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We study the W boson associated single top quark production at the Large Hadron Collider to probe
anomalous chromomagnetic and chromoelectric moments of the top quark with the help of polarization and
spin correlation observables besides the cross section in the leptonic final state. We reconstruct the two
neutrinos in the final state using theMT2 assisted on-shell reconstruction method to measure the polarization
and spin correlation asymmetries of the top quark and theW boson. We estimate the limits on the anomalous
moments in a detector-level simulation considering possible backgrounds for a few sets of integrated
luminosities and examine the effect of systematic uncertainties.
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I. INTRODUCTION

The top quark being the heaviest known elementary
particle in the StandardModel (SM), its coupling strength to
the Higgs boson is stronger than the other SM particles, and
it thus offers a natural testing ground for any beyond the SM
physics (BSM) that affect electroweak (EW) symmetry
breaking. The top quark gets produced copiously in the pair
production process through qq̄ and gg initial state. However,
the single top quark production in association with a quark
(including b quark) or aW boson is significant enough to be
observed at the high energy available at the Large Hadron
Collider (LHC). The single top quark production in asso-
ciation with a W boson (tW ≡ tW− þ t̄Wþ) process has
been observed at the LHC [1–7] and the measured pro-
duction cross section matches well with the existing state
of the art theoretical estimate with higher order corrections
in quantum chromodynamics (QCD) [8–12] and electro-
weak [13]. The leading order (LO) Feynman diagrams for
the production tW process are represented in Fig. 1. Besides
top quark pair (tt̄) production, the tW production process
provides a complementary channel to test for BSM physics
connecting to top quark. In this article, we intend to probe

any deviation to the gtt̄ couplings in tW production as
complementary to the tt̄ production process [14–32].
Deviation to the gtt̄ coupling produces anomalous chro-
momagnetic dipole moment (CMDM) and chromoelectric
dipole moment (CEDM) of the top quark. These anoma-
lous moments are zero at the tree level in the SM, and
they receive nonzero small contributions coming from
higher order effects. The CMDM arises at the one-loop
level from both the quantum chromodynamics (QCD) and
EW sectors [33–36]. On the other hand, the CEDM
appears only at three-loop levels, arising from the complex
phase in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [37,38].
The gtt̄ interaction Lagrangian, including possible

deviation, is generally parametrized in a model-independent
way as [14,15]

L gtt ¼ −gst̄γμGa
μ
λa

2
t−

gs
2mt

t̄σμνðμ̂t þ id̂tγ5ÞGa
μν
λa

2
t: ð1Þ

FIG. 1. Leading order Feynman diagrams representing
tW− production. The blob in the t-channel diagram in the right
panel represents the presence of anomalous contribution to the
gtt̄ vertex.
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Here μ̂t and d̂t are the top quark CMDM and CEDM,
respectively; λ are the Gell-Mann matrices; Gμν is the gluon
field strength tensor; gs is the strong coupling constant;mt is
the top quark mass. The couplings μ̂t and d̂t are CP even
and odd, respectively.
The deviation to gtt̄ can also be parametrized by higher

dimensional effective operators constructed from the SM
fields. At the lowest order, the anomalous gtt̄ couplings
receive contribution from the dimension-6 operator [39–43]

OuGΦ ¼ ðt̄λaσμνtÞΦ̃Ga
μν; ð2Þ

where Φ is the Higgs doublet and Φ̃ ¼ iτ2Φ⋆. The
anomalous couplings μ̂t and d̂t in Eq. (1) are related to
the Wilson coefficients (WC) of the operator OuGΦ as [43]

d̂t ¼
1ffiffiffi
2

p
mt

ImðCuGΦÞ
vmt

Λ2
;

μ̂t ¼
1ffiffiffi
2

p
mt

ReðCuGΦÞ
vmt

Λ2
; ð3Þ

where CuGΦ is the WC, Λ is some cutoff energy scale, and
v ¼ 246 GeV is the vacuum expectation value of the
Higgs field.
The anomalous gtt̄ couplings have been studied earlier

in the tt̄ production process [15,17,19–32], in the tW
process [44–46], and also in the tt̄h process [47,48]. On
the experimental side, these couplings have been probed
in various experiments [14,18,49]. A recent study by
CMS [14] in the tt̄ production process provides the tightest
constraint on CMDM to be

−0.044 < μ̂t < þ0.005; ð4Þ

and for CEDM to be

jd̂tj < 0.03; ð5Þ

at 95% confidence level (CL). In addition to anomalous gtt̄
coupling, the tW production process has also been studied
to probe various other new physics phenomena [46,50–56].

The top quark and the W boson being massive, their
polarizations and spin correlations are transferred to their
decay products’ angular distributions [57,58]. The polar-
izations and spin correlations are sensitive to any BSM
physics affecting the production mechanism. In this
article, we intend to probe the anomalous gtt̄ couplings
in the leptonic final state of the tW production process
using the polarization and the spin correlation observables
of the top quark and W boson. We note that polarization
and spin correlation has been used earlier to probe gtt̄
couplings in the tt̄ production process [17–19,32,59]. The
polarization of the top quark has also been studied in
single top quark production processes to understand the
SM background [60–62]. Possible deviation to the tbW
vertex has been studied in the tW process using polari-
zation of top quark and W boson [53,59,63–65]. For
simplicity, we neglect the contribution of anomalous tbW
couplings in our study.
For the measurement of polarization and spin correla-

tion, one has to study the angular distributions of the
decay products at the rest frame of the top quark and theW
boson. This requires one to reconstruct the top quark and
W boson four-momenta, which requires the reconstruction
of two missing neutrinos in the final state. We use the
collider variable MT2 [66,67] assisted on-shell (MAOS)
[68] reconstruction technique to reconstruct the four-
momenta of the missing neutrinos.
The rest of the article is arranged as follows. In Sec. II,

we discuss the formalism for the polarization and spin
correlation in the tW− production process. In Sec. III, we
discuss reconstructing the momenta of two missing neu-
trinos using the MAOS algorithm, and in Sec. IV, we probe
the anomalous couplings and study the effect of luminosity
and systematic uncertainties. We conclude in Sec. V.

II. POLARIZATIONS AND SPIN CORRELATIONS

The polarizations of the top quark and W boson,
including their spin correlations, can be parametrized in
a spin-correlated density matrix given by [58]

PtWðλt; λW; λ0t; λ0WÞ ¼
1

6

�
I2×2 ⊗ I3×3 þ P⃗t · σ⃗ ⊗ I3×3 þ

3

2
I2×2 ⊗ P⃗W · S⃗þ

ffiffiffi
3

2

r
I2×2 ⊗ TW

ij fSi; Sjg

þ pptW
ij σi ⊗ Sj þ pTtW

ijkσi ⊗ fSj; Skg
�
ði; j∈ ½x≡ 1; y≡ 2; z≡ 3�Þ ð6Þ

with λtðWÞ as the helicity of tðWÞ, σ as the Pauli spin
matrices, and S as the spin matrices for the spin-1 particle.
Here, pt=W

i are the vector polarizations of the top quark and
W boson, TW

ij are the tensor polarizations ofW boson, pptW
ij

are the vector-vector spin correlations, and pTtW
ijk represent

the vector-tensor spin correlations of the top quark and the
W boson. The tensor pTtW are symmetric and traceless
under the last two indices, similar to the case of TW .
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Therefore, in the tW process, we have six vector and five
tensor polarization parameters; nine vector-vector spin
correlations, and 15 vector-tensor spin correlations param-
eters making a total 35 independent polarization and spin
correlation parameters. These polarization and spin corre-

lation parameters can be obtained from the distribution of
the top quark and theW boson’s decay products obtained at
their rest frame. The joint angular distribution of the leptons
coming from both top quark and W (in their respective rest
frame) is given by [58]

