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Measuring |Vtb|2

The three single top production mechanisms are proportional 
to |Vtb|2.

Hence, if I would measure the total rate, I can extract its 
value
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No! This argument is wrong...
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Not only Vtb
Only if |Vtb| is equal to 1, the previous argument is correct.

If we want to measure |Vtb|, there are new ‘background’ 
contributions that have to be taken into account

Also the decay of the top quark changes if |Vtb| is not equal to 1. 
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a way out?
A possible way out is to argue that the use of |Vtb|=1 in my event 
selection and analysis is okay even though I want to measure |Vtb|, 
is to claim that

However, the recent measurement from D0 (from top quark 
decays in top pair production) suggests otherwise:

which translates into

Which is a bit in conflict with the requirement above
7

1 Introduction

The top quark is not only the latest discovered and the heaviest particle in the Standard
Model (SM), but also the only known fermion with a natural mass of order of the weak
scale. For this reason in many SM extensions, from weakly interacting theories at the
TeV scale, such as SUSY, to strongly interacting ones, it often plays a special role. This
motivates the efforts aiming at measuring its properties with increasing accuracy and
looking for significant deviations from theoretical predictions.

At hadron colliders, the top quark is mainly produced in top-antitop pairs via strong
interactions. However, the pure-electroweak production of a single top (or anti-top) quark
has a remarkably competitive cross-section, and therefore can be very helpful in providing
complementary information on top-quark properties. In the SM, the production of single
top quarks occurs via three different channels: the s- or t-channel exchange of a W boson,
and the associated tW production. At the Tevatron, whose data we focus on in this paper,
the tW channel is negligible compared to the other two mechanisms, because of the smaller
phase space available for the two heavy particles and the low gluon luminosity. In the s-
channel, the top quark is produced from an intermediate W ∗ boson in association with a
light, down-type quark q, with rates proportional to the CKM elements |Vtq|2 [1]. In the
t-channel the W boson is exchanged between two quark lines allowing an initial state light
quark q to turn into the top quark. In this case the production rates are sensitive both
to |Vtq|2 and to the corresponding q density inside the proton. In the Standard Model
with three generations (3SM), 3× 3 unitarity constrains the CKM element Vtb to be very
close to one (|Vtb| = 0.999146+0.000048

−0.000016 [2, 3]), and to overwhelm in size both Vtd and Vts.
Therefore contributions to the total s- and t-channel cross-sections involving light quarks
other than the b have usually been neglected in experimental analyses. For the same
reason, the top-quark branching ratio into a b quark and a W boson

R =
|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
, (1)

is very close to one in the 3SM. As a result, it is normally assumed to be equal to one in top-
quark related analyses. However, it is clear that any analysis aiming at directly and jointly
constraining |Vtb| from single top production measurements and R, should not rely on the
assumption |Vtb| " |Vtd|, |Vts| [4]. For quite some time the most precise measurement of
R in tt̄ production events using 0, 1 and 2 b-tagged jets came from D0 [5]: R = 0.97+0.09

−0.08.

In the 3SM this translates to the somewhat weak constraint H =
√

|Vtd|2 + |Vts|2/|Vtb| =
√

(1− R)/R < 0.49 at 95% confidence level (CL). Moreover, very recently, D0 [6] has
presented a much more precise measurement of R giving R = 0.90 ± 0.04. The result
points to a rather important deviation of |Vtb| from one implying a H $ 0.33. This result
renders the |Vtb| " |Vtd|, |Vts| assumption untenable in any consistent extraction of |Vtb|
from both R and single top production data.

As long as R can significantly deviate from one therefore needs to take into account
contributions from d and s quarks in the production of single top quarks in the t-channel.
For example, if a fourth generation of quarks (denoted b′ and t′) and leptons were realized
in Nature (4SM) the values of |Vtd| and |Vts| could be significantly larger than in the
3SM and the cross section in the t-channel could be modified by sizable d- and s-quark

2

= 0.90 ± 0.04

p
|Vtd|2 + |Vts|2 ' 0.33 |Vtb|

|Vtb| � |Vts|, |Vtd|
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Why not include all 
contributions...

