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Kaonic Hanbury-Brown–Twiss radii at 200 GeV and 5.02 TeV
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We use 3 + 1 dimensional quasiparticle anisotropic hydrodynamics (aHydroQP) to make predictions for kaon
Hanbury-Brown–Twiss (HBT) radii in 200 GeV and 5.02 TeV heavy-ion collisions. Using previously determined
aHydroQP parameters, we compute kaonic HBT radii and their ratios as a function of the mean transverse
momentum of the pair kT . We first consider Au-Au collisions at 200 GeV, finding good agreement between
aHydroQP predictions and experimental data up to kT ≈ 0.8 GeV. We then present predictions for kaonic HBT
radii and their ratios in 5.02 TeV Pb-Pb collisions. Our aHydroQP predictions do not exhibit a clear kT scaling
of the pion and kaon source radii, however, an approximate transverse mass mT scaling is observed, particularly
at 200 GeV.
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I. INTRODUCTION

A quark-gluon plasma (QGP) is expected to be created in
ultrarelativistic heavy-ion collisions at the Relativistic Heavy
Ion Collider (RHIC) at Brookhaven National Laboratory and
the Large Hadron Collider (LHC) at CERN. This occurs be-
cause such collisions create a region of high energy density in
which quarks and gluons are deconfined for a short time. The
generated matter hydrodynamizes on a time scale of roughly
1 fm/c and the initial temperatures generated have been found
to well exceed the temperature of the QGP crossover transi-
tion, TQGP ≈ 155 MeV [1–9].

Comparison of a variety of experimental observables,
such as the identified particle spectra and elliptic flow with
predictions from relativistic viscous hydrodynamics have
indicated that dissipative hydrodynamics can be used to un-
derstand experimental observations in a variety of collision
systems. To describe this collective behavior, different dissi-
pative hydrodynamic frameworks have been developed such
as second-order viscous hydrodynamics and anisotropic hy-
drodynamics, see, e.g., Refs. [10–23].

In this work, we use 3 + 1 dimensional quasiparticle
anisotropic hydrodynamics (3 + 1D aHydroQP) [24] to study
kaonic Hanbury-Brown–Twiss (HBT) radii. The 3 + 1D aHy-
droQP includes the relevant ingredients necessary to compute
HBT interferometry. First, in the hydrodynamic stage, the
3 + 1D dynamical equations are nonconformal and use a re-
alistic lattice-based equation of state. The dynamics includes
both shear and bulk viscous effects in addition to an infinite
number self-consistently determined higher-order transport
coefficients [25]. In the next stage, the 3 + 1D aHydroQP
evolution is converted to hadrons using an anisotropic Cooper-
Frye freeze out, which is implemented using a customized
version of THERMINATOR2 [26]. This package includes both

hadronic production and decays. The customized version
samples from anisotropic hadron distributions, which are
guaranteed to be non-negative even far from equilibrium [27].

HBT correlations are quantum mechanical in nature
and can provide information about the space-time struc-
ture of the source; its size, shape, and the emission
duration. The 3 + 1D quasiparticle anisotropic framework
has been previously applied to compute pionic HBT radii
at both LHC and RHIC energies, finding quite good
agreement between theoretical predictions and experimental
observations [28,29].

We first present predictions for kaonic HBT radii in√
sNN = 200 GeV Au-Au collisions. We find good agreement

between 3 + 1D aHydroQP predictions and experimental re-
sults available from PHENIX collaboration. Next, we present
predictions for kaonic HBT radii in

√
sNN = 5.02 TeV Pb-Pb

collisions, where thus far no experimental data have been
reported. We present the kT dependence of the HBT radii and
their ratios in different centrality classes.

Next, we study the transverse mass mT =
√

k2
T + m2

dependence in order to understand the particle-species de-
pendence of the HBT radii. We find that the kT scaling of
pion and kaon source radii is broken, while an approximate
transverse-mass mT scaling is observed, particularly at 200
GeV. The existence of mT (kT ) scaling would imply that the
measured HBT radii for particles with different masses, such
as pions and kaons, would collapse onto a single curve when
plotted versus mT (kT ).

