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The observation of collectivity and strangeness enhancement in small collision systems, such as proton-
proton (pp) and proton-lead (p-Pb) collisions, challenges traditional assumptions regarding thermalization
and particle production mechanisms. In this study, we investigate particle yields and transverse momentum
distributions in pp and p-Pb collisions at /sy = 5.02 TeV using the EPOS4 event generator, which
employs a core-corona framework to model particle production across a variety of system sizes. EPOS4
successfully reproduces many qualitative trends observed in experimental data, including the hardening of
pr spectra with multiplicity, the hierarchical strangeness enhancement in strange-to-pion ratios, and
characteristic modifications of particle yield ratios as a function of pt and multiplicity. The microcanonical
approach to core hadronization used in EPOS4 seems to provide a more realistic description of small
systems compared to grand-canonical treatments. Nonetheless, quantitative discrepancies still persist in
describing several physical observables. Future model refinements, including improved core-corona
balancing, differential freeze-out conditions for multistrange hadrons, and incorporation of finite
strangeness correlation volumes, may be taken into account for enhancing EPOS4’s predictive power
and deepening our understanding of the complex dynamics governing the particle production in high-

energy collisions.
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I. INTRODUCTION

Recent results from proton-proton (pp) and proton-
nucleus (p-A) collisions at LHC energies have revealed
several intriguing features that are characteristic of quark-
gluon plasma (QGP) [1]—a dense medium of deconfined
quarks and gluons (partons) typically produced in the
relativistic collisions of heavy nuclei. Notably, the flowlike
phenomena observed in these so-called small collision
systems suggest the onset of collective dynamics [2,3],
which in the conventional understanding of such systems
was not anticipated [4,5]. Besides collective flow,
small collision systems also show signs of strangeness
enhancement [6].
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Strangeness enhancement was one of the earliest pro-
posed signatures of QGP formation, as strange quarks, and,
consequently, strange hadrons, can be thermally produced
from the deconfined partonic medium at lower energy
thresholds [7,8]. Data from CERN-SPS and RHIC support
this idea, with strangeness enhancement appearing evident
when comparing the relative abundances of strange par-
ticles (primarily with pions) in central heavy-ion collisions
to those observed in p-Be and/or pp collisions [9,10].

Theoretically, the hadronic abundances measured in
heavy-ion collisions, including those of (multi)strange
particles, follow the trends predicted by statistical thermal
model calculations using the grand-canonical ensemble
(GCE) approach [11,12]. These models demonstrate better
agreement with experimental data as the collisions become
more central and the energy increases, suggesting that the
produced medium moves toward achieving thermal equili-
bration. In contrast, strangeness production in peripheral
and pp collisions has been found to be significantly sup-
pressed compared to thermal model expectations based on
the GCE approach [13]. This suppression is understood, at
least in part, as a finite volume effect known as canonical
suppression, which makes the GCE approach invalid for
small systems [14,15]. For the GCE to be applicable, the
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system volume must be large enough to satisfy the condition
VT? > 1 [16], where volume V = R? and T is temperature.
To address this limitation, a canonical formalism is adopted
to extend the scope of thermal model calculations to small
systems, where a strict requirement of local strangeness
number conservation is imposed for the production of
(multi)strange particles [17,18]. However, this approach
necessitates different freeze-out volumes to describe the
abundances of strange and nonstrange hadrons simultane-
ously, and it struggles to predict the system size dependence
of the ¢ meson [19-21].

System size remains a crucial factor in determining
whether a collision system can achieve thermalization.
Femtoscopic measurements have shown that the system
sizes of the highest multiplicity p-Pb events are actually
small and are comparable to minimum-bias pp collisions
[22]. In fact, the absence of jet quenching in small systems
indirectly suggests that the medium produced is not large
or dense enough to stop high-momentum particles [23].
Consequently, the question of whether a thermalized
medium can be produced, even in the highest multiplicity
p-Pb events, continues to be a subject of debate.

In QCD-inspired models, such as PYTHIA [24], Herwig
[25], etc., where thermalization is not assumed, strangeness
production at high transverse momentum follows hard
partonic interactions like flavor creation, flavor excitations,
and gluon splitting. For low-momentum strangeness pro-
duction, string fragmentation mechanisms are typically
used, where the production of strange hadrons is suppressed
relative to nonstrange ones due to the heavier constituent
mass of the strange quark compared to up or down quarks.
However, with these standard implementations of strange-
ness production, none of these models can capture the
complete picture of strangeness enhancement observed in
the experimental data, even qualitatively, unless additional
phenomenological processes, such as color ropes [26],
baryon junctions [27], or color reconnection beyond leading
colors, are included [28]. Despite incorporating these addi-
tional processes, QCD-inspired models still fall short in
describing certain aspects of collective flow in high-multi-
plicity pp and p-Pb data, such as long-range correlations and
the mass ordering of elliptic flow, among others.

A QGP-inspired model like EPOS has been successful in
describing the features of collective flow and strangeness
enhancement in data with reasonable accuracy. The model
creates a two-component phase based on the local density
of strings produced from the initial interactions, consisting
of a dense QGP core and a dilute corona [29,30]. It mimics
the evolution of particle yields and spectra in data as a
function of volume or multiplicity by balancing the relative
contributions from the core and the corona, respectively.
This approach allows EPOS to capture the dynamics of
small and large systems more effectively, offering insights
into both the collective behavior and the production of
strange hadrons [31].

In this work, we employ EPOS4 [32-35], an upgraded
version of EPOS3 [36], to study the transverse momentum
spectra, yields, and particle ratios for nonstrange, strange,
and multistrange particles in minimum bias as well as as a
function of charged-particle multiplicity in pp and p-Pb
collisions at /sy = 5.02 TeV. Through a detailed quan-
titative comparison between data and model calculations,
we aim to assess the efficacy of the model, particularly in
explaining overall particle production, including strange-
ness enhancement, in small collision systems. A key aspect
of EPOS4 is its implementation of a core-corona approach,
which enables the model to dynamically account for the
transition between independent particle production and
collective behavior as a function of local energy density.
This feature may offer valuable insights into the limiting
charged-particle multiplicity above which QGP-like
effects—such as collective flow and strangeness enhance-
ment—begin to manifest in small systems. Given that
results from small collision systems are often compared
with those from heavy-ion collisions to probe the existence
and properties of the QGP, such insights are essential for
disentangling initial-state effects from genuine QGP sig-
natures, thereby contributing to a more robust and unam-
biguous understanding of QGP formation in different
collision environments.

The organization of the paper is as follows. In the next
section, a detailed description of the EPOS4 model is
presented, highlighting the major changes and improve-
ments compared to earlier versions. Section III discusses the
results, presenting model predictions for various physical
observables alongside comparisons with available exper-
imental data. Finally, the paper concludes with a summary
of the key findings and their interpretation in terms of the
relevant physics processes implemented in EPOS4.

II. EVENT GENERATOR: EPOS4

EPOS4 is the latest version in the EPOS series, which has
been significantly upgraded by implementing parallelization
of multiple partonic or nucleonic scatterings, replacing the
previous sequential treatment. The EPOS model, in general,
employs a perturbative-QCD-inspired Gribov-Regge multi-
ple parton scattering framework [37], wherein each indi-
vidual scattering produces a longitudinally stretched colored
flux tube (string) with transverse kinks originating from
initial hard scatterings. These flux tubes subsequently
fragment into smaller string segments that eventually
hadronize into final-state particles through a mechanism
of independent string fragmentation. When a dense envi-
ronment of such overlapping string segments are formed—
corresponding to a high-multiplicity event—it prevents
string segments from hadronizing independently. Instead,
a core-corona approach is adopted whereby a string segment
or as it is called prehadron becomes the part of core or
corona based on an energy loss criterion. String segments
exceeding a model-dependent fractional energy loss
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TABLE L " values within |,,| < 0.5 for each of the six multiplicity classes in p-Pb collisions, compared with
ALICE [4].

