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Fig. II.1 Phase diagram of Nuclear Matter (G. Baym, ref. 3). Temperature is
plotted vs. net baryon densityv for an extended volume of nuclear mat-
ter in thermal equilibrium, Normal nuclear matter appears at the
point Do at zero temperature, and this is the neighborhood explored
by low energy nuclear physics. The region of the phase transitions
corresponding to deconfinement (at temperature Tp) and chiral symme-
try restoration is indicated Tp. The two critical temperatures may
well be coincident. The confinement force couples quarks to form
hadrons. The chiral force binds the collective excitation to
Goldstone bosons. Above Tp, hadrons dissolve into quarks and
show two avenues for probing the quark-gluon plasma with high energy
nucleus-nucleus collisions: by reaching high baryon densities among
the hot, compressed fragments of the colliding nuclei, and at very
high temperatures in the central rapidity region among thermally
produced particles where conditions may approximate those of the
early universe.
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1998: SENSITIVE TO IN -MEDIUM hOoMASS MODIFICATION

Effect of Partial U,(1) Restoration on 1. NA44 S+Pb data + Monte Carlo,

NA44 E,, =200 AGeV (SPS)

S+Pb data sensitive to

-t ¢ my=738 MeV

in -medium hdémodification . but

NO EFFECT

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

*

.l my =176 MeV

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


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

2000: AA NEW STATE OBRE QI GFd ERCERN.

CERN, February 2000: first evidence of a new state
of matter, the quark-gluon plasma

 Combined data from the 7 experiments on CERN's HI programme

 Proves an important prediction of the QCD theory. An important step —_
forward in the understanding of the early evolution of the Universe. ——

Event recorded by NA49 at SPS

Sy “ oo We @ Luciano Maiani (CERN DG): “... We now havegaddence of a
® . Ul wl oS assn new state of matter where quarks and gluon nfined.
‘O 9% ‘ 2NN — ... There is still an entirely new territory to b
.’,. Cs’ b 2 concerning the physical properties of quark- r. The
+ *.t..v challenge now passes to RHIC at BNL and la SIEHC.”

New emphasis :

Singular , only one new state




2018: SENSITIVE TO IN -MEDIUM hOMASS MODIFICATION

PHENIX 0-30% Au+Au |s,, =200 GeV

PHENIX data + Monte Carlo,

PHENIX Phys . Rev . C 97
(2018) 064911

0-30% AutAu @ 200 GeV
L ® v Bose -Einstein

PHENIX data sensitive to

S 105. 182301 (20101, - m,=958 MeV, B = 55 MeV
105: 1 1(2010), . -530MeVB‘-1EEMeV . : A FIPT
PRC83: 054903 (2011) _530 VeV, B1_ 55 MoV in -medium  hdémodification

. Resonances: Kaneta et al.
7 -----m -250 MeV, B'=55MeV

" H=(0.59+0.02(stat)**23(syst)) 1.H expl-(mi-m2y(207) centrality

. GPV
0=(0.30+0.01(stat) , .4 (Syst)) -2 70/ —
000 (YSUFCE™  y2INDF=83/60 CL=2.7% dependence =7

0.3 0.4 0.5 0.6 0.7 0.8 0.9
m; [GeV/c?]

In -medium hoémodification : It can be switched on/ off with & s a nod kystem size



2024 THIA IMPLIES A SECOND TRANSITION I N QCD

/[PRC EDITORS /

AL e e EDITORS® SUGGESTION

> C . . . . .
- entrality dependence of Lévy-stable two-pion Bose-Einstein
© 900F PHENIX Au+Au S " P
S - correlations in 1/syy = 200 GeV Au + Au_collisions
800F vSNN = 200 GeV
((?) E 20 DECEMBER, 2024
M 700:— Color deconfinement and chiral-symmetry restoration have long been predicted by QCD
E C theory. Color deconfinement in the form of a nearly perfect fluid of quarks was reported by
* 600'_ P all four RHIC experiments in 2005. Now, the PHENIX Collaboration details two-pion Lévy-
-y e o o o b ___T. I— .1 _______ _T.. _________ I stable Bose-Einstein correlation data in Au+Au collisions at the top RHIC energy. They report
500 a significant reduction of the mass of the " meson in hot and dense hadronic, color-

confining matter. This implies a second transition in QCD by the return of the so-called
prodigal Goldstone boson—a specific kind of partial chiral-symmetry restoration—and calls
for further, challenging experimental studies, aiming at direct measurements of identified »’

mmmm VaCUU m r]' mass spectra in high-energy heavy-ion collisions.

1
+ PHENIX r]* mass N. ). Abdulameer et al. (PHENIX Collaboration)

....... PHEN|X average Phys. Rev. C 110, 064909 (2024)

---- Vacuum n mass
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PHENIX DETECTOR @ RHIC T RUN HISTORY
Complet ed 16 years of operation with versatility .
9 collision species and 9 collision energies : Species Run Year
Both geometry and beam energy scan .

