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Role of Theory

• Role of theory:
• Determine the QFT describing

a particular system.

• Extract the parameters of a
QFT from measurements.

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

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.
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The Particular System We Have Chosen to Study:
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Jet Substructure

• What is the theoretical question we are trying to ask in Jet
Substructure?
“How do we characterize a quantum mechanical system using only
asymptotic measurements?”
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of energy. The lack of IR-safety manifests as IR/collinear divergences in perturbation theory.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.
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• This has proven to be a fruitful lens through which to study general
aspects of QFT.

• Still have basic conceptual questions to understand.
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Jets!
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Amplitudes

• Obtaining a precise description of jet cross sections has been a
significant driver of theory developments in Quantum Field Theory.

• Enables precision tests of QCD and searches for new physics.

Jet Kinematic Distributions Dijet Mass
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Jet Substructure!
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Decoding Energy Flux

• Requires development of field theoretic techniques to interpret subtle
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?

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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• Hope that the study of these questions combined with experimental
data will lead to improved understanding of QFT.
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Defining the Problem

• What is a detector?

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

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.

– 2 –

• To the rescue of JSS (Tkachov, Korchemsky, Sterman, Hofman,
Maldacena)

• In our specific case:

Jet Substructure

• What is the theoretical question we are trying to ask in Jet
Substructure?
“How do we characterize a quantum mechanical system using only
asymptotic measurements?”
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• This has proven to be a fruitful lens through which to study general
aspects of QFT.
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Insights from Conformal Field Theory

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

Primordial fluctuations

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

Correlator (EEC), defined as [2, 3]
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Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law
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E(~n) = lim
r!1

r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

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

• Allows us to ask sharp questions about QFT from the asymptotic
energy flux.
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〈Ψ|E(n̂1) · · · E(n̂k)|Ψ〉

Boost 2023 August 4, 2023 9 / 54



Finally....

• We have learned how to do Jet Substructure in the proper language
of QFT!

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

t
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Event Isotropy & ATLAS

2305.16930

EMD2 ~ Thrust 1-Isotropy

• Observed significance is calculated with 
other process freely floating

• VBF: 3.0σ (0.9σ expected)
• ggF: 1.2σ (0.9σ expected)

Results

8/1/23 Jennet Dickinson | CMS boosted H(bb)17

Lumi [fb-1] µVBF µggF

Early 2016 19.5 2.9 +5.8
-4.5 4.3 +5.5

-5.4

Late 2016 16.8 5.8 +6.3
-4.7 -0.9 +4.7

-5.1

2017 41.5 -0.7 +2.8
-2.6 6.7 +4.0

-3.1

2018 59.8 10.0 +4.4
-3.4 -0.6 +2.8

-3.1

Combined 137.6 5.0 +2.1
-1.8 2.1 +1.9

-1.7

ggF category VBF category

Theoretical Comparison (R = 0.6)
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• Theoretical comparison calculated in the Perturbative Region ( 3GeV
pTJetLow

< ∆𝑅 < Jet R) 

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

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

R. Cruz-Torres - HP23 32

Comparison to pQCD

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

Perturbative 
region

Free hadron 
scaling

Higher  pch jet
T

Lee et al., arXiv:2205.03414
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Shape of data agrees with  
within uncertainty


Theo sys:

 (shape only҅no normalization effect)


• QCD scale of  prediction 

• Hadronization factors 

•QCD scale in hard scattering 

• Underlying event + parton shower tune 

• PDF
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Error band: 
shape only

• A milestone in connecting jet substructure with QFT.

• Direct measurement of the underlying correlators.
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Connecting Theory and Experiment

• A beautiful example of combining progress in QFT with progress in
experiment to learn something about the real world.

The OPE Limit of Lightray Operators

• Energy flow operators admit an OPE!

• Jet Substructure is the study of the OPE limit of lightray operators.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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I +

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

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

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (�s) , (1.4)
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• Predicts universal scaling behaviors for correlations in energy flux.

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Shape of data agrees with  
within uncertainty


Theo sys:

 (shape only҅no normalization effect)


• QCD scale of  prediction 

• Hadronization factors 

•QCD scale in hard scattering 

• Underlying event + parton shower tune 

• PDF
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• New ways of thinking
=⇒ most precise αs extraction from JSS. Lets make it even better!

• Congratulations to CMS for this spectacular achievement!
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Result
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Uncertainty ~ 4%, most precise from 
jet-substructure measurement to date


Benefit from:  

Ratio: most uncertainties cancel out 

High precision calculation

 αs(mZ) = 0.1229+ 0.0040
−0.0050

 = 0.1229+ 0.0014(stat.)+ 0.0030(theo.)+ 0.0023(exp.)
−0.0012(stat.)−0.0033(theo.)−0.0036(exp.)

Covariance 
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Figure 4: The particular dense networks used here to parametrize (a) the per-particle

mapping � and (b) the function F , shown for the case of a latent space of dimension ` =

8. For the EFN, the latent observable is Oa =
P

i zi �a(yi,�i). For the PFN family, the

latent observable is Oa =
P

i �a(yi,�i, zi, pidi), with di↵erent levels of particle-ID (PID)

information. The output of F is a softmaxed signal (S) versus background (B) discriminant.

3.2 Network architecture

So far, there has not yet been any machine learning in our e↵ort to apply the decompositions in

Eqs. (1.1) and (1.2) to collider data. The machine learning enters by choosing to approximate

the functions � and F with neural networks.9 Neural networks are a natural choice to use

because su�ciently large neural networks can approximate any well-behaved function.

To parametrize the functions � and F in a su�ciently general way, we use several dense

neural network layers as universal approximators, as shown in Fig. 4. For �, we employ three

dense layers with 100, 100, and ` nodes, respectively, where ` is the latent dimension that

will be varied in powers of 2 up to 256. For F , we use three dense layers, each with 100

nodes. We confirmed that several network architectures with more or fewer layers and nodes

achieved similar performance. Each dense layer uses the ReLU activation function [108] and

He-uniform parameter initialization [109]. A two-unit layer with a softmax activation function

is used as the output layer of the classifier. See App. A for additional details regarding the

implementations of the EFN, PFN, and other networks. The EnergyFlow Python package [91]

contains implementations and examples of EFN and PFN architectures.

9Ref. [63] describes two types of architectures in the Deep Sets framework, termed invariant and equivariant.

Equivariance corresponds to producing per-particle outputs that respect permutation symmetry. For this

paper, our interest is in the invariant case, but we leave for future work an exploration of the potential particle

physics applications of an equivariant architecture.
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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I +

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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Connecting Fields

• Provides a direct connection between recent developments in formal
field theory and real world collider physics!

• Jet substructure measurements have motivated formal theory studies.
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Abstract: The analytic conformal bootstrap is an array of techniques to character-

ize, constrain, and solve strongly interacting quantum field theories using symmetries,

causality, unitarity, and other general principles. In the last decade, bolstered by the

development of new Lorentzian methods, it has been used to solve conformal field

theories at large spin; to place bounds on energy distributions, event shapes, opera-

tor product coefficients, and other observables; and to understand aspects of quantum

gravity in anti-de Sitter space. We review these advances and highlight several promis-

ing areas for future exploration. Targets include developing new methods to close the

gap between numerical and analytic bounds, extending the bootstrap beyond confor-

mal fixed points, applications to quantum gravity and cosmology, and building on ties

to condensed matter theory and mathematics.

in the AdS/CFT correspondence [53]. The bootstrap method can also be viewed as a

highly boosted limit of the Lorentzian inversion formula.

In the context of CFTs, light-ray operators make a natural appearance when think-

ing about a conformal collider experiment [49], where they play the role of energy and

charge calorimeters placed at null infinity. More recently, it was realized that generic

points on Regge trajectories away from integer spins have a natural interpetation in

terms of light-ray operators [54]. While being non-local, light-ray operators retain

commutativity properties of local operators in a nontrivial way [55, 56], which leads

to interesting sum rules on the CFT data. Lightray operators built out of the stress-

energy tensor form the BMS algebra [57], as well as more general algebraic structures

[58–62].

Event shapes are observables used to describe hadronic events at colliders. Tradi-

tionally, they are computed using scattering amplitudes which requires delicate cancel-

lations of infrared divergencies. In the context of CFTs, event shapes become matrix

elements of light-ray operators [49, 63–66], and therefore can be efficiently studied us-

ing bootstrap techniques in both perturbative [67–70] and nonperturbative settings.

Remarkably, the machinery of the OPE [49, 65, 71, 72] and crossing equations [24, 25]

can be generalized to light-ray operators in a nontrivial way. The light-ray OPE has

interesting applications in the study of jet substructure in QCD [73, 74]. Developing a

better understanding of the space of light-ray operators and associativity of the light-

ray OPE is an important open problem in our quest for understanding nonperturbative

Lorentzian dynamics of CFTs.

Dispersion relations and dispersive sum rules

Conformal dispersion relations express a four-point function in terms of its double com-

mutator [75]. They can be derived, for example, by plugging the Lorentzian inversion

formula into the conformal partial wave expansion and performing the sum and inte-

gral over principal series representations. Alternatively, conformal dispersion relations

admit a particularly simple derivation in Mellin space, where they follow from applying

Cauchy’s theorem to the nonperturbative Mellin amplitude [76]. Finally, conformal

dispersion relations can be thought of in terms of an expansion in a complete set of

functionals with double zeros at double-twist locations [77].

All of these closely-related constructions lead to so-called “dispersive sum rules”

[28], which are crossing symmetry constraints expressed in terms of the double com-

mutator. Perhaps the simplest example of a dispersive sum rule is the statement that

ANEC operators commute [55]. In practice, dispersive sum rules possess double zeros at

double-twist locations, except for a finite number of Regge trajectories. In the context

of holographic CFTs, double-twist operators are two-particle states in AdS. Dispersive

– 5 –
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Abstract: We study energy correlations in states created by a heavy operator acting on

the vacuum in a conformal field theory. We argue that the energy correlations in such states

exhibit two characteristic regimes as functions of the angular separations between the calorime-

ters: power-like growth at small angles described by the light-ray OPE and slowly varying, or

“flat”, function at larger angles. The transition between the two regimes is controlled by the

scaling dimension of the heavy operator and the dynamics of the theory. We analyze this phe-

nomenon in detail in the planar N = 4 SYM theory both at weak and strong coupling. An

analogous transition was previously observed in QCD in the measurement of the angular energy

distribution of particles belonging to the same energetic jet. In that case it corresponds to the

transition from the light-ray OPE, perturbative regime described in terms of correlations be-

tween quarks and gluons to the flat, non-perturbative regime described in terms of correlations

between hadrons.

1Unité Mixte de Recherche 3681 du CNRS
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• Jet substructure “exists” in the formal theory world! Progress!
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• What was going on in the year the energy correlators were proposed...

Boost 2023 August 4, 2023 13 / 54



QFT for JSS

Numerics 
+ 

Simulations

Symmetries 
+ 

Observables

EFTs 
+ 

Factorization

Scaling 
+ 

Renormalization

Perturbation 
Theory

Toy Models

Boost 2023 August 4, 2023 14 / 54



Perturbation Theory
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Analytic result for a two-loop five-particle amplitude

D. Chicherina, T. Gehrmannb, J. M. Henna, P. Wasserc, Y. Zhanga, S. Zoiaa

a Max-Planck-Institut für Physik, Werner-Heisenberg-Institut, D-80805 München, Germany
b Physik-Institut, Universität Zürich, Wintherturerstrasse 190, CH-8057 Zürich, Switzerland

c PRISMA Cluster of Excellence, Johannes Gutenberg University, D-55099 Mainz, Germany

We compute the symbol of the full-color two-loop five-particle amplitude in N = 4 super Yang-
Mills, including all non-planar subleading-color terms. The amplitude is written in terms of permu-
tations of Parke-Taylor tree-level amplitudes and pure functions to all orders in the dimensional reg-
ularization parameter, in agreement with previous conjectures. The answer has the correct collinear
limits and infrared factorization properties, allowing us to define a finite remainder function. We
study the multi-Regge limit of the non-planar terms, analyze its subleading power corrections, and
present analytically the leading logarithmic terms.

PACS numbers: 12.38Bx

The study of scattering amplitudes in maximally su-
persymmetric Yang-Mills theory (N = 4 sYM) has
brought about many advances in quantum field theory
(QFT). Experience shows that having analytical ‘data’,
i.e. explicit results, for amplitudes available is vital to
find structures and patterns in seemingly complicated
results, and to test new ideas. Cases in point are dual-
conformal symmetry [1–3], the symbol analysis [4], in-
sights of Regge limits in perturbative QFT [5], and the
structure of infrared divergences [6, 7], just to name a
few.

Thanks to recent progress, an abundant wealth of data
is available for planar scattering amplitudes in N = 4
sYM. Up to five particles, the functional form of the lat-
ter is fixed by dual conformal symmetry [8, 9], in agree-
ment with previous conjectures [7, 10]. Starting from six
particles, there is a freedom of a dual conformally invari-
ant function [1, 11, 12], which has been the subject of
intense study.

Conjecturally, the function space of the latter is known
in terms of iterated integrals, or symbols. Using boot-
strap ideas, perturbative results at six and seven particles
have been obtained at high loop order [13–18]. This led
in particular to insight into how the Steinmann relations
are realized in perturbative QFT [19], and to intriguing
observations about a possible cluster algebra structure of
the amplitudes [20].

On the other hand, few results are available to date
beyond the planar limit. The four-particle amplitude is
known to three loops [21], and no results are available
beyond one loop for more than four particles. In order
to study whether properties such as integrability, hidden
dual conformal symmetry, and properties of the function
space generalize to the full theory, it is crucial to have
more data. In this letter, we newly compute, in terms of
symbol, a full five-particle scattering amplitude in QFT.
While all the required planar master integrals are already
known analytically in the literature, one non-planar in-
tegral family was still missing, up to now. We fill this
gap, and discuss its calculation in a dedicated parallel
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Figure 1. Diagrams in the representation of [23] of the inte-
grand of the two-loop five-point amplitude in N = 4 sYM.
We omit the associated numerators and color factors.

paper [22].

CALCULATION OF THE MASTER INTEGRALS

The integral topologies needed for massless five-
particle scattering at two loops are shown in Fig. 1.
The integrals in four-point kinematics, Fig. 1 (d)-(f), are
known from refs. [24, 25]. The master integrals of the
planar topology depicted in Fig. 1 (a) were computed
in ref. [26–28], whereas the non-planar integral family
shown in Fig. 1 (b) was computed in ref. [29]. (See also
[30–33]). We devote a parallel paper [22] to the cal-
culation of the missing non-planar family, depicted in
Fig. 1 (c), which we will refer to as double-pentagon.
Here we will content ourselves with the details that are
directly relevant for the computation of the symbol of the
N = 4 sYM amplitude.

