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We study the sensitivity of certain observables to the anomalous right tensorial coupling in single top
production at the LHC at

ffiffiffi
s

p ¼ 13 TeV. The observables consist of asymmetries constructed from the
energy and angles of the decay products of the top quark produced in single top production through the
t-channel. The computation is done at leading order (LO) and next-to-leading order (NLO) in the strong
coupling in the five-flavor scheme. We have estimated projected limits on the anomalous coupling, both at
the parton level without cuts and at the particle level with cuts. We find that the asymmetries are robust with
respect to the higher-order QCD corrections and are indeed a very good probe of this anomalous coupling
of the top. Hence, they can be used as experimental probes of the same.
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I. INTRODUCTION

Top quark is the heaviest among all the SM particles.
This particle was discovered at the Tevatron-Fermilab by
CDF [1] and D0 [2] collaborations. It has a pole mass mt ¼
173.1� 0.6 GeV [3] which is very close to the electroweak
symmetry breaking scale. Due to its large mass, it can only
be created at high energy experiments such as the Tevatron
or the LHC with a reasonable number. The top quark plays
an important role in high energy physics as it is believed
that, due its large mass, effects of new physics beyond the
SM can be easily shown [4–6]. Top quark is dominantly
produced at the LHC, through QCD, in the pair mode with
a cross section approaching one nanobarn at

ffiffiffi
s

p ¼ 13 TeV.
Due to the vector nature of the strong interaction, the
produced top quark pairs are unpolarised. In addition to the
pair production mode, top quark can be produced in
association with a lighter particle. This production mecha-
nism proceeds through electroweak interaction. Hence, it
has a smaller cross section, the maximum being ∼140 pb.
However, the V − A nature of the charged current inter-
action implies that the top quark produced in association
are polarized. The much smaller cross section of the single
top production along with the very large background from

the top pair production meant that the first observation of
single top production at Tevatron was made 14 years after
the discovery of the top quark [7,8].
There are three separate modes for single top production.

They differ according to the associated particle produced
with the top and the initial particles producing the top. These
processes can be categorized according to thevirtuality of the
W boson. All these processes involve the Wtb coupling;
single top production through the t channel (which has the
largest cross section at theLHC), through the s channel and in
association with a W boson. The corresponding Feynman
diagrams are depicted in Fig. 1.
Single top production, although has smaller rate than tt̄

production, is phenomenologically very interesting. First, it
allows a direct measurement of Vtb in the Cabbibo-
Kobayashi-Maskawa mixing matrix [9,10]. Inference on
the b-quark density within the proton is possible as well
by measuring single top production cross section both
through the t-channel and Wt process. In single top quark
production, the produced top is highly polarized allowing for
a direct test of the V − A structure of weak interaction [11].
Finally, single top production is one of the interesting
channels to look for new physics beyond the Standard
Model [12–15]. Extensive studies of single top production
at hadron colliders including radiative corrections have been
performed at NLO [16–24] and NNLO [25–27] in the strong
coupling. Furthermore, NLO calculations of single top
production matched with parton showers become available
within MC@NLO [28,29] and POWHEG [30,31]. Recently, a
transverse momentum resummation at NLOþ NLL for
single top production through the t channel has been
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proposed in [32]. Single top production cross sections have
been measured by the ATLAS and CMS Collaborations
at

ffiffiffi
s

p ¼ 7 ⊕ 8 TeV [33–41] and
ffiffiffi
s

p ¼ 13 TeV [42–44].
These results were found in agreement with the SM
predictions.
The top quark has a very short lifetime, τt ≃G−1

F m−3
t ≪

mt=Λ2
QCD, which implies that it decays before hadroniza-

tion effects take place. Hence, all its properties can be
studied by looking at the kinematical distributions of its
decay products. The top quark decays with almost a 100%
branching fraction intoW�b. Furthermore, due to the weak
interaction universality, this process has certain pattern, the
so-called V − A structure which manifests itself at the
lowest order in perturbation theory. Departures from this
universal structure are possible through radiative correc-
tions in the SM and/or new physics effects. This departure
might be seen as the presence of the so-called anomalous
Wtb couplings. One possible parametrization of these
couplings is the use of effective field theoretical approach
where SUð3Þc ⊗ SUð2ÞL ⊗ Uð1ÞY gauge invariant and
6-dimensional operators are added to the SM Lagrangian
[45–48]. A global fit of these operators to the existing data
has been recently done in [49–52].
The transition amplitude for top quark decay into a W

boson and a b quark can be written as

Mðt → bWþÞ ¼ −effiffiffi
2

p
sin θW

ūbðpbÞΓμ
tbWutðptÞϵ�μðqÞ; ð1Þ

with

Γμ
tbW ¼ −

igffiffiffi
2

p
�
γμðVLPL þ VRPRÞ

þ i
MW

σμνqνðgLPL þ gRPRÞ
�
;

where q ¼ pt − pb is the momentum of the W� boson
(which is assumed to be on-shell) and PL;R ¼ 1=2ð1� γ5Þ
are the projection operators, VL, VR, gL and gR are called
anomalous couplings. In the SM, at tree level, VL ¼ Vtb
and VR ¼ gL ¼ gR ¼ 0 whereas EW and QCD radiative
corrections induce nonzero values of the anomalous cou-
plings. Computations of the anomalous couplings have
been performed in [53–62] both in the SM and certain

extensions of it. It was found that SM corrections to
anomalous couplings are extremely small, i.e., gL ¼
−ð1.247þ 0.002747iÞ × 10−3, gR¼−ð8.6þ2.05iÞ×10−3

and VR ¼ ð2.911þ 0.9iÞ × 10−3 [60]. Furthermore, the
dominant contribution comes from QCD whereas EW
corrections are subleading accounting about 8–15% of
the total contribution. Contributions of the anomalous Wtb
couplings to various flavor observables have been consid-
ered in [63,64].
As mentioned above, the top quark produced in associ-

ationwith a quark orW, is highly polarized. This polarization
is decided by the anomalous tbW couplings involved in the
production of the single top. The production cross section,
the polarization of the top, and the energy distributions of the
decay products of the single top all carry information about
these anomalous couplings. In fact, recently a study [65] had
shown how one can simultaneously study the top polariza-
tion as well as theWtb anomalous coupling and constructed
some asymmetries in the observables that are sensitive to
both. However, it did not make any reference to a specific top
production mechanism. It was pointed out in [66] that
measuring accurately single top production cross sections
through the t and tW channelswould constrain effectively the
anomalous Wtb couplings. In this paper, we wish to extend
the analysis of the observables suggested in [65] aswell as the
cross-section information, to the single top productionvia the
t channel.
Thus the aim of this paper is to make a study of the

sensitivity of the LHC to the anomalous coupling gR using
energy and angular observables in the t channel single top
production at

ffiffiffi
s

p ¼ 13 TeV. The observables used in our
analysis consist of asymmetries based on energy and angular
distributions of the top quark decay products. As wewill see
in this paper, their use will give additional information about
the existence of possible anomalous couplings in the Wtb
vertex. Since these observables depend on polarization, it is
expected that they will be robust against QCD radiative
corrections. QCD radiative corrections consist of corrections
to the production, to the decay and nonfactorizable correc-
tions. Corrections to the production are not expected to
play a role in the predictions thatwewill show sinceQCD is a
vector theory that is parity conserving, while polarization-
based observables are parity-violating. In fact, this was
demonstrated explicitly in an analysis of the charged
Higgs production [67]. Corrections to the semileptonic

