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Abstract

Single-top-quark events in the t-channel are used to probe Wtb anomalous couplings
and to search for top quark Flavor Changing Neutral Current (FCNC) interactions
in proton-proton collisions at

√
s = 7 TeV. The analyzed data correspond to an in-

tegrated luminosity of 5 fb−1. Events with the top quark decaying into a muon,
neutrino and b-quark are selected. A Bayesian neural network is used to discrim-
inate between signal and backgrounds. The observed event yields are consistent
with SM prediction, and exclusion limits at 95% C.L. are determined. The exclu-
sion limits on anomalous right vector and left tensor couplings of the Wtb ver-
tex are found to be | f R

V | < 0.34 and | f L
T | < 0.09. In the scenarios with FCNC

tcg and tug couplings, limits on the coupling strengths are found to be κtug/Λ <
1.8 · 10−2 TeV−1, κtcg/Λ < 5.6 · 10−2 TeV−1 which corresponds to limits on the branch-
ing ratios Br(t → u + g) < 3.55× 10−4, Br(t → c + g) < 3.44× 10−3.
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1 Introduction
The theory of electroweak interactions predicts three different production mechanisms for
single-top-quarks in hadron-hadron collisions, in addition to the more abundant pair produc-
tion due to the strong interaction. They are classified by the virtuality of the involved W bo-
son [1] as t-, s-channel and associated tW-channel production.

The study of the single-top-quark production provides a possibility to investigate many aspects
of top-quark physics that cannot be easily studied in tt̄ production [2]. The three single-top-
quark production channels are directly related to the squared modulus of the CKM matrix
element Vtb, allowing for a direct measurement of this quantity and thus for a test of the stan-
dard model (SM). One can investigate the Wtb vertex structure and flavour changing neutral
current (FCNC) couplings in the production and decay processes. The single-top-quark topolo-
gies provide a window for anomalous couplings and s-channel resonances like W ′ bosons. A
review of the possible new physics scenarios to observe new physics from deviations in the ex-
pected cross sections of the t- and s-channel modes can be found in Ref. [3] and the references
therein.

The t-channel production mechanism has the highest rate. We consider t-channel single-top-
quark production as a signal process and estimate other single-top-quark production mecha-
nisms as backgrounds. Only the muonic decay channel for the top quark is considered and µ
+ jets events are selected for the analysis.

We present the search for the anomalous Wtb couplings and for top-quark-gluon (tug or tcg)
FCNC using the CMS 2011 data of proton-proton collisions at

√
s = 7 TeV. The separation

between signal and background events is performed by means of a Bayesian Neural Network
(BNN). The implementation of the BNN is done using the FBM package [4–6]. Limits on Wtb
and top FCNC anomalous couplings are set from shape analysis of BNN discriminants using
the Theta package [7, 8].

2 Data and Simulated Samples
The analysis is performed using the full accumulated 2011 data corresponding to 5 fb−1 at√

s = 7 TeV proton-proton collision energy collected by the CMS experiment [9]. The produc-
tion of t-channel single-top-quark is modeled by means of the CompHEP 4.5 package [10] with
an additional method to simulate effective NLO approach [11]. The POWHEG generator [12] is
used as an alternative model to estimate the sensitivity of our analysis to the signal modelling.
Contributions of anomalous operators have been added to the CompHEP simulation for both
the production and decay of top quarks, taking into account the top quark width, spin correla-
tions between production and decay, and b-quark mass for the anomalous contribution as well
as the SM contribution.

The MADGRAPH 5 [13] generator is used to simulate the main background processes; the top
quark pair and the W-boson processes with up to 3 and 4 additionnal jets, respectively. The sub-
dominant background processes are the production of Drell-Yan and di-bosons WW, WZ, ZZ,
that have been modelled in PYTHIA 6 [14]. The contribution of multi-jet QCD processes, here-
after referred to as “QCD”, is estimated using an orthogonal data sample. Additional samples
were used in the analysis to estimate uncertainties due to variation of the factorization and
renormalization scales and variation of matching parameters [15].