Genuine five-point functions depend on five indepen-
dent Mandelstam invariants, s12, s23, s34, s45, s51, with
sij = 2pi · pj . We will also find the parity-odd invariant
ϵ5 = tr[γ5/p4/p5/p1/p2

] useful. Its square can be expressed

in terms of the sij through ∆ = (ϵ5)
2, with the Gram

determinant ∆ = |2pi · pj |, with 1 ≤ i, j ≤ 4.
The integrals of the double-pentagon topology can be
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50 Years of Perturbative QCD

• At high energies, QCD admits a perturbative expansion in terms of
interacting quarks and gluons.

⇤
“The Discovery of the Point-Like Structure of Matter” 17 
presented by Professor R.E. Taylor on May 24, 2000 
The Royal Society Discussion Meeting – The Quark Structure of Matter 

 

Figure 16 A slide prepared by J.D. Bjorken outlining the shift in emphasis in particle theory as the 
quarks displaced the hadrons as the basic building blocks of matter, the 
electromagnetic and weak interactions were combined, and new quarks and leptons 
were discovered 

As an experimentalist, I take great pride in the fact that our 30 year old data is still 
sometimes included in graphs of the structure functions – albeit way down in the lower left hand 
corner. 

The proton was elementary for about 60 years, but has not been elementary for the last 
thirty years. How long will all the quarks and leptons stay elementary? 

 

 

* Because of the nature of this talk, I have not included references to the many contributions 
mentioned in the text. Many of them are very well known, and references to others can be found in 
the comprehensive Nobel lectures of Friedman, Kendall, and me in Rev. Mod. Phys., Vol. 63, 
No.3, 573-595. For those interested in talks similar to this one, Friedman’s and Bjorken’s 
recollections were published in The Rise of the Standard Model: Particle Physics in the 1960s and 
1970s (Cambridge University Press, 1997), 566-599. 

Nuclear Physics B35 (1971) 167-188. North-Holland Publishing Company 

R E N O R M A L I Z A B L E  L A G R A N G I A N S  F O R  
M A S S I V E  Y A N G - M I L L S  F I E L D S  

G. ' t  HOOFT 
Institute for Theoretical Physics, University o f  Utrecht 

Received 13 July 1971 

Abstract: Renormalizable models are constructed in which local gauge invariance is broken 
spontaneously. Feynman rules and Ward identities can be found by means of a path in- 
tegral method, and they can be checked by algebra. In one of these models, which is 
Studied in more detail, local SU(2) is broken in such a way that local U(1) remains as a 
symmetry. A renormalizable and unitary theory results, with photons, charged massive 
vector particles, and additional neutral scalar particles. It has three independent param- 
eters. 

Another model has local SU(2) (~U(1) as a symmetry and may serve as a renormali- 
zable theory for p-mesons and photons. 

In such models electromagnetic mass-differences are finite and can be calculated in 
perturbation theory. 

1. INTRODUCTION 

In a preceding article [1] ,  henceforth referred to as I, it  has been shown that,  ow- 
ing to their large symmetry,  mass-less Yang-Mills fields may  be renormalized, pro- 
vided that a certain set of  Ward identit ies is not  violated by renormalization effects. 
With this we mean that  anomalies like those o f  the axial current Ward identities in 
nucleon-nucleon interactions [ 2 - 4 ] ,  which are due to an unallowed shift o f  inte- 
gration variables in the "formal"  proof,  must not  occur. In I it  is proved that such 
anomalies are absent in diagrams with one closed loop,  if  there are no parity- 
changing transformations in the local gauge group. We do know an extension of this 
proof  for diagrams with an arbitrary number o f  dosed  loops, bu t  it is rather in- 
volved and we shall not  present it here. 

Thus, our prescription for the renormalization procedure is consistent, so the 
ultraviolet problem for mass-less Yang-Mills fields has been solved. A much more 
complicated problem is formed by the infrared divergencies o f  the system. Wein- 
berg [5] has pointed out  that ,  contrary to the quantum electrodynamical  case, this 
problem cannot merely be solved by  some closer contemplat ion of  the measuring 
process. The disaster is such ~ a t  the per turbat ion expansion breaks down in the in- 
frared region, so we have no rigorous field theory to describe what  happens. 

Young t Hooft Old t Hook

O
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Ultraviolet Behavior of Non-Abelian Gauge Theories*

David J.Gross t and Frank Wilczek
Joseph Henry Laboratories, Princeton University, Princeton, Nese J'casey 08540

(Received 27 April 1973)

It is shown that a wide class of non-Abelian gauge theories have, up to calculable loga-
rithmic corrections, free-field-theory asymptotic behavior. It is suggested that Bjorken
scaling may be obtained from strong-interaction dynamics based on non-Abelian gauge
symmetry.

Non-Abelian gauge theories have received much attention recently as a means of constructing unified
and renormalizable theories of the weak and electromagnetic interactions. ' In this note we report on
an investigation of the ultraviolet (UV) asymptotic behavior of such theories. We have found that they
possess the remarkable feature, perhaps unique among renormalizable theories, of asymptotically ap-
proaching free-field theory. Such asymptotically free theories will exhibit, for matrix elements of
currents between on-mass-shell states, Bjorken scaling. We therefore suggest that one should look to
a non-Abelian gauge theory of the strong interactions to provide the explanation for Bjorken scaling,
which has so far eluded field-theoretic understanding.
The UV behavior of renormalizable field theories can be discussed using the renormalization-group

equations, "which for a theory involving one field (say gq') are
[m&/em+ P(g) 8/Sg -ny(g)11",»~"i(g; P„..., P„)=0. (1)
is the asymptotic part of the one-particle-irreducible renormalized r&-particle Green's function,

P(g) and y(g'j are finite functions of the renormalized coupling constant g, and m is either the renor-
malized mass or, in the case of massless particles, the Euclidean momentum at which the theory is
renormalized. ' If we set P, =Aq, ', whe. re q.o are (nonexceptional) Euclidean momenta, then (1) deter-
mines the A dependence of r "~:
r " (g; P,.) = ~'I ~" (g(g, f); q;) exp [-n f, y (g(g, t')) dt'], (2)

dg/d ~ = P(g), g(g, o) =g.
The UV behavior of I" ~ i (A. -+ ~) is determined by the large-f behavior of g which in turn is controlled
by the zeros of P: P(g&)=0. These fixed points of the renormalization-group equations are said to be
UV stable [infrared (IR) stable] if g -g~ as f -+~ (—~) for g(0) near g~. If the physical coupling con-
stant is in the domain of attraction of a UV-stable fixed point, then

I' " (g P,) = A~ "& ~&I' " (g q, )exp{-n. f, [y(g(g, f))—y(gz)]dt]; (4)

where t=lnA. , D is the dimension (in mass units) of I ~"', and g, the invariant coupling constant, is the
solution of

so that y(g&) is the anomalous dimension of the
field. As Wilson has stressed, the UV behavior
is determined by the theory at the fixed point (g
=g,).'
In general, the dimensions of operators at a

fixed point are not canonical, i.e., y(gz) e0. If
we wish to explain Bjorken scaling, we must as-
sume the existence of a tower of operators with
canonical dimensions. Recently, it has been ar-
gued for all but gauge theories, that this can only
occur if the fixed point is at the origin, g&= 0, so
that the theory is asymptotically free." In that
case the anomalous dimensions of all operators

vanish, one obtains naive scaling up to finite and
calculable powers of ink. , and the structure of
operator products at short distances is that of
free-field theory. ' Therefore, the existence of
such a fixed point, for a theory of the strong in-
teractions, might explain Bjorken scaling and the
success of naive light-cone or parton-model rela-
tions. Unfortunately, it appears that the fixed
point at the origin, which is common to all theo-
ries, is not UV stable. " The only exception
would seem to be non-Abelian gauge theories,
which hitherto have not been explored in this re-

1343
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~4Y. Nambu and G. Jona-Lasino, Phys. Rev. 122, 345
(1961); S. Coleman and E.Weinberg, Phys. Rev. D 7,
1888 (1973).
' K. Symanzik (to be published) has recently suggested
that one consider a A. @4 theory with a negative A, to
achieve UV stability at A=0. However, one can show,
using the renormalization-group equations, that in such
theory the ground-state energy is unbounded from below
(S. Coleman, private communication) .

'6W. A. Bardeen, H. Fritzsch, and M. Gell-Mann,
CERN Report No. CERN-TH-1538, 1972 {to be pub-
lished) .
' H. Georgi and S. L. Glashow, Phys. Rev. Lett. 28,
1494 (1972); S.Weinberg, Phys, Rev. D 5, 1962 (1972).
' For a review of this program, see S. L. Adler, in
Proceedings of the Sixteenth International Conference
on High Energy Physics, National Accelerator Labora-
tory, Batavia, Illinois, 1972 (to be published).

Reliable Perturbative Results for Strong Interactions?*

H. David Politzer
Jefferson Physical I.aboxatomes, Hazard University, Cambridge, Massachusetts 02138

(Received 3 May 1973)

An explicit calculation shows perturbation theory to be arbitrarily good for the deep
Euclidean Green's functions of any Yang-Mills theory and of many Yang-Mills theories
with fermions. Under the hypothesis that spontaneous symmetry breakdown is of dynami-
cal origin, these symmetric Green's functions are the asymptotic forms of the physical-
ly significant spontaneously broken solution, whose coupling could be strong.

Renormalization-group techniques hold great
promise for studying short-distance and strong-
coupling problems in field theory. " Symanzik'
has emphasized the role that perturbation theory
might play in approximating the otherwise un-
known functions that occur in these discussions.
But specific models in four dimensions that had
been investigated yielded (in this context) dis-
appointing results. ' This note reports an in-
triguing contrary finding for any generalized
Yang-Mills theory and theories including a wide
class of fermion representations. For these
one-coupling-constant theories (or generaliza-
tions involving product groups) the coefficient
function in the Callan-Symanzik equations com-
monly called P(g) is negative near g=0.
The constrast with quantum electrodynamics

(QED) might be illuminating. Renormalization
of QED must be carried out at off-mass-shell
points because of infrared divergences. For
small e', we expect perturbation theory to be
good in some neighborhood of the normalization
point. But what about the inevitable logarithms
of momenta that grow as we approach the mass
shell or as some momenta go to infinity? In
QED, the mass-shell divergences do not occur
in observable predictions, when we take due
account of the experimental situation. The re-
normalization-group technique' provides a some-
what opaque analysis of this situation. Loosely
speaking, ' the effective coupling of soft photons

goes to zero, compensating for the fact that
there are more and more of them. But the large-
r' divergence represents a real breakdown of
perturbation theory. It is commonly said that
for momenta such that e'1n(p'/m') -1, higher
orders become comparable, and hence a calcu-
lation to any finite order is meaningless in this
domain. The renormalization group technique
shows that the effective coupling grows with mo-
me nta.
The behavior in the two momentum regimes is

reversed in a Yang-Mills theory. The effective
coupling goes to zero for large momenta, but
as p"s approach zero, higher-order corrections
become comparable. Thus perturbation theory
tells nothing about the mass-shell structure of
the symmetric theory. Even for arbitrarily
small g, there is no sense in which the interact-
ing theory is a small perturbation on a free mul-
tiplet of massless vector mesons. The truly
catastrophic infrared problem makes a sym-
metric particle interpretation impossible. Thus,
though one can well approximate asymptotic
Green's functions, to what particle states do
they refer?
Consider theories defined by the Lagrangian

2 = —4Eq,'E'"'+i iy, y D;; g;,
where

s ~ o++f ~&~~ &~ ~

• The study of perturbative QCD has progressed tremendously in the
last 50 years.
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Importance for Jet Substructure

• How do perturbative calculations help jet substructure? They enable
an increasingly precise description of the state on which jet
substructure observables are measured.

1 Global state of the LHC collision.
2 Internal structure of the Jet.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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Three Jet Production at NNLO

Cavendish-HEP-21/09, P3H-21-043, TTK-21-20

Tour de force in Quantum Chromodynamics:
A first next-to-next-to-leading order study of three-jet production at the LHC

Micha l Czakon
Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

Alexander Mitov and Rene Poncelet
Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

(Dated: August 30, 2022)

Multi-jet rates at hadron colliders provide a unique possibility for probing Quantum Chromody-
namics (QCD), the theory of strong interactions. By comparing theory predictions with collider
data, one can directly test perturbative QCD, extract fundamental parameters like the strong cou-
pling ↵s and search for physics beyond the Standard Model. In this work we calculate, for the first
time, the next-to-next-to-leading (NNLO) QCD corrections to typical three-jet observables and to
di↵erential three-to-two jet ratios. The calculation is complete apart from the three-jet double vir-
tual contributions which are included in the leading-colour approximation. We demonstrate that the
inclusion of the NNLO corrections significantly reduces the dependence of those observables on the
factorization and renormalization scales. Besides its phenomenological value, this proof-of-principle
computation represents a milestone in perturbative QCD.

I. INTRODUCTION

The production of highly energetic sprays of particles,
also known as jets, is a dominant process at hadron col-
liders. At high energies, where perturbation theory is
expected to hold, this process o↵ers the possibility for
studying QCD in great detail. The theory–data com-
parison of di↵erential multi-jet rates provides essential
information about perturbative QCD and the modeling
of jet production. The precision of these predictions is
typically limited by their dependence on unphysical pa-
rameters – such as the renormalization and factorization
scales – but it can be systematically increased by includ-
ing higher-order corrections.

Three-jet production at the Large Hadron Collider
(LHC) has been studied in great detail by experimental
collaborations, see for example ref. [1–6]. Typical observ-
ables are jet transverse momenta, angular correlations
and, more generally, event-shape observables. A particu-
lar type of observable suited for perturbative QCD is the
ratio R3/2 of three-to-two jet rates [7]. These ratios are
directly sensitive to parton splittings and are, therefore,
proportional to the strong coupling constant ↵s. This
provides an opportunity for measuring the value of ↵s at
the LHC. Cross section ratios have the additional advan-
tage that some systematic uncertainties of experimental
and theoretical nature cancel out. A prime example is
the dependence on parton distribution functions (pdf).

