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Collider Experiments
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Many important questions have been 
addressed at collider experiments

 Great historical success in verifying 
properties of the standard model

→

 But the detailed structure of QCD produces 
immensely complicated datasets.

→

A unique frontier for novel collaborations 
between both theory and experiment

 Need new tools for future success→
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From Searches to Measurements
To fully take advantage of the LHC, it is necessary to bolster our 
current physics searches with first principles theory calculations

Requires the development of a new set of theoretical tools

 Many interesting opportunities to study QCD at high energies: 
understanding confinement, precision measurements,  …

→
αs, mt
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Reformulating Jet Substructure
Field Theoretic Foundations
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Energy Flow Operators
From the perspective of QFT, jet substructure is the study of correlation 

functions of energy flow operators
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ℰ( ⃗n ) = lim
r→∞

r2 ∫
∞

0
dt niT0

i (t, r ⃗n )

These correlation functions measure the flow of energy at infinity.

⟨Ψ |ℰ( ̂n1)…ℰ( ̂nk) |Ψ⟩

 “ANEC/Lightray/Calorimeter Cell”→

 “Statistical Correlations”→
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In the small angle limit, these lightray operators should exhibit the 
universal behavior of QCD

Situations of interest at the LHC involve non-generic configurations 
of lightray operators: interested in the small angle (OPE) limit.
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ℰ( ̂n1)ℰ( ̂n2) ∼ ∑
i

θτi−4 𝕆i( ̂n1)
[Hofman, Maldacena]

Energy Flow Operators



E. Craft (Yale) 7

Allows us to replace heuristic jet shapes with field theoretic 
objects controlling the underlying theory

 Can directly relate observations to field theoretic quantities→
 Able to exploit new, formal theory developments to understand 

collider experiments 
→

Universal Behavior of QCD
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Application: Intrinsic Mass
Intrinsic masses of QCD imprinted onto energy correlators
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⟨Ψ |ℰ( ̂n1)…ℰ( ̂nk) |Ψ⟩

 allows for an unprecedented 
window into hadronization effects
→

[EC, Lee, Mecaj, Moult]

 provides a powerful perspective for 
probing jet substructure
→

 provides a new, unifying technique 
for understanding intrinsic mass
→

the “perfect” observable
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Application: Intrinsic Mass

Heavy quark radiation of gluons is 
suppressed within a cone of radius 

 around its center.mq/Eq
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Dokshitzer, Khoze, Troyan (1991)

 Fundamental property of all 
gauge field theories
→

 Direct signature of intrinsic mass 
before confinement
→

Measured this year by ALICE using a 
complex iterative declustering technique

 Inferred all gluon emissions directly→
 State of the art analysis techniques→

We can access this effect simply with 
statistical correlations (light-ray 
operators) — providing a precise, field 
theoretic description of the dead cone.

[ALICE Collaboration, Nature Physics]
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[EC, Lee, Mecaj, Moult]

Heavy quark radiation of gluons is suppressed within a cone  
and this suppression is visibly imprinted on energy correlators

θq ∼ mq/Eq
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Exposes the “dead-cone” effect 
of fundamental QCD, using 
correlations of light-ray operators

 first collinear NLL calculation of 
a heavy quark jet substructure 
observable at the LHC 

→

Application: Intrinsic Mass



E. Craft (Yale)

[EC, Lee, Mecaj, Moult]

Application: Intrinsic Mass

In the IR regime, mass is an 
intrinsic scale, and should be 
imprinted on the correlator

12

In the UV regime, scaling should 
be independent of mass

ℰ( ̂n1)ℰ( ̂n2) ∼ ∑
i

θτi−4 𝕆i( ̂n1)

⟨Ψ |ℰ( ̂n1)…ℰ( ̂nk) |Ψ⟩

∼
mq

pT, jet
Transition Scale EECs provide a precise, field-theoretic 

description of the dead-cone effect
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Extension: Higher Points
Natural to also consider higher point correlators

 Access to non-Gaussianities 
 Full Shape Dependence

→
→

3-point EEC allows access to the 
shape of the dead-cone!

Theoretical Side
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symmetric under 2 $ 3

Smaller mass version. Expected as explained in the previous slide.

