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39Institució Catalana de Recerca i Estudis Avançats (ICREA) and Institut de F́ısica d’Altes Energies (IFAE), Barcelona, Spain

40Stockholm University, Stockholm and Uppsala University, Uppsala, Sweden
41Lancaster University, Lancaster LA1 4YB, United Kingdom

42Imperial College London, London SW7 2AZ, United Kingdom
43The University of Manchester, Manchester M13 9PL, United Kingdom

44University of Arizona, Tucson, Arizona 85721, USA
45University of California Riverside, Riverside, California 92521, USA

46Florida State University, Tallahassee, Florida 32306, USA
47Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

48University of Illinois at Chicago, Chicago, Illinois 60607, USA



3

49Northern Illinois University, DeKalb, Illinois 60115, USA
50Northwestern University, Evanston, Illinois 60208, USA
51Indiana University, Bloomington, Indiana 47405, USA

52Purdue University Calumet, Hammond, Indiana 46323, USA
53University of Notre Dame, Notre Dame, Indiana 46556, USA

54Iowa State University, Ames, Iowa 50011, USA
55University of Kansas, Lawrence, Kansas 66045, USA

56Kansas State University, Manhattan, Kansas 66506, USA
57Louisiana Tech University, Ruston, Louisiana 71272, USA

58Boston University, Boston, Massachusetts 02215, USA
59Northeastern University, Boston, Massachusetts 02115, USA
60University of Michigan, Ann Arbor, Michigan 48109, USA

61Michigan State University, East Lansing, Michigan 48824, USA
62University of Mississippi, University, Mississippi 38677, USA

63University of Nebraska, Lincoln, Nebraska 68588, USA
64Rutgers University, Piscataway, New Jersey 08855, USA
65Princeton University, Princeton, New Jersey 08544, USA

66State University of New York, Buffalo, New York 14260, USA
67Columbia University, New York, New York 10027, USA

68University of Rochester, Rochester, New York 14627, USA
69State University of New York, Stony Brook, New York 11794, USA

70Brookhaven National Laboratory, Upton, New York 11973, USA
71Langston University, Langston, Oklahoma 73050, USA

72University of Oklahoma, Norman, Oklahoma 73019, USA
73Oklahoma State University, Stillwater, Oklahoma 74078, USA

74Brown University, Providence, Rhode Island 02912, USA
75University of Texas, Arlington, Texas 76019, USA

76Southern Methodist University, Dallas, Texas 75275, USA
77Rice University, Houston, Texas 77005, USA

78University of Virginia, Charlottesville, Virginia 22901, USA
79University of Washington, Seattle, Washington 98195, USA

(Dated: October 19, 2011)

We present new direct constraints on a general Wtb interaction using data corresponding to an
integrated luminosity of 5.4 fb−1 collected by the D0 detector at the Tevatron pp̄ collider. The
standard model provides a purely left-handed vector coupling at the Wtb vertex, while the most
general, lowest dimension Lagrangian allows right-handed vector and left- or right-handed tensor
couplings as well. We obtain precise limits on these anomalous couplings by comparing the data to
the expectations from different assumptions on the Wtb coupling.

PACS numbers: 14.65.Ha, 12.60.Cn

The top quark was discovered in 1995 at the Teva-
tron [1, 2] via the pair production mode involving strong
interactions. In 2009, the electroweak production of the
top quark was observed by the D0 and CDF collabora-
tions [3, 4]. At the Tevatron, the dominant production
modes for single top quark are the s-channel (“tb”) [5]
and t-channel (“tqb”) [6, 7] processes illustrated in Fig-
ure 1. Recently, we presented improved measurements of
the single top quark production cross sections [8] and the
observation of t-channel single top quark production [9].

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
bThe University of Liverpool, Liverpool, UK, cUPIITA-IPN, Mex-
ico City, Mexico, dSLAC, Menlo Park, CA, USA, eUniversity
College London, London, UK, fCentro de Investigacion en Com-
putacion - IPN, Mexico City, Mexico, gECFM, Universidad Au-
tonoma de Sinaloa, Culiacán, Mexico, and hUniversität Bern, Bern,
Switzerland. ‡Deceased.

FIG. 1: Tree level Feynman diagrams for (a) tb and (b) tqb
single top quark production.

The large mass of the top quark implies that it has
large couplings to the electroweak symmetry breaking
sector of the standard model (SM) and may have non-
standard interactions with the weak gauge bosons. Single
top quark production provides a unique probe to study
the interactions of the top quark with the W boson.

