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* Summary and outlook
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* Basics of femtoscopy and Lévy sources
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4,, FEMTOSCOPY IN HIGH ENERGY PHYSICS

* R.Hanbury Brown, R. Q.Twiss - observing Sirius with radio telescopes
* Intensity correlations vs detector distance = source size

* Measure the sizes of apparently point-like sources!

* Goldhaber et al: applicable in high energy physics

| R R L O O I R I

Correlation strength

* Understanding: Glauber, Fano, Baym, ...
Phys. Rev. Lett. 10, 84; Rev. Mod. Phys. 78 1267, ...

* Momentum correlation C(q) related to source S(r)

Clg)=1+ |fS(r)eiqrdr|2
(under some assumptions)
» Also with distance distribution D (7): “
C(q) =1+ [D(r)e'dr I/R

* Neglected: pair reconstruction, final state interactions,
multi-particle correlations, coherence, ... source function S(r) correlation funct. C(q)

Detector distance

* Only way to map out source space-time geometry on femtometer scale!
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5. LEVY DISTRIBUTIONS IN HEAVY ION PHYSICS

* Central limit theorem (diffusion) and thermodynamics lead to Gaussians

S~—_ \
* Measurements suggest phenomena beyond Gaussian distribution Normal diffusion
L L
* Lévy-stable distribution: L(a,R;7) = 2m) 3 | d3ge'dTe 214R|
* From generalized central limit theorem, power-law tail ~ r =(1*®)
* Special cases: a = 2 Gaussian,a = | Cauchy

Gauss (0=2.0) Lévy (a=1.2)

* Shape of the correlation functions with Lévy source:

— a . .
« C,(q) =1+ 1-e719RI%; ¢ = 2: Gaussian; @ = 1: exponential
Csorgé, Hegyi, Zajc, Eur.Phys.J. C36 (2004) 67-78

Anomalous diffusion

/\J (Lévy flight)

* A possible reason for Lévy source: anomalous diffusion, many others

PHE

9
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6.. WHY DOES LEVY APPEAR,WHY IS IT IMPORTANT?

* A more comprehensive list of possible reasons:

* Jet fragmentation (Csorgd, Hegyi, Novak, Zajc, Acta Phys.Polon. B36 (2005) 329-337) /1
* See talk by Yacine M-T. yesterday -

Direction averaging and non-sphericality (Cimerman et al., Phys.Part.Nucl. 51 (2020) 282)
Event averaging (Cimerman et al., Phys.Part.Nucl. 51 (2020) 282)

* Resonance decays (Csanad, Csorgd, Nagy, Braz.).Phys. 37 (2007) 1002;
Kincses, Stefaniak, Csanad, Entropy 24 (2022) 308)

* Hadronic rescattering, Lévy flight (Braz.).Phys. 37 (2007) 1002; Entropy 24 (2022) 308)

* Importance of utilizing Lévy sources:
* Measuring @ and R
* Order of quark-hadron transition, critical point search, understanding source dynamics
* Measuring A also requires correct shape assumption

* In-medium mass modification, coherent pion production

22877 APERMEN T PHENOMENOIRG RN
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7. LEVY INDEX AS A CRITICAL EXPONENT?
Critical spatial correlation: ~ r—(d-2+n), Lévy source: ~ r-1+0). o & n? Ah;'ﬁ][aeam.??é%yscan]

Csorgd, Hegyi, Zajc, Eur.Phys.). C36 (2004) 67 e

QCD universality class < 3D Ising LT Quark-gluon

Halasz et al., Phys.Rev.D58 (1998) 096007 N\ %%, Pplasma
Stephanov et al,, Phys.Rev.Lett.81 (1998) 4816 22.0 : _§ R, %
E E 2 LozzzEEEE
* At the critical point: 3 “é Hadronic matias e .
)
* Random field 3D Ising: n = 0.50£0.05 2 @ nuciear e
Rieger, Phys.Rev.B52 (1995) 6659 o = sy \_|_phesss
. i _é Lol Baryochemical potential
* 3D Ising:n = 0.03631(3) =
El-Showk et al., ].Stat.Phys.|157 (4-5): 869 205
0
* Motivation for precise Levy HBT! - 20.5 0 0.5

(T B TC)/TC
* Change in ay,, proximity of CEP?

Finite size/time & non-equilibrium effects - what does power-law tail mean?

A
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8. WHAT ISTHE TRUE SIZE OF THE SOURCE?

* No tail if @ = 2, power law if a < 2;tail depends on «

If S(r) Lévy, D(r) Lévy with same a and R — 2/%R

%"1'5- — HwHM3DLew | Ny ) -
. ) ) . —— HWHM, 1D Lévy y )L -~
In principle, RMS = = if @ < 2, practice: depends on cutoff o7 141 -= w3y ° -

== WHI, 1D Lévy - lM

L
What do Gaussian HBT radii mean? Es
v

Alternative measures:
* Width at half integral
* HWH]I on the plot: -------

* Width at half max
* HWHM, on the plot:

* Scale (norglized by R) nontrivially depends on «

B0 AAPERIMEN T PHEN
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9. SOURCE SIZE MEASURES AROUND THE CRITICAL POINT?
* Lévy source parameters: R, ., @ X Gauss and Levy parameters
* Rgausstiv: C(Q5 R, vy o) fitted with a = 2 fixed 5. | 3 -2.00
."'.‘ |
* Ry half width at half maximum 7 1.75
. : half width at 6 - Fos0
* Simulated scenario: 51 -1.25 3
° minimum in & vs. Syy 4 - 1100
* maximum in R, ., vs.Syy 3
\/ L 0.75
* Observation: 2
°R : approximately monotonic increase 1 B 0.50

Gaussfit* 1 .......1 ; .......2 — .......3
- . 10 10 10
* minimum in R ! J
HWHM S [GeV]

* Trend change in !

T NN PHEN
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* First thorough Levy HBT analysis in AA by PHENIX

227877 AAPARIMEN [ PRENOMENDLRGE RN



& M. Csanéd, Exploring QGP Workshop, Belgrade May 30, 2023
| | s LEVY EXPONENT VERSUS TRANSVERSE MASS, |D AND

* Levy exponent a in 3D close to = 18

- PHENIX 0-% Centrality

- Au+Au \s,, =200 GeV

= 7w 3D pHENIX

o nfrt 3D preliminary
nn 1D Phys. Rev. C 97, 064911
n*r” 1D Phys. Rev. C 97, 064911

On average still far from 2
16

Observable differences at low my

Maybe due to lack of spherical symmetry?

L I
1 I
* Coulomb effect for non-spherical sources!? 1_25‘ fi Iﬂ%étl?%x”éin ol TI.LJf l L} J”
* Approximation possible E % &?* %ﬁiiiél??;%f“l%li T % '1'
B. Kurgyis et al., arXiv:2007.10173 11— $ f tt i %H %:}]
¢ If spherical in LCMS, radius in PCMS: E
Recus = 22 - Rugus E e e
1-Bf 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

m, [GeV/c?]

A

PHEN
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12, ANALYZING THE CENTRALITY DEPENDENCE

* a vs my: Slightly non-monotonic, averaging still possible

* {(a)vs N

: Slightly non-monotonic, strong decreasing for large N

part’ part

* No clear interpretation or understanding of this trend, need theory comparison

* Final data and publication in under collaboration review in PHENIX

% PHENIX Au+Au {5 = 200 GeV A —_
22 PHENDC AL w5y = 200 Ge S E PHENIX Au*Au sy = 200 GeV
Fm 10:20%,<w>=1247  DH-“ENIX )y c i o+t
2[—. 20-30%, <a> = 1.373 A _ 14 i
-+ 30-40%, <o> =1.422 prellmlnary B = FY
18—+ 40[80% , <> =1.403 . |-| 1350
[ v 50:80% , <u>=1.348 + | 17l =
160 _ 0 & i iI ] 134
- anbllgoaBl; i i 125 B
[ e =i e RS S Sukl : —~—
g1 B LR L 125 PH  ENIX
Co ﬁ 100 ; nETEa 115 preliminary
u . E A .
" e H i i ! 11 S.Lokos, Universe 4 (2018) 31 H
D_B_IllllllllllllllI|_II_II|I_II |_I 1 || | 1_ﬂ50:| I 1 1 | 11 1 | 11 | 1 1 | 1| | 11 |

1 1 1
o0 1 DU 1 5[] EDU 250 SEI[] 350

el
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13.. LEVY SCALE PARAMETER R AT RHIC

* Similar decreasing trend as Gaussian HBT radii, but it is not an RMS!

