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Abstract

Charged-particle distributions are measured in protosteprcollisions at a centre-of-mass
energy of 13 TeV, using a data sample of nearly 9 million evetdrresponding to an in-
tegrated luminosity of 17@b~!, recorded by the ATLAS detector during a special Large
Hadron Collider fill. The charged-particle multiplicitytsidependence on transverse mo-
mentum and pseudorapidity and the dependence of the memvérae momentum on the
charged-particle multiplicity are presented. The measergs are performed with charged
particles with transverse momentum greater than 500 Me\ahsdlute pseudorapidity less
than 2.5, in events with at least one charged particle gatggthese kinematic requirements.
Additional measurements in a reduced phase space withuabgmeudorapidity less than
0.8 are also presented, in order to compare with other expets. The results are cor-
rected for detectorfeects, presented as particle-level distributions and amgpeoed to the
predictions of various Monte Carlo event generators.
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1. Introduction

Charged-particle measurements in proton—profmp) €ollisions provide insight into the strong interac-
tion in the low-energy, non-perturbative region of quantthmomodynamics (QCD). Particle interactions
at these energy scales are typically described by QCDrspnodels implemented in Monte Carlo
(MC) event generators with free parameters that can bereamstl by such measurements. An accurate
description of low-energy strong interaction processessgential for simulating singlpp interactions

as well as the féects of multiplepp interactions at high instantaneous luminosity in hadroltidess.
Charged-patrticle distributions have been measured prelyion pp and proton—antiproton collisions at
various centre-of-mass energies-{] (and references therein).

This paper presents inclusive measurements of primarygetigrarticle distributions ipp collisions at

a centre-of-mass energy afs = 13 TeV, using data recorded by the ATLAS experiméditdt the Large
Hadron Collider (LHC) corresponding to an integrated lunsity of approximately 17@b=. Here in-
clusive means that all processegipinteractions are included and no attempt to correct foagetypes

of process, such asftliaction, is made. These measurements, together with pewésults, shed light on
the evolution of charged-particle multiplicities with ¢esrof-mass energy, which is poorly constrained.
A strategy similar to that in Ref1] is used, where more details of the analysis techniquesiega.gThe
distributions are measured using tracks from primary addhparticles, corrected for detectdfexts, and
are presented as inclusive distributions in a well-defiriadrkatic region. Primary charged particles are
defined as charged particles with a mean lifetime 300 ps, either directly produced pyp interactions

or from subsequent decays of directly produced particléls wi 30 ps; particles produced from decays
of particles withr > 30 ps, called secondary particles, are excluded. This defirdiffers from earlier
analyses in that charged particles with a mean lifetime: 30< 300 ps were previously included. These
are charged strange baryons and have been removed duedwfdiency of reconstructing thefAll
primary charged particles are required to have a momentunpenent transverse to the beam direcfion,
pr, of at least 500 MeV and absolute pseudorapidity,less than 2.5. Each event is required to have at
least one primary charged patrticle.

In these events the following distributions are measured:
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as well as the meapy ({pr)) of all primary charged patrticles versuag,. Hereng, is the number of
primary charged particles in an eveig, is the number of events withey, > 1, andNg, is the total
number of primary charged particles in the data sarhfilee measurements are also presented in a phase
space that is common to the ATLAS, CM§] [and ALICE [10] detectors in order to ease comparison
between experiments. For this purpose an additional rexapgint ofjy| < 0.8 is made for all primary
charged particles. These results are presented in Appeéndiinally, the mean number of primary

! Since strange baryons tend to decay within the detectomal@especially if they have low momentum, they often do not
leave enough hits to reconstruct a track, leading to a tracnstruction &iciency of approximately 0.3%.

2 ATLAS uses a right-handed coordinate system with its oragithe nominal interaction point (IP) in the centre of theededr
and thez-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and jhaxis points
upward. Cylindrical coordinates,) are used in the transverse plageyeing the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar afgien = — Intan@/2).

3 The factor Zrpy in the pr spectrum comes from the Lorentz-invariant definition of ¢hess section in terms ofgd. The
results could thus be interpreted as the massless appriixina cf p.



charged patrticles foy = 0 is compared to previous measurements fiedint centre-of-mass energies.
The measurements are compared to particle-level MC predsct

The remainder of this paper is laid out as follows. The reiee@mponents of the ATLAS detector are
described in Sectio®. The MC event generators and detector simulation used iruléysis are in-
troduced in Sectio. The selection criteria applied to the data and the cortidbs from background
events are discussed in Sectignand5 respectively. The selectiorffizciency and corresponding correc-
tions to the data are discussed in Secti6rand 7 respectively. The corrected results are compared to
theoretical predictions in Sectigdhand a conclusion is given in Secti®h The measurement of primary
charged particles in the reduced phase spaog af0.8 is presented in AppendiX.