Our paper is organized as follows. In Sec. II, the 3 + 1D
quasiparticle anisotropic hydrodynamics model is introduced.
In Sec. III, we compare our findings at 200 GeV with ex-
perimental results for kaonic HBT radii. Next, we present
predictions for kaonic HBT radii in 5.02 TeV collisions.
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Finally, Sec. IV contains our conclusions and an outlook for
the future.

II. MODEL

In this section, we will briefly describe the main in-
gredients of quasiparticle anisotropic hydrodynamics, the
freeze-out method, and the hadronic afterburner employed.
The hydrodynamic runs used were tuned to identified-particle
spectra in prior papers [30,31] and full details of the methods
employed can be found in Refs. [21,24,27,28] and two reviews
[32,33].

First, the evolution of the hydrodynamic stage is governed
by 3 + 1D dissipative dynamical equations, which are ob-
tained from the first and second moments of the Boltzmann
equation in relaxation time approximation [24,32,33]. For
quasiparticles having thermal masses m(T ), the Boltzmann
equation is given by [24,34–36]

pμ∂μ f (x, p) + 1
2∂im

2∂ i
(p) f (x, p) = −C[ f (x, p)], (1)

where C[ f (x, p)] is the collisional kernel which accounts for
all (non-mean-field) interactions. Here, we take the collisional
kernel to be given in the relaxation-time approximation.

The first moment of Eq. (1), which corresponds to the
requirement of conservation of energy and momentum, gives

∂μT μν = 0 , (2)

where

T μν =
∫

dP pμ pν f , (3)

while the second moment of Eq. (1) gives

∂αIανλ − J (ν∂λ)m2 = −
∫

dP pν pλC[ f ] , (4)

where the particle four-current is defined by

Jμ =
∫

dP pμ f , (5)

and Iμνλ is defined by

Iμνλ =
∫

dP pμ pν pλ f (6)

with the Lorentz invariant integration measure being
∫

dP =
Ndof

∫ d3p
(2π )3

1
E . Parentheses around Lorentz indices indicates

symmetrization, e.g., A(μν) = (Aμν + Aνμ)/2.
In the aHydroQP approach, a realistic equation of state

obtained from lattice quantum chromodynamics (QCD) calcu-
lations is used to determine the temperature dependence of the
mass [24]. The standard implementation used herein is based
on the equation of state extracted by the Wuppertal-Budapest
lattice QCD collaboration [37].

The underlying one-particle distribution function is as-
sumed to be anisotropic in momentum space

f (x, p) = feq

⎛
⎝1

λ

√√√√∑
i

p2
i

α2
i

+ m2

⎞
⎠ (7)

with only diagonal momentum-space anisotropies encoded in
αi with i = 1, 2, 3. We note that αi(t, x) and the temperature-
like scale λ(t, x) are functions of space and time.

The system is initialized using smooth Glauber initial con-
ditions assuming Bjorken flow in the longitudinal direction
and zero transverse flow [ux(τ0) = uy(τ0) = 0]. For RHIC
200 GeV Au-Au collisions, the initial temperature at τ0 =
0.25 fm/c is taken to be T0 = 455 MeV and the specific
shear viscosity is assumed to be η/s = 0.179, which were
found to best reproduce experimental results in Ref. [30]. For
LHC 5 TeV Pb-Pb collisions, the initial temperature at τ0 =
0.25 fm/c is taken to be T0 = 630 MeV and the specific shear
viscosity is assumed to be η/s = 0.159, which again were
found to best reproduces experimental results in Ref. [31].
We note that having fixed the specific shear viscosity, the bulk
viscosity and all other higher-order transport coefficients are
fixed uniquely. Further details concerning the derivation of
the dynamical equations and initialization of the system in the
aHydroQP approach can be found in Refs. [24,27,30,32,38].

The second phase of the evolution starts after the sys-
tem reaches the freeze-out temperature. Based on prior
works, we take TFO = 130 MeV, see, e.g., [21,28,30,31]. Us-
ing an anisotropic Cooper-Frye prescription, the number of
hadrons produced on a constant energy-density hypersurface
is calculated from the underlying space-time dependent hy-
drodynamic variables such as the flow velocity and anisotropy
parameters [32]. In this phase, a customized version of THER-
MINATOR2 [26] is used to perform the statistical production
and decays of hadrons. Both the aHydroQP and THERMINA-
TOR2A codes are publicly available online using Ref. [39].

