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Abstract

We present first measurements of charged and neutral particle-fioelatmns inpp
collisions using the ATLAS calorimeters. Data were collected in 2009 and a0téntre-
of-mass energies of 900 GeV and 7 TeV . Events were selected using a mmisbmas trigger
which required a charged particle in scintillation counters on either side dghtleaction
point. Particle flows, sensitive to the underlying event, are measuredalaitgrs of energy
in the ATLAS calorimeters, taking advantage of their fine granularity. No tddarlo
generator used in this analysis can accurately describe the measurefftentesults are
independent of those based on charged particles measured by theSATagking systems
and can be used to constrain the parameters of Monte Carlo generators.

To be submitted toEPJ C



1 Introduction

All hard parton-parton interactions imp collisions are accompanied by additional processes which col-
lectively contribute additional particles to those from the hard scatter afghwhe termed the underlying
event (UE). It is impossible to uniquely separate the UE from the hard sogtjgrocess on an event-
by-event basis. However, observables can be measured whickresié\e to properties of the UE. In
order to make high-precision measurements, the UE must be modelled usimapmeological models
in Monte Carlo generators [1]. Such models must be tuned to experimetdaldghe past, such studies
have only been performed using tracks [2—4].

Many physics processes to be studied with the ATLAS detector [5] reque@sion measurements
of jets and missing transverse energy obtained principally from the calorisytgem. Therefore, it is
important that the UE measurements are performed using the same instrumemtaireent and recon-
structed objects as those for the calorimeter-based measurements. Toefinkarity of the ATLAS
calorimeter allows the definition of three-dimensional clusters of energyhadnie closely associated
with individual particles [6, 7].

A study of the UE using charged-track densities was recently perform@éd bAS [4]. The present
paper extends this measurement by reconstructing particle densities asnigneter clusters in the
region which is most sensitive to the soft QCD processes responsiliteefbtE; the “transverse” region
as shown in Fig. 1. The azimuthal angular distance between a leading partidasverse momentum
(pt) and other particles is given iy = ¢ — @eag, Whereg is the azimuthal angle of a particle apdag
is the azimuthal angle of the leading particle. The transverse region, defn60 < |Ag| < 120, is
most sensitive to the UE since it is perpendicular to the axis of hardestreogtt@pproximated by the
direction of the leading particle. As is the case for charged particles, tmde&udensity of the clusters
and their transverse energy density in this region are sensitive, disctingjrdoservables for UE studies.
These distributions are corrected for detector effects to give a meaftire particle activity in the UE
and to provide new characteristics which can be used to tune models inaiudedte Carlo generators.
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Figure 1: A schematic representation of regions in the azimuthal apgkh respect to the leading
particle (shown with the arrow). In this analysis, the leading particle cpords to the cluster with the
largest transverse momentum.

The analysis using calorimeter clusters has several important featinsly, Ks results are sensitive
to the entire hadronic final state, including neutral particles, which consgihaat 40% of all produced
particles. Secondly, the analysis based only on calorimeter clusters imgdetely independent exper-



imental uncertainties compared to the corresponding analysis [4] usimgechparticles. Finally, as
discussed earlier, since jet reconstruction is based almost entirely myyeateposition in the calorime-
ter, the results of this UE analysis can be used directly to estimate the effihet ohderlying event on
any jet-based measurement.

2 TheATLASDetector

The ATLAS detector [5] at the Large Hadron Collider was designed toystudide range of physics. It
covers almost the entire solid angle around the collision point with layersaifitrg detectors, calorime-
ters and muon chambers.

