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Strangeness production as a function of charged-particle multiplicity in proton-proton
collisions at /s = 5.02 TeV

I. J. Abualrob et al.*
(ALICE Collaboration)

® (Received 24 November 2025; accepted 21 May 2026; published 3 August 2026)

(Multi-)strange particle production rates and transverse momentum distributions are measured at midrapidity
(ly] < 0.5) as a function of the charged-particle multiplicity density by the ALICE experiment at the CERN Large
Hadron Collider (LHC), using proton-proton collisions at a center-of-mass energy of 4/s = 5.02 TeV. This study
extends similar studies performed at /s = 7 TeV and /s = 13 TeV to a lower-energy regime, improving the
statistical precision and extending the measurement to previously unexplored low-multiplicity regions. While
K, A, and E yields can be described with a linear multiplicity dependence within uncertainties, the Q yields
follow a significantly faster than linear increasing trend. For all analyzed particles, the overall production rate
is consistent with that observed at higher energy and at similar multiplicity densities. Transverse momentum
distributions are observed to evolve with multiplicity. Several state-of-the-art QCD-inspired Monte Carlo models
have been compared with the data, testing some recently introduced features to address the findings at higher
energies. Models can qualitatively describe the transverse momentum spectra and the A/K{ spectral ratio only

if collectivity is introduced in the evolution of the system.

DOI: 10.1103/xtf2-bsc9

I. INTRODUCTION

Strange hadron formation in high-energy hadronic colli-
sions is the subject of an intense experimental study that aims
at understanding the properties of quantum chromodynamics
(QCD) in its nonperturbative regime. Several QCD-inspired
phenomenological Monte Carlo (MC) generators can be em-
ployed to predict the relative yields of different particle
species in elementary hadronic collisions, but a compre-
hensive quantitative phenomenological description is still
missing.

In heavy-ion collisions, an enhancement in the yield of
strange hadrons relative to particles containing only u and d
quarks was originally proposed as a signature of quark—gluon
plasma (QGP) formation [1,2]. Strangeness enhancement has
been experimentally observed over the last thirty years in
heavy-ion collisions, first at the CERN Super Proton Syn-
chrotron (SPS) [3-5] and later at the BNL Relativistic Heavy
Ion Collider (RHIC) [6] and at the CERN Large Hadron
Collider (LHC) [7,8]. More recently, such trends have been
interpreted, in the context of the Statistical Hadronization
Model (SHM) description of particle production, as origi-
nating from the change in the source volume in different
colliding systems [9—11]. The ALICE collaboration recently
reported on the charged-particle multiplicity dependence of
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strange and multistrange particle production, showing a sig-
nificant strangeness enhancement trend in proton-proton (pp)
and proton-lead (p-Pb) collisions [12—14]. Strange parti-
cle yields are observed to be enhanced in high-multiplicity
proton-proton collisions with respect to the corresponding
yields measured in inclusive inelastic collisions at the same
energy. In the highest-multiplicity regime, relative particle
abundances were found to reach values comparable to those
observed in very central heavy-ion collisions. The progression
with multiplicity of particle yields was observed to be inde-
pendent of the collision energy, by comparing the /s = 7 TeV
and /s = 13 TeV results [14]. Moreover, transverse momen-
tum spectra were observed to evolve toward higher average
transverse momentum, (pr), when the multiplicity density in
the collision increases, a feature similar to what is observed in
nucleus-nucleus interactions.

To interpret these observations, phenomenological models
involving string fragmentation, typically employed in ele-
mentary leptonic and hadronic collisions [15,16], have been
adapted by introducing final-state mechanisms that can en-
hance the number of baryons and strange particles in hadronic
interactions by modifying the hadronization mechanisms in
high-density environments [17-20]. At the same time, sta-
tistical models [21,22] and core-corona models [23,24] have
been exploited, extending their predictions from the high-
multiplicity to the low-multiplicity regime.

