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The study of heavy quarkonium suppression in heavy-ion collisions represents an important source
of information about the properties of the quark-gluon plasma produced in such collisions. The
evolution of the reduced density matrix of heavy quarks inside a quark-gluon plasma is described
by a master equation. In a previous work, we found that this master equation needs to take
into account the finite energy gap between singlet and octet states in order to lead to the correct
thermalization at late times. In this talk, we will discuss the phenomenological consequences of
taking into account such energy gap when computing the nuclear modification factor. We will
do this in two different scenarios, one using Hard Thermal Loop perturbation theory and another
inspired by recent lattice QCD results on the static potential.
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1. Introduction

Quarkonium suppression is one of the probes of the medium that we can use to characterize
the quark-gluon plasma formed in ultrarelativistic heavy-ion collisions. Quarkonium bound states
are affected in different ways by the medium. If thermal effects are so strong that they might
substantially modify the binding mechanism, then a quantum description is needed. This can be
achieved by using the formalism of open quantum systems (for a recent review see [1]). In this
formalism the object of study is the reduced density matrix of heavy quarks, whose time evolution
is given by a master equation.

Up to now, the master equation of quarkonium has been derived from QCD in the perturbative
limit and in the limit 1

𝑟
� 𝑇 (more details in [1]). There are also many investigations that have

used the Abelian approximation. In this work we report on the phenomenological application of
the one-gluon exchange model derived in [2]. In [3], it was found that the Langevin equation gives
a very good description of quarkonium’s evolution in a medium using the Abelian approximation.
Next, the QCD case was studied in [4]. Langevin-like equations were found, unfortunately, their
range of applicability is much smaller. The reason for this was given in [2]. The energy gap
between singlet and octet states must be taken into account in order to obtain a master equation that
leads to the correct thermal equilibrium state at large times. In this work, we study what are the
phenomenological implications of taking into account this energy gap. More details can be found
in [5].

2. Derivation of the model

The master equation in the one-gluon exchange approximation, derived in [2], is the following

dD𝑄

d𝑡
+ 𝑖[𝐻𝑄,D𝑄 (𝑡)] = −

∫
𝒙𝒙′

∫ 𝑡−𝑡0

0
d𝜏 [𝑛𝐴𝒙 ,𝑈𝑄 (𝜏)𝑛𝐴𝒙′D𝑄 (𝑡 − 𝜏)𝑈†

𝑄
(𝜏)] Δ> (𝜏; 𝒙 − 𝒙′))

−
∫
𝒙𝒙′

∫ 𝑡−𝑡0

0
d𝜏 [𝑈𝑄 (𝜏)D𝑄 (𝑡 − 𝜏)𝑛𝐴𝒙′𝑈

†
𝑄
(𝜏), 𝑛𝐴𝒙 ] Δ< (𝜏; 𝒙 − 𝒙′), (1)

where we have set 𝑡 − 𝑡′ = 𝜏 and 𝑈𝑄 is the 𝑇 = 0 time evolution operator. The role of 𝑈𝑄 is to
inform the master equation of the energy difference between the state at time 𝑡 and the state at time
𝑡′. Thanks to 𝑈𝑄, transitions that release energy are more likely to happen than those that need to
absorb it.

It is very challenging to solve eq. (1) in the general case. However, a semi-classical approxi-
mation is justified in the limit in which the typical binding energy difference is much larger than the
decay width and the master equation is simplified to a rate equation. An argument justifying this
can be found in [2]. Using this simplification we can show that the free energy is a monotonically
decreasing function in this model, as it should. Since the spectrum of the octet is continuous, we can
not apply this rate equation directly. However, since octet to octet transitions are mathematically
similar to transitions in an Abelian theory, it is natural to formulate a model consisting in a rate
equation for the singlet combined with a Langevin equation for the octet.

In [2], we solved the equations of this model for the case of a static QCD brick. We observed
that, indeed, to consider the energy gap reduces significantly the singlet decay width. Finally, we
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observed that the probability that an octet state decays into a singlet is very small for realistic values
of the medium volume Ω. Therefore, we can further simplify the equations arriving to the form
that we are going to use in our phenomenological application

𝑑𝑝𝑠

𝑑𝑡
= −Γ𝑠𝑝𝑠 . (2)

3. Phenomenological application

In this section we will compute 𝑅𝐴𝐴 assuming a medium that follows a Bjorken evolution. We
will do this in two different scenarios. In the first, we consider the case described originally in [2].
A plasma described by Hard Thermal Loop perturbation theory. In the second scenario, we take
the real part of the potential from lattice QCD measurements in the static limit [6].