FIG. 1. LO parton level Feynman diagrams of single top production at hadron colliders.
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decay of the top quark (t → bνll) are very small [68,69].
Nonfactorizable corrections are corrections to the produc-
tion and subsequent decay; they could be important for
some variables near the production-threshold but are
exactly zero if the top quark is on-shell.
We use observables suggested in [70], but many of them

were proposed long time ago in [65,71] and were used for
several studies (see [67,72–75]). In addition, we separate
the study into two different categories; parton and particle
level. In the former case, no cuts are imposed on the
particles’ momenta while in the latter loose cuts are
imposed. The effects of such kinematical cuts were found
to be quite important because these affect the shape of the
distributions and hence also the projected limits from
the results at the parton level. We stress out that these
asymmetries are of extreme importance for future exper-
imental analyses and can be used in several channels that
involve the top quark and in different collider machines. We
will show, in this paper, that using NLO matrix elements is
mandatory for future experimental analyses. In this study,
following the limits from BRðb→sγÞ, we set VR ¼ gL ¼ 0
and gR will be taken to be real.
The paper is outlined as follows: In Sec. II, we review

the limits on the anomalous Wtb couplings from direct
experimental searches and from statistical fits to several
measurements. The setup of the calculation and details
about event selection are summarized in Sec. III. In
Sec. IV, we show the computations of single top produc-
tion through the t channel at LO and NLO both in the SM
and the SM augmented by anomalous Wtb coupling. The
studied observables are briefly discussed in Sec. V.
Numerical results and sensitivity projections are shown
in Sec. VI. In Sec. VII, we draw our conclusions. Details
about the interpolation procedure are shown in the
Appendix.

II. LIMITS ON ANOMALOUS Wtb COUPLINGS

Anomalous Wtb couplings are constrained both indi-
rectly from flavor changing decays such as b → sþ γ as
well as from measurements at both the Tevatron and the
LHC: those of helicity fractions of the W produced in top
decay, both in pair production of the top as well as the
single top production, as well as the spin-spin correlations
in top pair production etc. A summary of early constraints
can be found in [6]. Measurement of b → sþ γ branching
ratio constrains VR, gL strongly, however gR is rather
weekly constrained [76]. Measurements of the W-boson
helicity fraction in top pair production at the Tevatron
[77] as well at the LHC [78–80]. In fact, an analysis of a
combination of the measurements of the BRðb → sγÞ [76]
and the W helicity fractions at the Tevatron [77] together,
had shown that jgRj is the only coupling that could have
nontrivial values. The large increase of single top pro-
duction cross sections with increasing energy, from
Tevatron to the LHC, meant that one could also use
the single top processes to this end as well [79,81–84].
LHC experiments have used helicity fraction of the W
produced in the t decay [78], the double differential decay
rate of the singly produced top quark [82], asymmetries
constructed out of W-boson angular distributions [84], as
well as the triple differential decay distributions for the t
quark [85]. In these analyses, limits on various anomalous
couplings are obtained under different assumptions;
sometimes letting all the couplings vary around their
SM values or sometimes keeping some of the couplings
fixed at their SM values and so on. Furthermore, depend-
ing on the variables used, limits can be obtained on the
real or imaginary parts of these anomalous couplings.
Analyses that tried to constrain all the anomalous cou-
plings simultaneously, using only the data on single top at

TABLE I. Summary of the limits on anomalousWtb couplings from BRðb → sγÞ and from direct experimental searches. A complete
listing can be found in the PDG [3].

Constraint Limits Reference

BRðb → sγÞ −0.15 < ReðgRÞ < 0.57, −7 × 10−4 ≤ VR ≤ 2.5 × 10−3 [76]
−1.3 × 10−3 ≤ gL ≤ 4 × 10−4

W helicity fractions ReðVRÞ ∈ ½−0.20; 0.23�, ReðgLÞ ∈ ½−0.14; 0.11�, [78]
ReðgRÞ ∈ ½−0.08; 0.04�.

ReðgRÞ ∈ ½−0.24; 0.20�, ReðgLÞ ∈ ½−0.14; 0.10� [79]
ReðgLÞ ∈ ½−0.30; 0.25�, ReðgRÞ ∈ ½−0.15; 0.10� [81]

Double differential cross section ReðgRVL
Þ ∈ ½−0.36; 0.10�ImðgRVL

Þ ∈ ½−0.17; 0.23� [82]
t-channel cross section VL > 0.98, jVRj < 0.16 [83]

jgLj < 0.057, −0.049 < gR < 0.048
W-boson polarization VR ∈ ½−0.24; 0.31�, gL ∈ ½−0.14; 0.11�, [80]

gR ∈ ½−0.02; 0.06� ∪ ½0.74; 0.78�
ImðgRÞ ∈ ½−0.18; 0.06� [84]

Triple differential cross section j VR
VL

j < 0.37, j gLVL
j < 0.29 [85]

ReðgRVL
Þ ∈ ½−0.12; 0.17�, ImðgRVL

Þ ∈ ½−0.07; 0.07�
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the LHC [83,85] with no assumptions on the value of VL,
still allow values of jgRj ∼ 0.1–0.2. Fits assuming VL ¼ 1
from tt̄ production [80] by ATLAS also allow large values
of gRð∼0.7Þ, but these are in conflict with the cross-
section measurements of single top processes and, hence,
cannot be taken seriously. On the other hand, a phenom-
enological analysis of only the collider data, viz. the
single top cross sections and W helicity fractions from
both the Tevatron and the LHC [86], results in the mildest
constraints on jgRj and VR.
In addition, a combination of different measurements

corresponding to electron and neutron electric dipole
moments (EDM), top quark observables, and oblique
parameters constrains both the imaginary and real parts of
the tensorial couplings gR and gL [87,88]. In the end, we note
that while the imaginary parts of anomalous tensorial
couplings are most severely constrained by EDM’s of
neutron and electron, BRðb → sγÞ constrains jgLj and
W-helicity fraction from the collider data constrain the
jgRj most effectively. Recentl global fits to the LHC and
Tevatron data [89–93] and the limits on gR are not very
strong.
A summary of current limits and analyses can be found

in [3]. For reference, we depict some limits from exper-
imental searches and from BRðb → sγÞ in Table I. All this
discussion thus tells us that it is of great interest to see how
the collider data on the cross section and top polarization in
single top production can constrain gR. We proceed now to
discuss the procedure to do so using new observables.