* RMS of a Lévy source: in principle infinity, obtained value depends on cutoff
* What do model calculations, simulations say about this?

e Hydro behavior (1/R*~my) not invalid; but: predicted for Gaussian case only!

E 10 PHENIX 0-30% Au+Au \'s, =200 GeV ‘E - PHENIX 0-30% Au+Au \s,, = 200 GeV
x F = 0.08— S

- o T r E° T,

g:_ i% o et < 0.07F-° }7: n .
B 1 [T — m+ +

8 ?Hs 0.06— ' ,
. 1 é{' (}) E A=(0.034 £ 0.002(stat)’? 22 (syst)) —=
C T = LV fm? GeV

BEL fl!}“ % 0.05F 1
- ot /T - B=(0.006+ 0.001(stat) > '2(syst)) —
C l = 0.007 e
i 5 li Gl [ 0.04 L

61— ¢ T - x*/NDF =34 /27 ,CL=17% A | AL IiELTle o1 --1-
= ? :F 0.03

5 é % @t =
. 0.02F

aE 001 oo
— PHENIX, Phys.Rev. C97 (2018) no.6,06491 | - | PHElNIX, Pllwys.Rev.| Cc97 (2|0|8) n[o.6, 06‘|19I I
_I|II1IIIIIIIII|I|||!||I\|III|\II||II| _IIIIIIIIIIIIIIIIIFIIIIIIIIIIIIIIIII

3702 0.3 0.4 0.5 06 0.7 08 0.9 % 01 02 03 04 05 06 07 08

m, [GeV/c?] m; [GeV/c?]




M. Csanad, Exploring QGP Workshop, Belgrade

I 4/28

May 30, 2023

CORRELATION STRENGTH A: IN-MEDIUM MASS?

Connection to chiral restoration

* Decreased n’ mass — more n’ produced — more decay pions — A decreases

* Kinematics: n° — nnnn with low my — decreased A(my) specifically at low my

* Dependence on in-medium n’ mass?

Kapusta, Kharzeev, McLerran, PRD53 (1996) 5028
Vance, Csorgd, Kharzeev, PRL 81 (1998) 2205
Csorgd, Vértesi, Sziklai, PRL105 (2010) 182301

< T*
mn, > n:<nl
Ny < N
A > A

Results not incompatible with this
Recall: 3D results similar to 1D

.~

)' / )'max

Would need direct check with photons (" — yy, 2.3%)
Centrality dependent analysis in collaboration review

14—

1.2—

0.8

0.6

0.4

0.2

0

PHENIX, Phys.Rev. C97 (2018) no.6, 06491 |
- PHENIX 0-30% Au+Au |S, = 200 GeV

max_<> o)

-
I el R X3
= B I =y [ 9
-
-

*=958 MeV, B;'=55 MeV

3 ]‘l

---m,

i PRL105,182301(2010), [ _ -
|3 PRC83,054903(2011) =530 MeV, B CHMEY
B i resonance model: | e m, *_530 MeV, Bq =55 MeV
L i’ Kaneta and Xu --m, *—250 MeV, B;!=55 MeV
B K2 N ) ——1-H 2)/(262
— 7 H=(0.59:0.02(stat) 2% (syst)) expl-{m;-m3)/(207)]
=" 5=(0.30+0.01(stat)s --(syst)) GeV/c®, x2NDF=83/60, CL=2.7%

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
m; [GeV/c?]
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* Recent phenomenological updates
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6., EVENT BY EVENT SHAPE ANALYSIS WITH EPOS

* EPOS model: parton-based Gribov-Regge theory (PBGRT)
*  K.Werner et al.,, PRC82 (2010) 044904, PRC89 (2014) 064903, ...

* Core-Corona division, viscous hydro evolution (VHLLE), hadronic cascades (UrQMD)

* /Syn = 200 GeV AutAu collisions generated by EPOS359

* Pair distribution calculated: D(rycys) = [ ddtD(t,r,,1,,1,)
angle-averaged radial source distribution of like-sign pion pairs

,B(At) o Pz + Pz2

W’ﬁ_ E, +E,

TLcMs = \/(Ax)z + (Ay)? + (Azpems)?; Azpeys = Az —

* Investigated cases:
* CORE, primordial pions only
* CORE, decay products included
* CORE+CORONA+UrQMD, primordial pions only
* CORE+CORONA+UrQMD, decay products included

Kincses, Stefaniak, Csanad, Entropy 24 (2022) 308 [arXiv:2201.07962]

il
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VARIOUS PARTICLE SETS COMPARED

—~, 10°EEPOS3 example single event

* CORE, primordial pions 5107
* Gaussian source - 122
¢ CORE + decays 10°
° power-law structures 12;
« CORE+CORONA+UrQMD e
¢ Lévy-shape ~10°
+ CORE+CORONA+UrQMD+decays 5
* Lévy-shape 132
* Important: Lévy appears in all single events! 10:;
Kincses et al., Entropy 24 (2022) 308 12_9

New 2.76 TeV PbPb analysis: arXiv:2212.02980 1

e

247 APERIMEN T PHE

RIS A

f

CORE
primordial pions
R =(3.59 +£0.07) fm |||
o =2.00+0.01
¥2/NDF = 54/45
conflev. =17.1%

i

10-20% Au+Au
\/SNN = 200 GeV

(b)
CORE e
primordial+decay pions| . “@vv
R =(4.89 + 0.04) fm Ny "
o =177 £0.02 N
7%%NDF = 86/70 f
conf.lev. = 9.1% ﬁ'

Tt , | <1
1.k =0.28-0.32 GeVic

>

CORE+CORONA+UrQMD
primordial pions

R =(7.36 £ 0.09) fm
o=1.55%0.02

x?/NDF = 104/88

conf.lev. = 11.5%

"lllllll llllll

s

i

+ D(rLCMS)
Levy distr.(c,2"“R;r

LCMS)

f

(d)

,
.

CORE+CORONA+UrQMD
primordial+decay pions
R =(7.45 £ 0.06) fm
o =146 £0.02
1?/NDF = 127/88
conf.lev. = 0.4%

L lllllll

i

10 .., [fm]10°
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May 30,2023



@ M. Csanad, Exploring QGP Workshop, Belgrade May 30, 2023
c

18.. AVERAGE LEVY SCALE RVS TRANSVERSE MASS

* (R) as a function of m; and centrality E ,EPHENIX0-30% AutAu |5, = 200 GeV
* Clear dependence on both . 9_ i’;
 Distribution width displayed as uncertainty band 8___' ii %HH
* Trends, magnitudes like data 7— T ifi*‘{'%m}f%jl{)
E <18
* With decays: slightly higher (R) values E i }{Hihl
= 10F EPOS3 CORE+CORONA+UrQMD Au+Au@)s,, = 200 GeV 5_ ! + %
:_-—\- : Entropy 24 (2022) 308 T, | < 1 4_ PhysRev. C97 (2018) no.6, 06491 |
e i \ - \ 205 T oa o5 e o7 05 03
~ 9 [a & o N ~ 2 ® . mr [GeV/c’]
I . B ° . ™ 0
L = B * m o 0-5 /0
sk |* . = L @ * = 5-10%
i * C * * . o
L —— | s * 10-20%
7F - 20-30%
6:— primordial pions pnmordlal+decay plons
| I T SRR TN TR NN SN TR TN SR [ S S TR TR PR S T N
0.25 0.3 0.35 0 40 25 0 3 0. 35 0,4
[GeV/c?] [GeV/c?]
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19.. AVERAGE LEVY EXPONENT VS TRANSVERSE MASS

(a) as a function of my and centrality % PHENIX 0-30% AutAu {y, =200 GeV
* Small my and centrality dependence rof- -
. . 1‘45_ i@§§ S
Both with and without decays: larger than data S AR RIRNE Be
1= ]
New manuscript at 2.76 TeV [2212.02980]: " PhysRev. C97 (2018) no, 06491
particle type dependence as well Entropy 24 (2022) 308~ © . o0 o0 0T e
EPOS3 CORE+CORONA+UrQMD ~ T :
S . g [ EPOS3 CORE+CORONAUQND | . = . .
" 170 v :
i . ; * 10-20% 20-30%

1.8 [ primordial+decay, |n] < 1 i "

i I | N I
; - | T

1.4 8 9 o o !

