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in Pb-Pb collisions at
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The identical charged-kaon correlations induced by quantum-statistics effects and final-state interactions are
measured in Pb-Pb collisions at

√
sNN = 5.02 TeV. The results of one- (1D) and three-dimensional (3D) analyses

show that the obtained system-size parameters (radii) are smaller for more peripheral collisions and decrease
with increasing pair transverse momentum kT. The 1D parameters agree within uncertainties with those obtained
in Pb-Pb collisions at

√
sNN = 2.76 TeV. The observed power-law dependence of the extracted 3D radii as a

function of the pair transverse momentum is a signature of the collective flow in the particle-emitting system cre-
ated in Pb-Pb collisions. This dependence is well reproduced by the integrated hydrokinetic model calculations
except for the outward projection of the radius (measured in the longitudinally comoving system) for the most
central collisions. The time of maximal emission for kaons is extracted from the 3D analysis in a wide collision
centrality range from 0 to 90%. Its reduction with decreasing charged-particle multiplicity is well reproduced by
the hydrokinetic model predictions, and means that kaons are emitted earlier in more peripheral events.

DOI: 10.1103/z6kw-l1pc

I. INTRODUCTION

The collisions of heavy ions at ultrarelativistic energies
result in the creation of the deconfined state of strongly in-
teracting matter characterized by partonic degrees of freedom
(quark-gluon plasma, QGP) that was predicted [1] and whose
signatures were established for the first time at the CERN Su-
per Proton Synchrotron (SPS) [2–4] and the BNL Relativistic
Heavy Ion Collider (RHIC) [5–8]. Studying the QGP is one
of the main goals of ALICE (A Large Ion Collider Experi-
ment) at the CERN Large Hadron Collider (LHC) and other
experiments investigating heavy-ion collisions (Section 1.3 in
Ref. [9]). The system created in such collisions behaves as
a strongly coupled liquid with small viscosity [7,10,11] and
is well described within models containing a hydrodynami-
cal stage of evolution in the momentum sector in terms of
the transverse momentum spectra [12], the radial and ellip-
tic flow phenomena [13], and the event-by-event fluctuations
[14,15]. In the space-time domain, its properties can be inves-
tigated via correlations between particles close in momentum.
This is achieved using the femtoscopy technique [16,17],
which accesses a region of particle emission, characterized
by the homogeneity length [18]. Femtoscopy studies particle
correlations due to quantum-statistics effects and final-state
interactions. It is widely used to study the QGP evolution in
heavy-ion collision physics [18–20].
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Femtoscopic correlations due to Bose-Einstein statistics
were first observed in the study of pions [21]. Since pions
are the most abundant particles produced in high-energy col-
lisions, they were investigated more than any other hadrons
for femtoscopic correlations. The next most produced particle
species in heavy-ion collisions are kaons. The advantage of
kaon analyses is that they are expected to offer a cleaner
signal compared to pions, because it includes smaller contri-
butions from short-lived resonance decays. Using pion and
kaon analyses results, one can compare the effective radii
of their emission regions in order to check the phenomenon
of the pair transverse mass mT scaling [18,22]. It predicts a
universal dependence of the radii for various particle types
on mT =

√
k2

T + m2 , where kT = |pT,1 + pT,2|/2 is the pair
transverse momentum for particles with transverse momenta
pT,1 and pT,2, and m = (m1 + m2)/2 is the average mass of
the correlating particles with masses m1 and m2. As shown
in Refs. [23–26], the mT scaling expected by models that do
not include rescattering processes [27] is broken for pions and
kaons. The K∗(892) resonance has a particularly strong effect,
as it decays mostly into a kaon and a pion in the hadronic
matter (cτ ≈ 4.0 fm), leading to the possibility of an interplay
with regeneration effects. All these effects are included in the
full hydrokinetic model simulations [28] with the UrQMD
cascade [29] as an afterburner. It should also be noted that
the mT scaling can be broken without any rescattering effect
in the blast-wave model scenarios (see Ref. [13]). However,
they are not discussed in the present article since there are
no calculations performed in such models for the collision
systems and energies studied in this work. The decrease of
the K±K± femtoscopic radii with increasing mT (kT) ob-
served previously by the ALICE Collaboration [26,30,31] was
interpreted as the presence of collective flow in the particle-
emitting source. To quantify the effect, the mT dependence
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of the three-dimensional radii [26] was fitted using a power-
law function ∼mb

T [27] with b characterizing the strength of
the flow. The geometrical properties of the source created
in collisions were investigated [26,30] via the trend of one-
(1D) and three-dimensional (3D) radii as a function of cube
root of the average event multiplicity density of charged parti-
cles 〈dNch/dη〉|η|<0.5 (further also referred as multiplicity and
denoted as 〈dNch/dη〉). As shown in Refs. [26,30], the radii
decrease with decreasing multiplicity manifesting the creation
of smaller sources in more peripheral collisions, which is well
described by hydrodynamic model scenarios [18].

