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Heavy-ion collisions

Before the collision τ ≤ 0 fm/c

Initial stage τ ∼ 0.1 fm/c

QGP phase τ ∼ 1 fm/c

Local equilibrium τ ∼ 10 fm/c

Final stages τ ≥ 10 fm/c

A. Mazeliauskas: Stages of heavy ion collision
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Initial stage of pre-equilibrium

The glasma



BFKL evolution

Smaller Bjorken x At high energy,
the nucleus contains
many soft gluons

At low energy,
valence quarks only

Farid Salazar, “From Quarks and Gluons to the Internal Dynamics of Hadrons” workshop
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QCD at high energy

At LHC energies, collision among dense gluon distributionsww�
Emergence of a saturation scale Qs ∼ 2 GeV: Glasmaww�
described by the Color Glass Condensate formalism

L. McLerran and R. Venugopalan, Phys.Rev.D 49 (1994) 2233-2241

Phys.Rev.D 49 (1994) 3352-3355, Phys.Rev.D 50 (1994) 2225-2233
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Color Glass Condensate

Color
QCD degrees of freedom

Glass
Quarks are static sources,

due to time dilation

Condensate
High-gluon density,
classical dynamics

L. McLerran and R. Venugopalan, Phys.Rev.D 49 (1994) 2233-2241

Phys.Rev.D 49 (1994) 3352-3355, Phys.Rev.D 50 (1994) 2225-2233
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Color Glass Condensate in 2+1D
McLerran-Venugopalan (MV) initial conditions

⟨ρa(xT )⟩ = 0,

⟨ρa(xT )ρ
b(yT )⟩ = (gµ)2δabδ(2)(xT − yT ),

Jµ by the hard partons =⇒ Aµ of the soft partons

Classical dynamics of glasma, Yang Mills equations

DµF
µν = 0

L. McLerran and R. Venugopalan, Phys.Rev.D 49 (1994) 2233-2241

Phys.Rev.D 49 (1994) 3352-3355, Phys.Rev.D 50 (1994) 2225-2233
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Numerical implementation

▶ Classical Yang-Mills discretized on lattice:

color sheets

▶ Real-time lattice gauge theory techniques

Gauge links

V †(xT , x−) = P exp

[
−ig

∫ x−

−∞
dz−A+(z−,xT )

]

Wilson lines

UxT ,i = V (xT )V †(xT +∆xi)

Plaquettes

Ux,µν = Ux,µUx+µ,νUx+µ+ν,−µUx+ν,ν

D. Gelfand et al., Phys.Rev.D 94 (2016) 1, 014020
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Features of the glasma
Energy density in nucleus-nucleus collisions

ε = Tr[E2
L +B2

L + E2
T +B2

T]
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s ∼ O(0.1 fm/c)
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Color charge generation in pA

⟨ρa(xT )ρ
b(yT )⟩ = (gµ)2δabδ(2)(xT − yT )

We can have µ space-dependent:
proton structure

▶ Three hotspots x̄i
T in a width

√
Bqc.

▶ Then:

µ(xT ) ∝
1

3

3∑
i=1

1

2πBq
exp

[
−(xT − x̄i

T )
2

2Bq

]
.

Bqc = (0.4 fm)2, Bq = (0.11 fm)2

H. Mäntysaari and B. Schenke, Phys.Rev.Lett. 117 (2016) 5, 052301

B. Schenke, C. Shen and P. Tribedy, Phys.Rev.C 102 (2020) 4, 044905
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Energy density in pA vs (x, y)

ε = Tr[E2
L +B2

L + E2
T +B2

T]
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Energy density in pA vs τ
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32x32x32 lattice, Nτ = 400
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Fields in pA vs τ
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Heavy Quarks in glasma



Heavy quarks
charm and beauty

High mass: useful probes of initial stages

▶ M ≫ ΛQCD:
early pQCD production

▶ M ≫ TQGP:
no thermal production

▶ τcreation ≪ τQGP:
probes of the collision

Mcharm = 1.3 GeV, Mbeauty = 4.2 GeV
τcreation ∼ 1/2M

A. Mazeliauskas: Stages of heavy ion collision
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Heavy Quarks in Yang-Mills fields

