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Exploring the properties of quark matter

RHIC Beam Energy Scan
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 Strongly interacting Quark-Gluon-Plasma (QGP) discovery:

early 2000s at RHIC, confirmed later by LHC 3

* Since then: exploring the QCD phase diagram LJ
with ongoing extensive research programs g;
L

* Many interesting measurements;
focus of this talk: femtoscopic correlations
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Intensity correlations on cosmic and nuclear scales

* R. Hanbury Brown & R. Q. Twiss (Radio-astronomy) nature 178 (1956), pp. 1046-104s.

* Intensity correlation vs. detector distance = source size k @ -
a 4}4‘7 8 1.0,
PR TE |
- Goldhaber et al: discovery in high energy physics R[ 3 d 85
Phys. Rev. 120 (1960), pp. 300-312. X ;/ 2809
. A sE
e Distant star © Quark-Gluon Plasma &8

L

|
e

* Light & particles from freeze-out
* Intensity correlation of light & Momentum correlation of identical (bosonic) particles

e Measuring source shape on the fm scale!
* Sub-field of heavy-ion physics encompassing .
such measurements: femtoscopy

Source Correlation

C(Q) =1+|5(Q) |2
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Basic definitions of femtoscopic correlation funtions

s: Single particle phase-space density (emission func.)

Single particle momentum distribution: Ny (p) = [ d*x S(x,p) x: particle coordinate
p: particle momentum

2
Pair momentum distribution: Ny (Dg, Pp) = [ d*xad*xps (x40, Pa)s e, D) |[Wp 0, Kar Xb)|

. . Ny;(Da, D . .
- Correlation function: C(p,,pp) = 2(Pa, Pp) pair separation: T = x4 = Xj
N1(Pa)N1(Pp) / pair avg. mom.: K = (pg + pp)/2
. . . 4 r r
- Pair source/spatial correlation: Dy (r) = [d*ps(p + > K|s|p— > K
relative pair| |average pair *
momentum | |momentum* Pair wave function, containing FSI! pair center-of-mass: p = (x4 + xp)/2

*Instead of K, mr is often used:

1 / /
——— C(Q, K) = f d‘l"l"D (T, K) |¢Q (r) | 2 - W, . \/m Ann. Rev. Nucl. Part. Sci. 55 (2005), pp. 357-402

- Experiments: measuring C(Q) — information about D(r) and FSI
* Experimental (and phenomenological) indications: power-law tail for pions, non-Gaussianity?
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What is the shape of the source?

Gaussian vs. Lévy distributions in heavy-ion physics

2
TR2 4%/

s(x,p) = L(a,R; x) =

p dependence through a, R

- Symmetric Lévy-stable distribution:

* From generalized central limit theorem,
power-law tail (if @ < 2) ~ r~(1+®) s(x,p) = L(a, R; x)
e a = 2 Gaussian,a = 1 Cauchy U
- Retains the same « under convolution Dk(r) = L(a, 2'/*R; )

1
fdsqeiqxe—§|q CI|

spherical symmety: R? diagonal

(2m)?

- Experimental indications - Lévy source for pion pairs?
« SPS (NA61/SHINE), RHIC (PHENIX, STAR), LHC (CMS)

Phys.Rev.C 97 (2018) no.6, 064911; Universe 10 (2024) 3, 102
Phys.Rev.C 109 (2024) 2, 024914; Eur.Phys.J.C 83 (2024) 10, 919

- Possible reasons for the a < 2 Lévy exponent?

* Angle averaging of an elliptically contoured 3D Gaussian?
* Averaging over events of many different shapes?
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Gaussian distribution
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Lévy-stable distribution




Lévy source not because of event averaglng
and 3D—-1D conversion! o e o

L] n'n” 3D
0o  n*n*3D
7' 1D (arXiv:1709.05649)
n*n* 1D (arXiv:1709.05649)

Tp2 |“/2

1.4

. 1
s(x,p) = L(a,R; x) = > 3jd3qe“1"e 2|7 |
( T[) spherical symmety: R? diagonal

p dependence through a, R 5

* Not spherically sym. source: 3D vs. 1D a« compatible!
a <21in 1D analyses not because of angle averaging!

0.8

2
Rout O O qout IO|2‘ = I0‘3I = ‘O|4I = I0|5I = I0|6I - |0|7‘ = I0‘8I = [0|9|
R2=| 0 R%;, O q Iside m, [GeV/c?]
0 0 Rlzong Qiong Kurgyis, Acta Phys. Pol. B Proc. Suppl. vol. 12 (2), 477 (2019)

Kincses, Stefaniak, Csandd, Entropy 24 (2022) 3, 308

- EPOS event-by-event analysis: decays and rescattering (UrQMD) - important role!

1072 A =3 . N [ 0 N
S T, | < 1 t D) E [nn+mm, nf <1 evis 18460 |[ 10-20% Au+Au |News 18768 ) .
31073 o ag. = _ (R) 7.68fm|f = (R) 7.92fm * 0-5% = 5-10%
‘5’ 104 L 1 k;=0.28-0.32GeVic | ( f Levy distr.(c.2"Rir_ ) D:g-_k-r =0.28-0.32 GeV/c Sa 048 fm ._\/SNN—ZOO GeV o0 045 im -
10 T RSt f i @ 164 e * 10-20% 20-30%
107 g i O 0.07 |f O« 0.06
107 (d) 8f Olur —23% | Coryr —25% 3 C s
10_7 ‘CORE CORONA+UrQMD Hll | cORE+CORONA: U QMD [ [ [ _ e - _
1073 primo:dial pions+ ‘ ' rim :lal+ ‘ ol ' 2 1.5 Au+Au@200 GeV, B - ’ ’
R = (7.36 + 0.09) fm il R=(7.450.06) fm r I
107%E| = 1.55 £0.02 il o=1.46+0.02 1 . EPOS3 ]
2/NDF = 104/88 3 B L R . .
1010 m%"f"?v' o H’I‘fonfllev_zm o oL pnmordlal pions prlmordlal+decay pions 0 1.4f primordialpions | primordialvdecayplons |,
A T NN (1| Po———"— N 0.25 0.3 0.35 04 0.25 0.3 0.35 0.4
1 10 r_,. [fm]102 1 10 1., [fm]102 1. 5 1 6 1 7 1 8 1 90(1 4 1 5 1 6 1 7 1 8 oL mT[GeV/c] mT[GeV/Cz]
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Why do Lévy shapes appear, and why is it important?

