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Abstract

A measurement of the tt̄Z and tt̄W production cross sections in final states with either two
same-charge muons, or three or four leptons (electrons or muons) is presented. The analysis
uses a data sample of proton–proton collisions at

√
s = 13 TeV recorded with the ATLAS

detector at the Large Hadron Collider in 2015, corresponding to a total integrated luminosity
of 3.2 fb−1. The inclusive cross sections are extracted using likelihood fits to signal and
control regions, resulting in σtt̄Z = 0.9 ± 0.3 pb and σtt̄W = 1.5 ± 0.8 pb, in agreement with
the Standard Model predictions.
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1 Introduction

At the Large Hadron Collider (LHC), top quarks are copiously produced in quark–antiquark pairs (tt̄).
This process has been extensively studied in proton–proton collisions at 7 and 8 TeV, and recently at
13 TeV [1, 2] centre-of-mass energy. Measurements of the associated production of tt̄ with a Z boson
(tt̄Z) allow the extraction of information about the neutral-current coupling of the top quark. The pro-
duction rate of a top-quark pair with a massive vector boson could be altered in the presence of physics
beyond the Standard Model (SM), such as vector-like quarks [3, 4], strongly coupled Higgs bosons [5] or
technicolour [6–10], and therefore the measurements of σtt̄Z and σtt̄W are important checks of the validity
of the SM at this new energy regime. The tt̄Z and tt̄W processes have been established by ATLAS [11]
and CMS [12] using the Run-1 dataset at

√
s = 8 TeV, with measured cross sections compatible with

the SM prediction and having uncertainties of ∼30%. At
√

s = 13 TeV, the SM cross sections of the tt̄Z
and tt̄W processes increase by factors of 3.5 and 2.4, respectively, compared to

√
s = 8 TeV. The cross

sections, computed at next-to-leading-order (NLO) QCD precision, using MadGraph5_aMC@NLO (re-
ferred to in the following as MG5_aMC), are σtt̄Z = 0.84 pb and σtt̄W = 0.60 pb with an uncertainty of
∼12% [13, 14], primarily due to higher-order corrections, estimated by varying the renormalisation and
factorisation scales.

This paper presents measurements of the tt̄Z and tt̄W cross sections using 3.2 fb−1 of proton–proton (pp)
collision data at

√
s = 13 TeV collected by the ATLAS detector in 2015. The final states of top-quark

pairs produced in association with a Z or a W boson comprise up to four isolated, prompt leptons.1

Decay modes with two same-sign (SS) charged muons, or three or four leptons are considered in this
analysis. The analysis strategy follows the strategy adopted for the 8 TeV dataset [11], excluding the
lower sensitivity SS dilepton channels. Table 1 lists the analysis channels and the targeted decay modes
of the tt̄Z and tt̄W processes. Each channel is divided into multiple analysis regions in order to enhance
the sensitivity to the signal. Simultaneous fits are performed to the signal regions and selected control
regions in order to extract the cross sections for tt̄Z and tt̄W production. Additional validation regions are
defined to check that the background estimate agrees with the data and are not used in the fit.

Table 1: List of tt̄W and tt̄Z decay modes and analysis channels targeting them.

Process tt̄ decay Boson decay Channel

tt̄W
(µ±νb)(qq̄b) µ±ν SS dimuon
(`±νb)(`∓νb) `±ν Trilepton

tt̄Z
(`±νb)(qq̄b) `+`− Trilepton
(`±νb)(`∓νb) `+`− Tetralepton

2 The ATLAS detector

The ATLAS detector [15] consists of four main subsystems: an inner tracking system, electromagnetic
(EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner detector (ID) consists of a

1 In this paper, lepton is used to denote electron or muon, and prompt lepton is used to denote a lepton produced in a Z or W
boson or τ-lepton decay.
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high-granularity silicon pixel detector, including the newly installed Insertable B-Layer [16], which is
the innermost layer of the tracking system, and a silicon microstrip tracker, together providing precision
tracking in the pseudorapidity2 range |η| < 2.5 and of a transition radiation tracker covering |η| < 2.0.
All the systems are immersed in a 2 T magnetic field provided by a superconducting solenoid. The EM
sampling calorimeter uses lead and liquid argon (LAr) and is divided into barrel (|η| < 1.475) and end-
cap (1.375 < |η| < 3.2) regions. Hadron calorimetry is provided by a steel/scintillator-tile calorimeter,
segmented into three barrel structures, in the range |η| < 1.7, and by two copper/LAr hadronic endcap
calorimeters that cover the region 1.5 < |η| < 3.2. The solid angle coverage is completed with forward
copper/LAr and tungsten/LAr calorimeter modules, optimised for EM and hadronic measurements re-
spectively, covering the region 3.1 < |η| < 4.9. The muon spectrometer measures the deflection of muon
tracks in the range |η| < 2.7 using multiple layers of high-precision tracking chambers located in toroidal
magnetic fields. The field integral of the toroids ranges between 2.0 and 6.0 Tm for most of the detector.
The muon spectrometer is also instrumented with separate trigger chambers covering |η| < 2.4. A two-
level trigger system, using custom hardware followed by a software-based trigger level, is used to reduce
the event rate to an average of around 1 kHz for offline storage.

3 Data and simulated event samples

The data were collected with the ATLAS detector during 2015 with a bunch spacing of 25 ns and a mean
number of 14 pp interactions per bunch crossing (pile-up). With strict data-quality requirements, the
integrated luminosity considered corresponds to 3.2 fb−1 with an uncertainty of 2.1% [17].

Monte Carlo simulation samples (MC) are used to model the expected signal and background distribu-
tions in the different control, validation and signal regions described below. The heavy-flavour decays in-
volving b- and c-quarks, particularly important to this measurement, are modelled using the EvtGen [18]
program, except for processes modelled using the Sherpa generator. In all samples the top-quark mass
is set to 172.5 GeV and the Higgs boson mass is set to 125 GeV. The response of the detector to stable3

particles is emulated by a dedicated simulation [19] based either fully on Geant [20] or on a faster para-
meterisation [21] for the calorimeter response and Geant for other detector systems. To account for
additional pp interactions from the same and close-by bunch crossings, a set of minimum-bias interac-
tions generated using Pythia v8.210 [22], referred to as Pythia 8 in the following, with the A2 [23] set
of tuned MC parameters (A2 tune) is superimposed on the hard-scattering events. In order to reproduce
the same pile-up levels present in the data, the distribution of the number of additional pp interactions
in the MC samples is reweighted to match the one in the data. All samples are processed through the
same reconstruction software as the data. Simulated events are corrected so that the object identification,
reconstruction and trigger efficiencies, energy scales and energy resolutions match those determined from
data control samples.

The associated production of a top-quark pair with one or two vector bosons is generated at leading order
(LO) with MG5_aMC interfaced to Pythia 8, with up to two (tt̄W), one (tt̄Z) or no (tt̄WW) extra partons
included in the matrix elements. The γ∗ contribution and the Z/γ∗ interference are included in the tt̄Z

2 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 z-axis. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).

3 A particle is considered stable if cτ ≥ 1 cm.
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samples. The A14 [24] set of tuned MC parameters (A14 tune) is used together with the NNPDF2.3LO
parton distribution function (PDF) set [25]. The samples are normalised using cross sections computed at
NLO in QCD [26].

The t-channel production of a single top quark in association with a Z boson (tZ) is generated using
MG5_aMC interfaced with Pythia v6.427 [27], referred to as Pythia 6 in the following, with the CTEQ6L1
PDF [28] set and the Perugia2012 [29] set of tuned MC parameters at NLO in QCD. The Z/γ∗ interfer-
ence is included, and the four-flavour scheme is used in the computation.

The Wt-channel production of a single top quark together with a Z boson (tWZ) is generated with
MG5_aMC and showered with Pythia 8, using the NNPDF3.0NLO PDF set [30] and the A14 tune. The
generation is performed at NLO in QCD using the five-flavour scheme. Diagrams containing a top-quark
pair are removed to avoid overlap with the tt̄Z process.

Diboson processes with four charged leptons (4`), three charged leptons and one neutrino (```ν) or two
charged leptons and two neutrinos (``νν) are simulated using the Sherpa 2.1 generator [31]. The mat-
rix elements include all diagrams with four electroweak vertices. They are calculated for up to one
(4`, ``νν) or no additional partons (```ν) at NLO and up to three partons at LO using the Comix [32]
and OpenLoops [33] matrix element generators and merged with the Sherpa parton shower using the
ME+PS@NLO prescription [34]. The CT10nlo PDF set [35] is used in conjunction with a dedicated
parton-shower tuning developed by the Sherpa authors. The NLO cross sections calculated by the gen-
erator are used to normalise diboson processes. Alternative diboson samples are simulated using the
Powheg-Box v2 [36] generator, interfaced to the Pythia 8 parton shower model, and for which the
CT10nlo PDF set is used in the matrix element, while the CTEQ6L1 PDF set is used for the parton shower
along with the AZNLO [37] set of tuned MC parameters.

The production of three massive vector bosons with subsequent leptonic decays of all three bosons is
modelled at LO with the Sherpa 2.1 generator and the CT10 PDF set [35]. Up to two additional partons
are included in the matrix element at LO and the full NLO accuracy is used for the inclusive process.

Electroweak processes involving the vector-boson scattering (VBS) diagram and producing two same-
sign leptons, two neutrinos and two partons are modelled using Sherpa 2.1 at LO accuracy and the CT10
PDF set. Processes of orders four and six in the electroweak coupling constant are considered, and up to
one additional parton is included in the matrix element.

For the generation of tt̄ events and Wt-channel single-top-quark events the Powheg-Box v2 generator is
used with the CT10 PDF set. The parton shower and the underlying event are simulated using Pythia 6
with the CTEQ6L1 PDF set and the corresponding Perugia2012 tune. The tt̄ samples are normalised to
their next-to-next-to-leading-order (NNLO) cross-section predictions, including soft-gluon resummation
to next-to-next-to-leading-log order, as calculated with the Top++2.0 program (see Ref. [38] and refer-
ences therein). For more efficient sample generation, the tt̄ sample is produced by selecting only true
dilepton events in the final state. Moreover, an additional dilepton tt̄ sample requiring a b-hadron not
coming from top-quark decays is generated after b-jet selection. Diagram removal is employed to remove
the overlap between tt̄ and Wt [39].