In this paper, we report on the study of K% A, A, B,
B, Q,and Q@ production, making use of the large dataset
(L = 2.3 nb~ 1) collected during the 2017 proton-proton
data-taking campaign at /s = 5.02 TeV. This is the largest
dataset analyzed for hadrochemistry studies in hadronic
collisions, allowing for a significant improvement in the pre-
cision of the transverse momentum spectra of E* and Q%

©2026 CERN, for the ALICE Collaboration


https://crossmark.crossref.org/dialog/?doi=10.1103/xtf2-bsc9&domain=pdf&date_stamp=2026-08-03
https://doi.org/10.1103/xtf2-bsc9
https://creativecommons.org/licenses/by/4.0/

1.J. ABUALROB et al.

PHYSICAL REVIEW C 114, 024901 (2026)

TABLE I. List of event multiplicity classes (first column), percentile intervals (second column), and corresponding charged-particle
pseudorapidity densities (|n| < 0.5) for pp collisions at /s = 5.02 TeV in the INEL > 0 event class [33] for the different particles under
study (KJ and A in third, E in fourth and Q in fifth column, respectively). The total systematic uncertainties are the quadratic sum of the

correlated and uncorrelated systematic uncertainties.

(dNew /dn) <05

Class Multiplicity (%) K2, A ) Q
1 0-0.0091 24.53 +0.39
I 0.0091-0.0915 21.71 £ 0.21 22.0040.40 18.50 + 0.17
11 0.0915-0.9152 18.11 £ 0.18 18.11 £0.18
v 0.9152-4.577 14.51 £ 0.18 14.51 £ 0.18 14.51 £ 0.18
\" 4.577-9.156 11.93+0.11 11.93 +£0.11
VI 9.156-13.74 970+ 0.13 10.30 £ 0.13 11.24 40.13
VII 13.74-18.32 ’ ’ 9.12+0.12 8384012
VIII 18.32-27.51 7.76 £0.11 7.76 £0.11 ’ ’
IX 27.51-36.76 6.34 +0.08 6.34 +0.08
X 36.76-46.11 5.22 £0.07 5.22 +£0.07 >.78 +0.08
X1 46.11-65.45 3.94 £0.06 3.94 £0.06 3.94 +£0.06
XII 65.45-100 2.42 +0.04 2.42 +0.04 2.42 +0.04
INEL > 0 0-100 5.48 +0.07

baryons. The highest possible granularity in the multiplicity
slicing was favored over a larger pr reach, allowing the mea-
surements to be extended down to the lowest multiplicities
ever probed at the LHC. In the following, particles and an-
tiparticles are added together, as it has been demonstrated that
their production yields are compatible at the LHC [12] and are
hereafter referred to as A, E, and €2, respectively.

In Sec. II, the experimental apparatus used for the mea-
surement is discussed, while in Secs. III and IV, the analysis
technique and the evaluation of the systematic uncertain-
ties are described, respectively. The results are presented in
Sec. V, and they are compared in Sec. VI to phenomenological
models. Finally, conclusions are drawn in Sec. VIIL.

II. EXPERIMENTAL SETUP

Details on the ALICE detectors and their performance are
described in Refs. [25,26]. The detectors used for the analysis
presented in this paper are the inner tracking system (ITS)
[27], the time projection chamber (TPC) [28], the time-of-
flight (TOF) detector [29], and the two scintillator arrays
of the VO detector [30]. The ITS, TPC, and TOF are part
of the central barrel and are cylindrically arranged around
the interaction point (IP), enclosed within the L3 solenoid
magnet, which provides a field up to 0.5 T. Unless specified
otherwise, the pseudorapidity coverage of the detectors in the
central barrel is || < 0.9. The ITS is the detector closest to
the beam pipe and the IP. It comprises six cylindrical lay-
ers of silicon micropattern detectors with a two-dimensional
readout. The innermost layers, for which a higher granular-
ity is required, are made of silicon pixel detectors (SPDs).
The next two layers are covered by silicon drift detectors
(SDDs), while the outer layers consist of silicon strip detectors
(SSDs). The TPC is the main tracking detector in ALICE. It
is a cylindrical gaseous detector with an internal volume of
88 m? surrounding the ITS. Its timing and spatial information

