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Abstract The measurement of missing transverse momen-
tum in the ATLAS detector, described in this paper, makes
use of the full event reconstruction and a calibration based
on reconstructed physics objects. The performance of the
missing transverse momentum reconstruction is evaluated
using data collected in pp collisions at a centre-of-mass en-
ergy of 7 TeV in 2010. Minimum bias events and events with
jets of hadrons are used from data samples corresponding to
an integrated luminosity of about 0.3 nb−1 and 600 nb−1

respectively, together with events containing a Z boson de-
caying to two leptons (electrons or muons) or a W boson de-
caying to a lepton (electron or muon) and a neutrino, from
a data sample corresponding to an integrated luminosity of
about 36 pb−1. An estimate of the systematic uncertainty on
the missing transverse momentum scale is presented.

1 Introduction

In a collider event the missing transverse momentum is de-
fined as the momentum imbalance in the plane transverse to
the beam axis, where momentum conservation is expected.
Such an imbalance may signal the presence of unseen par-
ticles, such as neutrinos or stable, weakly-interacting super-
symmetric (SUSY) particles. The vector momentum imbal-
ance in the transverse plane is obtained from the negative
vector sum of the momenta of all particles detected in a pp

collision and is denoted as missing transverse momentum,
Emiss

T . The symbol Emiss
T is used for its magnitude.

A precise measurement of the missing transverse mo-
mentum, Emiss

T , is essential for physics at the LHC. A large
Emiss

T is a key signature for searches for new physics pro-
cesses such as SUSY and extra dimensions. The measure-
ment of Emiss

T also has a direct impact on the quality of a
number of measurements of Standard Model (SM) physics,
such as the reconstruction of the top-quark mass in t t̄ events.

� e-mail: atlas.publications@cern.ch

Furthermore, it is crucial in the search for the Higgs boson
in the decay channels H → WW and H → ττ , where a
good Emiss

T measurement improves the reconstruction of the
Higgs boson mass [1].

This paper describes an optimized reconstruction and cal-
ibration of Emiss

T developed by the ATLAS Collaboration.
The performance achieved represents a significant improve-
ment compared to earlier results [2] presented by ATLAS.
The optimal reconstruction of Emiss

T in the ATLAS detec-
tor is complex and validation with data, in terms of reso-
lution, scale and tails, is essential. A number of data sam-
ples encompassing a variety of event topologies are used.
Specifically, the event samples used to assess the quality of
the Emiss

T reconstruction are: minimum bias events, events
where jets at high transverse momentum are produced via
strong interactions described by Quantum Chromodynam-
ics (QCD) and events with leptonically decaying W and
Z bosons. This allows the full exploitation of the detector
capability in the reconstruction and calibration of different
physics objects and optimization of the Emiss

T calculation.
Moreover, in events with W → �ν , where � is an electron
or muon, the Emiss

T performance can be studied in events
where genuine Emiss

T is present due to the neutrino, thus al-
lowing a validation of the Emiss

T scale. In simulated events,

the genuine Emiss
T , E

miss,True
T , is calculated from all gener-

ated non-interacting particles in the event and it is also re-
ferred to as true Emiss

T in the following.
An important requirement on the measurement of Emiss

T
is the minimization of the impact of limited detector cover-
age, finite detector resolution, the presence of dead regions
and different sources of noise that can produce fake Emiss

T .
The ATLAS calorimeter coverage extends to large pseudo-
rapidities1 to minimize the impact of high energy particles

1ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis coinciding with the axis of the beam pipe. The x-axis points from
the IP to the centre of the LHC ring, and the y axis points upward.
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escaping in the very forward direction. Even so, there are in-
active transition regions between different calorimeters that
produce fake Emiss

T . Dead and noisy readout channels in
the detector, if present, as well as cosmic-ray and beam-
halo muons crossing the detector, will produce fake Emiss

T .
Such sources can significantly enhance the background from
multi-jet events in SUSY searches with large Emiss

T or the
background from Z → �� events accompanied by jets of
high transverse momentum (pT) in Higgs boson searches
in final states with two leptons and Emiss

T . Cuts are applied
to clean the data against all these sources (see Sect. 3), and
more severe cuts to suppress fake Emiss

T are applied in analy-
ses for SUSY searches, after which, for selected events with
high-pT jets, the tails of the Emiss

T distributions are well
described by MC simulation [3].

This paper is organised as follows. Section 2 gives a brief
introduction to the ATLAS detector. Section 3 and Sect. 4
describe the data and Monte Carlo samples used and the
event selections applied. Section 5 outlines how Emiss

T is re-
constructed and calibrated. Section 6 presents the Emiss

T per-
formance for data and Monte Carlo simulation, first in min-
imum bias and jet events and then in Z and W events. The
systematic uncertainty on the Emiss

T absolute scale is dis-
cussed in Sect. 7. Section 8 describes the determination of
the Emiss

T scale in-situ using W → �ν events. Finally, the
conclusions are given in Sect. 9.

2 The ATLAS detector

The ATLAS detector [1] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical
geometry and near 4π coverage in solid angle. The in-
ner tracking detector (ID) covers the pseudorapidity range
|η| < 2.5, and consists of a silicon pixel detector, a sili-
con microstrip detector (SCT), and, for |η| < 2.0, a tran-
sition radiation tracker (TRT). The ID is surrounded by a
thin superconducting solenoid providing a 2 T magnetic
field. A high-granularity lead/liquid-argon (LAr) sampling
electromagnetic calorimeter covers the region |η| < 3.2. An
iron/scintillator-tile calorimeter provides hadronic coverage
in the range |η| < 1.7. LAr technology is also used for the
hadronic calorimeters in the end-cap region 1.5 < |η| < 3.2
and for both electromagnetic and hadronic measurements in
the forward region up to |η| < 4.9. The muon spectrometer
surrounds the calorimeters. It consists of three large air-core
superconducting toroid systems, precision tracking cham-
bers providing accurate muon tracking out to |η| = 2.7, and
additional detectors for triggering in the region |η| < 2.4.

Cylindrical coordinates (r,φ) are used in the transverse plane, φ be-
ing the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle θ as η = − ln tan(θ/2).

3 Data samples and event selection

During 2010 a large number of proton-proton collisions, at
a centre-of-mass energy of 7 TeV, were recorded with stable
proton beams as well as nominal magnetic field conditions.
Only data with a fully functioning calorimeter, inner detec-
tor and muon spectrometer are analysed.

Cuts are applied to clean the data sample against in-
strumental noise and out-of-time energy deposits in the
calorimeter (from cosmic-rays or beam-induced background).
Topological clusters reconstructed in the calorimeters (see
Sect. 5.1) at the electromagnetic energy (EM) scale2 are
used as the inputs to the jet finder [4]. In this paper the anti-
kt algorithm [5], with distance parameter R = 0.6, is used
for jet reconstruction. The reconstructed jets are required to
pass basic jet-quality selection criteria. In particular events
are rejected if any jet in the event with transverse momentum
pT>20 GeV is caused by sporadic noise bursts in the end-
cap region, coherent noise in the electromagnetic calorime-
ter or reconstructed from large out-of-time energy deposits
in the calorimeter. These cuts largely suppress the resid-
ual sources of fake Emiss

T due to those instrumental effects
which remain after the data-quality requirements.

The 2010 data sets used in this paper correspond to a total
integrated luminosity [6, 7] of approximately 600 nb−1 for
jet events and to 0.3 nb−1 for minimum bias events. Trig-
ger and selection criteria for these events are described in
Sect. 3.1. For the Z → �� and W → �ν channels, the
samples analysed correspond to an integrated luminosity
of approximately 36 pb−1. Trigger and selection criteria,
similar to those developed for the W /Z cross-section mea-
surement [8], are applied. These criteria are described in
Sects. 3.2 and 3.3.

3.1 Minimum bias and di-jet event selection

For the minimum bias events, only the early period of data
taking, with a minimal pile-up contribution, is studied. Se-
lected minimum bias events were triggered by the mini-
mum bias trigger scintillators (MBTS), mounted at each
end of the detector in front of the LAr end-cap calorimeter
cryostats [9].

Events in the QCD jet sample are required to have passed
the first-level calorimeter trigger, which indicates a signif-
icant energy deposit in a certain region of the calorimeter,
with the most inclusive trigger with a nominal pT thresh-
old at 15 GeV. The event sample used in this analysis con-
sists of two subsets of 300 nb−1 each, corresponding to

2The EM scale is the basic calorimeter signal scale for the ATLAS
calorimeters. It provides the correct scale for energy deposited by elec-
tromagnetic showers. It does not correct for the lower energy hadron
shower response nor for energy losses in the dead material.
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two periods with different pile-up and trigger conditions.3

One subset corresponds to the periods with lower pile-up
conditions with, on average, 1 to 1.6 reconstructed vertices
per event. The other subset corresponds to the periods with
higher pileup conditions, where the peak number of visible
inelastic interactions per bunch crossing goes up to 3. In the
following, di-jet events are used, selected requiring the pres-
ence of exactly two jets with pT > 25 GeV and |η| < 4.5.
Jets are calibrated with the local hadronic calibration (see
Sect. 5.1).

For each event, at least one good primary vertex is re-
quired with a z displacement from the nominal pp interac-
tion point less than 200 mm and with at least five associated
tracks. After selection, the samples used in the analysis pre-
sented here correspond to 14 million minimum bias events
and 13 million di-jet events.

3.2 Z → �� event selection

Candidate Z → �� events, where � is an electron or a muon,
are required to pass an e/γ or muon trigger with a pT thresh-
old between 10 and 15 GeV, where the exact trigger selec-
tion varies depending on the data period analysed. For each
event, at least one good primary vertex, as defined above, is
required.

The selection of Z → μμ events requires the presence
of exactly two good muons. A good muon is defined to
be a muon reconstructed in the muon spectrometer with a
matched track in the inner detector with transverse momen-
tum above 20 GeV and |η| < 2.5 [10]. Additional require-
ments on the number of hits used to reconstruct the track
in the inner detector are applied. The z displacement of the
muon track from the primary vertex is required to be less
than 10 mm. Isolation cuts are applied around the muon
track.

The selection of Z → ee events requires the presence of
exactly two identified electrons with |η| < 2.47, which pass
the “medium” identification criteria [8, 11] and have trans-
verse momenta above 20 GeV. Electron candidates in the
electromagnetic calorimeter transition region, 1.37 < |η| <

1.52, are not considered for this study. Additional cuts are
applied to remove electrons falling into regions where the
readout of the calorimeter was not fully operational.

In both the Z → ee and the Z → μμ selections, the
two leptons are required to have opposite charge and the
reconstructed invariant mass of the di-lepton system, m��,
is required to be consistent with the Z mass, 66 < m�� <

116 GeV.
With these selection criteria, about 9000 Z → ee and

13000 Z → μμ events are selected. The estimated back-

3Pile-up in the following refers to the contribution of additional pp

collisions superimposed on the hard physics process.

ground contribution to these samples is less than 2% in both
channels [8].

3.3 W → �ν event selection

Lepton candidates are selected with lepton identification cri-
teria similar to those used for the Z analysis. The differences
for the selection of W → eν events are that the “tight” elec-
tron identification criteria [8, 11] are used and an isolation
cut is applied on the electron cluster in the calorimeter to re-
duce contamination from QCD jet background. The event is
rejected if it contains more than one reconstructed lepton.
The Emiss

T , calculated as described in Sect. 5, is required
to be greater than 25 GeV, and the reconstructed lepton-
Emiss

T transverse mass, mT , is required to be greater than
50 GeV.

With these selection criteria, about 8.5×104 W →
eν and 1.05×105 W → μν events are selected. The back-
ground contribution to these samples is estimated to be
about 5% in both channels [8].

4 Monte Carlo simulation samples

Monte Carlo (MC) events are generated using the PYTHIA6
program [12] with the ATLAS minimum bias tune (AMBT1)
of the PYTHIA fragmentation and hadronisation parameters
[13]. The generated events are processed with the detailed
GEANT4 [14] simulation of the ATLAS detector.

The minimum bias MC event samples are generated us-
ing non-diffractive as well as single- and double-diffractive
processes, where the different components are weighted ac-
cording to the cross-sections given by the event genera-
tors.