A. Interferometry

In this section, we will review the correlation functions
used in the analysis of HBT radii. These correlations exist
between pairs of identical particles due to their quantum me-
chanical nature. Experimentally, a two-particle correlation C
is constructed as the ratio C(q) = A(q)/B(q) with q being
the relative momentum given by q = �p2 − �p1. A(q) is the
measured momentum difference distribution between two par-
ticles with p1 and p2 taken from the same event (actual pairs),
while B(q) is a reference distribution of pairs of particles
picked randomly from different events in the same centrality
bin (mixed pairs), see, e.g., [40–42]. To compare to exper-
iment, we compute these correlation functions using event
generator models which perform statistical hadronization.

The identical particle two-particle correlation function is
defined as

C( �p1, �p2) = W2( �p1, �p2)

W1( �p1)W1( �p2)
, (8)

where W1 is a one-particle distribution and W2 is the two-
particle distribution function. Both distributions can be ob-
tained by the space-time integral of a Wigner phase-space
density (or the emission function) S(x, p), which encodes the
probability of emission of a particle with momentum p from
a space-time point x [40],

W1( �p) = Ep
dN

d3 p

∫
d4x S(x, p) (9)
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and

W2( �p1, �p2) = Ep1Ep2
dN

d3 p1d3 p2

×
∫ ∫

d4x1 d4x2 S(x1, x2, p1, p2). (10)

We note that in the absence of quantum correlations, C( �p1, �p2)
would be unity. Assuming a source with a Gaussian profile,
the emission function can be parametrized as

S(r) = N exp

(
− r2

out

2R2
out

− r2
side

2R2
side

− r2
long

2R2
long

)
(11)

with N being a normalization constant, r2
i are the squared rel-

ative space-time separation of the pair, and R2
i are the squared

HBT radii. In this formula, the subscript i represents different
directions: out (parallel to the pair’s kT ), long (parallel to the
beam axis), and side (perpendicular to both long and out).

In this analysis, we will use the Bertsch-Pratt parametriza-
tion [43,44], which is performed in the longitudinal
center-of-mass system (LCMS) where the mean lon-
gitudinal momentum of the pair vanishes. Using the
Bertsch-Pratt parametrization and Eq. (11), the two-particle
correlation function can be written in terms of three
Gaussians

C(q, k) = 1 + λ e−R2
outq

2
out−R2

sideq2
side−R2

longq2
long (12)

with q being the relative momenta decomposed as well into
three components, �q = (qout, qside, qlong). λ is the normal-
ization factor (also called the incoherence parameter) which
characterizes the correlation strength. For core-halo systems,
it can deviate from unity, 0 � λ � 1, where λ = 1 for chaotic
sources and λ = 0 for totally coherent sources [45]. It is
also affected by long-lived resonances [46] and non-Gaussian
features of S(r) [47]. For squeezed states it is possible to
have λ > 1 [48–50]. In our analysis, λ is taken as a free fit
parameter. We note that Coulomb repulsion between similar
charge pairs is ignored in the parametrization specified in
Eq. (12). This is consistent with the fact that experimen-
tal results have been corrected for these effects. The HBT
radii are obtained by fitting to the correlation function as a
function of kT . The HBT radii provide information about the
(in)homogeneity of the system (its effective sizes). In general,
Ri j has mixed spatial and temporal information of the source.
For example, the product Rout Rside Rlong gives the effective
volume and R2

out is sensitive to the emission time. We refer
the reader to Refs. [1,2,40,51], for more information about the
relation between the HBT radii and the space-time structure of
the final freeze-out stage.

We note that long-lived resonances and hadronic elas-
tic rescattering are not included in our simulations using
THERMINATOR2. Both effects can result in non-Gaussian mod-
ifications of the underlying correlation functions [52,53].
Without such effects included, it is reasonable to assume that
the correlations functions have a Gaussian form. We also note
that such approximations are frequently used in modeling
results, e.g., see Refs. [54,55]. In a forthcoming paper we plan
to include these effects. In the meantime, we refer the reader

to recent studies that examined different effects on the shape
of the HBT correlation functions [56,57].

