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Jets at the LHC

• 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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Jet Substructure: Searches

Z0

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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• Jet Substructure uses the internal structure of jets to provide
qualitatively new ways to study physics at colliders.
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• Its introduction in 2008 by Butterworth, Davison, Rubin and Salam,
along with anti-kT by Cacciari, Soyez, Salam reinvigorated the study
of jets in QCD.
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The Boundaries of Collider Physics

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?

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

10
10yr

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

10
5yr

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

10
�32s?

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

0.02 0.05 0.10 0.20 0.50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

12

1− 0.5− 0 0.5 1 1.5 2 2.5 3
2Vκ

1

10

210

310

410 b
bb

b)
 [f

b]
→

(H
H 

B
 q

qH
H)

→
(p

p 
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 
Observed          Median expected
Theory prediction 68% expected    
                       95% expected     = 1λκ = Vκ

CMS
Preliminary

 (13 TeV)-1138 fb

Figure 3: 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 k2V 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 ex-
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.

• Progress in formal theory and data science have transformed jet
substructure, enabling new tests of QFT, and ever improving ways to
search for fundamental physics.
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Decoding Energy Flux

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Exclusive Processes: S-Matrix

• Tremendous progress in the understanding of exclusive scattering
processes: analytic structure, multi-loop perturbative data,
amplituhedron, S-matrix bootstrap,...

• Practical Outcome: Ability to accurately describe complicated SM
scattering processes.
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The High Multiplicity Regime

• A complementary regime: high multiplicity
• Collisions with E � mgap

• Conformal Field Theories
Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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• Good observables are correlations in fluxes at (null) infinity.
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Detectorology

• What is a detector?

=
X

i

hiOi (1.1)

=
X

j

cjDj (1.2)

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

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.

– 2 –

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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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
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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?

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

10 1
0

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

10 5
yr

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

10 �
3
2

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

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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I +

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

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

d�

dz
=

�

i,j

�
d�

EiEj

Q2
�

�
z � 1 � cos�ij

2

�
. (1.1)

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

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

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

operators [4–7]

E(�n) =

��

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

�(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)

– 2 –
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E(~n) = lim
r!1

r2

1Z

0

dt niT0i(t, r~n)

h |E(n̂1) · · · E(n̂k)| i

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

• Allows us to ask sharp questions about QFT from the asymptotic
energy flux.
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• From the perspective of QFT, jet substructure is the study of
correlation functions, 〈Ψ|E(n̂1) · · · E(n̂k)|Ψ〉, of energy flow operators.

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]
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Energy Correlators at the Collider Frontier
• Spectacular recent progress bridging theory and experiment!

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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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!
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Comparison to pQCD

NLL calculations correspond to full (charged+neutral) jets and are normalized to data in perturbative region
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Lee et al., arXiv:2205.03414
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Energy Correlators: Present Status
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Scaling Behavior
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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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Scaling Behavior in QFT

15

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

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

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

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

Figure 3.3.1. Heat capacity of superfluid helium in 
microgravity conditions. (Source: J. Nissen)
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The OPE Limit of Lightray Operators

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

Jet Substructure

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

=
�

i

hiOi (1.1)

=
�

j

cjDj (1.2)

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

local operator detector

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

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

OPE light-ray OPE
radial quantization ?

Table 1: A comparison between local operators and detectors.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

scales characterizing the measurement.

– 2 –

• This has proven to be a fruitful lens through which to study general
aspects of QFT.
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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
=
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EiEj

Q2
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�
. (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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E(~n) = lim
r!1

r2
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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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Primordial fluctuations
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• Scaling can be derived in generic (non-conformal) theories using
factorization theorems.

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

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]

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

• Scaling measured inside jets by STAR, ALICE and CMS from 15 GeV
to 1784 GeV:

An experimental realization of the detector OPE!

Kyle Lee /33

SCALING FROM 15 GEV TO 2 TEV!
10

• Universal scaling measured in real data from ALICE, CMS, and STAR from 15 GeV to 1784 GeV!

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4

Sc
al

ed
 E

EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 5.02 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4
Sc

al
ed

 E
EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

• Revealing the universal scaling of the Lorentzian operators in QCD in real world collider!

Kyle Lee /33

SCALING FROM 15 GEV TO 2 TEV!
10

• Universal scaling measured in real data from ALICE, CMS, and STAR from 15 GeV to 1784 GeV!

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4

Sc
al

ed
 E

EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 5.02 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4

Sc
al

ed
 E

EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

• Revealing the universal scaling of the Lorentzian operators in QCD in real world collider!

Kyle Lee /33

SCALING FROM 15 GEV TO 2 TEV!
10

• Universal scaling measured in real data from ALICE, CMS, and STAR from 15 GeV to 1784 GeV!