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

d+Au 2003, 2008, 2016

Cu+Cu 2005

PHENIX has completed its datataking and has U+U 2012
been replaced by sPHENIX. But PHENIX data
analysis continues , exploiting the discovery Cu+Au 2012

potential of PHENIX .
SHe+Au 2014

In this talk : centrality dependence of Bose-

Einstein correlations ina special 2010 RHIC  run p+Au 2015
for Au+Au at as,, =200 GeV, that allows for
charged pions identificaton  at low m . p+Al 2015




THE PHENIX DETECTOR - 2010

PHENIX Detector

PC3 Central PCS

Magnet TEC

Central Arm detectors

DC: Drift Chamber
PC1li1 PC3: PAD Chamber
PbSc: EM Cal
PbGl: EM Cal

HBD : Hadron Blind Det
(half magnetic field in CM)

1} 9C =WeL

Not shown :

BBC, ZDC: centrality
Aerogel

West Beam View




Introduction to Bose -Einstein or HBT correlations

Two planewaves

Symmetrized +for bosons - for fermions
Expansiordynamics final state interactions,
multiparticle symmetrizationeffects negligible R4

source

Na (b1, k2) o / drip(r1) / drgp(rs) [Ar2|?

ffﬁ(kl.ﬂﬂj
N1 (k1)No(ko)

Two particle HBTcorrelations typically, but needscrosschecks
C(g) = 1 positive-definite term
C(q) = 14Fourierctransform of the source|?,
Earlier evaluatedin Gaussiarapproximation
Dependenceon meanmomentum:
expansiondynamicsr (X) A S(x,k)

Ca(k1, k) = =14 |p(ky — ko)/|?

Dubnaschool useit asatool

Kopylov Podgoretskij Lednicky x <>k

1+ |Fourierctransform of the sourcd 2
10


http://inspirehep.net/record/91563?ln=en

Core / halo model , long -lived resonances

Resonance pions reduce the corr. strength |1, 2]
Core-Halo model: S =S¢ + Sy
Primordial pions - Core < 10 fm

Core -
(hydrodinamically

expanding thermal

Resonance pions - from very far regions - Halo
medium) . N <
" Corr. strength—C-H ratio: A\ = ( )

Variance halo dominated

han Precisemeasurementof | is
basedon extrapolationto Q = 0,
O — needsprecisemeasurement
core+halo of the shapeof C(q):

unresolvable :
A Levyexpansion

[1] J.Bolzet al: Phys.RevD47 (1993) 3863870
[2] T.CsB.[ | NE G WR ¥eh-p9418307YZ.Phys C71 (1996) 49497
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https://arxiv.org/abs/hep-ph/9411307

DATA SAMPLE

asyy =200 GeV Au+Au , half field in PHENIX central magnet
allows pion id down to transverse momentum p;>0.16 GeV.

Min. bias data sample ~ 7.3 billion events .

O71 60% centrality selection ~4.4 bilion events.

Centrality vs N, determination with PHENIX Glauber calculations .

Similar single track selections as in earlier 0T 30 % 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:= & (°mp ;?), 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

5(Q) =14+ Aexp [—Q%R“|,

Cs. T., S. Hegyi, W. Zajc nuckth/0310042, Eur.Phys.JC36 (2004) 678

Approach : we do not know the shape a priori.
Precise measurement of the intercept | needed :
| has important physical meaning .

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

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

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

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



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

nl B —
— .: PHENIX 0-30% Au+Au @ ys,, =200 GeV,TT T, m, = 0.331-0.349 GeV/c
15/ A=0.81+0.04 —+}— Raw corr. function
i R = (7.72+ 0.27) fm
i i o =1.24 1 0.03 —}— Raw corr. x Coulomb factor
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2018:

PHENIX Phys

Au+Au

Good CL, both for (a):(

LEVY SHAPE-EQFTEIBOSEBRRELATIONS

1.6
O — :PHENIX 0-30% Au+Au @ s, =200 GeV, T, m, = 0.655-0.675 GeV/c
[
1.5 A=11710.12 —+— Raw corr. function
7\ R = (5.97 + 0.43) fm
‘4 ol '| o =1.13+ 0.05 —— Raw corr. x Coulomb factor
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1.3H- rl (2INDF = 169/188 C,(A,R,0;Q) x Nx (1+£ Q)
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125? o -~ Nx(1+Q)
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M- AND CENTRALITY DEPENDENT RESULTS
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M- AND CENTRALITY DEPENDENCE

6L PHENIX Au+Au |s, = 200 GeV}
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Results for Levy |

saturation  at large m
and
suppression  at low m
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CENTRALITY CLASS

Saturated region

0.45 Om;0O 09 GeV

average value : | .,




M+ AND CENTRALITY DEPENDENCE

—PHENIX Au+Au |s,,, = 200 GeV

_—PHENIX Au+Au \ISNN =200 GeV
' 10-20%
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M+ AND CENTRALITY DEPENDENCE

F’HENIX Au+Au |s,, = 200 GeV
y T+

20-30%

HUH

HHMHHHH !

b W+ W

F’HENIX Au+Au VS 200 GeV

30-40% ]

i

I N I PP AP NS AT e N A
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PHENIX Au+Au v 200 GeV

i TR+
50-60%

] i
S

m, [GeV]
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m. [GeV]

m, [GeV]

OF LE£V4

PHENIX Au+Au \s,, = 200 GeV [ PHENIX Au+Au \s,, = 200 GeV

Results for Levy a

m ; independent
constant a, value

IN EACH
CENTRALITY CLASS




PARAMETERIZATION OF

M. DEPENDENCE
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At Npax

M. DEPENDENCE OF L £V Y/ I,
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CENTRALITY DEPENDENCE OF S AND H

PHENIX Au+Au \s,, = 200 GeV
(a)

