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Femtoscopy analysis of ultrasoft pion trap at energies available at the CERN Large Hadron Collider
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Femtoscopy studies of pion radiation in heavy-ion collisions have been conducted extensively at all available
collider energies, both theoretically and experimentally. In all these studies special attention is given to mT

dependency of pion femtoscopy radii, usually approximated by a power-law function at transverse momenta
above 200 MeV/c. However, the radii behavior has been much less explored for the ultrasoft pions, possessing
transverse momentum comparable to or lower than the pion mass. For many experimental setups this region
is difficult to measure. In this work we present theoretical calculations of pion emission in the ultrasoft
region in the two hybrid models iHKM and LHYQUID+THERMINATOR2. Along with the particle transverse
momentum spectra, we present the calculated femtoscopy radii, in both one-dimensional and three-dimensional
representations. We investigate the radii dependence on pair mT and observe, in particular, a departure from the
power-law behavior at ultrasoft momenta, potentially reflecting a decoupling of such slow pions from the rest of
collectively expanding system. We provide the theoretical interpretation of this result and discuss its significance,
in particular, for the ongoing nonidentical particle femtoscopy analysis for pairs consisting of a pion and a baryon
(or of a pion and a charmed meson).

DOI: 10.1103/PhysRevC.110.034904

I. INTRODUCTION

The interferometry of particles emitted from small radi-
ating source enables one to study the evolving geometry of
that source. The particle interferometry originated from the
experimental paper [1] and theoretical works [2,3]. In the lat-
ter it was also found that the results for the quantum statistics
correlation effect for two close sources of identical particle
emission in collision physics are formally similar to those for
classical intensity correlations of the light radiation coming
from different parts of a star, known in astronomy as the
Hanbury-Brown–Twiss (HBT) effect [4–6]. The similarity,
as well as the difference between the quantum correlations
in identical-particle pairs and the classical HBT effect are
analyzed, e.g., in [7]. Note that the correlation femtoscopy
method, initially developed for finding the overall size of
identical quantum particles’ source, now is considered to mea-
sure the homogeneity lengths [8] of such femtometer -small
sources. This general interpretation is especially important for
the studies of the space-time structure of expanding sources,
such as those created in proton/antiproton and heavy-ion col-
lisions [1–3,9–14].

The homogeneity lengths, defined as a result of correla-
tion femtoscopy analysis, reflect the spatial dimensions of the
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region within the entire strongly interacting system formed in
the collision, from which particles are emitted with similar ve-
locities (having close, nearly coinciding values and directions)
[8,15]. Gaussian parametrizations for the particle emission
source function (SF) and the two-particle correlation func-
tion (CF) are usually used in femtoscopy studies, although
the realistic source shape differs from a perfect Gaussian;
e.g., resonance decay contributions cause exponential behav-
ior near the peak of the correlation function. The conventional
use of the Gaussian shape allows one to standardize the de-
scription of experimental data and easily compare the results
of different femtoscopy measurements, as well as to interpret
the obtained radii as the homogeneity lengths. It is also well
motivated experimentally in heavy-ion collisions, where cor-
relation shapes for pions in three-dimensional (3D) analyses
are universally observed to be Gaussian in a wide range of
centralities and pair transverse momenta. The study of the
dependence of the radii on the particle species, collision type,
and collision energy is the main objective of the femtoscopic
analysis of heavy-ion collisions.

In experimental studies, one clearly observes certain types
of universal scaling behavior for the measured femtoscopy
scales. For a given colliding system and collision energy a
linear scaling of the femtoscopic radii is universally observed
versus the cube root of the final state mean particle multiplic-
ity, 〈dNch/dη〉1/3 [16–22]. A similar scaling across collision
energies and colliding systems is only approximate [23,24].
The radii versus the pair transverse momentum exhibit a
power-law-like scaling in pair transverse mass mT (mT =√

k2
T + m2, where kT is pair mean transverse momentum,

kT = |pT 1 + pT 2|/2, and m is particle mass) [16,17,25–30].
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In heavy-ion collisions both these scalings are predicted by
hydrodynamic models [31,32]. Specifically, the mT scaling
is explained as a direct consequence and one of the main
signatures of the collective radial flow of the system.

