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Anatomy at NLO
For example: consider di-jet production 

"NLO EW" is a bit of a misnomer: 
NLO2 and NLO3 part of a "mixed" expansion

"Complete-NLO" takes all the LO and NLO contributions 
in the mixed coupling expansion into account

�2

the possibility of having Σk0+p,0 = 0 or Σk0+p,∆(k0)+p = 0 (or both) for p > k0, since

this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a

straightforward interpretation of the role of NLO corrections.

An example may help make the points above more explicit. Consider the contribution

to dijet production due to the partonic process uu → uu; the corresponding lowest-order

t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore

be the sum of terms that factorise the following coupling combinations:

α2
S , αSα , α2 , (2.24)

which implies k0 = 2, ∆(2) = 2, and cs(2) = c(2) = 0. Therefore, according to eq. (2.23),

the NLO contribution p = 1 will feature the following coupling combinations:

α3
S , α2

Sα , αSα
2 , α3 . (2.25)

From the procedural point of view, it is convenient to identify QCD and QED corrections

according to the relationship between one coupling combination in eq. (2.24) and one in

eq. (2.25), as follows:

αn
Sα

m QCD−→ αn+1
S αm , (2.26)

αn
Sα

m QED−→ αn
Sα

m+1 , (2.27)

which has an immediate graphic interpretation, depicted in fig. 1. Such an interpretation

αs
3 αs

2α α2αs α3

αs
2 αsα α2

Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Figure 2: Real-emission contributions to dijet production at the NLO and O(α2
Sα). The

saw-shaped lines represent Cutkosky cuts.

the bottom row of fig. 1 can be reached by means of two different arrows when starting

from the top row (i.e., the Born level). Therefore, fig. 1 also immediately shows that when

one considers only the Born term associated with the highest power of αS (α), then QCD-

only (QED-only) corrections are sensible (because only a right-to-left or left-to-right arrow

is relevant, respectively): they coincide with the NLO corrections as defined above (see

the paragraph after eq. (2.10)). It also should be clear that the above arguments have a

general validity, whatever the values of cs(k0), c(k0), and ∆(k0) in eq. (2.23) – the former

two quantities never play a role in the analogues of fig. 1, while by increasing ∆(k0) one

simply inserts more blobs (i.e., coupling combinations) in both of the rows of fig. 1. Finally,

note that reading eqs. (2.26) and (2.27) in terms of diagrams, as has been done for those

of fig. 2, becomes much harder when one considers virtual contributions. For example, the

one whose O(α2
Sα) cut-diagram is shown in fig. 3 (and its analogues) can indeed be equally

well interpreted as a QED loop correction to a QCD×QCD O(α2
S) Born cut-diagram, or

as a QCD loop correction to a QCD×QED O(αSα) Born cut-diagram.

MadGraph5 aMC@NLO has been constructed by having eq. (2.23) in mind; although

the majority of the relevant features are not yet available in the public version of the code,

all of them have already been thoroughly tested in the module responsible for computing

one-loop matrix elements (see sects. 2.4.2 and 4.3), which is by far the hardest from this

point of view, and the checks on the real-emission part are also at quite an advanced stage.

The basic idea is that of giving the user the choice of which coupling combinations to retain

either at the Born or at the NLO level; this corresponds to choosing a set of blobs in the

upper or lower row of fig. 1, respectively. MadGraph5 aMC@NLO will then automatically

also consider the blobs in the row not involved in the selection by the user, in order to

construct a physically-meaningful cross section, compatible with both the user’s choices,

and the constraints due to a mixed-coupling expansion (the arrows in fig. 1). It should be

stressed that, although the results for the coefficients Σk0+p,q can be handled separately by

MadGraph5 aMC@NLO, such coefficients are not (all) independent from each other from a
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Figure 3: Virtual contribution to dijet production at the NLO and O(α2
Sα). The saw-

shaped line represents a Cutkosky cut.

computational viewpoint, because a single Feynman diagram (an amplitude-level quantity)

may contribute to several Σk0+p,q’s (the latter being amplitude-squared quantities). For

this reason, as far as the CPU load is concerned the choice of which coupling combinations

to consider can be equivalently made at the amplitude level. Indeed, this is the only

option presently available in the public version of MadGraph5 aMC@NLO; more detailed

explanations are given in appendix B.1.

2.4.1 NLO cross sections and FKS subtraction: MadFKS

In this section, we briefly review the FKS subtraction [10,12] procedure, and emphasise the

novelties of its implementation in MadGraph5 aMC@NLO w.r.t. its previous automation

in MadFKS [61], the dedicated module included in aMC@NLO.

We shall denote by n the number of final-state particles relevant to the Born con-

tributions to a given cross section. The set of all the partonic 2 → n subprocesses that

correspond to these contributions will be denoted by Rn; each of these subprocesses can

be represented by the ordered list of the identities of its 2 + n partons, thus:

r = (I1, . . . In+2) ∈ Rn . (2.28)

The first operation performed byMadGraph5 aMC@NLO is that of constructingRn, given

the process and the theory model. For example, if one is interested in the hadroproduction

of a W+Z pair in association with a light jet

pp −→ W+Zj (2.29)

as described by the SM, MadGraph5 aMC@NLO will obtain:

R3 =
!"

u, d̄,W+, Z, g
#
, . . .

"
u, g,W+, Z, d

#
, . . .

$
. (2.30)

Since the processes in Rn are tree-level, MadGraph5 aMC@NLO will construct them very

efficiently using the dedicated algorithms (see sect. 2.3.1). Beyond the Born level, an NLO
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has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Complete-NLO for 
top pairs + friends

Typically: size of the corrections follows what one expects from the 
coupling hierarchy, with the exceptions

LO2 is smaller than expected. No surprise: pure interference 
term, which requires initial state b-quarks to be non-zero

NLO3 for ttW is much larger than expected!