Samples of tt̄ events produced in association with a Higgs boson (tt̄H) are generated using NLO matrix
elements in MG5_aMC with the CT10NLO PDF set and interfaced with Pythia 8 for the modelling of the
parton shower. Higgs boson production via gluon–gluon fusion (ggF) and vector boson fusion (VBF) is
generated using the Powheg-Box v2 generator with CT10 PDF set. The parton shower and underlying
event are simulated using Pythia 8 with the CTEQ6L1 PDF set and AZNLO tune. Higgs boson production
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with a vector boson is generated at LO using Pythia 8 with the CTEQ6L1 PDF. All Higgs boson samples
are normalised using theoretical calculations of Ref. [40].

Events containing Z or W bosons with associated jets, referred to as Z+jets and W+jets in the following,
are simulated using the Sherpa 2.1 generator. Matrix elements are calculated for up to two partons at
NLO and four partons at LO. The CT10 PDF set is used in conjunction with a dedicated parton-shower
tuning developed by the Sherpa authors [31]. The Z/W+jets samples are normalised to the NNLO cross
sections [41–44]. Alternative Z/W+jets samples are simulated using MG5_aMC at LO interfaced to the
Pythia 8 parton shower model. The A14 tune is used together with the NNPDF2.3LO PDF set.

The SM production of three and four top quarks is generated at LO with MG5_aMC+Pythia 8, using
the A14 tune together with the NNPDF2.3LO PDF set. The samples are normalised using cross sections
computed at NLO [45, 46].

4 Object reconstruction

The final states of interest in this analysis contain electrons, muons, jets, b-jets and missing transverse
momentum.

Electron candidates [47] are reconstructed from energy deposits (clusters) in the EM calorimeter that
are associated with reconstructed tracks in the inner detector. The electron identification relies on a
likelihood-based selection [48, 49]. Electrons are required to pass the ‘medium’ likelihood identification
requirements described in Ref. [49]. These include requirements on the shapes of the electromagnetic
shower in the calorimeter as well as tracking and track-to-cluster matching quantities. The electrons
are also required to have transverse momentum pT > 7 GeV and |ηcluster| < 2.47, where ηcluster is the
pseudorapidity of the calorimeter energy deposit associated with the electron candidate. Candidates in
the EM calorimeter barrel/endcap transition region 1.37 < |ηcluster| < 1.52 are excluded.

Muon candidates are reconstructed from a fit to track segments in the various layers of the muon spectro-
meter, matched with tracks identified in the inner detector. Muons are required to have pT > 7 GeV
and |η| < 2.4 and to pass the ‘medium’ identification requirements defined in Ref. [50]. The ‘medium’
requirement includes selections on the numbers of hits in the ID and MS as well as a compatibility
requirement between momentum measurements in the ID and MS. It provides a high efficiency and purity
of selected muons. Electron candidates sharing a track with a muon candidate are removed.

To reduce the non-prompt lepton background from hadron decays or jets misidentified as leptons (labelled
as “fake leptons” throughout this paper), electron and muon candidates are required to be isolated. The
total sum of track transverse momenta in a surrounding cone of size min(10 GeV/pT, re,µ), excluding the
track of the candidate from the sum, is required to be less than 6% of the candidate pT, where re = 0.2
and rµ = 0.3. In addition, the sum of the cluster transverse energies in the calorimeter within a cone of
size ∆Rη ≡

√
(∆η)2 + (∆φ)2 = 0.2 of any electron candidate, excluding energy deposits of the candidate

itself, is required to be less than 6% of the candidate pT.

For both electrons and muons, the longitudinal impact parameter of the associated track with respect to
the primary vertex,4 z0, is required to satisfy |z0 sin θ| < 0.5 mm. The significance of the transverse impact

4 A primary vertex candidate is defined as a vertex with at least five associated tracks, consistent with the beam collision
region. If more than one such vertex is found, the vertex candidate with the largest sum of squared transverse momenta of its
associated tracks is taken as the primary vertex.
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parameter d0 is required to satisfy |d0|/σ(d0) < 5 for electrons and |d0|/σ(d0) < 3 for muons, where σ(d0)
is the uncertainty in d0.

Jets are reconstructed using the anti-kt algorithm [51, 52] with radius parameter R = 0.4, starting from
topological clusters in the calorimeters [53]. The effect of pile-up on jet energies is accounted for by a
jet-area-based correction [54] and the energy resolution of the jets is improved by using global sequential
corrections [55]. Jets are calibrated to the hadronic energy scale using E- and η-dependent calibration
factors based on MC simulations, with in-situ corrections based on Run-1 data [56, 57] and checked with
early Run-2 data [58]. Jets are accepted if they fulfil the requirements pT > 25 GeV and |η| < 2.5. To
reduce the contribution from jets associated with pile-up, jets with pT < 60 GeV and |η| < 2.4 are required
to satisfy pile-up rejection criteria (JVT), based on a multivariate combination of track-based variables
[59].

Jets are b-tagged as likely to contain b-hadrons using the MV2c20 algorithm, a multivariate discriminant
making use of the long lifetime, large decay multiplicity, hard fragmentation and high mass of b-hadrons
[60]. The average efficiency to correctly tag a b-jet is approximately 77%, as determined in simulated tt̄
events, but it varies as a function of pT and η. In simulation, the tagging algorithm gives a rejection factor
of about 130 against light-quark and gluon jets, and about 4.5 against jets containing charm quarks [61].
The efficiency of b-tagging in simulation is corrected to that in data using a tt̄-based calibration using
Run-1 data [62] and validated with Run-2 data [63].

The missing transverse momentum pmiss
T , with magnitude Emiss

T , is a measure of the transverse momentum
imbalance due to particles escaping detection. It is computed [64] as the negative sum of the transverse
momenta of all electrons, muons and jets and an additional soft term. The soft term is constructed from
all tracks that are associated with the primary vertex but not with any physics object. In this way, the
Emiss

T is adjusted for the best calibration of the jets and the other identified physics objects above, while
maintaining pile-up independence in the soft term [65, 66].

To prevent double-counting of electron energy deposits as jets, the closest jet within ∆Ry = 0.2 of a
reconstructed electron is removed, where ∆Ry ≡

√
(∆y)2 + (∆φ)2. If the nearest jet surviving the above

selection is within ∆Ry = 0.4 of an electron, the electron is discarded to ensure that selected electrons are
sufficiently separated from nearby jet activity. To reduce the background from muons originating from
heavy-flavour particle decays inside jets, muons are removed if they are separated from the nearest jet by
∆Ry < 0.4. However, if this jet has fewer than three associated tracks, the muon is kept and the jet is
removed instead; this avoids an inefficiency for high-energy muons undergoing significant energy loss in
the calorimeter.

5 Event selection and background estimation

Only events collected using single-electron or single-muon triggers are accepted. The trigger thresholds,
pT > 24 GeV for electrons and pT > 20 GeV for muons, are set to be almost fully efficient for recon-
structed leptons with pT > 25 GeV. Events are required to have at least one reconstructed primary vertex.
In all selections considered, at least one reconstructed lepton with pT > 25 GeV is required to match
(∆Rη < 0.15) a lepton with the same flavour reconstructed by the trigger algorithm. Three channels
are defined based on the number of reconstructed leptons, which are sorted according to their transverse
momentum in decreasing order.
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Background events containing well-identified prompt leptons are modelled by simulation. The normal-
isations for the WZ and ZZ processes are taken from data control regions and included in the fit. The
yields in these data control regions are extrapolated to the signal regions using simulation. Systematic
uncertainties in the extrapolation are taken into account in the overall uncertainty in the background es-
timate.

Background sources involving one or more fake leptons are modelled using data events from control re-
gions. For the same-sign dimuon (2µ-SS) analysis and the trilepton analysis the fake-lepton background
is estimated using the matrix method [67], where any combination of fake leptons among the selected
leptons is considered. However, compared to Ref. [67], the real- and fake-lepton efficiencies used by the
matrix method are estimated in a different way in this measurement. The lepton efficiencies are measured
by applying the matrix method in control regions, where the lepton efficiencies are extracted in a likeli-
hood fit as free parameters using the matrix method as model, assuming Poisson statistics, and assuming
that events with two fake leptons are negligible. In this way the parameters are by construction the ac-
tual parameters of the matrix model itself, instead of relying on external lepton efficiency measurements
which are not guaranteed to be fully consistent with the matrix model. The control regions are defined in
dilepton events, separately for b-tagged and b-vetoed events to take into account the different fake-lepton
efficiencies depending on whether the source is a light-flavour jet or a heavy-flavour jet. The real-lepton
efficiencies are measured in inclusive opposite-sign events, and fake-lepton efficiencies in events with
same-sign leptons and Emiss

T > 40 GeV (for b-tagged events Emiss
T > 20 GeV), after subtracting the estim-

ated contribution from events with misidentification of the charge of a lepton (referred to as “charge-flip”
in the following), and excluding the same-sign dimuon signal region. The charge-flip events are subtrac-
ted using simulation. The extracted fake-lepton efficiencies are found to be compatible with fake-lepton
efficiencies from a fully data-driven procedure where the charge-flip events are estimated from data. For
the tetralepton channel, the contribution from backgrounds containing fake leptons is estimated from
simulation and corrected with scale factors determined in control regions.

The full selection requirements and the background evaluation strategies in the different channels are
described below.

5.1 Same-sign dimuon analysis

The same-sign dimuon signal region targets the tt̄W process and has the highest sensitivity among all
same-sign dilepton regions [11]. The main reason for this is that electrons have a much larger charge
misidentification probability, inducing a significant background from top-quark pairs. Events are required
to have two muon candidates with the same charge and pT > 25 GeV, Emiss

T > 40 GeV, the scalar sum of
the pT of selected leptons and jets, HT, above 240 GeV, and at least two b-tagged jets. Events containing
additional leptons (with pT > 7 GeV) are vetoed.

The dominant background in the 2µ-SS region arises from events containing fake leptons, where the
main source is tt̄ events. Backgrounds from the production of prompt leptons with correctly identified
charge come primarily from WZ production, but the relative contribution of this background is small
compared to the fake-lepton background. The charge-flip background is negligible in this signal region,
as the probability of misidentifying the charge of a muon in the relevant pT range is negligible. For the
validation of the fake-lepton background estimate a region is defined based on the signal region selection
but omitting the Emiss

T requirement, reducing the pT threshold of the subleading lepton to 20 GeV and
requiring at least one b-tagged jet. The distributions of Emiss

T and subleading lepton pT in this validation
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region (2µ-SS-VR) are shown in Figure 1. The expected numbers of events in the 2µ-SS signal region are
shown in Table 4. Nine events are observed in data for this signal region.
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Figure 1: (Left) The Emiss
T and (right) subleading lepton pT distributions shown for the b-tagged 2µ-SS channel

where the signal region requirements on subleading lepton pT, number of b-tags, and Emiss
T are relaxed. The shaded

band represents the total uncertainty. The background denoted ‘Other’ contains other SM processes producing two
same-sign prompt leptons. The last bin in each of the distributions includes the overflow.

