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NLO+resummation for top 
associated production

Scale dependence for NLO top pair 
associated production is of the order of 
10-15%

NNLO is beyond what is currently 
possible

The resummation of threshold logarithms 
in the limit             with                   
captures effects beyond the NLO

This reduces the scale dependence by 
30-50%, and leads to the most-accurate 
theoretical predictions

Also differential distributions

What about EW corrections?

�2

[A. Broggio et al., 2016-2017]
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NNLL resummation for the associated production of a top pair with a heavy boson at the LHC
Alessandro Broggio

pert. order process PDF order s [fb]

NLO tt̄H NLO 474.8+47.2
�51.9

NLO+NNLL tt̄H NNLO 486.4+29.9
�24.5

NLO tt̄W+ NLO 356.3+43.7
�39.5

NLO+NNLL tt̄W+ NNLO 341.0+23.1
�13.6

NLO tt̄W� NLO 182.2+23.1
�20.4

NLO+NNLL tt̄W� NNLO 177.1+12.0
�6.9

NLO tt̄Z NLO 728.3+93.8
�90.3

NLO+NNLL tt̄Z NNLO 777.8+61.3
�65.2

Table 1: Total cross section for tt̄H, tt̄W± and tt̄Z production at the LHC with
p

s = 13 TeV and MMHT
2014 PDFs. The default value of the factorization scale is µ f ,0 = M/2, and the uncertainties are estimated
through variations of this scale together with the resummation scales µs and µh.

with the most recent CMS measurements [17] of the cross sections for the tt̄W and tt̄Z processes.
The green cross corresponds to the NLO calculations while the red cross represents instead the
NLO+NNLL calculations, both including scale(s) variation uncertainties. The light red and light
blue bands correspond respectively to the experimental determinations (including statistical and
systematic uncertainties) of the tt̄W and tt̄Z cross sections. We find agreement between the theory
predictions and the measurements considering that PDFs uncertainties are not taken into account
in the comparisons.

In Figures 2 and 3 we present four important differential distributions for the tt̄H and tt̄Z pro-
cesses (similar plots are available for the tt̄W± processes). In particular we compute the invariant
mass distribution of the three heavy particles in the final state, the invariant mass of the tt̄ system,
the pT of the top quark and the pT of the heavy boson. We compare our best predictions to the
fixed-order NLO calculations of the same observable. The central values of the NLO+NNLL re-
sults are slightly larger than the central values of the NLO calculations in all bins. As expected, this
effect is even more enhanced in the tails of the M and Mtt̄ distributions. We also find that the scale
uncertainty is nicely reduced after including the soft gluon resummation corrections. Moreover the
NLO+NNLL error bands are usually contained in the upper part of the NLO uncertainty bands.
This particular feature is common to all of the three processes.

4. Conclusions

In this talk we present recent results on the resummation of soft gluon emission corrections
for the production of a top-quark pair in association with a heavy boson (H,Z,W ) at the LHC.
The resummation was implemented to NNLL accuracy in the partonic threshold limit. Numerical
predictions for the cross sections and the differential distributions were obtained by means of an
in-house parton level Monte Carlo program. We found that the impact on the central value of the
cross sections is moderate for the particular choice of the factorization scale made in this work. In
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NLO dissection
For example: consider top-pair 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

�3

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

– 20 –
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Z ′
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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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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

– 72 –

[RF, S. Frixione, V. Hirschi, D. Pagani, 
H.-S. Shao, M. Zaro, 2018]



Rikkert Frederix

Complete-NLO ttbar+H

Higgs production 
in association with 
a top-quark pair 
now observed by  
both CMS and 
ATLAS
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slightly larger

(N)LO3 and NLO4 negligibly small
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[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 5: Example of nonagon and octagon one-loop Feynman diagrams.

the one-loop scalar [41–44] and tensor integrals [45–47] numerically. Note that this is the

first time that a NLO computation featuring 9-point functions has been made public. As

discussed in Section 2.4, the 9-point functions yield sizeable contributions to the full process.

