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@ Introduction
e QCD phase diagram
o Evolution of quark-gluon plasma
o The STAR experiment
o Beam Energy Scan program on RHIC
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QCD phase diagram
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Parameters:
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» Baryon chemical potential y
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Evolution of quark-gluon plasma

Stages of ultrarelativistic nuclear collision:

a) Nuclei go through each other

b) Expansion Hydrodynamic Pre- equ111br1um
evolution phase (< 7—0

)

c) Formation of hot matter

d) Hadron gas a) without QGP//P\b) with QGP
)

e) Final patricles
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The STAR experiment

TPC (Time Projection Chamber)

. uon Telescope nner upgrade

» used for tracking and ‘ etector /

. . . \ vent Plane Detector

identification B / [

. \ gy e/ /
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arrel lectro agnetict
(1 m), \ alorimeter. " pa
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v

» pseudorapidity range |n| < 1

» in a magnetic field 0.5 Tesla
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Beam Energy Scan program on RHIC

Used data:
» RHIC BES-I, 2010-2011

» Au+ Au /Syy = 7.7 — 39 GeV.

> Phys.Rev.C 96 (2017) 044904,
Phys.Rev.C 92 (2015) 014904.
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@® Used methods
o Tsallis-3 statistics
o Femtoscopic approach
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Tsallis-3 statistics (J.Phys.G:Nucl.Part.Phys.50 2023 125002)

» Tsallis entropy:

q

pb; —Di

S = . ) E p:17
1—¢q - !

i
rae p; - probability ith microscopic state of the system, ¢ € [0, oo].
» In the Gibbs limit ¢ — 1 the entropy recovers the Boltzmann-Gibbs entropy:

S = sz' In p;
;

» In Grand Canonical Ensemble thermodynamic potential €2 takes the form:

Q= (H)—-TS — u(N), where

(H) = 1 Y plE (V)= 5 3 BN, 6= 300,
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Tsallis-3 statistics

Let's consider a relativistic ideal gas in the Grand Canonical Ensemble. From the principle
of thermodynamic equilibrium (the principle of maximum entropy), normalization expressions
for the parameters A = —0T'S + (H) — u(N) n 6 = . p! can be derived:

1= 1 / o e ) (K (8'm) "t
71
0

0= anr L /tq e A (Ko (8'm)) " dt

1

—t(1 —4q)
where w = =— f = ,
272 q—1"~ B T62
no - the number of terms to be taken into account, counting from zero.
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Tsallis-3 statistics

» The expression for transverse momentum distribution of particles of relativistic
ideal gas in the grand canonical ensemble in rapidity range y € [Ymin, Ymax] takes

the form:
d2N Yrmax gV Ymax
- =< d hy X
prprdy|,  ~ @n2"T | aveosny
Ymin
Hznlr L / ta1 eI AT oy ) (Ko (5'm))" dt
1
0

» In this work: ng =1, u = 0.
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Tsallis-3 statistics

AU+ AU, Sy =115 GeV, 0-5% AU +Au, Sy = 115 GeV, 30-40% Au +Au, Sy = 115 GeV, 60-70%
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Femtoscopic approach

» Correlation function:

o) = %

» N(q) - uses pairs from the same
event, contains quantum statistic
correlations and interactions,

» D(q) - uses pairs from different
events, contains only background.
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Femtoscopic approach

eout-long

» Bertsch-Pratt out-side-long
coordinate system:
> Giong - along the beam direction
» gout - along the transverse
momentum of the pair
» gsde - perpendicular to longitudinal
and outward directions

Rout¢ T m

Rlnng

» Gaussian parameterization (Bowler-Sinyukov)

C(Q) = (1 = A) + Kcou(gim) A exp(—qoR2 — ¢ZRZ — ¢* R — 2q0qs Ry — 2¢oq1 R2)),

A - correlation strength

Kcoul(Ginv) - Coulomb correction factor

Riong ~ source lifetime

Rout ~ - geometric size and emission duration
Rgige ~ - geometric size

Ros ol - Crossterms

VYyVYVYYVYY
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Femtoscopic approach

