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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.

International Spin Symposium September 28, 2023 3 / 42



Decoding Energy Flux

• Subtle questions about QCD 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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• Decoding Energy Flux

• Scaling Behavior of Quarks and Gluons

• Imaging Intrinsic and
Emergent Scales of QCD
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Decoding Energy Flux

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

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

10
10yr

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

10
5yr

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

10
�32s?

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

International Spin Symposium September 28, 2023 6 / 42



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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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]

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]

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.
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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

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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〈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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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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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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Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,
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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
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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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• Imaging the confinement transition with Jet Substructure!
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Scaling Behavior of Quarks and Gluons
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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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phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.
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the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order
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for some source operator O. This provides a connection between event shape observables and
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recent developments in the study of ANEC operators, and conversely, the EEC provide a
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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
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There has also been progress in understanding the singularities of the EEC, which occur as
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derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This
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The two-point correlator is particularly simple since it depends on a single variable, z.
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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 
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The OPE Limit of Lightray Operators

• Energy flow operators admit a Lorentzian OPE: “the lightray OPE”
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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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Q2
�

✓
z � 1 � cos�ij
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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]
QCD: [Dixon, Moult, Zhu]

See early work by [Konishi, Ukawa, Veneziano]
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Scaling Behavior in Jets

Primordial fluctuations
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• The E(n̂1)E(n̂2) OPE inside high-energy jets!

• Beautiful scaling behavior in energy flux, even in complicated
hadronic environment!

[Lee, Mecaj, Moult]
[Dixon, Moult, Zhu]
[Komiske, Moult, Thaler, Zhu]

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 Jets

• Measurements from ALICE, CMS and STAR from 15 GeV to 1784
GeV recently released!
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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.
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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

/15

E3C/EEC

E3C/EEC ratio: comparison with pQCD 13

Free hadron 
scaling region

Perturba9ve 
scaling region

Agreement with pQCD predic9on

E3C/EEC

BOOST 2023    Jul 31, 2023 Measurements of energy correlators in jets and  extraction at CMSαS  / 20
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Using [Lee, Mecaj, Moult], [Chen, Gao, Li, Xu, Zhang, Zhu]
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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 

High precision calculation
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The Confinement Transition

International Spin Symposium September 28, 2023 19 / 42



Dynamics of Hadronization

• What are the dynamics of the hadronization process?
45
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FIG. 22 Prediction of the light hadron spectrum in full
Nf = 2 + 1 QCD according to (Durr et al., 2008). Open
circles are input quantities while filled circles are predictions.
Experimental masses of hadrons that are stable in QCD are
given with a vertical bar while for resonant states the box
indicates the decay width. Experimental numbers are from
(Amsler et al., 2008).

the fit quality. The ground state light hadron spectrum
was reproduced at the percent level (cf. fig. 22).

The QCDSF-UKQCD collaboration has recently pro-
posed a di↵erent approach to the physical point start-
ing from an SU(3) symmetric theory and systematically
expanding in the SU(3) breaking parameter while keep-
ing 2M2

K + M2
⇡ constant (Bietenholz et al., 2010a,b,

2011). Preliminary results at a single lattice spacing a ⇠
0.076 fm and a spatial lattice extent of L ⇠ 1.2 � 2.5 fm
are displayed in fig. 23. They show a linear depen-
dence of the octet and decuplet masses considered and a
good agreement with the experimentally observed hadron
spectrum. An Nf = 2 + 1 nonperturbatively improved
single step stout smeared clover action on a tree level
Symanzik improved gauge action was used for this study.
Finite size corrections are not yet applied.

There is also an ongoing e↵ort to compute ground
state baryons with twisted mass fermions including a
dynamical strange quark. As the twisted mass formal-
ism necessitates an even number of fermion flavors (cf.
sect. II.D.3), these calculations also include a charm
quark (Nf = 2 + 1 + 1). First preliminary results of
this e↵ort are reported in (Drach et al., 2010).

The RBC-UKQCD collaboration has recently per-
formed a pioneering calculation of the ⌘ and ⌘0 masses
using Nf = 2 + 1 flavor domain wall ensembles on an
Iwasaki gauge action (Christ et al., 2010). Three pion
masses in the range 400 � 700 MeV with a single lat-
tice spacing a ⇠ 0.11 fm on latices with a spatial extent
of L ⇠ 1.8 fm were used. A two operator basis with
gauge fixed wall sources was used to extract the corre-
lation functions. A mixing angle of ⇥ = �9.2(4.7)� and
masses M⌘ = 583(15) MeV and M⌘0 = 853(123) MeV
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FIG. 23 Chiral behavior of the ratio of individ-
ual octet masses over the average octet mass XN =
1
3

(MN + M⌃ + M⌅) vs. the ratio of the square of the pion
mass over the square average of pseudoscalar meson masses
X2

⇡ = 1
3

�
2M2

K + M2
⇡

�
as obtained by the QCDSF-UKQCD

collaboration. The plot is reproduced from (Bietenholz et al.,
2010a) with friendly permission of the QCDSF-UKQCD col-
laboration.

were found.

The Hadron Spectrum Collaboration is using
anisotropic lattices in order to obtain a fine time reso-
lution of the propagators. These ensembles are mainly
used to extract the highly excited baryon spectrum.
The lattice spacing in time direction is tuned to be
smaller by a factor of ⇠ ⇠ 3.5 than the lattice spacing
in the spatial directions (Edwards et al., 2008). In
their excited state spectroscopy studies (Bulava et al.,
2010; Dudek et al., 2011; Lin et al., 2009) they employ
Nf = 2 + 1 anisotropic clover fermions on a tree level
tadpole improved Symanzik gauge action. A single
spatial lattice spacing as ⇠ 0.12 fm and three pion
masses in the range 390 � 530 MeV are used. The
scale is set with M⌦. A variational method based on a
large number (6-10) of specifically tailored interpolating
operators are used to extract the tower of excited states
in the di↵erent channels. Results are reported at three
di↵erent pion masses and show a nice overall qualitative
agreement with the experimentally observed excited
hadron spectrum (see fig. 24). The authors emphasize
the need for multi hadron interpolating operators in or-
der to reliably identify scattering states. More recently,
also the spins of nucleon and � excitations up to spin
7/2 have been identified by (Edwards et al., 2011).

Ground and excited state meson spectra are also be-
ing studied with overlap valence on dynamical domain
wall fermions. Some preliminary results can be found in
(Mathur et al., 2010)

Therefore, QCD is asymptotically free: the coupling constant decreases with the scale

Higher-order computations (up to four loops) do not change this behavior: QCD becomes a free theory in the 
asymptotic limit

Running of the QCD coupling has been verified in a wide variety of experiments, from low to high energy

Particle Data Group 2013

Juan Rojo                                                                                                           University of Oxford, 05/05/2014

The result that the QCD coupling 
becomes large at low scales hints 
towards confinement, which is 
however a purely perturbative 
phenomenon
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The Confinement Transition

• Energy correlators allow the hadronization process to be directly
imaged inside high energy jets: transition from interacting quarks and
gluons and free hadrons clearly visible!
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Beyond Energy Flux
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<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="qUvXZ0qPowz0inf+HbRqZCzId1Q=">AAACS3icbVDLSgMxFM1Uq7W+Wl26CRZBN2VGirosiuCyBfuAdhgymbQNTTJDkhHL0G/wa9zqF/gBfoc7cWFm2oXTeiFwcs653HuPHzGqtG1/WoWNzeLWdmmnvLu3f3BYqR51VRhLTDo4ZKHs+0gRRgXpaKoZ6UeSIO4z0vOnd6neeyJS0VA86llEXI7Ggo4oRtpQXuViyJAYMwKHHOkJRiy5n3vt/EdmDq9Ss+t2VnAdOEtQA8tqeVWrPAxCHHMiNGZIqYFjR9pNkNQUMzIvD2NFIoSnaEwGBgrEiXKT7KY5PDNMAEehNE9omLF/OxLElZpx3zjTZdWqlpL/as+LATkuUOmQPOfzlQ316MZNqIhiTQReLDiKGdQhTIOFAZUEazYzAGFJzY0QT5BEWJv4yyY9ZzWrddC9rDtX9Ua7UWveLnMsgRNwCs6BA65BEzyAFugADF7AK3gD79aH9WV9Wz8La8Fa9hyDXBWKv5IPtAk=</latexit>hEQEQi

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="ZLAIg4C9xmRecjgVKNap/UqeIpU=">AAACI3icbVDLSgMxFE181vHV6tJNsAgiWGakqMuiG5cV7QPaoWQymTY0yQxJRiyln+BWv8CvcSduXPgvZtpZ2NYDgcM593JPTpBwpo3rfsOV1bX1jc3ClrO9s7u3XywdNHWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhreZ33qiSrNYPppRQn2B+5JFjGBjpYdz76xXLLsVdwq0TLyclEGOeq8EnW4Yk1RQaQjHWnc8NzH+GCvDCKcTp5tqmmAyxH3asVRiQbU/nmadoBOrhCiKlX3SoKn6d2OMhdYjEdhJgc1AL3qZ+K/3PDswp4U6OzKvBWIhoYmu/TGTSWqoJLOAUcqRiVFWGAqZosTwkSWYKGb/iMgAK0yMrdWx7XmLXS2T5kXFu6xU76vl2k3eYwEcgWNwCjxwBWrgDtRBAxDQBy/gFbzBd/gBP+HXbHQF5juHYA7w5xdU5aPZ</latexit>�1⇤

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓
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<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="4Ow+sCVfz4iPMTxf2K6zg0igXAk=">AAACM3icbVDLSgMxFM3UV62vVpdugkVwVWakqMuiC8VVBfuAtpRMetuGZjJDckdbhn6KW/0CP0bciVv/wfSxsK0HAodz7uWeHD+SwqDrfjiptfWNza30dmZnd2//IJs7rJow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0f3Ez82hNoI0L1iKMIWgHrKdEVnKGV2tlcE2GIya2MQ0XvAc24nc27BXcKukq8OcmTOcrtnJNpdkIeB6CQS2ZMw3MjbCVMo+ASxplmbCBifMB60LBUsQBMK5lmH9NTq3RoN9T2KaRT9e9GwgJjRoFvJwOGfbPsTcR/veHswILWMZMji5ofLCXE7lUrESqKERSfBezGkmJIJwXSjtDAUY4sYVwL+0fK+0wzjrbmjG3PW+5qlVTPC95FofhQzJeu5z2myTE5IWfEI5ekRO5ImVQIJ8/khbySN+fd+XS+nO/ZaMqZ7xyRBTg/vwWyquI=</latexit>

