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Quarkonium suppression

RAA = NAA
⟨Ncoll⟩Npp

▶ Matsui & Satz (1986):
Sequential suppression

▶ Quarkonium states have
different binding energies
⇒ Different dissociation temperatures

▶ Quarkonia viewed as thermometer
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Spectral functions

▶ Encode in-medium
properties of quarkonia

▶ Broadening of the peaks
▶ Mass shifts

S. Kim,P. Petreczky, A. Rothkopf (2018)
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https://link.springer.com/article/10.1007/JHEP11(2018)088


Screening

T ̸= 0 → Suppression of color attraction

Melting of pairs at high T
⇒ Suppression

D. Lafferty, A. Rothkopf (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056010


Screening?

▶ Reconstruction of spectral functions
heavily dependent on the extraction
strategy

▶ Different extraction, using a
Lorentzian parametrization

▶ No screening observed!
▶ Which picture is correct?

ρ
peak
r (ω,T ) = 1

π Im Ar (T )
ω−ReV (r ,T )−iΓ(ω,r ,T )

A. Bazavov et al. (HotQCD Collaboration) (2024)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.074504


Dynamical effects

▶ Collisions with medium partons
→ Pair dissociation
⇒ Suppression

∆E∆
−→p

Q

Q̄

Q

Q̄

Often described by an imaginary potential
D. Lafferty, A. Rothkopf (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056010


Dynamical effects

ρ
peak
r (ω,T ) = 1

π Im Ar (T )
ω−ReV (r ,T )−iΓ(ω,r ,T )

▶ Same lattice extraction
▶ No saturation observed

at higher temperatures
▶ No screening, but

stronger imaginary part?

A. Bazavov et al. (HotQCD Collaboration) (2024)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.074504


Recombination
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▶ Picture more complex
▶ Higher energy → more pairs produced

⇒ Recombination
▶ Effect that cannot be

neglected at LHC energies
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Recombination

Bottomonia Charmonia

▶ Low amount of bb̄ pairs
▶ Only quarks initially close

to each other will lead
to bottomonia states

▶ Full quantum treatment possible

▶ High amount of cc̄ pairs
▶ Recombination can also happen

from originally uncorrelated quarks
▶ Full quantum treatment out of reach

▶ When does recombination happens?
▶ Different models and viewpoints
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Models

▶ 3 main classes of models aim to describe quarkonia in AA

Statistical
Hadronization
▶ Classical

quarkonium
▶ No in-medium

bound states
▶ Only generated

at the phase
boundary

Transport
▶ (Semi)classical

quarkonium
▶ Dissociation

and
recombination
during QGP
phase

Open Quantum
Systems
▶ Fully quantum

quarkonium
▶ Dissociation

and (diagonal)
recombination
during QGP
phase
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Models

▶ Review from the EMMI Rapid
Reaction Task Force

▶ Global comparison of models
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Statistical Hadronization Model

▶ Assumes that all heavy quarks are produced in primary hard collisions and
thermalize.

▶ Yield Ndir
cc̄ computed in NLO pQCD for pp collisions and then scaled to AA collisions.

Ndir
cc̄ = 1

2gcN th
oc

I1(gcN th
oc)

I0(gcN th
oc)

+ g2
c N th

cc̄ gc : fugacity parameter

▶ Predictions also for
higher states, open charm...

A. Andronic et al. (2024)
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https://link.springer.com/article/10.1007/JHEP10(2024)229


Statistical Hadronization Model

▶ Similar formalism for bottomonia
▶ Investigation of the potential partial thermalization of bottom quarks

A. Andronic et al. (2022)

▶ Around 30% of b quarks aren’t thermalized (lower estimate)
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https://arxiv.org/abs/2209.14562


Transport models

▶ 2 main types of transport models

Boltzmann

pµ∂µfΨ = −αfΨ + β

▶ αfΨ : gluon-dissociation
▶ β : regeneration
▶ Detailed balance
▶ Tsinghua model
▶ Can be obtained from

open quantum systems
(Duke-MIT)

Rate equation

dNΨ(τ)
dτ = −ΓΨ(T (τ))

[
NΨ(τ)− Neq

Ψ (T (τ))
]

▶ ΓΨ : dissociation rate
▶ Neq

Ψ : equilibrium limit
▶ TAMU model
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Transport models

ALICE Collaboration (2024)

▶ Transport models reproduce well recent experimental data from ALICE
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https://doi.org/10.1016/j.physletb.2024.138451


Open quantum systems

▶ System (QQ) in interaction
with an environment (QGP)

▶ System building correlation with
the environment over time

▶ H = H0 + HQGP + Hint
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Open quantum systems

System + environment

ρ(t) = ρQQ ⊗ ρQGP

Evolution of the total system

ρ(t ′) = U(t ′, t)
[
ρQQ ⊗ ρQGP

]
U(t ′, t)†

System (QQ̄ pair)

ρQQ(t)

Evolution of the system

ρQQ(t
′) = TrQGP

[
U(t ′, t)ρ(t)U(t ′, t)†

]

d
dt ρ = −i[H, ρ]

d
dt ρQQ̄ = LρQQ̄

Trace out environment degrees of freedom
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Lindblad equation

▶ Case of a Markovian time-evolution ⇒ Lindblad equation

d
dt ρQQ̄(t) = −i

[
HQQ̄, ρQQ̄(t)

]
+
∑

i
γi

[
LiρQQ̄(t)L

†
i −

1
2

{
LiL

†
i , ρQQ̄(t)

