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Abstract Measurements of distributions of charged parti-
cles produced in proton–proton collisions with a centre-of-
mass energy of 13 TeV are presented. The data were recorded
by the ATLAS detector at the LHC and correspond to an inte-
grated luminosity of 151µb−1. The particles are required to
have a transverse momentum greater than 100 MeV and an
absolute pseudorapidity less than 2.5. The charged-particle
multiplicity, its dependence on transverse momentum and
pseudorapidity and the dependence of the mean transverse
momentum on multiplicity are measured in events containing
at least two charged particles satisfying the above kinematic
criteria. The results are corrected for detector effects and
compared to the predictions from several Monte Carlo event
generators.

1 Introduction

Measurements of charged-particle distributions in proton–
proton (pp) collisions probe the strong interaction in the
low-momentum transfer, non-perturbative region of quan-
tum chromodynamics (QCD). In this region, charged-particle
interactions are typically described by QCD-inspired models
implemented in Monte Carlo (MC) event generators. Mea-
surements are used to constrain the free parameters of these
models. An accurate description of low-energy strong inter-
action processes is essential for simulating single pp interac-
tions and the effects of multiple pp interactions in the same
bunch crossing at high instantaneous luminosity in hadron
colliders. Charged-particle distributions have been measured
previously in hadronic collisions at various centre-of-mass
energies [1–11].

The measurements presented in this paper use data frompp
collisions at a centre-of-mass energy

√
s = 13 TeV recorded

by the ATLAS experiment [12] at the Large Hadron Collider
(LHC) [13] in 2015, corresponding to an integrated luminos-
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ity of 151µb−1. The data were recorded during special fills
with low beam currents and reduced focusing to give a mean
number of interactions per bunch crossing of 0.005. The same
dataset and a similar analysis strategy were used to measure
distributions of charged particles with transverse momentum
pT greater than 500 MeV [9]. This paper extends the mea-
surements to the low-pT regime of pT > 100 MeV. While
this nearly doubles the overall number of particles in the
kinematic acceptance, the measurements are rendered more
difficult due to multiple scattering and imprecise knowledge
of the material in the detector. Measurements in the low-
momentum regime provide important information for the
description of the strong interaction in the low-momentum-
transfer, non-perturbative region of QCD.

These measurements use tracks from primary charged par-
ticles, corrected for detector effects to the particle level, and
are presented as inclusive distributions in a fiducial phase
space region. Primary charged particles are defined in the
same way as in Refs. [2,9] as charged particles with a mean
lifetime τ > 300 ps, either directly produced in pp interac-
tions or from subsequent decays of directly produced par-
ticles with τ < 30 ps; particles produced from decays of
particles with τ > 30 ps, denoted secondary particles, are
excluded. Earlier analyses also included charged particles
with a mean lifetime of 30 < τ < 300 ps. These are charged
strange baryons and have been removed for the present anal-
ysis due to their low reconstruction efficiency. For compari-
son to the earlier measurements, the measured multiplicity at
η = 0 is extrapolated to include charged strange baryons. All
primary charged particles are required to have a momentum
component transverse to the beam direction pT > 100 MeV
and absolute pseudorapidity1 |η| < 2.5 to be within the geo-

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r , φ)
are used in the transverse plane, φ being the azimuthal angle around the
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metrical acceptance of the tracking detector. Each event is
required to have at least two primary charged particles. The
following observables are measured:

1

Nev
· dNch

dη
,

1

Nev
· 1

2πpT
· d2Nch

dηdpT
,

1

Nev
· dNev

dnch

and 〈pT〉 vs. nch.

Here nch is the number of primary charged particles within
the kinematic acceptance in an event, Nev is the number of
events with nch ≥ 2, and Nch is the total number of primary
charged particles in the kinematic acceptance.