Gluon Jets
<latexit sha1_base64="/hYKefP+54Q45qvciFYIr3vj1ZE=">AAACNHicbVDJSgNBFOyJW4xbEo9eGoPgKcyIqBch6EGPEbJBEkJPz5ukSc9C9xtJGPIrXvUL/BfBm3j1G+wsB5NY0FBUvcerLjeWQqNtf1iZjc2t7Z3sbm5v/+DwKF8oNnSUKA51HslItVymQYoQ6ihQQitWwAJXQtMd3k/95jMoLaKwhuMYugHrh8IXnKGRevli3KvdOrbdQRhhSh+gMenlS3bZnoGuE2dBSmSBaq9g5TpexJMAQuSSad127Bi7KVMouIRJrpNoiBkfsj60DQ1ZALqbzsJP6JlRPOpHyrwQ6Uz9u5GyQOtx4JrJgOFAr3pT8V9vND+wpHl6emRZc4OVhOjfdFMRxglCyOcB/URSjOi0QeoJBRzl2BDGlTB/pHzAFONoes6Z9pzVrtZJ46LsXJUvny5LlbtFj1lyQk7JOXHINamQR1IldcLJiLyQV/JmvVuf1pf1PR/NWIudY7IE6+cXAgqqRA==</latexit>

pT = 100 GeV

<latexit sha1_base64="iyss/XZ2dKw3mviJ6KdvwXSnJ7k=">AAACJXicbVDLSgMxFE181vpqdekmWARXZaYUdVl047KC0xbaoWQymTY0yQxJRixDv8GtfoFf404EV/6KmXYWtvVCyOGce7nnniDhTBvH+YYbm1vbO7ulvfL+weHRcaV60tFxqgj1SMxj1QuwppxJ6hlmOO0limIRcNoNJne53n2iSrNYPpppQn2BR5JFjGBjKc+pOw1nWKnZf15oHbgFqIGi2sMqLA/CmKSCSkM41rrvOonxM6wMI5zOyoNU0wSTCR7RvoUSC6r9bO52hi4sE6IoVvZJg+bs34kMC62nIrCdApuxXtVy8l/tebFgiQt1vmSZC8SKQxPd+BmTSWqoJAuDUcqRiVEeGQqZosTwqQWYKGZvRGSMFSbGBlu26bmrWa2DTqPuXtWbD81a67bIsQTOwDm4BC64Bi1wD9rAAwQw8AJewRt8hx/wE34tWjdgMXMKlgr+/AJVUaRV</latexit>

0.020
<latexit sha1_base64="hH3s/FmoG+If7BPoIsd5laEQmVM=">AAACJXicbVDLSgMxFE3qq46vVpdugkVwVWa0qMuiG5cVnLbQDiWTybShSWZIMmIp/Qa3+gV+jTsRXPkrZtpZ2OqFkMM593LPPWHKmTau+wVLa+sbm1vlbWdnd2//oFI9bOskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E49tc7zxSpVkiH8wkpYHAQ8liRrCxlO/W3Qt3UKnZf17oL/AKUANFtQZV6PSjhGSCSkM41rrnuakJplgZRjidOf1M0xSTMR7SnoUSC6qD6dztDJ1aJkJxouyTBs3Z3xNTLLSeiNB2CmxGelXLyX+1p8WCJS7S+ZJlLhQrDk18HUyZTDNDJVkYjDOOTILyyFDEFCWGTyzARDF7IyIjrDAxNljHpuetZvUXtM/r3mW9cd+oNW+KHMvgGJyAM+CBK9AEd6AFfEAAA8/gBbzCN/gOP+DnorUEi5kjsFTw+wdXD6RW</latexit>

0.030
<latexit sha1_base64="jNinx9h032/mG4NxSDRg4gX5N9E=">AAACJXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsKTltoh5LJZNrQJDMkGbEM/Qa3+gV+jTsRXPkrZtpZ2NYLIYdz7uWee4KEM20c5xuWNja3tnfKu5W9/YPDo2rtuKPjVBHqkZjHqhdgTTmT1DPMcNpLFMUi4LQbTO5yvftElWaxfDTThPoCjySLGMHGUp7TcJrOsFq3/7zQOnALUAdFtYc1WBmEMUkFlYZwrHXfdRLjZ1gZRjidVQappgkmEzyifQslFlT72dztDJ1bJkRRrOyTBs3ZvxMZFlpPRWA7BTZjvarl5L/a82LBEhfqfMkyF4gVhya68TMmk9RQSRYGo5QjE6M8MhQyRYnhUwswUczeiMgYK0yMDbZi03NXs1oHncuGe9VoPjTrrdsixzI4BWfgArjgGrTAPWgDDxDAwAt4BW/wHX7AT/i1aC3BYuYELBX8+QVYzaRX</latexit>
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<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

[Lee, Moult]
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The Space of Detectors

Kyle Lee 1/32

SPACE OF OPERATORS
<latexit sha1_base64="rG+saEgFRN8O5YfI5VXIr6+ZoHM=">AAACOHicbVDJSgNBEO1xjeOWKHjx0hgET2FGgnqMevEYwSyQhNDTqUma9Cx014SEMT/jVb/AP/HmTbz6BXaWg0l8UPB4r4qqel4shUbH+bDW1jc2t7YzO/bu3v7BYTZ3VNVRojhUeCQjVfeYBilCqKBACfVYAQs8CTWvfz/xawNQWkThE45iaAWsGwpfcIZGamdPmghDTG+lpJGnQQ2YmdTjdjbvFJwp6Cpx5yRP5ii3c5bd7EQ8CSBELpnWDdeJsZUyhYJLGNvNREPMeJ91oWFoyALQrXT6wJieG6VD/UiZCpFO1b8TKQu0HgWe6QwY9vSyNxH/9YazBQtaR0+WLGpesHQh+jetVIRxghDy2YF+IilGdJIi7QgFHOXIEMaVMD9S3mOKcTRZ2yY9dzmrVVK9LLhXheJjMV+6m+eYIafkjFwQl1yTEnkgZVIhnDyTF/JK3qx369P6sr5nrWvWfOaYLMD6+QWGPq0q</latexit>

All observables

<latexit sha1_base64="UZZ54nt6oK0gtTu7E2tM62vbQMI=">AAACP3icbVDJSgNBEO2JW4xbokcRGoPgxTAjQT0GvXiMYBZIQujpqUma9Cx010jCkJNf41W/wM/wC7yJV292loNJfNDweK+qq+q5sRQabfvDyqytb2xuZbdzO7t7+wf5wmFdR4niUOORjFTTZRqkCKGGAiU0YwUscCU03MHdxG88gdIiCh9xFEMnYL1Q+IIzNFI3f9JGGGLaACkvPPDNLx71AIFjpPS4my/aJXsKukqcOSmSOardgpVrexFPAgiRS6Z1y7Fj7KRMoeASxrl2oiFmfMB60DI0ZAHoTjq9Y0zPjOJRP1LmhUin6t+OlAVajwLXVAYM+3rZm4j/esPZgAXN05Mhi5obLG2I/k0nFWGcIIR8tqCfSIoRnYRJPaFMUnJkCONKmBsp7zPFOJrIcyY9ZzmrVVK/LDlXpfJDuVi5neeYJcfklJwTh1yTCrknVVIjnDyTF/JK3qx369P6sr5npRlr3nNEFmD9/AJ2AbAc</latexit>

Well-defined detectors

<latexit sha1_base64="DZfMtpK8QXIdphPKWxP8EhgGAaU=">AAACMXicbVDLTgJBEJzFF+ID0KOXicTEE9k1Rj0SuegNjTwSIGR26IUJs4/M9BrIhi/xql/g13AzXv0JB9iDgJVMUqnqTteUG0mh0bZnVmZre2d3L7ufOzg8Os4XiicNHcaKQ52HMlQtl2mQIoA6CpTQihQw35XQdEfVud98BaVFGLzgJIKuzwaB8ARnaKReId9BGGPy+Fylmnkw7RVKdtlegG4SJyUlkqLWK1q5Tj/ksQ8Bcsm0bjt2hN2EKRRcwjTXiTVEjI/YANqGBswH3U0Wyaf0wih96oXKvADpQv27kTBf64nvmkmf4VCve3PxX2+8PLCi9fX8yKrm+msJ0bvrJiKIYoSALwN6saQY0nl9tC8UcJQTQxhXwvyR8iFTjKMpOWfac9a72iSNq7JzU75+ui5V7tMes+SMnJNL4pBbUiEPpEbqhJOYvJF38mF9WjPry/pejmasdOeUrMD6+QW7JKmw</latexit>

IRC safe
<latexit sha1_base64="W/Ox0VnZc0J5rP+rFbwmxi8928g=">AAACRXicbVDLSsNAFJ3UV62vVpdugkVwVRIRdVkUwWUF+4CmlMn0th06k4SZG2kJ+QC/xq1+gd/gR7gTtzppu7CtBwYO577OHD8SXKPjfFi5tfWNza38dmFnd2//oFg6bOgwVgzqLBShavlUg+AB1JGjgFakgEpfQNMf3Wb15hMozcPgEScRdCQdBLzPGUUjdYtlD2GM0z2JL2JIE09SHDIqkru0m3iRTFPT5VScKexV4s5JmcxR65asgtcLWSwhQCao1m3XibCTUIWcCUgLXqwhomxEB9A2NKASdCeZukjtU6P07H6ozAvQnqp/JxIqtZ5I33RmVvVyLRP/rY1nBxa0ns6OLGq+XHKI/etOwoMoRgjYzGA/FjaGdhap3eMKGIqJIZQpbv5osyFVlKEJvmDSc5ezWiWN84p7Wbl4uChXb+Y55skxOSFnxCVXpEruSY3UCSPP5IW8kjfr3fq0vqzvWWvOms8ckQVYP79hdbOd</latexit>E±

<latexit sha1_base64="TdKeniFvj32lDKv73v/MaO0ZRO0=">AAACP3icbVDLSsNAFJ3UV62vVpciBIvgqiRS1GVRBJcV7AOaUCbT23bo5MHMjbSErPwat/oFfoZf4E7cunPSdmFbLwwczrmPM8eLBFdoWR9Gbm19Y3Mrv13Y2d3bPyiWDpsqjCWDBgtFKNseVSB4AA3kKKAdSaC+J6DljW4zvfUEUvEweMRJBK5PBwHvc0ZRU93iiYMwxumexBMxpInjUxwyKpK7NO0Wy1bFmpa5Cuw5KJN51bslo+D0Qhb7ECATVKmObUXoJlQiZwLSghMriCgb0QF0NAyoD8pNpvdT80wzPbMfSv0CNKfs34mE+kpNfE93ZibVspaR/2rj2YEFrqeyI4uc5y85xP61m/AgihECNjPYj4WJoZmFafa4BIZiogFlkus/mmxIJWWoIy/o9OzlrFZB86JiX1aqD9Vy7WaeY54ck1NyTmxyRWrkntRJgzDyTF7IK3kz3o1P48v4nrXmjPnMEVko4+cXvGmw0Q==</latexit>E

<latexit sha1_base64="OJtRx5iIsZUhtkua25M/jy+5IsY=">AAACTXicbVHbSgJBGJ61g2YnrctuliQIAtkNqS6lCLpUyAOoyOz4q4OzB2b+DWXZh+hpuq0n6LoH6S6iWV0otR8Gvvn+0zffOIHgCi3rw8hsbG5tZ3M7+d29/YPDQvGoqfxQMmgwX/iy7VAFgnvQQI4C2oEE6joCWs7kLsm3nkAq7nuPOAug59KRx4ecUdRUv3DRRZjifE7kiBDiqOtSHDMqovu4/3upx3HcL5SssjUPcx3YKSiRNGr9opHvDnwWuuAhE1Spjm0F2IuoRM4ExPluqCCgbEJH0NHQoy6oXjRXE5tnmhmYQ1/q46E5Z/92RNRVauY6ujJRqVZzCflvbrpYsMQNVLJkmXPcFYU4vOlF3AtCBI8tBA5DYaJvJtaaAy6BoZhpQJnk+o0mG1NJGeoPyGv37FWv1kHzsmxflSv1Sql6m/qYIyfklJwTm1yTKnkgNdIgjDyTF/JK3ox349P4Mr4XpRkj7TkmS5HJ/gC+ebY0</latexit>EQ

<latexit sha1_base64="P5yzH6kwZH8yoh6CWdsbbsmF7Mw=">AAACQXicbVDLTsJAFJ36RHyBLl3YSExckdYQdUk0Ji4xkUcCSKbDBSZMp83MrYE0Xfo1bvUL/Ao/wZ1x68YpsBDwJJOcnPs6c7xQcI2O82GtrK6tb2xmtrLbO7t7+7n8QU0HkWJQZYEIVMOjGgSXUEWOAhqhAup7Aure8Cat159AaR7IBxyH0PZpX/IeZxSN1MkdtxBGONkTeyKCJG75FAeMivg2eZRJJ1dwis4E9jJxZ6RAZqh08la21Q1Y5INEJqjWTdcJsR1ThZwJSLKtSENI2ZD2oWmopD7odjxxkNinRunavUCZJ9GeqH8nYuprPfY905na1Iu1VPy3NpoemNO6Oj0yr3n+gkPsXbVjLsMIQbKpwV4kbAzsNE67yxUwFGNDKFPc/NFmA6ooQxN61qTnLma1TGrnRfeiWLovFcrXsxwz5IickDPikktSJnekQqqEkWfyQl7Jm/VufVpf1ve0dcWazRySOVg/v4LTsbE=</latexit>En

• Details of the hadronization process are encoded in the quantum
numbers (charge, flavor, ...): By definition, energy flux is insensitive!

