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Critical 
point?

•Hot QCD emergent dynamics at reach in collider experiments!
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Why jets?

3

•In principle: under control in p-p collisions

•Sensitive to the QGP dynamics through jet 
quenching: jets interact with the QGP 
getting modified w.r.t p-p jets

•Production of high-energy partons unlikely to interfere with the medium 
formation

•Multi-scale objects: broad range of momentum and spatial scales involved in the 
jet evolution

•Multi-observable: different observable jet properties sensitive to different QGP scales and 
properties?

Carlota Andres
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Medium-induced radiation

tf ∼
ω
k2

•During the formation time of the gluon multiple scatterings act coherently

Suppression of the spectrum for large formation times

•Resummation of multiple scatterings: BDMPS-Z formalism (1990’s)

LPM effect
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•The main contribution to energy loss in the QGP is radiative energy loss

High-energy partons experience multiple scatterings with the medium 
which induce extra gluon radiation (w.r.t. p-p)

Dominant for light quarks and gluons

ω = zE, k
E

CA, Apolinario, Martinez, Dominguez, 
 JHEP 07 (2020) 114, JHEP 03 (2021) 102

Mehtar-Tani, Barata, JHEP 07 
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Schlichting, Soudi, Phys. Rev. D 105 
(2022) 076002 

Carlota Andres

Landau, Pomeranchuk, Migdal 
for QED

https://doi.org/10.1007/JHEP07(2020)114
https://doi.org/10.1007/JHEP03(2021)102
https://doi.org/10.1007/JHEP07(2019)057
https://doi.org/10.1007/JHEP07(2019)057
https://doi.org/10.1007/JHEP10(2020)176
https://doi.org/10.1103/PhysRevD.105.076002
https://doi.org/10.1103/PhysRevD.105.076002
https://doi.org/10.1103/PhysRevD.105.076002


10°3 10°2 0.1 1 10 50
!/!̄c

0

2

4

6

8

10

12

!
dI

m
ed
/d

!

n0L = 12.2

Full

GLV N = 1

BDMPS-Z spectrum

5Carlota Andres

ω̄c =
1
2

μ2L



10°3 10°2 0.1 1 10 50
!/!̄c

0

2

4

6

8

10

12

!
dI

m
ed
/d

!

n0L = 12.2

Full

GLV N = 1

Single hard scattering  
regime

BDMPS-Z spectrum

5Carlota Andres

ω̄c =
1
2

μ2L



10°3 10°2 0.1 1 10 50
!/!̄c

0

2

4

6

8

10

12

!
dI

m
ed
/d

!

n0L = 12.2

Full

GLV N = 1

Single hard scattering  
regime

Multiple soft scattering regime: LPM effect

=
tf tf

tf ∼
2ω
k2

BDMPS-Z spectrum

5Carlota Andres

ω̄c =
1
2

μ2L LPM effect



10°3 10°2 0.1 1 10 50
!/!̄c

0

2

4

6

8

10

12

!
dI

m
ed
/d

!

n0L = 12.2

Full

GLV N = 1

Single hard scattering  
regime

Bethe-Heitler regime

Multiple soft scattering regime: LPM effect

=
tf tf

tf ∼
2ω
k2

BDMPS-Z spectrum

5Carlota Andres

ω̄c =
1
2

μ2L LPM effect



Jet quenching
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No quenching

Quenching

JHEP 04, 039 (2017)

https://doi.org/10.1007/JHEP04(2017)039
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No quenching

Quenching

Apolinário et al., Prog. Part. Nucl. 
Phys. 127, 103990 (2022)

JHEP 04, 039 (2017)

https://doi.org/10.1016/j.ppnp.2022.103990
https://doi.org/10.1016/j.ppnp.2022.103990
https://doi.org/10.1016/j.ppnp.2022.103990
https://doi.org/10.1007/JHEP04(2017)039


Jet modifications in heavy ions
•Medium-induced energy loss

•Color coherence effects

•Medium response

•Medium recoils become part of the jet

•Expected to modify the jet inner structure

•Not yet unequivocally seen in observables

•Not yet unequivocally seen in observables

•Out-of-cone energy loss

•Jet and hadron suppression
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ω = zE, k
E
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Increasing the resolution scale

Fluid-like 
QGP

Particle-like 
QGP

Carlota Andres

Can we use jet substructure to probe the QGP at various resolution scales? 

Jet substructure

Jet shapes

PRL 122, 152001 (2019)
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Fluid-like 
QGP

Particle-like 
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Can we use jet substructure to probe the QGP at various resolution scales? 

Jet substructure

Jet shapes

Pb-Pb jets more energy toward the edge 
of the cone than p-p jets

PRL 122, 152001 (2019)
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•What about grooming away soft physics?
Jet constituents are re-clustered (through C/A) and soft/wide angle radiation is rejected in this process

Broad angular structures are more 
suppressed in PbPb collisions

θg

ATLAS, PRC 107 (2023) 054909

Jet substructure: grooming

9

V Vrg = Rθg

Carlota Andres
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V Vrg = Rθg
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rg = Rθg

Large discrepancies between MC 
and data in p-p collisions

Factor 2

p-p
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A new (old) idea?