PHENIX Au+Au \'s, = 200 GeV
(b)

||||||||IIITII||

|H|||III|HII|HII IIIIIIIIWIIHIIIII|IIII

AR RN BRI A R R AR RV RIN SRR ST
200 250 300 150 200 250 300

?'H,gn — ?’ﬂ,,?r

202

Values of s andH are (within errors ) independent of centrality , with aCL>0.1%




COMPARISON WITH MONTE - CARLO SIMULATIONS:
SEARCH FOR U,(1) SYMMETRY RESTORATION

22



MONTE -CARLO SIMULATIONS FOR L £V Y/ | yay

Simulations
MC simulations for Au+Au \s,, = 200 GeV | W!THOUT
e T o in -medium hémass

Y ,1-1'-”-1”.”-""“*“ ) mOdiflcatIOn

MC results indicate
EXPECTED
and monotonic
centrality  dependence

muanan 0-10%, u_=0.565")713, T=124"7 MeV

10-20%, u =0.532"292 T=1417 MeV :

o o T An interplay  of

20-30%, uT=D.4904]:u12, Ti=‘157’43 MeV radial flow and
=i 30-40%, u_=0.452") 0%, T.=169") MeV resonance chain

40-50%, u_=0.427"3 003, T=169"] MeV decay effects
s 50-60%, u =0.395" g, T=169"7; MeV

h6 A
h ++ pA

(pt ~p °p *+ pp

23




MONTE -CARLO SIMULATIONS FOR LEVY/ |y

Scale out saturated
PHENIX Au+Au Y5, = 200 GeV PHENIX Au+Au {5, = 200 GeV PHENIX Au+Au {5y, = 200 TV value of | at large my

l | 10-20% 20-30% Results for I / Imax

Simulations WITH
AND WITHOUT
IN - MEDIUM ho6MASS
MODIFICATION
In each
centrality = CLASS

¢ Measured M,
— Mass drop

==:No mass drop

PHENIX Au+Au Ys,, = 200 Gg

20-60% THERMAL model
(SHARE) for
resonance
production | T em
and m; values from
STAR.K *,K-, pand
anti -p spectra fitted.
Resonance chain
decays included




c2/NDF AND CL (

OR P-VALUE ) MAPS FOR L £V Y/ |

0

+61

rn,l-=590_+§5(stat)_137(syst] MeV

B'=330%, (stat) > (syst) MeV

L274

PHENIX Au+Aufsy= 200 GeV
0-10%

m,=580775 (stat] s, (syst) MeV

B =170" .y (stat)’ " (syst) MeV

-307

PHENIX Au+Aufsye= 200 GeV

50 100 150 200 250 300 350

+15

m, =590, (stat}_g; (syst) MeV
150, ,_\+237

B=907,(stat)’,, (syst) MeV

PHENIX Au+Aulsy= 200 GeV
10-20%

+65 +196

m, =510 (stat] (syst) MeV
B'=50,(stat) > (syst) MeV

PHENIX Au+Aufsy= 200 GeV

50 100 150 200 250 300 350

+15 +15

m,=59035 (stat) 4{syst) MeV

119
+30, +121

B=507,(stat)" - (syst) MeV

-191

PHENIX Au+AufSy= 200 GeV
20-30%

+45

m,=720" 5x(stat)

fo(syst) MeV

+489

B=50'5(stat). (syst) MeV

PHENIX Au+Aufsy= 200 GeV
50-60%

50 100 150 200 250 300 350

B—‘1

Maps out allowed
regions and best
values of

MODIFICATION
In each
centrality = CLASS

Colored region
allowed  with
CL>0.1%

Selective , except
in50 -60 %
centrality class

IN -MEDIUM h6MASS

25



DEPENDENCE OF IN -MEDIUM MASS OF ho

T T O T T T R T T T T T IO T Best values from PHENIX WA, fits

% |

Centrality average
m*,= 581”2(stat}+205{5yst) MeV

Vacuum value of m,,

- Vacuum value of m,

Upper limit of Weinberg

Lower limit of Horvatic, Kekez, Klabucar

Lower limit of Pisarski and Wilczek

Range of Kapusta, Kharzeev, McLerran

Lower limit of Huang and Wang

PH ENlX AU+AU v 200 GGV ... =+. Lower limit of Kwon, Lee, Morita, Wolf

“50 100 150 200 250 300 350
Npart

In -medium mass of hé 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 hé
Centrality  dependent selection power , successful : KHM, KLMW, PW: m "(h6) ~hm( 26




SUMMARY AND CONCLUSIONS

Centrality dependent Levy stable Bose -Einstein correlations
Il n s@ =200 GeV Au+Au collisions by PHENIX

1< a <2 singificantly

decreasing  with increasing N,

Unexpected scaling laws found

Data not Iinconsistent with U,(1) symmetry restoration
In -medium mass modification of héwith indirect method

Direct observation eg.hoA g + (
IS particularly challenging
but also particularly rewarding

Challenge for sPHENIX ?




N\

ATHIS IMPLIES A SECOND TRANSITION IN QCD O

S — :; .................................................. el PRC Editors

PHENIX Au+Au
|Syn = 200 GeV

- Jnmodified n' mass
® In-medium modified n' mass
------ Average modified n' mass

---- Unmodified n mass

50 100 150 200 250 300 350
Centrality measure (Npart)



Thank you for your attention !

