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MadGraph5_aMC@NLO example

3

LO NLO

Start the python 
interface ./bin/mg5 ./bin/mg5

Generate a 
process generate p p > t t~ w+ generate p p > t t~ w+ [QCD]

write the process 
to disk output MY_TTW_PROC output MY_TTW_NLOPROC

start the event 
generation

launch
unweighted events

launch
unweighted events up to a sign

Accuracy LO + PS NLO + PS
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Which processes can I generate 
at NLO?

Any SM process you are interested in...

The only thing to keep in mind is that NLO processes are 
a lot more complicated than the corresponding LO 
process (so, do not try to do ttbar+3jets @ NLO...)
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Which processes can I generate 
at NLO?

4

p p > t t~ [QCD]

p p > t t~ j [QCD]

p p > t t~ h [QCD]

p p > t t~ z [QCD]

p p > t t~ t t~ [QCD] 

p p > t t~ w+ a [QCD]

p p > t t~ b b~ [QCD]

...

p p > t b~ [QCD]

p p > t j $$ w+ [QCD]

p p > t b~ j $$ w+ [QCD]

p p > t b~ h $$ w+ [QCD]

p p > t j z $$ w+ [QCD]

p p > t j a $$ w+ [QCD]

...

All possible with aMC@NLO on a multi-core desktop machine (or 
a small computer cluster)
“$$ w+” means to forbid W+-bosons to appear in the s-channel; in general not gauge invariant, so 
use with extreme care
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Further subtlety

There is another class of processes for which QCD NLO corrections 
cannot simply be included

In general, QCD NLO corrections to an EW process are of the same 
order as EW NLO corrections to a QCD process

In general, one cannot disentangle them and both need to be 
included for consistency

But NLO EW corrections are usually not available; at least not in 
the codes that aim for full automation of NLO+PS (aMC@NLO, 
Sherpa, ..)

implementation in aMC@NLO has started

Possibly a problem for single top production because it is an EW 
process, but there is no equivalent QCD process so it’s okay in most 
cases (we’ll see an example later where some tricks were needed)
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When to use NLO+PS

It makes only sense to NLO 
corrections if the observable 
is sensitive to those 
corrections.

Otherwise it is just a waste 
of time and one might as 
well use stand-alone Pythia 
or Herwig

6
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Uncertainty estimates

For observables that have NLO precision, the theory/generator 
uncertainties can be estimated by

Independent renormalisation and factorisation scale variations

PDF error sets (preferably following the PDF4LHC agreement)

Matching an NLO computation to at least 2 different parton showers

These PDF and scale variations can be obtained via reweighting in 
aMC@NLO and POWHEG,  not yet possible in Sherpa.

For observables that do not have NLO precision, further uncertainties are 
coming from the shower starting scale (“Power” or “Wimpy” shower). 
Currently these cannot be approximated with the (a)MC@NLO program, 
but not really relevant because why use an NLO+PS computation for 
these observables in the first place?
They can be estimated more correctly in the NLO Sherpa program.

7
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NLO corrections to higher 
Multiplicities

For this example/observable there is a straight-forward 
way of also getting (some of) the higher multiplicity bins at 
NLO accuracy:

Compute NLO corrections to ttbar+jet 
or ttbar+2jets and match that 
calculation to the shower.

This requires a generation cut, 
otherwise the process diverges, and it 
should be check that the final results 
are independent from the generation 
cut

This will also work for single top+jets 
or any other processes
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Extending NLO accuracy over 
more than one multiplicity

Using a special procedure (‘FxFx’
or ‘MEPS@NLO’ or ‘MINLO’ or
‘UNLOPS’ or ‘some other
acronym’) NLO accuracy can be
extended over more than one
multiplicity.

This only works for processes that
do not have matrix element jets at
the lowest multiplicity Born matrix
elements
(ttbar is okay, single top isn’t)

9

Figure 12: tt̄ production, with N = 1, sharp D function, and Sudakov reweighting. Pair pT (upper
left), hardest-jet pT (upper right), d1 (lower left), and d2 (lower right) are shown.

