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The pseudorapidity density of charged particles with minimum transverse momentum (pT) thresholds of
0.15, 0.5, 1, and 2 GeV=c is measured in pp collisions at the center of mass energies of

ffiffiffi
s

p ¼ 5.02 and
13 TeV with the ALICE detector. The study is carried out for inelastic collisions with at least one primary
charged particle having a pseudorapidity (η) within�0.8 and pT larger than the corresponding threshold. In
addition, measurements without pT-thresholds are performed for inelastic and nonsingle-diffractive events
as well as for inelastic events with at least one charged particle having jηj < 1 in pp collisions at

ffiffiffi
s

p ¼
5.02 TeV for the first time at the LHC. These measurements are compared to the PYTHIA 6, PYTHIA 8, and
EPOS-LHC models. In general, the models describe the η dependence of particle production well. However,
discrepancies are observed for the highest transverse momentum threshold (pT > 2 GeV=c), highlighting
the importance of such measurements for tuning event generators. The new measurements agree within
uncertainties with results from the ATLAS and CMS experiments obtained at

ffiffiffi
s

p ¼ 13 TeV.
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I. INTRODUCTION

The pseudorapidity density of charged particles,
dNch=dη, is a key observable for understanding the general
properties of particle production in high-energy hadronic
collisions. At collider energies, particle production in pro-
ton–proton (pp) collisions has origins in both soft and hard
processes [1]. Hard processes are those with high enough
transverse momentum transfer (Q ≫ ΛQCD ∼ 200 MeV)
between the scattering partons such that they can be
described by perturbative quantum chromodynamics
(pQCD) [2]. For the description of soft processes, non-
perturbative phenomenological models inspired by pQCD
and implemented in modern Monte Carlo (MC) generators
are needed [3–11]. The measurement of the charged particle
pseudorapidity density provides constraints on the descrip-
tions of particle productionmechanisms and input for tuning
of MC event generators, such as PYTHIA and EPOS used for
physics at hadron colliders [8,9,12–15].
Following earlier ALICE studies of particle production

in pp collisions [16–21], this publication presents a set of
measurements of the pseudorapidity density of primary
charged particles in inelastic events (INEL), nonsingle-
diffractive events (NSD), and inelastic events with at least

one charged particle in jηj < 1 (INEL > 0) for pp collisions
at

ffiffiffi
s

p ¼ 5.02 TeV. In ALICE, primary charged particles
are defined as charged particles with a mean proper lifetime
τ larger than 1 cm=c, which were produced either promptly
at the primary vertex or from decays of particles with τ <
1 cm=c restricted to decay chains leading to the interaction
[22]. In the previous measurements of Refs. [16–21],
dNch=dη was reported for the INEL, NSD, and INEL >
0 event classes and without any selection on the transverse
momentum (pT) of the particles, i.e., for pT > 0.
In order to obtain improved constraints on models of

charged particle production in hard processes, the study is
extended to measurements of pseudorapidity densities of
primary charged particles with transverse momenta
pT > pcut

T , where pcut
T ¼ 0.15, 0.5, 1, or 2 GeV=c, for

different event classes with at least one charged particle in
jηj < 0.8 with a pT larger than the corresponding threshold
pcut
T at

ffiffiffi
s

p ¼ 5.02 and 13 TeV. The four event classes
associated with the different pT thresholds are identified as

INEL > 0
jηj<0.8
pT>0.15

, INEL > 0
jηj<0.8
pT>0.5

, INEL > 0
jηj<0.8
pT>1

, and

INEL > 0
jηj<0.8
pT>2

. These measurements are an extension of
the previous studies at LHC Run 1 collision energies
(

ffiffiffi
s

p ¼ 0.9 and 7 TeV) [23]. The pT threshold of
0.15 GeV=c is chosen to allow comparisons to ALICE
results at lower

ffiffiffi
s

p
while the 0.5 GeV=c threshold allows

comparisons to ATLAS and CMS results [24–26]. The
higher thresholds of 1 and 2 GeV=c enable the study of
particle production with harder particles.
The article is organized as follows. Section II addresses

the experimental conditions and data samples used in the
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analysis. Then, the analysis procedures to measure the
primary charged particle production and the applied cor-
rections are explained in Sec. III. Section IV describes the
systematic uncertainties while the results compared to those
of ATLAS and CMS and to model predictions are presented
in Sec. V. A brief summary and conclusions are given
in Sec. VI.

II. EXPERIMENTAL CONDITIONS AND DATA
COLLECTION

The data samples used in this analysis were collected
during LHC Run 2. A sample of 4.4 × 106 minimum bias
events in pp collisions at

ffiffiffi
s

p ¼ 5.02 TeV was used for
measurements without a pT threshold. For measurements
requiring a minimum track pT, samples of 2.5 × 108 and
2.8 × 107 minimum bias events in pp collisions at

ffiffiffi
s

p ¼
5.02 and 13 TeV, respectively, were analyzed.
Detailed information about the ALICE detector and its

performance during LHC Run 2 can be found in
Refs. [27,28]. Tracking of charged particles is mainly
performed with the inner tracking system (ITS) [29] and
time projection chamber (TPC) [28] located inside a large
solenoid that produces a homogeneous magnetic field of
0.5 T directed along the beam direction (z axis in the
ALICE reference frame).
The detector closest to the interaction point is the ITS

