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Abstract. This paper presents selection of recent QCD related measurements from the
ATLAS Experiment at the Large Hadron Collider at CERN. The results on the charged
particle production, underlying event properties, prompt photon production, charged par-
ticle multiplicity inside jets and Z boson production in association with up to four jets are
presented. The measurements allowed us to cross-check several Monte Carlo generators
with data at centre-of-mass energies of 8 and 13 TeV.

1 Introduction

The ATLAS experiment [1] performs studies of proton-proton (pp) collisions at the Large Hadron
Collider (LHC) [2] at CERN. The LHC collides bunches of protons at the unprecedented centre of
mass energy (

√
s) of 7, 8 and 13 TeV. The peak instantaneous luminosity recorded by the time of the

conference was about 12 × 1033cm−1s−2 [3].
The ATLAS detector is composed of several sub-detectors organised in layers. The closest to

the proton beams collision point is the high precision tracking system, next come calorimeters and
then muon chambers. The ATLAS experiment is a general purpose detector designed to investigate
a wide range of particle physics, which can be generally divided into searches for new phenomena
and the precision measurements. The precision measurements are very important as they improve
our understanding of the Standard Model (SM) of particle physics, give better knowledge of back-
ground processes for new physics signals and also provide an important benchmark for the detector
performance. For these reasons the precision measurements are repeated at each newly accessible pp
collision energy. In this report a selection of recently published ATLAS SM measurements related to
the production of primary charged particles, hadronic jets, photons, and jets associated with a Z boson
is reviewed.

2 Measurements of the underlying-event at 13 TeV.

The underlying event (UE) is the activity accompanying any hard scattering in a collision event,
including multiple parton interactions, final state radiation, initial state radiation as well as the partons
not participating in hard scattering process. The UE is an irreducible background at the LHC as it is
not possible to separate UE processes from the hard process on an event by event basis.
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The underlying event activity was measured by the ATLAS experiment with 13 TeV data with a
leading particle method [4]. The leading particle is defined as a charged particle with the highest pT.
The direction of the leading particle is used to define regions in the azimuthal plane that have different
sensitivity to the UE. The azimuthal angular difference (�φ) between charged particles and the leading
particle is used to define three azimuthal regions: toward (|�φ| < 60◦), transverse (60◦ < |�φ| < 120◦)
and away regions (| � φ| > 120◦). The transverse region is sensitive to the UE activity since it is
perpendicular to the direction of the hard scatter and hence it is expected to have less activity from the
hard scattering process compared to the away region.

A measurement of charged-particle distributions sensitive to the properties of the underlying event
was performed on the data sample corresponding to an integrated luminosity of 170 µb−1. The data
was collected during a special LHC fill with a low expected mean number of interactions per bunch
crossing, same as for the analysis described in Section 3. The event and track selections used in the
analysis follow those described in [5], with the only additional requirement which is the presence of
the leading particle with pT of at least 1 GeV. The measured distributions are compared with pre-
dictions from Monte Carlo event generators. In Figure 1 the average scalar sum of charged-particle
transverse momenta, ΣpT , for transverse and toward regions is presented as a function of the leading
particle pT. In the transverse region sum pT shows a gradual increase, rising to an approximately con-
stant plateau for pT of the leading particle greater than 6 GeV. For higher values of the leading particle
pT, the toward region includes contributions from the jet-like activity, which results in a gradual rise
of the average sum pT density [4].

Figure 1: Comparison of detector level data and MC predictions for average charged-particle multi-
plicity density values (left column) and average scalar pT sum density of tracks (right column) as a
function of leading particle transverse momentum, pT

lead, in the transverse (left) and toward (right)
regions. The bottom panels in each plot show the ratio of MC predictions to data. The shaded bands
represent the combined statistical and systematic uncertainties, while the error bars show the statistical
uncertainties [4].

Several Monte Carlo (MC) predictions were compared with the data. Pythia 8 A14, Monash
and Herwig++ UEEE5 models are closest to data in the plateau part of the transverse region, but
none of them describe the initial part well. The Epos generator predicts significantly less activity at
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higher transverse momenta of the leading particle, which is a consequence of the absence of semi-hard
minimum bias processes in the model. In general, none of the models is very discrepant from the data,
building a confidence in the multiple parton interactions (MPI) description used in those generators
[4].

3 Measurement of charged-particle spectra at 13 TeV

Soft interactions are characterised by low transverse momentum transfer and cannot be calculated
by perturbative Quantum Chromodynamics (QCD). The predictions for low momentum transfer pro-
cesses are made with phenomenological models inspired by QCD, implemented in MC event gener-
ators. The observables connected to the production of charged-particles provide experimental probes
of strong interactions at low momentum transfers and good benchmark for phenomenological models.