Multiplicity class £ (wlo UrQMD) @2 (w/ UrQMD) £ (ALICE)
0-5 50.14 £ 0.01 49.39 +0.02 45+ 1
5-10 39.71 £ 0.01 39.22 £0.02 36.2+0.8
10-20 31.95+£0.01 31.65 £0.01 30.5+0.7
20-40 2242 £0.01 21.97 £0.01 232+0.5
40-60 14.38 +0.00 13.94 +0.01 16.1+0.4
60-80 9.64 £+ 0.00 9.40 £+ 0.00 9.8+£0.2

threshold form the bulk matter or “core” and the rest
constitute the “corona.”

Once the core prehadrons are identified, corresponding
energy-momentum tensor T+ and flavor flow vector N,
are calculated at a space point x and at initial proper time 7.
Starting from 7z, the core part of the system is subjected to
3 + 1D viscous hydrodynamic evolution with the choice of
shear viscosity to entropy density ratio, 77/s = 0.08 [38,39].
The hydrodynamic evolution continues until the system
reaches a constant energy density hadronization hypersur-
face defined by e = 0.57 GeV/fm?, which corresponds to
a temperature of 167 MeV. Hadronization in EPOS4 occurs
via a microcanonical statistical hadronization approach,
ensuring exact conservation of baryon number, electric
charge, and strangeness over the entire hypersurface. It is
observed that, to maintain the fixed energy density at the
hadronization hypersurface, core droplets with higher
energy or invariant mass correspond to larger effective
volumes, a characteristic of high-multiplicity events. In this
limit, microcanonical and grand-canonical ensembles pro-
duce nearly identical momentum spectra across particle
species. In contrast, low-multiplicity events involve smaller
core droplets with restricted phase space for microcanonical
sampling, leading to a natural suppression of multistrange
hadron production, deviating significantly from GCE
expectation but in line with experimental observations.

The corona prehadrons are the ones which are produced
along the periphery of the system or those with sufficient
energy to escape the medium with some energy loss. The
corona prehadrons then hadronize independently via the
usual fragmentation processes. All final-state hadrons,
from both core and corona, subsequently undergo hadronic
rescattering, modeled using the ultrarelativistic quantum
molecular dynamics (UrQMD) [40] framework.

For this study, we have generated approximately 20 mil-
lion minimum-bias events for both pp and p-Pb collisions
at /syy = 5.02 TeV using the EPOS4 event generator.
Simulations were performed both with and without the
inclusion of the UrQMD hadronic afterburner to account for
final-state hadronic interactions. Throughout the text and in
figures, samples incorporating the UrQMD afterburner are
denoted as “w/ UrQMD,” while those without are referred to
as “w/o UrQMD.” Since several physics observables have

been studied separately for the core and corona components,
it is important to note that core-corona separation is feasible
only for EPOS-generated samples without the UrQMD
afterburner. By design, EPOS assigns each particle a unique
tag indicating whether it originated from the core or the
corona. This tag is preserved in the final output and is used
in our analysis to categorize the origin of the particles.
To perform multiplicity dependence studies, the minimum-
bias p-Pb sample is divided into several multiplicity percentile
classes based on the total number of charged-particle counts
in the pseudorapidity () range 2.8 < 7, < 5.1 (in the
direction of the Pb beam), which is same as the ALICE-
VOA detector coverage [41]. For pp collisions, multiplicity
classification is done based on the charged-particle multi-
plicity in the n ranges 2.8 < n,, < 5.1 and —3.7 < iy, <
—1.7 that corresponds to ALICE VOA and VOC detector

acceptances, respectively. Table I enlists the average charged-
dNg,

particle pseudorapidity densities (<d_n>) within |17,] < 0.5
for the different event multiplicity classes of EPOS4-
simulated p-Pb events and ALICE. The agreement between
EPOS4 and ALICE data is, in general, well found except at
the top 0%—5% multiplicity class.

To validate the generated event samples, we compare
the single-inclusive transverse momentum (pt) spectra for
the minimum-bias EPOS4-simulated events with the
ALICE data at midrapidity [42—44]. Figure 1 shows the
pr-differential invariant yields of z, K, and p in pp
collisions at /s = 5.02 TeV (top) and the same for z,
K, p, and ¢ in p-Pb collisions at /sy = 5.02 TeV
(bottom) from minimum-bias EPOS4-simulated events,
compared with ALICE results in similar kinematic ranges
and detector coverages. EPOS4 is seen to describe the
trend in data reasonably well, but model-to-data ratios
suggest a quantitative disagreement mostly at intermediate
P, reaching up to 40%. At higher pr, data-to-model ratios
approach unity, indicating gradual improvement in the
quantitative description of the data by EPOS4 model
calculation. We also compare the pseudorapidity densities
of charged particles for the EPOS4-simulated p-Pb events
with ALICE data, with and without hadronic rescattering
(UrQMD) effects, at \/syy = 5.02 TeV in Fig. 2. The

comparison suggests that the EPOS4 prediction for the
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FIG. 1. The invariant pr-differential spectra of z, K, and p in pp

collisions at /s =5.02 TeV (top) and including ¢ in p-Pb
collisions at /syy = 5.02 TeV (bottom), compared to ALICE
data [42-44].

dNg,
dn
effects, agrees very well even at the level 90% or more with
the experimental measurements from ALICE in the chosen
kinematic interval [45]. Having seen that the EPOS4
calculations can emulate the pr- and y-differential particle
production in the minimum-bias pp and p-Pb data with
reasonable quantitative accuracy in the measured Kkin-
ematic ranges, we now proceed to perform the multiplicity
dependence studies by classifying the minimum-bias

midrapidity with and without hadronic rescattering
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FIG. 2. Pseudorapidity density of charged particles in p-Pb
collisions at /sy = 5.02 TeV, compared to ALICE data [45].

sample into several multiplicity classes as has been
described above.

III. RESULTS

A. Transverse momentum spectra

Transverse momentum (pr) spectra of produced par-
ticles are among the few basic observables that are first to
be measured in any high-energy collisions. It carries
essential information on the particle production mecha-
nisms as well as on the evolutionary dynamics of the
system produced in these collisions. Different physical
processes that contribute to the particle production involve
distinct energy scales, and, therefore, their contributions
dominate in the different regions of the pr spectra. In pp or
p-A collisions, typically up to 2 GeV/c in p, nonpertur-
bative soft-QCD processes dominate, and beyond
4-6 GeV/c, particles are mainly produced from the frag-
mentation of hard-scattered partons. The intermediate- py
region, however, involves a complex and subtle interplay
of both, including a new particle production based on
quark recombination coming into play [46]. By analyzing
these spectra, one can therefore discern the underlying
mechanisms governing particle production and explore
the interplay between soft and hard processes in any high-
energy collision.

