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Abstract

Two-particle Bose–Einstein momentum correlation functions are studied for charged-
hadron pairs in lead-lead collisions at a center-of-mass energy per nucleon pair of√

s
NN

= 5.02 TeV. The data sample, containing 4.27×109 minimum bias events corre-
sponding to an integrated luminosity of 0.607 nb−1, was collected by the CMS exper-
iment in 2018. The experimental results are discussed in terms of a Lévy-type source
distribution. The parameters of this distribution are extracted as functions of particle
pair average transverse mass and collision centrality. These parameters include the
Lévy index or shape parameter (α), the Lévy scale parameter (R), and the correlation
strength parameter (λ). The source shape, characterized by α, is found to be neither
Cauchy nor Gaussian, implying the need for a full Lévy analysis. Similarly to what
was previously found for systems characterized by Gaussian source radii, a hydrody-
namical scaling is observed for the Lévy R parameter. The λ parameter is studied in
terms of the core-halo model.
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1 Introduction
The effect of quantum statistics is evident in the momentum correlations observed for identi-
cal particles emitted in high energy hadronic and nuclear collisions. These correlations were
first studied using pion pairs produced in proton-antiproton collisions [1], where they were
explained by the Bose–Einstein nature of pions [2]. Subsequent to the first Bose–Einstein mo-
mentum correlation measurements, it was shown [3–5] that the particle correlations are closely
related to earlier intensity correlation measurements used to determine the angular diameters
of stars, as performed by R. Hanbury Brown and R.Q. Twiss [6], and are now referred to as
HBT correlations. The observed momentum correlations can be related to the spatio-temporal
particle emission probability, the so-called “source distribution”, through a Fourier transform.
This allows for a determination of the spatial structure of the particle-emitting source at the
femtometer scale.

Measuring and interpreting such momentum correlations is called “femtoscopy” and these
studies have significantly advanced our understanding of the processes governing heavy ion
collisions [7]. The fluid nature of the strongly coupled quark-gluon plasma created in heavy
ion collisions was established, in part, by Bose–Einstein correlation measurements [8]. In par-
ticular, the pair transverse momentum dependence of the Gaussian source radii [8–10] can be
explained as a consequence of the hydrodynamical expansion of the medium [11, 12]. In ad-
dition, the measured source radii provide information on the transition from a quark-gluon
plasma to a hadronic state of matter [13, 14] and have also been important for extending our
understanding of quantum chromodynamics to new regions of phase space [15].

In past femtoscopic measurements, either Gaussian [8, 16, 17] or Cauchy [18, 19] source dis-
tributions have generally been assumed. However, recent high precision correlation measure-
ments in gold-gold (AuAu) collisions at a center-of-mass energy per nucleon pair of

√
s

NN
=

200 GeV at BNL RHIC [20] and in beryllium-beryllium collisions at 150A GeV/c beam momen-
tum at CERN SPS [21] have shown that neither the Gaussian nor the Cauchy approximation
can adequately reproduce the measured results. Rather, a generalization of these distributions,
the so-called Lévy alpha-stable distribution [22], is required to describe the data. The Lévy ex-
ponent α quantifies the deviation of the source shape from a Gaussian distribution and may be
influenced by various physical processes [23–27].

In this paper, the source geometry is investigated for lead-lead (PbPb) collisions at
√

s
NN

=
5.02 TeV by measuring quantum-statistical two-particle Bose–Einstein correlations of unidenti-
fied charged hadrons. The measured correlation functions are fitted with a formula based on a
Lévy source distribution, allowing for the possibility of a non-Gaussian source shape. The ex-
tracted source parameters are studied as functions of pair transverse momentum and collision
geometry.

The paper is structured as follows: The theory of Bose–Einstein correlations and the connection
between the two-particle correlation function and the geometry of the particle emitting source
are discussed in Section 2. The experimental setup is described in Section 3. The analysis
details and systematic uncertainties are discussed in Section 4. The results are presented and
discussed in Section 5, with a summary presented in Section 6. Tabulated results are provided
in the HEPData record for this analysis [28].
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2 Bose–Einstein correlations
The general definition of the two-particle momentum correlation function is given by

C2(p1, p2) =
N2(p1, p2)

N1(p1)N1(p2)
, (1)

where p1 and p2 are the particle four-momenta, N1(p1) and N1(p2) are the single particle mo-
mentum distributions, and N2(p1, p2) is the two-particle momentum distribution. For identical
bosons in high-multiplicity heavy ion collisions, the main source of correlations is the Bose–
Einstein effect [20]. This can be understood if one expresses the momentum distributions in
terms of the source distribution, S(x, p), which is defined as the probability density distribution
of creating a particle with four-momentum p at spacetime point x. As shown in Refs. [29, 30], in
the approximation that p1 ≈ p2 ≈ K, with K = (p1 + p2)/2 being the average four-momentum,
the relationship between the correlation function and the source distribution becomes

C(0)
2 (Q, K) = 1 +

|S̃(Q, K)|2

|S̃(0, K)|2
, (2)

where S̃(Q, K) is the Fourier transform of the source distribution,

S̃(Q, K) =
∫

S(x, K)eiQxd4x, (3)

with Q = p1 − p2 denoting the relative four-momentum of the two particles. In Eq. (2), the su-
perscript (0) denotes that final-state interactions of hadrons, such as the Coulomb interaction,
are ignored. The effect of the Coulomb interaction will be discussed later in this section.

The above expressions imply C(0)
2 (Q = 0, K) = 2. This cannot be directly verified since the

two-particle resolution limits the measurement of C2 at small values of relative momentum
Q. However, based on extrapolations of observed correlation functions, it is found that, in
general, C(0)

2 (Q → 0) < 2. This observation has led to the development of a “core-halo”
picture [31, 32], where the particle emitting source is divided into two parts, a core of primordial
hadrons (including also the decay products of short lived resonances) and a halo of long-lived
resonances. The latter is experimentally unresolvable due to its large size that corresponds to
very small momentum difference in Fourier space. Taking S to represent the core part of the
source and λ as the square of the core fraction, one obtains

C(0)
2 (Q, K) = 1 + λ

|S̃(Q, K)|2

|S̃(0, K)|2
, (4)

with

λ =

(
Ncore

Ncore + Nhalo

)2

. (5)

Here Ncore is the number of hadrons in the core (for a given species) and Nhalo is the number of
hadrons in the halo. The λ parameter is called the correlation strength, because it qualitatively
describes how strong the two-particle correlation is.

