operators from asymptotic energy flux.
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Anomalous Scaling of 3/2 Ratio

• Anomalous scaling measured from 15 GeV to 1784 GeV!

〈E1E2E3〉
〈E1E2〉 ∼

〈O[3]〉
〈O[3]〉 ∼ R

γ(4)−γ(3)
L
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The Strong Coupling

M. Swiatlowski (TRIUMF) August 4, 2023

EECs for … in practiceαs

33

Chengfeng 

Huge amount of effort! %

Now need to scrutinize 
and understand… #

(Overlay from MLB)

• Proof of principle αs can be extracted from jet substructure in
complicated hadron collider environment: 4% accuracy.

• Hope to use high energies of the LHC to resolve previous tensions in
αs extractions.
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Result

18

Uncertainty ~ 4%, most precise from 
jet-substructure measurement to date


Benefit from:  

Ratio: most uncertainties cancel out 
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Energy Correlators in Data

• A milestone in connecting jet substructure with QFT!

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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within uncertainty
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 (shape only҅no normalization effect)
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Theoretical Comparison (R = 0.6)
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• 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

Kyle Lee /33
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• Can we image how the QGP modifies the correlators?
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Resolving the Scales of the QGP

Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators

Zhong Yang,1 Yayun He,2, 3 Ian Moult,4 and Xin-Nian Wang1, 5

1Key Laboratory of Quark and Lepton Physics (MOE) & Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

2Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter,
South China Normal University, Guangzhou 510006, China

3Guangdong-Hong Kong Joint Laboratory of Quantum Matter,
Southern Nuclear Science Computing Center, South China Normal University, Guangzhou 510006, China

4Department of Physics, Yale University, New Haven, Connecticut 06511, USA
5Nuclear Science Division MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Energy-energy-correlators (EEC) are a promising observable to study the dynamics of jet evolution
in the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-
state particles. We carry out the first complete calculation of EEC’s using realistic simulations of
high-energy heavy-ion collisions, and dissect the di↵erent dynamics underlying the final distribution
through analyses of jet propagation in a uniform medium. The final EEC distribution is found to be
suppressed at small angles due to energy loss and transverse momentum broadening of jet shower
partons, while enhanced at large angles due to both medium response and radiated gluons. These
modifications are sensitive to the momentum scale of the in-medium interactions, as characterized
by the Debye screening mass. Experimental verification and measurement of such modifications will
shed light on this scale, and the short-distance structure of the QGP in heavy-ion collisions.

1. Introduction.– Jets are powerful probes of the prop-
erties of the quark-gluon plasma (QGP) in high-energy
heavy-ion collisions. Because of the hard scales involved,
they are initiated in the early stages of the collision, and
can resolve the short distance structure of the medium.
The asymptotic freedom of QCD [1, 2] also permits a
perturbative treatment of both the initial production
of jets, and their subsequent interaction with the dense
medium. Experimental data on a variety of jet observ-
ables from the Relativistic Heavy-ion Collider (RHIC)
[3–9] and the Large Hadron Collider (LHC) [10–17] have
shown both the suppression of the jet production cross
section, and the modification of the internal structure
of jets, such as the jet shape and fragmentation func-
tions, consistent with the picture of jet-medium interac-
tions and jet-induced medium response [18]. Through
detailed Bayesian statistical analyses, the jet transport
coe�cient, q̂, that characterizes the strength and nature
of jet-medium interactions [19–24] can be extracted. Jet
substructure observables have also been analysed in the
hope of revealing the space-time structure of medium-
induced splittings [25–31].

Energy-energy correlators (EEC) [32–34] have recently
emerged as excellent jet substructure observables for
studying the space-time structure of the jet shower,
as manifested in the energy flux of final-state parti-
cles [35, 36]. Energy correlators have been studied ex-
tensively in conformal field theories [37–45], but were
only recently found to be sensitive to the intrinsic and
emergent scales of the underlying theory, which imprint
themselves in the correlators at characteristic angular
scales. Recent studies show that the energy correla-
tors of final-state jets in high-energy collisions can man-
ifest the angular scales of the onset of non-perturbative
hadronization [36], and the scale of gluon saturation in