In this article, the results of the study of 1D and 3D fem-
toscopic correlations of two identical charged kaons K±K±
in Pb-Pb collisions at

√
sNN = 5.02 TeV are presented. This

work extends the previous ALICE results in K±K± fem-
toscopy obtained in Pb-Pb collisions at

√
sNN = 2.76 TeV

[26]. The larger data sample allows performing the analysis
in narrower multiplicity ranges providing a more detailed
picture of the evolution of the heavy-ion collision. This
gives more information on how the source size varies with
multiplicity and, as a consequence, allows for tuning and
constraining the hydrodynamic models describing the evo-
lution of a heavy-ion collision. The obtained femtoscopic
radii are also compared with the predictions of the integrated
hydrokinetic model (iHKM) [32,33], which employs a more
advanced description of the chemical freeze-out stage of the
emitting-source evolution [34] in comparison to the previous
version of the hydrokinetic model (HKM) [23] used before in
Ref. [26].

One more interesting feature of 3D femtoscopy studies
concerns the possibility to investigate the time evolution of the
particle emission process as proposed in Refs. [28,35]. It can
be characterized by the time of maximal emission τ , which is
related to the instant when particle emission from the source is
maximal. It was studied by the ALICE Collaboration for pions
and kaons in Pb-Pb collisions at

√
sNN = 2.76 TeV [26] and

compared with the HKM predictions in the 0–5% centrality
range. The comparison showed the importance of taking into
account kaon rescattering through the K∗(892) resonance.
This work extends this study for kaons to several centrality
classes to see how the kaon-emission duration changes from
central to peripheral collisions. The obtained τ values are also
compared with the iHKM calculations [36].

II. DETECTOR OVERVIEW AND DATA SELECTION

A. ALICE detector; event and track selection

The analyzed data sample was recorded by ALICE [37]
in the 2015 LHC Run 2 in Pb-Pb collisions at a center-of-
mass energy per nucleon–nucleon pair of

√
sNN = 5.02 TeV.

Approximately 2.67 × 108 events were analyzed. They were
obtained using the minimum-bias trigger [38], which re-
quired coincident signals in both V0 scintillators [39,40] to
be synchronous with the beam crossing time defined by the
LHC clock. Events with multiple primary vertices identified
with the silicon pixel detector [41] are tagged as pileup and
excluded from the analysis [37]. The position of the recon-
structed event (collision) primary vertex (PV) along the z axis

(beam direction) was required to be within 8 cm from the
geometrical center of the ALICE detector.

Particles were reconstructed and identified with the central-
barrel detectors located within a solenoid magnet with a
maximum field strength of B = 0.5 T. The reconstruction of
the PV was realized by utilizing the first two inner layers of the
Inner Tracking System (ITS) [41,42] while tracks and particle
momenta were reconstructed in the Time Projection Chamber
(TPC) [43,44]. The transverse momentum of each track was
determined from its bending in the uniform magnetic field.
The parameters of the track were determined by performing a
Kalman fit to a set of space points (clusters) with an additional
constraint for the track to pass through the primary vertex.
Only the tracks that have crossed more than 80 out of 159
clusters in the TPC were selected. The fit was required to
have a χ2 per degree of freedom lower than 2. Also, for
each track, the distance from the reconstructed trajectory to
the primary vertex, distance of closest approach (DCA), was
required to be less than 0.3 cm in both beam direction and
transverse plane in order to reduce the number of secondaries
(charged particles produced from the interaction with the
detector material, particles from weak decays, etc.). Particle
identification (PID) for reconstructed tracks was carried out
using the TPC and the time-of-flight (TOF) detectors [45–47]
in the pseudorapidity range |η| < 0.8 to avoid regions of the
detector with limited acceptance. Charged-kaon tracks were
accepted if their transverse momentum was in the range of
0.14 < pT < 1.50 GeV/c. PID in the TPC was performed by
simultaneous measurements of energy loss (dE/dx), which is
calculated using a parametrized Bethe-Bloch formula, charge,
and momentum of each particle passing through the gas cham-
ber. Particle identification in TOF was based on calculation of
the time that it takes for a particle with a given mass and mo-
mentum to pass through the detector. To be selected, the track
was requested to have the measured dE/dx or time of flight
within a chosen Nσ range for each PID method, where Nσ is
the number of standard deviations of the measured value from
the most probable one [37,47]. Since the PID performance
depends on the momentum, different Nσ values were chosen
for different track momenta regions.

B. Charged-kaon selection

The PID for charged kaons was carried out by applying
the Nσ selection for the tracks in the TPC and TOF detectors.
Different Nσ values for different momentum regions were
required in order to select as pure a kaon sample as possible,
as shown in Table I. The charged-kaon purity was investi-
gated in two separate particle momentum p intervals as in the
analysis of K+K− correlations in Pb-Pb collisions at

√
sNN =

2.76 TeV [48]. For p < 0.45 GeV/c, the dE/dx distribution
in the TPC was used to estimate the contributions of elec-
trons, pions, kaons, and protons to the full measured signal
as described in Refs. [31,48]. The purity of kaon candidates
with p � 0.45 GeV/c was studied employing the information
from both TPC and TOF detectors. The detectors’ response
was simulated using the Monte Carlo (MC) data from HI-
JING [49] calculations using GEANT3 [50] to model particle
transport through the ALICE detectors. The availability of
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TABLE I. Charged-kaon selection criteria.