« A more comprehensive list of possible reasons:

* Jet fragmentation
Csorgd6, Hegyi, Novdk, Zajc, Acta Phys.Polon. B36 (2005) 329-337

¢ STAR data
AGS & SPS data
$ STAR, Lévy scaling prediction
AGS & SPS, Lévy scaling prediction

4.5

AR R

* Critical phenomena —
Csérgd, Hegyi, Novdk, Zajc, AIP Conf.Proc. 828 (2006) no.1, 525-532

* Resonance decays and hadronic rescattering rf’gﬂ

Kincses, Stefaniak, Csandd, Entropy 24 (2022) 3, 308 / =~ .
Kérodi, Kincses Csandd, Phys. Lett. B 847 (2023) 138295 A
P

Csandd, Cs6rgd, Nagy, Braz.J.Phys. 37 (2007) 1002, e OV, E
Y w +
4”?:’%‘4\ A~ NIO + + +
o = 3,0 +
- Importance of utilizing Lévy sources: +
* Shape and size entangled, extracting radii with a Gaussian assumption 25’
might lead to wrong conclusions —— " s \— S
2.0 "1 "2
* Measuring @ and R together: S 10

vV SNN

Order of quark-hadron transition, critical point search, understanding source dynamics
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https://arxiv.org/pdf/2406.11435

Example correlation function correration’| oy scate parameter | [

strength (length of homogeneity) exponent

fits at different experiments - —

0 —
* 1D two-particle corr.func. with Lévy source and no FSI: Cg )(Q) =1+ 1-e RO"

* Fits in many different average transverse mass (m) bins, incorporating Coulomb-interaction

N16 ';- o, - -, = o —_—~
- | PHENIX 0-30% Au+Au @ Sy, = 200 GeV, TT T, m_=0.331-0.349 GeVic S 1 .6:— STAR preliminary, 0-10% FXT Au+Au, {5 = 3.9 GeV, ror- G 2 [NAGI/SHINE, Fur Phys 7.C 83 (2023) 10,919 S
— — ) (&Y} - ol -
1.5 % =0.81+0.04 —+— Raw corr. function O 4 zF_{ C,(Q) measured, k_ = (0.225-0.275) GeV/c, (m_) = 0.286 GeV/c?| & |
- R=7.71fm+0.27 fm 1.5F 2 T T 1.8 ” lati
i 0.=1.24+0.03 —f— Raw corr.x Coulomb factor - — C,(Q) fit func., Levy source + Coulomb FSI + linear bkg. R L/ Extrapolation
14 o S--INE
Al — C @ -
=i o ooons T Coulomb factor 14y £=(-0.0024+00041)c/GeV | | | ] Be+Be at 1504 GeV/e 0-20%
1301 A #2INDF = 78/83 bR Nx (e Q) 1 3:_.' N =1.0003 + 0.0007 ot =0.10-0.20 GeV/c
E I conf. level = 63.8% C(zo)(h,R,O',;Q) xNx(1+ Q) E ll 7\« - 0.768 T 0.020 : h — 0 74 +00‘1l;
1.2 - | = 1.4 o
-1 - Nx(1+£Q) 1.2 R =(5.00 £ 0.07) fm - R =3.03 fin 5 fm
- \ -'.‘ C{OJ=1+7\.- exp(-R" Q% — : o =1.668 £ 0.030 _:. “ ‘ . +O.09-0.37
1.1 : 2 TN C 2 - ;:._ M!! o =0.97 -0.09
- Y 1.1 x*/NDF = 42/45 12 | R
N PH-<ENIX| E cont. level = 0.593 TR %*/NDF = 96/105
1= 1 ) | ) | H My . Conﬁdence level = 71.4%
§ — 1 T = 4;, ] | 1: R TN T b o u'y it phpi ek ey e “| by “ {
& 2 == 25_ "
= @] E ®e ° e
£ c *% g_g%_ L . S P . d F1t functlon N- (1-7L+(1+ (aR" ) A KC l(q))
52 : ol aE R S X' o 7 e Y
=0 745 75 X 52 755 0 0.05 0.1 0.15 0.2 0 0 D - -
Q [GeVic] Q [GeV/c] q (GeV/c)

» Lévy fits provide good description, exponent far from the Gaussian (a = 2) case
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Selection of results from PHENIX, STAR
Lévy analyses at top RHIC energy (Au+Au @ 200 GeV)

* Lévy exponent «a far from the Gaussian (a = 2) case, also lower than EPOS results

Lévy scale R shows hydro-like scaling behavior, geometric centrality dependence

Systematic uncertainties estimated from single-track- and pair-cuts, fit limits, handling of Coulomb effect