1

σ

dσ
dΩltdΩlW

¼ 1

16π2

�
1þ αtpt

ic
lt
i þ 3

2
αWpW

i c
lW
i þ

ffiffiffi
3

2

r
ð1 − 3δWÞTW

ij c
b
i c

lW
j ði ≠ jÞ

þ 1

2

ffiffiffi
3

2

r
ð1 − 3δWÞðTW

11 − TW
22ÞððclW1 Þ2 − ðclW2 Þ2Þ þ 1

2

ffiffiffi
3

2

r
ð1 − 3δWÞTW

33ð3ðclW3 Þ2 − 1Þ

þ αtαWpptW
ij c

lt
i c

lW
j þ αtð1 − 3δWÞpTtW

ijkc
lt
i c

lW
j clWk ðj ≠ kÞ

þ 1

2
αWð1 − 3δWÞðpTtW

i11 − pTtW
i22Þclti ððclt1 Þ2 − ðclW2 Þ2Þ þ 1

2
αtð1 − 3δWÞpTtW

i33c
lt
i ð3ðclW3 Þ2 − 1Þ

�
ð7Þ

with σ as the total cross section including the decay and
dΩ ¼ sin θdθdϕ as the measure of the solid angle of the
daughter leptons. Here, cx ≡ c1, cy ≡ c2, and cz ≡ c3 are
the angular functions of the leptons, i.e.,

clx ¼ sinθl cosϕl; cly ¼ sinθl sinϕl; clz ¼ cosθl ð8Þ

and ltðWÞ denotes lepton decayed from the top quark
(W boson). The analyzing powers α have the values
αt ¼ 1 ¼ −αt̄, αW� ¼ �1, and δW ¼ 0 in the SM [57].
We have neglected any possible anomalous tbW couplings
in the top quark decay.
The polarization and spin correlation parameters can be

obtained by constructing some asymmetries partially inte-
grating with respect to θ and ϕ of the decay products. For
example, the tensor polarization TW

12 of theW boson can be
obtained from the asymmetry [69]

A½TW
12� ¼

�Z
π

θlW¼0

Z π
2

ϕlW
¼0

−
Z

π

θlW¼0

Z
π

ϕlW
¼π

2

þ
Z

π

θlW¼0

Z
3π
2

ϕlW
¼π

−
Z

π

θlW¼0

Z
2π

ϕlW
¼3π

2

�
dΩlW

×

�
1

σ

dσ
dΩlW

�

¼ 2

π

ffiffiffi
2

3

r
ð1 − 3δWÞTW

12; ð9Þ

where the angles of lt are integrated out. The spin
correlation parameters are obtained from asymmetries that
involve partial integration of the angles related to both lt
and lW . The asymmetries for the other polarization
parameters are given by [69]

A½pt
i� ¼

1

2
αtpt

i;

A½pW
i � ¼

3

4
αBpB

i ;

A½TW
ij � ¼

2

π

ffiffiffi
2

3

r
ð1 − 3δWÞTW

ij ði ≠ jÞ;

A½TW
11−22� ¼

1

π

ffiffiffi
2

3

r
ð1 − 3δWÞTW

11−22;

A½TW
33� ¼

3

8

ffiffiffi
2

3

r
ð1 − 3δWÞTW

33; ð10Þ

where we have used TW
11−22 ¼ TW

11 − TW
22. The asymmetries

for the vector-vector and vector-tensor spin correlations are
given by [58]

A½pptW
ij � ¼

1

4
αtαWpptW

ij ;

A½pTtW
iðjkÞ� ¼

2

3π
αtð1 − 3δWÞpTtW

iðjkÞ; ðj ≠ kÞ;

A½pTtW
ið11−22Þ� ¼

1

3π
αtð1 − 3δWÞpTtW

ið11−22Þ;

A½pTtW
i33� ¼

3

16π
αtð1 − 3δWÞpTtW

i33: ð11Þ

In the above equation, we have denoted pTtW
ið11−22Þ ¼

pTtW
i11 − pTtW

i22 in the same spirit of T11−22. For numerical
calculation, the asymmetries related to polarization and
spin correlation parameters can be obtained as

APol
i ¼ σðClt=lWi > 0Þ − σðClt=lW

i < 0Þ
σðClt=lWi > 0Þ þ σðClt=lWi < 0Þ

;

ACorr
ij ¼ σðClti ClWj > 0Þ − σðClti ClWj < 0Þ

σðClti ClWj > 0Þ þ σðClti ClWj < 0Þ ; ð12Þ
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where angular functions

Clt=lWi ∈ ½cx; cy; cz�

are associated with vector polarization, while for tensor
polarization (available only for W), the following are the
angular functions:

ClWi ∈
�
cxcy; cxcz; cycz; c2x − c2y; j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2x þ c2y

q
jð4c2z − 1Þ

�
:

In Eq. (12), “Pol” and “Corr” represent the polarization and
spin correlation, respectively. The full machinery of the
polarizations and spin correlations in a system of spin-1=2
and spin-1 particles can be found in Ref. [58].
In the next section, we discuss the reconstruction of

four-momenta of the missing neutrinos in order to obtain
the polarization and spin correlation in the leptonic tW
production process.

III. RECONSTRUCTION
OF NEUTRINO MOMENTA

The process of our interest in this article is the single
production of a top quark associated with a W boson
followed by their leptonic decay in a hadronic collider,
which amounts to two invisible neutrinos. The construction
of polarization and spin correlation asymmetries of the top
quark and W boson that we discussed above requires us to
see the angular distributions of the daughter leptons at the
rest frame of their respective mother particles. This requires
one to reconstruct the momenta of the two missing neutrinos
in our process. We follow the MAOS reconstruction method
described in Ref. [68], and for completeness, we describe
the procedure here. The reaction of our interest for the tW−

production can be defined with individual momenta as

pp→ tð1ÞW−ð2Þ→ bðp1Þlþðp2Þνlðk1Þl−ðp3Þν̄lðk2Þ: ð13Þ

The production of antitop quark along with Wþ boson
would be the charge conjugation of the process given in
Eq. (13). Assuming that the top quark and the W boson are
produced on shell, we have the following on-shell con-
straints:

ðp1 þ p2 þ k1Þ2 ¼ m2
t ;

ðp3 þ k2Þ2 ¼ m2
W; ð14Þ

k2i ¼ 0: ð15Þ

One more constraint arises due to the total missing trans-
verse momenta given by

=⃗pT ¼ k⃗1T þ k⃗2T; ð16Þ

where k⃗1T and k⃗2T are the transverse momenta of the two
neutrinos. Equations (14) and (16) provide six constraints
on eight unknowns, kμi (i ¼ 1, 2), and we parametrized the

two-parameter family of solutions by k⃗1T. For any real
choice of k⃗1T ¼ k̃1T , the longitudinal components of neu-
trino momenta are given by

kiL ¼ 1

ðEV
iTÞ2

�
piLAi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
iL þ ðEV

iTÞ2
q

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
i − ðEV

iTÞ2ðEχ
iTÞ2

q �
; ð17Þ

where V and χ represent visible and invisible (neutrinos)
particles, respectively. Here,EiT is the transverse energy and
Ai is defined as