provide up to 159 three-dimensional space points as well
as the specific energy loss of the particles of interest. The
TPC also provides particle identification through a dE/dx
measurement, which covers the low-momentum region up to
a few tens of GeV/c, with a resolution around 5%-7%. The
outermost detector used is the TOF, positioned at a distance
of 370 cm. It has full azimuthal acceptance, and an overall
time resolution down to ~60 ps, and is used to measure the
time of flight. The VO detector is made up of two scintillator
hodoscopes located around the beam pipe on opposite sides
of the IP at z = +340 cm (VOA) and z = —90 cm (VOC) and
covers 2.8 < n < 5.1 and —3.7 < n < —1.7, respectively. It
provides the minimum-bias trigger and the identification and
rejection of beam-gas events. Additionally, the VOA and VOC
detectors (together defined as VOM) are used to determine the
charged-particle multiplicity density.

III. DATA ANALYSIS

The analysis presented in this paper follows a strategy
similar to the one described in previous ALICE publications
[12-14,31,32]. Primary strange hadrons were measured at
central rapidity (]y| < 0.5) in events with at least one charged
particle produced in the pseudorapidity interval |n| < 1
(INEL > 0), corresponding to about 75% of the total inelastic
cross section [33]. Events were required to have a recon-
structed vertex within the longitudinal interval |z| < 10 cm
from the IP, while events containing more than one distinct
vertex were tagged as pileup and discarded. To study the mul-
tiplicity dependence of strange hadron production, the sample
was divided into event classes based on the total charge de-
posited in both the VO detectors (VOM amplitude), which is
proportional to the total number of charged particles detected
by the VO scintillators. The event classes are summarized in
Table I. For each class, the average primary charged-particle
density (dNen/dn)pp <05 at midrapidity was calculated, fully
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TABLE II. List of selection criteria applied to particle candidates

and their decay tracks for the Kg, A, E, and Q analyses.

Topological Variable K(S) (A) 2 ()

DCA pos. (neg.) decay >0.06 cm >0.12 (0.13) cm
track to PV

DCA V° decay tracks <100 <1.30

DCA bachelor to PV >0.04 cm

DCA V° to PV >0.06 cm

DCA bachelor to V° <13cm

DCA bachelor to baryon >0.02 cm
(only E)

VO cosine of pointing angle >0.97(0.995) >0.97

cascade cosine of pointing >0.97
angle

VO transverse decay radius >0.5cm >1.2(1.1) cm

cascade transverse decay >0.6 (0.5) cm
radius

Candidate Selection Kg A) 2 ()

rapidity interval Iyl < 0.5 ly| < 0.5

proper decay length <20 (30) cm <15(7.5) cm

distance to competing — (8 MeV/c?)
cascade mass

V? invariant mass window 8 MeV/c?

decay tracks with ITS refit or >1 >1
TOF matching

Track Selection K(s) (A) 2 ()

TPC dE /dx selection <40 <40

pseudorapidity interval n] < 0.8 Inl < 0.8

TPC Ncrossed /Nﬁndable 208 208

TPC Nerossed rows =70 =70

corrected for acceptance, tracking, and vertexing efficiency as
well as for contamination from secondary particles and com-
binatorial background. Note that the midrapidity multiplicity
distribution corresponding to each VOM class has a large
relative root mean square (rms), ranging from 70% to 30%
for the lowest and highest multiplicity classes, respectively.
More details can be found in Ref. [33].

The strange hadrons K$ and A (V%) and E and Q (cas-
cades) were each reconstructed via their specific weak decay
topology [34]:

K>t 477, B.R. = (69.20 + 0.05)%,

B.R. = (63.9 £ 0.5)%,
B.R. = (99.887 £ 0.035)%,
B.R. = (67.8 £0.7)%,

A — p+m (4c.c.),
27 > A+ 71 (4c.c.),
Q" — A+ K (+c.c.),

applying a series of track, candidate, and topological selec-
tions as summarized in Table II. The selection criteria were
previously discussed in detail in Ref. [14] and were optimized
through specific studies performed on MC simulations.

In this analysis, ITS and TPC are the main detectors em-
ployed for reconstructing the trajectories of pions, protons,
and charged kaons, which constitute the tracks generated by

the weak decay of the particles under study. The reconstructed
tracks, selected in the pseudorapidity region || < 0.8, were
required to have a number of TPC crossed rows larger than 70
and a fraction of TPC crossed rows and findable clusters larger
than 80%. Particle identification was performed by measuring
the energy-loss per unit of track length in the TPC gas volume
and requiring it to be within £404g /4, from the expected
calculated average using the Bethe—Bloch parametrization,
where oyg 4, is the dE'/dx resolution.