5.2 Trilepton analysis

Four signal regions with exactly three leptons are considered. The first three are sensitive to tt̄Z; each
of these requires an opposite-sign same-flavour (OSSF) pair of leptons whose invariant mass is within
10 GeV of the Z boson mass. The signal regions are categorised by their jet and b-jet multiplicities and
have different signal-to-background ratios. In the 3`-Z-1b4j region, at least four jets are required, exactly
one of which is b-tagged. In the 3`-Z-2b3j region, exactly three jets with at least two b-tagged jets are
required. In the 3`-Z-2b4j region, at least four jets are required, of which at least two are b-tagged.

In the 3`-noZ-2b region at least two and at most four jets are required, of which at least two are b-tagged,
no OSSF lepton pair is allowed in the Z boson mass window, and the sum of the lepton charges must be
±1. This region primarily targets the tt̄W process but also has a sizeable tt̄Z contribution.

The signal region definitions for the trilepton channel are summarised in Table 2, while the expected num-
bers of events in the signal regions are shown in Table 4. The dominant backgrounds in the 3`-Z-1b4j,
3`-Z-2b3j and 3`-Z-2b4j signal regions arise from Z+jets production with a fake lepton, diboson produc-
tion and the production of a single top quark in association with a Z boson.

A control region is used to constrain the normalisation of the WZ background in data. Exactly three
leptons are required, at least one pair of which must be an OSSF pair with an invariant mass within 10 GeV

8



Table 2: Summary of event selections in the trilepton signal regions.

Variable 3`-Z-1b4j 3`-Z-2b3j 3`-Z-2b4j 3`-noZ-2b

Leading lepton pT > 25 GeV
Other leptons pT > 20 GeV
Sum of lepton charges ±1
Z-like OSSF pair |m`` − mZ | < 10 GeV |m`` − mZ | > 10 GeV
njets ≥ 4 3 ≥ 4 ≥ 2 and ≤ 4
nb-jets 1 ≥ 2 ≥ 2 ≥ 2

of the Z boson mass. There must be exactly three jets, none of which pass the b-tagging requirement.
With these requirements, the expected tt̄Z signal contribution is roughly 1% of the total number of events.
This region is referred to as 3`-WZ-CR and it is included in the fit. Distributions comparing data and SM
prediction are shown in Figure 2.
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Figure 2: Distributions of (left) the number of electrons and (right) the third-lepton pT in the 3`-WZ-CR control
region before the fit. The background denoted ‘Other’ contains other SM processes producing three prompt leptons.
The shaded band represents the total uncertainty. The last bin of the distribution shown in the right panel includes
the overflow.

Two background validation regions are defined for the trilepton channel. In the first region, 3`-Z-VR,
the presence of two OSSF leptons with an invariant mass within 10 GeV of the mass of the Z boson is
required. The region requires the events to have at most three jets where exactly one is b-tagged, or
exactly two jets where both jets are b-tagged. The main backgrounds are WZ production and Z+jets
events with fake leptons. In the second region, 3`-noZ-VR, events with such a pair of leptons are vetoed.
This region requires the events to have at most three jets where exactly one is b-tagged, and it is dominated
by the fake-lepton background from top-quark pair production. Neither validation region is used in the
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fit. The distributions of the number of electrons in each of the two validation regions are shown in
Figure 3, demonstrating that data and background modelling are in good agreement within statistical
uncertainties.
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Figure 3: Distributions of the number of electrons in the (left) 3`-Z-VR and (right) 3`-noZ-VR validation regions,
shown before the fit. The background denoted ‘Other’ contains other SM processes producing three prompt leptons.
The shaded band represents the total uncertainty.

In total, 29 events are observed in the four signal regions. Distributions of the number of jets, number of
b-tagged jets, missing transverse momentum and transverse momentum of the third lepton are shown in
Figure 4.

5.3 Tetralepton analysis

The tetralepton channel targets the tt̄Z process for the case where both W bosons resulting from top-quark
decays and the Z boson decay leptonically. Events with two pairs of opposite-sign leptons are selected,
and at least one pair must be of same flavour. The OSSF lepton pair with reconstructed invariant mass
closest to mZ is attributed to the Z boson decay and denoted in the following by Z1. The two remaining
leptons are used to define Z2. Four signal regions are defined according to the relative flavour of the two
Z2 leptons, different flavour (DF) or same flavour (SF), and the number of b-tagged jets: one, or at least
two (1b, 2b). The signal regions are thus 4`-DF-1b, 4`-DF-2b, 4`-SF-1b and 4`-SF-2b.

To suppress events with fake leptons in the 1-b-tag multiplicity regions, additional requirements on the
scalar sum of the transverse momenta of the third and fourth leptons (pT34) are imposed. In the 4`-SF-1b
and 4`-DF-1b regions, events are required to satisfy pT34 > 25 GeV and pT34 > 35 GeV, respectively. In
all regions, the invariant mass of any two reconstructed OS leptons is required to be larger than 10 GeV.
The signal region definitions for the tetralepton channel are summarised in Table 3.

10



Number of jets

3 4 5 6 7≥

E
v
e

n
ts

0

2

4

6

8

10

12

14

16

18

20 ATLAS

­1 = 13 TeV, 3.2 fbs

3L­Z

Data 2015 Ztt

Wtt WZ

ZZ Other

Fake leptons Uncertainty

Number of b­tagged jets

1 2 3≥

E
v
e

n
ts

0

2

4

6

8

10

12

14

16

18

20 ATLAS

­1 = 13 TeV, 3.2 fbs

3L­Z

Data 2015 Ztt

Wtt WZ

ZZ Other

Fake leptons Uncertainty

 [GeV]T

miss
E

0 20 40 60 80 100 120 140 160

E
v
e

n
ts

 /
 2

0
 G

e
V

0

2

4

6

8

10

12

ATLAS

­1 = 13 TeV, 3.2 fbs

3L­Z

Data 2015 Ztt

Wtt WZ

ZZ Other

Fake leptons Uncertainty

 [GeV]
T

Third lepton p
20 30 40 50 60 70 80

E
v
e

n
ts

 /
 1

0
 G

e
V

0

2

4

6

8

10

12

14

16

18

20

22
ATLAS

­1 = 13 TeV, 3.2 fbs

3L­Z

Data 2015 Ztt

Wtt WZ

ZZ Other

Fake leptons Uncertainty

Figure 4: Distributions of (top left) the number of jets, (top right) the number of b-tagged jets, (bottom left) the
missing transverse momentum and (bottom right) the third-lepton pT, for events contained in any of the three
signal regions 3`-Z-1b4j, 3`-Z-2b3j or 3`-Z-2b4j. The distributions are shown before the fit. The background
denoted ‘Other’ contains other SM processes producing three prompt leptons. The shaded band represents the total
uncertainty. The last bin in each of the distributions shown in the bottom panels includes the overflow.
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Table 3: Definitions of the four signal regions in the tetralepton channel. All leptons are required to satisfy
pT > 7 GeV and at least one lepton with pT > 25 GeV is required to be trigger matched. The invariant mass of
any two reconstructed OS leptons is required to be larger than 10 GeV.

Region Z2 leptons pT34 |mZ2 − mZ | Emiss
T nb-tags

4`-DF-1b e±µ∓ > 35 GeV - - 1
4`-DF-2b e±µ∓ - - - ≥ 2

4`-SF-1b e±e∓, µ±µ∓ > 25 GeV
{

> 10 GeV
< 10 GeV

> 40 GeV
> 80 GeV

}
1

4`-SF-2b e±e∓, µ±µ∓ -
{

> 10 GeV
< 10 GeV

-
> 40 GeV

}
≥ 2

A control region used to constrain the ZZ normalisation, referred to as 4`-ZZ-CR, is included in the fit
and is defined to have exactly four reconstructed leptons, a Z2 pair with OSSF leptons, the value of both
mZ1 and mZ2 within 10 GeV of the mass of the Z boson, and Emiss

T < 40 GeV. The leading lepton pT,
the invariant mass of the Z2 lepton pair, the missing transverse momentum and the jet multiplicity in this
control region are shown in Figure 5, and good agreement is seen between data and prediction.

The contribution from backgrounds containing fake leptons is estimated from simulation and corrected
with scale factors determined in two control regions: one region enriched in tt̄ events and thus in heavy-
flavour jets, and one region enriched in Z+jets events, and thus in light-flavour jets. The scale factors
are calibrated separately for electron and muon fake-lepton candidates. The scale factors are applied to
all MC simulation events with fewer than four prompt leptons according to the number and the flavour
of the fake leptons. The tt̄ scale factors are applied to MC processes with real top quarks, while for all
other processes the Z+jets scale factors are applied. Different generators are used when determining the
scale factors and when applying them. It is verified that the uncertainties in the scale factors include the
differences between these generators.

The expected yields in the signal and control regions in the tetralepton channel are shown in Table 4. Five
events are observed in the four signal regions. Figure 6 shows the data superimposed to the expected
distributions for all four signal regions combined. Overall the acceptance times efficiency for the tt̄Z and
tt̄W processes is 6%� and 2%�, respectively.

6 Systematic uncertainties

The normalisation of signal and background in each channel can be affected by several sources of sys-
tematic uncertainty. These are described in the following subsections.

6.1 Luminosity

The uncertainty in the integrated luminosity in the 2015 dataset is 2.1%. It is derived, following a
methodology similar to that detailed in Ref. [68], from a calibration of the luminosity scale using x–y
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Figure 5: (Top left) Leading lepton pT, (top right) mZ2 , (bottom left) missing transverse momentum and (bottom
right) jet multiplicity distributions in the 4`-ZZ-CR control region. The distributions are shown before the fit. The
shaded band represents the total uncertainty. The last bin of the distribution shown in the top left panel includes the
overflow.
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Figure 6: Distributions (left) of the invariant mass of the OSSF lepton pair closest to the Z boson mass, mZ1 , and
(right) of the number of b-tagged jets, for events in the tetralepton signal regions. The distributions are shown
before the fit. The background denoted ‘Other’ contains other SM processes producing four prompt leptons. The
shaded band represents the total uncertainty. The first and last bin of the distribution shown in the left panel include
the underflow and overflow, respectively.