The jet MC samples, generated using a 2-to-2 QCD ma-
trix element and subsequent parton shower development, are
used for comparison with the two subsets of data taken with
different pile-up conditions. In the earlier sample the frac-
tion of events with at least two observed interactions is at
most of the order of 8–10%, while in the sample taken later
in 2010 this fraction ranges from 10% to more than 50%.
These samples are generated in the pT range 8–560 GeV, in
separated parton pT bins to provide a larger statistics also
in the high-pT bins. Each sample is weighted according to
its cross-section.

MC events for the study of SM backgrounds in Z →
�� and W → �ν analyses are also generated using
PYTHIA6. The only exceptions are the t t̄ background and
the W → eν samples used in Sect. 8.2, which are generated
with the MC@NLO program [15]. For the study of the to-
tal transverse energy of the events, samples produced with
PYTHIA8 [16] are used as well.

MC samples were produced with different levels of pile-
up in order to reflect the conditions in different data-taking
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periods. In particular, two event samples were used for jets:
one was simulated with a pile-up model where only pile-
up collisions originating from the primary bunch crossing
are considered (in-time pile-up) and a second one was simu-
lated with a realistic configuration of the LHC bunch group
structure, where pile-up collisions from successive bunch
crossings are also included in the simulation. In the case of
events containing Z → �� or W → �ν, MC samples with
in-time pile-up configuration are used, because these data
correspond to periods where the contribution of out-of-time
pileup is small.

The trigger and event selection criteria used for the data
are also applied to the MC simulation.

5 Emiss
T reconstruction and calibration

The Emiss
T reconstruction includes contributions from en-

ergy deposits in the calorimeters and muons reconstructed
in the muon spectrometer. The two Emiss

T components are
calculated as:

Emiss
x(y) = E

miss,calo
x(y) + E

miss,μ
x(y) . (1)

Low-pT tracks are used to recover low pT particles which
are missed in the calorimeters (see Sect. 5.3.1), and muons
reconstructed from the inner detector are used to recover
muons in regions not covered by the muon spectrometer
(see Sect. 5.2). The two terms in the above equation are re-
ferred to as the calorimeter and muon terms, and will be
described in more detail in the following sections. The val-
ues of Emiss

T and its azimuthal coordinate (φmiss) are then
calculated as:

Emiss
T =

√(
Emiss

x

)2 + (
Emiss

y

)2
,

φmiss = arctan
(
Emiss

y ,Emiss
x

)
.

(2)

5.1 Calculation of the Emiss
T calorimeter term

In this paper, the Emiss
T reconstruction uses calorimeter cells

calibrated according to the reconstructed physics object to
which they are associated. Calorimeter cells are associated
with a reconstructed and identified high-pT parent object in
a chosen order: electrons, photons, hadronically decaying τ -
leptons, jets and muons. Cells not associated with any such
objects are also taken into account in the Emiss

T calculation.

Their contribution, named E
miss,CellOut
T hereafter, is impor-

tant for the Emiss
T resolution [17].

Once the cells are associated with objects as described
above, the Emiss

T calorimeter term is calculated as follows

(note that the E
miss,calo,μ

x(y) term is not always added, as ex-
plained in Sect. 5.2, and for that reason it is written between

parentheses):

E
miss,calo
x(y) = E

miss,e
x(y) + E

miss,γ
x(y) + E

miss,τ
x(y) + E

miss,jets
x(y)

+ E
miss,softjets
x(y) + (

E
miss,calo,μ

x(y)

)

+ E
miss,CellOut
x(y) , (3)

where each term is calculated from the negative sum of cal-
ibrated cell energies inside the corresponding objects, as:

Emiss,term
x = −

N term
cell∑

i=1

Ei sin θi cosφi,

Emiss,term
y = −

N term
cell∑

i=1

Ei sin θi sinφi,

(4)

where Ei , θi and φi are the energy, the polar angle and the
azimuthal angle, respectively. The summations are over all
cells associated with specified objects in the pseudorapidity
range4 |η| < 4.5.

Because of the high granularity of the calorimeter, it is
crucial to suppress noise contributions and to limit the cells
used in the Emiss

T sum to those containing a significant
signal. This is achieved by using only cells belonging to
three-dimensional topological clusters, referred as topoclus-
ters hereafter [18], with the exception of electrons and pho-
tons for which a different clustering algorithm is used [11].
The topoclusters are seeded by cells with deposited energy5

|Ei | > 4σnoise, and are built by iteratively adding neighbour-
ing cells with |Ei | > 2σnoise and, finally, by adding all neigh-
bours of the accumulated cells.

The various terms in (3) are described in the following:

• E
miss,e
x(y) , E

miss,γ
x(y) , E

miss,τ
x(y) are reconstructed from cells in

clusters associated to electrons, photons and τ -jets from
hadronically decaying τ -leptons, respectively;

• E
miss,jets
x(y) is reconstructed from cells in clusters associated

to jets with calibrated pT > 20 GeV;
• E

miss,softjets
x(y) is reconstructed from cells in clusters associ-

ated to jets with 7 GeV < pT < 20 GeV;
• E

miss,calo,μ

x(y) is the contribution to Emiss
T originating from

the energy lost by muons in the calorimeter (see Sect. 5.2);
• the E

miss,CellOut
x(y) term is calculated from the cells in

topoclusters which are not included in the reconstructed
objects.

All these terms are calibrated independently as described
in Sect. 5.3. The final Emiss

x(y)
is calculated from (1) adding the

E
miss,μ
x(y) term, described in Sect. 5.2.

4This η cut is chosen because the MC simulation does not describe
data well in the very forward region.
5σnoise is the Gaussian width of the EM cell energy distribution mea-
sured in randomly triggered events far from collision bunches.
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5.2 Calculation of the Emiss
T muon term

The Emiss
T muon term is calculated from the momenta of

muon tracks reconstructed with |η| < 2.7:

E
miss,μ
x(y) = −

∑
muons

p
μ

x(y), (5)

where the summation is over selected muons. In the re-
gion |η| < 2.5, only well-reconstructed muons in the muon
spectrometer with a matched track in the inner detector are
considered (combined muons). The matching requirement
considerably reduces contributions from fake muons (re-
constructed muons not corresponding to true muons). These
fake muons can sometimes be created from high hit multi-
plicities in the muon spectrometer in events where some par-
ticles from very energetic jets punch through the calorimeter
into the muon system.

In order to deal appropriately with the energy deposited
by the muon in the calorimeters, E

miss,calo,μ

x(y) , the muon term
is calculated differently for isolated and non-isolated muons,
with non-isolated muons defined as those within a distance
ΔR = √

(Δη)2 + (Δφ)2 < 0.3 of a reconstructed jet in the
event:

• The pT of an isolated muon is determined from the
combined measurement of the inner detector and muon
spectrometer, taking into account the energy deposited
in the calorimeters. In this case the energy lost by the
muon in the calorimeters (Emiss,calo,μ

x(y) ) is not added to the
calorimeter term (see (3)) to avoid double counting of en-
ergy.

• For a non-isolated muon, the energy deposited in the
calorimeter cannot be resolved from the calorimetric en-
ergy depositions of the particles in the jet. The muon
spectrometer measurement of the muon momentum af-
ter energy loss in the calorimeter is therefore used, so the
E

miss,calo,μ

x(y) term is added to the calorimeter term (see (3)).
Only in cases in which there is a significant mis-match be-
tween the spectrometer and the combined measurement,
the combined measurement is used and a parameterized
estimation of the muon energy loss in the calorimeter [10]
is subtracted.

For higher values of pseudorapidity (2.5 < |η| < 2.7), out-
side the fiducial volume of the inner detector, there is
no matched track requirement and the muon spectrometer
pT alone is used for both isolated and non-isolated muons.

Aside from the loss of muons outside the acceptance of
the muon spectrometer (|η| > 2.7), muons can be lost in
other small inactive regions (around |η| = 0 and |η| ∼ 1.2)
of the muon spectrometer. The muons which are recon-
structed by segments matched to inner detector tracks ex-
trapolated to the muon spectrometer are used to recover their
contributions to Emiss

T in the |η| ∼ 1.2 regions [10].

Although the core of the Emiss
T resolution is not much

affected by the muon term, any muons which are not recon-
structed, badly measured, or fake, can be a source of fake
Emiss

T .

5.3 Calibration of Emiss
T

The calibration of Emiss
T is performed using the scheme de-

scribed below, where the cells are calibrated separately ac-
cording to their parent object:

• The E
miss,e
T term is calculated from reconstructed elec-

trons passing the “medium” electron identification re-
quirements, with pT > 10 GeV and calibrated with the
default electron calibration [8].

• The E
miss,γ
T term is calculated from photons recon-

structed with the “tight” photon identification require-
ments [11], with pT > 10 GeV at the EM scale. Due
to the low photon purity, the default photon calibration is
not applied.

• The E
miss,τ
T term is calculated from τ -jets reconstructed

with the “tight” τ -identification requirements [19], with
pT > 10 GeV, calibrated with the local hadronic calibra-
tion (LCW) scheme [20]. The LCW scheme uses proper-
ties of clusters to calibrate them individually. It first clas-
sifies calorimeter clusters as electromagnetic or hadronic,
according to the cluster topology, and then weights each
calorimeter cell in clusters according to the cluster en-
ergy and the cell energy density. Additional corrections
are applied to the cluster energy for the average energy
deposited in the non-active material before and between
the calorimeters and for unclustered calorimeter energy.

• The E
miss,softjets
T term is calculated from jets (recon-

structed using the anti-kt algorithm with R = 0.6) with
7 < pT < 20 GeV calibrated with the LCW calibration.

• The E
miss,jets
T term is calculated from jets with pT > 20

GeV calibrated with the LCW calibration and the jet en-
ergy scale (JES) factor [21] applied. The JES factor cor-
rects the energy of jets, either at the EM-scale or after
cluster calibration, back to particle level. The JES is de-
rived as a function of reconstructed jet η and pT using the
generator-level information in MC simulation.

• The E
miss,CellOut
T term is calculated from topoclusters out-

side reconstructed objects with the LCW calibration and
from reconstructed tracks as described in Sect. 5.3.1.

Note that object classification criteria and calibration can be
chosen according to specific analysis criteria, if needed.

5.3.1 Calculation of the E
miss,CellOut
T term

with a track-cluster matching algorithm

In events with W and Z boson production, the calibra-
tion of the E

miss,CellOut
T term is of particular importance be-

cause, due to the low particle multiplicity in these events,



Page 6 of 35 Eur. Phys. J. C (2012) 72:1844

this Emiss
T contribution balances the W/Z boson pT to a

large extent [17]. An energy-flow algorithm is used to im-
prove the calculation of the low-pT contribution to Emiss

T

(Emiss,CellOut
T ). Tracks are added to recover the contribution

from low-pT particles which do not reach the calorimeter
or do not seed a topocluster. Furthermore the track momen-
tum is used instead of the topocluster energy for tracks as-
sociated to topoclusters, thus exploiting the better calibra-
tion and resolution of tracks at low momentum compared to
topoclusters.

Reconstructed tracks with pT > 400 MeV, passing track
quality selection criteria such as the number of hits and χ2 of
the track fit, are used for the calculation of the E

miss,CellOut
T

term. All selected tracks are extrapolated to the second layer
of the electromagnetic calorimeter and very loose criteria
are used for association to reconstructed objects or topoclus-
ters, to avoid double counting. If a track is neither associ-
ated to a topocluster nor a reconstructed object, its trans-
verse momentum is added to the calculation of E

miss,CellOut
T .

In the case where the track is associated to a topocluster,
its transverse momentum is used for the calculation of the
E

miss,CellOut
T and the topocluster energy is discarded, assum-

ing that the topocluster energy corresponds to the charged
particle giving the track. It has to be noticed that there is
a strong correlation between the number of particles and
topoclusters, so, in general no neutral energy is lost replac-
ing the topocluster by a track, and the neutral topoclusters
are kept in most of the cases. If more than one topocluster
is associated to a track, only the topocluster with the largest
energy is excluded from the Emiss

T calculation, assuming that
this energy corresponds to the track.

