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The study of particle production in high-multiplicity pp collisions has revealed unexpected col-
lective effects. In order to investigate these features, particle yields as a function of event activity
are measured by ALICE. The interplay between soft and hard processes is studied by measuring
both heavy- and light-flavour particle yields as a function of charged particle multiplicity. In this
work we present selected ALICE results of self normalised yield as a function of self normalised
charged-particle multiplicity, measured in pp collisions.
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1. Introduction

High-multiplicity pp and p–Pb collisions have shown features reminiscent of those observed
in Pb–Pb collisions, like azimuthal correlations and a mass-dependent hardening of transverse mo-
mentum (pT) distributions [1, 2]. Since high-multiplicity pp collisions reach similar number of
charged particles as peripheral Pb–Pb collisions, they can be used to investigate possible collective
behaviour in small systems. Some studies show that multiple partonic interactions (MPI) can affect
the particle production in such collisions, even for heavy-flavour hadrons [3, 4].

The ALICE detector [5, 6] consists of two separated spectrometers, one covering the mid-
rapidity region (|η | < 0.9) and the other at forward-rapidity region (−4 < η < −2.5). The latter
aims to detect muons, while the former measures electrons, hadrons, and photons.

ALICE has studied the interplay between soft and hard processes by analyzing particle pro-
duction in both light-flavour (u, d, s quarks) and heavy-flavour (c, b quarks) sectors. The event
multiplicity is sensitive to low-pT particles (soft) and is determined by the number of charged par-
ticles produced, while the hard process are assessed measuring high-pT or heavy-flavour particles.

Studies of heavy-flavour hadron production as a function of charged-particle multiplicity were
performed using B and D mesons and quarkonia (bound states of either c and c̄, or b and b̄ quarks).
They can be measured in both mid- and forward-rapidity, using different decay channels (electrons
or muons). Heavy-flavour quarks are mostly produced in initial hard scattering processes and they
can form open (D and B mesons) or hidden heavy-flavour particles (quarkonia). The production of
D and B mesons can be used to test calculations based on perturbative Quantum Chromodynamics
(pQCD). However, the production of quarkonia is not yet fully understood [7, 8, 9].

On the light-flavour sector, ALICE has studied charged and identified particles as a function of
event multiplicity [10]. Particles produced at low transverse momenta (pT < 2 GeV/c) are mainly
from soft scattering processes, which are described by non-perturbative, phenomenological models.

In the ALICE experiment, the event multiplicity can be measured at mid- and forward-rapidity.
The multiplicity at mid-rapidity is determined by the number of tracklets reconstructed in the Sil-
icon Pixel Detector (SPD), which covers the pseudorapidity range |η | < 2, consisting of the two
innermost layers of the Inner Tracking System (ITS). At forward-rapidity, the multiplicity is deter-
mined by the V0 detector, a scintillator array, which is composed of two sections: V0A and V0C,
located on either side of the interaction point. The V0A is located 340 cm away from the vertex
and the V0C is located 90 cm away from the vertex.

2. Results

2.1 Heavy-flavour hadron production as a function of charged-particle multiplicity

In the ALICE detector, quarkonium production is measured via the dilepton decay channels.
The central barrel detector (mid-rapidity) is used to measure J/ψ in the dielectron decay channel
while the muon spectrometer is used for the reconstruction of J/ψ and ϒ in the dimuon decay
channel (forward-rapidity).

B- and D-meson production can be studied with ALICE via their hadronic or semi-leptonic
decays. The hadronic and semi-electronic decays channel are studied at mid-rapidity, while the
semi-muonic decay channel is studied at forward-rapidity.
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Figure 1 (left) shows the multiplicity dependence of inclusive J/ψ production at mid-rapidity
in pp collisions at

√
s = 13 TeV in different pT intervals. Both particle yields and the average

multiplicity are self normalised (divided by their average value from INEL>0 events, which are
events with at least one SPD tracklet in |η |< 1). Figure 1 (right) shows the production of electrons
from heavy-flavour hadron decays as a function of charged-particle multiplicity in pp collisions
at
√

s = 13 TeV. They are presented in several transverse momentum intervals. The results show
a stronger than linear increase of the particle yields with multiplicity. Both results are compared
with PYTHIA 8 [11], which includes MPI for the heavy-flavour production. PYTHIA 8 results
describe qualitatively the momentum dependence observed for both open and hidden heavy-flavour
production.

Figure 1: Multiplicity dependence of inclusive J/ψ production at mid-rapidity in pp collisions at
√

s =
13 TeV in different pT intervals (left). Multiplicity dependence of inclusive electrons from heavy-flavour
hadron decays production at mid-rapidity in pp collisions at

√
s = 13 TeV in different pT intervals (right).

Both results are compared with PYTHIA 8 [11].