§°1.5; STAR Run-11 preliminary _ —_ _
1.45 Au+Au@ﬁ=200 GeV, 't 1 0—_ PHENIX Au+Au "_SNN =200 GeV é 10: STAR Run-11 preliminary z— Au+Au@\(sNN=200 GeV, Tt
. r — - - el E _ E
1= £ 0" meosamer ()& § gy RRAms L reto% 1020
1.4" E Yp° m=0438Me } 3 —itm e, 120-30% | 30-40%
- g C o m=0.553 MeV A 7E Ry=1fm ¢
O 8F . m=0670 MeV 6 3 Py B
1.35- - ™ ECL=93% FCL=96% Smm,
- N 2™ =0.787 MeV i 5E2INDF = 10/18 ©INDF =918 “mEmmy
13 D. I.</ncses for STAR, - — 4= Alc¥Gev] = 0.20+0.02 ?A[cZIGeV] = 0.21:0.02 o
p Universe 10 (2024)3, 102 ..., 6F- | 3 B=012:005 £ =080:0.14  © B =008:0.03 £=100:0.13
100 150 200 250 300 350 = 10- CL = 40%, »*/NDF = 19/18 © CL = 62%, y?/NDF = 16/18
R part 5F /F 9t A[c¥Gev] = 0.26:+0.02 = A[cGeV] = 0.31:0.01
Z |Entropy 24 (2022) 3,308 . o590 = 510% = d 8- B =0.09+0.03, £ =0.97+0.13 | B = 0.17+0.06, & = 0.79+0.14
i T o— a *+ 10-20%  + 20-30% 4:_ : g; 3
1.6F 32_ 5_ ] *--eh%‘ﬁ
- 4ED. Kincses for STAR 3 M W
1.5F = PHENIX Co/l e- Prlnt 2407 08586 nuc/ ex E / S
'EPOS 3 2E e 3yniverse 1p (2024) 3,202 L F, ==
1,4L primordial pone pimoisdecnypne 3 3 5 4 4 5 5 5 5 6 6 5 7 iy 0.2 0.4 0.6 0.80.2 0.4 0.6 0.8
0% 03 ronTs[GeV/co ]4 0% 03 orri (Gevich Noart m, [GeV/c?]
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Example selection of recent measurements
from PHENIX, STAR, CMS, NA61/SHINE

cMS PbPb 0.607 nb™" (5.02 TeV)

. . S04 4 T . Sl R L B I B B L I B
* Comprehenswe measurements are ongoing E M'_ﬁf";t;?l'” hhy 3 -
| depend T et B
ransverseé mass aepenaence cpint: 2407.08586 [nucl-ex T 0% foasn 19. =h'h §
. Universe 10 (2024) 3, 102 b+ 30-40% . .
° ! 0.25 : c # :
Centrality dependence Phys.Rev.C 109 (2024) 2, 024914 o of T W% 1.8 R
HPH EPJ Web Conf. 296 (2024) 06004 : C . ]
d 0.15 C
Collision energy dependence |~ """ =, T e, e ;
* Particle species dependence Universe9(2023)7, 336 0.05 et Correlated syst. = *55%
] .6 -3.3%
T FEEE PEEE PEEE EEEe Ll =
0608 1 121416 18 T [P N I B B
. n'n e, NAG1/SHINE m, [GeV/c] 50 100 150 200 250 300 350 400
- B. Porfy [NA61], i + S 2L sTARpreliminary | 0-10% Au+Au, & | o(m) = o <Npart>
2;2406 02242 W 1.8} 0)=1.326+0.002(sta) ] ooa(sys) 0,;=1.431:0.003(sta) 5 Sos(sys)| 0,o=1.492+0.002(sta) | Sax(sys) 26
- * F 2 - - °n 2 % [ v % - o S
s g 1 g ¥/NDF = 13/20, CL = 89.3% y/NDF = 30/20, CL = s|_|7/ 2INDF = 31/20, CL = 6.1% 3 >+ PHENIX AU*AU @ (S5, = 200 GeV ¥ KK KK
L [ - _H,H,_, e B nn, nrt
E ¥ % + - 1-4WE_' g TR 22 ) _ PRCY7,064911
- BetBe, 1504 GeV/c,0-20% [ Ar+Sc, 1504 GeVe, 0-10% 1.2 ¥ - ) : H—
ok EP]IC 83 (77023) 19, 919 . b Prellr‘n., Um‘verse 9.(2023).7’ 298 1..+.\IS_NN = 200 Gev.(n""'1 1) +\’5_NN =54.4 GeV‘ (Run-17) 1@ =27 GeV (Run-18) 180 Pmlx _
S i 2 {5,y = 19.6 GeV (Run-19) Y5y = 14.5 GeV (Run-19) [+yS,, = 7.7 GeV (Run-21) 165 prel i'r\ninary
2 g 1.8} - 4 =
s g J‘}, l I EE“EEEMM | 3 ol
1.5F i + 1 T 1.6¢ Dol ¢ | — e M Lt L {I3F1F j
i i 1.4; ! s E 1 i : ! i
1 - 0.056 10.052 10.045 C o=
X e X 1o 1.9l 0,4=1.499+0.003(sta) ; ,c(sysk 0,;=1.529+0.004(sta)’ ;o o(sys)k 0y=1.619+0.008(sta)’y jo(sys) 0.8 - L
o AT ae, 734 GeVle 0-10% _‘ff}r;isrf; 404 GeVie, -1k i J/NDF = 39/20, CL = 0.8% | /NDF = 37/20, CL = 1.1% _ J2INDF = 5/9, CL = 100.0% 0sE- L. Kovacs [PHENIX], QM22 & WPCF 22
01 02 03 04 05 0.0 02 03 04 05 0. 02 04 06 0802 04 06 0802 04 06 08 02 Y T R B
My (GeV) my (GGV) m-r [GeV/czl mT [GeV/Cz]
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Lévy exponent a from SPS through RHIC to LHC

. Csandd, Kincses, Universe 10 (2024) 54. arXiv:2401.01249
* Different values for small (Be+Be)

o [
& systems at SPS S 28
e System size ordering: BeBe < AuAu < ?7? 1.8:_\E
 STAR beam energy scan: monotonic decrease ::2:_
* RHIC vs. LHC (CMS): non-monotonic trend 1'25_ o(m)
* Minimum around top RHIC energy? - 15 T
 No signs of critical behavior (very small a, ~0.5) - famede colldermode
] . 0.8 — % STAR preliminary 0-10% Au+Au, t'n* % 30-40%
* Opposite centrality trend at RHIC & LHC (?) 0.65 ¢ CMS 0-5% Pb+Pb, hh’, arXiv:2306.11574 ¢ 30-40%
“~F & NA61/SHINE preliminary 0-10% Ar+Sc, n'n*
« Many new and ongoing experimental measurements, 0.4 + NA61/SHINE 0-20% Be+Be, rr*, EPJ.C 83 (2023)10,919
: - & PHENIX 0-30% Au+Au, ©'r*, PRC 97 (2018)6,064911
many open questions for phenomenology! 0.2 ¢ PHENIX0-30% Au+Au, 7w, PRC 97 (2018)6,064911 -
* Can there be anomalous diffusion in the quark stage? 1 10 102 10°
* What is the role of finite size and finite time? V'S [GeV]

* If decays & rescattering are not enough to reproduce the data, what else needed?

