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Abstract

We present the system size and flavour dependence of the chemical freeze-out temperature (7,) at vanishing baryo-chemical po-
tential calculated via thermal fits to experimental yields for several multiplicity classes in pp, pPb and PbPb collisions measured

by ALICE. Using the Thermal-FIST Hadron Resonance Gas model package, we compare the quality of fits across various treat-
ments of strangeness conservation under different freeze-out conditions as a function of the charged particle multiplicity density
(dN./dn). Additionally, we examine how the anti-hadron to pion yield ratios of light and strange baryons, as well as the ¢ meson,
evolve within a flavour-dependent model. Through a unique two-temperature chemical freeze-out approach, we show that flavour
dependence of T, in a Strangeness Canonical Ensemble leads to a natural explanation of strangeness enhancement from small to

large systems at LHC energies without requiring any non-equilibrium particle production at small {dN,/dn).
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1. Introduction

Hadronization and chemical freeze-out have been suggested
to coincide at the phase boundary in the Quantum Chromody-
namics (QCD) phase diagram based on results from Statisti-
cal Hadronization Models (SHMs) using particle yields mea-
sured at the Large Hadron Collider (LHC) and the Relativistic
Heavy Ion Collider (RHIC), when compared to pseudo-critical
temperature calculations from temperature dependent contin-
uum extrapolations of the chiral susceptibilities on the lattice
[1,2, 3,4, 5]. A point of interest emerges concerning whether
the phase transition from quark to hadron degrees of freedom
occurs at the same temperature for all particle species and/or
quark flavours.

Final state particle yields have been successfully reproduced
by SHMs to nine orders of magnitude over a wide energy range
in high energy collisions of heavy ions [6]. SHMs typically
use experimental hadron yields from central events (0 - 10%)
in relativistic heavy-ion collisions as an anchor for determin-
ing common freeze-out parameters in the QCD phase diagram
— namely, the chemical freeze-out temperature (7;) and the
baryo-chemical potential (ug) — within a Grand Canonical En-

semble (GCE), where baryon number, electric charge and strangeness

are conserved on average.

The GCE treatment has been shown to inadequately repro-
duce experimental results in a multiplicity-dependent manner
across pp, pPb and PbPb collision systems measured by the
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ALICE Collaboration — particularly where (dN.,/dn) < 20 [7].
The aforementioned fact is often attributed to the presence of
non-equilibrium strangeness production in the smaller systems

and may be partially remedied by employing a Strangeness Canon-

ical Ensemble (SCE), in which strangeness is explicitly con-
served within a correlation volume V¢ using a single value of
T for all particle species (1CFO). The question arises as to
whether out-of-equilibrium strangeness in small systems pro-
vides an adequate description of the overall production of fi-
nal state (multi)- strange hadrons as measured at LHC energies.
The presence of said disequilibrium, commonly represented by
a non-negligible strangeness saturation parameter (ys) within
the fireball volume of hadronic collisions, is known to diminish
with increasing collision energy [8, 9].

In principle, strangeness equilibration scaling as an inverse
function of collision energy can be equated with an increasing
value of ys. At LHC energies, s is expected to be asymptotic to
unity [7, 10], i.e. full saturation of strangeness is achieved as a
function of {(dN.,/dn). The dominating presence of strangeness
enhancement at ALICE, even in small systems, is evident from
an energy dependent comparison of final state anti-hadron to 7*
yields measured by ALICE and STAR [11], where production
of strange baryons is fully saturated for collision energy values
above /sny = 62.4 GeV.

Nevertheless, in order to fully describe the experimental data,
further considerations are made regarding the interplay between
Ve, the fireball volume (V), the experimental rapidity window
(Ay) and ys [12, 13]. This letter aims at providing a description
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of strangeness enhancement across all three collision systems
measured by ALICE, assuming full equilibration and saturation
of strangeness is inherently present at LHC energies. Our de-
scription of final state hadron yields within the SHM framework
relies solely on flavour-dependent freeze-out temperatures and
volumes across increasing (dN.,/dn) values.

