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L£VY WALK IN NATURE

ÅRandom variables with no finite 2nd moment

Ÿ central limit theorem does not apply

ÅGeneralized central limit theorem does

Ÿ sum follows L®vy-stable distribution

ÅFound in chemical, biological, physical processes
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https://www.nature.com/articles/s42003-021-02256-1

Nature 451(2008)1098

Nature 453(2008)495

Nature 449(2007)1044

Nature 465(2010)1066

Nature 486(2012)545
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https://www.nature.com/articles/s42003-021-02256-1
https://doi.org/10.1038/nature06518
https://doi.org/10.1038/nature06948
https://doi.org/10.1038/nature06199
https://doi.org/10.1038/nature09116
https://doi.org/10.1038/nature11098


HBT OR FEMTOSCOPY IN HIGH ENERGY PHYSICS
ÅR. Hanbury Brown, R. Q. Twiss - observing Sirius with radio telescopes

ÅIntensity correlations vs detector distance ᵼ source size

ÅMeasure the sizes of apparently point-like sources!

ÅGoldhaber et al: applicable in high energy physics

ÅUnderstanding: Glauber, Fano, Baym, é

Phys. Rev. Lett. 10, 84; Rev. Mod. Phys. 78 1267, é

ÅMomentum correlation ὅή related to source Ὓὶ

 ὅήḙρ Ὓ᷿ὶὩ Ὠὶ 

 (under some assumptions)

ÅCan be expressed with distance distribution Ὀὶ:

 ὅήḙρ Ὀ᷿ὶὩ Ὠὶ

ÅNeglected: pair reconstruction, final state interactions,

multi-particle correlations, coherence, é

ÅWhat is the source shape? Can be explored via femtoscopy
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L£VY DISTRIBUTIONS IN HEAVY-ION PHYSICS

Eur.Phys.J. C36 (2004) 67-78

EPJC83(2023)919 PRC97(2018)064911 PRC110(2024)064909 PRC109(2024)024914

ÅCentral limit theorem, diffusion, and

thermodynamics lead to Gaussians

ÅMeasurements suggest phenomena

beyond Gaussian distribution

ÅL®vy-stable distribution (symmetric):

ÅFrom generalized central limit theorem

ÅPower-law tail ͯ ὶ  if ‌ ς

ÅSpecial cases: h = 2 Gaussian, h = 1 Cauchy

ÅShape of the correlation functions with L®vy source: ὅ ή ρ ‗ẗὩ
CsºrgŐ, Hegyi, Zajc, Eur.Phys.J. C36 (2004) 67-78

ÅParameters: strength  ⱦ, scale ╡, shape ♪

ÅL®vy source seen & exponent measured from SPS through RHIC to LHC
NA61 [EPJC83(2023)919], PHENIX [PRC97(2018)064911 & PRC110(2024)064909], CMS [PRC109(2024)024914]

Apr 24, 2025M. Csan§d, GGI Hydro Workshop 2025

Ὓὶ or Ὀὶ

ὅή

fl‌ȟὙȠὶ
ρ

ς“
ὨήὩ Ὡ

Ὑ

‗

Ὑ

‗

IDEAS FACTS: 1D 3D COLL FXT       QUESTIONS

6/42

https://inspirehep.net/literature/630563
https://inspirehep.net/literature/2630797
https://inspirehep.net/literature/1624209
https://inspirehep.net/literature/2806798
https://inspirehep.net/literature/2670243


COMPARING DIFFERENT SOURCE SIZE MEASURES

J.Phys.G52(2025)025102

ÅNo tail if ‌ ς, power law if ‌ ς, RMS = Ð: valuedepends on cutoff

ÅWhat do Gaussian HBT radii mean if the source has a power-law tail?

ÅImportant also w.r.t. critical point search and QGP exploration

ÅAlternative measures (see J.Phys.G52(2025)025102 for details)

ÅHWHM: (half) width at half maximum

ÅHWHI: (half) width at half integral

ÅRelations for 3D Gauss: HWHM ρȢρχẗὙ , HWHI ρȢυτẗὙ

ÅFor (e.g.) L®vy ‌ ρȢσ: HWHM πȢφρẗὙ , HWHI ρȢςχẗὙ

ÅThus (e.g.) ♪ Ȣ and ╡╛  fm  άƳŜŀƴǎέΥ

ÅSame HWHM Gaussian: Ὑ σȢφρ fm

ÅSame HWHI Gaussian: Ὑ υȢχχ fm
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Various spatial distributions

Ὑ Ὑ ïȾρȢωτ

width/Ὑ: nontrivial ‌-dependence
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https://arxiv.org/abs/2401.01249


WHY DO L£VY SHAPES APPEAR, WHY IS IT IMPORTANT?

