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Abstract

A search for the production of single top-quarks via flavour-changing neutral-currents is presented. Data collected with the ATLAS
detector at a centre-of-mass energy of

√
s = 7 TeV, corresponding to an integrated luminosity of 2.05 fb−1, are used. Candidate

events with a semileptonic top-quark decay signature are classified as signal or background-like events by using several kinematic
variables as input to a neural network. No signal is observedin the neural network output distribution and a Bayesian upper limit
is placed on the production cross-section. The observed upper limit at 95% confidence level on the cross-section multiplied by the
t → Wb branching fraction is measured to beσqg→t×B(t→ Wb) < 3.9 pb. This upper limit is converted using a model-independent
approach into upper limits on the coupling strengthsκugt/Λ < 6.9 · 10−3 TeV−1 andκcgt/Λ < 1.6 · 10−2 TeV−1, whereΛ is the new
physics scale, and on the branching fractionsB(t→ ug) < 5.7 · 10−5 andB(t→ cg) < 2.7 · 10−4.
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1. Introduction

The top quark is the heaviest elementary particle known, with
a mass ofmtop = 173.2± 0.9 GeV [1] that is close to the elec-
troweak symmetry breaking scale. For this reason it is an excel-
lent object to test the Standard Model (SM) of particle physics.
The properties of the top quark can be studied from proton-
proton (pp) collisions at

√
s = 7 TeV with the Large Hadron

Collider (LHC). Top-quark pair-production via the strong in-
teraction has been measured at the LHC [2, 3], and its cross-
section is in good agreement with the prediction of the SM.
Additionally, top quarks can be singly produced through three
different processes:t-channel,Wt associated production, ands-
channel. Onlyt-channel single top-quark production has been
observed so far [4–6]. According to the SM of particle physics,
flavour-changing neutral-current (FCNC) processes are forbid-
den at tree level and suppressed at higher orders due to the
Glashow-Iliopoulos-Maiani mechanism [7]. Extensions of the
SM with new sources of flavour predict higher rates for FC-
NCs involving the top quark; these extensions include new ex-
otic quarks [8], new scalars [9, 10], supersymmetry [11–14], or
technicolour [15] (for a review see Ref. [16]). If the new parti-
cles are heavy, which is consistent with the non-observation of
low-mass new particles at the Tevatron and LHC, their effects
on top-quark FCNCs can be parameterised in terms of a set
of dimension-six gauge-invariant operators [17]. The predicted
branching fractions for top quarks decaying to a quark and a
photon,Z boson, or gluon can be as large as 10−5 to 10−3 for
certain regions of the parameter space in the models mentioned.
For heavy new particles these branching fractions can be large,
if the new particles couple strongly to the SM particles.

According to the corresponding values of the unitary
Cabibbo-Kobayashi-Maskawa matrix, the top quark decays al-
most exclusively to aW boson and ab quark. FCNC top-

quark decays can be studied directly by searching for final states
with the corresponding decay particles [18, 19]. However, the
t → qg mode, whereq denotes either an up quarku or a
charm quarkc, is almost impossible to separate from generic
multijet-production via quantum chromodynamic (QCD) pro-
cesses, and a much better sensitivity can be achieved in the
search for anomalous single top-quark production. In the pro-
cess studied here, au or c quark and a gluong coming from
the colliding protons interact to produce a single top-quark.
The most general effective LagrangianLeff for this process re-
sulting from dimension-six operators contains only tensorcou-
plings [20] and it can be written as [21, 22]:

Leff = gs

∑

q=u,c

κqgt

Λ
t̄σµνT a( f L

q PL + f R
q PR)qGa

µν + h.c., (1)

where theκugt, κcgt are dimensionless parameters that relate the
strength of the new coupling to the strong coupling constantgs.
Λ is the new physics scale, related to the mass cutoff scale above
which the effective theory breaks down.T a are the Gell-Mann
matrices [23] andσµν = i

2[γµ, γν] transforms as a tensor under
the Lorentz group. Thef L,R

q are chiral parameters normalised
such that:| f L

q |2 + | f R
q |2 = 1. The operatorPL =

1
2(1− γ5) per-

forms a left-handed projection, whilePR =
1
2(1+ γ5) performs

a right-handed projection, whereγ5 represents the chirality op-
erator.Ga

µν is the gauge-field tensor of the gluon andt andq are
the fermion fields of the top and light quark, respectively.