2. Sequential Strangeness Freeze-out

Flavour-dependent freeze-out temperatures in the crossover
region of the QCD phase diagram have been predicted by con-
tinuum extrapolated susceptibilities of single flavour quantum
numbers on the lattice [14, 15]. Flavour specific susceptibility
ratios y4/x», suggested as an observable for directly determin-
ing freeze-out temperatures [16], show a deviation of the lattice
and Hadron Resonance Gas (HRG) model calculations at the
peaks of the lattice data, which occur at flavour-dependent tem-
peratures differing by 15 —20 MeV from light to strange quarks
[15]. Similar temperature differences between the light and
strange mesons have also been shown in net-particle fluctua-
tion measurements by the STAR Collaboration [17, 18, 19, 20].
An HRG-based study was also performed in a similar analysis
on both off-diagonal and diagonal second order correlators of
conserved charges [21].

In a previous letter [22], at vanishing ug, we calculated a
light flavour freeze-out temperature 71, = 150.2 +£ 2.6 MeV and
a strange flavour freeze-out temperature 7s = 165.1 +2.7 MeV,
by employing the GCE approach to heavy-ion collisions within
the framework of the Thermal-FIST [23] HRG model package
and varying the particle species included in each thermal fit.

In this letter, we extend this flavour-dependent two chemical
freeze-out (2CFO) temperature approach to pp, pPb and PbPb
collision systems measured by ALICE as a function of increas-
ing (dNc,/dn), rendering a natural explanation of strangeness
enhancement from small to large systems at vanishing ug.

3. Model and Data Preparation

All calculations shown here are performed using the open
source Thermal-FIST thermal model package. In this iteration,
we model an ideal non-interacting gas of hadrons and reso-
nances within both, the GCE and the SCE scenarios, for the
sake of comparison. The analysis is two-fold: to gauge the sen-
sitivity of the chemical freeze-out temperature at vanishing ug
relative to the ensemble of choice, and to employ a 2CFO treat-
ment onto the reigning ensemble.

As the HRG input list, we use the PDG2016+ hadronic spec-
trum [24]. The PDG2016+ hadronic spectrum has been shown
to be an optimized compromise between too few and too many
resonant states when compared to lattice QCD predictions [24];
it includes a total of 738 states (i.e. *, **, *¥* gnd **** gtates
from the 2016 Particle Data Group Data Book [25]).

Yield data for 7%, 7, K*, K°, p, p, A, A, 2=, B+, Q°, Q*,
K(s)’ and ¢ for ALICE pp collisions at /s = 7.00 TeV [26], pPb
collisions at 4/sy\y = 5.02 TeV [27, 28, 29] and PbPb collisions
at /sy = 2.76 TeV [30, 31, 32, 33] across all available mul-
tiplicity classes are included in our analysis — our multiplicity
binning is shown in Table 1. Throughout this entire analysis,
the yields for each particle and its corresponding anti-particle
are assumed to be identical — this methodology is explicitly em-
ployed in the case where the available experimental data only
presents the sum of both particle and anti-particle yields.

Table 1: Available event centralities and corresponding values of charged par-
ticle multiplicity density for ALICE pp collisions at /s = 7.00 TeV, pPb colli-
sions at /sy = 5.02 TeV and PbPb collisions at 4/snn = 2.76 TeV. For the pp
sample, the multiplicity classes are labelled in accordance to their generalized
definitions in [26].

pp at 7.00 TeV
Multiplicity Class  Event Centrality  (dNc,/dn)
I-11 17.47+ 0.524
II-VI 10.383+0.313
VII-VIII 6.057+0.19
IX-X 2.886+0.135
pPb at 5.02 TeV
45+1
36.2+0.8
30.5+0.7
23.2+0.5
16.1+0.4
9.8+0.2
4.3+0.1
PbPb at 2.76 TeV
0-10% 1447.5+54.5
10-20% 966+37
20-40% 537.5+19
40-60% 205+7.5
60-80% 55.5+3

All throughout, we follow a shorthand notation when naming
our fits to (anti-)particle species (e.g. Q refers to both Q™ and
QF, etc.), unless explicitly noted otherwise.

