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Abstract. The measurement of missing transverse momentum in the ATdeA&tor, described in this paper, makes
use of the full event reconstruction and a calibration basedeconstructed physics objects. The performance of the
missing transverse momentum reconstruction is evaluatied) data collected ipp collisions at a centre-of-mass en-
ergy of 7 TeV in 2010. Minimum bias events and events withgétsadrons are used from data samples corresponding
to an integrated luminosity of about 0.3 b and 600 nb® respectively, together with events containing aoson
decaying to two leptons (electrons or muons) @ Boson decaying to a lepton (electron or muon) and a neufriom,

a data sample corresponding to an integrated luminositpofia36 pbl. An estimate of the systematic uncertainty
on the missing transverse momentum scale is presented.

1 Introduction imum bias events, events where jets at high transverse momen
) o ) ~tum are produced via strong interactions described by Quan-
In a collider event the missing transverse momentum is defingm chromodynamics (QCD) and events with leptonically de-
as the momentumimbalance in the plane transverse to the beaifing\w and z bosons. This allows the full exploitation of
axis, where momentum conservation is expected. Such an il detector capability in the reconstruction and calibreof
balance may signal the presence of unseen particles, sucliifigrent physics objects and optimization of tHESS calcu-
neutrinos or stable, weakly-interacting supersymmeBi%Y) |ation. Moreover, in events witt — (v , where( is an elec-
particles. The vector momentum imbalance in the transveggsn or muon, theEMSS performance can be studied in events

plane is obtained from the negative vector sum of the momeniga e genuineErTniss is present due to the neutrino, thus al-

of all particles detected inpp collison and is denoted as miss-_ . I miss .
ing transverse momenturBsS, The symboEM™SS is used for lowing a validation of théef"** scale. In simulated events, the

its magnitude. genuineEMss, EMST® is calculated from all generated non-

A precise measurement of the missing transverse mom#Heracting particles in the eventand itis also referreatttrue
tum, ET'SS | is essential for physics at the LHC. A lar§&'Sis Ef"'*S in the following. _
a key signature for searches for new physics processes such aAn important requirement on the measuremenE®f® is
SUSY and extra dimensions. The measuremeti{3#° also the minimization of the impact of limited detector coverage
has a direct impact on the quality of a number of measuremefiste detector resolution, the presence of dead regionsldnd
of Standard Model (SM) physics, such as the reconstrucfionferent sources of noise that can produce f&K&*. The AT-
the top-quark mass it events. Furthermore, it is crucial in thel. AS calorimeter coverage extends to large pseudoram&tie
search for the Higgs boson in the decay chanhklss WW  to minimize the impact of high energy particles escapingén t
andH — 17, where a good&T"** measurement improves thevery forward direction. Even so, there are inactive traoit
reconstruction of the Higgs boson mass [1]. regions between different calorimeters that produce ERe.

This paper describes an optimized reconstruction and c@iead and noisy readout channels in the detector, if preasnt,
bration of ET"*® developed by the ATLAS Collaboration. The
performance achieved represents a significant improvementt a7 As yses a right-handed coordinate system with its oragin

compared to earlier reﬁigshi_s [2] presented by ATLAS. The-0pthe nominal interaction point (IP) in the centre of the deteand the
mal reconstruction oET"" in the ATLAS detector is complex zaxis coinciding with the axis of the beam pipe. Tkexis points

and validation with data, in terms of resolution, scale aildt from the IP to the centre of the LHC ring, and thexis points up-
is essential. A number of data samples encompassing ayarigdrd. Cylindrical coordinateg, @) are used in the transverse plape,
of event topologies are used. Specifically, the event sampleing the azimuthal angle around the beam pipe. The pseuiditya
used to assess the quality of 'S reconstruction are: min- is defined in terms of the polar angeasn = —Intan(6/2).
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well as cosmic-ray and beam-halo muons crossing the detf&}; with distance parameteéR = 0.6, is used for jet recon-
tor, will produce fakeET™S. Such sources can significantly enstruction. The reconstructed jets are required to pass [eisi
hance the background from multi-jet events in SUSY searchmsality selection criteria. In particular events are regelcif
with large E{"*° or the background fronZ — ¢/ events ac- any jet in the event with transverse momentpm-20 GeV is
companied by jets of high transverse momentypr) (n Higgs caused by sporadic noise bursts in the end-cap region, @aher
boson searches in final states with two leptonsBfid. Cuts noise in the electromagnetic calorimeter or reconstruicted
are applied to clean the data against all these sources ¢see [rge out-of-time energy deposits in the calorimeter. Eueds
tion[3), and more severe cuts to suppress tHRE are applied largely suppress the residual sources of faBR€* due to those
in analyses for SUSY searches, after which, for selectedtsveinstrumental effects which remain after the data-quadityuire-
with high-pt jets, the tails of thé&e["s distributions are well ments.
described by MC simulation[3]. The 2010 data sets used in this paper correspond to a to-
This paper is organised as follows. Secf{ion 2 gives a brigfl integrated luminosity [6]7] of approximately 600Tb for
introduction to the ATLAS detector. Secti@h 3 and Secfibn jét events and to 0.3 nB for minimum bias events. Trigger
describe the data and Monte Carlo samples used and the eagut selection criteria for these events are described iticBec
selections applied. Sectibh 5 outlines hB6f/SSis reconstructed 3.1. For theZ — ¢¢ andW — ¢v channels, the samples anal-
and calibrated. Sectidd 6 presents BfSS performance for ysed correspond to an integrated luminosity of approxilyate
data and Monte Carlo simulation, first in minimum bias and j86 pb*. Trigger and selection criteria, similar to those devel-
events and then i@ andW events. The systematic uncertaintpped for théW/Z cross-section measurement [8], are applied.
on theEss absolute scale is discussed in Sectidn 7. Sectighese criteria are described in Sectibn$ 3.2[and 3.3.

describes the determination of tB&"SS scale in-situ using

W — ¢v events. Finally, the conclusions are given in Sedtion 8.1 Minimum bias and di-jet event selection

2 The ATLAS Detector For the minimum bias events, only the early period of data tak
ing, with a minimal pile-up contribution, is studied. Sakst
The ATLAS detector([l] is a multipurpose particle physics agninimum bias events were triggered by the minimum bias trig-
paratus with a forward-backward symmetric cylindricalgeo ger scintillators (MBTS), mounted at each end of the detecto
etry and near # coverage in solid angle. The inner trackingn front of the LAr end-cap calorimeter cryostats [9].
detector (ID) covers the pseudorapidity rargé < 2.5, and Events in the QCD jet sample are required to have passed
consists of a silicon pixel detector, a silicon microstrigaattor the first-level calorimeter trigger, which indicates a siigant
(SCT), and, forin| < 2.0, a transition radiation tracker (TRT).energy deposit in a certain region of the calorimeter, with t
The ID is surrounded by a thin superconducting solenoid pr@ost inclusive trigger with a nomingk threshold at 15 GeV.
viding a 2 T magnetic field. A high-granularity lead/liquid-The event sample used in this analysis consists of two ssibset
argon (LAr) sampling electromagnetic calorimeter covés tof 300 bt each, corresponding to two periods with differ-
region|n| < 3.2. An iron/scintillator-tile calorimeter providesent pile-up and trigger conditiois One subset corresponds to
hadronic coverage in the rangg| < 1.7. LAr technology is the periods with lower pile-up conditions with, on average,
also used for the hadronic calorimeters in the end-cap megi® 1.6 reconstructed vertices per event. The other subset-co
1.5 < |n| < 3.2 and for both electromagnetic and hadron®ponds to the periods with higher pileup conditions, whigee t
measurements in the forward region upnd < 4.9. The muon peak number of visible inelastic interactions per bunclssirgy
spectrometer surrounds the calorimeters. It consists reethgoes up to 3. In the following, di-jet events are used, setect
large air-core superconducting toroid systems, precisamk- requiring the presence of exactly two jets with > 25 GeV
ing chambers providing accurate muon tracking olig{e= 2.7, and|n| < 4.5. Jets are calibrated with the local hadronic cali-
and additional detectors for triggering in the regjgh< 2.4.  bration (see Sectidn 3.1).
For each event, at least one good primary vertex is required
with a z displacement from the nominglp interaction point
3 Data samples and event selection less than 200 mm and with at least five associated tracks. Af-
ter selection, the samples used in the analysis presented he

