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Abstract

A measurement is presented of the tt̄ inclusive production cross-section in pp collisions at
a center-of-mass energy of

√
s = 8 TeV using data collected by the ATLAS detector at the

CERN Large Hadron Collider. The measurement was performed in the lepton+jets final state
using a data set corresponding to an integrated luminosity of 20.3 fb−1. The cross-section
was obtained using a likelihood discriminant fit and b-jet identification was used to improve
the signal-to-background ratio. The inclusive tt̄ production cross-section was measured to be
260± 1(stat.)+22

−23(syst.)± 8(lumi.)± 4(beam) pb assuming a top-quark mass of 172.5 GeV, in
good agreement with the theoretical prediction of 253+13

−15 pb. The tt̄ → (e, µ)+jets production
cross-section in the fiducial region determined by the detector acceptance is also reported.

c© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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1 Introduction

The measurement of the top-quark pair production cross-section is an important part of the physics pro-
gram of the Large Hadron Collider (LHC) [1]. As the top-quark is the heaviest known fermion, it has the
largest coupling to the recently discovered Higgs boson and plays a special role in many theories beyond
the Standard Model (SM). New physics may result in additional top-quark decay channels or new mecha-
nisms of tt̄ production that can cause the measured cross-section to deviate from the SM prediction. Also,
tt̄ production is the dominant background to many searches for new physics.

The inclusive pp → tt̄ cross-section σtt̄ at a center-of-mass energy of
√

s = 8 TeV has been calculated
to be 253+13

−15 pb for a top-quark mass of mtop = 172.5 GeV. These calculations were performed at next-
to-next-to-leading order (NNLO) in QCD including resummation of next-to-next-to-leading logarithmic
(NNLL) soft gluon terms using the program top++ 2.0 [2–7]. In these calculations, the renormalization
scale µR and factorization scale µF were both set equal to mtop. The NNLO+NNLL value was found to be
about 3% larger than the NNLO-only calculation as implemented in Hathor 1.5 [8]. As a result of recent
progress in theoretical calculations, the tt̄ production cross-section has been evaluated with uncertainties
below 6%. In calculating these uncertainties, the scale uncertainty, evaluated by independent variations of
µR and µF by factors of 1/2 and 2, was combined in quadrature with uncertainties on the coupling strength
of the strong interaction, αS, and the parton distribution functions (PDFs). The latter were calculated
using the PDF4LHC prescription [9] with MSTW2008 NNLO (at the 68% confidence level) [10, 11],
CT10 NNLO [12, 13] and NNPDF2.3 5f FFN [14] PDF sets.

In the SM, the top-quark decays into a W-boson and a b-quark with a branching ratio close to 100%.
The present analysis aims to measure the tt̄ production cross-section in the lepton+jets final state, where
one of the W-bosons decays into an electron or a muon (collectively called a lepton and denoted `) and
a corresponding neutrino (including the W → τντ → eντνe and W → τντ → µντνµ decays), and the
other W-boson decays hadronically. The final state is characterized by the presence of a highly energetic
isolated lepton, large missing transverse momentum (Emiss

T ) due to the neutrino(s) escaping detection, and
four jets due to the two b-quarks from the top-quark decays and the two quarks from the hadronic W
decay. The selected events are required to have at least three jets, allowing one jet to be undetected due to
limited detector acceptance and jet reconstruction inefficiency. At least one of the jets is further required
to be identified as a b-jet.

The inclusive top-quark pair production cross-section in pp collisions at 8 TeV has been previously mea-
sured in the dilepton channel by both the ATLAS and CMS Collaborations [15, 16]. The results are
found to be in good agreement with theoretical predictions. This paper presents the measurement of the tt̄
production cross-section of the ATLAS Collaboration in the lepton+jets channel, which provides a cross-
check of the dilepton measurement that has different background conditions and systematic uncertainties,
and contributes to the combined tt̄ production cross-section result. In addition, the measurement in the
lepton+jets channel is important for probing the presence of new physics that changes the top-quark decay
branching fractions, e.g. production of charged Higgs bosons H+ via t → H+b decays.

The measurement was performed using the full 8 TeV data set (20.3 fb−1). In addition to the total tt̄
production cross-section, a fiducial cross-section was measured, defined using physics objects constructed
of stable particles to approximate the tt̄ → `ν+jets detector acceptance.

The majority of the events in the selected sample originate from tt̄ production. However, events from
other SM processes (W/Z+jets, single top-quark, diboson, and multijet production) are also present. To
determine the signal fraction, a discriminating variable (likelihood discriminant, LHD) was constructed
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based on the kinematic properties of Monte Carlo (MC) simulated signal and background events. A
weighted sum of LHD distributions (“templates”) for the signal and for the background was fitted to the
LHD distribution in data, and the resulting number of signal events was converted to the tt̄ inclusive
production cross-section using the signal-reconstruction efficiency (determined from MC simulation),
known branching ratio for the lepton+jets final state, and the total integrated luminosity.

The paper is organized as follows. The ATLAS detector is briefly described in Sec. 2, followed by
descriptions of the data and MC samples used in the analysis (Sec. 3). The event selection and the
backgrounds are outlined in Sec. 4. The measurement procedure is presented in Sec. 5 for the inclusive
case, and in Sec. 6 for the fiducial case. The estimation of the systematic uncertainties is presented in
Sec. 7. Finally, the results and conclusions are given in Sec. 8.

2 The ATLAS detector

The ATLAS detector [17] at the LHC covers nearly the entire solid angle around the collision point. It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |η| < 2.5.

The high-granularity silicon pixel detector is closest to the interaction region and typically provides three
measurements per track, the first hit being normally in the innermost layer. It is followed by the silicon
microstrip tracker which has four layers in the barrel region. These silicon detectors are complemented by
the transition radiation tracker, which enables radially extended track reconstruction up to |η| = 2.0. The
transition radiation tracker also provides electron identification information based on the fraction of hits
(typically 30 in total) above a higher energy deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region |η| < 3.2, electro-
magnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) electro-
magnetic calorimeters, with an additional thin LAr presampler covering |η| < 1.8, to correct for energy
loss in material upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillating-
tile calorimeter, segmented into three barrel structures within |η| < 1.7, and two copper/LAr hadronic
endcap calorimeters. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr
calorimeter modules optimised for electromagnetic and hadronic measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision
chamber system covers the region |η| < 2.7 with three layers of monitored drift tubes, complemented
by cathode strip chambers in the forward region, where the background is highest. The muon trigger
system covers the range |η| < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the
endcap regions. A three-level trigger system is used to select interesting events [18]. The Level-1 trigger
is implemented in hardware and uses a subset of detector information to reduce the event rate to a design
value of at most 75 kHz. This is followed by two software-based trigger levels which together reduce the
event rate to about 200 Hz.
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3 Data and simulated samples

The data were collected during the 2012 LHC running period at a center-of-mass energy of 8 TeV. After
applying data-quality selection criteria, the data set used in the analysis corresponds to an integrated
luminosity of 20.3 fb−1.

Simulated tt̄ events were generated with Powheg [19] interfaced to Pythia v6.426 [20] for the fragmenta-
tion and hadronization, with the next-to-leading order (NLO) CT10 PDF set. The Perugia2011C underly-
ing event tune [21] with the CTEQ6L1 PDF set [22] was used. An alternative tt̄ MC sample was produced
with MC@NLO v4.01 [23] using the CT10 PDF set. In this sample, the parton shower and the under-
lying event simulations were performed with Herwig v6.520 [24] and Jimmy v4.31 [25], respectively,
using the AUET2 tune [26]. To estimate the model dependence of the parton shower and fragmentation
modeling, the signal sample generated with Powheg interfaced to Pythia was compared to that generated
with Powheg interfaced to Herwig+Jimmy. Additional tt̄ samples simulated with AcerMC [27] interfaced
to Pythia based on the CTEQ6L1 PDF set were used to study the systematic uncertainties arising from
initial- and final-state radiation. All tt̄ samples were produced with a top-quark mass of 172.5 GeV and
normalized to the NNLO+NNLL cross-section quoted in Sec. 1.