Using Eq. (4), the correlation function can be calculated for an assumed source distribution,
with the parameters of the source distribution then determined by fits to the experimental
results. The Gaussian, Cauchy, and a generalization of these two distribution functions, the
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so-called Lévy alpha-stable distribution, have been studied in Ref. [20]. The motivation behind
these studies is that the mean free path increases over time in an expanding hadron gas. Hence,
if one describes the evolution of hadrons by generating random steps, the distribution of the
size of these steps may not have a finite variance. In this case, the central limit theorem cannot
be applied, thus the limiting distribution of the sum of step sizes for a given hadron is not a
Gaussian. This effect has been referred to as “anomalous diffusion.” However, a more general-
ized version of the central limit theorem is applicable and the limiting distribution in this case
falls in the class of symmetric Lévy alpha-stable distributions [33, 34], defined as

L(r; α, R) =
1

(2π)3

∫
d3q eiq·re−

1
2 |qR|α , (6)

with r being the variable of the distribution and q being an arbitrary integration variable. In
this paper, L(r; α, R) is assumed for the shape of the source distribution, i.e., S mentioned
above (and used in Eq. (3)) is assumed to be a Lévy distribution L, with parameters α and R
depending on average momentum K. In this case, R is the Lévy scale parameter and α is the
Lévy index of stability. Stability means that for α ≤ 2 this distribution represents the limit of
properly normalized sums of independent random variables, and the sum of Lévy distributed
random variables (with the same stability index) is also Lévy distributed. The Gaussian distri-
bution is obtained with α = 2 and the Cauchy distribution is obtained with α = 1. A value of
α > 2 is not physically allowed for a stable Lévy distribution (as discussed in Ref. [22]). The α
parameter describes the shape of the source and its deviation from the Gaussian distribution.
In case of a Gaussian source, R is simply the quadratic mean of the distribution. However, for
α < 2, the stable distributions do not have a second moment. In those cases, R is still propor-
tional to the full width at half maximum (with the proportionality constant depending on α),
and therefore represents the spatial scale of the source. The above considerations lead to the
following correlation function for a general value of α [34]:

C(0)
2 (q) = 1 + λe−(qR)α

. (7)

Here q is a one-dimensional (1-D) variable, the magnitude of the spatial part of Q in a given
frame: q = |Q|. The dependence on the average momentum K is carried by the parameters: λ,
α, and R [20].

The above formulas are based on a plane wave analysis and are only valid for interaction-
free particles. Final-state interactions distort this simple picture. In the so-called Bowler–
Sinyukov method [35], the most significant final-state interaction in case of charged particles,
the Coulomb interaction, is handled by including a correction term KC(q; R, α), with

C2(q) = 1 − λ + λ(1 + e−(qR)α
)KC(q; R, α). (8)

This correction can be calculated based on the Coulomb wave function, as determined by solv-
ing the two-particle Schrödinger equation [20, 36]. Such a calculation requires numerical inte-
gration of the Lévy distribution multiplied by the square of the absolute value of the Coulomb
wave function. A parameterization of the results of this calculation, as a function of R and α, is
given in Ref. [36]. The measured correlation functions are fitted with the formula described in
Eq. (8).

3 The CMS detector
The CMS detector is built around a superconducting solenoid of 6 m internal diameter. Within
the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter (|η| < 3), and a brass and scintillator hadron calorimeter (|η| < 3), each
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composed of a barrel and two endcap sections, where η is the pseudorapidity. In addition
to the barrel and endcap detectors, quartz-fiber Cherenkov hadron forward (HF) calorimeters
(3 < |η| < 5) complement the coverage provided by the barrel and endcap detectors on ei-
ther side of the interaction point. These HF calorimeters are azimuthally subdivided in ϕ into
20◦modular wedges and further segmented to form 0.175×0.175 (∆η×∆ϕ) “towers”, where ϕ
is the azimuthal angle. A muon system located outside the solenoid and embedded in the steel
flux-return yoke is used for the reconstruction and identification of muons with |η| < 2.4.

The silicon tracker measures the properties of charged particles with |η| < 2.5. During the
2018 LHC running period corresponding to the data used in this paper, the silicon tracker
consisted of 1856 silicon pixel and 15 148 silicon strip detector modules. Details on the pixel
detector can be found in Ref. [37]. For non-isolated particles with a transverse momentum of
1 < pT < 10 GeV/c and |η| < 2.5, the track resolutions are typically 1.5% in pT and 20–75 µm
in the transverse impact parameter (dxy) [38]. Events of interest are selected using a two-tiered
trigger system [39]. The first level, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of around 100 kHz. The
second level, known as the high-level trigger, consists of a farm of processors running a version
of the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1 kHz before data storage. A detailed description of the CMS detector, together
with a definition of the coordinate system and kinematic variables, can be found in Ref. [40].

4 Measurement details
4.1 Event and track selection

The analysis presented in this paper used 4.27×109 minimum bias triggered events, corre-
sponding to an integrated luminosity of 0.607 nb−1 [41, 42], from PbPb collisions collected by
the CMS experiment during the 2018 LHC run at

√
s

NN
= 5.02 TeV. The minimum bias events

were triggered by requiring signals above thresholds in the range of ∼6–12 GeV energy in at
least one channel of each of the HF calorimeters [39]. Further selections were applied to reject
events from beam-gas interactions and nonhadronic collisions [43]. Events were also required
to have precisely one interaction vertex, reconstructed based on two or more tracks, and within
a distance of less than 15 cm from the center of the nominal interaction point along the beam
axis. The shapes of the clusters in the pixel detector had to be compatible with those expected
from particles produced at the interaction vertex location. After these selections, 2.65×109 us-
able events were obtained. The event centrality was calculated from the transverse energy
deposited in both HF calorimeters, using the methodology detailed in Ref [44]. The centrality
describes the fraction of the total inelastic hadronic cross section, and is connected to the degree
of overlap of the two incident nuclei, with 0% corresponding to the most central (total overlap)
and 100% to the least central (least overlap) collisions.