2. ATLAS detector

The ATLAS detector covers almost the whole solid angle aiddhe collision point with layers of tracking
detectors, calorimeters and muon chambers. For the measuote presented in this paper, the tracking
devices and the trigger system are of particular importance

The inner detector (ID) has full coveragedrand covers the pseudorapidity rargle < 2.5. It consists

of a silicon pixel detector (pixel), a silicon microstriptdetor (SCT) and a transition radiation straw-tube
tracker (TRT). These detectors span a sensitive radiardistfrom the interaction point of 33—-150 mm,
299-560 mm and 563-1066 mm respectively, and are situat@tkia solenoid that provides a 2 T axial
magnetic field. The barrel (each end-cap) consists of fbweé) pixel layers, four (nine) double-layers of
single-sided silicon microstrips with a 40 mrad stereo atgltween the inner and outer part of a double-
layer, and 73 (160) layers of TRT straws. The innermost dexgtr, the insertable B-layer (IBLYLL],
was added between Run 1 and Run 2 of the LHC, around a new rar(mwdius of 25 mm) and thinner
beam pipe. It is composed of 14 lightweight staves arrangeddylindrical geometry, each made of 12
silicon planar sensors in its central region an<l2 3D sensors at the ends. The IBL pixel dimensions are
50 x 250um? in the ¢ andz directions (compared with 50 400um? for other pixel layers). The smaller
radius and the reduced pixel size result in improvementtf the transverse and longitudinal impact
parameter resolutions. In addition, new services have beplemented which significantly reduce the
material at the boundaries of the active tracking volumeragk from a charged particle traversing the
barrel detector typically has 12 silicon measurement pdinits), of which four are pixel and eight SCT,
and more than 30 TRT straw hits.

The ATLAS detector employs a two-level trigger system: #nel-1 hardware stage (L1) and the high-
level trigger software stage (HLT). This measurement use 1 decision from the minimum-bias trigger
scintillators (MBTS), which were replaced between Run 1Rod 2. The MBTS are mounted at each end
of the detector in front of the liquid-argon end-cap calarier cryostats at = +3.56 m and segmented
into two rings in pseudorapidity (@7 < |7| < 276 and 276 < || < 3.86). The inner ring is segmented
into eight azimuthal sectors while the outer ring is segmeimto four azimuthal sectors, giving a total
of twelve sectors per side. The MBTS trigger selection usedHis paper requires one counter above
threshold from either side of the detector and is referregista single-arm trigger. Théheiency of this
trigger is studied with an independent control trigger. Thatrol trigger selects events randomly at L1
which are then filtered at HLT by requiring at least one retroiesed track withpt > 200 MeV.



Table 1: Summary of MC tunes used to compare to the correetted dhe generator and its version are given in
the first two columns, the tune name and the PDF used are givtle next two columns.

Generator Version Tune PDF

PYTHIA 8 8.185 A2 MSTW2008.0 [2]]
PYTHIA 8 8.186 MONASH ~ NNPDF2.3L0 [22]
EPOS LHCv3400 vruC N/A

QGSJET-II 11-04 default NA

3. Monte Carlo event generator simulation

Theryrria 8 [12], epos [13] and qcsiet- [14] MC generators are used to correct the data for detector
effects and to compare with particle-level corrected data. iéf limtroduction to the relevant parts of
these event generators is given below.

In pyTHIA 8 inclusive hadron—hadron interactions are described by defrtbat splits the total inelastic
cross section into non4diactive (ND) processes, dominatedteghannel gluon exchange, andftactive
processes involving a colour-singlet exchange. The sitimalaf ND processes includes multiple parton—
parton interactions (MPI). Theflliactive processes are further divided into singlrdctive dissociation
(SD), where one of the initial protons remains intact andotiver is difractively excited and dissociates,
and double-dtractive dissociation (DD) where both protons dissociatbe $ample contains approx-
imately 22% SD and 12% DD processes. Such events tend to &imedaps in particle production at
central rapidity. A pomeron-based approach is used to ithesttrese events1p].

epos provides an implementation of a parton-based Gribov—Rgbgje¢heory, which is an fective QCD-
inspired field theory describing hard and soft scatteringuaneously.

qasIeT-11 provides a phenomenological treatment of hadronic andeandhteractions in the Reggeon
field theory framework 17]. The soft and semi-hard parton processes are includeceimtitel within
the “semi-hard pomeron” approacleros and qcsier-ir calculations do not rely on the standard parton
distribution functions (PDFs) as used in generators suchiasa s.