�4

pp ! tt̄ pp ! tt̄Z pp ! tt̄W+ pp ! tt̄H pp ! tt̄j

LO1 4.3803± 0.0005 · 102 pb 5.0463± 0.0003 · 10�1 pb 2.4116± 0.0001 · 10�1 pb 3.4483± 0.0003 · 10�1 pb 3.0278± 0.0003 · 102 pb

LO2 +0.405 ± 0.001 % �0.691 ± 0.001 % +0.000 ± 0.000 % +0.406 ± 0.001 % +0.525 ± 0.001 %

LO3 +0.630 ± 0.001 % +2.259 ± 0.001 % +0.962 ± 0.000 % +0.702 ± 0.001 % +1.208 ± 0.001 %

LO4 +0.006 ± 0.000 %

NLO1 +46.164 ± 0.022 % +44.809 ± 0.028 % +49.504 ± 0.015 % +28.847 ± 0.020 % +26.571 ± 0.063 %

NLO2 �1.075 ± 0.003 % �0.846 ± 0.004 % �4.541 ± 0.003 % +1.794 ± 0.005 % �1.971 ± 0.022 %

NLO3 +0.552 ± 0.002 % +0.845 ± 0.003 % +12.242 ± 0.014 % +0.483 ± 0.008 % +0.292 ± 0.007 %

NLO4 +0.005 ± 0.000 % �0.082 ± 0.000 % +0.017 ± 0.003 % +0.044 ± 0.000 % +0.009 ± 0.000 %

NLO5 +0.005 ± 0.000 %

Table 3: Cross sections for the five tt̄+X processes of eqs. (6.23) and (6.24), resulting from the setup described in section 6.1. The

uncertainties quoted are of statistical nature only, originating from the Monte Carlo integration over the phase space. The subleading

LO and NLO contributions are given as percentage fractions of LO1.

–
70
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[RF, Frixione, Hirschi, Pagani, Shao, Zaro, 2018]

complete-NLO for tops first computed in:  
pp->tt [Czakon et al.]; pp->ttW [RF, Pagani et al.]; pp->ttj [Gütschow et al.]
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Complete-NLO for top pair 
production 

Top quark transverse momentum

NLO2 = NLO EW non-
negligible at large pT’s, reaching 
-10% at pT=1TeV

(N)LO3 and NLO4 are negligible 
for this observable for this 
process
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the possibility of having Σk0+p,0 = 0 or Σk0+p,∆(k0)+p = 0 (or both) for p > k0, since

this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a

straightforward interpretation of the role of NLO corrections.

An example may help make the points above more explicit. Consider the contribution

to dijet production due to the partonic process uu → uu; the corresponding lowest-order

t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore

be the sum of terms that factorise the following coupling combinations:

α2
S , αSα , α2 , (2.24)

which implies k0 = 2, ∆(2) = 2, and cs(2) = c(2) = 0. Therefore, according to eq. (2.23),

the NLO contribution p = 1 will feature the following coupling combinations:

α3
S , α2

Sα , αSα
2 , α3 . (2.25)

From the procedural point of view, it is convenient to identify QCD and QED corrections

according to the relationship between one coupling combination in eq. (2.24) and one in

eq. (2.25), as follows:

αn
Sα

m QCD−→ αn+1
S αm , (2.26)

αn
Sα

m QED−→ αn
Sα

m+1 , (2.27)

which has an immediate graphic interpretation, depicted in fig. 1. Such an interpretation
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Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Complete-NLO ttbar+Z

Top pair production in association 
with a Z-boson

Transverse momentum of the 
vector boson

Significant EW corrections 
(NLO2) at very large pTs, where 
they can reach ~-25% of the total 
rate

Partly canceling the QCD 
corrections (NLO1), which 
grow with increasing pT

(N)LO3 and NLO4 typically small 
and negligible for most practical 
purposes
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Figure 11: Transverse momentum of the Z boson in pp ! tt̄Z production.

remaining 30% of the rate. However, for larger transverse momenta the NLO2 contribution

decreases very rapidly towards negative values, which can be as large as �25% of the total

at pT (Z) ' 3 TeV. There is thus a significant cancellation between NLO1 and NLO2, since

the former also grows (towards larger positive values) with increasing pT ’s, but slower than

the latter. In general, the pattern of the impact of the subleading terms is an interesting

one, in that it systematically violates the hierarchy one would naively expect on the basis

of a simple coupling-constant counting. For example, at small pT ’s the largest contribution

among the subleading ones is that due to LO3, that amounts to about 2.5% of the total

NLO rate, followed by LO2 (equal to about �1% of the total). Moving towards larger

pT ’s the NLO subleading terms become increasingly important. Apart from the case of

NLO2, which we have already discussed, it is worth noting at pT (Z) & 2 TeV we have

⌃LO3
> |⌃NLO4

| ' ⌃NLO3
> ⌃LO2

, with all these contributions being relatively close to

each other and thus featuring non-negligible cancellations (since ⌃NLO4
< 0).

The transverse momentum of the hard W+ boson in pp ! tt̄W+ production is pre-

sented in fig. 12. As was the case for Z transverse momentum of fig. 11, QCD-induced

mechanisms are responsible for the dominant contributions to the cross section, at both
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Complete-NLO ttbar+H

Higgs production 
in association of a 
top-quark pair 
recently observed 
at the LHC

Corrections smaller than for ttbar+Z

NLO2 at the percent-level, apart 
from the far tail, where its effect is 
slightly larger

(N)LO3 and NLO4 negligibly small

�7

[RF, S. Frixione, V. Hirschi, D. Pagani, 
H.-S. Shao, M. Zaro, 2018]
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Figure 13: Transverse momentum of the Higgs boson in pp ! tt̄H production.

order) LO1, NLO1, and NLO2. As is evident from the plot, in particular from the lower

inset, the relative impact of the former NLO contribution increases with pT – being equal

to about 5% of the total cross section at the threshold, growing significantly immediately

afterwards, and reaching a value of about 30% for pT (j1) & 150 GeV. As far as ⌃NLO2
is

concerned, it is equal to about �2% of the total cross section at the threshold. It decreases

slightly up to pT (j1) ⇠ 100 GeV, and then increases (in absolute value) significantly,

to reach values of O(�5%) at pT (j1) ⇠ 1 TeV. As was already observed in several of

the cases discussed so far in this section, the hierarchy among the various contributions

does not really follow the one based on naive coupling-constant counting (apart from the

two dominant contributions), with large violations associated with increasingly subleading

terms.