Table 1 includes the cross sections used for the normalization of simulated events. The quoted
cross sections are from next-to-next-to-leading order calculations for the single top produc-
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tion [16], pair top quark production [17], W+ jets [18] and other processes [19]. The statistical
analysis of the Bayesian Neural Network output involves a reduction of the signal and back-
ground normalization uncertainties by means of nuisance parameters. This method signifi-
cantly reduces the dependence of the analysis to the normalization. Due to the importance of
the W+ jets background and the significant difference in kinematics, the following contribu-
tions are considered separately in the analysis: W + QQ (a W boson produced together with
a pair of b- or c-quarks), W + c (a W boson produced in association with a c-quark), W+light
quarks (events that do not contain heavy quarks) and W + QX (events associated with under-
lying events, containing heavy quarks originating from the initial parton interaction). Different
normalization scale factors for these components of the complete W+ jets MADGRAPH simu-
lation were considered.

A reweighting procedure is applied on the simulation in order to reproduce the observed dis-
tribution of pile-up events. Additional small differences between data and the simulation of
triggers and b-tagging are corrected by scale factors [20].

3 Event Selection
Electrons, muons, photons, charged and neutral hadron candidates are reconstructed and iden-
tified using the particle flow (PF) algorithm. Jets are defined by clustering PF particle candi-
dates according to the anti-kT algorithm with a cone size of 0.5. The production of t-channel
single top quarks has the following signature: exactly one isolated charged lepton [21], one
light-flavour jet in the forward region, one b-tagged jet [20] from the b quark originating from
the decay of the top quark and an associated “soft” b-jet. The “soft” b-jet is likely to fail either
the transverse momentum (pT) threshold or the tracker acceptance. This channel is also charac-
terized by significant missing transverse momentum (Emiss

T ) due to the presence of a neutrino.

The following event selection (signal region) is therefore defined, restricting the analysis to the
muon channel only:

• at least one primary vertex reconstructed from at least four tracks, with longitudinal
(radial) distance of less than 24 (2) cm from the center of the detector;

• exactly one isolated (Iµ
rel <0.12) muon [21] with pseudorapidity |η| < 2.1 originating

from the primary vertex, no additional muon or electrons passing looser quality
criteria and pT > 10 (15 for electrons) GeV, |ηµ| < 2.5, Iµ

rel <0.2; the relative isolation
of the lepton Iµ

rel is defined as the sum of the energy deposited by stable charged
hadrons, neutral hadrons and photons in a cone of size ∆R =

√
(∆η2 + ∆φ2) = 0.4

around the charged lepton track, divided by its transverse momentum and η =
− ln[tan(θ/2)];

• two or three jets with pT > 30 GeV and the absolute value of the pseudorapidity
|η| < 4.7;

• at least one b-quark tagged jet and at least one jet that fails the tight b-quark tagging
working point (CSVT) [20].

The analysis is performed over the data collected with single-muon triggers. However, to ac-
commodate the increasing instantaneous luminosity delivered by the LHC in 2011, different
triggers were used for different data-taking periods and correspond to different thresholds of
pT threshold, ranging from 20 to 27 GeV. The described event selection corresponds to the sig-
nal region where the statistical analysis is performed. In addition, the control regions of events
with 2 or 3 jets with no b-tagged jet and events with 4 jets 2 of which b-tagged are used to check
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the modelling.

In the case of QCD-multijet production the reconstructed muons originate either from muons
produced by the leptonic decay of heavy hadrons or from charged hadrons. As a result, these
muon candidates are usually surrounded by hadronic activity. This feature is exploited to de-
fine a QCD control region by demanding exactly one muon with the inverted criteria of isolation
from hadronic activity: 0.35< Iµ

rel <1. In order to better reproduce kinematics of the signal re-
gion, the jets falling inside a cone of size 0.5 around the selected muon are not considered in
the analysis. The surviving jets are subject to the same selection as in the signal region.

