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The LHC is a pp machine therefore QCD 
effects are everywhere and they can 
never be neglected, not only for 
precision but for sensible predictions in 
general.

to QCD&EW&TOP@LHC: 
Given the range of energy explored by 
the LHC, it is almost impossible to be 
sensitive on neither the EW sector of the 
SM nor the top-quark physics.



EW&TOP from a QCD/precision perspective 
as final states

NNLO QCD corrections have been 
calculated for many processes and 
for a few of them even NNNLO QCD 
corrections are avai lable: single 

 and .H, γ*, W±, Z HH, ZH
NNLO recent timeline

taken from A.Huss talk at
Workshop on Tools for High Precision LHC Simulations
look at it for up-to-date references and citations. 
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EW&TOP from a QCD/precision perspective 
as final states as loops

NNLO QCD corrections have been 
calculated for many processes and 
for a few of them even NNNLO QCD 
corrections are avai lable: single 

 and .H, γ*, W±, Z HH, ZH
NNLO recent timeline

taken from A.Huss talk at
Workshop on Tools for High Precision LHC Simulations
look at it for up-to-date references and citations. 

Since NNLO QCD is unavoidable at the 
LHC and:

NNLO QCD NLO EW 
then also NLO EW corrections cannot 
be omitted and typically involve tops. 

∼ α2
s ∼ αEW ∼

NLO EW corrections, as well as Complete 
NLO* predictions, have been already 
automated in fixed-order calculations for 
LHC cross sections.

Mixed EW and QCD at NNLO have also 
started to be computed, and are now 
avai lable for  on- and off-shel l 
production. 

Z

* Complete NLO consists of all possible SM one-loop 
corrections beyond the standard NLO QCD and NLO EW.
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EW&TOP from a QCD/precision perspective 
as final states as loops in BSM 

NNLO QCD corrections have been 
calculated for many processes and 
for a few of them even NNNLO QCD 
corrections are avai lable: single 

 and .H, γ*, W±, Z HH, ZH
NNLO recent timeline

taken from A.Huss talk at
Workshop on Tools for High Precision LHC Simulations
look at it for up-to-date references and citations. 

Since NNLO QCD is unavoidable at the 
LHC and:

NNLO QCD NLO EW 
then also NLO EW corrections cannot 
be omitted and typically involve tops. 

∼ α2
s ∼ αEW ∼

NLO EW corrections, as well as Complete 
NLO* predictions, have been already 
automated in fixed-order calculations for 
LHC cross sections.

Mixed EW and QCD at NNLO have also 
started to be computed, and are now 
avai lable for  on- and off-shel l 
production. 

Z

* Complete NLO consists of all possible SM one-loop 
corrections beyond the standard NLO QCD and NLO EW.

FIRST: 
many BSM signatures overlap with 
those emerging from top and V bosons 
final states. 

No control of the SM background 
means no control of the BSM signal. 

SECOND:

Top-quark , H iggs and V bosons 
(especially longitudinal polarisations) are 
the most natural particles to scrutinise in 
order to detect possible BSM signals.

σ

E

BSM


Within the LHC reach Out of the LHC reach

These three aspects, which are all different, have also mutual influences with each other. 



Everything is connected

Don’t worry,

I am not going to speak to you about 
wormholes, time travel or other dimensions ..
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Top, EW and Higgs sectors are all connected
Top EW and Higgs

are connected.

not such a
DARK story …
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Figure 1: Schematic representation of the interplay between operators and processes,

focussing on single-top production and associated channels. Six (five at LO and one at

NLO in QCD) operators enter single-top production (tj, blue square), and are therefore

also present in Z boson (tZj, red square) and in Higgs (tHj, purple square) associated

production. Operators exist that contribute to either tZj or tHj and also to both processes

without contributing to tj. The operators entering in diboson (V V ) production are a subset

(green square) of those contributing to tZj, while some of the operators contributing to

Higgs associated production (V H) and Vector Boson Fusion (VBF, orange dashed square)

are shared between tHj and tZj.

e↵orts of automating NLO SMEFT simulations for colliders [31]. Using these results,

we perform sensitivity studies of current and future inclusive measurements of the two

processes, contrasting them with existing limits on the operators of interest. Finally, we

present di↵erential distributions for a number of selected benchmark values of the Wilson

coe�cients inspired by current limits, highlighting the possibility of large deviations in the

high energy regime of both processes.

This paper is organised as follows. In Section 2 we establish the notation and the

conventions, we identify the set of operators entering tj, tZj and tHj and we establish

which ones can lead to an energy growth. In Section 3 a summary of the current constraints

available on the Wilson coe�cients of the corresponding operators is given. In Section 4

results for total cross sections as well as distributions are presented, operator by operator

and the prospects of using tZj and tHj to constrain new interactions are discussed. The

last section presents our conclusions and the outlook.

– 3 –

An EFT perspective on BSM (SMEFT)

A SM  (much older) perspective

Taken from “Precision Electroweak Measurements on the Z 
Resonance”, hep-ex/0509008

New Physics in the Top 
sector has effects in the 
EW sector and vice 
versa.

SM as a QFT leads to relations 
between observables of the three 
different sectors: EW, Top, Higgs.

Taken from Degrande, Maltoni, 
Mimasu, Vryonidou, Zhang ‘18
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: the EW interacting topstt̄V, tV( j), tt̄tt̄

Cross sections are much smaller than in 
the case of  and single top, but 
nevertheless they have already been 
measured. 


They are crucial for characterising the 
interactions of the top quarks with the 
gauge bosons and the Higgs.


I will focus on them, with a particular 
attention on .

tt̄

tt̄W



 as representative casett̄W

HESEP - July 2018          Fabio Maltoni40

Higgs

Top EW

ggF

HH

ttH VH/VBF

FCNC
tt+V

t+H/Z/!

4-top
single 

top

TGC

EWPO

BRH

CPV

Flavor

Decays

VBS

Jets

tt(+jets)

Courtesy of Ken Mimasu

-  is relevant as both signal and background to new 
physics or to other SM processes ( ).


-  involves both the EW and top sectors.

- For , both QCD and EW corrections are relevant 

and mix one into the other.  


tt̄W
tt̄H, tt̄tt̄

tt̄W
tt̄W

Interplays of different aspects:

So far, it is an NLO story:
NNLO QCD is not yet available, but  several different 
NLO calculations have been computed, involving 
different subtleties.

tt̄W
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NLO corrections


tt̄V



_s
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(as example)

LO1
 LO2
 LO3


NLO1
 NLO2
 NLO3
 NLO4


NLO1 = NLO QCD

NLO2 = NLO EW


The complete set of LOi and NLOi is denoted as “Complete NLO”.


In general, NLO,3 and NLO,4 sizes are negligible, 
but there are exceptions.
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tt̄V

NLO QCD and EW corrections: the Complete-NLO

Process O(A) O(Σ)

gg → tt̄H α1
sα

1/2 α2
sα

1

qq̄ → tt̄H, q "= b α1
sα

1/2, α3/2 α2
sα

1, α3

qq̄ → tt̄H, q = b α1
sα

1/2, α3/2 α2
sα

1, α1
sα

2, α3

Table 1: Born-level partonic processes relevant to tt̄H production. For each of them,

we report the coupling-constant factors in front of the non-null contributions, both at the

amplitude (middle column) and at the amplitude squared (rightmost column) level.

Figure 1: Representative O(α1
sα

1/2) Born-level diagrams.

Figure 2: Representative O(α3/2) Born-level diagrams.

tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α % αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the

– 4 –
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Born B0 = O(α1
sα

1/2) B1 = O(α3/2)

QCD
Virtual VQCD,0 = O(α2

sα
1/2) VQCD,1 = O(α1

sα
3/2)

Real RQCD,0 = O(α3/2
s α1/2) RQCD,1 = O(α1/2

s α3/2)

EW
Virtual VEW,0 = O(α1

sα
3/2) VEW,1 = O(α5/2)

Real REW,0 = O(α1
sα

1) REW,1 = O(α2)

Table 2: Coupling-constant factors relevant to Born, one-loop, and real-emission ampli-

tudes; see the text for more details.

in the context of a mixed QCD-EW expansion, the virtual or final-state particle mentioned

before must be chosen in a set larger than the one relevant to a single-coupling series. In

particular, for the case of tt̄H production with stable top quarks and Higgs, such a set is:
{

g, q, t, Z,W±,H, γ
}

, (2.5)

where the light quark q may also be a b quark, and the top quark enters only one-loop

contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully

analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and

Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)

is strongly interacting, it is then natural to classify the resulting one-loop or real-emission

diagram as a QCD-type contribution, and a EW-type contribution otherwise2. The idea

of this amplitude-level classification is that QCD-type and EW-type contributions will

generally lead to QCD and EW corrections at the amplitude-squared level, respectively.

However, this correspondence, in spite of being intuitively appealing, is not exact, as we

shall show in the following; this is one of the reasons why “QCD corrections” and “EW

corrections” must not be interpreted literally. The classification just introduced is used in

table 2: for a given Born-level amplitude Bi associated with a definite coupling-constant

factor, the corresponding one-loop and real-emission quantities are denoted by VQCD,i and

RQCD,i in the case of QCD-type contributions, and by VEW,i and REW,i in the case of EW-

type contributions. We can finally consider all possible combinations Bi·V∗,j, RQCD,i·RQCD,j,

and REW,i ·REW,j and associate them with the relevant amplitude-squared quantities Σ4,q.

Note that one must not consider the RQCD,i · REW,j combinations, owing to the fact that

the two amplitudes here are relevant to different final states3.

We now observe that this bottom-up construction leads to redundant results. Here,

the case in point is that of VQCD,1 and VEW,0: the one-loop diagram (which enters VQCD,1)

obtained by exchanging a gluon between the q̄ and t̄ legs of the diagram to the left of fig. 2

is the same diagram as that (which enters VEW,0) obtained by exchanging a Z between the

q and intermediate-t legs of the diagram to the right of fig. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to tt̄H production and to pro-

cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution

according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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: one of the exceptionstt̄W
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”

– 11 –

�[%] 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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1
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1


0.1


Naive estimate 

Number in parentheses refer to the case with a jet veto   and                                                        pT( j) > 100 GeV |y( j) < 2.5 |

NLO3 is typically of the 
order 0.1%, while in the 
case of  is ~ 10 % at 
the LHC and even more 
at higher energies.

tt̄W

g

t

q
j

W

t

t

W

Z �

h
b

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
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The origin of this effect is the opening of the 
scattering diagram, which enters only at NLO3.