7 Conclusions

In this paper, we have studied a number of topics relevant to the perturbative computa-

tions that are accurate to NLO in the simultaneous expansion in two coupling constants,

which we refer to as mixed-coupling scenario, with the final goal of applying our findings
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Figure 12: Transverse momentum of the W+ boson in pp ! tt̄W+ production.

the LO (LO1) and the NLO (NLO1). However, there are also notable di↵erences w.r.t. the

case of Z associated production. More specifically, we observe what follows. Firstly, the

⌃LO2
term is identically equal to zero because of colour. Secondly, for pT ’s in the TeV

region, the ⌃NLO1
contribution is comparable to or larger than the ⌃LO1

one. Thirdly, for

pT (W ) . 400 GeV the largest subleading term is NLO3, and in particular ⌃NLO3
> ⌃NLO2

.

This is the manifestation, at the di↵erential level, of what has been already observed in

the case of fully inclusive rates in table 3. More details on this process can be found in

ref. [40].

We consider tt̄H production in fig. 13, where we display the transverse momentum of

the Higgs boson. Apart from the very large pT (H)’s, in this case subleading contributions

do tend to be numerically subleading. All of them, apart from ⌃NLO2
, are well below 1%

of the total NLO rate for pT (H) . 1 TeV. As was already observed in fig. 9, the NLO EW

corrections (NLO2) are positive (3 � 4%) at small pT ’s, but become negative at around

pT (H) ' 150 GeV, and approach the �10% level in the TeV range.

Finally, the transverse momentum of the hardest jet in pp ! tt̄j production is presented

in fig. 14. Consistently with the results of table 3, the dominant contributions are (in this
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the Higgs boson. Apart from the very large pT (H)’s, in this case subleading contributions

do tend to be numerically subleading. All of them, apart from ⌃NLO2
, are well below 1%

of the total NLO rate for pT (H) . 1 TeV. As was already observed in fig. 9, the NLO EW

corrections (NLO2) are positive (3 � 4%) at small pT ’s, but become negative at around

pT (H) ' 150 GeV, and approach the �10% level in the TeV range.

Finally, the transverse momentum of the hardest jet in pp ! tt̄j production is presented

in fig. 14. Consistently with the results of table 3, the dominant contributions are (in this
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Cross sections: order by order

13 TeV 100 TeV

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.8 0.9 1.1

NLO1 34.8 (7.0) 50.0 (25.7) 63.4 (42.0)
NLO2 �4.4 (�4.8) �4.2 (�4.6) �4.0 (�4.4)
NLO3 11.9 (8.9) 12.2 (9.1) 12.5 (9.3)
NLO4 0.02 (�0.02) 0.04 (�0.02) 0.05 (�0.01)

Table 3. �(N)LOi
/�LOQCD ratios for tt̄W± production at 13 TeV for various values of µ = µr = µf .

i > 1 changes the cross section by about 1% and leaves also the scale dependence almost
unchanged. As discussed in sec. 2, the LO2 is exactly zero due to colour, thus this small
correction is entirely coming from the LO3 contribution. In Tabs. 3 and 4 it can be seen
that the scale dependence of this LO3 contribution is slightly different from the LO1. The
factorisation scale dependence is almost identical for the LO1 and LO3 terms (both are qq̄0

initiated and have similar kinematic dependence), thus this difference is entirely due to the
variation of the renormalisation scale, which, at leading order, only enters the running of
↵s. The LO1 has two powers of ↵s while the LO3 has none. The value of ↵s decreases with
increasing scales, and therefore, it is no surprise that �LO3

increases with larger values for
the scales.

As already known, in tt̄W± production NLO QCD corrections are large and lead to a
reduction of the scale uncertainty. Indeed, for the central scale choice, the total cross section
at 13 TeV increases by 50% when including the NLOQCD contribution, and a massive 150%
correction is present at 100 TeV. The reduction in the scale dependence is about a factor
two for 13 TeV, resulting in an 11% uncertainty. On the other hand, given the large
NLOQCD corrections, at 100 TeV the resulting scale dependence at LOQCD + NLOQCD is
larger than at 13 TeV, remaining at about 16%. Comparing these pure-QCD predictions to
the complete-NLO cross sections (LO + NLO) we see that the latter are about 6% larger
at 13 TeV, while the relative scale dependencies are identical. At 100 TeV, even though
the relative scale dependence at complete-NLO is 1-2 percentage points smaller than at
LOQCD + NLOQCD, in absolute terms it is actually larger. This effect is due to the large
increase of about 26% induced by (N)LO

i
terms with i > 1. Indeed, this increase is mostly

coming from the contribution of the tW ! tW scattering, which appears at NLO3 via the
quark real-emission and has a Born-like scale dependence. However, this dependence is
relatively small since the NLO3 involves only a single power of ↵s.