• What is the space of detectors over which we can gain theoretical
control?
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Factorization
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<latexit sha1_base64="Ti2pZN4ax5Qy09u5YXR+o3kVuZE=">AAACNnicbVC7TsMwFHXKq4RXC2wsFhUSU5W0FTBWsDAWiT4kkkaO47ZWHSeyHUSJ+i+s8AX8CgsbYuUTcNoMtOVKlo7OuVfn+Pgxo1JZ1odRWFvf2Nwqbps7u3v7B6XyYUdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/vgm07uPREga8Xs1iYkboiGnA4qR0pRXOratft1RNCTSGaM4Rl6tX/dKFatqzQauAjsHFZBPyysbphNEOAkJV5ghKR9sK1ZuioSimJGp6SSSxAiP0ZA8aMiR9nPTWfwpPNNMAAeR0I8rOGP/XqQolHIS+nozRGokl7WM/Fd7mhsscIHMTBY5P1xKqAZXbkp5nCjC8TzgIGFQRTDrEAZUEKzYRAOEBdV/hHiEBMJKN23q9uzlrlZBp1a1L6qNu0aleZ33WAQn4BScAxtcgia4BS3QBhg8gxfwCt6Md+PT+DK+56sFI785Agtj/PwCw2yrJw==</latexit>

10 3
⇥
 3

2

<latexit sha1_base64="mQl4MHyIrWR2XzIuTnWm40C3AHY=">AAACNnicbVC7TsMwFHXKq4RXC2wsFhUSU5WUChgrWBiLRB9Sk0aO47RW7SSyHUSp+i+s8AX8CgsbYuUTcNoMtOVKlo7OuVfn+PgJo1JZ1odRWFvf2Nwqbps7u3v7B6XyYVvGqcCkhWMWi66PJGE0Ii1FFSPdRBDEfUY6/ug20zuPREgaRw9qnBCXo0FEQ4qR0pRXOratft1RlBPpjFCSIO+iX/NKFatqzQauAjsHFZBP0ysbphPEOOUkUpghKXu2lSh3goSimJGp6aSSJAiP0ID0NIyQ9nMns/hTeKaZAIax0C9ScMb+vZggLuWY+3qTIzWUy1pG/qs9zQ0WuEBmJoucz5cSqvDandAoSRWJ8DxgmDKoYph1CAMqCFZsrAHCguo/QjxEAmGlmzZ1e/ZyV6ugXaval9X6fb3SuMl7LIITcArOgQ2uQAPcgSZoAQyewQt4BW/Gu/FpfBnf89WCkd8cgYUxfn4BxTurKA==</latexit>

10
4
⇥


2 3

<latexit sha1_base64="XHDlhDMU2sM6KaQKWbfp71cyEpk=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5cV7APaoWQymTY0kwlJRixDf8KtfoFf40669UvMtLOwrQcCh3Pu5Z6cQHKmjevOYWlre2d3r7zvHBweHZ9UqqcdnaSK0DZJeKJ6AdaUM0HbhhlOe1JRHAecdoPJQ+53X6jSLBHPZiqpH+ORYBEj2FipN5hgKfGwMazU3Lq7ANokXkFqoEBrWIXOIExIGlNhCMda9z1XGj/DyjDC6cwZpJpKTCZ4RPuWChxT7WeLwDN0aZUQRYmyTxi0UP9uZDjWehoHdjLGZqzXvVz813tdHljRQp0fWdWCeC2hie78jAmZGirIMmCUcmQSlLeGQqYoMXxqCSaK2T8iMsYKE2O7dWx73npXm6RzXfca9Zunm1rzvuixDM7BBbgCHrgFTfAIWqANCODgDbyDD/gJv+A3nC9HS7DYOQMrgD+/YJimgQ==</latexit>  6

i
<latexit sha1_base64="wVqNk9Mt++XFf0QikZQLqKr4YWk=">AAAB+3icbVDLTgIxFL2DL8QX6tJNIzFxRWbQRJdENy4hkUcCE9Ipd6Ch05m0HSMhfIFb/QJ3xq0f4wf4HxaYhYAnaXJyzr25pydIBNfGdb+d3Mbm1vZOfrewt39weFQ8PmnqOFUMGywWsWoHVKPgEhuGG4HtRCGNAoGtYHQ/81tPqDSP5aMZJ+hHdCB5yBk1VqrzXrHklt05yDrxMlKCDLVe8afbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/OgU3JhlT4JY2WfNGSu/t2Y0EjrcRTYyYiaoV71ZuJ/Xic14a0/4TJJDUq2OBSmgpiYzH5N+lwhM2JsCWWK26yEDamizNhulq48L6LaXrzVFtZJs1L2rsqV+nWpepc1lIczOIdL8OAGqvAANWgAA4QXeIU3Z+q8Ox/O52I052Q7p7AE5+sXavWVZw==</latexit>

i1
<latexit sha1_base64="YLwIcEe6eNnGgkou1jmRq0p1x4k=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmVF+4B2KJk004ZmMkNyRyyl+AVu9QvciVu/xQ/wP0zbWdjWA4HDOfdyT06QSGHQdb+dldW19Y3N3FZ+e2d3b79wcFg3caoZr7FYxroZUMOlULyGAiVvJprTKJC8EQxuJn7jkWsjYvWAw4T7Ee0pEQpG0Ur3ouN1CkW35E5BlomXkSJkqHYKP+1uzNKIK2SSGtPy3AT9EdUomOTjfDs1PKFsQHu8ZamiETf+aBp1TE6t0iVhrO1TSKbq340RjYwZRoGdjCj2zaI3Ef/zWimGV/5IqCRFrtjsUJhKgjGZ/Jt0heYM5dASyrSwWQnrU00Z2nbmrjzNotpevMUWlkm9XPLOS+W7i2LlOmsoB8dwAmfgwSVU4BaqUAMGPXiBV3hznp1358P5nI2uONnOEczB+foFmxWWCw==</latexit>

i2
<latexit sha1_base64="/x2mAXhMvkbql69DakaNsf6h184=">AAAB/XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmVF+4B2KJk0bUMzmSG5I5ah+AVu9QvciVu/xQ/wP0zbWdjWA4HDOfdyT04QS2HQdb+dldW19Y3N3FZ+e2d3b79wcFg3UaIZr7FIRroZUMOlULyGAiVvxprTMJC8EQxvJn7jkWsjIvWAo5j7Ie0r0ROMopXuRafcKRTdkjsFWSZeRoqQodop/LS7EUtCrpBJakzLc2P0U6pRMMnH+XZieEzZkPZ5y1JFQ278dBp1TE6t0iW9SNunkEzVvxspDY0ZhYGdDCkOzKI3Ef/zWgn2rvxUqDhBrtjsUC+RBCMy+TfpCs0ZypEllGlhsxI2oJoytO3MXXmaRbW9eIstLJN6ueSdl8p3F8XKddZQDo7hBM7Ag0uowC1UoQYM+vACr/DmPDvvzofzORtdcbKdI5iD8/ULnKyWDA==</latexit>

im�1
<latexit sha1_base64="ofaVq6CkBfPx9Ub9wY8Z14zTJXo=">AAACAXicbVDLTgIxFL2DL8QX6tJNIzFxI5kBE10S3bjERB4JTEindKCh7UzajpFMWPkFbvUL3Bm3fokf4H9YYBYCnqTJyTn35p6eIOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup36rUeqNIvkgxnH1Bd4IFnICDZWarFeKi68Sa9YcsvuDGiVeBkpQYZ6r/jT7UckEVQawrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYslVhQ7aezuBN0ZpU+CiNlnzRopv7dSLHQeiwCOymwGeplbyr+53USE177KZNxYqgk80NhwpGJ0PTvqM8UJYaPLcFEMZsVkSFWmBjb0MKVp3lU24u33MIqaVbKXrVcub8s1W6yhvJwAqdwDh5cQQ3uoA4NIDCCF3iFN+fZeXc+nM/5aM7Jdo5hAc7XL7U2l8U=</latexit>

im
<latexit sha1_base64="Q9SC/LbxT1rltKNyneHM8j0+T2k=">AAAB/3icbVDLTgIxFL2DL8QX6tJNIzFxRWbQRJdENy4xcYAEJqRTOtDQdiZtx0gmLPwCt/oF7oxbP8UP8D8sMAsBT9Lk5Jx7c09PmHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHt1O/9UiVZrF8MOOEBgIPJIsYwcZKPutlYtIrV9yqOwNaJV5OKpCj0Sv/dPsxSQWVhnCsdcdzExNkWBlGOJ2UuqmmCSYjPKAdSyUWVAfZLOwEnVmlj6JY2ScNmql/NzIstB6L0E4KbIZ62ZuK/3md1ETXQcZkkhoqyfxQlHJkYjT9OeozRYnhY0swUcxmRWSIFSbG9rNw5Wke1fbiLbewSpq1qndRrd1fVuo3eUNFOIFTOAcPrqAOd9AAHwgweIFXeHOenXfnw/mcjxacfOcYFuB8/QLRypdT</latexit>

··
·

<latexit sha1_base64="8tRIflu+DAsXHTsjD+OW+CySdc8=">AAACAHicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cVnBPqAdSiaTaWMzyZDcEcvQjV/gVr/Anbj1T/wA/8O0nYVtPRA4nHMv9+QEieAGXPfbWVldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7IIYJLlkDOAjWTjQjcSBYKxjeTPzWI9OGK3kPo4T5MelLHnFKwErNLg0VmF6p7FbcKfAy8XJSRjnqvdJPN1Q0jZkEKogxHc9NwM+IBk4FGxe7qWEJoUPSZx1LJYmZ8bNp2jE+tUqII6Xtk4Cn6t+NjMTGjOLATsYEBmbRm4j/eZ0Uois/4zJJgUk6OxSlAoPCk6/jkGtGQYwsIVRzmxXTAdGEgi1o7srTLKrtxVtsYZk0qxXvvFK9uyjXrvOGCugYnaAz5KFLVEO3qI4aiKIH9IJe0Zvz7Lw7H87nbHTFyXeO0Bycr19xXpep</latexit>

