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Abstract This paper presents the measurement of 77+,
K*, and p(p) production in high-multiplicity proton—proton
collisions at /s = 13 TeV at midrapidity (|y| < 0.5)
using the ALICE detector at the LHC. The transverse-
momentum (pr) spectra of these particles are reported for
three high-multiplicity classes. The results show a mass-
and multiplicity-dependent hardening of the pr spectra and
an enhancement of the p/m ratio at intermediate pt. These
features are similar to those observed in heavy-ion colli-
sions, where quark—gluon plasma formation is expected.
The new measurements have extended the highest average
charged-particle multiplicity density per unit of pseudora-
pidity achieved in pp collisions, roughly a factor five higher
than that in average inelastic pp collisions, thereby reduc-
ing the multiplicity gap between small and large collision
systems. In addition, the results are further compared with
previously published measurements and with model calcula-
tions obtained using distinct tunes of the PYTHIA 8 Monte
Carlo generator, as well as with predictions from the EPOS4.
The comparison of the pr-integrated K/m and p/m ratios
across different collision systems and energies suggests that
particle production scales with charged-particle multiplicity,
rather than with collision energy or system size. While the
PYTHIA 8 tunes and the EPOS4 model are able to reproduce
some of these measurements, either quantitatively or qual-
itatively, none of them consistently describes all observed
features of the data.

1 Introduction

In high-energy nucleus—nucleus (AA) collisions, a hot and
dense state of deconfined, strongly interacting matter, known
as quark—gluon plasma (QGP), is formed [1]. The ultra-
relativistic energies available at the Large Hadron Collider
(LHC) provide a unique opportunity to explore its properties.
This system undergoes a hydrodynamic evolution [2—4] and
exhibits an enhanced production of (multi-)strange hadrons,
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long-range angular correlations, non-zero anisotropic flow
harmonics, and suppression of high transverse momentum
(pr) particles in the dense medium as measured by the
nuclear-modification factor [5—7]. The light-flavor hadrons
produced at low pr, created through soft parton interactions,
provide essential insights into the collective behavior in the
QGP [8].

The observation of a “ridge-like” structure in angular cor-
relations between produced particles, as well as non-zero
anisotropic flow coefficients, has also been reported in small
systems such as proton—proton (pp) and proton—lead (p—Pb)
collisions [9-15]. Studies of high-multiplicity (HM) pp and
p—Pbcollisions have revealed several key features that resem-
ble those observed in heavier collision systems, where the
formation of the QGP is well established. These features
include the observation of mass-dependent hardening of pr
spectra, the increase of average transverse momentum ({pr))
with multiplicity, strangeness enhancement, and an enhanced
baryon-to-meson ratio at intermediate pt [16-24]. Despite
these similarities, the nuclear modification factor remains
consistent with unity at high pr. This contrasts with the sup-
pression observed in heavy-ion collisions. The nuclear mod-
ification factor represents the ratio of particle yields mea-
sured in lead—lead (Pb—Pb) or p—Pb collisions to those in pp
collisions scaled by the number of binary nucleon—nucleon
collisions [25,26].

The study of hadron-to-pion ratios as a function of the
average charged-particle multiplicity ((dNcn/dn)) from pp
to p—Pb and then to Pb—Pb system suggested that the particle
production depends primarily on charged-particle multiplic-
ity, independent of collision system or energy [16,24]. This
observation raises the question of whether there are common
physical mechanisms in small and large systems.

To investigate the origin of collective-like effects in pp
collisions, it is essential to use observables that are sensitive
to these phenomena and to compare the results with theoret-
ical model predictions. In particular, the transverse momen-
tum spectra of identified particles provide important informa-
tion, e.g., the mass-dependent spectral shape and mass order-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-026-16235-5&domain=pdf
mailto:alice-publications@cern.ch

1127 Page 2 of 18

Eur. Phys. J. C (2026) 86:1127

ing, which are commonly associated with radial flow [24].
Since collective phenomena in pp and p—Pb collisions can not
be derived directly from first-principle Quantum Chromody-
namics (QCD), their description often relies on phenomeno-
logical models [27-31]. PYTHIA, a Monte Carlo (MC) event
generator based on the Lund string model [32], is able to gen-
erate high-multiplicity pp events with color reconnection,
enhanced strangeness production [16], radial-like expansion
via color-rope fragmentation [33,34], and anisotropies in
the final-state momentum distributions arising from repul-
sive interactions among color strings (string shoving) [35].
In addition, color-reconnection schemes beyond the leading-
color (CLR-BLC) approximation introduce string junction
topologies and provide a good description of the p/m ratio at
low pt in minimum bias (MB) pp collisions [36]. The EPOS4
model implements a core-corona approach [37,38], in which
strings in low-density regions fragment to form the corona,
while the high-density core undergoes collective expansion.
This approach is able to describe certain collective-like fea-
tures, such as radial flow and strangeness enhancement, in
small collision systems [39]. However, none of these theo-
retical approaches provides a consistent quantitative descrip-
tion of the collective-like effects in small collision systems
[10,24,40]. Small collision systems at the highest charged-
particle multiplicities therefore offer essential input for con-
straining and improving existing theoretical models.

