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Motivation

• No clear sign of new physics seen at LHC Run I, good 
agreement between data and SM; Run II has just started! 	

!
!
!
!
!
!
!
!

• New physics state will likely manifest as tiny deviations 
from the SM: Accurate predictions strongly needed! 
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Accurate predictions in a nutshell

• Expand the cross-section as a series in the couplings	

!

!

!

!

!

• Strong coupling dominates, but non-QCD effects must 
be accounted to achieve precision	


• Roughly speaking: NLO EW ~ NNLO QCD
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EW corrections:  
how to

4
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EW corrections:  
how to

• In the general case, several coupling combinations contribute to a given 
process at LO
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EW corrections:  
how to

• In the general case, several coupling combinations contribute to a given 
process at LO

• Typically the ‘LO’ is identified with the blob featuring the largest power of αs

• NLO QCD corrections can be computed by attaching QCD particles to the 
LO

• NLO EW corrections can be computed by attaching EW particles to the 
LO…

• … and attaching QCD particles to the LO with one less power of αs
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In practice:

• EW corrections are a more complex problem, yet 
similar to QCD ones 	


• Lot of book-keeping (in particular on coupling orders)	

• Loops:	

• Renormalize the full model	

• Higher rank loop integrals (still R≤D) 	

• Interfere QCD loops with EW borns (and viceversa)	


• Real emissions: keep track of the splitting type to 
generate the correct born-like counterterms	


• Modern techniques for QCD corrections can be 
extended to tackle EW ones

5
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EW corrections in 	

MadGraph5_aMC@NLO

• Loop computation: MadLoop Hirschi et al, arXiv:1103.0621	

• Uses OPP or TIR	

• UV renormalisation in the α(mZ) or G𝜇 scheme (model feature)	


• Well advanced validation for complex-mass scheme	

• IR subtraction and integration: MadFKS Frederix et al, arXiv:0908.4272	

• Code modified to account for more than one type of 

counterterms	

• All kind of EW/QCD splittings are accounted for	

• New version will be able to keep track of contributions from 

different coupling order combinations, and exact scale 
uncertainties via reweight 	


• MC@NLO Matching with parton shower	

• Work in progress

6
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Physics results

7

Top pT

\

18

CERN-THESIS-2014-110

• Both ATLAS and CMS see lower diffxsec 
than predicted at high pT,top 

• Powheg+Pythia is consistent between ATLAS 
& CMS 

• Looking forward to 8 TeV updates

mtT: a very interesting variable

20

Heavy resonances decaying to tT, see Sabine’s talk yesterday

• The other side of the coin 

• Heavy resonances hints might be hidden in 
mtT differential measurements deviations 

• Accurate modelling of SM mtT shape 
improves dominant background description

tT dominant
 background

• Appetizer: t t ̄production at the LHC	

!
!
!
!
!
!
!
!
!

• Main course: t t ̄+ W/Z/H production at the LHC
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• ATLAS and CMS see some ‘anomaly’ on the top pT distribution 
and t t ̄invariant mass	


• Data are softer than NLO QCD MonteCarlos (up to 30-40%)	

!
!

!

!

!

!

!

• Is it an EW effect?

EW corrections to t t ̄production	

Motivation
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Contributions to the cross-section

• LO2 has only g𝛄 and bb ̄initial states; dominant 𝛄-initiated 
contribution, need for PDFs with photons	


• NLO2 formally also includes heavy boson radiation (HBR). 
HBR not included for t t ̄
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EW corrections to t t ̄production
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• EW corrections account at most -10% at large pT,  
-5% at large mass	


• Photon effect as large as EW corrections, but almost 
100% uncertain	


• Subleading corrections (LO3, NLO3,4) very small 

EW corrections to t t ̄production	

Comments
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EW corrections to t t ̄+ W/Z/H	

Motivation

• t tH̄ offers unique access to top Yukawa coupling	

• Unlike QCD, EW effects introduce non ~yt2 

dependence of the cross-section	

• Expected accuracy on yt at Run II: 10-5% with 

300-3000 fb-1 	

• Searches in the boosted scenario: EW corrections 

enhanced by Sudakov logs (log(pT/mW))
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These definitions correspond to the arrows that appear in fig. 3: from right to left for QCD

corrections, and from left to right for EW corrections. We point out that this terminology

is consistent with that typically used in the literature. It only becomes misleading when

it is also applied to the coefficients Σk0+1,q, because this is equivalent to giving the same

name to two different classes of objects in fig. 3: the blobs and the arrows. If the roles of

these two classes are kept distinct, no ambiguity is possible. Consider, for example, the

coefficient Σ4,1 in which we are interested here: it is the second-leading NLO term, which

receives contributions both from the EW corrections to the leading Born term Σ3,0, and

from the QCD corrections to the second-leading Born term Σ3,1.