The observed mT power-law scaling means a decrease
of the radii with growing mT that is a signature of hydro-
dynamic collectivity, typical for all particle species affected
by the same flow field. Such dependence can be helpful for
the prediction of the source size at certain mT through the
interpolation between radii measured at different mT values.
Nonetheless, the mT range of experimental radii measurement
depends on the acceptance of the detectors used in the study,
and the very-low-mT region has not been reached yet via such
measurements. Therefore, the femtoscopy -scale predictions
in that region can come only from extrapolation, which, fol-
lowing the commonly used power-law function, shows a very
rapid growth of the radii with decreasing mT . The theoretical
studies, by contrast, do not face such problems, and so sim-
ulations within a realistic collision model can help estimate
the possible character of the femtoscopy radii behavior in the
ultrasoft momentum region.

The knowledge of femtoscopic radii for ultrasoft pions
is becoming increasingly important in the context of rapidly
developing experimental analyses of femtoscopic correlations
of nonidentical particles [33,34]. In the case of such pairs the
correlation occurs between two particles with similar velocity.
If the pair in question contains a pion and a relatively massive
particle (e.g., a deuteron or a charmed meson), then the pion
in the pair needs to be ultrasoft in order to be correlated. The
femtoscopic radius of the pair is directly related to the size
of emission regions of both particles in the pair. Therefore,
in order to study the non-identical correlations between pions
and massive particles, the knowledge of femtoscopic radii of
ultrasoft pions becomes essential.

Several previous theoretical studies of ultralow momen-
tum pions were motivated by the experimental evidence of
enhanced production [35,36]. These observations could be
addressed by nonequilibrium models [37]. In addition to
the semiclassical models, pure quantum effects such as pion
condensation and Bose-Einstein enhancement were also ex-
plored [38]. However, none of these studies addressed the
pion femtoscopic radii nor their scaling at very low transverse
momenta.

Thus, in this paper, we focus on studying the pion femto-
scopic radii dependence on pair mT , including the region of
very low transverse masses, in Pb-Pb collisions at the Large
Hadron Collider (LHC) energy

√
sNN = 5.02 TeV simulated

within the integrated hydrokinetic Model (iHKM) [31,39,40]
and the hydrodynamics model [41] coupled to the statistical
hadronization code THERMINATOR2 (LHYQUID + THER-
MINATOR2) [42]: LQTH.

II. MODELS’ DESCRIPTION

The collisions of heavy ions at ultrarelativistic energies
allow to create quark-gluon plasma (QGP): a new state of
strongly interacting matter, where quarks and gluons are no
longer confined within individual nucleons. The evolution
of such matter can be successfully described in complicated

models realized in the form of codes for labor-consuming
computer simulations. Such codes typically include modules
describing the initial state formation, relativistic hydrodynam-
ics expansion of liquid-like QGP at the intermediate stage of
the system’s evolution, its subsequent particlization (turning
into a set of hadrons), and, finally, the hadron-resonance gas
expansion. As a result of typical calculation, one obtains from
the model a set of created hadrons, characterized by the space-
time points of their last collision and four-momenta. Based
on these data one can construct different observables, like
spectra, correlation functions, etc.

The data analyzed in this study were generated using two
such models, iHKM and LQTH, each having its own charac-
teristics.