In this article, we present the measurements of primary
charged particles, i.e. 7%, K*, and p(p) at midrapidity
(ly] <0.5) in pp collisions at /s = 13 TeV across three
high-multiplicity classes using the ALICE detector [41,42].
PYTHIA 8 and EPOS4 are used as reference models for com-
parison with the experimental results. The new results extend
the previous measurements of light-flavor hadron production
from an average charged-particle multiplicity of 26.0 to 35.8,
thus reducing the gap between pp and large collision systems.
At such high multiplicities, pp events reach charged-particle
densities that are comparable to those observed in peripheral
(70-80%) Pb—Pb collisions at ,/snn = 2.76 TeV [43]. This
paper is organized as follows: Section 2 describes the ALICE
experimental setup and data analysis. The results, along with
model predictions, are presented and discussed in Section 3.
Finally, the paper is summarized in Section 4.

2 Experimental setup and data analysis
2.1 The ALICE detector

A detailed description of the ALICE apparatus, as well as
its performance, can be found in Refs. [41,44]. The detector
configuration used in this analysis corresponds to the Run
2 setup prior to the Long Shutdown 2 upgrade. The main
detectors used in this analysis are the VO [41], the Inner
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Table1 Average charged-particle multiplicity density (d N¢, /dn) mea-
sured in the three event multiplicity classes used in this analysis .

(dNeh/dn)jy<0.5

Multiplicity class 0 /0INEL>0 (%)

HM1 0-0.01 358+£05
HM I 0.01-0.05 322+04
HM III 0.05-0.1 30.1 £04

Tracking System (ITS) [45], the Time Projection Chamber
(TPC) [46], and the Time-Of-Flight (TOF) [47]. All of these
detectors are located inside a 0.5 T solenoid magnetic field.

The VO detector is used for triggering, multiplicity esti-
mation, and background suppression. It consists of two scin-
tillator arrays positioned along the beam axis on either side
of the interaction point (IP), located at z = 340 cm (VOA)
and z = —90 cm (VOC). These arrays cover the pseudora-
pidity ranges 2.8 < n < 5.1 and 3.7 < n < —1.7 for
VOA and VOC, respectively. The VOM multiplicity estima-
tor obtained from the combination of VOA and VOC signals
is used to classify events according to their measured multi-
plicity [22].

The ITS is the tracking device closest to the interac-
tion point. It is composed of six cylindrical layers of high-
resolution silicon detectors, covering a pseudorapidity range
of [n] < 0.9. The two innermost layers of ITS consist of
hybrid Silicon Pixel Detectors (SPD), located at a radial dis-
tance of 3.9 cm and 7.6 cm from the beam axis, covering
pseudorapidity ranges of || < 2 and |n| < 1.4, respec-
tively. The outer four layers are composed of Silicon Strip
(SSD) and Silicon Drift (SDD) Detectors, which are also
used to identify particles by measuring the specific energy
loss (dE/dx) at low transverse momentum.

The TPC, together with the ITS [46], is the main tracking
detector of the ALICE central barrel and covers the same
pseudorapidity range as the ITS. It is a gaseous detector with
radial and longitudinal dimensions of approximately 85 cm
< r < 247 cm and |z| < 250 cm, respectively. The TPC
identifies charged particles through the measurement of their
specific energy loss and provides three-dimensional spatial
information for each track, with up to 159 samples per track.

The TOF [47] detector is based on the Multigap Resis-
tive Plate Chamber (MRPC) technology. It covers the full
azimuthal range for the pseudorapidity interval |n| < 0.9
and is cylindrically symmetric at an average distance of ~4
m from the beam axis. The TOF detector identifies charged
particles by measuring their time of flight. Since particles and
antiparticles are produced in equal amounts at LHC energies
[48], for the rest of this paper, we will use the notation 7,
K, and p to denote (™ + 77), (KT + K™7), and (p + p),
respectively.
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Fig. 1 Difference between measured dE/dx (in the TPC) and its
expected value for pions as a function of the same difference in time of
flight as obtained from TOF. The plot is shown for 1.50 < pr < 1.60
GeV/c at midrapidity. The red box represents the regions of the 2D fit,
while the gray dashed box indicates the mismatch region.

