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Abstract. The formation of quark-gluon plasma (QGP) has been confirmed
in ultra-relativistic heavy-ion (i.e. Pb-Pb) collisions. Results from small col-
lision systems, such as proton-ion (p—Pb) and proton-proton (pp) collisions at
LHC energies, have revealed several notable features: a hardening of the pr-
spectra and evidence of radial flow, an enhancement in (multi-)strange hadron
production with increasing multiplicity, and non-zero anisotropic flow coeffi-
cients. These observations suggest the presence of collective effects, similar to
those found in the QGP in heavy-ion collisions. In the searching of QGP forma-
tion in small collision systems, in particular, high-multiplicity (HM) p—Pb and
pp collisions are essential as their charged-particle multiplicity is comparable
to that of peripheral heavy-ion collisions. This proceeding presents the LHC
Run 2 results of light-flavour hadron (7, K, p) production in high-multiplicity
pp collisions at /s = 13 TeV with a focus on transverse momenta (pt) spec-
tra, mean transverse momenta ({pr)), ratio of pr-spectra and the ratio of the
integrated yields of kaon-to-pion and proton-to-pion. The results are compared
with that of heavy-ion collisions. The anisotropic flow (v,) measurement in
high-multiplicity p—Pb collisions at +/syy = 5.02 TeV and pp collisions at /s
=13 TeV are also shown and compared with the results from Pb—Pb collisions.

1 Introduction

The heavy-ion collisions (A—A) at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) have confirmed the formation of the quark-gluon plasma (QGP), a
short-lived new state of nuclear matter where quarks and gluons are deconfined [1]. The
production of particles with high transverse momentum (pr) or containing heavy-quarks can
be described by perturbative quantum chromodynamics (pQCD). The high-pr partons and
heavy quarks lose energy through interacting in the QGP , therefore used as probes of the
QGP. On the other-side the production dominated by light-flavour hadrons (r, K, p) at low
transverse momentum (pr), created from the soft interactions among the partons, carry useful
information of collective behaviour and freeze-out property of the QGP, spatial anisotropy of
the collision geometry and anisotropic expansion of medium.

The ALICE experiment characterizes the properties of the QGP medium using heavy-ion
collisions (i.e., Pb—Pb, Xe—Xe), while pp collisions are typically used as a reference [2-6].
The collective phenomena such as radial flow, long-range angular correlation and anisotropic
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flow [4-9], are typically observed in A—A collisions, where the QGP medium is formed.
The recent measurements of light-flavour hadrons production shows mass dependent harden-
ing of the pr-spectra, an increase in mean transverse momenta ((pr)) and an enhancement
of baryon-to-meson ratio at intermediate-pt in small collision systems at large multiplicity
depicted similarity with the results in heavy-ion collisions where QGP is formed [4, 10, 11].
The enhancement of strange hadron production in heavy-ion collisions is one of the key signa-
tures of QGP formation. The ratios of (multi-)strange hadrons to non-strange hadrons exhibit
a clear trend of smooth increase with multiplicity until reaching saturation. The observation
of the smooth evolution of strange to non-strange yield ratios across different collision sys-
tems and centere-of-mass energies suggests physics of hadronization follows a mechanism
that depends only on the multiplicity. [11, 12]. The origin of strangeness production in small
collision systems has been studied through a topological analysis of production towards- and
transverse-to-leading particle (a proxy for the jet axis) [13]. Strange hadron production from
underlying event (soft scatterings) dominates over hard scattering, and the relative produc-
tion of strangeness is favoured in transverse-to-leading (i.e. soft scatterings) processes. The
measurements of long range angular correlations and non-zero anisotropic flow in heavy-ion
collisions are well explained by collective effects of the QGP medium [14]. A similar "ridge"-
like structure in angular correlations and non-zero anisotropic flow coefficients has also been
observed in p—Pb and pp collisions [15, 16].

The above mentioned observations in small systems (p—Pb, pp) require a comprehensive
explanation of the mechanisms behind these phenomena. This proceedings presents the lat-
est measurements from LHC Run 2 data on light-flavour production in high-multiplicity pp
collisions at /s = 13 TeV [17]. The elliptic flow coefficient (v;) of identified particles in
high-multiplicity p—Pb and pp collisions at /sxy = 5.02 TeV and +/s = 13 TeV, respec-
tively, are presented to address the question of a unified description of collective phenomena
observed from small to large collision systems.