III. RESULTS

Before presenting our predictions for the kaonic HBT radii
in 5.02 TeV Pb-Pb collisions, we first present comparisons
with PHENIX data collected in 200 GeV Au-Au collisions in
order to gauge the accuracy of our predictions. In Figs. 1 and 2
we consider the transverse momentum range 0.3 < pT < 1.5
GeV in order to match the experimental cuts used in Ref. [59].
We use the following relative transverse momentum, kT , bins
0.54–0.6, 0.6–0.75, 0.75–1.0, and 1.0–1.2 GeV and plot the
values obtained at the center of each of these bins. With this
choice of bins, we cover the experimental bins which had
the following means, kT ∈ {0.58, 0.76, 0.98} GeV. For values
in between our bin centers, we use linear interpolation to
interpolate our results. Note that in the 10–20 % centrality
class we do not show the experimental point with the highest
kT since the aHydro prediction differs significantly from the
experimental result at high kT .

In Fig. 1, we show the kT dependence of the kaonic HBT
radii Rout, Rside, and Rlong in the 0–10 % and 10–20 % central-
ity classes in the top and bottom rows, respectively. In both
centrality classes, we see that our model agrees quite well with
PHENIX experimental data up to kT ≈ 0.8 GeV. At larger kT

the aHydroQP predictions are above the experimental data.
Next, in Fig. 2 we present the kT dependence of the HBT
radii ratios, Rout/Rside, Rout/Rlong, and Rside/Rlong, in the same
centrality classes. Again the agreement of aHydroQP with
PHENIX data is quite good up to kT ≈ 1.0 GeV in both
centrality classes. We note that, at the same collision energy
and small kT , one finds similar agreement between aHydroQP
predictions and experimental data for the pionic HBT radii
[29]. We note that the agreement between theory and data
reported here is much better, particularly at low kT .

We next investigate the kT and transverse mass mT scaling
of the HBT radii where mT =

√
k2

T + m2 with m being the
particle’s mass (kaon or pion). Figure 3 shows the extracted
HBT radii of charged pions and kaons in the 10–20 % cen-
trality class as a function of kT (top row) and mT (bottom
row). As can be seen from the top row, the data and also our
model results do not show any sign of kT scaling. On the other
hand, from the bottom row, our results indicate that there is
scaling at high mT since, within our uncertainties, the pion
and kaon predictions match smoothly onto one another. There
does seem to be a lack of strict scaling in the experimental
data. We note, however, that both our results and the data show
that the Rside shows an approximate scaling [41].

Next, we present our predictions for the kaonic HBT radii
and their ratios in 5.02 TeV Pb-Pb collisions. In Figs. 4 and 5,
to match the experimental cut used by the ALICE collabora-
tion at 2.76 TeV [42], we consider the transverse momentum
range 0.15 < pT < 1.5 GeV. In the case of 5.02 TeV colli-
sions, the following kT bins were considered for the charged
kaons 0.3–0.36, 0.36–0.42, 0.42–0.48, 0.48–0.54, 0.54–0.60,
0.60–0.75, and 0.75–1.0 GeV. We then linearly interpolate our
results as described above.
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FIG. 1. The kT dependence of kaonic HBT radii in the 0–10% (top row) and 10–20% (bottom row) centrality classes. The extracted Rout,
Rside, and Rlong radii are shown in the left, middle, and right columns, respectively. Data are from PHENIX collaboration at 200 GeV [41].

FIG. 2. The kT dependence of the ratios of kaonic HBT radii for charged kaons in the 0–10% (top row) and 10–20% (bottom row) centrality
classes. The ratios Rout/Rside, Rout/Rlong, and Rside/Rlong are shown in the left, middle, and right columns, respectively. Data are from PHENIX
collaboration at 200 GeV [41].
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FIG. 3. HBT radii as a function of kT (top row) and mT (bottom row) for charged pions [29] and kaons in the 10–20% centrality class. The
extracted Rout, Rside, and Rlong radii are shown in the left, middle, and right columns, respectively. Data are from PHENIX collaboration at 200
GeV: for pions [58] whereas for kaons [41].