This demonstrates the ability of the computer codes Recola and Collier to provide fast

and reliable one-loop amplitudes for complicated processes.

All resonant massive particles (top quarks, Z bosons and W bosons) are treated in the

complex-mass scheme [35, 48, 49], where the masses of the unstable particles as well as the

weak mixing angle are complex quantities,

M
2
W = M2

W − iMWΓW, M
2
Z = M2

Z − iMZΓZ, and cos θw =
MW

MZ

. (2.2)

2.3 Double-pole approximation

In Ref. [26], two DPAs have been presented for the process pp → e+νeµ−ν̄µbb̄ at NLO EW.

As the Higgs boson is neither electrically charged nor charged under QCD, all formulas

presented in Ref. [26] can be applied to pp → e+νeµ−ν̄µbb̄H straightforwardly. Therefore,

we do not provide a detailed description here, and the interested reader is referred to

Ref. [26] and references therein.

The DPA serves two key purposes. First, since it selects resonant contributions, one

can infer the effect of non-resonant and off-shell contributions upon comparing with the full

calculation. This, in particular, reveals if on-shell approximations can approximate satis-

factorily the full process. Second, since the DPA turns out to be a very good approximation

to the full calculation (see below), it serves as a check of the full virtual corrections.

As opposed to on-shell approximations, the DPA accounts for some off-shell effects.

Indeed, the resonant propagator and the phase space are exactly taken into account, while

the rest of the matrix element is expanded about the resonance poles. Finally, the DPA

also accounts for resonant non-factorisable corrections. Following Refs. [50, 51], the pole

approximation has been applied only to the virtual corrections. Thus, in the LO and all real

contributions no pole approximation is utilised. But in order to cancel the IR singularities

– 6 –
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Figure 9: Combined NLO EW and QCD corrections for various distributions at the LHC

running at a centre-of-mass energy
√
s = 13TeV: (a) transverse momentum for the bottom-

jet pair (upper left), (b) for the missing momentum (upper right), (c) for the Higgs bo-

son (middle left) (d) for the reconstructed top quark (middle right) (e) for the harder

bottom jet (lower left), and (f) for the e+µ− system (lower right). In the upper panels

the LO, the NLO QCD+EW and NLO QCD×EW distributions are shown. The lower

panels display the two differently combined NLO predictions with respect to the LO one as

K = σNLO/σLO.
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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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NLO3 contribution due to t-W 
scattering
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[RF, Pagani, Zaro, 2017]

�[%] 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 .

�[%] 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 .

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
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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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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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�[%] 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 .

�[%] 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 .

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
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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

– 73 –

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.

– 10 –

Slightly different normalisation 
as compared to ratio plot

[RF, S. Frixione, V. Hirschi, D. Pagani, 
H.-S. Shao, M. Zaro, 2018]



Rikkert Frederix

Complete-NLO ttbar+W

Numbers in brackets correspond to a 
100 GeV jet-veto

This reduces the NLO1 enormously
large scale dependence in NLO1 to 
compensate scale dependence in LO1

But does not affect the large NLO3

NLO3 contribution due to t-W 
scattering

�8

[RF, Pagani, Zaro, 2017]

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

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
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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 .

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
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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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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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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
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�[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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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

[RF, S. Frixione, V. Hirschi, D. Pagani, 
H.-S. Shao, M. Zaro, 2018]



Rikkert Frederix

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

pair recoils against the W boson. At NLO (right), the dominant configuration is the one where the
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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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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±
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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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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
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Figure 6. Same as Fig. 5 but for 100 TeV collisions.
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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/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where
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SM(tt̄tt̄)g+Z/� /
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��2 ,
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SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†
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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
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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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SM
int + 

4
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SM(tt̄tt̄)H , (7)

where
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��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
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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-

2

g

g

t

t

t̄

t̄g

g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/�

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/� /
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�
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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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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int + 
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where
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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/� + 
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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
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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-

LO1 LO3 LO2 (+LO1 and LO3)

[Cao, Chen, Liu, 2016]
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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: through 
renormalisation too many operators need to be considered together

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)LO5

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.