The dominant background to tt̄ production is vector-boson production in association with jets, V+jets
(V = W,Z/γ∗). Samples of events were generated using Alpgen [28] interfaced to Pythia v6.426 based
on the CTEQ6L1 PDF set and the Perugia2011C tune. The MLM parton and jet matching procedure [29]
was applied inclusively for V+5-light-partons (2→7) production and exclusively for lower multiplicity
samples. In addition to V+light partons, the production of vector-bosons with additional heavy-flavor
partons (V + c+jets, V + cc̄+jets, V + bb̄+jets) was also simulated. Inclusive V+jets samples were formed
by combining the samples of light and heavy quarks according to their respective cross-sections. An
alternative W+jets sample simulated with Sherpa [30] with massive b/c-quarks was produced to evalu-
ate systematic uncertainties on W+jets modeling. The V+jets processes were normalized to the NNLO
calculations [31, 32].

The background contribution from single-top production, including t- and s-channel contributions and
Wt production was simulated with Powheg interfaced to Pythia using the CT10 PDF set. Finally, diboson
production (WW, WZ, ZZ) was simulated with Herwig using the CTEQ6L1 PDF set. All samples were
scaled according to their theoretical production cross-sections: at approximate NNLO for the single top t-
channel [33], and at NLO+NNLL for the single top s-channel [34] and Wt-production [35]. The diboson
processes were normalized to the NLO [36] predictions.

Most of the tt̄ samples and all the background samples were processed through the full ATLAS detector
simulation [37] based on GEANT4 [38]. A few tt̄ samples used for the evaluation of certain systematic
effects (modeling of initial- and final-state radiation and parton showers – see Sec. 7 for details) were
produced using the ATLAS fast simulation that employs parameterized showers in the calorimeters [39].
All MC samples were reconstructed using the same analysis chain as used for the data. Correction factors
were applied in order to better reproduce the trigger, lepton reconstruction efficiency, and b-jet identifica-
tion efficiency observed in the data. The simulations also included the effect of multiple pp collisions per
bunch crossing (pileup).
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4 Event selection

The events were required to pass a logical OR of isolated and nonisolated single-lepton (e or µ) trigger
conditions with transverse momentum pT thresholds of 24 GeV for isolated triggers and 60 (36) GeV
for nonisolated single-e (single-µ) triggers. All events were also required to have a reconstructed hard
collision primary vertex (the main PV) built of at least five particle tracks with pT > 0.4 GeV.

The reconstructed objects used in the analysis include electrons, muons, jets, and missing transverse
momentum. Electron candidates were reconstructed from an electromagnetic energy deposit matched
to a track in the inner detector [40]. They were required to have transverse energy ET > 40 GeV and
pseudorapidity of the cluster1 |η| < 2.47, excluding the barrel–endcap transition region 1.37 < |η| < 1.52.
Electron candidates were also required to originate from less than 2 mm along the z-axis from the main
PV and satisfy isolation criteria. The latter involve a combination of calorimeter isolation (a requirement
on a sum of energies of calorimeter cells within a cone of size ∆R = 0.2 around the electron direction)
and track isolation (a requirement on a scalar sum of track pT within a cone of size ∆R = 0.3, in each
case excluding the contribution from the electron itself). Both requirements were chosen to separately
result in a 90% electron reconstruction efficiency for prompt electrons from Z → ee decays. Muon
candidates were reconstructed using combined information from the muon spectrometer and the inner
tracking detectors [41]. They were required to have pT > 40 GeV and |η| < 2.5, and, like electrons, to
originate from within 2 mm along the z-axis of the main PV. The muon isolation was defined in terms of
the ratio of the scalar sum of the track pT in a cone of variable radius ∆R = 10 GeV/pµT around the muon
direction (excluding the muon track itself) to the pT of the muon (pµT). This ratio was required to be less
than 0.05, corresponding to a 97% selection efficiency for prompt muons from Z → µµ decays.

Jets were reconstructed using the anti-kt algorithm [42,43] with radius parameter R = 0.4. The measured
jet energy was corrected for inhomogeneities and for the noncompensating nature of the calorimeter
through jet pT- and η-dependent factors derived from MC simulation and validated with data. Jets were
calibrated using a combination of in-situ techniques based on the transverse momentum balance between
a jet and a reference object [44]. The jets were required to have corrected pT > 25 GeV and |η| < 2.5.
Jets from pileup were suppressed by requiring the absolute value of the jet vertex fraction2 for jets with
pT < 50 GeV and |η| < 2.4 to be above 0.5.

Jets were b-tagged (identified as originating from b-quarks) using the multivariate-based algorithm algo-
rithm (MV1) [45]. This is a neural network-based algorithm that makes use of track impact parameters
and reconstructed secondary vertices. Jets were identified as b-jets by requiring the MV1 output to be
above a certain threshold value. This value was chosen such that the overall tagging efficiency for b-
jets originating from top-quark decays in MC tt̄ events is 70%. Tagging scale factors were applied to
correct for the difference in the tagging efficiency between MC simulation and data, including the inef-
ficiency scale factors applied when a jet was not tagged. The scale factors were derived as explained in
Refs. [45–47].

To avoid double-counting objects in an event and to suppress leptons from heavy-flavor decays, the fol-
lowing procedure to remove overlaps was applied to the reconstructed objects: (1) removal of jets matched
within ∆R = 0.2 of electrons with ET > 25 GeV; (2) removal of electrons matched within ∆R = 0.4 of

1 Unlike the (regular) pseudorapidity determined using the object direction, the pseudorapidity of the cluster is defined using
the position of the reconstructed cluster in the calorimeter with respect to the geometric center of the detector.

2 The jet vertex fraction is defined using the tracks matched to a jet as the ratio of the scalar sum of the transverse momenta of
tracks from the main PV to that of all tracks. A jet without any track matched is assigned a jet vertex fraction value of −1.
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jets with pT > 25 GeV; (3) rejection of events where the selected electron shares an inner detector track
with a selected muon; and (4) removal of muons matched within ∆R = 0.4 of jets with pT > 25 GeV.
After these steps, the events were required to have exactly one lepton (an electron or a muon) selected
as above and matched to the trigger object that caused the event to be selected, and at least three jets,
of which at least one was b-tagged. Events with a second lepton with pT > 25 GeV were discarded.3

Finally, the events had to exceed minimum values for the W transverse mass mT(W) and the magnitude of
the missing transverse momentum Emiss

T . The value of Emiss
T in the tt̄ → `ν+jets process is relatively large

due to neutrino(s) from W decays. It also includes energy losses due to detector inefficiencies as well
as energy fluctuations in jet measurements. The missing transverse momentum value is calculated as the
negative of the vector sum over the energies of all clusters in the calorimeters, and Emiss

T is refined by the
application of the object-level corrections for the contributions arising from identified electrons, muons,

and jets. The W-boson transverse mass mT(W) is defined as mT(W) =

√
2p`T pνT(1 − cos(ϕ` − ϕν)), where

p`T, ϕ` and pνT, ϕν refer to the transverse component and ϕ value of the lepton momentum and the missing
momentum, respectively. The events in this analysis were selected by requiring Emiss

T > 30 GeV and
mT(W) > 30 GeV.

After applying the selections listed above, the signal efficiency for tt̄ events with at least one top-quark
decaying leptonically was found to be 4.4% in the e+jets channel and 5.5% in the µ+jets channel.

While the majority of events in the selected sample include ‘real’ leptons (prompt electrons and muons
from vector-boson decays), a small fraction of events is due to leptons referred to as ‘fakes’ (which include
nonprompt leptons and artifacts of the reconstruction). There are several sources of fake leptons. Fake
muons predominantly come from semileptonic decays of heavy-flavor hadrons. In the e+jets channel, in
addition to this source, there are electrons originating from conversions as well as photons and hadrons
misidentified as electrons. The signal sample is composed of events with either real or fake leptons:

N = Nreal + Nfake.

The estimation of Nfake from MC simulation is difficult due to large uncertainties in the modeling of fake
lepton production, and impractical due to a tiny fake rate requiring huge simulated samples. Therefore,
the contribution of fakes was evaluated from data using the matrix method [48]. In addition to events
from the signal data sample (labeled as “tight” events), a second (“loose”) set enriched with fake leptons
was defined by removing the lepton isolation requirement. The number of events in each sample can be
written as

Ntight = Ntight
real + Ntight

fake ,

Nloose = Nloose
real + Nloose

fake .

If the fractions of loose events that are also tight events are known, the number of events with fake leptons
in the signal sample can be determined from a linear system of two equations. Given the probabilities
for real and fake leptons that already passed the loose selection to also pass the tight selection, εreal =

Ntight
real /N

loose
real and εfake = Ntight

fake /N
loose
fake , as well as the number of loose and tight events, the number of tight

events with a fake lepton is

Ntight
fake =

εrealNloose − Ntight

εreal − εfake
εfake.