Different settings of model parameters optimised to reprodtistrgy experimental data are used in the
simulation. These settings are referred to as tunes.r¥amra s two tunes are usedy2 [18] and mon-

asH [19]; for epros theLuc [20] tune is usedqasier-it uses the default tune from the generator. Each tune
utilises 7 TeV minimum-bias data and is summarised in Tapbtegether with the version of each gener-
ator used to produce the samples. Pheia 8 A2 sample, combined with a single-particle MC simulation
used to populate the higbr region, is used to derive the detector corrections for tlresasurements.
All the events are processed through the ATLAS detector Isitiom program 23], which is based on
GEANT4 [24]. They are then reconstructed and analysed by the sameapnagrain used for the data.

4. Data sdlection

The data were recorded during a period with a special cordigur of the LHC with low beam currents
and reduced beam focusing, and thus giving a low expectech maaber of interactions per bunch



crossing{u) = 0.005. Events were selected from colliding proton bunchesgusitrigger which required
one or more MBTS counters above threshold on either sidecafiditector.

Each event is required to contain a primary vertex, recaottd from at least two tracks with a min-
imum pr of 100 MeV, as described in Ref25]. To reduce contamination from events with more than
one interaction in a bunch crossing, events with a secortgxepntaining four or more tracks are re-
moved. Events where the second vertex has fewer than faksteae not removed. These are dominated
by contributions where a secondary interaction is recanttd as another primary vertex or where the
primary vertex is split into two vertices, one with few track he fraction of events rejected by the veto
on additional vertices due to split vertices or secondatgractions is estimated in the simulation to be
0.02%, which is negligible and therefore ignored.

Track candidates are reconstruct@d, [27] in the silicon detectors and then extrapolated to includasa
urements in the TRT. Events are required to contain at laastselected track, passing the following
criteria: pr > 500 MeV andpn| < 2.5; at least one pixel hit and at least six SCT hits, with theitamhl
requirement of an innermost-pixel-layer hit if expedétgi a hit in the innermost layer is not expected,
the next-to-innermost hit is required if expectejdgH < 1.5 mm, where the transverse impact parameter,
det, is calculated with respect to the measured beam line posaindzS"- - sing| < 1.5 mm, whereb" is
the diference between the longitudinal position of the track atbegoeam line at the point whengL is
measured and the longitudinal position of the primary vereado is the polar angle of the track. Finally,
in order to remove tracks with mismeasunggddue to interactions with the material or othdfeets, the
track-fit y2 probability is required to be greater tha®D for tracks withpy > 10 GeV. There are 8.87
million events selected, containing a total of 106 milli@bexted tracks.

The performance of the ID track reconstruction in the 13 TeNadand its simulation is studied in
Ref. [28]. Overall, good agreement between data and simulationsergbd. Figurel shows selected
performance plots particularly relevant to this analyfigure 1(a) shows the average number of silicon
hits as a function of;. There is reasonably good agreement, although discreggan€iup to 2% (in
the end-caps) are seen; however, these have a sffedt en the track reconstructiorfieiency. The
discrepancies are due toffidirences between data and simulation in the number of opeshtiletector
elements and an imperfect description of the amount of tietecaterial between the pixel detector and
the SCT. The impact on the results of these discrepancidsasssed in Sectio6.3. Figurel(b) shows
the fraction of tracks with a given number of IBL hits per ktad here is a dterence of 0.5% between
data and simulation in the fraction of tracks with zero IBkshcoming predominantly from aftierence

in the rate of tracks from secondary patrticles, which isutised in more detail in Secti@n A systematic
uncertainty due to the small remainindgtdrence in the ficiency of the requirement of at least one IBL
hit is discussed in Sectioh Figuresl(c) and1(d) show thedS- andz5" - sin6 distributions respectively.
In these figures the fraction of tracks from secondary degit simulation is scaled to match the frac-
tion seen in data, and the separate contributions fromdr&ckn primary and secondary particles are
shown. This, along with the fierences between simulation and data, which have a negligitgact on
the analysis, are discussed in Secton

4 A hit is expected if the extrapolated track crosses an actigeon of a pixel module that has not been disabled.
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Figure 1: Comparison between data anthia 8 a2 simulation for (a) the average number of silicon hits peckra
before the requirement on the number of SCT hits is applied, fanction of pseudorapidity; (b) the number of
innermost-pixel-layer hits on a track before the requirehom the number of innermost-pixel-layer hits is applied,;
(c) the transverse impact parameter distribution of theksaprior to any requirement on the transverse impact
parameter, calculated with respect to the average beamiqmslgL; and (d) the dference between the longitudinal
position of the track along the beam line at the point Whtgrleis measured and the longitudinal position of the
primary vertex projected to the plane transverse to thd(ttﬁuection,sz - sing, prior to any requirement on
zg’L - sind. The uncertainties are the statistical uncertainties efdéita. In (c) and (d) the separate contributions
from tracks coming from primary and secondary particlesadse shown and the fraction of secondary particles in
the simulation is scaled by 1.38 to match that seen in the détathe final simulation distributions normalised to
the number of tracks in the data. The inserts in the panelgf@nd (d) show the distributions on a linear scale.