Ai ¼
1

2
ðm2

W −m2
χ − p2

i Þ þ p⃗iT · k⃗iT: ð18Þ

The solutions for the longitudinal components of the
neutrinos will be real if and only if jAij ≥ EV

iTE
χ
iT which

is equivalent to

mW ≥ maxfMð1Þ
T ;Mð2Þ

T g; ð19Þ

where

MðiÞ
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
i þ 2ðEV

iTE
χ
iT − p⃗iT · k⃗iTÞ

q
ð20Þ

corresponds to the transverse mass of theWs and pis are the
four-momenta of the visible daughter of W boson. From

Eq. (19), it can be found that the best choice of ˜k⃗T is the one

minimizing maxfMð1Þ
T ;Mð2Þ

T g, i.e., the value giving the
collider variable MT2 [66,67]:

MT2ðpi;mχÞ≡ min
k⃗1Tþk⃗2T¼p⃗

½maxfMð1Þ
T ;Mð2Þ

T g�; ð21Þ

where mχ is the assumed mass of the invisible particle,
which is set to zero. In cases where the solutions are
imaginary, the values ofmW are varied 1000 times following
the normal distribution with a mean of 80.4 GeV and
standard deviation of 20 GeV. Events are only accepted if
real solutions are found within the given iteration. In
general, as can be seen in Eq. (17), two solutions exist
for the longitudinal momenta of each neutrino. In the case of
the neutrino from the top quark side, we use the on-shell top
mass constraint, i.e., we choose the solution that provides
the minimum jmTrue

W −mReco
W j. With the chosen neutrino

solution coming from the top chain, we then choose the
solution of neutrino momenta coming from W− decay by
demanding minimum reconstructed partonic center of mass
energy

ffiffiffî
s

p ≡mtW−.
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A. Reconstruction of angular variables

We study the goodness of the MAOS method for the
measurement of polarization and spin correlation parame-
ters in the tW− process by comparing the reconstructed
angular distributions with the truth level results. We
simulate the events for the tW− process in the t →
bμþνμ;W− → e−ν̄μ channel using MadGraph5_aMC@NLO

(v2.6.7) [70] at the
ffiffiffi
s

p ¼ 13 TeV LHC framework using a
diagonal CKM matrix at LO in QCD. A flavor factor of
4 is accounted for in the analysis. We use NNPDF31 [71]
set for the parton distribution functions (PDFs) with
αsðmZÞ ¼ 0.118. We applied some minimum kinematic
cuts such as the transverse momenta (pT), pseudorapidity
(η), and geometric distance (ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔϕÞ2 þ ðΔηÞ2

p
) on

the final state jets and leptons while generating events. The
generation level cuts are

pTðjÞ ≥ 20 GeV; pTðlÞ ≥ 10 GeV;

jηðjÞj ≤ 4.5; jηðlÞj ≤ 2.5; ΔRðl=j;lÞ ≥ 0.4: ð22Þ

The generated events are then passed to PYTHIA (v8.306) [72]
for showering and hadronization, and further detector
response is simulated using the DELPHES (v3.5.0) [73] pack-
age. After the DELPHES simulation, the objects undergo
further selection cuts. The jets are reconstructed with the
Anti-KT algorithm [74] with isolation radius parameter
R0ðjÞ ¼ 0.5 with minimum transverse energy of 20 GeV.
The jets are identified as b jet (b tagged) using the b-tagging
algorithm implemented in DELPHES. The leptons go through
the isolation criteria as follows: The leptons are said to be
isolated if the ratio (labeled as isolation variable Il) of the
scalar pT sum of photonic and hadronic activity to the
lepton pT within the isolation cone RmaxðlÞ ¼ 0.5 is below
some small number. For the electron, we have used
Ie < 0.12, and for the muon, we choose Iμ < 0.25 for its
better detectability. Events are selected at the detector level
with exactly one electron, one positively charged muon, and
one b-tagged jet with the following selection cuts:

pTðbÞ > 20 GeV; pTðlÞ > 10 GeV; jηbj < 2.5;

jηlj < 2.5: ð23Þ

The four momenta of these objects and the missing energy
are used as input for our MAOS algorithm to reconstruct the
momenta of two neutrinos. We compare some angular
distributions related to the polarization of t and W−,
calculated using parton-level events with Monte Carlo
truth information of neutrino momenta (Parton-Truth), with
MAOS-reconstructed neutrino momenta (Parton-Reco). We
also compare them using the DELPHES level events with
MAOS-reconstructed neutrinos (Delphes-Reco). The nor-
malized distributions of cos θ and cosϕ for the muon
coming from the top quark (top row) and the electron

coming from W− (bottom row), calculated at the rest frame
of the top quark and W−, respectively, are shown in Fig. 2
for the three cases of Parton-Truth, Parton-Reco, and
Delphes-Reco.
The reconstructed distribution of cosϕ at the parton and

detector level remains close to the true partonic distribution
for both the muon and the electron. However, for the
distribution of cos θ, the reconstructed level shows changes
compared to the Parton-Truth result, with an overall
increase in asymmetry. This increased asymmetry benefits
its measurement over the background with low statistics.
The reconstructed distributions, both at the parton level and
the Delphes level, remain roughly the same.
Although we can reconstruct a few spin angular func-

tions, we cannot reconstruct others at the detector level with
the MAOS method. Nevertheless, we calculate the polari-
zation and spin correlation variables at the detector level by
reconstructing the missing neutrinos using the MAOS
method, and we use them to probe anomalous couplings
in the next section.

IV. PROBING THE ANOMALOUS COUPLINGS

In this section, we study the anomalous couplings μ̂t and
d̂t related to top quark chromomagnetic and chromoelectric
moments as introduced in Eq. (1) in the leptonic tW process
using the polarization and spin correlations, along with the
total rate. The effect of the anomalous couplings on the
matrix element is included through the Universal FeynRules
Output (UFO) [75] model file for the Lagrangian given
in Eq. (1) generated in the FeynRules [76] package. We
generated the signal events with anomalous couplings in
MadGraph5 by varying one parameter at a time while keeping
the other zero and varying both parameters simultaneously.
Parton level events are subsequently passed through PYTHIA

and DELPHES to simulate hadronization and detector effects,
respectively. The events are generated in MadGraph5 and
selected at the DELPHES level with the same set of cuts as
given in Eqs. (22) and (23), respectively.
The dominant background for the tW process comes

from tt and WWj processes. To keep the backgrounds as
kinematically similar to the signal as possible, the selection
requirements applied to these backgrounds are identical to
those of the signal in the generation level in MadGraph5 as
well as in the detector level in DELPHES.
The detector efficiency, denoted as ϵ, is determined by

calculating the ratio of events that survive the selection
criteria to the total number of generated events. The
expected number of events from various processes that
satisfy all selection cuts can be calculated as follows:

N ¼ ϵ × σ × L; ð24Þ

where σ, L are the cross section in each channel and
integrated luminosity, respectively.
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To have an idea about the strength of the tWðtW− þ
t̄WþÞ process in comparison to the backgrounds, we list the
value of cross sections, detection efficiency, and the total
number of expected events in Table I for a luminosity of

L ¼ 150 fb−1. The number of events is adjusted to account
for the QCD next-to-leading order (NLO) effect with the
NLO-k factors of 1.34 for the tW signal [12], 1.47 for the tt̄
background [77], and 1.3 for the W−Wþj background [77].
We have also taken into account a flavor factor of 4 to
incorporate other leptonic decay modes of the top quark and
the W boson, in addition to the simulated decays of t → μ
and W� → e�. Table I also includes the BSM tW process
with the choice of benchmark values for the anomalous
couplings of ðμ̂t ¼ 0.048; d̂t ¼ 0Þ, ðμ̂t ¼ 0; d̂t ¼ −0.05Þ
and ðμ̂t ¼ −0.01; d̂t ¼ −0.05Þ. The detection efficiency
of 0.28 for the tW signal process is independent of the
choice of anomalous couplings. Although the background is
huge, the significance (S=

ffiffiffiffi
B

p
with S as the signal events and

B as the background events) for the SM signal is 42, which is
well above the 5σ discovery limit.
We now investigate the effect of anomalous couplings on

the polarization and spin correlation objects. Figure 3
depicts the normalized distribution at the detector level

FIG. 2. Distribution of cos θ and cosϕ of the muon coming from the top quark (top row), and the electron coming from W− (bottom
row) calculated at the rest frame of the top quark andW− boson, respectively, in the SM for the three cases of Parton-Truth, Parton-Reco,
and Delphes-Reco.

TABLE I. Cross section, detection efficiency, and the total
number of expected events at a luminosity of L ¼ 150 fb−1 for
the signal (fully leptonic tW) in the SM and for few choices of
anomalous couplings as well as for background are shown after
passing through DELPHES selection cuts given in Eq. (23). The
expected numbers of events are adjusted to account for the QCD
NLO effect by using the NLO-k factor discussed in the text.

Sample σ (pb) ϵ Event (103)

tW (SM) 0.2211 0.28 24.887
tWðd̂t ¼ 0.048Þ 0.2345 0.28 26.395
tWðμ̂t ¼ −0.05Þ 0.2105 0.28 23.693
tWðd̂t ¼ 0.01; μ̂t ¼ 0.05Þ 0.2422 0.28 27.262
tt̄ 4.381 0.22 277.99
WWj 0.2796 0.026 2.8351
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FIG. 3. Reconstructed detector level distribution of angular functions related to some of the polarization and spin-correlation
parameters for the top quark andW− boson at their respective rest frame. The distribution is obtained for SM value and three benchmark
points for anomalous couplings (μ̂t; d̂t).
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for a few angular functions of the leptons originating from
the top quark and the W− boson for their polarizations and
spin correlations as representatives in the tW process in SM
and the same benchmark anomalous couplings chosen in
Table I. Regarding the polarizations, the anomalous cou-
plings reduce the overall asymmetry in cos θμþ (pt

z) as
shown in the left-top panel by increasing the number of
events for cos θμþ > 0 while reducing in cos θμþ < 0.
Meanwhile, for the polarization of W−, sin 3θe− (TW−

zz )
and cos θe− (pW−

z ) shown in the top-right and middle-left
panel, respectively, remain insensitive to the presence of
chosen anomalous couplings. On the other hand, the
spin correlation angular functions can differentiate between
the CP nature of the anomalous couplings. For example,
the correlation angular function cos θμþ sin 2ϕe− (pTtW−

zðxy)
shown in the middle-right panel changes only for the CP-
even coupling bμt by making an overall negative asymmetry.
While the correlation cos θμþ sinϕe− (pptW−

zy ) shown in the
bottom-left panel sees the presence of only the CP-odd
coupling bdt by making an overall negative asymmetry.
Thus, by measuring these two spin correlation asymmetries
simultaneously, we can probe the CP nature of anomalous
couplings if present in the tW process. Additionally, there is
one correlation parameter cosϕμþ cos θe− sinϕe− (pTtW−

xzy )
shown in the bottom-right panel which does not independ-
ently sense the presence of anomalous couplings but rather
their combined effect, i.e., their interference effect.
We find several angular functions related to polarization

and correlations, such as cosϕμþ , sin 2ϕe− , and sinϕμþ

cos 2ϕe− , to exhibit symmetry with respect to zero while
being less sensitive to the presence of anomalous cou-
plings. For these variables (x), we redefine our asymme-
tries to be

Ã ¼ σðjxj > 0.5Þ − σðjxj < 0.5Þ
σðjxj > 0.5Þ þ σðjxj < 0.5Þ : ð25Þ

This process enhances the asymmetries and reduces the
statistical error related to the asymmetries. This enhance-
ment of asymmetry increases its sensitivity to anomalous
couplings.
In addition to studying the spin angular functions, we

investigate several other kinematic distributions to examine
the impact of anomalous couplings. These distributions
include the reconstructed invariant mass of the top quark
and the W boson (mtW), the transverse momentum (pT) of
the top quark and the W boson, and the missing transverse
energy (=ET). Figure 4 illustrates the normalized distribution
of mtW , representing the SM signal and chosen benchmark
anomalous couplings and background contributions. The
vertical axis represents the heights of different bins, which
vary both below and above the SM rate. Notably, we
observe significant effects of anomalous couplings at lower
mtW values (< 400 GeV) rather than at higher values,

contrary to the behavior of anomalous couplings associated
with a momentum transfer, e.g., in ttZ interactions [78].
Specifically, distributions with all anomalous couplings
exhibit smaller heights than the SM signal for mtW <
500 GeV, while the backgrounds are even smaller.
Conversely, the anomalous distributions demonstrate
higher heights than the SM signal for mtW > 500 GeV.
Exploiting this binned dependence of anomalous cou-
plings, we maximize the outcome of the mtW variable by
dividing the variable into three regions: mtW < 500,
500 < mtW < 1000, and mtW > 1000 GeV. This binning
strategy significantly improves the limits on the anomalous
couplings compared to the unbinned case, as discussed in
the Appendix using the cross section alone.
In addition to the cross section, we compute all 11

polarization and 24 spin correlation asymmetries within
each bin, thereby obtaining 108 observables to constrain
the anomalous couplings effectively. The increase of
observables serves our objective of improving the accuracy
in constraining anomalous parameters.
We compute all observables in each bin for the SM signal

and several sets of benchmark anomalous couplings. We
analyze six points for one-parameter variations, and for
simultaneous nonzero values of both couplings, we analyze
12 points. These observable values are utilized for numeri-
cal fitting to obtain semianalytical expressions, which will
be employed in our analysis. For the cross section, which is
a CP-even observable, we employ the following parametric
function to fit the simulated data in the presence of
anomalous couplings (μ̂t; d̂t):

σðfμ̂t; d̂tgÞ ¼ σ0 þ σð1Þμ̂ μ̂t þ σð2Þμ̂ μ̂2t þ σd̂d̂
2
t : ð26Þ

FIG. 4. Reconstructed detector level invariant mass distribution
of top quark and W− boson (mtW) for signal and background
processes.
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Regarding the asymmetries, the denominator is the cross
section, and the numerator represents the difference
between two cross sections, for which we derive the
corresponding expressions to calculate the asymmetries.
The numerators (Δσ ¼ A × σ) of the CP-odd asymmetries
are fitted using the function