III. SETUP AND EVENT SELECTION

For this study, we consider single top production through
the t channel in pp collisions at

ffiffiffi
s

p ¼ 13 TeV. For
electroweak couplings, we use the Gμ-scheme, in which
the input parameters are GF, αemð0Þ and MZ. We choose
GF ¼ 1.16639 × 10−5 GeV−2, α−1emð0Þ ¼ 137 and MZ ¼
91.188 GeV. From these input parameters, MW and
sin2 θW are obtained. Furthermore, the top quark pole mass
is chosen to be mt ¼ 173.21 GeV. The computation of
single top production cross section was done in the 5FS
with massive (massless) b quark at LO (NLO). We use the
NNPDF30 PDF sets [94] with the LHAPDF6 interpolator
tool [95] with αsðMZÞ ¼ 0.118. Throughout this study, we
will use fixed factorization and renormalization scales,
i.e., μF ¼ μR ¼ mt.
Events are generated with Madgraph5_aMC@NLO

[96,97] in the SM at leading order (LO) and next-to-
leading order (NLO) and the SMwith anomalous couplings
at LO. The right tensorial anomalous coupling gR is
implemented by hand in a UFO model file [98]. The model
file was validated by comparing some calculations to
several results existing in the literature [66,72] concerning
cross-section calculations and several distributions in the
t and tW channels and we found excellent agreement. The
produced events were decayed with MadSpin [99], which

uses the method developed in [100] to keep full spin
correlations. The decayed events are passed to PYTHIA8
[101] to include parton showers (ISR and FSR) and
hadronization. Parton showering algorithm is based on
dipole type p⊥ evolution [102]. The other parameters are
set according to the Monash tune [103]. We have adopted
the MC@NLO scheme [104] for consistent matching of hard-
scattering matrix elements and parton shower MC. RIVET
[105] was used for analysis of the events. For jet clustering,
we use FastJet [106] with an anti-k⊥ algorithm and jet
radius R ¼ 0.4 [107].
We, first, perform a partonic level analysis (no showers,

no soft QCD effects and no cuts on the kinematical
quantities). We then, perform a particle level analysis
(without detector effects) of the showered events.
Throughout this paper, we will show results at both the
partonic and the particle levels. For the particle level
analysis, we require a topology consisting of exactly one
isolated charged lepton (electron or muon), missing energy
Emiss
T and at least two jets with at least one of them is

b-tagged. First, we require exactly one isolated charged
lepton with transverse momentum p⊥ðleptonÞ > 10 GeV
and pseudorapidity jηj < 2.5. We require at least two jets
where one of them is tagged with jηj < 2.5 and
p⊥ðjetÞ ≥ 25 GeV. Further isolation requirements are
applied to jets, i.e., the angular separation should be always
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
> 0.5 for any two jets in the event

and ΔRðjet; leptonÞ > 0.4.

IV. SINGLE TOP PRODUCTION THROUGH
THE t CHANNEL

In this section, we discuss single top production cross
section in the SM at LO and NLO. We illustrate, at the end
of the section, the method that we used to include
anomalous Wtb coupling in the production at NLO.

A. LO calculation in the SM

At LO, there are two generic contributions to the
t-channel process. The first contribution corresponds to
the subprocess,

b q → t q0; ð2Þ

and the second contribution represents the subprocess,

b q̄0 → t q̄; ð3Þ

where q ¼ u, c and q0 ¼ d, s. Furthermore, contributions to
the t-channel process involving the negligible elements of
the Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix
such as Vtd and Vts were not taken into account. We have
computed the inclusive LO cross sections at

ffiffiffi
s

p ¼ 13 TeV.
Due to the dominance of the valence u-quark PDF over the
sea antiquarks, the subprocess (2) gives the dominant
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contribution which accounts of about 77% of the total
cross section.

B. The t-channel at NLO in the SM

Further contributions to the t-channel process, at NLO
exist. Such contributions include virtual one-loop correc-
tions to the tree level process as well as tree level 2 → 3 real
emission processes where the additional emitted parton is
soft or collinear. Parton level Feynman diagrams are
depicted in Figs. 2 and 3. All the possible flavors that

might contribute to this process were included. Due to color
conservation, box diagrams do not contribute to the cross
section at NLO.
We have computed the total cross section at

ffiffiffi
s

p ¼
13 TeV with μR ¼ μF ¼ mt. The dominance of the valence
u-quark PDF implies that the cross section from the
contribution of Feynman diagrams in Fig. 2 is dominant.
We have also estimated theoretical uncertainties on the
inclusive cross section both at LO and NLO from scale
variations and from PDF. Theoretical uncertainties that are

FIG. 2. Feynman diagrams contributing to bq → tq0 subprocess at NLO in the SM where q ¼ u, c and q0 ¼ d, s.

FIG. 3. Feynman diagrams contributing to bq̄0 → tq̄ subprocess at NLO in the SM where q ¼ u, c and q0 ¼ d, s.
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due to scale variations are estimated by varying simulta-
neously the hard factorization and renormalization scales
around their nominal values, i.e.,

0.5 ≤ μR=μR;0; μF=μF;0 ≤ 2; ð4Þ

where μR;0 (μF;0) is the central renormalization (factoriza-
tion) scale. Thus, obtaining an envelope of the nine possible
variations. PDF uncertainties are obtained using the rep-
licas method where each PDF set has one central and 50
members corresponding to the minimal fit and the eigen-
vectors, respectively. The results for the inclusive cross
section at LO and NLO along with their theoretical
uncertainties are depicted in Table II. After cuts were
imposed, the total rate decreases by a factor of ≃2.5 and
≃1.9 at LO and NLO, respectively. Furthermore, theoretical
uncertainties due to scale variations increase in both LO as
well as NLO with the former has even larger relative
increase than the latter. The most important consequence of
imposing cuts on the decay products is that the K-factor of
the fiducial cross section increase to about 1.5 while the
theoretical uncertainties at LO do not change much. An
immediate consequence of such observation is that the
fiducial cross section at NLO is outside the allowed
range of scale variations’ uncertainty at LO since σmax

LO ¼
50.5þ δσþμ ⊕ δσþPDF ≈ 58 pb < σNLO. Hence, for any
future analysis or fit involving the cross section of the
single top through the t channel, at least the calculation at
NLO should be used.

C. Including anomalous Wtb couplings

The presence of anomalous Wtb couplings modifies
single top quark production cross sections. The production
cross section of a top quark through the t channel in pp
collisions can be expressed as a function of anomalous right
tensorial coupling gR as

σt-ch ¼ σSMt-chð1þ κ1gR þ κ2jgRj2Þ; ð5Þ

where κ1;2 ≡ κ1;2ðmt;mb;MW;
ffiffiffi
s

p Þ. They are determined
from a fit and are given by

κ1 ¼ 0.45485 ð0.66433Þ without cuts ðwith cutsÞ;
κ2 ¼ 2.05348 ð3.21011Þ without cuts ðwith cutsÞ;

at
ffiffiffi
s

p ¼ 13 TeV. In Eq. (5), σSMt-ch is the SM cross section at
LO (see, e.g., Table II). We can see that imposing cuts
strengthens the dependence of the cross section on the
anomalous coupling by a factor of ≃1.5. Although the
quadratic term is about 5 times larger than the linear one its
contribution to the cross section is mild even for the
extreme values of gR, i.e., gR ¼ �0.2. The results we
obtained were compared with those presented in [66] and
we found excellent agreement.
Taking into account the anomalous Wtb coupling in the

production at NLO is not straightforward. The reason is that
one cannot renormalize high dimensional operators using
the traditional on-shell renormalization schemes. Using
alternative schemes for the renormalization of the SM wave
functions and parameters will result in large theoretical
uncertainties. However, including anomalous Wtb cou-
plings in the production is very interesting since they
completely change the chiral structure of the Wtb vertex
and, hence, the top quark polarization, which in fact
improves the sensitivity of most observables on the
anomalous couplings. We include their effects as a shift
on the production while neglecting interference between
the virtual corrections and tree level amplitudes with
anomalous couplings. Hence, three samples will be gen-
erated with the first one corresponds to SM amplitude at
NLO, the second to the LO amplitude in the SM and the
third one to the amplitude with anomalous couplings at tree
level. The transition amplitude for the process

pp → tþ X → blþνl þ X

can be written as

MðλÞ ¼ PðλÞDðλÞ; ð6Þ

where P (D) is the production (decay) matrix elements for
the top quark.
For convenience (λ) and (λ0) stand for the helicity

labeling of all particles. The pure SM tree level amplitude
(equivalent to gR ¼ 0) is PSM

