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The three single top 
channels

It is customary to define the three LO channels of producing a top 
quark as separate processes	



This is a picture based on LO perturbation theory, but can no longer 
hold when higher order corrections are taken into account. It is simply 
not physical to separate processes based solely on the virtuality of the 
W-boson (space-like (t-channel), time-like (s-channel), on-shell (Wt 
associated production))	



Therefore, in the long run, we should consider it as a single process
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What that means

It no longer makes sense to quote separate inclusive cross 
sections for each of these channels	



However, they can be defined using fiducial cross section 
measurements	



!

This also means that we as theorist should work to include 
these interference effects in our predictions

3
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Is this already a problem 
now?

Not really yet. At least not for t-channel and s-channel production	



Their interference only enters at NNLO (in the 5 Flavour scheme) 
and is expected to be small enough to be neglected	



Moreover, separating them allows one to compute t-channel in the 
4FS, which results in a better description of the spectator b quark	



On the other hand, it does make sense to quote also fiducial cross 
sections and not only the total one	



Currently, using NLO+PS 4 flavour-scheme prediction, normalised 
to the inclusive NNLO 5 flavour-scheme prediction is the state of the 
art for t-channel single top production

4
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Uncertainties in the t-channel

t-channel single-top total rate is under very good theoretical control	



The cross section to quote is the recent NNLO one 
[Brucherseifer, Caolo, Melnikov, 2014] 

Scale uncertainties on the total rate are below the % level	



PDF uncertainties are only slightly larger	



The bottom quark mass effects are larger as well! 
in the 2->3 process explicitly in the matrix elements, 
in the 2->2 process in the PDF	



varying the bottom quark (pole) mass by +/-250 MeV changes 
the cross section by about +/- 2%	



Effect on (normalised) distributions should be very small, 
though

5

Single-top @ NNLO: total cross section

8 TeV LHC,  MSTW2008,  mt = 173.2 GeV

�LO = 53.8+3.0
�4.3 pb �NLO = 55.1+1.6

�0.9 pb

�NNLO = 54.2+0.5
�0.2 pb

•μR=μF= {mt/2, mt, 2 mt}!

•Still delicate interplay/cancellations between different 
channels -> important to consistently compute 
corrections to all of them!

•Result very close to the NLO (-1.6%), reduced μ 
dependence -> good theoretical control

Very similar results for anti-top

•NLO corrections slightly larger, NNLO very similar!

•Slightly larger scale variation w.r.t top, NLO scale 
variation accidentally small

5

p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 29.1+1.7
−2.4 30.1+0.9

−0.5 +3.4% 29.7+0.3
−0.1 −1.3%

20 GeV 24.8+1.4
−2.0 26.3+0.7

−0.3 +6.0% 26.2−0.01
−0.1 −0.4%

40 GeV 17.1+0.9
−1.3 19.1+0.3

+0.1 +11.7% 19.3−0.2
+0.1 +1.0%

60 GeV 10.8+0.5
−0.7 12.7+0.03

+0.2 +17.6% 12.9−0.2
+0.2 +1.6%

TABLE II: QCD corrections to the t-channel single anti-top production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the anti-top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

real emission contributions, double real emission contri-
butions, renormalization, collinear subtractions of parton
distribution functions, etc.) are combined. The numeri-
cal cancellation of the O(ϵi) contributions, −4 ≤ i ≤ −1
is an important check of the calculation. We computed
partonic cross sections for the t-channel single-top pro-
duction at three different center of mass energies and
observed cancellation of 1/ϵ4, 1/ϵ3, 1/ϵ2 and 1/ϵ singu-
larities. For the 1/ϵ contributions to the cross section,
we find that the cancellation is at the per mill level,
independent of the center-of-mass collision energy. For
higher poles, cancellations improve by, roughly, an order
of magnitude per power of 1/ϵ. We have also checked that
similar degree of cancellations is achieved for hadronic
cross sections, which are computed by integrating par-
tonic cross sections with parton distribution functions.