2.2 Data sample, event and track selection

The results presented in this paper are obtained by combining
two independent analyses, namely ITS stand-alone (ITSsa)
and TPC-TOF. The analyzed data correspond to pp colli-
sions at v/s = 13 TeV collected during the LHC Run 2
in 2016, with an integrated luminosity of 13 pb~! for the
HM-triggered sample. After all event selections, approxi-
mately 8 x 107 and 8 x 10 events are used for the ITSsa and
TPC-TOF analyses, respectively. High-multiplicity events
are selected using the HM trigger, which is defined by a
threshold on the relative VOM amplitude with respect to its
average value VOM/(VOM) = 4.9, selecting the top 0.1%
of the minimum bias events [49,50]. Additionally, accepted
events are required to have a primary vertex in the fiducial
region |z| < 10 cm. The events with out-of-bunch pileup
were removed using timing information from the VO counter.
In-bunch pileup was identified using the SPD and removed
from the analysis [44]. The fraction of rejected events does
not exceed about 3%, and its impact on the measured spectra
is negligible [51].

For the measurement of 7z, K, and p spectra, we divided
the high-multiplicity data into three classes: HM I, HM 1I,
and HM I1I, corresponding to the top 0-0.01%, 0.01-0.05%,
and 0.05-0.1% of the VOM/(VOM) signal percentile, respec-
tively. The corresponding average charged-particle multi-
plicity densities ((dN.n/dn)), defined as the total number
of charged particles produced per unit pseudorapidity in the
[n] < 0.5 window [52], are listed in Table 1.

The tracks were selected using track-selection criteria sim-
ilar to those described in Ref. [22]. Analyzed tracks are
restricted to the pseudorapidity region || < 0.8 to ensure
good acceptance and performance. To ensure good track
selection, we require at least 70 traversed TPC readout rows;
the tracks are selected having goodness-of-fit, x> per TPC

2.3 Particle identification

Particle identification (PID) is performed using the specific
energy loss (dE/dx) measured by the ITS and TPC, and the
time-of-flight measured in the TOF. Low- pt particles (typi-
cally 0.1-0.75 GeV/c depending on the particle species) are
reconstructed using a dedicated tracking algorithm which
only uses the ITS information. In the ITSsa, hadron identifi-
cation is performed by calculating the energy loss measured
in three or four outer ITS layers [44]. The difference between
the measured and expected value of dE/dx for each type of
particle is calculated in multiples of standard deviations o
The detailed description of this method is provided in Ref.
[22].

In the relatively higher pt region (0.6—4.0 GeV/c, or 0.7—
4.0 GeV/c depending on particle species), particle identifica-
tion is performed using a TPC-TOF two-dimensional (2D)
fit method. This method is illustrated in Fig. 1. For each par-
ticle species i (pions, kaons, and protons), the y axis shows
X; = dE/dx — (dE/dx); obtained from the TPC [22] and
the x axis represents 7; = At — (At); provided by the TOF
[53]. Here, dE /dx and At are the measured specific energy
loss in the TPC detector and time of flight in the TOF detec-
tor, respectively. The terms (dE /dx); and (At); correspond
to their expected values for a given pt range.

To extract the raw yield for each particle species in various
pr intervals, a fit is performed on the (7;, X;) distribution
using the following fit functions.

d? Niot d’N;
—_— M', 1
dT; dX; ;dTidXi +M M
where
dzN/' de de
— X —— X —— 2)
d7; dX; d7; dX;

and M; stands for the mismatch component that accounts for
the background from wrongly associated TOF signals (TOF
mismatches). Here, i corresponds to the particle species
under study, and j runs over all the species (pions, kaons, and
protons). The TOF mismatch is modeled using a data-driven
template histogram constructed by randomly assigning TOF
signals to reconstructed tracks [43]. Figure 1 shows an exam-
ple of (7;, X;) distribution for 1.50 < pt < 1.60 GeV/c
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under the pion mass assumption for the HM I multiplic-
ity class. The various regions represent the different parti-
cle species, with pions located at (0, 0). The regions corre-
sponding to other particles are separated due to the difference
between their masses and the assumed pion-mass hypothe-
sis. The red box represents the region of simultaneous fit for
the TPC and TOF responses, while the gray dashed box indi-
cates the mismatch region. The best fitting parameters are
obtained by maximizing the logarithm of the likelihood of
the fit function, and the raw yield for species i is extracted as
the fit parameter.