The PYTHIA 8 [14], EPOS [15] and QGSJET- II [16]
MC generators are used to correct the data for detector effects
and to compare with particle-level corrected data.PYTHIA 8
and EPOS both model the effects of colour coherence, which
is important in dense parton environments and effectively
reduces the number of particles produced in multiple parton-
parton interactions. In PYTHIA 8, the simulation is split into
non-diffractive and diffractive processes, the former domi-
nated by t-channel gluon exchange and amounting to approx-
imately 80 % of the selected events, and the latter described
by a pomeron-based approach [17]. In contrast,EPOS imple-
ments a parton-based Gribov–Regge [18] theory, an effective
field theory describing both hard and soft scattering at the
same time. QGSJET- II is based upon the Reggeon field the-
ory framework [19]. The latter two generators do not rely
on parton distribution functions (PDFs), as used in PYTHIA
8. Different parameter settings in the models are used in the
simulation to reproduce existing experimental data and are
referred to as tunes. For PYTHIA 8, theA2 [20] tune is based
on the MSTW2008LO PDF [21] while the MONASH [22]
underlying-event tune uses the NNPDF2.3LO PDF [23] and
incorporates updated fragmentation parameters, as well as
SPS and Tevatron data to constrain the energy scaling. For
EPOS, the LHC [24] tune is used, while for QGSJET- II
the default settings of the generator are applied. Details of
the MC generator versions and settings are shown in Table 1.
Detector effects are simulated using the GEANT4-based [25]
ATLAS simulation framework [26].

2 ATLAS detector

The ATLAS detector covers nearly the whole solid angle
around the collision point and includes tracking detectors,
calorimeters and muon chambers. This measurement uses
information from the inner detector and the trigger system,
relying on the minimum-bias trigger scintillators (MBTS).

The inner detector covers the full range in φ and |η| < 2.5.
It consists of the silicon pixel detector (pixel), the silicon

Footnote 1 continued
beam pipe. The pseudorapidity is defined in terms of the polar angle θ

as η = − ln tan(θ/2).

Table 1 Summary of MC generators used to compare to the corrected
data. The generator, its version, the corresponding tune and the parton
distribution function are given

Generator Version Tune PDF

PYTHIA 8 8.185 A2 MSTW2008LO

PYTHIA 8 8.186 MONASH NNPDF2.3LO

EPOS LHCv3400 LHC –

QGSJET- II II- 04 Default –

microstrip detector (SCT) and the transition radiation straw-
tube tracker (TRT). These are located around the interaction
point spanning radial distances of 33–150, 299–560 and 563–
1066 mm respectively. The barrel (each end-cap) consists of
four (three) pixel layers, four (nine) double-layers of silicon
microstrips and 73 (160) layers of TRT straws. During the
LHC long shutdown 2013–2014, a new innermost pixel layer,
the insertable B-layer (IBL) [27,28], was installed around a
new smaller beam-pipe. The smaller radius of 33 mm and the
reduced pixel size of the IBL result in improvements of both
the transverse and longitudinal impact parameter resolutions.
Requirements on an innermost pixel-layer hit and on impact
parameters strongly suppress the number of tracks from sec-
ondary particles. A track from a charged particle passing
through the barrel typically has 12 measurement points (hits)
in the pixel and SCT detectors. The inner detector is located
within a solenoid that provides an axial 2 T magnetic field.

A two-stage trigger system is used: a hardware-based
level-1 trigger (L1) and a software-based high-level trigger
(HLT). The L1 decision provided by the MBTS detector is
used for this measurement. The scintillators are installed on
either side of the interaction point in front of the liquid-argon
end-cap calorimeter cryostats at z = ±3.56 m and segmented
into two rings in pseudorapidity (2.07 < |η| < 2.76 and
2.76 < |η| < 3.86). The inner (outer) ring consists of eight
(four) azimuthal sectors, giving a total of 12 sectors on each
side. The trigger used in this measurement requires at least
one signal in a scintillator on one side to be above threshold.

3 Analysis

The analysis closely follows the strategy described in
Ref. [9], but modifications for the low-pT region are applied
where relevant.

3.1 Event and track selection

Events are selected from colliding proton bunches using the
MBTS trigger described above. Each event is required to
contain a primary vertex [29], reconstructed from at least
two tracks with a minimum pT of 100 MeV. To reduce con-
tamination from events with more than one interaction in a
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bunch crossing, events with a second vertex containing four
or more tracks are removed. The contributions from non-
collision background events and the fraction of events where
two interactions are reconstructed as a single vertex have
been studied in data and are found to be negligible.