FIG. 1. The short-distance structure of the quark-gluon
plasma from which jet partons scatter is manifest in the an-
gular spectra of the energy flux in the final state.

high-energy nucleons [46–48]. For additional applications
of energy correlators to jet substructure, see e.g. [49–
57]. The spectra of energy correlators inside jets that
have gone through multiple interactions in the QGP have
also been shown to possess features that can be identi-
fied as the consequences of the color-coherence of pro-
duced shower partons [58, 59] before the onset of the
medium-induced gluon radiation. These angular features
can also be used to study the evolution of jet showers ini-
tiated by a heavy-quark [54], and the dead-cone e↵ect of
the medium-induced gluon radiation from a propagating
heavy quark [60]. While the angular spectra of the energy
correlators can indeed reveal the space-time structure of
medium-induced gluon emissions and the color-coherence
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Imaging Emergent and Intrinsic Scales of QCD

MIT–CTP 5513

Imaging Cold Nuclear Matter with Energy Correlators

Kyle Devereaux,1, ⇤ Wenqing Fan,1, † Weiyao Ke,2, ‡ Kyle Lee,3, § and Ian Moult4, ¶

1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
2Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545

3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
4Department of Physics, Yale University, New Haven, CT 06511

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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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

• 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.

• Understanding of jets in vacuum allows them to be used as well
calibrated probes in more complicated systems: hot and cold nuclear
matter.
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Resolving the Scales of the QGP: Static Medium

• The QGP introduces a number
of new scales into the problem.

• Consider first a static medium.

• We will focus on one scale,
θL ∼ 1√

LE
, which determines

the angle at which splittings
resolve the medium

Primordial fluctuations

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

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations
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Resolving the Scales of the QGP: Full Simulation

• Perform full simulation in CoLBT.

• Enhanced at large angles from both medium response and
bremstrahlung. Suppressed at small angles by energy loss and
momentum broadening.

• Sensitivity to the Debye screening mass µ2D = 3
2Kg

2T 2: Probe short
distance structure of the QGP.

5

FIG. 5. Energy-correlators for (a) all charged hadrons in �-

jets with cone-size R = 0.5, p�
T � 100 GeV/c and pjet

T �
50 GeV/c in 0-10% central Pb+Pb collisions at

p
s = 5.02

TeV from the CoLBT simulations for K = 0.2, 1, 4 (solid)
as compared to p+p (dashed) collisions and (b) for charged
hadrons with pT > 1 (blue) and 2 GeV/c (red).

in the modified EEC depends on the jet energy and cen-
trality (average propagation length) determined by the
onset of medium-induced gluon radiation and jet-induced
medium response. In addition, it can also be influenced
by the radial flow, density gradient of the evolving QGP
[90–96] and hadronization. These will be investigated in
detail in the future.

5. Summary. – In this Letter we have presented the
first complete and realistic calculations of the medium
modification of EEC inside energetic jets in high-energy
heavy-ion collisions, which has been recently proposed

as a novel jet substructure observable [58]. Contrary to
the naive expectation of a step-wise scaling behavior in
the angular distribution due to the interplay of vacuum
and medium-induced emission characterizing the onset
of coherence in the jet splitting, the final angular dis-
tribution is suppressed at small angles by energy loss
and transverse momentum broadening of jet shower par-
tons, and enhanced at large angles due to contributions
from both the medium response and gluon emissions. In
the realistic environment of heavy-ion collisions, neither
the medium response nor gluon bremsstrahlung contribu-
tions exhibit any scaling behavior similar to the case in
vacuum. However, they each have a unique dependence
on the momentum scale of the interactions in the QGP,
as characterized by the Debye mass in the LBT model.
In other models of the jet-medium interaction, this scale
is given by the saturation scale of the medium [97, 98].
The final medium modification of EEC is found to be
sensitive to this scale. Building on recent measurements
of EEC’s in vacuum [99–101], the experimental verifi-
cation and measurement of this unique medium modifi-
cation will provide a new observable to characterize the
momentum scale and the structure of parton interactions
in the QGP, through joint statistical analyses with other
jet observables.