5. Background contributions and non-primary tracks

The contribution from non-collision background eventsgrsas proton interactions with residual gas
molecules in the beam pipe, is estimated using events tisattpa full event selection but occur when
only one of the two beams is present. After normalising toctrgribution expected in the selected data
sample (using the flierence in the time of the MBTS hits on each side of the detewatuich is possible

as background events with hits on only one side are negiigébtontribution of less than 0.01% of events
is found from this source, which is negligible and therefoeglected. Background events from cosmic
rays, estimated by considering the expected rate of cosagievents compared to the event readout rate,
are also found to be negligible and therefore neglected.

The majority of events with more than one interaction in tams bunch crossing are removed by the
rejection of events with more than one primary vertex. SonemEs may survive because the interactions
are very close iz and are merged together. The probability to merge vertgestimated by inspecting
the distribution of the dference in the position of pairs of verticesAz). This distribution displays a de-
ficit aroundAz = 0 due to vertex merging. The magnitude of thigeet is used to estimate the probability
of merging vertices, which is 3.2%. When this is combinedwlie number of expected additional inter-
actions for{u) = 0.005, the remaining contribution from tracks from additibimberactions is found to
be less than 0.01%, which is negligible and therefore neglec he additional tracks in events in which
the second vertex has fewer than four associated tracksastymejected by the(E)‘L - sind requirement,
and the remaining contribution is also negligible and netgle.

The contribution from tracks originating from secondarytigées is subtracted from the number of re-
constructed tracks before correcting for other detecffaces. These particles are due to hadronic in-
teractions, photon conversions and decays of long-liveticpes. There is also a contribution of less
than 0.1% from fake tracks (those formed by a random combimatdf hits or from a combination of
hits from several particles); these are neglected. Theibatibn of tracks from secondary particles is
estimated using simulation predictions for the shapes @ﬂ@ﬁ distributions for tracks from primary
and secondary particles satisfying all track selectiotedd except the one odEL. These predictions
form templates that are fit to the data in order to extractékeive contribution of tracks from secondary
particles. The Gaussian core of the distribution is doneithdtty the tracks from primary particles, with

a width determined by the'[dg'- resolution; tracks from secondary particles dominate dile.t The fit

is performed in the region & |dg‘L| < 9.5 mm, in order to reduce the dependence on the description
of the dg'- resolution, which fiects the core of the distribution. From the fit, it was deteedithat the
fraction of tracks from secondary particles in simulati@eds to be scaled by a factaB& = 0.14. This
indicates tha(2.3 + 0.6) % of tracks satisfying the final track selection critelrt%H < 1.5 mm) originate
from secondary particles, where systematic uncertaiatiesilominant and are discussed below. Of these
tracks 6% come from photon conversions and the rest fromoh&interactions or long-lived decays.
The description of they and py dependence of this contribution is modelledfisiently accurately by
the simulation that no additional correction is requiredguire 1(c) shows thaJI(E)‘L distribution for data
compared to the simulation with the fraction of tracks fromoandary particles scaled to the fitted value.
A small disagreement is observed in the core ofdﬁlb distribution. This has no impact in the tail of
the distribution used for the fit. The dominant systematicentainty stems from the interpolation of the
number of tracks from secondary particles from the fit regmthe regionld(E)‘L| < 1.5 mm. Diferent
generators are used to estimate the interpolation dfefteinces between data and simulation in the shape
of thedg‘L distribution in the fit region are considered. Additionaljch smaller, systematic uncertainties



arise from a variation of the fit range, considering gtaependence of the fitted fractions and from using
special simulation samples with varying amounts of detetiaterial.

There is a second source of non-primary particles: chargditles with a mean lifetime 3@ r < 300 ps
which, unlike in previous analysed][ are excluded from the primary-particle definition. These
charged strange baryons that decay after a short flightHesogl have a very low track reconstruction
efficiency. Reconstructed tracks from these particles aréetteas background and are subtracted. The
fraction of reconstructed tracks coming from strange basyis estimated from simulation wittros to

be (Q01 + 0.01)% on average, with the fraction increasing with trggkto be (3« 1)% above 20 GeV.
The fraction is much smaller at loywr due to the extremely lowfkciency of reconstructing a track
from a patrticle that decays early in the detector. The syatienuncertainty is taken as the maximum
difference between the nominabs prediction and that ofyTHia 8 A2 Or pyTHIA 8 MONASH, Which is then
symmetrised.