Track candidates are reconstructed in the pixel and SCT
detectors and extended to include measurements in the
TRT [30,31]. A special configuration of the track recon-
struction algorithms was used for this analysis to reconstruct
low-momentum tracks with good efficiency and purity. The
purity is defined as the fraction of selected tracks that are
also primary tracks with a transverse momentum of at least
100 MeV and an absolute pseudorapidity less than 2.5. The
most critical change with respect to the 500 MeV analysis [9],
besides lowering the pT threshold to 100 MeV, is reducing
the requirement on the minimum number of silicon hits from
7 to 5. All tracks, irrespective of their transverse momen-
tum, are reconstructed in a single pass of the track recon-
struction algorithm. Details of the performance of the track
reconstruction in the 13 TeV data and its simulation can be
found in Ref. [32]. Figure 1 shows the comparison between
data and simulation in the distribution of the number of pixel
hits associated with a track for the low-momentum region.
Data and simulation agree reasonably well given the known
imperfections in the simulation of inactive pixel modules.
These differences are taken into account in the systematic
uncertainty on the tracking efficiency by comparing the effi-
ciency of the pixel hit requirements in data and simulation
after applying all other track selection requirements.
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Fig. 1 Comparison between data and PYTHIA 8 A2 simulation for
the distribution of the number of pixel hits associated with a track. The
distribution is shown before the requirement on the number of pixel hits
is applied, for tracks with 100 < pT < 500 MeV and |η| < 2.5. The
error bars on the points are the statistical uncertainties of the data. The
lower panel shows the ratio of data to MC prediction

Events are required to contain at least two selected
tracks satisfying the following criteria: pT > 100 MeV and
|η| < 2.5; at least one pixel hit and an innermost pixel-
layer hit if expected;2 at least two, four or six SCT hits for
pT < 300 MeV, <400 MeV or >400 MeV respectively, in
order to account for the dependence of track length on pT;
|dBL

0 | < 1.5 mm, where the transverse impact parameter dBL
0

is calculated with respect to the measured beam line (BL); and
|zBL

0 × sin θ | < 1.5 mm, where zBL
0 is the difference between

the longitudinal position of the track along the beam line at
the point where dBL

0 is measured and the longitudinal posi-
tion of the primary vertex and θ is the polar angle of the track.
High-momentum tracks with mismeasured pT are removed
by requiring the track-fit χ2 probability to be larger than 0.01
for tracks with pT > 10 GeV. In total 9.3 × 106 events pass
the selection, containing a total of 3.2 × 108 selected tracks.

3.2 Background estimation

Background contributions to the tracks from primary parti-
cles include fake tracks (those formed by a random combina-
tion of hits), strange baryons and secondary particles. These
contributions are subtracted on a statistical basis from the
number of reconstructed tracks before correcting for other
detector effects. The contribution of fake tracks, estimated
from simulation, is at most 1 % for all pT and η intervals with
a relative uncertainty of ±50 % determined from dedicated
comparisons of data with simulation [33]. Charged strange
baryons with a mean lifetime 30 < τ < 300 ps are treated
as background, because these particles and their decay prod-
ucts have a very low reconstruction efficiency. Their con-
tribution is estimated from EPOS, where the best descrip-
tion of this strange baryon contribution is expected [9], to
be below 0.01 % on average, with the fraction increasing
with track pT to be (3 ± 1) % above 20 GeV. The fraction
is much smaller at low pT due to the extremely low track
reconstruction efficiency. The contribution from secondary
particles is estimated by performing a template fit to the dis-
tribution of the track transverse impact parameter dBL

0 , using
templates for primary and secondary particles created from
PYTHIA 8 A2 simulation. All selection requirements are
applied except that on the transverse impact parameter. The
shape of the transverse impact parameter distribution dif-
fers for electron and non-electron secondary particles, as the
dBL

0 reflects the radial location at which the secondaries were
produced. The processes for conversions and hadronic inter-
actions are rather different, which leads to differences in the
radial distributions. The electrons are more often produced
from conversions in the beam pipe. Furthermore, the fraction
of electrons increases as pT decreases. Therefore, separate

2 A hit is expected if the extrapolated track crosses an known active
region of a pixel module. If an innermost pixel-layer hit is not expected,
a next-to-innermost pixel-layer hit is required if expected.
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Fig. 2 Comparison between data and PYTHIA 8 A2 simulation for
the transverse impact parameter dBL

0 distribution. The dBL
0 distribution

is shown for 100 < pT < 150 MeV without applying the cut on the
transverse impact parameter. The position where the cut is applied is
shown as dashed black lines at ±1.5 mm. The simulated dBL

