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Abstract—The theoretical description of the femtoscopy scales in ultrarelativistic heavy-ion collisions at differ-

ent energies and for different colliding ion pairs (Au + Au collisions at the top RHIC energy \/m =200 GeV,
Pb + Pb collisions at the LHC energies m =2.76 and m = 5.02 TeV, the LHC Xe + Xe collisions at
m = 5.44 TeV) is provided within the integrated HydroKinetic model (iHKM). The comparison of the
model simulation results, obtained for the considered collision types at the similar values of the mean charged
particle multiplicity (chh /dn) shows that the magnitudes of the corresponding interferometry radii depend
not only on (a’N ch /dn) , but also on the geometric sizes of the colliding nuclei.
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1. INTRODUCTION

The correlation femtoscopy technique [1—3] is a
powerful and indispensable tool for the investigation
of the space-time structure of the extremely hot and
dense systems formed in high-energy nuclear colli-
sions. The method exploits the quantum statistics
(Bose—Einstein and Fermi—Dirac) correlations, aris-
ing between particles produced in the collision. As it
was shown [4—8], the interferometry radii, extracted
from the Gaussian fits to the measured two-particle
momentum correlation functions of identical particles
in heavy ion collisions do not express the total size of
the system because its expansion. In [7, 8] it was pro-
posed the general interpretation of the radii as the
homogeneity lengths of the system in different direc-
tions, i.e. with the scales, at which the corresponding
distribution functions f(x, p) do not change much, not
more than in 2 times. The femtoscopy radii, related to
essentially different particle pair momenta k, charac-
terize different parts of the analyzed system. The rea-
son is that particles are radiated from system’s differ-
ent regions where different local collective velocities
are close to velocity of pair with the momenta near k,
and these emission regions have different gradients of
velocity and temperature—different homogeneity
lengths.

On practice, in order to extract the necessary infor-
mation, one also has to separate “useful” quantum

statistics correlations from those caused by the final
state interactions (FSI) between produced particles
and to take into account the effect of long-lived reso-
nances’ decays, which also make contribution to the
observed correlation function [9]. In case of baryon-
baryon correlation functions, the FSI analysis allows
also to extract the quantities characterizing the strong
interaction between the corresponding baryons (scat-
tering length, effective range, etc.), including cases,
when such extraction is impossible in usual scattering
experiments due to insufficient beam densities
[10, 11].

Additional information about the space-time pic-
ture of a heavy-ion collision can be obtained using the
source imaging method [12—14], which allows one to
restore the emission source function (i.e., the distribu-
tion of the distance between the points of particle
emission in the pair rest frame (PRF) integrated over
time) from the experimental correlation function.
While the standard correlation femtoscopy approach
assumes the emission function to be Gaussian, the
source imaging reveals the actual shape of source
function, which often deviates from the Gaussian one
(e.g. the source function can have power-law “tails” in
certain directions [15]). Analyzing the extracted
source functions, one can better understand the
dynamics of the collision process and investigate the
role of various effects (particle rescatterings at the late
“afterburner” stage of the collision, decays of long-

258



FEMTOSCOPIC STRUCTURE OF RELATIVISTIC HEAVY ION COLLISIONS

259

Table 1. The iHKM main parameters: relative contribution to initial energy density from binary collision o, and maximal
initial energy density €, used to describe different relativistic heavy-ion collision experiments. The initial proper time in all
casesis Ty = 0.1 fm/c. The simulated events of different centrality, shown in the second column, were selected for the anal-

ysis to ensure close charged particle multiplicity dNV, /dn at |n| < 0.5 values for all types of collision. The first three simu-
lations use Laine—Schroeder equation of state for quark-gluon matter [22], while for the Xe + Xe collisions the HotQCD

Collaboratios EoS was applied [23].

Experiment Centrality, % (dNp/dn) o €y, GeV/fm? EoS
Au+Au @ 200 GeV 0-5 688 0.18 235 L.-S.
Pb+Pb @ 2.76 TeV 19—-28 693 0.24 679 L.-S.
Pb+Pb @ 5.02 TeV 23-33 677 0.24 1067 L.-S.
Xe+Xe @ 5.44 TeV 10—19 680 0.44 445 hQCD

lived resonances, space-momentum correlations, etc.)
in the formation of final spatiotemporal emission
structure.