During 2010 a large number of proton-proton collisions, at&respond to 14 million minimum bias events and 13 million
centre-of-mass energy of 7 TeV, were recorded with staltle pyj_jet events.

ton beams as well as nominal magnetic field conditions. Only
data with a fully functioning calorimeter, inner detectarda
muon spectrometer are analysed. 3.2 Z — ¢¢ event selection

Cuts are applied to clean the data sample against instru-
mental noise and out-of-time energy deposits in the calrinCandidat&Z — ¢¢ events, wheré is an electron or a muon, are
ter (from cosmic-rays or beam-induced background). Togolarequired to pass asly or muon trigger with g7 threshold be-
ical clusters reconstructed in the calorimeters (see @#Btil) tween 10 and 15 GeV, where the exact trigger selection varies
at the electromagnetic energy (EM) séatee used as the in-
puts to the jet finder_[4]. In this paper the akgialgorithm

by electromagnetic showers. It does not correct for the tewnergy
hadron shower response nor for energy losses in the deadahate

2 The EM scale is the basic calorimeter signal scale for the AT Pile-up in the following refers to the contribution of addital pp
LAS calorimeters. It provides the correct scale for energgasited collisions superimposed on the hard physics process.
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depending on the data period analysed. For each eventsat lpde-up conditions. In the earlier sample the fraction ofrmte
one good primary vertex, as defined above, is required. with at least two observed interactions is at most of the orde
The selection oZ — ppu events requires the presence obf 8 — 10 %, while in the sample taken later in 2010 this frac-
exactly two good muons. A good muon is defined to be a mutian ranges from 10 % to more than 50 %. These samples are
reconstructed in the muon spectrometer with a matched trayjnerated in thgt range 8 — 560 GeV, in separated parton
in the inner detector with transverse momentum above 20 G@Y bins to provide a larger statistics also in the high-bins.
and|n| < 2.5 [10]. Additional requirements on the number oEach sample is weighted according to its cross-section.
hits used to reconstruct the track in the inner detector pre a MC events for the study of SM background<dn- ¢¢ and
plied. Thez displacement of the muon track from the primaryW — ¢v analyses are also generated using#A 6. The only
vertex is required to be less than 10 mm. Isolation cuts are @xceptions are thé background and th&/ — ev samples
plied around the muon track. used in Sectiof 812, which are generated with the MC@NLO
The selection oZ — ee events requires the presence gbrogram([15]. For the study of the total transverse energdlyef
exactly two identified electrons witjn| < 2.47, which pass events, samples produced witk 414 8 [16] are used as well.
the “medium” identification criterie [8,11] and have trapsse MC samples were produced with different levels of pile-up
momenta above 20 GeV. Electron candidates in the electromigorder to reflect the conditions in different data-takiregip
netic calorimeter transition region, 1.37|n| < 1.52, are not ods. In particular, two event samples were used for jets: one
considered for this study. Additional cuts are applied tnoge was simulated with a pile-up model where only pile-up colli-
electrons falling into regions where the readout of theriiede-  sions originating from the primary bunch crossing are abnsi
ter was not fully operational. ered (in-time pile-up) and a second one was simulated with a
In boththeZ — ee and theZ — ppu selections, the two lep- realistic configuration of the LHC bunch group structureeven
tons are required to have opposite charge and the recotestrupile-up collisions from successive bunch crossings a@ials
invariant mass of the di-lepton systemy,, is required to be cluded in the simulation. In the case of events contaiing
consistent with th& mass, 66< my, < 116 GeV. ¢ orW — fv, MC samples with in-time pile-up configuration
With these selection criteria, about 90006+ ee and 13000 are used, because these data correspond to periods where the
Z — uu events are selected. The estimated background cepntribution of out-of-time pileup is small.
tribution to these samples is less than 2% in both channgls [8 The trigger and event selection criteria used for the daa ar
also applied to the MC simulation.

3.3 W — /v event selection
mIss H H H
Lepton candidates are selected with lepton identificatida-c 5 Ey™reconstruction and calibration
ria similar to those used for th#analysis. The differences for
the selection oW — ev events are that the “tight” electron
identification criterial[1/1,/8] are used and an isolationisatp-
plied on the electron cluster in the calorimeter to reduae c

tamination from QCD jet background. The event is rejected"i'ﬁ

it contains more than one reconstructed lepton. ERES, cal- Emiss_ pmisscalo , pmissy (1)
culated as described in Sectldn 5, is required to be grdwdar t X(y) T () x(y)

25 GeV, and the reconstructed leptBf*S transverse mass,
my, is required to be greater than 50 GeV.

With these selection criteria, about 8&50* W — ev and
1.05x10° W — pv events are selected. The background co
tribution to these samples is estimated to be about 5% in b
channels]8].

The EMSS reconstruction includes contributions from energy
deposits in the calorimeters and muons reconstructed in the
gnuon spectrometer. The tvie"'>® components are calculated

Low-py tracks are used to recover lop+ particles which

are missed in the calorimeters (see Sedtion b.3.1), and snuon

[econstructed from the inner detector are used to recovenmu
egions not covered by the muon spectrometer (see Section
). The two terms in the above equation are referred to as

the calorimeter and muon terms, and will be described in more

detail in the following sections. The values Bf"** and its

4 Monte Carlo simulation samples azimuthal coordinateg™s9) are then calculated as:

2

3

(pmiss — ‘,7.u,c,[(,ju,‘iE)r,‘niss7 E)r(nis%. (2)

Monte Carlo (MC) events are generated using theHRA 6 Ef'sS= \/(E)'(“iss)2+ (Ejiss)
program[[12] with the ATLAS minimum bias tune (AMBT1) of
the PrTHIA fragmentation and hadronisation parameters [13].
The generated events are processed with the detaitedi G4
[14] simulation of the ATLAS detector. _
The minimum bias MC event samples are generated using Calculation of the ET"*®calorimeter term
non-diffractive as well as single- and double-diffractjwm- .
cesses, where the different components are weighted aagordn this paper, theET"S® reconstruction uses calorimeter cells
to the cross-sections given by the event generators. calibrated according to the reconstructed physics oljeghich
The jet MC samples, generated using a 2-to-2 QCD mattixey are associated. Calorimeter cells are associatecawéh
element and subsequent parton shower development, are wsedstructed and identified highy parent object in a chosen
for comparison with the two subsets of data taken with défifiér order: electrons, photons, hadronically decayiflgptons, jets
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and muons. Cells not associated with any such objects are &< Calculation of the E?’issmuon term

taken into account in thE™sS calculation. Their contribution,

; ) miss i
namecE_ImlssCeIIOuthereafter, is important for tHEXSS resolu- TheET"**muon term is calculated from the momenta of muon

tracks reconstructed witlm | < 2.7:

tion [17].

Once the cells are associated with objects as describeé abov gmissy _ _ z pH (5)
theET"*Scalorimeter term is calculated as follows (note that the x0) migns )
Exy F term is not always added, as explained in Sectiahere the summation is over selected muons. In the region

5.2, and for that reason it is written between parentheses): |n| < 2.5, only well-reconstructed muons in the muon spec-
i ; - i issi trometer with a matched track in the inner detector are con-
misscalo __ —misse missy missT missjets . ‘ . - ’
Ey = =By TEy TEy TEy sidered (combined muons). The matching requirement consid
+Emisssoftjets+ (Emisscalqu) i gmissCellout 3) erably reduces contributions from fake muons (reconsdict
X(¥) X(y) X(y) muons not corresponding to true muons). These fake muons
where each term is calculated from the negative sum of calan sometimes be created from high hit multiplicities in the
brated cell energies inside the corresponding objects, as: muon spectrometer in events where some particles from very
nterm energetic jets punch through the calorimeter into the myen s
. cell . tem.
missterm _ : . . .
Bx - i; EisinGicosp In order to deal appropriately with the energy deposited by

e the muon in the calorimeterE,T;ssca'q“, the muon term is cal-
E)r/r\issterm: 3 Eising sing (4) culated differently for isolated and non-isolated muonghw
& non-isolated muons defined as those within a distatiRe=

STAMZ L (AD)2 ot -
whereE;, 6 andq are the energy, the polar angle and the az- (An)2+(Ag) < O3ofa recohstructed !et in the event.
imuthal angle, respectively. The summations are over i ce ® The pr of an isolated muon is determined from the com-

associated with specified objects in the pseudorapiditye@n ~ Pined measurement of the inner detector and muon spec-
In| < 4.5. trometer, taking into account the energy deposited in the