The probability εreal was determined with a tag-and-probe method [40] based on the identification of a
tight lepton and a loose lepton in events originating from Z → ee/µµ decays. The fake lepton probability

3 When the selection is applied to electrons as well as muons, the thresholds refer to pT for muons and ET for electrons.
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εfake in the µ+jets channel was derived for muons with large track d0 significance.4 In the e+jets channel,
εfake was determined in the Emiss

T < 20 GeV, mT(W) < 20 GeV region, where the number of events
was corrected for the presence of real leptons. In both channels, the real and fake probabilities were
parameterized in terms of lepton pT and η, the leading jet pT, the distance between the lepton and the
closest jet (∆R` j), the ratio of the pT of the closest jet to ∆R` j, the total number of jets, and the number
of b-tagged jets. The product of one-dimensional parameterizations was used, since there are too few
events for a multidimensional parameterization. Based on this procedure, each event in the loose set was
assigned a weight

[(εreal − 1)εfake/(εreal − εfake) for events with tight leptons and εrealεfake/(εreal − εfake) for the rest], and
the weighted sample of data events selected using the loose object criteria was taken as the multijet
contribution to the LHD background distribution.

The numbers of observed and expected events are shown in Table 1. Uncertainties on the numbers of
expected tt̄, single top, and diboson events are derived from theoretical uncertainties on the respective
production cross-sections. The uncertainty on V+jets events is evaluated based on a ±4% uncertainty on
inclusive V+jets production and a ±24% uncertainty on each additional jet [49], giving a total uncertainty
of ±45% for V+jets background. This large uncertainty does not have an impact on the final result,
since the normalization of the V+jets background is obtained from the data as described in Sec. 5. The
uncertainty on the multijet background is evaluated by varying the parameters of the matrix method as
described in Sec. 7.

Table 1: Observed numbers of events in the e+jets and µ+jets channel together with estimated contributions from
the tt̄ signal and various background sources and associated uncertainties as described in the text.

Event counts e+jets µ+jets
tt̄ 123000+6000

−7000 152000+8000
−9000

V+jets 38000±17000 47000±21000
Single top 12100±600 14900±800
Dibosons 710±40 880±50
Multijets 2800±2400 1500+300

−1500
Total 177000+18000

−19000 216000±23000
Data 176286 220369

5 Determination of the t t̄ cross-section

The number of tt̄ events in each channel and their combination was obtained from the data using a template
fit to the LHD distribution. The LHD function was constructed using the projective likelihood method
defined in Ref. [50]. The LHD for event i is defined as the ratio of the signal Ls

i to the sum of signal and
background likelihood functions Ls

i + Lb
i :

Di =
Ls

i

Ls
i + Lb

i

,

4 d0 is the distance of closest approach in the transverse plane of a track to the primary vertex of the event; the d0 significance
is the d0 value divided by its fitted uncertainty.
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where the likelihood functions Ls =
∏

j v
s
j, Lb =

∏
j v

b
j are the products of the probability density func-

tions of kinematic variables v j for signal and background, respectively. The variables used in the LHD
were lepton pseudorapidity η` and transformed aplanarityA′ = exp(−8A). The aplanarityA is defined as
3/2 times the smallest eigenvalue of the momentum tensor Mi j =

∑Nobjects

k=1 pik p jk/
∑Nobjects

k=1 p2
k , where pik is

the i-th momentum component and pk is the modulus of the momentum of object k. The objects included
in the sum are leptons, jets, and Emiss

T . The choice of variables followed the analysis in Ref. [51] and was
motivated by optimization in terms of best separation between the signal and the background, the quality
of the MC description of the variables in the data, and reduced sensitivity to the jet-energy scale. As the
fraction of signal events in the selected data sample is large, two discriminating variables were found to
be sufficient to provide an adequate signal-to-background separation.

The η` andA′ distributions for data and MC simulation are shown in Fig. 1. The correlation between these
variables is found to be negligible in both signal and background. The LHD distributions for signal and
background events are compared with the data in Fig. 2. The templates of LHD in the e+jets and µ+jets
channels are different due to the fact that electrons in the barrel-endcap transition region are excluded and
have lower efficiency in the forward region, whereas the efficiency as a function of ηµ is quite smooth.

A weighted sum of the templates for the tt̄ signal and all the backgrounds was fitted to a binned LHD
distribution in the data. The contributions from single top and diboson events were fixed according to
their theoretical cross-sections. The contribution from multijets events was obtained using the matrix
method.

The normalizations of the signal and V+jets (the dominant background) were left as free parameters in
the fit. In each channel j, the fit was performed by minimizing the negative log-likelihood function for a
Poisson model,

L j = −ln L j = 2
∑

i

(
νi j − ni j + ni j ln ni j − ni j ln νi j

)
,

summed over all bins i, where ni j is the observed number of events and νi j is the expected number of
events in each bin or channel. The latter is defined as

νi j = ptt̄ si j + pV
j bi j + qi j,

where si j, bi j, and qi j are the predicted numbers of events for the tt̄ signal, V+jets, and small backgrounds
(single top, dibosons, and multijets), respectively, and ptt̄ and pV

j are the parameters of the fit. The
resulting value of the fit parameter ptt̄ was used to extract the number of tt̄ events in the data. Figure 3
shows the distribution of the LHD for data and MC simulation. In both Figs. 1 and 3, the contributions
from tt̄ and V+jets production are normalized according to the results of the LHD fit.

The channels were combined by minimizing L =
∑

j L j where the sum is taken over the e+jets and µ+jets
channels.

After the number of tt̄ events in data Ntt̄ was obtained from the fit, the tt̄ production cross-section in each
channel was determined as

σtt̄ =
Ntt̄

εtt̄ × B × L
, (1)

where εtt̄ is the signal-reconstruction efficiency (4.4% in the e+jets channel and 5.5% in the µ+jets chan-
nel), B is the tt̄ →≥ 1 lepton+jets branching ratio, and L is the total integrated luminosity.
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Figure 1: Distributions of the lepton pseudorapidity (top) and the modified aplanarity (bottom) in the e+jets (left)
and µ+jets (right) channel. The data (dots) are compared to the SM expectation broken down into contributions from
tt̄, single top, V+jets, diboson, and multijet production. The hatched areas correspond to the combined statistical
and systematic uncertainties excluding the uncertainty on the tt̄ signal modeling with different MC generators (see
Sec. 7 for details). The bottom part of each plot shows the ratio of the data to the predicted value together with
combined statistical and systematic uncertainties.
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Figure 2: The templates of the likelihood discriminant LHD in the e+jets (left) and µ+jets (right) channels for
signal, V+jets background, and fixed backgrounds, which include single top, diboson and multijets background.
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Figure 3: Distributions of the likelihood discriminant LHD in the e+jets (left) and µ+jets (right) data and a weighted
sum of templates from the tt̄ signal and various backgrounds. The contributions from tt̄ and V+jets production are
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6 Fiducial cross-section measurement

The tt̄ cross-section in the fiducial volume was measured to allow for a more robust comparison to the
theoretical prediction without extrapolating to regions outside of the detector acceptance. The definition
of the fiducial volume is based on MC simulation and uses particle-level objects constructed using stable
particles with a mean lifetime τparticle > 0.3 × 10−10 s. Electrons and muons were required to originate
from t → Wb → `ν b decays, either directly or via a leptonically decaying τ, and to have pT > 40 GeV
and |η| < 2.5. The lepton momenta were corrected by adding the energy and momentum of photons inside
a cone of radius ∆R = 0.1 around the lepton direction. Jets were created by clustering particles using the
anti-kt algorithm with radius parameter R = 0.4 (neutrinos, electrons and muons from W-boson decays
were excluded from particle-jet formation). Particles from the underlying event were included in this
definition, but particles resulting from pileup were not. The particle-jets were required to have |η| < 2.5
and pT > 25 GeV. The particle-jet b-identification was based on the presence of nearby B-hadrons with
a pT of at least 5 GeV using the ghost tagging method [52]. The overlap removal procedure included the
removal of particle-jets within ∆R = 0.2 of the nearest electron with ET > 25 GeV followed by removal
of electrons and muons within ∆R = 0.4 of the nearest remaining particle-jet with pT > 25 GeV. The
events were required to have exactly one lepton with pT > 40 GeV, no second lepton with pT > 25 GeV,
and at least three particle-jets, of which at least one jet was identified as a b-jet. Missing transverse
momentum was calculated using neutrinos from W leptonic decays. Similar to the reconstructed event
selection, Emiss

T > 30 GeV and mT(W) > 30 GeV requirements were applied.