Wong equations

Classical transport in Yang-Mills background field Aµ

Coordinate evolution

d

dτ
xµ =

pµ

m

Momentum evolution

d

dτ
pµ =

1

TR
gTr {QFµν} pν

m

Color charge evolution

d

dτ
Q = −ig[Aµ, Q]

pµ

m

S. K. Wong, Nuovo Cim. A 65 (1970) 689-694

U. W. Heinz, Annals Phys. 161 (1985) 48
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Color charge evolution

d

dτ
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Basically F = q(E+ v ×B)
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U. W. Heinz, Annals Phys. 161 (1985) 48

14 / 26

https://inspirehep.net/literature/61191
https://inspirehep.net/literature/15068


Heavy Quarks in Yang-Mills fields

Wong equations

Classical transport in Yang-Mills background field Aµ
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Momentum evolution

d

dτ
pµ =

1

TR
gTr {QFµν} pν

m

Color charge evolution

d

dτ
Q = −ig[Aµ, Q]

pµ

m

Basically Color Rotation in SU(3)
Preserves Casimir invariants q2 = QaQa and q3 = dabcQ

aQbQc

S. K. Wong, Nuovo Cim. A 65 (1970) 689-694

U. W. Heinz, Annals Phys. 161 (1985) 48
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Heavy Quarks in Yang-Mills fields: trajectories

▶ Change in coordinates
due to momentum kicks

▶ Momentum broadening
due to color Lorentz force

▶ Color charge rotation in
SU(3) with Wilson lines

D. Avramescu et al., Phys.Rev.D 107 (2023) 11, 114021

Image courtesy of Dana Avramescu
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Heavy Quarks in Yang-Mills fields: trajectories

▶ Change in coordinates
due to momentum kicks

▶ Momentum broadening
due to color Lorentz force

▶ Color charge rotation in
SU(3) with Wilson lines

(Picture should actually be in 8 dims)

D. Avramescu et al., Phys.Rev.D 107 (2023) 11, 114021

Image courtesy of Dana Avramescu
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Heavy Quarks in Yang-Mills fields: initialization
• Center of Mass position:

P (x⊥) ∝ µ(x⊥)

• Relative position:

P (rrel) ∝ rrel exp
(
−r2rel/σ

2
)

• Relative momentum:

P (prel) ∝ prel exp
(
−p2relσ

2
)

• Color charge:

singlet, Qa = −Q̄a

J. Zhao et al., Nuovo Cim. C 48, 5 (2025)

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted 16 / 26
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Heavy Quarks in Yang-Mills fields: pair potential

dpi

dτ
=

1

TR
gTr

{
QF iν

} pν
m

−∂V

∂xi

Classical projection of pQCD potential

V̂ = T a ⊗ T̄ a αs

rrel
=⇒ V =

QaQ̄a

Nc

αs

rrel

▶ For τ = τform, QaQ̄a = −4: attractive potential

▶ For τ > τform: dynamic potential

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted

Courtesy of Chat-GPT
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Relative distance
Effect of potential on beauty quark
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▶ First attractive,
then repulsive potential
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no color evolution,
potential attraction only
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Relative distance
charm vs beauty

▶ Physical input: rbeautyrel < rcharmrel

▶ Higher mass, lower spread

▶ Initial balance between:
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Dissociation of pairs

Melting of quarkonia due to color decorrelation
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Pmelting = 1− Psurvival,

Psurvival ≡ exp

[
−κ

(
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4
QaQ̄a − 1

)2
]
.
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Results: Dissociation of pairs

▶ Higher mass,
implies slower diffusion,
which implies slower color decorrelation

▶ At τ ∼ 0.4 fm/c, 50% of pairs melted
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Here κ = 4, qualitative results not significantly dependent on κ.

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted 21 / 26

https://inspirehep.net/literature/2858267


Results: Dissociation of pairs

▶ Higher mass,
implies slower diffusion,
which implies slower color decorrelation

▶ At τ ∼ 0.4 fm/c, 50% of pairs melted

0 0.2 0.4 0.6 0.8

0

20

40

60

80

τ -τform [fm/c]

P
ai
r
d
is
so
ci
at
io
n
%

charm
beauty

Here κ = 4, qualitative results not significantly dependent on κ.