– 7 –
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NLO four-top production

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

�13

[RF, Pagani, 
Zaro, 2017]

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �18.7 �20.7 �22.8

LO3 26.3 31.8 37.8

LO4 0.05 0.07 0.09

LO5 0.03 0.05 0.08

NLO1 33.9 68.2 98.0

NLO2 �0.3 �5.7 �11.6

NLO3 �3.9 1.7 8.9

NLO4 0.7 0.9 1.2

NLO5 0.12 0.14 0.16

NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �4.2 �4.0 2.7

Table 8. tt̄tt̄: �(N)LOi
/�LOQCD ratios at 100 TeV, for different values of µ = µr = µf .

of ref. [34]. Terms proportional to y2t are present in all the (N)LO
i

with i � 2 and terms
proportional to y4t are present in all the (N)LO

i
with i � 3, but also terms proportional to

y6t are present for any i � 3. Moreover, also contributions proportional to yt, y3t and y5t are
possible. Similar considerations apply also to other new physics effects in tt̄tt̄ production
(see, e.g., ref. [64] and references therein for scenarios already analysed in the literature).

In order to understand the hierarchy of the different (N)LO
i
contributions, it is impor-

tant to note that at 13 TeV and especially at 100 TeV the total cross section is dominated
by the gg initial state (see, e.g., ref. [38]). For this reason, the LO4, LO5, NLO5 and NLO6

contributions, which are vanishing for the gg initial state, are much smaller than the other
contributions. The modest scale dependence of �NLO4

is also induced by this feature; the
NLO4 contribution mainly arises from “EW corrections” to gg-induced LO3 contributions,
which do not have any explicit dependence on µ; and therefore the scale dependence of the
NLO4 follows the scale dependence of the LO3 to a large extent.

Differential distributions

We now move to the description of the results at the differential level, where we consider the
following distributions: the invariant mass of the four (anti)top quarks m(tt̄tt̄) (Fig. 9), the
sum of the transverse masses of all the particles in the final state HT as defined in eq. (3.5)
(Fig. 10), the transverse momenta of the hardest of the two top quarks pT (t1) (Fig. 11), and
the rapidity of the softest one y(t2) (Fig. 12). At variance with the case of tt̄W± production
in sec. 3.2, we organise plots according to the observable considered. In the figures we
display 13 TeV results on the left and 100 TeV results on the right. In the upper plots of
each of these figures we provide predictions at different levels of accuracy, using a similar
layout11 as in Figs. 5 and 6, which is described in detail in sec. 3.2. Also for tt̄tt̄ production,
comparisons among the scale uncertainties of the LOQCD and LOQCD+NLOQCD result have

11At variance with tt̄W
± production, we do not show LOQCD + NLOQCD + NLOEW predictions. This

level of accuracy is rather artificial, since the NLOEW ⌘ NLO2 terms are dominated by “QCD corrections”
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following distributions: the invariant mass of the four (anti)top quarks m(tt̄tt̄) (Fig. 9), the
sum of the transverse masses of all the particles in the final state HT as defined in eq. (3.5)
(Fig. 10), the transverse momenta of the hardest of the two top quarks pT (t1) (Fig. 11), and
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in sec. 3.2, we organise plots according to the observable considered. In the figures we
display 13 TeV results on the left and 100 TeV results on the right. In the upper plots of
each of these figures we provide predictions at different levels of accuracy, using a similar
layout11 as in Figs. 5 and 6, which is described in detail in sec. 3.2. Also for tt̄tt̄ production,
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four-top invariant mass

Large cancelations between NLO2 and NLO3 
also at the differential level

NLO4 large at threshold

�14

[RF, Pagani, 
Zaro, 2017]
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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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four-top invariant mass

Large cancelations between NLO2 and NLO3 
also at the differential level

NLO4 large at threshold
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[RF, Pagani, 
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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 –