pT 0.14 < pT < 1.5 GeV/c
|η| <0.8

DCAxy <0.3 cm
DCAz <0.3 cm

for p < 0.4 GeV/c: |Nσ, TPC| <2
for 0.4 � p < 0.45 GeV/c: |Nσ, TPC| <1
for 0.45 � p < 0.5 GeV/c: |Nσ, TPC| <2

|Nσ, TOF| <2
for 0.5 � p < 0.8 GeV/c: |Nσ, TPC| <3

|Nσ, TOF| <2
for 0.8 � p < 1.0 GeV/c: |Nσ, TPC| <3

|Nσ, TOF| <1.5
for p � 1.0 GeV/c: |Nσ, TPC| <3

|Nσ, TOF| <1
Number of TPC clusters �80
χ 2/NDF for the track fit �2

information from TOF resulted in a final kaon purity being
larger than 99%. The pair purity was calculated following
Refs. [26,30,48] by randomly sampling pairs of pT values
according to the experimental pT spectra. For each such pair,
the pair purity was obtained as the product of the two single-
particle purities and was assigned to the corresponding kT.
This procedure was repeated until sufficient statistical signifi-
cance was reached. The resulting pair-purity values are higher
than 99% for pairs of identical charged kaons in all considered
kT intervals and centrality classes.

The femtoscopic correlation function (CF) of two identical
particles is known to be sensitive to two-track reconstruction
effects such as “splitting” and “merging.” Splitting is caused
by the reconstruction of one track as two, while merging, in
contrast, is a reconstruction of two tracks as one. To sup-
press merging effects, pairs with the pseudorapidity difference
|�η| < 0.02 and the azimuth angle difference between the
tracks |�ϕ∗| < 0.04 were rejected. The angle ϕ∗ was cor-
rected for bending inside the magnetic field B at a radial
distance of 1.2 m from the vertex position inside the TPC
[51,52]. Also, all track pairs sharing more than 5% of TPC
clusters were rejected to remove the splitting effects.

Events were classified according to the collision centrality
determined from the measured charged-particle multiplicity
using the energy deposition in the V0 detectors. The present
analysis was performed in eight centrality classes: 0–5%,
5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–70%, 70–
90%. The most central collisions are represented by the 0–5%
class. The multiplicities corresponding to these centrality
classes are taken from Ref. [53] and presented in Table II. For
the 50–70% (70–90%) range, the multiplicity was calculated
by averaging the 〈dNch/dη〉 values for the 50–60% and 60–
70% (70–80% and 80–90%) intervals.

The following kT ranges were considered:

(1) Four kT ranges for the first five centrality classes:
[0.2,0.4], [0.4,0.6], [0.6,0.8], and [0.8,1.2] GeV/c. The
large data sample available allows performing the anal-
ysis in four kT intervals for every centrality class and,

TABLE II. Average event charged-particle multiplicity densities
at midrapidity corresponding to the chosen centrality classes [53].

Centrality class (%) 〈dNch/dη〉, |η| < 0.5

0–5 1943.0 ± 56.0
5–10 1587.0 ± 47.0
10–20 1180.0 ± 31.0
20–30 786.0 ± 20.0
30–40 512.0 ± 15.0
40–50 318.0 ± 12.0
50–70 139.7 ± 7.0
70–90 31.2 ± 2.7

as a consequence, investigating in detail the depen-
dence of femtoscopic observables with kT.

(2) Only two kT ranges for the three most peripheral cen-
trality classes: [0.2,0.5] and [0.5,1.0] GeV/c due to the
reduced multiplicity in these centrality classes.

(3) Two kT ranges for all centrality classes: [0.2,0.5] and
[0.5,1.0] GeV/c matching the averaged 〈kT〉 of the
Ref. [26] analysis in Pb-Pb at

√
sNN = 2.76 TeV for

a direct comparison.

III. FEMTOSCOPIC CORRELATION FUNCTION

The femtoscopic two-particle correlation function is deter-
mined experimentally as the ratio C(q) = A(q)/B(q), where
q is the pair relative momentum calculated in the coordinate
system of choice (see Secs. III A and III B below). The nu-
merator A(q) is the relative-momentum distribution of pairs
of particles from the same event and the denominator B(q) is
a reference distribution. To avoid any correlations in the ref-
erence distribution B(q), it is constructed by mixing particles
from different events containing at least one charged kaon and
characterized by a similar multiplicity and z position of the PV
(as discussed in Sec. II A). The similarity of the multiplicity
is ensured by dividing each primary centrality range (Table II)
into five equidistant subranges to be used for the sampling of
mixed-event particles. In addition, the vertices of the mixed
events were constrained to be within 1.6 cm of each other
in the z direction. The correlation functions were obtained
separately for the two different magnetic field orientations in
the experiment, and the difference between them was found
to be negligible within uncertainties. Therefore, the data for
these two polarities were combined for further analysis.

The effect of finite track momentum resolution was ac-
counted by means of the pair relative momentum dependent
factor evaluated as a ratio of the correlation functions obtained
from MC HIJING simulations taking into account effects of
quantum statistics for a given Gaussian source size Rinv (esti-
mated from a prefit of a raw CF) calculated using the Lednický
code [54] as follows:

(1) evaluation of the simulated CF based on particle dis-
tributions with the momenta before being propagated
through the full simulation of the ALICE detectors
from the MC HIJING generator for a given Gaussian
source;
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FIG. 1. 1D experimental CFs before (empty markers) and after
(solid markers) the momentum resolution (MR) correction given by
Eq. (1) for the 0–5% (top), 30–40% (middle), and 70–90% (bottom)
centrality classes. Only CFs in the kT [0.2, 0.4] GeV/c (top and mid-
dle panels) and [0.2, 0.5] GeV/c (bottom panel) ranges are presented.