2.4 Corrections and normalization

The raw particle yields obtained from the ITSsa and TPC—
TOF PID methods require various corrections, including
tracking acceptance x efficiency, TPC-TOF matching effi-
ciency, and contamination from secondary particles. The
resulting spectra are then normalized by the number of
events in each multiplicity class to obtain the final pt-spectra
[22,24,54]. Tracking acceptance x efficiency accounts for
the particles lost due to the geometrical acceptance of the
detector as well as its limited detection efficiency. The TPC—
TOF matching efficiency takes into account that not all ana-
lyzed tracks have a hit in the TOF. It is calculated as the ratio
of the total number of tracks matched with the TOF to the total
number of tracks reconstructed by the TPC. These correc-
tions are derived from simulated pp collision events, which
are generated using the PYTHIA 8 model (Monash 2013
tune [28,32]), and the interactions of the generated particles
with the experimental apparatus are modeled using GEANT4
[55]. In the simulation, one applies the same track selection
criteria used for the data to account for detector acceptance
and reconstruction efficiencies. It is also observed that these
efficiencies show negligible variation with charged-particle
multiplicity, so the multiplicity-integrated values are used for
these corrections.

In this article, we present the measurements of primary
particles, referred to as prompt particles in collisions, includ-
ing decay products, except those from weak decays of strange
particles and material interactions [56]. The contamination
from secondary particles produced in the detector material
mainly affects protons, while that from weak decays affects
both pions and protons. In order to estimate the contribution
from secondary particles, produced from the weak decays
or material interactions, a template fit method is used. This
method is based on the fact that the DCAy of primary par-
ticles, secondary particles from weak decays, and the secon-
daries from the material interactions are qualitatively differ-
ent. Using the MC production, we obtain the corresponding
DCA,, template distributions. To obtain the correct frac-
tion of the primary particles, we fitted the data with the fit
templates as carried out in the previous work [24]. The con-
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tribution of the secondary particles for pions and protons is
maximum at low prt (~ 2.5 % at 0.1 GeV/c for pions and
8.3% at 0.3 GeV/c for protons) and becomes negligible at
higher prt, while the contribution from kaons is negligible.

2.5 Systematic uncertainties

The systematic uncertainties in this analysis arise from var-
ious sources across the pt range. They are calculated by
varying the selection criteria around the default values and
comparing the resulting measurements with those obtained
using the default criteria. A summary of these uncertainties
is presented in Table 2.

The final systematic uncertainty is obtained as the sum
in quadrature of the uncertainties due to each variation.
The sources of systematic uncertainties are divided into two
parts: the first being common to ITSsa and TPC-TOF anal-
yses, and the second specific to each analysis. The common
sources of systematic uncertainty for both ITSsa and TPC—
TOF analyses are the hadronic interaction cross section in
the detector material and the corrections for secondary par-
ticles. The uncertainty associated with the hadronic interac-
tion cross section in the detector material is evaluated using
the GEANT4 [55] and FLUKA [57] transport codes. Addi-
tionally, a 2% systematic uncertainty is included to account
for possible multiplicity dependence effects in track recon-
struction efficiency and signal loss correction derived from
MC simulations [24]. The contamination from out-of-bunch
pileup tracks in the ITS-TPC matching is negligible, and
the high-interaction rate related uncertainties are negligible
relative to the other systematics.

The ITSsa analysis includes the uncertainties arising from
particle identification (PID), the ITS material budget, and the
Lorentz force (E x B) effect. PID uncertainties are evalu-
ated using a Bayesian approach and comparing the results
obtained with the standard no method [25]. Material budget
uncertainties are estimated by varying the ITS material by
+7.5% [58]. The Lorentz force induces shifts in ITS cluster
positions depending on the magnetic field polarity, resulting
in an uncertainty of about 3%. All of these uncertainties are
taken from Ref. [24]. A detailed description of the estima-
tion of systematic uncertainties for the ITSsa analysis can
be found in Refs. [22,24]. The track selection uncertainties
of ITSsa are obtained by varying the track selection criteria,
mainly the DCA,, and DCA_, the x? of the track and the
number of ITS clusters.

The systematic uncertainties associated with TPC-TOF
analysis include the uncertainties due to the ITS—-TPC match-
ing efficiency, PID, TOF-matching efficiency, material-
budget, and tracking efficiency. The systematic uncertainties
related to the ITS-TPC and TPC-TOF track matching are
estimated by comparing the matching efficiencies in data and
MC simulations. The material budget uncertainty is obtained
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Table 2 Sources of systematic uncertainties on the corrected spectra. The uncertainties are split into two categories, the common and the individual-
analysis specific. The symbol “~” (negl.) indicates that the source is not applicable (negligible) for the corresponding analysis.