Topological selections were applied to the reconstructed
weak decay candidates to reduce the combinatorial back-
ground. The distance of closest approach (DCA) between
the V° decay tracks was required to be smaller than 1 (1.3)
standard deviation in the V° (cascades) analyses. The DCA
between each VO decay track and the primary collision vertex
(PV) was required to be larger than 0.06 (0.12 or 0.13) cm
for the VO (B or Q) analyses. For the cascades, the DCA
between the bachelor track (charged track from the first weak
decay) and the primary vertex was required to be larger than
0.04 cm, the DCA between the V° and the primary vertex
was larger than 0.06 cm, while the DCA between the bachelor
track and V° was smaller than 1.3 cm. In the E analysis, an
additional cut on the minimum DCA between the bachelor
track and the baryon V° decay track was applied (0.02 cm) to
avoid the inclusion of candidates for which a decay product
from the V° meson was incorrectly assigned as the bachelor
track. The cosine of the angle between the candidate momen-
tum and the vector connecting the primary and secondary
vertices (pointing angle) was required to be larger than 0.97
for each case except for the A, for which a stricter cut of
0.995 was applied. The radial distance between the PV and
the VO vertex was set to be larger than 0.5 (1.2 or 1.1) cm
for the VO (E or Q) analyses, while in the cascade analysis,
an additional requirement on the minimum transverse decay
radius for the secondary vertex was defined at 0.6 (0.5) for
E (2). Reconstructed candidates were retained if the proper
decay length was measured to be smaller than 20, 30, 15, and
7.5 cm for the K‘S), A, B, and Q2 analyses, respectively. The
VO candidates from cascade decays were required to match
an invariant-mass window of £8 MeV/c? with respect to the
nominal A mass. In the € analysis, an additional selection
on the invariant mass starting from the alternative cascade
hypothesis was implemented, requiring it to be separated by
more than 8 MeV/c? from the nominal E mass. To reduce
effects due to out-of-bunch pileup on the measured yields, it
was required that at least one of the decay tracks either had a
measured signal in the TOF detector or was reconstructed in
both the ITS and TPC detectors.

Signal extraction from the invariant-mass distribution of
each candidate in pt and multiplicity intervals was performed
as previously detailed in Refs. [12-14]. A preliminary fit
of the invariant-mass distribution was performed using a
Gaussian for the signal peak plus a second-order polynomial
function to describe the background. This allowed for extract-
ing the mean (u) and width (o) of the peak and modeling the
background. The signal was then extracted with a bin counting
procedure in a mass range within 50 with respect to u,
subtracting the integral of the background fit function in the
same mass window.
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A vyields are affected by significant contamination from
secondary particles, coming from the decay of charged and
neutral E. To estimate this contribution, the charged E spectra
(twice the particle or antiparticle spectrum to account for
the neutral E decay, assuming £~ /8% = 1) were folded
with an MC-based pr-binned two-dimensional (2D) matrix
describing the decay kinematics and incorporating secondary
A reconstruction efficiencies. Further details on MC simu-
lations can be found below. The fraction of secondary A
particles in the measured spectrum varied between 10% and
20%, depending on pt and multiplicity.

Raw pr distributions were corrected for detector accep-
tance and efficiency, estimated using MC simulated events
featuring the PYTHIA 8 generator [15] and GEANT 3 [35]
transport code for the propagation through the detector ma-
terial. Use of GEANT 4 [36] was also tested, showing no
significant difference compared with the default code. The
acceptance-times-efficiency was found to change with pr,
reaching values of about 40%, 30%, 30%, and 20% at in-
termediate pr for K(SJ, A, B, and , respectively. These
values include the branching-ratio factors. They are observed
to be independent of the multiplicity class to within 2%, a
value limited by the available MC simulated data. The de-
pendence of the efficiency on the generated pr distributions
was checked for all particle species. This effect, only relevant
when large pr intervals are considered (E and 2 analyses),
was removed by reweighting the MC pr distribution in order
to adapt it to the measured one using a rapidly converging it-
erative procedure. The normalization factor for the INEL > 0
event class was corrected to account for events lost due to
trigger inefficiency [33]. Untriggered events may also contain
signal candidates, so that a pr-dependent correction was es-
timated by exploiting the same MC simulations used for the
evaluation of acceptance and efficiency.