In the GCE configuration, the thermal fits are performed with
T, MeV) and V (fm?) as free parameters, fixing ug = 0, and
setting ys and 4 to unity in order to ensure a full saturation of
strangeness and electric charge. Systematic HRG-based studies
on the determination of the latter three parameters at top LHC
energies can be found in Refs. [34, 35]. We focus on vary-
ing the particle species included in the fit in order to gauge the
sensitivity of T, to each fit. The particle species included in
our flavour-dependent temperature fits are 7K p, 1K pAEQKé%p
and K AEQKgqﬁ, hereinafter referred to as “light”, “all” and



“strange”, respectively. We compare the extracted T, values,
for the light, strange and all fits, and their corresponding y?/dof
measures as a function of their (dNg,/dn) values across all three
collision systems. Since the kaon yields have been shown to
be insensitive to the freeze-out temperature [36], we include
them in light fit for the sake of having sufficient degrees of free-
dom. As a proof of concept cross-check, we perform an inde-
pendent fit replacing the kaon yields with (anti-)deuteron yields
in the light fit for the most central (0 - 10%) PbPb collisions a
Sy = 2.76 TeV [37] and find no significant difference in the
extracted freeze-out parameters and the quality of fit — showr
in Table 2. Nevertheless, the present study does not implemeni
the aforementioned mpd light fit in our calculations since exper-
imental yields for (anti-)deuteron yields are not yet available fo:
all multiplicity bins across all three collision systems at ALICE

In the SCE configuration, our thermal fits are instead per:
formed with Te, (MeV) and V (fm?) as free parameters, keeping
g = 0, Ve = V and setting ys and yq to unity. Setting Ve =V
is done in order to guarantee a local conservation of strangeness
within the calculated fireball volume per unit rapidity. It i
worth mentioning that in this methodology V¢ merely employ:
a strict conservation of the the strangeness quantum number and
not of baryon number, which is treated grand canonically. This
employment of global conservation of baryon number by our
model in the SCE approach can be justified by the net-proton
fluctuation data from the ALICE Collaboration [38] — assum-
ing uniformity across all multiplicity classes at LHC energies
— indicating global baryon number conservation over a rapidity
range significantly larger than unity.

The initial SCE analysis follows the same procedure than the
early GCE trial, however, the following procedures are not per-
formed for the GCE approach due to the deterioration of the
quality of its fits across all three collision systems. A similar
approach was presented in [39, 40], with a notable difference in
the manner in which the pion yields were calculated in the ther-
mal model. In our case, the pion, and all other, yields are based
on experimental values measured over a single unit of rapidity
around mid-rapidity. Additionally, Ref. [41] also presented an
independent SCE HRG model analysis with and without the use
of S-matrix corrections. In the context of the present letter, this
latter approach is not employed.

For our SCE analysis, the 7KpAZQK3¢ yields are calcu-
lated by fixing the temperature to the flavour specific freeze-out
temperatures at ug = O from our original study [22], such that
Ty = 150 MeV for np and Ts = 165 MeV for KAEQth;S. We
calculate the anti-hadron to * ratio as a function of (dNc/dn)
and compare our results with the experimental data. The choice
of the anti-hadron to n* ratio is made, as in [11], in order to use
only particles produced during the evolution of the fireball. This
allows us to facilitate future multiplicity dependent compar-
isons to lower collision energy measurements, where pg # 0. In

order to explicitly show the temperature dependence of the fire-
ball volumes, we calculate the volumes across all three systems
as a function of (dN,/dn) with temperatures fixed to the afore-
mentioned flavour specific temperatures, as well as T = 158
MeV for a non-flavour-dependent temperature.