Charged tracks and vertices are reconstructed with the inner detedtdr @dmsists of a silicon pixel
detector, a silicon strip detector and a transition radiation tracker, all imménsa® tesla magnetic
field provided by a superconducting solenoid. For the measuremenenfgdsn this paper, the high-
granularity calorimeter systems are of particular importance. The ATLASicadter system provides
fine-grained measurements of shower energy depositions over adage in pseudorapidity Electro-
magnetic calorimetry in the randg| < 3.2 is provided by liquid argon (LAr) sampling calorimeters.
This calorimeter system provides measurements of the shower energy iffayy tbepth segments and
with transverse granularity that ranges frorf@3x 0.10 to Q05x 0.025 indn x d¢, depending on depth
segment and rapidity. The hadronic calorimetry in the ramge< 1.7 is provided by a steel/scintillator-
tile sampling calorimeter. This system provides measurements of the showgy eeeosition in three
depth segments at a transverse granularity of typically®.1. In the end-capg#| > 1.5), LAr tech-
nology is used for the hadronic calorimeters that match the gulienits of the end-cap electromagnetic
calorimeters. This system provides four measurements in depth of the ishoergy deposition at a
transverse granularity of either®x 0.1 (15 < |n| < 25) or 02x 0.2 (25< |n| < 3.2). The LAr
forward calorimeters provide both electromagnetic and hadronic energgurements and extend the
calorimeter coverage fronfm| = 3.2 to |n| = 4.9. To measure the energy of photons and electrons, all
calorimeter cells are initially calibrated to the electromagnetic energy scale usirgeam data [8, 9].

This analysis is based on the properties of topological clusters in the calerjmich represent an
attempt to reconstruct three-dimensional energy depositions associdteiddividual particles [6, 7].
The topological-cluster algorithm proceeds through the following stepar@seneighbours are collected
around seed cells, which are cells with an absolute signal greater thabave the noise level [8, 9].
Then, neighbouring cells are collected into the cluster if the absolute valheiokignal significance is
above a secondary seed thresholdof 2ll surrounding cells are iteratively added to the cluster until no
further secondary seeds are among the direct neighbours. A fiablséof the resulting cluster looks
for multiple local signal maxima; in the case of more than one maximum in a giveteglitss split into
smaller clusters along the signal valleys between the maxima.

The analysis presented in this paper uses calibrated topological clugtet$hg clusters are classi-
fied as related to electromagnetic or hadronic energy deposits, using détéilenation on the cluster
topology. Then, the reconstructed cluster energy is corrected foradheompensating nature of the
ATLAS calorimeter and for inactive material.

1The ATLAS reference system is a Cartesian right-handed co-ordipsiters, with the nominal collision point at the origin.
The anti-clockwise beam direction defines the posithexis, while the positive-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positixaxis points upwards. The azimuthal angles measured around the beam
axis, and the polar ang is the angle measured with respect to zkexis. The pseudorapidity is given ly= —Intan(8/2).
Transverse momentum is defined relative to the beam axis.



3 Data selection

The data taken af's= 900 GeV were collected during 6—15 December 2009. During this runmargg
there were approximately 3% non-functional channels in the tile hadroludro@ter and approximately
1% non-functional channels in the LAr calorimeters [9]. For an integratetinosity of 7 b1, a total
of 455 thousand events were collected from colliding proton bunches ichvehminimum-bias trigger
recorded one or more hits in the scintillators on either side of the detector.

The events to be analysed were selected using a procedure identicaldesbidbed in Refs. [4,10].
Events were required to have a primary vertex which is reconstructed asiteast two tracks with
transverse momentpr > 100 MeV and a transverse distance of closest approach with resptw to
beam-spot position [11] of less than 4 mm.

This analysis uses topological clusters with> 0.5 GeV and|n| < 2.5 in order to have the same
kinematic range as for the previous UE study based on tracks [4]. Additional selectiverier were
applied to select good-quality clusters: 1) to reject the cosmic and noiggroand, the leading cell
energy of the cluster is required to be less than 90% of the cluster en2ydhe energy sampling
maximum must be in a calorimeter region with good calibration; 3) the fractionafgrin the cluster
associated with problematic cells (or dead cells where the energy contrisitibtained by interpolation
from adjacent cells) should be less than 50%.

Data at\/s= 7 TeV were collected between 30 March and 27 April 2010. Only a fraafotihe
7 TeV data, corresponding to an integrated luminosity of about/#8¢, was used. In total, about 7.7
million events were analysed. Event selection was similar to that for the 900d&&ly but included the
additional requirement of a single primary vertex [4, 10] to remove evaritaming more than onpp
interaction.