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4

Sc
al

ed
 E

EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 5.02 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

1−10 1 10 210
R [GeV/c]Δ 〉 

T, jet
 p〈

0.2

0.4

0.6

0.8

1

1.2

1.4

Sc
al

ed
 E

EC

 < 20 GeV/c
T

 = 200 GeV, 15 < Full Jet psSTAR Preliminary: 

 < 30 GeV/c
T

 = 200 GeV 20 < Full Jet psSTAR Preliminary: 

 < 50 GeV/c
T

 = 200 GeV 30 < Full Jet psSTAR Preliminary: 

 < 40 GeV/c
T

 = 5.02 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 5.02 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 40 GeV/c
T

 = 13 TeV, 20 < Charged Jet psALICE Preliminary: 

 < 60 GeV/c
T

 = 13 TeV, 40 < Charged Jet psALICE Preliminary: 

 < 80 GeV/c
T

 = 13 TeV, 60 < Charged Jet psALICE Preliminary: 

 < 220 GeV/c
T

 = 13 TeV, 97 < Full Jet psCMS Preliminary: 

 < 330 GeV/c
T

 = 13 TeV, 220 < Full Jet psCMS Preliminary: 

 < 468 GeV/c
T

 = 13 TeV, 330 < Full Jet psCMS Preliminary: 

 < 638 GeV/c
T

 = 13 TeV, 468 < Full Jet psCMS Preliminary: 

 < 846 GeV/c
T

 = 13 TeV, 638 < Full Jet psCMS Preliminary: 

 < 1101 GeV/c
T

 = 13 TeV, 846 < Full Jet psCMS Preliminary: 

 < 1410 GeV/c
T

 = 13 TeV, 1101 < Full Jet psCMS Preliminary: 

 < 1784 GeV/c
T

 = 13 TeV, 1410 < Full Jet psCMS Preliminary: 

• Revealing the universal scaling of the Lorentzian operators in QCD in real world collider!

Primordial fluctuations

What cosmic history gave
 rise to pri

mordial fluctuations?

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

10
10 yr

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

10
5 yr

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

10
�32 s?

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

0.02 0.05 0.10 0.20 0.50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

• Can we accurately extract anomalous exponents of different
detectors?
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The Spectrum of a Jet

0.01 0.02 0.05 0.10

1.0

1.5

2.0

2.5

3.0

• The light-ray OPE predicts that the N -point correlators develop an
anomalous scaling that depends on N .

〈E1E2···EJ−1〉
〈E1E2〉 ∼ 〈O[J]〉

〈O[3]〉 ∼ θ
γ(J)−γ(3)

• Directly probes the spectrum of (twist-2) lightray
operators from asymptotic energy flux.

J

�� d
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j = 0, 2, 4, 0, 2, 4

Figure 2: Chew-Frautschi plot of light-ray operators in the E ⇥ E OPE in a hypothetical

CFT. We show Regge trajectories of even signature operators with transverse spins j = 0

(black curves), j = 2 (blue curves), and j = 4 (green curves). Light-ray operators that

appear in the E ⇥ E OPE are marked with dots. They include operators with spin J = 3 and

transverse spins j = 0, 2, 4. (These are the “low transverse spin” terms described in [1].) In

addition, there are primary descendants of light-ray operators with transverse spin j = 4 and

spin J = 5, 7, 9, . . . .

We begin in section 2 with an introduction to the kinematics of transverse spin, focusing

on the example of energy correlators in the process e+e� ! hadrons. In section 3, we

provide a more detailed introduction to the underlying representation theory and the special

conformally-invariant di↵erential operators that raise transverse spin. In section 4, we give a

new derivation of the light-ray OPE, using null-integrated scalars as an example. In section 5,

we generalize this discussion to the OPE of null integrals of arbitrary local operators. In

section 6, we rederive the scalar light-ray OPE using the light-ray OPE formula for general

operators, and give the light-ray operators that appear in the light-ray OPE of two charge

detectors and the light-ray OPE of two energy detectors. In section 7, we check our formulas

for an event shape in N = 4 SYM with a non-rotationally-symmetric final state. We conclude

in section 8 with discussion and future directions.

2 Event shapes, OPEs, and transverse spin

Event shapes describe patterns of excitations at future null infinity. Perhaps the most impor-

tant examples are energy correlators

h |E(bn1) · · · E(bnn)| i, (2.1)

which measure the distribution of energy at future null infinity in the state | i. Here, E(bni)

are calorimeters inserted at future null infinity in the direction bni 2 Sd�2 on the celestial

sphere. (We define them more precisely below.)