6. Selection efficiency

The data are corrected to obtain inclusive spectra for pyircharged particles satisfying the particle-
level kinematic requirements. These corrections accaurné&ficiencies due to trigger selection, vertex
and track reconstruction.

In the following sections the methods used to obtain thé$eiencies, as well as the systematic uncer-
tainties associated with them, are described.

6.1. Trigger efficiency

The trigger diciency, eyig, is measured from a data sample selected using the conggétrdescribed

in Section2. The requirement of an event primary vertex is removed fesditrigger studies, to account
for possible correlations between the trigger and vertegnstruction &iciencies. The triggerfgciency

is therefore parameterised as a functiomf, which is defined as the number of tracks passing all
of the track selection requirements except for tﬁb- sin@ constraint, as this requires knowledge of
the primary vertex position. The triggeffigiency is taken to be the fraction of events from the control
trigger in which the MBTS trigger also accepted the eventis T§ishown in Figure(a) as a function

of ngg?. The dficiency is measured to be just below 99% fdf? = 1 and it rapidly rises to 100%
at higher track multiplicities. The trigger requirementfdésind to introduce no observable bias in the
pr andn distributions of selected tracks. Systematic unceredndéire estimated fromftitrences in the
trigger dficiency measured on each of the two sides of the detector anddrstudy that assesses the
impact of beam-induced background and tracks from secgmdaticles by varying the impact parameter
requirements on selected tracks. The total systematiortanugy is+0.15% fornig? = 1 and it rapidly
decreases at higher track multiplicities. This uncenjaistnegligible compared to those from other

sources and is therefore neglected.

6.2. Vertex reconstruction efficiency

The vertex reconstructionfficiency, ey, is determined from data by taking the ratio of the number
of selected events with a reconstructed vertex to the tataiber of events with the requirement of a
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Figure 2: (a) Trigger ficiency with respect to the event selection, as a functiomefrtumber of reconstructed
tracks without thaSL -sing constraint (Jo?). (b) Data-driven correction to the track reconstructiiicency as a
function of pseudorapidity;. The track reconstructiorfiiciency after this correction as a function of gcand (d)
transverse momentunpr as predicted byytria 8 A2 and single-particle simulation. The statistical uncetias

are shown as black vertical bars, the total uncertaintiggeen shaded areas.



primary vertex removed. The expected contribution fronnb&ackground events is estimated using the
same method as described in Sectiomnd subtracted before measuring tigceency. Like the trigger
efficiency, the vertexféiciency is measured in bins ofg,“ as thezgL - sin@ constraint cannot be applied
to the tracks in this study. Thefiiency is measured to be just below 90% fgf* = 1 and it rapidly
rises to 100% at higher track multiplicities. In events wiffj* = 1 the dficiency is also measured as
a function ofr of the track, and thefBiciency increases monotonically from 81%jt= 2.5 to 93% at

lnl = 0. The systematic uncertainty is estimated from theedince between the vertex reconstruction
efficiency measured prior to and after beam background remokialuncertainty is0.1% forn(3* = 1
and rapidly decreases at higher track multiplicities. Tihisertainty is negligible compared to those from
other sources and is therefore neglected.

6.3. Track reconstruction efficiency

The primary track reconstructiorffigiency, ey, is determined from the simulation, corrected to account
for differences between data and simulation in the amount of detexctterial between the pixel and
SCT detectors in the regidn| > 1.5. In the other regions of the detector there is an unceytainé to
the knowledge of the detector material that will be discddselow, but no correction is applied. The
efficiency is parameterised in two-dimensional bingpfandn and is defined as:

NEEr e pr. )

gtl‘k(pTv 77) = N n(pT 77)
ge )

’

where pr andz; are generated particle propertiedl3"®{pr, 5) is the number of reconstructed tracks
matched to a generated primary charged particle Ngg(pr, ) is the number of generated primary
charged particles in that bin. A track is matched to a geedrparticle if the weighted fraction of hits on
the track which originate from that particle exceeds 50%e Hits are weighted such that all subdetectors
have the same weight in the sum.

The track reconstructionfiiciency depends on the amount of material in the detector,tayarticle
interactions that lead tofiéciency losses. The relatively large amount of material ketwthe pixel and
SCT detectors in the regidn| > 1.5 has changed between Run 1 and Run 2 due to the replacement of
some pixel services, which arefiicult to simulate accurately. The track reconstructificency in this
region is corrected using a method that comparesfti@ancy to extend a track reconstructed in the pixel
detector into the SCT in data and simulationffBiiences in this extensioffieiency are sensitive to dif-
ferences in the amount of material in this region. The ctimadogether with the systematic uncertainty,
coming predominantly from the uncertainty of the partiobenposition in the simulation used to make
the measurement, is shown in Fig@@®). The uncertainty in the track reconstructidfi@ency resulting

from this correction is0.4% in the regiorin| > 1.5.