The existence of FCNC operators allows not only the pro-
duction of top quarks viaqg → t, but also the decayst → qg.
In the allowed region of parameter space forκqgt/Λ an experi-
mentally favourable situation occurs when the FCNC produc-
tion cross-section for single top-quarks is several picobarns,
while the branching fraction for FCNC decays is very small,
and top quarks can thus be reconstructed in the SM decay mode
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t → Wb. TheW boson can decay into quark-antiquark pairs
(W → q1q̄2) or a lepton-neutrino pair (W → ℓν). In this anal-
ysis only the decay into a lepton-neutrino pair, the leptonic de-
cay, is considered. Thus the complete process searched for is
qg → t → W(→ ℓν)b. Selected events are characterised by an
isolated high-energy lepton (electron or muon), missing trans-
verse momentum from the neutrino and exactly one jet, pro-
duced by the hadronisation of theb quark. Events with aW
boson decaying into aτ lepton, where theτ decays into an elec-
tron or a muon are also selected. The process studied here can
be differentiated from SM single top-quark production because
the latter is usually accompanied by additional jets.

This analysis is the first search for FCNCs involving quarks
and gluons at the LHC. A search for the 2→ 1 processqg → t
was performed by CDF [24], while D0 set limits onκugt/Λ and
κcgt/Λ by analysing the 2→ 2 processesqq̄→ tū, ug→ tg, and
gg→ tū and theirc quark analogues [25].

2. Data sample and simulation

The ATLAS detector [26] is built from a set of cylindrical
subdetectors, which cover almost the full solid angle1 around
the interaction point.

ATLAS is composed of an inner tracking system close to
the interaction point, surrounded by a superconducting solenoid
providing a 2 T axial magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer. The electro-
magnetic calorimeter is a high-granularity liquid-argon (LAr)
sampling calorimeter with lead absorber. An iron-scintillator
tile calorimeter provides hadronic energy measurements inthe
central pseudorapidity range. The endcap and forward regions
are instrumented with LAr calorimeters for both electromag-
netic and hadronic energy measurements. The muon spectrom-
eter consists of three large superconducting toroids, a system of
trigger chambers, and precision tracking chambers.

This analysis is performed using
√

s = 7 TeV pp-collision
data recorded by ATLAS between March 22 and August 22,
2011. Only the periods in which all the subdetectors were op-
erational are considered, resulting in a data sample with a total
integrated luminosity of 2.05± 0.08 fb−1 [27, 28].

Detector and trigger simulations are performed with the stan-
dard simulation of ATLAS within the GEANT4 [29, 30] frame-
work. The same offline reconstruction methods used with data
events are applied to the simulated samples. Minimum bias
events generated by PYTHIA [31] are used to simulate multi-
ple pp interactions, corresponding to the LHC operation with
50 ns bunch separation and an average of six additionalpp in-
teractions per bunch crossing.

For the simulation of FCNC production of single top-quarks,
PROTOS [32] is used. The top quarks decay as expected in the

1In the right-handed ATLAS coordinate system, the pseudorapidity η is de-
fined asη = − ln[tan(θ/2)], where the polar angleθ is measured with respect
to the LHC beamline. The azimuthal angleφ is measured with respect to the
x-axis, which points towards the centre of the LHC ring. Thez-axis is parallel
to the anti-clockwise beam viewed from above. Transverse momentum and en-
ergy are defined aspT = p sinθ andET = E sinθ, respectively. The∆R distance
is defined as∆R =

√

(∆η)2 + (∆φ)2.

SM, and only the leptonic decay of theW boson is considered.
W bosons decaying into aτ lepton, where theτ decays into
an electron or a muon are included in both the signal and all
background samples. The CTEQ6 [33] leading-order (LO) par-
ton distribution functions (PDFs) are used and the hadronisation
of signal events is simulated with PYTHIA using the AMBT1
tunes [34] to the ATLAS collision data. It has been verified that
the kinematics of the signal process are independent of the a
priori unknown FCNC coupling.

Several SM processes are expected to have the same final-
state topology as the signal. Samples of simulated events for
the t-channel andWt single top-quark processes are gener-
ated by the AcerMC program [35] with the CTEQ6 LO PDFs
and hadronised with PYTHIA; for thes-channel process, the
MC@NLO [36] generator with the CTEQ6.6 [37] PDFs inter-
faced to HERWIG [38] and JIMMY [39].