III. RESULTS

We are now in position to present the results of our
calculation. We have chosen to consider the 8 TeV LHC.
We use the MSTW2008 set for parton distribution func-
tions and αs; when results for NkLO cross sections are
reported, the relevant PDF set and αs value are used.
We also set the CKM matrix to the identity matrix, the
top quark mass to mt = 173.2 GeV, the Fermi constant
to GF = 1.16639× 10−5 GeV−2 and the mass of the W
boson to 80.398 GeV. The factorization and renormaliza-
tion scales are by default set to the value of the top quark
mass mt and varied by a factor two to probe sensitivity
of the results to these unphysical scales.2 We account for
all partonic channels. At LO, this means that the light
quark transition is initiated either by an up-type quark or
by a down-type anti-quark, while the heavy quark tran-
sition can only be initiated by a b-quark. At NLO, the
gluon channel opens up, both for the light and the heavy
quark transitions. At NNLO, in addition to that, we

2 We note that by comparing NLO QCD corrections to single-top
production in four- and five-flavor schemes, it was suggested [25]
that choosing mt/2 as a central value is more appropriate. Given
reduced dependence on the renormalization/factorization scales
at NNLO, this issue is less relevant for our computation.

also have to take into account pure singlet contributions,
for example W ∗b → būd for the light quark line and
W ∗u → ub̄t for the heavy quark line. Although we in-
clude all partonic channels in our calculation, it turns
out that their contributions to single-top production dif-
fer significantly. Indeed, we find that it is important to
include bu → dt, gu → dtb̄, qu → dqtb̄ and gb → qq̄′t
in the computation of NLO and NNLO QCD corrections
while other channels can, in principle, be neglected.

The simplest observable to discuss is the total cross
section. Using the input parameters given in the previ-
ous paragraph, we find the leading order cross section for
single-top production at 8 TeV LHC to be σLO

t = 53.8 pb,
if we set the renormalization and factorization scales to
µ = mt. The next-to-leading order QCD cross section at
µ = mt is σNLO

t = 55.1 pb, corresponding to an increase
of the leading order cross section by 2.5 percent. It is
important to realize that this small increase is the re-
sult of significant cancellations between various sources
of QCD corrections. For example, NLO QCD correc-
tions in the bq partonic channel increase the leading or-
der cross section by 10%, which is more in line with the
expected size of NLO QCD corrections. However, this
positive correction is largely canceled by the quark-gluon
channel that appears at next-to-leading order for the first
time. The gluon-initiated channels have large and nega-
tive cross sections. Indeed, the qg → tb̄q′ and gb → qq̄′t
partonic processes change the leading order cross section
by −14%. When the leading order cross section is com-
puted with NLO PDFs, it increases by 8%. Finally, when
all the different contributions are combined, a small pos-
itive change in the single-top production cross section at
NLO is observed. The scale dependence of leading and
next-to-leading order cross sections is shown in Table I.
For the total single-top production cross section, we ob-
serve that the residual scale dependence at NLO is at a
few percent level. For µ = mt, the NNLO QCD cross
section is σNNLO

t = 54.2 pb, corresponding to a decrease
of the NLO cross section by −1.5%. The magnitude of
NNLO corrections is similar to the NLO corrections, il-
lustrating the accidental smallness of the latter. As can
be seen from Table I, the residual scale dependence of the
NNLO result is very small, of the order of one percent.

The simplest observable, beyond the total cross sec-
tion that one can study, is the cross section with a cut on
the transverse momentum of the top quark. The corre-

�NNLO,t̄ = 29.7+0.3
�0.1 pb
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distributions

However, total rate is 
for fiducial cross 
section measurements 
not so relevant. 	



Distributions are also 
under good control 
when including at least 
NLO corrections

6

Single-top @ NNLO: more differential observables
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ϵ, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ϵ; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single

•Contrary to NLO, 
results stable in the full 
spectrum!

•Scale dependence 
typically improved!

•K-factor is small but 
not constant

t-channel Single Top at NNLO
Fabrizio Caola!

Johns Hopkins University

M. Brucherseifer, FC, K. Melnikov, arXiv:1404.7116

TOP LHC WG MEETING, CERN, 22 MAY 2014

Figure 6. Transverse-momentum and rapidity distributions of the hardest light jet at the LHC.

Figure 7. Transverse-momentum and rapidity distributions of the second-hardest b jet at the LHC.

