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2 11 FEMTOSCOPY — THE TWO-PARTICLE SOURCE
relative coordinate _ average momentum single-particle phase-space density

t 7
Two-particle (pair) souhr, Ky=/[S (p + E,K) S (p — E,K) d*p

pair wave function

relative momentum

: . t fD(r,K)|qu(r)|2d4r
Correlation function: C(q, K) = DGR der
Experiments — no direct access to pair-source -

* Assume given source shape and wave function

source function S(r) correlation funct. C(q)
* Calculate the correlation function

* Test the assumptions on the measured correlation

Event generator models (like EPOS) — direct access to pair-source!
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3,11 LEVY DISTRIBUTIONS IN HEAVY ION PHYSICS

* Measurements suggest phenomena beyond Gaussian distribution

. 1 L
* Lévy-stable distribution: L(r; @, R) = (2m)~3 | d3qelqre—§|qR|

e Gaussan distribution: @ = 2 "

* Cauchy distribution o = 1

* R:Leévy scale parameter

* Some possible causes:

- [EVCnTRVeragIngl (Cimerman et al., Phys.PartNucl. 51 (2020) 282)
* Resonance decays (Csandd, Csorgd, Nagy, Braz.|.Phys. 37 (2007) 1002; Kincses, Stefaniak, Csandd,

Entropy 24 (2022) 308)
 Hadronic rescattering, anomalous diffusion (Braz.|.Phys. 37 (2007) 1002; Entropy 24 (2022) 308)
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4,11 THE EPOS MODEL

* EPOS = Energy conserving quantum mechanical multiple scattering approach,

based on Partons (parton ladders), Off-shell remnants, and Saturation of parton
ladders K. Werner et al., PRC82 (2010) 044904, PRC89 (2014) 064903

* Monte-Carlo based phenomenological model

* Stages of the evolution:
* Initial stage — parton based Gribov-Regge theory
* Core-corona separation
* 3+1D viscous hydrodynamic evolution

* Hadronic rescattering — UrQMD
e Dataset: EPOS3 2.76 TeV PbPb, 800k events
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511 RECONSTRUCTING THE TWO-PARTICLE SOURCE

* Source spherically symmetric in the LCMS (PHENIX coll.,Phys. Rev. Lett. 93 (2004), 152302)

z1—23—B(t1—t2) Pz11Dz.2
° r ={X1 — X — = — ’
LCMS ( 1 20 Y1~ Va2, m )r ﬁ E +E,

Calculate D (r;cys) event-by-event!

Average transverse momentum (kr) classes

Investigated cases:

* Pions:
* CORE, primordial
* CORE, primordial+decay
* CORE+CORONA+UrQMD, primordial
* CORE+CORONA+UrQMD, primordial+decay

* Kaons: CORE+CORONA+UrQMD, primordial+decay

* Protons: CORE+CORONA+UrQMD, primordial+decay
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Baldzs Kérodi, ISMD 2023 EPOS3 single event

- 107 10-20% Pb+Pb@/S,, = 2.76 TeV o D(r,..)
- O'ﬁ_' LCMS
611 LEVY FITSTO THETWO- <7 L it a5 9 Gove 2 e a2,
PARTICLE SOURCE = o f e o 1.
£
’ ' D 10‘8
* Event-by-event Levy fits
1077 RE CORE !
. rimordaial plons imordial+d i :
* Without decays and UrQMD — 10°F o =181 002 | Ge 1484001 |
0| B0z Sagsiom|
close to Gaussian 10-10&&%1‘ lev. = 4.43% 1l Sont.lev. = 0.00% ' 2
s I Ll L i Tra
— 1072 3

* After decays or UrQMD - far from E 10_3%
Gaussian 10T e

] S P e,

* Lévy shape appears in single events! O 4o

- [ CORE+CORONA+UrQMD |\, %
| primordial+decay pions
o =1.39 + 0.01

R = (9.93 + 0.04) fm
¥?/INDF = 98/71

Iffcf"f dev. = 1.76%
L A L L b Ll JI

—?E [

10" E[ coreE+CORONA+UrQMD | & :
_gf | primordial pions [

107°F| o = 1.44 + 0.01

R = (10.35 + 0.06) fm

: . 107 % .2 -
* Only keep fits with CL > 0.1% o o e
I
L L L 1 LI.JJJ

Similar fits for kaons and protons

1 10 10? 1 10 10°
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7 DISTRIBUTION OF THE SOURCE PARAMETERS

e Collect all fit results in R vs « i EPOS3 CORE+CORONA+UrQMD
, = e News 67757 10 5q0; N.. 55810400
histograms = T, | < 1 hy 9_54;_10 20% Pb+Pb | B P -
- . . o ky = 0.50-0.58 GeV/c|_ 0.60f Sy = 2.76 TeV [ 0.53
* Similar figures for each centrality, @ 151 @ 1419300
11 | S, 0.06f 5, 0.05 1950
k+ and for kaons or protons cor,,  -34%f cor, 5 -26%
10} ‘ : 1200
* Extract average values (R) and (@) o i 1150
E : 100
 Extract standard deviations 3r s 50
- pr|mord|al p|ons prlmordlal+decay plons
) ) y L . e
* Investigate centrality and kr 13 14 15 1.6 1.7 1.8 1.3 14 15 16 17 18
dependence x o
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8/11

