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E. Chapon,15 G. Chen,53 S. Chevalier-Théry,15 D.K. Cho,72 S.W. Cho,28 S. Choi,28 B. Choudhary,25 S. Cihangir,45

D. Claes,61 J. Clutter,53 M. Cooke,45 W.E. Cooper,45 M. Corcoran,75 F. Couderc,15 M.-C. Cousinou,12 A. Croc,15

D. Cutts,72 A. Das,42 G. Davies,40 S.J. de Jong,30, 31 E. De La Cruz-Burelo,29 F. Déliot,15 R. Demina,66
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6Charles University, Faculty of Mathematics and Physics,
Center for Particle Physics, Prague, Czech Republic

7Czech Technical University in Prague, Prague, Czech Republic
8Center for Particle Physics, Institute of Physics,

Academy of Sciences of the Czech Republic, Prague, Czech Republic
9Universidad San Francisco de Quito, Quito, Ecuador
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We present measurements of the tWb coupling form factors using information from electroweak
single top quark production and from the helicity of W bosons from top quark decays in tt̄ events.
We set upper limits on anomalous tWb coupling form factors using data collected with the D0
detector at the Tevatron pp̄ collider corresponding to an integrated luminosity of 5.4 fb−1.

PACS numbers: 14.65.Ha; 12.15.Ji; 13.85.Qk

The top quark is being studied in unprecedented detail
with the large data samples from Run II of the Fermilab
Tevatron collider. Since the top quark is by far the
most massive known fermion, with a coupling to the
Higgs field of order unity, these studies may shed light
on the mechanism of electroweak symmetry breaking and
provide hints of new physics. Within the standard model
(SM), the top quark coupling to the bottom quark and
the W boson (tWb) has the V −A form of a left-handed
vector interaction. We consider a more general form
for the tWb coupling to allow for departures from the
SM [1]. We look for physics beyond the SM in the form
of right-handed vector couplings or left- or right-handed
tensor couplings, described by the effective Lagrangian

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
bThe University of Liverpool, Liverpool, UK, cUPIITA-IPN,

Mexico City, Mexico, dDESY, Hamburg, Germany, ,eSLAC, Menlo
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including operators up to dimension five [2]:

L =
g√
2
b̄γµVtb(f

L
V PL + fR

V PR)tW
−
µ

− g√
2
b̄
iσµνqνVtb

MW

(fL
T PL + fR

T PR)tW
−
µ + h.c. ,(1)

where MW is the mass of the W boson, q is its
four-momentum, Vtb is the Cabibbo-Kobayashi-Maskawa
matrix element [3], and PL = (1−γ5)/2 (PR = (1+γ5)/2)
is the left-handed (right-handed) projection operator. In
the SM, the left-handed vector coupling form factor is
fL
V = 1, the right-handed vector coupling form factor
is fR

V = 0, and the tensor coupling form factors are
fL
T = fR

T = 0. We assume real coupling form factors,
implying CP conservation, and a spin- 12 top quark which
decays predominantly to Wb.

An alternative parameterization of anomalous
couplings through effective operators has been proposed
recently [4, 5]. The anomalous coupling limits presented
in this letter can be translated into the operator
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parameterization [5]:

|fL
V | = 1 + |C(3,3+3)

φq | v2

VtbΛ2
,

|fR
V | =

1

2
|C33

φφ|
v2

VtbΛ2
,

|fL
T | =

√
2|C33

dW | v2

VtbΛ2
,

|fR
T | =

√
2|C33

uW | v2

VtbΛ2
, (2)

where Λ is the scale of the new physics and v = 246 GeV

is the scale of electroweak symmetry breaking. C
(3,3+3)
φq ,

C33
φφ, C33

dW and C33
uW are constants for dimension-six

gauge-invariant effective operators for third generation
quarks, involving the Higgs field (φ), the W boson, up-
type (u) and down-type (d) quarks. The constants C are
assumed to be real.

Indirect constraints on the magnitude of the right-
handed vector coupling and tensor couplings exist from
measurements of the b → sγ branching fraction [6].
General unitarity considerations require the anomalous
tensor couplings to be less than 0.5 [7]. While the b → sγ
limits are tighter than the direct limits presented in this
Letter, they include assumptions that are not required
here, in particular that there is no new physics affecting
the b quark other than anomalous tWb couplings. Direct
constraints on anomalous tWb couplings have been
obtained from previous D0 analyses [8, 9] and from an
analysis of LHC results [10].