The simulated tt̄ events were split into two categories: in-fiducial (satisfying the fiducial selection criteria)
and out-of-fiducial (the rest).

The number of tt̄ events Ntt̄ obtained with the LHD fit was converted to the number of tt̄ events in the
fiducial volume Nfid

tt̄ using the fraction of reconstructed MC events passing the fiducial selection. The
number of tt̄ events in the fiducial volume was further used to determine the fiducial cross-section σfid

tt̄
as

σfid
tt̄ =

Nfid
tt̄

εfid
tt̄ × L

, (2)

where εfid
tt̄ is the fiducial signal-reconstruction efficiency. The latter is defined as the ratio of the number

of events passing both the reconstruction requirements and the particle-level selection, Nfid
reco, to the total

number of events passing the particle level selection, Nfid:

εfid
tt̄ =

Nfid
reco

Nfid .

It was found to be 36% in the e+jets channel and 44% in the µ+jets channel.

7 Systematic uncertainties

The systematic uncertainties in the tt̄ cross-section measurement can be split into those related to the ob-
ject reconstruction and momentum and energy measurements, those related to background evaluation, and
those related to the signal modeling. The most important contribution to the total systematic uncertainty
arises from effects related to the tt̄ modeling, as discussed below.
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To avoid statistical fluctuations, all systematic uncertainties were evaluated using ensemble tests. Simu-
lated data sets (“ensembles”) were generated by picking random combinations of events from a pool of
MC original (nominal) events according to the expected number of events due to signal and each back-
ground type. For each source of systematic uncertainty, the modified events that passed the regular event
selection were used to construct the LHD templates used in the ensemble tests. A weighted sum of mod-
ified signal and background templates was fit to the LHD distributions for each ensemble. The results of
the fits were averaged over ensembles using a Gaussian fit of the difference between the average number
of tt̄ events for the nominal and the modified template fits, and the fitted difference was propagated to the
cross-section uncertainty. The MC statistical uncertainty associated to the limited signal and background
sample size was found to be below ±0.1%.

Lepton reconstruction: the uncertainties due to lepton trigger, identification, energy or momentum res-
olution and reconstruction efficiencies were estimated from Z → ee/µµ, J/ψ → ee/µµ, and W → eν
processes using techniques discussed in Refs. [40, 53, 54]. These uncertainties are relatively small, dom-
inated by the lepton identification in the e+jets channel (±2%) and the muon triggering efficiency in the
µ+jets channel (±3%). They are specific to each lepton flavor and therefore uncorrelated between the
channels.

Jet reconstruction: the uncertainty on the tt̄ cross-section due to the uncertainty on the jet-energy scale
was estimated by varying the jet energies according to the uncertainties derived from simulation and in-
situ calibration measurements using a model with 22 orthogonal components [44, 55]. The variations in
jet energies were also propagated to the Emiss

T value. The uncertainty due to the difference in jet-energy
resolution between the data and MC events was evaluated by smearing the MC jet transverse momentum
according to the jet resolution as a function of the jet pT and η [56]. The uncertainty due to the jet
reconstruction efficiency was estimated by randomly discarding jets according to the difference in jet
reconstruction efficiency between the data and MC. The lower value of jet vertex fraction was varied
between 0.4 and 0.6 as motivated by the Z → ee/µµ+jets studies [57]. The dominant jet reconstruction
systematic uncertainty on the tt̄ cross-section is due to the uncertainty on the jet-energy scale (±3%).

b-tagging: the uncertainties on the b-tagging scale factors were obtained separately for b-jets, c-jets and
light flavor jets, and were treated as uncorrelated for each type of jet. The uncertainties on the inefficiency
scale factors, applied when a jet was not tagged, were treated as fully anticorrelated to those from the
efficiency scale factors. Since the efficiency to tag a b-jet is 70%, and only one of the two b-jets in the
event is required to be tagged, the tt̄ event tagging efficiency is large (about 90%) and its uncertainty
is dominated by b-jet tagging uncertainties, which are small compared to non-b-jet ones. The resulting
b-tagging contribution to the overall systematic uncertainty is about ±2%.

Missing transverse momentum: the systematic uncertainties associated with the momenta and energies
of reconstructed objects (leptons and jets) were also propagated to the Emiss

T calculation. The Emiss
T recon-

struction also receives contributions from the presence of low-pT jets and calorimeter cells not included
in reconstructed objects (“soft terms”). The systematic uncertainty on soft terms was evaluated using
Z → µµ events from the Emiss

T data/MC ratio in events without jets and from the balance between soft
terms and hard objects using methods similar to those used in Ref. [58]. The Emiss

T measurement is not a
significant source of systematic uncertainty (below ±1%).

W+jets model: this source of systematic uncertainty does not affect the number of tt̄ events expected after
applying the selection requirements but it does change the shape of the background template. This uncer-
tainty was estimated using templates with W+jets events generated by Sherpa instead of Alpgen+Pythia
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and was found to be small (below 1%) and to partially cancel out when combining the e+jets and µ+jets
channels.

W + heavy-flavor composition: the heavy-flavor composition of W+jets events was studied using W
events with two additional jets split into W+ and W− samples.5 Uncertainties were derived from contribu-
tions from W +c, W +cc̄, and W +bb̄ based on the statistical uncertainty, uncertainties on the extrapolation
from 2-jets to ≥3-jets, and MC modeling, following the procedure described in Ref. [60]. The uncertain-
ties themselves are very large (about ±50%), but the LHD template shapes for W-bosons produced in
association with different jet flavors are similar and since the normalization of the W+jets background
is derived from a fit to the data, the resulting systematic uncertainty on the tt̄ production cross-section is
small (±1%).

Small backgrounds: uncertainties on single top-quark and diboson production were evaluated by varying
the relevant theoretical cross-sections within their uncertainties ±1σtheor, which resulted in a tt̄ produc-
tion cross-section uncertainty of the order of ±1%. The uncertainty on the multijet contribution was
derived from a comparison with results with εreal obtained using data control samples with large mT(W)
(µ+jets) or large Emiss

T (e+jets) depleted of fake leptons; the variation of εfake due to the change of the low
mT(W)/Emiss

T region; and the choice of MC samples used to subtract the real leptons. As seen in Table 1,
the uncertainty on the number of multijet events is very large (about ±100%), mainly due to uncertainties
in εfake, but their fraction in the data sample is small due to the high lepton-pT requirement, so the overall
effect is about ±1%.

Pileup: the MC samples used in the analysis were reweighted to reproduce correctly the distribution of
the number of pp collisions per bunch crossing in the data. The accuracy of the average correction factor
due to pileup reweighting was found to be ±4%. The pileup reweighting uncertainties originated from
the modeling of pileup events, including uncertainties in the pp inelastic cross-section. The resulting
effect on the measured tt̄ cross-section is small (about ±0.1%) but is still included in the total systematic
uncertainty.

Initial- and final-state radiation (ISR and FSR) modeling: ISR or FSR changes the number of jets
in the event. To evaluate the uncertainty linked to the modeling of the ISR or FSR, tt̄ MC samples with
modified ISR and FSR modeling were used. The MC samples used for the evaluation of this uncertainty
were generated using the AcerMC generator interfaced to Pythia, where the parameters of the generation
(ΛQCD, Q2

max scale, transverse momentum scale for space-like parton-shower evolution [20]) were varied
to span the ranges compatible with the results of a measurement of tt̄ production with a veto on additional
central jet activity [61]. This uncertainty is large for the total inclusive tt̄ production cross-section (±3%)
but significantly reduced (below ±1%) for the fiducial cross-section measurement.

MC generator: the choice of MC generator used in the signal modeling affects the kinematic properties
of simulated tt̄ events and reconstruction efficiencies. For the purpose of addressing this effect, tt̄ events
simulated with MC@NLO interfaced to Herwig+Jimmy were used and compared to results obtained with
Powheg interfaced to Herwig+Jimmy. The resulting systematic uncertainty was found to be ±3%.