- mo KK pp 1 5E B M
1.2:_ 405% #0-5% 4 0-5% - AutAu@)s,, = 200 GeV : \

$510% #510% & 5-10% I B
* A | T, | < 1

-0
LR ]
LE ]
-
-

i arXIV 22 | 2. 02980 4,;3 §$ ¢£§$ﬁ +}£$ﬁ 1 4l primordial pions prlmordlal+decay plons
: " T T TR T NN TR TR TR TR [N T 1 P T R B
0.2 0. 4 0 6 0 8 1 12 1 4 '| .6 0.25 0.3 0.35 0 4 0. 25 0 3 0 35 0.4
m, [GeV/c?] [GeV/c?] [GeV/c?]
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THE IMPORTANCE OF A KAON ANALYSIS

* Kaons: smaller cross-section, larger mean free path

* Mean free path increases more during a time-step — heavier power-law tail?

* Prediction for 7, <, p based on Humanic’s Resonance Model (HRM): anomalous diffusion due to rescattering

Humanic, Int.].Mod.Phys. E15 (2006) 197 [nucl-th/0510049]
Csanad, Csérgé, Nagy, Braz.).Phys. 37 (2007) 1002 [hep-ph/0702032]

0-10%. 200-400 MeV I—ISOUI'CE anction 30-50%, 200-400 MeV
=102 = 10g
& £ 0-10% AutAu | — rions 7 e 30-50% AutAu — rions
1 E— _____ Kaons 1 ? _—_ Kaons
10" ::._ __—____ —— Protons 101 ; _—___— —— Prot
E —_—— T— E =
C —— T B -
102 == = 102 — T
- e o, = 0 -

+ - C “"w..'"K
10° = ~|~ .|_ 10° = T ’I‘ bt
10";—S(|’) T TT|++ 104 ‘ “‘ “‘ fy

g y 1Ly 1Ny E \
3 PO ‘ BN ey
= ] " Braz.).Phys. 37(2007)1002 ritm

May 30,2023

* Kaon HBT radii: m scaling or its violation for Lévy scale R?

* Prediction: a(p) > a(m) > a(K)

JOMENOLOR RN
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KAON ANALYSIS AT STAR

* Data successfully described by Lévy fits

* Leévy-stability parameter a between | and 2

* Kaon and pion source of same shape at the same my?

¢ Unlike anomalous diffusion expectation of a(K) < a(r)

—_

O

~—r

(@]

1.3
1.25
1.2
1.15
1.1
1.05

0.95

Au+Au \s, =200 GeV (year 2016) =
Centrality: 0-30%, K*K*
0.703 < m, [GeV/c?] < 0.777
A =0.69 £0.04

R=4.71fm £ 0.18 fm

o=1.52 +0.07

e=-0.04 +0.01

N =1.009 + 0.002

%2/ NDF = 95.50 / 112, C.L.:0.8679
Fit range = 0.018-0.249 [GeV/c]

—— Measured data
I S)éstematic uncertainties
—— C™M(gMRa)

1y

STAR Preliminary

0.14 0.16 0.18 0.2

A ows [GeV/c]

3

2.5

ESTAR Preliminary

Au+Au \s,, =200 GeV (year 2016)
Centrality: 0-30%
s KK

B o KK

. Cauchy distribution

C ———— Gaussian distribution

3 |

| ;

D.‘Kincs‘es [STAR], QM22 & WPCF 22
06 062 064 066 068 0.7 072 0.74

m, [GeV/c?]

May 30,2023
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23.. KAON ANALYSIS AT PHENIX

) ) Emf PHENIX Au+Au @ \Syy = 200 GeV RIS (0
* More detailed analysis performed at PHENIX S PRC97,064911
sE- hyi
* Kaon and pion data seem compatible at the same my E e Tead TT{H
= g ke ve il
61— 1 54 l 1 1 /
E H 1 I
* Levy scale R shows hydro type of scaling with m 5E- e e ! H i m
4F- o
* R depending on my but not on particle type separately ;£ preliminary H
. . . 2_%%| L | I S S S RS
* a(K) = a(m), but anomalous diffusion suggests opposite © - 4 PHENIX Au+Au @ |5y, = 200 GeV B KK KK
. ) ) ] 228 _ PRCS7.064911
* Dominant mechanism creating Lévy source!? =2 0 -
= N
g 1.8 V7% r
* Not only rescattering? - PH ENIX
16 preliminary
* Anomalous hydro at the sQGP stage? 14 ol H { +
1.2 7 UV a0ese5edisd . TR L
- i el i L]
o871 N
0j61§_ Kovacs [PHENIX] QM22 &WPCF 2

04 | 1.
2
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24, PION ANALYSIS AT SPS NA61/SHINE

* Levy scale R of Ar+Sc [preliminary for QM?22] and Be+Be [final publication, arXiv:2302.04593]:

* Compatible with initial gecometry factor |.6 between Ar+Sc and Be+Be

* Decrease with m; due to transverse flow?

* No my; dependence in A, in contrast to RHIC result — can be turned off?

* Levy index a significant difference
B. Porfy [NA61], QM 22 & WPCF 22 B. Porfy [NA61], QM 22 & WPCF 22 B. Porfy [NA61], QM 22 & WPCF 22
T 45 z 24 =
: |R(myp) eBete | .| a(myr) 12~~~ Be+Be 1A(my)
4ﬁ

& Ar+Sc - Ar+Sc

‘ N E
L m 4 i 3 |t "

15— NAG1/SHINE Prelimi 0.8— NA61/SHINE Preliminary 02— NA61/SHINE Preliminary
TTATT @ 150A GeVIC w'n+nn @ 150A GeVic  # Ar+Sc w'rt+rn @ 150A GeVic

—

06—

04—

L
0.

T

.
0.2

1 1 l 1
. 0.4
GeV

NN

|
0.5
Kl

1 I 1 1 1 1
0.5
m(




M. Csanad, Exploring QGP Workshop, Belgrade May 30, 2023

25.. CHARGED HADRON ANALYSIS IN 5 TEV PB+PB

PbPb 0.58 nb™ (5.02 TeV)

2:—} +p.+
* Far from Cauchy - i
&=
* Not exactly Gaussian b
* Closer to Gaussian for large N, unlike RHIC o @
; ) : : 166 CMS-PAS-HIN-21-01 |
* Levy scale R: hydro scaling confirmed F B Krodi [CMS], QM 22 & WPCF 22
1,500 L ' ' :
" In ever)’ Centrality ClaSS 50 100 150 200 250 300 3 0 400>
< Centralit -
L) 0.4 ntrality . o CMS P
* Despite non-Gaussianity EVF Sowsn  Gmcames
NQED'BSE_ * ?g‘;/‘go/‘;/ Correlated syst. = >
* Hubble coefficient can be extracted: 0.12-0.18 c/fm, smaller than at RHIC o35 4 500,309 hht
025F + 30%-40%
r —+— 40%-60%
* Correlation strength A also analyzed 02
0.15—
* Low-Q deviation cross-checked with Monte-Carlo: two-track acceptance ot A
0.0sEEEST g ; CMS-PAS-HIN-21-01 |
: = . B.Koredi [CMS], QM 22 & WPCE 22
* CMS result about to be final 0 gl ored [T QR 2230

1.4 18

m [GeV/c ]

e
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26, STABILITY PARAMETER a FROM SPS TO LHC

