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Abstract Distributions sensitive to the underlying event in
QCD jet events have been measured with the ATLAS detec-
tor at the LHC, based on 37 pb~! of proton—proton collision
data collected at a centre-of-mass energy of 7 TeV. Charged-
particle mean pt and densities of all-particle ET and charged-
particle multiplicity and pt have been measured in regions
azimuthally transverse to the hardest jet in each event. These
are presented both as one-dimensional distributions and with
their mean values as functions of the leading-jet transverse
momentum from 20 to 800 GeV. The correlation of charged-
particle mean prt with charged-particle multiplicity is also
studied, and the ET densities include the forward rapid-
ity region; these features provide extra data constraints for
Monte Carlo modelling of colour reconnection and beam-
remnant effects respectively. For the first time, underlying
event observables have been computed separately for inclu-
sive jet and exclusive dijet event selections, allowing more
detailed study of the interplay of multiple partonic scattering
and QCD radiation contributions to the underlying event.
Comparisons to the predictions of different Monte Carlo
models show a need for further model tuning, but the stan-
dard approach is found to generally reproduce the features
of the underlying event in both types of event selection.

1 Introduction

To perform precise measurements or search for new physics
phenomena at hadron colliders it is essential to have a good
understanding not only of the hard scattering process, but also
of the accompanying interactions of the rest of the proton.
The aspects of a given collider event not identified with the
hard process are collectively termed the “underlying event”
(UE). The UE can receive contributions not only from addi-
tional partonic scatters in the same proton—proton collision
(multiple parton interactions, or MPI) and from quantum
chromodynamics (QCD) colour connections between par-
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tons and beam remnants, but also from processes typically
associated with the hard process, such as QCD initial- and
final-state radiation (ISR, FSR). It is impossible, even in prin-
ciple, to unambiguously separate the UE from the hard scat-
tering process on an event-by-event basis. However, observ-
ables can be measured which are particularly sensitive to its
properties.

The low-momentum QCD processes which dominate the
UE are the main type of interaction in proton—proton colli-
sions. The behaviour of such soft interactions cannot be cal-
culated reliably with perturbative QCD methods, due to the
divergence of the QCD coupling at low scales; it is therefore
typically modelled in a phenomenological manner by Monte
Carlo (MC) event generator programs. These models invari-
ably contain parameters whose values are not a priori known
or calculable and must instead be fitted (“tuned”) to experi-
mental data. Predictivity of UE modelling is important since
the UE forms an irreducible background of particle activity
in all hard-scale processes studied at the LHC. Most new-
physics searches operate in event types with high momen-
tum transfer where the UE has not yet been measured, hence
extension of the measurements into these regions is impor-
tant, as is testing the reliability of the UE modelling between
hard process types with different QCD colour flows.

UE observables were previously measured by both the
Tevatron and LHC experiments. The CDF experiment mea-
sured the UE with inclusive jet and Drell-Yan events in Teva-
tron proton—antiproton (p p) collision data, at centre-of-mass
energies of /s = 1.8 TeV [1] and 1.96 TeV [2]. The ATLAS
[3-6], ALICE [7] and CMS [8,9] experiments at the LHC
have thus far measured observables sensitive to the UE in
proton—proton (pp) collision data at »/s = 900 GeV and
7 TeV, using track-jets, leptonically decaying Z bosons, and
the highest-pt charged particle to define the hard scatter-
ing direction in the event. This paper reports a measure-
ment of UE observables in inclusive jet and exclusive dijet
events, recorded by the ATLAS detector [10] at the LHC
using proton—proton collisions at a centre-of-mass energy of
7 TeV, from the LHC 2010 run. This study extends the phase-
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space coverage of previous studies of the UE by probing a
much higher jet- pt scale (up to 800 GeV), studying a subset
of events with an exclusive dijet topology, and by measur-
ing the sum of the transverse energy in the full range of the
ATLAS calorimeter acceptance.

This paper is organised according to the following struc-
ture. The ATLAS detector is described in Sect. 2. The observ-
ables sensitive to the underlying event are defined in Sect. 3.
In Sect. 4, the QCD MC models used in this analysis are dis-
cussed. Sections 5—7 respectively describe the event selec-
tion, correction of the data back to particle level, and estima-
tion of the systematic uncertainties. The results are discussed
in Sect. 8 and finally the conclusions are presented in Sect. 9.

2 The ATLAS detector

The ATLAS detector is described in detail in Ref. [10]. In
this analysis, the trigger system, the tracking detectors, and
the calorimeters are of particular relevance.

The ATLAS inner detector is immersed in the 2T axial
magnetic field of a superconducting solenoid, and measures
the trajectories of charged particles in the pseudorapidity
range || < 2.5 with full azimuthal coverage.! The inner
detector consists of a silicon pixel detector (pixel), a sili-
con microstrip detector (SCT) and a straw-tube transition
radiation tracker (TRT). The inner detector barrel (endcap)
detectors consist of 3 (2 x 3) pixel layers, 4 (2 x 9) layers of
double-sided silicon strip modules, and 73 (2 x 160) layers of
TRT straws. The pixel, SCT and TRT have r—¢ position reso-
lutions of 10, 17, and 130 wm respectively, and the pixel and
SCT have z-coordinate (r-coordinate) resolutions of 115 and
580 pm respectively in the barrel (endcaps). A track travers-
ing the barrel typically has 11 silicon hits (3 pixel clusters,
and 8 strip clusters), and more than 30 straw tube hits.

Electromagnetic (EM) calorimetry is provided by liquid-
argon (LAr) calorimeters. The barrel (|n| < 1.475) and
endcap (1.375 < |n| < 3.2) sections have lead absorbers,
and the forward (3.1 < |n| < 4.9) section (FCal) contains
LAr/Cu modules. The hadronic calorimeter is divided into
four sections: the barrel (|n| < 0.8) and extended barrel
(0.8 < || < 1.7), both of which are scintillator/steel sam-
pling calorimeters; the hadronic endcap (1.5 < || < 3.2),
which has LAr/Cu modules; and the hadronic FCal, which
has LAr/W modules and covers the same 71 range as the EM
FCal. The total calorimeter coverage is |n| < 4.9.

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle 6
asn = —Intan(6/2).
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The EM calorimeter has three longitudinal layers (called
strip, middle and back) and a fine segmentation in the lateral
direction of the showers within the inner detector coverage.
At high energy, most of the EM shower energy is collected
in the middle layer which has a n—¢ granularity of n x ¢ =
0.025 x 0.025. The n—¢ granularity in the hadronic endcap
ranges from 7 x ¢ = 0.1 x 0.1 t0 0.2 x 0.2. In the forward
calorimeter, the cells are not arranged in projective towers
but are instead aligned parallel to the beam axis. As such the
readout granularity is not constant in n—¢.