ERSITY | BUDAPEST
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Thank you for your attention!

Phenomenology of femtoscopy with Lévy-stable sources

T. Csorgo et al. In: Acta Phys. Polon. B 36 (2005), pp. 329-337.
T. Csorgé et al. In: AIP Conf. Proc. 828.1 (2006), pp. 525-532.
M. Csanad et al. In: Braz. J. Phys. 37 (2007), pp. 1002-1013

(m_)=ot,
D. Kincses, M. I. Nagy, and M. Csandd, Phys. Rev. C 102.6 (2020), p. 064912. aTm? —
D. Kincses, M. Stefaniak, and M. Csanad, Entropy 24 (2022), p. 308. 85 & STAR prellminary 0-10% Aushu, 't 430-40%
Kérodi, Kincses, Csandd, Phys. Lett. B 847 (2023) 138295 L WA /SHINE prltaioary 0 10 hesbe,
2023- Kurgyis, Kincses, Nagy, Csandd, Universe 9 (2023) 7, 328 A" § NAGUSHINE 0-20% BesBe, ', EPJ.C 83 (2023)10919

2024 Nagy, Purzsa, Csandd, Kincses, Eur. Phys. J. C 83, 1015 (2023) 2 * PHENX0730% Aushu, 7 v, PRO 9T (201516.084911
Csandd, Kincses, Universe 10 (2024) 2, 54
Csandd, Kincses, e-Print: 2406.11435 [nucl-th]

If interested in a follow-up,
come to the Zimanyi School in December!

Experimental measurements of Lévy-type correlations
PHENIX Coll., Phys. Rev. C 97.6 (2018), p. 064911.

ZIMANYI SCHOOL 2024

L. Kovdcs for the PHENIX Coll., Universe 9 (2023) 7, 336 R A

PHENIX Coll., e-Print: 2407.08586 [nucl-ex] WINTER WORKSHOP

CMS Coll., Phys.Rev.C 109 (2024) 2, 024914 o ey ion prvsics JIRERC
2024 D. Kincses for the STAR Coll., Universe 10 (2024) 3, 102 December 2.6, 2024 <

NA61/SHINE COII., Eur. PhyS.j.C 83 (2024) 10, 919 L. Kassik: Image architecture Budapest, Hungary Tezsef Zi
B. Porfy for the NA61/SHINE Coll, EP] Web Conf. 296 (2024) 06004 http://zimanyischool.kfki.

Zimanyi (1931 - 2006)
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Event-by-event investigation of the source function
(Entropy 24 (2022), p. 308.)

- Experiments - no direct access to D(r) pair-source C,(Q) = [ D(r)|y, (r)|2dr

- Event generator models (like EPOS) - direct access to freeze-out coordinates!
* Phenomenological investigations of D(1) possible

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

* Monte Carlo based heavy-ion event generator model, reproduces basic observables (spectra, flow)
in high-energy collisions, femtoscopy was not investigated before

* Main parts of the EPOS model:

* Core-Corona division (based on dE/dx of string segments)
e Hydrodynamical evolution (VHLLE 3D+1 viscous hydro)

e Hadronic cascades (UrQMD afterburner)

(&) rorosiowso | DANIEL KINCSES 07/20/2024

UNIVERSITY | BUDAPEST




LCMS
12

(( @& ) EOTVOS LORAND
192
e

Event-by-event investigation of the source function

(Entropy 24 (2022), p. 308.)

* /Sy = 200 GeV Au+Au collisions generated by EPOS359

—, 10°FEPOS3 example single event

10-20% Au+Au

- Angle-avgeraged nr radial source distribution 5103 At VSyn = 200 GeV
10
D(r{5MS) = [ dodtD(r) :2: T (a) (b)
- Event-by-event investigation: 107F "Core H{ CoRe ™
108 primordial pions primordial+decay pions | *. 'va
. . . . R = (3.59 £ 0.07) fm ||| R = (4.89 + 0.04) fm R
a) CORE, primordial pions — Gaussian source shape 10 94| =200 =001 | =177 002 U
X = X = 0
b) CORE, decay products incl. — power-law structures appear 1070 [ contlev. =17:0% _JJ% conflev.=9.1% | ﬁh
c) CORE+CORONA+UrQMD, primordial pions — Lévy-shape ~'0F e <1 D)
. , 107Ry v k;=0.28-0.32 GeVie Levy distr.(c.2™Rrr,,,)
d) CORE+CORONA+UrQMD, decay products incl. — Lévy-shape & ;- | / ] :
. . 107 |
« Recall possible reasons for Lévy-type sources: e H (©) r\ (@
event averaging, resonance decays, rescattering 107 'chE+90RpNA+UrQMb . | | CORE+CORONA+UrQMD |,
. 10| R= 736 £ 0.00) m | Re s coommm \\,
- Event-by-event non-Gaussianity observed! 10| o2 1652002 W] om0 =002 ;

10710

¥2/NDF = 104/88
conflev. =11.5%

I

1 Y Y

|| %2/NDF = 127/88
‘il | conflev. = 0.4%

i Hll Lol

= (8x)% + (Ay)2 + (Azycms)% Azpems = Az — B(AD) /1 — B2 8 = (P21 + Pz2)/(E1 + E3) 1

DANIEL KINCSES
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Event-by-event investigation of the source function
(Entropy 24 (2022), p. 308.)

