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Jets in evolving anisotropic QCD matter
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Heavy-ion collisions

Formation of complex 
nuclear matter

Final state dynamics and the 
hydrodynamic QGP phase

The primary goal of HIC 
programs worldwide
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Heavy-ion collisions jet quenching

jets lose energy propagating
through nuclear matter
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glasma (strong color fields)

Phases of QCD matter in HIC:

Jets are a tool to probe 
the early evolution of matter

before the collision

X.-N. Wang, U. Wiedemann, review, 2025
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Jet quenching formalisms

• Jets are observed only in the final state, yet they 
carry imprints of the matter phases throughout 
its evolution.

• Describing the scattering off matter requires an 
effective QCD framework with background 
stochastic fields.

• !𝑞 is the first object to appear in jet quenching 
calculations and remains central to most 
phenomenological considerations.

• !𝑞 is hard to measure or estimate in simulations 0.2 0.4 0.6 0.8
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Notable tension in observations:
• Small systems seem to flow
• No clear signal for jet quenching
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Matter produced in HIC undergoes
multiphase evolution



16
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Jets in evolving matter
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• Modified jet substructure 

• Modified distribution of jets/energetic partons 
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𝐸~50	GeV and 𝜃 ~1! 𝐸~10	GeV and 𝜃 ~15!

• Opacity 𝜒 ≈ 4
• 𝑢 ≈ 0.7 (about 𝜋/4 to z-axis)
• 𝜇 = 𝑔𝑇 with 𝑔 ≈ 2 and 𝑇 ≈ 500	𝑀𝑒𝑉
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Jets in evolving matter
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Jets in evolving matter
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Directional dead-cone effect
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Differential observables

• The matter evolution affects the softer part of the jet

• It is imprinted in substructure (especially in its azimuthal part)

• Only very early estimates are out there -- more progress is needed
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• !𝑞 is extremely hard to access experimentally, but it provides an 
important measure for phenomenological estimates

• Large scale simulations, see e.g. JETSCAPE (PRC, 2021), suggest that 
a typical value for the QGP at T	~	200	MeV is !q	~	0.12	GeV"/fm

• Historically, the glasma phase was assumed less relevant, but a series 
of recent works indicate that !q ≥ 5	GeV"/fm during the first 0.3	fm/c

• The simulations of the non-equilibrium dynamics within kinetic theory 
show continuity of !q consistent with these glasma phase values

• Similarly strong effects are also observed for heavy quarks

Jet quenching during initial stages

see e.g. P. Aurenche, B. G. Zakharov, PLB, 2012
A. Ipp, D. I. Müller, D. Schuh, PRD, 2020 
A. Ipp, D. I. Müller, D. Schuh, PLB, 2020

M. Carrington, A. Czajka, S. Mrowczynski, PLB, 2022
M. Carrington, A. Czajka, S. Mrowczynski, PRC, 2022

D. Avramescu et al., PRD, 2023
J. Barata, S. Hauksson, X. Mayo López, AS, PRD, 2024

S. Hauksson, S. Jeon, C. Gale, PRC, 2022
K. Boguslavski et al., PRD, 2024
K. Boguslavski et al., PLB, 2024

K. Boguslavski, J. Barata, F. Lindenbauer, AS, 2025
M. Carrington, A. Czajka, S. Mrowczynski, NPA, 2020

K. Boguslavski et al., PRD, 2024
C. Gale et al., SQM2024

X. Du, PRC, 2024
D. Avramescu et al., PRD, 2025 
D. Avramescu et al., PRL, 2025 
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Phases of QCD matter in HIC:

Matter produced in HIC undergoes
multiphase evolution

J. Barata, K. Boguslavski, F. Lindenbauer, AS, arxiv, 2025
also in Florian’s talk

Jet quenching during initial stages
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Phases of QCD matter in HIC:

Matter produced in HIC undergoes
multiphase evolution

J. Barata, S. Hauksson, X. Mayo López, AS, PRD, 2024

Jet quenching during initial stages



Jets in the glasma
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D. Avramescu et al., PRD and HP, 2023
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S. Hauksson, E. Iancu, JHEP, 2023
J. Barata, C. Salgado, J. Silva, JHEP, 2024

Does that E𝐪 lead to a substantial energy loss and anisotropy?

Jets in the glasma
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D. Avramescu et al., PRD, 2023
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J. Barata, G. Milhano,  AS, J. Silva, arxiv, 2025
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J. Barata, G. Milhano,  AS, J. Silva, arxiv, 2025
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I. Moult, H. Zhu, review, 2025

Energy correlators
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Energy correlators
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I. Moult, H. Zhu, review, 2025

Energy correlators
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I. Moult, H. Zhu, review, 2025

Energy correlators
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C. Andres et al., PRL, 2023
J. Barata et al., JHEP, 2024
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H. Bossi et. al., JHEP, 2024
Z. Yang et. al., PRL, 2024

preliminary data from CMS, 2024

Energy correlators
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J. Barata, I. Moult, AS, J. Silva, arxiv, 2025

• The vac. PENC in the OPE limit:

• The medium-induced part of PENC: 
(for a static and homogeneous matter)

• The medium response contribution: 
(no azimuthal structure, leading terms) 
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Summary and outlook
• Many recent advances in describing probe–matter interactions across different 

phases of the nuclear matter created in HIC

• Improved sensitivity of hard-probe theory to differential structures and details of 
matter evolution, giving access to the initial stages and opening the way to 
explore small systems

• These jet modifications can be probed experimentally, moving us closer to true 
jet tomography, more differential observables would further enhance this (and 
there are some suggestions out there)

• Theoretical uncertainties remain large – missing theoretical ingredients already 
available should be incorporated into simulation frameworks

• The picture gets more complicated interesting, but that also calls for stronger 
cross-talk between theory and experiment