Uncertainty (%)

T K p

pr (GeV/c) 0.1 0.75 4.0 0.2 0.6 4.0 0.3 0.7 4.0

Common Source

Correction for secondaries 1.0 1.0 1.0 negl. negl. negl. 4.0 4.0 4.0
Hadronic interactions 2.0 2.0 24 2.7 2.7 1.8 3.6 3.6 3.6
ITSsa

PID 0.4 0.4 - 33 33 - 3.6 3.6 -
Material budget 4.8 0.3 - 23 0.6 - 5.0 0.9 -
E x B effect 3.0 3.0 - 3.0 3.0 - 3.0 3.0 -
Tracking efficiency (ITSsa tracks) 2.8 2.8 - 2.9 2.9 - 5.2 52 -
TPC-TOF
ITS-TPC matching efficiency - 0.7 1.5 - - 1.5 - - 1.5
PID - 2.0 2.0 - - 2.0 - - 2.0
TOF-matching efficiency - 3.0 3.0 - - 6.0 - - 4.0
Material budget - 0.5 1.0 - - 1.0 - - 2.9
Global tracking efficiency (incl. track cut variation) - 0.3 0.5 - - 2.6 - - 3.0
Total 7.1 6.7 53 6.7 6.4 7.6 10.4 9.3 8.5
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by varying the material budget in the simulation by +5%
[24]. The uncertainties associated with tracking are assessed
by varying the track selection criteria, which mainly include
the number of clusters in the TPC, DCA,, and DCA;. The
uncertainties related to the particle identification are calcu-
lated by repeating the fits with varied fit ranges and param-
eters. The uncertainties listed in Table 2 are assumed to be
uncorrelated among different particle species, except those
arising due to the magnetic field polarity, ITS-TPC matching
efficiency, and the multiplicity-dependent tracking efficiency
and signal loss corrections. The systematic uncertainties on
the pr-integrated observables will be described in Sect. 3.3
in detail.
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3 Results and discussion
3.1 pr-differential results

The pr-differential spectra of the species under study (7,
K, and p) for the multiplicity classes reported in Table 1 are
shown in Fig. 2. The ITSsa and TPC-TOF spectra overlap
in the p interval 0.6-0.75 GeV/c for pions. In this region,
the spectra are combined using a weighted average based
on the inverse squared uncorrelated systematic uncertainties
[53]. For kaons and protons, however, there is no common pt
interval between ITSsa and TPC-TOF. The exact pt ranges
covered by ITSsa are 0.1-0.75 GeV/c, 0.2-0.6 GeV/c, and
0.3-0.7 GeV/c for pions, kaons, and protons, respectively.
For the TPC-TOF, these are 0.6-4.0 GeV/c for pions and
kaons and 0.7-4.0 GeV/c for protons. The bottom panels
of Fig. 2 show the ratios of the spectra to the VOM I (0-
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aanaay AR LA LR RLR L ER RN LR AR LR AR
r ALICE T [= ] HM1(0-0.01%) (N /dn) = 35.8) ]
0.6 pp,Vs=13TeV, lyl <0.5 o TR PYTHIA 8 Monash ]
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Fig. 6 (KT +K7)/(m~ + xt) (left) and (p + p/(w~ + 7 ™T) (right)
ratios in pp collisions as a function of pt compared with PYTHIA
8 Monash, PYTHIA 8 Shoving, PYTHIA 8 Ropes, PYTHIA 8 CLR-
BLC 3, and EPOS4 for the HM I multiplicity class. The empty boxes
are the systematic uncertainties of reported spectra ratios, and the bands
represent the statistical uncertainties in the models.

0.92%) multiplicity class measured by ALICE [24]. For all
the identified hadrons, the ratios show a hardening of the
spectra with increasing multiplicity. Such observations have
been previously reported in pp, p—Pb, and Pb—Pb collisions
and are attributed to hydrodynamical evolution of the system
[8,21,24].

The relative production of different charged hadrons at
various transverse momenta can be studied through the ratio
of their pr-differential spectra as a function of event mul-
tiplicity. The measured K/m ratio as a function of pt for
different multiplicity classes is shown in Fig. 3.

