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We study the melting of cc̄ and bb̄ pairs in the early stage of high-energy proton-nucleus collisions. We
describe the early stage in terms of an evolving SUð3Þ glasma stage, that is dominated by intense, out-of-
equilibrium gluon fields. On top of these fields, we liberate heavy quark-antiquark pairs, whose
constituents are let evolve according to relativistic kinetic theory coupled to the gluon fields. We define
a pair-by-pair probability that the pair melts during the evolution, which we relate to the fluctuations of the
color charges induced by the interaction of the quarks with the gluon fields. We find that color decorrelation
is the main melting mechanism within the pre-equilibrium stage. Moreover, we estimate that within
Δτ ≈ 0.4–0.5 fm=c after the formation time of the pairs, about 50% of cc̄ and bb̄ pairs are melted.
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I. INTRODUCTION

Relativistic heavy-ion collisions, as performed at the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory and at the Large Hadron Collider
(LHC) at CERN, provide a unique opportunity to inves-
tigate quantum chromodynamics (QCD) at extreme temper-
atures and densities. Over the past few decades, many
experimental results indicated the emergence of a new state
of matter, referred to as the quark-gluon plasma (QGP),
which forms within ∼1 fm=c after the collision and in
which quarks and gluons behave as a hydrodynamic fluid
of small η=s ∼ 0.1 [1–4]. Such facilities are able to perform
measurements also in smaller collision systems such as
proton-proton (pp) and proton-nucleus (pA) [5], and these
have shown very similar features as those found in heavy
ion collisions. While calculations within the hydrodynamic
framework have been quite successful in describing observ-
ables in these small collision systems, the applicability
of hydrodynamics becomes increasingly doubtful as the
system size decreases and gradients increase [6,7]. It is also

likely that both initial intrinsic momentum correlations and
a hydrolike anisotropic expansion are necessary to under-
stand the elliptic anisotropic emission in pA [8–13].
For this reason, a thorough treatment of the initial stages

is even more important for pA collisions, and the classical
Yang-Mills (CYM) theory offers a good framework for
the study of this stage. In fact, CYM well describes the
out-of-equilibrium evolution of the highly occupied gluonic
system, named the glasma [14], that serves as the initial
condition for the system produced in the collisions. The
glasma is based on the color-glass-condensate (CGC)
effective theory, which stands as a valid description of
high-energy nuclei [15–17]; see [18–21] for reviews. The
glasma initial condition has been widely used to establish
the initial conditions for the subsequent hydrodynamic
evolution [22,23].
Heavy quarks (HQs), i.e., charm, c, and beauty, b,

represent a unique probe of the early stage of high-energy
collisions as well as of the transport properties of the
thermalized medium subsequently produced [24–65].
Indeed, due to the large masses, the HQs have a very short
formation time of the order of 0.1 fm=c. Therefore the HQ
final states, the heavy-flavored hadrons, maintain imprint of
the evolution dynamics during the whole collision time
frame, with traces from both the initial stage and the
subsequent QGP phase. Besides studies on the diffusion
of HQs in the QGP and on their hadronization in relativistic
nuclear collisions, several works have investigated the
impact of the early stage on heavy quarks [66–84]. These
have shown that heavy quarks undergo significant diffusion
in the early stage, suggesting an impact on experimental
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observables such as the nuclear modification factor and the
elliptic flow, as analyzed in [68]. Since for small systems the
thermalized QGP stage is short lived or even absent, HQs
could keep a cleaner trace of the early stage with respect to
nucleus-nucleus reactions. Thus, for pA collisions the
impact of the initial glasma state on final heavy-quark
observables may be predominant in the whole evolution
of the collision event.
A natural extension of the aforementioned works is to

look at the impact of the gluon-dominated initial state on the
evolution and dissociation of heavy quarkonia, which are
bound states of heavy quarks and antiquarks of the same
flavour, namely charmonium cc̄ and bottomonium bb̄. The
production and suppression of heavy quarkonium states in
hadronic collisions and in particular inQGP has beenwidely
studied for almost four decades [35,85–110]. In particular,
the melting emerges from the interplay of several mecha-
nisms, coming from the different phases of the collision,
from initial HQ pair production through the QGP stage to
final hadronization, see Refs. [111,112] for a review. As in
the QGP, cc̄ and bb̄ pairs can dissociate also in the evolving
glasma [113], with important implications for their evolu-
tion in the ensuing QGP medium and for the determination
of the heavy-flavored final states produced at hadronization
(both open heavy-flavor hadrons and regenerated quarko-
nia). In the evolving glasma, it is the HQ interaction with the
classical color fields that leads to a modification of their
spatial and momentum coordinates as well as of their color
charge, thus affecting the probability that they survive to the
pre-equilibrium stage and enter into the possibly formed
QGP phase as a pair.
In this article, we investigate the melting of cc̄ and bb̄

pairs during the pre-equilibrium stage of high-energy pA
collisions, the latter being modeled within the glasma
framework. The primary objective of this work is to
determine the fraction of pairs that dissociate during the
propagation in the evolving glasma, aiming also at disen-
tangling the role of color-charge decorrelation of the HQ
pair in the melting, which was only partly addressed before.
Within our model the HQs in each pair, formed at τ ¼ τform,
couple to the strong gluon fields via the Wong equations
[114,115] as it has been done in [113]. With respect to the
approach presented in [113], we implement a different
criterion for the calculation of the number of melting pairs,
based on a survival probability, Psurvival, that takes into
account the decorrelation of the color charges induced by
the interactions of Q and Q̄ with the gluon fields in the
early stage. Psurvival is built similarly to the hadronization
probability introduced in coalescence models [116–121].
We are able to estimate an average melting time for both
cc̄ and bb̄ pairs, that turns out to be around 0.4–0.5 fm=c.
Differently from [113], we consider Nc ¼ 3 and an
initialization for pA collisions that takes into account the
event-by-event fluctuations of the color charges in the
proton and of the initial distribution of the heavy quarks in

the transverse plane. Moreover, within our model we allow
for the expansion both along the longitudinal direction and
in the transverse plane, while in [113] only a static
geometry was considered.
Throughout this article, we use natural units kB ¼ c ¼

ℏ ¼ 1. Moreover, we formulate the SUð3Þ Yang-Mills
equations using the Milne coordinates

τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
t2 − z2

p
; η ¼ 1

2
ln

�
tþ z
t − z

�
; ð1Þ

where τ is the proper time and η denotes the space-time
rapidity.