}]
HQQ̄ : QQ̄ kinetics + vacuum potential V + screening

Li : Collapse operators (or dissipators), depend on the properties of the medium

⟨n|ρQQ̄|n⟩ ≥ 0 ∀ n ρ†
QQ̄

= ρQQ̄ Tr
[
ρQQ̄

]
= 1

(Positivity) (Hermiticity) (Norm conservation)

Can be turned into a Stochastic Schrödinger Equation
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Timescales

▶ 3 relevant timescales:
▶ τR : system relaxation time

• τR = 1
Γ ∼ 1

αST

▶ τE : environment autocorrelation time
• τE ∼ 1

mD
≈ 1

CT C ≈ 2

▶ τS : system intrinsic time
• τS ∼ 1

Ebind

▶ Markovianity realized if τE ≪ τR (environment correlation losing memory during the
system relaxation)

▶ Hierarchy between scales leads to different temperature regimes
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Temperature regimes

T∼ mQmD ≫ EbindmD ∼ EbindmD ≪ Ebind

τE ≪ τR
τS ≪ τR

τE ≪ τR
τE ≪ τS

Relativistic

Quantum optical regime

▶ Well identified states

▶ Long quantum decoherence time

▶ Realm of transport models

▶ Classical limit
→ Boltzmann/Rate equations

Quantum brownian regime

▶ Broader states

▶ Short quantum decoherence time

▶ QME for Q and Q

▶ Classical limit
→ Fokker-Plank equations

Transition regime

How to deal with the transition regime?
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Schematic view

QQ+QGP: von Neumann

QQ: non-unitary evolution

Redfield equation

Lindblad equation
(HQ Hamiltonian eigenstates)

Lindblad equation
(phase-space densities)

Boltzmann equation Fokker-Plank equation

Trace-out environment

Weak QQ-QGP coupling + Markovian limit τE ≪ τR

Quantum Browian regime
τE ≪ τS

Quantum Optical regime
τS ≪ τR

Wigner transform + gradient expansion
(Semi-classical approx.)

Interesting for
multiple pairs!
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Overview

▶ 3 main ways of solving QMEs

Direct resolution
▶ Nantes-Saclay

Stochastic approaches
▶ TUM-KSU (Quantum

Jump)
▶ Osaka (Quantum

State Diffusion)

Semi-classical
▶ Duke-MIT

(Boltzmann)
▶ Nantes-Saclay

(Fokker-Plank)

See talk by Jorge! See talk by Pol!

▶ Approaches either using NRQCD (Nantes-Saclay, Osaka) or pNRQCD (TUM-KSU,
Duke-MIT)

▶ Almost all in Quantum Brownian regime, with the exception of Duke-MIT
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Overview

▶ Not fully exhaustive
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Nantes-Saclay approach

▶ NRQCD formalism in the Quantum Brownian regime in 1D

d
dt

(
Ds
Do

)
= L

(
Ds(s,s′, t)
Do(s,s′, t)

)

L =

(
Lss Lso
Los Loo

)

L0D = −i [HQ,D]

L1D = − i
2

∫
xx ′

V (x − x ′) [na
xna

x ′ ,D]

L2D =
1
2

∫
xx ′

W (x − x ′) ({na
xna

x ′ ,D} − 2na
xDna

x ′)

L3D = − i
4T

∫
xx ′

W (x − x ′)

(
ṅa

xDna
x ′ − na

xDṅa
x ′ +

1
2
{D, [ṅa

x ,n
a
x ′ ]}

)
L4D =

1
32T 2

∫
xx ′

W (x − x ′) ({ṅa
x ṅa

x ′ ,D} − ṅa
xDṅa

x ′)
▶ Assume screening of potential
▶ Different medium configurations

and initial states
▶ Application to cc and bb

• bb : Phenomenological study using EPOS4
• cc : Benchmark for semi-classical treatment (see Pol’s talk)

J.-P. Blaizot, M. A. Escobedo (2018)

R.Katz, S.Delorme, P.-B. Gossiaux (2022)

S. Delorme et al. (2024))

Fluctuations

Dissipation

Positivity preservation
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https://link.springer.com/article/10.1007/JHEP06(2018)034
https://link.springer.com/article/10.1140/epja/s10050-022-00846-z
https://link.springer.com/article/10.1007/JHEP06(2024)060


Nantes-Saclay approach

▶ Initial singlet in-medium 1S
state at T = 300 MeV

▶ Octet populated via
dipolar transitions

▶ Repulsive octet potential
⇒ delocalization

▶ Delocalization in singlet
channel via transitions

▶ Surviving central peak
in singlet channel

cc

No dipole approx: can model the pair at finite distance
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Nantes-Saclay approach
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▶ 2S and 1P states generated
during the evolution

▶ Faster evolution with increasing T
▶ Close asymptotic values as T

increases (Ds nearly diagonal)
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Conclusion

▶ The finite-temperature potential encodes the in-medium properties of quarkonia.
Recent work points to a non-screened real part and a stronger imaginary part.

▶ Several models aim at describing the evolution of quarkonia in the Quark-Gluon
Plasma.

▶ The statistical hadronization model and transport models can reproduce fairly well
experimental data

▶ Open Quantum Systems models aim at developing a real-time evolution framework
from first principles, including all quantum effects.

▶ Lots of progress made but important problems left to solve: treatment of multiple
pairs, description of the transition regime
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