– 3 –

[Maldacena, Hofman]

[Chen, Moult Zhang, Zhu]
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Anomalous ScalingAnomalous Scaling

• Precision measurements reveal anomalous scaling: Universal quantity
in complicated hadronic environment.
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Anomalous Scaling of 3/2 Ratio

• Anomalous scaling measured from 15 GeV to 1784 GeV!
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Yibei Li Hao ChenXiaoYuan Zhang

• Uses scaling anomalous dimensions at three-loop order.

• Beautiful quantitative test of QFT!

• Universal quantity in complicated
hadronic environment.
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The Strong Coupling

• Scaling enables extraction of the strong coupling constant αs at 4%
accuracy.

The Strong Coupling

M. Swiatlowski (TRIUMF) August 4, 2023

EECs for … in practice�s

33

Chengfeng 

Huge amount of effort! %

Now need to scrutinize 
and understand… #

(Overlay from MLB)

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

• Jet substructure is now a precision science!
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Uncertainty ~ 4%, most precise from 
jet-substructure measurement to date


Benefit from:  

Ratio: most uncertainties cancel out 

High precision calculation

 �s(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 
matrix QCD scale of 

 NNLLapprox

Neutral hadron 
energy scale

major source1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

Data +NPapproxNNLL
Lx

Lx
/d

[2
]

σd
Lx

/d
[3

]
σd

ap
pr

ox
R

at
io

 to
 N

N
LL

 < 220 GeV j
T
p97 <  < 330 GeV j

T
p220 <  < 468 GeV j

T
p330 <  < 638 GeV j

T
p468 < 

 (13 TeV)-136.3 fbCMS Preliminary

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

1.1
1.2
1.3
1.4
1.5
1.6

1−10

0.98

1

1.02

Data +NPapproxNNLL
Lx

Lx
/d

[2
]

σd
Lx

/d
[3

]
σd

ap
pr

ox
R

at
io

 to
 N

N
LL

 < 846 GeV j
T
p638 <  < 1101 GeV j

T
p846 <  < 1410 GeV j

T
p1101 <  < 1784 GeV j

T
p1410 < 

 (13 TeV)-136.3 fbCMS Preliminary

�s(mZ) = 0.118

Error band: 
shape only
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Theory at NLO

CMS Preliminary

Figure 1 – Slope of the ratio of the three- and two-particle energy correlators, E3C/E2C, with respect to the
distance between the constituents, xL, for di↵erent jet energies 1 (left). Unfolded data are overlaid with analytical
calculations at NNLLapprox accuracy. The ratio section illustrates changes in the slope of E3C/E2C for values of
↵S higher (↵S = 0.136) and lower (↵S = 0.100) than the default value of ↵S = 0.118. Running of the strong
coupling constant using the world average (yellow band) compared to measurements performed at di↵erent scales,
Q 3 (right). Four new extractions from the R�� measurement, reaching the highest scale probed to date, are
added.

where �Ri,j =
q

(�⌘i,j)2 + (��i,j)2 represents the angular distance between two constituents.
The dependence of E2C and E3C on xL reveals mappings of various stages of parton showers.
Short xL describe the final stages of fragmentation, that is free hadrons that are uncorrelated.
The scaling is linear in this case. Conversely, large xL describe interacting partons, characterized
by an inverse scaling.

In this measurement, dijet events with jet rapidity |⌘jet| < 2.1 and transverse momentum
pjet

T > 97 GeV were selected. In jets, all charged and neutral particles with pT > 1 GeV
were selected. The data used for the extraction of ↵S were corrected for the detector e↵ects
(unfolded). The ratio of energy correlators E2C/E3C ⇠ ↵logR. In this way for the extraction
of ↵S , E2C/E3C was compared to analytical calculations available at an approximate next-to-
next-to-leading logarithm (NNLLapprox) matched to next-to-leading order (NLO) perturbative
QCD (pQCD) calculations. This yielded the worlds most precise ↵S measurement from jet
substructure: ↵S = 0.1229+0.0040

�0.0050. While the uncertainty of the measurement is larger compared
to measurements obtained from jet and top quark cross section measurements, ↵S obtained
from jet substructure is more sensitive to collinear e↵ect. In this way, this measurement helps
to probe the consistency of ↵S in di↵erent phase spaces.

Another new measurement of ↵S at CMS was performed using azimuthal correlations among
jets 3,4. A ratio observable

R��(pT ) =

PNjet(pT )
i=0 N

(i)
nbr(��, pnbr

T,min)

Njet(pT )
(2)

was defined, where the denominator counts the number of jets pet pT bin while the numerator
counts the number of neighboring jets for a given jet i. Neighboring jets in this measurement
were taken to fall within the interval 2⇡

3 < �� < 7⇡
8 , i.e., neighboring jets do not have to be

spatially close to each other. Such a choice of �� ensures that in the dijet event, each jet has
0 neighbors, resulting in the numerator of R�� counting only the 3+ jet topologies while the
denominator counts all the jets.