MC parton shower and fragmentation model: the effect of the parton shower and fragmentation mod-
eling was estimated by comparing the results obtained from the default MC sample simulated by Powheg
interfaced to Pythia with a modified model simulated by Powheg interfaced to Herwig+Jimmy. The

5 The ratio of W+ to W− production cross-sections at the LHC is predicted much more precisely than the cross-sections them-
selves [59].
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change in the number of expected tt̄ events due to the modified selection efficiency and the LHD dis-
tribution was propagated to the systematic uncertainty on the tt̄ production cross-section. Using this
approach, the systematic uncertainty due to the MC parton shower and fragmentation model was found
to be ±2%.

MC parton distribution functions (PDFs): this uncertainty is one of the most significant ones in this
analysis (±6%). An event-by-event reweighting was applied to the MC@NLO tt̄ sample generated us-
ing the central value of the CT10 PDF. The CT10 variations, as well as both the central values and the
variations of MSTW2008 NLO at the 68% confidence level and NNPDF23 were used to evaluate the
systematic uncertainty, following the PDF4LHC recommendations [9]. For each PDF and its variations
the change in the tt̄ cross-section was calculated using ensemble tests. The final envelope of all variations
was symmetrized and half of its size was quoted as the systematic uncertainty due to the PDF uncer-
tainty. The effect arises primarily from the gluon PDF component, which is large for signal and small for
background. Therefore the PDF uncertainty is dominated by the choice of PDF in the tt̄ simulation. The
PDF uncertainty affects both the LHD shape and the selection efficiency, and is significant for both the
inclusive and the fiducial cross-section measurement.

Luminosity: this uncertainty was evaluated separately and not combined with the rest of the systematic
uncertainties. Following the method described in Ref. [62], the uncertainty on the total integrated lumi-
nosity was determined to be ±2.8% from a preliminary calibration of the luminosity scale derived from
beam-separation scans performed in November 2012. By combining the change in L in Eqs. (1) and (2)
and the change in the contribution of single top and diboson events, the overall uncertainty due to the
integrated luminosity was found to be ±2.9%.

LHC beam energy: calibrations determined the beam energy to be (0.30 ± 0.66)% smaller than the
nominal value of 4 TeV per beam [63]. The measured tt̄ cross-section value is not corrected for this shift.
However, an uncertainty of ±1.7%, corresponding to the expected change in σtt̄ for a ±0.66% change
in
√

s is quoted separately in the final result. The effect of changing the LHC beam energy on εtt̄ is
negligible.

The evaluation of the systematic uncertainties other than the tt̄ MC dependence for the measurement in the
fiducial volume is the same as for the inclusive measurement. For the systematic uncertainties obtained
using different tt̄ MC samples, the different signal-reconstruction efficiency in the fiducial volume was
taken into account.

The systematic uncertainties due to the jet reconstruction and Emiss
T measurement are grouped together,

as well as the systematic uncertainties due to the background evaluation. A summary of the systematic
uncertainties is given in Table 2.

8 Results and conclusions

Inclusive and fiducial tt̄ production cross-sections have been measured at the LHC in pp collisions at
√

s = 8 TeV using data collected with the ATLAS detector in 2012, corresponding to 20.3 fb−1 of inte-
grated luminosity. The measurements were in the lepton+jets final state using a likelihood discriminant
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Table 2: Summary of the systematic uncertainties in the measurements of the tt̄ production cross-section (%). The
bottom part of the table lists systematic uncertainties for the fiducial tt̄ production cross-section for the cases where
they are different from those for the inclusive one.

Uncertainty on inclusive σtt̄ e+jets µ+jets `+jets
Lepton reconstruction +2.7 −2.6 +2.1 −1.9 +1.7 −1.6
Jet reconstruction and Emiss

T +3.3 −3.9 +2.6 −3.2 +2.8 −3.4
b-tagging +2.1 −1.9 +2.2 −1.9 +2.1 −1.9
Backgrounds +2.8 −3.0 +1.8 −2.1 +1.7 −2.1
Monte Carlo generator −2.2 +2.2 −3.3 +3.3 −2.7 +2.7
Parton shower and fragmentation +2.0 −2.0 +2.6 −2.6 +2.3 −2.3
Initial- and final-state radiation −4.1 +4.1 −1.8 +1.8 −3.0 +3.0
Parton distribution functions +6.2 −6.0 +5.6 −5.9 +5.9 −5.9
Total +9.7 −9.8 +8.4 −8.7 +8.6 −8.9
Uncertainty on fiducial σtt̄ e+jets µ+jets `+jets
Monte Carlo generator −2.1 +2.1 −3.5 +3.5 −2.8 −2.8
Parton shower and fragmentation −2.6 +2.6 −3.1 +3.1 −2.9 +2.9
Initial- and final-state radiation +0.4 −0.4 +0.2 −0.2 +0.3 −0.3
Total +8.9 −9.0 +8.5 −8.8 +8.3 −8.6

fit. Assuming a top-quark mass of 172.5 GeV, the inclusive tt̄ production cross-section is found to be

e+jets : σtt̄ = 256 ± 2(stat.) ± 25(syst.) ± 7(lumi.) ± 4(beam) pb,

µ+jets : σtt̄ = 260 ± 1(stat.) +22
−23(syst.) ± 8(lumi.) ± 4(beam) pb,

`+jets : σtt̄ = 258 ± 1(stat.) +22
−23(syst.) ± 8(lumi.) ± 4(beam) pb,

where the four quoted uncertainties are due to the number of events in data (statistical uncertainty),
systematic effects (as described in Sec. 7), the imprecisely known integrated luminosity, and the LHC
beam energy. Since the results were obtained using a fixed value of mtop, a set of tt̄ samples with different
top-quark masses was generated in order to study the mtop dependence of the measured tt̄ production
cross-section, which is found to be (∆σtt̄/σtt̄)/∆mtop = −1.1 %/GeV in all channels.

The fiducial tt̄ cross-section is found to be

e+jets : σfid
tt̄ = 11.3 ± 0.1(stat.) ± 1.0(syst.) ± 0.3(lumi.) ± 0.2(beam) pb,

µ+jets : σfid
tt̄ = 11.5 ± 0.1(stat.) ± 1.0(syst.) ± 0.3(lumi.) ± 0.2(beam) pb,

`+jets : σfid
tt̄ = 22.8 ± 0.1(stat.) +1.9

−2.0(syst.) ± 0.7(lumi.) ± 0.4(beam) pb,

where the four quoted uncertainties represent the same sources as indicated before.

The largest systematic uncertainties are due to tt̄ MC modeling, including the PDF uncertainty, the choice
of MC generator, the parton shower and fragmentation model and initial- and final-state radiation. The
systematic uncertainty from ISR or FSR is found to be reduced for the fiducial cross-section measurement
compared to the inclusive case, while the uncertainties due to the choice of MC generator and the parton
shower and fragmentation model are found to increase slightly in the fiducial cross-section measurement
compared to the inclusive case.
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The measured inclusive tt̄ production cross-section is in good agreement with the NNLO+NNLL theory
prediction, σtt̄ = 253+13