This Letter describes a combination of recent W boson
helicity [11] and single top quark [8] measurements,
using the same procedure as in a previous combination
of W boson helicity with single top quark information
in D0 data [9]. Deviations from the SM expectation
in the coupling form factors manifest themselves in
two distinct ways that are observable at D0: (i) by
altering the fractions of W bosons from top quark decays
produced in each of the three possible helicity states,
and (ii) by changing the rate and kinematic distri-
butions of electroweak single top quark production. We
translate W boson helicity fractions [11] into form factors
using the general framework given in Ref. [12]. By
combining these with the single top quark anomalous
couplings analysis [8], we obtain posterior probability
density distributions for the anomalous coupling form
factors. Three separate scenarios are investigated using
the same dataset, for fR

V , fL
T , and fR

T . In each scenario we
investigate the anomalous coupling form factor and the
SM coupling form factor fL

V simultaneously and set the
other two anomalous coupling form factors to zero. We
form a two-dimensional posterior density as a function of
two coupling form factors and then marginalize over the
SM coupling to obtain a 95% C.L. limit on the anomalous
coupling.

This analysis is based on data collected with the
D0 detector [13–16] corresponding to an integrated
luminosity of 5.4 fb−1. For the W boson helicity
analysis, tt̄ events are selected in both the lepton plus
jets (tt̄ → W+W−bb̄ → ℓνqq̄′bb̄, requiring a lepton,
missing transverse energy and at least four jets) and
dilepton (tt̄ → W+W−bb̄ → ℓνℓ′ν′bb̄, requiring two
leptons, missing transverse energy and at least two jets)
channels [11].

We use the alpgen leading-order Monte Carlo (MC)
event generator [17], interfaced to pythia [18], to model
tt̄ events as well as W+jets and Z+jets background
events. We generate tt̄ events with both SM V − A
and V + A couplings, and reweight these to model any
given W boson helicity state. We use the CTEQ6L1
parton distribution functions [19] and set the top quark
mass to 172.5 GeV, consistent with the world average
top mass [20]. The response of the D0 detector is
simulated using geant [21]. The presence of additional
pp̄ interactions is modeled by overlaying the simulation
with data events, selected from random beam crossings
matching the instantaneous luminosity profile in the
data. The background from multijet production, where
a jet is misidentified as an isolated electron or muon, is
modeled with data events containing lepton candidates
that pass all of the lepton identification requirements
except one, but otherwise resemble the signal events. We
use MC to model the smaller background from dibosons.
The SM single top quark background is modeled using
the comphep MC event generator [22] normalized to
theory predictions [23]. In the W boson helicity analysis,
the possible presence of anomalous couplings does not
significantly modify the small background from single top
quark production. A multivariate likelihood discriminant
that uses both kinematic and b quark lifetime information
distinguishes tt̄ events from background, separately in the
lepton plus jets and dilepton channels. A requirement
on the likelihood selects 1431 lepton plus jet events
and 319 dilepton events with expected backgrounds of
404 ± 32 and 69 ± 10 events, respectively, where the
uncertainty includes both statistical and background
modeling components.

We determine the fractions of W bosons with left-
handed, longitudinal, and right-handed helicity (f−, f0,
and f+, respectively). The SM predicts f− = 30%,
f0 = 70%, and f+ ≈ O(10−4) [24]. The fractions are
measured in a fit to the distribution of the angle θ∗,
where θ∗ is the angle between the direction opposite
to the top quark and the direction of the down-type
fermion (charged lepton or down-type quark) from the
decay of the W boson, both in the W boson rest frame.
A binned maximum likelihood fit compares the cos θ∗

distribution of the selected events to expectations from
each W boson helicity state and the background. In the
lepton plus jets channel, each possible assignment of the
four leading jets in the event is considered to reconstruct
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the two top quarks in the event, based on the χ2 of a
kinematic fit and the compatibility between the assigned
jet flavor and b quark lifetime information. For the
W boson that decays hadronically, we do not attempt to
determine which of the daughter jets corresponds to the
up-type quark. Rather we select one jet at random. Since
this introduces a sign ambiguity, we can only distinguish
the longitudinal helicity from the other two states and
can no longer distinguish left-handed and right-handed
helicity states. In the dilepton channel, we determine the
momenta of the two neutrinos using an algebraic solution.
Since the system is kinematically underconstrained, we
assume a value for the top quark mass of 172.5 GeV to
perform the kinematic reconstruction. We vary both the
longitudinal and right-handed helicity fractions f0 and
f+ in the fit and find the relative likelihood of any set
of helicity fractions being consistent with the data. The
result is presented in Fig. 1, which also demonstrates how
non-SM values for the coupling form factors could alter
the W boson helicity fractions.