PION SOURCE PARAMETERS

* Lévy scale parameter (R):
* Larger in central collisions — spatial scale
* Decreases with my — hydrodynamic scaling

* Small effect of decay products
* Levy stability index (a):
* Weak centrality dependence

* Small decrease with my

* Smaller after decays — source shape

influenced
* Similar trends to experimental results

* Magnitudes of the parameters different

14

(R) [fm]

EPOS3 CORE+CORONA+UrQMD

" primordial plons

[ primordial+decay pions

Pb+Pb@ys, = 2.76 TeV.

- prlmordlal plons

L ] 0-50/0 | 5-10%

* 10-20%

20-30%

pnmordlal+decay plons

08
m; [GeV/c]

04 06

08 1
mT[GeV!cz]
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911 PION, KAON, PROTON LEVY SCALE PARAMETER

EPOS3 CORE+CORONA+UrQMD

Similar trends 0.03

L1 KK pp
: : - $0-5% W0-5% 4 0-5%

+ - H
Hydrodynamics + Gaussian source 0.025( 6 5.-10% &5-10% i 5-10% primordial+decay, | 0| < 1

=
-E Pb+Pb@ys,, = 2.76 TeV
Pl

1 N L ¢ 10-20%m 10-20% 4 10-20%
14
~
—
b

—~ Mg particle independent scaling 0.02F- 6 20-30% i 20-30% & 20-30%

EPOS — R depends on the particle type 0.015
* No universal my scaling in EPOS 0.01

* For given species scaling is fulfilled 0.005

‘\
|

. o e TR N AN N [N T N S N T S
Stat. uncertainties smaller than markers 02 04 06 08 1 12 14 16
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10/11 PION, KAON, PROTON LEVY STABILITY INDEX

* Source deviation from Gaussian (@ = 2)

* |n case of anomalous diffusion:

* Smaller cross-section — larger mean free
path — longer power-law tail = smaller a

* Prediction: ayx < a; < a,
* Only partially fulfilled!

* Anomalous diffusion cannot be the only
reason for the Levy shape

EPOS #nodél

~

2

1.8

1.6

1.4

1.2

EPOS3 CORE+CORONA+UrQMD

........................................ A-oemmem s RN
[ Pb+Pb@ys,, =2.76 TeV
 primordial+decay, |n| < 1 !
C t
— |
= |
- |
o8
- 'l'l: : s S & o .. ® :l
i T KK PP
- ¢0-5% m0-5% 40-5%
B ¢ 5-10% m5-10% 4 5-10%
- 10-20% = 10-20% + 10-20%
| +20 30%.[.20 30%+20 30%
| | | 1 1 | | | | | | l I 1 I | 1
2 04 06 03 1 1 2 1 4 1 6
m, [GeV/c?]
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1711 SUMMARY

* Analysis steps:

 Event-by-event reconstruction of the two-particle source in EPOS 2.76 TeV PbPb
* Single event Lévy fits — event-by-event Levy shape
 Extract mean Lévy parameters (R) and (a)

e Results:

Hydrodynamic and geometric scaling of (R)

* (a) affected by decays pions
* Similar trends to experiment, but different magnitudes
* Particle species dependent (R) Supported by the NKFIH OTKA grants K-133046, K-128713, and K-138136.

; 5 o . . Supported by the UNKP-22-2 New National Excellence Program of the
* Partlally fUIﬁ"ed pr'edlctlons Of anomalous dlfoSIOn Ministry for Innovation and Technology from the source of the National

. . . R h, Devel tand | tion Fund.
» Preprint: arXiv:2212.02980 (submitted to PLB) S TR LT (78 et
g o
INNOVACIOS ES TECHNOLOGIAI NEMZETI KUTATASI, FEJLESZTESI
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14 KAON AND PROTON EXAMPLE FIT
EPOS3 single event