4 MonteCarlo simulation

The QCD predictions for the hadronic final state in inelagticcollisions are based on several Monte
Carlo generators. The PYTHIA 6.4 Monte Carlo generator [12] is usetha primary generator for
comparisons with the data. The MCQ9 tune [13] of this model was performelbAS. It uses the
pr-ordered parton shower with the MRST E@arton-density function [14], followed by fragmenta-
tion into final-state particles using the Lund string model [15]. The parametdlss generator were
adjusted to describe charged-particle multiplicity distributions in minimum-bias eveatsured at
v/s= 630 GeVand,/s= 1.8 TeVin pp collisions [16]. Diffractive processes are not included in the
simulation for the main samples, but were used for systematic checks (Sdatadyition to the MC09
tune, the following two PYTHIA parameter sets are also used: (1) the Rérggt [17] in which the
soft-QCD part is tuned using only minimum-bias data from the Tevatron and\CgRcolliders; (2)
the DW [18] PYTHIA tune, which uses virtuality-ordered showers and derived to describe the CDF
Run Il underlying event and Drell-Yan data.

The data are also compared to the PHOJET Monte Carlo generator [16h iwbludes a simulation
of the diffractive component. This generator is based on the two-comp@nel Parton Model which
includes soft hadronic processes described by Pomeron exchadgeemi-hard processes described
by perturbative parton scattering. The description of the fragmentatioreisaime as in the PYTHIA
generator.

In addition, the HERWIG Monte Carlo generator [20, 21] was used fangarisons with the data.
This generator has similar matrix-element calculations as PYTHIA, but usedukter fragmentation

2The topological clusters are treated as massless particles, and we ¢haeger to both clusters and stable particles in
terms ofpr. The same symbqdt is also used to represent the track transverse momentum.



model to hadronise partons into hadrons. HERWIG is interfaced with thiiYIkhodel [22] in order to
describe multiple parton interactions.

Monte Carlo events were processed through the ATLAS detector simulatgngm [23], which is
based on GANT4 [24]. They were reconstructed using the same trigger and eventisalas for the
data. The size and position of the collision beam-spot and the detailed diescapdetector conditions
during the data-taking runs were included in the simulation.

Monte Carlo events after the detector simulation program were used farctiog the data to the
stable-patrticle level defined as follows. The PYTHIA MCOQ9 is used to gga¢he primary samples for
unfolding the effects of the detector. Monte Carlo stable particles aretsdlgt¢heir mean lifetimes are
larger than 310! seconds. Neutrinos are excluded from consideration. According taléffiisition,
Kg, A andZ* are among those treated as stable particles. This definition allows a direcagsomp
between the results of previous track-based studies [4] and the preeasurement.

5 Propertiesof calorimeter clusters

Figures 2 and 3 show the distributionspfandn for topological clusters in data and simulated PYTHIA
MCO09 events at/s= 900 GeV and/s= 7 TeV, respectively. The distributions in each case are nor-
malised to the number of entries. In addition, the ratio plots show the ratio of simultatidata in the
transverse region alone. The figures show overall good agreeraeméén the data and the PYTHIA
MCO09 tune, with 20% discrepancies in some phase-space regions. Whidlkaven in these figures, the
Perugia0 tune agrees with the data to a similar extent. The contribution of tmepdiscy in the highpr
tail is expected to be small on particle densities measurpg 2t0.5 GeV, and it was taken into account
using re-weighting as described below. The observed differendasbr the data and the PYTHIA
MCO09 event sample for the distributions are addressed in the studies of systematic uncertainties.

Figures 4(a) and 5(a) show the multiplicity of topological clusters, with> 0.5 GeVandn| < 2.5,
versus the number of stable particles (charged and neutral) in simulatet$ éoe,/s = 900 GeV and
\/S=T7 TeV. A strong correlation is observed between the number of topolodicsters and the number
of stable particles, indicating that clusters are a good representationpditiee activity in inelastigp
events.

Figures 4(b) and 5(b) show the correlation between the number of tdpalatusters and the number
of primary tracks selected in the same way as in the track-based studié}.[4These figures also
show a strong correlation. The Monte Carlo simulation shown in Fig. 4(c) afw) reproduces these
distributions well: the means and the root-mean-square deviations of onegianal projections of
these distributions agree with the Monte Carlo simulation within less than onenpéocl(tracks > 4.
For events with a lower number of tracks, the data show a smaller mean vahee mfjection onto the
x-axis than seen in the PYTHIA MCO09 simulation. This is attributed to the absdrmiffraction in the
generated samples.