The iHKM is one of the most complete models, describing
all the essential phases of the matter evolution in the course
of a relativistic A + A collision (see [31,39] for details). The
initial conditions (ICs) for each simulation include the energy
density spatial distribution at the starting time τ0, usually
close to 0.1 fm/c (for the high-energy collisions we use
GLISSANDO code [43] to generate it), and anisotropic mo-
mentum distribution, inspired by the color glass condensate
model. These ICs correspond to the very initial nonequi-
librium partonic state right after the two nuclei collision.
At the next stage of the system’s evolution, it gradually
thermalizes and approaches a nearly hydrodynamical state.
Then (starting from the thermalization time τth ≈ 1 fm/c)
there follows a continuous medium expansion described in
the Israel-Stewart viscous hydrodynamics formalism. As the
matter expands and cools down, it eventually reaches the
“particlization temperature” Tp ≈ 160 MeV (depending on
the QGP equation of state used at the hydrodynamics stage),
when one switches to the description of the system in terms
of hadrons (here the Cornelius routine [44] is applied). Pro-
duced hadrons are then fed to the UrQMD hadron cascade
code [45,46], performing multiple hadronic rescatterings and
resonance decays taking place at this final “afterburner” phase
of the collision. The model is calibrated based on the ex-
perimental mean charged particle multiplicity and pion pT

spectrum slope in the most central collisions of a given
type. In this paper, we use the iHKM tuning, used for the
LHC 5.02 ATeV Pb-Pb collisions simulation described in
detail in [40].

The LQTH is similarly properly calibrated to describe the√
sNN = 5.02 TeV Pb-Pb collisions at the LHC. The model

assumes a second order viscous (3+1)D hydrodynamics evo-
lution of the created fireball including shear and bulk viscosity
as well as the Israel-Stewart stress corrections. The hydro-
dynamic expansion starts at 0.6 fm/c and lasts until the
single (both chemical and kinetic) freeze-out at a selected
temperature (Tp ≈ 140 MeV), where statistical hadronization
takes place. The system’s chemical composition and mo-
mentum spectra no longer change, except for the resonance
propagation and decays, which are simulated by the THER-
MINATOR2 package. At the freeze-out temperature, particles
are generated according to statistical rules from the freeze-out
hypersurface following the Cooper-Frye formula. The model
reproduces the heavy-ion collisions results including flow and
femtoscopic measurements [32,41,47]. All details about the
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FIG. 1. Pion, kaon, and proton transverse momentum spectra cal-
culated in the iHKM (solid lines) and in the LQTH models (dashed
lines) for the most central

√
sNN = 5.02 TeV Pb-Pb collisions at the

LHC [48].

model implementation and initial conditions can be found in
[41].

Both models describe well the experimental results for
pion, kaon, and proton transverse momentum spectra, includ-
ing the region of very soft momenta (see Fig. 1). Note, that
such a description is achieved without the implementation
of additional specific mechanisms of the soft pion emission,
like the Bose-Einstein condensation, discussed, e.g., in [38].
Also, the two utilized models were previously used to success-
fully describe the LHC data on 2.76 ATeV Pb-Pb collisions
[32,39,40,47].

III. CONSTRUCTION OF THE CORRELATION FUNCTION

The femtoscopic radii constituting the main subject of
this study are typically defined from the Gaussian fits to the
correlation functions depending on pair relative momentum
q = p1 − p2. Here we consider the correlations in pairs of
identical charged pions (π+ and π−), performing 1D and 3D
analysis. The 1D correlation of identical particles is calculated

as a function of qinv =
√

q2
0 − q2 in the pair rest frame (PRF)

and requires minimal statistics in contrast to the 3D study.
However, the radius Rinv, in this case, is the only length
extracted, so that the emission source is assumed to be a
spherically symmetric Gaussian one. The 3D study is based
on relative momentum components qout, qside, and qlong calcu-
lated in the longitudinally comoving system (LCMS), where
the longitudinal direction is along the beam axis, the outward
direction is along the pair transverse momentum and the side-
ward direction is perpendicular to the other two. Accordingly,
the three radii Rout, Rside, and Rlong are extracted from the CF
fit in this case.

The correlation function is generally defined as

C(p1, p2) = P12(p1, p2)

P1(p1)P2(p2)
, (1)

and can be understood as the ratio of conditional probabil-
ity to detect a pair of particles with the specific momentum

values, P12(p1, p2), to the probability of finding them with
such momenta independently, P1(p1)P2(p2).