Ti1(x1)
<latexit sha1_base64="AacKIGiofQwkxqPeF+nQyAFz+ME=">AAACFnicbVDLSsNAFJ3UV62vqDvdDBahbkpSBV0W3bis0Be0IUwm03boZBJmJtISAn6GX+BWv8CduHXrB/gfTtMsbOuBgcM59865HC9iVCrL+jYKa+sbm1vF7dLO7t7+gXl41JZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON76b+Z1HIiQNeVNNI+IEaMjpgGKktOSaJ0k/+yQRxE9h002oa6eViWtfpK5ZtqpWBrhK7JyUQY6Ga/70/RDHAeEKMyRlz7Yi5SRIKIoZSUv9WJII4TEakp6mHAVEOkkWn8JzrfhwEAr9uIKZ+ncjQYGU08DTkwFSI7nszcT/vF6sBjdOQnkUK8LxPGgQM6hCOCsE+lQQrNhUE4QF1bdCPEICYaVrW0iZzE/VvdjLLaySdq1qX1ZrD1fl+m3eUBGcgjNQATa4BnVwDxqgBTB4Ai/gFbwZz8a78WF8zkcLRr5zDBZgfP0C5fGf7A==</latexit>

Ti2(x2)
<latexit sha1_base64="4DnwMR1BbneP+O0jUas1o+y3WTg=">AAACFnicbVDLSsNAFJ3UV62vqDvdDBahbkoSBV0W3bis0Be0IUwmk3bo5MHMRFpCwM/wC9zqF7gTt279AP/DaZqFbT0wcDjn3jmX48aMCmkY31ppbX1jc6u8XdnZ3ds/0A+POiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTrju9mfveRcEGjsCWnMbEDNAypTzGSSnL0k3SQf5Jy4mWw5aTUsbLaxLEuMkevGnUjB1wlZkGqoEDT0X8GXoSTgIQSMyRE3zRiaaeIS4oZySqDRJAY4TEakr6iIQqIsNM8PoPnSvGgH3H1Qglz9e9GigIhpoGrJgMkR2LZm4n/ef1E+jd2SsM4kSTE8yA/YVBGcFYI9CgnWLKpIghzqm6FeIQ4wlLVtpAymZ+qejGXW1glHatuXtath6tq47ZoqAxOwRmoARNcgwa4B03QBhg8gRfwCt60Z+1d+9A+56Mlrdg5BgvQvn4B6Sif7g==</latexit>

Tim�1
(xm�1)

<latexit sha1_base64="5KeHT8qLs+yaQqW5+wIF/wA9LkQ=">AAACHnicbVDLSsNAFJ3UV62vqEs3Q4tQF5akCrosunFZoa2FNoTJZNIOnTyYmUhLyN7P8Avc6he4E7f6Af6H0yQL23pg4HDOvXMPx4kYFdIwvrXS2vrG5lZ5u7Kzu7d/oB8e9UQYc0y6OGQh7ztIEEYD0pVUMtKPOEG+w8iDM7md+w+PhAsaBh05i4jlo1FAPYqRVJKtV5Nh9knCiZvCjp1QO/HPzTStT3Nyltp6zWgYGeAqMQtSAwXatv4zdEMc+ySQmCEhBqYRSStBXFLMSFoZxoJECE/QiAwUDZBPhJVkMVJ4qhQXeiFXL5AwU/9uJMgXYuY7atJHciyWvbn4nzeIpXdtJTSIYkkCnB/yYgZlCOfFQJdygiWbKYIwpyorxGPEEZaqvoUr0zyq6sVcbmGV9JoN86LRvL+stW6KhsrgBFRBHZjgCrTAHWiDLsDgCbyAV/CmPWvv2of2mY+WtGLnGCxA+/oFa6CjYA==</latexit>

Tim
(xm)

<latexit sha1_base64="3M3Z6svd69VGMMzx9Xn6Zo0lKNo=">AAACGnicbVDLSsNAFJ3UV62vqEtBBotQNyWpgi6LblxW6AvaECaTSTt08mBmIi0hOz/DL3CrX+BO3LrxA/wPJ2kWtvXAMIdz7ovjRIwKaRjfWmltfWNzq7xd2dnd2z/QD4+6Iow5Jh0cspD3HSQIowHpSCoZ6UecIN9hpOdM7jK/90i4oGHQlrOIWD4aBdSjGEkl2fppMsyHJJy4KWzbCbUTP01r0+y7SG29atSNHHCVmAWpggItW/8ZuiGOfRJIzJAQA9OIpJUgLilmJK0MY0EihCdoRAaKBsgnwkryE1J4rhQXeiFXL5AwV/92JMgXYuY7qtJHciyWvUz8zxvE0ruxEhpEsSQBni/yYgZlCLNQoEs5wZLNFEGYU3UrxGPEEZYquoUt0/mpKhdzOYVV0m3Uzct64+Gq2rwtEiqDE3AGasAE16AJ7kELdAAGT+AFvII37Vl71z60z3lpSSt6jsECtK9ffxiifA==</latexit>

Ki!i1i2...im<latexit sha1_base64="T5PDj1QKubYfiBZGUIoGlalS07o=">AAACF3icbVDLSsNAFL2pr1pfUZfdDBbBVUmqoMuiG8FNBdsKbQiT6aQdOpOEmYlYQhd+hl/gVr/Anbh16Qf4H07bLGzrhQuHc+7h3nuChDOlHefbKqysrq1vFDdLW9s7u3v2/kFLxakktEliHsv7ACvKWUSbmmlO7xNJsQg4bQfDq4nefqBSsTi606OEegL3IxYygrWhfLt842esq2PEfNd0rduLtTIgE+Oxb1ecqjMttAzcHFQgr4Zv/xg7SQWNNOFYqY7rJNrLsNSMcDoudVNFE0yGuE87BkZYUOVl0yfG6NgwPRTG0nSk0ZT968iwUGokAjMpsB6oRW1C/qd1Uh1eeBmLklTTiMwWhSlH5ulJIqjHJCWajwzARDJzKyIDLDHRJre5LY+zU00u7mIKy6BVq7qn1drtWaV+mSdUhDIcwQm4cA51uIYGNIHAE7zAK7xZz9a79WF9zkYLVu45hLmyvn4BMt+gEw==</latexit>

• More general observables can be calculated by combining factorization
into universal matrix elements, with the Renormalization Group.

• Tremendous recent progress in understanding renormalization group
evolution of functions characterizing correlations in the hadronization
process (beyond DGLAP).

• Enables the calculation of correlations on energy flux carried by
hadrons of specific quantum numbers: e.g. 〈Ψ|E+(n̂1) · · · E−(n̂k)|Ψ〉

[Chen, Jaarsma, Li, Moult, Waalewijn, Zhu]
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Charged Energy Flux

• Opposite sign hadrons exhibit enhanced small angle correlations
relative to like sign hadrons.

• Not electromagnetic in nature: generated by hadronization!

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="gikgRMh3aedGSKCNTfHz5B5Gbnw="></latexit>hEQEQi
hEtrEtri
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<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="NmRdWjUwl0iAE8mttKYflvSemH0="></latexit>

Two-Point EQ Correlators

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV
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<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="qUvXZ0qPowz0inf+HbRqZCzId1Q=">AAACS3icbVDLSgMxFM1Uq7W+Wl26CRZBN2VGirosiuCyBfuAdhgymbQNTTJDkhHL0G/wa9zqF/gBfoc7cWFm2oXTeiFwcs653HuPHzGqtG1/WoWNzeLWdmmnvLu3f3BYqR51VRhLTDo4ZKHs+0gRRgXpaKoZ6UeSIO4z0vOnd6neeyJS0VA86llEXI7Ggo4oRtpQXuViyJAYMwKHHOkJRiy5n3vt/EdmDq9Ss+t2VnAdOEtQA8tqeVWrPAxCHHMiNGZIqYFjR9pNkNQUMzIvD2NFIoSnaEwGBgrEiXKT7KY5PDNMAEehNE9omLF/OxLElZpx3zjTZdWqlpL/as+LATkuUOmQPOfzlQ316MZNqIhiTQReLDiKGdQhTIOFAZUEazYzAGFJzY0QT5BEWJv4yyY9ZzWrddC9rDtX9Ua7UWveLnMsgRNwCs6BA65BEzyAFugADF7AK3gD79aH9WV9Wz8La8Fa9hyDXBWKv5IPtAk=</latexit>hEQEQi

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="ZLAIg4C9xmRecjgVKNap/UqeIpU=">AAACI3icbVDLSgMxFE181vHV6tJNsAgiWGakqMuiG5cV7QPaoWQymTY0yQxJRiyln+BWv8CvcSduXPgvZtpZ2NYDgcM593JPTpBwpo3rfsOV1bX1jc3ClrO9s7u3XywdNHWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhreZ33qiSrNYPppRQn2B+5JFjGBjpYdz76xXLLsVdwq0TLyclEGOeq8EnW4Yk1RQaQjHWnc8NzH+GCvDCKcTp5tqmmAyxH3asVRiQbU/nmadoBOrhCiKlX3SoKn6d2OMhdYjEdhJgc1AL3qZ+K/3PDswp4U6OzKvBWIhoYmu/TGTSWqoJLOAUcqRiVFWGAqZosTwkSWYKGb/iMgAK0yMrdWx7XmLXS2T5kXFu6xU76vl2k3eYwEcgWNwCjxwBWrgDtRBAxDQBy/gFbzBd/gBP+HXbHQF5juHYA7w5xdU5aPZ</latexit>�1⇤

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓
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<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="4Ow+sCVfz4iPMTxf2K6zg0igXAk=">AAACM3icbVDLSgMxFM3UV62vVpdugkVwVWakqMuiC8VVBfuAtpRMetuGZjJDckdbhn6KW/0CP0bciVv/wfSxsK0HAodz7uWeHD+SwqDrfjiptfWNza30dmZnd2//IJs7rJow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0f3Ez82hNoI0L1iKMIWgHrKdEVnKGV2tlcE2GIya2MQ0XvAc24nc27BXcKukq8OcmTOcrtnJNpdkIeB6CQS2ZMw3MjbCVMo+ASxplmbCBifMB60LBUsQBMK5lmH9NTq3RoN9T2KaRT9e9GwgJjRoFvJwOGfbPsTcR/veHswILWMZMji5ofLCXE7lUrESqKERSfBezGkmJIJwXSjtDAUY4sYVwL+0fK+0wzjrbmjG3PW+5qlVTPC95FofhQzJeu5z2myTE5IWfEI5ekRO5ImVQIJ8/khbySN+fd+XS+nO/ZaMqZ7xyRBTg/vwWyquI=</latexit>

Gluon Jets
<latexit sha1_base64="/hYKefP+54Q45qvciFYIr3vj1ZE=">AAACNHicbVDJSgNBFOyJW4xbEo9eGoPgKcyIqBch6EGPEbJBEkJPz5ukSc9C9xtJGPIrXvUL/BfBm3j1G+wsB5NY0FBUvcerLjeWQqNtf1iZjc2t7Z3sbm5v/+DwKF8oNnSUKA51HslItVymQYoQ6ihQQitWwAJXQtMd3k/95jMoLaKwhuMYugHrh8IXnKGRevli3KvdOrbdQRhhSh+gMenlS3bZnoGuE2dBSmSBaq9g5TpexJMAQuSSad127Bi7KVMouIRJrpNoiBkfsj60DQ1ZALqbzsJP6JlRPOpHyrwQ6Uz9u5GyQOtx4JrJgOFAr3pT8V9vND+wpHl6emRZc4OVhOjfdFMRxglCyOcB/URSjOi0QeoJBRzl2BDGlTB/pHzAFONoes6Z9pzVrtZJ46LsXJUvny5LlbtFj1lyQk7JOXHINamQR1IldcLJiLyQV/JmvVuf1pf1PR/NWIudY7IE6+cXAgqqRA==</latexit>

pT = 100 GeV

<latexit sha1_base64="iyss/XZ2dKw3mviJ6KdvwXSnJ7k=">AAACJXicbVDLSgMxFE181vpqdekmWARXZaYUdVl047KC0xbaoWQymTY0yQxJRixDv8GtfoFf404EV/6KmXYWtvVCyOGce7nnniDhTBvH+YYbm1vbO7ulvfL+weHRcaV60tFxqgj1SMxj1QuwppxJ6hlmOO0limIRcNoNJne53n2iSrNYPpppQn2BR5JFjGBjKc+pOw1nWKnZf15oHbgFqIGi2sMqLA/CmKSCSkM41rrvOonxM6wMI5zOyoNU0wSTCR7RvoUSC6r9bO52hi4sE6IoVvZJg+bs34kMC62nIrCdApuxXtVy8l/tebFgiQt1vmSZC8SKQxPd+BmTSWqoJAuDUcqRiVEeGQqZosTwqQWYKGZvRGSMFSbGBlu26bmrWa2DTqPuXtWbD81a67bIsQTOwDm4BC64Bi1wD9rAAwQw8AJewRt8hx/wE34tWjdgMXMKlgr+/AJVUaRV</latexit>