The most general, lowest dimension, CP -conserving



4

Wtb vertex is given by [10]:

L = − g√
2
b̄γµ(LV PL +RV PR)tW−µ

− g√
2
b̄
iσµνqν
MW

(LTPL +RTPR)tW−µ + h.c.,
(1)

where MW is the mass of the W boson, qν is the W boson
four-momentum, PL = (1− γ5)/2 is the left-handed pro-
jection operator, PR = (1+γ5)/2 is the right-handed pro-
jection operator, LV,T = Vtb ·fLV,T and RV,T = Vtb ·fRV,T .
The form factor fLV (fLT ) represents the left-handed
vector (tensor) coupling, fRV (fRT ) represents the right-
handed vector (tensor) coupling, and Vtb is the Cabibbo-
Kobayashi-Maskawa matrix element. In the SM, the
Wtb coupling is left-handed with LV ≡ |Vtb| ' 1 and
RV = LT = RT = 0. The magnitudes of the right-
handed vector coupling and the tensor couplings can be
indirectly constrained by the measured branching ratio
of the b → sγ process [11]. Measurements of top quark
decays in tt̄ production, e.g. the W boson helicity [12],
can directly constrain the Lorentz structure of the Wtb
vertex [13]. Assuming single top quarks are produced
only via W boson exchange, the single top quark cross
section is directly proportional to the square of the effec-
tive Wtb coupling. Moreover, the event kinematics and
angular distributions are also sensitive to the existence
of anomalous top quark couplings [14, 15]. Therefore, di-
rect constraints on anomalous couplings can be obtained
by measuring single top quark production [16].

This analysis uses the same data, event selection, and
background modeling as the recent single top quark cross
section measurements [8, 9]. We perform a study of
anomalous Wtb couplings and obtain substantial im-
provements on the limits of these couplings following the
general framework given in Ref. [16]. Out of the four cou-
plings (LV , LT , RV , RT ), we consider three cases pairing
the left-handed vector coupling with each of the other
three couplings: (LV , RV ), (LV , LT ) and (LV , RT ), and
for each case we assume the other two non-SM couplings
are negligible. We assume that single top quarks are pro-
duced exclusively through W boson exchange. Therefore
other single top quark production mechanisms, such as
flavor-changing neutral current interactions [17], the de-
cay of new scalar boson [18], or the exchange of new vec-
tor boson [19] are not considered here. We also assume
that the Wtb vertex dominates top quark production and
decay, i.e., |Vtd|2 + |Vts|2 � |Vtb|2.

We select single top quark events which are expected
to contain exactly one isolated large transverse momen-
tum (pT ) electron or muon and large missing transverse
energy (/ET ). Events with 2, 3 or 4 jets are selected,
and one or two of the jets are required to originate from
the hadronization of long-lived b hadrons (b-jets) as de-
termined by a multivariate b-tagging algorithm [20]. To
increase the search sensitivity, we divide our data into

six independent analysis channels, each with a different
background composition and signal-to-background ratio.
The channels are based on the number of identified b
jets (1 or 2) and jet multiplicity (2, 3 or 4 jets). The
signal selection efficiencies with different Wtb couplings,
including branching fraction, trigger efficiencies and the
b-tagging requirements, vary between 2.7% and 3.0% for
tb and 1.9% and 2.2% for tqb production, estimated using
Monte Carlo (MC) simulations.

Single top quark signal events with the SM and anoma-
lous Wtb couplings are modeled using the comphep-
based effective next-to-leading order (NLO) MC event
generator singletop [21] for a top quark mass mt =
172.5 GeV using the CTEQ6M [22] parton distribution
functions. The anomalous Wtb couplings are taken into
account in both production and decay in the generated
samples. The event kinematics for both s-channel and
t-channel processes reproduce distributions from next-to-
leading-order calculations [23, 24]. The decay of the top
quark and the resulting W boson are carried out in the
singletop [21] generator in order to preserve informa-
tion about the spin of the particles. The predicted cross
section for SM single top quark production is given by
Ref. [25]. The theoretical cross sections for anomalous
single top quark production (s+t-channel) with |Vtb| ' 1
are 3.1 ± 0.3 pb if fRV = 1, 9.4 ± 1.4 pb if fLT = 1
or fRT = 1, and 10.6 ± 0.8 pb if fLT = fLV = 1 [14],
all other couplings are set to zero when calculating these
cross sections.