BJP37(2007) PRB103(2021) Entropy24(2022) PLB847(2023) Comm.Phys.8(2025)55

ÅA more comprehensive list of possible reasons:

ÅJet fragmentation (CsºrgŐ, Hegyi, Nov§k, Zajc, Acta Phys.Polon. B36 (2005) 329-337)

ÅSee also Caucal, Mehtar-Tani, JHEP 09 (2022) 023

Å Important in ὩὩ , see L3 Collaboration, Eur.Phys.J.C 71 (2011) 164

ÅCritical phenomena (CsºrgŐ, Hegyi, Nov§k, Zajc,  AIP Conf.Proc. 828 (2006) no.1, 525-532)

ÅRole in the few GeV region? Affected by finite size effects?

ÅDirectional or event averaging (Cimerman et al., Phys.Part.Nucl. 51 (2020) 282)

ÅRuled out by event-by-event and 3D analyses

ÅL®vy walk (BJP37(2007); PRB103(2021), Entropy24(2022); PLB847(2023); Comm.Phys.8(2025)55)

ÅOnly plausible explanation (so far!) at high energies and large systems

ÅImportance of utilizing L®vy sources, leaving ‌ as parameter:

ÅMeasuring ‌ and Ὑ: quark-hadron transition, critical point, etc.

ÅMeasuring ‗: In-medium mass modification, coherent pion production
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https://inspirehep.net/literature/743765
https://inspirehep.net/literature/1845207
https://inspirehep.net/literature/2014609
https://inspirehep.net/literature/2611032
https://inspirehep.net/literature/2828763


L£VY WALK IN SCATTERING

ÅL®vy walk and L®vy flight: known in ecology, climatology, etc.

ÅIn HIC: increasing mean free path, step size increases

ÅSeen in expansion under Coulomb potential in solid-state physics

ÅObserved in UrQMD and EPOS (Commun. Phys. 8 (2025) 55)

ÅScatterings, decays, coalescence contribute to L®vy walk 

(as discussed later)

ÅInterestingly, long-range Coulomb not implemented usually
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E. I. Kiselev, Phys. Rev. B 103, 235116 (2021)

https://www.nature.com/articles/s42005-025-01973-x 
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https://www.nature.com/articles/s42005-025-01973-x
https://inspirehep.net/literature/1845207
https://www.nature.com/articles/s42005-025-01973-x


CHARGED HADRON CLOUD:  A SIDE-NOTE

Gribov-90 (2021) 261 IJMP A 40 (2025) 2444007

ÅCoulomb potential: infinite range, affecting evolution for a long time

ÅSolid-state physics (as mentioned on previous slide): may cause L®vy flight and power-law tails

ÅAnother interesting effect: distortion of flight paths after kinetic freeze-out

ÅPhase shift, similar to an Aharonov-Bohm effect

(Gribov-90 (2021) 261 and IJMP A 40 (2025) 2444007)

ÅPhase shift decreases 2- & 3-particle corr. strengths ‗ & ‗
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‗
‗

exaggerated illustration

simulated transverse path‗
ȟ

Ὑ  [fm]

‗ υ

‗ ρ

No Aharonov-Bohm effect, 

pure core, fully chaotic source
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https://arxiv.org/abs/2007.07167
https://arxiv.org/abs/2410.15525


HOW DO THE TAILS EMERGE IN HADRON SCATTERING?
ÅUrQMD: 4 type of processes, scattering (2Ÿ2), decay (1ŸN), coalescence (2Ÿ1), string fragm. (1ŸN)

ÅStep before the given process;  sum of steps: freeze-out coordinate distribution

ÅStep length:

power-law tail

with  ͯὶ Ȣ

ÅSum: follows L®vy

ÅDistance

distribution:

autoconvolution

ÅL®vy walk in action
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https://www.nature.com/articles/s42005-025-01973-x 
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https://www.nature.com/articles/s42005-025-01973-x


COUPLE HYDRO WITH URQMD: EPOS, EVENT-BY-EVENT
ÅEPOS model: parton-based Gribov-Regge theory (PBGRT)

ÅWerner et al., PRC82 (2010) 044904, PRC89 (2014) 064903, é

ÅSource observed in four stages:

a) CORE, primordial pions: close to Gaussian

b) CORE, with decay products: power-law structures

c) CORE+CORONA+UrQMD, primordial pions: L®vy shape

d) CORE+CORONA+UrQMD, with decay products: L®vy shape

ÅRadii in the four stages (one example event)

σȢυω fm ᴼτȢψω fm ᴼχȢσφ fm ᴼχȢτυ fm

ÅShape (‌) change: ςȢππO ρȢχχO ρȢυυO ρȢτφ

ÅScattering stage needed for L®vy shaped sources?

ÅCan one relate the observed HBT radii

to the hydro phase homogeneity lengths?
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Entropy24(2022)308
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https://arxiv.org/abs/2201.07962


L£VY SHAPES IN SINGLE 3D EPOS EVENTS, 3D
ÅWhat if the L®vy shapes appeared only because of directional averaging?