The ATLAS detector has a three-level trigger system:
level 1, level 2 and the event filter. Data were taken for this
analysis using the single-arm minimum bias trigger scintilla-
tors (MBTS) and central jet-trigger, covering || < 3.2. The
MBTS are mounted at each end of the detector in front of the
liquid-argon endcap-calorimeter cryostats at z = £3.56 m
and are segmented into eight sectors in azimuth and two rings
in pseudorapidity (2.09 < |n| < 2.82 and 2.82 < |n| <
3.84). Events were triggered by the MBTS system if at least
one hit from either side of the detector was recorded above
threshold.

3 The underlying event observables

The UE observables presented in this paper are constructed
separately from charged-particle tracks with pt > 0.5 GeV
and from three-dimensional clusters of calorimeter cells [11].

Tracks are required to be within |n| < 2.5 for all observ-
ables by the acceptance of the ATLAS tracker, while clusters
are constructed separately for pseudorapidity acceptances of
[n] < 4.8 and |n| < 2.5 to provide one measurement with
full forward coverage and one compatible with the more
restricted acceptance of the tracker.

These detector-level objects were corrected to hadron-
level quantities (i.e. in terms of particles with a mean proper
lifetime > 0.3 x 1079 s either directly produced in the
pp interactions or in the decay of particles with a shorter
lifetime) using the definitions given in Refs. [3,6]. The jet
correction to hadron level is based on charged and neutral par-
ticles with this lifetime cut, excluding neutrinos. The selected
tracks were corrected to primary charged particles with
pr > 0.5 GeV and |n| < 2.5. No attempt was made to iden-
tify single calorimeter cell clusters (according to the ATLAS
definition [11]) with primary particles, but momentum sums
of clusters were corrected to momentum sums of primary
charged particles with momentum p > 0.5 GeV and primary
neutral particles (including neutrinos) with p > 0.2 GeV. A
geometric requirement of || < 4.8 or || < 2.5 was applied
depending on the cluster observable. Lower-momentum par-
ticles were not included because detector simulation indi-
cated that they do not deposit significant energy in the ATLAS
calorimeters, due to interactions with detector material at
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Table 1 Definition of the observables measured in each event at hadron
and detector level. The hadron-level observables based on momentum
use only particles with pr > 0.5 GeV, and those based on energy use
p > 0.5 GeV for charged particles and p > 0.2 GeV for neutral par-
ticles. All hadron-level definitions are based on particles with mean
proper lifetime 7 > 0.3 x 10710 5. Tracks are selected if they satisfy
the criteria described in Sect. 5. In the profile plots shown later, these

per-event observables are averaged over the events in each bin of the
profile (i.e. in plTead or Ncp). The event-ensemble averages shown in the
profiles are indicated with (-) notation, hence the form “mean pr” is
used to distinguish the per-event mean pt which is profiled as the double
mean, (mean pr). The trans-max and trans-min sub-regions are defined

per-event and are also specific to the observable being considered

Event-wise Particle level Detector level

observable

plTead Transverse momentum of the leading jet

Nech/on & Number of stable charged particles per unit n—¢ Number of selected tracks per unit n—¢

> pr/&nép Scalar pt sum of stable charged particles per unit n—¢ Scalar p sum of selected tracks per unit n—¢

Mean prt Mean pr of stable charged particles (at least one charged particle is Mean pr of selected tracks (at least one selected
required) track is required)

S Et/&n&p Scalar ET sum of stable charged and neutral particles per unit n—¢ Scalar ET sum of selected calorimeter energy

clusters per unit n—¢

smaller radii and bending in the magnetic field. Since the
properties of low-momentum particles are not well known or
modelled, excluding them from the hadron-level phase space
definition reduces the model dependence of the correction
procedure.

The observables used in this study, defined in Table 1,
employ the conventional UE azimuthal division of events into
regions relative to the direction of the “leading” object in the
event [1]. The leading object in this case is defined by the
anti-k; [12] jet with distance parameter R = 0.4 which has
the largest pr (denoted by pl]?ad) after application of the jet
selection criteria described in Sect. 5. At hadron level the jets
are constructed from primary particles as previously defined,
excluding neutrinos. The azimuthal regions are defined with
respect to the ¢ of the leading jet: a 120° “towards” region
surrounds the leading jet, an “away” region of the same size is
azimuthally opposed to it and two “transverse” regions each
of 60° are defined orthogonal to the leading jet direction. This
is illustrated in Fig. 1, which displays the azimuthal distance
from the leading jet, | A¢|, used to define the UE regions.

Since the towards region is dominated by the leading jet
and the away region by the balancing jet (in the dominant
dijet configuration), the transverse regions are the most sen-
sitive to accompanying particle flow, i.e. the UE. In addition,
the transverse regions may be distinguished event-by-event
based on which one has more or less activity, named the
“trans-max” and “trans-min” sides respectively. The trans-
max side is more likely to be affected by wide-angle emis-
sions associated with the hard process and correspondingly
the trans-min observables have the potential to be more sen-
sitive to soft MPI and beam-remnant activity. In this anal-
ysis, the trans-min/max definition is specific to the observ-
able being considered; for example the trans-max side for the
charged-particle multiplicity (N.p) observable (i.e. the side of
the transverse region which contains more charged particles)

leading jet

towards
|A¢| < 60°

transverse
60° < [Ad| < 120°

transverse
60° < |Ad| < 120°

away
|Ag| > 120°

Fig. 1 Definition of regions in the azimuthal angle with respect to the
leading jet. The towards, away and transverse regions are defined in
the text. The balancing parts of the jet system are indicated with green
arrows, compatible with the dominant dijet event topology. Multi-jet
topologies, encountered in the inclusive jet event selection, are expected
to contribute more substantially to the transverse regions than the geom-
etry shown here

can be different from the trans-max side for the scalar sum of
the particle transverse momentum () pr) observable in the
same event. The difference between trans-max and trans-min
sides for a given observable is referred to as the “trans-diff” of
that observable [13,14]. The trans-diff observables are very
sensitive to hard initial- and final-state radiation.
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This azimuthal segmentation of events around the leading-
jet direction is based on an assumption of dominant dijet
topologies. Measurements of LHC jet rates [15] indicate that
events with three or more jets contribute to inclusive jet UE
observables; hence there are substantial contributions to the
transverse regions from the hard partonic scattering. While
this subverts the intent of the azimuthally segmented observ-
able definitions, the resulting interplay of hard and soft event
features is itself interesting and relevant to modelling of hard
pp interaction processes at the LHC. Hence, the transverse-
region UE observables are studied both in inclusive jet events
where multi-jet topologies contribute, and in the subset of
exclusive dijet events where higher-order emissions beyond
the leading dijet configuration are explicitly suppressed.