II. THE EVOLVING GLASMA
IN PROTON-NUCLEUS COLLISIONS

A. Color charges for p and A

The CGC effective theory [15–17] is based on a
separation of scales between the high Bjorken-x degrees
of freedom, i.e. the valence partons, and the low x degrees
of freedom which they generate, that is, soft gluons. To
realize this separation, the sources of the initial gluon fields
are generated using the McLerran-Venugopalan (MV)
model, in which the large-x color sources are randomly
distributed on an infinitely thin color sheet. The distribution
of these charges is a Gaussian, characterized by zero
average

hρaðx⊥Þi ¼ 0; ð2Þ

and variance given by

hρaðx⊥Þρbðy⊥Þi ¼ g2μ2δabδð2Þðx⊥ − y⊥Þ: ð3Þ

Here, g is the coupling constant (we use g ¼ 2, corre-
sponding to αs ¼ g2=4π ¼ 0.3), and μ is the so-called MV
parameter, describing the number density of the color
charges per unit of area in the transverse plane. In our
implementation, we relax the single-sheet hypothesis of the
original MV model by generating a certain number Ns of
color sheets stacked on top of one another [122].
Consequently, for each of the sheets, the numerical imple-
mentation of Eq. (3) we will use in this work is

hρan;xρbm;yi ¼ g2μ2
δn;m
Ns

δa;b
δx;y
a2⊥

; ð4Þ

where a; b ¼ 1;…; N2
c − 1 are SUð3Þ color indexes,

n;m ¼ 1;…; Ns are the color sheet indexes and x, y span
each point of a N⊥ × N⊥ lattice, whose transverse length is
L⊥ and lattice spacing is a⊥ ¼ L⊥=N⊥. Operatively,
conditions (2) and (4) are satisfied by generating random
Gaussian numbers with mean zero and standard deviation
equal to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg2μ2Þ=ðNsa2⊥Þ

p
. Below we explain, starting
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from these color charges, how to build up the gluon fields
generated by each sheet, and how to combine all these
fields to obtain the initial gluon field in the glasma. We use
Ns ¼ 50 in Eq. (4), having checked that this number of
sheets is enough to get numerical convergence.
These steps are shared by the charge generation of both a

proton and a heavy ion. The original MV model assumed a
source charge density that is homogeneous in the transverse
plane. We adopt this assumption when dealing with large-A
nuclei, whose details at the level of single nucleons can be
neglected. On the other hand, a reasonable description of
protons involves a varying nuclear density in the transverse
plane to take into account the underlying quark structure.
The main difference between those two cases lies in the
choice of μ: in the A-case μ is chosen as a constant equal to
μ ¼ 0.5 GeV, which translates into uniform fluctuations of
color charge throughout the lattice. The p-case is instead
more involved. In order to do so, let us introduce the
thickness function of the proton Tp, normalized to 1 and
defined as

Tpðx⊥Þ ¼
1

3

X3

i¼1

1

2πBq
exp

�
−
ðx⊥ − xiÞ2

2Bq

�
; ð5Þ

where the xi denote the positions of the constituent quarks,
which are randomly extracted from the distribution

Tcqðx⊥Þ ¼
1

2πBcq
exp

�
−

x2⊥
2Bcq

�
: ð6Þ

Parameters have been chosen as Bq ¼ 0.3 GeV−2,
Bcq ¼ 4 GeV−2, i.e., the widths of the two Gaussians
differ by a factor around 4. After doing so, we evaluate
the saturation scale Qs in this model as

Q2
sðx;x⊥Þ ¼

2π2

Nc
αsxgðx;Q2

0ÞTpðx⊥Þ: ð7Þ

from which μðx;x⊥Þ is given by [123]

g2μðx;x⊥Þ ¼ cQsðx;x⊥Þ; ð8Þ

with c ¼ 1.25. Note that by virtue of Eq. (7) not only μ, but
also Qs depend on the transverse plane coordinates. Also,
in principle xg in (7) should be computed at the scale
Qs by means of the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation with a proper initialization. This
was done in [123,124], and we reserve this approach for
future studies. For the sake of simplicity, in the present
study we limit ourselves by assuming that xg is given by
the initial condition at Q2

0 ¼ 1.51 GeV2 as in [123,124],
namely

xgðx;Q2
0Þ ¼ Agx−λgð1 − xÞfg ; ð9Þ

with Ag ¼ 2.308, λg ¼ 0.058, and fg ¼ 5.6. This simpli-
fication is partly justified by the fact that the average
saturation scale for the proton is of the order of
Qs ∼ 1 GeV, hence we do not expect the DGLAP evolution
of the xg in Eq. (9) to lead to significant changes. For pA
collisions at the LHC energy, the relevant values of x are in
the range ½10−4; 10−3�. In our calculations, we will thus fix
x in the aforementioned range, then compute xg by virtue of
Eq. (9). We will use the corresponding value obtained for
x ¼ 10−4, that is, xg ¼ 3.94.

B. Gauge-link formulation of the evolving glasma

Once the charge has been generated, we know that the
hard and the soft sectors are coupled via the Yang-Mills
equations [125]

DμFμν ¼ Jν; ð10Þ
whereDμ ¼ ∂μ − ig½Aμ; ·� is the covariant derivative, Fμν ¼
∂
μAν − ∂

νAμ − ig½Aμ; Aν� is the field strength tensor and Jμ

the color current. Using the light-cone coordinates, the
conservation of current implies A− ¼ 0. Moreover, by
working in the covariant gauge we can also impose
Ai ¼ 0, where i ¼ x, y. The only component left is there-
fore Aþ ≡ α, which can be seen to obey the following
Poisson equation

Δ⊥αðx⊥Þ ¼ −ρðx⊥Þ: ð11Þ
In order to solve this equation, we introduce a soft
regulator, m, then Fourier-transform both sides of (11),
getting

α̃an;k ¼
ρ̃an;k

k̃2⊥ þm2
; ð12Þ

where the discretized momentum k̃⊥ is given by

k̃2⊥ ¼
X

i¼x;y

�
2

a⊥

�
2

sin2
�
kia⊥
2

�
; ð13Þ

and m ¼ 0.2 GeV ¼ 1 fm−1, which acts as a screening
mass and effectively implements color confinement on
lengths above 1=m. By then, Fourier-transforming back, we
get αðx⊥Þ in coordinate space.
Once we obtained a solution for the gauge field in the

covariant gauge, the Wilson line for each nucleus is
evaluated as

Vx ¼
YNs

n¼1

expfigαan;xTag ð14Þ

and then obtain the gauge links, U, for each of the two
nuclei as

UA;B
x;i ¼ VA;B

x V†;A;B
xþî

: ð15Þ
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In the above expressions, Ta are the SUð3Þ group gen-
erators in the fundamental representation, with normaliza-
tion Tr½TaTb� ¼ δab=2. Periodic boundary conditions have
been implemented on the transverse plane.
The gauge link resulting from the interaction of the two

colored glasses in p and A, Ux;i, at the position x in the
transverse plane is determined by solving a set of eight
equations, which are