0.020
<latexit sha1_base64="hH3s/FmoG+If7BPoIsd5laEQmVM=">AAACJXicbVDLSgMxFE3qq46vVpdugkVwVWa0qMuiG5cVnLbQDiWTybShSWZIMmIp/Qa3+gV+jTsRXPkrZtpZ2OqFkMM593LPPWHKmTau+wVLa+sbm1vlbWdnd2//oFI9bOskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E49tc7zxSpVkiH8wkpYHAQ8liRrCxlO/W3Qt3UKnZf17oL/AKUANFtQZV6PSjhGSCSkM41rrnuakJplgZRjidOf1M0xSTMR7SnoUSC6qD6dztDJ1aJkJxouyTBs3Z3xNTLLSeiNB2CmxGelXLyX+1p8WCJS7S+ZJlLhQrDk18HUyZTDNDJVkYjDOOTILyyFDEFCWGTyzARDF7IyIjrDAxNljHpuetZvUXtM/r3mW9cd+oNW+KHMvgGJyAM+CBK9AEd6AFfEAAA8/gBbzCN/gOP+DnorUEi5kjsFTw+wdXD6RW</latexit>

0.030
<latexit sha1_base64="jNinx9h032/mG4NxSDRg4gX5N9E=">AAACJXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsKTltoh5LJZNrQJDMkGbEM/Qa3+gV+jTsRXPkrZtpZ2NYLIYdz7uWee4KEM20c5xuWNja3tnfKu5W9/YPDo2rtuKPjVBHqkZjHqhdgTTmT1DPMcNpLFMUi4LQbTO5yvftElWaxfDTThPoCjySLGMHGUp7TcJrOsFq3/7zQOnALUAdFtYc1WBmEMUkFlYZwrHXfdRLjZ1gZRjidVQappgkmEzyifQslFlT72dztDJ1bJkRRrOyTBs3ZvxMZFlpPRWA7BTZjvarl5L/a82LBEhfqfMkyF4gVhya68TMmk9RQSRYGo5QjE6M8MhQyRYnhUwswUczeiMgYK0yMDbZi03NXs1oHncuGe9VoPjTrrdsixzI4BWfgArjgGrTAPWgDDxDAwAt4BW/wHX7AT/i1aC3BYuYELBX8+QVYzaRX</latexit>
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<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

• How far can we push into the confinement transition? Experimental
measurements will be crucial.

5

for the scaling of a number of generalized correlators. Al-
though the analytic formulas above were presented at LL
for simplicity, all numerical results will be presented at
collinear NLL. Additionally, we find that it is essential
to incorporate the leading non-perturbative power cor-
rections. A key feature of the energy correlators is that
the functional form of the leading power correction is
fixed to scale as ⇤/✓3, and is an additive contribution
[11, 59–63]. This continues to hold when (joint) track
functions are incorporated, with ⇤ being universal up to
multiplication by moments of the (joint) track functions
[55]. We observe a nontrivial interplay between di↵erent
values of ⇤ for di↵erent type of charge correlators.

In Fig. 1, we show the small angle scaling of two-point
correlations of the E+ and E� detectors. Analytic results
are shown in solid, and results from Pythia are shown in
histograms. We see that confinement produces enhanced
small angle correlations between like-sign hadrons rela-
tive to same-sign hadrons. It is crucial to emphasize that
these correlations are due to QCD interactions, not elec-
tromagnetic interactions.

In Fig. 3 we show the two-point correlator hEQEQi for
up-type quarks. An interesting feature of correlations
of the EQ detectors is that they exhibit large cancella-
tions between positive and negative contributions, lead-
ing to scaling laws that di↵er by an integer amount from
E correlators. As can be seen from Fig. 3, they scale like
d�/d✓ ⇠ ✓�2 up to logarithmic corrections, instead of the
familiar d�/d✓ ⇠ ✓�1 of energy correlators.

In Fig. 4 we consider the particularly interesting case
of the scaling of the three-point correlator hEQEQEQi,
which is a C-odd observable. Results are shown for up-
type quarks, down-type quarks, and gluons, with theo-
retical predictions in solid, and results from Pythia in
histograms. This correlator is a C-odd observable, giv-
ing precisely zero for gluons, and close to opposite results
for up-type and down-type quarks due to approximate
isospin symmetry.

These examples illustrate the ability to extract scal-
ing behavior for correlators involving charges in QCD for
the first time. They highlight the theoretical advantages
of reformulating jet substructure as the study of corre-
lation functions: correlation functions are only sensitive
to moments of (joint) track functions, and the scaling
behavior of their leading non-perturbative power correc-
tions is predicted. The charged correlators introduced
here provide a broad generalization of the energy corre-
lator program.

We have found that our results are sensitive to the non-
perturbative inputs, highlighting the sensitivity of these
observable to properties of the confinement transition, as
expected. It would therefore be interesting to extract the
joint track functions in di↵erent hadronization models,
particularly comparing the string [38] vs. cluster [64–67]
models. This is beyond the scope of the current study.

A Refined View of the Hadronization Transition.—As

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="gikgRMh3aedGSKCNTfHz5B5Gbnw="></latexit>hEQEQi
hEtrEtri
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<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="NmRdWjUwl0iAE8mttKYflvSemH0="></latexit>

Two-Point EQ Correlators

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV
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<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>
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<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>hE+E+i + hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>hE+E�i
hEtrEtri

<latexit sha1_base64="qUvXZ0qPowz0inf+HbRqZCzId1Q=">AAACS3icbVDLSgMxFM1Uq7W+Wl26CRZBN2VGirosiuCyBfuAdhgymbQNTTJDkhHL0G/wa9zqF/gBfoc7cWFm2oXTeiFwcs653HuPHzGqtG1/WoWNzeLWdmmnvLu3f3BYqR51VRhLTDo4ZKHs+0gRRgXpaKoZ6UeSIO4z0vOnd6neeyJS0VA86llEXI7Ggo4oRtpQXuViyJAYMwKHHOkJRiy5n3vt/EdmDq9Ss+t2VnAdOEtQA8tqeVWrPAxCHHMiNGZIqYFjR9pNkNQUMzIvD2NFIoSnaEwGBgrEiXKT7KY5PDNMAEehNE9omLF/OxLElZpx3zjTZdWqlpL/as+LATkuUOmQPOfzlQ316MZNqIhiTQReLDiKGdQhTIOFAZUEazYzAGFJzY0QT5BEWJv4yyY9ZzWrddC9rDtX9Ua7UWveLnMsgRNwCs6BA65BEzyAFugADF7AK3gD79aH9WV9Wz8La8Fa9hyDXBWKv5IPtAk=</latexit>hEQEQi

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="ZLAIg4C9xmRecjgVKNap/UqeIpU=">AAACI3icbVDLSgMxFE181vHV6tJNsAgiWGakqMuiG5cV7QPaoWQymTY0yQxJRiyln+BWv8CvcSduXPgvZtpZ2NYDgcM593JPTpBwpo3rfsOV1bX1jc3ClrO9s7u3XywdNHWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhreZ33qiSrNYPppRQn2B+5JFjGBjpYdz76xXLLsVdwq0TLyclEGOeq8EnW4Yk1RQaQjHWnc8NzH+GCvDCKcTp5tqmmAyxH3asVRiQbU/nmadoBOrhCiKlX3SoKn6d2OMhdYjEdhJgc1AL3qZ+K/3PDswp4U6OzKvBWIhoYmu/TGTSWqoJLOAUcqRiVFWGAqZosTwkSWYKGb/iMgAK0yMrdWx7XmLXS2T5kXFu6xU76vl2k3eYwEcgWNwCjxwBWrgDtRBAxDQBy/gFbzBd/gBP+HXbHQF5juHYA7w5xdU5aPZ</latexit>�1�
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FIG. 5: The confinement transition through the lens of
di↵erent charged correlators, as computed using Pythia.
The location and width of the confinement transition are
modified depending on the quantum numbers correlated.

first illustrated in [17], a remarkable feature of the en-
ergy correlators is their ability to image the hadroniza-
tion transition. This transition has since been mea-
sured by both ALICE and STAR [68–70]. Using the
hE+(n1)E�(n2)i and hE+(n1)E+(n2)i, we can now study
more refined features of the transition, tracking how elec-
tric charge is confined.

In Fig. 5 we show the confinement transition as probed
using the standard energy correlators on tracks, and the
hE+(n1)E�(n2)i and hE+(n1)E+(n2)i charged correlators.
We see that the transition is narrower for hE+(n1)E�(n2)i
as compared to hE+(n1)E+(n2)i, and that the peak oc-
curs at di↵erent scales. We also observe abrupt changes
in structure of the C-odd three-point correlator at the
transition scale, see Fig. 4. While we are not currently
able to interpret these in terms of the underlying micro-
scopic dynamics, we believe that charged correlators pro-
vide a new window into the confinement transition, mo-
tivating experimental measurements, and detailed com-
parisons with di↵erent hadronization models.

Conclusions.—In this Letter we have shown that
the recent reformulation of jet substructure in terms
of energy correlators can be extended to enable the
calculation of a much broader class of observables,
hER1(n1)ER2(n2) · · · ERk

(nk)i, correlating the energy flux
carried by hadrons of di↵erent quantum numbers. To
compute these observables, we introduced new non-
perturbative functions characterizing the fragmentation
process, the “joint track functions”, whose moments en-
ter the factorization theorems for these observables.

We applied the joint track functions to the two-
point correlators, hE+(n1)E�(n2)i, and hE+(n1)E+(n2)i,
to show that the strong interactions introduce enhanced
small angle correlations between opposite-sign hadrons,
relative to like-sign hadrons. We were also able to com-
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The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

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

p
s

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

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

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

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

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

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

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

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

• We will focus on one scale,
θL ∼ 1√

LE
, which determines

the angle at which splittings
resolve the medium

Primordial fluctuations

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

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

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

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>

[Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult]

International Spin Symposium September 28, 2023 29 / 42



Application II: Imaging Cold Nuclear Matter

• EIC will provide high energy collisions on a variety of nuclei.

• Allows for the study of medium modification in a simplified setting.

• The size of the nucleus represents a clear physical scale that will be
imprinted in the angular structure of the correlator.

2
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FIG. 2. The EEC, hEnEni, for n = 0.5, and di↵erent values
of the jet transport parameter, parameterized by the variable
K described in the text. The curves are normalized in the
region ✓ ⌧ ✓L, where no medium modification is expected. A
clear modification is seen at large angles.

state e↵ects. We then show that the energy correlators
are able to achieve femtometer resolution, allowing us
to resolve size di↵erences between 3He, 4He, 12C, 40Ca,
64Cu, 197Au, and 238U nuclei with EIC kinematics.