However, there are a few specific features that are worth stressing. Firstly, the merging

systematics is greater than previously observed. In part, this is due to the very large

range of matching scales adopted here, but it is also related to the dynamics of the present

process. Namely, up to quite large pT values (one can use the pair transverse momentum

to be definite) the standalone MC@NLO tt̄+ 0j result is larger in absolute normalization

than the tt̄+1j one; this is the combined effect of the fact that the shower easily produces

hard radiation (as a consequence of the top mass driving the setting of the shower scale to

relatively large values), and of the large K factor in the tt̄ + 0j NLO computation. This

feature is easily seen e.g. in the upper inset of the upper-left panel of fig. 12 – the relative

difference between the dashed blue and dotted red histograms is about 30% for pT (tt̄) ≥
100 GeV. Secondly, there is a good agreement between Alpgen, and the merged-NLO

– 33 –
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4- & 5-flavor schemes

10

2 ways of making predictions2 ways of making predictions

5 flavour scheme 4 flavour scheme

massless b massive b

PDF includes initial state b quarks No b quarks in PDF

Log[mb/µF] resummed in PDF Finite terms correctly included

Simpler calculation More involved prediction

Descriptions are equivalent when including all orders in perturbation theoryDescriptions are equivalent when including all orders in perturbation theory
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Uncertainties

11

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

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
(sorry, it’s a bit of an old table!)

Bottom mass: 4.5 ± 0.2 GeV

Fac. & Ren. scale
top mass

b mass
PDF

Uncertainties from scales slightly 
larger in 4F (as expected)
Other sources are comparable in 
size
Don’t forget the uncertainty 
from the bottom quark mass 
uncertainty!
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t-channel single top:
“best prescription”

Use the NLO+PS 4-flavour scheme predictions for the 
kinematics, but normalised to the NLO 5-flavour scheme 
with an overall factor

All kinematics of the top, the light jet and the “spectator 
b-quark” are NLO correct because of the 4 flavour 
scheme

Overall normalisation is improved because log’s are 
resummed in the PDF  in the 5 flavour scheme

12
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Spin correlations

In aMC@NLO, spin correlations 
can be included using MadSpin

Uses only tree-level information

Includes some off-shell effects

Also POWHEG events can be 
decayed with MadSpin this way 
(when not directly available in 
POWHEG, i.e. single top 4 flavour), 
although some MadGraph-style 
information should be added to the 
header of the event file to tell 
MadSpin the process definition and 
all that.

13

Tevatron
t-channel single top

aMC@NLO

aMC@NLO+MadSpin

spin correlations off

spin correlations on
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Off-shell single top

To include the full NLO spin correlations, as well as all the 
all off-shell effects, the complete set of diagrams are needed

Not really possible for single top in the 4 flavour scheme, 
because of the EW nature of the single top process, QCD 
corrections mix with the EW corrections to a corresponding 
QCD process

14
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Figure 1: Selection of LO t-channel diagrams for EW W+bj production in the 5F scheme:
resonant (a) and non-resonant (b) & (c).
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Figure 2: Selection of NLO virtual t-channel diagrams for EW W+bj production in the 5F
scheme: resonant (a) and non-resonant (b) & (c).

where µ2
t = m2

t � imt�t. As is shown explicitly in [35], the quantity �µt can be
fixed in terms of the renormalized top-quark self-energy evaluated at the complex
argument, p2t = µ2

t , such that µ2
t corresponds to the complex pole of the top quark

propagator. The precise value of the top width can be freely chosen as an input in
this scheme; but in order to ensure NLO accuracy, the width correct to (at least)
O(↵s) should be used.

The CMS has recently been implemented [36] in the framework of aMC@NLO,
and the results presented in this paper illustrate the first hadron-collider applica-
tion of this new feature. The automation of such an approach to unstable particle
production and decay is highly beneficial due to the non-trivial book-keeping in-
volved in these calculations. The NLO corrections have thus been obtained in
an automated fashion, with the one-loop and real contributions computed using
MadLoop [37] and MadFKS [38] respectively.

2.1. Process definition

Given that our aim is that of comparing the predictions of the NWA and ET
approaches to single-top production with those we obtain by retaining all �t and

4
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Process definition
Particular care needed in process definition:

Single top production is EW process. In general QCD corrections to an EW process 
cannot be disentangled from EW corrections to a QCD process

Need to use diagonal CKM matrix (at least for the 3rd generation) to prevent 
interference from QCD Born with EW Born. Only possible for 5F scheme 
calculations, not possible in the 4F scheme.