This work is in parallel to a study by X.-N. Wang,
W. Ke and W. Zhao where similar nuclear modification
of the energy-correlator is found in electron-ion colli-
sions [102]. We thank C. Andres, W. Fan, B. Jacak,
K. Lee, D. Pablos, Raghav Kunnawalkam Elayavalli and
F. Yuan for helpful discussions. This work is supported
in part by NSFC under Grant Nos. 11935007, 11221504,
11861131009, 11890714, 12075098, 12175122, 2021-867
and 12147134, by Guangdong Major Project of Basic
and Applied Basic Research No. 2020B0301030008, by
Guangdong Basic and Applied Basic Research Founda-
tion No. 2021A1515110817, by Science and Technology
Program of Guangzhou No. 2019050001, by DOE un-
der Contract No. DE-AC02-05CH11231, by NSF un-
der Grant No. OAC-2004571 within the X-SCAPE Col-
laboration, and by start-up funds from Yale Univer-
sity. Computations in this study are performed at the
NSC3/CCNU.
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Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators
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Energy-energy-correlators (EEC) are a promising observable to study the dynamics of jet evolution
in the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-
state particles. We carry out the first complete calculation of EEC’s using realistic simulations of
high-energy heavy-ion collisions, and dissect the di↵erent dynamics underlying the final distribution
through analyses of jet propagation in a uniform medium. The final EEC distribution is found to be
suppressed at small angles due to energy loss and transverse momentum broadening of jet shower
partons, while enhanced at large angles due to both medium response and radiated gluons. These
modifications are sensitive to the momentum scale of the in-medium interactions, as characterized
by the Debye screening mass. Experimental verification and measurement of such modifications will
shed light on this scale, and the short-distance structure of the QGP in heavy-ion collisions.

1. Introduction.– Jets are powerful probes of the prop-
erties of the quark-gluon plasma (QGP) in high-energy
heavy-ion collisions. Because of the hard scales involved,
they are initiated in the early stages of the collision, and
can resolve the short distance structure of the medium.
The asymptotic freedom of QCD [1, 2] also permits a
perturbative treatment of both the initial production
of jets, and their subsequent interaction with the dense
medium. Experimental data on a variety of jet observ-
ables from the Relativistic Heavy-ion Collider (RHIC)
[3–9] and the Large Hadron Collider (LHC) [10–17] have
shown both the suppression of the jet production cross
section, and the modification of the internal structure
of jets, such as the jet shape and fragmentation func-
tions, consistent with the picture of jet-medium interac-
tions and jet-induced medium response [18]. Through
detailed Bayesian statistical analyses, the jet transport
coe�cient, q̂, that characterizes the strength and nature
of jet-medium interactions [19–24] can be extracted. Jet
substructure observables have also been analysed in the
hope of revealing the space-time structure of medium-
induced splittings [25–31].

Energy-energy correlators (EEC) [32–34] have recently
emerged as excellent jet substructure observables for
studying the space-time structure of the jet shower,
as manifested in the energy flux of final-state parti-
cles [35, 36]. Energy correlators have been studied ex-
tensively in conformal field theories [37–45], but were
only recently found to be sensitive to the intrinsic and
emergent scales of the underlying theory, which imprint
themselves in the correlators at characteristic angular
scales. Recent studies show that the energy correla-
tors of final-state jets in high-energy collisions can man-
ifest the angular scales of the onset of non-perturbative
hadronization [36], and the scale of gluon saturation in

FIG. 1. The short-distance structure of the quark-gluon
plasma from which jet partons scatter is manifest in the an-
gular spectra of the energy flux in the final state.

high-energy nucleons [46–48]. For additional applications
of energy correlators to jet substructure, see e.g. [49–
57]. The spectra of energy correlators inside jets that
have gone through multiple interactions in the QGP have
also been shown to possess features that can be identi-
fied as the consequences of the color-coherence of pro-
duced shower partons [58, 59] before the onset of the
medium-induced gluon radiation. These angular features
can also be used to study the evolution of jet showers ini-
tiated by a heavy-quark [54], and the dead-cone e↵ect of
the medium-induced gluon radiation from a propagating
heavy quark [60]. While the angular spectra of the energy
correlators can indeed reveal the space-time structure of
medium-induced gluon emissions and the color-coherence
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Non-Gaussianities in Energy Flux
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Non-Gaussianities

• Higher-point correlators probe more detailed aspects of interactions.