which is composed of 6 cylindrical layers of high resolution
silicon detectors. The innermost two layers consist of the
silicon pixel detector (SPD) [30,31]. The SPD layers are
coaxial to the beam line with radii of 3.9 and 7.6 cm
covering the pseudorapidity range jηj < 2 for the first layer
and jηj < 1.4 for the second layer. An enlarged pseudor-
apidity coverage of jηj < 2 is reached using events whose
primary vertex along the beam direction (zvtx) is within
�10 cm from the nominal interaction point (zvtx ¼ 0).
Counting the number of tracks for analysis without a pT
threshold (INEL, NSD, INEL > 0) relies on the
reconstruction of tracklets, which are track segments
connecting hits on the two SPD layers and pointing to
the primary vertex. Due to the bending of particle trajec-
tories in the magnetic field and multiple scattering, the
reconstruction efficiency limits their measurements to pT >
50 MeV=c [19].
The TPC [28], located outside the ITS, is a 90 m3

cylindrical drift chamber. The TPC covers the pseudor-
apidity range jηj < 0.9 with respect to z ¼ 0 and the full
azimuthal angle. It provides excellent momentum and
spatial resolutions for tracking of charged particles. The
V0 detector [32] consists of two scintillator arrays that are
located on each side of the interaction point along the beam
direction and cover the pseudorapidity regions −3.7 < η <
−1.7 (V0C) and 2.8 < η < 5.1 (V0A). It is used for
triggering and event selection.
To select different event classes, the SPD and the V0

detectors are used. For the measurements of dNch=dη in

INEL, NSD, and INEL > 0 events, the minimum-bias
trigger requires a hit in the SPD or in either one of the
V0 arrays. For the analyses requiring a minimum pT
threshold, the minimum-bias trigger requires signals on
both sides of the V0. The SPD and V0 detectors are also
used to suppress background from beam–gas collisions and
other machine-induced backgrounds. The contamination
from background events is removed offline by using the
timing difference between the signals in the V0A and V0C
detectors [28], exploiting the V0 time resolution that is
better than 1 ns. Background events are also rejected by
exploiting the correlation between the number of clusters
on both layers of the SPD and the number of tracklets in
the SPD.
Another type of event background comes from pileup,

happening when multiple collisions occur in the same
bunch crossing. The overall probability of pileup in ALICE
is around 10−3 in the minimum-bias pp samples used for
these analyses [19]. Pileup contamination is reduced by
rejecting events with multiple interaction vertices recon-
structed from SPD tracklets. The remaining undetected
pileup is negligible in the data samples considered for the
analysis presented in this article.
The position of the interaction vertex is obtained using

two different approaches: the first is based on the hits in the
two SPD layers, the second utilises global tracks that are
reconstructed in the TPC and matched to ITS clusters [28].
The primary vertex position is required to be in jzvtxj <
10 cm for both inclusive and pT threshold dNch=dη studies.

III. ANALYSIS PROCEDURE AND CORRECTIONS

The measurements of dNch=dη in the event classes
without a pT threshold (INEL, NSD, INEL > 0) are based
on the tracklet counting method which was used for
previous inclusive dNch=dη measurements [16–21]. For
SPD tracklets, the association to the position of the primary
vertex of the collision is ensured through a χ2 requirement.
By using the interaction point reconstructed with the SPD
as the origin, differences in the azimuthal (Δφ, bending
plane) and polar (Δθ, non-bending direction) angles of two
hits, one in the inner and one in the outer SPD layer, are
calculated. The tracklets are selected with the following
quality cut

χ2 ¼ ðΔφÞ2
σ2φ

þ 1

sin2
�
θ1þθ2

2

� ×
ðΔθÞ2
σ2θ

< 1.6; ð1Þ

where σφ ¼ 0.08 rad, σθ ¼ 0.025 rad, and θ1 and θ2 are the
polar angles of the hits in each layer of the SPD [19].
To select primary charged particles for the results with

pT thresholds, tracks reconstructed using the hits in the ITS
and TPC (global tracks) [27] are allowed for counting and
momentum measurements of charged particles in ALICE.
High-quality tracks are selected by requiring them to have
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at least 70 (out of maximally 159) crossed pad rows in the
TPC, have a good quality of the track momentum fit
(χ2=ndf < 2), have a distance of closest approach to the
primary vertex along the z direction (DCAz) lower than
2 cm, and have a transverse DCA (DCAxy) lower than
0.0105þ 0.035p−1.1

T cm (7 times larger than its resolution)
with pT in units of GeV=c [33].
The primary vertex using the SPD is reconstructed by

correlating hits in the two SPD layers. The resolution of
the SPD vertex is on average 30 μm [19]. The primary
vertex reconstructed using the ITS and the TPC is called
the global track vertex. For global track vertices, the
resolution is typically 100 μm in the longitudinal (z) and
50 μm in the transverse (xy) direction. Both SPD and
global track vertices must be present and consistent by
requiring that the difference between the two z positions is
less than 5 mm.
All corrections are calculated using MC events generated

with PYTHIA 6 with the Perugia 2011 tuning [8,12] or
PYTHIA 8 with the Monash 2013 tuning [8,13–15] event
generators with particle transport performed via a GEANT3