At the Tevatron (where we can ignore the Wt channel), we 
have to take all these possibilities into account

We can discriminate some of them by looking at the number 
of b-jets in the final state
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E.g. One b-jet from
s-channel
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[Alwall et al (2006); Lacker et al. (2012)]
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ii) the reconstruction efficiencies (which contain acceptance, trigger efficiencies, selection
efficiencies including, for instance, b-tagging),

iii) NLO cross sections for the s- and t-channel [21–26],

iv) the CKM matrix elements |Vtd|, |Vts| and |Vtb|,

v) the measured branching fraction R.

We denote the s-channel cross section as σs, and for the t-channel we distinguish
between the cross sections induced by the initial quark flavour q = d, s, b from which the
top quark is produced: σt

d, σ
t
s, and σt

b.
Single top production is identified by selecting events with a lepton of high transverse

momentum (pT ) indicating a W -boson decay and two or more reconstructed jets. In
addition, one requires that at least one of these jets is tagged as a b-quark jet. The fully
inclusive sample can be then organized in bins with a given jet multiplicity. The two-jet
bin has the highest sensitivity to single top as one expects only two jets in signal events
with no extra radiation, i.e. at the Born level, while more jets characterise the main tt̄
background. However, in the current analyses, the three-jet (and even the four-jet) bin can
provide additional sensitivity to the signal when extra radiation is present and important
information on the backgrounds. For the sake of illustration, we consider the number
of single top signal events after background subtraction (top and non top) classified by
exactly one, respectively, two b-quark tagged jets in the two-jet final state. Extension
to the three-jet final state can be done along the same lines and it is straightforward.
We note that in order to be consistent the effects of the general assumptions on the |Vtq|
CKMmatrix elements have to included also in the tt̄ background. We therefore provide the
corresponding rates for the top background at the end of each of the following subsections.

2.1 Final state with one b-quark jet

In the s channel, the final state top-quark is accompanied by a light quark q = d, s, b:
q + t. The top quark decays subsequently into a light quark q′ = d, s, b plus a W boson:
t → q′ + W . We denote the final efficiencies to select such events as εsq(t→q′W ). More
in detail, the following efficiencies that depend both on production and decay of the top
quark are considered: εsb(t→bW ), ε

s
b(t→dW ), ε

s
b(t→sW ), ε

s
d(t→bW ), ε

s
s(t→bW ), ε

s
d(t→dW ), ε

s
d(t→sW ),

εss(t→dW ), and εss(t→sW ). In the following, we assume that to a very good approximation
εsd(t→dW ) = εsd(t→sW ) = εss(t→dW ) = εss(t→sW ), ε

s
d(t→bW ) = εss(t→bW ), and εsb(t→dW ) = εsb(t→sW ).

Under these assumptions, for s-channel production the expected event yield for W plus
two jets in the final state where one jet is identified as a b-quark jet and the other one as
a non-b-quark-jet is given by:

N2jets,s
1bjet = L · σs · R[|Vtb|2εsb(t→bW ) + (|Vtd|2 + |Vts|2)(εsb(t→dW ) + εsd(t→bW ) +

1− R

R
εsd(t→dW ))] (2)

It is reasonable to assume (and easy to check) that compared to εsd(t→bW ), ε
s
b(t→dW ), and

εsb(t→bW ) the efficiency εsd(t→dW ) is small. In addition, this efficiency is multiplied by the

4

integrated 
luminosity

(NLO) cross section 
for s-channel, without 
CKM matrix element

efficiencies to find exactly 
one b-jet from the various 
final state configurations
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E.g. One b-jet from
s-channel
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inclusive sample can be then organized in bins with a given jet multiplicity. The two-jet
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to the three-jet final state can be done along the same lines and it is straightforward.
We note that in order to be consistent the effects of the general assumptions on the |Vtq|
CKMmatrix elements have to included also in the tt̄ background. We therefore provide the
corresponding rates for the top background at the end of each of the following subsections.