Setting Vtb=1 also allows for separation of t and s-channel contributions (which 
results in easier comparison with literature)

With decays, the process is not
finite: need a cut on the b-jet

s-channel could be included
in our approach bur requires
that Jb does not include two
b quarks

With Vtb=1, the NLO corrections to the t-channel process are finite and well defined, 
provided that Jb has a non-zero transverse momentum

15
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Figure 1: Selection of LO t-channel diagrams for EW W+bj production in the 5F scheme:
resonant (a) and non-resonant (b) & (c).
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Figure 2: Selection of NLO virtual t-channel diagrams for EW W+bj production in the 5F
scheme: resonant (a) and non-resonant (b) & (c).

where µ2
t = m2

t � imt�t. As is shown explicitly in [35], the quantity �µt can be
fixed in terms of the renormalized top-quark self-energy evaluated at the complex
argument, p2t = µ2

t , such that µ2
t corresponds to the complex pole of the top quark

propagator. The precise value of the top width can be freely chosen as an input in
this scheme; but in order to ensure NLO accuracy, the width correct to (at least)
O(↵s) should be used.

The CMS has recently been implemented [36] in the framework of aMC@NLO,
and the results presented in this paper illustrate the first hadron-collider applica-
tion of this new feature. The automation of such an approach to unstable particle
production and decay is highly beneficial due to the non-trivial book-keeping in-
volved in these calculations. The NLO corrections have thus been obtained in
an automated fashion, with the one-loop and real contributions computed using
MadLoop [37] and MadFKS [38] respectively.

2.1. Process definition

Given that our aim is that of comparing the predictions of the NWA and ET
approaches to single-top production with those we obtain by retaining all �t and
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Figure 3: Selection of LO s-channel diagrams for EW W+bj production: resonant (a) and
non-resonant (b) & (c). These are not included in our calculation.

interference e↵ects, the process we consider is:

p p ! W+ Jb Jlight +X. (3)

Jb is defined to be a jet that contains at least a b quark, while Jlight is a jet that
may (or may not) contain b or b̄ quarks. Furthermore, at the Born level, we
only keep contributions to the cross-section of O(↵3

W ). NLO QCD corrections to
this set of diagrams are then computed, yielding contributions of O(↵3

W↵S). We
stress that, while this is a straightforward procedure from an algorithmic point
of view when the top quark is on-shell, it becomes highly non-trivial when this
condition is relaxed. In particular, for the process at hand, the computation of
NLO corrections in QCD is well defined only if the CKM matrix is diagonal in
the third generation (i.e., Vtb = 1). In fact, when Vtb 6= 1, Born-level amplitudes
of O(gWg2S) (which feature a gluon propagator) have a non-null interference with
those we consider here, thus resulting in a contribution of O(↵2

W↵S) to the Born
cross-section. The EW corrections to this term are therefore of O(↵3

W↵S), which is
the same order as the NLO QCD corrections to pure-EW Born matrix elements.
One would therefore have no choice but to compute both types of correction1.
In order to avoid such complications we will not consider the case Vtb 6= 1 any
further.

A consequence of having a third-generation diagonal CKM is that, up to NLO
in QCD and in the 5F scheme, t- and s-channel contributions to Wbj production
do not interfere (note that this is true in the case of on-shell top production
regardless of the nature of the CKM matrix). We can thus safely adopt the
procedure of simply excluding s-channel Feynman diagrams, keeping only those
that feature the exchange of t-channel EW vector bosons (samples of the latter

1Having said that, we note that these interference terms are strongly CKM-suppressed, since
one needs two o↵-diagonal CKM matrix elements that connect a b with a first- or second-
generation quark.
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Comparison of LO, NLO, NLO in 
the narrow width approximation 
(NWA) [MCFM] and the effective 
theory (ET) approach [Falgari, Mellor, 
Signer arXiv:1007.0893; + Giannuzzi arXiv:
1102.5267] that includes the leading 
contributions beyond the NWA

For observables that are integrated 
over the top resonance peak, 
differences between NWA, ET and 
full NLO are rather small:

No visible effects in shape of the 
transverse momentum of the 
light jet
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LO NLO

CMS [pb] 4.184(1)+8.5%
�12.3% 4.115(5)+0.5%

+4.6%

NWA [pb] 4.223(1)+8.8%
�12.2% 4.138(1)+0.9%

+2.6%

%di↵ +0.9 +0.6

ET [pb] 4.154(1)+8.8%
�12.2% 4.074(1)+0.3%

+4.0%

%di↵ -0.7 -1.0

Table 3: LHC (8 TeV) cross sections for the process defined via the analysis of Table 1, at LO
and NLO for the o↵-shell (CMS), NWA and ET computations. Numbers in brackets are Monte
Carlo integration uncertainties whilst the percentages indicate scale uncertainties. ‘%di↵’ is the
% di↵erence to the CMS results.



