The pr distributions of z, K, p, Z, Q, and ¢ in —0.5 <
yoms < 0 and KY and A in 0 < yoys < 0.5 for different
multiplicity intervals according to the ALICE multiplicity
classification definition for p-Pb collisions at ,/syy =
5.02 TeV are shown in Figs. 3 (for mesons) and 4 (for
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FIG. 3. Upper: the invariant py-differential spectra of mesons (7, K, K9, ¢), compared to ALICE data [4,42,43]. Middle: ratio between
EPOS4 predictions with the ALICE results. Lower: ratio between multiplicity-dependent pr-differential spectra to the inclusive spectra.

baryons). In the top panels in Figs. 3 and 4, EPOS4 £, K, and K? fairly well but with a quantitative disagreement
predictions for the pr distributions with and without  of 10%-40% at intermediate pt, depending on the particle
hadronic rescattering are overlaid on the ALICE results  species. For ¢ meson, agreement between data and EPOS4
[4,42,43,47] in the similar multiplicity classes and kin- is, rather, not so satisfactory. Similarly for baryons, mea-
ematic ranges. The right panels in Figs. 3 and 4 show the  sured pr spectra of p and E exhibit a better quantitative
same but for EPOS4 predictions with hadronic rescattering.  agreement with EPOS4 compared to A and Q. EPOS4
To facilitate a quantitative comparison between data and  underestimates (overestimates) the invariant A (Q) yields
EPOS4 model calculation, ratios of measured py spectrato  for all multiplicity intervals over the measured pr range.
EPOS4 predictions are shown in the middle panel in Figs. 3~ The origin of this disagreement may be understood, at least
and 4. It is seen that EPOS4 can describe the pr spectra for  partially, as a limitation in modeling the relative contribution
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FIG. 4. Upper: the invariant pr-differential spectra of baryons (p, A, E, ), compared to ALICE data [4,42,47]. Middle: ratio between
EPOS4 predictions with the ALICE results. Lower: ratio between multiplicity-dependent pr-differential spectra to the inclusive spectra.

from core and corona, which will be explored further in the
subsequent sections of this paper.

To illustrate the effects of multiplicity selection on the
spectral shape and pr-differential yields, ratios of the pt
spectra in a given multiplicity class to the minimum-bias
ones (ratios to MB) are shown in the bottom panel in Figs. 3
and 4. These ratios indicate a relative enhancement or
suppression of particle yields in different multiplicity
classes compared to the minimum-bias sample. It is
interesting to note that the pr distributions exhibit a clear

multiplicity-dependent evolution, becoming harder with
increasing multiplicity, consistently for all particle species.

At low pr, ratios of pr spectra in the high-multiplicity
classes compared to minimum-bias ones show a significant
enhancement. This enhancement is more prominent for
heavier particles and at the intermediate ranges of pt—a
qualitative reminiscence of radial flowlike effect in heavy-
ion collisions, where collective expansion boosts particles
with heavier mass to higher momenta [48,49]. Conversely,
in low-multiplicity events, these ratios show suppression,
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spectra to the inclusive spectra of identified hadrons for 0%—5%
and 60%-80% multiplicity classes in p-Pb collisions.

consistent with the dominance of corona contribution to
particle production and, consequently, to the lack of
significant radial flow.

The ratios of multiplicity-dependent-to-MB  pr-
differential yields in the high-pt range, typically above
5-6 GeV/c, also exhibit an increasing trend from lowest to
highest multiplicity class but with a weak p dependence
for all particle species across the multiplicity classes. This
indicates that, although particle production changes with
event multiplicity, the spectral shape, particularly in this pr
range, remains similar to the one in MB events. This
increasing trend is also further evidence of the increasing
contribution of hard processes to the high-pt part of the
spectra in high-multiplicity event classes.

A compilation of particle species-dependent modifica-
tions of the pr distribution relative to minimum-bias events
for 0%—5% and 60%—80% multiplicity classes from EPOS4
simulation with hadronic rescattering is shown in Fig. 5. For
all particle species, a clear hardening of the spectral shapes
is observed in the high-multiplicity class (0%—5%), whereas
a softening occurs in the low-multiplicity class (60%—80%).
Interestingly, the modification of ¢-meson spectra follows
the trend observed for multistrange baryons rather than for
mesons across the entire pt range.

The observed trends in the multiplicity-dependent-to-
MB ratios of pr-differential yields further support the role
of event multiplicity in shaping the pr spectra, with
contributions from collective flow at low and intermediate
pr, gradually giving way to fragmentation processes at
high pr. Apparently, the inclusion of hadronic rescattering
effects does not significantly alter the spectral shape or
the pr-differential yields with multiplicity, suggesting that
the impact of hadronic rescattering is nominal for small
collision systems like the one produced in pp or p-A
collisions.

B. Core-corona contribution to particle production
for pp and p-Pb events

As has been discussed previously, particle production in
EPOS4 involves hadronization of strings invoking a special
treatment of core-corona separation. Depending on the
local density of string segments, a region is either classified
as core or corona. The core is subjected to hydrodynamical
evolution and hadronization at the freeze-out hypersurface
following a statistical hadronization mechanism in a micro-
canonical approach. Therefore, the core hadronization
naturally includes the effects of collective flow. The string
segments which have pr sufficiently high to escape the
medium without significant energy loss or those which are
produced at the periphery of the medium, where the density
is low, form the corona. The hadronization of the corona
proceeds via the usual string fragmentation mechanism.
While the core mainly contributes to the bulk of the
produced particles at low pt, corona contribution, on the
other hand, dominates at high pr.

To understand the relative contribution of the core and
corona to the overall py spectra, we calculate the pr-
differential fractional yields for different particle species
from the core and corona separately. The fractional con-
tribution is defined as the ratio of particle yields identified
to have originated from core or corona to the overall yield,
i.e., from both core and corona in a given pr interval. To
investigate the impact of hadronic rescattering on the yields
and the shape of pr spectra, we further calculate the ratios
of pr spectra with and without incorporating UrQMD at the
final stage. Figures 6 and 7 show the fractional contribu-
tions from the core (green), corona (blue), and after the full
evolution, i.e., taking into account the hadronic rescattering
effects (red) relative to the combined core + corona refer-
ence, as a function of pr for various particle species in four
multiplicity-percentile classes of pp and p-Pb collisions
at \/syny = 5.02 TeV.

Results from pp and p-Pb collisions indicate a common
trend in the core fraction (green curve), which increases
from peripheral (60%—-80%) to central (0%—5%) multiplic-
ity class and with particle mass. Besides that, both core
and corona fractions exhibit a significant pr and particle
species dependence. In pp collisions, for all particles up to
40% multiplicity class, relative contribution from corona
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dominates over core up to pr 0.5-0.6 GeV/c.
Subsequently, core contribution takes over and dominates
until it diminishes beyond 2-3 GeV/c. Thereafter, corona
contribution starts to increase again, and beyond 3 GeV/c¢
in pr, corona contributes up to 90%—-95% of the overall
yield. Above 40% multiplicity percentile classes, for all
mesons, excluding ¢, corona dominates over the core
in the entire py range. For baryons, except €2, corona
dominates over core throughout the full pr range only in
the 60%-80% lowest-multiplicity class. This trend is
somewhat different in p-Pb collisions, where the core
contribution is still substantial in the peripheral (60%—-80%)
multiplicity class.