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted 21 / 26

https://inspirehep.net/literature/2858267


Results: Dissociation of pairs

▶ Higher mass,
implies slower diffusion,
which implies slower color decorrelation

▶ At τ ∼ 0.4 fm/c, 50% of pairs melted

0 0.2 0.4 0.6 0.8

0

20

40

60

80

τ -τform [fm/c]

P
ai
r
d
is
so
ci
at
io
n
%

charm
beauty

Here κ = 4, qualitative results not significantly dependent on κ.

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted 21 / 26

https://inspirehep.net/literature/2858267


3+1D simulations

Heavy Ion Collisions are not boost-invariant:

rapidity-dependence to be taken into
account.

Not “pancakes”

Same initial conditions + η-dependent terms such that:

DiEi(η) +DηEη(η) = 0 Gauss’ Law

Explicit expressions for δE in backup

https://spacegid.com/kvark-glyuonnaya-plazma.html
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3+1D simulations
Momentum broadening for MHQ → +∞

Focus on momentum broadening:

δp2i (τ) ≡ p2i (τ)− p2i (τform), i = x, y, z.

One can prove that for MHQ → +∞:

⟨δp2L(τ)⟩∞ = g2
∫ τ

τ0

dτ ′
∫ τ

τ0

dτ ′′⟨Tr[Ez(τ
′)Ez(τ

′′)]⟩

⟨δp2T (τ)⟩∞ = g2
∫ τ

τ0

dτ ′
∫ τ

τ0

dτ ′′
1

τ ′τ ′′
⟨
∑
i=x,y

Tr[Ei(τ
′)Ei(τ

′′)]⟩

D. Avramescu et al., Phys.Rev.D 107 (2023) 11, 114021
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Results: 3+1D simulations
Pressures Ratio

Fluctuations scaling as δEi ∼ ∆
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for high ∆

So, maybe fluctuations favor isotropization...
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Results: 3+1D simulations
Momentum broadening

... or maybe not. Effect on momenta shifts irrelevant

0 0.1 0.2 0.3 0.4 0.5
τ [fm/c]

0

0.2

0.4

0.6

0.8

1

<
δ
p

2
>

 [
G

eV
2
]

∆=0

longitudinal

transverse

⟨δp2L(τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ez(τ

′)Ez(τ
′′)]⟩

⟨δp2T (τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ei(τ

′)Ei(τ
′′)]⟩/τ ′τ ′′

Need different initial conditions to favor isotropization

G.P., V. Greco and M. Ruggieri, 2505.08441 [hep-ph] 25 / 26

https://inspirehep.net/literature/2920762


Results: 3+1D simulations
Momentum broadening

... or maybe not. Effect on momenta shifts irrelevant

0 0.1 0.2 0.3 0.4 0.5
τ [fm/c]

0

0.2

0.4

0.6

0.8

1

<
δ
p

2
>

 [
G

eV
2
]

∆=10
-3

∆=10
-1

∆=0.5

∆=0

longitudinal

transverse

⟨δp2L(τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ez(τ

′)Ez(τ
′′)]⟩

⟨δp2T (τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ei(τ

′)Ei(τ
′′)]⟩/τ ′τ ′′

Need different initial conditions to favor isotropization

G.P., V. Greco and M. Ruggieri, 2505.08441 [hep-ph] 25 / 26

https://inspirehep.net/literature/2920762


Results: 3+1D simulations
Momentum broadening

... or maybe not. Effect on momenta shifts irrelevant

0 0.1 0.2 0.3 0.4 0.5
τ [fm/c]

0

0.2

0.4

0.6

0.8

1

<
δ
p

2
>

 [
G

eV
2
]

