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Integrated HydroKinetic model: HKM — iHKM

t Complete algorithm incorporates the stages:

e generation of the initial states;

o thermalization of initially non-thermal
HADRON CASCADE matter: T"" Trel Ttﬂ;LVI S
L 8—

(UI‘QMD) To,non—eq.

o viscous chemically equilibrated
: T, ~ 156 - 165 MeV :

hydrodynamic expansion;
Tp

e sudden (with option: continuous)
particlization of expanding medium;

* a switch to UrQMD cascade with near
equilibrium hadron gas as input;

®* simulation of observables.

T+r, = 1 fIm  Yu.S., Akkelin, Hama: PRL 89 (2002) 052301;
— 0.1 fm . + Karpenko: PRC 78 (2008) 034906;
— 70 = U. Karpenko, Yu.S. : PRC_81 (2010) 054903;

stage
/’ r PLB 688 (2010) 50;
Akkelin, Yu.S.: PRC 81 (2010) 064901;

The initial (non-equilibrium) Karpenko, Yu.S., Werner: PRC 87 (2013) 024914;
state Naboka, Akkelin, Karpenko, Yu.S. : PRC 91 (2015) 014906;
Naboka, Karpenko, Yu.S. PRC 93 (2016) 024902.

Pre-thermal



i SPACE-TIME PICTURE OF A+A COLLISIONS AT RHIC and LHC

A few principal results from HKM/iHKM on the
correlation femtoscopy



Initial flows at t,=1-2 fm/c and Ro/Rs ratio (Yu.S. Act.Phys.Polon. B 37 (2006) 3343)

Freeze-out hypersurfaces in transverse plane
blue = w/o initial flow, red = w initial flow
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Emission functions for top SPS, RHIC and LHC energies in HKM
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HKM prediction: solution of the HBT Puzzle

Two-pion Bose-Einstein correlations in central Pb—Pb collisions
328-

at ./SyN = 2.76 TeV ™ ALICE Collaboration Physics Letters B 696 (2011)

Quotations:

Available model predictions are compared to the experimental
data in Figs. 2-d and 3. Calculations from three models incorpo-
rating a hydrodynamic approach, AZHYDRO [45], KRAKOW [46,47],
and HKM [48,49], and from the hadronic-kinematics-based model
HRM [50,51] are shown. An in-depth discussion is beyond the
scope of this Letter but we notice that, while the increase of the
radii between RHIC and the LHC is roughly reproduced by all four
calculations, only two of them (KRAKOW and HKM) are able to de-
scribe the experimental R g/ Rside ratio.

[48] LA. Karpenko, Y.M. Sinyukov, Phys. Lett B 688 (2010) 50.
[49] N. Armesto, et al. (Eds.), J. Phys. G 35 ({2008 054001.
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Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions
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Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions
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‘ Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions
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‘ Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions
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The R4 dependence on transverse momentum for different centralities in the iHKM

scenario under the same conditions as in Fig. 1. The experimental data are trom [33].
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The R, dependence on transverse momentum for different centralities in the iHKM basic

scenario under the same conditions as in Fig. 1.
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HKM predictions for kaon femtoscopy

Freeze-out Dynamics via Charged Kaon Femtoscopy in . /syny=200 GeV Central Au+Au Collisions

STAR Collaboration
arXiv:1302.3168 February 2013
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FIG. 4. Transverse mass dependence of Gaussian radii (a) Rpye, (b)
Rsige and (¢) Riopg for mid-rapidity kaon pairs from the 30% most
central AutAu collisions at /sy=200 GeV. STAR data are shown
as solid stars; PHENIX data [10] as solid circles (error bars include
both statistical and systematic uncertainties). Hydro-kinetic model
[23] with 1mitial Glauber condition and Buda-Lund model [22] cal-
culations are shown by solid squares and solid curves, respectively.

Quotations:

Our measurement at 0.2<"kr <0.36 GeV/c clearly favours the

HKM model as more representative of the expansion dynam-
ics of the fireball. '

In the outward and side-
ward directions, this decrease 1s adequately described by mr—
scaling. However, in the longitudinal direction, the scaling 1s
broken. The results are in favor of the hydro-kinetic predic-
tions [ 23] over pure hydrodynamical model calculations.

[23] 1. A. Karpenko and Y. M. Sinyukov, Phys. Rev. C 81 (2010)
054903,



KKt and K° 50 in Pb-Pb: HKM model

S

£ 121 ALICE Pb-Pb s\ = 2.76 TeV, 0-5%|  New results from ArXiv.org:1506.07884
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HKM model with re- scatterings
(M. Shapoval, P Braun-Munzinger, Iu.A.
Karpenko, Yu.M. Sinyukov, Nucl.Phys. A

929 (2014) 1.) describes well ALICE
T & K data.

