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HBT INTERFEROMETRY AND FEMTOSCOPY e

Source

H

* From intensity correlations vs. detector distance = source size :
: : Correlation
* Goldhaber et al.: applicable in HEP = understood by Glauber et al. etc.
* Femtometer scale objects: "femtoscopy”

* Aim: connect correlation of momentum distributions with spatial distributions

o
1/R

strength

' ; f; -’ 5 [n
b % MA\ lhn/
= - » ~ i

S— e=m

e ,~'-,«: LA --c-——,.\---
= e St ﬂ—ﬂ




CORRELATION FUNCTIONS IN FEMTOSCOPY

> inthis analysis: z*n* and m~m ™

Clg) =14 |fS(r)etmdr|
*Neglected: pair reconstruction, final state interactions, multi-particle correlations, coherence, ...

* Can be expressed with distance distribution D(r) (~event shape):
C(q) =1+ [D(r)e'dr

->

> >
q=p1—Pp2
R=(B1+B2)/2




THE LEVY-TYPE SOURCE FUNCTION

[Csorgd, Hegyi, Zajc Eur. Phys. J. C 36 (2004)], [Csorg6é et al. AIP Conf. Proc. 828 (2006) ]

The spatial distribution
D(r)
Parameters: strength A, scale R, shape a 1 gy

Gaussian: correspondsto a = 2
* Central limit theorem, diffusion, thermodynamics: lead to Gaussian

a < 2: ~r~17% power law tail
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GAUSSIAN OR LEVY SOURCE?

| Source function from HR model, 0-20%, 0.20-0.36GeV |

% B —+ Core-Core
——Total source

- PHENIX, PRL98

— Gaussian fit

— Lévyfit,

a=1.33
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® Lévy walk [Entropy24(2022); PLB847(2023); Comm.Phys.8(2025)55]

=)

index of stability a

...will it also appear in the simulations?
 Lévy sources with a as parameter:
* Measuring @ and R: quark-hadron transition, critical point, etc.

* Measuring A: In-medium mass modification, coherent pion
production




Spectators

Corona

URQMD: QUICK COMPARISON 7'*
WITH EPOS

llllll

A+A
E P O S [l. (Energy conserving quantum-mechanical multiple scattering approach,

based on Parton ladders, Off-shell remnants, and Splitting of parton ladders)

U I’Q M D (Ultrarelativistic Quantum Molecular Dynamics)

* Gribov—Regge-based + hydrodynamics * Microscopic transport model

* Core-corona approach, viscous * Binary hadronic and string interactions
hydrodynamics, jet quenching

* QGP ph | * No explicit QGP/h




D(p)* ANALYSIS METHOD



https://github.com/molnarmatyas/EMISSIONSOURCE
https://github.com/molnarmatyas/EMISSIONSOURCE
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PION PAIR EVENT-BY-EVENT DISTRIBUTION ANALYSIS METHOD

kt limits[NKT+1]= {©.175,8.225,8.2

* 1-dimensional projections along Bertsch—Pratt coordinates, cuts inn, pr, qr.cus
Defaults (similar as with STAR experiment):

~— 10

. . [aX UrQMD 5000 events 0-10% 'Y'Au+'¥Au

Qems < \/50 MeV - my E 17" pair-source projections VSuy = 3.5 GeV Spleeilale 057520825
* 0.15 < py [GeV] < 1.0 107 Rpewionver f P
o 102

f < LLiL 107 N\ 1 )

e Lévy-distribution fitted to D (p) 107" 2 INDF = 143/124

. . 10 %k o =1.87 £0.02 -
...If event-averaging was not needed, 1¢-¢f " =099 002 ~ .
but 107 Rou = (4.72 +0.08) fm’ Rage = (3.39 +0.05) fm? Riong = (2.91 +0.05) fm’

T I sl I ol Ll

1 1 i 111 IIII 1 1 IIIIIII 1
10 10° 1 10 10° 1 10




10/ 15

PION PAIR EVENT-BY-EVENT DISTRIBUTION
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One averaging (event merging) block, before normalisation & fitting p [fm]
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RESuLTS: URQMD a(my), A*(my)

1'72_ ’ ./";/ .
N » / 0.8
1.6 _=# == Sy = 3.0 GeV =Sy, = 3.2 GeV E —— (S - 30GeV == |5, - 3.2 GeV
- 3 = Sy = 3.5GeV == ys . =3.9GeV E = \[Syy = 3.5 GeV —— Sy = 3.9 GeV
1.5 == Sy = 45 GeV == |5y, = 5.2 GeV 0.7¢ = Sy, = 45GeV = |5, = 5.2 GeV
L == Sy =77 GeV sy, = 9.2 GeV - Sy = 77 GeV == |5, = 9.2 GeV
1 4 == |5 = 11.5GeV =={s, = 14.5 GeV 0.6 —= Sy = 11.5GeV == |5, = 14.5 GeV
- ~= {Syy = 19.6 GeV == |y = 27.0 GeV : ~— Sy = 19.6 GeV == |5 = 27.0 GeV
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REsuLTS: URQMD R(mr)

o, = 1 auu fit C 5
= D AU+AU U107 =, Levy fit - 5
o — - I:
—_— :.' :.'
o L I
o= | I r ¥ I - > I
= : = mgm ys =30 GeV willm ys -3 2 GeV =
S q C o= Sy = 3.0 GeV: WSy = 3:2 GeV e
£ =~ . -y Y 35 Gay i s - 39 GeV : o
ﬂ - - -.I!E‘J.'Ii-!“'—j"‘) GeV . '__F-"’.‘I}!” 3.9 GeV 3

e S0 = 7.7 GeV w5y = 9.2 GeV
mge S, = 11.5 GeV S, = 14.5 GeV
Sy = 19.6 GeV o = 27.0 GeV
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COLLISION ENERGY DEPENDENCE

