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Abstract The reconstruction and calibration algorithms
used to calculate missing transverse momentum (Emiss

T ) with
the ATLAS detector exploit energy deposits in the calorime-
ter and tracks reconstructed in the inner detector as well as
the muon spectrometer. Various strategies are used to sup-
press effects arising from additional proton–proton interac-
tions, called pileup, concurrent with the hard-scatter pro-
cesses. Tracking information is used to distinguish contribu-
tions from the pileup interactions using their vertex separa-
tion along the beam axis. The performance of the Emiss

T recon-
struction algorithms, especially with respect to the amount
of pileup, is evaluated using data collected in proton–proton
collisions at a centre-of-mass energy of 8 TeV during 2012,
and results are shown for a data sample corresponding to
an integrated luminosity of 20.3 fb−1. The simulation and
modelling of Emiss

T in events containing a Z boson decaying
to two charged leptons (electrons or muons) or a W boson
decaying to a charged lepton and a neutrino are compared
to data. The acceptance for different event topologies, with
and without high transverse momentum neutrinos, is shown
for a range of threshold criteria for Emiss

T , and estimates of
the systematic uncertainties in the Emiss

T measurements are
presented.
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1 Introduction

The Large Hadron Collider (LHC) provided proton–proton
(pp) collisions at a centre-of-mass energy of 8 TeV during
2012. Momentum conservation transverse to the beam axis1

implies that the transverse momenta of all particles in the
final state should sum to zero. Any imbalance may indicate
the presence of undetectable particles such as neutrinos or
new, stable particles escaping detection.

The missing transverse momentum ( �Emiss
T ) is recon-

structed as the negative vector sum of the transverse momenta
( �pT) of all detected particles, and its magnitude is represented
by the symbol Emiss

T . The measurement of Emiss
T strongly

depends on the energy scale and resolution of the recon-
structed “physics objects”. The physics objects considered
in the Emiss

T calculation are electrons, photons, muons, τ -
leptons, and jets. Momentum contributions not attributed to
any of the physics objects mentioned above are reconstructed
as the Emiss

T “soft term”. Several algorithms for reconstruct-
ing the Emiss

T soft term utilizing a combination of calorimeter
signals and tracks in the inner detector are considered.

The Emiss
T reconstruction algorithms and calibrations

developed by ATLAS for 7 TeV data from 2010 are sum-
marized in Ref. [1]. The 2011 and 2012 datasets are more
affected by contributions from additional pp collisions,
referred to as “pileup”, concurrent with the hard-scatter pro-
cess. Various techniques have been developed to suppress
such contributions. This paper describes the pileup depen-
dence, calibration, and resolution of the Emiss

T reconstructed
with different algorithms and pileup-mitigation techniques.

The performance of Emiss
T reconstruction algorithms, or

“Emiss
T performance”, refers to the use of derived quanti-

ties like the mean, width, or tail of the Emiss
T distribution to

study pileup dependence and calibration. The Emiss
T recon-

structed with different algorithms is studied in both data and
Monte Carlo (MC) simulation, and the level of agreement
between the two is compared using datasets in which events
with a leptonically decaying W or Z boson dominate. The W
boson sample provides events with intrinsic Emiss

T from non-
interacting particles (e.g. neutrinos). Contributions to the
Emiss

T due to mismeasurement are referred to as fake Emiss
T .

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ

as η = − ln tan(θ/2).

Sources of fake Emiss
T may include pT mismeasurement,

miscalibration, and particles going through un-instrumented
regions of the detector. In MC simulations, the Emiss

T from

each algorithm is compared to the true Emiss
T (Emiss,True

T ),
which is defined as the magnitude of the vector sum of �pT of
stable2 weakly interacting particles from the hard-scatter col-
lision. Then the selection efficiency after a Emiss

T -threshold
requirement is studied in simulated events with high-pT neu-
trinos (such as top-quark pair production and vector-boson
fusion H → ττ ) or possible new weakly interacting particles
that escape detection (such as the lightest supersymmetric
particles).

This paper is organized as follows. Section 2 gives a brief
introduction to the ATLAS detector. Section 3 describes the
data and MC simulation used as well as the event selections
applied. Section 4 outlines how the Emiss

T is reconstructed
and calibrated while Sect. 5 presents the level of agreement
between data and MC simulation in W and Z boson produc-
tion events. Performance studies of the Emiss

T algorithms on
data and MC simulation are shown for samples with different
event topologies in Sect. 6. The choice of jet selection crite-
ria used in the Emiss

T reconstruction is discussed in Sect. 7.
Finally, the systematic uncertainty in the absolute scale and
resolution of the Emiss

T is discussed in Sect. 8. To provide
a reference, Table 1 summarizes the different Emiss

T terms
discussed in this paper.

2 ATLAS detector

The ATLAS detector [2] is a multi-purpose particle physics
apparatus with a forward-backward symmetric cylindrical
geometry and nearly 4π coverage in solid angle. For track-
ing, the inner detector (ID) covers the pseudorapidity range
of |η| < 2.5, and consists of a silicon-based pixel detector,
a semiconductor tracker (SCT) based on microstrip technol-
ogy, and, for |η| < 2.0, a transition radiation tracker (TRT).
The ID is surrounded by a thin superconducting solenoid pro-
viding a 2 T magnetic field, which allows the measurement
of the momenta of charged particles. A high-granularity elec-
tromagnetic sampling calorimeter based on lead and liquid
argon (LAr) technology covers the region of |η| < 3.2. A
hadronic calorimeter based on steel absorbers and plastic-
scintillator tiles provides coverage for hadrons, jets, and τ -
leptons in the range of |η| < 1.7. LAr technology using a
copper absorber is also used for the hadronic calorimeters in
the end-cap region of 1.5 < |η| < 3.2 and for electromag-
netic and hadronic measurements with copper and tungsten
absorbing materials in the forward region of 3.1 < |η| < 4.9.
The muon spectrometer (MS) surrounds the calorimeters. It

2 ATLAS defines stable particles as those having a mean lifetime >

0.3 × 10−10 s.
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Table 1 Summary of definitions for Emiss
T terms used in this paper

Term Brief description

Intrinsic Emiss
T Missing transverse momentum arising from the presence of neutrinos or other non-interacting particles in

an event. In case of simulated events the true Emiss
T (Emiss,True

T ) corresponds to the Emiss
T in such events

defined as the magnitude of the vector sum of �pT of non-interacting particles computed from the
generator information

Fake Emiss
T Missing transverse momentum arising from the miscalibration or misidentification of physics objects in

the event. It is typically studied in Z → μμ events where the intrinsic Emiss
T is normally expected to be

zero

Hard terms The component of the Emiss
T computed from high-pT physics objects, which includes reconstructed

electrons, photons, muons, τ -leptons, and jets

Soft terms Typically low-pT calorimeter energy deposits or tracks, depending on the soft-term definition, that are not
associated to physics objects included in the hard terms

Pileup-suppressed Emiss
T All Emiss

T reconstruction algorithms in Sect. 4.1.2 except the Calorimeter Soft Term, which does not apply
pileup suppression

Object-based This refers to all reconstruction algorithms in Sect. 4.1.2 except the Track Emiss
T , namely the Calorimeter

Soft Term, Track Soft Term, Extrapolated Jet Area with Filter, and Soft-Term Vertex-Fraction
algorithms. These consider the physics objects such as electrons, photons, muons, τ -leptons, and jets
during the Emiss

T reconstruction

consists of three air-core superconducting toroid magnet sys-
tems, precision tracking chambers to provide accurate muon
tracking out to |η| = 2.7, and additional detectors for trig-
gering in the region of |η| < 2.4. A precision measurement
of the track coordinates is provided by layers of drift tubes at
three radial positions within |η| < 2.0. For 2.0 < |η| < 2.7,
cathode-strip chambers with high granularity are instead used
in the innermost plane. The muon trigger system consists of
resistive-plate chambers in the barrel (|η| < 1.05) and thin-
gap chambers in the end-cap regions (1.05 < |η| < 2.4).

3 Data samples and event selection

ATLAS recorded pp collisions at a centre-of-mass energy of
8 TeV with a bunch crossing interval (bunch spacing) of 50 ns
in 2012. The resulting integrated luminosity is 20.3 fb−1 [3].
Multiple inelastic pp interactions occurred in each bunch
crossing, and the mean number of inelastic collisions per
bunch crossing (〈μ〉) over the full dataset is 21 [4], excep-
tionally reaching as high as about 70.

Data are analysed only if they satisfy the standard ATLAS
data-quality assessment criteria [5]. Jet-cleaning cuts [5] are
applied to minimize the impact of instrumental noise and out-
of-time energy deposits in the calorimeter from cosmic rays
or beam-induced backgrounds. This ensures that the residual
sources of Emiss

T mismeasurement due to those instrumental
effects are suppressed.

3.1 Track and vertex selection

The ATLAS detector measures the momenta of charged parti-
cles using the ID [6]. Hits from charged particles are recorded

and are used to reconstruct tracks; these are used to recon-
struct vertices [7,8].

Each vertex must have at least two tracks with pT >

0.4 GeV; for the primary hard-scatter vertex (PV), the
requirement on the number of tracks is raised to three. The
PV in each event is selected as the vertex with the largest
value of � (pT)2, where the scalar sum is taken over all the
tracks matched to the vertex. The following track selection
criteria3 [7] are used throughout this paper, including the
vertex reconstruction:

• pT > 0.5 GeV (0.4 GeV for vertex reconstruction and the
calorimeter soft term),

• |η| < 2.5,
• Number of hits in the pixel detector ≥ 1,
• Number of hits in the SCT ≥ 6.

These tracks are then matched to the PV by applying the
following selections:

• |d0| < 1.5 mm,
• |z0 sin(θ )| < 1.5 mm.

The transverse (longitudinal) impact parameter d0 (z0) is
the transverse (longitudinal) distance of the track from the
PV and is computed at the point of closest approach to the
PV in the plane transverse to the beam axis. The require-
ments on the number of hits ensures that the track has an

3 The track reconstruction for electrons and for muons does not strictly
follow these definitions. For example, a Gaussian Sum Filter [9] algo-
rithm is used for electrons to improve the measurements of its track
parameters, which can be degraded due to Bremsstrahlung losses.
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accurate pT measurement. The |η| requirement keeps only
the tracks within the ID acceptance, and the requirement of
pT > 0.4 GeV ensures that the track reaches the outer layers
of the ID. Tracks with low pT have large curvature and are
more susceptible to multiple scattering.

The average spread along the beamline direction for pp
collisions in ATLAS during 2012 data taking is around
50 mm, and the typical track z0 resolution for those with
|η| < 0.2 and 0.5 < pT < 0.6 GeV is 0.34 mm. The
typical track d0 resolution is around 0.19 mm for the same η

and pT ranges, and both the z0 and d0 resolutions improve
with higher track pT.

Pileup effects come from two sources: in-time and out-of-
time. In-time pileup is the result of multiple pp interactions
in the same LHC bunch crossing. It is possible to distinguish
the in-time pileup interactions by using their vertex posi-
tions, which are spread along the beam axis. At 〈μ〉 = 21,
the efficiency to reconstruct and select the correct vertex for
Z → μμ simulated events is around 93.5% and rises to more
than 98% when requiring two generated muons with pT > 10
GeV inside the ID acceptance [10]. When vertices are sepa-
rated along the beam axis by a distance smaller than the posi-
tion resolution, they can be reconstructed as a single vertex.
Each track in the reconstructed vertex is assigned a weight
based upon its compatibility with the fitted vertex, which
depends on the χ2 of the fit. The fraction of Z → μμ recon-
structed vertices with more than 50% of the sum of track
weights coming from pileup interactions is around 3% at
〈μ〉 = 21 [7,10]. Out-of-time pileup comes from pp colli-
sions in earlier and later bunch crossings, which leave signals
in the calorimeters that can take up to 450 ns for the charge
collection time. This is longer than the 50 ns between subse-
quent collisions and occurs because the integration time of
the calorimeters is significantly larger than the time between
the bunch crossings. By contrast the charge collection time
of the silicon tracker is less than 25 ns.

3.2 Event selection for Z → ��

The “standard candle” for evaluation of the Emiss
T perfor-

mance is Z → �� events (� = e or μ). They are produced
without neutrinos, apart from a very small number originat-
ing from heavy-flavour decays in jets produced in association
with the Z boson. The intrinsic Emiss

T is therefore expected
to be close to zero, and the Emiss

T distributions are used to
evaluate the modelling of the effects that give rise to fake
Emiss

T .
Candidate Z → �� events are required to pass an elec-

tron or muon trigger [11,12]. The lowest pT threshold for the
unprescaled single-electron (single-muon) trigger is pT > 25
(24) GeV, and both triggers apply a track-based isolation as
well as quality selection criteria for the particle identifica-

tion. Triggers with higher pT thresholds, without the isola-
tion requirements, are used to improve acceptance at high
pT. These triggers require pT > 60 (36) GeV for electrons
(muons). Events are accepted if they pass any of the above
trigger criteria. Each event must contain at least one primary
vertex with a z displacement from the nominal pp interaction
point of less than 200 mm and with at least three associated
tracks.

The offline selection of Z → μμ events requires the
presence of exactly two identified muons [13]. An identi-
fied muon is reconstructed in the MS and is matched to
a track in the ID. The combined ID+MS track must have
pT > 25 GeV and |η| < 2.5. The z displacement of the
muon track from the primary vertex is required to be less
than 10 mm. An isolation criterion is applied to the muon
track, where the scalar sum of the pT of additional tracks
within a cone of size �R = √

(�η)2 + (�φ)2 = 0.2 around
the muon is required to be less than 10% of the muon
pT. In addition, the two leptons are required to have oppo-
site charge, and the reconstructed dilepton invariant mass,
m��, is required to be consistent with the Z boson mass:
66 < m�� < 116 GeV.

The Emiss
T modelling and performance results obtained in

Z → μμ and Z → ee events are very similar. For the sake
of brevity, only the Z → μμ distributions are shown in all
sections except for Sect. 6.6.

3.3 Event selection for W → �ν

Leptonically decaying W bosons (W → �ν) provide an
important event topology with intrinsic Emiss

T ; the Emiss
T

distribution for such events is presented in Sect. 5.2. Sim-
ilar to Z → �� events, a sample dominated by leptoni-
cally decaying W bosons is used to study the Emiss

T scale in
Sect. 6.2.2, the resolution of the Emiss

T direction in Sect. 6.3,
and the impact on a reconstructed kinematic observable in
Sect. 6.4.

The Emiss
T distributions for W boson events in Sect. 5.2

use the electron final state. These electrons are selected with
|η| < 2.47, are required to meet the “medium” identification
criteria [14] and satisfy pT > 25 GeV. Electron candidates in
the region 1.37 < |η| < 1.52 suffer from degraded momen-
tum resolution and particle identification due to the transi-
tion from the barrel to the end-cap detector and are therefore
discarded in these studies. The electrons are required to be
isolated, such that the sum of the energy in the calorime-
ter within a cone of size �R = 0.3 around the electron is
less than 14% of the electron pT. The summed pT of other
tracks within the same cone is required to be less than 7%
of the electron pT. The calorimeter isolation variable [14]
is corrected by subtracting estimated contributions from the
electron itself, the underlying event [15], and pileup. The
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Table 2 Generators, cross-section normalizations, PDF sets, and MC tunes used in this analysis

Sample Generator Use Cross-section PDF set Tune

Z → μμ Alpgen+Pythia Signal NNLO [26] CTEQ6L1 [27] PERUGIA2011C [18]

Z → ee Alpgen+Pythia Signal NNLO [26] CTEQ6L1 PERUGIA2011C

Z → ττ Alpgen+Herwig Signal NNLO [26] CTEQ6L1 AUET2 [21]

W → μν Alpgen+Pythia Signal NNLO [26] CTEQ6L1 PERUGIA2011C

W → eν Alpgen+Pythia Signal NNLO [26] CTEQ6L1 PERUGIA2011C

W → τν Alpgen+Pythia Signal NNLO [26] CTEQ6L1 PERUGIA2011C

t t̄ Powheg+Pythia Signal/background NNLO+NNLL [28,29] CTEQ6L1 PERUGIA2011C

VBF H → ττ Powheg+Pythia8 Signal – NLO CT10 [30] AU2 [31]

SUSY 500 Herwig++ Signal – CTEQ6L1 UE EE3 [32]

W±Z → �±ν�+�− Sherpa Background NLO [33,34] NLO CT10 Sherpa default

Z Z → �+�−νν̄ Sherpa Background NLO [33,34] NLO CT10 Sherpa default

W+W− → �+ν�−ν̄ Sherpa Background NLO [33,34] NLO CT10 Sherpa default

tW Powheg+Pythia Background NNLO+NNLL [35] CTEQ6L1 PERUGIA2011C

Z → μμ Powheg+Pythia8 Systematic effects NNLO [36,37] NLO CT10 AU2

Z → μμ Alpgen+Herwig Systematic effects NNLO [36,37] CTEQ6L1 AUET2

Z → μμ Sherpa Systematic effects NNLO [36,37] NLO CT10 Sherpa default

electron tracks are then matched to the PV by applying the
following selections:

• |d0| < 5.0 mm,
• |z0 sin(θ )| < 0.5 mm.

The W boson selection is based on the single-lepton trig-
gers and the same lepton selection criteria as those used in the
Z → �� selection. Events are rejected if they contain more
than one reconstructed lepton. Selections on the Emiss

T and
transverse mass (mT) are applied to reduce the multi-jet back-
ground with one jet misidentified as an isolated lepton. The
transverse mass is calculated from the lepton and the �Emiss

T ,

mT =
√

2p�
TE

miss
T (1 − cos �φ), (1)

where p�
T is the transverse momentum of the lepton and �φ is

the azimuthal angle between the lepton and �Emiss
T directions.

Both themT and Emiss
T are required to be greater than 50 GeV.

These selections can bias the event topology and its phase
space, so they are only used when comparing simulation to
data in Sect. 5.2, as they substantially improve the purity of
W bosons in data events.

The Emiss
T modelling and performance results obtained in

W → eν and W → μν events are very similar. For the sake
of brevity, only one of the two is considered in following two
sections: Emiss

T distributions in W → eν events are presented
in Sect. 5.2 and the performance studies show W → μν

events in Sect. 6. When studying the Emiss
T tails, both final

states are considered in Sect. 6.6, because the η-coverage

and reconstruction performance between muons and elec-
trons differ.

