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Energy Correlators
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• Fundamental objects that encode the dynamics of the underlying theory

δT( ⃗n1)

δT( ⃗n2)

• Correlators  of the energy flux:⟨ℰ( ⃗n1)ℰ( ⃗n2) ⋅ ⋅ ⋅ ℰ( ⃗nk)⟩

ℰ( ⃗n) = lim
r→∞ ∫ dt r2ni T0i(t, r ⃗n)

ℰ( ⃗n) |X⟩ = ∑
i

Ei δ(2)( ⃗n − ⃗ni) |X⟩

• 1-point correlator:                       ⟨X |ℰ( ⃗n) |X⟩ ∝ ∑
i

Ei Total energy flux through an 
area element

Sterman, Korchemsky, 
Nucl. Phys. 

B 555 (1999) 335



Two-point correlator
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• 2-point correlator (EEC):

Carlota Andres
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Hard scale of the 
process
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•As function of the relative angle only:
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See also: 

Barata, Milano, Sadofyev


2308.01294

https://arxiv.org/abs/2308.01294


EEC within p-p jets

4Carlota Andres

• Within jets: collinear (or OPE) limit of EECs 

⟨X |ℰ( ⃗n1)ℰ ⃗n2) |X⟩ θ→0
∑

i

θ(τi−4)/2 𝒪i( ⃗n1)

 Hoffman, Maldacena, 0803.1467 

Power-law scaling according to CFT!
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• 2-point correlator:

zE
E

(1 − z)Eθ

dσvac
qg

dzdθ
=

αsCF σ
π

1 + (1 − z)2

z θ
+ 𝒪 (α2

s , θ)
dΣ(1)

dθ
∝

1
θ

• EEC for a massless quark jet in vacuum at LO:

: twist-2 spin-3 QCD 

anomalous dimension
γ(3)dΣ(1)

dθ
∝

1
θ1−γ(3)

MPI2023

⃗n1
⃗n2 θ

https://arxiv.org/abs/0803.1467
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EEC in vacuum

RL

θ

HP2023

• First measurements of the EEC in p-p collisions announced in HP2023

RL RL

pQ
C
D

HP2023

RL

RLRL

(good agreement with pQCD predictions)

RL = Δϕ2 + Δη2

Carlota Andres

p-p baseline under control

Clear separation between perturbative and non-perturbative 

Reduced sensitivity to soft 

∝
1

θ1−γ(3)

Komiske, Moult, Thaler, Zhu 2201.07800 

MPI2023

https://wwuindico.uni-muenster.de/event/1409/contributions/2081/
https://wwuindico.uni-muenster.de/event/1409/contributions/2241/
https://arxiv.org/pdf/2201.07800.pdf
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dΣ(n)

dθ
=

1
σqg ∫ dz

dσqg

dzdθ
zn(1 − z)n + 𝒪 ( μs

E )
• EEC for a heavy-ion jet initiated by a massless quark:

dΣ(n)

dθ
= ( 1

σqg ∫ dz (g(n)(θ, αs) + Fmed(z, θ)) dσvac

dθdz
zn(1 − z)n) (1 + 𝒪 ( μ̄s

Q )) + 𝒪 (
ΛQCD

θQ )

EEC in HICs

• We do not expect medium modification at small angles, thus vacuum 
collinear resummation should still be valid

• We can always define  such asFmed
dσqg

dθdz
= (1 + Fmed (z, θ))

dσvac
qg

dθdz
Fmed(z, θ) θ<θL 0

g(1)(θ, α) = θγ(3) + 𝒪(θ)
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For energy loss effects see:

 Barata, Mehtar-Tani, 2307.08943

Additional energy loss ( ) is subleading!Eq + Eg ≠ E

MPI2023

https://arxiv.org/abs/2307.08943


6

dΣ(n)

dθ
=

1
σqg ∫ dz

dσqg

dzdθ
zn(1 − z)n + 𝒪 ( μs

E )
• EEC for a heavy-ion jet initiated by a massless quark:

dΣ(n)

dθ
= ( 1

σqg ∫ dz (g(n)(θ, αs) + Fmed(z, θ)) dσvac

dθdz
zn(1 − z)n) (1 + 𝒪 ( μ̄s

Q )) + 𝒪 (
ΛQCD

θQ )

EEC in HICs

• We do not expect medium modification at small angles, thus vacuum 
collinear resummation should still be valid

