
Detectorology and its Phenomenological
Applications

Mark C. Gonzalez

Yale University
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What is a good collider observable?

Correlation Functions

• 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]

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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• Can we achieve a similarly coherent picture of collider physics?
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Correlation functions
• Simple observable

Requires direct measurement of the system

• In collider physics

Detectors are situated far away and only see the final state
High multiplicity states - descriptions in terms of individual
particles are difficult/impractical

We can study the system using correlation functions of
asymptotic quantities!
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On hammers and cameras

[Caron-Huot Koloğlu Kravchuk Meltzer Simmons-Duffin ’22]

• We understand the hammer in terms of local operators

• We can build cameras out of well-defined detector operators

• Particles have a number of properties such as energy and charge

• We want to understand detectors that can measure these various
properties

Mark Gonzalez [Yale] Boost August 1, 2024 2/13



Asymptotic Energy Flux Operators

As an operator on multi-particle states |X〉

E(n̂)|X〉 =
∑
i

Ekiδ
d−2(Ωn̂ − Ωk̂i)|X〉

• Sees particles along direction n̂ and measures their energy

Sensitive to asymptotic radiation along a particular direction
- like a calorimeter cell!

• Formally, integrate the stress tensor T along future null
infinity I +

Averaged Null Energy Condition (ANEC) operator
Well-defined in field theory as a particular light-ray
operator: E(z) ∼ O+

2 (∞, z)

E(n̂) = lim
r→∞

rd−2

∫ ∞
0

dt niT0i(t, rn̂)

[Hofman Maldacena ’08]

I +

I −

i+

i−

i0E
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From operators to observables

Factorization Theorem at the LHC

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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• Can derive a factorization theorem in the LHC environment extending
the proofs of Collins-Soper-Sterman for inclusive fragmentation:

d⌃

dpT d⌘ d{⇣} =
X

i

Hi (pT /z, ⌘, µ)

⌦
Z 1

0
dx xN Jij(z, x, pT R, µ) J

[N ]
j ({⇣}, x, µ) .

[Lee, Mecaj, Moult]
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We get observables by taking correlation functions of detectors
Two point correlator ⇒ Energy-energy correlator (EEC)

Perturbative calculation
• EEC is a weighted cross section

dσ: Phase space integral
Weighted by particle energies as a
function of angular separation

dσ

dz
=
∑

i,j

∫
dσ

EiEj

Q2
δ

(
z − 1− cosχij

2

)

• Infrared and collinear (IRC) safe

Factorization theorem in the
collinear limit ⇒ LHC jet

substructure
measurements!

dΣ

dpT dη d{ζ}
=

∑
i

Hi(pT /z, η, µ)

⊗
∫ 1

0
dx xNJij(z, x, pTR,µ)J

[N ]
j ({ζ}, x, µ)

[Lee Mecaj Moult ’22]

[Basham Brown Ellis Love ’78]
[Ore Sterman ’80] [Korchemsky Sterman ’99]
[Hofman Maldacena ’08] [Belitsky et al. ’13]
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The Energy-Energy CorrelatorEnergy Correlators: Reality

/15Comparison with pQCD 5

Large angle
increasing 9me

Small angle

Free hadron scaling 
(hadronic degree of 

freedom)

pQCD scaling (partonic 
degree of freedom)

Confinement

d�
dR2L

= constant

� d�
dRL

� RL

decreasing energy scale

Primordial fluctuations

What cosmic history gave
 rise to pri

mordial fluctuations?
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Interacting Partons: 
   -Non-Integer Scaling 
   -Non-trivial Higher  
    Point Correlations

Non-Interacting Hadrons: 
 -Integer Scaling 
 -Trivial Higher  
   Point Correlations

• Imaging the confinement transition with Jet Substructure!

Figure: Wenqing Fan

Stony Brook Workshop November 6, 2023 10 / 36• Evolution of the jet goes from right
to left

Distinct scaling regimes
corresponding to partonic and
hadronic physics
Transitions image the physical
scales of QCD

[Figure: Wenqing Fan]

Correlation function of
detectors ⇒ jet

substructure observable

A clear link between
theory and experiment!