2 Results

The results presented here are based on data samples; of pp collisions at /s = 13 TeV and
p-Pb collisions at /sy = 5.02 TeV collected by the ALICE experiment during the LHC
Run 2 data-taking campaign 2015-2018. The minimum bias (MB) trigger requiring hits on
both VOA and VOC detectors. The MB events with at least one charged-particle produced
in the pseudorapidity region |g| < 1 are defined as pp inelastic INEL>0 event class. The
different VOM multiplicity classes are defined from the sum of all signals in VOM detector
(combined signals of VOA and VOC detectors). Different multiplicity classes in pp colli-
sion are from the VOM detector signals. For example, the VOM-I and VOM-X multiplicity
classes are corresponding to events containing 0-0.92% highest multiplicity and 64.5-100%
lowest multiplicity, respectively [11]. For pp collisions at 4/s = 13 TeV, an additional high-
multiplicity (HM) trigger, with a threshold of relative VOM amplitude with respect of average
value VOM/(VOM) > 4.9, is applied, selecting the top 0.1% of the MB events [18].

The pr-differential spectra of the &, K and p for three HM classes, corresponding to the
0-0.01%, 0.01-0.05% and 0.05-0.1% of the MB events of pp collisions at /s = 13 TeV, are
shown in Fig. 1 along with the reference MB spectra for the INEL>0 [19]. The bottom panels
of the figure show the ratios of the HM spectra to the INEL>0 class. For all three identified
hadrons, the ratios exhibit a hardening trend with increasing multiplicity, with the the effect
being more pronounced for protons. The observation of hardening of the pr-spectra with in-
creasing multiplicity, along with mass ordering, is inline with the previously reported results
in pp, p—Pb and Pb—Pb collisions where they have been attributed to the hydrodynamical flow
[4, 10, 11].
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Figure 1. pr differential spectra of &, K and p for three different high-multiplicity classes, compared
with the reference minimum bias result [19]. The spectra are scaled for better visibility. The ratios to
INEL>0 are shown in the bottom panels.

The measurement of mean transverse momentum {pr) as a function of charged-particle
multiplicity density (dN.,/dn) for three particles (rr, K and p) is shown in Fig. 2. The results
are compared with previously reported (pr) measurements in pp collisions at /s = 7 and
13 TeV [11, 20]. A continuously increasing trend of (pr) with increasing of (dN.,/dn) can
be observed, with a steeper rise for heavier hadrons. Similar observations have been reported
in pp [21] and p—Pb [10] collisions at lower collision energies. The qualitative trend of in-
creasing (pr) with charged-particle multiplicity, along with the mass ordering, is consistent
with the results observed in Pb—Pb collisions, though in a different multiplicity region [4].
This observation can be explained by the presence of a stronger radial flow effect at higher
multiplicities, which is more pronounced for particles with larger mass, across all three colli-
sion systems.

The relative production of different charged particles with transverse momenta can be
studied by examining particle ratios across various multiplicity classes. Fig. 3 shows K/r and
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Figure 2. Mean transverse momentum (pr) as a function of charged-particle multiplicity density
({(dN¢,/dn)) of mr, K and p in high-multiplicity pp collisions at /s = 13 TeV and compared with re-
sults from pp collisions at /s =7 and 13 TeV [11, 20].
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Figure 3. Ratios K/x (left) and p/nx (right) of the pr-spectra. The reference results of the VOM and
minimum bias classes as shown for comparison [11, 19]. The ratio to VOM-X are shown in the bottom
panels.