Partially  supported
and by the PHENIX funding

Questions ?

by NKFIH and MATE KKP FRG and HUN -REN Wigner RCP, Hungary

agencies

and organizations

listed at https://www.bnl.gov/rhic/phenix.php
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THE PHENIX DETECTOR @ RHIC T SIDE VIEW

Central Magnet
Muon Magnets followed by

Muon Arm Detectors

MuTr: Muon Tracker
MulD : Muon Identification

ZDC South ZDC North
= =

~_ MulD MulD

For centrality in Au+Au .
BBC: Beam to Beam
Counter
ZDC: Zero Degree

Side View Calorimeter

18.5m= 60 ft




HBT. Robert HANBURY BROWN i Richard Quentin TWISS

d,>

__.,;f B i"! *L— T — - a———TeR GO T,
Two people: RobertHanburyBrown and Richard @entin Twiss Twoparticle BoseEinstein/HBT:
¢ Robert,Hanburyas well asRichardand Quentin: canbe givennames butx G&(Q) =1 +pOS|t|ve_-def|n|te term
¢ Sir RobertHanburyBrown had acompoundfamily nameX 1+ |Fourierctransform

of the sourcsd 2,
i N R ) o N ) _ Usuallyevaluatedin
aLYGSNFSNBYOS 06S06SSyneie@OORIMNBESNEY & LK2G2ya Ol Ygayssiarapproximation
P. A. M. Dirac, The Principles of Quantum Mechanics, Oxford, 1930 ]
Dubnaschool useit asatool

a 5 anengineermy education in physics had stoppddr short of thequantum theory. Kopylov Podgoretskij Lednicky
Perhaps just as welk ignorance is sometimes a bliss in scierice

R.HanburyBrown and R. QTwiss Enginees, who worked in radioand optical astronomy

X <>k
R. H. Brown:Boffin: A Personal Stor¥X ISBN 6750301309 . _ 1 +Fourierctransform source|?
In particle physics GGLReffect (Goldhaber Goldhaber Lee,Paig discoveredindependently, = S 32

Explanation BoseEinsteinstatisticsof pions


http://inspirehep.net/record/91563?ln=en

Hanbury Brown:a family name

Mon. Not. R. astr. Soc. (1971) 151, 161-176.

.151..161H

A STUDY OF o VIRGINIS WITH AN
INTENSITY INTERFEROMETER

vl
=
—l
-
(93]
—

D. Herbison-Evans, R. Hanbury Brown, §. Davis and L. R. Allen

(Received 28 August 1970)

Grandfather Sir RobertHanburyBrown, K.C.M.G., a notable irrigation engine@iki link)
Father. BasilHanburyBrown

Twinsons Daughter
A RobertHanburyBrown A Marion HanburyBrown

A JordanHanburyBrown
alt is not all that unusual that an English last name is a
compound one, with or without a hypheh ¢
WesMetzger
Thankyou Wed
Forprivate communicationson the family tree of Sir RobertHanburyBrown
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R. Q. Twiss : Richard

OBITUARIES

Quentin_ TWISS

Richard Quentin Twiss 1920-2005

Fellow and Eddington Medallist of the
RAS, pioneer of radio astronomy and
interferometry.

ichard Twiss was born in Simla in India
Rin 1920. He was educated at Rugby

School and completed the Mathematical
Tripos at Cambridge with distinction in 1941.
He spent the war years in the Admiralty work-
ing on radar, and after the war was appointed
British Liaison Officer to the Research Labora-
tory for Electronics (RLE) at MIT in the USA,
where he assisted in editing the 27-volume RLE

and the non-classical Bose-Einstein statistics of the
photons must be taken into account. The debate
surrounding the HBT effect led to a much deeper
understanding of the nature of light and marks
the beginning of modern quantum optics. In 1968
Hanbury Brown and Twiss were jointly awarded
the Eddington Medal of the RAS for their work.
In 1955 Richard moved to Sydney, Australia,
where he took up a research position in the
CSIRO Division of Radiophysics. As well as
doing more work on the HBT effect, his work on
electromagnetic-wave propagation laid the theo-
retical foundation for both astrophysical masers

ferometer in 1972. Although the Mark 1T did not
produce significant astronomical results, it was a
major step in the development of modern optical
interferometry. The Monteporzio station was
closed in 1976 and Richard effectively retired
from active scientific research to pursue his inter-
ests in art and music.

In 1998 Richard came to Sydney for the sum-
mer opera season and visited the Sydney Univer-
sity Stellar Interferometer, the modern Michelson
successor to the Narrabri Stellar Intensity Inter-
ferometer, also at Narrabri. Of course, much had
changed since the 1950s. He visited regularly
thereafter, and shortly before his death in Sydney
he applied for Australian permanent residence.
Bill Tango

4.38 A&G » August 2006 « Vol. 47

Reference
Bill Tango RichardQuentinTWIS§19202005), A&Grol 47, p. 4.38 (2006)

Apologies

Formy earlier mistakencommunicationson resolvinga v ®¢ A yQuemtin DI BSNFs4


https://academic.oup.com/astrogeo/article/47/4/4.38/207009
https://academic.oup.com/astrogeo/article/47/4/4.38/207009

HBT: AHbs a Gaussiano, |

Model-independentbut Gaussian Ii#we assume Co(k1, ko) =1+ |‘_f('qm}|ﬁ,_
1 +positive definite forms

Planewave approximation
Two-particle symmetrization(only)