There is extensive literature on theoretical predic-
tions for multi-jet production through NLO in perturba-
tive QCD [8–13], including NLO electroweak corrections
[14–16]. NLO computations have also been matched
to parton-showers [17, 18] and are generally present in
multi-purpose event generators [19–21]. Higher-order
predictions for two-jet and single-inclusive jet production
have seen extensive development in the past decade and
are implemented through NNLO in QCD [22–25]. The

feasibility of NNLO QCD predictions for higher jet mul-
tiplicity is limited by the availability of two-loop virtual
amplitudes and by the e�cient treatment of real radi-
ation contributions. The three-jet two-loop amplitudes
have recently been made public in the leading-color ap-
proximation [26, 27], leaving the real radiation as the last
obstacle to predictions accurate at second order in ↵S .

The aim of this article is twofold. Firstly, it presents
NNLO QCD predictions for the production of three jets
and R3/2 ratios at the LHC at 13 TeV. Secondly, it
demonstrates the technical ability to treat the NNLO
real radiation contributions for processes with five col-
ored partons at the Born level. The completion of the
second order corrections to three jet production is a mile-
stone in perturbative QCD computations since, judging
by its infra-red structure, it is among the most compli-
cated two-to-three processes at the LHC.

This paper is organized as follows: in section II we dis-
cuss the technical details of our computation. Section III
contains the phenomenological results and their analy-
sis. We conclude with a summary and outlook on future
applications in section IV.

II. CALCULATION DETAILS

The computation has been performed within the
sector-improved residue subtraction scheme formalism
[28, 29] which has already been successfully applied
to single inclusive jet production [24] and many other
hadron collider processes, see refs. [30–32]. We work in
five-flavour massless QCD without the top quark. Tree-
level matrix elements have been taken from the AvH li-
brary [33, 34] while all one-loop matrix elements have
been implemented with the OpenLoops library [35]. The
double virtual matrix elements are not yet available be-
yond the leading-colour approximation. For this reason
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Figure 4. The TEEC variable in the inclusive HT,2 � 1 TeV bin. The top panel shows the absolute

di↵erential distribution through LO (light green), NLO (blue) and NNLO (red) QCD. The coloured

bands show the scale uncertainty estimates and vertical bars indicate statistical uncertainties. The

second panel shows the ratio to the central NLO QCD prediction. The third panel shows the PDF

uncertainty estimate from NNPDF30 at NLO QCD.

The PDF uncertainty of the TEEC distribution computed with the NNPDF30 PDF set

is shown in fig. 4 for the inclusive HT,2 > 1 TeV bin. The uncertainty is flat, below 1%,

indicating that there is a strong cancellation between numerator and denominator for this

variable. A similar PDF behavior is also observed in the individual HT,2 bins, which we do

not show here but supply in electronic form [81].

3.2 Strong coupling dependence

In this section we quantify the sensitivity of the various event shapes to the value of the

strong coupling constant ↵S,0. While in the present work we do not attempt to extract a

value of ↵S,0, the results in this section are an essential step in this direction. To estimate

the dependence of the event shapes on the strong coupling constant ↵S,0, we evaluate them

through NNLO QCD using PDF sets with di↵erent values of ↵S,0. Each PDF set provides a

di↵erent range of ↵S,0 values, and these have been summarized in table 1.

The ↵S,0 dependence in each bin can be derived by expressing the event shape in that bin

as a function of ↵S,0. This can be achieved as follows. First, consider a perturbative solution

– 11 –

• NNLO calculations of three-jet production are now available!

• Enables NNLO JSS. We need to have the corresponding ingredients
ready on the JSS side.
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1→ 4 Splitting FunctionsFinally, let us discuss the pure gluon splitting process g ! gggg, which poses a

challenge due to the large degree of Bose symmetry under the exchange of the external

gluons. The diagrams contributing to the decay are shown in fig. 3. An important

step in the computation of the splitting amplitude was to take into account symmetries

between di↵erent permutatons of the four external gluons in order to minimise the

number of terms. We can write P̂ µ⌫
gggg in a symmetrised form as

P̂ µ⌫
g1g2g3g4

= P̂ µ⌫ symm.
g1g2g3g4

+ (11 permutations of g1g2g3g4) . (3.18)

The above permutations do not include orderings of the external gluons which leave

the first diagram in fig. 3 invariant.

n

g1

g3

g2

g4

+ 11 permutations
o

+
n

g1

g2

g3

g4

+ (1 $ 3) + (2 $ 3)
o

+
X

�2S2 in S4

g�(2)

g�(1)

g�(3)

g�(4)

+
n

g1

g2

g3

g4

+ (1 $ 4) + (2 $ 4) + (3 $ 4)
o

Figure 3. The diagrams contributing to the splitting process g ! g1g2g3g4. In the third

diagram we sum over the 6 possible pairings of the partons in the three-gluon vertex.

4 Nested collinear limits

In this section we analyse the collinear limit of the splitting amplitudes themselves,

i.e., we study their behaviour in the limit where a subset of collinear partons is more

collinear than the others. To be concrete, let us consider a collection of m partons with

– 11 –

• 1→ 3 splitting functions basis of modern jet substructure
calculations.

• 1→ 4 splitting functions computed by Del Duca, Duhr, Haindl,
Lazopoulos, Michel.

• Will push the boundary of the description of the internal structure of
jets.
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The Strong Coupling Regime
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Role of Experiment

• “The purpose of experiments is to test the theory, or discover new
phenomena that cannot be explained by existing theories, but if the
theory is already a strictly solvable model, then there is no need to
test it” -Yale Condensed Matter Faculty

• The dynamics of four dimensional gauge theories are rich and
unexplored: expect new phenomena that theorists did not anticipate!

/334

Particle physics = condensed matter physics 
                  of the vacuum 
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Brainwashed by Feynman?

Philip W. Anderson

Every morning I walk along the
corridor toward my office, past a

wall chart advertising the Standard
Model of the elementary particles,
the model that is a candidate for one
of the great scientific achievements
of the 20th century. The chart was
put out by the Department of Energy
and has the endorsement of the
American Association of Physics
Teachers. It is very clear and concise,
explaining everything beautifully.
Unfortunately, there is one (but only
one) comment on it that is not true,
and accepted by many not to be true,
although it has also become a piece of
folklore: It says that the interactions
between nucleons “may be modeled
by the exchange of mesons.”

It is indeed true that the domi-
nant long-range attraction of nucle-
ons is well modeled by the classic
OPEP—one-pion exchange poten-
tial—but after four decades of
attempts to fit more and more com-
plicated meson exchange models to
the observations on shorter-range
interactions, nuclear physicists now
accept that short-range repulsion
needs to be understood through the
messy business of overlap of the
nucleons, which are bags that con-
tain three quarks apiece. In fact,
there is as yet no unique microscopic
theory of nucleon–nucleon interac-
tions; there are only empirical model
potentials, which, try as they may,
never quite fit all the facts (see Hans
Bethe’s article in the American Phys-
ical Society’s centennial issue of
Reviews of Modern Physics.1)

The reason this meson theory of
interactions so quickly became folk-
lore—aside from the fact that Hideki
Yukawa did earn a Nobel Prize for
predicting the pion from it—is that it
fits so well with Richard Feynman’s
diagrammatic, perturbative picture
of physics as exemplified by quantum
electrodynamics, where everything is
calculated using diagrams with elec-
trons represented by lines moving
backward and forward in time, con-

necting by means of the emission and
absorption of photons.

But the nucleon is not an elemen-
tary object. It is a bound state of
three elementary quarks, and bound
states cannot be described using dia-
grammatic perturbation theory. The
essential step in a derivation of
Feynman diagrams, or in fact of any
other form of diagrammatic pertur-
bation theory, is to imagine turning
on the interactions gradually and to
assume that nothing discontinuous
happens as we do.  But bound states
don’t form continuously.  Therefore,
there are usually serious difficulties
in perturbative treatments of scat-
tering when bound states are pres-
ent. When bags of quarks come close
together, quarks from one nucleon
overlap into the bound-state wavefunc-
tion of the other. This gives a repulsive
“overlap” force that gets its strength
from the strong binding by means of
gluons that holds the nucleon together,
since quarks are fermions and can’t
occupy the same phase space.

Just as simple and straightfor-
ward a case where Feynman dia-
grams don’t work is presented by the
well-known van der Waals potential
between filled shell atoms. The
attractive part, which falls off like
R–6 , is the London dispersion force,
indeed coming from photon exchange
and calculated from perturbation
theory by Fritz London. But there is
no diagrammatic way to treat the
other half, the short-range overlap
repulsion, because that is caused by
the overlapping of electrons from one
atom into bound orbitals on the other.
The repulsion can be calculated with
reasonable success, but laboriously,
and there is no good perturbative

approximation to it. I found a very
useful rough approximation using my
“chemical pseudopotential” method,
which is based on finding a “most
localized” approximation to the atomic
wavefunctions in the presence of the
other atom or atoms. But there seems
to be no formalism to generalize this.

Yet another case of a force that
cannot be calculated by some kind of
renormalized diagram is the attrac-
tive potential of a covalent bond
between atoms. The best way to cal-
culate this potential is to abandon
the separate atoms and let the elec-
trons completely change their wave-
functions to “bonding orbitals.” This
is the Hund–Mulliken scheme of the
1920s, which lies behind modern
energy band theory. But Walter
Heitler and London found a useful
model by leaving the atoms alone,
and calculating a spin-dependent
“exchange” interaction between the
spins of atomic electrons. This model
was extensively exploited by Linus
Pauling in his valence bond methods,
which are much valued by chemists
for their qualitative insights.

The approach using localized elec-
tronic orbits with spins is necessarily
the correct way to describe insulat-
ing magnetic materials, such as Mott
insulators like La2CuO4 . But the
interaction between the localized
spins has no diagrammatic perturba-
tive description of the normal kind,
again because the electrons are in
bound states. I calculated the inter-
action in 1958 (and called it “super-
exchange”), but my method produces
a power series that is upside down
relative to the diagram series: T/U is
the parameter, where T is kinetic
energy and U is the interaction
potential, while Feynman diagrams
lead to series in U/T. This inversion
occurs because I started by assuming
the localizing interaction potential
was infinitely strong and reintro-
duced the kinetic energy as a pertur-
bation. This means that I assume
continuity with a state in which part
of phase space is separated out: a so-
called projective transformation.

Physicists for a couple of genera-
tions—starting with John Slater and

P HILIP ANDERSON, a condensed matter theo-
rist, is the Joseph Henry Professor of Physics
Emeritus at Princeton University in Prince-
ton, New Jersey.

perturbation theory
is boring

But beware the opinion of condensed matter 
physicists:
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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

• Can JSS contribute to the Simons Confinement Collaboration?

Boost 2023 August 4, 2023 22 / 54



The Confinement Transition

R. Cruz-Torres - HP23 32

Comparison to pQCD

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

Perturbative 
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Free hadron 
scaling

Higher  pch jet
T

Lee et al., arXiv:2205.03414
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• Beautiful recent measurements allow “imaging” of the confinement
transition.

• Will be very interesting to measure in broader settings and interpret
theoretically.
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Extreme States of QCD Matter

• What are the phases of QCD matter?
Phase diagram of QCD matter
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Lattice QCD  
Calculations

8.  What are the dynamics of matter in a neutron star?

equation of state impacts:
   neutron star cooling rates, mass vs. radius,
   thickness of crust, tidal deformability     ,…
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FIG. 2: The dimensionless tidal deformabilites ⇤ for stars
of mass M = 1.4M� as functions of the corresponding ra-
dius. The color coding is the same as in Fig. 1, while the
orange line ⇤ = 0.84 ⇥ 10�6(R/km)8 has been included just
to guide the eye. The inset shows the correlation between �1

and ⇤(1.4M�).

a point-like mass, it is natural to expect that for stars
with larger radii, the deformability should also be larger.
In Fig. 2, we indeed see a tight correlation between the
radii R and tidal deformabilities ⇤ for our ensemble of
EoSs, each determined for stars of mass M = 1.4M�.
To a rather good accuracy, all tidal deformabilities are
furthermore observed to follow the empirical function
⇤(R) = 0.84⇥10�6(R/km)8, shown as the orange dashed
line in this figure. Upon closer inspection, we also notice
that the width of the cloud of allowed {⇤, R} values is
mostly determined by the low-density EoSs, i.e., nuclear
physics. Most EoSs with a hard (soft) hadronic com-
ponent fall on an almost degenerate line in the figure,
corresponding to the upper (lower) edge of the cloud of
allowed {⇤, R} values. Note that this implies that the
function ⇤(R) is nearly independent of the polytropic in-
terpolation.

Due to the observed correlation between R and ⇤, the
LIGO/Virgo measurement of tidal deformabilities leads
to a strong constraint on the possible radii of NSs. In
particular, the 90% limit of ⇤(1.4M�) < 800 [10] directly
translates into an upper limit for the radius of a 1.4M�
star: R(1.4M�) < 13.4 km. Should this bound be tight-
ened to ⇤(1.4M�) < 400 in the future (as roughly sug-
gested by the 50% contours of Fig. 5 of [10]), the radius
constraint would further tighten to R(1.4M�) < 12.3 km.
At the same time however, an accurate combined mea-
surement of the tidal deformability and radius of a given
star would at best constrain physics at low densities.

While the LIGO/Virgo limit on tidal deformabilities
favors soft EoSs, the 2M� constraint requires the EoS
to be sti↵, thus setting a very restrictive bound for the
quantity. This can be seen in the mass-radius plot of

100 1000 10 000

1

10

100

1000

10 000

FIG. 3: Our ensemble of EoSs shown in the form of ✏ vs. p.
The color coding follows that of the previous figures.

Fig. 1, where the cyan cloud corresponds to EoSs that
do not fulfill the 2M� condition. For those EoSs that do
support a 2M� star, the tidal deformabilities are found to
take values in the range ⇤(1.4M�) 2 [224, 1340], imply-
ing that values smaller than 224 can be firmly ruled out.
A further investigation shows that the minimal allowed
values of ⇤ depend strongly on the low-density EoS: those
interpolated EoSs that are built with a soft hadronic com-
ponent correspond to ⇤ 2 [224, 1140], while those with a
hard low-density part to ⇤ 2 [300, 1340]. Similarly, the
2M� constraint is seen to lead to a stringent limit for the
radius of a 1.4M� star, R(1.4M�) > 11.1 km, agreeing
with the findings of [6].

B. Constraints on the Equation of State

In addition to the macroscopic observables discussed
above, we may also study the e↵ects of the astrophysi-
cal constraints on the EoS itself. This is done in Fig. 3,
where we display our family of EoSs in the energy den-
sity vs. pressure plane. Here, we observe a clear pattern
of the tidal-deformability constraint excluding EoSs that
are very sti↵ at low densities. This is of course only natu-
ral, considering that these EoSs are exactly the ones that
produce stars with large radii and thereby also large tidal
deformabilities.