Measurement of the charged particles production in proton–proton collisions at
√

s=13 TeV was
performed by the ATLAS experiment [6]. The data used for the analysis correspond to an integrated
luminosity of 151 µb−1. The data were recorded during special runs with low beam currents and re-
duced focusing to give a mean number of interactions per bunch crossing of 0.005. Particles selected
for the analysis are required to have a transverse momentum (pT) greater than 100 MeV and an abso-
lute pseudorapidity (|η|) less than 2.5 . Events containing at least two charged particles satisfying the
above kinematic criteria were used to measure the charged-particle multiplicity (Nch), its dependence
on transverse momentum and pseudorapidity, and the dependence of the mean transverse momentum
on multiplicity. Figure 2 presents these measurements (black dots) corrected for detector effects and
compared to the predictions from several MC event generators (coloured curves). The vertical bars
represent the statistical uncertainties, while the shaded areas show statistical and systematic uncer-
tainties added in quadrature. The lower panel in each figure shows the ratio of the MC simulation to
data. The MC generators and their tunes used in the analysis are listed in Table 1.

The measured mean number of charged particles per unit pseudorapidity in the region |η| < 0.2
is 6.422±0.096 with a negligible statistical uncertainty. Significant differences are observed between
the measured distributions and tested MC predictions. Amongst the models considered, Epos has the
best overall description of the data. Pythia 8 A2 and Pythia 8 Monash provide a reasonable overall
description, whereas Qgsjet-ii does not describe < pT > vs. Nch well, but provides a reasonable level
of agreement for other distributions [6].

The presented measurement was combined with previous results to shed light on the evolution
of charged-particle multiplicities with centre-of-mass energy, which so far is poorly constrained.
The mean number of primary charged-particles after the correction for the contribution from strange
baryons (6.500 ± 0.099) is compared to previous measurements at different centre-of-mass energies
in Figure 3.

Table 1: Summary of MC generators used for comparison with the data. The generator, its version,
the corresponding tune and the parton distribution function are given [6].

Generator Version Tune PDF
Pythia 8 8.185 A2 MSTW2008LO
Pythia 8 8.186 Monash NNPDF2.3LO
Epos LHCv3400 LHC –
Qgsjet-ii II-04 default –
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(a) (b)

(c) (d)

Figure 2: Primary charged-particle multiplicities as a function of (a) pseudorapidity η and (b) trans-
verse momentum pT. The distribution of the primary charged-particle multiplicity nch (c) and the mean
transverse momentum < pT > versus nch (d) for events with at least two primary charged-particles
with p T > 100 MeV and |η|< 2.5 [6].
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Figure 3. The average primary charged-particle
multiplicity in pp interactions per unit of
pseudorapidity η for |η|< 0.2 as a function of the
centre-of-mass energy

√
s. The values for the other

pp centre-of-mass energies are taken from previous
ATLAS analyses. The data are shown as black
triangles with vertical errors bars representing the
total uncertainty. They are compared to various MC
predictions which are shown as coloured lines [6].

4 Charged-particle multiplicity inside jets at 8 TeV

The number of charged particles inside jets is often used as a discriminant for identifying the quark
or gluon nature of the initiating parton and it is sensitive to both the perturbative and non-perturbative
components of the jet formation.A measurement of the average number of charged particles with pT
> 500 MeV inside high-momentum jets was performed on a data sample of 20.3 fb−1 recorded in
pp collisions at

√
s = 8 TeV [7]. The events selected for analysis are required to have at least two

central jets (|η| < 2.1), so that their charged particles are within the acceptance of the tracking system.
The jets considered are clustered using the anti-kt jet algorithm with the radius parameter R = 0.4
and have transverse momenta from 50 GeV up to and beyond 1.5 TeV. The jet with smaller absolute
pseudorapidity is classified as more central, and the jet with larger |η| is classified as a more forward
jet. The more forward jet tends to be correlated with the parton with higher longitudinal momentum
fraction x, and is less likely to be a gluon-initiated jet.

The reconstructed charged-particle multiplicity distribution is unfolded to remove distortions from
detector effects and the resulting charged-particle multiplicity is compared to several jet formation
models, as shown in Figure 4a. Comparisons at a particle level between the measured average charged-
particle multiplicity and various MC models show significant differences between the simulations
using tunes for Run 1 (first season of the LHC data taking) and the data, but the Run 2 (current season
of the LHC data taking) tunes for both Pythia 8 and Herwig++ significantly improve the modelling
of the average ncharged.