HKM model w/o re-scatterings
demonstrates

approximate m; scaling

for m& K, but does not
describe ALICE 1T & K data

The observed deviation
from m; scaling is explained in

( M. Shapoval, P Braun-Munzinger,
lu.A. Karpenko, Yu.M. Sinyukov,

Nucl.Phys. A929 (2014) by

¢ HKM model slightly underestimates R_ essential transverse flow
overestimates R_side /R_out & re-scattering phase.
L.V Malinina  Quark Matter, Japan ALICE Coll. arXiv:1709.01731 (PRC, 2017)



3D K*K* & 1r1r radii versus k

Pion results from ArXiv.org:1507.06842
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¢ Radii scale better with k_ than m_  according with HKM
(V. Shapoval, P Braun-Munzinger, lu.A. Karpenko, Yu.M. Sinyukov, Nucl.Phys. A929 (2014) 1);
“ Similar observations were reported by PHENIX at RHIC (arxiv:1504.05168).

L.V Malinina  Quark Matter, Japan ALICE Coll. arXiv:1709.01731 (PRC, 2017)




Space-time picture of the pion and kaon emission
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FI1G. 4. The momentum angle averaged emission functions per units of space-time and momentum

10

rapidities g(7, rr,pr) [fm—3] (see body text) for pions (a) and kaons (b) obtained from the HKM
simulations of Pb+Pb collisions at the LHC /sy = 2.76 GeV, 0.2 << pp < 0.3 GeV /e, |y| < 0.5,
e — 0 — 5%, From Yu.S., Shapoval, Naboka, Nucl. Phys. A 946 (2016) 247 ( arXiv:1508.01812)



http://arxiv.org/abs/1508.01812

of the-maximal emission time for the case of strong

transverse flow was used ( Yu. S., Shapoval, Naboka, Nucl. Phys. A 946 (2016) 227)
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© Indication: 1 < 1,. Possible explanations ( arxiv:1508.01812 ): HKM includes re-

scatterings (UrQMD cascade): e.g. KmT—K'(892)—Kmr, KN—K'(892)X; (K'(892) lifetime 4-5 fm/c)
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L.V Malinina  Quark Matter, Japan

ALICE Coll. arXiv:1709.01731 (PRC, 2017)
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K*Y — K*7~ radiation picture in iHKM. V.Shapoval, P.Braun-Munzinger, Yu.S.
Sudden vs continuous thermal freeze-out at the LHC.  Nuclear Physics A 968 (2017) 391

r. (fm)

The comparison of the emission functions g(7,rr), averaged over complementary space
and momentum components, of K7~ pairs, associated with K(892)*" decay products, for two
cases: (a) free-streaming of the particles and resonances, and (b) UrQQMD hadron cascade. The
plots are obtained using iHKM simulations of Pb+Pb collisions at the LHC /syy = 2.76 GeV,

0.3 < kr <5 GeV/e, |yl <05, c=5—10%.



K*® — K*T7~ radiation picture in iHKM,
Sudden vs continuous thermal freeze-out at the LHC.

Less than 30% of direct K* can be seen till 15 fm/c



Suppression of K*° due to continuous thermal freeze-out (LHC)
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FIG. 3. The fraction of K*7~ pairs coming from K(892)* decay, which can be identified as
daughters of K* in iHKM simulations after the particle rescattering stage modeled within UrQMI
hadron cascade. The simulations correspond to LHC Pb+Pb collisions at ,/syy = 2.76 TeV with
different centralities. The iHEM results are presented for two cases: the Laine-Shroeder equation

of state with particlization temperature Tp = 163 MeV (red line) and the HotQCD equation of

c (%)

state with T, = 156 MeV (blue line).

70% - 20% = 50%

Therefore

at least 50% of direct K*0 are
recreated in reactions:

Ktr— — K*0



Ratios to K (LHC)
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Ratios to K (RHIC)

0.450
; u IHKM for Au+Au @ 200 GeV RHIC
0.4F
E 0 STAR Au+Au @ 200 GeV RHIC
0.35F
o r
"é 0.3:—
el Z
. = 0.25F 0 i
i - [-lj il
0.2
0.15F
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII
b 10 20 30 40 50 60 70

c (%)

The comparison of K* /K T ratio calculated in iHKM for the case of RHIC Au+Au collisions

at /Sy = 200 GeV and the experimental data [7] for different centrality classes.