3.4 Monte Carlo simulation samples

Table 2 summarizes the MC simulation samples used in this
paper. The Z → �� and W → �ν samples are generated with
Alpgen [16] interfaced with Pythia [17] (denoted by Alp-
gen+Pythia) to model the parton shower and hadronization,
and underlying event using the PERUGIA2011C set [18] of
tunable parameters. One exception is the Z → ττ sample
with leptonically decaying τ -leptons, which is generated with
Alpgen interfaced with Herwig [19] with the underlying
event modelled using Jimmy [20] and the AUET2 tunes [21].
Alpgen is a multi-leg generator that provides tree-level cal-
culations for diagrams with up to five additional partons.
The matrix-element MC calculations are matched to a model
of the parton shower, underlying event and hadronization.
The main processes that are backgrounds to Z → �� and
W → �ν are events with one or more top quarks (t t̄ and
single-top-quark processes) and diboson production (WW ,
WZ , Z Z ). The t t̄ and tW processes are generated with
Powheg [22] interfaced with Pythia [17] for hadronization
and parton showering, and PERUGIA2011C for the underly-
ing event modelling. All the diboson processes are generated
with Sherpa [23]. Powheg is a leading-order generator with
corrections at next-to-leading order in αS, whereas Sherpa
is a multi-leg generator at tree level.

To study event topologies with high jet multiplicities and
to investigate the tails of the Emiss

T distributions, t t̄ events
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with at least one leptonically decaying W boson are consid-
ered in Sect. 6.6. The single top quark (tW ) production is
considered with at least one leptonically decaying W boson.
Both the t t̄ and tW processes contribute to theW and Z boson
distributions shown in Sect. 5 as well as Z boson distribu-
tions in Sects. 4, 6, and 8 that compare data and simulation.
A supersymmetric (SUSY) model comprising pair-produced
500 GeV gluinos each decaying to a t t̄ pair and a neutralino
is simulated with Herwig++ [24]. Finally, to study events
with forward jets, the vector-boson fusion (VBF) produc-
tion of H → ττ , generated with Powheg+Pythia8 [25], is
considered. Both τ -leptons are forced to decay leptonically
in this sample.

To estimate the systematic uncertainties in the data/MC
ratio arising from the modelling of the soft hadronic
recoil, Emiss

T distributions simulated with different MC
generators, parton shower and underlying event models
are compared. The estimation of systematic uncertainties
is performed using a comparison of data and MC sim-
ulation, as shown in Sect. 8.2. The following combina-
tions of generators and parton shower models are consid-
ered: Sherpa, Alpgen+Herwig, Alpgen+Pythia, and
Powheg+Pythia8. The corresponding underlying event
tunes are mentioned in Table 2. Parton distribution functions
are taken from CT10 [30] for Powheg and Sherpa samples
and CTEQ6L1 [38] for Alpgen samples.

Generated events are propagated through a Geant4 sim-
ulation [39,40] of the ATLAS detector. Pileup collisions are
generated with Pythia8 for all samples, and are overlaid on
top of simulated hard-scatter events before event reconstruc-
tion. Each simulation sample is weighted by its correspond-
ing cross-section and normalized to the integrated luminosity
of the data.

4 Reconstruction and calibration of the Emiss
T

Several algorithms have been developed to reconstruct the
Emiss

T in ATLAS. They differ in the information used to recon-
struct the pT of the particles, using either energy deposits in
the calorimeters, tracks reconstructed in the ID, or both. This
section describes these various reconstruction algorithms,
and the remaining sections discuss the agreement between
data and MC simulation as well as performance studies.

4.1 Reconstruction of the Emiss
T

The Emiss
T reconstruction uses calibrated physics objects to

estimate the amount of missing transverse momentum in the
detector. The Emiss

T is calculated using the components along
the x and y axes:

Emiss
x(y) = Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y)

+Emiss,jets
x(y) + Emiss,μ

x(y) + Emiss,soft
x(y) , (2)

where each term is calculated as the negative vectorial sum
of transverse momenta of energy deposits and/or tracks. To
avoid double counting, energy deposits in the calorimeters
and tracks are matched to reconstructed physics objects in the
following order: electrons (e), photons (γ ), the visible parts
of hadronically decaying τ -leptons (τhad-vis; labelled as τ ),
jets and muons (μ). Each type of physics object is represented
by a separate term in Eq. (2). The signals not associated
with physics objects form the “soft term”, whereas those
associated with the physics objects are collectively referred
to as the “hard term”.

The magnitude and azimuthal angle4 (φmiss) of �Emiss
T are

calculated as:

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2,

φmiss = arctan(Emiss
y /Emiss

x ).
(3)

The total transverse energy in the detector, labelled as �ET,
quantifies the total event activity and is an important observ-
able for understanding the resolution of the Emiss

T , especially
with increasing pileup contributions. It is defined as:
∑

ET =
∑

peT +
∑

pγ
T +

∑
pτ

T +
∑

pjets
T

+
∑

pμ
T +

∑
psoft

T , (4)

which is the scalar sum of the transverse momenta of recon-
structed physics objects and soft-term signals that contribute
to the Emiss

T reconstruction. The physics objects included in∑
psoft

T depend on the Emiss
T definition, so both calorimeter

objects and track-based objects may be included in the sum,
despite differences in pT resolution.

4.1.1 Reconstruction and calibration of the Emiss
T hard

terms

The hard term of the Emiss
T , which is computed from the

reconstructed electrons, photons, muons, τ -leptons, and jets,
is described in more detail in this section.

Electrons are reconstructed from clusters in the electro-
magnetic (EM) calorimeter which are associated with an ID
track [14]. Electron identification is restricted to the range of
|η| < 2.47, excluding the transition region between the barrel
and end-cap EM calorimeters, 1.37 < |η| < 1.52. They are
calibrated at the EM scale5 with the default electron calibra-

4 The arctan function returns values from [−π,+π ] and uses the sign
of both coordinates to determine the quadrant.
5 The EM scale is the basic signal scale for the ATLAS calorime-
ters. It accounts correctly for the energy deposited by EM showers
in the calorimeter, but it does not consider energy losses in the un-
instrumented material.
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tion, and those satisfying the “medium” selection criteria [14]
with pT > 10 GeV are included in the Emiss

T reconstruction.
The photon reconstruction is also seeded from clusters of

energy deposited in the EM calorimeter and is designed to
separate electrons from photons. Photons are calibrated at
the EM scale and are required to satisfy the “tight” photon
selection criteria with pT > 10 GeV [14].

Muon candidates are identified by matching an ID track
with an MS track or segment [13]. MS tracks are used for
2.5 < |η| < 2.7 to extend the η coverage. Muons are required
to satisfy pT > 5 GeV to be included in the Emiss

T recon-
struction. The contribution of muon energy deposited in the
calorimeter is taken into account using either parameterized
estimates or direct measurements, to avoid double counting
a small fraction of their momenta.

Jets are reconstructed from three-dimensional topolog-
ical clusters (topoclusters) [41] of energy deposits in the
calorimeter using the anti-kt algorithm [42] with a distance
parameter R = 0.4. The topological clustering algorithm sup-
presses noise by forming contiguous clusters of calorime-
ter cells with significant energy deposits. The local clus-
ter weighting (LCW) [43,44] calibration is used to account
for different calorimeter responses to electrons, photons and
hadrons. Each cluster is classified as coming from an EM or
hadronic shower, using information from its shape and energy
density, and calibrated accordingly. The jets are reconstructed
from calibrated topoclusters and then corrected for in-time
and out-of-time pileup as well as the position of the PV [4].
Finally, the jet energy scale (JES) corrects for jet-level effects
by restoring, on average, the energy of reconstructed jets to
that of the MC generator-level jets. The complete procedure is
referred to as the LCW+JES scheme [43,44]. Without chang-
ing the average calibration, additional corrections are made
based upon the internal properties of the jet (global sequen-
tial calibration) to reduce the flavour dependence and energy
leakage effects [44]. Only jets with calibrated pT greater than
20 GeV are used to calculate the jet term Emiss,jets

x(y) in Eq. (2),
and the optimization of the 20 GeV threshold is discussed in
Sect. 7.

To suppress contributions from jets originating from
pileup interactions, a requirement on the jet vertex-fraction
(JVF) [4] may be applied to selected jet candidates. Tracks
matched to jets are extrapolated back to the beamline to ascer-
tain whether they originate from the hard scatter or from a
pileup collision. The JVF is then computed as the ratio shown
below:

JVF =
∑

track,PV,jet

pT/
∑

track,jet

pT. (5)

This is the ratio of the scalar sum of transverse momentum
of all tracks matched to the jet and the primary vertex to the
pT sum of all tracks matched to the jet, where the sum is
performed over all tracks with pT > 0.5 GeV and |η| < 2.5

and the matching is performed using the “ghost-association”
procedure [45,46].

The JVF distribution is peaked toward 1 for hard-scatter
jets and toward 0 for pileup jets. No JVF selection require-
ment is applied to jets that have no associated tracks. Require-
ments on the JVF are made in the STVF, EJAF, and TST
Emiss

T algorithms as described in Table 3 and Sect. 4.1.3.
Hadronically decaying τ -leptons are seeded by calorime-

ter jets with |η| < 2.5 and pT > 10 GeV. As described for
jets, the LCW calibration is applied, corrections are made to
subtract the energy due to pileup interactions, and the energy
of the hadronically decaying τ candidates is calibrated at
the τ -lepton energy scale (TES) [47]. The TES is indepen-
dent of the JES and is determined using an MC-based proce-
dure. Hadronically decaying τ -leptons passing the “medium”
requirements [47] and having pT > 20 GeV after TES cor-
rections are considered for the Emiss

T reconstruction.

4.1.2 Reconstruction and calibration of the Emiss
T soft term

The soft term is a necessary but challenging ingredient of
the Emiss

T reconstruction. It comprises all the detector sig-
nals not matched to the physics objects defined above and
can contain contributions from the hard scatter as well as the
underlying event and pileup interactions. Several algorithms
designed to reconstruct and calibrate the soft term have been
developed, as well as methods to suppress the pileup contri-
butions. A summary of the Emiss

T and soft-term reconstruction
algorithms is given in Table 3.

Four soft-term reconstruction algorithms are considered
in this paper. Below the first two are defined, and then some
motivation is given for the remaining two prior to their defi-
nition.

• Calorimeter Soft Term (CST)
This reconstruction algorithm [1] uses information mainly
from the calorimeter and is widely used by ATLAS. The
algorithm also includes corrections based on tracks but
does not attempt to resolve the various pp interactions
based on the track z0 measurement. The soft term is
referred to as the CST, whereas the entire Emiss

T is writ-
ten as CST Emiss

T . Corresponding naming schemes are
used for the other reconstruction algorithms. The CST
is reconstructed using energy deposits in the calorime-
ter which are not matched to the high-pT physics objects
used in the Emiss

T . To avoid fake signals in the calorimeter,
noise suppression is important. This is achieved by calcu-
lating the soft term using only cells belonging to topoclus-
ters, which are calibrated at the LCW scale [43,44]. The
tracker and calorimeter provide redundant pT measure-
ments for charged particles, so an energy-flow algorithm
is used to determine which measurement to use. Tracks
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Table 3 Summary of Emiss
T and soft-term reconstruction algorithms used in this paper

Term Brief description Section list

CST Emiss
T The Calorimeter Soft Term (CST) Emiss

T takes its soft term from energy deposits in
the calorimeter which are not matched to high-pT physics objects. Although noise
suppression is applied to reduce fake signals, no additional pileup suppression
techniques are used

Section 4.1.2 (definition)

Section 5.1 (Z → μμ modelling)

Section 5.2 (W → eν modelling)

Section 6 (perf. studies)

TST Emiss
T The Track Soft Term (TST) Emiss

T algorithm uses a soft term that is calculated using
tracks within the inner detector that are not associated with high-pT physics
objects. The JVF selection requirement is applied to jets

Section 4.1.2 (definition)

Section 5.1 (Z → μμ modelling)

Section 5.2 (W → eν modelling)

Section 6 (perf. studies)

EJAF Emiss
T The Extrapolated Jet Area with Filter Emiss

T algorithm applies pileup subtraction to
the CST based on the idea of jet-area corrections. The JVF selection requirement is
applied to jets

Section 4.1.2 (definition)

Section 5.1 (Z → μμ modelling)

Section 6 (perf. studies)

STVF Emiss
T The Soft-Term Vertex-Fraction (STVF) Emiss

T algorithm suppresses pileup effects in
the CST by scaling the soft term by a multiplicative factor calculated based on the
fraction of scalar-summed track pT not associated with high-pT physics objects
that can be matched to the primary vertex. The JVF selection requirement is
applied to jets

Section 4.1.2 (definition)

Section 5.1 (Z → μμ modelling)

Section 6 (perf. studies)

Track Emiss
T The Track Emiss

T is reconstructed entirely from tracks to avoid pileup contamination
that affects the other algorithms

Section 4.2 (definition)

Section 5.1 (Z → μμ modelling)

Section 6 (perf. studies)

with pT > 0.4 GeV that are not matched to a high-
pT physics objects are used instead of the calorimeter
pT measurement, if their pT resolution is better than the
expected calorimeter pT resolution. The calorimeter res-
olution is estimated as 0.4 ·√pT GeV, in which the pT is
the transverse momentum of the reconstructed track.
Geometrical matching between tracks and topoclusters
(or high-pT physics objects) is performed using the �R
significance defined as �R/σ�R , where σ�R is the �R
resolution, parameterized as a function of the track pT.
A track is considered to be associated to a topocluster in
the soft term when its minimum �R/σ�R is less than 4.
To veto tracks matched to high-pT physics objects, tracks
are required to have �R/σ�R > 8. The Emiss

T calculated
using the CST algorithm is documented in previous pub-
lications such as Ref. [1] and is the standard algorithm in
most ATLAS 8 TeV analyses.

• Track Soft Term (TST)
The TST is reconstructed purely from tracks that pass
the selections outlined in Sect. 3.1 and are not associated
with the high-pT physics objects defined in Sect. 4.1.1.
The detector coverage of the TST is the ID tracking vol-
ume (|η| < 2.5), and no calorimeter topoclusters inside
or beyond this region are included. This algorithm allows
excellent vertex matching for the soft term, which almost
completely removes the in-time pileup dependence, but
misses contributions from soft neutral particles. The
track-based reconstruction also entirely removes the out-
of-time pileup contributions that affect the CST.

To avoid double counting the pT of particles, the tracks
matched to the high-pT physics objects need to be
removed from the soft term. All of the following classes
of tracks are excluded from the soft term:

– tracks within a cone of size �R = 0.05 around elec-
trons and photons

– tracks within a cone of size �R = 0.2 around τhad-vis

– ID tracks associated with identified muons
– tracks matched to jets using the ghost-association

technique described in Sect. 4.1.1
– isolated tracks with pT ≥ 120 GeV (≥200 GeV for

|η| < 1.5) having transverse momentum uncertainties
larger than 40% or having no associated calorime-
ter energy deposit with pT larger than 65% of the
track pT. The pT thresholds are chosen to ensure that
muons not in the coverage of the MS are still included
in the soft term. This is a cleaning cut to remove mis-
measured tracks.

A deterioration of the CST Emiss
T resolution is observed

as the average number of pileup interactions increases [1].
All Emiss

T terms in Eq. (2) are affected by pileup, but the
terms which are most affected are the jet term and CST,
because their constituents are spread over larger regions in
the calorimeters than those of the Emiss

T hard terms. Methods
to suppress pileup are therefore needed, which can restore
the Emiss

T resolution to values similar to those observed in
the absence of pileup.
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The TST algorithm is very stable with respect to pileup
but does not include neutral particles. Two other pileup-
suppressing algorithms were developed, which consider con-
tributions from neutral particles. One uses an η-dependent
event-by-event estimator for the transverse momentum den-
sity from pileup, using calorimeter information, while the
other applies an event-by-event global correction based on
the amount of charged-particle pT from the hard-scatter ver-
tex, relative to all other pp collisions. The definitions of these
two soft-term algorithms are described in the following:

• Extrapolated Jet Area with Filter (EJAF)
The jet-area method for the pileup subtraction uses a soft
term based on the idea of jet-area corrections [45]. This
technique uses direct event-by-event measurements of
the energy flow throughout the entire ATLAS detector to
estimate the pT density of pileup energy deposits and was

developed from the strategy applied to jets as described
in Ref. [4].
The topoclusters belonging to the soft term are used
for jet finding with the kt algorithm [48,49] with dis-
tance parameter R = 0.6 and jet pT > 0. The catchment
areas [45,46] for these reconstructed jets are labelled
Ajet; this provides a measure of the jet’s susceptibility
to contamination from pileup. Jets with pT < 20 GeV are
referred to as soft-term jets, and the pT-density of each
soft-term jet i is then measured by computing:

ρjet,i = pjet
T,i

Ajet,i
. (6)

In a given event, the median pT-density ρmed
evt for all soft-

term kt jets in the event (Njets) found within a given range
−ηmax < ηjet < ηmax can be calculated as

ρmed
evt = median{ρjet,i } for i = 1 . . . Njets in |ηjet| < ηmax.

(7)

This median pT-density ρmed
evt gives a good estimate of the

in-time pileup activity in each detector region. If deter-
mined with ηmax = 2, it is found to also be an appro-
priate indicator of out-of-time pileup contributions [45].
A lower value for ρmed

evt is computed by using jets with
|ηjet| larger than 2, which is mostly due to the particular

geometry of the ATLAS calorimeters and their cluster
reconstruction algorithms.6

In order to extrapolate ρmed
evt into the forward regions

of the detector, the average topocluster pT in slices of
η, NPV, and 〈μ〉 is converted to an average pT density
〈ρ〉(η, NPV, μ) for the soft term. As described for the
ρmed

evt , 〈ρ〉(η, NPV, μ) is found to be uniform in the cen-
tral region of the detector with |η| < ηplateau = 1.8. The
transverse momentum density profile is then computed
as

Pρ(η, NPV, 〈μ〉) = 〈ρ〉(η, NPV, μ)

〈ρ〉central(NPV, μ)
(8)

where 〈ρ〉central(NPV, μ) is the average 〈ρ〉(η, NPV, μ)

for |η| < ηplateau. The Pρ(η, NPV,〈μ〉) is therefore 1, by
definition, for |η| < ηplateau and decreases for larger |η|.

