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HBT INTERFEROMETRY AND FEMTOSCOPY

• Technique originated from R. Hanbury Brown and R. Q. Twiss
• Measure angular size of Sirius (→ apparently point-like!) with optical interferometer 

(telescope pair)
• If coherence measurable: coherence strength depended on detector distance
• From intensity correlations vs. detector distance ➔ source size

• Goldhaber et al.: applicable in HEP → understood by Glauber et al. etc. 
[Phys. Rev. Lett. 10, 84; Rev. Mod. Phys. 78 1267]

• Femtometer scale objects: “femtoscopy”
• Aim: connect correlation of momentum distributions with spatial distributions
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CORRELATION FUNCTIONS IN FEMTOSCOPY
• Correlation function for bosons with the invariant momentum distributions 𝑁1, 𝑁2:

    in this analysis: 𝜋+𝜋+ and 𝜋−𝜋−

𝐶2 𝑝1, 𝑝2 =
𝑁2 𝑝1, 𝑝2

𝑁1 𝑝1 𝑁2 𝑝2
 ∧  𝑁2 𝑝1, 𝑝2 = ∫ 𝑆 𝑥2, 𝑝2 Ψ2 𝑥1, 𝑥2

2d4𝑥2d4𝑥1,

• Under some assumptions*, momentum correlation 𝐶 𝑞  related to source 𝑆 𝑟

 𝐶 𝑞 ≅ 1 + ∫ 𝑆 𝑟 𝑒𝑖𝑞𝑟𝑑𝑟
2

*Neglected: pair reconstruction, final state interactions, multi-particle correlations, coherence, … 

• Can be expressed with distance distribution 𝐷(𝑟) (~event shape):

 𝐶 𝑞 ≅ 1 + ∫ 𝐷(𝑟)𝑒𝑖𝑞𝑟𝑑𝑟
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[Plumberg & Heinz, Phys. Rev. C 98, 034910]
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THE LÉVY-TYPE SOURCE FUNCTION

• Lévy-stable distribution can be assumed and tested for the source function 
[Csörgő, Hegyi, Zajc Eur. Phys. J. C 36 (2004)], [Csörgő et al. AIP Conf. Proc. 828 (2006)]:

𝑆 ≔ 𝐿 𝒙, 𝛼, 𝑅 ,
where

𝐿 =
1

2𝜋 2 ∫ d3𝑞𝑒𝑖𝑞𝑟𝑒−
1
2

qR 𝛼

• Thus, the 2-particle correlation function
𝐶2 𝑘 = 1 + 𝜆𝑒− 2𝑅 𝑘 𝛼

,
(note: 𝑘 =

𝑞

2
)

• The spatial distribution

𝐷 𝒓 = 𝐿 𝒓, 𝛼, 2
1
𝛼𝑅

• Parameters: strength λ, scale 𝑅, shape 𝛼

• Gaussian: corresponds to 𝛼 = 2

• Central limit theorem, diffusion, thermodynamics: lead to Gaussian

• 𝛼 < 2: ~𝑟−1−𝛼  power law tail
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𝑆 𝑟  or 𝐷(𝑟)

𝑅

𝜆
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GAUSSIAN OR LÉVY SOURCE?

• Experimental results in 1D: indicate non-Gaussian (𝛼 ≠ 2) 
behaviour, Lévy distribution describes the data better.
[Kincses, Nagy, Csanád Communications Physics vol. 8 (55)], [Pórfy 
arXiv:2410.13975v2 [nucl-ex] 22 Apr 2025]

⟹ Phenomena beyond Gaussian – what could be the phys. reasons?
• Jet fragmentation [Csörgő, Hegyi, Novák, Zajc, Acta Phys.Polon. B36 (2005) 329-337]

• Critical phenomena [Csörgő, Hegyi, Novák, Zajc,  AIP Conf.Proc. 828 (2006) no.1, 525-532]

• In few GeV region?

• Directional or event averaging [Cimerman et al., Phys.Part.Nucl. 51 (2020) 282]

• Ruled out by analyses

• Lévy walk [Entropy24(2022); PLB847(2023); Comm.Phys.8(2025)55]

• Lévy sources with 𝛼 as parameter:
• Measuring 𝛼 and 𝑅: quark-hadron transition, critical point, etc.
• Measuring 𝜆: In-medium mass modification, coherent pion 

production

22/05/2026Mátyás Molnár, Eötvös Loránd University

…will it also appear in the simulations?
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[no ambiguous 
acronym here ☺]

URQMD: QUICK COMPARISON 
WITH EPOS

EPOS4 (Energy conserving quantum-mechanical multiple scattering approach,  

based on Parton ladders, Off-shell remnants, and Splitting of parton ladders)

• Gribov—Regge-based + hydrodynamics

• Core-corona approach, viscous
hydrodynamics, jet quenching

• QGP phase included

• Not a transport model per se

• Slower (hydro evolution)

UrQMD (Ultrarelativistic Quantum Molecular Dynamics)

• Microscopic transport model

• Binary hadronic and string interactions

• No explicit QGP/hydro

• Excellent for studying hadronic transport 
and rescattering

• Faster (no hydro)
• I mean, waaay faster

22/05/2026Mátyás Molnár, Eötvös Loránd University

[K. Werner Phys. Rev. C 109, 014910 (2024)],
[Ayala et al. MDPI Particles vol. 6. (1)]

[Petersen, Hannah et al. arXiv:0805.0567 (2008).]



