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Introduction.

The ALICE is a multipurpose experiment to investigate the interactions of heavy ions, which was
created to study the physics of strongly interacting matter, the quark-gluon plasma (QGP) in nucleus-
nucleus collisions at the CERN LHC. In addition to the main topic, an extensive program is being
carried out to study proton-proton and proton-nuclear collisions, primarily for comparison with the
results of heavy-ion collisions.

It was assumed in the beginning of 80s of the last century that the extremely high-energy densities
achieved in the collisions of heavy nuclei (A-A) may entail the formation of the QGP, state of matter
characterized by partonic degrees of freedom (quark deconfinement) [9]. Twenty years later, in 2000,
the convincing arguments of such a matter state existence were presented in the special CERN seminar
according to the data obtained in some experiments at the SPS accelerator. It was also assumed [10]
that a local QGP production in the mixed quark-hadron phase has been observed at the reached energy.
The full QGP stage may be achieved at larger collision energy density with increasing collision
energies that would lead to stronger signatures of the QGP.

In hydrodynamic models, the highly compressed strongly-interacting system in A-A collisions is
expected to undergo longitudinal and transverse expansions, defined a size of the particle emitting
source. Experimentally, such expansion can manifest itself through Bose-Einstein correlations for pairs
of identical particles [11, 12] or through correlations of pairs of non-identical particles due to
interactions in the final state [13]. These correlations are known now as femtoscopic correlations. The
JINR group widely participates in these investigations, mostly of charged kaon pairs produced in pp,
p-Pb and Pb-Pb collisions. Such a choice was primarily due to the traditional interest of JINR physicists
in this area, which began with the "pioneer™" works in the 70s of the last century by JINR theorists G.
I. Kopylov and M. 1. Podhoretsky [12]. JINR physicists V.L. Luboshits and R. Lednitsky [13] took an
extensive part in the further theoretical development, the latter of whom is currently one of the widely
recognized specialists in the world in this field. The second reason for choosing the kaon analysis is
due to the relatively small number of such results compared to the numerous data on the study of pion
pairs at different energies. For example, the results of studying pairs of charged kaons in pp and p-A
collisions at lower energies were generally absent, most likely due to insufficient statistics of well
enough identified kaons. Finally, another advantage of the study of kaon pairs in comparison with pion
pairs is a weaker influence of the decays of resonances, which in this case are considered as background
processes.

1. Study of charged kaon femtoscopic correlations in pp collisions at /s = 7 TeV
[1].

In this study, approximately 300 miIn. events obtained in pp collisions at the LHC in 2010 were
analyzed. The description of the detectors, the method of event selection, selection and reconstruction
of particle tracks and particle identification is given in sufficient detail in [1]. Here we briefly note that
the selection of events was performed using the minimum-bias trigger with only checking whether the
selected events belonged to a pp collision. The tracks were reconstructed using the Inner Tracking



System of silicon detectors and a Time-Projection Chamber (TPC), and then the track parameters were
determined by the Kalman filter method. The necessary efficiency of kaon identification was obtained
by measuring energy losses in the TPC and the time of flight in the Time-of-Flight detector (TOF) for
particles of different types. The purity of selected kaons (the ratio of correctly identified kaons to all
particles reconstructed as kaons) was determined by the Monte Carlo simulation method using a
detailed simulation of detectors and generators of interactions under consideration. The analysis of
experimental and simulated data was carried out within the framework of the ALIROOT software
package developed in ALICE. Figure 1 shows the dependence of the selected kaon purity and the
fraction of contamination from pions and electrons on the transverse momentum of kaons in the TPC
(at pr < 0.6 GeV/c) and in the TOF (at pr > 0.6 GeV/c). It can be seen that the biggest contamination
comes from electrons in the pr range of (0.35-0.60) GeV/c. The contamination related to kaon pairs
was estimated of the same order. It should be noted that this contamination only reduces the correlation
strength and does not affect the shape of the correlation function. The correlation function was
determined using the ratio CF (p1,p2) = A(p1,p2)/B(p1,p2), where A(pi,p2) is the two-particle
distribution in the analyzed event and B(ps,p2) is the reference distribution constructed by mixing
particles from different events, and pi, p2 are the three-momenta of particles 1 and 2, respectively.
Commonly the correlation function is considered depending on the invariant pair relative momentum

Ginv = (|g? - 40?2, g = p1 - p2, do = E1 - E2.
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Fig. 1: Purity and contamination of selected Fig. 2: Correlation functions of charged kaon pairs
charged kaons in the Monte Carlo simulation. in pp collisions.