Only the standard CMS highPurity tracks defined in Ref. [45] were used for the analysis. Fur-
thermore, individual particles were required to have pT > 0.5 GeV/c with a relative uncertainty
δpT < 10%. To focus on mid-rapidity Bose–Einstein correlations, the analysis was restricted to
tracks with |η| < 0.95. As the correlation function parameters depend on the average pseu-
dorapidity of the considered pair [46], this limited pseudorapidity interval provides a cleaner
data sample where the correlation function shape is not influenced by the η dependence. Tracks
were required to have at least 2 hits (Npixel-hit) in the silicon pixel detector, to have at least 11 hits
(Nhit) in the strip tracking detector, and to have a relative χ2 of the track fit (χ2/Ndof/Nlayer) of
less than 0.18, where Ndof is the number of degrees of freedom during the track fitting and Nlayer
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is the number of tracking layers used out of the 10 barrel and 4 pixel layers. A reconstructed
track is only considered as a candidate track from the vertex if the significance of the separation
along the beam axis (z) between the track and the best vertex, |dz/σ(dz)|, and the significance
of the track impact parameter measured in a plane transverse to the beam, |dxy/σ(dxy)|, are
each less than 3.

In CMS, particle identification in central to mid central PbPb collisions is hindered by the over-
lapping strip tracker clusters in a high track density environment. Therefore, in this measure-
ment, no particle identification was done, and all charged-particle tracks were used. The ap-
proach presented in Section 2 is only applicable for a single-particle species, hence it was as-
sumed that all detected charged particles are pions. Depending on the transverse mass and
the centrality range, 60–90% of the investigated particles are pions [47]. It was found that this
assumption does not modify the physical results, apart from the λ parameter. The effect of the
lack of particle identification on this parameter is discussed in Section 5.3.

4.2 Event mixing and pair selection

For determining the correlation functions, two distributions are formed: a signal (actual) dis-
tribution A(q) of pairs containing the Bose–Einstein correlation, and a background distribution
B(q), using the event mixing method to correct for correlations not stemming from quantum
statistics or final state interactions. The signal pair distribution is formed with pairs of particles
belonging to the same event. The q variable is taken as the absolute value of the 3-D momen-
tum difference (|q|LCMS) in the longitudinally comoving frame (LCMS), which is the reference
system where the longitudinal component of the average pair momentum is zero. This dis-
tribution is affected by various effects resulting from the event kinematics and the detector
acceptance. To correct for these effects a background distribution is created with particle pairs
taken from different events. For this purpose, a pool of events is formed based on centrality
(within a width of 10%) and collision vertex location (within 3 cm in z-vertex). Then, for each
data event, a mixed event was formed using the pool associated with the data event class, mak-
ing sure that each particle of this mixed event belongs to a different data event. Pairs within the
mixed events were used to create the above mentioned B(q) distribution. More details about
the event mixing can be found in Refs. [20, 48]. The A(q) and B(q) distributions were divided
and normalized to obtain the correlation function

C2(q) =
A(q)
B(q)

∫ q2
q1

B(q)dq∫ q2
q1

A(q)dq
. (9)

The integrals are performed over a range [q1, q2] = [4.8, 6.4]GeV/c where the correlation func-
tion is not expected to exhibit quantum-statistical features, which are only present for q ≲
0.2 GeV/c [20, 49], for source sizes of several femtometers.

Tracking efficiency correction factors were used as weights when measuring pair distributions.
Each reconstructed track was weighted by the inverse of the efficiency factor, ϵtrk(η, pT, centrality).
The efficiency weighting factor accounts for the reconstruction efficiency Er , and the fraction
of misidentified tracks, with ffake(η, pT, centrality), and ϵtrk = Er/(1 − ffake).

The obtained correlation functions exhibit effects stemming from the finite segmentation of
the detectors and the imperfect tracking algorithm, allowing for tracks to split into two recon-
structed particles, or separate tracks to merge into a single reconstructed particle. In order to
remove these effects from our sample, a 2-D histogram of pseudorapidity difference (∆η) vs.
azimuthal angle difference (∆ϕ) was studied for the track pairs. A uniform distribution outside
of a small ∆η and ∆ϕ region was found, with the detector artifacts limited to this small region.
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The pairs were then required to satisfy the condition(
|∆η|

∆ηmin

)2

+

(
|∆ϕ|

∆ϕmin

)2

> 1, (10)

with ∆ηmin = 0.014 and ∆ϕmin = 0.022, to select pairs free of these artifacts.

While in this analysis the correlation function is determined in terms of |q|LCMS, it can also be
expressed in terms of the absolute value of the invariant momentum difference, qinv [20, 50],
which is the absolute value of the momentum difference in the pair center-of-mass system.
Correlation functions depending on the transverse and longitudinal components of the 3-D
momentum difference, as well as on the energy difference, were investigated. It was found
that the correlation functions had their maximal values for small |q|LCMS, rather than small qinv
values, indicating that the most sensitive 1-D variable of the measured correlations is |q|LCMS,
hence the choice q ≡ |q|LCMS to investigate the physics parameters.

In the LCMS, the longitudinal component of the average momentum K vanishes. In this case,
the Fourier transform of the source distribution S̃ can be expressed in terms of the transverse
component KT of the average momentum. Alternatively, the transverse mass, mT =

√
m2 + K2

T,
may be used, if the mass m of the investigated particle species is known. The current analysis
is done in ranges of the KT variable, with the results expressed in terms of mT. Here, the pion
mass is assumed, to facilitate comparisons with other experimental results and with theory.