   






Figure 4: Transverse momentum of light jet, pT (Jlight).

highlight here is the small di↵erence, O(1-2%), between the three approaches,
consistent with our expectation that it be parametrically suppressed in the NWA
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“top invariant mass”: M(W+,Jb)

Invariant mass of the W-boson and 
the b-jet

LO prediction greatly undershoots 
the NLO results below the peak: 
no radiation from the b-jet

Including parton shower should 
get most of this right

Above peak, NWA undershoots by 
a long way: no off-shell effects are 
included

Effective theory approach results 
in an excellent description over the 
whole range plotted here
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by terms of O(�t/mt) for inclusive observables. Indeed, similar small-sized di↵er-
ences are observed for di↵erential observables either inclusive in, or insensitive to,
the invariant mass of the (W+, Jb)-system. As an illustrative example we present
in Figure 4 the transverse momentum distribution of the light jet, pT (Jlight). The
lower panel reveals that the NWA and ET NLO results di↵er by 1-2% in all bins
from the o↵-shell NLO results. In the upper panel it can be seen that both the
NWA and ET results are actually contained within the scale variation band of the
NLO o↵-shell result, indicating that for this observable the size of o↵-shell e↵ects
is smaller than the scale uncertainty.




















    






Figure 5: Invariant mass distribution for the reconstructed top quark, M(W+, Jb).

The picture changes for observables which are less inclusive in the invariant
mass of the reconstructed top quark (i.e., the (W+, Jb)-system), with the prime
example being of course the invariant mass itself, displayed in Figure 5. The first
feature one observes is that the NLO corrections are large, in particular below the
peak position. The origin of these is to a large extent the real corrections to the
top decay, confirmed by the fact that the NWA result mimics the shape of the
o↵-shell curve for M(W+, Jb) < mt. However, it is clear that the shapes of the
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(reconstructed) top quark direction

At LO with on-shell top 
quarks, this distribution has a 
kinematic cut-off at
pT(Jb)=(mt2-mW2)/(2mt)

In the NWA this cut-off 
largely remains

Again ET approach does a 
very good job, apart in the far 
tail. This is a sign that 
subleading Γt contributions 
become important
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Figure 6: Transverse momentum of b-jet relative to flight of top quark, in reconstructed top
quark rest frame, pT (Jb)rel.t.

4. Conclusions

In this letter we have performed the computation of NLO QCD corrections
to EW t-channel W+bj production. The calculation, carried out within the
aMC@NLO framework, was done making use of the complex-mass scheme, and
retains the full o↵-shell and interference e↵ects at NLO. In addition we have
compared our results with those obtained with the NWA and ET approaches.
We conclude that, at least in the case of the top quark, it is incorrect to claim
that the NWA is an excellent approximation universally. While the NWA gives a
good description of many observables, it fails dramatically for others, in partic-
ular those sensitive to the invariant mass of the (W+, Jb)-system. On the other
hand, we find that the predictions of the ET approach are much closer to those
of the full NLO QCD results. These two facts combined imply that for certain
observables o↵-shell e↵ects are much more relevant for a correct description of the
final-state kinematics, than NLO corrections to the top-quark decay alone (which
include hard radiation o↵ the b quark). We feel that this is a general conclusion
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resonance, but will ultimately fail as well
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For processes with intermediate top quark resonances it is 
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forbid the parton shower to include radiation from the top 
quarks
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Wt-channel

Biggest issues in single top modeling are coming from the W-boson associated 
single top channel

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

DR/DS scheme has been developed to remove/subtract them
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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.

– 3 –
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DR/DS scheme

Remove double resonant (ttbar-like) contributions at the level 
of amplitude (DR) or matrix elements (DS)

Difference is the interference between Wt and ttbar production

Both descriptions are formally not gauge invariant

Wt with DR/DS available in MC@NLO and POWHEG

Not available in aMC@NLO (not so easy to automate), i.e. not 
worth it for Wt production only...