0 distri-
bution is normalised to the number of tracks in data and the separate
contributions from primary, fake, electron and non-electron tracks are
shown as lines using various combinations of dots and dashes. The sec-
ondary particles are scaled by the fitted fractions as described in the
text. The error bars on the points are the statistical uncertainties of the
data. The lower panel shows the ratio of data to MC prediction

templates are used for electrons and non-electron secondary
particles in the region pT < 500 MeV. The rate of secondary
tracks is the sum of these two contributions and is measured
with the fit. The background normalisation for fake tracks
and strange baryons is determined from the prediction of the
simulation. The fit is performed in nine pT intervals, each of
width 50 MeV, in the region 4 < |dBL

0 | < 9.5 mm. The fitted
distribution for 100 < pT < 150 MeV is shown in Fig. 2.
For this pT interval, the fraction of secondary tracks within
the region |dBL

0 | < 1.5 mm is measured to be (3.6 ± 0.7) %,
equally distributed between electrons and non-electrons. For
tracks with pT > 500 MeV, the fraction of secondary parti-
cles is measured to be (2.3 ± 0.6) %; these are mostly non-
electron secondary particles. The uncertainties are evaluated
by using different generators to estimate the interpolation
from the fit region to |dBL

0 | < 1.5 mm, changing the fit range
and checking the η dependence of the fraction of tracks orig-
inating from secondaries. This last study is performed by fits
integrated over different η ranges, because the η dependence
could be different in data and simulation, as most of the sec-
ondary particles are produced in the material of the detector.
The systematic uncertainties arising from imperfect knowl-
edge of the passive material in the detector are also included;
these are estimated using the same material variations as used
in the estimation of the uncertainty on the tracking efficiency,
described in Sect. 3.4.

3.3 Trigger and vertex reconstruction efficiency

The trigger efficiency εtrig is measured in a data sample
recorded using a control trigger which selected events ran-
domly at L1 only requiring that the beams are colliding
in the ATLAS detector. The events are then filtered at the
HLT by requiring at least one reconstructed track with pT >

200 MeV. The efficiency εtrig is defined as the ratio of events
that are accepted by both the control and the MBTS trig-
ger to all events accepted by the control trigger. It is mea-
sured as a function of the number of selected tracks with the
requirement on the longitudinal impact parameter removed,
nno-z

sel . The trigger efficiency increases from 96.5+0.4
−0.7 % for

events with nno-z
sel = 2, to (99.3 ± 0.2) % for events with

nno-z
sel ≥ 4. The quoted uncertainties include statistical and

systematic uncertainties. The systematic uncertainties are
estimated from the difference between the trigger efficien-
cies measured on the two sides of the detector, and the impact
of beam-induced background; the latter is estimated using
events recorded when only one beam was present at the inter-
action point, as described in Ref. [9].

The vertex reconstruction efficiency εvtx is determined
from data by calculating the ratio of the number of triggered
events with a reconstructed vertex to the total number of all
triggered events. The efficiency, measured as a function of
nno-z

sel , is approximately 87 % for events with nno-z
sel = 2 and

rapidly rises to 100 % for events with nno-z
sel > 4. For events

with nno-z
sel = 2, the efficiency is also parameterised as a func-

tion of the difference between the longitudinal impact param-
eter of the two tracks (
ztracks). This efficiency decreases
roughly linearly from 91 % at 
ztracks = 0 mm to 32 % at

ztracks = 10 mm. The systematic uncertainty is estimated
from the difference between the vertex reconstruction effi-
ciency measured before and after beam-background removal
and found to be negligible.

3.4 Track reconstruction efficiency

The primary-track reconstruction efficiency εtrk is deter-
mined from simulation. The efficiency is parameterised in
two-dimensional bins of pT and η, and is defined as:

εtrk(pT, η) = Nmatched
rec (pT, η)