The resulting reconstructionffeciency as a function of integrated overpr is shown in Figure2(c).
The track reconstructionfigciency is lower in the regiofy| > 1 due to particles passing through more
material in that region. The slight increase fii@ency atjn| ~ 2.2 is due to the particles passing through
an increasing number of layers in the ID end-cap. Fig(B shows the fiiciency as a function opr
integrated over).

A good description of the material in the detector in thewaginot probed by the method described above
(which only probes the material between the pixel and SC&atets in the regiofy| > 1.5) is needed to
obtain a good description of the track reconstructifiiciency. The material within the ID was studied
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extensively during Run 120], where the amount of material was known to witkiB%. This gives rise
to a systematic uncertainty in the track reconstructifiitiency of +0.6% (+1.2%) in the most central
(forward) region. Between Run 1 and Run 2 the IBL was instiallee simulation of which must therefore
be studied with the Run 2 data. Two data-driven methods aé: us study of secondary vertices from
photon conversionsy(— e*e™) and a study of secondary vertices from hadronic interastizvhere the
radial position of the vertex is measured with good preoisibomparisons between data and simulation
indicate that the material in the IBL is constrained to withil0%. This leads to an uncertainty in the
track reconstruction fBciency of £0.1% (+x0.2%) in the central (forward) region. This uncertainty is
added linearly to the uncertainty from constraints from Ruto cover the possibility of missing material
in the simulation in both cases. The resulting uncertaistgdded in quadrature to the uncertainty from
the data-driven correction. The total uncertainty due &ithperfect knowledge of the detector material
is £0.7% in the most central region ard.5% in the most forward region.

There is a small dierence in &iciency, between data and simulation, of the requirememetoeh recon-
structed track has at least one pixel hit, at least six SGI &it innermost-pixel-layer hit if expected (if a
hit in the innermost layer is not expected, the next-toinrest hit is required if expected) and a track-fit
2 probability greater than.01 for tracks withpr > 10 GeV. This diference is assigned as a further
systematic uncertainty, amounting+0.5% for pr < 10 GeV and+0.7% for pr > 10 GeV.

The total uncertainty due to the track reconstructidiiciency determination, shown in Figur@¢c)
and 2(d), is obtained by adding allfiects in quadrature and is dominated by the uncertainty fiwen t
material description.

7. Correction procedure

The following steps are taken to correct the measurementietector €ects.

o All distributions are corrected for the loss of events dughttrigger and vertex requirements by
reweighting events according to the function:

1 1
5trig(n22|_z) Svm(nggfz, m’

where they dependence is only relevant figfg, * = 1, as discussed in Sectién2

wev(nggfz, T]) =

e Then andpr distributions of selected tracks are corrected using &tbgetrack weight:

1 fsedpr.n) — fsu(Pr) — fowr(PT.7)

ek (PT, 1)
where fsec and fgp are the fraction of tracks from secondary particles and fstrange baryons
respectively, determined as described in Sechohe fraction of selected tracks for which the
corresponding primary particle is outside the kinematiges fok(pr, 77), originates from resolu-
tion effects and is estimated from the simulation to be 3.5%rat 500 MeV, decreasing to 1% for
pr = 1 GeV and is only relevant for.2 < |n| < 2.5. No additional corrections are needed for the
n distribution. For thepy distribution a Bayesian unfolding()] is applied to correct the measured
track pr distribution to that for primary particles.

wtl’k(pTa T]) =
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Table 2: Summary of systematic uncertainties orvther andncy, distributions.

Source Distribution Range of values
Track reconstructionficiency n 0.5% —1.4%

pr 0.7%

0% — 17
Non-primaries n 0.5%

pr 0.5% — 0.9%

- 0% — 1%
Non-closure n 0.7%

pr 0% — 2%

Nch 0% — 4%
pr-bias pr 0% — 5%
High-pr pr 0% — 1%

e After applying the trigger and vertexfeiency corrections, the Bayesian unfolding is applied & th
multiplicity distribution in order to correct from the olrsed track multiplicity to the multiplicity
of primary charged particles, and therefore the track retroation éficiency weight does not need
to be applied. The correction procedure also accounts fentevthat have migrated out of the
selected kinematic rangecf, > 1).

e The total number of eventble,, used to normalise the distributions, is defined as theiiated the
Neh distribution, after all corrections are applied.

e The dependence ¢pr) onngy is obtained by first separately correctipig pr(i) (summing over the
pr of all tracks and all events) versus the number of selectaksrand the total number of tracks
in all events versus the number of selected tracks, and #iéngtthe ratio. They are corrected
using the appropriate track weights first, followed by theg&aan unfolding procedure.