I +

I −

i+

i−

i0

z1 z2

E1 E2
LR OPE
→

I +

I −

i+

i−

i0

z1

Oi

Perturbative scaling predicted by the
light-ray OPE

⇒ Universal scaling behavior!

E(n̂1)E2(n̂2) ∼
∑
i

θτi−4O+
i (n̂1)
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EECs in Data

Scaling Behavior in Jets

• Measurements from ALICE, CMS and STAR from 15 GeV to 1784
GeV recently released!
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 = 13TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13TeV, 40 < Charged Jet psALICE Preliminary: 
 < 80 GeV/c

T
 = 13TeV, 60 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 5.02TeV, 20 < Charged Jet psALICE Preliminary: 
 < 60 GeV/c

T
 = 5.02TeV, 40 < Charged Jet psALICE Preliminary: 
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 = 13TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T
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Probing Energy Flow in Jets

Helen Caines - Yale - QM2023 - Houston - Texas - Sept 9 2023 30 B. Liang-Gilman (Poster), W Fang (Wed), I. Moult 
(Tues), A. Rai (Poster), A. Tamis (Poster)

N-point Energy Correlators
Perturbative region grows as jet pT increases 
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• Dominated by classical scaling. Can we accurately measure
anomalous scaling?

Thanks to Helen Caines, Meng Xiao, ChenFeng Lu,

Andrew Tamis, Ananya Rai.

Stony Brook Workshop November 6, 2023 16 / 36
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[Figure: H Caines, M Xiao, C Lu, A Tamis, A Rai] [CMS ’24]

Anomalous scaling at
the LHC!

〈E1E2 · · · EJ−1〉
〈E1E2〉

∼ Rγ(J)−γ(3)
L

Many ongoing and future measurements

• Precision measurement of strong coupling
constant

αs(mZ) = 0.1229+0.0040
−0.0050 [arXiv:2402.13864]

• In-medium (quark-gluon plasma)

• Higher point correlators

• Massive quark effects
[see E Craft, S Alipour-fard,
A Pathak talks]

Mark Gonzalez [Yale] Boost August 1, 2024 6/13



Additional Cameras?

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�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (�s) , (1.4)
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• Predicts universal scaling behavior in correlations of energy flux at
energies E � ⇤QCD .

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
QCD: [Dixon, Moult, Zhu]

See early work by [Konishi, Ukawa, Veneziano]

Stony Brook Workshop November 6, 2023 14 / 36
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EJ Detectors

A new camera which measures the energy flux to an arbitrary
power, EJ−1 with J ∈ C

EJ(n̂)|X〉 =
∑
i

EJ−1
ki

δd−2(Ωn̂ − Ωk̂i)|X〉

• Formally: EJ(z) ∼ O+
J (∞, z)

Analytically continued twist-2, spin-J light-ray operator
Energy weighting is related to spin

As an operator in a perturbative scalar field theory

D+
JL

(z) =
1

CJL

∫
dα1 dα2 : ϕ(α1, z)ϕ(α2, z) :

×
[
(α1 − α2 + iε)2(∆ϕ−1)+JL+(α2 − α1 + iε)2(∆ϕ−1)+JL

]
• Twist-2, spin-JL, and “charge/spin even”

• Observables are no longer collinear safe due to energy weighting

Access to universal non-perturbative physics through
multi-hadron fragmentation functions

[Kravchuk Simmons-Duffin ’18]

[Caron-Huot Koloğlu Kravchuk
Meltzer Simmons-Duffin ’22]

I +

I −
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i−

i0EJ
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EQ Detectors

We can also build cameras that probe different
quantum numbers!

Sensitivity to a charge Q (times the energy)

EQ(n̂)|X〉 =
∑

i

EJ−1
ki

Qkiδ
d−2(Ωn̂ − Ωk̂i

)|X〉

D±JL(z) =
1

C′JL

∫
dα1 dα2 : ϕ(α1, z)ϕ(α2, z) :

×
[
(α1 − α2 + iε)2(∆ϕ−1)+JL±(α2 − α1 + iε)2(∆ϕ−1)+JL

]
• Nearly identical to the EJ detector!

