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1 Introduction

After its restart in 2015, the Large Hadron Collider (LHC) [1] has been producing proton-proton
(pp) collisions at a centre-of-mass energy of

√
s = 13 TeV, giving the collider experiments access

to a so far unexplored kinematic range. It is important to measure all accessible Standard Model
(SM) processes at the new centre-of-mass energy, compare the results to the corresponding theor-
etical SM predictions, and look for deviations which might result from energy-dependent non-SM
couplings. In this article, inclusive cross-section measurements of the dominant single-top-quark
production mechanism are presented.

At leading order (LO) in perturbation theory, single top-quark production is described by three
subprocesses that are distinguished by the virtuality of the exchanged W boson. The dominant
process is the t-channel exchange depicted in figure 1, which is the subject of the measurements
presented in this article. A light quark from one of the colliding protons interacts with a b-quark
from another proton by exchanging a virtual W boson. Since the valence u-quark density of the
proton is about twice as high as the valence d-quark density, the production cross-section of single
top-quarks σ(tq) is expected to be higher than the cross-section of top-antiquark production σ(t̄q).
At LO, the subleading single-top-quark processes are the associated production of a W boson and
a top quark (Wt) and the s-channel production of tb̄ and t̄b.
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(a) (b)

Figure 1. Representative leading-order Feynman diagrams of (a) single-top-quark production and (b) single-
top-antiquark production via the t-channel exchange of a virtual W boson (W∗), including the decay of the
top quark and top antiquark, respectively.

In this article, measurements of σ(tq) and σ(t̄q) in proton-proton collisions at a centre-of-mass
energy of

√
s = 13 TeV are presented. The analysis is based on the ATLAS data set collected in

2015 corresponding to an integrated luminosity of 3.2 fb−1. Separate measurements of tq and t̄q
production provide sensitivity to the parton distribution functions (PDFs) of the u-quark and the d-
quark [2], exploiting the different initial states of the two processes as shown in figure 1. In addition,
the cross-section ratio Rt ≡ σ(tq)/σ(t̄q) is measured, featuring smaller systematic uncertainties
than the individual cross-sections because of partial cancellations of common uncertainties.

In general, measurements of single top-quark production provide insights into the properties
of the Wtb vertex. The cross-sections are proportional to the square of the coupling at the produc-
tion vertex. In the SM, the coupling is given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element Vtb [3, 4] multiplied by the universal electroweak coupling constant. Non-SM contribu-
tions can be encapsulated by an additional left-handed form factor fLV [5], assumed to be real.
The sensitivity for these non-SM contributions could be increased for the higher centre-of-mass
energy, if there is new physics at high scales. The combined cross-section σ(tq + t̄q) is determined
as the sum of σ(tq) and σ(t̄q) and used to determine fLV · |Vtb|. All measurements presented in
this paper are based on the assumption that the production and the decay of top quarks via Wts
and Wtd vertices is suppressed due to the fact that the CKM matrix elements Vts and Vtd are much
smaller than Vtb. Currently, the most precise determination of fLV · |Vtb| has an uncertainty of 4 %,
obtained from a combination of measurements performed by the CMS Collaboration [6] under the
same assumption as the one stated above.

In pp collisions at
√

s = 13 TeV, the predicted production cross-section of the t-channel
single-top-quark process is σ(tq) = 136.0+5.4

−4.6 pb for top-quark production and σ(t̄q) = 81.0+4.1
−3.6 pb

for top-antiquark production. These predictions have been calculated for a top-quark mass of
172.5 GeV at next-to-leading order (NLO) [7] in perturbative QCD using Hathor v2.1 [8]. The
uncertainties connected with PDFs and the strong coupling constant, αs, are calculated using the
PDF4LHC prescription [9] with the MSTW2008 NLO [10, 11], CT10 NLO [12] and NNPDF
2.3 NLO [13] PDF sets, and are added in quadrature to the scale uncertainty. The cross-sections
of all three single-top-quark production processes have also been calculated at approximate next-
to-next-to-leading-order (NNLO) precision [14–16]. NNLO results are available for the t-channel
cross-section [17] and the NNLO/NLO K-factor is 0.985. However, the NLO calculation of this
process features a more comprehensive uncertainty treatment, including a complete treatment of the
PDF and scale uncertainties, compared to the NNLO one, and is therefore used to extract fLV · |Vtb|.
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In this analysis, the event selection targets tq and t̄q events with leptonically decaying W bo-
sons. The lepton is either an electron or a muon, where events involving W → τν decays with a
subsequent decay of the τ lepton to eνeντ or µνµντ are included in the signal. The experimental
signature of selected events is thus given by one prompt isolated electron or muon, missing trans-
verse momentum, Emiss

T , and two hadronic jets with high transverse momentum, pT,1 where one of
these jets originates from a b-quark (b-jet) and the second one is produced primarily in the forward
direction. The presence of additional jets is vetoed to suppress background from tt̄ production.

Several other processes feature the same signature as single-top-quark events; the main back-
grounds are W+jets production and top-quark-antiquark (tt̄) pair production. In order to improve
the sensitivity of the signal extraction, an artificial neural network (NN) [18] is used to discriminate
between signal and background events, following the same strategy that was used in comprehensive
measurements of t-channel single top-quark production at

√
s =7 TeV [19].

This article is organised as follows. Section 2 gives an overview of the data and simulated event
samples that are used in the analysis. The definitions of physics objects are given in section 3 and
the event selection criteria as well as the definition of the signal and validation regions are presented
in section 4. Section 5 describes the estimation of the background processes and compares the
predicted kinematic distributions to data. Section 6 discusses the discriminating variables and
the training and the performance of the NN used to improve the measurement sensitivity, while
in section 7 the estimation of systematic uncertainties is discussed. Section 8 is devoted to the
statistical analysis and section 9 to the measurement of the signal cross-sections and their ratio, and
the extraction of fLV · |Vtb|. Finally, the conclusion is given in section 10.

