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1974: „…vacuum… resembles a medium
whose properties can be changed” 
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T. D. Lee and G. C. Wick, Phys. Rev. D 9, 2291

https://journals.aps.org/search/field/author/T%20D%20Lee
https://journals.aps.org/search/field/author/G%20C%20Wick


1984: RHIC Proposal: One or two transitions
on the phase diagram
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1989: „Nuclei, as heavy as bulls, through collision
Generate new states of matter” /T.D. Lee/ 
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Courtesy of the Tsung Dao (T.D) 
Lee Library

Poem by Prof. T. D. Lee,
Nobel Lauerate in Physics

Painting by Li Keran, 1989

Copyright: © 1989 CCAST:
Chinese Center for Advanced Science 

and Technology
© 2012 Shanghai Jiao Tong University, 

Shanghai, China: All Rights Reserved

Special thanks to: UNT Digital Library

New emphasis: 
on plural of state

At least two new states!

https://tdllib.sjtu.edu.cn/__local/F/F1/88/E65E2ADA1812536F1ED1603B3E2_99308423_16AA0.jpg
https://tdllib.sjtu.edu.cn/en/Services/Art_Gallery/Science_and_Art_Gallery.htm
https://digital.library.unt.edu/ark:/67531/metadc1414740/m1/184/


1998: Sensitive to in-medium 𝜂′ mass modification
6

NA44 S+Pb data + Monte Carlo,

PHENIX Phys. Rev. C 97 
(2018) 064911: 

NA44 Elab = 200 AGeV (SPS) 

S+Pb data sensitive to

in-medium h’ modification, but

NO EFFECT 
@ CERN SPS

S. Vance, T. Cs, D. Kharzeev, 
Phys.Rev.Lett. 81 (1998) 2205-2208
e-Print: nucl-th/9802074 [nucl-th]

In-medium 𝜂′ modification: can it be switched on? 
Centrality? Energy? System size?

https://arxiv.org/abs/nucl-th/9802074


2018: Sensitive to in-medium 𝜂′ mass modification
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PHENIX data + Monte Carlo,

PHENIX Phys. Rev. C 97 
(2018) 064911: 

0-30 % Au+Au @ 200 GeV
Lévy Bose-Einstein 

PHENIX data sensitive to

in-medium 𝜼′ modification

centrality
dependence = ?

In-medium 𝜂′ modification: It can be switched on/off with √s and/or system size



2024: „This implies a second transition in QCD…”
/PRC Editors/
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The HBT-effect in Femtoscopy

• R. Hanbury Brown, R.Q.Twiss observed Sirius with radio telescopes

• R. Hanbury Brown and R.Q.Twiss 1956 Nature 178
• Intensity correlations as a function of detector distance

• Measuring size of point-like sources

• Goldhaber et al: applicable in high energy physics: (for identical pions)

• G. Goldhaber et al 1959 Phys.Rev.Lett. 3 181
• Momentum correlation C(q) is related to the source S(x): 

𝐶 𝑞 ≅ 1 + ሚ𝑆(𝑞)
2
, where ሚ𝑆(𝑞) is Fourier transform of S(q).

26/8/2024
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Lévy Distributions in Heavy Ion Physics

• Usual assumption that S(r) is Gaussian → Gaussian C(q) 

• Measurements suggest phenomena beyond Gaussian distribution

• Lévy stable distribution: ℒ(𝛼,𝑅;𝑟)=(2𝜋)−3 ∫ 𝑑3𝑞𝑒𝑖𝑞𝑟𝑒−1/2|𝑞𝑅|𝛼

• From generalized central limit theorem, 
power law tail ~ r –(1+ 𝛼)

• Special cases: 𝛼 = 2 Gaussian, 𝛼 = 1 Cauchy

• Shape of the correlation functions with Lévy source:

𝐶2(q)=1+𝜆⋅𝑒−|𝑞𝑅|𝛼; 𝛼=2:Gaussian; 𝛼=1:exponential

• A possible reason for Lévy source: criticality, anomalous diffusion, 
many others
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Csörgő, Hegyi, Zajc, Eur.Phys.J. C36 (2004) 67 78



PHENIX Run History
In this talk: centrality dependence of 

Bose-Einstein correlations in a 2010 RHIC run
for Au+Au at √sNN = 200 GeV 

Species Run Year

Au+Au
2001, 2002, 2004, 
2007, 2008, 2010, 
2011, 2014, 2016

d+Au 2003, 2008, 2016

Cu+Cu 2005

U+U 2012

Cu+Au 2012

3He+Au 2014

p+Au 2015

p+Al 2015
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Accomplished 16 years of 
operation with 9 collision species 
and 9 collision energies. Both 
geometry and beam energy scan.