+f
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

0f

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Best-fit value
SM value
68% C.L.
95% C.L.

 0≠ R
Vf

 0≠ L
Tf

 0≠ R
Tf

-1D0, 5.4 fb

FIG. 1: (color online) Likelihood contours at the 68% C.L.
and the 95% C.L. as a function of W boson helicity fractions.
Statistical uncertainties and systematic uncertainties that
are uncorrelated with the single top quark measurement are
included. The squares, triangles and upside-down triangles
show fR

V , fL
T and fR

T varying in fifty equal-size steps such that
their ratio to fL

V goes from zero to ten-to-one. The dashed
triangle denotes the physically allowed region.

The result is interpreted in terms of the coupling form
factors in Fig. 2, which shows that the W boson helicity
measurement only constrains ratios of the coupling form
factors and not their magnitude. These distributions
provide one of the inputs to the combined constraint on
the coupling form factors.

The other input to the form factor constraint comes
from the search for anomalous tWb couplings in the single

top quark final state. Both t-channel (the exchange of a
W boson between a light quark and a heavy quark) and s-
channel (the production and decay of a virtual W boson)
modes contribute to single top quark production at the
Tevatron. Single top quark production was observed
by the CDF and D0 collaborations [25, 26], and the
t-channel mode was also isolated by the D0 collabo-
ration [27].
Both the single top quark production cross section

and kinematic distributions are modified by anomalous
couplings. The single top quark cross section may also
differ from the SM prediction because |Vtb| < 1, but that
is not considered here. We assume that single top quark
production proceeds exclusively through the tWb vertex
and not through the exchange of a new particle. We
also assume that |Vtd|2 + |Vts|2 ≪ |Vtb|2, i.e., top quark
production and decay through light quarks is negligible.

The single top quark anomalous couplings analysis
selects events in which the top quark decays to aW boson
and a b quark, followed by the decay of the W boson to
an electron or muon, and a neutrino. The final state
contains two or three jets, one from the top quark decay,
one produced together with the top quark, and possibly a
third jet from initial-state or final-state gluon radiation.
The event selection is identical to that in the anomalous
coupling single top quark analysis [8] and the SM single
top quark analysis [28], except that events with four jets
are removed from the sample to avoid overlap with the
W boson helicity analysis. One or two of the jets are
required to be b-tagged, i.e., identified as originating from
B hadrons [29]. To increase the search sensitivity, the
data are divided into four independent analysis channels
based on jet multiplicity (2 or 3), and number of b-tagged
jets (1 or 2).

We use Bayesian neural networks (BNN) [30] to
discriminate between the single top quark anomalous
coupling signal and the backgrounds. For each of the
three coupling scenarios, the signal in the BNN training
consists of only that particular anomalous single top
quark couplings sample while the background in the
training consists of all SM backgrounds plus SM single
top quark events. The main background contributions to
the single top quark analysis are those from W+jets, tt̄
and multijet production. The background modeling and
normalization procedures are the same as in the W boson
helicity analysis. The tt̄ contribution to the background
is small and is modeled by simulated SM tt̄ events and
normalized to the theoretical cross section [31]. The
effect of anomalous couplings on the tt̄ background is
negligible. We model the single top quark signal using
the comphep MC event generator [22] where anomalous
tWb couplings are considered in both the production and
decay of the top quark.