Experimental Side

𝒪[J]
q =

1
2J

ψ̄γ+(iD+)J−1ψ

𝒪[J]
g = −

1
2J

Fμ+
a γ+(iD+)J−2Fμ+

a

𝒪[J]
g̃λ = −

1
2J

Fμ+
a γ+(iD+)J−2Fν+

a ϵλμϵλν

transverse spin 0 transverse spin 2

helicity ±1

ℰ( ̂n1) . . . ℰ( ̂nk) ∼ ∑
i

θτi−4 𝕆i( ̂n1)

excited by 2-point excited by 3-point

 Probe fundamental operators of QCD→
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dΣ
d cos χ

= ∑
i<j

∫ dσ
EiEj

Q2
δ( ⃗ni ⋅ ⃗n j − cos χ)

Beautiful Structures: Elliptic Functions

Kinematic constraint gives rise 
to an elliptic curve

y2 = 4x3 − g1x − g3

Fixes the structures which 
appear in the result

Two Point ∫
1
y

, ∫
x2

y
, ∫

1
(x2 − p2) y

 depend on the kinematic 
configuration (mass, angle, etc.)
g1, g3

E, F, ΠElliptic Integrals:

Three Point ∫
1
y

{E, F, Π}, ∫
x2

y
{E, F, Π}, . . .

eMPL’s, Dilogarithms, etc.

analytic 
isomorphism to a 
torus

Topological Aspects
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Topological Aspects

y2 = 4x3 − g1x − g3

periods deformed by kinematics

topology degenerates 
in the collinear limit

There is a direct mapping from the kinematic 
configuration of the EEC, to the torus 

Interesting to study the topological aspects of the observable
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symmetric under 2 $ 3

Smaller mass version. Expected as explained in the previous slide.

Similar degeneration for the 
three point!

[EC, Lee, Mecaj, Moult]

ω1 ∼ 2F1(1/2 , 1/2 ,1 ; λ)

ω2 ∼ 2F1(1/2 , 1/2 ,1 ; 1 − λ)
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Topological Aspects

Interesting to study the topological aspects of the observable

∫
1
y

{E, F, Π}, ∫
x2

y
{E, F, Π}, . . .

eMPL’s, iterated integrals 
over elliptic functions

dilogarithms, completely 
classical functions

Li2 = ∫
dt
t

ln(1 − t)

degeneration of functional 
complexity in kinematic limits

“Dead”-Cone Triangles: Three Point Triangle:

change kinematics

dead “region”

0 < L23 <
3
4

y2 +
1
4

L12

0 < L12 < y2
1

23

L12

L23

L13

L*13 (L12, L23)

y = 2m/Q3 is heavy, 1&2 are light
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Extension: Higher Points
Natural to also consider higher point correlators

 Access to non-Gaussianities 
 Full Shape Dependence

→
→

3-point EEC allows access to the 
shape of the dead-cone!

Theoretical Side

<latexit sha1_base64="Ap8nUD3j3s/QjZhirz6oxzCkN2U=">AAACHXicbVBNS8NAFNzUr1q/oh69LBbBU0mkqEexHjwqWFtoQ9lsXnVxswm7L8US+k8ET/pPvIlX8Y94dtvmoK0DC8PMe7zZCVMpDHrel1NaWFxaXimvVtbWNza33O2dW5NkmkOTJzLR7ZAZkEJBEwVKaKcaWBxKaIUPjbHfGoA2IlE3OEwhiNmdEn3BGVqp57pdhEfML4BFtJEoGPXcqlfzJqDzxC9IlRS46rnf3SjhWQwKuWTGdHwvxSBnGgWXMKp0MwMp4w/sDjqWKhaDCfJJ8hE9sEpE+4m2TyGdqL83chYbM4xDOxkzvDez3lj813ucHvijhfFMGuyfBrlQaYag+DRMP5MUEzquikZCA0c5tIRxLex/KL9nmnG0hVZsUf5sLfPk9qjmH9fq1/Xq2XlRWZnskX1ySHxyQs7IJbkiTcLJgDyRF/LqPDtvzrvzMR0tOcXOLvkD5/MHMY6irA==</latexit>

Dead Cone

<latexit sha1_base64="Y/2zRTnHeTHuRPNMyOu7BFQZsGM=">AAACDnicbVDLTgIxFL2DL8QX6tJNIzFxRWaQqEuiG5cYBUlgQjqlAw1tZ9J2jGTCJ5i40j9xZ9z6C/6IawvMQsCTNDk5597c0xPEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoFWFPOJG0YZjhtxYpiEXD6EAyvJ/7DI1WaRfLejGLqC9yXLGQEGyvdeZWzbrHklt0p0DLxMlKCDPVu8afTi0giqDSEY63bnhsbP8XKMMLpuNBJNI0xGeI+bVsqsaDaT6dRx+jEKj0URso+adBU/buRYqH1SAR2UmAz0IveRPzXe5odmNMCsZDGhJd+ymScGCrJLEyYcGQiNOkG9ZiixPCRJZgoZv+DyAArTIxtsGCL8hZrWSbNStk7L1dvq6XaVVZZHo7gGE7BgwuowQ3UoQEE+vAMr/DmvDjvzofzORvNOdnOIczB+foFY4qcYw==</latexit>