Ngen(pT, η)
,

where pT and η are generated particle properties, Nmatched
rec

(pT, η) is the number of reconstructed tracks matched to
generated primary charged particles and Ngen(pT, η) is the
number of generated primary charged particles in that kine-
matic region. A track is matched to a generated particle if
the weighted fraction of track hits originating from that par-
ticle exceeds 50 %. The hits are weighted such that hits in all
subdetectors have the same weight in the sum, based on the
number of expected hits and the resolution of the individual
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Fig. 3 Track reconstruction efficiency as a function of a transverse
momentum pT and of b pseudorapidity η for selected tracks with pT
>100 MeV and |η| < 2.5 as predicted by PYTHIA 8 A2 and single-

particle simulation. The statistical uncertainties are shown as vertical
bars, the sum in quadrature of statistical and systematic uncertainties
as shaded areas

subdetector. For 100 < pT < 125 MeV and integrated over
η, the primary-track reconstruction efficiency is 27.5 %. In
the analysis using tracks with pT > 500 MeV [9], a data-
driven correction to the efficiency was evaluated in order to
account for material effects in the |η| > 1.5 region. This
correction to the efficiency is not applied in this analysis due
to the large uncertainties of this method for low-momentum
tracks, which are larger than the uncertainties in the material
description.

The dominant uncertainty in the track reconstruction effi-
ciency arises from imprecise knowledge of the passive mate-
rial in the detector. This is estimated by evaluating the track
reconstruction efficiency in dedicated simulation samples
with increased detector material. The total uncertainty in the
track reconstruction efficiency due to the amount of mate-
rial is calculated as the linear sum of the contributions of
5 % additional material in the entire inner detector, 10 %
additional material in the IBL and 50 % additional material
in the pixel services region at |η| > 1.5. The sizes of the
variations are estimated from studies of the rate of photon
conversions, of hadronic interactions, and of tracks lost due
to interactions in the pixel services [34]. The resulting uncer-
tainty in the track reconstruction efficiency is 1 % at low |η|
and high pT and up to 10 % for higher |η| or for lower pT.
The systematic uncertainty arising from the track selection
requirements is studied by comparing the efficiency of each
requirement in data and simulation. This results in an uncer-
tainty of 0.5 % for all pT and η. The total uncertainty in
the track reconstruction efficiency is obtained by adding all
effects in quadrature. The track reconstruction efficiency is
shown as function of pT and η in Fig. 3, including all sys-

tematic uncertainties. The efficiency is calculated using the
PYTHIA 8 A2 and single-particle simulation. Effectively
identical results are obtained when using the prediction from
EPOS or PYTHIA 8 MONASH.

3.5 Correction procedure and systematic uncertainties

The data are corrected to obtain inclusive spectra for primary
charged particles satisfying the particle-level phase space
requirement. The inefficiencies due to the trigger selection
and vertex reconstruction are applied to all distributions as
event weights:

wev(n
no-z
sel ,
ztracks) = 1

εtrig(nno-z
sel )

· 1

εvtx(nno-z
sel ,
ztracks)

.

(1)

Distributions of the selected tracks are corrected for ineffi-
ciencies in the track reconstruction with a track weight using
the tracking efficiency (εtrk) and after subtracting the frac-
tions of fake tracks ( ffake), of strange baryons ( fsb), of sec-
ondary particles ( fsec) and of particles outside the kinematic
range ( fokr):

wtrk(pT, η) = 1

εtrk(pT, η)
· [1 − ffake(pT, η) − fsb(pT, η)

− fsec(pT, η) − fokr(pT, η)]. (2)

These distributions are estimated as described in Sect. 3.2
except that the fraction of particles outside the kinematic
range whose reconstructed tracks enter the kinematic range
is estimated from simulation. This fraction is largest at low
pT and high |η|. At pT = 100 MeV and |η| = 2.5, 11 %
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Table 2 Summary of the
systematic uncertainties in the η,
pT, nch and 〈pT〉 vs. nch
observables. The uncertainties
are given at the minimum and
the maximum of the phase space

Distribution 1
Nev

· dNch
d|η|

1
Nev

· 1
2πpT

· d2Nch
dηdpT

1
Nev

· dNev
dnch

〈pT〉 vs. nch

Range 0–2.5 0.1–50 GeV 2–250 0–160 GeV

Track reconstruction 1 %–7 % 1 %–6 % 0 %–+38 %
−20 % 0 %–0.7 %

Track background 0.5 % 0.5 %–1 % 0 %–+7 %
−1 % 0 %–0.1 %

pT spectrum – – 0 %–+3 %
−9 % 0 %–+0.3 %

−0.1 %

Non-closure 0.4 %–1 % 1 %–3 % 0 %–4 % 0.5 %–2 %

of the particles enter the kinematic range and are subtracted
as described in Formula 2 with a relative uncertainty of ±
4.5 %.