The EoS bounds obtained can be quantified by inspect-
ing the e↵ects of the astrophysical observations on the
EoS parameters, summarized in Tables I and II below.
Restricting ourselves to EoSs with µ1 > 1.125 GeV (cor-
responding to densities larger than 1.5 � 5.3ns), so that
the first polytropic interval is large enough for �1 to carry
a physical meaning, we indeed find that the initial range
of 2.1 < �1 < 9.4 is significantly reduced. Imposing the
2M� condition first leads to the lower limit increasing to
�1 > 2.8. Due to the tight correlation between �1 and

�

QCD Chiral 
  Potentials
  at 

pQCD

T.Annala et al, 1711.02644 N3LO

• Required to understand the dynamics of the early universe and the
collisions of neutron stars.
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Dense and Hot QCD Matter

• Sharper connection between observables and field theory will facilitate
measurements of hot and cold nuclear matter

MIT–CTP 5513

Imaging Cold Nuclear Matter with Energy Correlators

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

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

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

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

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

p
s

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

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

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

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

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

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

Quark&gluon+plasma+is+incredibly+strongly+interac6ng+–+It+
can+slow+down+and+even+stop+very+high+energy+quarks+and+
gluons+passing+through+it+

Probe plasma with energetic quarks and gluons 

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

7 

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t
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Results: energy dependence

No energy loss:

Including energy loss:

Shift of distribution peak left

Same shift towards smaller angles

Smearing of transition angle

Shape is conserved 

• Requires significant developments in our understanding of field theory
at finite temperature and density.
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Scaling and the Renormalization Group

I returned from a year’s sabbatic leave at Stanford
University in the summer of 1971, by which time Ken
Wilson’s two basic papers were in print. Shortly after-
wards, in September, again while walking to lunch as I
recall, Ken Wilson discussed his latest results from the
nonlinear recursion relation with me. Analytical expres-
sions could be obtained by expanding V(l)(s) in a power
series:

V ~ l !~s !5rl s21ul s41v l s61¯ . (37)

If truncated at quadratic order one had a soluble
model—the Gaussian model (or free-field theory)—and
the recursion relation certainly worked exactly for that!
But to have a nontrivial model, one had to start not only
with r0 (as, essentially, the temperature variable) but, as
a minimum, one also had to include u0.0: the model
then corresponded to the well known lw4 field theory.
Although one might, thus, initially set v05w05¯50,
all these higher order terms were immediately generated
under renormalization; furthermore, there was no rea-

son for u0 to be small and, for this reason and others, the
standard field-theoretic perturbation theories were inef-
fective.

Now, I had had a long-standing interest in the effects
of the spatial dimensionality d on singular behavior in
various contexts:116 so that issue was raised for Ken’s
recursion relation. Indeed, d appeared simply as an ex-
plicit parameter. It then became clear that d54 was a
special case in which the leading order corrections to the
Gaussian model vanished. Furthermore, above d54 di-
mensions classical behavior reappeared in a natural way
(since the parameters u0 , v0 , . . . all then became irrel-
evant). These facts fitted in nicely with the known spe-
cial role of d54 in other situations.117

For d53, however, one seemed to need the infinite set
of coefficients in Eq. (37) which all coupled together

116Fisher and Gaunt (1964), Fisher (1966a, 1966b; 1967c;
1972).

117See references in the previous footnote and Larkin and
Khmel’nitskii (1969), especially Appendix 2.

FIG. 5. A depiction of the space of Hamiltonians H — compare with Fig. 2—showing initial or physical manifolds [labelled (a),
(b), ¯ , as in Fig. 2] and the flows induced by repeated application of a discrete RG transformation Rb with a spatial rescaling
factor b (or induced by a corresponding continuous or differential RG). Critical trajectories are shown bold: they all terminate, in
the region of H shown here, at a fixed point H̄*. The full space contains, in general, other nontrivial, critical fixed points, describing
multicritical points and distinct critical-point universality classes; in addition, trivial fixed points, including high-temperature
‘‘sinks’’ with no outflowing or relevant trajectories, typically appear. Lines of fixed points and other more complex structures may
arise and, indeed, play a crucial role in certain problems. [After Fisher (1983).]

673Michael E. Fisher: Renormalization group theory

Rev. Mod. Phys., Vol. 70, No. 2, April 1998
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50 Years of the RG

• It is also the 50th Anniversary of the Renormalization Group:
• Provides an organizing principle behind Quantum Field Theory
• Provides a rare glimpse beyond perturbation theory.
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The Space of Detectors
Kyle Lee 1/32

SPACE OF OPERATORS
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• RG allows us to study the scale evolution of non-perturbative
parameters controlling the hadronization process

• What is the space of detectors over which we can gain theoretical
control?

*Also a good metaphor for the conference atmosphere.

Lets make BOOST more welcoming for first time student speakers!
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Deeper into the Parton → Hadron Transition

• Can study the parton → hadron transition by combining the
factorization into universal matrix elements with the RG.

• Enables the calculation of the scale dependence of correlations in the
hadronization process.
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<latexit sha1_base64="sO3AK6G0iTERkX40/aJoylRx2SU="></latexit>

Joint Track Functions at 400 GeV

<latexit sha1_base64="9iDtlBM3UPQTZRDZqvZiL8TQZ8c=">AAACI3icbVDLSgMxFE181vpqdekmWARBKDNS1GXRjcuK9gHtUDKZTBuaZIYkIy1DP8GtfoFf407cuPBfzLSzsK0HAodz7uWeHD/mTBvH+YZr6xubW9uFneLu3v7BYal81NJRoghtkohHquNjTTmTtGmY4bQTK4qFz2nbH91lfvuZKs0i+WQmMfUEHkgWMoKNlR7H/Yt+qeJUnRnQKnFzUgE5Gv0yLPaCiCSCSkM41rrrOrHxUqwMI5xOi71E0xiTER7QrqUSC6q9dJZ1is6sEqAwUvZJg2bq340UC60nwreTApuhXvYy8V9vPD+woAU6O7Ko+WIpoQlvvJTJODFUknnAMOHIRCgrDAVMUWL4xBJMFLN/RGSIFSbG1lq07bnLXa2S1mXVvarWHmqV+m3eYwGcgFNwDlxwDergHjRAExAwAC/gFbzBd/gBP+HXfHQN5jvHYAHw5xcpyqRT</latexit>x+
<latexit sha1_base64="ZfZ5WtPJHwa9mowFS4Dpt5qgX/M=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEQpWgChgrWBiLoA+pjSrHcVqrjhPZDiKK+gms8AV8DRtiYeBfcNoMtOVIlo7OuVf3+HgxZ0rb9jcsra1vbG6Vt62d3b39g0r1sKOiRBLaJhGPZM/DinImaFszzWkvlhSHHqddb3Kb+90nKhWLxKNOY+qGeCRYwAjWRnpIh+fDSs2u2zOgVeIUpAYKtIZVaA38iCQhFZpwrFTfsWPtZlhqRjidWoNE0RiTCR7RvqECh1S52SzrFJ0axUdBJM0TGs3UvxsZDpVKQ89MhliP1bKXi/96z/MDC5qv8iOLmhcuJdTBtZsxESeaCjIPGCQc6QjlhSGfSUo0Tw3BRDLzR0TGWGKiTa2Wac9Z7mqVdC7qzmW9cd+oNW+KHsvgGJyAM+CAK9AEd6AF2oCAEXgBr+ANvsMP+Am/5qMlWOwcgQXAn18vA6RW</latexit>y�

<latexit sha1_base64="9iDtlBM3UPQTZRDZqvZiL8TQZ8c=">AAACI3icbVDLSgMxFE181vpqdekmWARBKDNS1GXRjcuK9gHtUDKZTBuaZIYkIy1DP8GtfoFf407cuPBfzLSzsK0HAodz7uWeHD/mTBvH+YZr6xubW9uFneLu3v7BYal81NJRoghtkohHquNjTTmTtGmY4bQTK4qFz2nbH91lfvuZKs0i+WQmMfUEHkgWMoKNlR7H/Yt+qeJUnRnQKnFzUgE5Gv0yLPaCiCSCSkM41rrrOrHxUqwMI5xOi71E0xiTER7QrqUSC6q9dJZ1is6sEqAwUvZJg2bq340UC60nwreTApuhXvYy8V9vPD+woAU6O7Ko+WIpoQlvvJTJODFUknnAMOHIRCgrDAVMUWL4xBJMFLN/RGSIFSbG1lq07bnLXa2S1mXVvarWHmqV+m3eYwGcgFNwDlxwDergHjRAExAwAC/gFbzBd/gBP+HXfHQN5jvHYAHw5xcpyqRT</latexit>x+
<latexit sha1_base64="ZfZ5WtPJHwa9mowFS4Dpt5qgX/M=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEQpWgChgrWBiLoA+pjSrHcVqrjhPZDiKK+gms8AV8DRtiYeBfcNoMtOVIlo7OuVf3+HgxZ0rb9jcsra1vbG6Vt62d3b39g0r1sKOiRBLaJhGPZM/DinImaFszzWkvlhSHHqddb3Kb+90nKhWLxKNOY+qGeCRYwAjWRnpIh+fDSs2u2zOgVeIUpAYKtIZVaA38iCQhFZpwrFTfsWPtZlhqRjidWoNE0RiTCR7RvqECh1S52SzrFJ0axUdBJM0TGs3UvxsZDpVKQ89MhliP1bKXi/96z/MDC5qv8iOLmhcuJdTBtZsxESeaCjIPGCQc6QjlhSGfSUo0Tw3BRDLzR0TGWGKiTa2Wac9Z7mqVdC7qzmW9cd+oNW+KHsvgGJyAM+CAK9AEd6AF2oCAEXgBr+ANvsMP+Am/5qMlWOwcgQXAn18vA6RW</latexit>y�

<latexit sha1_base64="9iDtlBM3UPQTZRDZqvZiL8TQZ8c=">AAACI3icbVDLSgMxFE181vpqdekmWARBKDNS1GXRjcuK9gHtUDKZTBuaZIYkIy1DP8GtfoFf407cuPBfzLSzsK0HAodz7uWeHD/mTBvH+YZr6xubW9uFneLu3v7BYal81NJRoghtkohHquNjTTmTtGmY4bQTK4qFz2nbH91lfvuZKs0i+WQmMfUEHkgWMoKNlR7H/Yt+qeJUnRnQKnFzUgE5Gv0yLPaCiCSCSkM41rrrOrHxUqwMI5xOi71E0xiTER7QrqUSC6q9dJZ1is6sEqAwUvZJg2bq340UC60nwreTApuhXvYy8V9vPD+woAU6O7Ko+WIpoQlvvJTJODFUknnAMOHIRCgrDAVMUWL4xBJMFLN/RGSIFSbG1lq07bnLXa2S1mXVvarWHmqV+m3eYwGcgFNwDlxwDergHjRAExAwAC/gFbzBd/gBP+HXfHQN5jvHYAHw5xcpyqRT</latexit>x+
<latexit sha1_base64="ZfZ5WtPJHwa9mowFS4Dpt5qgX/M=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEQpWgChgrWBiLoA+pjSrHcVqrjhPZDiKK+gms8AV8DRtiYeBfcNoMtOVIlo7OuVf3+HgxZ0rb9jcsra1vbG6Vt62d3b39g0r1sKOiRBLaJhGPZM/DinImaFszzWkvlhSHHqddb3Kb+90nKhWLxKNOY+qGeCRYwAjWRnpIh+fDSs2u2zOgVeIUpAYKtIZVaA38iCQhFZpwrFTfsWPtZlhqRjidWoNE0RiTCR7RvqECh1S52SzrFJ0axUdBJM0TGs3UvxsZDpVKQ89MhliP1bKXi/96z/MDC5qv8iOLmhcuJdTBtZsxESeaCjIPGCQc6QjlhSGfSUo0Tw3BRDLzR0TGWGKiTa2Wac9Z7mqVdC7qzmW9cd+oNW+KHsvgGJyAM+CAK9AEd6AF2oCAEXgBr+ANvsMP+Am/5qMlWOwcgQXAn18vA6RW</latexit>y�

<latexit sha1_base64="DbRHrdVpbEVWWiFBND9p2j+y9v8=">AAACRnicbVDLSgNBEOyNr7i+Ej16GYyCp7ArQT2KgoinBIwRzBJmJxMdMju7zPSKYckP+DVe9Qv8BX/Cm3h1NsnBJBY0FFXddHeFiRQGPe/TKSwsLi2vFFfdtfWNza1SefvWxKlmvMliGeu7kBouheJNFCj5XaI5jULJW2H/IvdbT1wbEasbHCQ8iOiDEj3BKFqpU9pvI3/GrJmQRkp1n1zHQiG50ZT1yWWqWN417JQqXtUbgcwTf0IqMEG9U3bcdjdmacQVMkmNufe9BIOMahRM8qHbTg1P7A76wO8tVTTiJshG7wzJgVW6pBdrW/aYkfp3IqORMYMotJ0RxUcz6+Xiv97zeMGU1jX5kmktjGYuxN5pkAmVpMgVGx/YSyXBmOSZkq7QnKEcWEKZFvZHwh6pzRBt8q5Nz5/Nap7cHlX942qtUaucnU9yLMIu7MEh+HACZ3AFdWgCgxd4hTd4dz6cL+fb+Rm3FpzJzA5MoQC/VSKxbg==</latexit>

Up Quark Joint Track Function

<latexit sha1_base64="aoD6HgJlBXw0+bPXVEY0LyIU3Ho=">AAACM3icbVDLTgJBEJzFF+IL9OhlIzHxRHYJUS8mRA96xEQeCRAyOzQwYWZ3M9OrkA3+iVf9Aj/GeDNe/QcH2IOAlUxSqepO15QXCq7RcT6s1Nr6xuZWejuzs7u3f5DNHdZ0ECkGVRaIQDU8qkFwH6rIUUAjVEClJ6DuDW+mfv0RlOaB/4DjENqS9n3e44yikTrZXEtGV0XnuYUwwvgWapNONu8UnBnsVeImJE8SVDo5K9PqBiyS4CMTVOum64TYjqlCzgRMMq1IQ0jZkPahaahPJeh2PMs+sU+N0rV7gTLPR3um/t2IqdR6LD0zKSkO9LI3Ff/1RvMDC1pXT48sap5cSoi9y3bM/TBC8Nk8YC8SNgb2tEC7yxUwFGNDKFPc/NFmA6ooQ1NzxrTnLne1SmrFgnteKN2X8uXrpMc0OSYn5Iy45IKUyR2pkCph5Im8kFfyZr1bn9aX9T0fTVnJzhFZgPXzC1y7qoQ=</latexit>