IF f(q) isanalyticat g = 0 and

IF meansand variancesare finite
Followsan approximate Gaussiang = 2)

f(q12) = / dx exp(iqiox) f(x),

i . . P D I g,
flg) =1+1g{x) —q (x°)/24+ ...,

O« O« O¢« O« O« O«

Clq) = 1+|f(q)|* = 2—¢°((z?) — (x)®) = 1 +exp(—¢’R?),
Model-independentbut non - Gaussian |IFwe assume VR TIR V)
1 +positive definite form (sameasabove)
Planewave approximation(same
Two-particle symmetrizationonly (same
IFf(q) iISNOT analyticat g = 0 and
IF meansandvariancesare NOTfinite
IFGeneralizedCentralLimit theoremsare valid
FollowsaLevyshapg 0 <a XX H U
EarlierGaussiamrecoveredfor a = 2

O« O« O¢« O¢« O« O« O« O«

C(q:a) =1+ Xexp (—|qR|).
Cs T, S. Hegyi, W. Xajc nuckth/0310042
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https://arxiv.org/abs/nucl-th/0310042

HBT: Interpretation of A, a and R

a ® |/ afor PHERICollaboration
arXiv:nuctex/0509042
| /1 ,,isindependentof
the method of extrapolation

of G(q)toq =0

Edgeworth (x,=0.1 fixed)

Levy (a=1.35 fixed)
(Gauss

0.6
020 025 030 035, 040 045  0.50



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

Edgeworth  expansion  method

Gaussian w(t), -b <t< b

t — vTQ REg.

w(t) = exp(—2/2),

o

/1 dt {\xlj(—{lffz)f[” ('{) L{m. “) X 'f-j‘n?m.e

)

Ca(Q } =N {1 + Ag e:s{p(__ —QL

R%) X
[1 + :—IH; (V2QRp) + "L Hi(VIQRs) + } } |

3d generalizationstraightforward
0 Appliedby NA22, L3, STAR, PHENIX, ALICE, CMS
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Laguerre expansion method

Model-independentbut t=QR,
experimentallytested: w(t) = exp(—t)

% r

w(t): Exponential 00
Laguerre  polynomials 0

J11

(i ; .
L,(t) =exp(t)—(—1)" exp(—t).
b)) = exp(t) o (=) " expl )

Co

Cy(Q) = f\{l + A exp(—QRy) [1 + 1 L1(QRyp) + ﬁL.g('c;)RLj) + } }

ek

o

/ dt R5(t) exp(+t) < oo,
on NA22, UAIdata, convergencecriteria satisfied i

|ntercept2 I «~1 /\:E: = )\L[l — (1 + Co — ]

Firstsuccessfutests

62\, =02\ {1 + r‘f + f:; + } + /\i {52{?1 + 6%cy + }
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Gauss expansion method

Gaussian w(t), 0O Ot < b

Provides a new expansion around a Gaussian shape
that is defined for the non -negative values of t only .

Edgeworth  expansion is different from this :
IS around two -sided Gaussian |,
Includes negative values of t also .

arXiv.1604.05513physics.dataan]

39



Levy expansions for 1+ positive definite forms

10?
10 $ Pp:ISR-30.7 GeV R =0.549 +0.007 fm
1/2 - Levy expansion (pos.def) A =48.5 + 1.6 mbGeV™?
| 1 o = 0.889 + 0.01
) 889 + 0.
t = Z R} ;4iq; , — 10" a,=.0.263 + 0.008
1.j=side,out.long N> l:)1 =0.0975 £ 0.009
. 8 1072 a,=0.0648 + 0.004
. o
, ] , = 2= -0.0537 + 0.005
Co(t) = N Q1+ Aexp(—t™) |1+ Z[ﬂ-n + b, .E 10 a,= 00174 + 0.001
n=1 — 10 b;=0.018 + 0.002
— 0 _ 4,=0.00221 + 0.0003
{en = an + ibp }52, are now complex valued '8 107> b, = .0.00468 + 0.0005
. -6 e
Model-independentbut: 10 Cwt  =40.5 £ 0.7 mb
- . . Ge =l. TVU.
O Generalizeexponential(a =1) and Gauss|EEE o ; f;:’o“ﬁn’:b !
In this case for 1+ positive definite forms 10°8 J2INDF = 141 /161, CL = 87% .
ubiquoutousin nature | | | ' '
g 0 1 2 3 4 5 6

0
b
b Howfar from aLevy?
b Worksalsofor in elasticpp scattering -t (Gevz)

In200 GeV Au+Au , 1st order corrections  vanish ¢d b2 J4 H. EEggetsM. deKock arXiv:1604.05513

T. Cs., RPasechnikA.Ster. arXiv:1807.0289Thep-ph] 40


http://arxiv.org/abs/1604.05513
https://arxiv.org/abs/1807.02897

Interpretation of |

C(q:a) =1+ Nexp (—|qR|Y).

MinBias Au+Au @ \'s,,, = 200 GeV
eTTTT

ontn?t

ol free = i :-j_-; "'—"‘_" 'I A 0] T ol
_ g E ¢ O % T T l
. PRL105:182301(2010), !

