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Abstract. The Large Hadron Collider provides collisions of protons and nuclei at the highest energies available
in the laboratory. A variety of recent results for minimum-bias pp, p+Pb and Pb+Pb collisions obtained by the
ATLAS experiment is presented. For pp collisions they include the total and inelastic cross section, properties of
minimum-bias events, underlying event characteristics and measurements of diffractive processes. The results
for p+Pb and Pb+Pb collisions that are relevant for cosmic ray studies are also presented.

1 Introduction

The primary goal of the Large Hadron Collider (LHC) is
the study of the most energetic collisions of protons in
which not only the Standard Model can be verified but also
new phenomena may be discovered. The main achieve-
ment so far was the discovery of the Higgs particle [1, 2].
Extensive studies of possible new phenomena expected in
supersymmetry models and searches for exotic particles,
including Dark Matter candidates, were also performed,
but no clear evidence of such new physics was seen so far.

In the context of cosmic-ray studies more interest-
ing than such rare processes are results obtained from
minimum-bias measurements, which provide an opportu-
nity to test Monte Carlo models used and then to obtain
predictions for collision energies exceeding those avail-
able in accelerators. The ATLAS detector elements used
in these measurements are briefly described in Section 2.
The most basic observable for minimum-bias studies is the
pp cross section. Its dependence on the collision energy
is presented in Section 3. The global characterisics of par-
ticle production in pp events and in the underlying event
that accompanies a hard scattering are described in Sec-
tion 4, while results on diffractive processes are shown in
Section 5. Finally, in Section 6, the dependence of particle
production on the collision centrality for Pb+Pb and p+Pb
collisions is discussed and most recent results on light-by-
light scattering are shortly mentioned.

2 ATLAS detector

The ATLAS detector [3] comprises many systems allow-
ing detection and precise measurements of different types
of particles produced in the collisions delivered by the
LHC. Charged particles are reconstructed in the central
pseudorapidity range |n| < 2.5 using information from the
Inner Detector (ID) surrounding the interaction point and
placed in the 2 Tesla magnetic field. The innermost part
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of ID, the pixel detector, consists of several layers of sil-
icon pixel sensors arranged into a cylindrical barrel and
two sets of disks on both sides of the barrel. Similar lay-
outs also have the silicon strip sensors of the Semicon-
dictor Tracker (SCT) placed directly after the pixel de-
tector. Tracks found in these two detectors may be ex-
tended to the Transition Radiation Tracker (TRT), which
is the outermost part of the ID. The electromagnetic and
hadronic calorimeters, placed farther away from the inter-
action point and covering the range || < 4.9, are used to
measure the energy of jets and high-pr particles. Muons
with || < 2.7, which traverse all the above mentioned de-
tectors without stopping, are registered in the Muon Spec-
trometers.

In addition to those main systems of the ATLAS de-
tector there are several smaller components providing spe-
cific signals needed by the trigger system or used in some
special measurements. One of them is the Minimum
Bias Trigger Scintillators detector (MBTS) which consists
of two disks placed perpendicularly to the beam line at
+3.56 m from the nominal interaction point. It registers
signals from charged particles emitted within the pseudo-
rapidity range 2.08 < || < 3.86. Thanks to the large
acceptance of MBTS, it is suitable to trigger, with high
efficiency, events used in minimum-bias studies.

Several more small detectors are located at large dis-
tances from the interaction point. The ALFA detector [4]
using scintillator fibres is installed at +237 m and +241 m.
The acceptance range of ALFA is approximately 9.6 <
[n] < 12.4. The ATLAS Forward Proton detector (AFP) [5]
is slightly closer, at £205 m and +217 m. Each of its arms
has two stations, which comprise 4 planes of silicon pixel
sensors and a Time-of-Flight detector. Both ALFA and
AFP detectors are placed in Roman Pots very close to the
beam and are used to measure particles emitted at very
small angles. Closer to the interaction point is the detector
of the LHCf experiment [6] located at +140 m and mea-
suring photons emitted in the ranges 8.81 < || < 8.99 and
|71 > 10.96 using calorimeters.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
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Figure 1. Proton-proton inelastic cross section as a function of F ' ‘ T ‘ ‘ I
collision energy, /s [9, 10]. © E
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The ALFA detector is placed so far from the interaction
point that it can register protons from elastic pp scatter-
ing. A coincidence of signals in the two opposite arms
of the ALFA detector is a signature of such events. By
measuring the elastic cross section as a function of the
Mandelstam momentum transfer variable, ¢, and apply-
ing the optical theorem it is possible to calculate the
total pp cross section. On the other hand the elastic
cross section is obtained by integrating the function de-
scribing the differential cross section in the full ¢ range.
Such measurements were performed for pp collisions at
Vs =7 TeV [7] and /s = 8 TeV [8]. The total cross sec-
tion is 95.35 +0.38 (stat.) £1.25 (exp.) +0.37 (extr.) mb
and 96.07 +0.18 (stat.) £0.85 (exp.) £0.31 (syst.) mb at
7 TeV and 8 TeV, respectively'. Correspondingly, the elas-
tic cross section is 24.00 £0.26 (stat.) £0.57 (syst.) mb and
24.33 +£0.04 (stat.) £0.39 (syst.) mb.