A functional form of Pρ(η, NPV,〈μ〉) is used to param-
eterize its dependence on η, NPV, and 〈μ〉 and is defined
as

Pρ
fct(η, NPV, 〈μ〉) =

{
1 (|η| < ηplateau)

(1 − Gbase(ηplateau)) · Gcore(|η| − ηplateau) + Gbase(η)
(|η| ≥ ηplateau

) (9)

where the central region |η| < ηplateau = 1.8 is plateaued
at 1, and then a pair of Gaussian functions Gcore(|η| −
ηplateau) and Gbase(η) are added for the fit in the forward
regions of the calorimeter. The value of Gcore(0) = 1
so that Eq. (9) is continuous at η = ηplateau. Two exam-
ple fits are shown in Fig. 1 for NPV = 3 and 8 with
〈μ〉 = 7.5–9.5 interactions per bunch crossing. For both
distributions the value is defined to be unity in the cen-
tral region (|η| < ηplateau), and the sum of two Gaussian
functions provides a good description of the change in
the amount of in-time pileup beyond ηplateau. The base-
line Gaussian function Gbase(η) has a larger width and
is used to describe the larger amount of in-time pileup in
the forward region as seen in Fig. 1. Fitting with Eq. (9)
provides a parameterized function for in-time and out-
of-time pileup which is valid for the whole 2012 dataset.

The soft term for the EJAF Emiss
T algorithm is calcu-

lated as

Emiss,soft
x(y) = −

Nfilter-jet∑

i=0

pjet,corr
x(y),i , (10)

which sums the transverse momenta, labelled pjet,corr
x(y),i , of

the corrected soft-term jets matched to the primary ver-
tex. The number of these filtered jets, which are selected

6 The forward ATLAS calorimeters are less granular than those in the
central region, which leads to fewer clusters being reconstructed.
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Fig. 1 The average transverse momentum density shape
Pρ(η, NPV,〈μ〉) for jets in data is compared to the model in Eq. (9)
with 〈μ〉 = 7.5–9.5 and with a three reconstructed vertices and b
eight reconstructed vertices. The increase of jet activity in the forward

regions coming from more in-time pileup with NPV = 8 in b can be
seen by the flatter shape of the Gaussian fit of the forward activity
Gbase(NPV,〈μ〉) (blue dashed line)

after the pileup correction based on their JVF and pT, is
labelled Nfilter-jet. More details of the jet selection and the
application of the pileup correction to the jets are given
in Appendix A.

• Soft-Term Vertex-Fraction (STVF)
The algorithm, called the soft-term vertex-fraction, uti-
lizes an event-level parameter computed from the ID
track information, which can be reliably matched to the
hard-scatter collision, to suppress pileup effects in the
CST. This correction is applied as a multiplicative fac-
tor (αSTVF) to the CST, event by event, and the resulting
STVF-corrected CST is simply referred to as STVF. The
αSTVF is calculated as

αSTVF =
∑

tracks,PV

pT

/ ∑

tracks

pT, (11)

which is the scalar sum of pT of tracks matched to the PV
divided by the total scalar sum of track pT in the event,
including pileup. The sums are taken over the tracks that
do not match high-pT physics objects belonging to the
hard term. The mean αSTVF value is shown versus the
number of reconstructed vertices (NPV) in Fig. 2. Data
and simulation (including Z , diboson, t t̄ , and tW sam-
ples) are shown with only statistical uncertainties and
agree within 4–7% across the full range of NPV in the
8 TeV dataset. The differences mostly arise from the mod-
elling of the amount of the underlying event and pZT .
The 0-jet and inclusive samples have similar values of
αSTVF, with that for the inclusive sample being around 2%
larger.

0 5 10 15 20 25 30

〉
S

TV
F

α〈

1−10

1

Inclusive

0-jet

ATLAS
-1 = 8 TeV, 20.3 fbs

μμ→Data 2012, Z

)
PV

Number of Reconstructed Vertices (N
0 5 10 15 20 25 30D

at
a 

/ M
C

0.95
1

1.05

Fig. 2 The mean αSTVF weight is shown versus the number of recon-
structed vertices (NPV) for 0-jet and inclusive events in Z → μμ data.
The inset at the bottom of the figure shows the ratio of the data to the
MC predictions with only the statistical uncertainties on the data and
MC simulation. The bin boundary always includes the lower edge and
not the upper edge

4.1.3 Jet pT threshold and JVF selection

The TST, STVF, and EJAF Emiss
T algorithms complement

the pileup reduction in the soft term with additional require-
ments on the jets entering the Emiss

T hard term, which are also
aimed at reducing pileup dependence. These Emiss

T recon-
struction algorithms apply a requirement of JVF > 0.25 to
jets with pT < 50 GeV and |η| < 2.4 in order to suppress
those originating from pileup interactions. The maximum
|η| value is lowered to 2.4 to ensure that the core of each jet
is within the tracking volume (|η| < 2.5) [4]. Charged parti-
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cles from jets below the pT threshold are considered in the
soft terms for the STVF, TST, and EJAF (see Sect. 4.1.2 for
details).

The same JVF requirements are not applied to the CST
Emiss

T because its soft term includes the soft recoil from all
interactions, so removing jets not associated with the hard-
scatter interaction could create an imbalance. The procedure
for choosing the jet pT and JVF criteria is summarized in
Sect. 7.

Throughout most of this paper the number of jets is com-
puted without a JVF requirement so that the Emiss

T algorithms
are compared on the same subset of events. However, the
JVF > 0.25 requirement is applied in jet counting when 1-jet
and ≥ 2-jet samples are studied using the TST Emiss

T recon-
struction, which includes Figs. 8 and 22. The JVF removes
pileup jets that obscure trends in samples with different jet
multiplicities.

4.2 Track Emiss
T

Extending the philosophy of the TST definition to the full
event, the Emiss

T is reconstructed from tracks alone, reduc-
ing the pileup contamination that afflicts the other object-
based algorithms. While a purely track-based Emiss

T , desig-
nated Track Emiss

T , has almost no pileup dependence, it is
insensitive to neutral particles, which do not form tracks
in the ID. This can degrade the Emiss

T calibration, espe-
cially in event topologies with numerous or highly ener-
getic jets. The η coverage of the Track Emiss

T is also lim-
ited to the ID acceptance of |η| < 2.5, which is substan-
tially smaller than the calorimeter coverage, which extends to
|η| = 4.9.

Track Emiss
T is calculated by taking the negative vectorial

sum of �pT of tracks satisfying the same quality criteria as the
TST tracks. Similar to the TST, tracks with poor momentum
resolution or without corresponding calorimeter deposits are
removed. Because of Bremsstrahlung within the ID, the elec-
tron pT is determined more precisely by the calorimeter than
by the ID. Therefore, the Track Emiss

T algorithm uses the elec-
tron pT measurement in the calorimeter and removes tracks
overlapping its shower. Calorimeter deposits from photons
are not added because they cannot be reliably associated to
particular pp interactions. For muons, the ID track pT is used
and not the fits combining the ID and MS pT. For events with-
out any reconstructed jets, the Track and TST Emiss

T would
have similar values, but differences could still originate from
muon track measurements as well as reconstructed photons
or calorimeter deposits from τhad-vis, which are only included
in the TST.

The soft term for the Track Emiss
T is defined to be identical

to the TST by excluding tracks associated with the high-pT

physics objects used in Eq. (2).

5 Comparison of Emiss
T distributions in data and MC

simulation

In this section, basic Emiss
T distributions before and after

pileup suppression in Z → �� and W → �ν data events are
compared to the distributions from the MC signal plus rel-
evant background samples. All distributions in this section
include the dominant systematic uncertainties on the high-
pT objects, the �E miss,soft

T (described in Sect. 8) and pileup
modelling [7]. The systematics listed above are the largest
systematic uncertainties in the Emiss

T for Z and W samples.

5.1 Modelling of Z → �� events

The CST, EJAF, TST, STVF, and Track Emiss
T distributions

for Z → μμ data and simulation are shown in Fig. 3. The
Z boson signal region, which is defined in Sect. 3.2, has
better than 99% signal purity. The MC simulation agrees
with data for all Emiss

T reconstruction algorithms within the
assigned systematic uncertainties. The mean and the stan-
dard deviation of the Emiss

T distribution is shown for all of
the Emiss

T algorithms in Z → μμ inclusive simulation in
Table 4. The CST Emiss

T has the highest mean Emiss
T and

thus the broadest Emiss
T distribution. All of the Emiss

T algo-
rithms with pileup suppression have narrower Emiss

T distribu-
tions as shown by their smaller mean Emiss

T values. However,
those algorithms also have non-Gaussian tails in the Emiss

x
and Emiss

y distributions, which contribute to the region with

Emiss
T �50 GeV. The Track Emiss

T has the largest tail because
it does not include contributions from the neutral particles,
and this results in it having the largest standard deviation.

The tails of the Emiss
T distributions in Fig. 3 for Z →

μμ data are observed to be compatible with the sum of
expected signal and background contributions, namely t t̄ and
the summed diboson (VV ) processes including WW , WZ ,
and Z Z , which all have high-pT neutrinos in their final states.
Instrumental effects can show up in the tails of the Emiss

T , but
such effects are small.

The Emiss
T φ distribution is not shown in this paper but is

very uniform, having less than 4 parts in a thousand differ-
ence from positive and negative φ. Thus the φ-asymmetry is
greatly reduced from that observed in Ref. [1].

The increase in systematic uncertainties in the range 50–
120 GeV in Fig. 3 comes from the tail of the Emiss

T distribution
for the simulated Z → μμ events. The increased width in
the uncertainty band is asymmetric because many system-
atic uncertainties increase the Emiss

T tail in Z → μμ events
by creating an imbalance in the transverse momentum. The
largest of these systematic uncertainties are those associ-
ated with the jet energy resolution, the jet energy scale, and
pileup. The pileup systematic uncertainties affect mostly the
CST and EJAF Emiss

T , while the jet energy scale uncertainty
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Fig. 3 Distributions of the Emiss
T with the a CST, b EJAF, c TST, d

STVF, and e Track Emiss
T are shown in data and MC simulation events

satisfying the Z → μμ selection. The lower panel of the figures shows

the ratio of data to MC simulation, and the bands correspond to the
combined systematic and MC statistical uncertainties. The far right bin
includes the integral of all events with Emiss

T above 300 GeV
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Table 4 The mean and standard
deviation of the
Emiss

T distributions in
Z → μμ inclusive simulation

Emiss
T alg. Mean ± SD

[GeV]

CST Emiss
T 20.4 ± 12.5

EJAF Emiss
T 16.8 ± 11.5

TST Emiss
T 13.2 ± 10.3

STVF Emiss
T 13.8 ± 10.8

Track Emiss
T 13.9 ± 14.4

causes the larger systematic uncertainty for the TST and
STVF Emiss

T . The Track Emiss
T does not have the same increase

in systematic uncertainties because it does not make use of
reconstructed jets. Above 120 GeV, most events have a large

intrinsic Emiss
T , and the systematic uncertainties on the Emiss

T ,
especially the soft term, are smaller.

Figure 4 shows the soft-term distributions. The pileup-
suppressed Emiss

T algorithms generally have a smaller mean
soft term as well as a sharper peak near zero compared to
the CST. Among the Emiss

T algorithms, the soft term from
the EJAF algorithm shows the smallest change relative to the
CST. The TST has a sharp peak near zero similar to the STVF
but with a longer tail, which mostly comes from individual
tracks. These tracks are possibly mismeasured and further
studies are planned. The simulation under-predicts the TST
relative to the observed data between 60–85 GeV, and the dif-
ferences exceed the assigned systematic uncertainties. This
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Fig. 4 Distributions of the soft term for the a CST, b EJAF, c TST,
and d STVF are shown in data and MC simulation events satisfying
the Z → μμ selection. The lower panel of the figures show the ratio

of data to MC simulation, and the bands correspond to the combined
systematic and MC statistical uncertainties. The far right bin includes
the integral of all events with Emiss,soft

T above 160 GeV
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Fig. 5 Distributions of a �ET (CST) and b �ET (TST) are shown in
data and MC simulation events satisfying the Z → μμ selection. The
lower panel of the figures show the ratio of data to MC simulation, and

the bands correspond to the combined systematic and MC statistical
uncertainties. The far right bin includes the integral of all events with
�ET above 2000 GeV

region corresponds to the transition from the narrow core to
the tail coming from high-pT tracks. The differences between
data and simulation could be due to mismodelling of the rate
of mismeasured tracks, for which no systematic uncertainty
is applied. The mismeasured-track cleaning, as discussed in
Sect. 4.1.2, reduces the TST tail starting at 120 GeV, and this
region is modelled within the assigned uncertainties. The
mismeasured-track cleaning for tracks below 120 GeV and
entering the TST is not optimal, and future studies aim to
improve this.

The Emiss
T resolution is expected to be proportional to√

�ET when both quantities are measured with the calorime-
ter alone [1]. While this proportionality does not hold for
tracks, it is nevertheless interesting to understand the mod-
elling of �ET and the dependence of Emiss

T resolution on it.
Figure 5 shows the �ET distribution for Z → μμ data and
MC simulation both for the TST and the CST algorithms. The
�ET is typically larger for the CST algorithm than for the
TST because the former includes energy deposits from pileup
as well as neutral particles and forward contributions beyond
the ID volume. The reduction of pileup contributions in the
soft and jet terms leads to the �ET (TST) having a sharper
peak at around 100 GeV followed by a large tail, due to high-
pT muons and large

∑
pjets

T . The data and simulation agree
within the uncertainties for the �ET (CST) and �ET (TST)
distributions.

5.2 Modelling of W → �ν events

In this section, the selection requirements for the mT and
Emiss

T distributions are defined using the same Emiss
T algo-

rithm as that labelling the distribution (e.g. selection criteria
are applied to the CST Emiss

T for distributions showing the
CST Emiss

T ). The intrinsic Emiss
T in W → �ν events allows

a comparison of the Emiss
T scale between data and simula-

tion. The level of agreement between data and MC simula-
tion for the Emiss

T reconstruction algorithms is studied using
W → eν events with the selection defined in Sect. 3.3.

The CST and TST Emiss
T distributions in W → eν events

are shown in Fig. 6. The W → τν contributions are com-
bined with W → eν events in the figure. The data and MC
simulation agree within the assigned systematic uncertain-
ties for both the CST and TST Emiss

T algorithms. The other
Emiss

T algorithms show similar levels of agreement between
data and MC simulation.

6 Performance of the Emiss
T in data and MC simulation

6.1 Resolution of Emiss
T

The Emiss
x and Emiss

y are expected to be approximately Gaus-
sian distributed for Z → �� events as discussed in Ref. [1].
However, because of the non-Gaussian tails in these distribu-
tions, especially for the pileup-suppressing Emiss

T algorithms,
the root-mean-square (RMS) is used to estimate the reso-
lution. This includes important information about the tails,
which would be lost if the result of a Gaussian fit over only
the core of the distribution were used instead. The resolu-
tion of the Emiss

T distribution is extracted using the RMS
from the combined distribution of Emiss

x and Emiss
y , which

are determined to be independent from correlation studies.
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Fig. 6 Distributions of the a CST and b TST Emiss
T as measured in a

data sample of W → eν events. The lower panel of the figures show
the ratio of data to MC simulation, and the bands correspond to the

combined systematic and MC statistical uncertainties. The far right bin
includes the integral of all events with Emiss

T above 300 GeV

The previous ATLAS Emiss
T performance paper [1] studied

the resolution defined by the width of Gaussian fits in a nar-
row range of ±2RMS around the mean and used a separate
study to investigate the tails. Therefore, the results of this
paper are not directly comparable to those of the previous
study. The resolutions presented in this paper are expected to
be larger than the width of the Gaussian fitted in this manner
because the RMS takes into account the tails.

In this section, the resolution for the Emiss
T is presented

for Z → μμ events using both data and MC simulation.
Unless it is a simulation-only figure (labelled with “Simula-
tion” under the ATLAS label), the MC distribution includes
the signal sample (e.g. Z → μμ) as well as diboson, t t̄ , and
tW samples.

6.1.1 Resolution of the Emiss
T as a function of the number of

reconstructed vertices

The stability of the Emiss
T performance as a function of the

amount of pileup is estimated by studying the Emiss
T reso-

lution as a function of the number of reconstructed vertices
(NPV) for Z → μμ events as shown in Fig. 7. The bin edge
is always including the lower edge and not the upper. For
example, the events with NPV in the inclusive range 30–39
are combined because of small sample size. In addition, very
few events were collected below NPV of 2 during 2012 data
taking. Events in which there are no reconstructed jets with
pT > 20 GeV are referred to collectively as the 0-jet sample.
Distributions are shown here for both the 0-jet and inclusive
samples. For both samples, the data and MC simulation agree
within 2% up to around NPV = 15 but the deviation grows

to around 5–10% for NPV > 25, which might be attributed
to the decreasing sample size. All of the Emiss

T distributions
show a similar level of agreement between data and simula-
tion across the full range of NPV.

For the 0-jet sample in Fig. 7a, the STVF, TST, and Track
Emiss

T resolutions all have a small slope with respect to NPV,
which implies stability of the resolution against pileup. In
addition, their resolutions agree within 1 GeV throughout the
NPV range. In the 0-jet sample, the TST and Track Emiss

T are
both primarily reconstructed from tracks; however, small dif-
ferences arise mostly from accounting for photons in the TST
Emiss

T reconstruction algorithm. The CST Emiss
T is directly

affected by the pileup as its reconstruction does not apply any
pileup suppression techniques. Therefore, the CST Emiss

T has
the largest dependence on NPV, with a resolution ranging
from 7 GeV at NPV = 2 to around 23 GeV at NPV = 25.
The Emiss

T resolution of the EJAF distribution, while better
than that of the CST Emiss

T , is not as good as that of the other
pileup-suppressing algorithms.