Systematic uncertainties in the track reconstructifiitiency, discussed in Sectid) and the fraction
of tracks from non-primary particles, discussed in Seclipgive rise to an uncertainty imgk(pr,7),
directly dfecting then and pr distributions. For thene, distribution, where the track weights are not
explicitly applied, the ffects from uncertainties in these sources are found by niadithe distribution

of selected tracks in data. In each multiplicity intervalcks are randomly removed or added with prob-
abilities dependent on the uncertainties in the track wsightracks populating that bin. This modified
distribution is then unfolded and the deviation from the nmahng, distribution is taken as a system-
atic uncertainty. An uncertainty from the fact that the eotion procedure, when applied to simulated
events, does not reproduce exactly the distribution froneggted particles (non-closure) is included in all
measurements. An additional systematic uncertainty imteasuredgr distribution arises from possible
biases and degradation in tipg measurement. This is quantified by comparing the track bkitluals

in data and simulation. Theffectiveness of the track-fit? probability selection in suppressing tracks
reconstructed with high momentum but originating from lowmentum particles was also considered;
it was found that the fraction of these tracks remaining wassistent with predictions from simulation.
An uncertainty due to the statistical precision of the chiséikcluded for thepy distribution. Uncertainty
sources that alsoffect Ny partially cancel in the final distributions. A summary of ti&in systematic
uncertainties fiecting then, pr andng, distributions is given in Tablg.

12



Uncertainties in thépr) vs. nch, measurement are found in the same way as those inghaistribution.
The dominant uncertainty is from non-closure which variesnf+2% at lowng, to £0.5% at highng.
All other uncertainites largely cancel in the ratio and aegligible. At highng, the total uncertainty is
dominated by the statistical uncertainty.

8. Results

The corrected distributions for primary charged partiégtesvents withne, > 1 in the kinematic range
pr > 500 MeV andis| < 2.5 are shown in Figur8. In most regions of all distributions the dominant
uncertainty comes from the track reconstructidficeency. The results are compared to predictions of
models tuned to a wide range of measurements. The measstatudions are presented as inclusive
distributions with corrections that rely minimally on theQvnodel used, in order to facilitate an accurate
comparison with predictions.

Figure3(a) shows the multiplicity of charged particles as a functiopsdéudorapidity. The mean particle
density is roughly constant at 2.9 figt < 1.0 and decreases at higher valueg;pferos describes the data
for |n| < 1.0, and predicts a slightly larger multiplicity at largigf values.oGsser-it andpyTHIA 8 MONASH
predict multiplicities that are too large by approximat&B? and 5% respectivelyythia 8 a2 predicts a
multiplicity that is 3% too low in the central region, but debes the data well in the forward region.

Figure 3(b) shows the charged-particle transverse momentum distiibutros describes the data well
over the entiregpy spectrum. Thevyrhia 8 tunes describe the data reasonably well, but are slightlyeab
the data in the highpr region. esier-i gives a poor prediction over the entire spectrum, overshgdhe
data in the lowpr region and undershooting it in the high-region.

Figure3(c) shows the charged-particle multiplicity distribution. érhighg, region has significant con-
tributions from events with numerous MPiTHIA 8 A2 describes the data in the regiog, < 50, but
predicts too few events at largeg, values.pyTtHia 8 MoNasH, EPos andqasier- describe the data reason-
ably well in the regiomc, < 30 but predict too many events in the nigh region, withpyTHia 8 MONASH
andepos predicting too few events in the region,, > 100 while qasier-n continues to be above the
data.

Figure3(d) shows the mean transverse momentum versus the chargadepaultiplicity. The(pr) rises
with ngh, from 0.8 to 12 GeV. This increase is expected due to colour coherefieete being important
in dense parton environments and is modelled by a coloumremtion mechanism inytuia 8 Or by
the hydrodynamical evolution model usedeis. If the highne, region is assumed to be dominated by
events with numerous MPI, without colour coherenfieds the(pr) is approximately independent of
neh. INcluding colour coherenceffects leads to fewer additional charged particles produdddevery
additional MPI, with an equally largpt to be shared among the produced hadr&ais [Eros predicts a
slightly lower {pr), but describes the dependencengnvery well. Thepyrtria 8 tunes predict a steeper
rise of (pr) with ncy than the data, predicting lower values in the loyyregion and higher values in the
high-ne, region. gasiet-u1 predicts & pr) of ~ 1 GeV, with very little dependence amy,; this is expected
as it contains no model for colour coherenéieets.