Because of the high granularity of the calorimeter, it is Ccalorimeters. In this case the energy lost by the muon in
crucial to suppress noise contributions and to limit théscel the calorimetersli’;?;isca'q“) is not added to the calorime-
used in theET"® sum to those containing a significant sig- ter term (Equatioh]3) to avoid double counting of energy.
nal. This is achieved by using only cells belonging to threes For a non-isolated muon, the energy deposited in the calori-

dimensional topological clusters, referred as topoctsdiere- meter cannot be resolved from the calorimetric energy de-
after [18], with the exception of electrons and photons fhiok positions of the particles in the jet. The muon spectrometer
a different clustering algorithm is used [11]. The topotdus measurement of the muon momentum after energy loss in
are seeded by cells with deposited enétdfi| > 40noise and the calorimeter is therefore used, so BEESS¥%H term is

are built by iteratively adding neighbouring cells with| >

20moise and, finally, by adding all neighbours of the accumu- added to the calorimeter term (Equatidn 3). Only in cases

in which there is a significant mis-match between the spec-

lated celis. : . . . . trometer and the combined measurement, the combined mea-
The various terms in Equatidd 3 are described in the fol- : . L
lowinar- surementis used and a parameterized estimation of the muon
owing: loss in the calorimetér [10] is subtracted
misse Cmissy cmisst . energy loss in the calorimetér [10] is subtracted.
Ew 'Bxy 'Exy are reconstructeq from cells in clustqy higher values of pseudorapidity.2< |n| < 2.7), outside
ters associated to electrons, photonsefets from hadron- the fiducial volume of the inner detector, there is no matched
ically decayingr-leptons, respectively; track requirement and the muon spectrometerlone is used
. EQE“SSJEtS is reconstructed from cells in clusters associatddr both isolated and non-isolated muons.
to jets with calibrategpr > 20 GeV; Aside from the loss of muons outside the acceptance of

° Emlsssoﬁ]ets f

Xy) is reconstructed from cells in clusters associ® Muon spectrometejry| > 2.7), muons can be lost in other

: _ i small inactive regions (around)| = 0 and|n| ~ 1.2) of the
atn?igsigléit§ with 7 Ge\-k T < 20 _Ge\/., o muon spectrometer. The muons which are reconstructed by seg
Ey  isthe contribution t&E"** originating from the ments matched to inner detector tracks extrapolated to tirmm
energy lost by muons in the calorimeter (see Se¢fioh 5.2fpectrometer are used to recover their contributioS&> in
. theE)':;Ssce"O”tterm is calculated from the cells in topoclusthe|n | ~ 1.2 regions([10].

ters which are not included in the reconstructed objects.  Although the core of th&f"*® resolution is not much af-
All these terms are calibrated independently as describf&gted by the muon term, any muons which are not reconstruc-
ed, badly measured, or fake, can be a source of E4KE.

in Section[5.B. The ﬁnalE)’(T(‘)‘gS is calculated from Equation 1t

adding tth)':(‘SS'“ term, described in Sectidn5.2. _
5.3 Calibration of ET"®
4 Thisn cut is chosen because the MC simulation does not describe )
data well in the very forward region. The calibration ofET"*® is performed using the scheme de-
5 Onoise is the Gaussian width of the EM cell energy distributiorscribed below, where the cells are calibrated separatetyrde
measured in randomly triggered events far from collisiondies. ing to their parent object:
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e The E?‘isse term is calculated from reconstructed electrordouble counting. If a track is neither associated to a taysiet
passing the “medium” electron identification requirementsor a reconstructed object, its transverse momentum isdadde
with pr > 10 GeV and calibrated with the default electrofy the calculation oE_rI_T"Ssce”OUt_ In the case where the track is

calibration [8]. associated to a topocluster, its transverse momentumdsorse
e TheEy"**" term is calculated from photons reconstructeghe calculation of th&™*¢®"°! and the topocluster energy is

with the “tight” photon identification requirements_[11]discarded, assuming that the topocluster energy corressgon

with pr > 10 GeV at the EM scale. Due to the low phothe charged particle giving the track. It has to be noticed th

ton purity, the default photon calibration is not applied. there is a strong correlation between the number of pasticle
e TheE{"**" term s calculated from-jets reconstructed with and topoclusters, so, in general no neutral energy is lpkice

the “tight” t-identification requirements [19], withr > 10 ing the topocluster by a track, and the neutral topoclustess

GeV, calibrated with the local hadronic calibration (LCWkept in most of the cases. If more than one topocluster is-asso

schemel[[20]. The LCW scheme uses properties of clusteiated to a track, only the topocluster with the largest gnéer

to calibrate them individually. It first classifies caloritee excluded from th& 'S calculation, assuming that this energy

clusters as electromagnetic or hadronic, according to tberresponds to the track.

cluster topology, and then weights each calorimeter cell in

clusters according to the cluster energy and the cell energy .

density. Additional corrections are applied to the cluster g Study of E_rIT_nss performance

ergy for the average energy deposited in the non-active ma-

terial before and between the calorimeters and for unclqﬁ-this section the distributions (E_Irpiss in minimum bias, di-

tered calorlfrtneter energy. jet,Z — ¢¢ andW — ¢v events from data are compared with

o TheEr ****"*“term is calculated from jets (reconstructeghe expected distributions from the MC samples. The perfor-
using the antk; algorithm with R=0.6) with 7< pr < 20 mance oE}'sS in terms of resolution and scale is also derived.
GeV calibrated with the LCW calibration. Minimum bias, di-jet events and — ¢/ events are used

o The E7"*¥*® term is calculated from jets withr > 20 (o investigate the&ElsS performance without relying on MC
GeV calibrated with the LCW calibration and the jet energyetector simulation. In general, apart from a small contrib
scale (JES) factor [21] applied. The JES factor corrects thign from the semi-leptonic decay of heavy-flavour hadrans i
energy of jets, either at the EM-scale or after cluster cajits, no genuin&™*® is expected in these events. Thus most
bration, back to particle level. The JES is derived as a fungs i ETmiss reconstructed in these events is a direct result of

tion of reconstructed jey andpr using the generator-level;yherfections in the reconstruction process or in the detec
information in MC simulation. response.

o The EI"sSC®l%U term is calculated from topoclusters out-
side reconstructed objects with the LCW calibration and

from reconstructed tracks as described in Se¢fionls.3.1. 6.1 E_Irpiss performance in minimum bias and di-jet

Note that object classification criteria and calibratiom ¢ee €Vents

chosen according to specific analysis criteria, if needed. o _ _ _ _
The distributions oS, EMS® | EY'SS and ¢™° for data

and MC simulation are shown in Figuré 1 for minimum bias
5.3.1 Calculation of the EMSSCelOUt 4o with a events. The distributions are shown only for events with to-
track-cluster matching aIgTorithm tal transverse energy (see definition at the end of this@®cti

greater than 20 GeV in order to reduce the contamination of

In events withW andZ boson production, the calibration of@ke triggers from the MBTS. Figufg 2 shows the distribusion

missCellOut : . . of the same variables for the di-jet sample. The di-jet sempl
the E term is of particular importance because, duc‘?orresponding to the periods with higher pileup conditi(zes

S . Sectior3.11) is used. The MC simulation expectations are su-
tribution balances the//Z bosonpr to a large extent[17]. An hoimnosed, normalized to the number of events in the data.

