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Hard probes

1

Probes that are created at the beginning of the
collision (typically because its creation needs a
high energy) that get modified in a substantial
way and that are relatively easy to detect. In
this talk, we focus on the ones related with
heavy quarks.

1Picture taken from d’Enterria (2007)
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Probing the medium with heavy quarks

The mass of a heavy quark m is much bigger than ΛQCD . The production or annihilation
of heavy quarks is a perturbative process.

The temperature T of the medium is much smaller than m. The medium does not
influence the production of heavy quarks. But it does influence

▶ How they diffuse.
▶ How likely they are to form a bound state.

In the case of quarkonium, other energy scales appear. The inverse of the typical radius 1
r

and the binding energy E .

Using heavy quarks, we can test the properties of the medium at different energy scales.
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Open heavy quarks and quarkonia

Similarities

Both are formed by heavy quarks.

Sensitive to correlators of the
chromoelectric field.

In many cases a combination of EFTs
and Lattice QCD is useful.

Similar theoretical tools. Boltzmann
eq., Langevin eq., T-matrix...

Differences

A collision with a QGP constituent
might destroy the bound state but
not the heavy quark.

Heavy quarks hadronize to hadrons of
a size of the order of 1/ΛQCD . Each
quarkonium species has a different
size.

Heavy quarks have color while a
quarkonium bound state is globally
color-neutral. Quarkonium is less
affected by infrared physics.

Heavy quarks at very large
momentum are similar to jets (but
dead-cone effect).
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Stages of a heavy-ion collision

Picture taken from Shen and Heinz (2015)

Heavy quarks are created at the
beginning of the collision in a
perturbative process.

They are affected by the QGP. We
expect quarkonium to be less
sensitive to the pre-equilibrium phase
due to its formation time.

They hadronize at the phase
transition. However, quarkonium
states can be much smaller.

Both can be affected by the hadron
phase.

Final state effects might be
important (feed-down).
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How the medium affects the heavy quark.
Collisions

The heavy quark exchanges
momentum with medium particles.
This leads to a Brownian motion.

This can be described with a
Langevin or a Boltzmann equation.

▶ The Boltzmann equation. Requires
a more detailed knowledge of the
medium-heavy quark interaction.

▶ The Langevin equation. Valid for
p ≫ T . Medium information can be
encoded in a transport coefficient.

κ =
g2

6Nc
Re

∫ ∞

−∞
dt⟨E i ,a(t, 0)E i ,a(0, 0)⟩
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κ during hydronamization
See Jarko Peuron’s talk on Tuesday

κ can be computed in the
pre-equilibrium phase using Effective
Kinetic Theory.

κ is within 30% percent of its
equilibrium value.

κ is different in the longitudinal and
in the transverse direction.
Transverse direction enhanced at
small times.
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κ in lattice QCD
See Hai-Tao Shu’s talk on Tuesday

Note that κ = 2T 2

Ds
. New

un-quenched results show
significantly larger values than
previous quenched results.

Un-quenched results are close to the
AdS/CFT estimate at low
temperatures and get close to the
NLO perturbative computation at
large temperatures. Also close to
T-matrix results.
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κ dependence with mass
See Vincenzo Minissale’s talk on Wednesday

Computation based on a Boltzmann
approach where the collision term
depends on the mass.

The definition of κ in terms of
correlator of chromoelectric fields
correspond to the M → ∞ limit.
Definition used on lattice QCD.

Results at the M → ∞ limit are
compatible with recent unquenched
results.
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How the medium affects the heavy quark.
Radiation

A heavy quark with a large
momentum can lose energy by
emitting a gluon.

Many models consider radiation,
together with collisions.

Radiation is suppressed at angles
smaller than M/E , with E the energy
of the emitted particle. Dead-cone
effect.

This has been directly observed
recently (Alice collaboration, 2022).
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Hadronization

→

At Tc we go from a QGP to a hadron
phase. Degrees of freedom change
from quarks and gluons to hadrons.

A D or a B meson still experiences a
Brownian motion in the medium
(Montañà et al, 2023).