123
<latexit sha1_base64="3XuO/A+qYkH9UNRXp1wjszsGRQQ=">AAACDnicbVDLTgIxFL2DL8QX6tJNIzFxRWaQqEuiG5cYBUlgQjqlAw1tZ9J2jGTCJ5i40j9xZ9z6C/6IawvMQsCTNDk5597c0xPEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoFWFPOJG0YZjhtxYpiEXD6EAyvJ/7DI1WaRfLejGLqC9yXLGQEGyvdnXmVbrHklt0p0DLxMlKCDPVu8afTi0giqDSEY63bnhsbP8XKMMLpuNBJNI0xGeI+bVsqsaDaT6dRx+jEKj0URso+adBU/buRYqH1SAR2UmAz0IveRPzXe5odmNMCsZDGhJd+ymScGCrJLEyYcGQiNOkG9ZiixPCRJZgoZv+DyAArTIxtsGCL8hZrWSbNStk7L1dvq6XaVVZZHo7gGE7BgwuowQ3UoQEE+vAMr/DmvDjvzofzORvNOdnOIczB+foFY42cYw==</latexit>

312
<latexit sha1_base64="8TZxFS5EBCg3c7SDrhToTOI5H+s=">AAACDnicbVDLTgIxFL2DL8QX6tJNIzFxRWaQqEuiG5cYBUlgQjqlAw1tZ9J2jGTCJ5i40j9xZ9z6C/6IawvMQsCTNDk5597c0xPEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoFWFPOJG0YZjhtxYpiEXD6EAyvJ/7DI1WaRfLejGLqC9yXLGQEGyvdVc68brHklt0p0DLxMlKCDPVu8afTi0giqDSEY63bnhsbP8XKMMLpuNBJNI0xGeI+bVsqsaDaT6dRx+jEKj0URso+adBU/buRYqH1SAR2UmAz0IveRPzXe5odmNMCsZDGhJd+ymScGCrJLEyYcGQiNOkG9ZiixPCRJZgoZv+DyAArTIxtsGCL8hZrWSbNStk7L1dvq6XaVVZZHo7gGE7BgwuowQ3UoQEE+vAMr/DmvDjvzofzORvNOdnOIczB+foFY42cYw==</latexit>

231

<latexit sha1_base64="WOhIWTNh5gmm0PizDZtXcwuUHV0=">AAACInicbVDLSsNAFJ3UV62vqLhyM1gEVyWRoi4Uim5cVrAPaEOYTCftNDNJmJlIS+jHCK70T9yJK8HvcO00zcK2HpjL4dx7uWeOFzMqlWV9GYWV1bX1jeJmaWt7Z3fP3D9oyigRmDRwxCLR9pAkjIakoahipB0LgrjHSMsL7qb91hMRkkbhoxrHxOGoH1KfYqS05JpHdBjAGzhyKbzWdZjVwDXLVsXKAJeJnZMyyFF3zZ9uL8IJJ6HCDEnZsa1YOSkSimJGJqVuIkmMcID6pKNpiDiRTprZn8BTrfSgHwn9QgUz9e9GiriUY+7pSY7UQC72puK/vdHswJzm8QU3yr9yUhrGiSIhnpnxEwZVBKd5wR4VBCs21gRhQfV/IB4ggbDSqZZ0UPZiLMukeV6xLyrVh2q5dptHVgTH4AScARtcghq4B3XQABik4Bm8gjfjxXg3PozP2WjByHcOwRyM7194MaMo</latexit>

ijk = xi < xj < xk
<latexit sha1_base64="8/EcsXvJl5b1i8WjTOoTknyi5pI=">AAACJnicbZDLSsNAFIYn9VbrLepK3AwWwVVJSlGXRTcuK9gLNDFMppN27OTCzIm0hOLTCK70TdyJuPMpXDu9LGzrDwM//zmHOefzE8EVWNaXkVtZXVvfyG8WtrZ3dvfM/YOGilNJWZ3GIpYtnygmeMTqwEGwViIZCX3Bmn7/elxvPjKpeBzdwTBhbki6EQ84JaAjzzwaeH3sJDJOIMYO9BgQL+MPo/uyZxatkjURXjb2zBTRTDXP/HE6MU1DFgEVRKm2bSXgZkQCp4KNCk6qWEJon3RZW9uIhEy52eSEET7VSQcHsdQvAjxJ/05kJFRqGPq6MyTQU4u1cfhvbTD9YC7zw4VtILh0Mx4lKbCITpcJUoE1kjEz3OGSURBDbQiVXN+DaY9IQkGTLWhQ9iKWZdMol+zzUuW2UqxezZDl0TE6QWfIRheoim5QDdURRU/oGb2iN+PFeDc+jM9pa86YzRyiORnfv5X3pog=</latexit>