For the extraction of ↵S , perturbative QCD calculation using NLOJet++ within fastNLO
framework was compared to the unfolded data. Non-perturbative (NP) e↵ects for data were esti-
mated using Monte Carlo (MC) predictions taking a ratio of the distributions with and without
NP e↵ects CNP = (�PS+MPI+HAD)/�PS . NLO electroweak (EW) e↵ects were estimated from
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)
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Figure 2 – Summary of the ↵S (mZ) measurements in CMS and the world average (black maker and the yellow
band). The error bands illustrate the full uncertainty of the measurement.

the SHERPA MC generator in interfaced to RECOLA. The fit yielded ↵S(mZ) = 0.1177+0.0117
�0.0074.

The main contribution to the uncertainty is the scale uncertainty (+114
�68 ) which could be re-

duced by around threefold if next-to-NLO (NNLO) predictions were available. Experimental,
NP and EW uncertainties are small due to cancellations when taking the ratio. The measure-
ment also probed running of ↵S , splitting the whole pT range into four subregions. Notably, the
measurement reaches to the highest scale to date, Q ⇡ 2081 TeV showing no deviations from
RGE.

In the multi-di↵erential dijet cross section measurement, a double-di↵erential (2D) cross
section as a function of the invariant mass of the two jets, m1,2, and the largest absolute rapidity,
|y|max, was used to extract ↵S

5. A simultaneous fit of parton distribution functions (PDF) and
↵S was performed by fitting the unfolded data to pQCD predictions available up to NNLO.
The predictions were obtained with the NNLOJET program interfaced with fastNLO. The fit
resulted in ↵S(mZ) = 0.1179 ± 0.0019. A triple-di↵erential (3D) distribution as a function of
the rapidity separation, y⇤, the total boost, yb, and m1,2 was also used to extract ↵S and yielded
↵S = 0.1181 ± 0.022 which is in a good agreement with the 2D result. The main uncertainty in
this measurement is the fit, i.e., the experimental uncertainty mostly caused by the jet energy
scale uncertainty and luminosity.

3 Summary of the measurements of the strong coupling constant in CMS

A summary of the measurements of ↵S in CMS at
p

s = 7, 8 and 13 TeV can be seen in figure
2. In this section, we will review the measurements of ↵S at

p
s = 13 Tev, not mentioned in

section 2.
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Theory at NLO

CMS Preliminary

Figure 1 – Slope of the ratio of the three- and two-particle energy correlators, E3C/E2C, with respect to the
distance between the constituents, xL, for di↵erent jet energies 1 (left). Unfolded data are overlaid with analytical
calculations at NNLLapprox accuracy. The ratio section illustrates changes in the slope of E3C/E2C for values of
↵S higher (↵S = 0.136) and lower (↵S = 0.100) than the default value of ↵S = 0.118. Running of the strong
coupling constant using the world average (yellow band) compared to measurements performed at di↵erent scales,
Q 3 (right). Four new extractions from the R�� measurement, reaching the highest scale probed to date, are
added.

where �Ri,j =
q

(�⌘i,j)2 + (��i,j)2 represents the angular distance between two constituents.
The dependence of E2C and E3C on xL reveals mappings of various stages of parton showers.
Short xL describe the final stages of fragmentation, that is free hadrons that are uncorrelated.
The scaling is linear in this case. Conversely, large xL describe interacting partons, characterized
by an inverse scaling.

In this measurement, dijet events with jet rapidity |⌘jet| < 2.1 and transverse momentum
pjet

T > 97 GeV were selected. In jets, all charged and neutral particles with pT > 1 GeV
were selected. The data used for the extraction of ↵S were corrected for the detector e↵ects
(unfolded). The ratio of energy correlators E2C/E3C ⇠ ↵logR. In this way for the extraction
of ↵S , E2C/E3C was compared to analytical calculations available at an approximate next-to-
next-to-leading logarithm (NNLLapprox) matched to next-to-leading order (NLO) perturbative
QCD (pQCD) calculations. This yielded the worlds most precise ↵S measurement from jet
substructure: ↵S = 0.1229+0.0040

�0.0050. While the uncertainty of the measurement is larger compared
to measurements obtained from jet and top quark cross section measurements, ↵S obtained
from jet substructure is more sensitive to collinear e↵ect. In this way, this measurement helps
to probe the consistency of ↵S in di↵erent phase spaces.