* Different values for small (Be+Be) & medium (Ar+Sc) systems at SPS

* Also true for PbPb and pp at LHC? (pp: « = 1 assumed so far)

* Medium and large systems: non-monotonic trend 2 ] .
NA6|/SHINE CMS :
* Compare to expectation cartoon based on = Ar+Sc Pb+Pb_ .
Csorgo, Hegyi, Zajc, Eur.Phys.]. C36 (2004) 67
| 5 = pion
;2.0- RHIC * kaon
£ AutAu
ki J NAGI/SHINE =
B Be+Be
2 1of |
Zos} 10 100 1000 10000
05 0 05
(T =T/, VSnn [GeV]
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* Summary and outlook
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28.. CONCLUSIONS AND OUTLOOK

e Lévy sources from SPS to RHIC and LHC ‘T et @
* Leévy a:between | and 2, increases with /syn? 3 +Ar+5c Pb-+Pb, 0

« Contrary to expectations, a(K) > a(m) —_—

* Lévy R:hydro scaling, despite not Gaussian = - “ kaon

Au+Au

NAG6I/SHINE =
* Be+Be ‘

* Lévy A:signs of n’ in-medium mass modification

* Possible reasons: |

* Jet fragmentation — not dominant in AA collisions 10 100 1000 10000
¢ Critical phenomena — maybe at lowest RHIC energies and SPS VSnn [GeV]
* Directional averaging — source is (approx.) spherical in LCMS, 3D cross-check done
* Event averaging — event-by-event simulations show Lévy ~ 0 EEPOS3, 10-20% AUTAU@(Sy, = 200 GeV
0—3 CORE+CORONA+UrQMD single event
* Resonance decays — part of the reason, not enough alone =" decay products included
. - . . ) 10744 MF ; X¥NDF = 127/88
» Hadronic rescattering, Lévy flight — a(K) = a(m) puzzling e ]l conf lev. = 0.004
i 10
Questions to be answered: L [ | ———l
. . 107 k; = 0.28-0.32 GeVh
* When measuring a, what effects need to be considered? 10| «=146+002

R= (745+006)fm
for,,

* Can there be anomalous diffusion in the quark stage? 109
—Levy dlstr 2”°‘R rm) WWH |

* What is the role of finite size and finite time?

1 1 0 rLCMS [fm] ‘IO2




~1072FEPOS3, 1020% AutAu@(s,, =2006evV| = | EPOS3 CORE+CORONA+UrQMD 2
L§1 03 CORE+CORONA+UrQMD single event ~ [ } NAG6 | /SHINE cMs =
~ y d ducts included - ]
10‘4|iquP ; ecay;;/oNBch:nfzusz 1'7: * 0-5% = 5-10% 3 Ar+Sc Pb+Pb_
10_5 f conf lev. = 0.004 i * 10-20% 20-30% ¢
10 1.6 |3 : 1.5 e
e, ) < 1 L * kaon
i Wt [ : RHIC
1078 k; = 0.28-0.32 GeV/c I w A
i o =1.46 +0.02 1.5F \
1072 R = (7.45 + 0.06) fm I k § NAGI/SHINE = [ ]
1079 * D(r ) %ﬁf o Be+Be
10-10 y W 1.4k primordial+decay pions I
_L d. t_ ’2 UR; " I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
N || sttt s 025 03 035 04 10 100 1000 10000
1 10 g, [fm] 107 m, [GeV/c?]

VSnn [GeV]

THANK YOU FORYOUR ATTENTION

And if you are interested in these topics:

http://zimanyischool.kfki.hu/23/

https://indico.cern.ch/e/ismd23

December 4-8, 2023

A. Gaspar: Calculate the Entropy XIV Budapest, Hungary Jozsef Zimanyi (1931 - 2006)
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https://indico.cern.ch/e/ismd23
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31.. EXAMPLE C,(Q|ms) CORRELATION FUNCTION

S eE . PHENIX 0-30% Au+Au @ Sy = 200 GeV, TU U, m, = 0.331-0.349 GeV/c
 Correlation function: spherical in LCMS -
1.5 A =0.81+0.04 —+— Raw corr. function
: — R=7.71 fm £ 0.27 fm
* |D measurement POSSIbIe — o =1.24+0.03 Raw corr. x Coulomb factor
14— vy
* Done in several my bins - e = -0.0294 = CIe L Coulomb factor
= N =1.0072+ 0.0004
1 3 - C,(1,R,05Q) x Nx (14¢ Q)
. . . J4 . . . — X =
* Fit with calculation based on Lévy distribution g cont. level ces B CO0,R03Q) x Nx (1+¢ Q)
: : : 264 ——-- Nx(1+£ Q)
* Only converging fits with good confidence level o " N
11 : C, =1+\- exp(-R" Q")
ShOUId be accepted E PHENIX, Phys.Rev. C97 (2018) no.6,06491 |
N 13 ---_;'-I-R..._.._-__
* Physical parameters: _ S i s S
o —
. o 2
R, A\, a measured versus pair mry =
3 2|
E _ | L . L L 1 L . " . 1 L L " . |
0

L L L L . | L
0.05 0.1 0.15 0.2 0.25

Q [GeV/c]
/
Q: ID momentum difference in
Longitudinally CoMoving System (LCMY)

il

2747 IAPERMENT. PHE
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32.. LEVY EXPONENT o IN 200 GEV AU+AU AT RHIC

Measured value far from Gaussian (a = 2), inconsistent with expo. (a0 = )

Far from random field 3D Ising value at CEP (a = 0.5)

Approximately constant (at least within systematic uncertainties)

¢ What do models and S *FPHENIX 0-30% AU+AU |5, = 200 GeV a = Z0NEER

Calculations Sa)l7 1800 = 1.207 , %?/ NDF =208/61,CL<0.1 % -

’ C ottt
* EPOS evt-by-evt analysis: e
Si [EPOS3 CORE+CORONA+UrQMD 14 $ b
o - é@?é@éi a2 :
1.2~ s e %_#; .....
: SREmOIE
=== == = = = = Sl o ) == = a = 1.0 (Cauchy)

L ©0-5% ®5-10%
O *10-20% +20-30% 0.8
[ Au+Au@)s,,, = 200 GeV

1 4_pr|mord|a| p|ons ' +n:1t m| <1

—
()]

" PHENIX, Phys.Rev. C97 (2018) no.6, 06491 |

025 03 I 035 . 04 J_l_l_l_l_ |_L J - J_l_l_l_l_ |_|. j - J_lJ_l_l_ | I_l J_l_l_l_l. - ]_l — & =
m, [GeV/c?] 62 ey T T s s "o T s~ o @ = 0.5 (random field Ising CEP)
m; [GeV/c?]
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33, CORRELATION STRENGTH A: CORE/HALO

* Two-component core+halo source

0
N
* Core: hydrodynamically expanding, thermal medium &

* Halo: long lived resonances (= 10 fm/c, w,n,n’,Ky>,...)

