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Abstract

Inclusive multi-jet production is studied using the ATLA®tdctor for proton-proton
collisions with a center-of-mass energy of 7 TeV. The datapa corresponds to an inte-
grated luminosity of 2.43 pB3, using the first proton-proton data collected by the ATLAS
detector in 2010. Results on multi-jet cross sections agdlan distributions are presented
and compared to both leading-order plus parton-shower &Gatrlo predictions and next-
to-leading-order QCD calculations.



1 Introduction

At hadron colliders, events containing multiple jets in timal state are prolific and provide a fertile test-
ing ground for the theory of the strong interaction, quantalmomodynamics (QCD). At high transverse
momentum (highpr), the production of jets is modeled by QCD as the hard sdagterf partons and
the subsequent parton showering, followed by a hadronizgtiocess. Within the framework of QCD,
the jet energy and direction are related to the energy armdttiin of partons produced in the hadron
collisions. Consequentially, the study of energy and aargdistributions of multi-jet events provides
one of the most fundamental and direct tests of QCD at hadvtiders. The study of multi-jet events
in hadron colliders must also contend with additional nentyrbative &ects, such as those originating
from the underlying event [1].

The study of multi-jet events has, in addition, great rebeeato searches for new particles and new
interactions at high energies. Events with multiple jetshie final state will often populate searches
for high mass particles, and therefore systematic unceigaithat limit the understanding of muilti-jet
events may carry over into analyses in which multi-jet eseapresent a significant background.

In this paper, a first study is performed of multi-jet eventsti proton-proton collisions at 7 TeV
center-of-mass energy, using the ATLAS detector at thed &tgdron Collider (LHC) at CERN. The
data sample used for the analysis was collected betweerhN@rand August 29 of 2010 and represents
atotal integrated luminosity of 2.43 ph With this data sample, after selection cuts, the analysitains
approximately half a million events with at least two jetghe final state.

Results on the total cross section for multi-jet events amatfon of the jet multiplicity as well as
the diferential cross section as a function of thejetand the total transverse energy of selected jets
in the event,Ht, are presented and compared to predictions from leadiderdt.O) matrix-element
(ME) calculations combined with the parton-shower (PS)raximation for the collinear and infrared
regions. Similarly, a study of multi-jet cross section eatis performed, in which many systematic
uncertainties cancel. Studies of the angular distribstifrthree jet events are also compared to leading-
order predictions. Studies of the three-jet to two-jet sreaction ratio as a function of a characteristic
pr of the event are compared to a next-to-leading-order (NL&Dfupbative QCD (pQCD) prediction.

In short, the two primary mativations of the multi-jet stuilythis paper are, first, to evaluate and
understand how robust the leading-order theoretical ptiedss are for representing the high jet multi-
plicity QCD final states (relevant also as background to {eighrgy searches) and, second, to compare
next-to-leading-order pQCD calculations as a test of pQE®.the leading-order studies, events with
up to six jets in the final state are studied, and for the nekeading-order pQCD study, the focus is on
three-jet events and their comparison to two-jet events.

The present ATLAS study represents a more in depth study df-patievents compared to initial
results presented at the summer conferences in 2010 [2}evehwer energy selection of jet events
(down to 30 GeV) was used, with correspondingly higher sgate& uncertainties.

2 The ATLAS Detector

The ATLAS experiment consists of an approximately 45-méiag, 25-meter diameter cylindrically
shaped detector centered on the proton-proton interagtion. A detailed description of the ATLAS ex-
periment can be found elsewhere [3]. High-energy partigfesuced in collisions initially pass through
an inner detector tracking system embedded in a two-Tefaadal magnetic field. The field is con-
fined to a region of diameter 2.3 meters and 7 meters long alsteied at the interaction point. The
design of this tracking system allows for measuring chapgaticle kinematics within the pseudorapid-



ity! range ofiy| < 2.5. Precision tracking using the ATLAS pixel detector withpase point resolution
as small as 10 microns by 70 microns (in the beam directioginbet a radial distance of five cm from
the interaction point. The identification of the vertex fravhich the jet originates, performed with this
inner tracker is of primary interest in the study of multi-gzents.

Just outside the inner tracker package is a system of liggioneand scintillating tile calorimeters
used for the measurement of particle energies. A liquidiglgad electromagnetic calorimeter covers
the pseudo-rapidity range pjff < 3.2. This calorimeter is complemented by hadronic calorimseteuilt
using scintillating tiles and iron fdn| < 1.7 and liquid argon and copper in the end-cap @ || < 3.2).
Forward calorimeters extend the coverage for ATLA$;ta< 4.9. In the calorimeters, particles interact
through electromagnetic and hadronic processes, allothingneasurement of the particles’ energies and
directions. The calorimeters are the primary detectord tseeconstruct the jet energy in this analysis.

Outside the calorimeters is a toroidal magnetic field thé¢mds to the edge of the detector. Addi-
tional tracking detectors designed for measuring muonrkaties are placed within this magnetic field.
The impact of muons in the analysis presented in this paperghgible.

The ATLAS trigger system employs three trigger levels, ofahtonly the hardware-based first level
trigger is used in this analysis. Events are selected ubmgdlorimeter-based jet trigger. The first level
calorimeter-based jet trigger [4] uses coarse detectarrimdtion to identify areas in the calorimeter
where energy deposits above a certain threshold occur. Alifima jet finding algorithm based on a
sliding window of sizeA¢ x Ap = 0.8 x 0.8 is used to identify these areas. This algorithm uses coarse
calorimeter towers with a granularity af x An = 0.2 x 0.2 as inputs.

3 Cross Section Definitions and Kinematics

The antik; algorithm [5, 6] with full four-momentum recombination ised to identify jets. For the
leading-order analysis, where studies are performed wittosix jets in the final state, the resolution
parameter in the jet reconstruction is fixedRo= 0.4 to contend with the limited phase space and to
reduce the impact of the underlying-event contributionht jet energy determination. For the next-to-
leading-order analysis, where the study focuses on tleteevents, a resolution parameterPot= 0.6

is also used, since the study performed with laigés less sensitive to theoretical scale uncertainties.
The antik; algorithm has been chosen because it can be implemented exitrto-leading-order pQCD
calculation, is infra-red safe to all orders and products\jath a simple geometrical shape.

Jet measurements are corrected for all experimefiatts and refer to the particle-level final state.
At the particle level, jets are built using all final-statertiides with a laboratory-frame lifetime longer
than 10 ps, including muons and neutrinos from hadronic ydecahese corrections are described in
Section 6. The next-to-leading-order pQCD calculationosinterfaced to a Monte Carlo (MC) simula-
tion with hadronization and other non-perturbativéeets. The correction for non-perturbativeets is
described in Section 4.