19 UrQMD Au+Au 0-10%, nt'n*, Lévy fit

1.85
1.8
1.75
1.7
1.65
1.6

* strong monotonic decrease with \/syy 1.55
1.5
* Trend similar to STAR preliminary (see later)

(44

m, = 224-265 MeV

=
|
~
r o
CIT)
~
~
~
<
(9]
<

10

VS [GEVI
10 UrQMD Au+Au, ", m_= 224-265 MeV UrQMD Au+Au, m°n*, m,_ = 400-447 MeV
of CO® = |R:, + Ry, + REI3 CO®R- (R, +R + R
[ Rou C IR
8 |:| R D Riige

Increasing system liretime

* mildincrease in Rgige, Roys:
larger spatial expansion

at higher /syn

HH‘\HHHL.J‘HHUJ‘JUUU
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DERIVED QUANTITIES

E\E 40-UrQMD Au+Au 0-10%, ', Lévy fit
o - m, = 224-265 MeV
~ P 35— .
' - . my = 400-447 MeV
&R 30—
251
201
15
: L 1 L L L L L I
S - UrQMD Au+Au 0-10%, n*n*, Lévy fit
o’ 1.55
= - . m, = 224-265 MeV
- - - - = B
 Deviation of the ratio from unity: o [ = 00407 vy
* incomplete description of the collision B

* lack of a hydrodynamical phase with EoS
* Appropriate as a hadronic baseline

\ Sy [GEV


https://doi.org/10.1088/1361-6471/ada04f
https://doi.org/10.1088/1361-6471/ada04f
https://doi.org/10.1088/1361-6471/ada04f
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SUMMARY: URQMD AT RHIC ENERGIES

19 UrQMD Au+Au 0-10%, T¢TF, Lévy fit

1.85
1.8
1.75
1.7
1.65

1.0
* Dynamics beyond pure hadronic transport 1.55

m, = 224-265

I
N
o
o
A
i
'\l
=

a=0.85+ s (trend of STAR data)

* Possible next steps: 1.5

* Baseline to be compared with more data
—> look for anomalous /sy y-dependence

* Centrality dependence?
* Correlation afterburner (CRAB)?
* Comparison with vVHLLE+SMASH?




BACKUP SLIDES




OUR FEMTOMETER-SCALE "OBJECT":
QUARK GLUON PLASMA IN HEAVY-ION COLLISIONS

* Stronginteraction, QCD: confinement
* Free quarks not observable (only hadrons)

* Increased energy ~ potential ~ distance = additional quarks
created, confined again

* In HIC: extreme temperatures [ energy density
* Asymptotic freedom: deconfined quarks = QGP
* QGP once again freezes out to hadrons, e.qg. pions

 Final state particles detected

Relativistic Heavy-Ton Collisions
made by Chun Shen
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Image courtesy: irfu.cea.fr
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CORRELATION FUNCTIONS IN FEMTOSCOPY

* Eventshape: D(r, K) = [ S(x1, K)S(x,, K)d*p = fS(p +£,K)S(p —g,K) d*p

X1 +x2

with average p = and relativer = x; — x,

 Lévy forthe spatial distribution )
D(r) = L(r, a, ZER)

* In LCMS frame already K -independent:

D(riems) = | dQpcpsdtD (rpcus)
(note: r; -y is the pair-separation vector in the lab frame)
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LCMS

Pout . =T COSP + Ty SIN p—
Kr
K2 - K (Kot — K,r,), (1)
pEG"S = —rysing + 1y cos g, (2)

pLCMS KOTZ - Kzt
long
VEG -




L EVY PARAMETERS
VS. AVERAGING

—> stability at highe
* Note: errorbars represent RMS of parameter
histograms, solely for informative purposes

r kr as well

Levy ovs NEVT_AVG
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Levy R vs NEVT_AVG
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UPPER LIMIT OF FIT RANGE, pf;/™ o
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PION PAIR EVENT-BY-EVENT DISTRIBUTION

UrQMD pion-pion pair source, kTe[0.325, 0.375] GeVies, = 3p0, 0-10%
10°?

UrQMD pion-pion pair source, kTe[0.425, 0.475] GeVie,y[s, = 3p0, 0-10%
10°?

UrQMD pion-pion pair source, kTe[0.375, 0.425] GeV/c,s, /= 9p2, 0-10%

- =0 3 107k
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o vs R, 0-10% cent, 3p5 23 /15

11 alpha_vs_R_ikt2
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FIT PARAMETER AVG. & STD. DEV. o vs R, 0-10% cert, 27GeV
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TODQO: CORRELATION AFTERBURNER

C(k) generated with CRAB from EPOS dataset

Parameters:

A =0.88 +0.10

R = (6.21 + 0.57) fm
o =1.12 + 0.07

Cuts:

0.15< P, [GeV/c] < 1.0

Il < 1.0

0.275< K, [Gev/c] < 0.325

parameters
* Efficient 3D processing possible
* Work-in-progress

0 20 40 60 80 100
k [MeV/c]
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