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Introduction
Heavy-ion collisions are highly non-equilibrium, rapidly expanding systems
that involve the creation of quark-gluon plasma (QGP) matter, followed by
several sophisticated stages.
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Introduction
The tomography of produced particles in heavy-ion collisions is one of the
challenges for interpreting QGP dynamics, such as:

The scale-invariant spectra and Intermittency effects during QGP
expansion that require interpretations beyond local-equilibrium
hydrodynamics.
Power-law tails appear in transverse momentum spectra and correlation
functions, indicating transport processes that are either superdiffusive or
subdiffusive.
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Theoretical Models

There are several theoretical pillars used to probe the Quark–Gluon Plasma (QGP)
dynamics through produced particles:

1 Relativistic Hydrodynamic Model
Treats the QGP as an expanding relativistic fluid characterized by collective
flow observables such as elliptic flow (v2), triangular flow (v3), and the shear
viscosity-to-entropy ratio (η/s).

2 Microscopic Transport Model
Describes the late-stage hadronic evolution, including resonance formation,
particle rescattering, and freeze-out dynamics in the dilute hadronic gas.

3 Femtoscopic Interferometry (HBT) Approach
Provides spatial and temporal tomography of the particle-emission source
through quantum statistical correlations of identical particles.
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Theoretical models
Femtoscopic Interferometry (HBT) approach

It utilizes the two-particle correlation function C2(q) defined as:

C2(q,K) =
P(p1,p2)

P(p1)P(p2)

where:
q = p1 − p2, K =

1
2(p1 + p2)

Relates momentum-space correlation to the spatial emission source
S(r,K) using Koonin-Pratt Equation:

C2(q,K) = 1 +

∫
S(r,K)|Ψq(r)|2d3r

For non-interacting identical bosons (like pions), |Ψq(r)|2 is replaced by
cos(q · r), leading to the Fourier transformation:

C2(q,K) ≃ 1 +

∣∣∣∣∫ S(r,K)eiq·rd3r
∣∣∣∣2
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Theoretical models

Pair Separation Distribution D(ρ)

The invariant spatial separation of identical particle pairs is defined as:

ρ =
√

r2
out + r2

side + r2
long

The corresponding normalized pair distribution is:∫ ∞

0
D(ρ) dρ = 1

where D(ρ) is constructed from all accepted identical pairs after applying:
Kinematic cuts (pT, η)
Pair selection (KT binning)
LCMS/Bertsch–Pratt decomposition

This distribution encodes the space-time structure of the emission source at
freeze-out.
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Theoretical models

Femtoscopic Interferometry (HBT) approach
The relative momentum q is decomposed into the Bertsch-Pratt coordinate
system. The two-particle correlation function is parameterized using a
Lévy-stable source:

C2(q) = 1 + λ · exp

−

∣∣∣∣∣∣
∑

i∈{out,side,long}
(qiRi)

2

∣∣∣∣∣∣
α/2


where:

α: Lévy stability index (non-Gaussianity)
Rout,Rside,Rlong: transverse radii parallel/perpendicular to total
momentum, and longitudinal radius along beam axis
λ: fraction of particles originating from QGP core vs. ”halo” (long-lived
resonances)
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Methodology

vHLLE–SMASH Hybrid Simulation:
The heavy ion collisions are simulated using a hybrid framework,
vHLLE-SMASH, as follows:

Glauber Model (GLISSANDO)
Simulates the collision geometry and stores the results as .dat files that
describe the collision geometry and energy deposition.
Hydrodynamic Evolution (vHLLE)
The generated initial conditions in the .dat file are read by the vHLLE
hydrodynamic model to simulate the space-time evolution.
Hadronic Transport (SMASH)
Followed by particle sampling and hadronic transport using SMASH.
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Methodology
Stage 1: Hydrodynamic Evolution (vHLLE)
The full freeze-out hypersurface has been extracted for each particle i:

pT,i =
√

p2
x,i + p2

y,i, ηi =
1
2 ln

(
pi + pz,i
pi − pz,i

)
, pi =

√
p2

x,i + p2
y,i + p2

z,i
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Methodology

Stage 2: SMASH Afterburner

Hyperpersurface output from Stage 1 is passed to SMASH for microscopic
transport.
Resonance formation and increased mean free paths cause trapping, clustering,
and long free-streaming steps (Lévy walks).
These effects populate heavy tails in emission distribution, modifying α and λ
without erasing critical signals.

Stage 3: Linking Microphysics to Observables

Final-state particle coordinates from SMASH analyzed via two-particle
correlations (Koonin-Pratt formalism).
3D Lévy-stable fit extracts α, λ,Rout,Rside,Rlong.

Further Simulation details: github.com/zeinabhalim/vHLLE-SMASH
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https://github.com/zeinabhalim/Heavy-Ion-collision-via-vHLLE-SMASH


Results: Pair Separation Distribution D(ρ)
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Results: Pair Separation Distribution D(ρ)
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Results: Transverse Mass Dependence

The correlation between the transverse mass mT and the extracted Lévy
stability index for KT from 0.15 to 0.85 GeV/C.
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Results: Transverse Mass Dependence
The correlation between the transverse mass and the extracted HBT radii.
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THANK YOU
For further information, please contact:

zabdelrazik@cu.edu.eg
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