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For detailed new results : see my PHENIX talk at WPCF 2026 on May 22, 2026
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1974 ïT.D. Lee and G.C. Wick



1975 ïS. Weinberg



1984 ïR. Pisarski and F. Wilczek



1984 ïRHIC Proposal : One or two transitions on the phase diagram ?



1989: ĂNUCLEI , AS HEAVY AS BULLS , THROUGH COLLISION
GENERATE NEW STATES OF MATTER ò /T.D. LEE/ 
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New emphasis : 
on plural of state

At least two new states !
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1996:  RETURN OF THE PRODIGAL hô GOLDSTONE BOSON

SIGNIFICANT

in - medium hô modification , 
predicted theoretically ,

but

How to observe it ?

in - medium hô modification : Photons ? Dileptons ? Enhanced production cross - section ? 



1996: Core / halo model , long - lived resonances
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[1] J. Bolzet al: Phys.Rev. D47 (1993) 3860-3870
[2] T. Cs, B. [ǀǊǎǘŀŘΣ WΦ ½ƛƳłƴȅƛΥ hep-ph/9411307, Z.Phys. C71 (1996) 491-497

Variance: halo dominated!

Precisemeasurementof l important ! 
Precisemeasurementof l is 

basedon extrapolation to Q = 0, 
needsprecisemeasurement

of the shapeof C(q):

Ą Levyexpansion

M.B.deKock, H.C.Eggers, T.Cs.:
PoSWPCF2011(2011)033
¢Φ bƻǾłƪ et al (WPCF 2015) :
Acta Phys.Polon.Supp. 9 (2016)289
T. Cs., R. Paseschnikand A. Ster:
Eur. Phys. J. C79 (2019)1, 62

https://arxiv.org/abs/hep-ph/9411307
https://arxiv.org/pdf/1206.1680
https://arxiv.org/pdf/1604.05513
https://inspirehep.net/literature/1681419


1998:  SENSITIVE TO IN - MEDIUM hô MASS MODIFICATION

NA44 S+Pb data + Monte Carlo,

NA44 Elab = 200 AGeV (SPS) 

S+Pb data sensitive to

in - medium hô modification , but

NO EFFECT

S. Vance , T. Cs, D. Kharzeev , 
PRL 81 (1998) 2205 - 2208
nucl - th /9802074 [ nucl - th ]

in - medium hô modification : can it be switched on and off ? Centrality ? Energy ? System size ?

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


2000: ĂA NEW STATE OF MATTER, THE QGPò /CERN/ 

New emphasis : 
Singular , only one new state é
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2000 ïCERN Press Release : How big is the mean free path of quarks ?

L. Maiani , DG OF CERN :  
MEAN FREE PATH OF QUARKS
tends to infinity ( macroscopic )

U. W. Heinz: signs of hydro ,  it is a fluid, 
Mean free path tends to zero ,

with references to hydro results :
Nucl.Phys.A 685 (2001) 414 - 431 ,PRC54 (1996) 1390

Proc . NN2000, e - Print: hep - ph /0009170 [ hep - ph ] 

T. CsºrgŖ: Quark Matter , but not QGP!, 
Hard Quark Matter instead of soft QGP! Only ONE of the TWO transitions is seen :

Nucl.Phys.B Proc. Suppl . 92 (2001) 62 - 74, e - Print: hep - ph /0011339 [ hep - ph ]



Levystablesourcedistributions in HEP: 
Cs.T., S. Hegyi and W.A. Zajc(2004)

12

1963 ï2004 Applications of Levy source distributions

Note numberof citations:
11865 (and increasing)



aΦ /ǎŀƴłŘ for PHENIX Collaboration, 
arXiv:nucl-ex/0509042: 
l / lmax is independentof 

the method of extrapolation
of C2(q) to q = 0

Important systematicerrorscancel
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2005 ïM. Csan§d for PHENIX @ QM 2005, ELTE, Budapest, Hungary

https://arxiv.org/abs/nucl-ex/0509042


2010:  RE - ANALYSIS OF PHENIX AND STAR DATA,
AT LEAST 200 MEV LIMIT ON hô MASS DROP @ CL 99.9%

PHENIX and STAR 200 GeV
Au+Au data @RHIC

sensitive to

in - medium hô modification , 
At least 200 MeV mass drop

EFFECT FOUND
- but without unique

minimum

in - medium hô modification : can it be switched on and off ? YES!
Centrality ? Energy ? System size ?