The particle and energy flow observables in the transverse
regions are studied both as one-dimensional distributions,
relatively inclusive in the properties of the hard process,
and as “profile” histograms which present the dependence
of the mean value of each observable (and its uncertainty) as

a binned function of a hard process property, usually p%’ad.

4 Monte Carlo models of the underlying event

In scattering processes modelled by perturbative QCD two-
to-two partonic scatters, at sufficiently low pr the partonic jet
cross-section exceeds that of the total hadronic cross-section.
This apparent problem is resolved by extending the single-
hard-scatter model to include the possibility of multiple par-
tonic scatters in a given hadron—hadron interaction. In this
picture, the ratio of the partonic jet cross-section to the total
cross-section is interpreted as the mean number of parton
interactions in such events. This model is implemented in sev-
eral Monte Carlo event generators, augmented in each imple-
mentation by various phenomenological extensions [16-20].

This analysis uses simulated inclusive jet events cre-
ated by the PYTHIA 6 [16], PYTHIA 8 [17], HERWIGH+JIMMY
[21], HERWIG++ [18,22], ALPGEN+HERWIG+JIMMY [23],
and POWHEG+PYTHIA 6 [24] event generators. All but the last
of these are leading-order parton shower generators, but use
different hadronisation models and different parton shower
formalisms; the PYTHIA family uses a hadronisation model
based on the Lund string and a pr- or virtuality-ordered
parton shower, while HERWIG+JIMMYand HERWIG++ imple-
ment a cluster hadronisation scheme and their parton show-
ers are ordered in emission angle.”> The FORTRAN HER-
WIG [21] generator by itself does not simulate multiple par-
tonic interactions; these are added by the JIMMY [25] pack-

2 The PYTHIA showers include an angular veto on the first ISR emission
to approximate the colour coherence effect implicit in the HERWIG angu-
lar ordering. The HERWIG++ shower additionally uses massive splitting
functions for heavy-quark emissions.
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age. The ALPGEN generator provides leading-order multi-
leg matrix element events, i.e. it includes more complex
hard process topologies than those used by the other gen-
erators but omits loop-diagram contributions. The ALPGEN
partonic events are showered and hadronised by the HER-
WIG+JIMMY generator combination, making use of MLM
matching [23] between the matrix element and parton shower
to avoid double-counting of jet production mechanisms. A
related matching process is used to interface PYTHIA 6 to
the next-to-leading-order (NLO) POWHEG generator, where
the matching scheme avoids both double-counting and NLO
subtraction singularities. The POWHEG matrix element sim-
ulates the partonic dijet process at NLO, i.e. including the
loop correction, while the third (real emission) partonic jet
is calculated at leading order. Revision 12169 of POWHEG is
used; this version contains an important modification to the
original POWHEG dijet matching which reduces the incidence
of spikes in physical distributions [26,27].

Such models typically introduce several parameters,
which are to be tuned to data at different centre-of-mass ener-
gies and for a variety of hadronic processes. MC tuning in
recent years has made extensive use of ATLAS and Tevatron
underlying event and minimum bias data for a variety of event
generators, most notably the PYTHIA and HERWIG families.
In this study we have used tuned MC generators both for data
correction and systematic uncertainties, and for comparison
to the detector-corrected data observables. The combinations
of generators, PDFs and tunes are listed in Table 2. No cur-
rently available tunes make use of UE data from a pp initial
state and high- pt jet events as measured here, so the compar-
isons of corrected data to MC models give a good indication
of the level of predictivity of models tuned to Tevatron or
low-pt LHC data.

The AMBTI tune (ATLAS Minimum Bias Tune 1) [37]
of PYTHIA6 was the first LHC-data tune constructed by
ATLAS, and primarily used diffraction-suppressed observ-
ables from the early ATLAS minimum bias (MB) measure-
ments [40] as input to the tuning.

Perugia2011 [30] is the latest in the “Perugia” set of
PYTHIA 6 tunes, which use early LHC minimum bias and
underlying event data and the PYTHIA prt-ordered parton
shower. A consistent definition of the strong coupling s is
used throughout the parton showers for smooth interfacing
to multi-leg matrix element generators, particularly ALPGEN.
This tune uses the CTEQSL1 PDF [31].

The PYTHIA 6 DW [32] tune uses a virtuality-ordered par-
ton shower and an MPI model not interleaved with the ISR.
This tune was constructed to describe CDF Run II underly-
ing event and Drell-Yan data and also uses the leading-order
CTEQSL1 PDF; it is included here for comparison to previ-
ous results.

PYTHIA G is also used in conjunction with a matched
POWHEG NLO matrix element using the CT10 PDF set, as
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Table 2 Details of the MC models used in this paper. It should be noted
that all tunes use data from different experiments for constraining dif-
ferent processes, but for brevity only the data which had most weight in
each tune is listed. A “main data” value of “LHC” indicates data taken
at 4/s = 7 TeV, although /s = 900 GeV data were also included with
much smaller weight in the ATLAS tunes. Some tunes are focused on
describing the minimum bias (MB) distributions better, while the rest

are tuned to describe the underlying event (UE) distributions, as indi-
cated in “focus”. The detector-simulated MC configurations used for
data correction are separated from those used in the results compari-
son plots, for clarity. For the POWHEG+PYTHIA 6 entry, separate parton
distribution functions (PDFs) were used for the matrix element and par-
ton shower/multiple scattering aspects of the modelling, indicated with
“ME” and “PS/MPI” respectively