−15 pb [2]. It is also consistent with the ATLAS and CMS measurements of the
tt̄ production cross-section in the dilepton channel [15, 16]. The ATLAS measurement had the result of
σtt̄ = 242.4± 1.7(stat.) ± 5.5(syst.) ± 7.5(lumi.) ± 4.(beam) pb [15], where the four quoted uncertainties
were due to the same sources as above.
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B. Mandelli30, L. Mandelli91a, I. Mandić75, R. Mandrysch63, J. Maneira126a,126b, A. Manfredini101,
L. Manhaes de Andrade Filho24b, J. Manjarres Ramos160b, A. Mann100, P.M. Manning138,
A. Manousakis-Katsikakis9, B. Mansoulie137, R. Mantifel87, M. Mantoani54, L. Mapelli30, L. March146c,
G. Marchiori80, M. Marcisovsky127, C.P. Marino170, M. Marjanovic13, F. Marroquim24a, S.P. Marsden84,
Z. Marshall15, L.F. Marti17, S. Marti-Garcia168, B. Martin90, T.A. Martin171, V.J. Martin46,
B. Martin dit Latour14, H. Martinez137, M. Martinez12,o, S. Martin-Haugh131, V.S. Martoiu26a,
A.C. Martyniuk78, M. Marx139, F. Marzano133a, A. Marzin30, L. Masetti83, T. Mashimo156,
R. Mashinistov96, J. Masik84, A.L. Maslennikov109,c, I. Massa20a,20b, L. Massa20a,20b, N. Massol5,
P. Mastrandrea149, A. Mastroberardino37a,37b, T. Masubuchi156, P. Mättig176, J. Mattmann83,
J. Maurer26a, S.J. Maxfield74, D.A. Maximov109,c, R. Mazini152, S.M. Mazza91a,91b,
L. Mazzaferro134a,134b, G. Mc Goldrick159, S.P. Mc Kee89, A. McCarn89, R.L. McCarthy149,
T.G. McCarthy29, N.A. McCubbin131, K.W. McFarlane56,∗, J.A. Mcfayden78, G. Mchedlidze54,
S.J. McMahon131, R.A. McPherson170,k, J. Mechnich107, M. Medinnis42, S. Meehan146a, S. Mehlhase100,
A. Mehta74, K. Meier58a, C. Meineck100, B. Meirose41, C. Melachrinos31, B.R. Mellado Garcia146c,
F. Meloni17, A. Mengarelli20a,20b, S. Menke101, E. Meoni162, K.M. Mercurio57, S. Mergelmeyer21,
N. Meric137, P. Mermod49, L. Merola104a,104b, C. Meroni91a, F.S. Merritt31, H. Merritt111, A. Messina30,z,
J. Metcalfe25, A.S. Mete164, C. Meyer83, C. Meyer122, J-P. Meyer137, J. Meyer107, R.P. Middleton131,
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C. Padilla Aranda12, M. Pagáčová48, S. Pagan Griso15, E. Paganis140, C. Pahl101, F. Paige25, P. Pais86,
K. Pajchel119, G. Palacino160b, S. Palestini30, M. Palka38b, D. Pallin34, A. Palma126a,126b, Y.B. Pan174,
E. Panagiotopoulou10, C.E. Pandini80, J.G. Panduro Vazquez77, P. Pani147a,147b, N. Panikashvili89,
S. Panitkin25, L. Paolozzi134a,134b, Th.D. Papadopoulou10, K. Papageorgiou155, A. Paramonov6,
D. Paredes Hernandez155, M.A. Parker28, K.A. Parker140, F. Parodi50a,50b, J.A. Parsons35, U. Parzefall48,
E. Pasqualucci133a, S. Passaggio50a, F. Pastore135a,135b,∗, Fr. Pastore77, G. Pásztor29, S. Pataraia176,
N.D. Patel151, J.R. Pater84, T. Pauly30, J. Pearce170, L.E. Pedersen36, M. Pedersen119,
S. Pedraza Lopez168, R. Pedro126a,126b, S.V. Peleganchuk109, D. Pelikan167, H. Peng33b, B. Penning31,
J. Penwell61, D.V. Perepelitsa25, E. Perez Codina160a, M.T. Pérez García-Estañ168, L. Perini91a,91b,
H. Pernegger30, S. Perrella104a,104b, R. Peschke42, V.D. Peshekhonov65, K. Peters30, R.F.Y. Peters84,
B.A. Petersen30, T.C. Petersen36, E. Petit42, A. Petridis147a,147b, C. Petridou155, E. Petrolo133a,
F. Petrucci135a,135b, N.E. Pettersson158, R. Pezoa32b, P.W. Phillips131, G. Piacquadio144, E. Pianori171,
A. Picazio49, E. Piccaro76, M. Piccinini20a,20b, M.A. Pickering120, R. Piegaia27, D.T. Pignotti111,
J.E. Pilcher31, A.D. Pilkington78, J. Pina126a,126b,126d, M. Pinamonti165a,165c,ac, J.L. Pinfold3, A. Pingel36,
B. Pinto126a, S. Pires80, M. Pitt173, C. Pizio91a,91b, L. Plazak145a, M.-A. Pleier25, V. Pleskot129,
E. Plotnikova65, P. Plucinski147a,147b, D. Pluth64, R. Poettgen83, L. Poggioli117, D. Pohl21,
G. Polesello121a, A. Policicchio37a,37b, R. Polifka159, A. Polini20a, C.S. Pollard53, V. Polychronakos25,
K. Pommès30, L. Pontecorvo133a, B.G. Pope90, G.A. Popeneciu26b, D.S. Popovic13, A. Poppleton30,
S. Pospisil128, K. Potamianos15, I.N. Potrap65, C.J. Potter150, C.T. Potter116, G. Poulard30, J. Poveda30,
V. Pozdnyakov65, P. Pralavorio85, A. Pranko15, S. Prasad30, S. Prell64, D. Price84, J. Price74, L.E. Price6,
M. Primavera73a, S. Prince87, M. Proissl46, K. Prokofiev60c, F. Prokoshin32b, E. Protopapadaki137,
S. Protopopescu25, J. Proudfoot6, M. Przybycien38a, E. Ptacek116, D. Puddu135a,135b, E. Pueschel86,
D. Puldon149, M. Purohit25,ad, P. Puzo117, J. Qian89, G. Qin53, Y. Qin84, A. Quadt54, D.R. Quarrie15,
W.B. Quayle165a,165b, M. Queitsch-Maitland84, D. Quilty53, A. Qureshi160b, V. Radeka25, V. Radescu42,
S.K. Radhakrishnan149, P. Radloff116, P. Rados88, F. Ragusa91a,91b, G. Rahal179, S. Rajagopalan25,
M. Rammensee30, C. Rangel-Smith167, F. Rauscher100, S. Rave83, T.C. Rave48, T. Ravenscroft53,
M. Raymond30, A.L. Read119, N.P. Readioff74, D.M. Rebuzzi121a,121b, A. Redelbach175, G. Redlinger25,