µ = 20 GeV <latexit sha1_base64="tOh2dnCi6X7A17dqWOu0bT+OXGQ=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgqiQi6kYoutBlBfuAtpTJ5KYdOpOEmRtpCfVT3OoX+C+CO3HrNzh9LGzrgYHDOfdyzxwvFlyj43xYmbX1jc2t7HZuZ3dv/yBfKNZ1lCgGNRaJSDU9qkHwEGrIUUAzVkClJ6DhDW4nfuMJlOZR+IijGDqS9kIecEbRSN18sS2Ta9dxntsIQ0zvoD7u5ktO2ZnCXiXunJTIHNVuwcq1/YglEkJkgmrdcp0YOylVyJmAca6daIgpG9AetAwNqQTdSafhx/aJUXw7iJR5IdpT9e9GSqXWI+mZSUmxr5e9ifivN5wdWNB8PTmyqHlyKSEGV52Uh3GCELJZwCARNkb2pEHb5woYipEhlClu/mizPlWUoek5Z9pzl7taJfWzsntRPn84L1Vu5j1myRE5JqfEJZekQu5JldQII0PyQl7Jm/VufVpf1vdsNGPNdw7JAqyfX9eqqr0=</latexit>

µ = 100 GeV
<latexit sha1_base64="rIXM/SGo5W3VZL5eT4T/fYPMaDA=">AAACNHicbVDLSsNAFJ34rPXV1qWbYBFclUSKuhGKLnRZwT6gCWUyvW2HziRh5kZaQv0Ut/oF/ovgTtz6DU4fC9t6YOBwzr3cMyeIBdfoOB/W2vrG5tZ2Zie7u7d/cJjLF+o6ShSDGotEpJoB1SB4CDXkKKAZK6AyENAIBrcTv/EESvMofMRRDL6kvZB3OaNopHau4Mnkuuw4zx7CENM7qI/buaJTcqawV4k7J0UyR7Wdt7JeJ2KJhBCZoFq3XCdGP6UKORMwznqJhpiyAe1By9CQStB+Og0/tk+N0rG7kTIvRHuq/t1IqdR6JAMzKSn29bI3Ef/1hrMDC1pHT44saoFcSojdKz/lYZwghGwWsJsIGyN70qDd4QoYipEhlClu/mizPlWUoek5a9pzl7taJfXzkntRKj+Ui5WbeY8ZckxOyBlxySWpkHtSJTXCyJC8kFfyZr1bn9aX9T0bXbPmO0dkAdbPL90IqsA=</latexit>

µ = 400 GeV
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<latexit sha1_base64="hWNtdfmRf+7BtaK/tCf6Elnz+kQ="></latexit>

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

Up-type Jet
<latexit sha1_base64="5C/iP7bL0QeOdD+V/7TxAR1I0eY=">AAACNnicbVDLTgJBEJz1ifgC9eZlIzHxItk1RD0S9WA8YSKPBAiZHRqYMDu7melVcMO/eNUv8Fe8eDNe/QQH2IOAlUxSqepO15QXCq7RcT6speWV1bX11EZ6c2t7ZzeT3avoIFIMyiwQgap5VIPgEsrIUUAtVEB9T0DV61+P/eojKM0D+YDDEJo+7Ure4YyikVqZgwbCAOOb4Emejn37DnDUyuScvDOBvUjchORIglIra6Ub7YBFPkhkgmpdd50QmzFVyJmAUboRaQgp69Mu1A2V1AfdjCfxR/axUdp2J1DmSbQn6t+NmPpaD33PTPoUe3reG4v/eoPpgRmtrcdHZjXPn0uInctmzGUYIUg2DdiJhI2BPemozRUwFENDKFPc/NFmPaooQ9N02rTnzne1SCpnefc8X7gv5IpXSY8pckiOyAlxyQUpkltSImXCyDN5Ia/kzXq3Pq0v63s6umQlO/tkBtbPL2JyrA8=</latexit>

Down-type Jet
<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="I+zPhUukU28FoADlWdIOHw3zSFY="></latexit>hEQEQEQi
hEtrEtrEtri

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

✓

• How far can this be pushed?
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RG Flows in Jets

• Significant recent technical progress in describing non-linear RGs
going beyond DGLAP.

• Can be directly measured using moments of track functions in high
energy jets.
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<latexit sha1_base64="Ti2pZN4ax5Qy09u5YXR+o3kVuZE=">AAACNnicbVC7TsMwFHXKq4RXC2wsFhUSU5W0FTBWsDAWiT4kkkaO47ZWHSeyHUSJ+i+s8AX8CgsbYuUTcNoMtOVKlo7OuVfn+Pgxo1JZ1odRWFvf2Nwqbps7u3v7B6XyYUdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/vgm07uPREga8Xs1iYkboiGnA4qR0pRXOratft1RNCTSGaM4Rl6tX/dKFatqzQauAjsHFZBPyysbphNEOAkJV5ghKR9sK1ZuioSimJGp6SSSxAiP0ZA8aMiR9nPTWfwpPNNMAAeR0I8rOGP/XqQolHIS+nozRGokl7WM/Fd7mhsscIHMTBY5P1xKqAZXbkp5nCjC8TzgIGFQRTDrEAZUEKzYRAOEBdV/hHiEBMJKN23q9uzlrlZBp1a1L6qNu0aleZ33WAQn4BScAxtcgia4BS3QBhg8gxfwCt6Md+PT+DK+56sFI785Agtj/PwCw2yrJw==</latexit>
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⇥
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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>
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Track Based Jet Substructure

• Improved understanding of RG enables precision jet substructure on
tracks (NLL collinear).

• Jet Substructure on Tracks Required Two Key Ingredients:

1 Rethinking jet substructure in terms of detectors (energy correlators)
2 Yibei Li

Yibei Li

20232013

Chang, Procura, Thaler, Waalewijn

• Ready for track based jet substructure phenomenology at the LHC!
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The Importance of Toy Theories
AdS/CFT

35 / 47
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Importance of Toy Theories

• One should always find the simplest system that exhibits the behavior
one is interested in. Almost certainly, that system is not QCD at a
hadron collider.

• Toy models (AdS/CFT, SUSY, lower dimensions, ....) play a
significant role in many other areas of theoretical physics.

• Rarely used in JSS:( Notable exceptions, e.g. Cesarotti, Strassler,
Reece

• As we move towards more subtle questions (e.g. transport
coefficients, confinement, non-standard BSM, etc) any intuition from
simplified models could be invaluable.

• We have now developed to the stage of questions that are of general
theoretical interest. We should not restrict to QCD in d=4.

• Wish there was more to say...
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Numerics and Simulations

2

<latexit sha1_base64="gYJa+h4eRi6XDaD289+2EUHPjMA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe2OMuw==</latexit>

0
<latexit sha1_base64="3yzzMpLGc+AxOVeOSUfkgMSIBJg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfOeMvA==</latexit>

1
<latexit sha1_base64="dSGkyJ9yh4FtXN3IeyG8yp8NxWE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffmuMvQ==</latexit>

2
<latexit sha1_base64="+BE9HMJmht2VfpMzL5ql29wWAaY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRqEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftErltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Wu1C9L1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AH/vjL4=</latexit>

3

<latexit sha1_base64="U5TK6xmvxyQnp6ja45atmmkiD8k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/cXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAGXI2i</latexit>s1
<latexit sha1_base64="XvexMPvx610qjITMwFWFlaAo4iE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1bus1u4vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAH4I2j</latexit>s2

<latexit sha1_base64="B1tPYJTbwhRb8Zmt69V2fJ+Mbbg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Wa/cXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDq4Y2Q</latexit>a1

<latexit sha1_base64="rAEnVZz/Fx+L5ZpH7O38JMnrrPo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1bus1u4vKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDsZY2R</latexit>a2
<latexit sha1_base64="INpaOZQPMoLk5KIZFyn32fp7LC8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis90N55r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvsZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14l1WqvcX5dpNHkcBjuEEzsCDK6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDt6Y2S</latexit>a3

FIG. 1. Illustration of an example state in the Schwinger
model with four spatial lattice sites (eight fermion sites).
Empty circles indicate unoccupied sites while a circle with
�(+) represents a fermion site occupied by an electron
(positron). The electric field is indicated by the green lines
between occupied fermion sites. The wavy lines represent
interactions with the environment. The dashed endpoints in-
dicate periodic boundary conditions.

quantum computer [96]. In this work, we set up the rele-
vant formalism to study field theoretical non-equilibrium
dynamics. This formalism represents an important step
toward studies of real-time dynamics of QCD in a ther-
mal environment. In addition, we present results using
the digital quantum devices accessible through the IBM
Quantum (IBMQ) platform. Also, our study demon-
strates a method for preparing an initial thermal state
- an essential ingredient in applications of quantum com-
puting to systems at finite temperature.

Discretized Hamiltonian of the Schwinger model. The
Lagrangian of the (massive) Schwinger model is given
by [90, 91]

L =  
�
i /D � m

�
 � 1

4
Fµ⌫Fµ⌫ , (1)

where /D = �µDµ with {�µ, �⌫} = 2gµ⌫ , the covariant
derivative is Dµ = @µ � ieAµ and the field strength ten-
sor is Fµ⌫ = @µA⌫ � @⌫Aµ. The fermion field has two
components  = ( u, d)

T , where u, d represent the up-
per and lower components, respectively. Furthermore, m
and e denote the mass and the charge of the fermion,
respectively.

To simulate the real-time dynamics of the Schwinger
model on a quantum computer, we employ the Kogut-
Susskind Hamiltonian formulation of Ref. [31] and dis-
cretize the field theory on a spatial lattice with N sites.
We employ periodic boundary conditions, which allows
for the projection onto a reduced Hilbert space with def-
inite momentum and parity. From the Lagrangian in
Eq. (1), the discretized Hamiltonian can be obtained
by choosing the axial gauge A0 = 0, using staggered
fermions [31, 97, 98], and applying the Jordan-Wigner
transformation [99], which is reviewed in Appendices A
and B in detail. The Hamiltonian can then be written as

HS =
1

2a

Nf�1X

n=0

�
�+(n)L�

n �
�(n + 1) + �+(n + 1)L+

n�
�(n)

�

+

Nf�1X

n=0

✓
ae2

2
`2n + m(�1)n�z(n) + 1

2

◆
, (2)

FIG. 2. Quantum algorithm to simulate the time evolution
governed by the Lindblad equation using the Stinespring di-
lation theorem [100] for two cycles with time step �t. The

two unitary operators are given by UJ = exp (�iJ
p

�t) and
UHS = exp (�iHS�t). The ancilla qubit is reset after each
cycle.

where a is the lattice spacing, n labels the fermion lattice
sites, and Nf = 2N is the total number of fermion lattice
sites. See Fig. 1 for an example with Nf = 8. The contin-
uum theory is recovered in the limits a ! 0 and Nf ! 1,
such that aNf is fixed. Here �±(n) = (�x(n)± i�y(n))/2
and �x,y,z(n) are the Pauli matrices at fermion site n.
The operators L±

n are the raising/lowering operators for
a quantum system with the eigenstates |`ni associated
with the eigenvalues `n. The eigenvalues `n correspond
to the electric flux between the fermion sites n and n+1
while the ladder operators L±

n correspond to the gauge
link between n and n+1, which increases or decreases the
electric flux by one unit. The subscript S of the Hamil-
tonian in Eq. (2) indicates that the Schwinger model will
serve as the system interacting with a thermal environ-
ment, see Eq. (4) below.

The lattice formulation of the Schwinger model varies
in literature in how the infinite number of states of the
gauge field are treated. Here we follow the setup of
Ref. [43], where a finite-dimensional representation of
the gauge degrees of freedom is achieved by imposing
a cuto↵ on the total electric flux. We find the following
closed form for the number of physical states that satisfy
Gauss’s law with |`n|  1,

NX

M=1

2N

M

N�MX

K=0

✓
M � 1 + K

M � 1

◆✓
2N � 2K � M � 1

M � 1

◆
+ 3 ,

(3)

which is derived in Appendix C In the following, we will
focus on the Hilbert space projected onto positive-parity
and zero-momentum states with |`n|  1 and

P
n |`n| <

Nf . Constructions of these states and the matrix forms
of the relevant Hamiltonians and measurement operators
can be found in Appendix B.

Non-equilibrium dynamics in the quantum Brownian
motion limit. We now consider the Schwinger model cou-
pled to a thermal environment. The full Hamiltonian can
be decomposed as

H = HS + HE + HI , (4)

where HS denotes the Hamiltonian of the system, i.e.,
the Schwinger model given in Eq. (2), HE is the envi-
ronment Hamiltonian, and HI describes the interaction

Boost 2023 August 4, 2023 34 / 54



Parton Showers
• Much recent progress from various groups.
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A new approach to QCD evolution in processes with massive partons

Benôıt Assi and Stefan Höche
Fermi National Accelerator Laboratory, Batavia, IL, 60510

We present an algorithm for massive parton evolution which is based on the di↵erentially accurate
simulation of soft-gluon radiation by means of a non-trivial azimuthal angle dependence of the
splitting functions. The kinematics mapping is chosen such as to to reflect the symmetry of the
final state in soft-gluon radiation and collinear splitting processes. We compute the counterterms
needed for a fully di↵erential NLO matching and discuss the analytic structure of the parton shower
in the NLL limit. We implement the new algorithm in the numerical code Alaric and present a
first comparison to experimental data.

I. INTRODUCTION

The production and evolution of massive partons are an important aspect of collider physics, and they play a
particularly prominent role at the Large Hadron Collider at CERN. Key measurements and searches, such as tt̄H
and triple Higgs boson production, involve final states with many b-jets. The success of the LHC physics program
therefore depends crucially on the modeling of heavy quark processes in the Monte-Carlo event generators used to
link theory and experiment. With the high-luminosity phase of the LHC approaching fast, it is important to increase
the precision of these tools in simulations involving massive partons.