(2) evaluation of the reconstructed CF based on particle
distributions with the momenta after being propagated
through the full simulation of the ALICE detectors;

(3) calculation of the correction factor

fMR = C(qsimulated )

C(qreconstructed )
; (1)

(4) correction of the experimental CF by multiplying it by
the obtained correction factor fMR.

The particle distributions for the simulated and recon-
structed CFs contain only mixed pairs to exclude two-track
effects. In both cases, the correlation weight is calculated
using the Lednický-Lyuboshitz model [54]. The correction
factors fMR were calculated as a function of a Gaussian source
size with step size of 1 fm and were chosen within ±0.5 fm
range for each experimental CF. The momentum smearing
effects are more pronounced in the low relative momentum
region, as shown in Fig. 1.

A. 1D correlation function

In the 1D case, the experimental correlation function
C(qinv) := C(q) is measured as a function of the invariant
two-particle relative momentum

qinv = ∣∣pPRF
1 − pPRF

2

∣∣, (2)
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FIG. 2. 1D K±K± correlation functions (black markers) for four
kT ranges and for the 0–5% centrality class, fitted with Eq. (3)
(red bands). The CFs are normalized to unity in 0.1 < qinv <

0.15 GeV/c. Statistical uncertainties are shown as bars and system-
atic uncertainties are shown as boxes. The width of the red bands
represents the uncertainties of the Eq. (3) fit.

calculated in the Pair Rest Frame (PRF) with pPRF
1 + pPRF

2 =
0, where pPRF

1 and pPRF
2 are three-momenta of the particles in

a pair.
Assuming a Gaussian-like source, the CF can be

parametrized by the Bowler–Sinyukov formula [55,56]

C(qinv) = N
[
1 − λ + λK (Rinv, qinv)

(
1 + exp

(−R2
invq2

inv

))]
,

(3)

where Rinv is a parameter (called radius) related to a length of
homogeneity of the emission source from which the particles
with similar momenta are emitted [17,57], N is a normal-
ization factor, λ is the correlation strength parameter. The
correlation strength is unity in the ideal case of a spherically-
symmetric Gaussian source, perfect PID, and the absence of
long-lived resonances which decay into kaons. As discussed
in Refs. [58,59], a suppression of λ below unity may also be
caused by a finite coherent component of particle emission.
The factor K (Rinv, qinv) describing the Coulomb interaction
for a given source radius Rinv (chosen for each CF from) is
calculated as

K (Rinv, qinv) = C(QS + Coulomb)

C(QS)
, (4)

where C(QS) and C(QS + Coulomb) are theoretical corre-
lation functions calculated using the Lednický–Lyuboshitz
model [54] taking into account quantum statistics “QS” and
quantum statistics and Coulomb interaction “QS+Coulomb”
effects, respectively.

The parameters Rinv and λ were extracted fitting the data
with Eq. (3) in the range of the correlation signal 0 < qinv <

0.15 GeV/c. Examples of the one-dimensional experimental
correlation functions (for the 0–5% centrality class) fitted
with Eq. (3) are shown in Fig. 2. It is also known that
CFs for large pair relative momenta can be affected by non-
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FIG. 3. 3D K±K± correlation functions (black markers) in projections onto the qout (left column), qside (middle column), and qlong (right
column) axes for four kT ranges fitted with Eq. (6) (red lines). To project onto qi (i = out, side, long) component, the others are integrated over
the range |qi| < 0.04 GeV/c to illustrate the femtoscopic effect for the corresponding axis. Statistical uncertainties are shown by bars, and
systematic uncertainties are smaller than the markers.

femtoscopic effects such as energy–momentum conservation
[18], resonance decays [60] or mini-jets [61], which lead to
their deviation from unity. The observed flatness of the CFs
obtained in this analysis at qinv � 0.08 GeV/c shows that the
non-femtoscopic contributions are negligible.

B. 3D correlation function

In the 3D case, the correlation function C(qLCMS) := C(q)
is measured as a function of the two-particle relative three-
momentum

qLCMS = pLCMS
1 − pLCMS

2 , (5)

where pLCMS
1 and pLCMS

2 are three-momenta of the correlating
particles calculated in the Longitudinally CoMoving Sys-
tem (LCMS) with pLCMS

1,z + pLCMS
2,z = 0 [18]. The pair relative

momentum qLCMS is decomposed into qout, qside, and qlong

components [62,63]. The “long” component is going along the
beam, “out” along the pair transverse momentum and “side”
is perpendicular to the other two.

For the parametrization of the 3D correlation function,
the Bowler–Sinyukov formula (for a Gaussian-like source)
[55,56]

C(q) = N
{
1 − λ + λK (Rinv, qinv )

[
1 + exp

(−R2
outq

2
out

− R2
sideq2

side − R2
longq2

long

)]}
(6)

is used, where Rout, Rside, and Rlong are the femtoscopic radii.
The Rout component is related to the geometrical size of the

emission region and particle emission duration, Rside to the
geometrical size, and Rlong to the time of maximal emission.
The parameters N , λ, and K (Rinv, qinv) have the same meaning
as in Eqs. (3) and (4).