» Such fits repeated for thousands of events in case (c) and (d) (final stage of EPOS)
* Normal distribution of , R for given centrality & k
* Mean and std.dev. values of the source params. extracted, for different centrality and m classes

,-..%10‘2 T ) < 1 D) E L, ) < 1 Nevs 18460 [ 10-20% Au+Au [Ny 18768 | 6 .E = 10l EPOS3 CORE+CORONA+UrQMD - Au+Au@Mf ?OO GeV
5310:”: fp o = 028:032GeVIe iy, Lowy ditr (@27 Re) g of o = 0.28-0.32 GeVie oy 045 im | Voi=200 GeV :1 < . - \ i
10 W- i @ 164 52 . : —
107° - Oy 0.07 |t Oy 0.06[[44 [y - Lk = .
5 (C) i (d) 1 Cor g —23% [ ‘ COry r —25% = - *
10 8 & A & o * .
AL ‘ i A S B x| T
10 CORE+CORONA+UrQMD CORE+CORONA+UrQMD \ L . Vi -
—g[ || primordial pions ‘ i imordial+de DO _ 3 L :
RO N AR e ‘ | eppimotepons N ¢ prmordeidecaypions
10710 IH%L???FV._ 1?;”2? “ T ;Iéonfev_ 0.4% | 6L prlmordlal p|ons prlmordlal+decay plons KT I e 0-5% = 5-10%
N Lol L L i vl ) ) i r
1 10 1, [f]10° 1 10 1, [f]10° 15 16 1.7 18 1914 15 16 1.7 18 g T - +10-20%  + 20-30%
* Similar trends, magnltudes of R to PHENIX 165 d T
] L
* Higher magnitudes of a than PHENIX, 15 g
heavier tail when decays included P :
1.4—?”,"‘9@"’?" [‘le?nle‘,‘ L prlmprdlal+dec§ylp|ons L
Z - . e H 0.25 0.3 0.35 04 0.25 0.3 0.35 0.4
 Lévy fits provide good description of source func., . [GeVic m, [GeVic

tail strongly affected by rescattering, decays

] EOTNOE LoRAtID DANIEL KINCSES 07/20/2024

UNIVERSITY | BUDAPEST




EPOS analysis at LHC energies

(Phys. Lett. B 847 (2023) 138295)

EPOS3 CORE+CORONA+UrQMD

E ool mt KK pp  Pb+Pb@ys, =276 TeV 3
[ $05% #0-5% 40-5% rimordial+decay,|n| < 1
O 181 45.10% #5-10% 45-10% P a
16E ¢ 10-20%s# 10-20% 4 10-20%
C $ 20-30%% 20-30% 4 20-30% :
14 4
12:_ ::' ° . - : " - A
10 : : - - e . ‘
8:_ T e : .. o T
B [ I I N N | I I S T N N
02 04 06 0.8 1 1.2 14 1.«
m, [GeV/c’]

07/20/2024

1.8

1.6

1.4

1.2

O

EPOS3 CORE+CORONA+UrQMD

........................................ Y ettt
i Pb+Pb@j's, = 2.76 TeV
I~ &
— primordial+decay, |n| <1 *
i N
— ]
- |
- |
Y
 sei% g S o QE e &
: nn KK pp
- ¢0-5% m0-5% 40-5%
L $5-10% #5-10% 45-10%
- 10-20% # 10-20% 4 10-20%
L + 20 30% .p 20 30% 4 20 30%
1 | | | 1 I | | I 1 1
2 04 06 038 1 1 2 1 4 1 6
m; [GeV/c?]

Stay tuned!



Properties of univariate stable distributions

*  Univariate stable distribution: f(x) = % ffooo o(q)e ™ 4dq , where the characteristic function:

0.7E = T 3
. — ; a :
* ¢(q;a B, R u) = exp(igu — [qR|*(1 — iBsgn(q)®P)) na sk —e20
tan <7>,a 1 —o=1.5
* a:index of stability P= 2 0SF ot S
——loglgla=1 ¢ B=0 :
. . 0.4F c= 3
 [:skewness, symmetricif § =0 e ;
03F E
* R:scale parameter 02 3
* u:location, equals the median, 01— -
. . . . . " " 3 (),(): T F <. 1 i i i 1 i i ] .> i : 5
if ¢ > 1: u = mean Gaussian distribution Levy-stable distribution A 3 5 5 A
In3D: £(r;a,R) = (21 . /dsqeiqre—%wmlw/z
¢« s . . . 7T
 Important characteristics of stable distributions:
0 0 0
* Retains same a and [ under convolution of random variables R — (8 RO a2 )
side
B 0 0 By

* Any moment greater than « isn’t defined
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Lévy-type sources in heavy-ion collisions

e Anomalous diffusion

(& \ EOTVOS
1= | 7 SITY

i Normal
A diffusion

Elastic rescattering of hadrons

Anomalous

diffusion
(Levy flight)

Expanding hadron gas — time dependent increasing mean free path

Hadronic Resonance Cascade (HRC) model

Csandd, Csorgd, Nagy,

RC Braz.J.Phys. 37 (2007) 1002;
HRC

a7 - >0k (smallerc.s. - largerm.fp.) ., Humanic, Int. J. Mod. Phys. E 15, 197 (2006)

a depends on total inelastic cross-section

Kaon vs. pion measurements can test the anom.diff. Picture
Motivation for Lévy femtoscopy with kaons!

DANIEL KINCSES 07/20/2024
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HBT and the phase transition

S. Chapman, P. Scotto, U. Heinz, Phys.Rev.Lett. 74 (1995) 4400;
T. Cs6rgé and B. Lérstad, Phys.Rev. C54 (1996) 1390;
S. Pratt, Nucl.Phys. A830 (2009) 51C

[ = \ EOTVOS LORAND
\ [ /] UNIVERSITY | BUDAPEST

C(q) usually measured in the Bertsch-Pratt pair coordinate-system
e out: direction of the average transverse momentum

* long: beam direction v el
o >
* side: orthogonal to the latter two ‘\0 %
Ryt Rsiger Riong: HBT radii
o . g side
At emission duration, i.e. S(r,7)~e 2472 —
From a simple hydro calculation: \OQQO
R* 2 R?
Réut = + BFAT?, Riige =
out ™ 4 yuZmq /T, br side T g u2mgyT,

RHIC, 200 GeV: R,,+ = Rg;40—~> no strong 1st order phase trans.

Plus lots of other details: pre-equilibrium flow, initial state, EoS, ...

DANIEL KINCSES

07/20/2024




Second order phase transition?