To compute average pr ({(pr)) and the pr-integrated pro-
duction yields, the spectra were fitted with a Lévy-Tsallis
[37,38] function to extrapolate the unmeasured pr region
down to pr = 0. To avoid potential bias coming from the
fit of large pr bins in the cascades analysis, and at high pr,
the integral of the function was fitted to the bin contents. The
systematic uncertainties for this extrapolation procedure were
evaluated using other fit functions, as discussed in the next
section.

IV. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties were consid-
ered, following the strategy previously reported in Ref. [14].
To avoid being limited by the MC sample size in the sys-
tematic uncertainty determination and since systematics were
shown to be independent of multiplicity, the INEL > O class
was used, and the same relative systematic uncertainty was
assigned to all multiplicity classes. The stability of the signal
extraction method was tested by varying the width used to
define the “signal” region, expressed in terms of the number
of o (see Sec. II), varying it from the default 50 to +40 and
460. This uncertainty, moderately pr dependent, was below
1% for Kg and below 2% for all other particles. Acceptance
and efficiency corrections can introduce a systematic bias if

the track, candidate, and topological selections differ in MC
from real data. This uncertainty was estimated by varying
all the selection criteria within ranges, leading to a maxi-
mum variation of £10% in the raw signal yield. The results
were compared with those obtained with the default selection
criteria, considering a significant variation which is incompat-
ible with statistical fluctuations following the prescription in
Ref. [39] with a 1o threshold. Significant variations, induced
by each selection separately, were added in quadrature to
evaluate the systematic uncertainty. The resulting uncertainty
from topological, candidate, and track selections depends
on pr and amounts at most (at low pr) to 1.5%, 5%, 6%,
and 4.5% for K(S), A, E, and €, respectively. Furthermore,
a 2% uncertainty was added in quadrature to account for
possible variations of the efficiency with multiplicity. The
uncertainty due to the approximate knowledge and description
of the detector material was estimated with an MC simulation,
where the material budget was varied within its uncertainty of
+4.5% [14]. The assigned systematic uncertainty ranges from
8% to 1% at low and high p for cascades, while it stays below
4% for K and A.

While in-bunch pileup rejection turns out to have a neg-
ligible effect for the data-taking period under study (the
probability of having more than one pp interaction in a bunch
crossing is ~1073), out-of-bunch pileup rejection was nec-
essary and implemented by requiring ITS or TOF matching
(see Sec. III). The systematic uncertainty for this rejection
procedure was evaluated by requiring both (or at least two
for cascades) daughter tracks to be reconstructed in the ITS
or TOF. The difference from the default case was taken as the
systematic uncertainty, which is found to increase with pt and
saturate at high pr, reaching a maximum value of 3%.

In the A analysis, the feed-down correction method is
a source of systematic uncertainty, due to the uncertainties
of the measured = spectrum and the assumption that the
A originates in equal amounts from neutral and charged
E. The measured cascade spectra were moved upward and
downward by lo in the systematic uncertainty, followed by
a reevaluation of the feed-down. Moreover, the assumption
of 8*/E% = 1 was replaced by the ratio extracted from the
same MC simulation used to evaluate the acceptance and
efficiency correction. The total difference with respect to the
standard approach ranges from 2% to 5%, depending on pr
and multiplicity. Systematics related to the normalization of
the corrected spectra were evaluated using the EPOS-LHC MC
instead of the default PYTHIA 8 simulations. The systematic
errors obtained do not exceed 4% at low multiplicity for all
particles, and they rapidly become negligible as the multiplic-
ity increases.