energy-flow algorithm is used to improve the calculatiorhaf t In di-jet events a reasonable agreement is found between

low-pr contribution toEss (ET"*S°*!Y Tracks are added data and simulation for all basic quantities, while thergoisie
to recover the contribution from lowr particles which do disagreement in minimum bias events, attributed to imperfe
not reach the calorimeter or do not seed a topocluster. &urthmodelling of soft particle activity in the MC simulation. h
more the track momentum is used instead of the topoclusgitter agreement between data and MC simulation impf
energy for tracks associated to topoclusters, thus expidite distribution for the di-jet sample can be partly explaingdie
better calibration and resolution of tracks at low momentufgct that theE?‘iSS is not corrected for the primary vertex po-
compared to topoclusters. sition; the primary vertex position in data is better reprced
Reconstructed tracks withr > 400 MeV, passing track py the MC simulation for the di-jet sample than in the case of
quality selection criteria such as the number of hits KADF  the minimum bias sample.
the track fit, are used for the calculation of B¢ term Events in the tails of thE!™SS distributions have been care-
All selected tracks are extrapolated to the second layemef fully checked, in order to understand the origin of the large
electromagnetic calorimeter and very loose criteria aeelfier measuredeE!"sS. The tails are not completely well described by
association to reconstructed objects or topoclustersyaada MC simulation, but, both in data and in MC simulation they are

to the low particle multiplicity in these events, tHE§"sS con-
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in general due to mis-measured jets. In minimum bias evebigthe fact that the lo§ Et region is populated by events from

there are more events in the tail in MC simulation and this céime jet MC sample generated in the lowest pamerbin (17-

be due to the fact that the MC statistics is larger than in.data 35 GeV), which is the most suppressed by the di-jet selection

di-jet events, there are more events in the tail in data. \iCe (a factor about 20 more than other samples) and has a large

events would be desirable. In di-jet events there are 19teveneight, due to cross-section. Moreover theTRIA 8 jet MC

with Ef"S® > 110 GeV in the data. The majority of them (13ample in the 8-17 GeV partgnr bin is not available. In the

events) are due to mis-measured jets, where in most of tes casse of the minimum bias sample, due to the very limited num-

at least one jet points to a transition region between aalri ber of events simulated (about a factor 25 less respect &),dat

ters. Two events are due to a combination of mis-measured jiie tails in the RTHIA 8 MC distribution are strongly depleted.

with an overlapping muon, and one event is due to a fake high- The PyTHIA8 MC [16] version used in this paper has not

pr muon. Finally two events look like godab candidates, yet been tuned to the ATLAS data. The current tune [22] uses

and one event has one reconstructed jet and no activity in the CTEQ 6.1 parton distribution functions (PDF) instead of

other hemisphere. _ the MRST LO* as used in PTHIA 6, and its diffraction model
The events with fak&{"s® due to mis-measured jets andiiffers, including highe©? diffractive processes. The compar-

jets containing leptonic decays of heavy hadrons can be fgon of the mean values and the shapes of the two different MC

jected by a cut based on the azimuthal angle between thedgfributions with data seems to indicate that a bettereagest

andET"S, Ag(jet,ET"'). Since the requirement of event cleanis obtained with the PTHIA 8 but, due to the reduced/PHIA 8

ing depends on the physics analysis, the minimal cleanibg giC statistics, no firm conclusion can be drawn. In the rest of

is applied and careful evaluation of tail events is perfatmene paper, the PrHiA 6 MC samples with the ATLAS tune are

in this paper. Analyses that rely on a careful understandinged for comparison with data; this version is used as the-bas

and reduction of the tails of the{"** distribution (e.g. SUSY line for PyTHIA MC samples for 2010 data analyses.

searches such as Refl [3]) have performed more detailed stud

ies to characterize the residual tail in events containigh-h

pr jets. These analyses use tighter jet cleaning cuts, tlack-é' iss )

matching, and angular cuts dwp(jet, ET) to further reduce 6-2 ET" performance in Z — (/ events

the fakeEMSS tail. In Ref. [3] a fully data-driven method (de-

scribed in detail in Ref[[17]) was then employed to deteeminhe absence of genuitid"ss in Z — ¢¢ events, coupled with
the residual fak&y"** background. the clean event signature and the relatively large crostiese

The contributions from jets, soft jets and topoclusters ngfeans that it is a good channel to SHUERYSS performance.
associated to the reconstructed objects and muons are $own 1 . diciributions OEMSS and@™s for data and MC sim-

FigureL3 for the di-jet events. The data-MC agreement is goggliisn are shown in Figuig 5 fat — ee andZ — pu events.
for all of the terms contributing t&7"%. The tails observed in 1,5 contributions due to muons are shownZor L events
the muon term are mainly duc_a to reconstru_cted fake muons ?Hcgigure[@. Both the contributions from energy deposited in
to one cosmic-ray muon, which can be rejected by applylnq:gI

taht lection for th di =S ruct orimeter cells associated to muons, taken at the EM ,scale
ighter selection for the muons used in °° reconstruction, and the contributions from reconstructed muons are shoam. F

based orx? criteria for the combination, isolation criteria and, _, ee events, the contributions from electrons, jets, soft jets
requirements on the number of hits in muon chambers used {0l topoclusters outside the reconstructed objects asersho
the muon reconstruction. separately in FigurE]l7. The peak at zero in the distribution
In the following some distributions are shown for the totgif the jet term corresponds to events where there are no jets
transverse energy, Er, which is an important quantity to pa-yith pr above 20 GeV, and the small values 20 GeV) in
rameterise and understand B8 performance. Itis defined ihe gistribution are due to events with two jets whose trans-

as. verse momenta balance. The MC simulation expectations, fro
Neel Z — ¢¢ events and from the dominant SM backgrounds, are su-
Z Er = Z Eisin6 (6) perimposed. Each MC sample is weighted with its correspond-

i= ing cross-section and then the total MC expectation is nbrma

whereE; and@, are the energy and the polar angle, respectivelg€d t0 the number of events in data. Reasonable agreement be
' ! gy P g P een data and MC simulation is observed in all distribwtion

of calorimeter cells associated to topoclusters within< 4.5. ) - oIS SR e
Cell energies are calibrated according to the scheme tiescri  Eventsin the tails of thef™* distributions in Figurél5 have
in Sectior 5.8 foETSS been carefully checked. The 22 events with the higE#t®

The data distributions df Er for minimum bias and di-jet values, above 60 GeV, have been examined in detail to check
events from the subset corresponding to lower pileup contibether they are related to cosmic-ray muon background, fak
tions (see Section3.1) are compared to MC predictions frgntons, badly measured jets or jets pointing to dead calerime
two versions of RTHIA in Figure [4. The left-hand distribu- ter regions. The events in the tails are found to be comatibl
tions show comparisons with the ATLAS tune o R11a6. With either signal candidates, including WW andW Z di-
The right-hand distributions show the comparisons withdise boson events, all involving re&y"s, or events in which the
fault tune of FTHIA8. Due to the limited number of eventsEl"sS vector is close to a jet in the transverse plane. The lat-
simulated, the distribution for the di-jetPHIA8 MC sample ter category of events can arise from mis-measured jetshand
is not smooth, and is zero in the lowé&SEr bin populated by rejected at the analysis level with cuts Awp(jet, ET'*) (see
data. This is not understood, also if it can be partly exgdin Sectior{6.11).
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Fig. 1. Distribution of E{'SS (top left), E"S (top right), EMsS (bottom left),¢™sS (bottom right) as measured in a data sample of minimum
bias events. The expectation from MC simulation, normeliaehe number of events in data, is superimposed.

6.2.1 Measuring ET"S response in Z — ¢/ events both the electron and muon channels which is reasonably re-
produced by the MC simulation. The observed bias is slightly

From the event topology [17] in events with— ¢/ decay one negative for low values qﬁ%, suggesting either that thg- of

can define an axis in the transverse plane such that the contpe-lepton system is overestimated or that the magnitudeeof t

nent of EI"'S® along this axis is sensitive to detector resolutiohadronic recoil is underestimated. The same sign and magni-

and biases. The direction of this axigy, is defined by the tude of bias is seen in both electron and muon channels, sug-

reconstructed momenta of the leptons: gesting that the hadronic recoil, here dominate@ B “*"""
. - . - and by soft jets, is the source of bias. The component of the
Az=(p" + pr")/ et + et | (7) EMss along the perpendicular axi€ss- Asz, displays no

blas and, indeed there is no mechanlsm for generating such a
where p;! are the vector transverse momenta of the lepton apis.

anti-lepton. The direction oAz thus reconstructs the direction
of motion of the Z boson. The perpendicular axis in the trans-

verse planeAaz, is a unit vector placed at right angles &y, In Figure[® the dependences ¢Em'55 Az) on pT are
with positive direction anticlockwise from the directiohthe shown separately for events with— ¢/ produced in associ-
Z boson. ation with zero jets or with at least one jet, with the jet diefin

The mean value of the projection &S onto the lon- tion as described in Sectién B.1. The figure demonstratés tha
gitudinal axis,(EFsS. Az), is a measure of thEl"sS scale, there is a negative bias {ET'S- A7) for events with zero jets,
as this axis is sensitive to the balance between the leptahs @hich increases witlp? up to 6 GeV. A similar bias is ob-
the hadronic recoil. Figufg 8 shows the valudBf'sS- A7) as served in both electron and muon channels, hence it is inter-
a function of p%. These mean values are used as a diagnogtieted as coming from imperfections in the calibration @ th
to validate theET® reconstruction algorithms. If the leptonssoft hadronic recoil (th&"SSe1% and thegMsss0MetSterms),
perfectly balanced the hadronic recoil, regardless of étem-  In events with at least one jet there is a small posmve lidise
mentum of the lepton system, then EEiE'SS Az would be zero, electron channel at higp#, which is visible also in the muon
independent op%. Instead(ETSS- A7) displays a small bias in channel forp? in the region 15-20 GeV.
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Fig. 2. Distribution of EfSS (top left), E"SS (top right), EM'SS (bottom left),¢™S (bottom right) as measured in the data sample of di-jet
events. The expectation from MC simulation, normalizediéaiumber of events in data, is superimposed. The events faith are discussed
in the text.