����

�

���

���

���

���

��� ���� ��������

������� �� ���
������ ���� ���
������

�

��������� �����

���
���
���
���

����
����
����
����
����
����

����

�

���

���

���

���

��� ���� ��������

�
��
�
��
��
��
��

�
�
�
��

����

�

���

���

���

���

�

��� ���� ��������

��
��

��������� �����

����
����

���������

������
������
������

����

�

���

���

���

���

�

��� ���� ��������

������� �� ���
������ ��������������

�
��
�
��
��
��
��

�
�
�
��
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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 would this mean for a top Yukawa coupling 

extraction from 4-top production?
More studies needed
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Transverse momentum 
resummation

When the top+jet system has small 
transverse momentum, large logs appear: 
log[Q/qT]

These can be resummed to all orders in 
perturbation theory 
[Collins, Soper, Sterman, 1985]

Resummed results similar to parton 
shower (Pythia8), except when jet is 
forward

However, default Pythia8 suboptimal 
for DIS like configurations; improved 
dipole recoil scheme is currently being 
considered [Cabouat & Sjöstrand, 2018]

Might have an effect on these 
conclusions?

�16

[Cao, Sun, Yan, Yuan, Yuan, 2018]

3

ing or outgoing color particle, the soft gluon radiation is
factorized into an associated gauge link along the parti-
cle momentum direction. The color correlation between
the color particles in this process can be described by a
group of orthogonal color bases. For the t-channel sin-
gle top quark production, there are two orthogonal color
configurations, which are

C
ij
1kl = �ik�jl, C

ij
2kl = T

a0

ik T
a0

jl , (5)

where i, j are color indices of the two incoming partons,
k, l are color indices of the jet and the top quark in final
states and a

0 is color index of the gluon. We follow the
procedure of Ref. [14] to calculate the soft factor. Its
definition in such color basis can be written as

SIJ =

Z ⇡

0

d�

⇡
C

bb0

Iii0C
aa0

Jll0h0|L
†
vcb0(b)Lv̄bc0(b)L†

v̄c0a0(0)

⇥ Lvac(0)L†
nji(b)Ln̄i0k(b)L†

n̄kl(0)Lnl0j(0)|0i , (6)

where we integrated out the azimuthal angle of the top
quark and traded the relative azimuthal angle � for the
q?. I and J represent the color basis index, n and n̄ rep-
resent the momentum directions of the top quark and the
jet in this process, v and v̄ are the momentum directions
of the initial states.

The anomalous dimension of the soft factor SIJ can be
calculated at one-loop order and found to be

�
S
ub!dt =

↵s

⇡

2

4
CF T CF /CA U

U
1
2 (CA � 2/CA)U � 1

2CA
T

3

5 ,

(7)

where,

T = ln(
�t̂

ŝ
) + ln(

�(t̂�m
2
t )

ŝ�m
2
t

), (8)

U = ln(
�û

ŝ
) + ln(

�(û�m
2
t )

ŝ�m
2
t

). (9)

Here CA = 3, t̂ = (pu � pd)2, û = (pb � pd)2 for the
ub ! dt process.

The hard factor HIJ contains the contribution from
the jet function which is proportional to the leading order
cross section. The jet function accounts for contribution
originated from collinear gluon radiation, and is depen-
dent on the jet algorithm used in the calculation. In this
work, we apply the anti-kT jet algorithm, as discussed in
Refs. [14, 29].
Phenomenology: Below, we present the numerical re-
sult of resummation calculation for the t-channel sin-
gle top quark production at the

p
S = 13 TeV LHC

with CT14NNLO PDF [21]. Figure 1 shows the q? dis-
tribution from the asymptotic piece (blue dashed line),
NLO calculation (red dotted line), resummation predic-
tion (black solid line) and Y -term (orange dot-dashed
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FIG. 1. The q? distribution from the asymptotic result (blue
dashed line), NLO calculation (red dotted line), resummation
prediction (black solid line), parton shower result by Pythia 8
(green solid line) and Y -term (orange dot-dashed line) for the
t-channel single top quark production at the

p
S = 13 TeV

LHC with |yt| < 3 and |yJ |  4.5 (a), or 3.0  |yJ |  4.5 (b)
. The resummation and renormalization scales are choose as
µ = µRes = µren = HT .