Table 4: Expected event yields for signal and backgrounds, and the observed data in all control and signal regions
used in the fit to extract the tt̄Z and tt̄W cross sections. The quoted uncertainties in the expected event yields
represent systematic uncertainties including MC statistical uncertainties. The tZ, tWZ, tt̄H, three- and four-top-
quark processes are denoted t + X. The WZ, ZZ, H → ZZ (ggF and VBF), HW and HZ and VBS processes are
denoted ‘Bosons’.

Region t + X Bosons Fake leptons Total bkg. tt̄W tt̄Z Data

3`-WZ-CR 0.52± 0.13 26.9± 2.2 2.2± 1.8 29.5± 2.8 0.015± 0.004 0.80± 0.13 33
4`-ZZ-CR < 0.001 39.5± 2.6 1.8± 0.6 41.2± 2.7 < 0.001 0.026± 0.007 39

2µ-SS 0.94± 0.08 0.12± 0.05 1.5± 1.3 2.5± 1.3 2.32± 0.33 0.70± 0.10 9
3`-Z-2b4j 1.08± 0.25 0.5± 0.4 < 0.001 1.6± 0.5 0.065± 0.013 5.5± 0.7 8
3`-Z-1b4j 1.14± 0.24 3.3± 2.2 2.2± 1.7 6.7± 2.8 0.036± 0.011 4.3± 0.6 7
3`-Z-2b3j 0.58± 0.19 0.22± 0.18 < 0.001 0.80± 0.26 0.083± 0.014 1.93± 0.28 4
3`-noZ-2b 0.95± 0.11 0.14± 0.12 3.6± 2.2 4.7± 2.2 1.59± 0.28 1.45± 0.20 10
4`-SF-1b 0.212± 0.032 0.09± 0.07 0.113± 0.022 0.42± 0.08 < 0.001 0.66± 0.09 1
4`-SF-2b 0.121± 0.021 0.07± 0.06 0.062± 0.012 0.25± 0.07 < 0.001 0.63± 0.09 1
4`-DF-1b 0.25± 0.04 0.0131± 0.0032 0.114± 0.019 0.37± 0.04 < 0.001 0.75± 0.10 2
4`-DF-2b 0.16± 0.05 < 0.001 0.063± 0.013 0.23± 0.05 < 0.001 0.64± 0.09 1
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beam-separation scans performed in August 2015. This systematic uncertainty is applied to all processes
modelled using Monte Carlo simulations.

6.2 Uncertainties associated with reconstructed objects

Uncertainties associated with the lepton selection arise from imperfect knowledge of the trigger, recon-
struction, identification and isolation efficiencies, and lepton momentum scale and resolution [47–50,
69]. The uncertainty in the electron identification efficiency is the largest systematic uncertainty in the
trilepton channel and among the most important ones in the tetralepton channel.

Uncertainties associated with the jet selection arise from the jet energy scale (JES), the JVT requirement
and the jet energy resolution (JER). Their estimations are based on Run-1 data and checked with early
Run-2 data. The JES and its uncertainty are derived by combining information from test-beam data,
collision data and simulation [70]. JES uncertainty components arising from the in-situ calibration and
the jet flavour composition are among the dominant uncertainties in the 2µ-SS and trilepton channels.
The uncertainties in the JER and JVT have a significant effect at low jet pT. The JER uncertainty results
in the second largest uncertainty in the trilepton channel.

The efficiency of the flavour-tagging algorithm is measured for each jet flavour using control samples in
data and in simulation. From these measurements, correction factors are defined to correct the tagging
rates in the simulation. In the case of b-jets, correction factors and their uncertainties are estimated
based on observed and simulated b-tagging rates in tt̄ dilepton events [62]. In the case of c-jets, they are
derived based on jets with identified D∗ mesons [71]. In the case of light-flavour jets, correction factors
are derived using dijet events [71]. Sources of uncertainty affecting the b- and c-tagging efficiencies are
considered as a function of jet pT, including bin-to-bin correlations [62]. An additional uncertainty is
assigned to account for the extrapolation of the b-tagging efficiency measurement from the pT region
used to determine the scale factors to regions with higher pT. For the efficiency to tag light-flavour jets,
the dependence of the uncertainty on the jet pT and η is considered. These systematic uncertainties are
taken as uncorrelated between b-jets, c-jets, and light-flavour jets.

The treatment of the uncertainties associated with reconstructed objects is common to all three channels,
and thus these are considered as correlated among different regions.

6.3 Uncertainties in signal modelling

From the nominal MG5_aMC+Pythia 8 (A14 tune) configuration, two parameters are varied to investigate
uncertainties from the modelling of the tt̄Z and tt̄W processes: the renormalisation (µR) and factorisation
(µF) scales. A simultaneous variation of µR = µF by factors 2.0 and 0.5 is performed. In addition, the
effects of a set of variations in the tune parameters (A14 eigentune variations), sensitive to initial- and final-
state radiation, multiple parton interactions and colour reconnection, are evaluated. Studies performed
at particle level show that the largest impact comes from variations in initial-state radiation [26]. The
systematic uncertainty due to the choice of generator for the tt̄Z and tt̄W signals is estimated by comparing
the nominal sample with one generated with Sherpa v2.2. The Sherpa sample uses the LO matrix element
with up to one (two) additional parton(s) included in the matrix element calculation for tt̄Z (tt̄W) and
merged with the Sherpa parton shower [72] using the ME+PS@LO prescription. The NNPDF3.0NLO PDF
set is used in conjunction with a dedicated parton shower tune developed by the Sherpa authors. Signal
modelling uncertainties are treated as correlated among channels.
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6.4 Uncertainties in background modelling

In the trilepton and 2µ-SS channels, the diboson background is dominated by WZ production, while ZZ
production is dominant in the tetralepton channel. While the inclusive cross sections for these processes
are known to better than 10%, they contribute to the background in these channels if additional b-jets and
other jets are produced and thus have a significantly larger uncertainty.

In the trilepton and 2µ-SS channels, the normalisation of the WZ background is treated as a free para-
meter in the fit used to extract the tt̄Z and tt̄W signals. The uncertainty in the extrapolation of the WZ
background estimate from the control region to signal regions with specific jet and b-tag multiplicities
is evaluated by comparing predictions obtained by varying the renormalisation, factorisation and resum-
mation scales used in MC generation. The uncertainties vary across the different regions and an overall
uncertainty of −50% and +100% is used.

The normalisation of the ZZ background is treated as a free parameter in the fit used to extract the tt̄Z
and tt̄W signals. In the tetralepton channel, several uncertainties in the ZZ background estimate are
considered. They arise from the extrapolation from the 4`-ZZ-CR control region (corresponding to on-
shell ZZ production) to the signal region (with off-shell ZZ background) and from the extrapolation from
the control region without jets to the signal region with at least one jet. They are found to be 30% and
20%, respectively. An additional uncertainty of 10–30% is assigned to the normalisation of the heavy-
flavour content of the ZZ background, based on a data-to-simulation comparison of events with one Z
boson and additional jets and cross-checked with a comparison between different ZZ simulations [11].

The uncertainty in the tt̄H background is evaluated by varying the factorisation and renormalisation scales
up and down by a factor of two with respect to the nominal value, HT/2, where HT is defined as the scalar

sum of the transverse masses
√

p2
T + m2 of all final state particles.

For the tZ background, an overall normalisation uncertainty of 50% is assumed. An additional uncertainty
affecting the distribution of this background as a function of jet and b-jet multiplicity is evaluated by vary-
ing the factorisation and renormalisation scales, as well as the amount of radiation in the Perugia2012
parton shower tune.

An uncertainty of +10% and −22% is assigned to the tWZ background cross section. The uncertainty
is asymmetric due to an alternative estimate of the interference effect between this process and the tt̄Z
production. The shape uncertainty is evaluated by varying the factorisation and renormalisation scales up
and down by a factor of two with respect to the nominal value HT/2.

For other prompt-lepton backgrounds, uncertainties of 20% are assigned to the normalisations of the WH
and ZH processes, based on calculations from Ref. [73]. An uncertainty of 50% is considered for triboson
and same-sign WW processes.

The fake-lepton background uncertainty is evaluated as follows. The uncertainty due to the matrix method
is estimated by propagating the statistical uncertainty on the measurement of the fake-lepton efficiencies.
Additionally, a 20% uncertainty is added to the subtracted charge-flip yields estimated as the difference
between data-driven charge-flips and simulation, and the Emiss

T requirement used to enhance the single-
fake-lepton fraction is varied by 20 GeV. The main sources of fake muons are decays of light-flavour or
heavy-flavour hadrons inside jets. For the 2µ-SS region, the flavour composition of the jets faking leptons
is assumed to be unknown. To cover this uncertainty, the central values of the fake-lepton efficiencies
extracted from the b-veto and the b-tag control regions are used, with the efficiency difference assigned as
an extra uncertainty. For the tetralepton channel, fake-lepton systematic uncertainties are covered by the
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scale-factor uncertainties used to calibrate the simulated fake-lepton yield in the control regions. Within a
fake-lepton estimation method, all systematic uncertainties are considered to be correlated among analysis
channels and regions. Thus 2µ-SS and trilepton fake-lepton systematic uncertainties that use the matrix
method are not correlated with the tetralepton systematic uncertainties. The expected uncertainties in the
fake-lepton backgrounds relative to the total backgrounds vary in each channel and signal region: 50%
for the 2µ-SS region, 25–50% for the trilepton channel and 5–10% for the tetralepton channel.

7 Results

In order to extract the tt̄Z and tt̄W cross sections, nine signal regions (2µ-SS, 3`-Z-1b4j, 3`-Z-2b3j,
3`-Z-2b4j, 3`-noZ-2b, 4`-DF-1b, 4`-DF-2b, 4`-SF-1b, 4`-SF-2b) and two control regions (3`-WZ-CR,
4`-ZZ-CR) are simultaneously fitted. The 2µ-SS signal region is particularly sensitive to tt̄W, the 3`-noZ-2b
signal region is sensitive to both, tt̄W and tt̄Z, while all other signal regions aim at the determination of the
tt̄Z cross section. The cross sections σtt̄Z and σtt̄W are determined using a binned maximum-likelihood
fit to the numbers of events in these regions. The fit is based on the profile-likelihood technique, where
systematic uncertainties are allowed to vary as nuisance parameters and take on their best-fit values. None
of the uncertainties are found to be significantly constrained or pulled from their initial values. The cal-
culation of confidence intervals and hypothesis testing is performed using a modified frequentist method
as implemented in RooStats [74, 75].