2 Data and simulation samples

The ATLAS experiment [20] at the LHC is a multi-purpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 4π coverage in solid angle. It consists of
an inner tracking detector surrounded by a thin superconducting solenoid providing a 2 T axial
magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer. The inner
tracking detector (ID) covers the pseudorapidity range |η| < 2.5. It consists of silicon pixel, sil-
icon microstrip, and transition-radiation tracking detectors. The innermost layer of the pixel de-
tector, the insertable B-layer [21], was added between Run 1 (2009-2013) and Run 2 of the LHC
at a radius of 33 mm around a new and thinner beam pipe. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements with high granularity. A hadron
(iron/scintillator-tile) calorimeter covers the central pseudorapidity range (|η| < 1.7). The endcap
and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |η| = 4.9. The muon spectrometer surrounds the calorimeters and is based
on three large air-core toroid superconducting magnets with eight coils each. Its bending power
ranges from 2.0 to 7.5 T m. It includes a system of precision tracking chambers and fast detectors

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the
detector and the z-axis is along the beam direction; the x-axis points towards the centre of the LHC ring and the y-axis
points upwards. The pseudorapidity η is defined as η = − ln[tan(θ/2)], where the polar angle θ is measured with respect to
the z-axis. The azimuthal angle, φ, is measured with respect to the x-axis. Transverse momentum and energy are defined
as pT = p sin θ and ET = E sin θ, respectively. The ∆R distance in (η,φ) space is defined as ∆R =

√
(∆η)2 + (∆φ)2.
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for triggering. A two-level trigger system [22] is used to select events. The first-level trigger is
implemented in hardware and uses a subset of the detector information to reduce the accepted rate
to at most 75 kHz. This is followed by a software-based high-level trigger (HLT), which has access
to full detector granularity and is used to further reduce the event rate to 1 kHz.

This analysis is performed using pp collision data recorded at a centre-of-mass energy of
√

s = 13 TeV with the ATLAS detector in 2015 in the periods when the LHC was operating with
25 ns bunch spacing. Only the periods in which all the subdetectors were operational are con-
sidered, resulting in a data sample with a total integrated luminosity of L = 3.2 fb−1.

All generated samples are passed through the simulation of the ATLAS detector [23] based
on Geant4 [24]. The same offline reconstruction methods used with data events are applied to the
simulated events samples. Minimum-bias events generated by Pythia 8 [25] are used to simulate
multiple pp interactions in the same and nearby bunch crossings (pile-up). The simulated pile-up
events are reweighted to reproduce the luminosity spectrum in the data.

Electroweak t-channel single-top-quark production can be simulated in different schemes con-
cerning the treatment of the initial b-quark. In the five-flavour scheme (5FS) the b-quarks are
treated massless and the LO Feynman diagram is represented by the 2→ 2 process with a b quark
in the initial state, depicted in figure 1. In the four-flavour scheme (4FS), the PDFs only contain
parton distributions for the quarks lighter than the b-quark and therefore the LO Feynman diagram
is represented by a 2→ 3 process including the g→ bb̄ splitting in the initial state. In this scheme,
the b-quarks are treated massive.

Signal t-channel single-top-quark events are generated in the 4FS using the Powheg-Box V1
(r2556) [26, 27] generator Events are generated with the fixed four-flavour PDF set CT10f4 [12]
and the renormalisation and factorisation scales, µr, and, µf , are set following the recommenda-
tion given in ref. [26]. Top quarks are decayed at LO using MadSpin to preserve all spin cor-
relations. The parton shower, hadronisation, and the underlying event are modelled using the
Pythia 6 (v6.428) [28] generator and the Perugia2012 set of tuned parameters (P2012 tune) [29].
In order to study effects of the choice of parton-shower model, the same events are showered using
Herwig++ (v.2.7.1) [30] and the energy-extrapolated underlying event set of tuned parameters (UE-
EE-5 tune) [31]. A second NLO generator capable of generating t-channel single-top-quark events
in the 4FS is MadGraph5 aMC@NLO [32] (v2.2.2). Samples are generated using the CT10f4
PDF set and µr and µf are set to be the same as those implemented in Powheg-Box. Again, the top
quarks produced in the ME are decayed using MadSpin to preserve all spin correlations. The events
are showered using Herwig++ (v.2.7.1) and the UE-EE-5 tune. For the generation of SM single top-
quarks in the Wt and the s-channel (tb̄+ t̄b) the Powheg-Box V1 (r2819) generator [33, 34] with the
CT10 PDF set is used. Samples of tt̄ events are generated with the Powheg-Box V2 (r3026) [35]
and the CT10 PDF set. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, where its main effect is to regulate the high-pT emission against
which the tt̄ system recoils, is set to the top-quark mass. The parton shower, hadronisation, and the
underlying event are added using Pythia 6 and the P2012 tune.

All top-quark processes are generated assuming a top-quark mass of 172.5 GeV. The top
quark is set to decay exclusively to t → Wb, and the EvtGen v1.2.0 program [36] is used to model
bottom- and charm-hadron decays.
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To model the W+jets and Z+jets background, the Sherpa v2.2.0 [37] generator is used. Matrix
elements are calculated for up to two partons at NLO and up to four partons at LO using the
Comix [38] and OpenLoops [39] ME generators and merged with the Sherpa parton shower [40]
using the ME+PS@NLO prescription [41]. The NNPDF 3.0 PDF set [42] is used in conjunction
with dedicated parton-shower tuning developed by the Sherpa authors.

Diboson events, denoted VV , are also simulated using the Sherpa v2.1.1 generator. Matrix
elements contain all diagrams with four electroweak vertices. They are calculated for zero partons
at NLO and up to three partons at LO using the same methodology as for W/Z+jets production.
The CT10 PDF set is used in conjunction with dedicated parton-shower tuning developed by the
Sherpa authors.

The only background for which no simulated events are used is the multijet background. Mul-
tijet events may be selected if a jet is misidentified as an isolated lepton (”fake” lepton) or if a
non-prompt lepton from a hadronic decay appears to be isolated. In the electron channel, the mat-
rix method is used, while in the muon channel, the so-called ‘anti-muon’ method is employed to
estimate the multijet background [43]. More details are given in section 5.

3 Object reconstruction

In this section, the reconstruction and selection of electrons, muons, jets and Emiss
T is described.

Electron candidates are defined as clusters of energy deposits in the electromagnetic calori-
meter associated with a well-measured track fulfilling several quality requirements [44, 45]. They
are required to satisfy pT > 30 GeV and |ηclus| < 2.47, where ηclus is the pseudorapidity of the
cluster of energy deposits in the calorimeter. Electron candidates in the calorimeter barrel-endcap
transition region 1.37 < |ηclus| < 1.52 are excluded. Isolation criteria are applied to reduce
background events, in which a hadronic jet is misidentified as a prompt electron or electrons
from the decay of heavy quarks. The criteria are optimised such that by adjusting the isolation
threshold the selection efficiency of the isolation criteria is uniform across η. It increases from
90 % for pT = 25 GeV to 99 % for pT = 60 GeV. The pT of all tracks within a cone of size
∆R =

√
(∆η)2 + (∆φ)2 = 0.3 around the electron direction, excluding the track belonging to the

electron candidate (track isolation), is restricted to be below a threshold depending on the electron
pT. In addition, calorimeter isolation in a cone size of 0.2 around the electron is required [46].