It is shown by black solid circles in Fig. 2 in several charged particle multiplicity Ncn bins and different
intervals of the half of the pair transverse momentum kr = |pr,1 + pr,2|/2. Blue empty circles show the
correlations obtained using the PYTHIA-PERUGIA-2011 Monte Carlo generator. The presented
correlation functions are normalized to unity at ginv > 0.5 GeV/c outside the region of the correlation
effect peak. The results are obtained summing up pairs of positively and negatively charged kaons, the
correlation functions for which coincide within uncertainties. It can be seen that at ginv > 0.5 GeV/c,
the experimental data are well described by the model where there are no femtoscopic effects included
and where an increase in the correlation function with increasing kr at small ginv is presumably due to
the influence of mini-jets. The correlation function was fit with the one-dimensional Gaussian function
[14]:

CF(ginv)={1 = A + AK(qim)[1 + exp (—=Riyy &)1} D(inv), 1)



where the parameters A and Riny are the correlation strength and the radius of the source emitting kaons,
K{(Qinv) is the Coulomb function. The function D(qinv) describes the so-called baseline, which takes into
account all non-femtoscopic correlations including the mini-jets mentioned above and long-lived
correlations due to the energy-momentum conservation law. The results of the fit by Eq. (1) are shown
by the red line in Fig. 2. The baseline used in the fit was obtained from the Monte Carlo data fit with
a second-order polynomial (blue line).
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Fig. 3: Radii of particle radiation sources Fig. 4: Purity of identification of charged kaon
depending on the mt for different multiplicities pairs depending on kr in Pb-Pb collisions of
of events. different centralities.

Figure 3 shows the dependences of Riny 0n the pair transverse mass mr = (k2 + mx?)¥2 where m is the
mass of the kaon. As noted above, such data for charged kaons were obtained in pp collisions for the
first time, so the comparison was made with the results obtained in ALICE at the same energies for
pairs of charged pions [15] and neutral kaons (K%KY%) [16] also shown in Fig. 3. As seen from the
comparison, Rinv increase with increasing Ncn for all types of pairs. The radii Rinv decrease at Nch >11
with increasing mr. However, at less charged particle multiplicities, the radii for charged mesons show
the opposite trend and increase with increasing mr. This effect is quantitatively stronger for kaon pairs
than for pion ones. It is interesting to note here that the decrease of Riny in A-A collisions is explained
by the influence of a strong collective hydrodynamic expansion in the created matter [17]. Such
decrease of Rinv in pp collisions is also associated with the possible influence of the hydrodynamic
phase, the contribution of which is very small at small Nc, values [18]. It should be noted that the
possible manifestation of collective effects in the formation of small systems in pp and p-Pb collisions
with increasing multiplicity of charged particles is also discussed on the basis of such observations as
the “ridge” effect (CMS, LHC) [19] and an increase in the production of strange particles with
increasing multiplicity of events (ALICE) [20]. Figure 3 also shows that Rinv is larger for kaons than
for pions at the same mrt and N¢n > 11. According to the model [21], such an excess may be due to less
influence of resonance decays for kaons than for pions.

As was said above, the parameter A in Eq. (1) characterizes the correlation strength. It equals unity in
an ideal case of pure femtoscopic correlations and is always less than unity in any real experiment.
Possible reasons include partial coherence of particle emission sources [22], the contribution of
particles from decays of long-lived resonances, deviation of the correlation function shape from the
Gaussian parametrization, imperfect identification of particles. In the presented analysis, the value of
A varied in the (0.3-0.5) range.



2. Study of femtoscopic correlations of charged kaons in Pb-Pb collisions.

In the late 80s and in the 90s of the last century, predictions were made within the framework of
hydrodynamic models [23, 24] about significant space-time extension of the resulting fireball (a source
of particle emission) in A-A collisions due to the influence of QGP at energies of RHIC and LHC
accelerators. However, this prediction was not confirmed experimentally, which was called "HBT
puzzle" [25]. The solution of the problem was found with the further development of models [26-28]
taking into account such factors as transverse particle flows at the initial stage of interactions, the
transition from the QGP to the hadron phase through the "crossover" mechanism, the phase of the
hadron cascade. The production of kaons was also interesting because of the possibility to compare
the radii of their emission sources with the sources of other particles, including checking the predicted
[29, 30] universal dependence of the radii for various particle types on mt (so-called mr scaling).