A summary of the fit to all regions used to measure the tt̄Z and tt̄W production cross sections are shown
in Figure 7. The normalisation corrections for the WZ and ZZ backgrounds with respect to the Standard
Model predictions are obtained from the fits as described in Section 5 and found to be compatible with
unity: 1.11 ± 0.30 for the WZ background and 0.94 ± 0.17 for the ZZ background.

The results of the fit are σtt̄Z = 0.92 ± 0.29 (stat.) ± 0.10 (syst.) pb and σtt̄W = 1.50 ± 0.72 (stat.) ±
0.33 (syst.) pb with a correlation of −0.13 and are shown in Figure 8. The fit yields significances of 3.9σ
and 2.2σ over the background-only hypothesis for the tt̄Z and tt̄W processes, respectively. The expected
significances are 3.4σ for tt̄Z and 1.0σ for tt̄W production. The significance values are computed using
the asymptotic approximation described in Ref. [76]. In the two channels most sensitive to the tt̄W signal
the observed relative number of events with two positively or two negatively charged leptons is compatible
with expectation. In the 3`-noZ-2b channel the observed distribution of the number of events with a given
amount of electrons and muons match expectation, as well.

Table 5 shows the leading and total uncertainties in the measured tt̄Z and tt̄W cross sections. In estimating
the uncertainties for tt̄Z (tt̄W), the cross section for tt̄W (tt̄Z) is fixed to its Standard Model value. For
both processes, the precision of the measurement is dominated by statistical uncertainties. For the tt̄Z
determination, the different sources contribute with similar size to the total systematic uncertainty. For
the tt̄W determination, the dominant systematic uncertainty source is the limited amount of data available
for the estimation of the fake leptons.
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Figure 7: Expected yields after the fit compared to data for the fit to extract σtt̄Z and σtt̄W in the signal regions and
in the control regions used to constrain the WZ and ZZ backgrounds. The ‘Other’ background summarises all other
backgrounds described in Section 3. The shaded band represents the total uncertainty.

Table 5: List of dominant and total uncertainties in the measured cross sections of the tt̄Z and tt̄W processes from
the fit. All uncertainties are symmetrised.

Uncertainty σtt̄Z σtt̄W

Luminosity 2.6% 3.1%
Reconstructed objects 8.3% 9.3%
Backgrounds from simulation 5.3% 3.1%
Fake leptons and charge misID 3.0% 19%
Signal modelling 2.3% 4.2%

Total systematic 11% 22%
Statistical 31% 48%

Total 32% 53%
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8 Conclusion

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson
using 3.2 fb−1 of data collected by the ATLAS detector in

√
s = 13 TeV pp collisions at the LHC are

presented. Final states with either two same-charge muons, or three or four leptons are analysed. From a
simultaneous fit to nine signal regions and two control regions, the tt̄Z and tt̄W production cross sections
are determined to be σtt̄Z = 0.9 ± 0.3 pb and σtt̄W = 1.5 ± 0.8 pb. Both measurements are consistent with
the NLO QCD theoretical calculations, σtt̄Z = 0.84 ± 0.09 pb and σtt̄W = 0.60 ± 0.08 pb.

Acknowledgements

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

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI,

19



Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT
CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC, Hong
Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan;
CNRST, Morocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Por-
tugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia;
MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and
Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST,
Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition,
individual groups and members have received support from BCKDF, the Canada Council, CANARIE,
CRC, Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, FP7, Ho-
rizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d’Avenir Labex and
Idex, ANR, Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation, Ger-
many; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF; BSF,
GIF and Minerva, Israel; BRF, Norway; Generalitat de Catalunya, Generalitat Valenciana, Spain; the
Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource pro-
viders. Major contributors of computing resources are listed in Ref. [77].

References

[1] ATLAS Collaboration, Measurement of the tt̄ production cross-section using eµ events with
b-tagged jets in pp collisions at

√
s = 13 TeV with the ATLAS detector,

Phys. Lett. B 761 (2016) 136, arXiv:1606.02699 [hep-ex].

[2] CMS Collaboration, Measurement of the top quark pair production cross section in
proton–proton collisions at

√
s = 13 TeV, Phys. Rev. Lett. 116 (2016) 052002,

arXiv:1510.05302 [hep-ex].

[3] J. A. Aguilar-Saavedra, Identifying top partners at LHC, JHEP 11 (2009) 030,
arXiv:0907.3155 [hep-ph].

[4] J. A. Aguilar-Saavedra et al., Handbook of vectorlike quarks: Mixing and single production,
Phys. Rev. D88 (2013) 094010, arXiv:1306.0572 [hep-ph].

[5] M. Perelstein, Little Higgs models and their phenomenology,
Prog. Part. Nucl. Phys. 58 (2007) 247, arXiv:hep-ph/0512128.

[6] R. S. Chivukula, S. B. Selipsky and E. H. Simmons,
Nonoblique effects in the Zbb̄ vertex from ETC dynamics, Phys. Rev. Lett. 69 (1992) 575,
arXiv:hep-ph/9204214.

[7] R. S. Chivukula, E. H. Simmons and J. Terning,
A heavy top quark and the Zbb̄ vertex in noncommuting extended technicolor,
Phys. Lett. B 331 (1994) 383, arXiv:hep-ph/9404209.

20

http://dx.doi.org/10.1016/j.physletb.2016.08.019
http://arxiv.org/abs/1606.02699
http://dx.doi.org/10.1103/PhysRevLett.116.052002
http://arxiv.org/abs/1510.05302
http://dx.doi.org/10.1088/1126-6708/2009/11/030
http://arxiv.org/abs/0907.3155
http://dx.doi.org/10.1103/PhysRevD.88.094010
http://arxiv.org/abs/1306.0572
http://dx.doi.org/10.1016/j.ppnp.2006.04.001
http://arxiv.org/abs/hep-ph/0512128
http://dx.doi.org/10.1103/PhysRevLett.69.575
http://arxiv.org/abs/hep-ph/9204214
http://dx.doi.org/10.1016/0370-2693(94)91068-5
http://arxiv.org/abs/hep-ph/9404209


[8] K. Hagiwara and N. Kitazawa, Extended technicolor contribution to the Zbb vertex,
Phys. Rev. D 52 (1995) 5374, arXiv:hep-ph/9504332.

[9] U. Mahanta, Noncommuting ETC corrections to Ztt̄ vertex, Phys. Rev. D 55 (1997) 5848,
arXiv:hep-ph/9611289.

[10] U. Mahanta, Probing noncommuting ETC effects by e+e− → tt̄ at NLC,
Phys. Rev. D 56 (1997) 402.

[11] ATLAS Collaboration, Measurement of the tt̄W and tt̄Z production cross sections in pp collisions
at
√

s = 8 TeV with the ATLAS detector, JHEP 11 (2015) 172, arXiv:1509.05276 [hep-ex].

[12] CMS Collaboration, Observation of top quark pairs produced in association with a vector boson
in pp collisions at

√
s = 8 TeV, JHEP 01 (2016) 096, arXiv:1510.01131 [hep-ex].

[13] S. Frixione et al.,
Electroweak and QCD corrections to top-pair hadroproduction in association with heavy bosons,
JHEP 06 (2015) 184, arXiv:1504.03446 [hep-ph].

[14] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
arXiv:1405.0301 [hep-ph].

[15] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.

[16] ATLAS Collaboration, ATLAS Insertable B-Layer Technical Design Report, ATLAS-TDR-19,
2010, url: http://cds.cern.ch/record/1291633,
ATLAS Insertable B-Layer Technical Design Report Addendum, ATLAS-TDR-19-ADD-1, 2012,
URL: http://cds.cern.ch/record/1451888.

[17] ATLAS Collaboration,
Luminosity determination in pp collisions at

√
s = 8 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C76 (2016) 653, arXiv:1608.03953 [hep-ex].

[18] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Meth. A 462 (2001) 152.

[19] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010) 823,
arXiv:1005.4568 [hep-ex].

[20] S. Agostinelli et al., GEANT4 — a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250.

[21] ATLAS Collaboration,
The simulation principle and performance of the ATLAS fast calorimeter simulation FastCaloSim,
ATL-PHYS-PUB-2010-013, 2010, url: http://cds.cern.ch/record/1300517.

[22] T. Sjöstrand et al., An Introduction to PYTHIA 8.2, Comp. Phys. Comm. 191 (2015) 159,
arXiv:1410.3012 [hep-ph].

[23] ATLAS Collaboration, Further ATLAS tunes of PYTHIA 6 and PYTHIA 8,
ATL-PHYS-PUB-2011-014, 2011, url: http://cds.cern.ch/record/1400677.

[24] ATLAS Collaboration, ATLAS PYTHIA 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-021, 2014,
url: http://cdsweb.cern.ch/record/1966419.

[25] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 244,
arXiv:1207.1303 [hep-ph].

21

http://dx.doi.org/10.1103/PhysRevD.52.5374
http://arxiv.org/abs/hep-ph/9504332
http://dx.doi.org/10.1103/PhysRevD.55.5848
http://arxiv.org/abs/hep-ph/9611289
http://dx.doi.org/10.1103/PhysRevD.56.402
http://dx.doi.org/10.1007/JHEP11(2015)172
http://arxiv.org/abs/1509.05276
http://dx.doi.org/10.1007/JHEP01(2016)096
http://arxiv.org/abs/1510.01131
http://dx.doi.org/10.1007/JHEP06(2015)184
http://arxiv.org/abs/1504.03446
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://cds.cern.ch/record/1291633
http://cds.cern.ch/record/1451888
http://dx.doi.org/10.1140/epjc/s10052-016-4466-1
http://arxiv.org/abs/1608.03953
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://cds.cern.ch/record/1300517
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
http://cds.cern.ch/record/1400677
http://cdsweb.cern.ch/record/1966419
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303


[26] ATLAS Collaboration,
Modelling of the tt̄H and tt̄V (V = W,Z) processes for

√
s = 13 TeV ATLAS analyses,

ATL-PHYS-PUB-2016-005, 2016, url: http://cds.cern.ch/record/2120826.

[27] T. Sjöstrand, S. Mrenna and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026,
arXiv:hep-ph/0603175.

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

[29] P. Z. Skands, Tuning Monte Carlo Generators: The Perugia Tunes,
Phys. Rev. D 82 (2010) 074018, arXiv:1005.3457 [hep-ph].