4. Results and Discussion
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Figure 1: Top Panel: Flavour-dependent Thermal-FIST GCE Fits to Yields
using the PDG2016+ hadronic spectrum for ALICE pp collisions at /s = 7.00
TeV, pPb collisions at /syy = 5.02 TeV and PbPb collisions at /sy = 2.76
TeV, respectively, shown as as closed circles, open diamonds and closed squares
as a function of (dNch/dn). For all fits, ug = 0 and ys = 1, while T¢h, and V
are used as free parameters. Red, green, and blue points represent the light,
all, and strange fits, respectively. Bottom Panel: Flavour-dependent Thermal-
FIST SCE Fits to Yields using the PDG2016+ hadronic spectrum for ALICE
pp collisions at /s = 7.00 TeV, pPb collisions at /5Ny = 5.02 TeV and PbPb
collisions at /sNN = 2.76 TeV as a function of (dN,/dn). For all SCE fits,
ug =0,ys = 1 and V¢ = V, while Tep, and V are used as free parameters. The
bottom panel follows the same labeling convention used in the top panel.

We extract freeze-out temperatures T, via Thermal-FIST for
the light, all, and strange particle thermal fits across increasing
{dN/dn) values for pp, pPb, and PbPb collision systems at
ALICE in the GCE and SCE configurations using experimental
particle yields.

The top panel of Figure 1 shows the extracted freeze-out tem-
peratures Ty as a function of (dNchw/dn) at |yl < 0.5 for the
three different fits within the GCE treatment. The pp, pPb, PbPb
points are shown as closed circles, open diamonds and closed
squares, respectively. The red, green, and blue points pertain
to the extracted Ty, values for the light, all, and strange fits,
respectively. The coloured bands represent the retained uncer-
tainties from the fits onto the freeze-out parameters. The bottom
panel of Figure 1 shows the extracted freeze-out temperatures
Teh as a function of (dNa/dn) at || < 0.5 for the three dif-
ferent fits within the SCE treatment, following the same label-
ing convention as in the top panel of the figure. Qualitatively
contrasting both top and bottom panels, we observe a deteri-
oration of the flavour-dependent 2CFO approach occurring in



Table 2: Thermal-FIST Grand Canonical Ensemble Yield Fits via the PDG2016+ hadronic spectrum for the most central (0 - 10%) PbPb collisions at +/syy = 2.76
TeV. The top panel lists our previous results from Ref. [22] whilst the bottom panel shows our results for the alternative light (zpd), full (ﬂpAEﬂKg ¢d), and strange
(K AEﬂKgqb) particle fits, respectively, using the (anti-)deuteron yields from Ref. [37]. For all fits, ug = 0, whilst T and V are used as free parameters.

Fit Ten (MeV) V(fm®) Y*/dof

nKp 1432 +2.79 8031.7 + 1263 5.65/4
nKpAZQKL 4 149.6 + 1.76 5764.4 + 635.8 23.4/12
KAEQKY¢ 153.9 +2.30 4389.7 + 640.8 10.5/8
Fit T, (MeV) V(fm?) x2/dof

npd 144.6 + 2.39 7911.6 + 1177 5.45/4
nKpAEQK? ¢d 150.1 + 1.65 5613.6 + 588.5 23.9/14
KAEQK)¢ 153.9 +2.30 4389.7 + 640.8 10.5/8
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Figure 2: Top Panel: Thermal-FIST y?/dof values of the GCE (cyan) and SCE
(magenta) fits used in the all fits of the top and bottom panels of Figure 1,
respectively, using the PDG2016+ hadronic spectrum for ALICE pp collisions
at /s = 7.00 TeV, pPb collisions at /5xy = 5.02 TeV and PbPb collisions at
VSnn = 2.76 TeV as a function of (dNy,/dn). Bottom Panel: Thermal-FIST
M,\{Z,.I’dof) values for the SCE fits used in the light (orange) and strange (purple)
fits of the bottom panel of Figure 1 via the PDG2016+ hadronic spectrum for
ALICE pp collisions at /s = 7.00 TeV, pPb collisions at /syy = 5.02 TeV
and PbPb collisions at 4/snn = 2.76 TeV as a function of (dNch /dn). For both
the top and bottom panels, the corresponding y2/dof and A(y%/dof) values for
PP, pPb and PbPb collision systems are respectively shown as as closed circles,
open diamonds and closed squares.