Generator Version Tune PDF Focus Main data  Used for

PYTHIA 8 8.157 AU2 [28] CT10 [29] UE LHC MC/data comparison
PYTHIA 6 6.425 Perugia2011 [30] CTEQSL [31] UE LHC MC/data comparison
PYTHIA 6 6.421 DW [32] CTEQSL UE Tevatron MC/data comparison
HERWIG++ 2.5.1 UE7-2 [33] MRST LOxx [34] UE LHC MC/data comparison
HERWIG+]IMMY 6.510 AUET?2 [35] MRST LOx#x* UE LHC MC/data comparison
ALPGEN+HERWIGHIIMMY 2.13 + 6.510  AUETI [35] CTEQ6L1 [36] UE LHC MC/data comparison
POWHEG+PYTHIA 6 12169 + 6.425 Perugia2011 CT10 (ME) + CTEQSL (PS/MPI) UE LHC MC/data comparison
PYTHIA 6 6.425 AMBTI1 [37] MRST LOx [38] MB  Early LHC Data correction
HERWIG++ 25.0 LO«*_JETS [39] MRST LOx UE Tevatron Correction systematics

this is the highest perturbative order of QCD jet event mod-
elling currently available in fully showered/hadronised form.
The Perugia2011 tune of PYTHIA 6 is used to shower these
POWHEG events. While commonly used together, the Peru-
gia2011 tune was constructed based on leading-order matrix
elements only, and without the POWHEG matching modifica-
tion to the parton shower; the interest in comparing this model
to data is hence to observe whether the POWHEG+PYTHIA 6
matching procedure has any adverse effect on UE distribu-
tions relative to standalone PYTHIA 6.

PYTHIA8 adds to the established PYTHIA-family MPI
model by interleaving not only the ISR emission sequence
with the MPI scatterings, but also the FSR; all three processes
compete against each other for emission phase space in the
resulting evolution. The AU2 CT10 tune [28] used here is the
variant of the latest ATLAS PYTHIA 8 UE tune set intended
for use with the NLO CT10 PDF [29]. This configuration is
the standard setup for jet event simulation in current ATLAS
production use, with the model tuned to give a very good
description of leading-track UE data at /s = 7 TeV.

Two tunes of HERWIGH+JIMMY are used in this study: the
ATLAS AUET?2 LOxx tune for standalone HERWIG+JIMMY,
and the older AUET1 CTEQG6LI1 used in the ALPGEN sam-
ple [35]. For HERWIG++ the standard 7 TeV underlying
event tune UE7-2 [33] for the MRST LOx** PDF is used.
This model includes a colour reconnection model—the first
for a cluster hadronisation generator—and provides a good
description of both leading-track UE and minimum bias data
at 7 TeV. The LOx* PDF, like the LO* PDF used in the
PYyTHIA6 AMBT1 sample, is one of a series of “modified
leading order” PDFs which attempt to mimic full NLO sim-
ulated event characteristics by relaxation of PDF momentum
sum rules and use of a p%—based factorisation scale for better

compatibility with the approximate resummation inherent in
parton shower algorithms.

The PYTHIA 6 AMBT1 and HERWIG++2.5.0 samples were
processed through the ATLAS detector simulation frame-
work [41], which is based on GEANT4 [42], then recon-
structed and analysed similarly to the data. These recon-
structed events were used to calculate detector acceptances
and efficiencies, to correct the data for detector effects. The
fully simulated and reconstructed samples include overlay of
MC pile-up events, simulated using PYTHIA 8 with the AM?2
tune [43], with the mean number of interactions distributed
according to data conditions. The HERWIG++ sample used
for unfolding (i.e. correction of residual detector effects) was
generated using HERWIG++2.5.0 with the default LOx_JETS
[39] tune—an older configuration than that shown in the
physics comparison plots in this paper. All other MC models
described are used at the generated stable particle level only.

5 Data analysis object selection

This analysis uses the full ATLAS 2010 dataset of jet events
in proton—proton collisions at /s = 7 TeV, in which the aver-
age number of multiple pp interactions per bunch crossing
(“pile-up”) was much smaller than in the 2011 data-taking
period. Basic requirements on data quality and the operating
conditions of the beam, the relevant sub-detectors and the
triggers resulted in a dataset corresponding to an integrated
luminosity of 37+1.3 pb~!, uncorrected for trigger prescales
[44].

To select jet events, two different trigger systems were
used: the MBTS trigger and the central jet-triggers, the latter
of which has several p thresholds. The MBTS trigger selects

@ Springer
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events containing charged particles within the fiducial accep-
tance of the minimum bias trigger scintillator, and was used
to select events with jets having transverse momenta in the
range 20-60 GeV. Jets with pt greater than 60 GeVare above
the threshold of full efficiency of the calorimeter-based jet-
trigger, hence this was used to select jet events above this
scale. A single jet-trigger was used for each plTead bin in the
observables, specifically the fully efficient (>99 %) trigger
with the smallest possible prescale factor for that bin [45].

To reject events due to cosmic-ray muons and other non-
collision backgrounds, events were required to have at least
one reconstructed “primary” pp interaction vertex, each
having at least five tracks satisfying the following criteria
[40]:

— pt > 0.5 GeV;

- Inl <2.5;

— a minimum of one pixel and six SCT hits;

— a hit in the innermost pixel layer, if the corresponding
pixel module was active;

— transverse and longitudinal impact parameters with respect
to primary vertex |dog| < 1.5 mmand |zg| sinf < 1.5 mm;

— for tracks with pr > 10 GeV, a x? probability of track
fit greater than 0.01 was required in order to remove mis-
measured tracks.

Events with p%f:“d < 100 GeV were taken in conditions

with negligible pile-up, while the bulk of events with higher
plTead were taken in the second 2010 data-taking period, with
amean of 2-3 pp interactions per bunch crossing. To reduce
the contributions from pile-up, events containing more than
one reconstructed primary vertex with at least two associated
tracks were removed.

Finally, to obtain an inclusive jet event selection, each
event was required to contain at least one jet with pt >
20 GeV and rapidity |y| < 2.8. The resulting sample was
entirely dominated by pure QCD jet events. For the exclu-
sive dijet event selection an additional requirement of one
and only one subleading jet was made, where the sublead-
ing jet had to pass the same cuts as the leading jet and also
have pt > 0.5 plread and |A¢| > 2.5 to the leading jet. The
same exclusive dijet cut was applied to the particle level MC
samples, where appropriate, in addition to the requirements
given in Sect. 3.

In both selections the jets were corrected to account for
the calorimeters’ response to the deposited energy.

Around 429,000 and 99,000 events were selected for the
inclusive jet and exclusive dijet selections respectively.

6 Correction to particle level

To allow comparison of these results with theoretical predic-
tions and other experimental studies, the underlying event
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distributions need to be corrected for selection efficiencies
and detector resolution effects. A two-step correction pro-
cedure was used, where first the track efficiency correc-
tions were applied for the track-based observables, then the
remaining detector effects were unfolded to produce observ-
ables at particle level which may be directly compared to MC
model predictions.