In most of the multiplicity classes, core and corona
contributions cross each other at two points in pr. For low-
mass particles, crossing happens at lower pt and vice versa.
However, in peripheral pp collisions, barring ¢ meson and
Q baryon, no such crossing occurs between core and
corona contributions. It is also interesting to note that,
for ¢ and Q, core contribution remains significant in
peripheral collisions as well. Particularly for Q, up to

70%—80% of its overall yield comes from core, reaching up
to 90%-95% in the intermediate-pt range. This suggests
that the thermal production of multistrange particles is
favored over independent string fragmentation, where
conservation of strangeness quantum number is applied
at each fragmenting vertex.

In pp collisions, hadronic rescattering effects for most
particles across all multiplicity classes are found to be
negligible. In p-Pb collision, low-p yields of p, A, and ¢
are found to be suppressed toward high-multiplicity events
after hadronic rescattering is included. For p and A,
hadronic interactions like baryon-antibaryon annihilation
are believed to be responsible for the suppression. The
observed suppression of low-pt ¢ mesons is, however,
because of the signal loss due to lower reconstruction
probability of the original resonances from their decay
daughters. This happens when the decay products of
resonance states scatter in hadronic medium to such an
extent that it becomes impossible to reconstruct the previous
resonance state. Such an effect is dominant mostly in the
low-p region (< 2 GeV/c).

It is to be mentioned that in EPOS4, to incorporate this
signal-loss-like effect for resonances, decay products of
resonances are tracked throughout the system evolution.
A resonance is declared reconstructable provided none of
its decay product undergoes a rescattering.

C. Integrated yield of identified hadrons

Figure 8 shows the pr-integrated yields (dN/dy) of =,
K, KY, p,and A in 0 < y.,, < 0.5 and E-, Q~, and ¢ in
—0.5 < y.m < 0 as a function of average charged-particle
multiplicity density ((dN.,/dn)) in pp and p-Pb collisions
at 5.02 TeV for EPOS4, with and without hadronic
rescattering. Overlaid on the same are the ALICE results
[4,43,47] for dN/dy in p-Pb collisions. For all particle
species, a faster-than-linear increase in dN/dy with
(dN,/dn), increasing smoothly from pp to p-Pb, is
observed. EPOS4 can qualitatively reproduce this increas-
ing trend in data but not always quantitatively. While it
slightly overestimates the yields of K, KY, ¢, and Q~, it
underestimates the same for 7 and A. We find that turning
on hadronic scattering has no significant impact, except for
a small suppression of pr-integrated yields of ¢ and A
because of the signal loss effect and BB annihilation,
respectively.

Furthermore, core and corona contribution to the overall
yield is estimated separately and shown in Fig. 9. Both core
and corona contributions to dN/dy exhibit a nonlinear rise
as a function of charged-particle multiplicity, with increas-
ing dominance of core components from low- to high-
multiplicity event classes. It is seen that core hadronization
favors multistrange hadron production, contributing more
than 80% of the total yield toward high-multiplicity events.

Figure 10 presents the self-normalized yields of strange
baryons and mesons (including the ¢ meson) as a function
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collisions at ,/syy = 5.02 TeV.

of the self-normalized charged-particle multiplicity at
midrapidity. In contrast to experimental observations [50],
which show that strange hadron yields increase faster than
charged hadrons, the inclusive self-normalized yields of
strange hadrons in EPOS4 exhibit an almost linear increase
with charged-particle multiplicity, except for a mild non-
linear increase observed for Q in pp collisions.

D. Mean transverse momentum

For a medium evolving hydrodynamically, the shapes of
the py spectra are supposedly driven by the radial expan-
sion velocity and, thus, by the mass of the particle. This
entails an expected “mass ordering” in the spectral shape
which is clearly seen in the measurements of average
(mean) transverse momentum ((py)) as a function of
particle mass. In other words, the mass dependence of
(pr) is a manifestation of the presence of collective
(hydrodynamic) behavior in the system, although it also
includes the temperature component. The presence of a
strong radial flow is well established in heavy-ion colli-
sions [51], but for pp and p-Pb it is not yet conclusive [36].

4.
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FIG. 10. Ratio of particle yields (dN/dy) to their respective
multiplicity-integrated values for (multi)strange hadrons in pp
and p-Pb collisions at /syy = 5.02 TeV, as a function of the
ratio of the average charged-particle multiplicity in a given
multiplicity class to that in minimum-bias events.

The comparison between data and QCD-inspired models
like PYTHIA rather suggests that final-state effects such as
color reconnection can mimic the radial flowlike effect in
pp collisions without actually assuming collectivity.

The (pr) as a function of hadron mass is calculated for
various particles in high-multiplicity (0%—5%) p-Pb colli-
sions at /sy = 5.02 TeV using the EPOS4 model, both
with and without UrQMD, and is shown in Fig. 11. The
(pr) exhibits a linear increase with particle mass, reflecting
the expected mass ordering. However, the mass ordering
violation observed in experimental data [4,43,47] for
proton, ¢» meson, and A is absent in EPOS4. Upon separate
analysis of the core and corona components for these
particles, as shown in Fig. 12, it is found that, while the core
(pr) follows the ideal mass ordering, a clear violation
appears for ¢ mesons originating from the corona. Since

the core contribution dominates the overall (py) versus
dN,
o

combined signal remains suppressed.

The hadronic rescattering effects on (pr) in EPOS4 is
inconspicuous for most of the particle species except for
proton, ¢ meson, and A. For them, the rescattering effect
increases the value of (pr). This indicates that the spectral
shapes of proton, ¢y meson, and A in EPOS4 are hardened in
the hadronic phase. For proton and A, it happens because
of the BB annihilation of low-py baryons, whereas for ¢

) distribution, the mass ordering violation in the
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FIG. 11. Mean transverse momentum (pr) as a function of

mass for identified hadrons for 0%—5% multiplicity class as given
by EPOS4 for the UrQMD off and on scenarios, compared with
ALICE [4.,43.,47].

meson it is interpreted as a lower reconstruction probability
of low-pr ¢ meson due to pp-dependent absorption of the
decay daughter hadrons in EPOS4.

We further analyze the (pr) as a function of average
dNg,

charged-particle multiplicity (( )), probing the collective

behavior among the produced hadrons. Figure 13 shows the
(pr) of identified hadrons in pp and p-Pb collisions at
V/Snn = 5.02 TeV for EPOS4 with and without UrQMD
hadronic rescattering. We observe that (pr) increases
smoothly from pp to p-Pb with (dN Sy and a mass-dependent

increase in (pr) of the produced hadrons is clearly visible,
as expected in the presence of a radial flow effect. The
results of EPOS4 calculations with and without a hadronic
cascade are compared to measurements from ALICE
[4,43,47]. EPOS4, in general, provides a good description
of the measured trends of (pr) in experimental data for
p-Pb collisions, but it tends to overestimate the values of
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FIG. 12. Core-corona dependence of mean transverse momen-
tum (pr) as a function of (dN,/dn) for p, ¢, and A in pp and
p-Pb collisions at /sy = 5.02 TeV.
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(pr) for £ and most of the baryons in p-Pb collisions. With
hadronic rescattering effects included (that is, with UrQMD
turned on), a small increase in (pr) values is observed for
all particles with ¢ being the most prominent one. This
increase in ¢ meson (pr) is mainly because of the hard-
ening of the ¢-meson spectra due to the loss in low-pr
¢-meson yields, as discussed previously.