[30] R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04 (2015) 040,
arXiv:1410.8849 [hep-ph].

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

[32] T. Gleisberg and S. Höche, Comix, a new matrix element generator, JHEP 12 (2008) 039,
arXiv:0808.3674 [hep-ph].

[33] F. Cascioli, P. Maierhofer and S. Pozzorini, Scattering Amplitudes with Open Loops,
Phys. Rev. Lett. 108 (2012) 111601, arXiv:1111.5206 [hep-ph].

[34] S. Höche et al., QCD matrix elements + parton showers: The NLO case, JHEP 04 (2013) 027,
arXiv:1207.5030 [hep-ph].

[35] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024,
arXiv:1007.2241.

[36] S. Alioli et al., A general framework for implementing NLO calculations in shower Monte Carlo
programs: the POWHEG BOX, JHEP 06 (2010) 043, arXiv:1002.2581 [hep-ph].

[37] ATLAS Collaboration, Measurement of the Z/γ∗ boson transverse momentum distribution in pp
collisions at

√
s = 7 TeV with the ATLAS detector, JHEP 09 (2014) 145,

arXiv:1406.3660 [hep-ex].

[38] M. Czakon and A. Mitov,
Top++: a program for the calculation of the top-pair cross-section at hadron colliders,
Comp. Phys. Comm. 185 (2014) 2930, arXiv:1112.5675 [hep-ph].

[39] E. Re,
Single-top Wt-channel production matched with parton showers using the POWHEG method,
Eur. Phys. J. C71 (2011) 1547, arXiv:1009.2450 [hep-ph].

[40] D. de Florian et al.,
Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector, (2016),
arXiv:1610.07922 [hep-ph].

[41] C. Anastasiou et al., High precision QCD at hadron colliders: Electroweak gauge boson rapidity
distributions at NNLO, Phys. Rev. D 69 (2004) 094008, arXiv:hep-ph/0312266.

[42] R. Gavin et al., FEWZ 2.0: A code for hadronic Z production at next-to-next-to-leading order,
Comput. Phys. Commun. 182 (2011) 2388, arXiv:1011.3540 [hep-ph].

[43] R. Gavin et al., W Physics at the LHC with FEWZ 2.1, Comput. Phys. Commun. 184 (2013) 208,
arXiv:1201.5896 [hep-ph].

22

http://cds.cern.ch/record/2120826
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://dx.doi.org/10.1088/1126-6708/2008/12/039
http://arxiv.org/abs/0808.3674
http://dx.doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
http://dx.doi.org/10.1007/JHEP04(2013)027
http://arxiv.org/abs/1207.5030
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
http://dx.doi.org/10.1007/JHEP09(2014)145
http://arxiv.org/abs/1406.3660
http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
http://dx.doi.org/10.1140/epjc/s10052-011-1547-z
http://arxiv.org/abs/1009.2450
http://arxiv.org/abs/1610.07922
http://dx.doi.org/10.1103/PhysRevD.69.094008
http://arxiv.org/abs/hep-ph/0312266
http://dx.doi.org/10.1016/j.cpc.2011.06.008
http://arxiv.org/abs/1011.3540
http://dx.doi.org/10.1016/j.cpc.2012.09.005
http://arxiv.org/abs/1201.5896


[44] Y. Li and F. Petriello,
Combining QCD and electroweak corrections to dilepton production in FEWZ,
Phys. Rev. D 86 (2012) 094034, arXiv:1208.5967 [hep-ph].

[45] V. Barger, W.-Y. Keung and B. Yencho, Triple-Top Signal of New Physics at the LHC,
Phys. Lett. B 687 (2010) 70, arXiv:1001.0221 [hep-ph].

[46] G. Bevilacqua and M. Worek, Constraining BSM Physics at the LHC: Four top final states with
NLO accuracy in perturbative QCD, JHEP 07 (2012) 111, arXiv:1206.3064 [hep-ph].

[47] ATLAS Collaboration, Electron reconstruction and identification efficiency measurements with
the ATLAS detector using the 2011 LHC proton–proton collision data,
Eur. Phys. J. C 74 (2014) 2941, arXiv:1404.2240 [hep-ex].

[48] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using the 2012
LHC proton–proton collision data, ATLAS-CONF-2014-032, 2014,
url: http://cdsweb.cern.ch/record/1706245.

[49] ATLAS Collaboration, Electron identification measurements in ATLAS using
√

s = 13 TeV data
with 50 ns bunch spacing, ATL-PHYS-PUB-2015-041, 2015,
url: http://cdsweb.cern.ch/record/2048202.

[50] ATLAS Collaboration, Muon reconstruction performance of the ATLAS detector in proton–proton
collision data at

√
s = 13 TeV, Eur. Phys. J. C 76 (2016) 292, arXiv:1603.05598 [hep-ex].

[51] M. Cacciari, G. P. Salam and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008) 063,
arXiv:0802.1189 [hep-ph].

[52] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder,
Phys. Lett. B 641 (2006) 57, arXiv:hep-ph/0512210.

[53] ATLAS Collaboration,
Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1, (2016),
arXiv:1603.02934 [hep-ex].

[54] M. Cacciari, G. P. Salam and G. Soyez, The Catchment Area of Jets, JHEP 04 (2008) 005,
arXiv:0802.1188 [hep-ph].

[55] ATLAS Collaboration, Jet global sequential corrections with the ATLAS detector in
proton–proton collisions at

√
s = 8 TeV, ATLAS-CONF-2015-002, 2015,

url: http://cdsweb.cern.ch/record/2001682.

[56] ATLAS Collaboration,
Jet energy measurement with the ATLAS detector in proton–proton collisions at

√
s = 7 TeV,

Eur. Phys. J. C 73 (2013) 2304, arXiv:1112.6426 [hep-ex].

[57] ATLAS Collaboration, Monte Carlo Calibration and Combination of In-situ Measurements of Jet
Energy Scale, Jet Energy Resolution and Jet Mass in ATLAS, ATLAS-CONF-2015-037, 2015,
url: http://cdsweb.cern.ch/record/2044941.

[58] ATLAS Collaboration, Jet Calibration and Systematic Uncertainties for Jets Reconstructed in the
ATLAS Detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-015, 2015,

url: http://cds.cern.ch/record/2037613.

[59] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in pp collisions at
√

s = 8 TeV using the ATLAS detector, Eur. Phys. J. C76 (2016) 581,
arXiv:1510.03823 [hep-ex].

23

http://dx.doi.org/10.1103/PhysRevD.86.094034
http://arxiv.org/abs/1208.5967
http://dx.doi.org/10.1016/j.physletb.2010.03.001
http://arxiv.org/abs/1001.0221
http://dx.doi.org/10.1007/JHEP07(2012)111
http://arxiv.org/abs/1206.3064
http://dx.doi.org/10.1140/epjc/s10052-014-2941-0
http://arxiv.org/abs/1404.2240
http://cdsweb.cern.ch/record/1706245
http://cdsweb.cern.ch/record/2048202
http://dx.doi.org/10.1140/epjc/s10052-016-4120-y
http://arxiv.org/abs/1603.05598
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://arxiv.org/abs/hep-ph/0512210
http://arxiv.org/abs/1603.02934
http://dx.doi.org/10.1088/1126-6708/2008/04/005
http://arxiv.org/abs/0802.1188
http://cdsweb.cern.ch/record/2001682
http://dx.doi.org/10.1140/epjc/s10052-013-2304-2
http://arxiv.org/abs/1112.6426
http://cdsweb.cern.ch/record/2044941
http://cds.cern.ch/record/2037613
http://dx.doi.org/10.1140/epjc/s10052-016-4395-z
http://arxiv.org/abs/1510.03823


[60] ATLAS Collaboration, Performance of b-Jet Identification in the ATLAS Experiment,
JINST 11 (2016) P04008, arXiv:1512.01094 [hep-ex].

[61] ATLAS Collaboration, Expected performance of the ATLAS b-tagging algorithms in Run-2,
ATL-PHYS-PUB-2015-022, 2015, url: http://cdsweb.cern.ch/record/2037697.

[62] ATLAS Collaboration, Calibration of b-tagging using dileptonic top pair events in a
combinatorial likelihood approach with the ATLAS experiment, ATLAS-CONF-2014-004, 2014,
url: http://cdsweb.cern.ch/record/1664335.

[63] ATLAS Collaboration,
Commissioning of the ATLAS b-tagging algorithms using tt̄ events in early Run-2 data,
ATL-PHYS-PUB-2015-039, 2015, url: http://cdsweb.cern.ch/record/2047871.

[64] ATLAS Collaboration, Performance of missing transverse momentum reconstruction in
proton–proton collisions at

√
s = 7 TeV with ATLAS, Eur. Phys. J. C 72 (2012) 1844,

arXiv:1108.5602 [hep-ex].

[65] ATLAS Collaboration, Performance of missing transverse momentum reconstruction with the
ATLAS detector in the first proton–proton collisions at

√
s = 13 TeV, ATL-PHYS-PUB-2015-027,

2015, url: http://cdsweb.cern.ch/record/2037904.

[66] ATLAS Collaboration, Expected performance of missing transverse momentum reconstruction for
the ATLAS detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-023, 2015,

url: http://cdsweb.cern.ch/record/2037700.

[67] ATLAS Collaboration, Measurement of the top quark-pair production cross section with ATLAS
in pp collisions at

√
s = 7 TeV, Eur. Phys. J. C 71 (2011) 1577, arXiv:1012.1792 [hep-ex].

[68] ATLAS Collaboration, Improved luminosity determination in pp collisions at
√

s = 7 TeV using
the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 2518, arXiv:1302.4393 [hep-ex].

[69] ATLAS Collaboration, Expected electron performance in the ATLAS experiment,
ATL-PHYS-PUB-2011-006, 2011, url: http://cdsweb.cern.ch/record/1345327.

[70] 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 (2015) 17,

arXiv:1406.0076 [hep-ex].

[71] ATLAS Collaboration,
Calibration of the performance of b-tagging for c and light-flavour jets in the 2012 ATLAS data,
ATLAS-CONF-2014-046, 2014, url: http://cdsweb.cern.ch/record/1741020.

[72] S. Schumann and F. Krauss,
A parton shower algorithm based on Catani-Seymour dipole factorisation, JHEP 03 (2008) 038,
arXiv:0709.1027 [hep-ph].

[73] S Heinemeyer et al., Handbook of LHC Higgs Cross Sections: 3. Higgs Properties,
arXiv:1307.1347 [hep-ph].