In order to perform a thorough study and get a reli-
able interpretation of the measured experimental data
on femtoscopy, one will most likely need to simulate
the considered collision process in a realistic model
and obtain the model description of the corresponding
observables. The integrated hydrokinetic model
(iHKM) [16] allowed to achieve a successful descrip-
tion of all main bulk observables (particle yields and

particle number ratios, p, spectra, v, coefficients,
interferometry radii) for high-energy Au + Au colli-
sions at the top RHIC energy and Pb + Pb collisions
at the two LHC energies [17—19]. In the present work
we discuss the theoretical results on the correlation
femtoscopy obtained in iHKM for these experiments

together with our new results for /syy = 5.44 TeV
Xe + Xe collisions at the LHC.

2. RESULTS AND DISCUSSION

The integrated hydrokinetic model simulates the
full process of the evolution of hot and dense matter,
formed in relativistic nuclear collision. This process
can be considered as passing in several successive
stages, each described within the model using the cor-
responding approach. The first simulation stage rep-
resents the prethermal dynamics of the system just
after the collision in terms of an energy-momentum
transport approach in the relaxation time approxima-
tion. During this stage the system gradually thermal-
izes and eventually comes to a state of local chemical
and thermal equilibrium, which can be further
described in hydrodynamical approach. At the second
stage of matter evolution the system undergoes hydro-
dynamical expansion and behaves as a continuous
medium. This stage is simulated within Israel—Stewart
relativistic viscous hydrodynamics formalism.

In course of time the system loses local equilibrium
and decouples into particles—we call this “particliza-
tion” stage of the evolution. At the particlization
hypersurface, assumed to be an isotherm of tempera-
ture 7", close to 160 MeV and depending on the equa-
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tion of state (EoS) for quark-gluon matter, utilized at
the hydrodynamical stage, a set of particles of various
species with their space-time coordinates and
4-momenta are generated according to distribution
functions defined at previous stage. Finally, the cre-
ated particles pass the “afterburner” stage of the sys-
tem’s evolution, when they intensively collide with
each other (elastically and inelastically) and the reso-
nances decay. In iHKM this stage is simulated using
the UrQMD model [20].

The initial energy-density profile for the first,
prethermal stage is generated using the Monte Carlo
Glauber approach with the help of GLISSANDO

code [21]. The main iHKM parameters are €,(T,)—
the initial maximal energy density at starting proper

time t,, and oo—the parameter, regulating the propor-
tion between the “binary collisions” and the
“wounded nucleons” models’ contributions to the
GLISSANDO-generated distribution. These parame-
ters are fixed for each collision type based on the
experimental data as giving the best fit to the measured
dependence of charged particle multiplicity on colli-
sion centrality and the slope of pion spectrum in cen-
tral events.

In [17—19] the iHKM parameters were adjusted for
the description of RHIC Au + Au collisions at
2004 GeV and the LHC Pb + Pb collisions at 2.76A4
and 5.024 TeV. Among other results, a descrip-
tion/prediction of the femtoscopy radii was obtained.
Recently iHKM was also tuned to describe the
Xe + Xe collisions at the LHC energy 5.444 TeV (see
the utilized model parameter values in Table 1). In this
work we decided to compare the obtained radii values,
as well as the corresponding interferometry volume
values in events with the same multiplicity in order to
answer the question: do the interferometry scales
depend almost linearly only on the mean charged par-
ticle density (“scaling hypothesis™), as it is often
claimed in the studies devoted to correlation femtos-
copy (see, e.g. [24]), or not, and apart from the multi-
plicity, geometrical sizes of the colliding nuclei also
have to be taken into account, as it was concluded in
the previous papers by our research group [25, 26], see
Fig. 1.
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Fig. 1. The interferometry volume Vi = Ry Rsige Riong dependency on the charged particle multiplicity dN.p, /dn. The lines at

the left demonstrate the iHKM results for p + p collisions at the LHC energy Vs =7 TeV, while the lines at the right correspond

to different central 4 + A collisions. The model points are compared to the experimental data related to AGS, SPS, RHIC and
LHC [27-35]. The dark curves represent raw model results, and the light curves correspond to the results with the quantum cor-
rections applied according to [26]. The line segments in the middle show the model predictions for the p + Pb LHC collisions at