3.3 Comparison between the 4- and the 5-flavour MC simulations

In this section we want to briefly comment on the robustness of the NLO+PS simulation of

t-channel single-top in the 5-flavour scheme, and compare it with the new implementation

presented in this paper. As mentioned in the introduction, from a perturbative point of

view the 4- and the (improved) 5-flavour schemes are exactly equivalent only if all orders

in perturbation theory are included, even though, as shown in refs.[15, 16], the agreement

– 10 –
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T-CHANNEL : CROSS – SECTION FIDUCIAL 

10 JOSE ENRIQUE GARCIA 

• Uncertainties smaller compared to inclusive measurement : 
• Total uncertainty is ±14% (17% direct) 
• Signal generator uncertainty reduced from 13% to 8%  
• PDF from 4% to 1% 
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Summary so far

t-channel single-top cross section in under good theoretical control 
(the NNLO corrections are now known). Also distributions (NLO
+PS) well-understood	



However, in principle it is not a physical process because it relies on 
the virtuality of the W-boson	



In the long run, it can no longer be distinguished from s-channel 
production: at best we can measure a fiducial cross section that 
enhances t-channel contributions over s-channel ones (or s-channel 
over t-channel)	



ATLAS already measured the first fiducial cross section for the t-
channel (although s-channel was considered a background in this 
measurement, and not simply part of the the signal)

7
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W-t associated production

The problem of being non-physical is much more severe for 
Wt production than for t-channel or s-channel	



Already at LO (in the 4FS) it cannot be defined uniquely: it 
has the same final state as top pair production (WbWb)	



In the 5FS this is postponed to NLO	



It is much more natural to consider it as simply part of 
WbWb production, and not as a separate process on its own

8



Rikkert Frederix

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

W-t channel 5FS
At lowest order in perturbation theory, these are the two diagrams contributing 
to W-t production in the 5 FS 
 
 
 
 

At NLO, the real-emission diagrams have a contribution from top pair 
production	



!

!

“Perturbation theory breaks down”: the full NLO corrections  to Wt 
production are much larger than the Born, because they receive a contribution 
from LO top pair production	



The ad-hoc DR and DS prescriptions have been developed to remove or 
subtract them

9

Figure 1: The three SM single top production modes, shown at LO: (1) s-channel production; (2)
t-channel production; (3) Wt production. Double lines represent the top quark.

effective 4-fermion interactions (which mainly affect the s- and t-channel modes). Thus, it

is in principle a different test of BSM theories (see e.g. [3] for a model-independent analy-

sis). Secondly, it offers complementary information on the Wtb vertex within the Standard

Model (e.g. the value of the CKM matrix element Vtb in connection with the possibility of

a fourth generation [4, 5, 6, 7, 8]). Furthermore, Wt production is a background to many

processes, including both neutral and charged Higgs boson production. In such cases one

must evaluate the sum of top pair production and Wt production as a background, and it

is important that this be done consistently.

The cross-sections for single top production in the s- and t-channel modes have been

calculated at NLO in QCD in [9, 10, 11, 12], with decay effects studied in [13, 14, 15].

Recently, the t-channel mode was calculated at NLO in the four-flavor scheme, in which

initial state b quarks are generated from gluon splitting [16]. The Wt cross-section was first

considered in [17], and has also been calculated at NLO in QCD [18, 19]. Furthermore all

three production modes have been implemented in the MC@NLO software framework for

combining NLO matrix elements with a parton shower algorithm [20, 21, 22], including spin

correlations in the top decay products using the method outlined in [23]1. This constitutes

the state of the art for the description of single top physics2, combining the reduction of

theoretical systematic uncertainties which result from adopting an NLO description of the

hard event with the high multiplicity, hadron-level events resulting from the parton shower

algorithm. The latter can furthermore be interfaced with detector simulations.

The calculation of the Wt mode at NLO is non-trivial (and its implementation in

MC@NLO is no exception), as discussed in [22], due to the fact that the Wt production

process (at NLO) interferes with tt̄ production (at LO), with decay of the t̄ (or t quark

in the case of Wt̄ production). It becomes unclear whether it is meaningful to define Wt

production as a separate signal in its own right, or whether one should instead consider

combining Wt and tt̄ production, i.e. only consider given final states comprised of W

bosons (or their decay products) and b quarks. The latter approach has practical problems

1For a recent study of spin correlations in single top production, see [24].
2The s- and t-channel processes at NLO were very recently interfaced with a parton shower in the

POWHEG framework [25].

