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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.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as sfied in the CC-BY-4.0 license.


http://arxiv.org/abs/1602.01633v1

1. Introduction

Inclusive charged-particle measurements in proton—pr¢e) collisions provide insight into the strong
interaction in the low-energy, non-perturbative regiorgointum chromodynamics (QCD). Particle in-
teractions at these energy scales are typically descrip&d-inspired models implemented in Monte
Carlo (MC) event generators with free parameters that caiwbstrained by such measurements. An ac-
curate description of low-energy strong interaction psses is essential for simulating singlp interac-
tions as well as theffects of multipleppinteractions at high instantaneous luminosity in hadrdldss.
Inclusive charged-patrticle distributions have been mesbpreviously inpp and proton—antiproton col-
lisions at various centre-of-mass energids-7] (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 lumsity of approximately 17@bt. These
measurements, together with previous results, shed ligtitaevolution of charged-particle multiplicities
with centre-of-mass energy, which is poorly constrainedstrategy similar to that in Refl] is used,
where more details of the analysis techniques are givendiBirgbutions are measured using tracks from
primary charged particles, corrected for detectbects, and are presented as inclusive distributions in a
well-defined kinematic region. Primary charged particles defined as charged particles with a mean
lifetime r > 300 ps, either directly produced p interactions or from subsequent decays of directly
produced particles withh < 30 ps; particles produced from decays of particles with 30 ps, called
secondary particles, are excludedAll primary charged particles are required to have a monrantu
component transverse to the beam direcfign;, of at least 500 MeV and absolute pseudorapidiy,
less than 2.5. Each event is required to have at least onanyritharged patrticle.

In these events the following distributions are measured:
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as well as the meapy ((pr)) of all primary charged particles versag,. Hereng, is the number of
primary charged particles in an evelg, is the number of events with., > 1, andNg is the total
number of primary charged particles in the data saridlae measurements are also presented in a phase
space that is common to the ATLAS, CMY] and ALICE [10] detectors in order to ease comparison
between experiments. For this purpose an additional rexpgnt ofjp| < 0.8 is made for all primary
charged particles. These results are presented in Appéndiinally, the mean number of primary
charged patrticles foy = 0 is compared to previous measurements fiedint centre-of-mass energies.
The measurements are compared to particle-level MC preasct

The remainder of this paper is laid out as follows. The relee@mponents of the ATLAS detector are
described in SectioR. The MC event generators and detector simulation used imnbéy/sis are in-
troduced in Sectio. The selection criteria applied to the data and the corttdbs from background

! This definition difers from earlier analyses in that charged particles with amiiéetime 30< r < 300 ps were previously
included. These are charged strange baryons and have lmeevec due to the lowficiency of reconstructing them.

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 ghaxis 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 adgien = — Intan@/2).

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



events are discussed in Sectignand5 respectively. The selectiorfiiency and corresponding correc-
tions to the data are discussed in Sectiérad 7 respectively. The corrected results are compared to
theoretical predictions in Sectidhand a conclusion is given in Secti®n The measurement of primary
charged particles in the reduced phase spapg af0.8 is presented in AppendiX.

2. ATLAS detector

The ATLAS detector covers almost the whole solid angle addhe collision point with layers of tracking
detectors, calorimeters and muon chambers. For the measare 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 rarjgle < 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 radiaristfrom the interaction point of 33—150 mm,
299-560 mm and 563—-1066 mm respectively, and are situas@tkia solenoid that provides a 2 T axial
magnetic field. The barrel (each end-cap) consists of fbwe€) pixel layers, four (nine) double-layers of
single-sided silicon microstrips with a 40 mrad stereo atgtween the inner and outer part of a double-
layer, and 73 (160) layers of TRT straws. The innermost dixgtr, the insertable B-layer (IBL)L[],
was added between Run 1 and Run 2 of the LHC, around a new rar(mdius 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 and 23D 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 improvementotf the transverse and longitudinal impact
parameter resolutions. In addition, new services have lmplemented 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: #aeel-1 hardware stage (L1) and the high-
level trigger software stage (HLT). This measurement use&1 decision from the minimume-bias trigger
scintillators (MBTS), which were replaced between Run 1Rad 2. The MBTS are mounted at each end
of the detector in front of the liquid-argon end-cap calaier cryostats a = +3.56 m and segmented
into two rings in pseudorapidity (@7 < || < 2.76 and 276 < |[7| < 3.86). The inner ring is segmented
into eight azimuthal sectors while the outer ring is segme@imto 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 referregbta single-arm trigger. Théfeiency 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 retroicted track withpr > 200 MeV.