Wt is the only example in the SM where this is needed, but 
many BSM processes have the same problems

When BSM can be done in an automated way, this is 
something that we’ll start thinking about more carefully
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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:
compute the NLO corrections to this process and one captures

No longer a separate definition of Wt and ttbar production

Single and double and non-resonant contributions included at NLO

All interferences included

All off-shell effects included

Technical challenge
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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.

b

b̄

ν̄µ

µ−

e+

νe

(a)

b

b̄

ν̄µ

µ−

e+

νe

(b)

b
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ν̄µ
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e+
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(c)

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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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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to estimate the top background in the 1-jet bin in the
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second jet is needed.
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onant contributions (“W boson associated single top pro-
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fects between the various contributions, as well as all off-
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as massive particles, the running of the strong coupling
is performed with four flavours and a 4F PDF set should
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WWbb at NLO

This has recently been achieved and applied to the H -> WW* 
measurement channel in the one-jet bin, requiring a single jet

Long list of cuts to suppress backgrounds

For these observables, NLO scale dependence remains large
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FIG. 3: Invariant mass of the charged lepton pair for the
pp → e+νeµ

−ν̄mbb̄ + X process in the 4F scheme, with the
Higgs measurement cuts, apart from the cut on the charged
lepton invariant mass mll < 50 GeV.

FIG. 4: Azimuthal separation of the charged leptons for the
pp → e+νeµ

−ν̄mbb̄ + X process in the 4F scheme, with the
Higgs measurement cuts, apart from the cut on the charged
lepton invariant mass |∆φll| < 1.8.

described above. To assess contributions from beyond
NLO we assign an uncertainty to our predictions by
computing the envelope of the results with renormal-
isation and factorisation scales equal to (µR, µF ) =
{(1, 1), (0.5, 0.5), (2, 2), (0.5, 1), (2, 1), (1, 0.5), (1, 2)} ×
(µ0

R, µ
0
F ). These 7 values are obtained at no extra CPU

cost using the reweighting method described in Ref. [21].
In Figs. 3-5 we show the invariant mass of the two

charged leptons (mll), the azimuthal separation of the
two leptons (∆φll) and the transverse mass of the Higgs
boson (mH

T ), respectively. The latter is defined as

FIG. 5: Higgs transverse mass for the pp → e+νeµ
−ν̄mbb̄+X

process in the 4F scheme, with the Higgs measurement cuts.

mH
T =

√

(Ell
T + Emiss

T )2 − |pll
T +Emiss

T |2, where Ell
T =

√

|pll
T |

2 +m2
ll. The mll and ∆φll variables are used to

define the “Higgs topology” cuts, while the mH
T distri-

bution is used to extract the Higgs signal in the cut-
based analysis by ATLAS [4]. In the plots, results for
the full pp → e+νeµ−ν̄mbb̄ +X process at LO (labelled
“WWbb LO”) and NLO (“WWbb NLO”) are presented. Also
shown are the separate LO calculations for top pair pro-
duction (“LO: tt”), W -boson associated single top pro-
duction (“LO: Wt”), b-quark associated llνν production
(“LO: WW”) and their sum (“LO: tt+Wt+WW”). These lat-
ter processes are defined in the narrow width approxima-
tion, i.e. in the LO: tt process we take only diagrams
with two s-channel top quark propagators into account
(e.g. Fig. 1(a)), LO: Wt has only diagrams with one s-
channel top quark propagator (e.g. Fig. 1(b)), while the
LO: WW process has no s-channel top quark propagators
in any of its contributing diagrams (e.g. Fig. 1(c)); all
other parameters are the same as used for the WWbb LO
predictions. The differences between the LO: tt+Wt+WW
and WWbb LO results stem only from interference effects
(among the three contributions to the LO: tt+Wt+WW pre-
diction) which are only included in the complete WWbb
simulations. For the mll and ∆φll plots, the Higgs topol-
ogy cut on that distribution is not applied, and is denoted
by the vertical line. In the lower inset of the plots, the
ratio is taken w.r.t. the WWbb NLO result. Also shown here
is the relative scale uncertainty on the NLO result. For
the observables studied here, LO scale uncertainties are
marginally larger than the NLO scale uncertainties. We
refrain from showing these, because scale uncertainties
at LO are not a proper estimate of missing higher order
corrections, in particular when jet veto’s are applied or
when studing exclusive jet bins, as is done here.
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(e.g. Fig. 1(a)), LO: Wt has only diagrams with one s-
channel top quark propagator (e.g. Fig. 1(b)), while the
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in any of its contributing diagrams (e.g. Fig. 1(c)); all
other parameters are the same as used for the WWbb LO
predictions. The differences between the LO: tt+Wt+WW
and WWbb LO results stem only from interference effects
(among the three contributions to the LO: tt+Wt+WW pre-
diction) which are only included in the complete WWbb
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ogy cut on that distribution is not applied, and is denoted
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ratio is taken w.r.t. the WWbb NLO result. Also shown here
is the relative scale uncertainty on the NLO result. For
the observables studied here, LO scale uncertainties are
marginally larger than the NLO scale uncertainties. We
refrain from showing these, because scale uncertainties
at LO are not a proper estimate of missing higher order
corrections, in particular when jet veto’s are applied or
when studing exclusive jet bins, as is done here.
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Numerical Results for the 8TeV LHC Integrated cross sections at NLO QCD
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First “off-shell” insights into
exclusive 0- and 1-(b)jet bins
of the combined process tt̄+ tW