Vs =5.02 TeV calculated using the two initial transverse system sizes— R = 1.5 fm (upper line) and R = 0.9 fm (lower lines).
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Fig. 2. The iHKM results on pion and kaon interferometry volume V¢ = Ry Rsige Riong divided by charged particle multiplicity

dN¢,/dn for different collision types, characterized by the initial transverse overlap area of colliding ions S . The points from
left to right correspond to the following systems: Pb + Pb @ 5.02, Pb + Pb @ 2.76, Xe + Xe @ 5.44 TeV, and Au + Au @ 200 GeV. The
collision centralities are listed in Table 1.

In Fig. 2 we show the dependency of pion and kaon  verse area of the system, formed in relativistic heavy-

interferometry volume V,,, = R, R4 Rion, ON Sr—an  ion collisions. The value of §; is calculated for each
effective parameter, characterizing the initial trans-  collision type, presented in Table 1, as the transverse
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Fig. 3. The iHKM results on kaon femtoscopy radii in different collisions (see Table 1 for details) and the corresponding rescaled

initial transverse energy-density profiles e(x)/€.

near elliptic area of initial energy density profile. Thus,
S, = mab, where a and b are the semi-axes of the
ellipse, formed at half-value of the maximal energy
density in the system. The volume values are divided
by (dN.,/dn) to eliminate the influence of small dif-
ferences between charged particle multiplicity values
for different experiments. The femtoscopy radii and
volume correspond to the pair transverse momentum
0.2 < k; < 0.3 GeV/c. The particles with transverse
momenta from the range 0.1 < p, <1.55 GeV/c, and
with pseudorapidity from the range |1]| < 0.8 were
selected to construct the corresponding correlation
functions.

As one can see from the plot, the pion volume val-
ues are about 2 times higher, than the kaon ones, and
both dependencies are not flat—the volumes grow
noticeably with the transverse size of the system. At
near the same multiplicities, the size is minimal for the
LHC Pb + Pb collisions at 5.024 TeV, for the lower
energy 2.76A4 TeV it is slightly bigger, then follows the
size of Xe + Xe collisions at 5.44A4 TeV, and the max-

imal §; value is for Au + Au collisions at the top
RHIC energy.
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A similar behavior can be noticed in the next plot
(Fig. 3), where the dependencies of individual kaon

femtoscopy radii R,,, R4, and Ry, on k; are
demonstrated for the four considered collision types.
In addition, the plot of rescaled initial transverse

energy-density distributions €(x)/€, for all the colli-
sion types is shown. From the plots it follows, that the
main contribution to the difference between interfer-
ometry volumes for different systems comes from the

transverse radii: mostly from R, radii, the side direc-
tion gives smaller contribution. At the same time the
long radii for all the systems almost coincide. This fact
supports the suggestion that the differences between
the interferometry volumes originate from the differ-
ences in collective transverse flow in the considered
systems, which in turn depends on the initial geomet-
rical sizes of the system [25, 26] and corresponding
energy/pressure gradient. Table 1 confirms this con-
clusion.

3. CONCLUSIONS

The iHKM results on femtoscopy scales of relativ-
istic Au + Au collisions at the top RHIC energy, as
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well as Pb + Pb and Xe + Xe collisions at the LHC
energies, in events with similar multiplicities are pre-
sented. The interferometry volume and radii depen-
dencies on the effective initial transverse size of the
nuclei overlapping region, characterizing the colli-
sion, are analyzed. It is shown, that the transverse
radii and the volume depend on both the mean
charged particle multiplicity and the initial geometri-
cal size of the system, and increase when correspond-
ing values grow.
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