• e.g. Non-Gaussianities allow one to distinguish models of inflation.

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) =

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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Figure 1: Plot of the function F (1, x2, x3) x2
2x

2
3 for the local distribution (6). The figure is

normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to zero outside the
region 1 − x2 ≤ x3 ≤ x2.

Slow roll
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Figure 2: Plot of the function F (1, x2, x3) x2
2x

2
3 for the usual slow-roll inflation (9) with ϵ = η =

1/30. The figure is normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to
zero outside the region 1 − x2 ≤ x3 ≤ x2.

It is interesting to rewrite the definition of f(F ) as

f(F ) =
F · Flocal

Flocal · Flocal
= cos(F,Flocal)

(
F · F

Flocal · Flocal

)1/2

. (21)

8

Local

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
2
4
6
8

F!x2, x3"

0
2
4

Figure 1: Plot of the function F (1, x2, x3) x2
2x

2
3 for the local distribution (6). The figure is

normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to zero outside the
region 1 − x2 ≤ x3 ≤ x2.

Slow roll

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
2
4
6
8

F!x2, x3"

0
2
4

Figure 2: Plot of the function F (1, x2, x3) x2
2x

2
3 for the usual slow-roll inflation (9) with ϵ = η =

1/30. The figure is normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to
zero outside the region 1 − x2 ≤ x3 ≤ x2.

It is interesting to rewrite the definition of f(F ) as

f(F ) =
F · Flocal

Flocal · Flocal
= cos(F,Flocal)

(
F · F

Flocal · Flocal

)1/2

. (21)

8

Higher Deriv.

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
0.25
0.5
0.75
1

F!x2, x3"

0
0.25
0.5

Figure 3: Plot of the function F (1, x2, x3) x2
2x

2
3 for non-Gaussianities generated by higher derivative

interactions (12) and in the DBI model of inflation [20, 21]. The figure is normalized to have value
1 for equilateral configurations x2 = x3 = 1 and set to zero outside the region 1 − x2 ≤ x3 ≤ x2.
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Figure 4: Plot of the function F (1, x2, x3) x2
2x

2
3 for ghost inflation (13). The figure is normalized

to have value 1 for equilateral configurations x2 = x3 = 1 and set to zero outside the region
1 − x2 ≤ x3 ≤ x2.

We see that the fudge factor is proportional to the cosine between the distributions. This suppression
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• What is the structure of higher-point functions of energy flux?
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Shape Dependence of Non-Gaussianities: Vacuum

• Can directly study non-gaussianities inside high energy jets.

• Illustrates theoretical control over multi-point correlations!

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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perspective later in this paper. To manifest this factorization, we introduce the maximal

length xL as a scaling variable, and a complex cross-ratio variable z to describe the shape.

If we order the sides, {x1, x2, x3}, of the triangle formed by the correlator as xS  xM  xL

then zz̄ = xM/xL, (1 � z)(1 � z̄) = xS/xL. The result for the three-point energy correlator

can then be written as

1

�tot

d3⌃i

dxL dRez dImz
= 8 ⇥ 1

⇡

⇣↵s

4⇡

⌘2 16

xL
Gi(z) , (2.3)

where the factor 8 comes from normalizing to Q/2. The function Gi(z) describes the depen-

dence on the cross-ratio variable, and depends both on the underlying theory, as well as the

particle type initiating the jet, e.g. quark or gluon for the case of QCD. The function Gi(z)

was computed for quark and gluon jets in QCD, and in N = 4 SYM in [30]. For example, in

N = 4 SYM, the result takes the compact form1

GN=4(z) =
1 + u + v

2uv
(1 + ⇣2) �

1 + v

2uv
log(u) � 1 + u

2uv
log(v)

� (1 + u + v)(@u + @v)�(z) +
(1 + u2 + v2)

2uv
�(z) +

(z � z̄)2(u + v + u2 + v2 + u2v + uv2)

4u2v2
�(z)

+
(u � 1)(u + 1)

2uv2
D+

2 (z) +
(v � 1)(v + 1)

2u2v
D+

2 (1 � z) +
(u � v)(u + v)

2uv
D+

2

✓
z

z � 1

◆
, (2.4)

where u = zz̄, v = (1 � z)(1 � z̄),

�(z) =
2

z � z̄

✓
Li2(z) � Li2(z̄) +

1

2
(log(1 � z) � log(1 � z̄)) log(zz̄)

◆
, (2.5)

is the standard box function, and

D+
2 (z) = Li2(1 � |z|2) +

1

2
log(|1 � z|2) log(|z|2) , (2.6)

is a weight two function even under z $ z̄. The results for quark and gluon jets in QCD are

slightly longer, but can expressed in terms of the same class of functions.