EIC Simulation and Analysis— To illustrate the key
features of the energy correlators in electron-nucleus col-
lisions, we employ the eHIJING framework [48], which is
specifically designed to study nuclear-modified jet evolu-
tion in DIS. eHIJING combines Pythia 8 [49, 50] for de-
scribing the hard process and the vacuum parton shower,
with a description of the nuclear modification by multi-
ple collisions between shower partons and small-x gluons
of the nucleus. In eHIJING the transverse momentum
dependent gluon density �g(x, k2

?) of the nucleus is pa-
rameterized by a saturation-inspired formula [51],

�g(x, k2
?) ⌘ K

↵s,e↵
· x�(1 � x)n 1

k2
? + q̂gL

, (1)

q̂g = ⇢0L
CA

dA

Z Q2/xB

0

↵s,e↵ �g(x, k2
?)d2k?, (2)

where ↵s,e↵ is an e↵ective jet-medium coupling constant,
⇢0 = 0.17 fm�3 is a reference nucleon density, and L is the
path length of the jet’s propagation within the nucleus.
The gluon jet transport parameter, q̂g, is defined as the
average collisional momentum broadening per unit path
length of propagation in nuclear matter. The value of q̂g

is self-consistently determined from the gluon density �g,
and the average broadening q̂gL screens the infrared di-
vergence in Eq. 1. The same nuclear gluon density is then
applied to compute the medium-induced QCD splitting
function [52, 53], which further modifies the evolution of
the parton shower and induces radiative transverse mo-
mentum broadening.

Most importantly for our study, the parameter K ap-
pearing in Eq. 1 is an overall normalization factor for

�g encoding the magnitude of the medium modification.
The choice K = 4, n = 4, � = �0.25 is found to provide
a good description of nuclear modification e↵ects in in-
clusive pion production in HERMES data [48]. In this
Letter, we will parameterize the magnitude of medium
modification directly in terms of the parameter K, using
a range of values between 2 to 10. For reference, this cor-
responds to a q̂g in the range of (0.063, 0.172) GeV2/fm
at xB = 0.1, Q2 = 1.0 GeV2 for the average path length
of a Au nucleus. The complete dependence of q̂g on xB

and Q2 for K between 2 and 10 can be found in the
Supplemental Material.

For our phenomenological study we first generate data
for each collision system by producing 4 ⇥ 108 events in
eHIJING, equivalent to approximately 10 fb�1 of inte-
grated luminosity at the EIC, which should be achievable
given the designed luminosity1 [1]. Jet reconstruction is
performed using the anti-kT [54] algorithm with a jet ra-
dius of R = 1.0, as implemented in FastJet [55]. All final
state particles within |⌘| < 3.5, are used in the recon-
struction, and jets clustered from these particles are re-
tained for further analysis. Throughout this Letter we
use the convention that forward rapidity is along the
hadron beam direction, which agrees with the conven-
tion used at HERA [56]. This rapidity cut roughly cor-
responds to the acceptance of the EIC central detector
[57–59]. The energy correlator jet substructure observ-
ables are constructed using charged jet constituents with
pT > 0.5 GeV.

Energy Correlators for Cold Nuclear Matter.—Energy
correlator observables [36–39, 60] are statistical correla-
tion functions, hE(~n1)E(~n2) · · · E(~nN )i, of the asymptotic
energy flux. In this Letter we focus on the ability of
the energy correlators to image nuclear dynamics as a
function of scale. It is also worth noting that formu-
lating jet substructure in terms of correlation functions
is the long term goal of developing new theoretical tech-
niques to understand extreme QCD matter. See e.g. [32–
35, 40, 60–84] for rapid recent theoretical progress in the
understanding of the energy correlators.

The simplest correlation functions are one-point func-
tions hEni, which encode (moments of) the fragmentation
spectrum [85]. However, one-point functions do not have
a scale that can be used to probe the dynamics of jets.
One way to overcome this is to consider massive quarks,
whose mass naturally introduces a scale [13, 15]. In na-
ture the quark masses are fixed, so unfortunately this
scale cannot be adjusted to probe nuclear scales.

The scale dependence of physical systems, for example
in condensed matter physics or cosmology, is traditionally
captured by multi-point correlation functions [86, 87].

1 An integrated luminosity of 10 fb�1 corresponds to 230 days of
running at 1033cm�2s�1, assuming 50% running e�ciency.
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The future electron-ion collider (EIC) will produce the first-ever high energy collisions between
electrons and a wide range of nuclei, opening a new era in the study of cold nuclear matter. Quarks
and gluons produced in these collisions will propagate through the dense nuclear matter of nuclei,
and imprint its structure into subtle correlations in the energy flux of final state hadrons. In this
Letter, we apply recent developments from the field of jet substructure, namely the energy correlator
observables, to decode these correlations and provide a new window into nuclear structure. The
energy correlators provide a calibrated probe of the scale dependence of vacuum QCD dynamics,
enabling medium modifications to be cleanly imaged and interpreted as a function of scale. Using
the eHIJING parton shower to simulate electron-nucleus collisions, we demonstrate that the size
of the nucleus is cleanly imprinted as an angular scale in the correlators, with a magnitude that is
visible for realistic EIC kinematics. Remarkably, we can even observe the size di↵erence between the
proposed EIC nuclear targets 3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U, showing that the energy
correlators can image femtometer length scales using asymptotic energy flux. Our approach o↵ers a
unified view of jet substructure across collider experiments, and provides numerous new theoretical
tools to unravel the complex dynamics of QCD in extreme environments, both hot and cold.

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

p
s

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

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

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

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

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

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

[Devereaux, Fan, Ke, Lee, Moult]
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Application II: Imaging Cold Nuclear Matter

• Nuclear sizes cleanly imprinted into correlators.

• Achieve femtometer resolution from asymptotic energy flux!

• Provides a common language from hot to cold QCD.

5

3He, 4He, 12C, 40Ca, 64Cu, 197Au, and 238U targets. By
rescaling the x-axis by A1/6, the onset of the modifica-
tion for di↵erent nuclei occurs at similar values, which
strongly supports the expected scaling behavior of the
onset angle ✓L / 1/

p
EL / 1/

p
pT A1/6. The identical

plot, but without the rescaling by A1/6 is provided in
the Supplemental Material. We find it quite remarkable
that we are able to achieve femtometer resolution from
asymptotic energy flux by using the energy correlators!
We emphasize that the angular scaling of the correlator
at which the nuclear modification occurs is set by di-
mensional analysis, and should therefore be a universal
feature of any model of nuclear modification e↵ects. Our
analysis shows that this is indeed true for the eHIJING
implementation of nuclear modification. On the other
hand, the detailed structure of the EEC in the onset re-
gion, and the peak height of the EEC ratio, probe how
the partons interact with the cold nuclear matter, and are
expected to be model dependent. It will be interesting
to study the behavior of the EEC observable in di↵erent
models to provide more insight into the mechanism of
nuclear medium interactions.

One simple observable that we can use as a rough mea-
sure of the size of the nuclear modification is the peak
height of the EEC ratio. In the inset of Fig. 5, we plot
the peak height as a function of log(A) to study its nu-
cleus size dependence. It shows a beautiful monotonic
relation, consistent with a power law scaling. We expect
the details of this relation to be model dependent, and as
with the shape of the EEC distribution, it will be inter-
esting to study it in other models of nuclear modification,
and ultimately with EIC data.

Conclusions.—In this Letter we have demonstrated
that the energy correlators provide a calibrated probe
of the scale dependence of QCD dynamics, and a power-
ful new way of studying cold nuclear matter e↵ects using
jets at the EIC. Using the eHIJING parton shower, we
showed that for EIC kinematics the size of the nucleus
is clearly imprinted into the EEC. We also studied the
dependence on nucleus size, jet kinematics, and energy
weighting of the correlator. Quite remarkably, we were
able to observe di↵erent nucleus sizes imprinted into the
correlator, illustrating a femtometer resolution of the en-
ergy correlators.

Building on the extensive recent theoretical and ex-
perimental developments in the understanding of energy
correlators, there are a number of exciting directions in
which this work can be extended. First, it will be impor-
tant to derive a factorization theorem [111–117] for the
EEC in DIS following [70, 81]. This will allow for the
calculation of higher order corrections using the known
DIS hard functions [118–124], as well as a rigorous under-
standing of the separation of initial and final state e↵ects.
It will also be desirable to compute the energy correla-
tors using theoretical approaches to studying cold nuclear
matter e↵ects [93, 96, 101, 125–129], to improve the un-

<latexit sha1_base64="lPMsw2qdIhwLTy6N2lhnI1j5u6E=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjNSH8uiIC4r2FroDCWTpm1okhmSO9Iy9DcEV/on7sStS3/EtWk7C9t6IHA4517uyQljwQ247reTW1ldW9/Ibxa2tnd294r7Bw0TJZqyOo1EpJshMUxwxerAQbBmrBmRoWCP4eBm4j8+MW14pB5gFLNAkp7iXU4JWMn3gQ0hveU9fD5uF0tu2Z0CLxMvIyWUodYu/vidiCaSKaCCGNPy3BiClGjgVLBxwU8MiwkdkB5rWaqIZCZIp5nH+MQqHdyNtH0K8FT9u5ESacxIhnZSEuibRW8i/usNZwfmtFAupIHuVZByFSfAFJ2F6SYCQ4QnJeEO14yCGFlCqOb2P5j2iSYUbJUFW5S3WMsyaZyVvYty5b5Sql5nleXRETpGp8hDl6iK7lAN1RFFMXpGr+jNeXHenQ/nczaac7KdQzQH5+sXTdWgqw==</latexit>

Fig 5

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

e + A, 10 ⇥ 100 GeV, 4 ⇥ 108 events

1.0 < ⌘ < 3.5, 20 < pT < 30 GeV

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

e + A, 10 ⇥ 100 GeV, 4 ⇥ 108 events

1.0 < ⌘ < 3.5, 20 < pT < 30 GeV

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

eHIJING

<latexit sha1_base64="J5lbC1YZQ+Z0TPiEW2uEPAkGb9E="></latexit>hEnEni Nuclear Size Dependence

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

n = 0.5, K = 4

0.1 0.5 1 5 10

0.00

0.02

0.04

0.06

0.08

marke�
r0

marke�
r0

0.0 0.5 1.0 1.5 2.0 2.5
-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

<latexit sha1_base64="Bh3drwcpLUNdyLOmpXzN72dNxgI="></latexit>

Peak Value ⇡ 0.0173A0.261

FIG. 5. The EEC, hEnEni, for various nuclei. The size of the
nucleus is directly imprinted into the correlator, as illustrated
by the A1/6 scaling incorporated into the axis definition. The
size of the nucleus can be extracted from the correlator, as
shown in the inset.

derstanding of how nuclear parameters are imprinted into
the correlators. This is of particular interest for compar-
ing calculations of the energy correlators on jets propa-
gating through cold and hot QCD media. The sensitivity
of the energy correlators to the angular spread of the ra-
diation in jets suggests that they might be a good probe
of collisional broadening e↵ects, and could be useful for
extracting q̂g.

Another important avenue for future research will be
to develop a better understanding of non-perturbative
corrections to the energy correlators. While these have
been shown to be small for LHC jets, they will be rela-
tively large at the much lower energy scales of the EIC,
and their understanding will be necessary for a preci-
sion interpretation of measurements. Due to the simple
structure of the energy correlator observables, we are op-
timistic that progress can be made.