This effect is crucial for the correct description in the SM, 

but is is also sensitive to the SMEFT operator: 

tW → tW

Dror, Farina, Salvioni, Serra ’15 

understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures
5.3.1 Measuring Top Couplings via tW/tZ Scattering

Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in tt̄Z production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig. 109, tW scattering participates in the process pp! tt̄Wj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp !

tt̄W+0(1) jets, which arises at O(g2(3)s gw) and has a cross section �QCD ⇡ 25 pb. The signal arises
at O(gsg3w), with a cross section �EW ⇡ 4 pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ⇡ 0.7 pb and ⇡ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

cR gZtRtR t̄R�µtRZµ , (118)

where gZtRtR = �2
3(gs2w/cw) and cR = 1 in the SM. The effect on this coupling from heavy new

physics can be effectively parametrised by the dimension-6 operator [803]

ic̄R
v2

H†
 !
DµHt̄R�µtR , (119)

and gives rise to a deviation from the SM, cR � 1 = 3
4 c̄R/s2w, of an expected size c̄R ⇠ g2⇤v

2/⇤2,
where ⇤ is the mass of the resonance that has been integrated out, and g⇤ its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW ! tW grow with energy. The leading
divergence is given by

M = �
g2

2m2
W

q
ŝ(ŝ + t̂) c̄R + O(

p

ŝ) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].
Here we directly focus on the effects that such a high energy growth has on the kinematical vari-

ables associated with tt̄Wj production. In particular, for a sizeable c̄R the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged in tW scattering.
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: already at NLO QCD peculiar behaviourstt̄W
t t̄ t t̄

W

W

j

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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Figure 6. Comparison between differential distribution of the tt̄ transverse momentum in tt̄W
± as

obtained from calculations performed at different orders in QCD. The blue and red solid histograms
are obtained from the tt̄W

± calculation at LO and NLO respectively. The dashed histograms are
obtained from the tt̄W

±
j calculation at LO (light blue, purple, and mouse-grey) and at NLO

(green), for different minimum cuts (50, 100, 150 GeV) on the jet pT . The lower inset shows the
differential K-factor as well as the residual uncertainties as given by the tt̄W

±
j calculation.

results for different minimum pT for the extra jet both at NLO and LO accuracy. In fig. 6
we summarise the most important features of the tt̄W

±
(j) cross section as a function of

the pT (tt̄) as obtained from different calculations and orders. Similar results, even though
less extreme, hold for tt̄Z and tt̄H final states and therefore we do not show them for sake
of brevity. In fig. 6, the solid blue and red curves correspond to the predictions of pT (tt̄) as
obtained from tt̄W

± calculation at LO and NLO, respectively. The dashed light blue, purple
and mouse-grey curves are obtained by calculating tt̄W

±
j at LO (yet with NLO PDFs and

↵s and same scale choice in order to consistently compare them with NLO tt̄W
± results)

with a minimum pT cut for the jets of 50, 100, 150 GeV, respectively. The three curves,
while having a different threshold behaviour, all tend smoothly to the tt̄W

± prediction at
NLO at high pT (tt̄), clearly illustrating the fact that the dominant contributions come from
kinematic configurations featuring a hard jet, such as those depicted on the right of fig. 5.
Finally, the dashed green line is the pT (tt̄) as obtained from tt̄W

±
j at NLO in QCD with

a minimum pT cut of the jet of 100 GeV. This prediction for pT (tt̄) at high pT is stable and
reliable, and in particular does not feature any large K-factor, as can be seen in the lower
inset which displays the differential K-factor for tt̄W

±
j production with pT cut of the jet

of 100 GeV. For large pT (tt̄), NLO corrections to tt̄W
±
j reduce the scale dependence of LO

predictions, but do not increase their central value. Consequently, as we do not expect large
effects from NNLO corrections in tt̄W

± production at large pT (tt̄), a simulation of NLO
tt̄V +jets merged sample à la FxFx [52] should be sufficient to provide reliable predictions
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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 ↵s 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 p
cut
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 4. Differential distributions for the pT of top-quark pair, pT (tt̄). The format of the plots is
described in detail in the text.

processes. As we said, all these features are not peculiar for the m(tt̄) distribution, and are
consistent with the total cross section analysis presented before, see 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, supporting a posteriori such a reference scale. While this feature
is general, there are important exceptions. This is particular evident for the distributions
of the pT of the top-quark pair (pT (tt̄)) in fig. 4, 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 especially large in tt̄W

± and
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Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2

W ) terms in the NLO1 contribution. The
right one is of O(↵1/2

s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LO
i
for referring to the different perturbative orders. Clearly the ⌃(N)LOi

terms
in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1

+⌃NLO1
, which we will also denote as LOQCD +NLOQCD. The so-called

NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2
terms, so we will also

denote it as NLOEW. Since in this article we will use the (N)LO
i
notation, the term “LO”

will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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notation, the term “LO”
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in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
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 NLO1
NLO1


Giant K-factor: 


Take-home message:

QCD corrections are large and dominated by hard QCD 
radiation (jet) and soft EW radiation (W). 

αs log2(pT(tt̄ )/mW)
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 vs.  at 13 TeVtt̄W tt̄Z, tt̄γ, tt̄H
Complete NLO 


Frixione, Hirschi, DP, Shao, Zaro ’15 
Frederix, DP, Zaro  ’18 
Frederix, Frixione, Hirschi, DP, Shao, Zaro  ’18 
DP, Shao, Zaro  ’21 

(N)LOi/
LO1


[%]

LO2 LO3 NLO1 NLO2 NLO3 NLO4

ttW - 1 49.5 -4.5 12.2 <0.01

ttH 0.4 0.7 28.9 1.8 0.5 <0.01

ttZ -0.7 2.3 44.8 -0.8 0.8 <0.01

ttγ 0.2 1.1 58.6 -2.1 0.8 <0.01

adding NNLL QCD resummation
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Figure 1: Graphical illustration of the predictions in table 1. “NLO” stands here for
NLO(QCD+EW).

values of the predictions, clearly visible at NLO(QCD+EW), is almost entirely eliminated
for the tt̄Z and tt̄H production processes. Moreover, for all scale choices, the scale uncer-
tainty is reduced as the accuracy of the calculation improves. The degree of the improve-
ment varies depending on the central scale, as well as the process, reaching up to a factor
of almost two. The effects are qualitatively similar, though less pronounced, for the tt̄W

process.
Comparing the NLO(QCD+EW)+NNLL cross sections obtained using the LUXqed17_

plus_PDF4 LHC15_nnlo_100 pdf set with the NLO (QCD)+NNLL predictions obtained
using the PDF4LHC15_nnlo_30 set [51, 52] we observe that for the tt̄H and the tt̄W

production the EW effects lead to an increase (albeit very small, ca. 1%, in the tt̄H case)
in the total cross sections, whereas the results for the tt̄Z production get only minimally
affected and the differences are within the size of our statistical Monte Carlo uncertainty.
This behaviour is inherited from the NLO(QCD+EW) and NLO(QCD) results, where in
most cases the EW effects (obtained using a corresponding pdf set) lead to positive correc-
tions, in agreement with [62]. Since the EW corrections are introduced additively into the
matched formula, c.f. Eq. (4), the effects of resummation are very similar to the pure QCD

9

Broggio, Ferroglia, Frederix, DP, Pecjak, Tsinikos  ’19 
Kulesza, Motyka, Schwartländer, Stebel, Theeuwes ’20 
based respectively on several Broggio et al. and Kulesza et al. 
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Figure 1: Comparison between data and signal-plus-background prediction for the distribution of jet multiplicity
in (a) the 2`SS channel and (b) the 3` channel after event selection and before further event categorisation (see
Section 5). The background contributions after the likelihood fit (“Post-Fit") are shown as filled histograms. The
total signal-plus-background prediction before the fit (“Pre-Fit") is shown as a dashed blue histogram. The tt̄H signal,
scaled according to the results of the fit, is shown as a filled red histogram added to the post-fit background. The size
of the combined statistical and systematic uncertainty in the signal-plus-background prediction is indicated by the
blue hatched band. The ratios of the data to the total pre- and post-fit predictions are shown in the lower panel. The
last bin in each figure contains the overflow.

included in the statistical model to describe the tt̄W background. Further details of the impact of the tt̄W

model is provided in Section 7.

6.1.2 Other irreducible backgrounds

The total yields in the 3`ttZ and 3`VV control regions are used in the likelihood fit to improve the
estimation of the background contribution from the tt̄(Z/�⇤) and VV processes. The rate of the background
from internal conversions with m(e

+
e
�
) < 1 GeV is estimated using the two dedicated control regions

(2`IntC and 3`IntC). The total yield in each category is used in the likelihood fit to determine the
following normalisation factor: �̂IntC

e
= 0.83 ± 0.32, where the uncertainty is dominated by the statistical

uncertainty. The normalisation of the internal conversion background is validated by comparing data and
scaled simulation in a validation region enhanced in Z ! µ+µ��⇤(! e

+
e
�
) candidate events, defined by

requiring two opposite-charge muons and one electron that satisfies the internal conversion requirements.
The level of agreement found between observed and predicted yields is within 25% (see first bin of
distribution in Figure 3(a)), which is assigned as a systematic uncertainty associated with the extrapolation
of the estimate from the internal conversion control regions to the other event categories.
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or internal conversions. Reducible backgrounds have prompt leptons with misassigned charge (labeled as
“QMisID"; Section 6.2.1 ), at least one non-prompt light lepton (Section 6.2.2), or jets misidentified as
⌧had candidates (fake ⌧had; Section 6.2.3). The QMisID and fake ⌧had backgrounds are estimated using
data-driven techniques, and all other backgrounds are estimated using the simulation. However, the yields
of some simulated backgrounds, including the key tt̄W and non-prompt-lepton backgrounds, are adjusted
via normalisation factors that are determined simultaneously with the tt̄H cross section by performing a
likelihood fit to the data across all categories as discussed in Section 7.

6.1 Irreducible backgrounds

Background contributions with prompt leptons originate from a wide range of physics processes with
the relative importance of individual processes varying by channel. The main irreducible backgrounds
originate from tt̄W and tt̄(Z/�⇤) production, followed by VV (in particular W Z) production, and have
final states and kinematic properties similar to the tt̄H signal. Smaller contributions originate from the
following rare processes: tZ , tW , WtZ , tt̄WW , VVV , tt̄t, and tt̄tt̄ production. The associated production
of single top quarks with a Higgs boson, tH, contributes at most 2% in any signal region and other Higgs
boson production mechanisms contribute negligibly (<0.2%) in any signal region; therefore, they are
treated as background processes and fixed to the SM predictions. Backgrounds with prompt leptons are
estimated from simulation using the samples described in Section 3, which also discusses the systematic
uncertainties in the modelling of these processes.

6.1.1 t t̄W background

The tt̄W background represents the dominant background particularly in the 2`SS and 3` channels across
multiple event categories, which span a wide range of kinematic regimes. Despite the use of the state-of-art
simulations, the accurate modelling of additional QCD radiation in tt̄W production remains challenging.
Categories sensitive to the tt̄W background have been introduced to the analysis to study and constrain
this background. The jet multiplicity distributions in the 2`SS and 3` channels after event selection are
shown in Figure 1. Disagreements between the data and the prefit prediction from the simulation are
observed. To minimise the dependence of the tt̄H signal extraction on the tt̄W prediction, three independent
normalisation factors for the tt̄W background are considered in the likelihood fit: two corresponding to
the LJ and HJ categories of the 2`SS channel, and one corresponding to the 3` channel categories. The
measured normalisation factors are: �̂2`LJ

t t̄W
= 1.56+0.30

�0.28, �̂2`HJ
t t̄W
= 1.26+0.19

�0.18, and �̂3`
t t̄W
= 1.68+0.30

�0.28. The
agreement is improved after the application of the background corrections resulting from the likelihood fit,
in particular the above tt̄W normalisation factors. Additional uncertainties associated with the modelling of
the b-jet multiplicity and W-boson charge asymmetry in the tt̄W background are introduced to account for
observed discrepancies in the shape of these distributions between data and pre-fit background predictions
in the 2`SS and 3` channels (see Figure 2). The W-boson charge asymmetry is studied via the distribution
of the sign of the sum of lepton charges (referred to as “total charge"). These uncertainties are constructed to
a�ect only the shape of the b-jet multiplicity and total charge distributions, thus preserving the normalisation
of the tt̄W background after event selection. The uncertainty associated with the modelling of the b-jet
multiplicity distribution is ±25% (⌥35%) for events with exactly one (at least two) b-jets. The uncertainty
associated with the modelling of the total charge distribution is ±20% (⌥35%) for events with positive
(negative) total charge. These additional uncertainties are treated as uncorrelated between the 2`SS and 3`
channels and are referred to as “extrapolation" uncertainties. In total, there are 41 uncertainties that are
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It was manifest also from the data that QCD 
radiation modelling for  had to be improved. 
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1st Step: Complete NLO + PS
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1st Step: Complete NLO + PS
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parton shower gives new 
contributions.