To suppress QCD background we use a dedicated BNN. The following simple set of input
variables sensitive to QCD is used: transverse mass of the reconstructed W boson [MT(W) =√

2pµ
T pν

T(1− cos(φµ − φν))], the missing transverse energy Emiss
T , the transverse momentum of

muons pT(µ) and azimuthal angle ∆φ(µ, Emiss
T ) between muon and Emiss

T . In Fig. 1 data-to-
simulation comparisons are shown for the QCD BNN discriminant and the MT(W) distribu-
tion. The QCD BNN discriminant and the transverse mass of the W boson demonstrate the
agreement between data and simulation. The normalization of the QCD background is taken
from a template fit to the QCD BNN distribution for the QCD model and all other processes
involving a real W boson are normalized to their theoretical cross sections.
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Figure 1: Discriminant used for the QCD-background rejection for the simulation and the data
(left plot), and transverse W boson mass distribution (right plot), with statistical error bars only.
The cut value is shown as a line on the left plot.

To reduce the QCD background, a cut on the QCD BNN discriminator of >0.7 is applied. Fig. 2
shows the performance of the QCD BNN for the training and testing events (left plot) and
a comparison of cuts on QCD BNN discriminator and the MT(W) variable which is used in
Ref. [22] (right plot). The events dedicated for the training of BNN are not used in the analysis.

A selection on the BNN rather than a selection on MT(W) allows to significantly increase the
signal efficiency by 10%, while keeping a similar background rejection. With the cut on the
QCD BNN about 90% of the QCD background is suppressed, while loosing only about 20% of
signal events.

The event yields before and after the QCD background suppression and cross sections used for
the MC normalization are listed in Table 1.
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Figure 2: Separation power of the QCD BNN discriminator for the training (”train”) and testing
(”exam”) events (left plot). Comparison of efficiencies of cuts for QCD background suppres-
sion. The blue curve shows efficiencies of MT(W) cuts, the red one of QCD BNN discriminator
cuts. The green curve shows the signal efficiency w.r.t. to different QCD BNN cuts (right plot)

Process Basic selection QCD BNN > 0.7 Cross section
s-channel 373.3+16.3

−14.5 302.2+13.1
−11.8 4.63+0.2

−0.18 pb [23]
tW-channel 2079.0+154.5

−159.9 1753.4+130.3
−134.8 15.74+7.43

−7.69 pb [24]
tt 20750.1+778.1

−908.9 17593.7+659.8
−770.6 172.0+6.5

−7.6 pb [17]
W+jets 15286.1±761.2 12083.2±601.7 31314±1558 pb [18]
Diboson 378.4±13.6 300.8±10.9 67.1±1.7 pb [19]
Drell-Yan 1601.7±87.1 704.0±38.3 4998±272 pb [18]
QCD 7338.1 740.5 -
t-channel 5563.1+222.5

−161.9 4545.5+181.8
−132.3 64.57+2.58

−1.88 pb [25]
Simulation 53369.9+1125.3

−1210.5 38023.3+921.5
−996.6

Data 56145 40681

Table 1: The event yields for an integrated luminosity of 5 fb−1 before and after the QCD BNN
cut. Cross sections used for the MC normalization and theoretical uncertainties are also shown.

4 Signal Extraction with Bayesian Neural Networks
Events that survive the initial selection and QCD BNN suppression are considered in the final
analysis. The next step of the analysis is the preparation of the standard model BNN (SM BNN)
to distinguish t-channel single top quark production from other SM processes. The tW-channel,
tt, W+jets, diboson and Drell-Yan processes are treated as a combined background for the SM
BNN training. The SM BNN discriminant is used to separate SM backgrounds in the search
for an anomalous structure at the Wtb vertex, where one more BNN (aWtb BNN) is prepared
to separate anomalous contribution of right vector or left tensor couplings and that of the SM
with left vector coupling. SM BNN and aWtb BNN discriminants are used together in the
search for the deviations in the Wtb vertex. Two BNNs (tcg BNN and tug BNN) are trained
to distinguish the corresponding couplings from SM contribution. The FCNC processes with
anomalous tcg and tug vertices (vertices with the top quark, gluon and up/charm quark) are
assumed to be completely independent of the SM contribution. The kinematic properties of any
tcg and tug contributions are slightly different due to different initial state contributions and
the discriminants of tcg BNN and tug BNN are used simultaneously in the statistical analysis
to set 2D exclusion limits to the FCNC couplings.