Δσðfμ̂t; d̂tgÞ ¼ σd̂d̂t þ σμ̂ d̂μ̂td̂t: ð27Þ

For the CP-even asymmetries, the numerators are fitted
using Eq. (26).
The nonsignal type backgrounds tt̄ and WþW−j modify

the asymmetries. The net asymmetries combining the
signal and the backgrounds are given by

A ¼
P

iAiσiP
iσi

; ð28Þ

where the index i represents the signal and the
backgrounds.
With the semianalytical expressions for the observables

in hand, we study the sensitivity of the cross section,
polarization, and spin correlation asymmetries by con-
structing the χ2 function of the anomalous couplings. Given
an observable O, we find the chi-squared distance between
an anomalous coupling point and the SM point defined as

χ2ðx⃗Þ ¼
X
i

ðO iðx⃗Þ − O iðx⃗ ¼ 0ÞÞ2
ðδO iðx⃗ ¼ 0ÞÞ2 ; ð29Þ

whereO iðx⃗Þ andO ið0Þ is an observable at anomalous point
(x⃗) and SM value, respectively. The index i runs on all the
observables in all bins. The quantity δOð0Þ is the estimated

net error in O. The estimated error δO is the quadratic sum
of statistical and systematic error, i.e.,

δO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδOstatÞ2 þ ðδOsystÞ2

q
: ð30Þ

For cross section σ, the estimated error is defined as

δσ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ

L
þ ðϵσσÞ2

r
; ð31Þ

and for asymmetries, it is given by

δA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − A2

Lσ
þ ϵ2A

r
; ð32Þ

where σ, L are the SM cross section and integrated
luminosity, respectively; ϵσ and ϵA are the systematic error
in cross section and asymmetries, respectively. Some of the
sources of systematic error are b-tagging efficiency, lumi-
nosity, PDFs, jet energy scale, lepton energy scale, initial
state radiation, final state radiation, etc.
We studied the sensitivity of the observables by succes-

sively adding the polarization and spin correlation asym-
metries to the cross sections in terms of the χ2 defined in
Eq. (29). These sensitivities are shown in Fig. 5 by varying
one parameter at a time while setting the other to its SM
value, i.e., zero. The sensitivities were computed for an
integrated luminosity of L ¼ 150 fb−1 and benchmark
systematic errors ðϵσ; ϵAÞ ¼ ð0.05; 0.01Þ. The dashed hori-
zontal line in Fig. 5 corresponds to χ2 ¼ 3.84, which
translates to a 95% confidence level (CL) [79]. The
sensitivities for both couplings improve significantly when
polarization asymmetries (Pol) are included in the cross

FIG. 5. One-dimensional χ2 function for cross sections (XSec) and XSec added with polarizations (Pol) and spin correlations (Corr)
successively in all three bins of mtW as a function of anomalous moments μ̂t and d̂t. The χ2 functions are computed for

ffiffiffi
s

p ¼ 13 TeV,
L ¼ 150 fb−1 and systematic errors ϵσ ¼ 0.02; ϵA ¼ 0.005. The horizontal line at χ2 ¼ 3.84 represents the limit on anomalous
couplings at 95% CL.
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section (XSec). The sensitivities further improve when the
spin correlation asymmetries (Corr) come into play. The
final constraints on the anomalous couplings are determined
by combining all the observables, i.e., by combining
XSecþ Polþ Corr. We note that we have simulated only
the process tW− and included the process t̄Wþ in our
analysis by accounting for a factor of 2 in the total χ2. This
adjustment is possible because the production cross section
is the same for both processes, and the sensitivities of the
asymmetries to the anomalous couplings remain consistent.
We now compare our limits on the anomalous couplings

with the existing stringent limits from the experiment [14],
as discussed in Sec. I. The experimental investigation
focuses on tt̄ production at a center-of-mass energy offfiffiffi
s

p ¼ 13 TeV, with an integrated luminosity of L ¼
35.9 fb−1. We note that in the experimental study, tW
serves as a background process, whereas in our analysis, tW
is considered the signal process, while tt̄ acts as one of the
backgrounds. Since the cross section of tW is much lower
compared to tt̄, the limit in our case is expected to be looser
compared to the experimental limit. For an integrated
luminosity of L ¼ 35.9 fb−1, we find the limits on the
anomalous couplings to be −0.0189 < μ̂t < þ0.0133 and
−0.0175 < d̂t < þ0.0161, incorporating systematic errors
of ðϵσ; ϵAÞ ¼ ð0.05; 0.01Þ. It is worth noting that our limit
for d̂t is tighter by roughly a factor of 2 compared to the
experimental value. In the case of μ̂t, though our analysis
provides a tighter lower limit, it provides a relatively looser
upper bound than the experimental constraints. However,
the range of the limit on μ̂t from our analysis (0.0322) is

tighter compared to the experimental one (0.049). In
addition to studying the one-parameter sensitivity, we also
investigate the two-parameter sensitivity and compare the
cross sections and cross sections with polarization and
correlation asymmetries in terms of χ2. Figure 6 depicts the
95% confidence level contours (χ2 ¼ 5.99 [79]) with both
parameters varying simultaneously, using the same inte-
grated luminosity (L ¼ 150 fb−1) and systematic errors
[ðϵσ; ϵaÞ ¼ ð5%; 1%Þ] as has been considered for the
one-parameter case in Fig. 5. Similar to the one-parameter
analysis, the inclusion of polarizations significantly con-
tributes to constraining the anomalous couplings. The
addition of spin correlation further tightens the contours
when incorporated into the set of observables. It is worth
noting that the two anomalous couplings, μ̂t and d̂t, remain
uncorrelated.
To understand how the simultaneous limits on μ̂t and d̂t

change with increasing luminosity, we present the two-
dimensional 95% CL contours in Fig. 7 for luminosities of
L ¼ 35.9, 150, and 3000 fb−1, with a relatively lower
systematic error of (ϵσ; ϵAÞ ¼ ð2%; 0.5%Þ. The contours do
not tighten significantly as the luminosity increases from
35.9 to 3000 fb−1. This minimal change in the limits of
anomalous couplings, even with an 84-fold increase in
luminosity, is due to the dominant influence of systematic
error, which surpasses the statistical error for higher
luminosity. Furthermore, we investigate the role of sys-
tematic error on the 95% CL contours of the anomalous
couplings for a set of systematic errors: (0.0, 0.0),
ð2%; 0.5%Þ, and ð5%; 1%Þ, with a fixed luminosity of
L ¼ 3000 fb−1, as shown in Fig. 8. The contours
progressively expand as the systematic errors increase.

FIG. 6. Two-dimensional 95% CL contours computed with the
χ2 function for cross sections (XSec) and XSec added with
polarizations (Pol) and spin correlations (Corr) successively in all
three bins of mtW as a function of anomalous moments μ̂t and d̂t.
The contours are obtained for

ffiffiffi
s

p ¼ 13 TeV, L ¼ 150 fb−1 and
systematic errors ϵσ ¼ 0.02; ϵA ¼ 0.005.