In experimental analysis, the procedure of obtaining the
correlation function is based on making pairs of detected
particles. One uses particles coming from the same event to
build the correlated distribution (numerator), while for the
background distribution (denominator) pairs are created using
particles coming from different events (meaning that they
retain all aspects of experimental acceptance, while not being
correlated due to the mutual interaction).

In simulation studies, one usually fills two histograms
(1D or 3D, depending on the analysis type) represent-
ing the corresponding particle pairs’ relative momentum q
distribution—one histogram for the numerator and another
one for the denominator in Eq. (1)—based on the generated
model output (set of hadrons). However, since in all currently
available heavy-ion collision models the quantum statistical
effects (including the Bose-Einstein symmetrization of the
two identical bosons’ wave function) are not implemented di-
rectly, on a microscopic level, one usually introduces a weight
factor

w = 1 + cos (qr), (2)

coming from the Bose-Einstein interference at the so-called
“afterburner” stage (to simplify the presentation, Coulomb
and strong final-state interactions are not considered here).
This factor w is taken as a weight for the pairs entering the
correlated distribution histogram (a numerator one). For the
background distribution (denominator) the weight is equal to
1. In this study, we also use the rapidity cut, |y| < 1, during
the identical charged pion pairs selection to reproduce the
acceptance of the ALICE detector.

To obtain a fitting formula for the CF, which will allow
us to define the desired femtoscopy radii, one can consider
the 7D (if particles are on the mass shell) particle emission
functions Si(x, p) for each particle species i and derive the
approximate expressions for single-particle and two-particle
momentum spectra, and then using Eq. (1) obtain the well
known Bertsch-Pratt [49,50] representation for the correlation
function of two identical bosons in LCMS:

C(k, q) = 1 + λ3D(k) exp
( − R2

out (k)q2
out

− R2
side(k)q2

side − R2
long(k)q2

long

)
, (3)

where femtoscopic radii Ri depend on mean pair momenta k,
and λ3D are referred to as correlation strength factors.

The invariant one-dimensional form of the correlation
function Gaussian parametrization is

C(k, qinv ) = 1 + λ1D(k) exp
( − R2

inv(k)q2
inv

)
. (4)

IV. PION FEMTOSCOPY SCALES

This section presents the results on pion femtoscopic
radii obtained as a result of correlation function fitting for
identical pions in 1D and 3D studies using the two mod-
els (iHKM and LQTH). The correlation functions were
calculated separately for the six centrality classes (0–5%,
5–10%, 10–20%, 20–30%, 30–40% and 40–50%) and the
ten kT ranges (0.00–0.05, 0.05–0.10, 0.10–0.15, 0.15–0.20,
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FIG. 2. Femtoscopic radii of charged identical pions as functions
of 〈dNch/dη〉1/3 calculated using iHKM (full markers) and LQTH
(empty markers) models, for five kT ranges (from top to bottom:
0.00–0.05, 0.10–0.15, 0.20–0.25, 0.30–0.35, 0.45–0.60 GeV/c).
Different panels from top to bottom correspond to 1D Rinv and 3D
Rout, Rside, and Rlong radii respectively. Lines correspond to linear
fits to the radii dependencies. Symbols are slightly shifted in the x
direction for visibility.

FIG. 3. Femtoscopic radii of charged identical pions as functions
of mT calculated using iHKM (full markers) and LQTH (empty
markers) models, for the three centrality classes (0–5% blue, 10–20%
red, 30–40% green). Different panels from top to bottom correspond
to 1D Rinv and 3D Rout, Rside, and Rlong radii respectively.
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FIG. 4. First-order derivative of the charged identical pions’ femtoscopic radii mT dependency, dR/dmT , in the iHKM (left) and the LQTH
(right) models, for the three collision centralities (from top to bottom: 0–5%, 10–20%, 30–40%). Each panel contains derivatives of the
three radii from the 3D study (Rout blue, Rside red, Rlong orange) and Rinv from the 1D study (green). Markers represent results obtained from
simulations and the dashed lines are obtained for the expected power-low trend based on fits to simulation points above 250 MeV/c.