6 Study of Emiss
T performance

In this section the distributions of Emiss
T in minimum bias,

di-jet, Z → �� and W → �ν events from data are compared
with the expected distributions from the MC samples. The
performance of Emiss

T in terms of resolution and scale is
also derived.

Minimum bias, di-jet events and Z → �� events are used
to investigate the Emiss

T performance without relying on MC
detector simulation. In general, apart from a small contribu-
tion from the semi-leptonic decay of heavy-flavour hadrons
in jets, no genuine Emiss

T is expected in these events. Thus
most of the Emiss

T reconstructed in these events is a direct
result of imperfections in the reconstruction process or in the
detector response.

6.1 Emiss
T performance in minimum bias and di-jet events

The distributions of Emiss
x , Emiss

y , Emiss
T and φmiss for data

and MC simulation are shown in Fig. 1 for minimum bias

events. The distributions are shown only for events with total
transverse energy (see definition at the end of this section)
greater than 20 GeV in order to reduce the contamination of
fake triggers from the MBTS. Figure 2 shows the distribu-
tions of the same variables for the di-jet sample. The di-jet
sample corresponding to the periods with higher pileup con-
ditions (see Sect. 3.1) is used. The MC simulation expecta-
tions are superimposed, normalized to the number of events
in the data.

In di-jet events a reasonable agreement is found between
data and simulation for all basic quantities, while there is
some disagreement in minimum bias events, attributed to
imperfect modelling of soft particle activity in the MC sim-
ulation. The better agreement between data and MC simu-
lation in the φmiss distribution for the di-jet sample can be
partly explained by the fact that the Emiss

T is not corrected
for the primary vertex position; the primary vertex position
in data is better reproduced by the MC simulation for the
di-jet sample than in the case of the minimum bias sample.

Events in the tails of the Emiss
T distributions have been

carefully checked, in order to understand the origin of the
large measured Emiss

T . The tails are not completely well de-
scribed by MC simulation, but, both in data and in MC sim-
ulation they are in general due to mis-measured jets. In min-
imum bias events there are more events in the tail in MC
simulation and this can be due to the fact that the MC statis-
tics is larger than in data. In di-jet events, there are more
events in the tail in data. More MC events would be desir-
able. In di-jet events there are 19 events with Emiss

T > 110
GeV in the data. The majority of them (13 events) are due
to mis-measured jets, where in most of the cases at least one
jet points to a transition region between calorimeters. Two
events are due to a combination of mis-measured jets with
an overlapping muon, and one event is due to a fake high-
pT muon. Finally two events look like good bb̄ candidates,
and one event has one reconstructed jet and no activity in the
other hemisphere.

The events with fake Emiss
T due to mis-measured jets

and jets containing leptonic decays of heavy hadrons can
be rejected by a cut based on the azimuthal angle between
the jet and Emiss

T , Δφ(jet, Emiss
T ). Since the requirement of

event cleaning depends on the physics analysis, the minimal
cleaning cut is applied and careful evaluation of tail events
is performed in this paper. Analyses that rely on a careful
understanding and reduction of the tails of the Emiss

T dis-
tribution (e.g. SUSY searches such as Ref. [3]) have per-
formed more detailed studies to characterize the residual
tail in events containing high-pT jets. These analyses use
tighter jet cleaning cuts, track-jet matching, and angular cuts
on Δφ(jet, Emiss

T ) to further reduce the fake Emiss
T tail. In

Ref. [3] a fully data-driven method (described in detail in
Ref. [17]) was then employed to determine the residual fake
Emiss

T background.
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Fig. 1 Distribution of Emiss
x (top left), Emiss

y (top right), Emiss
T (bottom left), φmiss (bottom right) as measured in a data sample of minimum

bias events. The expectation from MC simulation, normalized to the number of events in data, is superimposed

The contributions from jets, soft jets and topoclusters not
associated to the reconstructed objects and muons are shown
in Fig. 3 for the di-jet events. The data-MC agreement is
good for all of the terms contributing to Emiss

T . The tails ob-
served in the muon term are mainly due to reconstructed
fake muons and to one cosmic-ray muon, which can be re-
jected by applying a tighter selection for the muons used in
the Emiss

T reconstruction, based on χ2 criteria for the com-
bination, isolation criteria and requirements on the number
of hits in muon chambers used for the muon reconstruction.

In the following some distributions are shown for the total
transverse energy,

∑
ET, which is an important quantity to

parameterise and understand the Emiss
T performance. It is

defined as:

∑
ET =

Ncell∑
i=1

Ei sin θi, (6)

where Ei and θi are the energy and the polar angle, re-
spectively, of calorimeter cells associated to topoclusters
within |η| < 4.5. Cell energies are calibrated according to
the scheme described in Sect. 5.3 for Emiss

T .

The data distributions of
∑

ET for minimum bias and
di-jet events from the subset corresponding to lower pileup
conditions (see Sect. 3.1) are compared to MC predictions
from two versions of PYTHIA in Fig. 4. The left-hand
distributions show comparisons with the ATLAS tune of
PYTHIA6. The right-hand distributions show the compar-
isons with the default tune of PYTHIA8. Due to the limited
number of events simulated, the distribution for the di-jet
PYTHIA8 MC sample is not smooth, and is zero in the low-
est

∑
ET bin populated by data. This is not understood, also

if it can be partly explained by the fact that the low
∑

ET

region is populated by events from the jet MC sample gen-
erated in the lowest parton pT bin (17–35 GeV), which is
the most suppressed by the di-jet selection (a factor about
20 more than other samples) and has a large weight, due to
cross-section. Moreover the PYTHIA8 jet MC sample in the
8–17 GeV parton pT bin is not available. In the case of the
minimum bias sample, due to the very limited number of
events simulated (about a factor 25 less respect to data), the
tails in the PYTHIA8 MC distribution are strongly depleted.

The PYTHIA8 MC [16] version used in this paper has
not yet been tuned to the ATLAS data. The current tune
[22] uses the CTEQ 6.1 parton distribution functions (PDF)
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Fig. 2 Distribution of Emiss
x (top left), Emiss

y (top right), Emiss
T (bottom left), φmiss (bottom right) as measured in the data sample of di-jet events.

The expectation from MC simulation, normalized to the number of events in data, is superimposed. The events in the tails are discussed in the text

instead of the MRST LO∗∗ as used in PYTHIA6, and
its diffraction model differs, including higher-Q2 diffrac-
tive processes. The comparison of the mean values and
the shapes of the two different MC distributions with data
seems to indicate that a better agreement is obtained with
the PYTHIA8 but, due to the reduced PYTHIA8 MC statis-
tics, no firm conclusion can be drawn. In the rest of the pa-
per, the PYTHIA6 MC samples with the ATLAS tune are
used for comparison with data; this version is used as the
baseline for PYTHIA MC samples for 2010 data analyses.

6.2 Emiss
T performance in Z → �� events

The absence of genuine Emiss
T in Z → �� events, coupled

with the clean event signature and the relatively large cross-
section, means that it is a good channel to study Emiss

T per-
formance.

The distributions of Emiss
T and φmiss for data and MC

simulation are shown in Fig. 5 for Z → ee and Z →
μμ events. The contributions due to muons are shown for
Z → μμ events in Fig. 6. Both the contributions from
energy deposited in calorimeter cells associated to muons,
taken at the EM scale, and the contributions from recon-

structed muons are shown. For Z → ee events, the contribu-
tions from electrons, jets, soft jets and topoclusters outside
the reconstructed objects are shown separately in Fig. 7. The
peak at zero in the distribution of the jet term corresponds to
events where there are no jets with pT above 20 GeV, and
the small values (<20 GeV) in the distribution are due to
events with two jets whose transverse momenta balance. The
MC simulation expectations, from Z → �� events and from
the dominant SM backgrounds, are superimposed. Each MC
sample is weighted with its corresponding cross-section and
then the total MC expectation is normalized to the number
of events in data. Reasonable agreement between data and
MC simulation is observed in all distributions.

Events in the tails of the Emiss
T distributions in Fig. 5

have been carefully checked. The 22 events with the highest
Emiss

T values, above 60 GeV, have been examined in detail
to check whether they are related to cosmic-ray muon back-
ground, fake muons, badly measured jets or jets pointing to
dead calorimeter regions. The events in the tails are found
to be compatible with either signal candidates, including t t̄ ,
WW and WZ di-boson events, all involving real Emiss

T , or
events in which the Emiss

T vector is close to a jet in the trans-
verse plane. The latter category of events can arise from mis-
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Fig. 3 Distribution of Emiss
T computed with cells from topoclusters

in jets (top left), in soft jets (top right), from topoclusters outside re-
constructed objects (bottom left) and from reconstructed muons (bot-

tom right) for data for di-jet events. The expectation from MC simula-
tion, normalized to the number of events in data, is superimposed. The
events in the tail of the E

miss,μ
T distribution are discussed in the text

measured jets, and be rejected at the analysis level with cuts
on Δφ(jet, Emiss

T ) (see Sect. 6.1).

6.2.1 Measuring Emiss
T response in Z → �� events

From the event topology [17] in events with Z → �� decay
one can define an axis in the transverse plane such that the
component of Emiss

T along this axis is sensitive to detec-
tor resolution and biases. The direction of this axis, AZ, is
defined by the reconstructed momenta of the leptons:

AZ = (
pT

�+ + pT
�−)/∣∣pT

�+ + pT
�− ∣∣, (7)

where pT
� are the vector transverse momenta of the lepton

and anti-lepton. The direction of AZ thus reconstructs the
direction of motion of the Z boson. The perpendicular axis
in the transverse plane, AAZ, is a unit vector placed at right
angles to AZ, with positive direction anticlockwise from the
direction of the Z boson.

The mean value of the projection of Emiss
T onto the longi-

tudinal axis, 〈Emiss
T ·AZ〉, is a measure of the Emiss

T scale, as
this axis is sensitive to the balance between the leptons and

the hadronic recoil. Figure 8 shows the value of 〈Emiss
T ·AZ〉

as a function of pZ
T . These mean values are used as a di-

agnostic to validate the Emiss
T reconstruction algorithms. If

the leptons perfectly balanced the hadronic recoil, regard-
less of the net momentum of the lepton system, then the
Emiss

T · AZ would be zero, independent of pZ
T . Instead,

〈Emiss
T · AZ〉 displays a small bias in both the electron and

muon channels which is reasonably reproduced by the MC
simulation. The observed bias is slightly negative for low
values of pZ

T , suggesting either that the pT of the lepton sys-
tem is overestimated or that the magnitude of the hadronic
recoil is underestimated. The same sign and magnitude of
bias is seen in both electron and muon channels, suggest-
ing that the hadronic recoil, here dominated by E

miss,CellOut
T

and by soft jets, is the source of bias. The component of the
Emiss

T along the perpendicular axis, Emiss
T · AAZ, displays

no bias, and, indeed there is no mechanism for generating
such a bias.

In Fig. 9 the dependences of 〈Emiss
T · AZ〉 on pZ

T are
shown separately for events with Z → �� produced in asso-
ciation with zero jets or with at least one jet, with the jet defi-
nition as described in Sect. 3.1. The figure demonstrates that
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Fig. 4 Distribution of
∑

ET as measured in a data sample of min-
imum bias events (top) and di-jet events (bottom) selecting two jets
with pT > 25 GeV. The expectation from MC simulation, normalized

to the number of events in data, is superimposed. On the left PYTHIA6
(ATLAS tune) is compared with the data. On the right PYTHIA8 is
compared with the data

there is a negative bias in 〈Emiss
T · AZ〉 for events with zero

jets, which increases with pZ
T up to 6 GeV. A similar bias is

observed in both electron and muon channels, hence it is in-
terpreted as coming from imperfections in the calibration of
the soft hadronic recoil (the E

miss,CellOut
T and the E

miss,softjets
T

terms). In events with at least one jet there is a small positive
bias in the electron channel at high pZ

T , which is visible also
in the muon channel for pZ

T in the region 15–20 GeV.
Figure 10 shows 〈Emiss

T · AZ〉 for Z → �� events where
there are neither high pT nor soft jets, for two cases of
Emiss

T reconstruction: calculating the E
miss,CellOut
T term with

the track-cluster matching algorithm (see Sect. 5.3.1) or cal-
culating this term from the calorimeter topoclusters only
(denoted as Emiss

T no tracks). The plots show a lower bias
for the case with the track-cluster matching algorithm, indi-
cating that it improves the reconstruction of the E

miss,CellOut
T

term.