There are several models for
hadronization. At high p
hadronization is vacuum like
(fragmentation), but at low p it is
affected by the medium.

At high multiplicity pp collisions,
hadronization might already be
medium-like (See Andrea Beraudo’s
talk on Wednesday).
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Statistical Hadronization model
See Min He’s talk on Tuesday

fragmentation function computed
assuming a thermal distribution of
hadrons at hadronization.

pp data is well-reproduced.

Combination with medium b quark
diffusion to obtain phenomenological
predictions.
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The fluid-dynamic approach
See Federica Capellino’s talk

It is assumed that heavy quarks are in
local thermal equilibrium.

The number of QQ̄ pairs is treated
as an additional conserved current.

A good description of charm data is
achieved. However,thermalization
time for bottom quarks is much
larger.
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The mechanisms of dissociation
Screening

Chromoelectric fields are screened at large
distances due to the presence of a
medium.

The original idea of Matsui and Satz
(1986). Dissociation of heavy quarkonium
in heavy-ion collisions due to color
screening signals the creation of a
quark-gluon plasma.

V (r) = −αs
e−mD r

r

At finite temperature

Debye radius
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The mechanisms of dissociation
Inelastic scattering with partons in the medium

A singlet can decay into an octet.
Interaction with the medium changes the
color state.

Dissociation without screening.

This is the mechanism behind the
imaginary part of the potential (Laine et
al. (2007)). Related to singlet to octet
transitions (Brambilla et al. (2008)).

HQ
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Recombination

HQ

Two heavy quarks coming from different origin may recombine to form a new quarkonium
state.
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Recombination: Bottomonia vs Charmonia

Bottomonia

The dilute limit is valid

HQ

Recombination from uncorrelated heavy
quark is unlikely

Charmonia

The dilute limit is not valid

HQ

We need to consider recombination from
uncorrelated heavy quarks
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Theoretical description of quarkonium
Rate/Boltzmann equation approach

A decay width is assigned to each quarkonium state.

The decay width can be computed considering different processes and different
approximations (perturbation theory, EFT, T-matrix...).

Thermalization is achieved by the structure of the collision term.

Gluo-dissociation
Inelastic scattering
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Theoretical description of quarkonium
Open quantum system approach

Quarkonium is modelled as an open quantum system interacting with another quantum
system, the environment. This allows to coherently take into account all effects
(Screening, scattering with QGP...).

One studies the evolution of the reduced density matrix, obtained after making a trace
over the environment degrees of freedom in the full density matrix.

The evolution of the reduced density matrix is given by the master equation. In QCD, it
has been derived

▶ Perturbation theory. Akamatsu (2015,2020), Blaizot and Escobedo (2017,2018).
▶ Potential non-relativistic QCD (pNRQCD) in the 1

r ≫ T regime. Brambilla et al.
(2016,2017).

Rate/Boltzmann approach recovered for E ≫ Γ.
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The Lindblad equation

Any master equation that is:

Markovian

Preserves the properties that a density matrix must fulfil (Hermitian, positive
semi-definite, trace is conserved).

Can be written as a Lindblad (or GKSL) equation (Lindblad (1976), Gorini, Kossakowski and
Sudarshan (1976)).

dρ

dt
= −i [H, ρ] +

∑
n

(
CnρC

†
n − 1

2
{C †

nCn, ρ}
)

In the case of quarkonium, the Markovian limit corresponds to the case in which the energy of
the particles in the environment is larger than the binding energy.
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Sudarshan (1976)).

dρ

dt
= −i [H, ρ] +

∑
n

(
CnρC

†
n − 1

2
{C †

nCn, ρ}
)

In the case of quarkonium, the Markovian limit corresponds to the case in which the energy of
the particles in the environment is larger than the binding energy.
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The 1
r ≫ T ,mD ≫ E regime

Brambilla, M.A.E., Soto and Vairo (2017-2018)

Because all the thermal scales are smaller than 1
r but bigger than E the evolution equation is

of the Lindblad form. 2

∂tρ = −i [H(γ), ρ] +
∑
k

(Ck(κ)ρC
†
k (κ)−

1

2
{C †

k (κ)Ck(κ), ρ})

κ =
g2

6Nc
Re

∫ +∞

−∞
ds ⟨TE a,i (s, 0)E a,i (0, 0)⟩

γ =
g2

6Nc
Im

∫ +∞

−∞
ds ⟨TE a,i (s, 0)E a,i (0, 0)⟩

2We use a redefined field E(t, x) such that we do not need to write explicitly the Wilson lines.
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κadj vs κfund

The parameter κ appearing in the master equation of quarkonium is similar to the heavy quark
diffusion coefficient but not equal.