The parameters Rout,side,long and λ were extracted fitting
the data with Eq. (6) in the range of the correlation signal
−0.15 < qout,side,long < 0.15 GeV/c. As in the 1D case, the
nonfemtoscopic effects were found to be negligible. The 3D
correlation functions fitted with Eq. (6) for the 0–5% central-
ity class are shown (in projections) in Fig. 3.

IV. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties on the extracted source parame-
ters were estimated by varying the ranges of kinematic and
PID selections as well as by modifications of the fitting pro-
cedure. The systematic uncertainty on the event selection was
estimated from the variation of the limit on the reconstructed
collision vertex |Vz| < 8 cm by ±12% and also from the
effect of the pileup rejection. The former seems to have a
noticeable effect on the extracted parameters only in semi-
central and peripheral collisions. The latter was investigated
by comparing the radii and λ parameters when the require-
ment to reject events with pileup was switched on and off.
Removal of the pileup rejection requirement has a negligible
effect on the results possibly due to the tight DCA selection
criterion applied to the tracks. The uncertainty associated
with the single track selection criteria was estimated by using
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TABLE III. Systematic uncertainties for Rinv,out,side,long and λ1D,3D parameters. Separate contributions obtained by variations of track/PID
criteria and the fitting procedure together with the total systematic uncertainties obtained from Eq. (8) are shown.

Sources of systematic uncertainty Rinv (%) λ1D (%) Rout (%) Rside (%) Rlong (%) λ3D (%)

Vz 0.3–8.9 0.8–31.9 1.0–25.9 0.4–15.2 0.4–12.9 0.3–17.2
Pileup 0.0–10.5 0.5–23.1 0.1–4.3 0.0–17.8 0.0–23.6 0.5–17.7
Single track selection 0.0–6.9 0.2–15.8 0.4–23.4 0.1–7.3 0.0–19.5 0.1–12.7
Purity 0.0–0.6 4.8–10.0 ∼0 ∼0 ∼0 5.3–6.1
Momentum resolution 0.8–3.0 2.0–11.6 1.7–5.4 2.3–4.9 1.7–5.3 2.3–10.8
Coulomb interaction range 0.0–2.0 0.0–5.8 0.0–2.4 0.0–0.7 0.0–1.8 0.0–5.6
Fit range 0.4–22.5 0.8–12.6 0.7–35.6 0.1–26.7 0.7–34.0 0.1–11.9
Total 2.7–27.0 7.8–35.5 3.8–45.5 3.1–32.6 3.4–42.0 9.5–26.7

the particle transverse momentum dependent DCA selection
DCAxy < (0.0105 + 0.0350/p1.1

T ) cm [64–66] instead of the
default DCAxy < 0.3 cm one. It was found to affect mostly
the extracted λ parameters. A similar uncertainty effect on
the correlation strength parameter was also observed for the
PID selection. The variation of the pair purity values by ±5%
(with the upper limit equal to 1) influences mainly λ and
is negligible for the radii. The Gaussian source size used to
evaluate the momentum resolution correction factor [Eq. (1)]
was varied by ±1 fm to estimate the corresponding systematic
uncertainty. There is also an uncertainty related to the CF
fitting procedure. It was estimated by varying the radius of the
Coulomb interaction [Eq. (4)] by ±0.5 fm and the range of the
fit by ±20%. The criteria used for pair selection were varied
by up to ±20%, and their effect on the extracted femtoscopic
parameters was found to be negligible.

The Barlow criterion [67] was applied to estimate a sta-
tistical significance level of the effect produced by every
systematic contribution i as

B =
∣∣y0 − yi

var

∣∣√
σ 2

0 + σ i
var

2 − 2ρσ0σ i
var

, (7)

where σ0 is the statistical uncertainty of the central value y0

extracted from the analysis with the default selection criteria
and fit parameters, σ i

var is the statistical uncertainty of the
value yi

var obtained with some variations i of particle selec-
tions and parameters of the fit, ρ characterizes the correlation
between y0 and yi

var. Combining the individual systematic
uncertainties (Table III) in quadrature if B > 1, the total sys-
tematic uncertainties on the extracted source parameters were
calculated as

�sys =
√∑

i

(
y0 − yi

var

)2
. (8)

All systematic contributions estimated in this analysis are
shown in Table III in terms of the overall spread (minimum–
maximum) across all centrality classes and kT ranges.

V. RESULTS AND DISCUSSION

A. 1D radius and λ parameters

Figure 4 (left) shows that the extracted 1D radii Rinv de-
crease with increasing kT. This is a manifestation of the

presence of radial flow [11] in the system created in Pb-Pb
collisions. It can also be noticed that the strength of the flow
decreases for more peripheral events since the slope of the kT

dependence flattens with the decreasing multiplicity. The radii
values also decrease with decreasing multiplicity at the same
kT, which indicates that the systems created in more peripheral
collisions are smaller.

Figure 4 (right) presents the kT dependence of the extracted
correlation strength λ parameters. A clear suppression below
unity is observed for λ in all kT intervals and for all centrality
classes. As discussed in Sec. III A, the possible reasons of
this suppression are non-Gaussian features of the correlation
function, the influence of K∗ and other resonance decays
in the final state, and the partially coherent emission of the
particles from the source. The figure also demonstrates that
the correlation strengths are constant within uncertainties for
all multiplicity classes and in all kT ranges.