The pT and η distributions are corrected by the event and
track weights, as discussed above. In order to correct for res-
olution effects, an iterative Bayesian unfolding [35] is addi-
tionally applied to the pT distribution. The response matrix
used to unfold the data is calculated from PYTHIA 8 A2
simulation, and six iterations are used; this is the smallest
number of iterations after which the process is stable. The
statistical uncertainty is obtained using pseudo-experiments.
For the η distribution, the resolution is smaller than the bin
width and an unfolding is therefore unnecessary. After apply-
ing the event weight, the Bayesian unfolding is applied to the
multiplicity distribution in order to correct from the observed
track multiplicity to the multiplicity of primary charged parti-
cles, and therefore the track reconstruction efficiency weight
does not need to be applied. The total number of events,
Nev, is defined as the integral of the multiplicity distribu-
tion after all corrections are applied and is used to normalise
the distributions. The dependence of 〈pT〉 on nch is obtained
by first separately correcting the total number of tracks and
∑

i pT(i) (the scalar sum of the track pT of all tracks with
pT > 100 MeV in one event), both versus the number of pri-
mary charged particles. After applying the correction to all
events using the event and track weights, both distributions
are unfolded separately. The ratio of the two unfolded distri-
butions gives the dependence of 〈pT〉 on nch.

A summary of the systematic uncertainties is given in
Table 2 for all observables. The dominant uncertainty is
due to material effects on the track reconstruction efficiency.
Uncertainties due to imperfect detector alignment are taken
into account and are less than 5 % at the highest track pT val-
ues. In addition, resolution effects on the transverse momen-
tum can result in low-pT particles being reconstructed as
high-pT tracks. All these effects are considered as system-
atic uncertainty on the track reconstruction. The track back-
ground uncertainty is dominated by systematic effects in the
estimation of the contribution from secondary particles. The
track reconstruction efficiency determined in simulation can
differ from the one in data if the pT spectrum is different
for data and simulation, as the efficiency depends strongly
on the track pT. This effect can alter the number of primary

charged particles and is taken into account as a systematic
uncertainty on the multiplicity distribution and 〈pT〉 vs nch.
The non-closure systematic uncertainty is estimated from dif-
ferences in the unfolding results using PYTHIA 8 A2 and
EPOS simulations. For this, all combinations of these MC
generators are used to simulate the distribution and the input
to the unfolding.

4 Results

The measured charged-particle multiplicities in events con-
taining at least two charged particles with pT > 100 MeV and
|η| < 2.5 are shown in Fig. 4. The corrected data are com-
pared to predictions from various generators. In general, the
systematic uncertainties are larger than the statistical uncer-
tainties.

Figure 4a shows the charged-particle multiplicity as a
function of the pseudorapidity η. PYTHIA 8 MONASH,
EPOS and QGSJET- II give a good description for |η| < 1.5.
The prediction from PYTHIA 8 A2 has the same shape as
predictions from the other generators, but lies below the data.

The charged-particle transverse momentum is shown in
Fig. 4b. EPOS describes the data well for pT > 300 MeV.
For pT < 300 MeV, the data are underestimated by up to
15 %. The other generators show similar mismodelling at
low momentum but with larger discrepancies up to 35 %
for QGSJET- II. In addition, they mostly overestimate the
charged-particle multiplicity for pT > 400 MeV; PYTHIA
8 A2 overestimates only in the intermediate pT region and
underestimates the data slightly for pT > 800 MeV.

Figure 4c shows the charged-particle multiplicity. Overall,
the form of the measured distribution is reproduced reason-
ably by all models. PYTHIA 8 A2 describes the data well
for 30 < nch < 80, but underestimates it for higher nch.
For 30 < nch < 80, PYTHIA 8 MONASH, EPOS and
QGSJET- II underestimate the data by up to 20 %. PYTHIA
8 MONASH and EPOS overestimate the data for nch > 80
and drop below the measurement in the high-nch region, start-
ing from nch > 130 and nch > 200 respectively.QGSJET- II
overestimates the data significantly for nch > 100.