6.1 Track reconstruction efficiency and cluster calibration

The efficiency of the ATLAS detector to reconstruct a
charged particle as a track was measured in a previous anal-
ysis [40], with the same track selection as used here. Each
track was reweighted by the inverse of this efficiency, which
also accounts for the contributions of tracks reconstructed
from secondary particles, and particles whose true kinemat-
ics were outside the kinematic range (OKR) of the selection
but which were reconstructed within the acceptance cuts due
to detector resolution. For tracks with pt > 500 MeV, the
effects of fake tracks (those constructed from tracker noise
and/or hits which were not produced by a single particle) and
OKR migrations were found to be negligible.

For cluster-based observables, both the hadronic and elec-
tromagnetic calorimeter cell clusters were used, with calibra-
tions as described in Refs. [46] and [11]. The cluster energy
was corrected to the momentum of the charged or neutral
hadron, and the simulation was validated using the diphoton
invariant mass distribution, M,,,,, for 70 — yy candidates

[6].
6.2 Unfolding

Bayesian iterative unfolding [47] was used to correct for
residual detector resolution effects, using the Imagiro 0.9
software package [48].

The Bayesian iterative unfolding method requires two
inputs: a prior probability distribution for the observable
(the MC generator-level distribution is used for this), and
a smearing matrix which relates the measured distribution
of an observable to its hadron-level distribution. The smear-
ing matrix element S;; is the probability of a particular event
from bin i of the hadron-level distribution being found in bin
j of the corresponding reconstructed distribution, as calcu-
lated using MC samples. For the profile histogram observ-
ables in this paper, a two-dimensional (2D) histogram was
created with dense binning in the observable whose evolution
is being profiled, such that each unfolding bin corresponds
to a 2D range in e.g. plread vs. Y pr space: the 2D nature
of the bin has no effect on the mathematics of the unfold-
ing procedure. Migrations involving the plTead < 20 GeV
region, excluded from the analysis phase space, were handled
in detail for the unfolding of observables binned in plTead, but
for other observables such in/out migrations were treated as
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fake or missing events respectively; this was required because
a more detailed approach would add an extra dimension to
the smearing matrix, which would then be too statistically
limited to be usable.

The unfolding process was iterated to avoid dependence
on the prior probability distribution; the corrected data dis-
tribution produced in each iteration is used as the prior
for the next. In this analysis, two iterations were per-
formed since this gave the smallest residual bias when
tested on MC samples while keeping the statistical uncer-
tainties small. The central values of the data distributions
corrected to hadron level were calculated using prior distribu-
tions and smearing matrices from the PYTHIA6 AMBT1 MC
sample.

7 Systematic uncertainties

Systematic uncertainties on the measured distributions were
assessed using the same unfolding procedure as for the cen-
tral values of the observables, but with the input plfad, track
and cluster pt and track and cluster weights shifted by +1o
variations in each source of uncertainty.

The following sources of uncertainty are included:

Jet reconstruction: These uncertainties—dependent on
the jet energy scale calibration procedure, the impact of
pile-up on the jet energy, the jet reconstruction efficiency
and the jet energy resolution—have been calculated as
in Ref. [49]. For the UE observables profiled against
leading-jet pr, they add up to approximately 1 %.
Track reconstruction-efficiency uncertainty: Tracking
efficiency uncertainties were studied in Ref. [40], the two
largest being found to be due to the amount of material
in the inner detector and the consequence of the 2 prob-
ability cut to remove misreconstructed tracks. The effect
of uncertainties in the amount of material in the inner
detector is a 2 % relative uncertainty in the efficiency in
the barrel region, rising to over 7 % for 2.3 < |n| < 2.5,
for tracks with pt > 500 MeV. The maximum difference
between the fraction of events in data and MC simula-
tion which passed the 2 probability cut was found to be
10 %. This value was taken as a conservative estimate
of the systematic uncertainty, and was applied to tracks
with pt > 10 GeV only.

Cluster reconstruction efficiency: The accuracy with
which the MC samples simulate the energy response of
the calorimeters to low-energy particles was determined
separately for electromagnetic and hadronic particles. An
average is then obtained, using the PYTHIA6 AMBT1
prediction of the relative contribution to Y Etby dif-
ferent particle types [6]. For electromagnetic particles
the systematic uncertainty arises from the extraction of
the energy scale from fits to the M, distributions in

7% — yy candidates. The total uncertainty depends on

the |n| region and is typically 2—4 %, but is as large as
15 % in the regions where different calorimeter subsys-
tems overlap. The uncertainty in the energy response for
hadronic particles in the central region (|n| < 2.4), where
there is good coverage from the inner tracking detector,
was obtained from studies of the ratio of the energy mea-
sured by the calorimeter to the track momentum mea-
sured by the inner detector for isolated charged particles
and is within a few percent [49].

Pile-up and merged vertices: The effect of pile-up on
the underlying event observables after the tight vertex
selection was assessed using an MC sample with realis-
tic modelling of the pile-up conditions in 2010 data; the
largest deviation from the sample without pile-up was
observed to be 1 %. A 1 % shift was hence applied
to the values of all observable bins used as input to the
unfolding, and the resultant shifts on unfolded observ-
ables have been used as the systematic uncertainty due
to merged vertices. This uncertainty is less than 2 % for
most bins, but increases to approximately 5 % at high
p!lgad.

Unfolding: The uncertainty due to model-dependence
of the unfolding procedure was taken as the difference
between the results of unfolding with each of the two MC
samples, PYTHIA6 AMBT1 and HERWIG++. The domi-
nant effect arises from modelling of low pt QCD radia-
tion, which produces a typical uncertainty of 1 % but can
reach 20 % at the edges of the fiducial phase space studied
here. An additional uncertainty was estimated using two
different priors: the unmodified generator-level distribu-
tion, and the generator-level distribution after reweight-
ing so that the reconstructed distribution matches the
data. This uncertainty is less than 1% throughout the fidu-
cial phase space of the measurement.

Systematic uncertainty contributions from electronic noise
and beam-induced background, simulation of the primary
vertex position, and simulation of the trigger selection were
also considered and were found to be negligible. Table 3 sum-
marises the sizes of contributions to systematic uncertainties
for the UE profile observables with both the inclusive jet
and exclusive dijet selections. The (mean pT) vs. Nj profile
observables have flat symmetric uncertainties of 1 % each for
unfolding and reconstruction efficiency, increasing to ~10 %
in the first and last bins of N¢p,.