bjet multiplicity

large K factors in 0-bjet and
1-bjet bins due to light-jet
emission,

tW contribution to 0-bjet and
1-bjet bins reduced at NLO.

(generic) jet multiplicity

reduced K factors in the lower
jet-multiplicity bins,

relative contribution from tW

stays quite constant when going
from LO to NLO.

Stefan Kallweit (UZH) W+W−bb̄ at NLO QCD RADCOR 2013, Sep 24, 2013 14 / 19
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For single top it is straight-forward to understand the two 
prescriptions

It is more involved when trying to describe W-boson plus b-jets

Each of the following need a separate description, e.g.

W+1 jets with 1 b tag (inclusive or exclusive)

W+2 jets with 1 b tag (inclusive or exclusive)

W+2 jets with 2 b tags (inclusive or exclusive)

W+bb-jet (inclusive or exclusive)
[bb-jet is a jet containing two b-quarks]
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4-flavor scheme

All of them are described by this process in the 4-flavor scheme

finite process (IR singularities regularized by the bottom mass)

known at NLO+PS (both in POWHEG and aMC@NLO)

“W+2jets with 1 b tag (inclusive)” is also (better?) 
described by this diagram (and similar ones)

No careful study has been done to asses this.
Easily possible with aMC@NLO
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1. W+1 jets with 1 b tag (inclusive or exclusive)

2. W+2 jets with 1 b tag (inclusive or exclusive)

3. W+2 jets with 2 b tags (inclusive or exclusive)

4. W+bb-jet (inclusive or exclusive)

be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.

q

q̄′

b

W

b̄

b b

q q′

W

(a) (b)

Figure 1: Leading-order parton-level processes for the production of a W boson and one or
two jets with at least one b jet.

2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,

σNLO
bq =

∫

dx1dx2b(x1, µ)

[

∑

q

q(x2, µF )σ̂
NLO
bq (mb = 0) + g(x2, µF )σ̂

LO
bg (mb = 0)

]

. (1)

2

b̄

b

q′q

g

W

Figure 2: A parton-level process contributing to Wbj production that appears at NLO in
the calculation of O(αs) corrections to qq̄′ → Wbb̄. This process is also equivalent to the
LO b-quark initiated process of Fig. 1(b), with the b quark originating from collinear g → bb̄
splitting. The consistent treatment of this process in the combination of the two NLO
calculations is described in Section 2.

An approximate solution of the DGLAP evolution equation for the b-quark PDF b(x, µF )
with initial condition b(x, µF ) = 0 at µF = mb exhibits the collinear logarithm at leading
order in αs as follows [9, 10],

b̃(x, µF ) =
αs(µR)

π
log

(

µF

mb

)
∫ 1

x

dz

z
Pqg(z)g

(x

z
, µF

)

. (2)

When combining the NLO calculation of this process with the NLO calculation of qq̄′ → Wbb̄
this contribution has to be subtracted in order to avoid double counting of the process of
Fig. 2 which is already included in the 4FNS NLO QCD calculation. The full five-flavor
number scheme (5FNS) result at NLO QCD, including an all order resummation of collinear
initial-state logarithms via DGLAP evolution, is then obtained schematically as follows,