0 . The contribution of the
anomalous coupling gR will only be taken into account at
tree level and will be denoted PgR

0 . The full tree-level
amplitude, anomalous amplitude, will be denoted Pano:

0 ,
such that

Pano:
0 ¼ PSM

0 þ PgR
0 ð7Þ

Since the radiative corrections at the level of the decay are
very small in the SM (see, e.g., [108]), the decay part will
be considered at tree-level only. For the production part, at
tree level, with the inclusion of the anomalous part we have

TABLE II. The t-channel production cross section at LO and
NLO at

ffiffiffi
s

p ¼ 13 TeV. Uncertainties due to scale variations and
PDF are shown. First rows show the values of the cross section
without cuts and in the second rows the cross sections are
computed using the cuts highlighted in Sec. III.

Order σ [pb] δσμ [%] δσPDF [%]

LO 128.67 þ9.12
−11.3 �8.88

50.50 þ10.4
−12.5 �9.65

NLO 141.8 þ2.8
−2.5 �1.2

75.11 þ2.8
−2.9 �1.1
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Ptreeðλ; λ0Þ ¼ PLOðλ; λ0Þ
¼ ðPSM

0 ðλÞ þ PgR
0 ðλ0ÞÞðPSM

0 ðλÞ þ PgR
0 ðλ0ÞÞ�

≡ Pano:
0 ðλÞPano:

0 ðλ0Þ�: ð8Þ

The one-loop radiative corrections will only apply to the SM
part. The first higher-order contribution consists of the one-
loop 2 → 2 virtual correction that includes also counter-
terms, δPVðλÞ. To this one needs to add the pure SM
radiative, 2 → 3 emission. First of all, for the 2 → 2 one-
loop virtual correction and the gR contribution we may write

P1ðλ; λ0Þ ¼ ðPSM
0 ðλÞ þ δPVðλÞ þ PgR

0 ðλ0ÞÞðPSM
0 ðλÞ

þ δPVðλÞ þ PgR
0 ðλ0ÞÞ�

≃ PVðλ; λ0Þ þ Pano
0 ðλÞPano

0 ðλ0Þ�
− PSM

0 ðλÞPSM
0 ðλ0Þ�; ð9Þ

where

PVðλ; λ0Þ ¼ PSM
0 ðλÞPSM

0 ðλ0Þ� þ PSM
0 ðλÞδPVðλ0Þ�

þ δPVðλÞPSM
0 ðλ0Þ� ð10Þ

Including and integrating over real emission, PSM
R ðλÞ, and

adding it to the virtual correction PVðλ; λ0Þ of Eq. (10) will
give the full NLO SM result. What wewill refer to as the full
NLO (including the LO anomalous part) is

PNLOðλ; λ0Þ ¼ PVðλ; λ0Þ þ PSM
R ðλ; λ0Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

sample 1

þ Pano:
0 ðλÞPano:

0 ðλ0Þ�|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
sample 2

− PSM
0 ðλÞPSM

0 ðλ0Þ�|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
sample 3

: ð11Þ

In order to reproduce the data including both the NLO SM
and the anomalous contribution (with its quadratic part), we
generate three samples for the same phase space point—one
for the full anomalous part at tree-level, one for the SM tree-
level part (which has to be subtracted to avoid double
counting), and one for the SM NLO (which includes the
SM tree, virtual, and real emission).

V. OBSERVABLES

In this section, we review the observables that we will be
using for our analysis of anomalous Wtb couplings. They
consist of asymmetries constructed from the energy and
angular distributions of the top quark decay products in
single top production through the t channel.
We define an asymmetry with respect to a kinematical

variable O by

AO ¼
ROR
Omin

dσ
dO dO −

ROmax
OR

dσ
dO dOROR

Omin

dσ
dO dOþ ROmax

OR

dσ
dO dO

; ð12Þ

where dσ
dO ¼ dσðpp→tX→lþνlbXÞ

dO , l ¼ e, μ, is the differential
cross section of the top quark with respect to the variableO
and OR is a reference point around which the asymmetry
will be evaluated.OR will be chosen such that the evaluated
asymmetry is sensitive to the anomalous coupling and
allows for a comparison of cases of different values of the
parameter. In what follows, kinematical quantities written
with a superscript “0” are given in the top quark’s rest
frame. Otherwise, they are given in the laboratory frame.

A. Lepton polar asymmetry

The polar angle of the charged lepton, denoted by θ0l, is
defined by

cos θ0l ¼ pl · pt

jpljjptj
; ð13Þ

where pl is the three-momentum of the charged lepton in
the top quark rest frame and pt is the top quark three-
momentum in the laboratory frame. This observable is a
good probe of the top quark polarization.1 However, given
that the presence of anomalous coupling changes the chiral
structure of the top quark, we expect that it is a good probe
of the anomalous coupling too. This can clearly be seen in
Fig. 4, where the cos θ0l distribution is plotted in both the
SM and for gR ¼ �0.1. We can see that the effect of the
anomalous coupling on the cos θ0l is important and can
even change the slope of the distribution for gR ¼ −0.1.
Although the presence of cuts (right panel of Fig. 4)
modifies the sensitivity of this observable, it can be used
for searches of the anomalous couplings. However, the
measurement of the polar distribution is quite challenging
since it requires a full reconstruction of the top quark
momentum. This is hard to be achieved due to the presence
of missing energy in the semileptonic decay of the top
quark. Nevertheless, several measurements of the charged
lepton angle in the helicity basis exist, e.g., in the tt̄ system
[109]. Hence, it can possibly be measured in the t-channel
process in the future. From Fig. 4, we define the reference
point for the Aθ0l

to be cos θ0l ¼ 0.

