\Varsaw University [i\ /ﬁ IFaculty

of Technology of Physics

WARSAW UNIVERSITY OF TECHNOLOGY

Seen by the Femtoscopy Method in the STAR
experiment

Hanna Paulina Zbroszczyk

W NATIONAL SCIENCE CENTRE
AN POLAND

40th International Conference on High Energy Physics; 28 July - 06 August 2020; virtual conference



Outline

Introduction
HIC and HBT method

Correlation femtoscopy: method, frames, correlations, measures, ...
RHIC / STAR

Results

a) Strong interactions between (anti)oaryons
b) Femtoscopy of strange baryons
c) Beam Energy Scan Program (BES):
- identical pion femtoscopy
- geometry: centrality dependencies
energy dependencies

system (of pair) dependencies

- dynamics: centrality dependencies
energy dependencies

system (of pair) dependencies

Conclusions



INtroduction



Heavy-lon collision and HBT method

Jong - beam axis

out - pair transverse p

side - perpendicular to
out and long

Lisa MA, et al. 2005. 4
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Correlation femtoscopy

Size: ~10-%%m (fm)
Time: ~102% s

Impossible
to measure directly!

Femtoscopy (HIC) inspired by Hanbury
Brown and Twiss interferometry method
(Astronomy)

but!
different scales,
different measured guantities
different determined guantities




Femtoscopic correlations and correlation function

S(X,p) — emission function: Xy, X, - Space-time sizes and dynamics

the distribution of source deﬂSiTy (Can not be measured d|rect|y> -=b
probability of finding particle with x and p _ _
Close velocity correlations
(HBT + FSI) «
Py, P> - momenta and momentum difference

(can be measured directly)

Single- and two-particle distributions
dN
d3p
=f d4x1 S(x,, p1)d4sz (x5, Po) P (x, polx, p,)

P (p)=E

=f d*xS(x,p)

dN

P,(p,.p,)=EE
2 1 2 1 2d3p1d3p2

Correlation function

Pz(pl,Pz)
P.(p))P,(p,)

* C(pl’p2)=




| Proton - proton correlation function, Rinv= 3fm |

Effects and interactions
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Identical pairs:

- Quantum Statistics- QS
- Final State Interactions- FSI: Coulomb, Strong

I Proton - anti-proton correlation functions Rinv= 3fm I
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Non-identical pairs:
- Final State Interactions- FSI: Coulomb, Strong

Longitudinal Co-Moving System - LCMS

PiLt P =0

Qinv

J 24
2

OQipy = \/(P1 —P2)2 —(E) — E2)2 if my =m;

Pair Rest Frame - PRF

k*=|pi| = |ps|
25
/pl.

Qinv == 2k * if m] = m2



Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory (BNL), Upton

BRAHMS ik, ™
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Results



a) Proton Femtoscopy @200 GeV

So far, the knowledge on nuclear force has been derived from studies
made on nucleon or / and nuclei.

Nuclear force between anti-nucleons is studied for the first time.
The knowledge of interaction between two anti-protons is

fundamental to understand the properties of more sophisticated
anti-nuclel,
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a) Strong interactions between anti-nucleons
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Nature 527, 345-348(2015)
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Fit results:
p-p CF;
R=2.75+0.01fm; X2/NDF = 1.66;

antiproton-antiproton CF,
R=2.80+0.02fm , fo=7.41+0.19fm,
do=2.14+0.27Tm;  x2/NDF=1.61

1.7

163 7.2 7.3 7.4 7.5 7.6 7.7
fo(fm)

¥2/NDF(fo,do) map of the results between
measured function and fitted one to find the
best values of fo, do parameters 11
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a) Strong interactions between anti-nucleons

| (O proton-proton

6-C proton-neutron(singlet) * fo and do for the antiproton-antiproton interaction
| /. proton-neutron(triplet) consistent with parameters
_ i ne;i_tfor;-neutf?n . for the proton-proton interaction.
antiproton-antproton
€ 4 Nature 527, 345-348(2015) Descriptions of the interaction among antimatter
“— : . (lbased on the simplest systems of anti-nucleons)
= o o . determined.
2 X * A guantitative verification of matter-antimatter
- symmetry in context of the forces responsible for

U the binding of (anti)nuclei.

9100102030

f, (fm)

The scattering length fo: determines low-energy scattering.
The elastic cross section, ce, (at low energies) determined solely by the 111_% oe = 4Amf§
scattering length,

do - the effective range of strong interaction between two particles.
It corresponds to the range of the potential in an extremely simplified scenario - the square well potential,

fo and do - two important parameters of strong interaction between two particles.