The (pr) and integrated yields for all particles except
for the Kg were obtained from the extrapolation to the
unmeasured region. This procedure leads to an additional
systematic uncertainty due to the unknown functional form
used to reproduce the extended pr spectrum. As illustrated
in Sec. III, a default extrapolation was performed using the
Lévy-Tsallis formula, which describes the pr spectra for all
the examined strange hadrons over the full measured pr
range. The uncertainty for the extrapolated fraction was es-
timated by fitting the spectra with four alternative functions
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FIG. 2. {pr) in pp collisions at different center-of-mass energies and midrapidity as a function of the event multiplicity for K¢ and A (top
panels), E and Q (bottom panels). /s = 5.02 TeV results are shown as black dots, /s = 7 TeV results [13] as green squares, and /s =
13 TeV results [14] as red diamonds. Statistical uncertainties are reported as error bars, systematic uncertainties as boxes whose width

represents the systematic error on the multiplicity determination.

(Blast-Wave, Boltzmann, mr-exponential, Fermi-Dirac). The
resulting uncertainty for the integrated yields largely depends
on multiplicity, ranging from 7% at low multiplicity to 2.5%
at high multiplicity for A, from 13% to 1% for E and from
17% to 3% for 2. The extrapolation uncertainty for (pr) is
generally smaller, approximately half of that for the yields.

V. RESULTS

The pr distributions of Kg, A, B, and 2 for each mul-
tiplicity class and the multiplicity-integrated case are shown
in Fig. 1 together with the fit performed with a Lévy-Tsallis
distribution. The pr spectra feature a maximum which moves
toward larger values as the multiplicity increases, a feature
previously observed in large colliding systems and interpreted
as the result of a collective boost in the radial direction.
This feature is highlighted in the lower panels of Fig. 1,
where the ratio of the multiplicity-differential spectrum to

the INEL > 0 is reported for all particles under study. These
ratios evolve significantly at low pr, approaching a plateau
at around 4 GeV/c, where they saturate for K‘S) and A. For
the first time in pp collisions, the precision achieved with the
present measurement allows such a saturation region to be
approached for multistrange hadrons as well, although mea-
surements at even higher pr would be necessary to strengthen
the observation.

To quantify the evolution of the low-pr region of the spec-
tra with multiplicity, the (pt) is presented in Fig. 2. These
values are compared with those obtained at higher energies
in pp collisions by the ALICE Collaboration [12,14]. The
increasing trend of (pr) is consistent for all center-of-mass
energies, except for a lo difference for the K¢, for which
results at the highest energy tend to be higher over the full
multiplicity range.

Another interesting observable that quantifies the multi-
plicity evolution of the pr distributions is the ratio of the
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A and K(S) spectra for each multiplicity class. This ratio
is expected to evolve with multiplicity as the radial push
experienced by baryons should be larger than that experienced
by mesons if a collective medium is formed. Figure 3 shows
the pr evolution of the A /K ratio for different multiplicity
classes. Highlighted are the lowest, highest, and INEL > 0
multiplicity classes. The ratio increases at low pr, reaches
a maximum between 1.5 and 3 GeV/c and then descends
toward higher pr. The position of the maximum evolves with
multiplicity, being highest for the collisions with the highest
multiplicity. The INEL > O ratio follows the lowest multiplic-
ity trend at very low pr and then reaches higher values toward
the highest multiplicity classes. This reflects the basic fact
that the INEL > O spectra are dominated by low-multiplicity
events at low pr (where the spectra are softer) and by higher-
multiplicity events at higher pt (where the spectra are harder).

Integrated yields are presented in Fig. 4. The multiplic-
ity progression is also compared with results at higher pp
energies, showing an excellent agreement of all three pp
energies. This demonstrates that the collision center-of-mass
energy at the LHC does not affect strange particle produc-
tion yields when similar multiplicities are at play. It was
proposed [40] that the overall multiplicity evolution of the
strange-particle over pion ratio may be fully determined by the
minimum multiplicity necessary to produce one strange me-
son or baryon (pedestal effect). This interpretation starts from
the observation that the dN/dy dependence on multiplicity is
approximately linear, which can now be tested with higher
precision based on the present results. In Fig. 4, the dashed
lines show the result of a linear combined fit to the exper-
imental results at all center-of-mass energies, considering a
quadratic sum of statistical and total systematic uncertainties.
Systematic uncertainties are treated as uncorrelated across