For the inclusive sample in Fig. 7b, the Track Emiss
T is

the most stable with respect to pileup with almost no depen-
dence on NPV. For NPV > 20, the Track Emiss

T has the best
resolution showing that pileup creates a larger degradation
in the resolution of the other Emiss

T distributions than exclud-
ing neutral particles, as the Track Emiss

T algorithm does. The
EJAF Emiss

T algorithm does not reduce the pileup dependence
as much as the TST and STVF Emiss

T algorithms, and the CST
Emiss

T again has the largest dependence on NPV.
Figure 7 also shows that the pileup dependence of the

TST, CST, EJAF and STVF Emiss
T is smaller in the 0-jet

sample than in the inclusive sample. Hence, the evolution
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Fig. 7 The resolution obtained from the combined distribution of
Emiss

x and Emiss
y for the CST, STVF, EJAF, TST, and Track Emiss

T algo-
rithms as a function of NPV in a 0-jet and b inclusive Z → μμ events

in data. The insets at the bottom of the figures show the ratios of the
data to the MC predictions
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Fig. 8 The resolution of the combined distribution of Emiss
x and

Emiss
y for the TST Emiss

T as a function of NPV for the 0-jet, 1-jet, ≥
2-jet, and inclusive Z → μμ samples. The data (closed markers) and
MC simulation (open markers) are overlaid. The jet counting uses the
same JVF criterion as the TST Emiss

T reconstruction algorithm

of the Emiss
T resolution is shown for different numbers of jets

in Fig. 8 with the TST Emiss
T algorithm as a representative

example. The jet counting for this figure includes only the
jets used by the TST Emiss

T algorithm, so the JVF criterion
discussed in Sect. 4.1.3 is applied. Comparing the 0-jet, 1-jet
and ≥2-jet distributions, the resolution is degraded by 4–5
GeV with each additional jet, which is much larger than any
dependence on NPV. The inclusive distribution has a larger
slope with respect to NPV than the individual jet categories,
which indicates that the behaviour seen in the inclusive sam-
ple is driven by an increased number of pileup jets included
in the Emiss

T calculation at larger NPV.

6.1.2 Resolution of the Emiss
T as a function of �ET

The resolutions of Emiss
T , resulting from the different recon-

struction algorithms, are compared as a function of the scalar

sum of transverse momentum in the event, as calculated using
Eq. (4). The CST Emiss

T resolution is observed to depend lin-
early on the square root of the �ET computed with the CST
Emiss

T components in Ref. [1]. However, the �ET used in
this subsection is calculated with the TST Emiss

T algorithm.
This allows studies of the resolution as a function of the
momenta of particles from the selected PV without includ-
ing the amount of pileup activity in the event. Figure 9 shows
the resolution as a function of �ET (TST) for Z → μμ data
and MC simulation in the 0-jet and inclusive samples.

In the 0-jet sample shown in Fig. 9a, the use of tracking
information in the soft term, especially for the STVF, TST,
and Track Emiss

T , greatly improves the resolution relative to
the CST Emiss

T . The EJAF Emiss
T has a better resolution than

that of the CST Emiss
T but does not perform as well as the

other reconstruction algorithms. All of the resolution curves
have an approximately linear increase with �ET (TST); how-
ever, the Track Emiss

T resolution increases sharply starting at
�ET (TST) = 200 GeV due to missed neutral contributions
like photons. The resolution predicted by the simulation is
about 5% larger than in data for all Emiss

T algorithms at �ET

(TST) = 50 GeV, but agreement improves as �ET (TST)
increases until around �ET (TST) = 200 GeV. Events with
jets can end up in the 0-jet event selection, for example, if a
jet is misidentified as a hadronically decaying τ -lepton. The∑

pτ
T increases with �ET (TST), and the rate of jets mis-

reconstructed as hadronically decaying τ -leptons is not well
modelled by the simulation, which leads to larger Emiss

T reso-
lution at high �ET (TST) than that observed in the data. The
Track Emiss

T can be more strongly affected by misidentified
jets because neutral particles from the high-pT jets are not
included.

For the inclusive sample in Fig. 9b, the pileup-suppressed
Emiss

T distributions have better resolution than the CST
Emiss

T for �ET (TST) < 200 GeV, but these events are mostly
those with no associated jets. For higher �ET (TST), the
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Fig. 9 The resolution of the combined distribution of Emiss
x and

Emiss
y for the CST, STVF, EJAF, TST, and Track Emiss

T as a function
of �ET (TST) in Z → μμ events in data for the a 0-jet and b inclusive

samples. The insets at the bottom of the figures show the ratios of the
data to the MC predictions

impact from the �E jets
T term starts to dominate the resolu-

tion as well as the �ET (TST). Since the vector sum of jet
momenta is mostly common7 to all Emiss

T algorithms except
for the Track Emiss

T , those algorithms show similar perfor-
mance in terms of the resolution. At larger �ET (TST), the
Track Emiss

T resolution begins to degrade relative to the other
algorithms because it does not include the high-pT neutral
particles coming from jets. The ratio of data to MC simu-
lation for the Track Emiss

T distribution is close to one, while
for other algorithms the MC simulation is below the data by
about 5% at large �ET (TST). While the Track Emiss

T appears
well modelled for the Alpgen+Pythia simulation used in
this figure, the modelling depends strongly on the parton
shower model.

6.2 The Emiss
T response

The balance of �Emiss
T against the vector boson �pT in

W/Z+jets events is used to evaluate the Emiss
T response. A

lack of balance is a global indicator of biases in Emiss
T recon-

struction and implies a systematic misestimation of at least
one of the Emiss

T terms, possibly coming from an imperfect
selection or calibration of the reconstructed physics objects.
The procedure to evaluate the response differs between
Z+jets events (Sect. 6.2.1) and W+jets events (Sect. 6.2.2)
because of the high-pT neutrino in the leptonic decay of the
W boson.

6.2.1 Measuring Emiss
T recoil versus pZT

In events with Z → μμ decays, the �pT of the Z boson defines
an axis in the transverse plane of the ATLAS detector, and

7 As defined in Sect. 4.1.3, the CST Emiss
T does not apply a JVF require-

ment on the jets like the TST, EJAF, and STVF Emiss
T . However, large

�E jets
T tends to come from hard-scatter jets and not from pileup.

for events with 0-jets, the �Emiss
T should balance the �pT of the

Z boson ( �pZT ) along this axis. Comparing the response in
events with and without jets allows distinction between the jet
and soft-term responses. The component of the �Emiss

T along
the �pZT axis is sensitive to biases in detector responses [50].
The unit vector of �pZT is labelled as ÂZ and is defined as:

ÂZ = �pT
�+ + �pT

�−

| �pT
�+ + �pT

�−| , (12)

where �pT
�+

and �pT
�−

are the transverse momentum vectors
of the leptons from the Z boson decay.

The recoil of the Z boson is measured by removing the Z
boson decay products from the �Emiss

T and is computed as

�R = �Emiss
T + �pZT . (13)

Since the �Emiss
T includes a negative vector sum over the lep-

ton momenta, the addition of �pZT removes its contribution.
With an ideal detector and Emiss

T reconstruction algorithm,
Z → �� events have no Emiss

T , and the �R balances with �pZT
exactly. For the real detector and Emiss

T reconstruction algo-
rithm, the degree of balance is measured by projecting the
recoil onto ÂZ , and the relative recoil is defined as the pro-
jection �R · ÂZ divided by pZT , which gives a dimensionless
estimate that is unity if the Emiss

T is ideally reconstructed and
calibrated. Figure 10 shows the mean relative recoil versus
pZT for Z → μμ events where the average value is indicated
by angle brackets. The data and MC simulation agree within
around 10% for all Emiss

T algorithms for all pZT ; however, the
agreement is a few percent worse for pZT > 50 GeV in the
0-jet sample.

The Z → μμ events in the 0-jet sample in Fig. 10a
have a relative recoil significantly lower than unity (〈 �R ·
ÂZ/pZT 〉 < 1) throughout the pZT range. In the 0-jet sample,
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Fig. 10 〈 �R · ÂZ/pZT 〉 as a function pZT for the a 0-jet and b inclusive events in Z → μμ data. The insets at the bottom of the figures show the
ratios of the data to the MC predictions

the relative recoil estimates how well the soft term balances
the �pT of muons from the Z decay, which are better measured
than the soft term. The relative recoil below one indicates that
the soft term is underestimated. The CST Emiss

T has a rela-
tive recoil measurement of 〈 �R · ÂZ/pZT 〉 ∼ 0.5 throughout
the pZT range, giving it the best recoil performance among
the Emiss

T algorithms. The TST and Track Emiss
T have slightly

larger biases than the CST Emiss
T because neutral particles

are not considered in the soft term. The TST Emiss
T recoil

improves relative to that of the Track Emiss
T for pZT > 40

GeV because of the inclusion of photons in its reconstruction.
The relative recoil distribution for the STVF Emiss

T shows the
largest bias for pZT < 60 GeV. The STVF algorithm scales
the recoil down globally by the factor αSTVF as defined in
Eq. (11), and this correction decreases the already underes-
timated soft term. The αSTVF does increase with pZT going
from 0.06 at pZT = 0 GeV to around 0.15 at pZT = 50 GeV,
and this results in a rise in the recoil, which approaches the
TST Emiss

T near pZT ∼ 70 GeV.
In Fig. 10b, the inclusive Z → μμ events have a signifi-

cantly underestimated relative recoil for pZT < 40 GeV. The
balance between the �R and �pZT improves with pZT because
of an increase in events having high-pT calibrated jets recoil-
ing against the Z boson. The presence of jets included in the
hard term also reduces the sensitivity to the soft term, which
is difficult to measure accurately. The difficulty in isolating
effects from soft-term contributions from high-pT physics
objects is one reason why the soft term is not corrected.
As with the 0-jet sample, the CST Emiss

T has a significantly
under-calibrated relative recoil in the low-pZT region, and all
of the other Emiss

T algorithms have a lower relative recoil
than the CST Emiss

T . Of the pileup-suppressing Emiss
T algo-

rithms, the TST Emiss
T is closest to the relative recoil of the

CST Emiss
T . The relative recoil of the Track Emiss

T is signifi-
cantly lower than unity because the neutral particles recoil-
ing from the Z boson are not included in its reconstruction.
Finally, the STVF Emiss

T shows the lowest relative recoil

among the object-based Emiss
T algorithms as discussed above

for Fig. 10a, even lower than the Track Emiss
T for pZT < 16

GeV.

6.2.2 Measuring Emiss
T response in simulated

W → �ν events

For simulated events with intrinsic Emiss
T , the response is

studied by looking at the relative mismeasurement of the
reconstructed Emiss

T . This is referred to here as the “linearity”,
and is a measure of how consistent the reconstructed Emiss

T is

with the Emiss,True
T . The linearity is defined as the mean value

of the ratio, (Emiss
T − Emiss,True

T )/Emiss,True
T and is expected

to be zero if the Emiss
T is reconstructed at the correct scale.

For the linearity studies, no selection on the Emiss
T or

mT is applied, in order to avoid biases as these are purely
simulation-based studies. In Fig. 11, the linearity for W →
μν simulated events is presented as a function of the
Emiss,True

T . Despite the relaxed selection, a positive linearity

is evident for Emiss,True
T < 40 GeV, due to the finite resolution

of the Emiss
T reconstruction and the fact that the reconstructed

Emiss
T is positive by definition. The CST Emiss

T has the largest

deviation from zero at low Emiss,True
T because it has the largest

Emiss
T resolution.
For the events in the 0-jet sample in Fig. 11a, all

Emiss
T algorithms have a negative linearity for Emiss,True

T >

40 GeV, which diminishes for Emiss,True
T � 60 GeV. The

region of Emiss,True
T between 40 and 60 GeV mostly includes

events lying in the Jacobian peak of the W transverse mass,
and these events include mostly on-shell W bosons. For
Emiss

T � 40 GeV, the on-shell W boson must have non-
zero pT, which typically comes from its recoil against jets.
However, no reconstructed or generator-level jets are found
in this 0-jet sample. Therefore, most of the events with
40 < Emiss,True

T < 60 GeV have jets below the 20 GeV thresh-
old contributing to the soft term, and the soft term is not cal-
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Fig. 11 Emiss
T linearity in W → μν MC simulation is shown versus Emiss,True

T in the a 0-jet and b inclusive events

ibrated. The under-estimation of the soft term, described in
Sect. 6.2.1, causes the linearity to deviate further from zero
in this region. Events with Emiss,True

T >60 GeV are mostly
off-shell W bosons that are produced with very low pT. For
these events, the �pT contributions to the Emiss

T reconstruction
come mostly from the well-measured muon �pT, and the soft
term plays a much smaller role. Hence, the linearity improves
as the impact of the soft term decreases with larger Emiss,True

T .

For inclusive events in Fig. 11b with Emiss,True
T > 40 GeV,

the deviation of the linearity from zero is smaller than 5% for
the CST Emiss

T . The linearity of the TST Emiss
T is within 10%

of unity in the range of 40–60 GeV and improves for higher
Emiss,True

T values. The STVF Emiss
T has the most negative

bias in the linearity among the object-based Emiss
T algorithms

for Emiss,True
T > 40 GeV. The TST, CST, STVF, and EJAF

Emiss
T algorithms perform similarly for all Emiss,True

T values.
As expected, the linearity of the Track Emiss

T settles below
zero due to not accounting for neutral particles in jets.

6.3 The �Emiss
T angular resolution

The angular resolution is important for the reconstruction of
kinematic observables such as the transverse mass of the W
boson and the invariant mass in H → ττ events [51]. For
simulated W → �ν events, the direction of the reconstructed
�Emiss

T is compared to the �Emiss,True
T for each Emiss

T reconstruc-
tion algorithm using the difference in the azimuthal angles,
�φ( �Emiss

T , �Emiss,True
T ), which has a mean value of zero. The

RMS of the distribution is taken as the resolution, which is
labelled RMS (�φ).

No selection on the Emiss
T or mT is applied in order to

avoid biases. The RMS (�φ) is shown as a function of
Emiss,True

T in Fig. 12a for the 0-jet sample in W → μν sim-
ulation; the angular resolution generally improves as the
Emiss,True

T increases, for all algorithms. For Emiss,True
T � 120

GeV, the pileup-suppressing algorithms improve the resolu-
tion over the CST Emiss

T algorithm, but all of the algorithms

produce distributions with similar resolutions in the higher
Emiss,True

T region. The increase in RMS (�φ) at around 40–
60 GeV in the 0-jet sample is due to the larger contribution
of jets below 20 GeV entering the soft term as mentioned in
Sect. 6.2.2. The distribution from the inclusive sample shown
in Fig. 12b has the same pattern as the one from the 0-jet sam-
ple, except that the performance of the Track Emiss

T algorithm
is again significantly worse. In addition, the transition region
near 40 < Emiss,True

T < 60 GeV is smoother as the under-
estimation of the soft term becomes less significant due to
the presence of events with high-pT calibrated jets. The TST
Emiss

T algorithm has the best angular resolution for both the
0-jet and inclusive topologies throughout the entire range of
Emiss,True

T .

6.4 Transverse mass in W → �ν events

The W boson events are selected using kinematic observ-
ables that are computed from the �Emiss

T and lepton transverse
momentum. This section evaluates the scale of the mT, as
defined in Eq. (1), reconstructed with each Emiss

T definition.
ThemT computed using the reconstructed �Emiss

T is compared

to themTrue
T , which is calculated using the �Emiss,True

T in W →
μν MC simulation. The mean of the difference between the
reconstructed and generator-level mT, (〈mT − mTrue

T 〉), is
shown as a function of mTrue

T in Fig. 13 for the 0-jet and
inclusive samples. No Emiss

T or mT selection is made in these
figures, to avoid biases. All distributions for the Emiss

T algo-
rithms have a positive bias at low values of mTrue

T coming
from the positive-definite nature of the mT and the finite
Emiss

T resolution. For the 0-jet sample, the CST algorithm
has the smallest bias for mT � 60 GeV because it includes
the neutral particles with no corrections for pileup. However,
for the inclusive sample the TST Emiss

T has the smallest bias
as the Emiss

T resolution plays a larger role. The STVF and
Track Emiss

T have the largest bias for mTrue
T < 50 GeV in

the 0-jet and inclusive samples, respectively. This is due to

123



241 Page 20 of 46 Eur. Phys. J. C (2017) 77 :241

 [GeV]miss,True
TE

0 20 40 60 80 100 120 140 160 180 200

) [
ra

d]
φΔ

R
M

S
(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
CST
STVF
TST
EJAF
Track

ATLAS Simulation
 = 8 TeVs

 + 0-jetνμ→W

 [GeV]miss,True
TE

0 20 40 60 80 100 120 140 160 180 200

) [
ra

d]
φΔ

R
M

S
(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
CST
STVF
TST
EJAF
Track

ATLAS Simulation
 = 8 TeVs

 Inclusiveνμ→W

(a) (b)

Fig. 12 The resolution of �φ( �Emiss
T , �Emiss,True

T ), labelled as RMS (�φ), is shown for W → μν MC simulation for the a 0-jet and b inclusive
samples
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Fig. 13 The 〈mT − mTrue
T 〉 is shown versus mTrue

T for W → μν MC simulation in the a 0-jet and b inclusive samples

the over-correction in the soft term by αSTVF for the former
and from the missing neutral particles in the latter case. For
events with mT � 60 GeV, all of the Emiss

T algorithms have
〈mT −mTrue

T 〉 close to zero, with a spread of less than 3 GeV.