2.1. One-dimensional analysis of femtoscopic correlations of charged kaon pairs in Pb-Pb
collisions at \/syy =2.76 TeV [2, 4].

The analysis indicated in the title was carried out in collaboration with other groups to compare the
femtoscopic parameters of charged kaons with the parameters of other particle species. The method of
selecting events and particles was similar to the one described in Section 1. The only difference was
the identification of kaons in the TPC, which consisted in fitting the experimental distributions of
energy losses of particles in different momentum intervals with a triple Gaussian function to separate
kaon signals from the signals of electrons and pions. The purity of identification of kaon pairs as a
function of kr is shown in Fig. 4 and was determined using the purities of single kaons shown in figure
1in [4]. This method made it possible to determine more precisely the purity of the kaon selection and
the contamination, which, as in the case of pp collisions, was determined mainly by the contribution
of electrons. The correlation functions were corrected taking into account the momentum resolution of
the particles by the method described in [2]. Figure 5 shows an example of a correlation function with
uncertainties which are mostly systematic. The curve is the result of fitting with the Formula (1), in
which the function D(ginv) was equal to unity. Figure 6 shows the radii of sources for pairs of different
particle species depending on <mt> for collisions of different centralities. It can be seen that the radii
increase for more central events, which is expected from a simple geometric picture of particle
collisions. The effect of decreasing radii with increasing <mt> is observed and was discussed in
Section 1. The mr scaling mentioned above is also seen for kaon and proton/antiproton pairs within
uncertainties.
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Fig. 5: Correlation function of Fig. 6: Radii of particle emission sources depending on
identical charged kaon pairs. The line ~ <mr> for collisions of different centralities.
is the result of fitting with the Formula



D).

The violation of mt scaling for pion pairs can be explained [30] by an increasing influence of the
Lorentz factor with the decreasing mass of particles during the transition from the Longitudinally Co-
Moving System (LCMS) for which the prediction was made to the Pair Rest Frame (PRF) in which
the analysis is performed.

2.2. Three-dimensional analysis of femtoscopic correlations of identical charged kaon
pairs in Pb-Pb collisions at /syy =2.76 T3B [3, 5].

Three-dimensional analysis of femtoscopic correlations allows one to study in more detail the three
components of the radius of the particle emitting source, i.e., in fact, the spatial shape of the source. In
this analysis, the main attention was paid to checking the mechanisms of particle production considered
in various models considering mr scaling, which was discussed in Section 2.1. The experimental
technique in this analysis was the same as in the one-dimensional analysis discussed above. The
correlation function in three-dimensional analysis is represented as depending on three components of
the variable q (specified in Section 1), which are calculated in the LCMS system where the longitudinal
momentum of the pair is equal to zero and the projections Qout, Gside, Qiong are determined as follows:
"long" — along the beam, "out" — along the transverse momentum of the pair, "side" — perpendicular to
the latter in the transverse plane. In this case, the three-dimensional correlation function was fit with
the formula [14]:

C((I) - N(l - }‘-) _I_ N)"K(q)[l + exp ( Rnutqnut

Rﬂdeqslde lnm qlon )] (2)

where Rout, Rside, Riong are Gaussian femtoscopic radii in LCMS, N is a normalization parameter, and q
is calculated in PRF. The parameter A and the Coulomb function K(q), like in Eq. (1), describe the
correlation strength and the Coulomb interaction of charged particles, respectively.
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Qiong, respectively, are shown in figure 2 in [5] where the results of fitting with the Formula (2) are also
given. Figure 7 here compares the values of Rout, Rside, Riong Obtained by such fitting and the Rout/Rside
ratio depending on <mt> for pions and kaons (charged and neutral) formed in the most central Pb-Pb
collisions (0-5%). It can be seen that the radii for kaons are noticeably larger than for pions at the same
values of mr, i.e. mr scaling is not observed. The lines in the figure show the results of the prediction
of the hydrokinetic model (HKM) [31] with (w rescatt) or without (w/o rescatt) the rescattering of
particles in the final state. From the physical point of view, the second case (an early version of the
model) predicts an instantaneous transition from the QGP to the final state when free particles are
registered in the detectors. At the same time, the model does not describe (dotted lines) violations of
mr scaling. The same result is obtained in another similar model (THERMINATOR-2) [30] as can be
seen from figure 4 in [5]. Taking into account the rescattering of hadrons before the freeze-out of
particles leads to agreement with the experimental data (solid lines in Fig. 7). The same results were
obtained (shown in figure 2 in [8]) when compared with another hydrodynamic model EPOS-3, which
differs from HKM in some details of the initial conditions of particle interaction described in the
framework of the Monte Carlo-Glauber approach in HKM and the Gribov-Regge parton scattering
approach in EPOS-3. This comparison of the experimental data with the models demonstrates the
importance of taking into account the rescattering of particles in the final state during hadronization.
As seen from Fig. 7, the ratios Rout/Rsige are close to unity both for pions and kaons. A good description
of this ratio, as well as the source radii, by the models was also possible when considering the initial
stage of interaction of nuclei before the thermal equilibrium and then the pre-thermalized stage with
the transition to the thermalized equilibrium QGP. An important parameter of a strongly interacting
QGP as a hot and dense liquid is the ratio n/s, where n is the viscosity and s is the entropy density. A
small value of n/s > 1/(4r) indicates the formation of the QGP state, which was actually observed in
ALICE when describing transverse particle flows in the HKM model (n/s = 0.08 + 0.2) [28].
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A slightly higher Rout/Rside Value for kaons than for pions indicates a longer duration of the kaon
emission. To determine the time of maximal emission (tmax), the formula proposed in [32] was used:

R =2 f j— ( I + 3 L max
jong = Tmax = Fem—n— b
ore M my cosh yr 2my cosh vy

(3)

where Tmax IS the temperature, all other parameters are explained in [5] in equation (9). The results of
fitting the RlzOng dependences on <mt> by Formula (3) are shown in Fig. 8 by solid lines for kaons and



pions and are in a good agreement with the experimental data. The obtained tmax Values are 12.40 +
0.04 fm/s and 9.44 + 0.02 fm/s for kaons and pions, respectively, which confirms a longer kaon
emission. The dashed and dotted lines in Fig. 8 are the results of fitting with the formula (8) given in
[5] and used in the earlier ALICE publication on the study of correlations of pion pairs [33]. It can be
seen that such fit leads to results for kaons that are noticeably different from the experimental ones.
The observed difference in tmax for kaons and pions may be the cause of the mr scaling violation
discussed above. In [32], this difference is explained by the influence of K*(892) resonances with a
lifetime of 4+5 fm/s, formed during the rescattering of hadrons in the final state and decaying into
charged kaons and pions. These kaons are up to 30% of all ones produced in nuclei collisions.

2.3. One-dimensional analysis of non-identical charged kaon femtoscopic correlations
(K'K") in Pb-Pb collisions at v/syy = 2,76 TeV [7].

As noted above, the sizes of particle emission sources can be determined through correlations of pairs
of non-identical particles due to their interactions in the final state [13, 34]. Theoretical correlation
function of K*K" pairs with relative momentum k™ in PRF and with total momentum (vector) P can be
written as:

Corsi(k*,P) = [nﬁr*safr*,r*}}:|-,u‘fLﬁ-‘tr‘:|\' , (4)

where r” is the relative distance between the points of emission of particles in the pair rest frame. The
source function in a one-dimensional analysis is selected in a Gaussian form with a width R: S(r") ~
exp(-r"?/4R?). The index o denotes the K*K™ channel, and the index o’ means the intermediate channels
K*K", K%K°. The wave function of a pair of kaons is represented as a superposition of plane and
spherical waves: y. (r") = exp(-ik'r") + f(k")exp(ikr")/r". The scattering amplitude f(k") of the K*K"
pair is determined by the s wave of the isoscalar and isovector resonances fo(980) and ao(980),
respectively, which are formed near the threshold, and can be written as a sum (k") = [fo(k") +f1(k")]/2,
where the first term refers to the fo resonance (isospin 0) and the second term refers to the ao resonance
(isospin 1). The analytical functions fo(k”) and fi(k") are presented in [7] by formulas (4) and (5),
respectively, depending on the masses of resonances fo(980) and ao(980) and their coupling constants
with various decay channels.
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When determining Csrsi, the Coulomb interaction of charged particles [13] and the contribution of the