– 2 –

of its own, and the question arises of how to obtain the theoretically most accurate descrip-

tion of Wt production. In [22] two definitions of the Wt mode were given, such that the

difference between them measures the interference between Wt and tt̄ production. This

interference is not guaranteed to be small over all of phase space, but by comparing the

results obtained from the two codes it is possible to ascertain whether or not it makes sense

to be considering Wt production as an independent process. This problem is not explicitly

encountered in previous analyses of the Wt mode by experimental collaborations, which

use LO Monte Carlo descriptions (based on the five flavor scheme, in which b quarks are

present in the initial state).

The aim of this paper is to further investigate these questions, and to investigate var-

ious strategies of how to theoretically describe the Wt mode. There are two issues to

consider: the reduction of interference between Wt and tt̄ production (i.e. to what extent

the former is well-defined), and furthermore whether Wt can be efficiently isolated as a

signal or reduced as a background. The answer to both of these questions depends on the

experimental cuts applied. However, they are related issues in the sense that cuts used to

isolate the Wt signal will also influence the interference between Wt and tt̄ production.

The paper is organized as follows. In the next section, we recall the interference

problem between the Wt and tt̄ production processes. In section 3 we consider the isolation

of Wt production as a signal, and show that for fairly loose cuts the Wt cross-section is

visible above the scale dependence of the tt̄ background, and that interference between the

two processes is small. In section 4 we consider the case of Wt production as a background

to a third process, that of a Higgs boson decaying to a bb̄ pair, and show that in this case

interference effects are also small, such that one may consider Wt and tt̄ production as

distinct background processes. In section 5 we examine another approach for describing Wt

production, namely that of consistently combining Wt and tt̄-like diagrams, and consider

the relative merits with respect to the MC@NLO calculation. We discuss our results in

section 6 and conclude.

2. Interference problem

At NLO in QCD, the Wt mode (shown at LO in figure 1) includes the corrections shown in

figure 2. Such diagrams can also be thought of as the production of a top quark pair, with

Figure 2: A subset of diagrams contributing to Wt production at NLO, consisting of top pair
production, with weak decay of one of the final state top particles.
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4-flavour Wt-channel

In the 4-flavour scheme, the problem 
is even more severe	



Already at LO Wt and ttbar interfere, 
but no “break down of perturbation theory”	



However the solution is much simpler:	



No longer a separate definition of Wt and ttbar production	



Single and double and non-resonant contributions included	



All interferences included	



All off-shell effects included	



Technical challenge to compute 
beyond LO, but possible 
[RF, 2013], [Cascioli, et al. 2013]

10

The top induced backgrounds to Higgs production in the WW (∗) → llνν decay channel
at NLO in QCD

R. Frederix
PH Department, TH Unit, CERN, CH-1211 Geneva 23, Switzerland

We present the complete NLO contributions to the pp → e+νeµ
−ν̄mbb̄ + X process in the four

flavour scheme, i.e. with massive b quarks, and its contribution to the H → WW (∗) → llνν measure-
ment in the 1-jet bin at the LHC. This background process includes top pair, single top and non-top
quark-resonant contributions. The uncertainty at NLO from renormalisation and factorisation scale
dependence is about +30% −20%. We show that the NLO corrections are relatively small, and that
separating this background in top pair, Wt and b-quark associated llνν is a fair approximation.

For the recent discovery of the Higgs boson the most
important channels are the H → γγ, H → ZZ(∗) → 4l
and H → WW (∗) → llνν decay modes [1, 2]. Even
though the latter has the largest branching ratio, it has
the smallest contribution to the Higgs signal significance.
This comes as no surprise: due to the presence of two neu-
trinos in the final state, the reconstruction of the Higgs
signal in the form of a narrow resonance peak over a flat
background is not possible for this decay mode. This
makes the separation of the Higgs signal from (non) re-
ducible backgrounds much more complicated and precise
predictions for the backgrounds are needed to determine
the excess of events that can be attributed to the Higgs
signal.

To increase the significance in the extraction of the
Higgs contribution for the H → WW (∗) → llνν channel,
the data is separated in jet bins by the CMS and ATLAS
experiments [3, 4]. In the 0-jet bin, the dominant back-
ground is the non-reducible pp → WW production. In
the 1-jet bin, where each event is required to have exactly
1 jet in association with the two charged leptons and the
missing ET , also the backgrounds from top quarks are
large; mostly top pair and Wt production. For a reli-
able simulation of these backgrounds, including next-to-
leading order (NLO) QCD corrections in the calculation
is essential. In this letter, we present the top induced
background to Higgs production in the 1-jet bin, without
separating top pair and Wt production and thus keeping
all their interference effects. This requires the calculation
of the NLO corrections to the pp → e+νeµ−ν̄mbb̄+X pro-
cess in the four-flavour (4F) scheme, keeping the b quark
mass finite, which we present here for the first time.