The results are compared with those from the VOM I [24]
and MB [54] multiplicity classes measured in pp collisions
at /s = 13 TeV, as shown in Fig. 3. The K/ ratio exhibits
an increasing trend at low pr and tends to saturate at higher
pt. The bottom panel shows the ratios of the measurements
to VOM I and MB. The measurements are consistent with
those of the VOM I and MB classes. Our measurements are
also consistent with the previously published K/m ratio in
peripheral (70-80%) Pb—Pb collisions at /sy = 2.76 TeV
and 5.02 TeV [8], which shows a steep increase with pt from
~0.07 at the lowest pT and saturates at ~0.47 toward higher
pt. Figure 4 shows the p/m ratio as a function of pr for
different multiplicity classes. The results are also compared
with the VOM I and MB multiplicity classes. The bottom
panels show the ratio of the results to the published ones. A
suppression in the p/z ratio at low pt (< 1 GeV/c) and an
enhancement at intermediate pt (~ 3 GeV/c) is observed.
The results show a systematically increasing trend from HM
I to HM III, although the significance of this rise is low due
to large uncertainties. A similar enhancement of p/m ratios
at intermediate pt has been observed in p—Pb and Pb-Pb
collisions, where it has been associated with collective flow
or quark recombination [8,21,43]. In addition, both the K/

and p/m ratios as a function of pt show a hardening of the
spectra which is more pronounced for the heavier particles,
see Fig. 2. Quantitatively, the K/m (p/m) ratio increases by
a factor of about 6 (15) from pt ~ 0.3 to 3.0 GeV/c for the
studied HM classes, suggesting a large increase for heavier
particles (p).

3.2 Comparison of pr-differential results with models

The comparison between the measured pr spectra of 7, K,
and p with pQCD-inspired MC event generator calculations
provides valuable insight into the hadronization mechanism.
Figure 5 presents a comparison of the measured , K, and p
spectra with predictions from different tunes of the PYTHIA
8 model, namely the Monash 2013 tune [28], Ropes [59],
Shoving [35], and CLR-BLC 3 [60], as well as with predic-
tions from the EPOS4 model [37], for different multiplicity
classes.

PYTHIA 8 is based on the Lund String Model [61,62],
which describes hadronization through the fragmentation
of QCD strings into hadrons. PYTHIA 8 with the Monash
2013 tune implements MPI and a basic version of the Color-
Reconnection mechanism. PYTHIA 8 with ropes results in
a higher effective string tension due to the overlap of sev-
eral strings at the hadronization time (color ropes), leading
to an increased production of baryons and strangeness [59].
PYTHIA 8 with shoving tune accounts for string interac-
tions, where strings repel each other in the transverse direc-
tion. This interaction generates microscopic transverse pres-
sure, leading to long-range correlations [63]. In PYTHIA
8, the CLR-BLC approximation implements the formation
of string junction topologies during the color-reconnection
stage, which subsequently leads to enhanced baryon produc-
tion during string fragmentation. The PYTHIA 8§ CLR-BLC
model provides several modes (0, 2, and 3) that impose dif-
ferent time-dilation and causality constraints on string recon-
nection before hadronization [60]. As discussed in recent
studies, the Mode 3 provides a good description of the p/m
ratio at low pt in MB pp collisions [36]. Accordingly, the
CLR-BLC Mode 3 tune is compared with data and other
models in high-multiplicity pp events. EPOS4, the latest ver-
sion of the EPOS event generator, implements initial partonic
scatterings using a Pomeron-based Gribov—Regge scheme
and dynamically separates the system into a dense‘core’and
a dilute‘corona’ [37,38]. In these predictions, event classes
are determined based on the number of charged particles
simulated at both forward and backward pseudorapidities
within the VO detector coverage, using a method similar to
that employed for data classification. Then, the (dN¢p, /dn) is
determined in the central pseudorapidity region |n| <0.5.