Cross sections are calculated in bins of inclusive jet plitity, defined as the number of jets with
pr > 60 GeV andy| < 2.8 found in the event. This ensures that jets lie within tfieiency plateau of the
triggers used, as described in Section 5. An event with tfeeenstructed jets satisfying the kinematic
cuts thus falls both in the two-jet and the three-jet insleget multiplicity bin. Inclusive multiplicity
bins are used because they are stable in the pQCD fixed-catbedation, unlike exclusive bins. The

LATLAS uses a right-handed coordinate system with its oraithe nominal interaction point (IP) in the centre of the
detector and the-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, andjlaxis points
upward. Cylindrical coordinates, ) are used in the transverse plapdyeing the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar arfgtesn = — Intan@/2). The rapidity is defined as= 0.5x In[(E+ p,)/(E -

p,)], whereE denotes the energy arg is the component of the momentum along the beam directionmiassless objects,
the rapidity and pseudo-rapidity are equivalent.



leading jet is further required to hayg > 80 GeV to stabilize the next-to-leading-order calculafioh

4 Theoretical Predictions

For the leading-order studies, there are several topicgiofapy interest, and various leading-order
Monte Carlo simulations are chosen in an attempt to enhdresdnsitivity to these issues. Of pri-
mary importance is the study of non-perturbatifieets, such as the underlying event (UE). Despite
the highpt chosen for this analysis, the increase in the underlyingitesethe LHC [8] can still have
a non-negligible impact on the jet energy determinatiomtigaarly when a large resolution parameter
(R = 0.6) is used in the jet reconstruction. Equally important is tinderstanding of the fiiérences
between the matrix-eleme¢parton-shower (MEPS) calculation (2— n) and the parton-shower cal-
culation (2 —» 2) alone. These topics are not easily separable, sincegtunfisome of thesefkects
(such as the underlying event) to data is needed, and thegtpnocess automatically fixes other inputs
of the Monte Carlo simulation (such as the parton densitgtion, the parton-shower model, and the
hadronization model). For this reason, and due to the langertainties otherwise present in the leading-
order calculation, no attempt is made to determine a systemacertainty in the theoretical leading-
order predictions. Instead, a comparison dfatent Monte Carlo simulations and currently available
tunes is performed in order to investigate general feataneistrends. The flierent leading-order pre-
dictions are normalized to the measured inclusive two{jess section to provide a shape comparison,
while the overall normalization factors are given to allomdarstanding the impact of thefidirent tunes
on the overall scale of distributions.

For the leading-order analysis, ALPGEN [9] is used to geeeraatrix elements with up to six
partons in the final state using the leading-order set obprstructure functions (pdffTEQ6L1 [10]. A
factorization and renormalization scafg, that varies from event to event is used in the event geoerati

with ALPGEN
Q=) ph (1)

where the sum runs over all final state partons. ALPGEN isfexted to PYTHIA [11, 12] and HER-
WIG/JIMMY [13-16] to sum leading logarithms to all orders in therfon-shower approximation, and
include non-perturbativefiects such as hadronization and the underlying event. TheA&Tg¢enera-
tor tunes from 2009 (MCO9which only difers from MCO09 in the valuPARP(82) which is that of the
MCO08 tune) [17] and from 2010 (AUET1 [18] and AMBT1 [19]) aread for this purpose and have been
described previously. Other tunes are also investigatediderstand the impact of the underlying-event
and parton-shower tuning in the measurements performeith. ddinparable underlying-event tunes and
ALPGEN parameters, the comparison of ALPGEHRNYTHIA to ALPGEN+HERWIG/JIMMY uncov-
ers diferences that may arise fromfidirent parton-shower implementations and hadronizatiodetso
used in PYTHIA and HERWIGIMMY. A summary of these tunes can be found in Table 1 alaeall
other generators and tunes used in this paper.

The PYTHIA 6.421 [11, 12] event generator is also used toysthe limitations of the 2— 2
calculation. This generator implements a leading-orde€pQnatrix-element calculation for 25> 2
scattering, parton showers, an underlying-event modehfoltiple-parton interactions and the Lund
string model for hadronization. TH&RST 2007 modified leading order [21, 22CTEQ5L) parton
distribution function interfaced with the AMBTL1 [17] (Payi@a2010 [20]) generator tune is used for the
sample generation.

The generated particles are passed through a full simnlafithe ATLAS detector and trigger [24]
based on GEANT4 [25] to account for detectdiieets. Additional proton-proton collisions are added to
the hard scatter in the simulation process to reproducestiedlHC running conditions. Events and jets
are selected using the same criteria in data and Monte Qarldations.



Generator pdf tune purpose
ALPGEN+HERWIG/JIMMY CTEQS6L1 [10] AUET1[18] central valué
ALPGEN+HERWIG/JIMMY CTEQ6L1 [10] MCO09 [17] UE studie$

ALPGEN+PYTHIA CTEQS6L1 [10] MCO09 [17] PS studies
ALPGEN+PYTHIA CTEQ6L1 [10] D6 UE/PS studies
ALPGEN+PYTHIA CTEQ6L1 [10] Perugia 6 [20] | UE/PS studies

PYTHIA MRST2007 LOmod [21,22] AMBT1[19] | UE/PS studies

PYTHIA CTEQS5L [23] Perugia2010 [20] UE/PS studies

Table 1: Diferent Monte Carlo generators and tunes used for the leadduy-analysis in this paper.
The asterisk indicates the samples used to determine tlegtaimties on the non-perturbative correction
to the next-to-leading-order calculation.

For the next-to-leading-order analysis, the calculatmplemented in NLOJet+ [26] is used. The
renormalizatioffactorization scale is given by Equation 1 scaled by a fact@nd with the sum running
over final-state jetsk is 1 for the calculation of the central value. This scale feenbshown to provide
predictions that are stable against scale variations. @dle sincertainty is calculated using the following
set of values ok: (1,2), (2,1), (0.5,1), (1,0.5), (2,2), (0.5,0.5), wittetfirst value being applied to the
renormalization scale calculation and the other to theofaztion scale calculation. The envelope of the
results obtained with these values is used as the scalergtitaincertainty in the theoretical calculation,
while the central value is calculated with= 1 for both scales. Two next-to-leading-order pdf sets
have been used in the calculation of the central value of bsemables studied and the theoretical
uncertainties associated to the pd&TEQ 6.6 [27] andMSTW 2008 nlo [28]. The 90% confidence-
limit error sets are used in the evaluation of the pdf ungaites. The uncertainty on the measurement
due to the value ofs is calculated varying the value af used in each pdf set k0.002.

The NLOJet+ program is a matrix element calculation, and thereforeckdaa parton-shower in-
terface and does not account for non-perturbatifeces. To compare to particle-level jet cross sections,
supplementary calculations are required. PYTHIA and ALRG&erfaced to HERWIGIMMY are
used to generate samples without underlying event. Jetsesetsamples are reconstructed from par-
tons after the parton shower, and observables are compatkd particle-level in the standard ALP-
GEN+HERWIG/JIMMY and PYTHIA samples. A multiplicative correction islcalated using the
ALPGEN+HERWIG/JIMMY sample,

ticl
gParticle

UE
Cnon—pert = ~parton’ (2)
no UE

whereo is the observable of interest calculated at the particleantop level in the samples with and
without underlying event. The correction factor takes thgt+io-leading-order calculation to the particle
level. This correction is calculated in thredgfdrent samples (marked with an asterisk in Table 1). The
correction obtained using the ALPGENERWIG/JIMMY AUET1 sample is taken as the default value
for the analysis, and the systematic uncertainty is estichitom the maximum spread compared to the
results from the other investigated models. The size ofdhisection is less than 5% in all observables
studied at next-to-leading order. The final uncertaintytgdan the next-to-leading-order calculation
comes from the quadrature sum of the scale uncertainty,dhaneertainty, the uncertainty ars and

the non-perturbative correction uncertainty.