multiplicity, as a comprehensive assessment of their corre-
lation with multiplicity is currently unavailable. A combined
test of x2 and Wald-Wolfowitz runs [41] shows that the trend
is linear for Kg, A, and E (p-value > 0.3 in all cases). For
the Q baryon, instead of a linear fit (p-value ~8 x 1075), a
quadratic trend describes the data better (dotted line, p-value
= 0.6). Note that, despite its better reproduction of the pp
multiplicity ranges, the quadratic trend does not hold at multi-
plicities typical of p-Pb and Pb-Pb interactions, as the trend of
the ratio to pions would not saturate at the highest multiplicity,
as was previously observed by ALICE [8]. The intercept of
the linear fit with the x axis (event multiplicity), the so-called
“pedestal” (P) [40], was estimated for the different strange
hadrons to be PKg = 0.09 4+ 0.02 (stat.) = 0.40 (syst.), P, =
0.30 £ 0.03 (stat.) £ 0.72 (syst.), Pz = 1.79 £ 0.09 (stat.)
0.56 (syst.), Po = 3.80 £ 0.14 (stat.) £ 0.58 (syst.).

VI. COMPARISON TO PHENOMENOLOGICAL MODELS

The reported results can be compared with state-of-the-art
general-purpose Monte Carlo generators, such as PYTHIA,
EPOS 4, and DCCL

PYTHIA [15] is a phenomenological model incorporat-
ing pQCD processes and hadronization through color string
fragmentation [42]. The “PYTHIA 8 Monash 2013” tune,
widely used in high-energy physics, implements multiple-
parton interactions (MPI) and a basic version of the Color
Reconnection (CR) mechanism [43], which are both essential
to reproduce the large variety of charged-particle multiplic-
ity densities and py spectral shapes of unidentified hadrons
measured in high-energy hadronic collisions. LHC results of
identified particle production as a function of the multiplicity
density necessitated the inclusion of more sophisticated CR
mechanisms, implementing QCD-allowed three-leg junctions
[17], and a modified string tension model in dense QCD en-
vironments, the so-called “ropes” mechanism [19]. This more
recent version of the PYTHIA model will hereafter be called
“PYTHIA 8 QCD-CR+Ropes.”

EPOS 4 [44-46] is the newest version of the widely used
EPOS model, based on the Gribov-Regge theory at parton
level [47]. Collective effects and modified hadronization in
high-multiplicity environments are obtained by means of the
“core-corona” mechanism [23], which includes two different
hadronization regimes: a high-density one (core), implement-
ing statistical hadronization and hydrodynamic expansion,
and an in-vacuum one (corona), which features string frag-
mentation. In the newest version of the model, some important
phenomenological issues like energy conservation, factoriza-
tion, and saturation are implemented in a consistent way.

The dynamical core-corona initialization model (DCCT)
[48] is a state-of-the-art implementation of the core-corona
approach [24]. In this case, the evolution of the system in its
core and corona regions is dynamic, driven by the collisions
that each parton experiences throughout the time evolution.
Finally, hadronization can occur in vacuum (using PYTHIA) or
using the Cooper-Frye formula from core droplets.

In the models, multiplicity classes are defined as per-
centiles of the multiplicity distribution in the VOM geometri-
cal acceptance region, adapting the class boundaries to match
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the corresponding (dNch/dn) |y <05 values measured from the
data. No extrapolation is necessary to extract yields and (pr)
for the models, as their transverse momentum spectra extend
to zero pr.

Figure 5 reports the comparison of particle yields and
(pr) to the aforementioned MC generators. The improve-
ment in the prediction of particle yields, when introducing
QCD-inspired CR and the Ropes mechanism in PYTHIA, is no-
ticeable for baryons, while the effect on mesons is negligible.
The improvement, on the other hand, is absent with regards to
the (pr), where the increasing trend with multiplicity is better
reproduced by the QCD-CR+Ropes tuning, but the spectra
are overall softer in the model by about 20%. EPOS 4 provides
a rather good description of the yields (slightly overshooting
the Kg and 2 trends) and a satisfactory description of (pr)
for baryons (with some tension for € at high multiplicity),
while for K(S) the EPOS 4 spectra are softer compared with the

data across all multiplicities. The DCCI model underpredicts
the trend of the baryon yields with multiplicity, while slightly
overshooting the one of K‘s). On the other hand, it describes
the (pr) rather well for all particles, except for K at very
high multiplicity. In general, although none of these mod-
els quantitatively describes both observables simultaneously
for all strange hadrons, EPOS 4 provides the most accurate
description for baryons. Note that the compatibility of the
multiplicity trend of yields extracted at different /s implies
that the success of statistical model fits at higher energies [22]
would reflect in a very good comparison in the left column of
Fig. 5