PRC83:054903(2011)

Amax = <A'>{D.5-O.?} GeV/c?

m, =958 MeV

m, =900 MeV

m“.=?00 MeV ~———

m, =500 MeV PH: ENIX
m,_ =250 MeV preliminary
m = 50 MeV

05 0.6 07 0.8 0.9
m; [GeV/c?]
PHENIreliminary datafrom arXiv.1610.05025
Method: S.Vance T.Cs, D.KharzeevPRL 81 (1998) 223208 , nuckth/9802074
PredictionsCsP ¢ ®X wd =+ SXTI0SE S2¢ni¢kex] 4rXivi0D1R.025Fnuckex]
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https://arxiv.org/abs/1610.05025
http://arxiv.org/abs/nucl-th/9802074
http://arxiv.org/abs/arXiv:0912.5526
http://arxiv.org/abs/arXiv:0912.0258

Interpretation of a

C(q;a) =1+ dexp (—|qR|Y).

= ._Dr:) Ge"a.f

MmElas Au+Au Ll

\ HH y " b
A=2 I"HLJ Hr'l, hydro limit)

PHENIX
preliminary

0.8 09
my [GeV/c?

Prediction at QCD CER =hK ncfitigal eeponentof the correlation function)
T.CsS.Hegyi ¢ ® b 2 Zajc huE-thA302060 T.Cs arXiv.org0903.0669
Searchfor the QCDcritical point witha (mp,ada = 2: ¥ XU
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https://arxiv.org/abs/nucl-th/0512060
https://arxiv.org/abs/0903.0669

HBT: Interpretation of R

Cl(qg;a) =1+ Aexp (—|qR|™) .

MinBias Au+Au @ |s,,, = 200 GeV

T T

ortrt

o free

T,=0.176 GeV

H, = (0.0714 + 0.0004) c/fm
1/H, = (14.01+ 0.07) fm/c
R, =(13.01£0.11) fm

TUniverse =923 10-13 GeV

today

Homee™ = 8- 10™ ¢/fm

today

1/H™ = 1.3-10" fm/c

Possibility hydro scalingbehaviour of Rat low m;
Hubble ratio of Big Bang and LittBangs~ 10°° (a = 2,centrality dependence

ad / al g5BRI N&A $teRnuckth/0403074
NEEDS$eneralizationfora < 2!
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M- AND CENTRALITY DEPENDENT RESULTS
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M+ AND CENTRALITY DEPENDENCE

—PHENIX Au+Au |s,,, = 200 GeV

_—PHENIX Au+Au \ISNN =200 GeV
' 10-20%

_-F’HENIX Au+Au VSNN = 200 GeV
' 20-30%

Ell:]l:]lﬂ_

~B@E BII[

F’HENIX Au+Au ys,, = 200 GeV

30-40%

PHENIX Au+Au VSN =200 GeV |

40-50%

| - -
T+

PHENIX Au+Au \s,, = 200 GeV

50-60%

o
I it + nnlm@mﬁ

I llllllllllll llllllllllllllllllll

02 03 04 05 06 07 08
m, [GeV]

- lIIIIIJLIIIIIIIIIILIIlIJIIlIII.I
02 0.3 04 05 0.6 0.7 0.8

m; [GeV]

02 03 04 0.5 06 0.7 0.8
m; [GeV]

OF LEVY R

Results for Levy R

decrease
increasing m

monotonic
with

IN EACH
CENTRALITY CLASS




M+ AND CENTRALITY DEPENDENCE

F’HENIX Au+Au |s,, = 200 GeV
y T+

20-30%

HUH

HHMHHHH !

b W+ W

F’HENIX Au+Au VS 200 GeV

30-40% ]

i

I N I PP AP NS AT e N A
02 03 04 05 06 0.7 08

PHENIX Au+Au v 200 GeV

i TR+
50-60%

] i
S

m, [GeV]

[ JlIIIIIIIIIlllllIlII]IllllII-IIIIIIIIIJJ|IIIlIllIIIII |- |
02 03 04 05 06 0.7 08 02 03 04 05 06 0.7 0.8

m. [GeV]

m, [GeV]

OF LE£V4

PHENIX Au+Au \s,, = 200 GeV [ PHENIX Au+Au \s,, = 200 GeV

Results for Levy a

m ; independent
constant a, value

IN EACH
CENTRALITY CLASS




M; DEPENDENCE OF L £ V Y/R ?

PHEN IX Au+Au ys,, = 200 GeV F’HENIX Au+Au s, =200 GeV [ PHENIX Au+Au \sy, = 200 GeV Analytic hydro

predicts for a =2:

0-10% : 10-20% 20-30%
3 /R 2=A m,+B

UNEXPECTEDLY

2 I
f - HH
: il 1/R 2 SCALING
F HHHH g HH*HH_
BEEEBBEEHHHHHE; et EHEEHH 1 WEEHHEEHEEBHE “ HOLDS ALSO FOR

PHEN IX Au+Au ys,,y = 200 GeV F’HENIX Au+Au s, = 200 GeV : PHENIX Au+Au Vs = 200 Ge)

a<?2

IN EACH
CENTRALITY CLASS

30-40% | 1
I

Zh — Amp + B

I.r l

T
1
1/l l

Values of Aand B
are expected to be

il N centrality  dependent
05 0504 05 06 0708 02 03 04 05 oa 07 08 02 03 04 05 06 07 08

m; [GeV] m; [GeV] m; [GeV]

40-50%




CENTRALITY DEPENDENCE OFAAND B

PHENIX Au+Au |/s = 200 GeV|| £ PHENIX Aut+Au s, = 200 GeV
(a)