[74] W. Verkerke and D. Kirkby, ‘The RooFit toolkit for data modeling’, arXiv:physics/0306116.

[75] W. Verkerke and D. Kirkby, RooFit Users Manual v2.91,
url: http://rootfit.sourceforge.net.

[76] G. Cowan et al., Asymptotic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71 (2011) 1554, Erratum: C 73 (2013) 2501, arXiv:1007.1727.

24

http://dx.doi.org/10.1088/1748-0221/11/04/P04008
http://arxiv.org/abs/1512.01094
http://cdsweb.cern.ch/record/2037697
http://cdsweb.cern.ch/record/1664335
http://cdsweb.cern.ch/record/2047871
http://dx.doi.org/10.1140/epjc/s10052-011-1844-6
http://arxiv.org/abs/1108.5602
http://cdsweb.cern.ch/record/2037904
http://cdsweb.cern.ch/record/2037700
http://dx.doi.org/10.1140/epjc/s10052-011-1577-6
http://arxiv.org/abs/1012.1792
http://dx.doi.org/10.1140/epjc/s10052-013-2518-3
http://arxiv.org/abs/1302.4393
http://cdsweb.cern.ch/record/1345327
http://dx.doi.org/10.1140/epjc/s10052-014-3190-y
http://arxiv.org/abs/1406.0076
http://cdsweb.cern.ch/record/1741020
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
http://arxiv.org/abs/1307.1347
http://arxiv.org/abs/physics/0306116
http://rootfit.sourceforge.net
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0, 10.1140/epjc/s10052-013-2501-z
http://arxiv.org/abs/1007.1727


[77] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016-2017,
ATL-GEN-PUB-2016-002, 2016, url: http://cds.cern.ch/record/2202407.

25

http://cds.cern.ch/record/2202407


The ATLAS Collaboration

M. Aaboud137d, G. Aad88, B. Abbott115, J. Abdallah66, O. Abdinov12, B. Abeloos119, R. Aben109,
O.S. AbouZeid139, N.L. Abraham153, H. Abramowicz157, H. Abreu156, R. Abreu118, Y. Abulaiti150a,150b,
B.S. Acharya167a,167b,a, L. Adamczyk40a, D.L. Adams27, J. Adelman110, S. Adomeit102, T. Adye133,
A.A. Affolder77, T. Agatonovic-Jovin14, J. Agricola56, J.A. Aguilar-Saavedra128a,128f, S.P. Ahlen24,
F. Ahmadov68,b, G. Aielli135a,135b, H. Akerstedt150a,150b, T.P.A. Åkesson84, A.V. Akimov98,
G.L. Alberghi22a,22b, J. Albert172, S. Albrand57, M.J. Alconada Verzini74, M. Aleksa32,
I.N. Aleksandrov68, C. Alexa28b, G. Alexander157, T. Alexopoulos10, M. Alhroob115, B. Ali130,
M. Aliev76a,76b, G. Alimonti94a, J. Alison33, S.P. Alkire37, B.M.M. Allbrooke153, B.W. Allen118,
P.P. Allport19, A. Aloisio106a,106b, A. Alonso38, F. Alonso74, C. Alpigiani140, M. Alstaty88,
B. Alvarez Gonzalez32, D. Álvarez Piqueras170, M.G. Alviggi106a,106b, B.T. Amadio16, K. Amako69,
Y. Amaral Coutinho26a, C. Amelung25, D. Amidei92, S.P. Amor Dos Santos128a,128c, A. Amorim128a,128b,
S. Amoroso32, G. Amundsen25, C. Anastopoulos143, L.S. Ancu51, N. Andari110, T. Andeen11,
C.F. Anders61b, G. Anders32, J.K. Anders77, K.J. Anderson33, A. Andreazza94a,94b, V. Andrei61a,
S. Angelidakis9, I. Angelozzi109, P. Anger46, A. Angerami37, F. Anghinolfi32, A.V. Anisenkov111,c,
N. Anjos13, A. Annovi126a,126b, C. Antel61a, M. Antonelli49, A. Antonov100,∗, F. Anulli134a, M. Aoki69,
L. Aperio Bella19, G. Arabidze93, Y. Arai69, J.P. Araque128a, A.T.H. Arce47, F.A. Arduh74, J-F. Arguin97,
S. Argyropoulos66, M. Arik20a, A.J. Armbruster147, L.J. Armitage79, O. Arnaez32, H. Arnold50,
M. Arratia30, O. Arslan23, A. Artamonov99, G. Artoni122, S. Artz86, S. Asai159, N. Asbah44,
A. Ashkenazi157, B. Åsman150a,150b, L. Asquith153, K. Assamagan27, R. Astalos148a, M. Atkinson169,
N.B. Atlay145, K. Augsten130, G. Avolio32, B. Axen16, M.K. Ayoub119, G. Azuelos97,d, M.A. Baak32,
A.E. Baas61a, M.J. Baca19, H. Bachacou138, K. Bachas76a,76b, M. Backes32, M. Backhaus32,
P. Bagiacchi134a,134b, P. Bagnaia134a,134b, Y. Bai35a, J.T. Baines133, O.K. Baker179, E.M. Baldin111,c,
P. Balek131, T. Balestri152, F. Balli138, W.K. Balunas124, E. Banas41, Sw. Banerjee176,e,
A.A.E. Bannoura178, L. Barak32, E.L. Barberio91, D. Barberis52a,52b, M. Barbero88, T. Barillari103,
T. Barklow147, N. Barlow30, S.L. Barnes87, B.M. Barnett133, R.M. Barnett16, Z. Barnovska-Blenessy5,
A. Baroncelli136a, G. Barone25, A.J. Barr122, L. Barranco Navarro170, F. Barreiro85,
J. Barreiro Guimarães da Costa35a, R. Bartoldus147, A.E. Barton75, P. Bartos148a, A. Basalaev125,
A. Bassalat119, f , R.L. Bates55, S.J. Batista162, J.R. Batley30, M. Battaglia139, M. Bauce134a,134b,
F. Bauer138, H.S. Bawa147,g, J.B. Beacham113, M.D. Beattie75, T. Beau83, P.H. Beauchemin165,
P. Bechtle23, H.P. Beck18,h, K. Becker122, M. Becker86, M. Beckingham173, C. Becot112, A.J. Beddall20e,
A. Beddall20b, V.A. Bednyakov68, M. Bedognetti109, C.P. Bee152, L.J. Beemster109, T.A. Beermann32,
M. Begel27, J.K. Behr44, C. Belanger-Champagne90, A.S. Bell81, G. Bella157, L. Bellagamba22a,
A. Bellerive31, M. Bellomo89, K. Belotskiy100, O. Beltramello32, N.L. Belyaev100, O. Benary157,∗,
D. Benchekroun137a, M. Bender102, K. Bendtz150a,150b, N. Benekos10, Y. Benhammou157,
E. Benhar Noccioli179, J. Benitez66, D.P. Benjamin47, J.R. Bensinger25, S. Bentvelsen109,
L. Beresford122, M. Beretta49, D. Berge109, E. Bergeaas Kuutmann168, N. Berger5, J. Beringer16,
S. Berlendis57, N.R. Bernard89, C. Bernius112, F.U. Bernlochner23, T. Berry80, P. Berta131, C. Bertella86,
G. Bertoli150a,150b, F. Bertolucci126a,126b, I.A. Bertram75, C. Bertsche44, D. Bertsche115, G.J. Besjes38,
O. Bessidskaia Bylund150a,150b, M. Bessner44, N. Besson138, C. Betancourt50, S. Bethke103,
A.J. Bevan79, W. Bhimji16, R.M. Bianchi127, L. Bianchini25, M. Bianco32, O. Biebel102,
D. Biedermann17, R. Bielski87, N.V. Biesuz126a,126b, M. Biglietti136a, J. Bilbao De Mendizabal51,
H. Bilokon49, M. Bindi56, S. Binet119, A. Bingul20b, C. Bini134a,134b, S. Biondi22a,22b, D.M. Bjergaard47,
C.W. Black154, J.E. Black147, K.M. Black24, D. Blackburn140, R.E. Blair6, J.-B. Blanchard138,
J.E. Blanco80, T. Blazek148a, I. Bloch44, C. Blocker25, W. Blum86,∗, U. Blumenschein56, S. Blunier34a,