4.3 Correlation functions

The A(q) and B(q) distributions were measured up to q = 8 GeV/c in 24 ranges of KT from
0.5 to 1.9 GeV/c and in six centrality classes (0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–60%).
Negative and positive same-charged hadron pairs were measured separately. In each case, the
correlation function C2(q) was calculated. Although no significant difference was observed be-
tween the positively and the negatively charged pairs, the two cases were treated separately
to identify minor discrepancies. While the Bose–Einstein peak for these correlation functions
occurs for q < 200 MeV/c, a structure was also observed in the C2(q) distributions at higher
q values. This higher q-structure can be attributed to a number of possible sources, includ-
ing energy and momentum conservation, resonance decays, bulk flow phenomena [18], and
minijets [18]. We addressed this by fitting the following empirically determined functional
form [18, 49, 51] to the long-range background:

BG(q) = N
(

1 + α1e−(qR1)
2
) (

1 − α2e−(qR2)
2
)

, (11)

where N, α1, α2, R1, R2 are fit parameters. An example fit to the experimental data using Eq. (11)
is shown in Fig. 1. The correlation function C2(q) was then divided by the long range back-
ground function BG(q) resulting in the double-ratio correlation function

DR(q) =
C2(q)
BG(q)

. (12)

The large-q background is close to constant on the scale of the Bose–Einstein peak, i.e., over a
range of few times 10 MeV/c. Consequently, this correction is not as important as was found
for proton-proton collisions [49], where the much smaller source radii lead to much wider
correlation functions.
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0 1 2 3 4 5 6 7 8
q [GeV/c]

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25(q
)

2C

CMS  (5.02 TeV)-1PbPb 0.607 nb

-h- = 1.00-1.05 GeV/c, 10-20%, hTK

(q) data2C
BG(q) fit (q>0.2 GeV/c)

Figure 1: An example of a long range background fit to the correlation function C2(q) of neg-
atively charged hadron pairs with 1.00 < KT < 1.05 GeV/c in the 10–20% centrality bin. The
Bose–Einstein peak is below q = 0.2 GeV/c, therefore the 0.2 < q < 8.0 GeV/c region was used
for the long range background fit.

4.4 Lévy fits to correlation functions

The double-ratio correlation function DR(q) removes most effects other than the quantum-
statistical correlation and the final state interactions. This function was fitted with an extension
of Eq. (8) that allows for a possible residual linear background:

DR(q) = N
[
1 − λ + λ(1 + e−(qR)α

)KC(q; R, α)
]
(1 + ϵq). (13)

Here R is the Lévy scale parameter, α is the Lévy stability index, and λ is the correlation
strength. The empirical normalization parameter N and linear background parameter ϵ are
needed to remove any remaining background effects in the double-ratio correlation function.
The Coulomb correction factor, KC(q; R, α), is calculated based on Ref. [36].

The fitting was performed using the MINUIT2 package [52, 53] by standard χ2 minimization.
The asymmetric statistical uncertainties were calculated using the MINOS package [52, 53]. A
fit is deemed statistically acceptable if the confidence level calculated from the χ2 value and
the number of degrees of freedom was above 0.1%. The convergence of each fit together with
a positive definite covariance matrix was also required. Furthermore, the stability of the fit
parameters versus the binning of DR(q) was tested, and no modification in the values of the
parameters was found. Figure 2 shows the results of a typical fit.

Upper and lower limits in q were set for the fitted region. For large q values, the correlation no
longer exhibits any features beyond those resulting from the residual long-range background.
For very small q values, the data are strongly affected by the finite momentum resolution and
pair reconstruction efficiency of the detectors, as well as the details of the pair selection. These
effects were investigated with detailed Monte Carlo simulations based on HYDJET (version 1.8,
tune “Drum” [54]) events, where the detector response was simulated using GEANT4 [55],
and a considerable decrease of pair reconstruction efficiency was found at low q values, be-
low approximately 50 MeV/c, as shown in Fig. 3. Moreover, it has previously been shown in
Refs. [36, 56] that the sharp decrease of the correlation function for very low q values does not
depend on the exact source shape, but is rather determined by the Gamow factor that corre-
sponds to the spatial integral of the relative wave function squared multiplied by a point-like
source [49]. This very low-q behavior of the fit function is found to be unaffected when calcu-
lated with various source and final-state interaction assumptions [56]. For the present analysis,
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0 0.05 0.1 0.15 0.2 0.25 0.3
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D
R

(q
)

-h- = 1.30-1.35 GeV/c, 20-30%, hTK

DR(q) data

DR(q) fit

DR(q) fitted range

1/Coulomb correction

CMS  (5.02 TeV)-1PbPb 0.607 nb

0 0.05 0.1 0.15 0.2 0.25 0.3
q [GeV/c]

2−
0
2

(d
at

a-
fit

)/u
nc

.

Figure 2: An example fit to the double-ratio correlation function DR(q) of negatively charged
hadron pairs with 1.30 < KT < 1.35 GeV/c in the 20–30% centrality bin. The error bars show the
statistical uncertainties. The fitted function is shown in blue, while the red overlay indicates the
range used for the fit. The size of the Coulomb correction is indicated in magenta. The lower
panel shows the deviation of the fit from the data in each bin in units of the standard deviation
in that bin.

0 0.05 0.1 0.15 0.2 0.25
q [GeV/c]

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

(q
)

2C

CMS Simulation PbPb (5.02 TeV)

-h- = 0.90-1.30 GeV/c, 0-100%, hTK

Hydjet 1.8 + Geant4

Gen

Reco

Figure 3: The two-particle correlation function of negatively charged hadron pairs with 0.9 <
KT < 1.3 GeV/c in the 0–100% centrality range, calculated using Monte Carlo events with (Reco)
and without (Gen) detector reconstruction effects. The error bars show the statistical uncertain-
ties. The detector effects are most significant below approximately 50 MeV/c. The quantum-
statistical effects are not present in the simulations, hence there is no Bose–Einstein peak.

the lower and upper fit limits were selected independently for each centrality and KT class,
with the lower limit ranging between 0.024 and 0.067 GeV/c and the upper limit ranging be-
tween 0.12 and 0.55 GeV/c. The limits were selected based on the confidence level and the con-
vergence of the fit and based on the property of the Bose–Einstein peak, which moves towards
higher q values for more peripheral collisions and as KT increases.