line) for the top quark production. Here, the asymptotic
piece is the fixed-order expansion of Eq. (1) up to the ↵s

order, and is expected to agree with the NLO prediction
as q? ! 0. In the same figure, we also compare to the
prediction from the parton shower event generator Pythia
8 [30] (green solid line), which was calculated at the lead-
ing order, with CT14LO PDF and ↵s(MZ) = 0.118 at the
Z-boson mass scale (91.118 GeV). For the fixed-order
calculation, both the renormalization and factorization
scales are fixed at HT ⌘

p
m

2
t + P

2
J? + PJ?. Similarly,

in the resummation calculation, the canonical choice of
the resummation (µRes) and renormalization (µren) scales
is taken to be HT in this study. The jet cone size is
taken to be R = 0.4, using the anti-kT algorithm, and
the Wolfenstein CKM matrix element parameterization
is used in our numerical calculation [31]. We shall com-
pare predictions for two di↵erent sets of kinematic cuts,
with |yt|  3 and PJ? > 30 GeV, and |yJ |  4.5 in
(a), and 3  |yJ |  4.5 in (b) of Fig. 1, respectively.
Some results of the comparison are in order. Clearly, the
asymptotic piece and the fixed-order calculation results
agree very well in the small q? (less than 1 GeV) re-
gion. As a further check, we calculated the NLO total
cross section predicted by our resummation calculation.
Specifically, we numerically integrated out the q? distri-
bution predicted by our resummation calculation from
0 to 1 GeV, and summed it up with the integration of
the perturbative piece (at the ↵s order) from 1 GeV up
to the allowed kinematic region [32]. We found that the
NLO total cross section predicted by our resummation
framework and MCFM [33] calculations are in perfect
agreement.
As shown in Fig. 1, the NLO prediction is not reli-

able when the q? is small. The resummation calculation
predicts a well behavior q? distribution in the small q?
region since the large logarithms have been properly re-

= pT(top+jet)
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FIG. 2. (a) The ratio of the resummation and Pythia pre-
diction for the t-channel single top quark production at thep
S = 13 TeV LHC with |yt| < 3, PJ? > 30 GeV and

|yJ |  4.5 (blue dashed line), or 3.0  |yJ |  4.5 (red solid
line); (b) The W -piece prediction for the single top quark
production process with mb = 4.75 GeV (blue dashed line )
and mb = 0 (red solid line) at the

p
S = 13 TeV LHC with

|yJ |  4.5, |yt| < 3 and PJ? > 30 GeV. The resummation and
renormalization scales are choose as µ = µRes = µren = HT .

summed. In Fig 2(a), we compare the predictions from
our resummation calculation to Pythia by taking the ra-
tio of their q? di↵erential distributions shown in Fig. 1.
With the jet rapidity |yJ |  4.5 (blue dashed line), this
ratio does not vary strongly with q?. Hence, they pre-
dict almost the same shape in the q? distribution, while
they predict di↵erent fiducial total cross sections because
Pythia prediction includes only leading order matrix ele-
ment and is calculated with CT14LO PDFs. However, if
we require the final state jet to be in the forward rapidity
region, with 3  |yJ |  4.5 (red solid line), which is the
so-called signal region of single top events, we find that
Pythia prediction disagrees with our resummation calcu-
lation. Our resummation calculation predicts a smaller
q? value when the final state jet is required to fall into the
forward region. We have checked that the Pythia result is
not sensitive to the e↵ects from beam remnants. Further-
more, the Y -term contribution, from NLO, is negligible in
this region, cf. Fig. 1(b) (orange dot-dashed line). Hence,
we conclude that their di↵erence most likely comes from
the treatment of multiple soft gluon radiation.