Tr½TaðUA
x;i þ UB

x;iÞðI þ Ux;iÞ − H:c:� ¼ 0; ð16Þ

with a ¼ 1;…; N2
c − 1. In the case of Nc ¼ 2 there is an

exact solution of (16) for Ux;i [126]. Instead, for SUð3Þ we
can solve (16) only numerically via a standard iterative
method. Using this procedure we calculate the gauge links
along the x and y direction. For the longitudinal compo-
nents we initialize simply Uη ¼ I since the glasma has
Aη ¼ 0 at τ ¼ 0þ. The initial color-electric fields are [127]

Ex ¼ Ey ¼ 0;

Eη ¼ −
i

4ga2⊥

X

i¼x;y

½ðUiðx⊥Þ − IÞðUB;†
i ðx⊥Þ −UA;†

i ðx⊥ÞÞ

þ ðU†
i ðx⊥ − îÞ − IÞðUB;†

i ðx⊥ − îÞ
−UA;†

i ðx⊥ − îÞÞ − H:c:�: ð17Þ

After the initial condition has been fixed, The equations
of motion for the gauge links are [127]

∂τUiðxÞ ¼
−iga⊥

τ
EiðxÞUiðxÞ; ð18Þ

∂τUηðxÞ ¼ −igaητEηðxÞUηðxÞ; ð19Þ

where aη denotes the discretization step in the η direction.
In order to reduce the discretization error in time, we
drive the evolution through a leapfrog algorithm, i.e. by
letting the gauge links and the electric fields evolve in
different steps alternatively. Equations (18) and (19) are
discretized as

Uiðτ00Þ ¼ exp ½−2Δτiga⊥Eiðτ0Þ=τ0�UiðτÞ; ð20Þ

Uηðτ00Þ ¼ exp ½−2Δτigaητ0Eηðτ0Þ�UηðτÞ; ð21Þ

where τ0 ¼ τ þ Δτ=2 and τ00 ¼ τ þ Δτ. Notice that the
exponentiation of the electric field is important, in order
to keep the up-to-date gauge links as unitary matrices. In
the same fashion, the equations of motion of the electric
field are discretized as

Eiðτ0Þ ¼ Eiðτ − ΔτÞ þ 2Δτ
i

2ga2ηa⊥τ
½UηiðτÞ þ U−ηiðτÞ

− ðH:c:Þ� þ 2Δτ
iτ

2ga3⊥

X

j≠i
½UjiðτÞ

þ U−jiðτÞ − ðH:c:Þ�;
Eηðτ0Þ ¼ Eηðτ − ΔτÞ þ 2Δτ

i
2gaηa2⊥τ

X

j¼x;y

½UjηðτÞ

þ U−jηðτÞ − ðH:c:Þ�; ð22Þ

where

UμνðxÞ≡UμðxÞUνðxþ μ̂ÞU†
μðxþ ν̂ÞU†

νðxÞ ð23Þ

are the plaquette variables. Notice that in this way the gauge
links are initialized at time τ ¼ 0, and evolve with integer
steps: τ ¼ Δτ; 2Δτ;… Instead, the electric field is initial-
ized at τ ¼ Δτ=2 and proceeds as τ ¼ 3Δτ=2; 5Δτ=2;…
Along with the electric field, using the gauge links we can
derive the components of the color-magnetic field as [127]

Ba
x ¼

2

igaητa⊥
Tr½TaðI −UηyÞ�; ð24Þ

Ba
y ¼

2

igaητa⊥
Tr½TaðI −UηxÞ�; ð25Þ

Ba
z ¼

2

iga2⊥
Tr½TaðI −UxyÞ�: ð26Þ

III. HEAVY QUARK DYNAMICS
IN THE PRE-EQUILIBRIUM STAGE

In this section, we discuss how we model the diffusion
of the heavy quark pairs in the pre-equilibrium stage.
Following [113], we model the dynamics of the quarks in
the cc̄ and bb̄ pairs using semiclassical equations of motion,
namely the Wong equations. They describe the time evo-
lution of the coordinate x, momentum p, and color charge
Qa (with a ¼ 1;…; N2

c − 1) of the quarks [114,115]. In the
laboratory frame, the Wong equations read

dxi

dt
¼ pi

E
; ð27Þ

dpi

dt
¼ gQaFiμ;a pμ

E
−
∂V
∂xi

; ð28Þ

dQa

dt
¼ −gfabcAb

μQc
pμ

E
; ð29Þ

where i ¼ x, y, z and μ ¼ 0;…; 3. Moreover, fabc are
the structure constants of the gauge group SUðNcÞ and
E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

p
is the kinetic energy of the quark with
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mass M. The Wong equations have been recently used
to study the dynamics of the heavy quarks in the pre-
equilibrium stage of high-energy nuclear collisions; see
[67–70,74,76,83,84,113,128–130] and references therein.
The gauge field Aμ in Eq. (29) is determined by (the Aτ

component is zero because of the gauge choice)

AiðxÞ¼−
�

i
ga⊥

�
logUiðxÞ; i¼ x;y; ð30Þ

AηðxÞ ¼ −
�

i
gaη

�
logUηðxÞ; ð31Þ

whereas the color-electric and color-magnetic fields are
defined in terms of the field strength tensor through

Fτi ¼ Ei; Fηi ¼ τϵijBj; ð32Þ

Fτη ¼ τEη; Fxy ¼ −Bη: ð33Þ

For Nc ¼ 3 the evolution of the color charges governed by
Eq. (29) conserves the Casimir invariants

q2 ¼ QaQa; q3 ¼ dabcQaQbQc; ð34Þ

with

q2 ¼
N2

c − 1

2
and q3 ¼

ðN2
c − 4ÞðN2

c − 1Þ
4Nc

; ð35Þ

and dabc are the symmetric structure constants [80]. We
solve Eqs. (27)–(29) in the background of the evolving
glasma fields. Within our model, we follow previous works
and neglect the back-reaction of the quarks in the Yang-
Mills equations: it has been shown [70] that such back-
reaction does not substantially affect the diffusion of heavy
quarks within the lifetime of the pre-equilibrium stage.
In Eq. (28) V denotes the interaction potential between a

quark and its respective antiquark in the pair. In QCD, the
tree-level static potential between a quark and an antiquark
can be written as