4.5 Systematic uncertainties

The sources of systematic uncertainties considered in the analysis include the criteria for the
event selection, the single-track selection, the pair-track selection, and the limits set on the fitted
q range. Furthermore, the centrality calibration is also varied to estimate the systematic uncer-
tainty resulting from this source. For each KT and centrality class, the double-ratio correlation
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function DR(q) was obtained and fitted with the nominal analysis parameters. Variations in
the fit parameters were then determined by changing, individually, each of the analysis pa-
rameters to both its lowest and highest plausible values, and then fitting DR(q) again using
these values. The total systematic uncertainties were obtained by adding in quadrature all of
the individual contributions for positive and negative modifications in the final fit parameters
separately. Table 1 lists the analysis parameters and the range through which they were varied.
These analysis parameters were separated into three categories. The “Track and event selec-
tion” category included the criteria on the z position of the vertex, the centrality edges, the
selections of pT, δpT, |η|, Npixel-hit, |dxy/σ(dxy)|, and |dz/σ(dz)|, respectively. The “Pair selec-
tion” category included the (∆η, ∆ϕ) pair selection. The “Fit limits” category included the qmin
lower, and the qmax upper fit limits. The asymmetric systematic uncertainties for each of the fit
parameters are summarized in Table 2. Uncertainties for different KT ranges and the two charge
signs are averaged in each centrality range. For every fit parameter, the dominant systematic
uncertainty results from the modification of the fit limits. The uncertainty corresponding to the
pair selection criteria is highly asymmetric for the three most central cases, it is zero in one of
the directions for all three parameters.

Table 1: The sources of the systematic uncertainties with their values in the default and low-
er/upper settings. The meaning of the analysis parameters are given in Sections 4.1 and 4.2.

Systematic source Default Low High
vertex z selection <15 cm <12 cm <18 cm

pT selection >0.5 GeV/c >0.55 GeV/c >0.5 GeV/c
δpT selection <10% <5% <15%
|η| selection <0.95 <0.9 <1

Npixel-hit selection >1 >2 >0
χ2/Ndof/Nlayer selection <0.18 <0.15 <0.18
|dxy/σ(dxy)| selection <3 <2 <5
|dz/σ(dz)| selection <3 <2 <5

(∆η, ∆ϕ) pair selection
∆ηmin = 0.014
∆ϕmin = 0.022

∆ηmin = 0.017
∆ϕmin = 0.028

∆ηmin = 0.011
∆ϕmin = 0.016

qmin lower fit limit q0
min(KT, cent) q0

min − 0.004 q0
min + 0.004

qmax upper fit limit q0
max(KT, cent) 0.85q0

max 1.15q0
max

centrality edges Default values Lower values Higher values

5 Results
Three physical parameters (R, α, λ) were determined for each centrality and KT class by fitting
the theoretical formula to the measured correlation functions. The results are presented as a
function of mT. Systematic uncertainties are separated into correlated and uncorrelated point-
to-point parts. Correlated uncertainties associate the same relative uncertainty for a given
parameter for all centrality and KT classes, whereas point-to-point values can vary between
classes. This separation is necessary when investigating the mT or centrality dependence of the
fit parameters, where only the uncorrelated point-to-point uncertainty is used in determining
the χ2 values for the fits. The correlated part of the systematic uncertainty for each parameter
value (R, λ, or α) is taken as the average uncertainty for the parameter. The point-to-point
uncertainty for a parameter value is then the difference between the full systematic and the
correlated uncertainties.
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Table 2: The relative effect of the different types of systematic sources in each centrality class
for the R (upper Table), α (middle Table) and λ (lower Table) parameters (in percentage). The
values were averaged over KT and the two charge signs; the upwards (downwards) arrow, ↑
(↓) represents positive (negative) uncertainty in the value of the final fit parameters.

Track and event selection Pair selection Fit limits Overall
Cent. [%] ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓

δR [%]

0-5 1.0 0.4 0.0 2.9 2.5 3.2 2.7 4.3
5–10 0.7 0.5 0.0 2.1 2.0 2.3 2.1 3.2
10–20 0.6 0.4 0.0 1.4 1.8 2.3 1.9 2.7
20–30 0.6 0.3 0.2 1.6 1.8 1.9 1.9 2.5
30–40 0.5 0.2 0.6 1.5 1.9 1.7 2.1 2.3
40–60 0.5 0.5 0.7 1.4 1.9 1.7 2.1 2.3

δα [%]

0-5 0.6 0.7 4.8 0.0 6.9 3.8 8.4 3.9
5–10 1.1 0.6 3.2 0.0 5.2 3.0 6.2 3.1
10–20 0.3 0.4 1.9 0.0 4.9 3.0 5.3 3.0
20–30 0.1 0.5 2.0 0.1 5.1 2.8 5.5 2.8
30–40 0.2 0.7 2.0 0.7 4.5 3.5 4.9 3.6
40–60 0.4 0.4 1.7 0.7 4.4 4.0 4.7 4.1

δλ [%]

0-5 4.7 2.0 0.0 6.8 6.1 8.9 7.7 11.4
5–10 3.7 1.7 0.0 5.5 4.9 6.9 6.1 9.0
10–20 2.6 1.3 0.0 4.3 4.7 6.5 5.4 7.9
20–30 2.4 1.0 1.1 4.4 4.2 6.4 5.0 7.8
30–40 2.4 0.9 1.7 4.0 4.9 5.6 5.7 6.9
40–60 2.0 0.9 1.7 3.3 5.6 5.1 6.2 6.1

5.1 The Lévy scale parameter R

Figure 4 shows the obtained R values as a function of mT. All values are found between 1.6
and 5.8 fm. The decreasing trend in mT that is expected from hydrodynamics is observed. A
clear centrality dependence is also visible. The decreasing value of R as collisions become more
peripheral supports the geometric interpretation of this scale parameter.