3. Monte Carlo event generator simulation

Theryrria 8 [12], epos [13] and qcsier-u [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.



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

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

epos provides an implementation of a parton-based Gribov—REtf§jeheory, which is an fective QCD-
inspired field theory describing hard and soft scatteringuianeously.

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” approachros and qasier-n calculations do not rely on the standard parton
distribution functions (PDFs) as used in generators suchasa s.

Different settings of model parameters optimised to reprodtistrgy experimental data are used in the
simulation. These settings are referred to as tunes.rfamra 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. Phriia 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 samegpnagirain used for the data.

4. Data selection

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, recaotd 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 faltsteae dominated by contributions where



a secondary interaction is reconstructed as another prigetex or where the primary vertex is split

into two vertices, one with few tracks, and are not removedk ffaction 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 expedétgil 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 pos#indzS" - sing| < 1.5 mm, whereb" is
the diference between the longitudinal position of the track atbiegoeam line at the point wheqjéL is
measured and the longitudinal position of the primary vereado is the polar angle of the track. Finally,
in order to remove tracks with mismeasunggdue 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 TelMadand 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 kad 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 remainingfdrence 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 dagit 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 Section

5. Background contributions and non-primary tracks

The contribution from non-collision background eventsghsas proton interactions with residual gas
molecules in the beam pipe, is estimated using events tisattha full event selection but occur when
only one of the two beams is present. After normalising toctvgribution expected in the selected data
sample (using the fference in the time of the MBTS hits on each side of the detpet@ontribution

of less than 0.01% of events is found from this source, whichegligible and therefore neglected.
Background events from cosmic rays, estimated by consigldhie expected rate of cosmic-ray events
compared to the event readout rate, are also found to beagit#gland therefore neglected.

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.



The majority of events with more than one interaction in thme bunch crossing are removed by the
rejection of events with more than one primary vertex. Someaes may survive because the interactions
are very close irz and are merged together. The probability to merge verteEestimated 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 thifeet is used to estimate the probability
of merging vertices, which is 3.2%. When this is combinecdwfie number of expected additional inter-
actions for{u) = 0.005, the remaining contribution from tracks from additibimderactions 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 tracksas#ymejected by theg'- - sind requirement,
and the remaining contribution is also negligible and netgle

The contribution from tracks originating from secondarytigées is subtracted from the number of recon-
structed tracks before correcting for other detectizrats. These particles are due to hadronic interactions,
photon conversions and decays of long-lived particlesrf sealso a contribution of less than 0.1% from
fake tracks (those formed by a random combination of hits@nfa combination of hits from several
particles); these are neglected. The contribution of sdakn secondary particles is estimated using sim-
ulation predictions for the shapes of uu@* distributions for tracks from primary and secondary p&etc
satisfying all track selection criteria except the oned@h. These predictions form templates that are fit
to the data in order to extract the relative contributionratks from secondary particles. The Gaussian
core of the distribution is dominated by the tracks from @riynparticles, with a width determined by
theirdgL resolution; tracks from secondary particles dominatedhiis. tThe fit is performed in the region

4 < |dg-| < 9.5 mm, in order to reduce the dependence on the descriptidreaft resolution, which
affects the core of the distribution. From the fit, it was detaedi that the fraction of tracks from sec-
ondary particles in simulation needs to be scaled by a fdcd®&= 0.14. This indicates thd2.3 + 0.6) %

of tracks satisfying the final track selection critenidgh < 1.5 mm) originate from secondary particles,
where systematic uncertainties are dominant and are disduselow. The description of theand pr
dependence of this contribution is modelledfisiently accurately by the simulation that no additional
correction is required. Figurgc)shows thejg‘L distribution for data compared to the simulation with the
fraction of tracks from secondary particles scaled to thedivalue. A small disagreement is observed
in the core of th@lgL distribution. This has no impact in the tail of the distrilout used for the fit. The
dominant systematic uncertainty stems from the interfpsiapf the number of tracks from secondary
particles from the fit region to the regi¢d§L| < 1.5 mm. Different generators are used to estimate the
interpolation and dierences between data and simulation in the shape afthelistribution in the fit
region are considered. Additional, much smaller, systematcertainties arise from a variation of the
fit range, considering the dependence of the fitted fractions and from using speciallsiiion samples
with varying amounts of detector material.

There is a second source of non-primary particles: chargdatles with a mean lifetime 3@ = < 300 ps
which, unlike in previous analysed][ are excluded from the primary-particle definition. These
charged strange baryons that decay after a short flightHesngd have a very low track reconstruction
efficiency. Reconstructed tracks from these particles aréetteass background and are subtracted. The
fraction of reconstructed tracks coming from strange basyis estimated from simulation witlros 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 lowficiency of reconstructing a track
from a particle 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 accauriné&ficiencies due to trigger selection, vertex
and track reconstruction.