Vαβγδ ¼
αs
rrel

Ta
αβT̄

a
γδ; ð36Þ

which is related to the static limit of the amplitude of the
one-gluon-exchange interaction between two quarks in the
color states β and δ that go out respectively in the color
states α and γ. The T̄a correspond to the generators in the 3̄
representation. In (36) the quantity rrel ¼ jxQ − xQ̄j, is the
relative distance between the quark and the antiquark.
This potential depends on the matrix element of the

operator Ta ⊗ T̄a, where the first color generator acts on
the Hilbert space of the quark, and the second on that of
the antiquark. The potential (36) can be projected onto

irreducible representations of SUð3Þ. In particular, if the
quark-antiquark pair belongs to the irreducible representa-
tion R we have

VR ¼ λR
αs
rrel

; ð37Þ

where

λR ¼ 1

2
½C2ðRÞ − C2ð3Þ − C2ð3̄Þ�: ð38Þ

Here,C2ðRÞ denotes the eigenvalue of the quadratic Casimir
in the representation R, whileC2ð3Þ ¼ C2ð3̄Þ ¼ 4=3 are the
Casimir for the quark and the antiquark in the 3 and 3̄
representations respectively. If the quark-antiquark pair is in
the color-singlet representation then C2ð1Þ ¼ 0 and

V1 ¼ −
4

3

αs
rrel

: ð39Þ

Similarly, for the octet C2ð8Þ ¼ 3 and

V8 ¼ þ 1

6

αs
rrel

: ð40Þ

Within our semiclassical approach, the most natural
choice for V in Eq. (28) consists in replacing Ta ⊗ Ta

in Eq. (36) with QaQ̄a=Nc. Hence, in Eq. (28) we consider

V ¼ QaQ̄a

Nc

αs
rrel

: ð41Þ

The overall 1=Nc in the right hand side of (41) is included
in order to reproduce V ¼ V1 when we initialize the pairs in
a color-singlet state, see below Eq. (50). For each pair,
QaQ̄a evolves with time, therefore the coupling in V
follows the evolution of the color charges as a result of
the interaction with the background gluon fields. For a
justification of Eq. (41) starting from the expectation value
of the QCD potential see Sec. V B.
Before going ahead, we notice that in [113] a similar

problem was studied, although for the simpler geometry of
a static box and for the SUð2Þ gauge group. The improve-
ment that the potential (41) brings with respect to the one
used in [113], namely a pure singlet potential, is that our V
dynamically evolves with the color charges of the pair, so it
takes into account that even if the pairs are initialized in
color-singlet states, they can get an octet component due to
the interaction with the background gluon fields.

IV. HEAVY QUARKS INITIALIZATION

Both cc̄ and bb̄ quark pairs are produced by hard QCD
scatterings among the nucleons of the colliding nuclei at the
very early stage of high-energy nuclear collisions, within
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0.1 fm=c from the overlap of the two initial nuclei. In
this work, we assume the pairs to form at proper time
τform ¼ 1=ð2MÞ, with M being the heavy-quark mass:
M ¼ 1.3 GeV for c and M ¼ 4.2 GeV for b. Therefore
τform ∼ 0.08 fm=c for c, and τform ∼ 0.02 fm=c for b.

A. Initialization in the coordinate space
and in momentum space

In this work we consider the pairs produced at mid-
rapidity, so that the longitudinal coordinate of the heavy
quarks is kept z ¼ 0, if we indicate with positive z and
negative z respectively the forward-going and backward-
going directions of the colliding nuclei. In the transverse
plane, the initial positions of the heavy quarks are extracted
on an event-by-event basis. For each event, after extracting
the position of the three valence quarks via the Gaussian
profile (6), we extract the position of the center of mass of
each quark-antiquark pair via the profile (5). In this way,
the heavy quarks are distributed around the hot spots of the
initial energy density of the color fields. From that, we
extract the relative distance between each quark and
antiquark in the pair (in its rest frame) according to the
distribution

PHQðrrelÞ ¼ rrel exp ð−r2rel=r20Þ; ð42Þ

where r0 ¼ 0.4 fm for a cc̄ pair and r0 ¼ 0.2 fm for a bb̄
[131]. Using the rrel we extract for each pair, each quark is
placed at a distance rrel=2 from the center of mass of the
pair, while the polar angle is extracted uniformly in the
range ð0; 2πÞ. The corresponding antiquark is generated
opposite to the quark, with respect to the center of mass.
For illustrative purposes, we show in Fig. 1 the centers of
mass of 100 heavy-quark pairs in two events. We remark
that this number of pairs is chosen only for a good
visualization and does not correspond to the real number
of quarks produced in the considered collision system. In
both panels of the figure, the three hot spots correspond to
the profile (5) that develops around the three valence quarks,
whose location changes event-by-event; we checked that
these are the same locations where most of the energy
density gets deposited at the initial time. The red dots
represent the centers of mass of the production points of the
heavy quark and antiquark in the pairs.
Moving on to the initialization in momentum space, we

extract the modulus of the relative momentum in transverse
plane of each quark and antiquark in the pair (in its rest
frame) according to the distribution

PHQðprelÞ ¼ prel exp ð−p2
relr

2
0Þ; ð43Þ

Once prel is extracted for each pair, we set the modulus of
the quark momentum as prel=2, while the polar angle is
extracted uniformly in the range ð0; 2πÞ. From that, the
components px and py of the heavy-quark momentum are

determined and those of the companion antiquark are fixed
opposite to them. We assume pz ¼ 0 for quarks and their
companion antiquarks, as we simulate the mid-rapidity
region and assume that the space-time rapidity of the
produced particles η is equal to the energy-momentum
rapidity y. With this initialization of momenta the quark and
antiquark in a pair have momenta, pq and pq̄ respectively,
such that the total momentum is zero, pq þ pq̄ ¼ 0. Note
also that the width of the gaussian (43) is set as 1=r0, being
r0 the same parameter used in (42) for the initialization in
coordinate space. The HQs in a bb̄ pair will therefore be
initialized with an average momentum which is larger than
the HQs in a cc̄ pair.