Figure 2 (left) shows the multiplicity dependence of inclusive J/ψ production compared with
several theoretical models: PYTHIA 8 [11], EPOS 3 [12], Ferreiro et al. [13], and Kopeliovich
et al. [14]. All models predict a stronger than linear increase of the J/ψ yield with respect to the
event multiplicity, however, they fail to describe quantitatively the trend observed in data at very
high multiplicity.

The results described above are measured as a function of charged-particle multiplicity, where
the multiplicity was measured at mid-rapidity. Since the observables of interest (J/ψ or D and B
mesons) are also measured at mid-rapidity, a correlation between them can have some influence
in the results. This auto-correlation can be reduced if a rapidity gap is introduced between the
observable and the event multiplicity measurement.

Figure 2 (right) shows the multiplicity dependence of inclusive J/ψ and ϒ production at forward-
rapidity compared with the multiplicity dependence of inclusive J/ψ production at mid-rapidity in
pp collisions at

√
s = 13 TeV. Forward-rapidity inclusive J/ψ and ϒ production shows a linear in-

crease with charged-particle multiplicity. In this case the event multiplicities were measured at
mid-rapidity and possible auto-correlations should have a smaller impact.
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Figure 2: Multiplicity dependence of inclusive J/ψ production at mid-rapidity in pp collisions at
√

s =
13 TeV compared with theoretical models (left). Multiplicity dependence of ϒ production at forward-rapidity
compared with multiplicity dependence of inclusive J/ψ production at mid-rapidity in pp collisions at

√
s =

13 TeV (right).

2.2 Light-flavour hadron production as a function of charged-particle multiplicity

Figure 3 (left) shows the multiplicity dependence of inclusive charged-particle production in
pp collisions at

√
s = 13 TeV and

√
s = 5 TeV. The light-flavour particles are measured at mid-

rapidity (|η |< 0.8), while the event charged-particle multiplicities were measured at both mid- and
forward-rapidities. The yields of charged particles with 4 < pT < 10 GeV/c increase faster than
linear with the charged-particle multiplicity and show a similar trend for both mid- and forward-
rapidity estimators. This effect illustrates the correlation between multiplicity (low-pT particles)
and high-pT particle production [15, 16]. Figure 3 (right) shows self normalised yield of charged
particles as a function of charged-particle multiplicity for several pT intervals [17]. The results are
described by the EPOS LHC model. This trend with pT is in agreement with the heavy-flavour
results presented in the previous section and it is the expected behaviour from jets [16].

Figure 4 (left) shows the pT-differential yields of strange particles measured in pp collisions
at
√

s = 7 TeV [18]. The results are presented for several multiplicity intervals and the pT spectra
become harder as the multiplicity increases. The hardening of the spectra is more pronounced for
higher mass particles. Figure 4 (right) shows the pT-integrated yield ratios to pions (π+ + π−)
as a function of charged-particle multiplicity. The results show an enhancement of strange to
non-strange hadron production when increasing the charged-particle multiplicity [18, 19]. The
measurements are in agreement with results in p–Pb collisions, which reach values similar to Pb–
Pb peripheral collisions, indicating that a similar effect is present in all collision systems.
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Figure 3: Multiplicity dependence of unidentified charged-particle production with 4 < pT < 10 GeV/c
in pp collisions at

√
s = 13 TeV and

√
s = 5 TeV. The results are presented for two different multiplicity

estimators, at mid-rapidity and at forward-rapidity (left). Multiplicity dependence of inclusive charged-
particle production in pp collisions at

√
s = 13 TeV in different pT intervals, for charged-particle multiplicity

measured at mid-rapidity. The results are compared with PYTHIA 8 and EPOS LHC models [17] (right).
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Figure 4: Transverse momentum differential yields of strange particles in pp collisions at
√

s = 7 TeV [18]
(left). Integrated transverse momentum yield ratios to pions (π+ + π−) as a function of charged-particle
multiplicity for pp, p–Pb, Pb–Pb and Xe-Xe collisions [18, 19] (right).
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3. Summary

The measurements of self normalised yields as a function of charged-particle multiplicity show
a stronger than linear increase for heavy-flavour particles measured at mid-rapidity. For quarkonia
measurements at forward rapidity, a linear enhancement is observed. This can be due to the fact
that there is a rapidity gap between the quarkonia measurement and the event multiplicity deter-
mination. However, a stronger than linear increase for charged-particle yields of pT > 4 GeV/c
is observed for both mid- and forward-rapidity multiplicity estimators. A stronger rise for higher
pT is observed for both heavy- and light-flavour particles measured at mid-rapidity. The enhance-
ment of strange to non-strange hadron production is observed with increasing multiplicity and the
strangeness production in high multiplicity pp events reaches values similar to those observed in
heavy-ion collisions. This feature can be an indication of collectivity in high multiplicity pp colli-
sions.
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