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top-quark physics in the higgs era

• Are the theoretical motivations for thinking the top-quark might play a special 
role in EWSB and as a portal to New Physics still there ?

•What do the current Higgs measurements tell us ?

• How does the Higgs discovery impact on the current “SM” top-quark 
campaign of measurements ? 

• And on the top-quark related BSM searches ?

• Do we have to retune our NP search strategies for the LHC Run II ?

• If so, do we have the TH results and simulation tools up to the new 
challenges ? Urgent needs ? New opportunities ?
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 new physics searches
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Signatures/Observables

Non-resonant Resonant

ExoticStandard

New Physics

predictions/MC tools

Signatures/Observables
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the top-quark gateway to NP
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Strategies: 

•Precision SM top-quark properties measurements

•Search for non-SM top-quark interactions 

•Searches of top-quark partners and other states

the top-quark gateway to NP
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Strategies: 

•Precision SM top-quark properties measurements

•Search for non-SM top-quark interactions 

•Searches of top-quark partners and other states

the top-quark gateway to NP

•High precision predictions (NNLO in QCD and NLO EW) for key SM obs

•NLO for any SM and BSM process in the form of automatic MC tools

•A consistent and complete model-independent framework = EFT 

Needs: 

Tuesday 8 April 2014
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Single top-quark before run II

• Standard Model predictions available at the NNLOapprox + NLL 
resummation for total cross sections. Uncertainties are rather small. NNLO 
exact possible (at least two groups working on it). 

• Measurements do agree pretty well with predictions for t-channel, tW 
channels and limits for s-channels. 

• Spin correlations mostly used as discriminants in the SM measurements, but 
do also agree. 

• Remains very good an extremely sensitive probe for new physics both in the 
coupling measurements and resonant searches.
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pp→ n particles 

complexity  [n]
1 32 54 6 87 9 10

accuracy
 [loops]

0

1

2 fully exclusive and automatic 

fully exclusive

fully inclusive

parton-level
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automatic MC’s at NLO
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    MG5_aMC@NLO, SHERPA+OLPS
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automatic MC’s at NLO
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Entire classes of processes of substantial complexity and unthinkable only a few 
months ago are now available at the touch of a button. For single-top:

automatic MC’s at NLO

And in association with Higgs:

Tuesday 8 April 2014
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➡ 4F and 5F in NLO+PS 

➡ WbWb at NLO

➡ Wbj at NLO

➡ tHj at NLO
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automatic MC’s at NLO

Recent studies:

[Frederix, Re, Torrrielli] [FM, Ridolfi, Ubiali]

[Frederix]  [Cascioli et al. ]  

[Papanastasiou et al]  

[Farina et al]  
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4- & 5-flavor schemes

11

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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4- & 5-flavor schemes

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

– 26 –

A series of puzzles have arised over the years:

5F at Tevatron

MC@NLO and POWHEG
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1.The resummation effects of the initial state logarithms in to the b-PDF is 
important only at large Bjorken-x.

2.The initial state                     associated to a generic one-b-initiated 
process at the LHC  (single top encompassing all other cases)  can be 
written in terms of

In [FM, Ridolfi, Ubiali] it was shown that a large set of  TH results obtained in the 4F and 
5F schemes at higher order can be consistently understood, taking into account 
that:

L = logQ2(z)/m2
b

Q2(z) = (M2 +Q2)
(1− z)2

z

1

1− zQ2
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4- & 5-flavor schemes
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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

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!

4- & 5-flavor schemes
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• Use the NLO+PS 4-flavour scheme predictions for the 
kinematics, but normalised to the (N)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. However, 
such logs are not that large...

15

4- & 5-flavor schemes

Tuesday 8 April 2014



Top-LHC  France, Lyon 7-8 April 2014 Fabio Maltoni

• 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.

16

Tevatron
t-channel single top

aMC@NLO

aMC@NLO+MadSpin

spin correlations off

spin correlations on

4- & 5-flavor schemes
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➡ 4F and 5F in NLO+PS 

➡ WbWb at NLO

➡ Wbj at NLO

➡ tHj at NLO
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automatic MC’s at NLO

Recent studies:

[Frederix, Re, Torrrielli] [FM, Ridolfi, Ubiali]

[Frederix]  [Cascioli et al. ]  

[Papanastasiou et al]  

[Farina et al]  

Tuesday 8 April 2014

http://arxiv.org/abs/arXiv:1207.5391
http://arxiv.org/abs/arXiv:1207.5391
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1203.6393
http://arxiv.org/abs/arXiv:1203.6393
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1312.0546
http://arxiv.org/abs/arXiv:1312.0546
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1305.7088
http://arxiv.org/abs/arXiv:1305.7088
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1311.4893
http://arxiv.org/abs/arXiv:1211.3736
http://arxiv.org/abs/arXiv:1211.3736


Top-LHC  France, Lyon 7-8 April 2014 Fabio Maltoni

• 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

18

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 –

WWbb at NLO
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• 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

• Being validated now in aMC@NLO in a general (model independent) form.