8 Results

This section presents and discusses the key distributions from
this analysis, primarily profile observables of mean UE char-

acteristics as functions of plTead (i.e. hard process scale), but

@ Springer



2965 Page 8§ of 29

Eur. Phys. J. C (2014) 74:2965

Table 3 Summary of systematic uncertainties for inclusive jet and
exclusive dijet profiles vs. p?ad. The “efficiency” uncertainties include
material uncertainties in the tracker and calorimeter geometry mod-

elling. The “JES” uncertainty source for jets refers to the jet energy
scale calibration procedure [49]

Quantity Inclusive jets Exclusive dijets
Pile-up and merged vertices Pile-up and merged vertices
All observables 1-3 % 1-5%
Charged tracks Unfolding Efficiency Unfolding Efficiency
> pr 3% 1-7 % 3-13 % 2-7 %
Nch 1-2 % 34 % 3-22 % 3-7 %
mean pr 1% 0-4 % 1-9 % 1%
Calo clusters Unfolding Efficiency Unfolding Efficiency
> Er,|nl <438 2-3 % 4-6 % 5-21 % 4-9 %
S Er,Inl <25 3-5% 4-6 % 1-21 % 4-7 %
Jets Energy resolution JES Efficiency Energy resolution JES Efficiency
phead 0.3-1% 1-4 % 0.1-2 % 0.4-3 % 1-3 % 0.3-3 %

also distributions of charged-particle > pr and multiplicity
density within bins of plTead, and the correlation of transverse-
region mean pr with the charged-particle multiplicity.

In these plots, all observables are studied for both
the inclusive jet and exclusive dijet event selections. The
data, corrected to particle level, are compared to predic-
tions of PYTHIA6 with the Perugia2011 and DW tunes,
HERWIGHJIMMY with the AUET2 tune, PYTHIA8 with
the AU2 CT10 tune, HERWIG++ with the UE7-2 tune,
ALPGEN+HERWIG+JIMMY with the AUETI tune, and
POWHEG+PYTHIA 6 with the Perugia2011 tune.

To allow direct comparison between full transverse and
trans-min/max/diff region quantities, between central and
full-n cluster quantities, and to other experiments with dif-
ferent angular acceptances, the observables are presented as
densities in n—¢ space. Specifically, the raw quantities are
divided by the total angular area of the region in which they
were measured to produce the number, transverse momen-
tum, and transverse energy densities: Nep /8 &, Y pt/8n 8,
and Y E1/8n & respectively. The central transverse-region
observables are scaled by nd&p = (2 x 2.5) x 2 x 7/3) =
107t /3. The total transverse energy of charged and neutral
particles, Y Et, is defined using the full pseudorapidity
range in the transverse region, so its area normalisation is
mép = (2 x4.8) x (2 xm/3) =19.27/3. The trans-max,
trans-min and trans-diff regions have only half of the corre-
sponding transverse-region area since by definition they only
consider one side in A¢.

8.1 Distributions of N¢j and Y pr densities

In Fig. 2 the distributions of N¢y and ) pr densities in the
transverse, trans-max and trans-min regions, for the inclu-

@ Springer

sive jet selection, are shown for plTead bins of 20-60 GeV,
60-210 GeV, and >210 GeV. This presentation displays the
evolution of each distribution in bins of increasing piad,
where each p?ad bin is independently normalised to unity.
For both the ) pt and N, density observables, particularly
in the transverse and trans-max regions shown in the top
two rows, the development of hard tails in the distributions
is clearly seen as the p?ad cut is increased. The trans-min
region in the bottom row also shows evolution in the tails,
but the total contribution to the normalisation from the tails is
much less, as may be seen from the lack of plj?ad dependence
in the peak height for the trans-min region plots as compared
to the transverse and trans-max ones. The peak regions for
both variables are narrower and biased toward low values for
trans-min, and wider for trans-max.

These characteristics of plread and region dependence, and
the importance of tails at high values, indicate that extra
jet activity is responsible for the changes in the transverse
and trans-max region distributions, while the relative stabil-
ity of the trans-min peak region against jet activity reflects
the particular suitability of the trans-min region observables
for measurement of the multi-parton scattering contribution

to the UE.

8.2 Charged-particle Y pr and multiplicity densities

vS. plTead

In Fig. 3 the transverse region charged-particle multiplicity
and ) pr density profiles are shown as functions of plTead.
For the inclusive jet events in the left column, the total trans-
verse region activity increases with plq?ad according to both
the mean ) pt and N¢, density measures. The exclusive

dijet topology shown in the right column, where multi-jet
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Fig. 3 Profiles of charged-particle Y pr (fop row) and charged multi-
plicity (bottom row) densities against the leading-jet pr, for the inclu-
sive jet (left column) and exclusive dijet (right column) event selection.
The jets are required to have pr of at least 20 GeV, and be within
|y| < 2.8, whereas the charged particles have at least a pt of 0.5 GeV

events are explicitly excluded, provides an alternative view
of the same observables. The exclusive dijet plTead profiles
are seen to decrease as plTead increases, although the depen-
dence is much weaker than the opposite behaviour seen in
the inclusive jet events. This behaviour is somewhat sur-
prising and is not understood in detail, however we note
that in addition to excluding events with extra jets from the
hard process, the exclusive dijet requirement also excludes
events with extra jets produced by MPI. This unavoidable
consequence of the dijet cut may be responsible for the
downward trend which is also seen in some MC predic-
tions, particularly those from PYTHIA 6. The data are hence
broadly consistent with modelling of the UE as indepen-

dent of the hard process scale at the leading-jet pt scales

@ Springer

.
=2
~—

- T —
% . E;::i:g1:uz cT10 ATLAS 3
0] Pythia6 Perugia 2011 L,=37 pb", Vs=7TeV
= Pythia6 DW i
A Herwig++ UE7-2 MRST LO** Transverse region J
= Herwig + Jimmy AUET2 LO** . . ]
3 - Alpgen + Herwig + Jimmy AUET1 Exclusive dijet T
- Powheg + Pythia6 Perugia 2011 —
= C B
%] = 1
— E ]
o C .
N 1= 3
\% E 3
0.5 —
C ; 1
s128 E
< T b T —
[a)] 1E e E......-ﬂ'-—----' ]
B 09 K - - e R -
S 08k =

20 30 40 100 200 300
P [GeV]

(d)
5 [ === pata2016 i ATLAS

Pythia8 AU2 CT10

Pythia6 Perugia 2011

Pythia6 DW

Herwig++ UE7-2 MRST LO**
..... Herwig + Jimmy AUET2 LO**
Alpgen + Herwig + Jimmy AUET1
Powheg + Pythia6 Perugia 2011

L,=87pb’, {s=7TeV
Transverse region
Exclusive dijet

<Ncn/ 1 d¢>
>

|

;

20 30 40 100 200 300

piead [GeV]

and |n| < 2.5. The total transverse-region activity is compared with
several MC models, with the data error bars indicating the statistical
uncertainty and the shaded area showing the combined statistical and
systematic uncertainty

considered here. However the details of the data behaviour,
in particular the decreasing transverse region activities with
plfad in the exclusive dijet event selection are not fully
understood.