A Monte Carlo simulation study based on PYTHIA MCO09 indicates that the ibityethat a second
particle lies withiny/dn2+ d¢@? < 0.2 of a first in the selected inelastjip events is below 1%. This
simplifies the present analysis since there is negligible potential bias due terdusrlap.

For the UE studies based on topological clusters, a good position meastiismeguired. The qual-
ity of the position reconstruction of the clusters was studied by comparing thecirppint of charged
particles with the associated cluster position in the calorimeter. Charged padielaleflected in the
magnetic field of the solenoid. Their trajectories are extrapolated to the caterioeng a Monte Carlo
simulation which includes a detailed field map as well as the effect of the matefriahtrof the calorime-
ter. The Monte Carlo simulation describes the topological-cluster positiortssecta the positions of
the extrapolated tracks on the surface of the LAr calorimeter within the Gaatyuof its second layer
(0.025x 0.025indn x o).
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Figure 2: A comparison between uncorrected data and the Monte Carlo 8onuta topological cluster
pr () andn (b) for pp collisions at,/s =900 GeV . The ratio plots show the inclusive sample (solid
lines) and the transverse region (dashed lines).

As the correction for detector effects is based on the Monte Carlo simulatioassential issue
is the accuracy with which the simulation reproduces the energy recotistric the calorimeter. For
charged particles, the energy scale was studied [25,26] using isolat&d by extrapolating tracks to the
calorimeter surface and matching them to topological clusters. The avesihgeof the raticE /p was
reconstructed, wherg is the cluster energy in the calorimeter apds the track momentum. Figure 6
shows the average responge/p) for calibrated topological clusters as a functionrpfor tracks with
p > 0.5 GeV. The data and PYTHIA MCO09 agree within 5% in mgstegions, while discrepancies
increase in the transition region.gl< |n| < 1.8) between barrel and end-cap.

To estimate the relative energy-scale uncertainty, the double (@&fip)mc/(E/p) was calculated,
where the ratidE / p)mc was determined from the Monte Carlo simulation. The double ratio as a function
of n is shown in Fig. 6 (bottom). The double-ratio distributions were measureaivigde range of track
momenta and) as described in Refs. [25, 26].

The comparison between data and Monte Carlo predictions for the shiffesEy/ p distribution
is shown in Fig. 7. The peak at zero corresponds to isolated tracksdkatrito associated cluster in
the calorimeter. These are predominantly due to hadronic interactions in theahatdront of the
calorimeter [26]. The contribution of the discrepancies observedEfy = 0 between the data and
PYTHIA MCO09 to uncertainties on the reconstruction efficiencies of togoldglusters is below 1%.
This effect was taken into account as described in Sect. 7. More datdhe @nergy scale of topological
clusters can be found in Refs. [25, 27].

The energy scale for electromagnetic clusters was estimated usimg fheak reconstructed in in-
elasticpp events. The selection criteria for calibrated topological clusters wereame ss for the
present analysis. The® peak positions for data and PYTHIA MCO09 agree within 3% forptegions.

Correction of the observed distributions to the particle level requires alelidescription of the
cluster multiplicity distribution by the simulated event sample. This was studied byiiekay cluster



TE 7\ L T T T T T T ‘ T T ‘ T T ‘ L \7 TE 0.05 E T ‘ T T T ‘ T 1 7T \:
e r a) e e b) T
D 0.4 ATLAS @) 20.045 |- ATLAS (b) E
= Fe \/s= 7 TeV 7 = r \[s=7 TeV 3]
g E g £ 0.04 -
w r 7 w c |
[ B 0.035 —
0.3~ N C 7
. e Data 2010 - 0.03 |
i — PYTHIA ATLAS MC09 ] E ]
L | 0.025 =
0.21— _ = E
L . 0.02 —
L ] 0.015 * 2010Data =
L | E —— PYTHIA ATLAS MC09 B
0.1- i 0.011- E
i i 0.005 [~ =
7\ T AR AR ! 4 e N = T T T A A R
% 12- —aliregions el % 1.2 --_-n?rg;i%i;gse region 7
D [ -----transverse region D L
S L s L1 - |
= T = r L U] LA HA
0'8; L L L L L L — 0'8; L ]
0.5 1 15 2 25 3 35 4 -3 2 1 0 1 2 3

p; [GeV] n

Figure 3: A comparison between uncorrected data and the Monte Carlo 8onuta topological cluster
pr (a) andn (b) for pp collisions at,/s= 7 TeV . The ratio plots show the inclusive sample (solid lines)
and the transverse region (dashed lines).

multiplicities in bins of track multiplicity using projections of the two-dimensional distiifns shown
in Figs. 4 and 5. The observed differences are propagated into ttesvgtic uncertainties as discussed
in Sect. 7.