We solve eq. (2) in the following way. We solve the Schrödinger equation with the real part
of the potential for several temperatures. From this we obtain the binding energy and the singlet
wave-function. We use these quantities as inputs to compute the decay width

Γ𝑠 = 8𝜋𝛼𝑠𝐶𝐹

∫
p

e−
𝐸o

p−𝐸s

𝑇

∫
q
Δ> (𝐸o

p − 𝐸s, q) |〈s| sin
(
q · r̂

2

)
|o, p〉|2 . (3)

Once we have obtained the decay width for several temperatures, we fit a function to these results.
It is this fit function what we use to solve eq. (2). In order to quantify how big is the effect of
the energy gap we compare with the results obtained if we use a formula for the decay width that
ignores these effects

Γ0
𝑠 = 8𝜋𝛼𝑠𝐶𝐹

∫
q
Δ> (0, q)〈s| sin2

(
qr̂
2

)
|s〉 (4)

3.1 The perturbative case

The real part of the potential is given by

𝑉𝑠 (𝑟) = −𝐶𝐹𝛼𝑠 (`𝑟 )𝑒−𝑚𝐷 (𝑇, `𝑇 )𝑟

𝑟
(5)

where `𝑟 and `𝑇 are (independent) subtraction points. `𝑟 is either 1
2𝑎0

, 1
𝑎0

or 2
𝑎0

, with 𝑎0 the Bohr
radius. `𝑇 is either 𝜋𝑇 , 2𝜋𝑇 and 4𝜋𝑇 . In this case we found that the condition that the binding
energy is much larger than the decay width, needed for the validity of our model, is fulfilled for
Υ(1𝑆) but not for Υ(2𝑆). The decay width is well fitted by a function of the type Γ ∼ 𝑎𝑇 + 𝑏𝑇2.
We observe that the largest source of error is the variation of `𝑇 , changing `𝑟 having only a mild
effect. In this scenario, we let the system evolve until a temperature 𝑇 𝑓 = 200 MeV is reached.

3.2 The lattice inspired scenario

In this case, we use the potential

𝑉𝑠 (𝑟) = −𝛼𝑒−𝑚𝐷𝑟

𝑟
− 𝜎𝑟𝑒−𝑚𝐷𝑟

(
1 + 2

𝑚𝐷𝑟

)
. (6)

This potential was fitted in [6] to static potential data. We observed that the largest source of
uncertainty in this scenario comes from the determination of the Debye mass 𝑚𝐷 . In this case, we
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Figure 1: 𝑅𝐴𝐴 of Υ(1𝑆) in the perturbative scenario.
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Figure 2: 𝑅𝐴𝐴 in the lattice inspired scenario.

studied both Υ(1𝑆) and Υ(2𝑆). The dependence of the Υ(1𝑆) decay width with temperature is well
fitted by a function Γ(1𝑆) ∼ �̃�𝑇𝑒−�̃�/𝑇 . However, for Υ(2𝑆) we used the same fitting function that
we used for Υ(1𝑆) in the perturbative case. In both cases we take 𝑇 𝑓 = 180 MeV.

3.3 Results

We assume that the initial energy density scales like the density of participants and assume that
the initial temperature in the center of the most central collisions is 𝑇0(0, 0) = 475 × 1.05 MeV for√
𝑠 = 5.02 TeV collisions at LHC. We assume Bjorken flow with an initial time 𝑡0 = 0.6 fm. With
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this setting, we can compute 𝑅𝐴𝐴 in the following way

𝑅𝐴𝐴(𝒃) =
∫

𝑑2𝒔𝑇𝐴(𝒔)𝑇𝐴(s − b)𝑆(𝒃, 𝒔)∫
𝑑2𝒔𝑇𝐴(𝒔)𝑇𝐴(s − b)

, (7)

where 𝑆(𝒃, 𝒔) is the survival probability. In the perturbative case, the results can be seen in fig. 1.
Regarding the lattice inspired scenario, the results are shown in fig. 2. We expect our model to be
more reliable at moderate temperatures (not too central collisions) since then it is more likely that
the condition 𝐸 � Γ is fulfilled.

4. Conclusions

The energy gap between singlets and octets makes the bound state evolution in QCD very
different from that of QED. In the limit 𝐸 � Γ, the master equation can be simplified to a rate
equation. Using this model we have computed 𝑅𝐴𝐴 for Υ(1𝑆) and Υ(2𝑆). We see that indeed the
energy gap decreases quarkonium suppression almost by a factor of 2. The effect is larger in the
lattice inspired scenario, as we would have expected, since the energy gap is also larger.
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