In Figs. 5 and 6, the K±K± 1D radii extracted in the present
analysis are compared with the identical charged-kaon radii
obtained in Pb-Pb collisions at

√
sNN = 2.76 TeV [30] as a

function of the cube root of the charged-particle multiplicity
density. Two pair transverse-momentum ranges with averaged
〈kT1〉 = 0.36 GeV/c and 〈kT2〉 = 0.7 GeV/c were considered
for the comparison and were chosen to be close to those used
in Ref. [30]. As seen from the comparison, the 1D radii and
λ parameters obtained in this work agree within uncertainties
with the ones from Ref. [30].

B. 3D radius and λ parameters

The 3D radii and λ parameter extracted in the present
analysis are shown in Fig. 7 as a function of the pair trans-
verse mass mT instead of kT, which is more convenient for
the comparison with the majority of other 3D femtoscopic
analyses [27,68–71] and also necessary for the physics dis-
cussion below. As seen in the figure, the radii decrease with
increasing mT. By fitting the mT dependence of the radii with a
power-law function Rout,side,long(mT) = amb

T [27], one can ex-
tract information about the dynamics of the particle emission
process [22,72]. Table IV presents the obtained fit parameters
a and b for the Rout, Rside, and Rlong projections of the 3D
radius. The table shows that the coefficient a decreases for
more peripheral events, which is consistent with the decrease
of initial source size as predicted, for example, by hydrody-
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FIG. 7. K±K± 3D radius and λ parameters as a function of the pair transverse mass mT fitted with a power-law function Rout,side,long(mT) =
amb

T. The data points for the 5–10%, 20–30%, and 50–70% centrality classes are slightly shifted in the x direction for clarity. Statistical
uncertainties of the experimental points are shown with bars, and systematic uncertainties are depicted with boxes. The width of the bands
represents the uncertainties of the power-law fit.

namic scenarios. The power parameter b does not show any
dependence on the centrality within the uncertainties of the fit.

Since Rside is related to the geometrical size of the system,
its behavior can be interpreted similarly to that in the 1D
analysis. The behavior of Rout and Rlong reflects the dynamics
of particle emission and evolution duration, respectively. The

similarity of the 3D radii dependence on mT and the Rinv

behavior strengthens the conclusion made in the 1D analysis
above that systems created in more peripheral collisions are
smaller. The extracted values of the 3D λ parameter exhibit
similar behavior with multiplicity and mT to the 1D ones
(Fig. 4). Note that, in the 3D case, a tendency for the λ param-

TABLE IV. Results of the power-law fit of the 3D radii presented in Fig. 7, χ 2/NDF ∼ 0 in the last three centrality ranges because the fit
was performed over two data points.

Centrality Rout (fm) Rside (fm) Rlong (fm)

(%) a b χ 2/NDF a b χ 2/NDF a b χ 2/NDF

0–5 4.46 ± 0.15 −0.83 ± 0.010 1.05/2 3.85 ± 0.15 −0.48 ± 0.12 0.47/2 3.52 ± 0.17 −1.20 ± 0.11 0.63/2
5–10 4.34 ± 0.14 −0.62 ± 0.097 1.19/2 3.73 ± 0.14 −0.52 ± 0.10 1.67/2 3.44 ± 0.16 −1.18 ± 0.11 0.68/2
10–20 3.72 ± 0.12 −0.61 ± 0.10 1.50/2 3.41 ± 0.13 −0.54 ± 0.10 0.08/2 3.18 ± 0.15 −1.07 ± 0.11 0.44/2
20–30 3.27 ± 0.13 −0.57 ± 0.13 0.48/2 3.06 ± 0.13 −0.64 ± 0.12 0.79/2 2.85 ± 0.16 −1.01 ± 0.14 0.83/2
30–40 2.92 ± 0.14 −0.49 ± 0.13 0.67/2 2.82 ± 0.14 −0.51 ± 0.13 1.57/2 2.57 ± 0.16 −0.88 ± 0.17 0.92/2
40–50 2.45 ± 0.26 −0.52 ± 0.29 ∼0 2.63 ± 0.33 −0.32 ± 0.31 ∼0 2.29 ± 0.35 −0.73 ± 0.34 ∼0
50–70 2.07 ± 0.31 −0.41 ± 0.39 ∼0 1.80 ± 0.29 −0.57 ± 0.42 ∼0 1.23 ± 0.28 −1.55 ± 0.52 ∼0
70–90 1.13 ± 0.81 −0.95 ± 1.72 ∼0 1.19 ± 0.82 −0.37 ± 1.59 ∼0 0.64 ± 0.63 −2.00 ± 2.17 ∼0
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FIG. 8. Experimental 3D radii (markers) as a function of the pair transverse momentum kT compared with iHKM calculations (lines) for
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eter to decrease is observed for peripheral collisions (50–70%
and 70–90%) compared to central collisions. Such behavior of
the parameter λ is most likely associated with a larger ratio of
K∗(892)0/K± for noncentral events [73]. This circumstance
may result in a greater influence of K∗(892)0 on the extracted
source size K±, to a larger deviation of its distribution from
a Gaussian shape due to the rescattering processes [28]. This
observation requires further experimental study with a larger
data sample.