For the UE studies, the so-called “leading” clusters, i.e. clusters with thedatiginsverse momenta,
p'?ad, are used to define an event orientation. Such clusters are typically insiged$t energetic jets.
To verify this, jets were reconstructed with the alktialgorithm [28] with a distance parameter of 0.4,
a minimum py requirement of 5 GeVanth| < 2.5. Then, the distance in—¢ between the leading
topological cluster and the centre of the leading jet was calculated. Ithvaagghat, in the vast majority
of cases, the leading cluster is inside a leading jet with only a small fractid®%o) of clusters opposite
the leading jet inp. This feature is well reproduced by the Monte Carlo simulation.

To verify the Monte Carlo performance f@®29 the ratio ofp29 of topological clusters t@!¢29 of
primary tracks was reconstructed. The agreement between the datadhdihllA MCO09 tune for such
distributions was found to be withift5% in most regions, while discrepancies at the level of 20% were
found for the tails of the ratio distributions. The impact of such discreparini¢he simulation of the
pieadresolution on the final measurement has been estimated as discussed T Sect.

Monte Carlo studies show that the rate of events in which a pewpsarticle is reconstructed as
a highpr cluster is not negligible. This results in a low purity for topological clusterkigh p¢ad
Therefore, the analysis was performed for leading topological clusti#hstransverse momenta less
than 8 GeV (14 GeV) for the/s =900 GeV (7 TeV) data in order to limit this effect and to ensure that

the reconstruction purity even at the highest transverse momenta causisdarger than 50%.
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Figure 5: ATLAS data at/s= 7 TeV: The correlations between the multiplicities of, (a) topologi-
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MCO09 (without diffraction) passed through the selection were used tugeothe plots (a) and (c).



é_ E\\H H‘HH‘HH‘HHHHH\E
Y o.85= ATLAS E
g s=7Tev
0.8— =
c p>0.5GeV ]
F [ b ]
O.7Sj —@— Data 2010 —
F PYTHIA ATLAS MCO9 3
0.7— =
0.65 3
0.6F =
F —.— —e—— . E
0.55C - = E
= . —e— E
0.5 =
= . 7
045" o E
e R e SRR SRAREE: e A
< 1.1 ]
&
Sl -
> *‘0“—.—4
— O ®
—e—
1t ®
—e— ¢

515 1050 05 1 15 2 ;
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6 Measured observablesand correction procedure

Following earlier track-based analyses [4], particle densities are stadiadunction of the distandep
in the azimuthal angle between the leading cluster and all other clusters ireafy aad as a function
of pr of the leading cluster in the event. The scgbarsum for stable particles per unit areanr@ in
the transverse region is also presented. This provides complementamatian to that which can be
obtained from the particle densities.

The particles and clusters are required to hpye> 0.5 GeV and|n| < 2.5. Clusters are selected if
they pass the criteria described in Sect. 3. The measured observathiegatticle and detector levels
are:

e plead _ Transverse momentum of the stable particle with maximuymin the event. At the de-
tector level, this corresponds to the transverse momentum of the selectémbiopbcluster with
maximumpr in the event.

e d(N)/dA@ - The average number of particles as a function of the azimuthal-angleediéfe be-
tween the leading particle and other particles in an event. The leading pattitie-a 0 is ex-
cluded from this distribution. At the detector level, it corresponds to the maarber of selected
topological clusters as a function of the azimuthal-angle distance betwekrathieg topological
cluster and other clusters in an event. This density [4] is defined per ipgeudorapidity as
N/(Nev (Nmax— Nmin) ), WhereN is the number of entries iA¢ bins, Nmax— Nmin = 5 represents
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Figure 7: E/p distributions at,/s = 7 TeV for topological clusters matched to tracks in several bins of
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zero corresponds to the events without a good match between a topoldgatal and a track. A similar
level of agreement between data and Monte Carlo was obtained fgfehe900 GeV data (not shown).

