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1. Introduction

In high energy hadron-hadron collisions the majority of the processes are soft, i.e., without
any hard scattering of the partonic constituents of the proton. In contrast with the hard scattering
events, well described by perturbative quantum chromodynamics (pQCD), such events are gener-
ally modelled phenomenologically to describe the elastic scattering, diffractive dissociation and
non-diffractive scattering, as well as, multi partonic interaction (MPI) from a soft to a semi-hard
scale. These phenomenological models contain free parameters which have to be adjusted with the
information of the experimental measurements, so-called tuning.

Inclusive measurements of charged-particle pseudorapidity distributions, dN,, /dn, and trans-
verse momentum distributions, dN,,/dpr, have previously been performed in pp and pp colli-
sions for different centre-of-mass energies and phase space regions [2—16], where 1 is defined as
—In[tan(6/2)], with 6 being the polar angle of the particle trajectory with respect to the anticlockwise-
beam direction. Here, charged-particle pseudorapidity distributions, also referred to as charged-
particle pseudorapidity densities, are measured with the CMS detector in pp collisions at a centre-
of-mass energy /s = 13 TeV for all charged-particles with a transverse momentum p; > 0.5 GeV
in the range |n| < 2.4. The first measurement of the charged hadron pseudorapidity distribution,
dMN,../dn, at /s = 13 TeV by CMS is reported in [2].

In this analysis different MC event generators and tunes are used for data corrections and
comparisons with the final corrected results. These are PHYTHIAS [17] with the tunes Monash
[18], CUETP8M1 (also referred as CUETM1) [19] and CUETP8S1 (also referred as CUETS1)
[19], PHYTHIAS event generator implementing the MBR [20] model, also referred to as PHYTHIAS
MBR with the tunes 4C [21] and CUETP8M1. HERWIG++ [22] event generator is used with the
tune UE-EE-4C [23], and the event generator EPOS [24] with the LHC tune [25, 26] based on
EPOS 1.99. These event generators and tunes differ in the treatment of the initial- and final-state
radiation, hadronisation, colour reconnections, and cutoff values of the MPI mechanism, as well
as the implementation of diffractive events. These tunes were obtained from comparisons with
measurements of minimum bias (MB) and underlying event (UE) observables, from Tevatron and
LHC experiments.

In this publication only a reduced number of MC event generators are discussed, a more com-
plete discussion can be found in the original publication [1].

2. Event selection and systematic effects

The data are collected with a zero bias trigger in a special run in summer 2015 and have
an average value of 1.3 pp interactions per bunch crossing [27], so-called pileup. Beam Pick-up
Timing for the eXperiments (BPTX) devices are used to trigger the detector readout. They are
located around the beam pipe at a distance of 175 m from the IP on either side, and are designed
to provide precise information on the bunch structure and timing of the incoming beams. The zero
bias data sample consists of 3.9 million events triggered by the presence of both beams crossing at
the IP. The requirement of a primary vertex gives a sample of 1.75 million events.

Rejection of beam background events and events with more than one collision per bunch cross-
ing is achieved by requiring exactly one reconstructed primary vertex. The vertex is required to be
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within |z| < 15 cm with respect to the position of the beam spot along the beamline. The transverse
distance with respect to the beam spot position is required to be smaller than 0.2 cm. A mini-
mal number of 2 tracks is required in the vertex fitting, corresponding to a number of degrees of
freedom greater than zero in the vertex fitting procedure.

High-purity tracks [28] are selected with a transverse momentum p; > 0.5 GeV in order to
allow a reasonable tracking efficiency, and a relative transverse momentum uncertainty smaller
than 10%. Tracks are measured within the pseudorapidity range || < 2.4 corresponding to the
fiducial acceptance of the tracker, in order to avoid effects from tracks very close to the geometric
edge of the tracking detector. A track-vertex association is applied by requiring impact parameter
with respect to the primary vertex position both in the transverse plane and along the z-axis, to be
each less than 3. The number of pixel hits associated to a track has to be greater or equal to 3 in the
central pseudorapidity region || < 1 and greater or equal to 2 in || > 1.

The event selection based on the HF calorimeters makes use of the HF towers with an energy
threshold of 5 GeV in the fiducial acceptance 3 < |n| < 5. The activity in the calorimeters is
defined by the presence of at least one tower with an energy above the threshold value. The veto
condition is defined otherwise by the absence of towers with an energy above the threshold value.
An inelastic-enhanced event sample is defined by requiring the presence of activity in either side
of the calorimeters. A NSD-enhanced sample is defined by requiring activity in both sides of
the calorimeters. A SD-enhanced sample is defined by requiring activity in exactly one side of
the calorimeters, the veto condition being applied to the other side. In addition, an inclusive event
sample is defined by only requiring the presence of exactly one primary vertex in the event, without
applying the selection based on the HF calorimeters.