The division of the transverse regions into per-event trans-
max and trans-min sides, and the corresponding per-event
differences between them, the “trans-diff”” observables, are
shown in Fig. 4. In the inclusive jet events, the trans-max
activity (for both > pr and Np) grows with p!l?ad, similarly
to the full transverse-region trend, but its trans-min com-
plement is almost constant over the whole range of p%’“ad.
This observation is compatible with the interpretation of the
trans-min region as being less affected by the hard part of the

underlying event.
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Fig. 4 Profiles of charged-particle Y pr (top row) and charged multi-
plicity (bottom row) densities against the leading-jet pr, for the inclu-
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|y| < 2.8, whereas the charged particles have at least a pt of 0.5 GeV
and |n| < 2.5. The plots compare the trans-max/min/diff observables to

In the max/min characterisation of exclusive dijet events,
the distinction between the behaviours of the min and max
sides is reduced relative to the inclusive jet selection, with
either both slightly falling (Nch) or the trans-max observ-
able remaining roughly constant while the trans-min one falls
(3" pr). As in the general transverse-region observables of
Fig. 3, this fall-off behaviour is not fully understood, but is
consistent with the exclusive dijet cuts excluding events with
hard MPI activity, an effect which is expected to be more pro-
nounced in the trans-min region where contamination from
hard process radiation is minimised.

The insensitivity of the inclusive jet trans-min region to
changes in plfad indicates that UE activity can indeed be
modelled as approaching a constant as a function of hard
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each other and the PYTHIA 6 Perugia2011 MC model. The error bands
in the rop plot show the combined statistical and systematic uncertainty,
while the grey error band in the bottom plot is the envelope of the max-
imum combined statistical and systematic uncertainty of the trans-max
and trans-min regions

process scale once the scale is hard enough that the proton
impact parameters are effectively zero and all collisions are
central. However, the observed dependence of the exclusive
dijet trans-min observables to changes in hard process scale
is clearly worthy of further investigation.

All MC models considered reproduce the qualitative fea-
tures of the inclusive jet data. However, the PYTHIA mod-
els, which have received the most UE tuning attention in
recent years, are unexpectedly further from the data than the
less flexible and less tuned HERWIG++ and HERWIG+JIMMY
models on these observables.

The spread of MC models around the exclusive dijet
data is in fact slightly less than for the inclusive jet ones,
although the MC models tend not to predict quite as steep
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a decrease in UE activity with p%i*ad as in the data. The
PYTHIA 6 Perugia2011 model provides a good combined
description of transverse-region ) pr and N¢j, densities, but
PYTHIA 8 produces too much transverse-region activity and
PYTHIA 6 DW and HERWIG++ undershoot the data. A sub-
stantial difference is seen between HERWIG+JIMMY and the
combination of HERWIG and JIMMY with ALPGEN matrix ele-
ments; the ALPGEN+HERWIG+JIMMY combination is more
active in all observables, for both inclusive jet and exclu-
sive dijet selections. It is surprising that this is the case for
the exclusive dijet selection, since that is dominated by the
2 — 2 QCD hard process contained in both HERWIG and
ALPGEN.

The POWHEG+PYTHIA 6 model is seen to produce slightly
lower mean UE activity than standalone PYTHIA6 Peru-
gia2011inboth the Ncy and Y pr density profile observables
and for both inclusive jet and exclusive dijet event selections,
although the two models produce similar shapes; neither is
consistently closer to data than the other, however, and a spe-
cialised shower generator tune for use with POWHEG could
achieve a better data description.

Finally, it is interesting to compare the trans-diff observ-
ables between the inclusive and exclusive jet selections;
trans-diff is intended to be most sensitive to additional hard
scattering from either MPI or ISR from hard-process, and
indeed it may be seen in Fig. 4 to be much flatter for the exclu-
sive dijet topology, as compared to its large increase with
plTeaGl for the inclusive distributions. Again, this behaviour is
well-modelled by the PYTHIA 6 MC generator, with particu-
larly good numerical agreement for the simulation of trans-
diff in the exclusive dijet selection.

8.3 Charged and neutral particle Y Et vs. plTead

In Fig. 5 the corrected charged and neutral particle ) Et
density is shown for both the central region (in the top row)
and the full n acceptance range (the middle row), for the
inclusive jet and exclusive dijet topologies. The trends are
broadly similar to those for the track-based observables, and
for the central |n| range the comparison between the data
and MC models is comparable to that seen for the equiva-
lent charged-particle Y pr density plots. However, the full
acceptance plots show increased disagreement between the
MC models and the data; the MC models undershoot the
observed level of activity at low plTead values in both the
inclusive and exclusive event selections. This discrepancy
is notable since all MPI models have to date been tuned to
observables measured solely for central rapidities. In the full-
acceptance inclusive jet observable, all models except pure
HERWIG+JIMMY predict a faster rise of ) ET as a function
of plTead than seen in the data, although notably most start
significantly below the data at low p%f’ad.
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Finally, the profiles of theratio ) pr(charged)/ > Et(all)
in || < 2.5 against plTead are shown in the bottom row of
Fig. 5. These observables are mostly flat, and are described
well by models other than those using HERWIG+JIMMY par-
ton showering and hadronisation, including the ALPGEN sam-
ple. These models lie 10-20 % below the data, indicating a
too-low charged fraction resulting from the HERWIG+JIMMY
modelling. The ratio nature of this observable means that a
large statistical error is seen in the bin around 50 GeV, corre-
sponding to the low-statistics tail of events from the minimum
bias trigger before the transition to the jet trigger at plTead =