The NLO corrections to the pp → e+νeµ−ν̄mbb̄ + X
process in the five-flavour (5F) scheme are known [5–7].
In the 5F scheme the mass of the b quark is neglected,
which means that the above process is not finite in fixed-
order perturbation theory without requiring phase-space
cuts on the final state b jets. Therefore, such a calculation
is not a complete description of the Wt and top pair
production processes and, moreover, it cannot be used
to estimate the top background in the 1-jet bin in the
H → WW (∗) → llνν measurement, where a veto on a
second jet is needed.

The calculation of the pp → e+νeµ−ν̄mbb̄ + X pro-
cess in the 4F scheme includes double top-quark resonant
production (“top pair production”), single top-quark res-
onant contributions (“W boson associated single top pro-
duction”) as well as non top-quark resonant contributions
( “b-quark associated llνν production”). In Fig. 1 three
representative LO Feynman diagrams are shown for this
process. The calculation includes all the interference ef-
fects between the various contributions, as well as all off-
shell effects. In the 4F scheme the b quarks are treated
as massive particles, the running of the strong coupling
is performed with four flavours and a 4F PDF set should
be used. Keeping the b quark massive in the calculation
implies that even in the absence of any phase-space cuts,
the perturbative expansion yields finite results. For the
NLO computation presented here, the complete O(αs)
corrections have been included without resorting to any
approximations.
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FIG. 1: Representative LO diagrams for top pair (a), Wt
(b) and b-quark associated llνν (c) contributions to pp →
e+νeµ

−ν̄mbb̄ + X production. Top quarks are denoted by
double fermion lines.

The calculation has been performed within the Mad-

Graph5_aMC@NLO framework [8]: the diagram gen-
eration is done by MadGraph [9], the one-loop correc-
tions are obtained with MadLoop [10], which is based
on the OPP reduction method [11] and its implemen-
tation in CutTools [12]. The phase-space integration
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What is Wt?

Wt can then be “defined” as the single-resonant contribution to WbWb 
production.	



No separation from from ttbar (nor non-resonant contributions)	



Phase-space cuts can be used to enhance this contribution over the 
double resonant once	



For example by inverting the ttbar selection cuts on a b quark and 
veto-ing the 2nd b-jet	



Needed: consistent NLO+PS predictions for WbWb production	



Several technical issues are being solved, see yesterday’s talks by 
Nason and Papanastasiou	



(Today a paper appeared on the arXiv matching NLO WbWb to the PS, but non of these 
issues have been addressed in that work)
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WbWb and Vtb

All double and single resonant contributions to WbWb 
are proportional to |Vtb|2.	



One cannot separate |Vtb| from the R-ratio and from the 
single-top production: they contribute in the same way	



On the other hand, for non-zero |Vts| and |Vtd|, the 
whole idea of the complete Wt being part of WbWb 
breaks down; only the part proportional to |Vtb|2 is part 
of it.	



Going back to 5FS does not solve it; ttbar contributions 
remain a problem	



Can we find a consistent picture…?
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We present the complete NLO contributions to the pp → e+νeµ
−ν̄mbb̄ + X process in the four

flavour scheme, i.e. with massive b quarks, and its contribution to the H → WW (∗) → llνν measure-
ment in the 1-jet bin at the LHC. This background process includes top pair, single top and non-top
quark-resonant contributions. The uncertainty at NLO from renormalisation and factorisation scale
dependence is about +30% −20%. We show that the NLO corrections are relatively small, and that
separating this background in top pair, Wt and b-quark associated llνν is a fair approximation.

For the recent discovery of the Higgs boson the most
important channels are the H → γγ, H → ZZ(∗) → 4l
and H → WW (∗) → llνν decay modes [1, 2]. Even
though the latter has the largest branching ratio, it has
the smallest contribution to the Higgs signal significance.
This comes as no surprise: due to the presence of two neu-
trinos in the final state, the reconstruction of the Higgs
signal in the form of a narrow resonance peak over a flat
background is not possible for this decay mode. This
makes the separation of the Higgs signal from (non) re-
ducible backgrounds much more complicated and precise
predictions for the backgrounds are needed to determine
the excess of events that can be attributed to the Higgs
signal.