In this parametrization, the squeezed/OPE limit corresponds to z ! 0 or equivalently

z ! 1. Despite the simplicity of the final result, these limits are quite rich, and provide much

information on the structure of the energy correlators.

Before proceeding, we note that relating 1
�tot

d⌃i
dxL dRez dImz to the fully di↵erential collinear

triple energy correlation hE(~n1)E(~n2)E(~n3)i requires several changes of variables that intro-

duce numerical factors that we record here for completeness. First, 1
�tot

d⌃i
dxL dRez dImz is defined

by integrating out the overall rotation around the jet axis, which introduces a factor of 2⇡

since hE(~n1)E(~n2)E(~n3)i is rotationally invariant when the collinear source is unpolarized.

Second, Z2 symmetry z $ 1 � z contributes another factor of 2. For concreteness, suppose

1Here we have slightly simplified the result as compared to its form in [30], by replacing higher powers of

(z � z̄) in denominators with derivatives acting on �(z), using identities inspired by [14].

– 5 –
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Resolving the Scales of the QGP
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• Higher point correlators allow us to probe the “shape” of
modifications from the QGP: unravel different physical effects

• Illustrate by imaging the wake in the hybrid model.

[Bossi, He, Kudinoor, Moult, Pablos, Rai, Rajagopal]
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Wake effects populate regions unfilled, relative effect becomes larger 
at large RL

• Higher point correlators allow us to probe the “shape” of
modifications from the QGP: unravel different physical effects

• Illustrate by imaging the wake in the hybrid model.

[Bossi, He, Kudinoor, Moult, Pablos, Rai, Rajagopal]
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Energy Correlators in Data

• Measurement of energy correlators in heavy ion will be a milestone in
bridging collider measurements with the underlying QFT description
of the QGP!

• Will provide a direct measurement of this fundamental quantity in a
finite temperature non-abelian gauge theory!

DATA?

Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators

Zhong Yang,1 Yayun He,2, 3 Ian Moult,4 and Xin-Nian Wang1, 5

1Key Laboratory of Quark and Lepton Physics (MOE) & Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

2Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter,
South China Normal University, Guangzhou 510006, China

3Guangdong-Hong Kong Joint Laboratory of Quantum Matter,
Southern Nuclear Science Computing Center, South China Normal University, Guangzhou 510006, China

4Department of Physics, Yale University, New Haven, Connecticut 06511, USA
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Energy-energy-correlators (EEC) are a promising observable to study the dynamics of jet evolution
in the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-
state particles. We carry out the first complete calculation of EEC’s using realistic simulations of
high-energy heavy-ion collisions, and dissect the di↵erent dynamics underlying the final distribution
through analyses of jet propagation in a uniform medium. The final EEC distribution is found to be
suppressed at small angles due to energy loss and transverse momentum broadening of jet shower
partons, while enhanced at large angles due to both medium response and radiated gluons. These
modifications are sensitive to the momentum scale of the in-medium interactions, as characterized
by the Debye screening mass. Experimental verification and measurement of such modifications will
shed light on this scale, and the short-distance structure of the QGP in heavy-ion collisions.

1. Introduction.– Jets are powerful probes of the prop-
erties of the quark-gluon plasma (QGP) in high-energy
heavy-ion collisions. Because of the hard scales involved,
they are initiated in the early stages of the collision, and
can resolve the short distance structure of the medium.
The asymptotic freedom of QCD [1, 2] also permits a
perturbative treatment of both the initial production
of jets, and their subsequent interaction with the dense
medium. Experimental data on a variety of jet observ-
ables from the Relativistic Heavy-ion Collider (RHIC)
[3–9] and the Large Hadron Collider (LHC) [10–17] have
shown both the suppression of the jet production cross
section, and the modification of the internal structure
of jets, such as the jet shape and fragmentation func-
tions, consistent with the picture of jet-medium interac-
tions and jet-induced medium response [18]. Through
detailed Bayesian statistical analyses, the jet transport
coe�cient, q̂, that characterizes the strength and nature
of jet-medium interactions [19–24] can be extracted. Jet
substructure observables have also been analysed in the
hope of revealing the space-time structure of medium-
induced splittings [25–31].