Carlota Andres

Energy-energy correlators



New tool: energy correlators

RL

θ

HP2023

EEC in proton-proton

R12
R34

R12 R34

pT,1 pT,2

2-point EEC =
1

Njets ∑
jets

∑
i,j

PT,i PT,j

P2
T,jet

δ(Rij − RL)

2-point EEC

RL

pT,3 pT,4

Carlota Andres

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

• Excellent theoretical properties: good candidates for a 
heavy-ion substructure program 
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See also: CMS, 2402.13864 STAR, 
2309.05761
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EEC in heavy-ions

zE
E

(1 − z)E
RL

dΣ(n)

dθ
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1
σqg ∫ dz

dσqg

dzdθ
zn(1 − z)n + 𝒪 ( μs

E )
dσqg

dθdz
=

dσvac
qg
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+

dσmed
qg

dθdz

•EEC for a massless quark jet:  

      We are assuming we know the initial jet energy  ( -jet) 
Q = E

E γ/Z

10°2 10°1 1RL

10°1

1

10

1 æ
dß

(1
)

dR
L

R = 0.4

pjet
T = 150 GeV

Preliminary

Pb-Pb

p-p

CA, Dominguez, Elayavalli, Holguin, Marquet, Moult
Phys. Rev. Lett. 130 (2023) 262301,  

JHEP 09 (2023) 088

<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)
p-p

Medium-induced 
radiation

Medium-induced 
radiation

12

https://doi.org/10.1103/PhysRevLett.130.262301
https://doi.org/10.1007/JHEP09(2023)088


Carlota Andres

EEC in heavy-ions

zE
E

(1 − z)E
RL

dΣ(n)

dθ
=

1
σqg ∫ dz

dσqg

dzdθ
zn(1 − z)n + 𝒪 ( μs

E )
dσqg

dθdz
=

dσvac
qg

dθdz
+

dσmed
qg

dθdz

•EEC for a massless quark jet:  

      We are assuming we know the initial jet energy  ( -jet) 
Q = E

E γ/Z

10°2 10°1 1RL

10°1

1

10

1 æ
dß

(1
)

dR
L

R = 0.4

pjet
T = 150 GeV

Preliminary

Pb-Pb

p-p

CA, Dominguez, Elayavalli, Holguin, Marquet, Moult
Phys. Rev. Lett. 130 (2023) 262301,  

JHEP 09 (2023) 088

<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)
p-p

Medium-induced 
radiation

Medium-induced 
radiation

12

θon

tf =
2

z(1 − z)ER2
L

θon ∼ (EL)−1/2

tf ≤ L

https://doi.org/10.1103/PhysRevLett.130.262301
https://doi.org/10.1007/JHEP09(2023)088
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• Moving to inclusive jets

Inclusive

(LO+NLL)
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sNN = 5.02 TeV 0-10 %

(LO+NLL)

sNN = 5.02 TeV 0-10 %

tagged jetsγ−

Results for 
inclusive jets 

from ALICE and 
CMS underway!

CA, Dominguez, Holguin, Marquet, Moult, in preparation
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HF jets: filling the dead-cone

: Filling the dead-cone
θL

Θ0
→ 1

EEC sensitive to two different scales: HQ mass and onset of medium-induced radiation

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

CA, Dominguez,  Holguin, Marquet, Moult, 2307.15110

dead-
cone

medium-
induced 
radiation

dead-
cone

Carlota Andres

ln RL ln RL ln RL

https://doi.org/10.48550/arXiv.hep-ph/0312106
https://arxiv.org/abs/2307.15110


Energy correlators in heavy-ions
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• First studies of the shape of the E3EC

ϕ = arcsin
1 − (R

L − R
M ) 2R 2S

Bossi, Kudinoor, Moult, Pablos, Rai, Rajagopal 
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Conclusions

16

• Impressive progress on the study of the QGP and its pre-hydro stages

• Many interesting questions to be answered in the next decade

Carlota Andres

• QCD collectivity at experimental reach at RHIC and the LHC

How does a strongly-coupled fluid emerge from an 
asymptotically free gauge theory?

• Use jets as microscope of the QGP

• Energy Correlators: great potential for jet substructure studies of the QGP

•Many theoretical developments and experimental measurements on EECs to come!
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Thank you!
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Jet substructure
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Pb-Pb jets more energy toward the edge 
of the cone than p-p jets

Jet shapes Jet fragmentations

D(z) =
1

Njet

dnch

dz

1805.05424

z =
phadron

T

pjet
T

Pb-Pb jets contain more low-pT 

particles than p-p jets
Carlota Andres

Phys. Rev. Lett. 122, 
152001 (2019)

R D
(z

)
=

D
(z

) P
bP

b

D
(z

) p
p

https://arxiv.org/abs/1805.05424
https://doi.org/10.1103/PhysRevLett.122.152001
https://doi.org/10.1103/PhysRevLett.122.152001
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•Use photon-tagged jets

CMS-PAS-HIN-23-001

Less quenched jets
Narrowing 

No narrowing 

Quenched and 
unquenched jets 

Jet substructure: grooming

Carlota Andres

https://cds.cern.ch/record/2867449
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•Use photon-tagged jets

CMS-PAS-HIN-23-001

p-p p-p

Factor 2! Factor 2!

Jet substructure: grooming

Carlota Andres

p-p baseline not under control!

https://cds.cern.ch/record/2867449


EECs in proton-proton by ALICE

QM2023
QM2023

p-p p-pp-p
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HP2023
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https://indico.cern.ch/event/1139644/contributions/5541331/attachments/2709459/4704634/QM2023_wide_wenqing_main_Sep5.pdf
https://indico.cern.ch/event/1139644/contributions/5541331/attachments/2709459/4704634/QM2023_wide_wenqing_main_Sep5.pdf
https://wwuindico.uni-muenster.de/event/1409/contributions/2081/
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E2EC in proton-proton by STAR 
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E2EC in proton-proton by CMS

22

arXiv:2402.13864
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RL RL RL RL
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https://arxiv.org/abs/2402.13864


E3EC in proton-proton by CMS
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