Muon candidates are reconstructed by matching track segments or complete tracks in the muon
spectrometer with inner detector tracks. The candidates are required to have a transverse mo-
mentum pT > 25 GeV and to be in the pseudorapidity region |η| < 2.5. Additional requirements
on the transverse impact parameter significance of |d0/σd0 | < 3 and on the longitudinal impact
parameter (z0) of |∆z0 sin θ| < 0.5 mm are imposed. Isolation criteria similar to those for electron
candidates are imposed.

Jets are reconstructed using the anti-kt algorithm [47] with a radius parameter of 0.4. They
are calibrated using a combination of an energy- and η-dependent simulation-based scheme and a
scheme based on data [48]. Only jets with pT > 30 GeV and |η| < 3.5 are accepted. The rapidity
range is determined using a W+jets-dominated validation region and defined by requiring good
agreement between simulated and measured data.
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If any jet is close to an electron, with ∆R < 0.2, the closest jet is removed, as in these cases
the jet and the electron are very likely to correspond to the same physical object. Remaining
electron candidates overlapping with jets within ∆R < 0.4 are subsequently rejected. To reduce
contributions from muons which stem from heavy-flavour decays inside a jet, muons are removed
if they are separated from the nearest jet by ∆R < 0.4. However, jets with fewer than three tracks
and separated from a muon by ∆R < 0.4 are removed to reduce fake jets from muons depositing a
large fraction of their energy in the calorimeters.

To discriminate between jets from the hard-scatter process and those from pile-up, a discrim-
inant called the jet vertex tagger (JVT) [49] is constructed from tracking and vertexing informa-
tion using a two-dimensional likelihood method. The JVT variable is required to be larger than
0.64 for the jets with pT < 50 GeV and |η| < 2.4, corresponding to 92 % efficiency and 2 %
misidentification rate.

In this analysis, a b-tagging algorithm based on boosted decision trees which is optimised to
reject c-quark jets as well as light-quark jets is used. The b- and c-tagging efficiencies, and the
mistag rate for the taggers, are measured using the methods described in refs. [50, 51]. The b-
tagging algorithm has an efficiency of about 60 % for b-jets in simulated tt̄ events, while 0.06 % of
light-quark jets and 4.7 % of c-quark jets are mistagged as b-quark jets. The algorithm can only be
applied to jets within the coverage of the ID, i.e. |η| < 2.5.

The magnitude of the missing transverse momentum vector is defined as Emiss
T = |~Emiss

T |, where
~Emiss

T is calculated using the calibrated three-dimensional calorimeter energy clusters associated
with the selected jets together with either the calibrated calorimeter energy cluster associated with
an electron or the pT of a muon track (hard components). Contributions from soft particles, not
associated with these identified particles, are accounted for using tracks associated to the vertex but
not associated with a jet, electron, or muon (soft components).

4 Event selection

Events are considered only if they are accepted by at least one of two single-muon or single-electron
triggers [52]. Events in the electron channel are triggered by a calorimeter cluster matched to a
track, and the trigger electron object is required to have either ET > 60 GeV or ET > 24 GeV and
satisfy isolation criteria. Events in the muon channel are triggered by either requiring an isolated
muon with pT > 20 GeV or requiring a muon with pT > 50 GeV.

Only events containing exactly one isolated charged lepton (electron or muon) with pT >

30 GeV and |η| < 2.5 are accepted. Candidate events must have exactly two jets satisfying the
criteria described in section 3. Jets reconstructed in the range 2.75 < |η| < 3.5, covering the
endcap-forward calorimeter transition region, must have pT > 35 GeV. At least one of the selected
jets is required to be identified (b-tagged) as a b-jet.

In order to reduce the number of multijet background events, which are characterised by low
Emiss

T and low W-boson transverse mass2 mT(`Emiss
T ), the event selection requires Emiss

T > 30 GeV
and mT(`Emiss

T ) > 50 GeV. To further suppress the multijet background a requirement on the pT of

2The W-boson transverse mass is defined as: mT(`Emiss
T ) =

√
2
[
pT(`)Emiss

T − ~pT(`) · ~Emiss
T

]
, where ~pT(`) denotes the

transverse momentum of the electron or muon and pT(`) its modulus.
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the charged lepton and the azimuthal angle between the charged lepton and jet is applied:

pT (`) > max
(
30 GeV, 40 GeV ·

|∆φ ( j1, `) |
π

)
, (4.1)

where ` denotes the identified charged lepton and j1 the reconstructed jet with the highest pT.
Contributions from processes with two isolated leptons in the final state are suppressed by

rejecting any event with an additional electron or muon as defined above satisfying pT > 10 GeV.
Three kinematic regions are defined in this analysis, all three being subject to the same

event selection requiring one electron or muon, missing transverse momentum and one or two
b-tagged jets:

• The signal region (SR) is defined by using the default b-tagging requirement and selecting
exactly one b-tagged jet.

• The W-boson validation region (W+jets VR) requires exactly one b-tagged jet, but with a
less stringent b-tagging requirement with a b-tagging efficiency of 85 %. Events contained
in the SR are rejected. The validation region is defined such, that the composition of the
resulting sample is dominated by W+jets production with a purity of 77 % and the same
reconstruction of the top-quark kinematics can be used as in the signal region, in order to
check the modelling of kinematic variables.

• Events in the tt̄ validation region (tt̄ VR) are required to have exactly three jets of which
exactly two are b-tagged jets using the default b-tagging requirement. This validation region
is highly enriched in tt̄ events with a purity of 85 %.

5 Background estimation

For all background processes, except the multijet background, the number of expected events are
obtained from Monte Carlo (MC) simulation scaled to the theoretical cross-section predictions.
The associated production of an on-shell W boson and a top quark (Wt) has a predicted produc-
tion cross-section of 71.1 pb [15] calculated at approximate NNLO accuracy. Predictions of the
s-channel production are calculated at NLO using the same methodology as for the t-channel pro-
duction and yield a cross-section of 10.3 pb. The predicted tt̄ cross-section is σtt̄ = 831.8 pb. It
has been calculated at NNLO in QCD including resummation of next-to-next-to-leading logar-
ithmic (NNLL) soft gluon terms with top++2.0 [53–58]. All quoted cross-sections are given for
mtop = 172.5 GeV. The inclusive cross-sections of W+jets and Z+jets production are calculated at
NNLO with FEWZ [59]. Diboson events are normalised to the NLO cross-section provided by the
Sherpa generator.