* Unresolvable experimentally

* Define fc = Ncore/Niotal
* True g — 0 limit: C(0) = 2

* Apparently C(g - 0) > 1+ 1 > |
S(r) ! C(q) COre  -eeeeees

_ £2 |
© A(my) = f¢(my) | | core+halo —
Bolz et al, Phys.Rev. D47 (1993) 3860-3870; |
unresolvable

Csorgd, Lorstad, Zimanyi, Z.Phys. C71 (1996) 491-497
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34, COLLISION ENERGY DEPENDENCE

* (a) approximately monotonic versus /Syy

* No clear interpretation or understanding of this trend
* With widely varying my interval (due to statistics) = may influence outcome

* Important w.r.t. shape averaging interpretation of a #+ 2

S - PHENIX 0-30% Au+Au,(m.) = 0.420 GeV/c?, m'n+r*r*
* Lévy exponent a still far from conjectured CEP limit of 0.5 o B D. Kincses,
. . 11 1 APhys.Polon.Supp. 12 (2019) 445
* Very much dependent on m¢ bin width 14—
. . . - . i
Working on final results... 1.3 PHENIX
- . . + + preliminary
1.2 1
1.1=
— {Sw[GeVl: 146 196 27 39 62.4 200
1— Amg [MeV/GZ]: 300 300 200 150 50 12
7I ‘ | | | | | | - ‘ | |

10 10° \'syn [GeV]

0T EPERMENT PHEN
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35, HOLE IN A(m+):ALL MEASUREMENTS AT RHIC

Hole aPE&[&Mnf&Fsé/ﬁtg@W 8;3 I39 Ge\/,[')"m&l?,%g@ggly(fbﬁ §)Q'?t"a“t)’ D. Kincses, Universe 4 (2018) 11

8 3F RERALA RN ALy = 200 GeV 14 PH(I.E:\:,I;E Au+Au |5, = 62 GeV, nm+n'n’ 140 PHENIX Au+Au S = 39 GeV. m+n’n’
- C e 0% o= 1. 1xe - C - —— < C e -
T Fa 10.20%. = 1.247 fixed . S LY ezon PH ENIX S [ oe 020% PH  ENIX
~< 124 20.30% ., = 1.373 fixed a flxed 1.2 preliminary a free 1.2 a free preliminary
E o+ 30-40%. « = 1.422 fixed - " 20-30% - m 20-40%
11—+ 40.50% , « = 1.403 fixed ( ﬂ _ - 4 30-40% 1
E v 50.60%, a = 1.348 fixed S B§ i 1 g; » % I C
£ I ; 1 ihi 0.8 ; 0.8 .
C H I D e 500 - ¢ i ! 1 -
09F- LD o8-y 4 b 1 06F & H
O L — L
C e, | N - - b1 »
08:_ Q i g -1 ; PH“VE-_NIX 0'4_ | | | | | 0'4_ 1 | 1 1 1 1 | 1 L L L
07 ; & T4 preliminary < Q4 rehsystunceraintes __—— — = < J4 eEstUREGIVITES
- - ~< 4 -~ 0 = — —
U.B:'OIZ""Dls' IOI-liI 015 "'OIGI S 'Ol?"' — 0 "c:gle PR SN TR N N N W U AN T T WA WA S S B L :C_g‘%: R B B (L 0 n i
' ' : mT [Ge\! cg] 0.2 0.3 0.4 0.5 OnE::;T [Gercz] 0.3 04 0.5 On(:.:T [Ge\//cz]

Due to reduced n’ mass!?

Sign for chiral restoration?

To be cross-checked with photons, dileptons, etc.

Working on finalized PHENIX results

. aleN T PHENOYENO DG DR
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36,, COHERENCEWITH THREE-PION LEVY HBT

« Recall: two particle correlation strength 1 = f# where fr = Neore/Niotal

Generalization for higher order correlations: 1, = f#,A; = 2f7 + 3f2

If there is partial coherence (p():
Ay = fEL( = pc)? + 2pc(1 = pc)l
Az = 2f¢[(1 = pc)® + 3pc (1 — pc)?] + 3fE1(1 — pe)? + 2pe (1 — po)]
A3—31,

275

Introduce core-halo independent parameter k3 =

* does not depend on f,

* k3 = 1 if no coherence

Finite meson sizes!?
* Gavrilik, SIGMA 2 (2006) 074 [hep-ph/0512357]

Phase shift (a la Aharonov-Bohm) in hadron gas?

* Random fields create random phase shift, on average distorts Bose-Einstein correlations
Csanad et al., Gribov-90 (2021) 261-273 [arXiv:2007.07167]

ekl

7 APRMENT PHENOMENOLDGL B
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37. TEST OF CORE-HALO MODEL / COHERENCE

. Recall:& =
£ 25
y 2

BT EERNENT. PHE

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

—_—————
b= — (O —{ ——t
—-O-l——.—l

e
— 85—
—Se—
00~
——
——
-
— B
— @O
— e
D—
— e
—eo—

=TT bRTENIX
—¢— 't preliminary

Core-Halo + chaotic emission value

—lo—e——
o—e——
L o8——
P A

0.3 0.4 0.5

TR
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38.. ROLE OF EVENT AVERAGING?

* More reasonable approach for kaons 1p"

—— Levy distribution (o, 2'°R; r _ )

* No event-by-event analysis possible 0 kasns

107"
107

—~10" i o
* Event-averaged source also analyzed 3, » EPO(?QZ’O 0(')1??(‘)’/0GAL\'/+/AU @ \syy = 200 GeV, n'n+nm, fn] < 1
— = U.2ZU-U. ev/c
, O, ~3E "
* Not perfectly Lévy shape, very large y40 o= 1.62
107 R ~9.15 fm
+ Nevertheless:similar parameters achieygdp ™"
* Event averaged: 10°°
a ~ 1.62,R =~ 9.15 fm 107k
—8 [
* Event-by-event: 10 QE CORE+CORONA+UrQMD
N i 107 E primordial pions
@ ~ 1.66,R ~ 8.96 fm ot

—

I ! ] ! Lo
10 rLCJqufm]

T EAHENT PHENOMENOLRGL MR
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39.. SOURCE OR PAIR DISTRIBUTION?

Under some circumstances (thermal emission, no interactions, ...):

q q
C,(q,K) = fS(rl,K +§)S(r2,1( —E) |W, (11, 15)|?drydry

=1+ |fS(r,K)eiqur|2

Let us introduce the spatial pair distribution:

D(r,K) = fS(p+£,K)S(p—%,K) dp

Then the Bose-Einstein correlation function becomes:
C,(q,K) = [ D(r,K)|¥Y,(")|?dr =1+ [ D(r,K)e'" dr

Bose-Einstein correlations measure spatial pair distributions!

Coulomb and strong Final State Interactions? Under control for Lévy sources

Csanad, Lokos, Nagy, Phys. Part. Nuclei 51 (2020) 238 [arXiv:1910.02231]
Kincses, Nagy, Csanad Phys. Rev. C102,064912 (2020) [arXiv:1912.01381]
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40, INTERACTIONS: THE COULOMB-EFFECT

plane wave jy|"2, k=25MeV

100 3

X [fm]

80

2 :
* Plane-wave result, based on |‘P2(0) (r)| =1+ 25

60

40

2 .
C,(q,K) = [ D(r, K) |‘P2(0)(r)| dr =1+ [ D(r,K)e' dr -

* If there is interaction:
(1) - W™ (ry, 1)

%0 80 60 40 20 0 20 40 60 80 100
z [fm]

Coulomb w.f. jy|"2, k=25MeV

* For Coulomb:

© ¢ |° — _m
qu (T) = ozmn_q g (complicated hypergeometric expression)

* Direct fit with this, or the usual iterative Coulomb-zcorrection:
[ D)W )| ar

CBose—Einstein (1)K (q), where K(q) = ©. P
[ D R)|e? @) ar

* Complication: need for integrating power-law tails

* In this analyis: assuming spherical source

%00 80 60 40 20 0 20 40 60 80 100
2z [fm]

* Parametrization possible Csanad, Lokos, Nagy, Phys.Part.Nucl. 51 (2020) 238

e
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41, ROLE OF THE STRONG INTERACTION

In case of other interactions or not identical bosons, the formula still works:
C,(q,K) = [ D(r, K)|¥,(r)|?dr

Pair wave function determines D < (C, connection

Mesons, baryons: strong interaction; fermions: anticorrelation

* Non-identical pairs: interaction modifies wave function

= & = 1.6 3.0
N o] F — . —
S | . Kaon-kaon,THERMINATOR2 | = | Proton-proton, UrQMD 5 [ Proton-antiproton, UrQMD sy
1.8 1.4— * :51 Coulomb
Foox C o 2.5+
r « Quantum statistics - ¢ - n — Eoullamib:Siiony
18- % « Coulomb interaction 12 [ C
B g - [ C
r 3 « Strong interaction = o~ 2.0
14— Total = -
L — 1.5
12| 0.8: \
i Tl 0.6/ -
Af— remarmsrarasre e g = 1.0 B
5 0.4} ¢ ® Quantum statistics f'
08— i% QS+Coulomb 05
- 0'2: ® QS+Coulomb+Strong r
—uu.\:.\uuluu\uuluu.lu.u\uulu..\uuluu.. 00;'_\|\\\\\\\\|\|\\\\\\\\|||\|||||||||||||| 0.0L | | | I | | | I I AN
0 001 002 003 004 005 006 0.07 008 009 041 0 0.02 0.04 0.06 0.08 0.1 0 0.04 0.08 0.12 0.16 0.2
Q[GeV/c] Q [GeV/c] Q [GeV/c]
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STRONG INTERACTION FOR PION PAIRS