26



R. Reece138, K. Reeves41, L. Rehnisch16, H. Reisin27, M. Relich164, C. Rembser30, H. Ren33a,
A. Renaud117, M. Rescigno133a, S. Resconi91a, O.L. Rezanova109,c, P. Reznicek129, R. Rezvani95,
R. Richter101, E. Richter-Was38b, M. Ridel80, P. Rieck16, C.J. Riegel176, J. Rieger54, M. Rijssenbeek149,
A. Rimoldi121a,121b, L. Rinaldi20a, E. Ritsch62, I. Riu12, F. Rizatdinova114, E. Rizvi76, S.H. Robertson87,k,
A. Robichaud-Veronneau87, D. Robinson28, J.E.M. Robinson84, A. Robson53, C. Roda124a,124b,
L. Rodrigues30, S. Roe30, O. Røhne119, S. Rolli162, A. Romaniouk98, M. Romano20a,20b,
S.M. Romano Saez34, E. Romero Adam168, N. Rompotis139, M. Ronzani48, L. Roos80, E. Ros168,
S. Rosati133a, K. Rosbach48, P. Rose138, P.L. Rosendahl14, O. Rosenthal142, V. Rossetti147a,147b,
E. Rossi104a,104b, L.P. Rossi50a, R. Rosten139, M. Rotaru26a, I. Roth173, J. Rothberg139, D. Rousseau117,
C.R. Royon137, A. Rozanov85, Y. Rozen153, X. Ruan146c, F. Rubbo144, I. Rubinskiy42, V.I. Rud99,
C. Rudolph44, M.S. Rudolph159, F. Rühr48, A. Ruiz-Martinez30, Z. Rurikova48, N.A. Rusakovich65,
A. Ruschke100, H.L. Russell139, J.P. Rutherfoord7, N. Ruthmann48, Y.F. Ryabov123, M. Rybar129,
G. Rybkin117, N.C. Ryder120, A.F. Saavedra151, G. Sabato107, S. Sacerdoti27, A. Saddique3,
H.F-W. Sadrozinski138, R. Sadykov65, F. Safai Tehrani133a, M. Saimpert137, H. Sakamoto156,
Y. Sakurai172, G. Salamanna135a,135b, A. Salamon134a, M. Saleem113, D. Salek107,
P.H. Sales De Bruin139, D. Salihagic101, A. Salnikov144, J. Salt168, D. Salvatore37a,37b, F. Salvatore150,
A. Salvucci106, A. Salzburger30, D. Sampsonidis155, A. Sanchez104a,104b, J. Sánchez168,
V. Sanchez Martinez168, H. Sandaker14, R.L. Sandbach76, H.G. Sander83, M.P. Sanders100,
M. Sandhoff176, C. Sandoval163, R. Sandstroem101, D.P.C. Sankey131, A. Sansoni47, C. Santoni34,
R. Santonico134a,134b, H. Santos126a, I. Santoyo Castillo150, K. Sapp125, A. Sapronov65,
J.G. Saraiva126a,126d, B. Sarrazin21, O. Sasaki66, Y. Sasaki156, K. Sato161, G. Sauvage5,∗, E. Sauvan5,
G. Savage77, P. Savard159,d, C. Sawyer120, L. Sawyer79,n, D.H. Saxon53, J. Saxon31, C. Sbarra20a,
A. Sbrizzi20a,20b, T. Scanlon78, D.A. Scannicchio164, M. Scarcella151, V. Scarfone37a,37b,
J. Schaarschmidt173, P. Schacht101, D. Schaefer30, R. Schaefer42, J. Schaeffer83, S. Schaepe21,
S. Schaetzel58b, U. Schäfer83, A.C. Schaffer117, D. Schaile100, R.D. Schamberger149, V. Scharf58a,
V.A. Schegelsky123, D. Scheirich129, M. Schernau164, C. Schiavi50a,50b, C. Schillo48, M. Schioppa37a,37b,
S. Schlenker30, E. Schmidt48, K. Schmieden30, C. Schmitt83, S. Schmitt58b, B. Schneider160a,
Y.J. Schnellbach74, U. Schnoor44, L. Schoeffel137, A. Schoening58b, B.D. Schoenrock90,
A.L.S. Schorlemmer54, M. Schott83, D. Schouten160a, J. Schovancova8, S. Schramm159, M. Schreyer175,
C. Schroeder83, N. Schuh83, M.J. Schultens21, H.-C. Schultz-Coulon58a, H. Schulz16, M. Schumacher48,
B.A. Schumm138, Ph. Schune137, C. Schwanenberger84, A. Schwartzman144, T.A. Schwarz89,
Ph. Schwegler101, Ph. Schwemling137, R. Schwienhorst90, J. Schwindling137, T. Schwindt21,
M. Schwoerer5, F.G. Sciacca17, E. Scifo117, G. Sciolla23, F. Scuri124a,124b, F. Scutti21, J. Searcy89,
G. Sedov42, E. Sedykh123, P. Seema21, S.C. Seidel105, A. Seiden138, F. Seifert128, J.M. Seixas24a,
G. Sekhniaidze104a, S.J. Sekula40, K.E. Selbach46, D.M. Seliverstov123,∗, N. Semprini-Cesari20a,20b,
C. Serfon30, L. Serin117, L. Serkin54, T. Serre85, R. Seuster160a, H. Severini113, T. Sfiligoj75, F. Sforza101,
A. Sfyrla30, E. Shabalina54, M. Shamim116, L.Y. Shan33a, R. Shang166, J.T. Shank22, M. Shapiro15,
P.B. Shatalov97, K. Shaw165a,165b, A. Shcherbakova147a,147b, C.Y. Shehu150, P. Sherwood78, L. Shi152,ae,
S. Shimizu67, C.O. Shimmin164, M. Shimojima102, M. Shiyakova65, A. Shmeleva96, D. Shoaleh Saadi95,
M.J. Shochet31, S. Shojaii91a,91b, S. Shrestha111, E. Shulga98, M.A. Shupe7, S. Shushkevich42,
P. Sicho127, O. Sidiropoulou175, D. Sidorov114, A. Sidoti20a,20b, F. Siegert44, Dj. Sijacki13,
J. Silva126a,126d, Y. Silver154, D. Silverstein144, S.B. Silverstein147a, V. Simak128, O. Simard5,
Lj. Simic13, S. Simion117, E. Simioni83, B. Simmons78, D. Simon34, R. Simoniello91a,91b, P. Sinervo159,
N.B. Sinev116, G. Siragusa175, A. Sircar79, A.N. Sisakyan65,∗, S.Yu. Sivoklokov99, J. Sjölin147a,147b,
T.B. Sjursen14, M.B. Skinner72, H.P. Skottowe57, P. Skubic113, M. Slater18, T. Slavicek128,
M. Slawinska107, K. Sliwa162, V. Smakhtin173, B.H. Smart46, L. Smestad14, S.Yu. Smirnov98,
Y. Smirnov98, L.N. Smirnova99,a f , O. Smirnova81, K.M. Smith53, M.N.K. Smith35, M. Smizanska72,

27



K. Smolek128, A.A. Snesarev96, G. Snidero76, S. Snyder25, R. Sobie170,k, F. Socher44, A. Soffer154,
D.A. Soh152,ae, C.A. Solans30, M. Solar128, J. Solc128, E.Yu. Soldatov98, U. Soldevila168,
A.A. Solodkov130, A. Soloshenko65, O.V. Solovyanov130, V. Solovyev123, P. Sommer48, H.Y. Song33b,
N. Soni1, A. Sood15, A. Sopczak128, B. Sopko128, V. Sopko128, V. Sorin12, D. Sosa58b, M. Sosebee8,
C.L. Sotiropoulou155, R. Soualah165a,165c, P. Soueid95, A.M. Soukharev109,c, D. South42,
S. Spagnolo73a,73b, F. Spanò77, W.R. Spearman57, F. Spettel101, R. Spighi20a, G. Spigo30, L.A. Spiller88,
M. Spousta129, T. Spreitzer159, R.D. St. Denis53,∗, S. Staerz44, J. Stahlman122, R. Stamen58a, S. Stamm16,
E. Stanecka39, C. Stanescu135a, M. Stanescu-Bellu42, M.M. Stanitzki42, S. Stapnes119,
E.A. Starchenko130, J. Stark55, P. Staroba127, P. Starovoitov42, R. Staszewski39, P. Stavina145a,∗,
P. Steinberg25, B. Stelzer143, H.J. Stelzer30, O. Stelzer-Chilton160a, H. Stenzel52, S. Stern101,
G.A. Stewart53, J.A. Stillings21, M.C. Stockton87, M. Stoebe87, G. Stoicea26a, P. Stolte54, S. Stonjek101,
A.R. Stradling8, A. Straessner44, M.E. Stramaglia17, J. Strandberg148, S. Strandberg147a,147b,
A. Strandlie119, E. Strauss144, M. Strauss113, P. Strizenec145b, R. Ströhmer175, D.M. Strom116,
R. Stroynowski40, A. Strubig106, S.A. Stucci17, B. Stugu14, N.A. Styles42, D. Su144, J. Su125,
R. Subramaniam79, A. Succurro12, Y. Sugaya118, C. Suhr108, M. Suk128, V.V. Sulin96, S. Sultansoy4d,
T. Sumida68, S. Sun57, X. Sun33a, J.E. Sundermann48, K. Suruliz150, G. Susinno37a,37b, M.R. Sutton150,
Y. Suzuki66, M. Svatos127, S. Swedish169, M. Swiatlowski144, I. Sykora145a, T. Sykora129, D. Ta90,
C. Taccini135a,135b, K. Tackmann42, J. Taenzer159, A. Taffard164, R. Tafirout160a, N. Taiblum154,
H. Takai25, R. Takashima69, H. Takeda67, T. Takeshita141, Y. Takubo66, M. Talby85, A.A. Talyshev109,c,
J.Y.C. Tam175, K.G. Tan88, J. Tanaka156, R. Tanaka117, S. Tanaka132, S. Tanaka66, A.J. Tanasijczuk143,
B.B. Tannenwald111, N. Tannoury21, S. Tapprogge83, S. Tarem153, F. Tarrade29, G.F. Tartarelli91a,
P. Tas129, M. Tasevsky127, T. Tashiro68, E. Tassi37a,37b, A. Tavares Delgado126a,126b, Y. Tayalati136d,
F.E. Taylor94, G.N. Taylor88, W. Taylor160b, F.A. Teischinger30, M. Teixeira Dias Castanheira76,
P. Teixeira-Dias77, K.K. Temming48, H. Ten Kate30, P.K. Teng152, J.J. Teoh118, F. Tepel176, S. Terada66,
K. Terashi156, J. Terron82, S. Terzo101, M. Testa47, R.J. Teuscher159,k, J. Therhaag21,
T. Theveneaux-Pelzer34, J.P. Thomas18, J. Thomas-Wilsker77, E.N. Thompson35, P.D. Thompson18,
R.J. Thompson84, A.S. Thompson53, L.A. Thomsen36, E. Thomson122, M. Thomson28, W.M. Thong88,
R.P. Thun89,∗, F. Tian35, M.J. Tibbetts15, R.E. Ticse Torres85, V.O. Tikhomirov96,ag,
Yu.A. Tikhonov109,c, S. Timoshenko98, E. Tiouchichine85, P. Tipton177, S. Tisserant85, T. Todorov5,∗,
S. Todorova-Nova129, J. Tojo70, S. Tokár145a, K. Tokushuku66, K. Tollefson90, E. Tolley57,
L. Tomlinson84, M. Tomoto103, L. Tompkins144,ah, K. Toms105, N.D. Topilin65, E. Torrence116,
H. Torres143, E. Torró Pastor168, J. Toth85,ai, F. Touchard85, D.R. Tovey140, H.L. Tran117, T. Trefzger175,
L. Tremblet30, A. Tricoli30, I.M. Trigger160a, S. Trincaz-Duvoid80, M.F. Tripiana12, W. Trischuk159,
B. Trocmé55, C. Troncon91a, M. Trottier-McDonald15, M. Trovatelli135a,135b, P. True90, M. Trzebinski39,
A. Trzupek39, C. Tsarouchas30, J.C-L. Tseng120, P.V. Tsiareshka92, D. Tsionou155, G. Tsipolitis10,
N. Tsirintanis9, S. Tsiskaridze12, V. Tsiskaridze48, E.G. Tskhadadze51a, I.I. Tsukerman97, V. Tsulaia15,
S. Tsuno66, D. Tsybychev149, A. Tudorache26a, V. Tudorache26a, A.N. Tuna122, S.A. Tupputi20a,20b,
S. Turchikhin99,a f , D. Turecek128, R. Turra91a,91b, A.J. Turvey40, P.M. Tuts35, A. Tykhonov49,
M. Tylmad147a,147b, M. Tyndel131, I. Ueda156, R. Ueno29, M. Ughetto85, M. Ugland14, M. Uhlenbrock21,
F. Ukegawa161, G. Unal30, A. Undrus25, G. Unel164, F.C. Ungaro48, Y. Unno66, C. Unverdorben100,
J. Urban145b, P. Urquijo88, P. Urrejola83, G. Usai8, A. Usanova62, L. Vacavant85, V. Vacek128,
B. Vachon87, N. Valencic107, S. Valentinetti20a,20b, A. Valero168, L. Valery12, S. Valkar129,
E. Valladolid Gallego168, S. Vallecorsa49, J.A. Valls Ferrer168, W. Van Den Wollenberg107,
P.C. Van Der Deijl107, R. van der Geer107, H. van der Graaf107, R. Van Der Leeuw107, N. van Eldik30,
P. van Gemmeren6, J. Van Nieuwkoop143, I. van Vulpen107, M.C. van Woerden30, M. Vanadia133a,133b,
W. Vandelli30, R. Vanguri122, A. Vaniachine6, F. Vannucci80, G. Vardanyan178, R. Vari133a, E.W. Varnes7,
T. Varol40, D. Varouchas80, A. Vartapetian8, K.E. Varvell151, F. Vazeille34, T. Vazquez Schroeder54,