The ALPGEN [40] program with the CTEQ6 LO PDFs is
interfaced to HERWIG and JIMMY to generateW+jets,Wbb̄,
Wcc̄, Wc andZ+jets events with up to five additional partons.
To remove overlaps between then andn + 1 parton samples
the MLM matching scheme [40] is used. The double count-
ing between the inclusiveW + n parton samples and samples
with associated heavy-quark pair-production is removed utilis-
ing an overlap-removal method based on∆R matching. The
parameters of HERWIG, with the MRST LO** [41] PDFs, and
JIMMY are tuned to ATLAS collision data with the correspond-
ing AUET1 tunes [42]. Diboson backgrounds fromWW, WZ
andZZ events are simulated using HERWIG. For the generation
of SM tt̄ events the MC@NLO generator with the CTEQ6.6
PDFs is used. The parton shower and the underlying event are
added using HERWIG and JIMMY.

3. Event selection

Events are considered only if they were accepted by a single-
lepton trigger [43]. The single-muon trigger threshold was
pT = 18 GeV, and the single-electron trigger threshold was
raised from anET of 20 GeV to 22 GeV for higher LHC lu-
minosities.

Electron candidates are defined as clusters of cells in the elec-
tromagnetic calorimeter associated with a well-measured track
fulfilling several quality requirements [44]. Electron candidates
are required to satisfypT > 25 GeV and|ηclus| < 2.47, where
ηclus is the pseudorapidity of the cluster of energy deposits in
the calorimeter. A veto is placed on candidates in the calorime-
ter barrel-endcap transition region, 1.37< |ηclus| < 1.52, where
there is limited calorimeter instrumentation. High-pT elec-
trons associated with theW-boson decay can be mimicked
by hadronic jets reconstructed as electrons, electrons from de-
cays of heavy quarks, and photon conversions. Since signal
electrons from theW-boson decay are typically isolated from
hadronic jet activity, these backgrounds can be suppressedvia
isolation criteria which require minimal calorimeter activity and
only low track pT in an η-φ cone around the electron candi-
date. Calorimeter isolation requires the sum of theET in cells
within a cone of∆R = 0.3 around each electron withpT > 25
GeV to satisfy

∑

ET(∆R < 0.3)/pT < 0.15. Similarly, the
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scalar sum of thepT of tracks around the electron must sat-
isfy
∑

pT(∆R < 0.3)/pT < 0.15. The electron trackpT and
the ET in associated cells are excluded from

∑

pT(∆R < 0.3)
and
∑

ET(∆R < 0.3), respectively. Muon candidates are re-
constructed by matching track segments or complete tracks in
the muon spectrometer with the inner detector tracks. The fi-
nal candidates are required to have a transverse momentum
pT> 25 GeV and to be in the pseudorapidity region of|η| < 2.5.
Isolation criteria are applied to reduce background eventsin
which a high-pT muon is produced in the decay of a heavy
quark. For the transverse energy within a cone of∆R = 0.3
about the muon direction,

∑

ET(∆R < 0.3)/pT < 0.15 is re-
quired, while the scalar sum of transverse momenta of addi-
tional tracks inside a∆R = 0.3 cone around the muon must sat-
isfy
∑

pT(∆R < 0.3)/pT < 0.10. Candidate events are required
to have exactly one isolated lepton (ℓ).

Jets are reconstructed using the anti-kt algorithm [45] with
the distance parameterR set to 0.4. The jets are then corrected
from the raw calorimeter response to the energies of the recon-
structed particles usingpT- and η-dependent factors, derived
from simulated events and validated with data [46]. Since the
signal process gives rise to only one high-pT jet, exactly one
reconstructed jet withpT > 25 GeV is required.