6.3 Emiss
T performance in W → �ν events

In this section the Emiss
T performance is studied in W →

eν and W → μν events. In these events genuine Emiss
T is

expected due to the presence of the neutrino, therefore the
Emiss

T scale can be checked.
The distributions of Emiss

T and φmiss in data and in
MC simulation are shown in Fig. 11 for W → eν and
W → μν events. The contributions due to muons are shown
for W → μν events in Fig. 12. Both, the Emiss

T contri-
bution from energy deposited in calorimeter cells associ-
ated to muons, taken at the EM scale, and the Emiss

T con-
tribution from reconstructed muons are shown. The contri-
butions given by the electrons, jets, soft jets and topoclus-
ters outside reconstructed objects are shown in Fig. 13 for
W → eν events. The MC expectations are also shown, both
from W → �ν events, and from the dominant SM back-
grounds. The MC simulation describes all of the quantities
well, with the exception that very small data-MC discrep-
ancies are observed in the distribution of the E

miss,e
T at low

Emiss
T values. This can be attributed to the QCD jet back-

ground, which would predominantly populate the region of
low Emiss

T [8], but which is not included in the MC expec-
tation shown.
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Fig. 5 Distribution of Emiss
T (top) and φmiss (bottom) as measured in a

data sample of Z → ee (left) and of Z → μμ (right). The expectation
from Monte Carlo simulation is superimposed and normalized to data,

after each MC sample is weighted with its corresponding cross-section.
The sum of all backgrounds is shown in the lower plots

Fig. 6 Distribution of Emiss
T computed with calorimeter cells associ-

ated to muons (Emiss,calo,μ
T ) (left) and computed from reconstructed

muons (Emiss,μ
T ) (right) for Z → μμ data. The expectation from

Monte Carlo simulation is superimposed and normalized to data, af-
ter each MC sample is weighted with its corresponding cross-section

6.3.1 Emiss
T linearity in W → �ν MC events

The expected Emiss
T linearity, which is defined as the mean

value of the ratio: (Emiss
T − E

miss,True
T )/E

miss,True
T , is shown

as a function of E
miss,True
T in Fig. 14 for W → eν and

W → μν MC events. The mean value of this ratio is ex-
pected to be zero if the reconstructed Emiss

T has the correct
scale. In Fig. 14, it can be seen that there is a displacement
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Fig. 7 Distribution of Emiss
T computed with cells associated to elec-

trons (Emiss,e
T ) (top left), jets with pT > 20 GeV (Emiss,jets

T ) (top right),

jets with 7 GeV < pT < 20 GeV (Emiss,softjets
T ) (bottom left) and from

topoclusters outside reconstructed objects (Emiss,CellOut
T ) (bottom right)

for Z → ee data. The expectation from Monte Carlo simulation is su-
perimposed and normalized to data, after each MC sample is weighted
with its corresponding cross-section

Fig. 8 Mean values of Emiss
T · AZ as a function of pZ

T in Z → ee (left) and Z → μμ (right) events

from zero which varies with the true Emiss
T . The bias at low

E
miss,True
T values is about 5% and is due to the finite resolu-

tion of the Emiss
T measurement. The reconstructed Emiss

T is
positive by definition, so the relative difference is positive
when the E

miss,True
T is small. The effect extends up to 40

GeV. The bias is in general larger for W → μν events
than for W → eν events. Considering only events with
E

miss,True
T > 40 GeV, the Emiss

T linearity is better than 1%
in W → eν events, while there is a non-linearity up to
about 3% in W → μν events. This may be explained by an
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Fig. 9 Mean value of Emiss
T · AZ as a function of pZ

T requiring either zero jets with pT > 20 GeV or at least 1 jet with pT > 20 GeV in the event
for Z → ee (left) and Z → μμ (right) events

Fig. 10 Mean value of Emiss
T ·AZ as a function of pZ

T in Z → ee (left)
and Z → μμ (right) for events with no jets with pT > 7 GeV. The de-
fault Emiss

T is compared with Emiss
T calculated in the same way with

the exception that the track-cluster matching algorithm is not used for
the calculation of E

miss,CellOut
T

underestimation of the E
miss,calo,μ
T term, in which too few

calorimeter cells are associated to the reconstructed muon.

6.4 Emiss
T resolution

A more quantitative evaluation of the Emiss
T performance

can be obtained from a study of the (Emiss
x ,Emiss

y ) resolu-
tions as a function of

∑
ET. In Z → �� events, as well as

in minimum bias and QCD jet events, no genuine Emiss
T is

expected, so the resolution of the two Emiss
T components is

measured directly from reconstructed quantities, assuming
that the true values of Emiss

x and Emiss
y are equal to zero.

The resolution is estimated from the width of the combined
distribution of Emiss

x and Emiss
y (denoted (Emiss

x ,Emiss
y ) dis-

tribution) in bins of
∑

ET. The core of the distribution is
fitted, for each

∑
ET bin, with a Gaussian over twice the

expected resolution obtained from previous studies [17] and
the fitted width, σ , is examined as a function of

∑
ET. The

Emiss
T resolution follows an approximately stochastic be-

haviour as a function of
∑

ET, which can be described with
the function σ = k · √ΣET, but deviations from this simple
law are expected in the low

∑
ET region due to noise and in

the very large
∑

ET region due to the constant term.
Figure 15 (left) shows the resolution from data at

√
s = 7

TeV for Z → �� events, minimum bias and di-jet events as a
function of the total transverse energy in the event, obtained
by summing the pT of muons and the

∑
ET in calorime-

ters, calculated as described in Sect. 6.1. If the resolution
is shown as a function of the

∑
ET in calorimeters, a dif-

ference between Z → ee and Z → μμ events is observed
due to the fact that

∑
ET includes electron momenta in

Z → ee events while muon momenta are not included in
Z → μμ events.

The resolution of the two Emiss
T components is fitted with

the simple function given above. The fits are acceptable and
are of similar quality for all different channels studied. This
allows to use the parameter k as an estimator for the res-
olution and to compare it in various physics channels in



Page 14 of 35 Eur. Phys. J. C (2012) 72:1844

Fig. 11 Distribution of Emiss
T (top) and φmiss (bottom) as measured in

a data sample of W → eν (left) and W → μν (right) events. The ex-
pectation from Monte Carlo simulation is superimposed and normal-

ized to data, after each MC sample is weighted with its corresponding
cross-section. The sum of all backgrounds is shown in the lower plots

Fig. 12 Distribution of Emiss
T computed with cells from muons

(Emiss,calo,μ
T ) (left) and reconstructed muons (Emiss,muon

T ) (right) for
W → μν data. The expectation from Monte Carlo simulation is su-

perimposed and normalized to data, after each MC sample is weighted
with its corresponding cross-section

data and MC simulation. There is a reasonable agreement
in the Emiss

T resolution in the different physics channels,
as can be seen from the fit parameters k reported in the
figure. The k parameter has fit values ranging from 0.42

GeV1/2 for Z → �� events to 0.51 GeV1/2 for di-jet events.
The Emiss

T resolution is better in Z → �� events because
the lepton momenta are measured with better precision than
jets.
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Fig. 13 Distribution of Emiss
T computed with cells associated to elec-

trons (Emiss,e
T ) (top left), jets with pT > 20 GeV (Emiss,jets

T ) (top

right), jets with pT < 20 GeV (Emiss,softjets
T ) (bottom left) and from

topoclusters outside reconstructed objects (Emiss,CellOut
T ) (bottom right)

for data. The expectation from Monte Carlo simulation is superim-
posed and normalized to data, after each MC sample is weighted with
its corresponding cross-section

Fig. 14 Emiss
T linearity in W → eν and W → μν MC events as a

function of E
miss,True
T

In Fig. 15 (right) the Emiss
T resolution is shown for MC

events. In addition to the Z → ��, minimum bias and di-jet
events, the resolution is also shown for W → �ν MC events.
In W events the resolution of the two Emiss

T components

is estimated from the width of (Emiss
x − E

miss,True
x ,Emiss

y −
E

miss,True
y ) in bins of

∑
ET, fitted with a Gaussian as

explained above. There is a reasonable agreement in the
Emiss

T resolution in the different MC channels studied with
the fitted value of k ranging from 0.42 GeV1/2 for Z →
�� events to 0.50 GeV1/2 for di-jet events. As observed for
data, the Emiss

T resolution is better in Z → �� events and
slightly better in W → �ν events, due to the presence of the
leptons which are more precisely measured.

The resolution in MC minimum bias events is slightly
worse than in data. This is probably due to imperfections
of the modelling of soft particle activity in MC simulation,
while there is a good data-MC agreement in the resolution
for other channels.

7 Evaluation of the systematic uncertainty
on the Emiss

T scale

For any analysis using Emiss
T , it is necessary to be able to

evaluate the systematic uncertainty on the Emiss
T scale. The
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Fig. 15 Emiss
x and Emiss

y resolution as a function of the total transverse
energy in the event calculated by summing the pT of muons and the
total transverse energy in the calorimeter in data at

√
s = 7 TeV (left)

and MC (right). The resolution of the two Emiss
T components is fitted

with a function σ = k ·√ΣET and the fitted values of the parameter k,
expressed in GeV1/2, are reported in the figure

Table 1 Variations of the
default simulation settings used
for the estimate of the
Emiss

T
,CellOut term systematic

uncertainty. See Ref. [21] for
details of the parameters

Variation Description

Dead Material 5% increase in the inner detector material

0.1 X0 in front of the cryostat of the EM barrel calorimeter

0.05 X0 between presampler and EM barrel calorimeter

0.1 X0 in the cryostat after the EM barrel calorimeter

density of material in barrel-endcap transition of the EM calorimeter ×1.5

FTFP_BERT An alternative shower model for hadronic interaction in GEANT4

QGSP An alternative shower model for hadronic interaction in GEANT4

PYTHIA Perugia 2010 tune An alternative setting of the PYTHIA parameters with increased final state
radiation and more soft particles

Emiss
T , as defined in Sect. 5.3, is the sum of several terms cor-

responding to different types of reconstructed objects. The
uncertainty on each individual term can be evaluated given
the knowledge of the reconstructed objects [8, 23] that are
used to build it and this uncertainty can be propagated to
Emiss

T . The overall systematic uncertainty on the Emiss
T scale

is then calculated by combining the uncertainties on each
term.

The relative impact of the uncertainty of the constituent
terms on Emiss

T differs from one analysis to another depend-
ing on the final state being studied. In particular, in events
containing W and Z bosons decaying to leptons, uncertain-
ties on the scale and resolution in the measurements of the
charged leptons, together with uncertainties on the jet energy
scale, need to be propagated to the systematic uncertainty
estimate of Emiss

T . Another significant contribution to the
Emiss

T scale uncertainty in W and Z boson final states comes
from the contribution of topoclusters outside reconstructed
objects and from soft jets. In the next three subsections,
two complementary methods for the evaluation of the sys-
tematic uncertainty on the Emiss

T
,CellOut and the Emiss

T
,softjets

terms are described. Finally the overall Emiss
T uncertainty

for W → �ν events is calculated.

7.1 Evaluation of the systematic uncertainty
on the Emiss

T
,CellOut scale using Monte Carlo simulation

There are several possible sources of systematic uncertainty
in the calculation of Emiss

T
,CellOut. These sources include in-

accuracies in the description of the detector material, the
choice of shower model and the model for the underlying
event in the simulation. The systematic uncertainty due to
each of these sources is estimated with dedicated MC sim-
ulations. The MC jet samples, generated with PYTHIA, are
those used to assess the systematic uncertainty on the jet en-
ergy scale [21]. Table 1 lists the simulation samples consid-
ered, referred to in the following as “variations” with respect
to the nominal sample.