In the direct measurement of the inelastic cross sec-
tion [9, 10] the MBTS detector plays a crucial role. It
is assumed that an inelastic pp collision occurs when at
least two charged particles hitting this detector are ob-
served. The requirement of two hits in MBTS not only
removes all elastic pp collisions, but also ensures that in
selected events at least one proton dissociates into a sys-
tem with a mass My > 13 GeV (at /s = 13 TeV) or
My > 15.7 GeV (at /s = 7 TeV). When translated to the
variable & = M}z( /s this corresponds to the fiducial region
£>10"%and & > 5x 1073 for 13 TeV and 7 TeV, respec-
tively. In such kinematical limits the inelastic cross section
is 69.1 £2.4 (exp.) £6.9 (extr.) mb [9] and 78.1 +0.6 (exp.)
+1.3 (lum.) +2.6 (extr.) mb [10] at /s = 7 TeV and
Vs = 13 TeV, respectively®. These measurements provide
additional data for the dependence of the inelastic pp cross
section on energy shown in Figure 1, and confirm the trend
predicted by Monte Carlo models.

ISystematic errors are divided into parts related to experimental ef-
fects and extrapolation uncertainty.

2Systematic errors are divided into parts related to experimental ef-
fects, luminosity uncertainty (at 13 TeV) and extrapolation uncertainty.
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Figure 2. Charged particle multiplicity in pp collisions at
Vs = 13 TeV [11]. The bottom panel shows the ratio of the MC
simulation over the data.
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Figure 3. Charged particle pseudorapidity density in pp colli-
sions at /s = 13 TeV [11]. The bottom panel shows the ratio of
the MC simulation over the data.

4 Charged particle production in pp
collisions

Global characteristics of minimum-bias pp events are
studied in the ATLAS experiment at all collision ener-
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Figure 4. Charged particle transverse momentum distribution in
pp collisions at /s = 13 TeV [11]. The bottom panel shows the
ratio of the MC simulation over the data.

gies available at the LHC. In the most recent studies at
/s = 13 TeV [11, 12] distributions of charged particle mul-
tiplicity (Figure 2), pseudorapidity (Figure 3) and trans-
verse momentum, pr, (Figure 4) were measured. In the
comparison to predictions of several Monte Carlo genera-
tors a reasonable agreement is observed. The largest dif-
ferences can be seen in the multiplicity distribution. They
are most significant at low multiplicities, where the con-
tribution from diffraction is present. Best agreement is
reached for pseudorapidity distribution: the differences do
not exceed 10%. For the pr distribution, differences with
respect to some Monte Carlo models are larger than 20%,
but only for pr > 10 GeV. Generally, the EPOS model [13]
describes the data most accurately.

The processes most extensively studied by ATLAS re-
quire a presence of hard scattered partons. In pp collisions
such processes are usually accompanied by additional par-
ticle production, the underlying event. The properties of
underlying events can be studied by selecting a sample of
events with a charged particle with high-pr, the leading
particle. The multiplicity of particles from the underlying
event depends on their position in azimuth with respect to
the leading particle, A¢. In Figure 5 the A¢ distributions
for events with a leading particle with plTead > 1 GeV or
with plj?ad > 10 GeV are shown [14]. In the case of more
inclusive event sample (p* > 1 GeV) the A¢ distribution
is almost flat, but if the p¥*! > 10 GeV requirement is ap-
plied a strong enhancement at A¢ ~ 0° and a lesser one at
opposite direction, A¢ ~ 180°, appears.
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Figure 5. Distribution of the azimuthal angle of charged particles
from the underlying event with respect to to the leading charged
particle in pp collisions at 4/s = 13 TeV [14]. The bottom panels
show the ratio of the MC simulation over the data.
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Figure 6. Mean multiplicity density of charged particles from
the underlying event in the towards, transverse and away regions
as a function of the transverse momentum of the leading charged
particle in pp collisions at /s = 13 TeV [14].

