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Lévy-walk search

Lévy-walk in Nature

* Wide range of phenomena

(foraging, swarm dynamics, chemical,

Brownian-

microbiological, physical processes) motion search

Brownian motion
magnified

-them-hunt-20200611/

https://www.quantamagazine.org/random-search-wired-into-animals-may-help
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The occasional very long
steps allow a wandering
searcher to sample more
regions quickly.

Because the lengths of
steps all fall within a
narrow range, o searcher
doesn’t wander very far.


https://doi.org/10.1038/nature06518
https://doi.org/10.1038/nature06199
https://doi.org/10.1038/nature09116
https://doi.org/10.1038/nature11098
https://doi.org/10.1038/nature06948

Lévy-walk in Nature

e Distribution of individual random variables — no finite second moment
* Generalized central limit theorem — sum of individual random variables
follows a stable distribution (also called Lévy-stable, or alpha-stable)
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Lévy-walk in hadronic scattering

» Lévy-stable sources observed in heavy-ion experiments, many open questions
— see talks of S. Bhosale, S. Lokos, B. Porfy, M. Csanad, M. Nagy!

* Idea: check pion movements in UrQMD history mode
(where every individual scattering step is followed)

« 4 main types of interactions in UrQMD:
* Scattering (2 - 2 process, i.e. a 2-by-2 scattering, elastic or inelastic)
* Decay (1 = N process with N > 1, i.e., 2 or 3 particles are created from one)
* Coalescence (2 - 1 process; also called ‘annihilation’ in UrQMD)
e String creation and subsequent fragmentation (2 - N process, with N > 2)

e Starting from the constituents of the colliding nuclei,
a chain of interactions proceed until a large enough preset time
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Lévy-walk in hadronic scattering
* Generated 100 UrQMD events, 0-10% Au+Au @200 GeV, full collision history

 Selected pions at their last point of interaction,
and tracked their steps back to the constituents of the colliding nuclei

(through scatterings, decays, and coalescence processes as well)

* A few example paths — resemble Lévy-walk!
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Lévy-walk in hadronic scattering

» Source function investigated in femtoscopy:
Distribution of points where pions start their straight flight toward the detectors

 Random variable representing the location of the freeze-out:
vector-sum of the individual steps

* What is the second-moment of the step-length distribution?
* If finite — freeze-out coordinates follow a Gaussian distribution
* If not finite = freeze-out coordinates follow a power-law-tailed stable distr.

& > 2: finite mean & variance

dN .. P .
o St 18 )1 < ¢ < 2: finite mean, infinite variance

dr
&< 1: infinite mean & variance

r: step-length
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The pion step-length distribution

* Individual steps represent the distance covered before the actual process

UrQMD cascade 0-10% Au+Au, s, = 200 GeV
= decay

- coalescence

. string fragmentation
+ 2 by 2 scattering

* Related to the mean free path of =<, 1¢°
the particle w.r.t the given process %m ::08

* Expanding medium —

decreasing density —
m.f.p increasing — power-law tails

* All follow a power-law tail with

varying exponents

» Total distribution ~r~1->3, 107"

f Sy

dominated by decays 1072 " | T
1074 TS 10° 10° L
° No Second moment! 10—5 \IIH| I\IIIIII| \IIHIH' I\IIIII,IJ \IIIIIH| IIIIHIII \IHIII IIIIIIII‘ L LIl

e Fini _limi 10° 102 10" 1 10 10*® 10° 10* 10°
Finite upper-limit of phenomena step length r [fm]

— a truncation usually appears (but up until then, power-law!)
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The pion pair-distance distribution at freeze-out

* Pair source function exhibits a power-law tail,

close to a spherically symmetric 2107 = UrQMD 200 GeV 0-10% Au+Au, n'n'+n
Lévy-stable distribution = 10°F 0.15<p_[GeVic] < 1.0
(individual event shown as example) 107 f - Zii?ff::\];coﬁf1
5F
£ R = gy [ 0TI eI
107 & '..: =+ =2,R=6.5fm
* Next steps: 10°F "'.,.
* Hybrid model, hydro+rescattering 10_%
(EPOS3) 10"k ';.
« Multi-dimensional investigation 10‘“%
of the source function _'|1 "1'|0 | 162 "'163 '_
p [fm]
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L(a,RZ,F):(zl)‘s d3geidr ¢7ld R "
/A