In Fig. 4, we present the kaonic HBT radii, Rout, Rside, and
Rlong, as a function of kT in the 0–5 %, 5–10 %, 10–20 %, and
20–30 % centrality classes. As can be seen from this figure,
the radii are smaller for more peripheral collisions than for
central ones. The radii also decrease with increasing kT due to
the collective flow of the QGP. Next, in Fig. 5, we show com-
parisons of the kaonic HBT radii ratios, Rout/Rside, Rout/Rlong,
and Rside/Rlong, in the 5–10 % and 20–30 % centrality classes.
We see that the ratio Rout/Rside is consistently close to unity
in all centrality classes considered here. We note that, in the

case of pions, experimental measurements of Rout/Rside indi-
cate values that are slightly less than unity at higher kT , see
Fig. 4 of Ref. [29].

We next investigate the kT and transverse mass mT scaling
of the HBT radii at 5.02 TeV collisions. To test whether the kT

and mT scaling hold, we compare results of this work with the
pionic HBT radii obtained in Ref. [31] using the same model,
3 + 1D aHydroQP. From the top panel of Fig. 6, we see that
the radii do not show a clear scaling with the kT . The mT

dependence of the HBT radii are shown in the bottom panel of

FIG. 4. The kT dependence of the kaonic HBT radii in the 0–5%, 5–10%, 10–20%, and 20–30% centrality classes. The extracted Rout,
Rside, and Rlong radii are shown in the left, middle, and right columns, respectively. All results are predictions of 3 + 1D aHydroQP model for
5.02 TeV Pb-Pb collisions. Statistical uncertainty bands are not shown, however, they are listed in Table I and are on the order of ≈1%.

044903-5



MUBARAK ALQAHTANI AND MICHAEL STRICKLAND PHYSICAL REVIEW C 107, 044903 (2023)

FIG. 5. Ratios of the kaonic HBT radii as a function of kT in the 5–10% and 20–30% centrality classes. The ratios Rout/Rside, Rout/Rlong,
and Rside/Rlong are shown in the left, middle, and right columns, respectively. All results are predictions of 3 + 1D aHydroQP model for 5.02
TeV Pb-Pb collisions.

FIG. 6. HBT correlation radii as a function of kT (top row) and mT (bottom row) for charged pions [31] (black solid lines) and kaons (blue
dashed lines) in the 0–5% centrality class. Rout, Rside, and Rlong are shown in the left, middle, and right columns, respectively. All results are
predictions of 3 + 1D aHydroQP model for 5.02 TeV Pb-Pb collisions.
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FIG. 7. Rout/Rside as a function of mT for charged pions [31]
(black solid lines) and charged kaons (blue dashed lines) in the
5–10% and 20–30% centrality classes, left and right panels, respec-
tively. All results are predictions of 3 + 1D aHydroQP model for
5.02 TeV Pb-Pb collisions.

Fig. 6. One can see that there is only evidence of mT scaling
at high mT . At low mT both the kaonic Rout and Rlong are pre-
dicted to be larger than the corresponding pionic HBT radii at
the same transverse mass. In Fig. 6, we only show the kT and
mT dependence of the HBT radii in the 0–5% centrality class,
however, a similar behavior is seen in all centrality classes
considered in this work. In Fig. 7, the mT dependence of
Rout/Rside is shown in 5–10 % and 20–30 % centrality classes.

As can be seen in both panels, the ratio Rout/Rside is predicted
to be slightly larger for kaons than for pions, which indi-
cates different space-time correlations. Similar findings were
reported in Ref. [42] by the ALICE collaboration in 2.76 TeV
Pb-Pb collisions. The breaking of the mT scaling, particularly
for Rlong has also been observed by the PHENIX collaboration
[41]. The violation of mT scaling has been suggested to be a
result of rescatterings which differently influence pions and
kaons, see Refs. [52,60], however, herein, we do not include
such rescatterings and still find scaling violation. We also note
that using a framework of (3 + 1)D viscous hydrodynamics
combined with THERMINATOR2, the authors of [54,61] found
an approximate mT scaling of the HBT radii at 2.76 TeV
and 5.02 TeV, respectively. To the best of our knowledge, the
kaonic femtoscopy experimental results at 5.02 TeV are not
yet available to compare our model predictions against, so our
predictions now wait to be compared with experiment.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we used 3 + 1D quasiparticle anisotropic
hydrodynamics to analyze charged kaon femtoscopy. The
aHydroQP hydrodynamical parameters were tuned in separate
studies and herein we simply applied those to make predic-
tions for kaonic HBT radii. To treat the post-hydrodynamic

TABLE I. The kT dependence of kaonic HBT radii in four centrality classes. We note that the statistical uncertainties are absolute values
in femtometers. All results are predictions of the 3 + 1D aHydroQP model for 5.02 TeV Pb-Pb collisions.