FIG. 7. Two-dimensional contours at 95% CL obtained for the
combination of cross section and all asymmetries as a function of
two anomalous couplings for three choices of luminosities and
fixed systematic error ðϵσ ; ϵAÞ ¼ ð0.02; 0.005Þ at ffiffiffi

s
p ¼ 13 TeV.
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The radius of the contours increases by approximately a
factor of 2 when comparing the systematic errors of
ð2%; 0.5%Þ to ð5%; 1%Þ.
As a final result, we estimate the limits on the couplings

μ̂t and d̂t and list them in Table II for a set of integrated
luminosities and systematic error given by

L ¼ f35.9 fb−1; 150 fb−1; 3000 fb−1g; ð33Þ

and

ϵσ ¼ f0.0; 0.02; 0.05g;
ϵA ¼ f0.0; 0.005; 0.01g: ð34Þ

The limits on the anomalous couplings are translated to the
Wilson’s coefficient of the dimension-6 operator given in
Eq. (2) using Eq. (3) and they are listed in Table II in the last
two columns. The table indicates a significant improvement
in the limits of the anomalous couplings over the increment
of luminosity in the ideal case of zero systematic errors.
The limits improve by roughly a factor of 2 (1.4) when the
luminosity increases from 35.9 to 150 fb−1; they improve
further by roughly a factor of 4 (2) when the luminosity is
increased to 3000 fb−1 for the anomalous coupling μ̂t (d̂t).
However, when systematic errors are considered in the
analysis, the limits on the couplings do not improve
significantly when the luminosity is increased, as discussed
earlier. In the specific case of systematic errors chosen as
ðϵσ; ϵAÞ ¼ ð0.02; 0.005Þ, the limits on μ̂t and d̂t only
improve by a mere factor of approximately 1.2 going
from the luminosity 35.9 to 3000 fb−1. This is because
although the statistical error reduces when luminosity is
increased, the systematic error becomes dominant, and the
total error, comprising statistics and systematic errors, does
not fall below the systematic error alone. When using a
more conservative value for the systematic errors, such as
(0.05, 0.01), the improvement in the limits is even smaller
over the increment of luminosity. The systematic errors
have a significant impact on probing the gtt̄ anomalous
couplings in the tW process and restrict the ability to obtain
more precise measurements.
A note on the impact of including higher-order electro-

weak (EW) effects on the limits of anomalous couplings is
as follows. The electroweak corrections [13] are substantial,
in addition to the QCD correction [12], in the tW−

production process. An interference effect is present
between the tt̄ process and the EW NLO tW− process
accompanying an extra real b̄-quark radiation. We estimated
the EW correction in the SM without interference by
removing the on-shell tt̄ diagrams from the tW−b̄ process
using the diagram removal technique [13] in MadGraph5. The
EW correction with interference is estimated by subtracting
the tt̄ cross section from the tW−b̄ cross section. To mimic

FIG. 8. Two-dimensional contours at 95% CL for combinations
of cross section and all asymmetries as a function of two
anomalous couplings. The contours are obtained for different
sets of systematic errors given in Eq. (34), L ¼ 3000 fb−1 and
center-of-mass energy of 13 TeV.

TABLE II. One parameter 95% CL limits on the anomalous chromomagnetic (μ̂t) and chromoelectric (d̂t) dipole
moments obtained with different values of integrated luminosity and systematic error as given in Eq. (34). The
translated limits to the effective Wilson’s coefficient (TeV−2) are also presented using Eq. (3).

L (fb−1) (ϵσ ; ϵA) μ̂t d̂t
ReðCuGΦÞ

Λ2 (TeV−2) ImðCuGΦÞ
Λ2 (TeV−2)

35.9 (0.0, 0.0) ½−0.0080;þ0.0055� ½−0.0112;þ0.0097� ½−45.990;þ31.618� ½−64.386;þ55.763�
(0.02, 0.005) ½−0.0147;þ0.0095� ½−0.0140;þ0.0125� ½−84.507;þ54.613� ½−80.483;þ71.860�
(0.05, 0.01) ½−0.0189;þ0.0134� ½−0.0176;þ0.0161� ½−108.65;þ77.034� ½−101.17;þ92.556�

300 (0.0, 0.0) ½−0.0025;þ0.0021� ½−0.0068;þ0.0054� ½−14.372;þ12.072� ½−39.092;þ31.043�
(0.02, 0.005) ½−0.0130;þ0.0082� ½−0.0123;þ0.0108� ½−74.734;þ47.140� ½−70.710;þ62.087�
(0.05, 0.01) ½−0.0181;þ0.0127� ½−0.0168;þ0.0153� ½−104.05;þ73.010� ½−96.580;þ87.957�

3000 (0.0, 0.0) ½−0.0007;þ0.0007� ½−0.0040;þ0.0027� ½−4.0241;þ4.0241� ½−22.995;þ15.521�
(0.02, 0.005) ½−0.0127;þ0.0070� ½−0.0120;þ0.0105� ½−73.010;þ40.241� ½−68.986;þ60.362�
(0.05, 0.01) ½−0.0180;þ0.0126� ½−0.0167;þ0.0152� ½−103.47;þ72.435� ½−96.005;þ87.382�
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our analysis with only one b quark in the final state, we
apply a veto of pveto

T ¼ 20 GeV to the extra b jet. The above
EW correction is estimated to be 19.2% and 42.5% with and
without the above-mentioned interference, respectively, at
the 13 TeV LHC. The correction is sizable when compared
to the 34% QCD NLO corrections [12]. We obtain limits on
the anomalous couplings, including the aforementioned EW
NLO correction to the cross sections, in addition to the QCD
NLO effects, through the k factor, and compare them against
the limits with only QCD NLO corrections. We find that the
limits on the anomalous couplings are improved with the
inclusion of EW NLO corrections. For example, the limits
on μ̂t and d̂t are tightened by roughly 15% with EW NLO
corrections without interference, estimated at an integrated
luminosity of L ¼ 3000 fb−1 and systematic uncertainties
of (ϵσ; ϵAÞ∈ ð0.0; 0.0Þ; ð0.05; 0.01Þ. Conversely, the same
limits improve by approximately 7% when interference is
taken into account.

V. CONCLUSION

In this article, we studied the production of a single top
quark associated with a W boson in the fully leptonic final
state. We investigated the anomalous chromomagnetic and
chromoelectric moments included in the gtt̄ vertex, which
receive contributions from physics beyond the SM. We
utilized the polarization of the top quark and the W boson
and their spin correlations estimated from the angular
distribution of the leptons, along with the production cross
section, to probe the anomalous couplings/moments. We
reconstructed the two missing neutrinos using the MAOS
method to obtain the rest frame of the top quark and the W
boson, enabling the measurement of polarization and spin
correlation asymmetries. We estimated all the observables
through a fully detector-level simulation and probe the
anomalous couplings.
We studied the sensitivity of the cross section, polari-

zation asymmetries, and spin correlation asymmetries,
binned over the reconstructed invariant mass of the top
quark and theW boson, to the anomalous couplings in both
single-parameter and two-parameter variations. The polari-
zation and correlation asymmetries significantly contribute
to probing the anomalous couplings over the cross section.
The spin correlation asymmetries can also distinguish the
CP nature of anomalous couplings, unlike the polarization
asymmetries. We estimated 95% CL limits on the anoma-
lous couplings for a set of integrated luminosity and
systematic uncertainties. We observe that the limits do
not improve substantially as the luminosity increases

because the systematic uncertainty surpasses the statistical
one for the tW process.
Consequently, tightening the limits on the anomalous

couplings at higher luminosity necessitates improving
systematic uncertainty. The limits become loose consider-
ably as the systematic errors increase. While the tW process
complements the tt̄ process in the study of anomalous gtt̄
couplings, our limits in the tW process with a large tt̄
background are somewhat tighter to the experimental limits
obtained from the tt̄ process [14] estimated for an integrated
luminosity of 35.9 fb−1.
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APPENDIX: EFFECT OF BINNING THE CROSS
SECTION ON mtW ON THE SENSITIVITY