σNLO
Full = σNLO

4FNS(mb "= 0) + σNLO
bq

−
∑

q

∫

dx1dx2b̃(x1, µF )q(x2, µF )σ̂
LO
bq (mb = 0) . (3)

In fact, the situation is slightly more complicated because the NLO computations of the
qq̄′ → Wbb̄ and of the bq → Wbq′ processes are made in two different schemes, one in the
MS scheme and the other in a decoupling scheme. Hence, in Eq. (3) a scheme change is also
assumed, for which we refer the reader to the literature [9, 10, 15] for further details. This
said, we now present the sub-processes relevant for our analysis. In detail, σNLO

4FNS and σNLO
bq

in this paper include the following parton level processes:

3
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be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.
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The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,
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be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.
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Figure 1: Leading-order parton-level processes for the production of a W boson and one or
two jets with at least one b jet.
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refer to [8] for more details.
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lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′
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Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
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Figure 2: Fractions of events (in percent) that contain: zero b-jets, exactly one b-jet, and exactly
two b-jets. The rightmost bin displays the fraction of b-jets which are bb-jets. The two insets show
the ratio of the aMC@NLO results over the corresponding NLO (solid), aMC@LO (dashed), and
LO (symbols) ones, separately for Wbb̄ (upper inset) and Zbb̄ (lower inset) production.

cle level. In the case of MC simulations, this means giving all final-state stable hadrons3 in

input to the jet algorithm. We adopt the anti-kT jet clustering algorithm [49] with R = 0.5,

and require each jet to have pT (j) > 20 GeV and |η(j)| < 2.5. A b-jet is then defined as a

jet that contains at least one b-hadron; a bb-jet is a jet that contains at least two b-hadrons

(hence, a bb-jet is also a b-jet). This implies that we make no distinction between the b

quark and antiquark contents of a jet. We point out that at least another definition of

b-jets exists [50] which has a better behaviour in the mb → 0 limit, in the sense that it

gives (IR-safe) results consistent with the naive picture of “quark” and “gluon” jets. In

practice, this is relevant only in the pT " mb limit. Since this region is not our primary

interest in this paper, we stick to the usual definition; however, it should be obvious that

any jet definition can be used in our framework.

In fig. 2 we present b-jet rates, as the fractions of events that contain zero, exactly

one, or exactly two b-jet(s). In the case of MC-based simulations, there are also events

with more than two b-jets and more than one bb-jet, but they give a relative contribution

to the total rate equal to about 0.4% (for Wbb̄) and 0.6% (for Zbb̄), and are therefore not

reported here. The rightmost bin of fig. 2 shows the fraction of b-jets which are bb-jets.

There is an inset for each of the two histograms shown in the upper part of fig. 2. Each

of the insets presents three curves, obtained by computing the ratio of the aMC@NLO

results over the NLO (solid), aMC@LO4 (dashed), and LO (symbols) corresponding ones.

3In order to simplify the Herwig analyses, weakly-decaying B hadrons are set stable.
4We call aMC@LO the analogue of aMC@NLO, in which the short-distance cross sections are computed

at the LO rather than at the NLO. Its results are therefore equivalent to those one would obtain by using,

e.g., MadGraph/MadEvent [51] interfaced to showers.

– 5 –

[RF, Frixione, Hirschi, Maltoni, Pittau & Torrielli, arXiv:1106.6019]

Large NLO corrections

Lower panels show the ratio of 
aMC@NLO with LO (crosses), 
NLO (solid) and LOwPS (dotted)

NLO and aMC@NLO very similar 
and consistent

Uncertainties can be estimated from 
(not shown):

Renormalisation & Factorisation 
scale dependence

Switching parton shower (Herwig 
vs. Pythia)
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Conclusions

Automation of NLO QCD corrections done

But not always:

be careful when trying NLO QCD corrections to an EW process

For single top, use NLO 4-flavour, but normalise to the total 5-flavour rate

For W+b background situation is not so obvious, because it depends much 
more on the precise observable (1 or 2 b-tags, inclusive/exclusive)

Non-resonant contributions are being included at fixed order NLO (not 
yet with inclusion of the parton shower as well, but that should be soon)

First results at NLO without separating Wt & ttbar have been presented. 
This amounts to computing the NLO corrections to the full WWbb

30