Another new measurement of ↵S at CMS was performed using azimuthal correlations among
jets 3,4. A ratio observable

R��(pT ) =

PNjet(pT )
i=0 N

(i)
nbr(��, pnbr

T,min)

Njet(pT )
(2)

was defined, where the denominator counts the number of jets pet pT bin while the numerator
counts the number of neighboring jets for a given jet i. Neighboring jets in this measurement
were taken to fall within the interval 2⇡

3 < �� < 7⇡
8 , i.e., neighboring jets do not have to be

spatially close to each other. Such a choice of �� ensures that in the dijet event, each jet has
0 neighbors, resulting in the numerator of R�� counting only the 3+ jet topologies while the
denominator counts all the jets.

For the extraction of ↵S , perturbative QCD calculation using NLOJet++ within fastNLO
framework was compared to the unfolded data. Non-perturbative (NP) e↵ects for data were esti-
mated using Monte Carlo (MC) predictions taking a ratio of the distributions with and without
NP e↵ects CNP = (�PS+MPI+HAD)/�PS . NLO electroweak (EW) e↵ects were estimated from

CMS determination of ↵s from hEEEi/hEEi [CMS ’24]

• Jet substructure is a precision science!
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Higher Point Functions in Energy Flux

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Multipoint Correlators

• Higher-point correlators probe detailed aspects of the underlying
microscopic interactions. e.g. CMB three-point functions allow to
distinguish models of inflation.

Primordial fluctuations

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)

– 2 –

I �

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)

– 2 –

Pr
im

or
dia

l fl
uc

tu
at

ion
s

W
ha

t c
os

mi
c h

ist
or

y g
av

e r
ise

 to
 p

rim
or

dia
l fl

uc
tu

at
ion

s?

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

10
1
0
y
r

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

10
5
y
r

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

10
�

3
2
s?

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

Local

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
2
4
6
8

F!x2, x3"

0
2
4

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

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

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

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

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

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

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

f(F ) =
F · Flocal

Flocal · Flocal
= cos(F,Flocal)

(
F · F

Flocal · Flocal

)1/2

. (21)
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Figure 3: Plot of the function F (1, x2, x3) x2
2x

2
3 for non-Gaussianities generated by higher derivative

interactions (12) and in the DBI model of inflation [20, 21]. The figure is normalized to have value
1 for equilateral configurations x2 = x3 = 1 and set to zero outside the region 1 − x2 ≤ x3 ≤ x2.
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3 for ghost inflation (13). The figure is normalized

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

We see that the fudge factor is proportional to the cosine between the distributions. This suppression

9

Higher Deriv.

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
0.25
0.5
0.75
1

F!x2, x3"

0
0.25
0.5

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

2
3 for non-Gaussianities generated by higher derivative

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

Ghost inflation

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0

0.5

1

F!x2, x3"

0

Figure 4: Plot of the function F (1, x2, x3) x2
2x

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

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

We see that the fudge factor is proportional to the cosine between the distributions. This suppression

9

• What is the structure of higher-point functions of energy flux?
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Multipoint Correlators
• The only explicit results for correlators with N > 2 were the

remarkable strong coupling results of Hofman and Maldacena:

• The wealth of techniques developed to compute perturbative
scattering amplitudes can be applied to multi-point correlators at
weak coupling.

the correction by demanding that the integral over one of the angles gives the total energy.

The dots in (4.9) denote higher order terms in the 1/
√
λ expansion.

In this derivation we have assumed that the state we are considering has no oscillators

excited along the three transverse AdS directions. In the case of the superstring we can

still have a massless mode with indices in the transverse AdS directions since those can

be accounted for by fermion zero modes on the string worldsheet in light cone gauge. The

result (4.9) is very general and holds for any theory with a ten dimensional weakly coupled

dual with an AdS5 factor if we replace 1/λ → α′2/R4
AdS , under the assumption that we

are creating a ten dimensional massless closed string with the external operator.

4.3. Corrections to the n point function

We now consider the n point function ⟨E(n⃗1) · · · E(n⃗n)⟩. We have seen that the gravity

result is just a constant. Let us compute the stringy corrections. The leading deviation

can be computed by expanding the full expression (4.4) up to quadratic order in products

of ki.kj. The resulting correction is basically the same as the one contributing to the

two point function (4.9). In order to see something new we can go to cubic order in the

products ki.kj. In the end this gives us a correction to the n point function which looks

like

⟨E(n⃗1) · · · E(n⃗n)⟩ =
( q

4π

)n

⎡
⎣1 +

∑

i<j

6π2

λ
[(n⃗i.n⃗j)

2 − 1

3
]+

+
β

λ3/2
[
∑

i<j<k

(n⃗i.n⃗j)(n⃗j.n⃗k)(n⃗i.n⃗k) + · · ·] + o(λ−2)

⎤
⎦

(4.10)

where β is a numerical coefficient16 and the dots denote terms that are necessary to ensure

that the integral over each of the angles gives zero as well as a term that corrects the

coefficient of the (n⃗in⃗j)
2 term by an order λ−3/2 amount.