• Same perturbative vertex factor (up to signs)

• ± sign: Definite sign under charge conjugation

− sign: “charge/spin-odd” light-ray
operators O−J

• Valid for any global U(1) symmetry

Tree-level perturbative
vertex

〈ϕ(−q)|D±
JL

(z)|ϕ(p)〉
= ±(2π)dδd(p− q)VJL

(z; p)

VJL(z; p) =

∫ ∞
0

dβ β−1−JL

×δd(p− βz)

I +

I −

i+

i−

i0EQ
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Giant background 
- show stopper?

Much better

n=2, R=0.4

n=2, R=0.2
Better but 
still large

Mostly gone :)

Detector Applications

The OPE Limit of Lightray Operators

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

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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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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• Predicts universal scaling behavior in correlations of energy flux at
energies E � ⇤QCD .

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
QCD: [Dixon, Moult, Zhu]

See early work by [Konishi, Ukawa, Veneziano]
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EJ Detectors
Large (small) powers of energy suppress

(enhance) soft physics:
Applications in hot and cold QCD

EQ Detectors
• Great resolution on charged tracks

• More hadronization/
non-perturbative information

MIT-CTP-5590

Energy Correlators Taking Charge

Kyle Lee1, ⇤ and Ian Moult2, †

1Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
2Department of Physics, Yale University, New Haven, CT 06511

The confining transition from asymptotically free partons to hadrons remains one of the most
mysterious aspects of Quantum Chromodynamics. With the wealth of high quality jet substruc-
ture data we can hope to gain new experimental insights into the details of its dynamics. Jet
substructure has traditionally focused on correlations, hE(n1)E(n2) · · · E(nk)i, in the energy flux of
hadrons. However, significantly more information about the confinement transition is encoded in
how energy is correlated between hadrons with di↵erent quantum numbers, for example electric
charge. In this Letter we develop the field theoretic formalism to compute general correlations,
hER1(n1)ER2(n2) · · · ERk (nk)i, between the energy flux carried by hadrons with quantum numbers
Ri, by introducing new universal non-perturbative functions, which we term joint track functions.
Using this formalism we show that the strong interactions introduce enhanced small angle correla-
tions between opposite-sign hadrons, relative to like-sign hadrons, identifiable as an enhanced scaling
of hE+(n1)E�(n2)i relative to hE+(n1)E+(n2)i. We are also able to compute the scaling of a C-odd
three-point function, hEQ(n1)EQ(n2)EQ(n3)i. Our results greatly extend the class of systematically
computable jet substructure observables, pushing perturbation theory deeper into the parton to
hadron transition, and providing new observables to understand the dynamics of confinement.

Introduction.—Collider experiments provide a unique
window into the dynamics of Quantum Chromodynam-
ics (QCD). One of the primary mysteries of QCD, and
gauge theories more generally, is the real time dynam-
ics of confinement, namely of the transition from weakly
interacting quarks and gluons to hadrons. Clues to the
nature of this transition are imprinted in subtle patterns
in energy flux at colliders, but are di�cult to decode due
to our lack of non-perturbative field theory techniques.
A better understanding of the hadronization transition
will enhance all aspects of collider physics, from preci-
sion measurements, to searches for new physics.

One of the primary recent advances in collider physics
has been the development of jet substructure [1, 2],
which has enabled the measurement and theoretical
understanding of correlations in energy flux within
individual high energy jets. Theoretically, jet sub-
structure is studied through correlation functions [3–8],
hE(n1)E(n2) · · · E(nk)i, of energy flow operators, E(n) [9–
16]. For applications, see e.g. [17–26]. Due to their
infrared and collinear (IRC) safety [27, 28], these ob-
servables exhibit rigorous factorization theorems [29–
31], providing a separation of perturbative and non-
perturbative physics, and enabling systematically im-
provable calculations in complicated collider environ-
ments [7, 19]. However, despite the appealing features
of IRC safe observables, by their very nature they are
insensitive to many of the details of the hadronization
transition which one would like to understand.