Although PHENIX is no longer 
actively recording data, analysis 
continues, exploiting the
discovery potential of PHENIX.



Muon Arms

• Rapidity coverage: 1.2<|y|<2.2

• Muon Tracking followed by Muon
Identifier
• Stainless steel and copper absorbers for

hadron rejection

• BBC measures collision vertex along
beam axis

Central Arms

• Rapidity coverage: |y|<0.35

• Charged particle tracks and momentum 
– pad and drift chambers

• Ring Imaging Cherenkov detector for
pion rejection

• Energy / momentum matching of 
charged particles using EMCal clusters
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Data sample

• √sNN = 200 GeV Au+Au, half field in PHENIX central magnet allows
pion id down to transverse momentum pT > 0.16 GeV

• Min. bias data sample ~ 7.3 billion events. 

• 0 – 60 % centrality selection ~ 4.4 billion events. Centrality vs Npart

determination with PHENIX Glauber calculations. 

• Six centrality classes: 0-10%, 10-20%, 20-30%, 30-40%, 40-50% and 
50-60% 

• In each centrality class: 23 bins in mT = √(m2 + pT
2), 

from 0.248 GeV to 0.876 GeV

• Due to broader central range, more stringent pair cuts, as compared to 
our 0-30 % results published in Phys. Rev. C 97 (2018) 064911. Other 
details similar. 
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Example Correlation Function

• Fit with calculation based on
Lévy distribution

• Physical parameters: R, 𝛼, λ 
measured versus pair 𝑚T

• R: homogeneity length, 
dynamics, sizes

• 𝛼: shape, criticality, anomalous
diffusion

• λ: particle creation
mechanisms, in-medium mass
modification

Lévy works well: CL=63.8%
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𝜆



mT and centrality dependent results
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mT and centrality dependence of Lévy 𝜆
16

Results for Lévy l

saturation at large mT

and  
suppression at low mT

IN EACH
CENTRALITY CLASS

Saturated region: 

0.45 ≤ mT ≤ 0.9 GeV

average value: 𝝀max



mT and centrality dependence of Lévy 𝑅
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Results for Lévy R

monotonic decrease
with increasing mT

IN EACH
CENTRALITY CLASS



mT and centrality dependence of Lévy 𝛼
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Results for Lévy 𝛼

mT independent
constant 𝛼0 value

IN EACH
CENTRALITY CLASS



Parametrization of mT dependence
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mT and centrality dependence of Lévy Τ𝜆 𝜆max
20

Unexpected, 
centrality

independent scaling

IN EACH
CENTRALITY CLASS

Values of 
 and H are expected

to be independent
of centrality

0.45 ≤ mT ≤ 0.9 GeV
average value:𝜆max



Centrality dependence of Lévy 𝜎 and H
21

Values of  𝜎 and H are (within errors) independent of centrality, with a CL > 0.1 %



2024: „This implies a second transition in QCD…”
/PRC Editors/
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η

η’

η’
*



Npart dependence of in-medium mass of 𝜂′
23

In-medium mass of 𝜂′ is determined with the help of Levy Bose-Einstein correlation measurements to be 
similar to the vacuum mass of 𝜂 in each centrality class: indirectly, return of the prodigal Goldstone boson 𝜂′

Centrality dependent selection power, successful: KHM, KLMW, PW: m*(𝜂′) ~ m(𝜂) 



Summary and conclusions

• Centrality dependent BECs in 
√sNN=200GeV Au+Au collisions by PHENIX

• 1 < 𝛼 < 2 significantly, 

decreasing with increasing Npart

• Unexpected scaling laws found

• Data not inconsistent with UA(1) symmetry restoration: in-medium mass modification
of 𝜂′ with indirect method

• Direct observation is particularly challenging, but also particularly rewarding:

• Challenge for sPhenix?
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Thank you for your attention!



Back up
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26/8/2024



Direct and indirect observation
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Can l/lmax UA(1) restoration signal be switched off? 
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NA61 data on charged pp correlation in 150 AGeV Be+Be collisions

Eur.Phys.J.C 83 (2023) 10, 919, e-Print: 2302.04593 [nucl-ex]

Yes, as known from the first papers, but confirmed by NA61!

NA61 data: no signal of decrease of l/lmax for mT < 0.5 GeV, no signal of UA(1) symmetry restoration

Small systems (Be+Be) and relatively low energy, √s < 20 GeV.  

https://arxiv.org/abs/2302.04593


Kaon Lévy shape - α

26/8/2024
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Earlier Experimental Applications of Lévy

26/8/2024
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• Three experimental results:
• L3 e+e-at LEP

• CMS pp at LHC

• TOTEM at LHC