[34] simulation of the ALICE detector. Three different MC
corrections are applied to the raw dNch=dη: (a) a track-to-
particle correction that accounts for detector inefficiencies
and background particles like secondaries from interactions
in the detector material and decays of primary charged
particles, including the strange particle content correction,
(b) a vertex reconstruction efficiency correction for trig-
gered events without a reconstructed vertex, and (c) a
trigger efficiency correction, which accounts for the bias
due to the trigger requirement for the corresponding event
class. All the track-to-particle corrections are applied as a
function of zvtx in order to consider z-dependent dNch=dη
efficiency. The values for the three event classes (INEL,
NSD, INEL > 0) at η ¼ 0 for the track-to-particle correc-
tion are ∼ð1.34; 1.34; 1.33Þ, the vertex reconstruction
efficiency correction is ∼ð0.89; 0.94; 1.0Þ, and the trigger
efficiency is ∼ð0.88; 0.96; 0.97Þ, respectively.
The ALICE definition of primary charged particles

excludes particles originating from weak decays of strange
particles. Therefore, data have to be corrected for cases
when daughter particles from these decays pass the track
selection. The strangeness content in data is 40%–50%
larger than in PYTHIA 6 and PYTHIA 8 [35] in both inclusive
and pT-threshold analyses. This discrepancy is accounted
for by scaling the strangeness content in the MC simulation
to that in the data. The scaling factor is determined by
measuring the ratio between the abundance of decay
products in jηj < 0.8 from reconstructed K0

s , Λ, and Λ̄ in
data and MC simulations. The scaling factor in the
correction procedure compensates for the underestimated
strangeness content in MC and result in a relative down-
ward correction of about 0.5% on the final dNch=dη.
The results of dNch=dη for INEL and NSD events are

affected by the model uncertainty for diffractive events.

Cross-section measurements with ALICE indicate that the
number of single-diffractive (SD) and double-diffractive
(DD) events are about 20% and 12% of the number of
inelastic events, respectively, at both

ffiffiffi
s

p ¼ 2.76 and 7 TeV
[36]. As for the previous ALICE measurements of dNch=dη
for the INEL, NSD, and INEL > 0 event classes [19], a
special PYTHIA 6 tune for diffraction is used [36]. For this
tune, the diffractive mass distribution of SD events is re-
weighted while the one of DD events is unchanged. For a
consistent treatment, the mass distribution of SD events in
both event generators (PYTHIA 6 Perugia 2011 and PYTHIA 8

Monash 2013) are reweighted to follow those used in the
special PYTHIA6 tune. Note that both the INEL > 0 and pcut

T
analyses do not contain single diffractive events due to the
requirement of at least one charged particle at midrapidity.
Therefore, the tuning procedure for the SD diffraction mass
in the event generator is not required.

IV. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties were inves-
tigated. For the tracklet analysis at

ffiffiffi
s

p ¼ 5.02 TeV, the
uncertainty related to the contribution of SD/DD events
was evaluated by varying the fractions of SD and DD
processes produced by PYTHIA 8 by �50% of their nominal
values. The result of dNch=dη corrected by a track-to-
particle correction map implementing the re-weighted SD
mass distribution is used to determine the central values of
the minimum-bias events. Results with two-times steeper
reweighted mass distribution and the default mass distri-
bution in models were used to estimate the systematic
uncertainty coming from the unknown SD mass distribu-
tion [36]. The highest deviation was taken as a systematic
uncertainty. The third dominant source of uncertainty,
which applies only to the tracklet analysis, includes the
extrapolation of the number of particles as a function of pT
from 50 MeV=c down to zero, where the SPD is insensi-
tive. The number of primary charged particles in this low
pT range is varied conservatively in the event generator by
þ100% and −50%, adopted from the previous study [19].
The corresponding uncertainty is found to be þ1% and
−0.5% consistently for the three event classes.
For the analyses with a minimum pT threshold, the

uncertainty due to the track selection is estimated by
varying all the criteria around their nominal values.
Three more sets of track selection criteria called tight-
and loose-cut global tracks, and hybrid tracks [37] are
considered in this study. The tight- and loose-cut global
tracks are selected by tightening and loosening the DCA
cuts with respect to the primary vertex, respectively. Hybrid
tracks are composed of two types of track classes. The first
class consists of tracks that have at least one hit in the SPD.
The tracks from the second class do not have any SPD-
associated hit and, hence, use the primary vertex as the
innermost constraint for the tracking. The selection of
hybrid tracks ensures a uniform distribution of tracks as a
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function of azimuthal angle. This systematic uncertainty
contribution increases from 2.8% to 5% with increasing
pcut
T and is slightly larger for the results at

ffiffiffi
s

p ¼ 5.02 TeV.
All other sources of uncertainty were estimated in the

same way for tracklets and global tracks; all values can be
found in Tables I and II. The systematic uncertainty from
the event generator dependence was also included. Data
were corrected with PYTHIA 6 [8,12], and the relative
deviation of the final result corrected with PYTHIA 8 was
assigned as a systematic uncertainty. The uncertainty on
the detector acceptance and efficiency was estimated by
measuring dNch=dη for three different azimuthal regions
and comparing it to the measurement in the whole region.
The uncertainty due to the acceptance was studied addi-
tionally by dividing the whole event sample into ten
different intervals of the primary vertex position within
zvtx ¼ �10 cm, each having the same number of events
and performing the same analysis in each interval.
The material budget in the ALICE central barrel is known

