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Jets as QGP probes

Im
age credits: Atlas C

ollaboration/CERN

• Observe jet quenching effects by comparing  and  collisionsAA pp

Ratio between 
heavy-ion 
and protons 
collisions:

Mehtar-Tani, Pablos, Tywoniuk (2021)

infer properties of the quark-gluon plasma (QGP) ! [Hannah’s talk this morning]
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JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837
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theoretical uncertainties: depending on

- initial states
- QGP
- jet-medium interaction
- …

modelling

https://arxiv.org/pdf/2101.01742
https://arxiv.org/pdf/2203.16352


• Study of jet interaction with the QCD medium (QGP):
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Jets as QGP probes

- colour (de)coherence
- BDMPS-Z effect: momentum broadening and medium-induced radiation

Colour coherence (vacuum)
Soft (low energy) gluon radiation:
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otherwise, the gluon 
resolves the full  dipoleqq̄

suppressed
 Dokshitzer, Khoze, Mueller, Troyan (1991)
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Colour decoherence (in-medium)

radiation also for
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enhancement of 
large angle radiation
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Mehtar-Tani, Salgado, Tywoniuk (2011-2013)
Casalderrey-Solana, Iancu (2011)

the probability of the dipole to be resolved and decohere plays a role in the radiation spectrum
let’s study the colour dipole in a framework where decoherence is naturally encoded

(anti-)angular ordering:



Jets as Open Quantum Systems
• We can study these phenomena with a suitable framework: open quantum systems!

quantify momentum broadening and decoherence
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ℋS ℋE
jet QGP
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• Coupling with an environment modifies the subsystem and “steals” quantum 
correlations from it

several applications in HEP: quarkonia in QGP, neutrino physics, cosmology, …
[previous talks: Panayotis, Miguel]



A simple jet as an OQS: a  dipoleqq̄
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‣ Learning from… 

- Single quark jet OQS

- Heavy quark-antiquark (quarkonium) OQS
Blaizot, Escobedo (2018)

Barata, Blaizot, Mehtar-Tani (2023)

heavy mass

high energy

non-relativistic 
description

in 2+1 dimensions

in 3+1 dimensionsNRQCD

‣ Let’s consider the following kinematical configuration:

meaningful for (e.g. LHC) phenomenology

• We study the case of a boosted  dipole (no radiation, yet):qq̄

2p⊥

q⊥θqq̄

q

q̄

γ∗, Z, ...

L

k1⊥

k2⊥

q+

k+1 = z1q
+

k+2 = z2q
+
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momentum
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momentum
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Derivation of the master equation

6

<latexit sha1_base64="MnL2e9MpmeC7ZmvpZjyv00Lt8P0="></latexit>

H =

 
p̂
2
?,q

2k+1
+

p̂
2
?,q̄

2k+2

!
⌦ E � g

Z
d2x? n̂

a(x?)⌦A
�
a (t,x?) + S ⌦Hpl

kinetic term interaction QGP

<latexit sha1_base64="Qjy0RoJ+TVC2rQV2bG9CyeBHXDo="></latexit>

n̂a(x?) = �(x? � x̂?,q)t
a ⌦ q̄ � q ⌦ �(x? � x̂?,q̄)t̃

anumber density:
quark antiquark

Hamiltonian

Von Neumann’s equation
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Lindblad’s equation



Derivation of the master equation
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Colour structure
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• We study the evolution of the matrix elements:

• Introduce new variables:

• Wigner function:

‣ Two-body problem: relative and center-of-mass
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Master equation
• Harmonic approximation of the potential:

HTL

harm. approx.
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• A “two species” Fokker-Planck -like equation: any analytical solutions?

rescaling of variables
 relative diffusion 
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• We have a master equation for the Wigner function:
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Master equation: colour transitions
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• We integrate out the center-of-mass degrees of freedom  and q⊥ b⊥
quasi-factorization (see later for the quasi)

• Straight-line motion and colour transitions:
colour transitionskinetic term
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Master equation: center-of-mass diffusion
• Let’s now consider the motion of the center-of-mass too:

10

- Non-trivial check of known Wilson lines-like 
calculations with OQSs
Dominguez, Milhano, Salgado, Tywoniuk, Vila (2019)
 Isaksen, Tywoniuk (2023)

- Possible pheno applications: even higher Casimirs
Cougoulic, Peigné (2017); Zakharov (2018)
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Solutions: quantum decoherence

time 
evolution
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‣Colour decoherence: 
suppression of the off-diagonal 
elements (coherences) 

‣Colour equilibration: total 
randomization of the colour of 
the dipole
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Kinematical decoherence
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Summary
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• We have derived a master equation with the OQS formalism for a boosted  dipole:qq̄
‣ The collisions with the medium cause colour decoherence

- colour transitions (singlet-octet)

- diagonalization of the density matrix in the colour-anticolour basis

- colour equilibration

‣ kinematical decoherence in momentum space (if not already outside the QGP)

‣ the broadening of the center-of-mass transverse momentum, breaking factorisation

‣ perturbatively solved the full master equation equipped of the relative transverse momentum 
diffusion term (for Gaussian initial states): mild corrections

Thank you for your attention!
• Work in progress to apply this framework also on radiation-related phenomena

interest also in future application with higher Casimirs, e.g.  dipolegg
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Master equation: perturbative relative diffusion

<latexit sha1_base64="jBBD6AfZ1P09rN6Cmp48AuP/fcM="></latexit>

 =
2✓s
✓c

<latexit sha1_base64="RNttzb3ZDqVQdGl0wLocK3xQcMI="></latexit>

=
Qs

p?
⇥ ✓qq̄

✓c

• Rescaled master equation:

colour transitions

relative diffusion

kinetic term
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• Analytical solution 
of the full equation: ‣ Gaussian ansatz

‣ Perturbative expansion up to 
<latexit sha1_base64="yqfz0xSKO2QrGpn5LUt3kIjJ3VY="></latexit>

O(2)

• Singlet survival probability:

checked also for higher moments (variances,…)

in our kinematical configuration

neglecting the relative diffusion 
term is a good approximation
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