B. Initialization in the color space

Let us deal with the initialization of the color charges
appearing in the Wong equations (28) and (29). The initial
value of the color charges needs to satisfy the constraints
(34). In order to get these, we first fix the charge of one

FIG. 1. Centers of mass of the production points of heavy-quark
pairs (red dots) on the transverse plane for proton-nucleus
collisions. The background image corresponds to the contour
plot of the profile (5) in fm−2, characterized by three hot spots
that develop around the valence quarks in that event. We used
gμ ¼ 1 GeV for the nucleus. The two panels correspond to two
different events.
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heavy quark in the ensemble to be [80]

Q0a ¼ −1.69469δa5 − 1.06209δa8 ð44Þ

which explicitly satisfies the conditions (34); then, we
generate the charges of all the other heavy quarks as

Qa ¼ Q0bUab; Uab ¼ 2Tr½TaUTbU†�; ð45Þ

where U is an SUð3Þ random matrix which is extracted for
each heavy quark according to the Haar measure. By
construction, all the HQs hereby obtained satisfy (34),
and this condition will be satisfied throughout the time
evolution, as already stated.
As anticipated in Sec. III, we initialize the cc̄ and bb̄

pairs as an ensemble of color-singlet states. In a quantum-
mechanical framework, this would amount to initialize the
color part of the wave function of each pair as

jSi ¼ 1ffiffiffi
3

p ðjrr̄i þ jgḡi þ jbb̄iÞ: ð46Þ

For the state (46) we have

hSj
X

a

ðTa
1 þ T̄a

2Þ2jSi ¼ 0; ð47Þ

where Ta
1;2 denotes the SUð3Þ color generators acting on the

Hilbert spaces of the quark and the antiquark respectively.
In the classical limit, we replace operators with their
expectation values. Denoting by Qa and Q̄a the color
charges of, respectively, the quark and the antiquark in a
pair, the classical version of Eq. (47) reads

X

a

ðQa þ Q̄aÞ2 ¼ 0; ð48Þ

which immediately implies

Qa ¼ −Q̄a; a ¼ 1;…; N2
c − 1: ð49Þ

This also implies that, by taking into account the normali-
zation of the classical charges (34), at initial time we have

X

a

QaQ̄a ¼ −q2: ð50Þ

Hence, we initialize the color charge of each antiquark by
imposing the condition (49).

V. RESULTS

In this section, we show our results on the heavy-quark
evolution and heavy quark-antiquark pair dissociation in
proton-nucleus collisions at LHC energy. The results
shown in this section have been obtained for a square grid

of transverse size L ¼ 3 fm, with 64 × 64 lattice points. In
realistic collisions, the pre-equilibrium stage lasts for a
fraction of fm/c, but for illustrative purposes we performed
simulations up to 1 fm=c with 1000 time steps (we checked
that this number of time steps is enough to have numerical
convergence).
In each simulation we considered 1000 HQ pairs, for a

total of 2000 particles. We remark that the pairs used in our
simulation serve as test particles and their number does not
correspond to the number of actual pairs produced in the
collisions. Since we will only focus on percentages and
fractions over the total number of pairs, such value is
chosen purely for statistical reasons.
We consider all the pairs to be independent on each

others. This is motivated by the net average number of
formed pairs in a pA collision, which is very small. This
can be estimated as follows. For Pb-Pb collisions in the
0–10% centrality class, it has been estimated that
hNcc̄pairsi ≈ 15 (see for example [132]). From this, we can
extrapolate the average number of pairs in p-Pb collisions by
scaling hNcc̄pairsiwith the number of binary collisions,Ncoll.
The latter can be computed by the average μ2 of the proton
and the nucleus, being μ2 ∝ T whereT denotes the thickness
function. In particular, within our implementation, for the
nucleus we have hμ2iA ¼ ð0.5 GeVÞ2, it being trivially
constant in the interaction region. For the proton, we use
Eqs. (7) and (8) to get μðx⊥Þ, then we integrate over all
constituent quark configurations and over the transverse
plane, and finally divide by the area of the proton. We get

hμ2ip ¼
R
d2xi

R
d2x⊥μ2Tcqðx⊥Þ
πR2

p
¼ c2xg

6g2R2
p
; ð51Þ

where we put Rp ¼ 1 fm for the radius of the proton, and
Tcqðx⊥Þ given by (6). Consequently,

NpA
coll

NAA
coll

¼ hμ2iphμ2iA
hμ2i2A

≈
1

25
: ð52Þ

This gives hNcc̄pairsi ≈ 0.6 in p-Pb. For bb̄ the numbers are
even smaller: one can estimate a cross section for bb̄
productionwhich is 25 smallerwith respect to cc̄ production
[133,134]. Therefore the system of cc̄ and bb̄ pairs is very
dilute and interaction among different pairs is negligible,
which justifies our assumption of independent pairs.
In our numerical implementation, following [113] we

cure the numerical divergence for rrel ¼ 0 in (41) by using
in Eq. (28) the regularized potential

V ¼ QaQ̄a

Nc

αs
rrel

ð1 − e−ArrelÞ; ð53Þ

instead of (41). Here we present results obtained with
A ¼ ð0.017 fmÞ−1: we checked that taking A larger than
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this value makes the screening of the divergence at rrel ¼ 0
ineffective, not leading to the convergence of the numerical
algorithm.

A. Spreading and color decorrelation of the pairs

Let us focus on heavy quark-antiquark pairs and inves-
tigate the effect of the evolving glasma in dissociating the
initially produced pairs. The relative position of the quark
and antiquark in the pairs is modified during their propa-
gation in the fireball, both in the pre-equilibrium and in the
thermalized QGP phases. In particular, the interaction with
the gluon fields leads to a diffusion in coordinate (as well as
momentum) space, resulting on average in the increase of
the relative distance of the two particles in a pair.
In Fig. 2 we plot the relative distance of c and c̄ in cc̄

pairs, rrel, in the rest frame of the pairs, versus the proper
time τ (measured with respect to the formation time τform),
averaged over the HQ pairs as well as over the gauge field
configurations. We show our results in four different cases:
along with the result obtained with the dynamic potential
(41) (solid green), we plot rrel obtained by considering
V ¼ 0 in Eq. (28) (solid red), by using V ¼ V1 defined in
Eq. (39) (solid blue), as well as by turning off the gluon
fields (solid black). The latter is shown in order to illustrate
the quantitative effect of the HQ potential and of the gluon
fields on rrel.
In the scenario in which only the potential is considered,