The 3D radius parameters extracted in the present analysis
are compared with the theoretical predictions of the inte-
grated hydrokinetic model iHKM [35,74] for two different
equations of state with the corresponding values of the par-
ticlization temperature Tp = 156 MeV and Tp = 165 MeV. In
the iHKM, the particlization is one of the evolution stages of
the hadronic matter created in the collisions, when the QGP
transforms into the hadron cascade. The temperature of this
transition depends on the utilized equation of state for the
QGP (see details in Ref. [35]). The compared radii are shown
in Fig. 8 as a function of kT for three centrality classes: 0–5%,
20–30%, and 40–50%. As seen from the figure, the model
underestimates the experimental Rout for the 0–5% centrality

class by about 1.0–1.5 fm. A similar behavior was observed
before for πK correlations in Pb-Pb collisions at

√
sNN =

2.76 TeV [75] in comparison to another hydrodynamic model
THERMINATOR 2 [76]. Thus, this remains an open question
of femtoscopic studies and probably must be further investi-
gated from a theoretical perspective. Nevertheless, the present
data (Fig. 8) show an overall good agreement with the iHKM
predictions, and, within the uncertainties, it is not possible to
discriminate between the two model parametrizations.

C. Time of maximal emission

Based on the combined fitting of the mT dependence of
R2

long and the transverse momentum spectrum, one can esti-
mate the time of maximal emission for particles of a given
species [28,35]. In the present work, this method was applied
for the extraction of maximal emission time τK for kaons.

The first step is to perform a combined fit of pion and kaon
pT spectra with the following formula [28,35]:

E
d3N

d3 p
∝ exp

[
−

(
mT

T
+ α

)√
1 − v̄2

T

]
, (9)
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where T is the maximal emission temperature, v̄T = kT
mT+αT is

the transverse collective velocity, and α is a parameter char-
acterizing the strength of collective flow (infinite value means
zero flow and small value means strong flow). From the fit one
extracts the common effective temperature of pions and kaons
T and the two values of α for each particle species. The data
on the pion and kaon spectra in Pb-Pb collisions at

√
sNN =

5.02 TeV are taken from Ref. [53], and their combined fit
was performed in the pion and kaon momentum p ranges
of 0.5 < pπ,K < 1.0 GeV/c as suggested in Refs. [28,35].
The maximal emission temperatures extracted from the fit
are presented in Fig. 9. The systematic uncertainties for the
obtained values of T were estimated by the variation of the fit
range of the spectra by ±20%.

The second step is to parametrize the mT dependence of
R2

long using the formula

R2
long(mT) = τ 2

Kζ 2

(
1 + 3

2
ζ 2

)
,

ζ 2 = (ζl/τK )2 = T

mT

√
1 − v̄2

T, (10)

where ζl is the longitudinal homogeneity length, T is taken
from the fit of the pion and kaon spectra with Eq. (9), and α

is a free parameter [28,35,36]. The results of the fits to R2
long

with Eq. (10) are shown in Fig. 10.
The τK parameters obtained from the fit with Eq. (10) are

presented as a function of the cube root of the charged-particle
multiplicity density in Fig. 11. Systematic uncertainties of
the extracted τK were estimated from variation of the tempera-
ture T in Eq. (10) corresponding in turn to the variation of the
spectra fit range. The obtained τK is also compared with the
iHKM calculations [36] for the 0–5%, 20–30%, and 40–50%
centrality classes as well as with τK extracted in the K±K±
femtoscopic analysis in Pb-Pb collisions at

√
sNN = 2.76 TeV

for the 0–5% centrality class [26]. As can be seen from
Fig. 11, the results provided by iHKM agree with the experi-
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FIG. 10. R2
long fitted with Eq. (10) for eight centrality classes:

0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–70%, and
70–90%. Statistical uncertainties are shown as bars and systematic
uncertainties are depicted as boxes. The width of the bands represents
the uncertainties of the power-law fit.

mental data. The values of maximal emission time τK obtained
for both the

√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV Pb-Pb

collisions are also in good agreement within uncertainties.
The maximal emission of particles from the source oc-

curs after the chemical freeze-out, so the obtained values for
the emission temperature T are less than the temperature of
this freeze-out stage, Tch ∼ 160 MeV [28,35]. Note that a
similar combined fit of pion, kaon, and proton pT spectra in
Pb-Pb collisions at

√
sNN = 5.02 TeV performed using the

usual blast-wave model gives comparable values for the ki-
netic freeze-out temperature Tkin, which has slightly stronger
centrality dependence [53]. Both T and Tkin decrease (within
uncertainties) with increasing centrality. This can be inter-
preted as a longer (shorter) expansion of the hadronic matter
created in central (peripheral) collisions. The same conclu-
sion can be made from the behavior of the extracted time of
maximal emission τK , which decreases with the decreasing
collision multiplicity as seen in Fig. 11.
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FIG. 11. Time of maximal emission τK for charged kaons in
Pb-Pb collisions at

√
sNN = 5.02 TeV compared with the iHKM cal-

culations [36] and the result of the K±K± analysis in Pb-Pb collisions
at

√
sNN = 2.76 TeV [26]. Statistical uncertainties are shown as bars

and systematic uncertainties are depicted as boxes.
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VI. SUMMARY

Femtoscopic correlations have been studied with K±K±
pairs in Pb-Pb collisions at

√
sNN = 5.02 TeV by ALICE.

This work significantly complements and extends the results
obtained in the previous K±K± femtoscopic analysis in Pb-
Pb collisions at

√
sNN = 2.76 TeV. The larger LHC Run 2

experimental data sample in comparison to that of the Run
1 allowed for a more detailed investigation of both the one-
and the three-dimensional femtoscopic analyses in terms of
centrality classes and pair transverse momentum kT ranges.