the full pseudorapidity range, amd, is the number of events selected by requiring a particle with
p¢a9above the specified value.

e (d°N/dndg) - Mean number of stable particles per unit areaip. At the detector level, this
corresponds to the mean humber of selected topological clusters peramihg—¢. This density
is measured as a function pf29[4].

e (d?5 pr/dndg) - Mean scalapr sum for stable particles per unit arearjrg. At the detector
level, this corresponds to the mean scalarsum for selected topological clusters per unit area

in n—@. This quantity is defined following the convention used in the previous ATpABlica-
tion [4].

A bin-by-bin correction procedure is used to correct the observeadhilitions to the stable-particle
level. The correction factors

oy9en
= e
are evaluated separately for each observable. In the above empregd"is calculated at the stable-
particle level of PYTHIA MC09 and»%is calculated after full detector simulation and reconstruction.
The corrected value for an observable is found by multiplying its measualee by the relevant correc-
tion factorC. These factors correct the data to the stable-particle level and includdfélats of event
selection, reconstruction efficiency, bin migrations and smearing, inclutimgase when the leading
particle is mis-identified and a cluster corresponding to a sub-leading pasticted to define the event
orientation ancp!ed

The bin-by-bin correction depends on the choice of the Monte Carla gesmerator. This affects the
efficiency correction (mainly due to variations in particle types) and the p(different stable-particle

C

9



level distributions have different fractions of poorly reconstructeigctis in each bin as well as different
bin migrations). To reduce the model dependence of the correctiondnagebin-by-bin migrations
were minimised by using bin sizes larger than the reconstruction resolutiotisefaistributions pre-
sented. In addition, the analysis was restricted tod?r’é‘ ranges where the purity of leading clusters is
above 50% (see Sect. 5).

The bin-by-bin correction factors for the particle densities typically halaes of around.B and do
not exceed M. The largest single contributor is the reconstruction inefficiency ofltmpecal clusters,
which leads to a bin-by-bin correction factor of approximately an average and has a maximum value
of 1.3 at low pr. The other significant contributor is the event reorientation which resuts fneffi-
ciency of the reconstruction of the leading topological cluster in an evamts dauses bin migrations,
which were studied by replacing the leading clugté?® by the leading trackp!3dtrack), for which
the efficiency is known to be high [4]. The bin-by-bin corrections foralkierage scalgpr sum have a
maximum value of 5 for low p¢dand decrease tad for pl¢29> 6 GeV .

To study the contribution from diffractive events, the PYTHIA [12] ard@JET [19] Monte Carlo
generators were used. Non-diffractive inelagtjizevents were mixed with single and double diffractive
events in accordance with the corresponding generator cross-sefttiguch processes. The diffractive
contribution was found to be below 1% for tdéN)/dAg densities ap'3d > 1 GeVin PYTHIA, and
almost entirely concentrated at low multiplicities (fewer than four topologicadtehs). The contribu-
tion of diffractive events is larger fofd?N/dnde) and (d?s pr/dndg) measured ap'¢d? < 3 GeV,
but becomes negligible fqn'Tead > 3 GeV. Diffractive contributions are higher for PHOJET, but their
contribution was found to be smaller than the systematic uncertainties on thenaslurements. No
attempt to subtract diffractive events from the final measurements was made

7 Systematic uncertainties

The systematic uncertainties on the measured distributions were determineangjrg the selection or
the analysis procedure and repeating the analysis. The largest umtiestare described below:

e The following procedure was used to estimate the effect of the relativgyeseale uncertainty
on the final measurements. The double raig p)mc/(E/p) was calculated for isolated single
particles as described in Sect. 5. The effect of the energy-scaletaintg on the measured den-
sities was found by decreasing and increasingphef topological clusters in the Monte Carlo
simulation, keeping the same clustgr in the data. The magnitude of the variation was set by
the value of the double ratio calculated in a grid defineq iand p. To simplify the calculation
of the systematic uncertainties, a common variation was used for all topolatiiséérs indepen-
dent of their origin (hadronic or electromagnetic). The effect of thegynrecale uncertainty is
significantly larger than that due to the event selection (including triggér) [1

e The dependence of the bin-by-bin corrections on the detector matesiadipleon was estimated
by recalculating the corrections using two further samples: one with an #¥%@aof material in
the tracking system, and the other with15% additional material in the regidn| > 2.