rrel decreases over time due to the attractive interaction
between the quark and the antiquark in the pair. Indeed, in
this case the dynamical potential coincides with the singlet
potential, since the color charges do not evolve under the
action of the glasma. On the other hand, we see that the
effect of the glasma is to increase the separation of the pair,
due to the intense bombardment of gluons on both the
quark and antiquark of the pair. Notably, during the time
interval where the glasma framework is phenomenologi-
cally relevant, i.e., up to approximately 0.3–0.4 fm=c, rrel
remains nearly constant. This behavior results from the
competition between the attractive potential and the inter-
action with the color fields of the glasma.
For completeness, in Fig. 2 we also display the case

where the potential is absent. By comparing this with the
full calculation, we observe that, as expected, the presence
of an attractive potential leads to an initial decrease in rrel.
Finally, when the potential is modeled as a pure singlet
interaction, rrel remains very close to the result of the full
calculation within the time range where the glasma is
phenomenologically relevant. This suggests that, during
this period, the interaction between the quarks in the pair is
not significantly different from that of a pure singlet. On
the other hand, moving on at later times, rrel in the pure
singlet scenario is slightly lower if compared to the full
calculation. This is a natural consequence of the fact that
the singlet potential remains stronger than the full potential

at larger times, leading to a tighter binding of the quark-
antiquark pairs.
By now limiting ourselves to the physical case of the

potential in Eq. (41), in the top panel of Fig. 3 we show rrel
in the pair rest frame versus τ − τform for a cc̄ pair (same
solid green curve of Fig. 2) and for a bb̄ pair (solid brown).
Even when taking into account the different initialization in
position for charm and beauty, we interestingly note that the
cc̄ system spreads slightly more quickly with respect to the
bb̄ one. This is expected since the higher masses of b make
them more static in the gluon fields.
Not only coordinates and momenta of heavy quarks are

affected by the background gluon fields, but also their color
charges are, see Eq. (29). The quark-antiquark pairs can
undergo transitions from singlet to octet (and vice versa)
both in glasma and in QGP. In the latter stage, such
transitions have been studied especially within the frame-
work of open quantum systems [90,93,98]. These singlet-
octet transitions may also occur in the glasma stage due
to the interaction of the quark and antiquark in the pair
with the initial color fields. For this reason we study
the decorrelation of the color charges of the quark and
the antiquark in a pair, which serves as an estimate of the
probability of singlet-to-octet transitions, and hence gives
indications on the survival probability of the pair in the
gluon fields.
As explained in Sec. IV B, we initialize the quark-

antiquark pairs in color-singlet states, then the interactions
with the gluonic environment changes their color charges.
Denoting byQa and Q̄a the color charges of a quark and its

FIG. 2. Averaged relative distance for cc̄ pairs, computed in the
pair rest frame. The no potential data correspond to calculations
without the potential (41) in the Wong equation (28). QQ̄
potential denote the results obtained considering the potential
as well as the evolving glasma fields. Blue line stands for the
results obtained assuming a pure color-singlet potential in
Eq. (28). Finally, the QQ̄ potential and no glasma curve denotes
the results obtained by solving the equations of motion switching
off the interaction of the quarks with the fields.
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antiquark respectively, let us consider for each pair the
time-dependent quantity

GðτÞ¼−
1

q2
TrðQaðτÞQ̄bðτÞÞ¼−

1

q2

X

a

QaðτÞQ̄aðτÞ; ð54Þ

where q2 is the quadratic Casimir invariant of SUðNcÞ
introduced in (35), and the trace is understood over the
ða; bÞ indices. For the color-singlet initialization we have
Qa ¼ −Q̄a at τ ¼ τform, therefore for each pair

G ¼ 1 at τ ¼ τform; ð55Þ

indicating that with our initialization the color charges of
the two particles at τ ¼ τform are maximally anticorrelated.
We expect that on average the magnitude of G decreases
with time, as a result of the decorrelation of Qa and Q̄b
due to the random interactions with the gluon fields of
the evolving glasma. This decrease can be interpreted as the
raising of the weight of the color-octet component in the
pair, which eventually leads to the melting of the pair itself.
We will use this idea to define a melting probability of the
cc̄ and bb̄ pairs, see Sec. V C.
From the above definition (54) of G, we define the gauge-

invariant color-charge correlator as [113]

GðτÞ≡ hGðτÞi: ð56Þ

The brackets in (56) indicate the average over the pairs as
well as over the gauge field configurations. In the lower
panel of Fig. 3 we plotGðτÞ versus time τ − τform, for charm
(green line) and beauty (brown line) pairs. We notice that G
decreases with time, as expected, indicating a decorrelation
of the color charges of the quark and of the companion
antiquark in the pair.
In order to be more quantitative we define a decorrelation

time, τdec, via the requirement that GðτdecÞ ¼ 1=2. We
notice that τdec − τform stays in the range (0.3, 0.4) fm/c for
both charm and beauty. We also find that τdec − τform for b
quarks is larger than the corresponding quantity computed
for the c quarks: this is most likely due to the fact that bb̄
pairs are tighter, hence they spend more time within a single
correlation domain of the gluonic background.
We could interpret GðτÞ as the probability for pairs to

stay in the singlet channel during propagation in the pre-
equilibrium stage, or equivalently, 1 −GðτÞ is the proba-
bility to have singlet-to-octet fluctuations. In fact, during
the evolution, the decrease of the correlator can be
interpreted as the fluctuations of the color charges becom-
ing increasingly more important, making transitions to a
color-octet state more probable.
One of the interesting aspects shown in Figs. 2 and 3 is

that, while the interquark relative distance within the pairs
remains nearly constant up to τ ≈ 0.3 fm=c for both c and b
quark pairs, color decorrelation occurs rather quickly. In
this time range, it is therefore color decorrelation that
primarily drives the melting of the pair.