The estimate of the uncertainty on Emiss
T

,CellOut for a vari-
ation i is determined by calculating the percentage differ-
ence between the mean value of this term for the nomi-
nal sample, labelled μ0, and that for the variation sample,
labelled μi . This approach assumes that the variations af-
fect the total scale and none of the variations introduces a
shape dependence in the Emiss

T
,CellOut term, as verified in

Ref. [24]. In order to cross-check for a possible dependence
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on the event total transverse energy, the relative difference
Ri = (μi − μ0)/μ0 between different variations is com-
puted in bins of

∑
ET for the jet samples. No significant

dependence of Ri on
∑

ET is observed. A cross-check on
the topology dependence is done using W → �ν samples
simulated by introducing the variations i. Table 2 shows the
Ri values as computed in both the QCD jet samples and the
W → �ν samples. The results are consistent, showing that
the estimated uncertainty does not have a large dependence
on the event topology.

A symmetric systematic uncertainty on the Emiss
T

,CellOut

scale is obtained by summing in quadrature the estimated
uncertainties averaged between simulated jet and W events.
The total estimated uncertainty6 on the Emiss

T
,CellOut term

is 2.6%.

7.2 Evaluation of the systematic uncertainty
on the Emiss

T
,CellOut scale from the topocluster energy

scale uncertainty

The uncertainty on the scale of the Emiss
T

,CellOut term, which
is built from topoclusters with a correction based on tracks
(see Sect. 5.3.1), can also be calculated from the topocluster
energy scale uncertainties. These uncertainties can be esti-
mated from comparisons between data and MC simulation
using the E/p response from single tracks, measured by
summing the energies of all calorimeter clusters around a
single isolated track [25]. The effects of these uncertainties
on the Emiss

T
,CellOut term can be evaluated by varying the en-

ergy scale of topoclusters that contribute to the Emiss
T

,CellOut

term in W → eν MC samples, as was done in Ref. [8].
The shift in the topocluster energy scale is applied by

multiplying the topocluster energy by the function:

1 ± a × (1 + b/pT ), (8)

Table 2 Systematic uncertainties (Ri ) on E
miss,CellOut
T associated with

variations in the dead material (all the variations listed in Table 1
are applied at the same time), in the calorimeter shower modelling
(FTFP_BERT, QGSP) and in the event generator settings (PYTHIA Pe-
rugia 2010 tune)

Variation jet events W production

Dead Material (−0.5 ± 0.1)% (−0.6 ± 0.2)%

FTFP_BERT (0.1 ± 0.4)% (0.5 ± 0.2)%

QGSP (−1.6 ± 0.4)% (−2.2 ± 0.2)%

PYTHIA Perugia 2010 tune (−1.7 ± 0.1)% (−1.5 ± 0.2)%

6In this uncertainty evaluation using MC simulation, the uncertainty on
the absolute electromagnetic energy scale in the calorimeters should
also be taken into account. For the bulk of the LAr barrel electro-
magnetic calorimeter a 1.5% uncertainty is found on the cell energy
measurement, increasing to 5% for the presampler and 3% for the tile
calorimeter [25].

with a = 3(10)% for |η| < (>)3.2 and b = 1.2 GeV.
The a parameter in (8) addresses the uncertainty on the

cluster energy scale, obtained by comparing the ratio of the
cluster energy and the measured track momentum, E/p, in
data and MC simulation [25]. The value in the forward re-
gion, where tracks cannot be used to validate the energy
scale, is estimated from the transverse momentum balance
of one jet in the central region and one jet in the forward
region in events with only two jets at high transverse mo-
menta.

The b parameter in (8) addresses the possible change in
the clustering efficiency and scale in a non-isolated envi-
ronment. To go from the response for single isolated par-
ticles to the cluster energy scale, possible effects from the
noise thresholds in the configuration with nearby particles
are taken into account.

Because of threshold effects, more energy is clustered
for nearby particles than for isolated ones. In an hypothetic
worst case scenario, the environment is so busy that the clus-
tering algorithm is forced to cluster all the deposited en-
ergy, with no bias due to the noise thresholds. Therefore,
the maximal size of the noise threshold effect can be evalu-
ated by comparing the ratio Ecell/p of the total energy Ecell

deposited into all cells around an isolated track to the track
momentum, to the ratio E/p of the clustered energy E to
the track momentum, in data and MC simulation.

The fractional E
miss,CellOut
T uncertainty is evaluated from:

(
ΔCellOut+ + ΔCellOut−)/(

2 × E
miss,CellOut
T

)
, (9)

where

ΔCellOut+ = ∣∣Emiss,CellOut+
T − E

miss,CellOut
T

∣∣,
ΔCellOut− = ∣∣Emiss,CellOut−

T − E
miss,CellOut
T

∣∣,
(10)

with Emiss
T

,CellOut+ and Emiss
T

,CellOut− obtained by shift-
ing the topocluster energies up and down, respectively, us-
ing (8). The value of the fractional Emiss

T
,CellOut uncertainty

is found to be approximately 13%, decreasing slightly with
increasing

∑
ET

CellOut. This uncertainty is much larger than
the uncertainty due to the detector description estimated
from the first three lines of Table 2. The main reason is that
the values of a and b which enter into (8) are conservative, to
include the effects described above. In particular the cluster
energy uncertainty in the forward region is conservatively
estimated, since the uncertainty cannot be evaluated using
tracks. Moreover, the procedure does not take into account
the fact that when the clusters are shifted up in pT, some of
them can form jets above threshold and they are therefore
included in the soft jet term in Emiss

T . These clusters should
be removed from the Emiss

T
,CellOut, they are in fact kept and

this increases the uncertainty. It should also be noted that
in the calculation of Emiss

T
,CellOut the track momentum is
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used instead of the topocluster energy when there is a track-
topocluster matching (see Sect. 5.3.1). This would result in a
reduced uncertainty due to the more precise measurement of
the track momentum, which is not taken into account here.
Further study is expected to provide a reduction in this un-
certainty in future, by considering the described effects in
detail.

To give an estimate of the Emiss
T

,CellOut systematic un-
certainty, the calorimeter contribution can be taken from
Sect. 7.2, and the uncertainty from the event generator set-
tings from Sect. 7.1 (PYTHIA Perugia 2010 tune). This
results in a total systematic uncertainty on the scale of
Emiss

T
,CellOut of about 13%, which slightly decreases when∑

ET
CellOut increases.

7.3 Evaluation of the systematic uncertainty on the
Emiss

T
,softjets scale

The same procedure described in the previous sections is
used to assess the systematic uncertainty on the Emiss

T term
calculated from soft jets (see Sect. 5.1).

Using the MC approach described in Sect. 7.1, it is found
that the uncertainty on Emiss

T
,softjets does not exhibit a large

dependence on the event
∑

ET, as was also found for the un-
certainty on the E

miss,CellOut
T scale. The results are consistent

between the QCD jet samples and the W samples, as can be
seen from Table 3 which gives the systematic uncertainties
Ri as computed in jet samples and in W → �ν samples.

A total, symmetric, systematic uncertainty of about 3.3%
on the Emiss

T
,softjets term is obtained by combining the results

in Table 3, as was done in Sect. 7.1. With the same data-
driven approach utilising the uncertainty on the topocluster
energy scale described in Sect. 7.2, the systematic uncer-
tainty on Emiss

T
,softjets is evaluated to be about 10%.

As for Emiss
T

,CellOut, the uncertainty on the Emiss
T

,softjets

scale found by shifting the topocluster energies is larger
than the uncertainty estimated from MC simulation. To give
an estimate of the systematic uncertainty on Emiss

T
,softjets,

the contribution from the calorimeter response can be taken
from the data-driven evaluation and the contribution from
the event generator settings from Table 3. This results in an

Table 3 Systematic uncertainties (Ri ) on Emiss
T

,softjets associated with
variations in the dead material (all the variations listed in Table 1
are applied at the same time), in the calorimeter shower modelling
(FTFP_BERT, QGSP) and in the event generator settings (PYTHIA Pe-
rugia 2010 tune)

Variation jet events W production

Dead Material (−1.5 ± 0.1)% (−1.5 ± 0.2)%

FTFP_BERT (0.3 ± 0.4)% (0.8 ± 0.2)%

QGSP (−2.6 ± 0.4)% (−2.5 ± 0.2)%

PYTHIA Perugia 2010 tune (−1.4 ± 0.1)% (−1.0 ± 0.2)%

overall systematic uncertainty of about 10% on Emiss
T

,softjets,
slightly increasing as

∑
ET increases.

7.4 Evaluation of the overall systematic uncertainty
on the Emiss

T scale in W → eν and W → μν events

Using as inputs the systematic uncertainties on the differ-
ent reconstructed objects [8, 21] and on Emiss

T
,CellOut and

Emiss
T

,softjets evaluated in the previous sections, the over-
all Emiss

T systematic uncertainty in W → eν and W →
μν events is estimated. The same method can be applied
to any final state event topology. Figure 16 shows, for both
W → eν and W → μν events, the systematic uncer-
tainties on each of the terms Emiss

T
,e (Emiss

T
,μ), Emiss

T
,jets,

Emiss
T

,softjets and Emiss
T

,CellOut as a function of their individ-
ual contribution to

∑
ET labelled

∑
ET

term. All the uncer-
tainties are calculated with the formulae in (9) and (10). In
the same figure the uncertainty on Emiss

T due to the uncer-
tainties on the different terms is also shown as a function
of the total

∑
ET, together with the overall uncertainty on

Emiss
T , obtained by combining the partial terms. The uncer-

tainties on Emiss
T

,softjets and Emiss
T

,CellOut are considered to
be fully correlated. In W → eν and W → μν events, se-
lected as described in Sect. 3.3, the overall uncertainty on
the Emiss

T scale increases with
∑

ET from ∼1% to ∼7%. It
is estimated to be, on average, about 2.6% for both channels.

The Emiss
T scale uncertainty depends on the event topol-

ogy because the contribution of a given Emiss
T term can vary

for different final states.

8 Determination of the Emiss
T scale from W → �ν events

The determination of the absolute Emiss
T scale is impor-

tant in a range of analyses involving Emiss
T measurements,

ranging from precision measurements to searches for new
physics.

In this section two complementary methods to determine
the absolute scale of Emiss

T using W → �ν events are de-
scribed. The first method uses a fit to the distribution of
the transverse mass, mT, of the lepton-Emiss

T system, and
is sensitive both to the scale and the resolution of Emiss

T .
The second method uses the interdependence of the neu-
trino and lepton momenta in the W → eν channel, and the
Emiss

T scale is determined as a function of the reconstructed
electron transverse momentum. Both methods allow checks
on the agreement between data and MC simulation for the
Emiss

T scale.

8.1 Reconstructed transverse mass method

The method described in this section uses the shape of the
mT distribution and is sensitive to both the Emiss

T resolu-
tion and scale. The lepton transverse momentum, p�

T, and
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Fig. 16 Fractional systematic uncertainty (calculated as in (9)
and (10)) on different Emiss

T terms as a function of respective∑
ET

term (left) and contributions of different term uncertainties on
Emiss

T uncertainty as a function of
∑

ET (right) in MC W →

eν events (top) and W → μν events (bottom). The overall systematic
uncertainty on the Emiss

T scale, obtained combining the various contri-
butions is shown in the right plots (filled circles). The uncertainties on
Emiss

T
,softjets and Emiss

T
,CellOut are considered to be fully correlated

the Emiss
T are used to calculate mT as:

mT =
√

2p�
TEmiss

T (1 − cosφ), (11)

where φ is the azimuthal angle between the lepton momen-
tum and Emiss

T directions. The true mT is reconstructed from
the simulation under the hypothesis that Emiss

T is entirely due
to the neutrino momentum, pν

T. Template histograms of the
mT distributions are generated by convoluting the true trans-
verse mass distribution with a Gaussian function:

E
miss,smeared
x(y) = α E

miss,True
x(y) ∗ Gauss

(
0, k · √ΣET

)
, (12)

where the parameters α and k are the Emiss
T scale and reso-

lution respectively.
The α and k parameters are determined through a fit of

the mT distribution to data using a linear combination of
signal and background mT distributions obtained from sim-
ulation. All the backgrounds, with the exception of the jet
background, are evaluated from the same MC samples used
in Sect. 6.3 and the normalization is fixed according to their

cross-sections. The shape of the jet background is also eval-
uated from MC simulation and its normalization is obtained
from the fit, in addition to α and k.