We note that the discussion given above explains why there is no ambiguity when

one works in a single-coupling perturbative expansion. In the case of QCD, for example,

the only relevant quantities of fig. 3 are the two leftmost blobs (one for each row), and

the leftmost arrow. There is thus a one-to-one correspondence between the arrow and the

leftmost blob in the lower row: therefore, no confusion arises even if one calls the latter

(the leading NLO correction) with the name of the former (the QCD corrections), which is

what is usually done. The case of the single-coupling EW expansion is totally analogous,

and applies to the quantities that in fig. 3 are to the extreme right (namely, Σ3,2, Σ4,3, and

the rightmost left-to-right arrow. Note that Σ4,1 is not involved).

Figure 4: Representative O(α1
sα

3/2) one-loop diagrams for the gg channel.

We would like now to elaborate further on the keywords “QCD corrections” and “EW

corrections”, stressing again the fact that they do not have any deep physical meaning,

but may be useful in that they are intuitive, and can be given an operational sense. The

best way to do so is that of a constructive bottom-up approach that starts at the level

of amplitudes (we note that eqs. (2.3) and (2.4) are at the level of amplitude squared)

in order to figure out which contributions each of the coefficients Σ4,q receives. While

doing so, one needs to bear in mind that, at the NLO, there are two classes of such

contributions: those due to real-emission amplitudes (eventually squared), and those due

to one-loop amplitudes (eventually contracted with Born amplitudes). Since here we are

solely interested in figuring out the general characteristics of the contributions to any given

Σ4,q (as opposed to performing a complete and explicit computation, which is rather done

automatically), the easiest procedure is that of taking representative Born-level diagrams,

such as those of figs. 1 and 2, and turn them either into one-loop graphs through the

insertion of a virtual particle, or into real-emission graphs by emitting one further final-

state particle. It is clear that in general it is not possible to obtain all one-loop and real-

emission Feynman diagrams in this way (see e.g. the second and third graphs in fig. 4), but

this is irrelevant for the sake of the present exercise. What is of crucial importance is that,
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EW corrections to t t ̄+ W/Z/H	

Motivation

13

• t tV̄ measured at Run I, still large statistical uncertainties	

• EW corrections needed for high-precision Run II 

measurements	

• Multilepton/leptons+jets signatures: t tV̄ background to 

many BSM searches and to t tH̄



Marco Zaro, 15-06-2015

Setup  
more in Frixione, Hirschi, Shao, Zaro, arXiv:1504.03446

• EW corrections computed in the α(mZ) scheme  
(Gμ also available)	


• Particle masses:	

• mt=173.3 GeV                          mH=125 GeV 	

• mW=80.385 GeV                      mZ=91.188 GeV	


• NNPDF2.3 QED PDF, quoted uncertainties @68%CL	

• Ren./Fac. scale choice:	

!

• LO+NLO QCD scale uncertainties in the range	


!

• Two scenarios: inclusive and boosted: pT(t, t,̄W/Z/H)>200 GeV

14

and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

origin). In our default α(mZ)-scheme, the EW coupling constant is [69]:

1

α(mZ)
= 128.93 . (3.2)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies that affect the coefficient Σ4,0 have been evaluated by varying

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

and by keeping the value of α fixed. The calculation of this theory systematics does not

entail any independent runs, being performed through the reweighting technique introduced

in ref. [70], which is fully automated in MadGraph5 aMC@NLO. All the input parameters

not explicitly mentioned here have been set equal to their PDG values [71].

We shall consider two scenarios: one where no final-state cuts are applied (i.e. fully

inclusive), and a “boosted” one, generally helpful to reduce the contamination of light-Higgs

signals due to background processes [72,73], where the following cuts

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (H) ≥ 200 GeV , (3.5)

are imposed; since these emphasise the role of the high-pT regions, the idea is that of

checking whether weak effects will have a bigger impact there than in the whole of the

phase space. We shall report in sect. 3.1 our predictions for total rates, for the three

collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2

several differential distributions will be shown, at a c.m. of 13 TeV with and without the

cuts of eq. (3.5), and at a c.m. of 100 TeV in the fully-inclusive case only.

Throughout this section, we shall make use of the shorthand notation introduced at

the end of sect. 2 – see in particular table 4.