Thus, we find that for a strongly coupled field theory the energy distribution is uniform

with small fluctuations which have an amplitude of order 1/
√
λ. In other words, δE/E ∼

1√
λ
. The two point function of these fluctuations is given by the first non-constant term

in (4.10). One might have thought that these flucutuations would be gaussian. However,

we find that the three point function of the fluctuations is of order λ−3/2. Thus, when we

16 β = −1728
∫ 2π

0

dσ1dσ2

(2π)2
log[2 sin σ1

2
] log[2 sin σ2

2
] log[2| sin (σ1−σ2)

2
|] ∼ 518 ± 5.
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Multi-point Correlators at Weak Coupling

• Energy correlators define an interesting class of finite integrals.

• Provide a playground for the exploration of the perturbative structure
of physical observables.

LAPTH≠004/24

The Collinear Limit of the Four-Point Energy Correlator
in N = 4 Super Yang-Mills Theory

Dmitry Chicherin,a Ian Moult,b Emery Sokatchev,a Kai Yan,c,d Yunyue Zhuc

a LAPTh, Universite Savoie Mont Blanc, CNRS, B.P.110, F-74941 Annecy-le-Vieux, France
b Department of Physics, Yale University, New Haven, CT 06511, USA

c School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
d Key Laboratory for Particle Astrophysics and Cosmology (MOE), Shanghai 200240, China

We present a compact formula, expressed in terms of classical polylogarithms up to weight three,
for the leading order four-point energy correlator in maximally supersymmetric Yang-Mills theory,
in the limit where the four detectors are collinear. This formula is derived by combining a simplified,
manifestly dual conformal invariant form of the 1 æ 4 splitting function obtained from the square of
the tree-level five-particle form factor of stress-tensor multiplet operators, with a novel integration-
by-parts algorithm operating directly on Feynman parameter integrals. Our results provide valuable
data for exploring the structure of physical observables in perturbation theory, and for calculations
of jet substructure observables in quantum chromodynamics.

Introduction

Explicit calculations of observables in quantum field
theory (QFT) have played a crucial role in uncovering
hidden simplicity and structure, and in providing theo-
retical data for the development of new computational
approaches. While a large amount of data exists for per-
turbative scattering amplitudes, less attention has been
focused on physical cross-section level observables rele-
vant for colliders. Motivated by the remarkable simplic-
ity hidden in scattering amplitudes, we can hope for more
exciting surprises in the study of physical observables.

An interesting class of physical observables are N -
point correlation functions of energy flux [1–4], which
we denote ENC. The ENC are infrared finite [5, 6], ex-
hibit an operator product expansion [7–9], and can be
directly measured in experiment [10–18], making them
ideal candidates for explorations in perturbation theory.
Although the ENC was computed at strong coupling [7]
in N = 4 super-Yang-Mills (sYM), little is known about
its structure at weak coupling. The E2C was computed at
leading-order in the coupling expansion (LO) in quantum
chromodynamics (QCD) in the seminal work of [2], and
more recently at next-to-leading order (NLO) in QCD
[19, 20] and NNLO in N = 4 sYM [21, 22]. Explorations
of higher point correlators were initiated with the calcu-
lation of the E3C in the triple-collinear limit [23], and
for generic angles [24, 25]. These calculations provided
important data for the light-ray OPE [26–29], and were
crucial for developing new collider physics observables
[14, 15], motivating the exploration of higher point cor-
relation functions.

A simplified limit of the ENC is the multi-collinear
limit, shown in Fig. 1. In this limit, the ENC becomes
independent of the source, and reduces to a function of
2(N≠2) independent angles. This limit is also motivated
by jet substructure [30, 31], where the N detectors all lie
in a single jet [32–35]. At LO the collinear limit of the
ENC is given as a phase space integral of the tree-level

P2

P1

P4

P3

P5

o

z2 z3

z1

z4
= 0

= z = 1

= z≠w
1≠w

FIG. 1. The collinear limit of the four-point energy correlator
parametrized in terms of momenta, see Eq. (1), and complex
parameters (z, z̄) and (w, w̄), see Eq. (10).

universal 1 æ N splitting functions [36–39], P(0)
1æN , as

ENC coll.=
⁄ 1

0
dx1 · · · dxN ”(1 ≠

ÿ

i

xi) (x1 · · ·xN )2 P(0)
1æN ,

where xi is the fraction of energy carried by the parti-
cle absorbed by detector i. Remarkably, the N≠point
correlators define a class of manifestly finite integrals in
(N ≠ 1)≠dimensional projective space, making it desir-
able to develop methods that directly compute in four
dimensions, profiting from the simplifications of finite
Feynman loop integrals [40–42]. This structure is similar
to the Feynman-parameter representation of loop inte-
grals, allowing the application of recently developed tech-
niques [43–47]. Given this richness in both physical and
mathematical contexts, it is imperative to develop e�-
cient techniques for finite integrals, well-adapted to the
computation of the ENC for arbitrary N.