2.1 Final state with one b-quark jet

In the s channel, the final state top-quark is accompanied by a light quark q = d, s, b:
q + t. The top quark decays subsequently into a light quark q′ = d, s, b plus a W boson:
t → q′ + W . We denote the final efficiencies to select such events as εsq(t→q′W ). More
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s(t→bW ), ε
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d(t→dW ), ε
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εss(t→dW ), and εss(t→sW ). In the following, we assume that to a very good approximation
εsd(t→dW ) = εsd(t→sW ) = εss(t→dW ) = εss(t→sW ), ε

s
d(t→bW ) = εss(t→bW ), and εsb(t→dW ) = εsb(t→sW ).

Under these assumptions, for s-channel production the expected event yield for W plus
two jets in the final state where one jet is identified as a b-quark jet and the other one as
a non-b-quark-jet is given by:

N2jets,s
1bjet = L · σs · R[|Vtb|2εsb(t→bW ) + (|Vtd|2 + |Vts|2)(εsb(t→dW ) + εsd(t→bW ) +

1− R

R
εsd(t→dW ))] (2)

It is reasonable to assume (and easy to check) that compared to εsd(t→bW ), ε
s
b(t→dW ), and

εsb(t→bW ) the efficiency εsd(t→dW ) is small. In addition, this efficiency is multiplied by the

4
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for s-channel, without 
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And similar for t-channel and for two b-jets
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Results

Only subset of data taken into account: CDF data on one lepton + missing 
transverse energy + two jets with one reconstructed b-jet and D0 data on 
the top branching ratio to b quarks
Assuming a 4x4 CKM matrix (so that 3x3 unitarity constraints don’t apply), 
but direct constraints from flavor physics and from W-boson branching 
ratios taken into account
|Vtb| = 1 lies well outside the 95% C.L. contour
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Figure 8: The two-dimensional constraint on |Vtd| and |Vts| within the ‘4SMTL
method’ using N2jets

1bjet = 84.3 ± 26.8 and R = 0.90 ± 0.04 together with constraints
on |Vud|, |Vus|, |Vub|, |Vcd|, |Vcb|, and B(W → !ν!) as explained in the text.

single top measurements and from R can only be combined with other flavor observables
in a consistent way within a global analysis. As an example, we studied a global analysis
of the single top yield N2jets

1bjet and R with tree-level flavor measurements to constrain CKM
matrix elements in a 4SM scenario.

Our simplified analysis shows that with the recent measurement of R = 0.90 ± 0.04
presented by the D0 collaboration the constraint on |Vtb| in a 4SM scenario differs sig-
nificantly from the ‘R = 1 method’ even if |Vtd| and |Vts| are constrained by tree-level
measurements of |Vud|, |Vus|, |Vub|, |Vcd|, |Vcb|, and by leptonic W -decays thanks to 4 × 4
unitarity.

Further valuable and accurate information could be easily extracted from the Tevatron
data by including also event rates with two or three jets, both of them b-tagged and
by employing NLO MC + data validation for the determination of the efficiencies. In
particular, the fact that s-channel and t-channel at the Tevatron are expected to give
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Figure 9: The two-dimensional constraint on |Vtd| and |Vtb| within the ‘4SMTL
method’ using N2jets

1bjet = 84.3 ± 26.8 and R = 0.90 ± 0.04 together with constraints
on |Vud|, |Vus|, |Vub|, |Vcd|, |Vcb|, and B(W → !ν!) as explained in the text.

comparable rates of events in the SM provides a leverage that has no equivalent at the
LHC and put CDF and D0 in a very competitive position.