19

WWbb at NLO
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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

20

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

b̄

ν̄µ

µ−

e+

νe

(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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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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(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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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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➡ 4F and 5F in NLO+PS 

➡ WbWb at NLO

➡ Wbj at NLO

➡ tHj at NLO
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Wbj at NLO

• 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
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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 − imtΓt. As is shown explicitly in [35], the quantity δµt 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(αs) 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 Γt and

4
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• 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
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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 effects, 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(α3
W ). NLO QCD corrections to

this set of diagrams are then computed, yielding contributions of O(α3
WαS). 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 �= 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(α2
WαS) to the Born

cross-section. The EW corrections to this term are therefore of O(α3
WαS), 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 �= 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 off-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

25

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%

%diff +0.9 +0.6

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

+4.0%

%diff -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 off-shell (CMS), NWA and ET computations. Numbers in brackets are Monte
Carlo integration uncertainties whilst the percentages indicate scale uncertainties. ‘%diff’ is the
% difference to the CMS results.

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

highlight here is the small difference, O(1-2%), between the three approaches,

consistent with our expectation that it be parametrically suppressed in the NWA
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• 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(Γt/mt) for inclusive observables. Indeed, similar small-sized differ-
ences are observed for differential 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 differ by 1-2% in all bins
from the off-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 off-shell result, indicating that for this observable the size of off-shell effects
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
off-shell curve for M(W+, Jb) < mt. However, it is clear that the shapes of the
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• 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

27

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 off-shell and interference effects 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 off-shell effects 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 off the b quark). We feel that this is a general conclusion

11
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• Most observables are well-described by the NWA

• However, always keep this approximation in mind: care must be taken when 
observables as M(W+,Jb) or pT(Jb)rel,t are used (e.g. in template fitting).

• Effective theory approach does an excellent job close to the resonance, but will 
ultimately fail as well

• Excellent for top quarks as signals

• When top quarks are background, and on-shell contributions are removed 
with cuts, relative enhancement of non-resonant contributions

28

Wbj at NLO
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➡ 4F and 5F in NLO+PS 

➡ WbWb at NLO

➡ Wbj at NLO

➡ tHj at NLO

29

automatic MC’s at NLO

Recent studies:

[Frederix, Re, Torrrielli] [FM, Ridolfi, Ubiali]

[Frederix]  [Cascioli et al. ]  

[Papanastasiou et al]  

[Farina et al]  
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Top-higgs interactions

[Biswas et al. 2012, Farina et al. 2012]

h→bb

Sign of the Yukawa coupling enters in the destructive interference between W and 
top loops in h→γγ. Another process exists with a similar behaviour:

30
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What's next :

• CMS with PS effects 

• EW corrections embedded in a MC as NLO in QCD

31

automatic MC’s at NLO
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the top-quark gateway to NP
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Strategies: 

•Precision SM top-quark properties measurements

•Search for non-SM top-quark interactions 

•Searches of top-quark partners and other states

the top-quark gateway to NP

Tuesday 8 April 2014



Top-LHC  France, Lyon 7-8 April 2014 Fabio Maltoni32

Strategies: 

•Precision SM top-quark properties measurements

•Search for non-SM top-quark interactions 

•Searches of top-quark partners and other states

the top-quark gateway to NP

•High precision predictions (NNLO in QCD and NLO EW) for key SM obs

•NLO for any SM and BSM process in the form of automatic MC tools

•A consistent and complete model-independent framework = EFT 

Needs: 
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Energy
Λ  

SM New Physics

Effective field theory
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Effective field theory
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g2

M2
Leff = LSM +

g2

M2
ψ̄ψψ̄ψ

39

Effective field theory
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� = c = 1
dimAµ = 1
dimφ = 1
dimψ = 3/2