3.1 Inclusive rates

In this section we present our predictions for inclusive rates, possibly within the cuts of

eq. (3.5). As was already stressed, the results for the LO and NLO QCD contributions are

computed in the same way as has been done previously with MadGraph5 aMC@NLO or

its predecessor aMC@NLO in refs. [21,44]. There are small numerical differences (O(3%))

with ref. [44], which are almost entirely due to the choice of the value of α, and to a very

minor extent to that of mt. As far as ref. [21] is concerned, different choices had been made

there for the top and Higgs masses, and for the reference scale.
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Results for t tH̄ and t tZ̄:	

 total rates (within boosted cuts)

• NLO EW correction have modest impact on inclusive xsect, but can be 
important in the boosted regime (same order of QCD uncertainties)	


• Boosted regime enhances photon contribution in LO-EW	

• HBR contributions remain small

15

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 ± 3.5 29.7+6.8

−11.1 ± 2.8 (24.2+4.8
−10.6 ± 4.5) 40.8+9.3

−9.1 ± 1.0

LO EW 1.8± 1.3 1.2± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

owing to the opening at the NLO of partonic channels (qg) that feature a gluon PDF, while

no initial-state gluon is present at the LO – in the case of tt̄H and tt̄Z production, one

has gg-initiated partonic processes already at the Born level. As a consequence of this, the

scale uncertainty, which is relatively large for all processes, becomes extremely significant

in tt̄W± production of increasing hardness (large c.m. energy or boosted regime), where it

is predominantly of LO-type because of the growing contributions of qg-initiated partonic

processes. In all cases, the PDF uncertainties of the NLO QCD term are smaller than those

due to the hard scales, and decrease with the c.m. energy. Secondly, the contributions due

to processes with initial-state photons are quite large at the LO (except for tt̄W± pro-

duction, which has a LO EW cross section identically equal to zero), but constitute only

a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial states, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitutes a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases of
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tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 ± 3.6 45.9+13.2

−15.5 ± 2.9 (40.2+11.1
−15.0 ± 4.7) 50.4+11.4

−10.9 ± 1.1

LO EW 0.5 ± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC, NLO

EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and the

smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section

(tt̄H and tt̄Z), the bb̄- and γg-initiated contributions tend to cancel each other. In the

case of tt̄H, an almost complete (and accidental) cancellation (relative to the LO QCD

term) occurs at a c.m. energy of 100 TeV, while for tt̄Z it so does at the much lower LHC

Run II energy. This implies that the impact of EW effects at the 13-TeV LHC is more

important in the case of tt̄Z than for tt̄H production, given that for the latter process the

LO and NLO contributions tend to cancel in the sum at this collider energy. However, it

is necessary to keep in mind the observation about the uncertainties induced on the LO

EW cross section by the photon density: a better determination of such a PDF would

be desirable, in order to render the statement above quantitatively more precise. Finally

for tt̄H production, by comparing the results of table 4 relevant to the NLO EW terms
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Results for t tW̄:	

 total rates (within boosted cuts)

• EW corrections larger than t tH̄/Z, in particular with boosted cuts	

• HBR enhanced by parton luminosities: t tW̄W has gg, t tW̄ only qq ̄
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 ± 2.9 50.1+14.2

−13.5 ± 2.4 (59.7+18.9
−17.7 ± 3.1) 156.4+38.3

−35.0 ± 2.4

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

with those of table 6 of ref. [31] relevant to the weak-only contributions to the NLO cross

section, one sees that the relative impact of QED effects decreases with the c.m. energy

and is rather negligible in the boosted scenario, as expected. These QED effects have the

opposite sign w.r.t. those of weak origin, and can be as large as half of the latter at the

LHC Run I.

As far as the HBR cross sections are concerned, some general considerations about

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [31]; they are

not tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in

a boosted configuration at the LHC Run II). The origin of this fact is the same as that

responsible for the growth of the NLO QCD contributions, namely partonic luminosities;

in particular, the tt̄W+W− final state can be obtained from a gg-initiated partonic process.

While the above statement must be carefully reconsidered in the context of fully-realistic

simulations, where acceptance cuts are imposed on the decay products of the tops and of
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tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)
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Results for t tW̄:	

distributions
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Conclusions

• NLO EW predictions will be very important for accurate physics 
at the LHC RunII	


• Automation of EW corrections in MadGraph5_aMC@NLO 
well advanced	


• Results (obtained automatically) for t t ̄and t tX̄ (X=H/Z/W) 	


• EW corrections seem not to explain the t t ̄‘anomaly’ seen by 
ATLAS and CMS	


• t tX̄ (in particular t tW̄) can receive large corrections, specially 
in boosted regimes
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Thank 
you!


