Femtoscopy: the way back on the energy
scale from ALICE to NICA.
Part-I

P. Batyuk, Yu.Karpenko, L. Malinina, K. Mikhaylov, R. Lednicky,
O. Rogachevsky, D. Wielanek




Outline

| part: | will discuss what we are studying and why.

Il part: Daniel Wielanek will discuss the first studies performed with the
new FEMTO-NICA software.

¢ Introduction
¢ Main lessons of femtoscopy at high energies

¢ 1% order Phase Transition criteria for femtoscopy

¢ UrQMD 3.4 model
¢ VHLLE+UrQMD model

¢ Source functions obtained with the models used

¢ Summary
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Introduction

¢ Crossover transition to QGP occurs || © 1st order phase transition to QGP occurs at

at RHIC & LHC lower energies (?)
¢ At what energies do hydro models with 1%
T [ order PT describe femtoscopy observables
e i better than those with crossover PT ?

rapid cross—over SPS rjcal point

mesonic matter
NICA

FAIR
J-PARC

¢ Which femtoscopy observables are most
sensitive to this difference ?

hadronic
matter

first order transition

baryonic matter

T n

pre-equilibrium freeze-out

Correlation femtoscopy : measurement of space-time characteristics R, ¢ ~fm of
particle production using particle correlations due to effects of QS and FSI
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Main ALICE femtoscopy results
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Hydrodynamic models describe well the whole set of
femtoscopy observables at RHIC & LHC energies.
Importance of: pre-thermal transverse flow, crossover
transition between quark-gluon and hadron medium,
non-hydrodynamic behavior of the hadron gas at the
latest stage -- cascade.

¢ Homogeneity volume 2
times larger than at RHIC

¢ 1 ~40% larger than at
RHIC (extracted from
Rlong vs. mT)

¢Scaling of the radii
with( dNch/dn)*®

¢ Strong k_ dependence of

radii -> strong transverse
flow

¢ Rout/Rside smaller than at

RHIC -> stronger r-t
correlations
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Expected features of 1% order PT

¢ LHC Pb-Pb: sqri(s.,) ~ 2.76 TeV

1.5
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Expected features of 1% order PT

¢ It was predicted that for 1% order phase STAR, Phys.Rev. C92 (2015) 1, 014904
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Initial state

UrQMD

UrQMD 3.4 model

hydrodynamic phase

hadronic cascade

SHASTA

(3+1)-D ideal hydrodynamics

UrQMD

H. Petersen, J. Steinheimer, G. Burau, M. Bleicher and H. St ocker, Phys. Rev. C 78 (2008) 044901.
UrQMD-3.4 code was taken from http://urgmd.org/
Many thanks to Hannah Petersen for the advises concerning parameters of simulations!

- Initial collisions and string fragmentations from the microscopic UrQMD model.

- (3+1)-dimensional ideal hydrodynamic evolution.

- hadronic cascade.

Chiral EoS - Crossover

Bag model EoS - 1st order

Hadron gas EoS

¢ Hydro phase lasts longer with
1% order PT

Z F
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VHLLE+UrQMD model

Pre-thermal phase

UrQMD

hydrodynamic phase

hadronic cascade

VHLLE

UrQMD

(3+1)-D viscous hydrodynamics

lu. Karpenko, P. Huovinen, H.Petersen, M. Bleicher, Phys.Rev. C 91, 064901 (2015), arXiv:1502.01978,1509.3751 , talk QM2015
VHLLE code: free and open source, https://github.com/yukarpenko/vhlle, Comput. Phys. Commun. 185 (2014), 3016

Model tuned by matching with the experimental data of SPS and BES RHIC.

Chiral EoS -crossover phase transition

J. Steinheimer, et al, J. Phys. G

VHLLE

38, 035001 (2011) P.F. Kol

HadronGas + Bag Model — 1° order PT

b, et al, Phys.Rev. C 62, 054909 (2000)

VHLLE+UrQMD
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https://github.com/yukarpenko/vhlle

VHLLE+UrQMD model

Pre-thermal phase

UrQMn

lu. Karpenko, P. Huc Hydro phase lasts longer with 1% order PT, especially
VHLLE code: free ai gt lower energies but cascade smears this difference.