∆=10
-3

∆=10
-1

∆=0.5

∆=0

longitudinal

transverse

⟨δp2L(τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ez(τ

′)Ez(τ
′′)]⟩

⟨δp2T (τ)⟩∞ = g2
∫
dτ ′ ∫ dτ ′′⟨Tr[Ei(τ

′)Ei(τ
′′)]⟩/τ ′τ ′′

Need different initial conditions to favor isotropization

G.P., V. Greco and M. Ruggieri, 2505.08441 [hep-ph] 25 / 26

https://inspirehep.net/literature/2920762


Outro

Conclusions
▶ HQ pairs’ color significantly decorrelated in glasma timescales

▶ Around 50% dissociation, due to color decorrelation

▶ For M → +∞, momentum anisotropy not sensitive to fluctuations

Outlook
▶ Anisotropic flows vn of gluons and Heavy Quarks in Glasma

▶ Coupling to later stages of Heavy Ion Collisions
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Thank you!
Any questions?

https://siciliamare.info/etna/

https://siciliamare.info/etna/


Back-up



BFKL and DGLAP evolutions

https://cerncourier.com/a/qcd-scattering-from-dglap-to-bfkl/
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CYM on lattice

After gauge choice, YM equations reduce to:

∆⊥α(x⊥) = −ρ(x⊥) =⇒ α̃a
n,k =

ρ̃an,k

k̃2⊥ +m2

where

k̃2⊥ =
∑
i=x,y

(
2

a⊥

)2

sin2
(
kia⊥
2

)
.
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CYM on lattice

Solve previous eq. for A+
a in each nucleus (at τ = 0−). For τ = 0+?

A+
tot = A+

1 +A+
2

?
=⇒ Utot ∝ exp

[
iA+

tot

]
= U1 · U2 NO!!

In SU(3) no exact formula for Utot, rather we iteratively solve:

Tr[ta(U
A
x,i + UB

x,i)(I+ Ux,i)− h.c.] = 0.

Those U are needed for the magnetic fields:

B2
L =

2

g2a4⊥
Tr(I− Uxy), B2

T =
2

(gaηa⊥τ)2

∑
i=x,y

Tr(I− Uηi).

M. C. Cautun, Master Thesis (2009) 3 / 7

https://escholarship.mcgill.ca/concern/theses/gq67js07z?locale=en


CYM on lattice

▶ Initial conditions:

Ex =Ey = 0, Uη = I, Ux/y = Utot,x/y as in previous slide

Eη =− i

4ga2⊥

∑
i=x,y

[
(Ui(x⊥)− I)(UB,†

i (x⊥)− UA,†
i (x⊥)) +

(U †
i (x⊥ − î)− I)(UB

i (x⊥ − î)− UA
i (x⊥ − î))− h.c.

]
.

▶ Eqs of motion:

∂τUi(x) =
−iga⊥

τ
Ei(x)Ui(x), ∂τUη(x) = −igaητE

η(x)Uη(x).
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Octet and Singlet projectors

PS = −2

3

QaQ̄a

Nc
+

1

9
, PO =
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At late times

⟨PS⟩ ≈ ⟨PO⟩/8 ≈ 1/9.

Qualitative agreement with other
approaches:

Brownian motion in QGP

L. Oliva, G.P., V. Greco and M. Ruggieri, 2412.07967 [hep-ph], PRD accepted

S. Delorme et al., JHEP 06 (2024) 060
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Explicit expressions for δE

δEi = a−1
η [F (η − aη)− F (η)]ξi(x⊥),

δEη = −a−1
⊥ F (η)

∑
i=x,y

[U †
i (x⊥ − î)ξi(x⊥ − î)Ui(x⊥ − î)− ξi(x⊥)],

where ξ such that:
⟨ξi(x⊥)ξj(y⊥)⟩ = δijδ

(2)(x⊥ − y⊥).

P. Romatschke and R. Venugopalan, Phys.Rev.D 74 (2006) 045011

K. Fukushima and F. Gelis, Nucl.Phys.A 874 (2012) 108-129
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Explicit expressions for δE

Actual shape of the fluctuation given by F (η). We can choose:

- Random gaussian function in η.

- Oscillating function F (η) = ∆
N⊥

cos
(
2πη
Lη

· ν0
)
for some ν0.

▶ Superposition of oscillating functions:

F (η) =
∑
ν

∆

N⊥
cos

(
2πη

Lη
· ν

)
.

The ‘seed’ ∆ regulates the amplitude.

P. Romatschke and R. Venugopalan, Phys.Rev.D 74 (2006) 045011

K. Fukushima and F. Gelis, Nucl.Phys.A 874 (2012) 108-129
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