5 Event Selection and Reconstruction

5.1 Trigger Selection

A set of ATLAS first level (level-1) multi-jet triggers is uddo select events for the analysis. Multi-jet
triggers require several jets reconstructed with the {éveliding window algorithm. Only symmetric
(i.e. all jets sharing the same threshold) two-jet and tjge&riggers are needed for this analysis, since
the three-jet trigger operated without pre-scaling forghtirety of the data collection period used in this
note. The triggers with a 10 GeV level-1 threshold have béewa to be fully dficient for events with
two and trhee antig jets withR = 0.4 andpy > 60 GeV [29] using events triggered with the minimum
bias triggers.

In this analysis, thef@iciency for triggering on the leading jet is calculated udimg minimum bias
triggers. Then, thefBciency of the trigger to fire on the second leading jet is datedl by requiring
that the leading jet passes the single-jet trigger, and sd~ayure 1 shows thefigciency for the third
leading jet to fire the three-jet trigger as a function of teeonstructed jepr for jets of R = 0.4 (a)
andR = 0.6 (b). The diciencies calculated in data are compared to fhieiency from the Monte Carlo
detector simulation. Thefigciency as a function of jet rapidity is also shown ®r= 0.4 jets (c) on
the plateau ffr > 60 GeV), revealing a small ifigciency in the data that is not present in the Monte
Carlo simulation. The event-leveftiency as a function of the closest distance between twatsele
R = 0.4 offline jets for events selected using the three-jet triggdsis shown (d), to help probe possible
topological dependences in the trigger. A dependence srobd, as expected by the size of the level-1
jet trigger objects, and the dependence is well describetidoivonte Carlo simulation. Thefeiency
in data for (d) is calculated using events for which the tebtfigger passed and the two leading jets
were associated to level-1 jet objects, assuming that gfdgical indficiency will only dfect one of
the level-1 jet objects. A good agreement between MonteoGamhulation and data is observed. The
three-jet trigger result indicates an ffieiency for events where two jets are near-by. Thigfioiency
appears to depend weakly on the gt and is well described in the detector simulation for events i
which the closest distance between selected jets is abd®e Gince the detector simulation largely
accounts for the irficiency, it is corrected for with other detectdfexts, as described in Section 6.

Events in the analysis falling in the three-jet inclusiveltiplicity bin or higher are selected using
the three-jet trigger with a jet threshold of 10 GeV on theelel jet objects. Due to large pre-scaling, a
combination of several two-jet triggers is used to seleehevfalling in the two-jeinclusivemultiplicity
bin (i.e. three-jet events that do not pass the two-jet nigdpecause of trigger pre-scales are not used
to measure any two-jet cross section). Symmetric two-jggérs with 10, 15 and 30 GeV are used
to maximize the available statistics. In the two-jet bifigders are combined exclusively (events in a
specific region of phase space are only selected using @uetyiaccording to the second leading jet
pr (required to be 60-80, 80-110 and at least 110 GeV, respdgtiand weighted by the luminosity
associated to each trigger.

5.2 \Vertex Reconstruction

The event vertex or vertices are found using tracks thatradig in the beam collision spot [30], satisfy
quality criteria [31] and have a transverse momentum ab&@MeV. A vertex is seeded by searching
for the global maximum in the distribution @toordinates of reconstructed tracks. The vertex is fit using
the position of this seed along with neighboring tracks cksancompatible with the reconstructed vertex
are used to seed new vertices until no tracks are left. Thilysis only uses events in which at least one
primary vertex with at least five associated tracks has beesnstructed. No cut on the primary vertex
position is applied. Theventvertex (i.e. that from which jets are considered to origghdd defined as
the vertex in the event for which the sum of theof the tracks associated to that vertex is largest.
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Figure 1. Jet triggerféciency for the third leading jet as a function pf for antik; jets withR = 0.4
(a), andR = 0.6 (b). Jet trigger iiciency as a function af of the third leading jet withpr > 60 GeV
andR = 0.4 (c). A topological dependence is found in tHakency on the plateaupt > 60 GeV) as

a function of the distance between the two closest jets iretlemt (d) when using jets witR = 0.4.
The dificiency is shown both as calculated in data with an unbiasdtiodelescribed in the text and in
Monte Carlo simulations for the three-jet trigger with adket cut on the transverse energy of the jet of
10 GeV.



5.3 Jet Reconstruction

Topological calorimeter clusters evaluated at the eletagnetic scale [32] are used as inputs to the
jet finding algorithm. These clusters use the baseline redldn derived from test beams and from
Z — eedata [33], which reconstructs the energy of particles auting electromagnetically. The arkti-
algorithm [5] with distance parameteRs = 0.4 andR = 0.6 and full four-momentum recombination
is used to reconstruct jets from clusters. The jet recoastmu is fully efficient in the Monte Carlo
simulation for jets with transverse momentum above 30 GeVie ATLAS Monte Carlo simulation
compares well with the jet reconstructioflieiency measured with data [34].

5.4 Jet Energy Scale Calibration

Jets reconstructed at the electromagnetic scale are nedaguhave an energy which is lower than
the true energy of interacting particles within the jet. S'td caused by the filerent response of the
calorimeter to hadrons and electrons and by energy lostad deaterial, deposited outside the jet cone
or not collected by the cell clustering algorithm. A MonterlBebased calibration that corrects for these
effects as a function opy andn is used to obtain jets with the correct energy scale [35]. jehd-
momentum is calculated assuming that the jet origin is aptsition of the event vertex.

5.5 Jet Selection Criteria

Jets considered in the analysis are selected using theviojokinematic and data quality selection
criteria:

1. An event must contain at least one jet with< 2.8 and apr greater than or equal to 80 GeV.
2. Jets are required to hajg < 2.8 andpt > 60 GeV in order to be counted.

3. A series of jet cleaning cuts were applied to eliminatéousr detector #ects and suppress beam
and other non-collision backgrounds. Overall, these @dace the available statistics by less than
0.1%. These cuts have been shown toffieient in eliminating spurious jets, while rejecting only
a negligible number of true jets.

4. Jets are only accepted if at least 70% of their chargeditfgapr comes from the event vertex (jet
vertex fraction, JVE 0.7). Jets with no associated tracks are assigned a jet veaetoh of-1
and accepted (so the final cut|#&/F > 0.7). Overall, this cut changes the two-jet cross section
by 0.4%, and the change increases with multiplicity, reagt8.4% for the six-jet cross section.
The selection has been optimized to minimize the dependem¢iee number of primary vertices
reconstructed for each observable. All observables shaglgible dependence on the number of
reconstructed primary vertices when this cut is appliede fHsults are illustrated, for the inclusive
jet multiplicity, in Figure 2.