Heavy quark and heavy-quark associated processes have been investigated in great detail, both from the perspective
of fixed-order perturbative QCD and using resummation, see for example [1–4]. Various proposals were made for the
fully di↵erential simulation in the context of particle-level Monte Carlo event generators [5–8]. Recently, a new
scheme was devised for including the evolution of massive quarks in the initial state of hadron-hadron and lepton-
hadron collisions [9]. In this manuscript, we will introduce an algorithm for the final-state evolution and matching
in heavy-quark processes, inspired by the recently proposed parton-shower model Alaric [10]. The soft components
of the splitting functions are derived from the massive eikonal and are matched to the quasi-collinear limit using a
partial fractioning technique. In contrast to the matching of [7, 11], we partial fraction the complete soft eikonal,
leading to strictly positive splitting functions and thus keeping the numerical e�ciency of the Monte-Carlo algorithm
at a maximum. We also propose to use a kinematic mapping for the collinear splitting of gluons into quarks that
treats the outgoing particles democratically. This algorithm can be extended to any purely collinear splitting (i.e.,
after subtracting any soft enhanced part of the splitting functions) while retaining the NLL precision of the evolution.

Multi-jet merging and matching of parton-shower simulations to NLO calculations in the context of heavy-quark
production were discussed, for example, in [12–15]. The NLO matching is typically fairly involved, because of the
complex structure and partly ambiguous definition of the infrared counterterms. In this publication, we compute
the integrated counterterms for our new parton-shower model, making use of recent results for angular integrals in
dimensional regularization [16]. This calculation provides the remaining counterterms needed for the matching of the
Alaric parton-shower model at NLO QCD. We briefly discuss the extension to initial-state radiation but postpone
a detailed analysis to a future publication.

This paper is structured as follows: Section II briefly reviews the construction of the Alaric parton-shower model
and generalizes the discussion to massive particles. Section III introduces the di↵erent kinematics mappings. Sec-
tion IV discusses the general form of the phase-space factorization and provides explicit results for processes with
soft radiation and collinear splitting. The computation of integrated infrared counterterms is presented in Sec. V.
Section VI discusses the impact of the kinematics mapping on sub-leading logarithms, and Sec. VII provides first
numerical predictions for e+e� !hadrons. Section VIII contains an outlook.

II. SOFT-COLLINEAR MATCHING

We start the discussion by revisiting the singularity structure of n-parton QCD amplitudes in the infrared limits.
If two partons, i and j, become quasi-collinear, the squared amplitude factorizes as

nh1, . . . , n|1, . . . , nin =
X

�,�0=±
n�1

D
1, . . . , i\(ij), . . . , j\, . . . , n

���
8⇡↵s P��0

(ij)i(z)

(pi + pj)2 � m2
ij

���1, . . . , i\(ij), . . . , j\, . . . , n
E

n�1
, (1)

where the notation i\ indicates that parton i is removed from the original amplitude, and where (ij) is the progenitor

of partons i and j. The functions P��0
ab (z) are the spin-dependent, massive DGLAP splitting functions, which depend
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A parton shower with higher-logarithmic accuracy for soft emissions

Silvia Ferrario Ravasio,1 Keith Hamilton,2 Alexander Karlberg,1

Gavin P. Salam,3, 4 Ludovic Scyboz,3 and Gregory Soyez1, 5

1CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland
2Department of Physics and Astronomy, University College London, London, WC1E 6BT, UK

3Rudolf Peierls Centre for Theoretical Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK
4All Souls College, Oxford OX1 4AL, UK

5IPhT, Université Paris-Saclay, CNRS UMR 3681, CEA Saclay, F-91191 Gif-sur-Yvette, France

The accuracy of parton-shower simulations is often a limiting factor in the interpretation of data
from high-energy colliders. We present the first formulation of parton showers with accuracy one or-
der beyond state-of-the-art next-to-leading logarithms, for classes of observable that are dominantly
sensitive to low-energy (soft) emissions, specifically non-global observables and subjet multiplici-
ties. This represents a major step towards general next-to-next-to-leading logarithmic accuracy for
parton showers.

Parton showers simulate the repeated branching of
quarks and gluons (partons) from a high momentum scale
down to the non-perturbative scale of Quantum Chromo-
dynamics (QCD). They are one of the core components
of the general-purpose Monte Carlo event-simulation pro-
grams that are used in almost every experimental and
phenomenological study involving high-energy particle
colliders, such as CERN’s Large Hadron Collider (LHC).
Parton-shower accuracy is critical at colliders, both be-
cause it limits the interpretation of data and because of
the increasing importance of showers in training powerful
machine-learning based data-analysis methods.

In the past few years it has become clear that it is
instructive to relate the question of parton-shower ac-
curacy to a shower’s ability to reproduce results from
the field of resummation, which sums dominant (loga-
rithmically enhanced) terms in perturbation theory to
all orders in the strong coupling, ↵s. Given a logarithm
L of some large ratio of momentum scales, resumma-
tion accounts for terms ↵n

s Ln+1�p, NpLL in a leading-
logarithmic counting for L ⇠ 1/↵s, or ↵n

s L2n�p, NpDL
in a double-logarithmic counting, for L ⇠ 1/

p
↵s.

Several groups have recently proposed parton showers
designed to achieve NLL and NDL accuracy for varying
sets of observables [1–10]. A core underlying require-
ment is the condition that a shower should accurately re-
produce the tree-level matrix elements for configurations
with any number of low-energy (“soft”) and/or collinear
particles, as long as these particles are well separated in
logarithmic phase space [2, 11, 12].

In this letter we shall demonstrate a first major step
towards the next order in resummation in a full parton
shower, concentrating on the sector of phase space in-
volving soft partons. This sector is connected with two
important aspects of LHC simulations, namely the total
number of particles produced, and the presence of soft
QCD radiation around leptons and photons (“isolation”),
which is critical in their experimental identification in a
wide range of LHC analyses. The corresponding areas
of resummation theory, for subjet multiplicity [13–15]
and so-called non-global logarithms [16–42], have seen

extensive recent developments towards higher accuracy
in their own right, with several groups working either
on next-to-next-to-double logarithmic (NNDL) accuracy,
↵n

s L2n�2, for multiplicity [43, 44] or next-to-single log-
arithmic (NSL) accuracy, ↵n

s Ln�1, for non-global loga-
rithms [45–48].

To achieve NSL/NNDL accuracy for soft-dominated
observables, a crucial new ingredient is that the shower
should obtain the correct matrix element even when there
are pairs of soft particles that are commensurate in en-
ergy and in angle with respect to their emitter. Sev-
eral groups have worked on incorporating higher-order
soft/collinear matrix elements into parton showers [49–
58]. Our approach will be distinct in two respects: firstly,
that it is in the context of a full shower that is already
NLL accurate, which is crucial to ensure that the cor-
rectness of any higher-order matrix element is not broken
by recoil e↵ects from subsequent shower emissions; and
secondly in that we will be able to demonstrate the log-
arithmic accuracy for concrete observables through com-
parisons to known resummations.

We will work in the context of the “PanGlobal” fam-
ily of parton showers, concentrating on the final-state
case [2]. As is common for parton showers, it organises
particles into colour dipoles [59], a picture based on the
limit of a large number of colours Nc. Such showers iter-
ate 2 ! 3 splitting of colour dipoles, each splitting thus
adding one particle to the ensemble, and typically break-
ing the original dipole into two dipoles. The splittings are
performed sequentially in some ordering variable, v, for
example in decreasing transverse momentum kt. Given
a dipole composed of particles with momenta p̃i and p̃j ,
the basic kinematic map for producing a new particle k
is

p̄k = akp̃i + bkp̃j + k? , (1a)

p̄i = (1 � ak)p̃i , (1b)

p̄j = (1 � bk)p̃j . (1c)

followed by a readjustment involving all particles so as to
conserve momentum [60], § 1. For the original PanGlobal
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Triple collinear emissions in parton showers

Stefan Höche1 and Stefan Prestel2

1SLAC National Accelerator Laboratory, Menlo Park, CA, 94025, USA
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A framework to include triple collinear splitting functions into parton showers is presented, and
the implementation of flavor-changing NLO splitting kernels is discussed as a first application. The
correspondence between the Monte-Carlo integration and the analytic computation of NLO DGLAP
evolution kernels is made explicit for both timelike and spacelike parton evolution. Numerical
simulation results are obtained with two independent implementations of the new algorithm, using
the two independent event generation frameworks PYTHIA and SHERPA.

I. INTRODUCTION

Parton showers solve the leading-order DGLAP equations [1–4] using Markovian Monte-Carlo algorithms [5]. As
such they work at much lower computational precision than many other calculational tools used in high-energy physics
to date [6]. Due to their importance for both experimental analyses and phenomenological surveys, a limited set of
the most important higher-order e↵ects has been included into parton showers over time, such as angular ordering [7],
and soft-gluon enhancement [8]. The numerical size of the remaining theoretical uncertainties is unclear, especially
since parton showers are tuned to match the most relevant experimental observables. The net e↵ect of this tuning is
that their predictions are most often accurate, yet imprecise, and that the level of imprecision is di�cult to quantify
numerically. As fully exclusive, high precision simulations are mandatory in order to perform reliable measurements of
Standard Model parameters and/or searches for physics beyond the Standard Model, the extension of parton showers
to higher formal accuracy would benefit large parts of the high-energy physics community.

The possibility of including next-to-leading order corrections into parton showers has been explored early on [9–
12] and was revisited recently [13, 14]. NLO splitting functions have been recomputed using a novel regularization
scheme [15, 16]. The dependence of NLO matching terms on the parton-shower evolution scheme has been investigated
in detail [17]. In addition, the first solutions to incorporate e↵ects beyond the leading-color approximation into parton
showers have been found [18, 19], and threshold logarithms have been included in a fully automated approach [20].

In this publication, we construct a framework for the simulation of triple-collinear parton splittings, which contribute
to the next-to-leading order corrections to DGLAP evolution [21–24]. Triple-collinear splitting functions have been
known since long [25], but they have not been included into parton showers to date1. We start with the simplest
case of the flavor-changing splitting kernels. We use these 1 ! 3 kernels to recompute the timelike and spacelike
NLO splitting functions Pqq0 in the MS scheme, and we show how the result can be implemented straightforwardly
in its di↵erential form in a Markovian Monte-Carlo simulation, such that the integral matches Pqq0 up to momentum
conserving e↵ects. Our algorithm depends crucially on the usage of a weighted parton shower, a technique that was
presented in [26, 27]. We see an opportunity to extend our new method to more complicated triple-collinear splitting
functions, and to include virtual corrections, such that all NLO kernels may eventually be calculated on-the-fly, similar
to the computation of a fixed-order result in the dipole subtraction method [28].

The outline of this publication is as follows: Sec. II highlights the correspondence between the formalisms for
parton-shower evolution and DGLAP evolution. The main components of parton-showers are the splitting kernels
and the kinematics mapping, which define the probability and kinematics in the transition from an n-parton final
state to an n+1-parton final state. Section III therefore presents the recomputation of the timelike and spacelike NLO
splitting kernels Pqq0 and, based on the individual terms identified in the analytical calculation, the construction of a
formalism to include 1 ! 3 branchings in the parton shower. We present a validation of our numerical implementation
and a test of the numerical impact of q ! q0 and q ! q̄ splittings in Sec. IV. The kinematical mappings introduced
to simulate 1 ! 3 splittings are an integral part of the new algorithm, but their presentation is rather technical and
has therefore been included in App. A. Section V contains some concluding remarks.

II. PARTON-SHOWER FORMALISM

Parton showers implement QCD evolution equations, most commonly the DGLAP equation [1–4], which governs
the evolution in the limits of collinear initial- and final-state parton branchings. The main components of a parton-

1 First ideas to include 2 ! 4 branchings in final-state evolution were presented in [14].
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Quantum Simulations

• Parton Showers are built on perturbation theory + modeling. We
must ultimately move towards genuine simulations of
non-perturvative QFT.

• Lorentzian nature of jet substructure makes this difficult with
standard techniques.

• Having sharply defined field theoretic observables will be crucial.

• Goal: Non-perturbative calculation of fragmentation functions in any
toy theory?
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Simulating quantum field theory
with a quantum computer

John Preskill∗
Institute for Quantum Information and Matter
Walter Burke Institute for Theoretical Physics
California Institute of Technology, Pasadena CA 91125, USA
E-mail: preskill@caltech.edu

Forthcoming exascale digital computers will further advance our knowledge of quantum chromo-
dynamics, but formidable challenges will remain. In particular, Euclidean Monte Carlo methods
are not well suited for studying real-time evolution in hadronic collisions, or the properties of
hadronic matter at nonzero temperature and chemical potential. Digital computers may never be
able to achieve accurate simulations of such phenomena in QCD and other strongly-coupled field
theories; quantum computers will do so eventually, though I’m not sure when. Progress toward
quantum simulation of quantum field theory will require the collaborative efforts of quantumists
and field theorists, and though the physics payoff may still be far away, it’s worthwhile to get
started now. Today’s research can hasten the arrival of a new era in which quantum simulation
fuels rapid progress in fundamental physics.

The 36th Annual International Symposium on Lattice Field Theory - LATTICE2018
22-28 July, 2018
Michigan State University, East Lansing, Michigan, USA.

∗Speaker.

c⃝ Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/
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Effective Field Theories and Factorization

Because these probability formulas have a lot of structure and deriving 
them is involved, they are called “Factorization Theorems”

Probability for pp collision 
to produce these hadrons

= � � �Prob
�
q(⇤p ) in p

⇥

Prob(qq̄ � tt̄) Prob

�
tt̄ to produce

hadrons

⇥

8CaltechNovember 18, 2004

... and our simple quark-level process

q

q t

t

--

... is buried in the muck.
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q t

t
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�
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Factorization Theorems

• The theoretical interpretation of any measurement at the LHC relies
on the factorization theorems of Collins, Soper, Sterman into
universal parton distribution functions, fragmentation functions, etc.

• These are only proven for a select set of processes (inclusive color
singlet, inclusive hadron production, ....)

−p3

−p1

p2

p4

p5

−P̃

Figure 5: Squared amplitude for parton–parton hard-scattering with three QCD partons and
one soft gluon in the final state (the dashed line cuts the final-state partons). Representative
colour structure of non-abelian factorization breaking correlations that accompany the mixed
soft-collinear limit (with two collinear partons, pi ≃ ziP̃ , i = 1, 2, in the SL region) at one-
loop order.

breaking terms involve correlations with one and two (in the case of the subprocesses in
Eqs. (212) and (214)) hard non-collinear partons.

In the inclusive hadroproduction of a single high-pT jet (or hadron), this violation of
strict collinear factorization leads to N3LO contributions that are separately IR divergent;
the total contribution of these IR divergent terms should vanish to guarantee the validity
of the factorization theorem of mass singularities.