The matrix method [43] is used to determine the multijet background in the electron channel.
This method estimates the number of multijet background events in the signal region by applying
efficiency factors to the number of events passing the signal tight and a loose lepton selection, the
former selection being a subset of the latter. The number of multijet events Ntight

fake passing the signal
requirements can be expressed as

Ntight
fake =

εfake

εreal − εfake
· (Nlooseεreal − Ntight), (5.1)

– 7 –
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where εreal and εfake are the efficiencies for real and fake loose leptons being selected as tight
leptons, Nloose is the number of selected events in the loose sample, and Ntight is the number of
selected events in the signal sample. The fake-lepton efficiencies are determined from a data sample
dominated by non-prompt and fake-lepton background events. This sample is selected by requiring
exactly one loose lepton and low Emiss

T as well as low mT(`Emiss
T ). The real-lepton efficiencies are

also estimated from collision data using a “tag-and-probe” method in Z → ee events.

Multijet-background events containing non-prompt muons are modelled with a sample of
events enriched in non-isolated muons [43]. Most of these events originate from b-hadron or c-
hadron decays in jets. These events pass the same kinematic requirements as the events of the
signal sample. Only some of the muon identification cuts are modified, ensuring that there is
no overlap with the signal selection. The normalisation is determined using a binned maximum-
likelihood fit.

The fit is performed to the observed data in the mT(`Emiss
T ) distribution after applying all se-

lection criteria, except the requirement on mT(`Emiss
T ). The multijet template is fit together with

templates derived from MC simulation for all other processes. The rate uncertainties are accounted
for in the fitting process in the form of additional constrained nuisance parameters. For the purpose
of this fit, three different template distributions are used. One template is built from simulated
W+jets events, one consists of events from tt̄ and single top-quark production, and one consists of
contributions from Z+jets and VV production. As the shape of the joint template of Z+jets and VV
events is very similar to that of W+jets events, the rates are fixed in the fitting process.

The estimated event rates obtained from the binned maximum-likelihood fit for the combined
contributions of W+jets, tt̄ and single top-quark production are not used in the later analysis and
are only applied to scale the respective processes in order to check the modelling of the kinematic
distributions. For the neural-network training, as well as for the final statistical analysis, the norm-
alisation for all but the multijet background is taken from MC simulations scaled to their respective
cross-section predictions.

In the signal region, 34459 events in the `+ channel and 31056 events in the `− channel
are observed in data, while the expected SM background amounts to 33600 ± 2600 events and
30200 ± 2300 events, respectively. The quoted uncertainties are statistical uncertainties and the
uncertainty in the number of multijet events. Table 1 summarises the event yields in the signal
region for each of the background processes considered together with the event yields for the sig-
nal process. The yields are calculated using the acceptance from MC samples normalised to their
respective theoretical cross-sections including the (N)NLO K factors.

In the following, the electron and muon channel are combined for all figures and fits. Different
processes are also grouped together in the following way. The top-quark background consists of all
background processes that include the production of top quarks. These processes are tt̄ production
and single top-quark production in the Wt and tb̄+t̄b channel. The W+jets process describes the
production of a real W boson in association with jets, while the production of a Z boson or two
vector bosons VV in association with jets are grouped together to Z,VV+jets. Finally, multijets
represents events with a fake lepton originating from multijet production.

– 8 –
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Process `+ channel `− channel
tq 4 200± 170 8± 3
t̄q 5± 2 2 710± 140
tt̄ 13 100± 790 13 100± 790
Wt 1 640± 110 1 640± 110
tb̄+t̄b 298± 25 199± 18
W++jets 10 500± 2 200 < 1
W−+jets < 1 8 730± 1 800
Z,VV+jets 1 530± 320 1 410± 300
Multijets 2 400± 1 200 2 400± 1 200

Total expected 33 600± 2 600 30 200± 2 300
Data observed 34 459 31 056

Table 1. Predicted and observed event yields for the signal region. The quoted uncertainties include uncer-
tainties in the theoretical cross-sections, in the number of multijet events, and the statistical uncertainties.

6 Discrimination of signal and background events

To separate t-channel single-top-quark signal events from the background, several kinematic vari-
ables are combined into one discriminant by employing a neural network [18, 60]. A large number
of potential input variables were studied, including kinematic variables of the identified physics
objects, as well as variables obtained from the reconstruction of the W boson and the top quark. A
detailed description of the algorithm including the reconstruction of the longitudinal component of
the neutrino momentum is given in ref. [19]. As a compromise between the discrimination power
and the need for a manageable number of variables, the ten highest-ranking variables are chosen
and are listed in table 2. The two most discriminating variables are the reconstructed top-quark
mass m(`νb) and the invariant mass of the two jets m( jb). Figures 2(a) and 2(b) show the m(lνb)
and m( jb) distributions (normalised to unit area) in the SR for the `+ channel. Figures 2(c)–2(f)
show the m(lνb) and m( jb) distributions in the W+jets VR and tt̄ VR for the `+ channel. In the tt̄
VR the b-jet used to calculate m(lνb) and m( jb) is the b-jet with the higher pT. The distributions
from the different processes, apart from the multijet background in the electron channel, are nor-
malised to match the number of observed events. In the case of the electron channel, the relative
contribution of each simulated process is estimated using its predicted cross-section. In the case
of the muon channel, the distributions are normalised to the expected number of events obtained
from the fit to the mT(`Emiss

T ) distributions described in section 5. Satisfactory agreement is seen
between the data and the predictions.

The NN infrastructure consists of one input node for each input variable plus one bias node,
an arbitrary user-defined number of hidden nodes, and one output node which gives a continuous
output in the interval [0, 1]. In this specific case, 15 nodes in the hidden layer are used and equal
numbers of signal and background events were used in the training, where the different background
processes are weighted according to their expected number of events. The shapes of the resulting
NN discriminant distributions (ONN) for the signal and the two largest backgrounds are shown
in figure 3 together with the data distributions compared to the predictions in the two validation
regions. Good agreement between the predicted and observed distributions is found.
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Variable Definition
m(`νb) top-quark mass reconstructed from the charged lepton,

neutrino, and b-tagged jet
m( jb) invariant mass of the b-tagged and untagged jet
mT(`Emiss

T ) transverse mass of the reconstructed W boson
|η( j)| modulus of the pseudorapidity of the untagged jet
m(`b) invariant mass of the charged lepton (`) and the b-tagged jet
η(`ν) rapidity of the reconstructed W boson
∆R(`νb, j) ∆R of the reconstructed top quark and the untagged jet
cos θ∗(`, j) cosine of the angle θ∗ between the charged lepton and the untagged jet

in the rest frame of the reconstructed top quark
∆pT(`νb, j) ∆pT of the reconstructed top quark and the untagged jet
∆R(`, j) ∆R of the charged lepton and the untagged jet

Table 2. The ten variables that are used in the training of the neural network ordered by their discriminating
power as determined by Neurobayes [19, 60].

7 Systematic uncertainties

Systematic uncertainties in the normalisation of the individual backgrounds and in the signal ac-
ceptance as well as uncertainties in the shape of the NN discriminant distribution of the individual
predictions affect the individual top-quark and top-antiquark cross-section measurements and their
ratio. The uncertainties are split into the following categories.