Figure 14 shows the dependence of (pt) on <dN )

for

core and corona components individually. Both core and
corona (pr) increase with multiplicity, with the core
dominating over the corona in the entire range and for
all particle species. Interestingly, in the multiplicity range
which is common to pp and p-Pb, the former has a higher

corona (pr) for all particle species. This could be because
dNe,
dn

dynamics—in pp, it could be from a single hard scattering,
whereas, in p-Pb, it could be an aggregate effect of multiple
softer interactions. Therefore, in pp collisions, the relative
abundance of high-pr particles may be higher than p-Pb
even if multiplicity values are the same.

the same (“¢) value may arise from entirely different
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FIG. 14. Core-corona contributions to mean transverse mo-
mentum (pr) as a function of (dNy,/dn) for identified hadrons
given by EPOS4.

E. Particle ratios

In addition to individual particle spectra and yields,
ratios of pp spectra, particularly baryon-to-meson and
meson-to-meson, serve as sensitive probes of the under-
lying particle production mechanisms. These ratios help
disentangle the contributions from collective flow, quark
recombination, and fragmentation processes, offering cru-
cial insight into the dynamics of the medium produced in
high-energy collisions. They also facilitate a more precise
characterization of the factors that govern the final-state
hadronic abundances. Furthermore, analyzing these ratios
as a function of the mean charged-particle multiplicity
provides valuable information on the evolution of the
system’s hadrochemical composition, potentially revealing
changes in the relative abundances of particle species with
varying event activity.

Particle yield ratios, particularly baryon-to-meson ratios,
play a crucial role in discerning whether the observed
spectral shapes are primarily governed by particle mass or
quark content. Such distinctions are essential for under-
standing the dominant particle production mechanisms,
including the interplay between collective flow and hadro-
nization processes in high-energy collisions.
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FIG. 15. pg-differential baryon-to-meson ratios in p-Pb colli-
sion for 0%—5% and 60%—80% multiplicity class, compared with
ALICE experimental results [4,43,47].

Figure 15 shows a comparison of pr-differential ratios
of p/¢p = (p+D)/¢. p/m=(p+D)/(x" +77), A/KY,
and Q/¢p = (Q+Q)/2¢ in 0%-5% (most central) and
60%—-80% multiplicity classes of p-Pb collisions at
V/Snn = 5.02 TeV. The results are shown for the EPOS4
model with and without the UrQMD hadronic afterburner,
alongside corresponding measurements from ALICE
[4,43,47]. In low-multiplicity event classes, the p/¢ ratio
exhibits a decreasing trend with pr, whereas, in high-
multiplicity events, the ratio becomes flatter, particularly at
low and intermediate pr. Given that the proton and ¢ meson
have comparable masses, this flattening reflects the influ-
ence of radial flow in high-multiplicity event classes. Other
baryon-to-meson ratios, like p/z, A/K?, and Q/¢, show a
characteristic enhancement at intermediate pr, with peak
position shifting toward a high value in pr as the multi-
plicity increases. Interestingly, at high p, these ratios
converge across multiplicity classes, suggesting that a
common hadronization mechanism, likely to be fragmenta-
tion, dominates in this regime. It is worth noting that, while
EPOS4 can reproduce the pr-differential A/K? ratios with
reasonable quantitative accuracy, it significantly overesti-
mates the p/z ratio. This discrepancy may arise from an
overestimation of the radial expansion velocity in the
EPOS4 model compared to the experimental data. Since
the mass difference between the proton and pion is larger
than that between A and K, the effects of radial flow are
more strongly reflected in the p/z ratio, making the
deviation between data and model predictions more promi-
nent. In the meson sector, K/7z and ¢/K ratios as a function
of pr, shown in Fig. 16, are found to be relatively
insensitive to the event multiplicity and exhibit an approx-
imately flat py dependence above 3 GeV/c in pr. This flat
behavior indicates that the relative changes in yields and
spectral shapes between these mesons remain largely
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FIG. 16. pq-differential K/7z and ¢/K ratios in p-Pb collision
for 0%—5% and 60%—-80% multiplicity class, compared with
ALICE experimental results [42,43].

unaffected by the event activity in this momentum region
despite their mass difference. Since meson production in
EPOS4 in this momentum range is predominantly governed
by the corona contribution and occurs primarily through
fragmentation processes, the effect of mass difference
between mesons, therefore, plays a relatively minor role.
Instead, the observed spectral shapes and relative yields are
more strongly influenced by the quark composition of the
particles. This further supports the interpretation that, at
high pt, hadronization via fragmentation becomes the
dominant mechanism, with particle abundances determined
largely by parton flavor rather than collective effects such as
radial flow. This, however, is not the case for baryon-to-
meson ratios, as baryon production in EPOS4 still receives a
significant contribution from the core component. As a
result, radial flow continues to play an important role in
shaping the baryon spectra, particularly at low and inter-
mediate pr. The interplay between core-driven collective
effects and corona-dominated fragmentation leads to a
more complex pr dependence in baryon-to-meson ratios
compared to meson-to-meson ratios, where fragmentation
mechanisms are more dominant and less sensitive to
collective dynamics. Nevertheless, at high pr, even the
baryon-to-meson ratios exhibit an approximately flat py
dependence and become largely independent of event
multiplicity. This behavior indicates that, in this momentum
regime, particle production is dominated by fragmentation
processes which are common to both baryons and mesons,
thereby minimizing the influence of collective effects.
Figure 17 shows the ratios of py-integrated yields

of A/K% and ¢/p as a function of the (‘%“), comparing
ALICE measurements [4,43,47] with EPOS4 predictions in
pp and p-Pb collisions. The pr-integrated A/KY ratios
mostly remain independent of multiplicity, indicating that
the pr-inclusive production of A and KY mesons follows a
similar trend across different collision systems and the mass
difference between the two seemingly plays no role. In
contrast, there is a hint of an increase in the ¢/ p ratio as the
multiplicity rises, implying that ¢»-meson production may
become relatively more favored compared to proton pro-
duction in high-multiplicity events. These trends are further
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FIG. 17. Multiplicity dependence of baryon-to-meson ratios in

pp and p-Pb collision, compared with ALICE experimental
results [4,43,47] (left) and similar ratios decomposed in core
and corona contributions (right).

explored by examining the core and corona components
separately. For A/K?, the multiplicity dependence of both
components is found to be fairly constant, whereas, for
¢-meson production, corona contribution within EPOS4
exhibits a significant increase, which leads to the observed
enhancement in the ¢/ p ratio. The study of the E/¢ ratio
as a function of multiplicity is particularly insightful, since
both particles carry the same number of strange quarks.
According to statistical hadronization models (SHM), the =
experiences canonical suppression, whereas the strangeness-
neutral ¢ meson does not. Therefore, the E/¢ ratio is
expected to increase with multiplicity. However, EPOS4
simulations show that this ratio remains approximately
constant across multiplicities. Interestingly, when consider-
ing only the core component, the Z/¢ ratio does exhibit the
predicted rise with increasing multiplicity, in agreement with
SHM expectations.

Furthermore, the meson-to-meson ratios shown in
Fig. 18 display no significant multiplicity dependence
within the uncertainties for the ALICE measurements
[42,43]. Similarly, the EPOS4 model also predicts a flat
multiplicity dependence for these ratios, suggesting that the
underlying processes involved in the model do not signifi-
cantly alter meson production mechanisms with increasing
event multiplicity, although the corona contribution to
strange meson production, in particular, for p-Pb collisions,
as can be seen from the right panels in Fig. 18, is

054034-14



EXPLORING STRANGENESS ENHANCEMENT AND PARTICLE ...