2nd Step: improve the merging recipe
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Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2

W ) terms in the NLO1 contribution. The
right one is of O(↵1/2

s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LO
i
for referring to the different perturbative orders. Clearly the ⌃(N)LOi

terms
in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1

+⌃NLO1
, which we will also denote as LOQCD +NLOQCD. The so-called

NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2
terms, so we will also

denote it as NLOEW. Since in this article we will use the (N)LO
i
notation, the term “LO”

will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied

– 5 –

Frederix, Tsinikos `21 

 

New FxFx merging strategy:

If a quark stems from a  splitting, it 
should be treated differently than QCD jets.
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FxFx@1J+NLOsub

EW
prediction induces a ⇠30% increase over the NLOQCD. Regarding the

di↵erential distributions in the fiducial region we focus on the jet multiplicities in both
the 2ss` and 3` signatures. In Fig. 8 we can see the reduction of the scale uncertainties
at the tail of the distributions in the first inset. In the second inset, the K-factors of the
FxFx@1J + NLOsub

EW
prediction with respect to the NLOQCD are not flat and reach an

⇠80% correction at the tails of the distributions.
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Much less dependence on the merging scale 
and better description of QCD radiation.

20

The measured ttW inclusive cross section is shown in Table 3 with its complete statistical and
systematic uncertainties. A comparison of the measured sttW values obtained from this anal-
ysis using different final states separately is shown in Fig. 10. In addition, two SM predictions
are shown both in Table 3 and Fig. 10. The measured cross section is larger than but consis-
tent with both the SM NLO + NNLL calculation [16] and the SM prediction using NLO plus
an improved FxFx merging procedure [21]. A large measured ttW cross section value when
compared to the SM predictions is consistent with the results on ttW production from ttH and
tttt studies from Refs. [12, 13].

Table 3: Summary of measured and predicted production cross sections of ttW, ttW+,
and ttW� production, as well as of the sttW+/sttW� ratio. The SM predictions quoted at
NLO + NNLL accuracy are taken from Refs. [15, 16]. The SM predictions quoted at NLO accu-
racy and including corrections from an improved FxFx merging procedure (NLO + FxFx) have
been provided by the authors of Ref. [21]. The theoretical uncertainties include scale variations
and PDF uncertainties.

Observable Measurement
SM prediction

NLO + NNLL NLO + FxFx

sttW 868 ± 40 (stat) ± 51 (syst) fb 592 +155
�97 (theo) fb 722 +71

�78 (theo) fb

stt W+ 553 ± 30 (stat) ± 30 (syst) fb 384 +53
�33 (theo) fb 475 +46

�52 (theo) fb

stt W� 343 ± 26 (stat) ± 25 (syst) fb 198 +26
�17 (theo) fb 247 +24

�27 (theo) fb

stt W+/sttW� 1.61 ± 0.15 (stat) +0.07
�0.05 (syst) 1.94 +0.37

�0.24 (theo) 1.92 +0.27
�0.29 (theo)

200 400 600 800 1000 1200 1400 1600

Measurement EPJC 80 (2020) 428

Stat. unc. JHEP 11 (2021) 29

Total unc.

Combined  51± 40 ±868 
Trilepton  96± 104 ±649 
Dilepton  51± 42 ±905 
��  64± 63 ±868 
�e  68± 61 ±996 
ee 111±117±845

 syst± stat ±Nominal 

 (13 TeV)-1138 fb

CMS

Wtt�  [fb]
Figure 10: The measured ttW production cross section for the individual dilepton (ee, eµ, µµ,
and combined) channels and the trilepton channel, as well as their combination. The inner
black bars show the statistical uncertainty, and the outer green bars give the total uncertainty.
The predictions from two SM calculations from Refs. [16, 21] are shown by the black and red
vertical lines, with the associated bands corresponding to the total uncertainty.
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tt̄H
NLO QCD+EW: Denner, Pellen ’17 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General comment: very complicated  or even  calculations.

Results are tremendously important when the off-shell region of one, and especially more than 
one, particles among tops or V are probed.  Otherwise, on-shell Narrow-Width 
Approximation (NWA) is doing fine. 
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NLO off-shell with  leptonic signaturett̄4 A. Denner, G. Pelliccioli : Combined NLO EW and QCD corrections to o↵-shell ttW production at the LHC
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fiducial region. Therefore, we are not providing results
for this order.

In the following we focus on the first three NLO per-
turbative orders. Tree-level and one-loop SM amplitudes
are computed with the Recola matrix-element provider
[41, 42]. For the tensor reduction and evaluation of loop
integrals we use the Collier library [43]. The multi-
channel Monte Carlo integration is performed with Mo-
CaNLO, a generator that has already been used to com-
pute the NLO QCD corrections to ttW [40] and the NLO
EW corrections to several LHC processes involving top
quarks [44, 45]. The subtraction of infrared and collinear
singularities is carried out using the dipole formalism of
Refs. [46–48] both for QCD and for EW corrections. The
initial-state collinear singularities are absorbed in the par-
ton distribution functions (PDFs) in the MS factorization
scheme.

2.2 Input parameters

We consider proton–proton collisions at a centre-of-mass
energy of 13 TeV. We neglect flavour mixing in the quark

sector and use a unit quark-mixing matrix. The three
charged leptons that we consider in the final state are
massless and characterized by three di↵erent flavours.
The on-shell masses and widths of weak bosons are set to
the following values [49],

M
OS
W = 80.379GeV, �

OS
W = 2.085GeV ,

M
OS
Z = 91.1876GeV, �

OS
Z = 2.4952GeV , (2)

and then translated into their pole values [50] that enter
the Monte Carlo simulations. The Higgs-boson mass and
width are fixed, following Ref. [49], to

MH = 125GeV, �H = 0.00407 GeV . (3)

We have computed the LO top-quark width according to
Ref. [51], using the pole values for the W-boson mass and
width. The NLO top-quark width is obtained applying
the NLO QCD and EW correction factors of Ref. [52] to
the LO width. The numerical values read

mt = 173.0GeV ,

�
LO
t = 1.4437GeV , �

NLO
t = 1.3636GeV . (4)

tt̄W

Example of non-resonant contribution 
to one of the  signatures.tt̄W



Modelling Approach �
LO [ab] �

NLO [ab]

full off-shell (µ0 = mt +mW /2) 106.9
+27.7 (26%)

�20.5 (19%)
123.2

+6.3 (5%)

�8.7 (7%)

full off-shell (µ0 = HT /3) 115.1
+30.5 (26%)

�22.5 (20%)
124.4

+4.3 (3%)

�7.7 (6%)

NWA (µ0 = mt +mW /2) 106.4
+27.5 (26%)

�20.3 (19%)
123.0

+6.3 (5%)

�8.7 (7%)

NWA (µ0 = HT /3) 115.1
+30.4 (26%)

�22.4 (19%)
124.2

+4.1 (3%)

�7.7 (6%)

NWALOdecay (µ0 = mt +mW /2) 127.0
+14.2 (11%)

�13.3 (10%)

NWALOdecay (µ0 = HT /3) 130.7
+13.6 (10%)

�13.2 (10%)

Table 4. Integrated fiducial cross sections for the pp ! e
+
⌫e µ

�
⌫̄µe

+
⌫e bb̄+X process at the LHC

with
p
s = 13 TeV. Results for various approaches for the modelling of top quark production and

decays are listed. Theoretical uncertainties as obtained from the scale dependence are also provided.
The NNPDF3.0 PDF sets are employed.

various approximations for the top-quark production and decays are employed instead of
the full description. When comparing the full off-shell case with the full NWA we notice
that theoretical uncertainties are similar, consistently below 6%� 7% independently of the
scale choice. For the NWALOdecay case, however, they rise up to 10% � 11%. We observe
that adding NLO QCD corrections to decays compensates part of the scale dependence of
the cross section with the corrections in the production.

In summary, both the complete top-quark off-shell effects and the NLO QCD cor-
rections to top-quark decays are rather small for the integrated fiducial cross sections.
They are consistently within the NLO theoretical uncertainty estimates for the pp !

e
+
⌫e µ

�
⌫̄µ e

+
⌫e bb̄ + X. Additionally, we note that the full NWA results match better

the complete off-shell predictions on a scale-by-scale basis. Regardless of the considerations
on the scale dependence reduction, the theoretical description of tt̄W

± can only benefit
from a more accurate modelling of of top-quark decays.

A completely different picture emerges when various differential (fiducial) cross section
distributions are analysed at the NLO level in QCD. In Figure 10 we exhibit Hvis

T
and HT .

The latter is defined in Eq. (3.11). Also shown in Figure 10 are the invariant mass of the
two b-jets, Mb1b2

, and the transverse momentum of the hardest b-jet, pT, b1 . The same three
theoretical descriptions, i.e. the full NWA, the NWALOdecay and the full off-shell case, are
plotted for the dynamical scale choice and the default NNPDF3.0 PDF set. We refrain
from presenting differential results for µ0 = mt+mW /2 because, as we have seen, this scale
choice is not appropriate for differential description of the pp ! e

+
⌫e µ

�
⌫̄µ e

+
⌫e bb̄ + X

– 23 –

(a) Invariant mass of the positron–electron-neutri-

no–bottom system.

(b) Invariant mass of the reconstructed top quark.

Figure 15. Same as in Fig. 14.

(a) HT variable, excluding additional radiation. (b) Transverse momentum of the antitop quark.

Figure 16. Same as in Fig. 14.

two distributions di↵erently for values larger than mt. For Me+⌫eb, the DPA result is 5%

larger than the full result in this region, while choosing the reconstructed top-quark mass

gives a larger deviation reaching +13% for M `+ best
t = mt + 20GeV. The large deviations

appear in the o↵-shell region above the top resonance in which the resonant contributions

are suppressed. The e↵ect is smaller in Fig. 15(a) because of the background of about half

of the events, where the resonant top-quark decays to b⌧+⌫⌧ .

The distribution in the HT observable is considered in Fig. 16(a). The DPA calcu-

lation gives a relevant enhancement to the o↵-shell result in the tail of the distribution.