Energy-energy correlators (EEC) [32–34] have recently
emerged as excellent jet substructure observables for
studying the space-time structure of the jet shower,
as manifested in the energy flux of final-state parti-
cles [35, 36]. Energy correlators have been studied ex-
tensively in conformal field theories [37–45], but were
only recently found to be sensitive to the intrinsic and
emergent scales of the underlying theory, which imprint
themselves in the correlators at characteristic angular
scales. Recent studies show that the energy correla-
tors of final-state jets in high-energy collisions can man-
ifest the angular scales of the onset of non-perturbative
hadronization [36], and the scale of gluon saturation in

FIG. 1. The short-distance structure of the quark-gluon
plasma from which jet partons scatter is manifest in the an-
gular spectra of the energy flux in the final state.

high-energy nucleons [46–48]. For additional applications
of energy correlators to jet substructure, see e.g. [49–
57]. The spectra of energy correlators inside jets that
have gone through multiple interactions in the QGP have
also been shown to possess features that can be identi-
fied as the consequences of the color-coherence of pro-
duced shower partons [58, 59] before the onset of the
medium-induced gluon radiation. These angular features
can also be used to study the evolution of jet showers ini-
tiated by a heavy-quark [54], and the dead-cone e↵ect of
the medium-induced gluon radiation from a propagating
heavy quark [60]. While the angular spectra of the energy
correlators can indeed reveal the space-time structure of
medium-induced gluon emissions and the color-coherence
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1. Introduction.– Jets are powerful probes of the prop-
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heavy-ion collisions. Because of the hard scales involved,
they are initiated in the early stages of the collision, and
can resolve the short distance structure of the medium.
The asymptotic freedom of QCD [1, 2] also permits a
perturbative treatment of both the initial production
of jets, and their subsequent interaction with the dense
medium. Experimental data on a variety of jet observ-
ables from the Relativistic Heavy-ion Collider (RHIC)
[3–9] and the Large Hadron Collider (LHC) [10–17] have
shown both the suppression of the jet production cross
section, and the modification of the internal structure
of jets, such as the jet shape and fragmentation func-
tions, consistent with the picture of jet-medium interac-
tions and jet-induced medium response [18]. Through
detailed Bayesian statistical analyses, the jet transport
coe�cient, q̂, that characterizes the strength and nature
of jet-medium interactions [19–24] can be extracted. Jet
substructure observables have also been analysed in the
hope of revealing the space-time structure of medium-
induced splittings [25–31].

Energy-energy correlators (EEC) [32–34] have recently
emerged as excellent jet substructure observables for
studying the space-time structure of the jet shower,
as manifested in the energy flux of final-state parti-
cles [35, 36]. Energy correlators have been studied ex-
tensively in conformal field theories [37–45], but were
only recently found to be sensitive to the intrinsic and
emergent scales of the underlying theory, which imprint
themselves in the correlators at characteristic angular
scales. Recent studies show that the energy correla-
tors of final-state jets in high-energy collisions can man-
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high-energy nucleons [46–48]. For additional applications
of energy correlators to jet substructure, see e.g. [49–
57]. The spectra of energy correlators inside jets that
have gone through multiple interactions in the QGP have
also been shown to possess features that can be identi-
fied as the consequences of the color-coherence of pro-
duced shower partons [58, 59] before the onset of the
medium-induced gluon radiation. These angular features
can also be used to study the evolution of jet showers ini-
tiated by a heavy-quark [54], and the dead-cone e↵ect of
the medium-induced gluon radiation from a propagating
heavy quark [60]. While the angular spectra of the energy
correlators can indeed reveal the space-time structure of
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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.

• Energy correlators provide a unique new tool to
unravel the microscopic structure of the QGP.
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