* Second order phase transitions: critical exponents
* Near the critical point
» Specificheat~ ((T —T.)/T,)™ ¢
« Order parameter~ ((T — T,)/T,)~P
 Susceptibility/compressibility ~ (T — T,)/T,)~Y
* Correlation length~ ((T — T,)/T,)™"
e Atthe critical point
« Order parameter ~ (source field)1/?
e Spatial correlation function ~ r~4+2-7
* Ginzburg-Landau:a =0, =05,y =1,n=05,6 =3,n=0
e QCD < 3D Ising model
* Can we measure the n power-law exponent?
* Depends on spatial distribution: measurable with femtoscopy!
* What distribution has a power-law exponent? Levy-stable distribution!

IVERSITY | BUDAPEST
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Lévy index as critical exponent?

({ =5 \ EOTVOS
| = ) 2L
NIVERSITY 'hl_.l)/\ilsl

Critical spatial correlation: ~ r—(d=2+mn),

Lévy source: ~ r~ (1490, g o p?
Csorgé, Hegyi, Zajc, Eur.Phys.J. C36 (2004) 67
QCD universality class <> 3D Ising
Halasz et al., Phys.Rev.D58 (1998) 096007
Stephanov et al., Phys.Rev.Lett.81 (1998) 4816
At the critical point:
* Randomfield 3D Ising:n = 0.50 £+ 0.05
Rieger, Phys.Rev.B52 (1995) 6659
e 3DIsing:n=0.03631(3)
El-Showk et al., J.Stat.Phys.157 (4-5): 869
Motivation for precise Lévy HBT!
Change in & ¢,y - proximity of CEP?

DANIEL KINCSES 07/20/2024

20F
S
=
5
310}
z
—0.5

-0.5 0 0.5
(T - Tc)/Tc

Modulo finite size/time and non-equilibrium
effects

Other possible reasons for Lévy distributions:
anomalous diffusion, QCD jets, ...




Kinematic variables of the correlation function I.

Smoothness approximation (p; = p, = K): S(x1, K —q/2) S(x,, K +q/2) = S(x1,K) S(x,,K)

2 \
+ C(q.K) = [d*rD(r K) [P @) D(a.K)

D(0,K)

\ CZ(O)(q, K)=1+ , where D(q,K) = [ D(x,K)e'9%d*x

2
* Without any FSI ‘lpgz)(r)‘ =14 cos(qr) |

* HBT correlation function in direct connection with Fourier transform of the pair-source function
* Important to determine the nature and dimensionality of the correlation function

* Lorentz-product of ¢ = (qg,q) and K = (K,, K) is zero, i.e.: gK = qyKy — qK = 0

K
* Energy component of g can be expressed as qo = q —
0

* |f the energy of the particles are similar, K is approximately on shell

e Correlation function can be measured as a function of three-momentum variables

ERSITY | BUDAPEST
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Kinematic variables of the correlation function Il.

* (C,(gq,K) as a function of three-momentum variables

K dependence is smoother, q is the main kinematic variable

e Close to mid-rapidity one can use k; = \/K,? + K2, ormy = \/kZ + m?

* For any fixed value of my, the correlation function can be measured as a function of q only
e Usual decomposition: out-side-long or Bertsch-Pratt (BP) coordinate-system

* q= (QOut: Aside> qlong)

* long: beam direction

e out: k; direction

* side: orthogonal to the others

* Essentially a rotation in the transverse plane

e Customary to use a Lorentz-boost in the long directon
and change to the Longitudnal Co-Moving System (LCMS)
where the average longitudinal momentum of the pair is zero

NIVERSITY | BUDAPEST
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Kinematic variables of the correlation function Ill.

 Drawback of a 3D measurement: lack of statistics, difficulties of a precise shape analysis
 What is the appropriate one-dimensional variable?

 Lorentz-invariant relative momentum: gino =/ —q"qu = \/bﬁ +4q5 +q2 — (E1 — E2)?

* Equivalent to three-mom. diff. in Pair Co-Moving System (PCMS), where E; = E,:  qino = |9pcpss]
* In LCMS using BP variables: gino = \/(1 — B 00w + Tige + Giong B = 2kr/(E1 + E2)

* Value of g;,,, can be relatively small even when q,,,; is large! . Rout (fM)  Rgjg (fm) ; Riong (fM)

: e . i i i 8 AN ®
* Experimental indications: in LCMS source is = spherically symmetric ; 5 g g 2 2 i g ; iy g gE
* Correlation function boosted to PCMS will not be spherically symmetric —03 34°28 =03 04735 03 04 05

* Let usintroduce the following variable invariant to Lorentz boosts in the beam direction:

Q= lqrcpsl = \/(Plx — p2x)? + (P1y — 7—"2}/)2 + qg,LCMS’

4(ple2 - PZzEl)z
1+ E2)? — (p1z + p22)?

2
where 9z LCMS — (E

IVERSITY | BUDAPEST
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Kinematic variables of the correlation function IV.

* Nature of the 1D variable in experiment: check correlation function in two dimensions!

STAR Run-10 Au+Au@ S =200 GeV, 71 G 2 g2 toy model calculations
0.3<I§T[GeV/c]<0.;5 VE i — 7 2(|qLCMSI qLCMS,O) ;l( )
C,(Q sq;) ,,.,-f-"""'//f”- 8? 1.2 o 10 r§+r§ r2 X,p)e<
4 E o S(X,p)<exp -, - >, -a -a
S aT S > (x,p)e< exp 2R 2R’ 3(r,-atp )3(r -atp H,__ (1) 18
123 1% o O 8 10.0fm 0.0 fm/c
] 6 2] 1:0= i ‘CO= “ 1 6
1121 0.4 g 6 R=5.0fm At=5.0 fm/c
g 02 o R=10.0fm a=1.0 fm 14
: g 4 M=0.0 o=0.5
0 0.8 e
: e, & 1.2
Q o (a) (b)

0
B h40.00
Coosbats, &
0

(a) (b) A

00 4 6 8 10 0 2 4 6 8 10
Figure 3.4: Example two-dimensional pion correlation functions for | P[10° GeV2/c? | 21103 GeVZ/c?]
V/SNN = 200 GeV Au+Au collisions (a) and /s = 91 GeV ete™ collisions % cms % cvs

(b). The latter figure is taken from the thesis of Tamds Novak [161] Figure 3.5: Toy model calculation for two different types of source functions.