The main background contributions are those from
W bosons produced in association with jets (W+jets),
tt̄ production, and multijet production in which a jet
with high electromagnetic content mimics an electron, or
a muon contained within a jet originating from the decay
of a heavy-flavor quark (b or c quark) appears to be iso-
lated. Diboson (WW , WZ, ZZ) and Z+jets processes
add small additional contributions to the background.
The tt̄, W+jets, and Z+jets events are simulated with
the alpgen leading-log MC generator [26]. The effect of
anomalous Wtb couplings on the tt̄ background has been
found to be negligible, thus only SM tt̄ samples are con-
sidered in the analysis. Diboson processes are modeled
using pythia [27]. For all of the signal and background
MC samples, pythia is used to simulate parton show-
ers and to model hadronization of all generated partons.
The presence of additional pp̄ interactions is modeled by
events selected from random beam crossings matching
the instantaneous luminosity profile in the data. All
MC events are processed through a geant-based sim-
ulation [28] of the D0 detector and reconstructed using
the same algorithm as data. Differences between simu-
lation and data in lepton and jet reconstruction efficien-
cies and resolutions, jet energy scale, and b-tagging effi-
ciencies are corrected in the simulation by applying cor-
rection functions measured from separate data samples.
The tt̄, Z+jets and diboson MC samples are scaled to
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their theoretical cross sections [29, 30]. We use data con-
taining non-isolated leptons to model the multijet back-
ground. W+jets and multijet backgrounds are normal-
ized by comparing the prediction for background to data
before b-tagging. Details of the selection criteria and
background modeling are given in Ref. [8].

The main contributions to the systematic uncertainty
on the predicted number of events arise from the signal
modeling, the jet energy scale (JES), jet energy resolution
(JER), corrections to b-tagging efficiency and the correc-
tion for jet-flavor composition in W+jets events. These
uncertainties affect the normalization of the distribu-
tions, and in some cases (JES, JER, and b-tagging) also
change the differential distributions. There are smaller
contributions due to limited statistics of the MC samples,
uncertainties on the measured luminosity, and the trigger
modeling. In addition, we also consider a signal cross sec-
tion uncertainty (3.8% for tb and 5.3% for tqb) given by
the NLO calculation. Details of systematic uncertainties
are given in Ref. [8]. Table I lists the numbers of events
expected and observed for each process as a function of
jet multiplicity.

TABLE I: Numbers of expected and observed events in
5.4 fb−1 of integrated luminosity, with uncertainties includ-
ing both statistical and systematic components. The single
top quark contributions are normalized to their theoretical
predictions.

Source 2 jets 3 jets 4 jets
tb (fLT = 1) 730 ± 38 316 ± 25 92 ± 14
tqb (fLT = 1) 117 ± 6.2 86 ± 8.6 40 ± 5.8
tb (fLV = fLT = 1) 607 ± 31 284 ± 21 86 ± 13
tqb (fLV = fLT = 1) 268 ± 15 167 ± 16 67 ± 10
tb (fRV = 1) 105 ± 6.0 43 ± 3.8 12 ± 1.9
tqb (fRV = 1) 122 ± 7.2 61 ± 5.3 22 ± 3.7
tb (fRT = 1) 756 ± 42 344 ± 27 103 ± 15
tqb (fRT = 1) 103 ± 5.8 67 ± 6.3 28 ± 4.4
tb (SM, fLV = 1) 104 ± 16 44 ± 7.8 13 ± 3.5
tqb (SM, fLV = 1) 140 ± 13 72 ± 9.4 26 ± 6.4
tt̄ 433 ± 87 830 ± 133 860 ± 163
W+jets 3,560 ± 354 1,099 ± 169 284 ± 76
Z+jets and dibosons 400 ± 55 142 ± 41 35 ± 18
Multijets 277 ± 34 130 ± 17 43 ± 5.2
Total SM prediction 4,914 ± 558 2,317 ± 377 1,261 ± 272
Data 4,881 2,307 1,283

We use a multivariate analysis technique called
Bayesian neural networks (BNN) [31] to separate the sig-
nal from the backgrounds. The BNN discriminant is
trained using the lepton and jets four-vectors, a two-
vector for /ET , and variables that include lepton charge
and b-tagging information. In addition, four angular vari-
ables are added based on top quark spin and W boson he-
licity information to provide more discriminating power.
The total number of variables used in training for events
with 2, 3, and 4 jets is 18, 22, and 26, respectively [8].
Figure 2 shows three example distributions from such
variables: the pT spectrum of the lepton from the decay

of the top quark and the cosine of the angles between the
lepton, the leading b-tagged jet and the reconstructed top
quark.

For each of the three scenarios, we consider the anoma-
lous coupling sample as the signal when training BNN
discriminants: for (LV , RV ), the signal is the single top
quark sample generated with fRV = 1; for (LV ,RT ), the
signal is the sample generated with fRT = 1; for (LV ,LT ),
the signal is the sample generated with fLT = 1. The
background includes the SM single top quark sample
with fLV = 1 and all the backgrounds described above.
Each background component is represented in proportion
to its expected fraction given by the background model.
Figure 3 shows representative BNN discriminant output
distributions for the three different scenarios with all six
analysis channels combined.