the pp and pPb systems when using the GCE scenario, start-
ing at values of (dN/dn) < 50. This is not the case in the
SCE treatment, where a flavour-dependent temperature separa-
tion is consistently present as a function of (dN., /dn) across all
three systems. It also is worth noting that in the grand canon-
ical limit, i.e. for values of (dNe/di) > 50, both the GCE
and SCE treatments render almost identical T, values. Never-
theless, in order to qualitatively differentiate between the two
treatments, we perform an in-depth comparison of the fit qual-
ity of the aforementioned Ty, values as a function of (dN,/dn),
which is separately shown in Figure 2.

The top panel of Figure 2 depicts the corresponding y2/dof
values for the GCE and SCE all fits of the top and bottom pan-
els of Figure 1, shown in cyan and magenta, respectively. The
pp, pPb, PbPb points are shown as closed circles, open dia-
monds and closed squares. In the large system (PbPb), we ob-
serve a consistent quality of fit for all multiplicity classes in
the GCE and SCE scenarios, with almost identical values for
both approaches. However, in the GCE case, we observe a de-
teriorating quality of fits in the small systems (pp and pPb),
with y%/dof > 5 for nearly all fits to pp data. This renders
an inconsistent description of temperatures across multiplicity
within the GCE treatment of smaller systems. Instead, using
the SCE approach, we observe a consistent quality of fit, specif-
ically, y2/dof < 5, across all small and large systems with cor-
responding values (dNgn/dn) > 10.

The bottom panel of Figure 2 shows the A(y2/dof) values cor-
responding to the SCE fits performed in the light and strange
fits from the bottom panel of Figure 1 — shown in orange and
purple, respectively. As in the top panel, the pp, pPb, PbPb
points are respectively shown as closed circles, open diamonds
and closed squares. The A(y?/dof) values for the orange points
in the bottom panel of Figure 2 are calculated as the difference
between the corresponding y2/dof values of the SCE all (green)
fits and the SCE light (red) fits from the bottom panel in Fig-
ure 1. Similarly, the A(y?/dof) values for the purple points in
the bottom panel of Figure 2 are calculated as the difference be-



tween the corresponding y2/dof values of the SCE all (greer
fits and the SCE strange (blue) fits from the bottom panel i
Figure 1. This procedure is done in order to explicitly discrin
inate between notable differences in the quality of the fits whe
employing the 2CFO approach within the SCE, where any in
provements of the fit quality would render A(y?/dof) values a
proximately equal to the magenta y?/dof values shown in th
top panel. Conversely, any A(y?/dof) values below zero reflex
a worsened fit quality. We note that for all three systems, acros
all values of (dN/dn), the calculated A(y?/dof) values for bot
the light (orange) and strange (purple) points generally follor
the same trend as the all (cyan) points in the top panel. Withot
loss of generality, this suggests an overall improvement of th
fits when employing the flavour-dependent 2CFO approach i
the SCE treatment. The presence of negative A(y?/dof) value
can only be seen for a few of the light fits and can be attribute
to a decreasing number of degrees of freedom, which cause
an overall increase in the calculated y2/dof. Moreover, the fin:
x2/dof values for the flavour specific fits can be obtained by sut
tracting the values in the lower panel from the magenta poin
in the upper panel of Figure 2. One can thus observe a consi:
tent quality of fit — specifically, y2/dof < 5 — for each of th
three types of fits across the small and large systems with cor-
responding values of {(dN.,/dn) > 10. We note that the quality
of fit is consistent for both the light and strange fits to a lower
corresponding value of (dNg/dy) > 5. Generally, the y2/dof
values for the light and strange fits are lower than those for the
all fit.