• We can always define  such asFmed
dσqg

dθdz
= (1 + Fmed (z, θ))

dσvac
qg

dθdz
Fmed(z, θ) θ<θL 0

g(1)(θ, α) = θγ(3) + 𝒪(θ)
<latexit sha1_base64="c7e0MYNrWpJhxbVSRzt70e8KtRQ=">AAACKHicbVBNS8NAFNz4bf2qevQSLEI9WBIt6k3Ri0dFq4Umlpftpl26m4TdF6GE/Bwv/hUvIop49Ze4bXPQ6sDC7Mw8dt8EieAaHefTmpqemZ2bX1gsLS2vrK6V1zdudZwqyho0FrFqBqCZ4BFrIEfBmoliIAPB7oL++dC/e2BK8zi6wUHCfAndiIecAhqpXT7xQgU063jXvCvhPqu6u3lurthjCLmnuRwH3Dwba/eZu+d1QUqoHphou1xxas4I9l/iFqRCCly2y69eJ6apZBFSAVq3XCdBPwOFnAqWl7xUswRoH7qsZWgEkmk/Gy2a2ztG6dhhrMyJ0B6pPycykFoPZGCSErCnJ72h+J/XSjE89jMeJSmyiI4fClNhY2wPW7M7XDGKYmAIUMXNX23aA1MMmm5LpgR3cuW/5Ha/5h7W6lf1yulZUccC2SLbpEpcckROyQW5JA1CySN5Jm/k3XqyXqwP63McnbKKmU3yC9bXNx3apzg=</latexit>

d⌃(1)

d✓
⇠ 1

✓1��(3)

vac

zE
E

(1 − z)E
θ

Carlota Andres

For energy loss effects see:

 Barata, Mehtar-Tani, 2307.08943

Additional energy loss ( ) is subleading!Eq + Eg ≠ E

MPI2023

https://arxiv.org/abs/2307.08943


• Static brick with length 


• Harmonic oscillator (HO) approximation employed  


• The strength of the interactions is encoded in the jet quenching parameter , 
which measures the average transverse momentum transferred per unit length

L

nσ(r) ≈ ̂qr2/2

̂q

7

Our idealized models
zE

E
(1 − z)E

θ

Carlota Andres

•Two available approaches to compute the in-medium splitting:

•1 single scattering (GLV)
Ovanesyan, Vitev 1103.1074, 1109.5619

Dominguez, Milhano, 

Salgado, Tywoniuk, 

Vila, 1907.03653 

Isaksen, Tywoniuk 

2107.02542

•Tilted Wilson lines (multiple scatterings resummed):

• Assumes semi-hard splittings (  not too small)z

• All partons propagate along straight line trajectories


• Neglects broadening

zE
E

(1 − z)E
θ

MPI2023

https://arxiv.org/abs/1103.1074
https://arxiv.org/abs/1109.5619
https://arxiv.org/abs/1907.03653
https://arxiv.org/abs/2107.02542


•For a static medium of length  within the HO one can read off the 
relevant scales directly from the formulas:


      2 competing angular scales:  and 


• (Vacuum) formation time:


• Decoherence time:

L

θL θc

If :  becomes irrelevantθL > θc θc

Time and angular scales (HO)

8

Below  all emissions have a 
formation time larger than 

θL
L

Below  splittings do not color 
decohere and the medium does not 

resolve them 

θc

tf =
2

z(1 − z)Eθ2 θL ∼ (EL)−1/2
tf ≤ L

θc ∼ ( ̂qL3)−1/2td ∼ ( ̂qθ2)−1/3
td ≤ L

S12(τ) = e− 1
12 ̂q(1+z2)θ2τ3

Carlota Andres

zE
E

(1 − z)E
θ

MPI2023



If :  becomes irrelevantθL > θc θc

Time and angular scales (HO)

8

Can be extended to include a more realistic interactions or 
expanding media, but then we would not know the scales directly 

from the equations

Carlota Andres

zE
E

(1 − z)E
θ

MPI2023
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Results HO
θL ≫ θc(E ≪ ̂qL2) θL ≪ θc (E ≫ ̂qL2)

Carlota Andres MPI2023
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Results HO
θL ≫ θc(E ≪ ̂qL2) θL ≪ θc (E ≫ ̂qL2)

• No medium-induced enhancement at small angles
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Results HO
θL ≫ θc(E ≪ ̂qL2) θL ≪ θc (E ≫ ̂qL2)

• No medium-induced enhancement at small angles

θon ∼ θL

• Onset angle seems to be independent of ̂q

θon ∼ θL
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Results HO
θL ≫ θc(E ≪ ̂qL2) θL ≪ θc (E ≫ ̂qL2)

• No medium-induced enhancement at small angles

θon ∼ θL

• Onset angle seems to be independent of ̂q

• Varying  has different effects in the two regimeŝq

θon ∼ θL
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Interpretation
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For 

  


The medium resolves the emission

θ ≫ θL ⇒ θ ≫ θc For :

  