0.20–0.25, 0.25–0.30, 0.30–0.35, 0.35–0.45, 0.45–0.60,
0.60–0.80) GeV/c. The results from both models were based
on approximately 2 × 105 events, and the statistical uncer-
tainty of each correlation function was much smaller than the
systematic effects.

In Fig. 2 all the radii for identical pion pairs, corresponding
to 1D and 3D calculations in the two models are demonstrated
as functions of 〈dNch/dη〉1/3. The results for five of all ten
mT bins are shown for better visibility since the radii in all
bins follow a monotonic trend. The radii values vary in the
range from about 15 fm (Rlong for the lowest mT and the
highest multiplicity in LQTH) to about 2 fm (Rside for high
mT and low multiplicity in iHKM). All the radii universally
grow linearly with the cube root of final-state multiplicity.
The multiplicity dependencies for various mT ranges gen-
erally show mT ordering, except for 1D and transverse 3D
results from the LQTH model, where the first bins of mT

overlap. This is because, in the LQTH model, radii of the
first mT bins take similar values. Figure 3, where femto-
scopic radii are shown as functions of mT presents it more
clearly. All the measured radii decrease with increasing mT .
However, in the case of the LQTH model, we can observe a
small plateau for the 1D and the transverse 3D radii at low
mT . The iHKM results, however, mostly fall monotonically
in the lowest mT region. Figure 3 also exhibits an ex-

pected ordering with respect to analysed centrality: the more
peripheral the collision, the smaller the radii. In both Figs. 2
and 3, the difference in femtoscopy scales between the two
models is also evident.

One can see from Fig. 3 that the femtoscopic radii in the
iHKM model decrease faster than in the LQTH one. This is
likely due to a very early, at τ0 = 0.1 fm/c, expansion start
in the iHKM, leading to stronger velocity gradients at the
final stage. This is the main reason for the reduction of the
femtoscopic radii: the homogeneity lengths are reduced with
the growing flow intensity. So, at the intermediate and high
kT the iHKM radii are smaller than those in the LQTH model
with a later start of the expansion (τ0 ≈ 0.6 fm/c). For the
radii values at ultrasoft transverse momenta, the situation be-
comes even more complicated. At very small kT the transverse
radii are larger in the iHKM approach (the mentioned gradient
could be the reason), while the longitudinal ones are larger
in the LQTH model. The physics of pion production in the
very-low-kT region appears to be nontrivial and worthy of
further study and better understanding.

To better investigate the character of the radii mT depen-
dencies, they were differentiated, and the obtained derivatives
are presented in Fig. 4 (for the three centrality classes). The
derivative has been extracted in the range ±0.07 GeV/c
around each point in the figure. Most of the functions show
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FIG. 5. The pion last interaction time and transverse coordinate in the out direction of the LCMS system for iHKM (left) and LQTH (right)
simulations of Pb-Pb

√
sNN = 5.02 TeV collisions. The upper panels show distributions for the lowest kT interval, and the bottom ones show

distributions for the middle kT interval considered in this study. Subfigures show projection on the xout direction (left) and projection on the
time axis for the two xout ranges (center and right).

similar behavior, with a clear change in the derivative form
at certain momenta. Namely, the derivative behavior at low
momenta (mT < 0.25 GeV/c), especially for the Rout and Rinv

radii in LQTH model, is noticeably different from that of a
power-law function derivative, typical for the higher momen-
tum region and approximately followed even at low mT by the
dRlong/dmT dependencies. In more detail, in the iHKM one
observes that the radius derivatives for the 1D case go flatter
and are smaller in absolute value than the Rlong derivatives
for all the collision centralities, while the out and the side
curves go either slightly higher or slightly lower than the long
one, depending on the collision type. In the LQTH model we
see a somewhat different situation, but one rather similar for
all the centrality classes: all the derivatives, except for the
long one, at low mT have much smaller absolute values than
the power-law function and demonstrate nearly flat behavior
with small falls and rises, so that the radii dependency in
this region can be sufficiently well approximated by a linear
function.