6.5 Proxy for Emiss
T significance

The Emiss
T significance is a metric defined to quantify how

likely it is that a given event contains intrinsic Emiss
T and is

computed by dividing the measured Emiss
T by an estimate

of its uncertainty. Using 7 TeV data, it was shown that the
CST Emiss

T resolution follows an approximately stochastic
behaviour as a function of �ET, computed with the CST
components, and is described by

σ(Emiss
T ) = a · √

�ET, (14)

where σ(Emiss
T ) is the CST Emiss

T resolution [1]. The typi-
cal value of a in the 8 TeV dataset is around 0.97 GeV1/2

for the CST Emiss
T . The proxy of the Emiss

T significance pre-
sented in this section is defined as the 1

a ·Emiss
T /

√
�ET. This

choice is motivated by the linear relationship for the CST
Emiss

T between its
√

�ET and its Emiss
T resolution. The same

procedure does not work for the TST Emiss
T resolution, so a

value of 2.27 GeV1/2 is used to tune the x-axis so that inte-
gral of Z → μμ simulation fits the multiples of the standard
deviation of a normal distribution at the value of 2. Ideally,
only events with large intrinsic Emiss

T have large values of
1
a ·Emiss

T /
√

�ET, while events with no intrinsic Emiss
T such as

Z → μμ have low values. It is important to point out that in
general Z → μμ is not a process with large Emiss

T uncertain-
ties or large

√
�ET. However, when there are many addi-

tional jets (large �ET), there is a significant probability that
one of them is mismeasured, which generates fake Emiss

T .
The distribution of 1

a ·Emiss
T /

√
�ET is shown for the CST

and TST Emiss
T algorithms in Fig. 14 in Z → μμ data

and MC simulation. The data and MC simulation agree
within the assigned uncertainties for both algorithms. The
CST Emiss

T distribution in Fig. 14a has a very narrow core
for the Z → μμ process, having 97% of data events with
1.03·Emiss

T /
√

�ET < 2. The proxy of the Emiss
T significance,

therefore, provides discrimination power between events
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Fig. 14 The proxy for Emiss
T significance is shown in data and MC

simulation events satisfying the Z → μμ selection for the a CST and
b TST Emiss

T algorithms. The solid band shows the combined MC sta-

tistical and systematic uncertainties, and the insets at the bottom of the
figures show the ratios of the data to the MC predictions. The far right
bin includes the integral of all events above 20

with intrinsic Emiss
T (e.g. t t̄ and dibosons) and those with

fake Emiss
T (e.g. poorly measured Z → μμ events with a

large number of jets).
The TST Emiss

T is shown as an example of a pileup-
suppressing algorithm. The �ET is not always an accurate
reflection of the resolution when there are significant contri-
butions from tracking resolution, as discussed in Sect. 5.1. In
particular, the performance of the TST reconstruction algo-
rithm is determined by the tracking resolution, which is gen-
erally more precise than the calorimeter energy measure-
ments because of the reduced pileup dependence, especially
for charged particles with lower pT. Neutral particles are
not included in the �ET for the Track Emiss

T and TST algo-
rithms, but they do affect the resolution. In addition, a very
small number of tracks do have very large over-estimated
momentum measurements due to multiple scattering or other
effects in the detector, and the momentum uncertainties of
these tracks are not appropriately accounted for in the �ET

methodology.

6.6 Tails of Emiss
T distributions

Many analyses require large Emiss
T to select events with high-

pT weakly interacting particles. The selection efficiency,
defined as the number of events with Emiss

T above a given
threshold divided by the total number of events, is used to
compare the performance of various Emiss

T reconstruction
algorithms. As Z → �� events very rarely include high-pT

neutrinos, they can be rejected by requiring substantial Emiss
T .

For events with intrinsic Emiss
T such asW → �ν, higher selec-

tion efficiencies than the Z → �� events are expected when
requiring reconstructed Emiss

T . For both cases, it is important
to evaluate the performance of the reconstructed Emiss

T .
The selection efficiencies with various Emiss

T algorithms
are compared for simulated Z → μμ and W → μν pro-
cesses as shown in Fig. 15 using the MC simulation. The
event selections discussed in Sects. 3.2 and 3.3 are applied
except the requirements on Emiss

T and mT for the W → μν

selection.
As shown in Fig. 15a, the selection efficiency for Z →

μμ events is around 1% for Emiss
T > 50 GeV, for all

Emiss
T algorithms. Thus a Emiss

T threshold requirement can
be used to reject a large number of events without intrinsic
Emiss

T . However, the Emiss,True
T , which does not include detec-

tor resolution effects, shows the selection efficiency under
ideal conditions, indicating there may be additional poten-
tial for improvement of the reconstructed Emiss

T . Namely,

the selection efficiency with Emiss,True
T provides a bench-

mark against which to evaluate the performance of different
Emiss

T algorithms. The STVF, TST, and Track Emiss
T distri-

butions have narrow cores, so for Emiss
T threshold � 50 GeV

these three Emiss
T definitions have the lowest selection effi-

ciencies for Z → μμ events. Above 50 GeV, the Track
Emiss

T performance is degraded as a result of missing neu-
tral particles, which gives it a very high selection efficiency.
The TST and STVF Emiss

T algorithms continue to have the
lowest selection efficiency up to Emiss

T threshold ≈ 110
GeV. For 110–160 GeV, the TST Emiss

T has a longer tail
than the CST Emiss

T , which is a result of mismeasured low-
pT particles that scatter and are reconstructed as high-pT
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Fig. 15 The selection efficiency is shown versus the Emiss
T threshold for a Z → μμ and b W → μν inclusive MC simulation events
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Fig. 16 a The selection efficiency with TST Emiss
T versus the Emiss

T threshold and b the ratio of CST to TST efficiencies versus Emiss
T threshold.

In both cases, results are shown for several processes

tracks. Such mismeasurements8 are rare but significant in the
Emiss

T tail. The TST, STVF, CST, and EJAF Emiss
T algorithms

provide similar selection efficiencies for Emiss
T > 160 GeV.

Above this threshold, the Emiss
T is dominated by mismeasured

high-pT physics objects which are identical in all object-
based Emiss

T definitions. Hence, the events with Emiss
T � 160

GeV are correlated among the TST, STVF, CST, and EJAF
Emiss

T distributions.
Figure 15b shows the selection efficiency for the W →

μν simulated events passing a Emiss
T threshold for all

Emiss
T algorithms. Requiring the W → μν events to pass

the Emiss
T threshold should ideally have a high selection effi-

ciency similar to that of the Emiss,True
T . The CST Emiss

T algo-
rithm gives the highest selection efficiency between 30–
120 GeV but does not agree as well as that of the other
Emiss

T algorithms with the Emiss,True
T selection efficiency for

Emiss
T threshold � 110 GeV. This comes from the positive-

8 For the TST and Track Emiss
T , mismeasured high-pT tracks with

pT > 120 (200) GeV are removed using the track quality requirements
in high (low) |η| as defined in Sect. 4.1.2.

definite nature of the Emiss
T and the worse resolution of the

CST Emiss
T relative to the other Emiss

T definitions. The Track

Emiss
T has the efficiency closest to that of the Emiss,True

T , but for
Track Emiss

T � 60 GeV, the amount of jet activity increases,
which results in a lower selection efficiency because of miss-
ing neutral particles. The EJAF, STVF, and TST Emiss

T dis-

tributions are closer than the CST to the Emiss,True
T selection

efficiency for Emiss
T threshold � 100 GeV, but the efficiencies

for all the object-based algorithms and Emiss,True
T converge

for Emiss
T threshold � 110 GeV. Hence, for large Emiss

T all
object-based algorithms perform similarly.

In Fig. 16, selection efficiencies are shown as a function
of the Emiss

T threshold requirement for various simulated
physics processes defined in Sect. 3.4 with no lepton, jet,
or mT threshold requirements. The physics object and event
selection criteria are not applied in order to show the selec-
tion efficiency resulting from the Emiss

T threshold requirement
without biases in the event topology from the ATLAS detec-
tor acceptance for leptons or jets. Only the efficiencies for the
CST and TST Emiss

T distributions are compared for brevity.
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In Fig. 16a, the efficiencies with the TST Emiss
T selection are

shown. Comparing the physics processes while imposing a
moderate Emiss

T threshold requirement of ∼100 GeV results
in a selection efficiency of 60% for an ATLAS search for
gluino-pair production [52], which is labelled as “SUSY”.
The VBF H → ττ and t t̄ events are also selected with high
efficiencies of 14 and 20%, respectively. With the 100 GeV
Emiss

T threshold the selection efficiencies for these processes
are more than an order of magnitude higher than those for
leptonically decaying W bosons and more than two orders
of magnitude higher than for Z boson events.

The Z → ee events have a lower selection efficiency
(around 20 times lower at Emiss

T = 100 GeV) than the
Z → μμ events. This is due to the muon tracking cover-
age, which is limited to |η| < 2.7, whereas the calorimeter
covers |η| < 4.9. Muons behave as minimum-ionizing parti-
cles in the ATLAS calorimeters, so they are not included
in the Emiss

T outside the muon spectrometer acceptance.
The electrons on the other hand are measured by the for-
ward calorimeters. The electron and muon decay modes of
the W boson have almost identical selection efficiencies
at Emiss

T = 100 GeV because there is Emiss,True
T from the

neutrino. However, the differences in selection efficiency
are around a factor of four higher for W → μν than for
W → eν at Emiss

T = 350 GeV. Over the entire Emiss
T spec-

trum, the differences between the electron and muon final
states for W bosons are smaller than that for Z bosons
because there is a neutrino in W → �ν events as opposed to
none in the Z → �� final state.

In Fig. 16b, the selection efficiencies for CST Emiss
T thresh-

old requirements are divided by those obtained using the
TST Emiss

T . The selection efficiencies resulting from CST
Emiss

T thresholds for SUSY, t t̄ , and VBF H → ττ are within
10% of the efficiencies obtained using the TST Emiss

T . For
Emiss

T thresholds from 40–120 GeV, the selection efficien-
cies for W and Z boson events are higher by up to 60–160%
for CST Emiss

T than TST Emiss
T , which come from pileup

contributions broadening the CST Emiss
T distribution. The

Z → μμ and Z → ee events, which have no Emiss,True
T ,

show an even larger increase of 2.6 times as many Z →
ee events passing a Emiss

T threshold of 50 GeV. The increase
is not as large for Z → μμ as Z → ee events because nei-
ther Emiss

T algorithm accounts for forward muons (|η| > 2.7)
as discussed above. Moving to a higher Emiss

T threshold, mis-
measured tracks in the TST algorithm cause it to select more
Z → ee events with 120 < Emiss

T < 230 GeV. In addition,
the CST Emiss

T also includes electron energy contributions
(pT < 20 GeV) in the forward calorimeters (|η| > 3.1) that
the TST does not.

The CST and TST Emiss
T distributions agree within

10% in selection efficiency for Emiss
T > 250 GeV for all

physics processes shown. This demonstrates a strong cor-
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Fig. 17 The CST Emiss
T versus the TST Emiss

T in Z → μμ + 0-jet
events from the MC simulation. The vector correlation coefficient is
0.177 [53]

relation between the Emiss
T distributions for events with large

Emiss,True
T , or a strong correlation between the physics objects

that cause a large mismeasurement in Emiss
T for Z events.

6.7 Correlation of fake Emiss
T between algorithms

The tracking and the calorimeters provide almost completely
independent estimates of the Emiss

T . These two measurements
complement each other, and the Emiss

T algorithms discussed
in this paper combine that information in different ways. The
distribution of the TST Emiss

T versus the CST Emiss
T is shown

for the simulated 0-jet Z → μμ sample in Fig. 17. This
figure shows the correlation of fake Emiss

T between the two
algorithms, which originates from many sources including
incorrect vertex association and miscalibration of high-pT

physics objects.
Vector correlation coefficients [53], shown in Table 5, are

used to estimate the correlation between the Emiss
T distribu-

tions resulting from different reconstruction algorithms. The
value of the vector correlation coefficients ranges from 0 to
2, with 0 being the least correlated and 2 being the most
correlated. The coefficients shown are obtained using the
simulated 0-jet and inclusive Z → μμ MC samples. The
least-correlated Emiss

T distributions are the CST and Track
Emiss

T , which use mostly independent momenta measure-
ments in their reconstructions. The correlations of the other
Emiss

T distributions to the CST Emiss
T decrease as more track-

ing information is used to suppress the pileup dependence
of the soft term, with the TST Emiss

T distribution having the
second smallest vector correlation coefficient with respect to
the CST Emiss

T distribution. Placing requirements on a com-
bination of Emiss

T distributions or requiring the difference in
azimuthal direction between two Emiss

T vectors to be small
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Table 5 Vector correlation coefficients are shown between Emiss
T def-

initions in Z → μμ MC simulation. Below the diagonal are events in
the 0-jet sample, and above the diagonal are inclusive events

Emiss
T CST TST Track STVF EJAF

CST 2 0.261 0.035 0.525 0.705

TST 0.177 2 0.232 1.557 0.866

Track 0.153 1.712 2 0.170 0.065

STVF 0.585 1.190 1.017 2 1.256

EJAF 0.761 0.472 0.401 1.000 2

can greatly reduce fake Emiss
T backgrounds, especially using

the least-correlated Emiss
T distributions. Such strategies are

adopted in several Higgs boson analyses in ATLAS [54–56].

7 Jet- pT threshold and vertex association selection

Jets can originate from pileup interactions, so tracks matched
to the jets are extrapolated back to the beamline to ascertain
whether they are consistent with originating from the hard
scatter or a pileup collision. The JVF defined in Sect. 4.1.1
is used to separate pileup jets and jets from the hard scatter.
The STVF, EJAF, and TST Emiss

T algorithms improve their
jet identification by removing jets associated with pileup ver-
tices or jets that have a large degradation in momentum res-
olution due to pileup activity. Energy contributions from jets
not associated with the hard-scatter vertex are included in the
soft term. For the TST, this means that charged particles from
jets not associated with the hard-scatter vertex may then enter
the soft term if their position along the beamline is consistent
with the z-position of the hard-scatter vertex.

Applying a JVF cut is a trade-off between removing jets
from pileup interactions and losing jets from the hard scatter.

Therefore, several values of the JVF selection criterion are
considered in Z → �� events with jets having pT > 20 GeV;
their impact on the Emiss

T resolution and scale is investigated
in Fig. 18. Larger JVF thresholds on jets reduce the pileup
dependence of the Emiss

T resolution, but they simultaneously
worsen the Emiss

T scale. Thus the best compromise for the
value of the JVT threshold is chosen. Requiring JVF > 0.25
greatly improves the stability of the Emiss

T resolution with
respect to pileup by reducing the dependence of the Emiss

T res-
olution on the number of reconstructed vertices as shown in
Fig. 18a. The �Emiss

T in Z → �� events ideally has a magnitude
of zero, apart from some relatively infrequent neutrino contri-
butions in jets. So its magnitude should be consistently zero
along any direction. The �pZT remains unchanged for different
JVF requirements, which makes its direction a useful refer-
ence to check the calibration of the �Emiss

T . The difference from
zero of the average value of the reconstructed Emiss

T along �pZT
increases as tighter JVF selections are applied as shown in
Fig. 18b. Requiring a JVF threshold of 0.25 or higher slightly
improves the stability of the resolution with respect to pileup,
whereas it visibly degrades the Emiss

T response by removing
too many hard-scatter jets. Lastly, pileup jets with pT > 50
GeV are very rare [4], so applying the JVF requirement above
this pT threshold is not useful. Therefore, requiring JVF to
be larger than 0.25 for jets with pT < 50 GeV within the
tracking volume (|η| < 2.4) is the preferred threshold for the
Emiss

T reconstruction.
In addition, the pT threshold, which defines the boundary

between the jet and soft terms, is optimized. For these studies,
the jets with pT > 20 GeV and |η| < 2.4 are required to
have JVF > 0.25. A procedure similar to that used for the
JVF optimization is used for the jet-pT threshold using the
same two metrics as shown in Fig. 19. While applying a
higher pT threshold improves the Emiss

T resolution versus
the number of pileup vertices, by decreasing the slope, the
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Fig. 18 The a TST Emiss
T resolution versus the number of reconstructed vertices per bunch crossing (NPV) and the b TST �Emiss

T in the direction
of the �pZT are shown for the different JVF selection criterion values applied to jets with pT > 20 GeV and |η| < 2.4 using the Z → μμ simulation
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Fig. 19 The a TST Emiss
T resolution as a function of the number of

reconstructed vertices per bunch crossing (NPV) and the b TST �Emiss
T in

the direction of the �pZT are shown for different jet-pT thresholds using

the Z → μμ simulation. JVF > 0.25 is required for all jets with pT > 20
GeV and |η| < 2.4

�Emiss
T becomes strongly biased in the direction opposite to

the �pZT . Therefore, the pT threshold of 20 GeV is preferred.

8 Systematic uncertainties of the soft term

The �Emiss
T is reconstructed from the vector sum of sev-

eral terms corresponding to different types of contributions
from reconstructed physics objects, as defined in Eq. (2).
The estimated uncertainties in the energy scale and momen-
tum resolution for the electrons [14], muons [13], jets [44],
τhad-vis [47], and photons [14] are propagated into the Emiss

T .
This section describes the estimation of the systematic uncer-
tainties for the Emiss

T soft term. These uncertainties take into
account the impact of the generator and underlying-event
modelling used by the ATLAS Collaboration, as well as
effects from pileup.

The balance of the soft term with the calibrated physics
objects is used to estimate the soft-term systematic uncer-
tainties in Z → μμ events, which have very little Emiss,True

T .
The transverse momenta of the calibrated physics objects,
�p hard

T , is defined as

�p hard
T =

∑
�p e

T +
∑

�p μ
T +

∑
�p γ

T +
∑

�p τ
T +

∑
�p jet

T ,

(15)

which is the vector sum of the transverse momenta of the
high-pT physics objects. It defines an axis (with unit vector
p̂ hard

T ) in the transverse plane of the ATLAS detector along
which the Emiss

T soft term is expected to balance phard
T in

Z → μμ events. This balance is sensitive to the differences in
calibration and reconstruction of the Emiss,soft

T between data
and MC simulation and thus is sensitive to the uncertainty in
the soft term. This discussion is similar to the one in Sect. 6.2;

however, here the soft term is compared to the hard term
rather than comparing the �Emiss

T to the recoil of the Z .

8.1 Methodology for CST

Two sets of systematic uncertainties are considered for the
CST. The same approach is used for the STVF and EJAF
algorithms to evaluate their soft-term systematic uncertain-
ties. The first approach decomposes the systematic uncertain-
ties into the longitudinal and transverse components along the
direction of �p hard

T , whereas the second approach estimates the
global scale and resolution uncertainties. While both meth-
ods were recommended for analyses of the 8 TeV dataset, the
first method, described in Sect. 8.1.1, gives smaller uncer-
tainties. Therefore, the second method, which is discussed in
Sect. 8.1.2, is now treated as a cross-check.

Both methods consider a subset of Z → μμ events that
do not have any jets with pT > 20 GeV and |η| < 4.5. Such
an event topology is optimal for estimation of the soft-term
systematic uncertainties because only the muons and the soft
term contribute to the Emiss

T . In principle the methods are
valid in event topologies with any jet multiplicity, but the
Z → μμ + ≥1-jet events are more susceptible to jet-related
systematic uncertainties.

8.1.1 Evaluation of balance between the soft term and the
hard term

The primary or “balance” method exploits the momentum
balance in the transverse plane between the soft and hard
terms in Z → �� events, and the level of disagreement
between data and simulation is assigned as a systematic
uncertainty.

