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In this proceedings contribution I review recent work which computes
the suppression of bottomonium production in heavy-ion collisions using
open quantum systems methods applied within the potential non-relativ-
istic quantum chromodynamics (pNRQCD) effective field theory. I discuss
how the computation of bottomonium suppression can be reduced to solv-
ing a Gorini–Kossakowski–Sudarshan–Lindblad (GKSL) quantum master
equation for the evolution of the bb̄ reduced density matrix. The used
open quantum systems approach allows one to take into account the non-
equilibrium dynamics and decoherence of bottomonium in the quark–gluon
plasma. Finally, I present comparisons of phenomenological predictions ob-
tained using a recently obtained next-to-leading-order GKSL equation with
ALICE, ATLAS, and CMS experimental data for bottomonium suppression
and elliptic flow.
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1. Introduction

Heavy-ion collisions have been used to produce and study the properties
of the quark–gluon plasma (QGP), a state of matter thought to have existed
in the early universe and being created terrestrially in relativistic heavy-ion
collisions. The suppression of bottomonium production in such collisions
is considered strong evidence for the creation of a deconfined QGP [1–10].
In the past, it was proposed that this suppression was due to the Debye
screening of chromoelectric fields in the QGP, which modified the potential
between heavy quarks and resulted in a reduction of heavy-quarkonium pro-
duction [11, 12]. However, more recent studies have shown that, in addition
to the real part of the potential being modified by Debye screening, there is
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also an imaginary contribution to the potential caused by processes such as
Landau damping and singlet-to-octet transitions [13–20]. These processes
result in large in-medium widths for heavy-quarkonium bound states.

In the past decade, there has been significant progress in the use of
open quantum systems (OQS) methods to study heavy-quarkonium sup-
pression in the QGP [21–37]. In particular, recent works have applied
OQS methods within the framework of the potential non-relativistic QCD
(pNRQCD) effective field theory [14, 16, 18–20, 38–40]. The pNRQCD EFT
is applicable to systems with a large separation between energy scales. This
naturally occurs when the velocity of the heavy quark relative to the center
of mass is small (v ≪ 1). In Refs. [24, 26, 30], the authors considered the
scale hierarchy relevant for small bound states in a high-temperature QGP,
1/r ∼ Mv ≫ mD ∼ πT ≫ E, where r is the typical size of the state, M is
the heavy quark mass, mD is the Debye mass, T is the temperature, and E
is the binding energy.

With this scale ordering, the environment’s relaxation timescale is much
shorter than both the system’s internal timescales and the system’s own
relaxation timescale. This makes the quantum evolution Markovian. In
Ref. [30], a Markovian Gorini–Kossakowski–Sudarshan–Lindblad (GKSL)
equation [41, 42] was derived for the heavy-quarkonium reduced density
matrix, which was implemented in the open-source QTraj code of Ref. [43]
to make predictions for heavy-ion collision bottomonium observables [44–47].
This was done by coupling the GKSL solver to 3+1D viscous hydrodynamics
code using smooth Glauber initial conditions [48–50] and, most recently,
fluctuating hydrodynamical backgrounds [47]. The formalism used in the
most recent works [46, 47] is accurate to next-to-leading order (NLO) in
the binding energy over temperature, which allows it to be used at lower
temperatures than the original leading-order formalism.

2. Results

For details concerning the theoretical and numerical methods employed,
I refer the reader to Refs. [46, 47]. The results obtained depend on two
coefficients κ̂ and γ̂, which were extracted directly and indirectly from lat-
tice QCD calculations [30, 51–55]. In Figs. 1 and 2, we present our NLO
predictions for RAA as a function of Npart and pT, respectively. For these re-
sults, we did not include the effect of dynamical quantum jumps. In the left
panel, we show the variation of κ̂ in the range of κ̂ ∈ {κ̂L(T ), κ̂C(T ), κ̂U (T )}
while holding γ̂ = −2.6. This value of γ̂ was chosen as to best reproduce
the RAA[Υ (1S)]. In the right panel we show the variation of γ̂ in the range
−3.5 ≤ γ̂ ≤ 0 with κ̂(T ) = κ̂C(T ). The solid line corresponds to γ̂ = −2.6.
As this figure demonstrates, our NLO predictions without quantum jumps
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Fig. 1. The nuclear suppression, RAA[Υ (1S, 2S, 3S)], as a function of the number
of participants, Npart. The left panel shows the variation of κ̂ and the right panel
shows the variation of γ̂. The experimental results shown are from the ALICE [7],
ATLAS [8], and CMS [5, 10] collaborations.
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Fig. 2. The nuclear suppression factor, RAA, for Υ (1S, 2S, 3S) as a function of the
transverse momentum, pT. The bands, etc. are the same as in Fig. 1.

are in quite good agreement with the experimental data for RAA[1S] and
RAA[3S]. However, for the 2S excited state, our NLO predictions without
quantum jumps are somewhat lower than the experimental results, particu-
larly for the most central collisions.

Recently, we computed the NLO bottomonium RAA and v2 using both
smooth and fluctuating initial conditions for the hydrodynamic evolution [47].
In Ref. [47], it was demonstrated that the results for RAA obtained using fluc-
tuating and smooth initial conditions were nearly identical, indicating that
initial-state fluctuations do not play an important role in this observable. In
Fig. 3, I present the OQS+pNRQCD+IP-Glasma predictions for v2[1S] as
a function of centrality (left panel) and transverse momentum (right panel)
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Fig. 3. (Color online) The anisotropic flow coefficient v2[1S] as a function of cen-
trality (left) and transverse momentum (right) obtained with fluctuating initial
conditions. We show the γ̂ variation in blue and the κ̂ variation in red.

compared with experimental data from the ALICE and CMS collabora-
tions [6, 9]. From this figure, we see that the NLO OQS+pNRQCD+IP-
Glasma framework predicts a rather flat dependence on centrality, with the
maximum v2[1S] being of the order of 1%. In the right portion of the left
panel, we present the results integrated over centrality as two points that
include the observed variations with κ̂ and γ̂, respectively1. The size of the
error bars reflects the statistical uncertainty associated with the double av-
erage over initial conditions and physical trajectories [47]. The red and blue
shaded regions correspond to the uncertainty associated with the variation
of κ̂ and γ̂, respectively. Finally, in the right panel of Fig. 3, I present the
dependence of v2[1S] on transverse momentum.

3. Conclusions

In this proceedings contribution, I focused on recent research that uses
an OQS framework applied within the pNRQCD effective field theory. I pre-
sented predictions for the nuclear suppression factor (RAA) and elliptic flow
coefficient (v2) based on smooth and fluctuating hydrodynamical initial con-
ditions. We found that the impact of fluctuating initial conditions was small
when considering RAA, but a larger, though still within statistical uncertain-
ties, effect was observed for v2. For RAA[1S], RAA[3S], and v2[1S], we found
good agreement between the NLO OQS+pNRQCD framework and exper-
imental data. However, we found that the amount of Υ (2S) suppression
was slightly overestimated regardless of the hydrodynamic initial conditions
used.

1 The scale of the right portion of the left panel is different from the left portion of this
panel in order to make it more readable.
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