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Top-quark decay

‣ Top is a standard-model fermion

‣ It is sufficiently heavy (~173 GeV) 
to decay to a bottom quark and an 
on-shell W boson through the 
weak current

‣ The SM Lagrangian specifies that 
the Wtb coupling has a left-handed 
vector (V-A) structure, with

in the Lagrangian
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Unless that isn’t true...

‣ Maybe top has anomalous Wtb couplings, beyond V-A?

‣ Consider the general Lagrangian for the Wtb interaction:

‣ Introduces RH vector and LH, RH tensor couplings

‣ In the SM, coupling form factors fLV = 1 and fRV = fLT = fRT = 0

‣ If there were anomalous couplings, we would see deviations from 
SM predictions in measurements of

‣ helicity fractions of W bosons in top decay,

‣ rate of electroweak single-top production, and

‣ kinematic distributions in single-top events
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Knowledge, assumptions

‣ Not enough data to constrain all four couplings at once:

‣ Probe fLV and one anomalous coupling simultaneously, while 
assuming other two couplings are zero

‣ Existing information:

‣ Unitarity constraints require tensor form factors to be less than 0.5

‣ b ➞ sγ measurements give more stringent constraints on the 
couplings than can be measured directly, but only if one assumes no 
new physics beyond this in the bottom sector:

‣ Assumptions in the analysis:

‣ Coupling form factors are real, implying CP conservation

‣ Top quark is spin-1/2

‣ Top decays almost always to Wb

‣ Single top production is almost always through W exchange
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FIG. 4: Two-dimensional posterior probability density distributions for the anomalous couplings. The left row (a) shows the
distribution for the (LV ,LT ) scenario, the middle row (b) for the (LV ,RV ) scenario, and the right row (c) for the (LV ,RT )
scenario. The dots represent the peak posterior from our data in comparison with the SM predictions.
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Basics

‣ Tevatron: √s = 1.96 TeV, pp collisions, Run II 2001-11; ~12 fb-1 
delivered, these analyses use 5.4 fb-1.

‣ D0:  silicon and fiber trackers inside 2 T solenoid, liquid argon-
uranium calorimeter, muon trackers/scintillator with toroid

‣ W helicity is studied in tt events:

‣ dilepton: tt➞W+W-bb➞lνl’ν’bb = two leptons, missing transverse 
energy, at least two jets

‣ 319 events selected, 69 ± 10 background

‣ lepton+jets: tt➞W+W-bb➞lνqq’bb = one lepton, missing transverse 
energy, at least four jets

‣ 1431 events selected, 404 ± 32 background

‣ Single top events are selected with one lepton, missing transverse 
energy, two or three jets, at least one identified as b

‣ Orthogonal to W helicity sample
5
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FIG. 8: Distribution of cos θ∗ in tt̄ MC samples that were
reweighted to derive the distributions for purely left-handed,
longitudinal, or right-handed W bosons. The distribution for
leptonically- and hadronically-decaying W bosons in "+jets
events are shown in (a) and (b), respectively, and the distri-
bution for dilepton events is shown in (c). For hadronically
decaying W bosons the cos θ∗ distribution for left- and right-
handed W bosons are identical. All of the distributions are
normalized to unity.

events are drawn in the proportions expected in the SM
is shown in Fig. 10.

SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are evaluated using simulated
event ensembles in which both changes in the background
yield and changes in the shape of the cos θ∗ templates in
signal and background are considered. The simulated
samples from which the events are drawn can be either
the nominal samples or samples in which the systematic
effect under study has been shifted away from the nom-
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FIG. 9: (Color online) Distribution of cos θ∗ in background
samples. The distribution for leptonically- and hadronically-
decaying W bosons in "+jets events are shown in (a) and (b),
respectively, and the distribution for dilepton events is shown
in (c). All of the distributions are normalized to the expected
yield for each source of background.

inal value. In general, the systematic uncertainties as-
signed to f0 and f+ are determined by taking an average
of the absolute values of the differences in the average
fit output values between the nominal and shifted V −A
and V +A samples.