Spectra of K*° (LHC)
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the experimental data [6] (markers).



Spectra of ¢ (LHC)
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Ratios to K (RHIC)
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i Space-time models of the particle production

Thermal and evolutionary
approaches
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(2012) ALICE

Quotations

_ This mterpretation is supported by the
comparison with HKM [39, 40], a similar model in which, after the hydrodynamic phase, particles are
injected into a hadronic cascade model (UrQMD [41, 42]), which further transports them until final de-
coupling. The hadronic phase builds additional radial flow, mostly due to elastic interactions, and affects
particle ratios due to inelastic interactions. HKM vyields a better description of the data. At the LHC,
hadronic final state interactions, and in particular antibaryon-baryon annihilation, may therefore be an
important ingredient for the description of particle yields [43, 40], contradicting the scenario of negligible
abundance-changing processes in the hadronic phase. The third model shown in Fig. 1 (Krakow [44, 45])
introduces non-equilibrium corrections due to viscosity at the transition from the hydrodynamic descrip-
tion to particles, which change the effective 7, leading to a good agreement with the data. In the region
p1 S 3 GeV/e (Krakéw) and pr < 1.5 GeV/ec (HKM) the last two models reproduce the experimental
data within ~20%, supporting a hydrodynamic interpretation of the transverse momentum spectra at the
LHC. These models also describe correctly other features of the space-time evolution of the system, as
measured by ALICE with charged pion correlations [46].

[39] Y. Karpenko and Y. Sinyukov, J.Phys. G38, 124059 (2011), nucl-th/1107.3745.
[40] Y. Karpenko, Y. Sinvukov, and K. Werner, (2012), nucl-th/1204.5351.



Predictions for particle spectra at LHC in non-central collisions
Centrality Dependence of 7, K, pin Pb—Pb at . /syny = 2.76 TeV

ALICE Collaboration %(é
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Multiplicity dependence of all charged particles on centrality
and spectra for LHC energy
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Thermal models vs evolutionary approach

Basic matter properties:
thermodynamic EoS

Thermal l models

Chemical freeze-out at T.;, ~ T}

Particle number ratios {%}
j

Evolutionary models
J — ry
AN oo, T High dense matter formation
dn (c) time 7g
AN T Max. energy
prdpy density €(70) = €o

At the particlization temperature  7,,,,.+ ~ T},
hydrodynamic evolution transforms (suddenly or
continuously) into interact. hadron gas evolution.

EoS: Th = 165MeV=156MeV

L.-S. ===) Karsch, Fodor (lattice QCD) I‘ 70 = 0.1 fm/c == 0.15fm/c

iIHKM

€0 = 679 GeV/fm3 === 495 GeV/fm’

Kinetic freeze-out

«Blast-wave” parametrization of sharp
freeze-out hypersurface and transverse
flowsonit. Spectra —9Ni oy T,

“Effective temperature” of maximal emission: T¢x (p)
Anyway the kinetic freeze-out in evolutionary
models is continuous, how can we check it?



Particle number ratios at the LHC, EoS-1 Yu.S., Shapoval, arXiv:1708.02389

ratios

0.7

0.6

0.5

0.4

0.3

0.2

0.1

K

p/m 2A/Kg =n Qln GK" KHK

O iHKM T,=156 MeV

Y IHKM T,=156 MeV inelastic off
Thermal model, T=156 MeV

A ALICE

MNP

X1

X3 x0.5 x30 x250 X2 X1




Particle number ratios at the LHC, EoS-2
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ummary on the particle production

erther thermal nor chemical freeze-out cannot be considered as sudden at some
corresponding temperatures.

Particle yield probe ddin /dd—f\?;j as well as absolute values dé\r,g"' 1) demonstrate that even at the

minimal hadronization temperature 7., = 73 = 156 MeV, the annihilation and other
non-elastic scattering reactions play role in formation particle number ratios, especially.

It happens that the results for small and relatively large 1} are quite similar. It seems
that inelastic processes (other than the resonance decays), that happen at the matter
evolution below 773, play a role of the compensatory mechanism in formation of 4% /d;j;j :
Chemical freeze-out is continuous.

As for the thermal freeze-out, the K*0(892) probes demonstrate that even at the first

4-5 fm/c (proper time!) after hadronization at least 70% of decay products are re-scattered.
The intensive re-generation of K* takes place. At least 50% of direct x*0(g892) are re-
combine.

About 30% of much longer-lona-lived resonances #(1020) with hidden strange quark content
created additionally to direct @(1020} (coming from naaronization) at the afterburner stage.



Thank you for your attention !