In this Letter we obtain a new result for the LO four-
point correlator in N = 4 sYM by squaring a 1 æ 5 form
factor to derive a simplified expression for the 1 æ 4
splitting function, which is then integrated using a novel
integration-by-parts technique that operates directly in
the energy parameter (xi) space.
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• Allow modern integration techniques to be used for directly
measureable physical observables.

[Chicherin, Moult, Sokatchev, Yan, Zhu]
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Multi-point Correlators at Weak Coupling

• Turn out to have an elegant perturbative structure. e.g. in N = 4

Primordial fluctuations

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

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

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

then zz̄ = xM/xL, (1 � z)(1 � z̄) = xS/xL. The result for the three-point energy correlator
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where the factor 8 comes from normalizing to Q/2. The function Gi(z) describes the depen-

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

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

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

N = 4 SYM, the result takes the compact form1
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is the standard box function, and
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is a weight two function even under z $ z̄. The results for quark and gluon jets in QCD are

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

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

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

information on the structure of the energy correlators.

Before proceeding, we note that relating 1
�tot

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

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

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

d⌃i
dxL dRez dImz is defined

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

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

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

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

(z � z̄) in denominators with derivatives acting on �(z), using identities inspired by [14].
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• Here Φ and D+
2 are polylogarithmic functions

• Real world QCD involves more complicated polynomials, but is
otherwise similar.
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Shape Dependence of Non-Gaussianities

• Multipoint correlators can be directly measured in high energy jets:
Simple analytic functions for the actual measured observable!

• Non-Gaussianities inside high energy jets at the LHC:

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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The Four Point Correlator

• Intricate view of correlations of energy flow. Access to OPE limits,
spinning operators, ...
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The Four Point Correlator

0.1 < RL < 0.2
pT > 100 GeV

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Experimental tour de force to enable precision measurements of higher
point correlators.
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Resolving the Scales of the QGP

6

FIG. 8. The energy density (color scale) and flow velocity
(arrows) distribution of the medium response in x-y plane at
⌧=5.4 fm/c induced by a �-jet with p�

T = 60 GeV/c in a 0-
10% central Pb+Pb event at

p
s = 5.02 TeV. The �-triggered

jet is initially produced at (x, y) = (0,�1.0) traveling in the
y direction. The EOS and value of ⌘/s used in the hydro are
indicated in each panel.

ph]].
[14] T. Renk and J. Ruppert, Phys. Rev. C 76, 014908

(2007) doi:10.1103/PhysRevC.76.014908 [arXiv:hep-
ph/0702102 [hep-ph]].

[15] T. Renk and J. Ruppert, Phys. Lett. B 646, 19-
23 (2007) doi:10.1016/j.physletb.2007.01.008 [arXiv:hep-
ph/0605330 [hep-ph]].

FIG. 9. The same as Fig. 8 except in the y-⌘s plane.

[16] G. L. Ma and X. N. Wang, Phys. Rev. Lett.
106 (2011), 162301 doi:10.1103/PhysRevLett.106.162301
[arXiv:1011.5249 [nucl-th]].

[17] B. Betz, J. Noronha, G. Torrieri, M. Gyulassy and
D. H. Rischke, Phys. Rev. Lett. 105 (2010), 222301
doi:10.1103/PhysRevLett.105.222301 [arXiv:1005.5461
[nucl-th]].

[18] Y. Tachibana, C. Shen and A. Majumder,
Phys. Rev. C 106, no.2, L021902 (2022)
doi:10.1103/PhysRevC.106.L021902 [arXiv:2001.08321
[nucl-th]].

[19] Y. Tachibana and T. Hirano, Phys. Rev. C 90
(2014) no.2, 021902 doi:10.1103/PhysRevC.90.021902
[arXiv:1402.6469 [nucl-th]].

[20] Y. Tachibana, N. B. Chang and G. Y. Qin, Phys. Rev. C
95 (2017) no.4, 044909 doi:10.1103/PhysRevC.95.044909
[arXiv:1701.07951 [nucl-th]].

[21] A. Luo, Y. X. Mao, G. Y. Qin, E. K. Wang and
H. Z. Zhang, [arXiv:2109.14314 [hep-ph]].

[22] W. Chen, S. Cao, T. Luo, L. G. Pang and
X. N. Wang, Phys. Lett. B 777 (2018), 86-
90 doi:10.1016/j.physletb.2017.12.015 [arXiv:1704.03648
[nucl-th]].