The �E miss,soft
T is decomposed along the p̂ hard

T direction.
The direction orthogonal to p̂ hard

T is referred to as the per-
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Fig. 20 The a mean and b Gaussian width of the CST �Emiss
T projected onto p̂ hard

T are each shown as a function of phard
T in Z → μμ +0-jet events.

The ratio of data to MC simulation is shown in the lower portion of the plot with the band representing the assigned systematic uncertainty

pendicular direction while the component parallel to p̂ hard
T is

labelled as the longitudinal direction. The projections of
�E miss,soft

T along those directions are defined as:

Emiss,soft
‖ = Emiss,soft

T cos φ( �E miss,soft
T , �p hard

T ),

Emiss,soft
⊥ = Emiss,soft

T sin φ( �E miss,soft
T , �p hard

T ),
(16)

The Emiss,soft
‖ is sensitive to scale and resolution differences

between the data and simulation because the soft term should
balance the �p hard

T in Z → μμ events. For a narrow range of

phard
T values, the mean and width of the Emiss,soft

‖ are com-
pared between data and MC simulation. On the other hand,
the perpendicular component, Emiss,soft

⊥ , is only sensitive to
differences in resolution. A Gaussian function is fit to the
�Emiss

T projected onto p̂ hard
T in bins of phard

T , and the resulting
Gaussian mean and width are shown in Fig. 20. The mean
increases linearly with phard

T , because the soft term is not
calibrated to the correct energy scale. On the other hand, the
width is relatively independent of phard

T , because the width is
mostly coming from pileup contributions.

The small discrepancies in mean and width between data
and simulation are taken as the systematic uncertainties for
the scale and resolution, respectively. A small dependence
on the average number of collisions per bunch crossing is
observed for the scale and resolution uncertainties for high
phard

T , so the uncertainties are computed in three ranges
of pileup and three ranges of phard

T . The scale uncertainty
varies from −0.4 to 0.3 GeV depending on the bin, which
reduces the uncertainties from the 5% shown in Fig. 20 for
phard

T > 10 GeV. A small difference in the uncertainties for
the resolution along the longitudinal and perpendicular direc-
tions is observed, so they are considered separately. The aver-
age uncertainty is about 2.1% (1.8%) for the longitudinal
(perpendicular) direction.

8.1.2 Cross-check method for the CST systematic
uncertainties

As a cross-check of the method used to estimate the CST
uncertainties, the sample of Z → μμ +0-jet events is also
used to evaluate the level of agreement between data and
simulation. The projection of the �Emiss

T onto p̂ hard
T provides

a test for potential biases in the Emiss
T scale. The systematic

uncertainty in the soft-term scale is estimated by comparing
the ratio of data to MC simulation for 〈 �Emiss

T · p̂ hard
T 〉 versus

�ET (CST) as shown in Fig. 21a. The average deviation
from unity in the ratio of data to MC simulation is about 8%,
which is taken as a flat uncertainty in the absolute scale. The
systematic uncertainty in the soft-term resolution is estimated
by evaluating the level of agreement between data and MC
simulation in the Emiss

x and Emiss
y resolution as a function

of the �ET (CST) (Fig. 21b). The uncertainty on the soft-
term resolution is about 2.5% and is shown as the band in the
data/MC ratio.

Even though the distributions appear similar, the results in
this section are derived by projecting the full Emiss

T onto the
p̂ hard

T in the 0-jet events, and are not directly comparable to
the ones in Sect. 8.1.1, in which only the soft term is projected
onto p̂ hard

T .

8.2 Methodology for TST and Track Emiss
T

A slightly different data-driven methodology is used to eval-
uate the systematic uncertainties in the TST and Track Emiss

T .
Tracks matched to jets that are included in the hard term are
removed from the Track Emiss

T and are treated separately, as
described in Sect. 8.2.3.

The method exploits the balance between the soft track
term and �p hard

T and is similar to the balance method for the
CST. The systematic uncertainties are split into two compo-
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Fig. 21 The a projection of CST �Emiss
T onto p̂ hard

T and b the Gaussian
width (resol.) of the combined distribution of CST Emiss

x and Emiss
y are

shown versus �ET (CST). The ratio of data to MC simulation is shown

in the lower portion of the plot with the solid band representing the
assigned systematic uncertainty

nents: the longitudinal (Emiss,soft
‖ ) and transverse (Emiss,soft

⊥ )

projections onto �p hard
T as defined in Eq. (16).

The Emiss,soft
‖ in data is fit with the MC simulation con-

volved with a Gaussian function, and the fitted Gaussian
mean and width are used to extract the differences between
simulation and data. The largest fit values of the Gaussian
width and offset define the systematic uncertainties. For the
perpendicular component, the simulation is only smeared by
a Gaussian function of width σ⊥ to match the data. The mean,
which is set to zero in the fit, is very small in data and MC
simulation because the hadronic recoil only affects Emiss,soft

‖ .

The fitting is done in 5 or 10 GeV bins of phard
T from 0–

50 GeV, and a single bin for phard
T > 50 GeV.

An example fit is shown in Fig. 22 for illustration. The
1-jet selection with the JVF requirement is used to show
that the differences between data and simulation, from the
jet-related systematic uncertainties, are small relative to the
differences in the soft-term modelling. The impact of the
jet-related systematic uncertainties is less than 0.1% in the
Gaussian smearing (σ = 1.61 GeV), indicating that the jet-
related systematic uncertainties do not affect the extraction
of the TST systematic uncertainties.

The Gaussian width squared of Emiss,soft
‖ and Emiss,soft

⊥
components and the fitted mean of Emiss,soft

‖ for data and MC

simulation are shown versus phard
T in Fig. 23. The systematic

uncertainty squared of the convolved Gaussian width and the
systematic uncertainty of the offset for the longitudinal com-
ponent are shown in the bands. While the systematic uncer-
tainties are applied to the MC simulation, the band is shown
centred around the data to show that all MC generators plus
parton shower models agree with the data within the assigned
uncertainties. Similarly for the Emiss,soft

⊥ , the width of the
convolved Gaussian function for the perpendicular compo-
nent is shown in the band. The Alpgen+Herwig simula-
tion has the largest disagreement with data, so the Gaussian
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Fig. 22 Fit to the TST Emiss,soft
⊥ for μ < 19 and 25 < phard

T < 30 GeV
in the 1-jet sample. The nominal MC simulation, the jet-related system-
atic uncertainties (hashed band), and the data are shown. The nominal
MC simulation is convolved with a Gaussian function until it matches
the data, and the resulting fit is shown with the solid curve. The jet
counting for the 1-jet selection uses the same JVF criterion as the TST
Emiss

T reconstruction algorithm

smearing parameters and offsets applied to the simulation
are used as the systematic uncertainties in the soft term. The
phard

T > 50 GeV bin has the smallest number of data entries;
therefore, it has the largest uncertainties in the fitted mean
and width. In this bin of the distribution shown in Fig. 23(a),
the statistical uncertainty from the Alpgen+Herwig simu-
lation, which is not the most discrepant from data, is added to
the uncertainty band, and this results in a systematic uncer-
tainty band that spans the differences in MC generators for
σ 2(Emiss,soft

‖ ) for events with phard
T > 50 GeV.
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Fig. 23 The fitted TST a σ 2(Emiss,soft
‖ ), b σ 2(Emiss,soft

⊥ ), and c

〈Emiss,soft
‖ 〉 in each case versus phard

T are shown in data and Alpgen+
Herwig,Powheg+Pythia8,Sherpa, andAlpgen+PythiaZ → μμ

simulation. The error bars on the data and MC simulation points are the

errors from the Gaussian fits. The solid band, which is centred on the
data, shows the parameter’s systematic uncertainties from Table 6. The
insets at the bottom of the figures show the ratios of the MC predictions
to the data

The impact of uncertainties coming from the parton
shower model, the number of jets, μ dependence, JER/JES
uncertainties, and forward versus central jet differences was
evaluated. Among the uncertainties, the differences between
the generator and parton shower models have the most dom-
inant effects. The total TST systematic uncertainty is sum-
marized in Table 6.

8.2.1 Propagation of systematic uncertainties

The CST systematic uncertainties from the balance method
defined in Sect. 8.1.1 are propagated to the nominal �E miss,soft

T
as follows:

Emiss,soft
‖(⊥),reso = (1 ± R‖(⊥))(E

miss,soft
‖(⊥) − 〈Emiss,soft

‖(⊥) 〉)
+〈Emiss,soft

‖(⊥) 〉 (17a)

Emiss,soft
‖,scale± = Emiss,soft

‖ ± �CST (17b)

where Emiss,soft
‖(⊥),reso and Emiss,soft

‖,scale± are the values after propagat-
ing the resolution and scale uncertainties, respectively, in the

Table 6 The TST scale (�TST) and resolution uncertainties (σ‖ and
σ⊥) are shown in bins of phard

T

phard
T range (GeV) �TST (GeV) σ‖ (GeV) σ⊥ (GeV)

0–10 0.3 1.6 1.7

10–15 0.4 1.6 1.6

15–20 0.6 1.6 1.6

20–25 0.7 1.8 1.7

25–30 0.8 1.9 1.7

30–35 1.0 2.1 1.8

35–40 1.1 2.4 2.1

40–50 1.2 2.6 2.2

>50 1.4 5.2 2.7

longitudinal (perpendicular) directions. The mean values of
parameters are denoted using angled brackets. The �CST is
the scale uncertainty, and the R‖(⊥) is the fractional resolu-
tion uncertainty taken from the lower portion of Fig. 20b.
Both depend on the phard

T and the average number of pileup
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interactions per bunch crossing. Each propagation of the sys-
tematic uncertainties in Eq. (17b) is called a variation, and
all of the variations are used in ATLAS analyses.

The systematic uncertainties in the resolution and scale for
the CST using the cross-check method defined in Sect. 8.1.2
are propagated to the nominal �E miss,soft

T as follows:

Emiss,soft
x(y),reso = Emiss,soft

x(y) · Gaus(1, σ̂CST), (18a)

Emiss,soft
x(y),scale± = Emiss,soft

x(y) · (1 ± δ), (18b)

where Emiss,soft
x(y),reso and Emiss,soft

x(y),scale± are the values after propa-
gating the resolution and scale uncertainties, respectively, in
the x (y) directions. Here, δ is the fractional scale uncertainty,
and σ̂CST corrects for the differences in resolution between
the data and simulation.

The systematic uncertainties in the resolution and scale for
the TST �E miss,soft

T are propagated to the nominal �E miss,soft
T

as follows:

Emiss,soft
‖(⊥),reso = Emiss,soft

‖(⊥) + Gaus(�TST, σ‖(⊥)), (19a)

Emiss,soft
‖,scale± = Emiss,soft

‖ ± �TST. (19b)

The symbol Gaus(�TST, σ‖(⊥)) represents a random num-
ber sampled from a Gaussian distribution with mean �TST

and width σ‖(⊥). The shift �TST is zero for the perpendicular
component. All of the TST systematic-uncertainty variations
have a wider distribution than the nominal MC simulation,
when the Gaussian smearing is applied. To cover cases in
which the data have a smaller resolution (narrower distribu-
tion) than MC simulation, a downward variation is computed
using Eq. (20). To compute the yield of predicted events in
the variation, Ydown(X), for a given value X of the Emiss

T , the
yield is defined as the

Ydown(X) = [Y (X)]2

Ysmeared(X)
, (20)

where the square of the yield of the nominal distribution,
Y (X), is divided by the yield of events after applying the
variation with Gaussian smearing to the kinematic variable,
Ysmeared(X). In practice, the yields are typically the content of
histogram bins before (Y (X)) and after (Ysmeared(X)) the sys-
tematic uncertainty variations. This procedure can be applied
to any kinematic observable by propagating only the smeared
soft-term variation to the calculation of the kinematic observ-
able X and then computing the yield Ydown(X) as defined in
Eq. (20).

There are six total systematic uncertainties associated with
the TST:

• Increase scale (Emiss,soft
‖,scale+ )

• Decrease scale (Emiss,soft
‖,scale− )

• Gaussian smearing of Emiss,soft
‖ (Emiss,soft

‖,reso )

• The downward variation of the above Emiss,soft
‖,reso computed

using Eq. (20)
• Gaussian smearing of Emiss,soft

⊥ (Emiss,soft
⊥,reso )

• The downward variation of the above Emiss,soft
⊥,reso computed

using Eq. (20)

8.2.2 Closure of systematic uncertainties

The systematic uncertainties derived in this section for the
CST and TST Emiss

T are validated by applying them to the
Z → μμ sample to confirm that the differences between data
and MC simulation are covered.
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Fig. 24 Distributions of a Emiss,soft
T and b Emiss

T with the CST algo-
rithm. Data are compared to the nominal simulation distribution as
well as those resulting from applying the shifts/smearing according to
the scale and resolution systematic uncertainties on the Emiss,soft

T . The

resulting changes from the variations are added in quadrature, and the
insets at the bottom of the figures show the ratios of the data to the MC
predictions. The uncertainties are estimated using the balance method
described in Sect. 8.1.1
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Fig. 25 Distributions of a Emiss,soft
T and b Emiss

T with the CST algo-
rithm. Data are compared to the nominal simulation distribution as
well as those resulting from applying the shifts/smearing according to
the scale and resolution systematic uncertainties on the Emiss,soft

T . The

resulting changes from the variations are added in quadrature, and the
insets at the bottom of the figures show the ratios of the data to the MC
predictions. The uncertainties are estimated from the data/simulation
ratio in Sect. 8.1.2
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Fig. 26 Distributions of a Emiss,soft
T and b Emiss

T with the TST algo-
rithm. Data are compared to the nominal simulation distribution as well
as those resulting from applying the scale and resolution systematic
uncertainties to the Emiss,soft

T and adding the variations in quadrature,

and the insets at the bottom of the figures show the ratios of the data to
the MC predictions. The uncertainties are estimated from the method
in Sect. 8.2

The effects of these systematic uncertainty variations on
the CST Emiss

T are shown for the Z → μμ events in Figs. 24
and 25 for the primary (Sect. 8.1.1) and the cross-check
(Sect. 8.1.2) methods, respectively. The uncertainties are
larger for the cross-check method, reaching around 50% for
Emiss,soft

T > 60 GeV in Fig. 25a.
The corresponding plots for the TST Emiss

T are shown in
Fig. 26 using the Z → μμ +0-jet control sample, where the
uncertainty band is the quadratic sum of the variations with
the MC statistical uncertainty. The systematic uncertainty
band for the TST is larger in Fig. 26a than the one for the pri-
mary CST algorithm. In all the distributions, the systematic
uncertainties in the soft term alone cover the disagreement
between data and MC simulation.

8.2.3 Systematic uncertainties from tracks inside jets

A separate systematic uncertainty is applied to the scalar
summed pT of tracks associated with high-pT jets in the
Track Emiss

T because these tracks are not included in the TST.
The fraction of the momentum carried by charged particles
within jets was studied in ATLAS [57], and its uncertainty
varies from 3 to 5% depending on the jet η and pT. These
uncertainties affect the azimuthal angle between the Track
Emiss

T and the TST Emiss
T , so the modelling is checked with

Z → μμ events produced with one jet. The azimuthal angle
between the Track Emiss

T and the TST Emiss
T directions is

well modelled, and the differences between data and MC
simulation are within the systematic uncertainties.
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9 Conclusions

Weakly interacting particles, which leave the ATLAS detec-
tor undetected, give rise to a momentum imbalance in the
plane transverse to the beamline. An accurate measurement
of the missing transverse momentum (Emiss

T ) is thus impor-
tant in many physics analyses to infer the momentum of
these particles. However, additional interactions occurring
in a given bunch crossing as well as residual signatures from
nearby bunch crossings make it difficult to reconstruct the
Emiss

T from the hard-scattering process alone.
The �Emiss

T is computed as the negative vector sum of the
reconstructed physics objects including electrons, photons,
muons, τ -leptons, and jets. The remaining energy deposits
not associated with those high-pT physics objects are also
considered in the �Emiss

T . They collectively form the so-called
soft term, which is the Emiss

T component most affected by
pileup. The calorimeter and the tracker in the ATLAS detec-
tor provide complementary information to the reconstruc-
tion of the high-pT physics objects as well as the Emiss

T
soft term. Charged particles are matched to a particular
collision point or vertex, and this information is used to
determine which charged particles originated from the hard-
scatter collision. Thus tracking information can be used to
greatly reduce the pileup dependence of the Emiss

T reconstruc-
tion. This has resulted in the development of Emiss

T recon-
struction algorithms that combine the information from the
tracker and the calorimeter. The performance of these recon-
struction algorithms is evaluated using data from 8 TeV
proton–proton collisions collected with the ATLAS detec-
tor at the LHC corresponding to an integrated luminosity of
20.3 fb−1.

The Calorimeter Soft Term (CST) is computed from
the sum of calorimeter topological clusters not associated
with any hard object. No distinction can be made between
energy contributions from pileup and hard-scatter interac-
tions, which makes the resolution on the �Emiss

T magnitude
and direction very dependent on the number of pileup interac-
tions. The pileup-suppressed Emiss

T definitions clearly reduce
the dependence on the number of pileup interactions but also
introduce a larger under-estimation of the soft term than the
CST.

The Track Soft Term (TST) algorithm does not use
calorimeter energy deposits in the soft term and uses only
the inner detector (ID) tracks. It has stable Emiss

T resolution
with respect to the amount of pileup; however, it does not have
as good a response as the CST Emiss

T , due mainly to missing
neutral particles in the soft term. Nevertheless, its response
is better than that of the other reconstruction algorithms that
aim to combine the tracking and calorimeter information. For
large values of Emiss,True

T , the CST and TST Emiss
T algorithms

all perform similarly. This is because contributions from jets

dominate the Emiss
T performance, making the differences in

soft-term reconstruction less important.
The Extrapolated Jet Area with Filter (EJAF) and Soft-

Term Vertex-Fraction (STVF) Emiss
T reconstruction algo-

rithms correct for pileup effects in the CST Emiss
T by uti-

lizing a combination of the ATLAS tracker and calorimeter
measurements. Both apply a vertex association to the jets
used in the Emiss

T calculation. The EJAF soft-term recon-
struction subtracts the pileup contributions to the soft term
using a procedure similar to jet area-based pileup corrections,
and the EJAF Emiss

T resolution has a reduced dependence on
the amount of pileup, relative to the CST algorithm. The
STVF reconstruction algorithm uses an event-level correc-
tion of the CST, which is the scalar sum of charged-particle
pT from the hard-scatter vertex divided by the scalar sum of
all charged-particle pT. The STVF correction to the soft term
greatly decreases the dependence of the Emiss

T resolution on
the amount of pileup but causes the largest under-estimation
of all the soft-term algorithms.