During the preparation of BNNs the methods described in Ref. [26] are used for preprocess-
ing and optimization, in particular of the renormalization of input variables, logarithmic scale
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of the variables with long tails and of the BNN architecture. The event samples are divided
into training and test subsamples. The samples used to train the BNN are not used further in
the analysis. The choice of input variables for the BNNs is based on the Optimal Observables
Method [27]. The method reflects the difference in the structure of Feynman diagrams con-
tributing to signal and background processes. The BNN uses several variables as inputs, some
of these require the full kinematic reconstruction of the top and the W candidates. For the re-
construction of the top quark mass the W-mass constraint is applied to extract the z component
of neutrino. From the two real solutions of the equation the smallest one is chosen. For the
events with an imaginary solution the imaginary component is eliminated by modifying Emiss

T
such that MT(W) = MW . Variables used for the SM BNN training are presented in Table 3.

The data-to-simulation comparisons (Fig. 3) show a good agreement in control regions en-
riched in top pair events (4 jets with 2 b-tags) and W+ jets (zero b-tag) as well as in the signal
regions (Sec. 3). In Fig. 3 simulated events are normalized to theoretical cross sections and only
statistical uncertainties are shown.

5 Systematic Uncertainties and Statistical Analysis
The aim of the statistical analysis is to extract the parameters of single top quark production and
any signs of BSM behaviour based on the shapes of BNN discriminants. The analysis follows
the same methodology for the estimation of the uncertainties as in the previously published
measurements [22, 28]. Uncertainties considered in the analysis are discussed below.

For the variation of background normalization, scale parameters are introduced to the statis-
tical model and the corresponding variation of these parameters are the same as for the SM
measurement [22] and are listed in Table 2. All the background processes, and their normaliza-
tion are treated as statistically independent.

Process Uncertainty
top-quark pair production 15%
single top, s-channel 15%
single top, tW-channel 13%
W+jets, “WQQ” 100%
W+jets, “Wc” 100%
W+jets, “W+light” 50%
W+jets, “WQX (UE)” 50%
QCD (data-driven) 100%
Drell-Yan process 30%
WW, WZ, ZZ 30%

Table 2: Uncertainties on the background normalization

In order to estimate the uncertainty of the QCD template the different parameters of isolation
criteria are used (0.3< Iµ

rel <0.5 and 0.5< Iµ
rel <1), as well as the comparison with Monte-

Carlo simulated events generated by PYTHIA. The considered deviations in the QCD template
are covered by a conservative uncertainty of +100%/-50%, that is taken into account in the
statistical analysis.

In order to estimate the uncertainties of jet energy resolution (JER), jet energy corrections (JEC)
and Emiss

T corrections, four-momenta of all reconstructed jets in simulated events are scaled si-
multaneously in accordance with (pT, η)-dependent uncertainties of jet energy corrections [29].
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Figure 3: Data-to-simulation agreement of the SM BNN discriminant in the tt̄ (4 jets with 1
tag) and W+ jets (no b-tagged jets) control regions, and in the signal region separated to three
regions: two jets and one of them is b-tagged (2j1t), three jets and one of them is b-tagged (3j1t),
three jets and two of them are b-tagged (3j2t). The simulation normalized to theoretical cross
sections. The data points are shown with statistical error bars only.

Parameters of the procedure to correct jet energy resolution are varied within uncertainties and
the procedure is repeated for all jets in simulation [30]. In addition to the impact of JEC and
JER uncertainties on Emiss

T , an uncertainty on the unclustered component of Emiss
T is evaluated.