In Tabs. 3 and 4 we can see that �NLO1
⌘ �NLOQCD

is strongly µ dependent, while
this is not the case for �NLOi with i > 1. In fact, this behaviour is quite generic and not
restricted to tt̄W± production; it can be observed for a wide class of processes. The µ

dependence in �NLO1
leads to the reduction of the scale dependence of LOQCD +NLOQCD

results w.r.t. the LOQCD ones. On the contrary, the �NLOi quantities with i > 1 are
typically quite independent of the value of µ. The reason is the following. The NLOi

contributions are given by “QCD corrections” to LOi contributions as well “EW corrections”
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�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.9 1.1 1.3

NLO1 159.5 (69.8) 149.5 (71.1) 142.7 (73.4)
NLO2 �5.8 (�6.4) �5.6 (�6.2) �5.4 (�6.1)
NLO3 67.5 (55.6) 68.8 (56.6) 70.0 (57.6)
NLO4 0.2 (0.1) 0.2 (0.2) 0.3 (0.2)

Table 4. �(N)LOi
/�LOQCD ratios for tt̄W± production at 100 TeV for various values of µ = µr = µf .

to the LOi�1 ones. The former involve explicit logarithms of µ due the renormalisation of
both ↵s and PDFs, while the latter contain only explicit logarithms of µ due the O(↵)

PDFs counterterms. Indeed, in the Gµ-scheme, or other schemes such as ↵(0) or ↵(mZ),
the numerical input for ↵ does not depend on an external renormalisation scale. Moreover,
the O(↵) PDF counterterms induce a much smaller effect than those of QCD, since they are
O(↵/↵s) suppressed and do not directly involve the gluon PDF. Thus, for a generic process,
since a LOi contribution is typically quite suppressed w.r.t. the LOi�1 one —or even absent,
as e.g. for (multi) EW vector boson production— the scale dependence of �NLOi with i > 1

is small. For this reason it is customary, and typically also reasonable, to quote NLO EW
corrections independently from the scale definition. As can be seen in Tabs. 3 and 4 this is
also correct for tt̄W±, but as we will see in the next section the situation is quite different
for tt̄tt̄ production, where also the �(N)LOi

(µ) quantities with i > 1 strongly depend on the
value of µ.

By considering the µ dependence of the �NLO1
(µ) contributions in Tabs. 3 and 4, we

see a different behaviour in the two tables. At 13 TeV the scale dependence of �NLOQCD
(µ)

increases with increasing scales. This is to be expected: the LO1 contribution has a large
renormalisation-scale dependence, resulting in a rapidly decreasing cross section with in-
creasing scales. In order to counterbalance this, the scale dependence of the NLO1 contribu-
tion must be opposite so that the scale dependence at NLO QCD accuracy is reduced. On
the other hand, at 100 TeV, the scale dependence of the �NLO1

(µ) decreases with increasing
scales, suggesting that the scale dependence at LOQCD + NLOQCD is actually larger than
at LOQCD. As can be seen in Tab. 2 this does not appear to be the case. The reason
is that contrary to 13 TeV, at 100 TeV collision energy the LOQCD has not only a large
renormalisation-scale dependence, but also the factorisation-scale one is sizeable. In fact,
the scale dependence in Tab. 2 is dominated by terms in which µr and µf are varied in op-
posite directions, i.e., {µr, µf} = {2µc, µc/2} and {2µc, µc/2}. However, in Tab. 4 we only
consider the simultaneous variation of µr and µf . If we had estimated the scale uncertainty
in Tabs. 1 and 2 by only varying µ = µr = µf , we would actually have seen an increment
of the uncertainties in moving from LOQCD to LOQCD +NLOQCD.

The NLO EW corrections, the NLO2 contribution, are negative and have a �4-6%
impact w.r.t. the LO1 cross section. This is well within the LOQCD + NLOQCD scale
uncertainties. The opening of the tW ! tW scattering enhances the NLO3 contribution

– 12 –

�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO

LOQCD+NLOQCD

µ = HT /2 363+24%

�18%
544+11%

�11%
(456+5%

�7%
) 366+23%

�18%
577+11%

�11%
(476+5%

�7%
) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO

LOQCD+NLOQCD

µ = HT /2 6.64+28%

�21%
16.58+17%

�15%
(11.37+11%

�12%
) 6.72+27%

�21%
20.86+15%

�14%
(14.80+11%

�11%
) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

3.2 Results for pp ! tt̄W±
production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
in Tab. 1 at different accuracies, namely, LOQCD, LOQCD +NLOQCD, LO and LO+NLO.
We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LO

i
terms

are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1

versus �NLO2
and �NLO3

.
From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100

TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with
4We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below

the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.
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NLO3 is large and it is not suppressed by the 
jet veto (number in parentheses) as much as 
NLO QCD corrections. 
NLO QCD corrections depend on the scale, 
while NLO EW and NLO3 do not.

10 
1

10 
1 

0.1 
0.01

Naive estimate 

!21

Number in parentheses refer to the case of a jet 
veto                                                          is applied

�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO

LOQCD+NLOQCD

µ = HT /2 363+24%

�18%
544+11%

�11%
(456+5%

�7%
) 366+23%

�18%
577+11%

�11%
(476+5%

�7%
) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

�[pb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO

LOQCD+NLOQCD

µ = HT /2 6.64+28%

�21%
16.58+17%

�15%
(11.37+11%

�12%
) 6.72+27%

�21%
20.86+15%

�14%
(14.80+11%

�11%
) 1.26 (1.30)
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production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
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We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LO

i
terms

are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1

versus �NLO2
and �NLO3

.
From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100

TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with
4We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below

the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n

s
gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  1 + �1 !  2 + �2, where
 1,2 = {t, b} and �1,2 = {�± ⌘ (�1 ⌥ i�2)/

p
2, �3, h} are the longitudinal W±, Z or h, is most

conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that

7



Complete-NLO ttbar+W

Large NLO corrections, and large scale dependence without the jet veto

ttbar recoiling predominantly against jet (instead of W-boson) at NLO

EW corrections are large when the results are not dominated by NLO1

Subleading corrections (NLO3) are larger than expected, but uncertainty 
bands overlap �9

[RF, Pagani, 
Zaro, 2017]
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Figure 5. Differential distributions for tt̄W± production at 13 TeV. For the plots on the right,
the jet veto of eq. (3.6) has been applied. The main panels show the scale-uncertainty bands for
LOQCD +NLOQCD (black) and LO + NLO (pink), and central value of LOQCD; In the lower inset
the scale-uncertainty bands are normalised to the LOQCD + NLOQCD central value and also the
LOQCD +NLOQCD +NLOEW prediction (blue) is displayed.
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At LO top-quark pairs recoil always against V. At NLO, at large pt, they 
mainly recoil against a jet, which can emits the V, leading to a 
correction of order                                . The effects is further enhanced 
in             , where                           has a gluon in the initial state, while 
the LO has not it.  1500 % corrections at 800 GeV! 

   distribution in 

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =
HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only tt̄W

+
W

� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 tt̄V -type processes and tt̄H production

As first step, we show for tt̄H production and all the tt̄V -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for tt̄�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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Fig. 158: Differential distributions for the pT of top-quark pair, pT (tt̄) at 100 TeV. The format of the
plots is described in detail in the text.