To gain further insight into the parton-to-hadron tran-
sition will require extending the class of factorizable
observables through the identification of new universal
non-perturbative matrix elements. These can then be
combined through the renormalization group (RG), with
state-of-the-art perturbative calculations, allowing mod-
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Two-Point Charged Correlators

FIG. 1: Scaling of two point correlators of the E+ and E�
detectors, showing that the strong interactions generate
enhanced correlations between opposite sign hadrons as
compared to like sign hadrons. Theoretical calculations
at NLL accuracy are shown in solid and Pythia as a his-
togram. The transition to the non-perturbative regime
is shown in grey.

ern developments in perturbative field theory to be op-
timally utilized to explore the confinement transition.
While this has long been appreciated, it is technically dif-
ficult to achieve. The non-perturbative matrix elements
typically required in factorization theorems are functions
of longitudinal momentum fractions, which has two draw-
backs: first, these functions are often poorly known lead-
ing to large uncertainties and murky conclusions, and
second, these functions are convolved into perturbative
calculations, making higher order perturbative calcula-
tions with modern techniques intractable.

There has recently been progress in incorporating non-
perturbative information into perturbative calculations,
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Event Shapes and “Renormalization”

Loop-level event shapes are
IR divergent!Two-loop,

single-detector
event shape

• Define counterterms ZJL
which absorb IR divergences

Renormalized detector: [DJL(z)]R = Z−1
JL
DJL(z)

• ZJL
gives the detector’s “anomalous spin”

−γL(JL) =
∂ lnZJL

∂λ
β(λ)

Dimension and spin are flipped in the detector picture

• Gives J(∆) = ∆− (d− 2)− γL(1−∆)

When solved for ∆(J), reproduces anomalous dimensions of
twist-2 local operators in Wilson-Fisher and O(N) CFTs

[Caron-Huot Koloğlu Kravchuk Meltzer Simmons-Duffin ’22]

The takeaway: Renormalizing detectors is familiar

I +

I −

i+

i−

i0

D+

z±
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Multi-Detector Event Shapes

• Event shapes with multiple renormalized detectors have contact
term singularities in the collinear limit

〈
ϕR(−p)

∣∣ [DJL1
(z1)

]
R

[
DJL2

(z2)
]
R

∣∣ϕR(p)
〉

∝ 1

ε
δd−2(z1, z2)VJL1

+JL2
+d−2(z1; p)

Proportional to the tree level vertex VJL
Spin is consistent with En × Em ∼ En+m

• Renormalization of individual detectors is not sufficient to
renormalize the product

Renormalization perturbatively
probes the structure and

operators of the light-ray OPE
Operator definition of

fragmentation functions

I +

I −

i+

i−

i0

z1 z2

D1 D2

LR OPE
→

I +

I −

i+

i−

i0

z1

Oi
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Discussion and Future Directions

Intrinsic and Emergent Scales at Colliders
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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FIG. 6. The EEC ratio, �EnEn�, 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��

2�
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,

�
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,�

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

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

10 10
yr

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

10 5
yr

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

10 �
32

s?

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

• QCD is an extraordinarily rich theory involving both Intrinsic and
Emergent scales.

• These scales imprint themselves into asymptotic energy flux.
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The OPE Limit of Lightray Operators

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

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]

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (�s) , (1.4)
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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 –

• Predicts universal scaling behavior in correlations of energy flux at
energies E � ⇤QCD .

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
QCD: [Dixon, Moult, Zhu]

See early work by [Konishi, Ukawa, Veneziano]
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Study the system in terms of asymptotic
observables built out of well-defined operators

Allows for a link between operators in a field theory and
phenomenologically useful observables!

Looking forward:
• What other cameras are out there?

What is the full space of
detectors?
What can these tell us about:

I Non-perturbative physics
I The light-ray OPE

• How can we use these?

Precision jet substructure
Hot and cold nuclear
environments

Thanks!
Mark Gonzalez [Yale] Boost August 1, 2024 13/13