The size of this e↵ect for HT > 1600GeV is 3% if the DPA is applied only to the vir-
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Figure 7. The pp ! e
+
⌫eµ

�
⌫̄µbb̄� differential cross section distribution as a function of the

minimum invariant mass of the b-jet and the positron, the (averaged) transverse momentum of the
b-jet, the hard photon and the (averaged) charged lepton at the LHC run II with

p
s = 13 TeV. The

upper plots show absolute NLO QCD predictions for DR, SR and NR regions. Also shown are NLO
results for full off-shell and NWA case. The ratios of these contributions to the full off-shell result
are also shown. Results are given for µ0 = HT /4 and the CT14 PDF set.

or
|M(t)�mt| > n�t , and |M( t̄ )�mt| < n�t . (6.5)

Finally, the non-resonant (NR) region is chosen according to

|M(t)�mt| > n�t , and |M( t̄ )�mt| > n�t . (6.6)

The boundary parameter, which determines the size of the resonant region for each recon-
structed top quark, has been set to n = 15. This corresponds to the following condition
for the DR region: M(t) 2 (152.9, 193.5) GeV and M( t̄ ) 2 (152.9, 193.5) GeV. The exact
value of the boundary parameter is of course arbitrary. In the literature more stringent
conditions, like for example n = 10, n = 5, have also been applied, see e.g. [33, 81, 82].
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Figure 5. Differential cross section distribution as a function of the (averaged) transverse momen-
tum of the b-jet, pT (bavg), and charged lepton, pT (`avg), as well as the invariant mass of the two
b-jets, M(bb), and two charged leptons system, M(``), for the pp ! e

+
⌫eµ

�
⌫̄µbb̄� process at the

LHC run II with
p
s = 13 TeV. The CT14 PDF set is employed.

using three different theoretical descriptions: the NWA, the NWALOdecay and results with
the full off-shell effects. In the case of NWA, two scale choices, µ0 = mt/2 and µ0 = HT /4,
are used, whereas for the full off-shell case only the latter is utilised. We show theoretical
uncertainties as obtained from the scale dependence for the full off-shell case since we are
only interested in effects that exceed the theoretical uncertainties. For all observables we
employed the CT14 PDF set. The upper plots will show absolute NLO QCD predictions
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Figure 5. Differential cross section distribution as a function of the (averaged) transverse momen-
tum of the b-jet, pT (bavg), and charged lepton, pT (`avg), as well as the invariant mass of the two
b-jets, M(bb), and two charged leptons system, M(``), for the pp ! e

+
⌫eµ

�
⌫̄µbb̄� process at the

LHC run II with
p
s = 13 TeV. The CT14 PDF set is employed.

using three different theoretical descriptions: the NWA, the NWALOdecay and results with
the full off-shell effects. In the case of NWA, two scale choices, µ0 = mt/2 and µ0 = HT /4,
are used, whereas for the full off-shell case only the latter is utilised. We show theoretical
uncertainties as obtained from the scale dependence for the full off-shell case since we are
only interested in effects that exceed the theoretical uncertainties. For all observables we
employed the CT14 PDF set. The upper plots will show absolute NLO QCD predictions
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Figure 5. Differential cross section distribution as a function of the (averaged) transverse momen-
tum of the b-jet, pT (bavg), and charged lepton, pT (`avg), as well as the invariant mass of the two
b-jets, M(bb), and two charged leptons system, M(``), for the pp ! e

+
⌫eµ

�
⌫̄µbb̄� process at the

LHC run II with
p
s = 13 TeV. The CT14 PDF set is employed.

using three different theoretical descriptions: the NWA, the NWALOdecay and results with
the full off-shell effects. In the case of NWA, two scale choices, µ0 = mt/2 and µ0 = HT /4,
are used, whereas for the full off-shell case only the latter is utilised. We show theoretical
uncertainties as obtained from the scale dependence for the full off-shell case since we are
only interested in effects that exceed the theoretical uncertainties. For all observables we
employed the CT14 PDF set. The upper plots will show absolute NLO QCD predictions
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Figure 5. Differential cross section distribution as a function of the (averaged) transverse momen-
tum of the b-jet, pT (bavg), and charged lepton, pT (`avg), as well as the invariant mass of the two
b-jets, M(bb), and two charged leptons system, M(``), for the pp ! e

+
⌫eµ

�
⌫̄µbb̄� process at the

LHC run II with
p
s = 13 TeV. The CT14 PDF set is employed.

using three different theoretical descriptions: the NWA, the NWALOdecay and results with
the full off-shell effects. In the case of NWA, two scale choices, µ0 = mt/2 and µ0 = HT /4,
are used, whereas for the full off-shell case only the latter is utilised. We show theoretical
uncertainties as obtained from the scale dependence for the full off-shell case since we are
only interested in effects that exceed the theoretical uncertainties. For all observables we
employed the CT14 PDF set. The upper plots will show absolute NLO QCD predictions
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Off-shell results

If off-shell corrections are 
large, it means that different 
topologies (single-resonant, 
or non-resonant) become 
relevant. 
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What about NNLO? first results for tt̄H
p
s = 13TeV

p
s = 100TeV

� [fb] gg qq̄ gg qq̄

�LO 261.58 129.47 23055 2323.7

��NLO,H 88.62 7.826 8205 217.0

��NLO,H|soft 61.98 7.413 5612 206.0

��NNLO,H|soft �2.980(3) 2.622(0) �239.4(4) 65.45(1)

Table 1: Hard contribution to the NLO and NNLO cross sections in the soft approximation. Results are shown for the gg and qq̄

partonic channels for
p
s = 13 TeV and

p
s = 100 TeV. Exact results at LO and NLO are shown for comparison.

those obtained with the symmetric prescription, leading to a negligible uncertainty compared

to that derived below. We have also varied the infrared subtraction scale µIR at which the

soft approximation is applied, by repeating the computation for µIR = M/2 and µIR = 2M

while adding the exact evolution terms from M/2 and 2M to M . The hard-virtual NNLO

contribution ��NNLO,H|soft changes by +164%
�25% (+142%

�20% ) in the gg channel and by +4%
�0% (+3%

�0%) in the

qq̄ channel at
p
s = 13(100)TeV.

In order to provide a conservative estimate of the uncertainty, we start from the NLO results.

As discussed above, at NLO the soft approximation underestimates ��NLO,H in the gg channel

by 30% and by 5% in the qq̄ channel. Therefore, the uncertainty on ��NNLO,H|soft cannot be

expected to be smaller than these values. We multiply this uncertainty by a tolerance factor

that is chosen to be 3 for both the gg and the qq̄ channels, taking into account the overall

quality of the approximation and the e↵ect of the µIR variations discussed above. In order to

obtain the final uncertainty on the full NNLO cross section, we linearly combine the ensuing

uncertainties from the gg and qq̄ channels. As we will see in the next Section, the overall

uncertainty on the NNLO cross section estimated in this way is still significantly smaller than

the residual perturbative uncertainties.

4 Results

We are now ready to present our results for the inclusive tt̄H cross section. In Table 2 we

report LO, NLO and NNLO cross sections computed with the same setup as in Section 2. The

scale uncertainties are obtained through the customary procedure of independently varying

the renormalisation (µR) and factorisation (µF) scales by a factor of two around their central

value with the constraint 0.5  µR/µF  2. Since, as can be seen from Table 2, such scale

uncertainties are highly asymmetric, especially at NNLO, in the following we will conservatively

consider their symmetrised version as our estimate of perturbative uncertainty. More precisely,

we take the maximum between the upward and downward variations and leave the central value

unchanged.

The errors stated in brackets at NNLO are obtained by combining the uncertainty from the
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Figure 1: LO, NLO and NNLO cross sections with their perturbative uncertainties as functions of the centre-of-mass energy,
computed as discussed in the text. The experimental results from ATLAS [3] and CMS [4] at

p
s = 13TeV are also shown for

comparison. The lower panel illustrates the impact of NNLO corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with the systematic uncertainty from the subtraction procedure.

computations of two-loop amplitudes for processes in which a Higgs boson is produced in asso-

ciation to heavy quarks. Since the quantitative impact of the genuine two-loop contribution in

our computation is relatively small, our approximation allows us to control the NNLO tt̄H cross

section to better than 1%. The NNLO corrections are moderate, and range from about +4%

at
p
s = 13TeV to +2% at

p
s = 100TeV, while QCD perturbative uncertainties are reduced

to the few-percent level. When combined with NLO EW corrections, our calculation allows us

to obtain the most advanced perturbative prediction to date for the tt̄H cross section.
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Calculation performed for the total cross 
section, in the limit of soft-Higgs for the two-
loop amplitude only.


Taking into account uncertainty from this 
approximation at NLO, NNLO result leads to a 
consistent reduction of scale uncertainties, 
but small corrections to the central value.


We could expect this qualitative behaviour for 
, but not for .
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Figure 5: NLOQCD+EW predictions for tZj. The layout of the plots is the same of Fig. 4.
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QCD scale and flavour (4FS vs. 
5FS) uncertainties combined in the 

.


NLO EW corrections are in general 
within the QCD uncertainty band 
only taking into account the 
flavour-scheme dependence.

5FSscale
4−5FS

3.1.2 NLO QCD+EW predictions

We proceed to the computation of total cross sections at NLO QCD+EW accuracy, without
selecting t-channel diagrams; s-channel and tWh contributions are retained as explained in
Sec. 2.2. Inclusive results for the processes that we consider in this work, tHj, tZj and t`

+
`
�
j,

are shown in Tab. 1, using the settings described in Sec. 2. The two dilepton invariant mass
cuts for t`

+
`
�
j will allow us to investigate the impact of EW corrections and compare this to

the result for the undecayed tZj process.
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�8(�1.0%)

+3(+0.4%)
�3(�0.4%)

5FS
scale
4�5 71.3(1)

+5.2(+7.2%)
�7.7(�10.9%)

+0.3(+0.5%)
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t-ch., s-ch.,

tWh

5FS 85.1(2)
+5.4(+6.4%)
�2.3(�2.7%)
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�0.5(�0.6%) 895(2)

+46(+5.1%)
�16(�1.8%)

+4(+0.4%)
�4(�0.4%)
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scale
4�5 85.1(2)

+6.2(+7.2%)
�9.2(�10.9%)
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+42(+4.7%)
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+4(+0.4%)
�4(�0.4%)

5FS
scale
4�5 82.2(2)

+5.9(+7.2%)
�8.9(�10.9%)

+0.5(+0.6%)
�0.5(�0.6%) 904(2)

+50(+5.5%)
�100(�11.1%)

+4(+0.4%)
�4(�0.4%)

Accuracy Channel FS t`
+
`
�
j (“inclusive”) t`

+
`
�
j (Z-peak)

NLOQCD t-ch.

4FS 80.2(2)
+3.7(+4.6%)
�5.0(�6.2%)

+0.3(+0.4%)
�0.3(�0.4%) 70.9(2)

+3.1(+4.3%)
�4.4(�6.2%)

+0.3(+0.4%)
�0.3(�0.4%)

5FS 84.0(1)
+4.7(+5.6%)
�0.9(�1.0%)

+0.3(+0.4%)
�0.3(�0.4%) 75.0(1)

+4.2(+5.6%)
�0.8(�1.0%)

+0.3(+0.4%)
�0.3(�0.4%)

5FS
scale
4�5 84.0(1)
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�0.3(�0.4%) 75.0(1)
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�8.5(�11.3%)

+0.3(+0.4%)
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tWh

5FS 93.7(2)
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�0.4(�0.4%) 77.2(2)
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Table 1: Total cross-section for tHj, tZj and t`
+
`
�
j production. The uncertainties are scale

and PDF of the form ± absolute (± relative in %). The first number in parentheses after the
central value is the absolute statistical error.

For each process, in the first block we show results for the t-channel mode in the 4FS and 5FS
at NLO in QCD. The 4FS and 5FS combined results, denoted as 5FSscale

4�5
, are obtained from the

combination of the 4FS and 5FS uncertainties as described in detail in Sec. 2.1. In the second
block we show the NLOQCD and NLOQCD+EW results in the 5FS including all the contributions
(t-ch., s-ch., and tWh-assoc.). In both cases we show first the pure 5FS result and then the
5FSscale

4�5
result. The latter is obtained using the 5FS central value, but now assigning as scale

uncertainty the rescaled scale-uncertainty from the NLO QCD combination between 4FS and
5FS in the t-channel only case, the result in the third line of the first block. The NLOQCD+EW

prediction in the 5FSscale

4�5
is at the moment the most precise and accurate prediction and should
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tHj and tZj: NLO QCD+EW predictions
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Figure 1: Representative Feynman diagrams for the different channels entering the NLOQCD+EW

predictions for t`
+
`
�
j production. The diagram 1(a) contributes to the NLO2, while the dia-

grams 1(b) and 1(c) contribute to the NLO1. Similar diagrams are present for tZj production,
while in tHj production the Higgs boson does not couple to the initial-state particles.