PHYS. REV. D 112, 054034 (2025)

03 : T
025 ; w/o UrQMD E Core E
') f == w/ UrQMD + @ Corona

& o02F [F]ALICE p-Pb I E
& E — 9 ]
= o15F /-—— T 7 + o—0 -2 E
X F~ g ] g 8 T —o —o— P-Pb 1
P = pp p-Pb F - E
¥ Tk i ]
0.05F + B
023F ‘ g2 ‘ 5

. 02f -0.5< Yeu < 0 3 3
Z o18F E E
X o6l E:
L o14f o T ..-0-“.5
e S i Ed =7 ppPp ]
0.08f pp p-Pb I o —— 3
006 3 PP 3
004F 3 E
002f 3

E . R . E

0 10 10
(chh/dnlab) (chh/dnlab)

FIG. 18. Multiplicity dependence of K/z and ¢/K ratios in pp

and p-Pb collision, compared with ALICE experimental results
[42,43] (left) and similar ratios decomposed in the core and
corona contributions (right).

significantly enhanced. This trend may be attributed to the
fact that, with increasing event multiplicity, the average
event hardness also increases—implying more energetic
partonic interactions. As a result, the effective string mass
in the hadronization process becomes larger, enhancing the
probability of producing heavier quark combinations, such
as strange quarks. This, in turn, favors the production of
particles containing strange quarks, like the ¢ meson. In the
context of EPOS4, this mechanism is particularly relevant
in the corona region, where string fragmentation dominates.
The increased possibility of strange quark pair production
in high-mass strings could, therefore, explain the observed
relative enhancement of ¢ mesons in the corona with rising
multiplicity, leading to the mild increase in the overall ¢/ p
and ¢/K ratios.

F. Strangeness enhancement

To investigate the relative production of strange hadrons
and facilitate comparison with existing results from p-Pb
collisions, yield ratios of various hadrons to pions are
evaluated as a function of charged-particle multiplicity.
Figure 19 presents the pr-integrated yield ratios of p, K9,
A, E, Q, and ¢ over pions, as obtained using the EPOS4
model in pp and p-Pb collisions at /sy = 5.02 TeV.

A clear enhancement in the production of strange to
nonstrange hadrons is observed, which increases steadily
with multiplicity from pp to p-Pb collisions. EPOS4
predictions are in reasonable agreement with experimental
data from p-Pb collisions [19], successfully capturing the
increasing trend of strangeness enhancement with event
multiplicity. This behavior in EPOS4 is attributed to its use
of a microcanonical sampling procedure, which enforces
strict energy and flavor conservation. This method sup-
presses the production of heavier or multistrange particles
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FIG. 19. pr-integrated yield ratios of p, K9 A, Z7,Q ,and ¢ to
pions (z~ + =) as a function of <ddLﬂC“> in pp and p-Pb collisions
at \/syny = 5.02 TeV using EPOS4. The values are compared to

the published results from p-Pb collisions [4,43,47].

in small systems. In contrast, earlier versions of EPOS
employed a grand-canonical approach that yields flat
particle ratios across multiplicities, regardless of system
size. As shown in Ref. [33], the discrepancy between
microcanonical and grand-canonical predictions is most
significant at low multiplicity, gradually diminishing as
event multiplicity increases.

It is evident from Fig. 19 that the relative enhancement
with multiplicity is most pronounced for multistrange
baryons such as Q, compared to singly strange hadrons
like A and K9, with a steeper rise observed in pp collisions
than in p-Pb. This supports the interpretation that the degree
of enhancement is strongly correlated with a hadron’s
strangeness content and appears to be governed primarily
by final-state properties rather than the nature of the
colliding system or energy. At high multiplicities, yield
ratios tend to flatten, showing little or no further depend-
ence on multiplicity.

It is also noteworthy that the final-state average charged-

particle density <dfiv—n°h> varies by up to 2 orders of magnitude
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FIG. 20. Core-corona dependence of pr-integrated yield ratios
of p, K%, A, E=, Q7, and ¢ to pions (7~ + z*) as a function of
(%} in pp and p-Pb collisions at ,/syy = 5.02 TeV.

from low-multiplicity pp to central p-Pb events. This large
variation stems from fundamentally different underlying
physics mechanisms: High-multiplicity events in pp colli-
sions result mainly from multiple hard or semihard partonic
scatterings, whereas, in p-Pb collisions, similar multiplic-
ities can arise from the superposition of multiple soft
nucleon-nucleon interactions. Therefore, it is a nontrivial
observation that particle yield ratios in pp and p-Pb

collisions converge at the same (dgnﬂ, suggesting that
the final-state particle density may serve as a universal
scaling variable across different collision systems.

Figure 20 provides further insight by illustrating the core-
corona decomposition of strange hadron-to-pion ratios in
EPOSA4. In the core hadronization component, a hierarchical
pattern of strangeness enhancement is observed—most
pronounced for Q, followed by E, and then A. In contrast,
the corona contribution to strange hadron-to-pion ratios

ANy 1
) for most particle

species, with notable exceptions being K¢ and the ¢ meson.
As discussed earlier, this rise may stem from an increase in
the effective string mass with event multiplicity, driven by a
higher probability of hard interactions that facilitate sS
quark-pair production.

remains largely flat as a function of (

G. Strangeness hierarchy

Figure 21 presents the yield ratios of strange hadrons
to pions, in pp and p-Pb collisions normalized to the
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FIG. 21. Particle yield ratios for pp and p-Pb collisions at

\/Snn = 5.02 TeV normalized to the values measured in the
inclusive pp sample. Open markers with box error correspond to
ALICE results, and solid and open markers with vertical error
bars (within the marker) represent EPOS4 results w/ UrQMD.
Solid and dashed lines demonstrate fits to ALICE and EPOS4
results, respectively, using Eq. (1) (further details can be found in
the text).

corresponding values measured in the inclusive pp sample.
A clear multiplicity-dependent enhancement is observed,
which follows a hierarchy based on the strangeness content
of the hadrons—most prominent for multistrange baryons
such as Q, followed by =, A, and K?. This trend highlights
the progressive enhancement of strangeness production
with increasing charged-particle multiplicity.

We have attempted to describe the observed behavior
using the EPOS4 model by fitting the results presented in
Fig. 21 with an empirical functional form:

(h/m)
<h/”>lr\)/P[)B

Here, S represents the number of strange or antistrange
valence quarks in the hadron, (h/z)Ns and (dN,/dn)\is
are the measured hadron-to-pion ratio and the charged-
particle multiplicity density in pp collisions, respectively,
and a and b are free parameters. The fit describes the
ALICE results [6] well, yielding a = 0.083 4+ 0.006
and b = 1.67 £0.09, with a y*/n.d.f. of 0.66. Whereas,
for EPOS4 fit parameters, a = 0.146 +0.019 and
b = 0.436 £ 0.186, with a y*/n.d.f. of 51.44.

The EPOS4 model can qualitatively capture the hier-
archy and scaling behavior for multistrange baryons such as
Q and E. However, some tension remains in the description
of the ¢» meson and A. Although the ¢ meson is net-
strangeness neutral, its behavior aligns with that of particles

=1+as’ log{ )
<chh/d77>1I\)/l[)B
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FIG. 22. Top: simultaneous blast-wave fits to z*, K*, K9,
p(p), and A/A spectra in the fit ranges 0.5-1, 0.2—1.5, 0-1.5,
0.3-3, and 0.6-3 GeV/c, respectively, for pp and p-Pb collisions
at /syn = 5.02 TeV. Results are shown for the 0%—5% and
60%—-80% multiplicity classes using event samples generated
with EPOS4 w/ UrQMD. Solid lines represent the blast-wave fits
to the corresponding spectra. Bottom: ratios of EPOS4 spectra to
the blast-wave fits.

carrying S = 1. In contrast, the A, despite being a strange
baryon with S = 1, appears to follow the trend expected for
S = 0 particles.