2
— 10T 10.20% Pb+Pb@|5 = 276 TeV [ D
'E 1073 E — Levy distr.(a,2 "Rir )
= At kT S AL e --= Gaussian distr.(R ;r )
—_ 10 @ E é G’ LCMS
o R, § > 0 k=1.00-1.40 GeV/c
_S10 B 3 SRR
5-""10_6 ;_ 0y pp’|n|{1
1077 E
CORE+CORONA+UrQMD % f| CORE+CORONA+UrQMD
10—3 primordial+decay kaons '-‘ " E primordial+decay protons
_of| ®=1.53 £0.02 v Y f| «=1.70+0.04
10 7F R = (10.45 + 0.09) fm | 5 F| R = (13.58 + 0.22) fm
1010 v?/NDF = 72/68 \ ? | ¥?/NDF = 69/59
conf.lev. = 34.48% : E conf.lev. = 16.88%
10—1‘1 |11 I T L ol | I T P 1 Lol 1
1 10 10° 10 10°

rLI'CII"I.I"ISp [fm] rLCMS [fm]
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15 CONTOURS OF THE R VS a DISTRIBUTIONS

— 13

£

* 10 contours for all k1 classes = 1ol
* Ellipses from o, 0y and cor, g as :

* Only 2 centralities in one figure 1

for clarity 10}

* a — R anti-correlation O

* |llustrates centrality and k

dependence

EPOS3 CORE+CORONA+UrQMD

8i

- -

primordial pions

- k; [GeV/c]
; @ s —0.25-0.28
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& | & me
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L L L ey, —0.67-0.77
L N ,‘;‘ [ I\(\ N X —0.77-0.88
[10-20% cent' vy 2 ) NS —0.88-1.00

i primdr'd'ial+decay pions

13141516 1.7 1.8
x
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16 COMPARISON TO DATA AND LOWER ENERGY EPOS

EPOS3 CORE+CORONA+UrQMD

é 15 Pb+Pb@\[57 =276 TeV +7‘3;75‘5; ;3;75/ 115 E lg 10E EPOS3 CORE+CORONA+UrQMD [ Au+Au@\s,, = 200 GeV
oy 14; §510%  &540% ] e = T : T, M| < 1
i 13?ﬁ Ml <1 1020% © 1020%719 &£ o -
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m.[GeV/c?] r m[GeV/c?] 025 03 035 04 025 03 _ 035 04
- | PbPb 0.58 nb"' (5.02 TeV) m, [GeV/c?] m; [GeV/c?]
= | ety CMS Preliminary . . ,
— 8 4 0%5% & 5%-10% +2.0% Kincses, Stefaniak, Csandad, Entropy 24 (2022) 308
x t Correl. syst. = ’
7E 10%-20% *20%-30% -2.4%
s:E* DU R o * Similar centrality and m; dependence
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17 COMPARISON TO DATA AND LOWER ENERGY EPOS
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Kincses, Stefaniak, Csanad, Entropy 24 (2022) 308

* Similar centrality and m; dependence
* {(a)(2.76 TeV EPOS) < («)(200 GeV EPOS)
* (a)(2.76 TeV EPOS) < a(5.02 TeV data)
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18 LEVY SCALE PARAMETERVS N, +

EPOS3 CORE+CORONA+UrQMD

m; [GeV/c] Pb+Pb@)s,, = 2.76 TeV
" ¢ 0.29-0.31m 0.53-0.60 4 0.96-1.11
181 ¢ 0.52-0.60M 0.69-0.79 4 1.11-1.37
_ € 0.78-0.89W 0.93-1.12 4 1.37-1.69

* Npqrt : average number of participating

N
o
[T

nucleons . .
primordial+decay,|n| < 1

(R) [fm]

e N Vo 8 one-dimensional initial size

part 16

N L] KK pp
* Approximately linear scaling = geometric 143_
interpretation -
12—
 Super small statistical uncertainties: - / ——— ;
10_ - /
OR B
~ 0.019 C
VNevts % 8—_ /

5658 6 62646668 7 727%
part
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19 INTERESTING SPECIES INDEPENDENT SCALING OF R

EPOS3 CORE+CORONA+UrQMD

E65- mm KK pp  Pb+Pb@ys,, =276 TeV
— 6 #05% #0-5% 4056% rimordial+deca < 1
* Rvs.my —m — same curve for pions Ccr5.5§—+ > (D7D Bl ’ .
and kaons + 5:_ 10-20%% 10-20% + 10-20%
= ; 5§ ¢ 20-30%m 20-30% 4 20-30%
o —
* Divide R with one plus the number of o '45 o
— ® o=
valence quarks — same curve for protons D Mo O e
3.9 “ em : : D °
- ]
* Unknown reasons and interpretation 3 L o we o, “ e *
- °s o
25;_ * “u : ® °
2:_II L1 | IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 0.1 02 03 04 05 06 07 08 0.9
T-m[GeV/cz]
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