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Measurements of multiple parton scattering in proton-proton collisions provide insight into the
structure and long-range low-momentum scale interactions of the proton. In this talk we present
two recent measurements using proton-proton collision data collected by the ATLAS experiment.
The first measurement determines the double-parton scattering contribution to four-lepton events
at /s = 8TeV. An artificial neural net is used to optimise the analysis and an upper limit on the
double-parton scattering fraction is set at 0.042, which corresponds to an effective cross section
of Imb. In the second measurement, the underlying event activity is studied in events containing
a Z-boson in /s = 13TeV data. Unfolded differential cross sections are presented for charged
particle multiplicity and charged particle transverse momentum in regions of azimuth measured
with respect to the Z-boson direction. The data are compared to a wide variety of predictions
from Monte Carlo event generators.
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1. Introduction

The parton—parton scattering at the origin of hard processes in proton—proton (pp) interactions
is accompanied by proton- remnant fragments that contribute to the hadronic final state through the
so-called underlying event (UE). One source of the underlying-event activity, particularly in the
high-energy regime of the LHC, is multi-parton interactions (MPI): interactions of pairs of partons
from the interacting protons which occur simultaneously with the hard process. In high-energy
pp interactions, where the density of low-x partons is high, there is enough energy to produce hard
multi-parton interactions. The simplest example is hard double-parton scattering (DPS), where two
partons from each proton interact with each other leading to perturbative final states. This summary
presents a study of the hard DPS contribution to inclusive four-lepton production in pp collisions
at /s = 8TeV with the ATLAS detector. The second part of the summary presents a measurement
of distributions sensitive to the underlying event in inclusive Z boson production in pp collisions
at /s = 13TeV.

2. DPS in inclusive four-lepton production [1]

The production of four-lepton (electrons or muons) final states in pp interactions at /s = 8TeV
is analysed for the presence of double-parton scattering, using 20.2fb"'of data recorded by the
ATLAS experiment at the LHC. Leptons with transverse momentum above 20, 15, 10 (8 if muon),
and 7 (6 if muon) GeV, sorted in descending order of pr, are selected in the pseudorapidity range
In| < 2.5 in the case of electrons and |n| < 2.7 in the case of muons. The four leptons form two
same-flavour opposite-charge lepton pairs. The dilepton invariant masses are required to be in the
range 50 < Mmyeaqing < 120GeV for the leading pair and 12 < mgp—jeading < 120GeV for the sub-
leading pair, where the leading pair is defined as the opposite-charge pair with invariant mass closer
to the Z boson mass. The transverse momentum p of the dileptons is required to be above 2 GeV.
The events in the four-lepton invariant-mass range of 80 < my; < 1000GeV (see also Figure 2(a))
are considered. An artificial neural network is used to discriminate between single- and double-
parton scattering events. No signal of double-parton scattering is observed and an upper limit on the
fraction of the DPS contribution to the inclusive four-lepton final state of 0.042 is obtained at 95%
CL. This upper limit translates, for two independent subscatterings, into a lower limit of 1.0 mb on
the effective cross section, consistent with previously measured values in different processes and at
different centre-of-mass energies (Figure 2(b)).

3. Activity of the UE in Z boson events [2]

Measurements of four observables sensitive to the activity of the UE in Z — uu events are
presented using 3.2 fb™! of /s = 13TeVpp collision data collected with the ATLAS detector at the
LHC in 2015. Those observables are the pr spectrum of charged particles (see Figure 2 (a)), the
number of charged particles per event (N}, presented in Figure 3), the sum of charged-particle pr
per event (Xp7), and the mean of charged-particle pr per event (mean pr). The measurement takes
only stable charged particles into account with py > 0.5GeV and || < 2.5

The observables are measured in different azimuthal regions of the detector relative to the
Z boson direction, namely the transverse, trans-min , trans-max, toward and away region. This
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Figure 1: (a) The distribution of the four-lepton invariant mass, my;. The data (black dots) are compared
with the sum of signal and background MC expectations (filled coloured histograms). Also shown is the
expected contribution of DPS from Pythia 8. (b) Summary of measurements and limits on the effective cross
section, determined in different experiments sorted chronologically. The measurements that were made by
different experiments are denoted by different symbols and colours. The inner error bars represent statistical
uncertainties and the outer error bars correspond to the total uncertainty. Dashed arrows indicate lower limits.
Lines with arrows on both ends represent ranges of the effective cross-section values, determined within a
single publication. In the case of the double J/¥ measurement by LHCb, the dashed line denotes the upper
and lower uncertainties. The AFS measurement, indicated with a dot, was published without uncertainties.

summary focuses on the trans-min region, because the contribution from the hard scattering is
suppressed by construction. The distributions are further distinguished in intervals of the Z boson
pr and for two regions of transverse thrust 7', [3]. Transverse thrust characterizes the topology of
the tracks in the event. Transverse thrust has a maximum value of 1 for a pencil-like dijet topology
and a minimum value of 2 /7 for a circularly symmetric distribution of particles in the transverse
plane. As proposed in Ref. [4], events with lower values of 7| are more sensitive to the MPI
component of the UE. The two regions of thrust examined are 7'; <0.75 and 7| > 0.75, which are
optimized to distinguish extra jet activity from the actual UE activity.

All results are presented on particle level. The POWHEG+PYTHIAS sample is used to unfold
via Bayesian Iterative Unfolding to the bare level quantites of the muons. The following sources
of uncertainties are considered (in falling order of their contribution to the total uncertainty): in-
accuracies of the detector and pile-up modelling, the dependence of the unfolding on the prior
knowledge, background contributions as well as statistical uncertainties.

The predictions from three Monte Carlo generators (POWHEG+PYTHIAS, SHERPA and HER-
WIG++) are compared with the data. In general, the qualitative behaviour of the UE activity
matches the predictions, but all tested generators and tunes show significant deviations from the
data distributions regardless of the observable.

The most striking difference between the different regions in 7', is observed for the POWHEG+PYTHIAS
generator when focusing on the low p% bins for N}, as presented in Figure 3. In MPI-sensitive
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regions (left plot in Figure 3) the distribution of N}, by POWHEG+PYTHIAS is shifted towards
higher numbers of charged-particles relative to the data while for the region of high 7' (right plot
of Figure 3) the the generator tends to lower values of N.},. The regions of high values of 7' are
dominated by extra jet activity which is not adequately modelled in POWHEG+PYTHIAS.

Finally, a selection of the results are compared to previous measurements at lower centre-of-
mass engeries. With higher centre-of-mass energies, more energy is available for the processes
forming the UE e.g. MPI. Hence, the rise of the UE activity as a function of /s is expected (see

Figure 2).
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Figure 2: (a) Measured spectra of pr in the trans-min region inclusively in 7| for events with 10 < p% <
20 GeV. Predictions of POWHEG+PYTHIAS, SHERPA. and HERWIG++ are compared with the data. The
ratios shown are predictions over data. (b) The distributions of (N,},) measured at /s = 13TeV compared
with the results of the previous ATLAS measurements at /s = 7TeV [5] and the CDF measurements at

/s = 1.96TeV [6]. The error bars correspond to the full uncertainties of the corresponding measurement.
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Figure 3: Measured number of charged particles in the trans-min region for 7| < 0.75 (left) and 0.75 < T,
(right) for events with 10 < p% < 20 GeV. Predictions of POWHEG+PYTHIA8, SHERPA, and HERWIG++

are compared with the data. The ratios shown are predictions over data.
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