5FS , where the tilde on top of � has been added just for distinguishing them from the purely
QCD case. We notice that (NLO5FS

QCD+EW
)
+�̃

5FS
+

��̃5FS
�

is not obtained by selecting t-channel diagrams,
but retaining all the possible contributions: not only t-channel, but also s-channel and tW as-
sociated production with subsequent W boson hadronic decay, see Fig. 1 for representative
diagrams.

In order to combine scale and flavour-scheme uncertainties at NLO QCD accuracy, we
consider the t-channel only and we define the quantity (NLO

5FS

QCD,t�ch.
)
+�

4�5FS
+

��
4�5FS
�

via the envelope

of the two bands given by (NLO
4FS

QCD,t�ch.
)
+�

4FS
+

��4FS
�

and (NLO
5FS

QCD,t�ch.
)
+�

5FS
+

��5FS
�

, where the central
value is set equal to the one in the 5FS. The quantities �4�5FS

+ and �
4�5FS

� are then propagated
to the NLOQCD+EW prediction in the 5FS. In conclusion, in order to combine flavour-scheme
and scale uncertainties and take into account EW corrections, not only for t-channel, we will
employ as reference prediction the quantity (NLO

5FS

QCD+EW
)
+�

4�5FS
+

��
4�5FS
�

and in the case of QCD only

corrections, in order to be consistent, we will use the quantity (NLO
5FS

QCD
)
+�

4�5FS

��4�5FS , where in
the quantity NLO

5FS

QCD
the requirement of t-channel only is not applied. In Sec. 3 predictions

obtained following this approach will be simply denoted by 5FSscale

4�5
.

2.2 Separation of different production modes
In this section we explain why we cannot select the t-channel mode and at the same time take
into account NLO EW corrections. Moreover, we explain why we believe that not singling out
the t-channel mode is anyway preferable for providing reference predictions for experimental
measurements. After this explanation, we will motivate the strategy that we have designed
in order to take into account flavour-scheme dependence and scale variations in our theory
uncertainty.

5

NLO EW corrections mix 
the d ifferent channels 
( )


Flavour-scheme uncertainty 
is essential for a realistic 
e s t i m a t e o f t o t a l 
uncertainties.

s, t, tW
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: NLO QCD+EW predictionstγj
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Figure 3: Differential distributions for t�j production.

going to describe in the following.
In Fig. 3 we show differential distributions for the t�j production, without selecting the

t-channel. In particular, we show the pseudorapity and transverse-momentum distributions of
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t�j

Accuracy Channel FS Inclusive [fb] Fiducial [fb]

NLOQCD t-ch.

4FS 780.19(1.02)
+32.37(+4.1%)
�40.53(�5.2%)

+3.52(+0.5%)
�3.52(�0.5%) 586.12(0.77)

+20.22(+3.4%)
�29.29(�5.0%)

+2.68(+0.5%)
�2.68(�0.5%)

5FS 805.72(1.45)
+57.13(+7.1%)
�17.22(�2.1%)

+3.64(+0.5%)
�3.64(�0.5%) 599.43(0.88)

+55.02(+9.2%)
�21.94(�3.7%)

+2.84(+0.5%)
�2.84(�0.5%)

5FS
scale
4�5 805.72(1.45)

+57.13(+7.1%)
�66.07(�8.2%)

+3.64(+0.5%)
�3.64(�0.5%) 599.42(0.88)

+55.02(+9.2%)
�42.59(�7.1%)

+2.84(+0.5%)
�2.84(�0.5%)

NLOQCD
t-ch., s-ch.,

tWh

5FS 899.83(1.72)
+52.05(+5.8%)
�36.26(�4.0%)

+4.76(+0.5%)
�4.76(�0.5%) 676.93(1.59)

+51.29(+7.6%)
�22.67(�3.3%)

+3.74(+0.6%)
�3.74(�0.6%)

5FS
scale
4�5 899.84(1.72)

+63.80(+7.1%)
�73.78(�8.2%)

+4.76(+0.5%)
�4.76(�0.5%) 676.93(1.59)

+62.14(+9.2%)
�48.10(�7.1%)

+3.74(+0.6%)
�3.74(�0.6%)

NLOQCD+EW
t-ch., s-ch.,

tWh

5FS 875.22(1.79)
+55.18(+6.3%)
�33.13(�3.8%)

+4.64(+0.5%)
�4.64(�0.5%) 657.39(1.64)

+53.54(+8.1%)
�23.60(�3.6%)

+3.65(+0.6%)
�3.65(�0.6%)

5FS
scale
4�5 875.22(1.79)

+62.06(+7.1%)
�71.77(�8.2%)

+4.64(+0.5%)
�4.64(�0.5%) 657.39(1.64)

+60.34(+9.2%)
�46.71(�7.1%)

+3.65(+0.6%)
�3.65(�0.6%)

Table 4: Cross section for t�j production. The uncertainties are respectively the (flavour+)scale
and the PDF ones in the form: ± absolute size (± relative size). The first number in parentheses
after the central value is the absolute statistical error. [P: Shouldn’t we update all the tables
removing the first number in parentheses and adapt numbers?]

2. At least one jet with pT (j) > 40 GeV and |⌘(j)| < 4.7,

3. Jet-photon separation �R(�, j) > 0.5, where j stands for all the jets in the event.

Based on this we define two phase-space regions: Inclusive (only the first cut applied) and
Fiducial (all cuts applied).

In Tab. 4 we report Inclusive and Fiducial results for different approximations. In the upper
half of the table there are results at NLO QCD accuracy in the 4FS and 5FS for the t-channel
mode only, together with the 5FSscale

4�5
prediction, whose definition has been introduced before

in this section. In the lower part of the table there are results obtained without selecting
the t-channel only, for both NLOQCD and NLOQCD+EW predictions. In both cases we display
the pure 5FS and the 5FSscale

4�5
prediction, which is derived via the procedure introduced in

the previous section and based on Ref. [12]. The predictions dubbed as 5FSscale

4�5
, including all

channels and flavour+scale uncertainties, are the most precise and reliable, especially the one
at NLOQCD+EW accuracy, which taking into account both NLO QCD and EW corrections has
to be considered as our best prediction for t�j production. The label tWh in the table refer to
those diagrams consisting of tW� associated production with subsequent W decay into quarks
(h for hadronic), which appear both via NLO QCD and EW corrections.

First of all, by comparing results in the upper and lower half of Tab. 4, it is evident how
the sum of the contributions of the s-channel tWh mode exceeds the total uncertainty of the
t-channel alone. Thus, these two contributions cannot be ignored in the comparisons between
data and SM predictions. Then, as expected, for both the Inclusive and Fiducial results, at
NLO QCD accuracies 5FSscale

4�5
predictions have larger uncertainties than the corresponding 4FS

and 5FS results. For both cuts, the NLO EW corrections are ⇠ -3% of the NLOQCD predictions,
therefore well within the 5FSscale

4�5
uncertainty. On the other hand, we notice that in the pure

5FS the lower edge of NLOQCD would be much closer to the NLOQCD+EW central prediction, for
both the phase-space cuts. This fact supports the relevance of employing the 5FSscale

4�5
approach

for obtaining reliable results. The relevance of the 5FSscale

4�5
approach and the importance of the

NLO EW corrections can be better appreciated with differential distributions, which we are
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t�j

Accuracy Channel FS Inclusive [fb] Fiducial [fb]

NLOQCD t-ch.

4FS 780(1)
+32.37(+4.1%)
�40.53(�5.2%)

+3.52(+0.5%)
�3.52(�0.5%) 586(1)

+20.22(+3.4%)
�29.29(�5.0%)

+2.68(+0.5%)
�2.68(�0.5%)

5FS 806(2)
+57.13(+7.1%)
�17.22(�2.1%)

+3.64(+0.5%)
�3.64(�0.5%) 599(1)

+55.02(+9.2%)
�21.94(�3.7%)

+2.84(+0.5%)
�2.84(�0.5%)

5FS
scale
4�5 806(2)

+57.13(+7.1%)
�66.07(�8.2%)

+3.64(+0.5%)
�3.64(�0.5%) 599(1)

+55.02(+9.2%)
�42.59(�7.1%)

+2.84(+0.5%)
�2.84(�0.5%)

NLOQCD
t-ch., s-ch.,

tWh

5FS 900(2)
+52.05(+5.8%)
�36.26(�4.0%)

+4.76(+0.5%)
�4.76(�0.5%) 677(2)

+51.29(+7.6%)
�22.67(�3.3%)

+3.74(+0.6%)
�3.74(�0.6%)

5FS
scale
4�5 900(2)

+63.80(+7.1%)
�73.78(�8.2%)

+4.76(+0.5%)
�4.76(�0.5%) 677(2)

+62.14(+9.2%)
�48.10(�7.1%)

+3.74(+0.6%)
�3.74(�0.6%)

NLOQCD+EW
t-ch., s-ch.,

tWh

5FS 875(2)
+55.18(+6.3%)
�33.13(�3.8%)

+4.64(+0.5%)
�4.64(�0.5%) 657(2)

+53.54(+8.1%)
�23.60(�3.6%)

+3.65(+0.6%)
�3.65(�0.6%)

5FS
scale
4�5 875(2)

+62.06(+7.1%)
�71.77(�8.2%)

+4.64(+0.5%)
�4.64(�0.5%) 657(2)

+60.34(+9.2%)
�46.71(�7.1%)

+3.65(+0.6%)
�3.65(�0.6%)

Table 4: Cross section for t�j production. The uncertainties are respectively the (flavour+)scale
and the PDF ones in the form: ± absolute size (± relative size). The first number in parentheses
after the central value is the absolute statistical error.

uncertainty due the choice of the 5FS instead of the 4FS, for which the calculation is more
cumbersome. In Ref. [23] we have motivated why the following approach should be preferred
for this purpose. First, the t-channel only production mode is identified both in the 4FS and
5FS at NLO QCD accuracy and denoted as NLO4FS

QCD,t�ch.
and NLO5FS

QCD,t�ch.
, respectively. Then,

the scale uncertainties for these two quantities are evaluated via the nine-point independent
variation of the renormalisation and factorisation scales, around a common central value. Next,
a combined scale+flavour uncertainty band is identified as the envelope of the previous two and
denoted as 5FSscale

4�5
, with the central value equal to the one in the 5FS. Finally the relative upper

and lower uncertainty induced by the 5FSscale

4�5
is then propagated to the entire NLOQCD and

NLOQCD+EW prediction, without selecting the t-channel only. All the motivations for this
approach, can be found in Ref. [23], where all the argument underlying this procedure does
not depend on the presence of the Z or Higgs boson in the final state, which can therefore be
substituted with the photon.

3.4.1 Numerical Results

For the definition of the phase-space cuts we follow the analysis performed by the CMS collab-
oration [95], which has led to the evidence for the t�j production in proton–proton collisions.
Events are required to satisfy the following cuts:

1. Exactly one isolated photon with pT (�) > 25 GeV and |⌘(�)| < 1.44,

2. At least one jet with pT (j) > 40 GeV and |⌘(j)| < 4.7,

3. Jet-photon separation �R(�, j) > 0.5, where j stands for all the jets in the event.

Based on this we define two phase-space regions: Inclusive (only the first cut applied) and
Fiducial (all cuts applied).