A decrease of source radii with increasing transverse
momentum kT (mass mT) and decreasing charged-particle
multiplicity is observed. Within the hydrodynamic scenario,
this trend is considered as a manifestation of collective effects
in the matter created in heavy-ion collisions which weaken
with decreasing multiplicity. The extracted one-dimensional
radii and λ parameters are in good agreement with the results
of the previous ALICE analysis of identical charged-kaon
correlations in Pb-Pb collisions at

√
sNN = 2.76 TeV. The

three-dimensional experimental radii agree within uncertain-
ties with the iHKM calculations, wherein the hydrodynamic
phase is followed by the hadronic rescattering phase. How-
ever, the uncertainties of the experimental data do not allow
for distinguishing between the two considered model sce-
narios corresponding to the two different equations of state.
The model underestimates the experimental Rout for the 0–
5% centrality class by about 1.0–1.5 fm, similarly to what
was observed for πK correlations in Pb-Pb collisions at√

sNN = 2.76 TeV and K±K± correlations in p-Pb collisions
at

√
sNN = 5.02 TeV, which must be addressed by further

work on models of the system evolution in high-energy heavy-
ion collisions. The extracted times of maximal emission for
kaons decrease with decreasing charged-particle multiplicity,
showing that the system created in more peripheral events
evolves quickly.

The results obtained in the present analysis provide infor-
mation about the dynamics of the matter created in heavy-ion
collisions, which can be explained in terms of the hydrody-
namic approach, including effects such as collective flow and
hadron rescattering in the final state. They can provide critical
constraints for tuning hydrodynamical models of heavy-ion
collisions, specifically regarding the extracted homogeneity
lengths and emission duration.
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M. Planinic ,88 D. K. Plociennik ,2 M. G. Poghosyan ,86 B. Polichtchouk ,140 S. Politano ,32 N. Poljak ,88 A. Pop ,45

S. Porteboeuf-Houssais ,126 J. S. Potgieter ,112 I. Y. Pozos ,44 K. K. Pradhan ,48 S. K. Prasad ,4 S. Prasad ,48

R. Preghenella ,51 F. Prino ,56 C. A. Pruneau ,136 I. Pshenichnov ,140 M. Puccio ,32 S. Pucillo ,28,24 S. Pulawski ,119

L. Quaglia ,24 A. M. K. Radhakrishnan ,48 S. Ragoni ,14 A. Rai ,137 A. Rakotozafindrabe ,129 N. Ramasubramanian,127

L. Ramello ,132,56 C. O. Ramírez-Álvarez ,44 M. Rasa ,26 S. S. Räsänen ,43 R. Rath ,96 M. P. Rauch ,20

I. Ravasenga ,32 M. Razza ,25 K. F. Read ,86,121 C. Reckziegel ,110 A. R. Redelbach ,38 K. Redlich ,78,h

H. D. Regules-Medel ,44 A. Rehman ,20 F. Reidt ,32 H. A. Reme-Ness ,37 K. Reygers ,93 R. Ricci ,28 M. Richter ,20

A. A. Riedel ,94 W. Riegler ,32 A. G. Riffero ,24 M. Rignanese ,27 C. Ripoli ,28 C. Ristea ,63 M. V. Rodriguez ,32

M. Rodríguez Cahuantzi ,44 K. Røed ,19 R. Rogalev ,140 E. Rogochaya ,141 D. Rohr ,32 D. Röhrich ,20

S. Rojas Torres ,34 P. S. Rokita ,135 G. Romanenko ,25 F. Ronchetti ,32 D. Rosales Herrera ,44 K. Roslon ,135

A. Rossi ,54 A. Roy ,48 S. Roy ,47 N. Rubini ,51 J. A. Rudolph,83 D. Ruggiano ,135 R. Rui ,23 P. G. Russek ,2

A. Rustamov ,80 Y. Ryabov ,140 A. Rybicki ,105 L. C. V. Ryder ,116 G. Ryu ,70 J. Ryu ,16 W. Rzesa ,94,135 B. Sabiu ,51

R. Sadek ,72 S. Sadhu ,42 S. Sadovsky ,140 A. Saha ,31 S. Saha ,79 B. Sahoo ,48 R. Sahoo ,48 D. Sahu ,65

P. K. Sahu ,61 J. Saini ,134 S. Sakai ,124 S. Sambyal ,90 D. Samitz ,74 I. Sanna ,32 T. B. Saramela,108 D. Sarkar ,82

V. Sarritzu ,22 V. M. Sarti ,94 U. Savino ,24 S. Sawan ,79 E. Scapparone ,51 J. Schambach ,86 H. S. Scheid ,32

C. Schiaua ,45 R. Schicker ,93 F. Schlepper ,32,93 A. Schmah,96 C. Schmidt ,96 M. Schmidt,92 N. V. Schmidt ,86

J. Schoengarth ,64 R. Schotter ,74 A. Schröter ,38 J. Schukraft ,32 K. Schweda ,96 G. Scioli ,25 E. Scomparin ,56

J. E. Seger ,14 Y. Sekiguchi,123 D. Sekihata ,123 M. Selina ,83 I. Selyuzhenkov ,96 S. Senyukov ,128 J. J. Seo ,93
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