[23] W. Chen, Z. Yang, Y. He, W. Ke, L. Pang and
X. N. Wang, Phys. Rev. Lett. 127 (2021) no.8, 082301

Light Dark World August 2024 28 / 40



Quark Gluon Plasma

• Heavy ion collisions provide an example of an extremely complicated
asymptotic state, where we do not understand the microscopic
dynamics that created it.

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
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Imaging the Quark Gluon Plasma

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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New Measurements: Correlators in the QGP!

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Medium modifications in energy-energy correlators
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The jet peak moves towards
smaller �r when going to
more central collisions
Effect from energy loss !
more central jets have higher
initial virtuality
Also the shape of the
distribution at large �r is
modified!
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PbPb to pp ratio, centrality evolution
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Imaging the Wake
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Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators
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Energy-energy-correlators (EEC) are a promising observable to study the dynamics of jet evolution
in the quark-gluon plasma (QGP) through its imprint on angular scales in the energy flux of final-
state particles. We carry out the first complete calculation of EEC’s using realistic simulations of
high-energy heavy-ion collisions, and dissect the di↵erent dynamics underlying the final distribution
through analyses of jet propagation in a uniform medium. The final EEC distribution is found to be
suppressed at small angles due to energy loss and transverse momentum broadening of jet shower
partons, while enhanced at large angles due to both medium response and radiated gluons. These
modifications are sensitive to the momentum scale of the in-medium interactions, as characterized
by the Debye screening mass. Experimental verification and measurement of such modifications will
shed light on this scale, and the short-distance structure of the QGP in heavy-ion collisions.

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

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

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

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

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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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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Light Z’ Searches

• Tremendous improvement in last 5 years. e.g. Light Z’ searches

Evolution of boosted dijet tagging

2017 2020

2024

pT > 500 GeV

[Figures from Simon Rothman]
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Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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Light Z’ Searches

• Tremendous improvement in last 5 years. e.g. Light Z’ searches

Boosted hadronic resonances: results

21

Most W(qq) ever at 
hadron collider!

(plus more available 
in ttbar..)

Most boosted 
Z(bb) ever!

All pT bins in backup

Boosted hadronic resonances: results

23

World-leading limits on BSM
● Interpret in terms of vectors, 

scalars, pseudoscalars
● Limits on gq

 scale like lumi-4 
● New techniques are driving 

improvements!

New SM physics 
possibilities

● Hadronic W mass?
● W/Z polarization?
● …

What should we do with 
our even larger 13.6 TeV 
dataset?

All pT bins in backup

[Figures from Simon Rothman]
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Boosted Higgs

• Searches for modifications of 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

• 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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• Observed significance is calculated with 
other process freely floating

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

Results
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ggF category VBF category

• 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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• Best fit differs from SM by 2.6σ
and from (0,0) by 3.9σ

Results

8/1/23 Jennet Dickinson | CMS boosted H(bb)18
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Charm Yukawa

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

• Jet substructure provides the 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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Higgs Self Interaction

• 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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3Figure 1: Leading-order diagrams for nonresonant HH production via vector boson fusion.
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uct of the VBF HH production cross section and the branching fraction into bbbb, as a function
of the k2V 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 ex-
cluded at 95% CL.
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Figure 6: Observed (a) and expected (b) likelihood contours at 68% (solid line) and 95% (dashed line) CL in the
^
_
–^2+ plane. The red, blue, and black colours represent the resolved-only, boosted-only, and boosted+resolved

combination results, respectively. All other coupling modifiers are fixed to their SM predictions. The SM prediction
is indicated by the star, while the best-fit value is denoted by the cross. The shift in the observed value from the SM
prediction is driven by the resolved analysis. The observed constraint on ^

_
values from the combination is less

stringent than the constraint from the resolved-only fit due to the different best-fit values of the ^2+ modifier. The
result for ^

_
values above 15 is not plotted for clarity.
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Summary

Primordial fluctuations

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

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

d�

dz
=
X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1 � cos�ij

2

◆
. (1.1)

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

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

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

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

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

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†i
hOO†i , (1.3)

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

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

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

concrete situation for studying the behavior of ANEC operators.

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

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

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

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

NNLO [11, 12].

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

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

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

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

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

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

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

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

phenomenological interest as a jet substructure observable.

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

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

power law

⌃(z) =
1

2
C(↵s) z�

N=4
J (↵s) , (1.4)
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PbPb to pp ratio, centrality evolution
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• Significant recent progress in the theoretical
characterization of asymptotic energy flux.

• Scaling and shape dependence of multi-point
energy correlators can be directly measured at
the LHC: How can we best use them?

• Provides the opportunity to use theoretically
beautiful objects to learn about the real world.
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Thanks!
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