The magnitude of the missing transverse momentumEmiss
T is

defined asEmiss
T = | ~Emiss

T |, where ~Emiss
T is calculated using the

calibrated three-dimensional calorimeter energy clusters asso-
ciated with the jet together with either the calibrated calorimeter
energy cluster associated with an electron or thepT of a muon
track [47]. Transverse energy deposited in calorimeter cells but
not associated with any high-pT object is also included in the
Emiss

T calculation. Due to the presence of a neutrino in the final
state of the signal process,Emiss

T > 25 GeV is required. To fur-
ther reduce the number of multijet background events, which
are characterised by lowEmiss

T and low values of reconstructed

W-boson transverse massmW
T =

√

2
[

plep
T Emiss

T − ~plep
T · ~E

miss
T

]

,

the event selection requiresmW
T + Emiss

T > 60 GeV.
Finally, the selected jet has to be identified (b-tagged) as a

b-quark jet. The tagging algorithm exploits the properties of a
b-quark decay in a jet using neural-network techniques and the
reconstruction of a secondary vertex, and has an identification
efficiency measured to be about 57% intt̄ events [48]. Only
0.2% of light-quark jets and 10% ofc-quark jets are mis-tagged
asb-quark jets. The following samples are defined for this anal-
ysis: a “b-tagged sample” with exactly oneb-tagged jet, and a
“pretagged sample” without anyb-tagging requirement.

Assuming a cross-section of 1 pb for FCNC single top-quark
production, about 113 signal events in 2.05 fb−1 of collision
data are expected in theb-tagged sample.

The normalisations for the various background processes are
estimated either by using the experimental data or by using
Monte Carlo simulation scaled to the theoretical cross-section
predictions. For theW+jets andZ+jets backgrounds the kine-
matic distributions are modelled using simulated events, while
the inclusive cross-sections are calculated to next-to-next-to-
leading order (NNLO) with FEWZ [49]. The dominantW+jets
background process isWc production, whosek-factor is ob-

tained by comparing the NLO and LO cross-sections calculated
using MCFM [50]. TheW+(1 jet) andZ+(1 jet) background
normalisation uncertainties are estimated from the uncertainty
in the cross-section of theW/Z+(0 jet) process and the uncer-
tainty in the cross-section ratio ofW/Z+(1 jet) toW/Z+(0 jet).
A cross-section uncertainty of 4% is assigned for theW/Z+(0
jet) process. Variations consistent with experimental data are
made in ALPGEN to the factorisation and normalisation scale
and to the matching parameters, and yield a 24% uncertainty
on the cross-section ratio. Background contributions fromthe
heavy-quark processesWbb̄, Wcc̄ andWc have relative uncer-
tainties of 50%, estimated using a tag-counting method in con-
trol regions. Thett̄ cross-section is normalised to the approx-
imate NNLO-predicted value obtained using HATHOR [51].
The SM single top-quark production cross-section is also calcu-
lated to approximate NNLO [52–54]. A theoretical uncertainty
of 10% is assigned for SM top-quark production. The normal-
isation of the cross-section for production of diboson events is
obtained using NLO cross-section predictions and has an un-
certainty of 5%.

Multijet events may be selected if a jet is misidentified as an
isolated lepton or if the event has a non-prompt lepton that ap-
pears isolated. A binned maximum-likelihood fit to theEmiss

T
distribution is used to estimate the multijet background normal-
isation. A template of the multijet background is modelled us-
ing electron-like jets selected from jet-triggered collision data
and is referred to as a jet-electron model. Each jet has to ful-
fil the samepT andη requirements as a signal lepton, contain
at least four tracks to reduce the contribution from converted
photons, and deposit 80–95% of its energy in the electromag-
netic calorimeter. The uncertainty in the multijet background
normalisation is estimated to be 50% by fitting the distribution
of mW

T instead ofEmiss
T , and using jet-electron models built from

jet-triggered data samples with different average numbers of in-
elasticpp interactions per event. The shape of the jet-electron
data sample is used to model the multijet background shape in
the electron and muon channels. The validity of the model in
both channels is verified by comparing distributions of multijet-
sensitive variables to observed data.

In the b-tagged sample 26223 events are observed in data
compared to a prediction of 24000± 7000 events from our esti-
mates of SM backgrounds. Table 1 summarises the event yield
for each of the background processes considered. Each event
yield uncertainty in Table 1 combines the statistical uncertainty,
originating from the limited size of the used samples, with the
uncertainty in the cross-section or normalisation.