I||||ITTIIIIII|IIIIITIITIII

co b by by by
150 200 250 300
N

1
@:Am;n%—B
Values of A decrease for more central collisions :R increases with centrality
B are (within errors ) nearly vanishing , suggesting large geometrical size
and a possible Cooper -Frye effect




N DEPENDENCE OF LEVY R

part

Levy scale R

PHENIX Au+Au VSNN = 200 GeV in selected m bins

e m.=0.326 MeV
—e m=0.438 MeV Affine linear inN
" o m,=0.553 MeV
—e m,=0.670 MeV
m,=0.787 MeV

part
1/3
Po + p1 * jV[::d,rt

Volume of the Levy source

V~R 3~ N

part

Similarly , volume ofa

/ |
/ / Gaussian source

In each centrality class

0
9
8_
7
0
9
4
3
2

PHENIX,
Phys.Rev.Let©3 (2004), 152302




N,.. DEPENDENCE OF LEVY a,

PHENIX Au+Au s, = 200 GeV sew s

1< a;<2

Far from 1: not exponential
Far from 2: not Gaussian
in any centrality class

a, decreases with
increasing N

part

Comparison  with kaons
and protons needed

Il{llllllllllllll||||||Illl

o v P b e b b Py gy
°0 100 150 200 250 300
N




1/ R [1/fm]

o o
ODQDI_'L

M;: AND CENTRALITY DEPENDENCE OF n

PHENIX Au+Au VS
yTT T

IHTTC + T

10-20%

= 200 GeV F’HENIX AutAu |s, = 200 GeV PHENIX AutAu \s,, = 200 GeV

+TETC + T

20-30%

F’HENIX Au+Au VS 200 GeV
TR A AR o :

@HQHHQHHHHHHE

30-40%}

TETC + T

PHENIX Au+Au V 200 GeV

40-50%

PHENIX Au+Au v =200 GeV
F fTRT + T

50-60%

An unexpectedscalinglaw
wasfound by PHENIX in
Phys Rev C 97 (2018) 06491
a Syny = 200GeVAuU+AU in
0-30 %centrality class

NOW IT IS SEEN
IN EACH
CENTRALITY CLASS
- CHALLENGE FOR
THEORY

Part ofsystematicscancel
lesscorrelatedasl , R anda
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part

DEPENDENCE

PHENIX Au+Au \s,, = 200 GeV
(a)

A [1/fm GeV]

IIIIITTII|||||||II|||||||I|

OF AAND A

I|||IITITII|III|IIIIITI[III

] 1 1 | 1 1 1 | | | | | 11 1 1 | 1 I
50 100 150 200 250 300
N

‘Adecreases with increasing
N oo  Similarly  to A

PHENIX Au+Au |s, = 200 GeV

50

‘Ais independent

but its

similarly

average

100 150 200 250 300

N

of N
to B,
IS positive

part ,



CENTRALITY DEPENDENCE OF IN -MEDIUM MASS OF ho

e The Kapusta-Kharzeev-McLerran prediction [43] is

CEEIltI‘ dllty (tht) (b}f‘at) in agreement with our measurements in each inves-
tigated centrality class.

07 0; +5 +61
0 ﬂj 10 ZS — 95 —137 The lower limit of Kwon, Lee, Morita, and Wolf [58]

lory 20{,‘7 +15 +79 is also consistent with our measurement in each in-
0 0 —35 —95 vestigated centrality class.

0 05 +15 +154 |
20 ZL" 30 A‘ — 135 —119 Our measured centrality-average value of fm,;';, is

O 0 +15 +357 slightly below, but consistent with, the lower limit
30 ZS‘ 40 A‘ —75 —121 predicted by Pisarski and Wilczek [42].

07 =00 +65 +196
40%-50% 95 — 47 However, the upper limit of Weinberg [55] is sev-

5
+45 +508 eral standard deviations below the central values

=No; 0y
00 ﬂj‘ 60 /E\ —135 —398 obtained in each investigated centrality class.

_ R _ . The lower limit predictions of Horvati¢, Kekez and
In -medium mass of hodetermined indirectly Klabucar [56] and of Huang and Wang [57] are ex-

from Levy Bose -Einstein correlations . cluded except in the 50%-60% centrality class.

Similar to the vacuum mass of h (548 MeV) Our results also suggest that the prediction of
in each centrality class | Ref. [64] slightly underestimates the in-medium

~ mass change of the 7.
Lower , than the vacuum mass of hdo ( 9NBe¥ )

except the 50-60% centrality class !




CENTRALITY DEPENDENCE OF IN -MEDIUM MASS OF

ho

apusta, D. Kharzeev, and L. D. McLerran, The
Return of the prodigal Goldstone boson, Phys. Rev. D

Y. Kwon, S. . Lee, K. Morita, and G. Woll, Renewed

look at 1" in medium, Phys. Rev. D 86, 034014 (2012),

arXiv:1203.6740 [nucl-th]. :
Z. Huang and X.-N. Wang, Partial U(1)A restoration
and eta enhancement in high-energy heavy ion collisions,

Phys. Rev. D 53, 5034 (1996), arXiv:hep-ph/9507395.