To select W → μν events, the same criteria as described
in Sect. 3.3 are used, with the exception that no cut on
Emiss

T is applied and a looser cut, mT > 30 GeV, is ap-
plied in order that the background normalization can be
fitted. The α and k parameters obtained from the fit are
shown in Table 4, together with the numbers of events for
the signal and backgrounds and the χ2/ndof of the fit. In
the table, instead of the values of α, the values of α − 1 =
〈(Emiss

x(y) − E
miss,True
x(y) )/E

miss,True
x(y) 〉 are reported, in order to

compare with the result in Sects. 6.3.1 and 8.2. The results
for the α and k parameters using the mT distribution of the
simulated signal are also shown in Table 4, and they are in
good agreement with the results from data. The result of the
fit to data and MC simulation is shown in Fig. 17.

To select W → eν events, the selection described in
Sect. 3.3 is used with the addition of tighter cuts. A cut
Emiss

T > 36 GeV is applied to exclude the region where the
Emiss

T response is not linear (see Fig. 14). A cut mT > 40
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Fig. 17 Distributions of the transverse mass, mT, of the muon-Emiss
T

system (left) and of the electron-Emiss
T system (right) for data. The

mT distributions from Monte Carlo simulation are superimposed, af-
ter each background sample is weighted as explained in the text. The

main backgrounds are shown for W → μν, the sum of all backgrounds
is shown for W → eν. The W → �ν MC signal histogram is obtained
using the true Emiss

T smeared as in (12) with the scale and resolution
parameters obtained from the fit

GeV is also applied. The α and k parameters obtained from
the fit are shown in Table 4, together with the results ob-
tained from the MC, which are in good agreement with data.
The result of the fit to data and MC simulation is shown in
Fig. 17.

The results obtained with this method are compatible, at
the few percent level, with the results shown in Fig. 14 and
Fig. 15, which were derived using only simulation. From
those figures, for the W → μν channel α − 1 has values
up to 3% and the resolution is 0.47

√∑
ET; for the W →

eν channel α − 1 is close to zero for high Emiss
T values and

the resolution is 0.47
√∑

ET.
The uncertainty due to background subtraction is already

included in the uncertainty reported in Table 4. The sys-
tematic uncertainty on α − 1 is determined to be about 1%
for each channel, by checking the stability of the results us-
ing different cuts on Emiss

T and using a different generator,
MC@NLO. In summary, with this method the Emiss

T ab-
solute scale is determined from W → �ν events, in a data
sample corresponding to an integrated luminosity of about
36 pb−1, with an uncertainty (adding the uncertainties re-
ported in Table 4 with the systematic uncertainty) of about

1.5% and about 2% for the W → μν and W → eν decay
channels, respectively.

8.2 Method based on the correlation between electron
and neutrino transverse momenta in W → eν

In this section the correlation between the transverse mo-
menta of charged and neutral leptons from W boson de-
cays is used to determine the Emiss

T scale. The mean mea-
sured Emiss

T is compared to the mean true Emiss
T from sig-

nal MC events. The relative bias in the reconstructed Emiss
T ,

(〈Emiss
T 〉−〈Emiss

T
,True〉)/〈Emiss

T
,True〉, is studied as a function

of pe
T because the MC simulation of the electron response is

more accurate than that for hadrons.
This method is shown for W → eν events by applying

selection criteria similar to the ones described in Sect. 3.3,
but with isolation requirements both on the electron track
and calorimeter signal. The Emiss

T is required to be greater
than 20 GeV and no cut is applied on mT.

MC samples are generated with MC@NLO [15]. A next-
to-leading-order (NLO) generator is used for this study be-
cause in this approach the Emiss

T scale is validated on the

Table 4 Results of mT fit in W → �ν events. The second and third
columns show the scale and resolution parameters obtained. The num-
bers of events for the signal, the electroweak and QCD backgrounds
obtained from the fit are shown in the fourth, fifth and sixth columns

for data. In the last column the χ2/ndof of the fit is reported. The errors
are statistical and take into account background subtraction uncertain-
ties and correlations

Channel α − 1 (%) k Signal EW (fixed) QCD χ2/ndof

W → μν data 5.1 ± 0.8 0.52 ± 0.01 164920 ± 840 14760 24870 ± 840 68/87

W → μν MC 5.5 ± 0.8 0.50 ± 0.01 70/78

W → eν data −0.8 ± 1.6 0.49 ± 0.01 75660 ± 180 1210 980 ± 180 54/75

W → eν MC 1.8 ± 1.7 0.50 ± 0.01 38/54



Eur. Phys. J. C (2012) 72:1844 Page 21 of 35

basis of the known decay properties of the W boson. The
correlation between pν

T and pe
T is important for this study,

and is poorly described by leading-order generators such as
PYTHIA, whereas it is much improved in MC@NLO. The
MC events are weighted such that the true W boson trans-
verse momentum, pW

T , and pseudorapidity ηW agree with
that generated using the RESBOS [26] generator which is
more accurate in describing pW

T at low values. Finally, an
additional smearing is applied to the reconstructed electron
momentum in the MC samples, to match the electron reso-
lution measured in data, and the correction is propagated to
Emiss

T .
A data-driven technique is used to estimate the impact of

jet background, which is small (see Fig. 18 left) and concen-
trated at low pe

T. W → τν events, where the τ decays to an
electron, are the second largest background, but the impact
on the mean value of Emiss

T is found to be negligible.
The distribution of pe

T is shown in Fig. 18. The distribu-
tion from data after event selection is fitted by varying the
normalization of signal MC and QCD background distribu-
tions. A satisfactory description of data is achieved except
for the first bin, which is excluded from the fit. For each
pe

T bin, the corrected distribution of Emiss
T is obtained by

subtracting that of the background sample (after normaliz-
ing it according to the fit) from the data distribution. The
largest impact of background corresponds to pe

T = 20 GeV,
with an effect of about 2 GeV on the mean value of Emiss

T ;
the effect decreases quickly to 0.2 GeV at pe

T = 30 GeV.
Since a cut on Emiss

T is used for the event selection and
the Emiss

T resolution is finite, the results are biased. To cor-
rect for the bias in signal MC events the requirement of re-
constructed Emiss

T > 20 GeV is replaced by a cut on true
Emiss

T > 20 GeV.
The mean measured Emiss

T , corrected for background and
for the event selection bias, is used to calculate the rela-
tive bias in the reconstructed Emiss

T , (〈Emiss
T 〉−〈Emiss

T
,True〉)/

〈Emiss
T

,True〉, which is shown in Fig. 18 as a function of pe
T.

The figure shows that the Emiss
T scale is correct at low values

of pe
T while it is overestimated at high values of pe

T.
The bias on Emiss

T is on the percent level between 25 and
35 GeV, then it rises up to 7% and it is 2 ± 0.1% on average.
For comparison, if the entire calculation is performed on sig-
nal MC events alone, the resulting average bias in Emiss

T is
2.9 ± 0.1%. The method relies on simulation to derive the
correlation between Emiss

T
,True and pe

T, so it can be sensi-
tive to details of the simulation. In particular, the jet fac-
torization and renormalization scales, as well as the choice
of PDF, can affect the results, but all these also change the
pW

T distribution. Therefore the shape of the pW
T distribu-

tion was distorted by ±10%, justified by the comparison of
a recent measurement of the pZ

T distribution [27] with RES-
BOS predictions, and the relative bias was calculated again.
A systematic uncertainty on the relative Emiss

T scale bias of
±2% is evaluated. The results for the average Emiss

T scale
are summarized in Table 5. These results agree within errors
with the values of α − 1 shown in Table 4.

9 Conclusion

The missing transverse momentum (Emiss
T ) has been mea-

sured in minimum bias, di-jet, Z → �� and W → �ν events
in 7 TeV pp collisions recorded with the ATLAS detector in
2010.

The value of Emiss
T is reconstructed from calorimeter

cells in topological clusters, with the exception of electrons
and photons for which a different clustering algorithm is
used, and from reconstructed muons. The cells are calibrated
according to their parent particle type. The scheme yielding
the best performance is evaluated to be that in which elec-
trons are calibrated with the default electron calibration and
photons are used at the EM scale, the τ -jets and jets are cal-
ibrated with the local hadronic calibration (LCW), the jets

Fig. 18 Transverse momentum distribution of electron candidates in data, in signal MC with nominal event selection and with reversed cuts for
background (QCD) from data (left). Relative bias in the reconstructed Emiss

T (right). Only statistical uncertainties are shown
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Table 5 Average relative Emiss
T scale bias obtained from data and MC

simulation from the electron-neutrino correlation method. The statisti-
cal and the systematic uncertainties are given for data

source scale bias (%)

data 2.0 ± 0.1 ± 2.0

MC 2.9 ± 0.1

with pT greater than 20 GeV are scaled to the jet energy
scale, and the contribution from topoclusters not associated
to high-pT objects is calculated with LCW calibration com-
bined with tracking information.

Monte Carlo simulation is found to describe the data
in general rather well. No large tails are observed in
the Emiss

T distribution in minimum bias, di-jet and Z →
�� events, where no significant Emiss

T is expected. The tails
are not completely well described by MC simulation espe-
cially in di-jets events, where there are more events in the
tail in data.

There is some difference observed between data and MC
simulation for the reconstructed total transverse energy. The
precise difference is dependent on the model used to simu-
late soft-physics processes.

The Emiss
T resolution is similar in the different channels

studied and in agreement with the resolution in the MC sim-
ulation. The resolution follows a function σ = k · √

ΣET,
where the parameter k is about 0.5 GeV1/2.

The linearity of the Emiss
T measurement in W →

�ν events is studied in MC simulation as a function of
the true Emiss

T . Except for the bias observed at small true
Emiss

T values (visible up to 40 GeV), due to the finite
Emiss

T resolution, the linearity is better than 1% in W →
eν events, while a small non-linearity up to about 3% is
observed in W → μν events.

The Emiss
T projected along the Z direction in Z →

�� events is observed to have a bias up to 6 GeV at large
values of pZ

T in events with no jets, suggesting that some im-
provements are still needed in the calibration of low-pT ob-
jects.

The overall systematic uncertainty on Emiss
T scale, calcu-

lated by combining the uncertainties on the various terms
entering the full Emiss

T calculation, is estimated to be, on
average, 2.6% in events with a W decaying to a lepton (elec-
tron or muon) and neutrino. The uncertainty is larger at large∑

ET.
Two methods are used for determining the Emiss

T scale
from W → �ν events in data, giving results in agreement
with that evaluated using MC simulation. The resulting un-
certainty on the Emiss

T scale determined in-situ with 36
pb−1 of data is, on average, about 2%.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIEN-
CIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic;
DNRF, DNSRC and Lundbeck Foundation, Denmark; ARTEMIS, Eu-
ropean Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Geor-
gia; BMBF, DFG, HGF, MPG and AvH Foundation, Germany; GSRT,
Greece; ISF, MINERVA, GIF, DIP and Benoziyo Center, Israel; INFN,
Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO,
Netherlands; RCN, Norway; MNiSW, Poland; GRICES and FCT, Por-
tugal; MERYS (MECTS), Romania; MES of Russia and ROSATOM,
Russian Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS
and MVZT, Slovenia; DST/NRF, South Africa; MICINN, Spain; SRC
and Wallenberg Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the
Royal Society and Leverhulme Trust, United Kingdom; DOE and NSF,
United States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS Tier-1
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy),
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and
BNL (USA) and in the Tier-2 facilities worldwide.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. The ATLAS Collaboration, The ATLAS experiment at the CERN
large hadron collider. J. Instrum. 3, S08003 (2008)

2. The ATLAS Collaboration, Performance of the ATLAS detector
using first collision data. J. High Energy Phys. 09, 056 (2010)

3. The ATLAS Collaboration, Search for squarks and gluinos using
final states with jets and missing transverse momentum with the
ATLAS detector in 7 TeV proton-proton collisions. Phys. Lett. B
701, 186 (2011)

4. The ATLAS Collaboration, Properties of jets and inputs to jets
reconstruction and calibration with the ATLAS detector using
proton-proton collisions at