ÅLetõs check 3D event shapes in EPOS! Ҧ о5 [ŞǾȅ ǿƻǊƪǎΣ ǿƛǘƘ ǎƛƳƛƭŀǊ ‌ and radii (as those in 1D)

ÅClear physical reason: L®vy walk
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Comm.Phys.8(2025)55, https://www.nature.com/articles/s42005-025-01973-x 
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CENTRALITY DEPENDENCE IN 200 GEV AU+AU, PHENIX

PRC110(2024)064909

ÅL®vy-index ‌ measured in 200 GeV Au+Au collisions at PHENIX, approximately constant in ά

Å‌ ‌ά  versus ὔ :

decrease for central collisions

ÅDue to longer time to develop tails?

ÅPHENIX paper: PRC110(2024)064909 
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PRC110(2024)064909

https://doi.org/10.1103/PhysRevC.110.064909
https://doi.org/10.1103/PhysRevC.110.064909
https://doi.org/10.1103/PhysRevC.110.064909


CENTRALITY DEPENDENCE IN 200 GEV AU+AU, PHENIX

ÅMonotonic decrease, Ὑͯ ρȾά

ÅAs predicted for Gaussian source

ÅWhy does it work here?

ÅDoes hydro drive radii?

ÅNote: data close to EPOS result
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EPOS
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PRC110(2024)064909

https://doi.org/10.1103/PhysRevC.110.064909


DETAILED EPOS VS DATA COMPARISION AT 200 GEV

ÅMore detailed comparison

to EPOS: disagreement for ‌,

agreement for Ὑ

ÅEspecially for central collisions

ÅDenser system in EPOS: larger ‌

ÅMaybe due to more normal

diffusion?

ÅOr long-range

Coulomb scattering

missing in

simulations?

Apr 24, 2025M. Csan§d, GGI Hydro Workshop 2025

Why so different?
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THE ‗ PARAMETER IN 200 GEV AU+AU AT PHENIX

ÅSaturation region: ά ṃφππ MeV

ÅLarge systematic uncertainties

ÅDue to pair reconstruction and

other experimental effects

ÅCan be scaled out if dividing by

‗ ‗ά   

ÅMeaning of ‗ in core-halo picture:

‗ ὔ Ⱦὔ  

ÅMeasures 

resonance

fractionamong“s
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PRC110(2024)064909

https://doi.org/10.1103/PhysRevC.110.064909


RESCALED ‗ VS MONTE-CARLO MODELS: MASS DROP?

ÅMC Models based on thermal resonance production, ‗ measures primordial vs decay pion ratio

ÅPions affected through decay channel

–ᴼ– “ “ ᴼς“ ς“ “  

ÅSmaller –ᴂ mass Ÿ larger –ᴂ content

Ÿ more decay ““  pairs at low ά

Ÿ smaller ‗ at low ά

ÅData incompatible with no mass drop

ÅWithin present framework!

ÅBest fitting –ᴂ mass can be found

ÅModel dependence studied

ÅThermal model, flow, temperature
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PRC110(2024)064909

https://doi.org/10.1103/PhysRevC.110.064909


CENTRALITY DEPENDENCE OF BEST ETAõ MASS

ÅSignificant decrease 

in all centrality 

classes, except most 

peripheral

ÅResult: άᶻ ά

ÅImplies a second 

transition?

ÅăNuclei, as heavy as 

bulls, through collision 

generate new states 

of matteró (T. D. Lee)
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PRC110(2024)064909

https://doi.org/10.1103/PhysRevC.110.064909


CENTRALITY DEPENDENCE AT 200 GEV WITH STAR

PRB103(2021)235116 IJMPA40(2025)2444007

PRL81(1998)2205 PRL105(2010)182301 PRC110(2024)064909

ÅL®vy scale Ὑ: decreasing trend with ά  and with centrality, similar to PHENIX results

ÅConnection to flow and initial geometry, similarly to Gaussian radii

ÅL®vy exponent ‌: EPOS quantitatively close, largest discrepancy for central collisions, similar to PHENIX results

ÅEffect of Coulomb scattering? PRB103(2021)235116, IJMPA40(2025)2444007

ÅCorrelation strength ‗: increase from low to high ά  and from peripheral to central collisions, similar to PHENIX results

Åά  dependence: might attributed to modified in-medium –ᴂ mass? PRL81(1998)2205, PRL105(2010)182301, PRC110(2024)064909
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https://inspirehep.net/literature/1845207
https://arxiv.org/abs/2410.15525
https://inspirehep.net/literature/467507
https://inspirehep.net/literature/841436
https://arxiv.org/abs/2407.08586


L£VY FEMTOSCOPY IN 3D AT 200 GEV

ÅAnisotropic L®vy-stable distribution: fl‌ȟὙȠ► Ὠ᷿ήὩ Ὡ ▲╡▲
Ⱦ

, where ╡ : matrix of squared radii

ÅL®vy exponent ‌:  negligible dependence on ά , average value ~1.3, compatible with 1D

ÅCorrelation strength ⱦ: small increase from low to high ά , compatible with 1D
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S. Bhosale, WPCF 2024 S. Bhosale, WPCF 2024
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