In fig. 157 we display for the same observable cumulative plots, i.e., we plot the dependence of
the total cross sections on the cut m(tt̄) > mcut by varying mcut. We can notice that at very high values
of mcut the luminosities of the qg(q̄g) initial states are not the dominant ones, for example the K-factor
of tt̄W± decreases accordingly. For cumulative distributions we show in the plots only results obtained
by using µg as central scale.

For particular observables and processes, like the pT of the top-quark pair (pT (tt̄)) in tt̄W± and
tt̄� production, the K factors show a strong kinematic dependence. This is shown in Figs. 158 and 159.
The origin of these effects is well understood [75,319,320]. Top-quark pairs with a large pT originate at

171

than for the tt̄V -type processes. As we said, all these features are not peculiar for the m(tt̄)

distribution, and are consistent with fig. 1 and table 1. From fig. 3 one can see that the two
dynamical scales µg and µa yield flatter K-factors than those from the fixed scale mt. This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tt̄)), where the differential K-factors
strongly depend on the value of pT (tt̄) for both dynamical and fixed scales. The relative size
of QCD corrections grows with the values of pT (tt̄) and this effect is particularly large in
tt̄W

± and tt̄� production. We explain in the following the origin of these large K-factors.
Top-quark pairs with a large pT originate at LO from the recoil against an hard vector

or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a large pT receives
large corrections from (anti)quark–gluon initial state, which appears only at NLO. This
effect is further enhanced in tt̄W

± production for two different reasons. First, at LO
tt̄W

± production does not originate, unlike the other production processes, form the gluon–
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quark–gluon initial states have a larger impact. Second, the emission of
a W collinear to the final-state (anti)quark in qg ! tt̄W

±
q
0 can be approximated as the

qg ! tt̄q process times a q ! q
0
W splitting. For the W momentum, the splitting involves

a soft and collinear singularity which is regulated by the W mass. Thus, once the the
W momentum is integrated, the qg ! tt̄W

±
q
0 process yields contributions to the pT (tt̄)

distributions that are proportional to ↵ log
2
[pT (tt̄)/mW ].5 The same effect has been already

observed for the pT distribution of one vector boson in NLO QCD and EW corrections to
WW,WZ and ZZ bosons hadroproduction [32–34]. This mechanism is also the source
of the giant K-factors in tt̄� production. This process can originate from the gluon–gluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the final-state
(anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q process times
a q ! q� splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcut

T
) and the Frixione isolation parameter R0. We checked that,

increasing the values of pcut
T

and/or R0, the size of the K-factors is reduced. It is interesting
to note also that corrections in the tail are much larger for µ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereas µa is by construction larger than 2pT (tt̄).

In figs. 5 and 6 we respectively show the pT distributions for the top quark and the
vector or scalar boson, pT (t) and pT (V ). For these two observables, we find the general
features which have already been addressed for the m(tt̄) distributions in fig. 3. [Davide: I
don’t know what to write more]

In fig. 7 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways

5In tt̄Z the same arguments holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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Figure 5. Representative kinematical configurations for tt̄W final state. At LO (left) a high-pT tt̄
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jet takes most of the recoil and the W boson is soft.

tt̄� production. In the following we investigate the origin of these large K-factors.
Top-quark pairs with a large pT originate at LO from the recoil against a hard vector

or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against a hard jet and a soft scalar or vector
boson (see the sketches in fig. 5). In particular, the cross section for a top-quark pair with a
large pT receives large corrections from (anti)quark–gluon initial state, which appears for the
first time in the NLO QCD corrections. This effect is further enhanced in tt̄W

± production
for two different reasons. First, at LO tt̄W

± production does not originate, unlike the other
production processes, form the gluon–gluon initial state, which has the largest partonic
luminosity. Thus, the relative corrections induced by (anti)quark–gluon initial states have
a larger impact. Second, the emission of a W collinear to the final-state (anti)quark in
qg ! tt̄W

±
q
0 can be approximated as the qg ! tt̄q process times a q ! q

0
W

± splitting. For
the W momentum, the splitting involves a soft and collinear singularity which is regulated
by the W mass. Thus, once the W momentum is integrated, the qg ! tt̄W

±
q
0 process yields

contributions to the pT (tt̄) distributions that are proportional to ↵s log
2
[pT (tt̄)/mW ].4 The

same effect has been already observed for the pT distribution of one vector boson in NLO
QCD and EW corrections to W

±
W

⌥
,W

±
Z and ZZ bosons hadroproduction [49–51].

The argument above clarifies the origin of the enhancement at high pT of the tt̄ pair, yet
it raises the question of the reliability of the NLO predictions for tt̄V in this region of the
phase space. In particular the giant K-factors and the large scale dependence call for better
predictions. At first, one could argue that only a complete NNLO calculation for tt̄V would
settle this issue. However, since the dominant kinematic configurations (see the sketch on
the right in fig. 5) feature a hard jet, it is possible to start from the tt̄V j final state and
reduce the problem to the computation of NLO corrections to tt̄V j. Such predictions can
be automatically obtained within MadGraph5_aMC@NLO. We have therefore computed

4In tt̄Z the same argument holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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predictions. At first, one could argue that only a complete NNLO calculation for tt̄V would
settle this issue. However, since the dominant kinematic configurations (see the sketch on
the right in fig. 5) feature a hard jet, it is possible to start from the tt̄V j final state and
reduce the problem to the computation of NLO corrections to tt̄V j. Such predictions can
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based on Maltoni, DP, Tsinikos,  arXiv:1507.05640  

for tt̄W
± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]

and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]
[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W

± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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Fig. 159: Cumulative distributions for the pT of top-quark pair, pT (tt̄) at 100 TeV. The format of the
plots is described in detail in the text.