Centrality 〈KT 〉 (GeV) Rout (fm) Stat (±) Rside (fm) Stat (±) Rlong (fm) Stat (±)

0.33 5.69 0.048 5.56 0.047 6.9 0.062
0.39 5.5 0.041 5.39 0.04 6.42 0.052
0.45 5.3 0.037 5.21 0.036 6.02 0.044

0-5% 0.51 5.18 0.034 4.99 0.033 5.63 0.04
0.57 5.04 0.032 4.81 0.031 5.35 0.037
0.675 4.67 0.019 4.43 0.018 4.69 0.021
0.875 4.28 0.015 3.99 0.014 3.99 0.015

0.33 5.47 0.05 5.41 0.049 6.61 0.064
0.39 5.26 0.043 5.2 0.043 6.15 0.053
0.45 5.07 0.038 5.01 0.038 5.76 0.046

5-10% 0.51 4.94 0.035 4.83 0.035 5.42 0.041
0.57 4.79 0.033 4.68 0.033 5.14 0.038
0.675 4.37 0.019 4.24 0.019 4.45 0.021
0.875 3.99 0.016 3.83 0.015 3.81 0.016

0.33 5.04 0.043 5.05 0.042 6.09 0.054
0.39 4.83 0.036 4.83 0.036 5.66 0.045

10-20% 0.45 4.68 0.033 4.65 0.033 5.29 0.039
0.51 4.5 0.03 4.49 0.03 5.02 0.036
0.57 4.4 0.029 4.33 0.028 4.74 0.033
0.675 3.96 0.017 3.94 0.017 4.12 0.018
0.875 3.61 0.014 3.57 0.014 3.53 0.014

0.33 4.71 0.043 4.77 0.044 5.71 0.056
0.39 4.53 0.038 4.58 0.038 5.29 0.047
0.45 4.32 0.034 4.41 0.034 4.97 0.041

20-30% 0.51 4.17 0.031 4.23 0.032 4.68 0.037
0.57 4.04 0.03 4.13 0.031 4.46 0.035
0.675 3.57 0.017 3.67 0.018 3.77 0.019
0.875 3.23 0.015 3.34 0.015 3.27 0.016
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hadronic evolution we made use of a customized version of
the THERMINATOR2 package.

We first presented comparisons with data in Au-Au colli-
sions at 200 GeV. Comparisons of the kT dependence of the
HBT radii showed a good agreement between aHydroQP and
experimental results at low kT , however, for kT � 0.8 GeV we
observed differences between the predictions of aHydroQP
and the experimental results, which may be due to the use of
smooth initial conditions for our hydrodynamic simulations.
We also found that the data and also our model results do not
show any sign of kT scaling. On the other hand, our results
indicate that there is scaling at high mT , whereas the data itself
does not show a clear scaling except for Rside, which shows an
approximate scaling.

Next we presented aHydroQP predictions for the three-
dimensional femtoscopic radii in Pb–Pb collisions at 5.02
TeV nucleon-nucleon collision energy. All results show a
decrease of the source radii Ri with increasing transverse kT

and decreasing multiplicity (increasing centrality). Our model
predictions also do not show a clear kT or mT scaling of pion
and kaon source radii in the kT and mT ranges considered
in this study; however, there are perhaps indications of mT

scaling at high mT .
Finally we note that the existence of mT scaling of the

HBT radii was based on early ideal hydrodynamic models

[62–66]. It is interesting that at RHIC energies this scaling
emerges even when dissipative corrections are included. It
may even hold at high mT at LHC energies; however, herein
we observed clear violations of mT scaling at low mT for 5.02
TeV collisions.

Looking to the future, we plan to include the effect of
fluctuating initial conditions in aHydroQP and the effect of
using the URQMD and SMASH afterburners [67–69].
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APPENDIX

For reference, in Table I, the results of 3 + 1D aHydroQP
model for all HBT radii are listed. The kT bins considered here
are 0.3–0.36, 0.36–0.42, 0.42–0.48, 0.48–0.54, 0.54–0.60,
0.60–0.75, and 0.75–1.0 GeV.
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