Model tuned t

hydrodynamic phase

hadronic cascade

VHLLE

Is it possible to see it using Femtoscopy technique ?

UrQMD

509.3751 , talk QM2015
2014), 3016
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https://github.com/yukarpenko/vhlle

Radii versus kT with VHLLE+UrQMD model

¢ Very first test with ~5000 vVHLLE+UrQMD events
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¢ RIong 1% order > RIong Crossover, difference < 0.5 fm

¢eR /R 1%order>R /R Crossover
out side out side

¢ It looks like VHLLE+UrQMD model with Crossover describes STAR data better than
| th 1% ord | etailed Vi ed
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Radii versus kT with VHLLE+UrQMD model

¢ Very first test with ~20000 vHLLE+UrQMD events
T AuAu , sari(s )= 11.5 GeV/c

10¢ 10F
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¢ RIong 1% order > RIong Crossover, difference ~ 0.5 fm
¢ Rout/Rside 1 order > Rout/Rside Crossover
¢ model with Crossover PT describes STAR data better than with 1° order PT
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Imaging

STAR, Phys.Rev. C88 (2013) 3, 034906

“ PHENIX and STAR collaborations apply a

new “imaging technique” to extract the S(r*)- 10" [ohmkeama, ey (8) STAY 4 SLAGH St A
source function, which represents time-
integrated distribution of particle emission

10 F

g
points separation r* in the pair rest frame 107 (I L KK ! S
N + \'I = | I
(PRF) (I s N PN
10 P SR TR S NN RN S T AN A TR TR TR SO SN S N W1 HE— L I L
-4 0,0 2 22 4 4
— ' (b) S"A™ + Sy A+ Syyyy Ayyyy
Cq—l:Rq:/ q,r)[*—1)S(r)dr. 0 !
(@) (@) (M)( ) ) (x)dr. 10-5_ 0 PHENIX pions

sl ® STAR kaons

S(r,) (fm®)

10 L 3D Gaussian source fit
. ) ) 0.20<k<0.36 GeV/c Sy |
¢ The method is suitable for extracting the S(r) o705y | DA Ve 2y
directly from the data without any hypothesis 10 ebetoe, (0) S°A” + S2AZ4 S% AL

about source shape; it seems to be very useful - | Therminator Blast-Wave
. . . e -5 - = es. decays
for comparison of the experimental data with . 10 ¢ Sl A Res. decays OFF
the models with 1PT or Crossover EoS. = o a=0,p,,90Mm
=10 F 1 _8.0fmic, At=0 | ‘gt\.. - 1
w . 45 _I_.:_.__;_'I'_‘t_-
10 g *f'nso

L.V. Malinina WPCF, Warsaw, Nov 2015 11



Source Function with vHLLE + UrQMD model

VHLLE

sqrt(sNN) =7.7 GeV : S(r) for TtTt
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Source Function with vHLLE + UrQMD model

VHLLE

sgrt(sNN) =11.5 GeV : S(r) for Tt1U
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Source Function with vHLLE + UrQMD model
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Source Function with UrQMD 3.4 model

UrQMD-3.4 sgrt(sNN) =5 GeV : S(r) for TtTT 7
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Source Function with UrQMD 3.4 model
sgrt(sNN) =9 GeV : S(r) for TtTT
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Source Function with UrQMD 3.4 model
sgrt(sNN) =9 GeV : S(r) for TtTT