28



J. Veatch7, F. Veloso126a,126c, T. Velz21, S. Veneziano133a, A. Ventura73a,73b, D. Ventura86, M. Venturi170,
N. Venturi159, A. Venturini23, V. Vercesi121a, M. Verducci133a,133b, W. Verkerke107, J.C. Vermeulen107,
A. Vest44, M.C. Vetterli143,d, O. Viazlo81, I. Vichou166, T. Vickey146c,a j, O.E. Vickey Boeriu146c,
G.H.A. Viehhauser120, S. Viel15, R. Vigne30, M. Villa20a,20b, M. Villaplana Perez91a,91b, E. Vilucchi47,
M.G. Vincter29, V.B. Vinogradov65, J. Virzi15, I. Vivarelli150, F. Vives Vaque3, S. Vlachos10,
D. Vladoiu100, M. Vlasak128, M. Vogel32a, P. Vokac128, G. Volpi124a,124b, M. Volpi88,
H. von der Schmitt101, H. von Radziewski48, E. von Toerne21, V. Vorobel129, K. Vorobev98, M. Vos168,
R. Voss30, J.H. Vossebeld74, N. Vranjes13, M. Vranjes Milosavljevic13, V. Vrba127, M. Vreeswijk107,
R. Vuillermet30, I. Vukotic31, Z. Vykydal128, P. Wagner21, W. Wagner176, H. Wahlberg71,
S. Wahrmund44, J. Wakabayashi103, J. Walder72, R. Walker100, W. Walkowiak142, C. Wang33c,
F. Wang174, H. Wang15, H. Wang40, J. Wang42, J. Wang33a, K. Wang87, R. Wang105, S.M. Wang152,
T. Wang21, X. Wang177, C. Wanotayaroj116, A. Warburton87, C.P. Ward28, D.R. Wardrope78,
M. Warsinsky48, A. Washbrook46, C. Wasicki42, P.M. Watkins18, A.T. Watson18, I.J. Watson151,
M.F. Watson18, G. Watts139, S. Watts84, B.M. Waugh78, S. Webb84, M.S. Weber17, S.W. Weber175,
J.S. Webster31, A.R. Weidberg120, B. Weinert61, J. Weingarten54, C. Weiser48, H. Weits107, P.S. Wells30,
T. Wenaus25, D. Wendland16, T. Wengler30, S. Wenig30, N. Wermes21, M. Werner48, P. Werner30,
M. Wessels58a, J. Wetter162, K. Whalen29, A.M. Wharton72, A. White8, M.J. White1, R. White32b,
S. White124a,124b, D. Whiteson164, D. Wicke176, F.J. Wickens131, W. Wiedenmann174, M. Wielers131,
P. Wienemann21, C. Wiglesworth36, L.A.M. Wiik-Fuchs21, A. Wildauer101, H.G. Wilkens30,
H.H. Williams122, S. Williams107, C. Willis90, S. Willocq86, A. Wilson89, J.A. Wilson18,
I. Wingerter-Seez5, F. Winklmeier116, B.T. Winter21, M. Wittgen144, J. Wittkowski100, S.J. Wollstadt83,
M.W. Wolter39, H. Wolters126a,126c, B.K. Wosiek39, J. Wotschack30, M.J. Woudstra84, K.W. Wozniak39,
M. Wu55, S.L. Wu174, X. Wu49, Y. Wu89, T.R. Wyatt84, B.M. Wynne46, S. Xella36, D. Xu33a, L. Xu33b,ak,
B. Yabsley151, S. Yacoob146b,al, R. Yakabe67, M. Yamada66, Y. Yamaguchi118, A. Yamamoto66,
S. Yamamoto156, T. Yamanaka156, K. Yamauchi103, Y. Yamazaki67, Z. Yan22, H. Yang33e, H. Yang174,
Y. Yang152, S. Yanush93, L. Yao33a, W-M. Yao15, Y. Yasu66, E. Yatsenko42, K.H. Yau Wong21, J. Ye40,
S. Ye25, I. Yeletskikh65, A.L. Yen57, E. Yildirim42, K. Yorita172, R. Yoshida6, K. Yoshihara122,
C. Young144, C.J.S. Young30, S. Youssef22, D.R. Yu15, J. Yu8, J.M. Yu89, J. Yu114, L. Yuan67,
A. Yurkewicz108, I. Yusuff28,am, B. Zabinski39, R. Zaidan63, A.M. Zaitsev130,aa, A. Zaman149,
S. Zambito23, L. Zanello133a,133b, D. Zanzi88, C. Zeitnitz176, M. Zeman128, A. Zemla38a, K. Zengel23,
O. Zenin130, T. Ženiš145a, D. Zerwas117, D. Zhang89, F. Zhang174, J. Zhang6, L. Zhang152, R. Zhang33b,
X. Zhang33d, Z. Zhang117, X. Zhao40, Y. Zhao33d,117, Z. Zhao33b, A. Zhemchugov65, J. Zhong120,
B. Zhou89, C. Zhou45, L. Zhou35, L. Zhou40, N. Zhou164, C.G. Zhu33d, H. Zhu33a, J. Zhu89, Y. Zhu33b,
X. Zhuang33a, K. Zhukov96, A. Zibell175, D. Zieminska61, N.I. Zimine65, C. Zimmermann83,
R. Zimmermann21, S. Zimmermann48, Z. Zinonos54, M. Zinser83, M. Ziolkowski142, L. Živković13,
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