In order to further analyze the mT dependence of R, 1/R2 was plotted versus mT as shown
in Fig. 5. This plot is motivated by hydrodynamic predictions [11, 12] that suggest a linear
dependence when a Gaussian source is assumed. Here it is investigated whether a similar
linear behavior exists for a Lévy source. Linear fits are shown in Fig. 5, with the fit param-
eters tabulated in Table 3. Statistical and point-to-point systematic uncertainties were added
in quadrature for the fits and used for the determination of the statistical uncertainties of the
fit parameters. The confidence levels were statistically acceptable everywhere (i.e., have con-
fidence level above 0.1%, similarly to Refs. [20, 48]), suggesting that hydrodynamic scaling of
1/R2 holds for a Lévy source as well.

The slope A and the intercept B of the linear fits are also related to hydrodynamic models. The
slope A has connection to the Hubble constant (H) of the quark-gluon plasma [12, 57], with

A =
H2

Tf
, (14)

where Tf is the freeze-out temperature. With a Gaussian source assumption, the intercept B is
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Figure 4: The Lévy scale parameter R versus the transverse mass mT in different centrality
classes, for negatively (left) and positively (right) charged hadron pairs. The error bars show
the statistical uncertainties, while the boxes indicate the point-to-point systematic uncertainties.
These boxes are slightly shifted along the horizontal axes for better visibility. The correlated
systematic uncertainty is also indicated.

related to the size of the source at freeze-out (Rf), with

Rf =
1√
B

. (15)

Figure 6 shows that the slope parameter A has a strong centrality dependence, since the av-
erage number of nucleons participating in the collision (⟨Npart⟩) is closely related to central-
ity. The mapping from a centrality class to ⟨Npart⟩ is given in Ref. [58]. By assuming a con-
stant Tf ≈ 156 MeV [59], the value of the Hubble constant falls between 0.11–0.18 c/fm, from
the most central to the most peripheral collisions. This indicates that the centrality of the
collision affects the velocity of the expansion, resulting in larger velocities in more periph-
eral collisions. The values of the Hubble constant obtained here are close to the value of
0.17 c/fm measured in high-multiplicity proton-proton collisions at

√
s = 13 TeV [49], and are

larger than the estimated value of 0.07 c/fm measured in 0–30% centrality AuAu collisions at√
s

NN
= 200 GeV [20]. The intercept parameter B is found to be negative in all cases (as shown

in Fig. 6), which prevents a determination of the freeze-out size using Eq. (15). In the hydrody-
namic models assuming a Gaussian shape, B is positive. The negative value found here might
be related to the Lévy source assumed in the present analysis. Hydrodynamic solutions where
B is negative are possible [60], although the implications for a Lévy source are not clear.

Figure 7 shows the dependence of R on ⟨Npart⟩1/3 for eight representative samples of the 24 mT
classes considered in this analysis, where the source volume is expected to scale with ⟨Npart⟩.
The results are fitted with a linear function for each mT class. The fits are shown in Fig. 7, with
the fit parameters and the corresponding confidence levels tabulated in Table 4. The results are
again consistent with a geometrical interpretation of the Lévy scale parameter R.
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Figure 5: The 1/R2 distribution vs. transverse mass mT in different centrality classes, for neg-
atively (left) and positively (right) charged hadron pairs. The error bars show the statistical
uncertainties, while the boxes indicate the point-to-point systematic uncertainties. These boxes
are slightly shifted along the horizontal axes for better visibility. The correlated systematic
uncertainty is also indicated. A linear fit to the data is shown for each centrality bin. The fit
parameters are tabulated in Table 3.
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Figure 6: The slope A (left) and the intercept B (right) linear-fit parameters versus ⟨Npart⟩, for
positively and negatively charged hadron pairs. The error bars show the statistical uncertain-
ties. The correlated systematic uncertainty is also indicated. The points are slightly shifted
along the horizontal axes for better visibility.



5.1 The Lévy scale parameter R 13

Table 3: Fit parameters and the corresponding confidence levels (CL) of the linear fits to 1/R2

versus mT, for positively (left) and negatively (right) charged hadron pairs.

h+h+ h−h−

Cent. [%] A [ c2 fm−2 GeV−1] B [ fm−2] CL [%] A [ c2 fm−2 GeV−1] B [ fm−2] CL [%]
0–5 0.086 ± 0.003 −0.021 ± 0.003 37.0 0.084 ± 0.002 −0.019 ± 0.002 10.5
5–10 0.094 ± 0.003 −0.021 ± 0.003 92.5 0.092 ± 0.003 −0.021 ± 0.002 78.1
10–20 0.115 ± 0.003 −0.032 ± 0.003 22.2 0.110 ± 0.002 −0.028 ± 0.002 1.0
20–30 0.130 ± 0.003 −0.029 ± 0.003 13.3 0.125 ± 0.003 −0.027 ± 0.003 23.2
30–40 0.154 ± 0.005 −0.033 ± 0.004 64.6 0.154 ± 0.004 −0.033 ± 0.004 6.2
40–60 0.195 ± 0.006 −0.034 ± 0.005 79.7 0.192 ± 0.006 −0.034 ± 0.005 82.7
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Figure 7: The Lévy scale parameter R versus ⟨Npart⟩1/3 in different mT classes, for negatively
(left) and positively (right) charged hadron pairs. The error bars show the statistical uncer-
tainties, while the boxes indicate the point-to-point systematic uncertainties. The correlated
systematic uncertainty is also indicated. A linear fit to the data is shown for each mT class. The
fit parameters are tabulated in Table 4.