We use the four-vectors of the reconstructed final state
particles in the BNN training (transverse momentum pT ,
pseudorapidity η, angle ∆φ with respect to the lepton,
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and the mass of each jet), i.e., twelve variables for events
with two jets and sixteen variables for events with three
jets. We add four angular variables that are particularly
sensitive to the anomalous couplings. These are cosines
of angles between various final state objects in the top
quark rest frame.
The BNN output is used in a Bayesian analysis that

determines a posterior density as a function of the
anomalous coupling and the SM coupling, separately for
each scenario. Figure 3 shows the probability density
distributions from the single top quark anomalous
couplings search, and the middle column of Table I gives
the anomalous coupling form factor limits obtained from
the single top quark anomalous couplings analysis alone.
These differ slightly from those given in Ref. [8] due to
the exclusion of the 4-jet sample.
We account for all systematic uncertainties and

their correlations among different analysis channels,
and sources of signal or background, in the two
analyses. Systematic uncertainties in the W boson
helicity measurement are detailed in Ref. [11]. They
arise from finite MC statistics and uncertainties on the
top quark mass, jet energy scale, and MC models of
signal and background. Variations in these parameters
can change the measurement in two ways: by altering
the estimate of the background (i.e., if the background
selection efficiency changes) and by modifying the shape
of the cos θ∗ templates. Systematic uncertainties on the
tt̄ normalization do not affect the measurement. We also
assign a systematic uncertainty to account for differences
between the input f0 and f+ values and the average fit
values in pseudo-experiments.
Systematic uncertainties on the signal and background

models in the single top quark anomalous couplings
analysis are estimated using the methods described in
Ref. [28]. The dominant sources of uncertainty are the
jet energy scale, b-tag modeling, and MC models of
signal and background, with smaller contributions from
background normalizations, top quark mass, and object
identification.
Uncertainties that only affect the W boson helicity

measurement are MC statistics and the tt̄ cos θ∗ template
modeling uncertainty. Uncertainties that only affect
the single top quark anomalous coupling analysis are
those related to signal modeling and background normal-
ization, including luminosity, object reconstruction, and
b-tag modeling.
We use a Bayesian statistical analysis [32] to combine

the W boson helicity result with that of the single top
quark anomalous couplings analysis. The likelihood from
the W boson helicity analysis shown in Fig. 2 is used as
a prior to the analysis of single top anomalous couplings
analysis. For each anomalous coupling form factor
scenario (fR

V , fL
T , and fR

T ), we compare the corresponding
BNN output for data with the sum of backgrounds and
two signal models, the anomalous coupling model and the

SM (fL
V ). In the fL

T scenario the two amplitudes interfere
for single top quark production, which is taken into
account through a superposition of three signal samples:
one with only left-handed vector couplings, one with
only left-handed tensor couplings, and one with both
coupling form factors set to one (which also includes
the interference term). For tt̄ production all interference
terms are accounted for properly in all three scenarios.

We then compute a likelihood as a product over
all separate analysis channels. We assume Poisson
distributions for the observed counts and use Gaussian
distributions to model the uncertainties on the signal
acceptance and background yields, including correlations
of systematic uncertainties. The uncertainties are
evaluated through MC integration in an ensemble of
200,000 samples. Each sample has the same data distri-
bution but signal and background contributions that are
shifted by the systematic uncertainties, i.e., the signal
and background shapes and normalizations as well as
the prior from the W boson helicity change for each
sample. The final posterior is the ensemble average of
all individual posteriors.

The two-dimensional posterior probability density is
computed as a function of |fL

V |2 and |fX |2, where fX is
fR
V , fL

T , or fR
T . These probability density distributions

including both W boson helicity and single top quark
anomalous coupling information are shown in Fig. 4. We
observe no significant anomalous contributions.

We compute 95% C.L. upper limits on the anomalous
form factors by integrating over the left-handed
vector contribution to obtain one-dimensional posterior
probability densities. The limits are given in Table I.

TABLE I: Observed upper limits on anomalous tWb couplings
at 95% C.L. from W boson helicity assuming fL

V = 1, from
the single top quark analysis, and from their combination, for
which no assumption on fL

V is made.

Scenario only only combination

W helicity single top

|fR
V |2 0.62 0.89 0.30

|fL
T |2 0.14 0.07 0.05

|fR
T |2 0.18 0.18 0.12

Table I also shows the limits obtained from only the
W boson helicity analysis with the additional assumption
that fL

V = 1. Compared with the results obtained using
only the single-top search, the combination improves
the limits on the form factors significantly because the
individual analyses provide complementary information.