The variations due to the uncertainty of b-quark tagging and mis-tagging efficiencies of jets are
propagated in the form of additional weights to simulated events [20]. Uncertainty of the scale
factors for c-quark jets is assumed to be twice as large as the uncertainty for b-quark jets. The
scale factors for b- and c-quark jets are considered as totally correlated, whereas the mis-tagging
scale factors are varied independently.

For the 2011 data-taking period, the luminosity was measured with a relative uncertainty of
2.2% [31].
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The uncertainty of additional pp-interactions (“pile-up”) is obtained by different pile-up mul-
tiplicity distributions obtained by changing the minimum bias cross-section by ±5%.

The systematic uncertainty of the measured trigger scale factors includes variation of the in-
variant mass window of two muons ([70, 110] GeV and [50, 130] GeV) and systematic uncer-
tainty due to the different trigger versions. A 3% systematic uncertainty is added to take the
uncertainties of muon identification and isolation into account.

Uncertainty due to extra hard parton radiation and matching of the samples with different jet
multiplicity is evaluated by doubling or halving the threshold for the MadGraph jet matching
procedure for the top pair and W+jets production. Additional MadGraph samples have been
generated with such shifts in the parameters.

The renormalization and factorization scale uncertainties are estimated with additional MC
samples generated by doubling or halving the renormalization and factorization scales, for the
signal and main background processes.

The uncertainty of the parton distribution functions (PDF) is evaluated by reweighting the
simulated events according to the PDF4LHC recipe [32, 33]. According to the recommendation,
uncertainties of three PDF sets are calculated and combined. We have found the uncertainty
for the NNPDF set [34] is about two times higher than the MSTW set [35] and slightly higher
than the CT10 set [36]. The PDF uncertainty is the dominant uncertainty in this analysis and is
about 9%.

The uncertainty due to the choice of generator for the signal model is estimated using pseudo-
data (i.e. the statistical model with all the parameters fixed by delta-functions). These pseudo-
data are used to fit simulated events first with the CompHEP signal sample and then with the
POWHEG signal sample. Half of the difference between these two measurements is taken as the
uncertainty. This is a significant source of uncertainty found to be of the order of 5%.

Uncertainty due to finite statistics of the simulated samples is taken into account using the
Barlow-Beeston method [37].

The BNN discriminator templates can be affected by different types of systematic uncertain-
ties. Some of them are only changing the rate, while others change the shape. Shape and
rate systematic uncertainties can be included in the statistical model by introducing additional
nuisance parameters. The corresponding sources of marginalized uncertainty are JEC, JER, b-
tagging, mistag rate, Emiss

T and pile-up. This type of uncertainty is on the order of 6%. Some
of the systematic uncertainties can not be implemented as nuisance parameters participating
in the fit and can not be marginalized. The pseudo experiments are used to estimate un-
marginalized uncertainties which are calculated as a shift of the corresponding fit from the
nominal CompHEP result. The uncertainties which are considered as un-marginalized are:
muon triggers, signal model, matching, renormalization and factorization scales and PDFs.
The total un-marginalized uncertainty is about 11%.

In order to validate the analysis strategy and the statistical treatment of the uncertainties, we
measure the cross section of the SM t-channel single top quark production. The measured
value and uncertainty are in agreement with the previous measurement [22, 28] and with the
prediction of SM.

The distribution of the SM BNN after the statistical analysis and evaluation of all the uncer-
tainties are shown in Fig. 4, the hash band on the plot corresponds to the squared sum of
marginalized and un-marginalized uncertainties.
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6 Search for Anomalous Contributions to the Wtb Vertex
6.1 Anomalous Wtb vertex structure modelling

The single top quark t-channel is sensitive to the possible deviations from the SM predictions
in the structure of the Wtb vertex. The most general, lowest dimension, CP conserving La-
grangian for the Wtb vertex has the following form [38, 39]:

L = − g√
2

b̄γµ
(

f L
V PL + f R

V PR

)
tW−µ −

g√
2

b̄
iσµν∂νW−µ

MW

(
f L
T PL + f R

T PR

)
t + h.c. (1)

where PL,R = 1∓γ5
2 , σµν = i

2 (γµγν − γνγµ); form factor f L
V ( f R

V ) represents left (right) vector
coupling, f L

T ( f R
T ) represents left (right) tensor coupling. The SM has the following set of cou-

pling values: f L
V = Vtb, f R

V = f L
T = f R

T = 0, where Vtb is the CKM-matrix element. The same
analysis scheme as in Ref. [40, 41] is used to look for possible deviations from SM: two of the
four couplings are considered simultaneously (where one is always the left-vector coupling)
and, accordingly, there are three scenarios: ( f L

V , f R
V ), ( f L

V , f L
T ) and ( f L

V , f R
T ). For each scenario

the other two couplings are set to zero. The third scenario where the left vector and right tensor
operators are both in the Wtb vertex is not considered in this study.

The kinematics and angular distributions significantly change in the presence of anomalous
Wtb couplings, both in the production and in the decay of the top quark. Therefore it is impor-
tant to correctly model the kinematics of the processes with anomalous couplings in the Wtb
vertex. The anomalous Wtb couplings modelling is briefly described below. The technique is
similar for both scenarios and is described here only for the ( f L

V , f R
V ) scenario.

For the ( f L
V , f R

V ) scenario, single top quark t-channel production cross-section is described by
the expression:

σ =
(
( f L

V)
2Ap + ( f R

V )
2Bp

)
Br(t→ l, ν, b) (2)

and the branching fraction is of the following form: Br(t→ l, ν, b) =
(
( f L

V)
2Ad + ( f R

V )
2Bd
)

/wtot,
where Ap, Bp (Ad, Bd) are some kinematic functions in the top quark production (decay) and w
is the width of top quark. Thus the full expression for the cross-section is the following:

σ( f L
V , f R

V ) = m(1000) + n(arti f icial) + k(0100) (3)

where m =
(

f L
V
)4 · w1000/wtot, n =

(
f L
V
)2 ( f R

V
)2 · wart−0100/wtot, k =

(
f R
V
)4 · w0100/wtot. The

notation (1000), (artificial), (0100) corresponds to the kinematic terms factorized with the cou-
pling value. The event samples which corresponds to the kinematic terms are simulated in
CompHEP. The numbers in (1000), (0100) and (0010) notations are the coupling values in the
order ( f L

V , f R
V , f L

T , f R
T ). For example, the SM sample corresponds to f L

V = Vtb ≈ 1, f R
V = 0 values

of the parameters and (1000) notation. The (artificial) event sample is simulated with the left
vector coupling in the production and the right vector coupling in the decay of the top quark
and vice versa. The full width as a function of f L

V , f R
V , f L

T , f R
T is given by [42]. All signal samples

are simulated at the NLO precision with the technique from Ref. [11]

6.2 Exclusion limits on anomalous couplings

Following the strategy described in Sec. 4 in addition to the SM BNN, aWtb BNN is trained to
distinguish the possible right vector structure and left vector structure in the t-channel single
top quark events. The set of variables chosen for the BNN aWtb ( f L

V , f R
V ) is presented in Ta-

ble 3. Fig. 5 shows the agreement between the data and simulation. The SM and aWtb BNN
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discriminants are used as inputs in the statistical analysis of the 2D BNN discriminants. The
results in the form of 2D exclusion limits are presented in Fig. 6. One-dimensional constraints
on anomalous parameters were obtained by fixing one parameter to its SM value and setting
the exclusion limit on the other one. The observed (expected) exclusion limits at 95 % C.L. are
the following:

| f L
V | > 0.90 (0.88) (4)
| f R

V | < 0.34 (0.39) (5)

For the ( f L
V , f L

T ) scenario, another aWtb BNN is trained to separate the left-handed interacting
single top quark events (SM) and the events with the left tensor operator in the Wtb vertex.
Variables used for the training are presented in Table 3.

With these variables the aWtb BNN provides a good separation of events with the left tensor
form factor in the Wtb interaction and events with SM kinematics. Data and model agreement
for this discriminant is shown in Fig. 7.