to a precision of about 4% [31]. The corresponding
systematic uncertainty, obtained by varying the material
budget in the simulation, is estimated to be 0.2%. The
uncertainty associated with the correction for the differ-
ence in strange particle content between data and MC was
estimated by varying the strange particle content in the
simulation. The yield of strange particles in data as
compared to the simulation was measured as a function
of pT to be up to a factor 1.5 different, and this factor was
varied by �30%. Additionally, the particle composition
affects the efficiency estimate because different particle
species have different efficiencies that depend on the
applied effective pT cutoffs and the decay kinematics.
The influence of this uncertainty was estimated by
varying, in the simulation, the relative fraction of charged
kaons, protons, and antiprotons with respect to charged
pions by �30%.
The systematic uncertainties due to the event generator

dependence, acceptance and efficiency, and zvtx dependence
are treated as uncorrelated between η bins while the ones for
the diffraction tuning (inclusive study only), zero-pT
extrapolation (inclusive study only), strange particle abun-
dance, particle composition, track selection (pT threshold
study only), and material budget are correlated between η
bins in Figs. 1, 3, and 4. The systematic uncertainties are
usually correlated between different collision energies and
among pT thresholds. Note that the statistical uncertainties
in these analyses are negligible.

V. RESULTS

The measurements of dNch=dη as a function of η at
ffiffiffi
s

p ¼
5.02 TeV for INEL, NSD, and INEL > 0 events are shown
in Fig. 1. The distributions of dNch=dη are compared to
PYTHIA 6 with the Perugia 2011 tuning, PYTHIA 8 with the
Monash 2013 tuning, and EPOS-LHC for the same event
classes. In general, the models are better at describing the
distributions which contain a smaller contribution from
diffractive interactions. Therefore, the NSD and INEL > 0

TABLE I. Relative values of systematic uncertainties (ex-
pressed in %) on dNch=dη at η ¼ 0 for INEL, NSD, and INEL >
0 event classes determined in pp collisions at

ffiffiffi
s

p ¼ 5.02 TeV.

Systematic uncertainty
at η ¼ 0 (%)

Source of uncertainty INEL NSD INEL > 0

Diffraction ratio �4.5 �2 �0.1
Diffraction shape þ3 −0.2 −0.2
Zero-pT extrapolation þ1;−0.5 þ1;−0.5 þ1;−0.5
Event generator dependence �0.2 �1 �0.4
Acceptance and efficiency �0.8 �0.8 �0.8
zvtx dependence �0.3 �0.3 �0.3
Strangeness enhancement
factor

�0.5 �0.5 �0.5

Particle composition �0.4 �0.4 �0.4
Material budget �0.2 �0.2 �0.2
Total systematic uncertainty þ5.5;−4.6 þ2.5;−2.3 þ1.2, −1.1

TABLE II. Relative values of systematic uncertainties (expressed in %) on dNch=dη at η ¼ 0 for INEL > 0
jηj<0.8
pT>0.15, INEL > 0

jηj<0.8
pT>0.5,

INEL > 0
jηj<0.8
pT>1 , and INEL > 0

jηj<0.8
pT>2 event classes determined in pp collisions at

ffiffiffi
s

p ¼ 5.02 and 13 TeV.

Systematic uncertainty at η ¼ 0 (%)

Source of uncertainty INEL > 0
jηj<0.8
pT>0.15 INEL > 0

jηj<0.8
pT>0.5 INEL > 0

jηj<0.8
pT>1 INEL > 0

jηj<0.8
pT>2ffiffiffi

s
p

(TeV) 5.02 13 5.02 13 5.02 13 5.02 13
Track selection �2.0 �2.0 �2.5 �2.3 �1.8 �1.8 �1.4 �0.9
Event generator dependence �1 �0.9 �1.2 �1.3 �2 �1.9 �2 �1.7
Acceptance and efficiency �1 �0.5 �1 �0.6 �1.3 �0.7 �1.8 �1.8
zvtx dependence �0.3 �0.2 �0.3 �0.3 �0.3 �0.3 �0.5 �0.5
Strangeness enhancement factor �0.3 �0.3 �0.3 �0.2 �0.1 �0.1 neg. neg.
Particle composition �0.8 �0.7 �0.8 �0.8 �1 �1 �1.8 �1.6
Material budget �0.2 �0.2 �0.2 �0.2 �0.2 �0.2 �0.2 �0.2
Total systematic uncertainty �2.6 �2.4 �3.1 �2.9 �3.2 �2.9 �3.6 �3.1
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event classes are described by models well. This can also be
seen in the bottom panels of Fig. 1 where the relative
difference between models and data for the INEL event
class stays within 10% and for the NSD and INEL > 0
event classes stay within 5%.
The predictions of the two PYTHIA versions are very

similar, however, PYTHIA 6 shows a better agreement with
data for the INEL event class. EPOS-LHC describes the
INEL > 0 events best at midrapidity, however, an increas-
ing discrepancy emerges at forward rapidity. Note that
EPOS-LHC is not provided for NSD events due to the
models’ lack of event type information. The values of
the charged particle pseudorapidity density averaged over
jηj < 0.5 and jηj < 1 (hdNch=dηi) are reported in Table III.
The hdNch=dηi values are provided for the INEL, NSD, and
INEL > 0 event classes. The values obtained from the
PYTHIA event generators are also reported.
Figure 2 shows the values of hdNch=dηi averaged over

jηj < 0.5 for the INEL,NSD, and INEL > 0 event classes as
a function of the center-of-mass energy after combining the