To interpret above mentioned results, one can use a very
recent iHKM femtoscopy analysis [51] as follows. When the
system has just formed (at times near 0.1 fm/c), huge gra-
dients of density in the transverse direction take place, since
the system is essentially finite and borders with vacuum. The
gradient is not equal locally along the radial directions: it is
stronger at the periphery and less strong in the center, where
soft hadrons mostly come from. In the vicinity of the geomet-

rical center of the system, its decay into free particles happens
at significantly later proper times than for most other parts
of the system. Such a difference in proper times of spectra
formation can be up to 5 fm/c [51]. Thus, in the context
of the present study, one can expect that maximal formation
times (about 15 fm/c) should be typical for the ultrasoft pions
with transverse momenta less than 0.3 GeV/c, that are emitted
from the central region of the fireball. For the pions radiated
from other parts of the decaying expanding system and having
higher transverse momenta, 0.45–2 GeV/c, the (proper) time
of maximal emission is close to 10 fm/c [51]. The situation
looks like a pion trap formed in the center of the created quark-
gluon–hadron system. The hadrons stay together (cannot leave
the system) for a longer time in the system’s center because of
the following:

(i) very low (close to zero) transverse collective velocity;
(ii) smaller density gradient in the center during almost

the entire duration of the evolution, as compared to
noncentral and periphery parts;

(iii) the initially highest density in the geometrical center
in central and semicentral nucleus-nucleus collisions.
Therefore, for this high-mass-density region, it is
difficult to expand because of the relatively small
transverse pressure gradient in the center.

Note that we see the mentioned effects of non-power-law
transverse radii behavior in the ultrasoft momentum region in
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FIG. 6. Pion femtoscopic radii dependencies on mT calculated in iHKM (left) and LQTH (right) models, for the three centrality classes
(from top to bottom: 0–5%, 10–20%, 30–40%). Each panel contains results for the three radii from the 3D study (Rout squares, Rside crosses,
Rlong tilted crosses) and for Rinv from the 1D study (cicles). Lines correspond to power-law fits am−b

T to radii dependencies in the range above
0.25 GeV/c.

“hydro plus hadronic cascade” models, where the dynamics
is built in a quasiclassical approximation. The Bose-Einstein
quantum statistics effect is taken into account in the very final
stage only, but even this way, using the femtoscopy method,
one can see specific (delayed freeze-out) features of emis-
sion in the ultra-low-momentum region (see also Fig. 1 from
[51]). In particular, as we already mentioned, the femtoscopy
analysis brings us the signal about formation of a long-lived
ultrasoft pion trap in the central part of the system created in
ultrarelativistic heavy ion collision. To further check this sig-
nal, we built the distributions of the transverse out coordinate
of pion last collision points vs its time in the LCMS system;
see Fig. 5. It can be easily noticed that in both models the
origin of particles forming low and high kT pairs is qualita-
tively different. Low kT pairs are mainly created of particles
with low momenta most intensively emitted from the decaying
system close to its center. To see this, one can compare the red
part of the xout distributions shown in the panels of Fig. 5 for
low (top panels) and high (bottom panels) particle momenta,
respectively. The red parts correspond to the emission coming
from the hadronizing hydrodynamic tube itself, while the blue
parts correspond to the emission at larger distances from the
expanding hadron-resonance gas. The blue parts are rather
similar at low and high momenta, while the red ones have a
maximum in the center of the system for low momenta and at

the periphery of the system for higher momenta. The red time
distributions at low momenta have two maxima and larger
mean emission time than those at high momenta having only
one maximum near the system’s particlization time. The blue
time distributions are similar for the low and high momentum
cases.