𝐷 𝜌 * ANALYSIS METHOD
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8

* distance distribution; 

𝜌 stands for average spatial coordinates, 𝜌 =
𝑥1+𝑥2

2
 

Full analysis code available (self-maintained, unofficial): https://github.com/molnarmatyas/EMISSIONSOURCE 

https://github.com/molnarmatyas/EMISSIONSOURCE
https://github.com/molnarmatyas/EMISSIONSOURCE
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PION PAIR EVENT-BY-EVENT DISTRIBUTION ANALYSIS METHOD

• Au+Au collisions simulated in 3.0—27 GeV range (UrQMD hadronic cascade)
• 100 000 “lower-energy”, 10 000 “higher energy” events

• 0—10% centrality (0—4.73 fm impact parameter)

• Identical pion pairs separated into 10 𝐾𝑇 =
1

2
𝐾𝑥

2 + 𝐾𝑦
2 bins

• 1-dimensional projections along Bertsch—Pratt coordinates, cuts in 𝜂, 𝑝𝑇 , 𝑞𝐿𝐶𝑀𝑆
Defaults (similar as with STAR experiment):

• 𝑄𝐿𝐶𝑀𝑆 < 50 MeV ⋅ 𝑚𝑇

• 0.15 < 𝑝𝑇 GeV < 1.0

• 𝜂 < 1.0

• Lévy-distribution fitted to 𝐷 𝜌
…if event-averaging was not needed,
but…
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PION PAIR EVENT-BY-EVENT DISTRIBUTION

• TL;DR: at low energies, EbE not enough

• Due to small # of hits:
Substantial averaging is needed in 𝐷 𝜌  distributions
• Method: obtained 𝜌 distributions summed (merged), then the normalised 𝐷 𝜌  formed

22/05/2026Mátyás Molnár, Eötvös Loránd University

+

+… →

λ

𝑅

One averaging (event merging) block, before normalisation & fitting



11 / 15RESULTS: URQMD 𝛼 𝑚𝑇 , 𝜆∗(𝑚𝑇)

• Lévy index 𝛼 vs 𝑚𝑇  accentuated significantly with increasing 𝑠𝑁𝑁

• For the lowest energies: consistent with constant

• Correlation strength parameter 𝜆∗: close to 1
• no long-lived resonances in UrQMD ⟹ source dominated by core
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RESULTS: URQMD 𝑅(𝑚𝑇)

• Extracted source radii show a monotonic decrease with increasing 𝑚𝑇
…as expected from the scaling:

1

෠𝑅2
= 𝐴𝑚𝑇 + 𝐵
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COLLISION ENERGY DEPENDENCE

Motivation
Shape (𝛼) of the source:
change predicted near QCD CEP

𝜶 

• strong monotonic decrease with 𝑠𝑁𝑁

• Trend similar to STAR preliminary (see later)

22/05/2026Mátyás Molnár, Eötvös Loránd University

𝑹 

• monotonic increase with 𝑠𝑁𝑁

• out, side, long radii 
& also the average

• consistent with 
increasing system lifetime

• mild increase in 𝑅𝑠𝑖𝑑𝑒 , 𝑅𝑜𝑢𝑡: 
larger spatial expansion
at higher 𝑠𝑁𝑁
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DERIVED QUANTITIES

• Based on 10.1088/1361-6471/ada04f :

𝑅𝑑𝑖𝑓𝑓
2 = 𝑅𝑜𝑢𝑡

2 − 𝑅𝑠𝑖𝑑𝑒
2  

sensitive to QCD critical-point signatures

• 𝑅𝑜𝑢𝑡/𝑅𝑠𝑖𝑑𝑒 also examined

• Both increase with 𝑠𝑁𝑁 
• as  expected: no clear non-monotonicity

• Deviation of the ratio from unity:
• incomplete description of the collision

• lack of a hydrodynamical phase with EoS

• Appropriate as a hadronic baseline

22/05/2026Mátyás Molnár, Eötvös Loránd University
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SUMMARY: URQMD AT RHIC ENERGIES

22/05/2026Mátyás Molnár, Eötvös Loránd University

• Au+Au simulations @ RHIC BES energies

• Source functions obtained from UrQMD
• Aim: hadronic baseline ✓

• Lévy-fits performed

• Quantitatively:
not far from the preliminary experimental data

• Trend:
disagreement with data’s grows below 7.7 GeV
• Dynamics beyond pure hadronic transport

• Possible next steps: 
• Baseline to be compared with more data
→ look for anomalous 𝑠𝑁𝑁-dependence

• Centrality dependence?
• Correlation afterburner (CRAB)?
• Comparison with vHLLE+SMASH?