Figure[10 showgETSS- Az ) for Z — ¢/ events where there objects are shown in Figutel1l3 fo¢ — ev events. The MC
are neither higtpr nor soft jets, for two cases (ﬁqﬂss re- expectations are also shown, both fra¥h— /v events, and
construction: calculating thl§$wiss,c<ellout term with the track- from the dominant SM backgrounds. The MC simulation de-

cluster matching algorithm (see Sectlon 5.3.1) or caligat scribes all of the quantities well, with the exception thety
this term from the calorimeter topoclusters only (denoted M2 d%fsas'eMC discrepancies are observed in the distabuti
EMSS no tracks). The plots show a lower bias for the cag¥ theEy ™" at low E7"*® values. This can be attributed to the

with the track-cluster matching algorithm, indicatingttham- ~ QCD jet background, which would predominantly populate the
proves the reconstruction of I}E(rnissCeIIOutterm region of lowE™s® [8], but which is not included in the MC
' expectation shown.

6.3 EMSS performance in W — /v events .
6.3.1 ET"® linearity in W — fv MC events
In this section th&"sS performance is studied W — ev and
W — uv events. In these events genulfil‘éiSS is expected due The expectecE'T“iSS linearity, which is defined as the mean
to the presence of the neutrino, thereforeEH¥s scale can be value of the ratioi ENiss— EMSSTUe) EMISSTIUE i shown as

checked. . missTrue : .
o i iss _ a function of E in Figure[14 forW — ev andW —
The distributions o™ and ¢™* in data and in MC T J

. . T Uv MC events. The mean value of this ratio is expected to be
simulation are shown in Figule 11 f&W — ev andW —

o zero if the reconstructeBTSS has the correct scale. In Figure
pv events. The contributions due to muons are shown @} it can be seen that there is a displacement from zero which
W — pv events in Figuré_12. Both, thE["sS contribution

TR . . varies with the tru€E™ss, The bias at lowE!"S™™® values is
from energy deposited in calorimeter cells associated sy . T . T iss
taken at the EM scale, and th&"'ss contribution from re- about 5% and is due to the finite resolution of #R%S mea-

constructed muons are shown. The contributions given by @igement. The reconstruct&"s is positive by definition, so
electrons, jets, soft jets and topoclusters outside rénated the relative difference is positive when tE§"*S™® is small.
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Fig. 3. Distribution of E’T“iss computed with cells from topoclusters in jets (top left)saft jets (top right), from topoclusters outside recon-
structed objects (bottom left) and from reconstructed rsu@@ottom right) for data for di-jet events. The expectatimm MC simulation,

normalized to the number of events in data, is superimpd&eelevents in the tail of the’TTESS'“ distribution are discussed in the text.

The effect extends up to 40 GeV. The bias is in general largeEr. TheET"**resolution follows an approximately stochastic
for W — v events than foWW — ev events. Considering behaviour as a function of Et, which can be described with
only events W|trEm'53Tf“e > 40 GeV, theEmlss linearity is bet- the functiono = k- v/2Er, but deviations from this simple law
ter than 1% ifW — ev events, while there is a non- linearityare expected in the low Er region due to noise and in the very
up to about 3% itW — pv events. This may be explained bylargey Er region due to the constant term.

an underestimation of thE["*S®°# term, in which too few _ FigurelI} (left) shows the resolution from data\& = 7

calorimeter cells are assomated to the reconstructed muon TeV for Z — £ events, minimum bias and di-jet events as a
function of the total transverse energy in the event, okthly

summing thepy of muons and th§ Er in calorimeters, cal-
6.4 EMSSresolution culated as described in Section]6.1. If the resolution isveho
as a function of thg Er in calorimeters, a difference between
Z —ee andZ — up events is observed due to the fact that
Y Er includes electron momenta#i— ee events while muon
momenta are not included ih— ppu events.
The resolution of the twd&T's* components is fitted with

A more quantitative evaluation of tHe{"sS performance can
be obtained from a study of th&;"*° EJ"*°) resolutions as a
function of Y Er. In Z — ¢¢ events, as well as in minimum

iss ;
bias and QCD jet ever;czs no genulB@™ is expected, so the the simple function given above. The fits are acceptable end a
resolution of the twaET™ components is measured directyy gimijar quality for all different channels studied. Thiows
from reconstructed quantltles assuming that the trueeeatd (5 \;se the parametéras an estimator for the resolution and to
EMiss and Emlss are equal to zero. The resolution is estimat mpare it in various physics channels in data and MC simula-
from the Wldth of the combined distribution &"*>andE}"** " tion. There is a reasonable agreement in&f#&* resolution in
(denoted(ETsS, Em'ss) distribution) in bins ofy Er. The core the different physics channels, as can be seen from the fit pa-
of the d|str|but|on is fitted, for eacly Er bin, with a Gaus- rameterkreported in the figure. Thieparameter has fit values
sian over twice the expected resolution obtained from previ ranging from 0.42 Ge¥Y/2 for Z — ¢¢ events to 0.51 GeV/?
studies[[17] and the fitted widtl,, is examined as a function offor di-jet events. ThEm'SS resolution is better i@ — ¢¢ events
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25 GeV. The expectation from MC simulation, normalized éaiilmber of events in data, is superimposed. On th®iaftHiA 6 (ATLAS tune)
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because the lepton momenta are measured with better precigi Evaluation of the systematic uncertainty
than jets. on the ET"® scale

For any analysis using{"ss, it is necessary to be able to evalu-
_ _ , o ate the systematic uncertainty on 'S scale. TheET''SS, as
In Figure[1$ (right) theET"® resolution is shown for MC defined in Sectioh 513, is the sum of several terms correspond
events. In addition to th& — 00, minimum bias and d|'Jet |ng to different types of reconstructed Objects_ The umty
events, the resolution is also shown¥ér— (v MC events. In on each individual term can be evaluated given the knowledge
W events the resolution of the tWB[">® components is esti- of the reconstructed objecfs[8]23] that are used to budat
mated from the width of EMss— ESSTUe Ejrss— E;"sST®)  this uncertainty can be propagated&'ss. The overall sys-
in bins of y Er, fitted with a Gaussian as explained aboveematic uncertainty on thEMSS scale is then calculated by
There is a reasonable agreement inEf* resolution in the combining the uncertainties on each term.
different MC channels studied with the fitted valu&afinging The relative impact of the uncertainty of the constituent
from 0.42 GeV/2 for Z — (¢ events to 0.50 GeV? for di-jet terms onEMss differs from one analysis to another depending
events. As observed for data, tB§"S® resolution is better in on the final state being studied. In particular, in eventsaion
Z — £¢ events and slightly better W — ¢v events, due to the ing W andZ bosons decaying to leptons, uncertainties on the
presence of the leptons which are more precisely measuredscale and resolution in the measurements of the charged lep-
tons, together with uncertainties on the jet energy scakedmo
be propagated to the systematic uncertainty estimakg"s?.
Another significant contribution to the{™sS scale uncertainty
The resolution in MC minimum bias events is slightly worse W andZ boson final states comes from the contribution of
than in data. This is probably due to imperfections of the motbpoclusters outside reconstructed objects and fromessftijn
elling of soft particle activity in MC simulation, while the is the next three subsections, two complementary methodiéor t
a good data-MC agreement in the resolution for other channalvaluation of the systematic uncertainty on Ej#ssCelOutgng
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theEMisssofiestarms are described. Finally the ove s un-
certainty folW — /v events is calculated.