The dependencies of the radii on mT , together with the
power-law fits, are presented for the three centrality classes in
Fig. 6. The fitting was performed outside the “non-power-law”
region observed in Fig. 4 (above 0.25 GeV/c). As one can
see from Fig. 6, the power-law function in the form am−b

T
works well for all the radii at not very low momenta, and in
case of the long direction it describes even the ultrasoft region
below 0.25 GeV/c. Other radii, especially the 1D ones, at very
low momenta go below (in the iHKM sometimes above) the
power-law fitting curve.

In Fig. 6 the fall of 1D radii is less prominent than the
fall for radii from 3D studies. This can be connected with the
shape of the respective correlation functions. The 1D func-
tions are less Gaussian than the 3D functions, and therefore
the fitting has to compensate for this by reducing the corre-
lation strength parameter λ. The mT dependencies of λ in the
two applied models are shown in Fig. 7. In the low mT region
λ behaves similarly in both cases, whereas with growing mT

it tends to go down in the 1D case.
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FIG. 7. The correlation strength λ parameters from 1D (black)
and 3D (red) fits to the two-pion CF functions for the ten mT bins.
The iHKM (top) and the LQTH (bottom) results are shown for c =
10–20% Pb-Pb collisions at

√
sNN = 5.02 TeV.

Finally, we analyzed the femtoscopic-radii dependence on
pair velocity; see Fig. 8 for different centrality intervals and
for both used model approaches. In all cases, we notice a slow
radii falling at low velocities. All the distributions were fitted
with the analytic formula derived for the purpose of this study,

R(β ) = a

e(β−b)/c + 1
, (5)

where β = kT /mT is pair velocity, and a, b, c are free pa-
rameters of the fit. As particle velocity decreases, the radii
seem to reach a saturated value, similar in a very broad range
of β. Therefore such a value could be used to determine an
extrapolated value of the radii for ultrasoft pions, instead of
the historically used dependence based on power-law mT scal-
ing. It is particularly important for non-identical femtoscopy
studies, where one considers pairs of particles with different
masses moving at the same velocity, thus having different
momenta.

V. SUMMARY

This paper presents a study of femtoscopic radii obtained
from simulated data using iHKM and LQTH. The results
point out that the power-law character of the femtoscopic mT -
caling is no longer valid for 1D studies in the low mT region
(below 250 MeV/c). In the case of 3D studies, the radii are
better described by the power-law dependence than the 1D
radii; however, the final conclusions are model dependent.
The iHKM model results are closer to a power-law behavior,
especially in the 3D analysis case. On the other hand, for
the LQTH model one sees noticeable deviations from the
power-law description everywhere, except for the longitudinal
direction. Both models show that in low-mT region radii dis-
tribution tends to be more linear than power law or even flat

FIG. 8. The identical pion femtoscopy radii dependencies on
pair velocity β in the iHKM (full markers) and the LQTH (empty
markers) models. The results for the six centrality classes are shown.
The lines represent fits to the radii by the formula (5).

in some cases. This results in smaller radii than expected from
the extrapolation of the power-law scaling from intermediate
and high mT.
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This modification of the behavior is motivated by the
capacity of the ultrasoft pions to decouple from the ener-
getic and dense core of the expanding system, resulting in
longer emission times but from the center of the created sys-
tem. This can be interpreted as both spatial and kinematic
trapping of the ultrasoft pions by the more dense part of
the created system. Such pions cannot escape this phase-
space region until this confining mechanism is released. This
finding is fundamental for addressing experimentally the ex-
pected pion radii in nonidentical femtoscopic studies when
the second particle has a large mass difference with the pion
mass, e.g., pion-deuteron, pion-omega, or pion-charm hadron
pairs.

The observations of the non-monotonic behavior of ultra-
soft pions obtained from semiclassical models should also
be explored from the quantum perspective. The role of

confinement and its connection to the direct photon puzzle
[52–56] might as well influence the pion homogeneity lengths
and should be studied further.
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