In summarygros and thepyThia 8 tunes describe the data most accurately, withs reproducing the;
and pr distributions and thépr) vs. ncy the best andyrhia 8 A2 describing the multiplicity the best in the
low- and midnc, regions.qasier-n provides an inferior description of the data.
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Figure 3: Primary-charged-particle multiplicities as adtion of (a) pseudorapidity;, and (b) transverse mo-
mentum, pr; (c) the multiplicity, ne, distribution and (d) the mean transverse moment(m) , versusng, in
events withng, > 1, pr > 500 MeV and|s| < 2.5. The dots represent the data and the curves the predictions
from different MC models. Th&value in each bin corresponds to the bin centroid. Thecadrtiars represent the
statistical uncertainties, while the shaded areas shawstital and systematic uncertainties added in quadrature
The bottom panel in each figure shows the ratio of the MC sitinldo data. Since the bin centroid idf@irent for

data and simulation, the values of the ratio correspondd@tierages of the bin content.
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The mean number of primary charged particles in the cerggabn is computed by averaging over <

0.2 to be 2.874+ 0.001 (stat.}= 0.033 (syst.). This measurement is then corrected for th&ibation
from strange baryons and compared to previous measurerfigras different +/s values in Figure4
together with the MC predictions. The correction factor $tlange baryons depends on the MC model
used and is found to be@41+ 0.0003 gros), 1.0150+ 0.0004 pytHia 8 MoNasH) and 10151+ 0.0002
(pyTHIA 8 A2), Where the uncertainties are statisticadsier-n does not include charged strange baryons.
The prediction froneros is used to perform the extrapolation and the deviation frioe»tTHiA 8 MONASH
prediction is taken as a systematic uncertainty and synisedtto give 1024+ 0.009.

The mean number of primary charged particles increasesdwstarfof 2.2 whem/sincreases by a factor
of about 14 from 0.9 TeV to 13 Te¥ros andpyTHia 8 A2 describe the dependence gfs very well, while
PYTHIA 8 MONASH andqasier-n predict a steeper rise in multiplicity witk/s.
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Figure 4: The average primary-charged-particle multiglion pp interactions per unit of pseudorapidity, for

Inl < 0.2 as a function of the centre-of-mass energy. The valueswitecef-mass energies other than 13 TeVare
taken from Ref. I]. Charged strange baryons are included in the definitionrihigry particles. The data are
compared to various particle-level MC predictions. Theigaterror bars on the data represent the total uncertainty

9. Conclusion

Primary-charged-particle multiplicity measurementshwtite ATLAS detector using proton—proton col-
lisions delivered by the LHC at/s = 13 TeV are presented. From a data sample corresponding to an
integrated luminosity of 17@b~%, nearly nine million inelastic interactions with at leasieareconstruc-

ted track withjp| < 2.5 andpy > 500 MeV are analysed. The results highlight cledfedences between
MC models and the measured distributions. Among the modeisideredros reproduces the data the
best,pyTHIA 8 A2 and monasH give reasonable descriptions of the data aader-n provides the worst
description of the data.
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Appendix

A. Resultsin a common phase space

The corrected distributions for primary charged partiégtesvents withne, > 1 in the kinematic range
pr > 500 MeV andp| < 0.8 are shown in FigurB. This is the phase space that is common to the ATLAS,
CMS and ALICE experiments.

The method used to correct the distributions and obtainyhEematic uncertainties is exactly the same
as that used for the results witfi < 2.5, but obtained using thg| < 0.8 selection.

Figure 5(a) shows the primary-charged-particle multiplicity as a fimt of pseudorapidity, where the
mean particle density is roughly 3.5, larger than in the npdiase space due to the tighter restriction
of at least one primary charged particle wiith < 0.8. The pr andng, distributions are shown in Fig-
ures5(b) and5(c) respectively and thépr) as a function o, is shown in Figures(d). The level of
agreement between the data and MC generator predictidosvéolhe same pattern as seen in the main
phase space.
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Figure 5: Primary-charged-particle multiplicities as adtion of (a) pseudorapidity;, and (b) transverse mo-
mentum, pr; (c) the multiplicity, ne, distribution and (d) the mean transverse moment(m) , versusng, in
events withng, > 1, pr > 500 MeV andp| < 0.8. The dots represent the data and the curves the prediftams
different MC models. Th&-value in each bin corresponds to the bin centroid. Theaadrtiars represent the stat-
istical uncertainties, while the shaded areas show statigtnd systematic uncertainties added in quadrature. The
bottom panel in each figure shows the ratio of the MC simutatieer the data. Since the bin centroid ifelient

for data and simulation, the values of the ratio corresporte averages of the bin content.
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