26



G.J. Bobbink109, V.S. Bobrovnikov111,c, S.S. Bocchetta84, A. Bocci47, C. Bock102, M. Boehler50,
D. Boerner178, J.A. Bogaerts32, D. Bogavac14, A.G. Bogdanchikov111, C. Bohm150a, V. Boisvert80,
P. Bokan14, T. Bold40a, A.S. Boldyrev167a,167c, M. Bomben83, M. Bona79, M. Boonekamp138,
A. Borisov132, G. Borissov75, J. Bortfeldt32, D. Bortoletto122, V. Bortolotto63a,63b,63c, K. Bos109,
D. Boscherini22a, M. Bosman13, J.D. Bossio Sola29, J. Boudreau127, J. Bouffard2,
E.V. Bouhova-Thacker75, D. Boumediene36, C. Bourdarios119, S.K. Boutle55, A. Boveia32, J. Boyd32,
I.R. Boyko68, J. Bracinik19, A. Brandt8, G. Brandt56, O. Brandt61a, U. Bratzler160, B. Brau89,
J.E. Brau118, H.M. Braun178,∗, W.D. Breaden Madden55, K. Brendlinger124, A.J. Brennan91,
L. Brenner109, R. Brenner168, S. Bressler175, T.M. Bristow48, D. Britton55, D. Britzger44, F.M. Brochu30,
I. Brock23, R. Brock93, G. Brooijmans37, T. Brooks80, W.K. Brooks34b, J. Brosamer16, E. Brost118,
J.H Broughton19, P.A. Bruckman de Renstrom41, D. Bruncko148b, R. Bruneliere50, A. Bruni22a,
G. Bruni22a, L.S. Bruni109, BH Brunt30, M. Bruschi22a, N. Bruscino23, P. Bryant33, L. Bryngemark84,
T. Buanes15, Q. Buat146, P. Buchholz145, A.G. Buckley55, I.A. Budagov68, F. Buehrer50, M.K. Bugge121,
O. Bulekov100, D. Bullock8, H. Burckhart32, S. Burdin77, C.D. Burgard50, B. Burghgrave110, K. Burka41,
S. Burke133, I. Burmeister45, J.T.P. Burr122, E. Busato36, D. Büscher50, V. Büscher86, P. Bussey55,
J.M. Butler24, C.M. Buttar55, J.M. Butterworth81, P. Butti109, W. Buttinger27, A. Buzatu55,
A.R. Buzykaev111,c, S. Cabrera Urbán170, D. Caforio130, V.M. Cairo39a,39b, O. Cakir4a, N. Calace51,
P. Calafiura16, A. Calandri88, G. Calderini83, P. Calfayan102, L.P. Caloba26a, S. Calvente Lopez85,
D. Calvet36, S. Calvet36, T.P. Calvet88, R. Camacho Toro33, S. Camarda32, P. Camarri135a,135b,
D. Cameron121, R. Caminal Armadans169, C. Camincher57, S. Campana32, M. Campanelli81,
A. Camplani94a,94b, A. Campoverde145, V. Canale106a,106b, A. Canepa163a, M. Cano Bret142,
J. Cantero116, R. Cantrill128a, T. Cao42, M.D.M. Capeans Garrido32, I. Caprini28b, M. Caprini28b,
M. Capua39a,39b, R. Caputo86, R.M. Carbone37, R. Cardarelli135a, F. Cardillo50, I. Carli131, T. Carli32,
G. Carlino106a, L. Carminati94a,94b, S. Caron108, E. Carquin34b, G.D. Carrillo-Montoya32, J.R. Carter30,
J. Carvalho128a,128c, D. Casadei19, M.P. Casado13,i, M. Casolino13, D.W. Casper166,
E. Castaneda-Miranda149a, R. Castelijn109, A. Castelli109, V. Castillo Gimenez170, N.F. Castro128a, j,
A. Catinaccio32, J.R. Catmore121, A. Cattai32, J. Caudron86, V. Cavaliere169, E. Cavallaro13,
D. Cavalli94a, M. Cavalli-Sforza13, V. Cavasinni126a,126b, F. Ceradini136a,136b, L. Cerda Alberich170,
B.C. Cerio47, A.S. Cerqueira26b, A. Cerri153, L. Cerrito79, F. Cerutti16, M. Cerv32, A. Cervelli18,
S.A. Cetin20d, A. Chafaq137a, D. Chakraborty110, S.K. Chan59, Y.L. Chan63a, P. Chang169,
J.D. Chapman30, D.G. Charlton19, A. Chatterjee51, C.C. Chau162, C.A. Chavez Barajas153, S. Che113,
S. Cheatham75, A. Chegwidden93, S. Chekanov6, S.V. Chekulaev163a, G.A. Chelkov68,k,
M.A. Chelstowska92, C. Chen67, H. Chen27, K. Chen152, S. Chen35b, S. Chen159, X. Chen35c, Y. Chen70,
H.C. Cheng92, H.J Cheng35a, Y. Cheng33, A. Cheplakov68, E. Cheremushkina132,
R. Cherkaoui El Moursli137e, V. Chernyatin27,∗, E. Cheu7, L. Chevalier138, V. Chiarella49,
G. Chiarelli126a,126b, G. Chiodini76a, A.S. Chisholm19, A. Chitan28b, M.V. Chizhov68, K. Choi64,
A.R. Chomont36, S. Chouridou9, B.K.B. Chow102, V. Christodoulou81, D. Chromek-Burckhart32,
J. Chudoba129, A.J. Chuinard90, J.J. Chwastowski41, L. Chytka117, G. Ciapetti134a,134b, A.K. Ciftci4a,
D. Cinca45, V. Cindro78, I.A. Cioara23, C. Ciocca22a,22b, A. Ciocio16, F. Cirotto106a,106b, Z.H. Citron175,
M. Citterio94a, M. Ciubancan28b, A. Clark51, B.L. Clark59, M.R. Clark37, P.J. Clark48, R.N. Clarke16,
C. Clement150a,150b, Y. Coadou88, M. Cobal167a,167c, A. Coccaro51, J. Cochran67, L. Coffey25,
L. Colasurdo108, B. Cole37, A.P. Colijn109, J. Collot57, T. Colombo32, G. Compostella103,
P. Conde Muiño128a,128b, E. Coniavitis50, S.H. Connell149b, I.A. Connelly80, V. Consorti50,
S. Constantinescu28b, G. Conti32, F. Conventi106a,l, M. Cooke16, B.D. Cooper81, A.M. Cooper-Sarkar122,
K.J.R. Cormier162, T. Cornelissen178, M. Corradi134a,134b, F. Corriveau90,m, A. Corso-Radu166,
A. Cortes-Gonzalez13, G. Cortiana103, G. Costa94a, M.J. Costa170, D. Costanzo143, G. Cottin30,
G. Cowan80, B.E. Cox87, K. Cranmer112, S.J. Crawley55, G. Cree31, S. Crépé-Renaudin57, F. Crescioli83,

27



W.A. Cribbs150a,150b, M. Crispin Ortuzar122, M. Cristinziani23, V. Croft108, G. Crosetti39a,39b,
T. Cuhadar Donszelmann143, J. Cummings179, M. Curatolo49, J. Cúth86, C. Cuthbert154, H. Czirr145,
P. Czodrowski3, G. D’amen22a,22b, S. D’Auria55, M. D’Onofrio77,
M.J. Da Cunha Sargedas De Sousa128a,128b, C. Da Via87, W. Dabrowski40a, T. Dado148a, T. Dai92,
O. Dale15, F. Dallaire97, C. Dallapiccola89, M. Dam38, J.R. Dandoy33, N.P. Dang50, A.C. Daniells19,
N.S. Dann87, M. Danninger171, M. Dano Hoffmann138, V. Dao50, G. Darbo52a, S. Darmora8,
J. Dassoulas3, A. Dattagupta64, W. Davey23, C. David172, T. Davidek131, M. Davies157, P. Davison81,
E. Dawe91, I. Dawson143, R.K. Daya-Ishmukhametova89, K. De8, R. de Asmundis106a,
A. De Benedetti115, S. De Castro22a,22b, S. De Cecco83, N. De Groot108, P. de Jong109, H. De la Torre85,
F. De Lorenzi67, A. De Maria56, D. De Pedis134a, A. De Salvo134a, U. De Sanctis153, A. De Santo153,
J.B. De Vivie De Regie119, W.J. Dearnaley75, R. Debbe27, C. Debenedetti139, D.V. Dedovich68,
N. Dehghanian3, I. Deigaard109, M. Del Gaudio39a,39b, J. Del Peso85, T. Del Prete126a,126b,
D. Delgove119, F. Deliot138, C.M. Delitzsch51, M. Deliyergiyev78, A. Dell’Acqua32, L. Dell’Asta24,
M. Dell’Orso126a,126b, M. Della Pietra106a,l, D. della Volpe51, M. Delmastro5, P.A. Delsart57,
D.A. DeMarco162, S. Demers179, M. Demichev68, A. Demilly83, S.P. Denisov132, D. Denysiuk138,
D. Derendarz41, J.E. Derkaoui137d, F. Derue83, P. Dervan77, K. Desch23, C. Deterre44, K. Dette45,
P.O. Deviveiros32, A. Dewhurst133, S. Dhaliwal25, A. Di Ciaccio135a,135b, L. Di Ciaccio5,
W.K. Di Clemente124, C. Di Donato134a,134b, A. Di Girolamo32, B. Di Girolamo32, B. Di Micco136a,136b,
R. Di Nardo32, A. Di Simone50, R. Di Sipio162, D. Di Valentino31, C. Diaconu88, M. Diamond162,
F.A. Dias48, M.A. Diaz34a, E.B. Diehl92, J. Dietrich17, S. Diglio88, A. Dimitrievska14, J. Dingfelder23,
P. Dita28b, S. Dita28b, F. Dittus32, F. Djama88, T. Djobava53b, J.I. Djuvsland61a, M.A.B. do Vale26c,
D. Dobos32, M. Dobre28b, C. Doglioni84, T. Dohmae159, J. Dolejsi131, Z. Dolezal131,
B.A. Dolgoshein100,∗, M. Donadelli26d, S. Donati126a,126b, P. Dondero123a,123b, J. Donini36, J. Dopke133,
A. Doria106a, M.T. Dova74, A.T. Doyle55, E. Drechsler56, M. Dris10, Y. Du141, J. Duarte-Campderros157,
E. Duchovni175, G. Duckeck102, O.A. Ducu97,n, D. Duda109, A. Dudarev32, E.M. Duffield16,
L. Duflot119, L. Duguid80, M. Dührssen32, M. Dumancic175, M. Dunford61a, H. Duran Yildiz4a,
M. Düren54, A. Durglishvili53b, D. Duschinger46, B. Dutta44, M. Dyndal44, C. Eckardt44, K.M. Ecker103,
R.C. Edgar92, N.C. Edwards48, T. Eifert32, G. Eigen15, K. Einsweiler16, T. Ekelof168, M. El Kacimi137c,
V. Ellajosyula88, M. Ellert168, S. Elles5, F. Ellinghaus178, A.A. Elliot172, N. Ellis32, J. Elmsheuser27,
M. Elsing32, D. Emeliyanov133, Y. Enari159, O.C. Endner86, M. Endo120, J.S. Ennis173, J. Erdmann45,
A. Ereditato18, G. Ernis178, J. Ernst2, M. Ernst27, S. Errede169, E. Ertel86, M. Escalier119, H. Esch45,
C. Escobar127, B. Esposito49, A.I. Etienvre138, E. Etzion157, H. Evans64, A. Ezhilov125, F. Fabbri22a,22b,
L. Fabbri22a,22b, G. Facini33, R.M. Fakhrutdinov132, S. Falciano134a, R.J. Falla81, J. Faltova32, Y. Fang35a,
M. Fanti94a,94b, A. Farbin8, A. Farilla136a, C. Farina127, E.M. Farina123a,123b, T. Farooque13, S. Farrell16,
S.M. Farrington173, P. Farthouat32, F. Fassi137e, P. Fassnacht32, D. Fassouliotis9, M. Faucci Giannelli80,
A. Favareto52a,52b, W.J. Fawcett122, L. Fayard119, O.L. Fedin125,o, W. Fedorko171, S. Feigl121,
L. Feligioni88, C. Feng141, E.J. Feng32, H. Feng92, A.B. Fenyuk132, L. Feremenga8,
P. Fernandez Martinez170, S. Fernandez Perez13, J. Ferrando55, A. Ferrari168, P. Ferrari109, R. Ferrari123a,
D.E. Ferreira de Lima61b, A. Ferrer170, D. Ferrere51, C. Ferretti92, A. Ferretto Parodi52a,52b, F. Fiedler86,
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