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Three are the mechanisms that influence quarkonium suppression in a medium: screening, thermal
decay, and recombination. In recent years, a framework that can treat them consistently at the
same time has been put forward, the open quantum system approach. In this talk, we will discuss
how the combination of open quantum system and Effective Field Theory techniques are useful to
understand quarkonium evolution in a medium in the regime in which the temperature is smaller
than the inverse of the typical radius. In this case, the interaction parameter depends only on
two transport coefficients ^ and W, where ^ is the heavy quark diffusion coefficient. Combining
these results with recent lattice QCD evaluations of the mass shift and thermal decay width of
quarkonium we are able to obtain a non-perturbative determination of compatible with state-of-
the-art results. This talk is based on the recent paper [1].
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1. Introduction

Hard probes allow us to obtain information about the medium created in heavy-ion collisions.
Because its production needs typically high energy, they are created at the beginning of the collision.
However, they are modified substantially by the medium, and they are relatively easy to detect. In
this work, we are going to focus on the hard probes related to heavy quarks.

• Heavy quark diffusion.

• Quarkonium suppression.

We will show that the heavy quark diffusion coefficient ^, which has an essential role in the physics
of heavy quark diffusion, is also relevant for the study of quarkonium suppression. We will also
discuss another transport coefficient related to the physics of quarkonium.

It is believed that heavy quarks in a quark-gluon plasma diffuse following approximately a
Brownian motion, such that 〈G2(C)〉 = 6�BC (see [2] and references therein). This diffusion in
coordinate space can be related to an analogous diffusion in momentum space characterized by the
coefficient ^ = 2) 2

�B
. An expression of ^ in terms of Wilson lines was found in [3]. In the following,

we will discuss, among other things, how ^ also plays a role in the physics of quarkonium. The
outline is the following:

• We will exploit the non-relativistic nature of quarkonium using Non-relativistic Effective
Field Theories.

• Studying the evolution of the density matrix of heavy quarkonium in the regime 1
A
� ) � � ,

we will derive an evolution equation in which all the information needed from the medium is
encoded in two transport coefficients, ^ and W.

• Using lattice QCD data of the decay width and thermal mass shift of quarkonium, we can
extract a non-perturbative determination of ^ and W.

2. Non-relativistic Effective Field Theories to study quarkonium in a medium.

Heavy quarkonium is a system in which a wide separation of energy scales appears. The mass
of heavy quarks < is much bigger than Λ&�� . Therefore, the creation or annihilation of heavy
quarks is a perturbative process. In nowadays heavy-ion collisions, it also happens that < � ) .
There are other energy scales related to quarkonium’s physics, the inverse of the typical radius 1

A
,

and the binding energy � . In a non-relativistic bound state, it is fulfilled that < � 1
A
� � .

The appearance of widely separated energy scales is not just an academic issue. It can spoil the
convergence of perturbative series even if the coupling constant is small, and, considering lattice
QCD computations, it requires a huge lattice to fit all the relevant scales. These problems can
be solved with the use of Effective Field Theories (EFTs). In the case of heavy quarks, the first
step is to integrate out the mass of the heavy quarks. This can always be done using perturbative
computations at ) = 0 since < � Λ&�� , ) . In the case of quarkonium, the resulting EFT is called
Non-relativistic QCD (NRQCD) [4, 5]. However, in NRQCD there are still at least two widely
separated energy scales ( 1

A
and �), and this can be problematic for some type of studies. In the
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zero temperature case, this can be solved by integrating out the scale 1
A
. This leads to potential

NRQCD (pNRQCD) [6, 7]. This EFT is equivalent to a potential model at leading order, but higher
orders involve corrections that can not be mimic with a potential. The matching from NRQCD to
pNRQCD transforms the relevant degrees of freedom from a heavy quark-antiquark pair to a color
singlet field or a color octet field. At finite temperature, the relation between 1

A
and ) can modify

the matching between NRQCD and pNRQCD. This matching has been studied in a wide range of
temperature regimes [8, 9].

3. Open quantum system approach to quarkonium suppression

The next question is how to use pNRQCD to compute the nuclear modification factor observed
experimentally. Quarkonium is usually measured thought its decay into leptons. In pNRQCD, this
is proportional to Tr((†(C, 0)((C, 0)d), where ( is the singlet field. Then, we need to solve this
operator’s evolution in a medium provided that we know its value at the time of the beginning of
the fireball C0. In fact, we can understand dB = Tr((†(C, 0)((C, 0)d) as the reduced density matrix
of heavy quarks when they are in a singlet state.

The evolution of the reduced density matrix was studied in [10] at several different temperature
regimes. In the regime 1

A
� ) � � this evolution takes a particularly simple form

mC d = −8[� (W), d] +
∑
:

(�: (^)d�†: (^) −
1
2
{�†

:
(^)�: (^), d}) , (1)

where the information about the medium in the operators � (W) and �: (^) is encoded in two
transport coefficients. The first one is the heavy quark diffusion parameter

^ =
62

6 #2
Re

∫ +∞

−∞
3B 〈T �0,8 (B, 0)�0,8 (0, 0) , (2)

and the second one is a new transport coefficient

W =
62

6 #2
Im

∫ +∞

−∞
3B 〈T �0,8 (B, 0)�0,8 (0, 0) . (3)

In [10], we used the value of ^ obtained in the lattice computation of [11] and assumed that W = 0.
Then, making some assumption about the initial density matrix of quarkonium and using a Bjorken
evolution of the medium, we were able to make phenomenological predictions for the value of '��.

4. Transport coefficients from in medium quarkonium dynamics

We can now reverse the logic and determine ^ and W respectively from the decay width and the
thermal mass shift. This is a useful strategy since there is unquenched lattice data on both the decay
width and the thermal mass shift. In the case of ^, we have a determination which is based on an
independent set of assumptions which can be compared with what is found studying heavy quark
diffusion [2]. In the case of W, it is the first non-perturbative determination. The main assumption
is that we are in the regime 1

A
� ), <� � � and that the bound states are Coulombic.
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Figure 1: On the left, we show our determination of W using the mass shift data on different bound states
at different temperatures. On the right, we show the same for ^ and compare with previous results in the
literature. References to the literature can be found in [1]

The main formulas that we need are the following

X" =
1
2
W〈A2〉 , Γ = ^〈A2〉 , (4)

where 〈A2〉 can be computed analytically since we assume that the bound states are at leading order
Coulombic. The lattice data that we are going to use in our analysis is the following

• We use the results of [12] for the thermal mass shift and as a lower bound for the decay width.

• We use the results of [13] as upper bound for the decay width.

• Data at ) = 334MeV, not used originally in [1], is taken from [14].

Fig. 1 summarises our results. Regarding W, it is interesting to note that results from different
quarkonium state at the same temperature () = 251MeV) are compatible with each other. There is
also a hint that W

) 3 is not a constant, as would be the case in the perturbative limit ignoring running
coupling effects, or in a conformal theory. Finally, the values extracted from lattice data are much
smaller that what one would naively expect from perturbative arguments. Regarding ^, our results
are compatible with previous determinations.

5. Conclusions

We have reviewed the application of non-relativistic Effective Field Theories to the study of
quarkonium suppression and its relation with the framework of open quantum systems. Using this
formalism, we have used lattice data on the thermal mass shift and the decay width of quarkonium to
determine two transport coefficients that are relevant to study quarkonium’s evolution in a medium.
One of these transport coefficients is ^, the heavy quark diffusion coefficient. Our determination
of ^ is compatible with previous results in the literature. Regarding W, we observe consistency
between results obtained using data on different bound states and temperatures.
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