e The physics-model dependence of the bin-by-bin corrections was éstirnaing the Perugia0
tune [17] instead of PYTHIA MCO09. This uncertainty was symmetrised.

e A comparison of multiplicities of topological clusters in bins of track multiplicities indidateme
discrepancy between data and Monte Carlo for events with low track multipli¢géss Sect. 5).
To estimate a systematic uncertainty to account for this discrepancy, the/bim-lacceptance
corrections were calculated after re-weighting the PYTHIA MCO09 detdetal distributions. For
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| Check [d(N)/dBg_(d°N/dndg) (d?5 pr/dndg) |

Energy scale +4.3% +4% +5.6%
Additional material | +3.5% +3% +3.6%
Model dependence | +3.5% +5% +4.5%

Multiplicity reweighting | +£4.5% +10% +11%
Resolution reweighting| +0.4% +6% +6%

Table 1: A summary of the most important systematic uncertainties. The table listslties of contri-
butions from different groups of systematic checks. Only the largdaesaare shown, taken from the
bins with the largest effect when the systematic variation was applied.

this, cluster multiplicity distributions were measured in bins of track multiplicity and egtting
factors were calculated by taking the ratio of the above distribution in datd@afdHIA MCO09.
The re-weighting procedure also addresses the uncertainties on tleedesisription used in the
Monte Carlo simulation and other effects related to the cluster-reconstrgifioiencies.

e A systematic uncertainty was estimated to account for differences iprthesolution of leading
topological clusters in data compared to the Monte Carlo expectation. Déswigs in the tails
of the distributions ofp!*a9(clusters/ p!¢3Ytrackg were used to extract weighting factors, which
were then used to recalculate the acceptance corrections.

Table 1 shows the values of the systematic uncertainties discussed abayeesntage of the
measured values. Only the largest values are shown for the bins with theigrdficant effect from the
selection variations or change in the experimental procedure.

In addition to these uncertainties, the following systematic variations were alkmed: 1) in or-
der to reduce the contribution from diffractive events, the measuremastrepeated after removing
events with fewer than four clusters; 2) the positions of cluster centrgsand ¢ were shifted by the
size of one cell; 3) an alternative model (FTFP-Bertini) for the hadrehmaer simulation in GANT4
was used to extract the correction factors; 4) the calorimeter transitioonred 0.94 < |n| < 1.06,
which is not well described by the Monte Carlo simulation was removed in theaddtan the simulated
PYTHIA MCO09 sample. These variations each give systematic uncertaities B%, with the excep-
tion of that for diffractive events which indicate a-710% systematic uncertainty for thHd?N /dndg)
and<d22 pr/dnde) densities measured p?ad< 3 GeV. As an additional systematic check, the mea-
surement was also repeated using topological clusters at the electraimamezgy scale and similar
differences between data and Monte Carlo simulations were observed.

The overall systematic uncertainty was determined by adding the aboveaintes in quadrature.

8 Reaults

Figure 8 shows the density distributial{N) /dA¢g of stable-particles as a function of the distance in
azimuthal angle between the leading particle and other particles in an evepsfe 900 GeV . This
density, defined in Sect. 6, is calculated for events selected by requipagiale with p'Tead above the
values indicated on the figure. The detector correction for this density ¢sislied in Sect. 6. The
total uncertainty, computed from the addition of statistical and systematictamtegs in quadrature, is
shown as a shaded band on all measurements.

The angular distribution shown in Fig. 8 has a pealkat~ 0 which reflects the particle activity
from the hard interaction. The peak narrows;$§OI increases. The shape of this distribution is similar to
that observed in the recent track-based publications [2—4], andiaidargo the transverse-momentum
flow around jets observed at a lowpp collision energy [29]. The particle densities measured using
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topological clusters are higher than the charged-particle densities redassing tracks [4], which is
expected from the neutral-particle contribution.