In Tab. 4 we report Inclusive and Fiducial results for different approximations. In the upper
half of the table there are results at NLO QCD accuracy in the 4FS and 5FS for the t-channel
mode only, together with the 5FSscale

4�5
prediction, whose definition has been introduced before
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tZj: NLO QCD+EW off-shell effects

in tZj production is typically polarised, and therefore the measurements of polarisation-
sensitive observables and the extraction of helicity fractions provide additional probes of
the SM and possible deviations from it [1].

The importance of tZj as a signal process is shown by several dedicated LHC measure-
ments performed by CMS and ATLAS with the 13 TeV dataset [2–6]. The measurement
of the total tZj cross section [4–6], found to be in good agreement with the SM prediction,
represents an important stress-test of the SM, but performing di�erential measurements
is expected to give an enhanced sensitivity to possible deviations of top-quark couplings
from their SM values [7]. Therefore it is essential that the theoretical predictions account
for the modelling of the decays of the involved resonances.

From the theory side, SM predictions are currently limited to on-shell approximations
for the top-quark description. The next-to-leading-order (NLO) QCD corrections in the
SM are known for many years in the approximation where the production and decay are
factorised [8]. Combined NLO EW+QCD corrections in the SM have been computed for an
on-shell top quark and o�-shell Z boson, including also parton-shower e�ects [9]. As other
single-top processes, tZj production is suited to compare the five-flavour and four-flavour
schemes [9] and therefore to study the b-quark contribution to the proton structure [10].
Phenomenological investigations of the tZj process have been performed in the presence
of new-physics e�ects, with a focus on vector-like top partners [11] and anomalous tZq

couplings [12–14]. A detailed analysis in the SM e�ective field theory has been carried out
in Refs. [7, 15], where the combination of tZj and tHj processes has been shown to enhance
the sensitivity to anomalous values of several SM couplings.

The presented calculation provides the first complete o�-shell SM prediction at NLO
QCD+EW accuracy in the five-flavour scheme. The modelling of the top-quark and Z-
boson decays accounts for all resonant and non-resonant contributions and includes com-
plete spin correlations, both at LO and at NLO. An interesting feature of the o�-shell
calculation is that, although at LO the final-state signature selects the decay products
of a (leptonically-decaying) top quark, the real corrections at NLO (both QCD and EW)
inevitably include partonic processes featuring a (hadronically-decaying) anti-top quark.
These contributions, which are absent in on-shell-approximated calculations, turn out to
be quantitatively important.

The paper is organised as follows. In Sect. 2 we describe the details of our perturbative
calculation, the input SM parameters and the employed fiducial selection cuts, as well as
the reconstruction techniques adopted for the jet and neutrino kinematics. The integrated
cross sections and a number of di�erential distributions are discussed in Sect. 3. In Sect. 4
we draw the conclusions.

2 Details of the calculation

2.1 Description of the process

Following the signal definition of recent LHC analyses [5, 6], we consider the processes
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Figure 1. Sample tree-level diagrams contributing at O(–6) to o�-shell tZj production at the LHC.

at NLO EW and QCD accuracy, where jb stands for a b jet, and J could be either a light jet
or another b jet (J = jb, j). In the five-flavour scheme, the LO process receives contributions
from partonic channels that only involve quarks as external coloured particles:

q̄d qu æ b̄ b e+e≠
µ

+
‹µ , qu

(≠)
b æ qd

(≠)
b e+e≠

µ
+

‹µ , q̄d
(≠)
b æ q̄u

(≠)
b e+e≠

µ
+

‹µ .

At cross-section level, three tree-level perturbative orders are present, namely O(–6),
O(–2

s –
4), and the interference O(–s–

5). However, the EW production of a top quark
and a Z boson can only take place at O(–6), which is in fact regarded as the LO signal.
The interference, of O(–s–

5), vanishes due to colour algebra, since the mixing of the bottom
quark with the light quarks is neglected (a unit CKM matrix is assumed). The O(–2

s –
4)

contributions and NLO corrections on top of them are not considered in this paper.
With the signal definition of Eq. (2.1), it is easy to see that the production of an

(o�-shell) top quark can take place both in s channel (q̄d qu initial state) and in t channel

(qu
(≠)
b , q̄d

(≠)
b initial states). Sample diagrams are shown in Fig. 1. It is essential to recall

that at LO a clear distinction between s- and t-channel contributions is possible, owing to a
di�erent number of b quarks in the final state [see Figs. 1(a)–1(b)]. However, starting from
NLO corrections (both QCD and EW), such a separation between the two top-quark pro-
duction mechanisms is ill defined, i.e. the di�erent contributions are not separately gauge
invariant owing to partonic channels that embed both s- and t-channel contributions, as in
o�-shell single-top production [16, 17]. All resonant and non-resonant [Fig. 1(c)] contribu-
tions are included for all partonic channels. Contributions without a top-quark resonance

– 3 –
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Figure 2. Sample diagram for anti-top-quark production in the gb̄ channel at O(–s–6).

as those embedding the vector-boson scattering subprocess [Fig. 1(d)] are expected to be
sub-dominant w.r.t. the top-quark-resonant ones.

At NLO there are four di�erent perturbative orders, but in this paper we only consider
corrections of O(–7) and O(–s–

6). The former are genuine EW corrections to the leading
EW order. The latter naively include two kinds of corrections: the QCD corrections to the
leading EW order and the EW ones to the LO interference. However, since virtual or real
EW corrections do not change the vanishing colour structure of the LO interference, the
O(–s–

6) is only made of pure QCD corrections to the LO EW contribution.
The following real partonic processes contribute at O(–s–

6):

q̄d qu æ b̄ b g e+e≠
µ

+
‹µ , qu

(≠)
b æ qd

(≠)
b g e+e≠

µ
+

‹µ , q̄d
(≠)
b æ q̄u

(≠)
b g e+e≠

µ
+

‹µ ,

g qu æ b̄ b qd e+e≠
µ

+
‹µ , q̄d g æ b̄ b q̄u e+e≠

µ
+

‹µ , g
(≠)
b æ q̄u qd

(≠)
b e+e≠

µ
+

‹µ .

The same processes contribute at O(–7), upon replacing external gluons with photons. The
gluon-induced channels that open up at NLO QCD give a sizeable contribution owing to
the enhancement from the large gluon luminosity in the proton. In contrast, the photon-
induced real corrections are suppressed by coupling power counting [O(–/–s)] and by the
small photon luminosity in the proton.

The new partonic channels that contribute at NLO can also enhance the cross section
due to di�erent underlying resonance structures with respect to those present at LO. In
particular, the processes

b̄ g, b̄ “ æ q̄u qd b̄ e+e≠
µ

+
‹µ (2.2)

allow for the production of a resonant anti-top quark followed by its hadronic decay (t̄ æ

q̄u qd b̄), as shown in the sample diagram in Fig. 2. Such a contribution, which is absent in
on-shell-approximated calculations [8, 9], is non-negligible and could be suppressed using
a jet veto requiring at most one light jet. Since the same considerations hold for the
charge-conjugated process of Eq. (2.1), if both tZj and t̄Zj production were included in the
signature as in experimental analyses [2–6],

pp æ e+e≠
µ

±(≠)
‹µ J jb + X , (2.3)

the contributions from t̄W+Z and tW≠Z intermediate states would both give a similar
relative correction to the respective cross section.

– 4 –

but also

If I start from single-top Z production with 
a leptonically decaying top, NLO QCD 
corrections give a contribution that is in  
fact single-antitop Z production with a 
hadronically decaying top!
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tZj: NLO QCD+EW off-shell effects

in tZj production is typically polarised, and therefore the measurements of polarisation-
sensitive observables and the extraction of helicity fractions provide additional probes of
the SM and possible deviations from it [1].

The importance of tZj as a signal process is shown by several dedicated LHC measure-
ments performed by CMS and ATLAS with the 13 TeV dataset [2–6]. The measurement
of the total tZj cross section [4–6], found to be in good agreement with the SM prediction,
represents an important stress-test of the SM, but performing di�erential measurements
is expected to give an enhanced sensitivity to possible deviations of top-quark couplings
from their SM values [7]. Therefore it is essential that the theoretical predictions account
for the modelling of the decays of the involved resonances.

From the theory side, SM predictions are currently limited to on-shell approximations
for the top-quark description. The next-to-leading-order (NLO) QCD corrections in the
SM are known for many years in the approximation where the production and decay are
factorised [8]. Combined NLO EW+QCD corrections in the SM have been computed for an
on-shell top quark and o�-shell Z boson, including also parton-shower e�ects [9]. As other
single-top processes, tZj production is suited to compare the five-flavour and four-flavour
schemes [9] and therefore to study the b-quark contribution to the proton structure [10].
Phenomenological investigations of the tZj process have been performed in the presence
of new-physics e�ects, with a focus on vector-like top partners [11] and anomalous tZq

couplings [12–14]. A detailed analysis in the SM e�ective field theory has been carried out
in Refs. [7, 15], where the combination of tZj and tHj processes has been shown to enhance
the sensitivity to anomalous values of several SM couplings.

The presented calculation provides the first complete o�-shell SM prediction at NLO
QCD+EW accuracy in the five-flavour scheme. The modelling of the top-quark and Z-
boson decays accounts for all resonant and non-resonant contributions and includes com-
plete spin correlations, both at LO and at NLO. An interesting feature of the o�-shell
calculation is that, although at LO the final-state signature selects the decay products
of a (leptonically-decaying) top quark, the real corrections at NLO (both QCD and EW)
inevitably include partonic processes featuring a (hadronically-decaying) anti-top quark.
These contributions, which are absent in on-shell-approximated calculations, turn out to
be quantitatively important.

The paper is organised as follows. In Sect. 2 we describe the details of our perturbative
calculation, the input SM parameters and the employed fiducial selection cuts, as well as
the reconstruction techniques adopted for the jet and neutrino kinematics. The integrated
cross sections and a number of di�erential distributions are discussed in Sect. 3. In Sect. 4
we draw the conclusions.

2 Details of the calculation

2.1 Description of the process

Following the signal definition of recent LHC analyses [5, 6], we consider the processes
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Figure 1. Sample tree-level diagrams contributing at O(–6) to o�-shell tZj production at the LHC.

at NLO EW and QCD accuracy, where jb stands for a b jet, and J could be either a light jet
or another b jet (J = jb, j). In the five-flavour scheme, the LO process receives contributions
from partonic channels that only involve quarks as external coloured particles:
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At cross-section level, three tree-level perturbative orders are present, namely O(–6),
O(–2

s –
4), and the interference O(–s–

5). However, the EW production of a top quark
and a Z boson can only take place at O(–6), which is in fact regarded as the LO signal.
The interference, of O(–s–

5), vanishes due to colour algebra, since the mixing of the bottom
quark with the light quarks is neglected (a unit CKM matrix is assumed). The O(–2

s –
4)

contributions and NLO corrections on top of them are not considered in this paper.
With the signal definition of Eq. (2.1), it is easy to see that the production of an

(o�-shell) top quark can take place both in s channel (q̄d qu initial state) and in t channel

(qu
(≠)
b , q̄d

(≠)
b initial states). Sample diagrams are shown in Fig. 1. It is essential to recall

that at LO a clear distinction between s- and t-channel contributions is possible, owing to a
di�erent number of b quarks in the final state [see Figs. 1(a)–1(b)]. However, starting from
NLO corrections (both QCD and EW), such a separation between the two top-quark pro-
duction mechanisms is ill defined, i.e. the di�erent contributions are not separately gauge
invariant owing to partonic channels that embed both s- and t-channel contributions, as in
o�-shell single-top production [16, 17]. All resonant and non-resonant [Fig. 1(c)] contribu-
tions are included for all partonic channels. Contributions without a top-quark resonance
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in tZj production is typically polarised, and therefore the measurements of polarisation-
sensitive observables and the extraction of helicity fractions provide additional probes of
the SM and possible deviations from it [1].
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in Refs. [7, 15], where the combination of tZj and tHj processes has been shown to enhance
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Figure 7. Invariant-mass distributions of the same-flavour lepton pair and of all three charged
leptons.
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Figure 8. Transverse-momentum distributions of the anti-muon and the electron.
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we compare LO, NLO results and LO predictions rescaled by a global flat K-factor for
production only. In section 4 we draw our conclusions and present an outlook.