ALICE data [16–21] with other data at the LHC and at lower
energies [38–45].Atmidrapidity, themeasured dNch=dη can
be parametrized by a power-law fit as dNch=dη ∝ sδ,
resulting in δ ¼ 0.102� 0.003,0.114� 0.003, and 0.115�
0.003 for INEL, NSD, and INEL > 0 events, respectively.
The energy dependence of particle production shows that the
power-law fit is still valid.
It is worth mentioning that the result for the INEL event

class can be compared with the results in Pb–Pb and p–Pb
collisions at the same centre-of-mass energies [46,47].
These results can be compared to δ ¼ 0.153� 0.002 for
central heavy-ion (A–A) collisions [48,49]. This shows
that the primary charged particle pseudorapidity density
increases faster with energy in central A–A collisions
compared to pp collisions, indicating that the initial
longitudinal energy is more efficiently converted into
particles in heavy-ion collisions relative to pp and p–Pb
collisions.
The measurements of dNch=dη as a function of η at

ffiffiffi
s

p ¼
5.02 and 13 TeV are shown in Figs. 3 and 4, for the

4
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FIG. 1. The distributions of dNch=dη for INEL (left panel), NSD (middle panel), and INEL > 0 (right panel) event classes in pp
collisions at

ffiffiffi
s

p ¼ 5.02 TeV. Data are compared to simulations obtained with PYTHIA 6 with the Perugia 2011 tuning, PYTHIA 8 with the
Monash 2013 tuning, and EPOS-LHC. Grey bands (unfilled rectangles) represent the uncorrelated (correlated) systematic uncertainties
from data. The bottom part of the figure shows the ratios between models and data.

TABLE III. The average dNch=dη (hdNch=dηi) in INEL, NSD, and INEL > 0 in pp collisions at
ffiffiffi
s

p ¼ 5.02 TeV.

hdNch=dηi
Event class Data � Syst PYTHIA 6 Perugia PYTHIA 8 Monash EPOS-LHC

jηj < 0.5 jηj < 1 jηj < 0.5 jηj < 1 jηj < 0.5 jηj < 1 jηj < 0.5 jηj < 1

INEL 4.17þ0.23
−0.19 4.25þ0.23

−0.19 4.48 4.54 4.58 4.65 4.54 4.62

NSD 5.18þ0.14
−0.13 5.28þ0.13

−0.12 5.09 5.16 5.14 5.23 � � � � � �
INEL > 0 5.60þ0.08

−0.08 5.70þ0.08
−0.07 5.48 5.55 5.44 5.54 5.55 5.65
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INEL > 0
jηj<0.8
pT>0.15

, INEL > 0
jηj<0.8
pT>0.5

, INEL > 0
jηj<0.8
pT>1

, and

INEL > 0
jηj<0.8
pT>2

event classes. The results are also com-
pared to the predictions from the PYTHIA 8 with the Monash
2013 tuning and EPOS-LHC event generators, where EPOS-
LHC was tuned on LHC Run 1 data at lower

ffiffiffi
s

p
[9]. In

general, the largest disagreement between data and MC is

observed for the softest (INEL > 0
jηj<0.8
pT>0.15

) and hardest

(INEL > 0
jηj<0.8
pT>2

) event classes. For collisions atffiffiffi
s

p ¼ 5.02 TeV, EPOS-LHC describes the data to within

2% in the measured η range for all event classes, while
PYTHIA 8 underestimates the measured hdNch=dηi by 4–8%
depending on the pcut

T . On the other hand, at
ffiffiffi
s

p ¼ 13 TeV,
PYTHIA 8 provides a better description of the measurements
as compared to EPOS-LHC. At the highest collision energy,
PYTHIA 8 predictions are consistent with the data within
the uncertainties, while EPOS-LHC undershoots the data by
4–10% depending on the event class. The results are
expected to provide further constraints on charged particle
production mechanisms implemented in models affecting
both soft and hard QCD and their energy dependence.
The left panel of Fig. 5 shows the results for the INEL >

0
jηj<0.8
pT>0.5

event class extrapolated to the pseudorapidity
interval jηj < 2.5 to compare them to the ATLAS results
[25]. The normalization factor is computed as the ratio of

the dNch=dη for the INEL > 0
jηj<0.8
pT>0.5

and INEL > 0
jηj<2.5
pT>0.5

event classes obtained from PYTHIA 8 Monash 2013
simulations. This normalization is needed to do a correct
comparison among different experiments because the con-
dition with at least one charged particle depends on the
acceptance. When experimentally the INEL > 0 condition
is requested with a wider pseudorapidity acceptance, the
corresponding event class is more inclusive because it
collects more soft events. In the right panel of Fig. 5, the

same procedure is applied to normalise to the INEL >

0
jηj<2.4
pT>0.5

event class in order to compare the result from
ALICE to that obtained by CMS [26]. The result of ALICE
is larger than those of ATLAS by ∼3% and CMS by up to
∼2%. However, they are compatible within systematic
uncertainties.