B. Charged lepton energy

In addition to the angular polar distribution in the top
quark’s rest frame, two other observables constructed from
the charged lepton energy are considered here. We define a
dimensionless variable, xl, by

xl ¼ 2El

mt
; ð14Þ

where El is the lepton’s energy in a given frame and mt is
the top quark mass. We consider the energy of the charged

1The top quark direction of flight in the pp center-of-mass
frame defines the spin quantization axis in the helicity basis.
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lepton in two different frames; the top quark’s rest frame
and the pp center-of-mass frame.
It was shown that, in the top quark’s rest frame, this

asymmetry is a pure probe of the anomalousWtb coupling
regardless the top quark production mechanism (or in other
words top quark polarization) [70]. Hence, at the exper-
imental level, full advantage of this observable should be
taken by measuring it in several channels. However, for its
measurement, a reconstruction of the top quark momentum
is needed. We depict the x0l in the SM and for gR ¼ �0.1 in
Fig. 5. The reference point for the corresponding asym-
metry, Ax0l

is chosen to be xl0;c ¼ 0.5, i.e., the value x0l at
the peak position in the SM [74].

The situation is different for xl in the laboratory frame
which is shown in Fig. 6. This observable is sensitive to
both the anomalous coupling as well as the top polarization.
The reason is that under boosts, the energy of the charged
lepton becomes

El ¼ γEl;0ð1þ β cos θ0lÞ; ð15Þ

where β is the boost factor that takes the charged lepton
from the top quark rest frame to the laboratory frame and
γ ¼ ð1 − β2Þ−1=2. Given that cos θ0l is directly correlated
with top quark polarization, we conclude that xl is sensitive
to the polarization of the top quark as well. The xl
distribution has a high sensitivity to the anomalous

FIG. 4. cos θl distribution in the top quark rest frame using full partonic information (left) and with the cuts implemented at the
particle level (right) at NLO.

FIG. 5. xl distribution in the top quark rest frame using full partonic information (left) and with the cuts implemented at the particle
level (right) at NLO.
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coupling for small values of xl for positive values of gR and
in the full range of xl for negative values of gR. However,
this observable has a lower sensitivity to the anomalous
coupling than x0l due to some cancellations that occur
between anomalous couplings and other kinematical fac-
tors [70]. Finally, no reconstruction of the top quark
momentum is needed in order to measure this observable.
A reference point of xl;c ¼ 0.6 is chosen for the evaluation
of the corresponding asymmetry [74].

C. u and z variables

The last two variables from which two different asym-
metries will be evaluated have been proposed in [71] as a
probe of top quark polarization for highly boosted top
quarks. First, a variable u that measures the energy ratio of
the charged lepton to the total visible energy (of the top
quark decay). This variable is defined by

u ¼ El

El þ Eb
; ð16Þ

where El and Eb are the lepton and b-quark (b-jet) energies
in the laboratory frame. It is clear that, from Eq. (16), the u
variable is sensitive to both the top polarization and the
anomalous Wtb coupling since it can be rewritten as

u ¼ ξxl;0ð1þ β cos θ0lÞ
ξxl;0ð1þ β cos θ0lÞ þ ðξ − 1Þð1þ β cos θ0bÞ

; ð17Þ

where ξ ¼ m2
t =M2

W , cos θ
0
b is the polar angle of theb quark in

the top quark rest frame and β is the boost factor. From
Eq. (17), one can see that theuvariable is sensitive to both the
anomalous Wtb coupling and top polarization since it
involves xl;0, cos θX;0 variables. This is fact is already

confirmed by the authors of [70]. We found that including
the anomalousWtb coupling in the production improves the
sensitivity of the u variable on gR. From experimental point
of view, it is possible to measure this variable from a
simultaneous measurements of the both the charged lepton
and b-jet energies in the laboratory frame. This implies that
there is no need for reconstructing the top quark momentum.
We depict the u variable for three different models at NLO in
Fig. 7. From this figure, we choose the reference point
uc ¼ 0.4, which is the intersection point of the three different
curves corresponding to the SM and to gR ¼ �0.1.
Finally, the z variable, which measures the fraction of the

top quark energy taken by the b jet in the laboratory frame,
is defined by

z ¼ Eb

Et
; ð18Þ

where Eb and Et are the energies of the bottom and top
quarks, respectively, in the laboratory frame. Equation (18)
can be rewritten to give

z ¼ ξ − 1

2ξ
ð1þ β cos θ0bÞ: ð19Þ

Hence, we can see that the z variable has mild sensitivity
to the anomalous coupling. Since b quarks are correlated
with top quarks, although with a low correlation coefficient
αb ¼ 40%, the z variable is expected to have some
sensitivity to the polarization. In Fig. 8, we depict the z
variable for the SM and gR ¼ �0.1. We can see that z
variable has a lower sensitivity to the anomalous coupling.
Furthermore, its measurement requires a determination
of the top quark energy, which by itself depends on the
decay mode. The hadronic mode, however, has a larger

FIG. 6. xl distribution in the laboratory frame using full partonic information (left) and with the cuts implemented at the particle level
(right) at NLO.
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background is better for the measurement of the z variable.
The reference point will be chosen to be zc ¼ 0.4.

VI. RESULTS

From the different kinematical distributions shown in
Sec. V, asymmetries are constructed (formore details, see the
Appendix). These asymmetries present, except Az, a high
sensitivity to the anomalous right tensorial coupling, as it is
depicted in Fig. 9, which isweakened at the particle level.We
can see that there are some differences between the central
values of the asymmetries at LO andNLO of about 6%–30%
depending on the particular asymmetry. However, one
notices that these differences are within the theoretical
uncertainties which are depicted in Table III where only

the effect of scale variations is shown. The effect of radiative
corrections on the asymmetries depends on the particular
variable. At the parton level, two asymmetries are perfectly
stable against radiative corrections; i.e., Ax0l

and Au while
the others can receive corrections of 6% for Aθ0l

, 20% for
Az and 30% for Axl. On the other hand, the theoretical
uncertainties due to scale variations are quite large except for
Au both at LO and NLO and for Ax0l

at NLO. At the particle
level, the corrections to the asymmetries are lower than to
the cross sections with again a strong stability against NLO
corrections for Ax0l

and Au. The theoretical uncertainties due
to scale variations are lower than in the parton level casewith
one notable exception, i.e., Az, which has very large
theoretical uncertainties (see Table III).

FIG. 8. z distribution in the laboratory frame using full partonic information (left) and with the cuts implemented at the particle level
(right) at NLO.

FIG. 7. u distribution in the laboratory frame using full partonic information (left) and with the cuts implemented at the particle level
(right) at NLO.
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We perform a χ2 exclusion to obtain the limits on the
anomalous coupling gR. A χ2 is defined as follows,

χ2 ¼
X
O

ðAO − AO;SMÞ2
Δ2

O

; ð20Þ

where O ¼ xl, x0l, cos θ
0
l, z and u. ΔO is the sum, by

quadrature, of the statistical and theoretical uncertainties

on the asymmetry AO in the SM. The former are
defined as

Δstat:
O ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − A2

O

q
ffiffiffiffi
N

p : ð21Þ

where N is the number of events

N ¼ σtBRðt → blνlÞL;
we assume a luminosity of L ¼ 100 fb−1. Values of gR are
excluded within 1σ, 2σ, and 3σ if the corresponding χ2 is
larger than 2.3,5.99, and 11.8, respectively. We show in
Table IV, individual limits obtained from the different

FIG. 9. Dependence of different asymmetries as function of the anomalous coupling at the parton level without cuts (left panel) and at
the particle level with cuts (right panel). The solid (dashed) lines show the dependence at LO (NLO).