5. Only events with a minimum of two selected jets are useteranalysis.

For illustrative purposes, Figure 3 presents an eventalispl a six-jet event passing all selection
cuts. The transverse energy deposition in the calorimsetshdwn as a function aof and¢. For this
event, the six selected jets are well separated spatially.

For a total integrated luminosity of 2.43 P approximately 500,000 multi-jet events survived the
selection cuts. Table 2 presents the total number of netlégyents versus inclusive jet multiplicity. No
correction for pre-scales in the two-jet bin has been agpbiehe numbers in this table.



T T

“\g

—— 1PV, [JVFE0.7 ]

Arbitrary Units
[EY
o

7 - —e— 4PV, |VFRO.7 ]
10"2§ e E
10’3§ — 3
10_4? o :ti

t ATLAS Preliminary l

o 12— \ \ \ .
= 1 E
£ 08 Tt f
0.6t ]
0.4 \ \ \ ]

2 3 4 5 6
Inclusive Jet Multiplicity

Figure 2: The inclusive jet multiplicity distribution fovents containing 1 and 4 primary vertices (PV)
after the JVF cut. The distributions are normalized to th&t Bin. The ratio of the two distributions is
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Figure 3: Event display of a six-jet event satisfying thelgsia requirements. The towers in the bottom
right figure represent transverse energy deposited in fbermmater projected on a grid afand¢.



Inclusive multiplicity | Number of events
>2 498,157
>3 112,213
>4 10,940
>5 1093
>6 115

Table 2: Number of selected events using the criteria desdrin this analysis as a function of inclusive
jet multiplicity (for antik; R = 0.4 jets) before correcting for pre-scales. Events are smlatthey have
aleading jetpr > 80 GeV. Additional jets are counted for that event, if theyehpr > 60 GeV.

6 Unfolding of Detector Effects

A correction is needed to compare the measurements to tleabpredictions. This correction is applied
to the measured distributions so that theoretical compasisire possible beyond the scope of this note.
The correction, which accounts for trigger flieiencies, detector resolutions and other detedfects
that dfect the jet counting, is performed in a single step using eblibin unfolding method by means
of a set of Monte Carlo simulations. For each measured ligion, the corresponding Monte Carlo
simulation cross section using truth jets as defined in &ediis evaluated in the relevant bins, along
with the equivalent distributions obtained after the aggilon of detector simulation and analysis cuts.
The ratio of the true to the simulated distributions prositlee multiplicative correction factor (unfolding
factor) to be applied to the measured distributions.

To perform the unfolding, ALPGENHERWIG/JIMMY AUET1 Monte Carlo simulation is used.
The sample includes, on average, two additional soft prptoton collision events overlapping with
the hard scatter simulated by ALPGEN. The data has fewelammng collisions, as revealed by the
distribution of the number of selected vertices, and the td@warlo simulation is subsequently weighted
to match the distribution from the data. The truth distiidmtis independent of the additional collisions,
since jets are built using particles simulated by the ALPGHERWIG/JIMMY Monte Carlo simulation
only.

The unfolding uncertainty is estimated taking into accosmteral significant fects. One arises
from the spread in correction factors coming fronffelient generators (ALPGENHERWIG/JIMMY
AUET1 and PYTHIA AMBTL1). Second, a detailed study is perfedrin which the simulated jgir, n
and¢ resolution is varied. Third, the shape of the simulateditistions is varied in order to account for
possible biases caused by the input distribution. Sampikbsanrigger indficiency in the crack region,
different JVF cuts (0.5 and 0.9) andfdrent primary vertex distributions are also used to esétrtlad
uncertainty arising from this triggerffect and the impact of overlapping proton-proton collisioAd
these fects impact the unfolding systematics, and their uncetairare ultimately added in quadrature
to provide the final systematic uncertainty in the unfoldowrection. Statistical uncertainties in the
unfolding factors are important for certain bins (partaty for angular measurements), and are added
as an independent additional systemaffea. All these &ects are described in detail below.

ALPGEN/PYTHIA Di fferences.

The term that is calculated using thdéfdrences between ALPGEN and PYTHIA is the most subtle
one, since it combines filérences in the jet shapes and parton-shower evolutionhvdaio &ect the
probability for two jets to be seen as one in the calorimetigferences in the impact of the additional
proton-proton interactions andffirences in how the underlying eveffiterts the signal jets. These dif-
ferent dfects have been studied individually using samples withddit@nal proton-proton interactions



and this study confirms that no large cancellationfééd@s between them happens to artificially reduce
the systematic uncertainty in the unfolding.

Resolution Smearing.

The term calculated smearing the resolution of the recoctbn of the jet kinematics simply ac-
counts for the limited knowledge of the jpt, n and¢ resolution which have been measured in data to
within less than 10% [34, 36].

Variation of Shape of Input Distributions.

The term calculated varying the shape of the input distidinst accounts for a bias inherent to the
bin-by-bin correction. However, since the shape of theritistion is well constrained by our measure-
ment, the shape change used is small, and consistent wiple stienges allowed by the systematic
uncertainties in the measurement.

Other effects.

The last few terms considered account for thigedences between Monte Carlo simulation and data
in the trigger diciencies (see Section 5.1), for théfdrent impact of our JVF cut on theffirent observ-
ables, and for the fact that the vertex distributions aff@dint for events collected withféierent triggers.

Results on the unfolding factors are presented in Figure He dorresponding uncertainties are cal-
culated for the cross section (a) and for thie n— 1 cross section ratios (b) as a function of the inclusive
jet multiplicity. The combined systematic uncertainty i&n as an orange band around the unfolding
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a function of the inclusive jet multiplicity. The unfoldinigctors for the ALPGENHERWIG/JIMMY
AUET1 sample are shown with the systematic uncertainty agamge band around the points. See the
text for an explanation of the legend labels.

factors. The main components contributing to the systematcertainty are shown at the bottom of
each figure with dterent color fills. Although non-negligible, the uncertgiig still smaller than the
uncertainty coming from the jet energy scale calibratistdssed in the next section for most bins and
observables.
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7 Systematic Uncertainties

This section focuses on the other systemafiieats and uncertainties not discussed yet: the jet energy
scale and the luminosity.

The uncertainty in the jet energy scale is the dominant syatie uncertainty for many of the mea-
surements performed in this paper. The rather steeplydatiross sections as a function of jgt im-
plies that even a relatively small uncertainty in the deteation of the jetpr translates into a substantial
change in the cross sections as events migrate up or dowteth@ysfalling curve.

The standard jet energy scale uncertainty in ATLAS [35] heanbcalculated using jets from a dijet
sample without near-by activity in the calorimeter. For dti¥jat analysis, a set of additional system-
atic uncertainties appears that must be addressed. Theainties arise from the fferent calorimeter
response to jets of fierent flavors as well adfects that are sensitive to the available phase space for
multi-jet events. These filerent éfects are described below.