The statistical analyses is performed to obtain the excluded regions at 68 and 95% C.L. for the
couplings ( f L

V and f L
T ) (see Fig. 8).

As for the ( f L
V , f R

V ) scenario, one-dimensional constraints on anomalous parameters are ob-
tained by fixing one parameter to its SM value and setting exclusion limit on the other one. The
observed (expected) exclusion limits at 95 % C.L. are the following:

| f L
V | > 0.92 (0.88) (6)
| f L

T | < 0.09 (0.16) (7)

7 Search for tcg and tug FCNC anomalous couplings
7.1 Theoretical introduction

Interactions mediated by FCNC in the tcg and tug vertices may have significant strength. Such
enhanced couplings are predicted by the models with multiple Higgs doublets, some classes of
supersymmetric theories and models with the top quark as a composite particle [2]. FCNC tcg
and tug interactions can be written in a model-independent form with the following vertex in
the effective Lagrangian [2]:

κtqg

Λ
gs f σµν λa

2
tGa

µν (8)

where Λ is the scale of new physics O(1 TeV), q = u(c) quark, κtqg defines the strength of the
FCNC interactions in the tug or tcg vertices and Ga

µν is a gauge tensor field of a gluon. The
Lagrangian is assumed to be symmetric with respect to left and right projectors. The cross
section of the single top quark production through FCNC is proportional to (κtqg/Λ)2.

Single top quark production through FCNC contains 48 subprocesses (both for the u and c
quark). The representative diagrams for FCNC tcg processes are presented in Fig. 9.

Similar processes defined by the exchange of the c quark to u quark, and the charge-conjugation
processes, are also taken into account. The influence of the FCNC parameters on the total top
quark width is negligible for the allowed region of FCNC parameters. Therefore the SM-value
for the top quark width was used. The CompHEP generator was used for the simulation of the
signal tug and tcg processes. All the FCNC samples are normalized to the NLO cross sections
with a k-factor equal to 1.6 [43].
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7.2 Exclusion limits on tug and tcg anomalous couplings

The search exploits the same signature as for the SM single top quark production processes,
however the FCNC processes are kinematically different. Therefore it is reasonable to train
a BNN for the discrimination of FCNC signal from the SM processes (with the SM t-channel
single top quark production as a background). The difference with the SM analysis is the imple-
mentation of two BNNs instead of one BNN due to the possible presence of two signal FCNC
tug and tcg processes.

The choice of variables for FCNC BNNs is motivated by the analysis of the Feynman diagrams
of the signal and background processes and their kinematical properties. Input variables are
presented in Table 3.

Two FCNC BNNs were trained separately; the first one for the FCNC tug and another one for
the FCNC tcg processes. Data and model agreement of these networks is shown in Fig. 10.

Outputs of two FCNC BNNs with discrimination of FCNC tug(tcg) processes from the SM
backgrounds were used as a basis for the statistical analysis. With the fit of histogram shapes
and normalization, the posterior distributions of κtug/Λ and κtcg/Λ are obtained. The 2D con-
tour of FCNC parameters is shown in Fig. 11.

Individual exclusion limits on κtug/Λ are obtained by fixing κtcg/Λ to zero and vice versa. The
observed (expected) exclusion limits at 95 % C.L. are the following:

κtug

Λ
< 1.8 · 10−2 (1.2 · 10−2) TeV−1, (9)

κtcg

Λ
< 5.6 · 10−2 (3.1 · 10−2) TeV−1. (10)

In terms of branching fractions [44]:

Br(t → u + g) < 3.55× 10−4 (1.58× 10−4), (11)
Br(t → c + g) < 3.44× 10−3 (1.05× 10−3) (12)

8 Conclusion
Direct search of new physics were performed in the single-top-quark production processes
in the t-channel. The analysis considers model-independent anomalous operators in the Wtb
vertex and tcg/tug FCNC couplings. Different scenarios are considered for the anomalous con-
tributions. The observed event yields are consistent with SM prediction, and exclusion limits
at 95% C.L. are determined. The exclusion limits on the possible Wtb anomalous couplings are
measured to be | f R