Figure 9 shows thA@ density distributions fox/s= 7 TeV . The distributions show narrower peaks,
for a givenp!®3dthreshold, than for thg/s = 900 GeV data.

The data are compared to the PYTHIA Monte Carlo generator with the MC&@,gR0 and DW
tunes, PHOJET and HERWIG+JIMMY. The Monte Carlo generatorsodepre the general features of
the data, but fail to describe the detailed behaviour, as can be seen gutesfiThe MC09 and Perugia0
PYTHIA tunes are closest to the data. The PHOJET generator significamdrestimates the particle
densities, while the PYTHIA DW and HERWIG overestimate the datAg@t-0. The data are seen
to have a large discriminating power and are thus useful to constrain thenptars of Monte Carlo
generators.

ATLAS
\'s = 900 GeV

== Data 2009 ATLAS

= PYTHIA ATLAS MC09 ) /s =900 GeV
= PYTHIA Perugia0

= =PYTHIA DW

++1+ HERWIGHIIMMY

=+ PHOJET

ATLAS
\/s = 900 GeV

L, p>1Gev

A @[rad] A [rad]

A [rad]

(a) (b)
Figure 8: The average number of particles per unit of pseudorapidity fasction of the azimuthal
separation between the leading particle and other particles in inefgstiollisions at,/s = 900 GeV .
The shaded band shows the statistical and systematic uncertainties addedliatore. The densities
are shown for (ap@> 1 GeV, (b)p'ead > 2 GeV and (c)p'¢2> 3 GeV .

()

Figure 10 shows the mean number of particles per event per unit interyahimd @ as defined in
Sect. 6. The density was calculated in the transverse region illustrated ifh, Eig.a function ob'Tead.
None of the Monte Carlo predictions describe the data well. The DW tune is tlse similar to the
observed data. As is seen in the distribution, the PHOJET simulation lacks a hard component for
\/S= 7 TeV. The patrticle density increases almost by a factor of two, going fy@&s= 900 GeV to
V/S= 7 TeV at a similarp'39, which is comparable to what is seen in all Monte Carlo generators.

Figure 11 shows the mean scafarsum for stable particles in the transverse region as a function of
piead As for the particle densities, the mean transverse-momentum sum is mepsuredt interval in
n and @ (see Sect. 6). Again, the Monte Carlo predictions do not fully describeldtee The largest
discrepancy with the data is found for the PHOJET generator.

9 Conclusions

Particle densities sensitive to the underlying evenpcollisions at centre-of-mass energies of 900
GeVand 7 TeV are presented. This is the first such analysis completedg bascalorimetric measure-
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Figure 9: The average number of particles per unit of pseudorapidity fagction of the azimuthal
separation between the leading particle and other particles in inefgstiollisions at,/s=7 TeV. The
shaded band shows the statistical and systematic uncertainties added ratupeéadThe densities are
shown for (a)p'2> 1 GeV, (b)p'ead > 2 GeV and (c)p'ead> 3 GeV .

ment of three-dimensional energy depositions, which is made possible Hinéhgranularity of the
ATLAS calorimeter with transverse and longitudinal samplings.

The particle densities were studied and compared with several Monte @séoagors tuned to pre-
LHC data. None of the Monte Carlo generators describe the measurenehtsparticular, the Monte
Carlo predictions have discrepancies with the data for the particle denstjuastion of the azimuthal
angle between the leading particle and any other particle in an event. Thite Mamlo generators
typically predict a lower particle density in the transverse regidwp( ~ 77/2), while in the toward
region Q@ ~ 0), the PYTHIA DW and HERWIG+JIMMY generators both overestimate thesdies.
PHOJET significantly fails for thg/s= 7 TeV data. For the particle densities as a functiorp'&fd, all
the Monte Carlo generators also fail to describe the data, predicting loamothserved particle activity
in the transverse region. A similar conclusion holds for the total transveoseentum of particles in the
transverse region.

The particle densities measured using topological clusters are higher thelnatyed-particle densi-
ties measured using tracks [4]. This is expected from the neutral-pamictélaution. The discrepancies
between the data and Monte Carlo generators agree with those obsarebdriged particles [4]. These
measurements have systematic uncertainties independent to the traclstmbesl and provide addi-
tional information which may be used to improve the Monte Carlo description afdimgplete final state
produced inpp collisions.
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