While this paper concentrates on single top-quark production we would like to point out
that a value ofR being significantly smaller than one might have important implications for
tt̄ production measurements. Without taking into account R being smaller than one, the
measured tt̄ cross section would underestimate the true cross-section value which in turn
would overestimate the top-quark mass extracted from the cross section measurement. As
an example, if a tt̄ cross-section measurement performed at Tevatron used one b-tagged
jet, then the cross section would be underestimated by a factor R. Correspondingly,
the extracted top-quark mass would be overestimated by about O(3 GeV) which can be
read off e.g. from Ref. [48] where the top-quark mass extraction from tt̄ cross-section
measurements is discussed in detail. This issue might become relevant when comparing
the top-quark mass extracted from a cross-section measurement with the one from direct
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Figure 10: The two-dimensional constraint on |Vts| and |Vtb| within the ‘4SMTL
method’ using N2jets

1bjet = 84.3 ± 26.8 and R = 0.90 ± 0.04 together with constraints
on |Vud|, |Vus|, |Vub|, |Vcd|, |Vcb|, and B(W → !ν!) as explained in the text.

measurements.
The method outlined in this work can also be applied to single top-quark measurements

at the LHC. In this case, however, s-channel single top production is very small, while
Wt associated production becomes visible and therefore could be included. Furthermore,
at the LHC the t-channel the rate of top and anti-top is different due to the pp initial
state, d’s are valence (+sea) quarks while d̄ are only sea quarks. Contributions of the d
from the s contributions could therefore be singled out by an accurate charge asymmetry
measurement. Rapidity distributions could also provide a further handle [49]. At LHC,
however, one expects a lower sensitivity to d- and s-contributions since the t-channel cross
sections for d- and s-contributions do not differ from the b-contribution as much as at
the Tevatron. As an example, we quote for a center-of-mass energy of 8 TeV the NLO
cross-sections of single top and single antitop production at the LHC in Tables 4 and 5
calculated as the ones for Tevatron described in Sec. 3.1.
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4 vs 5 flavors for
t-channel production
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Initial state b quark
“Standard” way of looking at the t-channel single top process

But there is an equivalent description with no bottom PDF and an 
explicit gluon splitting to b quark pairs
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The two schemes

13

At all orders both description should agree; otherwise, differ by:

evolution of logarithms in PDF: they are resummed

ranges of integration

approximation by large logarithm

Uses 2 ➞ 2 when interested in total rate, use 2 ➞ 3 when spectator b 
quark is important.

At LO they differ. What about NLO?
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σ
NLO
t−ch(t + t̄) 2 → 2 (pb) 2 → 3 (pb)

Tevatron Run II 1.96 +0.05
−0.01

+0.20
−0.16

+0.06
−0.06

+0.05
−0.05 1.87 +0.16

−0.21
+0.18
−0.15

+0.06
−0.06

+0.04
−0.04

LHC (7 TeV) 62.6 +1.1
−0.5

+1.4
−1.6

+1.1
−1.1

+1.1
−1.1 59.4 +2.1

−3.4
+1.4
−1.4

+1.0
−1.0

+1.3
−1.2

LHC (14 TeV) 244 +5
−4

+5
−6

+3
−3

+4
−4 234 +7

−9
+5
−5

+3
−3

+4
−4

1

Total rates at NLO
Estimate of the theory uncertainty:

independent variation of renormalization and factorization scales by a factor 2 
44 eigenvector CTEQ6.6 PDF’s
Top mass: 172 ± 1.7 GeV
Bottom mass: 4.5 ± 0.2 GeV

14

Fac. & Ren. scale

PDF
top mass

b mass

[Campbell, RF, Maltoni, Tramontano (2009)]
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Dependence on x

Interestingly, the agreement seems to be better at the LHC 
than at the Tevatron

A recent paper [Maltoni, Ridolfi & Ubiali (2012)] explains the reason:

The logarithms that are resummed in the b-quark PDF 
are larger at large x

Hence, this resummation is more important at the 
Tevatron
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Distributions

Jet defined by: pT>15 GeV, ΔR > 0.7
Some differences, but typically of the order of ~10% in the regions 
where the cross section is large
Shapes are very similar to LO predictions (not shown)
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Bottom quark

17

Dashes: 2 ➞ 2 at “NLO”, with massive (when final state) b quark:
the same shape as the 2 ➞ 3 at LO, but different normalization