V | < 0.34 for the right vector coupling and | f T
V | < 0.09 for the left tensor

coupling. In the scenario with FCNC tug and tcg couplings, the exclusion limits on the cou-
pling strengths are ku/Λ < 1.8 · 10−2 TeV−1, kc/Λ < 5.6 · 10−2 TeV−1 or in terms of branching
fractions Br(t → u + g) < 3.55× 10−4, Br(t → c + g) < 3.44× 10−3. Exclusion limits with
simultaneous variation of the couplings are also provided.
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Figure 4: The SM BNN discriminant after the statistical analysis and evaluation of all the un-
certainties. The hashed band corresponds to the systematic uncertainty. The points in the ratio
plot are shown with statistical errors only.
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scenario. The BNN aWtb was trained to separate events with right-handed vector operator
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Figure 6: Exclusion limits in two-dimensions on ( f L
V , f R

V )-couplings at 68% and 95% C.L. for
the observed and expected limits.
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Figure 8: Exclusion limits in two-dimensions on ( f L
V , f L

T )-couplings at 68% and 95% C.L. for the
observed and expected limits.
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Figure 9: Representative Feynman diagrams for FCNC tcg processes; the diagrams for FCNC
tug processes are similar.
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Variable Description SM
BNN

f L
V f R

V
BNN

f L
V f L

T
BNN

tug
BNN

tcg
BNN

pT(b1) pT of the leading-b-jet (the b-tagged jet with the
highest pT) — hereinafter we use the notations
”leading” and ”second-leading” for jets corre-
spondingly to their order in pT, the decreasing
one

V V V V

pT(b2) pT of the second-leading b-jet V V
pT(j1 j2) a vector sum of pT of the first and the second-

leading jets
V V V V

pT(∑i 6=ibest
~pT(ji)) a vector sum of pT of all jets without the best jet.

The notation ”best jet” is used for the jet which
gives the invariant mass of the top quark closest
to the value of 172.5 GeV, which is used in the
MC simulation

V V V

pT(jL) pT of the light-flavour jet (untagged jet with the
highest value of |η|)

V V V

pT(µ) transverse momenta of the muon V V V V
pT(W, b1) pT of the W boson and the leading-b-jet V V V V
pT(W) pT of the W boson V V
HT scalar sum of pT of all jets V
Emiss

T missing transverse energy (energy of the recon-
structed neutrino)

V V

η(µ) η of the muon V V V
η(jL) η of the light-flavour jet V V V V
M(j1 j2) the invariant mass of the leading-jet and the

second-leading jets
V V

M(∑i 6=ibest
(ji)) the invariant mass of all jets without the best

one
V V

M(jW) the invariant mass of the W boson and all jets V
M(W, b1) the invariant mass of the W boson and the

leading-b-jet
V V V

M(∑i(ji)) the invariant mass of all jets V V
∆R(j1, j2) equal to

√
(η(j1)− η(j2))2 + (φ(j1)− φ(j2))2 V V V

∆R(µ, j2) equal to
√
(η(µ)− η(j2))2 + (φ(µ)− φ(j2))2 V

∆φ(µ, Emiss
T ) azimuthal angle between the lepton and the re-

constructed neutrino
V V V

cos(θµ,jL)|top the cosine of the angle between the lepton and
the light flavour jet in the top quark rest frame,
the top quark is reconstructed with the leading-
b-jet [45]

V V V V

cos(θµ,W)|W the cosine of the angle between the lepton and
the W boson in the W boson rest frame [46]

V V V V

cos(θW,jL)|top the cosine of the angle between the W boson
and the light-flavour jet in the top quark rest
frame [46]

V

cos(θµ,j1)|top the cosine of the angle between the lepton and
the first jet in the top quark rest frame

V

Q(µ) a charge of the lepton V V

Table 3: Input variables of BNNs used in the analysis. Sign V marks the variables used for the
particular BNN.
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