Most excitingly, having identified the scale of medium
modification using the two-point correlator, one can
study higher point correlation functions, providing un-
precedented insights into cold nuclear matter. In partic-
ular, higher point correlators could allow for a probe of
the shape of nuclei and the nuclear medium [5, 130–132].

Combining the proposal of this Letter with the recent
proposals to use the energy correlators to probe the color
glass condensate [45, 46], and the quark-gluon plasma
[44], we look forward to an exciting program using the en-
ergy correlators to study QCD in extreme environments
in a wide range of collider experiments.
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FIG. 7. The gluon jet transport parameter in units of GeV2/fm used in eHIJING as a function of Q2 and xB with K = 2, 4, 10
at the averaged thickness of a gold nucleus. The region outside of the kinematic limit (Q2/xB > s) is not plotted.

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

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

✓L ⇠ e
yA�⌘

2p
pT L

(4)

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

p
h�✓2i =

q̂gL

p2
T

✓
CF /CA

x2
+

1
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◆
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Again, q̂g and L are defined in the rest frame of the nucleus. For a nucleon beam energy EN = 100 GeV that
corresponds to yA = 4.6 and a jet with pT = 20 GeV produced with xB = 0.3, which translates into ⌘ ⇡ 1.1,p

h�✓2i ⇡ 0.18 for symmetric splitting (x = 0.5) and ✓L ⇡ 0.27. These values are comparable to the onset of medium
signals in Fig. 2.

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Jet Substructure

• Significant recent progress in our ability to study QCD using jet
substructure.

• Energy correlators provide a precise mapping between asymptotic
energy flux, and properties of the underlying field theory.

• We can track different quantum numbers through the confinement
transition.

• We can identify scales in complicated QCD systems: hot and cold
nuclear matter.

• Can this provide new ways of studying spin?
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Spin Physics with Jet Substructure
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Spin in Jet Substructure

1 Introduction

The energy-energy correlators (EEC) [1, 2] is one of the earliest infrared and collinear

(IRC) safe event shape observables [3, 4]. This event shape observable has been studied

with unpolarized scattering beams in electron-positron collisions and Semi-Inclusive Deep

Inelastic Scattering (SIDIS). Various experimental measurements have been provided for

e+e� collisions [5–10], which have revealed insights into the structure and properties of

hadrons and other subatomic particles.

The conventional EEC observable measures the correlation between the energies of

two particles produced in the collision, while they are separated by the angle ✓ij [11]. In

this work, we generalize this observable to include the azimuthal angle �ij between the

two particles and study how this azimuthal angle dependent EEC enables us to go beyond

what is possible with the conventional EEC for probing nucleon structure, in particular the

spin-dependent nucleon structure. We start with the definition of this observable in e+e�

collisions,

EECe+e�(⌧, �) =
1

2

X

i,j

Z
d✓ijdzidzjzizj

1

�

d�

dPS
�

✓
⌧ �

✓
1 + cos ✓ij

2

◆◆
�(�� �ij) , (1.1)

where zi and zj are the energy fractions of the final-state hadrons i, j, separated by ✓ij , angle

�ij is the azimuthal angle di↵erence between the two hadrons in the Gottfried-Jackson (GJ)

frame [12] as illustrated in the left panel of Fig. 1, and dPS = d✓ijd�ijdzidzj . In the next

section where we study the EEC in the back-to-back region, we will demonstrate that this

azimuthal angle dependent polarized EEC gives sensitivity to both the traditional EEC jet

function as well as a new EEC jet function, named “Collins-type” EEC jet function. The

traditional EEC jet function has a close relation to the unpolarized fragmentation functions

D1(z, k2
?) [11], while the Collins-type EEC jet function is related to the well-known Collins

fragmentation functions H?
1 (z, k2

?) [13]. In the section below, we will also discuss the EEC

for the SIDIS.
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Figure 1: Illustration of EEC for e+e� annihilation in GJ frame (left) and for Deep

Inelastic Scattering in Breit frame (right).

2 EEC in the back-to-back region for e+e� annihilation

In the back-to-back region, one has ✓ij ! ⇡ and thus ⌧ ! 0 in Eq. (1.1). It can be shown

⌧ = P 2
h?/(z2

1Q
2) in this region. Here Ph? is the transverse momentum of the hadron h1 in

– 2 –

• Much less work incorporating spin into this story
=⇒ deserves more investigation.

• I will briefly highlight two approaches:

• Perturbative spin correlations

• Correlations between hadrons
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Perturbative Spin Correlations
• Higher point correlators in unpolarized jets are sensitive to

perturbative spin effects.

• We can rotate the squeezed pair to reveal a cos(2φ) interference
pattern in the detector!

[Chen, Moult, Zhu]
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Perturbative Spin Correlations

• Energy correlators probe operators with definite quantum numbers:
twist-2 spin-3 transverse spin 2.

RG evolution

O[J]
q =

1

2J
 ̄�+(iD+)J�1 
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RG equation:
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d ln µ2
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Perturbative Spin Correlations

• Full result exhibits an angular “ripple” on top of a power law.
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·
[
ĈφL

(3)− ĈφL (4)
] [
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] γ̂(0)(4)
β0 ~O[4]

(n̂1) + · · ·

• Hope to observe in LHC data!
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Perturbative Spin Correlations

• First analytic resummation incorporating spin interference effects in
jet substructure.

• Allows for validation of recent implementations of spin correlations in
parton showers.

�⇡ �⇡/2 0 ⇡/2 ⇡

� 

1.060

1.065

1.070

1.075

1.080

1
�
to

t

d
�

d
�
 

↵
s (ln

Q
=

0)
=

0
.0

86796
6

0
.0

1
<
✓
S

<
0
.1

, p
0
.1

<
✓
L

<
1

⇥10�3 Quark jet

�⇡ �⇡/2 0 ⇡/2 ⇡

� 

2.94

2.95

2.96

2.97

2.98

⇥10�3Gluon jet
Analytic Toy shower O(↵2

s) ·
�Analytic�
�O(↵2

s)�

All-order EEEC, � = �0.4

Figure 12: All-order comparison of the toy shower and the analytic resummation per-

formed in Ref. [38], for a quark-initiated (left) and a gluon-initiated jet (right). The

resummation is performed using ↵s = 0.0868 and restricting the opening angles as in

Eq. (3.6). The result from a fixed-order expansion, normalised so that its mean coincides

with the mean value of the analytic curve, is also shown for comparison.

ting, here we show the results integrated over angles to enhance the statistics. Inspired by

Ref. [38] we choose the following integration bounds on the opening angles of the primary

and secondary branchings:15

p
0.1 < ✓L < 1 ,

0.01 < ✓S < 0.1 , (3.6)

and take ↵s = 0.0868 corresponding to a hard scale of roughly 1 TeV. The toy shower and

analytic resummation results [38] are shown in Fig. 12, summed over all final branching

flavour channels, demonstrating good agreement. The figure also shows the second-order

expansion, normalised so that its mean value coincides with the resummed result, illustrat-

ing a modest reduction in the degree of spin correlations from the resummation, which is

similar to our findings above with the Lund declustering observables.

4 Numerical validation of spin correlations within PanScales showers

In this section, we validate the PanScales showers against various numerical predictions.

In particular we want to demonstrate that the algorithm described above reproduces fixed-

order matrix elements in the strongly ordered limit and that it produces the correct NLL

distributions at all orders. Here, we first provide a brief summary of the PanScales showers.

A comprehensive description can be found in Ref. [24].

15Cf. figure 3 in Ref. [38]

– 19 –

• Nice interplay between analytic calculations and parton shower
development.
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Spin Correlations: Nucleons

• Extended using the Nucleon-Energy-Correlator to DIS.

• Probes linearly polarized gluons inside the nucleus.

3

azimuthal angles, respectively. The polar angles are mea-
sured with respect to the z-axis and the azimuthal an-
gles are measured from the plane spanned by the proton
and the leptons, as shown in Fig. 2. We then construct
~d = ~nb � ~na.

��
⃗d ⃗n b

z
⃗n a

�a

�d

l

l� 

P

FIG. 2. The measurement proposed as a probe of the gluon
polarization in the DIS process. The energy flow into di↵erent
pixels (in red blocks) at ~na and ~nb are recorded, for ✓a ⌧ ✓b.
� angles are measured from the plane where lies the leptons.
The measurement of Ei(~na) induces the NEEC.

We require one of the pixels much closer to the proton
beam axis, i.e., suppose it is a, then ✓a ⌧ ✓b and when
Q✓a ⇠ O(⇤QCD) we probe the NEEC of the proton [26].
The other pixel, suppose it is b, is in the central region.
Since ✓a ⌧ ✓b, the measurement of the energy flow along
~nb guarantees the inclusive di-jet configuration in the cen-
tral region to balance the transverse momentum.

To probe the interference of the gluon helicities, we
look at the azimuthal angle di↵erence � = �d � �a be-
tween ~na and ~d 1, see Fig. 2. We note that when ✓a ! 0,
~d ! ~nb and � ! �b � �a. More specifically, we measure
the energy-weighted cross-section

⌃(xB , Q2, cos ✓a,b, �)

=
X

ij

Z
d�(xB , Q2)

Ei

EP

Ej

EP
�(~na � ~ni)�(~nb � ~nj)

⇥F(�;~na,b) , (4)

where F(�;~na,b) imposes the phase space measurement
to construct �. Here we note that we integrated over the

1 One can also measure the azimuthal di↵erence �0 between ~nb

and ~na. The di↵erence between � and �0 vanishes as ✓a/✓b ! 0.
However, the power correction to the factorization in Eq. (7)
could be significant if we use �b ��a directly. A similar strategy
is used to suppress the power correction in [5].

azimuthal angles of the lepton, and the �a,b. The only
azimuthal angle we observe in this measurement is �.

The general form of the cross-section ⌃ is given by

⌃ =
4⇡↵2e2

q

Q4
lµ⌫⌃

µ⌫(xB , cos ✓a,b, �) , (5)

where ↵ is the electrical fine structure constant and
lµ⌫ = gµ⌫(�2l · l0) + 4lµl⌫ , where the Ward identity
qµ⌃

µ⌫ = 0 has been applied. Here �2l · l0 = Q2 and

lµ = Q 1+y
y (1,

p
1+2y
1+y , 0, y

1+y ). The ⌃µ⌫ is the cross sec-
tion for �⇤P ! X with the energy correlators measured.
When ✓a ⌧ ✓b, the calculation of the ⌃µ⌫ can be per-
formed within the collinear NEEC factorization, closely
follows [30], which gives

⌃µ⌫ =
y2

16⇡Q2

Z
d�XMµ

q M⌫†
q fq,EEC(x, ~na)

+ Mµ
g,↵M⌫†

g,� f↵�
g,EEC(x, ~na) . (6)

The factorization theorem is illustrated in Fig. 3. Here,
�X stands for the phase space of the final state partons,
including the integration over the incoming parton mo-
mentum fraction

R
dx
x , with the energy Ej/EP weighting

and the angle � measurement in Eq. (4) included. The
Ei/EP and ~na measurements have been absorbed into
the definition of the NEEC. Mµ

i is the matrix element for
the partonic �⇤i ! jj + X production and can be calcu-
lated order by order in ↵s, whose leading-order (LO) con-
tribution is illustrated in Fig. 3. The subscript q (g) indi-
cates the quark (gluon)-initiated partonic process. Here
we have used the fact that in perturbative QCD (and also
QED), the massless quark helicity is conserved, therefore
only the unpolarized quark NEEC fq,EEC is involved.

�*

+/�

f ±�
g,EEC

�*

�/+

FIG. 3. NEEC factorization theorem. Representative Feyn-
man diagrams for Mµ

g M⌫⇤
g at O(↵s).