Finally, the Track Emiss
T reconstruction uses only the inner

detector tracks with the exception of the reconstructed elec-
tron objects, which use the calorimeter ET measurement. The
resolutions on the Track Emiss

T magnitude and direction are
very stable against pileup, but the limited |η| coverage of the
tracker degrades the Emiss

T response, as does not accounting
for high-pT neutral particles, especially in events with many
jets.

The different Emiss
T algorithms have their own advantages

and disadvantages, which need to be considered in the context
of each analysis. For example, removing large backgrounds
with low Emiss

T , such as Drell–Yan events, may require the
use of more than one Emiss

T definition. The tails of the track
and calorimeter Emiss

T distributions remain uncorrelated, and
exploiting both definitions in parallel allows one to suppress
such backgrounds even under increasing pileup conditions.

The systematic uncertainties in the Emiss
T are estimated

with Z → μμ events for each reconstruction algorithm, and
are found to be small.
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Appendix

A. Calculation of EJAF

A jet-level η-dependent pileup correction of the form

ρmed
η (η) = ρmed

evt · Pρ
fct(η, NPV, 〈μ〉), (21)

is used, where the NPV and 〈μ〉 are determined from the
event properties. This multiplies the median soft-term jet
pT-density, ρmed

evt , from Eq. (7) by the functional form,
Pρ

fct(η, NPV,〈μ〉) as defined in Eq. (9), which was fit to the
average transverse momentum density. The median trans-
verse momentum density ρmed

evt is determined from soft-term
jets with |η| < 2 and then extrapolated to higher |η| as dis-
cussed in Sect. 4.1.2 using the fitted Pρ

fct(η, NPV,〈μ〉).
The pileup correction ρmed

η (η) from Eq. (21) is applied to
the transverse momenta of the soft-term jets passing a JVF
selection. The pileup-corrected jet pT is labelled pfilter-jet,corr

T,i ,
and it is computed as

pfilter-jet,corr
T,i =

{
0 (pfilter-jet

T,i ≤ ρmed
η (η

filter-jet
i ) · Afilter-jet

i )

pfilter-jet
T,i − ρmed

η (η
filter-jet
i ) · Afilter-jet

i (pfilter-jet
T,i > ρmed

η (η
filter-jet
i ) · Afilter-jet

i ).
(22)

The x and y components of pfilter-jet,corr
T,i are used to compute

the EJAF soft term using Eq. (10), and only soft-term jets
matched to the PV with JVF > 0.25 for |ηfilter-jet

i | < 2.4

or jets with |ηfilter-jet
i | ≥ 2.4 are used. Because of this JVF

selection, the label of “filter-jet” is added to the catchment
area (Afilter-jet

i ), to the transverse momentum (pfilter-jet
T,i ), and

to the jet η (ηfilter-jet
i ) variables.

While all other jets used in this paper use an R = 0.4
reconstruction, the larger value of R = 0.6 is used to reduce
the number of kt soft-term jets with pT = 0 (see Eq. (22)) in
the central detector region. While negative energy deposits
are possible in the ATLAS calorimeters, their contributions
cannot be matched to the soft-term jets by ghost-association.
Studies that modify the cluster-to-jet matching to include
negative-pT clusters indicate no change in the Emiss

T perfor-
mance, so negative-pT clusters are excluded from the soft-
term jets. Finally, only filter-jets with pfilter-jet

T,i larger than the
pileup correction contribute to the EJAF soft term.

References

1. ATLAS Collaboration, Performance of Missing Transverse
Momentum Reconstruction in Proton–Proton Collisions at
7 TeV with ATLAS. Eur. Phys. J. C 72, 1844 (2012).
arXiv:1108.5602 [hep-ex]

2. ATLAS Collaboration, The ATLAS experiment at the CERN
Large Hadron Collider. JINST 3, S08003 (2008). doi:10.1088/
1748-0221/3/08/S08003

3. ATLAS Collaboration, Luminosity determination in pp collisions
at

√
s = 8 TeV using the ATLAS detector at the LHC. Eur. Phys.

J. C 76, 653 (2016). arXiv:1608.03953 [hep-ex]
4. ATLAS Collaboration, Performance of pile-up mitigation tech-

nique for jets in pp collisions at
√
s = 8 TeV using the ATLAS

detector. Eur. Phys. J. C (2015). arXiv:1510.03823 [hep-ex]
5. ATLAS Collaboration, Data-quality requirements and event clean-

ing for jets and missing transverse energy reconstruction with the
ATLAS detector in proton–proton collisions at a center of mass
energy

√
s = 7 TeV. ATLAS-CONF-2010-038 (2010). http://cds.

cern.ch/record/1277678
6. ATLAS Collaboration, Alignment of the ATLAS inner detector and

its performance in 2012. ATLAS-CONF-2014-047 (2014). http://
cds.cern.ch/record/1741021

7. ATLAS Collaboration, Performance of the ATLAS inner detector
track and vertex reconstruction in the high pile-up LHC environ-
ment. ATLAS-CONF-2012-042 (2012). http://cds.cern.ch/record/
1435196

8. ATLAS Collaboration, Charged-particle multiplicities in pp inter-
actions measured with the ATLAS detector at the LHC. N. J. Phys.
13, 053033 (2011). arXiv:1012.5104 [hep-ex]

9. ATLAS Collaboration, Electron reconstruction and identification
efficiency measurements with the ATLAS detector using the 2011

LHC proton–proton collision data. Eur. Phys. J. C 2941 (2014).
arXiv:1404.2240 [hep-ex]

10. ATLAS Collaboration, Reconstruction of primary vertices at the
ATLAS experiment in Run 1 proton–proton collisions at the LHC.
Eur. Phys. J. C. arXiv:1611.10235 [hep-ex] (submitted)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1108.5602
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://arxiv.org/abs/1608.03953
http://arxiv.org/abs/1510.03823
http://cds.cern.ch/record/1277678
http://cds.cern.ch/record/1277678
http://cds.cern.ch/record/1741021
http://cds.cern.ch/record/1741021
http://cds.cern.ch/record/1435196
http://cds.cern.ch/record/1435196
http://arxiv.org/abs/1012.5104
http://arxiv.org/abs/1404.2240
http://arxiv.org/abs/1611.10235


Eur. Phys. J. C (2017) 77 :241 Page 33 of 46 241

11. ATLAS Collaboration, Performance of the ATLAS electron and
photon trigger in p–p collisions at

√
s = 7 TeV in 2011. ATLAS-

CONF-2012-048 (2012). http://cds.cern.ch/record/1450089
12. ATLAS Collaboration, Performance of the ATLAS muon trigger

in pp collisions at
√
s = 8 TeV. Eur. Phys. J. C 75, 120 (2015).

arXiv:1408.3179 [hep-ex]
13. ATLAS Collaboration, Measurement of the muon reconstruction

performance of the ATLAS detector using 2011 and 2012 LHC
proton proton collision data. Eur. Phys. J. C 74, 3130 (2014).
arXiv:1407.3935 [hep-ex]

14. ATLAS Collaboration, Electron and photon energy calibration with
the ATLAS detector using LHC Run 1 data. Eur. Phys. J. C 74, 3071
(2014). arXiv:1407.5063 [hep-ex]

15. ATLAS Collaboration, Measurement of distributions sensitive to
the underlying event in inclusive Z-boson production in pp colli-
sions at

√
s = 7 TeV with the ATLAS detector. Eur. Phys. J. C 74,

3195 (2014). arXiv:1409.3433 [hep-ex]
16. M.L. Michelangelo et al., ALPGEN, a generator for hard mul-

tiparton processes in hadronic collisions. JHEP 07, 001 (2013).
arXiv:0206293

17. T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and
manual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175

18. P.K. Skands, Tuning Monte Carlo generators: the Perugia tunes.
Phys. Rev. D 82, 074018 (2010). arXiv:1005.3457 [hep-ex]

19. G. Corcella et al., HERWIG 6: An Event generator for hadron emis-
sion reactions with interfering gluons (including supersymmetric
processes) JHEP 01 , 010 (2001). doi:10.1088/1126-6708/2001/
01/010. arXiv:0011363 [hep-ph]

20. J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Multiparton inter-
actions in photoproduction at HERA. Z. Phys. C 72, 637–646
(1996). arXiv:hep-ph/9601371

21. ATLAS Collaboration, New ATLAS event generator tunes to
2010 data. ATL-PHYS-PUB-2011-008 (2011). http://cds.cern.ch/
record/1345343

22. N. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms. JHEP 11, 040 (2004).
arXiv:hep-ph/0409146

23. T. Gleisberg et al., Event generation with SHERPA 1.1. JHEP 02,
007 (2009). arXiv:0811.4622 [hep-ph]

24. M. Bahr et al., Herwig++ physics and manual. Eur. Phys. J. C 58,
639–707 (2008). arXiv:0803.0883 [hep-ph]

25. T. Sjöstrand, S. Mrenna, P.Z. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 639–707 (2008).
arXiv:0710.3820 [hep-ph]

26. K. Melnikov, F. Petriello, Electroweak gauge boson production at
hadron colliders through O(α2

s ). Phys. Rev. D 74, 114017 (2006).
arXiv:hep-ph/0609070

27. J. Pumplin et al., New generation of parton distributions with
uncertainties from global QCD analysis. JHEP 07, 012 (2002).
arXiv:hep-ph/0201195 [hep-ph]

28. M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production
cross section at hadron colliders through O(α4

s ). Phys. Rev. Lett.
110, 252004 (2013). arXiv:1303.6524 [hep-ph]

29. M. Czakon, A. Mitov, Top++: a program for the calculation of the
top-pair cross-section at hadron colliders. Comput. Phys. Commun.
185, 2930–2938 (2014). arXiv:1112.5675 [hep-ph]

30. H.-L. Lai et al., New parton distributions for collider physics. Phys.
Rev. D 82, 074024 (2010). doi:10.1103/PhysRevD.82.074024

31. ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes. ATL-
PHYS-PUB-2012-003 (2012). http://cds.cern.ch/record/1474107

32. S. Gieseke, C. Röhr, A. Siódmok, Colour reconnections in Her-
wig++. Eur. Phys. J. C 72, 2225 (2012). arXiv:1206.0041 [hep-ex]

33. J.M. Campbell, R.K. Ellis, An update on vector boson pair pro-
duction at hadron colliders. Phys. Rev. D 60, 113006 (1999).
arXiv:hep-ph/9905386

34. J.M. Campbell, R.K. Ellis, C. Williams, Vector boson pair produc-
tion at the LHC. JHEP 07, 018 (2011). arXiv:1105.0020 [hep-ph]

35. N. Kidonakis, Two-loop soft anomalous dimensions for single top
quark associated production with a W- or H-. Phys. Rev. D 82,
054018 (2010). arXiv:1005.4451 [hep-ph]

36. S. Catani et al., Vector boson production at hadron colliders: a fully
exclusive QCD calculation at NNLO. Phys. Rev. Lett. 103 (2009).
arXiv:0903.2120 [hep-ph]

37. S. Catani, M. Grazzini, An NNLO subtraction formalism in hadron
collisions and its application to Higgs boson production at the LHC.
Phys. Rev. Lett. 98 (2007). arXiv:hep-ph/0703012

38. P.M. Nadolsky et al., Implications of CTEQ global analysis for
collider observables. Phys. Rev. D 78, 013004 (2008). doi:10.1103/
PhysRevD.78.013004

39. S. Agostinelli et al., GEANT4: a simulation toolkit. Nucl.
Instrum. Meth. A 506, 250–303 (2003). doi:10.1016/
S0168-9002(03)01368-8

40. ATLAS Collaboration, The ATLAS simulation infrastructure. Eur.
Phys. J. C 70 (2010) 823–874, arXiv:1005.4568 [physics.ins-det]

41. W. Lampl et al., Calorimeter clustering algorithms: description and
performance. ATL-LARG-PUB-2008-002 (2008). http://cdsweb.
cern.ch/record/1099735

42. M. Cacciari, G.P. Salam, G. Soyez, The anti-k(t) jet clustering algo-
rithm. JHEP 04, 063 (2008). arXiv:0802.1189 [hep-ph]

43. ATLAS Collaboration, Jet energy measurement with the ATLAS
detector in proton–proton collisions at

√
s = 7 TeV. Eur. Phys. J. C

73, 2304 (2013). arXiv:1112.6426 [hep-ex]
44. ATLAS Collaboration, Data-driven determination of the energy

scale and resolution of jets reconstructed in the ATLAS calorime-
ters using dijet and multijet events at

√
s = 8 TeV. ATLAS-CONF-

2015-017 (2015). http://cds.cern.ch/record/2008678
45. M. Cacciari, G.P. Salam, Pileup subtraction using jet areas. Phys.

Lett. B 659, 119–126 (2008). arXiv:0707.1378 [hep-ph]
46. M. Cacciari, G.P. Salam, G. Soyez, The catchment area of jets.

JHEP 04, 005 (2008). arXiv:0802.1188 [hep-ph]
47. ATLAS Collaboration, Identification and energy calibration of

hadronically decaying tau leptons with the ATLAS experiment in
pp collisions at

√
s = 8 TeV. Eur. Phys. J. C 75, 303 (2015).

arXiv:1412.7086 [hep-ex]
48. S. Catani et al., Longitudinally-invariant k⊥-clustering algorithms

for hadron-hadron collisions. Nucl. Phys. B 406, 187 (1993).
doi:10.1016/0550-3213(93)90166-M

49. S.D. Ellis, D.E. Soper, Successive combination jet algorithm for
hadron collisions. Phys. Rev. D 48, 3160–3166 (1993). doi:10.
1103/PhysRevD.48.3160

50. ATLAS Collaboration, Expected performance of the ATLAS
experiment—detector, trigger and physics (jet and Emiss

T chapter)
(2008). arXiv:0901.0512 [hep-ex]

51. ATLAS Collaboration, Evidence for the Higgs-boson Yukawa cou-
pling to tau leptons with the ATLAS detector. JHEP 04, 117 (2015).
arXiv:1501.04943

52. ATLAS Collaboration, Summary of the searches for squarks and
gluinos using

√
s = 8 TeV pp collisions with the ATLAS experi-

ment at the LHC. JHEP 10, 054 (2015). arXiv:1507.05525 [hep-ex]
53. D.S. Crosby et al., A proposed definition of vector correla-

tion in geophysics: theory and application. J. Atmos. Ocean.
Technol.10, 355 (1993). doi:10.1175/1520-0426(1993)010<0355:
APDFVC>2.0.CO;2

54. ATLAS Collaboration, Observation and measurement of Higgs
boson decays to WW ∗ with the ATLAS detector. Phys. Rev. D
92, 012006 (2015). doi:10.1103/PhysRevD.92.012006

55. ATLAS Collaboration, Search for the bb̄ decay of the stan-
dard model higgs boson in associated (W/Z)H production with
the ATLAS detector. JHEP 01, 069 (2015). arXiv:1409.6212
[hep-ex]

123

http://cds.cern.ch/record/1450089
http://arxiv.org/abs/1408.3179
http://arxiv.org/abs/1407.3935
http://arxiv.org/abs/1407.5063
http://arxiv.org/abs/1409.3433
http://arxiv.org/abs/0206293
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/0011363
http://arxiv.org/abs/hep-ph/9601371
http://cds.cern.ch/record/1345343
http://cds.cern.ch/record/1345343
http://arxiv.org/abs/hep-ph/0409146
http://arxiv.org/abs/0811.4622
http://arxiv.org/abs/0803.0883
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/hep-ph/0609070
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/1303.6524
http://arxiv.org/abs/1112.5675
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://cds.cern.ch/record/1474107
http://arxiv.org/abs/1206.0041
http://arxiv.org/abs/hep-ph/9905386
http://arxiv.org/abs/1105.0020
http://arxiv.org/abs/1005.4451
http://arxiv.org/abs/0903.2120
http://arxiv.org/abs/hep-ph/0703012
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://arxiv.org/abs/1005.4568
http://cdsweb.cern.ch/record/1099735
http://cdsweb.cern.ch/record/1099735
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1112.6426
http://cds.cern.ch/record/2008678
http://arxiv.org/abs/0707.1378
http://arxiv.org/abs/0802.1188
http://arxiv.org/abs/1412.7086
http://dx.doi.org/10.1016/0550-3213(93)90166-M
http://dx.doi.org/10.1103/PhysRevD.48.3160
http://dx.doi.org/10.1103/PhysRevD.48.3160
http://arxiv.org/abs/0901.0512
http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1507.05525
http://dx.doi.org/10.1175/1520-0426(1993)010<0355:APDFVC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0426(1993)010<0355:APDFVC>2.0.CO;2
http://dx.doi.org/10.1103/PhysRevD.92.012006
http://arxiv.org/abs/1409.6212


241 Page 34 of 46 Eur. Phys. J. C (2017) 77 :241

56. ATLAS Collaboration, Search for invisible decays of a higgs boson
produced in association with a Z boson in ATLAS. Phys. Rev. Lett.
112, 201802 (2014). arXiv:1402.3244 [hep-ex]

57. ATLAS Collaboration, Jet energy measurement and its systematic
uncertainty in proton–proton collisions at

√
s = 7 TeV with the

ATLAS detector. Eur. Phys. J. C 75, 17 (2015). arXiv:1406.0076
[hep-ex]

58. ATLAS Collaboration, ATLAS computing acknowledgements
2016–2017. ATL-GEN-PUB-2016-002 (2006). http://cds.cern.ch/
record/2202407