As shown in Eqs. (7)-(9), the e↵ect of multiple gluon
radiation, originated from soft gluons connecting the ini-
tial and final state gauge links, becomes more important
when the final state jet is required to be in the forward

region where the kinematic factor T ⇠ ln
�t̂

ŝ
becomes

large as |t̂| ! 0. Consequently, the q? distribution peaks
at a smaller value as compared to the case in which the
final state jet does not go into the forward region.

Next, we examine the e↵ect of the incoming bottom
quark mass to the q? distribution. As shown in Fig. 2(b),
a finite bottom quark mass, with mb = 4.75 GeV, shifts
the peak of the q? distribution by about 3 ⇠ 4 GeV as
compared to massless case.
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FIG. 3. The normalized distribution of �
⇤ for top quark

production at the
p
S = 13 TeV LHC with |yt| < 3 and

PJ? > 30 GeV. The resummation and renormalization scales
are choose as µ = µRes = µren = HT . The blue and black line
represents the resummation prediction with and without in-
cluding the factor T in Eqs. (7)-(9), respectively. The red lines
describe the results from Pythia prediction. The blue shaded
region represents the scale uncertainties which are varied from
HT /2 to 2HT .

As discussed above, the coherence e↵ect of gluon radi-
ation in the initial and final states becomes large when
the final state jet falls into more forward (or backward)
direction, with a larger absolute value of pseudorapid-
ity. Furthermore, a di↵erent prediction in q? would lead
to di↵erent prediction in the azimuthal angle between
the final state jet and the top quark moving directions
measured in the laboratory frame. Both of them sug-
gest that we could use the well-known �

⇤ distribution,
for describing the precision Drell-Yan pair kinematical
distributions [34], to test the e↵ect of multiple gluon ra-
diation in the t-channel single top quark production. The
advantage of studying the �

⇤ distribution is that it only
depends on the moving directions (not energies) of the
final state jet and top quark. Hence, it might provide
a more sensitive experimental observable when the final
state jet falls into forward (or backward) direction. We
follow its usual definition and define

�
⇤ = tan

✓
⇡ ���

2

◆
sin ✓⇤⌘, (10)

where �� is the azimuthal angle separation in radians
between the jet and top quark. The angle ✓

⇤
⌘ is defined

as

cos ✓⇤⌘ = tanh


⌘J � ⌘t

2

�
, (11)

where ⌘J and ⌘t are the pseudorapidities of the jet and
top quark, respectively.
As shown in Fig. 3, the predictions of Pythia and our

resumamtion calculation di↵er in the small �
⇤ region,

especially for the final state jet falls into more forward (or
backward) direction (Fig. 3(b)), which can be caused by a
large value of ⌘J�⌘t. i.e., in the events with large rapidity
gap. In such region, the subleading logarithm terms in
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NNLO for t-channel single top

NNLO corrections to factorised 
approach

Fiducial region: requiring exactly 2 
jets, of which one is b-tagged

Effects larger than expected; outside 
of theoretical uncertainty bands

Origin is not obvious

Might the parton shower capture 
a part of these effects? 
… more investigation needed
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the forward region since the charged lepton tends to be soft there. The QCD corrections

can be large at both forward and backward angles, as can be seen in the lower panel. The

conventional forward-backward asymmetry of the angular distribution is proportional to the

top-quark polarization. The predictions are 0.383, 0.362, and 0.346 at LO, NLO, and NNLO,

respectively. Thus the NNLO correction is about -4% on the forward-backward asymmetry.

!!"#
!"#
"#

!!"#/"# !"#/"#

"$% &' ()*+ ,-. /0123

!"#$ %%&' ()*+
μ=!!=#,-.- /01

!" #"" #!"

"$""

"$"%

"$"&

"$'

"$(

#$"

#$%

)!"#$ [*+,]

!"
#$%

&σ
/&
' !
"#$

['
(/
)
*+

]

!!"#
!"#
"#

!!"#/"# !"#/"#

"$% &' ()*+ ,-. /0123

!"#$ %%&' ()*+
μ=!!=#,-.- /01

!" #"" #!"

"$"""

"$""!