FIG. 2. The values of hdNch=dηi averaged over jηj < 0.5 for the
INEL, NSD, and INEL > 0 event classes as a function of center-
of-mass energy [16–21,38–45]. The lines indicate a power-law fit
for each event class. The gray bands show one standard deviation
of the fit.
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FIG. 3. Pseudorapidity density distributions of charged particles, dNch=dη, in pp collisions at
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s

p ¼ 5.02 TeV for the four event

classes, INEL > 0
jηj<0.8
pT>0.15, INEL > 0

jηj<0.8
pT>0.5, INEL > 0

jηj<0.8
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pT>2 , compared to the distributions from models: PYTHIA 8

Monash 2013 and EPOS-LHC. Gray bands (unfilled rectangles) represent the uncorrelated (correlated) systematic uncertainties from data.

S. ACHARYA et al. PHYS. REV. D 108, 072008 (2023)

072008-6



VI. CONCLUSIONS

This article presents a set of measurements of the
pseudorapidity density of primary charged particles
(dNch=dη) in proton–proton collisions at center-of-mass
energies

ffiffiffi
s

p ¼ 5.02 and 13TeV.Results for inelastic (INEL)
and nonsingle-diffractive (NSD) events as well as for
inelastic events having at least one charged particle pro-
duced in the pseudorapidity interval jηj < 1 (INEL > 0), are
presented specifically at

ffiffiffi
s

p ¼ 5.02 TeV.The predictions of

PYTHIA 6 with the Perugia 2011 tuning and PYTHIA 8 with
the Monash 2013 tuning are close to each other. The two
models show agreement with data except for the case of
the NSD event class. Also, the result of the INEL event class
is not well described by models due to the higher diffractive
content.
The values of the average pseudorapidity density

hdNch=dηi in jηj < 0.5 for INEL, NSD, and INEL > 0
events with an in-depth study for the single and double
diffractive contributions are reported: 4.17þ0.23

−0.19 , 5.18
þ0.14
−0.13 ,
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and 5.60þ0.08
−0.08 with systematic uncertainties, respectively.

The energy dependence of hdNch=dηi is updated with the
new values at

ffiffiffi
s

p ¼ 5.02 TeV. Then, it is parametrized by
a power-law fit as hdNch=dηi ∝ sδ, resulting in δ ¼
0.102� 0.003, 0.114� 0.003, and 0.115� 0.004 for
INEL, NSD, and INEL > 0 events, respectively.
To provide detailed constraints on the charged

particle production with hard processes in pp collisions
at

ffiffiffi
s

p ¼ 5.02 and 13 TeV, the study is extended with the
pseudorapidity density of primary charged particles in
the pseudorapidity interval jηj < 0.8 with minimum trans-
verse momentum thresholds of pT ¼ 0.15, 0.5, 1, and

2 GeV=c that are called INEL > 0
jηj<0.8
pT>0.15

, INEL > 0
jηj<0.8
pT>0.5

,

INEL > 0
jηj<0.8
pT>1

, and INEL > 0
jηj<0.8
pT>2

, respectively. The
results of the dNch=dη distributions are also compared
to the predictions from the PYTHIA 8 with the Monash
2013 tuning and EPOS-LHC event generators. PYTHIA 8

tends to underestimate the overall distributions at
ffiffiffi
s

p ¼
5.02 TeV by up to 8%, while EPOS-LHC undershoots the
measured multiplicities by up to 10% as the pT threshold
increases at

ffiffiffi
s

p ¼ 13 TeV. The largest disagreement
between data and MC is observed for the softest

(INEL > 0
jηj<0.8
pT>0.15

) and hardest (INEL > 0
jηj<0.8
pT>2

) event
classes indicating the importance of these measurements
to constrain models.
In order to compare the ALICE result with minimum pT

thresholds to those from the ATLAS and CMS experiments,

the INEL > 0
jηj<0.8
pT>0.5

measurement is normalized to the

INEL > 0
jηj<2.5
pT>0.5

and INEL > 0
jηj<2.4
pT>0.5

event classes, respec-
tively, using PYTHIA 8. The ALICE measurements agree
with those from the other LHC experiments within sys-
tematic uncertainties.
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Finland; Commissariat à l’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des
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R. Averbeck ,96 M. D. Azmi,15 A. Badalà ,52 J. Bae ,103 Y.W. Baek ,40 X. Bai ,117 R. Bailhache ,63 Y. Bailung ,47