Leff = LSM +
�

i

ci

Λ2
O

dim=6
i

Bad News:  59 operators [Buchmuller, Wyler, 1986]
Good News : an handful are unconstrained and can significantly contribute to top phenomenology!
[Willenbrock and Zhang 2011, Aguilar-Saavedra 2011,Degrande et al. 2011]

g2

M2

40

Effective field theory
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☺Based on all the symmetries of the SM

☺New physics is heavier than the resonance itself : Λ>MX

☺QCD and EW renormalizable (order by order in 1/Λ) 

☺Number of extra couplings reduced by symmetries and dimensional analysis

☹ Valid only up to the scale Λ

Effective field theory
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operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs 1

2λ
AGA

µ −ig 1
2τ

IW I
µ −ig′Y Bµ is the covariant derivative. W I

µν = ∂µW I
ν −∂νW I

µ+gεIJKW J
µ W

K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

The operator O(3)
φq with an imaginary coefficient can be removed using the EOM.

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = fABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [17]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].
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CP-even

CP-odd

Very few operators of dim-6:

[Willenbrock and Zhang 2011, Aguilar-Saavedra 2011,Degrande et al. 2011]

Effective field theory
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top-higgs interactions

43

Ohg =
�
Q̄LH

�
σ
µν
T

a
tRG

a
µν ,

OHy = H
†
H

�
HQ̄L

�
tR

OHG =
1

2
H

†
HG

a

µν
G

µν

a

Consider, for example, the following top-Higgs interactions:

At NLO in QCD the first two operators mix:

In addition, the third operator receives contributions
from the first two at one loop:

A meaningful analysis can only be made by considering them all!
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top-quark FCNC

The study of FCNC couplings can bring new information:
[Kao et al. 2011 , Kai-Feng et al 2013]

h
t

u,c

44

Z,γ
t

u,c

[Drobnak, 2012 based on CMS and ATLAS results] [Zhang FM, 2013]

While the exp searches are completely different, one has to remember that the 
decay rates will depend on several operators that are linked by gauge symmetry
and might mix at NLO in QCD. 

[Zhang, 2014]
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top-quark FCNC

[Zhang, 2014]
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top-quark FCNC

46

pp →tγ
Two contributions appear at LO:
one from OuB and one from OuG.

At NLO in QCD OuG mixes with all the other 
operators so it has always to be included.

It also means that if a specific (arbitrary)  choice of 
coefficient operators is made at high scales (where 
one can imagine a full theory to live) many 
operators become active when evolved to lower 
scales. 

Only a global/fit approach on constraining such 
operators at the same time can be useful stragegy 
and it has to be at least NLO in QCD.

pp →tγj (SM)

t

t

t

γ

γ

γ

j
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top-quark FCNC
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The operators have been implemented in FeynRules, the model was upgraded to NLO 
automatically and then passed to MG5_aMC. 

Results shown here at fNLO. SM pp →tγj interesting process by itself... 
[Degrande, FM, Wang, Zhang]

Complete implementation of all operators of dim=6 at NLO (including four fermion operators) 
in QCD is on going.
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top-quark FCNC

A rich set of processes that will be 
studied at NLO(+PS)

pp →tγ
pp →tZ
pp →th
pp →tj
 

γ,Z,h γ,Z,h

t t

t

t
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Effective field theory

•The only consistent, complete theoretical framework where predictions can 
be systematically improved, several measurements of different observables or 
processes can be interpreted and useful information (constraints) be 
obtained by global fits. 

•Constraining one or few  “anomalous coupling” at the time is not consistent 
with the fact that the operators mix and run under RGE equations: they need 
to be determined via a global fit at a given scale.

•Consistent global EFT analyses for top physics to be performed at least at 
NLO in QCD, i.e. considering both operator mixing and genuine short 
distance QCD effects in production/decay. 

Full EFT@NLO framework for top physics in progress
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50

Non-resonant Resonant

ExoticStandard

Signatures/Observables

New Physics

 predictions/MC tools Accurate

EFT
Models

High 
precision

Tuesday 8 April 2014



Top-LHC  France, Lyon 7-8 April 2014 Fabio Maltoni

CONCLUSIONS

51

• Progress in the predictions:

• Automatic NLO+PS predictions for any SM process now available. 
BSM (including EFT’s) expected soon.

• EW corrections to come

• NNLO corrections in the works. 

• The only complete, consistent framework for constraining NP in top 
phenomenology is the EFT and it is available. Some of QCD effects 
are known and a full framework at NLO expected soon. 
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...and after 20 years the top still is, 

together with the Higgs, 

our best gateway to the TeraWorld!

OUTLOOK

52
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