7.1 Systematic Uncertainties due to Oferences in Light-quark/Gluon Jet Response

Figure 5 shows the calorimetgx response for light-quark and gluon jets in the barrel as atfon
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Figure 5: Jet response (mean reconstructedpjebver true jetpy) as a function of the trugr for
jets tagged as originating from a light quark or a gluon. Tdter¢sponse in a sample with two jets of
pr > 60 GeV (and with those two jets withig| < 2.8) is also shown. The anki-R = 0.4 algorithm is
used.

of reconstructed jepr as calculated using the PYTHIA AMBT1 Monte Carlo simulateample. The
response for jets in the two-jet inclusive multiplicity bgalso shown. Light-quark and gluon jets were
tagged using the highest-energy parton found in the MontkGamulation particle record within a cone
of radius equal to the resolution parameter of the jet algari Only jets that had no other reconstructed
jet of uncalibratedor > 7 GeV withinAR = /A¢? + An? = 1.0 from the jet axis were used to decouple
flavor composition from topologicalfiéects on the response. The Monte Carlo simulation showstlsligh
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more gluon-like jets for high-multiplicity final states, giiaularly in the ALPGEN samples.

To the extent that the Monte Carlo simulation reflects tha,dae diference in response as a function
of multiplicity is accounted for in the unfolding correatioHowever, additional uncertainties need to be
considered because the systematic uncertainty on thegeyescale was derived for an admixture of
light-quark and gluon jets, and for afffirent admixture it could be fiierent. In addition, the knowledge
of the fraction of light-quark and gluon jets in any final stét not perfect.

The first dfect has been considered usinffelient Monte Carlo simulations as in Ref. [35] to look
at the diference between the gluon and light-quark jet response ufifierent assumptions. In order
not to consider twice thefkects already included in the jet energy scale systemativedefor the in-
clusive sample, the gluon and light-quark jet responsee haen normalized to the average response of
each sample studied. The relative light-quark and gluoregionse is the same within statistical uncer-
tainties under the éfierent assumptions, thus thifert does not contribute to the final jet energy scale
systematic uncertainty. The secorfiieet is harder to address, since thEeets that impact the details
of the admixture (parton distribution functions, limitatis of leading-order calculation, initial and final
state radiation tuning) are not easy to study consistefithis dfect has been treated in a data-driven
way using template fits to determine the flavor compositiothef sample up to the four-jet inclusive
multiplicity bin. The template distributions used weregbmf the jet width (defined as the-weighted
averageAR between the constituents of the jet and the jet axis) anddhaber of tracks associated to
the jet. In these bins, the combination of the twkeets impacts the jet energy scale uncertainty by less
than 1%.

In the higher multiplicity bins, no specific studies haverbperformed to constrain the Monte Carlo
simulation prediction of the flavor composition of the saepphus the flavor composition is assumed to
be unknown, increasing the overall jet energy scale systerfmaup to 3%.

7.2 Systematic Uncertainties due to Jets with Near-by Calameter Activity

Jets that have near-by activity require specific studiestdubeir unique properties, that can impact
both the jet energy scale, as well as the size of multiphbity migrations. Their impact in the anal-
ysis increases with jet multiplicity, since the probalildf a jet having another jet near-by rises as the
available phase space (in, pp]) is used up. Figure 6 shows the probability of a selecteageurring
next to (withinAR = 1.0) a reconstructed jet of uncalibrated gt > 7 GeV as a function of inclusive
jet multiplicity. The probability increases with jet mudticity, and the ALPGENHERWIG/JIMMY
AUET1 simulation agrees best with data.fiBrences of up to 10% are observed in PYTHIA AMBTL1.
These diterences fiiect the rate at which one true jet is reconstructed as twinée calorimeter. Since
this impacts the size of the detector unfolding correctidhs diferences between thefidirent Monte
Carlo simulations were used as one component of the detenfolding systematic uncertainties (see
Section 6).

Jets with other near-by jets also have fiatent jet energy scale, as demonstrated in Monte Carlo
simulations. The systematic uncertainty on their ener@lesbas been evaluated using the balance
between two jets (one with near-by calorimeter energy deg)aand the correlation between tpe of
the tracks associated to the jet and fiiemeasured in the calorimeter. The evaluated uncertainty is
added in quadrature to the jet energy scale uncertaintylesdd for isolated jets in an inclusive sample,
increasing the uncertainty on the energy determinatiofeferwith near-by reconstructed jets by at most
1.5%.

7.3 Systematic Uncertainties due to overlapping proton-pston Interactions

Approximately 40% of the selected events have more than ertexin the interaction, indicating the
presence of an additional proton-proton interaction eymying the event of interest. The vertex multi-
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Figure 6: Fraction of selected jets in each inclusive mlidily bin with neighboring jets within
AR = 1.0. Data (solid circles) are compared to ALPGBNERWIG/JIMMY AUETL1 (open squares)
and PYTHIA AMBT1 (open triangles).

plicity is low enough that, with a luminous region of sevarah and a vertex reconstruction resolution
of a few tens ofum, the impact of merged vertices on the analysis is negégiBlor the instantaneous
luminosities considered in this paper, the probabilityt thha hard events would occur at the same time
is negligible. However, a soft interaction occurring in gdéel with the hard interaction can produce a
contamination of energy from a soft jet in a hard event withohlit overlaps.

The average féect of these overlapping interactions on the jet energyessaiccounted for by the
offset correction and the systematic uncertainty on that ctiorehas been evaluated [37]. The overlap-
ping interactions can also impact the jet counting by bogssignificantly the energy of a soft jet from
the hard interaction with the addition of energy from a seftgoming from the soft interaction. This
effect is controlled performing a selection cut on the JVF ofjtteas described in Section 5, and an
uncertainty due to thefigciency of the cut has been estimated in Section 6.

7.4 Systematic Uncertainties in the Luminosity

The systematic uncertainties in the luminosity calcutatafect all cross section measurements, but
cancel out in all measurements where cross section ratosnlved. The luminosity of the dataset

used in this paper has been calculated to bes048 plb! [38] and the associated uncertainty is not
shown in the figures.