In the following sections the methods used to obtain théseiencies, 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 fesdttrigger studies, to account
for possible correlations between the trigger and vertegnstruction &iciencies. The triggerfgciency

is therefore parameterised as a functiom?, which is defined as the number of tracks passing all
of the track selection requirements except for tﬁlb- sing 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 nig?. The dficiency is measured to be just below 99% fgf? = 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 systematiataney is +0.15% forngg? = 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 tatalber of events with the requirement of a
primary vertex removed. The expected contribution frormb&ackground events is estimated using the
same method as described in Sectiosnd subtracted before measuring tlfiecency. Like the trigger
efficiency, the vertexféiciency is measured in bins af2,* as thezo- - siné constraint cannot be applied
to the tracks in this study. Thefiency is measured to be just below 90% g = 1 and it rapidly
rises to 100% at higher track multiplicities. In events wiflj* = 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 thiEedénce between the vertex reconstruction
efficiency measured prior to and after beam background remohaluncertainty is0.1% forn( % = 1
and rapidly decreases at higher track multiplicities. Thisertainty is negligible compared to those from
other sources and is therefore neglected.
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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.



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 deteeterial between the pixel and SCT
detectors in the regio| > 1.5. The dficiency is parameterised in two-dimensional binppfindn and

is defined as:
N ()

Ngen(PT,17) ’

where pr andy are generated particle propertiedl3°"®{pr, 5) is the number of reconstructed tracks
matched to a generated primary charged particle Ngg(pr, n) 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.

egk(pPT.1) =

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 arefiiult 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 extensiofffieiency 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(® shows the fiiciency as a function opr
integrated over).

A good description of the material in the detector in the waginot probed by the method described
above (which only probes the material between the pixel 0@ &etectors in the regiopy| > 1.5) is
needed to obtain a good description of the track reconsruetiiciency. The material within the ID
was studied extensively during Run 29[, where the amount of material was known to withi6%.
This gives rise to a systematic uncertainty in the track metaction diciency of +0.6% (+1.2%) in
the most central (forward) region. Between Run 1 and Run 2Bhewas installed, the simulation of
which must therefore be studied with the Run 2 data. Two deten methods are used: a study of
secondary vertices from photon conversiops{ €"e”) and a study of secondary vertices from hadronic
interactions, where the radial position of the vertex araitivariant mass of the outgoing particles are
measured. Comparisons between data and simulation iadltat the material in the IBL is constrained
to within +10%. This leads to an uncertainty in the track reconstroctiiciency of +0.1% (+0.2%)

in the central (forward) region. This uncertainty is addedrly to the uncertainty from constraints
from Run 1, to cover the possibility of missing material ire ttimulation in both cases. The resulting
uncertainty is added in quadrature to the uncertainty floerdiata-driven correction. The total uncertainty
due to the imperfect knowledge of the detector materialds% in the most central region andl.5%

in the most forward region.
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There is a small dierence in #iciency, between data and simulation, of the requirememneteh 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-todimmast hit is required if expected) and a track-fit
12 probability greater than.01 for tracks withpr > 10 GeV. This diference is assigned as a further
systematic uncertainty, amounting46.5% for pr < 10 GeV and+0.7% for pr > 10 GeV.

The total uncertainty due to the track reconstructidiiciency determination, shown in Figur@sc)
and2(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.

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

1
3trig(ngg|_z) Svtx(nggfz, m’

where they dependence is only relevant figfo, * = 1, as discussed in Sectiéi2

wev(nggrza 77) =

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

1 - fsedpr,n) — fsu(pr) = fokr(PT.7)

ewk(Pr. 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 kinematige fox(pr, ), originates from resolu-
tion efects and is estimated from the simulation. No additionatemdions are needed for the
distribution. For thepr distribution a Bayesian unfolding3{)] is applied to correct the measured
track pr distribution to that for primary particles.

wtl’k(pTa T]) =

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. The correction procedure atxounts for events that have migrated
out of the selected kinematic ranggy{ > 1).

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

e The dependence ¢pr) onngy is obtained by first separately correctifig pr(i) (summing over the
pr of all tracks and all events) and the total number of trackalievents, both versus the number
of selected tracks, and then taking the ratio. They are caueusing the appropriate track weights
first, followed by the Bayesian unfolding procedure.