LO from the recoil against a hard vector or a hard scalar boson. Conversely, at NLO, in this kinematical
configuration the largest contribution emerges from the recoil of the top-quark pair against a hard jet and
a soft scalar or vector boson. In particular, the cross section for a top-quark pair with a large pT receives
large corrections from the qg initial state, which appears for the first time only at NLO.

In the case of tt̄W± production, for instance, the emission of a W collinear to the final-state
quark in qg ! tt̄W±q0 can be approximated as the qg ! tt̄q process times the q ! q0W± splitting.
For the W momentum, the splitting involves a soft and collinear singularity that is regulated by the W
mass. Thus, once the W momentum is integrated, the qg ! tt̄W±q0 process yields a contribution to
the pT (tt̄) distributions that is proportional to ↵s log

2
[pT (tt̄)/mW ], leading to large corrections. The

same argument clearly applies also to tt̄Z for the q ! qZ splitting in qg ! tt̄Zq. However, in the
case of tt̄W±, this effect is further enhanced also by a different reason. Unlike the other production
processes, tt̄W± production does not originate at LO from the gluon–gluon initial state, which has the
largest partonic luminosity. Consequently, the relative corrections induced by the quark–gluon initial
states have a larger impact.

The argument above clarifies the origin of the enhancement at high pT of the tt̄ pairs, yet it raises
the question of the reliability of NLO predictions for tt̄V in this region of the phase space. In partic-
ular, the giant K-factors and the large scale dependence call for better predictions. One could argue
that only a complete NNLO calculation for tt̄V would settle this issue. However, since the dominant
kinematic configurations involve a hard jet, it is possible to start from the tt̄V j final state and reduce the
problem to the analysis of NLO corrections to tt̄V j, which can be automatically obtained with MAD-
GRAPH5_AMC@NLO. We have therefore computed results for different minimum pT for the additional
jet both at NLO and LO accuracy. In fig. 160, we summarise the most important features of the tt̄W±

(j)
cross section as a function of the pT (tt̄) as obtained from different calculations. Similar results, even

172

!43

1

pT(j)>100 GeV 
|η(j)|<2.5



Complete-NLO ttbar+W

Effects much more extreme at 100 TeV!
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Figure 6. Same as Fig. 5 but for 100 TeV collisions.
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ttW at the LHC
ttW (together with ttZ) have already been measured at the LHC

Multi-lepton+jets signature (of which some b-tagged)

Measurements is in agreement with SM prediction, but still has sizeable 
uncertainties (which are dominated by statistics)
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Figure 13: The result of the simultaneous fit to the tt̄Z and tt̄W cross sections along with the 68% and 95%
confidence level (CL) contours. The cross shows the theoretical uncertainties in the SM predictions, and include
renormalization and factorization scale uncertainties as well as PDF uncertainties including ↵S variations.

Considering only one EFT operator at a time, any observable, such as the tt̄Z event rate in a certain signal
region, can be expressed as a quadratic function of the coe�cient Ci:

�tot,i = �SM +
Ci

(⇤/1TeV)2
�(1)
i +

C
2
i

(⇤/1TeV)4
�(2)
ii , (1)

The term linear in Ci on the right hand side of Equation 1 results from the interference of the BSM
operators with the SM. For Ci/⇤

2 of order 1 TeV�2, the interference term dominates in Equation 1 for
O

(3)
�Q, O�t , while the quadratic term dominates for OtW and OtB.

The values of �(1)
i and �(2)

ii are computed using simulated samples generated with MG5_aMC interfaced
to P����� 8, where all the NLO computations are performed automatically [6, 77, 78]. The computation
is performed at NLO, separately for all trilepton and tetralepton signal regions.

A fit is then performed to extract Ci/⇤
2. The fit is similar to the one described in Section 7, except

that only the four trilepton and four tetralepton signal regions targeting tt̄Z are used and a normalization
uncertainty of 12% is applied to the SM tt̄Z prediction. Uncertainties resulting from the limited sizes of
Monte Carlo samples used to derive the values of �(1)

i and �(2)
ii are propagated to the measured values of

Ci/⇤
2.
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Figure 12: Result of the simultaneous fit for ttW and ttZ cross sections (denoted as star), along
with its 68 and 95% CL contours are shown on the left panel. The right panel presents the
individual measured cross sections along with the 68 and 95% CL intervals and the theory
prediction [1] with their respective uncertainties for ttW and ttZ.

8 Effective field theory interpretation
Within the framework of effective field theory, cross section measurements can be used to
search for NP in a model-independent way at energy scales that are not yet experimentally
accessible. Using this approach, the SM Lagrangian is extended with higher-order operators
that correspond to combinations of SM fields. The extended Lagrangian is a series expansion
in the inverse of the energy scale of the NP, 1/L [51], hence operators are suppressed as long
as L is large compared with the experimentally-accessible energy.

The effective Lagrangian is (ignoring the single dimension-five operator, which violates lepton
number conservation [51])

Leff = LSM +
1

L2 Â
i

ciOi + · · · , (1)

where LSM is the dimension-four SM Lagrangian, Oi are dimension-six operators, and the el-
lipsis symbol represents higher-dimension operators. The dimensionless Wilson coefficients ci

parameterize the strength of the NP interaction.

Assuming baryon and lepton number conservation, there are fifty-nine independent dimension-
six operators [52]. Thirty-nine of these operators were chosen for study in Ref. [53] because they
include at least one Higgs field; the four-fermion operators were omitted. Constraints on the
Wilson coefficients of some dimension-six operators have been reported in Refs. [2, 6, 54–60].