4. Data analysis

Given the large uncertainty in the expected background and
the small number of expected signal events estimated in Sec-
tion 3, multivariate analysis techniques are used to separate sig-
nal events from background events. We use a neural-network
classifier [55] that combines a three-layer feed-forward neural
network with a complex robust preprocessing. In order to im-
prove the performance and to avoid overtraining, Bayesian reg-
ularisation [56] is implemented during the training process. The
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Figure 1: Kinematic distributions of the three most significant variables normalised to the number of observed events for the pretagged selection (top) and in the
b-tagged selection (bottom), for the electron and muon channel combined: (a), (d) transverse momentum of theW boson, (b), (e)∆R between the jet and the lepton
and (c), (f) charge of the lepton. In these distributions thesignal contribution is shown stacked on top of the backgrounds, with a normalisation corresponding
to a cross-section of 100 pb. The hatched band indicates the statistical uncertainty from the sizes of the simulated samples and the uncertainty in the background
normalisation.

Table 1: Number of observed data events and expected number of background
events for theb-tagged sample. The uncertainties include the statisticalun-
certainty from the size of the simulated sample and the uncertainties on the
cross-section and the multijet normalisation.

Process Expected events
SM single top 1460 ± 150
tt̄ 660 ± 70
W+light jets 4700 ± 1100
Wbb̄/Wcc̄+jets 2700 ± 1500
Wc + jets 12100 ± 6700
Z+jets/diboson 700 ± 170
Multijet 1600 ± 800
Total background 24000 ± 7000
Observed 26223

network infrastructure consists of one input node for each of the
11 input variables plus one bias node, 13 nodes in the hidden
layer, and one output node which gives a continuous output in
the interval [−1, 1]. The training is done with a mixture of 50%
signal and 50% background events using about 650000 events,
where the different background processes are weighted accord-
ing to their expected numbers of events.

Theqg→ t→ bℓν process is characterised by three main dif-
ferences from SM processes that pass the event selection cuts.
Firstly, in single top-quark production via FCNCs, the top quark
is produced almost without transverse momentum. Therefore

the pT distribution of the top quark is much softer than the
pT distribution of top quarks produced through SM top-quark
production, and theW boson andb quark from the top-quark
decay are almost back-to-back with an opening angle nearπ.
Secondly, unlike in theW/Z+jet and diboson backgrounds, the
W boson from the top-quark decay has a very high momentum
and its highly-boosted decay products have small opening an-
gles. Lastly, the top-quark charge asymmetry differs between
FCNC processes and SM processes. The FCNC processes are
predicted to produce four times more single top quarks than
anti-top quarks, whereas in SM single top-quark productionand
all other SM backgrounds this ratio is at most two. All possi-
ble discriminating variables such as momenta, relative angles,
pseudorapidity, reconstructed particles masses, and lepton elec-
tric charge were explored, including variables obtained from the
reconstructedW boson and the top quark. To reconstruct the
four-momentum of theW boson, the neutrino four-momentum
is derived from the measured~Emiss

T since it cannot be measured
directly. The neutrino longitudinal momentum,pνz , is calculated
by imposing a kinematic constraint on themW invariant mass.
The twofold ambiguity is resolved by choosing the smallest|pνz |
solution, since theW boson is expected to be produced with
small pseudorapidity. The top-quark candidate is reconstructed
by adding the four-momentum of theb-tagged jet to the four-
momentum of the reconstructedW boson.

Eleven variables were selected as input to the neural network
after testing for each variable the agreement between the back-
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Figure 2: (a) Neural network output distribution scaled to the number of observed events in the pretagged sample. (b) Neural network output distribution scaled to
the number of observed events in theb-tagged sample. In these distributions the signal contribution is shown stacked on top of the backgrounds. The hatched band
indicates the statistical uncertainty from the sizes of thesimulated samples and the uncertainty in the background normalisation.

ground model and observed events in both the large sample of
pretagged events and theb-tagged sample. The first ten vari-
ables are the charge and thepT of the lepton, thepT, η and
mass of theb-tagged jet, the∆R between theb-tagged jet and
the charged lepton, the∆R between theb-tagged jet and the
reconstructedW boson, the opening angle∆φ between the di-
rections of theb-tagged jet and the reconstructedW boson, the
pT of theW boson and the reconstructed top-quark mass. The
last variable considered in the neural network is theW-boson
helicity. This is calculated as cosθ∗, the cosine of the angle
between the momentum of the charged lepton in theW-boson
rest-frame and the momentum of theW boson as seen in the top-
quark rest-frame. Table 2 shows a summary of the used vari-
ables ordered by their importance. The importance of the vari-
ables is estimated using an iterative procedure, removing one
variable at a time and recalculating the separation power. The
ordering is done in terms of relevance defined as standard de-
viations of the additional separation power given by each vari-
able. Distributions of the three most important variables in the
pretagged sample and theb-tagged sample, normalised to the
number of observed events, are shown in Figure 1. Since the
neural network benefits from the correlation between variables
and is trained to separate the signal process from all background
processes, the naively expected variables are not the most im-
portant ones, but variables, which are highly correlated tothem.