To increase the significance in the extraction of the
Higgs contribution for the H → WW (∗) → llνν channel,
the data is separated in jet bins by the CMS and ATLAS
experiments [3, 4]. In the 0-jet bin, the dominant back-
ground is the non-reducible pp → WW production. In
the 1-jet bin, where each event is required to have exactly
1 jet in association with the two charged leptons and the
missing ET , also the backgrounds from top quarks are
large; mostly top pair and Wt production. For a reli-
able simulation of these backgrounds, including next-to-
leading order (NLO) QCD corrections in the calculation
is essential. In this letter, we present the top induced
background to Higgs production in the 1-jet bin, without
separating top pair and Wt production and thus keeping
all their interference effects. This requires the calculation
of the NLO corrections to the pp → e+νeµ−ν̄mbb̄+X pro-
cess in the four-flavour (4F) scheme, keeping the b quark
mass finite, which we present here for the first time.

The NLO corrections to the pp → e+νeµ−ν̄mbb̄ + X
process in the five-flavour (5F) scheme are known [5–7].
In the 5F scheme the mass of the b quark is neglected,
which means that the above process is not finite in fixed-
order perturbation theory without requiring phase-space
cuts on the final state b jets. Therefore, such a calculation
is not a complete description of the Wt and top pair
production processes and, moreover, it cannot be used
to estimate the top background in the 1-jet bin in the
H → WW (∗) → llνν measurement, where a veto on a
second jet is needed.

The calculation of the pp → e+νeµ−ν̄mbb̄ + X pro-
cess in the 4F scheme includes double top-quark resonant
production (“top pair production”), single top-quark res-
onant contributions (“W boson associated single top pro-
duction”) as well as non top-quark resonant contributions
( “b-quark associated llνν production”). In Fig. 1 three
representative LO Feynman diagrams are shown for this
process. The calculation includes all the interference ef-
fects between the various contributions, as well as all off-
shell effects. In the 4F scheme the b quarks are treated
as massive particles, the running of the strong coupling
is performed with four flavours and a 4F PDF set should
be used. Keeping the b quark massive in the calculation
implies that even in the absence of any phase-space cuts,
the perturbative expansion yields finite results. For the
NLO computation presented here, the complete O(αs)
corrections have been included without resorting to any
approximations.
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The calculation has been performed within the Mad-

Graph5_aMC@NLO framework [8]: the diagram gen-
eration is done by MadGraph [9], the one-loop correc-
tions are obtained with MadLoop [10], which is based
on the OPP reduction method [11] and its implemen-
tation in CutTools [12]. The phase-space integration
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(b) and b-quark associated llνν (c) contributions to pp →
e+νeµ

−ν̄mbb̄ + X production. Top quarks are denoted by
double fermion lines.

The calculation has been performed within the Mad-

Graph5_aMC@NLO framework [8]: the diagram gen-
eration is done by MadGraph [9], the one-loop correc-
tions are obtained with MadLoop [10], which is based
on the OPP reduction method [11] and its implemen-
tation in CutTools [12]. The phase-space integration
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summary

Fiducial cross section measurements are the way to go	



The separation of t-channel and s-channel contributions is 
non-physical, however, phase-space cuts can be applied to 
enhance one over the other. In practice this is not so much of 
a problem	



For Wt separation from ttbar, it is a much more severe 
problem. Wt production on its own is ill-defined: it should be 
considered part of WbWb production (4FS, so where the b’s 
might go unobserved)	



However, this picture does not make too much sense when 
one wants to measure the possible |Vts| and |Vtd| 
contributions to Wt production
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Atlas cuts for t-channel 
fiducial measurement
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T-CHANNEL : PRE-SELECTION 

5 JOSE ENRIQUE GARCIA 

Isolated high pT lepton 

“light” jet with high pseudo-rapidity (η) 

missing energy (ET
miss)  

b-jet central with large momentum 

Second  b-jet with lower pT 

Cuts 

1 muon or electron  pT > 25 GeV  (|η|< 2.5 ) 

2 jets 1 b-tagged  pT > 30 (|η|< 4.5 ) / pT > 35 GeV ( 2.75 < |η|< 3.5 )  

additional cuts 
ET

miss  > 30 GeV,  

mT
W  > 50 GeV, 