Picture taken from Scheihing-Hitschfeld and Yao (2022)
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κadj in AdS/CFG
See Bruno Sebastian Scheihing Hitschfeld’s talk on Wednesday

κfund and κadj are equal at LO in
perturbation theory and in the
classical limit.

Estimates of κadj from the lattice
decay width of quarkonium state give
results compatible with (quenched)
κfund (Brambilla et al. 2019)

However, κadj is zero at
strongly-coupled N = 4 SYM while
κfund is not.
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Lattice results on the potential
Bazavov et al. 2023

Recent unquenched results on the real
part of the potential see no screening.

An imaginary part of the potential is
observed.

The influence of this new input in
T-matrix computations was discussed
on Wednesday at Zhanduo Tang’s
talk.
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Wigner function’s approach
See Joerg Aichelin’s talk on Wednesday

Based on an open quantum system approach.

Wigner distribution is approximated by a classical phase space.

Dilute approximation is not needed. uncorrelated recombination can be described.
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E/T corrections

Previous studies done in the T ≫ E limit (Brambilla et al. (2021)).

E/T corrections introduce new physical effects. Drag force.

In QED, the Lindblad equation with E/T is well approximated by a Langevin equation,
which leads to the classical equilibrium distribution if it exists.

E/T corrections improve validity region and might lead to approximate thermalization.
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Nantes approach

Picture taken from Delorme’s SQM2021
proceedings

Equations adapted to 1D case.

Confirms that evolution naturally leads to
a state in which the density matrix is
almost diagonal in coordinate space. The
regime in which Langevin-like equations
are valid.

However, we also see that a surviving
non-diagonal structure around r = 0.
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Osaka approach
Miura, Akamatsu, Asakawa and Kaida, 2022

1D approximation valid in the regime
rmD ∼ 1. Focus on thermalization.

They observe that the steady state is close
to a Boltzmann distribution. Note that
τeq ∼ 236/M, for bottomonium
τeq ∼ 10 fm. Lifetime of the fireball is of
order τeq but thermalization observed
around 15τeq.

Their full result and the dipole
approximation coincide at early times.
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E/T corrections in pNRQCD
Brambilla et al. 2023, also Peter Vander Griend’s poster

Valid in the regime in which the medium
sees quarkonium as a small color dipole.

Allows to use non-perturbative input from
lattice QCD in the form of transport
coefficients κ and γ.

Focus on RAA. Thermalization has not
been studied yet.

The E/T expansion seems to converge for
T above 190MeV.

Correlated recombination needed to
reproduce excited states data.
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E/T corrections in pNRQCD
Brambilla et al. 2023, also Peter Vander Griend’s poster

Fit with recombination
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Outline

1 Introduction

2 Open heavy flavor

3 Heavy quarkonium

4 Conclusions
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Conclusions

Heavy quarks and quarkonium are useful probes of the medium.

We have learned a lot about transport coefficients (both κfund and κadj).

New unquenched results seem to indicate more dissipation (κ and imaginary potential)
and less screening than previously thought.

Interesting relations between pp and heavy-ion physics regarding hadronization.

The inclusion of E/T corrections leads to results compatible with observations and there
are indications that they improve the approach to equilibrium.
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Back-up slides
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Scales in pNRQCD approach
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Mass and binding energy definition

Mass and binding energy are scheme dependent.

All definitions are valid, but the convergence of the non-relativistic expansion is not
equally good.

To study bound states it is convenient to use a renormalon substracted mass, like for
example the potential substracted mass (Beneke, 1998).

The relation between this mass definition and the M̄S can be computed order by order in
perturbation theory.
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