The resulting neural network output distributions for the var-
ious processes, scaled to the number of observed events in the
pretagged sample are shown in Figure 2(a). Figure 2(b) shows
these distributions in theb-tagged sample. Signal-like events
have output values close to 1, whereas background-like events
are accumulated near−1. We find good agreement between
the neural network output distributions for data and simulated
events in both the pretagged andb-tagged samples.

Table 2: Variables used as input to the neural network ordered by their impor-
tance.

Variable Significance (σ)

pW
T 57
∆R(b-jet,lep) 28
Lepton charge 22
mtop 20
mb-jet 15
ηb-jet 12
∆φ(W,b-jet) 11
plep

T 12

pb-jet
T 6.5

cosθ∗ 5.7
∆R(W,b-jet) 5.0

5. Systematic Uncertainties

Systematic uncertainties affect the signal acceptance, the nor-
malisation of the individual backgrounds, and the shape of the
neural network output distributions. All uncertainties described
below lead to uncertainties in the rate estimation as well asdis-
tortions of the neural network output distribution and are imple-
mented as such in the statistical analysis.

The momentum scale and resolution, as well as the trigger
and identification efficiency for single leptons is measured in
collision data usingZ → ee, Z → µµ, and W → eν de-
cays and corrective scale factors are applied to the simulation.
Uncertainties on these factors as functions of the lepton kine-
matics are around 5%. To evaluate the effect of momentum
scale uncertainties, the event selection is repeated with the lep-
ton momentum varied up and down by the uncertainty. For the
momentum resolution uncertainties, the event selection isre-
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peated with the lepton momentum smeared. The uncertainty in
the jet energy scale, derived using information from test-beam
data, collision data, and simulation varies between 2.5% and
8% (3.5% and 14%) in the central (forward) region, depending
on jet pT andη [46]. This includes uncertainties due to differ-
ent compositions of jets initiated by gluons or light quarksin
the samples and mis-measurements due to close-by jets. Addi-
tional uncertainties due to multiplepp interactions are as large
as 5% (7%) in the central (forward) region. Here, the central
region is defined as|η| < 0.8. An additional jet energy scale
uncertainty of up to 2.5%, depending on thepT of the jet, is
applied forb-quark jets due to differences between jets initi-
ated by gluons or light quarks as opposed to jets containing
b-hadrons. To evaluate the effect of these uncertainties the en-
ergy of each jet is scaled up or down by the uncertainty and the
change is also propagated to the missing transverse momen-
tum calculation. An uncertainty of 2% is assigned for the jet
reconstruction efficiency based on the agreement between effi-
ciencies measured in minimum bias and QCD dijet events and
simulated events [57]. For theb-tagging efficiencies and mis-
tag rates, jetpT- andη-dependent scale factors are applied to
match simulated distributions with observed distributions and
have uncertainties from 8–16% and 23–45%, respectively [48].

Systematic effects from mis-modelling in event generators
are estimated by comparing different generators and varying
parameters for the event generation. The effect of parton
shower and hadronisation modelling uncertainties is evaluated
by comparing two AcerMC samples interfaced to HERWIG
and PYTHIA, respectively. The amount of initial and final state
radiation is varied by modifying parameters in PYTHIA. The
parameters are varied in a range comparable to those used in the
Perugia Soft/Hard tune variations [58]. These uncertainties, the
parton shower modelling and variations of initial and final state
radiation are evaluated for all processes involving top quarks
including the signal. The impact of the choice of PDFs in the
simulation is studied by re-weighting the events accordingto
PDF uncertainty eigenvector sets (CTEQ6.6, MSTW2008 [59])
and estimated following the procedure described in [60]. The
uncertainties for the two PDF sets are added in quadrature. To
account for uncertainties connected with the simulation ofthe
W+jets sample several parameters in the generation of these
samples are varied and event kinematics are compared. The un-
certainty in the measured integrated luminosity is estimated to
be 3.7%.

The dominant uncertainties are the uncertainties in the jet
energy scale, the initial and final state radiation variations, and
uncertainties in theb-tagging efficiencies and mis-tag rates.