TO ANOMALOUS COUPLINGS

We binned our observables into three intervals of mtW
(see the distribution in Fig. 4) to enhance the sensitivity to
anomalous couplings. Here, we discuss the role of binning
the cross section in constraining the anomalous couplings
estimated using the χ2 on binned and unbinned cases. The
sensitivities in terms of χ2 are shown in Fig. 9, using the
cross section in different bins, unbinned, and all combined
bins. In the comparison, we choose 13 TeV energy of the
LHC and an integrated luminosity of 150 fb−1 with no
systematic errors for simplicity. In the case of μ̂t, which is a
CP-even parameter, the cross section in bin number 1,
denoted as Bin1 (dashed/green curve), provides a maximal
contribution. The contribution of this bin alone is compa-
rable to the contribution of the unbinned case (solid/red
curve) denoted as Full in the legend. On the other hand, the
other bins perform weakly in setting the limit for μ̂t,
and they provide an asymmetric limit. In contrast, for the
CP-odd moment d̂t, the contribution of the cross section
from bins number 2 and 3 is comparable to that of the
unbinned case, while the cross section from bin number 1
has the least contribution. Finally, as expected, the limits set
by the combination of all three bins are tighter than in the
unbinned case. The binning also enhances the sensitivity of
polarization and correlation asymmetries to the anomalous
couplings, and they are used in the analysis.

RAFIQUL RAHAMAN and AMIR SUBBA PHYS. REV. D 108, 055027 (2023)

055027-12



[1] V. Rodriguez Bouza (CMS Collaboration), Single top quark
production in association with a W boson in CMS, Proc.
Sci. EPS-HEP2019 (2020) 682.

[2] A. M. Sirunyan et al. (CMS Collaboration), Measurement of
the production cross section for single top quarks in
association with W bosons in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 10 (2018) 117.
[3] G. Aad et al. (ATLAS Collaboration), Measurement of the

production cross-section of a single top quark in association
with a W boson at 8 TeV with the ATLAS experiment,
J. High Energy Phys. 01 (2021) 064.

[4] S. Chatrchyan et al. (CMS Collaboration), Observation of
the Associated Production of a Single Top Quark and a W
Boson in pp Collisions at

ffiffiffi
s

p ¼ 8 TeV, Phys. Rev. Lett.
112, 231802 (2014).

[5] M. Aaboud et al. (ATLAS Collaboration), Measurement of
the cross-section for producing a W boson in association
with a single top quark in pp collisions at

ffiffiffi
s

p ¼ 13 TeV
with ATLAS, J. High Energy Phys. 01 (2018) 063.

[6] S. Chatrchyan et al. (CMS Collaboration), Evidence for
Associated Production of a Single Top Quark and W Boson
in pp Collisions at

ffiffiffi
s

p ¼ 7 TeV, Phys. Rev. Lett. 110,
022003 (2013).

[7] G. Aad et al. (ATLAS Collaboration), Evidence for the
associated production of a W boson and a top quark in
ATLAS at

ffiffiffi
s

p ¼ 7 TeV, Phys. Lett. B 716, 142 (2012).
[8] S. Zhu, Next-to-leading order QCD corrections to bg →

tW− at CERN Large Hadron Collider, Phys. Lett. B 524,
283 (2002); 537, 351(E) (2002).

[9] J. M. Campbell and F. Tramontano, Next-to-leading order
corrections to Wt production and decay, Nucl. Phys. B726,
109 (2005).

[10] E. Re, Single-top Wt-channel production matched with
parton showers using the POWHEG method, Eur. Phys. J.
C 71, 1547 (2011).

[11] N. Kidonakis, Two-loop soft anomalous dimensions for
single top quark associated production with a W− or H−,
Phys. Rev. D 82, 054018 (2010).

[12] N. Kidonakis and N. Yamanaka, Higher-order corrections
for tW production at high-energy hadron colliders, J. High
Energy Phys. 05 (2021) 278.

[13] S. Frixione, E. Laenen, P. Motylinski, B. R. Webber, and
C. D. White, Single-top hadroproduction in association with
a W boson, J. High Energy Phys. 07 (2008) 029.

[14] A. M. Sirunyan et al. (CMS Collaboration), Measurement of
the top quark forward-backward production asymmetry and
the anomalous chromoelectric and chromomagnetic mo-
ments in pp collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy
Phys. 06 (2020) 146.

[15] P. Haberl, O. Nachtmann, and A. Wilch, Top production in
hadron hadron collisions and anomalous top-gluon cou-
plings, Phys. Rev. D 53, 4875 (1996).

[16] D. Atwood, A. Aeppli, and A. Soni, Extracting Anomalous
Gluon—Top Effective Couplings at the Supercolliders,
Phys. Rev. Lett. 69, 2754 (1992).

[17] K. Cheung, Probing the chromoelectric and chromomag-
netic dipole moments of the top quark at hadronic colliders,
Phys. Rev. D 53, 3604 (1996).

FIG. 9. The χ2 function for cross section as a function of anomalous couplings d̂t and μ̂t in different bins ofmtW . The names of the bins
are represented inside the third bracket in the legend; Full and AllBin represent results without the binning and combination of all three
bins, respectively.

PROBING TOP QUARK ANOMALOUS MOMENTS IN W BOSON … PHYS. REV. D 108, 055027 (2023)

055027-13

https://doi.org/10.22323/1.364.0682
https://doi.org/10.22323/1.364.0682
https://doi.org/10.1007/JHEP10(2018)117
https://doi.org/10.1007/JHEP01(2021)064
https://doi.org/10.1103/PhysRevLett.112.231802
https://doi.org/10.1103/PhysRevLett.112.231802
https://doi.org/10.1007/JHEP01(2018)063
https://doi.org/10.1103/PhysRevLett.110.022003
https://doi.org/10.1103/PhysRevLett.110.022003
https://doi.org/10.1016/j.physletb.2012.08.011
https://doi.org/10.1016/S0370-2693(01)01404-6
https://doi.org/10.1016/S0370-2693(01)01404-6
https://doi.org/10.1016/S0370-2693(02)01952-4
https://doi.org/10.1016/j.nuclphysb.2005.08.015
https://doi.org/10.1016/j.nuclphysb.2005.08.015
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1103/PhysRevD.82.054018
https://doi.org/10.1007/JHEP05(2021)278
https://doi.org/10.1007/JHEP05(2021)278
https://doi.org/10.1088/1126-6708/2008/07/029
https://doi.org/10.1007/JHEP06(2020)146
https://doi.org/10.1007/JHEP06(2020)146
https://doi.org/10.1103/PhysRevD.53.4875
https://doi.org/10.1103/PhysRevLett.69.2754
https://doi.org/10.1103/PhysRevD.53.3604


[18] V. Khachatryan et al. (CMS Collaboration), Measurements
of tt̄ spin correlations and top quark polarization using
dilepton final states in pp collisions at

ffiffiðp
sÞ ¼ 8 TeV, Phys.