8 Results
In this section, measurements corrected to the partivkd-bre compared to theoretical predictions. For

comparisons to leading-order Monte Carlo simulations atitiek; R = 0.4 algorithm is used to define a
jet. In Figures 7-14, the orange error band bracketing thesomed cross section corresponds to the total
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systematic uncertainty, evaluated by adding the indididystematic uncertainties in quadrature except
that on the luminosity. The ratio of the Monte Carlo simuatprediction to the data is shown at the bot-
tom of each figure. The leading-order Monte Carlo simulaticdictions are normalized to the measured
inclusive two-jet cross section, since, as discussed itidded, theoretical systematics on these predic-
tions are large, and shape comparisons are thus most rel&aarclarity, only a few representative of all
the Monte Carlo simulations studied are shown. The norm@iitia for all the Monte Carlo simulations
studied is shown in Table 3, and distinctive features of sofithe Monte Carlo simulations not shown
are discussed when relevant. Most ALPGEN Monte Carlo sitimms used predict an inclusive multi-jet

Leading-order Monte Carlo| Normalization factor
ALPGEN+HERWIG AUET1 1.11
ALPGEN+HERWIG MCO09 1.12
ALPGEN+PYTHIA MCO0OY 1.22
ALPGEN+PYTHIA Perugia6 1.15
ALPGEN+PYTHIA D6 1.62
PYTHIA AMBT1 0.65
PYTHIA Perugia2010 0.84

Table 3: Normalization applied to each of the Monte Carlouations used to match the measured
two-jet inclusive cross section.

cross section similar to the measured cross section (ekmefite ALPGEN+PYTHIA D6 tune), while
the PYTHIA Monte Carlo simulations require large scalingtas to describe the inclusive multiplicity
spectrum. The dierences in the normalization factor between ALPGENTHIA MC09 and ALP-
GEN+HERWIG/JIMMY AUET1 illustrate diferences between PYTHIA and HERWIEMMY and
their interplay with the matrix-elemefplarton-shower matching implemented in ALPGENfiBiences
between the dierent ALPGEN-PYTHIA tunes illustrate the large impact of the underlyiengnt and
parton-shower tune on the leading-order prediction of tesxsection. In particular, theftérence in
the value of the normalization is largest for the ALPGERNY THIA D6 tune, which is the only PYTHIA
tune that use§?-ordering in the parton showering. It has been hypothesizatithe diferent parton
shower models available in PYTHIA and HERWIG may, througih Mi_M-matching used in ALPGEN,
have a significant féect on the overall prediction of the cross section. Thiséssould benefit from
additional studies, and perhaps dedicated tuning of ALPEEXTHIA or ALPGEN+HERWIG.

The most fundamental result in the multi-jet analysis isdtess section as a function of the inclusive
jet multiplicity. Figure 7 shows the results for the selelctiata sample. The measurement systematics
are dominated by the jet energy scale uncertainty and go 1@120% at low multiplicities to almost
30-40% at high multiplicities. This is primarily due to thecreasing steepness of théfdiential cross
section as a function of the" jet for increasingn. The Monte Carlo simulation predictions fall on
the measured results across the full inclusive multiglispectrum. The normalization applied to the
ALPGEN samples is closer to unity than for the PYTHIA samptesept for the ALPGEMPYTHIA
MCO09 and D6 samples.

A study that reduces significantly the impact of systematicestainties is the ratio of the-jet
cross section ton(— 1)-jet cross section as a function of multiplicity. In thigtio, the impact of the
jet energy scale uncertainty is significantly reduced amduthcertainty due to the luminosity cancels
out. Figure 8 shows the results for such a study. Both theldinfpand the jet energy scale uncertainties
contribute comparably to the total systematic uncertaanty the statistical uncertainties are smaller than
the systematic uncertainties, and negligible in most birftte ALPGEN+HERWIG AUET1 prediction
represents the data well within the error bands, and so dottier Monte Carlo simulations. The
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PYTHIA AMBT1 Monte Carlo simulation predicts a somewhat linég (lower) three-to-two jet (four-
to-three jet) cross-section ratio, implying that it doe$ match the shape of the inclusive distribution
as well as the dierent ALPGEN predictions. [Herences at the level of 15% are observed between
PYTHIA AMBT1 and ALPGEN+PYTHIA MCOY in the first bin. These élierences could arise not only
from the diference between the MIPS and the pure parton-shower Monte Carlo simulations, Ibat a
the diferent pdfs used in PYTHIA AMBT1 and ALPGENPYTHIA MC09'. All ALPGEN+PYTHIA
tunes studied follow each other closely in this measurenuaspite the dierent normalizations shown
in Table 3.

The diferential cross section for multi-jet events as a functiomppfprovides probably one of the
most informative results that can be used to estimate jeétgsaands in searches beyond the Standard
Model. These events represent a major QCD background anaglginy the momentum dependence,
one can hone in on searches over various mass ranges. Tdysadso validates shapes thdfext the
unfolded jet inclusive cross section measurement. Figyme8ents ther dependent dierential cross
sections for the leading, second leading, third leadingfandh leading jet for multi-jet events. The
systematic uncertainty in the measurement is 10-20% agrpssid increasing up to 30% for thd'4
leading jet diferential cross section. The jet energy scale systematiertaiigty remains the dominant
uncertainty in the measurement. The ALPGENERWIG AUET1 and ALPGENPYTHIA MC0Y
Monte Carlo simulations are in agreement with the data withe systematic uncertainties. The two
Monte Carlo simulations follow each other closely. The ghapthe other ALPGEMPYTHIA Monte
Carlo simulations is similar to that of the ALPGEN tunes shoexcept for the D6 tune, which follows
the data even more closely. The shape of the PYTHIA AMBT1 éepér than that of the data for
Figures 9 (a) and (b), and a similar feature has been obserikd PYTHIA Perugia2010 prediction.

A similar study to thepr dependent dierential cross section is thefidirential cross section for
multi-jet production as a function ¢it, namely the scalar sum of the of selected jets in the event. As
an example, thélr distributions are particularly useful for top quark stui€igure 10 gives the results
for the Hr dependent dierential cross sections compared to the ALPGEN and PYTHIAteCarlo
simulations. Similar conclusions as those reached in teeéquis figure can be drawn.

One of the QCD studies that is most sensitive to limitationthe leading-order Monte Carlo sim-
ulations and next-to-leading-order calculation, due ® $mall systematic uncertainties on the mea-
surement, is the ratio of the inclusive three to two jefediential cross section as a function of some
characteristic scale of the event. Figure 11 presents thatsefor the measurement of the three-to-two
jet cross-section ratio as a function pﬂ?ad for jets withR = 0.4 andR = 0.6, whereas Figure 12 presents

the results for the same ratio as a functionl—tﬁf) = p'TeaOI + pys for jets withR = 0.4 andR = 0.6.
These results are complementary to the next-to-leadidgr@nalysis presented later in this section, and
thus shown for two jet resolution parameters. The crossoserdtio as a function op'ﬁad is of interest,

in particular, for the tuning of final state radiation. Théigaas a function 01H$) is shown due to its
stability under renormalization scale variations in thetrie-leading-order calculation, discussed at the
end of this section.

The systematic uncertainties on both these measuremensrail & 5%) and dominated by the
systematic uncertainties in the unfolding correction. tRystematic uncertainty is somewhat larger in
the first bin due to the impact of the event selection cut orsttape of the leading jgtr distribution for
Niets > 3. Both ratios show similar features. The ALPGENERWIG AUET1 continues to describe the
data within systematic uncertainties. The shape desanigtfirom PYTHIA AMBT1 do not describe the
data so well. At lowpr and H(TZ), PYTHIA predicts a larger three-jet cross section than vidhateasured.
The dfect becomes even larger when PYTHIA Perugia2010 is usedhAIRLPGEN+PYTHIA tunes
studied show the oppositéfect, even though it is smaller, and often within the syst@naticertainties
in the measurement.