6. Results

A Bayesian statistical analysis [61, 62] using a binned likeli-
hood method applied to the neural network output distributions
for the electron and muon channel combined is performed to
measure or set an upper limit on the FCNC single top-quark
production cross-section.

Systematic uncertainties and their correlations among pro-
cesses are included with a direct sampling approach where the
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Figure 3: Distribution of the posterior probability function including all sys-
tematic uncertainties for (a) the expected upper limit and (b) the observed upper
limit at 95% C.L..

same Gaussian shift is applied to each source, process, and bin
for a given uncertainty. The posterior density function (pdf) is
obtained by creating a large number of samples of systematic
shifts. A separate likelihood distribution is obtained foreach
sample, and the final pdf is then the average over all of the in-
dividual likelihoods. This pdf gives the probability of thesig-
nal hypothesis as a function of the signal cross-section. Since
no significant rate of FCNC single top-quark production is ob-
served, an upper limit is set by integrating the pdf. To estimate
the a priori sensitivity, we use a pseudo-dataset corresponding
to the prediction from simulations (Asimov dataset) [63] and
treated in the same way as the observed dataset. The result-
ing expected upper limit at 95% confidence level (C.L.) on the
anomalous FCNC single top-quark production cross-sectionin-
cluding all systematic uncertainties is 2.4 pb, while the cor-
responding observed upper limit is 3.9 pb, as shown in Fig-
ures 3(a) and 3(b), respectively. To visualise the observedupper
limit in the neural network output distribution Figure 4 shows
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the FCNC single top-quark process scaled to observed upper
limit on top of the SM background processes. As a cross-check
we performed the full statistical analysis only for events with
NN output> 0, which yields an observed upper limit at 95%
C.L. of 5.9 pb. Using the NLO predictions for the FCNC sin-
gle top-quark production cross-section [64, 65], the measured
upper limit on the production cross-section is converted into
limits on the coupling constantsκugt/Λ andκcgt/Λ. Assuming
κcgt/Λ = 0 one findsκugt/Λ < 6.9 · 10−3 TeV−1 and assum-
ing κugt/Λ = 0 one findsκcgt/Λ < 1.6 · 10−2 TeV−1. Fig-
ure 5(a) shows the distribution of the upper limit for all pos-
sible combinations. Using the NLO calculation [66], upper
limits on the branching fractionsB(t → ug) < 5.7 · 10−5 as-
sumingB(t → cg) = 0, andB(t → cg) < 2.7 · 10−4 assuming
B(t→ ug) = 0 are derived, as shown in Figure 5(b).
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Figure 4: Distributions of the neural network output: Observed signal and
simulated background output distribution normalised to the mean value of the
marginalised nuisance parameters, zoomed into the signal region. The FCNC
single top quark process is normalised to the observed limitof 3.9 pb. The
hatched band indicates the statistical uncertainty from the sizes of the simu-
lated samples and the uncertainty in the background normalisation.