Rev. D 93, 052007 (2016).
[19] W. Bernreuther and Z.-G. Si, Top quark spin correlations

and polarization at the LHC: Standard model predictions
and effects of anomalous top chromo moments, Phys. Lett.
B 725, 115 (2013); 744, 413(E) (2015).

[20] Z. Hioki and K. Ohkuma, Search for anomalous top-gluon
couplings at LHC revisited, Eur. Phys. J. C 65, 127 (2010).

[21] Z. Hioki and K. Ohkuma, Latest constraint on nonstandard
top-gluon couplings at hadron colliders and its future
prospect, Phys. Rev. D 88, 017503 (2013).

[22] D. Barducci, M. Fabbrichesi, and A. Tonero, Constraints on
top quark nonstandard interactions from Higgs and tt̄
production cross sections, Phys. Rev. D 96, 075022 (2017).

[23] Z. Hioki and K. Ohkuma, Exploring anomalous top inter-
actions via the final lepton in tt̄ productions/decays at
hadron colliders, Phys. Rev. D 83, 114045 (2011).

[24] J. F. Kamenik, M. Papucci, and A. Weiler, Constraining the
dipole moments of the top quark, Phys. Rev. D 85, 071501
(2012); 88, 039903(E) (2013).

[25] J. A. Aguilar-Saavedra, B. Fuks, and M. L. Mangano,
Pinning down top dipole moments with ultraboosted tops,
Phys. Rev. D 91, 094021 (2015).

[26] D. Buarque Franzosi and C. Zhang, Probing the top-quark
chromomagnetic dipole moment at next-to-leading order in
QCD, Phys. Rev. D 91, 114010 (2015).

[27] H. Hesari and M. Mohammadi Najafabadi, Probing the
anomalous couplings of the top quark with gluon at the LHC
and tevatron, Mod. Phys. Lett. A 28, 1350170 (2013).

[28] D. Choudhury and P. Saha, Probing top anomalous cou-
plings at the Tevatron and the Large Hadron Collider,
Pramana 77, 1079 (2011).

[29] S. K. Gupta and G. Valencia, CP-odd correlations using jet
momenta from tt̄ events at the Tevatron, Phys. Rev. D 81,
034013 (2010).

[30] S. K. Gupta, A. S. Mete, and G. Valencia, CP violating
anomalous top-quark couplings at the LHC, Phys. Rev. D
80, 034013 (2009).

[31] M. Fabbrichesi, M. Pinamonti, and A. Tonero, Stringent
limits on top-quark compositeness from tt̄ production
at the Tevatron and the LHC, Phys. Rev. D 89, 074028
(2014).

[32] S. S. Biswal, S. D. Rindani, and P. Sharma, Probing chro-
momagnetic and chromoelectric couplings of the top quark
using its polarization in pair production at hadron colliders,
Phys. Rev. D 88, 074018 (2013).

[33] J. I. Aranda, T. Cisneros-Pérez, J. Montaño, B. Quezadas-
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[63] F. Déliot, R. Faria, M. C. N. Fiolhais, P. Lagarelhos, A.
Onofre, C. M. Pease, and A. Vasconcelos, Global con-
straints on top quark anomalous couplings, Phys. Rev. D
97, 013007 (2018).

[64] A. Prasath V, R. M. Godbole, and S. D. Rindani, Longi-
tudinal top polarisation measurement and anomalous Wtb
coupling, Eur. Phys. J. C 75, 402 (2015).

[65] G. Aad et al. (CMS, ATLAS Collaboration), Combination
of the W boson polarization measurements in top quark
decays using ATLAS and CMS data at

ffiffiffi
s

p ¼ 8 TeV, J.
High Energy Phys. 08 (2020) 051.

[66] A. Barr, C. Lester, and P. Stephens, mT2: The truth behind
the glamour, J. Phys. G 29, 2343 (2003).

[67] C. G. Lester and D. J. Summers, Measuring masses of
semiinvisibly decaying particles pair produced at hadron
colliders, Phys. Lett. B 463, 99 (1999).

[68] W. S. Cho, K. Choi, Y. G. Kim, and C. B. Park,mT2-assisted
on-shell reconstruction of missing momenta and its appli-
cation to spin measurement at the LHC, Phys. Rev. D 79,
031701 (2009).

[69] R. Rahaman and R. K. Singh, On polarization parameters
of spin-1 particles and anomalous couplings in eþe− →
ZZ=Zγ, Eur. Phys. J. C 76, 539 (2016).

[70] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, MadGraph 5: Going beyond, J. High Energy Phys. 06
(2011) 128.

[71] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions from high-precision collider data, Eur. Phys. J. C 77,
663 (2017).

[72] T. Sjostrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).

[73] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaître, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), DELPHES 3, A modular framework for
fast simulation of a generic collider experiment, J. High
Energy Phys. 02 (2014) 057.

[74] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[75] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.
Mattelaer, and T. Reiter, UFO—The universal FeynRules
output, Comput. Phys. Commun. 183, 1201 (2012).

[76] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules 2.0—A complete toolbox for tree-level
phenomenology, Comput. Phys. Commun. 185, 2250
(2014).

[77] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[78] R. Rahaman, On two-body and three-body spin correlations
in leptonic tt̄Z production and anomalous couplings at the
LHC, J. High Energy Phys. 02 (2023) 077.

[79] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

PROBING TOP QUARK ANOMALOUS MOMENTS IN W BOSON … PHYS. REV. D 108, 055027 (2023)

055027-15

https://doi.org/10.1016/j.nuclphysb.2008.06.013
https://doi.org/10.1016/j.nuclphysb.2008.06.013
https://doi.org/10.1140/epjc/s10052-019-7387-y
https://doi.org/10.1140/epjc/s10052-019-7387-y
https://doi.org/10.1088/1126-6708/2009/07/028
https://doi.org/10.1016/j.nuclphysb.2022.115984
https://doi.org/10.1016/j.nuclphysb.2022.115984
https://doi.org/10.1007/JHEP10(2015)180
https://doi.org/10.1016/S0370-2693(00)00149-0
https://doi.org/10.1016/S0370-2693(02)01659-3
https://doi.org/10.1016/S0370-2693(02)01659-3
https://doi.org/10.1103/PhysRevD.66.114009
https://doi.org/10.1103/PhysRevD.66.114009
https://doi.org/10.1103/PhysRevD.97.013007
https://doi.org/10.1103/PhysRevD.97.013007
https://doi.org/10.1140/epjc/s10052-015-3601-8
https://doi.org/10.1007/JHEP08(2020)051
https://doi.org/10.1007/JHEP08(2020)051
https://doi.org/10.1088/0954-3899/29/10/304
https://doi.org/10.1016/S0370-2693(99)00945-4
https://doi.org/10.1103/PhysRevD.79.031701
https://doi.org/10.1103/PhysRevD.79.031701
https://doi.org/10.1140/epjc/s10052-016-4374-4
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP02(2023)077
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z