Even if the IR cancellation occurs, the violation of strict collinear factorization leads
to residual IR finite terms. These terms can produce observable contributions that are
logarithmically enhanced (and, therefore, large) in particular kinematical configurations
where virtual (see Eq. (212)) and real (see Eqs. (213) and (214)) radiative corrections are
highly unbalanced. For instance, in these kinematical configurations the cancellation of the
IR pole term of O(1/ϵ2) in Eq. (192) can lead to a residual double-logarithmic contribution.
The logarithmically-enhanced terms due to the violation of strict collinear factorization
have a distinctive signature: the factorization breaking correlations with the non-collinear
partons (see, e.g., Eq. (192) and Figs. 4 and 5) produce ‘entangled logarithms’, namely,
logarithmic terms whose coefficients get tangled up with the colour flow and kinematical
structure of the lowest-order hard-scattering subprocess (e.g., Eq. (211)). In the following,
we mention some specific examples of processes that can exhibit entangled logarithms at
various perturbative orders.

The partonic subprocess in Eq. (211) also controls the LO inclusive hadroproduction of
a pair of nearly back-to-back high-pT hadrons or jets. In the kinematical region where the
total transverse momentum QT of the pair is small (e.g., much smaller than the invariant
mass of the pair), the perturbative QCD calculation leads to large contributions that are
proportional to powers of ln QT . Owing to the violation of strict collinear factorization in
the subprocesses of Eqs. (212)–(214), part of these logarithmic contributions can be due

65

• Recent progress using EFT of Forward Scattering
(Rothstein+Stewart).
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Factorization Theorems

• This may seem academic, but we have now reached the boundary
where such effects can (could) play an important role.

• e.g. Can we combine NNLO calculation of TEEC with N3LL
resummation? Not sure....
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Figure 4. The TEEC variable in the inclusive HT,2 � 1 TeV bin. The top panel shows the absolute

di↵erential distribution through LO (light green), NLO (blue) and NNLO (red) QCD. The coloured

bands show the scale uncertainty estimates and vertical bars indicate statistical uncertainties. The

second panel shows the ratio to the central NLO QCD prediction. The third panel shows the PDF

uncertainty estimate from NNPDF30 at NLO QCD.

The PDF uncertainty of the TEEC distribution computed with the NNPDF30 PDF set

is shown in fig. 4 for the inclusive HT,2 > 1 TeV bin. The uncertainty is flat, below 1%,

indicating that there is a strong cancellation between numerator and denominator for this

variable. A similar PDF behavior is also observed in the individual HT,2 bins, which we do

not show here but supply in electronic form [81].

3.2 Strong coupling dependence

In this section we quantify the sensitivity of the various event shapes to the value of the

strong coupling constant ↵S,0. While in the present work we do not attempt to extract a

value of ↵S,0, the results in this section are an essential step in this direction. To estimate

the dependence of the event shapes on the strong coupling constant ↵S,0, we evaluate them

through NNLO QCD using PDF sets with di↵erent values of ↵S,0. Each PDF set provides a

di↵erent range of ↵S,0 values, and these have been summarized in table 1.

The ↵S,0 dependence in each bin can be derived by expressing the event shape in that bin

as a function of ↵S,0. This can be achieved as follows. First, consider a perturbative solution

– 11 –

A

• We must further develop our understanding of factorization to go
beyond current level of accuracy for hadron collider event/ jet shapes.
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Clues for Beyond the Standard Model

• In the absence of the direct observation of new physics, understanding
the precise structure of the Standard Model and its extrapolation to
high energies can provide clues.

• We must:
• Study all interactions.
• Precisely measure all parameters.
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Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
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error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18

Why should I care about a precision        ?mt

Stability of the Standard Model vacuum! 

mt

mHiggsuncertainty dominated by mt

Andreassen, Frost, Schwartz

Butazzo, Degrassi, Giardino, Giudice, Sala
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New Particles and New Interactions

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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Figure 4: The particular dense networks used here to parametrize (a) the per-particle

mapping � and (b) the function F , shown for the case of a latent space of dimension ` =

8. For the EFN, the latent observable is Oa =
P

i zi �a(yi,�i). For the PFN family, the

latent observable is Oa =
P

i �a(yi,�i, zi, pidi), with di↵erent levels of particle-ID (PID)

information. The output of F is a softmaxed signal (S) versus background (B) discriminant.

3.2 Network architecture

So far, there has not yet been any machine learning in our e↵ort to apply the decompositions in

Eqs. (1.1) and (1.2) to collider data. The machine learning enters by choosing to approximate

the functions � and F with neural networks.9 Neural networks are a natural choice to use

because su�ciently large neural networks can approximate any well-behaved function.

To parametrize the functions � and F in a su�ciently general way, we use several dense

neural network layers as universal approximators, as shown in Fig. 4. For �, we employ three

dense layers with 100, 100, and ` nodes, respectively, where ` is the latent dimension that

will be varied in powers of 2 up to 256. For F , we use three dense layers, each with 100

nodes. We confirmed that several network architectures with more or fewer layers and nodes

achieved similar performance. Each dense layer uses the ReLU activation function [108] and

He-uniform parameter initialization [109]. A two-unit layer with a softmax activation function

is used as the output layer of the classifier. See App. A for additional details regarding the

implementations of the EFN, PFN, and other networks. The EnergyFlow Python package [91]

contains implementations and examples of EFN and PFN architectures.

9Ref. [63] describes two types of architectures in the Deep Sets framework, termed invariant and equivariant.

Equivariance corresponds to producing per-particle outputs that respect permutation symmetry. For this

paper, our interest is in the invariant case, but we leave for future work an exploration of the potential particle

physics applications of an equivariant architecture.
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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I +

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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New Interactions

• Measurements of the Higgs couplings to light quarks provide a crucial
test of the Yukawa sector of the SM.

• Jet substructure provides the current most stringent bound on the
charm Yukawa, 1.1 < κc < 5.5.

References 7
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Figure 2: The observed and fitted mSD distributions for the passing (left) and failing (right) re-
gions, combining all pT categories, and three data taking years. The fit is performed under the
signal-plus-background hypothesis with a single inclusive H(cc) signal strength parameter.
The QCD yields and shapes and the tt yields are estimated from data. The dashed line repre-
sents the H ! cc expectation, amplified by a factor of 200. The step-like features at 166 and
180 GeV occur due to excluded mSD bins, outside of the r acceptance region. The lower panel
shows the residual difference between the model and data, scaled by the statistical uncertainty
in the data, effectively showing an approximate significance.
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• Matches the original projected sensitivity with 3000 fb−1!
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New Interactions

• The Higgs self interaction accesses the Higgs potential.

• Jet Substructure exploits the high branching ratio to b-quarks.

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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1. Introduction 1

1 Introduction
The discovery of a Higgs (H) boson by the ATLAS and CMS Collaborations in 2012 [1, 2] started
a new era in experimental high-energy physics. Since the first observation in 2012, a significant
effort has been made to measure the properties of the Higgs boson, including its couplings to
other particles. So far, the measured properties of the Higgs boson are found to be consistent
with the standard model (SM). The production of a pair of Higgs bosons (HH) is a rare process
that provides a unique sensitivity to the Higgs boson trilinear coupling (self-coupling) and the
quartic coupling between two Higgs bosons and two vector bosons. The HH production takes
place primarily via gluon-gluon fusion (ggF). Experimental searches for HH production focus-
ing on this ggF production mode have been carried out by the ATLAS and CMS Collaborations
in various final states at center-of-mass energies of

p
s = 8 TeV [3–7] and 13 TeV [8–12], and

statistical combinations of results have been performed [13, 14].

This analysis is among the first ones to target HH nonresonant production via vector boson
fusion (VBF). The SM cross section for this second most abundant HH production mode is cal-
culated to be sVBF = 1.726 ± 0.036 fb at

p
s = 13 TeV, as computed at next-to-next-to-next-to

(N3) leading order (LO) of the quantum chromodynamics (QCD) perturbative expansion [15].
In Fig. 1, the three leading-order diagrams for nonresonant HH production via VBF are shown.
Three types of Higgs boson couplings are present: the Higgs boson self-coupling (HHH), the
Higgs-vector-boson coupling (VVH), and the quartic coupling between two vector bosons and
two Higgs bosons (VVHH). For these three couplings, we define the coupling modifier param-
eters kl, kV and k2V (hereafter referred to simply as “couplings”), respectively, to parametrize
their strength relative to their SM values.

While the HHH coupling can be probed via the ggF production mode, and the VVH coupling
is constrained by measurements of production and decay rates of single Higgs bosons [16],
VBF HH production provides a unique handle to probe the quartic HHVV coupling [17]. In
the SM, k2V = kV = 1 leads to a large cancellation between the two rightmost diagrams of
Fig. 1, but in more generic models this constraint is not present. Hence the VBF cross section
can be dramatically increased, especially in the phase space region characterized by large HH
invariant mass [17].

This analysis focuses on the final state with both Higgs bosons decaying into a bottom (b)
quark-antiquark pair, with a total branching fraction of B(HH ! bbbb) = 33.9 ± 0.9% [18].
The analysis is based on data from proton-proton (pp) collisions by the CERN LHC at

p
s =

13 TeV, collected by the CMS experiment in 2016–2018, with an integrated luminosity of 138 fb�1.

Experimentally, the VBF process is characterized by the presence of two jets with a large gap in
pseudorapidity and large dijet invariant mass. In the central region between the two jets lie the
hadronic decay products from the H ! bb decays. The ATLAS and CMS Collaborations have
performed searches for this HH ! bbbb process based on the resolved event topology, where
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cluded at 95% CL.
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Figure 4: Observed (solid line) and expected (dashed line) 95% CL exclusion limit on the prod-
uct of the VBF HH production cross section and the branching fraction into bbbb, as a function
of the kV coupling, with other couplings fixed to the SM values. The crossings of observed limit
and the theoretical cross section (red line) indicate the ranges of the coupling values excluded
at 95% CL.

• First observation of the V V → HH coupling in the SM!
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New Interactions

• Resolving Higgs Couplings at high pT

• Observed significance is calculated with 
other process freely floating

• VBF: 3.0σ (0.9σ expected)
• ggF: 1.2σ (0.9σ expected)

Results

8/1/23 Jennet Dickinson | CMS boosted H(bb)17

Lumi [fb-1] µVBF µggF

Early 2016 19.5 2.9 +5.8
-4.5 4.3 +5.5

-5.4

Late 2016 16.8 5.8 +6.3
-4.7 -0.9 +4.7

-5.1

2017 41.5 -0.7 +2.8
-2.6 6.7 +4.0

-3.1

2018 59.8 10.0 +4.4
-3.4 -0.6 +2.8

-3.1

Combined 137.6 5.0 +2.1
-1.8 2.1 +1.9

-1.7

ggF category VBF category

• Best fit differs from SM by 2.6σ
and from (0,0) by 3.9σ
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• ggF becomes less dominant at high pT
And we have precise predictions for other production 
modes (link)

• High pT tails are sensitive to new physics at high 
energy scales
Different production modes probe different BSM operators

Why VBF at high pT?
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Fig. 2. Distributions for pX
T , ⌘X , pj1

T , ⌘j1 , �⌘(j1, j2), and ��(j1, j2) in VBF with the acceptance cuts for the jets. The histograms
in the main plots are normalized to unity.
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• ggF becomes less dominant at high pT
And we have precise predictions for other production 
modes (link)

• High pT tails are sensitive to new physics at high 
energy scales
Different production modes probe different BSM operators

Why VBF at high pT?
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Fig. 2. Distributions for pX
T , ⌘X , pj1

T , ⌘j1 , �⌘(j1, j2), and ��(j1, j2) in VBF with the acceptance cuts for the jets. The histograms
in the main plots are normalized to unity.
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New Particles

• Must continue to push innovative searches for more subtle
phenomena that go beyond the standard paradigms.thoughts on hadronization

‣ Depending on what parameters 
you scan over, the behavior can 
become very problematic 
‣ For instance, just changing the 

dark hadron masses can result in 
major changes to the 
substructure! 

‣ Keeps the same number of 
colors & flavors, !dark, 
hadronization parameters 

‣ Compare this to the LJP, where 
there is a clear region where this 
is not significantly changed, even 
with different hadron masses

19

Event Isotropy & ATLAS

2305.16930

EMD2 ~ Thrust 1-Isotropy

• Leave every stone unturned in forthcoming data sets.
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Weighing the Top Quark
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Top Quark Mass

• The top quark mass is one of the most
important parameters of the SM.

• Need simple observables with top mass
sensitivity that can be computed from first
principles field theory: SD Mass, EEEC

4

FIG. 3. Gauge dependence of the SM potential at its maxi-
mum with mpole

h = 125.14 GeV and mpole
t = 173.34 GeV.

approach at 1-loop. Decent fits are (12)
�
V 1-loop, trad.

max

�1/4 ⇡ (2.50 ⇥ 109 GeV)e�0.02⇠t+0.0003⇠2
t

⇣
�V 1-loop, trad.

min

⌘1/4

⇡ (3.08 ⇥ 1029 GeV)e0.001⇠t�0.0001⇠2
t

The consistent gauge-invariant values at NLO are

�
V NLO

max

�1/4
= 2.88 ⇥ 109 GeV (13)

�
�V NLO

min

�1/4
= 2.40 ⇥ 1029 GeV

Note that �Vmin corresponds to an energy density well
above the Planck scale. Thus, the potential at the mini-
mum will surely be e↵ected by quantum gravity and pos-
sible new physics not included in our calculation. Previ-
ous analyses have defined stability to be Planck-sensitive
if the instability scale ⇤I > MPl [1, 2]. As we have ob-
served, the instability scale is gauge dependent, so this
is not a consistent criterion. An alternative criterion is
that new operator, such as O6 ⌘ 1

⇤2
NP

h6 be comparable

to Vmin when h = hhi. Although O6 and Vmin are gauge-
invariant, the value of O6 at the field value h where the
minimum occurs is gauge dependent, so this condition
is also unsatisfactory. A consistent and satisfactory cri-
terion was explained in [13]: the new operator must be
added to the classical theory and its e↵ect on Vmin eval-
uated.

Adding O6 to the potential, we find that the the po-
tential is still negative at its minimum in the SM even
for operators with very large coe�cients. For example,
taking ⇤NP = MPl = 1.22 ⇥ 1019 GeV, we find that
µmin

X = 6.0 ⇥ 1017 GeV and Vmin = �(1.1 ⇥ 1017 GeV)4.
Comparing to Eq. (13) we see that the energy of the true
vacuum is very Planck-sensitive.