Reconstruction efficiency and calibration uncertainties. Systematic uncertainties affecting the
reconstruction and energy calibration of jets, electrons, and muons are propagated through the ana-
lysis. The dominant source for this measurement arises from the jet energy scale (JES) calibration,
including the modelling of pile-up, and from the b-jet tagging efficiencies.

The uncertainties due to lepton reconstruction, identification and trigger efficiencies are estim-
ated using tag-and-probe methods in Z → `` events. Correction factors are derived to match the
simulation to observed distributions in collision data and associated uncertainties are estimated.
To estimate uncertainties in the lepton momentum scale and resolution, also Z → `` events are
used [61–63]. The lepton-charge misidentification is estimated with simulated events and found
to be below 0.1 %, see table 1. The uncertainty on the lepton-charge misidentification is evaluated
and found to be negligible.

Several components of the JES uncertainty are considered [64, 65]. Uncertainties derived
from different dijet-pT-balance measurements as well as uncertainties associated with in-situ cal-
ibration techniques are considered. Furthermore, the presence of nearby jets and the modelling of
pile-up affects the jet calibration. The uncertainty in the flavour composition covers effects due
to the difference in quark-gluon composition between the jets used in the calibration and the jets
used in this analysis. Also an uncertainty due to limited knowledge of the calorimeter response to
light-quark jets and gluon jets is considered. Finally, the JES uncertainty is estimated for b-quark
jets by varying the modelling of b-quark fragmentation. The uncertainty in the jet energy resol-
ution is modelled by varying the pT of the jets according to the systematic uncertainties of the
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Figure 2. Distributions of the two most discriminating variables, (left) the reconstructed top-quark mass
m(`νb) and (right) the invariant mass of the jet pair m( jb), for the `+ channel. In the tt̄ VR the b-jet used
to calculate m(lνb) and m( jb) is the b-jet with the higher pT. (a)-(b): signal and background distributions
normalised to unit area. (c)-(f): observed distributions in the W+jets VR and the tt̄ VR compared to the
model obtained from simulated events. The simulated distributions are normalised to match the number of
observed events as described in the main text. The hatched and grey error bands represent the uncertainty in
the number of multijet events and the uncertainty due to the size of the MC samples. The ratio of observed
to predicted (Pred.) number of events in each bin is shown in the lower distributions. Events in the overflow
are contained in the last bin.
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Figure 3. Distributions of the NN discriminant ONN (left) for the `+ channel and (right) for the `− channel.
(a)-(b): signal and background distributions normalised to unit area. (c)-(f): observed distributions in the
W+jets VR and the tt̄ VR compared to the model obtained from simulated events. The simulated distributions
are normalised to match the number of observed events as described in the main text. The hatched and grey
error bands represent the uncertainty in the number of multijet events and the uncertainty due to the size of
the MC samples. The ratio of observed to predicted (Pred.) number of events in each bin is shown in the
lower distributions.
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resolution measurement [66]. The effect of uncertainties associated with the JVT requirement is
also considered.

The impact of a possible miscalibration on the soft track component of Emiss
T is derived from

data-MC comparisons of the pT balance between the hard and soft Emiss
T components.

Since the analysis makes use of b-tagging, the uncertainties in the b- and c-tagging efficiencies
and the mistag rate are taken into account. These uncertainties were determined using

√
s = 8 TeV

data as described in ref. [51] for b-jets and ref. [50] for c-jets and light jets, with additional uncer-
tainties to account for the presence of the newly added Insertable B-Layer and the extrapolation
to
√

s = 13 TeV.

Monte Carlo generators. Systematic effects from MC modelling of the signal and the tt̄ back-
ground process are either estimated by comparing different generators or by comparing parameter
variations in the Powheg-Box + Pythia 6 setup. The Powheg-Box + Herwig++ sample is used for
parton shower and hadronisation modelling studies, while MadGraph5 aMC@NLO + Herwig++

is used for studies of the NLO-matching method. Variations of the amount of additional radiation
are studied by changing µr and µf and the scales in the parton shower simultaneously. In these
samples, an up-variation of µr and µf by a factor of two is combined with the P2012 tune with
lower radiation (P2012radLo tune) than the nominal P2012 set, and a variation of both scales by a
factor of one half is combined with the P2012 tune with higher radiation (P2012radHi tune). In the
case of the up-variation of tt̄ production, the hdamp parameter is also changed and set to two times
the top-quark mass [67].

The uncertainty in the pile-up reweighting as well as the statistical uncertainties of the simu-
lated event samples are also taken into account.

PDF. The systematic uncertainties in the signal and background acceptance related to the parton
distribution functions are taken into account for all single-top-quark processes and tt̄ production.
The procedure follows the updated PDF4LHC recommendation [68] by using the 30 eigenvectors
of the PDF4LHC15 NLO PDF set. The events are reweighted according to each of the PDF un-
certainty eigenvectors. In addition, the acceptance difference between PDF4LHC15 and CT10 is
considered, since the latter PDF set is used in the MC samples and is not covered by the uncertainty
obtained with PDF4LHC15 PDF sets.

Background normalisation. The tt̄, Wt and tb̄ backgrounds are normalised to their theory pre-
dictions, where a combined uncertainty of 6 % is derived from the weighted average of the indi-
vidual uncertainties. The PDF- and αs-induced uncertainties for the tt̄ process are calculated using
the PDF4LHC prescription [9] with the MSTW2008 68 % CL NNLO, CT10 NNLO and NNPDF
PDF sets and added in quadrature to the uncertainty due to the scale, leading to a total uncer-
tainty of 5.5 %. The uncertainty in the Wt cross-section, calculated at approximate NNLO, is the
sum in quadrature of the effects of the PDF uncertainty obtained using the MSTW2008 68 % CL
NNLO PDF sets and the scale uncertainty, and is found to be 5.4 %. The s-channel production
cross-section is calculated at NLO with a total uncertainty of 3.8 %.

For the W+jets and Z+jets backgrounds, an uncertainty of 21 % is assigned. This uncer-
tainty is estimated based on parameter variations in the generation of the Sherpa samples. It was
found that correlated variations of the factorisation and renormalisation scales have the biggest
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impact on the kinematic distributions and produces change covering the unfolded data and their
uncertainties [69].

Diboson processes have an uncertainty of 6 % in the inclusive cross-section including uncer-
tainties on the choice of the factorisation and renormalisation scales and the PDF uncertainty.

The multijet background estimate has an uncertainty of 50 %, based on comparisons of the
rates obtained using alternative methods described in previous analyses [19, 43, 70].