We follow a Bayesian statistical approach [3, 32, 33] to
compare data to the signal predictions given by different
anomalous couplings using BNN discriminant output dis-
tributions. We compute a two-dimensional (2D) poste-
rior probability as a function of |Vtb ·fLV |2 and |Vtb ·fX |2,
where Vtb · fX is any of the three non-SM couplings, in
each channel and scenario. In the (LV , LT ) scenario, the
two couplings interfere, and to account for the effect of
the interference we use a superposition of three samples
as the single top quark contribution: one with the left-
handed vector coupling only and fLV = 1 (i.e. the SM
coupling sample), one with the left-handed tensor cou-
pling only and fLT = 1, and one with both couplings
set to one. The last sample is shown as “LV + LT ” in
Fig. 3b. We assume a Poisson distribution for data counts
and uniform prior probability for nonnegative values of
the SM and non-SM couplings. The output discrimi-
nants for the signal, backgrounds, and data are used to
form a binned likelihood as a product over all six analysis
channels and all bins, taking into account all systematic
uncertainties and their correlations. The expected pos-
terior probabilities are obtained by setting the number
of data counts to be equal to the predicted sum of the
signal and backgrounds.

Figure 4 shows the 2D posterior probability density
distributions for the three scenarios. We do not ob-
serve significant deviations from the SM expectations
and therefore compute 95% C.L. upper limits on the
anomalous couplings by integrating out the left-handed
vector coupling to get a one-dimensional posterior prob-
ability density. The measured values are given in Ta-
ble II. With the SM constraint on the left-handed vector
coupling, i.e. |Vtb · fLV | = 1, the 95% C.L. limits on
left-handed tensor, right-handed vector and tensor cou-
plings are |Vtb · fLT |2 < 0.11, |Vtb · fRV |2 < 0.50 and
|Vtb · fRT |2 < 0.05, respectively.

In summary, we have presented a search for anomalous
Wtb couplings using 5.4 fb−1 of D0 data in the single
top quark final state. We find no evidence for anomalous
couplings and set 95% C.L. limits on these couplings.
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FIG. 2: Comparison of the SM backgrounds and data for selected discriminating variables with all channels combined: (a)
lepton pT , (b) cosine of the angle between the lepton (in the reconstructed top quark frame) and the reconstructed top quark (in
the center of mass frame) and (c) cosine of the angle between the leading b-tagged jet and the lepton (both in the reconstructed
top quark frame). Superimposed are the distributions from single top quark production (“tb + tqb”) with one non-vanishing
non-SM coupling (all other couplings set to zero) normalized to 10 times the SM single top quark cross section. The W+jets
contributions include the smaller backgrounds from Z+jets and dibosons.
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FIG. 3: The left column shows BNN discriminant output dis-
tributions of data and of the sum of the SM backgrounds
with all channels combined for the whole discriminant range;
superimposed are the distributions for the single top quark
contributions scaled by (a) 5 times for the (LV ,LT ) scenario,
(c) 20 times for the (LV ,RV ) scenario, and (e) 5 times for the
(LV ,RT ) scenario. The right column shows BNN discrimi-
nant output distributions in the high discriminant region for
(b) the (LV ,LT ) scenario, (d) the (LV ,RV ) scenario, and (f)
the (LV ,RT ) scenario. The hatched bands give the uncer-
tainty on the background sum. The W+jets contributions
include the smaller backgrounds from Z+jets and dibosons.

These represent improvements in the limits by factors of
2.6 to 5.0 in terms of couplings squared compared to the
previous results [16] while a factor of approximately 2.5 is

TABLE II: One-dimensional upper limits at 95% C.L. for
anomalous Wtb couplings in the three scenarios.

Scenario Cross section Coupling

(LV , LT ) < 1.21 pb |Vtb · fLT |2 < 0.13
(LV , RV ) < 2.81 pb |Vtb · fRV |2 < 0.93
(LV , RT ) < 0.60 pb |Vtb · fRT |2 < 0.06

expected from the increase in integrated luminosity. This
result represents the most stringent direct constraints on
anomalous Wtb interactions.
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[27] T. Sjöstrand, S. Mrenna, and P. Skands, J. High En-
ergy Phys. 08, 026 (2006). We use version 6.409.

[28] R. Brun and F. Carminati, CERN Program Library Long
Writeup, Report No. W5013, 1993.

[29] S. Moch and P. Uwer, Phys. Rev. D 78, 034003 (2008).
At mt = 172.5 GeV, σ(pp̄ → tt̄+X) = 7.46 pb.

[30] R. K. Ellis, Nucl. Phys. Proc. Suppl. 160, 170 (2006).
We use mcfm version 5.1.

[31] R. M. Neal, Bayesian Learning for Neural Networks
(Springer-Verlag, New York, 1996).

[32] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
98, 181802 (2007).

[33] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D
78, 012005 (2008).