3L
10° F=1 Crossover

UrQMD-3.4

3
107 £ i —— Crossover L
C C L

=
=
r 1PT 1PT

[ LLL 1PT
L L 0 F
4|
104, 100 LLLL -

(0] o
- E - E
3 s -
= T’ 10°- &
105 wn 1@5; (73] E w
| k "F VLTI
F 'I I

~6

- ~—B

For the calculations Wlth 1% order PT the tails of source functlons are longer than

those obtained with crossover PT.
The largest difference is observed for Rlong

1 1074

1074

10 4 =
F e F o F e
r RS L E L
- L A% L
- o H
|- m * o *
& 105 = 1075
10° o F

108, .
:I L1 ‘ L1 | Ll ‘ | I | I . | | I | L1l | L1 ‘ IIIII ‘ L1yl | Ll | L1l | I . | L1l | L1111 ‘ I | ‘
O 5 10 15 .20 25 30 35 40 O 5 10 15 .20 25 30 35 40 0O 5 10 15.20 25 30 35 40
Rout’ fm Rside’ fm long?® fm
WPCF, Warsaw, Nov 2015 17

L.V. Malinina



Summary & Plans

Possibility to distinguish between hybrid model source functions

with 1% order phase transition and crossover was studied using vVHLLE+UrQMD and
UrQMD34 models.

Hydro phase lasts longer with 1% order PT.

Hadronic cascade strongly affects the source functions, but there is still a possibility to
distinguish between 1°* order and Crossover using this technique.

We are planning to continue these studies with larger statistics for pions and kaons

VHLLE+UrQMD model with Crossover describes RHIC femtoscopy radii
at sqrt(s ) =7.7-11.5 GeV better than with 1% order PT

Rlong radii for 1* order > Rlong Crossover, difference is rather small for low energies
R /R for 1% order > R J/R_, Crossover, difference is rather small for low energies

We are planning to study the non-Gaussian tails of CF using different parametrizations:

e.g Hump or Edgeworth parametrizations.

L.V. Malinina WPCF, Warsaw, Nov 2015 18



Additional slides



Theoretical interpretations for LHC

.5 [~ |PbPb 2.76TeV c=0-5%
i ALICE Data
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Yu. Karpenko, Yu. Sinyukov, Phys.Lett. B688 (2010) 50-54 k., [GeV]
Hydro-Kinetic Model: the same hydrokinetic basis as that p g5k Phys.Rev. C83 (2011) 044910
used for RHIC supplemented with hadronic cascade model at gp relati’vistic viscous hydrodynamics.

the latest stage of the evolution:.The following factors are Glauber model initial conditions
important: presence of pre-thermal transverse flow, crossover g4s pased on lattice results and hadron-
transition between quark-gluon and hadron medium, non- gas model - crossover.

hydrodynamic behavior of the hadron gas at the latest stage,  The viscosity and the EoS
and correct matching of hydrodynamic and non-hydrodynamic ,;a the same as those used for RHIC

stages. energies.
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Az-femtoscopy

STAR arxiv 1403.4972 [hep-exp]
Dependence of the kinetic freeze-out eccentricity for pions on collision energy

0.4 - = E895 (-0.6<y<0.6, 7.4-29.7%) urQMD
o = o CERES (-1<y<-0.5, 10-25%) (2+1)D hydro EOS-Q
0.35— * STAR (-0.5<y<0.5, 10-30%) = =—'='~ (2+1)D hydro EOS-H
= * STAR (-1<y<-0.5,10-30%)  ~"""""" (2+1)D hydro EOS-I
0.3 STAR (0.5<y<1, 10-30%) (2+1)D hydro MC-KLN
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| [ |
0.25— m
0.2—
— | |
0.15|— ‘
0.1—
0.05—
0 |— ] | L |

3

VS [Gevl '°

62 = ()~ {xf?
6} = 1%} - O

2 12
G- —0G-

¥ X
B = = =t 2
G + Gy

3
R{,
3

.0

From: F. Reti'ere and M. A. Lisa,
Phys. Rev. C 70, 044907 (2004)

in-plane

out-of-plane

The prediction of the Boltzmann transport model, UrQMD matches most closely the
freeze-out shape at all energies. UrQMD does not require assumptions about how
freeze-out occurs; the model is 3D and does not require boost-invariance, therefore, it is
equally applicable at all the studied energies.
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