B. Color equilibration

The results shown in the lower panel of Fig. 3 can be
rephrased in terms of the expectation values of the color-
projector operators, that allow us to measure the probability
of pairs to be in the color-singlet and the color-octet states.
To this end, we recall that in QCD one can introduce the
projectors onto the singlet, PS, and the octet, PO, spaces as

PS ¼ −
2

3
Ta ⊗ T̄a þ 1

9
I; ð57Þ

PO ¼ 2

3
Ta ⊗ T̄a þ 8

9
I; ð58Þ

which can be easily obtained from the eigenvalues of the
operator Ta ⊗ T̄a in the color-singlet, λS, and color-octet,
λO, representations, namely

λS ¼ −
4

3
; λO ¼ þ 1

6
: ð59Þ

It is easy to verify that P2
S ¼ PS, P2

O ¼ PO, POPS ¼
PSPO ¼ 0, and PO þ PS ¼ 1. The classical counterpart of
the projectors (57) and (58) can be written as

FIG. 3. Averaged relative coordinate in the pair rest frame (top
panel) and color-charge correlator (bottom panel) of the heavy
quark-antiquark pairs versus time τ − τform, with τform being the
heavy-quark formation time. Green and brown curves correspond
to charm and beauty heavy-quark pairs, respectively.
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PS ¼ −
2

3

QaQ̄a

Nc
þ 1

9
; ð60Þ

PO ¼ 2

3

QaQ̄a

Nc
þ 8

9
; ð61Þ

which can be obtained from Eqs. (57) and (58) via the
formal replacement Ta ⊗ T̄a → QaQ̄a=Nc, similarly to
what we have done in writing the classical counterpart
of the potential (36) in Eq. (41). It is easy to check that the
singlet condition (50) implies PS ¼ 1 and PO ¼ 0.
We now want to relate PS to the probability that the

quark-antiquark pair is in the color-singlet state. In fact, in
the quantum theory, the probability that the state jψi is a
color-singlet is

pS ¼ jhψ jPSjψij2: ð62Þ

If jψi represents a semiclassical state, we can neglect the
quantum fluctuations and we can write

pS ¼ hψ jP2
Sjψi; ð63Þ

and taking into account that P2
S ¼ PS, we get

pS ¼ hψ jPSjψi ¼ PS; ð64Þ

where the last equality stands in the classical limit. Hence,
we can interpret PS as the probability that the semiclassical
quark-antiquark state is in the color-singlet state; similarly,
PO ¼ 1 − PS gives the probability that the pair is in the
color-octet state.
The identification of PS and PO as the probabilities for

the state to be in the singlet and octet representations,
respectively, allows us to justify a posteriori the potential
(41), as it coincides with the classical limit of the QCD
potential. In fact, let us consider a linear combination of
singlet, jSi, and octet jOii with i ¼ 1;…; 8, states, namely

jψi ¼ cSjSi þ
X8

i¼1

cijOii; ð65Þ

with jcSj2 þ
P jcij2 ¼ 1. The QCD potential is

V ¼ V11S þ V81O, where 1S and 1O are identities in the
singlet and the octet representations, and the potentials are
given by Eqs. (39) and (40). Hence, the projection of V on
the state jψi is

hψ jVjψi ¼ jcSj2V1 þ ð1 − jcSj2ÞV8: ð66Þ

Within our semiclassical approach, we replace jcSj2 with
PS in the right hand side of Eq. (66), see Eq. (64), and the
state jψi with a classical state representing our quark-
antiquark pairs. We then obtain

V ¼ PSV1 þ ð1 − PSÞV8: ð67Þ

Taking into account Eqs. (39), (40), and (60), we finally get
Eq. (41). Therefore, we can identify the potential (41) with
the classical limit of the QCD potential (66).
In Fig. 4 we plot hPSi and hPOi=8 versus proper time,

computed for cc̄ pairs (the results for bb̄ pairs are similar).
The dashed horizontal black line stands for the value 1=9.
In particular, we divided hPOi by eight in order to count the
probability of being in one of the eight states of the octet.
The results shown in the figure have been obtained by
taking the ensemble average of Eqs. (60) and (61), similarly
to the procedure we followed to produce the results for
GðτÞ shown in Fig. 3.
We notice in Fig. 4 that at the formation time the pairs are

in the singlet state with probability 1, due to our initial-
ization of the color charges. As the pairs evolve and interact
with the gluon fields, there are transitions from the singlet
to the octet states as a result of color decorrelation. At large
times, when the colors of the quark and the antiquark in the
pair are uncorrelated, the averaged projectors tend to the
same value,

hPSi ≈ hPOi=8 ≈ 1=9: ð68Þ

This shows that asymptotically there is an equipartition of
probability for the pairs to be in the singlet and in one of the
eight octet states.
It is very interesting to notice that, from the qualitative

point of view, the color equilibration shown in Fig. 4 is in
agreement with the results of Ref. [105], in which the
singlet-to-octet transitions have been studied for quarkonia
states in a thermalized QGP within the framework of
the quantum Brownian motion. In that context, color

FIG. 4. Expectation values of the singlet and the (normalized)
octet projectors versus proper time for cc̄ pairs. The dashed
horizontal black line stands for 1=9. The results show the almost-
perfect equipartition of probability among color-singlet and
color-octet states at large times.
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equilibration takes place on a longer timescale, likely
because of the different energy scales which are relevant
in the two problems. Nevertheless, the interaction with the
external environment (the QGP in [105] and the back-
ground gluon fields in the present work) in both cases leads
to the equipartition between singlet and octet states.
We finally comment that the equilibration of color shown

in Fig. 4 does not immediately lead to the statement that
1=9 of the pairs forms a bound state at large times. In fact,
in order to state anything about pair dissociation, the
information on color equilibration has to be supplemented
with that on the relative distance between the quark and the
antiquark in the pair: on average this distance increases
with time (see the upper panel in Fig. 3), therefore the pairs
inevitably melt at large times even if statistically the have
probability 1=9 to be in a color-singlet state. We analyze in
more detail this problem in the next subsection.

C. Melting of the pairs

We make use of the results discussed in Sec. VA to
define a survival probability of the pairs in the pre-
equilibrium stage, Psurvival, and from this a melting prob-
ability

Pmelting ¼ 1 − Psurvival: ð69Þ

In order to define Psurvival, we notice in Fig. 3 that the
relative distance is almost constant during the early
evolution of the system, while the color of the quarks in
the pairs decorrelates quickly. Therefore, it is reasonable to
assume that color rotation is the leading mechanism to
dissolve the pairs, hence Psurvival can be connected to the
color-charge correlator G defined in Eq. (54). We assume a
Gaussian shape of Psurvival in color space, namely