A. Balbino ,29 A. Baldisseri ,127 B. Balis ,2 D. Banerjee ,4a,4b Z. Banoo ,90 R. Barbera ,26a,26b F. Barile ,31a,31b

L. Barioglio ,94 M. Barlou,77 G. G. Barnaföldi ,136 L. S. Barnby ,84 V. Barret ,124 L. Barreto ,109 C. Bartels ,116

K. Barth ,32 E. Bartsch ,63 N. Bastid ,124 S. Basu ,74 G. Batigne ,102 D. Battistini ,94 B. Batyunya ,141 D. Bauri,46

S. ACHARYA et al. PHYS. REV. D 108, 072008 (2023)

072008-10

https://doi.org/10.1140/epjc/s10052-018-6144-y
https://doi.org/10.1140/epjc/s10052-018-6144-y
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1088/1748-0221/4/03/P03023
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://cds.cern.ch/record/781854
https://cds.cern.ch/record/781854
https://cds.cern.ch/record/781854
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://cds.cern.ch/record/1082634
https://cds.cern.ch/record/1082634
https://cds.cern.ch/record/1082634
https://doi.org/10.1038/nphys4111
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/0550-3213(90)90493-W
https://doi.org/10.1007/BF01410446
https://doi.org/10.1007/BF01410446
https://doi.org/10.1103/PhysRevC.79.034909
https://doi.org/10.1103/PhysRevC.79.034909
https://doi.org/10.1103/PhysRevD.41.2330
https://doi.org/10.1103/PhysRevD.41.2330
https://doi.org/10.1103/PhysRevLett.105.022002
https://doi.org/10.1103/PhysRevLett.105.022002
https://doi.org/10.1007/JHEP02(2010)041
https://doi.org/10.1007/JHEP02(2010)041
https://doi.org/10.1103/PhysRevD.30.528
https://doi.org/10.1103/PhysRevD.30.528
https://doi.org/10.1088/0954-3899/30/8/075
https://doi.org/10.1088/0954-3899/30/8/075
https://doi.org/10.1103/PhysRevLett.110.032301
https://doi.org/10.1103/PhysRevLett.110.032301
https://doi.org/10.1103/PhysRevLett.116.222302
https://doi.org/10.1103/PhysRevLett.116.222302
https://doi.org/10.1016/j.physletb.2018.12.048
https://doi.org/10.1088/1361-6471/abc05c
https://doi.org/10.1088/1361-6471/abc05c
https://orcid.org/0000-0002-9213-5329
https://orcid.org/0000-0002-0504-7428
https://orcid.org/0000-0002-9611-3696
https://orcid.org/0000-0002-0760-5075
https://orcid.org/0000-0003-0348-9836
https://orcid.org/0000-0001-5241-7412
https://orcid.org/0000-0001-8847-489X
https://orcid.org/0000-0002-4417-1392
https://orcid.org/0000-0002-7388-3022
https://orcid.org/0000-0002-8071-4497
https://orcid.org/0000-0002-9719-7035
https://orcid.org/0000-0001-9680-4940
https://orcid.org/0000-0002-5659-2119
https://orcid.org/0000-0002-4713-7069
https://orcid.org/0000-0002-0877-7979
https://orcid.org/0000-0003-3618-4617
https://orcid.org/0009-0000-7365-1064
https://orcid.org/0000-0002-2205-5761
https://orcid.org/0000-0003-0177-0536
https://orcid.org/0000-0001-8910-9173
https://orcid.org/0009-0005-4862-5370
https://orcid.org/0000-0002-8079-7026
https://orcid.org/0000-0002-6180-4243
https://orcid.org/0000-0001-8535-0680
https://orcid.org/0000-0002-2372-6117
https://orcid.org/0009-0006-0236-2680
https://orcid.org/0000-0002-7366-8891
https://orcid.org/0000-0001-7516-3726
https://orcid.org/0000-0002-5478-6120
https://orcid.org/0000-0001-7662-3878
https://orcid.org/0000-0003-0614-7671
https://orcid.org/0009-0002-1990-7289
https://orcid.org/0000-0001-6367-9215
https://orcid.org/0000-0003-3142-6787
https://orcid.org/0000-0001-6698-9577
https://orcid.org/0000-0002-5194-2079
https://orcid.org/0000-0003-2316-9565
https://orcid.org/0000-0002-3888-8303
https://orcid.org/0009-0008-5460-6805
https://orcid.org/0000-0003-4277-4963
https://orcid.org/0000-0002-0569-4828
https://orcid.org/0009-0008-4806-8019
https://orcid.org/0000-0002-4343-4883
https://orcid.org/0009-0009-9085-079X
https://orcid.org/0000-0001-7987-4592
https://orcid.org/0000-0003-1172-0225
https://orcid.org/0000-0002-0359-1403
https://orcid.org/0000-0002-6186-289X
https://orcid.org/0000-0002-3082-4209
https://orcid.org/0000-0001-5743-7578
https://orcid.org/0000-0002-7178-3001
https://orcid.org/0000-0001-5971-6415
https://orcid.org/0000-0003-2088-1290
https://orcid.org/0000-0002-7328-9154
https://orcid.org/0000-0001-9223-6480
https://orcid.org/0000-0001-7357-9904
https://orcid.org/0000-0003-0611-9283
https://orcid.org/0000-0002-6454-0052
https://orcid.org/0009-0002-3371-4483
https://orcid.org/0000-0001-7633-1189
https://orcid.org/0009-0006-7928-4203
https://orcid.org/0000-0002-6905-8345
https://orcid.org/0000-0003-0687-8124
https://orcid.org/0000-0001-8638-6300
https://orcid.org/0009-0000-0199-3372
https://orcid.org/0009-0009-2974-6985