2 Fixed-order corrections at the production level

In this section we describe the effects of fixed-order NLO QCD corrections at the production
level for tt̄V processes and tt̄H production (subsection 2.1), for tt̄V V processes (subsection
2.2) and then for tt̄tt̄ production (subsection 2.3). 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��, detailed
studies at NLO for tt̄V V processes are presented here for the first time. The other pro-
cesses have already been investigated in previous works, whose references have been listed
in introduction. Here, we (re-)perform all such calculations within the same framework,
MadGraph5_aMC@NLO, using a consistent set of input parameters and paying special
attention to features that are either universally shared or differ among the various processes.
Moreover, we investigate aspects that have been only partially studied in previous works,
such as the dependence on (the definition of) the factorisation and renormalisation scales,
both at integrated and differential level. To this aim we define the variables that will be
used as renormalisation and factorisation scales.

Besides a fixed scale, we will in general explore the effect of dynamical scales that
depend 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.2 There are two key aspects in
the definition of a dynamical scale: the normalisation and the functional form. We have
chosen a “natural” average normalisation in both cases leading to a value close to mt when
the transverse momenta in the Born configuration can be neglected. This is somewhat
conventional in our approach as the information on what could be considered a good choice
(barring the limited evidence that a NLO calculation can give for that in first place) can
be only gathered a posteriori by explicitly evaluating the scale dependence of the results.
For this reason, in our studies of the total cross section predictions, we vary scales over

2This 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 renormalisation and
factorisation scales are set equal to HT /2.
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There is no gg contribution to NLO5 and NLO6.


Multiple Higgs-Top and EW-Top interactions 
can be present.

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W±
and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W
±
(↵s,↵) =

X

m+n�2

↵m

s ↵n+1⌃tt̄W
±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m

s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W

±
m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W

±
(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).

Similarly to ref. [19], we introduce a more user-friendly notation for referring to the
different ⌃tt̄W

±
m+n+1,n

and ⌃tt̄tt̄
m+n,n quantities. At LO accuracy, we can denote the tt̄W± and

tt̄tt̄ observables as ⌃tt̄W
±

LO
and ⌃tt̄tt̄

LO
and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W
±

LO (↵s,↵) = ↵2

s↵⌃
tt̄W

±
3,0 + ↵s↵⌃

tt̄W
±

3,1 + ↵2⌃tt̄W
±

3,2

⌘ ⌃LO1
+ ⌃LO2

+ ⌃LO3
, (2.3)

⌃tt̄tt̄

LO(↵s,↵) = ↵4

s⌃
tt̄tt̄

4,0 + ↵3

s↵⌃
tt̄tt̄

4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3

s↵⌃
tt̄tt̄

4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1
+ ⌃LO2

+ ⌃LO3
+ ⌃LO4

+ ⌃LO5
. (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W
±

NLO (↵s,↵) = ↵3

s↵⌃
tt̄W

±
4,0 + ↵2

s↵
2⌃tt̄W

±
4,1 + ↵s↵

3⌃tt̄W
±

4,2 + ↵4⌃tt̄W
±

4,3

⌘ ⌃NLO1
+ ⌃NLO2

+ ⌃NLO3
+ ⌃NLO4

, (2.5)

⌃tt̄tt̄

NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄

5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3

s↵
2⌃tt̄tt̄

5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1

s↵
4⌃tt̄tt̄

5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1
+ ⌃NLO2

+ ⌃NLO3
+ ⌃NLO4

+ ⌃NLO5
+ ⌃NLO6

. (2.6)
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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.

level of complexity. While the NLO1 contribution have already been calculated in refs. [11,
43] and studied in detail in ref. [38], all the other (N)LO

i
contributions are calculated for

the first time here.
The gg ! tt̄tt̄ Born amplitude contains only O(↵2

s) and O(↵s↵) diagrams, while the
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
top quarks), sometimes called the “heavy-boson-radiation (HBR) contributions”. Although
they can be formally considered as part of the inclusive predictions at complete-NLO ac-
curacy, these finite contributions are typically small and generally lead to very different
collider signatures.3

Eqs. (2.5) and (2.6) define the NLO corrections in an additive approach. Another
possibility would be applying the corrections multiplicatively, which is not uncommon when
combining NLO QCD and NLO EW corrections. The difference between the two approaches

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.

3HBR contributions to NLO2 in tt̄W
± production have been provided in ref. [18].
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these two quantities as
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⌃tt̄tt̄

LO(↵s,↵) = ↵4

s⌃
tt̄tt̄

4,0 + ↵3

s↵⌃
tt̄tt̄
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s↵
2⌃tt̄tt̄

4,2 + ↵3

s↵⌃
tt̄tt̄
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4,4

⌘ ⌃LO1
+ ⌃LO2
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+ ⌃LO4

+ ⌃LO5
. (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
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s↵⌃
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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.

in detail in ref. [38], where giant K-factors for the pT (tt̄) distribution have been found.
Large QCD corrections are induced also by the opening of the gq ! tt̄W±q0 channels,
which depend on the gluon luminosity and are therefore enhanced for high-energy proton–
proton collisions. Moreover, the pT (tt̄) distribution receives an additional log2(p2

T
(tt̄)/m2

W
)

enhancement in the qg initial-state subprocess (see left diagram in Fig. 2 and ref. [38] for
a detailed discussion). Also, the impact of soft-gluon emissions is non-negligible and their
resummed contribution has been calculated in refs. [39–41] up to next-to-next-to-leading-
logarithmic accuracy. The NLO2 has been calculated for the first time in ref. [18] and
further phenomenological studies have been provided in ref. [42]. In a boosted regime, due
to Sudakov logarithms, the NLO2 contribution can be as large as the NLO QCD scale
uncertainty.

The NLO3 and NLO4 contributions are calculated for the first time here. In particular,
the NLO3 contribution is expected to be sizeable since it contains gq ! tt̄W±q0 real-
emission channels that involve EW tW ! tW scattering (see right diagram in Fig. 2),
which as pointed out in ref. [33] can be quite large. Moreover, as in the case of NLO1,
due to the initial-state gluon this channel becomes even larger by increasing the energy of
proton–proton collisions.1 The tW ! tW scattering is present also in the NLO4 via the
�q ! tt̄W±q0, however in this case its contribution is suppressed by a factor ↵/↵s and
especially by the smaller luminosity of the photon. In addition to the real radiation of
quarks, also the qq̄0 ! tt̄W±g and qq̄0 ! tt̄W±� processes contribute to the NLO3 and
NLO4, respectively. Concerning virtual corrections, the NLO4 receives contributions only
from one-loop amplitudes of O(↵5/2), interfering with O(↵3/2) Born diagrams. Instead,
the NLO3 receives contributions both from O(↵5/2) and O(↵s↵3/2) one-loop amplitudes
interfering with O(↵s↵1/2) and O(↵3/2) Born diagrams, respectively. Clearly, due to the
different charges, NLOi terms are different for the tt̄W+ and tt̄W� case, however, since we
did not find large qualitative differences at the numerical level, we provide only inclusive
results for tt̄W± production.

We now turn to the case of tt̄tt̄ production, whose calculation involves a much higher

1In tt̄Z(tt̄H) production the NLO3 contributions feature tH ! tH(tZ ! tZ) scattering in gq !
tt̄Zq(gq ! tt̄Hq) real-emission channels. However, at variance with tt̄W

± production, the gg initial state
is available at LOQCD. Thus, the qg luminosity is not giving an enhancement and the relative impact from
NLO3 is smaller than in tt̄W

± production.

– 6 –

The gg initial-state gives ~90% of the LO 
cross section at 13 TeV and almost all the 
cross section at 100 TeV. 

There is no gg contribution to LO4 and LO5.
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Naive estimate

Complete NLO

LO2 and LO3 are large and have also large cancellations.

NLO2 and NLO3 are mainly given by ‘QCD corrections’ on top of LO2 and LO3, so they are large 
and strongly depend on the scale choice, at variance with standard EW corrections.

Accidentally, relatively to LO1 , NLO2+NLO3 scale dependence almost disappear.

What happens if BSM enters into the game? Anomalous yt ? 

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �26.0 �28.3 �30.5

LO3 32.6 39.0 45.9

LO4 0.2 0.3 0.4

LO5 0.02 0.03 0.05

NLO1 14.0 62.7 103.5

NLO2 8.6 �3.3 �15.1

NLO3 �10.3 1.8 16.1

NLO4 2.3 2.8 3.6

NLO5 0.12 0.16 0.19

NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 7. tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for different values of µ = µr = µf .

large. Indeed, NLO2 and NLO3 terms involve explicit logarithms of µ that compensate
the PDF and ↵s scale dependence at LO2 and LO3 accuracy, respectively. Thus, in tt̄tt̄

production, at variance with most of the other production processes studied in the literature,
quoting the relative size of NLOEW ⌘ NLO2 or NLO3 corrections without specifying the
QCD-renormalisation and factorisation scale is simply meaningless. Moreover, �NLO2

and
�NLO3

corrections can separately be very large, easily reaching ±15% (depending on the value
of µ). Surprisingly, for our central value of the renormalisation and factorisation scales, the
�NLO2

and �NLO3
are almost zero8, particularly for 13 TeV. On the other hand, if we had

taken HT /2 or even mtt̄tt̄ as our central scale choice, the NLO2 and NLO3 corrections
relative to the LO1, �NLO2

and �NLO3
, would have been much larger. Still, even for the

central value µ = HT /4, the corrections are much larger than foreseen, especially for �NLO3

which naively is expected to be of order ↵3
s↵

2/↵4
s = ↵2/↵s ⇠ 0.1% level. On the other hand,

the relative cancellation observed between NLO2 and NLO3 contributions is even larger than
in the case of LO2 and LO3. As can be seen in the last rows of Tabs. 7 and 8, at the inclusive
level the sum of the ratios �NLO2

+ �NLO3
is not only small, but also stable under scale

variation,9 resulting in corrections of at most a few percents w.r.t. the LOQCD. Furthermore,
particularly at 13 TeV, �NLO2

+ �NLO3
receives also additional cancellations when summed

to �NLO4
, which itself is much larger than the expected ↵2

s↵
3/↵4

s = ↵3/↵2
s ⇠ 0.01% level.

To the best of our understanding, these cancellations are accidental.
These large and accidental cancellations among the (N)LO

i
terms with i > 1 are

particularly relevant from a BSM perspective, since the level of these cancellations may
be altered by new physics. As an example, we can refer to the case of an anomalous yt
coupling, which, as we have already mentioned, has been considered in the tree-level analysis

8Our choice for the central value of the scales has not been tuned in order to reduce the effects from
the NLO2 and NLO3. Rather, it is motivated by the study in ref. [38], which deals only with the LO1 and
NLO1.