7.1 Evaluation of the systematic uncertainty on the
EPissCelOutscale using Monte Carlo simulation

There are several possible sources of systematic undgriain

the calculation oEMssCellout These sources include inaccu

racies in the description of the detector material, the ahof

EmissCellout term, as verified in Ref[[24]. In order to cross-
check for a possible dependence on the event total tramsvers
energy, the relative differend® = (ui — o)/ o between dif-
ferentvariations is computed in binspEry for the jet samples.

No significant dependence Bf on 5 Et is observed. A cross-
check on the topology dependence is done uding /v sam-

ples simulated by introducing the variationsTable[2 shows
theR values as computed in both the QCD jet samples and the
W — fv samples. The results are consistent, showing that the
estimated uncertainty does not have a large dependence on th

shower model and the model for the underlying event in tf¥ent topology. _

simulation. The systematic uncertainty due to each of these A symmetric systematic uncertainty on tEg'ssCellOutscale
sources is estimated with dedicated MC simulations. The M€obtained by summing in quadrature the estimated uncertai
jet samples, generated withvPHIA, are those used to assesties averaged between simulated "Iet &devents. The total

the systematic uncertainty on the jet energy scale [21]l€Tab

lists the simulation samples considered, referred to irfahe

lowing as “variations” with respect to the nominal sample.
The estimate of the uncertainty &@§"'ssCellOut for a vari-

estimated uncertairfiyon theEMssCelOutterm is 2.6%.

6 In this uncertainty evaluation using MC simulation, the emnc

ationi is determined by calculating the percentage differenggnty on the absolute electromagnetic energy scale inalgimeters
between the mean value of this term for the nominal sampé@ould also be taken into account. For the bulk of the LArédastec-

labelledpp, and that for the variation sample, labellgd This
approach assumes that the variations affect the total acale
none of the variations introduces a shape dependence in

tromagnetic calorimeter a 1.5% uncertainty is found on tikeamergy
measurement, increasing to 5% for the presampler and 3%éddilé
dhalerimeter([25].
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Variation | Description

Dead Material 5% increase in the inner detector material
0.1Xp in front of the cryostat of the EM barrel calorimeter
0.05Xp between presampler and EM barrel calorimeter
0.1Xp in the cryostat after the EM barrel calorimeter
density of material in barrel-endcap transition of the ENbdaneter x 1.5

FTFPBERT An alternative shower model for hadronic interaction in GEA
QGSP An alternative shower model for hadronic interaction in GEA
PYTHIA Perugia 2010 tung An alternative setting of the¥YaHIA parameters

with increased final state radiation and more soft particles

Table 1. Variations of the default simulation settings used for thtineate of theEssCellOUt term systematic uncertainty. See REf[21] for
details of the parameters.

7.2 Evaluation of the systematic uncertainty on the E/presponse from single tracks, measured by summing the en-
EMissCellout gcale from the topocluster energy scale ergies of all calorimeter clusters around a single isolatack
uncertainty [25]. The effects of these uncertainties on B{ESSCelOUt term
can be evaluated by varying the energy scale of topoclusters
that contribute to th&MssCellOut term inW — ev MC sam-

The uncertainty on the scale of tE&ssCellOut tarm \which is ;
y i ples, as was done in Ref.[8].

built from topoclusters with a correction based on traclee(s
Sectior[ 5.3]1), can also be calculated from the topoclester
ergy scale uncertainties. These uncertainties can beastim
from comparisons between data and MC simulation using the
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Variation | jetevents | W production data and MC simulation [25]. The value in the forward region,
Dead Material (—05+0.1)% | (—0.6+-0.2)% where tracks cannot be used to validate the energy scale, is
FTFPBERT (0.1+0.4)% | (0.5+0.2)% estimated from the transverse momentum balance of one jet in
QGSP (—1.6+04)% | (—2.2+£0.2)% the central region and one jet in the forward region in events
PYTHIA Perugia 2010 tune (—1.74+0.1)% | (-1.5+0.2)% with only two jets at high transverse momenta.

Table 2. Systematic uncertaintieR®|) on

Emiss,CeIIOut
T

associated with

variations in the dead material (all the variations listadTable[1
are applied at the same time), in the calorimeter shower Hiogle
(FTFP.BERT, QGSP) and in the event generator settings(RA Pe-

rugia 2010 tune).

The shift in the topocluster energy scale is applied by mul-

tiplying the topocluster energy by the function:
1+ax (14+b/pr)

with a=3(10)% for [n| < (>)3.2 andb = 1.2 GeV.
The a parameter in Equationl 8 addresses the uncertaimtfythe noise threshold effect can be evaluated by comparing

on the cluster energy scale, obtained by comparing the @aticthe ratioEce/ p of the total energ¥.e; deposited into all cells

the cluster energy and the measured track momeri/p, in

(8)

Theb parameter in Equatidn 8 addresses the possible change
in the clustering efficiency and scale in a non-isolatedremvi
ment. To go from the response for single isolated partides t
the cluster energy scale, possible effects from the norsslih
olds in the configuration with nearby particles are takep int
account.

Because of threshold effects, more energy is clustered for
nearby particles than for isolated ones. In an hypotheticstvo
case scenario, the environment is so busy that the clugterin
algorithm is forced to cluster all the deposited energyhwid

bias due to the noise thresholds. Therefore, the maximel siz

around an isolated track to the track momentum, to the ratio
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E/p of the clustered enerdy to the track momentum, in data Variation | jetevents | W production
and MC SIml_JlattlonrhiSSce”Out o Dead Material (—15+01)% | (—15+0.2)%
The fractionaE; uncertainty is evaluated from: FTEPBERT (0.3£0.4)% (0.840.2)%

_ QGSP (—2.6+0.4)% | (—-2.5+0.2)%

(ACeIOut 4 ACelOuE / , pmissCellOuty ) PYTHIA Perugia 2010 tune (—1.44+0.1)% | (—1.0+0.2)%

Table 3. Systematic uncertaintie®() on E[sssofiets associated with
variations in the dead material (all the variations listadTable[1
ACellouts _ |EmissCeIIOuH _ EmissCeIIOutl are applied at the same Fime), in the calorimeter s_hower hirogle
T T (FTFPBERT, QGSP) and in the event generator settings(RA Pe-
rugia 2010 tune).

where

CellOut— missCellOut— missCellOut,
A = |ET —Eq | (10)

with EfnissCellouts gng gmissCellout gptained by shifting the

topocluster energies up and down, respectively, using fiqua

B. The value of the fractiond{MssCelOut yncertainty is found in Table[3, as was done in Sectibnl7.1. With the same data-
to be approximately 13%, decreasing slightly with incregsi driven approach utilising the uncertainty on the topoesn-

s ErCelOUt This uncertainty is much larger than the uncertaingrgy scale described in Sectionl7.2, the systematic uricgrta
due to the detector description estimated from the firstethren EMisssoftetsis evaluated to be about 10%.

lines of Tabled 2. The main reason is that the valuea ahd

b which enter into Equatioil 8 are conservative, to include the ) ) ]

effects described above. In particular the cluster enenggu As for ENsSCellout the uncertainty on thE[isssofetsscale
tainty in the forward region is conservatively estimatédee found by shifting the topocluster energies is larger thaa th
the uncertainty cannot be evaluated using tracks. Moretheer uncertainty estimated from MC simulation. To give an esti-
procedure does not take into account the fact that when thate of the systematic uncertainty Bf'SSS°™e's the contribu-
clusters are shifted up ipr, some of them can form jets aboveion from the calorimeter response can be taken from the data
threshold and they are therefore included in the soft jetier driven evaluation and the contribution from the event gatuer
E.'IT“SS_ These clusters should be removed frommsCeIIOut’ settings from TablE]3. This results_ in an overall systematic
they are in fact kept and this increases the uncertaintiyollsl ~ certainty of about 10% o["sss°"ets slightly increasing as
also be noted that in the calculation Bf'ssCeOut the track 3 Er increases.

momentum is used instead of the topocluster energy whea ther

is a track-topocluster matching (see Secfion5.3.1). Thoislgv

resultin a reduced uncertainty due to the more precise measu

ment of the track momentum, which is not taken into account

here. Further study is expected to provide a reduction i thi-4 Evaluation of the overall systematic uncertainty
uncertainty in future, by considering the described efféat on the ET'® scalein W — ev and W — puv events

detail.