√
s = 7 TeV. ATLAS-CONF-2010-

053
5. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-

rithm. J. High Energy Phys. 05, 063 (2008). arXiv:0802.1189
6. The ATLAS Collaboration, Luminosity determination in pp colli-

sions at 7 TeV using the ATLAS detector at the LHC. Eur. Phys.
J. C 071, 1630 (2011). arXiv:1101.2185

7. The ATLAS Collaboration, Updated luminosity determination in
pp collisions at sqrt(s) = 7 TeV using the ATLAS detector.
ATLAS-CONF-2011-011

8. The ATLAS Collaboration, Measurement of the W → lν and
Z → ll production cross sections in proton-proton collisions at√

s = 7 TeV with the ATLAS detector. J. High Energy Phys. 12,
060 (2010). arXiv:1010.2130

9. The ATLAS Collaboration, Charged-particle multiplicities in pp
interactions measured with the ATLAS detector at the LHC. New
J. Phys. 13, 053033 (2011)

10. The ATLAS Collaboration, Muon reconstruction performance.
ATLAS-CONF-2010-064

11. The ATLAS Collaboration, Electron and photon reconstruction
and identification in ATLAS: expected performance at high en-
ergy and results at 900 GeV. ATLAS-CONF-2010-005

http://arxiv.org/abs/arXiv:0802.1189
http://arxiv.org/abs/arXiv:1101.2185
http://arxiv.org/abs/arXiv:1010.2130


Eur. Phys. J. C (2012) 72:1844 Page 23 of 35

12. T. Sjostrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and man-
ual. J. High Energy Phys. 05, 026 (2006)

13. The ATLAS Collaboration, Charged particle multiplicities in pp
interactions at sqrt(s) = 0.9 and 7 TeV in a diffractive limited
phase-space measured with the ATLAS detector at the LHC and
new PYTHIA6 tune. ATLAS-CONF-2010-031

14. S. Agostinelli et al., GEANT4: A simulation toolkit. Nucl. In-
strum. Methods A 506, 250 (2003)

15. S. Frixione, B.R. Webber, Matching NLO QCD computations and
parton shower simulations. J. High Energy Phys. 06, 029 (2002)

16. T. Sjostrand, S. Mrenna, P. Skands, Brief introduction to
PYTHIA8.1. Comput. Phys. Commun. 178, 852 (2008). arXiv:
0710.3820

17. The ATLAS Collaboration, Expected performance of the ATLAS
experiment—Detector, trigger and physics (Jet and Emiss

T chapter).
arXiv:0901.0512

18. W. Lampl et al., Calorimeter clustering algorithms: Description
and performance. ATL-LARG-PUB-2008-002

19. The ATLAS Collaboration, Tau reconstruction and identification
performance in ATLAS. ATLAS-CONF-2010-086

20. T. Barillari et al., Local hadron calibration properties. ATL-
LARG-PUB-2009-001

21. The ATLAS Collaboration, Jet energy scale and its systematic un-
certainty in proton-proton collisions at

√
s = 7 TeV in ATLAS

2010 data. ATLAS-CONF-2011-032
22. R. Corke, T. Sjostrand, Interleaved parton showers and tun-

ing prospects. J. High Energy Phys. 032, 1103 (2011).
arXiv:1011.1759

23. The ATLAS Collaboration, Measurement of inclusive jet and dijet
cross sections in proton-proton collisions at 7 TeV centre-of-mass
energy with the ATLAS detector. Eur. Phys. J. C 71, 1512 (2011).
arXiv:1009.5908

24. The ATLAS Collaboration, Reconstruction and calibration of
missing transverse energy and performance in Z and W events in
ATLAS proton-proton collisions at

√
s = 7 TeV. ATLAS-CONF-

2011-080
25. The ATLAS Collaboration, ATLAS calorimeter response to single

isolated hadrons and estimation of the calorimeter jet scale uncer-
tainty. ATLAS-CONF-2011-028

26. C. Balazs, C.P. Yuan, Soft gluon effects on lepton pairs at hadron
colliders. Phys. Rev. D 56, 5558–5583 (1997)

27. The ATLAS Collaboration, Measurement of the transverse mo-
mentum distribution of Z/γ bosons in proton-proton collisions at√

s = 7 TeV with the ATLAS detector. Phys. Lett. B 705, 415–434
(2011). arXiv:1107.2381

The ATLAS Collaboration

G. Aad48, B. Abbott111, J. Abdallah11, A.A. Abdelalim49, A. Abdesselam118, O. Abdinov10, B. Abi112, M. Abolins88,
H. Abramowicz153, H. Abreu115, E. Acerbi89a,89b, B.S. Acharya164a,164b, D.L. Adams24, T.N. Addy56, J. Adelman175,
M. Aderholz99, S. Adomeit98, P. Adragna75, T. Adye129, S. Aefsky22, J.A. Aguilar-Saavedra124b,a, M. Aharrouche81,
S.P. Ahlen21, F. Ahles48, A. Ahmad148, M. Ahsan40, G. Aielli133a,133b, T. Akdogan18a, T.P.A. Åkesson79, G. Akimoto155,
A.V. Akimov94, A. Akiyama67, M.S. Alam1, M.A. Alam76, J. Albert169, S. Albrand55, M. Aleksa29, I.N. Aleksandrov65,
F. Alessandria89a, C. Alexa25a, G. Alexander153, G. Alexandre49, T. Alexopoulos9, M. Alhroob20, M. Aliev15, G. Al-
imonti89a, J. Alison120, M. Aliyev10, P.P. Allport73, S.E. Allwood-Spiers53, J. Almond82, A. Aloisio102a,102b, R. Alon171,
A. Alonso79, M.G. Alviggi102a,102b, K. Amako66, P. Amaral29, C. Amelung22, V.V. Ammosov128, A. Amorim124a,b,
G. Amorós167, N. Amram153, C. Anastopoulos29, L.S. Ancu16, N. Andari115, T. Andeen34, C.F. Anders20, G. Anders58a,
K.J. Anderson30, A. Andreazza89a,89b, V. Andrei58a, M-L. Andrieux55, X.S. Anduaga70, A. Angerami34, F. Anghinolfi29,
N. Anjos124a, A. Annovi47, A. Antonaki8, M. Antonelli47, A. Antonov96, J. Antos144b, F. Anulli132a, S. Aoun83, L. Ape-
rio Bella4, R. Apolle118,c, G. Arabidze88, I. Aracena143, Y. Arai66, A.T.H. Arce44, J.P. Archambault28, S. Arfaoui29,d, J-
F. Arguin14, E. Arik18a,*, M. Arik18a, A.J. Armbruster87, O. Arnaez81, C. Arnault115, A. Artamonov95, G. Artoni132a,132b,
D. Arutinov20, S. Asai155, R. Asfandiyarov172, S. Ask27, B. Åsman146a,146b, L. Asquith5, K. Assamagan24, A. Astbury169,
A. Astvatsatourov52, G. Atoian175, B. Aubert4, B. Auerbach175, E. Auge115, K. Augsten127, M. Aurousseau145a, N. Austin73,
G. Avolio163, R. Avramidou9, D. Axen168, C. Ay54, G. Azuelos93,e, Y. Azuma155, M.A. Baak29, G. Baccaglioni89a,
C. Bacci134a,134b, A.M. Bach14, H. Bachacou136, K. Bachas29, G. Bachy29, M. Backes49, M. Backhaus20, E. Badescu25a,
P. Bagnaia132a,132b, S. Bahinipati2, Y. Bai32a, D.C. Bailey158, T. Bain158, J.T. Baines129, O.K. Baker175, M.D. Baker24,
S. Baker77, E. Banas38, P. Banerjee93, Sw. Banerjee172, D. Banfi29, A. Bangert137, V. Bansal169, H.S. Bansil17, L. Barak171,
S.P. Baranov94, A. Barashkou65, A. Barbaro Galtieri14, T. Barber27, E.L. Barberio86, D. Barberis50a,50b, M. Barbero20,
D.Y. Bardin65, T. Barillari99, M. Barisonzi174, T. Barklow143, N. Barlow27, B.M. Barnett129, R.M. Barnett14, A. Baron-
celli134a, G. Barone49, A.J. Barr118, F. Barreiro80, J. Barreiro Guimarães da Costa57, P. Barrillon115, R. Bartoldus143,
A.E. Barton71, D. Bartsch20, V. Bartsch149, R.L. Bates53, L. Batkova144a, J.R. Batley27, A. Battaglia16, M. Battistin29,

http://arxiv.org/abs/arXiv:0710.3820
http://arxiv.org/abs/arXiv:0710.3820
http://arxiv.org/abs/arXiv:0901.0512
http://arxiv.org/abs/arXiv:1011.1759
http://arxiv.org/abs/arXiv:1009.5908
http://arxiv.org/abs/arXiv:1107.2381