Figure 3 shows the anti-hadron to n* ratio as a function of
(dN/dn), starting from the top panel down to the bottom:
plr*, Nja*, E/n* and Q/n*, respectively. The experimental
points for ALICE pp, pPb and both PbPb collision systems are
shown as grey closed circles, black open diamonds and black
closed squares, respectively. The purple open crosses indicate
our calculated 2CFO anti-hadron to n* ratios within the SCE
framework in Thermal-FIST using the flavour specific temper-
atures T, = 150 MeV for n* and p, and Ts = 165 MeV for
AZ and Q. The corresponding model calculations of the ¢ to
#* ratio are shown separately in Figure 5, keeping the same
purple cross colour convention, for the traditional treatment of
net-strangeness of the ¢ meson of § = 0. For this study we
choose the extrapolated chemical freeze-out temperatures de-
termined by the spline fits in our previous letter [22] for central
(0 - 10%) PbPb collisions at ug = 0 uniformly across all cen-
tralities and system sizes, namely, 71, = 150 MeV and T's = 165
MeV. It is worth mentioning that an alternative use of Ty, = 142
MeV rather than 150 MeV does not change the qualitative re-
sults shown in Figure 3 — particularly the p/x* ratio presented
in the top panel. We also test that using instead the tempera-
tures shown in the bottom panel of Figure 1 does not make a
difference in final state particle yield ratios since a simultane-
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Figure 3: 2CFO SCE Thermal-FIST Thermal Model anti-hadron to #* yield ra-
tio calculations via the PDG2016+ hadronic spectrum for ALICE pp collisions
at /s = 7.00 TeV, pPb collisions at /sy = 5.02 TeV, and PbPb collisions
at \/sNN = 2.76 TeV as a function of (dNch/dr). From top to bottom: /™,
An*, E/n*, and Q/x*, respectively. ALICE experimental points for pp, pPb
and both PbPb collision systems are respectively shown as grey closed circles,
black open diamonds and black closed squares. Purple open crosses depict to
our calculated SCE 2CFO anti-hadron to #* ratios at vanishing baryo-chemical
potential in the SCE framework based on the flavour specific temperatures ex-
tracted in [22]. For all calculations, ug = 0, ys = l and Vc = V.
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Figure 4: Thermal-FIST SCE Thermal Model temperature dependent volume
per unit rapidity calculations via the PDG2016+ hadronic spectrum for ALICE
pp collisions at /s = 7.00 TeV, pPb collisions at y/sNn = 5.02 TeV, and PbPb
collisions at /Syy = 2.76 TeV, respectively shown as as closed circles, open
diamonds and closed squares as a function of (dNgy,/dn). The red, green, and
blue points represent our volume calculations based on the flavour specific tem-
peratures extracted in [22] at 150 MeV, 158 MeV and 165 MeV, respectively.
For all calculations, ug = 0, ys = 1 and Vo = V.



ous change in volume from the values shown in Figure 4 will
compensate any temperature differences.

Our results show an excellent agreement with the experimen-
tal yield ratios measured by ALICE across all three systems and
are consistent with those shown in Refs. [39, 40, 41]. At these
high collision energies, strangeness seems saturated even in the
smallest systems. The main differences to Ref. [40] emerge
from the fact that our results do not require different rapidity
windows for pions and strange particles and no additional nor-
malization factor is used to reproduce the experimental results.
In our analysis, the accurate representation of final state parti-
cle yields relies solely on the use of flavour-dependent temper-
atures and fireball volumes — the relevant volumes as a function
of (dN./dn) as determined by the model are shown in Figure
4.