Table 4: Fit parameters and the corresponding confidence levels (CL) of the linear fits to R
versus ⟨Npart⟩1/3, for positively (left) and negatively (right) charged hadron pairs.

h+h+ h−h−

mT [ GeV/c2 ] a [fm] b [fm] CL [%] a [fm] b [fm] CL [%]
0.59 0.60 ± 0.08 1.05 ± 0.44 88.1 0.65 ± 0.06 0.68 ± 0.35 79.5
0.74 0.60 ± 0.03 0.46 ± 0.15 96.1 0.62 ± 0.03 0.40 ± 0.17 90.7
0.89 0.51 ± 0.03 0.56 ± 0.18 56.0 0.51 ± 0.02 0.64 ± 0.12 70.8
1.03 0.44 ± 0.03 0.60 ± 0.18 69.0 0.45 ± 0.02 0.58 ± 0.15 99.8
1.18 0.41 ± 0.02 0.49 ± 0.11 54.5 0.43 ± 0.04 0.35 ± 0.23 94.0
1.33 0.36 ± 0.03 0.61 ± 0.16 84.0 0.36 ± 0.03 0.54 ± 0.14 92.0
1.48 0.31 ± 0.03 0.71 ± 0.18 96.3 0.33 ± 0.03 0.53 ± 0.16 64.2
1.76 0.27 ± 0.04 0.69 ± 0.26 98.9 0.25 ± 0.06 0.88 ± 0.32 99.9
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5.2 The Lévy stability index α

Figure 8 shows the values of α as a function of mT for both negatively and positively charged
hadron pairs. Within uncertainties, all values are found to fall in the range of 1.6–2.0, with little
mT dependence within a given centrality class. However, there is a clear centrality dependence,
with the results tending to a Gaussian shape (α = 2) for the most central events. The observa-
tion that the correlation functions for some centralities can be described with Lévy functions
having indices statistically inconsistent with a value of 2 means that a Gaussian assumption
for the source shape is invalid in these cases. These Lévy distribution fits can be interpreted as
suggesting the presence of anomalous diffusion resulting from expansion in the hadron gas. In
order to more clearly show the centrality dependence, as well as the significance of the devi-
ation from 2.0, Fig. 9 shows ⟨α⟩ (the brackets indicating an average over mT) as a function of
⟨Npart⟩ for both positively and negatively charged hadron pairs. A very similar linear depen-
dence is observed for both charge signs.

The PHENIX Collaboration at RHIC reported a mean value for α of 1.207 for pions pairs with
|η| < 0.35 and 228 < mT < 871 MeV/c2 in 0–30% centrality AuAu collisions at

√
s

NN
=

200 GeV [20]. Very little mT dependence was observed at RHIC, a result similar to that re-
ported here. However, our value for ⟨α⟩ in the same centrality range is 45–60% larger. This
increase in the Lévy stability index may be connected to the larger energy densities achieved at
the LHC, which would be expected to result in less anomalous diffusion. An increasing energy
density could also explain the increase of ⟨α⟩ with ⟨Npart⟩.
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Figure 8: The Lévy stability index α versus the transverse mass mT in different centrality classes,
for negatively (left) and positively (right) charged hadron pairs. The error bars show the statis-
tical uncertainties, while the boxes indicate the point-to-point systematic uncertainties. These
boxes are slightly shifted along the horizontal axes for better visibility. The correlated system-
atic uncertainty is also indicated.

5.3 The correlation strength λ

The measured λ values are shown in Fig. 10 as a function of mT, for both negatively and pos-
itively charged hadron pairs. The values decrease with increasing transverse mass and as the



15

50 100 150 200 250 300 350 400
æ

part
NÆ

1.6

1.7

1.8

1.9

2

æaÆ

CMS  (5.02 TeV)-1PbPb 0.607 nb

- h-h

+ h+h

-3.3%
+5.3%Correlated syst. = 

Figure 9: The average Lévy stability index ⟨α⟩ versus ⟨Npart⟩, for both positively and negatively
charged hadron pairs. The error bars show the statistical uncertainties. The correlated system-
atic uncertainty is also indicated. The points are slightly shifted along the horizontal axes for
better visibility.

collisions become more central.

The value of λ is reduced compared to the case of using identified pions only, because the
sample contains particles other than pions (mostly kaons and protons). The strength of the
correlation is proportional to the number of identical pion pairs, and pairs of nonidentical par-
ticles decrease the observed correlation. In order to see how the lack of particle identification
affects the value of λ, a new parameter, λ∗, is introduced by re-scaling λ with the square of the
pion fraction:

λ∗ =
λ

(Npion/Nhadron)
2 . (16)

The centrality and KT dependent pion fraction was measured by the ALICE Collaboration in
the range |η| < 0.5, as reported in Ref. [47]. The calculated λ∗ values as a function of mT are
shown in Fig. 10. In each of the centrality classes and mT bins, λ∗ is smaller than 1, which
indicates that there exist additional effects lowering the correlation strength beyond the lack
of particle identification discussed above. This result of λ∗ < 1 can, in fact, be understood on
the basis of the core-halo model. In this interpretation, λ∗ describes the square of the fraction
of pions produced in the core, as detailed in Eqs. (4) and (5). Furthermore, λ∗ is found to lack
any clear mT dependence for a given centrality class. This is consistent with the observations at
RHIC [20], and can be explained in terms of the core-halo model by the negligible momentum
dependence of the core fraction in the investigated range. The decrease in λ∗ with centrality
suggests a relatively smaller halo contribution for peripheral collisions.

6 Summary
Two-particle Bose–Einstein momentum correlation function measurements are presented. The
data sample consists of 4.27×109 minimum bias lead-lead (PbPb) events, corresponding to an
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Figure 10: The correlation strength λ (upper panel) and λ∗, which is re-scaled with the square of
the pion fraction (lower panel), versus the transverse mass mT in different centrality classes, for
negatively (left) and positively (right) charged hadron pairs. The error bars show the statistical
uncertainties, while the boxes indicate the point-to-point systematic uncertainties. These boxes
are slightly shifted along the horizontal axes for better visibility. The correlated systematic
uncertainty is also indicated.

integrated luminosity of 0.607 nb−1, at a center-of-mass energy per nucleon pair of
√

s
NN

=
5.02 TeV, recorded by the CMS experiment at the LHC. The correlation functions found in
different centrality and average transverse momentum classes are analyzed in terms of Lévy
sources, including Coulomb effects. The values of the Lévy scale parameter R, the Lévy stabil-
ity index α, and the correlation strength λ are determined.