Solid: 2 ➞ 3 at NLO: first NLO predictions for these observables

More forward and softer in 2 ➞ 3, particularly at the Tevatron

Mild deviations up to ~ 20%

These plots are normalized: 2 ➞ 3 much larger than 2 ➞ 2, because for 
2 ➞ 2 only subset of NLO diagrams contributes to these observables
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Recent progress
So, already at NLO the 4 and 5 flavor scheme 
calculations are in agreement

However, the 4 flavor (2 -> 3) has a better 
description of the “spectator b” quark: it’s 
described with NLO accuracy

The 5-flavor (2 -> 2) process in POWHEG+HW6 
and MC@NLO+HW6 show some non-physical 
peaks due to the way the backward evolution is 
done in the HW6 parton shower

Recent progress: Using POWHEG and 
MC@NLO, match the 4-flavor NLO results to a 
parton shower to allow for event generation at 
NLO accuracy
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A similar set of comparisons is presented in fig. 3 for the t-channel production mech-

anism, always at the Tevatron. The agreement between POWHEG and MC@NLO is as good as

before for inclusive quantities, or even better. In particular, the slight mismatch in the top

transverse-momentum distribution completely disappears, as one can see in plot (a). For

all the other plots, considerations similar to the s-channel case remain valid.

In fig. 4 the same set of plots are shown, comparing POWHEG and PYTHIA. We have good

agreement for most distributions, after applying an appropriate K factor to the PYTHIA

results. Only minor differences are present in the high-pT tail of distributions in panels (e)

and (f ).

As a final comparison, in the left panel of fig. 5, we show pB̄T , the transverse-momentum

spectrum of the hardest b̄-flavoured hadron, after imposing the rapidity cut |yB̄ | < 3. In

the t-channel, this hadron will come most probably from an initial-state gluon undergoing

a bb̄ splitting. The b quark is then turned into a t while the b̄ quark is showered and

hadronized. We see that, while POWHEG and MC@NLO are in a fair agreement in the medium-

and high-pT range, sizable differences are present at low pT. These discrepancies are most

probably due to the disagreement that one can notice in the yB̄ distribution (right panel

of fig. 5), and to a smaller extent to a different implementation of the inclusion of b-mass

effects by both programs (just before the showering stage).

Figure 5: Comparisons between POWHEG and MC@NLO results for the hardest b̄-flavoured hadron
transverse momentum (left) and rapidity (right), for t-channel top production at the Tevatron pp̄
collider. Rapidity cuts are highlighted.

We also plot in fig. 6 the same quantities comparing POWHEG interfaced to PYTHIA with

respect to PYTHIA alone. A large mismatch in the high-pB̄T spectrum is clearly visible in

the left panel. This observable is particularly sensitive to real matrix-element effects, not

present in PYTHIA. Concerning the low-pB̄T behaviour, we see that here the difference is

much less pronounced than in fig. 5. Furthermore, the aforementioned mismatch in the yB̄
distribution is no longer present, as one can see in the right panel.

By comparing figs. 5 and 6, one immediately notices the different behaviours of the

two Monte Carlo programs that we are interfacing to. We observe that the HERWIG shower

and hadronization create an enhancement at large values of |yB̄ |, which is not present in
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A similar set of comparisons is presented in fig. 3 for the t-channel production mech-

anism, always at the Tevatron. The agreement between POWHEG and MC@NLO is as good as

before for inclusive quantities, or even better. In particular, the slight mismatch in the top

transverse-momentum distribution completely disappears, as one can see in plot (a). For

all the other plots, considerations similar to the s-channel case remain valid.

In fig. 4 the same set of plots are shown, comparing POWHEG and PYTHIA. We have good

agreement for most distributions, after applying an appropriate K factor to the PYTHIA

results. Only minor differences are present in the high-pT tail of distributions in panels (e)

and (f ).