9We verified this feature also with different functional forms for the scale µ.
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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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FIG. 7. Di↵erential cross section distribution in the single lepton fiducial region as a function of the minimal �R between all
b jet pairs (l.h.s.) and of the minimal �R between all b jets and the lepton (r.h.s.) for the pp ! tt̄tt̄ process. The uncertainty
bands correspond to independent variations of the renormalization and factorization scales (bottom panel).
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FIG. 8. Di↵erential cross section distribution in the single lepton fiducial region as a function of the transverse momentum
of the lepton (l.h.s.) and of the missing transverse momentum (r.h.s.) for the pp ! tt̄tt̄ process. The uncertainty bands
correspond to independent variations of the renormalization and factorization scales (bottom panel).

Powheg Box. We find very good overall agreement be-
tween the two frameworks for observables at NLO accu-
racy, with only minor di↵erences due to the shower evo-
lution in the threshold region. We do also find notable
deviations in the hardest light jet spectra, predicted at
LO accuracy, which coincides with findings in other pro-
duction modes of associated top pair production. We also

investigated the impact of the EW production channels
at the di↵erential level and estimated matching as well as
scale uncertainties. We observe that the impact of these
subleading channels is generally below 10% but can ex-
ceed that near the production threshold. Nonetheless,
their inclusion represents a systematic improvement over
pure NLO QCD predictions.
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Powheg Box. We find very good overall agreement be-
tween the two frameworks for observables at NLO accu-
racy, with only minor di↵erences due to the shower evo-
lution in the threshold region. We do also find notable
deviations in the hardest light jet spectra, predicted at
LO accuracy, which coincides with findings in other pro-
duction modes of associated top pair production. We also

investigated the impact of the EW production channels
at the di↵erential level and estimated matching as well as
scale uncertainties. We observe that the impact of these
subleading channels is generally below 10% but can ex-
ceed that near the production threshold. Nonetheless,
their inclusion represents a systematic improvement over
pure NLO QCD predictions.

8

QCD - Powheg

QCD - MG5 aMC

QCD+EW - Powheg

10�3

10�2

10�1

d
s

/
d

p T
[f

b
/

G
e
V

]

0.6
0.8

1
1.2
1.4
1.6

(s
/

s N
L

O
P

S
) s

c
a

le
s

0 100 200 300 400 500 600

0.6
0.8

1
1.2
1.4
1.6

pT(j1) [GeV]

(s
/

s N
L

O
P

S
) m

a
tc

h
in

g

QCD - Powheg

QCD - MG5 aMC

QCD+EW - Powheg

0

0.5

1

1.5

2

2.5

3

d
s

/
d

h
[f

b
]

0.6
0.8

1
1.2
1.4
1.6

(s
/

s N
L

O
P

S
) s

c
a

le
s

-2 -1 0 1 2
0.6
0.8

1
1.2
1.4
1.6

h(j1)

(s
/

s N
L

O
P

S
) m

a
tc

h
in

g

FIG. 4. Di↵erential cross section distribution as a function of the transverse momentum (l.h.s.) and of the pseudorapidity (r.h.s.)
of the hardest jet for the pp ! tt̄tt̄ process.The uncertainty bands correspond to independent variations of the renormalization
and factorization scales (middle panel) and of the matching parameters (bottom panel).

ferences are found when di↵erent matching schemes are
employed. The MG5 aMC@NLO predictions is consid-
erably larger by nearly 25% in the central rapidity region
as compared to the Powheg Box prediction that also in-
cludes only pure QCD corrections. In all cases, the scale
uncertainty is the dominant contribution to the theoret-
ical uncertainty and amounts to a constant ±20% over
whole plotted range.

Similar di↵erences in the modeling of the leading jet
between MG5 aMC@NLO and the Powheg Box have
been already observed for the pp ! tt̄bb̄ and pp ! tt̄W

±

processes, as discussed in Refs. [68, 80, 91, 92].

C. Single lepton plus jets signature

In the following we study a single lepton plus jets signa-
ture in order to investigate the impact of spin-correlated
top-quark decays and the impact of the leading order
EW contributions at the fiducial level. The signature
is characterized by the presence of exactly one charged
lepton `, with ` = e, µ, at least 4 b jets and at least 6
light jets. The lepton has to fulfill pT (`) > 15 GeV and
|y(`)| < 2.5. Jets are formed using the anti-kT jet algo-
rithm with R = 0.4 and a jet is labeled a b jet if at least
one of its constituents is a heavy b quark. Light as well as

b jets have to pass the pT (j) > 25 GeV and |y(j)| < 2.5
cuts. The definition of the fiducial phase space volume is
inspired by Ref. [17].
We show in the following only theoretical predictions

obtained with our Powheg Box implementation. We
consider three predictions: one prediction that includes
both spin correlations in the decay of the top quark as
well as the subleading EW channels, and two predictions
with either the first or the second improvement switched
o↵. If spin correlations are omitted the decays of top
quarks and W bosons are generated via independent
1 ! 2 decays. We do not discuss matching uncertain-
ties here anymore as we have seen in the previous section
that theoretical uncertainties are dominated by missing
higher-order corrections. Moreover, matching uncertain-
ties are expected to be very similar between the various
predictions as they are all based on Powheg Box.
For the integrated fiducial cross section we obtain for

the three approaches the following results:

�
spin

QCD
= 0.618+0.119 (19%)

�0.142 (23%)
fb ,

�
spin

QCD+EW
= 0.649+0.117 (18%)

�0.144 (22%)
fb ,

�
no-spin

QCD+EW
= 0.625+0.114 (18%)

�0.139 (22%)
fb .

(12)

We observe that EW contributions and spin-correlated
decays have opposite e↵ects on the fiducial cross section.
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FIG. 7. Di↵erential cross section distribution in the single lepton fiducial region as a function of the minimal �R between all
b jet pairs (l.h.s.) and of the minimal �R between all b jets and the lepton (r.h.s.) for the pp ! tt̄tt̄ process. The uncertainty
bands correspond to independent variations of the renormalization and factorization scales (bottom panel).
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of the lepton (l.h.s.) and of the missing transverse momentum (r.h.s.) for the pp ! tt̄tt̄ process. The uncertainty bands
correspond to independent variations of the renormalization and factorization scales (bottom panel).

Powheg Box. We find very good overall agreement be-
tween the two frameworks for observables at NLO accu-
racy, with only minor di↵erences due to the shower evo-
lution in the threshold region. We do also find notable
deviations in the hardest light jet spectra, predicted at
LO accuracy, which coincides with findings in other pro-
duction modes of associated top pair production. We also

investigated the impact of the EW production channels
at the di↵erential level and estimated matching as well as
scale uncertainties. We observe that the impact of these
subleading channels is generally below 10% but can ex-
ceed that near the production threshold. Nonetheless,
their inclusion represents a systematic improvement over
pure NLO QCD predictions.
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Powheg Box. We find very good overall agreement be-
tween the two frameworks for observables at NLO accu-
racy, with only minor di↵erences due to the shower evo-
lution in the threshold region. We do also find notable
deviations in the hardest light jet spectra, predicted at
LO accuracy, which coincides with findings in other pro-
duction modes of associated top pair production. We also

investigated the impact of the EW production channels
at the di↵erential level and estimated matching as well as
scale uncertainties. We observe that the impact of these
subleading channels is generally below 10% but can ex-
ceed that near the production threshold. Nonetheless,
their inclusion represents a systematic improvement over
pure NLO QCD predictions.

8

QCD - Powheg

QCD - MG5 aMC

QCD+EW - Powheg

10�3

10�2

10�1

d
s

/
d

p T
[f

b
/

G
e
V

]

0.6
0.8

1
1.2
1.4
1.6

(s
/

s N
L

O
P

S
) s

c
a

le
s

0 100 200 300 400 500 600

0.6
0.8

1
1.2
1.4
1.6

pT(j1) [GeV]

(s
/

s N
L

O
P

S
) m

a
tc

h
in

g

QCD - Powheg

QCD - MG5 aMC

QCD+EW - Powheg

0

0.5

1

1.5

2

2.5

3

d
s

/
d

h
[f

b
]

0.6
0.8

1
1.2
1.4
1.6

(s
/

s N
L

O
P

S
) s

c
a

le
s

-2 -1 0 1 2
0.6
0.8

1
1.2
1.4
1.6

h(j1)

(s
/

s N
L

O
P

S
) m

a
tc

h
in

g

FIG. 4. Di↵erential cross section distribution as a function of the transverse momentum (l.h.s.) and of the pseudorapidity (r.h.s.)
of the hardest jet for the pp ! tt̄tt̄ process.The uncertainty bands correspond to independent variations of the renormalization
and factorization scales (middle panel) and of the matching parameters (bottom panel).

ferences are found when di↵erent matching schemes are
employed. The MG5 aMC@NLO predictions is consid-
erably larger by nearly 25% in the central rapidity region
as compared to the Powheg Box prediction that also in-
cludes only pure QCD corrections. In all cases, the scale
uncertainty is the dominant contribution to the theoret-
ical uncertainty and amounts to a constant ±20% over
whole plotted range.

Similar di↵erences in the modeling of the leading jet
between MG5 aMC@NLO and the Powheg Box have
been already observed for the pp ! tt̄bb̄ and pp ! tt̄W

±

processes, as discussed in Refs. [68, 80, 91, 92].

C. Single lepton plus jets signature

In the following we study a single lepton plus jets signa-
ture in order to investigate the impact of spin-correlated
top-quark decays and the impact of the leading order
EW contributions at the fiducial level. The signature
is characterized by the presence of exactly one charged
lepton `, with ` = e, µ, at least 4 b jets and at least 6
light jets. The lepton has to fulfill pT (`) > 15 GeV and
|y(`)| < 2.5. Jets are formed using the anti-kT jet algo-
rithm with R = 0.4 and a jet is labeled a b jet if at least
one of its constituents is a heavy b quark. Light as well as

b jets have to pass the pT (j) > 25 GeV and |y(j)| < 2.5
cuts. The definition of the fiducial phase space volume is
inspired by Ref. [17].
We show in the following only theoretical predictions

obtained with our Powheg Box implementation. We
consider three predictions: one prediction that includes
both spin correlations in the decay of the top quark as
well as the subleading EW channels, and two predictions
with either the first or the second improvement switched
o↵. If spin correlations are omitted the decays of top
quarks and W bosons are generated via independent
1 ! 2 decays. We do not discuss matching uncertain-
ties here anymore as we have seen in the previous section
that theoretical uncertainties are dominated by missing
higher-order corrections. Moreover, matching uncertain-
ties are expected to be very similar between the various
predictions as they are all based on Powheg Box.
For the integrated fiducial cross section we obtain for

the three approaches the following results:

�
spin

QCD
= 0.618+0.119 (19%)

�0.142 (23%)
fb ,

�
spin

QCD+EW
= 0.649+0.117 (18%)

�0.144 (22%)
fb ,

�
no-spin

QCD+EW
= 0.625+0.114 (18%)

�0.139 (22%)
fb .

(12)

We observe that EW contributions and spin-correlated
decays have opposite e↵ects on the fiducial cross section.
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Conclusions and Outlook

31

In this talk I have focused on one of the many relevant theoretical aspects in Top and EW physics: 

The relevance of higher-order QCD and EW corrections for the “rare” top-quark processes, involving 
the EW interacting tops. 


Even just considering precision physics, many other important studies have been performed for top 
and EW: for example, all the studies for  production and the multiboson and VBS processes. 

Not discussed in this talk. 

We have seen how many NLO studies have been performed for  and especially .

This demonstrates that besides going to NNLO, there are plenty of phenomenological aspects that 
can still be explored. 


However, first results for NNLO predictions for  have appeared in  production.

This is just the beginning of studies aiming at a new level of precision, which has been already 
achieved for lower multiplicities in the final state.


tt̄

tt̄V tt̄W

tt̄V tt̄H