3D pion pair-source in EPOS = diag(Roues Réiger Riong)

e 200 GeV Au+Au collisions, 0-10% centrality
* Pair-distance distribution of pions measured in 3D, on an event-by-event basis,
fitted with elliptically contoured three-dimensional Lévy-stable distributions:
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(A [ pair-source projections VSnn = 200 GeV : k [GeV/c] = 0.375-0.425
AL it et b b it | b s
10 ﬁmﬁf Wi, m
1072} [ i< 1.0
3 QLCMS < kT
107} P
104 | INDF = 288/247 \ 1
| conf.lev. = 0.03641
105}l «=163+002 i ~
| R, =(7.30 £0.09) fm Rqige = (647 £ 0.10) fm leg =(7.89 £ 0.20) fm
10_6?.......| Lol bl Ll Lol Lol ol cl Lol
1 10 107 1 10 02 1 10 107

p__[fm]

long

P, [fm] P,

oS LERATE DANIEL KINCSES 06/11/2024

VERSITY | BUDAPEST




3D pion pair-source parameters vs. PHENIX results

* Dashed line: mean of evt.by.evt fits, band: standard deviation of e.b.e fits

 Levy radii shows good agreement with recently accepted final experimental

angle-averaged results (see talk of Sandor Lokos!)
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3D pion pair-source parameters vs. PHENIX results

* Levy exponent is far from Gaussian, but not as low as the experimental result
* Besides Lévy walk, other phenomena may play a role?
* Long-range Coulomb elastic scattering? (see talk by M. Csanad)

* Maybe we can expect ® 2~ 0-10% Au+Au @ \s,, = 200 GeV, w'n'+ T
better agreement with data ~{ o PHENIX [2407.08586] - (o)) EPOS3
in peripheral events? 1.81

 Stronger effect in data than EPOS?
* What about centrality
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and particle species dependence? 1.4

Talks of Emese Arpasi,
Laszlé Kovacs, coming up!
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» Lévy-walk as a form of random movement appears in many areas of Nature

 Also present in hadronic scattering and decays as shown in UrQMD

* In a hybrid model including hydro + hadronic scattering,
three-dimensional elliptically contoured Lévy-stable sources appear!

* Next steps:
« Comparison with experiments: talks of Sneha Bhosale, Emese Arpasi

* Centrality dependence in EPOS: Talks of Emese Arpasi, LaszI6 Kovacs
* Particle species dependence in EPOS: Talk of Laszlé Kovacs

* 3D correlation reconstruction with CRAB/CORAL, checking if
results are consistent between the different methods
— ongoing investigation, stay tuned!
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Backup - kinematic variables

* Pair source D(r, K):
autocorrelation of S(x, p) single particle phase-space density
r r
D(r,K)=fS(x+§,K)S(x—§,K)d4x K= (py+p,)/2

. . . r=X1—X
» Two-particle momentum correlation funcion C,(g, K): 172
q=P1— P2

C,(q,K) = [ dr D(r, K) |y ()|

 Four-momentum vectors: g = (qo,q), K = (KO,I?), r=(tr1)
e For identical, on-shell particles p# = p% = m?

* Thus, qy = c?ﬁ, where E = I?/KO

* The proper spatial variable becomesr - p =7 — Et

DANIEL KINCSES 06/11/2024




Backup - frame choice

* Longitudinally Co-Moving System, Bertsch-Pratt coordinates:

Klong = Ksige = 0
K = (Koutr 0,0)

-

:8 — (Kout/KOf 010)
do = GoutBout

e =7 —ft
LCMS _ ing — —~L _
Pout” = 1COSQ + 15,5in@ KZ — K2 (Kot — K1), cos = K,./Kr
Pefaa” = —Tysing + 1,c089, sing = K, /Kr

Kor — K, t
Plong = ——— Kr= [KZ+K2
/KOZ — K2
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Backup - Lévy scale vs. Gaussian scale

* Measure of widths:
* R scale parameter of the distribution (in case of Gaussian, equal to RMS)
* Half-width at half maximum (HWHM)
* Half-width at half integral (HWHI)

 Relation of Gaussian widths (a = 2) to Lévy widths (a < 2):

* 3D Gauss: WE
HWHM ~ 1.17:-Rg, HWHI = 1.54: Rg v
* LéVy a=1.3: 10r4:g """""""""

HWHM = 0.61- R, HWHI = 1.27- R, .0 Léw,R=7fma =13 N
E Gauss, R; = 3.6 fm (same WHM)

* E.g., a=13and R} =7 fm “means”. .[ Gauss R; = 58 fm (same WHI)

* Same HWHM Gaussian: Rz =3.6 fm ¢
* Same HWHI Gaussian: R; = 5.8 fm E
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