This behavior in the EPOS4 model can be interpreted as
the result of an interplay between intrinsic strangeness
production and the modification of hadron yields caused by
posthadronization rescattering effects.

H. Freeze-out dynamics for pp and p-Pb events

The evolution of the transverse momentum (pr) distri-
bution with increasing event multiplicity in pp and p-Pb
collisions exhibits a notable resemblance to the behavior
seen in larger collision systems. In heavy-ion collisions, this
trend is commonly attributed to the hydrodynamic radial
expansion of the produced medium. Such collective effects
can be quantitatively investigated using the Boltzmann-
Gibbs blast-wave (BG-BW) model [52], which provides

0.2 7\ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT TTTT TTTT I T \7
T EPOS4, |5, = 5.02 TeV ]
0.18 N ]
T4 + i
0.16 - + + N
— o014 ++ -
> - -
\./E 0.12 ¢ o & OOO LY (’ l...o B
~ C © o * ]
0.1 i ALICEp-Pb
B § p-Pb:w/o UrQMD ]
L § p-Pb:w/UrQMD |
0.08— 3 pp:woUrQMD —
i & pp:w/ UQMD ]
0.06[~ ]
’lllllllllllllllllllllllllllllllllllllllllllllll’
0.2 025 0.3 0.35 04 045 0.5 055 0.6 0.65
(B,)
FIG. 23. Results of blast-wave fits for pp and p-Pb collisions at

VSan = 5.02 TeV, compared to ALICE results [4]. Charged-
particle multiplicity increases from left to right.

insights into the kinetic freeze-out conditions of the system.
Assuming a radially expanding thermal source character-
ized by a kinetic freeze-out temperature 7';, and an average
transverse flow velocity (f;), the transverse momentum
distribution of the emitted particles is described by the
BG-BW functional form:

1 dN R inh h
——— [ rdrmgl, <7PT s p> K, (7}1@ cos ,0)’ (2)
prdpr Jo i Tin

where the radial flow profile p is given by

p = tanh™ B, = tanh™! <<%> ”ﬂs>. (3)

Here, my = 1/ p3 + m? denotes the transverse mass, I, and
K are modified Bessel functions, r is the radial coordinate
in the transverse plane, R is the maximum radial extent of
the fireball, 3, (r) is the local transverse expansion velocity,
P, is the velocity at the surface, and n defines the velocity
profile shape.

Typically, the pp spectra of z*, K*, and p/p are
simultaneously fitted using the BG-BW model to extract
freeze-out parameters. In this study, we also include K ? and
A/ A in the fit. However, multistrange hadrons are excluded,
as imposing a common freeze-out condition on all species
may not be valid; experimental observations suggest that
multistrange hadrons may decouple from the medium
earlier due to their smaller hadronic interaction cross
sections [53].
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FIG. 24. Multiplicity dependence of blast-wave fit parameters: (left) kinetic freeze-out temperature 7';,, (middle) average radial flow
velocity (f7), and (right) the velocity profile exponent n, obtained from simultaneous fits to z, K*, K9, p(p), and A/A spectra using
EPOS4 w/ and w/o UrQMD. Results are compared with ALICE measurements [4] in p-Pb collisions at ,/syy = 5.02 TeV.

The pr ranges used in the fits are as follows:
0.5-1GeV/c for z%,0.2-1.5GeV/c for K*,0-1.5 GeV/c
for K9, 0.3-3 GeV/c for p/p, and 0.6-3 GeV/c for A/A.
These intervals are chosen to match the fit ranges
employed in the ALICE experiment [4]. The correspond-
ing fits are shown in Fig. 22 for the 0%—5% and 60%—-80%
multiplicity classes of pp and p-Pb collisions from EPOS4
w/ UrQMD at /sy = 5.02 TeV. Since the y*/n.df.
values are relatively large, we additionally show the
EPOS4-to-fit ratios in the bottom panels to better dem-
onstrate the goodness of fit. Within the chosen pt ranges,
these ratios do not exceed 15%-20%.

Figure 23 displays the extracted T\, versus (f;) from
simultaneous BG-BW fits to experimental data for p-Pb
collisions, as well as from EPOS4 model simulations for pp
and p-Pb collisions at /sy = 5.02 TeV. A clear anti-
correlation between these parameters is observed: Higher
Ty, corresponds to lower (f7), and vice versa. A more
detailed comparison between data and model predictions
is presented in Fig. 24. The EPOS4-extracted T;, values
are significantly lower than those from experimental data
in similar multiplicity classes, while the (f;) values tend
to be higher.

In the case of p-Pb collisions, high-multiplicity event
selection tends to bias the sample toward harder collisions
[54], which may contribute to the larger (fr) values
obtained from the blast-wave fits. Moreover, EPOS4
simulations that include hadronic rescattering exhibit even
higher (fB;) values compared to simulations without
rescattering, indicating that hadronic rescattering imparts
additional radial flow to the system.

IV. SUMMARY AND CONCLUSIONS

The observation of collectivity and strangeness
enhancement in small collision systems, such as proton-
proton (pp) and proton-lead (p-Pb) collisions, challenges
the conventional understanding of small system dynamics.
Traditionally, these collisions were considered too small

and short-lived to achieve thermalization, and, thus,
collective behavior and enhanced strangeness production
were not anticipated. However, experimental data from
high-energy collisions at the LHC and RHIC provide
compelling evidence to the contrary. The data reveal clear
signs of long-range correlations, even at very low multi-
plicities (10-20 per unit #) [55], as well as significant
strangeness enhancement. These observations suggest the
involvement of nontrivial particle production mechanisms
that extend beyond conventional perturbative and non-
perturbative QCD processes.

While initial-state models, particularly those within the
framework of the color glass condensate effective field
theory, can account for long-range correlations in small
systems, the contribution of final-state interactions—
particularly the strong interactions among the produced
particles—cannot be neglected. These final-state inter-
actions, modeled by hydrodynamic approaches, play a
crucial role in explaining the observed correlations, flow
patterns, and particle yields, especially in small systems
like pp and p-Pb collisions. Moreover, in small systems
where thermalization is not expected, the enhancement
of strangeness production is particularly noteworthy. The
levels of strange hadron production in high-multiplicity pp
and p-Pb collisions have been found to be surprisingly
comparable to those observed in larger systems. This
phenomenon cannot be fully explained without assuming
some form of thermalization or, at the least, the presence of
significant final-state effects. Consequently, it is realized
that models that combine initial-state saturation effects
with final-state interactions are essential for capturing a
broad spectrum of observed phenomena across systems of
different sizes.

In this context, the EPOS model leverages a unified
formalism within its core-corona framework to describe a
wide range of phenomena from pp to p-A to A-A collisions.
Taking advantage of this uniqueness in the model, we
perform a detailed investigation of particle production in pp
and p-Pb collisions at VSNN = 5.02 TeV. Here, we have
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studied pr-differential and pr-integrated yields of light and
(multi)strange particles along with the particle ratios as a
function of pt and charged-particle multiplicity at mid-
rapidity. Additionally, we investigate the individual con-
tributions of the core and corona components to various
physical observables.