2013: RE- ANALYSIS , PHENIX 200 GEV AU+AU DIELECTRON ,
SENSITIVE , BUT NO NEED FOR MASS - SHIFT IN MIN BIAS

in - medium hô modification : is it significant ? Not in PHENIX min bias Au+Au data é



2018:  SENSITIVE TO IN - MEDIUM hô MASS MODIFICATION

PHENIX data + Monte Carlo,

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

0 - 30 % Au+Au @ 200 GeV
L®vy Bose - Einstein 

PHENIX data sensitive to

in - medium hô modification

centrality
dependence = ?

in - medium hô modification : It can be switched on / off with ãs and/or system size



2024: ĂTHIS IMPLIES A SECOND TRANSITION IN QCD éò 
/PRC EDITORS / 



DETAILES OF PHENI X RESULTS
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PHENIX DATA SAMPLE 

ãsNN = 200 GeV Au+Au , half field in PHENIX central magnet
allows pion id down to transverse momentum pT > 0.16 GeV. 
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Min. bias data sample ~ 7.3 billion events . 

0 ï60 % centrality selection ~ 4.4 billion events .
Centrality vs Npart determination with PHENIX Glauber calculations . 

Similar single track selections as in earlier 0 ï30 % results ,
published in Phys . Rev. C 97 (2018) 064911 . 

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

In each centrality class :
23 bins in m T = ã(m

2 + p T
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 . 



FITTING FUNCTION: LEVY SHAPE

Approach : we do not know the shape a priori.

Precise measurement of the intercept lneeded : 

lhas important physical meaning .

Is it Gaussian? Maybe, test if a= 2, or not . 
Check also with Edgeworth and Gauss expansion .

Is it Levy ? Maybe, test the fit quality . 
We used a Levy expansion method . First order corrections are consistent with 0 .

Is it exponential ? Maybe, test if a= 1, or not . 
Check also with Laguerre expansion .

20

In every step of this analysis : 
Fits represent data , p -value or confidence level (CL) > 0.1% required .

Cs. T., S. Hegyi, W. A. Zajc, nucl-th/0310042, Eur.Phys.J. C36 (2004) 67-78 

https://arxiv.org/abs/nucl-th/0310042


2018: L£VY SHAPE OF BOSE- EINSTEIN CORRELATIONS

PHENIX  Phys . Rev . C 97 (2018) 064911: 
0 - 30 % Au+Au @ 200 GeV L®vy- stable 2 - pion Bose - Einstein CF

Good CL, both for (a): ( -- ) and for (b): (++) pairs



MT AND CENTRALITY DEPENDENT RESULTS

22



Results for Levy l

saturation at large m T

and  
suppression at low m T

IN EACH
CENTRALITY CLASS

MT AND CENTRALITY DEPENDENCE OF L£VYl
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Saturated region : 

0.45 Òm T Ò 0.9 GeV

average value : lmax



Results for Levy R

monotonic decrease
with increasing m T

IN EACH
CENTRALITY CLASS

MT AND CENTRALITY DEPENDENCE OF LEVY R   

24
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Results for Levy a

m T independent
constant a0 value

IN EACH
CENTRALITY CLASS

MT AND CENTRALITY DEPENDENCE OF L£VYa
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PARAMETERIZATION OF MT DEPENDENCE
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Scale it out!

Results for l/ lmax

UNEXPECTED , 
CENTRALITY

INDEPENDENT
SCALING

IN EACH
CENTRALITY CLASS

MT DEPENDENCE OF L£VYl/ lmax

Values of 
s and H are expected

to be independent of 
centrality

0.45 Òm T Ò 0.9 GeV

saturated value : lmax
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CENTRALITY DEPENDENCE OF sAND H

Values of sand H are ( within errors ) independent of centrality , with a CL > 0.1 %
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COMPARISON WITH MONTE - CARLO SIMULATIONS:
SEARCH FOR UA(1) SYMMETRY RESTORATION
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MONTE - CARLO SIMULATIONS FOR L£VYl/ lMAX

An interplay of 
radial flow and

r esonance chain
decay effects .

Simulations
WITHOUT

in - medium hô mass
modification

MC results indicate
EXPECTED

and monotonic
centrality

dependence

hô Ą
h + p++ p-Ą

(p++ p-+ p0) + p++ p-

T f and u T

obtained from

CL > 0.1%

fits to the
invariant momentum 

distribution of 

K+ , K - ,
proton and 
antiproton

0.1 < m T- m 0 < 1 GeV

Teff = T f + m u T
2

Pion spectra :
strong core - halo
correction effect

N core =ãl( N core +N halo ) PHENIX: Phys.Rev.C69(2004)034909e-Print:nucl-ex/0307022[nucl-ex], for fitted spectra

https://arxiv.org/abs/nucl-ex/0307022


31

Scale out saturated
value of lat large m T

Results for l/ lmax

MONTE - CARLO SIMULATIONS FOR L£VYl/ lMAX

GCEY: THERMAL 
model (SHARE) for

resonance
production , Tchem

and mB values from
STAR . CL > 0.1 % !
K+ , K - , p and anti - p 

spectra .
Resonance chain
decays included .