May 30,2023

" . . 5‘1_&_ =15 A=
* Additional potential appearing E N e R=4fm
1.9 i - E= ggm Coulomb only
C ?.‘ -::“ S m
* Possible handling: strong phase shift, 1455 "§=§¥m}c .
5 . Ef Y% —ememe R =6 1M oulomb + strong
Modify s-wave component in wave func. SRR K6
R. Lednicky, Phys. Part. Nucl.40, 307 (2009) 120y
11 AR
c c . Cl o
* Small difference in case of pions El S
£l
Ei1 1 1 1 | | | | | | | | | | | | | |
* Few percent modification in 4, « g R o 010 [GewE]-?
. 1 R 101 oot L » )
Kincses, Nagy, Csanad, Phys.Rev.C Q2 (2028)064979Rn* 009 7 22—y g =108 0,7 002 7
eB.9F = = 9 - 2 .
Ag £ o <7Loul>Rm,(zi . kin . & o <Rout>3-\ o Ri“ i
ot " : o F in%in 2
0.85 E| O\'out)Ri 1A
0.7 i
0.6 -
0.5;—
0.4;
Ny (b)
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43, HBT MEASUREMENTS AND THE PHASE DIAGRAM

* LHC: measurement at CMS

A LHc | RHIC-BES
* 2-5AlTeV energy, ptp & Pb+Pb g: ]E / ]
e RHIC: measurement at PHENIX+STAR 5
Quark-gluon

¢ 10-200 AGeV energy,AutAu

 SPS: measurement at NA6| 1l plasma
O Uy |
o U\ )

* |7 AGeV energy, Be+Be %
: , . @ | Hadronic matter S
* Phase diagram can be investigated & -
olor super-

IE conductor phases

@ >

Baryon chemical potential
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44, A CROSS-CHECK: 3D LEVY FEMTOSCOPY

Femtoscopy done in 3D: Bertsch-Pratt pair frame (out/side/long coordinates)

PhyS|caI parameters: R ie/ions A @ Measured versus pair my
<m.> = 0. 2
+ Fitingt TS casa mad(iied Ioﬂ! iRt 8 Y TSmall statistics T pesk Fange)

1.25F

- _+_ Raw corr. x Coul. fact. A =0.92+0.04 F 20MeVic<q_ <40 MeVic
o =.=: Coulomb factor ;= 1.16558[;.03 0221 [
< cen RO 5 out = 6.08 fm £ 0.22 fm L 1t ¢ = 145, exp(-(= R2c2)* 2
: C, "% N x (142(Z q)) R .\ =7.63 fm+0.27 fm F F S P(-(Z R°a?)"")

Co< N x (1+¢(Z q))
= Nx (1+¢(Z q))

=7.69 fm+ 0.27 fm
e=0. + 0. e

N =0.993 + 0.002
_ xi;‘NDF =210846/177428

1150

= +++ C, = CY x Coulomb factor
[/ N&

—
1.1 PH- ENIX

preliminary

1.05 N ' kT a

C Projection: Projection: B Projection:

005  x*/NDF = 76/66 s ¥2NDF =79/81 T %2/INDF = 37/59

T conf.level =18 % conf.level =53 % r conf.level =99 %
- :IIIIIIIIIII|IIIIIIIIIIIIIII|H‘|||I|||||||I|||I|||II||||||I:IIIIIIIIIIIlIIIIIIIIIIIIIII
o B &
“a:-? 2 Yo e - .-‘..'q.. ) - . . .‘- : e e &) - - : - - o N . = ‘_.
E:—TO -—‘..".. s : ok == N - ‘-.v' S - - - "." “ _.’ = _,.—-" .."'..-- ".- .-..'.—‘ ..“ =
o] - - — - © - . 2 -“' . '0-. .vb - - s - - T
o2 B - -
2 I I . I I

I ] 11 IIIIIIIIIIIII IIIIIIIIIIIIII IIIII 11 1 1 IIIIIIIIIIIIIIIIII III
0 002 004 006 008 {],1 0 I2 002 004 006 008 0.1 012 0 002 004 006 008 0 IQ
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45,, 3DVERSUS ID:STRENGTH A AND SHAPE a

¢ Compatible with 1D (Q,ys) measurement of PRC97(2018)06491 |

* Small discrepancy at small mT: due to large Rlong at small mT?

< 1.0

5 4| PHENIX 0-30% Centrality ~ [ PHENIX0-30% Centrality
T AutAu |s,, =200 GeV - AutAu |'s,, =200 GeV
22 " ww30  pRYENIX e = 3D
C O at3D Ppreliminary /;" °r O 3D
2 v wn 1D (arXivi1709.05649) || | A\ L \ v wn 1D (arXivi1709.05649)
- v a'n* 1D (arXivi1709.05649) | () [l - ’ v n'n* 1D (arXiv:1709.05649) i
1.8 o BV TN Y 14— |+
C ‘ ,f”\,_ﬂ \\ f’ N — \ \
1.6 _/"‘\/\ | -
- A //“.‘ \‘ / —
1.4— N ’} N |/ i 1.2_—
C 1%tnt
12f ot % | :
— 4 / 7 A -
- A~ gl
B K %H; w HH il N
- é JEi ] ’f \l 1 \ i —
: é i:é/% ; | A é/ ’(_ / N . / V| |
0.8 /}Ef . é M",.%//,ﬁ_/*\/ v\ \/\ \\A : / B i M| L
- D?ﬂ@ %&x J\/ ' \ 7¥ 08— .
0.6 W’ arXiv:1709.05649=PRC97(2018)06491 | L arXiv:1709.05649=PRC97(2018)06491 |
_IIIII|IIII|IIIIIIII|IIII|IIII|IIII|I I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

m; [GeV/c?] m. [GeV/c?]
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46.. LEVY SCALES IN 3D

* Compatibility with ID Lévy analysis

* Similar decreasing trend as Gaussian HBT radii, but hydro prediction based on Gaussian source

* Asymmetric source for small m, validity of Coulomb-approximation?

PHENIX - 0-30 % Centrality L ||| AutAu s =200 GeV
E [ = R, () 3D L . Ry, (t7) 3D L s Ring (1) 3D
X 12 B R, (r'n")3D = o Ryg (m*1*) 3D = & Ry (') 3D
r + R (xm) 1D Phys. Rev. C 97, 064911 | » R (mm) 1D Phys. Rev. C 97, 064911 . + R (rm) 1D Phys. Rev. C 97, 064911
3

- R (z'x") 1D Phys. Rev. C 97, 064911[ i » R (m*n*) 1D Phys. Rev. C 97, 064911 [ 1 { - R (n'n*) 1D Phys. Rev. C 97, 064911

1 1

S g
T ’?*f';;;=i/'ﬁf~!;l | s !H; I j | i hfﬁ it
4:_ éi#*hﬂ}iﬁ 1 l l ] pﬁfmx \A\l“i ] | ‘\\‘\\?%;::xc :I l
: it § EarXiszﬁ?é)r;é)ggg)é (WPCF 2018 proc) |

02 03 04 05 06 07 08 0902 03 04 05 06 07 08 0902 03 04 05 06 07 038 0‘9
m; [GeV/c?] m; [GeV/c?] my [GeV/c?]

T loiPes  SCAESTRNGTA B SN
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47, OPEN QUESTIONS

* Collision energy and centrality dependence of Lévy parameters!?

> Non-monotonicity in a(y/Syy) or a(centrality)?

* Hole in A(my) at low /syy? Really due to n"?

* Reason for the appearance of Levy distributions for pions?