The analysis shows the difference in the average charged-particle multiplicity between the more
forward and the more central jets. This effect is sensitive to the difference between the number of
quark and gluon constituents. The average difference, combined with the gluon fraction, was used
to extract the average charged-particle multiplicity for quark- and gluon-initiated jets separately [7].
The charged-particle multiplicity in the extracted gluon-initiated jets is higher than the corresponding
quantity for the quark-initiated jets and the MC generators accurately model the jet pT dependence
observed in the data, see Figure 4b.
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Figure 4: (a) The measured average charged-particle multiplicity (left) as a function of the jet pT,
combining the more forward and the more central jets for pT

track>0.5 GeV. (b)The jet pT dependence
of the average charged-particle multiplicity ( pT

track> 0.5 GeV) for quark- and gluon-initiated jets,
extracted with the gluon fractions from Pythia 8.175 with the CT10PDF [7].

5 Inclusive isolated-photon production

Inclusive isolated-photon production ( pp → γ + X) in pp collisions provides a testing environment
for perturbative QCD. It was studied by the ATLAS experiment at

√
s = 13 TeV [8]. The data sample

used for analysis corresponds to an integrated luminosity of 6.4 pb−1. A sample of photons with high
transverse energies has been selected using the characteristics of the shower shapes in the calorimeter.
Both converted and unconverted photons were included in the sample. The photons were required
to be isolated by rejecting those candidates in which the transverse energy in a cone of �R=0.41

around their direction was larger than 4.8 GeV+4.2 · 10−3ET
γ. A data-driven subtraction method

was applied to remove the background from multi-jet processes, in which a jet is misidentified as a
photon. As a result of this analysis, a clear signal of inclusive isolated photons at

√
s = 13 TeV has

been observed for the first time in the phase-space region given by for ET
γ > 125 GeV and |ηγ| < 2.37,

excluding the region of the ATLAS calorimeter crack between the barrel and the end-caps (1.37 <
|ηγ| < 1.56). The kinematic distributions of the signal yield as functions of EγT and |ηγ| are shown
in Figure 5. The measured distributions are compared to the simulated Sherpa events normalised to
the total yield observed in the data. The simulation provides a good description of the shape of the
measured kinematic distributions.

1�R=
√

(�η)2 + (�φ)2 defines the distance between objects in (η-φ) space.
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Figure 5: Measured isolated-photon yield (dots) as a function of ET
γ (left) and as a function of |ηγ| for

ET
γ > 125 GeV (right); the error bars represent the statistical uncertainty of the data. The SherpaMC

simulations, normalised to the integrated measured signal yield, (histograms) are also included. The
bottom panels of the plots show the ratio of the data and the MC simulation (dots). The inner error
bars represent the statistical uncertainty of the data and the outer error bars display the uncertainty
due to the background subtraction added in quadrature to the statistical uncertainty. The shaded
band represents the uncertainty due to the photon energy scale, energy resolution and identification
efficiency as well as the trigger efficiency and the modelling of the isolation transverse energy in the
MC added in quadrature [8].

6 Production cross-sections of a Z boson in association with jets

The measurement of the weak boson (Z) production cross-section gives another good benchmark for
current understanding of the perturbative QCD and electroweak processes. The weak boson produc-
tion at LHC pp collisions has a relatively large cross-section and boson decays to leptonic final states
are a clean experimental signature. Therefore it can be measured with a high precision. The processes
with weak bosons production constitute an important background for Higgs boson and new physics
searches.

The production cross-section of Z boson in association with up to four jets was measured using
pp collision data collected at

√
s = 13 TeV and corresponding to a total integrated luminosity of ap-

proximately 85 pb−1 [9]. The events with Z bosons decaying to electron or muon pairs, produced in
association with one or more jets in the kinematic range of pjet

T > 30 GeV and |yjet| < 2.5, were anal-
ysed. The kinematic cuts used in the analysis are described in detail in [9]. The fiducial production
cross-sections for Z bosons and inclusive cross-section to up to four jet multiplicities were measured
with a precision ranging from approximately 10% to approximately 20% as presented in Figure 6.
Ratios of cross-sections for successive jet multiplicities were derived and are also shown in Figure 6.
The measured fiducial cross-sections for the various jet multiplicities and the ratios of successive jet
multiplicities were compared to predictions from MC models - Sherpa and MadGraph. The predic-
tions show a reasonable agreement with the measured cross-sections and cross-section ratios within
the uncertainties.
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Figure 6: Combined Z to ll plus N jets fiducial cross-sections (left), and cross-section ratios for suc-
cessive jet multiplicities (right). The results are compared to predictions from Sherpa and MadGraph.
The hatched error band corresponds to the total uncertainty of the results: systematic, statistical, and
luminosity uncertainties for the fiducial cross-section results (left), systematic and statistical uncer-
tainties for the ratio results (right) [9].

7 Summary

Several recent measurements related to the soft SM processes from the ATLAS experiment are pre-
sented for pp collisions at 8 and 13 TeV at the LHC at CERN. Monte Carlo generators, tuned in lower
energy regimes, describe the collected data reasonably well. The latest ATLAS public results can be
found at https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults.
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