It is observed from Fig. 5 that the measured pt spectra of
pions are qualitatively reproduced by the PYTHIA 8 Monash
and PYTHIA 8 Ropes tunings within about 20% over the full
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pr range, while the EPOS4 underestimates the spectra over
the entire range. The comparisons of the K/ and p/x ratios, 0.2 T ALIICE T T ]
with PYTHIA 8 and EPOS4 model predictions are shown in [ pp,Vs=13TeV, |y| <0.5 ]
Fig. 6. ~ f #ﬁ;ﬂ:ﬂ i
All MC calculations underestimate the K/7 ratios with g 0.15 B 'H'H -Hﬂ ﬂﬂ# ]
increasing momentum (pt > 0.5 GeV/c). Compared to the ++ [ e ]
other PYTHIA 8 tunes, the CLR-BLC 3 shows an improved & F .
qualitative description of the p/m ratios. EPOS4 predictions '; 01 [@]pp.Vs=13TeV, HM B
provide a better description of the data for both the K/7 and + B (m] gz’ Ef 1731_;6/\/ ]
p/m ratios compared to PYTHIA 8 tunes. It has also been & 0.05 %p-éb,@: 502 TeV N
observed that none of the PYTHIA 8 tunes capture the low- - i Pb-Pb, |5y = 2.76 TeV ]
pt depletion seen in high-multiplicity results compared to L Pb-Pb, \[syy = 5.02 TeV J
the VOM I class. - - H——— ] ]
. 0.1 —
3.3 pr-integrated results C ]
. o 7. 0.08[ -
The pr-integrated particle yields (dN/dy) and mean trans- R - 5
verse momentum ({ pr)) are evaluated by integrating the mea- +; 0.06 :_ _:
sured pr spectra in the available pr ranges, while the Lévy— g *ﬂ # 1
Tsallis functional fits are used to extrapolate the contribution o) i H - -
to the pr region that is not covered by the measurements +0.04 o PYTHIA 8 Monash -]
[64]. The corresponding values of dN /dy and (pr) for the = C o ) E$¥::ﬁ 8 Shoving ]
: - 8 Ropes b
different multiplicity classes are reported in Table 3. 0.02~ PYTHIA 8 CLR-BLC 3 7
The fraction of the yields extrapolated with the functional . T EPOS4 ]
fit are 9% for 7, 6% for K, and 7% for p. The order of these ol """'2 — """'3
fractions remains approximately the same across all multi- 10 N 10 10
plicity classes. To estimate the systematic uncertainties of (d ch/d n>|n|<0.5

the extrapolated fractions, alternative fit functions, includ-
ing Bose—Einstein, Fermi—Dirac, pt exponential, and Blast—
Wave [50] are used. The extrapolated systematic uncertain-
ties in the integrated yield range from 0.9% to 1.8% for the 7,
K, and p particles, while for the {pT), they vary from 0.83%
to 1.5%. The statistical and systematic uncertainties on the
dN/dy and (pT) are calculated by using the same methods
as described in Ref. [22,24].

The pr-integrated kaon-to-pion and proton-to-pion ratios
measured in high-multiplicity pp collisions at /s = 13
TeV are shown in Fig. 7. These results are also com-
pared with those measured in pp, p—Pb, and Pb—Pb colli-
sions at \/snn = 7, 13, 5.02, and 2.76 TeV, respectively
[8,21,22,24,43]. The measurements show good agreement,
within systematic uncertainties, with previously published
results. These measurements have extended the K/m and
p/m ratios in pp collisions to higher multiplicities. A small
increase in the K/ ratio by a factor of 1.39 4 0.19 is seen
when moving from low-multiplicity pp to the highest mul-
tiplicities in Pb—Pb collisions, hints at strangeness enhance-
ment [65]. Our results from high-multiplicity pp collisions
follow this trend. The p/r ratio decreases by a factor of 1.23 +
0.15 from pp ({(dNch/dn) ~ 3.9) to high-multiplicity Pb—Pb
collisions, suggesting the antibaryon-baryon annihilation in
heavy-ion collisions [66]. Our results for the p/z ratio follow
the trend exhibited here. Furthermore, the measurements are

@ Springer

Fig. 7 K/m (top) and p/ (bottom) pr-integrated ratios as a function
of (dN¢p/dn) measured in pp, p—Pb, and Pb—Pb collisions at different
center-of-mass energies [8,21,22,24,43]. Empty boxes represent the
total systematic uncertainties and bars indicate the statistical ones. Col-
ored lines represent the predictions from different tunes of PYTHIA 8
and EPOS4 for pp collisions at /s = 13 TeV.

compared with the predictions from PYTHIA 8 and EPOSA4.
The PYTHIA 8 Monash, Shoving, and Ropes tunes describe
the integrated K/m ratio reasonably well (Fig. 7), although
noticeable deviations are observed in the pr-differential
ratios (see Fig. 6).

In contrast, the PYTHIA 8 CLR-BLC Mode 3 tune sys-
tematically underestimates the measured ratio, especially for
(dN¢h/dn) > 4. It should be noted that both PYTHIA 8
Monash and Shoving provide a qualitative description of the
p/m ratio for (dN¢ /dn) > 5. However, the PYTHIA 8 Ropes
and PYTHIA 8 CLR-BLC 3 overestimate the data. EPOS4
describes the K/ ratio in the low ({(dN¢h/dn) < 6) and high
({(dNcn/dn) > 30) multiplicity regions, while it reproduces
the p/m ratio up to (d Ny /dn) ~ 8.