BACKUP SLIDES
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QUARK-GLUON PLASMA IN HEAVY-ION COLLISIONS

• Strong interaction, QCD: confinement
• Free quarks not observable (only hadrons)
• Increased energy ~ potential ~ distance ⟹ additional quarks 

created, confined again

• In HIC: extreme temperatures / energy density
• Asymptotic freedom: deconfined quarks → QGP
• QGP once again freezes out to hadrons, e.g. pions

• Final state particles detected

22/05/2026Mátyás Molnár, Eötvös Loránd University Image courtesy: irfu.cea.fr
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CORRELATION FUNCTIONS IN FEMTOSCOPY
• Correlation function for bosons with the invariant momentum distributions 𝑁1, 𝑁2:

𝐶2 𝑝1, 𝑝2 =
𝑁2 𝑝1, 𝑝2

𝑁1 𝑝1 𝑁2 𝑝2
⟹ 𝐶2 𝑞, 𝐾 ≈ 1 +

ሚ𝑆 𝑞, 𝐾

ሚ𝑆 (0, 𝐾

2

,

where
𝑁2 𝑝1, 𝑝2 = ∫ 𝑆 𝑥2, 𝑝2 Ψ2 𝑥1, 𝑥2

2d4𝑥2d4𝑥1,
ሚ𝑆 = ∫ 𝑆 𝑥, 𝑘 𝑒𝑖𝑞𝑥d4𝑥,

𝐾 =
𝑘1 + 𝑘2

2
or 𝑝1, 𝑝2 ,

𝑞 = 𝑘1 − 𝑘2.

• Event shape: 𝐷 𝑟, 𝐾 = ∫ 𝑆 𝑥1, 𝐾 𝑆 𝑥2, 𝐾 d4𝜌 = ∫ 𝑆 𝜌 +
𝑟

2
, 𝐾 𝑆 𝜌 −

𝑟

2
, 𝐾 d4𝜌

with average 𝜌 =
𝑥1+𝑥2

2
 and relative 𝑟 = 𝑥1 − 𝑥2

• Lévy for the spatial distribution

𝐷 𝒓 = 𝐿(𝒓, 𝛼, 2
1
𝛼𝑅)

• In LCMS frame already 𝐾-independent: 
𝐷 𝑟𝐿𝐶𝑀𝑆 = ∫ dΩ𝐿𝐶𝑀𝑆d𝑡𝐷 𝒓𝐿𝐶𝑀𝑆

(note: 𝒓𝐿𝐶𝑀𝑆 is the pair-separation vector in the lab frame)

22/05/2026Mátyás Molnár, Eötvös Loránd University
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LÉVY PARAMETERS 
VS. AVERAGING

• With sensible averaging:
resulting Lévy parameters quickly 
saturate towards a constant value

• Once saturation achieved
(and 𝜒2/NDF is acceptable):
# of events averaged can be increased
→ stability at higher 𝑘𝑇  as well

• Note: errorbars represent RMS of parameter 
histograms, solely for informative purposes

22/05/2026Mátyás Molnár, Eötvös Loránd University
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UPPER LIMIT OF FIT RANGE, 𝜌𝑓𝑖𝑡

𝑚𝑎𝑥

22/05/2026Mátyás Molnár, Eötvös Loránd University
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PION PAIR EVENT-BY-EVENT DISTRIBUTION
• Averaging too much (all): cannot get a meaningful fit (confidence level tends to zero)

• Workaround: average a few that gives a “looks good” fit with non-zero , use fit values 
from these (meaningful) fits

• Still a few bad fits that might need to be taken care of…
• 𝑘𝑇-dependent fit limits not enough

• Might change more with different centrality bins with future analysis

22/05/2026Mátyás Molnár, Eötvös Loránd University

GOOD GOOD BAD
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FIT PARAMETER AVG.

• Histograms of fit parameters (𝛼, 𝑅)

• Fit parameter mean and standard 
deviation obtained

• As a function of 𝐾𝑇: 
• 𝜶 tends to be consistent with 

constant within uncertainty

• 𝑹 decreasing with 𝑲𝑻

22/05/2026Mátyás Molnár, Eötvös Loránd University
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FIT PARAMETER AVG. & STD. DEV.

• Histograms of fit parameters (𝛼, 𝑅)

• Fit parameter mean and standard 
deviation obtained

• As a function of 𝐾𝑇: 
• 𝜶 consistent with constant 

within uncertainty

• 𝑹 decreasing with 𝑲𝑻

(Note that the errorbars do not represent an error 
but variance!)

22/05/2026Mátyás Molnár, Eötvös Loránd University
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TODO: CORRELATION AFTERBURNER

• CRAB: Correlation After Burner
• Generate correlation functions from semi-

classical transport codes

• with impact-parameter averaging, 
experimental acceptances, experimental 
resolution, kinematic cuts

• Input: files of phase space points (final 
momentum & point of last interaction of 
generated particles e.g. in EPOS4), impact 
parameters

• Efficient 3D processing possible

• Work-in-progress

22/05/2026Mátyás Molnár, Eötvös Loránd University
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