The mean transverse momentum versus the primary
charged-particle multiplicity is shown in Fig. 4d. It increases
towards higher nch, as modelled by a colour reconnection
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Fig. 4 Primary charged-particle multiplicities as a function of a pseu-
dorapidity η and b transverse momentum pT, c the primary charged-
particle multiplicity nch and d the mean transverse momentum 〈pT〉
versus nch for events with at least two primary charged particles with
pT > 100 MeV and |η| < 2.5, each with a lifetime τ > 300 ps. The
black dots represent the data and the coloured curves the different MC

model predictions. The vertical bars represent the statistical uncertain-
ties, while the shaded areas show statistical and systematic uncertainties
added in quadrature. The lower panel in each figure shows the ratio of
the MC simulation to data. As the bin centroid is different for data and
simulation, the values of the ratio correspond to the averages of the bin
content
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mechanism in PYTHIA 8 and by the hydrodynamical evo-
lution model in EPOS. The QGSJET- II generator, which
has no model for colour coherence effects, describes the data
poorly. For low nch, PYTHIA 8 A2 and EPOS underesti-
mate the data, where PYTHIA 8 MONASH agrees within
the uncertainties. For higher nch all generators overestimate
the data, but for nch > 40, there is a constant offset for both
PYTHIA 8 tunes, which describe the data to within 10 %.
EPOS describes the data reasonably well and to within 2 %.

The mean number of primary charged particles per unit
pseudorapidity in the central η region is measured to be
6.422 ± 0.096, by averaging over |η| < 0.2; the quoted
error is the systematic uncertainty, the statistical uncertainty
is negligible. In order to compare with other measurements,
it is corrected for the contribution from strange baryons
(and therefore extrapolated to primary charged particles with
τ > 30 ps) by a correction factor of 1.0121 ± 0.0035. The
central value is taken from EPOS; the systematic uncertainty
is taken from the difference between EPOS and PYTHIA
8A2 (the largest difference was observed between EPOS and
PYTHIA 8 A2) and the statistical uncertainty is negligible.
The mean number of primary charged particles after the cor-
rection is 6.500 ± 0.099. This result is compared to previous
measurements [1,2,9] at different

√
s values in Fig. 5. The

predictions fromEPOS andPYTHIA 8MONASHmatch the
data well. For PYTHIA 8A2, the match is not as good as was
observed when measuring particles with pT > 500 MeV [9].
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Fig. 5 The average primary charged-particle multiplicity in pp inter-
actions per unit of pseudorapidity η for |η| < 0.2 as a function of the
centre-of-mass energy

√
s. The values for the other pp centre-of-mass

energies are taken from previous ATLAS analyses [1,2]. The value for
particles with pT > 500 MeV for a

√
s = 13 TeV is taken from Ref. [9].

The results have been extrapolated to include charged strange baryons
(charged particles with a mean lifetime of 30 < τ < 300 ps). The data
are shown as black triangles with vertical errors bars representing the
total uncertainty. They are compared to various MC predictions which
are shown as coloured lines

5 Conclusion

Primary charged-particle multiplicity measurements with the
ATLAS detector using proton–proton collisions delivered by
the LHC at

√
s = 13 TeV are presented for events with

at least two primary charged particles with |η| < 2.5 and
pT > 100 MeV using a specialised track reconstruction algo-
rithm. A data sample corresponding to an integrated luminos-
ity of 151µb−1 is analysed. The mean number of charged par-
ticles per unit pseudorapidity in the region |η| < 0.2 is mea-
sured to be 6.422 ± 0.096 with a negligible statistical uncer-
tainty. Significant differences are observed between the mea-
sured distributions and the Monte Carlo predictions tested.
Amongst the models considered, EPOS has the best overall
description of the data as was seen in a previous ATLAS mea-
surement at

√
s = 13 TeV using tracks with pT > 500 MeV.