TABLE III. Asymmetries and their theoretical uncertainties
in the SM at LO and NLO. The first rows for each asymmetry
show the partonic level results while the second rows the particle
level ones.

LO NLO NLO/LO

Aθ0l 0.110þ0.0000ðþ0.0%Þ
−0.01630ð−14.5%Þ 0.104þ0.0000ðþ0.0%Þ

−0.0155ð−14.9%Þ
0.94

0.347þ0.0000ðþ0.0%Þ
−0.0019ð−0.5%Þ 0.297þ0.0045ðþ1.5%Þ

−0.0023ð−0.7%Þ
0.85

Ax0l
−0.139þ0.0175ðþ12.5%Þ

−0.0000ð−0.0%Þ −0.139þ0.0010ðþ0.7%Þ
−0.0000ð−0.0%Þ 1.0

−0.178þ0.0000ðþ0.0%Þ
−0.0181ð−10.2%Þ −0.178þ0.0025ðþ1.4%Þ

−0.0000ð−0.0%Þ 1.0

Axl −0.117þ0.0194ðþ16.5%Þ
−0.0000ð−0.0%Þ −0.091þ0.0000ðþ0.0%Þ

−0.0063ð−6.9%Þ 1.3

−0.089þ0.0000ðþ0.0%Þ
−0.0117ð−13.1%Þ −0.119þ0.0073ðþ6.1%Þ

−0.0039ð−3.2%Þ 1.3

Au 0.133þ0.0000ðþ0.0%Þ
−0.0019ð−1.4%Þ 0.131þ0.0000ðþ0.0%Þ

−0.0130ð−9.9%Þ
1.0

0.271þ0.0106ðþ3.9%Þ
−0.0000ð−0.0%Þ 0.242þ0.0019ðþ0.7%Þ

−0.0038ð−1.5%Þ
0.9

Az −0.090þ0.0120ðþ13.3%Þ
−0.0000ð−0.0%Þ −0.074þ0.0000ðþ0.0%Þ

−0.0024ð−3.0%Þ 0.8

−0.013þ0.0000ðþ0.0%Þ
−0.0074ð−56.9%Þ −0.010þ0.0085ðþ85%Þ

−0.0000ð−0.0%Þ 0.8

TABLE IV. Individual expected limits at 1σ on the anomalous
coupling gR at LO and NLO using full partonic information (first
rows) and at the particle level (second rows).

Asymmetry LO NLO

Aθ0l
½−0.0380; 0.0440� ½−0.0480; 0.0541�
½−0.0052; 0.0053� ½−0.0082; 0.0086�

Ax0l
½−0.0417; 0.0446� ½−0.0026; 0.0026�
½−0.0486; 0.0542� ½−0.0069; 0.0070�

Axl ½−0.0500; 0.0605� ½−0.0193; 0.0204�
½−0.0261; 0.0321� ½−0.0122; 0.0131�

Au ½−0.0046; 0.0047� ½−0.0036; 0.0036�
½−0.0302; 0.0402� ½−0.0080; 0.0085�

Az ½−0.0702; 0.1912� ½−0.0738; 0.1987�
½−0.1756; 0.0876� ½−0.0702; 0.0490�
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asymmetries at 1σ both at LO and NLO. We can see that
all the asymmetries but Az give strong constraints on the
anomalous coupling. Furthermore, the limits placed on
the anomalous coupling from Axl and Aθ0l

are strenghten,
at the particle level, by about a factor of 2 and 7, respectively.
This is due to the large theoretical uncertainties on those
observables at the partonic level which are significantly
reduced when showers and cuts are implemented. Overall,
constraints on the anomalous right tensorial coupling are
stronger at NLO due to the reduction of theoretical and
statistical uncertainties. Before discussing the combination
of different asymmetries and its effect on the anomalous
coupling, we comment about the experimental uncertainties.
Generally, measurement of the asymmetries Ax0l

and Aθ0l
introduces additional systematic uncertainties since they
involve the reconstruction of the top quark rest frame which
is very hard for single top production. Hence, although the
Ax0l

asymmetry is resilient toNLOcorrections, itmight not be
very efficient in the determination of the anomalous cou-
pling. On the other hand, among all the laboratory frame
asymmetries, Au is the most sensitive and involving less sys-
tematics (both theoretical and experimental) uncertainties.2

Combining two asymmetries at one time improves

significantly the limits on gR. We found that combining
Ax0l

and Au gives ½−0.0048; 0.0048� (½−0.0021; 0.0021�) at
LO (NLO) at the parton level at1σ.While at the particle level,
those limits are weakened to give ½−0.0261; 0.0312�
(½−0.0052; 0.0053�) at LO (NLO).
These limits can be improved by combining more than

one asymmetry at a time. As an example, we estimate
projected limits using ten different combinations of the
three different asymmetries. We can see in Tables V–VI
that the limits are improved by about 1 order of magnitude
from those obtained using one asymmetry at a time. In
Table V, we show these limits at the partonic level. We can
see that, at LO, the six different combinations of the three
asymmetries give gR ∈ ½−0.0103; 0.0107� at 3σ. The sit-
uation is different for the NLO case, where the limits are
improved by a factor of 2 from the combinations
ðAu; Axl ; Ax0l

Þ and ðAu; Ax0l
; Aθ0l

Þ yielding gR in the interval
½−0.0047; 0.0048�. On the other hand, including showers
and cuts do not change much the limits that we obtain but
only the combination of the asymmetries change. In
Table VI, we can see that six asymmetries give the strongest
limit at LO; i.e., gR ∈ ½−0.0112; 0.0121�. While at NLO,
we obtain gR ∈ ½−0.0099; 0.0104� using the ðAu; Ax0l

; Aθ0l
Þ

combination. However, as this combination involves
the Aθ0l

asymmetry which requires full reconstruction of
the top quark direction of motion. Hence, that either the

TABLE V. Limits on the anomalous coupling gR at 1σ, 2σ and 3σ at the partonic level without cuts. The first row
for each combination represents the interval at LO while the second row represents the NLO exclusion.

Combination 1σ 2σ 3σ

ðAu;Az;AxlÞ ½−0.0046;0.0047� ½−0.0074;0.0076� ½−0.0103;0.0107�
½−0.0035;0.0036� ½−0.0057;0.0058� ½−0.0079;0.0082�

ðAu;Axl ;Ax0l
Þ ½−0.0046;0.0046� ½−0.0074;0.0076� ½−0.0103;0.0107�

½−0.0021;0.0021� ½−0.0034;0.0034� ½−0.0047;0.0048�
ðAxl ;Ax0l

;Aθ0l
Þ ½−0.0250;0.0266� ½−0.0397;0.0438� ½−0.0547;0.0629�

½−0.0026;0.0026� ½−0.0042;0.0042� ½−0.0058;0.0059�
ðAu;Az;Aθ0l

Þ ½−0.0046;0.0046� ½−0.0074;0.0076� ½−0.0103;0.0107�
½−0.0036;0.0036� ½−0.0058;0.0059� ½−0.0080;0.0083�

ðAu;Az;Ax0l
Þ ½−0.0046;0.0046� ½−0.0074;0.0076� ½−0.0103;0.0107�

½−0.0021;0.0021� ½−0.0034;0.0034� ½−0.0048;0.0048�
ðAu;Axl ;Aθ0l

Þ ½−0.0046;0.0047� ½−0.0074;0.0076� ½−0.0103;0.0107�
½−0.0035;0.0036� ½−0.0056;0.0058� ½−0.0079;0.0082�

ðAu;Ax0l
;Aθ0l

Þ ½−0.0046;0.0046� ½−0.0074;0.0076� ½−0.0103;0.0107�
½−0.0021;0.0021� ½−0.0034;0.0034� ½−0.0047;0.0048�

ðAz;Axl ;Aθ0l
Þ ½−0.0294;0.0335� ½−0.0458;0.0562� ½−0.0622;0.0822�

½−0.0178;0.0189� ½−0.0283;0.0312� ½−0.0393;0.0449�
ðAz;Ax0l

;Aθ0l
Þ ½−0.0274;0.0299� ½−0.0430;0.0496� ½−0.0588;0.0713�

½−0.0026;0.0026� ½−0.0042;0.0042� ½−0.0059;0.0059�
ðAz;Axl ;Ax0l

Þ ½−0.0309;0.0348� ½−0.0482;0.0581� ½−0.0654;0.0840�
½−0.0026;0.0026� ½−0.0042;0.0042� ½−0.0059;0.0059�

2However, it is expected that experimental systematic errors
drop when asymmetries are used.
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ðAu; Axl ; AzÞ or ðAu; Axl ; Ax0l
Þ will do a better job in

pinning down the anomalous coupling even the obtained
limits are milder than ðAu; Ax0l

; Aθ0l
Þ.

Now, let us compare our findings with the other results in
the literature that used different observables in different
channels—W-boson angular observables, single top pro-
duction cross sections at hadron colliders, etc. In
Ref. [110], limits were obtained from single top production
at both the Tevatron and the LHC, they obtained −0.12 <
gR < 0.13 for the LHC and −0.24 < gR < 0.25 for the
Tevatron. In their simulation, they considered pp, pp̄ →
Wbb̄ and pp, pp̄ → Wbb̄þ jet processes at tree level and
included VL, gL and gR anomalous couplings using both
background contribution as well signal contribution from
top quark decays (i.e., s-channel process). In [111], a
detailed study of ATLAS sensitivity to the top quark and
W-boson polarization in tt̄ production using both semi-
leptonic and dileptonic channels was carried out. This
analysis was translated to limits on the anomalous Wtb
couplings, top quark decay into a charged Higgs boson, and
constraints on resonances. UsingW boson polarization, and
assuming the presence of all the anomalous couplings with
VL ¼ Vtb, they got limits on gR, i.e., gR ∈ ½−0.065; 0.070�
at 3σ. Limits on gR were obtained by the authors of [112]
using helicity fractions, some angular and energetic asym-
metries and spin-spin correlations observables in tt̄ pro-
duction at the LHC. They obtained −0.019 < gR < 0.018
at the 1σ level by using the Aþ asymmetry defined by

Aþ ¼ Nðcos θ�l > zÞ − Nðcos θ�l < zÞ
Nðcos θ�l > zÞ þ Nðcos θ�l < zÞ

¼ 3β½F0 þ ð1þ βÞFR� ð22Þ

where cos θ�l is the polar angle of the charged lepton with
respect to the W-boson direction of flight in the W-boson
rest frame, F0;R are W-boson helicity fractions, z ¼
−ð22=3 − 1Þ is a reference point and β ¼ 21=3 − 1 is a
numerical factor. This observable was introduced in order
to fully reconstruct the lepton angular distribution in the
W-boson rest frame. We notice that the reference value
z ¼ 0 gives the usual forward-backward asymmetry which
is equal to 3=4ðFL − FRÞ. In [112], they assumed the
presence of all anomalous Wtb couplings. In [113],
sensitivity of the ATLAS experiment on the anomalous
Wtb couplings was studied. The study concerned tt̄
production with semileptonic final state. In [113],W-boson
helicity fractions, ratios of helicity fractions and new
angular asymmetries were studied. A systematic study of
the different background contributions was carried includ-
ing detector effects and particle reconstruction effeciencies.
All the anomalous couplings were included and individual
limits on gR were obtained by setting gL ¼ VR ¼ 0 and
VL ¼ Vtb. The stringent bound on gR was obtained from
the A− asymmetry, i.e., gR ∈ ½−0.0166; 0.0282�. By setting
two couplings to be nonzero at a time and combining four
measurements, they got the strongest constraint on gR, i.e.,
½−0.0108; 0.0175�, which was obtained in combination

TABLE VI. Same as Table V but at the particle level.

Combination 1σ 2σ 3σ

ðAu; Az; AxlÞ ½−0.0202; 0.0233� ½−0.0314; 0.0403� ½−0.0426; 0.0616�
½−0.0067; 0.0070� ½−0.0108; 0.0115� ½−0.0149; 0.0164�

ðAu; Axl ; Ax0l
Þ ½−0.0189; 0.0215� ½−0.0294; 0.0368� ½−0.0410; 0.0555�

½−0.0048; 0.0049� ½−0.0078; 0.0080� ½−0.0108; 0.0113�
ðAxl ; Ax0l

; Aθ0l
Þ ½−0.0050; 0.0052� ½−0.0081; 0.0085� ½−0.0112; 0.0121�

½−0.0049; 0.0049� ½−0.0078; 0.0081� ½−0.0110; 0.0114�
ðAu; Az; Aθ0l

Þ ½−0.0051; 0.0053� ½−0.0081; 0.0086� ½−0.0113; 0.0122�
½−0.0058; 0.0059� ½−0.0092; 0.0097� ½−0.0128; 0.0138�

ðAu; Az; Ax0l
Þ ½−0.0259; 0.0300� ½−0.0461; 0.0515� ½−0.0541; 0.0768�

½−0.0053; 0.0054� ½−0.0085; 0.0087� ½−0.0118; 0.0123�
ðAu; Axl ; Aθ0l

Þ ½−0.0050; 0.0052� ½−0.0080; 0.0084� ½−0.0114; 0.0120�
½−0.0052; 0.0054� ½−0.0084; 0.0088� ½−0.0117; 0.0125�

ðAu; Ax0l
; Aθ0l

Þ ½−0.0051; 0.0052� ½−0.0081; 0.0085� ½−0.0113; 0.0121�
½−0.0044; 0.0045� ½−0.0071; 0.0073� ½−0.0099; 0.0104�

ðAz; Axl ; Aθ0l
Þ ½−0.0051; 0.0052� ½−0.0081; 0.0086� ½−0.0112; 0.0121�

½−0.0068; 0.0071� ½−0.0109; 0.0116� ½−0.0152; 0.0165�
ðAz; Ax0l

; Aθ0l
Þ ½−0.0051; 0.0052� ½−0.0082; 0.0086� ½−0.0114; 0.0123�

½−0.0053; 0.0054� ½−0.0085; 0.0087� ½−0.0119; 0.0123�
ðAz; Axl ; Ax0l

Þ ½−0.0231; 0.0264� ½−0.0363; 0.0447� ½−0.0495; 0.0661�
½−0.0060; 0.0061� ½−0.0097; 0.0100� ½−0.0136; 0.0140�
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with gL and considerably improves the limit from Aþ alone.
In [114], limits on gL;R were obtained using the cross
section of single top production through the tW channel at
the partonic level assuming VL ¼ Vtb and VR ¼ 0. They
obtained gR ∈ ½−0.105; 0.041� assuming a 25% systematic
uncertainties. In Ref. [115], limits on anomalous Wtb
couplings were obtained using single top production at
the LHC. On the one hand, they obtained limits by
combining single top production cross section through
the t, s, and tW channels with the ratio R defined by