7. Conclusion

In summary, a data sample selected to consist of events with
an isolated electron or muon, missing transverse momentum
and ab-quark jet has been used to search for FCNC produc-
tion of single top-quarks at the LHC. No evidence for such
processes is found and the upper limit at 95% C.L. on the
production cross-section is 3.9 pb. The limits set on the cou-
pling constantsκugt/Λ andκcgt/Λ and the branching fractions
B(t → ug) < 5.7 · 10−5 assumingB(t → cg) = 0, and
B(t → cg) < 2.7 · 10−4 assumingB(t → ug) = 0 are the
most stringent to date on FCNC single top-quark production
processes forqg → t and improve on the previous best lim-
its [25] by factors of 4 and 15, respectively.
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Figure 5: Upper limit (a) on the coupling constantsκugt/Λ andκcgt/Λ and (b)
on the branching fractionst → ug andt → cg.
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M.T. Pérez Garcı́a-Estañ166, V. Perez Reale34, L. Perini88a,88b, H. Pernegger29, R. Perrino71a, P. Perrodo4, S. Persembe3a,
A. Perus114, V.D. Peshekhonov64, K. Peters29, B.A. Petersen29, J. Petersen29, T.C. Petersen35, E. Petit4, A. Petridis153,
C. Petridou153, E. Petrolo131a, F. Petrucci133a,133b, D. Petschull41, M. Petteni141, R. Pezoa31b, A. Phan85, P.W. Phillips128,
G. Piacquadio29, E. Piccaro74, M. Piccinini19a,19b, S.M. Piec41, R. Piegaia26, D.T. Pignotti108, J.E. Pilcher30, A.D. Pilkington81,
J. Pina123a,b, M. Pinamonti163a,163c, A. Pinder117, J.L. Pinfold2, J. Ping32c, B. Pinto123a, O. Pirotte29, C. Pizio88a,88b,
M. Plamondon168, M.-A. Pleier24, A.V. Pleskach127, A. Poblaguev24, S. Poddar58a, F. Podlyski33, L. Poggioli114, T. Poghosyan20,
M. Pohl49, F. Polci55, G. Polesello118a, A. Policicchio36a,36b, A. Polini19a, J. Poll74, V. Polychronakos24, D.M. Pomarede135,
D. Pomeroy22, K. Pommès29, L. Pontecorvo131a, B.G. Pope87, G.A. Popeneciu25a, D.S. Popovic12a, A. Poppleton29,
X. Portell Bueso29, C. Posch21, G.E. Pospelov98, S. Pospisil126, I.N. Potrap98, C.J. Potter148, C.T. Potter113, G. Poulard29,
J. Poveda171, V. Pozdnyakov64, R. Prabhu76, P. Pralavorio82, A. Pranko14, S. Prasad57, R. Pravahan7, S. Prell63, K. Pretzl16,
L. Pribyl29, D. Price60, J. Price72, L.E. Price5, M.J. Price29, D. Prieur122, M. Primavera71a, K. Prokofiev107, F. Prokoshin31b,
S. Protopopescu24, J. Proudfoot5, X. Prudent43, M. Przybycien37, H. Przysiezniak4, S. Psoroulas20, E. Ptacek113, E. Pueschel83,
J. Purdham86, M. Purohit24,z, P. Puzo114, Y. Pylypchenko62, J. Qian86, Z. Qian82, Z. Qin41, A. Quadt54, D.R. Quarrie14,
W.B. Quayle171, F. Quinonez31a, M. Raas103, V. Radescu58b, B. Radics20, P. Radloff113, T. Rador18a, F. Ragusa88a,88b, G. Rahal176,
A.M. Rahimi108, D. Rahm24, S. Rajagopalan24, M. Rammensee48, M. Rammes140, A.S. Randle-Conde39, K. Randrianarivony28,
P.N. Ratoff70, F. Rauscher97, T.C. Rave48, M. Raymond29, A.L. Read116, D.M. Rebuzzi118a,118b, A. Redelbach172, G. Redlinger24,
R. Reece119, K. Reeves40, A. Reichold104, E. Reinherz-Aronis152, A. Reinsch113, I. Reisinger42, C. Rembser29, Z.L. Ren150,
A. Renaud114, P. Renkel39, M. Rescigno131a, S. Resconi88a, B. Resende135, P. Reznicek97, R. Rezvani157, A. Richards76,
R. Richter98, E. Richter-Was4,ac, M. Ridel77, M. Rijpstra104, M. Rijssenbeek147, A. Rimoldi118a,118b, L. Rinaldi19a, R.R. Rios39,
I. Riu11, G. Rivoltella88a,88b, F. Rizatdinova111, E. Rizvi74, S.H. Robertson84, j, A. Robichaud-Veronneau117, D. Robinson27,
J.E.M. Robinson76, M. Robinson113, A. Robson53, J.G. Rocha de Lima105, C. Roda121a,121b, D. Roda Dos Santos29,
D. Rodriguez161, A. Roe54, S. Roe29, O. Røhne116, V. Rojo1, S. Rolli160, A. Romaniouk95, M. Romano19a,19b, V.M. Romanov64,
G. Romeo26, E. Romero Adam166, L. Roos77, E. Ros166, S. Rosati131a, K. Rosbach49, A. Rose148, M. Rose75, G.A. Rosenbaum157,
E.I. Rosenberg63, P.L. Rosendahl13, O. Rosenthal140, L. Rosselet49, V. Rossetti11, E. Rossi131a,131b, L.P. Rossi50a, M. Rotaru25a,

13



I. Roth170, J. Rothberg137, D. Rousseau114, C.R. Royon135, A. Rozanov82, Y. Rozen151, X. Ruan32a,ad, I. Rubinskiy41, B. Ruckert97,
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