Luminosity and beam energy. The uncertainty in the integrated luminosity is ±2.1 %. It is
derived, following a methodology similar to that detailed in refs. [71] and [72], from a calibration
of the luminosity scale using x–y beam-separation scans performed in August 2015. Given the level
of precision of the measurement the uncertainty in the beam energy is negligible for this analysis.

All systematic uncertainties discussed above cause variations in the signal acceptance, the
background rates and the shape of the NN discriminant distribution. Both the rate and shape un-
certainties are taken into account by generating correlated pseudo-experiments as detailed in the
next section.

8 Statistical analysis

To extract the top-quark and top-antiquark inclusive cross-sections, a binned maximum-likelihood
fit to the NN discriminant distribution is performed in the `+ channel and `− channel, treating
t-channel top-quark and t-channel top-antiquark production as independent processes. The likeli-
hood function used is built from Poisson probability terms and includes Gaussian priors to constrain
the rates of the W+jets and top-quark background processes; more details are given in ref. [19].
The fit parameters of the likelihood function are scale factors, βi, that multiply the expected value
of the number of events, νi, for each fitted process i. The background normalisation constraints
are 21 % for W+jets production, and 6 % for top-quark backgrounds (tt̄, Wt and tb̄ + t̄b), while
the contributions from Z+jets, VV , and multijet processes are fixed to their predictions. The
fitted rates of the W+jets background and the top-quark backgrounds are mainly driven by the
background-dominated region with low ONN values. The cross-section ratio is subsequently com-
puted as Rt = σ(tq)/σ(t̄q).

The fit finds the minimum of the negative log-likelihood function for the parameter values
shown in table 3. Figure 4 compares the observed NN discriminant distributions to the compound
model of signal and backgrounds with each contribution normalised to the fit results from table 3.
The three most discriminating variables are presented in figure 5. The model agrees with the data,
within uncertainties.

The systematic uncertainties in the cross-section measurements are determined from pseudo-
experiments which vary the signal acceptance, the background rates, and the shape of the NN dis-
criminant. By using samples of simulated events with variations reflecting the sources of systematic
uncertainty, all of the effects are estimated and the pseudo-experiments are varied accordingly. Rate
and shape uncertainties are treated in a correlated way. All systematic uncertainties apart from those
related to the Monte Carlo statistics are also treated in a correlated way between the `+ channel and
the `− channel. Table 4 shows the contributions to the total uncertainty in the inclusive cross-section
measurements. The table provides the uncertainties estimated for the observed signal and back-
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Process β̂ ν̂(`+) ν̂(`−)

tq 1.15 ± 0.03 4 840± 140 –
t̄q 1.12 ± 0.05 – 3 040± 130

tt̄,Wt, tb̄ + t̄b 0.91 ± 0.03 13 700± 510 13 600± 510
W++ jets 1.13 ± 0.05 12 000± 550 –
W−+ jets 1.21 ± 0.06 – 10 500± 550
Z,VV+ jets – 1 530 1 410
Multijet background – 2 420 2 420

Total estimated – 34 500± 760 31 000± 760

Total observed – 34 459 31 056

Table 3. Estimated scale factors, β̂, and number of events, ν̂ = β̂ · ν, for the `+ and `− channel from the
minimisation of the likelihood function. The quoted uncertainties in β̂ and ν̂ include the statistical uncertainty
and the uncertainties from the constraints on the background normalisation as used in the likelihood function.
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Figure 4. NN discriminant distribution (a) for the `+ channel and (b) for the `− channel in the SR. The
signal and backgrounds are normalised to the fit result and the hatched and grey error bands represent the
post-fit uncertainty. The ratio of observed to predicted (Pred.) number of events in each bin is shown in the
lower histogram.

ground rates as obtained from the maximum-likelihood fit to the observed collision data. Uncertain-
ties in the extrapolation to the full phase space are included in the generator-related uncertainties.

9 Cross-section measurement

After performing the binned maximum-likelihood fit to the NN discriminant distribution and estim-
ating the total uncertainty, the inclusive cross-sections of top-quark and top-antiquark production
in the t-channel are measured to be:

σ(tq) = 156 ± 5 (stat.) ± 27 (syst.) ± 3 (lumi.) pb

σ(t̄q) = 91 ± 4 (stat.) ± 18 (syst.) ± 2 (lumi.) pb

Rt = 1.72 ± 0.09 (stat.) ± 0.18(syst.),
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Figure 5. Distributions of the three most important variables (left) for the `+ channel and (right) for the `−

channel normalised to the fit result. (a)-(b): reconstructed top-quark mass m(`νb), (c)-(d): invariant mass
of the jet pair m( jb), (e)-(f): transverse mass of the W boson mT(`Emiss

T ). The hatched and grey error bands
represents the post-fit uncertainty. The ratio of observed to predicted (Pred.) number of events in each bin is
shown in the lower histogram. Events beyond the x-axis range are included in the last bin.
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Source
∆σ(tq)
σ(tq)

[%]
∆σ(t̄q)
σ(t̄q)

[%]
∆Rt

Rt
[%]

Data statistics ± 2.9 ± 4.1 ± 5.0
Monte Carlo statistics ± 2.8 ± 4.2 ± 5.1

Reconstruction efficiency and calibration uncertainties
Muon uncertainties ± 0.8 ± 0.9 ± 1.0
Electron uncertainties < 0.5 ± 0.5 ± 0.7
JES ± 3.4 ± 4.1 ± 1.2
Jet energy resolution ± 3.9 ± 3.1 ± 1.1
Emiss

T modelling ± 0.9 ± 1.2 < 0.5
b-tagging efficiency ± 7.0 ± 6.9 < 0.5
c-tagging efficiency < 0.5 ± 0.5 ± 0.6
Light-jet tagging efficiency < 0.5 < 0.5 < 0.5
Pile-up reweighting ± 1.5 ± 2.2 ± 3.8

Monte Carlo generators
tq parton shower generator ± 13.0 ± 14.3 ± 1.9
tq NLO matching ± 2.1 ± 0.7 ± 2.8
tq radiation ± 3.7 ± 3.4 ± 3.7
tt̄, Wt, tb̄ + t̄b parton shower generator ± 3.2 ± 4.4 ± 1.2
tt̄, Wt, tb̄ + t̄b NLO matching ± 4.4 ± 8.6 ± 4.6
tt̄, Wt, tb̄ + t̄b radiation < 0.5 ± 1.1 ± 0.7

PDF ± 0.6 ± 0.9 < 0.5
Background normalisation

Multijet normalisation ± 0.3 ± 2.0 ± 1.8
Other background normalisation ± 0.4 ± 0.5 < 0.5

Luminosity ± 2.1 ± 2.1 < 0.5
Total systematic uncertainty ± 17.5 ± 20.0 ± 10.2
Total uncertainty ± 17.8 ± 20.4 ± 11.4