Theoretical correlation function depends on: source size, kK ,fo and do. 12



b) Strange Baryon Correlations (Including /A Hyperons)

p — /\ correlations:

sensitive to the Strong FSI only
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p — /A _correlations: contain contributions from

Residual feed-down Correlations (RC)
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o) Strange Baryon Correlations (Including /A Hyperons)

XY (1. 17 (1% K ok
CXYpA(gn ) = J O (kyy W (Fyys kpa)dhyy
AT T ( ]+ " L * :
Z TW (kg )dke

Clksg) = 1+ X (€™ (k35) —1)
3 ey (CXT(k2g) 1)

XY

p — /\ correlations: contain contributions from
Residual feed-down Correlations (RC)

Removing residual contribution pure correlation
signal leads to similar source sizes

incaseof p—Aand p— A

107 0.2 0.4

Phys.Rev. C89 (2014) no.5, 054916

I HZ, A. Kisiel, M. Szymanski
ro =3.0fm

Re(fo) =0.2fm
i Im(fo) =0.88 fm
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b) Strange Baryon Correlations (Including /A Hyperons)

Phys.Rev.Lett. 114 (2015) no.2, 022301
A — A correlations: ®
sensitive to the Quantum Statistical 5, A (AGARAevend

effects and Strong FSI | O
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- strength of the A — A interaction is weak;

- nonexistence of a AA resonance
- |limit on the yield of a deuteron-like bound

——— LL w/o residual

e L with residual H-dibaryon is also reported.
Phys,Rev.Lett. 114 (2015) no.2, 022301
0 01 02 03 04 0.5
Q (GeVic)
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b) Strange Baryon Correlations (including p-£2)

Binding energy Ebin [MeV]

39 '
Scattering length ao [fm] % . oomm | e Sy | AR Yo =200 GeV
, o 2F + e PQ4+PO
Effective range reff [fm)] Y ' 5 Backgromd
for 3 scenarios: e S %EFéz... o
K. Morita et al. Phys. Rev. C 94, 031901 |4 o |4 o | —%
(201 6) 2’- 1‘| 1 1 1 1 1 1 1 1 “
Vl VZ V3 1: (ssta:i)c:;t;r:? - “‘ (Sstit;imr)c:“ |“ Expanding Source
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ao [MeV] -1.12 5.79 1.29 ‘ . 1 |, 1 . 1
0 0.05 0.1 0150 0.05 '(:;1(Gevol.(1:§
Yeff -1.16 0.96 0.65 g 0-40%
[MeV] 151 ModelBp=Fa=81m & [ AusAu {5, = 200 GeV |
A PP
A comparison of the measured correlation O radmen
functions from Au+Au collisions with ®  PalFTi(PRisO)
theoretical predictions i+ .
Scattering length is positive and - — v
favor pQ bound state hypothesis
(a)
0.5+
Phys.Lett.B 790 (2019) 490 |, | ,
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c) Program Beam Energy Scan

Q
S
=
e
T
ot
v
Q.
5
-

LHC 2.76 TeV

Quark-Gluon
Plasma

Baryon Chemical Potential p;

RHIC Top Energy

0+p, P+Al, p+Au, d+Au,
SHe+Au, Cu+Cu, Cu+Au,
Ru+Ru, Zr+Zr, Au+Au, U+U
QCD at high energy
density/temperature
Properties of QGP, EoS

Beam Energy Scan

Au+Au 7.7-62 GeV

- QCD phase transition

- Search for critical point

- Tumn-off of QGP signatures
- Chiral symmetry restoration

Fixed-Target Program

Au+Au =3.0-7.7 GeV

High baryon density regime
with 420-720 MeV
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Geometry. dependence on collision centrality
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Dependence on collision energy
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Dependence on interacting system

Same charges 0-10% @ Au+Au 39 GeV Opposite charges 0-10% @ Au+Au 39 GeV
1.05- 125
1:— - —g— 121
; i+ s - -mtK 7w K*
0.95 — 1.15— _ n
E 4 - ~Tp TP
3“50'9__ et K T K :jtéo 11— ~K'p  —~Kp
O =+ . B © b=
0.85— - TP np 105 ——
i —K* P ~—K P - == S
C - gt S . .
08— — 3 e g b =&
C stat. uncertainties only - +:—‘,_ Stat. uncertainties only
e N S S A B R I 095565 o0 006 008 01 04z 014
0 0.02 0.04 0'06* 0.08 0.1 0.12 0.14 k*[GeV/C]
K*[GeV/c] Nucl. Phys. A 982 (2019),
359-362 o .
| | Cy(K - p) different shape due to strong
Determined by Coulomb Interactions interaction

Determined by full FSI: Coulomb and
Strong interactions (kaon-proton)

22



Spherical harmonics
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Source dynamics: centrality and energy dependencies
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Source dynamics: system dependence
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Conclusions & Summary
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Summary

Correlation femtoscopy probes the system: @ @
- interaction: | “]
First attempt to determine strong forces responsible for binding anti-nucle; N @

- A quantitative verification of matter-antimatter symmetry (forces responsible for the binding of anti-nuclei);
Strong interaction between strange (A, €2) particles is investigated:

- geometry:
Pure geometrical information: source parametrized in 3D space (out-side-long), also seen w.r.t. reaction plane;
Source’s lifetime, particle duration, temperature of kinetic freeze-out, etc..;

- dynamics:

- emission sequence (particle of which type is emitted earlier or later);

- collectivity seen through homogeneity region.

Thank you for Your attention
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