As a final comparison, in the left panel of fig. 5, we show pB̄T , the transverse-momentum

spectrum of the hardest b̄-flavoured hadron, after imposing the rapidity cut |yB̄ | < 3. In

the t-channel, this hadron will come most probably from an initial-state gluon undergoing

a bb̄ splitting. The b quark is then turned into a t while the b̄ quark is showered and

hadronized. We see that, while POWHEG and MC@NLO are in a fair agreement in the medium-

and high-pT range, sizable differences are present at low pT. These discrepancies are most

probably due to the disagreement that one can notice in the yB̄ distribution (right panel

of fig. 5), and to a smaller extent to a different implementation of the inclusion of b-mass

effects by both programs (just before the showering stage).

Figure 5: Comparisons between POWHEG and MC@NLO results for the hardest b̄-flavoured hadron
transverse momentum (left) and rapidity (right), for t-channel top production at the Tevatron pp̄
collider. Rapidity cuts are highlighted.

We also plot in fig. 6 the same quantities comparing POWHEG interfaced to PYTHIA with

respect to PYTHIA alone. A large mismatch in the high-pB̄T spectrum is clearly visible in

the left panel. This observable is particularly sensitive to real matrix-element effects, not

present in PYTHIA. Concerning the low-pB̄T behaviour, we see that here the difference is

much less pronounced than in fig. 5. Furthermore, the aforementioned mismatch in the yB̄
distribution is no longer present, as one can see in the right panel.

By comparing figs. 5 and 6, one immediately notices the different behaviours of the

two Monte Carlo programs that we are interfacing to. We observe that the HERWIG shower

and hadronization create an enhancement at large values of |yB̄ |, which is not present in
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NLO+PS

Stable B-hadron coming from the spectator b-quark (if there are more 
than one, take the hardest)
Excellent agreement between aMC@NLO+HW6 and POWHEG+HW6 
for transverse momentum, okay-ish for rapidity
PDF and scale uncertainties generated by aMC@NLO without extra 
CPU time using reweighting techniques
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(very) preliminary

(very) preliminary

[RF, Re, Torrielli]
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More work needed
(as always...)

The 4-flavor (2->3) calculation does not (yet) take spin correlations 
between the production and decay into account. It has been shown 
that those are important in the 5-flavor process

Angles between hardest lepton and beam (left) or hardest jet (right) 
evaluated in the top rest frame

20

Combining NLO and MC showering MC@NLO and POWHEG: results and comparison

(Re ’09)

χ is the angle between hardest charged lepton (assumed to be from the top) and
direction of the incoming parton with η < 0.

θ is the angle between hardest charged lepton and hardest jet.
Both evaluated in top rest frame.

Patrick Motylinski (University of Freiburg) Single top physics at hadron colliders TOP2011, Sep. 28th 2011 11 / 32
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Wt and top pair
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Wt-channel

When including (N)NLO corrections, the s-, t- and Wt-channels 
start to interfere among each other and also with double resonant 
(top pair production) and non-resonant contributions 

In particular, the Wt channel is the most dubious one from a 
theoretical point of view. Already at LO (in the 4-flavor scheme) 
there are interferences with top pair production

It has been shown [C. White et al. (2009)] that the Wt channel can be 
isolated from the ttbar background at the LHC

However, given that there is interference already at LO, how much 
sense does this make? In particular when tops are backgrounds to 
other processes

22
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WWbb at NLO
Recently, the full NLO 
corrections to the WWbb process 
were calculated by two 
independent groups
[Denner et al.; Bevilacqua et al. (2011)]

Consistent description of top pair 
production and irreducible 
backgrounds

Particularly important when cuts 
require (one) top(s) to be off-shell

Matrix element-level calculation; 
matching to the parton shower 
not (yet) available
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Figure 2: Representative Feynman diagrams contributing to the virtual corrections to the

partonic subprocess gg → e+νeµ−ν̄µbb̄ at O(α3
sα

4).