ATLAS Collaboration

G. Aad87, B. Abbott114, J. Abdallah65, O. Abdinov12, B. Abeloos118, R. Aben108, M. Abolins92, O. S. AbouZeid159,
H. Abramowicz154, H. Abreu153, R. Abreu117, Y. Abulaiti147a,147b, B. S. Acharya164a,164b,a, L. Adamczyk40a,
D. L. Adams27, J. Adelman109, S. Adomeit101, T. Adye132, A. A. Affolder76, T. Agatonovic-Jovin14, J. Agricola56,
J. A. Aguilar-Saavedra127a,127f, S. P. Ahlen24, F. Ahmadov67,b, G. Aielli134a,134b, H. Akerstedt147a,147b, T. P. A. Åkesson83,
A. V. Akimov97, G. L. Alberghi22a,22b, J. Albert169, S. Albrand57, M. J. Alconada Verzini73, M. Aleksa32,
I. N. Aleksandrov67, C. Alexa28b, G. Alexander154, T. Alexopoulos10, M. Alhroob114, G. Alimonti93a, L. Alio87,
J. Alison33, S. P. Alkire37, B. M. M. Allbrooke150, B. W. Allen117, P. P. Allport19, A. Aloisio105a,105b, A. Alonso38,
F. Alonso73, C. Alpigiani139, B. Alvarez Gonzalez32, D. Álvarez Piqueras167, M. G. Alviggi105a,105b, B. T. Amadio16,
K. Amako68, Y. Amaral Coutinho26a, C. Amelung25, D. Amidei91, S. P. Amor Dos Santos127a,127c, A. Amorim127a,127b,
S. Amoroso32, N. Amram154, G. Amundsen25, C. Anastopoulos140, L. S. Ancu51, N. Andari109, T. Andeen11,
C. F. Anders60b, G. Anders32, J. K. Anders76, K. J. Anderson33, A. Andreazza93a,93b, V. Andrei60a, S. Angelidakis9,
I. Angelozzi108, P. Anger46, A. Angerami37, F. Anghinolfi32, A. V. Anisenkov110,c, N. Anjos13, A. Annovi125a,125b,
M. Antonelli49, A. Antonov99, J. Antos145b, F. Anulli133a, M. Aoki68, L. Aperio Bella19, G. Arabidze92, Y. Arai68,
J. P. Araque127a, A. T. H. Arce47, F. A. Arduh73, J-F. Arguin96, S. Argyropoulos65, M. Arik20a, A. J. Armbruster32,
O. Arnaez32, H. Arnold50, M. Arratia30, O. Arslan23, A. Artamonov98, G. Artoni121, S. Artz85, S. Asai156,
N. Asbah44, A. Ashkenazi154, B. Åsman147a,147b, L. Asquith150, K. Assamagan27, R. Astalos145a, M. Atkinson166,
N. B. Atlay142, K. Augsten129, G. Avolio32, B. Axen16, M. K. Ayoub118, G. Azuelos96,d, M. A. Baak32, A. E. Baas60a,
M. J. Baca19, H. Bachacou137, K. Bachas155, M. Backes32, M. Backhaus32, P. Bagiacchi133a,133b, P. Bagnaia133a,133b,
Y. Bai35a, J. T. Baines132, O. K. Baker176, E. M. Baldin110,c, P. Balek130, T. Balestri149, F. Balli86, W. K. Balunas123,
E. Banas41, Sw. Banerjee173,e, A. A. E. Bannoura175, L. Barak32, E. L. Barberio90, D. Barberis52a,52b, M. Barbero87,
T. Barillari102, T. Barklow144, N. Barlow30, S. L. Barnes86, B. M. Barnett132, R. M. Barnett16, Z. Barnovska5,
A. Baroncelli135a, G. Barone25, A. J. Barr121, L. Barranco Navarro167, F. Barreiro84, J. Barreiro Guimarães da Costa35a,
R. Bartoldus144, A. E. Barton74, P. Bartos145a, A. Basalaev124, A. Bassalat118, A. Basye166, R. L. Bates55, S. J. Batista159,
J. R. Batley30, M. Battaglia138, M. Bauce133a,133b, F. Bauer137, H. S. Bawa144,f, J. B. Beacham112, M. D. Beattie74,
T. Beau82, P. H. Beauchemin162, R. Beccherle125a,125b, P. Bechtle23, H. P. Beck18,g, K. Becker121, M. Becker85,
M. Beckingham170, C. Becot118, A. J. Beddall20b, A. Beddall20b, V. A. Bednyakov67, M. Bedognetti108, C. P. Bee149,
L. J. Beemster108, T. A. Beermann32, M. Begel27, J. K. Behr121, C. Belanger-Champagne89, G. Bella154, L. Bellagamba22a,
A. Bellerive31, M. Bellomo88, K. Belotskiy99, O. Beltramello32, O. Benary154, D. Benchekroun136a, M. Bender101,
K. Bendtz147a,147b, N. Benekos10, Y. Benhammou154, E. Benhar Noccioli176, J. A. Benitez Garcia160b, D. P. Benjamin47,
J. R. Bensinger25, S. Bentvelsen108, L. Beresford121, M. Beretta49, D. Berge108, E. Bergeaas Kuutmann165, N. Berger5,
F. Berghaus169, J. Beringer16, C. Bernard24, N. R. Bernard88, C. Bernius111, F. U. Bernlochner23, T. Berry79,
P. Berta130, C. Bertella85, G. Bertoli147a,147b, F. Bertolucci125a,125b, C. Bertsche114, D. Bertsche114, G. J. Besjes38,
O. Bessidskaia Bylund147a,147b, M. Bessner44, N. Besson137, C. Betancourt50, S. Bethke102, A. J. Bevan78, W. Bhimji16,
R. M. Bianchi126, L. Bianchini25, M. Bianco32, O. Biebel101, D. Biedermann17, N. V. Biesuz125a,125b, M. Biglietti135a,
J. Bilbao De Mendizabal51, H. Bilokon49, M. Bindi56, S. Binet118, A. Bingul20b, C. Bini133a,133b, S. Biondi22a,22b,
D. M. Bjergaard47, C. W. Black151, J. E. Black144, K. M. Black24, D. Blackburn139, R. E. Blair6, J.-B. Blanchard137,
J. E. Blanco79, T. Blazek145a, I. Bloch44, C. Blocker25, W. Blum85,*, U. Blumenschein56, S. Blunier34a, G. J. Bobbink108,
V. S. Bobrovnikov110,c, S. S. Bocchetta83, A. Bocci47, C. Bock101, M. Boehler50, D. Boerner175, J. A. Bogaerts32,
D. Bogavac14, A. G. Bogdanchikov110, C. Bohm147a, V. Boisvert79, T. Bold40a, V. Boldea28b, A. S. Boldyrev164a,164c,
M. Bomben82, M. Bona78, M. Boonekamp137, A. Borisov131, G. Borissov74, J. Bortfeldt101, V. Bortolotto62a,62b,62c,
K. Bos108, D. Boscherini22a, M. Bosman13, J. Boudreau126, J. Bouffard2, E. V. Bouhova-Thacker74, D. Boumediene36,
C. Bourdarios118, N. Bousson115, S. K. Boutle55, A. Boveia32, J. Boyd32, I. R. Boyko67, J. Bracinik19, A. Brandt8,
G. Brandt56, O. Brandt60a, U. Bratzler157, B. Brau88, J. E. Brau117, H. M. Braun175,*, W. D. Breaden Madden55,
K. Brendlinger123, A. J. Brennan90, L. Brenner108, R. Brenner165, S. Bressler172, T. M. Bristow48, D. Britton55,

123

http://arxiv.org/abs/1402.3244
http://arxiv.org/abs/1406.0076
http://cds.cern.ch/record/2202407
http://cds.cern.ch/record/2202407


Eur. Phys. J. C (2017) 77 :241 Page 35 of 46 241

D. Britzger44, F. M. Brochu30, I. Brock23, R. Brock92, G. Brooijmans37, T. Brooks79, W. K. Brooks34b, J. Brosamer16,
E. Brost117, P. A. Bruckman de Renstrom41, D. Bruncko145b, R. Bruneliere50, A. Bruni22a, G. Bruni22a, BH Brunt30,
M. Bruschi22a, N. Bruscino23, P. Bryant33, L. Bryngemark83, T. Buanes15, Q. Buat143, P. Buchholz142, A. G. Buckley55,
I. A. Budagov67, F. Buehrer50, L. Bugge120, M. K. Bugge120, O. Bulekov99, D. Bullock8, H. Burckhart32, S. Burdin76,
C. D. Burgard50, B. Burghgrave109, S. Burke132, I. Burmeister45, E. Busato36, D. Büscher50, V. Büscher85,
P. Bussey55, J. M. Butler24, A. I. Butt3, C. M. Buttar55, J. M. Butterworth80, P. Butti108, W. Buttinger27, A. Buzatu55,
A. R. Buzykaev110,c, S. Cabrera Urbán167, D. Caforio129, V. M. Cairo39a,39b, O. Cakir4a, N. Calace51, P. Calafiura16,
A. Calandri87, G. Calderini82, P. Calfayan101, L. P. Caloba26a, D. Calvet36, S. Calvet36, T. P. Calvet87, R. Camacho Toro33,
S. Camarda44, P. Camarri134a,134b, D. Cameron120, R. Caminal Armadans166, C. Camincher57, S. Campana32,
M. Campanelli80, A. Campoverde149, V. Canale105a,105b, A. Canepa160a, M. Cano Bret35e, J. Cantero84, R. Cantrill127a,
T. Cao42, M. D. M. Capeans Garrido32, I. Caprini28b, M. Caprini28b, M. Capua39a,39b, R. Caputo85, R. M. Carbone37,
R. Cardarelli134a, F. Cardillo50, I. Carli130, T. Carli32, G. Carlino105a, L. Carminati93a,93b, S. Caron107, E. Carquin34a,
G. D. Carrillo-Montoya32, J. R. Carter30, J. Carvalho127a,127c, D. Casadei80, M. P. Casado13,h, M. Casolino13,
D. W. Casper163, E. Castaneda-Miranda146a, A. Castelli108, V. Castillo Gimenez167, N. F. Castro127a,i, A. Catinaccio32,
J. R. Catmore120, A. Cattai32, J. Caudron85, V. Cavaliere166, D. Cavalli93a, M. Cavalli-Sforza13, V. Cavasinni125a,125b,
F. Ceradini135a,135b, L. Cerda Alberich167, B. C. Cerio47, A. S. Cerqueira26b, A. Cerri150, L. Cerrito78, F. Cerutti16,
M. Cerv32, A. Cervelli18, S. A. Cetin20c, A. Chafaq136a, D. Chakraborty109, Y. L. Chan62a, P. Chang166, J. D. Chapman30,
D. G. Charlton19, C. C. Chau159, C. A. Chavez Barajas150, S. Che112, S. Cheatham74, A. Chegwidden92, S. Chekanov6,
S. V. Chekulaev160a, G. A. Chelkov67,j, M. A. Chelstowska91, C. Chen66, H. Chen27, K. Chen149, S. Chen35c, S. Chen156,
X. Chen35f, Y. Chen69, H. C. Cheng91, Y. Cheng33, A. Cheplakov67, E. Cheremushkina131, R. Cherkaoui El Moursli136e,
V. Chernyatin27,*, E. Cheu7, L. Chevalier137, V. Chiarella49, G. Chiarelli125a,125b, G. Chiodini75a, A. S. Chisholm19,
R. T. Chislett80, A. Chitan28b, M. V. Chizhov67, K. Choi63, S. Chouridou9, B. K. B. Chow101, V. Christodoulou80,
D. Chromek-Burckhart32, J. Chudoba128, A. J. Chuinard89, J. J. Chwastowski41, L. Chytka116, G. Ciapetti133a,133b,
A. K. Ciftci4a, D. Cinca55, V. Cindro77, I. A. Cioara23, A. Ciocio16, F. Cirotto105a,105b, Z. H. Citron172, M. Ciubancan28b,
A. Clark51, B. L. Clark59, P. J. Clark48, R. N. Clarke16, C. Clement147a,147b, Y. Coadou87, M. Cobal164a,164c, A. Coccaro51,
J. Cochran66, L. Coffey25, L. Colasurdo107, B. Cole37, S. Cole109, A. P. Colijn108, J. Collot57, T. Colombo60c,
G. Compostella102, P. Conde Muiño127a,127b, E. Coniavitis50, S. H. Connell146b, I. A. Connelly79, V. Consorti50,
S. Constantinescu28b, C. Conta122a,122b, G. Conti32, F. Conventi105a,k, M. Cooke16, B. D. Cooper80, A. M. Cooper-Sarkar121,
T. Cornelissen175, M. Corradi133a,133b, F. Corriveau89,l, A. Corso-Radu163, A. Cortes-Gonzalez13, G. Cortiana102,
G. Costa93a, M. J. Costa167, D. Costanzo140, G. Cottin30, G. Cowan79, B. E. Cox86, K. Cranmer111, S. J. Crawley55,
G. Cree31, S. Crépé-Renaudin57, F. Crescioli82, W. A. Cribbs147a,147b, M. Crispin Ortuzar121, M. Cristinziani23,
V. Croft107, G. Crosetti39a,39b, T. Cuhadar Donszelmann140, J. Cummings176, M. Curatolo49, J. Cúth85, C. Cuthbert151,
H. Czirr142, P. Czodrowski3, S. D’Auria55, M. D’Onofrio76, M. J. Da Cunha Sargedas De Sousa127a,127b, C. Da Via86,
W. Dabrowski40a, A. Dafinca121, T. Dai91, O. Dale15, F. Dallaire96, C. Dallapiccola88, M. Dam38, J. R. Dandoy33,
N. P. Dang50, A. C. Daniells19, M. Danninger168, M. Dano Hoffmann137, V. Dao50, G. Darbo52a, S. Darmora8,
J. Dassoulas3, A. Dattagupta63, W. Davey23, C. David169, T. Davidek130, E. Davies121,m, M. Davies154, P. Davison80,
Y. Davygora60a, E. Dawe90, I. Dawson140, R. K. Daya-Ishmukhametova88, K. De8, R. de Asmundis105a, A. De Benedetti114,
S. De Castro22a,22b, S. De Cecco82, N. De Groot107, P. de Jong108, H. De la Torre84, F. De Lorenzi66, D. De Pedis133a,
A. De Salvo133a, U. De Sanctis150, A. De Santo150, J. B. De Vivie De Regie118, W. J. Dearnaley74, R. Debbe27,
C. Debenedetti138, D. V. Dedovich67, I. Deigaard108, J. Del Peso84, T. Del Prete125a,125b, D. Delgove118, F. Deliot137,
C. M. Delitzsch51, M. Deliyergiyev77, A. Dell’Acqua32, L. Dell’Asta24, M. Dell’Orso125a,125b, M. Della Pietra105a,k,
D. della Volpe51, M. Delmastro5, P. A. Delsart57, C. Deluca108, D. A. DeMarco159, S. Demers176, M. Demichev67,
A. Demilly82, S. P. Denisov131, D. Denysiuk137, D. Derendarz41, J. E. Derkaoui136d, F. Derue82, P. Dervan76,
K. Desch23, C. Deterre44, K. Dette45, P. O. Deviveiros32, A. Dewhurst132, S. Dhaliwal25, A. Di Ciaccio134a,134b,
L. Di Ciaccio5, C. Di Donato133a,133b, A. Di Girolamo32, B. Di Girolamo32, B. Di Micco135a,135b, R. Di Nardo49,
A. Di Simone50, R. Di Sipio159, D. Di Valentino31, C. Diaconu87, M. Diamond159, F. A. Dias48, M. A. Diaz34a,
E. B. Diehl91, J. Dietrich17, S. Diglio87, A. Dimitrievska14, J. Dingfelder23, P. Dita28b, S. Dita28b, F. Dittus32, F. Djama87,
T. Djobava53b, J. I. Djuvsland60a, M. A. B. do Vale26c, D. Dobos32, M. Dobre28b, C. Doglioni83, T. Dohmae156,
J. Dolejsi130, Z. Dolezal130, B. A. Dolgoshein99,*, M. Donadelli26d, S. Donati125a,125b, P. Dondero122a,122b, J. Donini36,
J. Dopke132, A. Doria105a, M. T. Dova73, A. T. Doyle55, E. Drechsler56, M. Dris10, Y. Du35d, J. Duarte-Campderros154,
E. Dubreuil36, E. Duchovni172, G. Duckeck101, O. A. Ducu28b, D. Duda108, A. Dudarev32, L. Duflot118, L. Duguid79,
M. Dührssen32, M. Dunford60a, H. Duran Yildiz4a, M. Düren54, A. Durglishvili53b, D. Duschinger46, B. Dutta44,
M. Dyndal40a, C. Eckardt44, K. M. Ecker102, R. C. Edgar91, W. Edson2, N. C. Edwards48, T. Eifert32, G. Eigen15,

123



241 Page 36 of 46 Eur. Phys. J. C (2017) 77 :241

K. Einsweiler16, T. Ekelof165, M. El Kacimi136c, V. Ellajosyula87, M. Ellert165, S. Elles5, F. Ellinghaus175, A. A. Elliot169,
N. Ellis32, J. Elmsheuser101, M. Elsing32, D. Emeliyanov132, Y. Enari156, O. C. Endner85, M. Endo119, J. S. Ennis170,
J. Erdmann45, A. Ereditato18, G. Ernis175, J. Ernst2, M. Ernst27, S. Errede166, E. Ertel85, M. Escalier118, H. Esch45,
C. Escobar126, B. Esposito49, A. I. Etienvre137, E. Etzion154, H. Evans63, A. Ezhilov124, L. Fabbri22a,22b, G. Facini33,
R. M. Fakhrutdinov131, S. Falciano133a, R. J. Falla80, J. Faltova130, Y. Fang35a, M. Fanti93a,93b, A. Farbin8, A. Farilla135a,
C. Farina126, T. Farooque13, S. Farrell16, S. M. Farrington170, P. Farthouat32, F. Fassi136e, P. Fassnacht32, D. Fassouliotis9,
M. Faucci Giannelli79, A. Favareto52a,52b, L. Fayard118, O. L. Fedin124,n, W. Fedorko168, S. Feigl120, L. Feligioni87,
C. Feng35d, E. J. Feng32, H. Feng91, A. B. Fenyuk131, L. Feremenga8, P. Fernandez Martinez167, S. Fernandez Perez13,
J. Ferrando55, A. Ferrari165, P. Ferrari108, R. Ferrari122a, D. E. Ferreira de Lima55, A. Ferrer167, D. Ferrere51,
C. Ferretti91, A. Ferretto Parodi52a,52b, F. Fiedler85, A. Filipčič77, M. Filipuzzi44, F. Filthaut107, M. Fincke-Keeler169,
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