60 GeV.
8.4 Charged-particle mean pr vs. plTead and N¢p

In Fig. 6, the distributions of transverse-region charged-
particle mean prt against p?ad and the transverse region
charged-particle multiplicity are shown. No max/min region
subdivision is made for the mean pt observables since while
there is a clear case for identifying the more and less active
sides of an event based on particle multiplicity or momentum
flow, the physics interpretation of the transverse side with the
higher/lower average particle pr is not as clear as for the pure
> pr and N, observables.
The mean pt vs. p?ad profile displays a very differ-
ent behaviour between the inclusive jet and exclusive dijet
event selections; in the inclusive jet case (mean pr) rises
strongly with increasing p%’ad, but when the event selection
is restricted to dijet events only, the correlation disappears to
give a distribution flat within uncertainties. The roots of this
behaviour may be seen in Fig. 3: in the inclusive jet case the
N profile (the denominator in construction of mean pr)
is less sharply rising than Y pr (the numerator) as a func-
tion of plTead, while for the exclusive dijet selection there is
less distinction between Y pt and N, leading to the flat
ratio. Based on previous conclusions about the nature of the
contributions to the trans-max and trans-min components of
the > pr and Ny density vs. plread profiles, this distinction
between inclusive and exclusive mean pt behaviours implies
that it is the high- pr tails of UE particle production (which
are effectively removed by the dijet selection) that are respon-
sible for the slight increase in mean pr in the inclusive jet
selection.

For both the inclusive jet and exclusive dijet selections,
the transverse-region mean pr as a function of p]Tead is well-
described by the MC models—within 10 % of the data. This
is as expected, since the descriptions of the related transverse-
region charged-particle Y pt and multiplicity densities were
described to similar levels of precision.

The (mean pr) vs. N¢p, plots follow the pattern established
by previous experiments, with mean particle pt increas-
ing as a function of the number of charged particles. This

observable is particularly well described by HERWIG++,
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which is the only generator to give a good description of
the observable for inclusive jet events with fewer than 17
particles in the transverse region. The bulk of the MC mod-
els considered give predictions consistent with the data for
the exclusive dijet event selection. The main outliers are
PYTHIA 6 Tune DW, which overshoots the data in both selec-
tions for events with more than about 10 charged particles,
and HERWIG+JIMMY both standalone and in combination
with ALPGEN, which significantly undershoot. The ALP-
GEN+HERWIG+JIMMY configuration, which uses the older
AUET]1 tune of JIMMY, undershoots the data by the greatest
amount.

An underestimation of (mean pt) vs. N¢, data are not
unexpected from the JIMMY model, as it contains no colour
reconnection mechanism to redistribute momentum in high-
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|y| < 2.8, whereas the charged particles have at least a pt of 0.5 GeV
and |n| < 2.5. The error bars show the statistical uncertainty while the
shaded area shows the combined statistical and systematic uncertainty

multiplicity events [50]. The newer AUET2 tune of HER-
WIG+JIMMY manages to do slightly better than AUETI
as used with ALPGEN, but remains significantly outside
the experimental uncertainties. By comparison HERWIG++,
which has a similar MPI implementation but does use a colour
reconnection model, agrees well with the data.

Finally, the ATLAS tunes of both PYTHIA 6 and PYTHIA 8
are seen to undershoot the data for low Ny, particularly in the
inclusive jet sample, but describe the (mean pt) of higher-
multiplicity events well for both event selections. As both
these tunes incorporated the equivalent of this observable
in the ATLAS leading charged-particle UE analysis [3], the
flaws in their data description seen here are unexpected, and
use of these data in future tunes may substantially change the
MPI model parameters.
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9 Summary and conclusions

ATLAS measurements sensitive to the underlying event in
37 pb~! of 7 TeV proton—proton collisions at the LHC have
been presented, using observables constructed with respect
to QCD jets with pt up to 800 GeV. Inclusive jet and exclu-
sive dijet event topologies have been considered separately,
and measures of UE activity azimuthally transverse to the
leading jet computed using both charged-particle tracks and
all-particle clusters of energy deposited in the calorimeters.
The observables have been further subdivided into trans-max
and trans-min regions on an event-by-event basis depending
on which side of the event had more activity: this subdivi-
sion provides additional discriminating power between the
component processes of the UE.

The most notable features of the observables presented in
this paper are as follows:

— Rising levels of transverse-region activity as a function of
leading-jet pr, as previously observed in UE studies, are
seen in the inclusive jets event selection, with the excep-
tion of the inclusive trans-min region.

— Application of an exclusive dijet event selection require-
ment removes this feature, producing instead transverse-
region activity measures which are constant or which
slightly decrease with increasing leading-jet pt. This
decrease in activity is not obviously expected from a sim-
ple picture of the underlying event and is deserving of
further investigation.

— The behaviour of underlying event particle flow observ-
ables in exclusive dijet topologies indicates that pure MPI
activity can largely be modelled as independent of hard
process scale, provided that scale is hard enough that all
proton—proton interactions are central.

These observables have been compared to a number of MC
models, using several tunes of commonly used underlying
event models. The data are broadly consistent with the predic-
tions of the multiple partonic scattering paradigm, although
indicative of several areas where MPI parameter tuning may
improve MC data description in further LHC studies. Again,
several key features are of note:

— MC models in general provide a good qualitative descrip-
tion of the data behaviour, but there are some significant
discrepancies. The HERWIG+JIMMY and HERWIG++ gen-
erators currently describe inclusive jet UE observables
slightly better than the PYTHIA family, but the PYTHIA 6
tunes perform better on UE in exclusive dijet topologies.

— HERWIG++ shows significant improvements over the
HERWIGH+JIMMY configuration. However, PYTHIAS is
seen to produce too much UE activity, and will require

retuning of underlying event parameters to perform com-
parably to its FORTRAN predecessor.

— For the exclusive dijet event selection, the decrease of
transverse region activity in data is stronger than seen in
the available MC models, indicating that there are aspects
of the UE yet to be understood and incorporated into MC
models.

— Full |n|-range cluster observables show larger deviations
from MC predictions than in the central region, indicating
a region of phase space in which all MC models can be
improved.

These data provide a detailed measurement of the pp
underlying event in QCD jet events, with momentum sums
and charged-particle multiplicities measured both as distri-
butions and as profiles of their means as functions of the
hard process scale. The separate evaluations of the observ-
ables for inclusive jet vs. exclusive dijet event selections,
charged-particle vs. all-particle energy flows, central vs.
full n acceptance, and transverse/trans-max/trans-min cat-
egories enable more specific MC model comparisons than
possible with preceding public data. These measurements
are hence expected to play a significant role in the future
development and tuning of MC models of the underlying
event.
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