S. Weinberg, The U(1) Problem, Phys. Rev. D 11, 3583
(1975).

D. Horvatié, D. Kekez, and D. Klabuéar, ' and 75
mesons at high T when the Ua(1l) and chiral symme-

try breaking are tied, Phys. Rev. D 99, 014007 (2019),

G. Kovics, P. Kovédcs, and 7. Szép, One-loop constituent

quark contributions to the vector and axial-v
son curvature mass, Phys. Rev. D 104, 056013
arXiv:2105.12689 [hep-ph].

In -medium mass of hédetermined iIndirectly
from Levy Bose -Einstein correlations

to the vacuum mass of h (548 MeV)
in each centrality class !

Similar

( 9NBe¥ )
class |

the vacuum mass of ho
the 50 -60% centrality

. than
except

Lower

The Kapusta-Kharzeev-McLerran prediction [43] is
in agreement with our measurements in each inves-
tigated centrality class.

The lower limit of Kwon, Lee, Morita, and Wolf [58]
1s also consistent with our measurement in each in-
vestigated centrality class.

Our measured centrality-average value of my, 1s
slightly below, but consistent with, the lower limit
predicted by Pisarski and Wilczek [42].

However, the upper limit of Weinberg [55] is sev-
eral standard deviations below the central values
obtained in each investigated centrality class.

The lower limit predictions of Horvati¢, Kekez and
Klabucar [56] and of Huang and Wang [57] are ex-
cluded except in the 50%-60% centrality class.

Our results also suggest that the prediction of

Ref. [64] slightly underestimates the in-medium

mass change of the 7.
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ATHIS IMPLIES A SECOND TRANSITION IN QCD

N\

O

PRC Editors 0 Suggestion

(2024/12)
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Variables and Coulomb corrections for Levy C,(Q)

Y — _ /.2 2 2
Q = |aLcuvs| = Tout,LcMS T Teide,Loms T Qlong LCMS*

Y Rig=E Y @) =RQ

i=side,out,long i=side,out,long

4(p1,2E2 — p2,E1)?

) = sl =4/ Prx —Pm2z)?+ (Pry —Poy)?P+ —— o ————————
Q = |aLcoums| (P1x = Pm2,z) (Pry = P2y) (Ev+ E2)? — (p1,2 +p2,2)%

5 w3 K (Giay)
E} w;

Co(Qi M\ R,a,N,e) =1 — X+ ACS(Q; \, R, a, N, €) x

C(Q; Ry, N,e) = (1 + exp(—~R*Q%)) x N x (1+£Q),

4

From PHENIX, Phys.Rev.C 97 (2018) 6, 064911 and 2407.08586 | nucl -ex]
For recent results on Coulomb corrections for a Levy source , see .
M. Nagy, A. Purzsa et al, Eur.Phys.J.C 83 (2023) 11, 1015, arXiv: 2308.10745 [ nucl -th ]

For a recent review on Levy Bose -Einstein correlations In heavy ions :
M. Csan8d and DUnivErsen c1@ é€624) 2, 54, arXiv: 2401.01249 [ hep -ph]
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https://arxiv.org/abs/2407.08586
https://arxiv.org/abs/2401.01249
https://arxiv.org/abs/2308.10745

Quality plot for Levy fits of C ,(Q)

A=11710.12 + Raw corr. function
R = (5.97 + 0.43) fm

o =113+ 0.05 —}— Raw corr. x Coulomb factor
e =(-0.012+ 0.001) c/GeV

N =1.0032 + 0.0002

Y?2INDF = 169/188

conf. level = 84.0% C3'(1,R5Q) x Nx (14 Q)
---- Nx (14 Q)
C'=1+) exp(-R* Q%)

Coulomb factor

C,(A,R,x;Q) x Nx (14 Q)

0.6
Q [GeV/c]

asyy =200 GeV 0-30% Au+Au collisions , from Phys.Rev.C 97 (2018) 6, 064911
Note the good fit quality ,p-value or CL>0.1%
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CENTRALITY DEPENDENCE OF B he

max

Coldsourcein 10-60 %centrality: verylow B,;! or effective temperature of in-mediummodified hOmesons
from the shapeof suppressiod (m)/1 .- 58

PHENIX Au+Au \'s, = 200 GeV
— Centrality average B'= 56+_fi(stat)190(syst) MeV
¢ Best values from PHENIX A/A, fits




Levy C(Q) for kaons :noU ,(1), but new m ; scalings

PHENIX Au+Au @ |5, = 200 GeV, KK +K'K~ |+~ Measured data ' B KK +KK'
m, = (0.856 — 0.940) GeVic? — Fitfunction .

A=1.12 +0.32 wn, TRt
. PRC97,064911
R =(4.84 +0.95) fm

o=1.21+019
€= (- 0.05 + 0.05) c/GeV

) TN
N =1.01+0.01 PH—‘>:(<*E le
+2 1 NDF = 16.71/20, C.L.:67.2 % : pre“mina ry

preliminary

Fit range: Q = (0.040 - 0.232) GeVlic
fit status: converged

_ : aiuad it LT T REE [
cov. matrix: accurate e FeT e e T

0.25 0.3 ) ’ . ) ;'2
Q [GeVic] my [GeV/c]

PHENIX preliminary , charged KK correlations , s&y =200 GeV min bias Au+Au
| (KK)~ | . (P®no I(KK)Y I, signal for U,(1), as expected
a(KK) ~ a(p pr no anomalous diffusion ??
L . Ko vférctse PHENIX Collaboration , Universe 2023, 9(7), 336, arXiv:2307.09573 [ nucl -ex] 59
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