The (pt) of 7, K and p as a function of (dN.,/dn) along
with the published results of pp collisions at 4/s = 7 and 13
TeV are shown in Fig. 8. A continuous increase in the (pT)
with multiplicity is observed, and this increase is steeper for
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Table 3 dN/dy and (pr) (GeV/c) measured in different high-multiplicity classes. The first error represents the statistical uncertainty and the

second one is the systematic.

at4+n-
Multiplicity class dN/dy (pt) (GeV/c)
HM1 33.967 £0.011 £1.915 (6.234 4 0.004 £ 0.160) x 10~!
HM 11 30.709 £+ 0.006 + 1.750 (6.121 £ 0.001 £ 0.156) x 10~
HM 111 28.778 + 0.006 £ 1.648 (6.049 4 0.001 £0.153) x 107!
Kt +K™
Multiplicity class dN/dy (pt) (GeV/c)
HMI 5.067 £ 0.007 £ 0.380 (10.862 4 0.012 4 0.274) x 107!
HM II 4.492 +£0.004 £0.343 (10.670 £ 0.008 4 0.296) x 107!
HM III 4.192 +0.003 £0.313 (10.500 4 0.007 4 0.276) x 107!
p+p
Multiplicity class dN/dy (p1) (GeVlic)
HM 1 1.883 +£0.003 + 0.168 (13.637 £0.024 4 0.416) x 107!
HM II 1.696 £+ 0.002 + 0.151 (13.455 £0.017 4 0.410) x 107!
HM 111 1.590 +0.002 £ 0.142 (13.163 £0.017 4 0.396) x 107!

Fig. 8 (pr)ofm,K,andpasa
function of (d N /dn) measured
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8 and EPOS4 for pp collisions at 0.4} ¥
Js =13 TeV. 0.2k
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5 10

the hadrons with higher mass. The new results confirm this
trend. This observation is the same as observed in heavy-
ion collisions, which is consistent with radial flow effects.
Comparing pp and Pb-Pb at similar multiplicity suggests
that (pr) is higher in pp compared to that in Pb—Pb [22]. We
also observe that all the models capture the increasing trend
of (pr) with (dN¢/dn). Among all the PYTHIA 8§ tunes,
PYTHIA 8 Shoving provides a quantitatively good descrip-
tion of the ( pr) of pions, whereas all the tunes underestimate
the kaon and proton (pr) values. The (pr) of pions predicted
by EPOS4 is consistent with the data over the full range of
(dNcp/dn), whereas the (pt) of protons is well reproduced
by EPOS4 up to (dN.y/dn) < 26, but is underestimated in
the highest three multiplicity classes.

15 20 25 30 35 5

10 15 20 25 30 35 5 10 15 20 25 30 35

« Nch/ d '7>m|<o.5

4 Conclusion

In this article, results related to the production of 7, K, and
p in high-multiplicity pp collisions at /s = 13 TeV are
presented. These new measurements have extended previ-
ous studies of pp collisions by pushing the average charged-
particle multiplicity densities ((d Ncp/dn)) from 26.0 to 35.8,
further bridging the gap between small and large colli-
sion systems. The transverse-momentum spectra, integrated
yields, mean transverse momentum, and K/z and p/x ratios
are presented. A comparison of these results with the pub-
lished data for different system sizes and energies, and with
the PYTHIA 8 (Monash, Shoving, Ropes and CLR-BLC 3
tunes) and EPOS4 models is presented.

A hardening of the pt spectra across multiplicity classes is
observed, which is more pronounced for particles with larger
masses. The pr-differential p/m ratio shows an enhancement
at intermediate pT, and the multiplicity-dependent K/ and
p/m ratios display a smooth transition across different col-
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lision system sizes and energies. These results indicate that
particle production is mainly driven by multiplicity, rather
than by collision energy or system size. Furthermore, the
(pr) as afunction of (d N, /dn) exhibits an increasing trend,
with a more pronounced rise for heavier particles. These fea-
tures, namely the hardening of pt spectra with multiplicity
and particle mass, the enhancement of the p/m ratio at inter-
mediate pr, and the increase of (pr), are similar to those
observed in heavy-ion collisions, where they are associated
with the presence of radial flow. The PYTHIA 8 Monash
and Ropes tunes qualitatively reproduce the pion spectra,
while the Monash and Shoving tunes provide a reasonable
description of the integrated K/z ratio. EPOS4 describes the
increasing trend of the pion (pt) with multiplicity. Overall,
EPOS4 captures the qualitative trends of the pr-dependent
K/m and p/m ratios more consistently than the PYTHIA 8
tunes.
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