Parameterizations:

1 Low kr High kr
NGy

» Power law: R; oc mp“
» Blast-Wave:

Rside -

» mr scaling: R; o

0
V14 pd(me/T)
T Ky(me/T)
my Ko(myp/T)
(Phys.Rev.C51:328-338 1995)

Rlong =T
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Femtoscobic approach
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Femtoscopic approach

Parameterizations:

» Recalculate gaussian radii
to uniform distribution:

Ogauss — Ouniform

/1
Rgauss = ERuniform

» Calculate the volume:
V = R2,. Riong

side

(assumption: Rout ~ Rgige)
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© Results
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Results
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Results

F = my _ = my 35000 _ = my
14000 l‘ Au +Au, \[S, 7.7 GeV A UVR { Au +Au, Sy, = 11.5 GeV UVR £ { Au +Au, Sy, = 19.6 GeV A UVR
12000 ‘{ { v Blast-Wave v Blast-Wave 30000 3 v Blast-Wave
3 }} M i « Tsalis-3 i . Tsalis-3 25000F- « Tsalis-3
10000 E
o E | | I I 4 B E
E 000l Jﬁ £12000 H i E2o000f- }
> o0 { +H 1000 ﬂ #{ t S15000F #{ . *
£ I 1 ‘
4000 q.tf 1 % f . 10000) # gi ) §
2000 # i t é o 5000) LI ‘.
- - I I L L I . L | L. L | | q I I I 'F" Lid
R S — ] i & I | A S S = T
£ osb1f il : 4 1 I Lol 2 ooltlod] i i I8 i |88 I g
¢ T g i 1
&0‘7H\‘H"\“H‘U;HHHHHUHHUHH\YHgo-HUHH\‘HHUHHHHHHHHHHH\THggA i it i, fi i L L L
05 510 1020 2030 3040 4050  50-60 05 510 1020 2030 3040 4050  50-60 05 510 1020 2030 30-40 4050 5060 60-70
Centrality class, % Centrality class, % Centrality class, %
E = -y E + \ = = my
a0000F- Au ; Au, \[Sy = 27 GeV K UVE aouooE . Aiu Au, \[S, =39 GeV]| UVE
E e v Blast-Wave 25000 v Blast-Wave
250001~ & * Tsallis-3 E . } o Tsallis-3
mgzoooo} } - 20000:— T
- E = E 1
5000 1t 45000 )
> E H ﬁ{ ) i E H H I !
10000F T 0 10000 .p{ .
£ # A £ a i
5000/ # ) t s000F- # P .
E “ & . £ " & .
ogbmb b b b b T Ovmmumuuwuu‘H‘\HH\HHM‘H‘T"HH
£ I I b 1 £ 9 ; 1
P e s s - S S [ -
E ol Tl g i ol ot £ oapt tho ! § Fram—
D i £ i s s SO AW S AMT S £ SN AN S MR W
05 510 1020 2030 30-40 40-50 5060 60-70 510 1020 20-30 3040 4050 50-60 60-70
Centrality class, % Centrality class, %
or Nedorezov (JINR, MSU) ICNFP2024 1




@ Discussions and conclusion
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Discussions

» Correlations measure only the region of homogeneity. If the collective expansion is
strong, then the region of homogeneity can be smaller than the entire source
volume.

» Correlation function can deviate from Gaussian by exponential tails caused by
resonance decay contributions. This may lead to underestimation of femtoscopic
radii.

» In the Tsallis-3 statistics, the system is considered as an ideal gas, so particle
interactions and collective effects, including rescattering, are not taken into
account.
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Conclusion

» Two approaches: femtoscopy and statistical model.

» In the first approach the fireball is considered as a thermodynamic system in the
Grand Canonical Ensemble.

» Second method allows the measurement of the spatio-temporal properties of the
region of homogeneity by using two-particle correlations of final particles.

> We observe that at high energies the volume values diverge significantly, while at
low energies, they are more consistent.
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