PYTHIA 8 A2 and PYTHIA 8 MONASH provide a rea-
sonable overall description, whereas QGSJET- II does not
describe 〈pT〉 vs. nch well but provides a reasonable level of
agreement for other distributions.
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M. Mikestikova127, M. Mikuž76, M. Milesi89, A. Milic63, D. W. Miller33, C. Mills48, A. Milov171, D. A. Milstead146a,146b,
A. A. Minaenko130, Y. Minami155, I. A. Minashvili66, A. I. Mincer110, B. Mindur40a, M. Mineev66, Y. Ming172,
L. M. Mir13, K. P. Mistry122, T. Mitani170, J. Mitrevski100, V. A. Mitsou166, A. Miucci51, P. S. Miyagawa139,
J. U. Mjörnmark82, T. Moa146a,146b, K. Mochizuki95, S. Mohapatra37, S. Molander146a,146b, R. Moles-Valls23, R. Monden69,
M. C. Mondragon91, K. Mönig44, J. Monk38, E. Monnier86, A. Montalbano148, J. Montejo Berlingen32, F. Monticelli72,
S. Monzani92a,92b, R. W. Moore3, N. Morange117, D. Moreno21, M. Moreno Llácer56, P. Morettini52a, D. Mori142,
T. Mori155, M. Morii58, M. Morinaga155, V. Morisbak119, S. Moritz84, A. K. Morley150, G. Mornacchi32, J. D. Morris77,
S. S. Mortensen38, L. Morvaj148, M. Mosidze53b, J. Moss143, K. Motohashi157, R. Mount143, E. Mountricha27,
S. V. Mouraviev96,*, E. J. W. Moyse87, S. Muanza86, R. D. Mudd19, F. Mueller101, J. Mueller125, R. S. P. Mueller100,
T. Mueller30, D. Muenstermann73, P. Mullen55, G. A. Mullier18, F. J. Munoz Sanchez85, J. A. Murillo Quijada19,
W. J. Murray169,131, H. Musheghyan56, M. Muškinja76, A. G. Myagkov130,ae, M. Myska128, B. P. Nachman143,
O. Nackenhorst51, K. Nagai120, R. Nagai67,z, K. Nagano67, Y. Nagasaka60, K. Nagata160, M. Nagel50, E. Nagy86,
A. M. Nairz32, Y. Nakahama32, K. Nakamura67, T. Nakamura155, I. Nakano112, H. Namasivayam43, R. F. Naranjo Garcia44,
R. Narayan11, D. I. Narrias Villar59a, I. Naryshkin123, T. Naumann44, G. Navarro21, R. Nayyar7, H. A. Neal90,
P. Yu. Nechaeva96, T. J. Neep85, P. D. Nef143, A. Negri121a,121b, M. Negrini22a, S. Nektarijevic106, C. Nellist117,
A. Nelson162, S. Nemecek127, P. Nemethy110, A. A. Nepomuceno26a, M. Nessi32,af, M. S. Neubauer165, M. Neumann174,
R. M. Neves110, P. Nevski27, P. R. Newman19, D. H. Nguyen6, T. Nguyen Manh95, R. B. Nickerson120, R. Nicolaidou136,
J. Nielsen137, A. Nikiforov17, V. Nikolaenko130,ae, I. Nikolic-Audit81, K. Nikolopoulos19, J. K. Nilsen119, P. Nilsson27,
Y. Ninomiya155, A. Nisati132a, R. Nisius101, T. Nobe155, M. Nomachi118, I. Nomidis31, T. Nooney77, S. Norberg113,
M. Nordberg32, N. Norjoharuddeen120, O. Novgorodova46, S. Nowak101, M. Nozaki67, L. Nozka115, K. Ntekas10,
E. Nurse79, F. Nuti89, F. O’grady7, D. C. O’Neil142, A. A. O’Rourke44, V. O’Shea55, F. G. Oakham31,d, H. Oberlack101,
T. Obermann23, J. Ocariz81, A. Ochi68, I. Ochoa37, J. P. Ochoa-Ricoux34a, S. Oda71, S. Odaka67, H. Ogren62, A. Oh85,
S. H. Oh47, C. C. Ohm16, H. Ohman164, H. Oide32, H. Okawa160, Y. Okumura33, T. Okuyama67, A. Olariu28b,
L. F. Oleiro Seabra126a, S. A. Olivares Pino48, D. Oliveira Damazio27, A. Olszewski41, J. Olszowska41, A. Onofre126a,126e,
K. Onogi103, P. U. E. Onyisi11,v, M. J. Oreglia33, Y. Oren153, D. Orestano134a,134b, N. Orlando61b, R. S. Orr158,
B. Osculati52a,52b, R. Ospanov85, G. Otero y Garzon29, H. Otono71, M. Ouchrif135d, F. Ould-Saada119, A. Ouraou136,
K. P. Oussoren107, Q. Ouyang35a, M. Owen55, R. E. Owen19, V. E. Ozcan20a, N. Ozturk8, K. Pachal142, A. Pacheco Pages13,
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