It can be shown that to all orders, Eq. (6) fulfills
the general form such that, up to power corrections
⇠ O(✓a/✓b),

lµ⌫⌃
µ⌫ =

Z
dz

z

" X

i=q,g

Ĥi(z, y, cb)
xB

z
fi,EEC

⇣xB

z
, ✓2

a

⌘

+
1

2
cos(2�)�Ĥg(z, y, cb)

xB

z
dg,EEC

⇣xB

z
, ✓2

a

⌘#
, (7)

4

where we abbreviated cb = cos ✓b and suppressed the
scale dependence. Here, z ⌘ xB

x and the factor xB

z is
originated from Ej/EP . To understand how we get the
form of Eq. (7), we first note that the parton momentum
p↵ = Q

z (1, 0, 0, 1) that initiates the interaction is deter-
mined by z. Given that we are inclusive over the final
state energy, then the partonic cross section Ĥ and �Ĥ
can only be functions of z, y, and ~nb ⇡ ~d in the small
✓a limit. The quark channel is un-polarized and hence �
independent. As for the gluon channel, given the tensor
structure of f↵�

g,EEC in Eq. (2), any Lorentz structures ofR
d�X lµ⌫Mµ

g,↵M⌫,†
g,� constructed out of the longitudinal

vectors vanishes when contracted with f↵�
g,EEC. Therefore,

its non-vanishing contribution to lµ⌫⌃
µ⌫ must require the

all-order form

�g↵�T A(z, cb) +

 
n↵

b,T n�
b,T

n2
b,T

� g↵�T

2

!
B(z, cb) . (8)

The form is determined by the reason thatR
d�X lµ⌫Mµ

g,↵M⌫,†
g,� is rotational covariant around

the z-axis and can only be constructed out of g↵� , p↵,
q↵ and d↵ ⇡ n↵

b , while neither p↵ nor q↵ but only n↵
b

acquires a transverse component. Furthermore, the �b

integration eliminates possible �b dependence within A
and B. Now contracting Eq. (8) with f↵�

g,EEC, we arrive
at the final form in Eq. (7), where the unpolarized gluon

contribution comes from the contraction of the �g↵�T

structures, and the cos(2�) from the B term. Here, we
have applied � = �d � �a ⇡ �b � �a in the ✓a ! 0 limit.

We conclude from Eq. (7) that the NEEC-based mea-
surement provides a unique chance to probe the linearly
polarized gluons since

• Eq. (7), (2) and (8) hold to all-orders with all radi-
ation e↵ects such as parton shower being taken into
account. Therefore, unlike the TMDs, to all orders,
the NEEC probe involves only one azimuthal struc-
ture cos(2�), due to the absence of soft radiations and
hence no cross-talk between MµM†

⌫ and fµ⌫
EEC. Each

of the MµM†
⌫ and fµ⌫

EEC can only depend on one of
the azimuthal angles (�a or �d ⇡ �b). Therefore, �
enters only through the tensor structure in Eq. (2) and
Eq. (8), which uniquely determines the cos(2�) asym-
metry.

In contrast, the TMD soft radiation with momentum
k could simultaneously connect all directions, for in-
stance, both the proton P and the leading jet PJ in
the dijet process, and thus depends on all azimuthal
angles. On that account, additional azimuthal depen-
dence due to the eikonal factor 1

k·Pk·PJ
/ 1

···+cos(�) !P
n cn cos(n�) [22, 23, 25], contaminates the naive

cos(2�) expectation.

In this sense, the NEEC is a cleaner probe of the ro-
tating gluons inside the nucleon target.

• Furthermore, the NEEC factorization in Eq. (7) suf-
fers no Sudakov suppression [26, 30, 34] in the non-
perturbative signal region when ✓aQ ⇠ O(⇤QCD),
which is quite di↵erent from the TMD case. On the
contrary, the region is enhanced by the DGLAP evolu-
tion of the NEEC [30].

• The energy flow measurement E(~nb) in the central re-
gion can be replaced by a jet constructed using a stan-
dard jet algorithm. The precision of this measurement
can be improved by using the tracking information [35–
38]. To further enhance the sensitivity to the gluon
fEEC, we can tag the heavy quark species (charm/b-
energy flow) for E(~nb) measurement [39, 40].

Numerics. Now we present numerical studies. Our
main objective of this study is to examine the all-order
cos(2�) structure in Eq. (7), through a perturbative cal-
culation at higher orders. We use the nlojet++ [41] to
generate tri-jet production in DIS at NLO (O(↵2

s + ↵3
s),

up to four jets). Since the exact NEEC is not known, we
model it by restricting 0.005 < ✓a < 0.02. In this calcu-
lation, the strong coupling constant ↵s is evaluated at Q2

and ↵ = 1/128.0. Through our numerical study, we aim
to provide a non-trivial test of the all-order factorization
structure derived in Eq. (7), o↵ering an initial insight
into what could be expected from the measurement.
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FIG. 4. cos(2�) asymmetry at O(↵2
s +↵3

s) in the Breit frame.

In Fig. 4, we show the normalized nlojet++ � distribu-
tion result (in circle dots) at NLO O(↵2

s+↵3
s) in the Breit

frame for El = 18 GeV, EP = 275 GeV, Q2 = 100 GeV2.
We choose xB = 0.01. We set 1.0 < ✓b < 1.5. We fit
the un-normalized distribution with a + b cos(2�) (solid
curve) to observe an excellent cos(2�) asymmetry to
agree with our expectation from Eq. (7). Since both loop
corrections and real emission up to 4 jet contributions are
involved at this order, Fig. 4 acts as a highly non-trivial
test of the all-order formalism we derived in Eq. (7).

In this calculation, we find the asymmetry induced by
the linearly polarized gluon is �Ĥgdg,EEC/Ĥifi,EEC ⇠

• Very interesting for EIC.

[Li, Liu, Yuan, Zhu]
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Spin Correlations: Hadrons

• Alternatively, one can study correlations on subsets of hadrons.

• Recent proposal (Kang, Lee, Shao, Zhao): azimuthally dependent
two-point correlator on pions.

1 Introduction

The energy-energy correlators (EEC) [1, 2] is one of the earliest infrared and collinear

(IRC) safe event shape observables [3, 4]. This event shape observable has been studied

with unpolarized scattering beams in electron-positron collisions and Semi-Inclusive Deep

Inelastic Scattering (SIDIS). Various experimental measurements have been provided for

e+e� collisions [5–10], which have revealed insights into the structure and properties of

hadrons and other subatomic particles.

The conventional EEC observable measures the correlation between the energies of

two particles produced in the collision, while they are separated by the angle ✓ij [11]. In

this work, we generalize this observable to include the azimuthal angle �ij between the

two particles and study how this azimuthal angle dependent EEC enables us to go beyond

what is possible with the conventional EEC for probing nucleon structure, in particular the

spin-dependent nucleon structure. We start with the definition of this observable in e+e�

collisions,

EECe+e�(⌧, �) =
1

2

X

i,j

Z
d✓ijdzidzjzizj

1

�

d�

dPS
�

✓
⌧ �

✓
1 + cos ✓ij

2

◆◆
�(�� �ij) , (1.1)

where zi and zj are the energy fractions of the final-state hadrons i, j, separated by ✓ij , angle

�ij is the azimuthal angle di↵erence between the two hadrons in the Gottfried-Jackson (GJ)

frame [12] as illustrated in the left panel of Fig. 1, and dPS = d✓ijd�ijdzidzj . In the next

section where we study the EEC in the back-to-back region, we will demonstrate that this

azimuthal angle dependent polarized EEC gives sensitivity to both the traditional EEC jet

function as well as a new EEC jet function, named “Collins-type” EEC jet function. The

traditional EEC jet function has a close relation to the unpolarized fragmentation functions

D1(z, k2
?) [11], while the Collins-type EEC jet function is related to the well-known Collins

fragmentation functions H?
1 (z, k2

?) [13]. In the section below, we will also discuss the EEC

for the SIDIS.
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Figure 1: Illustration of EEC for e+e� annihilation in GJ frame (left) and for Deep

Inelastic Scattering in Breit frame (right).

2 EEC in the back-to-back region for e+e� annihilation

In the back-to-back region, one has ✓ij ! ⇡ and thus ⌧ ! 0 in Eq. (1.1). It can be shown

⌧ = P 2
h?/(z2

1Q
2) in this region. Here Ph? is the transverse momentum of the hadron h1 in

– 2 –
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Figure 2: AS⇥S
ee (⌧) for S ⇥ S =

{⇡+, ⇡�}⇥{⇡+, ⇡�}, {⇡+}⇥{⇡�}
and {⇡�} ⇥ {⇡�} at

p
s = 10.6

GeV with Collins functions fitted

in [14].

the SIDIS version of the EEC that will be generalized to EECDIS here was developed

recently [15], and was characterized as a function of the angular separation ✓ap between

the incoming beam p and the outgoing hadron a. We we further generalize it to the

azimuthal angle dependent case as shown in the right panel of Fig. 1,

EECDIS(⌧, �) =
1

2

X

a

Z
d✓apd�apdzaza

1

�

d�

dPSDIS
�

✓
⌧ �

✓
1 + cos ✓ap

2

◆◆
�(�� �ap) .

(3.2)

Here dPSDIS = d✓apd�apdza. Similarly, in the back-to-back limit (⌧ ! 0), we find ⌧ =

P 2
aT /(z2

aQ2), where Q =
p

�q2 is the invariant mass of the exchanged virtual photon,

PaT is the transverse momentum of the outgoing hadron measured with respect to the

photon-beam axis. By introducing qT ⌘ �PaT /za, EECDIS(⌧, �) can be related to the

qT -di↵erential cross-section in the back-to-back limit as

EECDIS(⌧, �) =
1

�

d⌃DIS

d⌧d�
=

1

2

X

a

Z
d2qT dzaza

1

�

d�

d2qT dza
�

✓
⌧ � q2

T

Q2

◆
�(�� �qT ) . (3.3)

Starting from the relevant azimuthal angle dependent qT factorization for the DIS process

given in [14, 16–21], using the EEC jet functions defined above in Eqs. (2.2) and (2.3), the

EEC for SIDIS can be written as

d⌃DIS

dxdyd⌧d�
=

2⇡↵2
em

Q2

1 + (1 � y)2

y

Z
d2qT �

✓
⌧ � q2

T

Q2

◆
�(�� �qT )

Z
db b

2⇡

⇢
FUU

+ cos(2�qT )
2(1 � y)

1 + (1 � y)2
Fcos(2�qT

)

UU + |S?| sin(�qT � �s)F sin(�qT
��s)

UT + · · ·
�

,

(3.4)

where FUU ⇠ f1 ⌦ Jq, Fcos(2�qT )
UU ⇠ h1 ⌦ J?

q , F sin(�qT
��s)

UT ⇠ f?
1T ⌦ Jq, etc. For the

polarizations, |S?| is the transverse spin of the incoming proton, �e is the helicity of

the incoming electron, and the indices A and B of FAB represent the polarization of

the incoming electron and proton, respectively. When studying a subset S of the produced

hadrons, one has the structure function given in the form of FS
AB, with an extra superscript

S. Additionally, the angles �s and �qT are the azimuthal angles of the S? and qT . For

– 4 –

• Provides direct sensitivity to the Collins function.
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• Jet Substructure provides new ways to study
the dynamics of QCD.

• Correlation functions, 〈E(n1) · · · E(nk)〉,
provide a sharp link between theory and
experiment.

• Look forward to their application to spin
physics!
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Thanks!
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