Page 24 of 35 Eur. Phys. J. C (2012) 72:1844

G. Battistoni89a, F. Bauer136, H.S. Bawa143,f, B. Beare158, T. Beau78, P.H. Beauchemin118, R. Beccherle50a, P. Bech-
tle41, H.P. Beck16, M. Beckingham48, K.H. Becks174, A.J. Beddall18c, A. Beddall18c, S. Bedikian175, V.A. Bednyakov65,
C.P. Bee83, M. Begel24, S. Behar Harpaz152, P.K. Behera63, M. Beimforde99, C. Belanger-Champagne85, P.J. Bell49,
W.H. Bell49, G. Bella153, L. Bellagamba19a, F. Bellina29, M. Bellomo29, A. Belloni57, O. Beloborodova107, K. Belot-
skiy96, O. Beltramello29, S. Ben Ami152, O. Benary153, D. Benchekroun135a, C. Benchouk83, M. Bendel81, N. Benekos165,
Y. Benhammou153, D.P. Benjamin44, M. Benoit115, J.R. Bensinger22, K. Benslama130, S. Bentvelsen105, D. Berge29,
E. Bergeaas Kuutmann41, N. Berger4, F. Berghaus169, E. Berglund49, J. Beringer14, K. Bernardet83, P. Bernat77, R. Bern-
hard48, C. Bernius24, T. Berry76, A. Bertin19a,19b, F. Bertinelli29, F. Bertolucci122a,122b, M.I. Besana89a,89b, N. Besson136,
S. Bethke99, W. Bhimji45, R.M. Bianchi29, M. Bianco72a,72b, O. Biebel98, S.P. Bieniek77, K. Bierwagen54, J. Biesiada14,
M. Biglietti134a,134b, H. Bilokon47, M. Bindi19a,19b, S. Binet115, A. Bingul18c, C. Bini132a,132b, C. Biscarat177, U. Bitenc48,
K.M. Black21, R.E. Blair5, J.-B. Blanchard115, G. Blanchot29, T. Blazek144a, C. Blocker22, J. Blocki38, A. Blondel49,
W. Blum81, U. Blumenschein54, G.J. Bobbink105, V.B. Bobrovnikov107, S.S. Bocchetta79, A. Bocci44, C.R. Boddy118,
M. Boehler41, J. Boek174, N. Boelaert35, S. Böser77, J.A. Bogaerts29, A. Bogdanchikov107, A. Bogouch90,*, C. Bohm146a,
V. Boisvert76, T. Bold163,g, V. Boldea25a, N.M. Bolnet136, M. Bona75, V.G. Bondarenko96, M. Boonekamp136, G. Boorman76,
C.N. Booth139, S. Bordoni78, C. Borer16, A. Borisov128, G. Borissov71, I. Borjanovic12a, S. Borroni132a,132b, K. Bos105,
D. Boscherini19a, M. Bosman11, H. Boterenbrood105, D. Botterill129, J. Bouchami93, J. Boudreau123, E.V. Bouhova-
Thacker71, C. Bourdarios115, N. Bousson83, A. Boveia30, J. Boyd29, I.R. Boyko65, N.I. Bozhko128, I. Bozovic-Jelisavcic12b,
J. Bracinik17, A. Braem29, P. Branchini134a, G.W. Brandenburg57, A. Brandt7, G. Brandt15, O. Brandt54, U. Brat-
zler156, B. Brau84, J.E. Brau114, H.M. Braun174, B. Brelier158, J. Bremer29, R. Brenner166, S. Bressler152, D. Bre-
ton115, D. Britton53, F.M. Brochu27, I. Brock20, R. Brock88, T.J. Brodbeck71, E. Brodet153, F. Broggi89a, C. Bromberg88,
G. Brooijmans34, W.K. Brooks31b, G. Brown82, H. Brown7, P.A. Bruckman de Renstrom38, D. Bruncko144b, R. Brune-
liere48, S. Brunet61, A. Bruni19a, G. Bruni19a, M. Bruschi19a, T. Buanes13, F. Bucci49, J. Buchanan118, N.J. Buchanan2,
P. Buchholz141, R.M. Buckingham118, A.G. Buckley45, S.I. Buda25a, I.A. Budagov65, B. Budick108, V. Büscher81,
L. Bugge117, D. Buira-Clark118, O. Bulekov96, M. Bunse42, T. Buran117, H. Burckhart29, S. Burdin73, T. Burgess13,
S. Burke129, E. Busato33, P. Bussey53, C.P. Buszello166, F. Butin29, B. Butler143, J.M. Butler21, C.M. Buttar53, J.M. But-
terworth77, W. Buttinger27, T. Byatt77, S. Cabrera Urbán167, D. Caforio19a,19b, O. Cakir3a, P. Calafiura14, G. Calderini78,
P. Calfayan98, R. Calkins106, L.P. Caloba23a, R. Caloi132a,132b, D. Calvet33, S. Calvet33, R. Camacho Toro33, P. Ca-
marri133a,133b, M. Cambiaghi119a,119b, D. Cameron117, S. Campana29, M. Campanelli77, V. Canale102a,102b, F. Canelli30,
A. Canepa159a, J. Cantero80, L. Capasso102a,102b, M.D.M. Capeans Garrido29, I. Caprini25a, M. Caprini25a, D. Capri-
otti99, M. Capua36a,36b, R. Caputo148, C. Caramarcu25a, R. Cardarelli133a, T. Carli29, G. Carlino102a, L. Carminati89a,89b,
B. Caron159a, S. Caron48, G.D. Carrillo Montoya172, A.A. Carter75, J.R. Carter27, J. Carvalho124a,h, D. Casadei108,
M.P. Casado11, M. Cascella122a,122b, C. Caso50a,50b,*, A.M. Castaneda Hernandez172, E. Castaneda-Miranda172, V. Castillo
Gimenez167, N.F. Castro124a, G. Cataldi72a, F. Cataneo29, A. Catinaccio29, J.R. Catmore71, A. Cattai29, G. Cattani133a,133b,
S. Caughron88, D. Cauz164a,164c, P. Cavalleri78, D. Cavalli89a, M. Cavalli-Sforza11, V. Cavasinni122a,122b, F. Cera-
dini134a,134b, A.S. Cerqueira23a, A. Cerri29, L. Cerrito75, F. Cerutti47, S.A. Cetin18b, F. Cevenini102a,102b, A. Chafaq135a,
D. Chakraborty106, K. Chan2, B. Chapleau85, J.D. Chapman27, J.W. Chapman87, E. Chareyre78, D.G. Charlton17,
V. Chavda82, C.A. Chavez Barajas29, S. Cheatham85, S. Chekanov5, S.V. Chekulaev159a, G.A. Chelkov65, M.A. Chel-
stowska104, C. Chen64, H. Chen24, S. Chen32c, T. Chen32c, X. Chen172, S. Cheng32a, A. Cheplakov65, V.F. Chepurnov65,
R. Cherkaoui El Moursli135e, V. Chernyatin24, E. Cheu6, S.L. Cheung158, L. Chevalier136, G. Chiefari102a,102b, L. Chiko-
vani51, J.T. Childers58a, A. Chilingarov71, G. Chiodini72a, M.V. Chizhov65, G. Choudalakis30, S. Chouridou137, I.A. Chris-
tidi77, A. Christov48, D. Chromek-Burckhart29, M.L. Chu151, J. Chudoba125, G. Ciapetti132a,132b, K. Ciba37, A.K. Ciftci3a,
R. Ciftci3a, D. Cinca33, V. Cindro74, M.D. Ciobotaru163, C. Ciocca19a,19b, A. Ciocio14, M. Cirilli87, M. Ciubancan25a,
A. Clark49, P.J. Clark45, W. Cleland123, J.C. Clemens83, B. Clement55, C. Clement146a,146b, R.W. Clifft129, Y. Coadou83,
M. Cobal164a,164c, A. Coccaro50a,50b, J. Cochran64, P. Coe118, J.G. Cogan143, J. Coggeshall165, E. Cogneras177, C.D. Co-
jocaru28, J. Colas4, A.P. Colijn105, C. Collard115, N.J. Collins17, C. Collins-Tooth53, J. Collot55, G. Colon84, P. Conde
Muiño124a, E. Coniavitis118, M.C. Conidi11, M. Consonni104, V. Consorti48, S. Constantinescu25a, C. Conta119a,119b, F. Con-
venti102a,i, J. Cook29, M. Cooke14, B.D. Cooper77, A.M. Cooper-Sarkar118, N.J. Cooper-Smith76, K. Copic34, T. Cornelis-
sen50a,50b, M. Corradi19a, F. Corriveau85,j, A. Cortes-Gonzalez165, G. Cortiana99, G. Costa89a, M.J. Costa167, D. Costanzo139,
T. Costin30, D. Côté29, R. Coura Torres23a, L. Courneyea169, G. Cowan76, C. Cowden27, B.E. Cox82, K. Cranmer108,
F. Crescioli122a,122b, M. Cristinziani20, G. Crosetti36a,36b, R. Crupi72a,72b, S. Crépé-Renaudin55, C.-M. Cuciuc25a, C. Cuenca
Almenar175, T. Cuhadar Donszelmann139, M. Curatolo47, C.J. Curtis17, P. Cwetanski61, H. Czirr141, Z. Czyczula117,
S. D’Auria53, M. D’Onofrio73, A. D’Orazio132a,132b, P.V.M. Da Silva23a, C. Da Via82, W. Dabrowski37, T. Dai87, C. Dal-
lapiccola84, M. Dam35, M. Dameri50a,50b, D.S. Damiani137, H.O. Danielsson29, D. Dannheim99, V. Dao49, G. Darbo50a,



Eur. Phys. J. C (2012) 72:1844 Page 25 of 35

G.L. Darlea25b, C. Daum105, J.P. Dauvergne29, W. Davey86, T. Davidek126, N. Davidson86, R. Davidson71, E. Davies118,c,
M. Davies93, A.R. Davison77, Y. Davygora58a, E. Dawe142, I. Dawson139, J.W. Dawson5,*, R.K. Daya39, K. De7, R. de As-
mundis102a, S. De Castro19a,19b, P.E. De Castro Faria Salgado24, S. De Cecco78, J. de Graat98, N. De Groot104, P. de Jong105,
C. De La Taille115, H. De la Torre80, B. De Lotto164a,164c, L. De Mora71, L. De Nooij105, M. De Oliveira Branco29,
D. De Pedis132a, A. De Salvo132a, U. De Sanctis164a,164c, A. De Santo149, J.B. De Vivie De Regie115, S. Dean77, D.V. De-
dovich65, J. Degenhardt120, M. Dehchar118, C. Del Papa164a,164c, J. Del Peso80, T. Del Prete122a,122b, M. Deliyergiyev74,
A. Dell’Acqua29, L. Dell’Asta89a,89b, M. Della Pietra102a,i, D. della Volpe102a,102b, M. Delmastro29, P. Delpierre83, N. Del-
ruelle29, P.A. Delsart55, C. Deluca148, S. Demers175, M. Demichev65, B. Demirkoz11,k, J. Deng163, S.P. Denisov128,
D. Derendarz38, J.E. Derkaoui135d, F. Derue78, P. Dervan73, K. Desch20, E. Devetak148, P.O. Deviveiros158, A. Dewhurst129,
B. DeWilde148, S. Dhaliwal158, R. Dhullipudi24,l, A. Di Ciaccio133a,133b, L. Di Ciaccio4, A. Di Girolamo29, B. Di Giro-
lamo29, S. Di Luise134a,134b, A. Di Mattia88, B. Di Micco29, R. Di Nardo133a,133b, A. Di Simone133a,133b, R. Di Sipio19a,19b,
M.A. Diaz31a, F. Diblen18c, E.B. Diehl87, J. Dietrich41, T.A. Dietzsch58a, S. Diglio115, K. Dindar Yagci39, J. Dingfelder20,
C. Dionisi132a,132b, P. Dita25a, S. Dita25a, F. Dittus29, F. Djama83, T. Djobava51, M.A.B. do Vale23a, A. Do Valle We-
mans124a, T.K.O. Doan4, M. Dobbs85, R. Dobinson29,*, D. Dobos42, E. Dobson29, M. Dobson163, J. Dodd34, C. Doglioni118,
T. Doherty53, Y. Doi66,*, J. Dolejsi126, I. Dolenc74, Z. Dolezal126, B.A. Dolgoshein96,*, T. Dohmae155, M. Donadelli23d,
M. Donega120, J. Donini55, J. Dopke29, A. Doria102a, A. Dos Anjos172, M. Dosil11, A. Dotti122a,122b, M.T. Dova70, J.D. Dow-
ell17, A.D. Doxiadis105, A.T. Doyle53, Z. Drasal126, J. Drees174, N. Dressnandt120, H. Drevermann29, C. Driouichi35,
M. Dris9, J. Dubbert99, T. Dubbs137, S. Dube14, E. Duchovni171, G. Duckeck98, A. Dudarev29, F. Dudziak64, M. Dührssen29,
I.P. Duerdoth82, L. Duflot115, M-A. Dufour85, M. Dunford29, H. Duran Yildiz3b, R. Duxfield139, M. Dwuznik37, F. Dy-
dak29, D. Dzahini55, M. Düren52, W.L. Ebenstein44, J. Ebke98, S. Eckert48, S. Eckweiler81, K. Edmonds81, C.A. Ed-
wards76, N.C. Edwards53, W. Ehrenfeld41, T. Ehrich99, T. Eifert29, G. Eigen13, K. Einsweiler14, E. Eisenhandler75,
T. Ekelof166, M. El Kacimi135c, M. Ellert166, S. Elles4, F. Ellinghaus81, K. Ellis75, N. Ellis29, J. Elmsheuser98, M. Els-
ing29, D. Emeliyanov129, R. Engelmann148, A. Engl98, B. Epp62, A. Eppig87, J. Erdmann54, A. Ereditato16, D. Eriksson146a,
J. Ernst1, M. Ernst24, J. Ernwein136, D. Errede165, S. Errede165, E. Ertel81, M. Escalier115, C. Escobar167, X. Espinal Cu-
rull11, B. Esposito47, F. Etienne83, A.I. Etienvre136, E. Etzion153, D. Evangelakou54, H. Evans61, L. Fabbri19a,19b, C. Fabre29,
R.M. Fakhrutdinov128, S. Falciano132a, Y. Fang172, M. Fanti89a,89b, A. Farbin7, A. Farilla134a, J. Farley148, T. Farooque158,
S.M. Farrington118, P. Farthouat29, P. Fassnacht29, D. Fassouliotis8, B. Fatholahzadeh158, A. Favareto89a,89b, L. Fayard115,
S. Fazio36a,36b, R. Febbraro33, P. Federic144a, O.L. Fedin121, W. Fedorko88, M. Fehling-Kaschek48, L. Feligioni83, D. Fell-
mann5, C.U. Felzmann86, C. Feng32d, E.J. Feng30, A.B. Fenyuk128, J. Ferencei144b, J. Ferland93, W. Fernando109, S. Fer-
rag53, J. Ferrando53, V. Ferrara41, A. Ferrari166, P. Ferrari105, R. Ferrari119a, A. Ferrer167, M.L. Ferrer47, D. Ferrere49, C. Fer-
retti87, A. Ferretto Parodi50a,50b, M. Fiascaris30, F. Fiedler81, A. Filipčič74, A. Filippas9, F. Filthaut104, M. Fincke-Keeler169,
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