To investigate the effects of NP on any given process, it is necessary to calculate the expected
cross section as a function of the Wilson coefficients. The matrix element can be written as the
sum of SM and NP components:

M = M0 + Â
i

ciMi. (2)

In this work, we consider one operator at a time. The cross section is proportional to the square

ATLAS-CONF-2018-047 arXiv:1711.02547



Scattering of heavy 
particles

Large corrections due to the opening of t-W scattering

Yesterday, in parallel session A, Christopher Schwan showed large 
EW corrections in W-Z scattering

Also large corrections for same-sign W-W scattering [Biedermann et al.]

What about t-t scattering?
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Four-top production and Top 
Yukawa coupling

Four-top production can be used together with ttH to constrain/measure 
a anomalous top Yukawa coupling independently from the top width

kappa-framework

Large contributions from subleading LOi, 
with large cancelations

How do NLO corrections affect these?
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where

�
SM(tt̄tt̄)g+Z/� /

��Mg +MZ/�

��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:
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�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
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�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
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SM
int + 
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SM(tt̄tt̄)H , (7)

where
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SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where

�
SM(tt̄tt̄)g+Z/� /

��Mg +MZ/�

��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
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�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 
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int + 
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
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Yukawa coupling to the fourth power, i.e.
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top Yukawa coupling might di↵er from the SM value
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section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:
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The numerical results shown above are checked with
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reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W
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jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
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and KF = 1.27 for the t̄tW
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to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
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SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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Top Yukawa from 4-top

Limits have been set on the 
Top Yukawa coupling from 
this process

Constraint to be less than 
2.1 times the SM value  
(or 2.4, if uncertainty in the 
predictions are taken into 
account)

However, based on LO 
cross sections, with a global 
1.27 K-factor
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NLO kappa framework…?

Kappa-framework: replace all SM Higgs couplings ysm,i with "anomalous" 
couplings, with strength yi = 𝜅i × ysm,i

When computing NLOi (with i>1) corrections, e.g. NLO EW, top Yukawa 
coupling and top mass are not independent parameters

Cannot use kappa-framework

Need complete Effective Field Theory framework

Currently beyond capabilities for four-top production

Still, NLO four-top in the SM will tell us about possible cancelations among 
various contributions
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Figure 3. Representative diagrams for the Born gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵2

s), the right one is of O(↵s↵). Both diagrams involve tt ! tt scattering contributions.
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Figure 4. Representative diagrams for the one-loop gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵3

s), the central one is of O(↵2
s↵) and the right one is of O(↵s↵2). The interferences of these

diagrams with those shown in Fig. 3 lead to contributions to NLO1, NLO2, NLO3 and NLO4.

qq̄ ! tt̄tt̄ Born amplitude contains also O(↵2) diagrams. Thus the gg initial state con-
tributes to LOi with i  3 and the qq̄ initial states contribute to all the LOi. Also the
�g and �� initial states are available at the Born level; they contributes to LOi with re-
spectively i � 2 and i � 3. However, their contributions are suppressed by the size of the
photon parton distribution function (PDF). Representative gg ! tt̄tt̄ Born diagrams are
shown in Fig. 3. As already mentioned in the introduction, LO2 and LO3 are larger than
the values naively expected from ↵s and ↵ power counting, i.e., LO2 � (↵/↵s) ⇥ LOQCD

and LO3 � (↵/↵s)2⇥LOQCD. Thus, NLO2, NLO3 and also NLO4 are expected to be non-
negligible, especially NLO2, NLO3 because they involve “QCD corrections”2 to LO2 and
LO3 contributions, respectively. As discussed in ref. [38], the tt̄tt̄ production cross-section
is mainly given by the gg initial state, for this reason we expect LO4, (N)LO

5
and NLO6 to

be negligible. Representative gg ! tt̄tt̄ one-loop diagrams are shown in Fig. 4. Although
suppressed by the photon luminosity, also the �g and �� initial states contribute to NLOi

with i � 2 and i � 3 respectively,
Note that, for both the pp ! tt̄W± and pp ! tt̄tt̄ processes, we do not include the

(finite) contributions from the real-emission of heavy particles (W±, Z and H bosons and

2As discussed in ref. [17], this classification of terms entering at a given order is not well defined;
some diagrams can be viewed both as a “QCD correction” and an “EW correction” to different tree-level
diagrams. Nevertheless, this intuitive classification is useful for understanding the underlying structure of
such calculations. For this reason we use these expressions within quotation marks.
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NLO 4-top production in the SM

LO2 and LO3 have large 
cancelations

NLO2 and NLO3 mainly given 
by QCD corrections on top of 
them

large and strongly dependent 
on the scale choice

However, the sum of 
NLO2+NLO3 very 
stable and small

Different scale choices have 
even more extreme cancelations 
between NLO2 and NLO3

�16

[RF, Pagani, 
Zaro, 2017]

Naive 
expectation

10%
1%

0.1%
0.01%

10%
1%

0.1%
0.01%

0.001%
0.0001%

LO4, (N)LO5 and NLO6 only qqbar 
initial state. Hence, very small

�[%] µ = HT /8 µ = HT /4 µ = HT /2

2 �26.0 �28.3 �30.5

3 32.6 39.0 45.9

4 0.2 0.3 0.4

5 0.02 0.03 0.05

1 14.0 62.7 103.5

2 8.6 �3.3 �15.1

3 �10.3 1.8 16.1

4 2.3 2.8 3.6

5 0.12 0.16 0.19

6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

tt̄tt̄ �(N)LOi
/�LOQCD µ = µr = µf

NLO2 NLO3 µ

↵s LO2 LO3 tt̄tt̄

NLOEW ⌘ NLO2 NLO3

�NLO2

�NLO3
±15%

µ

�NLO2
�NLO3

HT /2 mtt̄tt̄ NLO2 NLO3

LO1 �NLO2
�NLO3

µ = HT /4 �NLO3

↵3
s↵

2/↵4
s = ↵2/↵s ⇠ 0.1%

NLO2 NLO3

LO2 LO3

�NLO2
+ �NLO3

LOQCD

�NLO2
+ �NLO3

�NLO4
↵2
s↵

3/↵4
s = ↵3/↵2

s ⇠ 0.01%

(N)LO
i

i > 1

yt

NLO2 NLO3 LO1

NLO1

µ

and µf in the interval {µc/2, 2µc}. In order to show the scale dependence of (N)LO
i
/LOQCD

relative corrections we will also consider the diagonal variation µr = µf , simultaneously in
the numerator and the denominator. This scale dependence does not directly indicate scale
uncertainties, but it will be very useful in our discussion.