The jet energy scale, jet energy resolution, and jet iden-
tification efficiency each have relatively small uncertain-
ties that are difficult to observe above fluctuations in the
MC samples. To make the effects more visible, we vary

dilepton

l+jets hadronic

l+jets leptonic

W helicity measurement

‣ Reconstruct helicity angle

‣ Angle between direction opposite the 
top quark and direction of down-type 
fermion, measured in W rest frame

‣ Many tools used in reconstruction: 
kinematic fits with constraint to top 
and W masses, b-jet likelihood....

‣ Characteristic distributions for left, 
right, longitudinal W polarization

‣ Extract helicity fractions with binned 
maximum likelihood fit to data using 
templates for signal, background
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handed W bosons are identical. All of the distributions are
normalized to unity.

events are drawn in the proportions expected in the SM
is shown in Fig. 10.

SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are evaluated using simulated
event ensembles in which both changes in the background
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FIG. 9: (Color online) Distribution of cos θ∗ in background
samples. The distribution for leptonically- and hadronically-
decaying W bosons in "+jets events are shown in (a) and (b),
respectively, and the distribution for dilepton events is shown
in (c). All of the distributions are normalized to the expected
yield for each source of background.

inal value. In general, the systematic uncertainties as-
signed to f0 and f+ are determined by taking an average
of the absolute values of the differences in the average
fit output values between the nominal and shifted V −A
and V +A samples.

The jet energy scale, jet energy resolution, and jet iden-
tification efficiency each have relatively small uncertain-
ties that are difficult to observe above fluctuations in the
MC samples. To make the effects more visible, we vary

dilepton

l+jets hadronic

l+jets leptonic

W helicity measurement

‣ Reconstruct helicity angle

‣ Angle between direction opposite the 
top quark and direction of down-type 
fermion, measured in W rest frame

‣ Many tools used in reconstruction: 
kinematic fits with constraint to top 
and W masses, b-jet likelihood....

‣ Characteristic distributions for left, 
right, longitudinal W polarization

‣ Extract helicity fractions with binned 
maximum likelihood fit to data using 
templates for signal, background
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TABLE VII: Summary of the absolute systematic uncertain-
ties on f+ and f0.

Source Uncertainty (f+) Uncertainty (f0)
Jet energy scale 0.007 0.009
Jet energy resolution 0.004 0.009
Jet ID 0.004 0.004
Top quark mass 0.011 0.009
Template statistics 0.012 0.023
tt̄ model 0.022 0.033
Background model 0.006 0.017
Heavy flavor fraction 0.011 0.026
b fragmentation 0.000 0.001
PDF 0.000 0.000
Analysis consistency 0.004 0.006
Muon ID 0.003 0.021
Muon trigger 0.004 0.020
Total 0.032 0.060

To assess the consistency of the result with the SM,
we note that the change in − lnL(f0, f+) (Eq. 10) be-
tween the best fit and the SM points is 0.24 considering
only statistical uncertainties and 0.16 when systematic
uncertainties are included. The probability of observing
a greater deviation from the SM due to fluctuations in
the data is 78% when only the statistical uncertainty is
considered and 85% when both statistical and systematic
uncertainties are considered.
We have also split the data sample in various ways to

check the internal consistency of the measurement. Using
!+jets events only, we find

f0 = 0.767± 0.117 (stat.), (14)

f+ = 0.018± 0.061 (stat.);

and when using only dilepton events we find

f0 = 0.677± 0.144 (stat.), (15)

f+ = −0.013± 0.065 (stat.).

We also divide the sample into events with only
electrons (e+jets and ee) and events with only muons
(µ+jets and µµ). The results for electrons only are

f0 = 0.816± 0.142 (stat.), (16)

f+ = −0.063± 0.066 (stat.),

and for muons only are

f0 = 0.618± 0.150 (stat.), (17)

f+ = 0.130± 0.081 (stat.).

Finally, we perform fits in which one of the two helicity
fractions is fixed to its SM value. Constraining f0, we find

f+ = 0.014± 0.025± (stat.)± 0.028(syst.), (18)
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FIG. 11: (Color online) Comparison of the cos θ∗ distribution
in Run IIb data and the global best-fit model (solid line)
and the SM (dashed line) for (a) leptonic W boson decays in
"+jets events, (b) hadronic W boson decays in "+jets events,
and (c) dilepton events.