Psurvival ¼ exp ½−κðG − 1Þ2�; ð70Þ

where κ is a parameter that measures the width of the
fluctuations of the color charges that are necessary to break
the pair. The form (70) of Psurvival is inspired by the Wigner
function of coalescence models to form a vector meson
from a quark and an antiquark of the same flavor [120]. In
our model, at each time, the status of melted for each quark-
antiquark pair is assigned with the probability given
by Eq. (69).
We have investigated the effect of the pre-equilibrium

stage on pair dissociation for several values of κ. Here, for
both charm and beauty we show results for κ ¼ 4, that
corresponds to require that we have Psurvival ¼ 1=e
when G ¼ 1=2.
We quantify the impact of the early stage on the melting

of the pairs by calculating the number of dissociated pairs
with respect to their initial value. We show this quantity, in
percentage, as a function of time τ − τform in Fig. 5 for both
cc̄ and bb̄ pairs. By introducing the time to break half of the

initial pairs, τbreak, we find τbreak − τform ¼ 0.37 fm=c for cc̄
pairs, and τbreak − τform ¼ 0.42 fm=c for bb̄ pairs. Similarly,
taking κ ¼ 9=4 that amounts to require that Psurvival ¼ 1=e
forG ¼ 1=3, we find τbreak − τform ¼ 0.43 fm=c for cc̄ pairs,
and τbreak − τform ¼ 0.54 fm=c for bb̄ pairs.
We conclude that the effect of the interaction of the

heavy quarks with the gluon fields in the pre-equilibrium
stage is to gradually melt the pairs due to the color rotation
of the quark and its companion antiquark, and the time
needed to break half of the initial pairs can be as small as
0.4–0.5 fm=c from the formation time. We finally notice
that our results on the dissociation percentage and time-
scales are in the same ballpark as those shown in [113], in
which the melting of pairs in the early stage was studied
within a simpler model.

VI. CONCLUSIONS

We studied the melting of cc̄ and bb̄ pairs in the pre-
equilibrium stage of high-energy proton-nucleus collisions.
We modeled the early stage according to the color-glass-
condensate picture, choosing the glasma as the initial con-
dition and solving the classical Yang-Mills equations to study
its evolution. The heavy quarks constituting the cc̄ and bb̄
pairs, which we assume to be produced in color-singlet states,
are then evolved on top of the classical gluon fields via
semiclassical equations of motion, known as the Wong
equations.Ourmain goalwas the calculation of the percentage
of pairs that melt during their diffusion in the early stage.
We studied the evolution of the gauge-invariant corre-

lator of the color charges of the quark and its companion
antiquark, GðτÞ. At τ ¼ τform we have GðτformÞ ¼ 1 due to
the color-singlet initialization of the pairs. The interaction
of the quarks with the dense gluon environment leads to a
degradation of the correlations. Consequently, there are

FIG. 5. Percentage of dissociated charm and bottom quark-
antiquark pairs versus time τ − τform, with τform being the heavy
quark formation time. The various curves correspond to different
values of the dissociation parameters.
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fluctuations to the color-octet state at later times, and this
process favors the melting of the pairs. The timescale of
decorrelation, τdec, can be estimated, for example, by the
requirement that GðτdecÞ ¼ 1=2. We found that τdec − τform
stays in the range (0.3, 0.4) fm/c for both charm and beauty.
We also find that τdec − τform for b quarks is larger than the
similar quantity computed for the c quarks: this ismost likely
due to the fact that b quarks are slower, so they spend more
time within correlation domains of the gluonic background.
We reformulated the decorrelation of color charges in

HQ pairs in terms of color-singlet and color-octet projec-
tors, PS and PO, which appear in our scheme as the
classical counterparts of the quantum projection operators
onto the singlet and octet representations of SUð3Þ. We
identified PS and PO with the probabilities that the pair is in
the singlet and octet states, respectively, thereby quantify-
ing the singlet and octet components of the pair. Our
findings indicate that the loss of color correlation leads to
equilibration of color at large times, similarly to the results
of Ref. [105] for the QGP. Specifically, we found that at
large times, hPSi ≈ hPOi=8 ≈ 1=9, which we interpret as
the pair having equal probability of being in the singlet state
or in one of the eight possible octet states.
The diffusion of the heavy quarks in the evolving glasma

fields leads to the gradual melting of the pairs. Within our
framework, the survival probability of each pair depends on
the fluctuations of the color charges that generate a color-
octet component for the pair and eventually break the pair
itself. These are related to the gauge field fluctuations in the
dense gluonic bath formed in the early stage. Within our
work, we support the idea that even when the separation in
coordinate space of the quarks is small, one can refer to a
pair as “separated” if color-decorrelation is sufficiently
large. In particular, in the early stage we find that the spatial
separation is almost constant (see Fig. 2), therefore we find
more effective to define a separation in the color space
rather than in the coordinate space.
For each pair at a given time, we accept its survival with

the probability Psurvival defined in Eq. (70). This probability
depends on the color charges of the two particles that form
the pair: these quantities are directly obtained from the
solution of the Wong equations. Psurvival depends on one
parameter, κ, that measures how large the color fluctuations
need to be in order to melt the pair. We introduced a
breaking time, τbreak, defined as the value of the proper time
at which half of the pairs are melted. The choice of not
including the relative distance in the survival probability is
motivated by noticing that rrel remains almost constant
during the whole pre-equilibrium stage, as a combined
effect of the attractive potential and the broadening due to
the gluons in the bath. Therefore, it is natural to relate the
melting probability solely to the color fluctuations. We
found that for both cc̄ and bb̄ pairs, τbreak − τform is
approximately in the range (0.4, 0.5) fm/c Within the
pre-equilibrium stage, it is color decorrelation that pri-
marily drives the melting of the pair.

This work represents many improvements in comparison
to Ref. [113], going beyond the SUð2Þ glasma in a static
box, and more importantly, including for the first time a
detailed study of the color fluctuations in the pairs. Another
improvement is the quark-antiquark potential for the pair,
with coupling proportional to QaQ̄a, that evolves dynami-
cally as a result of the interaction of the pair with the
background gluon field. This potential accounts for the fact
that the pair does not remain in a pure singlet state during
the evolution, allowing for the development of an octet
component due to interactions with the background gluon
field. Finally, we implemented the gauge-invariant formu-
lation in terms of gauge links and plaquettes, while in [113]
the authors used the continuum formulation to solve the
Yang-Mills equations.
The work presented here can be continued along several

directions. First, it is desirable to link the final stage of our
pre-equilibrium evolution to relativistic transport, in order to
analyze the dynamics in the quark-gluon plasma stage. It is
also possible to adopt a different approach, based on amaster
equation for the density matrix of the pairs, to analyze the
color decorrelation and the melting of the pairs within a
quantum-mechanical approach. Moreover, it will be inter-
esting to analyze the same problem within different scenar-
ios in which boost invariance is broken by longitudinal
fluctuations of the background gluon field. Finally, in future
developments also the interactions among all the quarks in
the system, and not only within the quarks in each pair, may
be taken into account. All these projects are currently under
investigation and we plan to report on them soon.
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