The 95% C.L. limits on the coupling operators in the

operator notation based on Eq. 2 are |C(3,3+3)
φq | < 14.7,

|C33
φφ| < 18.0, |C33

dW | < 2.5, and |C33
uW | < 4.1, assuming

a new physics scale of Λ = 1 TeV. The limit on C
(3,3+3)
φq
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is obtained from the fR
V scenario filter by setting fR

V =
0 and integrating the resulting |fL

V |2 posterior density
starting at |fL

V |2 = 1 to find the 95% C.L. limit on the
anomalous contribution. Limits for the other operators
are obtained from the corresponding form factor limits.
These limits are a significant improvement over previous
limits. A separate analysis of Tevatron and early LHC
results [10] provides limits on anomalous couplings that
appear stronger than those presented here even though
it uses less information. This is mainly due to the use
of priors that are flat in the coupling rather than the
coupling squared as is done here.
In summary, we have presented a study of tWb

couplings that combines W boson helicity measurements
in top quark decay with anomalous couplings searches
in the single top quark final state, thus using all
currently applicable top quark measurements by D0.
We find consistency with the SM and set 95% C.L.
limits on anomalous tWb couplings. Our limits represent
significant improvements over previous D0 results beyond
the increase in luminosity.
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[18] T. Sjöstrand et al., arXiv:hep-ph/0308153 (2003). We

used pythia version 6.323.
[19] J. Pumplin et al., J. High Energy Phys. 07, 012 (2002);

D. Stump et al., J. High Energy Phys. 10, 046 (2003).
[20] Tevatron Electroweak Working Group [CDF and D0

Collaborations], arXiv:1107.5255 [hep-ex] (2011).
[21] R. Brun and F. Carminati, CERN Program Library Long

Writeup W5013, 1993 (unpublished).
[22] E. Boos et al., Phys. Atom. Nucl. 69, 1317 (2006).
[23] N. Kidonakis, Phys. Rev. D 74, 114012 (2006).
[24] A. Czarnecki, J.G. Koerner, and J.H. Piclum, Phys. Rev.

D 81, 111503 (2010).
[25] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett.

103, 092001 (2009).
[26] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett.

103, 092002 (2009).
[27] V. M. Abazov et al. [D0 Collaboration], Phys. Lett. B

705, 313 (2011).
[28] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D

84, 112001 (2011).
[29] V. M. Abazov et al. [D0 Collaboration], Nucl. Instrum.

Methods in Phys. Res. A 620, 490 (2010).
[30] R. M. Neal, Bayesian Learning for Neural Networks

(Springer-Verlag, New York, 1996).
[31] S. Moch and P. Uwer, Phys. Rev. D 78, 034003 (2008).
[32] I. Bertram et al., FERMILAB-TM-2104 (2000).



8

2|
V

L|f
0 1 2 3 4

2 |
VR

|f

0

0.1

0.2

0.3

0.4

0.5  -1DØ, 5.4 fb
(a)

2|
V

L|f
0 1 2 3 4

2 |
TL

|f

0

0.1

0.2

0.3

0.4

0.5  -1DØ, 5.4 fb
(b)

   density
Likelihood

0.05 0.7
0.1 0.9
0.2
0.3
0.5

2|
V

L|f
0 1 2 3 4

2 |
TR

|f

0

0.1

0.2

0.3

0.4

0.5  -1DØ, 5.4 fb
(c)

FIG. 2: (color online) Likelihood density as a function of tWb coupling form factors, for (a) right-vector vs. left-vector couplings,
(b) left-tensor vs. left-vector couplings, and (c) right-tensor vs. left-vector couplings, using information from the W boson
helicity measurement only. All systematic uncertainties are included. Each color corresponds to a contour of equal likelihood
density.
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FIG. 3: (color online) Form factor posterior density distribution for (a) right-vector vs. left-vector couplings, (b) left-tensor vs.
left-vector couplings and (c) right-tensor vs. left-vector couplings, using information from the single top quark analysis only,
for events with two or three jets. All systematic uncertainties are included.
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FIG. 4: Posterior density distribution for the combination of W boson helicity and single top quark measurements for (a)
right-vector vs. left-vector form factors, (b) left-tensor vs. left-vector form factors and (c) right-tensor vs. left-vector form
factors. All systematic uncertainties are included.