11



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%

Systematic uncertainties in the track reconstructifiitiency, discussed in Sectid) and the fraction
of tracks from non-primary particles, discussed in Seclpgive rise to an uncertainty img(pr,7),
directly dfecting then and py distributions. For the, 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 bitluals

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 vaassistent 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 tinin systematic
uncertainties fiecting then, pr andng, distributions is given in Tablg.

Uncertainties in thépr) vs. ncy measurement are found in the same way as those in.graistribution.
The dominant uncertainty is from non-closure which variesnf+2% at lowng, to +£0.5% at highngy,.
All other uncertainites largely cancel in the ratio and aggligible. 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 measstedudions are presented as inclusive
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distributions with minimal model-dependent correctioaddcilitate an accurate comparison with mod-
els.

Figure3(a) shows the multiplicity of charged particles as a functiopséudorapidity. The mean particle
density is roughly constant at 2.9 figf < 1.0 and decreases at higher valueg;pferos describes the data
for |5 < 1.0, and predicts a slightly larger multiplicity at largef values. QGsier-ir andpyTHIA 8 MONASH
predict multiplicities that are too large by approximat&Bh? and 5% respectivelyyrria s a2 predicts a
multiplicity that is 3% too low in the central region, but deibes the data well in the forward region.

Figure 3(b) shows the charged-particle transverse momentum disbibutros describes the data well
over the entirgpr spectrum. Theyraia 8 tunes describe the data reasonably well, but are slightlyeab
the data in the higlpr region.qcsser-n gives a poor prediction over the entire spectrum, overshgohe
data in the lowpr region and undershooting it in the high-region.

Figure3(c) shows the charged-particle multiplicity distribution. erhighng, region has significant con-
tributions from events with numerous MRlvTHIA 8 A2 describes the data in the regiog, < 50, but
predicts too few events at largeg, values.pyTHia 8 MoNasH, EPos andqaseT-t describe the data reason-
ably well in the regiomg, < 30 but predict too many events in the nrigh region, withpyTHiA 8 MONASH
and eros predicting too few events in the regiog, > 100 while gesser-1 continues to be above the
data.

Figure3(d) shows the mean transverse momentum versus the chargedepaudltiplicity. The(pr) rises
with ng, 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 coloumresziion mechanism ipytria 8 or by
the hydrodynamical evolution model usedeis. If the highng, region is assumed to be dominated by
events with numerous MPI, without colour coherenfieds the(pr) is approximately independent of
neh. INcluding colour coherencefects leads to fewer additional charged particles produdddevery
additional MPI, with an equally largpr to be shared among the produced hadr@is [ros predicts a
slightly lower {pr), but describes the dependencemrvery well. Thepythia 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-n¢, region. aasser-it predicts & pr) of ~ 1 GeV, with very little dependence any, this is expected
as it contains no model for colour coherenéieets.

In summarygpros and thepytuia 8 tunes describe the data most accurately, withs reproducing they
andpr distributions and thépr) vs. ng, the best andyThia 8 a2 describing the multiplicity the best in the
low- and midnc, regions.qasier-n provides an inferior description of the data.

The mean number of primary charged particles in the cerggibn is computed by averaging ovelr<

0.2 to be 2.874+ 0.001 (stat.}x 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 $tmange baryons depends on the MC model
used and is found to be@41+ 0.0003 gpros), 1.0150+ 0.0004 ¢yTria 8 MoNasH) and 10151+ 0.0002
(pyTHIA 8 A2), Where the uncertainties are statisticadsier-n does not include charged strange baryons.
The prediction fromepos is used to perform the extrapolation and the deviation fro@rtTHiA 8 MONASH
prediction is taken as a systematic uncertainty and synisedtto give 1024+ 0.009.

The mean number of primary charged particles increasesdmterfof 2.2 wheny/sincreases by a factor
of about 14 from 0.9 TeV to 13 Te¥ros andpyTHia 8 a2 describe the dependence qfs very well, while
PYTHIA 8 MONASH andqasier-n predict a steeper rise in multiplicity witk/s.
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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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Figure 4: The average primary-charged-particle multiglilm pp interactions per unit of pseudorapidity, for

7l < 0.2 as a function of the centre-of-mass energy. The valuesitezef-mass energies other than 13 TeVare
taken from Ref. I]. Charged strange baryons are included in the definitionriohgry 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 measurementshwiite 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 with|p| < 2.5 andpr > 500 MeV are analysed. The results highlight cledifedlences between
MC models and the measured distributions. Among the modeisiderecros reproduces the data the
best,pyTHIA 8 A2 and monasH give reasonable descriptions of the data ander-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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