Table 4. List of systematic uncertainties contributing to the total uncertainty in the measured values of σ(tq),
σ(t̄q), and Rt = σ(tq)/σ(t̄q). The estimation of the systematic uncertainties has a statistical uncertainty of
0.3 %. Uncertainties contributing less than 0.5 % are marked with “< 0.5”.

assuming a top-quark mass of mtop = 172.5 GeV. Figure 6 compares the measured value of Rt to
NLO predictions [7] obtained with Hathor [8] using different PDF sets. PDF sets are available from
various groups worldwide: CTEQ [12, 73], MSTW2008 [10]/MMHT14 [74], NNPDF [42, 75],
JR [76], ABM [77], and HERAPDF [78, 79]. Also, the first PDF set provided by the ATLAS Col-
laboration is considered [80]. The PDFs provided by the different groups differ in the data used,
the value of αs, the values of the quark masses, and the treatment of heavy-quark masses. Other
differences concern the way higher-order corrections are implemented, the parametrisation of the
PDF fitting-model, the way of treating systematic uncertainties and the criteria for estimating con-
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Figure 6. Comparison between observed and predicted values of Rt = σt
σt̄

. Predictions are calculated at
NLO precision [7, 8] in the five-flavour scheme and given for different NLO PDF sets. The uncertainty
includes the uncertainty in the renormalisation and factorisation scales, as well as the combined internal
PDF and αs uncertainty. The dotted black line indicates the measured value. The combined statistical and
systematic uncertainty of the measurement is shown in green, while the statistical uncertainty is represented
by the yellow error band. Predictions for all presented PDF sets are within the statistical uncertainty of the
measurement.

fidence levels. Uncertainties in the predicted values include the uncertainty in the renormalisation
and factorisation scales and the combined PDF and αs uncertainty of the respective PDF set. All
PDF predictions are in agreement with the measurement.

For the purpose of determining fLV · |Vtb|, the measured inclusive cross-sections of the tq and
the t̄q process are combined, assuming that each uncertainty is 100 % correlated between the two
channels. The statistical uncertainty of the data and the uncertainty due to the limited size of the
MC samples, are treated as uncorrelated. The combined cross-section is calculated to be:

σ(tq + t̄q) = 247 ± 6 (stat.) ± 45 (syst.) ± 5 (lumi.) pb

= 247 ± 46 pb.

To estimate the dependence of the measured cross-sections on the assumed top-quark mass,
simulated samples with mtop = 170 GeV and mtop = 175 GeV are used. The measurement is
repeated for each top-quark mass. In table 5, the measured cross-sections and their ratio are given.

Single top-quark production in the t-channel proceeds via a Wtb vertex and the measured
cross-section is proportional to ( fLV ·|Vtb|)2 as discussed in section 1. The fLV ·|Vtb|measurement via
single top-quark production is independent of assumptions about the number of quark generations
or about the unitarity of the CKM matrix. The assumptions made are: |Vtb| is much bigger than |Vtd |

and |Vts|, which is in agreement with the measurement of R = B(t →Wb)/
∑

q=d,s,bB(t →Wq) [81],
the top quark decays exclusively into a W boson and a b-quark, and the Wtb interaction is a left-
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mtop [GeV] σ(tq) [pb] σ(t̄q) [pb] σ(tq + t̄q) [pb] Rt

170.0 156 ± 5 93 ± 4 249 ± 6 1.69 ± 0.09
172.5 156 ± 5 91 ± 4 247 ± 6 1.72 ± 0.09
175.0 155 ± 5 92 ± 4 247 ± 6 1.68 ± 0.09

Table 5. Measured values of the cross-sections σ(tq), σ(t̄q), σtot(tq + t̄q), and Rt for different simulated
top-quark masses. The quoted uncertainties are statistical only.

handed weak coupling like that in the SM. A strategy to relax the first two assumptions and account
for production and decay of top quarks via Wts and Wtd vertices is delineated in Ref. [82].

The value of fLV · |Vtb| is extracted by dividing the measured σ(tq + t̄q) = 247 ± 46 pb by
its value predicted at NLO, σth(tq + t̄q) = 217 ± 10 pb. Changes in fLV · |Vtb| also affect Wt and
tb̄ + t̄b production. However, their contributions are small and their variation does not change the
t-channel fit result. The result obtained is

fLV · |Vtb| = 1.07 ± 0.01 (stat.) ± 0.09 (syst.) ± 0.02 (theor.) ± 0.01 (lumi.)

= 1.07 ± 0.09.

The experimental uncertainty is 0.09, including the statistical uncertainty, the systematic uncer-
tainties, and the uncertainty in the luminosity. The theoretical uncertainty is 0.02, including scale
uncertainties and PDF uncertainties.

Setting fLV =1 as required by the SM, and assuming a uniform prior of one in |Vtb|
2 in the

interval [0, 1] and a Gaussian-shaped likelihood curve for |Vtb|
2, a Bayesian lower limit giving

|Vtb| > 0.84 at 95 % CL, is obtained.

10 Conclusion

A measurement of the t-channel single-top-quark and single-top-antiquark production cross-
sections is performed in events with a leptonically decaying W boson with 3.2 fb−1 of pp collision
data at

√
s = 13 TeV recorded with the ATLAS detector at the LHC in 2015. Events are selected

by requiring exactly one electron or muon, missing transverse momentum, and two jets with high
transverse momentum, exactly one of which is required to be b-tagged.

A binned maximum-likelihood fit to neural-network discriminant distributions yields the fol-
lowing cross-sections:

σ(tq) = 156 ± 28 pb,

σ(t̄q) = 91 ± 19 pb,

σ(tq + t̄q) = 247 ± 46 pb

in agreement with SM predictions. The cross-section ratio of tq and t̄q production is found to be
Rt = 1.72 ± 0.20. The coupling at the Wtb vertex is determined to be fLV · |Vtb| = 1.07 ± 0.09
and a lower limit on the CKM matrix element is set, giving |Vtb| > 0.84 at the 95 % CL. These
measurements are dominated by systematic uncertainties, from which the uncertainties connected
with MC generators are the biggest ones. Further improvements in these generators could lead to
smaller expected uncertainties and therefore higher precision in the course of Run 2.
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F. Barreiro84, J. Barreiro Guimarães da Costa35a, R. Bartoldus146, A.E. Barton74, P. Bartos147a,
A. Basalaev124, A. Bassalat118, f , R.L. Bates55, S.J. Batista162, J.R. Batley30, M. Battaglia138,
M. Bauce133a,133b, F. Bauer137, H.S. Bawa146,g, J.B. Beacham112, M.D. Beattie74, T. Beau82,
P.H. Beauchemin166, P. Bechtle23, H.P. Beck18,h, K. Becker121, M. Becker85, M. Beckingham174,
C. Becot111, A.J. Beddall20e, A. Beddall20b, V.A. Bednyakov67, M. Bedognetti108, C.P. Bee151,
L.J. Beemster108, T.A. Beermann32, M. Begel27, J.K. Behr44, C. Belanger-Champagne89, A.S. Bell80,
G. Bella156, L. Bellagamba22a, A. Bellerive31, M. Bellomo88, K. Belotskiy99, O. Beltramello32,
N.L. Belyaev99, O. Benary156,∗, D. Benchekroun136a, M. Bender101, K. Bendtz149a,149b, N. Benekos10,
Y. Benhammou156, E. Benhar Noccioli180, J. Benitez65, D.P. Benjamin47, J.R. Bensinger25,
S. Bentvelsen108, L. Beresford121, M. Beretta49, D. Berge108, E. Bergeaas Kuutmann169, N. Berger5,
J. Beringer16, S. Berlendis57, N.R. Bernard88, C. Bernius111, F.U. Bernlochner23, T. Berry79, P. Berta130,
C. Bertella85, G. Bertoli149a,149b, F. Bertolucci125a,125b, I.A. Bertram74, C. Bertsche44, D. Bertsche114,
G.J. Besjes38, O. Bessidskaia Bylund149a,149b, M. Bessner44, N. Besson137, C. Betancourt50, A. Bethani57,
S. Bethke102, A.J. Bevan78, R.M. Bianchi126, L. Bianchini25, M. Bianco32, O. Biebel101,
D. Biedermann17, R. Bielski86, N.V. Biesuz125a,125b, M. Biglietti135a, J. Bilbao De Mendizabal51,
T.R.V. Billoud96, H. Bilokon49, M. Bindi56, S. Binet118, A. Bingul20b, C. Bini133a,133b, S. Biondi22a,22b,
T. Bisanz56, D.M. Bjergaard47, C.W. Black153, J.E. Black146, K.M. Black24, D. Blackburn139, R.E. Blair6,
J.-B. Blanchard137, T. Blazek147a, I. Bloch44, C. Blocker25, A. Blue55, W. Blum85,∗, U. Blumenschein56,
S. Blunier34a, G.J. Bobbink108, V.S. Bobrovnikov110,c, S.S. Bocchetta83, A. Bocci47, C. Bock101,
M. Boehler50, D. Boerner179, J.A. Bogaerts32, D. Bogavac14, A.G. Bogdanchikov110, C. Bohm149a,

– 26 –



J
H
E
P
0
4
(
2
0
1
7
)
0
8
6

V. Boisvert79, P. Bokan14, T. Bold40a, A.S. Boldyrev168a,168c, M. Bomben82, M. Bona78,
M. Boonekamp137, A. Borisov131, G. Borissov74, J. Bortfeldt32, D. Bortoletto121, V. Bortolotto62a,62b,62c,
K. Bos108, D. Boscherini22a, M. Bosman13, J.D. Bossio Sola29, J. Boudreau126, J. Bouffard2,
E.V. Bouhova-Thacker74, D. Boumediene36, C. Bourdarios118, S.K. Boutle55, A. Boveia32, J. Boyd32,
I.R. Boyko67, J. Bracinik19, A. Brandt8, G. Brandt56, O. Brandt60a, U. Bratzler159, B. Brau88, J.E. Brau117,
W.D. Breaden Madden55, K. Brendlinger123, A.J. Brennan90, L. Brenner108, R. Brenner169, S. Bressler176,
T.M. Bristow48, D. Britton55, D. Britzger44, F.M. Brochu30, I. Brock23, R. Brock92, G. Brooijmans37,
T. Brooks79, W.K. Brooks34b, J. Brosamer16, E. Brost109, J.H Broughton19, P.A. Bruckman de Renstrom41,
D. Bruncko147b, R. Bruneliere50, A. Bruni22a, G. Bruni22a, L.S. Bruni108, BH Brunt30, M. Bruschi22a,
N. Bruscino23, P. Bryant33, L. Bryngemark83, T. Buanes15, Q. Buat145, P. Buchholz144, A.G. Buckley55,
I.A. Budagov67, F. Buehrer50, M.K. Bugge120, O. Bulekov99, D. Bullock8, H. Burckhart32, S. Burdin76,
C.D. Burgard50, B. Burghgrave109, K. Burka41, S. Burke132, I. Burmeister45, J.T.P. Burr121, E. Busato36,
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A.C. König107, T. Kono68,z, R. Konoplich111,aa, N. Konstantinidis80, R. Kopeliansky63, S. Koperny40a,
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I. Riu13, F. Rizatdinova115, E. Rizvi78, C. Rizzi13, S.H. Robertson89,m, A. Robichaud-Veronneau89,
D. Robinson30, J.E.M. Robinson44, A. Robson55, C. Roda125a,125b, Y. Rodina87,ak, A. Rodriguez Perez13,

– 32 –



J
H
E
P
0
4
(
2
0
1
7
)
0
8
6

D. Rodriguez Rodriguez171, S. Roe32, C.S. Rogan58, O. Røhne120, A. Romaniouk99, M. Romano22a,22b,
S.M. Romano Saez36, E. Romero Adam171, N. Rompotis139, M. Ronzani50, L. Roos82, E. Ros171,
S. Rosati133a, K. Rosbach50, P. Rose138, N.-A. Rosien56, V. Rossetti149a,149b, E. Rossi105a,105b,
L.P. Rossi52a, J.H.N. Rosten30, R. Rosten139, M. Rotaru28b, I. Roth176, J. Rothberg139, D. Rousseau118,
A. Rozanov87, Y. Rozen155, X. Ruan148c, F. Rubbo146, M.S. Rudolph162, F. Rühr50, A. Ruiz-Martinez31,
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53 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b) High Energy

Physics Institute, Tbilisi State University, Tbilisi, Georgia
54 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
55 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
56 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
57 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble,
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169 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
170 Department of Physics, University of Illinois, Urbana IL, United States of America
171 Instituto de Fisica Corpuscular (IFIC) and Departamento de Fisica Atomica, Molecular y Nuclear and

Departamento de Ingenierı́a Electrónica and Instituto de Microelectrónica de Barcelona (IMB-CNM),
University of Valencia and CSIC, Valencia, Spain

172 Department of Physics, University of British Columbia, Vancouver BC, Canada
173 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
174 Department of Physics, University of Warwick, Coventry, United Kingdom
175 Waseda University, Tokyo, Japan
176 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
177 Department of Physics, University of Wisconsin, Madison WI, United States of America
178 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
179 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal,

Wuppertal, Germany
180 Department of Physics, Yale University, New Haven CT, United States of America
181 Yerevan Physics Institute, Yerevan, Armenia
182 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3),
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