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The HBT effect

R. Hanbury Brown, R. Q. Twiss observed Sirius with two optical telescopes
R. Hanbury Brown and R. Q. Twiss Nature 178 (1956)

▶ Measuring angular diameter of apparent point-like sources

Goldhaber et al.: Discovered independently in particle physics: pion interferometry
Goldhaber, Goldhaber, Lee and Pais Phys.Rev.Lett.3 (1959) 181

▶ C2(q,K) ∼= 1 + |S̃(q)|2 where S̃(q) Fourrier transform of S(q)
▶ C2(q,K) ∼= 1 +

∫
D(r)e iqrdr ; D(r ,K) =

∫
d4σS(σ + r/2,K)S(σ − r/2,K) is pair source distribution

Experiments: measure C (q) to gain information on D(r), final state interactions
D. A. Brown and P. Danielewicz. Phys. Lett. B 398 (1997), pp. 252–258.; S. S. Adler et al., PHENIX Coll. Phys. Rev. Lett. 98 (2007), p. 132301

Phenomenology: direct access to D(r) - event generators such as UrQMD
Prog.Part.Nucl.Phys. 41 (1998) 255-369; J.Phys.G 25 (1999) 1859-1896
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Lévy Distribution

Experimental, phenomenology results: source is not Gaussian → CLT not satisfied?
Generalized Central Limit Theorem? → Lévy-stable distribution

Lévy-stable distribution:

L(α,R; r) = (2π)−3

∫
d3q e iq·r e−

1
2 |qTR2q|α/2

= S(r)

D(r) = (S ∗ S)(r) = L(α, 2 1
αR; r)

R2 = diag(R2
out,R

2
side,R

2
long)

From generalization of Gaussian, power-law
tail: ∼ r−(d−2+α)

▶ α = 1 Cauchy, α = 2 Gaussian

Why Lévy source:

▶ QCD jets; Lévy walk; Critical phenomena; ...?
Csörgő, Hegyi, Novák, Zajc, Acta Phys.Polon.B36 (2005) 329-337

Csanád, Csörgő, Nagy, Braz.J.Phys.37 (2007) 1002

Kincses, Nagy, Csanád, Commun.Phys. 8 (2025) 1, 55

Kincses, Árpási, Kovács, Nagy, Csanád, Eur. Phys. J. C 86, 333 (2026)

Csörgő, Hegyi, Novák, Zajc, AIP Conf.Proc.828 (2006) 525-532
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Parameters of Lévy-stable distribution

R Lévy-scale parameter:

▶ Length of homogeneity

▶ Rout - related to emission duration, pair
transverse direction

▶ Rside - perpendicular to out, long direction

▶ Rlong - related to system lifetime, expansion,
beam direction

▶ From simple hydro calc.:
RHBT = R/

√
1 + (mT/T0) · u2

T

α Lévy-stability index

▶ α = 2: Gauss shape, simple hydro; constant
mean free path, finite second momentum

▶ α < 2: Generalized CLT; increasing mean
free path, infinite second momentum
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Analysis details

UrQMD 3.4 event generator used - applicable in SPS, RHIC energy range
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UrQMD 2500 event
 pair-source projections± π± π

Sc45+Ar4010% −0
 8.83 GeV≈ NNs

 0.18− [GeV/c] = 0.15 TK Hadron cascade mode

Energies matching NA61/SHINE and SPS

10,000 events at 0-10% centrality
▶ Selected based on forward energy (sim. to

NA61/SHINE)

Kinematics
▶ rapidity cut matching experimental
▶ qLCMS <

√
150MeV · √mT (match

experimental fit limits)

η decay enabled (based on arXiv:1308.0736)
▶ influence on source distribution
▶ but weak decays are not decayed

Validated with pT , y spectra

Fit with elliptically contoured three-dimensional Lévy-stable distributions
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Lévy-exponent α vs. mT

Visible mT dependence

Differ the most at high energy

α < 2

Lack of non-monotonic behavior

Lack of hydro decrease α

Onset of hydrodynamics in data?
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Intercept parameter λ∗ vs. mT
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λ∗ instead of experimentally used λ
1 Weak decays are not decayed

▶ No direct comparison to exp. data
▶ Would contribute to halo

2 ≈ 7-8% lower with weak decays

Clear increase

No visible energy dependence
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Lévy scale parameter R vs. mT

Clear decrease - expanding source, collective flow

Rout - small maximum around 0.2 GeV
Rlong - increases stronger with higher energy
Change of ordering: low mT : Rlong > Rout > Rside → high mT Rout > Rlong > Rside
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R̄ vs. mT

R̄ =

√(
R2
out + R2

side + R2
long

)
/3 ← Experimental data is in 1D

Visible mT dependence - collective flow
Increasing discrepancy at higher energies: hydro → Lévy walk is present
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Summary

Measured 3D, two particle pair-source distribution in 40Ar+45Sc
at 150A, 75A, 40A, 30A, 19A and 13A GeV/c beam momentum in 0-10% centrality

Fitted the sum of pairs

Parameter values:
▶ α(mT): Clear mT ,

√
sNN dependence

▶ λ∗(mT): Visible mT , no
√
sNN dependence

▶ R(mT): clear mT dependence,
√
sNN dependence

Difference from data could point to onset of hydrodynamics

Lévy distribution provide good description

Future:

Other systems, such as 7Be+9Be, 129Xe+139La already in the works by Zs. Rácz
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Barnabás Pórfy Workshop on Particle Correlations and Femtoscopy 13 / 12



Definitions

Phenomenological investigation of angle averaged D(ρ) = 1
4π

∫
D(ρ⃗)ρ2dΩ

LCMS frame, Bertsch-Pratt coordinates, from Commun Phys 8, 55 (2025):

K = (p1 + p2)/2

r = x1 − x2

β⃗ = K⃗/K0

ρ⃗ ≡ r⃗ − β⃗t

Klong = Kside = 0

K⃗ = (Kout, 0, 0)

β⃗ = (K⃗out/K0, 0, 0)

ρLCMS
out = rx cosφ+ ry sinφ− KT

K 2
0−K 2

z
(K0t − Kz rz)

ρLCMS
side = −rx sinφ+ ry cosφ

ρLCMS
long = K0rz−Kz t√

K 2
0−K 2

z

where cosφ = Kx

KT
, sinφ =

Ky

KT
, and KT =

√
K 2
x + K 2

y
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Validation: Mean particle numbers
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Validation: Rapidity spectra
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Validation: pT spectra
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