Dependences of multiplicity in the towards region
(|IA¢|<60°), in the transverse region (60°<|A¢|<120°) and
in the away region (|A¢|>120°) on the pr of the leading
particle are shown in Figure 6. The multiplicity strongly
grows up to plTead ~ 4 GeV and then the increasing trend
gradually flattens, especially for the transverse region. In
the events with a high-pr leading particle the multiplicity
in the away region becomes slightly larger than in the to-
wards region, while in the transverse region it is always the
smallest. On the other hand the sum of pr of particles from
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Figure 7. Mean sum of the transverse momenta of charged par-
ticles from the underlying event in the towards, transverse and
away regions as a function of the transverse momentum of the
leading charged particle in pp collisions at /s = 13 TeV [14].
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Figure 8. Measured &, distribution in data samples selected by
AFP trigger or by minimum-bias MBTS trigger for events of pp
collisions at /s = 13 TeV with at least one jet with pr > 20 GeV
and |n| < 3.0 [5].

the underlying event, shown in Fig. 7, is always the largest
in the towards region and the smallest in the transverse re-
gion. Above pk* ~ 4 GeV the slopes of the increasing
trend reduce significantly, especially in the transverse re-

gion.

5 Measurements in forward detectors

In addition to cross-section measurements described in
Section 3, the detectors measuring particles emitted at
small angles provide information in this kinematic region
which is important for proper simulation of the cascades
from cosmic rays in the Monte Carlo models.

The LHCf detector is used to measure spectra of
very forward photons [15]. Recently these measurements
were extended by combining information from LHCf and
ATLAS detectors and the inclusive spectra are compared
to the spectra for diffractive events, without charged parti-
cles in the ATLAS acceptance [16]. More details on results

Figure 9. Detector level distributions of the forward rapidity gap,
AifF, calculated for the negative z (and 7) side, in pp collisions at
/s = 13 TeV for the AFP and MB trigger data sets [5].

of the LHCf experiment are provided in Takashi Sako’s
contribution to these proceedings.

The AFP detector is designed for measurements of
hard diffractive processes, identified not by the standard
rapidity gap method, but thanks to the direct measure-
ment of the forward-scattered proton. The acceptance of
the AFP detector allows to register protons for which the
fraction of energy loss, &, is in the range 0.02<&.,<0.1.
This observable is estimated from the energy deposits in
all calorimeter cells of the ATLAS detector:

1 P
Eeal = $ZPT€ m, (D

where all calorimeter clusters with pp > 200 MeV are
included. Most recently, events of pp collisions at
4/s = 13 TeV with a jet with pp > 20 GeV and || < 3.0
were analyzed [5]. In Figure 8 the distribution of &, for
events with a proton found in the AFP to that for inclusive
inelastic pp collisions (triggered by MBTS) are compared.
In both cases at least one jet was also required. The peak
at larger &, values corresponds to non-diffractive colli-
sions, while that at smaller &, is dominated by diffrac-
tive processes. The presence of diffractive processes in
events triggered by AFP is confirmed by the rapidity gap
analysis shown in Figure 9. The distribution of the de-
tector level pseudorapidity gap, Anp*'(z<0), a distance be-
tween the edge of the calorimeter acceptance (n ~ —4.9)
and the first calorimeter cell with a signal corresponding
to pr > 200 MeV or a reconstructed charged particle with
pr > 200 MeV, shows a much more prominent tail at large
AnF(z<0) values for the AFP triggered events than that for
MBTS triggered (i.e. inclusive) events.

6 Heavy-ion collisions

In interactions involving nuclei the particle production de-
pends mainly on geometrical properties of the collision,
i.e. the distance between the centers of the colliding nuclei
at the moment of their closest approach - called the impact
parameter, b. In the case of Pb+Pb collisions it determines
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For p+Pb collisions the value of the impact parameter de-
cides if the proton hits the nucleus near the center (b = 0),
where it encounters maximal number of nucleons from
lead nuclei, or closer to the edge, where the proton may
interact directly with much fewer nucleons. The geome-
try of the collision may thus be described in terms of the
impact parameter, the number of nucleons participating in
the collisions, Np,, and the number of binary collisions
between nucleons, Nco. Relations between b, Ny, and
Ncon can be obtained from the Glauber model [17]. None
of these parameters can be directly measured, but it is pos-
sible to find an observable, which is a monotonic function
of them. In the ATLAS experiment it is the transverse en-
ergy, >, E, registered in forward calorimeters, FCal, cov-
ering the range 3.2 < || < 4.9. In Figure 10 the distribu-
tion of FCal ] E is divided into bins with appropriate per-
centiles of events, which define the centrality classes, with

the most central collisions in the interval 0—10% [18].