xk / ✓2ij

<latexit sha1_base64="b3yTOFmqbXdkxRbYZLUhy5Yrh8U=">AAACGXicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXRjcsG7AOaWCbTSTt0JgkzE7GE/ofgSv/Enbh15Y+4dtpmYVsPDBzOuZd75gQJZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHRy0Vp5LQJol5LDsBVpSziDY105x2EkmxCDhtB6Pbqd9+pFKxOLrX44T6Ag8iFjKCtZEeXE/HyAuwzNyJ6/bKFbtqz4BWiZOTCuRo9Mo/Xj8mqaCRJhwr1XXsRPsZlpoRTiclL1U0wWSEB7RraIQFVX42Sz1BZ0bpozCW5kUazdS/GxkWSo1FYCYF1kO17E3Ff72n+YEFLRBLaXR47WcsSlJNIzIPE6YcmTqmNaE+k5RoPjYEE8nMfxAZYomJNmWWTFHOci2rpHVRdS6rNbdWqd/klRXhBE7hHBy4gjrcQQOaQEDCM7zCm/VivVsf1ud8tGDlO8ewAOvrF7T2oWc=</latexit>

Q ! Q̄QQ
<latexit sha1_base64="QWff6Db1Z5CMtubvgeLWWkDrrFI=">AAACNnicbVC7SgNBFJ2N7/iKWtoMBkGbsBtFLUUbywgmCkkIs5O7yeDM7DJzVw1LvsGvEaz0O2zsxNbK2smjMNEDA4dz7mXOPWEihUXff/NyM7Nz8wuLS/nlldW19cLGZs3GqeFQ5bGMzU3ILEihoYoCJdwkBpgKJVyHt+cD//oOjBWxvsJeAk3FOlpEgjN0Uquw30B4wMz2lAI0gtNUt8HQfrkhIXJCp4vMmPieHrQKRb/kD0H/kmBMimSMSqvw3WjHPFWgkUtmbT3wE2xmzKDgEvr5RmohYfyWdaDuqGYKbDMbntSnu05p0yg27mmkQ/X3RsaUdaFDN6kYdu20NxD/9R5GH0xooZpKg9FJMxM6SRE0H4WJUkkxpoMOaVsY4Ch7jjBuhLuH8i4zjKNrOu+KCqZr+Utq5VJwVDq8PCyeno0rWyTbZIfskYAck1NyQSqkSjh5JE/khbx6z9679+F9jkZz3nhni0zA+/oBgsetow==</latexit>

symmetric under 2 $ 3

Smaller mass version. Expected as explained in the previous slide.

Experimental Side

𝒪[J]
q =

1
2J

ψ̄γ+(iD+)J−1ψ

𝒪[J]
g = −

1
2J

Fμ+
a γ+(iD+)J−2Fμ+

a

𝒪[J]
g̃λ = −

1
2J

Fμ+
a γ+(iD+)J−2Fν+

a ϵλμϵλν

transverse spin 0 transverse spin 2

helicity ±1

ℰ( ̂n1) . . . ℰ( ̂nk) ∼ ∑
i

θτi−4 𝕆i( ̂n1)

excited by 2-point excited by 3-point

 Probe fundamental operators of QCD→

End Result: We can calculate and measure new 
and interesting observables for jet substructure



Concluding Remarks
Unifying Theory and Experiment
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Two Symbiotic Perspectives
dσ

d cos χ
= ∑

i<j
∫ dσ

EiEj

Q2
δ( ⃗ni ⋅ ⃗n j − cos χ)

ℰ( ̂n1)ℰ( ̂n2) ∼ ∑
i

θτi−4 𝕆i( ̂n1)

Experiment

Theory

Beautiful and Charming Interplay!

New  
Observables

This sort of collaboration is crucial for 
the success of future collider studies
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Summary

Jet substructure provides a physical realization 
of the OPE limit of light-ray operators

 Direct bridge between recent theoretical 
advancements and QCD Phenomenology
→

Creates an unprecedented symbiosis between 
theory and experiment

 Allowing for sharp probes of 
interesting physics, new and old
→