More generally, a good fit is given by

Vmin = �(0.01⇤NP)4, ⇤NP & 1012 GeV (14)

When ⇤NP < 3.6⇥1012 GeV, Vmin becomes positive and
for ⇤NP < 3.1 ⇥ 1012 GeV the maximum and minimum

Metastability

Rapid instability

Absolute stability
HPlanck-sensitiveL

LNP
=10

10

LNP
=10
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LNP
=10
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LNP
=10

16

LNP
=10

19

t=10
10 years
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168
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178

180

MHiggs

M
to
p

FIG. 4. Boundaries of absolute stability (lower band, NLO)
and metastability (upper line, LO). The thickness of the
lower boundary indicates perturbative and ↵s uncertainty.
The theoretical uncertainty of the metastability boundary is
unknown. The elliptical contours are 68%, 95% and 99%
confidence bands on the Higgs and top masses: mpole

h =

(125.14±0.23) GeV and mpole
t = (173.34±1.12) GeV. Dotted

lines are scales in GeV at which Vmin can be lifted positive by
new physics.

disappear. Thus the stability of the Standard Model can
be modified by new physics at the scale 1012 GeV.

If we vary the Higgs and top masses in the Standard
Model, we can compute the boundary of absolute stabil-
ity. This bound is shown in Figs. 4 and 5. The dotted
lines show where Vmin becomes positive when in the pres-
ence of O6 for the indicated value of ⇤NP. Unexpectedly,
we find that three independent conditions (1) that Vmin

goes to zero, (2) that Eq. (5) have no solution, and (3)
that Vmin goes positive when ⇤NP = MPl all give nearly
identical boundaries in the mpole

h /mpole
t plane. Know-

ing that quantum gravity is relevant at MPl, we should
therefore be cautious about giving too strong of an in-
terpretation of the perturbative absolute stability bound
in the SM. We also show in this plot the metastability
bound, that the lifetime of our vacuum be larger than
the age of the universe. At lowest order this translates to
�( 1

R )�1 < �14.53 + 0.153 ln[R GeV] for all R [30]. Since
�(µ) is gauge invariant, so is this criterion. Although for
the Standard Model this approximation is probably suf-
ficient, it has not been demonstrated that the bound can
be systematically improved in a guage-invariant way [31].

In this paper, we have only discussed a single physical
feature of the e↵ective action: the value of the e↵ective
potential at its extrema. There is of course much more
content in the e↵ective action, especially when tempera-
ture dependence is included. Unfortunately, many uses
of the e↵ective action involve evaluating it for particu-
lar field configurations, a procedure that has repeatedly
been shown to be gauge-dependent. For example, the
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Top Quark Mass Measurement

• Nice progress towards higher order resummation, and MSR ↔ MC
mass conversions.

Theoretical Calculation
• Continuation of the top mass interpretation with 

NLL accuracy found at ATL-PHYS-PUB-2021-034.


• Model uses three parameters, , , and  
associated with first- and second-moment non-
perturbative corrections.


• Using SCET-based theory with NNLL accuracy


‣ Improved perturbative stability


‣ Renormalon subtraction - increased stability in 
peak of differential cross-section of jet mass. 
Renders the first-moment non-perturbative 
correction renormalon free.

mt Ωhad
1q x2

Mantry, Michel, Pathak, Stewart 
Preliminary

8

Top mass interpretation results
 GeV


Uncertainty corresponding to statistical uncertainty of MC sample.

mMSR
t (1GeV) = 172.18 ± 0.05

Theoretical scale variations are normalised to the nominal curve.

Mass relation of: 

 GeV) =  MeV

Uncertainty corresponding to the theoretical variations of the model.

ΔMSR = mMC
t − mMSR

t (1 320+ 97
−490

Also possible to vary the R value. Currently have 
fit MSR (3 GeV) with consistent results. Using 1 

GeV  for ease of comparison.
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αs with Jet Substructure
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How Strong is the Strong Force?

• What is the value of the strong coupling constant?

• The electromagnetic coupling is one of the best known natural
quantities αe = 0.0072973525693(11).

• Quarks are never free =⇒ very hard to measure their couplings!

10.  What is the best way to precisely measure the 
       strong coupling constant,                     ? 

21
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FIG. 17. Comparison of our determination of ↵s(mZ)
(red) with similar previous analyses at N3LL0 for thrust
(green) [9, 10] and other selected determinations: lattice [24]
and static energy potential [29] (both use lattice input, in
blue), Electroweak precision observables fits [87] (black), Deep
Inelastic Scattering [28] and global PDF fits [30, 31], and
hadron ⌧ decays [27] (Fixed Order Perturbation Theory lower,
and Contour Improved Perturbation Theory, both in gray).
The current world average [23] is shown as a translucent green
band.

resummation have been achieved. Analyses 2 [25] and
10 [85] did not included resummation; 6 [4] and 9 [86]
included NLL resummation; 5 [11] include N2LL resum-
mation; and analyses 3,4,7, and 8 included N3LL resum-
mation. Analyses 2, 9, and 10 simultaneously fit to many
event shapes, whereas the others focused on a single ob-
servable: thrust (1, 4-6 and 8 [5]), Heavy-Jet-Mass (7 [8]),
and C-parameter (3, which is this work). The analyses
1, 3, 4, 7 and 8 used SCET to perform Sudakov log re-
summation. All results that used an analytic treatment
of power corrections have smaller values of ↵s. This is
consistent with a simple dimensional analysis argument
(see Refs. [9, 12]). Higher order resummation results
in a convergent perturbation series and smaller uncer-
tainties, and the Rgap scheme also reduces uncertain-
ties. Accounting for the fact that results relying on MC
for the treatment of power corrections should likely have
larger hadronization uncertainties, all results are com-
patible among one another. The most precise results are
however clearly in disagreement with the world average,
which is dominated by lattice QCD results (see below)
and shown as a translucent green band.

We conclude this work by comparing our result for
↵s(mZ) with the results of a selection of recent analy-
ses using other techniques and observables, as shown in
Fig. 17. We include a N3LO analysis of data from deep
inelastic scattering from the ABM group [28], the global
PDF fits of the MSTW group [31] and the NNPDF col-
laboration [30]; the most recent (and accurate) determi-
nation from the HPQCD lattice collaboration [24], from
the analysis of Wilson loops and pseudoscalar correla-

tors; a determination analyzing the lattice prediction for
the QCD static potential [29]; a reanalysis of electroweak
precision observables by the Gfitter collaboration [87];
the most recent analysis of tau decays in which the re-
cently released ALEPH data was used together with the
OPAL data; the previous determinations from fits to the
thrust distribution [9] and moments of the thrust distri-
bution [10]; and of course the current world average [23]
(shown as the green band). The ABM (DIS) and thrust
results are compatible with our determination, while in
contrast the disagreement with either lattice QCD or the
world average is 4-�. Many other determinations lie be-
tween these two values. The source of this disagreement
is an important open question.
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Appendix A: Profile Formulae

In this appendix, we give the details for the profile
functions that control the renormalization scales as laid
out in Sec. II B. For the soft profile function, we use the
form,

µS =

8
>>>>>>><
>>>>>>>:

µ0 0  C < t0

⇣(µ0, 0, 0, rs µH

6 , t0, t1, C) t0  C < t1

rs µH
C
6 t1  C < t2

⇣(0, rs µH

6 , µH , 0, t2, ts, C) t2  C < ts

µH ts  C < 1

, (A1)

where the physical meaning of the parameters is ex-
plained in Sec. II B. The function ⇣(a1, b1, a2, b2, t1, t2, t)
(with t1 < t2), which smoothly connects two straight
lines of the form l1(t) = a1 + b1 t for t < t1 and
l2(t) = a2 + b2 t for t > t2 is given by

⇣(t) =

(
â1 + b1(t � t1) + e1(t � t1)

2 t1  t  tm

â2 + b2(t � t2) + e2(t � t2)
2 tm  t  t2

,

e+e- to jets,  Lattice QCD,    -decays, 
structure functions, precision electroweak, … 

�

�s(µ = mZ)

u

u

g
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Strong Coupling

• There are two general approaches to measure a coupling in a QFT:

• JSS offers the possibility to measure it as a scaling exponent.

• Which one will win? We must at least try...

• Milestone for jet substructure: < 5% accuracy

O = C(αs)x
γ(αs)

BOOST 2023    Jul 31, 2023 Measurements of energy correlators in jets and  extraction at CMSαS  / 20
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Shape of data agrees with  
within uncertainty


Theo sys:

 (shape only҅no normalization effect)


• QCD scale of  prediction 

• Hadronization factors 

•QCD scale in hard scattering 

• Underlying event + parton shower tune 

• PDF
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Outlook

• Jet substructure provides one of the most exciting examples of
connecting progress in QFT with data to learn something about the
real world.The OPE Limit of Lightray Operators

• Energy flow operators admit an OPE!

• Jet Substructure is the study of the OPE limit of lightray operators.

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

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

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

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (�s) , (1.4)

– 2 –
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• Predicts universal scaling behaviors for correlations in energy flux.

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
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Shape of data agrees with  
within uncertainty


Theo sys:

 (shape only҅no normalization effect)


• QCD scale of  prediction 

• Hadronization factors 

•QCD scale in hard scattering 

• Underlying event + parton shower tune 

• PDF
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Error band: 
shape only

• ggF becomes less dominant at high pT
And we have precise predictions for other production 
modes (link)

• High pT tails are sensitive to new physics at high 
energy scales
Different production modes probe different BSM operators

Why VBF at high pT?

8/1/23 Jennet Dickinson | CMS boosted H(bb)4

F. Maltoni, K. Mawatari, M. Zaro: Higgs characterisation via VBF and VH production 5

10-4

10-3

10-2

10-1

pp→X0jj (VBF) at the LHC8, NLO+PS 0+ (SM)
0+ (HD)

0+ (HDder)
0+ (SM+HD)

0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

 0  100  200  300  400  500  600  700  800
pT

X (GeV)

NLO+PS / LO

 0

 0.02

 0.04

 0.06

 0.08

 0.1
pp→X0jj (VBF) at the LHC8, NLO+PS 0+ (SM)

0+ (HD)
0+ (HDder)

0+ (SM+HD)
0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

-4 -3 -2 -1  0  1  2  3  4
ηX 

NLO+PS / LO

10-4

10-3

10-2

10-1

pp→X0jj (VBF) at the LHC8, NLO+PS 0+ (SM)
0+ (HD)

0+ (HDder)
0+ (SM+HD)

0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

 0  100  200  300  400  500  600  700  800
pT

j1 (GeV)

NLO+PS / LO

 0

 0.02

 0.04

 0.06

 0.08 pp→X0jj (VBF) at the LHC8, NLO+PS 0+ (SM)
0+ (HD)

0+ (HDder)
0+ (SM+HD)

0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

-4 -3 -2 -1  0  1  2  3  4
ηj1

NLO+PS / LO

 0

 0.02

 0.04

 0.06

 0.08

 0.1
pp→X0jj (VBF) at the LHC8, NLO+PS 0+ (SM)

0+ (HD)
0+ (HDder)

0+ (SM+HD)
0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

 0  1  2  3  4  5  6  7  8
|Δη(j1, j2)|

NLO+PS / LO

 0

 0.02

 0.04

 0.06
pp→X0jj (VBF) at the LHC8, NLO+PS

0+ (SM)
0+ (HD)

0+ (HDder)
0+ (SM+HD)

0- (HD)
0± (HD)

aMC@NLO+HERWIG6

 0.6
 0.8

 1
 1.2 NLO+PS / NLO

 0.6
 0.8

 1
 1.2

 0  0.5  1  1.5  2  2.5  3
|Δφ(j1, j2)|

NLO+PS / LO

Fig. 2. Distributions for pX
T , ⌘X , pj1

T , ⌘j1 , �⌘(j1, j2), and ��(j1, j2) in VBF with the acceptance cuts for the jets. The histograms
in the main plots are normalized to unity.

arXiv 1311.1829

• Observed significance is calculated with 
other process freely floating

• VBF: 3.0σ (0.9σ expected)
• ggF: 1.2σ (0.9σ expected)

Results

8/1/23 Jennet Dickinson | CMS boosted H(bb)17

Lumi [fb-1] µVBF µggF

Early 2016 19.5 2.9 +5.8
-4.5 4.3 +5.5

-5.4

Late 2016 16.8 5.8 +6.3
-4.7 -0.9 +4.7

-5.1

2017 41.5 -0.7 +2.8
-2.6 6.7 +4.0

-3.1

2018 59.8 10.0 +4.4
-3.4 -0.6 +2.8

-3.1

Combined 137.6 5.0 +2.1
-1.8 2.1 +1.9

-1.7

ggF category VBF category

• The fun is just beginning!
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Figure 4: The particular dense networks used here to parametrize (a) the per-particle

mapping � and (b) the function F , shown for the case of a latent space of dimension ` =

8. For the EFN, the latent observable is Oa =
P

i zi �a(yi,�i). For the PFN family, the

latent observable is Oa =
P

i �a(yi,�i, zi, pidi), with di↵erent levels of particle-ID (PID)

information. The output of F is a softmaxed signal (S) versus background (B) discriminant.

3.2 Network architecture

So far, there has not yet been any machine learning in our e↵ort to apply the decompositions in

Eqs. (1.1) and (1.2) to collider data. The machine learning enters by choosing to approximate

the functions � and F with neural networks.9 Neural networks are a natural choice to use

because su�ciently large neural networks can approximate any well-behaved function.

To parametrize the functions � and F in a su�ciently general way, we use several dense

neural network layers as universal approximators, as shown in Fig. 4. For �, we employ three

dense layers with 100, 100, and ` nodes, respectively, where ` is the latent dimension that

will be varied in powers of 2 up to 256. For F , we use three dense layers, each with 100

nodes. We confirmed that several network architectures with more or fewer layers and nodes

achieved similar performance. Each dense layer uses the ReLU activation function [108] and

He-uniform parameter initialization [109]. A two-unit layer with a softmax activation function

is used as the output layer of the classifier. See App. A for additional details regarding the

implementations of the EFN, PFN, and other networks. The EnergyFlow Python package [91]

contains implementations and examples of EFN and PFN architectures.

9Ref. [63] describes two types of architectures in the Deep Sets framework, termed invariant and equivariant.

Equivariance corresponds to producing per-particle outputs that respect permutation symmetry. For this

paper, our interest is in the invariant case, but we leave for future work an exploration of the potential particle

physics applications of an equivariant architecture.

– 14 –

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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Thanks!
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