R ¼ σðpp → t̄þ jÞ
σðpp → tþ jÞ :

They found gR ∈ ½−0.10; 0.14� assuming VR ¼ 0, VL ¼
Vtb and gL ≠ 0. Then, they included top quark decay
observables such as W-boson helicity fractions and their
ratios. The obtained limit is −0.012 < gR < 0.024 which is
about 1 order of magnitude better than those obtained from
cross-section measurements alone. In [116], limits on
anomalous Wtb couplings were obtained using new pro-
posed observables which consist of angular distributions
which probe the W boson polarization and assuming that
only one coupling is nonzero at a time or they are either
purely real or purely imaginary. They got the following
limits at 3σ

jReðgRÞj > 0.056 from measurement of Aþ;

jImðgRÞj > 0.115 from measurement of AN
FB;

where AN
FB is a proposed asymmetry which vanishes for

real anomalous couplings.
The authors of [72], derived limits on the anomalous

coupling gR in tW− production at the LHC using top quark
polarization, charged lepton energy distribution and azi-
muthal asymmetry at 7 and 14 TeV, they obtained the limit
−0.010 < ReðgRÞ < 0.015 at 1σ from the combination of
three asymmetries assuming VL ¼ 1 and VR ¼ gL ¼ 0.
The authors of [117] obtained limits on the anomalousWtb
couplings from the ATLAS and CMS measurements of
single top quark production cross section through the
t-channel and top quark decay observables at 7 TeV at
95% CL. Different limits on VL, VR, gL and gR were
obtained by different combinations of the observables. In
[118], limits were obtained by considering top quark
production at a future Large Hadron electron Collider
(LHeC). They proved that the sensitivity to the different
anomalous couplings can be significantly improved
in this new collider environment using several angular
observables. Using tW− production at the LHC at

ffiffiffi
s

p ¼
7 ⊕ 14 TeV, the authors of [75] obtained limits on the
tensorial right coupling and the anomalous top-gluon
coupling by combining the azimuthal asymmetry, top quark
polarization and energy asymmetries of the b quark and the
charged lepton. They got gR ∈ ½−0.03; 0.08� at the 1σ level
at the parton level.

VII. CONCLUSIONS

In this work, we studied the sensitivity of asymmetries
constructed from energy and angular distributions of the
top quark’s decay products on the anomalous right tensorial
coupling in single top production through the t channel
at the LHC at

ffiffiffi
s

p ¼ 13 TeV and with an effective lumi-
nosity of 100 fb−1. We included for the first time the
contribution of the anomalous coupling in the production
with NLO effects. The study was carried both at the parton
level and at the particle level with some loose cuts applied
on different kinematical variables. We found that asymme-
tries in the laboratory frame are more suitable to constrain
anomalous couplings. However, it is worth to investigate
the potential of rest frame observables in the search of
anomalous couplings although they need a reconstruction
of top quark rest frame. Moreover, these observables
present some resilience, within theoretical uncertainties,
to next-to-leading order corrections. Furthermore, We
found that combination of different asymmetries at one
time gives even stronger limits. With their important
sensitivity to the anomalous coupling, these observables
are competitive with W-boson helicity fractions and other
related observables. Hence, taking into account these
observables for future experimental searches seems to be
indispensable.
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APPENDIX: INTERPOLATIONS

From energy and angular based observables, appropriate
asymmetries are constructed. We have generated MC
samples for each value of the anomalous coupling gR
corresponding to an integrated luminosity of 100 fb−1. The
asymmetries were computed for each value of the anoma-
lous coupling

gR ∈ f−0.2;−0.15;−0.1; 0.0; 0.1; 0.15; 0.2g:
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Where we have investigated the asymmetries both at LO and NLO both at the parton level (without cuts) and at the particle
level (with the cuts outlined in Sec. III). To model the behavior of the asymmetries as function of the anomalous coupling,
an interpolation to the computed asymmetries was performed. We have adopted a sixth-order polynomial defined as3

AO ¼
X6
i¼0

ζOi g
i
R; ðA1Þ

where ζOi ; i ¼ 0;…; 7 is a set of coefficients determined from the fit and corresponding to the observable O such that
ζO0 ¼ AOðSMÞ. In Tables VII–VIII, we show the interpolations’ results for the different asymmetries.

TABLE VII. The values for the interpolation parameters defined in Eq. (A1) at LO (first rows) and NLO (second
rows) using full information at the partonic level.

AO ζ0 ζ1 ζ2 ζ3 ζ4 ζ5 ζ6

Aθ0l
0.110 0.620 −0.792 0.526 2.850 −35.518 −0.962
0.104 0.558 −0.673 0.630 9.076 −32.390 −167.54

Ax0l
−0.139 0.618 −0.493 0.299 9.457 −4.994 −159.285
−0.139 0.680 −0.229 −6.307 4.152 121.203 −161.842

Axl −0.117 0.543 −0.919 −0.328 −0.177 −6.157 42.055
−0.091 0.534 −0.751 −2.562 −1.714 39.264 9.814

Az −0.013 −0.09 1.305 −1.500 −15.38 12.78 213.55
−0.010 −0.089 1.254 −0.591 −26.750 0.989 442.58

Au 0.133 0.639 −1.143 −0.007 1.615 −6.709 17.189
0.131 0.638 −1.186 −3.721 17.201 66.602 −284.922

TABLE VIII. The values for the interpolation parameters defined in Eq. (A1) at LO (first rows) and NLO (second
rows) using events with kinematical cuts at the particle level.

AO ζ0 ζ1 ζ2 ζ3 ζ4 ζ5 ζ6

Aθ0l
0.347 0.628 −2.062 0.0126 −0.026 −20.652 69.380

0.297 0.651 −1.633 −1.315 −5.174 4.389 63.932

Ax0l
−0.178 0.536 −0.608 1.205 23.422 −17.264 −381.304
−0.178 0.584 −0.451 −2.959 27.175 54.492 −516.980

Axl −0.089 0.628 −2.176 −1.906 21.880 21.691 −252.617
−0.119 0.686 −1.811 −6.792 17.724 111.140 −280.239

Az −0.090 −0.150 1.803 −1.320 −25.006 −13.460 334.648
−0.075 0.0104 1.229 4.397 4.690 −108.563 −75.249

Au 0.271 0.481 −2.098 0.169 15.691 3.567 −219.977
0.242 0.574 −1.825 −5.152 11.531 102.039 −234.340

3Other functional forms of the interpolation are possible as well and yield similar results.
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