"$"#"

"$%"
"$&"
#$""
#$#"
#$'"
#$("

)!"#$ [*+,]

!"
#$%

&/
σ
'σ

/'
( !
"#$

[)
*+

-
! ]

Figure 27: Predicted transverse momentum distribution of the charged lepton and b-jet

system from t-channel single top-quark production at 13 TeV after fiducial cuts, with full

corrections included, with and without normalization respectively.

5 Summary

We presented a detailed phenomenological study of the next-to-next-to-leading order QCD

corrections for t-channel single top (anti-)quark production including its semi-leptonic decay

at the LHC. The calculations are carried out under the on-shell top-quark and the structure-

function approximations, allowing the QCD corrections to be factored into three simpler

pieces. The neglected corrections are suppressed either by the width of the top quark or by

a color factor of 1/N2
c .

The NNLO corrections are generally about �3% for the total inclusive rates at LHC with

di↵erent center of mass energies. The NNLO corrections can be much larger for di↵erential

distributions. They can reach a level of 10% or more in certain regions of the transverse

momentum distributions of the top (anti-)quark and the pseudo-rapidity distributions of the

leading jet. In all cases the scale variations are greatly reduced by the NNLO corrections. We

also show a comparison of the normalized parton-level distributions to the recent data from

the ATLAS 8 TeV measurement. The NNLO corrections tend to move theoretical predictions

– 34 –

there exist NNLO contributions which are the interference between one-loop s-channel and

t-channel diagrams. These contributions fall into the class of two-gluon exchange diagrams

in Fig. 2c. These contributions are not present in the structure-function approximation,

consistent with the use of t-channel in the title of this work.

ta

ta

(a)

ta

ta

tb tb

(b)

ta

ta

tb

tb

(c)

Figure 2: Examples of the color component of NLO and NNLO Feynman diagrams for t-

channel single top-quark production. Both virtual and real diagrams can be represented in

this form. The lower loop represents the heavy-quark line, whereas the upper loop represents

the light-quark line.

The on-shell top quark approximation and structure-function approximation can be sum-

marized schematically in Fig. 3. Owing to these approximations, the full QCD corrections

are factored into a piece describing the decay of the top quark, Vd, DIS-like production of the

top quark, Vh, and the DIS-like production of a light jet, Vl. In the remainder of this section,

we shall discuss the QCD corrections to each of these three parts separately.

t

W �
W

b

u

b

�e

e+

d

Vl

Vh Vd

Figure 3: Schematic diagram for t-channel single top-quark production at hadron colliders

in the on-shell top quark approximation and the structure-function approximation. The full

QCD corrections are factored into three di↵erent parts with these approximations.

– 5 –

[Berger, Gao, Zhu, 2017, 2018]
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Single top MINLO

t-channel single top MiNLO’ merging, 
within POWHEG framework

Start from NLO STJ, apply MiNLO 
algorithm to get LO correct in ST

Use novel Artificial Neural Network 
techniques to reweight the MiNLO STJ 
to NLO ST for inclusive observables

Hence: 

STJ★ NLO correct in both the ST 
and STJ phase-spaces

No merging scale. Negligible merging 
ambiguities/uncertainties
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[Carazza, RF, Hamilton, 
Zanderighi, 2018]
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Single top MINLO

STJ★ is NLO correct in both the ST and STJ phase-space

Top transverse momentum: ST is NLO, STJ is LO, STJ★ NLO

0,1-jet bins: ST is NLO; 2-jet bin STJ is NLO; STJ★ is NLO in 0,1,2-jet bins
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Conclusions

NLO+NNLL resummation available for ttbar+heavy boson production. 
Uncertainties from QCD scale dependence well below 10%

Complete-NLO available for ttbar+X production processes

Some surprises: in particular for ttW and 4-top where NLO3 effects are much 
larger than expected

NNLO for single-top production+decay in the NWA: large effects for fiducial 
cross sections (jet veto). Missing logarithms?

MiNLO’ merging for single-top production within POWHEG

STJ★ NLO correct in both the ST and STJ phase-space. No merging scale!

Opens a road to include NNLO corrections
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