Taking a Gaussian source in both space and time leads to a correlation

Q dep- corr.func. 9Qinv dep- corr.func. function that depends mostly on |g;cms| (a), while a source that shows
strong space-time and momentum space correlation leads to a g;,, dependent
correlation function (b).

) EOTVOS LORAND DA'\“EL KINCSES 07/20/2024
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Kinematic variables of the correlation function V.

* Nature of the 1D variable in experiment: check correlation function in two dimensions!

2
Q = lqreusl = \/(P1x —P2x)? + (P1y - 'PZy) + leong,LCMS

1 : \ EOTVOS |.OR,“\:\‘._|]) DA,N [EL KINCSES 07/2 0/2024
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Kinematic variables of the correlation function V.

* Correlation function measured in LCMS, Coulomb effect calculated in PCMS

* Approximation: 1-—2B%/3
dinv = qpcMs = qLcMs \/1 — B7/3 Rpcms = Ricums n 3
* (Notem; <m 0 \ — bt
, 12 = o
not physical of course) < St
\> i m
= 0
C1.1 2
B o
i nd
t
0.9-
‘m, m,
0.87‘1‘15“““!‘(5““ L _||E|||\|\|E\|\||\|\|\|
0.2 04 . 00 02 04 06 0.8 1

m, [GeV/c?]

IVERSITY | BUDAPEST
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Coulomb correction and fitting of the corr. function

Core-Halo model, Bowler-Sinyukov method: C(Q,kr) =1— A+ /\/der(C,C) (r,kr) \‘FS) (r) \2

* Neglecting FSI and using a Lévy-stable source function: C{”(Q,kr) = 1+ Ae~IRQI"

* Using numerical integral calculation as fit function results in numerically fluctuating x? landscape

CZ(Q! kT)
c”(Q,kr)

* Aniterative method can be used: céf”)(Q; AR, ) = Céo)(Q; A, R, &) - K(Q; Ag, R, o)

e Treat FSl as correction factor: K(Q,kr) =

(/\n+1—An)2+(Rn+1—Rn)2_|_(“n+1—“n)

2 2 2
/\n Rn Xn

2
< 0.01

* Procedure continued until Aiteraﬁm_\/

* [Iterations usually converge within 2-3 rounds, fit parameters can be reliably extracted

ERSITY | BUDAPEST
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Coulomb correction and fitting of the corr. function

« Lévy-type correlation function without final state effects: C(©(Q) = 1+ 1 - e~IRQI*

Possible linear

o Gj : Intercept parameter Lévy scale parameter background
sinyukov method: (correlation strength) e (usually negligible)
_ A
—|R Q a ' 48 N
C(Quemsi A Riemss @) = (1 =242 Kl(qinv; a, Rpcms) - (1 + e !7LeMs LCMS& )) N - (14 £Qrcms)
Coulomb correction Lévy exponent
* Coulomb-correction calculated numerically (in PCMS)
1—2B2/3
Jinv = dpcMs = qLcMs '\/1 — B7/3 Rpcms = Ricwms \/ 1— 2
T

NIVERSITY | BUDAPEST
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Shape of the correlation function

Correlation function Correlation function Correlation function
@ - ®=11,R=50fm, A=02 a=11,R=3.0fm A=08 . a=05R=50fm A=08
>18- A dependence —nesomi-es R dependence eomicos O dEPENAeNce
B _ _ «=11,R=50fm »=04 _ _ a=11,R=50fm 1=08 b _ _ =08 R=50fm A=08
i R - 5 fm! a - 11 «=11,R=50fm, A=04 A - 08, a - 11 - @a=11R=60Mm1=08 R - 5 fm, A‘ - 08 «=09,R=50fm, 1=08
1.6 A = 02_08 S astiR=somizos P = 3fm _ 13 fm S asLAR=TOmMAS0 L oy — 05_20 ieiet @=11.R=50fm A=08
B == a=11,R=50fm 1=06 o= a=11,R=80fm 1=08 7 == a=12,R=50fm 1=08
i ---- g=11,R=50fm A=07 ---- a=11,R=90fm =08 ---- q=14,R=50fm A=08
1.4 ©@=11,R=50fm =08 | == @=11,R=100fm, 3 =08 “«=15R=50fm, 1=08
L — — «=11,R=50fm, 1=08 — = 0=11,R=11.0fm,1=08 — — ¢=17,R=50fm, 1=08

—  a=11,R=50fm 1=09 — + a=11,R=120fm, 1 =08 — * a=19,R=50fm 1=08

a=11,R=130fm 1=08

a=11,R=50fm A=10 o=20,R=50fm 1=08

1.2

IllllJIlll\llll
0.06 0.08 0.1 0.12

| L

| |

L1 11 | I B N BRI SRR BT ol

| IR Lo by a by by ol b b b b | | IR
0.14 0.16 0.18 0.2 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.02 0.0 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Q [GeV/c] Q [GeV/c] Q [GeV/c]

1

B
'ok
o
>

C,(Q)=1—-214+1-K@Q;a,R) - (1 + e—IRQI“)
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PHENIX correlation strength parameter

_ 0 <*’EPHENIX 0-30% AU+AU |5y, = 200 GeV
- Without FSI: C{”(Q = 0) = 2
18[-° m'n*
* Experimental resolution limits measurement to Q ~ few MeV vof

1.4 |
e 1= lim CZ(O)(Q) — 1, experimentally often 41 < 1 2 ! i HM i ‘ |
Q-0 E gé+iﬁi ﬁ | T+ l
* Core-halo picture: S = S¢ore + Shaio = D = Doy + Dicny + Dinpy oof 'nggi* 5

06— ©#

2 v vy b e by b by b by g ]
° CZ(Q) — 1 _A _I_/’lf d‘l-rD(C’C)(r) ‘¢é2)(,r)‘ 02 03 04 05 0.6 0.7 (rjrfr[Gev.?ég]

— N2 2 8 [ PHENIX 0-30% Au+Au |s, =200 GeV
c A= Ncore/(Ncore + Nhalo) < MO, o \ x
R S
- Armax = <M(cv,ss-o 9) GeVic?
11— £y =y Ligeigrina
* Possible reasons behind 1 < 1: oo~ T
* In-medium mass modification of " meson O s s
Phys. Rev. Lett.81 (1998), pp. 2205-2208 osT || 4 Eiﬁfiai’i:%ﬂiﬁf’”"{.'.ff... 520 Mo, B85 v,
0.2 :— H=(0.59+0 02(stai);; Zisyst)), ; 1 T.H exp[-(er-mBg)f&cz)]
* Partially coherent particle emission TN A TN AT
Phys. Rev. D47 (1993), pp. 3860-3870 mr [GeVic?
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PHENIX 3D Lévy femtoscopy - example corr.func.