A comparison between Monte Carlo simulation and data isopedd on the three angular distri-
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Figure 9: Diferential cross section as a function of leadingojefor events withNjets > 2 (a), 29 leading
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events withNjets > 4 (d). The results are compared tdterent leading-order Monte Carlo simulations
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presented at the bottom of the figure.
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Figure 11: Ratio of the three-to-two jetfBirential cross-section ratio as a function of the leadingyje

The left and right figures correspond to=R0.4 and R= 0.6, respectively. The results are compared to
leading-order parton-shower Monte Carlo simulations. &ier bands correspond to the uncertainties
as in Figure 7. A plot of the ratio of theftierent Monte Carlo simulations to the data is presented at the
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butions A¢ as well asAr) in events with three or more jets. The distributions aremadized by the
inclusive three-jet cross section, since shape comparigmmost interesting in this context. Figure 13
shows the threg\¢| results. A similar study fojAn| is shown in Figure 14.

Note that the limited range df| < 2.8 provides a maximum separation between jet pairs of 5.6.
However, theAn ranges in Figure 14 are truncated earlier due to the extielmel Monte Carlo simu-
lation statistics available at very largey. The figures showing the angular spread between the first and
the third leading jet and the second and the third leadinfbjand c) are truncated at small values of the
angular spread, where they are dominated by jets that ayehese to each other and whose angular res-
olution is understood less precisely. Thé&elient Monte Carlo simulations have low statistics in thistai
The systematic uncertainties are largely dominated byntaioées in the unfolding, particularly those
arising from the limited Monte Carlo simulation statistailable. The ALPGEN and PYTHIA MCs
provide a reasonably good description of all the thkeedistributions. At largeAn between the second
and the third leading jet the PYTHIA AMBT1 does not succeedesicribing the data well, predicting a
much larger population of events. A similar result has bdeseored for PYTHIA Perugia2010, while
all the ALPGEN Monte Carlo simulations behave similarlyte bnes shown in the figures.

Overall, at leading order, the ALPGEMERWIG AUET1 Monte Carlo simulation appears to do
the best job at describing the multi-jet data, even thougthal other ALPGEN Monte Carlo simula-
tions used show similar features. After normalization te theasured two-jet inclusive cross section,
most ALPGEN Monte Carlo simulations used predict an ingisnulti-jet cross section similar to the
measured cross section (except for the ALPGENTHIA D6 tune), while the PYTHIA Monte Carlo
simulations require large scaling factors to describe nickisive multiplicity spectrum.

Calculations of QCD cross sections at next-to-leading rdndee a lower theoretical uncertainty than
leading-order calculations and allow performing a comesistreatment of theoretical uncertainties more
easily. If the next-to-leading-order calculation is ndefiaced to a parton-shower generator, the event
kinematics must be constrained to occur in parameter sgagoens where the fixed-order calculation is
well defined. Figure 15 shows a comparison of the same ressifsgure 11, but now compared to the
next-to-leading-order calculation corrected for nontymdrative défects. Figure 16 shows a comparison
of the same results as Figure 12, now again compared to theaiading-order calculation corrected
for non-perturbative feects.

The MSTW 2008 nlo pdf set has been used for the calculation shown in the fightggomparable
results are obtained with tETEQ 6.6 pdf set. The systematic uncertainties on the theoretiealigtion
are shown as dotted red lines above and below the theorgtiediction. Good agreement is found
between the data and the theory prediction within systemattertainties for both studies except in
the lowest point. Due to the kinematic cuts applied in thdyeis the next-to-leading-order calculation
accounts only for the lowest-order contribution to the fateross section in the regidﬂl(rz) < 160 GeV;
as a result, thisféective leading-order estimation is subject to large thiazakuncertainties arising from
higher-order terms, which might be responsible for the niegk discrepancy. The larger theoretical
uncertainty from the narrowé® = 0.4 is apparent and not surprising, due to terms that entergkieto-
leading-order calculation as the logarithnofThe overall comparison of Figure 15 and Figure 16 shows
a substantially lower theoretical uncertainty for iHE') next-to-leading-order prediction, which makes
the measurement a stringent test of pQCD. Given the smalunement uncertainties, the comparison
in Figure 16 may be useful to constrain parameters enteni@géxt-to-leading-order calculation, such
as pdfs or the value of the strong coupling constasgt,

9 Summary and Conclusion

A first dedicated study of multi-jet events has been perfarunging the ATLAS detector at a center-of-
mass energy of 7 TeV with an integrated luminosity of 2.43'pFor events containing two or more
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Figure 13: Diferential cross section as a functl%EM between (a) the leading and%eading jet, (b)
the leading and'8 jet, (c) and the ? leading aritf ™ leading jet for events with three or more jets in
data (solid points) and leading-order Monte Carlo simafai(open markers). A plot of the ratio of the
different Monte Carlo simulations to the data is presented didtiem of the figure.
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Figure 14: Diferential cross section as a functi%gmf between (a) the leading an8%eading jet, (b)
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different Monte Carlo simulations to the data is presented didgtiem of the figure.
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Figure 15: Ratio of the three-to-two jetft#rential cross-section ratio as a function of the leading je
pr. The left and right figures correspond to=R).4 and R= 0.6, respectively. The results are compared
to next-to-leading-order pQCD calculations with ti8TW 2008 nlo pdf set. The data error bands are
identical to the results shown in Figure 11. The systematitettainties on the theoretical prediction
are shown as dotted red lines above and below the theoregtiediction. A plot of the ratio of the
next-to-leading-order calculation to the data is preskirtehe figure beneath.
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Figure 16: Ratio of the three-to-two jetffirential cross-section ratio as a function of the sum of the
pr of the two leading jets. The left and right figures corresptm® = 0.4 and R= 0.6, respectively.
The results are compared to next-to-leading-order pQCe&utations with theMSTW 2008 nlo pdf set.
The data error bands are identical to the results shown r&ig2. The systematic uncertainties on the
theoretical prediction are shown as dotted red lines abogidalow the theoretical prediction. A plot of
the ratio of the next-to-leading-order calculation to tiaeds presented in the figure beneath.
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jets with pr > 60 GeV, of which at least one hag > 80 GeV, good agreement is found between
data and leading-order Monte Carlo simulations with paglower tunes that describe adequately the
ATLAS +/s = 7 TeV underlying-event data. The agreement is found afteptidictions of the Monte
Carlo simulations are normalized to the measured inclusiegjet cross section. The models have been
compared to multi-jet inclusive andftirential cross sections as well as three-jet angular lligitoins.
The present study extends up to a multiplicity of six jetstafet pr of 800 GeV and up to everty
(scalar sum of theprs of selected jets) of 1.6 TeV.