The A /K ratio is compared with the aforementioned MC
generators in Fig. 6 for the lowest- and highest-multiplicity
classes (left and right panels) and for the INEL > 0 class
(central panel). Considering the PYTHIA 8 generator, the im-
provement introduced by the advanced CR model is again
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evident in predicting the maximum observed in the data at
intermediate pr. The Monash 2013 tune underpredicts all
ratios and does not describe the shift of the peak with mul-
tiplicity. By contrast, the QCD-CR+Ropes tune improves the
agreement with the data substantially, limiting the discrepancy
to the very-low-pr region, where the model underpredicts
(overpredicts) at low (high) multiplicity, while the agreement
in the INEL > 0 case is satisfactory. EPOS 4 has a reasonable
agreement with the observed trend for INEL > 0 and at high
multiplicity, but deviates at low multiplicity, where the model
shows significant tensions both in the magnitude of the effect
and in the position of the peak. The DCCI model fails to
predict the evolution of ratios with multiplicity: although the
description of the INEL > O ratio is satisfactory, the low and
high multiplicities show large incompatibilities. Both the EPOS
4 and DCCI model curves terminate at 2.5 GeV/c to avoid large
fluctuations due to limited statistics.

In general, all comparisons show that the data can be quali-
tatively described only if certain aspects of parton collectivity
and modified hadronization in high-multiplicity collisions are
considered and introduced in the models. Whether collectivity
should be considered as parton flow (as in the two-component
models EPOS 4 and DccI) or Color Reconnection (as in
PYTHIA) remains an open issue. Similarly, hadron yields can
only be described if modified hadronization in a parton-
dense environment is introduced: thermal hadronization is
implemented in the case of EPOS 4 and DCCI, while color
reconnection and ropes account for the description of the
observed yields in a model like PYTHIA.

VII. CONCLUSIONS

The production of strange (K{ and A) and multistrange (E
and €2) hadrons was studied as a function of multiplicity in pp
collisions at /s = 5.02 TeV, exploiting a large data sample
collected by the ALICE experiment during LHC Run 2.

Transverse momentum spectra, measured with unprece-
dented precision, show a distinctive hardening moving toward
high multiplicity. The evolution stops at around 4 GeV/c, after
which the ratio of the multiplicity selected to the INEL > 0

spectra approaches a saturation region. The evolution of the
spectra was quantitatively studied by extracting the (pr) and
the A/KQ ratio. The (pr) increases with multiplicity, a fea-
ture that can be reproduced by phenomenological models
only if certain aspects of collectivity at the partonic level
are introduced. The A/ Kg ratio features a structure with an
intermediate- pr maximum, which is reminiscent of the more
prominent one observed in larger collision systems. Also in
this case, models can qualitatively describe this ratio only if
collectivity is introduced in the evolution of the system.

Particle yields were also studied and presented, extending
previous works to lower energy (hence at slightly lower mul-
tiplicity) as well as improving the precision and granularity in
the multiplicity selection, especially for multistrange baryons.
Yields are observed to increase with multiplicity, in excellent
agreement with what is observed at higher energies, demon-
strating and confirming that the collision energy does not
affect the average production probability of strange particles,
whenever similar multiplicities are considered. The increase
with multiplicity is consistent with a linear trend for Kg, A,
and E, while a quadratic dependence better accommodates the
Q results. Such an increase is, however, not suited to describe
the 2 yields at higher multiplicities, which are accessed in
p-Pb and Pb-Pb collisions. Models incorporating modified
hadronization in high-density pp collisions qualitatively de-
scribe the data, whereas pure in-vacuum hadronization does
not provide a good agreement.
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