As explained before, the process under consideration requires a special treatment

of unstable top quarks, which is achieved within the complex-mass scheme [40]. At
the one-loop level the appearance of a non-zero top-quark width in the propagator
requires the evaluation of scalar integrals with complex masses, for which the program

– 5 –
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No constant ‘K-factor’
Corrections are small for most observables

Compared the LO WWbb production, the 
NLO corrections are not an overall change 
in normalization
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Figure 16: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp → e+νeµ−ν̄µbb̄ +X process at the LHC with
√
s = 7 TeV. The blue

dashed curve corresponds to the leading order, whereas the red solid one to the next-to-

leading order result. The lower panels display the differential K factor.

they are relatively constant. Exceptions are the rapidity distributions, which are
only constant in the central region, and the pTmiss

and HT distributions, which are

distorted up to 40%− 80%.

4. Conclusions

In this paper, we have presented, for the first time, a computation of the NLO QCD
corrections to the full decay chain pp(pp̄) → tt̄ → W+W−bb̄ → e+νeµ−ν̄µbb̄ + X .
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Figure 9: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp̄ → e+νeµ−ν̄µbb̄ +X process at the TeVatron run II. The blue dashed

curve corresponds to the leading order, whereas the red solid one to the next-to-leading

order result. The lower panels display the differential K factor.

semi-leptonic channel yields At
FB = 0.150± 0.050stat. ± 0.024syst. [81], while the DØ

measurement of this asymmetry yields At
FB = 0.08± 0.04stat. ± 0.01syst. based on 4.3

fb−1 integrated luminosity [82]. The uncertainties of these results are still very large
and statistically dominated.

In the same manner we can calculate the integrated forward-backward asymme-
try for the top decay products, namely the b-jet and the positively charged lepton.

– 17 –

TevatronLHC (7 TeV)

4

FIG. 4: Invariant mass Me+b of the positron–b-jet system at
the Tevatron: absolute LO and NLO predictions (upper plot)
and relative corrections w.r.t. LO at µ = mt (lower plot). The
uncertainty bands describe mt/2 < µ < 2mt variations.
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massless b-quarks

Unfortunately, b quarks are considered to be massless: need 
to put cuts on them to make this process finite

This calculation cannot be used to predict the rate when 
one b-quark is too far forward/soft to be observed. So, not 
so useful when tops are backgrounds to other processes
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing

– 3 –

Top pair production Looks like single top production
(Wt-channel, 4-flavor scheme)

but it isn’t really...



s- vs t-channel 
single top
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s- versus t-channel 
cross section
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Why is it that the theory prediction is outside the 95% C.L. contour for CDF?
During the last years, collaboration between theorist and experimentalist trying 
to pin down this difference. Nothing found that could explain this. Most likely a 

statistical fluctuation?       More data will tell...
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Summary
In general: theory for single top production theoretically well under control

Experimental determination of |Vtb| should be improved. In particular 
because it is not true that

Model independent approach (using a small subset of the available data) 
suggests a value for |Vtb| significantly smaller than 1, leading to some 
tension with a value obtained from a unitairy SM 3x3 CKM matrix

t-channel single top 4-flavor and 5-flavor calculations agree at NLO for 
total rate, but 4-flavor has a much better description (ie NLO) of the 
spectator b quark

Recent progress: implementation of 4-flavor process in aMC@NLO and 
the POWHEG BOX to allow for event generation at NLO accuracy

Wt-channel isolation from top pair production

s- vs t-channel cross sections: D0 agrees with theory prediction, CDF sees 
some tension
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|Vtb| � |Vts|, |Vtd|
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Interesting TOPics for 
further discussion

Given the recent measurement for R by D0, which no longer suggest that 
|Vtb| is much larger than |Vts| or |Vtd|, can we, please, relax this constraint 
in studies in which we want to measure |Vtb| ?

t-channel single top is a b-initiated process (in the 5-flavor scheme). Can 
we use this to constrain the b-quark PDF? Can we get the required 
experimental precision?

Any (new) ideas/insights about the s- vs. t-channel cross section 
determination at CDF? Can we expect a similar plot with the full data 
set? When?

Wt-channel single top and top pair production interfere already at LO (in 
the 4-flavor scheme). How are these processes treated within the 
experimental community? In particular, when they are backgrounds to 
other processes? How useful would a NLO calculation for the combined 
process be?
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