PYTHIA, which contains a 2> 2 leading-order matrix element augmented by parton showees
not describe the shapes of some of the studied distributibhis is most noticeable in the three-to-two
jet cross-section ratios and the distributions\g@fbetween the second and third leading jets. ALPGEN,
which contains higher multiplicity tree-level matrix elents matched to parton showers, generally de-
scribes the shapes well, whether the HERWIG or PYTHIA pastomwers are used. A measurement of
the three to two jet cross section ratio as a function of theilg jet and the sum of the two leading
jet prs has also been performed and is described by both ALPGEN agegtdo-leading-order pQCD
calculation, albeit with a significant discrepancy in thedstpr bin. Comparisons with next-to-leading-
order calculations may be useful to constrain parametdesieg the next-to-leading-order calculation,
such as pdfs or the value of the strong coupling constantgiven the small measurement uncertainties,
which are comparable to the systematic uncertainties ithinaretical prediction.

References

[1] A. Moraes, C. Buttar, and I. DawsoRyediction for minimum bias and the underlying event at
LHC energiesEuropean Physical Journal3D (2007) .

[2] The ATLAS CollaborationMeasurements of multi-jet production cross-sections atqr-proton
collisions at 7 TeV center-of-mass energy with the ATLASctimf ATLAS Note
ATLAS-CONF-2010-084(2010) .

[3] The ATLAS Collaboration,The ATLAS Experiment at the CERN Large Hadron Collid&iST3
(2008) S08003.

[4] R. Achenbach et alThe ATLAS Level-1 Calorimeter Triggelournal of Instrumentatiod
(March, 2008) P03001.

[5] M. Cacciari, P. G. Salam, and G. Soyd@he anti-kt jet clustering algorithmJHEPO04 (2008) 063.
[6] M. Cacciari, G. P. Salam, G. Soyez, httfastjet.fy.
[7] S. Frixione and G. RidolfiJet photoproduction at HERAlucl. Phys. B507 (1997) .

[8] The ATLAS CollaborationMeasurement of underlying event characteristics usinggeth
particles in pp collisions aty/s = 900 GeV and 7 TeV with the ATLAS detecRinysical Review D
(2010) accepted for publication.

[9] M. L. Mangano et al. ALPGEN, a generator for hard multiparton processes in hadro
collisions JHEPO7 (2003) 001.

[10] J. Pumplin et al.New generation of parton distributions with uncertaintfesmm global QCD
analysis JHEPO7 (2002) 012.

[11] T. Sjostrand, S. Mrenna, and P. Skanti®rief Introduction to PYTHIA 8,1Comput. Phys.
Commun.178(2008) 852.

25



[12] T. Sjostrand et alHigh-energy physics event generation with PYTHIA €dmput. Phys.
Commun.135(2001) 238.

[13] G. Corcella et al HERWIG 6.5: an event generator for Hadron Emission Reastlgfith
Interfering Gluons (including supersymmetric process@é<dEP01 (2001) 010.

[14] G. Corcella et al. HERWIG 6.5 release natarXiv:hep-ph/0210213.

[15] J. M. Butterworth and J. R. ForshaRRhotoproduction of multi - jet events at HERA: A Monte
Carlo simulation J. PhysG19(1993) 1657.

[16] J. M. Butterworth, J. R. Forshaw, and M. SeymadJultiparton interactions in photoproduction at
HERA Z. Phys.C72(1996) 637.

[17] The ATLAS CollaborationATLAS Monte Carlo Tunes for MCOATLAS Note
ATLAS-PHYS-PUB-2010-002(2010) .

[18] The ATLAS CollaborationFirst tuning of HERWIGIMMY to ATLAS dataATLAS Note
ATLAS-PHYS-PUB-2010-014(2010) .

[19] The ATLAS CollaborationCharged particle multiplicities in pp interactions measdwith the
ATLAS detector at the LHCTech. Rep. CERN-PH-EP-2010-079, CERN, Geneva, Dec, 2010.

[20] P. Z. SkandsTuning Monte Carlo generators: The Perugia tunefys. Rev. 82 (Oct, 2010)
074018.

[21] A. Sherstnev and R. ThornBjfferent PDF approximations useful for LO Monte Carlo
generatorsarXiv:0807.2132 [hep-ph].

[22] A. D. Martin et al.,Parton distributions for the LHCEur. Phys. JC63 (2009) 189.

[23] CTEQ Collaboration, H. L. Lai et alGlobal QCD analysis of parton structure of the nucleon:
CTEQS5 parton distributionsEur. Phys. JC12(2000) 375.

[24] The ATLAS CollaborationThe ATLAS Simulation InfrastructyrerXiv: 1005.4568. Accepted
by Eur. Phys. J. C.

[25] S. Agostinelli et al.Geant simulationNucl. Instr. and Meth. A06 (2003) 250.

[26] Z. Nagy,Next-to-Leading order calculation of three jet observahie hadron hadron collisions
Physical Review D (2003) 094002.

[27] P. M. Nadolsky et al.lmplications of CTEQ global analysis for collider obserled Physical
Review D78 (2008) 013004.

[28] A.D. Martin et al.,Parton distributions for the LHCEuropean Journal of Physics83 (2000) 189.

[29] The ATLAS CollaborationPerformance of the ATLAS trigger in the earfs = 7 TeV Data
ATLAS Note ATLAS-CONF-2010-094(2010) .

[30] The ATLAS CollaborationCharacterization of Interaction-Point Beam Parametersridghe pp
Event-Vertex Distribution Reconstructed in the ATLAS Eteteat the LHG ATLAS Note
ATLAS-CONF-2010-027(2010) .

[31] The ATLAS CollaborationPerformance of primary vertex reconstruction in protoo{on
collisions at+/s=7 TeV, ATLAS Note ATLAS-CONF-2010-069(2010) .

26



[32] The ATLAS CollaborationProperties of Jets and Inputs to Jet Reconstruction anduCatiion
with the ATLAS Detector Using Proton-Proton Collisions\é=7 TeV, ATLAS Note
ATLAS-CONF-2010-053(2010) .

[33] The ATLAS CollaborationMeasurement of the W | v and 7y — | | production cross sections
in proton-proton collisions aty/s = 7 TeV with the ATLAS detectatHEP12 (2010) 60.

[34] The ATLAS Collaboration,Jet energy resolution and reconstructigfi@encies from in-situ
techniques with the ATLAS Detector Using Proton-Protori§lohs at a Center of Mass Energy
\/s=7 TeV, ATLAS Note ATLAS-CONF-2010-054(2010) .

[35] The ATLAS CollaborationfFinal jet energy scale and its systematic uncertainty ftg jgpoduced
in proton-proton collisions aty/s=7 TeV and measured with the ATLAS detector for the 2010
dataset ATLAS Note ATLAS-CONF-2011-032(2011) .

[36] The ATLAS CollaborationAzimuthal decorrelation in dijet events gfs = 7 TeV, ATLAS Note
ATLAS-CONF-2010-080(2010) .

[37] The ATLAS Collaboration)n-situ jet energy scale and jet shape corrections for rpldti
interactions in the first ATLAS data at the LH&TLAS Note ATLAS-CONF-2011-030(2011) .

[38] The ATLAS CollaborationUpdated Luminosity Determination in pp Collisions s = 7 TeV
using the ATLAS DetectoATLAS Note ATLAS-CONF-2011-011(2011) .

27