p wave of the strong interaction through the formation of the resonance ¢$(1020) [35] are also taken
into account. Experimentally, the correlation functions were determined in the same way as indicated
in Section 1 and are shown as an example in Fig. 9 for events of different centralities in the kr (0.3 +
0.4 GeV/c) interval. The main features of the correlation functions are as follows: the maximum from
the Coulomb attraction at very small q < 0.05 GeV/c, the minimum at g ~ 0.05 GeV/c from the
contributions of resonances fo(980) and a0(980), and ¢(1020) meson peak around q = 0.25 GeV/c. The
red line in Fig. 9 is the result of the fit using the numerically calculated theoretical correlation function
discussed above. At the same time, the resonance parameters ag(980) were taken from the model [36]
based on the analysis performed earlier in ALICE [37] (Achasov2 in Table 1 in [7]). The fo(980)
resonance parameters were chosen (as free) under the condition that the values of the obtained
femtoscopic radii were close to the values found in ALICE when analyzing pairs of identical charged
kaons [2] according to the predictions of theoretical models. Figure 10 shows the femtoscopic radii
obtained by the fit depending on kr for events of different centralities. Here, for comparison, the radii
found when studying pairs of identical kaons (K*K* in the figure) are shown. As seen from the figure,
the radii obtained in different analyses are in a good agreement with each other. As a result of fitting,
the following values of the fo(980) resonance parameters were found [7]: mass m =972 + 3 + 5 MeV/c?,
width ' =39.7 + 7.94 + 11.8 MeV, which correspond to the table Particle Data Group values.

3. One-dimensional analysis of femtoscopic correlations of identical charged kaon
pairs in p-Pb collisions at v/syy =5.02 TeV [6].

The study of femtoscopic correlations in p-A collisions is of interest primarily because this type of
collision is intermediate between pp and A-A when studying the influence of hydrodynamic
mechanisms on the size of the particle emission source. In one of the first theoretical works in the
framework of the 3+1 hydrodynamic approach [38], a strong influence of these mechanisms was
predicted in p-Pb collisions at LHC energies, leading to a noticeable increase in the size of particle
emission sources compared to pp collisions. The same difference, although to a less extent, was
predicted in the above-mentioned HKM model [39]. The study of pion correlations showed that in the
one-dimensional analysis, the radii of the sources in the p-Pb and pp collisions coincide within
uncertainties [40], and in the three-dimensional analysis they are also close, although with some
difference for different three-dimensional projections [41]. Of unquestionable interest were similar
studies of correlations of heavier particles, such as kaons, which were performed for the first time for
p-A collisions by the JINR group.

2 K:Kt‘pairs AlLICE EPOS lEPOS N

I 020 o B Weeasel  pig. 11: Radii of kaon emission sources
. 20-40% ® 0 I depending on kr at different centralities. The
E 15 0-90% ¢ 0 * ] results obtained in the EPOS model with (w/
~ ) ] casc) and without (w/o casc) the hadron
o, . 1 rescattering cascade in the final state are

L compared.

1_ —

- p-Pb ysy, =5.02 TeV (a)

L1 \ ! ! ! | ! ! | ! 1]

0.4 0.6 0.8
k. (GeV/c)

For the analysis, all available data (~55 min.) collected in p-Pb collisions at 5.02 TeV in 2013 were
used. The experimental method and the analysis were the same as in the above sections and are
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presented in more detail in [6]. Figure 11 shows Rinv 0f kaon emission sources depending on kr for
events of different centralities. The results obtained in the EPOS model with (w/ casc) and without
(w/o casc) hadron rescattering cascade in the final state are presented. It can be seen, as in the case of
Pb-Pb collisions (Fig. 7), that taking into account the rescattering of hadrons before the freeze-out
leads to agreement of the model predictions with the experimental data. Figure 12 compares the
dependences of the radii of the K* emission sources on the average multiplicity of charged particles
<Ncn> for various types of collisions. In the left figure, the results are taken from [6], where data
obtained for Pb-Pb collisions at \/syy = 2.76 TeV were used for comparison. It can be seen from this
figure that for the same values of <N>, the radii in pp and p-Pb collisions coincide within
uncertainties. These results are similar to those obtained for pions and mean that the statement of the
above-mentioned models about a significantly stronger influence of the hydrodynamics mechanisms
in p-Pb than in pp collisions is not confirmed.