We also constrain f+ and measure f0, finding

f0 = 0.735± 0.051 (stat.)± 0.051(syst.). (19)

COMBINATION WITH OUR PREVIOUS

MEASUREMENT

To combine this result with the previous measurement
from Ref. [6], we repeat the maximum likelihood fit with
the earlier and current data samples and their respective
MC models, treating them as separate channels in the
fit. This is equivalent to multiplying the two-dimensional
likelihood distributions in f0 and f+ corresponding to the
two data sets. We determine the systematic uncertainty
on the combined result by treating most uncertainties as

PRD 83, 092002 (2011)
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W helicity results

‣ SM predicts f0 = 70%, f- = 30%, f+ ≃ 0

‣ Result agrees very well with SM

‣ Non-SM couplings would change the 
helicity fractions

‣ This can be used to constrain the 
ratios of the coupling form factors

7
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Single-top production rate

‣ Single top quarks are produced 
through Wtb coupling ➞ anomalous 
couplings affect production rate

‣ Small signal on big W+jets 
background, but substantially altered 
by (some) anomalous couplings

8

5

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 andW 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.

PLB 708, 12 (2011)
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Single-top kinematics

‣ SM single top can be distinguished from both SM backgrounds and 
anomalous production/decay by kinematic variables

‣ And different anomalous couplings distinct from each other

‣ Warning: anomalous signals in plots above are x10 SM single top!

‣ Use Bayesian neural network to distinguish anomalous, SM signals

‣ 18-22 kinematic variables in each BNN

‣ Trained with non-SM process as signal, all others as background
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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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Single-top results

‣ Use Bayesian statistical approach to compare 
data to predictions for anomalous couplings

‣ Background normalization is absolute, not fit

‣ Result is 2D probability density distributions 
for different scenarios

‣ Data consistent with SM

‣ Note shape of probability bands compared to 
those obtained from W helicity!
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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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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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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.
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Put it all together

‣ Use the W helicity likelihood 
as a prior for the single-top 
analysis

‣ Set limits on anomalous 
couplings by integrating over 
the left-handed vector 
contribution to make 1D 
probability densities
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(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.

6

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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Systematic uncertainties

‣ Single-top measurement is statistics limited

‣ Largest systematic uncertainties from jet energy scale, b-tagging 
efficiencies, background normalization

‣ Measurement depends on overall signal normalization

‣ Systematic and statistical uncertainties are about equal for the W 
helicity measurement

‣ Largest systematic uncertainties from tt modeling, W+jets heavy 
flavor content, template statistics

‣ Measurement independent of tt normalization

‣ Correlations in systematic uncertainties between the two 
analyses are handled appropriately
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Summary

‣ Studies of W helicity in top 
decays and of single-top 
production rate and kinematics 
allow us to probe anomalous 
Wtb couplings

‣ The two analyses are 
complementary, making the 
combination powerful

‣ Best limits on anomalous 
couplings to date

‣ PLB 713, 165 (2012)

‣ This is probably the final D0 result 
on this topic -- LHC is gaining 
advantage on statistics
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Top quark at age 17: 
old enough to drive, but 
only makes left turns!
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Alternative parameterization

‣ Alternative parameterization through 
effective operators due to Aguilar-
Saavedra, NPB 812, 181 (2009), also 
Zhang, Greiner, Willenbrock, arXiV:
1201.6670 and PRD 83 034006 (2011)

‣ Λ is scale of new physics, v is EWK 
symmetry breaking scale, C’s are 
constants for dimension-6 effective 
operators for 3rd-generation quarks

‣ Assuming Λ=1 TeV, find: 

‣ (ATLAS appears to have stronger limits 
due different statistical treatment)
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4

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
translateW 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 → #νqq̄′bb̄, requiring a lepton,
missing transverse energy and at least four jets) and
dilepton (tt̄ → W+W−bb̄ → #ν#′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

|C(3,3+3)
�q | < 14.7, |C33

��| < 18.0, |C33
dW | < 2.5, |C33

uW | < 4.1