* What is the Lévy exponent for kaons!?
* Kaons have smaller total cross-section thus larger mean free path, heavier tail?

* Does m; scaling hold for Lévy scale R?

* Correlation strength versus core-halo picture: are there other effects!?

* Three-particle correlations may show if coherence or other effects play a role

* Other effects may also play a role (finite meson sizes, random field phase shift, etc)

07 lovaPek S SOABSTRENGTM B AR
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48,, RESULTS AT NA61/SHINE

Be+Be collisions at 150 AGeV beam momentum (17.3 AGeV in c.m.s.)

Lévy fits describe correlation functions
* Shape parameter a:far from Gaussian and CEP conjecture
» Strength parameter A: nearly constant as previous SPS results, unlike RHIC

* Spatial scale R: weakly decreasing trend — hydro

Plans: particle identification,Ar+Sc an

~<_
E—
&
n
. @
D
*
)
B
)
R
a
@

2 -~ LN %4
taliys y o 3
241~ | A ( )
118 x4l — A
mm
22 QL@”T) 16 hy
2 B ¥t 35 ¥
e 1lal—
s &t 30 B BRI
16— — 1lo|— ]
1=
o . —
U T ] ' o
1.5
o i 1 || |
1
0.6— olal— — 1= NA61/SHINE Preliminary
04/— _ NAB1/SHINE Preliminary i i L 2
o IS S0A GaV/ e 0-20% ol2— NAG1/SHINE Prellmlnary 0.5
: | | | | Be+Be @ 150A GeV/c 0-20% ‘ | | | |
I PN T T S T TS TN T N SO S S L o o e
O0 0.1 0.2 0.3 0.4 05 0.80 0.1 0 2 0 3 0.4 0.5 “(0.6 0.1 0.2 0.3 0.4 0.5 0.6

m; (GeV) m (GeV) m; (GeV)

Iy lenpes bR G b s
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49, LEVY HBT MEASUREMENTS

* Many experimental results 16
* PHENIXAutAu:a = 1—-1.5
* STAR Aut+Au: ongoing

PHENIX=0-30%=Centrality
— AutAu \s,, =200 GeV
m 73D
0 pap € arXiv:1809.09392

v n'n 1D (arXiv:1709.05649)
n*r* 1D (arXiv:1709,05649)<_ PRC 97 (20 |§) 064911

~ N

14

< LI I I B
T =
il [

- NAG6| BetBe:ar ~ 1 — 1.5 - h% ! *b?f l%T /}v/\/% \ %
+ CMS Pb+Pb: o = 1 fixed %f y ﬂ%%i%%%%m H%%i % +
* Where does this Lévy shape come from? What dods it mean? \\/% sy

n 2.2 | |
X e ncing? 08— )
* Role oflevent class averaging? | -
18— NAG61/SHINE Preliminary R T T T O T T T T T T T T N T [
; Be+Be @ 150A GeV/c 0-20% 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
16 m, [GeV/c?]
14— S [ PHENIX 0-30% Au+Au,(m_) = 0.420 GeV/c?, ' +r'n
12— .. o I N I} A 3
L - : .
11— 1.4~ arXiv:1811.08311
0.8(— - L ,
arXiv:1906.06065 1.3 PH " ENIX
06— —M— Free parameter fit (Tw+n'n’) E % % preliminary
04— —&— Rfixed fit (Aw+nn) 1.2 = +
02 Caonstant fit to nt(mT) (Free par_case) 1 _1f i ‘ ‘
r VSNN [GeV]: 14.6 19.6 27 39 62.4 200
oL 1 1 T T (T R PRI (N U T ) [ T S N EoAamg [MeV/cz]: 300 300 200 150 50 12
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50.. THE EPOS MODEL

* Energy conserving quantum-mechanical multiple scattering approach, based on Partons ladders, Off-shell
remnants, and Splitting of parton ladders

¢ K.Werner et al., PRC82 (2010) 044904, PRC89 (2014) 064903, ...

* Based on Monte-Carlo simulation
* Theoretical framework: parton-based Gribov-Regge theory (PBGRT)

* Three main parts of the model:
¢ Core-Corona division (based on dE/dx of string segments)
* Hydrodynamical evolution (VHLLE 3D+ viscous hydro)
* Hadronic cascades (UrQMD afterburner)

* Effects/components to be turned on or off (on top of Core):
* Corona
* Rescattering

* Decays

BT LEPOSANALYSIS SN
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51.. TWO-PARTICLE SPATIAL CORRELATIONS

Object to be investigated: two-particle source

D(r,K) = [ d*pS(p +£,K)S(p —%,K)

Experimental results measure power-law tails, Lévy shapes

* Measure momentum-space correlations, reconstruct D(r) or fit its parameters

Why do these Lévy shapes appear?
* What physics does contribute to it! Rescattering, decays?

* What role does event averaging have in it?
Cimerman, Plumberg, Tomasik, Phys.Part.Nucl. 51 (2020) 282, PoS ICHEP2020 538

* What do specific a values mean?

* Event generator models (like EPOS) — direct access to pair-source!
* Phenomenological investigations of D(r) possible

* Effects can be turned off or on, investigated separately

e CEPOSANALISS S
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52.. EXAMPLE SINGLE EVENT, CORE ONLY

* Gaussian shape without decays, additional structure with decays

—~ 107 EPOS3, 10-20% Au+Au@ Sy = 200 GeV | — 10722 EPOS3, 10-20% Au+Au@ Sy = 200 GeV
L91 0—3‘ T " CORE single event L91 0—3‘ CORE single event
=t - “"m decay products excluded| ~ 1 decay products included
1074 | %*/NDF = 54/45 1074 M ¥2/NDF = 86/70
1050 conf.lev. = 0.17065 1051 conf.lev. = 0.09078
107 107°)
_75 T+, | <1 _73 T+ T, | <
107 ky = 0.28-0.32 GeV/c 10 T Ky = 0.28-0.32 GVl
1080yl || | @=2.00+001 108t TT 0=1774002 "y
9% R = (3.59 +0.07) fm gff R=(4.89 £0.04) fm Wﬁ
=l B3 \
1 0 = + D(rLCMS) 1 0 + + D(rLcMS) T
orof | 107"% ﬂ
— Levy distr.(l2"R;r_ ) — Levy distr.(a,2"Rir_ ) T
10—11_ 1 \I\\\I‘ | I\\II\‘ 10—11_* | I\\II\‘ | | I\\II\‘
1

10 r,. [fm] 107 1 10 r,. [fm] 107
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53.. EXAMPLE EVENT, CORE+CORONA+URQMD
* Investigating D(r) event-by-event ~1 025 EPOS3, 10-20% Au+Au@\s, = 200 GeV.
51 0—3 CORE+CORONA+UrQMD single event
E W decay products included
* Levy-fits provide good description 1044 ‘T“j*rl x*/NDF = 127/88

(2-100 fm range) conf.lev. = 0.004

T, | < 1
k; = 0.28-0.32 GeV/c
=1.46 £ 0.02
= (7.45 £ 0.06) fm

* Repeat such fits for thousands of events

* Extract a, R distribution

* (rLCMS) ?ﬁv*
—Levy dlstr (oc 21’°‘R rCM mﬁw

S

10 rLCMS [fm] 102

A Ap7 - CEPOSANALYSS | Sinnas
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54.. DISTRIBUTION OF a, R PARAMETERS
d°N

EPOS3 10-20% Au+Au@|sy =200 GeV [ gxos

* Normal distribution of a, R for given

: " CORE+CORONA+UrQMD| Neyis 18768
centrality & kr ,_E e ) < (R 7.92 fm 16

* Extract mean and std.dey, ¥ |Kr=028-0.32GeVic |op .45 fm
| decay products incl. (o) 152 —5

* Investigate centrality & kK dependence o 0.06
cor . o550, | =4

* kT dependence investigated around the peak Rt I
of the pair-kT distr. to have adequate stat. 3
2