The medium does NOT resolve the 
emission


θc ≫ θ ≫ θL

θL ≪ θc (E ≫ ̂qL2)

E θ

θL ≫ θc (E ≪ ̂qL2)

E

Carlota Andres MPI2023
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Coherence transition

•Extracted the peak angle  for 332 sets of parameters with 

 GeV,  fm, 

θpeak
E ∈ [50,700] L ∈ [0.2,10] ̂q ∈ [1,3] GeV2/fm

• Performed separate fits in the two different regions for the scaling 
behavior of the peak angle with respect to the 3 parameters 

θL ≫ θc

θL ≪ θc

Carlota Andres MPI2023

CA, Dominguez, Holguin, Marquet, Moult, 2303.03413


https://arxiv.org/abs/2303.03413
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Results GLV
θL ≫ θc θL ≪ θc

Carlota Andres

GLV calculation from: 

Ovanesyan, Vitev, 


1109.5619

MPI2023

https://arxiv.org/abs/1109.5619
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Results GLV
θL ≫ θc θL ≪ θc

θL ≫ θc

θL ≪ θc

Coherence 
transition not as 

clearly observed as 
in the multiple 
scattering case

Carlota Andres

GLV calculation from: 

Ovanesyan, Vitev, 


1109.5619

MPI2023

https://arxiv.org/abs/1109.5619


Heavy-flavor jets

Carlota Andres 13 MPI2023

CA, Dominguez,  Holguin, Marquet, I. Moult, 2307.15110

https://arxiv.org/abs/2307.15110
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dΣ(n)

dθ
= ( 1

σqg ∫ dz (g(n)(θ, αs) + Fmed(z, θ)) dσvac

dθdz
zn(1 − z)n) (1 + 𝒪 ( μ̄s

Q )) + 𝒪 (
ΛQCD

θQ )
•Same formalism:

 
collinear splitting 

function

𝒪(αs) Q → QgHF jets

tf =
2

z(1 − z)Eθ2
tf =

2

z(1 − z)E (θ + Θ0

1 − z )
2

•Two competing scales:

θL ∝
1

EL
Θ0 ∝

mQ

E

If  : two separate dynamics θL ≫ Θ0

medium-
induced 
radiation

dead-cone

dead-cone

MPI2023
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HF jets: filling the dead-cone

: Filling the dead-cone
θL

Θ0
→ 1

EEC sensitive to the dead-cone and its medium modifications

Armesto, Salgado, Wiedemann, 
arXiv: hep-ph/0312106

CA, Dominguez,  Holguin, Marquet, I. Moult, 2307.15110

MPI2023

https://doi.org/10.48550/arXiv.hep-ph/0312106
https://arxiv.org/abs/2307.15110
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•Look at the b/c ratio: 4mb

E

HF jets: filling the dead-cone

MPI2023



Conclusions
• Energy Correlators have great potential for jet substructure studies in 

HICs

• Expected to be less sensitive to soft physics than traditional jet 
substructure observables: hadronization, and background are 
usually subleading

17

• Characteristic features of the calculation of the in-medium splittings are 
clearly imprinted in these observables

• In vacuum: they can be computed perturbatively at very high 
accuracy

• Experimentally accessible

Carlota Andres

• No need of de-clustering

MPI2023

• Many new developments to come!



Thank you!

Carlota Andres 18 MPI2023



Results from JEWEL
•An analysis on JEWEL is on the way

Features in the curves seem resilient against a 
hadron cut pT ≳ 2 GeV

19
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Double differential cross section
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k, z

q,1 − z

p0 p1 l1

t1 t2
p̄2

l̄2

l2

Blaizot, Iancu, FD, Mehtar-Tani 1209.4585 
Apolinario, Armesto, Milhano, Salgado 1407.0599

k, z

q,1 − z
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Double differential cross section
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k, z

q,1 − z

p0 p1 l1

t1 t2
p̄2

l̄2

l2

Blaizot, Iancu, FD, Mehtar-Tani 1209.4585 
Apolinario, Armesto, Milhano, Salgado 1407.0599
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Recently evaluated numerically with multiple 
scatterings and realistic interactions
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•Use high-energy limit of propagators: vacuum propagator times a 
Wilson line in the classical trajectory


•Calculate averages of Wilson lines in the large-  limit (calculations 
also available for finite ). All averages can be expressed in terms of 
fundamental dipoles and quadrupoles

Nc
Nc

Isaksen, Tywoniuk 2107.02542
Dominguez, Milhano, Salgado, Tywoniuk, Vila 1907.03653 
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process

Semi-hard approximation

23Carlota Andres MPI2023

https://arxiv.org/abs/2107.02542
https://arxiv.org/abs/1907.03653