Concerning the PDFs, we use the LUXqed_plus_PDF4LHC15_nnlo_100 set [57, 58],
which is in turn based on the PDF4LHC set [59–62]. This PDF set includes NLO QED
effects in the DGLAP evolution and especially the most precise determination of the photon
density.

3.2 Results for pp ! tt̄W±
production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
in Tab. 1 at different accuracies, namely, LOQCD, LOQCD +NLOQCD, LO and LO+NLO.
We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.5 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LO

i
terms

are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1

versus �NLO2
and �NLO3

.
From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100

TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with
i > 1 changes the cross section by about 1% and leaves also the scale dependence almost
unchanged. As discussed in sec. 2, the LO2 is exactly zero due to colour, thus this small
correction is entirely coming from the LO3 contribution. In Tabs. 3 and 4 it can be seen
that the scale dependence of this LO3 contribution is slightly different from the LO1. The

5We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below
the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.
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NLO2 NLO3 µ

↵s LO2 LO3 tt̄tt̄

NLOEW ⌘ NLO2 NLO3

�NLO2

�NLO3
±15%

µ

�NLO2
�NLO3

HT /2 mtt̄tt̄ NLO2 NLO3

LO1 �NLO2
�NLO3

µ = HT /4 �NLO3

↵3
s↵

2/↵4
s = ↵2/↵s ⇠ 0.1%

NLO2 NLO3

LO2 LO3

�NLO2
+ �NLO3

LOQCD

�NLO2
+ �NLO3

�NLO4
↵2
s↵

3/↵4
s = ↵3/↵2

s ⇠ 0.01%

(N)LO
i

i > 1

yt

NLO2 NLO3 LO1

NLO1

µ

and µf in the interval {µc/2, 2µc}. In order to show the scale dependence of (N)LO
i
/LOQCD

relative corrections we will also consider the diagonal variation µr = µf , simultaneously in
the numerator and the denominator. This scale dependence does not directly indicate scale
uncertainties, but it will be very useful in our discussion.

Concerning the PDFs, we use the LUXqed_plus_PDF4LHC15_nnlo_100 set [57, 58],
which is in turn based on the PDF4LHC set [59–62]. This PDF set includes NLO QED
effects in the DGLAP evolution and especially the most precise determination of the photon
density.

3.2 Results for pp ! tt̄W±
production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
in Tab. 1 at different accuracies, namely, LOQCD, LOQCD +NLOQCD, LO and LO+NLO.
We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.5 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LO

i
terms

are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1

versus �NLO2
and �NLO3

.
From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100

TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with
i > 1 changes the cross section by about 1% and leaves also the scale dependence almost
unchanged. As discussed in sec. 2, the LO2 is exactly zero due to colour, thus this small
correction is entirely coming from the LO3 contribution. In Tabs. 3 and 4 it can be seen
that the scale dependence of this LO3 contribution is slightly different from the LO1. The

5We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below
the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.
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�[ ] LOQCD +NLOQCD LO +NLO LO(+NLO)

LOQCD(+NLOQCD)

µ = HT /4 6.83+70%

�38%
11.12+19%

�23%
7.59+64%

�36%
11.97+18%

�21%
1.11 (1.08)

pp ! tt̄tt̄

�[ ] LOQCD +NLOQCD LO +NLO LO(+NLO)

LOQCD(+NLOQCD)

µ = HT /4 2.37+49%

�31%
3.98+18%

�19%
2.63+44%

�28%
4.18+17%

�17%
1.11 (1.05)

pp ! tt̄tt̄

tt̄tt̄

LOQCD LOQCD+NLOQCD LO LO+NLO

LO/LOQCD (LO+NLO)/(LOQCD +NLOQCD)

�(N)LOi
(µ)

LOQCD LO

LO+NLO LOQCD +NLOQCD

5% LOQCD + NLOQCD

(N)LO
i

i � 2

tt̄tt̄ LO2 LO3

LOQCD tt̄W±

tt̄tt̄ tt ! tt

LO2 LO3 �30% +40%

LO1 NLO2 NLO3

LO2 LO3

NLO2 NLO3 µ

�NLO2
�NLO3

LO3 tt̄W
±

LO2

LO3 LO1 ↵s

LO1 �LO2 �LO3

13 TeV
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.

– 31 –

����

�

���

���

���

���

��� ���� ��������

������� �� ���
������ ���� ���
������

�

��������� �����

���
���
���
���

����
����
����
����
����
����

����

�

���

���

���

���

��� ���� ��������

�
��
�
��
��
��
��

�
�
�
��

����

�

���

���

���

���

�

��� ���� ��������

��
��

��������� �����

����
����

���������

������
������
������

����

�

���

���

���

���

�

��� ���� ��������

������� �� ���
������ ��������������

�
��
�
��
��
��
��

�
�
�
��

Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Difficult to understand…
What does it mean for the top Yukawa coupling?

More studies needed



Conclusions

No "easy" new physics at the LHC. There is a need for more accurate 
predictions for background process to uncover small signals

This talk focussed on the NLO EW corrections and beyond

Automation of mixed-coupling expansion available in 
MadGraph5_aMC@NLO v3-beta

Allows for complete-NLO for all* relevant SM processes

Complete-NLO predictions for ttbar+X production processes

Some surprises: in particular for

ttW has NLO3 effects which are much larger than expected

4-top has large cancelations among NLOi terms; reason not 
fully understood, but relevant for independent top Yukawa 
extraction
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