p/ ratios as a function of py for the high-multiplicity class 0-0.01%, along with published
VOM multiplicity classes and minimum bias results for the same collision system (pp) at /s
= 13 TeV [11, 19]. The lower panels of the figure show a comparison of the ratios to the
VOM-X class. The K/ ratio shows no significant dependence on multiplicity within the
explored pr range. However, the p/r ratio exhibits depletion at low pr (~ 0.8 GeV/c) and
an enhancement with increasing pr, similar to the trend obtained in the VOM-I class. This
enhancement of baryon-to-meson ratio has been reported in all three collision systems—pp,
p—Pb and Pb-Pb, attributed to radial flow boosting heavier particle at mid pr [20]. A similar
pattern of K/m and p/n ratios is also observed in the other high-multiplicity classes, 0.01-
0.05% and 0.05-0.1%.
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The pr-integrated particle ratios, kaon- and proton-to-pion, as a function of multiplicity
(dN¢/dn) is shown in Fig. 4 alongside published results from pp, p—Pb and Pb-Pb colli-
sions [4, 6, 10, 11, 20]. The high-multiplicity data points are in good agreement with ratios
from the p—Pb and Pb-Pb collisions at similar multiplicities. The ratios exhibit a smooth
evolution with increasing charged-particle multiplicity, indicating that the multiplicity is the
key driving force of the hadrochemistry, irrespective of the collision energy and colliding
system. The increasing trend of K/x ratio with increasing multiplicity could be due to the
fact that the strange to non-strange hadron production increases with increasing multiplicity.
The small decrease of the p/x ratio with increasing multiplicity supports the hypothesis of
antibaryon-baryon annihilation in the hadronic phase, a process which is less significant in
low multiplicity or peripheral collisions [22].
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Figure 4. Integrated yield ratios K/x (top) and p/x (bottom )as a function of charged-particle multi-
plicity density ((dNg,/dn)) for high-multiplicity pp collisions at /s = 13 TeV, compared with results
from pp, p—Pb and Pb-Pb collisions [4, 6, 10, 11, 20].

The anisotropic dynamic in small collision systems is studied by measuring the elliptic
flow coefficient v, as a function of pr in high-multiplicity p—Pb and pp collisions at +/sxny =
5.02 TeV and +/s = 13 TeV, respectively, as shown in Fig 5. The figure presents measurement
of v, for identified mesons (7%, K*, Kg) and baryons (p(p), A(A)) up to pp < 7.5 GeV/c. The
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behaviour of v, with pr is found similar among all three collision systems: Pb—Pb [23], p—Pb
and pp. The coefficient v; is found to decrease gradually from Pb—Pb to pp collision systems,
which can be attributed to higher anisotropy in larger systems. For pr < 2-3 GeV/c, v, of
lighter hadrons is larger than heavier ones at the same py, which is known as mass ordering
of particle species. This behaviour provides significant evidence of collective radial flow,
which gives isotropic boost to all particles equally, in addition to the anisotropic expansion of
the system. Beyond the low-pr region, the particles are grouped according to the number of
their constituent quarks, known as baryon-meson v, grouping. This observation of baryon-
meson v, grouping at intermediate-py in heavy-ion collisions is explained by the hypothesis
of particle production via the quark coalescence mechanism [24, 25].
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Figure 5. Elliptic flow v, as a function of pr for mesons (7%, K*, K?) and baryons (p(p), A(A)) in
high-multiplicity p—Pb collisions at +/sxn = 5.02 TeV (top) and pp collisions at +/s = 13 TeV (bottom).
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3 Conclusions

High-multiplicity p—Pb and pp collisions exhibit shown properties that resemble collective
behaviour attributed to the formation of QGP in Pb—Pb collisions. In particular, the transverse
momentum spectra of the &, K and p in high-multiplicity pp collisions at /s = 13 TeV
exhibit multiplicity and mass-dependent hardening similar to what is observed in heavy-ion
collisions [4, 6]. The mean transverse momentum (pr) increases with multiplicity and its
mass-dependent steepness can be attributed to a stronger radial flow effect with increasing
multiplicity and particle masses. The ratios K/7 and p/x of the pr-spectra confirm a similar
trend as observed in the VOM-I multiplicity class of pp collisions at +/s = 13 TeV [11].
The ratios of pr-integrated yields of K/ and p/n indicate that hadronchemistry depends on
multiplicity only, regardless of collision systems and colliding energies. The elliptic flow
coeflicient v, measured in p-Pb and pp collisions at y/sxy = 5.02 TeV and +/s = 13 TeV,
respectively, exhibit similar features for Pb—Pb but with smaller v, values. The mass ordering
at low-pr and baryon-meson grouping at intermediate-prt observed in high-multiplicity pp
and p—Pb systems are consistent with the elliptic flow measurement in the Pb—Pb collisions. A
comprehensive comparison of various observables across different collision systems suggest
that collective effects can be commonly present in both small and large systems.
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