The dependence of particle production in Pb+Pb colli-
sions on centrality is best represented in Figure 11, where
the charged particle pseudorapidity density is shown in 8
centrality intervals [19]. In the most central events, from
the 0-10% interval, almost 40 times more particles are
produced than in peripheral events from the 70-80% in-

terval.

Interesting results are also provided from the analysis
of the energy dependence of the particle density at  ~ 0

normalized by the number of pairs of nucleons participat-
ing in the collision, Ny /2, shown in Figure 12. This nor-
malization allows a direct comparison of nucleus-nucleus

collisions and pp collisions, for which Np,=2. Just like

the mean multiplicity, the dNep/dn/(< Npar/2 >) is in-

creasing with /s, but its values for central collisions of

nuclei are about 2 times higher than for pp collisions. This
may be explained by the fact that in central collisions nu-
cleons from one nucleus can collide with several nucleons

from another nucleus and additional particle production
may be due to hard processes which are proportional to

the number of nucleon-nucleon collisions, N.oy. This pic-
ture is supported by the observation that the multiplicity

2-15-1-050 05 1 15 2 n

Figure 11. Charged particle pseudorapidity density in Pb+Pb
collisions at /s, = 2.76 TeV for eight centrality intervals [19].
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Figure 12. Particle density at = 0 per pair of nucleons partici-
pating in nucleus-nucleus, pp and pp collisions as a function of
the collision energy [19]

normalized by Np,/2 is a monotonically increasing func-
tion of Npay, as shown in Figure 13.

A similar analysis was also performed for p+Pb colli-
sions at /sy, = 5.02 TeV [20, 21]. Due to the asymmetry
of the colliding system the centrality definition is based
on FCal | Et, registered in the Pb-going direction only
(Fig. 14). This asymmetry is also reflected in the dN.,/dn
distribution shown in Figure 15. In the most central col-
lisions about 50% more particles are emitted in the Pb-
going direction than in the proton-going direction, while
in peripheral collisions the dN.,/dn distribution is almost
symmetric. The latter is a clear indication that in the very
peripheral p+Pb collisions the proton interacts with one
nucleon only.

The multiplicity normalized by Np./2 presented in
Figure 16 as a function of Np, indicates the importance
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Figure 14. Centrality detemination in p+Pb collisions at
V8w = 5.02 TeV [20]. The alternating shaded and unshaded
bands indicate centrality intervals, from right (central) to left
(peripheral), 0-1%, 1-5%, 5-10%, 10-20%, 20-30%, 30-40%,
40-60%, 60-90% and 90-100 %

of the proper calculations in the framework of the Glauber
model, as the three versions of it (discussed in detail
in [20]) give significantly different results, from clearly in-
creasing to slightly decreasing dependence.

In ultra-peripheral collisions of heavy-ions, in which
the distance between nuclei is larger than twice their ra-
dius, only interactions of their electromagnetic fields oc-
cur. These fields, proportional to the charge of the nuclei,
Z, are additionally enhanced by relativistic effects. In such
conditions observation of photon-photon scattering:

Pb+Pb(yy) — Pb®+Pb™ yy
is possible. The measured fiducial cross section of such
a process in Pb+Pb collisions at /s, =5.02 TeV is
70 +£24 (stat.) +17 (syst.) nb [22] and agrees with theo-
retical predictions.

7 Summary

The Large Hadron Collider provides the highest energy pp
and nucleus-nucleus collisions, which are used to search
for both new phenomena and to test existing models of par-
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Figure 15. Charged particle pseudorapidity density in p+Pb col-
lisions at /sy = 5.02 TeV for several centrality intervals [20].
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Figure 16. Charged particle pseudorapidity density in p+Pb col-
lisions at /s = 5.02 TeV as a function of the number of nu-
cleons participating in the collision, Ny [20]. Each panel cor-
responds to the different version of the Glauber model used to
calculate Npyy.

ticle production. Especially the model testing is important
for cosmic ray studies in which primary particles are ob-
served by measurements of showers of particles from in-
teractions in the atmosphere. Realistic values of the cross
sections and reproduction of details of particle production
are necessary to identify the incoming primary particle and
estimate its energy. Although the most frequent cosmic
ray interactions in the atmosphere, p+N or p+O, or inter-
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actions of Fe ions, the heaviest nucleus observed in cosmic
rays, were not yet measured at the LHC, the measurements
of pp, p+Pb and Pb+Pb collisions can be used to obtain
required estimates. The ATLAS experiment delivers a va-
riety of results, which can be helpful in tuning models in-
tended to describe interactions of cosmic ray particles in
the PeV and EeV energy regions.

Copyright 2018 CERN for the benefit of the ATLAS
Collaboration. Reproduction of this article or parts of it is
allowed as specified in the CC-BY-4.0 license.
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