J. L. Bazo Alba ,100 I. G. Bearden ,82 C. Beattie ,137 P. Becht ,96 D. Behera ,47 I. Belikov ,126

A. D. C. Bell Hechavarria ,135 F. Bellini ,25a,25b R. Bellwied ,113 S. Belokurova ,140 V. Belyaev ,140 G. Bencedi ,136

S. Beole ,24a,24b A. Bercuci ,45 Y. Berdnikov ,140 A. Berdnikova ,93 L. Bergmann ,93 M. G. Besoiu ,62 L. Betev ,32

P. P. Bhaduri ,132 A. Bhasin ,90 M. A. Bhat ,4a,4b B. Bhattacharjee ,41 L. Bianchi ,24a,24b N. Bianchi ,48 J. Bielčík ,35

J. Bielčíková ,85 J. Biernat ,106 A. P. Bigot ,126 A. Bilandzic ,94 G. Biro ,136 S. Biswas ,4a,4b N. Bize ,102

J. T. Blair ,107 D. Blau ,140 M. B. Blidaru ,96 N. Bluhme,38 C. Blume ,63 G. Boca ,21,54 F. Bock ,86 T. Bodova ,20

A. Bogdanov,140 S. Boi ,22a,22b J. Bok ,57 L. Boldizsár ,136 A. Bolozdynya ,140 M. Bombara ,37 P. M. Bond ,32

G. Bonomi ,54,131 H. Borel ,127 A. Borissov ,140 A. G. Borquez Carcamo ,93 H. Bossi ,137 E. Botta ,24a,24b

Y. E. M. Bouziani ,63 L. Bratrud ,63 P. Braun-Munzinger ,96 M. Bregant ,109 M. Broz ,35 G. E. Bruno ,31a,31b,95

M. D. Buckland ,23a,23b D. Budnikov ,140 H. Buesching ,63 S. Bufalino ,29 O. Bugnon,102 P. Buhler ,101

Z. Buthelezi ,67,120 S. A. Bysiak,106 M. Cai ,6 H. Caines ,137 A. Caliva ,96 E. Calvo Villar ,100 J. M.M. Camacho ,108

P. Camerini ,23a,23b F. D. M. Canedo ,109 M. Carabas ,123 A. A. Carballo ,32 F. Carnesecchi ,32 R. Caron ,125

L. A. D. Carvalho ,109 J. Castillo Castellanos ,127 F. Catalano ,24a,24b,29 C. Ceballos Sanchez ,141 I. Chakaberia ,73

P. Chakraborty ,46 S. Chandra ,132 S. Chapeland ,32 M. Chartier ,116 S. Chattopadhyay ,132 S. Chattopadhyay ,98

T. G. Chavez ,44 T. Cheng ,6,96 C. Cheshkov ,125 B. Cheynis ,125 V. Chibante Barroso ,32 D. D. Chinellato ,110

E. S. Chizzali ,94,‡ J. Cho ,57 S. Cho ,57 P. Chochula ,32 P. Christakoglou ,83 C. H. Christensen ,82 P. Christiansen ,74

T. Chujo ,122 M. Ciacco ,29 C. Cicalo ,51 F. Cindolo ,50 M. R. Ciupek,96 G. Clai,50,§ F. Colamaria ,49 J. S. Colburn,99

D. Colella ,31a,31b,95 M. Colocci ,32 M. Concas ,55,∥ G. Conesa Balbastre ,72 Z. Conesa del Valle ,128 G. Contin ,23a,23b

J. G. Contreras ,35 M. L. Coquet ,127 T. M. Cormier,86,† P. Cortese ,55,130 M. R. Cosentino ,111 F. Costa ,32

S. Costanza ,21,54 C. Cot ,128 J. Crkovská ,93 P. Crochet ,124 R. Cruz-Torres ,73 E. Cuautle,64 P. Cui ,6 A. Dainese ,53

M. C. Danisch ,93 A. Danu ,62 P. Das ,79 P. Das ,4a,4b S. Das ,4a,4b A. R. Dash ,135 S. Dash ,46 R. M. H. David,44

A. De Caro ,28a,28b G. de Cataldo ,49 J. de Cuveland,38 A. De Falco ,22a,22b D. De Gruttola ,28a,28b N. De Marco ,55

C. De Martin ,23a,23b S. De Pasquale ,28a,28b S. Deb ,47 R. J. Debski ,2 K. R. Deja,133 R. Del Grande ,94

L. Dello Stritto ,28a,28b W. Deng ,6 P. Dhankher ,18 D. Di Bari ,31a,31b A. Di Mauro ,32 R. A. Diaz ,7,141 T. Dietel ,112
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CNRS-IN2P3, Grenoble, France
73Lawrence Berkeley National Laboratory, Berkeley, California, USA

74Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
75Nagasaki Institute of Applied Science, Nagasaki, Japan

76Nara Women’s University (NWU), Nara, Japan
77National and Kapodistrian University of Athens, School of Science,

Department of Physics, Athens, Greece
78National Centre for Nuclear Research, Warsaw, Poland

79National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
80National Nuclear Research Center, Baku, Azerbaijan

81National Research and Innovation Agency—BRIN, Jakarta, Indonesia
82Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

83Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
84Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom

85Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Řež, Czech Republic
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