To give an estimate of thEissCelout systematic uncer- | . . . - .
tainty, the calorimeter contribution can be taken from Bect Using as inputs the systematic “”Cirtggl?g'?s on t*;esd;f,[f?;ﬁ
[7.2, and the uncertainty from the event generator settirogs f constructed objects [8,21] and &> " andEg"es*n

Sectior ZJL (RTHIA Perugia 2010 tune). This results in a to€valuated in the previous sections, the ovdEgiP* systematic
tal systematic uncertainty on the Sca|eE_?fissCeIIOut of about uncertainty inV — ev andW — pv events is estimated. The

same method can be applied to any final state event topology.

Figure [16 shows, for botW — ev andW — pv events, the

systematic uncertainties on each of the teER§S® (EI"SSH),

7.3 Evaluation of the systematic uncertainty on the E_rTnfSS’Jets' E%mss_som,etsa”dE%mss’ce"OUt as a function of their in-

E[PiSS,softjetsSC ale dividual contribution toy Et labelledy E™ All the uncer-
tainties are calculated with the formulae in Equatidns 9Ehd

. . . . i i iss _
The same procedure described in the previous sectionsds y8ethe same figure the uncertainty &> due to the uncer
to assess the systematic uncertainty onER¥ES term calcu- (@inties on the different terms is also shown as a function of
lated from soft jets (see Sectibnb.1). the totaly Er, together with the overall uncertainty &S,

Using the MC approach described in Secfion 7.1, itis fou tained by combining the partial terms. The uncertairdies
that the %ncertaint;? gE?“SSSO“jetsdoes not exhibit a large de-ET isssoftiets gnd EMissCeliout are considered to be fully corre-

pendence on the eventEr, as was also found for the un-lated. InW — ev andW — pv events, selected as described

. missCellout .. in Section[3.B, the overall uncertainty on tB&'SS scale in-
certainty on theE;™ scale. The results are consistenf ... ¢ withy Er from ~ 1% to ~ 7%. It is estimated to be,
between the QCD jet samples and iesamples, as can be o

. ! . .. _Oh average, about 2.6% for both channels.
seen from Tablg]3 which gives the systematic uncertaifies ]
as computed in jet samples and/ih— v samples. TheE{"® scale uncertainty depen_ds on the event topology
A total, symmetric, systematic uncertainty of about 3.3%ecause the contribution of a giv&y"s* term can vary for
on the EMNSSsoftets term s obtained by combining the resultslifferent final states.

13%, which slightly decreases whgrEr©®'©increases.
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Fig. 16. Fractional systematic uncertainty (calculated as in Eqoms$[@ andID) on different {ESS terms as a function of respective
5 Er'®™ (left) and contributions of different term uncertainties B"SS uncertainty as a function of Er (right) in MCW — ev events (top)
and W— pv events (bottom). The overall systematic uncertainty orEﬁﬁiéS scale, obtained combining the various contributions isvaimo
in the right plots (filled circles). The uncertainties of'ESsofietsang ghissCellOut are considered to be fully correlated.

8 Determination of the Em'SS scale from
W — /v events

scale. The lepton transverse momentyp),and theE™ss are
used to calculater as:

The determination of the absolUE"sS scale is importantin a mr = \/Zp!}E?'SS(l — cosp) (11)

range of analyses involving{"ss measurements, ranging from

precision measurements to searches for new physics. whereg is the azimuthal angle between the lepton momentum
In this section two complementary methods to determigedET"**directions. The truenr is reconstructed from the sim-

the absolute scale &™*°usingW — (v events are described.ulation under the hypothesis thB{"'s* is entirely due to the

The first method uses a fit to the distribution of the transverseutrino momentunpy. Template histograms of ther distri-

mass,mr, of the leptonEl'sS system, and is sensitive both tabutions are generated by convoluting the true transverss ma

the scale and the resolution Bf"sS. The second method usedlistribution with a Gaussian function:

the interdependence of the neutrino and lepton momentain th

W — ev channel, and thE{"sS scale is determined as a func- a ET'?STr”e* Gaus$0,k- v/ ZEr)

tion of the reconstructed electron transverse momenturih Bo

methods allow checks on the agreement between data and M{ere the

simulation for theElsS scale.

m|sssmeared
Exy) (12)
parameteesandk are theE!™SSscale and resolution
respectively.

The o andk parameters are determined through a fit of
themy distribution to data using a linear combination of signal
and backgroundh distributions obtained from simulation. All
the backgrounds, with the exception of the jet backgroura, a
The method described in this section uses the shape of évaluated from the same MC samples used in SeCtidn 6.3 and
my distribution and is sensitive to both tE§"**resolution and the normalization is fixed according to their cross-seatidine

8.1 Reconstructed transverse mass method
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shape of the jet background is also evaluated from MC simulzlorimeter signal. ThE%niss is required to be greater than 20
tion and its normalization is obtained from the fit, in aduliti GeV and no cut is applied any.

to a andk. o ~ MC samples are generated with MC@NLO[15]. A next-
To selecW — v events, the same criteria as described #-leading-order (NLO) generator is used for this studyeise
Section{ 3.B are used, with the exception that no cUEBR® i this approach th&Mss scale is validated on the basis of the
is applied and a looser cutyr > 30 GeV, is applied in order known decay properties of th& boson. The correlation be-
that the baCkgrOUnd normalization can be fitted. Bhandk tweenpll/_ andp_?_ is important for this Study, and is p00r|y de-
parameters obtained from the fit are shown in Table 4, togetigribed by leading-order generators such as PYTHIA, wiserea
with the numbers of events for the signal and backgrounds gfid much improved in MC@NLO. The MC events are weighted
theXZ/ndOf of the fit. Inthe table, inS'[ead of the Va|ue$70the such that the tru&V boson transverse momentumj}fy\/, and
values ofa — 1= ((Eg3°— EQSSTM)/ EQSSTme} are reported, pseudorapidity;V agree with that generated using the RES-
in order to compare with the result in Sectigns 6.3.1[ant 8R0S [26] generator which is more accurate in descrikpl‘{?{gat
The results for ther andk parameters using ther distribution  low values. Finally, an additional smearing is applied t® rté-
of the simulated signal are also shown in TdBle 4, and they a@structed electron momentum in the MC samples, to match
in good agreement with the results from data. The result®f tthe electron resolution measured in data, and the correistio
fit to data and MC simulation is shown in Figlird 17. propagated t&"ss.

To selectW — ev events, the selection described in Sec- A data-driven technique is used to estimate the impact of
tion[3.3 is used with the addition of tighter cuts. A &}t'**>  jet background, which is small (see Figliré 18 left) and cance
36 GeV is applied to exclude the region where B> re- trated at lowp$. W — Tv events, where the decays to an
sponse is not linear (see Figurel 14). A out > 40 GeV is electron, are the second largest background, but the ingpact
also applied. Ther andk parameters obtained from the fit arehe mean value dE"*S is found to be negligible.
shown in Tablé#, together with the results obtained from the The distribution ofpg is shown in Figur&18. The distribu-

MC, which are in good agreement with data. The result of the, from data after event selection is fitted by varying tbe-n
fit to data and MC simulation is shown in Figlitd 17. pajization of signal MC and QCD background distributions.
The results obtained with this method are compatible, Atsatisfactory description of data is achieved except fer th
the few percent level, with the results shown in Figure 14 amgst bin, which is excluded from the fit. For eagh bin, the
F'QUFGI_B' which were derived using only simulation. Fromg e cteq distribution OEMsS s obtained by subtracting that
trz)ose figures, for th&/ — pv_channela —1 has values upto ¢ the packground sample (after normalizing it according to
3% an_d the resolution is 0'.“5 Er; for thew — ev Cha””?' the fit) from the data distribution. The largest impact oflvac
a — 1 is close to zero for higk"*s values and the resolut|0nground corresponds e = 20 GeV, with an effect of about 2

is 0.47/5 Er. ) . eV on the mean value &S, the effect decreases quickly
The uncertainty due to background subtraction is alreagy > gev apS =30 GeV.

included in the uncertainty reported in Table 4. The systema ] o _
uncertainty onar — 1 is determined to be about 1% for each Since a cut ofE7"** is used for the event selection and the
channel, by checking the stability of the results usingedéht ET'*® resolution is finite, the results are biased. To correct for
cuts onE%niss and using a different generator, MC@NLO. Irthe bias in signal MC events the requirement of reconstducte
summary, with this method thEIsS absolute scale is deter-E7" > > 20 GeV is replaced by a cut on trég"** > 20 GeV.

mined fromW — /v events, in a data sample corresponding The mean measured!"sS, corrected for background and
to an integrated luminosity of about 36 Pl with an uncer- for the event selection bias, is used to calculate the velaias
tainty (adding the uncertainties reported in Talble 4 with thn the reconstructeBss, ((EMsS) — (EMissTrue)); gmissTrue)
systematic uncertainty) of about 1.5% and about 2% for thgich is shown in Figurg18 as a function p}. The figure
W — pv andW — ev decay channels, respectively. shows that th&sS scale is correct at low values p¢ while

it is overestimated at high values pf.