The measurements are corrected for the track reconstruction and event-selection efficiencies.
The corrected distributions refer to stable primary charged particles, either directly produced in
pp collisions or from decays of particles with decay length ¢T < 1 cm, where 7 is the lifetime of
the particle and c the speed of light. On the stable-particle level, events are selected if at least
one charged particle is found in |n| < 2.4 with p; > 0.5 GeV. The activity in the forward region
3 < |n| <5 is defined by the presence of at least one particle with an energy above 5 GeV. The
veto condition is defined otherwise by the absence of particles with an energy above 5 GeV. The
inelastic-enhanced event sample is defined by requiring activity in the pseudorapidity range 3 <
n <5 or —5 < n < —3. The NSD-enhanced sample is defined by requiring activity in the regions
3 < n <5and —5 <1 < —3. The SD-enhanced sample is defined by requiring activity in either the
positive or negative 1) range, the veto condition being applied to the other region. The SD-enhanced
sample is further divided into two disjoint subsets according to the 1 region in which the activity
is present. In addition, measurements are shown for an inclusive selection, with no requirement on
the activity in 3 < |n| < 5, and only the requirement of at least one charged particle with |n| < 2.4
and p; > 0.5 GeV.

Several sources of systematic uncertainties affect the results. These include model depen-
dence, the difference between the track reconstruction efficiency in data and simulation, event se-
lection and the modelling of the pileup contribution. The systematic uncertainties have been added
accounting for the correlations between them. The total systematic uncertainty shows a constant
behaviour as a function of 1. Their contribution is summarized in Table. 1.
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Systematic effect | Inclusive | Inelastic | NSD | SD
Model Dependence 1% 1% 0.5% | 7%
Event selection N.A. 01% | 05% | 4%
Pile Up dependence 1.5% 1.5% 3% | 4%
Track recostruction 4%
Total 4.5% 45% | 5% | 10% |

Table 1: Summary of systematic uncertainties for the different event selections.

3. Results

The data points and uncertainties are symmetrized in £1. The measurements are first cor-
rected to the same stable-particle level as the one used in Ref. [2] for the measurement of the pseu-
dorapidity distribution of charged hadrons in pp collisions at /s = 13 TeV. The charged-hadron
pseudorapidity densities are compared in Fig. 1 and found to be in good agreement.

The charged-particle pseudorapidity density for the inclusive selection at /s = 13 TeV is
compared in Fig. 2 to previous CMS measurements at lower centre-of-mass energies /s = 900
GeV and 7 TeV [29]. The measurements are compared to predictions of various Monte Carlo event

generators.

(13 Tev)

jy
EE ls’:rzllliainaw e daa
z . _ o PLB 751 (2015)
b= N 20inin|<2.4 PYTHIA8 CUETM1
g >0 — EPOSLHC
z 7
4
s

SN N S M NN -
¢

Y NN N RN FEEE TS SRS NS SR R

2 -15 -1 -05 0 0.5 1 15 2

n

Figure 1: Comparison between the charged-hadron pseudorapidity densities determined in this analysis (full
circle) and in Ref. [2] (open square).

Figures 3-4 show the charged-particle pseudorapidity densities for the inclusive, inelastic-
enhanced, NSD-enhanced and SD-enhanced selections. The total systematic uncertainties are
shown as shaded bands around the data points. The charged-particle pseudorapidity densities are
about 3 for the inclusive and inelastic-enhanced selections, slightly higher for the NSD-enhanced
sample and about 0.7 for the SD-enhanced selection. The measurements are compared to predic-
tions of various Monte Carlo event generators. The different predictions are in reasonable agree-
ment with the data.
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Figure 2: Charged-particle pseudorapidity density for the inclusive event sample measured by CMS at
different centre-of-mass energies /s = 900 GeV, 7 TeV and 13 TeV. The total systematic uncertainties are
shown as shaded bands encompassing the data points.

For the inclusive and inelastic-enhanced samples, the predictions of PHYTHIA8 with the tune
CUETS1 and PHYTHIA8 MBR with the tune CUETM1 give the best description of the data.

For the NSD-enhanced sample, the predictions of PHYTHIA8 with the tune CUETMI1 and
PHYTHIA8 MBR with the tune CUETM1 give the best description of the data, while PHYTHIAS
MBR with the tune 4C overestimate the measurements.

For the SD-enhanced samples, the predictions of PHYTHIA8 MBR with the tune 4C describe
the data well. The predictions of PHYTHIAS with the tunes CUETM1 and CUETS1, and PHYTHIAS
MBR with the tune CUETM1 overestimate the measurements. All the predictions shown here are
able to describe the charged-particle pseudorapidity density on the 1 side associated to the direction
of the diffractively scattered proton. The only predictions which are able to describe the activity on
the 1 side of the diffractively produced final state are those of PHYTHIA8 MBR with the tune 4C.

4. Conclusions

The charged-particle pseudorapidity density in four different event categories have been pre-
sented at a centre-of-mass energy of /s = 13 TeV for the first time. The measurements are com-
pared to various MC event generators predictions implementing different approaches for the initial-
and final-state radiation, hadronisation, colour reconnection, and cutoff values of the MPI mech-
anism, as well as the implementation of diffractive events. All MC models and tunes are able
to predict the energy dependence on the charged-particle multiplicity as function of pseudorapid-
ity, and give reasonable description for the different diffractive-enhanced event samples. A more
complete discussion and comparison of MC event generators can be found in [1].
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Figure 3: Charged-particle pseudorapidity density for the inclusive (top-left), inelastic-enhanced (top-right),
NSD-enhanced (bottom-left) and SD-enhanced (bottom-right) event samples. The total systematic uncer-

tainties are shown as shaded bands encompassing the data points.
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Figure 4: Charged-particle pseudorapidity density for the one-sided SD-enhanced event sample. The total

systematic uncertainties are shown as shaded bands encompassing the data points.
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