* T T T T ‘ T T T T | T T T T *
[ o ppVs=7TeV,(k)=042GeVic 1 op 187 TeV, tk ) = 0.42 GeVlc
8- * p-Pb \.‘S_NN =5.02 TeV, (k1> =0.36 GeV/e 8 B ; GIZT'lr 0 1k Sm 88 el
[+ Pb-Pbys, =276TeV,(k)=035GeV/c ] p-Pb |5, = 5.02 TeV, (k) = 0.36 GeVic
— F 4 Pb-Pb | Sy = 2.76 TaV, f-:kT} =0.35 GeVlic »
— - _— .-‘__..
é o ; ¥ (a)7] E B o POPO|s,=502TeV.(k)=03GeVE . ()
L ] = . —
Df.E ar U . E 4 L a
- .-._.
2 o " ALICE ] 2 L i
L = KK pairs | ( 1o
OL [H R I N AU NN RN NN B UNN MR R 0 & KK pairs
0 S N 10 15 0 5 L\ 10 15
ch (N >'

ch
Fig. 12: Radii of K* emission sources depending on the average multiplicity of charged particles for
different types of collisions. In the left figure, the results are taken from [6]. In the right figure, the
results obtained for Pb-Pb collisions at /sy = 5.02 TeV are added.

Figure 12 (left) also shows that a correct comparison with the results of Pb-Pb collisions cannot be
made since small experimental data sets did not allow us to obtain radii at low Ncn, which is noted in
the conclusions of [6]. Such comparison became possible for Pb-Pb collisions at v/syy = 5.02 TeV
(Fig. 12, right) obtained later with much larger data set. Figure 12 (right) shows the preliminary values
of the radii obtained in this case. These results were included in the master thesis of Romanenko G. E.
(co-author of this presentation) and were reported by him at ALICE internal meetings. The figure
shows that the new value of Riny practically coincides, taking into account uncertainties, with the radius
found for p-Pb collisions at the same Nch, and the values for all types of collisions (except Pb-Pb at
2.76 TeV) fit well on one line, which is the result of fitting with a linear function. Some difference of
the Pb-Pb results at 2.76 TeV from p-Pb ones does not seem significant enough taking into account
the uncertainties. If these values are fit with the function f(x)= ax+b separately for Pb-Pb collisions
and for pp and p-Pb ones, the parameters a = 0.47 + 0.13, b = 0.67 + 1.07 of the fit coincide within
uncertainties with the parameters of the general pp, p-Pb and Pb-Pb fit which equal 0.42 + 0.02 and
0.36 + 0.18, respectively.

Conclusion.

In the presented cycle of works, femtoscopic correlations of charged kaon pairs formed in pp, p-
Pb and Pb-Pb collisions at LHC energies were studied for the first time. It is worth emphasizing
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that such studies have never been performed before in the proton-proton and proton-nucleus
collisions even at lower energies. A number of new results were obtained, which can be
summarized as follows:

— In proton-proton collisions, a significant difference was observed in the behavior of the radii
of kaon emission sources at low and high multiplicities of charged particles. A similar result was
obtained earlier in the study of charged pion femtoscopic correlations.

— The theoretically predicted mt scaling for particles of various types was observed in Pb-Pb
collisions for pairs of kaons and protons (antiprotons). However, it was not observed when
comparing pairs of pions and kaons. This m scaling violation was explained in the framework
of hydrokinetic models (HKM and EPOS) with the addition of a mechanism of the hadron
rescattering in the final state.

— The kaon emission time measured in the HKM model exceeded the corresponding time found
for pions, which was explained by the influence of different resonances who decay to these
particles and was consistent with the observed violation of mr scaling.

— The study of K*K" pairs in Pb-Pb collisions correlating due to final-state interactions allowed
one to refine the fo resonance parameters by studying the strong interaction in the K*K—fo
channel using the expected equality of the emission source sizes of identical and non-identical
kaon pairs. The resulting mass and width of fo correspond to the PDG table values.

— The study of the identical charged kaon pair correlations in p-Pb collisions has shown that for
the correct description of the source radii in the EPOS-3 model, similarly to Pb-Pb collisions, it
is important to take into account the mechanism of hadron rescattering in the final state. In
addition, comparing the obtained radii with those found in pp and Pb-Pb collisions, it can be
concluded that the values of the radii are close in all three types of collisions at the same charged
particle multiplicity. This result is different from the one obtained earlier in the n* study and
requires further investigation within the framework of theoretical models.

— All the above results show that the properties of femtoscopic correlations of the considered
particles formed in heavy-ion collisions are sufficiently well described by hydrodynamic models
when considering several stages of nuclei interactions: the initial one — before the thermal
equilibrium, the pre-thermalized stage with the transition to a thermalized equilibrium quark-
gluon plasma, the hadronization stage taking into account the rescattering of particles in the
final state. In pp and p-Pb collisions, the predictions of the models are not so unambiguous and
need further understanding of how hydrodynamic mechanisms could influence particle
production in these cases.
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