The bias orE™sS is on the percent level between 25 and
35 GeV, then it rises up to 7% and it is 2 +- 0.1% on aver-
age. For comparison, if the entire calculation is perforroed
signal MC events alone, the resulting average biasf® is
2.940.1%. The method relies on simulation to derive the cor-
In this section the correlation between the transverse mtanerelation bet\/\/eerEfTT"SsTrue and p§, so it can be sensitive to
of charged and neutral leptons frdthboson decays is used todetails of the simulation. In particular, the jet factotina and
determine theE["s scale. The mean measurBd"sSs com- renormalization scales, as well as the choice of PDF, can af-
pared to the mean trugsSrom signal MC events. The rela-fect the results, but all these also change ife distribution.
tive bias in the reconstruct&"'ss, ((Ess) — (EissTrue)y/(gmissTiggrefore the shape of th@l! distribution was distorted by
is studied as a function @ because the MC simulation of the+-10%, justified by the comparison of a recent measurement of
electron response is more accurate than that for hadrons. the p% distribution [27] with RESBOS predictions, and the
This method is shown fow — ev events by applying relative bias was calculated again. A systematic unceytaim
selection criteria similar to the ones described in Sed@&, the reIativeE?'SS scale bias oft:2% is evaluated. The results
but with isolation requirements both on the electron tractt afor the averagE%niss scale are summarized in Talple 5. These

8.2 Method based on the correlation between
electron and neutrino transverse momentain
W —ev
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| Channel | a—1(%) ] k |  Signal | EW(fixed)| QCD [ x?/ndof |
W — pvdata| 51+0.8 0.524+0.01 | 164920+ 840 | 14760 | 24870+ 840 68/87
W — uv MC 554+0.8 | 0.50+0.01 70/78
W —evdata| —08+16 | 0.49+0.01 | 75660+ 180 | 1210 | 980+ 180 54/75
W — ev MC 1.8+1.7 0.504+0.01 38/54

Table 4. Results ofmy fitin W — ¢v events. The second and third columns show the scale anditiesgbarameters obtained. The numbers
of events for the signal, the electroweak and QCD backgrewhthined from the fit are shown in the fourth, fifth and sixthumns for data.

In the last column the?/ndof of the fit is reported. The errors are statistical ane iako account background subtraction uncertainties and
correlations.
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Fig. 17. Distributions of the transverse massy mof the muon-E1iSS system (left) and of the electror{l‘ES system (right) for data. The
my distributions from Monte Carlo simulation are superimpasafter each background sample is weighted as explaindukiteixt. The main

backgrounds are shown for W, v, the sum of all backgrounds is shown forWev. The W— ¢v MC signal histogram is obtained using
the true EMSsmeared as in Equatiofi.{[L2) with the scale and resolutiompesters obtained from the fit.

1070 0 10 e e e e

> <) F |
@ F E S 30F —
8 + ATLAS B Q F @ Data 2010 ATLAS B
= 8000 a6 bt 4 3 250 w_ev ] =
r - J'Ldt_36 pb 1 & =36 pb™ E
S L \s=7TeV ] o : \s=7Tev ]
B e Data 2010 ] < r i

L CIMCW - ev ] e 10E E

4000— [ QCcD — E E

: : 5 ettt E

E - =

r ] Fod -~ ]

2000 ] (0] ++++++++*¢“w —

: a ‘ id S S D D -

70 80 90 100 20 30 40 50 60 70 80 90 100

ps [GeV] ps [GeV]

Fig. 18. Transverse momentum distribution of electron candidategaia, in signal MC with nominal event selection and witrersed cuts
for background (QCD) from data (left). Relative bias in teeanstructed £'SYright). Only statistical uncertainties are shown.

results agree within errors with the valuesomf- 1 shown in The value ofET"SSis reconstructed from calorimeter cells
Table[4. in topological clusters, with the exception of electrond pho-

tons for which a different clustering algorithm is used, and
from reconstructed muons. The cells are calibrated acogrdi
to their parent particle type. The scheme yielding the best p
formance is evaluated to be that in which electrons are cal-
ibrated with the default electron calibration and photores a
The missing transverse momentuB{{*9) has been measuredused at the EM scale, thejets and jets are calibrated with

in minimum bias, di-jetZ — ¢¢ andW — ¢v eventsin 7 TeV the local hadronic calibration (LCW), the jets wii greater

pp collisions recorded with the ATLAS detector in 2010. than 20 GeV are scaled to the jet energy scale, and the contri-

9 Conclusion
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source
data
MC

Lundbeck Foundation, Denmark; ARTEMIS, European Union;
IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Georgia;
BMBF, DFG, HGF, MPG and AvH Foundation, Germany;
Table5. Average relativETniSS scale bias obtained from data and M%Gersﬁe;’agltﬁilclf&l IIStZi M'I\'/?I IE)?'I\'/ A, GIF, DIP and B.en02|yo Cen-
simulation from the electron-neutrino correlation meth®he statis- ! ’ ! Y and JSPS, Japan; CNRST_’ Mo-
tical and the systematic uncertainties are given for data. rocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW,
Poland; GRICES and FCT, Portugal; MERYS (MECTS), Ro-
mania; MES of Russia and ROSATOM, Russian Federation;
JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,
bution from topoclusters not associated to high-objects is Slovenia; DST/NRF, South Africa; MICINN, Spain; SRC and
calculated with LCW calibration combined with trackingans Wallenberg Foundation, Sweden; SER, SNSF and Cantons of
mation. Bern and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
Monte Carlo simulation is found to describe the data in ger- FC, the Royal Society and Leverhulme Trust, United King-
eral rather well. No large tails are observed in B{&S distri- dom; DOE and NSF, United States of America. )
bution in minimum bias, di-jet and — ¢¢ events, where no The crucial computing support from all WLCG partners is
significantE?“iSS is expected. The tails are not completely Weﬁtcknoyvledged_gratefully, in particular from CERN and the AT
described by MC simulation especially in di-jets eventsereh LAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark,

scale bias (%)
20+0.1+2.0
29+0.1

there are more events in the tail in data.

Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germa-

There is some difference observed between data and MQ: INFN-CNAF (ltaly), NL-T1 (Netherlands), PIC (Spain),
simulation for the reconstructed total transverse enefge ASGC (Taiwan), RAL (UK) and BNL (USA) and in the Tier-2

precise difference is dependent on the model used to sienuf&cilities worldwide.

soft-physics processes.

TheE"*resolution is similar in the different channels stud-
ied and in agreement with the resolution in the MC simulatio
The resolution follows a functioo = k- /2Et, where the pa- 1
rameteik is about 0.5 GeV?,

The linearity of theET'SS measurement iW — (v events 2.
is studied in MC simulation as a function of the trE&"ss.
Except for the bias observed at small tEf¥sS values (visible
up to 40 GeV), due to the finite"'s® resolution, the linearity is
better than 1% iW — ev events, while a small non-linearity
up to about 3% is observedW — v events.

TheET'S® projected along thg direction inZ — ¢/ events
is observed to have a bias up to 6 GeV at large valugsfof
in events with no jets, suggesting that some improvemests ar
still needed in the calibration of loyer objects.

The overall systematic uncertainty Bf"*Sscale, calculated
by combining the uncertainties on the various terms ergerin®:
the full ET'S® calculation, is estimated to be, on average, 2.6%
in events with &V decaying to a lepton (electron or muon) and7
neutrino. The uncertainty is larger at largé&r.

Two methods are used for determining Eg*° scale from
W — fv events in data, giving results in agreement with thag
evaluated using MC simulation. The resulting uncertainty o
the EfMsS scale determined in-situ with 36 pb of data is, on
average, about 2%.

4,
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