Simulations WITH
AND WITHOUT

IN - MEDIUM hô MASS
MODIFICATION

in each
centrality CLASS

https://inspirehep.net/literature/793126
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Maps out allowed
regions and best

values of

c2 /NDF AND CL ( OR P- VALUE ) MAPS FOR L£VYl/ lMAX

Colored region :
a llowed with

CL > 0.1 %

IN - MEDIUM hô MASS
MODIFICATION

in each
centrality CLASS

Selective , except
in 50 - 60 %

centrality class
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N part DEPENDENCE OF IN - MEDIUM MASS OF hô

In - medium mass of hô is determined with the help of Levy Bose - Einstein correlation
measurements and Monte - Carlo simulations to be similar to the vacuum mass of h

in each centrality class : indirectly , return of the prodigal Goldstone boson hô
Centrality dependent selection power , successful : KHM, KLMW, PW: m * (hô) ~ m(h) 
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Timeline from 1974 to 2024 summarized
From T.D. Lee (1974), S . Weinberg (1975) and F. Wilczek (1984)

through the RHIC proposal (1984) and
PHENIX and STAR Bose-Einstein data re -analysis (2010)

PHENIX dielectron spectra re -analysis (2013) to an
I ndirect observation of a prodigal Goldstone boson ( PHENIX , 2024):

Centrality dependent Levy stable Bose - Einstein correlations
m easured in ãsNN = 200 GeV Au+Au collisions by PHENIX

With 1 < a< 2 singificantly , Levy shape describes data
decreasing with increasing N part

Unexpected scaling laws found

Data not inconsistent with UA(1) symmetry restoration : 
In - medium mass modification of hô with indirect method

Direct observation e.g . hô Ąg + gis particularly challenging

but also particularly rewarding :

Challenge for sPHENIX and STAR !

SUMMARY AND CONCLUSIONS

34
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ĂTHIS IMPLIES A SECOND TRANSITION IN QCD ò

PRC Editors



Thank you for your attention !

Questions ?
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Partially supported by NKFIH and MATE KKP FRG and HUN - REN Wigner RCP, Hungary  

and by the PHENIX funding agencies and organizations listed at https://www.bnl.gov/rhic/phenix.php
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https://www.bnl.gov/rhic/phenix.php


Q&A: EXPECTED QUESTIONS AND THEIR ANSWERS
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Q1: CAN WE SEE THE hô MASS IN DILEPTON SPECTRA ? 

38



Q2: INDIRECT SIGNAL IN DILEPTON SPECTRUM ?   
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A2: IN - MEDIUM hô MASS VS PHENIX MIN BIAS DILEPTON

Cross - check with earlier dielectron analysis of arXiv:1211.1166, 200 GeV min bias Au+Au



CL ( OR P- VALUE ) MAPS FROM PHENIX MIN BIAS DILEPTON

Cross - check with earlier dielectron analysis of
arXiv:1211.1166, 200 GeV min bias (0 - 92%) Au+Au



10 Ą 60 % LEVY HBT VS MIN BIAS DIELECTRON
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N part DEPENDENCE OF IN - MEDIUM MASS OF hô

In - medium mass of hô is determined with the help of Levy Bose - Einstein correlation
measurements and Monte - Carlo simulations to be similar to the vacuum mass of h

in each centrality class : indirectly , return of the prodigal Goldstone boson hô
Centrality average consistent with earlier (0 - 92%) dielectron analysis of arXiv:1211.1166 

Fig. 5 of https://arxiv.org/pdf/1211.1166, min biasPHENIX dielectron

https://arxiv.org/pdf/1211.1166


UNITING CL MAPS (10 - 60 %,  0 - 60 %) VS MIN. BIAS DIELECTRON

NOTE : IF CL( i ) IS A UNIFORMLY DISTRIBUTED RANDOM VARIABLE IN INTERVAL (0,1)
THEN ( CL(1)+ CL(2) + é  + CL(n) )/ n IS ALSO A UNIFORMLY DISTRIBUTED IN (0,1)
SO CL MAPS FOR VARIOUS CENTRALITY CLASSES CAN BE AVERAGED OVER 
RESULT YIELDS AN EFFECTIVE CL MAP FOR THE MERGED CENTRALITY CLASSES

Linesfrom Fig. 5 of 
https://arxiv.org/pdf/1211.1166, 

min biasPHENIX dielectron
vsunited 10-60 % CL mapsof PPG232

united 0-60 % CL mapsof PPG232
note the shift of B**(-1) in

0-10 % centralityclass

https://arxiv.org/pdf/1211.1166


Q3 : CAN WE RECONSTRUCT THE hAND hô SPECTRA ?
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A3: INDIRECTLY RECONSTRUCTED hAND hô SPECTRA
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