14 15 1.6 1.7 1.8 o

7 EENT PHENOMENOLOGE N
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~1072-EPOS3, 10-20% Au+Au@(sy, = 200 GeV | =" L .
55. E POS S U M MARY % -3 CORE+CORONA+UrQMD single event é 10 AutAu@ysyy = 200 Geb
E B decay products included N L TC+‘H:++TE'TE', m| <1
ww . CINDF=127/88 | 7> [
- i flev. = 0.004 [
* D(r) calculated in EPOS evt-by-evt W ~ ~ 9
n'ntn, | <1 8:_

* Levy fits done evt-by-evt K, = 0.28-0.32 GeV/d ]
a=146+0.02 -
L . (R=(7.45J_ro.06) fm)\'w 7k
* Non-Gaussianity in single events TDe ) s i
—Levy disfr.(@.2""R:r ) “WW - plim@rdial+decay pions
° Ll L0 e #4 6_| P

EX r in m n d.d N fR 1 1 I 1 1 1 1 I 1 1 1 L I 1
B i dostd.dev. of R, o 10[r.. [fm] 10° "= I HPJS3 CORE+CORONA+UrQMD
EPOS3 10-20% Au+Au@|s,,=200 GeV - aras ~ [

C B N N L
7CORI,E CORONA LrQMD@ﬁ% g 1.77 e 0-5% = 5-10%

* mr & centrality dependence

e 0.45 fr] = . * 10-20% 20-30%
(o) 1.5 )=
O, 0.09
COr,  —25% | 14
3
2

1 14F primordial+decay pions

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1

0 0.25 03 035 0.4
m, [GeV/c?]
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56, EPOS @ LHC VS RHIC

E 141 EPOS3 CORE+CORONA+UrQMD |- Pb+Pb@)s,,, = 2.76 TeV| E 10[; EPOS3 CORE+CORONA+UrQMD [ Au+Au@)s,, = 200 GeV
. nr, | < 1 = I C T, I < 1
3 f arXiv:2212.02980 | @2 3 \
- *
B *
s,
i X + _ * + 7 n i
6 primordial pions pnmord|a|+decay pions 6:— primordial pions prlmordlal+decay plons
s L s L | L " I | L | L L L | D . Ly | 1 1 1 ! 1 ! 1 1 | 1
- N
7t 3 . 0-5% . 5-10% g - EPOS3 CORE+CORONA+UrQMD i o 0-5% . 5.-10%
- - 1.7F '\ 5
.6f - * 10-20%  + 20-30% L .*\ i * 10-20% 20-30%
- : [ N " [
f : 1 6‘_ y
4 g 1 gf Entropy 24 (2022) 308
C I Au+Au@ysy, = 200 GeV
1-3_‘ L TR, | < 1 s
o pnmordlal plons | pnmordlal+decay plons | 1 4-_ primordial pions prlmordlal+decay plons

04 06 08 0.4 06 08 1 025 03 035 04 025 03 035 04
m; [GeV/c?] m; [GeV/c?] m, [GeV/c?] m; [GeV/c?]
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57.. EPOS IN 2.76 TEV PBPB, EVENT-BY-EVENT

EPOS3 CORE+CORONA+UrQMD, single event

* Pion and kaon pair distributions calculated in individual EPOS events

= 107%F 10-20% Pb+Pb@)Syy, = 2.76 TeV v D(r_) y
D (rLCMs) — f d.thD(t, ") Ty, TZ) :E 1072 nm, k =0.50-0.58 GeV/c - Levy distr. (@2 “Rir_)
e 10 Y — Gaussian distr. (RG rm)
* Leévy source parameters determined for 800k events separately 81075k
*  Fit limits: from 2-5 fm to 70-100 fm O 10
. i i I
* Criterion for acceptance: confidence level > 0.1% 107°F [primordial pions primordial+decay pions
1078k | ¢ =1.45 £ 0.01 1| o = 1.39 £ 0.00
» Strongly non-Gaussian shapes observed 10_92 Rz;\lgg-?»?) ; !?f?) fm Fg;l{g'-:gz igﬁi) fm
E | X 7 ; | % =
. . . . _10f | conflev. = 60 41% ‘ conf.lev. = 0.39%
 Separately for various centrality and kt classes, primordial or decays 10 T WIS herersrarsreey
— 107°F 1
= i/ 3L KK, k_=0.48-0.62 GeV/c L pp, k_=0.60-1.00 GeV/c
E i @ Pb+Pb kr [GeVrc] E 10_4? % ! !
g TPt Q) Tizem ~0 N [
L-. T <1 N\ —0.32-0.37 _107%k ) L
1+ o0 - N —0.37-0.43 = i g
230 SR 0.43-0.50 O 4075k L
10F NS - R 2 0.50-0.58 . :
j:’-\-“;‘;:? J;"S_i‘f'_\i —0.58-0.67 10 E_ primordial+decay kaons ;F primordial+decay protons
9 EROEE P s 10-85 @ =153+ 002 v [ | o =170+ 0.04
b o \\-__:/‘, N i - F Il R = (10.45 + 0.09) fm F | R=(13.58 £ 0.22) fm
gl 10-20% cent 3332 E W oss-1.00 | arXiv:2201.07962 107 ;2D < 72768 3 | e
| prlmordlal plons " prlmordlal+decay plons arXiv:2212.02980 10_10: conflev -34 48% v F conf.lev. = 16.88% ‘
7 L L L BNl LT o oyt M i Pl I ' O Ll
131415161718131415161718 1 10 10° 1 10 10°

(04 (04 Mews [fM] iggses 001
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58. A CROSS-CHECK:THREE-PION LEVY HBT

« Recall: two particle correlation strength 1 = f# where fr = Neore/Niotal

» Generalization for higher order correlations: 1, = 2,13 = 2f3 + 3f/2

* If there is partial coherence (p():
Az = fE1(1 = pc)? + 2pc (1 — po)]
Az = 2811 = pc)® + 3pc(1 = pc)?] + 3211 — pe)? + 2pc (1 — pe)]
Az—32,

275

* Introduce core-halo independent parameter k3 =

* does not depend on f,

* k3 = 1 if no coherence
* Finite meson sizes?

*  Gavrilik, SIGMA 2 (2006) 074 [hep-ph/0512357]
* Phase shift (a la Aharonov-Bohm) in hadron gas!?

* Random fields create random phase shift, on average distorts Bose-Einstein correlations
Csanad et al., Gribov-90 (2021) 261-273 [arXiv:2007.07167]
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59,, TEST OF CORE-HALO MODEL / COHERENCE

* Recall: xk, = = '

?2.5:— PHENIX 0-30% Au+Au @ ‘/s_NN= 200 GeV
’ 5 E_ arXiv:1910.05019 (WPCF 2019 proceedings)
> = I
S 1.5:—*j l + | i Qo
o S LA T
— L 1 1 l
2 osE H=CE Ik

= ® ¢
- 0.5E ! i
~ 0 :
N’ — e ~—
0 0.5F =TT bR ENIX 3
? E —¢— n'ntnt preliminary |

o L . . .
V% 15 = Core-Halo + chaotic emission value
K L R BN B B [ A
0.3 0.4 0.5 0.6 0.7 0,8

- m, [GeV/c]
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60.. SHAPE ANALYSIS AT STAR

Gaussian fit: unacceptable description

Levy fit somewhat better, but still additional effects present

° Low Q pehawor not captured by any of the two

(5

1.4

1.3

12

—_
—_

PALUNLOLNWA
1

(data-fit)/error

STAR Au+Au @ s, = 200 GeV, 0- 30%, nn, (m ) =0.395 GeVic 2

A =0.44 £0.00

R =4.73 fm + 0.01 fm jL Raw corr. function
o=2.00 £ 0.00
€ =-0.017 £ 0.000
N = 1.0042 + 0.0001 Coul
_— AR, Q) x N(1+¢
¥2/NDF = 2922/269 CLGW( Q) (1+ Q)

conf. level = 0.0000
——————— N(1+e Q)

STAR Preliminary
WPCF19 (arXiv:1911.05352)
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A =0.69 £ 0.01
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¢ =-0.011 £ 0.000
N = 1.0028 + 0.0001 Coul
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