A geometric interpretation of the R parameter is suggested by its dependence on the average
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number of participating nucleons in the collision. Assuming a pion mass for the charged par-
ticles, a linear dependence of 1/R2 on the transverse mass (mT) is observed, consistent with
a hydrodynamic scaling behavior, even for the case of Lévy sources. Based on the observed
linear behavior, it is estimated that the Hubble constant of the quark-gluon plasma created in
5.02 TeV PbPb collisions increases from 0.11 c/fm to 0.18 c/fm when moving from most central
to most peripheral collisions. The intercept of the 1/R2 versus mT linear fits is negative in all
cases, requiring further studies for its interpretation. The α parameter is found to have little,
if any, mT dependence and to range between 1.6–2.0, increasing with centrality. The α values
found in this paper are approximately 45–60% larger than those reported for gold-gold colli-
sions at

√
s

NN
= 200 GeV at RHIC. This increase, while not fully understood, may result from

the greater energy densities achieved at the LHC. As a function of mT, a strong and decreasing
trend is observed for the λ parameter, which can be explained by the lack of particle identi-
fication. After rescaling the λ values to account for the fraction of pions among the charged
hadrons, a nearly constant trend of the pion-fraction-corrected λ∗ with mT is observed. The λ∗

values are found to be smaller than unity, which can be interpreted on the basis of the core-halo
model as a non-negligible halo contribution. Furthermore, λ∗ is found to decrease as the colli-
sions become more central. Altogether, these results imply that the hadron emitting source in√

s
NN

= 5.02 TeV PbPb collisions can be described by Lévy distributions. This allows for a new
and precise characterization of this source in high-energy heavy ion collisions.
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N. Postiau, L. Thomas , M. Vanden Bemden, C. Vander Velde , P. Vanlaer

Ghent University, Ghent, Belgium
D. Dobur , J. Knolle , L. Lambrecht , G. Mestdach, C. Rendón, A. Samalan, K. Skovpen ,
M. Tytgat , N. Van Den Bossche , B. Vermassen, L. Wezenbeek
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U. Husemann , M. Klute , R. Koppenhöfer , M. Link, A. Lintuluoto , S. Maier ,
S. Mitra , Th. Müller , M. Neukum, M. Oh , G. Quast , K. Rabbertz , I. Shvetsov ,
H.J. Simonis , N. Trevisani , R. Ulrich , J. van der Linden , R.F. Von Cube ,
M. Wassmer , S. Wieland , R. Wolf , S. Wozniewski , S. Wunsch, X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou, P. Assiouras , G. Daskalakis , A. Kyriakis, A. Stakia

National and Kapodistrian University of Athens, Athens, Greece
M. Diamantopoulou, D. Karasavvas, P. Kontaxakis , A. Manousakis-Katsikakis , A. Pana-

https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162
https://orcid.org/0000-0002-2926-2691
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X
https://orcid.org/0000-0002-2008-8148
https://orcid.org/0000-0002-2388-5548
https://orcid.org/0000-0002-4430-1695
https://orcid.org/0000-0003-2081-7141
https://orcid.org/0000-0001-9598-6623
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0001-6341-9982
https://orcid.org/0000-0002-0176-2360
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-3478-9081
https://orcid.org/0000-0001-9794-8292
https://orcid.org/0000-0003-4409-702X
https://orcid.org/0000-0003-2711-8984
https://orcid.org/0000-0002-5295-1460
https://orcid.org/0000-0003-0713-811X
https://orcid.org/0000-0002-4785-3057
https://orcid.org/0000-0002-4692-9304
https://orcid.org/0000-0001-9806-0244
https://orcid.org/0000-0003-3681-9272
https://orcid.org/0000-0003-1491-0446
https://orcid.org/0000-0002-2702-8201
https://orcid.org/0000-0002-3522-5926
https://orcid.org/0000-0001-6445-6160
https://orcid.org/0000-0002-8369-7506
https://orcid.org/0000-0003-1697-2130
https://orcid.org/0000-0002-1320-1712
https://orcid.org/0009-0005-6482-7466
https://orcid.org/0000-0003-1533-0945
https://orcid.org/0000-0001-6030-3191
https://orcid.org/0009-0008-4191-6716
https://orcid.org/0009-0002-9905-0667
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0002-4238-0991
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-7366-7098
https://orcid.org/0000-0003-1111-249X
https://orcid.org/0000-0001-9518-0435
https://orcid.org/0000-0003-4439-5748
https://orcid.org/0000-0003-1803-0999
https://orcid.org/0009-0008-7130-100X
https://orcid.org/0000-0002-1383-1837
https://orcid.org/0000-0001-6232-3591
https://orcid.org/0000-0002-5804-6226
https://orcid.org/0000-0002-7366-6562
https://orcid.org/0000-0001-6195-3102
https://orcid.org/0000-0001-9850-6170
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-4423-2631
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0001-7327-1870
https://orcid.org/0000-0001-9127-7408
https://orcid.org/0000-0002-1194-2306
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-3273-5859
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0009-0009-8755-3698
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0003-2167-498X
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0002-9952-9267
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0003-4301-2688
https://orcid.org/0000-0001-8596-2812
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0003-1014-8677
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0000-0001-9955-9258
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0000-0001-6004-6180
https://orcid.org/0000-0002-5960-6803
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0003-2444-1014
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0001-7379-4540
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0009-0006-6551-0660
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-7174-781X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0001-8563-0412
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0002-5152-9006
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-6277-7171
https://orcid.org/0000-0002-4860-5979
https://orcid.org/0000-0002-0530-1182


27

giotou, I. Papavergou , N. Saoulidou , K. Theofilatos , E. Tziaferi , K. Vellidis ,
I. Zisopoulos

National Technical University of Athens, Athens, Greece
G. Bakas , T. Chatzistavrou, G. Karapostoli , K. Kousouris , I. Papakrivopoulos ,
G. Tsipolitis, A. Zacharopoulou

University of Ioánnina, Ioánnina, Greece
K. Adamidis, I. Bestintzanos, I. Evangelou , C. Foudas, P. Gianneios , C. Kamtsikis,
P. Katsoulis, P. Kokkas , P.G. Kosmoglou Kioseoglou , N. Manthos , I. Papadopoulos ,
J. Strologas
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