1.3
. . ~ [ PHENIX 0-30 % Centrality Au+Au VSun = 200 GeV, T TT* r <m;> = 0.4 GeVic?
* Femtoscopy donein 3D: S +— Raw corr. func " : '
1.25 ) ) o r
_ . Raw corr. ¥ Coul. fact. A=092+0.04 C 20 MeVic < A ier < 40 MeVic
Bertsch-Pratt pair frame _1 Raw cort. Cou _ o= 1.15£ 0.03 :

N C(:]X N x (1+&(= q)) R, =6.08 fm+ 0.22 fm E_ P* C(;l} = 141 exp(-(Z Rizqiz)u 12)

(out/side/long coordinates)

R, = 7.63 fm £ 0.27 fm
1158, Cp Nox (T42(2 q)) i R, =7.69fm=027fm [ ¢ C,=CY x Coulomb factor
W it " 20,062+ 0.01 c/GeV "#Nf ‘
X e=U. T U. e 0]

. N =0.993 + 0.002 T~
* Physical parameters: 1 (//NDF = 2108461177428 [ PH “ENIX
T C preliminary
Rout,side,longr ALa 105 1.
——————————— = -
] e TSR, L 4 TSl R 97 b SRR PP 2.
measured versus pair mr OO . .. :.%.:%. SOk & S A 2t
E Projection: Projection: L Projection:
0.95F ¥2/INDF = 76/66 L ¥2NDF =79/81 C ¥2INDF = 37/59
T conf.level =18 % conf.level =53 % C conf.level =99 %
. Flt In thIS Case: o : ||I|||I|||I|||I|||I||| L1 1 |||I|||||||I|||I||| |||Il||I:Il|I|||I|||I|||I|||I|||I|||
o - - -

.. . . ol . - - . - L . - - . -
modified log-likelihood e T g A R
(small stat. in peak range) 82 I St |

B v I R 7 7 B R B - R X717 11 111 (B 7
A GeV/c] q, [GeV/c] qmg [GeVic]

- ) EOTVOS LORAND DANIEL KINCSES 07/20/2024
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PHENIX cross-check with 3D vs 1D

B. Kurgyis for the PHENIX Coll.,
Acta Phys. Pol. B Proc. Suppl. vol. 12 (2),
pp. 477 - 482 (2019)

— I PHENIX 0-30 % Centrality - -~ Au+Au ﬁ=200 GeV
£ I » Ry, (tw) 3D pHIENIX ¢ R, (t7)3D I s Ry, (vm) 3D
12l o R, (r*n*) 3D preliminary - o R,y ('n*) 3D - o Ry, (1'n") 3D
- v R (xw) 1D (arXiv:1709.05649) v R(r7) 1D (arXiv:1709.05649) | i v R (1) 1D (arXiv:1709.05649)
i v R (x*n*) 1D (arXiv:1709.05649) v R (n'n*) 1D (arXiv:1709.05649) % + R (x'n*) 1D (arXiv:1709.05649)
°r i Out N ; Side ¥ ii; Long
. T .
i Téfﬁ'fv; Al i gié @% t i i1 A |
i g*é%i;ifiiﬁhlﬂi %ghi { ;izié SSEE: z}
L 5 LT vITE3T Z Iy iiry T BT %l
of Mgt il T Lty
— B aiia i St T
.L o ﬁé%ééil B 't [ 54
: “#83% | WPCF 2018, B. Kurgyis |
o Lo b b b b b bl b v Do b b bvna Do el b Do b bvvaa by aa bysna Lo b
2 02 03 04 05 06 07 08 0902 03 04 05 06 07 08 0902 03 04 05 08 07 08 059
m, [GeV/c?] m, [GeV/c?] m, [GeV/c?]
e Compatibility with 1D Lévy analysis
* Similar decreasing trend as Gaussian HBT radii, but it is not an RMS radius!
* There is no 2" moment (variance or root mean square) for Lévy distributions with a < 2!
[}

Asymmetric source for small my, validity of Coulomb-approximation?

DANIEL KINCSES
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PHENIX 3D versus 1D: strength 4 and shape «a

‘<2_4‘_ PHENIX 0-30% Centrality = "L pHENIX 0-30% Centrality
C AutAu |5y, = 200 GeV ~  AutAu \'s., =200 GeV
22— ® 73D Ei_?gmx 18 __ [ ";L;))
- ] ot 3D reliminary | O ot
2 " 1D (arXiv:1709.05649) - n'n 1D (arXiv:1709.05649)
1 8:— n*n* 1D (arXiv:1709.05649) = ' I n*r* 1D (arXiv:1709.05649) L
“h 1.4 — l N , , h
16 L i RN A AN
- I -0y fﬁ,ﬁ; A 1, NN . I %
14 ; l | 12— [ ; %@ié**}%%;?ii; IV é T
12 +i {,{-Hiﬁif i L - 4 @g H iiﬂ%.}? i%é%{fl ([ !
AR : byl
u deflmEln Fl ! ~ENL [
o 0RO N AR
m 7§ X 0.8—
0.6_— ¥ 4 -
O IR TR ¥ S Y-Sy S S S—Y 02 R Y XIS oY —
m; [GeV/c?] m. [GeV/c?]

e Compatible with 1D (Q;);s) measurement of Phys. Rev. C 97, 064911 (2018)
* Small discrepancy at small my: due to large Rjyn 4 at small my?
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