Lastly, we vary the treatment of net-strangeness of the ¢ me-
son in our model between S = 0,5 = 1 and S = 2 to gauge the
sensitivity of the calculated yields and to elucidate the question
of strangeness enhancement in the case of the vector meson.
Figure 5 shows the ¢ to n* ratio as a function of (dN.n/dn),
following the same labeling convention for experimental points
and 2CFO thermal model calculations as Figure 3, using a vari-
ation of the total strangeness (S) value within the model for the
¢ meson. To reiterate, the n* and ¢ values are calculated at
Tp = 150 MeV and Ts = 165 MeV, respectively. For the com-
parison to the data, we arbitrarily fix the total strangeness of the
¢ meson to § = 0 (purple open crosses), S = 1 (cyan open
crosses) and S = 2 (magenta open crosses), respectively.
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Figure 5: 2CFO SCE Thermal-FIST Thermal Model ¢ to x* yield ratio cal-
culations via the PDG2016+ hadronic spectrum for ALICE pp collisions at
ys = 7.00 TeV, pPb collisions at 4/syy = 5.02 TeV, and PbPb collisions at
5NN = 2.76 TeV as a function of (dNcw/dn). ALICE experimental points for
pp. pPb, PbPb collisions are respectively shown in grey as closed circles, open
diamonds, and closed squares. Purple, cyan and magenta open crosses depict
our calculated SCE 2CFO ¢ to ™ ratios in the SCE framework based on the
flavour specific freeze-out temperatures at vanishing baryo-chemical potential
shown in [22] fixing the total strangeness values for the ¢ meson to S = 0,
§ = land § = 2, respectively. For all calculations, ug = 0, ys = 1 and
Ve=V.

In the case of S = 0, the calculated yield ratios are well de-

scribed by the 2CFO approach only in the large systems, for
{dNchn/dn) > 50. Our model vastly overestimates the value of
the ratio for both the pp and pPb systems. In the case § = 1, we
see an improvement particularly in the smaller systems, with
our calculated values almost falling within the errors of the ex-
perimental data for all multiplicity bins. Lastly, for the case
of § = 2, the model underestimates the experimental yield
ratios for values of (dNg,/dn) < 10, but does otherwise quite
well. Our results suggest that for ¢ production in small sys-
tems the ¢ should not be considered a S = 0 particle, because
simple flavour conservation and recombination arguments re-
quire more than a single string to fragment to form an s¥ state.
Therefore, ¢ yields can be more accurately calculated, within
the HRG framework, by assuming a non-zero strangeness con-
tent for the ¢-meson.

5. Conclusion

We present determinations of freeze-out temperatures Ty, for
the light, full, and strange particle thermal fits across increasing
{dN/dn) values for pp, pPb, and PbPb collision systems at
ALICE in the GCE and SCE configurations from experimental
particle yields via Thermal-FIST using the PDG2016+ hadronic
spectrum. Moreover, we also show thermal model anti-hadron
to n* yield ratio calculations in these same collision systems
as a function {(dN, /dn), with particular attention given to the
treatment of the total strangeness content of the ¢ meson. In
the scope of the Strangeness Canonical Ensemble within the
framework of the Thermal-FIST HRG model package, we show
an excellent description of experimental yield ratios across all
three systems, measured by the ALICE Collaboration as a func-
tion of (dNqp/dn) at LHC energies, when employing flavour-
dependent chemical freeze-out temperatures under the assump-
tion of fully saturated strangeness. On the other hand, it should
be noted that Grand Canonical Ensemble calculations with a
sizeable ys factor [42], Canonical Ensemble calculations with
large correlation volumes [12], and a dynamical core-corona
initialization framework with large non-equilibrium contribu-
tions [43] also describe the experimental data, however, our
approach is the only one showing a common particle produc-
tion and flavour-dependent chemical freeze-out scenario con-
sistently from the smallest to the largest collision systems at
LHC energies.

In conclusion, the flavour-dependent (T.,) separation estab-

lished in heavy-ion collisions, seems to prevail also at low (dNc/dmn)

values corresponding to the pp and pPb systems. This sustained
separation may also be seen as an indication of QGP formation
in small systems.
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