In both pp and p-Pb collisions, the pr spectra of all
particle species become progressively harder with increas-
ing average charged-particle multiplicity, (d’(}’—;h> This hard-
ening effect is more pronounced for heavier particles. The
underlying reason is that the core contribution to particle
production increases with multiplicity, leading to a stronger
radial boost. Consequently, the spectral shapes of heavier
particles are hardened more significantly compared to their
lighter counterparts. The EPOS4 model qualitatively repro-
duces the pr spectra trends observed by ALICE but exhibits
quantitative discrepancies that can go up to 40%, depending
on the particle species and multiplicity interval considered.

Regarding integrated yields ‘2—1;’, EPOS4 predicts a smooth

dn. ch
dn

collisions, reasonably capturing the nonlinear trend seen
in the data with some deviations for specific particles,
particularly the ¢ meson and A. EPOS4 tends to overesti-
mate the ¢p-meson yields while underestimating those of the
A. For the ¢ meson, the increasing contribution from the
corona component with multiplicity, unlike other strange
hadrons, could be a reason for the overestimation. In the
case of the A, baryon-antibaryon annihilation effects may
suppress its yield. Since annihilation cross sections are
largely model dependent, better tuning of the annihilation
parameters may improve agreement with the data.

The comparison of average transverse momentum (pr)
as a function of multiplicity reveals reasonable agreement
between EPOS4 predictions and experimental data for most
particle species, except for pions and multistrange hadrons
such as the Q™. Generally, (py) increases monotonically
with particle mass, consistent with collective flow effects.
However, experimental observations exhibit a violation of
this mass ordering, exemplified by the (pr), being higher
than proton and A baryons. In contrast, EPOS4 does not
show such an overall violation. When the model’s output is
decomposed into core and corona components, the core—
which represents the thermalized, collectively flowing
medium—displays a clear mass ordering of (py), while
the corona component exhibits deviations from this pattern.
Because of the dominant contribution of the core, the
combined (pt) effectively masks the corona-induced vio-
lations. It is important to emphasize that a model must
simultaneously describe both particle yields and (pr). This
is because how the available collision energy is allocated
between producing new particles (through hadronization
processes) and providing kinetic energy to these particles
crucially constrains the underlying particle production
mechanisms. In the context of the core-corona approach

and continuous increase with (“7<¢) from pp to p-Pb

in EPOS4, the balance between the energy utilized for
particle production and for imparting transverse motion in
both components can differ, impacting the final-state
observables like particle pr distributions, yields, and
particle ratios.

Particle yield ratios studied as a function of pt and event
multiplicity offer further insight on the underlying hadro-
nization mechanisms involved. At low multiplicities,
hadron production is often dominated by vacuumlike
fragmentation processes, while, at high multiplicities,
modifications to hadronization may occur due to the
formation of a dense medium or increased parton inter-
actions. Therefore, observing systematic changes in par-
ticle yield ratios as a function of both pr and multiplicity
helps to reveal the transition between these regimes. In
EPOS4, the particle yield ratios p/7 and A/K? exhibit
characteristic enhancement at intermediate py, consistent
with the collective flow picture in the model. The exper-
imental data show very good agreement with EPOS4
predictions for the A/KY ratios but overestimate the same
for p/x. This discrepancy may be attributed to an over-
estimation of the radial flow velocity in EPOS4, suggesting
that a better tuning of the input parameters that drives the
flow, such as the initial energy density profile, initial flow
velocity, choice of equation of states, or the values of 7/s,
could improve the description of baryon-to-meson ratios
further, especially for protons. Interestingly, despite the
mass difference between the K and ¢ mesons being
comparable to that between A and K, the ¢/K ratio does
not display any enhancement with pg. This difference
highlights that the particle production cannot be fully
explained by simple mass scaling, indicating that other
factors like quark composition, baryon number, etc., have a
role to play. Within the EPOS4 framework, it has been
observed that nonthermal production of the ¢» meson from
the corona region increases significantly with event multi-
plicity. The corona represents regions in the collision with
lower density and less collective behavior, where particle
production follows vacuumlike fragmentation rather than
thermalized medium emission. The increase in nonthermal
components could dilute any collective flow effects in
¢-meson yields. Furthermore, rescattering effects on
high-pt ¢ meson are supposedly small because of its
low hadronic interaction cross sections allowing it to escape
the medium largely unmodified.

EPOS4, through its implementation of a microcanonical
approach to core hadronization, successfully captures the
observed trend of strangeness enhancement in strange-to-
pion yield ratios as a function of event multiplicity. The
microcanonical approach enforces strict conservation of
energy, momentum, and quantum numbers (such as baryon
number, strangeness, and charge) within localized regions
of the hypersurface formed during the hadronization. This
leads to more constrained modeling of particle production
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in small systems compared to the grand-canonical approach
used in earlier versions of EPOS (e.g., EPOS3).

Specifically, the microcanonical framework naturally
accounts for the suppression of strangeness in low-
multiplicity events due to limited available phase space
and conservation constraints. As multiplicity increases—
corresponding to an effectively larger available phase
space—the constraints are relaxed, allowing for enhanced
production of strange hadrons relative to pions, gradually
converging toward the grand-canonical expectation at large
multiplicities. Remarkably, particle production from micro-
canonical sampling of the core alone qualitatively reprodu-
ces the experimentally observed strangeness enhancement
trend without introducing additional parameters.

EPOS4 also includes the flexibility to further control
yields of multistrange hadrons by restricting microcanonical
sampling to smaller hypersurface elements, achieved by
dividing the entire hypersurface into smaller Ax regions.
This procedure causes additional suppression of multi-
strange particle yields, in particular. Although counterin-
tuitive, the best agreement with experimental data is
achieved by applying microcanonical sampling over the
entire hypersurface rather than limiting it to smaller regions.

EPOS4 also reproduces the hierarchical nature of
strangeness production depending on the strangeness con-
tent, with notable exceptions being the ¢ meson and A
baryon. Although ¢ meson carries zero net strangeness, its
behavior appears consistent with an effective strangeness
S =1, whereas A baryon aligns more closely with § = 0.
For ¢ meson this discrepancy may be attributed to the
increasing contribution of nonthermal component with
multiplicity, while for the A it could result from an
overestimation of the baryon-antibaryon annihilation cross
section in the model.

Finally, the kinetic freeze-out parameters Ty;, and f,
extracted from combined blast-wave fits to z, K, p/p, K9,
and A pt spectra generated by EPOS4, deviate significantly
from experimental data. The extracted values of the radial
flow parameter f§ are larger than that of the data, consistent
with the model’s overestimation of the pion (pr).

In summary, EPOS4 provides a comprehensive frame-
work that successfully reproduces many qualitative features
of hadron production and strangeness enhancement across
various multiplicities and transverse momenta. Its micro-
canonical approach to core hadronization offers a more
realistic treatment of conservation laws in small systems,
leading to improved modeling of strange hadron yields.
However, challenges remain in achieving quantitative
agreement with experimental data. Future developments,
including improved balancing of core and corona contri-
butions, different freeze-out conditions for multistrange
hadrons, and implementation of finite strangeness correla-
tion volumes, may enhance the model’s quantitative pre-
dictability and agreement with experimental measurements.
Such advancements will indeed be crucial for deepening
our understanding of the complex dynamics that govern
particle production in high-energy collisions.
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